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Phytophthorols-Novel Lipids Produced by Phytophthora cactorum 
W. David Nes* 
Plant and Fungal Upid Group, Plant Development and Productivity Research Unit, USDA, ARS, Western Regional Research Center, Albany, 
CA 94710 

Lipid-phytophthorols are a series of saturated and un- 
saturated odd chain fatty alcohols (C,-C2~) esterified to 
myristic acid (14:0) with each possessing two hydroxyl 
functions in a 1,2-diol relationship centered toward the 
ester terminus. They have been identified, and their 
biosynthetic relationship to other fatty acid and alcohols 
produced by Phytophthora cactorum have been deter- 
mined. Because phytophthorols are crystalline materials 
and elute in TLC and HPLC with sterols, an architectural 
function is implied. In the absence of cholesterol, dietary 
phytophthorol failed to induce reproduction. 
Lipids 23, 9-16 (1988). 

There are cogent reasons to believe that fat ty acids play 
multiple roles: structural and reserve energy components 
of mycelia and spore, and in developmental regulation of 
the Oomycetes life cycle {1-3}. However, the physiological 
importance of accumulating select acyl lipids, or produc- 
ing additional end products derived from the pathway, 
e.g. very-long chain fat ty alcohols (VLFA) and prosta- 
glandins, is not clear. We have considered the possibil- 
ity that the genes that control fatty acids, alcohol biosyn- 
thesis and metabolism are distributed generally through- 
out the oomycetous fungi. However, their expression is 
developmentally and compartmentally regulated so that 
the fitness {structure and amount} for one or more acids 
and alcohols to act functionally is temporally coordinated 
and selected by the different taxa as a result of Darwinian 
evolution. In order to pass through one life cycle or switch 
from one developmental stage into another, the organism 
must utilize specific fat ty acids and alcohols with each 
one (or groups) occurring at some threshhold level in an 
appropriate architectural fraction and at a proper time 
in relation to other compounds, e.g. sterols. 

In our studies with the Oomycetes, we earlier observed 
that  the mycelia of Phytophthora cactorum produced a 
range of fatty acids and alcohols {4-6}. The utility of some 
of these lipids in mediating growth and reproduction is 
presented in the present communication. Previously, 
[2-14C]acetate supplied to P. cactorum was shown to be 
incorporated into acyl polar lipids, i.e. phospholipids and 
sphingolipids, triglycerides, VLFA and what appeared to 
be a steroidal compound based on its chromatographic 
behavior {4-6). However, we also had shown that the 
fungus lacked a completed sterol pathway (7,8}. The 
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results reported here describe the identification, biosyn- 
thesis and possible function of this unknown compound{s), 
which is(are) shown to be lipid but nonsteroidal. The 
physiological significance and biosynthetic interrelation- 
ships of the unknown lipids with other lipids produced 
by Oomycetes also is discussed. 

MATERIALS AND METHODS 

Organism. P. cactorum {University of California, Berkeley 
strain 51-22} was grown on a completely defined media 
(9). Growth was initiated by seeding the flasks with 
mycelia previously cultured on lipid-free media. For 
studies on reproduction, agar was added to solidify the 
media {10}. Agar, which is derived from algae, retains 
after industrial processing, sterol (7) and unsaturated 
fat ty acids (Nes, unpublished). The cultures routinely 
were monitored visually for fungal and bacterial con- 
tamination. Had a fungal spore been introduced into the 
cultures, ergosterol would have been detected; none was 
observed. 

Chemicals. [1-'4C]Palmitic acid {55 mCi/mMol) was pur- 
chased from Amersham, Searle, Arlington Heights, IL. 
Methyl ester fatty acid standards were purchased from 
Supelco, Bellefonte, PA. Sterol and VLFA standards 
previously were prepared in this laboratory (11). Solvents 
were either redistilled reagent-grade or high-performance 
liquid chromatography-(HPLC) grade. 

Lipid extraction and analysis. Mycelia were cultured 
at 20 C in the dark in 250 ml flasks supplemented with 
50 ml media for two to three wk without shaking as 
previously described (10). For reproductive studies, agar- 
solidified media were dispensed into petri dishes (7). The 
wet mycelia were harvested and then ground with sea 
sand and acetone, and the material was extracted in a 
Soxhlet apparatus overnight with refluxing acetone. The 
acetone extract was applied as a band onto a thin layer 
chromatography (TLC) plate {developed in benzene-ether, 
9:1) and bands matching the origin {polar lipids: phospho- 
lipids, glycosides and free acids), ester or front region, and 
Rl: 0.3 to 0.4 {cholesterol standard), 0.4 to 0.45 (lophenol 
standard} and 0.48 to 0.56 (lanosterol and triacontanol 
standards} were eluted from the plate with a series of 
solvents-chloroform]methanol, hexane, ether and benzene. 
The TLC bands were made visible by spraying the plates 
with an aqueous solution of H~SO4 followed by charring. 
When radioactive material was used in the incubations, 
the eluted zones were transferred to scintillation vials, 
and the solvent was removed by a stream of nitrogen. 
Diphenyloxanzole-benzene (POPOP) cocktail (5 ml) was 
added to the vial and the radioactivity determined using 
a scintillation counter at 90% efficiency for 14C Ill}. The 
media was extracted three times with diethyl ether; the 
combined ether extracts were analyzed immediately by 
TLC and gas liquid chromatography (GLC). 

To determine the fatty acid content, each of the materi- 
als eluted from the five TLC zones was reacted with BF3 
in methanol and the resultant methyl esters chromato- 
graphed on packed (Hi-Eff and carbowax columns) and 
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capillary (DB5-30 m) columns. The elution times of the 
samples on the various columns were compared with the 
times of transmethylated fatty acid standards. Molecular 
weights were verified by gas chromatography-mass spec- 
trometry (GC-MS). Packed columns were operated iso- 
thermally at 180 C; for the capillary column, a tempera- 
ture program run was employed; column temperature was 
programmed at a linear rate of 5 C/min from 175-225. The 
configuration of the double bands of oleic acid, 18:1 
{Ag-cis); linolenic acid, 18:2 {A 9.~2cis,cis) a-vs-y-linoleic acid 
18:3 (A 9't2'ts VS A6'9'x2); and arachidonic acid, 20:4 (A s.8.''" 
all cis) were determined by co-chromatography of the 
methyl esters on AgNO~ TLC plates with authentic stan- 
dards (10% Ag §247 impregnated into silica developed with 
hexanebenzene or chloroform) and then by GLC of the 
eluted bands using carbowax and capillary columns. 
The TLC bands at Rf-0.3 to 0.5 also were examined by 

GLC without saponification, using 3% SE-30 and 3% 
OV-17 packed columns in which the columns were 
operated isothermally or in the same temperature pro- 
gram mode (240 to 280 C at 0.5 C/rain); retention times 
(at 245 C) were relative to cholesterol, RRT,. 

GC-MS and direct probe-MS were carried out with a 
VG-micromass 70/70-HS mass spectrometer equipped 
with a Hewlett Packard 5880 GC. Electron ionization (EI) 
spectra were determined at 70 electron volts with the ion 
source temperature at 150 C. Chemical ionization spec- 
tra were obtained using isobutane. A Nicolet 200 oper- 
ating in the Fourier transform (FT) mode at 200 MHz was 
used to obtain the ~HNMR spectra of samples dissolved 
in deuterated chloroform. Acetate {acetic anhydride/ 
pyridine or via diazomethane) and trimethyl silyl ether 
(Me3Si) derivatives were prepared by standard methods. 
Reversed-phase HPLC was performed using a C~8 column 
eluted with 4% aqueous methanol. The pump speed was 
set at 1.6 ml/min and the detector set at 205 nm. Frac- 
tions were collected every rain, cholesterol elutes in 24 
rain and docosanol {C~) elutes in 19 rnin. Sitosterol and 
higher long-chain fatty alcohol homologues {C24 and C2J 
eluted in the 26 and 40 rain fractions. 

High-resolution mass measurements of the three com- 
pounds indicated formulas of C3,H6oO4, C33H6404 and 
C35H680~, respectively. Hydrolysis of the unknowns 
followed by acidification (6 N HCI) of the aqueous extract 
and then esterification (BF3-methanol) of the heptane ex- 
tractable material produced a single compound that co- 
chromatographed with myristic acid {14:0} in GLC. At 
this point, the tmknowns at Rs 0.35 and 0.46 were believed 
to be a series of fat ty acid derived compounds that 
possessed an acid and alcohol portion with an ester link- 
age. Since we found only a single fatty acid, the homologa- 
tion presumedly was due to changes in the alcohol rather 
than the acid portion. We assumed the polar TLC- 
mobility was due to OH-groupings in the alcohol portion. 
If it was an ester compound, the material would have run 
to the front of the TLC. 

In an earlier study, we observed that radioactivity from 
a [2-'4C]acetate feed to P. cactorurn was incorporated in- 
to unknown materials that co-chromatographed with 
sterols in TLC {4} and reversed-phase high-performance 
liquid chromatography {RP-HPLC} {Nes, unpublished). 
When the material, which chromatographed at R70 .4 ,  
was injected into the HPLC and the fractions collected 
where sterols normally elute (24 to 28 min}, only one prin- 
cipal homologue was detected by GLC {M+-494). Its elec- 
tron impact-mass spectra (EI-MS) is shown in Figure 2. 
The GC-MS of this material using the capillary column 
indicated a minor compound eluting in the tail with 
M§ This compound was not evident readily, using the 
packed columns in GC-MS {EI-MS of the Me3Si derivative 
of the minor compound is shown in Figure 3). ~HNMR, 
with assignment of the first major Phytophthorol eluting 
in GLC) now referred to as Phytophthorol-1; compound 
having M+-494}, exhibited chemical shifts at 0.87 {t,J = 
6.0 Hz, terminal methyl on an aliphatic chain}, 1.24 IS, 
internal aliphatic chain of CH2), 2.36 (t,J = 6.5 Hz, CH2 
alpha to a carbonyl group), 4.14 (m,J = 9 Hz, CH2 alpha 
to oxygen, thereby implicating an ester function), 5.09 

RESULTS 

Phytophthorol  identification The mycelial acetone ex- 
tract of P. cactorum yielded five major TLC zones at Rj: 
0.00, 0.35, 0.41, 0.53 and 0.96. When the acetone extract 
was hydrolyzed with 10% methanolic KOH the TLC 
zones at Its 0.35 and 0.41 disappeared. This immediately 
suggested that the material at Rs 0.35 and 0.41 was 
neither a triterpenoid nor a steroid. The combined materi- 
als at Rs 0.35-0.43 were crystalline rather than oily and 
possessed a broad melting point ca. 75-80 C. The unsa- 
ponified materials that migrated at Rs 0.43 were examined 
further by GLC. Two major peaks were evident in a chr~ 
matogram that ran substantially after sterols and triter- 
penoids, viz. RRTo - 3.77 and 6.20 on OV-17 packed col- 
umns operated at 245 C. In the temperature program 
mode, multiple peaks were detected (Fig. 1}. The GLC 
peaks appeared successively by C2H4 homologues as indi- 
cated by comparison of semllogarithmic plots constructed 
on the unknowns profile {C-length vs retention time} with 
similar plots constructed using VLFA. GC-MS of the 
three major peaks {ms obtained at center of peak} pro- 
duced spectra with M § - 494, 522 and 550, respectively. 

,._j 

1o 

TIME (MIN) 

3'0 

FIG. 1. GLC (packed 3% SE-30 column operated in the temperature 
program mode) of a mixture of phytophthorols isolated from the 
mycelia of P. cactorum. 
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and 5.36 (m,J = 3 Hz each, two hydroxyl groups in a 
1,2-relationship) ppm. Although this phytophthorol failed 
to be acetylated by the acetic anhydride in pyridine 
method, it was acetylated with diazomethane. The spec- 
tra of the acetate showed the inclusion of an acetoxy 

group (2.04 ppm) and loss of the OH group by the absence 
of the chemical shift at 5.09 ppm. A TMS-derivative also 
was obtained, and the mass spectra supported the 
molecule having two acetylable hydroxyl groups (m*-638). 
'HNMR of the Me3Si-derivat ive--0.87 

FIG. 3. EI-MS of one of the trimethylsylether derivatives of the phytophthorol series of homologues 
Iphytophthorol-4) which possess  unsaturation in the alcohol portion. 

LIPIDS, Vol. 23, No. 1 (1988) 



12 

W.D. NES 

(t,J = 6 Hz), 1.24 (S), 2.43 (t,J = 4 Hz) and 4.76 (S). The 
peak at 4.76 ppm integrated to two protons, while the 
multiplet present at 4.15 ppm in the spectra of the free 
alcohol disappeared. These facts indicate the 24)H groups 
are located close to the ester terminus. With only this in- 
formation, the exact location and geometry of the two 
hydroxyl groups in the alcohol portion still was equivocal. 
The EI-MS of Phytophthorol-1 lacked any diagonistic 
fragments for the OH-groups. When Phytophthorol-1 was 
reduced with lithium aluminum hydride {LAH) and then 
chromatographed on reversed-phase TLC developed with 
methanol]H20 {19:1), the alcohol portion {triol) migrated 
to Rj - 0.3. 'HNMR of the sample showed a full proton 
(multiplet centered at 0.365 ppm, which represented the 
terminal OH). This material then was acetylated with 
diazomethane and a CI-probe obtained on the resultant 
derivative. Prominent fragments at ndz 403 {42%), 343 
{5%}, 283 (20%), 257 {20%}, 227 (5%), 211 (2%), 199 {23%) 
and 171 {80%) characterized the hydrocarbon chain 
having three OH-groups. With the additional knowledge 
of the CI-probe data, the fragmentation pattern for the 
EI-MS of Phytophthorol-1 was assigned as shown in 
Figure 4. Phytophthorol-2 and 3 represent peaks 2 and 
3 in the GLC {Fig. 1), which may be considered to be 
higher homologues based on the mass spectral data. 
Phytophthorol-4{C3,), 5(C33) and 6(C35) appear in the GLC 
tails of peaks 1, 2 and 3; they may be considered the un- 
saturated phytophthorols with the double bond located 
(site unknown) in the alcohol portion. Had it been in the 
acid portion of the esterified molecule, myristoleic acid 
(14:1A' cis) or some other suitable unsaturated fatty acid 
should have been detected by GLC of the transmethyl- 
ated acid portion. The chromatographic and spectral data 

unambiquously show that the unknowns at RI 0.46 are 
a homologous series of saturated and unsaturated odd- 
chain fat ty alcohols (C,?-C2,) esterified to myristic acid 
(14:0), each possessing two hydroxy functions in a 1,2-diol 
relationship centered towards the ester terminals. These 
compounds (phytophthorols) are not waxy substances, 
and they lack interesterification common to estolide for- 
mation; therefore, a mycelial surface wax function seems 
unlikely. The unknowns at RI 0.35 were found to be more 
highly hydroxylated phytophthorols; the location of the 
OH-groups currently are under investigation. 

Biosynthesis ofphytophthoroL When an aqueous sus-  
pens ion  of 1 X 108 cpm [1-'4C]paimitic acid was distri- 
buted equally into two culture flasks, the growth of 
18-day cultures was inhibited significantly (ca. 50% of 
the control cultures just entering into growth arrest). The 
acetone extract of the mycelia produced a radioactive 
sample having a specific activity per flask, 18 mg/2 X 
107 cpm. The acetone extract was spread onto TLC plates 
and scanned for radioactivity as shown in Figure 5. The 
lack of an active incorporation of exogenous palmitate 
into the acetone extract and acyl lipids was not unex- 
pected since the fungus synthesized this lipid as an end 
product. Similarly, in the sterol field we (12) and others 
{13,14) have shown dietary ergosterol (sterol end product) 
was not accumulated actively by Ascomycetes unless the 
more-advanced fungi were induced to become sterol 
auxotrophs. As shown in Figure 5, the [1-'4C]palmitate 
incubation produced only four radioactive zones: R/0.0, 
0.35, 0.46 and 0.96, which sharply contrasted with the 
[2-'4C]acetate incubation to the fungus (4). The triacon- 
tanol band at R/- 0.5, which in the earlier study was 
heavily labeled from [2-"C]acetate, failed to incorporate 

m/z 283 +2 m/z 211 
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FIG. 4. Structure and mass spectral fragmentation assignment of phytophthorol-l. 
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de tec tab l e  l eve l s  of "C from [1-"C]palmitate. In order to 
be sure  tha t  a lower homologue in the VLFA series had 
n o t  been radiolabeled (11), the material at R/0.4 was 
eluted from the plate and an aliquot reduced with LAH. 
A p p r o x i m a t e l y  95% of the radioactivity remained at the 
origin when  the  reduced sample was chromatographed on 
TLC developed with benzene-ether. Both the myristic acid 
and alcohol fragments were converted to the monoalcohol 
b y  LAH reduction. 

Since the  acid fragment, now as the alcohol, moved off 
the  origin to Rs - 0.3, leaving the triol alcohol fragment 
of phytophthorol at the origin, the radioactivity must be 
associated with the alcohol rather than the acid fragment. 
The  mater ia l  at  the origin was eluted from the plate and 
converted to  the  TMS derivative. This derivatized sam- 
ple together with all the radioactivity moved to the front 
of the TLC plate. 'HNMR and GC-MS verified the 
chemical purity of the TLC sample as a mixture of the 
fa t ty  alcohol homologues C,,-C2,. Another aliquot of the 
starting material at R/0.4 was injected into the HPLC; 
fract ions  were  collected every minute for 40 min. No 
rad ioac t iv i ty  appeared in the fraction corresponding to 
docosano l  (a 19 rain fraction). However, significant radio- 
activity appeared in the 24-28 min fractions correspond- 
ing to phytophthorol-1, followed by a few fractions in 
which the level  of radioactivity was background. Radioac- 
tivity then  appeared in subsequent fractions correspond- 
ing to the higher homologues. We have observed that 
docosano l  can migrate into the Rj 0.4 zone under certain 
condi t ions  (11). The absence of '~C in the HPLC fractions 
corresponding to docosanol and the absence of radioac- 
tivity in the  TLC-R~ 0.5 clearly show that [1-1~C]palmitate 
acid did not  enter into the compartment for VLFA biosyn- 
thesis. T h e s e  resu l t s  differ from our other findings in 
which ['4C]palmitic acid was incorporated into VLFA 

produced by insects (15) and its conversion to VLFA by 
cell-free preparations of vascular plants (16,17). 

Since [1-'4C]palmitic acid was incorporated into the 
C,7-alcohol, it must have been chain-elongated and then 
decarboxylated rather than decarboxylated before elonga- 
tion. Otherwise, the radioactivity would have been lost; 
it  was not. The media was extracted with diethylether, 
and the total transmethylated fatty acid composition and 
radioactivity was determined by GLC and TLC-radio 
scanning (Fig. 5). The fatty acids in the media were pri- 
marily C,6- and C,,-acids with zero and one double bond. 
The radioactive peak at the solvent front of the TLC plate 
presumably was a mixture of free acid and perhaps a trace 
as acyl polar lipids and prostaglandin-like materials. No 
labeled phytophthorols remained intact in the media, even 
if they were expelled with other acyl ester derivatives. 
A proposed biosynthetic scheme for phytophthorol-1 pro- 
duction from the dietary palmitic acid is shown in 
Figure 6. 

Fatty acid esters produced by Phytophthora.  
Phytophthorols represent one form of fatty acid esters; 
other forms include acyl polar lipids and glycerides. 
Without sterol supplementation, logarithmically growing 
cultures produce ca. 0.1% dry wt phytophthorols. The 
total fatty acid content was approximately two orders of 
magnitude greater than the phytophthorol content, which 
was ca. 7% dry wt. The polar acyl lipids-phospholipids 
and sphingolipids (Nes, unpublished and [5]) and 
triglyceride content changed dramatically during the 
culture period; the fatty acids composition also chang- 
ed. Triglycerides may have contained as much as 50-90% 
of the total esterified fatty acids, sphingolipids contain- 
ed a predominance of 20:4 acid; triglycerides contain the 
range of acids and phytophthorols possessed a single acid, 
14:0. When sterols were added to the fungus, steryl esters 
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FIG. 5. TLC-radioscan of the mycelial acetone and media extracts of P. c a c t o r u m  in- 
cubated for 18 days with [1J4C]palmitate: O, origin; C, cholesterol band; T, triacontanoi 
and lanosterol bands; F, front. TLC solvent system was benzene-ether, 9:1. Plates moved 
at 1 cm per min. 
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and acylated steryl glycosides were formed (18). The fatty 
acids esterified to these molecules were primarily C,4 to 
C,8 in length (19,20). In two studies on a related species 
of Phytophthora (infestans), high levels of C2o unsaturated 
acids were found to be associated with a TLC zone cor- 
responding to steryl esters (21,22). Since the fungus was 
cultured under conditions in which sterol supplementa- 
tion was not necessary, it was not clear whether sterol 
had been added to the media If sterol had not been added, 
the identity of the sterol portion of the fatty acid of the 
sterol ester in the latter investigations would be suspect. 
The total fat ty acid content of P. cactorum mycelia 
cultured on a completely defined media was as follows: 
12:0 (tr), 14:0 (13%), 16:0 (6%), 18:0 (tr), 16:1 (tr), 18:1 
(21%), 18:2 (18%), 18:3 6,9,12 (7%), 20:1 (1%), 20:2 (5%), 
20:3 (10%), 20:4 5,8,11,14 (17%) and unknown (1%). When 
the fungus was cultured on an agar media supplemented 
with 10 ppm cholesterol, additional C2o unsaturated acids 
appeared in significant quantities, e.g. eicosapentaenoic 
acid, 20:5 A s'8. ' ' ' ' ' ' ' .  

Physiology of fatty acid compounds. When 1, 10, 100 
or 1,000 ppm of tr iacontanol (C3o) phytophthorol-1, 
palmitic acid or oleic acid was incubated with P. cactorum 
in liquid or agar, solidified media growth was inhibited 
and reproduction was not turned on. Addition of Tween 
80 and soybean lecithin (Sigma Chemical Co., St. Louis, 
MO) stimulated growth in a manner analogous to sterols 
{data not shown) and induced variable amounts of 
oospores, especially soybean lecithin added at high con- 
centrations when the fungus was cultured on the 
Ko-media (23). 

Trace levels of sterol (0.5 ppm) were sufficient to spark 
growth (24). This level also induced oosporogenesis. 
However, the number of spores produced was propor- 
tional to the dietary sterol concentrations (0.5 to 10 ppm). 

Thus, the stimulatory growth response was due to the 
sterol, not the fatty acid, supplement. Alternatively, the 
positive effect of certain fatty acids on reproduction may 
be due to the combination of having both a sterol con- 
taminant and an unsaturated fat ty acid that the fungus 
may require but fails to produce (cf. Discussion). When 
the soybean lecithin was passed through an alumina col- 
umn eluted with a graded series of hexane in ether fol- 
lowed by chloroform]methanol {1:1) and chloroform to 
separate the contaminant sterol from the phospholipids, 
the stimulatory effect of the column purified phospholipid 
on growth and reproduction was substantially diminished 
{100% and 90%, respectively). Thus, the phospholipid 
alone was not responsible for growth stimulation as 
previously observed (25-28) or as Ko has stated for repro- 
duction {23,29). 

DISCUSSION 

The total fatty acid and alcohol composition of P. cac- 
torum has been elucidated in this and our earlier studies 
(4-6). While we have not been concerned until recently 
with fatty acid metabolism to prostaglandins (30-33), all 
Oomycetes may perform this metabolism in order to 
reproduce. A proposal for the biosynthetic and functional 
relationships of lipids produced by P. cactorurn is shown 
in Figure 7. The origin of all the lipids but eicosapen- 
taenoic acid (EPA) has been demonstrated in P. cactorum 
by incubation with appropriate labeled precursors, e.g. 
[2-"C]acetate, [1-'4C]palmitate and [1-"C]stearate (5 and 
Nes, unpublished). There are reports that  [1-"C]arachi- 
donic acid (AA) is metabolized to EPA b y A c h l y a  (34) and 
Saprolegnia (35). However, in neither study was the start- 
ing material nor its biochemical metabolite radiochemi- 
cally purified. In fact in one study (34), the AA, which 
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FIG. 6. Proposed biosynthetic scheme of phytophthorol-1 formation from pslm;tate. 
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was produced by biochemical rather than chemical 
methods,  contained 4% of the 20:4 (n-3) acid. Thus, the 
preferential formation of EPA from 20:4(n-3) could not  
be ruled out. These same authors also claimed the 20:4(n-3 
or A T M )  was formed following incubation with label- 
ed 8tearate (18:0). The concurrent biosynthesis  of C-20 
isomeric unsaturated fatty acids 20:4 A s.8.''.'' and 20:4 
A T M  was difficult to accept on biosynthetic  grounds 
(cf. Fig. 5), unless 20:3 A 8.".'4 is the substrate for 20:4 
A T M .  But  if A 8' '1 . ' '  is transformed into A ~ . . . . .  ~ . " ,  why 
prefer using arachidonic acid as the precursor to EPA? 

In a search for prostaglandins in Oomycetes,  it was 
observed that  AA was converted to metabolites of AA 
but not EPA (32,33). Since the desaturase cleft is assumed 
to fail to perform a A'-desaturation for mechanistic 
reasons (36), the likelihood of a precursor-product rela- 
t ionship of AA with EPA seems remote. Of course, EPA 
could be formed by A'~-desaturation of linoleic acid; but, 
then a A'S-desaturase would be implicated for enzyme ac- 
tivity.  Interestingly, Kerwin has observed the presence 

of a-linolenic acid and the absence of ),-linolenlc acid in 
Lagenidium giganteum (a sterol-less Oomycetes  [8]) in 
mycelia cultured with dietary phosphol ipids  and 
triglycerides (38). This implies that the fungus either fails 
to produce ),-linolenic acid or the addition of dietary a- 
linolenic acid feeds back on the h6-desaturase activity 
following its accumulation by the mycelia. To date, the 
cooccurrence of a A s and A'S-desaturase in nature has not  
been shown, although the more advanced fungi can 
desaturate linoleic acid to a-linolenic acid (A9.,2,,5) (3). If 
the A6 and the A'Ldesaturase enzymes are genetically 
predisposed, the oomycetous fungi temporarily may 
regulate the gene for A'5-desaturation until the onset  of 
reproduction, when AS-desaturase is repressed. The 
delayed expression of certain sterolic enzymes has been 
observed in fungi (12) and vascular plants (37). Another 
possibility is that Oomycetes do not synthesize EPA 
de novo and, in analogy to mammals, possess an essen- 
tial dietary requirement for the acid for hormonal pur- 
poses, e.g. reproduction. 
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The ability of Ko to induce reproduction with commer-  
cial soybean and egg lecithins in P h y t o p h t h o m  is relevant 
to the proposed essential  f a t t y  acid requirement  by  the 
Oomycetes  (23,29}. In  order to s t imulate  oospore forma- 
tion, Ko added the commercial  phospholipids a t  1 g/l:a;  
two orders of magni tude  lower level, 10 mgfl (10 ppm), 
failed to induce oosporogenesis. I t  should be remembered 
t ha t  10 p p m  sterol induces maximal  sexual sporulat ion 
{1). However,  as has been shown, P h y t o p h t h o r a  has the 
biosynthet ic  capaci ty  to synthesize the head groups  and 
dominant  f a t ty  acids t ha t  are present  in the die tary  
phospholipid preparations.  Clearly, the commercial phos- 
pholipids are not essential  d ie tary  requirements  for 
reproduction, since these same lipids are produced by  
Phytophthora .  I t  may  be tha t  a t race con taminant  of an 
E P A  {or other prostaglandin)  precursor,  e.g. a-linoleic 
acid, together  with a contaminant  sterol is present  in the 
commercial  samples,  which include agar. The resul ts  of 
this s tudy  imply tha t  oosporogenesis  may  require a dual 
lipid nutri t ional  supplement:  one for a select sterol and 
another  for a select unsa tu ra ted  f a t t y  acid. I f  ei ther of 
the two lipids are provided alone, growth,  not  reproduc- 
tion, is affected. If  the two lipids are provided together,  
reproduction is turned on; the number  of spores produced 
will depend on their respect ive levels in the media. Pre- 
sumably,  the phytophthoro ls  and VLFA replace sterols 
in mycelial membranes  during vegetat ive growth. VLFA, 
bu t  not  phytophthorols ,  are present  in the s terol-pro-  
ducing Oomycetes,  Saprolegnia ferax (Nes, unpublished). 
Addit ion of sterols fails to change the to ta l  f a t t y  acid 
composi t ion of P. cactorum, al though following choles- 
terol-induced sparking of growth the amount  of fa t ty  acid 
increases, and individual f a t ty  acids associated with key 
ester  l inkages change dramat ical ly  (Nes, unpublished). 
This  coupled with our observat ion t ha t  V L F A  biosyn- 
thesis is compartmental iTed f rom the fa t ty  acid pa thway  
leading to neutral  and polar acyl lipids indicates tha t  
regulation of the fa t ty  acid biosynthet ic  pa thway,  e.g. by  
use of desaturase  and cyclooxygenase inhibitors, may  be 
an approach to control pathogenesis .  There are prelimi- 
nary  da ta  to suppor t  this view (30,31). Interest ingly,  AA 
and E P A  have been implicated in disease res is tance as 
sesquiterpene phytoalexin  elicitors (39). In conclusion, 
f a t t y  acids and alcohols play multiple physiological and 
ecological roles, some of which are interchangeable,  in 
P. cactorum. A determination of their relative importance 
with sterols as developmental  t r iggers  (cell-cycle medi- 
ated process [24]) vs fluidity modulators of mycelial mem- 
branes  to init iate and then susta in  growth and govern  
reproduction is under  act ive investigation.  
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Neutral Lipid Transfer Protein Does Not Regulate a-Tocopherol 
Transfer Between Human Plasma Lipoproteins 
Esther Granolla,*, Israel Tamlra and Richard J. Deckelbaurnb 
(~3efx]rtrnent of Pediatrics, l-k~dassah University Hospital, Jerusalem, Israel, and bColumbk~ University College of Physlcians and Surgeons, 
New York, NY 

Vit~mlu E has no known plasma carrier protein and is 
transported by plasma lipoproteins. The site of associa- 
tion of vit~rn|n E in the lipoprotein particle and the mode 
of transfer of vitamin E between plasma lipoproteins 
have not been ascertained. Since neutral lipids (triglyc- 
erides and cholesterol esters) exchange between plasma 
lipoproteins by processes mediated by neutral lipid trans- 
fer protein, we questioned that if vitamin E, a hydro- 
phobic molecule, is carried in the core of the lipoprotein 
particle then its transfer between plasma lipoproteins 
may be mediated by neutral lipid transfer protein. Trans- 
fer of D-a(5-methyl-3H)tocopherol from in vitro-labeled 
human plasma lipoprotein fractions to other plasma 
lipoproteins was measured under incubation conditions 
that were designed to yield markedly differing degrees 
of neutral lipid exchange. Despite the presence of the d 
> 1.21 g/ml lipoprotein-poor plasma fraction or purified 
lipid transfer protein that resulted in up to a 10-fold in- 
crease in neutral lipid transfer, vitamin E transfer be- 
tween very low density lipoproteins, low density and high 
density lipoproteins remained constant. Even excess 
amounts of lipid transfer protein, which caused triglyc- 
eride transfer between very low density and high density 
lipoproteins to reach saturation, failed to affect signifi- 
cantly vitamin E transfer. Vitamin E distribution be- 
tween lipoprotein fractions did correlate with lipoprotein 
mass ratios. Vitamin E transfer was higher as the pro- 
tein ratio of acceptor lipoproteins to donor lipoproteins 
increased. We conclude that vitamin E transfer between 
lipoproteins is not dependent primarily on neutral lipid 
transfer protein and is not mediated via neutral lipid 
transfer. 
Lipids 23, 17-21 (1988). 

a-Tocopherol is a lipid soluble vitamin that has no known 
plasma carrier protein and is transported by plasma 
lipoproteins (1,2). There is disagreement concerning the 
relative amounts of a-tocopherol in the different lipopro- 
tein fractions. Various studies (3,4) have concluded that 
the low density lipoproteins (LDL) are the major carriers 
of tocopherol, and only when high levels of plasma 
tocopherol are present do the other lipoproteins carry pro- 
portionally increased amounts (5). Bjornson et al. (4) have 
observed that vitamin E is associated primarily with the 
lipoprotein class that contains the largest amount of total 
lipid. Yet, others have reported that vitamin E is trans- 
ported mainly in high density lipoproteins (HDL) (6,7), 
and tocopherol levels correlate with tIDL protein levels, 
suggesting that  the apoproteins in HDL also may bind 
the vitamin (2). 

*To whom correspondence should be addressed at the Department 
of Pediatrics, Hadassah University Hospital, P.O. Box 12000, 
Jerusalem 91120, Israel. 
Abbreviations: VLDL, very low density lipoprotein; LDL, low 
density lipoproteins; HDL, high density lipoproteins; TG, 
triglyceride; CE, cholesterol ester; LTP, neutral lipid transfer protein. 

Vitamin E is exchanged readily among lipoproteins (8) 
and between lipoproteins, red blood cells (9) and tissue 
membranes (10). Transfer of lipoprotein components 
among lipoproteins and cellular compartments is deter- 
mined, at least in part, by their relative hydrophobicity. 
Cholesterol spontaneously transfers by a aqueous diffu- 
sion mechanism (11). a-Tocopherol, another amphiphilic 
compound, has been shown to transfer both spontane- 
ously between liposomes (12) and by a factor present in 
rat liver cytosol that enhances its transfer between mem- 
branes (10,13). Cholesterol ester and triglyceride, which 
are more hydrophobic, require specific plasma proteins 
to mediate transfer. 

The exchange protein that transfers cholesterol esters 
(CE) and triglyceride (TG) according to the relative mass 
of these lipids in the different lipoproteins particles re- 
cently has been isolated and characterized (14-16). This 
neutral lipid transfer protein is present in the d > 
1.21 g/ml lipoprotein-poor plasma fraction. A reversible 
mass transfer of TG and CE, mediated by neutral lipid 
transfer protein, has been observed to occur between very 
low density lipoproteins (VLDL) and either LDL or HDL, 
both in vivo and in vitro (17-20), resulting in transfer of 
TG from the triglyceride-rich lipoproteins (VLDL) to 
LDL or HDL with a concomitant loss of CE from the 
cholesterol ester-rich lipoproteins and enrichment of 
VLDL with cholesterol ester. No such specific transfer 
protein has been observed yet for the transfer of a- 
tocopherol between plasma lipoproteins. 

Tocopherol equilibrates between lipoproteins at a rate 
that is 2-3 times slower than that of cholesterol and its 
distribution correlates best with the total lipid mass of 
the lipoproteins (8), suggesting an association of vitamin 
E with the non-polar triglyceride/cholesterol ester par- 
ticle core. We hypothesized that  if vitamin E is carried 
mainly in the core of the lipoprotein particle, then the 
transfer of tocopherol between plasma lipoproteins may 
be mediated by neutral lipid transfer protein. Therefore, 
to better understand the association of vitamin E with 
lipoprotein particles and further characterize the parti- 
tioning of tocopherol between plasma lipoproteins we 
have studied the role of neutral lipid transfer protein in 
the transfer of tocopherol among human plasma lipo- 
proteins. 

MATERIALS AND METHODS 

Vitamin E. D-a(5-methyl-3H)tocopherol at a specific 
radioactivity of 20.2 mCi/mg and radiochemical concen- 
tration of 1.0 mCi/ml, was obtained from Amersham 
International (Bucks., England) and purified by thin layer 
chromatography on silica gel plates using benzene- 
absolute ethanol 99:1. The vitamin was stored at - 2 0  C 
and rechecked periodically by thin layer chromatography 
to maintain purity >95%. 

Preparation of plasma lipoproteins labeled with vitamin 
E. Plasma lipoproteins were labeled as described by 
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Bjornson et al. (9): 25 ml flasks were silanized using 
silicone coating Sigmacote from Sigma Chemical Co. (St. 
Louis, MO). The flasks were dried under nitrogen. 
Radioactive tocopherol (2 ~1; 1.6 • 106 dpm 3H/1 ~1) was 
added to the silanized flask in 0.5 ml of benzene and 
evaporated to a thin film by rotating the flask under 
nitrogen at room temperature. Five ml of fresh human 
plasma containing 1 mg/ml ethylenediaminetetraacetic 
acid {obtained from healthy, fasting donors} was added 
and incubated at 37 C for 12 hr in a shaking water bath. 
Vitamin E-labeled plasma lipoproteins then were sepa- 
rated from this plasma by sequential salt density ultra- 
centrifugation {21). Individual lipoprotein fractions (sepa- 
rated from human plasma by sequential salt density 
ultracentrifugation VLDL at d < 1.019, LDL at d < 1.063, 
HDL at d < 1.21 g]ml) similarly were labeled with radioac- 
tive vitamin E. Incorporation of the isotope into the 
lipoprotein fractions using either one of the above 
methods of labeling ranged from 30-45% of the initial 
amount of radioactivity. The method of labeling did not 
affect the results obtained. 

Lipid transfer protein (LTP} was prepared as described 
by Albers et al. {15), using a modification of the method 
of Pattnaik et al. (14). In brief, the d = 1.21-1.25 g/ml 
plasma fraction was placed on a phenyl-Sepharose col- 
umn. The fraction containing transfer activity was fur- 
ther purified by diethylaminoethyl anion exchange 
chromatography. Lipid transfer activity was assayed by 
measuring the transfer of [3H]cholesterol ester from 
[3H]cholesterol ester-labeled HDL to the d < 1.019 g/ml 
plasma fraction. 

The following incubation systems were studied (the 
fraction marked with an asterisk is labeled with vitamin 
E): VLDL* + LDL; VLDL + LDL*; VLDL* + HDL; 
VLDL + HDL*; LDL* + HDL; LDL + HDL*. Incuba- 
tions were performed under the following conditions in 
the presence of either human d > 1.21 g/ml lipoprotein- 
poor plasma, purified neutral lipid transfer protein, rat 
d > 1.21 g/ml lipoprotein poor plasma (rat plasma is 
devoid of neutral lipid transfer activity}, albumin {fatty 
acid-free, Sigma bovine albumin}, or 50 mM Tris, 0.15 M 
NaC1, 0.05% EDTA, pH 7.4. The concentration of 
albumin or of the protein in the lipoprotein-poor plasma 
fraction was adjusted to a concentration of 4-5 g% in each 
system. Most incubations were performed at 37 C for 18 
hr. Individual experiments were performed at 4 C. LTP- 
mediated CE-TG exchange previously has been shown by 
us to be minimal at 4 C (19). 

Incubations of VLDL + HDL* also were performed 
using VLDL labeled with '4C-triglyceride. (l'C-triglycer- 
ide)VLDL was prepared by incubation of 14C-triolein In- 
tralipid 4 Ci]ml with human VLDL at 37 C for 18 hr in 
the presence of d > 1.21 g/ml lipoprotein-poor plasma. 
Prior to the incubation, Intralipid was washed in order 
to rid Intralipid of excess phospholipid. Washed In- 
tralipid was prepared by repeated centrifugation of In- 
tralipid suspended in 0.15 M NaC1, 0.05% EDTA as 
described (22). This procedure resulted in a decrease from 
12.5% to 3.4% in the relative weight composition of 
phospholipid in Intralipid. "C-triglyceride labeled VLDL 
was separated by ultracentrifugation at d < 1.019 g/ml 
after flotation of the Intralipid at d = 1.006 g/ml by 
swinging bucket ultracentrifugation at 25,000 rpm for 15 
min. The lipoprotein fraction ratios in the incubations 

usually were adjusted so that the triglyceride in the 
triglyceride-rich lipoprotein was five-fold greater than the 
cholesterol ester in the cholesterol ester-rich lipoprotein 
(a ratio of 5:1 previously has been shown to be practical 
for monitoring neutral lipid mass transfer processes [19]). 
In addition, some incubations were performed at different 
protein ratios. Following each incubation, sequential salt 
density ultracentrifugation was used to separate the frac- 
tions corresponding to d < 1.019 g/ml-modified, "M"- 
VLDL; d = 1.019-1.063 g/ml-modified, "M"-LDL; d = 
1.063-1.21 g/ml-modified, "M"-HDL. "M" denotes the 
modified lipoprotein fraction in terms of TG/CE composi- 
tion following mass transfer. 

In some incubations of LDL + HDL, separation of 
lipoprotein fractions was performed by precipitation with 
MnC12 and heparin, as described by Burstein et al. {23}. 

The total radioactivity in each fraction was calculated 
and, accordingly, the net transfer of radiolabeled vitamin 
E between the lipoprotein fractions determined. 

Chemical analysis. Total and free cholesterol were 
assayed using the Test Combination Cholesterol Kit of 
Boehringer Mannheim (Mannheim, Germany). Triglycer- 
ides were assayed by the RapidChem enzymatic triglyc- 
erides reagent kit of Macomb Biotechnology Inc. (Mt. 
Clemens, MI). Protein was measured by the method of 
Lowry et al. (24) with bovine serum albumin as a 
standard. 

R E S U L T S  

In all incubation systems studied, vitamin E transfer 
from one lipoprotein fraction to another did not correlate 
with transfer of neutral lipids. Although in each system 
incubation conditions varied so that neutral lipid transfer 
increased up to 10-fold, vitamin E transfer showed no real 
changes. Figure 1 depicts experiments designed to obtain 
widely differing neutral lipid exchange. Although neutral 
lipid transfer varied considerably, the transfer of radio- 
labeled vitamin E from LDL to VLDL remained relatively 
constant in incubations of LDL with VLDL (VLDL- 
TG:LDL-CE 5:1) under five different conditions: in the 
presence of saline, d > 1.21 g/ml lipoprotein-poor plasma, 
purified lipid transfer protein and either albumin or rat 
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FIG. 1. Vitamin E transfer from LDL to VLDL at different ratios 
of neutral lipid exchange. VLDL and LDL (3H-tocopherol) were in- 
cubated at VLDL:LDL protein ratios of A, 1.5:1 (A) and B, 0.3:1 ($). 
Each set of incubations was performed in the presence of albumin 
(1), saline (2), d > 1.21 g/ml lipoprotein-poor plasma at 4 C (3) and 
at 37 C (5), neutral lipid transfer protein at 4 C (6) and 37 C (4). Neutral 
lipid exchange is measured by TG/CE ratios in "M"-LDL. Each point 
represents the mean of two separate sets of experiments. 
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l ipoprotein-poor plasma. Specifically in the presence of 
either d > 1.21 g/ml lipoprotein-poor plasma or purified 
LTP, neutral  lipid t ransfer  resulted in an 8-11-fold in- 
crease in t h e  TG/CE ratios in LDL after incubations. In 
contrast,  in incubations in the presence of saline, albumin 
or ra t  l ipoprotein-poor plasma little or no neutral  lipid 
t ransfer  occurred; the TG/CE ratio in post - incubat ion 
L D L  remained relatively low, close to native LDL. Under 
all the above conditions, the t ransfer  of vi tamin E from 
LDL to VLDL was 60-80% of the initial amount  of 
vi tamin E in VLDL. In a similar set of incubations in 
which the ratio of VLDL-TG to LDL-CE was 1:1 (protein 
ratio 0.3:1), vi tamin E transfer  from LDL to VLDL was 
20-30% (Fig. 1) and similarly was independent of the 
degree of triglyceride and cholesterol ester transfer in the 
system. 

In incubation systems in which VLDL was the lipopro- 
tein fraction labeled with vitamin E, t ransfer  of vi tamin 
E from VLDL to LDL was approximately 10% in the 
presence of either saline or d > 1.21 g/ml lipoprotein poor 
p l a s m a  al though neutral  lipid transfer  was almost three- 
fold higher in the presence of the lipoprotein-poor plasma 
fraction (Fig. 2). 

To determine if excess amounts  of t ransfer  protein 
might  affect vi tamin E transfer,  incubations were per- 
formed with amounts  of t ransfer  protein that  produced 
no further  increase in TG/CE exchange. The transfer  of 
[3H]a-tocopherol and [l 'C]triglyceride between vitamin 
E- labeled HDL and triglyceride-labeled VLDL were 
measured. Vitamin E transfer  did not correlate signifi- 
cant ly with neutral  lipid transfer. With increasing con- 
centrat ions of purified lipid t ransfer  protein, t ransfer  of 
vi tamin E remained relatively constant  (40-55%) even 
w h e n  the increase in triglyceride t ransfer  (from 20% to 
80%) reached saturat ion at the higher lipid t ransfer  pro- 
tein concentrat ions IFig. 3). 

VitAmin E t ransfer  between lipoprotein fractions was 
found to correlate with mass ratios of the donor lipopro- 
tein to acceptor lipoprotein. This was observed in all the 
incubation systems studied. Vitamin E transfer  from 
VLDL to HDL increased with rising HDL protein to 
VLDL protein ratios with a correlation coefficient of r -- 

0.87 (Fig. 4). A similar effect was demonst ra ted  with 
VLDL and LDL (data not shown). 

An especially high affinity of vi tamin E to HDL was 
shown in incubations of HDL and LDL (Fig. 5). Despite 
conditions in which LDL lipid mass was up to 10-fold that  
of t IDL, most of the vitamin E remained associated with 
HDL. Only at LDL/HDL lipid ratios 15-16:1 did most  
of the vi tamin E associate with LDL. This implies tha t  
factors other than simple lipid mass ratios influence par- 
t i t ioning of vi tamin E between plasma lipoproteins. 

The effect of LTP  on transfer  of vi tamin E between 
lipoproteins was studied following 18-hr incubations, a 
time period previously shown (19) to be necessary for 
achieving substantial  changes in lipid mass and for 
reaching an equilibrium of mass transfer. To ascertain 
that  an earlier effect of LTP was not  being masked by 
measurements  at 18 hr, we performed incubations at in- 
creasing time intervals (Fig. 6). There was no consistent  
difference in vitamin E transfer between lipoproteins with 
or without LTP, even at very  short  incubation periods. 
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FIG. 3. The effect of neutral lipid transfer protein on vitamin E and 
triglyceride transfer between VLDL and HDL. VLDL (14C-triglyc- 
eride) and HDL (~H-tocopherol) were incubated in the presence of 
increased concentrations of neutral lipid transfer protein. Each point 
represents the mean of two separate sets  of experiments. � 9  @, 
3H-tocopherol transfer. O--O,  ~4C-triglyceride transfer. 
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FIG. 2. Vitamin E transfer from VLDL to LDL at different ratios 
of neutral lipid exchange. VLDL (3H-tocopherol) and LDL were in- 
cubated at VLDL:LDL protein ratio of 1.5:1. Incubations were per- 
formed in the presence of d > 1.21 g/ml lip�9 plasma ( �9 ) 
and saline (&). Neutral lipid exchange is measured by TG/CE ratios 
in "M"-LDL. Each point represents the mean of two separate sets  
of experiments. 
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FIG. 4. The effect of lip�9 mass ratios on vitamin E transfer 
between VLDL and HDL. VLDL (~H-tocopherol) and HDL were in- 
cubated at increasing HDL:VLDL protein ratios. Incubations were 
performed in the presence of d > 1.21 g/ml lip�9 plasma. 
Each point represents the mean of two separate sets of experiments. 
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FIG. 6. Time course of vitamin E transfer between LDL and HDL 
with and without LTP. Incubations of LDL pH-toeopheroi) and HDL 
(LDL:HDL protein ration 1:1) were performed at increasing time in- 
tervals in the absence of and presence of d > 1.21 g/ml lipoprotein- 
poor plasma. Each point represents the mean of two separate sets  
of experiments. 

D I S C U S S I O N  

a-Tocopherol, a lipid-soluble vitamin, is transported in 
plasma primarily by the lipoprotein class that contains 
the largest amount of total lipid, a-Tocopherol levels in 
each lipoprotein fraction have been shown to correlate 
better with the amount of free cholesterol in the lipopro- 
tein particle than with any other individual lipid (4}. 
Earlier work on the partitioning of free cholesterol in 
plasma fipoproteins has suggested that most free 
cholesterol is associated with surface components rather 
than core fipids {25}. But tocopherol equilibrates between 
fipoproteins at a rate that is slower than that  of 

cholesterol; on isolated surface components of VLDL, 
two-thirds of the associated free cholesterol but only one- 
third of the tocopherol are separated with the surface 
phases (9}. This suggests that  up to 2/3 of lipoprotein 
vitamin E is associated with core fipids and, if so, may 
be expected to participate in exchange processes similar 
to those of cholesterol ester and triglyceride. Lipoprotein 
lipase has been shown by Traber et al. (26) to mediate the t 

~. ~ binding of vitamin E from chylomicrons to cell mem- 
~ n branes. Lipoprotein lipase similarly enhances binding and 

possibly uptake of CE from fipoproteins to cells (27). The 
fact that CE and vitamin E may share a common 
mechanism of cellular uptake further suggested a close 
association of vitamin E with CE in the lipoprotein par- 
ticle. CE transfer between fipoproteins is mediated by 
LTP and additionally, LTP recently has been shown to 
enhance the uptake of HDL-CE into fiver and smooth 
muscle cells {28}. Therefore, ascertaining a role for LTP 
in the transfer of vitamin E between fipoproteins also 
might have contributed to our understanding of the 
mechanism of uptake of plasma vitamin E by tissues. 

Despite the evidence that substantial amounts of 
tocopherol are associated with the core of the lipoprotein 
particle, we have failed to demonstrate that tocopherol 
transfers between lipoproteins in conjunction with the 
transfer of the major core lipids, triglycerides and ch~ 
lesterol esters. Under conditions leading to a wide range 
of cholesterol ester-triglyceride transfers, vitamin E 
transfer remained relatively constant. In the presence of 
lipoprotein-poor plasma or purified lipid transfer protein, 
up to a 10-fold change in the ratio of TG/CE in modified 
fipoproteins was achieved as compared to incubations in 
the presence of saline, albumin or rat plasma, which has 
no neutral lipid transfer activity. Yet vitamin E transfer 
was similar under all these conditions {Figs. 1-3}. A possi- 

* ble cause for the lack of effect of LTP on vitamin E O 

transfer may be a spontaneous rapid vitamin E exchange 
between lipoproteins that overshadows the slower trans- 
fer due to LTP. This could occur by rapid coresurface par- 
titioning of the vitamin followed by equilibration between 

' lipoproteins of the vitamin E partitioned in the particle 
18hr 

surface. 
Vitamin E distribution between fipoprotein fractions 

did correlate with fipoprotein:fipid and]or protein ratios. 
This was shown in incubation systems of VLDL-LDL, 
VLDL-HDL and LDL-HDL. Nevertheless, we noted that 
vitamin E transfer does not behave solely or primarily 
in accordance with lipoprotein total lipid mass in view of 
results observed in incubations of LDL with HDL. At 
LDL:HDL protein ratios of 2:1, the lipid ratio is approx- 
imately 8:1 but despite this high LDL total lipid mass, 
vitamin E was distributed so that it was predominantly 
associated with HDL {Fig. 5). This partitioning was 
observed irrespective of which lipoprotein fraction was 
the one initially labeled with vitamin E. These results are 
of interest in light of Behrens' (29) recent observations 
on the distribution of tocopherol in plasma lipoproteins, 
noting a high correlation between a-tocopherol and HDL- 
protein but such correlations were not observed for LDL. 
Thus, the factors determining partitioning of vitamin E 
between lipoproteins and in the llpoprotein particle itself 
are complex and do not depend only on total lipid mass 
ratios. Structural properties and specific lipid-protein in- 
teractions may prove important. Further studies will 
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c lar i fy  the  precise  pa r t i t i on ing  of v i t amin  E in the  lipopro- 
t e in  p a r t i c l e  and  i t s  m e c h a n i s m s  of t r a n s f e r  b e t w e e n  
h u m a n  p l a s m a  l ipopro te ins .  
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A Novel Method to Administer Radiolabeled Lipid 
to Juvenile Oysters 
Marl lyn C. Erlckson' and Daniel  P. Selivonchlck" 
Department of Food Science and Technology, Oregon State University, Corvallis, OR 97331 

Particles prepared from egg yolk were shown to encap- 
sulate protein and to be in a size range that would be 
filtered by the oyster. A radiotracer study involving the 
addition of radiolabeled phosphatidylcholine to egg yolk 
demonstrated that the egg yolk particles were taken up 
and metabolized by juvenile oysters (Crassostrea gigas). 
Catabolism of the radiolabeled lipid and subsequent 
resynthesis into non-lipid components occurred to a slight 
extent. The main factor responsible for the distribution 
of radioactivity amongst the lipids in the stomach tissue 
was believed to be transacylation. 
Lipids 23, 22-27 (1988). 

Lipids play an important role in the diet and physiology 
of marine bivalves (1-4). While the lipid composition of 
bivalves has been detailed extensively (5), few experi- 
ments have been made to determine their metabolic 
pathways. 

Several methods have been used to deliver radiolabeled 
lipids or lipid precursors to bivalves. Trider and Castell 
(3) incubated oyster gill and mantle tissue in a solution 
containing "C-acetate. Allen and Conley {6) administered 
1-"C-palmitate to oysters by means of a blunted hypo- 
dermic needle placed in the stomach. Lubet et al. (7) in- 
jected the mussle foot with 1-3H-glycerol. Lipid metabc, 
lism measured using these means of incorporation may 
differ from the metabolism that occurs in bivalves in their 
natural habitat. 

In the natural habitat, the majority of lipid and lipid 
precursors for bivalves are obtained by filtering and in- 
gesting algae. Taking this into account, to monitor the 
fate of labeled linolenic acid and higher homologues clams 
have been fed a culture of Phaeodactylum tricornutum 
previously incubated with 1-"C linolenic acid (8). In ad- 
dition, juvenile oysters were fed either Tetraselmis suecia 
or DunalieUa tertiolecta that were grown in the presence 
of "C-sodium bicarbonate for 24 hr (4). However, the main 
limitation of using radiolabeled algae is the difficulty of 
following the metabolism of one specific lipid component. 

Like algae, liposomes prepared from purified lipid are 
particulate and are filtered and ingested by the oysters. 
The metabolism of '4C-dipalmityl phosphatidylcholine 
was followed in oysters fed liposomes that  contained the 
radiolabeled lipid (9). Other nutritional components such 
as protein or carbohydrate, which are lacking in lipo- 
somes, may modify the metabolism of ingested lipid. A 
suitable alternative for the source material of liposomes 
is to use egg yolk. With one of the key components in egg 

'Present address: University of Massachusetts Marine Station, 
Gloucester, MA 01930. 
*TO whom correspondence should be addressed at the Department 
of Food Science, Oregon State University, Corvallis, OR 97331. 
Abbreviations: AA, arachidonic acid; CL, cardiolipin; CP, choline 
phospholipids; "C-DPPC, di[1-'~C] palmitoyl phosphatidycholine; EP, 
ethanolamine phospholipids; FITC-BSA, fluorescein isothiocyanate 
bovine serum albumin; NL, neutral lipids; PC, phosphatidylcholine; 
'4C-PAPC, phosphatidylcholine, L-a-l-palmitoyl-2-arachididonyl 
[arachidonyl-l-"C]; PPL, phosphonolipid; SP, serine phospholipids; 
TLC, thin layer chromatography. 

yolk being lipid, the idea was generated that vesicles that 
would be similar to liposomes could be prepared. This 
paper describes the metabolic fate of pbosphatidyl- 
choline, L-a-l-palmitoyl-2-arachidonyl [arachidonyl-l-'4C] 
('4C-PAPC) when the radiolabeled lipid is incorporated 
into egg yolk particles and fed to oysters. 

MATERIALS AND METHODS 
Preparation of fluorescent liposomes. Fluorescent lipo- 
somes were prepared with 10.5 mg of egg phosphatidyl- 
choline (PC)/cholesterol/stearylamine, 87:5:8 (P-L Bio- 
chemicals, Inc., Milwaukee, WI). The material was evapo- 
rated from chloroform to a thin film on the wall of a round- 
bottom flask. Five ml of a solution of 30 ppt synthetic 
seawater, Instant Ocean from Aquarium Systems (Men- 
tor, OH), containing 1 mg fluorescein isothiocyanate 
bovine serum albumin (FITC-BSA) and several glass 
beads were added, and the flask swirled for one hour. 
Unentrapped FITC-BSA was removed by centrifuging 
the liposomes in an IEC International clinical centrifuge 
(315 X g) and replacing the supernatant with Instant 
Ocean from Aquarium Systems Inc. (Eastlake, OH). All 
solutions of Instant Ocean used in this study were at 30 g 
Instant Ocean/1 of deionized water. After several repeti- 
tions, no fluorescence was observed in the filtrate. The 
vesicles were diluted to 200 rnl with Instant Ocean. 

Preparation o f fluorescent egg yolk particles. Fluores- 
cent egg yolk particles were prepared by placing 0.20 gm 
of fresh egg yolk (containing 9.7% phospholipids) in a 
30 ml homogenizing tube and adding 20 ml of a solution 
of 30 ppt Instant Ocean containing FITC-BSA (10 rag), 
corn starch (96 mg), thiamin-HC1 (3.9 gg), riboflavin 
(5.8 ~g), niacin (39 ~g), D-biotin (0.4 ~g), Na-pantothenate 
(9.7 ~g), pyridoxine (3.9 ~g}, folic acid (1.9 t~g), vitamin B,2 
(0.04 gg), myo-inositol (80 ~g) and ascorbic acid (29 ~g). 
All chemicals were purchased from Sigma Chemical Co. 
(St. Louis, MO). The materials were mixed with a high 
speed tissue homogenizer for 10 to 20 seconds. Unen- 
trapped FITC-BSA was removed by centrifuging (315 X 
g) the egg yolk particles in an IEC International clinical 
centrifuge and replacing the supernatant with Instant 
Ocean. After several repetitions, no fluorescence was 
observed in the filtrate, and the final volume was brought 
to 200 ml with Instant Ocean. Since it was beyond the 
scope of this study to determine the physical nature of 
the lipid material formed, we will refer to the material as 
particles. However, it is probable that due to the high 
triacylglycerol content of egg yolk, the material is a mix- 
ture of vesicles and micelles containing triacylglycerol. 

Preparation of radiolabeled egg yolk particles. Radio- 
labeled egg yolk particles were prepared by placing 0.21 g 
of fresh egg yolk and 10 gC of "C-PAPC (New England 
Nuclear, Boston, MA) in a 30 ml homogenizing tube. 
After adding 21.0 ml of Instant Ocean containing 0.105 g 
starch, the solution was mixed for one rain with a high 
speed tissue homogenizer. The solution then was diluted 
with Instant Ocean to a final volume of 210 ml. 

Feeding and rearing of oysters. Juvenile Pacific oysters, 
C. gigas, weighing 1.5 to 2.0 g, were obtained from Ted 
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Kuiper in Eureka, CA. The oysters were placed on a 
screen mesh two inches above the bottom of a large 
bucket containing 20 1 of Instant Ocean solution at 19 C. 
Once a day for a month the oysters were fed unlabeled 
egg yolk particles. 

For the radiotracer study, 80 oysters were starved for 
24 hr and were placed on a plastic tray (1.0 mm mesh} 
suspended one inch above the bottom of a dish pan {26 
cm X 36 cm} that contained seven liters of Instant Ocean. 
The water was maintained at 19 C in a temperature- 
controlled room. An airlift pump and three airstones at- 
tached to a Whisper 800 air pump were used to aerate 
and circulate the water. Oysters were fed the radiolabeled 
egg yolk particles twice a day for three days. After 
transfer to fresh Instant Ocean, the oysters were fed 
unlabeled egg yolk particles twice a day for five days. 

Analysis of radiolabeled tissue and egg yolk. Analysis 
of oysters consisted of removing 24 oysters from the con- 
taller  after zero, one, three and eight days. Assuming 
equal access of oysters to the radiolabeled food, each 
oyster from day 1 had been exposed to 1.53 • 10" dpm, 
and each oyster from days 3 and 8 had been exposed to 
3.71 X 10 s dpm. Each set of 24 oysters was divided into 
two groups. After each oyster was weighed, it was dis- 
sected. The mantle, muscle and gills of each group were 
pooled and weighed. In addition, the digestive tissues of 
each group were pooled and weighed. Moisture content 
was determined by lyophilization of the pooled tissues. 

Lipid extraction of the lyophilized tissue and radio- 
labeled egg yolk particles was performed according to the 
method of Folch et al. {10}. Material insoluble in the 
chloroform-methanol phase was collected on a column 
packed with glass wool, digested in NCS solubilizer 
IAmersham, Arlington Heights, IL} and counted for 
radioactivity using Bray's scintillation solvent system 
{11}. Samples of both aqueous phase and lipid extract also 
were measured for radioactivity using the liquid scintilla- 
tion medium 3a70B {Research Products International 
Corp., Mount Prospect, IL}. 
�9 Two-dimensional thin layer chromatograph {TLC) was 

used to separate individual phospholipids on Silica Gel 
H plates {0.25 mm thickness}. The first dimension solvent 
system consisted of chloroform/methanol/ammonia (65: 
25:4, v/v/v}. The second dimension solvent system con- 
sisted of chloroform]methanol]ammonia {100:50:12, v/v/v}. 
Exposure to iodine revealed the location of neutral lipids 
{NL} and each phospholipid. All phospholipids with the 
exception of phosphonolipid {PPL} were identified by com- 
paring to purified phospholipid standards subjected to 
the same solvent systems. The PPL spot tentatively was 
identified by the procedure of Stillway and Harmon {12}. 

Quantitation of individual phospholipids from the day 
0 samples was accomplished by the phosphorus assay of 
Bartlett 113}. Individual phospholipids from radiolabeled 
lipid samples were scraped into vials, hydrated with water 
and counted for radioactivity in 3a70B. 

Neutral lipids from radiolabeled samples were sepa- 
rated on Silica Gel H plates {0.25 mm thickness} by one- 
dimensional TLC. The solvent system employed was 
hexane/ethyl ether/glacial acetic acid {80:20:1, v/v/v}. 
Bands 0.5 cm in width were scraped into vials, hydrated 
with water and counted for radioactivity in 3a70B. 

Quantitation of triacylglycerols from the 0 day samples 
was accomplished by applying each lipid sample to Silica 

Gel H plates prepared with 0.05% sodium fluorescein. 
After running the plate in the neutral solvent system 
described above, the triacylglycerol spot was detected 
under fluorescent light and scraped into a test tube. After 
eluting the triacylglycerols from the silica gel with chloro- 
form, the samples were evaporated to dryness and then 
quantified according to the procedure of Van Handel and 
Zilversmit {14}. 

Total lipid from the mantle, gill and muscle tissue and 
total lipid from the digestive tissues were analyzed for 
distribution of radioactivity between the acyl portion 
and the glycerol-base backbone. A portion of each lipid 
sample was hydrolyzed with 4% H2SO4, and the solution 
was extracted with hexane. Samples of both the aqueous 
and organic phases were taken for liquid scintillation 
counting. 

The fatty acid compositions of NL and of each phos- 
pholipid from the digestive tissues and from the gill, man- 
tle and muscle tissues were determined for day 0 oysters. 
After separation in two dimensions on fluorescent silica 
gel plates, the lipids were subjected to methanolysis for 
90 min in 4% H2SO4 in methanol {90 C}. The methyl esters 
formed were extracted with hexane and dried over anhy- 
drous sodium sulfate. The fractions were purified and the 
dimethyl acetals separated from the methyl esters on 
thin-layer plates {Silica Gel H} developed in benzene {15}. 

Gas liquid chromatography of the esterified fatty acids 
was done with a Varian Aerograph Model 1200 gas 
chromatograph equipped with a Hewlett-Packard 3380A 
computing integrator. The column was packed with 10% 
SP-2330 on 100/120 Chromosorb W AW {Supelco, Inc., 
Bellefonte, PA}. Chromatographic peaks were identified 
by comparison of their relative retention times with those 
of standards subjected to the same conditions. 

RESULTS AND DISCUSSION 

Ingestion of fluorescent egg yolk particles. FITC-BSA- 
containing liposomes shown in Figure 1A resembled those 
of liposomes prepared by Parker and Selivonchick {9). Egg 
yolk particles {Fig. 1B} prepared with FITC-BSA were 
similar in shape and size to these liposomes. Most of the 
fluorescence appeared to be intravesicular, indicating that 
the protein was encapsulated within the particle. Absorp- 
tion of protein to the outside of the vesicle may have oc- 
curred slightly. However, the high ionic strength of the 
synthetic seawater should have reduced the absorption 
of protein {16}. 

Analysis of lipids from oyster tissue. Initial analysis 
of oyster tissues revealed that approximately 81% of the 
weight was water {Table 1}. These values corresponded 
to those obtained with pre-starved C. gigas {17}. The 
recovery of lipid from the total oyster agreed closely to 
recoveries obtained by Watanabe and Ackman {18} for 
Crassostrea virginica and Ostrea edulis. 

Less than 10% of the total lipid from the oysters was 
found in the triacylglycerol fraction. In contrast, C. 
virginica and O. edulis have been reported to contain at 
least 20% of their lipid as triacylglycerol {18}. For C. 
gigas, Allen and Conley {6} reported almost 27% of the 
total lipid as triacylglycerols. As oysters showed de- 
creased triacylglycerol levels when under physiological 
stress (1}, the low content of triacylglycerol found in this 
study would suggest that the nutritional state of the 
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oys ters  was poor. On the other  hand, species differences 
m a y  have been responsible for the altered lipid distri- 
bution. 

The phospholipid distribution in lipids of oyster  t issues 
is shown in Table 2. The major phospholipids were choline 
phospholipids {CP} and ethanolamine phospholipids {EP} 
followed by  serine phospholipids {SP}. The percentage of 
P P L  in the to ta l  oys te r  was less than  the P P L  content  
measured for C. virginica {19}. The findings by  Swift sug- 
gested t ha t  the P P L  content  in t issues would increase 
when oys ters  were s tarved.  I f  this were the case for C. 
gigas, the da ta  indicated tha t  these oys ters  were not  
s tarved.  

The major  f a t ty  acids found in the lipid of oyster  t issue 
is shown in Table 3. Compared  to the f a t t y  acid composi- 
tion found for C. gigas by Langdon and Waldock {20}, the 
da ta  agreed fairly well for C16 and C22 f a t t y  acids. The 
large amounts  of C18 f a t ty  acids found in this s tudy  may  
be due to the high amounts  of these acids in egg yolk {21}. 
Oys te rs  had been mainta ined on an egg yolk diet for one 
month.  After  this, the triacylglycerol components  would 
have been modified. The f a t t y  acid composi t ion of this 
lipid has been shown to reflect tha t  of the diet {20}. 

FIG. 1. Optical characteristics of (A} liposomes containing FITC- 
BSA and IBt egg yolk particles containing FITC-BSA, as viewed 
with fluorescent microscopy. Bar equals 10/~m. 

TABLE 1 

Moisture and Lipid Content of Oysters a 

Tissue 

Total Gill, mantle, 
oyster Stomach muscle b 

Moisture {%} 81.9 80.3 81.7 
Lipid {% of wet wt} 1.6 2.7 1.4 
Triacylglycerols 

(% of total lipid} 9.2 16.5 7.8 
Polar lipids 

{% of total lipid} 68.0 55.1 71.4 

aEach value is an average of two groups with 12 oysters in each 
group. 
bTissues were pooled before analysis. 

TABLE 2 

Distribution of Phospholipids in Oysters 

Tissue 

Total Gill, mantle, 
oyster a Stomach a muscle a,b 

Inositol phospholipids 2.8 3.2 2.9 
Serine phospholipids 14.3 14.1 14.2 
Sphingomyelin 6.2 4.8 6.5 
Phosphonolipid 15.4 13.7 15.8 
Choline phospholipids 29.4 32.9 28.4 
Ethanolamine phospholipids 30.0 29.0 30.4 
Cardiolipin 1.9 2.3 1.8 

apercentage of total phospholipids. 
bTissues were pooled before analysis. 

TABLE 3 

Major Constituent Fatty Acids of the Total Lipid 
From Juvenile Pacific Oyster (C. gigas) 

Fatty acid a Wt % 

16:0 20.40 
16:1 3.12 
18:0 14.79 
18:1 26.50 
18:2 4.26 
18:3 10.96 
20:4 6.49 
20:5 3.23 
22:4 0.89 
22:5 1.17 
22:6 8.19 

aFatty acid identified by number of carbon atoms and double bonds. 
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Incorporation of radioactivity from egg yolk particles. 
Lipid f rom egg yolk particles prepared with '~C-PAPC 
was subjected to two-dimensional TLC to establ ish the 
dis tr ibut ion of the radiolabeled lipid into egg yolk par- 
ticles. More than  97% of the radioact ivi ty  was found in 
CP, indicating very  little degradat ion of the radiolabel 
dur ing the prepara t ion  of particles. 

Oysters  killed after one day recovered 12.7% of the dpm 
f rom the radiolabeled food compared  to a recovery of 
22.8% by  oysters  fed '~C-DPPC-containing liposomes for 
one day  (9). A slightly grea ter  recovery of radiolabel was 
shown after  three days  when oysters  were fed the '~C- 
PAPC containing egg yolk particles (12.8%) than  when 
they had been fed di[1-"C] palmitoyl phosphatidylcholine 
( '4C-DPPC)-containing l iposomes (10.6%). Oys ters  from 
day 8 were found to contain 16% of the exposed dose. 

Seventy-seven percent  of the label fed to oys ters  was 
unaccounted for in oys ter  t issue or the culture vessel 
water.  This unaccounted label could have been in expired 
'4CO2 or in set t led mat ter .  Langdon and Siegfried (22) 
repor ted  tha t  aerat ion was not  sa t i s fac tory  always as a 
means  of agi ta t ion because the turbulence produced 
tended to be localized around the bubble source, and food 
se t t lement  occurred in less disturbed areas of the culture 
vessel. In  addition, particle clumping would have led to 

increased amounts  of label in set t led mat ter .  Before 
feeding, egg yolk particles were found to be 5 to 30 ~m 
in diameter.  While these particle diameters  were capable 
of being filtered and ingested, clumping of particles may  
have prevented  their ingestion. The product ion of 
bacterial  films would have increased particle c lumping 
and adherence of particles to surfaces (23). 

The radiolabel was dis t r ibuted in approximate ly  equal 
port ions between the s tomach  t issue and tha t  of the gill, 
mant le  and muscle tissue. Transpor t  of the radiolabel 
f rom the s tomach to the other t issues probably  occurred 
via the blood. Allen and Conley (6) found tha t  after  in- 
gestion of 1-14C-palmitate, the specific activities of p lasma 
and hemocyte  lipids rose over a period of 10 hr and then 
maintained roughly s teady levels. In addition, they found 
radioact ivi ty  in several  lipid classes having only blood 
contact  with the digestive tract ,  thus  suppor t ing  the 
premise of t r anspor t  of lipid through the hemolymph.  

Metabolism of radiolabeled phosphatidylcholine. The 
distr ibution of radioact ivi ty  af ter  lipid extract ion of 
oyster  tissue is shown in Table 4. The majori ty  of radioac- 
t iv i ty  was found in the lipid phase. However,  recovery 
of radioact ivi ty  in the aqueous and insoluble phase  im- 
plied tha t  metabolism of the '4C-PAPC had occurred, and 
the metaboli tes  were shunted into non-lipid components.  

TABLE 4 

Distribution of Label in Various Tissues from Oysters Fed Egg Yolk Particles 
Containing Phosphatidylcholine, L-a-l-Palmitoyl-2-Arachidonyl [Arachidonyl-l-'4C] a 

% of total dpm in tissue % of total dpm in tissue 

Day 1 Day 3 Day 8 Day 1 Day 3 Day 8 

Stomach 

Lipid phase 96.1 94.6 95.2 
Aqueous phase 1.2 2.1 1.3 
Insoluble phase 2.7 3.3 3.5 

85.9 
3.0 

11.1 

Gill, mantle, muscle b 

82.7 
3.2 

14.1 

87.9 
3.3 
8.8 

aData from 12 oysters per group, two groups analyzed. 
bTissues were pooled before analysis. 

TABLE 5 

Specific Activity of Lipids Isolated from Tissues of Oysters Fed Egg Yolk Particles 
Containing Phosphatidyicholine, L-a-l-Palmitoyl-2-Arachidonyl [Arachidonyl-1-14C] 

Stomach Gill, mantle, muscle a 

Day 1 {dpm/t~g) Day 3 (dpm/gg) Day 8 (dpm/~g) Day 1 {dpm/~g) Day 3 {dpm/~g) Day 8 {dpm/~g) 

Inositolphospholipids 12.3 (1.3) b 24.1 (0.9) 16.0 (0.7) 3.2 {1.4) 5.1 {0.8) 8.8 (1.1) 
Serine phospholipids 43.8 {20.7} 120.7 {19.8} 115.3 {22.8} 9.5 (19.4) 26.2 (19.8) 41.6 {24.2) 
Sphingomyelin 2.4 {0.4} 6.0 {0.3) 5.6 {0.4} 0.5 {0.5} 1.2 ~0.4) 2.3 {0.6} 
Phosphonolipid 1.3 {0.6) 2.9 {0.5} 2.0 (0.4) 0.3 {0.7} 0.6 ~0.5) 1.0 {0.6} 
Choline phospholipids 24.4 {27.1} 83.5 (32.2} 46.4 {21.6} 11.6 {47.3} 32.8 {49.6} 35.0 {40.9} 
Ethanolamine phospholipids 22.6 {22.1} 68.3 {23.2} 61.7 (25.2} 3.6 {15.7} 9.7 {15.7} 14.6 {18.3} 
Cardiolipin 21.7 (1.7) 48.7 (1.3) 55.2 (1.8) 16.6 (4.3) 51.2 (4.9} 79.8 {5.9} 
Triacylglycerol 27.0 (25.1} 72.8 (20.8} 68.6 {26.0} 3.9 (8.2) 8.8 {5.8} 11.3 {5.8) 

aTissues from gill, mantle and muscle were pooled before analysis. 
bNumbers in parentheses represent the percentage of radioactivity from total lipid extract present in the individual lipids. 
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T A B L E  6 

Distr ibution of Label Between the Hexane and Water  Soluble Fract ions af ter  Transesterif ication of Lipids f rom Various Tissues  of Oysters  
Fed Egg  Yolk Part icles Containing Phosphat idylchol ine,  L-a-l-Palmitoyl-2-Arachidonyi [Arachidonyl-l-'4C] a 

% of total  d p m  in t ransester i f ied lipid % of total  d p m  in t ransester i f ied lipid 

Day  1 Day  3 Day  8 Day  1 Day  3 Day  8 

S tomach  Gill, mantle,  muscle b 

Hexane-soluble 61.1 nd a 76.3 47.6 51.1 54.4 
Water-soluble 38.9 nd 23.7 52.4 48.9 45.6 

aNo t  determined. 

bTissues  were pooled before analysis.  

T A B L E  7 

Cons t i tuen t  F a t t y  Acids (Weight %~ of Various Lipids a f rom the S tomach  Tissue  of Juveni le  Pacific Oys te r  (C. gigas) 

F a t t y  acid b E P  CP SP IP  CL PPL S P H  NL 

14:0 --  --  - -  11.50 1.24 6.95 18.10 2.02 
16:0 9.62 22.75 3.61 17.27 12.68 46.34 16.01 9.81 
16:1 2.49 3.30 - -  --  - -  6.00 - -  - -  
17:0 . . . . .  2.09 --  --  
18:0 18.25 8.12 23.55 29.39 15.73 24.35 25.95 12.20 
18:1 18.01 38.82 12.43 25.65 34.61 11.78 28.86 53.16 
18:2 3.81 7.84 1.54 3.03 2.13 1.25 5.46 10.41 
18:3 7.24 2.68 27.43 6.91 4.02 --  2.24 3.23 
20:4 6.17 5.66 16.08 3.59 10.99 1.25 3.37 3.89 
20:5 9.36 4.55 9.63 --  4.30 --  --  3.04 
22:4 2.39 --  --  2.65 . . . .  
22:5r 3.33 --  1.16 . . . . .  
22:5r 2.69 . . . . . . .  
22:6 16.64 6.27 4.58 --  14.31 - -  --  2.25 

S u m  po lyunsa tu ra t ed  51.63 27.00 60.42 16.18 35.75 2.50 11.07 22.82 

a E p ,  e thanolamine phospholipids;  CP, choline phospholipids;  SP, serine phospholipids;  IP, inositol phospholipids;  CL, cardiolipin; PPL, 
phosphonolipid;  SPH,  sphingomyelin;  NL, neutra l  lipids. 

bFa t t y  acid identified by  n u m b e r  of carbon a toms  and double bonds.  Tissues  were analyzed on day 0. 

T A B L E  8 

Constituent Fatty Acids (Weight %) of Various  Lipids a from the Gill, Mantle and Muscle Tissue  b of Juvenile Pacific Oyster (C. gigas) 

F a t t y  acid c E P  CP SP IP  CL PPL S P H  NL 

14:0 --  --  - -  13.74 13.20 3.88 17.81 5.24 
16:0 6.78 19.80 3.80 7.31 12.91 68.56 13.55 14.42 
16:1 2.80 3.91 1.06 - -  1.38 6.81 --  2.52 
17:0 . . . . .  2.35 --  --  
18:0 18.28 6.21 28.22 30.01 16.60 12.13 32.05 19.90 
18:1 16.79 30.78 10.08 23.59 25.48 6.28 27.93 33.29 
18:2 2.75 7.92 --  2.08 4.22 --  2.87 7.24 
18:3 12.49 4.15 34.99 20.97 --  --  4.57 5.33 
20:4 5.49 7.76 13.32 2.29 --  --  1.22 6.75 
20:5 5.02 9.20 6.36 . . . .  2.18 
22:4 2.36 - -  --  - -  1.56 --  --  - -  
22:5r 4.12 . . . . . . .  
22:5r 2.14 --  --  - -  1.13 --  --  - -  
22:6 20.97 10.26 2.18 --  23.52 --  --  3.13 

S u m  po lyunsa tu ra t ed  55.34 39.29 56.85 25.34 30.43 0.00 8.66 24.63 

aEp ,  ethanolamine; CP, choline phospholipids;  SP, sarine phospholipids; IP, inositol phospholipids;  CL, 
SPH,  sphingmyelin;  NL, neutra l  lipids. 

bTissues  were pooled before analysis  on day 0. 

CFatty acid identified by  n u m b e r  of carbon a toms  and double bonds.  

cardiolipins; PPL, phosphonolipid; 
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An even higher correlation coefficient {r = 0.953} was 
, "  determined for the po lyunsa tura ted  content  and the 

specific act iv i ty  of the phospholipids in s tomach  t issue 
f rom oysters  analyzed af ter  eight days  {Figure 2). I t  is 
sugges ted  tha t  the fluidity of the t issue membranes  
regulated the act ivi ty  of the acyl t ransferases  in their  
t ransfer  of the radiolabeled f a t ty  acid (26}. 

For  the gill, mant le  and muscle tissue, 47 to 54% of the 
radioactivity was found in the fa t ty  acid moiety (Table 6). 
Since a large port ion of the radioact iv i ty  was found in 
the aqueous phase, in which the glycerol backbone parti- 

' tions, it was not possible to correlate the specific activities 
observed in these tissues with the AA or polyunsaturated 
f a t t y  acid content  of the lipid {Table 8). 

FIG. 2. Relationship between polyunsaturated fatty acids (%} and 
the specific activity in individual phospholipids. 

This type  of act ivi ty appeared to have occurred to a much 
greater  ex ten t  in the gill, mant le  and muscle t issue than  
in the s tomach  tissue. 

Analys i s  o f  lipids from radiolabeled oys ter  tissue. After  
separa t ion by  two-dimensional TLC, the distr ibution of 
radioact iv i ty  among  the phospholipids was determined 
{Table 5). The resul ts  were first  expressed in t e rms  of 
specific activity, dpm]~g lipid. The lipid in s tomach tissue 
having the highest  selectivity for the radiolabel was SP, 
followed by  triacylglycerol,  E P  and cardiolipin (CL). The 
higher specific act ivi ty  of SP than  CP after  eight days  
may reflect the smaller pool size of SP. In gill, mantle  and 
muscle tissue, CL was shown to have the highest  selec- 
t iv i ty  for the radiolabel, followed by  CP for days  1 and 3. 

By  considering the to ta l  amount  of radiolabel present  
in the lipids of each tissue, i t  was  shown tha t  af ter  one 
day only 27% of the radiolabel remained in s tomach  CP. 
SP, E P  and tr iacylglycerol  were the other lipids in 
s tomach tissue tha t  had a major portion of the radiolabel. 
In gill, mantle  and muscle tissue, 40-50% of the radiolabel 
remained in CP while E P  and SP also had a large percent- 
age of the radioacat ivi ty .  

A n a l y s i s  o f  radiolabeled transesteri f ied lipid. To pro- 
vide information about  the routes  by  which radioactiv- 
i ty  was incorporated into oys ter  lipids, the to ta l  lipid in 
each t issue was examined for intramolecular distr ibution 
of the label. In  the s tomach tissue, 60-75% of the 
radiolabel was found in the hexane soluble portion or fa t ty  
acid moiety  (Table 6} compared  to 100% found when 
oysters were fed '4C-DPPC-containing l iposomes {9). 
Transacyla t ion could have been the main process used to 
t ransfer  the radiolabeled f a t ty  acid f rom CP to the other 
lipids in s tomach  tissue. 

As the radiolabel was originally in arachidonic acid 
(AA), it was  possible tha t  the acyl t ransferases  were ac- 
t ing to dis t r ibute  this f a t t y  acid for conversion into pro- 
staglandins. Substances resembling prostaglandins have 
been found in scallops'  t issues {24}. In  addition, binding 
sites for pros taglandins  have been observed in the gill 
t issue of the bivalve Modio lus  demi s sus  {25}. Therefore, 
one could hypothesize tha t  the specific act iv i ty  of a lipid 
would reflect i ts  content  of AA and its  abili ty to serve 
as a precursor  for prostaglandins.  In this study, a cor- 
relation coefficient of 0.935 was found between the con- 
tent  of AA in the phospholipids and the specific activities 
of the individual lipids {Table 7). 
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Time Course of Dolichol and Dolichyl Phosphate 
in Regenerating Rat Liver 
Kouji Yamada*, Manabu Murakami, Kouichi Katayama and Tadashi Sato 
Tsukuba Research Laboratories, Eisai Co., Ltd., I-3, Tokodai-5-chome, Toyosato-machi, Tsukuba-gun, Ibaragi 300-26, Japan 

By using novel high performance liquid chromatographic 
methods, the time course of dolichol and dolichyl phos- 
phate in regenerating rat liver was investigated and com- 
pared with that for cholesterol. The cholesterol level in 
the liver increased more rapidly than the level of dolichyl 
phosphate (DoI.P). HMG~CoA reductase activity corre~ 
lated well with cholesterol concentration. The level of 
DoI-P at day I was lower than that in normal fiver, but 
was increased at three to five days after hepatectomy, 
which correlates well with mannosyl transferase activ- 
ity. Dolichol decreased for three days, and thereafter in- 
creased until 11 days after hepatectomy. The composi- 
tions of dolichol and DoI-P homologues did not change 
during the experimental period. The results indicate that 
the cholesterol content in regenerating rat liver increased 
first, followed by DoI-P, and finally dolichol. 
Lipids 23, 28-31 (1988). 

Dofichol consists of a group of polyisoprenols with 16 to 
22 isoprene units. Dolichols occur widely in tissues and 
biological fluids as free alcohols, phosphate esters and 
fat ty acid esters (1). In many mammals and yeasts, 
dolichyl phosphate (Dol-P) serves as a carrier of sac- 
charide moieties in the transfer of sugars to asparagine 
residues of polypeptides (2-6}. The function of free 
dolichol and dolichyl esters, however, has not been estab- 
fished. Since dolichol, cholesterol and ubiquinone are syn- 
thesized by a branched pathway in mevalonate metabo- 
lism or through the major branch-point of farnesyl 
pyrophosphate, many investigators have been interested 
in the regulation of dofichol biosynthesis. Dofichol syn- 
thesis has been studied in the developing sea urchin em- 
bryo {7), erythropoietic spleen (8) and the developing 
mouse brain (9). 

Because the biosynthesis of glycoproteins in regener- 
ating rat fiver after partial hepatectomy is altered (10-12), 
it is anticipated that dofichol content of regenerating fiver 
also may be altered. Thus, dofichol in fiver, fiver 
microsomes and plasma, and Dol-P in liver were deter- 
mined in regenerating rat fiver by the methods previously 
described. This paper presents the results and the time 
course of HMG CoA reductase activity, which is the 
major regulatory enzyme of cholesterol and dolichol 
biosynthesis, and mannosyl transferase activity, which 
may be supported by Dol-P endogenous to the enzyme 
preparation. 

MATERIALS AND METHODS 

Chemicals and reagents. Dolichol and Dol-P homologs 
used were the preparations described previously (13). 
Didecaprenylethanol used as an internal standard for 
dolichol and 2,2-didecaprenylethyl phosphate as an 
internal standard for Dol-P were synthesized in our 

*To whom correspondence should be addressed. 
Abbreviation: Dol-P, dolichyl phosphate. 

laboratories (13,14). Anthracene-9-carboxylic acid was 
purchased from Aldrich Chemical Company (Milwaukee, 
WI). 3-(9-Anthryl)-diazo-2-propene was prepared from 
3-(9-anthryl)-propenal by the method of Nakaya et al. (15). 
The standard dofichol, Dol-P and internal standards were 
dissolved in ethyl ether and stored at - 2 0  C. GDP- 
['4C]mannose and DL-[3-14C]HMG CoA were purchased 
from Amersham International (Buckinghamshire, UK). 
All other reagents were analytical grade. 

Animals. Male Sprague-Dawley rats weighing ca. 240 g 
were used. Partial hepatectomy of about 70% of the liver 
was performed under diethyl ether anesthesia by the 
method of Higgins and Anderson {16), and control rats 
were subjected to a sham operation. The animals were 
killed at the appropriate time after the operation, and the 
regenerating livers were separated from the nonregener- 
ated portion and stored frozen at - 8 0  C until analysis. 

Preparation of rat liver microsomes. The liver was 
homogenized in 0.25 M sucrose aqueous solution. The 
homogenates were centrifuged at 10,000 X g for 20 min, 
and the supernatants were centrifuged at 100,000 • g 
for 60 min. The microsomes thus pelleted were washed 
by suspension in 0.15 M Tris-HCl buffer (pH 7.9) and cen- 
trifuged at 100,000 X g for 60 min. The washed micro- 
somes were resuspended in 0.25 M sucrose. 

Determination of dolichol and Dol-P. For the measure- 
ment of dolichol, the fiver {ca. 100 mg) was homogenized 
in 2 ml of distilled water. First, 0.25 ml of 50% KOH 
aqueous solution and 3 ml of 1% pyrogallol in methanol 
were added successively to 2 ml of the sample. This mix- 
ture was heated at 70 C for 60 min and then cooled to 
room temperature. The saponified mixture was extracted 
with n-hexane, evaporated to dryness and analyzed by 
HPLC with UV detection using 2,2-didecaprenylethanol 
as an internal standard. The rat plasma and fiver micro- 
somes were subjected to alkaline hydrolysis, extracted 
with n-hexane, derivatized with anthracene-9-carboxylic 
acid and analyzed by HPLC with fluorescence detection. 
For measurement of Dol-P homologs, the livers {ca. 
100 mg) were homogenized in 2 ml of distilled water. 
First, 1 ml of 1 N HC1 aqueous solution was added to the 
homogenate, and the mixture was allowed to stand at 
room temperature for 45 min. This mixture was heated 
at 70 C for 45 min and then cooled to room temperature. 
The hydrolyzed mixture was extracted with diethyl ether, 
derivatized with 3-(9-anthryl)-diazo-2-propene and then 
determined by HPLC with fluorescence detection using 
2,2-didecaprenylethyl phosphate as an internal standard. 
The HPLC methods have been reported in detail else- 
where (13,14). 

Determination of cholesterol in rat liver. Approximately 
100 mg of rat fiver was homogenized in 1 ml of distilled 
water. The homogenate was extracted twice with four 
volumes of chloroform/methanol (2:1). The organic phase 
was evaporated to dryness under N2 gas, and the residue 
was dissolved in 1 ml of chloroform/methanol {2:1). A 
100 ~1 aliquot of the solution was evaporated to dryness, 
and the residue was dissolved in 100 ~1 of isopropyl 
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alcohol. Cholesterol in the isopropyl alcohol solution was 
measured by using Iatro Lipo TC (Iatro Inc., Tokyo, 
Japan}, a reagent kit for the assay of cholesterol by a 
cholesterol oxidase method. 

Assay for transfer of [14qmannose from G DP-[14qman- 
nose to lipid intermediates. One ml of the reaction mix- 
ture consisted of 30 mM Tris-HC1 buffer (pH 7.8}, 1 mM 
MnC12, 12.5 mM mercaptoethanol, 2 mM AMP, 0.5 ~Ci 
of GDP-[14C]mannose and microsomes (1.2 mg protein}. 
T h e  reaction was started by adding the radioactive 
substrate, and incubation was performed at 30 C for 15 
min. After incubation, dolichyl mannosyl phosphate was 
extracted with chloroform/methanol (2:1) and analyzed by 
thin layer chromatography (17}. 

Assay for HMG CoA reductase activity. The reaction 
mixture consisted of 200 mM phosphate buffer (pH 7.4}, 
100 mM EDTA, 100 mM dithiothreitol, 50 mM NADPH, 
1 mM DL-[3-"C]HMG CoA, and microsomes (0.12 mg 
protein}. The reaction was started by addition of micro- 
somes and continued at 37 C for 20 min. The reaction was 
terminated by adding 10 ~l of 2 N HC1, and the resulting 
mixture was further incubated at 37 C for 15 min. Then, 
the mixture was analyzed by thin layer chromatography 
(18).  

RESULTS A N D  D I S C U S S I O N  

Time course of liver weight after partial hepatectomy. 
Wet weight of rat liver after partial hepatectomy was 
m e a s u r e d  during the first 20 days, and the regenerative 
ratio of the liver was calculated (16) (Fig. 1). Regenera- 
tion proceeded rapidly during the first five days, reached 
90% by day 11 and was completed by day 13. 

Concentration of dolichol and Dol-P in regenerating 
liver. Dolichol and Dol-P in regenerating liver were ana- 
lyzed by HPLC; the results are shown in Figure 2. The 
concentration of dolichol in the liver decreased gradually 
during the first three days, and at day 3 was significantly 
lower than that of normal liver, 13.6 + 1.34 ~g/g vs 

21.2 + 1.01 ~g/g. From day 3, the concentration of 
dolichol increased gradually, and on day 11 reached a peak 
that was 1.5 times higher than that  in normal liver. The 
dolichol concentration of normal liver described here 
agrees with the data of Keller et al. (19) and Eggens et al. 
(20}. However, the time course of Dol-P was different from 
that of dolichol. The Dol-P level on day 1 was lower than 
that of the normal rat liver but increased rapidly during 
the next three days. The Dol-P level on day 5 was signifi- 
cantly higher than that of normal liver, 5.2 + 0.32 ~g/g 
vs 3.0 + 0.22 ~g/g. On the other hand, the concentration 
of dolichol and Dol-P in the control liver did not change 
at all in the course of the experiments. The observed nor- 
mal liver level of Dol-P is in good agreement with the data 
of Chaudhary et al. (21}. Keller et al. (19) have reported 
the total Dol-P (free and chemically bound Dol-P) levels 
in rat liver but their values are eight times higher than 
the control Dol-P levels presented here. This difference 
may be attributable to the different hydrolysis methods 
used. We confirmed that our assay could determine the 
concentrations of free Dol-P and Dol-P monosaccharides 
in rat liver. These results indicate that the synthesis of 
Dol-P might precede that of dolichol in the regenerating 
liver. 

Figure 3 shows the mannosyl transferase activity in the 
regeneraing liver microsomes. The activity was lower on 
day 1 but was significantly higher on days 3 and 5 than 
that of the normal liver microsomes. The time course of 
mannosyl transferase activity coincided with that of 
Dol-P level in the regenerating liver (Fig. 2). This result 
suggests that DoI-P levels may regulate mannosyl trans- 
ferase activity. Figure 4 shows chromatograms of dolichol 
and Dol-P in the regenerating rat liver on day 5. As can 
be seen from the chromatograms, changes of the composi- 
tion of dolichol or of Dol-P were observed during the ex- 
perimental period. 

Concentration of dolichol in microsomes and plasma. 
Figure 5 shows the time course of the dolichol concentra- 
tion in the liver microsomes and plasma of partially 
hepatectomized rats. The time course of the concentra- 
tion of microsomal dolichol was in good agreement with 

100 
o 

m 

| 
~ 5o 

o 
1 2 3 5 7 9 11 13 15 17 20 

Days after hepatectomy (days) 

FIG. 1. Time course of liver weight  after partial hepatectomy in 
terms of the regenerative ratio of the liver, calculated by the method 
of Higgins  and Anderson (16). Vertical bars denote SE of the means 
of three separate experiments. 
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FIG. 2. Time course of the concentrations of dolichol and DoI-P in 
the regenerating liver. The concentration of dolichol (--O--)  and Dol- 
P (-- �9 --)  in the regenerating liver and the control value of dolichols 
( - -A--)  and DoI-P ( - -A-- )  were analyzed as described in Materials 
and Methods. Vertical bars denote SE of the means of three separate 
experiments. 
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that of fiver dofichol (Fig. 2). In contrast, the plasma level 
of dofichol did not decrease but was increased on day 3 
when the liver dolichol concentration was lowest during 
the experimental period. The concentration of microsomal 

--i 1000 

a n d  p l a s m a  dol ichol  in  t he  c on t ro l  d id  n o t  c h a n g e  a t  all  
d u r i n g  t h e  cour se  of e x p e r i m e n t s .  Th i s  r e s u l t  s u g g e s t s  
t h a t  dof ichol  in  p l a s m a  m i g h t  n o t  h a v e  o r i g i n a t e d  f rom 
t h e  fiver. Howeve r ,  i t  is p o s s i b l e  t h a t  p l a s m a  dol ichol  
o r i g i n a t e d  f rom fiver s ince  do l ichol  m i g h t  be  r e l e a s e d  to  
t h e  p l a s m a  as  a r e s u l t  of  t h e  h e p a t e c t o m y .  

Concentration of total cholesterol and HMG CoA reduc- 
tase activity in regenerating liver. F i g u r e  6 s h o w s  t h e  
t i m e  cour se  of  t o t a l  cho le s t e ro l  in t h e  r e g e n e r a t i n g  r a t  
f iver a n d  t h a t  of  H M G  CoA r e d u c t a s e  a c t i v i t y  in t he  l iver  
m ic rosomes .  The  cho les t e ro l  level  in r e g e n e r a t i n g  l iver  
w a s  i n c r e a s e d  one a n d  t h r e e  d a y s  a f t e r  h e p a t e c t o m y ,  

FIG. 3. Time course of mannosyl transferase activity in the 
regenerating liver microsomes (--O--) and the control activity 
(--A--). The assay condition were as described under Materials and 
Methods. Vertical bars denote SE of the means of three separate 
experiments, ow 
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FIG. 4. Chromatograms of dolichol (left) and DoI-P (right) in the 
regenerating rat Uver on day 5. Dolichol and DoI-P were extracted 
as described in Materials and Methods. Peaks were identified as fol- 
lows: left: (I) dolichol-17; (2) doliehol-18; (3) dolichal-19; (4) dolichol-20; 
(5) 2,2-didecaprenyl ethanol (internal standard); right: (1) Dol-P-17; 
(2) DoI-P-18; (3) Dol-P-19; (4) Dol-P-20; (5) 2,2-didecaprenylethyl 
phosphate (internal standard). 

(days) 
Days after hepatectomy 

O 

FIG. 5. Time course of the concentration of dolichol in regenerating 
liver microsomes (--O--) and plasma (-- �9 --) and the control value 
of dolichol in microsomes (--A--) and plasma (--A--). Rat liver 
mic1~somes (1 mg protein) or plasma (1 ml) was extracted as described 
in Materials and Methods. Vertical bars denote SE of the means 
of three separate experiments. 
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FIG. 6. Time course of the concentration of total cholesterol (-- �9 --) 
and HMG CoA reductase activity (--0~) in regenerating liver. The 
assay conditions were as described under Materials and Methods. 
Vertical bars denote SE of the means of three separate experiments. 
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reaching a maximum of 1.5 times that  of normal liver, 
3.10 + 0.09 mg]g. Subsequently, the level rapidly re- 
turned to normal. The time course of HMG CoA reduc- 
tase activi ty in the regenerating liver microsomes was 
similar to tha t  of the total cholesterol in the regenerating 
liver. The results clearly indicate that  in the regenerating 
liver cholesterol increases first, followed by Dol-P and 
then dolichol. 

James  and Kandutsch {20) and Sakakihara and Volpe 
{9) have studied the regulation of dolichol and cholesterol 
synthesis in developing brain, and they found that  the 
synthesis of cholesterol preceded that  of dolichol. Their 
observations are in good agreement with our results in 
regenerating rat  liver but  they did not examine the syn- 
thesis of Dol-P. Since Dol-P serves as the carrier of sac- 
charide moieties in the synthesis of asparagine-linked 
glycoproteins, the synthesis of Dol-P is quite important  
{23-25}. Marino et al. {12) have recently studied the syn- 
thesis of dolichol and Dol-P in the earlier stage {16 hr after 
partial hepatectomy) of rat  liver regeneration. These 
authors showed that  the dolichol content and its syn- 
thesis from mevalonate were increased but  no variation 
in Dol-P was observed. The data obtained for the dolichol 
and Dol-P concentrations on day 1 were different. This 
may be attr ibutable to somewhat different experimental 
conditions. We believe that  our results have clarified the 
relationship between dolichol and Dol-P in the regener- 
at ing liver, and our data  suggest  tha t  the synthesis of 
DoI-P precedes the synthesis of dolichol. 
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The production of cardiac arrhythmias and the elevation 
of lysophosphatidylcholine level in the ischemic myocar- 
dium have been well-documented in a number of studies. 
However, the relationship between the production ar- 
rhythmias and the elevation of t issue lysophosphatidyl-  
choline level was not reported. In this study, the lysophos- 
phatidylchoHne level and the occurrence of cardiac ar- 
rhythmias in the ischemic canine heart were monitored. 
A temporal relationship between the accumulation of 
lysophosphatidylchol ine and the occurrence of arrhyth- 
mias was established after five hr of ischemia. A signifi- 
cant elevation of lysophosphatidylcholine was detected 
at three hr of ischemia without  the occurrence of ar- 
rhythmlas. The results indicate that cardiac arrhythmlas 
did not cause the elevation of lysophosphatidylchol ine 
and if iysophospholipids are causally related to the ar- 
rhythmias that  a critical level of the lysophospholipid 
must  accumulate in order to elicit electrophysiological 
alterations. 
Lipids 23, 32-35 {1988). 

The development of ventricular arrhythmias after the 
onset of myocardial ischemia is well-documented (1,2). 
However, the exact biochemical cause for the production 
of arrhythmias remains largely unknown. In the last 
decade, the accumulation of lysophospholipids in the 
ischemic myocardium has been suggested as one of the 
biochemical factors in the generation of arrhythmias (3,4). 
Exogenous addition of lysophospholipids have been 
shown to cause the depression of action potential in 
isolated cardiac fibers (5) and to decrease the membrane 
excitability in Purkinje fibers (6). Higher concentrations 
of lysophospholipids in the superfusate were found to pro- 
duce inexcitability and sustained rhythmic activity (6). 
Addition of lysophosphatidylcholine in the perfusate was 
shown to cause the production of cardiac arrhythmias in 
the isolated heart (7,8). 

Although the ability of exogenous lysophospholipid to 
cause arrhythmias is irrefutable, a direct relationship be- 
tween the development of arrhythmias and the accumula- 
tion of lysophospholipids in the ischemic myocardium had 
not been established. In addition, there had been dif- 
ficulties in the quantitation of lysophospholipids in the 
heart. 

Lysophosphatidylcholine is the major lysophospholipid 
in the mammalian heart. We reported in our earlier study 
that there was an accumulation of lysophosphatidyl- 
choline in the canine myocardium after 24 hr of coronary 
artery occlusion (9). Since arrhythmias are produced by 
this model after different periods of ischemia, the objec- 
tive of this study was to examine the relationship between 
lysophosphatidylcholine accumulation and the occurrence 
of cardiac arrhythmias. 

*To whom correspondence should be addressed. 
Abbreviation: PVC's, premature ventricular contractions. 

MATERIALS AND METHODS 
Materials. Lysophosphatidylcholine prepared from egg 
yolk was obtained from Sigma Chemical Co. (St. Louis, 
MO). Phosphatidylcholine and lysophosphatidylcholine 
standards were products of Serdary Research Labs. (Lon- 
don, Ontario, Canada). Thin layer chromatographic plates 
{SIL-G25) were obtained from Brinkmann (Rexdale, On- 
tario, Canada). All other chemicals were of reagent grade 
and were obtained from Fisher Chemical Co. (Edmonton, 
Alberta, Canada). 

Methods. Mongrel dogs of either sex, weighing 8-15 kg, 
were used for this study. The dogs were anesthetized by 
IV injection of sodium pentobarbital (30 mg/kg). Respira- 
tion was maintained by a Harvard pump. The lead II elec- 
trocardiogram and blood pressure were monitored con- 
tinuously throughout the experiment. The heart was ex- 
posed by a left thoracotomy. The left anterior descending 
coronary artery was isolated at a site proximal to the first 
branch (1-1.5 cm from the origin of the artery). The artery 
was occluded by the Harris two-stage procedure (10). A 
total of 34 dogs underwent the occlusion procedure. Four 
dogs developed ventricular fibrillation and subsequently 
died (2 in the 1-hr group and 1 each in the 3 and 5-hr 
group). In the remaining animals, hearts were removed 
at the end of 1, 3, 5, 8 and 12 hr of ischemia (7, 6, 6, 6 
and 5 animals in each group respectively). Tissue samples 
were taken from the ischemic and nonischemic areas of 
the left ventricle as described previously {9). After 
weighing, the samples were used immediately for lipid 
extraction. 

The electrocardiograms were later analyzed over a 
period of three to five rain. The average number of 
premature ventricular contractions {PVC's) per minute 
was determined for comparison over the various time 
periods of ischemia. The number of PVC's/min was used 
as a measure of the frequency of cardiac arrhythmias. 
Lipid analysis. Lipids were extracted from the tissue 

using a neutral solvent system {11). The tissue was 
homogenized in 10 vol {w/v) of chloroform]methanol {1:2, 
v/v) and extracted twice with the same solvent. The ex- 
tracts were pooled and a biphasic mixture was obtained 
by the addition of 0.1 M KCI to provide a solvent mix- 
ture of CHCI3/CH3OH/H20 {2:1:0.8, v/v/v). The lower 
phase was evaporated under reduced pressure. The lipid 
extract was reconstituted in a small volume of chloro- 
form/methanol (2:1) and was used immediately for lipid 
analysis. The phospbolipids in the lipid extract were 
separated by thin layer chromatography in a solvent con- 
taining chloroform/methanol/water/acetic acid (75:60:8:10, 
v/v/v/v) (11). The phospholipid fractions on the thin layer 
chromatographic plates were visualized by iodine vapor 
and identified by phospholipid standards. Quantitation 
of lipid phosphorus was performed by the method of 
Bartlett {12). 
The dry wt of the tissue was determined by complete 

dehydration in an oven at 100 C under reduced pressure. 
Total phospholipid content was assessed by the method 
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of  R a h e j a  (13). Q u a n t i t a t i o n  of t o t a l  cho les t e ro l  was  per-  
f o r m e d  b y  e n z y m a t i c  a s s a y  wi th  cho les te ro l  ox idase  (14). 

S t a t i s t i c a l  a n a l y s i s .  Values  were  e x p r e s s e d  as  m e a n  
__ s t a n d a r d  devia t ion.  A n a l y s i s  of va r i ance  and S t u d e n t ' s  
t - tes t  for  p a i r e d  or  u n p a i r e d  d a t a  were  u s e d  where  ap- 
p r o p r i a t e .  A p -va lue  <0.05 was  cons ide red  s ign i f i can t .  

RESULTS 

T h e  a l t e r a t i ons  of l y s o p h o s p h a t i d y l c h o l i n e  concen t r a t i on  
in the  i s c h e m i c  a n d  non- i schemic  a r e a s  of can ine  h e a r t s  
a f t e r  1, 3, 5, 8 and  12 hr  of c o r o n a r y  a r t e r y  occ lus ion  are  

TABLE 1 

Lysophosphatidylcholine Content in Nonischemic 
and Ischemic Regions of Canine Hearts 

Lysophosphatidylcholine 
concentration 
~mol/g dry wt 

l h r  

3 h r  

5 h r  

8 h r  

12 hr 

Nonischemic 0.633 +, 0.365 
Ischemic 0.614 +. 0.393 

Nonischemic 0.732 +. 0.347 
Ischemic 0.937 +. 0.385 

Nonischemic 0.458 +, 0.143 
Ischemic 0.702 +. 0.184 

Nonischemic 0.467 +, 0.097 
Ischemic 0.953 +, 0.218 

Nonischemic 0.553 +. 0.143 
Ischemic 1.500 +. 0.467 

n = 7  

n = 6  a 

n = 6  b 

n = 6  a 

n = 5  b 

Values represent mean 
experiments. 
ap < 0.01. 
bp < 0.05. 

__ standard deviation; n, number of 

s u m m a r i z e d  in Table  1. The  r e su l t s  were  exp re s sed  as  d r y  
wt  i n s t e a d  of wet  wt  since edema,  as  ind ica t ed  by  a signifi- 
c an t  increase  in t i s sue  w a t e r  in the  i schemic  area,  was  evi- 
d e n t  a f t e r  8 a n d  12 hr  of c o r o n a r y  a r t e r y  occ lus ion  
(Table  2). Hence ,  all  s u b s e q u e n t  d a t a  were  c a l c u l a t e d  as  
pe r  g d r y  w t  to  co r r ec t  for  t he  inc rease  in t i s s u e  w a t e r  
a f t e r  i schemia .  The re  was  no s i gn i f i c an t  c h a n g e  in lyso-  
p h o s p h a t i d y l c h o l i n e  c on t e n t  a f te r  one hr  of i schemia.  The  
inc rease  in l y s o p h o s p h a t i d y l c h o l i n e  in the  i schemic  a r eas  
as  c o m p a r e d  to  the  non i schemic  a reas  of the  s a m e  h e a r t s  
(9) was  s igni f icant  a f te r  three  hr  of i schemia  (Table 1). The  
p e r c e n t a g e  inc reases  in l y s o p h o s p h a t i d y l c h o l i n e  c on t en t  
of the  i schemic  a rea  c o m p a r e d  w i th  t he  non i schemic  a rea  
a f t e r  3, 5, 8 and  12 hr  of i s chemia  were  28, 53, 104 and  
171% respec t ive ly .  A t  12 hr  of co rona ry  a r t e r y  occlusion,  
t he  inc rease  in l y s o p h o s p h a t i d y l c h o l i n e  in t he  i schemic  
a rea  was  s ign i f i can t ly  h igher  t h a n  the  inc reases  o b s e r v e d  
a t  one, three ,  f ive or  e i g h t  hr. 

Ca rd i ac  a r r h y t h m i a s  occu r red  d u r i n g  t h e  in i t i a l  p h a s e  
a f t e r  t he  occ lus ion  of  the  c o r o n a r y  a r t e ry .  The  a r r h y t h -  
m ia s  u s u a l l y  s u b s i d e d  over  t he  n e x t  30 min.  Subse-  
quen t ly ,  t he  n u m b e r  of P V C ' s / m i n  i nc r ea sed  w i th  t he  
d u r a t i o n  of i schemia .  S ign i f i c an t  i nc reases  in P V C ' s / m i n  
were  o b s e r v e d  a f t e r  8 and  12 hr  of  c o r o n a r y  a r t e r y  occlu- 
sion. The  r e l a t i o n s h i p  b e t w e e n  the  p e r c e n t a g e  inc rease  
of l y s o p h o s p h a t i d y l c h o l i n e  in the  i schemic  a r ea  and  the  
occur rence  of PVC is d e p i c t e d  in F i g u r e  1. I t  is e v i d e n t  
t h a t  the  t ime  course  of l y s o p h o s p h a t i d y l c h o l i n e  accumu-  
l a t i on  a p p e a r s  to  p recede  the  inc rease  in t he  n u m b e r  of  
PVC ' s /min .  

The  t o t a l  phospho l ip id ,  p h o s p h a t i d y l c h o l i n e  and  t o t a l  
cho les te ro l  in t he  non i schemic  and  i schemic  a r e a s  a f t e r  
v a r i o u s  t ime  pe r i ods  are  p r e s e n t e d  in T a b l e  3. The re  was  
no s ign i f i can t  c h a n g e  in any  of  t he se  l ip ids .  

DISCUSSION 

The  a r r h y t h m o g e n i c  (3,4) a n d  c y t o l y t i c  {15) a c t i o ns  of 
l y s o p h o s p h a t i d y l c h o l i n e  have  p u t  a def in i t e  focus  on the  
need  to  q u a n t i t a t e  th i s  l y s o p h o s p h o l i p i d  in t he  ca rd i ac  

TABLE 2 

Tissue Water in Nonischemie and Ischemic Regions of Canine Hearts 

g dry wt/g wet wt g H~O/g dry wt 

Nonischemic 0.230 +. 0.008 3.36 +. 0.15 l h r  n = 3  n = 3  Ischemic 0.224 +_ 0.008 3.51 +. 0.12 

Nonischemic 0.229 -+- 0.002 3.38 4- 0.04 3h r  n = 3  n = 3  Ischemic 0.207 +. 0.017 3.85 +. 0.38 

Nonischemic 0.227 +_ 0.002 3.42 +. 0.04 5h r  n = 3  n = 3  Ischemic 0.210 +. 0.002 3.79 +. 0.42 

Nonischemic 0.229 +. 0.008 3.38 +. 0.16 n -- 4 a n = 4 b 8 hr Ischemic 0.189 +. 0.003 4.31 __ 0.09 

12 hr Nonischemic 0.233 _+ 0.003 3b 3.30 +. 0.06 3b 
Ischemic 0.202 __ 0.009 n = 4.00 +. 0.21 n = 

Values represent mean +. standard deviation; n, number of experiments. 
ap < 0.01. 
bp < 0.05. 
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TABLE 3 

Lipid Content in Nonischemic and Isehemic Regions of CAnine Hearts 

Total phospholipid Phosphatidylcholine Total cholesterol 
(/~mol phosphate/g dry wt) (l~-nol phosphate/g dry wt) (mg/g dry wt) 

Nonischemic 101.6 • 15.9 48.0 • 3.8 8.22 • 1.55 
l h r  Ischemic 113.0 • 7.7 n - -  3 47.5 • 2.9 n = 7 9.04 • 2.88 n - -  3 

Nonischemic 114.4 • 9.6 44.7 • 6.2 10.04 • 0.82 3hr  n = 3  n = 6  n = 3  Ischemic 114.9 • 3.5 47.6 • 8.7 8.29 +_- 1.13 

Nordschemic 101.0 • 4.3 43.4 • 6.6 8.42 • 0.89 5hr  n = 3  n = 7  n - - 3  Ischemic 107.2 • 9.7 42.2 • 4.2 9.77 • 1.27 

Nonischemic 102.1 + 6.3 52.5 ___ 10.5 9.35 + 3.11 
8h r  Ischemic 115.5 + 7.6 n =  4 49.1+ 8.5 n =  6 10.45 • 1.56 n =  4 

12 hr Nonischemic 94.1 ___ 4.4 n -- 3 45.1 _ 2.4 n -- 5 9.05 --- 2.00 n -- 3 
lschemic 94.8 • 11.1 47.7 _ 3.5 8.00 __- 1.36 

Values represent mean • standard deviation; n, number of experiments. 
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FIG. 1. The relationship between the accumulation of lysophospha- 
tidylcholine and the frequency of cardiac arrhythmias during myocar- 
dial isehemia. Ischemia in the left ventricle of the canine heart was 
produced by the occlusion of the left anterior descending coronary 
artery. The number of premature ventricular contractions (PVC's) 
and the lysophosphatidylcholine content in the ischemic and non- 
ischemic tissues were determined at different periods after the oc- 
clusion. The percentage increase of iysophosphatidylcholins in the 
ischemic tissue was calculated by comparison with the correspond- 
ing nonischemic tissue. The numbers in parentheses are the time 
points after the occlusion of the left anterior descending coronary 
artery. 

t issue.  The  use  of acidic ex t r ac t ion  m e d i u m  t h a t  caused  
the  hydro lys i s  of phosphol ip id  p l a sma logens  has  been  
shown to  produce  a h igh  lysophosphol ip id  c o n t e n t  (16). 
I n  th is  s tudy ,  a n e u t r a l  ex t r ac t ion  m e d i u m  t h a t  was  
shown to  provide  an  accura te  a s s e s s m e n t  of cel lular  

lysophosphatidylcholine content was used (11,16). In ad- 
dition, the lysophosphatidylcholine levels in the control 
and ischemic tissues subsequently were confirmed by a 
radiolabeled procedure developed in our laboratory {17). 

It is clear from this study that lysophosphatidylcholine 
level significantly was increased after three hr of ische- 
mia. The increase reached a maximum at 12 hr of 
ischemia, and no further increase was observed at 24 hr 
of ischemia (9). The results are expressed on the basis of 
the tissue dry wt since edema was apparent after pro- 
longed period of ischemia. No significant change in total 
phospholipid, total cholesterol or phosphatidylcholine was 
detected at all time points. Although the increase in 
lysophosphatidylcholine probably arose from the cata- 
bolism of phosphatidylcholine, we were not able to detect 
such small changes in phosphatidylcholine due to its 
relatively large pool in comparison with lysophospha- 
tidylcholine. 
Elevated levels of lysophosphatidylcholine in the ische- 

mic tissues were reported in a number of studies using 
a va r i e t y  of an ima l  models .  In  all cases,  a s ign i f i can t  in- 
crease in  ly sophospha t idy lcho l ine  levels (50% or more) 
was found in  the  ischemic m y o c a r d i u m  {9,16,18,19L A re- 
cen t  repor t  by  S t e e n b e r g e n  and  J e n n i n g s  (191 no t e d  t h a t  
s ign i f i can t  e leva t ion  of t i s sue  ly sophospha t idy lcho l ine  
was  no t  de tec ted  in  the  can ine  m y o c a r d i u m  un t i l  af ter  
2.5 hr  u s i ng  a model  of in  v i t ro  ischemia.  This  was in  con- 
t r a s t  to  p rev ious  repor t s  t h a t  l y sophospha t idy lcho l ine  
level was increased in much shorter  periods in  porcine (16) 
or feline (18) hear ts .  A difference in species has  been  sug- 
ges t ed  as a reason  for these  a p p a r e n t  d iscrepancies  (4). 
The  resu l t  o b t a i n e d  f rom this  s t u d y  qua l i t a t i ve ly  and  
q u a n t i t a t i v e l y  is comparab le  to those  repor ted  by  Steen- 
be rgen  a nd  J e n n i n g s  (19). This  is no t  su rp r i s i ng  since 
can ine  hea r t  was  used  in b o t h  s tudies .  

The  p roduc t i on  of a r r h y t h m i a s  a nd  the  e leva t ion  of 
ly sophospha t idy lcho l ine  level in  the  ischemic hear t  have  
been well-documented separately in various studies. 
However, the relationship between arrhythmia produc- 
tion and elevation of lysophosphatidylcholine level was 
not clear. It also is not known if the accumulation of 
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lysophosphatidylcholine may be related causally to the 
occurrence of cardiac arrhythmias.  In this study, the 
monitoring of the premature ventricular contraction pro- 
vided us with a facile and quanti tat ive approach to deter- 
mine the occurrence of arrhythmias.  Our results clearly 
demonstrate  a temporal relationship between the lyso- 
phosphatidylcholine level and the frequency of arrhyth- 
mias after five hr of coronary artery occlusion. I t  should 
be noted tha t  a significant elevation of lysophosphatidyl- 
choline levelwas observed at three hr of ischemia without 
the occurrence of arrhythmias. If lysophosphatidylcholine 
is a biochemical factor in the production of arrhythmias,  
it appears tha t  a critical quant i ty  of lysophosphatidyl- 
choline {a two-fold increase} must  accumulate in order to 
elicite electrophysiological alterations. We conclude that  
elevation of the lysophospholipid cannot be a consequence 
of cardiac arrhythmias.  
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Free Fatty Acid Inhibition of the Insulin Induction of Glucose-6- 
Phosphate Dehydrogenase in Rat Hepatocyte Monolayers 
Lisa M. Salati ,  Bonnie Adk ins-F inke  a n d  S teven  D. C la rke*  
Graduate Program in Nutrition, University of Minnesota, 1334 Eckles Ave., St. Paul, MN 55108 

Rat hepatoeytes in monolayer culture were utilized to 
determine if the decrease in glucose~phosphate dehydr~ 
genase (G6PD) activity resulting from the ingestion of 
fat can be mimicked by the addition of fatty acids to a 
chemically, harmonally defined medium. G6PD activity 
in cultured hepatocytes was induced several-fold by in- 
sulin. Dexamethasone or T3 did not amplify the insulin 
induction of G6PD. Glucose alone increased G6PD activ- 
ity in cultured hepatocytes from fasted donors by nearly 
500%. Insulin in combination with glucose induced G6PD 
an additional two-fold. The increase in G6PD activity 
caused by glucose was greater in hepatocytes isolated 
from 72 hr-fasted rats as compared to fed donor rats. 
Such a response was reminiscent of the "overshoot" 
phenomenon in which G6PD activity is induced well 
above the normal level by fasting-refeeding rats a high 
glucose diet. Addition of linoleate to the medium resulted 
in a significant suppression of insulin's ability to induce 
G6PD, but linoleate had no effect on the induction of 
G6PD activity by glucose alone. A shift to the right in 
the insulin-response cm~e for the induction of G6PD also 
was detected for the induction of malic enzyme and 
acetyl-CoA carboxylase. Arachidonate (0.25 mM) was a 
significantly more effective inhibitor of the insulin action 
than linoleate was. Apparently rat hepatocytes in mono- 
layer culture can be utilized as a model to investigate the 
molecular mechanism by which fatty acids inhibit the prc~ 
duction of lipogenic enzymes. In part, this mechanism of 
fatty acid inhibition involves desensitization of hepato- 
cytes to the lipogenic action of insulin. 
Lipids 23, 36-41 (1988). 

Glucose-6-phosphate dehydrogenase (G6PD, EC 1.1.1.4.9), 
the rate-determining enzyme of the hexose monophos- 
phate shunt, is a source of reduced uicotinamide adenine 
dinucleotide phosphate (NADPH) for cellular lipogenesis. 
The activity and synthesis of hepatic G6PD in vivo is af- 
fected by changes in insulin, giucocorticoid and thyroid 
hormone availability {1-7). Diabetes meUitus results in 
a pronounced loss of hepatic G6PD activity, which is 
restored by insulin administration (1). Adrenalectomy 
prevents the overshoot response of G6PD in fasted-refed 
rats (5), and thyroidectomy attenuates the stimulation 
of G6PD by dietary carbohydrate (6,7). The role of specific 
hormones in the modulation of G6PD synthesis has been 
identified utilizing cultured hepatocytes in a defined hor- 
monal environment. Insulin and glucocorticoids are key 
regulatory hormones that enhance both G6PD synthesis 
and mRNA concentration (8-12). Thyroid hormone, in 
contrast to its purported stimulatory action in vivo 
(3,6,7), has no affect on the level of G6PD in isolated 
hepatocytes (8,9). 

*To whom correspondence should be addressed at The Upjohn Com- 
pany, Unit 7921 Bldg. 25, Rm. 550, Kalamazoo, MI 49001. 
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; 
NADPH, reduced nicotinamide adenine dinucleotide phosphate. 

Dietary fat is one of many factors that alter the hepatic 
content of G6PD. The induction of G6PD by dietary car- 
bohydrate is impaired by the addition of fat, specifically 
polyenoic fatty acids to the diet (2,4,13). Similarly the 
fast-refeed overshoot of G6PD is attenuated by dietary 
corn oil (14). The inhibitory effect of dietary fats may be 
a direct regulation of hepatic gene expression. Alterna- 
tively, dietary fats may alter the concentration or modu- 
late the action of key lipogeuic hormones. Primary 
hepatocyte cultures provide a model to study the interac- 
tion of fatty acids with hormones on the induction of 
G6PD. In this communication, we report that the unique 
stimuiatory action of insulin on G6PD is attenuated by 
the addition of fatty acids to the culture medium. 

MATERIALS AND METHODS 

Materials. Collagenase (EC 3.4.99.5) type IV was obtained 
from Sigma Chemical Co. (St. Louis, MO). Insulin was 
provided generously by Walter N. Shaw, Lilly Research 
Laboratories (Indianapolis, IN). Waymouth MB 752/1 
medium containing glutamine and no bicarbonate and the 
newborn calf serum were purchased from Grand Island 
Biological Co. (Grand Island, NY). Tissue culture plates 
were obtained from Falcon Plastics (Oxnard, CA). Fat ty  
acids were obtained from NuChek Prep (Elysian, MN). 
Dexamethasone-hexadrol phosphate was obtained from 
Organon (West Orange, NJ). Triiodothyronine (T3) and 
all other chemicals were purchased from Sigma Chemical 
Co. Collagen for coating tissue culture plates was isolated 
from rat tails as recommended by Michalopolous and 
Pitot (15). Sprague-Dawley rats were purchased from 
Harlan Laboratories (Madison, WI). 

Liver  cell isolation and culture. Liver cells were isolated 
and cultured as previously described (16). The hepatocyte 
donors were rats that had been fasted for 72 hr or rats 
fed laboratory chow. Fasted donors were compared to fed 
donors in order to ascertain if fat ty acid suppression of 
the G6PD induction that occurs with refeeding in vivo 
was reproducible in vitro, if G6PD induction was less 
variable and more pronounced in fasted rats, and if a 
shorter prehormone culture period could be employed in 
order to shorten the time of cell culture. The isolated 
hepatocytes were washed into cold, well-oxygenated 
culture Hi/Wo/Ba medium (16) and plated onto dry 
collagen-coated tissue culture plates at a density of 3 X 
106 cells per 60 mm plate and in a total volume of 3 ml 
of medium. The cells were allowed to attach to the plates 
for four hr in the presence of 4% newborn calf serum (v/v). 
After the attachment period, cells were maintained for 
an additional 24 hr (fasted donors) or 48 hr (fed donors) 
in a serum- and hormone-free medium prior to hormonal 
additions. The hepatocytes were maintained in culture for 
96-120 hr with media changes occurring at 24 hr- 
intervals. The concentrations of hormones and fatty acids 
are indicated in the Results section. The Hi/Wo/Ba 
medium utilized in our studies consists of Waymouth MB 
752/1 containing 28 mM glucose, glutamine (6.8 raM), 
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alanine (0.4 raM), serine (0.5 mM), NaHCO3 (26 mM}, 
bovine serum albumin (0.2%). Thus, a glucose stimulus 
for enzymatic induction was present during the 24 or 48 
hr hormone-free period, except in the experiments of 
Figure 2 in which the inducing action of glucose alone was 
investigated. In these studies, glucose was absent dur- 
ing the 24 hr hormone-free period. 

T h e  viability of freshly isolated liver cells and cultured 
h e p a t o c y t e s  w a s  ascertained by ATP measurements (17) 
and trypan-blue exclusion. Freshly isolated liver cells were 
95% viable as determined by trypan-blue exclusion. ATP 
concentration was routinely between 0.8 and 1.2 ~mol/mg 
DNA in the freshly isolated and cultured cells. 

T h e  cultured cells were harvested by scraping the 
h e p a t o c y t e s  from the plates with 1 ml of cold-buffered 
digitonin solution: Mops, pH 7.0 (20 mM), dithiothreitol 
(1 mM), ethylenediamine tetraacetic acid (EDTA) 
(2.5 mM), mannitol (250 mM) and digitonin (5 mg/ml). 
After a five min incubation on ice, the cell digitonin mix- 
ture was microfuged for five rain. The supernate was 
utilized for G6PD measurements, and the cell pellets 
analyzed for DNA (18). 

Glucose-6-phosphate dehydrogenase activity. Enzyme 
a c t i v i t y  w a s  determined in cell supernatants. NADP 
r e d u c t i o n  was followed fluorimetricaily in an assay 
system that  consisted of Tris-acetate, pH 7.0 (50 mM), 
dithiothreitol (0.5 mM), NADP (0.5 mM) and glucose-6- 
phosphate (2 mM). One unit of enzyme activity is defined 
a s  t h e  formation of 1 ~mol of NADPH per min at 30 C. 
This assay assumes that  under our conditions, 6-phos- 
phogluconate dehydrogenase activity was not rate- 
limiting in the reaction. In support of such an assump- 
tion, Kelley et al. (19) reported that hepatocytes prepared 
from rat donors in a metabolic state comparable to that 
o f  t h e  r a t s  in our studies possessed 6-phosphogluconate 
dehydrogenase activity that significantly exceeded the 
a c t i v i t y  of G6PD. Therefore, it is unlikely that 6-phos- 
phogluconate dehydrogenase activity affected our G6PD 
a c t i v i t y  determinations. Furthermore, this means that 
2 ~mol of NADPH are assumed to be produced per ~mol 
of glucose-6-phosphate utilized. 

Other assays. Free fat ty acids were bound to bovine 
serum albumin as previously described {16}. The albumin 
h a d  been washed previously with charcoal and florisil to 
remove residual lipid. Cultured cells not receiving fat ty 
a c i d s  received an equivalent amount of albumin. 

RESULTS 

Induction of G6PD in hepatocyte monolayers prepared 
from fed and fasted donor rats. Insulin in the presence 
of 28 mM glucose markedly enhanced G6PD activity in 
cultured rat hepatocytes prepared from fed or fasted 
d o n o r s  {Fig. 1). Dexamethasone did not amplify the in- 
sulin induction of G6PD {Fig. 1). Furthermore, T3 alone 
or in combination with insulin or insulin plus dex- 
amethasone did not increase G6PD activity regardless 
of the nutritional status of the hepatocyte donor {data 
not shown}. 

M u c h  o f  t h e  apparent insulin response in liver cells was 
due to glucose per se (Fig. 1). As an example, hepatocytes 
from fasted donor rats cultured for 72 hr with 28 mM 
glucose and without hormones possessed G6PD activity 
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FIG. I. Induction of G6PD activity in rat hepatocyte monolayers 
from fed and fasted donors. Hepatocyte  monolayers were prepared 
from fed or 72 hr-fasted rats and maintained in culture as described 
in the Methods section. The medium contained 28 mM glucose dur- 
ing the 24 hr and 48 hr prehormone treatment culture period for the 
cells from fasted and fed donors, respectively. The initial G6PD ac- 
t ivity at the time of cell isolation is depicted by the open (fed donors) 
and solid (fasted donors) squares on the vertical axis. The concen- 
tration of insulin and dexamethasone was 10 -6 M. The period of hor- 
mone treatment was 72 hr. Open and solid bars represent hepatocytes 
from fed and fasted donor rats, respectively. Each value represents 
the mean of three to seven separate culture preparations with three 
to four plates/culture. Statist ical  analysis  using two-way analysis  
of variance and F-test revealed significant (P < 0.05) effects of hor- 
mone and fasting but no hormone X fast ing interaction (38). 

that was 190% greater than the activity in freshly 
isolated cells {Fig. 1). 

An increase of G6PD activity during culture did not 
occur when hepatocyte monolayers were maintained in 
glucose-free medium, and in fact G6PD activity declined 
from 191 mU/mg DNA in freshly isolated cells to 48 
mU/mg DNA after 96 hr in culture {Fig. 2). Glucose in- 
duction of G6PD was nearly maximal with a glucose con- 
centration of 5 mM, which approximately is equivalent 
to the level of circulating blood glucose. The glucose in- 
crement accounted for 40 to 50% of the apparent insulin- 
stimulated rise of G6PD activity in the hepatocytes from 
fasted donors. In contrast, G6PD activity was not in- 
duced by glucose in hepatocytes prepared from fed donors 
{Fig. 1, compare the vertical axis value with the column 
for no hormone-fed rat). Consequently, when the insulin 
induction was corrected for G6PD activity in the absence 
of hormones, the insulin increment was the same in 
hepatocytes from both fed and fasted donors, 484 mU/mg 
DNA vs 456 mU/mg DNA, respectively. 

The glucose induction of G6PD apparently was greater 
in hepatocytes from fasted as compared to fed donors 
{Fig. 1). However, this conclusion is equivocal because the 
24 hr longer prehormone culture period for cells from the 
fed donor may have been a factor in the apparent respon- 
sive difference between fed and fasted donors. 

Fatty acid inhibition of the hormonal induction of 
G6PD. Dietary fat ty acids are effective inhibitors of 
G6PD activity in vivo {2,4,13,14}. Therefore, we hypothe- 
sized that the induction of G6PD in hepatocyte cultures 
would be attenuated by the addition of free fat ty acids 
to the culture medium. 
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FIG. 2. Induction of G6PD by glucose in hepatocyte monolayers 
prepared from 72 hr-fasted rats. Hepatocyte monolayers were 
prepared from 72 hr-fasted rats and maintained in culture as de- 
scribed in the Methods section. The medium contained no glucose 
during the 24 hr prelinoleate treatment culture period. The concen- 
tration of glucose during the llnoleate treatment phase is depicted 
in the figure. Hepatocytes were maintained in a media containing 
no fatty acid (solid bars) or 0.25 mM albumln-bound linoleate (hatched 
bars). Hepatocytes were harvested 72 hr after glucose addition. G6PD 
activity in freshly isolated hepatocytes was 191 mU/mg DNA. Each 
bar represents the mean of three determinations. Twc~way analysis 
of variance and F-test (38) revealed a significant (P < 0.05) induc- 
tion by glucose but no effect of fat. 

H e p a t o c y t e s  f rom fas ted  donors  were uti l ized in order  
to  inves t iga te  the  effect of  f a t t y  acids on G 6 P D  response  
to  b o t h  glucose and  hormones .  Linoleate  was  chosen  as 
the  f a t t y  acid for p r i m a r y  inves t iga t ion  because  it  is no t  
cy to tox ic  (16), ma in ta ins  the  l inoleate con ten t  of  the  
hepa tocy te  membrane  {unpublished data) and more  effec- 
t ive ly  suppresses  the  syn thes i s  of  l ipogenic e nz ymes  in 
the  in tac t  r a t  {2,13). The  initial s tudies  s u g g e s t e d  f a t t y  
acids did no t  inhibi t  G 6 P D  induct ion,  i.e. g lucose induc- 
t ion  of  G 6 P D  was  no t  s igni f icant ly  suppres sed  b y  the  
inclusion of  l inoleate (250/~M) in the  cu l ture  m e d i u m  
(Fig. 2). Fur ther ,  the  induct ion of G 6 P D  by  10-' M insulin 
p lus  d e x a m e t h a s o n e  was  no t  s igni f icant ly  decreased  b y  
250 ~ linoleate (Fig. 3). Palmi ta te ,  oleate, a rachidonate ,  
e i cosapen taenoa te  or  docosahexaenoa t e  (250 w'VI) simi- 
lar ly were ineffect ive (1587, 1317, 1244, 1502 and  1361 
m U / m g  D N A ,  respectively vs  1159 m U / m g  D N A  wi thout  
f a t t y  acid). The  induct ion  of  G 6 P D  ac t iv i ty  b y  insulin/ 
d e x a m e t h a s o n e  was  a t t e n u a t e d  b y  levels of  f a t t y  acid in 
excess of  250 wM, bu t  the  ex ten t  of  suppress ion  was  only 
13% and 30% for 500 and  750/~M linoleate, respec t ive ly  
(Fig. 3). This inhibition was  no t  a toxic effect of  f a t t y  acid 
on h e p a t o c y t e  viabil i ty.  Cellular A T P  concen t r a t ion  was  
n o t  lowered s igni f icant ly  b y  l inoleate (Table 1). 

I t  is possible t h a t  wi th  10 -~ M insulin plus  10 -6 M dex- 
amethasone,  the s t imula tory  act ion of the  hormones  over- 
whelmed the  inhibi tory mechan i sm of the  free f a t t y  acids. 
Therefore,  the  influence of  free f a t t y  acid on the  insulin 
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FIG. 3. Influence of linolcate on the induction of G6PD activity by 
insulin plus dexamethasone. Hepatocyte monolayers were prepared 
from 72 hr-fasted rats and maintained in culture as described in the 
Methods section after the hepatocytes had been maintained in 
culture for 24 hr in a medium containing 28 mM glucose and free 
of serum or hormones. After this 24 hr period, 10 -~ M insulin/dex- 
amethasone and the indicated concentrations of albumin-bound 
linoleate were added to the medium. Hepatocyte s were maintained 
an additional 72 hr. Each bar represents the mean of three deter- 
minations from a representative cell preparation. Values with dif- 
ferent letters are significantly different (P < 0.05) as evaluated by 
one-way analysis of variance and Tukey's t-test (38). 

TABLE 1 

Influence of Linoleate on Hepatocyte ATP Concentration 

Linoleate, WM ATP, nmol/mg DNA 

0 1.26 + 0.11 
250 0.96 + 0.01 
500 1.11 + 0.04 
750 0.86 • 0.03 

After the hepatocytes (isolated from fasted donors) were maintained 
in culture for 24 hr in the absence of hormone or serum (Hi/Wo/Ba, 
28 mM glucose), the medium was changed to one containing 1 
insulin and albumin-bound linoleate at the concentrations indicated. 
Each value is the average of three observations ___ S.E. Fatty acid 
did not affect significantly the cellular ATP concentration as deter- 
mined by one-way analysis of variance and F-test (38). 

r esponse  curve  for the  induc t ion  of  G 6 P D  ac t iv i ty  was  
examined  in the  absence  and  presence  of  d e x a m e t h a s o n e  
(Figs. 4, 5 and  6). I n  the  presence  of  10 -6 M dexametha -  
sone, free f a t ty  acid had no effect on the  insulin-dependent 
induct ion of hepa tocy te  G 6 P D  act iv i ty  (Fig. 4). However ,  
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FIG. 4. Failure of linoieate to suppress GGPD induction in hepatocyte 
monolayers when  the  media contains 10 -6 M dexamethasone (A) or 
insulin (]3). Hepatocyte monolayers were prepared from 72 hr-fasted 
rats  and maintained in culture as described in the Methods section. 
After the hepatocytes had been maintained in culture for 24 hr in 
a medium containing 28 mM glucose and no serum or hormones, in- 
sulin and dexamethasone were added to the medium. Figure 4A (Ex- 
periment 1) represents the response to varying insulin concentra- 
tions at a constant concentration of 10 -4 M dexamethasone, and 
Figure 4B (Experiment 2) represents the response of G6PD to vary- 
hag dexamethasone concentrations in the presence of 10 -6 M insulin. 
Hepatocytes were harvested 72 hr after the addition of the hor- 
moneflinoleate supplements. Open squares and closed squares repre- 
sent the  induction of G6PD activity in the presence and absence of 
0.25 mM albumin-bound linoleate. The initial activity of G6PD, i.e. 
24 hr without  serum or hormones, was 384 mU/mg DNA. Two-way 
analysis of variance indicated a significant effect of insulin (P < 0.05). 

when dexamethasone  was  omi t ted  f rom the media 250 
albumin-bound linoleate significantly (P < 0.05) decreased 
the  insulin-dependent induction of G 6 P D  act ivi ty (Fig. 5). 
The  shift  of the  insulin response curve  to the r ight ,  which 
resul ted  f rom the  supp lemen ta t ion  of l inoleate to  the  
media,  implies t h a t  l inoleate decreased insulin sensit iv- 
i ty  in cul tured hepatocytes .  A significant shift to  the r ight  
in the  response  curve  for insulin also was  obse rved  for 
the  activities of acetyl-CoA carboxylase and malic enzyme 
(Figs. 6 A  and  6B). Arachidonate ,  the e longat ion  and 
desa tura t ion  produc t  of linoleate, was a significantly more 
effect ive inhibi tor  of G 6 P D  induct ion  t h a n  was  l inoleate 
(Fig. 5). 

D I S C U S S I O N  

The  hyper l ipogenic  condi t ion  induced by  insulin in hepa- 
t o c y t e  mono laye r s  is accompanied  by  an increase in 
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FIG. 5. Fatty acids impaired the insulin induction of hepatocyte 
G6PD when dexamethasone was deleted from the medium. Hepato- 
cyte monolayers were prepared from 72 hr-fasted rats and maintained 
in culture as described in the Methods section. After the hepatocytes 
had been maintained in culture for 24 hr in a medium containing 
28 mM glucose and no serum or hormone, insulin and fatty acids 
were supplemented to the media. Hepatocytes were harvested after 
being maintained an additional 72 hr. The concentration of albumin- 
bound linoleate and arachidonate was 0.25 mM. Each value repre- 
sents the mean of three determinations. The induction of G6PD by 
insulin and the inhibition by fatty acid were significant (P < 0.05) 
as evaluated by a two-way analysis of variance and F-test. Arachi- 
donate was significantly more inhibitory than Unoleate (P < 0.05). 

G 6 P D  ac t iv i ty  and in acetyl -CoA ca rboxy lase  (16) and 
medic enzyme  act ivi t ies  (20,21). G 6 P D  is uniquely  sen- 
si t ive to insulin in a manner  general ly  unaf fec ted  by  
glucocorticoids (Figs. I and 4). The enhancement  of G 6 P D  
ac t iv i ty  by  insulin is po ten t ia l ly  v ia  an increase in b o t h  
pre- and post- t ranslat ioned events  (22). In  this regard,  in- 
sulin enhancement  of  G 6 P D  synthe t ic  ra te  in p r imary  ra t  
hepa tocy t e  mono laye r s  was  accompanied  by  an increase 
in G 6 P D - m R N A  concen t ra t ion  (10,11). 

While insulin is essent ia l  to  max imiz ing  the induc t ion  
of lipogenic enzymes  in cul tured hepatocytes ,  glucose also 
appears  to  p lay  a key role in this  process,  par t icu la r ly  in 
hepa tocy t e s  f rom fas ted  donors  (Figs. 1 and  2). The fact  
t h a t  the glucose induc t ion  of G 6 P D  ac t iv i ty  was  near  
m a x i m u m  at  the  physiological  concen t ra t ion  of glucose, 
i.e. 5 mM,  indicates  t h a t  glucose m a y  p lay  a s ignif icant  
role as a de t e rminan t  of G 6 P D  ac t iv i ty  in vivo. In  addi- 
tion, the  induct ive  effect of glucose in hepa tocy t e s  f rom 
fas ted  ra t s  sugges t s  t h a t  glucose per  se is an i m p o r t a n t  
fac tor  in the  enzyme  " o v e r s h o o t "  phenomenon  of G 6 P D  
associated with fas t ing  and refeeding carbohydra te  (5,13). 
This effect of glucose m a y  be at  the  level of t ranscr ip t ion  
(23) and t rans la t ion  (24). Glucose t r e a t m e n t  of  hepato-  
cy tes  was repor ted  to  increase the  express ion  of several  
m R N A s  (23) while accelera t ing the  syn thes i s  of G 6 P D  
(24). The s t imulus  for glucose induct ion  of G 6 P D  m a y  be 
related to the undefined ca rbohydra te  signal proposed by 
Mariash  and Oppenheimer  (20). Alternatively,  the glucose 
m e c h a n i s m  m a y  be nonspecif ic  in the  sense t h a t  it is 
se rv ing  as a source of ene rgy  or g lycosy la t ion  subs t r a t e  
r a the r  than  being a specific regula tor  of gene expression.  
Nevertheless,  a role for glucose as a hormone4ndependent  
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FIG. 6. Linoleate impairment  of the insulin induction of hepatocyte 
acetyl-CoA curboxylase (A) and malic enzyme (B). Hepatocyte 
monolayers were prepared and maintained as described in the legend 
for Figure 5 except that the media of hepatocytes used to determine 
the activity of acetyl-CoA curboxylase contained 10 -6 M dexa- 
methasone. The concentration of linoleate was 0.25 raM. Each value 
represents the mean of three determinations. The asterisk indicates 
values are significantly (P < 0.05) lower than the activity in the 
absence of fatty acid. 

inducer of G6PD may be teleologically advantageous 
because of the need for pentoses in cellular RNA/DNA 
synthesis. 

In addition to a need for carbohydrate, adrenalcor- 
ticoids reportedly are necessary for the hyperinduction 
of G6PD activity in the intact animal (5). However, our 
studies with hepatocyte monolayers indicate that the 
G6PD induction primarily is a response to glucose and 
insulin (Figs. 1 and 2). Inclusion of dexamethasone in the 
media did not further increase the induction of G6PD. In 
contrast, dexamethasone has been reported to amplify the 
insulin induction of G6PD by increasing hepatocyte con- 
tent of G6PD-mRNA without enhancing G6PD-mRNA 
translation (10). Our inability to detect an amplification 

of the ins~)lln action may be the consequence of differences 
in culturing techniques. Specifically, our method for 
culturing hepatocytes utilizes a four-hr attachment period 
in a media containing 4% newborn calf serum. 

Possibly the serum contains sufficient glucocorticoids 
or other stimulatory factors to eliminate the dexametha- 
sone amplication of the insulin effect on G6PD expres- 
sion. However, neither our hepatocyte model nor that of 
Stumpo and Kletzien (10) has defined completely the op- 
timum conditions for G6PD expression in hepatocyte 
monolayers because maximal G6PD activity in cultured 
hepatocytes (Figs. 1 and 4; [8-10]) does not reach the level 
achieved in vivo (5). Apparently, additional stimuli (25), 
e.g. epidermal growth factor (25), are necessary for op- 
timum hepatic G6PD induction. 

Although rat hepatocytes in monolayer culture have 
limitations, they have provided a model in which to pur- 
sue the mechanism by which dietary fats inhibit the in- 
duction of lipogenic enzymes. One of the apparent mecha- 
nisms involves a fatty acid suppression of insulin action 
(Figs. 5 and 6). Free fatty acid, i.e. linoleate, reduced the 
sensitivity of hepatocytes to insulin as judged by the ex- 
pression of G6PD, acetyl-CoA carboxylase, and malic en- 
zyme activities. This effect occurred at physiological fatty 
acid concentrations and was not due to hepatocellular tox- 
icity of the linoleate (Table 1). The linoleate/insulin in- 
teraction in the hepatocyte monolayers appears to be in 
disagreement with our recent report (26) that suppression 
of lipogsnesis by dietary fat is independent of in~flin. The 
explanation for this difference may reside in the fact that 
while linoleate continued to be a more effective inhibitor 
of lipogenesis in severely diabetic rats fed fructose, com- 
plete B-cell ablation may not have been achieved in our 
in vivo study (26). Mariash and Oppenheimer (20) have 
stated that the metabolism of fructose and its induction 
of lipogenic enzymes is not insulin-independent and does 
not occur in rats in whom serum insulin levels are 
undetectable. Hepatocytes in primary culture may pro- 
vide a superior model for defining nutrient/hormone in- 
teractions because of the difficulties encountered with in 
vivo hormone ablation-replacement approaches. 

Arachidonlc acid was significantly more effective than 
linoleate (Fig. 5), which suggests the inhibitory action of 
linoleate may be a consequence of its conversion to 
arachidonate. In this regard, an inhibitor of linoleate 
elongation and desaturation prevented the dietary linole~ 
ate inhibition of lipogenic enzymes (27,28). However, sup- 
plementation of arachidonate to the diet reinstated the 
suppression of lipogenic enzymes (28). Although prosta- 
giandins have been proposed as mediators of the linoleate/ 
arachidonate inhibition, their role is equivocal because 
polyenoic fatty acids that are not prostanoid precursors, 
e.g. oo-3 fatty acids, also reduce the hepatic content of 
lipogenic enzymes (4). 

It is possible that the fatty acid inhibition of the in- 
sulin induction of G6PD may have been the consequence 
of direct inhibition of transcription or translation or an 
indirect mechanism involving interference with the 
traneduction of the insulin signal. The observation that 
fat ty acids only interfered with insulin function as 
evaluated by the activities of G6PD, acetyl-GoA carbox- 
ylase and malic enzyme suggests that the mechanism of 
fatty acid inhibition may be indirect, i.e. reduced insulin 
binding and/or impaired transduction of insulin events 
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th rough  the p lasma membrane.  In  this respect,  liver 
p la sma  membranes  isolated f rom ra t s  fed a high-fat diet 
bind less insulin bind insulin and generate  less of the 
pu ta t ive  insulin second message  {29,30}. Such insulin in- 
sensi t ivi ty  is a t t r ibu ted  to altered membrane  glycopro- 
tein caused by  reduced act ivi ty  of several  hepatic 
glycosyltransferases (31,32}. Long-term culturing of hepa- 
tocytes  with linoleate or arachidonate may  be speculated 
to  elicit a similar reduction in glycoprotein metabol ism.  

I f  f a t t y  acids impaired the production of the insulin se- 
cond message,  a consequence could be reduced pyruva te  
dehydrogenase  act ivat ion and subsequent ly  less syn- 
thesis of the purported glucose signal tha t  st imulates syn- 
thesis  of lipogenic enzymes {30,33}. Alternat ively,  im- 
paired insulin binding and]or decreased t ransduct ion  of 
the  insulin signal hepatocytes  cultured with f a t t y  acids 
could lead to reduced insulin-receptor tyrosine kinase ac- 
t ivi ty  and decreased insulin mediated phosphorylat ion of 
S6-ribosomal protein {34), i.e. decreased translat ion rate. 
Such mechanisms are purely speculat ive but  are consis- 
tent  with the reported specific inhibition of fa t ty  acid syn- 
the tase  synthesis  {35) and malic enzyme-mRNA transla- 
tion by dietary linoleate {36}. Furthermore, these hypothe- 
ses provide tes table  theories for the invest igat ion of the 
mechanism by  which dietary po lyunsa tura ted  fa ts  sup- 
press  the synthesis  of lipogenic enzymes {2). 

Finally, an explanat ion for the alleviation of the f a t t y  
acid ~nMbition of G6PD-induction by dexamethasone may 
be tha t  the effective intracellular free f a t ty  acid concen- 
t ra t ion  is decreased by  dexamethasone  as a result  of 
phesphat idate  phosphohydrolase induction {37}. The con- 
sequence of this would be diversion of f a t ty  acids into 
tr iglyceride and phospholipid (37) and a decrease in pool 
size of the puta t ive  fa t ty  acid inhibitor. This effect of dex- 
amethasone  likely explains why in our previous studies, 
a suppression of acetyl-CoA carboxylase  by free f a t ty  
acids was not  discernible {16). Alternatively,  dexametha-  
sone s imply m a y  have increased the amount  of G6PD- 
m R N A  as a result  of enhanced G 6 P D - m R N A  transcrip- 
tion {10,11). Elucidation of the mechanism by  which dex- 
amethasone  interferes with the f a t t y  acid inhibition of 
lipogenic enzymes will require quant i fy ing the level of 
m R N A s  and ra tes  of t ranscript ion.  Certainly, our abili- 
ty  to develop a hepatocyte  model tha t  responds to the 
in tact  r a t  will grea t ly  facil i tate elucidation of the 
mechanism by  which fa t ty  acids suppress the production 
of lipogenic enzymes.  
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Metabolism of Sitosteryl/ -D-Glucoside 
and Its Nutritional Effects in Rats 
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Bundesanstalt ~r Fettforschung, Institut ~Jr Blochemle und Technologie, H. P. Kaufmanr~Institut, Piusallee 68, D-4400 M~nster, Federal 
Republic of Germany 

[4~'C]Sitosteryl ~-D-glucoside, intragastrically admin- 
istered to rats, was not absorbed by the intestinal mucos~ 
At three hr after the application, radioactivity was con- 
centrated Almost exclusively in the digesta of stomach, 
small intestine as well as cecum and colon, whereas only 
low proportions of radioactively labeled compounds were 
found in the various tissues of the gastrointestinal tract. 
Minor proportions of labeled metabolites of [4-~4C]sito- 
steryl /3-I)-glucoside, such as sitosterol and sitosteryl 
esters, were formed in the small intestine in vivo and in 
slices of small intestine in vitro. In the tissues of cecum 
and colon as well as the digesta derived from them, high 
proportions of labeled coprositostanol, i.e. 24a~ethyl-5~- 
cholestan-3/~ol, that obviously had been formed by bac ~ 
terial degradation of the substrate were detected. 

The feeding of sitosteryl {J-D-glucoside (0.5 g/kg body 
weight X day) over a period of four weeks did not alter 
significantly body weights or organ weights of rats. 
Analyses of steryl lipids of the various organs and tissues 
confirmed the findings obtained with the radioactive 
substrate: neither sitosteryl f~l:Nglucoside nor sitosterol 
or sitosteryl esters derived therefrom had been trans- 
ported in appreciable amounts to organs and tissues out- 
side the Alimentary canal during the feeding period. Minor 
proportions of unmetabolized sitosteryl {~D-glucoside 
were detected in the tissues of stomach and intestine, 
whereas large proportions of the substrate were found 
in feces of rats that had received the sitosteryl ~-D- 
glucoside-contAinlng diet; coprositostanol was found in 
feces of these Animals in high proportions as well. Thus, 
the use of sitosteryl ~-I)-glucoside as emulsifier or preserv- 
ative in food and feed does not appear to involve any risk. 
Lipids 23, 42-47 {1988). 

~-Glycosides of sitosterol and of other phytosterols as well 
as acylated steryl f~glycosides are ubiquitous lipid con- 
stituents of higher plants (1). Steryl ~-glycosides are also 
detected in algae {2), bacteria {3), yeasts {4) and, more 
recently, in the epidermis of chickens (5). Obviously, these 
substances are ingested daily with human food. 

The steryl glycolipids show desirable amphiphilic and 
antioxidative properties {6,7} and, therefore, they appear 
to be potentially useful as emulsifiers and preservatives 
in a great variety of foodstuffs. Little is known, so far, 
on the intestinal absorption, metabolism and nutritional 

Abbreviations: GLC, gas liquid chromatography; ip, intraperitone- 
ally; TLC, thin layer chromatography. The systematic nomenclature 
of the sterols referred to by trivial names is, cholest-5-en-3/~ol 
(cholesterol); 5a-cholestan-3j~-ol (5a-cholestanol); 5J~-cholestan-3A~-ol 
(5/J-cholestanol, coprostanol); 24a-methylcholest-5-en-3~-ol 
(campesterol); 24a-methyl-5a-cholestan-3~-ol (Sa-campestanol); 24a- 
methyl-5J~-cholestan-3j~ol (5j~ampestanol, coprocampestanol); 24a- 
methyl~holesta-5,22-dien-313-ol (brassicasterol); 24a-ethylcholest-5- 
en-3~-ol (sitosterol, ~-sitosterol); 24a-ethyl-Sa-cholestan-31~-ol (Sa- 
sitostanol); 24a-ethyl-5/~-cholestan-3j~-cholestan-3/~-ol {5~-sitostanol, 
coprositostanol); 24a-ethylcholesta-5,22-dien-3fl-ol {stigmasterol). 

effects of steryl E-glycosides. This study records the 
metabolic fate and nutritional properties of sitosteryl ~- 
D-glucoside, the most abundant steryl glycolipid in 
various vegetables. 

MATERIALS AND METHODS 

Chemicals. Sitosterol was obtained from E. Merck (Darm- 
stadt, FRG) and pentaacetyl ~-D-glucose from Sigma 
Chemie (Deisenhofen, FRG). Dihydrositosterols were pre~ 
pared by catalytic hydrogenation of sitosterol with PtO2 
in ethyl acetate. The resulting mixture of 5a-dihydrosito- 
sterol (5a-sitostan-3/~-ol) and small amounts of 5f~Uhydro- 
sitosterol (5~-sitostan-3/J-ol, coprositostanol) was sepa- 
rated twice by thin layer chromatography {TLC) on silica 
gel with hexane/ethyl acetate {85:15, v/v), and the com- 
ponents were isolated. Aliquots of sitosterol and 5a- 
sitostan-3~ol were converted enzymatically to sitost- 
4-en-3-one and 5a-sitostan-3~ne, respectively, using chc~ 
lesterol oxidase {E.C. 1.1.3.6) from Nocardia erythropolis 
(Boehringer-Mannheim, Mannheim, FRG). [4-'4C]Sito - 
sterol, 2.13 GBq/mmol, was purchased from Amersham 
Buchler {Braunschweig, FRG). 

Preparation of substrates. Sitosteryl ~D-{2,3,4,6-tetra- 
acetyl)glucoside was synthesized by the reaction of 
sitosterol with acetobromoglucose {8) in the presence of 
mercury(II}cyanide {9). The reaction product was purified 
by column chromatography on silica gel with diethyl 
ether. Traces of mercuric ions were removed by filtration 
of a methanolic solution of sitosteryl ~-D-(2,3,4,6-tetra- 
acetyl)glucoside through "Chelex 10ft' ion exchange resin 
{Sigma Chemie). Alkaline hydrolysis of the peracetylated 
reaction product yielded sitosteryl ~D-glucoside that was 
crystRllized from methanol. The composition of steryl 
moieties in the substrate was determined by GLC after 
acid hydrolysis {16%, campesterol; 4%, stigmasterol; 
65%, sitosterol; 5%, other sterols; and 10%, 5a-stanols). 

[4-~4C]Sitosteryl/~-D-glucoside, 1.11 GBq]mmol, for in 
vitro incubations as well as [4-~'C]sitosteryl f~D-glucoside, 
37 MBq/mmol, for in vivo experiments were synthesized 
in a similar manner from [4-14C]sitosterol and purified by 
repeated TLC on silica gel with dichloromethane/meth- 
anol {9:1, v/v). The radiochemical purity of the labeled 
sitosteryl/~D-glucoside was better than 98%. 

Animals. Female WISW rats {Winkehnann Versuch- 
stierzucht, Borchen, FRG) weighing 170-190 g were 
maintained at 22 C and 60% humidity and given 
Altromin standard diet {Altromln International, Lage, 
FRG) containing per 1 g 0.3 mg sterols (10% cholesterol, 
19% campesterol, 7% stigmasterol, 5% other sterols, and 
8% 5a-stanols) and 0.07 mg steryl ~-D-glycosides (18% 
campesterol, 8% stigmasterol, 65% sitosterol, 5% other 
sterols and 4% 5a-stanols). Water was given ad libitum 
throughout the experiment. 

In vivo administration of [4-~4C~sitosteryl ~D-glucoside. 
Radioactive sitosteryl ~-D-glucoside (37 MBq/mmol; 148 
kBq/animal) in 0.2 ml of a vegetable oil was administered 
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intragastrically to three animals that had been fasted for 
12 hr and then fasted for another three hr. Distilled water, 
5 ml/anlmal, was injected intraperitoneally (ip) one hr 
after administration of the radioactive substrate in order 
to get larger volumes of urine. The animals were main- 
tained in metabolic cages throughout the experiment. The 
cages were flushed with synthetic air, and the carbon 
dioxide formed by oxidative degradation of feed was 
removed from the gas flux by absorption in triethanol- 
amine. Aliquots of this solution were used for the deter- 
ruination of radioactivity by liquid scintillation counting. 

In vitro incubations with [4-~4C]sitosteryl ~-D-glucoside. 
Slices of small intestine (10) and liver snips (11), 0.7 g fresh 
weight each, were incubated for six hr at 30 C with 
37 kBq (1.11 GBq/mmol) [4-'4C]sitostery113-D-glucoside 
in 4 ml TCM 199 medium (Seromed, Mfinchen, FRG) that 
was supplemented with 1 g NaHCO3/1 and 10 mg am- 
photericin B/1 and 10 • 106 I.U. streptomycin]l. The in- 
cubations were stopped by the addition of 15 ml dichloro- 
methane/methanol (1:2, v/v) followed by homogenization 
using an Ultra-Turrax blender (IKA-Werke, Staufen, 
FRG). Lipids were extracted from the incubation mix- 
tures and separated by TLC on silica gel as described 
below. 

Feeding experiment. The rats were weighed and divided 
into two groups of eight animals, each. Group 1 was given 
1 ml of a vegetable oil/animal • day for four wk using 
a pharynx tube, group 2 received 0.1 g synthetic sitosteryl 
~-D-glucoside/animal • day that was emulsified by soni- 
cation in 1 ml vegetable oil containing around 6 mg sterols 
(33% campesterol, 9% brassicasterol, 48% sitosterol, 8% 
other sterols, and 2% 5a-stanols). Every week, the total 
feed consumption and the weight gain of each group were 
determined. Feces of the two groups were collected over 
a period of 24 hr every week. 

Extraction oflipids. The animals of the metabolic study 
were killed by cervical dislocation three hr after ad- 
ministration of the radioactive substrate. They were ex- 
sanguinated by section of the aorta. Organs and tissues 
(stomach, intestine, liver, kidneys, heart, lungs, spleen, 
brain, femoral muscle tissue and adipose tissue from the 
perirenal region) of three animals quickly were removed 
from the carcasses and weighed; digesta were removed 
from the stomach and various parts of the intestine. Each 
type of tissue and digesta was pooled and homogenized; 
the total lipids were extracted according to an established 
procedure (12). Radioactivity was determined in the vari- 
ous fractions by liquid scintillation counting in a Tri Carb 
C 2425 instrument (Packard Instruments, Downers 
Grove, IL). 

At the end of the feeding period, the animals of the 
nutritional experiment were killed, and organs and tissues 
rapidly were dissected as described above. Subsequently, 
the total lipids were extracted according to an established 
procedure (12). 

Analysis of radioactive lipids. The total lipids of each 
tissue as well as of digesta of the various parts of the 
gastrointestinal tract were fractionated on layers of silica 
gel using hexane/diethyl ether (4:1, v/v) followed by hex- 
ane/ethyl acetate (1:1, v/v) up to two-thirds of the plates 
from the origin, and the distribution of radioactivity in 
the various fractions was determined with a Berthold 
Automatic TLC Analyzer LB 2832 (BF-Vertriebsgesell- 
schaft, Wildbad, FRG). The fractions of radioactively 

labeled lipids each were isolated and eluted from the ad- 
sorbent with water-saturated diethyl ether. The rather 
polar lipids were further fractionated on layers of silica 
gel using dichloromethane/methanol (9:1, v/v), and the 
distribution of radioactivity in the various classes of polar 
lipids was determined. The radioactive lipid fractions that 
were tentatively identified by cochromatography with 
standards were isolated as described above. 

Aliquots of the fractions of '4C-labeled steryl glycosides 
were acetylated and the resulting peracetylated deriva- 
tives were identified by cochromatography with synthetic 
sitosteryl p-D-tetraacetylglucoside on layers of silica gel 
using dichloromethane/methanol (98:2, v/v). Alterna- 
tively, these fractions were subjected to acid hydrolysis 
(5), yielding radioactive sterols that were identified by 
cochromatography with sterol standards on layers of 
silica gel using hexane/diethyl ether (3:2, v/v). 

Radioactive sterol fractions were acetylated; the result- 
ing steryl acetates were purified by TLC on silica gel with 
hexane/diethyl ether (4:1, v/v) and isolated as described 
above. 

The fractions containing 1'C-labeled steryl esters of 
long-chain fatty acids were subjected to alkaline hydroly- 
sis. The resulting radioactive sterols were purified by TLC 
and isolated. The various fractions of radioactive sterols 
and steryl acetates were analyzed by gas liquid chroma- 
tography (GLC) as described below using the Packard 
Gas Proportional Counter 894 for detection of radio- 
activity. 

The fraction of radioactively labeled 5/3-stanols (Rs 0.32} 
isolated from the digesta of cecum and colon (13) was 
separated twice by TLC on silica gel with hexane/ethyl 
acetate (85:15, v/v) from hS-sterols plus 5a-stanols (Rl 0.25} 
and tentatively identified by cochromatography with 
coprostanol. The fraction of 5/3-stanols containing "C- 
labeled coprositostanol was isolated from the adsorbent 
and acetylated. Identification of radioactive coprosito- 
stanyl acetate was carried out by AgNO3-TLC twice using 
hexane/benzene (5:2, v/v) as solvent system (14) followed 
by radio-GLC using the conditions described below. 

Aliquots of radioactive AS-sterols plus 5a-stanols from 
the digesta of cecum and colon were converted to the cor- 
responding A4-en-3-oxo - (Rs 0.37) and 5a-dihydro-3-oxo 
compounds (Rj 0.53), respectively, by incubation with 
cholesterol oxidase and identified by cochromatography 
with standards on silica gel layers with hexane/ethyl 
acetate (7:3, v/v). 

Analysis of lipid samples from the feeding experiment. 
The total lipids extracted from organs and tissues of rats 
from groups 1 and 2 of the feeding experiment were 
isolated as described above. Aliquots of total lipids of the 
various organs and tissues were separated by TLC on 
silica gel with hexane/diethyl ether (4:1, v/v) followed by 
dichloromethane/methanol (9:1, v/v). The fractions con- 
taining steryl/3-glycosides, sterols and sterol esters that 
tentatively had been identified by cochromatography 
with standards were isolated and converted to the various 
derivatives as described for the radioactive steroid 
fractions. 

The various fractions of AS-sterols, 5~-stanols, steryl 
acetates and 5a-dihydro-3-oxo steroids were analyzed by 
GLC on a Perkin Elmer F 22 instrument (Perkin Elmer 
Bodenseewerk, Uberlingen, FRG) equipped with flame 
ionization detectors. Peaks were assigned on the basis of 
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FIG. 1. Distribution of radioactivity from [4-'4C]sitosteryl ~D-gincoside in various organs 
and tissues as well as in excretion products of rats at three hr after intragastrie applica- 
tion of the substrate. *, trace (<2%}; $, not detected. For the stomach and the various 
parts of the intestinal tract, left: radioactivity in the tissues; right: radioactivity in the 
contents. Average from three animals. 

retention times using reference compounds. Peak areas 
and retention times were determined using a Spectra 
Physics SP 4270 integrator {Spectra Physics, Darmstadt, 
FRG). The various sterol fractions were separated isother- 
mically at 275 C (AS-sterols, 5~-stanols) or 285 C (steryl 
acetates, 5a-dihydro-3-oxo steroids} on a glass column, 
1.8 m • 3 mm, packed with OV-101 on Gas Chrom Q, 
100-120 mesh {Applied Science Laboratories, State Col- 
lege, PA) with nitrogen as the carrier gas at a flow of 40 
m]]min. 

Statistical analysis. Statistical evaluation of differences 
between the values of body weights and organ weights 
of the control group and the group of animals that had 
received the diet containing sitosteryl/3-D-glucoside was 
carried out using the Student's t-test for unpaired values. 

RESULTS AND DISCUSSION 
Intestinal absorption and metabolism of [4-'C]sitosteryl 
~D-glucoside. Initial studies were concerned with the in- 
testinal uptake and metabolism of [4-'24C]sitosteryl ~-D- 
glucoside that had been administered intragastricaUy to 
rats. 

Figure 1 shows the distribution of radioactivity from 
[4-'4C]sitosteryl ~-D-glucoside in various organs and 
tissues as well as in digesta of rats at three hr after ap- 
plication of this substrate. It is evident from these results 
that in all samples examined the radioactivity was 
detected predominantly in the contents of stomach and 
intestine. At three hr after stomach intubation, large pro- 
portions of radioactivity already had passed through the 
small intestine and were concentrated in the contents of 
cecum and colon. It is striking that only small propor- 
tions of radioactivity were associated with the intestinal 
tissues. Moreover, other organs and tissues such as liver, 
kidneys, heart, lungs, spleen, muscle, brain and adipose 
tissue as well as blood, obviously did not contain ap- 
preciable amounts of labeled substances. 

The above findings indicate that minor proportions of 
the labeled substrate nonspecifically were adsorbed by 
the intestinal mucosa, whereas the major portion of the 
radioactive material passed without absorption through 
the alimentary canal. The virtual absence of radioactiv- 
ity in organs and tissues other than gastrointestinal 
tissues may be attributed to a lack of transport of 
sitosteryl/~-D-glucoside and its metabolites through the 

intestinal wall. In contrast, the structurally similar alkyl 
Sglycosides were found to be absorbed by the intestinal 
mucosa and, in part, transported as intact compounds to 
several other organs and tissues (15). Carbon dioxide 
formed by expiration as well as urine also are devoid of 
radioactivity. 

The metabolism of sitosteryl ~D-glucoside was studied 
by exRmlning the radioactive metabolites from extracts 
and digesta from various intestinal tissues of rats that 
had been given the radioactive substrate by stomach 
tube. These experiments were complemented by in vitro 
studies that involved incubations of [4-'4C]sitosteryl/~- 
D-glucoside with slices of small intestine and liver snips. 
Analyses of radioactive reaction products revealed that 
large amounts of the labeled sitosteryl ~-D-ghcoside sup- 
plied as substrate remained unchanged both in the tissues 
of the gastrointestinal tract, except cecum and colon, and 
in the in vitro incubations. Low proportions of radioac- 
tive metabolites of sitosteryl ~-D-glucoside, mainly si t~ 
sterol and sitosteryl esters, were detected in the tissues 
of duodenum, jejunum, ileum and stomach (<0.5% of total 
radioactivity) as well as in the contents of the various 
parts of the small intestine (<1% of total radioactivity}. 
These results are in good agreement with recent findings 
of investigators who tested the hemostatic effects of 
sitosteryl ~-D-glucoside (16). 

In addition, 14-'4C]sitosteryl f3-D-glucoside was 
hydrolyzed by in vitro incubation with slices of small in- 
testine at a rate of 0.8 nmol]g tissue • hr; small propor- 
tions of the resulting [4-'C]sitosterol were acylated to the 
corresponding sitosteryl esters. However, only traces of 
radioactive sitosterol arose from the substrate in ex- 
periments with liver snips in vitro. It is evident from these 
data that the radioactive substrate is metabolized in both 
the in vivo and in vitro experiments at low rates. 

From the data presented, it is obvious that the follow- 
ing reactions are involved in the metabolism of sitosteryl 
/~-D-glucoside in the small intestine and liver of rats. 
Radioactive sitosterol is liberated by hydrolytic cleavage 
from [4-'4C]sitosteryl ~-D-glucoside catalyzed by ~-gluco- 
sidases that are present in the small intestine and liver 
(17-19). Substrate specificity of these enzymes for the 
steryl ~-glycoside used seems to be rather low as com- 
pared to alkyl/~-glycosides, e.g. (15). This is evident from 
the low proportions of radioactive sitosterol formed 
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during the experiments in vivo and in vitro. Moreover, 
t h e  apparent absence of radioactive sitosterol in rat 
t i s s u e s  o t h e r  than those of the gastrointestinal tract is 
consistent with recent findings that the intestinal absorp- 
tion of sitosterol and other plant sterols including 5a- 
stanols is limited compared to the fairly high absorbabil- 
ity of cholesterol (20-24). 

In slices of the small intestine but not in liver snips, 
lqJ-labeled sitosterol is found to be further acylated, most 
probably by pancreatic cholesterol esterase and]or acyl- 
CoA:cholesterol acyltransferase (ACAT), yielding sito- 
steryl esters (22,25-27). The low rate of formation of 
sitosteryl esters from sitosterol (Table 1) is in good agree- 
ment with reports that esterification rate of cholesterol 
catalyzed by ACAT is by far higher than that of sitosterol 
(22). 

Acyl transfer to position 6 of the sugar moiety of the 
substrate yielding sitosteryl (6-O-acyl)-f3-D-glucoside ob- 
viously does not occur. Yet, 6-O-acylated steryl f3-glyco- 
sides are  common constituents of higher plants (1); they 
also ar e  p r e s e n t  in the epidermis of chickens (5). In addi- 
tion, appreciable proportions of 1-O-alkyl-(6-O-acyl)-f3-D- 
glucosides are formed in various tissues of mice from alkyl 
~-D-glucosides if these are used as subtrates (15). 

However, in extracts from the tissues of cecum and 
colon as well as the corresponding digesta large propor- 
tions of radioactive metabolites of [4-'4C]sitosteryl f~-D- 
glucoside that obviously had been formed by degradation 
of the substrate by microorganisms of the intestinal flora 
w e r e  detected. The main metabolites identified in the 
digesta of cecum and colon were coprositostanol, i.e. 24a- 
ethyl-5/3-cholestan-3f3-ol (8% of total radioactivity), and 
sitosterol (2% of total radioactivity). The radioactive 
t i s s u e  l i p i d s  o f  cecum and colon (<2% of total radioactiv- 
ity) consisted about half of coprositostanol. This metabo- 
lite was identified by TLC and GLC as well as by its poor 
conversion to the corresponding 3-oxo steroids using 
c h o l e s t e r o l  oxidase (28,29). 

The formation of dihydrosterols is a well-known reac- 
tion occurring during the degradation of cholesterol and 
plant sterols such as sitosterol in mammals and micro- 
organisms. Thus, 5a-stanols are synthesized in the liver 
of man and animals, whereas 5~stanols such as copra 
stanol and coprositostanol are typical products of sterol 
metabolism in enteric microorganisms (13,30). The pres- 
ence of small proportions of radioactive sitosterol and the 
obvious absence of radioactive sitost-4-en-3-one, which is 
a key intermediate in bacterial formation of 5f~-stanols, 
reveals that  this reaction is rateqimiting in the conver- 
sion of sitosterol to 5f3-sitostanol. Similar results have 
been obtained for the transformation of sitosterol to 5a- 
sitostanol via sitost-4-en-3-one in rat liver (31). 

The apparent absence of radioactive carbon dioxide in 
t h e  expired air and of radioactive metabolites in the urine 
again show convincingly that  [4-14C]sitosteryl /3-D- 
glucoside, given as substrate, virtually is not affected by 
oxidative degradation in the cells of rat organs and 
tissues. 

Nutritional effects of sitosteryl f~D-glucoside. Steryl/3- 
glycosides and acylated steryl /3-glycosides occur in 
various vegetables such as potatoes and carrots at a level 
of about 2-8% of total lipids (32,33). Sitosteryl E-D- 
glucoside i s  found to be the most abundant steryl /~- 
glycoside of higher plants. Absorption, transport and 

metabolism in animals (20-27,31,34-37) as well as phar- 
macological (31,38-40) and nutritional effects (23,37,41) 
of sitosterol are discussed in many publications, whereas 
little information is available on the corresponding prop- 
erties of sitosteryl E-D-glycosides (16,42-44). 

We have given 0.1 g sitosteryl ~-D-glucoside/day to 
rats, i.e. 0.5 g/day • kg body weight, in order to study 
its nutritional effects. The intake of steryl/3-D-glycosides 
from standard diet was around 1 mg/day X animal. 

Figure 2 shows the effects of 0.1 g sitosteryl /3-D- 
glucoside/day • animal on feed intake and weight gain 
of rats over a period of four wk. The average feed con- 
sumption of both groups of animals was 13-16 g per rat 
and day; the feed intake of the two groups of animals was 
quite similar. The results given in Figure 2 also show that 
the body weight of rats that had received sitosteryl f3-D- 
glucoside statistically was not different (P > 0.2) from the 
body weight of animals in the control group. 

The effects of sitosteryl ~-D-glucoside on the weights 
of spleen, heart, kidneys and liver of rats are demon- 
strated in Figure 3. It is obvious that the weights of the 
various organs of the group of animals that had received 
the standard diet statistically was not different (P > 0.2) 
from the organ weights of animals that had been fed 
sitosteryl f3-D-glucoside. 

The proportions of sitosteryl f3-D-glucoside and its 
metabolites, such as sitosterol and sitosteryl esters, in 
the lipids from the organs and tissues and from the feces 
of rats were determined by GLC. It was found that sterol 
fractions of various tissues of rats that had received the 
sitosteryl f3-D-glucoside-containing diet and standard 
diet, respectively, have almost the same composition (ap- 
proximately 95% cholesterol, 2-3% campesterol, 1-2% 
sitosterol and traces of other phytosterols). A similar 
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FIG. 2. Effects  of standard diet or a diet containing sitosteryl/~-D- 
glucoside administered for four wk on body weight  and feed intake 
of rats. Values of body weight  are mean + SEM, n -- 8; there are 
no statist ical ly different values, P ) 0.2; values of feed intake are 
mean. Standard diet, ( O - - O ,  � 9  �9  s itosteryl  ~D-glucoside- 
containing diet, (D--D, l--m). 
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FIG. 3. Effects  of standard diet or a diet containing sitosteryl/?-D- 
glucoside administered for four wk on weights  of various organs 
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glucoside-centalning diet, right eolnmn. 

composition of steryl  moieties also was found in steryl  
esters isolated from various tissues of both  groups of 
animals. 

The content  of AS-sterols and 5a- and 5~stanols of feces 
was quite similar in both  groups of animals: feces of ra ts  
tha t  had received the sitosteryl ~-D-glucoside-contsining 
diet were found to contain per 1 g=. 1.1 mg A%terols; 
0.25 mg 5a-stanols; and 1.85 mg 5~-stanols, whereas 
1.0 mg AS-sterols, 0.25 mg 5a-stanols, and 1.75 mg 5~- 
stanols were detected in feces of the control group. Yet, 
the proport ions of cholesterol and 5~-cholestanol de- 
creased in fecal sterols of animals tha t  had received the 
si tosteryl  ~-D-glucosid~containing diet and a concomi- 
tant  increase of sitosterol and 5~-sitostanol was observed 
{Table 1). These findings are in good agreement with our 
observat ion tha t  [4-14C]sitosteryl ~-D-glucoside was 
cleaved by  highly active ~-glycosidases of fecal micro- 
organisms followed by hydrogen transfer to the resulting 
sitosterol, yielding 5/3-sitostanol. The various 5a-stanols 
found in feces are derived predominantly from the feed 
(cf. sterol analyses given in the Materials and Methods 
section). 

In the tissue lipids of the gastrointest inal  t rac t  of ra ts  
tha t  had received the sitosteryl/3-D-glucoside-contalnlng 
diet, minor proport ions {stomach 120 ~g/g tissue; small 
intest ine 1 pg]g tissue} of the -nmetabol ized subst ra te  
were found, whereas the lipids of other organs and tissues 
contain, if at  all, only traces {<1 ~g/g tissue) of steryl/3- 
D-glycosides. In feces, major proport ions of si tosteryl  f~- 
D-glucoside (around 1,300 ~g/g feces dry  weight} were 
detected at 20 hr after  the last  application of the sub- 
strate, whereas around 50 j~g steryl ~D-glycosides derived 
from the s tandard  diet were found per 1 g feces of the 
control group. 

To summarize, it  was found tha t  [4-"C]sitosteryl/3-D- 
glucoside virtually is not  absorbed in the gastrointestinal 
t rac t  of rats.  Yet, the subst ra te  is cleaved at  a low rate  
to 1"C-labeled sitosterol and glucose by the action of 

TABLE 1 

Composition of Sterols in Feces of Rats that had Received Sitosteryl 
~-D-Glucoside-containing Diet  or Standard Diet 

Composition (%) of various 
sterol fractions isolated 

from feces of rats that had 
received different diets 

Sterols a SG b Standard 

Cholesterol A s 6 9 
Cholestanol 5a <1 <1 

5~ 11 19 
Campesterol A s 7 7 
Campestanol 5a 2 3 

5~ 12 9 
Sitosterol A ~ 19 15 
Sitostanol 5a 5 4 

5~ 32 27 
Other sterols A 5 3 3 

5a <1 <1 
5~ 3 3 

Total sterols h 5 35 34 
5a 8 8 
5~ 57 58 

aA 5, unsaturated sterols having a double bond at position 5; 5a, 5a- 
dihydrosterols (5a-stanols); 5j?, 5/3-dihydrosterols (5~-stanols, 
"coprostanols"). 
bSG, sitosteryl ~-D-glucoside-containlng diet. 

~-glycosidases of the small intestine. Remarkably,  high 
proport ions of radioactive coprositostanol derived from 
the substrate,  which is caused most  probably by bacterial 
transformation, are found in the tissues of cecum and col- 
on and the corresponding digesta. 

Sitosteryl  ~-D-glucoside, fed to ra ts  at  a level of 
0.5 g/d • kg body weight for four wk, does not  show 
results different from those of the control group with 
respect  to feed intake, weight gain and organ weights. 
No ill effects are observed during this t ime and no abnor- 
malities are detected in feces {color, blood, consistency} 
or urine {color, blood). Therefore, si tosteryl ~D-glucoside 
and other  plant steryl  ~glycosides may be of interest  as 
potential  emulsifiers and preservat ives in food process- 
ing. An appreciable increase in fecal excretion of neutral  
steroids as found for various saponins {45,46} was not  
observed for si tosteryl  SD-glucoside. 
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Genetic Variations in Serum Lipid Levels of Inbred Mice 
and Response to Hypercholesterolemic Diet 
Roberte Aubert~, Dominique Perdereaub, Micheline Roubiscoula, Jeannine H e r z o g a  
a n d  Daniel Lemonnlera 
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Cedex 2, France 

The serum Hpid contents  of a number of inbred and con- 
genic strains of mice were measured. There were inter- 
strain variations in each of the lipid fractions in mice fed 
a normal diet. Male and female C3H mice had the highest 
total  cholesterol level; AKR mice showed the lowest 
values. Serum phospholipids were correlated well with 
cholesterolemia. The greatest variations between strains 
were in the triglyceride levels. There also was significant 
variation in the high density lipoprotein cholesterol serum 
levels {from 73-88% of the total cholesterol}. The response 
to a hypercholesterolemic diet (1% cholesterol) was tested 
in seven inbred strains. All  strains showed changes in 
serum cholesterol and in the proportions of the Hpopro- 
teins fractions. There was a large increase in the low 
density lipoprotein + very low density lipoproteiu fra~ 
tions. Feeding the diet revealed marked interstrain dif- 
ferences in the responses of the serum cholesterol and 
electrophoretic lipoprotein profiles. The C57BL/6 and 
B10.D2 strains were hyperresponders to the hypercholes- 
terolemic diet with 71% and 63% of their serum choles- 
terol in the low density lipoprotein plus very low density 
lipoprotein fractions, respectively. 
Lipids 23, 48-54 {1988}. 

Epidemiological studies in humans have demonstrated 
an association between elevated levels of serum choles- 
terol and risk of atherosclerosis. The major factors con- 
trolling cholesterol levels in man have been studied; en- 
vironmental and particularly dietary factors were shown 
to be significant but during the last few years the impor- 
tance of genetic factors has become increasingly apparent. 

Normocholesterolemic rats and mice probably are in- 
appropriate experimental animals because, contrary to 
humans, cholesterol is mainly carried in them in high den- 
sity lipoproteins (HDL) and to a lesser extent by a frac- 
tion associated with low density lipoproteins (LDL) (1). 
However, the availability of inbred strains of mice has 
provided a number of new alternatives. A variety of in- 
bred strains of mice currently are available for genetic 
experimentation. 

The blood cholesterol levels of different strains of mice 
have been reported by Bruell et al. (2) and Yamamoto 
et al. {3}. They also showed sex-dependent differences; the 
cholesterol level was higher in males than in females. 

The pattern of inheritance governing the blood choles- 
terol level has been demonstrated by Bruell (4) and 
Yamamoto et al. (3) in inbred strains and by Weibust (5) 
by selecting high and low cholesterol lines on a normal 
low fat, low cholesterol diet. 

Abbreivations: ASAT, abdominal subcutaneous adipose tissue; EAT, 
epididyrnal adipose tissue; HDL, high density lipoproteins; HDL-C, 
high density lipoprotein cholesterol; LDL, low density lipoproteins; 
PAT, perirenal adipose tissue; VLDL, very low density lipoproteins. 

Dietary factors, particularly a high fat and high cho- 
lesterol diet, were found to produce atheromatous lesions 
in C57BL/6J inbred mice (6). 

Inbred strains exhibited marked differences in their 
reaction to a high fat and high cholesterol diet. The 
C57BR/CdJ strain appeared to be particularly suscepti- 
ble, whereas CBA/J mice proved to be resistant to 
atherosclerosis (7}; this work examined the relationship 
between the serum total cholesterol level and the size of 
atheromatous lesions in the wall of the aortic sinus. 

However, recent studies have shown that the evalua- 
tion of coronary risk by total serum cholesterol levels 
alone was too restrictive. Triglyceride, LDL and apopro- 
tein (Apo-B) also are risk factors while HDL and Apo-AI 
appear to have a protective role against coronary heart 
disease. 

However, C57BR mice are not available in France, and 
no quantitative data are available on the values of cir- 
culating lipids in the males and females of inbred strains 
of mice. Therefore, the present study was undertaken to 
provide these parameters for those strains that are 
available in France. 

The second experiment was performed to determine the 
lipoprotein profile in males of seven inbred strains and 
their susceptibility to hypercholesterolemic diet. 

MATERIALS AND METHODS 

Animals  and diets. In experiment 1, ten male and 10 
female mice from each of 11 different inbred and two con- 
genic strains were obtained from three different colonies 
{Table D. 

TABLE 1 

Inbred and Congenic Strains of Mice from Different Vendors 

Charles River, France CSEAL-CNRS IFFA-CREDO 

Inbred strains 

C57BL/6Cr IBR 
C3H/He Cr IBR 

C57BL/6 JOrl 
C3H/He JOrl 
C3H/eB JOrl 

C57BL/6 JIco 

C3H/Ico 
C3H/ou JIco 

DBA/2 Cr IBR DBA/2 JOrl DBA/2 JIco 
BALB/c Cr IBR BALB/c J O r l  BALB/cBy JIco 

CBA/JOrl CBA/JIco 
A/JOrl 
AKR/JOrl 

Congenic strains A.THIOrl 
A.TL/Orl 

B6D2FI/JIcO 
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Animals were received at four wk of age and acclimated 
for one w k  before the s tudy began. Males and females 
were  housed separately in sibling groups of five animals 
in polypropylene cages. The tempera ture  (22 _ 1 C), 
relative humidi ty  (50 __ 10%) and light cycle (12 hr 
dark/light) of the room were controlled. All mice had free 
access  to water  and a normal chow diet {Table 2). 

In experiment  2, male mice (4 wk old) of the inbred 
straln.q AKPJJOrl, BALB/cJOrl, CBA/JOrl, C3H/HeJOrl, 
C57BL/6JOrl, DBA/2JOrl,  B10.D2Orl were obtained 
from the CSEAL-CNRS, Orl6ans, France. Mice were fed 
ad libitum normal diet (N) {Table 2) and water. 

After  one week, mice were matched for weight and half 
of them fed a hypercholesterolemic diet (C) formulated 
in our laboratory {Table 2). The mice were weighed weekly 
and killed after  they had been on the experimental  diet 
for four weeks. Food was withdrawn four hr before the 
mice were killed. 

Animals were bled from the retroorbital  venous sinus 
between 10-12 a.m., and blood was alllowed to clot for 
t w o  hr at  ambient temperature  before centrifugation at 
4500 tr/min for 20 min to obtain serum. 

In experiment 2, the blood from three mice were pooled 
and clotted. Sera were drawn and aliquoted into tubes 
chilled on ice. Analyses were made on fresh sera within 
48 hr after  sacrifice. The heart, spleen, kidney and gonad 
were removed  and weighed, as were the epididymal 
{EAT), perirenal (PAT) and abdominal subcutaneous 
(ASAT) adipose tissues. 

Chemical analyses. Triglycerides were assayed using a 
Boehringer-Mannheim kit based on the enzymatic method 
developed by  Wahlefeld (9). Phospholipids were assayed 
with the Wako phospholipid B Test  kit  (Biolyon, 69570, 
Dardilly, France). Total  and free cholesterol levels were 
assayed by  the enzymatic method of R6schlau et al. (10) 
with Boehringer-Mannheim kits. Esterified cholesterol 
was calculated by mult iplying the difference between 

TABLE 2 

Composition of Normal Diet (N) and Hypercholesterolemic Diet (C) 

g/lO0 g 

N C 

Cellulose 3.7 5.0 
Yeast 4.0 4.0 
Corn oil 2.7 2.0 
DL methionine 0.46 0.4 
Mineral miTture a 3.5 3.5 
Vitamin mixture b 2.2 2.2 
Cow's milk casein 10.0 21.0 
Wheat flour 73.44 0 
Sucrose 0 49.4 
Coconut oil 0 11.0 
Cholesterol 0 1.0 
Cholate 0 0.5 

% % 

Proteins 17.9 22.4 
Lipids 3.9 13.5 
Carbohydrates 55.1 50.6 
Digestible energy per 100 g 1.36MJ 1.73MJ 

a, bMinera I mixture and vitamin mixture as described elsewhere (8). 

total  and free cholesterol by 1.67; this figure corresponds 
to the ratio of the average molecular weight of human 
cholesteryl ester  to tha t  of free cholesterol. 

Serum high density lipoprotein cholesterol (HDL-C) was 
measured in the supernate obtained after  precipitation 
of very low density lipoproteins (VLDL) and LDL with 
phosphotungstic acid]MgC12 (Bio Merieux kit no. 61531} 
by the method of Burnstein et al. (11). 

Lipoproteins were separated by agarose gel electro- 
phoresis using agarose universal electrophoresis film 
(Coming Medical and Scientific, Palo Alto, CA). The buf- 
fer was 0.05 M barbital  {Universal P H A B  Coming). 

After  electrophoresis for 35 min at  90 v, the film was 
dried and then stained with Fa t  Red {Corning). 

Lipoproteins also were separated by polyacrylamide gel 
electrophoresis. Five td samples of serum were prestained 
with Sudan Black iv/v) and then electrophoresed on 
polyacrylamide gel slabs (Lipofilm Sebia} for one hr at 
8 mA/slab. 

Statistical analysis. In experiment 1, all results  were 
analyzed by Tukey's  test {12}. The means were ranked and 
adjacent means were tested using the Student ' s  t- test  at 
an unadjusted significant level of 5%. Any groups of 
results separated by this percentage then were t reated 
separately, the group mean was calculated and the 
greatest  difference from all means of the group obtained. 
Finally, the individual variance ratio was estimated. All 
groups separated by this method are significantly dif- 
ferent  {P < 0.05). A Duncan 's  tes t  (13} was used for 
statist ical  evaluation of sex differences. 

In experiment 2, all results  are expressed as mean __ 
SEM. Statist ical  differences between strains and diets 
were est imated by Duncan's  tes t  {13}. 

RESULTS 

Experiment 1. Body weights. The total  range body 
weights between strains at  nine wk of age was small in 
males (21.6-27.8 g) and in females {18.44-24.1 g). The 
growth of the mice was identical in all strains. The dif- 
ferences observed in body weights between strains at the 
end of the experiment were due to differences at wean- 
ing, with the daily weight increases being similar in all 
strains. 

Serum cholesterol levels. The distribution of total  
cholesterol varied with strain in male mice {Fig. 1}. Total  
cholesterol levels were highest in the C3H strains and 
lowest in the AKR mice, irrespective of supplier. All 
female C3H mice, irrespective of supplier and substrain, 
had total cholesterol levels, which placed them in the same 
group with high levels of cholesterol. In males, the C3H 
mice were ranked into two groups and showed the highest 
values. Conversely, AKR mice had a low level of total  
cholesterol. For  free cholesterol, all females were ranked 
in the same group even though the range of values was 
16.1 for AKR and 30.1 mg/di for C3H/ouJIco. The values 
for males varied from 42 mg/di for DBA/2CrIBR to 15.1 
mg/dl for AKR. Differences in esterified cholesterol levels 
accounted for the increased values of total  cholesterol in 
C3H strains. There was no sex-dependent difference in 
the serum cholesterol of five strains (C57BL/6CrIBR, 
C3H/HeCrIBR, C3H/HeJOrl,  BALB/cJOrl ,  AKR/JOrl). 

Serum triglyceride levels. There were great  variations 
in serum triglyceride concentrations of male mice between 

LIPIDS, Vol. 23, No. 1 (1988) 



50  

R. AUBERT ET AL. 

strains; DBA/2  male mice were hypertriglyceridemic 
(300 mg/dl for DBA]2JOrl, 303 mg]dl for DBA]2JIco, and 
375 mg/dl for DBA/2CrIBR) compared to 97 mg/dl for 
AKR mice. The differences between strains were smaller 
in females (254 mg/dl for DBA]2JIco  vs  99 mg]dl for 
C57B//CrIBR), and only two groups were separated by 
Tukey's test. Comparisons of male and female means 
within each strain showed contradictory results. In two 
strains, the female means were higher than those of the 
males (B6D2F1/JIco and C3H/HeCrIBR). No difference 
between sexes was observed in any of the C3H and BALB 
strains or in the DBA/2JIco,  CBA/JOrl and C57BL/ 
6CrIBR strains. In the other strains, male mice had 
significantly higher serum triglyceride levels than did the 
females. As  a result, the distribution of serum triglyceride 
levels was identical in males and females. 

Serum phospholipid levels. In male mice, four groups 
were separated by statistical analysis. Levels varied from 
184 mg/dl in male AKR mice to 31 mg/dl in male C3H/He 
mice. Except  in four strains (C3H/HeCrIBR, BALB/  
cJOrl, AKR/JOrl and C57BL]6JIco), the means for males 
consistently were higher than those of females. In 
females, only two groups were identified. Serum phospho- 
lipids were correlated well (r = 0.859) with serum total 
cholesterol. 

Experiment 2. Body and organ weights. Regular growth 
curves were observed in all the strains fed the normal diet. 
Body weight was unaffected by the hypercholesterolemic 
diet. The significant differences between the strains were 
due solely to the specific body weight of each strain at 
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FIG. 1. Distribution of total cholesterol levels in male mice of dif- 
ferent inbred and congenic strains. 

weaning. Differences in organ weights observed between 
the strains were related to the normal weight variations 
regardless of the type of diet. 

Serum parameters�9 Figures 2 and 3 show the serum 
total cholesterol, triglyceride, and phospholipid levels of 
the different strains of mice maintained on the normal 
diet (N) and the hypercholesterolemic diet {C). On normal 
diet, the C3H/He mouse strain was hypercholesterolemic 
and hyperphospholipidemic. The AKR mice were hypo- 
cholesterolemic and the DBA/2 mice were hypertri- 
glyceridemic. 
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FIG. 2. Total, esterified and free cholesterol concentrations in the 
serum of male inbred mouse strains fed either a normal diet (N) or 
a hypercholesterulsmic diet (C)�9 Mice were killed in a fasted state 
st nine weeks of age. Each bar represents the mean and SEM of data 
from 10 pools of three mice, except for B10.D2 (5 pools). For com- 
parison between strains, on the diet N, bars not sharing a common 
small letter are significantly different p < 0.05; on diet C, bars not 
sharing a common capital letter are significantly different p < 0.05. 
For comparison between diets for one strain, *, a significant dif- 
ference p ~ 0.05; **, a highly significant difference p ~ 0.01. 
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On diet C, all the strains exhibited very significantly 
higher levels of free, esterified and total cholesterol but 
t h e  increases differed from strain to strain. Serum 
cholesterol levels were more than doubled in C57BL/6 and 
B10.D2 strains; the lowest increase was observed in 
DBA]2 strain. The C3H/He mice had the highest 
cholesterol level when fed diet N, whereas on diet C this 
parameter was not different significantly from those of 
t h e  other strains. The strains fed diet C were divided into 
two groups: similar high cholesterol levels (>250 mg/dl) 
in C57BL]6, C3H/He, CBA and B10.D2 strains; lowest 
cholesterol levels in DBA/2, AKR, and BALB/c strains 
(<200 m g / d l ) .  

Administration of diet C induced a very significant in- 
crease in the phospholipid levels only in AKR and 
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FIG. 3. Triglyceride and phospholipid concentrations in the serum 
of male inbred mouse strains fed either a normal diet (N) or a hyper- 
cholesterolemic diet (C). Animals were killed in a fasted state at nine 
wk of age. See Figure 2 for legends. 

BALB/c strains; in contrast, the triglyceride levels de- 
creased significantly except in the BALB/c and B10.D2 
mice. Table 3 gives the distribution of cholesterol in t h e  
lipoproteins. The high density lipoproteins carried ca. 
80% of the serum cholesterol in all strains fed the normal 
diet. In C3H mice, the HDL cholesterol level was different 
significantly from that of all other strains except CBA 
mice, with these two strains showing the highest values. 

DBA/2 and C57BL/6 mice had greater cholesterol con- 
centrations in the LDL and VLDL fractions. Cholesterol 
feeding promoted a rise in the HDL-C level except in 
C57BL/6, BALB/c and B10.D2 strains. But the HDL 
cholesterol/total cholesterol ratio dropped markedly in all 
strains after feeding the high cholesterol diet; the decrease 
was more pronounced in the C57BL/6 and B10.D2 strains. 
The level of (LDL + VLDL) cholesterol rose after choles- 
terol feeding in all strains. The most striking increase was 
observed in B10.D2 mice and the least increase in DBA/2 
mice. On diet C, very significant differences were observed 
between strains; C57BL/6 and B10.D2 mice had the 
highest values. 

On the normal diet, DBA/2 and C57BL/6 mice, had the 
largest (LDL + VLDL) cholesterol]total cholesterol ratio. 
Diet C induced a rise in this ratio in all strains except 
DBA2 mice; the highest ratio was observed in C57BL/6 
and B10.D2 mice. The LDL + VLDL/HDL cholesterol 
ratio increased with cholesterol feeding; this ratio was 
very high in B10.D2 and C57BL/6 mice as compared to 
other strains. 

Electrophoretic patterns of lipoproteins. On the normal 
diet, the sera of fasted mice exhibited a major a-band 
{HDL) on agarose gels. A pre-/~ band (VLDL) and a ~band 
(LDL) were seen in C57BL/6, B10.D2 and DBA/2 strains. 
This separation was more distinct on polyacrylamide gels. 
Administration of diet C induced a marked increase in  
the pre-/3 band masking the appearance of fJ-VLDL in all 
strains, with a greater increase in the C57BL/6 and 
B10.D2 strains. 

DISCUSSION 

Additive inheritance of plasma cholesterol level in mice 
was established by Bruell (2,4} and Yamamoto et al. (3), 
using inbred strains and their hybrids. This was con- 
firmed by Weibust (5) by selective breeding of mice with 
high or low cholesterol levels. The present study demon- 
strates that all serum lipid levels vary with the strain in 
mice. Bruell (2,4) and Weibust (5) observed significant sex 
differences in serum cholesterol level in inbred strains, 
hybrids and selected lines. In this study and as observed 
by Yamamoto et al. (3) in the STR/1N strain, the levels 
of circulating lipids in males were not higher than in 
females in all strains. Differences in the age of the mice 
could not be invoked to explain the differences between 
this study and other studies (2,4,5) because previous in- 
vestigations have indicated that serum cholesterol levels 
do not vary with age in mice (2,3) in contrast with obser- 
vations in humans {14}. 

A control diet was used to determine whether there 
were genetic differences between the circulating lipids of 
a great number of inbred mouse strains of both sexes. The 
greatest variations among strains was in their triglyceride 
levels. In males, the mean was increased by 285% in t h e  
hypertriglyceridemic strain (DBA/2CrIBR) as compared 
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T A B L E  3 

Lipoprotein Cholesterol Levels  (mean +_. SEM) in Different Strains of Mice Fed a Normal Diet (N} or an Hypereholesterolemic Diet (C) 

DBA/2 AKR C57BL/6 C3H/He CBA BALB/c B10.D2 

HDL C N 92.5 • a 67.1 • b 81.8 • ab 128.7 __5.92 c 111.6 • cd 91.8 • ad 90.6 • abd 
mg/dl } * *  } * *  } * } * 

C 118.5 +3.98 bc 95.1 +3.69 d 74.1 •  e 153.9 • a 136.3 •  ab 105.4 •  cd 92.6 ---3.50 de 

LDL+VLDL C N 34.0 • d 15.8 • ab 29.3 • cd 25.1 • bcd 16.3 • ab 12.1 • a 17.4 • abc 
mg/dl } ** } ** } ** } ** } ** } ** } ** 

C 72.5 • a 73.3 • a 179.5 • f 129.9 • d 108.1 • c 89.8 • b 160.2 • e 

HDL C N 0.73• a 0.82• ab 0.77• 0.84• ab 0.87• bc 0.88• b 0.84+_0.014 abc 
} * } ** } ** } ** } ** } ** } ** 

CT C 0.62• a 0.57• a 0.30• b 0.56• a 0.56• a 0.54• a 0.37• b 

LDL+VLDL C N 0.30• c 0.19• ab 0.26• bc 0.16• a 0.13• a 0.11• a 0.16• a 
} ** } ** } ** } ** } ** } ** 

CT C 0.38• a 0.43• a 0.71• b 0.44• 0.44• a 0.46• a 0.63• b 

LDL+VLDL C N 0.37• bc 0.25• abc 0.41+_0.095 c 0.21• ab 0.15• a 0.14• a 0.24• 
} ** } ** } ** } ** ~ ** } ** } ** 

HDL C C 0.63• a 0.79• b 2.43• d 0.76• ab 0.79• b 0.87• b 1.70_+0.106 c 

Values in the same line not sharing the same common superscript letter are highly significantly different {P < 0.01). Effect of hypercholesterolemic 
diet: *, significantly (P < 0.05), **, highly significantly (P ~ 0.01) different from normal diet. 

to  A K R  mice, and  in females  by  193% in D B A / 2 J I c o  as 
c o m p a r e d  to  C57BL/6JOrl .  

T h o m p s o n  {6} and  Pa igen  et  al. (15) have  s t a t ed  t h a t  
C57BL/6 mice can be defined as suscept ible  to  athero- 
mata .  I n  our  s t u d y  and  as observed  b y  Mor r i se t t  e t  al. 
{16}, the  suscept ible  s t ra in  of  mice cons i s t en t ly  main-  
ta ined  a lower t r ig lycer ide  level on  the  control  diet  t h a n  
did r e s i s t an t  mice (CBA) in b o t h  sexes. 

Var ia t ions  in phosphol ip id  level be tween  s t ra ins  were 
lower than  for  t r ig lycer ide  and more  e levated for males  
t h a n  for females  (71% increase for male  C 3 H / H e J O r l  vs  
A K R ,  46% increase for  female C 3 H / H e C r I B R  vs  D B A /  
2JIco}. As  obse rved  by  Bruell  et  al. (2) and Pa lgen  et  al. 
{15}, the  h ighes t  va lues  of  se rum cholesterol  were found  
in b o t h  sexes of  C3H mice, wha teve r  the  subst ra in .  I n  
con t ras t ,  A K R  male mice showed the  lowest  va lues  no t  
only for cholesterol bu t  for all circulating lipids. The varia- 
t ions  were less p ronounced  in females. I f  we compare  our  
resul ts  wi th  those  of  Mor r i se t t  e t  al. {16) and  Brecken-  
r idge et al. {17}, we observe  t h a t  the  suscept ible  s t ra in  
of  mice ma in ta ined  a s o m e w h a t  lower level of  se rum 
cholesterol  t h a n  did the  res i s t an t  s t ra in  on control  diet. 
I n  c o n t r a s t  to  their  results ,  we found  an average  se rum 
cholesterol  of  117 mg/dl  in C57BL/6 mice and  142 mg/dl  
in C B A  mice. This could be in agreement  with the  experi- 
m e n t  of Pa igen  {15) who observed  t h a t  there  is a low cor- 
re la t ion be tween  cholesterol  levels and lesion fo rma t ion  
on a therogenic  diet. 

I n  c o n t r a s t  to  resu l t s  repor ted  by  Breckenr idge  et al. 
(17) indicat ing tha t  the susceptible s t rain of mice (C57BR) 
ga ined  less we igh t  t h a n  the  r e s i s t an t  one {CBA}, all the  
inbred lines showed similar g r o w t h  ra tes  in our  second 
exper iment ,  and  the  differences in b o d y  we igh t  at  wean- 
ing accounted for variat ions in weight  observed at  the  end 
of  the  exper iment .  While  differences in o rgan  weigh t s  
were obse rved  be tween  strains,  the  o rgan /body  weigh t  
rat ios were similar in all strains, except  for adipose t issues 

where two s t ra ins  of  mice, DBA/2  and  CBA,  seem to  be 
fa t t e r  t h a n  the  others ,  regardless  of  the  diet  consumed.  
These  resul ts  conf i rm earlier obse rva t ions  {18-20} of  dif- 
ferences in fa t  accumula t ion  by  different  mouse  strains,  
an  effect  re la ted  to  inefficient food ut i l izat ion by  the  
s t ra ins  wi th  lower abil i ty to  s tore  ene rgy  as fa t  {21}. 

Morbid i ty  and mor ta l i ty  were no t  observed  in response 
to a h igh cholesterol  diet, as in previous  s tudies  {6,7}. The  
diet  was  to le ra ted  well by  all s t rains,  and b o d y  we igh t  
was  unaf fec ted  b y  diet  at  nine weeks of  age af ter  four  
weeks of  ad l ib i tum adminis t ra t ion ,  as  obse rved  pre- 
v ious ly  in ra t s  {22}. There  is now lit t le d o u b t  t h a t  the  
q u a n t i t y  and  t y p e  of  f a t t y  acids in the  diet  p ro found ly  
can influence the  level of c i rcu la t ing  cholesterol  in m o s t  
species, inc luding man.  In  the  C57BR/cdJ  mouse,  se rum 
to ta l  cholesterol  r e sponded  to  change  in P/S ra t io  only  
when cholesterol  was  added  to  the  diet  {23}; this  also is 
observed  in m a n  {24}. M o s t  of  the  apol ipoprote ins  seem 
to  increase when h igh  s a t u r a t e d  fa t  die ts  are consumed  
{24-26}. A high c a r b o h y d r a t e  c o n s u m p t i o n  leads to  h igh 
p l a sma  cholesterol  in the  mouse  {27}. 

Feeding  our  hypercholes terolemic  diet, which is r ich in 
s a t u r a t e d  f a t t y  acids, c a r b o h y d r a t e  and cholesterol ,  to  
mice resu l ted  in an increase of abou t  70-140  m g  of 
cholesterol  over  t h a t  of  animals  ma in ta ined  on the  nor- 
mal  diet. The  cholesterol  levels measu red  in any  of the  
s t ra ins  were no t  as h igh as the  level observed  by  Rober t s  
and  T h o m p s o n  (7) in C57BR strain.  This  m a y  be due to  
s t ra in  differences or to  our  diet  be ing  modera t e ly  enrich- 
ed in cholesterol .  Our  resu l t s  are more  similar  to  those  
ob ta ined  b y  Pa igen  et  al. {15) who examined  female mice 
of  different  inbred lines fed an a therogenic  diet  contain-  
ing  1.25% cholesterol .  However ,  in this  s tudy ,  DBA/2  
mice had  the  lowest  increase in se rum cholesterol  level, 
whereas  Pa igen  et  al. {151 found  t h a t  this  s t ra in  had the  
h ighes t  one. The  ma in  effect  induced  b y  hyper-  
choles terolemic diet  was  obse rved  in the  C57BL/6 and  
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B10.D2 strains in which serum cholesterol levels were 
more than doubled. CBA mice have been described as 
being resistant  to diet-induced elevation of serum 
cholesterol. When fed a high cholesterol diet (7), this 
strain could not be differentiated from the other strains 
in this experiment, mean values were increased by 93%. 
In  rats, the effect of feeding a cholesterol-enriched diet 
upon serum triglyceride levels led to contradictory results 
{22,28,29). In this study, the enriched cholesterol diet in- 
duced a decrease in serum triglyceride levels in all strains, 
the main effect being observed in the hypertriglyceri- 
demic strain (DBA/2), which had a decrease of 62%. 

Cholesterol feeding reduces plasma triglycerides, where- 
as it increases the liver triglycerides (30). The changes 
probably are due to a shift of hepatic lipoprotein secretory 
mechanisms for triglyceride-rich particles of lipoprotein 
towards cholesteryl esters-enriched particles in response 
to excess cholesterol deposition in the liver. 

Recent studies demonstrate  tha t  elevated LDL levels 
are correlated positively with coronary heart  disease in 
humans (31), whereas HDL appear to protect  against 
atherosclerosis disease (32-34). Genetic variations in the 
s tructure and quantities of lipoproteins and structural  
variations of apolipoproteins have been demonstrated in 
various mouse strains (16,17,35-37). In this study, 
70-80% of the cholesterol is associated with HDL, which 
is in agreement with results obtained by other in- 
vestigators with different strains, using ultracentrifugal 
procedures {37-39). On the normal diet, the HDL of 
C3H/He and CBA mice displayed an elevated cholesterol 
content; in contrast ,  in the hypertriglyceridemic DBA/2 
mice the HDL fraction had a lower cholesterol content 
compared to other strains. An inverse correlation between 
HDL cholesterol and the level of serum triglyceride has 
been demonstrated in humans (40). 

The administration of cholesterol-enriched diet to rats 
induced a rise in lipoproteins corresponding to/~-VLDL 
141). In this study, the electrophoretic profiles of lipopro- 
teins from mice fed a cholesterol-rich diet indicate an in- 
crease of VLDL fraction in all strains. This is in agree- 
ment with the precipitating method where a dramatic in- 
crease in LDL + VLDL cholesterol was observed in "all 
strains fed diet C (X 2 to 9 in DBA/2 and B10.D2, respec- 
tively). I t  is remarkable tha t  38 (DBA/2) to 71% 
{C57BL]6) of the serum cholesterol was found in the LDL 
+ VLDL fraction. More detailed studies are needed to 
establish which of the two fractions is more affected. 
Terpstra  and Beynen 139) in Swiss mice and Tsuda et al. 
(42) in ICR mice noted a rise in HDL cholesterol during 
administration of an atherogenic diet. In our experiment, 
mice could be divided into two groups: HDL cholesterol 
increased in DBA/2, AKR, C3H/He and CBA, whereas 
this parameter  was not altered for the other strains. 

The (LDL-C + VLDL-C) to HDL-C ratio was increased 
markedly in all the animals fed the hypercholesterolemic 
diet because of the large effect of diet C on the other 
lipoprotein fraction. 

These results indicate that  the C57BL/6 and the 
B10.D2 mice are very susceptible to hypercholesterolemic 
diet but  no resistant  strain could be identified. The 
availability of inbred strains of mice with different 
cholesterolemic responses to change in diet may  be of 
importance. As demonstrated by Paigen et al. (15) and 
Morrisett  et al. (16), atherosclerotic lesions can be 

produced experimentally in inbred mice, and these mouse 
strains may prove useful in s tudying genetic influences 
on the development of atherosclerosis. 
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To determine  the  subcel lu lar  d is tr ibut ion  o f  disat-  
urated p h o s p h a t i d y l c h o l i n e  (DSPC) in lung  t i ssue  
dur ing  per inata l  deve lopment ,  fetal  rabbits  at 24, 
26,  28  and  31 (term) days  g e s t a t i o n  and n e w b o r n s  
were  studied. F o l l o w i n g  a lveolar  lavage,  fract ions  
enr iched  in nucle i -ce l lu lar  debris,  mi tochondria ,  
microsomes ,  surfactant  ( lamellar bodies)  and cy- 
toso l  we r e  prepared from the res idual  t issue homo-  
genate ,  and the ir  DSPC content  w a s  determined.  
The DS PC c on t e n t  o f  the  unfrac t ionated  res idual  
l ung  t i s sue  h o m o g e n a t e  progres s ive ly  and s ignif i -  
cant ly  increased  during fetal  deve lopment ,  r i s ing  
from 9 .09  _+ 0 .91 to  17 .45  • 2 .88  m g / g  dry lu n g  
b e t w e e n  24  days  ges ta t ion ,  and term. B e t w e e n  24  
and 26  days  ges ta t ion  the  overal l  increase  in t i ssue  
D SPC w a s  due to a t w o - f o l d  increase  in the  mito-  
chondria l ,  microsomal  and cytoso l ic  pools .  Lamel-  
lar bodies  w e r e  f irst  i so lab le  at 26  days  ges ta t ion .  
The DS PC c o n t e n t  o f  this  fract ion  increased  six-  
fold (from 0 .10  • 0 .02 to 0 .67 • 0 .15 m g / g  dry lung) 
b e t w e e n  26  and 28  days  g e s t a t i o n  and a further  
s e v e n - f o l d  (to 4 .63  • 1 .06 m g / g  dry lung) by term, 
account ing  for the  overa l l  increase  in the  t i ssue  
h o m o g e n a t e  va lue  dur ing  this  t ime period.  By the  
f i r s t  p o s t n a t a l  day ,  m i c r o s o m a l  and  c y t o s o l i c  
D SPC increased  a n o t h e r  two- fo ld ,  but no  s ignif i -  
c a n t  c h a n g e  oc c u rred  in the  o t h e r  s u b c e l l u l a r  
fract ions .  A lveo lar  l avage  DSPC progres s ive ly  
increased  over  the  t ime period studied. While there  
w a s  no  c h a n g e  in the  lamel lar  body D S P C / t o t a l  
PC rat io  during  fetal  deve lopment ,  each o f  the  
mi tochondr ia l ,  microsomal  and cytoso l ic  rat ios  
decreased  b e t w e e n  days  26  and 28  o f  g e s t a t i o n  
and  t h e n  in c r e ase d  at term. Our results  indicate  
that  in addi t ion  to the  pu lmonary  surfactant ,  for 
w h i c h  DSPC is o f ten  used as a marker,  o ther  sub- 
cel lular organe l l e s  conta in  s igni f icant  DSPC pools  
t h a t  u n d e r g o  d y n a m i c  c h a n g e s  in s ize  d u r i n g  
per inata l  deve lopment .  
Lipids 23, 55-61 (1988). 

Lung surfactant,  the phospholipid-rich material that  
lines the mammal ian  lung and prevents atelactasis 
by reducing the surface tension at the air-alveolar 
interface (1), is produced by the fetal lung in increased 
quant i ty  toward the end of gestation (2,3). Surfactant  
is synthesized in the Type II alveolar cell and stored 
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Halifax, Nova Scotia, B3H 4H7. 
Abbreviations: DSPC, disaturated phosphatidylcholine; DPPC, 
dipalmitoyl phosphatidylcholine; DNA, deoxyribonucleic acid; 
UDP, uridine 5-diphosphate. 

in intracellular lamellar inclusion bodies prior to 
release to alveoli (4). 

Phosphatidylcholine represents the major surfac- 
tant  consti tuent (5,6), and the disaturated species, 
dipalmitoyl phosphatidylcholine, is the major com- 
ponent responsible for its surface tension-reducing 
properties (1,5,6). As the lung is particularly enriched 
in this phospholipid, its measurement  in whole lung 
tissue is often used as a marker for the surfactant  
complex (7-10). It has been shown, however, that  the 
disaturated species of DSPC is not uniquely localized 
in the surfactant  complex (11-14). For example, in the 
adult, less than half  of the total lung DSPC has been 
identified as being surfactant-associated (12,13) and 
even lower values have been found for fetal and new- 
born lung (15). The subcellular locale of the nonsur- 
factant  DSPC has never been fully explored. Such a 
study would be of particular interest to pursue over 
the period of time in which the surfactant  pool sizes 
undergo dramatic changes, i.e., during late fetal and 
early postnatal  development (2,3). In our laboratory, 
we have recently developed methods for the quantita- 
tive isolation of surfactant  pools from fetal and new- 
born rabbit  lung (16). In the present study, we report 
on the distribution of lung DSPC over these and other 
subcellular fractions obtained during this time period. 

MATERIALS AND METHODS 

New Zealand white rabbits  whose time of conception 
was known to within 1 hr were purchased from Rie- 
man's  Fur Ranch, St. Agatha,  Ontario. The does were 
anesthetized with intravenous sodium pentobarbital,  
and the fetuses were delivered by cesarean section 
and immediately killed by intraperitoneal injection of 
sodium pentobarbital.  Spontaneously delivered new- 
borns were similarly killed in their first postnatal  
day. 

Lungs were lavaged in situ with a total of seven 
0.5-1.5 ml aliquots of 0.85% NaC1. We have previously 
shown that  this technique recovers better than 90% of 
the total phospholipids recovered in 12 consecutive 
lavages (16). For each experiment, alveolar lavage 
returns obtained from either 5-8 fetuses or 2-3 new- 
borns were pooled for lipid extraction and analysis  as 
described below. 

Following the lavage procedure, the residual lung 
tissue obtained in each experiment was pooled and 
finely minced, aliquots were removed for drying to 
constant  weight and the remainder was fractionated 
as follows: 

A 10% homogenate  (w/v) in 0.01 M Tris buffer, con- 
taining 0.145 M NaC1 and 0.001 M EDTA (pH 7.4), 
was prepared using a polytron homogenizer (Brink- 
man Instruments,  Rexdale, Ontario) at a speed set- 
t ing of 5.0 for 10-30 sec (in 10 sec bursts). Aliquots of 
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Individual surfactant  constituents are synthesized 
in the endoplasmic reticulum of the alveolar Type II 
cell and transported via the Golgi apparatus for stor- 
age in the intracellular lamellar bodies, which are 
ult imately released to the alveolar space (4). The 
increased microsomal DSPC observed in the newborn 
could possibly represent newly synthesized material 
required for replenishment of the intracellular stores 
released to the airways following birth (2,3). Another 
mechanism by which depleted intracellular stores are 
replenished is via the uptake and reutilization of 
secreted surfactant  constituents which are repro- 
cessed by the Type II cell into new lamellar bodies 
(35). The increased cytosolic DSPC pool observed fol- 
lowing birth could be due to this process. In consider- 
ing either of these two possibilities, however, it is 
important  to emphasize that,  while the isolated sur- 
factant  originates from a single cell type, the other 
subcellular fractions no doubt originate from each of 
the more than  40 cell types present in lung (36). It is 
therefore difficult to determine whether the changes 
in DSPC pool size of these fractions are indeed a 
reflection of events occurring in the Type II cell or a 
more generalized effect. Studies with isolated Type II 
cells would be useful to clarify this issue. 

It is interesting to note tha t  while there was a dra- 
matic release of DSPC to the alveoli following birth, 
there was not a concomitant decrease in the levels 
present in the intracellular surfactant  stores. This 
suggests tha t  the Type II cell may be still actively 
synthesizing and replenishing the intracellular stores. 
The decreased DSPC/PC ratio found in the intracel- 
lular stores also suggests that  the newly synthesized 
material  has not yet at tained its full complement of 
the disaturated species. The newborns in the present 
study were killed less than  12 hr following birth. In a 
previous study (16) we found tha t  it took at least 24 hr  
following birth to observe a depletion of intracellular 
stores, which were once more replenished in the next 
24-hr period. While we did not determine DSPC levels 
in our previous study, results of our present study 
indicate that,  at  least in the adult, the high ratio 
observed in the late gestation fetus is once more 
attained. When this occurs in the postnatal  period is 
not presently known. 

Next to the tissue-stored surfactant,  the mitochon- 
drial-enriched fraction represents a major source of 
lung tissue DSPC. While this fraction is obviously 
contaminated by other subcellular organelles, we 
have previously shown that,  like the nuclear-cellular 
debris fraction, negligible surfactant  material is en- 
trapped in this fraction (16). Also, considerable DSPC 
is recovered in this fraction prior to the onset of sur- 
factant  synthesis. As with the nuclear-cellular debris 
fraction, it is felt tha t  the DSPC recovered in the 
mitochondrial-enriched fraction is not due to lamellar 
body contamination. Since this fraction is also en- 
riched in Golgi, it could be argued tha t  its high DSPC 
levels could be due to Golgi tha t  are in the process of 
transferring surfactant  constituents to the intracellu- 
lar lamellar bodies. This may, in fact, be so for the 
late gestation fetus and early neonate but is unlikely 
to be the case in the 24-day gestation fetus. 

DSPC is produced both by de novo synthesis and 
through remodeling of the monounsaturated phos- 
phatidylcholine synthesized de novo (37-40). The lat- 
ter mechanism occurs via two enzymatically cata- 
lyzed steps, the first involving a deacylation at the 
2-position and the second involving a reacylation by 
an activated fat ty acid (37-40). The first step is cata- 
lyzed by a phospholipase A2, and the latter predomi- 
nant ly  by a lysophosphatidylcholine acyltransferase. 
The former reaction appears to be the rate-limiting 
step. Phospholipase A2 activity has  been demon- 
strated in both purified lung microsomes and mito- 
chondria (39), suggesting tha t  both subcellular orga- 
nelles are involved in the biosynthesis of DSPC. 
While it is reasonable to consider the translocation of 
microsomal DSPC to the intracellular lamellar bodies, 
this would not be likely for the mitochondrial pools. 
The possibility tha t  the lamellar body itself is in- 
volved in its own DSPC production has been raised 
(38) but never fully established. 

In conclusion, our results show that,  in addition to 
the pulmonary  surfactant ,  other lung subcellular 
fractions contain large DSPC pools that  undergo 
dynamic changes in size during perinatal develop- 
ment. As DSPC is resistant to peroxidation, it may be 
tha t  as well as performing its surface tension-lower- 
ing function as a major constituent of the pulmonary 
surfactant,  it also represents a structural component 
for other subcellular organelles in a tissue such as 
lung tha t  is exposed to high 02 concentrations. While 
it is tempting to speculate tha t  all subcellular frac- 
tions, including the lamellar bodies, are capable of 
their own DSPC production, further study would be 
necessary to clarify this point. 
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TABLE 1 

R e p r e s e n t a t i v e  Dis tr ibut ion  o f  Marker  E n z y m e  Act iv i t i e s  in Rabbit  Lung Subcel lular  Frac t ions  

Tissue Nuclear- Mitochondr ia l -  Lamel la r  Microsomal-  Cytosol 
homogena te  cellular debris  enr iched body-enr iched enr iched 

u n i t s / m g  protein 

Succ ina te  dehydrogenase  a 

NADPH-Cytochrome  c reductase  a 

Lac ta te  dehydrogenase  a 

5'-Nucleotidasea,c 

U D P  ga lac tosy l t r ans  ferase d 

Ary l su l fa t a se  a 

2.4 2= 0.4 2.8 • 0.4 49.4 • 7.5 0.5 2= 0.2 3.4 • 0.9 0.7 • 0.0 
(20.5) (68.6) (0.1) (0.7) (10.1) 

3.4 • 0.4 4.8 • 1.7 3.3 • 0.4 1.2 • 0.6 32.0 2= 9.2 1.6 + 0.2 
(17.5) (16.2) (0.5) (26.8) (38.8) 

332.7 2= 20.6 122.8 • 5.4 36.7 • 10.7 N.D. b 31.2 2= 5.9 552.7 • 9.1 
(12.1) (4.4) (0.3) (83.2) 

5.1 • 0.8 6.1 • 1.3 25.2 • 2.3 4.3 2= 0.2 7.9 2= 1.7 0.9 • 0.2 
(23.3) (66.9) (0.7) (2.8) (6.3) 

3.0 • 0.8 1.8 • 0.1 14.3 • 0.4 N.D. 3.8 • 0.8 1.1 • 0.8 
(6.6) (42.8) (30.3) (20.2) 

0.15 • 0.03 0.22 + 0.03 0.48 • 0.04 N.D. 0.22 2= 0.02 0.01 • 0.00 
(49.0) (44.6) (4.1) (2.2) 

Resul ts  are  expressed as the  m e a n  • 1 S.D. for a to ta l  of two to four de te rmina t ions .  
Va lues  s h o w n  for succ ina te  dehydrogenase ,  l ac ta te  dehydrogenase  a n d  a ry l su l fa t a se  were ob ta ined  on newborn  p repa ra t i ons  a n d  
for NADPH-cytochromec  reductase,  5 ' -nucleot idase and  UDP ga lac tosy l t r ans fe rase  from adult .  Value  in pa ren theses  represen t  the  
percen tage  of to ta l  ac t iv i ty  recovered in each  fraction.  F rac t ions  were prepared as described in the  text.  

aOne unit, 1 n m o l / m i n .  
bN.D., no t  determined.  
cSpecific ac t iv i ty  ob ta ined  for a purif ied p l a s m a  m e m b r a n e  prepara t ion ,  111.6 n m o l / m i n / m g / p r o t e i n  (n=3). 
d o n e  uni t ,  1 pmo l /min .  

TABLE 2 

R e p r e s e n t a t i v e  Phosphol ip id  C o m p o s i t i o n s  o f  Subcel lular  Frac t ions  Obtained from Fetal  Rabbit  Lung 

Total  
phosol ipid Percent  of total  lipid phosphorus  

m g / g  �9 
F rac t ion  dry lung  PC LPC SM PS PI  PG PE X 

Tissue  
h o m o g e n a t e  77.8 2= 11.8 57.4 • 0.6 

Nuclei, cell debris  48.0 • 7.8 47.8 • 0.7 

Mitochondr ia l -  
enr iched 11.8 • 1.8 53.6 2= 1.5 

Micmsomal-  
enr iched  2.7 • 0.9 53.3 • 4.1 

Cytosol 1.3 • 0.4 60.8 • 1.3 

Lamel l a r  body- 
enr iched 10.9 • 2.4 79.0 • 0.5 

Alveola r  l avage  3.0 • 0.8 79.1 • 1.4 

0.4 • 0.1 9.8 • 1.1 5.1 • 1.3 4.4 • 0.1 0.6 • 0.4 21.6 • 0.8 0.9 • 0.3 

1.2 • 0.1 14.5 2= 0.8 3.9 • 1.6 4.3 2= 0.2 0.8 + 0.0 26.8 + 1.1 1.0 • 0.3 

1.8 • 0.9 9.2 • 0.3 5.4 • 1.6 4.8 • 0.4 0.8 • 0.4 23.3 • 0.1 1.3 2= 0.6 

0.5 2= 0.5 12.1 2= 1.5 6.7 • 1.6 5.3 • 0.8 1.2 2= 1.2 21.1 • 3.5 N.D. a 

0.1 • 0.2 9.5 2= 0.9 5.5 • 1.4 7.5 • 0.4 1.3 2= 0.6 14.2 • 1.3 1.1 • 1.0 

0.1 • 0.0 1.0 • 0.1 2.8 • 0.5 10.0 • 0.8 1.2 2= 0.7 5.9 • 0.1 0.2 • 0.2 

N.D. 1.2 • 0.7 1.5 • 0.7 11.0 2= 0.9 1.4 • 0.4 4.9 • 0.8 0.2 • 0.3 

F r a c t i o n s  were p repa red  from fetal  lung  ob ta ined  a t  31 days  (term) ges ta t ion .  E a c h  va lue  represen t s  the  m e a n  • 1 S.D. for a to ta l  
of three  to five de t e rmina t ions  on each fraction.  

Abbrev ia t ions :  PC, phospha t idy lcho l ine ;  LPC, lysophospha t idy lcho l ine ;  SM, sph ingomyel in ;  PS, phospha t idy l se r ine ;  PI, phos- 
phat idyl inos i to l ;  PG, phosphat idylglycerol ;  PE, phos pha t i dy l e thano l amine ;  X, unident i f ied  phosphol ipid.  

aN.D,  no t  detectable.  
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FIG. 1. DSPC content  o f  a l v e o l a r  l avage  and unfrac-  
t i o n a t e d  p o s t l a v a g e d  lung  t i s s u e  h o m o g e n a t e  dur ing  
per inata l  d e v e l o p m e n t .  Each va lue  r e p r e s e n t s  the  m e a n  
_+ 1 S.D. for the  number  o f  d e t e r m i n a t i o n s  s h o w n  in par- 
e n t h e s e s .  (a) S ign i f i cant ly  d i f ferent  f rom the va lue  ob-  
ta ined at the prev ious  g e s t a t i o n a l  age  (p < 0 .05 by stu-  
dent 's  t-test) .  

The  D S P C  con ten t  of  a lveo l a r  l a v a g e  a n d  the  unf rac-  
t i ona ted  p o s t l a v a g e d  lung  t i ssue  h o m o g e n a t e  is illus- 
t r a t ed  in F igure  1. As shown,  t i ssue  h o m o g e n a t e  
DSPC progress ive ly  inc reased  t h r o u g h o u t  fe ta l  de- 
ve lopment ,  r i s ing  f rom 0.09 + 0.91 to 17.45 + 2.88 
m g / g  d ry  lung  be tween  24 d a y s  ges ta t ion  a n d  term.  
Lit t le  c h a n g e  occurred fol lowing bir th .  Alveo la r  lav- 
age  DSPC also p rogress ive ly  inc reased  dur ing  fe ta l  
deve lopment ,  r i s ing  f rom 0.02 + 0.00 to 1.34 + 0.36 
m g / g  d ry  lung  be tween  26 d a y s  ges t a t ion  a n d  term.  
There  was  a fu r the r  four-fold increase  on the  f i rs t  
p o s t n a t a l  d a y  but  no c h a n g e  thereaf te r .  To ta l  l ung  
DSPC was  ca lcu la ted  b y  s u m m a t i o n  of a lveo la r  lay- 
age  a n d  pos t - l avaged  lung  t i ssue  h o m o g e n a t e  values .  
The  va l id i ty  of  th is  s u m m a t i o n  was  es tab l i shed  in a 
p r e l i m i n a r y  e x p e r i m e n t  in which  the  DSPC con ten t  
w a s  de t e rmined  on u n l a v a g e d  lung  p r e p a r a t i o n s .  As  
ind ica ted  in the  d i a g r a m  (Fig. 1), the  bu lk  of  the  to ta l  
lung  DSPC w a s  recovered  in the  p o s t l a v a g e d  lung  
t i ssue  homogena t e .  

FIG. 2. DSPC c o n t e n t  o f  subcel lu lar  fract ions  obta ined  
from p o s t l a v a g e d  lung t i s sue  h o m o g e n a t e  during peri-  
natal  d e v e l o p m e n t .  D a t a  r e p r e s e n t a t i o n  and s ta t i s t i ca l  
ana lys i s  as in Figure  1. 

T h e  DSPC con ten t  of  the  ind iv idua l  l ung  t i s sue  
f r ac t i ons  is s h o w n  in F igure  2. S ign i f i can t  develop- 
m e n t a l  c h a n g e s  were obse rved  for  each  f rac t ion.  On 
the  24th d a y  of  ges ta t ion ,  the re  was  no i so lable  sur- 
f a c t an t ,  a n d  the  bulk  of the  DSPC was  recovered  in 
the  nuclear-ce l lu lar  debris  f ract ion.  Between the  241h 
a n d  26th d a y  of ges ta t ion ,  the re  was  a b o u t  a two-fold 
inc rease  in mi tochondr ia l ,  m i c r o s o m a l  a n d  cytosol ic  
DSPC,  wi th  no c h a n g e  in the  nuclear -ce l lu lar  debr is  
f rac t ion.  S u r f a c t a n t  w a s  f i r s t  i so lable  a t  26 d a y s  ges- 
t a t i on  but  con t a ined  less DSPC t h a n  the  o ther  subcel- 
lu la r  f r ac t ions  a t  th is  s t age  of deve lopment .  F r o m  26 
d a y s  g e s t a t i o n  to te rm,  the  DSPC con t en t  of  the  
l ame l l a r  body f rac t ion  progress ive ly  a n d  s ign i f i can t ly  
increased,  r i s ing  ca. six-fold ( f rom 0.10 + 0.02 to 0.67 + 
0.15 mgTg dry  lung) be tween  26 a n d  28 d a y s  ges t a t ion  
a n d  a fu r the r  seven-fold (to 4.63 _+ 1.06 m g / g  d ry  lung) 
b y  te rm.  The re  w a s  li t t le c h a n g e  in the  D S P C  con ten t  
of  the  o the r  subce l lu la r  f r ac t ions  du r ing  th i s  t ime.  By 
the  f i rs t  p o s t n a t a l  day,  bo th  m i c r o s o m a l  a n d  cyto- 
solic DSPC h a d  a g a i n  increased ,  but  no s ign i f i can t  
c h a n g e  occurred in the  o ther  subcel lu lar  f rac t ions .  

TABLE 3 

D S P C / T o t a l  PC Rat ios  o f  Rabbit  Lung Subcel lular  Frac t ions  Dur ing  Per inata l  D e v e l o p m e n t  

DSPC/PC 

24(4)a 26(4) 28(4) 31(4) +1(3) Adult (1) 

Tissue homogenate 0.387 • 0.030 0.401 • 0.025 0.384 • 0.028 0.436 + 0.012 0.427 • 0.026 0.427 
Nuclei, cell debris 0.349 • 0.012 0.383 • 0.020 0.378 • 0.027 0.399 • 0.017 0.386 • 0.031 0.333 
Mitochondria 0.371 • 0.014 0.390 • 0.012 0.344 + 0.010 0.384 + 0.014 0.372 • 0.008 0.347 
Microsomes 0.504 • 0.012 0.487 • 0.029 0.385 + 0.021 0.440 • 0.014 0.492 • 0.026 0.507 
Cytosol 0.354 • 0.018 0.390 • 0.061 0.324 • 0.0tl 0.357 • 0.005 0.329 + 0.034 0.310 
Lamellar bodies N.P. b 0.515 • 0.072 0.579 + 0.056 0.584 • 0.015 0.505 • 0 . 0 3 4  0.571 
Alveolar lavage N.D. c 0.459 • 0.069 0.426 + 0.048 0.570 • 0.012 0.567 • 0.018 0.572 

Each value represents the mean + 1 S.D. for the number of determinations shown. 
Values underscored by a common line are significantly different (p <0.05 by Student's t-test). 
aGestational age in days; number of determinations at each age in parentheses. 
bN.P., none present. 
cN.D., not determined. 
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Developmental changes were also found in the 
DSPC/total  PC ratios of the individual subcellular 
fractions (Table 3). Each of the mitochondrial, micro- 
somal and cytosolic ratios decreased on the 28th day 
of  gestation and then increased. This trend was also 
observed in the unfractionated tissue homogenate. At 
each gestational age the largest DSPC/PC ratio was 
found in the  lamellar body fraction. This ratio did not 
significantly change during fetal development but 
decreased (from 0.584 + 0.015 to 0.505 + 0.034) during 
the first postnatal  day. The high value observed with 
the fetus was also observed in the adult. Alveolar 
l a v a g e  DSPC/PC ratios significantly increased be- 
tween 28 days gestation and term, at which time the 
rat io was comparable to tha t  obtained from the 
tissue-stored lamellar bodies. 
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FIG. 3. Relative distribution of  total lung DSPC over 
individual lung fractions during perinatal development. 
Total lung DSPC was  calculated as the sum of alveolar 
lavage and postlavaged lung tissue DSPC. Data repre- 
sentation and statistical analysis as in Figure 1. 

Using the data  in Figures 1 and 2, the relative dis- 
tribution of the total lung DSPC over the individual 
lung  f rac t ions  was de termined.  Developmenta l  
changes  were observed for each fraction (Fig. 3). 
While there was little change in the absolute content 
of  DSPC in the nuclear-cellular debris fraction (Fig. 
2), the relative proportion of total lung DSPC recov- 
ered in this fraction progressively decreased, falling 
from nearly 70% at 24 days gestation to about 30% by 
the  first postnatal  day. The relative proportion of 
total lung DSPC recovered in a surfactant  pa thway 
(tissue-stored plus alveolar) steadily increased so that  
by the first postnatal  day this pa thway contained the 
greatest proportion (almost 40%) of the total. At each 
gestational age, the mitochondrial-enriched fraction 
contained relatively more of the total DSPC than  
either the microsomes or cytosol. Developmental fluc- 
tuations were nevertheless observed in each of these 
subcellular fractions. 

DISCUSSION 

Compared to other tissues, the lung is particularly 
enriched in DSPC, a species of phosphatidylcholine 

in which both esterified fat ty acids are saturated (29). 
Within the lung itself, this phospholipid represents 
the major constituent of the pulmonary surfactant, 
comprising up to 40-50% of the total phospholipids of 
this material (30). The surface tension-lowering prop- 
erties of this unique material can largely be attrib- 
uted to the presence of this phospholipid (1,5,6). Yet it 
has been shown tha t  not all of the DSPC present in 
lung is associa ted  with the su r f ac t an t  complex 
(11-15). In the adult, for example, it has been shown 
that  less than  50% of the total lung DSPC can be 
identified as being in a surfactant  pathway (12-13). 

In the developing fetus, surfactant production is 
initiated in the latter part of gestation and progres- 
sively increases toward term (2,3). The progressive 
accumulation of phospholipids (including DSPC) that  
has been observed during this time period (31-33) has 
generally been attr ibuted to increased surfac tant  
production. However, large quantities of DSPC ap- 
pear to accumulate in lung tissue well before the 
normal  onset of surfac tant  production (15,31-34), 
suggesting that,  like the adult lung, the fetal lung 
contains considerable DSPC that  is unrelated to the 
surfactant system. 

In the fetal rabbit, surfactant  synthesis is initiated 
on or about the 24th day of gestation (2,3), a fact tha t  
accounts for our inability to isolate a surfactant  band 
at this gestational stage. In agreement with studies 
on both the rat  (15,34) and rabbit (32), we did find 
large quantities of DSPC in the lung at this stage of 
development. While the bulk was recovered in the 
fraction designated as nuclear-cellular debris, signif- 
icant levels were nevertheless recovered in the mito- 
chondrial- and microsomal-enriched fractions as well 
as the cell cytosol. 

At each gestational age, the largest proportion of 
the tissue homogenate DSPC was recovered in the 
nuclear-cellular debris fraction. While our present 
study indicates tha t  this fraction contains not only 
the bulk of the cellular nuclei but other cellular con- 
stituents as well, previous studies in our laboratory 
have shown that  very little surfactant becomes en- 
trapped in this low-speed pellet fraction (16). In fact, 
it is for this reason that  this very low centrifugal 
force has been adopted for our routine lamellar body 
isolation procedure. Furthermore, as large quantities 
of DSPC are recovered in the low-speed pellet fraction 
even before surfactant  synthesis is initiated, it is 
reasonable to conclude that  the bulk of the DSPC in 
this fraction is of nonsurfactant  origin. 

In agreement with others (15,31-34), we found that  
total tissue homogenate DSPC significantly increased 
during late fetal development. In addition, we have 
shown tha t  not only the surfactant  but the other sub- 
cellular fractions as well undergo dynamic changes 
in DSPC pool size during this critical stage of devel- 
opment. Prior to the onset of surfactant  production, 
the overall increase in tissue homogenate DSPC ap- 
peared to be due to significant increases in the mito- 
chondrial, microsomal and cytosolic pools. Once sur- 
factant  appears, then further increases in tissue 
homogenate DSPC can be attributed to increases in 
the surfactant  pools. Following birth, on the other 
hand, the microsomal and cytosolic DSPC pools in- 
crease once more. 
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Individual surfactant  constituents are synthesized 
in the endoplasmic reticulum of the alveolar Type II 
cell and transported via the Golgi apparatus for stor- 
age in the intracellular lamellar bodies, which are 
ult imately released to the alveolar space (4). The 
increased microsomal DSPC observed in the newborn 
could possibly represent newly synthesized material 
required for replenishment of the intracellular stores 
released to the airways following birth (2,3). Another 
mechanism by which depleted intracellular stores are 
replenished is via the uptake and reutilization of 
secreted surfactant  constituents which are repro- 
cessed by the Type II cell into new lamellar bodies 
(35). The increased cytosolic DSPC pool observed fol- 
lowing birth could be due to this process. In consider- 
ing either of these two possibilities, however, it is 
important  to emphasize that,  while the isolated sur- 
factant  originates from a single cell type, the other 
subcellular fractions no doubt originate from each of 
the more than  40 cell types present in lung (36). It is 
therefore difficult to determine whether the changes 
in DSPC pool size of these fractions are indeed a 
reflection of events occurring in the Type II cell or a 
more generalized effect. Studies with isolated Type II 
cells would be useful to clarify this issue. 

It is interesting to note tha t  while there was a dra- 
matic release of DSPC to the alveoli following birth, 
there was not a concomitant decrease in the levels 
present in the intracellular surfactant  stores. This 
suggests tha t  the Type II cell may be still actively 
synthesizing and replenishing the intracellular stores. 
The decreased DSPC/PC ratio found in the intracel- 
lular stores also suggests that  the newly synthesized 
material  has not yet at tained its full complement of 
the disaturated species. The newborns in the present 
study were killed less than  12 hr following birth. In a 
previous study (16) we found tha t  it took at least 24 hr  
following birth to observe a depletion of intracellular 
stores, which were once more replenished in the next 
24-hr period. While we did not determine DSPC levels 
in our previous study, results of our present study 
indicate that,  at  least in the adult, the high ratio 
observed in the late gestation fetus is once more 
attained. When this occurs in the postnatal  period is 
not presently known. 

Next to the tissue-stored surfactant,  the mitochon- 
drial-enriched fraction represents a major source of 
lung tissue DSPC. While this fraction is obviously 
contaminated by other subcellular organelles, we 
have previously shown that,  like the nuclear-cellular 
debris fraction, negligible surfactant  material is en- 
trapped in this fraction (16). Also, considerable DSPC 
is recovered in this fraction prior to the onset of sur- 
factant  synthesis. As with the nuclear-cellular debris 
fraction, it is felt tha t  the DSPC recovered in the 
mitochondrial-enriched fraction is not due to lamellar 
body contamination. Since this fraction is also en- 
riched in Golgi, it could be argued tha t  its high DSPC 
levels could be due to Golgi tha t  are in the process of 
transferring surfactant  constituents to the intracellu- 
lar lamellar bodies. This may, in fact, be so for the 
late gestation fetus and early neonate but is unlikely 
to be the case in the 24-day gestation fetus. 

DSPC is produced both by de novo synthesis and 
through remodeling of the monounsaturated phos- 
phatidylcholine synthesized de novo (37-40). The lat- 
ter mechanism occurs via two enzymatically cata- 
lyzed steps, the first involving a deacylation at the 
2-position and the second involving a reacylation by 
an activated fat ty acid (37-40). The first step is cata- 
lyzed by a phospholipase A2, and the latter predomi- 
nant ly  by a lysophosphatidylcholine acyltransferase. 
The former reaction appears to be the rate-limiting 
step. Phospholipase A2 activity has  been demon- 
strated in both purified lung microsomes and mito- 
chondria (39), suggesting tha t  both subcellular orga- 
nelles are involved in the biosynthesis of DSPC. 
While it is reasonable to consider the translocation of 
microsomal DSPC to the intracellular lamellar bodies, 
this would not be likely for the mitochondrial pools. 
The possibility tha t  the lamellar body itself is in- 
volved in its own DSPC production has been raised 
(38) but never fully established. 

In conclusion, our results show that,  in addition to 
the pulmonary  surfactant ,  other lung subcellular 
fractions contain large DSPC pools that  undergo 
dynamic changes in size during perinatal develop- 
ment. As DSPC is resistant to peroxidation, it may be 
tha t  as well as performing its surface tension-lower- 
ing function as a major constituent of the pulmonary 
surfactant,  it also represents a structural component 
for other subcellular organelles in a tissue such as 
lung tha t  is exposed to high 02 concentrations. While 
it is tempting to speculate tha t  all subcellular frac- 
tions, including the lamellar bodies, are capable of 
their own DSPC production, further study would be 
necessary to clarify this point. 
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Differential Utilization of Long Chain Fatty Acids During 
Triacylglycerol Depletion. I. Rat Heart After Ischemic Perfusion 1 
S.C. Cunnane*,a,2 and M. Karmazynb 
aEfamol Research Institute, Kentville, and bDepartment of Pharmacology, Dalhousie University, Halifax, Nova Scotia, Canada 

Rat hearts were perfused with Krebs-Henseleit buffer for 
90 min according to the Langendorff procedure. Normoxic 
perfusion for 90 min resulted in minor changes in fatty 
acid composition and a decrease in residual heart triacyl- 
glycerol to 60% of preperfusion values. When the protocol 
included 30 min of slow perfusion-induced ischemia, the 
hearts were observed to be depleted of 89% of their ini- 
tial triacylglycerol content. The triacylglycerol fatty acid 
composition (mg %} remained similar after compared to 
before perfusion except for a 121 mg % increase in stearic 
acid and a 225 mg % increase in arachidonic acid. The 
percentage composition of both fatty acids was signifi- 
cantly inversely correlated with the amount of triacyl- 
glycerol remaining in the heart after perfusion. Postper- 
fusion, arachidonic acid and stearic acids were present at 
nearly 1:1 in the residual heart triaeylglycerol, suggesting 
that a common mechanism may be involved in the selec- 
tive retention of these fatty acids by the heart. 
Lipids 23, 62-64 11988L 

Arachidonic acid {20:4n-6} in both liver and plasma 
triacylglycerol {TG} previously has been shown to be 
unique among other 16-20 carbon fat ty acids in having 
a significant inverse correlation with the quantitative 
amount of TG in various species {1-3). Thus, when total 
liver TG is increased, e.g. after carbon tetrachloride in- 
jection or in essential fat ty acid deficiency, the percent- 
age composition of 20:4n-6 is lower but when total liver 
TG is significantly decreased, e.g. in starvation, 20:4n-6 
is increased {4). While the percentage composition of 
20:4n-6 varies inversely according to the total TG pres- 
ent, the quantitative amount of 20:4n-6 {~g/g) in TG is, 
except in extreme circumstances, very stable [2,3). Hence, 
the normal variability of the percentage composition of 
20:4n-6 is attributable largely to the variability in the TG 
content of the major fat ty acids in TG (palmitic-16:0, 
oleic-18:ln-9 and linoleic-18:2n-6}. The marked decrease 
in total TG in the rat heart after perfusion in vitro with 
a glucose-free buffer {5) provided a different model in 
which the relation between 20:4n-6 and TG could be 
studied further. 

'This paper was presented in part at the annual meeting of the Cana- 
dian Federation of Biological Societies, Guelph, Ontario, June 16-22, 
1986. 
*To whom correspondence should be addressed at the Department 
of Nutritional Sciences, Faculty of Medicine, University of Toronto, 
Toronto, Canada M5S 1A8. 
~S.C.C. was the recipient of an Industrial Research Fellowship from 
the National Science and Engineering Research Council of Canada 
{1982-1986). 
Abbreviations: 20:4n-6, arachidonic acid; GLC, gas liquid 
chromatography; 18:2n-6, linoleic acid; 18:1n-9, oleic acid; 16:0, 
palmitic acid; 16:1n-7, palmitoleic acid; 18:0, stearic acid; TG, 
triacylglycerol. 

EXPERIMENTAL 

Male Sprague~Dawley rats (200-250 g) were obtained 
from Charles River Canada {Montreal, Quebec) and were 
fed a semisynthetic diet of the following composition 
{g/kg}; sucrose {555), casein {200}, cellulose {100}, corn oil 
{100), minerals {35) and vitamins riO) as recommended by 
the American Institute of Nutrition {6). After 10 weeks, 
the rats were decapitated and the hearts removed im- 
mediately and perfused retrograde in vitro using the 
Langendorff technique {7}. The perfusion medium was 
oxygenated Krebs-Henseleit buffer containing glucose {7), 
which was pumped peristaltically through a cannula in- 
serted into the base of the aorta and into the coronary 
arteries. Two perfusion protocols each were used for 90 
min; normoxic (10 ml/min} or normoxic plus an ischemic 
episode {10 ml/min-30 min, followed by 1 ml/min-30 min, 
followed by 10 ml/min-30 min). For the first protocol 
{normoxic perfusionL six hearts were perfused, whereas 
in the second protocol {ischemic perfusion) 18 hearts were 
perfused. Fresh {unperfused} hearts and perfused hearts 
were homogenized in chloroform/methanol {2:1, v/v) con- 
taining 0.02% butylated hydroxytoluene as antioxidant. 
Total TG were separated from the total lipid extract by 
thin layer chromatography as previously described {8). 
Fat ty acids were transmethylated with boron trifluoride- 
methanol and analyzed by GLC using a Hewlett-Packard 
5880 under the column conditions previously described 
{8). TG were quantitated by GLC by the addition of an 
internal standard (triheptadecanoin} to the tissue homo- 
genates prior to lipid separation. 

RESULTS 

Normoxic perfusion for 90 min led to 40% less residual 
TG {p < 0.01} and 50% higher 20:4n-6 (p < 0.05} in the 
heart compared to preperfusion values and 55% higher 
20:4n-6 {Table 1). There was no significant correlation be- 
tween the 20:4n-6 present in the heart TG before or after 
perfusion and the amount of TG present before or after 
perfusion. 

The fatty acid composition (mg % and ~g/g, wet weight} 
of rat heart TG before and after perfusion including 30 
min ischemia is shown in Table 2. Proportionally, 16:0, 
18:1n-9 and 18:2n-6 were not significantly different in the 
hearts before and after perfusion. Palmitoleic acid 
{16:1n-7} was significantly lower but stearic acid {18:0} and 
20:4n-6 were significantly higher in the residual heart TG 
after perfusion {2.21 and 3.25 times, respectively, p < 
0.01}. N-3 fatty acids were not detected in heart TG before 
or after perfusion. Quantitatively, since the total TG was 
decreased by 89% in the hearts perfused with a 30-min 
ischemic episode, all the TG fatty acids were significantly 
lower after perfusion {Table 2). However, the quantitative 
fat ty acid changes {~g/g} could be differentiated into two 
groups: A} 16:0, 16:1n-7, 18:1n-9 and 18:2n-6, which were 
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TABLE 1 

F a t t y  Acid  Composit ion of Rat  Heart  Total  TG Before 
and After  90-min Normoxic  Perfusion In Vitro 

Before a Afterb After/Before (%) 

A. rag% 

18:0 2.7 • 0.5 c 3.1 • 0.4 +15 
18:1n-9 13.2 • 1.9 13.6 • 1.8 +6 
18:2n-6 62.6 + 5.1 60.4 • 7.3 - 4  
20:4n-6 2.0 • 0.5 3.1 • 1.0" +55 

B. ~g/g 

18:0 97 • 47 63 • 19 --35 
18:1n-9 449 • 289 293 • 98 -35  
18:2no6 2168 • 1411 1286 • 974 -41  
20:4n-6 73 • 21 67 • 17 - 8  

C. mg/g 3.48 • 0.81 2.10 • 0.43** -40  

Rat  hearts  were perfused for 90 min under normoxic conditions. 
Separate hearts were analyzed for fatty acid and lipid composition 
before {unperfused) and after perfusion (A, percentage composition 
of fatty adds; B, quantitative composition of fatty acids; C, total TG). 
a n = 6 .  
bn= 6. 
Cmean • SD. 
*p < 0.05, **p < 0.01, Student's t-test. 

T A B L E  2 

F a t t y  Ac id  Composit ion of Rat  Heart  Total  TG Before 
and After  Perfusion In Vitro 

Before a After b After/Before (%) 

A. mg% 

16:0 12.8 _+ 1.6 r 13.8 + 2.8 +8 
16:1n-7 3.0 • 0.9 1.8 + 0.6** -40  
18:0 2.4 +_ 0.5 5.3 • 2.4** +121 
18:1n-9 14.9 _+ 2.4 13.6 • 1.5 - 9  
18:2n-6 61.8 +_ 4.7 59.2 • 8.5 - 4  
20:4n-6 2.0 ___ 0.6 6.5 • 3.6** +225 

B. /~g/g 

16:0 563 • 295 62 + 22** --89 
16:1n-7 147 _ 101 8 • 5** -95  
18:0 100 • 43 20 • 5** -80  
18:1n-9 648 • 353 60 • 31"* -91  
18:2n-6 2757 • 1542 284 • 132"* -90  
20:4n-6 76 • 27 23 • 8** -70  

C. mg/g 4.13 _+ 2.40 0.46 + 0.22** -89  

Rat hearts were perfused for 90 min, including a 30-min ischemic 
episode. Separate hearts were analyzed for lipids and fatty acids 
before (unperfused) and after perfusion (A, percentage composition-- 
mg %; B, quantitative composition--~g/g, wet weight; C, total 
TG--mg/g). 
an = 12. 
bn = 18. 
Cmean _ SD. 
**p < 0.01, Student's t-test. 

decreased 89-95%;  B) 18:0 and  20:4n-6, which were 
decreased 80% a nd  70%, respect ively .  Hence,  compared  
to the  ne t  decrease of 89% in the  T G  f a t t y  acids as a 
whole, 18:0 and  20:4n-6 select ively  were r e t a ined  in the  
res idual  T G  r e m a i n i n g  in the  hea r t  af ter  ischemic 
perfusion.  

A s ignif icant  inverse  correlat ion was observed be tween  
the m g  % 20:4n-6 in TG and  to ta l  hear t  TG (mg/g) in bo th  
fresh (unperfused) hear t s  a nd  in  hea r t s  af ter  pe r fus ion  
u s i n g  the  ischemic episode. This  corre la t ion was also evi- 
den t  for 18:0 (Fig. 1). Whereas  100/~g/g 18:0 and  76 ~g/g 
20:4n-6 ( ra t io - - l .32)  were p r e se n t  in the  hea r t  TG before 
perfusion,  after  perfus ion 20 ~g/g 18:0 and  23/~g/g 20:4n-6 
(rat io--0.89) were present .  In  unpe r fu sed  hear ts ,  there  
was  no cor re la t ion  be tween  18:0 and  20:4n-6 in  hea r t  T G  
(r = - 0 . 0 3 )  b u t  af ter  pe r fus ion  ( inc luding 30 min  
ischemia),  the cor re la t ion  coefficient was  r -- + 0 .70  (p < 
0.01, Fig. 2). Thus,  the residual  T G  in the  hear t  conta ined  
a lmos t  equal  a m o u n t s  of 18:0 and  20:4n-6 af ter  ischemic 
perfusion,  and  in  ind iv idua l  hear t s  (postperfusion),  the  
two fa t ty  acids were highly correlated. Compar i son  of the 
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FIG.  1. Linear regression analys i s  of the relation between the pro- 
portional  composit ion of arachidonic acid (20:4n-6, log mg  %) and 
stearic acid (18:0, log m g  %) of TG and total  TG in rat hearts before 
(unperfused) and after perfusion in vitro (including 30 min ischemia). 
Correlation coefficients, regression equations and number of samples, 
before perfusion: (20:4n-6--�9 - -  - - ,  r = --0.75; y = --0.48X + 0.55, 
p < 0.001; n = 11; 18:0--& , r = --0.58, y = - -0 .20X + 0.49, p < 
0.01, n = 11); after perfusion: (20:4n-6--0 ; r = 0.57; y = 
- -0 .56X + 0.53; p < 0.001; n = 17; 18:0- -A--  - -  --; r = --0.89; y = 
- -0 .72X + 0.40; p < 0.001; n = 17). 
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FIG. 2. Linear regression analysis  of the relation between the pro- 
portional composition of arachidonic acid (20:4n-6) and stearic acid 
(18~) in rat heart TG ( e )  before (unperfused, n = 12) and (O) after 
(n = 18) in vitro perfusion of the hearts (including 30 min ischemia). 
Correlation coefficients and regression equations: Before--or = 
--0.03, not significant). After--0r = +0.70,  y = 0.55X + 0.27, p < 
0.001). 

sources, e.g. TG, more than during normoxic perfusion, 
hence depleting heart TG significantly more than in nor- 
moxic per fusion (Tables 1 and 2}. 

The retention of 20% of the original 18:0 and 30% of 
the original 20:4n-6 such that  nearly equal amounts re- 
mained in the residual heart TG after ischemic per fusion 
suggests that at least two pools of 20:4n-6 may exist in 
rat heart TG, one of which is more readily hydrolyzed 
along with fat ty acids such as 16:0, 18:1n-9 and 18:2n-6 
during in vitro perfusion. The other 20:4n-6 pool appears 
to be retained more avidly possibly in combination with 
18:0. That the retention of 20:4n-6 and 18:0 in rat heart 
TG after per fusion, including a 30 min ischemic episode, 
may be interrelated is suggested by the similar amount 
of these two fatty acids remaining in the residual TG and 
the significant positive correlation between these two 
fat ty acids in the heart TG after perfusion IFig. 2). 

TG previously have been shown to be an important en- 
dogenous energy source for heart metabolism (9). Long- 
chain fatty acids within the total TG pool previously have 
not been distinguished according to their availability for 
hydrolysis for energy utilization by the heart. However, 
previous data have indicated that  part of the total TG 
in heart is unavailable for energy metabolism 15,10). The 
present data support this view and suggest that, espe- 
cially in the rat heart perfused in vitro using a protocol 
that includes a 30-min ischemic episode, a proportion of 
20:4n-6 and 18:0 (20-30%) may be unavailable for hy- 
drolysis. This may be because they are hydrolyzed dif- 
ferentially by TG lipases in comparison with those con- 
talning 16:0, 18:1n-9, 18:2n-6 or 16:1n-7. Alternatively, 
some areas of heart tissue may not be accessible for TG 
hydrolysis, thus causing a shift in fatty acid composition 
after perfusi0n with a medium not supplying exogenous 
fat ty acids. Future research will address this issue. 

TG levels and composition of 20:4n-6 and 18:0 after per- 
fusion in hearts perfused with or without the ischemic 
episode showed that the mg % of 20:4n-6 and 18:0 was 
significantly higher (p < 0.01) and the TG (mg/g) was 
significantly lower in hearts perfused with the ischemic 
episode compared to those perfused without ischemia. 

DISCUSSION 

These results confirm the previously reported significant 
inverse correlation between the mg % of 20"4n-6 in TG 
and total TG in plasma and liver {1-3} and extend the rela- 
tionship to include the rat heart perfused in vitro. Because 
of the marked TG depletion, which occurs within 90 min 
of perfusion (only in the protocol that  included 30 min 
of ischemic perfusion), this model appears ideal to investi- 
gate the utilization of long chain fat ty acids from TG 
species in the heart. That ischemia is responsible for the 
markedly lower residual heart TG levels after 90-min per- 
fusion is suggested by the significantly higher residual 
TG levels and the lack of significant changes in the fat ty 
acid composition {except 20:4n-6) of heart TG after 
normoxic perfusion (Table 1). Glucose in the perfusion 
medium was the only exogenous energy source for the 
heart. By providing only 10% of the medium/min com- 
pared to normoxic perfusion, ischemic perfusion presum- 
ably required the heart to utilize endogenous energy 
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The hydroperoxides of methyl linoleate, 1-palmitoyl-2- 
linoleoyl-phosphatidylcholine and trilinolein each pro- 
duced similar fluorescent substances through reaction 
with amino compounds after decomposition by heme 
methyl ester. Fluorescent substances formed from methyl 
linoleate with 1-aminopentane revealed characteristic 
fluorescence peaks on HPLC, while those obtained from 
1-paimitoyl-2-1inoleoyl-phosphatidylcholine and trilinolein 
were not eluted under the same conditions. However, 
when both of these fluorescent substances were trans- 
esterifled to methyl ester, the same fluorescence peaks 
were observed. This result suggests that fluorescent sub- 
stances formed from oxidized membrane lipids with 
amino compounds remain attached to phospholipids 
without being released from their glycerol backbone. 
Lipids 23, 65-67 (1988). 

Polyunsaturated fatty acids (PUFA) initially are oxidized 
to produce hydroperoxides {HPO) by both enzymic and 
nonenzymic oxidations and then the HPO produced are 
degraded further into secondary oxidation products (SP), 
including many functional aldehydes or malondialdehyde, 
during the oxidation process (1,2). These lipid peroxides 
and/or their secondary decomposition products are known 
to react with various amino compounds, bringing about 
many forms of biological damage (3). Fluorescent lipo- 
fuscin pigments associated with aging in animal tissues 
also have been assumed to be derived from the reaction 
of lipid peroxides with amino compounds (4). Fujimoto 
et al. recently reported that the degradation of HPO 
prepared from methyl linoleate (ML) in the presence of 
metals, hemin or ascorbic acid is involved closely in 
fluorescence formation through reaction with DNA (5). 
They also suggested that the important structural feature 
associated with the fluorescence formation appears to be 
conjugated diene HPO and not unconjugated diene 
isomers produced during photosensitized oxidation. 
Therefore, HPO derived from PUFA substituted at the 
2-glycerol position of phospholipids in biological mem- 
branes (6,7) may play an important role in the formation 
of fluorescent substances under physiological conditions. 

We recently have demonstrated that SP prepared from 
autoxidized methyl linolenate and ML are involved in the 
formation of fluorescent substances through reaction with 
amino compounds (8,9). The high-resolution mass spec- 
trum of the fluorescent substance (FS-II) formed from the 
SP with 1-aminopentane (1-AP) as a model system showed 
the empirical formula to be C24H4,NO4 with a molecular 
weight of 407 and the presence of a methyl ester group 
originating from ML in the structure of the fluorescent 

*To whom correspondence should be addressed. 
Abbreviations: HM, heme methyl ester; HPLC, high performance 
liquid chromatography; HPO, hydroperoxides; ML, methyl linoleate; 
PLPC, 1-palmitoyl-2-•inoleoyl-phosphatidylcholine; PUFA, polyun- 
saturated fatty acids; SP, secondary oxidation products; TL, 
trilinolein; TLC, thin layer chromatography. 

substance (Iio, unpublished data). These results suggest 
that  the precursor available for the fluorescence forma- 
tion may be a 19-carbon length compound having a 
methyl ester group originating from ML without break- 
down into low molecular weight compounds. Fukuzawa 
et al. also recently have reported that a new type of 
fluorescent substance was produced during oxidation in 
the presence of amino compounds through reaction of 
12-keto-oleic acid produced from oleic acid without break- 
down into low molecular weight compounds (10). In the 
present study, we demonstrated the formation of fluores- 
cent substances through reaction of HPO prepared from 
ML, 1-palmitoyl-2-1inoleoyl-phosphatidylcholine (PLPC) 
and trilinolein (TL) with 1-AP after decomposition by 
heme methyl ester (HM) as a model system. 

MATERIALS AND METHODS 

Materials. Linoleic acid, PLPC, TL, hemin (type I) and 
lipoxygenase (type I) were purchased from Sigma 
Chemical Co. (St. Louis, MO). 1-AP and 5% methanolic 
m-trifluoromethylpheny-trimethyl ammonium hydroxide 
were purchased from Tokyo Kasei Kogyo Co., Ltd. 
(Tokyo). High performance liquid chromatography 
(HPLC) grade solvents from Kanto Kagaku Co., Ltd. 
(Tokyo) were used for HPLC separations throughout all 
experiments. HM was prepared by the method of Ortiz 
de Montellano et al. (11). 

Preparation of HPO from ML, PLPC and TL. Two mg 
of PLPC or TL suspended in 1 ml of 100 mM deoxycholate 
solution was incubated with 9 ml of 0.1 M borate buffer 
(pH 9.0) containing 2 mg of lipoxygenase at 30 C for 30 
min (12). The products were extracted with chloroform/ 
methanol (2:1), and each HPO was purified by HPLC or 
thin layer chromatography (TLC). The purification of 
HPO from oxidized PLPC was carried out on a t~- 
Bondapak FAA (3.9 X 300 mm, Waters Associates, 
Milford, MA), using methanol/water (9:1) at a flow rate 
of 1 ml/min (13). HPO of TL was subjected to TLC 
(kieselgel 60, Merck, Darmstadt, FRG) developed with 
petroleum ether/ethyl ether/28% ammonia (55:45:2) (14). 
13-Hydroperoxylinoleic acid was prepared from linoleic 
acid using soybean lipoxygenase in 0.1 M borate buffer 
(pH 9.0) (15). The products were methylated with diazo- 
methane and purified by TLC using hexane/ethyl ether/ 
acetic acid (60:40:1) as a solvent system. SP of ML were 
prepared from autoxidized ML by silica gel column 
chromatography according to the method of Terao and 
Matsushita (16). Each purified HPO was estimated using 
molar absorbance values of 24,500 at 233 nm (17). 

Formation of fluorescent substances. Each HPO 
(100 nmol) prepared from ML, PLPC or TL was prein- 
cubated with or without HM (1 nmol) in 2 ml of methanol 
at 37 C for 45 min, and then 1 ml of 1-AP (1 t~mol) in 
methanol solution was added to the preincubation mix- 
tures. SP also were incubated with 1-AP in 3 ml of 
methanol. Fluorescence developed at 37 C during 20 hr. 
Fluorescence spectra were measured with a Hitachi 
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MPF-3 fluorescence spectrophotometer,  and the intensity 
was expressed as a percentage of tha t  of a quinine sulfate 
s tandard {0.1 pg/ml in 0.1 N H2SO4). HPLC was performed 
on a /~-Bondasphere phenyl  column {3.9 X 150 ram, 
Waters} us ing acetonitr i le/water {50:50) as the mobile 
phase  at  a flow ra te  of 0.7 mYmin. Fluorescence peaks  
were moni tored with a Hitachi  650-10LC fluorescence 
spectrophotometer  with excitation and emission max ima  
at  350 nm and 420 nm, respectively. All of the fluores- 
cent subs tances  also were subjected to TLC and devel- 
oped with chloroform]methanol  {9:1). 

Transesterification of fluorescent material To 0.1 ml lO 
of f luorescent material ,  0.85 ml of methanol  and 0.05 ml A 
of 5% methanolic m-tr i f luoromethylphenyl t r imethyl  am- 
monium hydroxide were added, and this mixture  was 5 
allowed to s tand at  20 C (18}. Transesterif icat ion usually ~= 
was completed within 45 min. The mixture  was evapo- 
ra ted  under  a ni t rogen s t r eam and redissolved in 1 ml of 
chloroform. This chloroform solution was applied to a ~ o 

1~ f 
Sep-pak Si car t r idge {Waters}, and the car t r idge was 
washed out  with 8 ml of chloroform to remove the trans-  
esterif ication reagent.  The fluorescent subs tance  was 
eluted with 4 ml of chloroform]methanol  {9:1) and sub- ~ 5 
j ec ted  to r eve r sed -phase  H P L C  under  the  same  
conditions, o 

o~ 

RESULTS AND DISCUSSION 

When purified HPO prepared  f rom ML, PLPC and TL 
were incubated separa te ly  with 1-AP in methanol  solu- 
tion at  37 C for 20 hr after decomposition by  HM, marked 
format ion of fluorescent substances  was observed. These 
fluorescent subs tances  showed the same fluorescence 
spec t ra  wi th  exci ta t ion  and emiss ion m a x i m a  at  
340-350 nm and 410-420 nm, respectively,  consis tent  
with tha t  observed for SP prepared from autoxidized ML 
{Fig. 1). None of the H P O  preincubated without  HM pro- 
duced any fluorescent substances.  This result  sugges t s  
t ha t  H P O  f rom the unsa tu ra ted  esterified f a t t y  acids in 
PLPC and TL are related equally to the format ion of 

2001 

100 

'~ 0 

I % //~%% //% ; v  

(B) 

----?---.-:-----] : 

350 400 

Wavelength 

350 4oo 
(rim) 

FIG. 1. Fluorescence spectra of fluorescent substances formed from 
SP or HPO of ML, PLPC and TL with 1-AP. HPO of ML {A-b), 
PLPC {B-c) and TL {B-d) were incubated with 1-AP at 37 C for 20 
hr after preincubation with ( - - )  or without (---) HM. SP prepared 
from autoxidized ML by silica gel column chromatography also was 
incubated with 1-AP at 37 C for 20 hr (A-a). 

fluorescent substances through reaction with amino com- 
pounds in the presence of HM. 

However,  H P L C  analysis  of each fluorescent product  
showed independent  elution profiles, as shown in Fig- 
ure 2A. The fluorescent subs tances  formed from H P O  of 
ML with 1-AP after  decomposi t ion by  H M  revealed two 
major  fluorescence peaks  a t  re tent ion t imes of 5.0 min 
{FS-I) and 10.5 min {FS-II), respectively.  On the other  

,(A) 
ML FS-II TL 

5 10 
(B) 

ML 

5 10 
Retention 

PLPC 

5 10 5 10 

TL 

5 10 
t ime  

PLPC 

5 lo 
(mln) 

FIG. 2. HPLC of fluorescent substances formed from HPO of ML, 
PLPC and TL with 1-AP. HPLC was performed on a t~-Bondasphere 
phenyl column, and elution was carried out with acetonitrile/water 
(50:50) at a flow rate of 0.7 ml/min. Aliquots of the fluorescent 
substances were subjected to HPLC before (A) and after (B) 
transesterification using the procedures described in Materials and 
Methods. 
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FIG. 3. TLC of flurescent substances produced from HPO of ML, 
PLPC and TL with 1-AP. Aliquots of fluorescent substances were 
subjected to TLC before (--) and after (+) transesterification (TE) 
and developed with chloroform/methanol (9:.1). Fluorescent spots 
{broken circle} were detected by excitation at around 360 nm, while 
other spots (hatched circle) were detected using iodine vapor. 
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FIG. 4. Proposed mechanism for formation of fluorescent substances 
formed from PLPC with amino compound. The procedures {1-4) for 
flum-e~nce formation are described in Materials and Methods. The 
chromophobic structure enclosed with a dotted line is at present 
obscure. 13-HPO a, 13-hydroperoxy methyl linoleate. 

hand, the fluorescent substances  derived from HPO of 
PLPC and TL with 1-AP showed oniy small  fluorescence 
peaks  a t  these retention times, even though samples with 
the  same fluorescence intensities as tha t  of ML were used 
for H P L C  analysis  and the major  fluorescence peak was 
eluted with methanol  (data not shown). 

Therefore, these fluorescent substances  produced from 
H P O  of ML, PLPC and TL were transesterified to methyl  
esters in methanol  solution and subjected to HPLC under 
the  same conditions as those described above. Both fluo- 
rescent substances  produced from HPO of PLPC and TL 
also were eluted at  similar retention t imes of 10.5 min as 
t h a t  of  FS- I I  obtained from H P O  of ML (Fig. 2B). How- 
ever, a negligible amount  of FS-I was detected on H P L C  
af ter  t ransester i f icat ion because FS-I  was unstable.  

TLC analysis  of bo th  the fluorescent substances  pro- 
duced f rom the HPO of PLPC and TL after  transesterif i-  
cation to methy l  ester  revealed one major  fluorescence 
spot  (Rf 0.60) corresponding to FS- I I  formed from HPO 
of  ML with 1-AP, while the two nat ive  fluorescent sub- 
stances present  before transesterification showed fluores- 
cence spot s  dist inct  f rom tha t  of FS- I I  on TLC (Fig. 3). 
The appearance of this fluorescent substance (FS-II) from 
the  two  fluorescent substances  af ter  t ransester if icat ion 
s t r o n g l y  suppor t s  the possibil i ty tha t  HPO produced 
f rom unsa tu ra ted  esterified f a t ty  acids in phospholipids 
or t r iglycerides are involved in the fluorescence forma- 
tion without being released from their glyceroI backbone. 

I t  is well known tha t  phosphatidylcholine and phospha- 
t idylethanolamine are the mos t  common types  of mem- 
brane  lipids and tha t  linoleic acid and arachidonic acid 
are abundant  P U F A  const i tuents  of these phospholipids 
(19,20). Therefore, H P O  produced from these P U F A  in 
phosphol ip ids  by l ipoxygenase or autoxidation (6,7) seem 
to be a p r imary  cause of accumulat ion of fluorescent 
s u b s t a n c e s  in b iomembranes  under physiological condi- 
tions. Nielsen reported tha t  peroxidized phospholipid {car- 
diolipin) produced the fluorescent substance through reac- 
t ion with albumin (21). Moreover, Shimasaki  et al. have 
reported tha t  the fluorescent chromolipids formed during 

lipid peroxidation of liposomes by ferrous ions and ascor- 
bic acid remain in liposomal membranes (22). These 
reports, in addition to the results here, suggest that the 
hydrolytic release of unsaturated esterifled fatty acids 
that usually are substituted at the 2-glycerol position in 
phospholipids is not essential for the fluorescence forma- 
tion occurring in biomembranes. We recently demon- 
strated that both 9-hydroperoxy ML and 13-hydroperoxy 
ML, which are the major conjugated diene HPO produced 
during autoxidation of ML, formed the same fluorescent 
substances through reaction with I-AP after preincuba- 
tion with HM (23). 

Based on the above results and the s t ructural  informa- 
tion mentioned above, we propose  a possible mechanism 
for the fluorescence formation occurring during oxidation 
of unsa tu ra ted  phospholipids in b iomembranes  us ing 
13-hydroperoxides of PLPC and ML as a model com- 
pound, as shown in Figure 4. I t  seems likely tha t  the 
precursor  available for fluorescence format ion keeps the 
original 18-carbon length of linoleic acid subst i tu ted onto 
phospholipids, but  the s t ructure  of this precursor has not 
been establ ished in detail yet. 

Although fluorescent chromolipids accumulat ing with 
age in miimal t issues are suggested to be produced in 
b iomembranes ,  our resul ts  may  suppor t  the view tha t  
fluorescent substances produced from oxidized membrane 
phospholipids are localized in b iomembranes  and ac- 
cumulated without  release from biomembranes .  
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Regulation of Squalene Epoxidase Activity by Membrane 
Fatty Acid Composition in Yeast 
T.M. Buttke*,', S.L. Bfint a n d  M.R. Lowe'  
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Depriving Saccharomyces cerevisiae strain GL7 of ex- 
ogenous unsaturated fatty acid supplements causes this 
sterol biosynthetic mutant to accumulate squalene at the 
expense of squaiene epoxide and squalene diepoxide. To 
further characterize the apparent relationship between 
squalene epoxidase activity and membrane fatty acid 
composition, a variety of unsaturated fatty acids differ- 
ing in their chain lengths and in the positions and orien- 
tation Ic/s or trans) of their double bonds were tested for 
their ability to promote turnover of endogenous squalene 
in cells previously deprived of olefinic supplements. All 
of the unsaturated fatty acids tested were found to 
restore squalene epoxidase activity but there were 
marked differences in their efficacies that best were cor- 
related with the extent to which they reduced the medium 
chain (C-10 + C-12} saturated fatty acid content of cellular 
phospholipids. Additional studies demonstrated that de 
novo protein synthesis was required for the restoration 
of squalene epoxidase activity in unsaturated fatty acid- 
deprived cells. 
Lipids 23, 68-71 11988}. 

Sterols such as cholesterol and ergosterol are ubiquitous 
components of animal and fungal membranes, respec- 
tively; they are thought to play an important role in 
modulating bilayer fluidity (1). In animal cells, the regula- 
tion of cholesterol biosynthesis is complex and resides 
primarily at the level of 3-hydroxy-3-methylglutaryl- 
coenzyme A reductase [HMG-CoA reductase] (2), al- 
though other enzymes also may serve as regulatory 
elements (3). Modulation of HMG-CoA reductase activ- 
ity seems to occur via a Variety of molecular mechanisms, 
including changes in enzyme synthesis, enzyme degrada- 
tion and phosphorylation-dephosphorylation (4). A direct 
regulation of enzyme activity via changes in membrane 
fluidity also has been proposed (5) but the data regarding 
such a mechanism are conflicting (6), In contrast to the 
situation in animal cells, much less is known regarding 
the regulation of sterol synthesis in yeast and fungi. 

Due to two different mutations, Saccharomyces cere- 
visiae strain GL7 is unable to synthesize either ergosterol 
or unsaturated fatty acids and requires exogenous lipid 
supplements for long-term growth (7). Nevertheless, the 
mutant can grow for extended periods of time in the 
absence of unsaturated fatty acids (8); strain GL7 appears 
to compensate for the lack of oleflnic fatty acid sup- 
plements by replacing most of its membrane unsaturated 
fatty acids with medium chain (C-10 and C-12) saturated 
fatty acids (8). Under such conditions, strain GL7 grows 
more slowly, demonstrates a marked "clumpiness" and 
synthesizes squalene rather than the squalene epoxide 
[2,3-oxidosqualene] and squalene diepoxide [2,3;22,23- 
dioxidosqualene] lipids that normally accumulate due to 

*To whom correspondence should be addressed. 
'Present address: Department of Microbiology and Immunology, 
East Carolina University, School of Medicine, Greenville, NC 27858. 

the mutant 's deficiency in 2,3-oxidosqualene-lanosterol 
cyclase activity {7,9). Conversely, short-term cholesterol 
deprivation favored the synthesis of squalene diepoxide 
(9). These data suggested that sterol synthesis in yeast 
also may be regulated by changes in membrane fluidity. 

To further characterize the relationship between mem- 
brane lipid composition and squalene epoxidase activity 
in yeast, we now have compared various olefinic fatty 
acids for their ability to restore squalene epoxidase ac- 
tivity in strain GL7 cells, which previously had been 
deprived of unsaturated fatty acid supplements. Our 
results demonstrate that an inverse relationship exists 
between squalene epoxidase activity and the proportion 
of phospholipids containing C-10 + C-12 fatty acids in 
yeast cell membranes. 

MATERIALS AND METHODS 

Culture conditions. Saccharomyces cerevisiae strain GL7 
{MAT a ga12/erg12-1/heme3-6 [7]) was grown at 30 C with 
shaking in a defined medium supplemented with methio- 
nine and detergent-solubilized cholesterol and unsatu- 
rated fatty acid supplements (9). The pulse-chase protocol 
used to compare the ability of various unsaturated fatty 
acids to restore squalene epoxidase activity was described 
previously I9). Briefly, log phase cells grown in the pres- 
ence of cholesterol (10 ~g/ml) and oleic acid (18:1A9; 
20 ~g/ml) were washed twice with media and resuspended 
to the desired density in media containing cholesterol but  
lacking unsaturated fatty acid supplements. The cells 
were incubated under these deprivation conditions for 12 
hr, after which 50 ml aliquots were pulsed for one to three 
hr with 10 ~Ci of [1-14C] acetate (55 mCi/mmol; New 
England Nuclear, Boston, MA}. The pulse was terminated 
with 1 M sodium acetate, and the cells were collected by 
centrifugation and washed twice prior to being resus- 
pended to the same cell density in cholesterol-supple- 
mented media either lacking unsaturated fatty acid sup- 
plements or containing one of a variety of unsaturated 
fat ty acids (final concentration 20 ~g/ml). At this point 
(designated as time 0), >90% of the [14C] acetate incor- 
porated into nonsaponiflable lipids was associated with 
squalene (9). 

In vivo assay of squalene epoxidase activity. Yeast cells 
containing endogenously synthesized 14C-labeled squalene 
were incubated in the absence or presence of unsaturated 
fat ty acid supplements, and either at two-hr intervals or 
after a total incubation time of six hr cells were harvested 
and their cellular lipids were isolated and analyzed by thin 
layer chromatography (TLC; see below) to determine the 
amount of 14C-labeled squalene that  had been converted 
to squalene epoxide and squalene diepoxide. In most 
cases, the level of squalene epoxidase activity in vivo is 
reported as the percent of '4C-labeled squalene present at 
time 0 that was converted to squalene epoxide + squalene 
diepoxide during the chase. 

Lipid analyses. Total cellular lipids were extracted from 
lyopbillzed yeast cells and separated by TLC as described 
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previously (9). '4C-Labeled lipids were localized by either 
autoradiography using Kodak XAR-5 film, or by the use 
of a linear radioactivity detector (Bioscan, Washington, 
DC), and quantitated by either liquid scintillation count- 
ing or by use of the Bioscan instrument. 

Following separation of cellular lipids by TLC, phos- 
pholipids remaining at the origin were treated with 
BF3-MeOH at 100 C for five min, and the fatty acyl 
m e t h y l  esters were extracted into pentane. Fat ty  acyl 
methyl esters were analyzed by gas liquid chromatog- 
raphy (GLC) using a Perkin-Elmer Sigma 3B gas chroma- 
tograph equipped with a six-ft glass column packed with 
SP2330 ISupelco) and a program having an initial time 
of  0 rain, a ramp rate of 5 C/min, a final time of 11 min, 
initial temperature of 135 C and a final temperature of 
175 C. 

RESULTS AND DISCUSSION 

Using the pulse-chase protocol described previously (9), 
a variety of unsaturated fatty acids were compared for 
the ir  ability to restore squalene epoxidase activity in vivo. 
As shown in Figure l, all of the unsaturated fatty acids 
t e s t e d  promoted the conversion of squalene to squalene 
e p o x i d e  and squalene diepoxide but there were marked 
d i f f e r e n c e s  in their efficacies. Cetoleic acid (20:1) only was 
e f f e c t i v e  marginally in restoring squalene epoxidase ac- 
tivity, while linoleic acid (18:2) was the most effective of 
t h e  unsaturated fatty acids tested. The other unsaturated 
fatty acids tested (myristoleic acid, 14:1; palmitoleic acid, 
16:1; ole ic  acid,  18:1A9; petroselenic acid, 18:1A6; and 
elaidic acid, t rans-18: lA  9) were found to be intermediate 
in their effectiveness. Thus, while squalene epoxidase ap- 
pears to  require unsaturated fatty acids for activity, the 
requirement is nonspecific in that it can be satisfied by 
unsaturated fatty acids differing in their chain lengths 
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FIG. 1. Effect of unsaturated fatty acid supplements on squalene 
epoxidase activity. S. cerevisae strain GL7 was incubated for 14 hr 
in the absence of exogenous unsaturated fatty acids, with [1-'4C] 
acetate being added during the final two hr {pulse period} to label 
endogenous squalene. The cells subsequently were washed and in- 
cubated in the presence of one of the indicated unsaturated fatty 
acid supplements. After an additional six-hr incubation (chase period), 
cellular lipids were extracted and analyzed by TLC. The data are 
presented as the percent of endogenous "C-labeled squaiene con- 
verted to squaiene epoxide -F squalene diepoxide. 

as well as in the position, number and orientation of their 
unsaturations. 

One possibility for the differing efficacies of the un- 
saturated fatty acids is that during the six-hr chase 
period, they were incorporated to varying extents reflect- 
ing differences in their suitabilities as substrates for fatty 
acid transport or phospholipid biosynthesis. To examine 
this possibility, the phospholipid fatty acid profiles of the 
cells shown in Figure 1 and the cells of three additional 
experiments were determined by GLC. When the unsatu- 
rated fatty acid compositions of cellular phospholipids 
were plotted as a function of the amount of '4C-labeled 
squalene converted to squalene epoxide and squalene 
diepoxide during the six-hr chase period {Fig. 2A), a 
positive correlation (r = 0.743} was observed consistent 
with unsaturated fatty acids being required for squalene 
epoxidase activity. From the best-fit line shown in Fig- 
ure 2A, values for the amounts of phospholipid un- 
saturated fatty acids that would support minimal and 
maximal squalene epoxidase activity were determined to 
be ca. 20% and 70%, respectively. Conversely, if the 
medium-chain (C-10 + C-12) saturated fatty acid content 
of the same cells was plotted as a function of squalene 
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FIG. 2. Correlation between membrane fatty acid composition and 
squalene epoxidase activity. Phospholipid fatty acid compositions 
were determined for the cells analyzed in Figure I, as well as for 
cells from three other identical experiments. The amount of endo- 
genous '4C-labeled squalene converted to squalene epoxide -t- 
squalene diepoxide during the six-hr chase period was plotted on 
the X-axis vs either the percent of unsaturated fatty acids (Panel 
A) or the percent of medium chain saturated fatty acids (C-10 + C-12) 
present in total cellular phospholipids on the Y-axis {Panel BI. Linear 
regression analyses were performed to determine best-fit lines. 
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FIG. 3. Time.course of squalene and C-10 + C-12 fatty add turnover 
in unsaturated fatty acid-supplemented cells. S. cerevisiae strain 
GL7 was subjected to the same pulse-chase protocol as des~bed 
in the legend to Figure 1. During the thane period, cells were in- 
cubated in the presence of either oleic acid {18:19}, elaldic acid 
{trans-18:l 9) or linoleic acid 118:2) and at two-hr intervals aliquots 
of the cultures were analyzed for turnover of both "C-labeled 
squalene and C-10 + C-12 fatty acids. The data are presented as the 
percent of either endogenous "C-labeled squalene or C-10 + C-12 
fatty acids remaining at the indicated times. 

epoxidase activity (Fig. 2B), a negative correlation (r = 
--0.898) was obtained. The best-fit line shown in Fig- 
ure 2B indicates that squalene epoxidase should be ac- 
tive maximally when C-10 + C-12 are absent from yeast 
membranes but it should be totally inactive when the 
amount of C-10 + C-12 fat ty acids approaches 35% of 
total phospholipid fat ty acids. Since unsaturated fatty 
acids and C-10 + C-12 fat ty acids are incorporated 
primarily into the 2-position of cellular phospholipids (10; 
S.L. Brint and T.M. Buttke, unpublished data), it appears 
that squalene epoxidase activity totally is inhibited when 
the ratio of mixed-chain saturated phospholipids (i.e. 
those containing palmitic acid at the 1-position and a C-10 
or C-12 fatty acid at the 2-position [11]) to phospholipids 
containing unsaturated fatty acids approaches 2:1. 

To further correlate squalene epoxidase activity with 
the levels of C-10 + C-12 fatty acids in cellular phospho- 
lipids, strain GL7 was subjected to the same pulse-chase 
protocol described above, except that during the chase 
period aliquots were removed at two-hr intervals for 
subsequent lipid analyses. The data in Figure 3 show that 
in cells supplemented with 18:lA 9, t r a n s - 1 8 : l A  9 or 18:2, 
squalene turnover parallels the disappearance of C-10 and 
C-12 fat ty acids from membrane phospholipids, further 
demonstrating the relationship between membrane fatty 
acid composition and squalene epoxidase activity in 
yeast. 

The restoration of squalene epoxidase activity that oc- 
curred following the readdltion of olefinic supplements 
to unsaturated fatty acid-deprived cells could result from 
either the activation of pre-existing, but previously inac- 
tive squalene epoxidase enzyme, or from the de novo syn- 
thesis of new enzyme. In an attempt to distinguish be- 
tween these two possibilities, strain GL7 was subjected 
to the usual pulse-chase protocol except that during the 
chase period cycloheximide was added to block de novo 
protein synthesis. At two hr intervals, aliquots were 
removed from the cultures, and the effects of the protein 
synthesis inhibitor on squalene turnover were determined. 
In the experiment shown in Figure 4A, the addition of 
cycloheximide (5 pg/ml) to 18:lA9-supplemented cells in- 
hibited the conversion of squalene to squalene epoxide 
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FIG. 4. Effect of cycloheximide on the turnover of squalene and 
diacylglycerides. S. cerev/s/ae strain GL7 was subjected to the same 
pulse-chase protocol as described in the legend to Figure 1. During 
the chase period, cells were incubated either in the absence (o) or 
presence (.) of oleic acid, or in the presence of oleic acid and cyclohex- 
imide (&) and st 2-hr intervals aliquots of the cultures were analyzed 
for turnover of both "C-labeled squalene and '4C-labeled diacylglyc- 
erides. The data are presented as either the percent of '4C-labeled 
squalene remaining (left panel) or as the ratio of '4C-labeled diacyl- 
glycerides to 14C-labeled triacylglycerides (right panel) at the in- 
dicated times. 

and squalene diepoxide by 63% relative to control cells. 
This experiment was performed three times with 
cycloheximide inhibiting squalene epoxidase activity by 
an average of 71%. That cycloheximide was not merely 
blocking unsaturated fat ty acid uptake or affecting 
cellular lipid metabolism in general was confirmed by 
assessing the effects of the drug on diacylglyceride turn- 
over. As described previously (9), during unsaturated 
fat ty acid deprivation, strain GL7 accumulated signifi- 
cant levels of diacylglycerides at the expense of triacyl- 
glycerides. Following the readdition of unsaturated fatty 
acid supplements, the accumulated diacylglycerides were 
rapidly turned over with the labeled diacylglycerides 
being chased primarily into triacylglycerides (9). As 
shown in Figure 4B, the addition of 5 ~g/ml of cyclohex- 
imide had no effect on dlacylglyceride turnover (for three 
different experiments the average inhibition was <5%), 
indicating that  the drug did not inhibit lipid metabolism 
nonspecifically. These data suggest that  at least a por- 
tion of the squalene epoxidase activity recovered follow- 
ing the addition of unsaturated fatty acids is derived from 
de novo protein synthesis. 

In summary, the inhibition of squalene epoxidase ac- 
tivity that  accompanies unsaturated fatty acid depriva- 
tion in  S. c e r e v i s i a e  strain GL7 seems to result from a 
replacement of olefinic residues at position 2 of membrane 
phospholipids with medium chain (C-10 + C-12) saturated 
fat ty acids. The failure of the mixed-chain saturated 
phospholipids to support squalene epoxidase activity in 
yeast may stem from their tendency to adopt a unique 
bilayer structure (11). 
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Effects of Dietary Peanut Oil on Serum Lipoprotein Patterns of Rats 
Josephine Miller* and R.E. Worthington 
Department of Food Science, University of Georgia Agricultural Experiment Station, Experiment, GA 30212 

Oils prepared from two varieties of peanuts and from a 
hybrid corn having linoleic acid concentrations sub- 
stantially different from the respective commercial oils 
were compared with commercial oils for their effects on 
serum lipids of weanling female rats. In the first experi- 
ment, serum lipid patterns appeared to reflect linoleic 
acid content of the dietary oil. However, with a longer 
feeding period in the second experiment, serum lipid pat- 
terns were determined by the plant source of the dietary 
oil rather than its linoleic acid content; all peanut oils 
differed from both corn oils in their physiological effects. 
Diets containing triglyceride, hydrocarbon and sterol 
fractions obtained by liquid chromatography of peanut 
and corn oils were fed to female rats. The data provide 
no evidence that the hydrocarbon or sterol fractions of 
peanut oil are responsible for its unusual atherogenicity 
when fed as the sole fat source or that similar fractions 
from corn oil are protective against the effects of peanut 
oil. 
Lipids 23, 72-75 (1988). 

Atherogenicity of edible fats has been related to the 
degree of saturation of their component fatty acids {1); 
more unsaturated oils are reputed to be less choles- 
terolemic than those with fewer double bonds. However, 
peanut oil has been reported as unexpectedly atherogenic 
for rats, rhesus monkeys and rabbits (22), and its physio- 
logical effect is likened to that of a saturated fat. Corn 
oil was reported by Kritchevsky (3) to be the least athero- 
genic of several oils tested. In particular, peanut oil was 
more atherogenic than corn oil to rabbits (4) although 
both commercial oils contain about 80% unsaturated 
(oleic plus linoleic) fat ty acids. 

The hypocholesterolemic effects of unsaturated fats 
have been attributed to their content of polyunsaturated 
fatty acids (5). Linoleic acid is the major polyunsaturated 
fat ty acid of corn and peanut oil, comprising about 60% 
of the totally fatty acids in commercial corn oil. Worthing- 
ton and Hammons {6} reported values of 14 to 40% linoleic 
acid for oil derived from several peanut varieties. 

Kritchevsky et al. (7) suggested that  the triglyceride 
structure of peanut oil might be responsible for its 
physiological effects and presented preliminary evidence 
that randomized peanut oil was no more atherogenic than 
corn oil. 

Although the acylglycerols of most seed oils make up 
at least 95% of the oils by weight, the remaining fraction 
consists of a mixture of classes of compounds including 
steroid and nonsteroid substances (8}. The atherogenicity 
of peanut oil could be attributable to an alkali labile or 
soluble nonacylglycerol fraction that  is lost during re- 
fining or randomization. 

The major objective of these studies was to try to iden- 
tify the component of peanut oil that  is responsible for 

*To whom correspondence should be addressed. 
Abbreviations: FS, free sterols; HC, hydrocarbon and sterol esters; 
HDL, high density lipoprotein; LDL, low density lipoprotein; TG, 
triacylglycerol. 

its atherogenicity. In the first two experiments, effects 
of concentration of dietary linoleic acid were evaluated 
by comparing oils from two genotypes of peanut in which 
the content of this polyunsaturated fat ty acid was near 
the lower and upper limits reported for this species. 
Subsequent to the first experiment, grain from a hybrid 
corn with an unusually low linoleic acid concentration in 
its oil became available. Since the linoleic acid content 
of oil from the hybrid corn was about equal to that of oil 
from the high-linoleic acid peanut genotype, a comparison 
of their physiological effects seemed particuarly appro- 
priate. 

Experiment 3 was designed to test nontriglyceride com- 
ponents of peanut oil for their effects on rat serum lipopro- 
tein patterns. 

A corollary to the hypothesis of an active atherogenic 
factor in peanut oil is the possibility that  corn oil con- 
tains a factor that  suppresses atherogenesis. Therefore, 
in the fourth study corn oil was fractionated to determine 
if some nontriglyceride part of this oil might modify the 
physiological response of the test animals to dietary 
peanut oil. 

MATERIALS AND METHODS 
Distribution of fat ty acids in oils was determined by gas 
liquid chromatography following methylation in a mix- 
ture of methanol, benzene and sulfuric acid (9). Analyses 
were performed on a Microtek 220 chromatograph 
equipped with dual flame ionization detectors and a 
180 X 0.4 cm glass column packed with 10% Silar 7CP 
on 80/100 Chromosorb WIAW)(DMCS) maintained at 
210 C. 

Native peanut and commercial corn oils containing 
about 32% and 59% linoleic acid, respectively, were frac- 
tionated using liquid chromatography on silica gel col- 
umns as described by Worthington and Hitchcock (8). The 
fraction, containing hydrocarbons and sterol esters {HC}, 
was eluted with 2% ethyl acetate in hexane, the triacyl- 
glycerol (TG} fraction with 10% ethyl acetate in hexane, 
and the fraction containing free sterols {FS) with ethyl 
acetate. The percentages of these fractions in peanut and 
corn oils were HC, 0.5% and 0.8%; TG, 97.0% and 95.6%; 
and FS, 2.5% and 3.6%, respectively. 

The experimental diets {Table 1) were adequate nutri- 
tionally for the rat and differed only in source of oil, which 
made up 20% of the weight of the diets. In experiments 
1 and 2, the oil for each diet was derived solely from one 
of the selected peanut or corn sources. The components 
of the dietary oils for experiments 3 and 4 are set forth 
in Table 2 along with the designation for each diet that 
will be used henceforth. Whole oils and TG fractions were 
used as the sole source of lipid. HC and FS fractions were 
added in proportion to their content in the whole oil with 
the remainder of the dietary lipid provided by whole oil 
from the other oil seed {Table 2). During the feeding 
periods, an accurate measure of food intake by each rat 
was obtained. 

Weanling female rats {Crl:CDR [SD]BR, Charles River 
Breeding Laboratories, Wilmington, MA) were housed 
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TABLE 1 

Composition of Diets 

Ingredient g/kg 

Casein 200 
Methionine 3 
Vitamin mix a 22 
Mineral mixb 35 
Cellulose a 100 
Sucrose, powdered 170 
Corn starch 250 
Cholesterol 20 
Oil 2OO 

aVitamin Diet Fortification Mixture, U.S. 
Biochemical Corp. ICleveland, OH}. 
bMix UCB-1Rb, ref. 13. 

TABLE 2 

Composition of Lipids in Diets Fed in Experiments 3 and 4 

Lipid composition 

Peanut oil Corn oil 

# Designation Fraction g/kg Fraction g/kg 

1 Peanut Whole 200 None 
2 Peanut TG TG 200 None 
3 Peanut HC HC 1 Whole 200 
4 Peanut FS FS 5 Whole 195 
5 Corn None Whole 200 
6 Corn TG None TG 200 
7 Corn HC Whole 198 HC 1.6 
8 Corn FS Whole 193 FS 7.2 

Abbreviations: TG, triglyceride fraction; HC, hydrocarbon and sterol 
ester fraction; FS, free sterol fraction. 

individually in stainless steel cages with wire mesh floors 
and provided with deionized water and diet ad libitum. 
The environment was maintained at 21 _ 1 C with 12-hr 
light-dark cycles. Following two days of acclimatization 
after being received in the laboratory, 10 rats  were al- 
lotted on the basis of body weight to each dietary treat- 
ment  group. 

At  the end of the test period, the rats were fasted over- 
night (15 to 18 hr} and 100-200 ~l blood samples, obtained 
by amputa t ing the tip of the taft, were collected in Micro- 
tainers IBecton-Dickerson, Rutherford, N J) and centri- 
fuged to separate serum for assessment of serum lipopro- 
tein patterns.  The rats  again were fed for several days 
and then fasted overnight. With the animals under pen- 
tobarbital anesthesia, blood was obtained by a heart punc- 
ture in heparinized syringes for serum cholesterol 
determinations. 

Lipoprotein patterns were evaluated by elecrophoresis 
on Aragose films (Agarose Universal Electrophoresis 
Film, Coming Medical, Medfield, MA). Two 1 IA aliquots 
of serum were added sequentially to sample wells, allow- 
ing sufficient time for diffusion of the first before addi- 
tion of the second. Each sample was analyzed in triplicate 

TABLE 3 

Growth Performance of Rats Fed Diets Containing Corn 
and Peanut Oils 

Diet treatment 

Weight Feed Feed 
gain intake efficiency 
{g) Ig) {gain/intake} 

Experiment 1, 31 days 
Commercial corn oil 147 414 0.35 
White skin peanut oil 141 418 0.34 
Jenkins jumbo peanut oil 153 425 0.36 

(Pooled SE b) {5.5} {9.3} 10.007} 

Experiment 2, 49 days 
Commercial corn oil 193 578 0.33 
Hybrid corn oil 195 588 0.33 
White skin peanut oil 180 553 0.32 
Commercial peanut oil 183 574 0.32 
Jenkins jumbo peanut oil 177 536 0.33 

{Pooled SE} {5.8} (13.94} {0.006} 

Experiment 3, 46 days 
Peanut 188 685bc 0.27a 
Peanut TG 199 863a 0.23b 
Peanut HC 179 635c 0.28a 
Peanut FS 183 675bc 0.26a 
Corn 210 740b 0.28a 

{Pooled SE} {9.3} {22.7} {0.006} 

Experiment 4, 45 days 
Peanut 178 644 0.28 
Peanut TG 174 673 0.26 
Peanut HC 168 647 0.26 
Peanut FS 164 621 0.26 
Corn 161 685 0.24 
Corn TG 179 653 0.27 
Corn HC 167 633 0.26 
Corn FS 173 640 0.27 

(Pooled SE} {7.4} (19.9} {0.006} 

aTen rats per treatment. Values for each parameter within an ex- 
periment followed by no common letter are significantly different 
at P ~< 0.05. 
bpooled standard error of dietary treatment means. 

with each replication being applied to a different film. 
Electrophoretograms were developed and scanned as 
described previously (10}. The low density lipoprotein 
(LDL} and high density lipoprotein (HDL} peak heights 
were measured in mm, and LDL/HDL ratios were calcu- 
lated and averaged across replicates. Though the peak 
area may be a more accurate measure of the amount  of 
a substance on a chromatogram than is peak height, the 
peaks measured were symmetrical, and their heights were 
considered adequately representative of lipoprotein quan- 
t i ty  for the comparisons made in these studies. 

Total cholesterol was determined in whole serum by a 
modification of the Abell-Kendall procedure (ll), LDL 
were precipitated with heparin and manganese/12} and 
HDL cholesterol in the supernatant serum determined as 
described (11}. 

RESULTS AND DISCUSSION 

The experimental diets promoted rapid growth of the 
young female rats throughout  the test  periods {Table 3). 
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TABLE 4 

Lipoproteins and Cholesterol in Serum of Rats Fed Diets Containing Corn and Peanut Oils a 

Diet treatment 

Blood serum components 

Lipoprotein 
Oil 18:2 b (%) LDL/HDL Total 

Cholesterol (mg/ml) 

HDL HDL/total, % 

Experiment 1, 31 days 

Commercial corn 60.9 2.1b 0.4b 0.10a 
White skin peanut 38.7 3.7ab 0.6ab 0.08b 
Jenkins jumbo peanut 20.8 5.5a 0.Sa 0.04c 

(Pooled SE c) (0.90) {0.09) (0.015) 

Experiment 2, 49 days 

Commercial corn 58.8 7.8b 0.9 0.14a 
Hybrid corn 40.4 6.6b 1.1 0.13a 
White skin peanut 38.7 10.2a 1.0 0.06b 
Commercial peanut 33.1 12.0a 1.4 0.08b 
Jenkins jumbo peanut 23.4 11.5a 1.3 0.07b 

(Pooled SE) (1.45) (0.18) (0.02) 

Experiment 3, 46 days 

Peanut 35.1a 1.6a 0.05b 
Peanut TG 15.8b 1.8a 0.06b 
Peanut HC 4.5b 0.7b 0.10a 
Peanut FS 8.0b 1.2ab 0.06h 
Corn 8.5b 0.8b 0.10a 

(Pooled SE) (5.1) (0.25) (0.008) 

Experiment 4, 45 days 

Peanut 26.2a 2.2 
Peanut TG 18.3a 1.6 
Peanut HC 7.7b 1.6 
Peanut FS 6.5b 1.3 
Corn 7.3b 1.4 
Corn TG 7.1b 1.0 
Corn HC 22.5a 1.8 
Corn FS 22.9a 2.0 

(Pooled SE) (3.7) (0.3) 

28.2a 
19.8a 
6.2b 

{3.6) 

14.1a 
ll.3a 
6.2b 
5.9b 
5.9b 

(2.1) 

aTen rats per treatment. Values for each parameter within an experiment followed by no common letter are 
significantly different at P ~ 0.05. 
bLinoleic acid content (% of total fatty acids) of oil in diet. 
cPooled standard error of dietary treatment means. 

There were no s tat is t ical ly  significant differences in 
weight  gain due to d ie tary  t r ea tmen t s  in any  of the ex- 
periments.  Feed intake var ied somewhat  among  the diet 
groups in exper iment  3, resul t ing in a lower ra te  of con- 
version of feed to body  mass  by  the group of r a t s  fed 
peanut  TG as a source of d ie tary  fat. 

The Jenkins  jumbo peanut  oil with 21% linoleic acid 
evoked significantly different serum lipoprotein and 
cholesterol responses in the female ra ts  than  did the com- 
mercial corn oil with 61% linoleic acid in exper iment  1 
(Table 4). The high L D L / H D L  rat io and low rat io of 
HDL/ to ta l  cholesterol in serum of ra t s  fed this peanut  
oil are compatible with current theories of blood lipid com- 
posit ion t ha t  is conducive to atherogenesis.  Serum lipid 
da ta  for r a t s  fed the White  skin peanut  off in this experi- 
ment  were in termedia te  between those  for ra t s  fed the 
other two otis. Since the linoleic acid content  of the former 

oil also was in termedia te  between t h a t  of the  la t ter  two 
otis, these da ta  could be in terpre ted  to suppor t  the con- 
cept  of an inverse relat ionship between po lyunsa tu ra ted  
(linoleic) f a t ty  acid content of an oil and its atherogenicity. 

The feeding period was extended f rom 31 days  in ex- 
per iment  1 to 49 days  in exper iment  2. The higher values 
for L D L / H D L  rat ios  found in the la t ter  over  those in the 
former reflect the longer exposure of the ra ts  to the diets. 

In  exper iment  2, the L D L / H D L  rat io was higher for 
r a t s  fed each of the diets containing peanut  oil than  for 
ra t s  fed either of the diets containing corn oil. Despi te  
the nearly identical linoleic acid content of the hybrid corn 
off and the White  skin peanut ,  r a t s  fed diets  containing 
the two oils exhibited dist inct ively different l ipoprotein 
rat ios  and serum H D L  cholesterol contents .  

Al though the commercial  corn oil contained 59% 
linoleic acid and the hybrid corn oil 40%, both oils elicited 
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similar LDL/HDL ratios and serum cholesterol concen- 
t ra t ions in the rats. In like manner, the three peanut  oils 
with linoleic acid concentrat ions of 39%, 33% and 23% 
produced similar values for the serum lipid parameters  
among the groups of ra ts  fed diets containing each of 
them. 

The lack of significant difference in the first experiment 
between response of ra ts  fed the White skin peanut  oil 
with 39% linoleic acid and those fed corn oil could be 
at t r ibutable  to the shorter  t ime in which the rats  were 
subjected to the dietary t reatments .  The serum lipid 
values characteristic of peanut oil may require more than 
31 days for full development under conditions of these 
experiments.  Also, the onset  of differential response to 
type  of dietary oil may  occur several weeks after wean- 
ing in the rat.  

In these studies, the physiological response to source 
of dietary oil appears to be characterist ic of the species 
of plant from which the oil was derived rather  than to the 
fa t ty  acid composition of oil from individual genotypes.  

The female rats  in experiments 3 and 4 remained 
heal thy and presented no overt  evidence tha t  the com- 
ponents of peanut and corn oil derived from the fractiona- 
t ion procedure were detr imental  to growth performance 
of the animals. The LDL/HDL ratios were highest for the 
groups of ra ts  fed whole peanut  oil in both experiments 
{Table 4). Addition of the hydrocarbon fraction or FS frac- 
t ion of peanut  oil to diets containing whole corn oil 
resulted in lipoprotein pat terns  similar to those of ra ts  
fed only corn oil. Thus, the data  from these studies pro- 
vide no evidence tha t  the hydrocarbon and FS fractions 
of peanut  oil contain substances tha t  can elevate the 
serum LDL/HDL ratio of rats. 

In the last  study, ra ts  fed diets having the hydrocar- 
bon fraction or the FS fraction of corn oil added to diets 
containing peanut  oil had serum lipoprotein pat terns  
similar to those of ra ts  fed only peanut  oil. These frac- 
tions of corn oil provided the rats  with no protect ion 
against  the physiological effects of peanut  oil on their 
serum lipid profiles. 

The effects of peanut  TG fraction on the LDL/HDL 
ratio is ambiguous in these studies. The mean value for 
the ratio was between tha t  for whole peanut  and whole 
corn oil in both  studies but  was not  discrete statist ically 
from both  of the oils in either. The results obtained could 
indicate partial  loss of one agent or loss of one or more 
of multiple agents  responsible for the metabolic effects 
of peanut oil during its fractionation by the described pro- 
cedure. Further evidence relating to this hypothesis could 
be obtained in a future experiment in which the three com- 
ponents  of fract ionated peanut  oil were recombined and 
effects on LDL/HDL ratio of the mixture  compared with 
the original oil. 

Total  serum cholesterol values tended to be higher in 
rats  fed diets containing 19-20% peanut oil or peanut TG 

than  in those fed diets with most  of the fat from corn, 
though those fed diets containing corn oil supplemented 
with peanut  FS in experiment 3 and with peanut  hydro- 
carbons in experiment 4 evidence somewhat higher sterol 
values than expected. 

The data  presented indicate tha t  the physiological 
reponse of young female rats  to dietary peanut  oil is dif- 
ferent from tha t  to corn as a source of dietary lipids. The 
serum lipoprotein pat terns  and cholesterol levels elicited 
by peanut  oil currently are believed to be conducive to 
atherogenesis and, thus, to be undesirable. The data  do 
not substantiate the hypothesis tha t  linoleic acid content 
of dietary fat is a decisive factor in determining its 
atherogenecity.  

The fractionation scheme applied to the oils separated 
from the major TG component one portion of substances 
less polar than TG {e.g., HC) and another portion of com- 
ponents tha t  would be slightly more polar than the TG 
such as FS. The da ta  presented provide no evidence tha t  
either of these lat ter  minor components  of peanut  oil are 
responsible for its atherogenecity or tha t  either of the 
similar portions of corn oil counteract  the physiological 
effects of peanut  oil. The data  do indicate tha t  the eleva- 
tion in serum LDL/HDL ratio might  be somewhat less 
with the purified peanut  TG fraction than with whole 
peanut  oil. A different fractionation scheme might  be 
found to reduce further  the adverse effect of dietary 
peanut  oil. 
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ERRATA 

In the paper "Cytotoxic Activity of the Thioether Phospholipid Analogue 
BM 41.440 in Primary Human Tumor Cultures" by Dieter B.J. Herrmann 
and Herbert A. Neumann, Lipids 22, 955-957 (1987), the formula of BM 
41.440 given in Scheme 1 on page 955 is incorrect. The correct formula is 
shown on page 952. 

In the paper "Phase I Trial of the Thioether Phospholipid Analogue BM 
41.440 in Cancer Patients" by Dieter B.J. Herrmann, Herbert A. Neumann, 
Wolfgang E. Berdel, Manfred E. Heim, Michael Fromm, Dietmar Boerner 
and Uwe Bicker, Lipids 22, 962-966 (1987), the chemical structure of BM 
41.440 on page 962 is in error. The substituent in position-2 should be 
methoxymethyl. The correct structure is shown on page 952. 
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A u t o ~ x i d a t i o n  products  of  cholesterol  m a y  play a role 
in atherogenesis .  In order to  determine whether  choles- 
terol  or 25-hydroxycholesterol ,  a cholesterol  auto-oxida- 
t ion product, affected growth of vesse l  wal l  cells, sparse 
and conf luent  cultures of  rabbit thoracic aorta smooth  
musc le  cells and human umbilical  vein endothelial  cells 
were exposed to  these  compounds  for 88 hr. The com- 
pounds were administered at 10 -4, 10 -S, 10 -6 or 10 -7 M in 
either ethanol  or fetal  bovine serum (FBS) vehicle. Cells 
were counted electronically,  and the results  were ex- 
pressed as the percent growth in experimental  v s  control 
wells .  Cholesterol  did not  inhibit cell growth under any 
experimental  condition.  25-Hydroxycholesterol  had the 
fol lowing effects: inhibited confluent  smooth  muscle  cell 
growth at 10 -4 M in ethanol  vehicle only; inhibited sparse 
s m o o t h  musc le  cell growth  in a dose-related manner  at 
10 -4, 10 -5 and 10 -6 M in ethanol  vehicle, but in F B S  vehi- 
cle inhibited at only 10 -4 and 10 -5 M; inhibited conf luent  
human umbilical vein endothelial cells at 10 -~ M in ethanol 
vehicle only; and inhibited sparse human umbilical  ve in  
endothelial  cell growth at 10 -4 and 10 -5 M in ethanol  vehi- 
cle only.  Thus,  rabbit aortic s m o o t h  muscle  cell growth 
was  more sensitive to inhibition by 2~hydroxycholesterol  
than human umbilical  vein endothelial  cell growth was.  
Lipids 23, 85-88 (1988). 

Elevated levels of serum cholesterol have been associated 
with increased risk of developing atherosclerosis in man 
(1,2). Additionally, studies in rabbits have indicated that 
cholesterol and its oxygenated products enhance arterial 
lesion formation (3,4). Imai et al. (3) had demonstrated 
that USP-grade cholesterol contained contaminants that 
when concentrated and administered to rabbits by 
gavage, caused increased aortic smooth muscle cell death 
after 24 hr, compared with purified cholesterol. Further 
analysis showed that the principle active contaminants 
were 25-hydroxycholesterol and cholestane-3~,5a,6~-triol 
(4}. These same compounds were reported to be cytotoxic 
to confluent cultured rabbit aortic smooth muscle cells 
at concentrations of 5 • 10 -5 M to 1 • 10 -4 M (5}. Fur- 
thermore, scanning and transmission electron microscopic 
studies showed that when rabbits were given 25-hydroxy- 
cholesterol (2.5 mg/kg, intravenously} there were signifi- 
cantly more aortic lesions within 24 hr of injection in the 
25-hydroxycholesterol groups than in the control group 
(6). Areas of endothelial cell damage and subendothelial 
edema were apparent {6}. These studies have led to the 

'Part of this work was presented at the 10th Annual Hugh Lofland 
Conference on Arterial Wall Metabolism, Boston, MA, in 1985 and 
at the 70th Annual FASEB Meeting, St. Louis, MO, in 1986. It is 
published in abstract form {Fed. Proc. 45;684, 1986). 
*To whom correspondence should be addressed. 
Abbreviations: ANOVA, analysis of variance; EC, endothelial cells; 
EDTA, ethylenediamine tetraacetic acid; FBS, fetal bovine serum; 
HAEC, human thoracic aorta endothelial cells; HUVEC, human um- 
bilical vein endothelial cells; SEM, standard error of the mean; SMC, 
smooth muscle cells. 

suggestion that the oxidized derivatives of cholesterol, 
rather than cholesterol per se, are important in initiating 
atherosclerotic lesions (3-5,7). 

While previous studies showed decreased cell growth 
in sparse cultures of L-cells (8), primary fetal liver cells 
and hepatoma cells (9) exposed to 25:hydroxycholesterol, 
these cell types are not involved in the atherosclerotic 
lesion. In the report concerning the effects of 25-hydroxy- 
cholesterol on cultured aortic smooth muscle cells by 
Peng et al. (5), only confluent cultures of smooth muscle 
cells were studied, and the cytotoxicity of 25-hydroxy- 
cholesterol was evaluated only by light microscopic 
estimation of the percentage of dead and dying cells. 

The experiments reported here were initiated to deter- 
mine in a quantitative fashion the effects of 25-hydroxy- 
cholesterol and cholesterol on in vitro growth of aortic 
smooth muscle cells (SMC) and endothelial cells (EC), two 
cell types that play major roles in the development of 
atherosclerotic lesions (10). To this end, both sparse (log 
phase) and confluent SMC and EC cultures were exposed 
to pure 25-hydroxycholesterol or recrystallized choles- 
terol. Sparse SMC cultures might approximate the con- 
ditions found as SMC begin to migrate from the media 
into the intima; confluent SMC cultures resemble the 
aortic media in that  they are multilayered and relatively 
nonproliferative. Similarly, sparse EC cultures could be 
an approximate model for areas of intimal injury or 
denudation, while confluent EC cultures approximated 
the intact intima. EC derived from human thoracic aorta 
(HAEC} would have been ideal for these experiments; 
however, we have very limited access to normal adult 
human tissue. Therefore, we used EC derived from human 
umbilical vein (HUVEC). We occasionally have had ac- 
cess to HAEC for smaller experiments and have found 
similar patterns of response in the HAEC and HUVEC. 
The determination of cell numbers in control and treated 
cultures was the endpoint of these studies. 

MATERIALS AND METHODS 

Materials. All tissue culture materials, with the follow- 
ing exceptions, were purchased from Grand Island 
Biological Co. {Grand Island, NY): fetal bovine serum was 
obtained from Sterile Systems {Logan, UT), and human 
fibronectin and endothelial cell growth factor were from 
the laboratory of Robert Weinstein, Boston, MA. All 
culture vessels were from Falcon Plastics (Oxnard, CA). 
Factor VIII-related antigen was obtained from Atlantic 
Antibodies (Scarborough, ME). Heparin was from Sigma 
Chemical Co. (St. Louis, MO). Recrystallized cholesterol 
and pure 25-hydroxycholesterol were from the laboratory 
of John Partridge, Hoffmann-La Roche Inc. (Nutley, N J). 

Cells. Rabbit thoracic aorta SMC were obtained from 
a 15-week-old male New Zealand White rabbit by a 
modification of the explant technique of Tansik et al. (11). 
The thoracic aorta was removed under aseptic conditions 
and placed in ice-cold growth medium consisting of 
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Dulbecco's Modified Eagle 's  Medium supplemented with 
100 U/ml penicillin, 100 ~g/ml streptomycin,  2.5 ~g]ml 
Fungizone and 10% fetal bovine serum. The vessel was 
passed over a dry glass rod to remove endothelial cells. 
The adventitia was removed with forceps under a dissect- 
ing microscope. Specimens of tissue were saved and ex- 
amined histologically with hematoxylin and eosin stain 
to verify the absence of adventit ia and endothelial cell 
layers. Pieces of tissue ca. 1 mm 3 were immobilized under 
glass cover slips in 60 nun-diameter culture dishes. When 
the cells in the dish virtually were confluent, the cells were 
harvested using a trypsin and ethylenediamine tetraacetic 
acid {EDTA) solution and plated into 75-cm 2 tissue 
culture flasks. Three serial passages at 20-rain intervals 
were performed to minimize contaminating fibroblast 
cells. The cells were passaged twice before being frozen. 
Cultures utilized in the study were at no greater passage 
number than four. 

HUVEC were obtained from the laboratory of Robert 
Weinstein, Boston, MA. They were found to be free of 
mycoplasma contamination (12) and exhibited a positive 
irnmunofluorescent response to antihuman factor VIII- 
related antigen {13}. Stocks of these cells routinely were 
maintained in tissue culture vessels treated with human 
fibronectin applied at 5-10 ~g/cmL HUVEC were grown 
in Medium 199 with Earle's salts supplemented with 
100 U/ml penicillin, 100 ~g/inl streptomycin, 2.5 ~g/ml 
Fungizone, 90 ~g/ml heparin {16.0 U.S.P. units/ml) and 
100 ~g/rnl endothelial cell growth factor. 
Cholesterol and 25-hydroxycholesterol were dissolved 

in 95% ethanol. When fetal bovine serum without ethanol 
was used as a vehicle, sonication in an L&R transistor/ 
ultrasonic T-28 sonicator at maximum output was em- 
ployed to reduce particle size and aid solubility. Care was 
taken so that the samples were not heated. 
Experimental design. Sparse and confluent cultures 

were grown in 35 turn dishes. Sparse cultures were seed- 
ed at 1.4 X I04 cells per dish in 2 ml of the appropriate 
growth medium supplemented with 10% fetal bovine 
serum {FBS). After six hr, this medium was aspirated and 
replaced with the appropriate media supplemented with 
experimental sterol, vehicle and FBS concentration. 
Cultures exposed to sterols at 10-' M, 10 -5 M, 10 -~ M and 
10 -7 M with ethanol as the vehicle had final ethanol con- 
centrations of 1%, 0.1%, 0.01% and 0.001%, respective 
ly. All dishes treated with sterols were compared with 
control dishes that had received equivalent amounts of 
vehicle. After 88 hr of treatment, the cells were trypsin- 
ized and counted electronically using a Coulter counter. 
Confluent cultures were treated identically to sparse 
cultures except that experimental treatment began one 
day after the cells reached confluence. After 88 hr of treat- 
ment, these cultures were trypslnized and counted. Dupli- 
cate or triplicate plates were counted for each experiment. 
Doses of 10 -7 M in SMC and 10 -6 M in HUVEC were 
tested only once. All other doses were repeated two to 
five times. Results are expressed as the percent growth 
in experimental dishes compared with appropriate con- 
trol dishes. 

Statistical analysis. A cell means model, an analysis of 
variance (ANOVA) varient {14}, was employed to deter- 
mine t reatment  significance. Results are reported as per- 
cent growth in experimental dishes vs control dishes +__ 
s tandard error of the mean (SEM). 

RESULTS 

Fetal bovine serum concentration effects. FBS concentra- 
tions of 10%, 5%, 2.5%, or 1% were tested to t ry  detect- 
ing any cytoprotective effect of FBS in cultures contain- 
ing 25-hydroxycholesterol. There was no consistent in- 
fluence of FBS on the effect of sterols on sparse or con- 
fluent SMC or HUVEC cultures. Therefore, for correct 
statistical analysis results have been pooled across serum 
concentrations. 

Effects of ethanol on SMC and HUVEC growth. 
Ethanol  at final concentrations of 1.0%, 0.1% and 0.01% 
had no effect on sparse or confluent SMC growth 
(Table 1). Similar results were obtained with sparse and 
confluent HUVEC cells {Table 1) except tha t  sparse 
HUVEC growth was decreased significantly to 75% of 
control Ip ~< 0.001) by 1.0% ethanol (Table 2). 

Effects of cholesterol on SMC and H U V E C  growth. 
Cholesterol in either FBS or ethanol vehicle did not af- 
fect significantly the growth of sparse or confluent SMC 
{Table 3). However, a trend to increased cell growth (119% 
of control} regardless of vehicle was observed with sparse 
SMC incubated with 10 -4 M cholesterol (Table 3). Cho- 
lesterol also had no significant effect on HUVEC growth 
except in ethanol vehicle at 10 -6 M, which stimulated pro- 
liferation 1121% of control) in the sparse HUVEC cultures 
{p ~< 0.0001) (Table 4). 

TABLE 1 

The Effect of Ethanol on Rabbit Aortic Smooth Muscle Cell Growth 
as Determined by Cell Number 

% Ethanol Confluent cultures a 

1.0 90 +- 2 
0.1 104 _+ 3 

Sparse cultures a 

1.0 92 +_ 5 
0.1 110 _ 6 
0.01 102 _ 6 

aThe results are the percent of control growth + SEM based on 
triplicate samples in one to five experiments after 88 hr of treatment. 

TABLE 2 

The Effect of Ethanol on Human Umbilical Vein Endothelial Cell 
Growth as Determined by Cell Number 

% Ethanol Confluent cultures a 

1.0 92 +_ 3 
0.1 95 _+ 3 

Sparse cultures a 

1.0 75 +__ 2* 
0.1 96 +- 3 
0.01 89 +_ 3 

aThe results are the percent of control growth _ SEM based on 
triplicate samples in one to five experiments after 88 hr of treatment. 
*P-value < 0.0001. 
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TABLE 3 

The  Ef f ec t s  of  Cholesterol  and 25 -Hydroxycho le s tero i  on Rabbi t  
Aortic Smooth Muscle Cell Growth as Determined  by  Cell Number 

Sterol 

Concentration Confluent cultures a 

M Ethanol FBS 

Cholesterol 

25-Hydroxycholesterol 

Cholesterol 

25-Hydroxycholesterol 

10 -4 96 • 3 104 • 5 
10 -5 97 • 3 105 • 3 
10 -~ 102 • 4 102 • 3 
10 -7 -- 103 • 5 

10-" 50+-- 2* 106•  6 
10 -5 93 • 2 107 +__ 3 
10 -~ 107 • 2 103 • 3 
i 0 - '  - -  105 • 5 

Sparse cultures a 

Ethanol FBS 

10 -4 119 • 9 119 • 7 
10 -s 98 • 4 92 • 4 
10 -6 101 • 3 93 • 4 
10-' - -  97 • 2 

10 -4 29 • 5* 68 • 17" 
10 -5 32 +__ 32* 52 • 4* 
10 -6 72 • 10" 97 • 5 
10 -7 -- 103 • 2 

aThese results are the percent of control growth • SEM based on 
duplicate samples in from one to five experiments after 88 hr of 
treatment. 
*P-values ~ 0.0001. 

TABLE 4 

The  Ef f ec t s  of Choles tero l  and 25 -Hydroxyeho le s t ero l  
on H u m a n  Umbi l i ca l  Vein  Endothe l ia l  Cell  Growth  
as Determined  by  Cell Number 

Concentration Confluent cultures a 

M Ethanol FBS 

Cholesterol 10 -4 89 • 5 93 • 4 

25-Hydroxycholesterol 10 -4 52 • 6* 96 • 4 
I0 -~ 103 • 3 -- 

Sparse cultures a 

Ethanol FBS 

Cholesterol 10 -4 103 - 7 101 +_ 4 
10 -s 97 + 6 96 • 8 
10 -6 121 • 3* 99 • 8 

25-Hydroxycholesterol 10 -4 73 • 6* 96 • 9 
10 -~ 73 • 5* 9 9 •  5 
10 -6 123 • 8* 100 • 8 

aThese results are the percent of control growth + SEM based on 
duplicate samples in from one to five experiments after 88 hr of 
treatment. 
*P-values ~ 0.0001. 

Effects of 25-hydroxycholesterol on SMC and HUVEC 
growth. Conf luen t  S M C  were  u n a f f e c t e d  b y  25-hydroxy-  
cho le s t e ro l  in F B S  vehic le  (Table  3). Howeve r ,  when  
e t h a n o l  was  t he  vehicle ,  2 5 - h y d r o x y c h o l e s t e r o l  a t  10 -4 M 
d e c r e a s e d  the  n u m b e r  of  con f luen t  S M C  to  50% of  t h e  
control value (p ~< 0.0001). This decrease was caused by 
cell death because the final number of cells in the treated 
wells was lower than the number of cells in the confluent 
cultures at the initiation of treatment. Sparse SMC 
growth was inhibited by 25-hydroxycholesterol in FBS 
vehicle to 68% of control at 10 -4 M {p ~ 0.0001) and to 
52% of control at 10 -s M {p ~ 0.001). When ethanol was 
the vehicle, sparse SMC growth also was inhibited in a 
dose response fashion by concentrations of 25-hydroxy- 
cholesterol from 10 -4 to 10-' M {p ~ 0.0001) (Table 3). 
When FBS was the vehicle, 25-hydroxycholesterol did not 
affect growth in sparse or confluent HUVEC cultures 
(Table 4}. With ethanol as the vehicle, confluent HUVEC 
growth was decreased to 50% of control by 10 -4 M 
25-hydroxycholesterol {p ~< 0.0001). As with the SMC, this 
dec rea sed  cell  n u m b e r  was  lower  t h a n  the  n u m b e r  of cel ls  
a t  in i t i a t ion  of t r e a t m e n t ,  re f lec t ing  cell d e a t h  r a the r  t h a n  
i nh ib i t i on  of g rowth .  G r o w t h  in s p a r s e  c u l t u r e s  w a s  
dec rea sed  27% a t  b o t h  10 -4 M {p ~< 0.001} and  10 -s M {p ~< 
0.0001) 2 5 - h y d r o x y c h o l e s t e r o l  (Table  4). G r o w t h  w a s  
s t i m u l a t e d  to  123% of c on t ro l  on ly  in s p a r s e  H U V E C  
cu l tu re s  b y  10 -6 M 25-hydroxycho les t e ro l  in e thano l  vehi- 
cle {p ~< 0.001) (Table  4). 

DISCUSSION 

Severa l  i n v e s t i g a t o r s  {3-5,7,15) have  p r o p o s e d  t h a t  auto-  
o x i d a t i o n  p r o d u c t s  of cho les t e ro l  r a t h e r  t h a n  cho les t e ro l  
i t se l f  a re  i n ju r ious  to  t h e  a r t e r i a l  wa l l  a n d  c o n s e q u e n t l y  
p l a y  a role  in a the rogenes i s .  Th i s  h y p o t h e s i s  l a rg e ly  is  
b a s e d  on e x p e r i m e n t s  t h a t  showed  b y  m o r p h o l o g i c a l  
c r i t e r i a  t h a t  cho les t e ro l  a u t o - o x i d a t i o n  p r o d u c t s ,  n o t  
pu r i f i ed  choles te ro l ,  were  t ox i c  to  v a s c u l a r  s m o o t h  mus-  
cle cel ls  in v i t r o  (5) a n d  to  t h e  e n d o t h e l i u m  in v ivo  (6). I n  
the  p r e s e n t  s t udy ,  t he  effects  of recrys ta l l iTed choles te ro l  
a n d  2 5 - h y d r o x y c h o l e s t e r o l  on the  g r o w t h  of  s p a r s e  a n d  
conf luent  r a b b i t  aor t ic  SMC and  H U V E C  were m e a s u r e d  
a f t e r  88 h r  of  t r e a t m e n t .  The  r e s u l t s  of  t h e s e  s t ud i e s  in- 
d i c a t e d  t h a t  F B S  c o n c e n t r a t i o n  d id  n o t  in f luence  t h e  ef- 
f ec t s  of  t h e  s t e ro l s  in e i the r  cell  t ype .  E t h a n o l ,  t h e  vehi-  
cle m o s t  c o m m o n l y  u s e d  for  in v i t r o  s t ud i e s  of  t h i s  t ype ,  
also h a d  no effect  on cell g r o w t h  excep t  t h a t  1.0% e thano l  
s i g n i f i c a n t l y  d id  i nh ib i t  s p a r s e  H U V E C  g rowth .  P e n g  
e t  al. (5) h a d  r e p o r t e d  t h a t  0.8% e t h a n o l  c a u s e d  no ob- 
v ious  morpho log ica l  ev idence  of c y t o t o x i c i t y  in conf luent  
S M C  a f t e r  24 hr. Therefore ,  our  r e s u l t s  i n d i c a t e  t h a t  t h e  
g r o w t h  a s s a y  m a y  be  a more  sens i t ive  m e a s u r e  of  e thano l  
ef fec ts  in s p a r s e  H U V E C  cul tures .  Recrys ta l l iTed  choles-  
t e ro l  d id  n o t  a f fec t  cell  g r o w t h  u n d e r  a n y  cond i t i on  ex- 
cep t  a t  10- '  M in e thano l  vehicle,  which  s t i m u l a t e d  s p a r s e  
H U V E C  g rowth .  

A s  h a d  been  r e p o r t e d  for  o t h e r  cell  t y p e s  {8,16), 25- 
h y d r o x y c h o l e s t e r o l  was  m o r e  e f fec t ive  a t  i n h i b i t i n g  
g r o w t h  in s p a r s e  t h a n  in con f luen t  S M C  a n d  H U V E C  
cul tures .  P r e s u m a b l y ,  s p a r s e  cu l tu re s  w i th  cells in t he  log  
p h a s e  of  g r o w t h  r equ i r e  more  cho les t e ro l  for  m e m b r a n e  
f o r m a t i o n  t h a n  do con f luen t  c u l t u r e s  (17). S ince  25- 
h y d r o x y c h o l e s t e r o l  dec rea se s  H M G - C o A  r e d u c t a s e  ac- 
t i v i t y  b y  s u p p r e s s i n g  gene  t r a n s c r i p t i o n  {18) a n d  b y  
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increasing enzyme degradat ion by  interact ing with the 
membrane-embedded port ion of the enzyme (19,20), 
sparse cultures are more affected than  are confluent 
cultures. 

H U V E C  cultures were less sensit ive to the growth in- 
hibitory effects of 25-hydroxycholesterol than  were SMC 
cultures. This effect m a y  be due in pa r t  to the fact  tha t  
the populat ion doubling t ime is four-fold fas ter  in SMC 
than in H U V E C  cultures (data not  shown). Only when 
the vehicle was ethanol did 10 -4 M 25-hydroxycholesterol 
decrease the number  of cells in confluent H U V E C  cul- 
tures.  Additionally, sparse  H U V E C  cultures were more 
resis tant  to 25-hydroxycholesterol than were sparse SMC 
cultures. In FBS vehicle, 25-hydroxycholesterol  did not  
inhibit g rowth  in sparse  H U V E C  cultures, whereas in 
ethanol vehicle there was growth inhibition at both  10 -4 M 
and 10 -s M (Table 4). 

In vivo exper iments  mean t  to demons t ra te  the effects 
of 25-hydroxycholesterol  on arterial  vessels ei ther have 
yielded conflicting resul ts  or the resul ts  are in terpre ted  
very  differently f rom invest igator  to invest igator .  One 
reason for this confusion is tha t  a mixture  of oxidized 
cholesterol contains numerous  different compounds  and 
varies t remendously in i ts  composition, depending on the 
circumstances.  Higley et al. (21) found tha t  rabbi t s  fed 
diets supplemented with either cholesterol or a mixture  
of oxidized cholesterol products  showed greater  lesion 
development  in the cholesterol-supplemented diet than  
in the oxidized cholesterol-supplemented diet. Kru t  (22) 
repor ted tha t  oxidized sterols enhanced the solubility of 
pure cholesterol implanted in ra ts  and concluded tha t  the 
presence of oxidized sterols enhanced the clearance of 
cholesterol and, therefore, decreased the risk of athero- 
sclerosis. On the other  hand, Peng et al. (6) and Taylor  
and Peng (7), using scanning and t ransmiss ion  electron 
microscopy, showed tha t  damaged aortic endothelial cells 
could be detected within 24 hr in rabbi t s  given concen- 
t r a t e s  of cholestrol oxidation products  either intra- 
venously or by gastr ic  gavage.  Confounding the problem 
in deciding the impor tance  of oxidized sterols in athero- 
genesis is the lack of knowledge of the normal  source of 
these compounds  in vivo. Foods containing oxidized 
sterols and auto-oxidation products  of serum cholesterol 
are potent ia l  sources of these compounds.  However,  it is 
difficult to measure  accurately the levels of oxidized 
s terols  in food and in se rum (23). Addi t ional ly ,  
25-hydroxycholesterol  was not detected using isotope 
dilution mass  spec t romet ry  in the se rum of eight  normal  
human  volunteers  in a repor t  by  J a v i t t  et  al. (24), 
a l though 26-hydroxycholesterol,  an enzymic product  of 
cholesterol metabolism, was detected. Thus, it remains  
a mat te r  of speculation as to whether vessel wall exposure 
to low levels of oxidized sterols over the long t ime period 
required for atherogenesis  represents  a significant r isk 
factor. 

The in vi t ro resul ts  presented in this repor t  indicate 
tha t  relat ively high concentrat ions of 25-hydroxycho- 
lesterol are required to inhibit the growth  or cause the 

death  of cultured aortic SMC and HUVEC,  even when 
adminis tered in ethanol vehicle tha t  enhances the abil- 
i ty  of these compounds to penet ra te  cell membranes  (25). 
These in vi t ro  da ta  and the da ta  of others  {5,8,16,26} 
demons t ra te  tha t  25-hydroxycholesterol inhibits growth 
in m a n y  types  of cultured cells. How these in vi t ro  
sys t ems  can be used to predict  in vivo effects is unclear. 
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Since the essential fatty acid linoleic acid is the precur- 
sor of arachidonic acid and thus of leukotriene B~ {LTB~}, 
essential fatty acid deficiency (EFAD) may result in 
decreased synthesis of this stimulator of neutrophil 
granulocyte functions. Peritoneal and blood neutrophils 
from rats fed a diet with only 0.3% of energy require- 
ments as linoleic acid and exhibiting biochemical evidence 
of EFAD showed substantial functional impairments 
compared to neutrophils from rats maintained on a diet 
with 3% of the energy requirement as linoleic acid. Ox- 
idative burst activation (assessed by chemi|nmluescence), 
chemotaxis and aggregation were impaired upon stimula- 
tion with formylpeptides or the ionophore A23187. In con- 
trast, these functions were intact on stimulation with ex- 
ogenous LTB4. Chemiluminescence was slightly but not 
significantly enhanced in EFAD rat neutrophils com- 
pared to controls when stimulated with phorbol myristate 
acetate (PMA}. There were no differences between EFAD 
and control peritoneal neutrophils in the number of f-met- 
leu-phe {fMLP) receptors, or in their affinity for the 
ligand, assessed with fML(3H}P. The fraction of respond- 
ing cells also were similar, assessed with dichlorofluores- 
cein diacetate fluorescence. Moreover, the endogenous 
LTB4production in response to A23187 or fMLP was de- 
creased by 57.7% and 63.5%, respectively, in EFAD peri- 
toneal neutrophils. Thus, EFAD was associated with 
reductions of LTB4 production and neutrophil respon- 
siveness to A23187 and formylpeptides but not to LTB~ 
or PMA, which supports the hypothesis that endogenous 
LTB4 may contribute to the activation of neutrophil fun~ 
tions involved in inflammation and host defense. 
Lipids 23, 89-95 (1988). 

Humans and many higher vertebrates are incapable of 
synthesizing linoleic acid (18:2n-6) (1) that consequently 
is an essential dietary requirement. Linoleic acid is 
metabolized by stepwise desaturation and elongation to 
arachidonic acid (AA, 20:4n-6), the obligate precursor to 
cyclooxygenase products, e.g. prostaglandins and throm- 
boxanes of the 2-series and lipoxygenase products, e.g. 
the leukotrienes of the 4-series (2). 

In neutrophils, the 5-1ipoxygenase pathway predomi- 
nates and one major product is 5(S),12(R)-dihydroxy- 
6,14-cis-8,10-trans-eicosatetraenoic acid, leukotriene B, 
(LTB,), formed by a hydrolase from the unstable allylic 
epoxide intermediate, 5(S)-trans-5,6-oxido-7,9-trans-ll,14- 
cis-eicosatetraenoic acid, leukotriene A4 (LTA4) (2). LTB, 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; CL, chemiluminescence; 
DCHF-DA, dichlorofluorescein diacetate; diHETE, dihydroxyeicosa- 
tetraenoic acid; EFA, essential fatty acid; EFAD, essential fatty 
acid; fMLP, N-formyl-methionyl-leucyl-phenylalanine; fMMMM, 
formyl-methonyl-methionyl-methionyl-methionyl-methionine; 
fNLPNTL, f~176176176 
leucine; HBSS, Hanks' balanced salt solution; HETE, hydrox- 
ytetraenoic acid; HSA, human serum albumin; LTA, leukotriene A; 
LTB, leukotrine B; PMA, phorbol myristate acetate. 

production substantially is increased in activated neutro- 
phils, e.g. after in vitro stimulation with the ionophore 
A23187 (3,4}, opsonized zymosan (5} or formyl peptides 
(2,6}. Exogenous LTB4 is a potent inducer of neutrophil 
adherence (7), chemotaxis (8) and aggregation (9). Neutro- 
phil degranulation (9} and oxidative burst  activity, as- 
sessed by chemiluminescence (CL} {10) or superoxide 
anion production {9,11}, also are initiated by LTB4. Based 
on these and other observations, LTB4 has been proposed 
as a putative endogenous mediator of neutrophil function 
in inflammation and host defense {10). 

Essential fat ty acid deficiency (EFAD) has been asso- 
dated with increased susceptibility to bacterial infections 
(12) and altered inflammatory responses (13,14}. Such 
observations might be explained partly by impaired 
leukocyte function following diminished production of 
lipid mediators from arachidonic acid. EFAD is asso- 
ciated with a decrease in arachidonic acid content of 
neutrophils and reduced production of cyclooxygenase 
products, as reported previously by us {15) and others 
(16}. Furthermore, it recently was reported that leuko- 
triene production in rat neutrophils was depressed in 
EFAD (17). 

Based on these considerations, the aim of this study 
was to assess whether neutrophil functions contributing 
to inflammatory response and host defense such as the 
oxidative burst activation, chemotaxis, aggregation and 
leukotriene generation were altered in rats with a dietarily 
induced EFAD. These studies could help to clarify the 
role of leukotrienes in the stimulation of neutrophil 
functions. 

EXPERIMENTAL 
Animals and diets. Two groups of male, adult Sprague- 
Dawley rats, maintained for several generations on diets 
differing in EFA content, were used for this study. 
Details of the animals, the diets, the EFAD state and 
nutritional status have been given previously (15,18}. 

Chemicals. Hanks' balanced salt solution (HBSS) was 
obtained from SBL (Stockholm, Sweden}. Luminol {10), 
human serum albumin (HSA, essentially fatty acid free}, 
phorbol myristate acetate (PMA) and sodium caseinate 
was obtained from Sigma Chemical Co. (St. Louis, MO). 
Dichlorofluorescein diacetate (DCHF-DA) was from 
Eastman-Kodak (Rochester, NY}. Ficoll-Paque was ob- 
tained from Pharmacia Fine Chemicals (Uppsala, 
Sweden}. Formyl-norleucyl-leucyl-phenylalanyl-norleucyl- 
tyrosyl-leucine (fNLPNTL}, formyl-methionyl-leucyl- 
phenylalanine (fMLP) and formyl-methionyl-methionyl- 
methionyl-methionine (fMMMM) were from Peninsula 
Laboratory {San Carlos, CA). Synthetic leukotriene B4 
(LTB4), dissolved in ethanol, was a gift from J. Pike (Up- 
john Co., Kalamazoo, MI} and J. Rokach (Merck-Frosst, 
Dorval, Canada). The ionophore A23187 was from Calbio- 
chem (LaJolla, CA}. FML(3H)P (46.7 Ci/mmol) was from 
New England Nuclear {Boston, MA), Versilube F50 
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silicon fluid from General Electric Co. (Waterford, NY) 
and NCS tissue solubilizer from Amersham Corp. (Amer- 
sham, U.K.). 

Preparation ofneutrophils. Rats were anesthetized with 
ether by inhalation. Neutrophils were harvested from 
peritoneal cavities 22 hr after injection of sterile sodium 
caseinate (12 mg/ml) by peritoneal lavage with HBSS. The 
peritoneal exudates were purified further on Ficoll-Paque. 
Blood was obtained by decapitation of ether-anesthetized 
rats, and leukocytes were purified by a standard FicoH- 
Paque technique (10). Peritoneal neutrophil preparations 
routinely were of 98% purity after purification and were 
suspended in HBSS with or without HSA, as indicated. 
Although the total yield of peritoneal cells was dependent 
on the amount of HBSS used in the lavage procedure, 
there were no consistent differences between the dietary 
groups. Typically, 80-100 X 106 neutrophils were ob- 
tained in technically successful lavages, the variation 
being from day to day rather than between dietary 
groups. 

Due to paucity of animals and blood and the small 
amounts of neutrophils obtained from blood, peritoneal 
neutrophils were used in all assays except where spe- 
cifically indicated. 

Using the assays for functional responses described 
below, we assessed whether the peritoneal cell harvesting 
technique had activated the neutrophils. The spontaneous 
chemiluminescence was <5 mV, which is within the limits 
for unstimulated rat blood neutrophils. Although spon- 
taneous aggregation was minimal for peritoneal cells, 
these migrated slightly farther than blood cells in absence 
of stimuli, thus activation of neutrophil functional re- 
sponses could not be demonstrated consistently but can- 
not be excluded. 

As reported, the peritoneal neutrophils from EFAD 
rats contained less linoleic acid and arachidonic acid than 
the control rats (15) and the relation of 20:3n-9/20"4n-6 
was 0.42 (15), which demonstrates the EFAD state {19). 
In the control rat peritoneal neutrophils, 20:3n-9 was not 
measurable (15}. The details of these analyses and of 
reduced generation of cyclooxygenase products in EFAD 
rat peritoneal neutrophils have been reported (15). 

Eicosanoid analysis. Rat peritoneal neutrophils were 
preincubated five min at 37 C in HBSS (without HSA) 
at the concentration of 2 or 5 • 10'/ml. The cells then 
were stimulated with 2 ~M ionophore A23187, 1 ~M 
FMLP or 10 ~M PMA; after five min (A23187, PMA) or 
30 min (fMLP (20), PMA) of incubation at 37 C, reactions 
were stopped by addition of an equal volume (1 ml) of 
methanol, and the samples were kept at - 7 0  C. 

Analysis of arachidonic acid metabolites was performed 
by reversed phase HPLC using a C,s Radial-Pak cartridge 
(100 • 8 mm ID, 10 ~m particle size, Waters Associates, 
Milford, MA) protected by a C,s Guard Pak Cartridge 
(Waters Associates) as reported (21,22). The solvent 
system used has been described (22). PGB3 (100 ng) was 
added to the methanol denatured samples as an internal 
standard, and these were centrifuged at 600 • g for 10 
min. Supernatants were acidified and injected (injection 
volume, 1.8 ml) without further treatment (23). 

Elution of the various compounds was monitored by 
UV photometry at 280 nm (LTs and PGB2) and 229 nm 
(5-HETE). Reacylated 5-HETE was not quantitated. 
Identification of lipoxygenase products was assessed on 

the basis of their comigration with known standards and 
specificity of UV absorption at 280 or 229 nm. The quan- 
tification of LTs and 5-HETE was carried out by com- 
parison of their peak areas with that of internal standard 
(PGB2) and correction for differences in molar extinction 
coefficients and attenuation settings. The system used 
permits differentiation between 20-OH- and 20-COOH- 
LTB,. Sensitivity of the system is 2-5 ng {21) for the dif- 
ferent lipoxygenase products. 

Functional studies. Chemiluminescence augmented by 
luminol was assessed with luminometers (1250 and 1251; 
LKB, Bromma, Sweden) essentially as detailed previously 
(10). Each 1 ml sample contained luminol (final concen- 
tration 0.17mM), 1.25 X 106 neutrophils and HBSS with 
0.2% HSA. When A23187 was used as stimulus, HSA 
was omitted since albumin impaired its CL response. CL 
was read continuously for up to 15 min. Neutrophils were 
kept at 4 C and adjusted to 37 C prior to analysis. Stimuli 
used were fMMMM (1 pM), fNLPNTL (1 /~M), A23187 
(2 gM), PMA (10/xM) and LTB, {1 t~M). Blood neutrophils 
were assessed in two experiments using fMMMM (1 ~M), 
or PMA (10 ~M). Due to the limited availability of blood 
neutrophils, these assessments were scaled down to 
0.25 ml with preserved component ratios. In preliminary 
experiments, these concentrations of stimuli had been 
found optimal for assessment of chemiluminescence. 
fMLP was used in a prior study (15); however, the re- 
sponses to fMMMM and fNLPNTL were found to be 
more consistent in the CL assay. 

Neutrophil aggregation was assessed in a standard 
platelet aggregometer (model 300BD, Payton Assoc., 
Buffalo, NY) (23). An aliquot of 0.45 ml of the neutrophil 
suspension (10 X 106 neutrophil]ml) was added to a 
siliconized cuvette, containing a stir bar revolving at 900 
rpm. After equilibration of the cells for two min, 50 ~l of 
the stimulus (1-10 gM ionophore A23187 or 0.01-1 ~M 
LTB,) was added. The resulting change in light transmis- 
sion was recorded as h T. Results for LTB, and fMLP are 
expressed as the maximal change in light transmission 
(peak response), time to peak and degree of desaggrega- 
tion one rain after peak, and for A23187 as A T three min 
after addition of stimulus because A23187 induced an ir- 
reversible aggregation response (24). 

Chemotaxis. Spontaneous and stimulated migration 
was assessed with a modified Boyden chamber technique, 
using a 48 multiwell chamber (Neuroprobe Inc., Cabin 
John, MD). Cells, in HBSS supplemented with 0.4% 
HSA, were allowed to migrate into cellulose nitrate filters 
(Microfiltration Systems, Dublin, CA; 3 ~ pore diameter) 
for 45 rain at 37 C, 100% humidity and 5% CO,. fMLP 
and LTB, were used as chemotactic factors and HBSS 
as control for spontaneous migration. Migration was 
assessed as the mean depth in micrometers of penetra- 
tion into the filter of leading five cells in three microscopic 
fields in three replicate wells, and results are given as net 
migration (stimulated migration minus spontaneous 
migration, i.e. towards HBSS). Optimal migration for con- 
trol peritoneal neutrophils occurred at 1-0.1 gM of fMLP 
and 0.1 tAVl LTB,. 

fML(3H)P-binding was performed on ice as described 
(25). Briefly, fML(3H)p only {total binding) or fML(3H)p 
plus a 1,000-fold excess of nonradioactive fMLP (non- 
specific binding) were added to suspensions of rat 
peritoneal neutrophils (5 X 106/mi in HBSS without 
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calcium and magnesium}. In addition, at the end of the 
30-min incubation an aliquot of cells from total binding 
tube was added to 1,000-fold excess nonradioactive fMLP 
to allow the surface-bound fML(aH}P to be displaced off 
the cells {displaceable binding}. The bound and free pep- 
tide were separated by centrifugation of cells through 
silicon oil. The difference between total and nonspecific 
binding of fML(3H}P represented total specific binding 
of fML{3H}P. By using the specific binding data at vary- 
ing concentrations of fML(3H}P, a Scatchard plot was per- 
formed {26}. 

Dichlorofluorescein fluorescence. Since neutrophil 
populations are inhomogenous in regard to the binding 
of fMLP {27}, the fraction of responding cells {recruitment} 
was assessed. The H202 dependent DCHF-DA fluores- 
cence {28) {not requiring phagocytosis) was assessed by 
fluorescence microscopy. Peritoneal neutrophils (1 • 
10qm]) were incubated with DCHF-DA {10 /~mi )  for five 
min in HBSS without Ca 2§ and Mg 2" {to minimize preac- 
tivation} at 37 C, pelleted at 200 • g and washed with 
HBSS. After resuspension in HBSS with Ca 2§ and Mg 2§ 
neutrophils were stimulated with fMLP (0.1 or 1 ~M}, 
LTB, (0.1 ~M) or A23187 (2 ~M}, concentrations previ- 
ously found optimal, or HBSS {negative control} for five 
rain (fMLP) or 20 min (A23187, PMA}. The reaction was 
stopped on ice, and glutaraldehyde (2% v/v) was added. 
The cells were washed and resuspended in HBSS and 
studied under high power magnification in an Olympus 
fluorescence microscope with a reflected fluorescence light 
source. For each condition, 500 cells were counted in 
triplicate. The weak background fluorescence repeatedly 
was correlated with the unstimulated cells. 

Statistical analysis was performed with Student's 
two-tailed t-test. 

RESULTS 
We studied the lipoxygenase product synthesis in 
neutrophils after stimulation with the ionophore A23187. 
Cells from normal rats released LTB4, 20-COOH-LTB,, 
5-HETE as well as the products of nonenzymatic 
hydrolysis of LTA4, e.g., the 6-trans-12~pi-LTB4, 6-trans- 
LTB, and the 5,6-DiHETEs. Neutrophils from EFAD 
rats produced the same metabolites but in significantly 
lower quantities. As shown in Figure 1, the levels of LTB4, 
20-COOH-LTB4, 5-HETE and 6-trans-LTB4 were de- 
creased by 57.7 __+ 1.2%, 39.6% _+ 9.8%, 63.1 _+ 9.6% and 
26.4 • 8.9%, respectively, compared to the control neu- 
trophils {mean _+ S.E.}. LTB, production following fMLP 
stimulation was substantially lower than the A23187 in- 
duced formation being 2.7 __ 0.7 ng/106 neutrophils for 
the control animal cells. The EFAD neutrophils showed 
a decrease of LTB, production by 60.4 +_ 6% {_SE, n -- 
3, p < 0.01}. 20-COOH-LTB4 was not detectable in EFAD 
or control neutrophils on fMLP stimulation. PMA stimu- 
lation did not induce any LTB4 production. The pep- 
tidoleukotrienes LTB4, D4 and E4, as well as 20-OH-LTB~, 
were not detectable for any stimulus. Since both 20-OH- 
and 20-COOH-LTB4 easily can be detected in the present 
HPLC system, a rapid turnover of 20-OH-LTB~ to 
20-COOH-LTB4 is likely, preventing its accumulation and 
detection. 

Given these data on endogenous LTB4 production, we 
assessed neutrophil functional responses to see if there 
was a relation to endogenous LTB~ production. 
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FIG. 1. Production of leukotrienes and 5-HETE in neutrophils from 
E F A D  and control rats. Peritoneal neutropi~ils (5 X 10elml) were 
stimulated with the ionophore A23187 (2 tJd), analysis was performed 
by reversed phase HPLC as detailed in the Methods section. Results 
are given as ngl5 X 10 ~ neutrophils (___SE, n = 4-5). *, p < 0.05; **, 
p < 0.01; ***, p < 0.005. 

For assessment of oxidative burst activity, luminol 
augmented CL was applied. The CL responses from 
EFAD rats and controls were identical kinetically, and 
there was no difference in spontaneous CL. The response 
to formylpeptides showed a small initial peak with a dura- 
tion of seconds, immediately continuing in a slightly more 
protracted major peak without returning to baseline 
values in between. All calculations were made from the 
second, major peak. The response to LTB, was of lesser 
magnitude than the response to formylpeptides and 
single-peaked, thus resembling the response from human 
blood neutrophils {10). A23187 and PMA-induced CL ap- 
peared considerably slower than for the other stimuli. 
This also is in accordance with findings for human 
neutrophils (10). 

The responses to A23187 and the formylpeptides 
fMMMM and fNLPNTL significantly were diminished 
in the EFAD neutrophils compared with the controls 
{Fig. 2). In contrast, the CL response of EFAD cells to 
exogenous LTB4 and PMA were slightly but not signifi- 
cantly increased as compared with the controls {Fig. 2). 
The CL generated by EFAD blood cells after stimulation 
with FMMMM was 4.6 _ 1.2 mV compared to 20.3 +_ 
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FIG. 2. Chemiluminescence (CL) augmented by luminol, produced 
by peritoneal neutrophils (1.25 X 10~/ml) from EFAD rats expressed 
as percent of CL generated by neutrophils from control rats. CL was 
induced by the formylpeptides fMMMM and fNLPNTL (both 1 ttM), 
A23187 (2 ~M), leukotriene 134 (LTB4, 1 ~M) and phorbol myristate 
acetate (PMA, 10 pM). CL generated by control rat neutrophils 
stimulated by the different stimuli was fMMMM, 19.4 +__ 1.1 mV; 
fNLPNTL, 12.9 • 2 mY; A23187, 31.4 • 4,2 mY; LTB,, 2.5 ___ 0.5 mY; 
PMA, 69.4 + 3 mV ~• S.E., n = 5-7). **, p < 0.01; os, not statisti- 
cally significant (p > 0.05). 

1.2 mV by the controls (n = 2, p < 0.05). When PMA 
(10 ~M) was used as stimulus, E F A D  blood cells re- 
sponded with 26.1 +_ 3.3 mV and controls with 29.3 +_ 
0.4 mV (n = 2, p -- 0.3). 

We next assessed neutrophil migration and aggrega- 
tion. The spontaneous migratory capacity of peritoneal 
cells from E F A D  rats  was slightly but  not significantly 
higher {118 +_ 7%) compared to the controls (p > 0.05). 
Rat  peritoneal neutrophils responded with a st imulated 
migration to both fMLP and, contrary to previous reports 
{24,29), LTB4. When fMLP was used as chemoattractant,  
E F A D  cells did not migrate as far as controls {Fig. 3). 
This difference was highly significant at  fMLP concen- 
trat ions of 0.1 ~M {p < 0.005) and 0.01 pM (p < 0.01) but  
not significant at  1 ~M. In contrast,  no difference was 
observed when LTB4 was used as chemoattractant ,  ex- 
cept at  1 pM where a small but  significant {P < 0.01) 
enhancement was noted {Fig. 3}. Chemotaxis of blood 
neutrophils also was assessed. Optimal migration was 
observed towards 0.1 ~ fMLP. E F A D  cells migrated 
only 46% of the distance of control rat  cells {Table 1). 
When LTB, was used as stimulus, very small increments 
of migration was observed {in accordance with 24,29), 
being approximately 1/5-1/8 of what  human neutrophils 
exhibit at optimal stimulus concentration {i.e. 10 nM). 
However, there was no difference between the dietary 
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FIG. 3. Net migration {stimulated minas spontaneous migration) 
assessed as the leading front of neutrophils that were obtained from 
EFAD rats after stimulation with fMLP or LTB4. Results are ex- 
pressed as mean and S.E. values of simultaneously run controls 
(neutrophils from rats maintained on a diet with 3% linoleic acid). 
The distances migrated by control cells were for spontaneous migra- 
tion 50+/--7/~m and for fMLP at 1 ~M, 26+/--9, at 0.1 I~/I, 23+/--5, 
and at 0.01 ttM 19+/-- taM (net migration). The corresponding values 
for LTB, were 23+/--11, 38+/--6 and 26+/--6 Inn. *, p �9 0.05; *, p < 
0.01; ***, p < 0.005. 

TABLE 1 

Chemotaxis of Rat Blood Neutrophils 

fMLP, ~M LTB4, ~VI 

0.01 0.1 0.01 0.1 

EFAD,~m 20•  7 21+__ 2 46 • 13 12•  1 14 • 1 
Controls,~rn 20•  4 47 • 8 78•  4 12 • 2 17 • 3 

Mean and SE for two separate experiments. In each experiment, 
triplicate analyses for each condition was performed. In addition to 
the stimulus concentrations given above, experiments were run with 
fMLP and LTB4 at I nM and 1 ~M; only small net increments of 
migration were observed in these experiments. Values given for 
fMLP and LTB, represent net migration. 

groups. Thus, the results from the experiments on blood 
neutrophfls were similar to what  was observed for 
peritoneal cells. 

The propensity to aggregate also was changed. I o n ~  
phore A23187 induced a continuous aggregation not 
followed by any desaggregation. The aggregation of 
E F A D  peritoneal neutrophils was depressed at all tested 
A23187 concentrations and significantly at 1-10/AVI {p < 
0.05; Fig. 4}. The kinetics of aggregation for control and 
E F A D  cells were similar. Control neutrophils responded 
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FIG. 4. Aggregation of E F A D  neutrophils after stimulation with 
ionophore A23187 (1-10/A~I; n - 5-9) and LTB, (0.1-10 ~M; n --- 5-9). 
The recorded change in light transmission (AT in mm) was measured 
three rain after addition of A23187 and at peak for LTB4. The results 
are expressed as mean and S.E. percent values of controls. *, p < 0.05. 

to 1 ~M LTB,  s t imulat ion with a peak  af ter  40 sec and 
desaggrega ted  with  35% of the peak  value one min af ter  
the peak. The peak response to LTB,  in E F A D  ra t  
neutrophils was of the same magnitude as to control cells, 
and desaggregat ion  was not  significantly different. 
However,  the t ime to peak  was delayed a t  all t es ted  con- 
centrat ions,  and a t  1 ~M the peak  was delayed by  16 sec 
(p < 0.01) Idata not  shown). As previously reported fMLP 
(0.1 ~M) induced aggregat ion  was depressed in E F A D  
compared  to control animals  (15). 

I t  previously has been shown tha t  chemoa t t r ac t an t  
receptor affinity is regulated by  its lipid environment (30). 
As al terat ion of membrane  lipid fluidity is conceivable 
in E F A D  and thus  m a y  modula te  receptor  binding, we 
determined the fMLP (~H)P binding to its receptors  on 
peri toneal  neutrophils  f rom the differently fed rats.  

In  each of three experiments ,  there was no difference 
in to ta l  specific binding between the r a t s  (Fig. 5) nor in 
displaceable or nondisplaceable binding. 

Using Scatchard  analysis, it was evident  tha t  the bind- 
ing plots  obta ined were curvolinear for bo th  die tary  
groups  bu t  also could fit two different linear functions 
calculated using linear regression analysis  (plot A and 
plot B in Fig. 5), assuming a two-receptor model with dif- 
ferent  affinities. Figure 5 shows t h a t  the slope of plot  A, 
a measure  of binding affinity (slope = - 1 / K d  = - K a )  
was similar for the E F A D  and control r a t  cells (0.36 • 
0.16 vs  0.39 • 0.10, respectively) and there was no dif- 
ference between the slopes of data  fitted by  B-lines ( -0 .08  
• 0.02 vs - 0 . 0 4  • 0.1). 
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FIG. 5. Scatchurd analysis of fML(3H)P binding to peritoneal neutrophils from EFAD and control rats. The 
lines drawn are calculated using linear regression analysis. Points represent mean of three experiments. Insert, 
total specific fML(3H)P binding to neutrophils from EFAD and control rats after 30 min incubation with 
increasing doses of fMIAJH)P at 4 C. Points represent mean of three experiments. 
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In these experiments, the number of binding sites per 
cell were 5725 • 928 and 7000 • 1427 (n -- 3) for EFAD 
and control rat neutrophils, respectively. The small differ- 
ence in receptor number was not statistically significant. 

Finally, by studying the fraction of responding perito- 
neal neutrophils with DCHF-DA fluorescence, It was evi- 
dent that  the differences in CL between EFAD and con- 
trol rat cells upon fMLP or A23187 stimulation were not 
due to a decreased fraction of responsive neutrophils 
(Table 2). 

DISCUSSION 

We previously have reported the fat ty acid composition 
of these EFAD rat peritoneal nuetrophils {15}. The de- 
crease in cellular arachidonic acid content was 33%. 
However, in this study the production of some lipoxy- 
genase metabolites were reduced by 60-70%, thus sub- 
stantially lower than what would be expected from the 
arachidonic acid deficiency per se {Fig. 1) and in accord- 
ance with another report (17}. The mechanism for this 
disproportionate 5-1ipoxygenase product deficiency in 
EFAD neutrophils might be related to the presence in the 
test cells of the arachidonic acid analogue 20:3n-9 as sug- 
gested previously {17}. This trienoic fat ty acid, a deriva- 
tive of oleic acid, is undetectable or present in only minor 
quantities in normal neutrophils but increased in EFAD 
{12,19) and significantly so in neutrophils from EFAD 
rats in this study (15}. It is noteworthy that the irrever- 
sible inhibition of LTA, hydrolase by the 20:3n-9 
metabolite, 5(6)-oxido-7,9,11-{E,E,Z}-eicosatrienoic acid 
(leukotriene A3), reported recently {17), cannot account 
for the reduction of 5-1ipoxygenase product synthesis 
reported herein since the formation of 5-HETE on A23187 
stimulation, which occurs at a step above the LTA, 
hydrolase, also was inhibited. Clearly, further studies are 
required to clarify this issue. 

LTB, has been postulated to be a mediator of neutrophil 
functions. The rapid generation of leukotrienes following 
stimulation with a variety of stimuli (2-6), the activation 
of neutrophil functional responses by LTB4 (7-11) and to 
a lesser extent, the inhibiting effects of lipoxygenase in- 
hibitors (4,11,31-33) constitute circumstantial evidence 
for a role of endogenous LTB4. The EFAD neutrophil 
model offers an additional means to study the physio- 
logical significance of lipoxygenase products in neutrophil 
function. 

In EFAD neutrophils, in which a defect of 5-llpoxy- 
genase product synthesis has been shown, there also were 
functional impairments to stimuli that induce leukotriene 
synthesis, e.g. to A23187, which has potent and prompt 
leukotriene generation promoting ability (3,4). Responses 
to formylpeptides, which are weaker stimuli for leuko- 
triene generation (2,6), also were affected. Thus, it is con- 
ceivable that  full functional responsiveness may require 
unaltered leukotriene production. Finally, the noted im- 
pairments did not appear to be due to a general altera- 
tion of the EFAD neutrophil responsiveness since spon- 
taneous migration and spontaneous CL both were intact 
in EFAD neutrophils. Furthermore, the response to ex- 
ogenous LTB4 (34) or PMA, which does not induce LTB, 
generation (35, and as shown here), was equal to controls, 
showing that the EFAD neutrophils retained full capacity 
to respond to stimulation. 

TABLE 2 

D i c h l o r o  f l u o r e s c e i n d i a c e t a t  F l u o r e s c e n c e  

Percent responding cells 
Concentration 

Stimulus ~Vl EFAD Control 

fMLP 0.1 76 ___ 6.4 80 +- 3.3 
fMLP 1.0 79.4 _+_ 2.2 81.7 :J= 2.1 
LTB, 0.1 76.1 +_ 1.5 79.2 "1- 2.1 
A23187 2.0 78.3 -- 1.8 80.3 --4" 1.8 
PMA 10.0 84.9 ___ 5.8 84.8 + 2.3 

Performed as detailed in the Experimental section. Results are given 
as the fraction of responding (fluorescent) cells. 
Mean + S E ,  n --  3. 

The differences observed between EFAD and control 
neutrophils after stimulation with certain agents was 
similar in blood and peritoneal cells and indicated a 
discrete defect of the stimulus-response coupling. One ex- 
planation might be decreased membrane fluidity due to 
the altered fatty acid composition of membrane phospho- 
lipids, which can be of particular consequence for com- 
plex functions, e.g. chemotactic and aggregatory respon- 
siveness. However, it previously has been shown that  
moderate EFAD in rats does not alter erythrocyte mem- 
brane fluidity to any appreciable degree {36}. Also, a sim- 
ple relation seems not to exist between cell membrane 
fluidity and EFA composition of the diet (37,38). Further- 
more, responses to LTB4 in this study showed that the 
chemotactic and aggregatory potential in response to a 
membrane receptor dependent stimulus, per se, was unaf- 
fected in EFAD peritoneal neutrophils. 

Another explanation for the observed decrements of 
EFAD neutrophil responses could relate to previous 
observations that alterations of cell membrane fatty acid 
composition may be associated with altered surface recep- 
tor expression {16}, e.g. due to receptor numbers and/or 
functional state. The normal responsiveness to exogenous 
LTB4 argues against a general explanation based on 
reduced receptor numbers in the EFAD peritoneal 
neutrophils. However, the most pronounced reduction in 
activity of EFAD neutrophils was observed on stimula- 
tion with A23187, which does not depend on a receptor 
for activation. 

The present data show that the fMLP-receptor on rat 
peritoneal neutrophils has high- and low-affinity states 
but that  the receptor affinity and the receptor number 
were similar for EFAD and control rats. Thus, differences 
as to responses to fMLP between the groups were not due 
to receptor expression changes. 

The data reported in this study support the concept 
that deficiency of endogenous LTB4 may be related to the 
functional impairment in the EFAD neutrophils, a defect 
that can be overcome by addition of exogenous LTB4. 
Given the reported biological activities of LTB,, it is 
possible that the LTB4 generated in the neutrophils upon 
stimulation, e.g. by fMLP, contributes to the effect of the 
given stimulus on the cells. It  also is clear from previous 
studies that this LTB4 cannot account for all of the 
neutrophil response; Sha'afi et al. have suggested that 
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f M L P  can ac t iva te  ra t  neut rophi l s  t h r o u g h  mechan i sms  
independent  of LTB4 genera t ion  (39}. 

The  resul t s  p resen ted  here show a s t r ik ing  s imi lar i ty  
to  w h a t  is to  be repor ted  f rom ano ther  s t u d y  on the  ef- 
fects of E F A D  on neutrophi ls ,  in which  E F A D  was  in- 
duced  by  fat-free to ta l  paren te ra l  nu t r i t ion  (40). I n  t h a t  
condit ion,  E F A D  develops  rapidly,  p robab ly  because  a 
g lucose-dependent  hyper insu l inemia  impedes  mobiliza- 
t ion of linoleic acid f rom adipose tissue. Regardless  of the 
model  of  induct ion,  it is appa ren t  t h a t  several  funct ional  
responses  such as chemotaxis ,  aggrega t ion ,  oxida t ive  
b u r s t  ac t iva t ion  and degranu la t ion  (19,31) can be im- 
paired. Such  reduct ions  m a y  be s ignif icant  when  looking 
for exp lana t ions  of  E F A D - a s s o c i a t e d  i n f l a m m a t o r y  
dys func t ions  and increased suscept ibi l i ty  to  bacter ia l  in- 
fections. E F A D  finally m a y  be clinically more  i m p o r t a n t  
and  preva len t  t h a n  p rev ious ly  believed since it m a y  oc- 
cur  as pa r t  of  prote in-energy undernu t r i t ion  (41) because  
of deficiency of  d e s a t u r a t i n g  and e longa t ing  enzyme  
sys tems .  Cons ider ing  t h a t  LTB4 is a po t en t  ac t iva to r  of 
neutrophi ls ,  i ts  reduced syn thes i s  m a y  cause  impai red  
hos t  defense in individuals  wi th  no over t ,  clinical s igns  
of  malnutr i t ion .  
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Synthesis of Platelet Activating Factor by Cholinephospho- 
transferase in Developing Fetal Rabbit Lung 
Dennis R. Hoffman, Maureen  K. Bateman and John M. Johnston" 
Departments of Biochemistry and Obstetrics-Gynecology and The Cecil H. & Ida Green Center for Reproductive Biology Sciences, 
University of Texas Health Science Center at Dallas, 5323 Harry Hines Blvd., DaLlas, TX 75235 

Developing fetal lung is a possible source of the platelet 
activating factor {PAF, 1-alkyl-2-acetyl-sn-glycero~phos- 
phocholine) present in amuiotic fluid of women in labor. 
We have assayed the microsomal activities of a specific 
enzyme for the de novo synthesis of PAF in developing 
fetal and neonatal rabbit lung, 1-alkyl-2-acetyl~lycerol- 
dependent dithiothreitol-insensitive cholinephosphotrans- 
ferase. The specific activity of this enzyme increased from 
0.92 to 3.60 nmol X min -1 X mg -1 protein between day 
21 and day 31 of gestation. In contrast, during this same 
period the activity of the PAF-biosynthetic cholinephos- 
photransferase in developing rabbit kidney did not 
change significantly. The specific activity of the diacyl- 
glycerol~tependent, dithiothreitol-sensitive cholinephos- 
photransferase that catalyzes the final step in phospha- 
tidylcholine biosynthesis was not altered during late 
gestation in either fetal lung or kidney. Previously, in- 
creased amounts of pulmonary PAF had been found dur- 
ing the latter stages of gestation (Hoffman, Truong and 
Johnston (1986) Biochim. Biophys. Acta 879, 88-96) and 
may be attributed to increased activity of the PAF 
biosynthetic enzymes found in this investigation. This 
elevated level of PAF in fetal lung may serve to facilitate 
breakdown of glycogen that provides, in part, the carbon 
and energy source for surfactant biosynthesis. In addi- 
tion, PAF may be secreted in association with surfactant 
into amniotic fluid in which it may interact with amnion 
tissue and subsequently participate in the events asso- 
ciated with the initiation of parturition. 
Lipids 23, 96-100 (1988}. 

The potent biologically active phospholipid, platelet ac- 
tivating factor (PAF, 1-alkyl-2-acetyl-sn-glycero-3-phos- 
phocholine) first was identified with various pathological 
states such as inflammation, asthma and anaphylaxis 
(1,2). More recently, it is evident that PAF may have im- 
portant normal cellular functions. We have proposed two 
potential physiological roles for PAF in reproductive 
biology: PAF may initiate glycogenolysis in fetal lung, 
the products of which provide energy and a carbon source 
for biosynthesis of the glyeerophospholipids of surfactant 
(3-5), and PAF may be secreted from the fetal lung into 
amniotic fluid, in which it may interact with amnion to 
enhance the formation of prostaglandins by activation of 
the arachidonic acid cascade. Both prostanoids and PAF 
may facilitate the biochemical events of parturition (5,6). 

PAF is only found in significant amounts in the am- 
niotic fluid obtained from women in labor (7) and in part 
is associated with a lamellar body-enriched fraction con- 
taining surfactant. Since lamellar bodies are a primary 
secretory product of type II pneumonocytes of lung, we 
considered that fetal lung may be a potential source of 
the PAF present in amniotic fluid. 

*To whom correspondence should be addressed. 
Abbreviations: CPTase, cholinephosphotransferase; DTT, dithio- 
threitol; PAF, platelet activating factor; PC, phosphatidylcholine. 

In previous investigations, we have reported a three- 
fold increase in the concentration of PAF in vivo in devel- 
oping fetal rabbit lung during the latter stages of gesta- 
tion (4) and also in rapidly differentiating human fetal 
lung explants cultured for six days (3). In both of these 
model systems, a three-fold increase was found in the ac- 
tivity of 2-1ysoPAF:acetyl CoA acetyltransferase (3,4), a 
major regulatory enzyme of the remodeling pathway of 
PAF biosynthesis (8). 

PAF also can be synthesized by 1-alkyl-2-acetyl-sn- 
glycerol:CDP-choline cholinephosphotransferase (CPTase} 
(9,10). This enzyme catalyzes the last step in the de novo 
pathway for PAF biosynthesis (11). In this investigation, 
we have examined the specific activity of this enzyme in 
developing fetal and neonatal rabbit lung and kidney. 

MATERIALS AND METHODS 

Chemicals. Cytidine 5'-diphospho[methyl14C]choline 
{56 #Ci/~mol) and [3H]acetyl CoA (500 mCi/mmol) were 
purchased from Amersham Corporation (Arlington 
Heights, IL). Phospholipid standards were from Avanti 
Polar Lipids (Birmingham, AL). Fat ty acid-free fraction 
V bovine serum albumin, 1-hexadecyl-sn-glycerol, 1,2- 
dioleoyl-sn-glycerol, and other general chemicals were 
obtained from Sigma Chemical Co. (St. Louis, MO). Un- 
labeled 2-1ysoPAF was obtained from Calbiochem (La 
Jolla, CA). 

Diradylglycerol preparation. 1-Alkyl-2-acetyl-sn-glyc- 
erol was synthesized as described by Woodard et al. (10). 
Briefly, 1-hexadecyl-sn-glycerol was chemically acetyl- 
ated, the sn-3 acetate was cleaved by porcine pancreatic 
lipase treatment. The 1,2-isomer was separated from the 
1,3-isomer on boric acid impregnated thin layer chro- 
matography plates developed in chloroform:methanol 
(98:1.5, v/v). 1,2-Dioleoyl-sn-glycerol was purified chroma- 
tographically as above. 

Tissue preparation. Timed pregnant New Zealand white 
rabbits (Hickory Hills, Flint, TX) were the source of fetal 
and adult tissues. Tissues were excised and rapidly 
homogenized (4 C) in 6:1 (vol/g tissue) with sucrose 
(0.25 M)/Tris-HC1 (10 mM, pH 7.4)/EDTA (1 mM) using 
a Potter-Elvehjem vessel and a Teflon pestle. The suspen- 
sion was centrifuged at 600 X g for 10 rain to remove un- 
broken cells, cell debris and nuclei. The supernatant frac- 
tion was centrifuged at 18,000 X g for 15 rain to obtain 
a pellet rich in mitochondria and lamellar bodies (12}. The 
remaining superuatant fraction was centrifuged at 
105,000 X g for 60 min to obtain the microsomal (pellet) 
and cytosolic fractions (supernatant). Protein concentra- 
tions were quantitated by the Bradford procedure (13). 

Cholinephosphotransferase assay. The PAF biosyn- 
thetic activity of dithiothreitol (D2"r)-insensitive CPTase 
{EC 2.7.8.16) was determined employing Tris-HC1 
(100mM, pH 8.0 at 37 C), D2"r (10 mM), EGTA 
(0.5 raM), 0.1% bovine serum albumin, MgCl2 (10 mM), 
1-hexadecyl-2-acetyl-sn-glycerol {0.2 mM in ethanol, final 
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ethanol concentration equals 2.5%), 25 ~g microsomal p r o  
rein and CDP-[methyl-'4C]choline {100 ~M, 1 ~Ci/mmol) 
according to the procedure of Renooij and Snyder (9). 
Assay of phosphatidylcholine (PC) biosynthet ic  act ivi ty 
of CPTase (EC 2.7.8.2) was as above except the reaction 
was at  pH 8.5, contained no DTT, and utilized 1,2- 
dioleoyl-sn-glycerol (0.2 mM) as substrate. The incubation 
was for 10 rain at  37 C. PAF and PC were separated by  
thin layer chromatography on Kieselgel 60 plates (E. 
Merck, Darmstadt)  developed in chloroform:methanol: 
concentrated ammonium hydroxide (60:35:8, v/v/v). 
Radioactivi ty corn{grating with authentic PAF and PC 
added as carrier (20 ~g each) was determined, and the 
values for both  CPTase assays were corrected for the in- 
corporation of ["C]choline in the absence of diradylglyc- 
erol substrate.  The assay was linear to 75 ~g microsomal 
protein and for 20 rain. 

LysoPAF:acetyl-CoA acetyltransferase assay. The ac- 
t iv i ty  of this enzyme was determined using a modifica- 
tion of the procedure described by Wykle et al 18). Briefly, 
the reaction mixture  includes Tris-HC1 (30 mM, pH 7.4 
at  37 C), D T r  {1 raM), CaC12 (10 ~M), 2-1ysoPAF (40 ~Yl), 
0.025% bovine serum albumin, [3H]acetyl CoA (250 ~Vl, 
6.4 ~Ci/~mol), 50 ~g microsomal protein, and was incu- 
bated for 15 rain at 37 C. PAF was separated and radioac- 
t ivi ty  determined as described. The assay was linear to 
120 ~g microsomal protein and for 20 rain. 

RESULTS 

The PAF biosynthet ic  CPTase reaction is distinguished 
from the PC biosynthet ic  activity primarily by the in- 
hibitory action of the sulfhydryl agent, dithiothreitol, on 
the latter activity (9). As illustrated in Table 1, when PAF 
biosynthesis was assayed utilizing 1-alkyl-2-acetyl-sn- 
glycerol as substra te  the addition of DTT {10 mM) only 
slightly s t imulated (19%) its biosynthesis.  In contrast ,  

PC biosynthesis  with the same fetal rabbit  lung micro- 
somal preparat ion is inhibited by 95% in the presence of 
DTT. When alkyl-acetyl-glycerol was the substra te  for 
the CPTase reaction, negligible amounts  of ['4C]choline 
from CDP-['4C]choline were incorporated into PC. Simi- 
larly, when dioleoyl-glycerol was utilized as substrate,  
["C] incorporation into PAF was less than 2% of tha t  in- 
corporated into PC. 

The PAF- and PC-biosynthetic CPTase activities 
primarily were {66-68%) localized in the 105,000 • g 
(microsomal) pellet of adult  rabbit  lung (Table 2). This 
subcellular distribution of the DTT-insensitive CPTase 
is similar to tha t  reported in ra t  liver and spleen (9). The 
distr ibution of CPTase act ivi ty nearly was identical to 
tha t  of acetyl transferase in rabbi t  lung (Table 2). 

Substrate specificity characteristics of the PAF and PC 
biosynthet ic  reactions were invest igated in adult  rabbit  
lung microsomal preparations.  Reaction mixtures  at  pH 
8.0 containing DTT favor PAF biosynthesis, however, in- 
clusion of dioleoyl-glycerol at an equimolar concentration 
as the alkyl-acetyl-glycerol subst ra te  {0.2 raM) causes a 
36% decrease in PAF biosynthesis when compared to that  

TABLE 1 

Dithiothreitol Sensitivity of PAF and PC Biosynthetic 
Chollnephosphotransferases in Fetal Rabbit Lung Microsomes 

Substrate 
Specific activity 

(nmol X min-' X mg-' protein) 

- D T r  +10 mM DTr 
Alkyl-acetyl-glycerol 5.48 +_ 1.08 6.54 • 0.67 
Dioleoyl-glycerol 1.49 + 0.18 0.07 • 0.04 

Values (+_S.E.M.) are from duplicate analysis in at least three 
separate samples. 

TABLE 2 

Snbcellular Distribution of DTT-insensitive and DTT-sensitive 
Cholinephosphotransferases {CPTase) and LysoPAF=Acetyl-CoA 
Aeetyltransferase Specific Activities in Adult Rabbit Lung 

Subcellular fraction 

Supernatant Pellet Pellet Supernatant 
Enzyme (600 X g) (18,000 X g) {105,000 X g) (105,000 X g) 

nmol • re_in-' X mg -I protein 

DTT-insensitive 1.06 - 0.03 2.82 + 0.07 5.83 • 0.43 0 
PAF-CPTase (33) (67) 

DTT-eensitive 0.77 • 0.13 1.07 - 0.06 2.10 _ 0.07 0.01 _ 0 
PC-CPTase (34) (66) 

Acetyltransferase 0.54 _ 0.10 0.73 _ 0.11 1.78 • 0.30 0.07 • 0.01 
(28) (69) (3) 

Values are means (+S.E.M.) from four {CPTase) or three {acetyltransferase) separate 
experiments. 
Values in parentheses are percent of total activity present in each subcellular fraction. 
Average recovery of the PAF-CPTase, PC-CPTase and acetyltransferase activities were 
119, 63 and 98%, respectively. 
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containing only alkyl-acetyl-glycerol (i.e., 4.07 vs 6.33 
nmol • rain-' X mg -I protein, Table 31. Similarly, in a cor- 
responding experiment alkyl-acetyl-glycerol inhibited PC 
biosynthesis by 36% {2.72 to 1.74 nmol X rain-' X mg -I 
protein) in incubation mixtures at pH 8.5 and from which 
DTT was omitted. In the presence of equlmolar concen- 
trations of both substrates, total product formation, {2.13 
nmol PAF fo rmed X rain-' X rag-' protein plus 1.74 nmol 
PC formed X rain -~ • -~ protein) approaches a rate 
observed using only alkyl-acetyl-glycerol as substrate (i.e., 
4.05 nmol PAF formed • rain -~ • mg-' protein). Although 

these results would be consistent with the view that both 
diradylglycerols are substrates for a single enzyme, the 
precise mechanism must await purification and charac- 
terization of the enzymes involved. 

Dur ing  late ges ta t ion  in the rabbi t  (term = 31-32 days}, 
only  the  ac t iv i ty  of  the  P A F  b iosyn the t i c  (D2"r-in- 
sensitive} CPTase  of  fetal  lung  increased s igni f icant ly  
{Figure 1). I n  con t ras t ,  this  enzyma t i c  ac t iv i ty  was  n o t  
a l tered s igni f icant ly  in fetal  kidney.  D u r i n g  neona ta l  
development ,  the  P A F  b iosynthe t ic  ac t iv i ty  increased in 
b o t h  lung  and  k idney  to  reach the  adul t  level. The PC 

TABLE 3 

Cholinephosphotransferase Diradylglycerol Substrate Specificity 
in Adult Rabbit Lung Microsomes 

Substrate added Alkyl-acetyl Dioleoyl 
(200 ~M) glycerol glycerol Both 

Reaction Product nmol X min-' X mg-' protein conditions assayed 

+DTT PAF 6.33 ... 0.54 0.02 ... 0.01 4.07 • 0.52 
pH 8.0 

PC 0.03 • 0.03 0.02 • 0.01 0 

- D T T  PAF 4.05 ... 0.08 0.09 ___ 0.04 2.13 __- 0.35 
pH 8.5 

PC 0 2.72 ___ 0.93 1.74 ... 0.91 

Values are the means (• SEM) of three separate experiments. 
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FIG. 1. Specific activity of the PAF (DTT-insansitive) and PC (Dl"r-sensitive) biosynthetic cholinephos- 
photransferases in microsomes of fetal, neonatal and adult rabbit lung and kidney. Biosynthetic activities 
were determined as described in Materials and Methods. Bars represent the mean ___ SEM for a minimum 
of three separate experiments. * Indicates a significant difference (p > 0.01) from the day 21 value as deter- 
mined by Student's t-test. 
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biosynthetic (DTT-sensitive) activity of CPTase was not 
altered during gestational development in the lung or 
kidney. In both neonatal lung and kidney, the PC- 
biosynthetic CPTase was elevated over the fetal level. In 
kidney, an adult level of enzymatic activity was reached 
and maintained; however, in neonatal lung, a peak of ac- 
tivity is reached at seven days followed by a return to 
an adult level comparable to that in the fetal lung. 

We previously had found {4) that the microsomal 
2-1ysoPAF:acetyl CoA acetyltransferase specific activity 
in fetal rabbit lung microsomes increased significantly 
between days 21 and 24 of gestation {from 116 to 
392 pmol PAF formed • min -~ • rag-' protein) and re- 
mained elevated through day 31. The acetyltransferase 
activity in adult rabbit lung microsomes was further in- 
creased to 1780 • 300 {S.E.M.) pmol • min -~ •  -' pro- 
tein. In kidney {4), the enzyme activity also increased dur- 
ing the final 10 days of fetal development (from 68 to 
187 pmol • rain-' • mg -I protein). The adult rabbit 
kidney acetyltransferase {305 • 50 [S.E.M.] pmol • rain -1 
•  -' protein} was elevated over fetal activities; how- 
ever, neither the fetal nor adult rabbit kidney acetyltrans- 
ferase activities reach the level of that in the lung at the 
corresponding age of development. 

DISCUSSION 

The insensitivity of the PAF biosynthetic activity of 
CPTase to DTT {Table 1) and localization in the 105,000 
• g pellet {microsomal) fraction in rabbit lung {Table 2) 
are indicative of the presence of a similar enzymatic ac- 
tivity in this tissue to that described in adult rat kidney 
(9}. The PC biosynthetic activity of CPTase in lung 
markedly was inhibited by DTT {Table 1} and each sul> 
strate, alkyl-acetyl-glycerol and diacyl-glycerol, influenced 
the ability of CPTase to utilize the other substrate 
{Table 3). The PAF and PC biosynthetic activities of 
cholinephosphotransferase{s) are thought to be two dis- 
tinct enzymes {10}. However, a distinction between the 
presence of one or two enzymes in lung tissue must await 
purification of the enzyme and further evaluation of the 
physical properties of the substrates utilized. 

In this investigation, a stepwise increase in the activ- 
ity of alkyl-acetyl-glycerol-dependent PAF-biosynthetic 
CPTase was found in fetal rabbit lung microsomes. This 
developmental pattern of the de novo PAF biosynthetic 
pathway is consistent with that found previously for a 
major regulatory enzyme of the remodeling pathway, 
lysoPAF:acetyl CoA acetyltransferase (4). However, the 
specific activity of the PAF biosynthetic CPTase 
(Figure 1) was found to be approximately 10-fold higher 
than the acetyltransferase activity in fetal lung and 
kidney and thus may contribute more significantly to the 
total pool of PAF in these tissues. A similar relationship 
between the activities of these two enzymes has been 
reported in adult rat kidney (10). Lipid substrate avail- 
ability, however, may limit the in vivo activity of the 
PAF-biosynthetic CPTase as this substrate, alkyl-acetyl- 
glycerol, is derived from numerous enzymatic steps of the 
de novo ether lipid pathway. In contrast, we have quan- 
titated the acetyltransferase substrate, lysoPAF, in the 
developing fetal lung and found it in great excess as com- 
pared with PAF concentrations (3,4). 

The PC biosynthetic specific activity of CPTase did not 
change significantly between day 21 and day 31 in fetal 
rabbit lung {Figure 1) and confirms our earlier observa- 
tions {14} of the ontogenic development of this enzymatic 
activity. Although it originally was suggested that 
CPTase was one of the primary enzymes involved in 
regulation of surfactant PC biosynthesis during fetal 
development {15,16), in rabbit it appears not to be the case 
{14,17-19). The PAF biosynthetic specific activity of 
CPTase was three- to six-fold higher than the PC bio- 
synthetic activity throughout fetal lung maturation 
{Figure D. This same relationship of enzymatic activity 
was observed in adult rat kidney (10) and may reflect a 
preferential synthesis of PAF under certain physiological 
circumstances. However, this paradox of higher PAF 
biosynthetic capacity compared to PC biosynthesis also 
may be attributable to the substrate availability in the 
developing fetal lung. 

The activities of the PAF biosynthetic CPTase {Fig- 
ure 1) and acetyltransferase (4) both increase at a time 
(starting at day 24 of gestation) when the epithelial lining 
of fetal rabbit lung rapidly is differentiating into type II 
pneumonocytes (20). It is well~established from both mor- 
phological and biochemical studies that during differen- 
tiation of type II pneumonocytes, the concentration of 
glycogen rapidly decreases (21-23) in association with in- 
creased synthesis of the glycerophospholipids unique to 
the surfactant fraction of these cells (23-26). We have 
demonstrated that increased concentrations of PAF also 
are found in fetal lung during this time period (3,4), 
possibly reflecting the increase in the activities of CPTase 
and acetyltransferase. We have proposed (3-5) and re- 
cently obtained experimental evidence (Hoffman and 
Johnston, unpublished data) that PAF may stimulate 
glycogenolysis in fetal lung in a manner similar to that 
originally reported by Shukla et al. (27) in isolated, per- 
fused rat liver. Thus, PAF initiates or potentiates the 
breakdown of glycogen that may supply in part the 
energy and carbon moieties necessary for synthesis of sur- 
factant glycerophospholipids. Other investigators have 
suggested that this is the case in fetal lung during the 
latter stages of gestation (24,25) because it receives only 
a small fraction of the cardiac output and primarily will 
utilize glycogen for surfactant biosynthesis rather than 
circulating blood glucose (25,28). The increased amounts 
of PAF in fetal lung also may become associated with sur- 
factant and be secreted out into the am~iotic fluid dur- 
ing late gestation just prior to parturition. This increased 
level of PAF in amniotic fluid is found in women at term 
and in labor (7). Thus, the presence of PAF in anmiotic 
fluid only at the time of parturition is indicative of its 
role in the initiation of this process {6,29). The PAF that 
is present in amniotic fluid may interact with amnion 
tissue to stimulate prostaglandin synthesis (30), which 
in turn may participate in the events of parturition. PAF 
also directly can elicit the contraction of rat (31) and 
human (32) myometrium. Thus, it appears that the PAF 
synthesized in fetal lung, the last major fetal organ 
system to develop, also may be involved in the events of 
labor. 
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In comparison with their precursor lipoproteins, the rem- 
nants of the triacylglycerol-rich lipoproteins are reduced 
in contents of triacylglycerols and apolipoproteins AI and 
AIV, whereas the contents of cholesterol (free and esteri- 
fled} and apolipoprotein E are increased. In this study, 
lipid emulsion models of remnant lipoproteins were used 
to explore which of these factors are necessary for physiw 
logical rates of remnant uptake by the perfused rat liver. 
Uptake rates of lipid emulsion models of remnant lipopro- 
teins in the presence of apolipoprotein E were similar to 
in vivo uptake rates. 
Lipids 23, 101-105 (1988). 

After entering the bloodstream, the triacylglycerol-rich 
lipoproteins are hydrolyzed by lipoprotein lipase. The 
residual core remnant lipoprotein particles subsequently 
are taken up mostly by the liver {1,2}. 

The perfused rat liver was used to show that the up- 
take of remnants was more rapid than the uptake of the 
undegraded precursor triacylglycerol-rich lipoproteins 
(3-1 i). Uptake of remnants into hepatic parenchymal cells 
was by receptor-mediated endocytosis, with apolipopro- 
tein E as the ligand (12,13), while the plasma C apolipo- 
proteins were inhibitory. It was suggested that the dif- 
ferent ratios of the E and C apolipoproteins between 
triacylglycerol-rich lipoproteins and remnants explained 
the differences in hepatic uptake (14-17). The uptake of 
nonremnant-like triacylglycerol emulsions by per fused 
livers was promoted by apolipoprotein E and impeded by 
the C apolipoproteins (18,19). 

Recent studies in our laboratory showed that triacyl- 
glycerol-phospholipid emulsions containing small 
amounts of cholesterol were metabolized like natural 
chylomicrons (20). Increased amounts of cholesterol 
changed the metabolism of triacylglycerol-phospholipid 
emulsions so that they behaved like remnants with rapid 
uptake by the liver but without significant lipolysis (21). 
We found that this change in metabolism corresponded 
with changes in the amounts of apolipoproteins E and C 
that associated with the emulsions after incubation with 
whole plasma or with plasma subfractions. 

We now report the uptake of the remnant-like emul- 
sions by per fused rat livers. Our findings show that 
remnant-like emulsion models of lipoproteins are capable 
of imitating the metabolism of natural remnants only 
when sufficient apolipoprotein E is present. 

'An abstract of this work was presented at the 57th Annual Scien- 
tific Sessions of the American Heart Association, Miami, FL, 
November 1984. 
*To whom correspondence should be addressed at Department of 
Physiology, University of Western Australia, Nedlands, WA 6009, 
Australia. 
Abbreviation: EDTA, ethylenediamine tetraacetic acid. 

METHODS 

Materials. Male rats of the Holtzman strain were purchas- 
ed from Charles River Breeding Laboratories (Wilm- 
ington, MA). Triolein, cholesteryl oleate and cholesterol 
were from Nu-Chek Prep (Elysian, MN), and egg lecithin 
was from Lipid Products (Surrey, UK). All had class 
purity >99% by thin layer chromatography. Bovine 
serum albumin (Fraction V, fat ty acid poor, Miles Bio- 
chemicals, Kanakee, IL) before use was dialyzed for 48 
hr as a 16% solution against six changes of Krebs-Ringer 
bicarbonate buffer in an artificial kidney dialysis machine. 
The dialyzed albumin solution then was stirred at 4 C for 
16 hr with the emulsion particles from Intralipid (Cutter 
Laboratories, Berkeley, CA), previously separated from 
the excess phospholipid liposomes that are present in In- 
tralipid by centrifugal flotation at 27,000 rpm for one hr 
at 4 C in the Beckman SW28 rotor. The ratio of Intralipid 
triacylglycerols to albumin solution was 25 gfl, and all 
treatments were under an atmosphere of 95% oxygen and 
5% carbon dioxide to maintain physiological concentra- 
tions of calcium ion in the albumin-buffer solution. 
Finally, the emulsion particles were removed from the 
albumin solution by centrifugation under the same con- 
ditions. This treatment was required to purify the 
albumin of material that otherwise was inhibitory for 
physiological uptake by the perfused livers. 

Preparation of emulsions. Emulsions of the required 
compositions were prepared by sonication and purified 
by ultracentrifugation as recently described ( 20, 21). Mix- 
tures of iipids in solvents were dispensed into vials, and 
tracer amounts of radioactive [3H]cholesteryl oleyl ether 
(22) were added. Solvents were removed by evaporation 
under a stream of nitrogen followed by vacuum desicca- 
tion overnight. The mixtures (total mass 100 mg) were 
emulsified in 8 ml of 2.785 molal NaC1 solution by sonica- 
tion with a 1 cm probe in a Branson Cell Disruptor (Dan- 
bury, CT) at ~55 C. The mixture then was centrifuged 
using density gradients previously described (23) to ob- 
tain emulsion particles sized 50-100 nm in diameter. In 
brief, the crude sonicated emulsion was placed under gra- 
dients made from 1.065-1.006 glml density NaC1 solu- 
tions, then larger emulsion particles were first removed 
by centrifugation in the Beckman SW41 rotor at 20 C for 
22 min at 20,000 rpm. After removal of the large particles 
floating at the surface, the gradient was then recentri- 
fuged at 20 C for 20 min at 40,000 rpm to float the desired 
particles to the top of the gradient. Smaller particles and 
liposome material remained in deeper regions of the 
gradient. 
Preparation of ehylomieron remnants. Mesenteric 

lymph was obtained by cannulation of the cisterna chyli 
of 250 g male rats. After surgery, the rats were placed 
in individual cages and fed regular rat chow. Tap water 
was available freely, and 0.15 M NaCI solution was 
delivered at 2.0 ml/hr through a gastric tube inserted at 
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the time of surgery. Lymph flow was 2.8 + 0.81 ml/hr 
{mean• n ~  16}. To obtain radioactive chylomicrons 
on the second day after surgery, a meal with 75 ~Ci 
[1,2{nF~H]cholesterol {Amersham Corp., Arlington 
Heights, IL} dissolved in 0.5 ml of triolein was injected 
through the gastric tube. 

The milky lymph was collected from one-half to six hr 
after the dose into vessels containing ethylenediamine 
tetraacetic acid {EDTA}, gentamycin and reduced 
glutathione to final concentrations of 2.7 raM, 0.1 mg/ml 
and 1.6 raM, respectively. Collections were at room 
temperature {18-25 C}, and the lymph was not cooled at 
any time. Cells were removed by centrifugation at 
1,500 rpm for 15 min, then solid KBr 0.14 g/ml was added 
to bring the density to 1.10 g/ml. After degassing in 
vacuo, 14 ml of the lymph was placed under 24 ml con- 
tinuous linear density gradients 1.006-1.10 g/ml for cen- 
trifugation in the Beckman SW28 rotor. Chylomicrons 
were obtained from the top 0.5 cm of the gradient after 
centrifugation at 20 C and 27,000 rpm for  4.0• TM 

radian2/sec, plus deceleration without braking. As pre ~ 
viously described {16}, the chylomicrons then were in- 
jected via the tail vein into 24 hr-fasted, functionally 
hepatectomized rats and allowed to circulate for 30 rain 
before exsanguination by cardiac puncture. The remnants 
then were separated from the plasma by centrifugation 
at 39,000 rpm in the SW41 rotor at 20 C for 20 hr in the 
density gradient described above. 

Apolipoproteins. Rat and human apolipoproteins were 
prepared from plasma very low-density lipoproteins and 
high-density lipoproteins by sequential centrifugations 
{24} in the Beckman 70Ti rotor. The lipoproteins were 
dialyzed against 0.01% EDTA, pH 8.0, lyophilized, then 
delipidated at 6 C with graded mixtures of ethanol]diethyl 
ether and finally washed with pure peroxide-free ether 
{25). The apolipoproteins were fractionated by gel 
chromatography on a 90 • 2.5 cm Sephacryl {Pharmacia, 
Piscataway, N J} S-300 column equilibrated and eluted 
with 3 M guanidine HC1, 0.1 M Tris HCI {pH 8.0}, 
0.27 mM EDTA, 3.1 mM NaN~ and 0.01 mM dithio- 
threitol {26}. Human delipidated very low-density lipoprc~ 
teins were taken up in buffer, centrifuged to sediment in- 
soluble apolipoprotein B, then applied to the column to 
separate the E and C apolipoproteins. 

To separate the apolipoproteins from human high- 
density lipoproteins, two columns were necessary, first 
with dithiothreitol omitted to obtain apolipoprotein AI 
and apolipoprotein AII  {dimer} in one peak, then the C 
apolipoproteins as a group. After dialysis and lyophiliza- 
tion, the AI/AII mixture was chromatographed in the 
presence of dithiothreitol to separate AI and AII as the 
monomer. 

The delipidated rat high-density lipoproteins were 
chromatographed as above to obtain the C apolipopro- 
teins but apolipoproteins AIV, E and AI were distributed 
in an asymmetric peak that was divided into two pools 
containing either AIV and E, or E and AI. Each pool was 
then reapplied to a heparin-Sepharose affinity column 
{Pharmacia} as described by Shelburne and Quarfordt 
{27). Then, apolipoprotein AI or AIV were eluted with buf- 
fer containing 0.15 M NaC1 before apolipoprotein E was 
eluted with buffer containing 2 M NaC1. Finally, all apo- 
lipoproteins were dialyzed against 0.01% EDTA pH 8.0 
and lyophilized. Purity was monitored by polyacrylamide 

gel electrophoresis. Apolipoproteins were incubated with 
the emulsions in the proportions of 100 pg/mg lipid for 
two to three hr before adding to the perfusate. 

Liver perfusions. Livers from overnight-fasted Holtz- 
man rats weighing 244 • 34 g were perfused in a recir- 
culating system as described previously {28,29}. Perfusate 
volume was ~150 ml of 4% albumin and 15 mM glucose 
in Krebs Ringer buffer, {pH 7.4} at 37 C. Bile was diverted 
by carmulation of the common bile duct. Sodium tauro- 
cholate continuously was infused into the system at 
36/zmol]hr {30}, and the pH was maintained with a pH- 
stat  delivering 0.3 M NaOH. 

The livers were equilibrated for 15 rain in the system 
before a labeled emulsion or Iipoprotein suspension was 
added to the perfusate reservoir, after removing the 8 ~m 
Millipore filter that initially was present in the circuit. 
The perfusion rate was 59 ___ 6.1 rnYmin. Samples of 1.0 ml 
were taken at intervals of 4, 6, 8, 10, 12, 14, 17 and 20 min 
for measurement of residual radioactivity in the medium. 

RESULTS 

Prepared as described, the remnant-like emulsions had 
the composition triacylglycerols 73%, cholesteryl esters 
5%, cholesterol 10% and phospholipids 12%. Figure 1 

FIG. 1. Electron microscope appearance of the emulsions stained 
with 2% phosphotungstate.  The bar indicates 100 nm. Some of  the 
particles appear nonspherical, perhaps because of distortion from 
crowding on the gri~  Particle diameters were measured as the means 
of two perpendicular measurements using a graticule, and the 
distribution shown is plotted as a histogram. 
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FIG. 2. The pattern of removal from the perfusate of  the added emulsion radioactivity, 
plotted on linear and log-linear coordinates {A and B). Uptake was  exponential. Added 
apolipoprotein E increased the rate of uptake. Uptake of natural remnants was almost 
identical with the emulsion in the presence of  apolipoprotein E. 

T A B L E  1 

Effect  of Conditioning of the Perfusion Medium with Intralipid 
on the Removal of the Remnant-like Emulsion a 

Rate of removal 
Perfusate (%Imin) 

Unconditioned 0.I, 0.3 
Conditioned 2.4 +_ 0.5 (5} 

aThe removal rates were derived from the slopes of the exponential 
curves fitted to the data of radioactivity remaining in the perfusate 
collected during the first 20 min after adding the emulsions. Results 
are mean "1- SD, (n)=numbor of experiments or each of duplicate 
experiments. The albnmin used in the perfusion medium was treated 
as described in the Methods section. The mass of added emulsion 
was ~2 mg total lipid. 

shows the  electron microscope appearance  of the  emul- 
sion af ter  negat ive  staining, and the h i s togram of parti-  
cle sizes shows tha t  mos t  were between 60 and 120 nm 
in diameter.  Al though the emulsions were s table  for a t  
least  one week, they  a lways were used for perfusion 
studies within three days  of preparat ion.  

The livers continued to produce bile through the  period 
of perfusion. Average  bile flow was 0.265 _+ 0.15 ml dur- 
ing the perfusion period (n-26}. Not  more than  0.1% of 
added emulsion or lipoprotein radioactivity was recovered 
in the bile. Figure 2 shows the pat tern  of removal of added 
radioact iv i ty  f rom the perfusate.  Removal  ra tes  were 
exponential .  

The requirement  for precondit ioning of the albumin 
used in the perfusion medium by  t r ea tmen t  wi th  Int ra-  
lipid emulsion part icles is shown by  the da ta  of Table 1. 
Wi thout  conditioning, the ra te  of removal  of the added 
labeled emulsion f rom the perfusion s y s t em  was very  
slow. Conditioning with  Intral ipid increased the ra te  by  
up to 20-fold and also increased the amount  of radioac- 
t iv i ty  recovered in the liver {data not  shown}. Also effec- 

T A B L E  2 

Effects  of Apolipoproteins on Uptake of Remnant-like Emulsions a 

Rate of removal 
Added apolipoprotein {%Imin) 

None 2.4 _+ 0.5.(5) 
E (rat or human) 5.8 + 1.7b (6) 
C's (rat or human) 2.2 +_ 1.1 (5) 
AI (rat) 2.0 +_ 0.5 (5) 
AII (human) 1.1, 1.3 
AIV (rat) 1.1 

aApolipoproteins were added to the emulsions in the proportion of 
100 ~g/mg lipid two to three hr before the liver perfusion. Where 
either rat or human apolipoproteins were used, uptake rates were 
similar with both. Other experimental details are as in Table 1. 
bSignificantly faster than with no addition, p < 0.01. 

t ive in accelerating the ra te  of removal  was tr iacylglyc- 
erol-rich emulsion added to the uncondit ioned medium 
during the perfusion with the radioact ive t es t  emulsion. 

The effects of added apolipoproteins on up take  of the 
remnant-l ike emulsion are shown in Table 2. The ex ten t  
of associat ion of apolipoproteins with high-cholesterol 
emulsion was repor ted  (21). Addit ion of apolipoprotein 
E accelerated the ra te  of removal,  whereas apolipopro- 
teins C or A I  had little effect. Apolipoproteins  A I I  and 
AIV appeared to be inhibitory for uptake  but  the numbers  
of exper iments  were insufficient for f i rm conclusions to 
be drawn. 

Apolipoprotein E accelerated the ra te  of removal  of 
chylomicrons f rom the per fusa te  as shown in Table  3 so 
tha t  the removal  was similar to tha t  of natural  remnants .  
Note  t ha t  with added apolipoprotein E, the removal  ra te  
of the  remnant- l ike emulsion {Table 2) also was similar 
to t ha t  of the na tura l  remnants .  With  na tura l  remnants ,  
added apolipoproteins A I  and A I I  appeared to slow the 
removal  ra te  but  again small  numbers  of observat ions  
prevent  f i rm conclusions. 

LIPiDS, Vol. 23, No. 2 (1988) 



104 

T.G. REDGRAVE ET AL. 

TABLE 3 

Effects of Apolipoproteins on Uptake of Chylomicrons 
and  R e m n a n t s  a 

Rate of removal (%/min) 

Added apolipoprotein Chylomicrons Remnants 

None 3.4 6.7 _+ 2.3 (3) 
E (rat) 6.5 
AI {rat) 4.3 
AIV (rat) 4.4 

aAdditions of apolipoproteins and other experimental details as 
described in Tables 1 and 2. 

DISCUSSION 

The ligand for uptake of chylomicron remnants by the 
liver is apolipoprotein E riO}, and hepatic receptors 
mediating remnant binding and uptake are designated 
B,E and E receptors (13,31). Because Watanabe heritable 
hyperlipemic rabbits that lack B,E receptors are able to 
metabolize chylomicron remnants efficiently {32), it must 
be concluded that  the E receptors are implicated in rem- 
nant clearance. Similarly, chylomicrons appear to be 
metabolized normally in humans homozygous for defects 
in the B,E receptor. 

We recently described the metabolism of emulsions 
prepared to model the in vivo metabolism of chylomicrons 
and remnants {20,21). Triacylglycerol-rich emulsions with 
low cholesterol content were metabolized like chylo- 
microns, whereas when the content of free cholesterol was 
high, the metabolism was like remnants. The emulsions 
modeling remnants were not hydrolyzed by lipoprotein 
lipase in peripheral vascular beds but were taken up by 
the liver without extensive depletion of triacylglycerols. 

The differences in metabolism between emulsions with 
low or high cholesterol contents probably were explained 
by differences in affinity for the plasma apolipoproteins 
that associated with the emulsions after their intravenous 
injection. In vitro bindings of apolipoproteins AI and C 
were decreased by 35% and 26% for the emulsions with 
high cholesterol content, whereas the binding of apolipo- 
protein E was increased by 9% (21). 

Compared with their precursor chylomicrous, remnants 
are high in their content of free cholesterol {1,16} so the 
same changes in lipoprotein affinities can be expected and 
have been observed (14,16). Thus, the increase in choles- 
terol content in remnants serves to facilitate the associa- 
tion with apolipoprotein E, which then mediates binding 
to the hepatic receptors. 

In the present experiments with added apolipoprotein 
E, emulsions high in cholesterol were taken up by the liver 
similarly to natural chylomicron remnants, as shown by 
the data of Tables 2 and 3. Therefore, emulsions with high 
cholesterol content and with bound apolipoprotein E are 
adequate as models of chylomicron remnants, at least in 
terms of their uptake by the perfused liver. 

In other studies of hepatic uptake of triacylglycerol-rich 
emulsions, the contents of cholesterol have been low, and 
therefore not a good model for remnants. Consistent with 
increased binding of the C apolipoproteins to emulsions 

low in cholesterol are the inhibitory effects on hepatic Ul> 
take produced by added C apolipoproteins. However, 
because emulsions high in cholesterol bind less of the C 
apolipoproteins inhibitory effects should be less. This ex- 
pectation was supported by the data of Table 2. 

Improvement of the rate of uptake by conditioning of 
the perfusion medium with Intralipid lipid particles prol> 
ably also was explained by binding of apolipoproteins to 
the Intralipid emulsion. Commercial albumin was re- 
ported to contain contaminating apolipoprotein AI (33, 
34}. Our data provide preliminary evidence that apolipo- 
proteins AII and AIV may be inhibitory for uptake, suf- 
ficient to justify further experiments specifically designed 
to test their possible role in remnant metabolism. 

Recent in vivo data have shown clearance rates for 
chylomicron remnants and for emulsion models of rem- 
nants to be -10%/rain for rats with a plasma volumes of 
---10 ml, and hepatic blood plasma flow of ----6 ml/min. For 
a perfusate volume of ---150 ml and a hepatic porfusion 
rate of ---60 mYmin, as in our experiments, an uptake rate 
of ---6.6%/rain would be the expected physiological rate 
in the perfusion apparatus. Tables 2 and 3 show that for 
natural remnants and for emulsions in the presence of 
apolipoprotein E, the uptakes were 6.7 and 5.8%/rain, 
respectively, close to the physiological rate. 

When the perfusion medium contains erythrocytes, the 
mass of erythrocytes may exceed the liver mass (28,29), 
and cholesterol present in the erythrocyte membranes 
may transfer to added emulsions. In our studies, erythro- 
cytes were absent to avoid this complication and, as 
shown previously, the liver viability was physiological 
(2S-30). 

Our findings provide further evidence that apolipopro- 
tein B4, is not implicated in the uptake process of 
chylomicron remnants by the liver. Lipoproteins that con- 
tain apolipoprotein B,8 but not E bind very poorly to 
receptors {35}. Further, the metabolism of chylomicrons 
and remnants can be reproduced by emulsions entirely 
lacking in apolipoprotein B48 {20,21}. Confirming results 
with very low-density lipoproteins {36), apolipoprotein 
B is neither necessary nor sufficient for receptor binding, 
whereas apolipoprotein E is essential. Similarly, the 
changes in lipid composition of remnants are a necessary 
but not a sufficient reason to account for remnant-like 
physiological behavior. 
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Effect of Essential Fatty Acid Deficiency on the Size 
and Distribution of Rat Plasma HDL' 
K.E. Lowe a, S. Pelkeya, M.A. Williamsa. ~ and A.V.  Nlcholsb 
aDepartment of Nutritional Sciences and bDepartment of Biophysics, University of California, Berkeley 

Rat plasma high density lipoproteins (HDL) are com- 
prised of two major particle size subpopulations, HDL, 
(255 ~-140 A) and HDL2 (140 A-84/~), in which the pro- 
portion of arachidonate in fatty acids of cholesteryl esters 
is greater than 50%. To determine whether decreased 
availability of arachidonate for cholesterol esterification 
would alter the distribution and/or amounts of the HDL 
subpopulations, we compared HDL subpopulations in 
EFA-deficient and control rats. To separate the effects 
of EFA deficiency and fat deficiency and to evaluate ef- 
fects of different saturated fats, we used EFA-deficient 
diets that were fat-free or that contained 5% saturated 
fat. The control diets were the EFA-deficient diets plus 
1% safflower oil. The saturated fats were hydrogenated 
coconut oil, hydrogenated cottonseed oil and saturated 
medium-chain triglycerides. All EFA-deficient diets de ~ 
creased the proportion of the HDL, subpopulation and 
the peak diameter of the HDL2 subpopulation. These 
changes appeared after quite brief EFA depletion in 
young rats and may be related to the increased liver ch~ 
lesteryl ester concentrations typical of EFA-deficient 
rats. 
Lipids 23, 106-114 {1988). 

The major part of plasma cholesteryl esters iCE) in the 
rat are carried in high density lipoproteins (HDL), which 
consist of two major subpopulations, often termed HDLI 
and HDL2 {1-4). Ultracentrifugal fractionation of the 
HDL has shown that  the HDL, has both a lower density 
and larger particle siZeo(255 ~-140 A) than the HDL2 sub- 
population (140 A-84 A) (5-9). Both subpopulations con- 
tain apolipoprotein {apo) A-I, but only the HDL, contains 
apolipoprotein E (1-3,7-9). 

In both subpopnlations, the proportion of arachidonate 
in fat ty acids of CE is greater than 50% (1), a fact that  
shows the importance of arachidonate in the transport 
of cholesterol and conversely the importance of choles- 
terol in the transport of arachidonate in the rat {10,11). 
Therefore, one might speculate that a change'in the avail- 
ability of arachidonate for cholesterol esterification would 
alter the distribution and/or amounts of the HDL sub- 
populations. Information on such changes is needed to 

'Presented in part at the 69th annual meeting of the Federation of 
American Societies for Experimental Biology held in Anaheim, CA, 
April 1985 (Fed Proc. Fed Am. Soc. Exp. Bios 44, 1157, 1985). 
*To whom correspondence should be addressed at the Department 
of Nutritional Sciences, 119 Morgan Hall, University of California, 
Berkeley, CA 94720. 
Abbreviations: ACAT: acylcoerLzyme A:cholesterol acyltransferase; 
apo: apolipoprotein; CE: cholesteryl esters; EDTA: ethylene diamine 
tetraacetic acid; EFA: essential fatty acids; HCNO: hydrogenated 
coconut oil; HCSO: hydrogenated cottonseed oil; HDL: high density 
lipoproteins; LCAT: lecithin: cholesterol acyltransferase; LDL: low 
density lipoproteins; MCT: medium-chain triglycerides; PAGGE: 
polyacrylamide gradient gel electrophoresis; SAFF: safflower oil; 
SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electro, 
phoresis; VLDL: very low density lipoproteins. 

understand the role of essential fat ty acids {EFA) in 
plasma cholesterol metabolism. 

Narayan and coworkers obtained evidence to support 
the idea that  lack of EFA changes the distribution of 
HDL subpopulations. Narayan and McMunen {12) re- 
ported that  EFA-deficient rats fed a fat-free diet had a 
lower concentration and proportion of plasma HDL in the 
fraction corresponding to the HDL, subpopulation than 
did rats fed a diet containing 4% corn off. However, the 
level of dietary fat and the type of dietary fat affect the 
composition and distribution of HDL in rats fed diets ade ~ 
quate in EFA {13}. Thus, the comparison of a fat-free diet 
with a 4% corn oil diet did not resolve whether lack of 
EFA or lack of fat caused the changes in HDL distribu- 
tion observed by Narayan and McMullen. Earlier work 
(14,15} implied that the reduction in the HDL~ subpopula- 
tion was an effect of EFA deficiency because this sub- 
population was reduced in rats fed a 10% hydrogenated 
coconut oil diet (14) in comparison with rats fed a 10% 
corn oil diet in a previous experiment {15}. 

To distinguish more definitely the effects of EFA defi- 
ciency from those of fat deficiency and to evaluate how 
saturated fats of different fat ty acid composition might 
influence HDL distribution in both EFA-deficient and 
control rats, we have investigated the distribution of 
HDL subpopulations in EFA-deficient rats fed diets that 
were fat-free or that contained 5% saturated fat, in com- 
parison with rats fed these EFA-deficient diets sup- 
plemented with 1% safflower oil (SAFF). The saturated 
fats used were hydrogenated coconut oil (HCNO), hydro- 
genated cottonseed oil (HCSO) and saturated medium- 
chain triglycerides (MCT). Our results show that  all of 
the EFA-deficient diets produced a large decrease in the 
proportion of the HDL, subpopulation. 

MATERIALS AND METHODS 

Animal s  and diets. Male weanling Sprague-Dawley rats 
(Bantin-Kingman, Fremont, CA) weighing 45-50 g at 21 
days of age were assigned to diets so that  the average 
initial body weights of each group were equal. Pairs of 
rats were housed in suspended, wire-bottom cages and 
given food and tap water ad libitum. The room was kept 
at 22 C with constant lighting {7 a.m. to 7 p.m.}. Body 
weights and food intakes were recorded three times 
weekly to monitor growth. Table 1 shows the composi- 
tion of the purified diets {16,17}. EFA-deficient diet 
groups and respective controls were 0% fat, 1% safflower 
oil {SAFF); 5% hydrogenated coconut oil {HCNO), 5% 
HCNO + 1% SAFF; 5% hydrogenated cottonseed oil 
(HCSO), 5% HCSO + 1% SAFF; 5% medium-chain 
triglycerides (MCT), 5% MCT + 1% SAFF. A 5% corn 
oil {CORN) diet was fed to another EFA-adequate group. 
After 3, 4, 8, 12 or 13 weeks on the diet, rats were fasted 
for 16 hr (5 p.m.-9 a.mJ before receiving 50 mg sodium 
pentobarbitaYkg body weight intraperitoneally {Nem- 
butal, Abbott Laboratories, North Chicago, IL). Blood 
was collected by heart puncture. 
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TABLE 1 

Composition of Purified Diets 

Components, 
g/100 g of diet 

Diets a Fat Sucroseb 

EFA-deficient 
0% Fat 0 74.5 
5% Saturated fat 5 69.5 

(5% HCNO c, 5% HCSO d, or 5% MCT e) 

EFA-adequate 
1% SAFFI 1 73.5 
5% Saturated fatc, d, e + 1% SAFF 6 68.5 
5% Corng 5 69.5 

aAU diets included (g/100 g diet): 20.0 vit~mla-free casein; 91.0% 
crude protein (Teklad, Madison, WI); 1.0 B-vitamin mix in sucrose 
(16) (vitamins from Sigma Chemical Co., St. Louis, MO); 1.0 vitamin 
A, D, E mix in sucrose (16) (vitamins from Sigma); 3.5 mineral mix 
UCB-IRb (17); Na2SeO3 and KCr(SO,)2. 12H20 added separately in 
sucrose to give 0.1 mg Se and 2 mg Cr/kg diet (Mallinckrodt, Paris, 
KY); 0.18 choline bitartrate (Sigma). 
bpowdered sucrose, C & H Sugar Co. (San Francisco. CA). 
CHydrogenated coconut oil, California Fats and Oils (Richmond, CA). 
HCNO fatty acids, % by weight: 8:0, 4%; 10:0, 6%; 12:0, 49%; 14:0, 
18%; 16:0, 10%; 18:0, 12%. 
dHydrogenated cottonseed off, Wilsey Foods (San Francisco, CA). 
HCSO fatty acids, % by weight: 16:0, 25%; 18:0, 71%; 18:1n-9, 2%; 
18:2n-6, 0.5%; with 1.5% minor unidentified compounds. 
eMedium-chain triglyceride oil, Mead Johnson (Evansville, IN). MCT 
fatty acids, % by weight: 8:0, 67%; 10:0, 23%; with 6% of fatty acids 
of chain length shorter than C, and 4% longer than C,o. 
fSafflower oil, Saffola (Los Angeles, CA). SAFF fatty acids, % by 
weight~ 16:0, 7%; 18:0, 3%; 18:1n-9, 12%; 18:2n~, 77%; 18:3n-3, 0.5%. 
gCorn oil, Mazola, Best Foods (Englewood Cliffs, NJ). Corn oil fatty 
acids, % by weight: 16:0, 13%; 16:1n-7, 0.1%; 18:0, 2.3%; 18:1n-9, 
26.1%; 18:2n-6, 58%; 18:3n-3, 1.1%. 

Lipoprotein fractionation. Blood containing 1 mg 
Na2EDTA/ml was spun at 2500 rpm (1223 X g) for 30 
min at 4 C (IEC Centrifuge model PR-2, Internat ional  
Equipment  Co., Boston, MA) to obtain plasma. For isola- 
tion of lipoproteins of d ~< 1.20 g/mi, 2 ml plasma were 
mixed with 4 ml salt  solution (0.194 M NaCI, 4.506 M 
NaBr, d -- 1.310 g]ml) to a final densi ty of 1.217 g/ml. 
Samples were ultracentrifuged at  40,000 rpm (143,000 • 
g) for 24 hr at 15 C (Beckman 40.3 rotor, centrifuge model 
L2-65B, Beckman Instruments ,  Palo Alto, CA) (18). The 
top 1 ml fraction of each sample (d ~ 1.20 g/ml), which 
contained the total plasma lipoproteins, was stored at 4 C 
and electrophoresed within one wk. Fract ion density was 
checked at  26 C with a Bausch and Lomb Abbe-3L 
Refractometer  (Bausch and Lomb, Rochester, NY). 

To isolate the HDL within the d 1.04-1.20 g/mi frac- 
tion, 4 ml ra t  plasma (from individual ra ts  or equal 
volumes of plasma pooled from each of four rats) contain- 
ing 10 mM phenylmethylsulfonyl  fluoride were mixed 
with 2 ml salt solution (0.194 M NaC1, 0.479 M NaBr, d = 
1.043 g/mi) and ul tracentr ifuged at  40,000 rpm (143,000 
• g) for 24 hr at  15 C in a Beckman 40.3 rotor.  The top 
1 ml (d ~< 1.04 g/ml) was removed, and 1.230 g NaBr  was 
added to the subnatant .  The tubes were ultracentrifuged 

again at  40,000 rpm for 24 hr at  15 C. The top 1 ml frac- 
tions (d 1.04-1.20 g/ml) were stored at 4 C and elec- 
t rophoresed within one wk. 

Polyacrylamide gradient gel electrophoresis (PA GGE). 
Lipoproteins of the d ~< 1.20 g/ml top 1 ml fraction were 
electrophoresed through 4-30% or 2-16% polyacrylamide 
gradient  slab gels (PAA 4/30, Pharmacia, Piscataway, 
NJ) at 125 V, constant  voltage, at  10 C for 24 hr (Phar- 
macia Electrophoresis  GE-2/4 Apparatus;  LKB 2197 
Power Supply, 2209 MultiTemp, LKB, Gaithersburg,  
MD) according to Nichols et  al. (19) except  tha t  internal  
s tandard  was omitted. Proteins were fixed in 10% sulfo- 
salicylic acid for one hr and stained with 0.2% Coomassie 
blue R-250 in 50% methanol/10% acetic acid for 1.5 hr. 
Gels were destained in 7.5% acetic acid]5% methanol until 
background was completely clear. 

Densitometry. An automated RFT densitometer (Tran- 
sidyne General, Ann Arbor, MI) scanned the gels at  
530 nm wavelength. A PDP8 computer  (Digital Equip- 
ment  Corp., Maynard,  MA) calculated scan data, and a 
hard copier (Model 4631, Tektronix Inc., Beaverton, OR) 
recorded data  displayed on a terminal (Model 4012, 
Tektronix). To calibrate particle size, the computer  pro- 
gram generated a s tandard  curve of peak Rs values vs 
logari thm of Stokes'  radii of the reference proteins. Rs is 
the ratio of migration distances of a specific protein peak 
and of the peak of the fur thes t  migrat ing s tandard pro- 
tein in the same gel. Reference proteins (and radii in/~) 
were thyroglobulin (85.0), apoferritin (61.0), lactate de- 
hydrogenase (40.8), and bovine serum albumin (35.5). Rat  
HDL peak Rs values were converted to particle diameters, 
and areas under the densitometric scans were integrated 
(19). The Rj ranges of the ra t  plasma HDL,  subpopula- 
tion (0.16-0.40; corresponding to 255 ~-140  ~) and 
of the ra t  plasma HDL2 (0.40-0.75; corresponding to 
140/~-84 ~,) were assigned by inspection of the den- 
si tometric tracings. 

SDS-PAGE ofapolipoproteins. Plasma lipoproteins of 
the d < 1.20 g/mi top fraction were dialyzed 18 hr at 4 C 
against  0.05 M NaC1, 0.001 M Na2EDTA, pH 6-8. Pro- 
tein content  was assayed by  the method of Lowry et al. 
(20) using bovine serum albumin (Fraction V, Sigma) as 
standard.  Samples of 20-30/~g protein were denatured 
by boding for 15 min in 1% sodium dodecyl sulfate (SDS), 
with or without  5% 2-mercaptoethanol, and electro- 
phoresed through 10% polyacrylamide tube gels (21) at  
constant  current  of 10 mA per tube for five hr at 16 C 
in the Weber and Osborn continuous buffer sys tem (22). 
SDS-PAGE gels were processed as noted for polyacryl- 
amide gradient gels and scanned densitometrically at  
603 nm. The PDP8 computer  generated a s tandard curve 
of peak R~ vs logari thm of molecular weight of the refer- 
ence proteins. Standard proteins (MW in kilodaltons) were 
bovine serum albumin (67.0), human apoE (34.0), bovine 
apoA-I (28.0) and lysozyme (14.4). 

Statistics. The average HDL2 peak diameters of EFA- 
deficient rats  were compared with those of corresponding 
control ra ts  by Student ' s  unpaired t- test  (23). 

RESULTS 

Distribution of plasma lipoproteins {d <~ 1.20 g/ml} in 
4-30% polyacrylamide gradient gels. Figures 1-4 show 
the P A G G E  pat terns,  stained for protein, for individual 
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Coomassie R-250 protein stain) of plasma HDL (d ~ 1.20 g/ml fraction) from individual rats on an EFA-deficlent 
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rats fed EFA-deficient and control diets for four wk or 
more. HDL patterns of rats fed control diets for four wk 
show significant amounts of material in the HDL, as well 
as in the HDL2-size intervals. In contrast, the HDL pat- 
terns of EFA-deficient rats show a greater predominance 
of the HDL2 species and very little material in the HDL, 
interval. The VLDL and LDL patterns of EFA<leficient 

rats, as evaluated by PAGGE on 2-16% gels (not shown), 
were very similar to those of EFA-supplemented rats. 

A more quantitative evaluation of the 4-30% PAGGE 
tracings is given in Table 2, which shows the percent con- 
tribution of HDL, and HDL2 to the total HDL pattern 
after three, four or eight weeks of feeding the test diets. 
In the EFA-deficient groups, the contribution of HDL, 
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T A B L E  2 

Effect  of Diet on Percentage of Contribution of HDL 
Subpopulations to Electrophoretic Profile a of Total  HDL 

% of Total HDL area, mean • l 

Diet group (n) HDL, HDL~ 

Total lipoprotein fraction 

HCNO + SAFF 4 wk (11) 20.4 • 11.1 
HCNO 4 wk (10) 6.9 • 3.3w 

HCNO + SAFF 8 wk (10) 15.4 • 3.7 
HCNO 8 wk (14) 7.2 • 3.3w 

HCSO + SAFF 4 wk {6) 21.3 • 2.7 
HCSO 4 wk (4) 7.4 • i.Iw 

HCSO + SAFF 8 wk (13) 17.7 • 5.0 
HCSO 8 wk (12) 10.1 • 2.7w 

1% SAFF 4 wk (4) 17.1 • 3.6 
0% FAT4wk(4) 7.0 • 0.6w 

HDL subfraction (d 

HCNO + SAFF 3 wk (4) 16.5 • 1.4 
HCNO 3 wk (5) 5.9 • 1.6w 

(d ~ 1.20 g/ml) 

79.6 • 11.1 
93.1 • 3.3* 

84.6 • 3.7 
92.8 • 3.3 

78.7 • 2.7 
92.6 • 1.1w 

82.3 • 5.0 
89.9 • 2.7* 

82.9 • 3.6 
93.0 • 0.6* 

1.04-1.20 g/ml) 

83.5 • 1.4 
94.1 • 1.6" 

a4-30% PAGGE. 
*Significantly different from corresponding control at p < 0.05. 
w different from corresponding control at p < 0.01. 

to the HDL pat tern  is only half (7-10%) tha t  observed 
in the corresponding control groups (15-21%). These dif- 
ferences are statistically significant. The proportion of 
HDLI to total HDL in the fat-free diet group (7.0% of 
HDL pat tern  area) is similar to the HDL,  proportions in 
the EFA-depleted 5% HCNO and 5% HCSO diet groups 
(6.9% and 7.4% of HD L pattern area, respectively). Thus, 
this change results from E F A  deficiency, not  from fat 
deficiency. 

Table 3 shows the mean particle diameter determined 
by 4-30% P A G G E  at peak maximum of the HDL2 sub- 
population from deficient and control rats. In all of the 
deficient groups, the mean HDL2 diameter ranges from 
100.0 to 102.9 A. These values are significantly smaller 
(by 6-11 ~,) than the mean diameters of the HDL2 for the 
corresponding control groups. 

In certain of the dietary studies, HDL were isolated in 
the density range of d 1.04-1.20 g/ml in order to reduce 
any contribution of LDL to the large particle end of the 
H D L  pattern. Figure 5 shows the P A G G E  distribution 
of the d 1.04-1.20 g/ml lipoproteins from rats  fed the 5% 
HCNO diet and the 5% HCNO + 1% SAFF diet for three 
and four weeks. In comparison with controls fed the 5% 
HCNO + 1% SAFF diet, the changes in HDL subpopula- 
tion distribution and particle diameter in this density frac- 
tion from EFA-deficient rats  are similar to the changes 
observed with the d ~< 1.20 g/ml lipoproteins (Tables 2 and 
3). The changes in the d 1.04-1.20 g/ml fraction were evi- 
dent in rats  fed the 5% HCNO diet for only three wk 
(samples from individual rats) and were more pronounced 
after four wk (pooled plasma samples). 

Plasma apolipoproteins separated by SDS-PAGE. 
Figures 6 and 7 show SDS-PAGE tube gels and densito- 
metric tracings for the apoproteins of the total  plasma 

T A B L E  3 

Effect  of Diet  on Diameter* of Rat Plasma HDL~ Subpopulation 

HDL diameter, ~, 
Diet group n (X • SDn. 1) 

Three weeks on diet 
5% HCNO + 1% SAFF a 4 108.6 --- 1.0 
5% HCNOa 5 100.0 ___ 0.9w 

Four weeks on diet 
5% HCNO + 1% SAFF 14 109.9 ___ 2.0 
5% HCNO 14 102.2 ___ 1.5w 

5% HCSO + 1% SAFF 10 114.0 _ 3.7 
5% HCSO 9 102.9 • 3.6w 

1% SAFF 6 107.7 • 1.9 
0% FAT 6 100.9 • 1.1w 

Eight weeks or more on diet 
5% HCNO + 1% SAFF b 11 109.9 • 2.2 
5% HCNO b 13 101.9 • 2.5w 

5% HCSO + 1% SAFF b 13 107.8 • 1.8 
5% Hcsob 12 102.0 • 3.4w 

5% MCT + 1% SAFF c 2 109.8 • 0.6 
5% MCT c 2 100.4 • 3.0 

5% CORNd 2 112.0 

*Determined by 4-30% PAGGE. 
w different from corresponding control at p < 0.01. 
ad 1.04-1.20 g/ml HDL subfraction samples; all others were d < 1.20 
g]ml HDL subfractions. 
bEight wk on diet. 
CThirteen wk on diet. 
dTwelve wk on diet. 

T A B L E  4 

Percentage of Contribution of Major Plasma Apolipoproteins 
to SDS-PAGE Profiles* 

Diet (4 wk) apoE apoA-I apoA-IV 

as % of scanning units 
{apoE + apoA-I + apoA-IV) 

1% SAFF 23.5 69.7 6.9 
0% FAT 3.8 91.3 4.9 

5% HCNO + 1% SAFF 17.2 75.0 7.8 
5% HCNO 5.9 85.4 8.7 

*Determined by analysis of 10% polyacrylamide-l% SDS tube gels 
(Fig. 6). 

lipoprotein d ~< 1.20 g/ml fraction from individual rats fed 
the fat-free diet, the 1% S A F F  diet, the 5% HCNO diet 
and the 5% HCNO + 1% S A F F  diet. The proportion of 
apoE (expressed as % of the sum of the areas of the 
apoA-I, apoA-IV and apoE peaks) in the total lipoprotein 
fraction from EFA-deficient rats is only one-third to o n e  
sixth tha t  of the EFA-supplemented rats  (Table 4). This 
decrease in apoE is consistent with the decreases in both 
the HDLI subpopulation, in which apoE is a major com- 
ponent (1, 7, 8), and the plasma triglyceride concentra- 
tion in EFA-deficient rats  (12,24). Correspondingly, the 
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FIG. 5. Representative densitametric scans of 4-30% PAGGE of plasma HDL (d 1.04-1.20 g/ml fraction) 
from individual rats (A, B) on an EFA-defieient diet (5% HCNO) or eontrol diet after three wk. Scans of 
HDL from plasma pooled equally from four rats of the same diet groups are shown in C and D. 

proportion of the apoA-I peak is greater in samples from 
EFA-deficient rats than from their corresponding con- 
trols. Lastly, the proportion of the apoA-IV band is some- 
what greater with the fat~ontaining diets than with the 
fat-free diet, an expected result if synthesis of apoA-IV 
is stimulated by fat feeding (25). 

DISCUSSION 

Changes in distribution and size of HDL subpopulations. 
We conclude that the changes in particle size distribu- 
tions of HDL subpopulations in the EFA-deficient rats 
are due to a lack of EFA and not to a lack of dietary fat. 
The changes in particle size distribution also appear in- 
dependent of the type of saturated fat in the diet, because 
the effects of EFA-deficiency were similar with diets sup- 
plying long chain saturated fat ty acids (HCSO) or 
medium chain fat ty acids (HCNO and MCT). All EFA- 
deficient groups showed a pronounced decrease in the prc~ 
portion of the HDL, subpopulation and a decreased par- 
ticle diameter of the main peak of the HDL2 subpopula- 
tion in comparison with controls fed the same diet + 1% 
safflower oil. Furthermore, the distribution and size of 
the HDL subpopulations were similar in the EFA-defi- 
cient groups fed the fat-free diet and in those fed the diets 
containing 5% saturated fats. 

Because the HDL subpopulation distribution and par- 
ticle size were similar between the fat-free diet group and 

the groups fed the 5% saturated fat diets, we consider 
it unlikely that  the difference between the control and 
EFA-deficient groups in HDL subpopulation distribution 
and particle size resulted from the slightly higher (1%) 
level of total fat in the control diets, rather than from the 
presence of EFA. In planning our experiments, we con- 
sidered it more important to have the same amount of 
saturated fat in all the deficient and control diets because 
of evidence that saturated fat increases the need for EFA 
{26-28). Therefore, in preparing control diets we chose to 
add 1% safflower oil to the EFA-deficient diets contain- 
ing 5% saturated fat rather than to maintain a constant 
total fat level by reducing saturated fat to 4%. 

We extended the diet period from four wk to longer 
periods to test the effects of more pronounced EFA deple- 
tion and]or age. We found no additional decreases in the 
particle size of the HDL2 subpopulation after eight wk 
depletion or more {12 and 13 wk, data not shown), despite 
the somewhat greater tissue EFA depletion (17). EFA 
depletion for eight wk or even longer generally is used 
in studies of EFA deficiency in rats to maximize tissue 
EFA depletion {12,29,30). However, even two weeks of 
EFA depletion will produce large changes in plasma and 
liver EFA in young rats {31-33). Thus, if distribution of 
HDL subpopulations depends on availability of EFA, 
then it is likely that changes in HDL subpopulation 
distribution should appear after EFA-depletion periods 
of two weeks or less. Evidence for such changes has 
recently been obtained (34). 
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FIG. 6. 10% PAGE-l% SDS tube gels. Rat  plasma Hpoproteins (d ~ 1.20 g/ml fraction) were denatured in 
the presence I-I-) or absence {--) of 2-mercaptoethanol. Gels 1-8 contain 30 pg protein. Gel 9 contains 55/~g 
standard protein mixture. 1,2: 5% HCNO diet, four wk. 3,4: (controls) 5% HCNO -F 1% SAFF,  four wk. 5,6: 
0% FAT, four wk. 7,8: (controls) 1% SAFF,  four wk. 
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FIG. 7. Densitometric scans of rat  plasma apolipoproteins (d ~ 1.20 g/ml fraction) electrophoresed through 
10% PAGE-l% SDS tube gels (see Fig. 6). A (gel 1): 5% HCNO four-week diet. B (gel 3): 5% HCNO -F 1% 
S A F F  four-wk control. C (gel 5): 0% FAT four-wk diet. D (gel 7): 1% S A F F  four-wk control. 
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The mean diameter  of particles in the HDL2 sub- 
populat ion did not  change between four and eight weeks 
in ra t s  fed the control diets, except  for the 5% HCSO + 
1% SAFF group. However,  with the la t ter  group there 
was a considerable decrease between four and eight weeks 
in the mean HDL~ diameter.  This change cannot  be at- 
t r ibuted to lack of dietary E F A  because a level of 1% saf- 
flower oil provides linoleate as ca. 1.5% of the food energy, 
a level tha t  is 50% greater  than  the min imum E F A  r e  
quirement. The adequacy of the linoleate intake of the 5% 
HCSO + 1% SAFF group also is suppor ted  by  the fact  
t ha t  the levels of linoleate and arachidonate  in liver 
phospholipids of this group are as high as in ra t s  fed the 
5% HCNO + 1% SAFF diet or the 5% corn oil diet {35}. 
The size ranges  of bo th  the HDLI  and the HDL2 sub- 
populat ions in our control groups  are very  similar to 
values reported by  H a  and coworkers, who used P A G G E  
to measure  H D L  particle size of ra t s  fed a nonpurified 
diet {9). 

Poss ib le  causes  o f  the  decrease in the  H D L ,  subpopula-  
tior~ The relative decrease in the H D L ,  subpopulat ion in 
the EFA-deficient  groups could be caused by  i ts  reduced 
format ion  and/or increased removal.  Reduced format ion 
could occur because of decreased supply of potent ia l  
precursor materials  for HDL,  production, e.g. VLDL sur- 
face components  or the HDL2 subpopulat ion (3). How- 
ever, available evidence is not  consis tent  with the possi- 
bility of reduced formation. In  EFA<leficient rats,  VLDL 
secretion and catabol ism are increased, as indicated by  
increased p l a sma  triglyceride secretion and ca tabol ism 
{24), and p lasma  LCAT act ivi ty  is also increased {29,36, 
37). The amount  of the HDL2 subpopulat ion in deficient 
ra t s  was similar to tha t  in controls, as indicated by the 
P A G G E  densi tometr ic  t racings  of equivalent  p lasma 
volumes,  a l though we have not made detailed analyses  
of the H D L  subpopulat ions  to determine the propor t ion 
and concentrat ion of the lipid and protein components .  

There is some evidence to suppor t  the possibil i ty of 
more rapid removal  of the HDL,  subpopulat ion.  This 
evidence includes increased hepatic uptake of radiolabeled 
p lasma  cholesterol (37) and increased concentrat ions of 
liver CE in EFA-deficient  ra t s  (24,35,38,39), despite 
decreased liver cholesterol synthesis  in deficient ra t s  
(38,39). Increased liver CE, of course, could arise f rom 
other mechanisms, including increased hepatic ACAT ac- 
t iv i ty  (37), decreased biliary secretion of cholesterol and 
bile acids (40,41) or increased hepatic  lipase act ivi ty  
{42,43). Hepa t ic  ACAT act ivi ty  is increased in EFA-  
deficient ra t s  (37) but  bile secretion and composit ion in 
EFA-deficient  r a t s  have  not  been tes ted  critically (40). 
We have found no repor ts  on hepatic tr iglyceride lipase 
act ivi ty  in EFA-deficient  rats.  Yet, if hepatic lipase ac- 
t ivi ty were increased in E F A  deficiency, such an increase 
could resul t  in grea ter  t ransfer  of cholesterol f rom HDL,  
to the liver, where HDL,  cholesterol may  be a preferred 
subs t ra t e  for bile acid synthesis  {44,45}. The decreased 
hepatic cholesterol synthesis in EFA<leficient ra ts  (38,39) 
also might  lead to a compensa tory  increase in extra- 
hepatic cholesterol synthesis  (40) and reverse cholesterol 
t r anspor t  (46). Future  exper iments  should measure  re~ 
verse cholesterol t ransport ,  hepatic triglyceride lipase ac- 
t ivity,  and biliary bile acid and cholesterol excret ion as 
E F A  deficiency develops. These measu remen t s  would 
show whether changes in these processes precede and lead 

to the increase in liver CE and the decrease in the H D L ,  
subpopulat ion in EFA-deficient  rats.  
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Perfluoro-n-Decanoic Acid: Induction of Peroxisomal/]-Oxidation 
by a Fatty Acid with Dioxin-like Toxicity 
Ead H. Harrlson',a, J. Scott Laneo, Scott LuklngO, Marc J. Van Rafelghen~ and Melvin E. Andersenb 
aDepartment of Biological Chemistry, Wflght State University, School of Medicine, Dayton, OH, and bToxic Hazards Division, Aerospace 
Medical Research Laboratory, Wright Patterson Air Force Base, OH 

Perfluoro-n~lecanoic acid {PFDA) produces toxic effects 
in rodents similar to those caused by 2,3,7,8-tetrachloro- 
dibenzo-p-dioxin. A single, intraperitoneal dose (50 mg/kg) 
of PFDA to Sprague-Dawley rats caused disruption of 
the endoplasmic reticulum, mitochondrial swelling and 
increases in intracellular lipid droplets in hepatocytes 
similar to effects reported previously in dioxin toxicity. 
PFDA treatment led to large decreases in the activity 
of plasma membrane alkaline phosphodiesterase and 
mltochondrial cytochrome c oxidase without affecting 
lysosomal N-acetyl-/J-glucoAmlnldase, endoplasmic reticu- 
lure NADPH-cytochrome c reductase or peroxisomal 
catalase activities. PFDA treatment led to moderate 
peroxisome proliferation and to very large (20-4~fold) in- 
creases in the activity of fatty acyl~oA oxidase, the rate- 
limiting enzyme in the peroxisomal system of fatty acid 
~-oxidation. 
Lipids 23, 115-119 (1988). 

Perfluorocarboxylic acids and their derivatives are used 
commercially in applications that take advantage of their 
surfactant properties, chemical and thermal stabilities 
and antiwetting actions (1,2). In general, perfluorocarbons 
are considered to be metabolized very poorly and rela- 
tively nontoxic. Perfluoru-n-octanoic acid is moderately 
toxic with an oral LD50 in Sprague-Dawley rats of about 
500 mg/kg {3). Periluoro-n<lecanoic acid (PFDA) is signifi- 
cantly more toxic than the octanoic derivative. The in- 
traperitoneal LD50 in Fisher-344 rats for perfluoro-n- 
octanoic acid was 189 mg/kg, while that for PFDA was 
only 41 mg/kg {4,5). Rats dosed with perfluoro-n-octanoie 
acid died within five days. In contrast, PFDA produced 
toxic effects very similar to those caused by dioxin 
{2,3,7,8-tetrachlorodibenzO-lydioxin). Similarities include 
delayed lethality, decreased food intake, thymic atrophy, 
bone marrow depression, hepatomegaly and disruption 
of hepatic architecture (4,5). PFDA differs from dioxin 
in that it causes severe testicnlar atrophy and necrosis, 
and it lacks the extreme species variability in toxic po- 
tency characteristic of dioxin. However, there are minor 
differences in PFDA toxicity between species and strains. 
For example, the intraperitoneal LD50 of PFDA in 
Fisher-344 rats is 41 mg/kg and in Sprague~Dawley rats 
is about 75 mg/kg. 

Ultrastructural observations on liver of rats and mice 
treated with a single dose of PFDA near the LD50 
demonstrated peroxisomal proliferation {7). Other agents 
that induce peroxisomes include the hypolipidemic drug 
clofibrate, its structural analogs, other hypolipidemic 
agents structurally unrelated to clofibrate, phthalate 
esters and acetylsalicylic acid (8). The effects of these 

*To whom correspondence should beaddressed at the Department 
of Physiology and Biochemistry, The Medical College of Penn- 
sylvania, 3300 Henry Ave., Philadelphia, PA 19129. 
Abbreviation: PFDA, perfluoro-n-decanoic. 

compounds on peroxisome proliferation have been 
assessed by morphological analysis {increase in the num- 
ber and volume of peroxisomes) or by biochemical 
analysis {increase in the activity of one or more perox- 
isomal enzymes). Quantitatively, the two measures of 
response are not well~orrelated. Increases in catalase, the 
major poroxisomal enzyme, disproportionately may be 
smaller than the increase in peroxisomal volume. On the 
other hand, certain peroxisomal enzymes are induced to 
a much greater extent than catalase. The enzymes of the 
peroxisomal E-oxidation system are induced readily {8). 
For example, clofibrate treatment of female rats or 
bezaflbrate treatment of male rats led to large elevations 
of the peroxisomal fatty acid oxidizing system with no 
increase in catalase activity and only a slight increase in 
peroxisomal volume {9). 
To examine the hepatic responses to PFDA more com- 

pletely, we have studied its effects on the activities of a 
number of liver enzymes and on ultrastructure in male 
Sprague-Dawley rats. We show here that a single dose 
of PFDA leads to moderate peroxisome proliferation and 
causes other morphological effects similar to some of 
those seen in dioxin toxicity. Biochemically, the most 
striking effect of PFDA was a very large {20- to 40-fold) 
increase in peroxisomal fatty acyl-CoA oxidase activity. 
Thus, perfluoro-n-decanoic acid appears to be the most 
potent inducer of peroxisomal fJ-oxidation yet described. 

EXPERIMENTAL 

Animals and materials. Male, weanling Sprague-Dawley 
rats were obtained from Harlan Industries {Indianapolis, 
IN). Rats were housed in individual plastic cages and had 
free access to water and a commercial, pelleted rat diet. 
PFDA {nonadecafluorodecanoic acid) was from Aldrich 
Chemical Co. {Milwaukee, WI). Fatty acyl-CoAs were ob- 
tained from P-L Biochernicals {Milwaukee, WI). Other en- 
zyme substrates were from Sigma Chemical Co. {St. 
Louis, MO). 

Biochemical methods. Peroxisomal fatty acyl~oenzyme 
A oxidase activity was assayed as described (10) using 
35 ham palmitoyl-CoA as a substrate. The methods used 
in the assay of the other enzymes are given in previous 
publications ( 10,11). All enzyme assays were conducted 
on freshly prepared homogenates and were carried out 
under conditions such that product formation was pro- 
portional to the amount of enzyme-containing sample. 

Protein was assayed by the method of Lowry et al. (12), 
and DNA was assayed by the fluorescent dye-binding 
method of LaBarca and Paigen {13). 

Electron microscopy. Sections were dissected from the 
dorsal caudate lobe of the liver and immediately transfer- 
red into a petri dish containing 2.5% glutaraldehyde and 
2% formaldehyde fixitive in 0.1 M cacodylate buffer (pH 
7.4) in which they were sectioned into small blocks ca. 1 
nun cubes. Approximately 20 blocks/animal were placed 
in small vials containing fixitive. After fixation, they were 
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FIG. 1. Effects of a single dose of perfluoro-n-decanoic acid (PFDA} (50 mglkg) on weight gain, liver weight, 
and hepatic protein and enzyme contents of male Sprague-Dawley rats. Rats were given a single intraperitoneal 
dose of PFDA dissolved in propylene glycol {triangles} or the vehicle alone {circles}. At each indicated point, 
three animals were studied. Data are presented as means • standard deviation for each parameter. Activity 
of fatty acyl-CoA oxidase is given in units of ~mol/min and the activities of other enzymes in arbitrary units 
of absorbance or change in absorbance under the assay conditions employed. 

post-fixed in 2% osmium tetroxide, dehydrated in graded 
alcohols and embedded in Epon 812. Representative thick 
sections (1 ~n) from at least three tissue blocks per animal 
were mounted on glass slides, stained with toluidine blue 
and screened by light microscopy to determine areas for 
thin sectioning. Thin sections (80 nm) were prepared, 

stained with lead citrate and uranyl  acetate, and photo- 
graphed on a J E O L  100B electron microscope at three 
different magnifications. 

Animal experiments. In experiment 1, rats  weighing 
150-200 g were given a single intraperitoneal injection 
of P F D A  (50 mg/kg) dissolved in propylene glycol 
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(approx. 0.4 ml). Note that  this dose of PFDA is approx- 
imately two-thirds of the LD50 for the Sprague-Dawley 
rat. Groups of three rats were killed by ether overdose 
on day 1, 4, 6, 8, 11, 15, 20 or 29. Control rats given the 
vehicle alone were killed in groups of three on day 0, 7, 
12, 21 or 28. One of the 24 PFDA-treated rats died before 
the scheduled time of death. Livers were removed, 
weighed and homogenized in four volumes of 0.25 M 
sucrose containing 1 mM EDTA and 0.1% ethanol using 
a Polytron homogenizer. Homogenates then were assayed 
for total protein and for the following enzymes localized 
in the indicated subcellular organelles (14-16): catalase 
and fatty acyl-CoA oxidase (peroxisomes), alkaline phos- 
phodiesterase (plasma membrane), NADPH-cytochrome 
c reductase (endoplasmic reticulum), and N-acetyl-/~- 
glucosaminidase (lysosomes). 

In experiment 2, 36 rats weighing 180-215 g were in- 
]ected with PFDA as described above and studied on the 
days indicated in Figure 2. Nine control rats received the 
vehicle alone. No rats died before the scheduled time of 
death. At each time point, the rats were weighed, and 
their livers were removed and weighed. After dissection 
of small samples for morphological analysis, the remain- 
ing liver was homogenized as described above. The 
homogenates were then assayed for protein, DNA, 
cytochrome oxidase (mitochondria} and fat ty acyl-CoA 
oxidase. 

RESULTS A N D  D ISCUSSION 

In e x p e ~ e n t  1 (Fig. 1), PFDA-treated rats showed an 
immediate cessation of growth persisting for about two 
weeks, after which body weight increased in parallel with 
the controls. Liver to body weight ratio of the treated rats 
increased to twice that of controls and remained elevated 
throughout the four-week experiment. Neither liver pro  
tein nor the activities of NADPH-cytochrome c reductase, 
catalase or N-acetyl-/3-glucosaminidase were affected 
substantially by PFDA treatment. However, fat ty acyl- 
CoA oxidase activity increased 20- to 40-fold over the con- 
trols and was maximal at three to four weeks after dos- 
ing. Alkaline phosphodiesterase activity rapidly fell to 
about 50% of control values and remained depressed 
thereafter. In experiment 2 (Fig. 2), PFDA treatment 
again caused cessation of growth and hepatomegaly. Con- 
comitant with the increase in relative liver size was an 
increase in total hepatic DNA. Hypolipidemic agents 
(such as nafenopin, tibric acid, WY-14,643, and BR-931) 
cause an increase in total DNA as part of a primary 
mitogenic response that  in part accounts for the liver 
growth (17-19). With PFDA, the etiology of the observed 
increase in DNA is unknown. PFDA treatment also mark- 
edly reduced mitochondrial cytochrome oxidase activity. 
However, as in experiment 1 the most dramatic effect of 
PFDA was a large increase in the activity of peroxisomal 
fat ty acyl-CoA oxidase. The changes in hepatic enzymes 
caused by PFDA treatment persisted for as long as 50 
days after a single dose (Fig. 2). 

The morphological results obtained in experiment 2 are 
shown in Figs. 3-6. Hepatocytes of PFDA-treated rats 
at four days after dosing showed severe disruption of the 
endoplasmic reticulum and dilution of the cytoplasmic 
matrix (Fig. 4). Mitochondria were essentially normal at 
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FIG. 2. Effects of a single dose of perfluoro-n-decanoic acid (PFDA) 
(50 mg/kg) on weight gain, liver weight, and hepatic content of DNA, 
fatty acyl-CoA oxidase and cytochrome oxidase in male Sprague ~ 
Dawley rats. Rats were given a single, intraperitoneal dose of PFDA 
dissolved in propylene glycol (triangles) or the vehicle alone (circles). 
At the days indicated, three (days 29 and 51) or five (days 4, 8, 14, 
17, 21 and 24) dosed rats and two (days 10, 21 and 29) or three (day 
0) control rats were studied. Data are presented as the mean • stan- 
dard deviation for each parameter. Activity of fatty acyl-CoA ox- 
idase is given in units of ~mol/min and that of cytochrome oxidase 
in the units previously described (10,11). 
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FIG. 3. Ultrastructure of the liver of a control rat Iday 0}. Note the 
organization of the cytoplasm and the normal appearance of the 
mitochondria. A well-developed endoplasmic reticulum particularly 
is evident at the bottom and upper-right of the field shown. More 
darkly staining peroxisomes with a dense core are also seen ~as, for 
example, the four dark bodies in the upper-right of the field}. 
Magnification is 8600X. 

FIG. 4. Ultrastructure of the liver of a PFDA-treated rat {day 4}. 
Note the dilution of the cytoplasmic matrix and the loss on a well- 
defined endoplasmic reticulum. Mitochondria appear normal. 
Magnification is 8600X. 

this time. At days 14 (Fig. 5), 21 IFig. 6} and 29 after 
dosing, the cytoplasmic alterations observed at day 4 re- 
mained unresolved. Mitochondria now were swollen, 
rounded and had lost their cristae. Marked accumulation 
of cytoplasmic lipid droplets also was observed. Perox- 
isome proliferation was moderate. In addition, larger, 
multiple nucleoli were observed in many of the hepatocyte 
nuclei of PFDA-treated rats. Although the hepatocytes 
of PFDA-treated rats at days 14 and 21 appear almost 
necrotic, these animals were not moribund, and most of 
the treated rats recovered from this dose of PFDA. 

With clofibrate, doses from 200-500 mg/kg/day are ad- 
ministered daily for one to three weeks to achieve about 
a 10-fold induction of fat ty acyl-CoA oxidase {8,9}. Even 
for the more potent hypolipidemic drugs, such as beza- 
fibrate, seven daily doses from 25 to 75 mg/kg led to only 
three- to four-fold increases in hepatic fat ty acyl-CoA ox- 
idase activity. With PFDA, a single dose of only 50 mg/kg 
leads to very large {20- to 40-fold} increases in activity 
that  persist for as long as 50 days after dosing. To our 
knowledge, PFDA is the most potent inducer of perox- 
isomal/3-oxidation yet described. 

The mechanism of fatty acyl-CoA oxidase induction by 
PFDA is not known. We do know that  the compound ac- 
cumulates in liver {20} but a more complete description 
of its tissue distribution and pharmacokinetics awaits the 

completion of studies currently in progress. PFDA is 
metabolized to constituents more polar than the parent 
compound (20}, and hence it may affect cellular mem- 
branes. We also have found that  PFDA is an inhibitor 
of fat ty acyl-CoA oxidase activity when added to the in 
vitro reaction mixture, and it is more potent in this regard 
than n-decanoic acid is. 

While the toxic effects of PFDA resemble those of 
dioxin, to our knowledge dioxin does not cause perox- 
isome proliferation or induction of peroxisomal enzymes. 
However, dioxin does cause other profound changes in 
hepatic ultrastructure and liver enzymes when ad- 
ministered to rats and mice {21-23}. Major ultrastructural 
changes include proliferation of the endoplasmic reticu- 
lum, swelling of mitochondria, increases in the number 
of autophagic vacuoles and lipid droplets, and loss of con- 
tinuity of the plasma membrane. Biochemical correlates 
of these changes include induction of aryl hydrocarbon 
hydroxylase and a variety of cytochrome P-450 isozymes, 
increased microsomal lipid peroxidation and reduction in 
the activity of several plasma membrane enzymes. Thus, 
some of the effects of dioxin on the liver resemble those 
that  we report here for PFDA, and others do not. Fur- 
ther comparative study of the effects of these two com- 
pounds at the cellular and biochemical level may shed 
light on their respective mechanisms of liver toxicity. 
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FIG. 5. Ultrastructure of  the liver of a PFDA-treated rat (day 14). 
Cytoplasmic alterations seen on day 4 remained unchanged. In addi- 
tion, the mitochondria now are swollen and rounded and have lost  
their cristae (see, for example, the two round, granular bodies in the 
upper right of the field). Smaller, more darkly staining peroxisomes 
also are observed. Note  also parts of two clear areas in the extreme 
upper right that represent cytoplasmic lipid droplets. Magnification 
is 8600X. 

FIG. 6. Ultrastructure of  the liver of  a PFDA-treated rat (day 21). 
Mitochondrial and cytoplasmic alterations seen earlier remain un- 
changecL Note the presence of large lipid droplets (clear, round areas 
in cytoplasm) and numbers of darkly staining peroxisomes, some 
of  which appear in clusters {center and lower right of  the field). 
Magnification is 8600X. 
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Effects of Octylglucoside and Triton X-100 on the Kinetics 
and Specificity of Carnitine Palmitoyltransferase 
Carol  J. Flol and  Loran L. Bieber* 
Biochemistry Department, Michigan State University, East Lansing, MI 48824 

The effects of octylglucoside on the substrate specific- 
ity, kinetics and aggregation state of purified carnitine 
paimitoyltransferase ICPT} from beef heart mitochondria 
were investigated and compared to the effects of Triton 
X-100. Conditions in which CPT can be assayed in the 
absence of micelles and albumin, thereby eliminating 
miceller effects on the kinetic parameters, are described. 
When octylglucoside is substituted for Triton X-100, the 
specificity of CPT in the forward direction shifts towards 
the long~hain acyl-CoAs, and large changes in the kinetic 
constants are observed. The Ko. 5 for Ircarnitine varied as 
much as 5~fold, depending on the acyl4~oA and detergent 
used. At pH 8.0 and 200 ~M palmitoyl-CoA, the K05 for 
L-carnitine is 4.9 mM in 12 mM octyiglucoside and 
0.2 mM in 0.1% Triton X-100. Octylglucoside enhances the 
activity of CPT with long-chain acyl-CoA and lowers the 
K0. 5 for these substrates. At pH 6.0, the K0.5 for palmi- 
toyl-CoA is 24.2 ~M in 0.1% Triton X-100, in contrast to 
3.1 pM in 12 mM octylglucoside. Octylglucoside is a com- 
petitive inhibitor of CPT with octanoyl~oA as substrate 
with a K i of 15 mM. Nonlinear kinetics for both acyl- 
CoAs and I~carnitine are observed when the concentra- 
tion of octyiglucoside is reduced to less than half of its 
critical miceilar concentration (cmc}. Gel filtration of CPT 
in octylglucoside below its cmc gives a single protein peak 
with a molecular mass of ca. 660,000 daltons. These data 
indicate that the catalytically active form of purified CPT 
is an aggregate that has quaternary structure and must 
have a very flexible catalytic site whose affinity for 
substrate and catalytic efficiency can be altered greatly 
by changes in environment and experimental conditions. 
Lipids 23, 120-125 {1988}. 

The acyl-CoA specificity of carnitine acyltransferases has 
been used to designate short- {acetyl), medium- {octanoyl} 
and long- (palmitoyl} chain acyltransferases {1,2}. How- 
ever, the substrate specificity profile of carnitine palmi- 
toyltransferase {CPT} from beef heart mitochondria in the 
reverse direction {formation of acyl-CoA} is affected by 
micelles of either substrate or nonionic detergent {3}. 
Therefore, the choice of experimental conditions for the 
determination of these profiles can greatly influence the 
results. Undoubtedly, this is a major factor in the large 
differences in the data from different laboratories report- 
ing on the same enzyme {1}. For example, Kopec and Fritz 
{4} reported relative rates of 2, 31 and 100% for octanoyl-, 
lauryl-, and palmitoylcarnitine esters using purified calf 
liver mitochondrial CPT, while West et al. {5} reported 

*To whom correspondence should be addressed at the Biochemistry 
Department, Biochemistry Building, Michigan State University, 
East Lansing, MI 48824-1319. 
Abbreviations: Bis Tris Propane, 1,3-bis[tris(hydroxymethylp 
methylamino]propane; cmc, critical micellar concentration; CPT, car- 
nitine palmitoyltransferase; DTBP, 4, 4'-dithiobis-pyridine; DTNB, 
5,5"-dithiobis-(2-nitrobenzoic acid}; EDTA, ethylenediamine 
tetraacetic acid; Hepes, 4q2-hydroxyethyl}-l-piperazineethanesulfonic 
acid. 

relative rates of 93, 152 and 100% for the same substrates 
using partially purified ox liver CPT. Clarke and Bieber 
{3} duplicated the different specificity profiles by vary- 
ing the experimental conditions. 

CPT from beef heart mitochondria has a high activity 
{Vm~) for medium-chain acyl moieties in the forward 
direction but it shows a higher activity with long-chain 
acyl moieties in the reverse direction {6}. Such specifici- 
ty patterns have been attributed to increased substrate 
inhibition at the L~arnitine site, as the length of the acyl 
group increases {7,8}. It has been proposed that deter- 
gents that activate the enzyme, such as Triton X-100 and 
{+}palmitoylcarnitine {9), prevent the acyl-CoA com- 
petitive binding at the L-carnitine site. 

Previously, we determined the kinetics of purified beef 
heart mitochondrial CPT in micellar concentration {0.1%} 
of Triton X-100 {10}. These data showed that the affinity 
of the enzyme for L-carnitine depends on the acyl-CoA 
chain length, namely a decrease in the chain-length of 
the acyl-CoA logarithmically increases the Ko5 for L- 
carnitine. Thus, the concentration of L-carnitine can af- 
fect the "physiological substrate specificity" {11} of CPT 
and high activity with medium-chain acyl-CoA only oc- 
curs at high L-carnitine concentrations. The previous 
studies did not provide information about the effect of 
different environments, i.e. detergents, on the kinetic 
behavior of CPT. In these studies, the acyl-CoA specific- 
ity, substrate kinetics and aggregation state of CPT in 
the absence of detergent micelles in 12 mM octylglucoside 
have been determined. 

EXPERIMENTAL PROCEDURES 

Enzyme purification and detergent exchange. CPT was 
purified from beef heart mitochondria as described (10}. 
Cibacron Blue Sepharose chromatography, the final step 
in the purification, also was used to exchange octyl- 
glucoside for Triton X-100 as follows. The concentration 
of Triton X-100 in the equilibrating buffer for the 
Cibacron Blue Sepharose column was reduced to 0.002%. 
After loading the partially purified enzyme, the column 
was washed with one bed volume of buffer in 0.002% 
Triton X-100 followed by three to five bed volumes of buf- 
fer in 25 mM octylglucoside. The enzyme was eluted by 
increasing the ionic strength of the buffer in 25 mM oc- 
tylglucoside as described previously {10}. The concentra- 
tion of octylglucoside in the eluted enzyme was reduced 
to 12 mM by dialysis. 

Determination of micelle formation. The formation of 
micelles was monitored by addition of either acyl-CoA or 
octylglucoside to a cuvette containing the assay media 
and 4 ~M pinacyanol chloride. Formation of micelles is 
observed by a change in the extinction coefficient of the 
dye at 610 nm {12}. This method was chosen over others 
because it gives the lowest estimates of critical micellar 
concentrations (cmc) for the acyl-CoAs. 

Molecular weight determination. A 50 • 1.5 cm Frac- 
togel TSK HW-55 column was equilibrated with buffer 
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containing 2.5 mM 4-(2-hydroxyethyl}-l-piperazineethane- 
sulfonic acid (Hepes), 0.25 mM ethylenediamine tetra- 
acetic acid (EDTA), 300 MM KC1 and 12 mM octyl- 
glucoside at pH 8.0. The column was calibrated using 
10 mg/ml each of ovalbumin, BSA, aldolase, thyroglobu- 
lin and 1 mg/ml of ferritin. One unit of purified CPT was 
loaded, and 0.3 ml fractions were collected. 

Assay methods. CPT activity was measured with the 
5,5'-dithiobis-(2-nitrobenzoic acid} (DTNB) continuous 
rate assay as described {13}. Kinetic measurements with 
purified CPT were made as described {10). The 2.0 ml reac- 
tion volume contained 50 mM 1,3-bis[tris(hydroxyl- 
methyl)-methylamino]propane {Bis Tris Propane} buffer 
pH 6 or 8, 1.1 mM EDTA, 150 ~M DTNB for pH 8 or 
150 ~M 4,4'-dithiobis-pyridine (DTBP) for pH less than 
8 and concentrations of octylglucoside or 0.1% Triton 
X-100, L-carnitine and acyl-CoA as indicated in the fig- 
ures and tables at 25 C, with {0.05-0.1} ~g/ml of enzyme. 
Protein was determined by a fluorescamine method {14}. 

RESULTS 
Effect of octylglucoside on CPT activity. Optimum CPT 
activity was obtained with 12 mM octylglucoside when 
palmitoyl-CoA was the substrate but the response with 
octanoyl-CoA was very different {Fig. 1). Increasing con- 
centrations of octylglucoside above 12 mM had little ef- 
fect on the activity of CPT with octanoyl-CoA but strong 
inhibition of activity occurred with palmitoyl-CoA as 
substrates. 

100 

so 

H 100 ~ palmitoyI-CoA 
H 100/~M octanoyI-CoA 

i_ i~_B__i i_ ,  a 

I I I I I 6 12 18 24 30 
octylglucoside (mM) 

FIG. 1. Effect  of octylglucoside on CPT activity.  Act iv i ty  was  
measured in the forward direction with the DTNB assay. L,carnitine 
was 1.1 mM and the acyl-CoA was 100 ~M. Velocities are plotted 
relative to the Vmax in 0.1% Triton X-100. The Vmax in 0.1% Triton 
X-100 was 42 units/mg protein. 

Substrate specificity profile of CPT in 12 mM octyl- 
glucoside and in Triton X-IO0. When octylglucoside is 
substituted for Triton X-100, changes in the acyl-CoA 
specificity pattern of CPT are apparent. For the shaded 
areas in Figure 2A and 2B, the patterns were determined 
with 1.1 mM L-carnitine and 200 wM acyl-CoAs. Although 
maximum activity with 1.1 mM carnitine was obtained 
with decanoyl-CoA in both detergents, the relative veloc- 
ity with octanoyl-CoA was much less in octylglucoside. 
The acyl-CoA specificity with saturating levels of L- 
carnitine also is shown in Figure 2A and 2B {unshaded 
areas}. In Triton X-100, the enzyme has the highest Vm~ 
with hexanoyl-CoA, and the Vm~ decreases as the acyl- 
CoA chain-length increases. In octylglucoside, the veloc- 
ity is greatest with decanoyl-CoA. 

Determination of nonmicellar assay conditions. To 
select suitable conditions in which to assay the enzyme 
in the absence of detergent micelles or mixed substrate/ 
detergent micelles, the dye pinacyanol chloride was used 
to detect formation of micelles in the assay media. The 
cmc of octylglucoside in the assay media is greater than 
30 mM, and in the absence of detergent palmitoyl-CoA 
forms micelles at 5.4 ~M {data not shown}. With 12 mM 
octylglucoside, no detergent miceUes were detected but 
addition of palmitoyl-CoA to the assay media containing 
12 mM octylglucoside reduced the cmc of palmitoyl-CoA 
to about 1 wM {Fig. 3). Octanoyl-CoA has a cmc greater 
than 200 gM in the assay media in the absence of deter- 
gent {data not shown}. Addition of up to 150/~M octanoyl- 
CoA to the assay media containing 12 mM octylglucoside 
d i d  not cause micelle formation {Fig. 3). Since octanoyl- 
CoA had a high Vm= and did not form micelles with the 
assay conditions, it was used as the substrate for kinetic 
studies in a nonmicellar environment. 

Determination of the molecular weight of CPT in the 
absence of detergent micelles. The molecular weight of 
purified CPT was determined in the presence of octyl- 
glucoside below its cmc by gel filtration. CPT activity and 
all detectable protein migrated as a single peak of con- 
stant specific activity with a molecular weight of 660,000 
daltons {Fig. 4). 

Effect of octylglucoside on the kinetics of CPT with L- 
carnitine. As shown in Table 1, at pH 8.0, the Ko.5 for I~ 
carnitine is 4.9 mM in 12 mM octylglucoside with 200 wM 
palmitoyl-CoA. This is in contrast to assays in Triton 
X-100 in which the Kos is much lower (0.2 mM). The Ko5 
for L-carnitine varies slightly with the concentration of 
the acyl-CoA used as cosubstrate (2.2 mM with 100 wM 
palmitoyl-CoA and 4.9 mM with 200 ~M palmitoyl-CoA; 
compare values in Tables 1 and 2). Table 1 also shows that 
with octylglucoside the acyl-CoA chain length does not 
have the same effect on the Ko.s for L-carnitine as in 
Triton X-100. The Kos for L-carnitine increases with in- 
creasing concentrations of octylglucoside, reaching an ap- 
parent maximum of 8.5 mM with octanoyl-CoA and 4.4 
mM with palmitoyl-CoA {see Table 2). Data from a typical 
experiment in nonmicellar assay conditions (12 mM octyl- 
glucoside and 100 wM octanoyl-CoA) in which L-carnitine 
is the varied substrate are shown in Figure 5. The Hill 
plot gave a n = 1.4. The Kos for L-carnitine (palmitoyl- 
CoA as cosubstrate) increases as the pH decreases from 
2.2 mM at pH 8.0 to 9.8 mM at pH 6.25 as shown in 
Table 3. This pH effect was the same as obtained in Triton 
X-100 {10). The highest Vm~ is at pH 7.0. 
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FIG. 2. Comparison of the subs t ra te  specificity profiles of CPT in 
0.1% Tri ton X-100 and in 12 mM octylglucoside. For shaded areas, 
act ivi ty was measured with 1.1 mM L-carnitine and 200 ~M acyl- 
CoA, with the kinetic analyzer as described (10). The specific activ- 
i ty of CPT with pRIm;toyl-CoA in 0.1% Tri ton X-100 and in 12 mM 
octylglucaside was 40 and 45, respectively, using saturating ammmts 
of L-carnitine for each acyl-CoA substrate .  Since the K0. 5 for car- 
nitine depends on the acyh~hain length, the optimum I~csrnitine level 
was determined for each. I t  varied between 6 and 30 mM, depend- 
ing on the  acyI-CoA used (unshaded area). 
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FIG. 3. Determination of the cmc of acyl-CoA in octylglucoside. Pin- 
acyanol chloride (4 wM} was added to the  DTNB assay mediL The 
absorbance at  610 was recorded, while palmitoyl-CoA or octanoyl- 
CoA continuously was added from a pump driven syringe. 

TABLE 1 

Comparison of the K0. 5 for L-Curnitine in 12 mM Octylglucoside 
and 0.1% Tri ton X-100 

Octylglucoside Tri ton X-lO0* 
Acyl-CoA 

chain length Ko. 5 (mM) Ko. 5 (mM) 

6 11.1 2.9 
8 10.2 1.5 

10 11.1 0.64 
12 4.2 0.53 
14 4.9 0.35 
16 4.9 0.2 
18 3.8 

200 wM acyl-CoAs at  pH 8.0 were used. The kinetic parameters  were 
determined as described (10). 
*Data  taken from (11), Table 1. 

Effect of octylglucoside on kinetic constants for acyl- 
CoA. Due to the high Ko.s for L-carnitine in octylgluco- 
side, its concentration was fixed at 40 mM to saturate 
the enzyme. As shown in Table 2, increasing concentra- 
tions of octylglucoside lowers the Ko.s for palmitoyl-CoA. 
At pH 6.25, the Kos for pMmitoyl-CoA is 24.2 ~Vl in 0.1% 
Triton X-100 {10} and 3.1 ~ in 12 mM octylglucoside. 
Octylglucoside inhibits CPT activity with octanoyl-CoA 
and increases the Kos, apparently acting as a weak com- 
petitive inhibitor. The apparent K, for octylglucoside is 
15 mM (Fig. 6). 

DISCUSSION 

Small changes in detergent concentrations caused large 
changes in some of the kinetic parameters of CPT 
for medium-chain vs longer-chain acyl-CoAs. This is 
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FIG. 4. Determination of the molecular weight of CPT in the absence of detergent miceiles. 
Fractogel TSK HW-55 column was equilibrated with 12 mM octylglucoside as described 
in experimental procedures. Molecular weight standards were {1) thyroglobulin, {2) fer- 
ritin, (3) aldolase, (4) BSA and (5) ovalbumin. Open circles, protein and the closed circles, 
CPT activity. 

TABLE 2 

Effect of Octylglucoside Concentration on the K0. 5 and Vma ~ of CPT 

Varied substrate 

Cosubstrate 

L-Carnitine* 

Octanoyl-CoA (i00 ~M) Palmitoyl-CoA (100 ~M) 

Palmitoyl-CoA** 

L-Carnitine (40 mM) 

Relative Relative Relative 
Octylglucoside (mM) Ko. 5 {raM) velocity Ko. s (mM) velocity Ko. s (~M) velocity 

0.1 3.2 1.3 1.4 0.4 10.8 0.7 
6 4.2 1.1 1.8 0.7 2.6 0.7 

12 9.1 1.0 2.2 1.0 3.1 1.0 
18 8.1 1.8 3.1 0.8 3.1 0.8 
24 8.2 1.8 4.3 0.8 
30 8.3 2.0 4.5 0.6 

The kinetic parameters were determined as described riO) using the DTBP assay. 
*The pH was 8.0. 
**The pH was 6.25. 

surpr is ing and difficult to interpret .  Both  the concentra- 
tion of detergent  and the detergent  composit ion affected 
the subs t ra te  specificity pa t t e rn  of CPT. These da ta  in- 
dicate tha t  some of the differences observed in the spec- 
ificity pa t te rn  of CPT for different CPT preparat ions  and 
different assay  conditions are due to the differences in 
detergent concentrations, cosubstrate  concentrations and 
the type  of detergent  used. For  example,  with 12 mM oc- 
tylglucoside the Ko.5 for L-carnitine with sa tu ra t ing  
amounts  of medium-chain acyl-CoAs is about  11 mM. 
This large increase in the Ko.5 for L-carnitine produced 
low activit ies with medium-chain acyl-CoAs when the 
assay  conditions of Figure 1 were used because L-carni- 
tine was 1.1 mM. However,  sa tura t ion  with L-carnitine 
did not  shift  the Vm~ of the enzyme towards  the 6- and 

8-carbon chain acyl-CoA, as occurred in Tr i ton X-100 
{Fig. 2). The response of CPT to small changes in octyl- 
glucoside concen t ra t ions  when oc tanoyl -CoA and 
palmitoyl-CoA are used as substra tes  mus t  mean tha t  the 
enzyme can respond to subtle changes in its environment.  
Increas ing the concentrat ion of octylglucoside f rom 12 
to 24 mM had no effect on the ra te  with octanoyl-CoA 
but  it inhibited the rate with palmitoyl-CoA c a  80%. Such 
da ta  sugges t  tha t  per tu rba t ions  of the act ive site m a y  
have more of an effect on catalysis  when long-chain acyl- 
CoAs are the subs t ra t e  or t ha t  some type  of inhibi tory 
palmitoyl-CoA/octylglucoside mixed micelle is formed 
whose concentrat ion is dependent  on the detergent  con- 
centration.  Alternately,  the effect of detergent  on the 
velocity could be a t  the presumed al ternate  acyl-CoA 
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binding site tha t  is involved in the acyl-CoA induced 
positive substrate  cooperativity. The constancy of the 
Hill n seems to preclude the latter suggestion. 

The changes in kinetic behavior of CPT caused by 
changes in experimental conditions are consistent with 
purified CPT being an oligomeric enzyme. The activities 
of such enzymes often are very responsive to small 
changes in their environment. The purified enzyme in oc- 
tylglucoside is an oligomer. Although it has a monomeric 
molecular weight of 67,000 (3), its molecular weight in the 
absence of detergent miceUes is about 660,000 (Fig. 4). 
Previously, we tentatively concluded CPT exists as an 
aggregate of about  four to six monomers in 0.1% Triton 
X-100 (10}. Our data now show that  the aggregated molec- 
ular weight for the purified enzyme reported previously 
is not  caused by several enzyme monomers binding to a 
detergent micelle. The slightly higher molecular weight 
estimate in 12 mM octylglucoside could indicate a higher 
aggregate,  i.e. eight monomers, in the absence of deter- 
gent  micelles or, alternatively, a greater amount  of 
detergent bound to the enzyme. The amount of detergent 
bound to CPT is not known. The kinetics of the enzyme 
indicate that there is considerable interaction between the 

TABLE 3 

Effect of pH on the Kinetic Parameters of CPT 
for L-Carnitine in Octylglucoside 

pH K05 mM Vma x milliunits Hill n 

6.25 9.8 14.8 1.5 
6.5 7.4 14.7 1.5 
6.75 5.0 13.3 1.6 
7.0 4.6 17.8 1.5 
7.25 3.9 12.5 1.5 
7.5 3.0 12.0 1.5 
8.0 2.2 10.1 1.5 

Palmitoyl-CoA was 100 ~M. Octylglucoside was 12 raM. 
The kinetic parameters were determined as described (10) using the 
DTBP assay. 
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FIG. 6. Effect of octyiglueoside on the K0. 5 for octanoyi-CoA. The K0.5's were determin- 
ed as described (10) using the DTBP assay at pH 6.0. L-carnitine was 40 mM. 
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monomers, since the Hill coefficients for both substrates 
are greater than 1.0. The molecular weight of native CPT 
is unknown but the sigrnoid kinetics for both cosubstrates 
with the membrane-bound enzyme {unpublished data) 
suggest interaction among subunits also occurs in the 
membrane-bound state. It has been shown that CPT of 
rat liver mitochondria also is an oligomer but its ag- 
gregated molecular weight is about half that reported 
herein for the enzyme from beef heart {16). 

The data are similar to that observed in Triton X-100 
in the following=, the enzyme ' s  kinetic pa rame te r s  are 
s t rongly  influenced by  pH,  the purified enzyme does not  
show inhibition by  malonyl-CoA and it shows sigmoidal  
kinetics with both substrates  even in the absence of deter- 
gent  micelles. However,  octylglucoside increases the Ko5 
for L-carnitine up to 25-fold compared  with the Kos in 
Tr i ton X-100 and the relat ionship between the acyl-CoA 
chain length and the Kos for L-carnitine is very different. 
With  med ium~ha in  acyl-CoA, the Ko~ for L-carnitine is 
about  twice the Ko~ for L-carnitine with long-chain acyl- 
CoA (Table 2), and the large decrease in the Kos for L- 
carnit ine as the acyl chain lengthens is not  observed 
(Table 1). The da ta  do not  differentiate between oc- 
tylglucoside binding a t  an allosteric site and act ing as a 
weak negat ive effector or its binding at  the carnitine bin- 
ding site, thereby having a direct effect on the Ko.s for 
L-carnitine. The large increase in Ko5 for L-carnitine in 
the presence of octylglucoside indicates a very flexible 
subs t ra t e  binding site tha t  responds to i ts  environment .  
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Cupric Ion-dependent Inhibition of Lysosomal Acid Cholesteryl Ester 
Hydrolase in the Presence of Hydroxylamine 
Mltsuo Tanaka', Toshlhlro Iio a n d  Toshlkazu Tabata 
Showo College of Pharmaceutical Sciences, I-8, Tsurumaki-5-Chome, Setogaya-Ku, Tokyo, Japan 

In the presence of hydroxylamine or ascorbic acid, the 
inhibitory effects of Cu 2+ on lysosomal acid cholesteryl 
ester hydrolase (acid CEH) partially purified from rat 
liver were studied. 

Hydroxylamlue stimulated the inhibition of acid CEH 
activity by Cu 2§ but not that by Zn 2§ Fe 2§ Co 2§ Mn 2§ Ca 2§ 
Mg 2§ and Hg 2§ This Cu2§ inhibition of acid 
cholesterol ester hydrolase (CEH) activity was completely 
prevented by ethylenediAmlne tetraacetic acid (EDTA), 
EGTA and o-phenanthroline, a chelator with a stability 
constant for Cu 2§ and also by sulfhydryl agents and cyt~  
plasmic redudng agents such as cysteine, glutathione and 
mercaptoethanol. In addition, the stimulative effects of 
hydroxylAmlne on Cu2§ inhibition were main- 
tained even after preincubation of Cu 2§ with hydroxyl- 
Amine. 

On the other hand, aseorbic acid was found to replace 
the stimulation by hydroxylAmine of the Cu2+~iependent 
inhibition of acid CEH activity but the effects of ascor- 
bic acid progressively became smaller with prolongation 
of the preincubation time. Moreover, addition of chemical 
radical scavengers to the reaction mixture did not pre- 
vent the Cu2§ inhibition of acid CEH activity 
in the presence of ascorbic acid. These results suggest 
that Cu 2§ causes inhibition of lysosomal acid CEH activ- 
ity through the formation of Cu 1§ in a reductive medium. 
Lipids 23, 126-130 (1988). 

Acid cholesterol ester hydrolase {CEH), which is found 
in several tissues including those of the liver, spleen and 
aorta, is distributed broadly in all subcellular fractions 
although the major proportion of its activity appears to 
be localized in the lysosomal fraction (1-7). It  has been 
suggested that acid CEH may play a role in the cata- 
bolism of cellul~ cholesteryl esters (8). We previously 
have reported that a cytosolic protein in rat liver inhibits 
acid CEH activity (7). However, the mechanism involved 
in the regulation of lysosomal acid CEH is not known. 

On the other hand, hypercholesterolemia in cupric ion- 
deficient rats has been observed by many investigators 
(9-12), and we also have shown that the acid CEH activity 
in rats treated with cupric ion is decreased markedly in 
comparison with that in normal rats (13). However, the 
role of cupric ion in cholesterol metabolism still is 
unknown. In this study, on the basis of the above obser- 
vations concerning the effect of cupric ion on serum and 
liver cholesterol metabolism, we tried to clarify the 
mechanism of Cu2+-dependent inhibition of acid CEH ac- 
tivity in the presence of reducing agents such as ascor- 
bic acid or hydroxylamine in vitro. 

*To whom correspondence should be addressed. 
Abbreviations: CEH, cholesterol ester hydrolase; EDTA, ethylene 
djRmine tetraacetic acid; EGTA, ethylene-bis-{oxyethylenenitrilob 
tetraacetic acid. 

MATERIALS AND METHODS 

Chemicals and radiochemicals. Cholesteryl [1-'4C] oleate 
(sp. act. 58.6 mCi/mmol) was purchased from New Eng- 
land Nuclear Corp. (Boston, MA). Phenolphthalein 
glucuronide, phenylphosphate, hemoglobin, cysteine, 
glutathione, sodium thiocyanate, mannitol, bilirubin, 
guanosine and catalase were purchased from Sigma 
Chemical Co. (St. Louis, MO). L-ascorbic acid, hydroxyl- 
amine and 2,2-biquinoline were purchased from Tokyo 
Kasei Chemical Co., Ltd. {Japan}. Hydroxyapatite was 
purchased from Seikagaku Kogyo Co., Ltd. (Japan}. 
Phenyl Sepharose CL-4B, Polybuffer Exchanger 94 and 
Polybuffer 74 were obtained from Pharmacia Fine Chemi- 
cals {Sweden}. 

Acid cholesteryl ester hydrolase assay. The activity of 
acid CEH was measured by the method of Brecher et al. 
(14). Preparation of the substrate was performed as 
described (7). This sensitive microassay was carried out 
in 0.1 M acetate buffer (pH 5.0) in a final assay volume 
of 0.3 ml. All assays were done using quantities of pro- 
tein (usually less than 1 ~g) and incubation times (30 min) 
that ensured nearly linear rates of substrate hydrolysis. 
All data points reported here represent the means of 
triplicate assays. 

Assay of lysosomal marker enzymes. Cathepsin D was 
assayed by the method of Hirado et al. (15), and the 
amount of reaction products was assayed by the method 
of Lowry et al. (16). ~-Glucuronidase was assayed using 
phenolphthalein glucuronide as the substrate. Phenol- 
phthalein liberated from the substrate was measured by 
the method of Gianette and De Duve (17). Acid phospha- 
tase was measured using phenylphosphate as the sub- 
strate, essentially as described (18). Protein concentra- 
tion was assayed by the method of Lowry et al. (16). 

Determination of Cu'* content. The determination of 
Cu 1§ content in the reaction mixture was performed by 
the colorimetric procedure described by Sandell (19). 

Purification of acid cholesteryl ester hydrolase. All 
preparation steps were carried out at 4 C. Acid CEH was 
isolated by a modification of the method of Klemets and 
Lundberg (20}. Normal rat liver was homogenized in four 
volumes of ice-cold 0.25 M sucrose/1 mM ethylenediamine 
tetraacetic acid (EDTA)/0.01 M Tris-HCl buffer (pH 7.5). 
For the preparation of lysosomal fractions from liver, the 
method of Brecher et al. was followd {14). The precipitate 
(lysosome-rich fraction) was suspended in 0.2% Triton 
X-100/0.01 M sodium phosphate buffer (pH 7.0). The 
suspension was stirred at 4 C for 30 min and centrifuged 
at 50,000 • g for 30 rain. The supernatant was applied 
to a hydroxyapatite column (5 X 10 cm) previously 
equilibrated with 0.01 M sodium phosphate buffer (pH 
7.0) containing 5 mM mercaptoethanol. After washing the 
column with the same equilibration buffer, the enzyme 
was eluted with 0.05 M sodium phosphate buffer (pH 7.0). 
The enzyme fractions were pooled. The pooled fractions 
were applied to a column of Phenyl Sepharose CI~4B (2 X 
10 cm) equilibrated with 0.01 M sodium phosphate 
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buffer {pH 7.0) containing 5 mM mercaptoethanol. After 
washing the column with the same equilibration buffer, 
elution was performed with a linear concentration gra- 
dient of 0 to 90% ethylene glycol in the same buffer. Frac- 
tions with enzyme activity were pooled and dialyzed 
against 5 1 of 0.01 M sodium phosphate buffer {pH 7.0) 
containing 5 mM mercaptoethanol. The dialyzed fraction 
was applied to a column of Polybuffer Exchanger 94 (2 
• 10 cm) equilibrated with 0.01 M sodium phosphate buf- 
fer (pH 7.0). The column was washed thoroughly with the 
same buffer, and then the enzyme was eluted with 
Polybuffer 74 at a pH gradient from 7.0 to 4.0. The frac- 
tions containing the highest enzyme activity were pool- 
ed, concentrated by membrane filtration and applied to 
a colnmn of Sephadex G-75 to remove Polybuffer 74. The 
resulting partially purified protein preparation showed 
one major band and a few weak bands when examined 
by SDS-polyacrylamide gel electrophoresis according to 
Laemmll {21), the molecular weight of this major band 
was about 59,000 daltons (20). The pH optimum of the 
partially purified acid CEH was 5.0, and the enzyme had 
a specific activity of 30/zmol per rain per mg protein. The 
preparation was stored at - 3 0 C  and used in all 
experiments. 

RESULTS 

Acid CEH partially purified from rat liver lysosomes was 
incubated with increasing concentrations of Cu 2§ in the 
presence or absence of hydroxylamine. As shown in 
Figure 1, hydroxylamlne markedly stimulated the in- 
hibitory effect of Cu "§ on acid CEH activity, and the 
degree of the stimulatory effect was dependent upon the 
concentration of Cu 2., the addition of about 8 bdVl Cu 2* 
causing approximately half-maximal inhibition of acid 
CEH activity. However, in the absence of hydroxylamine, 
Cu 2§ showed an inhibitory effect only at high concen- 
trations. 

Figure 2 shows the effects of hydroxylamine or ascor- 
bic acid concentration on the inhibition of acid CEH 
activity with or without Cu 2§ Acid CEH activity was 

inhibited significantly at a concentration of 50 wM of 
either hydroxylamine or ascorbic acid in the presence of 
Cu 2. (15/AVl) but hydroxylamine and ascorbic acid did not 
by themselves inhibit acid CEH activity, even at higher 
concentrations. Therefore, we examined the effect of 
various radical scavengers on the Cu2+-dependent inhibi- 
tion of acid CEH activity in the presence of ascorhic acid. 
As shown in Table 1, these scavengers did not prevent 
the Cu~*-dependent inhibition of acid CEH activity in the 
presence of ascorbic acid except for sodium thiocyanate. 

It is well known that  acid CEH is inhibited by certain 
divalent cations (4,7,22,23). Therefore, the stimulative ef- 
fects of hydroxylamine on the inhibition of acid CEH ac- 
tivity by these divalent metal ions were compared 
(Table 2). Fe 2§ (0.05 mM), Hg 2§ (0.5 raM) and Zn 2§ {1.0 raM) 
inhibited acid CEH activity up to about 62%, 49% and 
60%, respectively, in the absence of hydroxylamine but 

10o 0 

~ so 

_ 

! ! 

50 I00 

(pM) 

FIG. 2. Effect  of hydroxylamine (�9 O) or ascorbic acid {A, A) on 
add CEH activity in the presence (dosed symbols) and absence (open) 
of 15 I~M Cu 2.. The 100% value is the activity under standard assay 
conditions. 

100 

~ so 

o o  

0 10 -3 10 -2 i0 -I 
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FIG. 1. Inhibition by Cu 2. of acid CEH activity in the presence { �9 ) 
and absence (O) of 50 I~M hydroxylamine. The 100% value is the ac- 
t ivity  under standard assay conditions. 

TABLE 1 

Effect  of Radical Scavengers on Cu2*~iependent Inhibition 
of Acid CEH Act iv i ty  in the Presence of Ascorbic Acid 

Scavenger Final concn. {raM) Activity {%) 

None --  18.7 
Mannitol 1.0 16.8 
Ethanol 1.0 18.9 
Sodium benzoate 1.0 19.2 
Potassium iodide 1.0 10.4 
Guanosine 0.1 13.9 
Bilirubin 0.5 10.7 
Sodium thiocyanate 1.0 45.9 
DMSO 1.0 19.4 
Catalase 50 ~g/ml 18.3 

Reaction mixture contained ascorbic acid {50 ~Vl), Cu 2§ (20 pM) and 
the specified amounts of various scavengers in 0.1 M acetate buffer 
(pH 5.0). The 100% value was the activity under standard assay con- 
ditions. Activity was determined as described in the Materials and 
Methods section. 
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none of these divalent cations produced any increment 
in the inhibition of acid CEH activity like that observed 
when Cu 2§ and hydroxylamine were coexistent. 

Next, we tested the effects of chelators, sulfhydryl 
agents and reducing agents on the Cu2+-dependent inhibi- 
tion of acid CEH activity by hydroxylamine. As shown 
in Table 3, the Cu~*-dependent inhibition of acid CEH ac- 
tivity in the presence of hydroxylamine was effectively 
prevented when 125 WM EDTA was present in the incu- 
bation medium. At the same concentrations, EGTA and 
o-phenanthroline also were able to replace EDTA and 

T A B L E  2 

Effect  of Divalent Metals  on Acid CEH Act iv i ty  
in the Presence or Absence of Hydroxylamine 

Act iv i ty  (%) 

0 uM 50 ~M 
Divalent Final concn. 
metal {mM) Hydroxylamine 

None --  100.0 100.0 
Cu 2§ 0.02 90.6 20.3 
Fe 2" 0.05 61.5 49.5 
H g  2~ 0.5 48.7 54.3 
Zn 2. 1.0 60.4 65.8 
Co ~* 2.0 89.6 92.5 
Mn ~§ 2.0 80.4 86.4 
Ca 2" 2.0 86.5 85.8 
Mg 2. 2.0 90.6 88.3 

All agents were solubilized in water. The 100% value was the ac- 
t ivity under standard assay conditions. Act iv i ty  was determined as 
described in the Materials and Methods section. 

T A B L E  3 

Effect  of Chelating, Reducing and Sulfhydryl  Agents  
on Cu2*-Dependent Inhibition of Acid CEH Act iv i ty  
in the Presence of Hydroxylamine 

Agent  Final concn. (~M) Act iv i ty  (%} 

None --  20.5 

E D T A  125 98.6 
62 90.5 

E G T A  125 96.5 
62 91.6 

o-Phenanthroline 250 98.3 
125 90.2 

Cysteine 500 90.5 
250 89.1 

Glutathione 250 95.7 
125 90.1 

Mercaptoethanol 250 90.8 
125 89.1 

Reaction mixture contained hydroxylamine (50 ~M), Cu 2. (20 ~M), 
and the specified amounts of various agents in 0.1 M acetate buffer 
(pH 5.0). The 100% value was the activity under standard assay con- 
ditions. Act iv i ty  was determined as described in the Materials and 
Methods section. 

produce a preventive effect. Moreover, a similar effect was 
brought about by the sulfhydryl and reducing agents such 
as cysteine, glutathione and mercaptoethanol at the same 
concentrations (Table 3). 

On the other hand, the inhibitory effect of Cu 2§ was 
tested on the activity of other lysosomal enzymes, cathep- 
sin D, acid phosphatase and fl-glucuronidase in the pres- 
ence or absence of hydroxylamine. The activities of these 
enzymes were not changed in the presence of Cu 2§ and 
hydroxylamine (data not shown). 

For further investigation of the enhancement by 
hydroxylamine of Cu~§ inhibitory action, the 
effects of preincubation of Cu 2§ with hydroxylamine or 
ascorbic acid on acid CEH activity were studied (Fig. 3a, 
3b). Even when Cu ~§ was preincubated with hydroxyl- 
amine for 30 rain, the level of Cu2§ inhibition 
of acid CEH activity did not change. However, in the case 
of ascorbic acid the Cu2*-dependent inhibitory effects on 
acid CEH activity progressively became smaller with 
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FIG. 3. Effect  of the preincubation t imes on acid CEH activity (a) 
and Cu'* contents (b) in the presence of Cu2*-ascorbic acid (@) or 
Cu2"-hydroxylnmlne (O). The preincubation medium contained 30 pM 
2. and 50 ttM ascorbic acid or 50 pM hydroxy|nmine. After preineuba- 
tion, (a) enzyme was incubated with the preincubation medium in 
0.1 M acetate buffer (pH 5.0) in a final assay volume of 0.3 ml, (b) 
Cu 1§ content was determined as described under Materials and 
Methods. 
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prolongat ion of the preincubat ion time, and the effects 
disappeared completely after preincubation for 8-10 rain. 

On the other hand, the amount  of Cu '§ formed during 
preincubation with Cu ~§ in the presence of hydroxylamine 
or ascorbic acid was measured by the Cul§ 
complex method.  As shown in Figure 3b, when Cu 2§ was 
pre incubated with hydroxylamine the amount  of Cu '§ 
detected after  a fur ther  30-min period a lmost  was iden- 
tical to t ha t  measured  af ter  a two-rain preincubation.  In 
contrast ,  the amount  of Cu 1§ formed in the presence of 
ascorbic acid gradual ly  decreased in parallel with the 
d isappearance  of Cu2*-dependent inhibition. 

Since Cu '§ is thought  to be a powerful inhibitor of the 
acid CEH,  we examined the direct effect of Cu '§ on acid 
C E H  activity.  Acid C E H  was inhibited significantly by  
Cu '*, the addit ion of about  10/~M Cu '§ causing approx- 
imately  half-maximal  inhibition of acid C E H  act ivi ty  
(Fig. 4). 

DISCUSSION 

The results presented here show that hydroxylamine has 
a stimulative effect on Cu2"-dependent inhibition of 
lysosomal acid CEH activity in rat liver. This inhibitory 
effect was shown to be dependent upon the Cu 2§ concen- 
tration, and hydroxylamine did not inhibit the enzyme 
activity. Furthermore, this stimulative effect of hydroxyl- 
amine was decreased by the addition of chelating agents 
or sulfhydryl compounds. In addition, when Cu 2. was 
replaced by other divalent cations such as Fe ~§ Mn 2§ Co 2., 
Zn 2., Ca 2§ Mg ~§ and Hg 2~, the stimulative effects of 
hydroxylamine were not observed. These results suggest 
that the stimulation by hydroxylarnine of the Cu 2~- 
dependent inhibitory effect on acid CEH activity may be 
a specific characteristic of Cu 2§ 

On the other hand, the sensitivity of ascorbic acid to 
the catalytic effects of minute traces of cupric ion is well 
known. In addition, transition metal ions such as Cu 2§ and 
Fe 2§ are known to exert a catalytic effect upon the oxida- 
tion of ascorbic acid. When hydroxylamine was replaced 

100 
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0 10 -3 10 -2 10 -1 
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FIG. 4. Inhibition by Cu '§ of acid CEH activity. CuCI was solubi- 
lized in DMSO. The 100% value is the activity under standard assay 
conditions. 

by  ascorbic acid, the la t ter  also revealed a similar inhibi- 
t ion of acid C E H  act ivi ty  in the presence of Cu 2§ How- 
ever, as the preincubation t ime of Cu 2§ with ascorbic acid 
was prolonged, Cu2+-dependent inhibition resul ted in a 
progressively smaller effect. These results suggested tha t  
an oxidized form of ascorbic acid was much less effective 
for inhibition of the enzyme. I t  is well known tha t  ac- 
t iva ted  oxygen species such as hydroxyl  radicals and 
superoxide radicals are formed in the reaction of ascor- 
bic acid and Cu 2§ {24}. Various radical scavengers,  
therefore, were added to the incubation medium contain- 
ing acid CEH,  and none of them prevented  the Cu 2"- 
dependent  inhibition in the presence of ascorbic acid with 
the exception of sodium thiocyanate.  The slight recovery 
of Cu2*-dependent inhibition in addition of sodium thic, 
cyana te  appears  to be dependent  upon the format ion of 
insoluble cuprous thiecyanate. These results suggest  tha t  
the inhibition of acid C E H  act ivi ty  by  ascorbic acid and 
Cu 2. may  not  be due to ac t iva ted  oxygen species. 

On the other hand, it also is known tha t  Cu '§ is formed 
in the reaction of ascorbic acid or hydroxylamine  with 
Cu 2§ {19,25-27}. When Cu 2§ was pre incubated  with 
hydroxylamine,  the degree of Cu2+-dependent inhibition 
of acid C E H  act iv i ty  was mainta ined a t  the same level, 
and moreover, the amount  of Cu 1§ in the reaction mixture 
did not  change a t  all during the preincubat ion period. 
However,  in the combinat ion of Cu 2§ and ascorbic acid, 
neither Cu2"-dependent inhibition nor Cu 1§ in the reaction 
mix ture  could be detected for a few minutes.  Moreover,  
the direct addition of Cu '§ to the incubation medium in- 
hibited acid C E H  act ivi ty at  the similar levels to tha t  ob- 
tained under  coexistence with Cu 2§ and ascorbic acid or 
hydroxylamine.  These resul ts  indicated t ha t  Cu2+-depen - 
dent  inhibition of acid C E H  act ivi ty  in the  presence of 
hydroxylamine or ascorbic acid was specifically caused 
by  the Cu'* formed in a reductive medium. 
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Analysis of cheek cell lipids has been suggested as a 
noninvasive method for monitoring the fatty acid com- 
position of diets in humans. In a pilot study conducted 
to determine the validity of the method, cheek cell 
samples were collected from subjects consuming a low 
fat (20% of calories) diet consisting of fatty acids with 
either a 1.0 or 0.3 P/S ratio. Neither total lipid nor polar 
lipid fatty acids in cheek cells consistently reflected the 
P/S ratio of the diets. However, there were trends, par- 
ticularly in the nonpolar lipids, suggesting that cheek cell 
fatty acid ratios might be useful for monitoring the fatty 
acid composition of the diets. The diet with the higher 
P/S ratio (1.0 vs 0.3) consistently resulted in cheek cell 
lipids with lower ratios of 18:l/saturated fatty acids and 
greater 18:2/20:4, 18:2/18:1 and 18:2/18:0 fatty acid ratios. 
Lipids 23, 131-136 (1988). 

Risk for several chronic diseases, including coronary heart 
disease, atherosclerosis, and breast and colon cancers is 
thought to be associated with the amount and/or type of 
fat routinely consumed {1-4). However, objective valida- 
tion of an association between dietary fat and these 
diseases has been difficult. 

A major difficulty encountered in human studies has 
been the problem of reliably determining dietary lipid 
status. Most studies rely on current or retrospective 
reports of dietary intake. A more objective biochemical 
measure of fat intake would be useful for replacing or 
validating dietary reports in epidemiologic and interven- 
tion studies. Data presented in two recent studies sug- 
gest that  cheek cells (buccal epithelial cells) might serve 
as a tissue lipid source that reflects dietary lipid status 
(5,6). 

Although erythrocyte fatty acids (7,8), adipose tissue 
fat ty acids {9-11) and serum lipids (9) have been sug- 
gested as indices of usual dietary lipid intake, there are 
problems with each of these. Serum cholesterol has been 
widely assumed to be a reflection of dietary fat intake but 
a direct relationship has yet to be proven (9). Serum cho- 
lesterol is influenced by changes in body weight, levels 
of total fat, saturated fat and, to a lesser degree, dietary 
cholesterol. Change in any or all of these components can 
be expected to affect serum cholesterol (9). What is more, 
there is a significant intra-individual variation in serum 
cholesterol levels over time (9). Adipose tissue generally 
is accepted as a measure of long-term fatty acid composi- 
tion of diet and erythrocytes of medium- or shorter-term 
status. However, all require invasive techniques for sam- 
ple collection and may be difficult to use in large field 
studies. Further, neither erythrocyte nor adipose tissue 
levels may be suitable for confirming reported short-term 
changes in lipid consumption such as might be desired 

*To whom correspondence should be addressed 
Abbreviations: FAME, fatty acid methyl esters; GCGLC, glass 
capillary gas liquid chromatography; NPL, nonpolar lipids; PL, polar 
lipids; TLC, thin layer chromatography. 

in clinical trials or community intervention studies. A 
tissue with rapid turnover such as cheek cells was specu- 
lated to be more likely to reflect current diet than either 
erythrocyte or fat stores. 

Compared with other biological measures of lipid in- 
take, cheek cells offer several potential advantages. The 
method is relatively noninvasive, modest in cost and ap- 
pears to be readily adaptable for use in large-scale field 
studies. In this paper, we report on the development, stan- 
dardization and testing of methods used for the com- 
parison of cheek cell lipids and dietary lipids. 

METHODS 
The study was performed as part of a larger project (12) 
conducted in collaboration with personnel from the Na- 
tional Cancer Institute and the Lipids Laboratory of the 
Human Nutrition Research Center of the U.S. Depart- 
ment of Agriculture, Beltsville, MD, and the Chemistry 
and Biochemistry Department of the University of Mary- 
land, College Park, MD. The data presented herein repre- 
sent 23 of the women in the original study (12) who agreed 
to provide cheek cell samples. Student's t-test was used 
for statistical comparison of cheek cell components. Com- 
plete details on the subjects who participated in the study 
are in the original paper (12). 

During the study, subjects were permitted only foods 
prepared in the Human Nutrition Study Facility of the 
Beltsville Human Nutrition Research Center (BHNRC). 
On weekdays, the morning and evening meals were eaten 
in the BHNRC dining facility, and each subject was pro- 
vided with an appropriate lunch. On weekends, subjects 
were given prepackaged meals prepared in the BHNRC 
facility. 

All of the meals consisted of commonly available foods 
designed to yield a high (1.0) or low (0.3) polyunsaturated 
to saturated (P/S) dietary fat ty acid ratio. All subjects 
were maintained on a high-fat diet (40% of calories) for 
four menstrual cycles and switched to a low-fat diet (20% 
of calories) for four additional menstrual cycles. Two 
cheek cell samples were collected from each subject, four 
days apart, during the mid-luteal phase of the last 
menstrual cycle of the low-fat dietary regimen. 

Cheek cell samples were collected in the morning before 
eating. Subjects were asked not to brush their teeth, wear 
lipstick, gargle or use mouthwash prior to collection. Sub- 
jects rinsed their mouths three times with distilled water, 
swishing vigorously, and discarded the rinses. The study 
nurse then gently scraped the inside cheek just above the 
occlusal line three times on each side of the mouth using 
a plastic spoon. The cell residue on the spoon was washed 
off with distilled water into the collection cup. The sub- 
ject rinsed a final time with distilled water and added this 
rinse into the collection cup. Gentamycin Sulfate (0.5 mg) 
was added to the sample, and it was kept on ice. Within 
two hr of collection, the suspensions were centrifuged at 
12,000 • g • 30 min at 4 C. After discarding the super- 
natant, an estimate of the surface area of the pellet at 
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the bottom of the transparent tube was obtained, and the 
tube containing the pellet was capped and placed at 
- 8 0  C overnight. 

Homogenization and extraction. The frozen pellet was 
transferred with the aid of a spatula to a Potter-Elvejhem 
type tissue grinder, 1 ml of water was added, and the 
pellet was homogenized at 3,000 rpm with 10 passes of 
a motor-driven Teflon pestle. The homogenate was trans- 
ferred to a volumetric flask using distilled water to rinse 
the homogenizer and to dilute the homogenate to 2 ml. 
After resuspending the contents, a 120 ~1 aliquot of the 
homogenate was stored at - 20 C for protein and nucleic 
acid assays, and the remaining volume was noted and 
used to obtain a total lipid extract essentially as described 
by Folch et al. (13), except that butylated-hydroxytoluene 
{100 ~g) was added to each sample, and the extract was 
filtered and concentrated without employing the tradi- 
tional washing steps. All concentration steps were con- 
ducted with the exclusion of oxygen. 

Two cheek cell pellets, isolated four days apart, were 
obtained from each subject. The lipid extract derived from 
the first set of pellets (Study I} was separated into polar 
and nonpolar lipid fractions, which were analyzed for 
fatty acid methyl esters {FAME} using an acidic catalyst. 
The total lipids derived from the second set of pellets 
{Study II) were analyzed for fatty acid composition after 
converting one portion of the lipid extract into FAME 
using an alkaline catalyst and converting the second por- 
tion of the lipid extract into FAME with an acidic 
catalyst. 

Nonpolar and polar lipids. Silicic acid chromatography 
conducted essentially as described by Rouser et al. {14} 
was used to separate total lipids isolated inStudy I into 
two fractions. The total lipid dissolved in a minimum 
volume of chloroform was applied to a column contain- 
ing 3 g of Biosfl A (Calbiochem, LaJolla, CA) and chloro- 
form (30 ml) and methanol (30 ml) was used to elute the 
nonpolar and polar lipid fractions, respectively. After add- 
ing 10 ~g of the internal standard (methyl heneicosanoate, 
21:0), the fractions were concentrated under a stream of 
nitrogen and dissolved to a known volume with methylene 
chloride. Approximately 10% of each fraction was stored 
at - 2 0  C for subsequent thin layer chromatography 
(TLC) studies, and the rest was converted to FAME, 
using an acidic catalyst, for analysis by glass capillary 
gas liquid chromatography (GCGLC), as described below. 

Total lipids. Twenty ~g of the internal standard (21:0) 
was added to the total lipid extract derived from the 
second set of cheek cell samples (Study II). After stor- 
ing ca. 10% of the sample at - 2 0  C for TLC studies, the 
remainder was divided into two portions. One portion was 
analyzed as FAME by GCGLC after transesterifying that 
portion with an alkaline catalyst; the second portion was 
analyzed after it was reacted with an acidic catalyst. 

Preparation and purification of FAME. Lipids trans- 
esterified under acidic conditions were dissolved in 0.5 ml 
of methylene chloride and 2 ml of anhydrous methanolic 
HC1 (1.5 N). After heating the samples for 24 hr at 80 C 
in tubes sealed with Teflon-lined caps, the FAME were 
extracted and purified as described previously (15), ex- 
cept that  no attempt was made to separate FAME from 
dimethylacetals. 

Lipids transesterified under alkaline conditions were 
dissolved in 1 ml of tetrahydrofuran and 2 ral of anhy- 

drous methanol, containing 0.5 M NaOCH3 and heated 
at 50 C for 10 min in tubes sealed with Teflon-lined caps. 
After adding 0.1 ml of glacial acetic acid, 5 ml of water 
and 5 ml of hexane, the FAME were extracted into the 
hexane layer and filtered through a small bed of anhy- 
drous sodium sulfate containing 10% potassium bicar- 
bonate, essentially as described by Christie (16). The 
filtered hexane extract was concentrated, and the crude 
FAME were purified by TLC as described {15}. 

Glass capillary gas liquid chromatography. Purified 
FAME were analyzed by GCGLC using three different 
columns installed in Hewlett-Packard {Avondale, PA) 
chromatographs equipped with flame ionization detec- 
tors. All samples were analyzed on a 25 m X 0.25 mm 
ID fused silica column that  was coated with SP-2340 
(Quadrex, New Haven, CT} and installed into a model 
5880A GLC. The column temperature was maintained at 
175 C for five min and then programmed at a rate of 
0.75 C/min to a final temperature of 200 C, which was 
maintained for 10 rain. 

To facilitate the identification of FAME, all samples 
also were analyzed on a 12.5 m X 0.2 mm ID fused silica 
column, which was coated with a cross-linked dimethyl 
silicone {Hewlett-Packard, Avondale, PA) and installed 
into a model 5840 GLC. Several analyses at different con- 
stant temperatures and under temperature-programmed 
conditions were conducted for each sample. In addition, 
some samples were analyzed as previously described {15) 
on a 15 m X 0.25 mm ID glass capillary column coated 
with SP-2340. Other conditions pertinent to the opera- 
tion of GCGLC column were similar to those described 
(15). 

Identification of components was based on the reten- 
tion times obtained for individual components compared 
to the retention times observed for available standards 
(NuChek, Elysian, MN; and Supelco, Bellefonte, PA). 
Quantitative data were derived with the aid of integrator- 
processors associated with the instruments, using stan- 
dard mixtures of FAME to establish response factors for 
components of interest and using the internal standard 
to help convert the peak areas into ~g of FAME. 

Thin layer chromatography. Lipid classes were iden- 
tiffed using TLC and densitometry. Premade Plates, con- 
taining a preabsorbent area and 10 channels (LK 5D, 
Linear K Silica Gel), purchased from Whatman, Inc. (Clif- 
ton, N J) were developed in n-heptane/diethyl ether/formic 
acid (85:15:1, v/v/v) or in chloroform]ethanol/water/tri- 
ethylamine (30:34:8:35, v/v/v/v) to resolve the nonpolar 
or polar lipids, respectively. Following development, com- 
ponents were visualized by charring essentially as de- 
scribed by Bitman et al. (17) and analyzed using a 
Kratos/Schoeffel Model SD-3000 spectrodensitometer 
(Westwood, NJ) equipped with a Hewlett-Packard 3390A 
Reporting Integrator (Avondale, PA). 

Protein and nucleic acid determination. Protein was 
determined essentially as described by Hess and Lewin 
{18) using 200 gl aliquots of 50-fold dilutions of the 
original homogenates. The absorbance of duplicate sam- 
ples was read at 750 nm in a Guilford Spectrophotometer 
(Oberlin, OH) and converted to protein concentration with 
the aid of a standard curve developed using bovine serum 
albumin, fraction V, purchased from Sigma Chemical Co. 
{St. Louis, MO). 

To estimate the nucleic acid content in the cheek cell 
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homogenates,  the absorbance of 1 ml aliquots of 50-fold 
dilutions of the original homogenates  was measured at  
260 nm and at  280 nm. An est imate of the nucleic acid 
content  in the cuvette  was obtained from the absorbance 
values and the following equation based on the extinc- 
tion coefficients determined by  Warburg  and Christian 
{19}: 

A2~o -- [A2~ {0.5728)] 

36.5942 
-- mg nucleic acid]ml 

RESULTS 

In preliminary experiments, we examined cheek cells pel- 
leted at various g forces, including those recommended 
in the l i terature (5,6). Based on the yield of total  FAME,  
as well as analysis of cheek cells by phase contrast  micros- 
copy, a considerable number of cells remained in the 
supernatant  at forces less than 12,000 • g for 30 min. 
The cheek cell populations were heterogeneous, consisting 
of some single cells as well as several populations of con- 
t iguous cells. Based on dye exclusion tes ts  using t rypan  
blue {20}, 10-30% of the pelleted cells did not  take up the 
dye. 

We also noted variable levels of contaminat ion of cell 
pellets with microorganisms and food particles. The con- 
tent  and composition of FAME was affected dramatically 
when food particles were present but  there was no obvious 
effect from contaminat ion with microorganisms. In the 
main studies reported below, samples tha t  obviously were 
contaminated with food particles, based on visual inspec- 
tion, {Study I: 4 P/S 1.0 samples and 3 P/S 0.3 samples} 
or extremely high lipid content  and unusual  lipid profile 
{Study II: one P/S 1.0 sample}, were excluded from the 
summary da ta  presented. 

Data  for pellet size, protein content  and ~g of total  
FA M E of cheek cell preparat ions examined in S tudy  I 
and Study II  are summarized in Table 1. As can be seen, 
there was considerable individual to individual variation 
and there were no statistically significant differences be- 
tween diets for these parameters .  The amount  of cheek 
cells obtained using our methods was adequate for the 
routine analysis of nucleic acid content  (data not  shown} 
as well as protein and FAME.  Based on the crude assay 
we used, nucleic acid was present  in cheek cells at  a level 
of about  25 ~g/mg of protein. 

Based on TLC, the cheek cell lipids contained relatively 
large amounts  of triglycerides and unesterified fa t ty  
acids, variable amounts  of cholesterol, relatively low 
levels of tradit ional phospholipids and a number of un- 
identified lipid classes. However, sample to sample varia- 
tion was extremely high, suggest ing tha t  absolute levels 
of lipid classes were unrelated to protein level or pellet 
size. Nevertheless as total FAME, the nonpolar lipid frac- 
t ion p redomina ted  for all samples examined and 
represented about  60% of the total  lipid FAME.  

In Study I, the cheek cell lipids were separated into non- 
polar (NPL) and polar lipids (PL) before they were trans- 
esterified and analyzed by GCGLC. The major FAME in 
these samples, as weight percent  of the total  components  
tha t  could be identified tentat ively,  are displayed in 
Table 2. In general, the FAME of the N P L  and PL were 
similar but  not  identical. Compared to NPL, the PL con- 
tained higher percentages of 20:4 and 22:6 as well as 
sa turated fa t ty  acids with chain lengths greater  than 18 
carbon atoms. In contrast ,  the PL values for 14:0, 16:0 
and 18:0 tended to be lower than  those observed in the 
N P L  fraction. 

There was no  statist ically significant effect of dietary 
P/S ratio on the cheek cell F A ME pattern.  Nevertheless, 
there were t rends toward a higher percentage of 18:2 and 
lower percentages of 18:1 and 20:4 in both the NPL and 
PL fraction derived from subjects who consumed the 
higher P/S diet. The extent  to which factors other  than 
sample variat ion may have obscured potential ly signifi- 
cant differences was of concern. The presence of extremely 
long chain sa tura ted  f a t ty  acids, part icularly in the PL 
fraction, suggested tha t  these samples contained amide- 
linked fa t ty  acid lipid classes, which may have compli- 
cated the data  by diluting out  potential ly significant ef- 
fects of diet. 

To distinguish between amide-linked and ester-llnked 
fa t ty  acids, in S tudy II  the cheek cell lipids were con- 
ver ted to methyl  esters in two ways. Aliquots were 
transesterif ied using an alkaline (NaOCH3) cata lys t  and 
compared to those submit ted to an acid cata lys t  (HCI- 
methanol). In addition, since our TLC studies revealed 
only low levels of typical  phospholipids and as similar 
FAME patterns were observed for NPL and PL fractious, 
the total  lipid was used as the source of FAME.  

The data  obtained for the major FAME in Study II are 
summarized in Table 3. As was expected, the percentages 
of long chain sa tura ted  fa t ty  acids were considerably 

TABLE 1 

Pellet Size, Protein and Total Fat ty  Acid Methyl  Esters of Cheek Cells 
Isolated From Subjects on 0.3 or 1.0 P/S Diets a 

Study 1 Study 2 

Diet P/S 1.0 (N = 7) 0.3 (N = 9) 1.0 (N = 11) 0.3 (N = 12) 

Pellet (ram ~) 106.0 • 16 113.0 • 29 98.0 • 23 107.0 • 20 
Protein (mg) 2.7 • 1.4 3.6 • 2.2 2.2 • 1.6 2.3 • 1.4 
FAME (ug) 256.0 • 92 254.0 • 126 217.0 • 65 248.0 • 60 

aValues are averages • standard deviations. FAME, total fatty acid methyl esters ob- 
tained using acidic esterification conditions; N, number of individual cheek cell prepara- 
tions examined. 
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TABLE 2 

Fatty Acid Composition of Human Cheek Cell Lipids 
Derived from Subjects on Two Diets: Study I a, o 

Nonpolar lipids Polar lipids 

Diet  P/S 1.0 {N -- 7) 0.3 (N -- 9) 1.0 (N = 7) 0.3 (N = 91 

14:0 3.7 2= 1.2 3.4 2= 2.3 1.6 2= 0.4 1.5 2= 1.3 
16:0 26.9 2= 1.1 25.3 + 3.8 19.6 2= 2.3 18.9 2= 3.2 
~'16:1 cis area 6.7 2= 2.7 6.9 2= 1.9 4.9 2= 1.2 4.1 2= 0.9 
18:0 19.7 2= 8.0 17.9 2= 2.8 15.4 2= 1.5 15.9 2= 2.0 
18:1 trans area 1.6 2= 0.8 2.9 2= 2.6 1.1 2= 1.0 0.8 2= 0.4 
~-18:1 cis area 18.8 2= 5.4 21.1 2= 3.6 20.9 2= 3.7 23.2 2= 2.6 
18:2 trans area 0.4 2= 0.2 0.5 2= 0.3 0.3 2= 0.1 0.3 -+ 0.1 
18:2{n-6) 13.8 2= 5.0 11.0 2= 2.6 12.1 2= 3.2 11.9 2= 2.1 
20:4(n-6) 0.8 2= 0.2 1.0 2= 0.4 2.4 2= 0.7 2.7 2= 0.6 
22:6(n-3) t t 0.5 2= 0.0 0.6 2= 0.4 

Zn-6 poly 15.0 2= 5.6 12.6 2= 3.8 16.1 2= 2.9 15.2 2= 2.6 
Zn-3 poly 0.6 2= 0.3 0.5 2= 0.1 0.5 2= 0.2 1.2 2= 1.1 
Zsat>18 carbon 1.7 2= 1.1 3.0 2= 1.9 8.3 2= 1.6 7.4 2= 2.2 
Esat  14,16,18 50.3 2= 14 46.5 2= 6.7 36.0 2= 3.6 36.3 2= 4.9 
~-poly 15.4 2= 5.8 13.1 2= 4.2 16.4 2= 3.2 15.4 2= 3.1 

aValues are averages and s tandard  deviations for FAME as wt  % of the total  normal- 
ized FAME.  N, number  of individual cheek cell preparat ions exsmined; t, less than  0.1%. 
bOther tentatively identified components, not  included in the table, were dimethylacetals, 
odd-chain and branched-chain fa t ty  acids. In addition, there were some components  for 
which a tenta t ive  identification could not  be assigned. 

TABLE 3 

Fatty Acid Composition of Human Cheek Cell IA'pids 
Derived from Subjects on Two Diets: Study I I  a,~ 

HCI-Methanol NaOCH3 

Diet P/S 1.0 (N = 10) 0.3 {N = 12) 1.0 {N = 10) 0.3 {N = 12} 

14:0 2.3 2= 0.9 2.2 + 1.0 2.3 2= 1.0 2.5 - 0.6 
16:0 22.3 2= 2.1 22.2 2= 3.3 15.0 - 2.6 15.9 2= 5.3 
~16:1 cis area 6.9 2= 1.3 6.7 2= 1.0 13.6 2= 3.7 14.5 2= 5.2 
18:0 15.7 • 1.6 14.3 2= 2.0 9.8 2= 1.9 9.1 2= 2.8 
18:1 trans area 0~9 2= 0.5 0.5 2= 0.5 0.4 2= 0.5 0.2 2= 0.2 
~-18:1 cis area 23.1 2= 2.6 26.0 +- 4.2 24.9 2= 3.5 25.3 2= 4.4 
18:2 trans area 0.3 2= 0.1 0.3 2= 0.1 0.3 -+ 0.1 0.3 2= 0.2 
18:2{n-6) 12.5 • 1.1 11.5 _ 2.2 15.1 2= 3.6 12.6 - 2.6 
20:4{n-6) 1.9 2= 0.4 2.3 + 0.9 2.0 2= 0.8 2.2 2= 0.9 
22:6{n-3) 0.6 --- 0.0 0.6 2= 0.1 0.6 2= 0.0 0.6 2= 0.0 

�9 Yn-6 poly 14.8 2= 1.1 14.4 2= 2.8 17.4 2= 4.6 15.4 2= 2.3 
En-3 poly 0.9 2= 0.5 0.9 2= 0.3 0.2 2= 0.3 0.2 2= 0.4 
~sat>18 carbon 5.0 2= 0.8 4.5 2= 1.2 1.0 2= 0.8 1.1 2= 0.7 
~sat  14,16,18 40.2 2= 3.2 38.9 2= 3.7 28.0 2= 2.4 27.4 2= 6.1 
~-poly 15.3 2= 1.6 15.2 2= 3.0 17.9 - 5.0 15.6 2= 2.3 

aValues are averages and s tandard  deviations for F A M E  as wt  % of the  total  normal- 
ized FAME.  N, number  of individual cheek cell preparat ions examined. 
bOther tentat ively identified components, not  included in the table were dimethylacetals, 
odd-chain and branched-chain fa t ty  acids. In addition, there were some components  for 
which a tenta t ive  identification could not  be assigned. 

l o w e r  in  s a m p l e s  t r a n s e s t e r i f i e d  w i t h  N a O C H 3 ,  c o m p a r e d  
t o  t h o s e  s u b m i t t e d  t o  t h e  H C l - m e t h a n o l  m e t h o d .  I n  
g e n e r a l ,  t h e  t w o  m e t h o d s  y i e l d e d  t h e  s a m e  p e r c e n t a g e s  
of  m o n o -  a n d  p o l y u n s a t u r a t e d  F A M E ,  w i t h  t h e  e x c e p t i o n  
o f  t h e  l a r g e r  p e r c e n t a g e  o f  t h e  c o m p o n e n t  t e n t a t i v e l y  

i d e n t i f i e d  a s  c i s -16:1  i n  t h e  s a m p l e s  t r a n s e s t e r i f i e d  w i t h  

N a O C H 3 .  
A l t h o u g h  t h e  r e s u l t s  o f  S t u d y  I I  w e r e  e n c o u r a g i n g ,  

t h e r e  w e r e  n o  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
o b s e r v e d  p a t t e r n s  t h a t  c o u l d  b e  a s c r i b e d  t o  d i f f e r e n c e s  
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TABLE 4 

Ratios of Selected FAME in Haman  Cheek Cell Lipids a 

Study I Study I I  

Nonpolar lipid Polar lipid Total lipid HC1-Methanol NaOCH3 

Die tP /S  1.0(N : 7) 0.3(N : 9) 1.0(N = 7) 0.3{N : 9) 1.0(N : 7) 0.3(N = 9) 1.0(N : 10) 0.3(N---  12) 1.0(N = 10) 0.3(N = 12) 

18:2/20:4 21.3 (3.4) 12.5 (5.2) 5.5 (2.0) 4.4 (1.0) 10.7 (4.0) 8.2 {2.4) 6.8 (2.0) 6.0 {3.4} 9.6 (4.5) 8.8 (7.6) 
18:2/18:1 0.73 (0.11) 0.53 {0.11) 0.58 (0.10) 0.52 (0.12) 0.65 (0.09} 0.52 (0.10) 0.54 (0.07} 0.45 (0.10) 0.60 (0.07) 0.51 (0.10) 
18:2/18:0 0.86 (0.48) 0.62 (0.17) 0.80 (0.24) 0.76 (0.15) 0.81 (0.38) 0.66 (0.16) 0.82 (0.14) 0.75 (0.20) 1.6 (0.4) 1.5 (0.7) 
18:l/Sat b 0.42 (0.18) 0.46 (0.13) 0.59 (0.14) 0.64 (0.10) 0.47 (0.16) 0.56 (0.14) 0.58 (0.09) 0.68 (0.16) 0.90 (0.21) 0.98 (0.28) 
PUFA/Sat  c 0.35 (0.21) 0.30 (0.13) 0.46 (0.14) 0.45 (0.13) 0.39 (0.17) 0.36 (0.121 0.39 (0.06) 0.40 (0.10} 0.65 (0.24) 0.60 (0.24) 

aValues are averages of ratios in individual samples with the s tandard deviation shown in parentheses. Values for the total lipid were derived from summing 
the lag of FAME in nonpolar and polar lipids. 
bSat, sum of 14:0 + 16:0 % 18:0. 
cpUFA, sum of n-3 and n-6 polyunsaturated fatty acids. 

in dietary P/S ratio. The trends noted in Study I also were 
evident in Study II; that is, cheek cell lipids derived from 
subjects on the higher P/S diet contained slightly higher 
percentages of 18:2 and slightly lower percentages of 18:1 
and 20:4. 
To compare the data obtained in both studies, we 

calculated ratios for FAME. The values presented in 
Table 4 are for those ratios that consistently displayed 
a trend that appeared to be attributable to diet. Regard- 
less of the method of analysis, the average values of> 
tained for 18:2/20:4, 18:2/18:1 and 18:2/18:0 were always 
greater for cheek cell lipids derived from subjects consum- 
ing the higher P/S diet. There was also a trend for the 
polyunsaturated fatty acid/14:0 + 16:0 + 18:0 {Sat} to 
be higher in cheek cell lipids of subjects on the higher P/S 
diet. However, the 18:1/(Sat} tended to be lower in the 
women on the higher P/S diet. 

DISCUSSION 

Despite our efforts to standardize procedures for sam- 
pling cheek cells, there were large sample~to-sample varia- 
tions in all parameters analyzed. Nevertheless, a number 
of trends were observed that suggest diet may influence 
observed FAME patterns in cheek cell lipids. Regardless 
of the procedures used to analyze the lipids, FAME of 
cheek cell preparations derived from subjects on the 
higher P/S diet displayed lower percentages of 18:1 and 
20:4, a slightly higher percentage of 18:2, higher ratios 
for 18:2/20:4, 18:2/18:1 and 18:2/18:0 and a lower ratio for 
18:l/(Sat). 

The 18:2/18:1 values observed in cheek cell lipids 
{Table 4) were similar to the ratios calculated for the diets 
consumed by subjects in these studies (0.76 and 0.46 for 
the high and low P/S diets, respectively). These results 
suggest that some aspects of diet fat ty acid composition 
may have a direct effect on cheek cell lipid composition. 
In contrast, the trends observed for 18:2/20:4 and 18:1/ 
(Sat) in our studies are more difficult to interpret. 

The ratio of 18:l/(Sat) was calculated to be 1.49 and 0.71 
for the high and low P/S diets, respectively. Thus, the diet 
with the greater percentage of 18:2 and the greater ratio 
of 18:l/(Sat) apparently resulted in cheek cell lipids with 
lower values of 18:1 and 20:4, lower ratios of 18:l/(Sat) 
but higher ratios of 18:2/20:4. 

The inverse relationship between the dietary percentage 
of 18:2 and the observed values for 18:1 and 20:4 in cheek 
cell lipids may be a reflection of the differential effect of 
the two diets on desaturase activities. A similar relation- 
ship between dietary 18:2 and 18:1 values in human 
adipose tissue triglycerides has been reported {10,21,22}. 
While the difference in 20:4 in the cheek cells may reflect 
dietary levels, it is possible that these values also reflect 
an effect of the diet on desaturase activities. It is well 
known that the level and type of dietary fat may influence 
key enzymes involved in fatty acid biosynthesis and 
desaturation {23}. For example, Herodek and Csakvary 
(24) have reported that saturated fatty acids increase 
desaturase activity in liver and adipose tissue of mice. 
In contrast, Jeffcoat and James (25) have shown that 
linoleic acid is a potent inhibitor of stearoyl-CoA desatu- 
rase activity in rat liver. In addition, Hagve and Chris- 
tophersen {26} have reported higher A-6 desaturase activi- 
ty in isolated liver cells derived from rats fed 
hydrogenated coconut oil compared with liver cells d e  
rived from rats fed soybean oil or standard rodent pellets. 
Moreover, polyunsaturated fatty acids have been shown 
to have a selective dampening effect on other lipogenic 
enzymes, including acetyl-CoA carboxylase {27}. We 
believe that the data observed in our studies may be a 
reflection of similar controls on lipogenic enzymes in 
humans. 

In contrast to the reports by McMurchie et al. {5,6}, we 
found virtually identical P/S ratios in polar lipids of cheek 
cells. It is possible that differences in dietary P/S ratio 
during periods of low-fat intake (as was the case in our 
study} may have no visible effect on polar lipid FAME 
patterns. Moreover, since polar lipids are largely struc- 
tural components, which also may participate in impor- 
tant cellular functions, it is likely that relatively rigorous 
metabolic controls act to minimize any drastic alteration 
in the composition of these constituents. In this regard, 
it should be noted that others have failed to observe dif- 
ferences in adipose tissue phospholipid P/S ratios of sub- 
jects on different P/S diets (10). 

Whereas polar lipids are resistant to dietary manipula- 
tion, this is not the case for triglycerides. Alterations in 
tissue triglyceride fatty acid composition resulting from 
dietary lipid differences have been noted in several 
studies, including those in humans (10). In our studies, 
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i t  seems re levant  t h a t  the  g rea t e s t  differences for P/S 
ra t ios  in cheek cell lipids be tween the  low and  h igh  P/S 
diets  were observed  for nonpolar  lipids in S t u d y  I and for 
F A M E  resu l t ing  f rom NaOCH3 t ranses te r i f ica t ion  in 
S tudy  I I  {Table 4). In  bo th  cases, tr iglycerides would have 
con t r ibu ted  subs tan t i a l  p ropor t ions  of  f a t t y  acids to  the  
resu l t ing  F A M E  analyses.  Fu tu re  s tudies  di rected 
specifically at  the  f a t t y  acyl  compos i t ion  of  cheek cell 
t r ig lycer ides  m a y  shed l ight  on this  point .  
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i 

A major product of the reaction between a-toco- 
pherol and t-butyl hydroperoxide in chloroform is 
5-ethoxymethyl-7,8-dimethyl tocol, the source of 
the ethoxy group being the ethanol that is used to 
stabilize the chloroform. Two new products of this 
oxidation have now been identified as 2-(3'-hy- 
droxy-3',7',ll',15'-tetramethylhexadecyl), 3-eth- 
oxymethyl-5,6-dimethylbenzo-l,4-quinone and 5- 
ethoxycarbonyl-7,8-dimethyl tocol. These two 
compounds and another major product, 5-formyl- 
7,8-dimethyl tocol appear to be formed by further 
oxidation of 5-ethoxymethyl-7,8-dimethyl tocol. 
Lipids 23, 137-139 (1988). 

When a-tocopherol ( la )  and its model compound, 
2 ,2 ,5 ,7 ,8 -pen t ame thy l -6 -hyd roxy  c h r o m a n  ( l b )  
(Scheme 1), are oxidized by t-butyl hydroperoxide in 
purified chloroform to which ethanol has been added, 
5-ethoxymethyl-7,8-dimethyl tocol (2a) and 5-ethoxy- 
methyl-2,2,7,8-tetramethyl-6-hydroxy chroman (2b), 
respectively, are formed in amounts  that  vary  with 
the concentration of ethanol (1). Oxidation does not 
occur in the absence of ethanol. If  the reaction is per- 
formed in distilled, reagent-grade chloroform (con- 
taining 2% ethanol as stabilizer but with no addi- 
tional ethanol), higher levels of 2 a  and 2b  are pro- 
duced together with a new dimeric quinone (Suarna, 
C., Craig, D.C., Cross, K.J., and Southwell-Keely, 
P.T., unpublished data) and other as yet uncharacter: 
ized compounds. The present work reports on the 
identification of several of these compounds. 

M A T E R I A L S  A N D  M E T H O D S  

Infrared (IR) spectra were determined on a Perkin 
Elmer 580B spectrometer, ultraviolet (UV) spectra on 
a Perkin Elmer 124 double beam spectrophotometer 
and 1H nuclear magnetic resonance (NMR) spectra 
on a Bruker CXP 300 spectrometer and a Bruker AM 
500 spectrometer. NMR spectra were taken in CDC13 
and are reported in parts per million downfield from 
te t ramethy l s i l ane  as internal  s tandard .  Electron 
impact  mass  spectra were determined at 70 ev on an 
A.E.I. MS12 spectrometer and chemical ionization 
mass  spectra on a Finnigan 3200 quadrupole spec- 
trometer. High resolution molecular weights were 
determined on a Bruker Spectrospin Fourier Trans- 
form Ion Cyclotron Resonance spectrometer. 

(+)-a-Tocopherol ( l a ,  Roche Products, Sydney) was 
used without further treatment. 

Distilled, reagent-grade chloroform (Ajax Chemi- 
cals, Sydney) was used as a solvent for the oxidation 
reactions. 

*To whom correspondence should be addressed. 

HO HO 

J 
1 o. R = CI6H33 Et 2 (i. R = C16H33 

b. R=CH3 b. R=CH 3 

SCHEME 1 

Chloroform for thin layer chromatographic (TLC) 
plate elution was purified by washing with 18 M sul- 
furic acid and distilled water until the washings were 
neutral, drying (Na2SO4) and distilling immediately 
before use. 

t-Butyl hydroperoxide (70%-EGA Chemie, Steinheim, 
FRG) was purified by the sodium salt  method (2). Pur- 
ity (iodometrically) was 95%. 

The spiro dimer and spiro trimer of la, 5-formyl- 
7,8-dimethyl tocol (7); 2a, a-tocopheryl quinone; and 
8a-ethoxy-a-tocopherone were prepared as reference 
compounds by known methods. (1,3-6). 

Oxidation of 1 a by t-butyl hydroperoxide. A typical 
reaction was as follows: To l a  (1011 mg, 2.25 mmol) 
in reagent grade chloroform (150 ml) was added t- 
butyl hydroperoxide (223 mg, 2.48 mmol) and the 
solution refluxed for 3 hr. The solution was then 
washed with 5% ferrous sulfate solution (6 • 30 ml) 
and distilled water (7 • 30 ml) and dried (Na2SO4), 
and the solvent was removed in vacuo. The residue 
was chromatographed on thin layers of Silica Gel 
GF254 (solvent: light petroleum (bp 60-80 C) ethyl ace- 
tate [9:1, v/v]), the products were located under UV 
light and eluted with purified chloroform and the sol- 
vent was removed under a stream of nitrogen and 
weighed. The following products were identified by 
comparison of their UV and 1H NMR spectra with 
those of the prepared reference compounds; 7, 1~ 0.61; 
2a,  Rf 0.53 (582 mg, 58%); l a ,  Rf 0.42. Products of 
unknown composition were isolated with Rf 0.87, 
0.75, 0.69, 0.24, 0.17, 0.12 and 0.0. 

The overlapping bands with Rf 0.12 (pink) and Rf 
0.0 (yellow) were combined, rechromatographed on 
Silica Gel GF2s4 (solvent, light petroleum [bp 60-80 C] 
chloroform [2:8, v/v]) and resolved into three bands 
with Rf 0.21 (pale yellow, 11 mg, 1.1%), 0.34 (pink- 
orange, 24 mg, 2.4%) and 0.56. The compound with Rf 
0.56 has been identified as a dimeric quinone (Suarna, 
C., Craig, D.C., Cross, K.J., and Southwell-Keely, 
P.T., unpublished data), while the compound with Rf 
0.34 is under investigation. 

2-(3'-Hydroxy-3',7',l 1', 15'- tetramethylhexadecyl)-  
3-ethoxymethyl-5,6-dimethyl-benzo-l ,4-quinone (4) 
(Rf 0.21), a pale yellow oil, was identified by IR (KBr) 
3450 (OH), 2930 (CH3), 1650 (C=C-C=O), 1465, 1380, 
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1305, 1100 (C-O-C) cm-1; UV (hexane) Xm= 258, 267 
(sh) nm; ~H NMR (CDC13) ~ 0.85 (m, 12H), 1.21 (t, 3H, 
J = 7.0 Hz, CH3.CH2-O-), 1.25 (broad m, 24H), 1.60 (m, 
2H, =C-CH2-CH2-), 2.018 (s, 3H, =C-CH3), (s, 3H, =C- 
CH3), 2.65 (m, 2H, =C-CH2-), 3.65 (q, 2H, J = 7.0 Hz, 
CH3-CH2-0-), 4.41 (s, 2H, =C-CH2~)-) ppm. Irradiation 
of the singlet at 4.41 ppm led to an NOE on the multi- 
plet at 2.65 ppm and on the quartet at 3.65 ppm, thus 
proving that  the ethoxymethyl and methylene groups 
were at tached to adjacent  carbon atoms of the qui- 
none ring. MS (ei) m/z  (rel int) 490 (M § 0.5), 489 (0.5), 
488 (1), 472 (0.5) (M§ 444 (2) (M*-C2HsOH), 442 
(I), 431 (5), (M§ 428 (3), 426 (1), 368 (3), 
321 (50), 279 (52), 250 (13), 236 (21), 194 (100); MS (ci, 
methane) m/z  (rel int) 491 (MH § 1), 490 (1), 489 (4), 
473 (100) (MH§ 471 (14), 457 (4), 445 (10) (MH § 
C2HsOH), 427 (9) (MH+-C2HsOH-H20). The normal 
methane  adduct ions were noted at 519 (M+29)* and 
531 (M+41) § confirming that  the molecular weight 
was 490. Exac t  m a s s  ca l cu la t ion  for C31H540 4 
490.4328; found, 490.4354. 

Isolation of 5-ethox ycarbon yl- 7,8-dimeth yl tocol (9). 
Compound 2a  (300 mg), which had been kept in the 
refrigerator for two months,  was rechromatographed 
on thin layers of Silica Gel G F ~  [solvent, light petro- 
leum (bp 60-80 C) ethyl acetate (9:1, v/v)]. Three 
bands were obtained with Rf 0.49 (2a), 0.60 (7) and 
0.63. 

Compound 9. Rf 0.63, a bright yellow oil, was puri- 
fied further by chromatography on Silica Gel GFz~ 

[solvent, light petroleum bp 60-80 C/CC14 (16:9) ethyl 
acetate (99:1)] and was identified by IR (KBr) 3400 
(weak H-bonded OH), 2930 (CH3), 1656 (C=0), 1470, 
1375, 1320, 1205, 1095 (C-O-C), 1030, 800 cm-1; UVkma x 
260, 268, 350 rim; 1H NMR (CDC13) 6 0.86 (m, 12H), 
1.25 (broad m, 24H), 1.42 (t, 3H, J = 7.1 Hz; CH3-CH 2- 
0), 1.72 (m, 2H, Ar-CH2-CH2-), 2.16 (s, 3H, Ar-CH3), 
2.18 (s, 3H, Ar-CH3), 3.00 (t, 2H J = 6.9 Hz, Ar-CH2-), 
4.41 (q, 2H, J = 7.1 Hz, CHz-CH2-O-), 11..3 (s, 1H, OH); 
MS (ei) m/z  (rel int) 488 (M*, 100), 442 (47) (M*- 
C2HsOH). Exac t  m a s s  ca lcu la t ion  for C31H520 4 
488.4111; found, 488.4069. 

Oxidation of 2a by t-butyl hydroperoxide. To 2 a  (36 
mg) in reagent-grade chloroform (5 ml) was added 
t-butyl hydroperoxide (9 mg), and the solution was 
refluxed at 60 C for 3 hr. The solution was cooled, 
washed with 5% ferrous sulfate (2 • 10 ml), water (3 x 
10 ml) and dried over anhydrous  Na2SO4, and the sol- 
vent  was removed in vacuo. The residue was chroma- 
tographed on thin layers of silica gel [solvent, light 
petroleum (bp 60-80 C)/ethyl acetate (9:1)], the prod- 
ucts were located under UV light and eluted with 
chloroform, and the solvent was removed under a 
stream of nitrogen and weighed. The majority of prod- 
ucts of this reaction have yet to be identified but their 
Rf, were as follows: Rr 0.65 unknown (0.6 mg; 2%); Rf 
0.62 unknown (5 mg; 15%); Rf 0.61 unknown (2 mg; 
5%); Rf 0.59, 7 (10 mg; 28.5%); Rf 0.54 2a  (4 mg; 12~ Rf 
0.51 unknown (6 mg; 16%); Rf 0.45 unknown (3 mg; 
8.5%); Rf 0.15 unknown (4 rag; 12%). 

o•R -H" O ~  �9 O R HO 

I I 
Et Et 

2a 

. ~ , ~ O  O~ OH O 
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Compound 7 was identified by UV kmax 238 (~ 7012), 
282 (e 12053), 288 (~ 12196), 387 (e 4022) rim; IR (KBr) 
3400 (very weak H-bonded OH), 2920 (CH3) , 1635 
(C=0), 1460, 1380, 1310, 1095 (C-O-C) cm-';  1HNMR 
(CDC13) ~ 0.85 (m, 12H), 1.05-1.65 (broad m, 24H), 1.82 
(m, 2H, 3-CH2), 2.15 (s, 3H, Ar-CH3), 2.17 (s, 3H, Ar- 
CH3), 3.03 (t, 2H, 4-CH2, J = 6.6Hz), 10.2 (s, 1H, CHO), 
12.1 (s, 1H, OH) ppm, Irradiation of the singlet at 10.2 
ppm produced an NOE on the triplet at 3.03 ppm (4- 
CH2), thus proving tha t  the aldehyde group was on 
position 5 of the chroman; MS (ei) m/z  (tel int) 444 
(M § 85), 426, (21), 271 (6), 243 (12), 229 (12), 220 (47), 
219 (24), 215 (18), 202 (44), 201 (100). 

RESULTS AND DISCUSSION 

Both compounds 4 and 9 appear to be formed by oxi- 
dation of 2a. However, when 2a  is oxidized by t-butyl 
hydroperoxide in reagent-grade chloroform, the major 
product by far is 7, so that  the formation of 4 and 9 
represents minor pathways.  

The formation of these products may  be explained 
by assuming tha t  2a  is oxidized in the same way as 
1 a, through a tocopheroxyl radical (7,8) to a phenoxy- 
lium species (3a,3b) (9,10) and a quinone methide (5) 
(11,12) (Scheme 2). Water formed during the oxidation 
may add to the phenoxylium ion producing the ben- 
zoquinone (4) or it may  add to the quinone methide 
producing a hemi-acetal (6). Compound 6 may  lose 
ethanol to form the aldehyde (7) or it may be oxidized 
to a further quinone methide (8), which is the tauto- 
met of the ester (9). Clearly, the conditions which 
favor the formation of 9 are very mild. 

ACKNOW~DGMENT 

I. Gregor and M. Guilhaus are thanked for the Fr-ICR high 
resolution molecular weight determinations of 4 and 9. 

1. Sumarno, M., Atkinson, E., Suarna, C., Saunders, J.K., 
Cole, E.R., and Southwell-Keely, P.T. (1987) Biochim. BIO- 
phys. Acta, in press. 

2. Barnard, D., and Hargrave, K.R. (1951) Anal. Chim. Acta 5, 
476-488. 

3. Skinner, W.A., and Alaupovic, P. (1963) J. Org. Chem. 28, 
2854-2857. 

4. John, W., Dietzel, E., and Ernte, W. (1939) Z. Physiol. Chem. 
257, 173-189. 

5. Fujimaki, M., Kanamaru, K., Kurata, T., and Igarashi, O. 
(1970) Aqric. Biol. Chem. 34, 1781-1787. 

6. Boyer, P.D. (1951) J. Am. Chem. Soc. 73, 733-740. 
7. Matsuo, M., Mateumoto, S., and Ozawa, T. (1983) Org. Mag. 

Res. 21,261-264. 
8. Doba, T., Burton, G.W., and Ingold, K.U. (1983) J. Am. 

Chem. Soc. 105, 6505-6506. 
9. Martius, C., and Eilingsfeld, H. (1957) Annalen 607, 

159-168. 
10. Durckheimer, W., and Cohen, L.A. (1964) J. Am. Chem. Soc. 

86, 4388-4393. 
11. Skinner, W.A., and Parkhurst, R.M. (1966) J. Org. Chem. 31, 

1248-1251. 
12. Nilsson, J.L.G., Branstacl, J.O., and Sievertsson, H. (1968) 

Acta Pharm, Suecica 5, 509-516. 

[Received June 11, 1987; Accepted July 1, 1987] 

LIPIDS, Vol. 23, No. 2 (1988) 



140 

Detection of cis-Vaccenic Acid in Palm Oil 
by 13C NMR Spectroscopy 
Soon Ng *,a and Heng Fui Kohb 
aDepartment of Chemistry, University of Malaya, 59100 Kuala Lumpur, Malaysia, and bGuthrie Research Chemara, 
70200 Seremban, Negeri Sembilan, Malaysia 

The NMR signals of the carbonyl and olefinic carbons 
of the oils of some species of palm show some relatively 
weak peaks at characteristic positions that have not been 
identified previously. These peaks are most intense in the 
oil of the species Elaeis oleifera. On the basis of the 
chemical shift data of the carbonyl and olefinic carbons 
of several synthetic monoenic triacylglycerols and of the 
packed~olumn gas chromatogram of the methyl esters 
of the oil of E. oleifera, the peaks in question are assigned 
to c/s-vaccenic acid {18:1,[c/s]-11). '3C NMR spectroscopy 
is an effective technique for the detection of c/s-vaccenic 
acid and other monounsaturated fatty acids in vegetable 
oils or fats. 
Lipids 23, 140-143 {1988}. 

Cis-vaccenic acid {cis-ll-octadecenoic acid} {1) is well 
known to be a component fat ty acid of microorganisms 
and animal tissues. Although it has been identified pre- 
viously in plant sources {2), its presence in vegetable oils 
and plant lipids has not been well investigated, probably 
because of its low concentration and of some difficulties 
in conventional analytical procedures. Recent progress 
in capillary gas chromatography {GC) has made it possi- 
ble to detect cis-vaccenic acid in the presence of other 
isomeric monoenoic acids in plant lipids {3). A new ana- 
lytical procedure for determination of cis-vaccenic acid 
in plant lipids is by gas chromatography-mass spectrom- 
etry (GC-MS) through its pyrrolidine- and bis{methylthiob 
derivatives {4). By the use of picolinyl ester derivatives, 
the GC-MS technique has been found to be advantageous 
in determining both the numbers and positions of the 
double bonds in fatty acids (5). 

In this paper, we show that isomeric monoenoic acids 
in triacylglycerols can be differentiated easily in the '~C 
NMR spectra of the carbonyl and olefinic carbons and, 
by this technique, cis-vaccenic acid in the oil of certain 
species of palm is detected. 

MATERIALS AND METHODS 

The samples of palm oil used in this study were obtained 
from the Guthrie Research Chemara (GRC) experimen- 
tal station where various species of palm are grown and 
from local palm oil mills. The synthetic homogeneous 
triacylglycerols were obtained from Sigma Chemical Co. 
{St. Louis, MO). 

For '3C NMR analysis, the palm oil was dissolved in 
chloroform-d in the volume ratio 1:4 and then filtered. The 
synthetic triacylglycerols or mixtures of them also were 
dissolved in chioroform-d to form 2-3 mol % solutions. 
The '3C NMR spectra were recorded on a JEOL FXl00 

*To whom correspondence should be addressed. 
Abbreviations: FAME, fatty acid methyl esters; FID, flame ioniza- 
tion detector; GC, gas chromatography; GC-MS, gas chromatog- 
raphy-mass spectrometry; GRC, Guthrie Research Chemara. 

high-resolution Fourier transform NMR spectrometer 
with the probe temperature at 28 C. 

�9 Packed-column gas chromatography (GC) was carried 
out with a Perkin Elmer model 8310 gas chromatograph 
equipped with a flame ionization detector (FID). Oper- 
ating conditions were 2m X 3 mm i.d. glass column 
packed with 10% SP-2300 on 100-120 mesh Chromosorb 
W; column temperature, isothermal at 200 C. The fat ty 
acid methyl esters {FAME} were prepared by normal pro- 
cedures and then injected into the GC instrument, using 
the on-column injection technique via a glass liner. 

RESULTS AND DISCUSSION 

Recently, it has been shown that  the carbonyl carbons 
of various fatty acids at the 1,3- and the 2-positions of 
the triacylglycerols of palm oil {or any vegetable oil or 
fat} have different chemical shifts and can be distinguish- 
ed in the carbon-13 NMR spectrum {6). Similarly, the 
olefinic carbons of acyl groups in the two glycerol posi- 
tions can be distinguished (7). The carbon-13 NMR spec- 
tra of the oil of several species of palm grown at the GRC 
experimental station have been examined. The spectra of 
the carbonyl and olefinic carbons of the oils of two species 
(Elaeis oleifera and a hybrid Dura {GRC code 395) show 
some relatively weak peaks at characteristic positions 
that previously have not been identified. These peaks are 
most intense in the case of the oil of E. oleifera and ap- 
pear between those of the carbonyl carbons of the oleic 
and the saturated acyl groups and between the two 
groups of peaks for the olefinic carbons of the oleic acyl 
group, as shown in Figures 1 and 2. These spectra sug- 
gest the new peaks belong to a monoenic fat ty acid. In 
the sample of oil ofE. oleifera shown in Figure 1, it is pres- 
ent at about 5 mol % of the total fatty acid content by 
estimating from the intensities of the peaks (6). The ex- 
istence of this fat ty acid is also detectable {<1 mol %) by 
carbon-13 NMR in some palm oil samples obtained from 
palm oil mills, where the oil would be a mixture of oils 
from various plantation sources or palm species. 

To identify the monoenic acyl group described above, 
the carbon NMR spectra of several synthetic homoge- 
neous triacylglycerols in mixtures with triolein and/or 
tripalmitin were obtained. The chemical shift data for the 
carbonyl and olefinic carbons are shown in Tables 1 and 
2. The spectra of the carbonyl and olefinic carbons of a 
mixture of tripalmitin, triolein and trieicosenoin are 
shown in Figure 3. Comparison of Figures 1 and 2 with 
Figure 3 immediately suggests that the new peaks de- 
tected in the former may be assigned to a cis-ll-monoene. 

The gas chromatogram {packed column} of the methyl 
esters of fatty acids in the oil of E. oleifera provides the 
following composition (in wt %): palmitic (16:0) 15.1, 
palmitoleic (16:1) 1.7, stearic (18:0) 0.9, oleic {18:1) 66.2, 
linoleic (18:2) 15.3, linolenic (18:3) 0.6, and arachidic (20:0) 
0.1. No monoenoic fatty acid longer in chain than 18:1 
is detected. The peak for methyl oleate is twice as broad 
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FIG. 1. 25.05 MHz '3C NMR spectrum of the carbonyl carbons of 
the triacylglyeerols in the oil of E. oleifera in ehloroform-d solution, 
conc. 1:4 v/v, at 28 C. The group of peaks 1-4 pertains to acyi groups 
at the 1,3-positions, while the group of peaks 5-8 pertains to those 
at the 2-position. Peaks 1 and 5 belong to saturated acyl groups, 
peaks 3 and 7 belong to oleic (18:1,[c/s]-9), and peaks 4 and 8 belong 
to linoleic (18:2,[c/s,c/s]-9-12) and lluolenic (18:3,[cis, cis, cis]-9,12,15) 
acyl groups (6). Peaks 2 and 6 at 6 173.13 and 172.72 ppm, respec- 
tively, have not been identified previously. 
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FIG. 2. 25.05 MHz 'sC NMR spectrum of the olefinie carbons of the 
triacylglycerols in the sample of the oil of E. oleifera described in 
Figure 1. Each olefinic carbon gives rise to two peaks, if resolved, 
because of the two glycerol positions if). The labeling of the peaks 
corresponds to the positions of the olefinic carbons. The taller peak 
of C-9 of oleic pertains to the acyl groups at the 1,3-positions, while 
the lower peak pertains to that at the 2-position. The peaks of C-10 
of oleic are not well-resolved; a shoulder appears on the high fre- 
quency side of the taller peak. Only the peaks of C-9 and C-13 of 
liuoleic are shown; not shown are the peaks of C-10 and C-12 which 
are centered at 6 128.07 and 127.89 ppm, respectively. Peaks 11 and 
12, at d 129.89 and 129.79 ppm, respectively, have not been identified 
previously. Peak 11 has a shoulder on the low frequency side, as in 
the case of C-9 of oleic acid. The chemical shift between peak 12 and 
the main peak of 11 is 0.10 ppm. 
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I i I 173.1 172.7 6/ppm 
FIG. 3. 25.05 MHz '3C NMR spectra of a mixture of synthetic 
tripAImitiu, trioleiu and trieicoseuoin in the mole ratio 2:2:1, respec- 
tively, in chloroform-d solution (total couc. 3.0 tool %) at 28 C. A, 

~ trum of the olefinic carbons. Peaks 9 and 10 belong to C-9 and 
of oleic (c/s-9-monoene), while peaks 11 and 12 belong to C-11 

and C-12 of eicossnoic (c/s-11-monosne). The chemical shift between 
peak 12 and the main peak of 11 is 0.108 ppm. B, spectrum of the 
carbonyl carbons. The group of peaks at d 173.1 ppm pertains to 
acyl groups at the 1,3-positions, while the group at 6 172.7 p~m per- 
tains to those at the 2-position. Assignments are P, p~lmltic; O, oleic; 
E, eicoseuoic; assignments are in the same order to the peaks for 
the 2-position. 

TABLE 1 

Chemical Shifts of Carbonyl Carbons in Triacylglycerols a 

Triacylglycerol 6(1,3) b 6(2) b 

Tripalmitin (16:0) 
Tripalmitolein (16: l ,[cis ]-9) 
Tripetroselinin (18:l,[cis]-6) 
Triolein {18:l,[cis]-9) 
Trielaidin (18:l,[trans]-9) 
Trieicosenoin (2O:l,[cis]-ll) 
Trierucin (22:1,[cis]-13) 

173.146 172.735 
173.114 172.703 
172.988 172.591 
173.113 172.702 
173.121 172.711 
173.130 172.719 
173.137 172.726 

aIn chloroforrn-d solution at 28 C, conc. 2.0 mol %; spectrometer 
operating frequency 25.05 MHz. Chemical shift scale d in ppm. 
bd(1,3) pertains to the acyl groups at the 1,3-positions and d(2) to 
that at the 2-position. 

as the  o the r  peaks  and, as such, m a y  be u n r e s o l v e d  for 
a pos i t iona l  i somer ,  espec ia l ly  when  i t  is of m u c h  lower  
a b u n d a n c e  t h a n  the  m e t h y l  oleate.  Thus ,  the  c i s - l l -  
m onoene  d e t e c t e d  in F i g u r e s  1 and  2 t e n t a t i v e l y  is iden- 
t i f ied as cis-vaccenic  acid (18:l ,[cis]- l l ) .  This  is to  be con- 
f i rmed  by  i so la t ion  of  th i s  f a t t y  acid u s i n g  h igh  resolu-  
t ion  cap i l l a ry  co lumn  GC. The  presence  of cis -vaccenic  
acid in p a l m  oil has  neve r  been  r e p o r t e d  (8). 
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TABLE 2 

Chemical Shift Data of the Olefinic Carbons 
of Monoenes in Triacylglycerols a 

Triacylglycerol A(1,3) b A(2)b dm(1,3)c 

Tripetroselinin 1.613 1.638 127.719 
Tripalmitolein 0.292 0.330 129.839 
Triolein 0.292 0.330 129.839 
Trielaidin 0.298 0.318 130.324 
Trieicosenoin 0.108 0.124 129.852 
Trierucin 0.038 0.048 129.861 

aln chloroforrn-d solution at 28 C, conc. 2.0 tool %; spectrometer 
operating frequency 25.05 MHz. Chemical shift unit in ppm. 

bEach olefmic carbon appears as two peaks, if resolved, because of 
the two glycerol positions {7). A{1,3) refers to the chemical shift dif- 
ference in ppm of the two olefinic carbons of the acyl groups at the 
1,3-positions, and A{2) to that at the 2-position. 

Calm(l,3) refers to the mean of the chemical shifts in ppm of the two 
olefinic carbons of acyl groups at the 1,3-positions. The correspond- 
ing values for the acyl group at the 2-position, dm{2), is in every case 
less than din(l,3) by 0.005 to 0.010 ppm. 

A R 

A lo /  9 

i i i i i 
130.0 129.2 61pom 

FIG. 5. 25.05 MHz 'sC NMR spectra of the olefinic carbons of mix- 
tures of synthetic triacylglycerols in chloroform-d solution (total 
conc. 3.0 moi % in A and 2.0 mol % in B) at 28 C. See Figure 2 for 
assignment of the peaks to the glycerol positions. A, spectrum of 
the solution of triolein and trierucin, showing the relative positions 
of the resonance peaks of the olefinic carbons of c/s-9- and 
c/s-13-monoenes. Peaks 9 and 10 belong to C-9 and C-10 of triolein, 
while peaks 13 and 14 belong to C-13 and C-14 of trierucin {c/s-form). 
The arrow indicates the corresponding peaks, centered at d 130.34 
ppm, of the trans-form of trierucin, which is present (ca. 10%) in 
the sample of trierucin. B, spectrum of the solution of triolein and 
tripetroselinin: showing the relative positions of the resonance peaks 
of the olefinic carbons of c/s-9- and c/s-6-monoenes. Peaks 9 and 10 
pertain to triolein as described above, while peaks 6 and 7 belong 
to C4~ and C-7 of tripetroseHnin. 

B '  I 

1 [ I I I 
173.1 172.7 6 /ppm 

FIG. 4. 25.05 MHz ,3C NMR spectra of the carbonyl carbons of mix- 
tures of synthetic triacylglycerols in chloroform-d solution (total 
conc. 2.0 mol %) at 28 C. See Figure 3 for assignment of resonance 
peaks to the glycerol positions. A, spectrum of the solution of 
tripalmitin (P) and trierucin (R), showing that the peaks for the car- 
bonyl carbons of the c/s-13-monoene all appear 0.009 ppm to low fre- 
quency of those of saturated tripalmitin. B, spectrum of the solu- 
tion of tripalmitin (P) and tripetroselinln (S), showing that the peaks 
for the corbonyl carbons of c/s-6-monoene appear to low frequency 
of those of saturated tripalmitin, 0.158 ppm in the case of the 
1,3-positions and 0.144 ppm in the case of the 2-position. 

The d a t a  in  Tab le  I show t h a t  the  chemical  shif t  of the  
ca rbony l  ca rbon  of a cis-monoene in a t r iacylg lycero l  
depends  on the  pos i t ion  of the  double  bond.  This  m a y  be 
the  resu l t  of steric in t e rac t ions  wi th  the  glycerol  ca rbons  
a n d  of the  l inear  electric field effect of the  double  b o n d  
{9). The  l e n g t h  of the  free end  of the  acyl  cha in  b e y o n d  
the  double  b o n d  does no t  appear  to affect the  chemical  
shift  of the  ca rbonyl  carbon,  as the da t a  for t r ipa lmi to le in  

A c 

I I I I I I 

173.2 173 .0  172 .8  6 / p p m  

~B t 
I ] [ I I l 

1 3 0 . 6  1 3 0 . ?  129.8  6 / p p m  

FIG. 6. 25.05 MHz '3C NMR spectra of a mixture of triolein and 
trielaidin (trans-9-monoene), with the latter as the major component 
(total conc. 2.5 mol %) at 28 C. A, spectrum of the carbonyl carbons, 
showing that in the trans-form (t) each of the resonance peaks ap- 
pears 0.008 ppm to high frequency of the corresponding peak in the 
c/s-form (c). B, spectrum of the olefinic carbons, showing that the 
peaks for the trans-form (t) appear about 0.48 ppm to high frequency 
of the corresponding peaks in the c/s-form (c). 
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(16:l,[cis]-9} and triolein ~18:1,[cis]-9) indicate. When the 
double bond is nearer to the carbonyl, the resonance of 
the carbonyl is shifted far ther  to low frequency; relative 
to the sa tura ted  tripalmitin, the shift to low frequency 
in the dilute chloroform-d solution {ca. 2 mol %} is 0.158 
and 0.144 ppm for the 1,3- and 2-glycerol positions, re- 
spectively, in the cis-6-monoene Itripetroeelinin}, whereas 
the shift is only 0.009 ppm for either of the glycerol posi- 
tions in the cis-13-monoene Itrierucin}, as shown in 
Figure 4. By extrapolation of the data  in Table 1, the shift 
in the carbonyl carbon resonance from tha t  of the satu- 
ra ted palmitic acid is expected to be negligibly small at  
low magnetic field in the cis-15-monoene and to be un- 
detectable even at high magnetic field in the cis-17- 
monoene. 

Table 2 shows tha t  the chemical shift between the two 
olefinic carbons of a monoene in a triacylglycerol depends 
on the position of the double bond, being larger when the 
double bond is nearer to the carbonyl. This may be mainly 
the result  of the linear electric field effect of the head 
group dipole (9). In a mixture  of monoenes, the spectrum 
of the olefmic carbons of a given monoene always appears 
inside tha t  of the monoene whose double bond bears a 
smaller positional number, as shown in Figures 3 and 5. 
Earlier studies have reported similar chemical shift da ta  
for a large number  of olefinic fa t ty  acids and esters {10) 
and of unsa tura ted  fa t ty  acid methyl  esters {11,12}. 
Table 2 also shows the position midway between the 
resonances of the two olefinic carbons of a monoene. By 
extrapolation,  the resonances of the two olefinic carbons 
are expected to converge at d 129.87 ppm in the cis-17- 
monoene in dilute chloroform-d solution. The chemical 
shifts of the olefinic carbons of the trans-monoene occur 
at higher frequencies than the corresponding cis-monoene, 
as indicated for trielaidin and triolein in Table 2 and 
Figure 6, and for trierucin in Figure 5. The chemical shift 
between the olefinic carbons of a monoene appears to be 
the same in the cis- and the trans-isomers. Thus, by  refer- 
ence to or by  interpolation of the data  in Tables 1 and 
2, any monoenoic fa t ty  acid with olefinic positional num- 
ber up to 15 can be identified by '3C NMR spectroscopy. 

This s tudy shows tha t  cis-vaccenic acid is present  in 
detectable quanti t ies in the oils of some species of palm, 

being most  abundant  in the oil of E. oleifera, and that  '3C 
NMR spectroscopy is an effective technique for its detec- 
tion. Monounsatura ted  fa t ty  acids and their positional 
isomers are distinguished easily i n t h e  '3C NMR spectra 
of the carbonyl and the olefinic carbons. The disadvan- 
tage of this technique is its insensit ivity to the length of 
the free end of the acyl chain beyond the double bond. 

Recently the presence of cis-vaccenic acid in mango pulp 
lipids has been reported {4). I t  is noteworthy tha t  an ap- 
preciable quant i ty  of palmitoleic acid is present  together  
with cis-vaccenic acid in the oil of E. oleifera~ as the former 
acid is involved in the mechanism of formation of the lat- 
ter  {13). The synthesis  of cis-vaccenic acid in the seeds 
of Sinapis  alba th rough  elongation of preformed 
palmitoleic acid has been observed recently {14}. 
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[ll ,12-ZH] Re t iny l  ace t a t e  (1OO pg/2O ~Ci / ra t )  in 
corn  oil w a s  fed by s tomach  tube to norma l  male  
Wistar-Furth r a t s  ( - 2 5 0  g body  weight) .  Af t e r  15 
days ,  the  con ten t s  o f  re t iny l  e s te r s  and re t ino l  (to- 
tal  ret inol)  and the ir  ZH-radioact ivi ty  w e r e  mea-  
sured  in the  w h o l e  l iver,  c rude  p a r e n c h y m a l  cells 
and the  pur i f ied  p a r e n c h y m a l  cells, employ ing  dif- 
f e r en t i a l  cen t r i fuga t ion ,  cen t r i fuga l  e lu tr ia t i o n  
and  h i g h  p e r f o r m a n c e  l iquid  c h r o m a t o g r a p h y  
(HPLC) techniques.  Of  the  to ta l  l iver ret inol  (nmol /  
g liver), the  crude  p a r e n c h y m a l  cells had  nea r ly  
90%, w h e r e a s  the  pur i f ied  p a r e n c h y m a l  cells  had 
only  21% b a s e d  on H P L C  analys is .  F u r t h e r m o r e ,  
o f  the  to ta l  l iver  ret inol  radioact iv i ty  (dpm/g  liver) 
the  crude pa renchyma l  cell f rac t ion  had 85%, whi le  
the  purif ied p a r e n c h y m a l  cell f rac t ion  had  only  
16%. Based  on the  cell number,  the  crude  paren-  
chymal  cell f rac t ion  w a s  con t amina t ed  by ret i-  
no id -r i ch  s te l la te  cells to the  ex tent  o f  4%. It, 
t he re fo re ,  w a s  concluded tha t  the  p a r e n c h y m a l  
cells  accoun ted  for  16-21%, w h e r e a s  the  s te l l a te  
cells  con t r i bu t ed  79-84% of  to ta l  re t ino l  s tored  in 
the  l iver  under  normal  s t e a d y - s t a t e  condi t ions .  I t  
a lso  w a s  ca lcula ted  tha t  on a per  mg basis ,  s te l la te  
cells had  200 t imes more  to ta l  re t ino l  t han  pa ren -  
chymal  cells, w h e r e a s  on a pe r  cell bas is  each  stel- 
la te  cell  had  74 t imes  more  to ta l  r e t ino l  t h a n  a 
p a r e n c h y m a l  cell. 
Lipids 23, 144-147 (1988). 

Liver is the main storage site of retinyl esters and 
retinol in mammals  (1,2). Under  normal nutritional 
conditions, as much as 95% of total retinol of the body 
is stored in the liver, predominantly as retinyl palmi- 
ta ts  in the rat  (1,2). Liver accumulates dietary reti- 
noids as retinyl esters from the circulating chylomi- 
cron remnants  (3-6). Liver also plays a dynamic role 
in retinoid metabolism generating retinol from the 
stored retinyl palmitate (7-9) or resynthesizing the 
esters (2,3,10-12) as well as synthesizing the retinol 
binding protein, which is essential for the t ransport  
of retinol to extrahepatic tissues (13,14). Furthermore, 
liver has  the necessary enzyme systems to oxidize 
retinol to retinal (15) and retinoic acid (16,17). 

Liver is composed of two major classes of cells: the 
parenchymal  cells (PC) and the nonparenchymal  
cells (NPC). The latter group includes the Kupffer, 
endothelial and stellate cells. Although it is well 
known that  the liver cells play a major role in several 
aspects of retinoid metabolism, the distribution of reti- 

*To whom correspondence should be addressed at V.A. Medical 
Center, 50 Irving Street, N.W., Washington, D.C. 20422. 

Abbreviations: CPC, crude parenchymal cells; HPLC, high per- 
formance liquid chromatography; KRB, Krebs-Henseleit bicar- 
bonate; LDH, lactate dehydrogenase; NPC, nonparenchymal 
cells; PC, parenchymal cells; PPC, purified parenchymal cells. 

noids in various types of liver cells is a subject of 
great interest and some controversy. Thus, depending 
on the study and the methodology employed, PC (18- 
20), Kupffer cells (21,22) or stellate cells (23-25) have 
been suggested as the major sites of vitamin A stor- 
age. Olson and Gunning (26) suggested that  hepatic 
retinoids may  be distributed equally between PC and 
stellate cells. These differences may  be due to the lack 
of reproducible methodology for the isolation of these 
various cell types in pure form and to inconsistency 
in the vitamin A status of the animals used in these 
studies. However, a sophisticated methodology em- 
ploying a centrifugal elutriation technique now has  
been developed for the isolation of various liver cells 
in pure form (24,27,28). Utilizing this technique, this 
s tudy supports the previous observations and sugges- 
tions (29-31) that  stellate cells are the major species 
of liver cells that  store the vitamin. It will be demon- 
strated that  liver PC account for only 21% of total reti- 
nol stored in the liver, whereas the stellate cells store 
the rest of the vitamin under normal steady-state con- 
ditions. This further is confirmed by the demonstra- 
tion for the first time that  based on the contents of 
labeled total retinol among these cells, parenchymal  
cells accounted for 16%, while the stellate cells stored 
84% of the vitamin in a steady-state condition. 

EXPERIMENTAJ. 

[11,12-3H] Retinyl acetate (specific activity 35 Ci /  
retool) was a gift from Hoffmann-La Roche (Nutley, 
NJ). Betafluor and Hydrofluor scintillation fluids 
were from National Diagnostics (Somerville, NJ). Col- 
lagenase (CLS II) was from Worthington Biochemi- 
cals (Freehold, NJ). All other chemicals and reagents 
were of analytical grade. 

Isolation and purification of parenchymal and stel- 
late cell fractions from rats administered with [3-H] 
ret inyl  acetate. Male  a lb ino  Wis t a r -Fu r th  r a t s  
(Charles River Breeding Labs,  Wilmington, MA) 
weighing 250 g were used throughout this study. The 
animals  were maintained on normal rat  chow (1 ~g 
retinyl acetate per g diet) for at  least two weeks before 
experimentation. Each rat  was fed by s tomach tube a 
single 100 ~g dose of [11,12-3H] Retinyl acetate (20 
~Ci) in 1 ml corn oil. The rats  were fed ad libitum for a 
further period of 15 days to allow the administered 
tracer to be fully equilibrated with the endogenous 
pool and thus reach a steady-state (32). A small lobe 
of each liver was saved on the 15th day for the deter- 
mination of total retinyl esters and retinol. The total 
liver cells were isolated from each rat  by our pub- 
lished procedure (33), which was according to that  of 
Krebs et al. (34). 

Briefly, the liver was perfused at 37 C initially with 
Krebs-Henseleit bicarbonate buffer, pH 7.4, without 
CaC12 (KRB) at a flow rate of 1.5 ml /min /g  for 10 min 
after which 30 mg Collagenase (CLS II) was added to 
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100 ml of the KRB buffer, and the perfusion was con- 
t inued for a further period of 20 min when the liver 
cells were ready to disperse easily. The whole liver 
was isolated, finely minced with scissors and sus- 
pended in Krebs-Henseleit bicarbonate buffer, pH 7.4, 
containing 1.5% bovine serum albumin, 20 mM dex- 
trose and 2.5 mM CaC12 (KHB-BDC buffer). The cell 
suspension was filtered through a nylon filter (mesh 
size, 250 #m). The crude parenchymal  cells (CPC) 
were sedimented from the total liver cell suspension 
by centrifugation at  50 • g for two min, leaving the 
crude NPC in the supernatant  fraction. The CPC thor- 
oughly were washed free of residual collagenase by 
resuspending in KHB-BDC buffer and resedimenting 
three times as before. 

The final washed CPC (2 • 107 cells) were subjected 
to two successive centrifugal elutriations (27) in a 
Beckman J6 M centrifuge, using the s tandard Sander- 
son chamber in the JE-6 elutriation rotor revolving at 
2500 rpm. The CPC were introduced into the chamber 
at  a flow rate of 11 ml/min,  which was increased step- 
wise with time to 13.5, 20, 23, 25, 38, and 53 ml/min.  A 
volume of 100 ml of KHB-BDC buffer was washed 
through the cells in the chamber at  each flow rate, 
and the effluent was collected. This elutriation proce- 
dure was repeated one more time, and the purified 
parenchymal cells (PPC) that  sedimented in the cham- 
ber after the second elutriation step were collected. 
The liver lobe, CPC and PPC were extracted sequen- 
tially with 20 vol of methanol and 20 vol of hexane. 
All organic solvents contained 5 mg % (w/v) butylat- 
ed hydroxytoluene. The combined lipid extracts were 
reduced in volume under a stream of nitrogen and 
analyzed for their retinyl ester and retinol contents 
by high performance liquid chromatography (HPLC) 
and for tritium radioactivity. 

Characterization of the liver cells. Both PC and 
NPC were more than  90% viable as tested by t rypan 
blue dye exclusion. PC satisfied all the criteria of in- 
tact, viable and metabolically active hepatocytes de- 
fined by Krebs et al. (34). Furthermore, the integrity 
of the plasma membrane of PC was tested by measur- 
ing the leakage of cellular lactate dehydrogenase 
(LDH) activity and of labeled total retinol into the 
medium when incubated in the KHB-BDC buffer. 

Only 5% of the total cellular LDH activity and 5-8% of 
cellular total retinol radioactivity were released into 
the medium even after three hr  of incubation. The 
NPC fraction lost only 8% of its total retinol radioac- 
tivity under identical conditions. Thus, the various 
types of liver cells isolated in this study were charac- 
terized to be intact, viable and metabolically active. 
Fluorescent microscopy revealed tha t  the CPC frac- 
tion was contaminated by stellate cells to the extent 
of 4% based on cell number. In contrast, the PPC frac- 
tion virtually was devoid of any  contamination by 
stellate cells. 

Determination of retinyl ester and retinol by HPLC. 
HPLC was run in a Beckman Model 346 system 
equipped with a Beckman Model 165 detector, auto 
sampler and model 450 data  system. The sample was 
applied to a Zorbax TMS column (4.6 • 15 cm; E.I. 
Dupont de Nemours & Co., Wilmington, DE) using 
acetonitrile: water (85:15, v/v) with a flow rate of 1.2 
ml/min.  Authentic retinol, retinyl acetate and retinyl 
palmitate were eluted as sharp peaks at  2.2, 2.5 and 
9.1 min, respectively. Recoveries of known quantities 
of all these retinoids, when added to the cell fractions 
before extraction, were more than  95% using this 
procedure. The detection limit of this method was 5- 
10 ng for each retinoid. 

RESULTS AND DISCUSSION 

Table 1 shows the relative levels of retinyl esters and 
retinol as well as the relative distribution of total reti- 
nol radioactivity in the whole liver, CPC, PPC and 
the stellate cells 15 days after oral administrat ion of 
(11,12-3H)retinyl acetate (100/~g/20 ~Ci/rat) to nor- 
mal rats. Based on HPLC analysis,  the normal rat  
liver had 679 nmol of total retinol per g wet wt under 
steady state conditions. Significantly, the CPC frac- 
tion had 611 nmol /g  (data not shown), whereas the 
PPC fraction had 144 nmol /g  (Table 1). Thus, the 
CPC had nearly 90%, while the PPC had only 21% of 
the liver total retinol. These data  indicate tha t  even 
though the crude parenchymal  fraction contained 
most of the liver total retinol as observed by others 
(18,19) and in our preliminary report (20), purification 
by centrifugal elutriation led to the retention of only 

TABLE 1 

R e l a t i v e  Leve l  o f  Tota l  Ret ino l  in P a r e n c h y m a l  and Ste l la te  Cel l s  

Retinyl esters 
plus retinol a As % of Radioactivity b As % of 

Cell type (nmol/g wet wt) total liver dpm X 10-5/g wet wt total liver 

Total liver 679 + 117 100 3.26 + 0.37 100 
Parenchymal 144 + 29 21 0.53 + 0.07 16 
Stellate c 535 + 91 79 2.73 + 0.04 84 

aEach value is the mean of six animals + SE. 86.5% of the total amount was due to 
retinyl palmitate, 8.6% due to the sum of retinyl stearate and oleate and 4.9% due 
to retinol. 
beach value is the mean of four animals + SE. 
cThese values were calculated by subtracting the values of parenchymal cells from 
the total liver values. 
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TABLE 2 

Relative Concentrat ion of  Total  Retinoi in Parenchymal and Stellate Cells 

Parenchymal cells Stellate cells S/P cells 

Total retinyl esters 
plus retinol a 
(nmol/g liver) 144 535 3.7 
Mass of cell type (37) 
(mg/g liver) 810 15 0.02 
No of cells X 10-6/g liver (38) 100 5 0.05 

Retinyl esters plus retinol 
concentration 
nmoles/mr 0.18 35.67 200 
nmoles/10~ cells 1.44 107 74 

aValues were taken from Table 1. 

a smal l  pe rcen tage  of  total  re t inol  of  the liver. Th is  
would m e a n  t h a t  mos t  of  the  v i t amin  recovered in the  
CPC f rac t ion  mus t  h a v e  been due to the  con tamina t -  
ing  stellate cells. This  is fur ther  conf i rmed by  our  find- 
ing  of the  re la t ive  dis t r ibut ion of  total  re t inol  radioac- 
t iv i ty  a m o n g  var ious  l iver  cells (Table  1). I t  was  
found t h a t  under  ident ical  condit ions,  the  total  reti- 
nol  label  in the  whole  l iver  was  3.26 X 10 ~ d p m / g  of  
which  on ly  0.53 X 10 s d p m / g  were recovered  in PPC.  
Thus ,  P P C  accounted  for only  16% while the  o ther  
84% of  the liver total  re t inol  label was due to the  NPC. 
Of  the  NP C  popula t ion ,  endothe l ia l  a n d  Kupffe r  cells 
con ta in  negligible a m o u n t s  of the  v i t amin  (30). There- 
fore, the  on ly  o ther  NPC type t ha t  is the ma jo r  stor- 
age  site of  l iver  v i t amin  A under  s teady-s ta te  condi- 
t ions  in no r ma l  ra t s  is the  s te l la te  cell. I t  also is c lear  
t h a t  PC cont r ibu te  to the  ex ten t  of  16-21% of  the l iver  
to ta l  re t inol  unde r  ident ica l  condi t ions.  Th is  distribu- 
t ion pa t t e rn  p robab ly  is mos t  dependen t  upon the  vi- 
t a m i n  A s ta tus  of  the  an ima l s  as  well as  the i r  age. 
For  example ,  PC seemed to p l ay  a ma jo r  role in the 
up take  a nd  s to rage  in a v i t amin  A-def ic ien t  s ta te  
(35,36) while  s te l la te  cells seemed to be the  ma jo r  
s to rage  site when  the  l iver  to ta l  re t inol  concen t ra t ion  
was  var ied  over  a three-fold r a n g e  f rom 140-390/~g/g 
(27). The  re la t ive  roles of  var ious  l iver  cells in hyper-  
v i taminos is  A r ema in  to be explored. 

As i l lus t ra ted  in Tab le  2, PC cons t i tu te  81%, where- 
as  the  s te l la te  cells poss ib ly  accoun t  for  on ly  1.5% of  
to ta l  l iver mass  (37). Therefore ,  one can  calculate  the  
concen t r a t i on  of total  re t inol  on a wet weight  basis  of  
each  cell type. Thus ,  the s tel late  cells con ta in  35.67 
n m o l / m g  while the  PC h a v e  0.18 n m o l / m g ,  a concen- 
t r a t i on  di f ference of  200-fold. E a c h  g wet weight  of  
the  l iver con ta ins  100 X 10 ~ PC and  5 X 10 e s tel late  
cells (38). Thus ,  when  the  concent ra t ion  of  total  ret inol  
is ca lcu la ted  based  on cell number ,  s tel late  cells con- 
t a in  107 nmol/106, whereas  PC h a v e  1.44 nmol/106, 
which  a m o u n t s  to 74 t imes  more  to ta l  re t inol  per  stel- 
late cell t h a n  per PC. 
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The subcellular distribution of the enzymes of triacyl- 
glycerol biosynthesis has been studied in developing 
oilseed rape. All in vitro enzymatic activities from oleoyl- 
CoA to triacylglycerol were sufficient to account for the 
known rate of oleate deposition in triacylglycerol in vivo. 
The enzymatic activities from oleoyl-CoA to diacylglyc- 
erol preferentially were localized in a 150,000 g superna- 
tant fraction, while the diacylglycerol acyl-transferase 
mostly was associated with the microsomal (20,000 g 
pellet and 150,000 g pellet} and oil-body fractions. The 
soluble (150,000 g supernatant} fraction rapidly incur- 
porated oleate from [l-'4C]oleoyl-CoA into diacylglycerol 
with rates of 40 nm min -~ g-~ FW at 20 ~M oleoyl-CoA. 
The pH optimum was 7.5-9.0, and normal saturation 
kinetics were seen with oleoyl-CoA; the S05 was about 
32 ~M. Exogenous acyl acceptors, such as glycerol 3- 
phosphate, lysophosphatidic acid and lysophosphatidyl- 
choline stimulated oleate incorporation into diacylglyc- 
erol. The detergents Triton X-100 and sodium cholate 
inhibited diacylglycerol formation at concentrations in 
the region of their critical micellar concentration, while 
n-octyl-~,D-glyco-pyranoside had no effect, even at high 
concentration. The significance of these findings for the 
mechanism of oil-body formation in developing oilseeds 
is discussed. 
Lipids 23, 157-163 {1988}. 

Triacylglycerols are the major form in which lipid is 
stored in many plant tissues, especially the oilseeds. 
Despite the evident economic usefulness of oilseed triacyl- 
glycerols and the desirability of manipulating their acyl 
composition to produce improved crop varieties, many 
aspects of their deposition in developing seeds remain 
obscure. In particular, the subcellular localization of the 
enzymes involved in triacylglycerol biosynthesis and the 
mechanism of oil-body formation yet have to be resolved 
satisfactorily. Triacylglycerols are synthesized by the p ro  
gressive acylation of glycerol 3-phosphate by three acyl- 
transferases while the phosphate moiety is removed by 
a phosphatase. Together, these reactions constitute the 
Kennedy pathway (1) for triacylglycerol biosynthesis. 

Heinz et al. have reported that pea and spinach leaves 
contain one soluble (chloroplast stroma) (2-4) and one 
membrane-bound (microsomal) (5) glycerol 3-phosphate 
acyltransferase (GP-AT) plus two membrane-bound (chi~ 
roplast envelope and microsomal) (6,7) lysophosphatidic 
acid acyltransferases (LPA-AT). It also has been reported 
that spinach leaves contain a membrane-bound (chloro- 
plast envelope) diacylglycerol acyltransferase (DG-AT) 

Abbreviations: ATP, adenosine triphosphate; CMC, critical miceUar 
concentration; DG, diacylglycerol; DG-AT, diacylglycerol acyltrans- 
ferase; D2"r, dithioltreitol; EDTA, ethylenediamine tetraacetic acid; 
FW, freshweight; G3P, glycerol 3-phosphate; GP-AT, glycerol 
3-phosphate acyltransferase; LPA, lysophosphatidic acid; LPA-AT, 
lysophosphatidic acid acyltransferase; LPC, lysophosphatidylcholine; 
MG, monoacylglycerol; NADH, reduced nicotinamide adenine 
dinucleotide; PA, phosphatidic acid; PC, phosphatidylcholine. 

{8,9}. In the case of developing oilseeds, both a soluble 
{10} and a microsomal {11} GP-AT have been found, and 
there are several reports of microsomal DG-AT activity 
{12-14}, one of which shows that the enzyme in maize and 
castor bean seeds derives from endoplasmic reticulum 
rather than plastid envelope membranes {14}. Purified oil- 
body fractions from crambe {15] and rapeseed (16} have 
been shown to incorporate oleoyl-CoA into triacylglyc- 
erols and, therefore, must contain all of the above acyl- 
transferases, i.e. GP-AT, LPA-AT and DG-AT. Similar 
activities also have been reported in soluble extracts of 
developing rapeseed {16} but the soluble and oil-body 
acyltransferases remain to be characterized. 

The determination of the subceUular localization of the 
enzymes of triacylglycerol biosynthesis will be important 
in shedding light on the ontogeny of oil-bodies {sphero- 
somes) in developing oilseeds. This currently is the sub- 
ject of much controversy with some authors favoring the 
development of oil-bodies from endoplasmic reticulum 
(17-19), while others propose several alternative mecha- 
nisms (20-24). Quite apart from the possibility that oil- 
bodies may be formed from extra-plastid membrane sys- 
tems such as endoplasmic reticulum it also is possible 
that they may be derived directly from plastid fatty acids 
in the following manner. Plastids are the major and 
possibly the unique site of acyl-CoA biosynthesis (25). 
Soluble cytoplasmic GP-AT, LPA-AT and phosphatidic 
acid (PA) phosphatase could interact with an oil-body 
DG-AT to synthesize triacylglycerols directly from plas- 
tidic oleoyl-CoA without recourse to endoplasmic reticu- 
lum enzymes. Such a hypothesis would be consistent with 
the cytoplasmic origin of oil-bodies as proposed by 
Bergfeld et al. {22). 

In order to test the feasibility of this hypothesis, the 
soluble DG-synthesizing activities of developing rapeseed 
have been investigated and compared with those of oil- 
body and microsomal fractions. The data show that these 
soluble enzymes are capable of making a substantial con- 
tribution to total triacylglycerol biosynthesis in develop- 
ing oilseeds. 

MATERIALS AND METHODS 

Materials. Rapeseed plants {Brassica napus L., var. Je t  
neuf) were grown in glasshouses at the Durham Univer- 
sity Botanical Gardens. Developing seeds were harvested 
four to six weeks after flowering. This was the stage of 
maximum triacylglycerol deposition. These seeds con- 
tained virtually no erucic acid {<0.5% total fatty acid}. 

Radiochemicals were purchased from Amersham Inter- 
national {U.K.}. Reagents and cofactors such as CoASH, 
oleoyl-CoA, reduced nicotinamide adenine dinucleotide 
{NADH), adenosine triphosphate {ATP} and lysophospha- 
tidylcholines were obtained from Sigma {U.K.}. Precoated 
TLC plates were from Anachem (U.KJ. Analytical grade 
solvents were used throughout. Reference lipids used in 
chromatography were from Sigma. 
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Isolation of subcellular fractions. Intact embryos were 
dissected carefully out of the seeds and placed in a small 
volume of isolation buffer at 0 C. The isolation buffer con- 
sisted of 50 mM HEPES-KOH, pH 7.4, 1 mM ethylene- 
diamine tetraacetic acid {EDTA), 1 mM dithioltreitol 
{DTT), and 0.5 M sucrose. The embryos gently were 
ground in a mortar and filtered through two layers of 
Miracloth, prewetted with isolation buffer. This crude 
homogenate was centrifuged at 12,000 g for 15 min to 
yield crude oil-body (O,), pellet (P,) and supernatant (S,) 
fractions, The crude oil-body fraction was purified by fur- 
ther centrifugation as described by Cao et al. {14). The 
supernatant was made up to 50 mM MgC12 and centri- 
fuged at 20,000 g for 20 min. The resulting pellet {P2), 
which was light-green, was the crude microsomal fraction. 
The supernatant ($2) from this step was centrifuged at 
50,000 g for 30 min and finally at 150,000 g for 60 min. 
The final colorless pellet (P4) was retained for assays, and 
the final clear supernatant ($4) formed the soluble protein 
fraction. 

Incubations. A rapid small-scale assay system was 
developed to deal with the large number of samples used 
in this study. Incubations normally were performed in 
duplicate except in which "internal duplicates" already 
were part of the protocol, e.g. a time course or a protein 
curve. The basic incubation medium consisted of 0.1 M 
potassium phosphate, pH 7.2, 10 mM MgC12, to which 
the appropriate protein fraction and 0.5 K Bq [1-"C]- 
oleoyl-CoA was added at a final concentration of 20 ~M 
unless otherwise stated, to give a total volume of 55 ~1. 
Lipidic substrates (G3P, DG, MG, LPA, PA, LPC, PC) 
were added as sonicated dispersions as described 
elsewhere {26}. Incubations were carried out either in open 
glass tubes or in 1.8 ml-capacity Eppendorf tubes. The 
latter had the advantage of allowing for the simultaneous 
processing of larger numbers of samples. The results of 
incubations and lipid extractions in glass tubes and 
Eppendorf tubes were identical. 

Incubations were performed at 25 C in a shaking water 
bath. Reactions were terminated by the addition of 110 ~1 
isopropanol, followed by heating at 80 C for five min. 
Either 1.1 ml chloroform/methanol {2:1, v/v) or dichloro- 
methane/methanol (2:1, v/v) was added to each tube, 
which was vortexed before the addition of 220 ~1 of an 
aqueous solution of 0.1% acetic acid containing 0.7% 
NaC1. The tubes were vortexed thoroughly and centri- 
fuged at 1,000 g to ensmre adequate phase separation. All 
water-soluble constituents such as acyl-CoAs partioned 
into the upper, aqueous phase. The lower phase, contain- 
ing the chloroform-soluble lipids, was recovered for 
analysis. 

Analytical procedures. Total lipids were fractionated 
by chromatography on precoated 20 X 5 cm Silica Gel 
G plates. Neutral lipids were resolved in a hexane/diethyl- 
ether/acetic acid {70:30:1, v/v/v) system following a pre- 
liminary double development with diethylether 3 cm 
above the origin in order to resolve monoacylglycerols 
from polar lipids. Plates were run with the authentic 
reference compounds, monoacylglycerol, diacylglycerol, 
unesterified fatty acid and triacylglycerol. Polar lipids 
were resolved in chloroform]methanol]water (65:25:4 
or 65:35:5, v/v/v) or in chloroform]pyridine/formic acid 
(50:30:7, v/v/v) in the presence of authentic PC, LPC, PA 
and LPA. The latter system gave an excellent separation 

of PA without the streaking often observed in other 
systems {27) but did not resolve PC and LPC very well. 
Therefore, sometimes a double development was carried 
out with plates being run for 10 cm in the former systems, 
followed by a second running in the pyridine system. Nor- 
mally, four lanes were run on each 20 • 5 cm thin layer 
plate. Radioactivity on thin layer plates was quantitative- 
ly detected using an Isomess RITA IM 3000 {Isotopen 
Messger~ite GmBH, Essen, West Germany} automatic 
plate scanner interfaced to an Apple IIe computer. The 
scanner was controlled, and data were evaluated using 
Nuclear Interface software routines {Nuclear Interface, 
Mfinster, West Germany). All data from the scanner were 
double checked by the scintillation counting of represen- 
tative lipid bands from TLC plates and in this way, 
reliable quantitative values for radioactivity incorpora- 
tion were obtained. Lipids were identified on the basis of 
cochromatography with reference compounds in at least 
two different TLC systems and also by the use of specific 
spray reagents. For routine localization of lipid bands, 
nonspecific staining with either iodine vapor or 
dichlorofluorescein {0.5% in methanol} was employed. Pro- 
tein concentrations were assayed according to the method 
of Markwell et al. (28}. 

RESULTS AND DISCUSSION 

The biosynthetic capacities of the three major subeellular 
fractions involved in acyl-CoA metabolism in developing 
rapeseed are compared in Table 1. The most striking dif- 
ference between the subcellular fractions is the very low 
levels of phosphatidic acid (PA) and TG in the superna- 
tant  fraction as compared with the microsomal and oil- 
body fractions. The labeling pattern of the microsomal 
fraction was the same whether the 20,000 g pellet IP2) or 
the 150,000 g pellet {P,) was used for incubations. The 
oil-body and microsomal fractions utilized the exogenous 
acyl acceptors lysophosphatidic acid (LPA) and lysophos- 
phatidylcholine {LPC) to form phosphatidic acid and 
phosphatidylcholine {PC), respectively, in the presence of 
["C]oleoyl-CoA. In contrast, the soluble fraction incor- 
porated ["C]oleoyl-CoA mostly into DG irrespective of 
the presence of lysophospholipid exogenous acyl accep- 
tors {see also Fig. 4). These results are consistent with 
those of several recent reports on the biosynthetic capaci- 
ties of subeellular fractions from developing mustard seed 
(29) and developing rapeseed {16}. 

The relative activities of the various subcellular frac- 
tions in the incorporation of oleoyl-CoA into total lipids 
show that the total microsomal fraction, which up to now 
has been regarded as the major source of TG-synthesizing 
activity in developing oilseeds in fact had the lowest 
biosynthetic activity {Table 1). The oil-body fraction was 
about 20% more active than the microsomal fraction but 
by far the most active subcellular fraction was 150,000 
g superuatant Ior soluble protein} fraction. The latter frac- 
tion showed two to three times more activity than either 
the microsomal or oil-body fractions. These differences 
were even more marked when oleoyl-CoA incorporation 
into DG was considered. The total microsomal and oil- 
body fractions showed approximately equal capacities for 
DG synthesis but the soluble fraction was capable of five- 
to seven-fold more DG synthesis than either of them. This 
high capacity of the soluble fraction for DG synthesis as 
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TABLE I 

The Incorporation of [l-"C]oleoyl-CoA by Different Subcellular Fractions of Rapeseed 

Incorporation of oleate into acyl lipids (nmol min-' g-' FW) a 
Exogenous 

SubceUular acylacceptor Total incorporation 
fraction (20 ~M) MG DG TG LPA + LPC PA PC into lipids 

Microsomes G3P 0.2 6.4 4.9 6.9 0.2 5.1 24.5 
LPC b 0.5 9.8 7.4 2.5 0.1 27.0 49.4 
LPA b 0.5 5.4 2.7 6.8 22.7 4.5 45.5 

Oil-bodies G3P 0.3 7.9 7.0 3.2 0.2 5.7 30.3 
LPC 0.5 10.9 9.3 2.6 0.5 21.8 55.1 
LPA 0.5 7.7 4.6 5.2 20.6 11.2 51.8 

Soluble fraction G3P 3.6 40.0 0.7 10.9 0.7 14.5 73.1 
LPC 2.5 35.8 0.6 6.4 0.6 16.0 63.3 
LPA 5.7 47.3 0.8 14.2 3.8 14.2 94.5 

DG, diacylglycerol; LPA + LPC, lysophosphatidic acid + lysophosphatidylcholine; MG, monoacylglycerol; PA, phosphatidic acid; PC 
phosphatidylcholine; TG, triacylglycerol. 
aMicrosomes, off-bodies and a soluble fraction from developing rapeseed were incubated for 2-10 min with 20 ~r [1-1'C]oleoyl-CoA {0.05 ~Ci) 
in the presence of 20 ~M of the three acylacceptors listed above as described in the Materials and Methods section. The figure for total 
oleate incorporation per subcellular fraction was calculated by the following equation: 

total protein volume per fraction 
Total incorporation rate --- incorporation rate per assay • 

protein volume per assay 
bLPC, 1-palmitoyl lysophosphatidylcholine; LPA, 1-oleoyl lysophosphatidylcholine. 

compared  with the microcomal or oil-body fract ions 
repeatedly was demonstrated using different seed batches 
and with a different var ie ty  of rapeseed (Mikado). On a 
protein basis,  the DG-synthes iz ing capacit ies of the 
microsomal  and soluble fractions were about  equal but  
this cannot  be a valid es t imate  of specific act iv i ty  
because, as shown by  gel electrophoresis, the soluble frac- 
tion contained large amounts  of the nonenzymat ic  seed 
s torage proteins cruciferin and napin. 

The maximal  rate  of oleate accumulation in developing 
rapeseed in vivo occurred between 28 and 35 days  af ter  
flowering and was of the order of 2-3 m g  oleate formed 
per day  per g F W  seed. The seeds used in this s tudy  were 
harvested at  this developmental  stage. The maximal  ra te  
of oleate incorporat ion into DG by  the soluble protein 
fract ion of such seeds a t  20 wM oleoyl-CoA was 40 nmol 
rain-' g- '  FW, which corresponds to 0.7 mg  oleate incor- 
pora ted  hr- ' ,  g- '  FW. Over a 12-hr day, this would give 
rise to an oleate incorporat ion ra te  in excess of 8 mg  g- '  
FW, which easily would account  for the known ra te  of 
oleate accumulat ion in vivo. The much greater  (four-fold) 
ra te  of oleate incorporat ion in vi t ro  compared  with the 
known ra te  of oleate deposition in vivo sugges ts  tha t  the 
enzymat ic  activit ies f rom oleoyl-CoA to DG are not  ra te  
l imit ing to TG synthesis .  

The rate-l imiting factor  may  be the final enzyme in the 
Kennedy pa thway  (1), i.e. the DG acyl t ransferase  tha t  
converts DG into TG, although it has been suggested tha t  
in some developing oilseeds this enzyme too may  have 
more than  sufficient act iv i ty  to account  for the known 
ra te  of TG synthesis  (14). In this study, the maximal  ra te  
of oleate incorporat ion into TG by  microsomal  and oil- 
body fract ions of developing rapeseed (the soluble frac- 
t ion had a much  lower ra te  of oleate incorporat ion into 
TG) was about  30 nmol rain-' g- '  FW, albeit at  high 

(120 ~M) oleoyl CoA concentration.  This t rans la tes  to 
0.5 m g  oleate incorporated into TG hr- '  g- '  FW, which 
is far in excess of the known ra te  in vivo of 2-3 mg  dy- '  
g- '  FW. Even  a t  much  lower oleoyl-CoA concentrat ions 
(20 kaM), the ra te  of oleate incorporat ion into TG was 
0.11 mg  hr- '  g- '  FW, which is of the same order as the 
in vivo rate. Therefore, it may  be tha t  ra ther  than DG-AT 
act iv i ty  it is the supply  of oleoyl-CoA itself t ha t  is the 
ul t imate  rate-l imiting factor  in TG deposition in develop- 
ing rapeseed. 

Because the major  lipid b iosynthet ic  ac t iv i ty  of the  
rapeseed soluble protein fract ion was DG formation,  it 
was  decided to s tudy  this act iv i ty  more closely. The for- 
mat ion of DG from ["C]oleoyl-CoA by  the soluble frac- 
tion was t ime-dependent  and also was dependent  on the 
amount  of added protein, as shown in Figure 1A. At  the 
lowest protein concentrations,  the reaction was linear for 
up to 60 min but  a t  higher protein concentrat ions the 
linear phase  las ted only for about  10 rain. There was no 
DG synthesis  in the presence of boiled protein fractions. 
The major  product  of ['4C]oleoyl-CoA incubations with 
the soluble fraction was DG but  with t ime there also was 
some accumulation of PC, LPA and MG. If  ['4C]G3P were 
used as an acyl acceptor  in the  presence of unlabeled 
oleoyl-CoA, a slightly different labeling pa t t e rn  was 
observed (Fig. 1B). DG still was the major  product  at  the 
earlier incubation t imes but  af ter  one hr there was a 
s teady  increase in the format ion of L P A  and PC. 

These resul ts  show tha t  the soluble protein fract ion of 
developing rapeseed contained very active G3P and LPA 
acyl t ransferases .  Because DG was a major  product  and 
PA did not accumulate  during incubations there also 
mus t  be a soluble PA phosphatase  in developing rapeseed. 
This enzyme up to now only has  been detected as a 
membrane-bound act ivi ty  associated with chloroplast  
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FIG. 1. Time course of the incorporation of oleate into diacylglycerol 
and other lipide following incubation of (A) various concentrations 
of a soluble protein fraction from developing rapeseed with [1-'*C] - 
olcoyl-CoA. Incubations contained 20 pM [1-'4C]oleoyl-CoA and 35 
~M glycerol 3-phosphate in a total volume of 55 ~1. Soluble fraction 
protein was added to each assay as follows: 20 ~1, )<--X; 10 ~l, 
O - - O ;  5 ;A, A - - A ;  2 ~I, D - - .  Total volume of the soluble frac~ 
tion was 4 ml from an original 500 mg FW peeled rapeseed. (B) The 
soluble protein fraction (I0 ~I) with [U-"C]glycerol 3-phosphate. In- 
cubations contained I00 ~M oleoyl-CoA and 150 ~M [U-"C]giycerol 
3-phospbate. Total lipid, O--O; lysophosphatidic acid, X--X; 
phosphatidylcholine, A--A; dlacylgiycerol, [~--D. 

envelopes in leaf tissue {30). The accumulation of ["C]PC 
following incubation with ["C]G3P strongly suggests 
that  there is a transfer of glycerol moieties between DG 
and PC. Because ['4C]PC also accumulated, albeit to a 
lesser extent, following incubation with ['4C]oleoyl-CoA 
it is possible that the entire DG molecule may be con- 
verted to PC by means of CDP-choline:l,2-DG choline 
phosphotransferase, as suggested by Slack et al. (31,32}. 

DG formation from ['4C]oleoyl-CoA by the soluble pro- 
tein fraction showed a relatively broad optimal pH range 

120 

i 

' T  
r -  

E 

o 80 
E 
t -  

t / )  

t / )  
cu 
r -  

~ ~,0 

0 I I I 

0 50 100 150 

0 t e 0 y t  CoA(pH ] 

FIG. 2. Effect of oleoyl-CoA concentration on the incorporation of 
oleate from [l-"C]oleoyl-CoA into diacylglycerol by a soluble frac- 
tion from developing rapeseed. Assays were far 20 min and contained 
I00 taM glycerol 3-phosphate, 20 ~M [1-1"C]olsoyl-CoA, I0 pl soluble 
protein, I0 mM MgCI2, 0.I M potassium phosphate buffer, pH 7.2, 
in a total volume of 55/d. 

with maximum activity pH between 7.5-9.0. This pH op- 
timum is slightly higher than most other TG-synthesizing 
enzymes studied to date, which typically show pH optima 
of 7-8 (3,11,12,14,33}. DG formation exhibited normal 
saturation kinetics with respect to oleoyl-CoA with an 
S0.5 of about 32 ~Yl oleoyl-CoA {Fig. 2). Since at least 
three enzymatic activities were being measured here, it 
is not possible to derive further kinetic constants for any 
of the individual components. This must await the fur- 
ther purification of these enzymes, which now is under- 
way in this laboratory. 

The effect of various exogenous acyl acceptors on the 
incorporation of ["C]oleoyl-CoA into DG is shown in 
Figure 3. DG formation was stimulated in the presence 
of 20 ~M G3P and LPA. Since the oleoyl-CoA concentra- 
tion in these incubations was 10 ~M, it appears that 
oleoyl-CoA:acyl acceptor ratios in the region of 1:1 are 
optimal for DG formation, rather than their absolute con- 
centrations over the range tested. At concentrations 
higher than 20 wM, G3P caused up to 50% inhibition com- 
pared to the maximal rate, while higher concentrations 
of LPA inhibited by as much as 80%. The strong inhibi- 
tion of DG formation by high concentrations of LPA par- 
tially may result from a detergent effect. The addition 
of exogenous DG, MG and PA did not stimulate DG for- 
mation at any concentration but rather caused a 20-50% 
inhibition of the activity. In contrast to the other acyl 
acceptors, LPC additions resulted in 20% stimulation of 
DG formation even at LPC concentrations in excess of 
200 ~M. In all of the incubations shown in Figure 3, DG 
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FIG. 3. Effect  of different concentrations of various exogenous acyl 
acceptors on the incorporation of oleate from [1-'4C]oleoyl-CoA 
(10/~M) into diacylglycerol by a soluble fraction from developing 
rapeseed. Glycerol 3-phosphate, � 9  � 9  lysophosphatidic acid 
(monoolcoyl glycerol 3-phosphate), A--/X; diacylglycerol (diolein), 
E l - -D ;  phosphatidic acid (dioleoylglycerol 3-phosphate), A - - A ;  
monoacylglycerol (monoolein), O - - O ;  lysophosphatidic choline 
(monopnlmitoyl glycerol 3-phosphocholine), X - - X .  A l l  incubations 
were for 20 min as described in Methods. 

was overwhelmingly the major reaction product, con- 
stituting between 50-70% of total "C-labeled lipid. The 
proportion of "C-label in DG was slightly higher in the 
presence of G3P (60-70%} compared to the other acyl ac- 
ceptors (50-60%). 

The enzymes involved in DG formation by the 150,000 
g supernatant from rapeseed were soluble but since their 
substrates and products are lipidic it was of interest to 
study the effect of detergents on the process. In Figure 4, 
the effect of various concentrations of three commonly 
used detergents, Triton X-100, sodium cholate and n-octyl 
f~-D glucopyranoside, on DG formation from ['4C]oleoyl- 
CoA are shown. Triton X-100 inhibited DG synthesis by 
90% even at relatively low concentrations while only in- 
hibiting [~4C]oleoyl-CoA incorporation into total lipid by 
50% with most of the balance of the ["C] label accumu- 
lating in LPA. Therefore, Triton X-100 selectively 
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FIG. 4. Effect  of different concentrations of various detergents on 
the incorporation of oleate from [1-14C]olcoyl~oA into diacylglycerol 
by a soluble fraction from developing rapeseed, n-Octyl ~D 
glycopyranoside, A - - A ;  Triton X-100, O - - O ;  sodium cholate, 
D--I::]. All incubations were for 20 rain as described in Methods. 

inhibited DG formation while still allowing the synthesis 
of LPA to proceed. Although substantial inhibition of DG 
formation already was seen at Triton X-100 concentra- 
tions as low as 0.020%, it must be remembered that the 
CMC of this detergent is only 0.019%. Similar results 
were found with ['4C]G3P incorporation into DG in the 
presence of Triton X-100. Sodium cholate did not begin 
to inhibit DG formation until its concentration was 
almost 0.3% but since the CMC of cholate is very high 
(0.6%) in contrast to the other two detergents (34), this 
was not surprising. Unlike Triton X-100, sodium cholate 
did not cause any alteration in the labeling pattern of the 
lipid products of [14C]oleoyl-CoA incubations, although 
the total incorporation of [14C] label was reduced at higher 
detergent concentrations. In all of the cholate incuba- 
tions, DG accounted for 70-80% of the total ['4C] label 
originally added as ['4C]oleeyl-CoA. Unlike the other two 
detergents, n-octyl/]-D glucopyranoside did not inhibit 
either DG formation or total ["C]oleoyl-CoA incorpora- 
tion into lipid even at concentrations appreciably in ex- 
cess of its CMC of 0.07% (24 mM). Interestingly, these 
results parallel the effects of sodium cholate and n-octyl 
/]-D glucopyranoside on lysophospholipid acyltransferase 
activity in rapeseed microsomes (Murphy, D.J., unpub- 
lished data). The microsomal acyltransferases were 
relatively unaffected by n-octyl/]-D glucopyranoside but 
substantially were inhibited by 100 ~M sodium cholate. 

These results show that developing embryos of rape- 
seed contain highly active enzymes capable of DG syn- 
thesis from oleoyl-CoA. The identity of the endogenous 
acyl acceptor is not yet clear since there was considerable 
DG synthesis from oleoyl-CoA even in the absence of ex- 
ogenous acyl accepters (Fig. 4). It  is possible that a pool 
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of cytoplasmic G3P could be the endogenous acyl accep- 
tor, in which case the lack of accumulation of LPA or PA 
intermediates would imply high levels of LPA-acyltrans- 
ferase and PA phosphatase activities. The existence of 
soluble enzymes tha t  utilize lipidic substra tes  is well- 
documented. For example, a soluble G3P acyltransferase 
recently has been purified from cocoa seeds (10}, and solu- 
ble diacylglycerol kinases have been found in ra t  brain 
(35,36}, bovine brain (37} and other  t issues (38}. In 
developing rapeseed, it  was found tha t  the oil-body, 
microsomal and soluble fractions each had sufficient 
diacylglycerol-forming act ivi ty to account for the rate  in 
vivo. I t  is unwise to assign the subcellular localization 
of a metabolic pa thway simply on the basis of in vi tro 
assays of cell-free tissue fractions but  the data  presented 
here do raise the possibility tha t  some reactions leading 
to TG synthesis may occur in the cytosol. The mechanism 
of oil-body formation still is controversial  (17,23}. I t  has 
been suggested that  the endoplasmic reticulum is the site 
of TG synthesis  (14,17-19}. The deposition of TG in the 
lipid bilayer eventually will cause it to distend and bud 
off to form an oil-body surrounded by a proteinaceous 
monolayer of polar lipid (19,39,40}. The results of this 
s tudy are not  entirely at variance with this mechanism 
since it is possible tha t  the initial steps of TG synthesis  
could be catalyzed par t ly  on soluble enzymes with only 
the final acylation of DG being confined exclusively to 
the endoplasmic reticulum. 

Certain reservations about the above scheme, however, 
must  be expressed. Oil bodies from a variety of seeds have 
a completely different polypeptide complement to tha t  
of the endoplasmic ret iculum (Hills, M.J., and Murphy,  
D.J., personal communication, 22,41,42}. Also, there is 
u l t ras t ructura l  evidence for the initial deposition of oil 
in the ground cytoplasm of the cell near the surface of 
the plastids (22,43). At  this stage, the oil droplets are not  
surrounded by  a membrane, and they do not  appear to 
be associated with the endoplasmic reticulum. Upon 
reaching a diameter of about 1 ~m, the oil droplets become 
coated with a jacket of protein that  apparently is derived 
from the endoplasmic reticulum. This protein jacket  may 
or may  not  include a monolayer of polar lipid (22}. Such 
a mechanism is consistent  with the results of this pres- 
ent  study. Oleate is produced in plastids and then is 
esterified to CoA to form oleoyl-CoA on the inner plastid 
envelope, result ing in the export  of oleoyl-CoA into 
cytoplasm (44}. Soluble acyltransferases in the cytoplasm 
will mediate the acylation of G3P to LPA and PA fol- 
lowed by phosphate removal by a soluble PA phosphatase 
to form DG. At  this stage, the product  will be a water- 
immiscible oil. The final acylation of DG to TG may be 
mediated by  an enzyme made on the endoplasmic 
ret iculum and t ransferred to the surface of the growing 
oil droplet. 

I t  is possible tha t  some triacylglycerol synthesis  may  
occur on the endoplasmic reticulum. Indeed, it  recently 
has been reported that  a microsomal preparation from saf- 
flower seeds was able to form small, naked (without a p r o  
tein coat} oil-bodies from acyl-CoA and G3P in vi tro (45} 
although the subcellular origin of this membrane fraction 
was not studied. These investigations also have reported 
tha t  microsomal fractions from developing rapesed were 
capable of TG formation at rates comparable with other 
oilseed species {Stymne, S. and Stobart ,  A.K., personal 

communication}. In this study, it was found that  oil-body, 
microsomal and soluble fractions of developing rapeseed 
embryos  each had enough diacylglycerol-forming activ- 
i ty  to account for the rate  in vivo bu t  tha t  the soluble 
act ivi ty substantial ly was higher than  tha t  of the other 
two fractions. Although diacylglycerol synthesis  is not  
confined to the soluble fraction, the possibility tha t  some 
or even most  of this synthesis occurs on soluble enzymes 
ought  to be taken into account when consdering the 
mechanism of oil-body formation in oilseeds. 
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Effects of Dietary Fiber in Vervet Monkeys Fed "Western" Diets 
David Kritchevsky*,o, Larry M. Davidsona, Daniel A. Scott% J.J. Van der Wattb and Dennis Mendelsohnc 
aThe Wistar Institute, Philadelphia, PA 19104, bUniversity of Pretoria, AEC Institute for Life Sciences, Pretoria, South Africa, and 
CDepartment of Chemical Pathology, University of Witwatersrand School of Medicine, Johannesburg, South Africa 

Male Velvet  monkeys  (7/treatment) were fed a "Western" 
diet containing 46.2% calories as fat, 39.8% as carbo- 
hydrate  and 14.0% as protein. The diet was  augmented  
with  10% cellulose or 10% pectin. A third (control) group 
of seven monkeys  was  fed a commercial ration augmented 
with  fruit and bread. After  34 weeks,  serum cholesterol  
levels  were e levated s ignif icantly in the two  test  groups 
compared with  the controls  but there was  no difference 
between the two  fiber-fed groups. Serum triglycerides 
were unaffected.  Liver cholesterol  levels  were the same 
in all three groups but fiver triglyceride levels were lower 
in the m o n k e y s  fed cellulose.  Bil iary lipids were similar 
in all three groups as were the calculated l i thogenic  in- 
dices. The average aortic sudanophil ia (percent of  total  
area} in the  three groups was  cellulose, 10.6 • 2.5; pec- 
tin, 8.1 • 2.5; and control,  1.1 ___ 0.4. One animal in each 
of the groups fed "Western" diet exhibited an athero- 
sclerotic plaque. The results  indicate that  there is no dif- 
ference between pectin and cellulose with  regard to  their 
effects on either lipidemia or aortic sudanophilia in Vervet 
m o n k e y s  fed a Western-type diet. 
Lipids 23, 164-168 (1988). 

A diet similar to tha t  usual ly eaten in industrial ly devel- 
oped countries {often called a Western  diet} has been 
shown to lead to aortic sudanophilia and atherosclerosis 
when fed to Rhesus (1} or Vervet  (2) monkeys.  The 
"Wes t e rn"  diet usually is compared  with a "p ruden t "  
diet, which is less sudanophilic. The effects of different 
d ie tary  fibers on lipidemia and sudanophilia have  been 
compared in monkeys  fed semipurified diets {3-5} but  not  
under  conditions in which a diet of the type  eaten in 
developed countries has been used. This communicat ion 
describes a comparison of the effects of cellulose and 
pectin on lipidemia and aortic sudanophilia in Verve t  
monkeys  fed a " W e s t e r n "  diet. 

MATERIALS AND METHODS 

Male Vervet  monkeys  (Cercopithecus aethiops) were used 
throughout .  The monkeys  {average s t a r t ing  weight  
5.65 kg} were mainta ined in individual cages (one animal 
per  cage} and daily were fed 150 g m  of diet. They had 
ad l ibi tum access to water.  There were three die tary  
groups of seven monkeys  each. The diet is described in 
Table 1. The diet provided 245 Kcal/100 gm; its caloric 
composition was 46.2% as fat, 39.8% as carbohydrate  and 
14.0% as protein. The diet was adjusted to provide 
150 mg of cholesterol per 100 gm or 0.61 m g  of cholesterol 
per  Kcal. The rat ios  of animal to vegetable  protein and 
fa t  were 6.39 and 5.31, respectively.  The rat io  of s tarch  
to sugar  was 1.63. The fibers {cellulose or apple pectin} 
were added at  a level of 10%. A third group was fed a 
commercial  ration. The commercial  diet was obtained 

*To whom correspondence should be addressed. 
Abbreviations: HDL, high density lipoprotein; LDL, low density 
lipoprotein; VLDL, very low density lipoprotein. 

f rom Epol  (Pty} Ltd. {Johannesburg, South Africa} and 
contained 20% protein, 5% fat  and about  65% carbo- 
hydrate.  The cellulose and pectin used also were obtained 
f rom Epol  (Pty} Ltd. The die tary  composi t ion was calcu- 
lated f rom the tables  of Paul  and Southga te  (6) and con- 
f irmed by  analysis. The f a t ty  acid composit ion of the two 
diets {"Western" and control} are presented in Table 2. 

The monkeys  were bled at  the beginning of the s tudy  
and then were bled at  monthly intervals until the termina- 
t ion of the s tudy  34 weeks later. Serum was analyzed for 
to ta l  cholesterol (7), t r iglycerides (8) and phospholipids 
(9). The high densi ty  l ipoprotein (HDL) cholesterol was 

TABLE 1 

"Western" Diet* 

Ingredient Grams/100 gm 

Ground beef 16.2 
Eggs 8.1 
Butter 3.3 
Peanut oil 1.6 
Potato 12.5 
Carrot 12.5 
Banana 6.3 
Bread 8.0 
Sugar 9.6 
Skim milk powder 11.9 
Fiber 10.0 

*The ingredients were mixed thoroughly and baked 
at 160 C for two hr. Cholesterol (36 mg) was added 
per 100 g diet to provide 150 mg cholesterol]100 g. 
The diet provided 245 Kcal/100 g with 46.2% of 
calories as fat, 39.8% as carbohydrate and 14.0% 
as protein. Cholesterol content: 150 mg/100 g or 
0.61 mg/Kcal cholesterol added to give a closer ap- 
proximation to the cholesterol content of diets eaten 
by developed populations. The fiber was cellulose 
or apple pectin. 

TABLE 2 

Fatty Acids in "Western" and Control Diets 

% Recovered 

Fatty acid Western diet Control 

12:0 0.65 0.09 
14:0 4.28 1.96 
16:0 22.98 18.60 
16:1 3.45 3.18 
18:0 12.22 11.54 
18:1 37.80 36.34 
18:2 10.93 20.37 
Other 7.69 7.12 
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a n a l y z e d  a f t e r  p r e c i p i t a t i o n  of  v e r y  low d e n s i t y  l ipopro-  
te in  (VLDL} and  low d e n s i t y  l ipopro te in  {LDL) b y  sod ium 
p h o s p h o t u n g s t a t e  (10). A t  t h e  t e r m i n a t i o n  of  t h e  exper i -  
men t ,  t h e  m o n k e y s  were  k i l led  b y  e x s a n g n i n a t i o n  whi le  
u n d e r  deep  anes thes i a .  L ive r s  were  exc i sed  and  weighed,  
and  a l iquots  were  e x t r a c t e d  wi th  ch loroform]methanol  2:1 
{11). The  e x t r a c t e d  l ip ids  were  s e p a r a t e d  b y  t h in  l a y e r  
c h r o m a t o g r a p h y  on silic acid.  The  va r i ous  f r ac t ions  were  
e x t r a c t e d  f rom the  s i l ica  ge l  (12) and  a n a l y z e d  color ime-  
t r ical ly .  B i l i a ry  bile was  a s p i r a t e d  and  depro te in ized  w i th  
e thanol .  The  levels of choles terol  (13), phospho l ip id  (9} and  
t o t a l  bi le  ac ids  ( S t e r o g n o s t  3 a P H O  e n z y m e  ki t)  p r e s e n t  
in t he  bi le  were  d e t e r m i n e d  a n d  the  l i t hogen ic  i n d e x  
ca l cu la t ed  (14). The  a o r t a s  were  fixed, s t a i ned  w i th  S u d a n  
IV and  the  e x t e n t  of  l ip id  d e p o s i t i o n  a s se s sed .  The  
h i s to log i ca l  p r o c e d u r e s  have  been  d e s c r i b e d  (4,15). D a t a  
were  a n a l y z e d  b y  S t u d e n t ' s  t - t e s t  (16}. 

RESULTS 

The  s e r u m  l ip id  leve ls  a v e r a g e d  over  t h e  d u r a t i o n  of  t h e  
s t u d y  are  de ta i l ed  in Table  3. W e  and  o the rs  have  r e p o r t e d  

on t e m p o r a l  v a r i a t i o n s  in s e r u m  l ip id  leve ls  in p r i m a t e s  
{17-20). Thus,  we have  op ted  to  p re sen t  t he  ave rage  levels 
ove r  t h e  cour se  of t h e  s t u d y  a n d  the  leve ls  d e t e r m i n e d  
a t  t he  end of  t he  e x p e r i m e n t  (Table 4). Tab le  3 shows  t h a t  
t o t a l  s e r u m  choles te ro l  levels  in m o n k e y s  fed the  W e s t e r n  
d i e t  were  e l e v a t e d  s i g n i f i c a n t l y  as  c o m p a r e d  w i t h  t h e  
s t a r t i n g  or  t h e  f inal  c on t ro l  v a l u e s  (p < 0.001). The  L D L  
choles terol  levels also were e l eva ted  s ign i f ican t ly  (<0.001), 
a n d  t h e  L D L  cho les t e ro l  leve ls  in t he  m o n k e y s  fed pec- 
t i n  were  s i g n i f i c a n t l y  (p < 0.05} lower  t h a n  in t h o s e  fed 
cel lulose.  The  H D L / L D L  cho le s t e ro l  r a t i o  w a s  r e d u c e d  
s i g n i f i c a n t l y  in m o n k e y s  fed t h e  W e s t e r n  die t .  Tr ig lyc-  
e r ide  levels  were  u n a f f e c t e d  b y  the  d i e t a r y  r eg imens .  

The  n e c r o p s y  d a t a  a re  s u m m a r i z e d  in Tab le  4. W e i g h t  
g a i n s  and  l iver  w e i g h t s  were  s imi l a r  in all  t h r e e  g roups .  
S e r u m  cho les t e ro l  and  p h o s p h o l i p i d  levels  were  e l e v a t e d  
s i g n i f i c a n t l y  in t he  two  g r o u p s  fed  t h e  W e s t e r n  die t .  W e  
d id  n o t  a s s a y  L D L  or  H D L  cho les t e ro l  leve ls  in t he  s e r a  
o b t a i n e d  a t  a u t o p s y  b u t  t he  H D L / L D L  choles te ro l  r a t i o s  
in s e r a  o b t a i n e d  t h r e e  weeks  ea r l i e r  were  cel lulose,  0.20 
-!-_ 0.05; pect in ,  0.28 +_ 0.03; a n d  control ,  0.52 +_ 0.09. The  
r a t i o  in t he  c on t ro l  g r o u p  was  s i g n i f i c a n t l y  h ighe r  t h a n  

T A B L E  3 

Average Serum Lipids {mg/dl ___ SEM) of Monkeys Fed "Western" Diet 
Plus 10% Cellulose or Apple Pectin for 34 Weeks 

Group 

Cellulose Pectin Control 

Cholesterol (113 • 3)* 
LDL Cholesterol (59 • 2) 
HDL Cholesterol (43 • 1) 
HDL/LDL (0.79 • 0.04) 
Triglycerides (54 • 3) 

300 _ 30 a,b 223 _ 16a, c 113 • 9b, c 
239 • 33a, b 155 • 17a, c 63 • 8b, c 

50 • 6 58 • 2 a 3 9 •  2 a 
0.31 • 0.04 a 0.43 • 0.05 b 0.74 • 0.07a, b 

51 • 4 50 • 2 46 • 5 

*Average starting value for entire group. 
Values in horizontal row bearing same letters are significantly (p ~< 0.05) different. 

T A B L E  4 

Necropsy Data: Vervet Monkeys  Fed "Western" Diet Plus 10% Cellulose 
or Pectin for 34 Weeks (data +_ SEM) 

Group 

Cellulose Pectin Control 

Weight gain (Kg) 0.4 __ 0.2 0.3 • 0.2 0.6 __- 0.3 
Liver weight (g) 116 _ 2 109 ___ 8 111 __- 6 
Relative liver weight 1.88 __ 0.06 1.78 _ 0.10 1.97 • 0.08 
Serum lipids (mg/dl) 

Cholesterol 163 • 12 a 185 • 11 b 119 • 10a, b 
Triglyceride 22 +_ 2 27 _ 3 21 • 1 
Phospholipid 269 +_ 14 a 314 • 27 b 205 • l l a ,  b 

Liver lipids (g/100 g) 
Cholesterol 0.42 + 0.03 0.46 _ 0.03 0.40 + 0.04 
%Este r  13 •  20 • 5 10_+_ 2 
Triglycerides 0.45 • 0.08 1.26 • 0.44 1.08 + 0.40 
Phospholipids 8.93 + 0.63 8.96 _ 0.23 8.69 + 0.72 

Biliary bile (mg/ml) 
Cholesterol 2.60 • 0.25 2.95 • 0.24 2.39 __. 0.32 
Phospholipid 20.1 • 1.57 22.6 _ 1.34 19.1 __ 2.23 
Bile acid 97.6 • 8.70 a 126.3 • 2.92 a 117.9 • 5.32 
Lithogenic index 0.058 • 0.008 0.049 • 0.005 0.046 • 0.004 

Values in horizontal row bearing same letters are significantly (p ~< 0.05) different. 
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that in either of the other groups. Terminal triglyceride 
levels were unexplicably low in all three groups. Liver 
total cholesterol levels were similar in all three groups but 
levels of esterified cholesterol were elevated slightly in 
livers of the monkeys fed the pectin~containing diet. Liver 
triglyceride levels were 60% lower in the livers of the 
monkeys fed cellulose than in the other two groups but 
the differences were not significant. The lithogenic index, 
calculated from assayed levels of biliary cholesterol, 
phospholipid and total bile acid, was low in all three 
groups. Biliary cholesterol and phospholipids were similar 
in all three groups but the bile acid content of the 
cellulose-fed group was 23% lower than that in the pectin- 
fed group (p < 0.01) and 17% lower than that in the con- 
trol group (not significant). 

Fecal weight was monitored over the last six days of 
the study. Wet and dry weights of the feces were similar 
in all three groups ranging from 42-45 g/day and 7.5- 
8.5 g/day, respectively. Water content of the feces was 
82.1 +_ 0.43%. 

The outlines of sudanophilic areas are shown in Figures 
1-3. The area was determined independently by three in- 
vestigators, and the average values for each aorta are 
given in Table 5. Average aortic sudanophilia in monkeys 
fed the Western diet plus cellulose was 31% {not signifi- 
cant} higher than in those fed pectin. Monkeys fed the 
control diet exhibited very little sudanophilia, 90 and 86% 
less than was seen in the cellulose or pectin groups, 
respectively. One animal in each of the groups fed 
Western diet exhibited an atherosclerotic plaque. 

DISCUSSION 

In general, pectin has been found to be hypocholester- 
olemic in rats {21-23), rabbits (24), chickens (25} and 
guinea pigs (21). It also is hypocholesterolemic in man 
(26,27). Cellulose, on the other hand, has no hypocholes- 
terolemic effect and often is hypercholesterolemic in rats 
(28-30), rabbits (31}, chickens (32) and guinea pigs (33}. 

WESTERN DIET (CELLULOSE) WESTERN DIET (PECTIN) 
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FIG. 1. Schematic representation of aortic sudanophilia in Vervet FIG. 2. Schematic representation of aortic sudanophilia in Vervet 
monkeys fed a "Western" diet plus 10% cellulose, monkeys fed a "Western" diet plus 10% pectin. 

LIPIDS, Vol. 23, No. 3 (1988) 



DIETARY FIBER IN MONKEYS FED "WESTERN" DIETS 

167 

CONTROL (WESTERN DIET) 

p 

? 

:E 

z4 z5 

:1 
b 

28 3? 4O 89 

FIG. 3. Schematic representation of aortic sudanophilia in Vervet 
monkeys fed commercial ration. 

TABLE 5 

Average Aortic Sudanophilia (___ SEM) in Vervet Monkeys 
Fed "Western" Diets Containing 10% Cellulose or Apple Pectin 

Cellulose Pectin Control 

Monkey no. %* Monkey no. %* Monkey no. %* 

23 34 3 8 a 8 1 
26 5 21 20 24 0 
32 7 22 2 25 1 
36 2 27 14 28 0 
39 3 29 2 37 1 
41 21 a 30 7 40 2 
44 2 31 4 89 3 

AVG: 10.6 __- 4.6 8.1 + 2.5 I.I + 0.4 

*Average of evaluation by three independent investigators. 
aMonkey bearing atherosclerotic plaque. 

Cellulose has little influence on cholesterol levels in man  
{34}. Compared to cellulose, pectin is ant ia therogenic  in 
chickens {35}, and rabbi t s  fed cellulose exhibit  higher 
cholesterol levels and more severe atherosclerosis than  
those fed alfalfa {36}. Pectin has been repor ted to raise 
cholesterol levels in pigs {37}. 

There are few reports  of the effects of fiber on lipidemia 
or atherosc|erosis in primates. We (20} found tha t  baboons 
fed a semipurified diet in which the fiber was cellulose 
exhibited higher serum lipid levels and more severe aor- 
tic sudanophil ia than  those fed a diet consis t ing of com- 
mercial ration, bread and fruit. Vervet  monkeys  fed a 
semipurified diet containing no cholesterol exhibited 
higher serum levels than  monkeys  fed similar diets in 
which the fiber was alfalfa or wheat  s t raw {4). Recently 
{5}, we fed Vervet  monkeys  semipurified diets with or 
wi thout  0.1% cholesterol and either cellulose or pectin, 
both  fed as 15% of the diet. There were no significant dif- 
ferences in serum cholesterol levels or aortic sudanophilia, 
a l though tha t  observed in the pectin-fed animals  was 
higher. In this s tudy  we found tha t  a Western  diet is 
cholesterolemic and sudanophilic for Vervet  monkeys.  
The type  of fiber present  in the diet {comparing only 
cellulose and pectin} does not affect weight  gain. Com- 
parison of the two fibers shows no effect on serum lipids 
or liver cholesterol but  liver tr iglycerides are lower in 
monkeys fed cellulose. Severity of aortic sudanophilia was 
similar in the two fiber-fed groups,  a l though the average  
was lower in aor tas  of monkeys  fed pectin. One monkey  
in each group exhibited an atherosclerotic plaque. The 
resul ts  indicate tha t  under the conditions of this experi- 
ment,  cellulose and pectin have equivalent effects. Fiber- 
rich diets have been shown to enhance excretion of en- 
dogenously synthesized or die tary  cholesterol in rabbi t s  
(38), and pectin has been shown to enhance bile acid ex- 
cretion in ra ts  (22} and man (26). This s tudy  is the second 
to show tha t  d ie tary  pectin does not  influence lipidemia 
in Verve t  monkeys.  More work is needed to identify the 
mechanism(s} by  which pectin fails to affect  lipidemia in 
Vervet  monkeys  and to ascertain whether  this lack of ef- 
fect is res t r ic ted to the Vervet  monkeys  or is general for 
subhuman  pr imates .  
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Effects of Cholesterol Feeding to Maternal Rats on Metabolism 
of Cholesterol and Bile Acids in the Dams and Their Offspring 
Yoshlkazu Ayakl*, Sachlko Endo I, Yoshio Ogura and Mlchlo Ogura 
Department of Biochemistry, Tottori University School of Medicine, Yonago, Tottori 683, Japan 

The influence of feeding cholesterol to rats during preg- 
nancy and postpartum (from the l l t h  day of gestation 
to the third day after delivery) on the serum and hepatic 
cholesterol levels and on the bile acid composition in the 
pool and in the liver in relationship to the dams and their 
pups was examined. The hepatic content of cholesterol 
in both dam and offspring increased during cholesterol 
feeding without any changes in serum cholesterol level. 
In the dams, mainly the esterified cholesterol was in- 
creased; in the pups, mainly the free cholesterol was in- 
creased. Cholesterol feeding led to a pronounced increase 
in the pool of f~-muricholic acid and a relative decrease 
in the lithocholic acid concentration in pregnant rats. In 
fetal rats, the chenodeoxychoUc acid pool was increased 
by cholesterol intake. The lithocholic acid pool was larger 
in the postpartum rats fed cholesterol than in the con- 
trois, while the concentration of a- and f3-muricholic acids 
was decreased. The neonates of cholesterol-fed dams had 
a larger pool of chenodeoxycholic acid but a smaller pool 
of /~-muricholic acid. These results suggest that the 
metabolism of cholesterol and of bile acids in dams and 
their offspring respond differently to cholesterol intake. 
Lipids 23, 169-177 (1988}. 

In adult rats, cholesterol feeding caused a marked ac- 
cumulation of cholesterol in liver and an increase in 
chenodeoxycholic, a-muricholic and ~muricholic acids in 
the bile acid pool with a relative decrease in cholic acid 
(1-3). 

Such a metabolic alteration in the pregnant and the 
postpartum rats is likely to affect the metabolism of 
cholesterol and bile acids in the developing fetuses and 
in early neonatal life because cholesterol can pass through 
the placenta from the dam to the fetuses and also can be 
supplied to the neonates via milk through the mammary 
glands of the dam (4-7). In addition, a significant frac- 
tion of the bile acid pool in the fetuses might be derived 
from the dam (8,9}. 

We have carried out a series of experiments to study 
the effect of cholesterol feeding to the dam on the mater- 
nal metabolism of cholesterol and bile acids and to in- 
vestigate whether these changes, if any, could affect the 
metabolism of cholesterol and bile acids in the fetal and 
the neonatal rats. 

MATERIALS AND METHODS 

Materials. ~-Muricholic acid and ~-muricholic acid were 
synthesized according to the literature {10). Cholesterol 
(99.5% pure) was obtained from Wako Pure Chemical In- 
dustries (Osaka). Sodium tauro[24-1"C]cholate (44.5 mCi] 

*To whom correspondence should be addressed. 
1Present address: Department of Food and Nutrition, Faculty of 
Home Economics, Shimane Women's Junior College, Matsue, 
Shimane 690, Japan. 

mmol) was purchased from the New England Nuclear 
Corp. {Boston, MA). Reagents and organic solvents were 
of analytical grade, the latter being distilled once before 
use, if necessary. 

Animals and diet. Female Wistar strain rats on the l l t h  
day of gestation, each weighing 230-280 g, were obtained 
from the Shizuoka Agricultural Cooperative Association 
for Laboratory Animals {Shizuoka), and assigned to one 
of three groups. One group was fed a commercial rat diet 
(Clea CA-l, Nihon Clea Co., Tokyo); the second group was 
fed the same diet supplemented with 0.5% cholesterol; 
and the third group was fed a 2.5% cholesterol-supple- 
mented diet. The diets contained 25.6% protein, 4.6% fat, 
4.0% fiber and all vitamins at recommended levels. The 
cholesterol-supplemented diets also were prepared by the 
same manufacturer. The stock diet contained 1.36 +_ 
0.15 mg (mean +_ SD, n = 4) of cholesterol and 137 ___ 
56 ~g (mean -_- SD, n -- 4) of cholic acid/g, analyzed in 
our laboratory. The animals were maintained on the 
respective diets ad libitum during a period from the l l t h  
day of pregnancy to the third postpartum day. They were 
housed in individual cages, and kept in an air~onditioned 
room {23 C) lighted from 6 a.m. to 6 p.m. 

Twenty-day pregnant rats were killed under ethereal 
anesthesia, and 20-day prenatal rats were removed from 
the uterus. Three-day postpartum rats and three-day 
neonatal rats also were killed in the same way. Blood 
samples were obtained from maternal, fetal and neonatal 
rats by cardiac puncture, and the serum was separated 
from the blood. The liver and the intestine were excised 
separately and weighed. Samples from the fetal and the 
neonatal rats were pooled for analysis (three to five 
samples per pool). All operations for sampling were per- 
formed between 9 and 11 a.m., and all samples were stored 
at - 2 0  C until analysis. 

Analysis of cholesteroL Serum total and free cholesterol 
were determined enzymatically with Determiner TC'5' 
and FC {Kyowa Medex Co., Tokyo), respectively. A por- 
tion of the liver from maternal rats was extracted with 
chloroform]methanol (2:1, v/v) (11). The extracted lipids 
were chromatographed on silicic acid (AR, 100 mesh, 
Mallinckrodt Chemical Works, St. Louis, MO); the 
cholesterol fraction was eluted with hexane/chloroform 
(3:2, v/v). The cholesterol fraction was further separated 
into esterified and free cholesterol (12). Esterified 
cholesterol was saponified at 60 C for 30 rain with 2 N 
KOH/propanol and extracted with hexane. Cholesterol 
was determined by gas chromatography as described 
below. 

Fetal and neonatal liver were homogenized with ether/ 
ethanol (1:1, v/v) and left to stand overnight. The 
tauro[24-"C]cholate was added to some samples before 
homogenization as a recovery standard for bile acids. The 
crude lipid extract was partitioned between ether/heptane 
{1:1, v/v) and 50% aqueous ethanol (13). The ether/heptane 
extract was analyzed for esterified and free cholesterol 
as described above. The residual matter left after extrac- 
tion with ether/ethanol and the aqueous ethanol extract 
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in the par t i t ioning sys t em were used for analysis  of bile 
acids. 

Analysis of bile acids. Another portion of the liver from 
the dams was homogenized in physiological saline and ex- 
t racted by  refluxing in 95% ethanol containing 0.5% am- 
monium hydroxide (14). The residue of fetal and neonatal  
liver remaining after  the ether/ethanol extract ion was ex- 
t rac ted  similarly, and the ext rac t  was combined with the 
residue of the aqueous ethanol layer in the par t i t ion 
sys tem for the crude lipid extract  from liver as mentioned 
above. The liver ex t rac t  was  dissolved in 0.1 N sodium 
hydroxide in physiological saline and chromatographed  
on Amberl i te  XAD-2 (15). Bile acids were eluted with 
0.5% ammonium hydroxide in 95% ethanol, subjected to 
solvolysis in methanol]acetone (1:9, v/v) containing 
hydrochloric acid (16), and hydrolyzed in 2 N K O H  solu- 
tion at  130 C for three hr. Free bile acids were ex t rac ted  
with ether  af ter  acidification, me thy la ted  with diazo- 
methane, and acetylated in acetic anhydride (17). In some 
samples  of fetal  and neonatal  liver, the ext rac t ion effi- 
ciency of bile acids was checked by  the recovery of 
[24-'4C]cholic acid added as its taurine-conjugate before 
extract ion as ment ioned above. Methyl  ester  ace ta tes  of 
bile acids were quan t i t a ted  by  gas  chromatography .  In- 
testinal t rac t s  plus their contents  were homogenized and 
refluxed in 20 volumes of 90% ethanol for two hr. Reflux- 
ing was repeated two times, and the pooled ex t rac t  was 
analyzed as described above. 

Gas chromatography. Samples  dissolved in acetone 
were gas chromatographed in a Shimadzu Model GC-3BF 
unit  with a coiled glass column (3 m m  • 1.75 m) packed 
with 1.5% OV-1 on a Gas  Chrom Q (100-120 mesh). 
Operat ing temperatures  were injector, 255 C; column and 
detector,  230 C. Ni t rogen was used as the carrier gas  a t  
a flow rate  of 46.2 ml]min. Bile acids and free cholesterol 
were identified ten ta t ive ly  by  compar ing  their retent ion 
t imes relat ive to deoxycholic acid (= 1.00) with those of 
the respective standards. Quanti tat ive determination was 

made by  compar ing  the peak  area with those of a known 
amount  of the corresponding s tandards  us ing a Chro- 
ma topac  C-R1A (Shimadzu Corp., Kyoto). Unidentified 
peaks suspected to be a bile acid were calculated as cholic 
acid. 

Statistical method. Control and exper imental  values 
were compared  using S tuden t ' s  t-test.  

RESULTS 
Metabolism of cholesterol and bile acids in the dam. 
Table 1 shows daily food intake, body weight, liver 
weight, and hepatic and serum levels of cholesterol for 
20-day pregnan t  rats.  The diet intake, body weight  and 
liver weight  in the cholesterol-fed groups did not  differ 
from the corresponding value in the control group. There 
also were no significant differences in the level of any 
cholesterol fraction in serum between the control group 
and either cholesterol-fed group. The esterified cholesterol 
level in liver was higher in the cholesterol-fed groups than 
in the control group. In addition, the level of free choles- 
terol was also higher in the 2.5% cholesterol-fed group 
than  in the control group. 

Table 2 shows the composit ion of the bile acid pool (the 
sum of bile acids in the intest inal  t rac t  with i ts  contents  
and those in the liver). The amount  of chenodeoxycholic 
acid (p < 0.10L f~-murichohc acid and others  was greater  
in bo th  cholesterol-fed groups than  in the control group. 
Besides, in the 2.5% cholesterol-fed group, the amounts  
of lithocholic acid and hyodeoxycholic acid were less than 
those in the control group. In all groups,  more than  95% 
of the total  bile acid pool was distr ibuted in the intestinal 
t r ac t  (data not  shown). 

Table 3 shows the hepatic content  of bile acids. /3- 
Muricholic acid and chenodeoxycholic acid (p < 0.10) were 
more abundant  in the 2.5 % cholesterol-fed group than  in 
the control group. Also, in the 0.5% cholesterol-fed group, 
more ~muricholic acid (p <0.10) was present  as compared 
with the control. 

TABLE 1 

Diet Intake, Body Weight, Liver Weight and Cholesterol Levels in 20-Day Pregnant Rats 

Observations Control 

Rat group 

0.5% Cholesterol-fed 2.5% Cholesterol-fed 

Diet intake (g/day) 24 _ 3 d (4) e 27 _+ 2 (4) 
Body weight (g} 364 _ 6 (4) 369 +_ 14 (4) 
Liver weight a (g) 11.1 +_ 0.3 14) 16.0 __ 1.0 {4) 
Serum cholesterol (mg/dl) 

Free 24.8 + 3.4 (4) 33.7 _+ 3.3 (3) 
Ester b 89.2 - 10.9 101.1 __ 3.8 
Total 114.0 +_ 10.4 (4) 134.8 +_ 1.8 (3) 

Hepatic cholesterol (mg/g liver a) 
Free 0.74 _ 0.07 (4) 0.89 +_ 0.03 (3) 
Ester 0.10 -+ 0.00 (4) 0.46 __ 0.02f (3) 
Total c 0.84 +_ 0.07 1.34 _+ 0.03 

27 +_ 1 (6) 
370 _+ 9 (6) 
14.5 _+ 0.4 (6) 

29.4 _ 3.4 (5) 
114.6 _+ 10.8 
144.0 + 10.2 (5) 

1.44 + 0.13f (4) 
0.45 ---!- 0.07f {4) 
1.89 -- 0.15 

aWet weight. 
bThe difference between total and free cholesterol. 
CThe sum of free and ester cholesterol. 
dMeans + SEM. 
eThe number of samples studied. 
fSignificantly different from controls, p < 0.05. 
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TABLE 2 

Composition of Bile Acid Pool in 20-Day Pregnant Rats 

Control 
Bile acid (N = 4) 

Pool size (mg/100 g body weight) 

0.5% Cholesterol-fed 2.5% Cholesterol-fed 
(N = 5) (N = 4) 

Lithocholic 0.35 • 0.05 b 0.41 • 0.10 0.14 • 0.02 c 
Deoxycholic 1.15 • 0.23 1.61 • 0.16 1.42 • 0.16 
Chenodeoxycholic 1.29 • 0.15 2.00 • 0.28 1.74 • 0.13 
Hyodeoxycholic 1.32 • 0.16 1.72 • 0.17 0.48 • 0.07 c 
Cholic 7.20 • 1.38 5.34 • 0.79 4.27 • 0.21 
a-Muricholic 1.12 • 0.17 1.52 • 0.14 1.33 • 0.10 
~-Muricholic 0.10 • 0.03 0.57 • 0.08 c 1.36 • 0.17 c 
c0-Muricholic 0.26 • 0.09 0.67 • 0.12 0.44 • 0.04 
Others a 0.71 • 0.08 2.02 • 0.14 c 1.08 • 0.06 c 
Total 13.50 • 1.43 15.85 • 0.91 12.27 • 0.37 

aThe sum of keto bile acids and minor unidentified components. 
bMeans • SEM. 
cSignificantly different from controls, p < 0.05. 

TABLE 3 

Hepatic Bile Acids in 20-Day Pregnant  Rats  

Control 
Bile acid (N = 4) 

Hepatic content (~g/g liver weight) 

0.5% Cholesterol-fed 
(N = 5) 

2.5% Cholesterol-fed 
(N = 4) 

Deoxycholic 2.7 ___ 1.3 a 
Chenodeoxycholic 8.1 • 2.3 
Hyodeoxycholic 6.3 • 1.8 
Cholic 18.1 • 4.6 
a-Muricholic 6.6 • 2.1 
~-Muricholic 1.8 • 0.2 
Total 43.6 • 6.0 

2.6 • 1.1 
12.2 • 2.5 

6.2 ----- 2.8 
18.5 _ 4.7 

5.9 +-- 2.1 
4.0 • 1.0 

49.4 • 6.5 

2.9 • 0.8 
15.4 • 2.0 

5.8 • 1.0 
18.4 • 2.7 

5.7 • 0.1 
8.0 • 1.2 b 

56.3 • 3.8 

aMeans --- SEM. 

bsignificantly different from controls, p < 0.05. 

TABLE 4 

Diet Intake, Body Weight, Liver Weight and Cholesterol Levels in Three-day Postpar tum Rats  

Rat group 

Observations Control 0.5% Cholesterol-fed 2.5% Cholesterol-fed 

Diet intake (g/day) 14 _ 3 d (4) e 20 • 4 (4) 20 • 2 (6) 
Body weight (g) 270 • 9 (4) 286 • 1.5 (4) 276 -- 5 (6) 
Liver weight a (g) 11.1 • 0.9 (4) 12.8 • 0.9 (4) 12.8 • 0.2 (6) 
Serum cholesterol (mg/dl) 

Free 19.8 • 6.1 (3) 18.5 • 4.4 (3) 17.2 • 4.0 (6) 
Ester  b 68.0 • 8.7 58.5 • 5.6 58.0 • 6.8 
Total 87.8 • 6.2 (3) 77.0 • 3.4 (3) 75.2 • 5.5 (6) 

Hepatic cholesterol (mg/g liver a) 
Free 0.44 • 0.05g (4) 1.11 • 0.08f (3) 0.64 • 0.09 (4) 
Ester  0.15 • 0.02g (4) 1.05 • 0.06f (3) 3.19 • 0.38f (4) 
Total c 0.60 • 0.05 2.16 • 0.10f 3.83 • 0.39f 

aWet weight. 
bThe difference between total and free cholesterol. 
CThe sum of free and ester cholesterol. 
dMeans • SEM. 
eThe number of samples studied. 
fSignificantly different from controls, p < 0.05. 
gSignificantly different from 20-day pregnant controls (cf. Table 1), p < 0.05. 
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Table 4 shows the daily food intake, body weight, fiver 
weight and hepatic and serum levels of cholesterol in the 
thre~day postpartum rats. Food intake, body weight and 
fiver weight in either of the cholesterol-fed groups did not 
differ significantly from those in the control group. 
Cholesterol feeding caused no significant changes in the 
serum level of any cholesterol fraction. Esterified choles- 
terol was accumulated in the fiver in both cholesterol-fed 
groups. In the 2.5% cholesterol-fed group, the free frac- 
tion also was accumulated. When the rats were fed the 
basal diet, the total cholesterol in the postpartum rats 
was lower than in the pregnant control rats owing to a 
decrease in the free cholesterol fraction (Tables 1 and 4). 

Table 5 shows the composition of the bile acid pool in 
the postpartum rats. In the 2.5% cholesterol-fed group, 
the amount of lithocholic acid was greater but that of a- 
muricholic acid and/~-murichofic acid was smaller than 
in the control group. The 0.5% cholesterol diet did not 
affect the bile acid composition significantly. In the con- 
trol group, less lithocholic acid and more ~muricholic acid 
were found in the postpartum rats than in the pregnant 
rats (Tables 2 and 5). 

The hepatic content of bile acids is shown in Table 6. 
The content of/3-muricholic acid was higher in the 0.5% 
cholesterol-fed group than in the control group; 2.5% 
cholesterol feeding induced an accumulation of chenode- 
oxychofic acid and cholic acid (p < 0.10). Consequently, 
the total amount of bile acids was increased. Never- 
theless, hepatic bile acids accounted for only 5% of the 
total pool in the body, as was the case for the control 
group (data not shown). 

Metabolism of cholesterol and bile acids in fetal and 
neonatal rats. Table 7 shows body weight, fiver weight, 
and cholesterol levels in fiver and serum for 20-day fetal 
rats. Cholesterol feeding to the dam from the l l t h  to the 
20th day of pregnancy did not affect the body weight or 
the  liver weight in the 20-day fetal rats. Their serum cho- 
lesterol level also was unaffected by maternal cholesterol 
feeding. Hepatic total cholesterol level was, however, 
higher in both cholesterol-fed groups than in the control 
group owing to an increase in the free fraction. 

Figure 1 shows typical gas chromatograms of methyl 
ester acetates of bile acids isolated from fetal pooled 
samples of the fiver and of the gastrointestinal tract in 
the control group. 

Table 8 shows the composition of the bile acid pool in 
the fetal rats. The content of chenodeoxychofic acid, a- 
muricholic acid (p < 0.20) and total bile acids was higher 
in the 0.5% cholesterol-fed group than in the control 
group. The content of chenodeoxycholic acid (p < 0.10) 
and total bile acids also was higher in the 2.5% choles- 
terol-fed group than in the control group. 

The hepatic content of bile acids is shown in Table 9. 
Less cholic acid and f3-murichofic acid (p < 0.10) were 
found in both cholesterol-fed groups than in the control 
group. There was a decrease in the hepatic content of total 
bile acids (p < 0.20) in the cholesterol-fed groups. In the 
control group, bile acids distributed in fiver accounted for 
37% of the total pool. The corresponding value for the 
0.5% cholesterol-fed group was 22% and that for the 2.5% 
cholesterol-fed group 25% (data not shown). 

Table 10 shows body weight, liver weight, and serum 
and liver cholesterol levels in the three-day neonatal rats. 
The body weight in both cholesterol-fed groups was 
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FIG. 1. Gas chromatograms of methyl ester acetates of bile acids 
isolated from the pooled samples of liver (A) and of gastrointestinal 
tract (B) in the control group of the 20-day fetal rats. The peaks iden- 
tiffed were 1, deoxycholic acid; 2, chenodcoxycholic acid; 3, cholic 
acid; 4, hyodeoxycholic acid; 5, a-muricholic acid; 6, ~muricholic acid. 

greater than that in the control group. There was no 
significant difference in liver weight between the control 
group and either cholesterol-fed group. The serum 
cholesterol level in the three-day neonatal rats was not 
affected by cholesterol feeding to the dam. The hepatic 
content of total cholesterol in both cholesterol-fed groups 
was higher than that in the control group. This was due 
to an increase in the free fraction in the 0.5% cholesterol- 
fed group and of the free and esterified cholesterol in the 
2.5% cholesterol-fed group. The hepatic content of free 
and total cholesterol was higher in the neonatal control 
group than in the fetal control group (Tables 7 and 10). 

Table 11 shows the composition of the bile acid pool. 
The chenodeoxycholic acid content was greater in the 

LIPIDS, Vol. 23, No. 3 (1988) 



EFFECTS OF CHOLESTEROL TO DAM AND PUP RATS 

173 

TABLE 5 

Composition of Bile Acid Pool in Three-Day Postpartum Rats 

Pool size {mg/100 g body weight} 

Control 0.5% Cholesterol-fed 2.5% Cholesterol-fed 
Bile acid (N = 4) (N = 5) (N = 6) 

Lithocholic 0.06 • 0.02 b,e 0.14 • 0.04 0.38 • 0.05 d 
Deoxycholic 0.94 • 0.21 0.73 • 0.12 0.88 • 0.15 
Chenodeoxycholic 1.64 • 0.40 1.01 • 0.23 1.18 • 0.11 
Hyodeoxycholic 1.39 • 0.45 1.21 • 0.16 0.52 • 0.08 
Cholic 6.66 • 0.60 8.38 • 1.97 5.71 • 1.17 
a-Muricholic 1.53 • 0.32 0.95 • 0.06 0.80 • 0,12 d 
~-Muricholic 0.35 • 0.06 e 0.49 • 0.10 Trace c,ct 
co-Muricholic 0.25 • 0.06 0.64 • 0.26 0.08 • 0.02 
Others  a 0.50 • 0.05 0.53 • 0.07 0.53 • 0.07 
Total  13.32 • 0.94 14.08 • 2.20 10.09 • 1.20 

aThe sum of keto bile acids and minor unidentified peaks. 
bMeans • SEM. 
CLess than  30 ~g/100 g body weight. 
dSignificantly different from controls, p < 0.05. 
eSignificantly different from 20-day pregnan t  controls (cf. Table 2), p. < 0.05. 

TABLE 6 

Hepat ic  Bile Acids in Three-Day Pos tpa r tum Ra t s  

Hepatic content (~g/g fiver weight} 

Control 0.5% Cholesterol-fed 2.5% Cholesterol-fed 
Bile acid ' (N = 4) (N = 5) (N = 6) 

Deoxycholic 2.2 • 1.1 a 1.6 • 0.4 3.3 • 1.3 
Chenodeoxycholic 18.9 • 6.4 10.3 • 2.4 32.6 • 1.7 c 
Hyodeoxycholic 10.6 • 3.1 6.5 • 1.0 12.2 • 3.6 
Cholic 30.5 • 7.6 38.3 • 5.8 52.7 • 8.2 
a-Muricholic 7.1 • 2.9 4.6 • 0.6 7.4 • 1.7 
~Muricholic Traceb, d 4.4 • 1.1 c Trace 
Total 69.3 • 10.9 65.7 • 6.5 108.2 • 9.4 c 

aMeans  • SEM. 
b l e s s  than  0.5 ~g/g liver weight. 
cSignificantly different from controls, p < 0.05. 
dSignificantly different from 20-day pregnant  controls (cf. Table 3), p < 0.05. 

TABLE 7 

Body Weight, Liver Weight and Cholesterol Levels in 20-Day Fetal Rats 

Observations Control 

Rat  group 

0.5% Cholesterol-fed 2.5% Cholesterol-fed 

Body weight(g} 4.0 + 0.0 d [49] e 4.0 + 0.1 [30] 4.3 • 0.0 [57] 
Liver weight a (g} 0.28 • 0.02 (6)T 0.29 • 0.02 (3) 0.31 • 0.02 (5) 
Serum cholesterol (mg/dl) 

Free 45.0 ___ 6.8 (4) 46.3 • 4.8 (3) 44.5 • 4.8 (4) 
Es ter  b 75.0 • 11.7 70.1 • 10.3 79.5 • 7.9 
Total 120.0 • 9.5 (4) 116.4 • 9.1 (3) 124.0 • 6.3 (4) 

Hepatic  cholesterol (~g/g liver a) 
Free 77.4 + 5.6 (4) 149.4 • l l . 2 g  (3) 130.2 • 2.9g (4) 
Es te r  14.3 • 0.9 (4} 17.5 • 2.3 (3) 18.0 • 1.4 (4) 
Total c 91.3 • 5.7 166.9 • l l . 4 g  148.2 • 3.2g 

aWet  weight. 
bThe difference between total  and free cholesterol. 
CThe sum of free and ester  cholesterol. 
dMeans • SEM. 
eFigures in square brackets  indicate the number  of fetuses studied. 
fNumbers  in parentheses  indicate the number  of samples studied. 
gSignificantly different from controls, p < 0.05. 

LIP~DS, Vol. 23, No. 3 (1988) 



174 

Y. AYAKI ET AL. 

TABLE 8 

Composition of Bile Acid Pool in 2~Day Fetal Rats 

Pool size (~g/g body weight) 

Control 0.5% Cholesterol-fed 
Bile acid (N = 5) (N = 6) 

2.5% Cholesterol-fed 
(N = 7) 

Deoxycholic 0.21 • 0.03 a 0.12 • 0.04 0.13 • 0.01 
Chenodeoxycholic 1.89 • 0.29 3.38 • 0.34b 3.04 • 0.43 
Hyodeoxycholic 0.24 • 0.05 0.33 • 0.06 0.33 • 0.06 
Cholic 1.86 • 0.36 2.49 • 0.38 2.45 • 0.33 
a-Muricholic 1.42 • 0.29 2.18 • 0.28 2.05 • 0.42 
/]-Muricholic 2.04 • 0.36 2.78 • 0.31 2.21 • 0.22 
Total 7.66 • 0.65 11.28 • 0.66 b 10.21 • 0.72 b 

aMeans • SEM. 
bSignificantly different from controls, p <: 0.05. 

TABLE 9 

Hepatic Bile Acids in 20-Day Fetal Rats 

Hepatic content 0ag/g liver weight) 

Control 0.5% Cholesterol-fed 
Bile acid {N = 5) {N = 6) 

2.5% Cholesterol-fed 
(N = 7) 

Deoxycholic 1.68 • 0.21 a 1.04 • 0.24 0.91 • 0.07 
Chenodeoxycholic 9.70 • 0.71 11.33 • 0.87 11.83 • 0.95 
Hyodeoxycholic 1.24 • 0.34 1.56 _+ 0.18 1.21 • 0.19 
Cholic 9.88 • 1.05 6.39 • 0.59 b 6.37 • 0.86 b 
a-Muricholic 5.45 • 1.01 5.02 • 1.20 5.34 • 1.00 
~-Muricholic 16.45 • 1.50 13.00 • 1.06 12.98 • 1.10 
Total 44.40 • 2.24 38.34 • 2.18 38.64 • 1.97 

aMeans • SEM. 

bSignificantly different from controls, p < 0.05. 

TABLE 10 

Body Weight, Liver Weight and Cholesterol Levels in Three-Day Neonatal Rats  

Observations Control 

Rat group 

0.5% Cholesterol-fed 2.5% Cholesterol-fed 

Body weight (g) 5.8 • 0.1d[50] e 
Liver weight a {g) 0.22 • 0.22 (4)f 
Serum cholesterol (mg/dl) 

Free 48.3 • 17.3 {3) 
Es ter  b 86.5 • 20.6 
Total 134.8 • 11.1 {3) 

Hepatic cholesterol {~g/g liver a) 
Free 134.2 • 22.4 h (3) 
Ester  20.5 • 2.0 (3) 
Total c 154.7 • 22.5 h 

8.7 -- 0.2g [43] 8.2 _ 0.1g [481 
0.33 -- 0.02 (4) 0.32 • 0.01 (6) 

52.3 • 3.9 {4) 53.7 ----- 6.4 (6) 
92.9 • 13.0 97.3 + 11.6 

145.2 • 12.4 (4) 151.0 • 9.7 (6) 

504.6 - -35 .2g  (4) 314.4 • 3.3g (4) 
15.1 • 0.4 (4) 322.5 ----. 21.7g (4) 

519.7 ----- 35.2g 636.9 • 21.9g 

aWet weight. 
bThe difference between total and free cholesterol. 
CThe sum of free and ester cholesterol. 
dMeans + SEM. 

eFigures in square brackets indicate the number of neonates studied. 
fNumbers in parentheses indicate the number of sample studied. 
gSignificantly different from controls, p < 0.05. 

hSignificantly different from 20-day fetal controls {cf. Table 7), p < 0.05. 
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TABLE 11 

Composition of Bile Acid Pool in Three-Day Neonatal Rats 

Pool size (~g/g body weight} 

Control 0.5% Cholesterol-fed 2.5% Cholesterol-fed 
Bile acid (N = 6) (N = 6) (N = 6) 

Chenodeoxychofic 1.67 • 0.30 a 1.73 +_ 0.21 2.91 • 0.31 b 
Hyedeoxycholic 0.30 • 0.07 0.18 • 0.00 0.15 • 0.06 
Cholic 100.86 • 6.37 c 90.65 • 2.97 107.83 • 8.24 
a-Muricholic 1.03 • 0.13 1.32 • 0.15 1.65 • 0.36 
~Muricholic 10.48 • 1.41 c 7.48 • 0.79 6.13 • 0.78 b 
Total 114.34 • 6.54 c 101.36 • 3.09 118.14 • 8.29 

aMeans • SEM. 
bSignificantly different from controls, p < 0.05. 
cSignificantly different from the controls of 20-day fetal rats {cf. Table 8), p < 0.05. 

TABLE 12 

Hepatic Bile Acids in Three-Day Neonatal Rats 

Control 
Bile acid (N = 6) 

Hepatic content (~g/g fiver weight} 

0.5% Cholesterol-fed 
(N = 6) 

2.5% Cholesterol-fed 
(N = 6) 

Chenodeoxycholic 3.58 • 0.32 a 2.42 _ 0.32 b 2.67 • 0.24 b 
Hyodeoxycholic 8.40 ___ 1.01 4.89 • 0.05 3.87 • 1.04 
Cholic 49.08 +_ 2.21 55.98 +_ 3.07 55.34 + 2.77 
a-Murichofic 2.87 • 0.19 4.83 __ 0.70 2.71 • 0.47 
/~-Muricholic 11.82 • 1.48 19.65 • 1.61 22.37 • 2.32 b 
Total 75.75 • 2.67 87.77 • 3.55 b 86.96 +_ 3.80 

aMeans + SEM. 
bSignificantly different from controls, p < 0.05. 

2.5% cholesterol-fed group than in the control group, but 
the #-muricholic acid content was lower in the 2.5% 
cholesterol-fed group (0.5% cholesterol-fed group, p < 
0.10) than in the control group. The bile acids in the 
neonatal rats  were composed mainly of cholic acid, and 
the pool size of cholic acid was greatly expanded as com- 
pared with that  in the 20-day fetal rats  (Tables 8 and 11). 
These results were similar to those reported by Little 
et al. (9). 

The hepatic content  of bile acids is shown in Table 12. 
In the cholesterol-fed groups, there was a decrease in 
chenodeoxycholic acid but an increase in ~muricholic acid 
as compared with the control group. Only 2-3.5% of the 
bile acids in the total  pool were found in the liver in all 
the groups of the neonatal rats  (data not shown). 

DISCUSSION 

Cholesterol feeding induces accumulation of cholesterol 
in the liver without  affecting the serum cholesterol level 
in the adult rats  (18,19). The present results show tha t  
cholesterol feeding to the dams affects hepatic cholesterol 
metabolism not  only in the dam but  also in the pup. The 
level of free cholesterol in the rat  liver remained within 
a relatively narrow range, whereas the amount  of esteri- 
lied cholesterol increased during cholesterol feeding. 

Hepatic esterified cholesterol is formed in situ by acyl- 
CoA:cholesterol acyltransferase {EC 2.3.1.26). I ts  activ- 
ity can be altered by hepatic cholesterol content  {20,21). 
Some reports have shown that  by feeding pregnant  rats  
a cholesterol-supplemented diet, cholesterol synthesis is 
reduced in the maternal liver but  not in the fetal liver 
{7,22). In our experiments, the amount  of cholesterol ac- 
cumulated in liver may have been insufficient for induc- 
ing the activity of the cholesterol-esterifying enzyme in 
the fetus and the neonate. In the neonate of the 2.5% 
cholesterol-fed dam, however, the accumulated cholesterol 
in the liver might  be sufficient for increasing the ability 
of esterification. 

The resulting increase in hepatic cholesterol can affect 
bile acid metabolism. Wilson 123) demonstrated clearly 
tha t  cholesterol feeding causes a great  increase in excre ~ 
tion of bile acids in the adult rats. In addition, cholesterol 
feeding leads to the increase in chenodeoxycholic acid, 
a-muricholic acid, ~-muricholic acid and hyodeoxycholic 
acid in the pool with a concomitant  decrease of cholic 
acid {1-3). Such a shift in the bile acid spectrum in the 
cholesterol-fed rats  indicates tha t  the activity of choles- 
terol 7a-hydroxylase (EC 1.14.13.17) was accelerated, and 
6~hydroxylation of chenodeoxycholic acid and lithocholic 
acid was stimulated; however, 12a-hydroxylation leading 
to the formation of cholic acid was suppressed (3). Beher 
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et al. (1,2,24) have shown tha t  the half-life of chenodeox- 
ycholic acid is shor ter  than  tha t  of cholic acid in this 
species. Therefore, the increased synthesis  of chenodeox- 
ycholic acid is pos tu la ted  to be a protect ive  mechanism 
for excret ing the excess of dietary cholesterol (1,2). The 
increase in ~-muricholic acid synthesis  also m a y  be one 
of several  protect ive  mechanisms since this acid is non- 
toxic and ineffective in inhibit ing bile acid synthesis  
{25,26}. The change in the metabol ism of bile acids except 
for hyodeoxycholic acid in the p regnan t  ra ts  appears  to 
be a response to a high level of d ie tary  cholesterol occur- 
r ing in the same way as the well-documented response 
of bile acid metabol ism in adult  ra t s  to a high cholesterol 
diet. Hyodeoxychol ic  acid has been shown to be derived 
f rom the products  of chenodeoxycholic acid, or ~- 
muricholic acid and lithocholic acid {27,28}. However,  the 
increase of chenodeoxycholic acid pool size did not always 
elevate the concentrat ion of hyodeoxycholic acid in the 
pool in spite of the increase in lithocholic acid or ~- 
muricholic acid {29,30}. 

In the p o s t p a r t u m  rats,  bile acid synthesis  seems to be 
inhibited by the increase in hepatic chenodeoxycholic acid 
and]or cholic acid, especially in the 2.5% cholesterol-fed 
group. The increase of chenodeoxycholic acid or cholic 
acid content  in the adult  ra t s  can inhibit the bile acid syn- 
thesis {30-33}. Besides, the resul t ing decrease of 6/3- 
hydroxylation of chenodeoxycholic acid or lithocholic acid 
is assumed to increase the amount  of lithocholic acid. The 
hormonal  changes occurred af ter  delivery al ternat ively 
m a y  induce the changes in the response of bile acid 
metabol i sm to high die tary  cholesterol not  seen in the 
pregnant  rats.  In this connection, Subbiah and Buscaglia 
{34} found tha t  the cholic acid]chenodeoxycholic acid ratio 
in the bile of p regnan t  ra t s  was lower than  in the bile of 
virgin female rats.  

A pa r t  of the bile acids in fetal ra t s  have been thought  
to  originate f rom the materna l  t ransfer  across the pla- 
centa {9,35,36}. However, Naseem et al. {37} have reported 
tha t  the act ivi ty of cholesterol 7a-hydroxylase in the fetal 
ra t s  was increased by cholesterol feeding during preg- 
nancy. Therefore, an increase of some bile acids in the 
fetal ra ts  by cholesterol intake may  result from the stimu- 
lation of bile acid synthesis  in them. Naseem et  al. {37} 
also showed tha t  bile acid synthesis  in the neonatal  ra t s  
is facil i tated in the same way as the fetal  ra t s  by  choles- 
terol feeding during pregnancy.  In addition, Sprinkle 
et al. {38} has shown tha t  in the neonatal  ra t s  born f rom 
dams fed a chenodeoxycholic acid-supplemented diet dur- 
ing ges ta t ion  the act ivi ty  of hepatic cholesterol 7a- 
hydroxylase was not inhibited in spite of a significant in- 
crease in the chenodeoxycholic acid content  in the neo- 
nata l  liver. In our experiments ,  the increase of chenode- 
oxycholic acid in the neonatal  ra t s  was induced by  
cholesterol intake but  ~-muricholic acid synthesis  was 
relat ively suppressed; consequently,  the total  amount  of 
bile acids was not  significantly changed. 

Al though the effect of high cholesterol intake of the 
dams on bile acid metabolism in the fetal and the neonatal 
ra t s  has not  been identified clearly, the response of bile 
acid metabol ism in the fetal and the neonatal ra t s  to high 
cholesterol intake of the materna l  ra t s  m a y  be indepen- 
dent  of tha t  in the dams.  In cont ras t  to rats,  neonatal  
bile acid synthesis  in guinea pigs is reduced by feeding 
cholesterol or chenodeoxycholic acid to the dam {39,40}. 

I t  is not known if the difference between the ra t  and the  
guinea pig neonates is species-related, but  it is known tha t  
guinea pigs do not respond well to dietary cholesterol {41}. 
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Linoleic Acid Requirement of Rats Fed trans Fatty Acids 
J.L Zevenbergen*, U.M.T. Houtsmuller and J.J. Gottenbos 
Unilever Research Laboratorium Vlaardingen, Olivier van Noortlaan 120, 3133 AT Vlaardingen, The Netherlands 

The amount of linoleic acid required to prevent undesir- 
able effects of C18 trans fatty acids was investigated. In 
a first experiment, six groups of rats were fed diets with 
a high content of trans fatty acids (20% of energy [en%]), 
and increasing amounts of linoleic acid (0.4 to 7.1 en%). 
In a second experiment, four groups of rats were fed diets 
designed to compare trans fatty acids with saturated and 
c/s-monounsaturated fatty acids of the same chain length 
at the 2 en% linoleic acid level. After 9-14 weeks, the ox- 
ygen uptake, lipid composition and ATP synthesis of 
heart and liver mitochondria were determined. 

The phospholipid composition of the mitochondria did 
not change, but the fatty acid compositions of the two 
main mitochondriai phospholipids were influenced by the 
dietary fats. Trams fatty acids were incorporated in all 
phospholipids investigated. The linoleic acid level in the 
phospholipids, irrespective of the dietary content of linr 
leic acid, increased on incorporation of trams fatty acids. 
The arachidonic acid level had decreased in most phos- 
pholipids in animals fed diets containing 2 en% Unoleic 
acid. At higher linoleic acid intakes, the effect of trans 
fatty acids on the phospholipid arachidonic acid level 
diminished. However, in heart mitochondrial phospha- 
tidylethanolamine, trams fatty acids significantly in- 
creased the arachidonic acid level. Despite these changes 
in composition, neither the amount of dietary linoleic acid 
nor the addition of trams fatty acids influenced the 
mitochondrial function. For rats, a level of 2 en% of 
linoleic acid is sufficient to prevent undesirable effects 
of high amounts of dietary C18 trans fatty acids on the 
mitochondrial function. 
Lipids 23, 178-186 (1988). 

Trans fat ty acids from partially hydrogenated oils and 
from ruminant fats form part of the human diet. Through- 
out the years, there has been a marked interest in the 
biological effects of trans fatty acids. It now is recognized 
that  they are well-absorbed by both man and experimen- 
tal animals, and that they are found in most tissues (1-5). 
Trans fatty acids are incorporated into triacylglycerol and 
phospholipids of biological membranes (1,2,6). The effect 
of the incorporation of trans fatty acids on the biological 
function of membranes is an unanswered question. 

Many investigators have used mitochondria to investi- 
gate the effects of dietary fatty acids on biological mem- 
branes (7-14). Mitochondrial oxygen uptake and ATP 
synthesis are regarded as sensitive markers for the func- 
tionality of the mitochondria. Changes in the fatty acid 

*To whom correspondence should be addressed. 
Abbreviations: ADP/O, number of ADP mol converted into ATP 
per mol O; BHT, 2,6-di-tert-butyl-p-cresol; CB, cocoa butter;, CL, car- 
diolipin; EDTA, ethylenediamine tetraacetic acid; GC, gas chroma- 
tography; HCNO, hydrogenated coconut oil; OV, olive oil; OV-LL, 
low-linoleic olive off; PC, phosphatidylcholine; PE, phosphatidyl- 
ethanolamine; PHSO, partially hydrogenated soybean oil; PI, 
phosphatidylinostol; PS, phosphatidylserine; QO2, oxygen consuml~ 
tion; rATP, rate of ATP synthesis; RCR, respiratory control ratio; 
S, sphingomyelin; SSO, sunflower seed off; TLC, thin layer chroma- 
tography. 

composition of mitochondria were shown to cause dimin- 
ished mitochondrial function in rats fed diets containing 
erucic acid (9,15,16}. The amount of essential fat ty acids 
in the diet also affected the mitochondrial composition 
and/or function (7,11,12). The amount of trans fatty acids 
incorporated into mitochondrial membranes may be as 
high as 17% of the total fat ty acid content (17}. 

Trans fatty acids formed during the partial hydrogena- 
tion of vegetable otis appear not to have undesirable 
effects when compared with saturated or cis-monounsatu- 
rated fatty acids, provided sufficient linoleic acid is pres- 
ent in the diet (1-3,6,18}. It was our aim to quantify the 
amount of linoleic acid necessary. 

In a first experiment, we investigated the effects of 
diets having a constant amount of C18 trans fatty acids 
and an increasing amount of linoleic acid on the mitochon- 
drial composition and function. In the second, we com- 
pared the effects of trans fatty acids with those of long 
chain (C16,C18) saturated and cis-monounsaturated fatty 
acids at a linoleic acid level of 2 en%. 

EXPERIMENTAL 

Materials. Partially hydrogenated soybean oil (PHSO) 
was specially prepared by Van den Bergh and Jurgens 
(Rotterdam, The Netherlands}; hydrogenated coconut oil 
(HCNO) from Chempry BV (Raamsdonkveer, The Nether- 
lands), sunflower seed oil (SSO) from Union (Antwerpen, 
Belgium) and cocoa butter (CB) from J. Schoenmaker BV 
(Zaandam, The Netherlands}. Olive oil (OV) was pur- 
chased from Fol Jr  & Co. (Krimpen aan de IJssel, The 
Netherlands} and the low-linoleic acid olive oil (OV-LL) 
was a gift from Elais (Greece}. Bovine serum albumin 
{fraction V, essentially free from fatty acid}, L-glutamate, 
and DL-malate were from Sigma Chemical Co. (St. Louis, 
MO); ADP and ATP were from Boehringer (Mannheim, 
FRG), Nagarose from Bacillus amyloboliquefaciens was 
from Serva {Heidelberg, FRG), ethylenediamine tetra- 
aceticacid (EDTA) (p.a.), diethyl ether and hexane were 
from Baker Chemicals (Deventer, The Netherlands}, 
sucrose was from BDH Chemicals Ltd. (Poole, England}, 
2,6-di-tert-butyl-p~:resol (BHT) was from Fluka AG 
(Buchs, Switzerland). The HPTLC plates (Silica gel F254), 
and all other reagents were from Merck (Darmstadt, 
FRG}. 

Animals  and diets. Weanling male SPF-Wistar rats 
(CPB=WU, Central Breeding Station TNO Zeist, The 
Netherlands) were used in both experiments. The animals 
were housed individually in a climatized room. The mean 
temperature was 23 C, the relative humidity was 45-70%, 
and there was a day/night cycle of 12/12 hr. The animals 
had free access to water and food. This food, a semisyn- 
thetic diet with 40 en% fat, was composed of (in g.MJ-') 
casein, 14.8; vitamin mixture, 0.2; salt mixture, 1.3; 
cellulose, 3.8; maize starch, 25.2; experimental fat, 10.3 
(for composition of vitamin and salt mixture see ref. 19). 
The animals were weighed and examined weekly. 

For the first experiment, PHSO, HCNO, OV and SSO 
were mixed to yield six diets having a graduated linoleic 
acid content (0.4-7.1 en%) but a constant trans fatty acids 
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TABLE 1 

Composition (en%) of Experimental Fats  and Calculated Linoleic Acid Content (en%) 
in the Final Diet 

Experimental fats 
Dietary 
oil a 1 2 3 4 5 6 7 b 8 b 

PHSO 30.0 30.0 30.0 30.0 30.0 30.0 -- --  
IICNO 7.3 5.0 5.0 5.0 3.0 - -  22.6 - -  
OV 2.7 4.8 2.7 1.0 --  --  17.4 39.3 
SSO -- 0.2 2.3 4.0 7.0 10.0 --  0.7 

LA c 0.4 0.8 2.0 3.0 5.0 7.1 2.0 5.0 

apHSO, partially hydrogenated soybean off; HCNO, hydrogenated coconut oil; OV, olive 
oil; SSO, sunflower seed oil. 
b References. 
CLinoleic acid. 

TABLE 2 

Calculated Fatty Acid Composition {%} of the Experimental Fats  {Groups), 
First  Experiment 

Group 
Type of 
fatty acid a 1 2 3 4 5 6 7 b 8 b 

6:0 0.1 . . . . .  0.2 -- 
8:0 1.2 0.8 0.8 0.8 0,5 --  3.8 --  

10:0 1.0 0.7 0.7 0.7 0.4 --  3.2 - -  
12:0 8.9 6.1 6.1 6.1 3.7 0.1 27.0 --  
14:0 3.6 2.5 2.5 2.5 1,6 0.2 10.3 --  
16:0 10.3 10.4 10.1 9.9 9.6 9.4 10.5 12.2 
16:1 0.3 0.3 0.3 0.2 0.2 0.2 0.4 1.0 
17:0 0.1 0.1 0.1 0.1 0.1 0.2 --  0.1 
17:1 . . . . .  0.1 0.1 0.2 
18:0 8.5 7.9 8.1 8.1 7.8 7.2 8.0 2.9 
18:1 c 16.5 20.3 17.5 15.3 14.8 16.1 30.7 69.7 
18:1 t 39.1 39.1 39.1 39.1 39.1 39.1 --  - -  
18:2 9c, 12c 1.0 2.0 5.0 7.0 12.5 17.7 5.0 12.5 
18:2 ct, tc 9,12 0.6 0.6 0.6 0.6 0.6 0.6 --  --  
18:2 9t, 12t 0.5 0.5 0.5 0.5 0.5 0.5 --  --  
18:2 other 7.7 7.7 7.7 7.7 7.7 7.7 --  --  
18:3 . . . . .  0.i 0.2 0.5 
20:0 0.3 0.3 0.3 0.3 0.4 0.4 0.2 0.2 
20:1 c 0.3 0.3 0.3 0.3 0.3 0.3 0.1 0.3 
22:0 0.3 0.4 0.3 0.3 0.4 0.5 0.1 0.3 

Actual 
LA-level d (%) 1.1 n.d. 5.4 n.d. n.d. n.d. 5.2 n.d. 

aThe notation for the fat ty acid indicates chain length and 
cis-isomers; ~ trans-isomers. 
bReferences. 
CAlso contains conjugated 18:2 isomers. 
dDetermined by GLC. 

n.d., Not determined. 

number of double bonds: c, 

l eve l  o f  20 e n %  (Tab le  1). T w o  f a t s  s e r v e d  a s  r e f e r e n c e s ,  
o n e  c o n s i s t i n g  o f  H C N O  a n d  O V  (2 e n %  l ino le ic  acid) ,  
a n o t h e r  c o n s i s t i n g  m a i n l y  o f  O V  (5 e n %  l ino le ic  acid).  
T a b l e  2 s h o w s  t h e  c a l c u l a t e d  f a t t y  ac id  c o m p o s i t i o n s  o f  
t h e  e x p e r i m e n t a l  f a t s .  S e v e n  g r o u p s  c o n s i s t e d  o f  12 

a n i m a l s  e a c h  a n d  o n e  o f  24 a n i m a l s :  g r o u p  3. T h e  r a t s  
w e r e  f e d  t h e  e x p e r i m e n t a l  d i e t s  fo r  1 3 - 1 4  wk.  

I n  t h e  s e c o n d  e x p e r i m e n t ,  f o u r  g r o u p s  o f  24 r a t s  e a c h  
( r a n d o m l y  s e l e c t e d  f r o m  24 l i t t e r s  o f  f o u r  r a t s )  w e r e  f e d  
d i e t s  c o n t a i n i n g  e i t h e r  20 e n %  t rans  f a t t y  ac id ,  P H S O ,  
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or mainly saturated fa t ty  acids, CB, or cis-monounsatu- 
rated fa t ty  acids, OV-LL, or a mixture of PHSO, CB and 
OV {PHSO mix, 10 en% trans fa t ty  acids, see Table 3). 
All diets contained 2 en% linoleic acid and were fed for 
9-11 weeks. The (trans) fa t ty  acid compositions are given 
in Table 4. 

Analytical: fatty acid composition of dietary fats. The 
composition of PHSO was determined by a combination 
of AgNO3-thin layer chromatography {TLC} separation 
and capillary gas chromatography {GC). F a t t y  acid 
methyl esters were prepared by methylation of fat ty acids 
with BF3 and subsequent separation on precoated thin- 
layer SiO2-plates {impregnated with AgNO3) by elution 

T A B L E  3 

C o m p o s i t i o n  (en%) of  E x p e r i m e n t a l  F a t s  (Groups), 
Second  E x p e r i m e n t  

Experimental fats 
Dietary 
oils a CB OV PHSO PHSOMix 

PHSO -- -- 30.0 15.0 
OV-LL -- 40.0 -- -- 
OV -- -- 2.7 15.0 
CB 39.4 -- -- 10.0 
SSO 0.6 -- 2.3 -- 
HCNO -- -- 5.0 -- 

apHSO, partially hydrogenated soybean oil; OV-LL, low-linoleic acid 
olive oil; OV, olive oil; CB, cocoa butter; SSO, sunflower seed oil; 
HCNO, hydrogenated coconut oil. 

T A B L E  4 

F a t t y  A c i d  C o m p o s i t i o n s  {%) of  the  E x p e r i m e n t a l  F a t s  IGroups), 
S e c o n d  E x p e r i m e n t  

Group 
Type of 
fatty acid a CB OV PHSO PHSOMix 

6:0 . . . .  
8:0 -- -- 0.8 -- 

10:0 -- -- 0.7 - -  
12:0 - -  0.1 5.6 - -  
14:0 0.2 - -  2.4 0.1 
16:0 23.5 11.9 10.0 15.3 
16:1 - -  - -  0 .3  - -  
17:0 0.3 -- 0.1 0.1 
17:1 -- 0.1 0.1 0.1 
18:0 31.9 2.0 8.0 12.1 
18:1 c 36.9 78.7 17.5 39.9 
18:1 t -- -- 39.1 19.5 
18:2 9c, 12c 4.5 5.5 5.3 4.7 
18:2 c~tc 9,12 -- -- 0.6 0.3 
18:2 9~12t -- -- 0.5 0.2 
18:2 other -- -- 7.7 3.9 
18:3 0.2 0.6 -- -- 
20:0 1.3 0.4 0.5 0.6 
20:1 -- 0.4 0.5 b 0.4 b 
22:0 0.3 0.2 0.4 0.3 

aThe notation indicates chain length and number of double 
c, cis-isomer; ~ trans-isomer. 
bAlso contains conjugated 18:2 isomers. 

bonds. 

with toluene. The fa t ty  acid methyl ester fractions were 
analyzed according to Scholfield {20}. The compositions 
of the other fats and oils were determined by GLC {5% 
D E G S  packed column} after trans-methylation with 
methanolic HC1. 

Mitochondrial oxygen uptake and A TP synthesis. At 
the end of the feeding period, the animals were fasted 
overnight, weighed and killed by aorta cannulation under 
ether anesthesia. Hear t  and liver were removed immedi- 
ately and washed in an ice-cold buffer. The liver mitochon- 
dria were prepared essentially as described by Clouet and 
Bezard (21}. The heart mitochondria were prepared 
according to H(ilsmann {22}. The mitochondrial respira- 
tion was measured according to Swart touw (23) using a 
Clark oxygen electrode {Gilson Oxygraph, Gilson Elec- 
tronics, Middleton, WI). Glutamate and malate were used 
as substrate.  The reaction was started by adding ADP. 
The state-3 respiratory rate in the presence of ADP, the 
state-4 respiration after exhaustion of ADP, the respira- 
tory control ratio, the ADP/O ratio, and the ATP syn- 
thesis rate were calculated as described by Estabrook {24}. 

Lipid composition of mitochondrial membranes. Im- 
mediately after isolation and addition of BHT, part  of the 
mitochondria were frozen and stored at - 2 5  C. Before 
analysis, six samples within each group were pooled. Lipid 
was extracted according to Bligh and Dyer {25}. The 
phospholipid fraction of the liver mitochondria {first ex- 
periment} was isolated on a silica gel column; the phos- 
pholipid classes were separated by HPLC according to 
Pa t ton  et al. (26). The phospholipid fraction of the heart  
mitochondria {both experiments} was isolated on TLC. 
Phosphatidylcholine {PC}, phosphatidylethanolamine 
{PE), phosphatidylserine {PS), phosphatidylinositol {PI), 
cardiolipin (CL) and sphingomyelin {S) were isolated by 
TLC according to Christie (27}. The phospholipids were 
quanti tated as described by Bart let t  {28). The fa t ty  acids 
of PC and PE were trans-methylated with methanolic HCI 
and analyzed by GLC using a packed {5% DEGS) column 
or a glass capillary column {Silar 88). The fa t ty  acid 
distribution was expressed as area percentage. Because 
the fa t ty  acid analyses were performed on two or four 
pooled samples of six animals each, only the means and 
no s tandard errors of the means are given. 

Statistical The mitochondrial respiration data were 
subjected to an analysis of variance according to the ran- 
domized complete blocks design. Days of killing served 
as blocks in the first experiment, litters in the second. In 
the first experiment, Dunnet t ' s  procedure was applied to 
find which groups differed systematically from the stan- 
dard group (group 3, 20 en% trans fa t ty  acids and 2 en% 
linoleic acid}. In the second experiment, the Student- 
Newman-Keuls multiple-range test  was applied to locate 
possible systematic differences between the dietary 
treatments.  

RESULTS 

General condition of the animals. All animals were in good 
health in both experiments, showing no overt  signs of 
E F A  deficiency. Macroscopic examination of the animals 
did not reveal treatment-related differences. Systematic  
differences in food consumption or body weight related 
to dietary t rea tment  did not occur in either experiment. 
At  the time of killing, the weight of the animals ranged 
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TABLE 5 

Oxygen Uptake and Rate of ATP-Synthesis of Rat Heart and Liver Mitochondria, First Experiment a 

Heart 
TFA c 

Group (en%) QO2 d rATP e ADP/O f RCRg QO~ d 

Liver 

rATP e ADP/O f RCRg 

1 20 371 4- 10 2038 4- 50 2.75 4- 0.025 6.4 4- 0.44 68 4- 2.9 
2 20 365 4- 18 1993 4- 93 2.74 4- 0.025 6.2 4- 0.45 64 _ 3.2 h 
3 20 347 4- 14 1901 4- 79 2.73 + 0.027 6.5 4- 0.43 76 4- 4.1 
4 20 373 4- 16 2032 4- 82 2.73 4- 0.032 6.7 4- 0.50 77 4- 3.1 
5 20 369 4- 19 2027 4- 101 2.75 + 0.026 6.5 4- 0.56 75 4- 4.9 
6 20 378 4- 17 2071 4- 94 2.74 4- 0.030 6.6 4- 0.46 68 4- 3.4 
7 b 0 366 4- 17 2006 • 88 2.75 4- 0.023 6.4 4- 0.47 71 4- 3.3 
8 b 0 354 +_ 19 1933 • 103 2.73 4- 0.033 6.3 4- 0.49 72 4- 3.5 

287 4-_ 17 2.10 + 0.059 2.2 + 0.13 
263 4- 18 h 2.04 + 0.055 i 2.1 + 0.20 i 
338 +- 24 2.21 4- 0.052 2.5 4- 0.15 
344 4- 16 2.22 + 0.048 2.6 4- 0.16 
336 - 23 2.24 4- 0.028 2.6 4- 0.13 
300 - 18 2.20 4- 0.043 2.5 4- 0.12 
310 4- 17 2.17 4- 0.034 2.5 4- 0.11 
301 --4 20 2.20 4- 0.050 2.7 4- 0.16 

aEach value represents the mean value _ s.e.m, of 12 animals. 
bReferences. 
CTFA, trans fatty acids. 
dQO2, oxygen consumption (nmol.min-Lmg-' protein). 
erATP, rate of ATP-synthesis (nmol.min-l.mg -' protein}. 
fADP/O, mol ADP converted into ATP per mol O. 
gRCR, respiratory control ratio. 
h,i, significantly different from values of group 3: P < 0.1 and P< 0.05, respectively. 

f r om 370 -400  g in  t h e  f i r s t  e x p e r i m e n t  a n d  f rom 350 -  
400 g in t h e  second.  

Oxygen uptake and ATP-synthesis in mitochondria. 
The  d a t a  on the  h e a r t  mi tochondr i a ,  i.e. o x y g e n  consump-  
t i on  (QO2), n u m b e r  of A D P  mol  c o n v e r t e d  in to  A T P  pe r  
mol  O (ADP/O), r a t e  of A T P - s y n t h e s i s  (rATP) and  respira-  
t o r y  con t ro l  r a t i o  (RCR), have  been  d e p i c t e d  in Tab le  5 
(f i rs t  expe r imen t ) .  No  s ign i f i c an t  d i f ferences ,  i n d u c e d  b y  
the  d i e t a r y  t r e a t m e n t s ,  cou ld  be  de t ec t ed .  E v e n  a t  a v e r y  
low l inoleic ac id  i n t a k e  (0.4 en%), t he  func t i ona l i t y  of  t he  
m i t o c h o n d r i a  was  n o t  impa i r ed .  The  r e s p i r a t o r y  capac-  
i t y  of  t h e  l iver  m i t o c h o n d r i a  was  a lso  a n a l y z e d  (Table  5). 
In  the  l iver  mi tochondr i a  of g roup  2 (0.8 en% linoleic acid), 
t he  QO2, r A T P ,  A D P / O  a n d  R C R  d e c r e a s e d  s ign i f i can t ly  
c o m p a r e d  to  g r o u p  3 (2.0 en% l inoleic  acid). T h e r e  were  
no s ign i f i can t  d i f fe rences  b e t w e e n  g r o u p  3 (20 en% trans 
f a t t y  ac ids  and  2 en% l inoleic  acid) and  the  re fe rence  
g r o u p s  7 and  8. D a t a  on the  r e s p i r a t o r y  c a p a c i t y  of t he  
h e a r t  m i t o c h o n d r i a  (second expe r imen t )  a re  g iven  in 
Tab le  6. No  s ign i f ican t  d i f ferences  were  de t ec t ed  be tween  
a n y  of t he  g roups .  

Phospholipid composition of rnitochondri&" heart. There  
was  some  v a r i a t i o n  b e t w e e n  the  g r o u p s  in t he  phospho-  
l ip id  c o m p o s i t i o n  of t he  h e a r t  m i t o c h o n d r i a  of  t he  f i r s t  
e x p e r i m e n t  (Table 7), a l t h o u g h  no t r e n d s  in p h o s p h o l i p i d  
levels  i n d u c e d  b y  t h e  d i e t a r y  l inoleic  ac id  cou ld  be  
d e t e c t e d .  No  ef fec t  of trans f a t t y  ac ids  on  p h o s p h o l i p i d  
d i s t r i b u t i o n  w a s  obse rved .  I n  t he  s econd  e x p e r i m e n t ,  a 
s imi la r  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 s  in t he  m i t o c h o n d r i a  
was  found  (Table  8). The  d i f fe rences  in t h e  p h o s p h o l i p i d  
c o m p o s i t i o n  (main ly  t h a t  of  t he  m i n o r  phospho l ip ids )  in 
b o t h  e x p e r i m e n t s  p r o b a b l y  were  c a u s e d  b y  s l i g h t  dif- 
ferences  in the  p r e p a r a t i o n  p rocedure  of t he  m i t o c h o n d r i a  
a n d  b y  d i f fe rences  in t he  p h o s p h o l i p i d  ana lys i s .  S ince  
re l i ab le  v a l u e s  for p h o s p h o l i p i d s  o t h e r  t h a n  PC c a n n o t  
be  g iven,  t h e  p h o s p h o l i p i d  c o m p o s i t i o n  of  t he  CB g r o u p  
is incomplete .  Only  minor  dif ferences  be tween  the  g roups  
can  be de t ec t ed .  The  d i f fe rences  b e t w e e n  the  g r o u p s  fed 

TABLE 6 

Oxygen Uptake and Rate of ATP Synthesis of Rat Heart Mitochon- 
dria, Second Experiment a 

Parameter 

Group QO2 b rATP c ADP/O d RCR e 

CB 50 +- 2.9 261 --- 16 2.63 4"- 0.067 4.8 4- 0.37 
OV 50 4- 4.1 256 4- 23 2.63 4- 0.088 5.5 4- 0.44 
PHSO 53 --- 3.7 283 4- 23 2.69 + 0.103 4.9 +- 0.35 
PHSOMix 49 --- 3.4 268 4- 22 2.80 +- 0.113 5.3 4" 0.40 

aEach value represents the mean value 4- s.e.m, of 24 animals. 
bQO2, oxygen consumption (nmol.min-l.mg -~ protein). 
CrATP, rate of ATP-synthesis. 
dADP/O, mol ADP converted into ATP per mol O. 
eRCR, respiratory control ratio. 

d i e t s  c o n t a i n i n g  trans f a t t y  ac ids  ( P H S O  a n d  P H S O M i x )  
were  in t he  s a m e  o rde r  of m a g n i t u d e  or  even g r e a t e r  t h a n  
t h o s e  b e t w e e n  g r o u p s  fed trans f a t t y  ac ids  a n d  t h o s e  fed  
o t h e r  d ie t s ,  i n d i c a t i n g  t h a t  no c h a n g e s  r e l a t e d  to  trans 
f a t t y  ac id  were  induced .  

Liver. The  p h o s p h o l i p i d  c o m p o s i t i o n  of  t h e  l iver  mi to -  
c h o n d r i a  was  s o m e w h a t  d i f f e ren t  f rom t h a t  of t he  h e a r t  
m i tochondr i a  (Table 7): the i r  PC level was  higher,  whereas  
t h e i r  ca rd io l ip in  level  was  lower.  I n c r e a s i n g  l inoleic  ac id  
i n t a k e  i nc r ea sed  the  f r ac t i on  of  PC of t h e  p h o s p h o l i p i d s  
a t  t he  e xpe nse  of PE.  No effects  of  trans f a t t y  ac ids  were  
obse rved .  

Fatty acid composition of phosphatidylcholine: heart. 
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 t t y  ac ids  h a r d l y  were  
in f luenced  b y  the  a m o u n t  of l inoleic  ac id  in t h e  d i e t  ex- 
c ep t  for  a s l i gh t  dec rea se  in t he  18:1 level  w i t h  i nc r ea sed  
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TABLE 7 

Phospholipid Composition (%) of Rat Heart 
and Liver Mitochondria, First Experiment a 

Phospholipids 

Organ Group PC b PE c PI d PS e CLf 

Heart 1 33.2 25.4 11.0 8.3 12.6 
2 34.4 27.3 12.8 10.2 10.5 
3 h 34.6 29.6 10.0 7.0 14.3 
4 31.8 28.6 9.8 4.5 15.8 
5 33.8 28.2 10.0 7.8 14.1 
6 32.6 28.2 11.8 8.5 14.3 
7 i 34.5 31.2 7.5 4.2 15.8 
8 i 32.3 27.6 12.9 7.8 15.6 

Liver 

PI + PS 

1 42 38 14 6 
2 48 35 12 5 
3 h 49 34 12 5 
4 48 33 13 6 
5 58 29 9 3 
6 49 34 13 4 
7 i 45 37 12 7 
8 i 50 33 13 4 

aEach value represents the mean of two pools of six animals. 
bpc,  phosphatidylcholine. 
cpE, phosphatidylethanolamine. 
dpI, phosphatidylinositol. 
eps, phosphatidylserine. 
fCL, cardiolipin. 
gs,  sphingomyelin. 
hMean of four pools of six animals. 
/References. 
--, Not determined. 

l inoleic  ac id  i n t a k e  (f i rs t  e x p e r i m e n t ;  T a b l e  9). Su rp r i s -  
ingly ,  t he  18:2 level  (main ly  l inoleic acid) r e m a i n e d  r a t h e r  
c o n s t a n t  d e s p i t e  i t s  wide  r a n g e  of d i e t a r y  leve ls  (0.4-  
7.1 en%). W i t h  an  inc reas ing  l inoleic ac id  in take ,  the  level  
of  a r a c h i d o n i c  ac id  i nc r ea sed  to  a b o u t  34%, t h e n  i t  re- 
m a i n e d  c o n s t a n t ;  t h i s  level  was  r e a c he d  w i t h  2 - 3  en% 
linoleic acid. The  22:5n-6 level  doub l e d  as  t he  l inoleic ac id  

sg  i n t a k e  rose  f rom 0.4 to  7.1 en%. W i t h  22:6n-3, the  r eve r se  
was  obse rved .  A s ign i f i c an t  i n c o r p o r a t i o n  of  20:3n-9, an  
i n d i c a t o r  of  e s s e n t i a l  f a t t y  ac id  def ic iency,  cou ld  n o t  be  4.3 

4.1 d e t e c t e d ,  n o t  even  a t  t he  l owes t  i n t a k e  of  l inoleic  ac id  
4.0 (0.4 en%).  
4.2 The  effects  of  d i e t a r y  t r a n s  f a t t y  ac ids  on the  f a t t y  ac id  
6.2 c o m p o s i t i o n  of  PC were  m o r e  p r o n o u n c e d  t h a n  t h o s e  of  
4.4 l inoleic  ac id  in t he  r a n g e  0 .4-7 .1  en%.  C o m p a r e d  to  t h e  
3.8 two  re ference  d i e t s  (g roups  7 a n d  8), t he  d i e t s  c o n t a i n i n g  
4.5 t r a n s  f a t t y  ac ids  dec reased  the  a m o u n t  of s a t u r a t e d  f a t t y  

ac ids  (main ly  18:0) i r r e s p e c t i v e  of  t he  l inoleic  ac id  level.  
The  18:1 leve ls  were  doub led ,  p r o b a b l y  b e c a u s e  of  t he  in- 
c o r p o r a t i o n  of t r a n s - 1 8 : l  (in th i s  expe r imen t ,  no differen- 

- t i a t i o n  was  m a d e  b e t w e e n  c is  a n d  t r a n s  f a t t y  acids).  The  
- 18:2 level  h a d  i n c r e a s e d  s ign i f i can t ly ,  which  can  be  ex- 
- p l a i n e d  on ly  p a r t i a l l y  b y  the  i n c o r p o r a t i o n  of  t he  t r a n s  
- i s o m e r s  of  l inole ic  acid.  See below.  
- The  a rach idon ic  ac id  level of PC in t he  reference g roups  
- is on ly  s l i g h t l y  h ighe r  t h a n  t h a t  in t h e  c o r r e s p o n d i n g  
- t r a n s  f a t t y  ac id  g roups .  The  f a t t y  ac ids ,  22:5n-6 a n d  
- 22:6n-3, however ,  were  more  a f f ec t ed  b y  the  c h a n g e  in 

d i e t a r y  f a t t y  acids .  The  a m o u n t  of  t o t a l  n-6 f a t t y  ac ids  
in t he  g roups  c on t a in ing  t r a n s  f a t t y  acid  is s imi la r  to  t h a t  
of  t he  c o r r e s p o n d i n g  reference  group ,  d e s p i t e  all  c h anges  
in t h e  leve ls  of n-6 f a t t y  ac ids  ( inc luding  18:2). 

In  t he  second  expe r imen t ,  h e a r t  m i t o c h o n d r i a l  PC con- 
t a i n e d  6.0% t r a n s  18:1 in t h e  g r o u p  fed  P H S O  (abou t  
40% d i e t a r y  monoeno ic  t r a n s  f a t t y  acids) (Table  10). A 
d e c r e a s e  of  50% in d i e t a r y  t r a n s  f a t t y  ac ids  ( P H S O M i x )  
m o r e  t h a n  h a l v e d  t h e  t r a n s  18:1 con ten t .  The  incorpora -  
t i on  of  t r a n s  i some r s  of  l inoleic  ac id  was  low: m a x i m a l l y  
0.5% of t rans ,  t r a n s - i s o m e r s  and  0.6% t rans,  c is  or cis, t r a n s  
i s o m e r s  in PC. 

TABLE 8 

Phospholipid Composition (%) of Rat Heart Mitochondria, Second Experiment a 

Phospholipid 

Group PC b PE c PI d PS e CLf sg  

CB 36.0 • 1.2 . . . . .  
OV 36.8 + 1.0 33.2 • 0.2 4.8 ___ 0.2 2.1 • 0.8 20.0 ___ 0.5 3.0 +-- 0.4 
PHSO 35.2 ___ 0.4 30.6 + 1.6 5.2 + 0.6 2.1 + 0.5 23.5 • 0.4 3.3 • 0.8 
PHSOMix 34.9 • 0.8 35.0 • 0.9 5.7 • 0.5 2.4 • 0.6 19.4 • 0.7 2.5 • 0.5 

aEach value represents the mean value _ s.e.m, of three pools of four animals. 
bpc, phosphatidyleholine. 
cpE, phosphatidylethanolamine. 
dpI, phosphatidylinositol. 
eps, phosphatidylserine. 
fCL, cardiolipin. 
gs,  sphingomyelin. 
--, not determined. 
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TABLE 9 

Fatty Acid Composition {%) of Phosphatidylcholine from Rat Heart 
and Liver Mitochondria, First Experiment a 

Groups 
Type of 

Organ fatty acid b 1 2 3 c 4 5 6 7 d 8 d 

H e ~ t  16:0 10.6 10.8 10.5 10.2 10.8 11.0 12.4 12.3 
16:1 1.2 2.5 1.2 1.1 1.1 1.4 0.6 0.6 
18:0 17.0 17.0 17.3 17.9 17.2 16.5 28.6 26.6 
18:1 e 25.6 23.4 22.3 21.6 21.2 20.7 10.2 11.3 
18:2 e 9.6 7.6 7.9 8.2 9.2 9.0 3.7 3.1 
20:4 n-6 26.8 29.4 34.0 34.9 33.1 33.5 35.6 36.4 
22:5 n-6 1.0 1.0 1.2 1.4 1.8 2.1 2.1 2.2 
22:6 n-3 2.6 3.1 1.8 1.5 1.5 1.3 3.0 3.4 

sum 94.4 94.8 96.2 96.8 95.9 95.5 96.2 95.9 
total n-6f 37.4 38.0 43.1 44.5 44.1 44.6 41.4 41.7 
total satf 27.6 27.8 27.8 28.1 28.0 27.5 41.0 38.9 

Liver 16:0 12.7 12.5 11.7 10.0 10.4 10.2 14.8 16.0 
16:1 2.4 1.9 2.5 2.1 1.5 1.6 1.4 1.2 
18:0 18.0 16.9 15.7 17.8 15.3 15.5 26.2 22.8 
18:1 e 25.1 23.8 22.6 21.5 22.2 21.6 9.9 11.4 
18:2 e 9.1 9.6 9.5 8.2 9.7 9.2 3.8 3.1 
20:3 n-9 4.0 2.8 1.0 0.8 -- --  0.9 -- 
20:3 n-6 1.6 1.6 1.1 0.8 0.8 -- 0.3 -- 
20:4 n-6 16.8 19.5 25.9 29.7 32.6 33.5 30.5 33.3 
22:5 n-6 3.2 4.1 3.5 2.7 2.7 3.1 3.1 2.6 
22:6 n-3 4.2 4.0 2.5 1.9 1.6 1.4 3.6 4.3 

sum 97.1 96.7 96.0 95.5 96.7 96.1 94.5 94.7 
total n-6f 30.7 34.8 40.0 41.4 45.7 45.8 37.7 39.0 
total satf 30.7 29.4 27.4 27.8 25.7 25.7 41.0 38.8 

aEach value represents the mean of two pools of six animals. 
bThe notation indicates chain length and number of double bonds. 
CMean of four pools of six animals. 
dReferences. 
eBoth cis and trans-isomers. 
fTotal n-6 and total sat = the sum of the relative amounts of n-6 polyunsaturated fatty acids and 18:2, and 
saturated fatty acids, respectively. 

The  d i e t s  c o n t a i n i n g  trans f a t t y  ac ids  ( P H S O  a n d  
P H S O M i x )  increased  the  18:l- level  and  decreased  the  18:0 
level  in PC c o m p a r e d  to  t h e  o t h e r  d ie t s .  The  a m o u n t  of  
t o t a l  s a t u r a t e d  f a t t y  ac ids  and  trans-18:l t o g e t h e r  is 
f a i r ly  c o n s t a n t  ove r  all  g roups ,  e x c e p t  for  the  CB group ,  
in which  th i s  s u m  is c o n s i d e r a b l y  h igher .  The  18:2 level  
in the  g r o u p s  fed trans f a t t y  ac ids  was  s i gn i f i c a n t l y  
h ighe r  t h a n  t h a t  in t he  o t h e r  two  g r o u p s  (18:2 leve ls  in 
t h e  poo led  s a m p l e s  r a n g e d  f rom 7 .5 -8 .0  in t h e  P H S O  
group ,  and  f rom 3 .0-3 ,6  in t he  OV group}, d e s p i t e  t h e  
s a m e  c o n t e n t  of l inoleic  ac id  in t h e  d ie ts .  The  level  of 
9-cis, 12-cis-18:2 {linoleic acid} as  found  b y  c a p i l l a r y  G L C  
c lea r ly  was  lower  t h a n  t h a t  found  in t h e  f a t t y  ac id  
a n a l y s e s  b y  p a c k e d - c o l u m n  GLC.  Th i s  d i f fe rence  cou ld  
no t  be a s c r i b e d  to  trans i somers  of  l inole ic  ac id  b e c a u s e  
of the  low level  of t he se  c o m p o n e n t s  in t he  p h o s p h o l i p i d s  
i n v e s t i g a t e d .  Cis, cis i somer s  of l inoleic  ac id  were  on ly  
p r e s e n t  in t r a c e  a m o u n t s .  So, s ince  b o t h  c a p i l l a r y  G L C  
a n d  p a c k e d - c o l u m n  G L C  i n d i c a t e d  the  d i f ference  in  t he  
l inoleic  ac id  level  of PC in t he  P H S O  and  P H S O M i x  
g r o u p s  (20 and  10 en% trans f a t t y  acids ,  respect ively},  
i t  m u s t  be  conc luded  t h a t  trans f a t t y  ac ids  i nc r ea sed  t h e  

level  of  l inoleic ac id  in th i s  phospho l ip id .  The  a rach idon ic  
ac id  level  in t h e  two  g r o u p s  fed trans f a t t y  ac ids  d imin-  
i shed  c o m p a r e d  to  t h a t  of  t h e  o t h e r  two  g r o u p s  {levels 
in t h e  P H S O  g r o u p  r a n g i n g  f rom 22.2-26.2 ,  in t he  OV 
group  from 27.2-29.1}. However ,  there  is no a p p a r e n t  rela- 
t ion  w i th  the  a m o u n t  of d i e t a r y  trans f a t t y  acids .  

Liver. Liver  mi tochondr i a l  PC {Table 9) has  a f a t t y  ac id  
p a t t e r n  s imi l a r  to  t h a t  of  h e a r t  m i t o c h o n d r i a l  PC. Mi to-  
chond r i a l  PC f rom the  l iver  w a s  more  s u s c e p t i b l e  to  
c h a n g e s  in l inoleic  ac id  i n t a k e  t h a n  t h a t  f r om t h e  hea r t .  
In  PC, 20:3n-9 was  p r e s e n t  a t  low levels  of  l inoleic  ac id  
b u t  n o t  a t  h ighe r  levels .  

Trans f a t t y  ac ids  d e c r e a s e d  t h e  a r ach idon i c  ac id  level  
in l iver  m i t o c h o n d r i a l  PC on ly  a t  t he  l inoleic  ac id  leve ls  
of  2 en%;  a t  t h e  5 en% level,  t h i s  e f fec t  h a d  d i s a p p e a r e d .  
The  18:2 level  inc reased ,  i r r e s p e c t i v e  of i t s  d i e t a r y  level.  
Trans f a t t y  ac ids  h a d  no effect  on the  level  of  20:3n-9. 

Fat ty  acid composition of  phosphatidylethanolamine: 
heart The effects  of increas ing  a m o u n t s  of d i e t a ry  linoleic 
ac id  {first exper iment}  on b o t h  s a t u r a t e d  and  monoun-  
s a t u r a t e d  f a t t y  acids,  and  18:2 con ten t  of  hea r t  mi tochon-  
d r i a l  P E  were  s im i l a r  to  t h o s e  in h e a r t  m i t o c h o n d i r a l  PC 
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TABLE 10 

Fatty Acid Compositions (%) of Phosphatidyicholine from Rat Heart 
Mitochondria as Found by Packed Co].mn GLC (A) and by Capillary 
Column GLC (B), Second Experiment a 

Group 
Type of 

fatty acid b CB OV PHSO PHSOMix 

A 

B 

14:0 0.1 0.3 0.2 0.3 
15:0 2.2 2.2 4.0 2.6 
15:1 0.5 0.3 0.4 0.5 
16:0 13.0 14.0 13.3 14.4 
16:1 0.3 0.5 1.0 0.7 
18:0 39.8 30.3 19.8 30.8 
18:1 c 3.2 10.9 21.4 13.0 
18:2 c 3.8 3.3 7.9 4.0 
20:4 n-6 30.6 28.2 24.0 23.8 
20:1 n-9 0.2 0.5 0.2 0.3 
20:2 n-9 -- -- 0.1 -- 
22:1 n-9 0.4 0.1 0.1 0.4 
22:5 n-6 2.2 2.2 2.6 3.6 
22:6 n-3 1.7 2.7 1.2 1.8 
unknown 1.2 1.3 1.3 1.7 

sum 98.2 96.8 97.5 97.9 
total n-6 d 35.6 33.7 34.5 31.4 
total sat d 55.1 46.8 37.3 48.1 

18:1 t 6.0 2.5 
18:1 c 9.6 7.5 
18:1 total 15.6 10.0 
18:2 t,t 0.5 -- 
18:2 c,t, t,c 0.6 0.5 
18:2 c,c 4.4 2.5 
18:2 total 5.5 3.0 

aEach value represents the mean value of four pools of six animals. 
bThe notation indicates chain length and number of double bonds; 
c = eis-isomer, t = trans-isomer. 

CBoth cis and trans-isomers. 

dTotal n-6 and total sat = the sum of the relative amount of n-6 
fatty acids and 18:2 and saturated fatty acids, respectively. 

TABLE 11 

Fatty Acid Composition (%) of Phosphatidylethanolamine 
from Rat Heart and Liver Mitochondria, First Experiment a 

Type 
of fatty 

Organ acid b 1 

Group 

2 3 c 4 5 6 7 d 8 d 

Heart 16:0 4.4 5.4 4.9 4.3 4.6 4.7 7.6 7.0 
16:1 1.2 1.2 1.2 1.0 1.3 1.7 0.8 0.8 
18:0 18.3 18.9 18.5 19.0 18.4 17.9 27.6 25.1 
18:1 e 19.8 18.5 18.8 18.5 18.1 17.9 8.0 9.8 
18:2 e 4.9 6.1 5.8 6.2 6.8 6.9 3.1 2.9 
20:4n-6 29.9 29.8 30.2 30.7 28.2 26.7 22.9 21.6 
22:5 n-6 4.5 4.7 6.6 7.4 8.9 10.7 10.6 10.5 
22:6n-3 10.2 9.4 7.8 6.3 6.0 5.4 12.4 14.0 

sum 93.2 94.0 93.8 93.4 92.3 91.9 93.0 91.7 
total n-6f 39.3 40.6 42.6 44.3 43.9 44.3 36.6 35.0 
total sat] 22.7 24.3 23.4 23.3 23.0 22.6 35.2 32.1 

Liver 16:0 10.1 10.0 8.6 9.8 7.4 9.2 12.5 12.2 
16:1 2.5 2.2 1.6 2.1 1.5 1.7 1.4 0.9 
18:0 16.8 16.3 16.4 15.6 15.4 14.1 25.2 21.6 
18:1 e 19.5 19.1 19.3 19.5 19.9 17.7 9.4 12.2 
18"2 e 10.3 9.3 11.2 14.6 14.5 12.7 5.5 5.4 
20:3 n-9 2.2 1.5 0.7 0.5 0.4 0.2 0.6 0.3 
20:3 n-6 1.2 1.1 1.0 0.8 0.7 0.6 0.7 0.4 
20:4n-6 21.1  22.4 27.1 27.3 28.8 25.9 28.0 28.8 
22:5 n-6 4.1 5.7 4.8 4.3 4.1 4.9 4.5 4.5 
22:6 n-3 8.2 7.9 4.8 3.7 2.9 2.8 7.4 8.5 

sum 96.0 95.5 95.5 98.2 95.6 89.8 95.2 94.8 
total n-6f 36.7 38.5 44.1 47.0 48.1 44.1 38.7 39.1 
total satf 26.9 26.3 25.0 25.4 22.8 23.3 37.7 33.8 

aEach value represents the mean of two pools of six animals. 
bThe notation indicates chain length and number of double bonds. 
CMean of four pools of six animals. 
dReferences. 
eBoth cis and trans-isomers. 

fTotal n-6 and total sat = the sum of the relative amounts of n-6 
polyunsaturated fatty acids and 18:2, and saturated fatty acids, 
respectively. 

(Table 11). However,  in this  phosphol ip id  the arachidonic  
acid level was much  less affected by  an  increas ing  linoleic 
acid i n t ake  t h a n  i t  was  in  PC; i t  even  t ended  to decrease 
sl ightly as the die tary  level of i ts  precursor  increased. The 
effects of d i e t a ry  t r a n s  f a t t y  acids on the  f a t t y  acid com- 
pos i t ion  of PE  and  PC did no t  differ very  much  ei ther  ex- 
cept  for a s t r i k ing  increase  in  arachidonic  acid levels in  
PE  caused  by  t r a n s  f a t t y  acids. This  increase  was  com- 
p e n s a t e d  for by  a r educ t ion  in  22:5n-6 and  22:6n-3 f a t t y  
acids. 

In  the  second expe r imen t  (Table 12), s imi lar  changes  
occurred.  T r a n s  f a t t y  acids caused  a s ign i f i can t  increase  
in  the  s u m  of the  n-6 p o l y u n s a t u r a t e d  f a t t y  acids; these  
f a t t y  acids were incorpora ted  pa r t i a l ly  a t  the  expense  of 
22:6n-3. U n f o r t u n a t e l y ,  d e t e r m i n a t i o n  of the  f a t t y  acid 
compos i t ion  of PE  of the  CB group  was  impossible .  In  
PE,  t r a n s  monoenoic  and  dienoic acids were incorpora ted  
to an  e x t e n t  s imi lar  to t h a t  in  PC ( t r a n s - 1 8 : l  max.  7.1%; 
t r a n s - 1 8 : 2  i somers  max.  0.9%}. The  s u m  of all s a t u r a t e d  
fa t ty  acids and  t r a n s  18:1 in the P H S O  group was s l ight ly 
lower t h a n  t h a t  in the  o ther  two groups .  

L i v e r .  The inf luence  of d i e t a ry  linoleic acid on the  
f a t t y  acid compos i t ion  of PE  in  the  l iver  m i tochondr i a  
(Table 11) was s imilar  to t h a t  of PC (Table 9) wi th  respect  
to the  levels of a rachidonic  acid, 22:5n-6 and  22:6n-3. 
There  was  far less s imi l a r i ty  in  th is  respec t  be tween  P E  
f rom liver on the  one h a n d  a nd  hear t  on the  other.  Com- 
pared  to the  reference groups ,  the  22:6n-3 level was  sig- 
n i f i can t ly  lower in  the  t r a n s  f a t ty  acid groups.  Moreover,  
i t  decreased wi th  an  inc reas ing  level of l inoleic acid. 
Arachidonic  acid was  no t  inf luenced by  t r a n s  f a t t y  acids. 

DISCUSSION 

We observed  t h a t  t r a n s  f a t t y  acids could s ign i f i can t ly  
a l ter  the  f a t t y  acid compos i t ion  of mi tochondr i a l  mem- 
branes ,  i r respec t ive  of the  l inoleic acid level. However ,  
wi th  2 a nd  5 en% linoleic acid in  the  diet,  no  inf luence  
of t r a n s  f a t t y  acids on the  func t ion  of the  mi tochondr i a  
was found. Also, in  the  second expe r imen t  no differences 
in mi tochondr ia l  func t ion  were de tec ted  be tween  the  two 
g roups  t h a t  were fed t r a n s  f a t t y  acids a nd  the  two 
reference groups.  
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TABLE 12 

Fatty Acid Composition {%) of Phosphatidylethanolamine 
from Rat Heart Mitochondria as Found by Packed Column 
GLC (A), and by Capillary Column GLC (B), Second Experiment a 

Group 
Type of 
fatty acid b OV PHSO PHSOMix 

A 

B 

14:0 0.3 0.3 0.3 
15:0 2.3 2.9 2.1 
15:1 1.3 0.7 1.0 
16:0 9.7 6.8 8.1 
16:1 0.2 0.4 0.8 
18:0 29.1 19.7 26.7 
18:1 10.3 19.1 12.3 
18:2 3.1 5.9 3.5 
20:4 n-6 18.3 23.5 21.1 
20:1 n-9 1.1 0.4 0.2 
20:2 n-9 0.2 0.2 0.7 
22:1 n-9 0.4 -- 0.1 
22:5 n-6 4.7 7.6 7.2 
22:6 n-3 13.3 6.7 9.1 
unknown 1.5 1.3 1.8 

sum 95.8 95.4 94.9 
total n-6 c 26.1 37.0 31.8 
total sat c 41.4 29.6 37.1 

18:1 t 7.1 2.7 
18:1 c 6.9 6.5 
18:1 total 14.0 9.2 
18:2 t,t 0.2 0.2 
18:2 ct, tc 0.7 0.5 
18:2 c,c 3.6 2.3 
18:2 total 4.5 3.7 

aEach value represents the mean value of four pools of six animals. 
bThe notation used for the fatty acids indicates chain length and 
number of double bonds, c = cis-isomer, t = trans-isomer. 
CTotal n-6 and total sat = the sum of the relative amounts of n-6 
fatty acids and 18:2 and saturated fatty acids, respectively. 

The effect of t rans  f a t ty  acids on the mitochondrial  
respiration has been the subject of many publications 
(29-34}. I t  generally is agreed that  specific effects of t rans  
f a t ty  acids on the mitochondrial respiration cannot  be 
detected, provided an adequate level of linoleic acid is 
present in the diet (31,32,34). We have demonstrated that  
2 en% linoleic acid is enough to prevent  effects of t rans  
f a t ty  acids on the mitochondrial  respiration. 

The high RCR and ADP/O-values in the first experi- 
ment  show tha t  the mitochondria were coupled tightly. 
The QO2 and ATP-values also were high compared with 
the results of other investigators (30,31,34}. In the second 
experiment,  the values for QO2 (and consequently the 
ATP synthesis} were much lower than those in the first 
experiment  and even lower than those found by other  in- 
vest igators  {30,31,34). However, the RCR and ADP/O 
values demonstra te  the good quali ty of these mitochon- 
dria. This low QO2 value probably can be ascribed to the 
use of a different ba tch  of nagarose in the second experi- 
ment, which may have resulted in a mitochondrial frac- 
tion contaminated with another  protein-rich fraction. 

Many adverse effects have been a t t r ibuted  to linole- 
laidic acid (9- trans ,12- trans-18:2)  on the basis of both  

in vitro experiments and feeding studies (36-39}. How- 
ever, as has been pointed out in some reviews the amount  
of this fa t ty  acid in commercial partially hydrogenated 
oils is very  low (1-3,35}. As a consequence, the total  
dietary intake of 9-trans,  12- trans-18:2 by humans can be 
neglected. 

Monoenoic t rans  fa t ty  acids in partially hydrogenated 
oils and ruminant  fats form a heterogenous group of posi- 
tional isomers (4,40}. The metabolism of the isomers may 
differ significantly (3); the biological effects of the isomers 
therefore could vary  accordingly. In most  experiments 
dealing with t rans  fa t ty  acids, use is made of PHSO; the 
advantage is tha t  both  monoenoic and polyenoic t rans  
fa t ty  acids are found in the experimental diet. Moreover, 
in PHSO the distribution of these fa t ty  acid isomers 
matches tha t  of the human diet. The conclusion drawn 
with regard to the nutr i t ive value of food products  con- 
taining t rans  f a t ty  acids therefore is more realistic. 

As can be concluded from the capillary GC analysis of 
the fa t ty  acid composition (second experiment}, the in- 
corporation of t rans  isomers of linoleic acid is low in heart  
mitochondrial phospholipids. Trans  monoenoic fa t ty  acids 
are incorporated readily in these phospholipids, their level 
depending on the diet. The changes in the fa t ty  acid com- 
position of the heart  mitochondrial phospholipids in both 
experiments corresponded well except for a slight dif- 
ference in the relative levels of the main fa t ty  acids prob- 
ably caused by  contaminat ion of the mitochondrial  frac- 
tion in the isolation of the mitochondria in the second 
experiment.  

The fa t ty  acid composition of heart  mitochondrial  PC 
in the HCNO/OV-group {group 7) of the first experiment 
corresponds well with tha t  of the CB group of the second 
experiment. The influence of the medium chain saturated 
fa t ty  acids, as present  in the HCNO/OV-diet, seemed to 
be similar to tha t  of long chain sa tura ted  fa t ty  acids. 
Although the polyunsatura ted  fa t ty  acid compositions 
of heart  mitochondrial  phospholipids were affected con- 
siderably by a decrease of the linoleic acid intake, even 
at very  low linoleic acid levels (0.4 en%) no 20:3n-9 ap- 
peared. This is in contras t  to the liver phospholipids and 
may indicate a highly specific uptake or incorporation of 
polyunsatura ted  fa t ty  acids by the heart.  

T r a n s  fa t ty  acids (both 10 and 20 en%) when compared 
with saturated fa t ty  acids and c i s - m o n o u n s a t u r a t e d  fa t ty  
acids, decreased the arachidonic acid level in hear t  mito- 
chondrial PC. However, in PE the arachidonic acid level 
increased and partially was compensated for by a decrease 
in 22:6n-3. These may be effects of dietary t rans  f a t ty  
acids on PE in heart  t issue (30,31,4D. The regulation of 
polyunsatura ted  fa t ty  acids of heart  mitochondrial PC 
probably is different from tha t  of PE (31). 

In liver mitochondrial  PC, the t rans  f a t ty  acids de- 
creased the arachidonic acid level only at a linoleic acid 
level of 2 en% or lower. The arachidonic acid content  of 
PE in liver mitochondria did not  change upon the incor- 
porat ion of t rans  f a t ty  acids in the diet. The linoleic acid 
level, however, had increased upon incorporation of t rans  
f a t ty  acids in both  PE and PC. 

The effect of the t rans  fa t ty  acids in PHSO on the fa t ty  
acid composition of PC is different from tha t  on PE. The 
mechanism responsible for the effects is not  clear yet.  
However, t rans  fa t ty  acids change the fa t ty  acid composi- 
tion in bo th  phospholipids, compared to sa tura ted  or 
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cis-monounsaturated f a t t y  acids. Despi te  these  changes ,  
the  C18 trans f a t t y  acids do no t  inf luence  the  mi tochon-  
dr ia l  func t ion  in  the  presence  of 2 en% or more  linoleic 
acid. This  suppo r t s  the  view of Royce  and  Holmes  {34) 
tha t ,  in n o n - E F A - d e f i c i e n t  an imals ,  the  mi tochondr ia l  
m e m b r a n e s  a d a p t  to a c h a n g i n g  f a t t y  acid composi-  
t ion  in a way  t h a t  leaves their  func t iona l  p roper t ies  
unaffec ted .  
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Hypocholesterolemic Action of Chitosans with Different Viscosity in Rats 
Mlchlhlro Suganoa,*, Shuji Watanabea, Aklhlro KlshlO, Masato Izume~ and Aklra Ohtakarac 
aLaboratory of Nutrition Chemistry, Kyushu University School of Agriculture 46-09, Fukuoka 812, b1"sukuba Research Institute, Katakura 
Chikkarin Co., Tsuchiura 300, and CDepartment of Agrlcutturai Chemistry, Saga University, Saga 840, Japan 

The relationship between hypocholesterolemic efficacy 
and average molecular weight of chitosan was studied in 
rats fed a cholesterol-enriched {0.5%) diet. Several chito- 
san preparations with a comparable degree of deacetyla- 
tion but differing widely in average molecular weight, as 
demonstrated by viscosity, almost completely prevented 
the rise of serum cholesterol at the 5% dietary level. At 
the 2% level, chitosans with viscosities at both extremes 
exerted a comparable cholesterol-lowering action. The 
glucosamine oligomer composed mainly of three to five 
aminosugar residues was not effective. The results in- 
dicate that  the hypocholesterolemic action of chitosans 
is independent of their molecular weight within the tested 
viscosity range. 
Lipids 23, 187-191 {1988}. 

Chitosan, a polymer of glucosamine, has been shown to 
have a potent hypocholesterolemic effect in rats {1-6}. 
Although the mechanism of the cholesterol-lowering ac- 
tion of chitosan is not well understood, the aminosugar 
polymer appears to interact with bile acid and]or choles- 
terol in the intestinal lumen and to stimulate fecal excre- 
tion of neutral steroids {1,3} by interfering with the 
absorption process {7,8}. Since the viscosity could be 
responsible for the effective hypocholesterolemic poten- 
tial of dietary fiber and since the intra-luminal behavior 
may differ with respect to the viscosity {9,10}, it seems 
worthwhile to know the relationship between the viscos- 
ity {hence, the molecular weight} and the cholesterol- 
lowering effect of chitosan. Although the viscosity of 
chitosan preparations commercially available differs 
widely {10}, previous studies {1-5} have not examined the 
influence of the viscosity, except for one preliminary 
study {6L 

In view of these considerations, the effect of the differ- 
ence in the viscosity of chitosan on the serum cholesterol 
level of rats was investigated. The efficacy of the oligomer 
of glucosamine with water-like viscosity also was tested. 

MATERIALS AND METHODS 

Animals and diets. Male Sprague-Dawley rats purchased 
from Seiwa Experimental Animals {Fukuoka, Japan} were 
housed individually in an air-conditioned room {20-23 C, 
lights on 0800-2000 hr} and acclimated for three to four 
days before starting the experiments. Three sets of ex- 
periments were performed. In experiment I with five-wk 
old rats, five groups with eight animals in each group were 
fed experimental diets ad libitum for 21 days to examine 
the effect of the difference in the viscosity of chitosan on 
the serum cholesterol level. In experiment II with four- 
wk old rats, six groups with six to seven animals in each 
group were fed for 22 days to examine the effect of 
the oligomer of glucosamine as well as chitosans with 

*To whom correspondence should be addressed. 

different viscosities on the plasma cholesterol levels. In 
experiment III with four-wk old rats, five groups with 
six animals in each group were fed for 28 days to deter- 
mine the effect of the glucosamine oligomer. We previ- 
ously have shown that  these age differences of animals 
at the start of experiments and lengths of feeding did not 
alter the observed effects on serum cholesterol {1,4}. The 
composition of the diet was, in weight percent: casein, 20; 
lard, 10; vitamin mixture, 1; mineral mixture, 4; choline 
bitartrate, 0.2; cholesterol, 0.5; Na-cholate, 0.125; test 
materials, 5 {Exp. I}, 4 {Exp. III, one group of rats re- 
ceived a mixture of 2%-oligomer and 2% pectin}, or 2 
{Exp. ID; and sucrose, to 100. Vitamin and mineral mix- 
tures according to Harper [11} were purchased from Orien- 
tal Yeast Co. {Tokyo}. In all experiments, after depriv- 
ing the rats of diets for five hr {0830-1330 hr}, blood was 
withdrawn weekly from the tail vein for enzymatic 
measurement of serum cholesterol {Cholesterol C-Test, 
Wako Pure Chemicals, Osaka}. Finally, animals were 
killed by decapitation after overnight fasting {1800-0900 
hr}, blood was collected, and the liver and cecum were 
excised. 

Materials. Samples of chitosan, prepared from crab 
shell chitin by alkali fusion, were provided by Katakura 
Chikkarin, Co. {Tokyo}, and their properties are listed in 
Table 1. The glucosamine oligomer, prepared by hydrolyz- 
ing chitosan with microbial chitosanase (12}, was used as 
a lactate salt. The preparation was composed of di- to 
heptamers with tri- to pentamers as major constituents. 
Two kinds of lignins, containing sodium lignosulfonate 
as a major component {60%, SAN X-P252, Lignin A} or 
purified and partially desulfonated sodium ligninosul- 
fonate {97%, Vanillex Rn, Lignin B}, were a gift from the 
Sanyo-Kokusaku Pulp Co. {TokyoL Pectin {citrus} was 
purchased from Nakarai Chemicals {Kyoto}. 

Lipid analyses. Serum and liver cholesterol {13}, tri- 
glyceride {14} and phospholipid {15} were measured as 
reported. 

Statistical analysis. The results were analyzed by a one- 
way analysis of variance followed by the inspection of all 
differences between pairs of means by Student's t-test 
at p < 0.05 {16). 

RESULTS 
Food intake, growth and liver weight. The results of food 
intake, growth and liver weight are summarized in 
Table 2. In rats fed diets containing chitosan at the 5% 
level {Exp. I}, weight gain was significantly lower than 
that  in rats fed cellulose, except for group two, although 
food intake was similar. However, at the dietary level of 
2% or 4%, chitosan reduced neither body weight gain nor 
food intake (Exps. II and III}. The glucosamine oligomer 
at the 4% but not at the 2% level caused a significant 
reduction of food intake and, hence, weight gain {Exp. 
III}. However, when the oligomer was fed at the 2% level 
in combination with the same amount of pectin, it did not 
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TABLE 1 

Properties of Chitosan and Glucosamine Oligomer 

Experiment I Experiment II 

Chitosan Chitosan 
Glucosamine 

Properties 1 2 3 4 5 6 oligomer 1 

Experiment III 

Chitosan 
Glucosamine 

7 oligomer 2 

Moisture (%) 4.20 3.10 6.74 5.60 3.66 4.82 15.7 4.68 16.3 
Ash (%) 0.20 0.40 0.07 0.08 0.05 0.06 0.51 0.04 1.11 
Viscosity (cps) a 1620 525 200 17 1450 30 1.1 1350 1.1 
Deacetylation (%) 81 94 88 79 86 99 99 87 99 

aViscosity was measured on 0.5% solution of dried materials in 0.5% acetic acid at 20 C by the rotory viscosimeter (Tokyo Keiki Seisakusho, 
Type B). 

TABLE 2 

Weight Gain, Food Intake and Liver Weight 

Weight gain Food intake Liver Cecum 
Groups (g) (g/day) (g/100 g body weight) (g/100 g body weight) 

Experiment I 
Cellulose 145 +- 5 a 19.8 4- 0.5 4.70 _ 0.08 a 
Chitosan 1 104 + 8 b 19.0 4- 0.9 3.79 _ 0.20 b 
Chitosan 2 123 -!-- 7 a,b 20.6 ___ 0.6 3.67 4- 0.08 b 
Chitosan 3 103 4- t2 b 19.0 4- 1.1 3.55 4- 0.13 b 
Chitosan 4 106 _ l0 b 17.9 + 0.7 3.57 4- 0.07 b 

Experiment II 
Cellulose 144 4- 6 17.1 4- 0.5 5.11 4- 0.14 a 
Chitosan 5 135 __ 6 17.8 4- 0.5 4.33 4- 0.20 b 
Chitosan 6 148 _ 7 18.0 4- 0.6 4.48 4- 0.16 b 
Glucosamine 

oligomer 1 141 4- 5 16.3 + 0.2 4.94 4- 0.08 a 
IAgnin A 131 + 9 16.7 --- 0.5 5.11 4- 0.07 a 
Lignin B 149 + 5 16.6 --- 0.3 5.13 ___ 0.11 a 

Experiment III  
Cellulose 218 _+ 12 a 19.3 --4--- 0.7 a 4.98 4- 0.09 a 
Chitosan 7 189 + 5 a 19.4 + 0.4 a 3.02 ___ 0.54 b 
Glucosamine 

oligomer 2 151 4- 12 b 14.8 4- 0.8 b 4.55 - 0.11 a 
Gulusosamine oligomer 2 

+ pectin (1:1) 183 4- 15 c 16.8 4- 0.7 c 4.62 4- 0.06 a 
Pectin 184 +_ 6 c 17.2 4- 0.4 c 4.48 4- 0.08 a 

0.33 - 0.04 a,b 
0.35 - 0.02 a,b 
0.31 - 0.03 a 
0.40 +- 0.04b, c 
0.46 4- 0.02 c 

m 

m 

m 

D 

D 

m 

D 

Weight gain for 21, 22 and 28 days in Experiments I, II and III, respectively. Average initial body weight was 134, 100 and 100 g, and 
supplementary levels of test materials were 5, 2 and 4% in Experiments I, II and III, respectively. 
a,b, cValues are expressed as mean __ SE of eight, six to seven and five rats for Experiments I, II and III, respectively, and in each experi- 
ment those in the same column not sharing a common superscript are significantly different at p < 0.05. 

cause  a reduc t ion  in we igh t  gain. The  re la t ive  l iver  we igh t  
was  s ign i f ican t ly  lower in all ch i tosan  g roups  t h a n  in cor- 
r e s p o n d i n g  cel lulose g roups ,  whi le  o l igomer  and  pec t in  
were  w i t h o u t  effect .  The  w e i g h t  of  the  cecum t e n d e d  to  
be heav ie r  in r a t s  fed low v i s c o s i t y  ch i tosans .  Howeve r ,  
the  w e i g h t  of the  cecal  c o n t e n t  was  c o m p a r a b l e  a m o n g  
the  d i f fe ren t  g roups  (mean values ,  1 .02-1.18 g). 

Time  course o f  serum cholesterol  levels. Figure  1 shows 
t h a t  ch i t o san  a t  t he  5% level  was  e x t r e m e l y  e f fec t ive  in 
p r e v e n t i n g  the  rise of  s e r u m  choles te ro l  due  to  feed ing  
cho les te ro l  (Exp.  1). The  levels  a t t a i n e d  were  a l m o s t  
s imi la r  to  t hose  of  r a t s  g iven  a choles te ro l - f ree  d ie t  ( the 

s t a r t i n g  level), and no di f ference  could  be seen in the  
hypocho les t e ro lemic  effect  a m o n g  ch i tosan  p repa ra t i ons  
w i t h  va r i ous  v iscos i t ies .  

As  F i g u r e  2 shows,  the  hypocho le s t e ro l emic  effect  of 
ch i t o san  st i l l  was  m a r k e d  even  a t  the  2% d i e t a ry  level  
as c o m p a r e d  to  t h a t  of cel lulose (Exp.  II). A l t h o u g h  the  
cho les te ro l - lower ing  a c t i v i t y  appea red  to  be  s o m e w h a t  
g r e a t e r  in ch i t o san  w i t h  a h igh  v i scos i ty ,  the  d i f ference  
was  n o t  s ign i f i can t  s t a t i s t i ca l ly .  Also,  the  g lucosamine  
o l igomer  was  no t  e f fec t ive  in lower ing  s e rum cholesterol ,  
and the  levels  a p p a r e n t l y  were  s imi lar  to  t hose  o b s e r v e d  
in t he  cel lulose  group .  T w o  l ign in  p r e p a r a t i o n s  induced  
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FIG. 1. Time course of the effects of chitosan with various viscosities 
on serum cholesterol levels  (Experiment I). Each point represents 
mean and SE of eight rats. Cholesterol levels in rats fed chitosan 
are all significantly different (p < 0.05) from the corresponding values 
for rats fed cellulose. 

a sharp rise of serum cholesterol above that observed with 
cellulose in the first week and the levels remained high 
thereafter. 

As shown in Figure 3, chitosan showed a marked 
hypocholesterolemic effect at the 4% level (Exp. III). The 
glucosamine oligomer was again not effective in lower- 
ing serum cholesterol even when the dietary level was in- 
creased to 4% and, in addition, did not strengthen the 
hypocholesterolemic effect of pectin. 

Serum and liver lipid concentrations. In three sets of 
experiments, there were significant reductions of serum 
cholesterol after overnight fasting as compared with the 
levels of the weekly blood samples obtained with fiv~hr 
fasting (in 25-45% of the weekly samples). The extent of 
this reduction was greater in the groups with higher 
cholesterol levels and, consequently, the variation in 
cholesterol levels decreased. Thus, the fluctuations seen 
in Figures 1 to 3 may be due, in part, to the blood sam- 
pling five hr after food deprivation. However, the diet- 
dependent difference still remained in the samples from 
overnight-fasted rats and the fasting serum cholesterol 
levels of the chitosan groups were as low as those ob- 
served in rats not fed dietary cholesterol (the starting 
level) in all experiments. The serum triglyceride levels 
were variable, and no significant differences among the 
various groups were ever observed in this study. Serum 
phospholipid concentrations were comparable in all dif- 
ferent groups throughout this study. 
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FIG.  2. Time course of the effects of chitosan and glucosamine 
oUgomer on serum cholesterol levels {Experiment I lk Each point 
represents mean and SE of six to seven rats. Values in the same 
time point not sharing a common letter are significantly different 
at p < 0.05. 

The results of liver lipid analyses are summarized in 
Table 3. Liver cholesterol concentrations were decreased 
markedly in all chitosan groups. Pectin moderately 
lowered liver cholesterol while the glucosamine oligomer 
was ineffective. No significant differences were found in 
concentrations of liver triglyceride among various groups. 
Liver phospholipid was elevated in five of the seven 
chitosan groups. 

D I S C U S S I O N  

This study examined the effect of differences in the vis- 
cosity of chitosan preparations on the serum cholesterol 
levels of rats fed a cholesterol-enriched diet. Since the 
degree of polymerization of the glucosamine unit is the 
major determinant of viscosity when the extent of deacet- 
ylation is comparable (10), the results can be attributed 
to the differences in chitosan molecular weight. In Experi- 
ment I {Table 1), in which chitosans with various viscos- 
ities were added to the diet at the 5% level, the hypoch~ 
lesterolemic effect relative to cellulose was too marked 
to differentiate their relative potencies. The marked 
reductions of liver cholesterol in these rats {Table 3) in- 
dicate that chitosan effectively interferes with cholesterol 
absorption. These observations agreed with those re- 
ported previously for specific chitosan preparations (1-5). 

When chitosans with viscosity of both extremes were 
added at the 2% level {experiment II, Table 1), we again 
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FIG. 3. Time course of the effects of chitosan, glucosamine oligomer 
and pectin on serum cholesterol levels (Experiment III). Each point 
represents mean and SE of six rats. Values in the same time point 
not sharing a common letter are significantly different at p < 0.05. 

TABLE 3 

Liver Lipid Levels {Experiments I to l i d  

Liver lipids (mg/g) 
Experiments 
and groups Cholesterol Triglyceride Phospholipid 

Experiment I 
Cellulose 68.9 • 3.5 a 41.0 • 4.0 32.9 • L4 a 
Chitosan 1 15.8 • 4.3 b 63.7 • 17.3 37.6 _ 2.1 b 
Chitosan 2 18.3 • 5.4 b 59.0 • 12.4 37.1 • 1.4 a,b 
Chitosan 3 11.6 • 3.4 b 34.0 • 10.7 42.2 • 1.0 c 
Chitosan 4 15.7 • 2.7 b 39.3 • 6.2 39.3 • 1.6b, c 

Experiment II  
Cellulose 70.2 • 2.7 a 61.7 • 7.2 29.6 • 0.5 a 
Chitosan 5 32.0 • 4.2 b 45.2 • 6.7 34.4 • 1.7 b 
Chitosan 6 38.6 • 2.8 b 61.9 • 6.2 32.1 • 1.3a, b 
Glucosamine 

oligomer 1 68.7 • 5.3 a 45.0 • 4.4 28.7 • 0.6 c 
Lignin A 72.5 • 3.9 a 56.2 • 6.7 28.0 • 1.2 c 
Lignin B 79.0 • 1.9 a 58.9 • 5.6 27.0 • 0.5 c 

Experiment I I I  
Cellulose 43.7 • 4.3 a,b 47.6 • 2.2 39.2 • 1.4 a 
Chitosan 7 13.1 • 1.8c 26.4 • 2.7 46.3 • 1:5 b 
Glucosamine 

oligomer 2 53.5 • 5.8 a 34.1 • 10.4 38.8 • 0.9 a 
Glucosamine 

oligomer 2 
+ pectin (1:1) 36.8 • 3.0b, d 40.8 • 6.3 36.1 • 1.2 a 

Pectin 31.7 • 2.1 d 32.0 • 8.0 36.5 • 0.7 a 

a,b, cvalues are mean • SE of eight, six to seven and six rats per 
group in Experiments I, II and III, respectively. In each experiment, 
values in the same column not sharing a common superscript are 
significantly different at p < 0.05. 

conf i rmed a hypocholes te ro lemic  ac t iv i ty  of these  two 
prepara t ions .  A l t h o u g h  h ighly  v iscous  ch i tosan  in rela- 
t ion  to  the  ch i tosan  of  low v i scos i ty  showed a s o m e w h a t  
g rea te r  efficacy, the  difference was  no t  significant.  Ishii  
et  al. (6) r epor ted  t h a t  the  se rum cholesterol- lowering ac- 
t ion  of ch i tosan  was  g rea te r  in h ighly  deace ty la t ed  t h a n  
in modera te ly  deace ty la ted  prepara t ions  when the  viscos- 
i ty  was  comparable .  J u d g i n g  f rom the  ineffect iveness  of  
the  g lucosamine  ol igomer wi th  water-l ike viscosi ty ,  it is 
sugges ted  t h a t  some degree of polymerizat ion is required 
to  p rovoke  a cholesterol- lowering ac t iv i ty .  

These observa t ions  are favorable  for the  appl icat ion of 
ch i tosan  as a hypocholes te ro lemic  agen t  because  the  ex- 
t e n t  of po lymer iza t ion  of the  g lucosamine  residue m a y  
differ g rea t ly  depend ing  on b o t h  the  source of  chi t in  and  
the  ex ten t  of alkaline t r e a t m e n t  (10). Thus,  it is evident  
t ha t  various commercial ly available chi tosan prepara t ions  
general ly  are applicable for this  purpose.  

The nondigestibi l i ty in the  upper  gast rointes t inal  t ract ,  
h igh viscosi ty ,  po lymer ic  na tu re  and  high wate r -b ind ing  
propert ies ,  t oge the r  wi th  low wate r  b ind ing  in the  lower 
gas t ro in tes t ina l  t rac t ,  are all responsible  for the  effec- 
t ive hypocholes te ro lemic  poten t ia l  of d ie ta ry  fiber (9). 
Ch i tosan  mee ts  m o s t  of  these  criteria,  and it seems 
reasonable  t h a t  the  p repa ra t ion  wi th  an appropr ia te  
v i scos i ty  toge the r  wi th  the  h igh degree of  deace ty la t ion  
is preferable for this  purpose .  In  addit ion,  ch i tosan  has  
a h ighly  charac te r i s t ic  p r o p e r t y  in re la t ion to  o ther  

d ie tary  plant  fibers; it can bind in vi tro a var ie ty  of anions 
such  as bile acids or free f a t t y  acids at  low p H  by  ionic 
bonds  resu l t ing  f rom its amino g roup  (10). However ,  i t  
is not  clear whether  chi tosan could interact  with bile acids 
in the  in tes t inal  lumen since it increases the  excre t ion of  
neu t ra l  s terols  bu t  no t  acidic s teroids  (1,3). Thus ,  this  
g lucosamine  po lymer  m a y  no t  be haza rdous  to  the  mor- 
pho logy  and, hence, the  func t ion ing  of the  intest ine,  as 
c o m p a r e d  to  a bile acid seques te r  resin, cho les ty ramine  
(7,17), or  to  the  v iscous  fiber, pect in  (18), a l t hough  i ts  
hypocholes te ro lemic  ac t iv i ty  is comparab le  to  t h a t  of  
cho les ty ramine  (1). 

Because  of  these  cons idera t ions  toge the r  wi th  its low 
tox ic i ty  (5,19}, ch i tosan  seems to  be a realist ic hypo-  
cholesterolemic agent ,  a l t hough  i ts  effect on lipase as 
observed with a related aminosugar  compound,  neomycin  
(20), remains  unclear.  I n  addition, ch i tosan  m a y  interfere 
wi th  the  absorp t ion  of  g lycer ides  by  the  in tes t ine  (7) and  
the reby  m a y  exer t  a hypoglycer idemic  effect  under  cer- 
t a in  nu t r i t iona l  condit ions.  
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Gangliosides extracted from human placenta were com- 
posed of four major components {G1-G4}, which were 
purified by silica beads column chromatography. The 
structures of these gangliosides were analyzed by exo- 
glycosidase treatments, 400 MHz proton magnetic reson- 
ance spectroscopy and gas chromatography-mass spec- 
trometry and were conc|uded to be as follows: 

G-l, NeuAcu2~Gal/314GIc/~l-lceramide; 
~2, NeuAc=2-3Gal~l~lGlcNAcf~l~Gal/~l-4GIcf~l-lceramide; 
G~, NeuAca2-3Gal/31-4GlcNAc/~1-3Gai/]14GlcNAc~1~Gal/~14GIc/~1-1eeramide; 

G-4, NeuAca2~Gal~1-4GlcNAc/31~Gal/31.4GicNAc~1.3Gal~14Gic~1.lcer~ide. 

NeuAca2-3GaI~14GicNAc{~I J 

Gangliosides containing more than 10 sugar residues were 
observed in addition to the above four major components. 
But ganglio-series gangliosides were undetectable in the 
placenta. 
Lipids 23, 192-198 {1988}. 

Gangliosides are characteristic components of plasma 
membranes. They exist in the outer leaflet of the phos- 
pholipid bilayer of plasma membrane, and are involved 
in the recognition of biological signals from outside the 
cells. The complexity of ganglioside molecules, the organ 
specificity of their composition and some biological func- 
tions have been reported (1-3). The composition of 
gangliosides alters in association with differentiation of 
cells, development of animals and also oncogenic transfor- 
mation {4-6). The placenta is an unique organ from the 
viewpoints of cell differentiation, the special relationship 
between mother and embryo, very rapid proliferation of 
cells, and selective transport of nutrients and proteins. 
However, the ganglioside composition of this organ has 
not been reported yet. In this paper, we describe the 
ganglioside composition of human placenta and the deter- 
mination of the structures of four major gangliosides. 
This organ was characterized by the presence of ganglio- 
side species containing lactosamine or lactosamine-repeat- 
ing structure as the backbone core. 

MATERIALS AND METHODS 

Human placenta. The isolated human placentas were 
washed with water to remove red blood cells completely. 
Mean wet weight of the organ was 342 g. 

Extraction and separation of gangliosides. Placentas 
were homogenized in 1.5 vol of a mixture of chloroform/ 
methanol {2:1, v/v) with a Waring blender for five rain, 
then suspended in 7 vol of the same solvent mixture. 
After filtration, the residues were suspended in 4 vol of 
a mixture of isopropanol/hexane/water {55:25:20, v/v/v) 
to complete the extraction of higher gangliosides. 

*To whom all correspondence should be addressed. 
Abbreviation: HPTLC, high performance thin layer chromatography. 

Each extract was concentrated under reduced pressure 
in a rotary evaporator, dialyzed against distilled water 
and then lyophilized. Total lipids were dissolved in a mix- 
ture of chloroform/methanol/water {30:60:8, v/v/v) and ap- 
plied to a DEAE Sephadex A-25 column according to the 
method of Ledeen et al. (7}. Neutral lipid, phospholipid 
and neutral glycolipids were eluted with the solvent mix- 
ture, and total gangliosides were eluted with a mixture 
of chloroform/methanol/0.8 M NaOAc {30:60:8, v/v/v). 
Gangliosides eluted from the column were concentrated 
under reduced pressure in a rotary evaporator, dialyzed 
against distilled water and lyophilized. 

Purification ofgangliosides. Ganglioside fraction was 
dissolved in 10 ml of  a solvent mixture of chloroform/ 
methanol/water {83:16:0.5, v/v/v) and applied to an Iatro- 
beads column {2.0 • 120 cm) equilibrated with the same 
solvent mixture. Gangliosides were eluted with a linear 
gradient formed from 400 ml of chloroform/methanol/ 
water (83:16:0.5, v/v/v) in the mixing chamber and 480 ml 
of chloroform/methanol/water (20:80:5, v/v/v) in the reser- 
voir. Then gangliosides left in the column were eluted with 
400 ml of the second solvent mixture. Fractions of 6 ml 
were collected. An aliquot was taken from each fraction 
and checked by thin layer chromatography. 

Thin layer chromatography. The purity of each gan- 
glioside was determined by high performance thin layer 
chromatography IHPTLC) with various solvent systems: 
A, chloroformJmethanol/0.2% CaC12 (60:35:8, v/v/v); B, chlo- 
roform/methanol/0.2% CaC12 (60:40:9, v/v/v); C, chloro- 
form/methanol/0.2% CaCl~ (60:30:6, v/v/v}; D, n-propanol/ 
ammonium hydroxide/water (6:1:3, v/v/v). Gangliosides 
were visualized by spraying the plate with resorcinol/HC1 
reagent. Gangliosides were determined by densitometric 
analysis using GM3 as the standard. 

Enzymatic degradation of glycolipids. The carbo- 
hydrate sequence and anomeric configuration of ganglio- 
sides were determined by sequential application of 
various exoglycosidases. Hydrolysis using/~-galactosid- 
ase and ~-hexosaminidase (purchased from Sigma Chem- 
ical Co., St. Louis, MO) from jack bean was performed 
as described by Li and coworkers (8,9). Hydrolysis of 
ganglioside with Clostridium perfringens neuraminidase 
was performed as described by Barton et al. (10). 

Nuclear magnetic resonance (NMR) spectroscopy. The 
400 MHz spectra of intact gangliosides (4-5 mg) were ob- 
tained on a JEOL FX-400 spectrometer in the Fourier 
transform mode. The operation was performed at 90 C, 
in dimethyl-d-sulfoxide (Me, SO-d6) solution and then in 
a Me2SO-d~ solution containing D~O at the same tempera- 
ture. Chemical shifts are given as o(ppm) from the peak 
of the internal standard, tetramethylsilane. 

Methylation analysis. The linkages between different 
sugar units were determined by permethylation analysis. 
The purified gangliosides were permethylated according 
to the method of Hakomori (11). 

The partially methylated alditol acetates were analyzed 
by gas chromatography~dectron impact-mass spectrometry 
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using a JEOL JMS-HX 100 mass spectrometer. Neutral 
sugar derivatives of partially methylated alditol acetates 
were separated on a glass column (2 mm • 200 cm) 
packed with 3% OV-225 coated on Gaschrom Q at 
160-230 C, programmed at 4 C/min, and aminosugar 
derivatives were separated on a glass column (2 mm • 
100 cm) packed with 3% ECNSS-M coated on Chromo- 
sorb W (80-100 mesh} at 160-200 C, programmed at 
4 C/rain. 

Analysis of long-chain bases. The long-chain bases were 
determined by gas liquid chromatography according to 
the method of Gaver and Sweeley (12) and also by thin 
layer chromatography. About 100 gg of ganglioside was 
hydrolyzed in 2.0 N HCI/MeOH at 80 C for three hr. The 
hydrolysate was mixed with hexane to remove fatty acid 
methyl esters, and pH was adjusted to 10.0 by the addi- 
tion of 1.0 N NaOH. The long-chain bases were extracted 
with hexane. The extract was applied to gas chromatog- 
raphy and also to thin layer chromatography. Dihydro- 
sphingosine, sphingosine and phytosphingosine were used 
as standards. The detailed analytical conditions of gas 
chromatography have been described previously (13}. 

Solvent system for analysis of the long-chain bases by 
thin layer chromatography was chloroform/methanol/ 
water (60:35:8, v/v/v}. The long-chain bases were visual- 
ized by spraying the plate (HPTLC plate) with ninhydrine 
reagent and determined by densitometric analysis. 

RESULTS 

Isolation of four major gangliosides. Four major resor- 
cinol-positive bands were recognized in HPTLC of the 
total ganglioside fraction derived from human placenta 
in solvent system B, as shown in Figure 1. The elution 
profile of placenta gangliosides from Iatrobeads column 
chromatography is shown in Figure 2. The four major 
gangliosides were clearly separated by gradient elution 
(Fig. 2A). They are designated as G-1 to G-4 from the fast- 
est migrating resorcinol-positive band to the slowest one. 

After elution of G-4 ganglioside from the Iatrobeads 
column, very slowly migrating gangliosides were eluted 
with the solvent mixture of chloroform/methanol/water 
(20:80:5, v/v/v). Seven to eight resorcinol-positive spots, 
including G-4 ganglioside, were separated on HPTLC 
with solvent system C (Fig. 2B). These gangliosides were 
rather minor components and were not subjected to struc- 
ture analysis in the present study. 

Each of the four major ganglioside fractions obtained 
above (Fig. 2A) was Compared with standard ganglio- 
sides, as shown in Figure 3. G-1 migrated as fast as GM3 
obtained from human liver (11) and G-2 showed similar 
mobility to sialosyllactoneotetraosylceramide obtained 
from bovine erythrocytes on HPTLC. The G-3 fraction 
contained small amounts of G-2 and G-4 gangliosides. 
This component migrated on HPTLC a little more rapidly 
than i-type ganglioside (IV3NeuGc-lactoneohexaosylcer - 
amide) isolated from bovine erythrocytes {14}. G-4 gangli- 
oside migrated a little more slowly than I-type ganglioside 
isolated from bovine erythrocytes (15}. 

Since fractions G-3 and G-4 were contaminated with 
other gangliosides, these components were further puri- 
fied by rechromatography on the Iatrobeads column for 
structure analysis. 

Stepwise degradation of gangliosides by exoglycosid- 
ases. Sequential arrangements of sugar in gangliosides 
were determined by hydrolysis with exoglycosidases 
followed by identification of the product on HPTLC 
(Fig. 4, A-D). All gangliosides readily could be hydrolyzed 

FIG. 2. Elution profile of placenta gangliosides from an Iatrobeads 
column. A, gangliosides were separated by gradient elution with a 
solvent mixture of chloroform/methanol/water (83:16:0.5-20:80:5, 
v/v/v). An aliquot from each fraction was checked by HPTLC with 
solvent system B. B, higher gangliosides eluted with a mixture of 
chloroform/methanol/water (20:80:5, v/v/v) after the gradient elution. 
Gangliosides were developed to the middle of the plate with solvent 
system C then developed to the top with solvent system A after 
drying. T, total ganglioside. 

FIG. 1. HPTLC profile (A) and composition (B) of human placenta 
gangliosides. A, lane 1, GM3; lane 2, gangliosides of human placenta. 
Solvent B was used for developing. Gangliosides were visualized by 
spraying with resorcinol reagent. 

FIG. 3. HPTLC profile of ganglioside fractious separated with 
Iatrobeads column chromatography. Lanes 1, 3, 5 and 7 are stan- 
dard gangliosides. Lane 1, GM3; lane 2, G-l; lane 3, sialosylpara- 
globoside (IV3NeuA~nLc4Cer); lane 4, G-2; lane 5, i-ganglioside 
(VI3NeuGc-nLc6Cer); lane 6, G-3; lane 7, I-ganglioside (VPNeuGc- 
IV6(II3Gal-nLcNAc)-nLc6Cer); lane 8, G-4. Solvent B was used for 
developing. Gangliosides were visualized with resorcinol reagent. 
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to the asialogangliosides by C1. perfringens neuraminidase 
without addition of detergent. Thus, neuraminic acid 
seemed to be attached to the terminal sugar component 
of the gangliosides. 

G-1 was converted to a glycolipid with mobility similar 
to that of lactosylceramide by neuraminidase treatment, 
and the product was further hydrolyzed to a glycolipid 
having the same mobility as glucosylceramide by jack 
bean fJ-galactosidase treatment. These results indicate 
that G-1 has the same sugar sequence as GM3 ganglioside 
{Fig. 4A). 

G-2 was hydrolyzed to a glycolipid having the same 
mobility as lactoneotetraosylceramide on HPTLC by 
n e u r a m i n i d a s e  treatment. The product was converted to 
a glycolipid with the same mobility as lactoneotriaosyl- 
ceramide by ~-galactosidase treatment. Then the product 
was further converted to lactosylceramide and glucosyl- 
ceramide by treatment with/~-hexosaminidase followed 
by the ~-galactosidase, as shown in Figure 4B. From these 

observations, G-2 was concluded to have the following 
anomeric configurations and sugar sequence: sialic acid- 
~Gal-/3GlcNAc-/JGal-f3Glc-ceramide. 

G-3 and G-4 were hydrolyzed to lactosylceramide by 
exoglycosidase treatments in the following order: neur- 
aminidase, f~-galactosidase, f3-hexosamirddase, f~-galacto- 
sidase and/3-hexosaminidase {Fig. 4C and D). These ex- 
perimental results indicate that both G-3 and G-4 have 
a repeating lactosamine unit as their backbone structure. 
For both G-3 and G-4, the first hydrolysis with f~-hexos- 
aminidase after neuramidase and/~-galactosidase treat- 
ments gave glycolipids having the same mobility as lacto- 
neotetraosyl-ceramide on HPTLC. However, the first 
neuraminidase treatment and following/J-galactosidase 
treatment of G-3 and G-4 gave glycolipids with different 
mobilities on HPTLC. Products derived from G-4 mi- 
grated much more slowly than those derived from G-3, 
as shown in Figure 4C and D. These data suggested 
that G-3 has the following lactosamine repeating unit 

FIG. 4. Stepwise degradation of gangliosides by exoglycosiduses. A, enzyme treatment of G-1 ganglioside. 
Lane 1, GM3; lane 2, C~1; lane 3, G-1 treated with Cl. perfringens neuraminidase; lane 4, lipid in lane 3 -F 
~galactosidase; lane 5, GlcCer and LacCer. Solvent system C was used. B, enzyme treatment of G~2 ganglioside. 
Lane 1, nLc4Cer and IV3NeuA~nLc~Cer; lane 2, G-2; lane 3, G-2 + neuraminidase; lane 4, lipid in lane 3 + 
/~-galactosidase; lane 5, lipid in lane 4 -4-/3-hexosaminidase; lane 6, lipid in lane 5 -F f~- galactosidase; lane 
7, GlcCer, LacCer and nLc3Cer from the top. Solvent system C was used. C, enzyme treatment of G-3 
ganglioside. Lane 1, nLc4Cer, nLc6Cer, i-ganglioside from bovine erythrocytes; lane 2, G-3; lane 3, G~3 treated 
with neatraminidase; lane 4, lipid in lane 3 + ~galactosidase; lane 5, lipid in lane 4 + ~-hexosaminidase; 
lane 6, lipid in lane 5 + ~-gaiactosiduse; lane 7, lipid in lane 6 -F ~-bexosaminidase; lane 8, LacCer, nLcaCer 
and detergent (sodium taurodeoxycholate). Band of sodium taurodeoxycholate is marked with an asterisk. 
Solvent system A was used. D, enzyme treatment of G-4 ganglioside. Lane 1, nLc4Cer and I-ganglioside (bovine 
erythrocytes~; lane 2, G-4; lane 3, G~4 + neuraminidase; lane 4, lipid in lane 3 +/3-galactosidase; lane 5, lipid 
in lane 4 + ~-hexosaminldase; lane 6, lipid in lane 5 +/~gaiactosidase; lane 7, lipid in lane 6 -'F/~-hexo~qmlnlduse; 
lane 8, LacCer, nLc3Cer and detergent from the top. Solvent system A was used. Glycolipids were visualized 
by spraying with orcinol reagent. Maltibands are seen in lane 4, 6 and 7. Bands marked with a circle in lane 
4 seemed to be a glycolipid having a following structure: GaI-GIcNAc-GaI-GIcNA~Gai-GIc-Cer, which was 

/ 
GIcNAc 

a product obtained by the release of one galactose moiety from asialo-G~ (lipid in lane 3). The lipid marked 
with a circle in lane 6 should be agalacto-derivative of the lipid marked with a circle in lane 4. A band marked 
with a circle in lane 7 is the hydrolysis product (nLc4Cer) derived from circle-marked band in lane 6. Bands 
marked with a star show the rest of the substrate of glycosidase used in each lane. 
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structure: sialic acid-/~Gal-~GlcNAc-f~Gal-~GlcNAc-f~Gal- 
f~Glc~ceramide. Further, G-4 has the following lactosamine 
repeating unit structure with branched chain: 

sialic acid-/3Gal-~GlcNAc 
\ 

~Gal-/)GlcNAc-fJG al-f~Glc-ceramide. 
/ 

sialic acid-~Gal-/3GlcNAc 

It is quite interesting that no ganglio-series ganglioside 
could be detected in human placenta. 

Proton magnetic resonance (proton NMR) spectra of 
gangliosides. Proton NMR spectra of the isolated ganglio- 
sides taken in Me2SO-d, containing D20 are shown in 
Figure 5. Most of the signals were assigned according to 
the data reported by Koerner et al. (16) and ourselves 
(17,18). Figure 5A shows that G-1 contained N-acetyl- 
neuraminic acid (NeuAc), ~galactose (f~Gal) and/~glucose 
(f~Glc) in a molar ratio of 1:1:1. G-2 ganglioside was found 
to contain NeuAc, f~Gal,/~GlcNAc and f~Glc in a molar 
ratio of 1:2:1:1 from the spectrum in Figure 5B. 

G-3 ganglioside contained NeuAc, f3Gal,/~GlcNAc and 
~Glc in a molar ratio of 1:3:2:1 (Fig. 5C). 

A characteristic peak at 4.410 ppm appeared in the 
NMR spectra of G-4 ganglioside (Fig. 5D). It was as- 
signed to the ~-anomer proton of N-acetylglucosamine 
linked to the C-6 position of hexose according to the data 
reported by Vliegenthart et al. (19) and Dabrowski et al. 

(20). Other anomeric proton peaks at 4.615, 4.284 ppm 
and 4.196 ppm were assigned to f3GlcNAc,/3Gal and/JGlc, 
respectively. From the peak areas of the anomeric pro- 
tons, the molar ratio of sugar components of G-4 
was determined to be NeuAc:/3Gal:f3Gal(branched posi- 
tion):/3GlcNAc:~GlcNAc(1-6R linkage):/3Glc= 2:3:1:2:1:1. 

The peaks appeared between 5.6 and 5.7 in each NMR 
spectrum were assigned to the protons of double bond of 
long-chain base. The long-chain bases of these four 
gangliosides were determined by gas chromatography 
and also by thin layer chromatography. C,8:o Sphingosine 
base was predominant, and no other sphingosine species 
was detectable in the four gangliosides. 

Methylation analysis. The four separated gangliosides 
were permethylated and derivatized to partially methyl- 
ated alditol acetates to analyze the linkage arrangement 
between sugars. These data are summarized in Table 1. 
The analytical data indicate that G-1 ganglioside has the 
same linkage between sugars as GM3 ganglioside. From 
the methylation analysis together with the enzymatic 
degradation data and NMR spectra, G-1 ganglioside was 
determined to be NeuAca2-3Gal/31-4Glc/~l-lceramide. 

Components of partially methylated alditol acetates de~ 
rived from G-2 indicated that G-2 had the same sugar 
linkage as lactoneotetraosylceramide. This result was con- 
sistent with the enzymatic degradation data and NMR 
spectra. Based on these results, G-2 was determined to 
be NeuAca2-3Gal~ 1-4GlcNAc~l-3Gal~l-4Glc~ 1-1ceramide. 

A ] 
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FIG. 5. The 400 MHz proton NMR spectra of placenta gangliosides measured at 90 C in Me2SO-d~ contain- 
ing D20 solvent. A, G-1 ganglioside; B, G-2 ganglioside; C, G-3 ganglioside; D, G-4 ganglioside. 
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TABLE 1 

Gas Chromatography-Mass Spectrometric Analysis of Partially Methylated Alditol Acetates Derived from the Placenta Gangliosides 

Gangliosides 
1,4,5-tri-0-Ac-2,3,6-tri- 

0-Me-glucitol 
1,3,5-ti-0-Ac-2,4,6- 
tri-0-Me-galactitol 

1,3,5,6-tetra-0- 
Ac-2,4-di-0-Me-galactitol 

1,4,5-ti-0-Ac-3,6-di-0- 
Me-glucosaminitol 

G-1 + + - - 
G-2 + + - + 
G-3 + + - + 
G-4 + + + + 

TABLE 2 

Proton Chemical Shifts (ppm) of Placenta Gangliosides Measured at 90 C in D20/Me2SO-d~ 

G-1 

H-1 
H-3eq 

G-2 

H-1 
H-3eq 

G-3 

H-1 
H-3eq 

G-4 

NeuAca2-3Gal~l-4Glc~l-lCer 

4.335 4.277 
2.797 

NeuAca2-3Gal~l-4GlcNAc~l-3Galfll-4Glc~l-lCer 

2.781 
4.363 4.724 4.355 4.278 

NeuAca2-3Gal~l-4GlcNAc~l-3Gal~l-4GlcNAc~l-3Gal~l-4Glc~l-lCer 

2.784 
4.361 4.731 4.336 4.731 4.345 4.258 

NeuAca2-3Gal/31-4GlcNAc/31 
\ 

36Gal~l-4GlcNAc/31-3Gal~l-4Glcl?l- 1Cer 
/ 

NeuAca2-3Galfll 4GlcNAc/31 

H-1 
H-3eq 2.740 

4.287 4.410 4.615 4.284 4.615 4.249 4.196 

In the case of G-3, the part ial ly methy la ted  alditol 
aceta tes  were the same as those of G-2. As mentioned in 
connection with the enzymat ic  degradat ion study,  the 
presence of a lactosamine repeat ing unit  s t ruc ture  was 
suggested.  From these resul ts  and based on the NMR 
spectra,  G-3 was determined to be NeuAca2-3Gal~l-  
4GlcNAc~ 1-3Gal~l-4GlcNAc~l-3Gal~l-4Glc~l-lceramide. 

As compared  with the other three gangliosides, G-4 
gave  a unique der ivat ive of methy la ted  alditol acetate,  
2,4-di-0-methyl-l,3,5,6-tetra-0-acetylgalactitol, indicating 
tha t  this ganglioside has a branching structure at  a galac- 
tose moiety. This result  was consis tent  with the N M R  
data.  Based on the methyla t ion  analysis  together  with 
N M R  spectra  and enzymat ic  degradat ion studies, the 
s t ruc ture  of G-4 was determined to be 

NeuAca2-3Gal~l-4GlcNAc~l 
\ 
~G al//1-4GlcNAc/~1-3GM/I1-4Glc/31-1 ceramide. 
/ 

NeuAca2-3Gal~l-4GlcNAc~ 1 

The NMR peak assignments, listed in Table 2, were con- 
s is tent  with the above structures.  

DISCUSSION 
Major gangliosides of human placenta were separated and 
purified, and their structures were determined to be GM3, 
IV3NeuAc-nLc4Cer, VPNeuAc-nLc~Cer and VPNeuAc, IV 6- 
[II3NeuAc-LcNAc]-nLc~Cer. These gangliosides were char- 
acterized as glycolipids containing a lactoneotet raosyl  
core as the backbone structure, but  not a gangliotetraosyl 
core. Sialosyllactoneohexaosylceramide (i-type ganglio- 
side} and I - type  disialoganglioside {VPNeuAc,IV6[II 3- 
NeuAc-LcNAc]-nLc~Cer) were isolated from human eryth- 
rocytes  121), and sialosyUactoneohexaosylceramide was 
separa ted  f rom chronic myelogenous leukemia cells {22}. 
However,  the contents  of these components  in human 
e ry throcytes  are quite low (I-type ganglioside was re- 
por ted to be 1.8% of to ta l  ganglioside of human  erythro- 
cytes), and it was very  difficult to isolate the pure forms 
{21). Placenta t issue can be recommended as an excellent 
source of these lactoneo-series gangliosides. 

" I i "  antigens have been characterized as human alloan- 
t igens {23-25). I - type ganglioside was detected in adult- 
type  e ry throcytes  and i-type alloantigen was detected in 
embryonic erythrocytes  {26). I - type ganglioside has been 
identified as differentiation antigen of human  erythro- 
cytes  (15,27). In e ry throcytes  f rom an embryo  and a 
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newborn baby,  i-type e ry throcytes  are predominant  but  
within a year-and-a-half after bir th  the erythrocytes  have 
been repor ted to change f rom i-type to I - type  (26). Fur- 
ther, in an exper imental  s y s t em  of human  leukemia cell 
line K-562 (28), expression of i-type changed to I- type ac- 
companying the differentiation of the leukemia cells into 
e ry throcyte- type  cells. Similar changes of expression of 
i and I ant igens during differentiation have been demon- 
s t ra ted  in mouse myeloid leukemia cells (M1) by  Kannagi  
et al. (29). In  the present  s tudy,  we detected bo th  i- and 
I-type gangliosides in human placenta, and they are major 
components  in the tissue. " I i "  ant igens have been pro- 
posed to be precursor  subs tances  for ABO-type  alloan- 
t igens in e ry throcytes  (15). In the case of erythrocytes ,  
before the t ransfer  of N-acetylneuraminic acid to the ter- 
minal  galactose of i or I antigen, fucose can be a t tached 
to the galactose, and then further  addition of a-galactose 
or a-N-acetylgalactosamine can occur during the develop- 
men t  of erythrocytes .  However,  in the case of p lacenta  
before the t ransfer  of fucose to the terminal  galactose of 

i or I antigen, N-acetylneuraminic acid would be trans- 
ferred to the galactose.  This sialylation seems to repre- 
sent a kind of terminat ion of fur ther  glycosylation. This 
termination signal by  t ransfer  of N-acetylneuraminic acid 
migh t  indicate the te rminat ion  of ges ta t ion (Fig. 6). 

Quite recently,  we have examined the effect of this I- 
type  ganglioside on the cell g rowth  in a chemically de- 
fined medium. Upon  addition of the ganglioside, mor- 
phological differentiation as well as inhibition of cell 
g rowth  was observed. 

Besides these four major  gangliosides, we detected at  
least  five higher gangliosides containing more than  10 
sugar  residues. Recently, we have separated some of these 
higher gangliosides by  high performance liquid chroma- 
tography.  This work and the resul ts  of a s t ruc ture  s tudy  
will be repor ted elsewhere. 
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FIG. 6. Proposed metabolic relationship among blood group "Ii," 
ABO(H)-type and gangliosides in haman placenta. In human placen- 
ta, G-2, G-3, and G-4 gangliosides were found as characteristic com- 
ponents. Lactoneotetraosylceramide seems to be a precursor gan- 
glioside of these gangliosides. Lactoneotetraosylceramide is con- 
verted to i-type glycolipid by the transfer of N-acetylglucosamine 
[diamond) followed by the transfer of galactose (open hexagon). The 
i-type glycolipid is converted to I-type lipid by the transfer of N- 
acetylglucosamine at the C-6 position of the second galactose of i- 
type lipid, followed by the transfer of galactose. Watanabe et all. 
{15) proposed that these three glycolipids were converted to blood 
group AB type lipids through HI, H2 and H3 type lipids by the 
transfer of fucose to each glycolipid in erythrocytes {indicated by 
dotted fines). However, in human placenta most of these asialv, type 
precursor lipids seem to be converted to the respective gangliosides 
by the transfer of N-acetylneuraminic acid to the terminal galac ~ 
tose~ Because fucosylated i- or I-type glycolipids were not detectable 
in the placenta {data not shown). Since I-type glycofipid has been 
reported to increase in association with differentiation and develop- 
ment, the appearance of I-type ganglioside in the placenta may cor- 
respond to the termination of gestation period. Horizontal fork, 
ceramide; shaded hexagon, glucose; open hexagon, galactose; dia- 
mond, N-acetylglucosamine; shaded circle, n-acetylneuraminic acid; 
dotted triangle, fucose. 

REFERENCES 

1. Hakomori, S. {1981} Ann. Rev. Biochem. 50, 733-764. 
2. Ando, S. {1983} Neurochem. Int. 5, 507-537. 
3. Wiegandt, H. {1985} in New Comprehensive Biochemistry 

(Wiegandt, H., ed.) Vol. 10 Glycolipids, pp. 199-260, Elsevier, 
Amsterdam, New York, Oxford. 

4. Hakomori, S. {1984} Ann. Rev. Immunol. 2, 103-126. 
5. Yogeeswaran, G. {1983} Adv. Cancer Res. 38, 289-350. 
6. Hakomori, S., and Kannagi, R. (1983) J. NatL Cancer Inst. 71, 

231-251. 
7. Ledeen, R.W., Yu, R.K., and Eng, L.F. (1973}s Neurochem. 21, 

829-839. 
8. Chien, J.-L., Li, S.-C., Lain, R., and Li, Y.-T. {1978} J. BioL Chem. 

253, 4031-4035. 
9. Li, Y.-T., King, M.J., and Li, S.-C. (1980} Adv. Exp. Med. Biol. 

253, 931-934. 
10. Barton, N.W., Lipovac, V., and Rosenberg, A. {1975) J. Biol. 

Chem. 250, 8462-8466. 
11. Hakomori, S. (1964} J. Bioehem. Tokyo 55, 205-208. 
12. Gaver, R.C., and Sweeley, C.C. {1966} J. Am. Chem. Soc. 88, 

3643-3647. 
13. Matsumoto, M., Taki, T., Samuelsson, B., Pascher, I., 

Hirabayashi, Y., Li, S.-C. and Li, Y.-T. {1981}s Biol. Chem. 256, 
9737-9741. 

14. Nieman, H., Watanabe, K., Hakomori, S., Childs, R.A., and Feizi, 
T. (1978} Biochem. Biophys. Res. Cornmun. 81, 1286-1293. 

15. Watanabe, K., Hakomori, S., Childs, R.A., and Feizi, T. {1979} 
J. Biol. Chem. 254, 3221-3228. 

16. Koerner, T.A.W., Prestegard, J.H. Jr., Demou, P.C., and Yu, 
R.K. (1983) Biochemistry 22, 2676-2687. 

17. Taki, T., Kimura, H., Gasa, S., Nakamura, M., and Matsumoto, 
M. (1985)J. Biol. Chem. 260, 6219-6225. 

18. Taki, T., Hirabayashi, Y., Ishikawa, H., Ando, S., Kon, K., 
Tanaka, Y., and Matsumoto, M. {1986} J. Biol. Chem. 261, 
3075-3078. 

19. Vliegenthart, J.F.G., Dorland, L., and van Habeek, H. {1983} 
Adv. Carbohydr. Chem. Biochem. 42, 209-374. 

20. Dabrowski, U., Hanfland, P., Egge, H., Kuhn, S., and Dabrowski, 
J. (1984} J. BioL Chem. 259, 7648-7651. 

21. Kundu, S.K., Samuelsson, B.E., Pascher, I., and Marcus, D. 
{1983} J. Biol. Chem. 253, 13875-13866. 

22. Westrich, M.A., Lee, W.M.F., and Macher, B.A. {1983} Cancer 
Res. 43, 5890-5894. 

23. Watanabe, K., Powell, M.E., and Hakomori, S. {1978} J. Biol. 
Chem. 253, 8962-8967. 

24. Watanabe, K., Powell, M.E., and Hakomori, S. {1979} J. BioL 
Chem. 254, 8223-8229. 

LIPIDS, Vol. 23, No. 3 (1988) 



198 

T. TAKI ET AL. 

25. Watanabe, K., and Hakomori, S. {1979} Biochemistry l& 
5502-5504. 

26. Marsh, W.L. (1961) Br. J. HaematoL 7, 200-209. 
27. Watanabe, K., and Hakomori, S. {1976} J. Exp. MecL 144, 

644-653. 
28. Testa, V., Henri, A., Bettaieb, A., Titeux, M., Vainchecker, W., 

Tonthat, H., Docklear, M.C., and Rochant, H. (1982) CancerRes. 
42; 4624-4630. 

29. Kannagi, R., Levery, S.B., and Hakomori, S. (19831Proc. Natl. 
Acad. Sci. USA 80, 2844-2848. 

[Received March 13, 1987; Revision accepted October 14, 1987] 

LIPIDS, Vol. 23, No. 3 0988) 



199 

Testing a Short-term Feeding Trial to Assess Compositional 
and Histopathological Changes in Hearts of Rats Fed Vegetable Oils 
J.K.G. Kramera,*, E.R. Famwodha, B.K. Thomp$onb and A.H. ComerC, I 
aAnimal Research Centre and bEnglneering and Statistical Research CentTe, Research Branch, Agriculture Canada, Ottawa, 
Ontario, KIA 0C6 Canada, and CAnimal Diseases Research Institute, Agriculture Canada, Nepean, Ontario, K2H 8P9 Canada 

Male, female and castrated rats, three wk of age, were 
fed a low-fat diet for 14 wk followed by high-fat diets {20% 
by weight) for one wk containing graded levels of erucic 
acid from 1 to 50%, to evaluate the effect of short-term 
feeding and interaction of male sex hormones on forma- 
tion of heart lesions. Some rats within each group were 
returned to the low-fat diet for one wk after the test 
period. For  comparison, one group of three-wk-old male 
rats was fed the high fat 50% erncic acid diet for 15 wk. 
Erucic acid depressed growth rate and food consumption 
and increased cardiac lipidosis and triglycerides propor- 
tional to the erucic acid content of the diet. There were 
no sex differences, and the effects disappeared once rats 
were returned to the low-fat diet for one week. There was 
a significance {P < 0.05} in the incidence of myocardial  
necrosis among male rats  fed increased levels of erucic 
acid for one week, but the response was not linear to the 
increase in dietary erncic acid. Furthermore, the response 
was much less than in males fed the 50% erucic acid diet 
continually for 15 weeks. These results suggest  that the 
short-term model is not a suitable substitute for the long- 
term feeding trial to test  the cardiopathogenicity of a 
vegetable oil. The significantly lower incidence in myocar- 
dial lesions in female and castrated male rats compared 
with male rats suggests involvement of sex hormones. 
However, the process appears to be long term, since 
changes in cardiac lipids and their fatty acid pattern be- 
tween sexes became evident after one wk on diet but was 
significant only after long-term feeding. 
Lipids 23, 199-206 {1988}. 

after 14 wk on a low-fat control diet. The test  fat con- 
tained graded levels of 22:1n-9 from 1-50%. Some rats  
were killed after the one-wk feeding period, and the re- 
mainder were killed a week later after being placed back 
on the low-fat control diet. This was done to reduce the 
myocardial lipidosis known to be associated with the con- 
sumption of docosenoic acids {2). 

MATERIALS AND METHODS 

Diets. The diets were formulated as described {5). The 
high-fat diet contained 20% by weight rapeseed/canola 
off mixtures and a caseirgDL-methionine mixture {97/1}. 
The low fat diet contained 5% by weight corn oil and 45% 
instead of 30% starch. Six dietary oils were used: canola 
oil {0.7% 22:1n-9), high erucic acid rapeseed {HEAR} oil 
{49.0% 22:1n-9), and four mixtures of the two rapeseed 
oils to give a concentration of about 10, 20, 30 and 40% 
22:1n-9. Both canola and HEAR oil were obtained from 
J. D. Jones, Food Research Centre, Agriculture Canada, 
Ottawa, Ontario, and were of the variety Tower and 
R-500, respectively. The fatty acid composition of the oils 
and oil mixtures are shown in Table 1. Two rapeseed oils 
were mixed to assure that the remaining fatty acids in 
the oil mixture were similar in composition, i.e. low in 
saturates, high in 18:3, and intermediate in 18:2. 

Animals. A total  of 305 male and 40 female weanling 
Sprague-Dawley rats weighing between 50 and 60 g were 
purchased from Charles River Canada Inc. {St. Constant, 

Male Sprague-Dawley rats  were shown to be very sen- 
sitive to the development of myocardial necrosis; the in- 
cidence increased significantly with the amount of fat and 
erucic acid (22:1n-9} in the diet (1). Previous studies 
showed that  it was necessary to feed weanling rats  for 
at  least 16 wk to produce these heart  lesions {1-3}. Svaar 
{4) claimed recently tha t  it was not necessary to feed rats  
for tha t  period of time since the irreversible heart lesions 
could be produced by feeding adult male rats  test  diets 
for only a few days {short-term model}. Svaar  suggested 
tha t  myocardial  necrosis was due to an interaction of 
specific fa t ty  acids such as 22:1n-9 with male sex hor- 
mones, and he cited the reduction in lesion incidence in 
castrated male rats but not female rats as evidence in sup- 
port  of his argument.  

To test  this short-term model, male, female and cas- 
t ra ted male rats  were fed high-fat test  diets for one wk, 

*To whom correspondence should be addressed. 
'Deceased. 
Abbreviations: C, cholesterol; CE, cholesterol esters; DPG, diphos- 
phatidylglycerol; HEAR, high erucic acid rapeseed; PC, phospha- 
tidylcholine; PE, phosphatidylethanolamine; PI, phosphatidylin~ 
sitol; PS, phosphatidylserine; SP, sphingomyelin; TG, triglycerides; 
TLC, thin layer chromatography. 

TABLE 1 

Fatty Acid Composition of the Dietary Oils 

Canola oil-HEAR oil mixtures (% 22:1} 
Fatty Corn 
acids a oil 1% 10% 20% 30% 40% 50% 

{weight, percentage} 

14:0 0.1 0.1 0.1 0.i 0.1 0.1 0.1 
16:0 12.3 5.6 4.7 3.9 3.9 3.5 3.2 
16:1 0.2 0.3 0.2 0.2 0.2 0.3 0.2 
18:0 2.1 2.1 2.1 1.7 1.6 1.3 1.0 
18:1n-9 26.1 59.9 53.4 41.5 36.1 25.9 15.5 
18:1n-7 0.6 3.0 2.7 2.0 1.7 1.0 0.6 
18:2n-6 56.7 19.3 16.9 14.2 12.7 10.9 9.0 
18:3n-3 0.6 6.4 6.1 6.4 7.0 8.7 10.6 
20:0 0.5 0.5 0.8 0.8 0.8 0.6 0.7 
20:1n-9 0.3 1.3 2.2 2.8 3.6 4.2 4.8 
20:1n-7 0.1 0.2 0.3 0.5 0.6 0.8 
22:0 0.1 0.1 0.4 0.6 0.6 0.6 0.7 
22:1n-9 0.7 8.8 22.9 29.0 39.0 49.0 
22:1n-7 tr 0.1 0.3 0.4 0.5 0.6 
24:0 0.1 0.1 0.2 0.3 0.2 0.2 0.2 
24:1n-9 0.1 0.6 1.3 1.1 1.7 2.1 

aMinor fatty acids such as 15:0, 17:0, 20:2 and 22:2 are not included. 
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Quebec). The animals were weighed, ear-notched for iden- 
tification, and the males allocated randomly to seven 
groups of 40 and one group of 25; females were in a 
separate group. All animals were housed individually. The 
housing and feeding conditions were described (5). One 
group of 40 male rats was castrated surgically after four 
wk on the diet (male c group). Individual body weights 
were measured every two wk, and every week during diet 
changes. Data  on feed consumption was obtained from 
groups of five rats  per diet by a feed weighback at the 
end of the 14th, 15th and 16th wk. 

Procedures. At the end of the 15th week, 25 rats from 
each diet were killed by exsanguination while under CO2 
anesthesia. The hearts were removed immediately. 
Twenty hearts from each diet were fixed in 10% neutral 
buffered formalin, and the remaining five hearts were ex- 
t racted immediately for total  lipids as described (6). At  
the end of the 16th week, the remaining 15 rats per diet 
(except male rats fed H E A R  oil continuously) were killed; 
10 hearts were used for pathological evaluation, and five 
were used for lipid analyses. 

Three sections from each heart were stained with hema- 
toxylin and eosin, and one section was stained with oil 
red 0. For details regarding histological procedures, see 
Charlton et al. (7). 

The cardiac lipids were quanti tated using the Iatroscan 
method as described (8). The cardiac lipid classes were 

separated by three directional TLC (9), removed from the 
TLC plates, and the iipids were transesterified with 
anhydrous HC1/CH3OH (5% w/w). The fa t ty  acid methyl  
esters were purified by TLC using the developing solvent 
hexane/diethyl ether (90:10, v/v) before GLC analysis on 
fused silica capillary columns (10). 

Analyses of variance were applied to all measurements, 
except myocardial necrosis data, for which the log-linear 
model approach, described by Fienberg (11), was used. 
Significance of heart  lesion data  and heart  lipid classes 
was determined at P < 0.05 and P < 0.01, while the re- 
maining data  were assessed at P < 0.01 and P < 0.001. 

RESULTS AND DISCUSSION 

Growth.. The results in Table 2 confirm the growth depres- 
sion and reduced feed intake in rats fed diets rich in 
22:1n-9 {1,2,12). However, the results were confounded by 
an increase in body weight as a result of switching from 
a diet containing 5% fat to one containing 20% fat. As 
a result, dietary groups with low levels of 22:1n-9 ex- 
perienced a greater gain in body weight per wk for wk 
14 to 15 than for wk 12 to 14, while dietary groups with 
high levels of 22:1n-9 had similar or decreased body 
weight gains per week. The growth depressing effect of 
22:1n-9 was removed on return to the non-22:ln-9 diet. 
The weight gain per week of the remaining rats  in each 

TABLE 2 

Body Weight Gain and Feed Intake 

Body weight gain (g)a,b Feed intake (kg/5 rats) b 

Diet From: 0 wks 12 wks 14 wks 15 wks 0 wks 
group To: 12 wks 14 wks 15 wks 16 wks 14 wks 

14 wks 15 wks 
15 wks 16 wks 

Group size 40 40 40 

Male--1 wk, 1% 37.9 16.3 26.2 
Male--1 wk, 10% 36.4 17.2 21.2 
Male--1 wk, 20% 37.5 18.7 18.2 
Male--1 wk, 30% 37.1 13.7 17.2 
Male--1 wk, 40% 38.3 17.4 11.1 
Male--1 wk, 50% 37.3 12.7 11.8 
Male c.--1 wk, 50% 31.7 8.4 9.2 
Female--1 wk, 50% 18.5 6.1 4.9 
Male--15 wk, 50% 28.6 22.3 18.0 

LSD c 2.2 4.4 7.5 

Analyses of variance d 
Source of variation (d.f.) 

Diet e (5) 3.4 43.1 228.4** 
Error 2.3 9.7 27.9 

Error d.f. (42) (39) (39) 
Sexf (2) 752.8** 89.2** 97.9 
Error 2.1 11.4 34.9 

Error d.f. (21) (21) {21) 

15 40 40 15 

16.2 10.21 0.79 0.77 
11.7 10.18 0.74 0.71 
15.8 10.14 0.73 0.72 
12.9 10.26 0.71 0.72 
13.6 10.40 0.70 0.77 
14.9 10.20 0.69 0.75 
8.7 9.63 0.57 0.63 
3.8 7.52 0.47 0.48 
-- 7.87 0.71 -- 
7.9 0.16 0.02 0.03 

Mean squares 

9.4 0.068 0.0095** 0.0021 
54.0 0.136 0.0018 0.0033 
{12) {42) {42) (12) 
90.0* 14.6"* 0.095** 0.0555** 

7.0 0.3 0.001 0.0006 
(6) (20) (20) (6) 

aInitial body weights of three-wk-old male rats was 47.5 + 11.2 (n = 305) and female rats was 47.2 + 4.0 
(n = 39). 
bBody weights and feed intake based on pooled values for groups of five rats. 
CLSD (least significant difference at P < 0.01) based on analysis of variance for six groups of five male rats 
up to 15th wk, and three groups of five rats from 15th to 16th wk. 
dsignificance levels for F-tests at P < 0.01 (*) and P < 0.001 (**) level. 
eComparison of diets involving male rats fed 1% to 50% 22:1n-9 for one wk. 
fComparison of male, castrated male and female rats fed 50% 22:1n-9 for one wk. 
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group was similar to that prior to the one-wk test period. 
Female and castrated male rats grew and ate significantly 
less than entire males irrespective of the diet, which is 
consistent with previous observations (13). 

Myocardial Iipidosis. Within one wk of feeding HEAR 
oil diets, significant myocardial lipidosis was induced in 
adult rats (Fig. 1). The response was directly related to 
the dietary level of 22:1n-9. Of the diet sums of squares 
(162.3), almost all (156.4) were accounted for by the linear 
trend in 22:1n-9. These results are in agreement with 
those previously reported (2,4}. There was no significant 
difference (P > 0.05} in severity between adult male, 
female and castrated male rats fed the same diet similar 
to that observed in young rats {14-16). Continuous 
feeding of the same HEAR oil diet reduced the severity 
of myocardial lipidosis significantly (P < 0.01) compared 
with rats fed the diet for only one wk (Fig. 1), which is 
consistent with the finding that maximum myocardial 
lipidosis occurs after one wk (2). The relatively high 
residual lipidosis in males fed HEAR oil for 15 wk may 
be due to the high dietary concentration of 22:1n-9. 

Substitution of the diets containing 22:1n-9 with corn 
oil for one wk reduced myocardial lipidosis dramatically, 
as shown (2}. No significant differences in lipidosis were 
observed between adult male, female and castrated male 
rats, although females had a slightly lower incidence, 
similar to that observed in young rats {16}. The switch 
also involved a reduction in the level of fat in the diet from 

20% to 5% by weight, which might have expedited the 
regression of myodardial fat infiltration. 

Myocardial necrosis. The incidence and severity of 
myocardial necrosis was not significantly different in rats 
examined after the 15th and 16th wk, and for this reason 
the results were combined in Table 3. 

Among males fed increasing levels of 22:1n-9 for one 
wk, there was a significant difference in incidence (P < 
0.05) but not severity of myocardial necrosis. The 
response to dietary 22:1n-9, however, was not linear. 
These results are not consistent with those reported by 
Svaar {4), who observed a good correlation between the 
dietary concentration of 22:1n-9 and the severity of heart 
lesions in male rats after one wk. In fact, it was for this 
reason that  Svaar {4) suggested that  a one-wk feeding to 
adult male rats {short-term model} could be used to test 
the cardiopathogenicity of a dietary oil, instead of the 
usual 16-wk feeding period. I t  appears highly unlikely 
that  the difference in strains of rats used <Wistar [4] vs 
Sprague~Dawley) would account for the discrepancy, since 
the Sprague~Dawley male rat used in this study is known 
to be more sensitive to the development of myocardial 
necrosis than the Wistar male rat {1,17). Our results 
therefore would suggest that  a one-wk feeding period to 
adult male rats would not lead to a conclusive evaluation 
of the cardiopathogenicity of a vegetable oil. 

Long-term feeding of the same diet (50% 22:1n-9) 
resulted in a much higher incidence and severity of 
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FIG. I. Mean myocardial l ipidosis scores of male rats (n = 20) fed the experimental diets 
containing graded levels of erucic acid {22:1n-9) from 1 to 50% for one wk ( �9 ). An  addi- 
tional 10 rats in each group were examined a week later after having been returned to 
the 5% corn oil diet ([7). Castrated male (~-) and female rats (n = 20) also were fed an 
experimental diet containing 50% 22:1n-9 for one wk (e ) ,  and an additional I0 rats in 
each group were fed a 5% corn oil diet for another week (r~). One group of male rats (n 

20) were fed a rapeseed oil containing 50% 22:1n-9 for 15 wk (O). Lipidosis scores as 
determined by oil red 0: 0, no fat  stain; 1, very slight; 2, slight; 3, moderate; 4, marked; 
5, severe. 
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TABLE 3 

Myocardial Necrosis in Sprague-Dawley Rats Fed 
the Experimental Diets  for 15 and 16 Weeks a 

Incidence Severity index b 

Diet group Affected/examined 1 2 3-6 >6 

Male--1 wk, 1% 7/30 5 2 0 0 
Male--1 wk, 10% 9/30 6 2 1 0 
Male-1 wk, 20% 17130 10 2 4 1 
Male--1 wk, 30% 15/30 9 2 4 0 
Male--1 wk, 40% 9/30 7 1 1 0 
Male--1 wk, 50% 16/30 8 4 4 0 
Male c.--1 wk, 50% 7/30 5 1 1 0 
Female--1 wk, 50% 5/30 3 1 1 0 
Male--15 wk, 50% 20/20 0 0 2 18 

X 2 Analysis c 
Comparisons (d.f.) Incidence Severityd 

All 1-wk diets (7) 22.37** 2.71 
Diet e ~5) 13.07" 2.43 
Sexf (2) 10.51"* 0.96 

aTwenty rats of each group were examined histologically for H&E 
staining after 15 wk; an additional 10 rats were examined from all 
diets at 16 wk. The results of both time periods were combined 
because these were not significantly different. 
bSeverity of myocardial necrosis represents the number of rats with 
one, two, three to six, and > six lesions per heart (3 sections/heart 
were examined). 
CThe X ~ analysis was according to a method described by Fienberg 
(11); d.f., degrees of freedom; and significance levels at P < 0.05 (*) 
and P < 0.01 {**). 
dFor statistical analysis of severity two groups were compared, rats 
with one lesion vs rats with more than one lesion. 
eComparison of male rats fed for one wk diets containing 1 to 50% 
22:1n-9. 
fComparison of male, castrated male and female rats fed for one wk 
the diet containing 50% 22:1n-9. 

myocardial  necrosis than the one-wk trial (Table 3). These 
resul ts  sugges t  tha t  long-term feeding will be necessary 
in any case to differentiate fa ts  and oils of similar car- 
diopathogenic response. 

The suggest ion has been made tha t  the cardiac injury 
might  be due to an interaction of male sex hormones with 
specific die tary  fat  components ,  such as 22:1n-9 (4,13). 
The lower incidence of myocardial  necrosis in female 
(15,18,19) and cas t ra ted  male ra t s  (13), compared  with 
males (Table 3), would suppor t  this  view. However,  even 
though all three groups ate the same diet, their growth 
rate  and feed consumption were markedly different (males 
> cas t ra ted  males > females), see Table 2. The effect of 
differences in growth and feed consumption cannot  be ig- 
nored in view of the following evidence. First,  for a par- 
ticular diet light male ra ts  showed significantly (P < 0.01) 
less myocardial  necrosis than  heavier ra t s  (20). Second, 
male ra ts  tha t  ate similar diets but  weighed less after  the 
same feeding period, had a lower incidence of heart  lesions 
(21). Third, in one s tudy cas t ra t ing  Sprague-Dawley male 
ra ts  had no effect on growth, and the incidence of myocar- 
dial necrosis was similar (22). I t  is this evidence tha t  sug- 
ges ts  tha t  bo th  sex hormones and growth  ra te  are in- 
volved in the etiology of myocardial  necrosis in rats.  The 

relative contr ibution of these two factors, however, is im- 
possible to separa te  at  this time. 

Cardiac lipid classes. Only the da ta  from selected diets 
were analyzed to determine if diet or sex resulted in car- 
diac lipid changes tha t  migh t  reflect the observed car- 
diopathological responses.  

There were only a few sex differences in cardiac lipids 
after  feeding the H E A R  oil diet for one week (Table 4). 
However,  a common trend was observed. Male ra ts  had 
a higher concentrat ion of cardiac phosphollpids (DPG, 
PE,  PC, and SP) than  either females or cas t r a t ed  males; 
the la t ter  two groups were similar. Prolonged feeding (15 
wk) of the same H E A R  oil diet resulted in a fur ther  in- 
crease of these cardiac phospholipids. On the other hand, 
male ra t s  fed the diet low in 22:1n-9 had a phospholipid 
composi t ion more like tha t  of female and cas t ra ted  male 
rats.  These results  suggest  tha t  an increase in all cardiac 
phospholipids could be related to an increase in the in- 
cidence and sever i ty  of myocardia l  necrosis. The cardiac 
lipid changes already were evident  af ter  one wk but  were 
more pronounced on long-term feeding. Some of the pub- 
lished repor ts  showed an increase in ei ther PC (23), D P G  
(24) or SP (25) when male ra ts  were fed diets rich in 
22:1n-9, but  the results had not been consistent nor shown 
for all cardiac phospholipids (26). 

There was no difference between sexes in the amount  
of cardiac TG accumulated within one wk in adult  
Sprague-Dawley ra ts  (Table 4). Female hear ts  contained 
slightly lower levels of cardiac TG than males or castra ted 
males, but  this was not  s ta t is t ical ly  significant. These 
resul ts  are in marked  cont ras t  with the only other  s tudy  
in which sex differences were inves t iga ted  a n d  young 
Wis ta r  males were shown to have a 3.5 t imes higher car- 
diac TG level than  females fed for three days  a part ial ly 
hydrogenated fish oil containing 14.5% 22:1 isomers (27). 
I t  does not appear  tha t  differences in age and s t rain of 
rat ,  diet (type of 22:1 isomer), or length of feeding could 
explain these large differences. Fur thermore,  the unusu- 
ally low values of cardiac TG in their  resul ts  (8.3 to 
47.5 nmol/g of heart) (27) are about  1/100th of those 
repor ted by others  (6,28). 

Triglycerides. The fa t ty  acid composition of cardiac TG 
(Table 5) was not significantly different among  the three 
sex groups  (males, cas t ra ted  males  and females) fed the 
same H E A R  oil (50% 22:1 n-9) diet for one wk. Thomas-  
sen et  al. (27) also repor ted  no sex difference in the f a t ty  
acid composi t ion of the accumulated TG, despite a 
3.5-fold higher level of cardiac TG in male compared with 
female weanling Wis ta r  ra t s  fed fish oil high in 22:1n-11. 

Continued feeding of a diet rich in 22:1n-9 may  have  
increased the r a t ' s  capaci ty  to metabolize 22:1n-9 as 
evidenced by  a lower level of 22:1n-9 and higher levels of 
20:1n-9 and 18:1n-9 compared with male ra ts  fed the same 
diet for only one wk (Table 5). These products  were shown 
to be formed by  peroxisomal ~oxidat ion  of 22:1n-9 in ra t  
hear t  (29,30) and liver (31). The resul ts  f rom this s tudy  
sugges t  tha t  the metabol ism of the long chain monoun- 
sa tura ted  f a t ty  acids, even in adult  rats,  is slow and very 
similar between sexes. 

Phospholipids. I t  is not the intent  in this s tudy  to 
discuss the character is t ic  differences between cardiac 
phospholipids, bu t  s imply to identify differences tha t  
could be related to differences in cardiopathogenic re- 
sponse. Many  of the differences between the Canola and 
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H E A R  oil g r o u p  were  r e l a t e d  to  d i e t a r y  m o n o u n s a t u r a t e d  
f a t t y  a c i d s  {18:1, 20:1 a n d  22:1), a n d  t h u s  p r o v i d e  n o  
c r i t i c a l  e v a l u a t i o n  {Table  6). O n  t h e  o t h e r  h a n d ,  ma le ,  
f e m a l e  a n d  c a s t r a t e d  m a l e  r a t s ,  f ed  t h e  s a m e  d i e t  fo r  o n e  
wk,  m i g h t  y i e l d  c o m p o s i t i o n a l  d i f f e r e n c e s  t h a t  c o u l d  b e  

r e l a t e d  t o  k n o w n  s e x  d i f f e r e n c e s  in c a r d i o p a t h o g e n i c  
r e s p o n s e .  

I n  g e n e r a l ,  t h e r e  w e r e  f ew  s e x  d i f f e r e n c e s ,  a n d  t h e s e  
w e r e  f o u n d  m a i n l y  in t h e  c o m p o s i t i o n  of  P I  a n d  D P G  
{Table  6). C a s t r a t e d  m a l e s  d i f f e r e d  in  t h e i r  c a r d i a c  f a t t y  

TABLE 4 

Heart Weight and Cardiac Lipid Composition 

Lipid classes a 
Heart  

Diet group weight CE TG C DPG PE PS&PI PC SP 

(g) (mg/g wet heart weight) 

Male--1 wk, 1% 1.40 0.5 3.6 0.5 2.0 4.5 0.4 8.2 0.4 
Male--1 wk, 50% 1.31 0.6 11.1 0.6 2.4 4.5 0.4 9.5 0.6 
Male c.--1 wk, 50% 1.21 0.5 11.5 0.5 2.0 3.5 0.3 8.0 0.3 
Female--1 wk, 50% 0.94 0.5 10.0 0.5 1.9 3.7 0.4 7.6 0.3 
Males-- 15 wk, 50% 1.47 0.6 6.4 0.6 2.7 4.9 0.5 10.9 0.6 

LSD b 0.2 0.2 7.9 0.2 0.5 0.8 0.4 2.3 0.3 

Analyses of variance 
Sources of variation (d.f.) c Mean squares 

All groups (4) 0.35** 0.04 117" 0.04 0.93** 3.4** 0.04 15.2"* 0.13 
Sex, d {2) 0.29** 0.03 5 0.03 0.58* 2.8* 0.02 6.7 0.15 
Diet e {1) 0.04 0.04 287* 0.02 0.60* 0.01 0.01 8.0 0.21 

Error {19) 0.03 0.03 36 0.02 0.13 0.4 0.09 3.0 0.05 

aCE, cholesterol ester;, TG, triglyceride; C, cholesterol; DPG diphosphatidylglycerol; PE, phosphatidylethanolamine; PS, phosphatidylserine; 
P I ,  phosphatidylinositol; PC, phosphatidylcholine; SP, sphingomyelin. All values are means of five rats/diet and two analyses/rat. 
bLSD, least significant differences at P < 0.05. 
Cd.f., degrees of freedom; significance at P < 0.05 (*) and P < 0.01 (**). 
dComparison of male, castrated male and female rats fed 50% 22:1n-9 for one wk. 
eComparison of entire males fed diets containing either 1 or 50% 22:1n-9. 

TABLE 5 

Fatty Acid Composition of Cardiac Triglycerides 

Male Male Male c. Female Male Effect of a 
Fat ty  I wk 1 wk 1 wk 1 wk 15 wk 
acids 1% 50% 50% 50% 50% LSD Sex Canola H E A R  

{weight percentage} 

14:0 0.9 1.0 0.6 0.7 0.5 0.5 NS NS NS 
16:0 23.3 18.4 13.7 15.1 13.8 8.3 NS * NS 
16:1n-7 0.6 1.6 0.8 0.9 0.9 0.9 NS NS NS 
18:0 5.7 4.1 3.5 4.0 3.8 1.3 NS ** NS 
18:1n-9 36.0 24.5 26.8 27.4 34.9 4.8 NS ** ** 
18:1n-7 4.6 2.5 2.3 1.8 1.6 0.9 NS NS NS 
18:2n-6 18.7 10.8 12.4 9.5 9.5 4.0 NS ** NS 
18:3n-3 1.2 1.0 1.5 1.3 4.5 0.7 NS NS ** 
20:0 0.3 0.3 0.4 0.3 0.4 0.1 NS NS NS 
20:1n-9 1.1 3.7 4.5 4.1 7.4 1.3 NS ** ** 
20:2n-6 0.2 0.2 0.3 0.3 0.3 0.1 NS NS NS 
20"4n-6 2.1 0.7 1.2 0.8 0.7 0.3 * ** NS 
22:0 0.1 0.3 0.5 0.3 0.3 0.2 NS ** NS 
22:1n-9 0.4 20.7 26.4 21.0 17.7 11.6 NS �9 ** NS 
~C22 PUFA 1.3 0.5 1.0 0.6 0.9 0.5 NS * NS 

Abbreviations: C, castrated; LSD, least significant differences (P < 0.01); Canola, canola oil; HEAR,  high erucic acid rapeseed; PUFA, 
polyunsaturated fatty acids; NS, not significant at P > 0.01; significant at P < 0.01 (*) and P < 0.001 (**). 
aStatistics were based on analysis of variance of pooled data. Sex comparison was among the three groups of rats (males, castrated males 
and females} fed the H E A R  oil diet {50% 22:1n-9) for one wk. The Canola oil comparisons were between males fed the canola oil (1% 
22:1n-9) for one wk and the H E A R  oil (50% 22:1n-9) for 15 wk; the H E A R  oil comparison was between the three groups of rats {male, 
castrated males and females) fed the H E A R  oil diet for one wk. 
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T A B L E  6 

F a t t y  Acid Composi t ion of the Major  Cardiac Phosphol ip ids  a 

Saturates 
Monounsaturates 

Lipid classes 18:1 18:1 20:1 
diet DMA 16:0 18:0 Y Sat. n-9 n-7 n-9 

Po lyunsa tu ra t e s  (PUFA) 

22:1 18:2 20:4 XC22 XC22 
n-9 n-6 n-6 n-3 P U F A  

(weight percentage) 

Phosphat idylchol ine  (PC~ 
Male--1 wk, 1% 0.8 16.3 31.4 48.3 6.8 5.3 0.3 <0.1 
Male--1 wk, 50% 0.8 13.1 31.7 45.3 6.6 3.4 1.3 1.6 
Male c.--1 wk, 50% 0.7 12.7 32.3 45.7 6.3 2.5 1.5 1.9 
Female--1  wk, 50% 0.9 13.8 32.4 46.8 7.7 2.7 1.1 1.5 
Male--15 wk, 50% 0.6 13.1 30.5 44.2 9.2 2.4 2.1 1.9 

LSD 0.2 3.1 6.9 9.0 1.0 0.9 0.4 0.5 

Phosphatidylethanolarnine (PE) 
Male--1 wk, 1% 8.7 6.1 24.5 31.5 6.0 3.6 0.2 <0.1 
Male--1 wk, 50% 9.1 5.5 22.0 27.9 8.0 2.9 1.4 1.5 
Male c.--1 wk, 50% 8.8 5.1 21.6 27.8 7.7 2.1 1.5 1.7 
Female--1 wk, 50% 9.9 5.6 26.6 32.7 8.0 2.2 1.3 1.4 
Male--15 wk, 50% 7.6 5.6 23.5 29.8 9.2 1.9 2.2 2.2 

LSD 5.1 1.7 4.0 3.3 1.4 0.7 0.5 0.6 

Phosphatidylinositol (PI} 
Male--1 wk, I% -- 5.1 44.5 51.3 9.7 1.6 0.3 0.2 
Male--1 wk, 50% -- 3.6 51.4 56.0 10.6 1.5 1.0 1.5 
Male c.--1 wk, 50% -- 4.9 41.6 48.4 12.5 1.3 1.2 1.7 
Female--1 wk, 50% -- 4.7 47.6 53.4 15.4 1.6 1.2 1.4 
Male--15 wk, 50% -- 4.3 42.7 48.8 10.8 1.0 1.4 1.7 

LSD 1.9 3.2 3.8 2.0 0.5 0.5 1.0 

Phosphatidylserine (PSI 
Male--1 wk, 1% -- 2.9 51.7 57.3 4.1 0.7 0.4 0.5 
Male--1 wk, 50% -- 3.8 53.4 58.9 4.9 1.1 1.2 5.1 
Male c.--1 wk, 50% -- 8.1 37.1 50.2 7.4 0.7 1.0 5.8 
Female--1 wk, 50% -- 5.3 54.7 61.9 6.1 0.9 1.0 4.4 
Male--15 wk, 50% -- 4.0 41.8 48.4 6.7 0.7 1.8 8.2 

LSD 4.8 9.7 10.5 2.6 0.4 0.5 1.8 

Diphosphatidylglycerol {DPGI 
Male--1 wk, 1% -- 1.2 1.7 3.3 4.9 3.9 0.1 <0.1 
Male--1 wk, 50% -- 1.0 1.6 2.9 6.1 2.2 0.8 1.6 
Male c.--1 wk, 50% -- 1.3 2.3 4.2 8.1 3.2 1.1 2.8 
Female--1 wk, 50% -- 1.8 1.8 4.3 6.8 2.0 0.8 1.5 
Male--15 wk, 50% -- 1.2 1.6 3.2 7.2 2.2 1.7 5.8 

LSD 0.7 1.2 1.9 1.9 1.4 0.4 1.0 

Statistics 
Effect  of sex PC NS NS NS NS * NS NS NS 

PE NS NS NS * NS NS NS NS 
PI  --  NS ** ** ** NS NS NS 
PS -- NS NS NS NS NS NS NS 

DPG -- NS NS NS NS NS NS * 

Effect  of L E A R  PC NS * NS NS NS ** ** ** 
oil PE NS NS NS NS ** ** ** ** 

PI  - -  NS NS NS ** NS ** ** 
PS --  * NS NS NS NS ** ** 

D P G  --  NS NS NS ** * ** ** 

Effect  of H E A R  PC * NS NS NS ** NS ** NS 
off {15 wk) PE NS NS NS NS * NS ** ** 

PI  --  * * ** * * NS NS 
PS --  NS NS * NS NS ** ** 

DPG --  NS NS NS NS NS ** ** 

7.2 26.1 2.2 3.9 
7.3 29.3 1.3 2.4 
5.7 30.8 1.6 2.9 
8.3 26.3 1.2 2.6 

11.0 21.7 3.8 3.8 

1.9 7.4 0.8 1.4 

5.0 21.7 10.7 21.9 
4.9 23.9 9.0 18.6 
3.4 22.9 11.2 22.0 
4.4 20.6 7.9 17.8 
4.7 18.3 20.8 21.1 

1.0 5.5 2.9 6.1 

4.5 27.2 1.3 2.3 
4.8 20.3 1.2 2.6 
3.7 24.1 2.0 3.4 
5.5 17.1 0.9 2.1 
4.2 24.6 2.8 2.9 

1.5 3.5 1.1 1.8 

1.4 8.0 9.6 25.0 
2.1 8.5 5.7 15.5 
1.8 6.7 8.1 19.0 
2.5 6.8 4.3 13.9 
2.6 6.4 20.0 20.6 

1.1 3.4 5.5 7.9 

78.1 3.3 0.9 2.8 
76.9 2.6 0.5 1.8 
66.0 5.2 1.2 3.7 
75.2 2.2 0.5 2.0 
65.4 2.6 2.8 2.8 

5.9 0.9 0.9 2.5 

NS NS NS NS 
* NS NS NS 
NS * NS NS 
NS NS NS NS 
* ** * NS 

NS NS NS NS 
NS NS NS NS 
NS ** NS NS 
NS NS NS ** 
* NS NS NS 

* * ** NS 
NS * ** NS 
NS * ** NS 
NS NS ** NS 
** NS ** NS 

aSee footnote, Table 5. 

bDMA, dimethylacetals. 
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acid composi t ion of PI  and D P G  from both  males and 
females, while the la t ter  two groups were similar in com- 
position. This was unexpected, since the cardiopathogenic 
response showed a similari ty between cas t ra ted  males  
and females, and bo th  were significantly different f rom 
males (Table 3). Likewise, the incorporation of 22:1n-9 into 
cardiac phospholipids showed little evidence of being 
related to the incidence of myocardial  necrosis. Al though 
there were no significant sex differences in 22:1n-9 ac- 
cumulat ion in cardiac phospholipids {except DPG), the 
t rend was always the same, females < males < cas t ra ted  
males. This sugges ts  t ha t  22:1n-9 was not solely respon- 
sible for the development  of myocardia l  necrosis, as con- 
cluded (32). 

Previous studies showed tha t  the incidence of myocar-  
dial necrosis in male ra ts  was inversely related to the con- 
centration of dietary sa tura tes  and directly related to the 
concentration of dietary 18:3n-3 (5,33,34). The heart  lipids 
had increased levels of sa tu ra tes  and a high level of 
C22n-3 P U F A  in all cardiac phospholipids (except DPG), 
which correlated well with the incidence of hear t  lesions 
in male ra ts  {35). In this study, the differences in content  
of sa tura tes  and C22n-3 PUFAs  in cardiac lipids between 
sexes was occasionally significant (Table 6), bu t  did not  
parallel the observed incidence of myocardia l  necrosis 
{Table 3). Cas t ra ted  ra t s  generally were different from 
male and female rats.  I t  should be noted, however, t ha t  
male ra t s  fed the 50% 22:1n-9 diet for 15 weeks had 
significantly higher levels of C22n-3 P U F A  in all cardiac 
phospholipids and generally lower levels of sa turates .  
These results indicate tha t  the fa t ty  acid composition was 
slower to change in adult  r a t s  (this study) than  in weanl- 
ing ra ts  (35) fed similar diets for one wk. This in turn  
might  explain the relat ively low sever i ty  of myocardial  
necrosis observed in adult  r a t s  fed the H E A R  oil diets 
for one wk compared  with feeding the diet for 15 wk. 

Sphingomyelin. Male ra t s  fed the 50% 22:1n-9 diet for 
one wk had a reduced level of sa tura ted  fa t ty  acids in car- 
diac SP, and this reduction was significant on continuous 
feeding (15 wk) of the H E A R  oil diet (Table 7). Sa tura ted  
fa t ty  acids containing 20 or more carbon a toms decreased 
while long-chain monounsa tu ra tes  {18:1n-9, 22:1n-9 and 
24:1n-9) increased in male ra ts  fed H E A R  oil for one week, 
and even more so when the male ra t s  were fed for 15 wk. 
The resul ts  were consis tent  {females < cas t ra ted  males 
< males- -  1 wk < males- -  15 wk), and the t rend paralleled 
the observed incidence of myocardial  necrosis. Even  
though SP is not a major  component  of cardiac phospho- 
lipids, i ts  influence might  be significant, since it is pres- 
ent  in selected membranes  such as the outer  membrane  
of mitochondria (36) and it has the highest  net  incorpora- 
tion of 22:1n-9 among  cardiac phospholipids. The net  in- 
corporat ion includes 22:1n-9 itself (~7%), plus the in- 
crease in 24:1n-9 {~12%) above levels tha t  occur in ra t s  
fed diets such as corn or soybean oils (37), since 24:1n-9 
is the product  of chain elongation of 22:1n-9 (38-40). 

The resul ts  of this s tudy  indicate tha t  the well-known, 
high incidence of myocardia l  necrosis in male ra t s  fed 
H E A R  oil diets (41) could not  be duplicated by  a one~wk 
feeding, even when the animals  were fed during the age 
of sexual ma tu ra t ion  {presumed sensit ive period). Based 
on this s tudy,  a much larger number  of ra t s  and a high 
level of test  oil in the diet will be required to obtain a more 
conclusive answer regarding the cardiopathogenici ty  of 
an oil, if the one-wk feeding period proposed by Svaar  (4), 
was implemented. Furthermore, such a short-term feeding 
s tudy  might  not  provide information as to the cause and 
development  of myocardia l  necrosis f rom non-brassica 
vegetable  oils. 

Our resul ts  sugges t  tha t  we might  not  be dealing with  
an acute cardiopathogenic agent(s) in vegetable  oils, bu t  
ra ther  with a nutr i t ional  problem in the rat ,  specifically 

TABLE 7 

Fatty Acid Composition of Cardiac Sphingomyelin a 

Male Male Male c. Female Male 
Fatty 1 wk 1 wk 1 wk 1 wk 15 wk 
acids 1% 50% 50% 50% 50% 

Effect of 

LSD Sex Canola HEAR 

(weight percentage) 

14:0 0.4 0.7 0.7 0.8 0.3 0.6 
15:0 0.4 0.4 0.6 0.6 0.5 0.7 
16:0 12.9 15.6 13.9 13.9 13.0 3.4 
16:1n-7 1.0 2.0 2.0 2.0 1.0 2.1 
17:0 0.5 0.7 0.6 0.8 0.5 0.4 
18:0 19.8 16.1 18.2 16.3 24.2 3.6 
18:1n-9 4.2 5.6 4.9 3.7 6.2 2.3 
20:0 19.3 11.1 10.8 11.8 8.2 2.0 
21:0 0.8 0.6 0.6 0.6 0.3 0.2 
22:0 14.9 14.1 16.3 17.4 15.6 3.5 
22:1n-9 0.3 5.2 4.3 3.3 6.8 2.0 
23:0 3.0 2.5 2.6 2.8 0.8 0.5 
24:0 10.7 8.8 9.3 9.9 3.3 2.3 
24:1n-9 10.6 13.9 14.1 10.8 18.1 3.4 

XSaturates 82.8 70.7 73.6 75.0 66.8 5.7 

NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 
NS * ** 
NS NS NS 
NS ** * 
NS * ** 
NS NS NS 
NS ** * 
NS NS * 
NS NS ** 
NS NS ** 

NS ** * 

aSee footnotes, Table 5. 
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in f a s t - g r o w i n g  a lb ino  ma le  r a t s  {20). The  d e v e l o p m e n t  
of m y o c a r d i a l  necros is ,  a l t h o u g h  n o t  t o t a l l y  u n d e r s t o o d ,  
a p p e a r s  to  be  c a u s e d  b y  a c o m b i n a t i o n  of  f a c to r s  such  
as  an a l t e ra t ion  of card iac  phospho l ip ids  and/or  the i r  f a t t y  
ac id  c o m p o s i t i o n  ( s a t u r a t e s ,  C22n-3 P U F A s ,  a n d  long-  
chain  monoenes  of 20:1, 22:1 and  24:1}. The  compos i t i ona l  
c h a n g e s  were  e v i d e n t  a f t e r  one w k  on these  expe r imen-  
t a l  d i e t s  b u t  m u c h  m o r e  so a f t e r  c o n t i n u e d  feeding .  
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(3H)Forskolin- and (3H)Dihydroalprenolol-binding Sites and Adenylate 
Cyclase Activity in Heart of Rats Fed Diets Containing Different Oils 
Syed Q. Alam*, Yun-Fang Ren and Bassima S. Alam 
Department of Biochemistry and Molecular Biology, Louisiana State University Medical Center, 11OO Florida Ave., New Orleans, LA 70119 

The characteristics of the cardiac adenylate cyclase 
system were studied in rats fed diets containing fish oil 
(menhaden oil) and other oils. Adenylate cyclase activity 
generally was higher in cardiac homogenates  and mem- 
branes of rats fed diet containing 10% menhaden oil than 
in the other oils. The increase in enzyme activity, espe- 
cially in forskolin-stimulated activity, was associated 
with an increase in the concentration of the [3H]forskolin- 
binding sites in cardiac membranes of rats fed menhaden 
oil. The/~-adrenergic receptor concentration was not sig- 
nificantly altered although the affinity for [3H]dihydro- 
alprenolol-binding was lower in membranes of rats fed 
menhaden oil than those fed the other oils. ~0-3 fatty acids 
from menhaden oil were incorporated into the cardiac 
membrane phospholipids.  The results suggest  that  the 
observed increase in myocardial adenylate cyclase activ- 
i ty  of rats fed menhaden oil may be due to an increase 
in the number of the catalytic subunits  of the enzyme or 
due to a greater availability of the forskolin-binding sites. 
Lipids 23, 207-213 {1988). 

The lipid dependence of adenylate cyclase has been shown 
by a number of studies (1-4}. Because the composition 
of cell membrane lipids can be altered by dietary modifica- 
tions, it is reasonable to expect concomitant changes in 
adenylate cyclase activity. Indeed, in several tissues 
changes in basal and hormone-stimulated adenylate 
cyclase activity have been observed after feeding diets 
containing different lipids (5-7). The changes in en- 
zyme activity generally were associated with structural 
changes in membrane fatty acyl group composition. There 
is substantial evidence that the feeding of diets with dif- 
ferent lipids results in modifying the fatty acid composi- 
tion of cardiac phospholipids (8-10). There have been a 
number of studies to determine if the diet-induced 
changes in cardiac membranes also result in functional 
changes. Awad and Chattopadhyay (11) reported that 
feeding rats coconut oil-rich diet for four wk resulted in 
a significant decrease in 5'-nucleotidase, phosphodiester- 
ase I and p-nitrophenylphosphatase activity of cardiac 
sarcolemma as compared with feeding rats safflower oil. 
In another study (12), the feeding of diets high in oteic, 
linoleic, linolenic and erucic acids to rats altered the fatty 
acid composition of mitochondrial phospholipids in rat 
heart, but did not affect the mitochondrial E-oxidation. 
In a previous study, we have shown that essential fat ty 
acid (EFA) deficiency (13) resulted in a decrease in 
adenylate cyclase activity and/3-adrenergic receptor con- 
tent in rat heart. The changes in enzyme activity and in 
/~-adrenergic receptor content were associated with modi- 
fication in acyl group composition of cardiac membrane 
phospholipids. Because the fatty acid composition of car- 
diac membrane phospholipids can be altered by means 
other than an EFA deficiency such as by feeding oils of 

*To whom correspondence should be addressed. 
Abbreviations: DHA, dihydroalprenolo|; EFA, essential fatty acid. 

different fat ty acid composition; this study was under- 
taken. Corn oil (relatively rich in ~o-6 fatty acids}, men- 
haden oil (relatively rich source of r fat ty acids) and 
a mixture of 8% coconut oil + 2% corn oil (relatively rich 
in saturated fatty acids and sufficient in EFA) were used 
for the purpose of inducing structural changes in fatty 
acid composition of cardiac membrane phospholipids and 
to study their effects on adenylate cyclase system. 

MATERIALS AND METHODS 

All the biochemical reagents were obtained from Sigma 
Chemical Co. {St. Louis, MO). Dietary ingredients were 
purchased from Teklad (Madison, WI) except menhaden 
oil was a product of ICN Nutritional Biochemicals 
(Cleveland, OH). Radioisotopes: a-[3~P]ATP {specific ac- 
tivity 619 Ci/mmol) was purchased from ICN (Cleveland, 
OH}, [3H]cyclic AMP {specific activity 55 Ci/mmol}, 
[~H]dihydroalprenolol (specific activity 38 Ci/mmol) were 
purchased from Amersham {Arlington Heights, IL) and 
[3H]forskolin (specific activity 40 Ci/mmol) was purchased 
from Dupont, NEN {Boston, MA). 

Male weanling Sprague-Dawley rats {Holtzman Co., 
Madison, WI) were fed Purina Rat chow for seven days 
in order to get them acclimatized to the laboratory con- 
ditions. Rats were weighed and randomly divided into 
three groups of 27 rats each so that the average weight 
per group was the same. They were fed semipurified diets 
containing 10% corn oil (group 1), 8% coconut oil + 2% 
corn oil (group 2), or 10% menhaden oil (group 3). The 
diets contained (%): casein, 20.0; DL-methionine, 0.3; 
sucrose, 45.0; starch, 15.0; cellulose, 5.0; oil, 10.0; vitamin 
mixture (AIN-76A), 1.0; salt mixture (AIN-76A), 3.5; 
choline, 0.2; and BHT, 0.002. The diets were analyzed for 
their fatty acid composition after extracting 1 g aliquots 
of the freshly prepared diets with chloroform/methanol 
(2:1), esterifying aliquots of the lipid extracts with boron 
trifluoride methanol and subsequent gas chromatography 
on a Silar-10 C column as described {14). 

The fatty acid composition of the three diets is shown 
in Table 1. The diet containing 10% corn oil had high 
levels of o~-6 fat ty acids (58% of 18:2r and almost 
negligible amounts of o~-3 fatty acids. On the other hand, 
the diet containing menhaden oil had relatively high levels 
of r fatty acids (20:5, 22:5 and 22:6} and very low levels 
of r fat ty acids. The diet supplemented with 8% 
coconut + 2% corn oil had high levels of medium chain 
saturated fatty acids, no co-3 fatty acids and had some 
co-6 fatty acids. 

Rats were housed individually in suspended stainless 
steel cages in a temperature- and light-controlled room 
{22-23 C, 12 hr light-dark cycle} and were fed diets and 
tap water ad libitum for six wk. Although we did not 
measure the peroxide values of the diets, to minimize ran- 
cidity, the diets were stored at 4 C, and the diets left over 
in the food cups were discarded qnd replaced with the 
fresh diets daily. Rats were weighed at weekly intervals. 
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TABLE 1 

Fatty Acid Composition of the Diets 

Fatty 8% Coconut oil 
acid 10% Corn oil + 2% corn oil 10% Menhaden oil 

12:0 34.8 
14:0 18.1 10.3 
16:0 11.3 12.3 20.6 
16:1 -- -- 12.5 
18:0 2.1 3.5 2.5 
18:1 27.1 14.5 14.6 
18:2 co-6 58.4 16.9 1.0 
18:3 o~-3 0.9 -- 1.3 
20:4 o~-6 0.5 
20:5 o~-3 15.5 
22:4 r 1.1 
22:5 r 2.2 
22:6 o~-3 8.6 
Others - -  - -  6.8 

Values are in area percentage, average of duplicate analyses. 
(--), Not detected. 

At the termination of the experiment, rats were killed 
over a period of three days (between 8-10 a.m.). Hearts 
were removed, rinsed several times with cold physiologi- 
cal saline, chopped into small pieces with scissors and 
homogenized in a Potter-Elvejhem homogenizer with 
9-10 volumes of a medium containing 0.32 M sucrose, 
0.05 M Tris buffer (pH 7.4) and 1 mM MgC12. The homoge- 
nares were filtered through four layers of cheesecloth, and 
crude plasma membranes were prepared by differential 
centrifugation as described (13). Membranes and homoge- 
hates were aliquoted in small vials and stored in liquid 
nitrogen until assayed. No changes in adenylate cyclase 
activity or receptor binding were observed in samples 
stored in liquid nitrogen up to four wk. Aliquots of the 
homogenates and membranes were used for adenylate 
cyclase assays. The binding assays using [3H]forskolin 
and [~H]dihydroalprenolol (DHA) were carried out with 
the membranes. 

~-receptor binding assays using [3H]DHA as a 
radioligand were performed as described (13). Briefly, ali- 
quots of cardiac membranes (150-350 ~g protein) were in- 
cubated for 15 min with 0 to 29 nM [3H]DHA in a final 
volume of 500 ~ of a buffer (50 mM Tris-HC1, 10 mM 
MgC12, pH 7.4 at 37 C). The bound radioligand was sepa- 
rated by vacuum filtration on Whatman GF/A glass fiber 
filter, and the radioactivity was determined by liquid scin- 
tillation. The specific binding of [3H]DHA is defined as 
the difference between the total binding and the binding 
in the presence of 1 mM alprenolol. All assays were done 
in duplicates. The dissociation constant (Kd) and the con- 
centration of the binding sites (Bm,~) were determined by 
Scatchard analysis using a computer. 

Adenylate cyclase activity was measured in triplicate 
samples in homogenates and membranes by determining 
the conversion of [a- 'P]ATP to cyclic [32p]AMP and iso- 
lating the product by sequential column chromatography 
(15). Details of the adenylate cyclase assay have been pro- 
vided (14). The basal activity was measured without the 
addition of any stimulating agent in the incubation 

medium. The stimulated activity was measured in the 
presence of sodium fluoride (15 mM), isoproterenol 
(20 ~M) or forskolin (0.1 M). In terms of the well-estab- 
fished three component adenylate cyclase system, iso- 
preterenol activates the enzyme by stimulating the/3- 
adrenergic receptor, fluoride by activating the guanine- 
binding regulatory proteins, and forskolin activates it by 
binding to the catalytic unit of the enzyme. 

For [3H]forskolin binding studies, cardiac membranes 
(25 ~g protein) were incubated at 37 C for 30 min with 
12.5 to 210 nM [3H]forskolin in a final volume of 200/~l 
of buffer (50 mM Tris-HC1, 10 mM MgC12, pH 7.4}. 
Preliminary studies had shown that  maximum binding 
of [3H]forskolin was obtained under these conditions after 
20 rain of incubation and that there was no change in 
binding for up to 90 min. The specific binding was defined 
as the difference between the total binding and binding 
in the presence of 50 I~M unlabeled forskolin. The un- 
labeled forskolin was dissolved in a mixture of ethanol/ 
dimethyl sulfoxide (29:18%) in the above buffer as de- 
scribed by Ho and Shi (16). The final solvent concentra- 
tions for ethanol and dimethyl sulfoxide were 2.9 and 
1.8%, respectively. At these concentrations, the solvents 
had little effect on radioligand binding or adenylate 
cyclase activity. At the end of the incubation period, all 
the tubes were placed in an ice-cold water bath followed 
by rapid filtration under vacuum through Whatman 
GF/A glass fiber filters. Filters were rapidly washed three 
times with 4 ml of the ice-cold incubation buffer to 
separate the bound and free radioligand. After drying, 
the bound radioactivity remaining on the filters was 
counted using a liquid scintillation spectrometer (Beck- 
man LS6800). All binding assays were done in duplicate. 
The data for the saturation curves were analyzed by a 
computer to estimate the equilibrium dissociation con- 
stants (Ko) and the maximum number of the binding sites 
(Bm~) using Scatchard analysis (17). 

Fluorescence polarization was measured according to 
the procedures of Shinitzky and Inbar (18) and Shinitzky 
and Barenholz (19) as described (20). In brief, cardiac 
membranes were incubated with diphenyl hexatriene 
(DPH) in phosphate-buffered saline, and fluorescence 
polarization was measured using an SLM 4800 fluores- 
cence polarization spectrophotometer (SLM Instruments, 
Inc., Urbana, IL) with two cross-polarized channels. The 
excitation was 366 nm. Scattering of the emitted light 
was reduced by using a 389 nm cut-off filter. 

Total lipids were extracted from the cardiac homoge- 
nates and membranes using Bligh and Dyer's method 
t21). Phospholipids were separated by column chromatog- 
raphy {22). Methyl esters were prepared from aliquots of 
total lipids and phospholipids using boron trifluoride- 
methanol {23}, and the fatty acid composition was deter- 
mined by gas chromatography as described/14). 

The data pertaining to the three dietary groups were 
treated statistically using analysis of variance and the 
significance of the differences among the groups was 
calculated using Newman-Keul's test (24). 

RESULTS 

There was no significant difference in the body weight 
gains of rats fed the various diets. 
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5 ' -Nucleot idase  genera l ly  is used  as a marke r  enzyme  
for p l a sma  membranes .  The  crude m e m b r a n e  prepara-  
t ions  t h a t  we used had  10-13-fold enr ichment  in 5'-nucle- 
ot idase  ac t iv i ty  over  t h a t  of  the  homogenates .  There  was  
no significant difference in the  relat ive pur i ty  of the  mem- 
branes  a m o n g  the  three  d ie ta ry  g roups  as eva lua ted  b y  
the  ac t iv i ty  of  succinic dehyd rogenase  for mi tochondr i a  
and glucose~6-phosphatase for microsomal  contaminat ion.  
Also, there  was  no difference in the  yield of  m e m b r a n e s  
a m o n g  the  three  d ie ta ry  groups .  

Adeny la t e  cyclase  ac t iv i ty  in hear t  h o m o g e n a t e s  
(Table 2) was  h igher  in r a t s  fed m e n h a d e n  oil t h a n  in the  
o ther  two groups.  The basal  ac t iv i ty  was  40 -50% higher, 
and  the  s t imula ted  ac t iv i ty  (fluoride, i soproterenol  or  
forskolin) was  two- to  three-fold higher in cardiac homoge  ~ 
ha tes  of ra ts  fed diet conta ining menhaden  oil than  in t ha t  
of  the  o ther  two groups .  There  was  essent ia l ly  no dif- 
ference in adeny la te  cyclase  ac t iv i ty  be tween  the  g roups  
fed 10% corn  oil or 8% coconu t  oil + 2% corn  off. 

Adenyla te  cyclase ac t iv i ty  in cardiac membranes  of ra ts  
fed the  three diets  is shown in Table  3. As  in the  homoge-  
nates ,  basa l  and  forskol in-s t imula ted  ac t iv i ty  was  the  
h ighes t  of  the  three g roups  in membranes  of ra t s  fed diet  
conta in ing  menhaden  oil. However ,  such differences were 
no t  observed  in fluoride- or i sopro te renol -s t imula ted  ac- 
t ivi ty.  A l though  these activit ies still were higher in mem- 
branes  of ra t s  fed menhaden  oil t han  those  fed 8% coconut  
oil + 2% corn  oil, there  was  no difference be tween the  
g r o u p s  fed m e n h a d e n  oil vs  corn  oil. 

The sa tura t ion curves for the specific [3H]DHA-binding 
to  the  cardiac  membranes  of r a t s  fed diets  con ta in ing  dif- 
ferent  oils are  shown in F igure  1A. The S c a t c h a r d  p lo ts  
(Fig. 1B) and the  d a t a  in Table  4 show a lower aff ini ty  
(higher K~ values) in m e m b r a n e s  of  r a t s  fed menhaden  
oil t h a n  in the  o ther  two  oils. There  was  a s l ight  bu t  non- 
s ignif icant  (P > 0.05} increase in the  n u m b e r  of b ind ing  
sites in cardiac  m e m b r a n e s  of r a t s  fed diet  con ta in ing  
m e n h a d e n  oil t h a n  the  o ther  two oils. 

To de te rmine  the  charac te r i s t i cs  of  [3H]forskolin-bind- 
ing  to  r a t  myocard ia l  membranes ,  we conduc ted  a pre- 
l iminary  s tudy.  M e m b r a n e s  were  p repared  f rom hea r t  of  
adul t  male  Sprague-Dawley  ra t s  b y  the  differential  cen- 
t r i fuga t ion  me thod  similar to  the  one described above for 
i so la t ing  the  cardiac  m e m b r a n e s  f rom ra t s  fed the  three  
diets. 

The total,  specific and nonspecific [~H]forskolin binding 
as a funct ion of  the  incubat ion  t ime is shown in Figure  2. 
The  b ind ing  was  ve ry  rap id  dur ing- the  f i rs t  one to  two 
min  and reached a p la teau at  abou t  20 rain of incubation.  
Therefore,  in subsequen t  exper iments  a 30-min incuba- 
t ion t ime at  37 C was  used routinely.  The specific b inding 
was  l inear over  a range  of 12.5 to  at  least  50 ~g protein.  
Therefore,  in subsequen t  exper iments  50 ~g or  lower  
a m o u n t  of  m e m b r a n e  pro te in  was  used  for [3H]forskolin- 
b ind ing  studies.  

The  specific b ind ing  of  [3H]forskolin to  the  cardiac  
m e m b r a n e s  of  r a t s  fed m e n h a d e n  oil was  higher  t h a n  in 
those  fed the  o ther  two otis. The values  shown in Table 5, 

TABLE 2 

Adenylate Cyclase Activity in Heart Homogenates of Rats Fed Diets Containing Different Oils 

Diet fed Basal + Fluoride + Isoproterenol + Forskolin 

10% Corn oil 13.7 + 0.3 a 51.0 • 10.3 a 31.0 + 6.2 a 138.5 _ 18.5 a 
8% Coconut oil 

+ 2% corn oil 13.0 • 0 a 52.8 • 5.2 a 25.3 • 4.3 a 137.8 • 19.7 a 
10% Menhaden oil 19.0 • 0 b 110.5 • 10.9 b 75.3 • 11.8 b 291.5 • 36.2 b 

Values are mean + SE of four assays/group; each assay was done in triplicate. Values with different 
superscripts in the same column are significantly different (P < 0.0D from each other using analysis of variance, 
Newman-Keul's test. Enzyme activity is shown in pmol/mg protein/mln_ The final concentrations of the ac- 
tivators in the incubation mixture were fluoride, 15 raM; isoproterenol, 20 pM; and forskolin, 0.1 raM. 

TABLE 3 

Adenylate Cyelase Activity in Heart Membranes of Rats Fed Diets Containing Different Oils 

Diet fed Basal + Fluoride + Isoproterenol + Forskolin 

10% Corn oil 24.1 + 1.1 a 163.2 + 8.0 a 39.2 __- 2.4 a 328.7 +_ 12.0 a 
8% Coconut oil 

+ 2% corn oil 21.0 + 1.0 b 119.5 +_ 4.2 b 28.3 • 1.2 b 244.8 _+ 20.4 b 
10% Menhaden oil 27.9 +_ 1.1c 167.0 + 6.6 a 43.0 + 1.8 a 394.7 • 13.5 c 

Values are mean + SE of three assays/group; each assay was done in triplicate. Values with different 
superscripts in the same column are significantly different (P < 0.05) from each other using analysis of variance, 
Newman-Keul's test. Enzyme activity is shown in prnol cAMP/rag protein/rain. The final concentrations of 
the activators were fluoride = 15 mM, isoproterenol = 20 ~M, and forskolin = 0.1 mM. 
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FIG.  1. (A) Satura t ion curves for the specific binding of [~H]DHA to cardiac membranes  of ra ts  fed diets containing different oils. 10% 
corn oi l  �9 - -  �9 ; 8% coconut oil + 2% corn oil, O--O; 10% menhaden oil, A- -A.  Each point  represents  a mean ___ SE of four experiments,  
each done in duplicate. (B) Scatchard plot. 
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FIG. 2. Time course of [SH]forskolin binding to cardiac membranes  of rats.  Membranes  
(50 ~g protein) were incubated in 10 mM MgCI2, 50 mM Tris.HCl buffer (pH 7.4) and 50 nM 
[SH]forskolin (final concentration) at  37 C for the  specific t ime periods. Bound radioac- 
t ivi ty was separated from the free radioactivi ty by rapid fi l terntion assay as described 
in Methods. Each data  point represents  a mean of duplicate assays.  Total  binding, 
O--O; nonspecific binding (in the  presence of 50/aM forskolin), A--&;  specific binding, 
which represents  the difference between the to ta l  binding and the  nonspecific binding, 
0 - - 0 .  

TABLE 4 TABLE 5 

[3H]DHA-Binding to Cardiac Membranes  of Rats  
Fed Diets Containing Different Oils 

Diet  fed KD Bmax 

[SH]Forskolin-Binding to Rat  Hear t  Membranes  

Diet  fed K D Bmax 

nM pmol/mg protein ~ pmol/mg protein 

10% Corn oil 2.44 ___ 0.41 a 0.223 ___ 0.041 a 10% Corn oil 0.24 ___ 0.03 a 4.75 • 0.16 a 
8% Coconut off 8% Coconut oil 

+ 2% corn oil 3.50 • 0.48 a 0.234 • 0.047 a + 2% corn oil 0.22 • 0.04 a 4.49 • 0.67 a 
10% Menhaden oil 6.54 • 1.16 b 0.357 • 0.076 a 10% Menhaden oil 0.27 • 0.04 a 8.42 • 0.52b 

Values are mean  • SE of four assays/group; each was done in 
duplicate. Values with different superscripts in the same column are 
significantly different P(<0.05) from each other us ing analysis of 
variance, Newman-Keul 's  test. 

Values are mean _ SE of three assays/group; each was done in 
duplicate. Values with different superscripts in the same column are 
significantly different P(<0.01) from each other us ing analysis of 
variance, Newman-Keul 's  test. 
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which were ca lcula ted  f rom the  Sca tcha rd  plots ,  show a 
higher  concen t r a t i on  of the  b i n d i n g  si tes  in m e m b r a n e s  
of r a t s  fed m e n h a d e n  oil t h a n  in  the  o ther  two groups .  
There  was, however,  no difference in  the  a f f in i ty  of the  
b i n d i n g  si tes  a m o n g  the  three  groups.  

The  s t i m u l a t i o n  in  adeny la t e  cyclase ac t iv i ty  wi th  dif- 
fe ren t  c o n c e n t r a t i o n s  of forskol in  (Fig. 3) also showed a 
s ign i f i can t  increase  in the  enzyme  ac t iv i ty  in  cardiac  500 
m e m b r a n e s  of r a t s  fed die ts  c o n t a i n i n g  m e n h a d e n  oil. 
This  was  the  case a t  each c o n c e n t r a t i o n  of forskolin.  

The fa t ty  acid composi t ion of to ta l  phospholipids of car- 
diac homogena t e s  and  m e m b r a n e s  {Table 6) showed ~- 
re la t ive ly  higher  p ropor t ions  of 22:6 r (17-18% of the  "~ 400 - 
to ta l  f a t t y  acids) and  20:5 ~-3 (4-5% of the  to ta l  f a t t y  
acids) in  r a t s  fed m e n h a d e n  oil t h a n  the  o ther  two oils. 
The  levels of co-6 f a t t y  acids (18:2, 20:4 and  22:4) were 
lower in r a t s  fed diet  c o n t a i n i n g  m e n h a d e n  oil t h a n  those  "~ 300 
in  the  o ther  two d ie t a ry  groups .  The  double  b o n d  index,  
a measu re  of the  degree of u n s a t u r a t i o n ,  was  h igher  in  _~ 
m e m b r a n e  phosphol ip ids  of r a t s  fed diet  c o n t a i n i n g  
m e n h a d e n  oil t h a n  in  the  o ther  two oils (173 in 10% corn  ~ 200- 
oil, 171 in  8% coconut  oil + 2% corn  oil, and  213 in the  a_ 
g roup  fed 10% m e n h a d e n  oil). 

The  f luorescence po la r i za t ion  of D P H  m e a s u r e d  a t  dif- _ 
ferent  t empera tu res  in  cardiac membranes  was essent ia l ly  o E 
the  same a m o n g  the  three  d ie t a ry  g roups  (Fig. 4). ~ 100- 

DISCUSSION 

We have  repor ted  (13) t h a t  E F A  deficiency resu l ted  in  
a decrease in  adeny la t e  cyclase  ac t iv i ty  and  in the  con- 
cen t r a t i on  of Sad rene rg i c  receptor  in r a t  heart .  Since the  
levels of l inoleic acid in m e n h a d e n  oil are qu i t e  low, th i s  
ra ises  the  poss ib i l i ty  of an  E F A  deficiency by  feeding  of 
a diet  c o n t a i n i n g  10% m e n h a d e n  oil. However ,  there  was 
no  evidence  of an  E F A  deficiency as shown by  the  f a t t y  
acid compos i t ion  of to ta l  1/pids of p l a sma  (data  no t  
shown). A l t h o u g h  the  20:4r levels were lower in r a t s  

fed 10% m e n h a d e n  oil (10% vs  32 -33% in the  o ther  two 
d ie t a ry  groups),  there  was  no  a c c u m u l a t i o n  of 20:3oo-9. 
I t  c o n s t i t u t e d  less t h a n  0.5% of the  to ta l  f a t t y  acids in  
p l a s m a  of r a t s  fed 10% m e n h a d e n  oil. 

lo-7 lo'-6 lo'-s lo'-4 
[Forskolin-1 M 

FIG. 3. Forskolin-stimulated adenylate cyclase activity in cardiac 
membranes of rats fed diets containing different oils. 10% corn oil, 
� 9  � 9  8% coconut oil -F 2% corn oil, O--O; 10% menhaden oil, 
A - - A .  Each point represents a mean of four experiments, each done 
in triplicate. The bars represent SE. 

TABLE 6 

Fat ty  Acid Composition of Total  Phospholipids of Heart Homogenates  and Membranes of Rats  Fed Diets  Containing Different Oils 

10% Corn oil 8% Coconut oil + 2% corn oil 10% Menhaden oil 
Fatty 
acid Homogenate Membrane Homogenate Membrane Homogenate Membrane 

14:0 1.0 -• 0.1 a 1.6 -• 0.2 a 1.5 • 0.2 a 1.6 • 0.1 a 1.6 -• 0.2 a 1.6 • 0.2 a 
16:0 12.9 • 0.8 a 14.0 • 0.5 a 13.7 • 0.9 a 14.2 • 0.6 a 14.8 • 0.9 a 15.9 • 0.6 a 
16:1 0.6 • 0.1 a 0.9 • 0.3 a 1.1 • 0.1 b 0.9 • 0.1 a 3.0 • 0.2 c 2.6 • 0.1 b 
18:0 23.2 • 0.4 a 24.6 • 0.2 a 22.8 • 0.6 a 22.6 • 0.1 a 23.1 • 0.6 a 24.9 • 0.1 a 
18:1 8.3 • 0.9 a 8.4 • 0.5 a 11.8 • 1.0 a 11.4 • 0.2 b 11.2 • 0.9 a 11.1 • 0.1 b 
18:2 r 21.1 • 0.1 a 16.5 • 0.2 a 19.5 • 0.5 b 16.3 • 0.3 a 7.1 • 0.3 c 6.4 • 0.1 b 
20:4 ~ 6  21.2 • 1.2 a 21.3 • 1.0 a 21.5 • 0.1 a 21.5 • 0.5 a 11.1 • 0.3 b 11.1 • 0.3 b 
20:5 o~3 _ a  _ a  _ a  _ a  5.0 • 0.2 b 4.7 • 0.3 b 
22:4 o~6 4.1 • 0.3 a 4.2 • 0.3 a 4.2 • 0.2 a 4.3 • 0.3 a 0.3 • 0.1 b 0.3 • 0.1 b 
22:5 r 0.3 • 0.1 a 0.5 • 0.1 a _ b  _ b  3.0 • 0.2 c 3.1 • 0.3 c 
22:6 r 4.9 • 0.1 a 4.3 • 0.5 a 3.7 • 0.5 a 3.8 • 0.7 a 18.1 • 0.9 b 16.9 • 0.3 b 

Values are in area percentage, averages of triplicate analyses within each group (mean • SEM). 
--, Not detected. Values {for homogenates or membrane) with different superscript letters in the same row are significantly different 
(P < 0.01) using analysis of variance, Newman-Keul's test. 
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FIG. 4. Fluorescence polarization of DPH in cardiac membranes of rats fed diets con- 
taining 10% corn oil, e ;  8% coconut oil + 2% corn oil, O; or 10% menhaden oil, A. 
Fluorescence polarization was  measured at different temperatures (5-37 C). 

Adenylate cyclase system consists of a hormone- 
sensitive receptor (R), guanine~nucleotide binding regula- 
tory proteins (G, and Gi) and the catalytic subunit (C). 
Changes in any of these components theoretically may 
explain the increase that we observed in the stimulated 
adenylate cyclase activity in heart of rats fed menhaden 
oil. Since the Bm~ of [3H]forskolin binding was almost 
doubled in cardiac membranes of rats fed diet contain- 
ing menhaden oil, it appears that the main reason for an 
increase in adenylate cyclase activity in this group is an 
increase in the number of the catalytic subunits of 
adenylate cyclase or a greater availability of the [3H]- 
forskolin-binding sites. The catalytic subunit being the 
last step in the adenylate cyclase activation very well 
could become the rate-limiting step. Therefore, any in- 
crease in the concentration of this catalytic subunit by 
feeding menhaden oil also would result in a higher 
adenylate cyclase activity, even if the 3-adrenergic recep- 
tor concentration and that of the G proteins remains the 
S a l T l e .  

Cardiac membrane phospholipids showed a preponder- 
ance of 20:5, 22:5 and 22:6 in rats fed menhaden oil; the 
level of 22:6 were especially high (17% of total). This was 
at the expense of r fat ty acids such as 18:2, 20:4 and 
22:4, which were reduced. Since the highly unsaturated 
fatty acids such as 20:5, 22:5 and 22:6 would constitute 
a more fluid domain around the catalytic subunit, it is 
tempting to speculate that a greater number of the bin- 
ding sites would be available for [~H]forskolin as was 
observed in membranes of this group. 

In addition to the fat ty acid composition of the mem- 
brane phospholipids, other variables such as cholesterol 
to phospholipid ratio and the proportion of various phos- 
pholipids also could influence membrane fluidity. Al- 
though we did not measure these parameters, the fluid- 
ity of the membranes among the three dietary groups was 
essentially the same as measured by fluorescence polariza- 
tion of DPH. Since fluorescence polarization measures the 

"average" fluidity of the membrane, this observation does 
not exclude changes in the enzyme microenvironment. 

[3H]forskolin binding sites characteristics have been ex- 
amined in heart of rats fed a standard diet {25}. Our data 
on Bma~ and K~ for forskolin binding are consistent with 
this finding. In another study {26}, the effect of feeding 
coconut oil {rich in saturated fatty acids} and sunflower 
oil {rich in polyunsaturated fat ty acids} on rat heart ade- 
nylate cyclase and 3-adrenergic receptor was examined. 
A decrease in adenylate cyclase activity {basal, norepi- 
nephrine- and fluoride-stimulated} was reported in atrial 
homogenates of rats fed sunflower oil relative to the 
coconut oil. The K~ and Bm~ of [3H]DHA-binding also 
were decreased in atrial homogenates from rats fed 
sunflower oil. The values for the affinity and the concen- 
tration of [sH]DHA-binding sites in our study essentially 
are similar to those obtained by Wince and Rutledge {26}. 
Although the incorporation of fish oil fatty acids into car- 
diac (27) and other tissues (28) has been reported, to our 
knowledge, there are no previous studies on the effects 
of fish oils on cardiac adenylate cyclase system or on 
[SH]forskolin-binding sites in heart as affected by dietary 
lipids. 

ACKNOWLEDGMENTS 
We thank Kathleen Frick for expert technical assistance and Linda 
Armstrong for typing the manuscript. 

REFERENCES 
1. Lefkowitz, R.J. {1975] J. ]VIOL Cell CardioL 7, 27-37. 
2. Levey, G.S. {1971)J. BioL Chem. 246, 7406-7410. 
3. Limbird, L.E., and Lefkowitz, R.J. {1976} MoL PharmacoL 12, 

559-567. 
4. Sutherland, E.W., Rail, T.W., and Menon, T. (1962}J. BioL Chem. 

237, 1220-1227. 
5. Morson, L.A., and Clandinin, M.T. (1986} J. Nutr. 116, 

2355-2362. 

LIPIDS. Vol. 23, No. 3 (1988) 



FISH OILS AND CARDIAC ADENYLATE CYCLASE 

213 

6. Neelands, P.J., and Clandinin, M.T. {1983} Biochem. J. 212, 
573-583. 

7. Yamaguchi, K., and Matsuoka, A. (1982) Horm. MetaboL Res. 
14, 117-121. 

8. Charnok, J.S., Abeywardena, M.Y., McMurchie, E.J., and 
Russell, G.R. 11984} Lipids 19, 206-213. 

9. Gudbjarnason, S., and Oskardottir, G. {1977} Biochim. Biophys. 
Acta 487, 10-15. 

10. Tahin, Q.S., Blum, M., and Carafoll, E. {1981}Eur. J. Biochem. 
121, 5-13. 

11. Awad, A.B., and Chattopadhyay, J.P. (1983} J. Nutr. 113, 
1878-1884. 

12. Lee, S-H.C., and Clandinin, M.T. {1986}s Nutr. 116, 2096-2105. 
13. Alam, S.Q., Alam, B.S., and Ren, Y-F. (1987}s MoL Cell. Car- 

dioL 19, 465-475. 
14. Alam, S.Q., and Alam, B.S. {1986} J. Nutr. 116, 1620-1630. 
15. Salomon, Y., Londos, C., and Rodbell, M. {1974} Anal Biochem. 

58, 541-548. 
16. Ho, R-J., and Shi, Q-H. {1984} J. Biol. Chem. 259, 7630-7636. 
17. Scatchard, G. {1949} Ann. N.Y. Acad. ScL 51, 660-672. 
18. Shinitzky, M., and Inbar, M. (1974}J. MoL Biot 85, 603-615. 

19. Shinitzky, M., and Barenholz, Y. (1974} J. BioL Chem. 249, 
2652-2657. 

20. Alam, S.Q., Alam, B.S., and Banerji, A. (1985) Lipid 20, 16-23. 
21. Bligh, E.G., and Dyer, W.J. {1959} Can. J. Biochem. Physiol. 

37, 911-917. 
22. Rouser, G., Kritchevsky, G., and Yamamoto, A. {1967} inLipid 

Chromatographic Analysis (Marinetti, G.V., ed.}, Vol. 1, 
pp. 118-120, Dekker, New York, NY. 

23. Morrison, W.R., and Smith, L.M. (1964)J. LipidRes. 5, 600-608. 
24. Snedecor, G.W., and Cochran, W.G. {1967} in Statistical 

Methods, 6th edn., pp. 273-275, The Iowa State University 
Press, Ames, IA. 

25. Schmidt, K., and Kukovetz, W.R. {1985) J. Cyclic Nucleotide 
Protein Phosphor. Res. 10, 425-438. 

26. Wince, L.C., and Rutledge, C.O. (1981)J. PharmacoL Exp. Ther. 
219, 625-631. 

27. Swanson, J.E., and Kinsella, J.E. {1986}J. Nutr. 116, 514-523. 
28. Dyerberg, J., Bang, H.O., Moncada, S., and Vane, J.R. {1978} 

Lancet 2 (8081}, 117-119. 

[Received June 29, 1987; Revision accepted November 3, 1987] 

LIPIDS, Vol. 23, No. 3 (1988) 



214 

Structural Modifications of Rat Serum High Density Lipoprotein 
by Pancreatic Phospholipase A2 
John B. Swaney* and Margaret W. Odshlmo 
Department of Biological ChemlstW, Hahnemann University, Broad and Vine, Philadelphia, PA 19102 

An important and unusual aspect of the high density 
lipoprotein (HDL) in the rat is its tendency to undergo 
marked alterations in structure in response to physio- 
logical perturbations. In this study, the role of the sur- 
face lipids for maintenance of HDL integrity were in- 
vestigated. Hydrolysis by pancreatic phospholipase As 
of the phospholipids of rat HDL in the presence of the 
d > 1.21 g/ml fraction of rat serum results in an increase 
in the particle diameter and an uptake of apo-E and apo 
A-IV from the lipoprotein-free fraction; augmentation of 
the albumin concentration in the incubation mixture in- 
tensified the observed changes, probably due to enhance- 
ment of the compositional changes brought about by 
phospholipase treatment. Phospholipase A2 treatment of 
the d < 1.21 g/mI fraction of rat serum produces only 
minor changes in the properties of the isolated HDL. 
These data suggest that changes in apoprotein content 
reflect an uptake of A-IV and E by the rat HDL, rather 
than a net loss of apo A-I. Likewise, titration of the ac- 
tion of pancreatic phospholipase As on HDL apoprotein 
composition showed that initially a modest increase in 
apo A-IV content occtwred, but with more extensive 
phospholipolysis there was a considerably greater in- 
crease in the apo-E content of the particle. The data sug- 
gest that hydrolysis of phospholipids such as occurs 
physiologically through the action of lecithin:cholesterol 
acyl transferase and hepatic lipase may alter the HDL 
structure independently from changes effected in the 
neutral lipid core. 
Lipids 23, 214-219 {1988}. 

An important feature of the plasma lipoproteins is that  
these complex protein-lipid assemblies undergo con- 
tinuous remodeling in the circulation due to the action 
of enzymes involved in lipid metabolism, such as 
lecithin:cholesterol acyl transferase (LCAT) and hepatic 
lipase. Proteins responsible for the transfer of both 
neutral and polar lipid components among the lipopro- 
tein classes appear to influence HDL structure as well 
(1). An important consequence of the structural rear- 
rangements effected by these agents is the observed 
heterogeneity within lipoprotein classes. 

An intriguing feature of lipid metabolism in the rat is 
the tendency for rat HDL to show marked chgnges in 
apoprotein distribution in response to various metabolic 
stimuli. For example, feeding a diet high in cholesterol 
causes rat HDL to become depleted in apo-E {2,3}, while 
induction of diabetes causes a loss of both apo-E and apo 
A-IV {2,4}. By contrast, the apoprotein content of human 
HDL has been found to be fairly constant. 

*To whom correspondence should be addressed. 
Abbreviations: BSA, bovine serum albumin; CE, cholesterol ester; 
CHOL, cholesterol; DTNB, 5,5'-dithiobis{2-nitrobenzoate); FFA, free 
fatty acid; HDL, high density lipoprotein; LCAT, lecithin:cholestexol 
acyl transferase; LDL, low density ilpoprotein; LYSO, lysophospha- 
tidylcholine; PL, phospholipid; PLASE, phosphalipase A2; SDS, 
sodium dodecyl sulfate; SD~PAGE, polyacrylamide gel electro- 
phoresis in the presence of sodium dodecylsulfate; TG, triglyceride; 
VLDL, very low density lipoprotein. 

Recent investigations have documented that the LCAT 
enzyme causes major modifications of the HDL molecule, 
which are reflected in altered chemical composition and 
increased size {5-7}. In the rat, there has been considerable 
evidence that there also are major redistributions of 
apoproteins resulting from LCAT action, with increased 
amounts of apo A-IV and apo-E becoming associated with 
the particle {7,8). Since the first step in the LCAT-medi- 
ated reaction is a phospholipase A2-like reaction, we ini- 
tiated studies to evaluate whether phospholipase As alone 
would cause the changes in HDL properties associated 
with LCAT, apart from the cholesteryl ester formation 
catalyzed by LCAT. 

Earlier studies on the treatment of isolated human 
HDL by snake venom phospholipases showed that  
despite extensive hydrolysis of fatty acids from phospha- 
tidylcholine and phosphatidylethanolamine, the HDL re- 
mained intact and retained its physical properties (9,10}. 
Preliminary studies in our laboratories showed that phos- 
pholipase treatment of rat serum followed by isolation 
of the HDL fraction resulted in considerable change to 
both the chemical and physical properties of the HDL. 
The present studies were undertaken to compare the ac- 
tion of phospholipase on HDL in the presence or absence 
of serum components and to provide more complete 
chemical characterization of these products than has been 
available previously. 

MATERIALS AND METHODS 

Serum treatment and H D L  isolation. Serum was obtain- 
ed from male Sprague-Dawley rats (270-350 g) by ex- 
sanguination from the abdominal aorta. In all cases, 
5-5'~iithiobis(2-nitrobenzoate) {DTNB) in 0.075 M sodium 
phosphate buffer, pH 7.4, was added immediately upon 
collection ffinal concentration, 1.5 mM) to inhibit LCAT 
activity. All blood samples were allowed to clot on ice for 
three hr, and the serum was recovered by centrifugation. 
For some studies, various fractions, including the d > 
1.21, the d < 1.21, and the d 1.063-1.21 g/ml fraction, were 
isolated by ultra-centrifugation (11). After dialysis 
against 0.15 M NaC1 containing 0.01% EDTA pH 7.4, the 
various fractions or whole serum were incubated with por- 
cine pancreatic phospholipase A2 {Sigma Chemical Co., 
St. Louis, MO) for 18 hr at 37 C. In most studies, the 
amount of phospholipase used was 15 units/ml; calcium 
chloride was added to the incubations at final concentra- 
tions of either 3 mM or 21 mM. Incubations of HDL or 
the d < 1.21 fraction were buffered with 0.2 M Tris-HC1, 
pH 7.5, to prevent precipitation due to changes in pH dur- 
ing lipolysis. 

In some cases, albumin was added incrementally to the 
mixture; this was added either before the incubation or 
afterward, followed by a 6-18 hr equilibration at 4 C to 
allow binding of the lipolytic products. 

The HDL fraction was isolated in the d 1.063-1.21 den- 
sity interval by the addition of KBr to the incubation 
mixture and ultracentrifugation. This material was 
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deliberately not "washed" at d 1.21 g/ml in order to 
minimize losses that are known to result from ultracen- 
trifugation. The d < 1.063 material was dialyzed against 
0.15 m NaC1, 0.27 mM EDTA, pH 7.5, and centrifuged 
for 20 hr to obtain the VLDL. All fractions were dialyzed 
against 0.15 M NaCI, 0.27 mM EDTA, pH 7.6, before 
analysis. 

Titration of phospholipase action on apoprotein distri- 
bution. To evaluate the effects of phospholipase at various 
concentrations, rat serum was incubated at 37 C for 18 
hr with various concentrations of phospholipase A2 rang- 
ing from .005-15 units/ml. After incubation, the HDL was 
isolated by ultracentrifugation and analyzed by SDS gel 
electrophoresis; relative apoprotein quantitation was 
achieved by scanning densitometry of the stained gels. 

Pore limit electrophoresis. The size of HDL particles 
was determined using a 4-30% acrylamide gradient gel 
essentially as described by Anderson et al. {12} using a 
voltage of 150 V for 44 hr applied to Pharmacia PAA 4/30 
gels {Piscataway, N J) or, alternatively, gradient slab gels 
were prepared and run in a homemade apparatus. The 
sample volume was adjusted in each case so that 10 ~g 
of protein were applied in each slot; following electro- 
phoresis, the gel was stained with Coomassie Brilliant 
Blue G-250. Protein standards for estimating molecular 
dimensions were purchased from Pharmacia, and the fol- 
lowing values for Stokes' diameter were used: thyroglob- 
ulin, 17.0 nm; apoferritin, 12.2 nm; catalase, 10.2 nm; 
lactate dehydrogenase, 8.1 nm; and serum albumin, 
7.1 nm {13}. The relationship between molecular size and 
electrophoretic mobility in these gels originally was 
described by Felgenhauer {14}. 

SDS gel electrophoresis and chemical cross-linking. 
SDS slab gel electrophoresis was performed using 3-27% 
acrylamide gels as described {15}. Sample volumes were 
adjusted so that  25 ~g of protein was loaded in each lane 
of the gel. Gels were stained with Coomassie Brilliant 
Blue G-250 and destained in 7% acetic acid~ 5% methanol. 
In some cases, HDL samples were cross-linked using 
dimethylsuberimidate (Pierce Chemical Co., Rockford, IL} 
{16} and were electrophoresed on SDS gels along with 
cross-linked apo A-I and hemocyanin {Sigma Chemical 
Co.) and cross-linked bovine serum albumin as molecular 
weight standards. 

Chemical analyses. Protein content was determined by 
the method of Lowry et al. {17) as modified by Markwell 
et al. 118}. Total and free cholesterol were measured en- 
zymatically, using a reagent kit prepared by Fermco {Elk 
Grove Village, IL); a sample of control human serum {Con- 
trol H, Sigma Chemical Co.} was analyzed on each occa- 
sion to verify the reproducibility of results from day-to- 
day. The mass of cholesteryl ester was computed from 
the difference between total and free cholesterol by utiliz- 
ing a factor of 1.7. Triglyceride was determined en- 
zymatically using a kit prepared by Sigma Chemical Co. 
Free fatty acids were analyzed enzymatically using 
reagents (NEFA kit} prepared by Wako Chemical Com- 
pany {Dallas, TX). Phospholipid phosphorus was quan- 
titated by the method of Marinetti et al. {19}. Phosphorus 
was corrected to mass of phospholipid by using a factor 
of 25 for intact phospholipid and 17 for lysophospha- 
tidylcholine. 

Phospholipid species were determined by analysis of the 
phosphorus in lipid spots separated by thin layer chroma- 

tography. Folch extracts were spotted on Silica Gel 60 
plates (E. Merck, Darmstadt} and chromatographed using 
chloroform/methanol/acetic acid/water 25:14:4:2, v/v/v/v}. 

Statistical analysis. Data were analyzed for statistical 
significance using the Students' t-test. 

RESULTS 

Effect of phospholipolysis upon HDL composition. A 
summary of the effects of phospholipolysis on the 
chemical composition of isolated HDL are presented in 
Tables 1 and 2; data on the incubation of pancreatic 
phospholipase A2 with whole serum or with the HDL frac- 
tion (dl.063-1.21 g/ml} plus the d > 1.21 g/ml fraction are 
given in Table 1, while data for incubation of phospho- 
lipase with the d < 1.21 g/ml fraction or with HDL is 
shown in Table 2. 

The action of phospholipase on HDL in the presence 
of the d > 1.21 fraction {either as d > 1.21 or in whole 
serum} {Table 1} led to increases in protein content 
simultaneous with loss of intact phospholipid and ac- 
cumulation of lysolecithin and free fatty acid. Specifically, 
the protein in HDL of whole serum increased from 40.7% 
to 48.8% {p < .005}, and for HDL + d > 1.21 g/ml the pro- 
tein content increased from 36% to 45% {p < .005}. The 
addition of bovine serum albumin (BSA} either during the 
incubation or following the incubation led to a major 
reduction in lysolecithin and free fat ty acid. 

On the other hand, phospholipolysis of either HDL or 
the d < 1.21 g/ml fraction {Table 2} did not lead to signifi- 
cant increases in the protein content despite extensive 
hydrolysis of phospholipid {i.e., HDL protein content 
changed from 33.0% to 33.5% when HDL alone was 
treated with phospholipase, while this value changed from 
37.4% to 40.7% for the d < 1.21 g/ml fraction}. However, 
there was much greater accumulation of FFA and 
lysolecithin in the absence of the d > 1.21 components 
as compared with Table 1. The addition of albumin re- 
duced the FFA and lysolecithin contents and increased 
the percentage of other lipoprotein constituents. 

Effect of phospholipolysis on HDL particle size. The 
Stokes' diameter of the HDL particle following phospho- 
lipolysis under the conditions described for Tables 1 and 
2 was determined by pore hmit electrophoresis, and re- 
sults are summarized in Table 3. Phospholipase A2 treat- 
ment of whole serum or HDL plus the d > 1.21 fraction 
led to about a 1 nm increase in HDL diameter, while the 
presence of albumin yielded an increment of about 2 nm. 
On the other hand, phospholipolysis of HDL alone or of 
the d < 1.21 g/ml fraction led to a decrease of 0.4 nm; in- 
clusion of albumin prevented this decrease in size but did 
not produce a significant increase in diameter. 

Effect of phospholipolysis upon HDL protein content 
per particle. The utility of chemical cross-linking for 
establishing the relative amounts of protein on human 
HDL~ and HDLa has been demonstrated previously {20}. 
The total mass of protein located on the rat HDL parti- 
cle isolated after the phospholipolysis treatments de* 
scribed above was estimated by cross-li~king the parti- 
cle with dimethylsuberimidate, followed by SDS gel 
electrophoresis to determine mass relative to cross-linked 
standards. One such experiment is shown in Figure 1; 
molecular weights were determined relative to cross- 
linked apo A-I, cross-linked bovine serum albumin, and 
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TABLE 1 

Chemical Composition of HDL Reisolated from Whole Rat Serum or from an HDL + d > 1.21 g/ml Mixture 
Incubated in the Presence or Absence of Pancreatic Phospholipase a 

Weight percentage 
No. of 

expts, b Serum fraction PLASE BSA c Protein TG CHOL CE LYSO Intact  pLd  FFA 

2 Whole serum -- - -  40.7 1.9 4.7 24.5 1.7 26.1 0.9 
2 Whole serum + --  48.8 2.3 3.8 28.1 10.1 3.8 3.7 
1 Whole serum + + 53.1 2.7 3.5 34.5 1.2 4.0 1.0 

2 HDL + d > 1.21 g/ml --  --  36.0 1.7 6.0 25.5 1.6 29.0 0.5 
2 HDL + d > 1.21 g/ml + --  45.0 2.8 8.2 26.5 7.8 6.7 2.3 
4 HDL + d > 1.21 g/mi + + 52.0 2.3 7.6 31.3 1.0 5.1 0.5 

aWhole rat  serum or HDL (d 1.063-1.21 g/ml) reconstituted with d > 1.21 g/ml was incubated at 37 C for 18 hr with or without pancreatic 
phospholipase A2 {15 units/mi). 
bChemical composition data were obtained in each of the indicated number of experiments. Within each experiment, each determination 
was performed two separate times, each using duplicate samples. 

CBovine serum albumin was added to increase the albumin concentration by 50 mg/ml. 
dAll phospholipids except lysophosphatidylcholine. 

TABLE 2 

Chemical Composition of HDL Reisolated from d < 1.21 glml Fraction or HDL Treated with Phospholipase a 

Weight percentage 
No. of 

expts, b Serum fraction PLASE BSA c Protein TG CHOL CE LYSO Intact  PL d FFA 

2 d < 1.21 g/ml --  --  37.4 1.5 4.7 22.6 4.2 26.7 2.6 
2 d < 1.21 g/ml + --  40.7 1.5 4.1 22.9 15.4 2.9 12.2 
1 d < 1.21 g/ml + + 47.0 2.6 4.4 26.0 11.7 4.3 3.8 

2 HDL --  --  33.0 3.7 5.5 24.2 3.3 29.1 0.8 
2 HDL + --  33.5 3.8 6.1 25.8 15.7 7.1 8.6 
4 HDL + + 51.0 3.3 7.5 31.3 1.7 4.4 0.7 

aThe d < 1.21 g/ml fraction or HDL (d 1.063-1.21 g/mi) were incubated at 37 C for 18 hr with or without pancreatic phospholipase A2 
(15 unitslml). 
bChemical composition data were obtained in each of the indicated number of experiments. Within each experiment, each determination 
was performed two separate times, each using duplicate samples. 
CBovine serum albumin was added to increment the albumin concentration by 50 mg/ml for HDL, but only by 17 mg/ml for the d < 1.21 
g/ml sample. 
dAll phospholipids except lysophosphatidylcholine. 

TABLE 3 

Stokes' Diameter {from Pore Limit Electrophoresis) of HDL 
Reisolated from Phospholipase Serum Fractions a 

Serum or d > 1.063 11.2 _+ 0.2 (8) b 12.1 _+ 0.9 {8) 13.2 +- 0.9 (7) 
[A] c [B] [C] 

d < 1.21 or HDL 10.7 _ 0.3 {7) 10.3 +_ 0.3 (7) 10.8 + 1.2 (5) 
[D] [E] [F] 

aStokes'  diameters in nm for HDL reisolated from incubation mixtures of the indicated 
serum fractions treated at 37 C for 18 hr with or without pancreatic phospholipase A2 
and with or without BSA added to increment the albumin concentration by 50 mg/ml. 
bStokes diameter + standard deviation. The number in parentheses indicates the number 
of separate determinations. 
CThe probabilities that  the population means are the same for the following pairs of obser- 
vations: [A] - [B], p < .02; [B] -- [C], p < .02; [D] - [El, p < .03; [E] -- [F], not significant. 
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TABLE 4 

Protein Mass Per Particle of HDL Reisolated from Phospholipase Serum Fractions a 

Sample - PLASE + PLASE + PLASE, + BSA 

Serum ord>1.063 127_ 7(9} b 158 +_+- 7 {9} 222__ 1713} 
[AI c [BI [CI 

d < 1.21 or HDL 110 -!-_ 17 (6) 110 +_ 10 (6) 137 _ 15 I3) 
[D] [E] IF] 

aprotein mass in kilodaltons as determined by SDS gel electrophoresis of cross-linked 
HDL reisolated from incubation mixtures of the indicated serum fractions treated at 37 C 
for 18 hr with or without pancreatic phospholipase A2, and with or without BSA added 
to increase the albumin concentration by 50 mg/ml. 
bprotein mass +_ standard deviation. The number in parentheses indicates the number 
of separate determinations. 
CThe probabilities that the population means are the same for the following pairs of obser- 
vations: [A] - [B], p < .001; [B] - [C], P < .03; [D] - [E], not significant; [E] - [F], 
not significant. 

FIG. 1. Cross-linking of HDL isolated from incubation mixtures of 
isolated HDL with other serum fractions, in the presence or absence 
of phospholipase. Cross-linked apo A-I oligomers (Lane 1} and cross- 
linked hemocyanin oligomers {Lane 12} are run as markers for pro- 
tein mass; molecular weights for these oligomers tin kilodaltons} are 
indicated on the sides of the figure. The incubations used for prepar- 
ing the HDL run in lanes 2-11 all contained HDL (d 1.063-1.21 g/ml} 
and the following additions: Lane 2, d > 1.21; Lane 3, d > 1.21 and 
PLASE; Lane 4, d > 1.21, BSA, and PLASE; Lane 5, d > 1.21 and 
PLASE, with addition of BSA after incubation; Lane 6, d < 1.006 
g/ml and PLASE; Lane 7, no additions; Lane 8, PLASE; Lane 9, BSA 
and PLASE; Lane 10, PLASE, with addition of BSA after incuba- 
tion; Lane 11, d > 1.21 and PLASE t3 mM Ca++}. 

cross-linked hemocyanin. Average values from several ex- 
periments are presented in Table 4. When whole serum 
or HDL plus the d > 1.21 g/ml fraction were treated with 
phospholipase, the HDL protein mass increased by  about 
30,000 and by almost 100,000 when albumin was included 
in the incubation or added afterward. On the other hand, 
phospholipolysis of isolated HDL or of the d < 1.21 g/ml 
fraction yielded no increase in protein mass unless al- 
bumin was present, and then only an increase of 25,000 
was observed. 

I t  should be noted tha t  in cross-linked samples from 
incubations with added BSA, a band is observed at a 
molecular weight corresponding to the albumin monomer 

FIG. 2. SDS-PAGE of HDL isolated from incubation mixtures con- 
taining the following compositions: Lane 1, rat serum; Lane 2, rat 
serum plus PLASE; Lane 3, rat serum plus BSA plus PLASE; Lane 
4, rat serum; Lane 5, rat HDL; Lane 6, rat HDL plus PLASE; Lane 
7, rat d < 1.21 g/ml; Lane 8, rat d < 1.21 g/ml plus PLASE; Lane 
9, human serum; Lane 10, human serum plus PLASE. All incuba- 
tions contained 1.4 mM DTNB and 3 mM Ca ++. 

{Fig. 1, lanes 4 and 5). This reflects the fact tha t  some 
albumin contamination of the isolated HDL occurs 
because of its high concentration but  tha t  most  or all of 
it does not  reside on the HDL particle itself. 

Effect of phospholipolysis upon apoprotein distribution. 
The relative content  of the HDL apoproteins was deter- 
mined by SDS gel electrophoresis of the various H D L  
species studied. Figure 2 shows some typical results with 
HDL isolated from phospholipase-treated serum or HDL 
isolated from a d < 1.21 g]ml fraction treated with phos- 
pholipase. Al though there was some between-sample 
variation, in general there was always a major increase 
in the proportions of apo E and apo A-IV, in serum or 
H D L  + d > 1.21 samples following phospholipolysis 
either in the presence or absence of albumin. On the other 
hand, treatment of HDL by phospholipase in the presence 
or absence of albumin produced no change in the E/A-I 
or A-IV/A-I ratios. Phospholipolysis of the d < 1.21 frac- 
tion resulted in a partial increment in the E/A-I ratio as 
compared with tha t  observed with serum but  no signifi- 
cant change in the A-IV/A-I ratio. Interestingly, identical 
t rea tment  of human serum by pancreatic phospholipase 
did not  result in any changes in the apoprotein distribu- 
tion {Fig. 2, lanes 9 and 10}. 
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FIG. 3. SDS-PAGE of HDL isolated from rat serum treated with 
various concentrations of pancreatic phospholipase As for 18 hr at 
37 C. Final concentrations of P L A S E  used were: Lane 1, 0 units/ml; 
Lane 2, 0.005 units/ml; Lane 3, 0.05 units/ml; Lane 4, 0.5 units/ml; 
Lane 5, 3.0 units/ml; Lane 6, 15 units/ml. 
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FIG. 4. Changes in apoprotein content of  HDL following P L A S E  
treatment of rat serum at various le,cels of enzyme activity. The SDS~ 
P A G E  gel from Figure 3 was scanned densitometrically to quan- 
titate the changes in relative apoprotein content in these HDL. The 
ratio of area for the apo A-IV band to apo A-I is represented by the 
open circles, and the ratio for apo-E to apo A-I by the closed circles. 
The amount of  intact phosphatidylcholine as a percentage of the 
sum of PC and lysoPC is represented by the open squares. 

Titration of phospholipase action on apoprotein distri- 
bution. Since the standard conditions that we employed 
resulted in near total hydrolysis of phosphatidylcholine 
and phosphatidylethanolamine on the HDL, experiments 
were performed using a range of phospholipase activities 
in order to titrate the effects of phospholipase A~ upon 
the HDL (Fig. 3). A quantitative treatment of these data 
is given in Figure 4, in which whole serum was incubated 
overnight with various amounts of phospholipase A2 
ranging from 0 to 15 units/re_l, and the apoprotein ratios 
were quantitated; the extent of phospholipolysis is pre- 
sented as the amount of phosphatidylcholine remaining. 

DISCUSSION 

Studies have shown that  the HDL subpopulations are 
acted upon by numerous agents responsible for changes 
in their physicochemical properties; such agents include 
the LCAT enzyme, hepatic triglyceride lipase, the choles- 
teryl ester exchange protein and a putative "conversion 
factor" (1,21,22). Incubation of rat serum when LCAT is 
active leads to increased size of the particle (7), a shift 

of apolipoprotein A-IV from the lipoprotein-free portion 
of plasma into the HDL (8) and an increase in apo-E in 
the HDL fraction (7). Although the details of how these 
changes occur in the HDL fraction remain obscure, it ap- 
pears that changes in the balance of surface and core lipid 
components may occur during normal metabolism of 
HDL in the circulation. 

In these studies, pancreatic phospholipase As was used 
as a tool to alter the surface lipids of the HDL without 
altering the core lipids. In executing these studies, LCAT 
was inhibited to prevent the formation of cholesteryl 
ester. Rat serum, which is devoid of the cholesteryl ester 
exchange protein (23), was used to avoid transfers of core 
lipid components during incubations and ensure that only 
changes in the surface lipids were being studied. 

Our data demonstrate that  when whole serum or a 
reconstituted d > 1.063 gJml fraction (HDL + d > 1.21) 
is treated with phospholipase, the changes seen are 
similar to those observed with LCAT treatment of rat 
serum (7}. Specifically, there is an increase in the Stokes' 
diameter of the particle by about 1 nm, the protein con- 
tent increases as shown by chemical cross-linking and the 
proportions of apo-E and apo A-IV on the particle in- 
crease. These changes appear to be related to the loss of 
lipolysis products through binding to albumin (24), since 
the further addition of albumin exacerbates the observed 
changes and since phospholipolysis of isolated HDL or 
the d < 1.21 g/ml fraction fails to produce these changes. 
In fact, phospholipolysis of isolated HDL appears to 
cause a small decrease in Stokes' diameter, as judged by 
pore limit electrophoresis. Similarly, it has been reported 
that  phospholipolysis of human HDL fractions causes 
negligible effects on the physicochemical properties of 
human HDL (9,10,25). 

It appears that phospholipolysis of HDL alone causes 
a small loss of phospholipid components, since not all of 
the lysolecithin and free fat ty acids produced remain on 
the particle (Table 2). When albumin is present, either 
added exogenously {Table 2) or as a serum component 
(Table 1), there is extensive removal of lysolecithin and 
free fat ty acids. Treatment of HDL or d < 1.21 g/ml with 
phospholipase As fails to show extensive changes in 
apoprotein distribution (Fig. 2), implying that this treat- 
ment causes protein uptake from the d < 1.21 fraction 
rather than a phospholipase-induced loss of apo A-I from 
the HDL. 

It is of interest that phospholipase treatment of human 
serum produces no apparent changes in the apoprotein 
content of the human HDL as contrasted with equivalent 
treatment of rat serum, which results in substantial 
changes in the protein content of the rat HDL (Fig. 2). 
This appears consistent with the observation that  while 
rat HDL undergoes marked changes in the content of apo- 
E and apo A-IV in response to physiological perturba- 
tions, human HDL shows a remarkably constant apopro- 
rein composition. This suggests that the surface of human 
HDL differs for unknown reasons from that  of rat HDL 
in being unsuitable for the acquisition of the A-IV or E 
proteins. Weinberg and Spector, for example, have shown 
that human apo A-IV has only a slight affinity for human 
HDL~ and is displaced readily during prolonged incuba- 
tions such as we have studied here (26). 

Although the scanning densitometry data alone can- 
not distinguish increases in apo-E and apo A-IV on the 
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particle from loss of apo A-I, t i t ra t ion exper iments  of 
phospholipase action help to resolve the uncer ta in ty  
(Fig. 4). I f  the change in apoprotein distr ibution was at- 
tr ibutable to a loss of ape A-I accompanying the hydroly- 
sis of phospholipid, we would observe a s imultaneous in- 
crease in the E/A-I and the A-IV/A-I ratios. Since greater  
phospholipolysis  is needed to alter the E/A-I  rat io than  
to alter the A-IV/A-I ratio, we believe tha t  this shows tha t  
E and A-IV are added separately to the particle, al though 
some loss or redistr ibut ion of A-I also may  take  place. 

In compar ing  the apoprotein dis tr ibut ions for H D L  
t rea ted  with phospholipase (Fig. 2, lanes 6 vs 5) with the 
d < 1.21 g/ml fract ion similarly t rea ted  (lane 8 vs 7), it 
was  apparen t  tha t  during incubation neither apo A-IV 
nor a p s E  were t ransfer red  to the H D L  from the V L D L  
or LDL in any significant proportion when compared with 
the t ransfer  t ha t  occurs with whole serum (lanes 2 and 
3 vs 1). However,  there did occur some t ransfer  of apo-E 
f rom the d < 1.063 g/ml fraction, a l though the increment  
in E content  of the H D L  was much less than  observed 
during phospholipolysis of whole serum (data not shown). 

In  summary ,  phospholipid t r ea tmen t  of whole serum 
and various fract ions containing the H D L  have demon- 
s t ra ted  tha t  physicochemical  changes in the H D L  result  
largely f rom an imbalance in the rat io  of polar surface 
lipids and the neutral  core lipids. When albumin and a 
source of lipid-poor apoproteins are present,  there occurs 
a net up take  of protein and possibly some lipid to cause 
format ion  of a somewhat  larger particle with a markedly  
different apoprotein content.  Since bo th  the LCAT and 
hepatic triglyceride lipase enzymes possess phospholipase 
activit ies (27,28), the changes in H D L  associated with 
product ion of lysolecithin or free f a t ty  acids and with 
their  removal  by  albumin are likely to occur in vivo. 
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Dissolution of Cholesterol Gallstones by Bile Acids in the Prairie Dog 
Bertram I. Cohen', Erwln H. Mosbach, Syojl Kuroki and Charles K. McSherry 
Departments of Surgery, Beth Israel Medical Center and The Mount Sinai School of Medicine of The City University of New York, NY. 

The effect  o f  chenodeoxychol ic  acid, ursodeoxy-  
cholic  acid and hyodeoxychol ic  acid on gal l s tone  
dissolut ion w a s  studied in the prairie dog. Choles-  
terol  ga l l s tones  w e r e  found in all  animals  after 
feeding a semipurif ied diet plus 1.2% choles tero l  
for six wk.  Gal l s tone  regress ion  w a s  examined by 
feeding a c h o w  diet containing the bile acids (che- 
nodeoxychol ic  acid, ursodeoxychol ic  acid or hyo- 
deoxychol ic  acid) a lone (30 m g / k g / d a y )  or in com- 
bination (chenodeoxychol ic  acid plus ursodeoxy-  
cholic  acid) for an additional  six wk.  Chenodeoxy-  
chol ic  acid w a s  effect ive  in disso lv ing establ ished 
cho les tero l  ga l l s tones  (two out o f  16 animals  sti l l  
had stones)  and cho les tero l  crystals  (six out o f  16 
animals  had crystals); the hydrophil ic  bile acids, 
ur sodeoxycho l i c  acid and h y o d e o x y c h o l i c  acid, 
w e r e  ineffect ive  in the s i x - w k  regress ion  study. 
The l i thogenic  indices  averaged 1.09 at the end of  
the induction period; all biles became unsaturated 
with  respect to cholesterol  after the s i x -wk  regres-  
s ion period (group 1, 0.82; group 2, 0.66; group 3, 
0.81; group 4, 0.84; group 5, 0.66). Cholesterol  lev- 
els in liver, plasma and bile w e r e  elevated after the 
s i x - w k  induction phase  (4.59 m g / g ,  610 m g / d l  and 
0.36 m g / m l ,  respect ively)  but returned to near 
normal  levels  after the s i x -wk  regress ion  period. 
Bil iary bile acids contained increased levels  o f  the 
dietary bile acid administered to each group. This 
experiment s h o w s  that relatively hydrophobic bile 
acids may be more ef fect ive  than hydrophil ic  bile 
acids for ga l l s tone  dissolut ion during the period 
studied. 
Lipids 23, 220-224 (1988). 

The etiology, dissolution and prevention of cholesterol 
gallstones are topics of intense interest to clinicians. 
New methodologies (1) and new drugs (2,3) are under 
active investigation. Large scale human trials with 
cholelitholytic bile acids are fraught with difficulties 
(dose, patient population) such as those encountered 
in the National  Cooperative Gallstone Study (4). Con- 
sequently, the use of an effective animal model to test 
the efficacy of new drugs before human trials re- 
mains an important  area for research. 

Our laboratory has  used the prairie dog as an ani- 
mal model to s tudy the prevention of cholesterol gall- 
stones (5-7). In this rodent, hydrophilic bile acids 
clearly were superior to hydrophobic bile acids for 
gallstone prevention. The hydrophilic bile acid, hyo- 
deoxycholic acid (HDCA), inhibited gallstone forma- 
tion in the presence of supersaturated bile via a phase 
transition mechanism (cholesterol monohydrate  --* 
liquid crystals) (6). The hydrophobic bile acid, cheno- 
deoxycholic acid (CDCA), and the more hydrophilic 
acid, ursodeoxycholic acid (UDCA), caused a signifi 
*To whom correspondence should be addressed at Department 
of Surgery, Beth Israel Medical Center, First Avenue and 16th 
Street, New York, NY 10003. 
Abbreviations: CA, cholic acid; CDCA, chenodeoxycholic acid; 
HDCA, hyodeoxycholic acid; UDCA, ursodeoxycholic acid. 

cant  reduction in the incidence of cholesterol gall- 
stones; a high dose of CDCA (30 mg /kg /day )  and a 
low dose of UDCA (15 m g / k g / d a y )  were most effec- 
tive in preventing gallstones (5). The efficacy of 
HDCA was tested further in the prairie dog to deter- 
mine whether it functioned as an effective agent for 
gallstone dissolution (8). In that  study, using a semi- 
purified diet only partial dissolution of cholesterol 
gallstones was achieved; it was hypothesized that  
longer time periods and perhaps larger doses of HDCA 
would be required for complete dissolution. 

To determine whether the prairie dog could func- 
tion as an effective animal model for gallstone disso- 
lution, we tested two bile acids currently adminis- 
tered to man, CDCA and UDCA. These bile acids 
were fed in a chow diet during a six-wk regression 
period. In addition, we also investigated the possibili- 
ty tha t  HDCA fed in chow would be more effective as 
a cholelitholytic agent  than in an earlier study (8) 
when it was fed in a semipurified diet. 

MATERIALS AND METHODS 
Male prairie dogs (Cynomys ludovicianus), bred in 
captivity, were purchased from R-Zoo (Neshkoro, WI). 
After weaning, the animals were maintained on a 
diet of alfalfa-corn in order to produce maximal posi- 
tive response to the lithogenic diet (9). Upon arrival 
at our animal facility, the prairie dogs were quaran- 
tined for two wk in individual rabbit  cages during 
which time they were fed alfalfa-corn and water ad 
libitum. The 59 animals then were weighed, and the 
diet was changed to a semipurified diet (SSD) plus 
1.2% cholesterol (Teklad, Madison, WI). This diet con- 
sisted of sucrose, 56.5%; cornstarch, 13.9%; soy pro- 
tein, 20.2%; corn oil, 1.2%; cellulose, 2.6%; mineral mix 
(Teklad 170820) and vitamin mix (Teklad 40060). Cho- 
lesterol (1.2%) was incorporated into the diet as egg 
yolk (0.6%) and crystalline cholesterol (0.6%). The diet 
was fed to all 59 animals for six wk (period 1). At wk 
6, five animals (group 0) were killed to determine the 
incidence of cholesterol crystals and cholesterol gall- 
stones. All five animals had biliary cholesterol crys- 
tals and gallstones (see Table 1). The remaining 54 
animals were divided into five groups of similar aver- 
age weights for gallstone regression, as follows: group 
1, chow; group 2, chow + CDCA (30 mg/kg/day) ;  
group 3, chow + UDCA (30 mg/kg/day) ;  group 4, 
chow + HDCA (30 mg/kg/day) ;  and group 5, chow + 
CDCA (15 mg /kg /day )  + UDCA (15 mg/kg/day) .  
These diets were administered for six wk (period 2). 
The total feeding period was 12 wk. The average ini- 
tial weights (wk 6) (range 833-933) and final weights 
(wk 12) (range 1024-1199) for the animals in groups 
1-5 were not different statistically. During the 24 hr 
period before killing (at wk 6 or wk 12), the animals 
were starved to assure adequate quantities of gall- 
bladder bile for biliary lipid analyses.  All animals 
were anesthetized with 100 mg of ketamine hydrochlo- 
ride and 20 mg of xylazine (Haver-Lockhart, Shaw- 

LIPIDS, Vol. 23, No. 3 (1988) 



GALLSTONE DISSOLUTION IN PRAIRIE DOGS 

221 

TABLE 1 

Inc idence  o f  C h o l e s t e r o l  Gal l s tones ,  C h o l e s t e r o l  Crys ta l s  
and Act iv i ty  o f  Hepat ic  HMG-CoA Reductase  a 

Animals with 
cholesterol 

Group No. of gallstones crystals 
number Diet animals % % 

HMG-CoA reductase 
pmol/mg protein/rain 

0 SSD + 1.2% CH 5 100 b 100 b 
1 Chow 13 73 80 
2 Chow + CDCA, 30 mg/kg/day 16 12.5 c 37.5 
3 Chow + UDCA, 30 mg/kg/day 9 89 78 
4 Chow + HDCA, 30 mg/kg/day 9 78 67 
5 Chow + CDCA, 15 mg/kg/day + 

UDCA, 15 mg/kg/day 7 100 100 

ND 
120.1 + 19.8 
82.6 =t: 21.9 d 

109.6 2= 42.1 
196.8 + 25.9 e 

ND 

aCDCA, chenodeoxycholic acid; CH, cholesterol; HDCA, hyodeoxycholic acid; ND, not determined; 
SSD, semipurified diet; UDCA, ursodeoxycholic acid. 
bIncidence of gallstones and crystals determined at wk 6. In all other groups, gallstone incidence was 
determined at wk 12. 
cDiffers significantly from groups 1 and 3-5 by chi-square, p <0.01. 
dDiffers significantly from group 4, p <0.01. 
eDifiers significantly from group 1, p <0.02. 

nee, KS), killed by exsanguinat ion,  and blood was 
collected for determinat ion of serum cholesterol. The 
gallbladder of each animal  was removed intact  and 
inspected visually for cholesterol gallstones. Bile was 
aspirated with a 500 ~1 Hamil ton syringe, and a drop 
was examined immediately by polarized light micros- 
copy (Olympus MCHAP microscope equipped with 
camera, Olympus Corp., Lake Success, NY) to deter- 
mine the presence of liquid crystals and /or  cholesterol 
crystals. The liver was removed and weighed, ali- 
quots were obtained for determinat ion of liver choles- 
terol and preparation of microsomes (5). 

Gas-liquid chromatography and gas-liquid chroma- 
tography-mass spectrometry. Gas-liquid chromatog- 
raphy  of cholesterol in liver, plasma and bile was car- 
ried out as described (5-7). Biliary bile acids were 
analyzed as their methyl  ester acetate derivatives us- 
ing capil lary gas chromatography  (SPB-5 column, 15 
meters, 0.25 mm ID; temperature program: 200 C - 10 
min, rate of temperature increase 10 C/min  to 270 C; 
270 C for 20 min). Positive identification of the indi- 
vidual bile acids was made using a Hewlett-Packard 
5992B mass-spectrometer as follows: four--ft glass col- 
umn, 2 mm ID, 4 mm OD, packed with 3% SP 2250 
on 100/120 mesh Supelcoport; column temperature 
260 C; injector temperature 265 C; source pressure 
2 x 10 ̀8 torr; source temperature 140 C. 

Reference compounds. Chenodeoxycholic acid (Can- 
ada Packers,  Inc., Ontario, Canada) and ursodeoxy- 
cholic acid (Tokyo Tanabe  Co., Tokyo, Japan)  were 
analyzed as their methyl  ester t r imethylsi lylether  de- 
r ivatives by gas-liquid chromatography  and found to 
be greater than  99.5% pure. Hyodeoxycholic acid (Sig- 
ma Chemical Co., St. Louis, MO) was analyzed by the 
same derivatizat ion and found to be greater than  97% 
pure. 3~,7a-Dihydroxy-12-keto-5/~-cholanoic acid (Ster- 
oloids Inc., Wilton, NH) was used as a recovery stan- 
dard for determination of biliary bile acids. 

Biliary lipid composition. Gallbladder bile obtained 
at death immediately was centrifuged in a Beckman 
microfuge at 2000 X g for 10 min to remove cholesterol 
crystals. Aliquots of bile were used for determination 
of the three biliary lipids (5-7). The lithogenic indices 
were calculated by a computer program (10,11). 

Enzyme assay. Liver microsomes were prepared, 
and HMG-CoA reductase activity was determined as 
described (5-7). 

Statistical calculations. The data  are reported as 
the average • SEM. Analysis  of variance was used 
on the values where the F statistic was significant, 
followed by Student 's  t-test to determine significance 
(12-14). Differences in incidence of gallstones and 
cholesterol crystals were analyzed by 2 x 2 chi-square. 

RESULTS 

The study reports the effects of gallstone induction 
with a semisynthetic  lithogenic diet for six wk and 
gallstone regression using various bile acids fed in a 
chow diet for six additional wk. All five animals 
killed at wk six had both gallstones and crystals (Ta- 
ble 1); on the basis of these results and previous exper- 
iments (8), it was assumed tha t  al l  of the remaining 
54 animals  also had stones. The li thogenic diets then 
were discontinued, and the remaining animals (54) 
were fed the regression diets (groups 2-5). 

After feeding the regression diets for six wk, all 
animals  were killed (wk 12) to determine the presence 
or absence of gallstones (Table 1). Animals  fed chow 
alone showed a slow spontaneous dissolution of gall- 
stones; 73% of these animals  had stones and 80% had 
cholesterol crystals. Significant acceleration of stone 
dissolution was observed with CDCA (only 12.5% of 
the animals  had stones and 37.5% had cholesterol 
crystals). The two hydrophilic bile acids tested (UDCA 
and HDCA) failed to produce a significant litholytic 
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effect (UDCA, stones 89%, crystals 78%; HDCA, stones 
78%, crystals 67%). Surprisingly, when a combination 
of CDCA and UDCA was fed, no gallstone dissolu- 
tion occurred (group 5) as had been observed with 
CDCA alone. 

The rate-limiting enzyme of hepatic cholesterol syn- 
thesis, HMG-CoA reductase, was examined after com- 
pletion of the regression period (Table 1). For animals 
given chow plus CDCA (group 2), the HMG-CoA reduc- 
tase activity was lower by 38 units but this was not sig- 
nificant statistically because of the large intra-group 
variation. Animals fed chow plus HDCA had an en- 
zyme activity nearly double tha t  of the other group 
(196.8) (Table 1), and this activity was significantly 
different from those fed only chow (group 1) (p <0.02). 

Biliary lipid composition for the various groups is 
summarized in Table 2. The biles obtained from the 
five animals  after the induction period (group 0) were 
supersaturated with cholesterol (L.I., 1.09). At the end 
of the regression period, all the biles became unsatu- 
rated with respect to cholesterol (L.I. <1.0). As expect- 
ed, the moI % cholesterol was highest in group 0 (5.2 
mol %). This value decreased significantly in all 
groups after the regression period and ranged from 
2.7 to 3.2 mol %. The mol % of phospholipids and bil- 
iary bile acids in the various groups did not differ 
significantly ranging from 9.1 to 14.6 mol % and 80.2 
to 88.2 mol %, respectively. The total lipid concentra- 
tion was similar in all groups. 

Cholesterol concentrations in liver, plasma and 
bile were determined at wk 6 and 12 (Table 3). Ani- 
mals fed the gallstone induction diet had elevated cho- 
lesterol levels (wk 6) in liver, plasma and bile, averag- 
ing 4.59 mg/g,  610 mg/d l  and 0.36 mg/ml,  respective- 
ly. At wk 12, plasma, liver and bile cholesterol levels 
returned to normal  and ranged from 174 to 226 
mg/dl ,  2.79 to 3.60 m g / g  and 0.20 to 0.24 mg /ml  
(groups 1-5), respectively. 

Biliary bile acid compositions are summarized in 
Table 4. The major biliary bile acids for animals fed 
SSD plus 1.2% cholesterol are cholic acid (CA) and 

CDCA. At the end of the regression period (wk 12), 
animals  fed the chow diet alone tended to show a 
slight decrease in the amount  of CDCA (18.3%) and a 
slight increase in the amount  of CA (80.2%). The 
group of prairie dogs fed chow plus CDCA had  the 
largest amount  of CDCA in the bile (83.2%). Animals 
fed UDCA or HDCA showed increased concentra- 
tions of the administered bile acid (22.5% and 26.3%, 
respectively) but these enrichment levels were well 
below tha t  for the CDCA-fed group. 

DISCUSSION 

The hydrophobic bile acid, chenodeoxycholic acid, fed 
in a chow diet was the most effective cholelitholytic 
agent in this study. All animals  were fed a semipuri- 
lied diet plus 1.2% cholesterol for six wk to induce a 
100% incidence of cholesterol gallstones. This diet is 
known to induce gallstones in the prairie dog (15,16). 
The advantage  of a semipurified diet is tha t  the 
amount  of each ingredient is known and the composi- 
tion can be duplicated from batch to batch. However, 
we recently noted tha t  the semipurified diet with 0.4% 
cholesterol produced some hepatotoxicity when fed for 
a period of only eight wk (moderate bile duct prolifera- 
tion, portal fibrosis and inf lammatory infiltration) (8). 
The semipurified diet plus cholesterol was more effec- 
tive in producing gallstones when compared to a chow 
diet plus cholesterol (7). A 100% incidence of gall- 
stones is essential for this study because the number 
of animals  per group is relatively small. All animals 
are fed alfalfa-corn before the induction period to in- 
crease their susceptibility to the cholelithogenic effect 
of the diet. It  was found tha t  alfalfa-corn increases 
the activity of HMG-CoA reductase as compared to 
chow and increases stone incidence on lithogenic diet 
(9). Consequently, all animals were maintained on 
the alfalfa-corn diet before start ing the lithogenic 
diet. We employed a semipurified diet for the induction 
period (up to wk 6) and a chow diet for the regression 
period (up to wk 12) to minimize liver hepatotoxicity. 

TABLE 2 

Ef fec t  o f  B i l e  Ac ids  on  Lipid  C o n c e n t r a t i o n  in Pra ir i e  D o g  a 

Group No. of 
number Diet animals 

Total lipid 
g/dl 

Mol % biliary lipid 

Choles- 
terol 

Phospho- 
lipid 

Bile 
acid 

Lithogenic 
index 

SSD + 1.2% CH 5 
Chow 13 
Chow § CDCA, 30 mg/kg/day 16 
Chow + UDCA, 30 mg/kg/day 9 
Chow § HDCA, 30 mg/kg/day 9 
Chow § CDCA, 15 mg/kg/day + 

UDCA, 15 mg/kg/day 7 

8.92 • 0.66 
9.06 • 0.86 

10.88 • 1.10 
8.50 • 1.10 
9.58 i 1.11 

10.31 • 1.40 

5.2 • 0.9 
2.7 • 0.3 b 
3.1 • 0.3 b 
3.2 • 0.3 d 
3.2 • 0.3 d 

3.0 • 0.4 d 

14.6 • 1.8 
9.1 • 0.9 

11.8 • 1.0 
9.5 • 1.0 
9.2 • 1.1 

14.3 i 1.9 

80.2 • 2.5 
88.2 • 1.0 
85.1 • 1.2 
87.3 • 1.3 
87.6 • 1.8 

82.7 • 2.3 

1.09 • 0.16 
0.82 • 0.10 
0.66 • 0.05 c 
0.81 • 0.05 
0.84 • 0.05 

0.66 • 0.09 c 

aMean • SEM. 
bDiffers significantly from group 0, p <0.01. 
cDiffers significantly from group 0, p <0.05. 
dDiffers significantly from group 0, p <0.05. 
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TABLE 3 

Cholesterol Concentra t ion  in Prair ie  D o g  at Killing" 

Group No. of 
number Diet animals 

Cholesterol 

Liver Plasma Bile 
mg/g mg/dl mg/ml 

0 
1 
2 
3 
4 
5 

SSD + 1.2% CH 5 
Chow 13 
Chow + CDCA, 30 mg/kg/day 16 
Chow + UDCA, 30 mg/kg/day 9 
Chow + HDCA, 30 mg/kg/day 9 
Chow + CDCA, 15 mg/kg/day + 

UDCA, 15 mg/kg/day 7 

4.59 • 0.64 b 610 • 29 c 0.36 • 0.09 
2.84 • 0.16 225 • 30 0.20 • 0.03 
3.60 • 0.18 226 • 28 0.24 • 0.02 
3.02 • 0.13 178 • 10 0.20 • 0.05 
3.01 • 0.25 206 • 20 0.22 • 0.02 

2.79 + 0.21 174 • 20 0.22 • 0.04 

aMean • SEM. 
b.cDiffers significantly from groups 1-5, p <0.01. 

TABLE 4 

Bil iary  Bi le  Acid Compos i t i on  at Ki l l ing  (%)a 

Group No. of Cholic 
number Diet animals acid 

Cheno- 6B-Hyo- 
deoxy- Deoxy- Litho- deoxy- 
cholic cholic cholic cholic 
acid acid acid acid Other 

0 SSD + 1.2% CH 5 69.0 • 5.8 
1 Chow 13 80.2 • 6.2 
2 Chow + CDCA, 30 mg/kg/day 16 14.9 • 1.5 
3 Chow + UDCA, 30 mg/kg/day 9 36.4 • 3.2 
4 Chow + HDCA, 30 mg/kg/day 9 56.9 • 7.8 
5 Chow + CDCA, 15 mg/kg/day + 

UDCA, 15 mg/kg/day 7 12.6 • 2.9 

25.2• 5.4+1.6 0.4• -- -- 
18.3• 1.5• 0.2• -- -- 
83.2 • 1.7 0.7 • 0.1 1.2 • 0.2 -- -- 
38.3 • 2.0 0.5 • 0.2 2.3 • 0.7 -- 22.5 2= 2.8 b 
10.1 • 2.4 1.4 • 0.6 -- 5.3 • 0.5 26.3 • 3.3 c 

67.3 • 2.6 0.5 • 0.3 2.5 • 0.6 -- 17.1 • 1.5 b 

aMean • SEM. 
bUrsodeoxycholic acid. 
cHyodeoxycholic acid. 

In  accord  with previous obse rva t ions  in our lab- 
oratory,  the ac t iv i ty  of hepat ic  microsomal  HMG- 
CoA reductase  was  greater  in an ima l s  fed l abora to ry  
chow t h a n  those  fed a (cholesterol-free) semipurif ied 
diet (7). The  addi t ion  of C D C A  to the chow regress ion 
diet produced a 35% decrease in enzyme act ivi ty  (this 
t rend was  no t  s ta t i s t ica l ly  signif icant) ,  while U D C A  
produced a negl igible  c h a n g e  (Table 1). The fai lure to 
show a s igni f icant  lowering of  HMG-CoA reductase  
levels after  CDCA admin i s t r a t ion  probably  is ascrib- 
able to large in t ra -group va r i a t ions  tha t  also have  
been observed by others  (17). Because the prairie dogs 
current ly  in use are either t rapped in the wild or are 
the direct of fspr ing  of  such animals ,  they  are likely to 
be quite heterogeneous,  genet ical ly and  metabolical ly.  
The very  hydrophi l i c  H D C A  s t imula ted  the ac t iv i ty  
of the rate- l imit ing enzyme a lmost  two-fold, presum- 
ably because this  bile acid interferes with the intesti- 
na l  absorp t ion  of cholesterol (7). However,  in these 
exper iments  with an ima l s  m a i n t a i n e d  on low-choles-  
terol chow the reduced absorp t ion  of  cholesterol was  
not  reflected in a lowering of serum or liver cholesterol 
levels. This  is in con t ra s t  wi th  the s t r ik ing reduct ion 

in t issue cholesterol  levels produced by H D C A  in pre- 
vious experiments  with cholesterol-fed an ima l s  (6). 

Tissue cholesterol levels ana lyzed  at  wk 6 showed a 
s ign i f i can t  response  to the increased  d ie tary  choles- 
terol. Liver, p l a s m a  and  bile cholesterol concentra-  
t ions were elevated in all an imals .  These  levels re- 
tu rned  to nea r  no rma l  values  in all groups  af ter  the 
s ix -wk  regress ion period. Thus,  the admin i s t r a t ion  of 
the chow diet (with and  wi thou t  bile acids) reverses 
the elevat ions in cholesterol in the t issues studied. 

The biles of  all an ima l s  in groups  1-5 had  become 
unsa tu r a t ed  with respect  to cholesterol (L.I. <1.0) (wk 
12) bu t  only  C D C A  was  able to dissolve the cholester- 
ol ga l l s tones .  The  re l a t ive  ine f fec t iveness  of  the  
hydrophi l i c  bile acids U D C A  and  H D C A  fed ei ther  
a lone or in combina t ion  (CDCA plus UDCA)  m a y  be 
ascr ibed to a n u m b e r  of factors.  First,  a relat ively 
shor t  regress ion period of  six wk was  chosen,  which 
m a y  have  been inadequa te  to demons t ra t e  apprecia- 
ble dissolution. Second, a l though  all biles were unsat-  
ura ted  at  the end of  12 wk it is conceivable  t h a t  the 
rates  of  desa tura t ion  were not  identical  and  were 
slower for the more hydrophi l ic  bile acids. Third, we 
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were unable to demonstrate the formation of liquid 
crystalline phases in the biles of the prairie dogs treat- 
ed with UDCA or HDCA, suggesting that  the phase 
transition from crystalline cholesterol monohydrate 
to cholesterol/phospholipid mesophase was inopera- 
tive or at least nonobservable under the conditions 
employed. Fourth, after the administration of UDCA 
this bile acid accounted for only 23% of total biliary 
bile acids. The failure of administered UDCA to accu- 
mulate in the gallbladder bile of prairie dogs had 
been observed in gallstone prevention experiments 
(5) and was attributed to the partial conversion of 
UDCA to CDCA. In addition, HDCA, which was not 
transformed into CDCA, accounted for only about 
26% of total biliary bile acids; epimerization of HDCA 
to the hydrophilic 3a,6fl-dihydroxy-5/3-cholanoic acid 
also was very small (5%) as compared to previous 
studies (20-30% [6]). Therefore, it seems possible tha t  
with the chow diet used for the regression studies, 
hydrophilic bile acids may not be absorbed as effi- 
ciently as they were when given in cholesterol-con- 
taining semipurified diets. 

Our studies suggest some important differences that  
should be considered when examining bile acids for 
gallstone prevention vs gallstone dissolution. First, 
in prevention studies the bile acid is administered 
simultaneously with the start  of the lithogenic diet. 
Since no gallstones are present at time 0, the drug can 
either prevent bile saturat ion (L.I. <1.0) or solubilize 
large amounts  of cholesterol in supersaturated bile 
(in vesicles, L.I. >1.0). Chenodeoxycholic acid and hy- 
odeoxycholic acid operate via these respective mecha- 
nisms. For gallstone dissolution, other factors may be 
operative. These include the number and size of the 
gallstones present at the start  of the regression peri- 
od. Thus, bile acids that  can desaturate bile most rap- 
idly, such as hydrophobic compounds, should be most 
effective in the short term. In the present study, only 
CDCA dissolved gallstones in six wk even though the 
biles of all groups had become unsaturated with re- 
spect to cholesterol (L.I. <1.0). Igimi and Carey report- 
ed from their in vitro studies tha t  chenodeoxycholic 
acid should dissolve gallstones faster than  ursodeoxy- 
cholic acid (18). We now know tha t  factors other than  
micelle formation play a role in gallstone dissolution 
(18). Thus, it is well known that  in man UDCA and 
UDCA/CDCA combination dissolve stones at least 
as rapidly as CDCA. These drugs presumably all act 
by lowering the cholesterol saturation of bile (19,20). 
Desaturation of bile no doubt favors stone dissolution 
but no longer can be considered the sole, necessary 
condition for achieving dissolution. The formation of 
liquid crystalline phases of high cholesterol content 
characteristic of hydrophilic bile acids is a second 
mechanism potentially favoring cholelitholysis. A 

multiplicity of factors, in addition to type and dosage 
of bile acid, and duration of treatment may play a 
role in gallstone dissolution in the prairie dog model. 
Not only bile composition but also structure and 
surface characteristics of the stones remain impor- 
tant  considerations in development of a satisfactory 
prairie dog model for gallstone dissolution. 
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P l a s m a  from a pa t i en t  w i t h  f i sh eye  d i sease  h a s  
been  e n r i c h e d  w i t h  a u t o l o g o u s  h igh  dens i ty  l ipo- 
prote ins  (HDL) and supplemented w i th  h igh ly  puri- 
f ied n or mal  h u m a n  p lasma  l ec i th in:cho les tero l  
acy l transferase  (LCAT). Incubat ion  o f  such p lasma 
at 37  C in v i tro  resul ted  in n o r m a l i z a t i o n  o f  its l o w  
HDL c h o l e s t e r y l  es ter  percentage ,  from 23% to 
79%, as soc ia ted  w i t h  a t w o - f o l d  increase  in both  
the  cho le s t ery l  ester  and tr ig lycer ide  conten t s  o f  
the  HDL fract ion,  as compared to incubat ion  ex- 
per iments  w i t h  absent  or hea t - inac t iva ted  puri-  
f ied normal  LCAT. 

The n o r m a l i z a t i o n  o f  the  HDL cho le s t ery l  ester  
percentage  induced by incubat ion  w i t h  purif ied 
normal  LCAT also w a s  accompanied by an increase  
in the  s ize  o f  the  or ig ina l  f ish eye  d i sease  HDL par- 
t icles,  w h i c h  had a mean  mass  o f  115 kd, to  HDL 
part ic le  popu la t ions  w i t h  mean  particle  masses  
r a n g i n g  from 130-220  kd, depend ing  on  the  con-  
c en tra t ion  o f  purif ied LCAT in the  incubate .  Bo th  
H D L c h o l e s t e r o l  e s ter i f i ca t ion  and  part ic le  en-  
largement  w e r e  abol i shed  complete ly  by the  LCAT 
inh ib i tor  D T N B  and by h e a t  i n a c t i v a t i o n  o f  th e  
purif ied normal  LCAT. The resul ts  g ive  further  
ev idence  that  f ish eye  d i sease  is an a-LCAT defi-  
c iency.  
Lipids 23, 225-229 (19881. 

Fish eye disease is a rare hereditary hypoalphalipo- 
proteinemia showing plasma high density lipopro- 
sein (HDL) cholesterol and apolipoprotein A-I con- 
centrations that  both are reduced by about 90% as 
compared to what  is normal (1,2). Only about  20% of 
the total cholesterol of the HDL particles is esterified 
in this disease (3). By contrast, normal HDL contain 
about 80% of its total cholesterol in the esterified 
form. A further abnormali ty  of the fish eye disease 
HDL relates to its apparent  mean particle size or 
mass, which is 115 kilodalton (kd) as compared to 
mass  values ranging from 130 to 350 kd for normal 
HDL particles (2). Recently, we demonstrated that  
fish eye disease plasma has a specific lack of lecithin:- 
cholesterol acyltransferase (LCAT) activity that  is 
present in normal p lasma and specifically seems to 
catalyze the esterification of the free cholesterol of 
HDL (4). Although cholesterol of HDL in fish eye 
disease p lasma is not esterified by autologous LCAT, 
the free cholesterol of the combined plasma very low 
density (VLDL) and low density lipoproteins (LDL) is 

*To whom correspondence should be addressed at the King 
Gustaf V Research Institute, Box 60004, S-104 01 Stockholm, 
Sweden. 
Abbreviations: DTNB, disodium 5,5-dithiobis-(2-nitrobenzoate); 
EDTA, ethylenediamine tetraacetic acid; HDL, high density li- 
poproteins; LCAT, lecithin:cholesterol acyltransferase; LDL, 
low density lipoprotein(s); VLDL, very low density lipopro- 
tein(s). 

esterified at an apparently normal rate in this disease 
as revealed by both esterification rate experiments 
and compositional analyses  of VLDL and LDL cho- 
lesteryl ester percentages and fat ty acids (4). 

To explain the unique p lasma cholesterol esterifica- 
tion situation in fish eye disease, we introduced the hy- 
pothesis that  there exist two LCAT activities of differ- 
ent substrate specificities in normal plasma (4,5). The 
enzyme activities specific for the free cholesterol of 
HDL or that  of combined VLDL and LDL were denot- 
ed ~- and fl-LCAT, respectively. Thus, fish eye disease 
was classified as an ~-LCAT deficiency syndrome. In 
a series of papers, we showed that  neither impaired or 
deficient p lasma lipid transfer proteins (6-8) nor qual- 
i tatively defective apolipoproteins (9) seem likely 
causes of the apparent  specific lack of HDL cholester- 
ol esterification in fish eye disease plasma. 

In this study, we have supplemented fish eye di- 
sease p lasma with normal human  LCAT purified 
more than 20,000-fold over its occurrence in normal 
p lasma and with retained a- and B-LCAT activities 
(10). The effect of this enzyme on the particle size and 
relative cholesteryl ester content of the fish eye dis- 
ease HDL is reported herein. 

EXPERIMENTAL PROCEDURES 

General methods. The only living Swedish fish eye 
disease patient No. 1, now 73 years old, has been 
characterized in detail (2). Venous blood was taken 
from the patient in the mornings after an overnight 
fast  into vacutainer plastic tubes containing disodium 
ethylenediamine tetraacetate (EDTA). The tubes im- 
mediately were placed into crushed ice. P lasma  was 
recovered within 30 min by low speed centrifugation 
at 2 C and stored in crushed ice. Merthiolate| normal- 
ly added to plasmas at our work with lipoproteins, 
was omitted. Free cholesterol and cholesteryl esters 
were quantified enzymatically in duplicate directly 
on aliquots of p lasma or on the isolated lipoprotein 
fractions obtained after ultracentrifugation using the 
kits 14106, 14107 and 14108 (E. Merck, Darmstadt ,  
FRG). Triglyceride concentrations were estimated in 
duplicate on aliquots of isolated lipoproteins as previ- 
ously described (2). The coefficients of variat ion (num- 
ber of est imates in parentheses) were 3.5% (57), 3.1% 
(57) and 2.7% (75) for between-run reproducibility of 
determinations of free cholesterol, esterified cholester- 
ol and triglycerides, respectively. Polyacrylamide gra- 
dient gel electrophoresis was performed as reported 
(2). Ultracentr ifugations were carried out in a Beck- 
man  Model L5-55 ultracentrifuge (Beckman Instru- 
ments  Inc., Palo Alto, CA) using a 50.3 Ti rotor and 6 
ml Bell-Top and 2 ml open Ultra-Clear| tubes at 1 C. 
After completed ultracentrifugation, tube fractions 
were collected by the tube-slicing technique, using a 
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Beckman Tube-Slicer in combination with a special 
template to yield fractions of desired volumes. Con- 
centrated fish eye disease HDL were prepared as de- 
scribed and dialyzed at 5 C against  0.15 mol/1 sodium 
chloride solution (8). Briefly, the density of fish eye 
disease plasma was raised to 1.063 kg/1 by the addi- 
tion of solid sodium bromide. After centrifugation, 
each tube (6 ml) was sliced to give a bottom fraction 
of 3.37 ml. The density of this fraction was raised to 
1.21 kg/1. New centrifuge tubes (6 ml) were filled with 
this solution and run for 67 hr at 50,000 rpm (7.2 x 10 s 
g x min). Concentrated HDL was obtained from the 1 
ml top of the tube (supernatant d=l.21 kg/1). For anal- 
ysis of the lipid composition of the HDL fraction of 
native fish eye disease plasma, these lipoproteins 
were isolated as a 1.063-1.21 kg/1 density fraction by 
means of sequential ultracentrifugations as reported 
earlier (12). Double immunodiffusion against  anti- 
human  apolipoprotein D, which we obtained as a gift 
from P. Alaupovic, Oklahoma City, was performed in 
Ouchterlony 1% agarose gel plates. 

Purified normal human  LCAT was obtained by co- 
valent chromatography as described in detail (10). 
The enzyme accepted the free cholesterol of both 
heat- inact ivated HDL-deficient or combined VLDL- 
and LDL-deficient plasmas as substrate when a modi- 
fied Glomset and Wright method (4,5) was used for 
enzyme activity tests. The highly purified enzyme 
was electrophoretically and immunologically free of 
apolipoproteins A-I, A-II, C and E, and the enzyme 
did not show zones tha t  could be assigned to known 
lipid transfer proteins (11) on SDS-gelelectrophoresis. 
Supplementation with apolipoprotein A-I was neces- 
sary to t ransform lecithin:cholesterol liposomes into 
substrates for the purified LCAT. The final enzyme 
purification on hydroxyapati te  (10) was performed 
batch-wise just before the intended use of the enzyme 
tha t  had a specific activity of more than  43,000 uni ts /  
mg corresponding to a purification degree of more 
than  20,000 over its occurrence in plasma (10). 

Incubation experiments. Native fish eye disease 
plasma (1 ml) was mixed with concentrated autolo- 
gous fish eye disease HDL (1 ml) and either purified 
LCAT in i retool/1 phosphate buffer, pH 6.8, contain- 
ing 4 mmol/1 2-mercaptoethanol but with no other 
stabilizer (0.2 ml) or with the same amount  of a solu- 
tion of this enzyme after 60 rain heat  inactivation at  
56 C or with 0.15 tool/1 sodium chloride (0.2) ml con- 
ta ining 4 mmol/12-mercaptoethanol as control. Incu- 
bations performed in the presence of DTNB (disodium 
5,5-dithiobis-2(-nitrobenzoate)) as LCAT inhibitor were 
made by addition of phosphate buffered 100 mmol/1 
DTNB, pH 7.4 to the relevant incubation mixture to 
give a 2 mmol/1 final concentration. The final volumes 
(2.24 ml) of all incubation mixtures were equalized by 
addition of 0.15 mol/1 sodium chloride. Incubations 
were performed at 0 and 37 C in the dark under nitro- 
gen atmosphere for 24 hr. 

The concentrations of free cholesterol and cholester- 
yl esters of native fish eye disease plasma, of the fish 
eye disease plasma HDL fraction and of the concen- 
trated fish eye disease HDL (see general methods) 
used in the incubation experiments with purified nor- 
mal LCAT are compiled in Table 1. 

TABLE 1 

Concentrations of  Free, Esterified and Total Cholesterol 
(mmol/l  of  Incubation Mixture) and Cholesteryl Ester 
Percentage of  Native Fish Eye Disease Plasma, 
its HDL Fraction and of  Isolated Concentrated Fish Eye 
Disease HDL, Prepared for Incubation Experiments 

FC CE TC CE 

Specimen from 
fish eye disease (mmol/1) (%) 

Concentrated HDL 0.33 0.10 0.43 23 
Native plasma 2.76 3.73 6.49 57 
HDL in native plasma 0.10 0.03 0.13 23 

FC, free cholesterol; CE, cholesteryl esters; TC, total cholesterol 
as sum of free and esterified cholesterol. 

After completed incubation, each incubation mix- 
ture was parted into two equal volumes. From one of 
the volumes, the total lipoproteins were isolated by ul- 
tracentrifugation at density 1.21 kg/1, obtained by ad- 
dition of sodium bromide solution of d=1.46 kg/1, for 
65 hr and 145,000 x g. The other volume was utilized 
for isolation of the HDL fraction (d=1.063-1.21 kg/1) 
of the incubation mixture by means of sequential den- 
sity ultracentrifugation as reported earlier (12). 

Isolated lipoprotein fractions were submitted to 
polyacrylamide gradient gel electrophoresis and cho- 
lesterol analyses as described above. 

RESULTS 

The concentration of free, esterified and total choles- 
terol and the cholesteryl ester percentage of the isolat- 
ed total plasma lipoproteins (d ~ 1.21 kg/1) obtained 
after 24 hr of incubation at  37 C of fish eye disease 
plasma or such plasma mixed with purified normal 
LCAT are compiled in Table 2. This table also shows 
corresponding concentration values obtained at total 
LCAT inhibition by DTNB and at experiments with 
added heat-inactivated purified enzyme. 

When fish eye disease plasma was incubated with- 
out addition of normal LCAT, the free cholesterol con- 
tent of the total plasma lipoproteins decreased by 0.27 
mmol per I of incubation mixture as compared to the 
same incubation mixture stored at 0 C. Concomitant- 
ly, the cholesteryl ester content of the total lipopro- 
teins in relation to total cholesterol increased from 
57% to 65% in incubations with active autologous 
fl-LCAT esterifying the free cholesterol of combined 
VLDL and LDL in the mixture. 

Incubation of fish eye disease plasma with purified 
normal LCAT at a subnormal amount  of 0.8 mg per 1 
(normal plasma concentration is 4-8 mg/1) of incuba- 
tion mixture or with twice this amount  of enzyme re- 
sulted in increases in the cholesteryl ester percen- 
tages of the total plasma lipoproteins to 70 and 73%, 
respectively. This latter increase was reflected by a 
decrease of the free cholesterol of about 0.4 mmol per 1 
of incubation mixture. When the LCAT inhibitor 
DTNB was included in the incubation mixture of fish 
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T A B L E 2  

Concentra t ions  o f  Free,  Ester i f ied  and Total  Cho le s t ero l  
( m m o l / l  o f  Incubat ion  Mixture) and Cho le s t ery l  Ester  
Percentage  o f  Total  Lipoprote ins  (d < 1.21 k g / l )  
I so la ted  after  Incubat ion  for 24 hr at 37 C o f  F i sh  Eye  
D i s e a s e  P l a s m a  Enr iched  w i t h  A u t o l o g o u s  HDL 
and Puri f ied N o r m a l  LCAT at Di f f erent  Condi t ions  

Additions to mixture of fish 
eye disease plasma and HDL 

FC CE TC CE 

(mmol/l) (%) 

0.15MNaClat0C 1.24 1.65 2.89 57 
0.15MNaCl 0.97 1.78 2.75 65 
Normal LCAT (1 ~g) 0.85 1.96 2.81 70 
NormalLCAT (1 ~g) + DTNB a 1.16 1.67 2.83 59 
Heat-inact. normal LCAT (1 t~g) 0.96 1.79 2.75 65 
Normal LCAT (2 tLg) 0.76 2.03 2.79 73 

FC, free cholesterol; CE, cholesteryl esters; TC, total cholesterol 
as sum of free and esterified cholesterol. 
a2 mmol/1 of incubation mixture. 

eye disease plasma and purified LCAT, the values for 
the contents of free cholesterol and cholesteryl esters 
and for the cholesteryl ester percentage were close to 
corresponding values obtained for fish eye disease 
plasma stored at 0 C (Table 2). 

Addition of heat- inact ivated purified normal LCAT 
to fish eye disease plasma, followed by incubation at 
37 C yielded essentially the same values for free cho- 
lesterol concentrat ion and cholesteryl ester percen- 
tage as were obtained for fish eye disease plasma 
without addition of purified normal enzyme. 

After incubation of the different mixtures, their 
HDL fractions were also isolated and analyzed for 
free, esterified and total cholesterol and triglycerides. 
These results are presented in Table 3. Compared to 
fish eye disease plasma stored at  0 C for 24 hr, the 
free and total cholesterol contents of HDL from all 
mixtures incubated at 37 C were reduced. The reduc- 
tion of total cholesterol of HDL was 64% (from 0.22 to 
0.08 mmol/1) in incubation experiments with both 
fish eye disease plasma alone and with such p lasma 
mixed with purified normal  LCAT and incubated in 
the presence of 2 mmol/1 DTNB for total LCAT inhibi- 
tion. The corresponding reduction of total HDL cho- 
lesterol in incubation experiments with fish eye dis- 
ease plasma mixed with heat - inact ivated purified 
normal LCAT was 72% (from 0.22 to 0.06 mmol/1). In 
all these latter three experiments, the cholesteryl es- 
ter percentage of the isolated HDL was 50% after com- 
pleted incubation, as calculated from total cholesterol 
contents tha t  were of the same order of magnitude in 
all these three incubation experiments. 

When purified normal  LCAT was added to fish eye 
disease plasma, the HDL cholesteryl ester percentage 
increased to 64 and 79% on incubat ion when 0.8 and 
1.6 mg of enzyme per 1 of incubation mixture, respec- 
tively, was used. The reduction of total cholesterol of 
HDL was 36% (from 0.22 to 0.14 mmol/1) in these ex- 
periments, as calculated from the total HDL cholester- 
ol content  obtained at incubation at 0 C. In addition, 

TABLE 3 

Concentra t ions  o f  Free,  Ester i f i ed  and Total  Cho le s t ero l  
and Trig lycer ides  (mmol/1  o f  Incubat ion  Mixture) 
and Cho le s t ery l  Ester  Percentage  o f  I so la ted  HDL 
(d -- 1 .063 - 1.21 kg/1)  I so la t ed  after  Incubat ion  for 24  hr 
at 37 C o f  Fish  Eye  D i s e a s e  P l a s m a  Enr iched  
w i t h  Auto logous  HDL and Puri f ied N o r m a l  LCAT 
at Di f ferent  Condi t ions  

Additions to mixture of fish 
eye disease plasma and HDL 

FC CE TC TG CE 

(mmol/1) (%) 

0.15MNaClat0C 0.17 0.05 0.22 
0.15 M NaC1 0.04 0.04 0.08 
Normal LCAT (1 ~g) 0.05 0.09 0.14 
Normal LCAT (1 t~g) + DTNBa 0.03 0.03 0.06 
Heat-inact. normal LCAT (1 ~g) 0.04 0.04 0.08 
Normal LCAT (2 ~g) 0.03 0.11 0.14 

0.057 23 
0.043 50 
0.070 64 
0.022 5 0  
0.050 50 
0.073 79 

FC, free cholesterol; CE, cholesteryl esters; TC, total cholesterol 
as sum of free and esterified cholesterol; TG, triglycerides. 
a2 mmol/l of incubation mixture. 

there was a net increase in cholesteryl ester content  
of the isolated HDL after  incubation,  from about  0.05 
to 0.10 mmol/1 when added purified normal  LCAT 
was active (Table 3). 

Incubat ion experiments with fish eye disease plas- 
ma with and without LCAT inhibitor or with such 
p lasma tha t  had been mixed with heat - inac t iva ted  
purified normal LCAT demonstrated HDL particles 
of molecular masses around 115 kd (Fig. 1). When 
fish eye disease plasma was incubated with purified 
normal  LCAT at a subnormal  concentrat ion of 0.8 
mg per 1 of incubate, HDL particles of apparent  
masses around 130 kd were produced, and al l  parti- 
cles of apparent  masses of 115 kd disappeared (Fig. 
1). At an enzyme concentrat ion of 1.6 mg per 1 of incu- 
bation mixture, still larger HDL particles, around 200 
kd appeared. 

DISCUSSION 

Fish eye disease plasma lacks the property to esterify 
the free cholesterol of HDL (4). It  recently was demon- 
strated that  when such native plasma was incubated 
at 37 C, both free cholesterol and phospholipids disap- 
peared from its HDL as a manifes ta t ion of the lack of 
esterification of the cholesterol of this lipoprotein (7). 
No increase in HDL cholesteryl ester content occurred 
in these experiments with native fish eye disease plas- 
ma (7). As the originally present cholesteryl ester con- 
tent  remained unchanged in the HDL fraction after 
incubation, its percentage of esterified cholesterol in- 
creased from 20% to 50%. However, this increase was 
not accompanied by an increase in  the apparent  
mean  particle size of HDL (7) in contrast  to what  is 
observed when there is a net  increase in the cholester- 
yl ester content and percentage of both normal and 
fish eye disease HDL induced by incubat ion with 
a-LCAT present in normal,  lipoprotein depleted plas- 
ma (4,13,14). Instead, it could be demonstrated by 
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FIG. 1. Electrophoretogram of  polyacrylamide gradient  
gel  e lectrophores is  of  total  l ipoproteins (d ~ 1.21 kg / l )  
i solated from different mixtures  containing nat ive  fish 
eye disease  plasma enriched wi th  autologous HDL and 
incubated for 24 hr at 37 C wi th  the fo l lowing  additives 
per 1 of  incubation mixture (same incubation mixtures  as 
described in Tables 2 and 3). 
I and 5, 0.15 m o l / l  sodium chloride; 2 and 6, 0.8 mg of  
purified normal  LCAT; 3, 0.8 mg of  purified normal  
LCAT and 2 mmol  of  DTNB; 4, 0.8 mg heat- inact ivated 
purified normal  LCAT; 7, 1.6 mg of  purified normal  
LCAT; M, Molecular mass  markers  (Pharmacia Biotech- 
nology International); Kd, Kilodalton. 
Zones are stained by Amido Black. 

polyacrylamide gradient gel electrophoresis that  the 
HDL of native fish eye disease plasma gradually dis- 
appeared after prolonged incubation at 37 C, probably 
as a result of reduction of particle size as discussed in 
detail earlier (7). It seems reasonable to conclude that  
on incubation the free cholesterol and phospholipids 
of fish eye disease HDL diffuse to the p lasma VLDL 
and LDL and are utilized at these lipoproteins as sub- 
trates for an active/~-LCAT. 

In this study, in agreement with previous observa- 
tions (7) incubation at 37 C for 24 hr resulted in a 
disappearance of the free cholesterol of the HDL 
fraction of fish eye disease plasma enriched with 
autologous HDL. Supplementation with HDL was 
made to get enough material  for all different anal- 
yses. Consonant  with previous observations (7) the 
disappearance of free cholesterol from HDL also 
occurred in incubation experiments with LCAT in- 
hibitor (Table 3). 

In incubation experiments with fish eye disease 
plasma without LCAT inhibitor, there was a net in- 
crease in cholesteryl ester content of the total lipopro- 
teins (d<1.21 kg/1), as compared to the LCAT inhibited 
situation, due to esterification of the free cholesterol of 
combined VLDL and LDL, demonstrat ing a function- 
ing fl-LCAT activity in accordance with previous find- 
ings (4,5). The decrease in free cholesterol of the fish 
eye disease HDL particles resulted in an increase in 
the cholesteryl ester percentage from 23% to 50% but  
did not increase the apparent  HDL particle size or 
mass. 

We recently developed a new procedure for the puri- 
fication of normal  human  LCAT (10) with retained a- 
and B-LCAT activities as previously defined (4,5). 

This enzyme, which was purified more than 20,000- 
fold over its occurence in plasma by covalent chrom- 
a tography on Thiopropyl-Sepharose accepted artifi- 
cial lecithin-cholesterol (molar ratio 4:1) liposomes as 
substrates only after supplementation with purified 
apolipoprotein A-I. 

Incubation of this highly purified enzyme with fish 
eye disease p lasma at 37 C for 24 hr resulted in an 
increase in the cholesteryl ester percentage of the to- 
tal lipoproteins from 65% to more than 70%. This net 
increase in cholesteryl esters of the total lipoproteins 
was reflected by  a net increase in esterified cholester- 
ol in HDL isolated after incubation. The cholesteryl 
ester content increased two-fold as compared with 
that  of fish eye disease HDL from plasma not supple- 
mented with normal purified LCAT. The induced es- 
terification of the free cholesterol of the fish eye di- 
sease HDL also strongly counterbalanced the HDL 
particle degradation process with disappearance of 
more than 60% of its total cholesterol content. Further- 
more, a net increase in the triglyceride content of 
HDL isolated after incubation at 37 C compared with 
what  was found at incubation at 0 C also could be 
demonstrated. This increase in HDL triglyceride con- 
tent is expected to occur due to a functioning bidirec- 
tional cholesteryl ester-triglyceride transfer between 
HDL and lipoproteins of lower densities and induced 
by the increase in the cholesteryl ester content of the 
HDL on incubation with normal purified LCAT with 
a-LCAT activity. All the incubation-induced effects 
of purified normal LCAT on fish eye disease HDL 
and total lipoprotein cholesterol were abolished com- 
pletely by heat  inactivation of the purified LCAT be- 
fore it was added to the incubation mixtures (Tables 2 
and 3). 

In addition to apolipoprotein A-I, apolipoprotein D, 
which also resides in normal  HDL, has  been reported 
to be involved as a cofactor in the LCAT-mediated 
esterification process of the free cholesterol of p lasma 
(15). This apolipoprotein, whose role in the esterifca- 
tion process is disputed (16), also seems to be the most 
persistently remaining impurity in even the highest 
purified LCAT preparations (17). 

In fish eye disease plasma, both apolipoprotein A-I, 
which is normal qualitatively (9), and apolipoprotein 
D are present, al though in strongly reduced amounts  
(2). As demonstrated in Figure 2, fish eye disease 
HDL produced a precipitation arc on double immu- 
nodiffusion against  anti-apolipoprotein D. The pres- 
ence of apolipoprotein D in fish eye disease  HDL, 
combined with the observed inability of heat-inacti- 
vated purified normal LCAT to effect HDL choles- 
terol esterification make it reasonable to conclude 
that  the demonstrated incubation-induced normali- 
zation of the f s h  eye disease HDL cholesteryl ester 
content is caused by an a-LCAT activity characteris- 
tic of the normal purified LCAT used in this s tudy 
and not by traces of apolipoprotein D, which is 
temperature resistant, in the purified LCAT prepara- 
tion. 

The normalization of the cholesteryl ester content 
of isolated total lipoproteins and HDL, observed after 
incubation of fish eye disease p lasma supplemented 
with purified normal LCAT, was found to be accompa- 
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FIG. 2. D o u b l e  i m m u n o d i f f u s i o n  in Ouchter lony  1% aga-  
r o s e  ge l  p lates .  Inner  w e l l - c o n t a i n e d  ant i -apol ipopro-  
te in  D. 
Outer  w e l l s  conta ined:  1 (5 ul) and 4 (10 ~1), n o r m a l  HDL; 
2 (5 ul) and 5 (10 ~1), f i sh  e y e  d i s e a s e  HDL; 3 (5 ~1) and 6 
(10 ~1), n o r m a l  p lasma.  
P r e c i p i t a t i o n  l ines  are  s ta ined  w i t h  C o o m a s s i e  Br i l l iant  
Blue  R. 

affecting HDL particle size might  be involved at later 
steps of the process in this as well as in normal plas- 
ma (14,20). 

The results of this study clearly show tha t  fish eye 
disease plasma, consistent with earlier f indings in 
experiments with lipoprotein-depleted plasma frac- 
tions (4,5), lacks an enzyme activity (a-LCAT) that  is 
present in normal highly purified LCAT, al though 
the free cholesterol of the combined VLDL and LDL 
is esterified at an apparently normal rate in this con- 
dition. Supplementation of fish eye disease plasma in 
vitro with purified normal LCAT followed by incuba- 
tion at 37 C for 24 hr resulted in normalization of both 
the cholesteryl ester content and the apparent mean 
particle size or mass of the fish eye disease HDL. 

nied by a normalization of the apparent  mean parti- 
cle size or mass of these HDL. Incubations with the 
subnormal LCAT concentration yielded a rather  ho- 
mogeneous population of particles that  were larger 
than  those of nat ive fish eye disease HDL (Fig. 1). 
Mean particle masses of the HDL increased as a func- 
tion of increasing purified LCAT concentration in the 
incubation mixture. The particle enlargement induced 
by the action of normal  purified LCAT, resulted in 
HDL particles of the same size or mass as found for 
small HDI_~ particles in normal plasma (Fig. 1). It 
seems tha t  when the cholesteryl ester percentage of 
HDL reaches a value of about 60%, accompanied by a 
decrease in free cholesterol content of the HDL parti- 
cle surface, whose decrease might render the particle 
less rigid (18), an HDL particle fusion process may  
start  (8). A fusion process in t ransformation of small 
model discoidal lipoprotein complexes to HDL3-1ike 
species previously has been demonstrated by Nichols 
et al. (19). The effect of the purified normal LCAT on 
fish eye disease HDL was abolished completely by 
the LCAT inhibitor DTNB or by heat  inactivation of 
the purified normal enzyme. 

These findings demonstrate tha t  a-LCAT activity 
of normal purified LCAT is necessary and sufficient 
for the init iat ion of this HDL particle enlargement in 
fish eye disease plasma, al though additional factors 
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Cholesterol Synthesis in the Pathogenesis of Lithocholic 
Acid-induced Cholestasis 
I.M. Yousef*, B. Tuchweber, R. Morazaln, R. Kugelmass, M. Gauvln, C.C. Roy and A.M. Weber 
Deloarlments of Pediatrics and Nutrition, University of Montreal and Centre de recherche p@dlatrique, H6pltal Salnte-Justine, 
Montreal, Quebec, Canada H3T IC5 

Li thocho l i c  acid (LCA)-induced in trahepat ic  cho-  
l e s tas i s  is a s soc ia ted  w i t h  increased  de n o v o  syn-  
thes i s  o f  hepat ic  c h o l e s t e r o l  and a u g m e n t e d  cho-  
l e s tero l  c o n t e n t  o f  the  l iver cel l  p lasma membrane  
fract ion  enr iched in bile canal icu lar  complexes  
(BCM). To determine  w h e t h e r  inh ib i t ion  o f  choles -  
terol  s y n t h e s i s  could prevent  LCA-induced choles -  
tas is ,  adult  male  Wistar rats  were  treated dai ly  
w i t h  the  h y p o c h o l e s t e r o l e m i c  agents ,  c lof ibrate  
(250 m g / k g )  or m e v i n o l i n  (25 mg/kg) ,  for one ,  tw o  
or four days .  After  bile duct c a n n u l a t i o n  and bile 
co l l ec t ion  for o n e  hr, the  an imals  w e r e  injected 
i n t r a v e n o u s l y  w i t h  120 ~ m o l e s / k g  o f  LCA or its 
carrier (albumin).  C h o l e s t e r o l  s y n t h e s i s  w a s  mea-  
sured in l iver  h o m o g e n a t e s ,  and its contr ibut ion  
to the  BCM w a s  es t imated.  LCA reduced bile f low 
by 51%, 35% and 25% after c lof ibrate  pretreat -  
ment  for one ,  t w o  and four days ,  respect ive ly ,  and 
by 51%, 30% and 42% in m e v i n o l i n - p r e t r e a t e d  ani-  
mals  after one ,  t w o  and four days .  In contro l  ani-  
mals ,  cho le s t ero l  s y n t h e s i s  and the  contr ibut ion  
o f  n e w l y  s y n t h e s i z e d  cho l e s t ero l  in the  BCM w e r e  
increased  after LCA inject ion.  However ,  despite  
that  ch o l e s t e r o l  s y n t h e s i s  and the  contr ibut ion  of  
n e w l y  s y n t h e s i z e d  cho l e s t ero l  in the  BCM w e r e  
reduced in drug-pretreated  rats,  LCA inject ion  
caused a re lat ive  increase  in these  parameters  o f  a 
magn i tude  s imi lar  to that  observed  in contro ls .  
Thus,  the  abi l i ty  o f  LCA inject ion  to augment  de 
n o v o  cho le s t ero l  s y n t h e s i s  and its t ransport  to the  
BCM may be an important  pa thogene t i c  step in the  
deve lopment  o f  choles tas i s .  
Lipids 23, 230-233 {1988). 

Cholestasis generally may be defined as a primary 
disturbance in bile formation. While current under- 
standing of the pathogenesis of intrahepatic cholesta- 
sis remains fairly rudimentary, considerable attention 
has  been focused on monohydroxy bile acid-induced 
cholestasis (1-4). Monohydroxy bile acids have been 
identified in the meconium and urine of newborns 
(5-8), and de novo synthesis  of these bile acids in 
fetus and newborn infant  has been suggested (9-10). 
More recently, the concentration of lithocholic acid 
(LCA), a monohydroxy bile acid, was found to be in- 
creased in the bile of adult  patients treated with che- 
nodeoxycholic acid for gallstones (11-13), and there 
have been reports of elevated biliary LCA levels in 
subjects receiving total parenteral nutrition (14-15). 
It is of interest that  the hepatic structural alterations 

*To whom correspondence should be addressed at the Centre de 
recherche pediatrique, HSpital Sainte-Justine, 3175 CSte Sainte- 
Catherine, Montreal, Quebec, Canada H3T IC5. 
Abbreviations: BCM, bile canalicular complexes; GLC, gas liq- 
uid chromatography; LCA, lithocholic acid; TLC, thin layer 
chromatography. 

noted in some of these patients are somewhat  similar 
to those produced in animals by LCA (13). Therefore, 
elucidation of the pathogenesis  of LCA-induced cho- 
lestasis could prove useful in the management  of pre- 
vention of cholestasis in these high-risk patients. 

Existing evidence indicates that  LCA enhances de 
novo cholesterol synthesis  in microsomes as well as 
cholesterol t ransport  from the microsomes to the bile 
canalicular membrane (BCM) into which it becomes 
incorporated (16). Cholesterol accumulation in the 
BCM then could increase the membrane 's  viscosity 
and thereby decrease its permeability to water, result- 
ing in cholestasis (16-20). Therefore, it has  been sug- 
gested that  LCA-induced cholestasis could be prevent- 
ed by agents  that  interfere with hepatic cholesterol 
synthesis and consequently reduce cholesterol content 
of the BCM. This hypothesis was tested with clofibrate 
(ethyl-p-chlorphenoxy isobutyrate), a hypolipidemic 
drug that  suppresses the conversion of acetate into 
cholesterol in liver homogenates (21), and mevinolin 
(1,2,6,7,8 a - hexahydro-fl,8-dihydroxy-2,6-dimethyl-8- 
(2-methyl-l-oxobutoxy-l-naphtalene hepatonic acid 
&lactone, MK-803), a highly potent specific competi- 
tive inhibitor of 3-hydroxy-3-methyl glutaryl coen- 
zyme A reductase (HMG-CoA), the rate-limiting en- 
zyme in cholesterol biosynthesis (22). 

MATERIALS AND METHODS 

Effect of clofibrate and mevinolin on lithocholate- 
induced cholestasis. Male Wistar rats (High Oak 
Ranch, Montreal, Quebec) with an average body 
weight of 200 g were kept under controlled conditions 
of humidity and lighting with free access to water 
and Purina lab chow. They were divided into three 
groups. The two treatment groups were given per os for 
one, two or four days either clofibrate (gift from 
Ayerst  Laboratories, Montreal, Canada) at a daily 
dose of 250 mg/kg  body weight or mevinolin (gift 
from Merck Sharp & Dohme, Montreal, Canada) at a 
daily dose of 25 mg /kg  body weight. The third group 
served as untreated controls. Within one hr after the 
last  oral dose of clofibrate or mevinolin, a biliary fis- 
tula was created under nembutal  anesthesia, and bile 
was collected for one hr (0-60 min collection). Half  of 
the animals of each of the three groups were injected 
intravenously with either 120 ~mol LCA-Na/kg body 
weight (Calbiochem-Boehring Corp., La Jolla, CA); 
purity 90% as checked by thin layer chromatography 
(TLC) and gas liquid chromatography (GLC) or with 
the LCA carrier, 7.5% albumin in saline. The LCA 
injected was labeled with 14C-LCA (Amersham, Oak- 
ville, Ontario); specific activity 55 #Ci/mmole, 98% of 
the 14C radioactivity was recovered with LCA when 
analyzed with thin layer chromatography (TLC) us- 
ing a solvent system made up of iso-octane/ethyl-ace- 
ta te /acet ic  acid/N-butanol  (10:5:1.5:1.5). Bile was col- 
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lected for one hr (60-120 min collection) following the 
injection of LCA or albumin solution, and its volume 
was measured gravimetrically. The rats remained un- 
der anesthesia during bile collections (120 min), and 
body temperature was maintained at 36.5 C with a 
heat  lamp thermostatically controlled. At the end of 
the experiment, the livers were homogenized in bicar- 
bonate buffer, and specimens were solubilized in tis- 
sue solubilizer and counted for radioactivity. Blood 
samples were taken from rats injected with 14C-LCA, 
and their radioactivity was determined. The method- 
ology for the radioactivity measurements in liver tis- 
sues and blood has been reported earlier by this labo- 
ratory (16). Experimental and control animals were 
studied simultaneously to exclude diurnal variation 
in bile acid and cholesterol metabolism. 

Effect of clofibrate and mevinolin on cholesterol 
synthesis and liver cell plasma membrane composi- 
tion. These experiments were designed to determine 
the effects of the hypocholesterolemic drugs on hepat- 
ic cholesterol synthesis and on cholesterol content of 
liver cell plasma membrane fractions, utilizing the 
recently described 14C/3H ratio technique (16,20). Be- 
cause results from the first phase of the study showed 
tha t  maximum protection against  LCA-induced cho- 
lestasis was obtained after four days of clofibrate and 
two days of mevinolin treatment, two groups of rats 
received these agents for such periods of time before 
ha l f  of them were injected with 120 umol LCA/kg  
body weight or its carrier (albumin 7.5% in saline). A 
third group of rats untreated with hypocholesterolem- 
ic drugs served as controls, ha l f  the animals  were 
injected with LCA and the other ha l f  with the LCA 
carrier as previously described. Sixteen hours before 
the LCA or albumin injection, all the animals were 
injected intraperitoneally with 25 ~Ci of 3H cholester- 
ol/100 g body weight (1,2-all cholesterol, New Eng- 
land Nuclear, Montreal; specific activity 50 mCi /  
mmol) to label the hepatic cholesterol pool. The rats 
were later injected IV with 10 #Ci of 14C mevalonic 
acid/100 g body weight (New England Nuclear, Mon- 
treal; specific activity 49 mCi/mmol) at the same time 
of the injection of LCA or its carrier to label the newly 
synthesized cholesterol. An hour later, the animals 
were killed. Their livers were washed with an infu- 
sion of 20 ml of 0.1 mM NaHCO3 and 0.05 mM CaC12 
buffer and were homogenized in the same buffer (1:2, 
W/V). A pellet of sodium hydroxide was added to 
each ml of homogenate, and the mixture was hydro- 
lyzed for one hr at  70 C. Neutral lipids then were 
extracted with petroleum ether and the extracts dried 
under nitrogen at 60 C. The lipids were solubilized 
with 1 ml of methanol,  and total cholesterol was mea- 
sured by GLC (23), after which 1 ml of 5% digitonin 
(Fisher Scientific Co., Fairlawn, NJ) was added to 
precipitate the cholesterol. The mixture then was cen- 
trifuged at 3000 g at  4 C; the pellet was dissolved in 2 
ml of hot methanol;  and 0.5 ml was taken for the 
measurement of radioactivity, using a Beckman liq- 
uid scintillation system (Model L5 700) equipped with 
an external standard. The specific activities of choles- 
terol were determined, and the 14C/3H ratio was calcu- 
lated. This ratio represents the relative contribution 
of newly synthesized cholesterol to the total cholester- 

ol pool from the time of injection of LCA or its carrier 
up to the end of the experiment (one hr), because 3H 
specific activity of hepatic cholesterol was in a steady 
state between 12-24 hr after 3H cholesterol injection. 

The rest of the liver homogenate was used for the 
processing of liver cell plasma membrane fractions, as 
described (2,16). Two fractions were obtained, one en- 
riched in bile canalicular structures, the other mainly 
containing sheets and vesicles derived from the sinu- 
soidal surface of the cell. Lipids were extracted with 
chloroform/methanol (2:1), total cholesterol was de- 
termined by gas liquid chromatography (GLC), and 
the 14C and 3H radioactivities were estimated as de- 
scribed for liver homogenate extract. The 14C/3H ra- 
tios of the specific activity of cholesterol in the mem- 
brane fractions then were calculated. The data were 
evaluated statistically by Student 's t-test and a P-val- 
ue of <0.05 was considered statistically significant. 

RE~JL11t 

Body and liver weight. The percentage of liver to 
body weight ratio was increased significantly (p < 
0.05) after two and four days of clofibrate t reatment 
(% liver to body weight ratios were 4.29 + 0.28, 4.70 + 
0.18 and 4.88 + 0.45 for one, two and four days of 
treatment,  respectively). Mevinolin administrat ion 
had no such effect. 

Bile flow. In clofibrate-treated rats, basal bile flow 
(0-60 min collection period) decreased after one and 
two days of t reatment  as compared with controls but 
this trend disappeared after four days (Table 1). A sim- 
ilar response pattern was observed following treat- 
ment with mevinolin. 

LCA in control animals  tha t  had not been treated 
with clofibrate or mevinolin decreased bile flow by 
58% within one hr following its injection (Table 2). 
Similarly, in clofibrate-treated rats for one, two and 

TABLE 1 

Bi le  F l o w  in Rats  g i v e n  Clo f ibrate  and M e v i n o l i n  
a lone  or w i t h  LCA 

Bile flow (~l/min/g/liver) 

0-60 min 60-120 min 
Treatment before LCA after LCA 

Control + albumin 
Control + LCA 
Clofibrate 1 day + LCA 
Mevinolin 1 day + LCA 
Clofibrate 2 days + LCA 
Mevinolin 2 days + LCA 
Clofibrate 4 days + LCA 
Mevinolin 4 days + LCA 

1.75 • 0.20 1.81 • 0.17 
1.94 • 0.24 0.82 • 0.23 a,b 
1.48 • 0.17 0.72 • 0.17 a,b 
1.46 + 0.15 a 0.71 • 0.46a, b 
1.44 • 0.17 a 0.93 • 0.26 a,b 
1.74 • 0.21 1.21 • 0.28a, b 
1.79 • 0.36 1.36 • 0.51 
1.61 • 0.40 0.92 :J= 0.51 a,b 

aSignificantly different (p ~ 0.05) from the controls injected 
with albumin only. 
bSignifieantly different (p ~ 0.05) from the 0-60 rain values. 
Values represent the means + SD of eight animals except for 
control + albumin and control + LCA where the number of 
animals was four. 
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TABLE 2 

P e r c e n t a g e  o f  Di s tr ibut ion  o f  LCA Radioac t iv i ty  in Var ious  T i s sues  

Treatment Serum Liver Bile 

Control + LCA 
Clofibrate 1 day + LCA 
Clofibrate 2 days + LCA 
Clofibrate 4 days + LCA 
Mevinolin 1 day + LCA 
Mevinolin 2 days + LCA 
Mevinolin 4 days + LCA 

8.5 • 4.9 48.5 • 3.5 43.0 • 8.5 
2.5 • 1.9 a 44.5 • 13.5 53.0 :i: 14.4 
2.9 • 1.9 a 31.1 -i- 8.4 a 67.0 • 10.0 a 
2.8 • 1.9 a 26.3 • 14.3 a 70.9 • 11.2 a 
5.0 • 1.0 44.0 • 6.9 51.0 • 7.3 
3.5 • 2.6 29.6 • 13.6 a 66.9 • 17.8 a 
2.3 • 1.1 a 29.4 • 10.3 68.3 • 11.7 a 

Values are the means • SD of eight animals except for control + LCA, the number 
of animals was four. 
aSignificantly different (p ~ 0.05) from the control group. 

four days, bile flow was reduced by 51, 35 and 25%, 
respectively. At four days, bile flow was significantly 
greater (p <0.05) than  in controls injected with LCA. 

In rats given mevinolin, LCA reduced bile flow by 
51, 30 and 43% after one, two and four days of treat- 
ment, respectively. Although bile flow after two days 
of mevinolin adminis t ra t ion was significantly higher 
(p < 0.05) than  in control animals  receiving LCA, this 
difference was not seen after four days of t rea tment  
(Table 1.) 

Distribution of LCA in liver, serum and bile. Table 
2 shows the percentage distribution of radioactive 
LCA in liver, serum and bile. In control animals,  
LCA was distributed equally in liver and bile (48 and 
43%, respectively), whereas the serum contained only 
8% of the dose injected. Both clofibrate and mevinolin 
increased the recovery of LCA in bile, and this was 
accompanied by proport ionate reductions in liver 
and serum. 

Cholesterol content and relative cholesterol synthe- 
sis. As seen in Table 3, none of the t reatments  signifi- 
cant ly influenced the total cholesterol content  of liver 
homogenates or the 14C/3H ratio. 

Cholesterol content in the BCM was increased by 
30% after LCA injection in control animals  (no drug 
pretreatment).  Clofibrate or mevinolin t reatments  for 
four or two days, respectively, reduced cholesterol con- 
tent in the BCM by 30% (compared to control animals  
not treated with LCA). Injection of LCA in the drug-  
pretreated animals  did not result in an increase in the 
membrane  cholesterol (compared to control animals  
injected with LCA). The cholesterol content  of the PM 
fraction after  LCA injection was not affected in con- 
trol animals  (not treated with drugs); cholesterol was 
reduced, however, by 30-50% in drug treated animals 
irrespective of LCA or albumin injection. 

The ~4C/3H ratio, which indicates the relative contri- 
bution of the newly synthesized cholesterol in the total 
cholesterol content of the membrane,  was increased 
in the BCM by 30% after  the injection of LCA in con- 
trols (not treated with drugs). This ratio was reduced 
by a similar percentage in clofibrate and mevinolin 
treated rats. Injection of LCA in the later groups in- 
creased the ~4C/ZH ratio to the level seen in control 
animals (not injected with LCA). 

In the PM fraction, the 1 4 C / 3 H  ratio was increased 
after LCA injection in control animals. This ratio was 
reduced in the drug treated groups whether  injected 
with LCA or albumin. The difference in the 14C/3H 
ratios between BCM and PM may indicate a different 
rate of contribution of newly synthesized cholesterol to 
cholesterol content in these two membrane fractions. 

DISCUSSION 

The purpose of these studies was to test the hypothe- 
sis tha t  the increased de novo synthesis  of cholesterol 
after  LCA t rea tment  and its accumulation in the 
canalicular  membrane are impor tant  pathogenetic 
steps in the development of LCA-induced cholestasis. 

It  was assumed tha t  inhibit ion of cholesterol syn- 
thesis by the hypocholesterolemic drugs, clofibrate 
and mevinolin, may  prevent  cholesterol accumula- 
tion in the canal icular  membrane  and the cholestatic 
response to LCA. The data  obtained in these studies 
do not support  this hypothesis; despite the fact tha t  
clofibrate and mevinolin both reduced the relative 
cholesterol synthesis  and cholesterol content  in the 
BCM (Table 3), bile flow was not improved signifi- 
cant ly  after LCA injection (Table 1) (with the excep- 
tion of clofibrate t reatment  for four days in which bile 
flow was reduced by 25% vs 58% in control. But, clofi- 
brate effect was not time- or dose-dependent (un- 
published data). However, in clofibrate and mevino- 
lin-treated rats, LCA caused an increase in the rela- 
tive contribution of de novo cholesterol synthesis  in 
the BCM (Ct4/H ~ 0.08 in clofibrate vs 0.11 in clofi- 
brate + LCA injection and 0.08 in mevinolin vs 0.10 
in mevinolin + LCA injection). This increase was sim- 
ilar to tha t  obtained in control rats (C14/H 3 0.12 in 
controls vs 0.15 in LCA injection). These data  suggest 
tha t  the ability of LCA injection to increase de novo 
synthesis  of cholesterol and its t ransport  to the BCM 
may be an impor tant  step in the pathogenesis of 
LCA-induced cholestasis. 

Recently, it was shown in vitro tha t  cholestatic bile 
acids such as LCA and its sulfate and glucuronide 
derivatives possess higher  calcium-binding proper- 
ties than  noncholestatic bile acids (24,25). This find- 
ing raised the possibility tha t  a disturbance of cellu- 
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TABLE 3 

C h o l e s t e r o l  Conten t  and R e l a t i v e  C h o l e s t e r o l  S y n t h e s i s  
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Homogenate BCM PM 

Cholesterol Cholesterol 
Cholesterol (nmol/mg (nmol/mg 

Treatment (umol/g liver) 14C/3H protein) ~4C/aH protein) 14C/3H 

Control + albumin 21.2 • 1.8 0.10 • 0.098 460 • 29 0.12 • 0.011 334 • 28 0.07 • 0.009 
Control + LCA 21.5 • 2.4 0.12 • 0.097 602 • 57 a 0.15 • 0.013 a 334 • 23 0.12 • 0.01 a 
Clofibrate 4 days 20.9 • 1.7 0.06 • 0.008 314 • 18 a,b 0.08 • 0.009 a,b 244 • 27 a,b 0.04 • 0.006 a,b 
+ albumin 
Clofibrate 4 days 21.1 • 2.4 0.09 • 0.010 311 • 23 a,b 0.11 • 0.020 b 162 • 19 a,b 0.05 • 0.00 a,b 
+ LCA 
Mevinolin 2 days 21.4 • 2.1 0.05 • 0.007 324 • 21 a,b 0.08 • 0.012 a,b 258 • 21 a,b 0.04 • 0.004 a,b 
+ albumin 
Mevinolin 2 days 21.5 • 1.8 0.08 • 0.009 318 • 19 a,b 0.10 • 0.011 b 189 • 18 a,b 0.05 • 0.00 a,b 
+ LCA 

Values are the means • SD of four samples per group. 
BCM refers to membrane fractions enriched in bile canalicular complexes (bile canaliculi and lateral membranes). 
PM refers to membrane fractions containing vesicles derived mainly from sinusoidal and lateral membranes of hepatocytes. 
The ~4C/~H ratio is used as a measure of the newly synthetized cholesterol (ref. 16). 
aSignificantly different (p <0.05) from control injected with albumin. 
bSignificantly different (p <0.05) from control injected with LCA. 

lar  ca lc ium homeos tas i s  could occur af ter  exposure to 
LC A with  pa thologic  consequences.  I f  this  is proven 
in vivo, it r ema ins  to be de termined to w h a t  extent  
c h a n g e s  in ce l lu la r  c a l c i u m  could  m o d u l a t e  the  
mobi l iza t ion of  cholesterol f rom microsomes  to cana-  
licular m e m b r a n e s  t h a t  occurs after  LCA injection. 

The  increased  bi l iary  secretion of 14C-LCA in drug- 
pre t rea ted  ra t s  could be due to increased  metabol i tes  
of LCA. P re l im ina ry  exper iments  show t h a t  92% of 
14C LCA was  secreted u n c h a n g e d  in controls,  while 
only  50% was  secreted in c lof ibra te- t rea ted  rats.  
However,  i f  this  was  the  case it does not  seem t h a t  the 
i n c r e a s e d  secret ion of  L C A  (or its metaboli tes)  was  
s igni f icant  enough  to prevent  its cholestat ic  effect. 

In  s u m m a r y ,  this  and  other  studies (2,16,20) f rom 
our  l abo ra to ry  conf i rm the assoc ia t ion  between the  
cholesterol  syn thes i s  and  the cholesta t ic  effect of  
LCA. Fur thermore ,  it shows  t h a t  under  the present  
exper imenta l  condi t ions  hypol ip idemic  drugs  do not  
prove useful in prevent ion of LCA- induced  cholestasis.  
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Rats  w e r e  fed diets  c o n t a i n i n g  10%, 30% or 50% 
energ y  as fat derived predominant ly  from butter 
or lard. The  prote in  c o n t e n t  o f  the  diets  w a s  main-  
t a i ned  at 20%. After  three  w e e k s  on  the  diets ,  the  
rats  we r e  ki l led and the  f o l l o w i n g  parameters  
measured:  pros tacyc l in  product ion  in  v i tro  from 
abdominal  aorta  and mesenter i c  artery; p late le t  
a g g r e g a t i o n  to A D P  and thrombin;  fatty  acid com- 
pos i t i on  o f  the  p h ospho l ip ids  in plasma,  thorac ic  
aorta  and liver; s m o o t h  muscle  react iv i ty  and re- 
lease  o f  endothe l ia l  derived re lax ing  factor (EDRF) 
from aort ic  e n d ot he l ium s t imulated  by ace ty l cho-  
l ine.  There  w a s  no  s ign i f i cant  effect o f  increas ing  
fat c o n t e n t  o f  the  diets  (ne i ther  lard nor  butter) o n  
platelet  aggregat ion .  In contrast ,  prostacyc l in  pro- 
duct ion  in both  the  mesenter ic  artery  and the  ab- 
domina l  aorta  fell  in a c o n c e n t r a t i o n - d e p e n d e n t  
manner  in the  but ter-supplemented  rats.  However ,  
no  effect  on  pros tacyc l in  product ion  w a s  detected  
in arteries  from the  lard- supplemented  animals .  
The  effects  o f  the  diets  on  pros tacyc l in  (PGI2) pro-  
duct ion  corre la ted  very  w e l l  w i t h  the  c h a n g e s  in 
plasma,  aort ic  and l iver phospho l ip id  arachidonic  
acid (AA) and e i c o s a p e n t a e n o i c  acid (EPA) con-  
tents .  AA decreased  in a c o n c e n t r a t i o n - d e p e n d e n t  
m a n n e r  in the  rats  fed the  but t er - enr i ched  diets  
but did n o t  c h a n g e  in t h o s e  fed the  lard-enr iched  
d ie t s ,  w h e r e a s  E P A  r o s e  in  a c o n c e n t r a t i o n -  
depen d e n t  m a n n e r  in the  butter- fed  rats  and w a s  
u n c h a n g e d  in the  lard-fed  animals .  The c lear-cut  
effects  o f  the  but ter -enr iched  diets  on  aort ic  phos -  
phol ip id  fat ty  acid compos i t i on  and aort ic  PGI 2 
product ion  w e r e  accompanied  by a s ign i f i cant  re- 
duct ion  in s m o o t h  muscle  r e l a x a t i o n  to EDRF.  
These  resul ts  indicate  that  in the  rat, enr ichment  
o f  the  diet  w i t h  butter  can reduce  the  concentra -  
t ion  o f  AA and increase  that  o f  EPA in p lasma and 
t i s sue  phospho l ip ids  w i t h  a paral le l  reduct ion  in 
arterial  PGI 2 product ion  and EDRF.  
Lipids 23, 234-241 (1988}. 

It now is accepted widely that  high levels of saturated 
fat  in the diet increase the risk of coronary heart  dis- 

*To whom correspondence should be addressed. 

Abbreviations: AA, arachidonic acid; ADP, adenosine diphos- 
phate; EC10, ECso, ECgo, the concentrations that will give 10%, 
50% or 90% response (dilation or constriction), respectively; 
EDRF, endothelial-derived relaxing factor; EPA, eicosapentae- 
noic acid; KRB, Krebs Ringer bicarbonate buffer; NO, nitric 
oxide; PGI2, prostacyclin I2; PPP, platelet-poor plasma; PRP, 
platelet-rich plasma; P/S ratio, the ratio of polyunsaturated to 
saturated fatty acids; PUFA, polyunsaturated fatty acid; TXA2, 
thromboxane A2; TXB2, thromboxane B2; 6-keto-PGFl~, 6-keto- 
prostaglandin FI~; 20:3n-9, a 20 carbon fatty acid with three 
double bonds, the first one being nine carbons (n-9) from the 
methyl end. 

ease (1,2). The effects of dietary saturated fat  appear 
to be mediated through two major pathways:  elevated 
plasma cholesterol levels, resulting in increased risk 
of atherosclerosis (1), and increased thrombosis ten- 
dency (3). The mechanism by which thrombosis ten- 
dency is increased is not well understood. Renaud 
and coworkers have reported that  dietary saturated 
fat is associated with an increase in the concentra- 
tion of the fat ty  acid 20:3n-9 in p lasma and platelet 
lipids in rats and humans  (4,5), a phenomenon that  
usually occurs only in essential fa t ty  acid deficiency 
(6). They attributed the increased thrombin-induced 
platelet aggregation associated with dietary saturat- 
ed fat  to the presence of this fa t ty  acid (5). However, it 
also is possible that  the increased levels of 20:3n-9 are 
a marker  of other changes in p lasma and tissue fa t ty  
acid composition that  may  affect directly the produc- 
tion of the arachidonic acid (AA)-derived prostanoids 
(prostacyclin [PGI2] and thromboxane A2) and there- 
by modulate thrombosis  tendency. To examine this 
possibility, the aim of this s tudy was to determine the 
effects of increasing the proportion of two different 
dietary fats (butter and lard) on vascular PGI2 produc- 
tion and platelet aggregation, and plasma, aortic and 
liver phospholipid fat ty  acid composition in the rat. 
In addition, the effects of increased dietary fat (but- 
ter) on aortic smooth muscle reactivity and the re- 
lease of endothelial derived relaxing factor (EDRF) 
were assessed. 

METHODS 
Animals. Male Sprague-Dawley rats weighing 120- 
170 g were used in all studies. They were housed in a 
temperature-controlled room with a 12-hr l ight-dark 
cycle. Food and water  were provided ad libitum and 
food consumption and body weights recorded three 
times each week. 

Diets. The nutrient composition of the experimental 
diets is shown in Table I and their fat ty acid composi- 
tion is given in Table 2. The diets were prepared from 
whole meal flour and skim milk powder (providing all 
the carbohydrate  and protein) and lard or butter (pro- 
viding most of the fat). The proportion of energy de- 
rived from protein was constant  in all diets, while the 
proportions of fat and carbohydrate  varied inversely. 
The P / S  ratio fell as the proportion of fat rose on both 
the lard and butter diets, however the fall was more 
pronounced on the butter diet as the P / S  ratio of but- 
ter is much lower than that  of lard. Vitamins and 
minerals were added to reach the levels recommended 
by the American Institute of Nutrition (7). 

Platelet aggregation. After three weeks on the diet, 
the rats were anesthetized with sodium pentobarbi- 
tone (50 mg/kg  intraperitoneally), and blood was tak- 
en by cardiac puncture into 3.8% sodium citrate (9 vol 
blood: 1 vol citrate). The citrated blood was centrifuged 
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TABLE I 

Composition of  the Experimental Diets 

Butter Lard 

Constituents (g/100 g) 10% 30% 50% 10% 30% 

Whole meal flour 73.1 42.5 4.6 73.5 43.8 
Skim milk powder 20.0 38.7 61.3 20.1 39.8 
Butter 2.5 14.4 29.7 -- -- 
Lard -- -- -- 2.0 12.0 
Choline bitartrate 0.I 0.1 0.1 0.1 0.1 
Mineral mix 3.3 3.3 3.3 3.3 3.3 
Vitamin mix 1.0 1.0 1.0 1.0 1.0 
Composition (% energy) 
Protein 20 20 20 20 20 
Carbohydrate 70 50 30 70 50 
Fat  10 30 50 I0 30 
P /S  ratio 0.56 0.I0 0.05 0.54 0.24 

50% 

4.8 
64.9 

25.9 
0.1 
3.3 
1.0 

2O 
3O 
5O 
0.19 
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TABLE 2 

Fatty Acid Composition of  the Diets 

Butter Lard 

Fatty acid 10% 30% 50% 10% 30% 50% 

8:0 1.2 1.4 1.9 - -  - -  - -  
10:0 2.1 2.77 4.2 --  - -  - -  
12:0 2.4 2.8 3.4 - -  --  - -  
14:0 6.5 10.5 11.3 1.8 1.8 1.7 
14:1 0.5 0.7 0.8 - -  - -  - -  
15:0 0.8 1.2 1.2 - -  - -  - -  
16:0 24.7 30.7 29.8 25.1 30.9 27.0 
16:1 1.4 1.6 2.9 1.2 0.8 2.1 
17:0 0.8 1.0 0.6 0.9 0.6 0.6 
18:0 9.4 14.9 14.0 14.4 16.5 17.9 
18:1 23.0 25.1 25.9 32.5 36.3 40.6 
18:2n-6 24.6 5.7 2.4 21.3 11.1 8.2 
18:3n-3 2.2 I .I  1.2 1.6 1.0 0.9 
20:0 0.2 0.3 0.2 0.3 0.3 0.3 
20:1 0.2 0.3 0.2 0.9 0.7 0.7 

Saturates 48.1 65.5 66.6 42.5 50.1 47.5 
Monoenes 25.1 27.7 29.8 34.6 37.8 43.4 
Polyenes 26.8 6.8 3.6 22.9 12.1 9.1 
n-6/n-3 ratio 11.2 5.2 2.0 13.3 11.1 9.1 

at 150 • g for 10 rain at  room temperature to prepare 
platelet-rich plasma (PRP). After removal of the PRP, 
the remaining blood was centrifuged for 15 min at 
3000 • g at room temperature  to obtain platelet-poor 
plasma (PPP). The platelet count of the PRP was de- 
termined using a Coulter Counter (Model SII) and ad- 
justed with PPP  to give a count of 300,000 platelets /  
~1. Platelet aggregation measurements were performed 
with a Pay ton  dual-channel aggregometer: 450 ~l 
PRP was stirred at 1000 rpm at 37 C and 50 #1 of the 
appropriate aggregat ing agent  added: ADP (2 and 5 
~M), thrombin (1 and 2 U/ml)  or AA (6.4 mM). Plate- 
let aggregation was monitored continuously for four 
rain. To quant i ta te  platelet aggregation, the maxi- 
mum change in light t ransmi t tance  through PRP 
was expressed as a percentage of the light transmit- 
tance through PPP. Five min after the addition of the 
aggregat ing agent, a 200 ~l aliquot was mixed with 

200 ~l of ethanol,  centrifuged and the superna tan t  
stored at  -20 C for subsequent radio immunoassay of 
t h r o m b o x a n e  B2 (TXB2), the  s table metabol i te  of 
thromboxane A2 (TXA2) (8). 

Vascular PGI 2 production. Immediately after blood 
collection, the ra t  was perfused with Krebs Ringer 
Bicarbonate  buffer (KRB), pH 7.4, containing 5.5 mM 
glucose, to flush out the remaining blood, leaving the 
ar tery  preparat ions  free of adhering blood clots. The 
mesenteric ar tery and abdominal  aor ta  were removed 
carefully, cleared of connective tissue and cut into 
rings. These rings were incubated in 4 ml of KRB 
conta ining 5.5 mM glucose at 37 C for three hr  in a 
shaking water ba th  and 100 ~1 aliquots taken at zero 
time and 15, 30, 60, 120 and 180 rain later. These 
samples were stored at -20 C and the time course of 
PGI2 production determined subsequently by radio- 
immunoassay  of its stable metabolite, 6-keto PGFI~ 
(9). At the end of the incubation, the rings were 
removed, blotted on filter paper and weighed to obtain 
the "wet weight." In order to control for the presence 
of any  cross-reacting material  interfering with the 
RIA of 6-keto-PGFl~ produced during the incubation 
of arteries, we incubated aortic rings from butter-fed 
rats  (10% and 50%) in the presence and absence of 
indomethacin (10 ~g/ml). Indomethacin  completely 
prevented the production of any immuno-reactive 
material  from these aortea, confirming the specificity 
of the assay for 6-keto-PGFl~. 

Aortic smooth muscle reactivity and the release of 
EDRF. Rats were stunned and the thoracic aorta care- 
fully dissected free of surrounding tissue. The aorta 
was pinned down at  either end on a silastic rubber-  
coated dish filled with cold, oxygenated Krebs' solu- 
tion composition (in mM) Na § 144, K § 5.9, Ca *+ 2.5, Mg ~* 
1.2, CI- 128.7, HCO3- 25, SO42- 1.2, glucose 11, EDTA 

0.27 aerated with a gas mixture of 95% 02 and 5% CO2. 
Two three-ring segments each 3 mm long were cut 
t ransversal ly  from the aorta. Each ring was suspend- 
ed on two surgical stainless s t e ~  Z-shaped support 
wires 500 ~m diameter  in a heated organ bath. One 
wire was at tached to an isometric force t ransducer  
(Grass FTO3C), the second wire to an acrylic leg 
mounted on a micrometer screw gauge. After 30 rain 
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equi l ibrat ion,  the  mic rome te r  was  a d v a n c e d  to s t re tch  
the  a r t e ry  in s teps  every  minute .  The  pa s s i ve  force- 
d i a m e t e r  r e l a t i o n s h i p  w a s  de t e rmined  f rom the  mea-  
s u r e m e n t s  as  descr ibed  (10). T h e  i n t e rna l  d i a m e t e r  
(D) a n d  c i rcumference  (L) of  the  vessel  was  ca lcu la ted  
for  a n  equ iva l en t  t r a n s m u r a l  p re s su re  of  100 m m  Hg. 
T h e  a r t e r y  w a s  re leased  s l igh t ly  to a c i rcumference  of 
0.9 L a n d  left a t  th is  pa s s i ve  s t re tch  for  the  r e m a i n d e r  
of  the  exper iment .  These  in i t ia l  s teps  were t a k e n  to 
ensure  t h a t  e ach  a r t e r y  s e g m e n t  w a s  unde r  s imi l a r  
r e s t i ng  p a s s i v e  tone  before d rug  addi t ion.  F r o m  each  
rat ,  one r ing  w a s  con t rac ted  to a s t e a d y  level of  ac t ive  
force by  p h e n y l e p h r i n e  hydroch lo r ide  1 ~M, t hen  re- 
l axed  by  the  c u m u l a t i v e  addi t ion  of ace ty lchol ine  bro- 
mide  a t  0.5 log uni t  i n c r e m e n t s  ( f rom 10-1000 nM) to 
t es t  the  E D R F  ac t iv i ty .  R e l a x a t i o n  r e sponses  were  
a v e r a g e d  a t  f ixed concen t r a t i ons  of  each.  

Fatty acid composition of plasma aortic, and liver 
phospholipids. Lipid ex t r ac t s  were  p repa red  f rom 
p l a s m a ,  thorac ic  ao r t a  a n d  l iver by  c h l o r o f o r m / m e t h -  
ano l  ex t r ac t ion  (11). P hos pho l i p i d s  were s e p a r a t e d  by  
th in  l aye r  c h r o m a t o g r a p h y  a n d  the  c o n c e n t r a t i o n  of 
the  c o m p o n e n t  f a t t y  ac ids  de t e rmined  by  cap i l l a ry  
g a s  l iquid c h r o m a t o g r a p h y  u s ing  h e p t a d e c a n o i c  acid 
as  an  in te rna l  s t a n d a r d  as  descr ibed (12). The  identifi- 
ca t ion  of  20:3n-9 w a s  b a s e d  on ident ica l  r e t en t ion  
t imes  wi th  20:3n-9 i so la ted  f rom essen t i a l  f a t t y  acid 
def ic ient  r a t  l iver  w h e n  s e p a r a t e d  on a 50 m x 0.32 
m m  bonded  p h a s e  c a p i l l a r y  co l um n  coa ted  wi th  CP 
Sil 88. On th i s  co lumn,  20:3n-9 w a s  s e p a r a t e d  c lear ly  
f rom 20:2n-6, 20:3n-6 a n d  22:0. 

Statistical analyses. Differences  be tween g roups  
were e s t ab l i shed  us ing  a n a l y s i s  of  cova r i ance  or Stu- 
den t ' s  unpa i r ed  t-test. Resul t s  a re  expressed  as  m e a n  
+ SEM. 

P e n t o b a r b i t o n e  sod ium w a s  p u r c h a s e d  f rom Civa  
C h e m i c a l s  (Hornsby ,  N.S.W., Aus t ra l ia ) ,  ADP,  TXB2 
s t a n d a r d ,  6-keto PGFI~ s t a n d a r d ,  ace ty lcho l ine  bro- 

mide  a n d  i n d o m e t h a c i n  were  f rom S i g m a  Chemica l  
Co. (St. Louis,  MO); t h r o m b i n  (Fibr index,  h u m a n )  
f rom O r t h o d i a g n o s t i c  S y s t e m s  Inc.  (Rar i t an ,  NJ);  ar- 
ach idon ic  acid  a n d  h e p t a d e c a n o i c  acid were  f rom 
N u C h e k  P rep  (E lys ian ,  MN), TXB2 a n t i b o d y  was  a 
gif t  f rom Lau rence  Levine,  B rande i s  U n i v e r s i t y  (Wal- 
t h a m ,  MA); 6-keto-PGFl~ a n t i b o d y  w a s  a gi f t  f rom 
L.C. Best,  U n i v e r s i t y  of  Sheff ie ld  (Sheffield,  U.K.); 
t r i t i a t ed  6-ke to-PGFl~  a n d  TXB2 were  f rom Amer-  
s h a m  I n t e r n a t i o n a l  ( A m e r s h a m ,  U.K.); bonded  p h a s e  
c a p i l l a r y  co lumn  f rom C h r o m p a k  (Middelburg,  T h e  
Ne the r l ands ) ;  a n d  p h e n y l e p h r i n e  hydroch lo r ide  f rom 
St i r l ing  P h a r m a c e u t i c a l s  (Sydney,  Austra l ia) .  

RESULTS 

Whethe r  the  r a t s  were  fed bu t t e r  or l a rd  diets  did not  
a f fec t  the i r  w e i g h t  ga in .  At  10%, 30% a n d  50% bu t t e r  
diets,  the  r a t s  ga ined  7.3 • 0.1, 7.0 • 0.3 a n d  6.3 • 0.3 
g / d a y ,  whi le  wi th  the  10%, 30% a n d  50% lard  diets 
t hey  g a i n e d  7.5 • 0.1, 7.1 • 0.2 a n d  6.1 • 0.3 g / r a t /  
day .  However ,  in bo th  d i e t a ry  s tudies  (but te r  a n d  
lard),  the re  w a s  a reduct ion  in we igh t  ga in  as  the  f a t  
con ten t  of  the  diet increased.  Th i s  p r o b a b l y  was  due 
in la rge  p a r t  to the  m a j o r  c h a n g e s  in sa l t  a n d  wa te r  
b a l a n c e  t h a t  occur on low c a r b o h y d r a t e  diets  (13,14). 

T h e r e  was  no effect  of  e i ther  t ype  of  d i e t a ry  fa t  on 
ADP-induced platelet  a g g r e g a t i o n  (Table  3). A l though  
there  w a s  a t r end  t owards  inc reased  pla te le t  aggrega -  
t ion in r e sponse  to the  h ighe r  concen t r a t i on  of  thorn- 
bin (2 U / m l )  wi th  i nc r ea s ing  fa t  i n t ake  (both la rd  a n d  
butter),  it was  not  s t a t i s t i ca l ly  s igni f icant .  T h r o m b o x -  
a n e  p roduc t ion  by  p la te le t s  in v i t ro  w a s  not  influ- 
enced by  e i ther  type  of d ie ta ry  fa t  (Table  3). 

T h e  effect  of  i n c r e a s i n g  the  level of  bu t t e r  in the  
diet  on the  t ime-course  of  PGI2 p roduc t ion  by  the  ab- 
d o m i n a l  a o r t a  is s h o w n  in  F igu re  1. PGI2 p roduc t ion  
over  the  th ree  h r  was  reduced  cons i s t en t l y  as  the  pro- 
por t ion  of  d i e t a ry  f a t  rose  f rom 10% to 50% of  en e rg y  
( ana lys i s  of  covar iance ,  p < 0.001). Subsequen t  resul ts  
a re  p r e sen t ed  as  the  PGI2 p roduc t ion  in the  f i rs t  hou r  

TABLE 3 

The  Effects  o f  the  Die t s  on  P la te l e t  A g g r e g a t i o n  and T h r o m b o x a n e  A 2 Product ion  in P la te l e t s  (See Methods) 

Butter Lard 

10% 30% 50% 10% 30% 50% 
Platelet aggregation (%) n = 10 n = 10 n = 10 n = 5 n = 4 n = 3 

ADP 2 ~M 24.1 • 2.2 26.3 • 3.0 22.8 • 4.0 23.3 • 1.9 26.0 • 4.9 24.5 • 6.2 
5 #M 31.9 • 3.8 36.8 • 2.1 33.3 • 3.8 36.0 2= 3.6 36.8 • 5.9 23.7 • 4.5 

Thrombin 1 U/ml 12.9 2= 4.9 12.9 • 4.5 13.5 • 5.3 12.3 • 4.8 14.1 2= 4.8 27.0 2= 12.9 
2 U/ml 28.4 • 4.0 35.6 2= 2.9 40.4 • 4.4 26.4 2= 2.6 33.6 • 6.4 37.8 :i: 5.0 

Thromboxane ]32 production (ng/ml PRP) 
ADP 2 #M 3.2 • 0.2 3.0 • 0.4 2.8 • 0.2 2.6 • 0.3 3.4 • 1.1 2.6 =i: 0.3 

5 #M 3.8 • 0.3 3.2 • 0.2 3.7 2= 0.2 3.1 • 0.5 3.6 • 0.7 2.7 • 0.5 
Thrombin 1 U/ml 2.8 • 0.2 2.6 • 0.2 2.4 • 0.1 2.3 • 0.2 4.1 • 2.1 2.8 • 0.3 

2 U/ml 6.6 • 1.2 12.5 • 5.1 6.4 • 1.3 8.4 • 1.4 11.9 • 2.2 7.0 • 1.8 
Arachidonic acid 6.4 mM 1440 • 141 1406 • 159 1671 • 204 1413 2= 85 1202 • 67 1365 
Platelet-poor plasma 2.9 • 0.3 2.2 • 0.2 2.4 2= 0.1 1.9 2= 0.1 2.7 • 0.7 1.8 • 0.2 

Mean + SEM. 
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FIG. 1. T ime  course  o f  pros tacyc l in  product ion by r ings  
o f  a b d o m i n a l  aorta  from rats  fed diets  c o n t a i n i n g  10% 
(x), 30% (o) or 50% (D) e n e r g y  from butter  (ng 6 -ke to  
P G F 1 J m g  tissue wet weight, mean • SEM). 
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FIG. 2. Prostacyelin production by rings of abdominal 
aorta  and mesenter i c  artery from rats  fed diets  conta in-  
ing  10% (open bars), 30% (hatched bars) or 50% (black 
bars) e n e r g y  from butter or lard. 

Statist ics:  A b d o m i n a l  aorta  Mesenteric  artery 
10% vs 30% butter n.s., lard n.s. butter p ~ 0.005, lard n.s. 
10% vs 50% butter p < 0.05, lard n.s. butter p < 0.001, lard n.s. 
30% vs 50% butter n.s., lard n.s. butter n.s., lard n.s. 

of incubation in order to summarize the data  in a 
single figure (Fig. 2). In both the mesenteric artery 
and the abdominal aorta, the PGI2 production de- 
creased in a dose-dependent manner  as the propor- 
tion of butter in the diet rose from 10% to 50% energy. 
In contrast, lard supplementation had no detectable 
�9 effect on PGI2 production in either artery. 

The effects of butter-enrichment on the fat ty acid 
composition of plasma phospholipids are shown in 
Table 4. Increasing the butter content of the diet was 
associated with str iking concentrat ion-dependent  
changes in the proportions of the eicosanoid fat ty 
acids: AA fell (p ~ 0.001), EPA rose (p < 0.001) and 
eicosatrienoic acid (20:3 n-9) rose (p < 0.001). In con- 
trast, lard-enrichment  had no effect on the plasma 
phospholipid fa t ty  acid composition. None of the lard 
diets differed from the 10% butter diet or from each 
other (Table 5). 

The effect of increasing the butter content of the 
diet on the fat ty acid composition of aortic phospho- 
lipids is presented in Table 6. The major changes 
were in the proportions of the eicosanoid fat ty acids 
tha t  were similar but less pronounced than  those in 
the plasma phospholipids. The proportion of AA fell 
but tha t  of EPA and 20:3 n-9 rose as the butter con- 
tent of the diet increased. Enrichment  of the diet with 
lard had no effect on the fat ty acid composition of 
aortic phospholipids. 

The concentration of phospholipid in plasma fell 
dose-dependently on the butter-enriched diets: 10% : 
54.8 + 3.0, 20% = 50.0 • 2.1, 50% = 41.6 • 2.6 mg 
phospholipid fat ty acid / 100 ml plasma (50% < 10%, 
p<0.01; 50% < 30%, p<0.05). The concentration of 
phospholipids in aorta and liver was not affected by 
increasing the butter content of the diet. Increasing 
the proportion of dietary fat as lard did not affect the 
phospholipid concentration in plasma, aorta or liver. 
The data are not shown but in all three lard-enriched 
diets, it was essentially the same as tha t  in the 10% 
butter diet. 

In view of the changes in aortic lipid composition 
and the marked reduction in aortic prostacyclin pro- 
duction on the butter-enriched diets, we considered 
the possibility that  the synthesis and /or  release of 
EDRF from the endothelium also could have been in- 
fluenced. To test for this possibility, aortic smooth 
muscle reactivity and the release of EDRF were deter- 
mined. There was a small but significant difference 
in the contraction response to submaximal concentra- 
tions of phenylephrine (1 pM) between the 10% butter 
diet (2.73 • 0.08 g, n=6) and the 50% butter diet (3.09 • 
0.07 g, n=6, p<0.02) (Fig. 3). In the 50% butter diet, the 
maximum relaxation to acetylcholine was significant- 
ly less (1.08 g) than  tha t  on the 10% butter diet (1.62 
g). In percentage terms, these relaxations were 34.9% 
and 59.3%, respectively. The sensitivity ECs0 of the 
two diet groups to acetylcholine was similar (ECs0: 
10% butter diet = 0.21 pM, 50% butter diet = 0.33 pM). 

DI$OUUlON 

The major finding in this study was that  increasing 
the level of butter in the diet resulted in a progressive 
reduction in PGI2 production in aorta and mesenteric 
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T A B L E  4 

T h e  Ef fec t s  o f  B u t t e r - e n r i c h m e n t  on  the  Fat ty  Acid  C o m p o s i t i o n  
o f  P l a s m a  P h o s p h o l i p i d s  

Percentage distribution of fatty acids (Mean • SEM) 
Fatty acid Diet 

10% 30% 50% 
n=l l  n=9 n=10 

Statistical comparisons 
10% 10% 30% 

V S  V 8  V S  

30% 50% 50% 

16:1 24.6 • 0.6 23.1 • 1.0 22.6 • 0.7 
16:1 1.4 • 0.2 1.1 • 0.2 0.9 :k 0.2 
18:0 20.3 • 0.6 23.2 • 0.9 23.2 • 0.7 
18:1 9.4 • 0.2 10.8 • 0.7 13.5 • 0.9 
18:2n-6 13.3 • 0.3 13.6 • 0.4 11.9 • 0.4 
20:3n-9 0.7 • 0.06 1.2 • 0.09 1.9 • 0.1 
20:3n-6 0.9 • 0.08 1.2 • 0.09 1.6 =k 0.05 
20:4n-6 23.4 =k 0.4 17.3 • 0.9 12.3 • 0.7 
20:5n-3 0.2 • 0.03 0.9 • 0.08 2.6 :k 0.3 
22:5n-3 0.6 • 0.06 0.9 • 0.1 1.5 • 0.09 
22:6n-3 5.2 + 0.3 6.7 • 0.4 8.0 • 0.4 

0.05 0.01 -- 
-- 0.001 0.05 
-- 0.05 0.05 

0.001 0 . 0 0 1  0.001 
0.05 0.001 0.01 
0.001 0 . 0 0 1  0.001 
0.001 0 . 0 0 1  0.001 

- -  0.001 0.01 
0.01 0.001 0.05 

TABLE 5 

T h e  Ef fec t s  o f  L a r d - e n r i c h m e n t  on  the  Fatty  Acid  
C o m p o s i t i o n  o f  P l a s m a  P h o s p h o l i p i d s  

Percentage distribution of fatty acids (mean • sere) 

Diet 

10% 30% 50% 
Fatty acid n = 4 n = 4 n = 4 

16:0 24.1 • 1.9 21.3 • 2.0 23.5 • 2.2 
16:1 1.0 • 0.2 0.5 • 0.08 0.4 • 0.2 
18:0 18.4 • 1.5 21.2 • 2.2 20.0 • 0.6 
18:1 8.2 • 0.5 5.9 • 1.0 9.9 • 0.8 
18:2n-6 12.8 • 0.7 11.4 • 0.7 13.7 • 1.4 
20:3n-9 0.5 • 0.07 0.5 • 0.03 0.5 • 0.05 
20:3n-6 0.5 • 0.08 0.7 • 0.03 0.9 • 0.09 
20:4n-6 29.6 • 1.9 31.9 • 2.8 25.7 • 1.8 
20:5n-3 0.1 • 0.02 0.3 • 0.09 0.6 • 0.2 
22:5n-3 0.5 • 0.07 0.7 • 0.1 0.7 • 0.2 
22:6n-3 4.4 • 0.7 5.6 • 0.8 4.1 • 0.7 

a r te ry  in vitro. This  effect on arterial  PGI2 product ion 
w a s  accompan ied  by profound changes  in the fa t ty  
acid composi t ion of  p l a sma  phosphol ipids  which  were 
also evident  but  less marked  in aort ic  phosphol ipids .  
The  propor t ion of  AA fell marked ly  as the level of  
but ter  in the diet increased,  whereas  the propor t ion 
of E P A  and  eicosatr ienoic acid (20:3n-9) rose. The  re- 
duct ions  in ar ter ia l  PGI2 product ion  can  be explained 
in te rms  of  these fa t ty  acid changes :  the  fall in the 
concen t ra t ion  of  its precursor  (AA) in ar ter ial  wall  
phosphol ipids ,  the rise in the concent ra t ion  of  E P A  
(an inhibi tor  of cyc looxygenase  [15]), or a combina-  
t ion of both. 

Subs t i tu t ion  of  lard for but ter  as the ma jo r  source 
of fa t  in the  diet did not  result  in a n y  changes  in fa t ty  
acid composi t ion of plasma,  aortic or liver phospholip- 
ids, nor  was  it associa ted with any  reduct ion in arteri- 

al PGI2 production.  This  la t ter  result  provides good 
evidence t h a t  the progress ive  reduct ion in arterial  
PGI2 product ion in the but ter - fed  ra t s  was  not  due to  
the inc reas ing  propor t ion of  die tary fa t  per se. I t  also 
raises a number  of questions.  

Were the different  responses  to en r i chment  of the 
diet wi th  but ter  or la rd  due to the  different  P / S  ra t ios  
of  the diets? The  P / S  ra t ios  of  the 10% fat  diets were 
quite s imilar  regardless  of  whe ther  lard or but ter  
were used (0.54 and  0.56, respectively). However,  a s  
the  fa t  con ten t  of the diet was  increased  to 30% and  
50% the P / S  ra t io  fell much  more with butter  (0.10 
and  0.05) t h a n  it did with lard (0.24 and  0.19). I t  is 
possible t ha t  both  the concen t ra t ions  and  the relat ive 
propor t ions  of  par t icu lar  po lyunsa tu ra t ed  fa t ty  acids 
(PUFA) are critical factors  in determining the changes  
in phosphol ip id  fa t ty  acid composi t ion  and  the  conse- 
quent  physiological  responses.  

W h a t  was  the  source of  the increased concen t ra t ion  
of  E P A  in p l a s m a  and  t issue phosphol ip ids  of  the  
but ter - fed  ra ts?  I t  is unlikely to have  come from the  
but ter  i tself  because  the on ly  P U F A  we could detect 
in but ter  were linoleic and  l inolenic acids. A more  
likely exp lana t ion  could be tha t  the rat io of  linoleic 
ac id / l ino len ic  a c i d s  w a s  much  lower in the but ter  
t h a n  the  lard diets. In  the 50% fat  diets, this  rat io w a s  
9:1 with lard and  only  2:1 wi th  butter. Since linolenic 
acid is a more effective compet i tor  for the desa turase  
enzymes  t h a n  linoleic acid in the  ra t  (16), the lower 
l ino lea te / l ino lena te  ra t io  in the but ter  diets m a y  
h a v e  faci l i ta ted the syn thes i s  of  E P A  at  the expense 
of  AA. 

Studies on the effects of different types  of  d ie tary  
fa t  on ar ter ia l  PGI2 product ion  in the ra t  and  rabbi t  
have  yielded confl ict ing results  (17-20). Not  unexpect- 
edly, essent ia l  f a t ty  acid deficiency reduced aort ic  
PGI2 product ion (17). Diets enr iched with linoleic acid 
(the precursor  of  AA) have  no t  been associa ted  with 
enhanced  PGI2 product ion but  r a the r  a reduction 
(18,19). Lard  supp lementa t ion  has  been reported not  
to change  (20) or to increase (19) basal  aortic prostacy-  
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TABLE 6 

The  Effects  o f  But t er - enr i chmen t  on  the  Fatty  Acid Compos i t i on  
o f  Aort ic  Pho s pho l i p i ds  

Percentage distribution of fatty acids (Mean + sere) Statistical comparisons 

Fatty acid Diet 
10% 10% 30% 

10% 30% 50% vs vs vs 
n=9 n :8  n=9 30% 50% 50% 

16:0 
16:1 
18:0 
18:1 
18:2n-6 
20:3n-9 
20:3n-6 
20:4n-6 
20:5n-3 
22:4n-6 
22:5n-6 
22:5n-3 
22:6n-3 

23.1 :i: 0.8 22.7 • 0.9 23.1 + 1.1 -- -- -- 
2.9 :t: 0.4 2.5 ::l: 0.5 3.0 + 0.7 -- -- -- 

17.4 :i: 0.9 18.5 :l: 1.1 16.7 :t: 1.4 -- -- -- 
15.0 ::i: 0.5 16.1 ::t: 0.3 16.7 • 0.3 -- 0.05 -- 
6.0 • 0.3 5.6 • 0.2 5.2 + 0.3 -- -- -- 
1.5 ::t: 0.09 1.4 :t: 0.2 2.0 • 0.1 -- 0.01 0.01 
1.8 • 0.07 1.9 :t: 0.09 1.6 • 0.07 -- -- -- 

23.9 • 0.5 22.4 • 0.8 21.1 • 0.8 -- 0.01 -- 
0.5 :i: 0.05 0.9 ::i: 0.2 2.2:2:0.1 0.01 0 . 0 0 1  0.001 
3.0 • 0.2 2.7 :t: 0.2 1.9 • 0.1 -- 0.001 0.001 
0.8 + 0.04 0.8 • 0.09 0.5 • 0.03 -- 0.001 0.001 
1.0 + 0.07 1.4 • 0.1 2.2 :t: 0.1 0.01 0.001 0.001 
3.1 • 0.1 3.1 :t: 0.2 3.8 • 0.3 -- -- -- 
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FIG. 3. A v e r a g e  a c e t y l c h o l i n e - r e l a x a t i o n  curves  in s ix 
r ings  precontracted by p h e n y l e p h r i n e  (1 ~M). The  i somet-  
ric force (g) is  ca lculated  as  the  c h a n g e  in the  act ive  force 
after the  in i t ia l  s tretch-force  procedure.  The  aortas  w e r e  
r e m o v e d  from rats  on  the  10% butter diet  (e) or  50% but- 
ter diet  (a). Error bars s h o w n  are + 1 SEM. 
PE, p h e n y l e p h r i n e  1 ~M. ACH, ace ty l cho l ine .  ECs0 val-  
ues  are indicated  by arrow.  

clin product ion and  to s t imula te  PGI2 synthes i s  f rom 
exogenous  AA (20). In  con t ras t  to the results of  the 
present  study, Galli  and  coworkers reported increased 
aort ic  PGI2 product ion  in rabbi t s  red diets con ta in ing  
25% energy  as but ter  (19). I t  is possible t h a t  the vari-  
able effects of die tary sa tura ted  fat  on aortic prostacy-  

clin product ion in the ra t  t ha t  have  been reported in 
the l i terature  (18-21) also m a y  be due to va r i a t ions  in 
the  f a t ty  acid compos i t ion  of  the  ra t  chows used for 
the control  diets. We have  observed wide var ia t ions  
in p l a s m a  phosphol ip id  fa t ty  acid composi t ion be- 
tween ra t s  fed different  ba tches  of  chow (purchased  
f rom the  same  supplier), which  is the reason  we now 
prepare  all diets in the  labora tory .  In  the few in- 
s tances  in which  effects of the diets on the fa t ty  acid 
composi t ion  of  aort ic  phosphol ip ids  h a v e  been mea- 
sured, a n y  changes  in PGI2 product ion have  been mir- 
rored by c h a n g e s  in aort ic  phosphol ip id  AA content .  
When  A A  con ten t  increased  (19,20) so did PGI2 pro- 
duct ion  and  vice ve r sa  (17,22). This  h igh l igh t s  the 
impor t ance  of  m e a s u r i n g  effects of  diets on phospho-  
lipid fa t ty  acid composi t ion.  In  this  s tudy,  changes  in 
p l a s m a  phosphol ipid  fa t ty  acid composi t ion were sim- 
i lar but  more pronounced  t h a n  those in the aorta.  

S inz inger  and  coworkers  have  sugges ted  tha t  the 
relat ive res is tance  of ra t s  to the d ie tary  induct ion of 
a therosclerosis  m a y  be related, at  least  in part ,  to 
their  par t i cu la r ly  h igh  capac i ty  for ar ter ia l  PGI2 syn- 
thesis  relat ive to man ,  rabb i t  and  a series of other  
an ima l s  t h a t  were tested (23). This  character is t ic ,  in 
turn,  m a y  be re la ted to the h i g h  levels of  A A  in r a t  
ar ter ia l  phosphol ip ids  (20). I t  also is possible t h a t  the 
negligible t h r o m b o x a n e  product ion by platelets af ter  
s t imula t ion  with ADP and  th rombin  also could con- 
tr ibute to this  res is tance to vascu la r  disease. 

A l t h o u g h  the butter--enriched diets h a d  c lear -cu t  
effects on the fa t ty  acid composi t ion of p l a sma  and  
t issue phosphol ip ids  t ha t  correlated well with reduc- 
t ions  in ar ter ial  PGI2 product ion in vitro, there were 
no s ign i f i can t  effects on ADP or t h r o m b i n - i n d u c e d  
platelet  aggrega t ion .  I t  is possible t h a t  the diet period 
( three weeks) was  not  suff icient ly long  for a n y  such 
effects to be evident  (24). L o n g e r  feeding  periods 
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should clarify this question. Similarly, TXA2 produc- 
tion by platelets in vitro was not affected by increas- 
ing levels of either type of fat in the diet. Indeed, 
TXA2 production by platelets after stimulation with 
ADP and thrombin generally was insignificant, i.e. 
not significantly greater than tha t  generated by the 
PPP "blank." 

These results also may shed light on the observa- 
tion of Morita and coworkers tha t  dietary supplemen- 
tation with EPA inhibited platelet aggregation in 
rats only when the background diet had been en- 
riched with butter (25). The mechanism by which but- 
ter-enrichment unmasked this effect of EPA may be 
related to effects on the fat ty acid composition of 
platelcts. Presumably, the butter, being particularly 
low in PUFA and with an unusually low linoleate/lin- 
olenate ratio, would have been associated with re- 
duced AA synthesis and thereby have facilitated the 
incorporation of the EPA dietary supplement into 
platelet phospholipids, resulting in reduced platelet 
aggregation. The data from the present study suggest 
that  there is enrichment of tissue phospholipids with 
EPA even in the absence of supplementation. 

In view of the changes in aortic phospholipid fat ty 
acid composition on the butter-enriched diet, the pos- 
sibility tha t  alterations in membrane lipids could af- 
fect the synthesis and/or  the release of EDRF from 
the endothelial cell or even the membrane receptor for 
the EDRF releasing agonist  such as acetylcholine 
was considered. A very recent paper (26) has identi- 
fied EDRF as nitric oxide (NO), at least in bovine en- 
dothelial cells stimulated by bradykinin.  EDRF is a 
highly labile (27) nonprostanoid factor released from 
endothelial cells that  has a powerful vasodilatory ac- 
tion on the underlying smooth muscle in response to 
some vasoactive substances such as acetylcholine, 
substance P, bradykinin and ATP (28). Because in 
the rat aorta (as in other species) the relaxation re- 
sponse to acetylcholine completely is endothelium- 
dependent (29), the reactivity to acetylcholine can be 
used to assess the entire process from EDRF release 
to smooth muscle relaxation. The 50% butter diet 
at tenuated the magnitude of the EDRF-mediated 
response range suggesting either a reduction in the 
EDRF synthesis or release, or in smooth muscle 
responsiveness. Our experiments cannot distinguish 
between these possibilities. The sensitivity (ED50) 
was altered little, suggesting tha t  the acetylcholine 
receptor coupling probably was unaffected by the die- 
tary change. These changes to the EDRF activity 
may have been related to the marked changes in the 
PUFA composition of aortic phospholipids. However, 
the marked reduction in prostacyclin release mea- 
sured in the separate series of experiments could not 
have been responsible for these changes in EDRF 
response since indomethacin was present throughout 
these latter experiments. 

In conclusion, these results provide strong evidence 
tha t  in the rat  (i) dietary saturated fat  in the form of 
butter can reduce the concentration of AA in plasma 
and tissue phospholipids, (ii) vascular PGI2 produc- 
tion appears to be modulated directly by the level of 
AA in arterial wall phospholipids and /or  inversely 
by the level of EPA, (iii) changes in plasma phospho- 

ET AL. 

lipid fat ty acid composition appear to be an accurate 
reflection of changes in arterial wall phospholipid fat- 
ty acid composition, (iv) these changes in aortic phos- 
pholipid fat ty acid composition and PGI2 production 
were accompanied by a reduction in smooth muscle 
relaxation to EDRF. Finally, butter-supplementation 
may  provide an ideal model in which to examine the 
effects of particular PUFA supplements on vascular 
PGI2 production in the rat. 
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Lipogenic Enzyme Activities in Primary Cultures 
of Adult Mouse Hepatocytes 
Lewis A. Hlllyard, C.Y. Lln and S. Abraham" 
Children's Hospital.Oakland Research Institute, 747 Fifty-Second St., Oakland, CA 94609 

The effects  o f  var ious  unsa tura ted  fatty  acids such 
as o le ic  (18:1n-9),  l ino le ic  (18:2n-6) and arachidon-  
ic (20:4n-6) on  the  act ivit ies  o f  fatty acid s y n t h e t a s e  
(FAS), malic enzyme  (ME), g lucose -6 -phosphate  de- 
h y d r o g e n a s e  (G6PDH) and 6 - p h o s p h o g l u c o n a t e  
d e h y d r o g e n a s e  (6PGDH) all  w e r e  determined  in 
pr imary  cul tures  o f  mouse  hepatocytes .  Act iv i t ies  
o f  FAS and ME we re  found to decrease  w i t h  t ime in 
culture regardless  o f  w h e t h e r  hepatocy te  donors  
w e r e  fed diets  c o n t a i n i n g  po lyunsa tura ted  fatty 
ac id-free  h y d r o g e n a t e d  co t tonseed  oil  (HCTO) or 
corn oi l  (CO). On the  o ther  hand,  w h i l e  G 6 P D H  
act iv i ty  a l so  dec l ined  in cultured hepatocy te s  ob- 
ta ined  from HCTO-fed mice, the  act iv i ty  o f  th is  
enzyme  increased  in cel ls  cultured from CO-fed 
mice. 6 P G D H  act iv i ty  w a s  found to increase  in he-  
pa tocy te s  obta ined  from both  diet  groups.  Ne i th er  
18:2 nor  20:4 w h e n  added to media  could al ter  
FAS or ME act iv i t ies  compared w i t h  t h o s e  ob- 
served  w i t h  e i ther  1 8 : l - c o n t a i n i n g  or fatty acid-  
free media.  S ince  lactic  d e h y d r o g e n a s e  act iv i ty  
and the  rate  o f  incorporat ion  o f  [3H] l euc ine  into  
FAS prote in  we r e  una l tered  w i t h  t ime in hepato -  
cyte  cultures,  the  decreased  act iv i t ies  o f  FAS and 
ME c a n n o t  be at tr ibuted to a loss  in cell  v iabi l i ty  
during  culture but rather  appear to be specif ic  for 
t h o s e  e n z y m e s  w h i c h  respond  to diet  h o r m o n e s  in 
v ivo .  E x a m i n a t i o n  o f  the  fatty  acid conten t s  o f  the  
cel ls  after th e  culture  per iod s h o w e d  that  the  val-  
ues  for the  rat ios  o f  16 :0 /16 :1  and o f  18 :0 /18 :1  
w e r e  e l eva ted  w h e n  e i ther  18:2 or 20:4 w a s  added 
to the  medium e ve n  t h o u g h  t h e r e  w a s  no  ev idence  
for e l o n g a t i o n  o f  the  added 18:2 or  for 20:4 b e in g  
conve r t e d  to 22:4. This  resul t  sugges t  that  Ag- 
desa turase  act iv i ty  w a s  inhib i ted  by these  po lyun-  
sa turated  fat ty  acids and that  c o n v e r s i o n  o f  18:2 
to 20:4 w a s  n o t  required for such act ion.  

The  rate  o f  s y n t h e s i s  de termined  by the  re la t ive  
rate  o f  in c or p or a t ion  o f  [3H]leucine into  FAS w a s  
t w o  to f ive t imes  h i g h e r  in h e p a t o c y t e s  prepared 
from mice fed the  HCTO diet  than  in h e p a t o c y t e s  
from mice fed the  CO diet.  We h a v e  conc luded  that  
the  m e c h a n i s m s  for long- term regu la t ion  may not  
be con t a in e d  ent ire ly  w i t h i n  the  l iver.  
Lipids 23, 242-247 {1988}. 

Previously, we examined the influence of 18- and 20- 
carbon-chain-length fat ty  acids on the mechanisms 
involved with lipogenesis in mouse liver (1,2) as part  
of our continuing investigation of the long-term con- 
trol of this process. Such control is accomplished 
through the regulation of the cellular contents of spe- 

*To whom correspondence should be addressed. 
Abbreviations: CO, cottonseed oil; FAS, fatty acid synthetase; 
G6PDH, glucose-6-phosphate dehydrogenase; HBSS, Hank's 
balanced salt solution; HCTO, hydrogenated cottonseed oil; ME, 
rnalic enzyme; 6PGDH, 6-phosphogluconate dehydrogenase. 

cific enzymes (3-5) rather than through allosteric 
mechanisms. In those studies, we showed that  linoleic 
acid (18:2n~), a-linolenic acid (18:3n-3), columbinic 
acid (5-trans,9-cis,12-cis-18:3n-6) and arachidonic acid 
(20:4n-6), either in the diet or administered by injec- 
tion, reduced the levels of fat ty acid synthetase (FAS), 
malic enzyme (ME) and ATP-citrate lyase in the liver 
when compared with saturated or monounsaturated 
fat ty  acids, neither of which had any effect. If  the 
mechanisms involved in the polyunsaturated fat inhi- 
bition of lipogenesis are contained entirely within the 
liver, experiments with isolated cells might reveal 
these mechanisms. Hence, in this study we employed 
pr imary hepatocyte cultures since these cells main- 
tain for several days many  of the morphological and 
biochemical characteristics observed in situ (6-12). 
We examined in the hepatocyte cultures the influence 
of the nature of the dietary fat fed to donor mice on 
cellular fa t ty  acid composition, on FAS, ME, glucose- 
6-phosphate dehydrogenase (G6PDH), 6-phosphoglu- 
conate dehydrogenase (6PGDH) and lactic dehydroge- 
nase (LDH) activities, and on the relative rate of 
synthesis  of the enzyme FAS. We also examined the 
effect of pure fat ty acids (18:1n-9, 18:2n-6 and 20:4n-6) 
when added to the media during culture on the levels 
of FAS and ME. 

MATERIALS AND METHODS 

Animals and diets. BALB/c  mice were used through- 
out. They originally were obtained from Simonsen 
Labs (Gilroy, CA) and currently are bred and main- 
tained in our vivarium. The mice were housed on pine 
shavings  in plastic cages and were kept in a tempera- 
ture-controlled room (22-23 C) on a 12-hr light, 12-hr 
dark cycle. Purina mouse chow #5015 and tap water 
were available ad libitum before use. The chow diet 
contained 11% fat, of which 44% of the constituent 
fa t ty  acids was linoleate. Mice employed as liver 
donors were allowed to eat the semipurified diets ad 
libitum for one week. These isocaloric diets were pre- 
pared in our laboratory and contained either 10% 
hydrogenated cottonseed oil (HCTO) or 10% corn oil 
(CO). The composition of the semipurified diets (13) 
and the fat ty acid composition of the two fats (14) 
have been reported. Corn oil contains about 60% of its 
constituent fat ty acids as linoleic acid, whereas HCTO 
has less than 0.5%. 

Isolation of hepatocytes and culture conditions. He- 
patocytes were isolated from adult  BALB/c  mice fol- 
lowing perfusion of the liver in situ according to the 
procedure described by Dougherty et al. (15). The por- 
tal vein was cannulated and sterile Hank 's  Balanced 
Salt Solution (HBSS) containing 0.19 mg/ml  EGTA 
at 37 C was pumped through the liver for seven min 
at a rate of 7.2 ml/min.  This was followed by perfu- 
sion with HBSS containing 0.5 mg/ml  collagenase 
(Sigma Type IV) for an additional 24 min at the same 
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r a t e .  T h e  l i v e r  w a s  r e m o v e d ,  m i n c e d  a n d  f i l t e r e d  
t h r o u g h  64 ~M m e s h  n y l o n  b o l t i n g  c lo th .  T h e  ce l l s  
o b t a i n e d  w e r e  w a s h e d  t h r e e  t i m e s  w i t h  p e r f u s i o n  buf-  
fe r  w i t h o u t  e n z y m e ,  a n d  t h e i r  v i a b i l i t y  d e t e r m i n e d  b y  
t r y p a n  b l u e  e x c l u s i o n .  O n l y  p r e p a r a t i o n s  j u d g e d  to 
h a v e  a v i a b i l i t y  o f  95% or  g r e a t e r  we re  used .  T h e  h e p a -  
t o c y t e s  t h e n  w e r e  s u s p e n d e d  in  c u l t u r e  m e d i u m  a t  a 
c o n c e n t r a t i o n  o f  0.9 x 106 ce l l s  p e r  m l  a n d  a l i q u o t s  (3 
ml )  a d d e d  to  e a c h  60 m m  P r i m a r i a  t i s s u e  c u l t u r e  d i s h  
( F a l c o n ) .  T h e  ce l l s  w e r e  i n c u b a t e d  a t  37 C in  a n  a t m o -  
s p h e r e  o f  a i r / C O 2  (95%:5%). 

T h e  b a s i c  c u l t u r e  m e d i u m  w a s  W a y m o u t h ' s  m e d i u m  
( M B  752 /1)  s u p p l e m e n t e d ,  p e r  l i te r ,  w i t h  11.2 m g  
L - a l a n i n e ,  24 m g  L - a s p a r a g i n e ,  12.8 m g  L- se r ine ,  2.24 
g N a H C O 3 ,  100 m g  s t r e p t o m y c i n  s u l f a t e ,  84 m g  g e n t a -  
m i c i n  s u l f a t e ,  61 m g  (100,000 u n i t s )  p e n i c i l l i n ,  1 m g  
i n s u l i n  a n d  550 m g  s o d i u m  p y r u v a t e .  T h e  p l a t i n g  me-  
d i u m  c o n t a i n e d  t h e  b a s i c  c u l t u r e  m e d i u m  to w h i c h  
10% f e t a l  b o v i n e  s e r u m  w a s  a d d e d .  A f t e r  a l l o w i n g  t h e  
ce l l s  to  a t t a c h  to  t h e  p l a t e s  fo r  f ou r  h r ,  t h e  p l a t i n g  
m e d i u m  w a s  r~l~laced w i t h  b a s i c  c u l t u r e  m e d i u m  con-  
t a i n i n g  1 X 10 M t r i i o d o t h y r o n i n e ,  1 x 10 -6 M h y d r o -  
c o r t i s o n e ,  1 X 10 -7 M i n s u l i n  a n d  0.5% B S A  e i t h e r  
f a t t y  a c i d - f r e e  o r  w i t h  0.34 m M  o f  e i t h e r  o l ea t e ,  l ino-  

l e a t e  o r  a r a c h i d o n a t e .  T h e  m e d i u m  w a s  r e p l a c e d  
e v e r y  24 h r  t h e r e a f t e r  w i t h  f r e s h  b a s i c  m e d i u m  con-  
t a i n i n g  t h e  a p p r o p r i a t e  a d d i t i o n s .  

Enzyme protein synthesis. T h e  s y n t h e s i s  o f  f a t t y  
a c i d  s y n t h e t a s e  w a s  d e t e r m i n e d  d i r e c t l y  b y  m e a s u r -  
i n g  t h e  r a t e  o f  i n c o r p o r a t i o n  o f  L-[4 ,5 ,3H]leuc ine  i n t o  
f a t t y  a c i d  s y n t h e t a s e  r e l a t i v e  to  t h e  r a t e  o f  i n c o r p o r a -  
t i o n  i n t o  t h e  t o t a l  s o l u b l e  p r o t e i n  o f  t h e  c y t o s o l  (1,16). 
F o r  t h i s  p u r p o s e ,  h e p a t o c y t e  c u l t u r e s  w e r e  i n c u b a t e d  
w i t h  b a s i c  m e d i u m  c o n t a i n i n g  10 ~c L-[4 ,53H]leuc ine  
p e r  m l  fo r  t w o  h r  a t  37 C. T h e  h e p a t o c y t e s  we re  
w a s h e d  fou r  t i m e s  w i t h  co ld  0.25 M s u c r o s e ,  h o m o g e n -  
i z ed  a t  0 - 4  C i n  a P o t t e r - E l v e h j e m  t i s s u e  g r i n d e r  w i t h  
0.7 m l  0.25 M suc rose ,  c e n t r i f u g e d  for  o n e  h r  a t  100,000 
X g, a n d  t h e  c l e a r  s u p e r n a t e n t  ( cy toso l )  r e m o v e d .  
M e t h o d s  fo r  t h e  i s o l a t i o n  o f  t o t a l  s o l u b l e  p r o t e i n ,  t h e  
i m m u n o p r e c i p i t a t i o n  o f  f a t t y  a c i d  s y n t h e t a s e  a n d  t h e  
a s s a y  o f  r a d i o a c t i v i t y  h a v e  b e e n  d e s c r i b e d  (1). 

Analytical procedures. P r o c e d u r e s  fo r  t h e  s a p o n i f i -  
c a t i o n  o f  l i p i d s ,  t h e  e x t r a c t i o n  o f  f a t t y  a c i d s ,  p r e p a r a -  
t i o n  o f  m e t h y l  e s t e r s  a n d  t h e  d e t e r m i n a t i o n  o f  f a t t y  
a c i d  c o m p o s i t i o n  b y  g a s  l i q u i d  c h r o m a t o g r a p h y  w e r e  
d e s c r i b e d  p r e v i o u s l y  (17). T h e  f a t t y  a c i d  m e t h y l  es- 
t e r s  w e r e  i d e n t i f i e d  b y  c o m p a r i s o n  o f  r e t e n t i o n  t i m e s  

T A B L E  1 

E f f e c t  o f  D i e t a r y  F a t  F e d  to  H e p a t o c y t e  D o n o r s  a n d  T i m e  in Cul ture ,  on  S p e c i f i c  E n z y m e  
A c t i v i t i e s  6 

Dietary Added Time in culture (hr) 
Expt. fat fatty 
series (10%)  Enzyme acid 4 22 70 

1 HCTO FAS (3) 18:1 40.9 • 7.7 30.5 • 6.3 10.4 + 1.3 
ME (3) 18:1 264.5 • 11.2 142.9 • 18.5 81.4 • 12.5 
G6PDH (3) 18:1 198.1 • 14.2 137.6 • 13.4 64.2 • 13.3 
6PGDH (3) 18:1 31.6 + 2.1 29.3 • 8.8 50.3 • 5.5 b 

HCTO FAS (3) 18:2 - -  30.7 • 50 6.6 • 3.1 
ME (3) 18:2 - -  182.7 • 23.5 165.4 • 12.7 
G6PDH (3) 18:2 - -  130.7 • 7.0 81.3 • 9.7 
6PGDH (3) 18:2 - -  32.1 • 1.3 69.2 + 12.2 c 

HCTO FAS (3) 20:4 - -  27.0 • 5.5 8.9 • 4.3 
ME (3) 20:4 - -  164.9 • 23.2 43.0 • 2.4 
G6PDH (3) 20:4 - -  114.3 • 8.0 64.9 • 14.1 
6PGDH (3) 20:4 - -  29.3 + 1.5 53.8 • 6.3 c 

2 HCTO FAS (6) 18:1 41.3• 8.5 25.1 • 7.1 11.4 • 3.3 
FAS (6) 20:4 - -  26.8 • 11.1 8.9 • 3.3 
ME (6) 18:1 248.5 • 28.4 147.5 • 25.1 76.9 • 10.3 
ME (6) 20:4 - -  153.8 • 40.9 75.8 • 27.1 

3 HCTO FAS (6) - -  38.7 • 6 .7  b 21.0 • 5.8 b 9.1-t- 1.9  b 
ME (7) - -  231.2 • 42.6 b 150.8 • 27.4 ~ 81.6 • 9.8 b 
G6PDH (3) - -  170.6 • 40 .0  b 121.2 • 14.7 ~ 65.8 • 12 .9  b 
6PGDH (3) - -  32.3 • 3 .3  b 32.0 • 5.6 ~ 56.6 • 9.8 b'c 
LDH (6) - -  1958 • 599 2086 • 629 2071 + 209 

CO FAS (4) - -  18.3 • 6.2 10.0 • 2.7 5.4 • 2.4 
ME (3) - -  71.4 • 4.0 56.3 • 16.4 30.2 • 8.2 
G6PDH (3) - -  5.2 • 3.7 9.1 • 3.3 9.4 • 3.4 c 
6PGDH (3) - -  12.4 • 5.6 15.2 • 6.6 29.9 • 8.8 c 
LDH (6) - -  1929 • 481 2148 • 601 2061 • 573 

aResults a r e  presented as mean • S.D. of enzyme specific activity ( n m o l  substrate converted to 
product/rain per mg cytosol protein). Figures in parentheses are the number of experiments with 
different hepatocyte preparations; four cultures were analyzed per time period in each experiment. The 
concentration of 18:1, 18:2 and 20:4 added to the medium after the four-hr plating period was 0.34 raM. 
bSignificantly different from corresponding CO values at  p < 0.05. 
cSignificantly greater than corresponding values for 4- or 22-hr culture at p < 0.05. 
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with those of authentic s tandards obtained from 
NuCheck-Prep, Inc. (Elysian, MN). 

The assay procedures for fat ty acid synthetase (18), 
malic enzyme (E.C. 1.1.1.40) (19), glucose-6-phosphate 
dehydrogenase (E.C. 1.1.1.49) (20), 6-phosphogluco- 
nate dehydrogenase (E.C. 1.1.1.44) (21) and lactic 
dehydrogenase (E.C. 1.1.1.27) with lactate as sub- 
strate (22) have been reported. Units of enzyme activ- 
ity are given as nmol pyridine nucleotide oxidized or 
reduced per minute at 30 C under the conditions of the 
specific assay. Protein was determined by the method 
of Lowry et al. (23). 

RESULTS 

We as well as others (6,10-12) have found tha t  during 
culture, the activities of several hepatic lipogenic en- 
zymes decrease with time (Table 1). Various culture 
modifications were made in attempts to mainta in  the 
activities of the lipogenic enzymes at  the levels ob- 
served in freshly isolated hepatocytes. Although insu- 
lin (10 -7 M) and pryruvate (5 mM) slowed the decline 
in the activities of fa t ty  acid synthetase and malic 
enzyme, the loss of enzyme activity could not be pre- 
vented completely. The compounds studied included 
hydrocortisone or dexamethasone, thyroxine, triiodo- 
thyronine, glucagon, a-tocopherol, testosterone, 17-fl- 
estradiol and L-ascorbic acid. Even under the best 
conditions used, from 60-80% of the enzyme activity 
observed for FAS and ME in the freshly isolated 
hepatocytes was lost during the subsequent 70-hr 
incubation period (Table 1). 

This rate of decline in FAS and ME activities 
observed during culture was similar for hepatocytes 
isolated from livers of mice fed either the HCTO or 
the CO diet (Table 1). The alterations in G6PDH and 
6PGDH activities differed from those observed with 
FAS and ME. The activity of G6PDH declined ir~ 

hepatocytes  prepared from HCTO-fed mice and  
increased significantly in those from CO-fed mice. 
The activity of 6PGDH consistently increased after 
the first 22 hr of culture in hepatocytes from both 
HCTO-fed and CO-fed mice. However, the differ- 
ences in activities observed for all four enzymes in 
freshly isolated hepatocytes between HCTO- and 
CO-fed hosts were maintained in culture and were 
significant at all three time periods examined. The 
magnitude of the difference in activities, as well as in 
the rates of decline in activity for both FAS and ME, 
were similar even if hepatocyte donors were fasted 
overnight before cell isolation (data not shown). On 
the other hand, neither the activity of a nonadaptive 
enzyme, lactic dehydrogenase (Table 1, Expt. Series 
3), nor the rate of incorporation of [3H]leucine into 
FAS protein (Table 2) declined during the culture 
period. Hence, the decrease in the activities of FAS 
and ME observed could not be attributed to a loss in 
hepatocyte viability during the culture period but 
rather  appears to be specific for only certain adaptive 
enzymes. 

No significant difference could be found in the FAS 
and ME activities between cultures without added 
fa t ty  acids or those with either oleate, linoleate or 
arachidonate (Table 1). To determine whether the 
fa t ty  acids added to the medium were taken up and 
metabolized by the cells, the fat ty acid composition of 
hepatocyte lipids also was measured. When either 
oleate, linoleate or arachidonate was added to the 
medium as the sole fa t ty  acid, each readily was taken 
up by the hepatocytes (Table 3). Freshly isolated 
hepatocytes from HCTO-fed mice contained 3.5% of 
the n-9 fa t ty  acid 20:3, a product of 18:1 metabolism, 
but after 70 hrs of culture these cells contained only 
0.6% (Table 3). Surprisingly, the proportion of 20:4 in 
the cells did not increase when 18:2 was added to the 
medium, al though 22:4 levels were increased when 

TABLE 2 

I n c o r p o r a t i o n  o f  [3H]Leucine into  Fat ty  Acid S y n t h e t a s e  (FAS) and Tota l  So luble  Pro te in  
(TSP) o f  Cultured H e p a t o c y t e s  I so la ted  F r o m  Ei ther  HCTO-fed or CO-Fed Mice a 

[3H]Leucine incorporation into 

Diet fed Added TSP FAS 
hepatoeyte Hr in fatty (cpm/0.1 ml (cpm/0.1 ml FAS/TSP 

donor culture acid cystosol) cytosol) (X 102) 

EXPT. 1 
HCTO 

EXPT. 2 

4 None 2912 378 12.8 
46 18:1 2750 263 9.6 
46 20:4 2092 249 11.9 

HCTO 22 None 13463 2= 168 885 =t= 63 6.6 + 0.5 
46 None 12733 + 839 1056 2= 126 8.3 + 0.5 

CO 22 None 10841 :t: 332 348 • 47 3.2 • 0.3 
46 None 11415 :t: 694 191 :t= 19 1.7 =t= 0.3 

aCultures in Expt. 1 were incubated with 2.5 uCi and those in Expt. 2 with i0 ~Ci L-[4.53H]leucine as 
given in text. Results for experiment i are the values for two pooled cultures. Results for experiment 2 
are given as the mean + S.D. for two individual hepatocyte preparations. In each experiment, three 
separate cultures were used to obtain each data point. 
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TABLE 3 

Fatty  Acid Co mpo s i t i o n  o f  Lipids from H e p a t o c y t e s  I so la ted  from HCTO-fed Mice and Cul-  
tured in Media C o n t a i n i n g  e i ther  18:1, 18:2 or 20:4 as the  Sole  Fatty Acid a 
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Cellular Freshly After 70 hr culture with 
fatty isolated 
acids cells 18:1 18:2 20:4 

Saturated acids 
16:0 23.5 • 0.1 19.6 • 0.5 22.1 • 0.5 27.1 • 1.0 
18:0 6.3 • 0.2 7.3 2= 0.2 8.4 • 0.3 8.9 • 0.9 
n-7 Acids 
16:1 5.6 2= 0.2 4.0 • 0.2 2.4 2= 0.03 2.6 + 0.01 
n-9 Acids 
18:1 42.2 • 1.2 62.8 • 0.5 24.5 • 0.5 24.4 • 0.1 
20:3 3.5 • 0.1 0.6 • 0.1 0.5 • 0.03 0.5 • 0.01 
n-6 Acids 
18:2 3.5 • 0.01 0.8 • 1.1 32.2 • 0.5 1.4 • 0.2 
18:3 0.4 • 0.01 0.3 • 0.1 0.6 • 0.1 1.1 • 0.1 
20:3 1.0 • 0.1 0.2 + 0.02 1.1 • 0.1 0.9 • 0.1 
20:4 7.1 • 0.1 1.5 • 0.01 2.2 + 0.3 22.9 • 1.8 
22:4 0.2 • 0.1 0 0.2 • 0.03 6.5 • 0.2 
Total n~ 12.0 • 0 2.7 • 0.2 36.7 • 0.02 32.7 • 2.3 

Ratios 

16:0/16:1 4.24 2= 0.13 4.86 • 0.13 9.20 • 0.29 10.43 • 0.42 
18:0/18:1 0.15 + 0 0.12 • 0.01 0.34 + 0.02 0.37 • 0.04 

aResults are presented as the mean percentage of total fatty acids • SD for two experiments. Two 
cultures were analyzed for each condition in each experiment. 

20:4 was  the  f a t ty  acid added.  The  va lues  for  the  
ra t ios  of 16:0/16:1 and  of 18:0/18:1 were increased  by  
the  presence  of  e i ther  18:2 or 20:4. Such  f ind ings  sug- 
gest  t h a t  desa tu ra se  ac t iv i ty  was  inh ib i ted  under  
these  condi t ions ,  a l t hough  e longa t ion  of 20:4 to 22:4 
was not  influenced.  

T he  f a t ty  acid composi t ion of  hepa tocy tes  isolated 
f rom the  l ivers of  mice fed e i ther  the  HCTO or the CO 
diet an d  cul tured in f a t ty  acid-free  medium also was 
de te rmined  (da ta  not  shown).  Under  these  condit ions,  
a reduct ion in the pe rcen tage  of p o l y u n s a t u r a t e d  
f a t t y  acids and  an  increase  in the propor t ion  of oleate 
were  observed.  Based  on exper ience  wi th  i n t ac t  
an imals ,  th is  is exac t ly  w h a t  one would expect  to 
occur in the  absence  of  exogenous  PUFA.  

T he  act iv i t ies  of l ipogenic  enzymes  in cul tures  of  
hepa tocy te s  f rom mice fed e i ther  the  HCTO or the CO 
diet  decl ined at  the same  rate.  Since  the  t ime-course 
of  change  in e nz yme  ac t iv i ty  is a funct ion  of  the  ra te  
of  deg r a da t i on  (24,25), the  ra te  of  deg rada t ion  of  FAS 
and  ME appea r s  to be unaf fec ted  by  the previous  
nu t r i t iona l  state.  

However ,  the  da t a  f rom the  direct  [3H]leucine incor- 
pora t ion  m e t h o d  (Table  2) show t h a t  the  ra te  of syn- 
thes is  of new FAS in hepa tocy t e s  is de te rmined  by  
the type  of diet fed to the  donor  mice. 

T h e  re la t ive  ra tes  of  FAS syn thes i s  were f rom two 
to five t imes  h ighe r  for  hepa tocy t e s  isola ted f rom 
H C T O - f e d  mice t h a n  for  those  f rom CO-fed  mice 
(Table  2, Expt .  2). The  syn thes i s  of FAS was  main-  
ta ined  at  a re la t ively  cons t an t  ra te  dur ing  the  46 -h r  
cul ture period in hepa tocy te s  p repared  f rom H C T O -  
fed mice. However ,  the re la t ive  ra te  of syn thes i s  

appea red  to decline be tween 22 an d  46 h r  of  culture in 
hepa tocy te s  p repared  f rom CO-fed  mice. When ei ther  
18:1 or 20:4 was  the  sole f a t ty  acid added to cultures of  
hepa tocy tes  isolated f rom H C T O - f e d  mice, the  va lues  
for  the  ra tes  of  incorpora t ion  of [3H]leucine into FAS 
were the  same  (Table  2, Expt .  1). Indeed,  the  re la t ive  
ra tes  of  syn thes i s  of  FAS in h ep a to cy t e  cul tures  in 
the  presence of these fa t ty  acids were comparab le  to 
those  observed in the four  hr  cul tures before add ing  
the  f a t ty  a c id - co n t a in in g  media.  Thus ,  under  these  
condi t ions ,  20:4 did not  depress  the  syn thes i s  of FAS. 

DISCUSSION 

Studies  wi th  mice show t h a t  fa ts  con t a in ing  l inoleate  
or o ther  p o l y u n s a t u r a t e d  f a t ty  acids b r ing  about  a 
severe reduct ion  in hepat ic  f a t t y  acid syn thes i s  (26) 
an d  depress  the  l ipogenic response  to refeeding (27). 
A l l m a n  an d  Gibson (26) and  Muto an d  Gibson (28) 
sugges ted  t h a t  p o ly u n sa tu r a t ed  f a t ty  acids are  mos t  
effect ive in regu la t ing  hepa t ic  l ipogenesis  in ra ts  and  
mice. We found t h a t  a diet con t a in ing  15% saff lower 
oil ( l inoleate con ten t  of  more  t h a n  70%) reduced hepa- 
tic l ipogenesis  in both  ra t s  an d  mice (27). Musch et al. 
(29) h a v e  demons t r a t ed  t h a t  a- l inolenate  also de- 
c reased  hepat ic  l ipogenesis.  Subsequent ly ,  we could 
show th a t  d ie ta ry  l inoleate,  a- l inolenate,  arachido-  
ha te  an d  co lumbina te  depressed hepat ic  l ipogenesis  
an d  reduced the  l iver 's  con ten t  of  key l ipogenic 
enzymes  (1,2). Hence,  a l t hough  it  is well-establ ished 
t h a t  di-and p o ly u n sa tu r a t ed  f a t ty  acids of  bo th  the n6 
an d  n3 series depress  hepat ic  l ipogenesis,  little is 
k n o w n  abou t  the  m e c h a n i s m  and  a lmos t  n o th ing  is 
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known about  the compound(s) that  trigger the mech- 
anism. 

This study shows that  FAS can be synthesized 
when the hepatocytes are cultured but the rates of 
synthesis  a lways are higher when hepatocytes come 
from HCTO-fed than from CO-fed mice. In addition, 
the rates of decline in FAS and ME activities with 
time observed in these experiments with cultured 
hepatocytes suggest that  the rate of enzyme degrada- 
tion may  not be affected by the previous nutritional 
state, since the time course of change in enzyme 
activity is a function of the rate of degradation (25,30) 
and not of synthesis. Hence, it would appear that  the 
rates of synthesis  in culture are not sufficient to 
mainta in  the enzyme content of these cells at a high 
level. 

Since long-term regulation is accomplished through 
alterations in the rate of synthesis  of key lipogenic 
enzymes, the decline in lipogenic enzymes in hepato- 
cyte cultures indicates that  important  elements of the 
mechanism for long-term regulation either are miss- 
ing or are not functional in such cultures. This would 
explain our finding that  neither 18:2 nor 20:4 inhibit 
lipogenesis even though they readily are taken up 
and metabolized by the cells in these cultures. 

Based on the values for the 16:0/16:1 and the 
18:0/18:1 ratios of the total fat ty acids from hepato- 
cyte cultures, desaturase activity is inhibited by either 
18:2 or 20:4. These results support the view that these 
polyunsaturated fatty acids enter the hepatocytes in 
sufficient quantities to affect some aspects of lipid 
metabolism and that regulation of the desaturase 
activity and the synthesis of lipogenic enzymes such 
as FAS and ME is accomplished through different 
mechanisms. Thus, it would appear that under cer- 
tain conditions desaturase and fatty acid synthetase 
activities do not necessarily act in parallel as has 
been proposed by Jeffcoat and James (31). 

Kelley et al. (12) reported that the prior dietary 
status of rats influences the activities of lipogenic 
enzymes in subsequent primary hepatocyte cultures. 
Hepatocytes obtained from rats fasted 24 hr and sub- 
sequently fed a high-carbohydrate diet for 48 hr 
yielded high values for liver FAS activity, which 
declined rapidly after the hepatocytes were cultured 
(12). Such results are consistent with our experience 
with mouse hepatocytes. However, these workers 
showed that when rats were fed a chow diet that con- 
tains a high PUFA content and thus similar to our 
corn oil-containing diet, FAS activity in such hepato- 
cytes increased over two-fold during the culture 
period. We did not observe an increase in FAS activ- 
ity in our primary mouse hepatocyte cultures. 

Boogaerts et al. (32) have shown that hepatocytes 
in primary culture retain adaptive changes in lipo- 
genesis and lipoprotein secretion induced in vivo by 
feeding rats a sucrose-enriched diet. The results of 
their study suggest that the increase in synthesis and 
secretion of triglyceride induced by media glucose is 
due to an increase in substrate availability rather 
than to long-term regulation that involves an increase 
in protein synthesis. Indeed, from this study with 
rats, Boogaerts et al. (32) suggested that the in vivo 
induction by dietary carbohydrate requires factors 

not contained within the isolated hepatocyte system. 
From the results presented here, we also have con- 
cluded that  the long-term control of fa t ty  acid syn- 
thesis exercised by certain dietary polyunsaturated 
fat ty acids also does not occur entirely within the 
hepatocytes of the mouse. 

Recently, Salati  and Clarke (33) reported that  satu- 
rated and polyunsaturated fat ty acids equally sup- 
press the hormonal induction of acetyl-CoA carboxy- 
lase in primary cultures of rat  hepatocytes. Hence, 
the effect was nonspecific and therefore unrelated to 
the influence of dietary polyunsaturated fat  on lipo- 
genesis. These authors (33) suggested that  an inhibi- 
tory factor derived from dietary polyunsaturated fat ty 
acids might be produced in extrahepatic tissues and 
transported via the blood to the liver. Normal liver 
functions are known to be strongly influenced by the 
portal circulation (32,33-36), and thus the involve- 
ment of extrahepatic sites in hepatic adaptive pro- 
cesses appears feasible. Indeed, the liver appears to 
be the only tissue that  responds to dietary polyunsat- 
urated fat with a decrease in lipogenic capacity (17). 
Such additional evidence supports the hypothesis 
that  substances in the portal circulation may  play a 
role in long-term regulation of lipogenesis. 

In conclusion, from the results presented here and 
by others (6-12,24,32,33,37), it would appear that  cer- 
tain adaptive changes caused by both carbohydrate  
and fat  function only in intact  animals and not in 
cultured hepatocytes. Therefore, it is possible that  
dietary constituents (i.e. carbohydrates  and polyun- 
saturated fatty acids) induce in extrahepatic sites 
such as the gastrointestinal  tract the production of 
regulatory compounds, which are transported via the 
portal vein to the liver where they may act on the 
hepatocyte apparatus  responsible for the synthesis  of 
the adaptive lipogenic enzymes. Thus, the polyun- 
saturated fat ty acid-activated mechanisms for long- 
term regulation of fat ty acid synthesis  may not be 
contained entirely within the mouse hepatocyte. 
However, from the results obtained here it appears 
only those mechanisms that  cause a suppression of 
desaturase activity by polyunsaturated fat ty acids 
are still operational within the hepatocyte when cul- 
tured. 
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Effects of Cyclopropenoid Fatty Acids on Fungal Growth 
and Lipid Composition 
Katherine M. Schmld I and Glenn W. Patterson* 
Department of Botany, University of MaP/land, College Park, MD 20742 

Cyclopropenoid fatty acids (CPE) isolated from 
Stercul ia  foe t ida  oil  by urea clathration and re- 
verse phase high performance liquid chromatogra- 
phy (HPLC) w e r e  introduced into fungal  cultures.  
Stearate levels  in phospholipids and triacylglycer- 
ols  from Usti lago mayd is  sporidia rose  consider-  
ably in response  to 30 ~M CPE. In addition, CPE 
themse lves  w e r e  incorporated into glycerol ipid 
frac t ions .  S tero l  c o m p o s i t i o n  w a s  unaf fec ted .  
Changes in lipid composit ion w e r e  accompanied by 
inhibit ion o f  dry we ight  accumulation and sporidi- 
al number. Treated sporidia showed  irregular wa l l  
deposi t ion and a branched morphology.  Oleate al- 
leviated CPE effects  on growth  and morphology.  
Hyphal extension by Rhizoctonia solani w a s  inhib- 
ited s o m e w h a t  by 30 ~M sterculate,  w h i l e  Fusario 
um oxysporum s h o w e d  no appreciable response .  
Although CPE appeared to inhibit fatty acid desat- 
uration by F. oxysporum,  gross  increases  in the 
proportion o f  stearate  w e r e  l imited to the triacyl- 
g lycerol  fract ion during 30 ~M treatments .  The 
possibi l i ty  that the CPE synthes ized by plants 
serve as antifungal agents is discussed. 
Lipids 23, 248-252 (1988). 

Cyclopropenoid fatty acids (CPE), compounds synthe- 
sized both by plants  allied with order Malvales and 
by certain gymnosperms (1-6), are well-known inhibi- 
tors of fa t ty  acid desaturation in higher animals (6- 
8). Evidence that  CPE also affect insect stearoyl-CoA 
desaturase (9,10) and interfere with the maturat ion 
and reproduction of some insect species (9-12) prompt~ 
ed suggestions that  in addition to their traditional 
role as storage lipids, CPE also serve as protective 
agents (9,10). 

Similarities between animal and fungal A 9 desatu- 
rase systems (13) led us to hypothesize that  CPE also 
play an antifungal role in plants. Early work by 
Reiser et al. (14) indicated that  Saccharomyces cere- 
visiae accumulates palmitate (16:0) at the expense of 
palmitoleate (16:1) when treated with CPE-contain- 
ing Sterculia foetida oil. Recently, Moreton (15) 
reported that  although tested S. cerevisiae strains did 
not respond to CPE these compounds increased the 
proportion of saturated fat ty acids in several other 
yeasts.  Here, we present evidence that  CPE inhibit 
fa t ty  acid desaturat ion in two fungi of interest to 
plant  pathologists. We also report that  low levels 
of CPE interfere with cytokinesis  by sporidia  of 
Ustilago maydis. 

*To whom correspondence should be addressed. 
1Current address, Department of Botany and Plant Pathology, 
Michigan State University, East Lansing, MI 48824. 
Abbreviations: CPE, cyclopropenoid fatty acids; HPLC, high 
performance liquid chromatography; TLC, thin layer chroma- 
tography. 

MATERIALS AND METHODS 

Isolation of CPE methyl esters. Two CPE, sterculate 
(1-cyclopropene-l-octanoic acid, 2-octyl) and malva- 
late (1-cyclopropene-l-heptanoic acid, 2-octyl), were 
isolated from Sterculia foetida oil. The oil was transes- 
terified with sodium methoxide, and the methyl esters 
sere subjected to urea clathration (16,17). Clathration 
mixtures containing 15 g urea, 4 ml methanol and 40 
ml petroleum ether /g  of methyl ester generated fil- 
trates containing primarily sterculate, malvalate  and 
linoleate (18:2). Individual CPE then were isolated by 
reverse phase high performance liquid chromatogra- 
phy (HPLC) on a Varian Model 5000 liquid chromato- 
graph equipped with an 8 mm X 30 cm Var ian  Micro- 
Pak MCH-10 semipreparative column. Peaks were 
eluted with acetonitrile/water (82:18, v/v)  at 6 ml /min  
and detected at  200 nm. Samples up to 15 ~1 gave 
separat ions similar to those obtained by Loveland et 
al. (18) using an analyt ical  protocol. Although 16:0 
and 18:1 overlap the sterculate peak under these con- 
ditions, removal of the bulk of these compounds by 
clathration and collection of the peak after the lead- 
ing edge had reached half-height permitted sterculate 
preparations exceeding 97% purity by gas chromatog- 
raphy. Due to the relative stability of CPE methyl 
esters compared to free CPE, the purified methyl es- 
ters were used directly in fungal treatments. For the 
purposes of this study, it was hypothesized that  me- 
tabolism of these methyl  esters by fungi is analogous 
to metabolism of the natural  glycerol esters. 

Culture methods. Ustilago maydis (DC) Cda., ATCC 
14826 sporidia were grown on a 200 rpm rotary 
shaker for periods up to 64 hr. Temperatures ranged 
from 26-30 C. The culture medium of Coursen and 
Sisler (19) was supplemented with 2.0 g KH2PO4 and 
1.5 g K2HPO4 per liter (medium 72). Fa t ty  acid methyl 
esters were added in 4 or 5 ml methanol  per l; control 
flasks contained the corresponding amount  of pure 
methanol. 

Fusarium oxysporum Schlecht isolated by Kauf- 
man and Blake (20) was maintained on potato dex- 
trose agar. The liquid medium used for fat ty acid anal- 
ysis work contained 0.6 g KH2PO4, 0.2 g K2HPO4, 0.2 g 
NH4NO3, 0.2 g MgSO4 �9 7H20, 1 mg FeSO4 �9 7H20, 2.0 
g sucrose and 1.0 g yeast  extract per liter with an 
initial pH of 6.3 (21). Mycelium was transferred from 
a plate to liquid culture three days before an experi- 
ment  and to fresh medium twice before inoculation of 
the test cultures. Methyl esters were added to the lat- 
ter as above, and cultures were grown for 16 hr at  30 
C on a 200 rpm rotary shaker. Rhizoctonia solani 
Kuhn AG 4, isolate SN-1 of A. Ogoshi, was grown on 
potato dextrose agar. 

Morphological studies. Fluorescence microscopy 
was performed on a Leitz SM-LUX microscope with 
Epi-Fluorescence and a 100 W ultra-high pressure 
mercury lamp. Cell wall material  was stained with 
0.2% Calcofluor White (22) and observed using a UG-1 
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excitation filter, a TK400/K430 suppression filter and 
a K430/K460 barrier filter. Nuclei stained with mith- 
ramycin (23) were observed using a KP500 excitation 
filter, a TK510/K515 suppression filter and a K510/ 
530 barrier filter. 

Growth measurements. For dry weight measure- 
ments, 40-ml aliquots of liquid cultures were pelleted. 
Fungal  material was washed twice with distilled wa- 
ter, transferred to tared pans, and dried at 80 C for 24 
hr. For cell counts and viability studies, sporidia were 
diluted appropriately and vortexed briefly to minimize 
clumping. Any remaining clumps observed in the he- 
mocytometer were registered as single branched cells. 
Viability tests were performed on medium 72 plates 
containing 20 g agar per liter. Colonies were counted 
after two to three days. Hyphal  extension rates were 
determined on plates containing potato dextrose agar 
supplemented with either 30 uM methyl sterculate in 
methanol (4 ml/1 medium) or methanol alone. 

Lipid analysis. Ustilago maydis and Fusarium oxy- 
sporum harvested by centrifugation were washed 
twice with distilled water, flash frozen and lyophi- 
lized. Dry material was homogenized and extracted 
with chloroform/methanol (2:1, v/v) at room temper- 
ature for one hr with agitation. Extraction mixtures 
were supplemented with an internal s tandard con- 
taining tripentadecanoin, diheptadecanoyl phospha- 
tidylcholine and methyl nonadecanoate. 

Filtered extracts were separated into two fractions 
on BioSil A (BioRad, Richmond, CA) columns (24). 
Neutral lipids were eluted with chloroform followed 
by acetone. Phospholipids were flushed from the Bio- 
Sil with methanol. Neutral lipids were further frac- 
tionated by thin layer chromatography (TLC) on 
aluminum-backed plates coated with 0.2 mm Silica 
Gel 60F-254 (EM Science, Cherry Hill, NJ) and deve- 
loped with petroleum ether/diethyl  ether (85:15) (25). 
Bands were visualized with Rhodamine 6G. For gas 
chromatography,  glycerolipid fractions were transes- 
terified with room temperature sodium methoxide 
(16). Free fat ty acid fractions were methylated with 
boron t r i ch lo r ide /methano l  (10% w/v)  (Applied 
Science Lab, Deerfield, IL) at 60 C (26). Fat ty  acid 
methyl ester fractions from derivatization mixtures 
or from TLC plates were transferred to hexane, wash- 
ed with water and dried over anhydrous sodium sul- 
fate before gas chromatography. 

Analyses were performed on a Varian 3700 Gas 
Chromatograph coupled with a Varian Vista 401 
Chromatography Data System. Detection was carried 
out at 240 C by an Aerograph Flame Ionization Detec- 
tor given 30 ml /min  hydrogen and 300 ml /min  air. 
With the exceptions of methyl oleate (18:1), methyl 
linoleate (18:2) and methyl linolenate (18:3), all meth- 
yl esters present in significant quantities could be sep- 
arated on a 6 ft X 1/16 in ID glass column packed 
with 3% SP-2100 on 80/100 Supelcoport (Supelco Inc., 
Bellefonte, PA) (27). The injection temperature was 
220 C, the column temperature 180 C and the helium 
flow 29 ml/min.  The 18:1/18:2/18:3 ratio was deter- 
mined at 210 C on a 60 m X 0.25 mm inside diameter- 
fused silica capillary with a 1 micron film of SPB-1 
(Supelco). The injection temperature was 220 C, the 
helium carrier flow 0.63 ml/min,  and the split ratio 

40/1. Helium makeup  gas was supplied at 30 ml/min.  
For sterol analysis, crude extracts were saponified 

under nitrogen and fractionated by alumina column 
chromatography (28). Sterols were quanti tated by 
gas chromatography at 240 C on a 6 ft X 1/16 in glass 
column packed with 3% SE-30 on 100/120 Gas-Chrom 
Q (Applied Science). The injector temperature was 
290 C, the detector temperature 300 C, and the helium 
flow 11 ml/min.  

RESULTS 

Lipid composition. CPE had two major effects on lipid 
compositions of Ustilago maydis and Fusarium oxy- 
sporum. First, the two fungi were able to incorporate 
CPE into both phospholipids (Table 1) and triacylglyc- 
erols (Table 2). CPE incorporation by U. maydis was 
more pronounced than  incorporation by F. oxyspo- 
rum. Traces of sterculate were detected in U. maydis 

TABLE 1 

Fatty Acid Composition of  Phospholipids 
from Ustilago maydis and Fusarium oxysporum 

Proportion of fatty acid species (%)a 

Fatty Ustilago maydis Fusarium oxysporum 
acid 30 ~M 30 uM 

species Control Sterculate Control  Sterculate 

14:0 0.8 0.8 0.2 0.3 
16:0 16.8 11.9 14.8 15.7 
16:1 5.1 0.8 0.6 0.3 
18:0 2.4 22.2 1.0 3.4 
18:1 15.8 7.1 10.1 8.0 
18:2 59.0 35.6 54.3 52.2 
18:3 n.d. n.d. 18.9 18.6 
Sterculate n.d. 21.6 n.d. 1.4 

aValues are averages from four cultures. 
n.d., not detected. 

TABLE 2 

Fatty Acid Composition of  Triacylglycerols 
from Ustilago maydis and Fusarium oxysporum 

Proportion of fatty acid species (%)a 

Fatty Ustilago rnaydis Fusarium oxysporum 
acid 30 uM 30 ~M 

species Control Sterculate Control  Sterculate 

14:0 1.6 1.2 0.6 0.6 
16:0 36.2 18.2 15.7 18.4 
16:1 5.0 0.8 0.6 0.2 
18:0 9.3 44.6 7.4 31.6 
18:1 23.2 6.4 32.4 22.2 
18:2 24.6 8.5 29.0 18.5 
18:3 n.d. n.d. 14.1 7.4 
Sterculate n.d. 20.4 n.d. 1.1 

aValues are averages from four cultures. 
n.d., not detected. 
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sporidia grown in 1 ~M sterculate. After 30 uM treat- 
ments, CPE comprised more than 20% of glycerolipid 
fatty acids in this organism. Phospholipids and tri- 
acylglycerols from F. oxysporum given 30 #M stercu- 
late contained less than 2% CPE. In all, roughly 10% of 
the CPE added to F. oxysporum cultures during 30 ~M 
treatments was recovered from the fungal tissue. Per 
gram of lyophilized material, 0.2 mg sterculate was 
recovered in the original methyl ester form, another 
0.2 mg from the triacylglycerols and 0.5 mg from the 
phospholipid fraction. U. maydis, on the other hand, 
accumulated 50% of the material added: 0.2 mg/g dry 
weight as methyl esters, 5.4 mg in the phospholipids 
and 5.1 mg in the triacylglycerols. No CPE were recov- 
ered in free fatty acids from either species, although 
the relative instability of free CPE (29-30) should be 
kept in mind. Malvalate accumulation by U. maydis 
was comparable to sterculate accumulation. 

Acyl lipids from CPE-treated fungi also were more 
saturated than control lipids. U. maydis sporidia 
showed a clear increase in triacylglycero118:0 follow- 
ing 1 ~M sterculate treatments, although phospholip- 
id fatty acids were relatively unaffected. When cul- 
tures were supplemented with 30 #M sterculate, the 
proportion of 18:0 in triacylglycerols rose from 9 to 
44% in U. maydis and from 7 to 32% in F. oxysporum 
(Table 2). The proportion and quantity of 18:0 in U. 
maydis phospholipids also increased substantially 
under these conditions, whereas F. oxysporum phos- 
pholipids were relatively unaffected by 30 ~M stercu- 
late (Table 1). 

Despite the large shifts in U. maydis fatty acid com- 
position induced by 30 #M sterculate or malvalate, 
sterol profiles of treated sporidia were indistinguish- 
able from those of controls. Ergosterol, the primary 
sterol in all samples examined, remained at levels 
around 2.4 mg per gram dry wt. 

Growth and morphology. On plates containing 30 
#M sterculate, Rhizoctonia solani AG4 hyphae grew 
at about three-fourths of their rate on control plates. 
Hyphal extension by F. oxysporum was unaffected 
under the same conditions. Dry wt of F. oxysporum in 
liquid cultures also showed no consistent inhibition 
by 30 #M sterculate. Reduced dry weight accumulation 
by U. maydis cultures was evident at CPE concentra- 
tions as low as 10 #M and approached a maximum 
inhibition at concentrations greater than 30 #M (Fig. 
1). There was no indication that U. maydis sporidia 
differed in their response to sterculate and malvalate. 

Progress in dry weight accumulation and sporidial 
number during batch culture of U. maydis is illustrat- 
ed in Figure 2. Whereas dry weights in cultures treated 
with 30 #M sterculate diverged from those in control 
cultures only after the latter had reached the late log 
phase, the number of sporidia in treated cultures was 
severely depressed within 12 hr and remained virtual- 
ly unchanged while control cultures passed through 
log phase and into stationary phase. That cultures 
eventually recovered from the treatment is evident by 
either measurement and probably reflects depletion 
of CPE from the medium. 

Morphologically, almost all control sporidia were 
cigar-shaped and divided longitudinally (Fig. 3A); 
they retained these characteristics in the presence of 
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FIG. 1. Effects  o f  CPE m e t h y l  es ter  concentra t ion  on 
g r o w t h  o f  Ustilago maydis spor id ia  (mg dry w t / m l  cul- 
ture medium).  Cel l s  w e r e  harves ted  after  20  hr growth ,  
w a s h e d  t w i c e  w i t h  d i s t i l l ed  w a t e r  and dried at 80 C. 4] = 
sterculate;  ~ = malva la te .  Bars  represent  s tandard errors  
o f  s ix  f lasks .  
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FIG. 2. Growth  o f  U. maydis sporidia  in  th e  presence  o f  
30 uM m e t h y l  s terculate .  A, Dry  w t  accumula t ion  over  
t ime  (mg/ml) .  B, C h a n g e s  in number  o f  spor id ia  over  
t ime  ( spor id ia /ml) .  Spor id ia  w e r e  g r o w n  on a 200  rpm 
rotary  s h a k e r  at 30 C. P o i n t s  represent  a v e r a g e  v a l u e s  
for four f lasks  from two  exper iments .  O, control;  Q, 30 
~M sterculate  treatment .  

methyl 16:0, methyl 18:1 or methyl 18:2. In contrast, 
populations treated with methyl CPE were heteroge- 
neous. Some cells were indistinguishable from control 
cells. Other sporidia became excessively elongate, 
while many became branched and tended to clump. 
Among branched sporidia, simple Y-shapes predomi- 
nated at earlier times. Increasingly, bizarre forms 
and clumping became common as the treatment pro- 
gressed. Figures 3B-D illustrate sporidia showing 
swollen areas and varying degrees of branching. 

The morphological symptoms discussed appear 
linked to a failure in cytokinesis. Mithramycin stain- 
ing revealed multiple nuclei in both branched and ab- 
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FIG. 3. Calcofluor staining of  U. maydis sporidia. A, con- 
trol sporidia; B-D, treated sporidia; bar, 10 ~m. 

normally long sporidia. Ordinary cigar--shaped cells 
had one or in cells approaching division two nuclei. 
Calcofluor s taining of cell walls showed that  the 
CPE-affected cells were multicellular (Figs. 3B-D). 
Septum formation did occur but the daughter  cells 
failed to pinch off. Irregular patches of s taining 
along the walls of treated cells may  indicate abnor- 
malities in the deposition of wall material. 

The maximum number  of U. maydis colony form- 
ing units in the presence of CPE would be limited 
both by the reduced number of sporidia available and 
by their viability. Approximately 30% of sporidia in 
cultures in which 22% of individuals were branched 
failed to produce colonies. 

Relief of CPE effects by oleate. The effects of stercu- 
late on sporidia could be mitigated by 18:1 (Table 3). 
Under  conditions in which 30 ~M sterculate reduced 
dry weight production to 47% of the control level, cul- 
tures given 30 ~M sterculate plus 30 ~M 18:1 showed 
normal dry wt accumulation. The number of sporidia 
and the proportion of branched sporidia in cultures 
treated with the fat ty  acid mixture were intermediate 
between values for controls and for cultures given 
only sterculate. 

DISCUSSION 

As discussed earlier, CPE inhibit A 9 fat ty acyl desatu- 
rase in a number of organisms and might be expected 
by analogy to affect desaturat ion in fungi. In verte- 

brate  and insect systems, various secondary disor- 
ders also are associated with CPE ingestion (6,9-12). 
This research was undertaken to determine whether 
CPE shift fat ty acid profiles in fungi and, if so, wheth- 
er they are detrimental to the organisms. It was hy- 
pothesized that  CPE play a role as protective agents 
in plants. 

The elevated 18:0 levels expected if CPE inhibit 
stearoyl-CoA desaturase were observed both in Ustila- 
go maydis, the basidiomycete responsible for corn 
smut, and in Fusarium oxysporum, a filamentous im- 
perfect fungus. In both organisms, triacylglycerol fat- 
ty acid composition responded to CPE more readily 
than did phospholipid composition, al though both 
fractions showed a sizable response when  U. maydis 
sporidia were treated with 30 #M CPE. Increased satu- 
ration of bulk lipid also has been reported to follow 
CPE treatment of some basidiomycetous and ascomy- 
cetous yeasts  (14,15). A second effect of CPE on lipid 
composition, incorporation of the compounds into tri- 
acylglycerols and phospholipids, has  not been report- 
ed previously for fungal systems (14,15). CPE are 
found in acyl lipids from treated vertebrates (31,32) 
and cultured hepatoma cells (33) but accumulate pref- 
erentially in the triacylglycerol fraction (32,33). 

Dry weight accumulation by U. maydis cultures 
was inhibited by CPE levels as low as 10 #M. In ani- 
mal systems, both desaturat ion in vitro and second- 
ary effects in vivo are less responsive to malvalate  
than to sterculate (7,31). However, in this study there 
was no indication that  U. maydis differentiated be- 
tween the two. Plots of dry weight accumulation vs 
methyl sterculate and methyl malvalate concentra- 
tions (Fig. 1) were indist inguishable at a 5% confi- 
dence level. Increases in 18:0 and CPE incorporation 
also were similar for the two compounds. 

The morphological responses of U. maydis sporidia 
to CPE were very similar to those reported for spori- 
dia deficient in ergosterol. Sporidial branching is 
characteristic both of cultures exposed to fungicides 
inhibiting ergosterol biosynthesis (34) and of a mutant  
blocked at the C-14 demethylation step (35). In the 
same vein, Calcofluor staining and electron microsco- 
py reveal irregular wall deposition in fungicide-treat- 
ed Ustilago (36,37) and other fungi (38-40). Inhibition 
of ergosterol synthesis  by CPE, therefore, might have 
been expected, particularly given the decreased levels 
of cytochrome P450 in trout fed the compounds (41). 
Nevertheless, sterol profiles of sporidia treated with 
30 #M CPE mirrored those of control cells. 

At the same time, it seems unlikely that  these paral- 

TABLE 3 

Effects of  Oleate on CPE-Induced Symptoms in U. maydis Sporidia 

Dry weight % Branched 
Treatment (mg/ml) Sporidia/ml sporidia 

Control 0.32 + 0.09 (11.9 • 3.2) x 106 3.4 + 1.4 
30 ~M Sterculate 0.15 + 0.02 ( 1.8 + 0.8) X 106 17.9 + 3.0 
30 #M 18:1 0.34 + 0.08 (13.3 + 3.9) X 10 e 4.2 + 0.5 
30 ~M Sterculate 

+ 30 #M 18:1 0.31 • 0.03 ( 9.0 • 2.0) X 10 e 7.6 • 1.1 
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lels are  coincidental .  Discuss ions  of  ergosterol  defi- 
c iency s y m p t o m s  of ten note  t h a t  wal l  depos i t ion  re- 
quires  m e m b r a n e - b o u n d  e n z y m e s  a n d  sugges t  a l ink 
be tween  a l te red  m e m b r a n e  compos i t ion  a n d  c h a n g e s  
in funga l  m o r p h o l o g y  (34,37,40,42). A s imi la r  argu-  
m e n t  would  hold for  C P E - t r e a t e d  U. maydis ,  in 
which  c o m p a r a b l e  i r regular i t i es  are  a c c o m p a n i e d  by  
severe ly  a l tered  phospho l ip id  f a t t y  acids.  The  conten- 
t ion t h a t  c h a n g e s  in f a t t y  acid compos i t ion  u l t imate-  
ly are  r e spons ib le  for  C P E - i n d u c e d  c h a n g e s  in mor- 
pho logy  is suppor t ed  by the  obse rva t i on  t h a t  18:1, the  
produc t  of  the  de sa tu r a t i on  reac t ion  blocked by  CPE,  
suppresses  deve lopmen t  of  the  s y m p t o m s .  

W h a t e v e r  the  specif ic  m e c h a n i s m s  by  which  C P E  
affec t  U. mayd i s  growth  a n d  morpho logy ,  the  obser- 
v a t i o n  t h a t  t h e y  do so is cons i s t en t  wi th  the  hypo the -  
sis t h a t  C P E  serve  as  a n t i f u n g a l  agents .  Not  all  fungi  
a re  equa l ly  sensi t ive:  w h e n  Rhizoctonia  solani a n d  
Fusar ium oxysporum were g rown under  ident ical  con- 
di t ions,  h y p h a l  ex tens ion  by  R. solani  w a s  s o m e w h a t  
inh ib i t ed  by  30 ~M CPE,  whi le  F. o x y s p o r u m  ap- 
pea red  to g row norma l ly .  T h e  r e s i s t ance  o fF .  oxyspo- 
rum m a y  be l inked to a n  ab i l i ty  to deg rade  or exclude 
the  c o m p o u n d s ,  s ince only  abou t  10% of  the C P E  add- 
ed to l iquid cul tures  of  the  fungus  was  recovered.  Also 
of in te res t  is the  f ind ing  t h a t  in c o n t r a s t  to the  s i tua-  
t ion in the  sens i t ive  U. maydis ,  F. oxy sporum phos-  
phol ip ids  were  r e l a t ive ly  s t ab le  in the  p resence  of  30 
~M CPE.  V a r i a t i o n s  in funga l  suscept ib i l i ty  to C P E  
also h a v e  been noted  by  More ton  (15), who  found t h a t  
whi le  m o s t  y e a s t s  tes ted  grew n o r m a l l y  except  a t  
ve ry  h igh  C P E  concen t r a t i ons  some  s t r a i n s  of  Lipo- 
myces  were unab l e  to grow in their  presence.  

F u r t h e r  work  is needed  to de t e rmine  the  r a n g e  of  
fungi  r eac t i ng  to CPE a n d  the  levels of  these  com- 
pounds  a v a i l a b l e  to the  o r g a n i s m s  in vivo. We f ind 
t h a t  C P E  levels  in roots  of  severa l  Ma lvaceous  spe- 
cies exceed those  used in th is  s tudy  (43). T h e  observa-  
t ion t h a t  18:1 will a l l ev ia te  s y m p t o m s  induced  in U. 
m a y d i s  by  C P E  sugges t s  t h a t  the  f a t t y  acid  back-  
g round  in wh ich  C P E  occur  a lso  will be s ign i f icant .  
The  response  of fungi  to na t u r a l  C P E - c o n t a i n i n g  mix- 
tures  is l ikewise  of  in te res t  g iven  t h a t  a t  l eas t  some  
C P E - p r o d u c i n g  p l an t s  also syn thes i ze  low levels  of  
epoxy  f a t t y  acids  (3), c o m p o u n d s  t h a t  a re  fung i s t a t i c  
a g a i n s t  Pyricularia oryzae (44). 
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Quantitation of 1,2-Diacylglycerol in Rat Heart by latroscan TLC/FID 
KenJl Okumura*, Hldekazu Hashlmoto, Takayuki Ito, Kouichl Ogawa and Tatsuo Satake 
The Second Department of Internal Medicine, Nagoya University School of Medicine, Nagoya 466, Japan 

1 ,2 -Diacy lg lycero l ,  w h i c h  has  been  recogn ized  as 
one  o f  the  intrace l lu lar  second  messengers ,  w a s  
measured  quant i ta t ive ly  in the  lipid extract  from 
rat hear t s  u s i n g  the  th in  layer  c h r o m a t o g r a p h y  
and f lame ion iza t ion  detect ion  (TLC/FID) method.  
C ho l e s t e r o l  acetate  w a s  added to the  t i ssue  as an 
in terna l  s tandard,  and the  crude lipids from the  
t i s sue  w e r e  purif ied w i t h  si l ic ic  acid co lumn to 
e l iminate  phosphol ip ids .  D e v e l o p m e n t  o f  Chroma-  
rods  w a s  carried out  u s i n g  t w o  s o l v e n t  sys tems  
and a three - s tep  d eve lopment  technique.  The rela- 
t i o n s h i p  o f  the  peak area rat io  detected by f lame 
ion izat ion  detector  to w e i g h t  rat io  w a s  l inear com- 
pared w i t h  cho le s t ery l  acetate .  The 1,2-diacyl-  
g lycero l  c o n t e n t  in the  rat hear t  in the  unst imu-  
lated cond i t ion  w a s  72.5 • 15.3 n g / m g  wet  wt  
(mean • SD). 
Lipids 23, 253-255 (1988). 

It is accepted widely that  hormones and neurotrans- 
mitters that  elicit intracellular mobilization of Ca *§ 
cause phosphoinositide hydrolysis by phospholipase 
C. The products of this reaction, inositol triphosphate 
and 1,2-diacylglycerol (DG), both play an important  
role in the signal transduction process (1,2). An in- 
crease in 1,2-DG content in the tissue is thought  to 
have multiple metabolic roles. 1,2-DG produces the 
activation of protein kinase C and releases fat ty 
acids including arachidonate. Accordingly, 1,2-DG 
has been recognized as one of the second messengers 
in the t ransmembranous cellular signal transduction 
process. Despite recent interest in the role of 1,2-DG, 
very few direct measurements have been made on the 
extent and duration of the 1,2-DG accumulation in 
response to hormones because of the small amount  in 
the tissue. Therefore, it is difficult to estimate the ex- 
act amount  of 1,2-DG. In particular, the function and 
role of 1,2-DG accumulation in the myocardium is un- 
known. Although lipids labeled with radioactive fat ty 
acids, followed by separation of 1,2-DG by thin layer 
chromatography (TLC), have been used often (3), this 
method does not provide a quanti tat ive estimate of 
1,2-DG content. For quantitative measurement for tis- 
sue 1,2-DG, TLC (4), gas liquid chromatography mass 
spectrometry (5), and high performance liquid chro- 
matography (HPLC) have been used (6). We have em- 
ployed a modification of the TLC/FID (flame ioniza- 
tion detection) method for a reliable quantitative 
estimate of tissue 1,2-DG. 

MAll~RIAI~ AND METHODS 

Materials. 1,2,3-Tri-cis-9'-octadecenoyl-rac-glycerol 

*To whom correspondence should be addressed at the Second 
Department of Internal Medicine, Nagoya University School of 
Medicine, 65 Tsuruma-cho, Showa-ku, Nagoya 466, Japan. 
Abbreviations: DG, diacylglycerol; FID, flame ionization detec- 
tion; HPLC, high performance liquid chromatography; TLC, 
thin layer chromatography. 

(triolein), cis-9'-octadecenoic acid (oleic acid), choles- 
terol, 1,3-di-cis-9'-octadecenoyl-rac-glycerol (1,3-diole- 
in), 1,2-di-cis-9'-octadecenoyl-rac-glycerol (1,2-diolein) 
and 1-cis-9'-octadecenoyl-rac-glycerol (monoolein) were 
purchased from the Sigma Chemical Co. (St. Louis, 
MO). Cholesteryl acetate and butylated hydroxytolu- 
ene were obtained from the Wako Chemical Co. (Osa- 
ka, Japan). All other chemicals were of analytical rea- 
gent grade. Adult male Wistar rats weighing 200-300 
g were deprived of food for 12 hr overnight but al- 
lowed free access to water. Following decapitation, 
the heart  rapidly was excised and washed with nor- 
mal saline. A 60-80 mg tissue sample from the left 
ventricle near the apex was removed and frozen rapid- 
ly in liquid N2. 

Instrumentation. Sample analyses were carried out 
with the Iatroscan TH-10 TLC/FID analyzer (Iatron 
Inc., Tokyo, Japan)  under the following conditions: 
flow-rate of hydrogen, 160 ml/min;  flow-rate of air, 
2000 ml/min;  and a scan speed, 2.39 sec/cm. Silica- 
gel, 75-#m precoated thin-layer rods (Chromarods- 
SII, Iatron Inc., Tokyo, Japan)  were in sets of 10. 
Peak areas were calculated using a potentiometric re- 
corder (Chromatocorder 11, System Instrument,  Tok- 
yo, Japan) connected to the analog output of the Iatro- 
scan TH-10. 

Neutral lipid extraction. Lipids were extracted by 
the method of Folch et al. (7) with some modification. 
The sample was placed in 5.5 ml ice-cold chloroform/ 
methanol mixture (2:1, v/v) containing 0.01% butylat- 
ed hydroxytoluene as an ant ioxidant  and cholesteryl 
acetate (0.1 mg per tube) as an internal standard,  and 
homogenized in a motor-driven Potter-Elvehjem ho- 
mogenizer kept in ice for 20 sec as soon as the tissue 
began to soften. The homogenate was chilled on ice 
for 30 min and filtered through Toyo filter paper. The 
filtrate was evaporated to dryness under a stream of 
N2 at 30 C. Dried lipids were resuspended in 500 ~1 of 
chloroform and applied to 0.5-ml silicic acid (minus 
325 mesh from Bio-Rad, Richmond, CA) column (20 
mm x 5.5 mm), equilibrated with chloroform. Neutral 
lipids and free fa t ty  acids were eluted thoroughly 
with 6 ml chloroform, concentrated under a stream of 
N2 at 30 C, and dissolved in 20 ~l chloroform. 

Chromarod development and scanning. The Chro- 
marods were activated by passing through the Iatro- 
scan TH-10 analyzer before use. Two ~1 of the lipid 
extracts was applied carefully to the rods with a 10 ~1 
Hamilton syringe. The set of rods was equilibrated 
before each development for five min over the develop- 
ing solvent. The first development was carried out in 
a solvent system of 1,2-dichloroethane/chloroform/ 
acetic acid (46:8:0.05, v /v /v )  until the solvent front 
had migrated ca. 9 cm. The rods were air-dried at 
room temperature for 15 min, then were subjected to 
the second development in the same way as the first 
one. After the rods were dried as above for 15 min, the 
last development was carried out in a solvent system 
of n-hexane/diethyl  ether/acetic acid (98:2:1, v /v /v)  
in the same direction until the solvent front had mi- 
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grated ca. 11 cm. Chromarods then were dried at 50 C 
and scanned in the Iatroscan TH-10. Each sample 
was analyzed with four Chromarods, and the results 
were averaged. 

RESULTS AND DISCUSSION 

The separation pattern of the s tandard mixture under 
the above mentioned condition is shown in Figure 1. 
The relative mobilities (Rr values) of butylated hydrox- 
ytoluene, cholesteryl acetate, triolein, oleic acid, cho- 
lesterol, 1,3-diolein and 1,2-diolein (ca. 0.4:2:1:1:1:1:1; 
by weight) were 0.90, 0.75, 0.63, 0.50, 0.35, 0.24, and 
0.16, respectively. However, the R~ value of each au- 
thentic lipid upon separate developing was a little 
different from tha t  in the s tandard mixture solution. 
Monoolein migrated a little (R~=0.03, data  not shown). 
These s tandard mixtures gave a very good separation 
of neural lipids. Figure 2A shows the peaks of 1,2- 
diolein and cholesteryl acetate (1:15, w/w) s tandard  
mixture solution. After the entire extraction proce- 
dure utilized here for rat hearts, the ratio of 1,2-dio- 
lein/cholesteryl acetate was not changed compared 
with tha t  before the extraction as shown in Figure 
2B. The recovery of 1,2-diolein by the extraction in- 
volving the silicic acid column procedure compared 
with cholesteryl acetate (i.e. the change in the ratio of 
the two) was 99.5• (SD, n=4), indicating tha t  the 
in t raassay  coefficient of variation was 9.5% in the 
extraction and assay according to this method. The 
cholesteryl acetate and 1,2-DG peaks also were sepa- 
rated well in the extract from rat hearts containing 
cholesteryl acetate as an internal s tandard al though 
triglycerides and free fat ty acids were not clearly sep- 
arated (Fig. 3A), and 1,2-diolein (1/15 of cholesteryl 
acetate, w/w) added to the tissue before the extrac- 

.,+ e f g  ~- 
I ~ '  ~  

0 ~ , ~  

R e t e n t i o n  T i m e  (min)  

FIG. 1. TLC/FID analysis of the standard lipids. The 
peaks are as follows: a, butylated hydroxytoluene; h, cho- 
lesteryl acetate; c, triolein; d, oleic acid; e, cholesterol; f, 
1,3-diolein; g, 1,2-diolein. First and second developments 
in 1,2-dichloroethane/chloroform/acetic acid (46:8:0.05, 
v/v/v) to 9 cm; third development in n-hexane/diethyl 
ether /acet ic  acid (98:2:1, v/v/v) to 11 cm. 
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FIG. 2. TLC/FID analysis of 1,2-diolein (b) and cholester- 
yl acetate (a) standard mixture (1:15, w/w) with (B) and 
without  (A) si l icic acid column procedure, indicating that 
silicic acid column chromatography will not affect ad- 
verse ly  the quantitative recovery of these compounds. 
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FIG. 3, TLC/FID separation of the tissue sample from 
rat heart  (A) and the 1,2-diolein added tissue sample (B) 
(1:15 ratio of  the added 1,2-diolein amount [b]to choles- 
teryl acetate as an internal standard [a]). 

tion migrated on the same peak of 1,2-DG in the myo- 
cardium, confirming tha t  peak b in Figure" 3A corre- 
sponds to the 1,2-DG peak (Fig. 3B). The s tandard 
curve for weight ratio and peak area ratio of 1,2-dio- 
lein to cholesteryl acetate is illustrated in Figure 4 
and conform to the linearity throughout the ratio 
range tested. On the basis of the improved TLC/FID 
method, 1,2-DG content in rat  hearts was 72.5+15.3 
n g / m g  wet wt (mean + SD, n=8), whereas cholesterol 
content was 1.77+0.17 #g /mg wet wt (n=8). 

Recently, it has been suggested tha t  1,2-DG is 
formed from phosphatidylcholine by agonists that  
stimulate protein kinase C as well as from phospho- 
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FIG. 4. The  r e l a t i o n s h i p  b e t w e e n  w e i g h t  rat io  and peak  
area  rat io  o f  1 ,2 -d io le in  to c h o l e s t e r y l  ace ta te  by the  
FID r e s p o n s e .  

inositide hydrolysis (8). 1,2-DG is also a central inter- 
mediary metabolite in phospholipid and triglyceride 
synthesis.  Despite recent interest in the role of phos- 
phoinositide hydrolysis and 1,2-DG accumulation, 
few direct measurements of 1,2-DG have been made in 
tissue. Labeling of lipids with radioactive fat ty acids 
may lead to mistaken conclusions about changes in 
1,2-DG content when specific activity of the precur- 
sors and the fa t ty  acid composition of 1,2-DG are un- 
known. The HPLC method for the estimation of 1,2- 
DG content has been developed recently (6,9), but TLC 
methods tha t  have been used widely for lipid separa- 
tion reveal a 1,2-DG spot isolated from other lipids, 
and they are very simple and fast. The difficulty in 
using the TLC method is quanti tat ive estimation of 
1,2-DG, because of the need for scraping plates and 
then re-extracting lipids. Therefore, accurate evalua- 
tion of 1,2-DG content is likely to be compromised. 

This study established the method using TLC/FID 
to evaluate the amount  of 1,2-DG. The phospholipid 
composition has been examined in the myocardium 
using TLC/FID (10,11). Christie and Hunter (12) 
have shown a separation of neutral lipids by means 

of the Iatroscan TH-10 analyzer. We chose cholesteryl 
acetate as an internal s tandard  to enable quantita- 
tive estimation of 1,2-DG and cholesterol content. A 
three-step development of the neutral lipids on Chro- 
marods in the same direction gave a good separation. 
The neutral  lipids were separated by a silicic acid 
column because, in the presence of phospholipids, the 
resolution of 1,2-DG is not clear. Based on the analy- 
sis of the improved TLC/FID methods presented 
here, the 1,2-DG content in the myocardium is one- 
third and one-half of those previously reported for 
gerbil brain with TLC (13) and for isolated hepato- 
cytes with HPLC (9), respectively. However, it almost 
is compatible with those from gerbil brain using 
HPLC (6) and from rat hearts using TLC (14). Both 
studies utilized a quick freezing and careful extrac- 
tion method. This discrepancy of the control value of 
1,2-DG content in tissues not only is due to differ- 
ences among species and organs but may be due to 
the technique used to extract 1,2-DG. 

In summary,  we demonstrated a method for deter- 
mining 1,2-DG content in myocardial lipids using a 
TLC/FID technique. 
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C O M M U N I C A T I O N S  I 

Long-chain Alkanediols: Biological Markers for Cyanobacterial 
Contributions to Sediments 
R~I. Morrls * ,~  a n d  S.C. Brassell  b 
alnstltute of Oceanographic Sciences, Brook Road, Wormley, Godalmlng, Surrey GU8 5UB, U.K., bOrganlc GeochemlstW Unit, School 
of Chemistry, University of Brlstol, Bristol, Avon BS8 ITS, U.K. 

One s ignif icant  family o f  sedimentary lipids o f  
widespread occurrence are series  o f  C28-C32 alka-  
n e d i o l s  and h y d r o x y k e t o n e s .  The  r e c o g n i t i o n  
o f  the  s a m e  s e r i e s  o f  a l k a n e d i o l s  as  major  l ipid 
c o m p o n e n t s  o f  a f ie ld  popu la t ion  o f  the  cyano-  
bac ter ium Aphanizomenon flos-aquae l eads  us 
to p r o p o s e  that  t h e s e  l ipids  are  m a r k e r s  for  cy- 
a n o b a c t e r i a l  inputs  to  s e d i m e n t s .  The  frequen-  
cy o f  o c c u r r e n c e  o f  the  a l k a n e d i o l s  in s e d i m e n -  
tary  e n v i r o n m e n t s  supports  the  recen t  f ind i ng  
that  c y a n o b a c t e r i a  are  major  contr ibutors  to 
the  aquat ic  b iomass .  
Lipids 23, 256-258 (1988). 

An increasing number of the lipid components recog- 
nized in sediments have become established markers 
of contributions from specific organisms (1,2). For 
example, sedimentary  4-methylsterols (3-5) and 
4-methylsterones (5) are derived from dinoflagellates, 
various acyclic isoprenoids are indicators of metha- 
nogenic (6) or other archaebacteria (7), long-chain 
alkenones originate from prymnesiophyte algae (8,9) 
and n-alkane distributions with an odd/even predom- 

inance in the C27-C33 range denote contributions from 
higher plants (10). 

Long-chain C2s-C32 alkane-l,15-diols together with 
a series of related 15-oxyalkan-l-ols first were recog- 
nized in Unit I sapropellic sediments from the Black 
Sea (11). Their structures were deduced from the mass 
spectral characteristics of their trimethylsilyl deriva- 
tives by analogy with synthetic, shorter chain stan- 
dards (i.e. octadecane-l,12-diol and 12-oxyoctadecan- 
1-ol) (11). Similar series of alkanediols now have been 
found, often as major components, in a wide range of 
marine sediments (Table 1) and also have been ob- 
served in both recent (17,18, N. Robinson, G. Eglinton 
and P.A. Cranwell, unpublished data) and ancient 
(17) lacustrine sediments. Typically, they range from 
C2B to C32 with the mid-chain hydroxyl  group in a 
number of positions (12) but dominant ly  at C-13 and 
C-15 for the C2s and C29, and C30-Cz2 components, re- 
spectively. The biological origins of these significant 
compounds and their related oxyalkanols have been 
the subject of much speculation and interest (11- 
13,19,20), which is resolved by this report of their dis- 
covery in a field population of the cyanobacterium 
Aphanizomenon flos-aquae. 

TABLE 1 

Occurrence of Alkanediols in the Extracts of Marine Sediments a 

Location Age C No. Range b Reference 

Black Sea 
Mediterranean 
Mediterranean 
Baltic Sea 
NW African Shelf 
Arabian Slope 
Guinea Basin 
Gulf of California 
Cariaco Trench 
Mediterranean 
Middle America 
Trench 
Orca Basin 
Walvis Ridge 
Mediterranean 

Japan Trench 

Holocene 28-32 11 
Holocene 28-32 12 
Holocene 26-32 15 
Holocene 28-32 Fig. 1 
Holocene 28-32 Morris, unpublished 
Holocene 28-32 Morris, unpublished 
Holocene 28-32 Morris, unpublished 

Quaternary 28-32 Brassell, unpublished 
Quaternary 30 Brassell, unpublished 
Pleistocene 28-32 15 

Pleistocene 30 Brassell, unpublished 
Pleistocene 30 Brassell, unpublished 
Pleistocene 28-34 Brassell, unpublished 
Pleistocene/ 

Pliocene 28-32 16 
Pleistocene/ 

Pliocene/ 
Miocene 26-32 Brassell, unpublished 

aAll of the sediments cited also contain series of hydroxyketones. 
bTriaconta-l,15-diol (C30) is the major component in all of the sediments, except the 
Arabian Slope where triaconta-1,14-diol dominates. 

*To whom correspondence should be addressed. 
Abbreviations: GC, gas chromatography; GC-MS, gas chroma- 
tography-mass spectrometry; TMS, tetramethylsilane. 
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EXPERIMENTAL 

Samples were collected during a research cruise of 
RV Aranda  in the Baltic Sea (59~ 24~ 
on Ju ly  25, 1984, while a virtually unispecies bloom of 
Aphanizomenon flos-aquae (M. Huttunen, personal 
communication) was in progress. Water was pumped 
from 3 m depth and passed through a continuous- 
flow spinning cup centrifuge (21,22) at a flow rate of 5 
l i ters/hr -1. Under these conditions, the effluent con- 
tains no particles > 1 ~m (22). The wet cells were 
removed from the cup, an aliquot was taken for phy- 
toplankton counting and identification and the re- 
mainder was placed directly in CHC13/MeOH (2:1, 
v/v)  at - 30 C under N2. Lipids were extracted (23), 
saponified and separated into acidic and neutral lipid 
fractions (24). Both fractions were analyzed by gas 
ch ro ma tog raphy  (GC), af ter  methy la t ion  (BF3/ 
MeOH) and silylation (BSTFA), respectively, using a 
Carlo Erba 4160 instrument  equipped with an on- 
column injector and fitted with a SE-30 flexible silica 
capillary column (25 m • 0.3 mm id), temperature 
programmed from 40-100 C at 8 C min -1 and then 
100-280 C at 4 C min -1. The detector was held at 300 C 
and the injector at 40 C. Lipid identification was 
made by gas chromatography-mass spectrometry 
(GC-MS), employing a Carlo-Erba Mega chromato- 
graph equipped with an on-column injector and fitted 
with an OV-1 flexible silica column (22 m), tempera- 
ture programmed from 50-140 at 6 C min -1, then 140- 
300 at 4 C min -1, and interfaced directly to a Finnigan 
4000 quadrupole mass  spectrometer scanned from 
m/z 50-600 at one sec intervals. Data  acquisition and 
processing utilized an INCOS 2300 data system. 

RESULTS AND DISCUSSION 

Examinat ion of the extractable lipids revealed an 
assemblage typical of phytoplankton. The principal 
constituents were phytol, carboxylic acids, sterols, al- 
kanols and hydrocarbons (Table 2) together with a 
significant proportion of C2s-C32 alkanediols. The al- 
kanediols were characterized from the mass  spectra 
of their tetramethysi lane (TMS) ethers that  permitted 
elucidation of the position of the mid-chain hydroxyl 

TABLE 2 

Relative Abundance of  Major Lipid Classes  
in Field Population o fA.  flos-~luae 

Lipid class % Major compound 

Carboxylic acids 4 0 . 5  Hexadecanoic acid 
Alkanols 16.7 Docosanol 
Sterols 1 5 . 1  Cholest-5-en-3fl-ol 
Alkanediols 1 3 . 0  Dotriaconta-l,15-diol 
Phytol 10.0 Phytol 
Hydrocarbons 2.0 Diploptene 
Others 2.7 

group and the presence of double bonds from the m/z  
values of key fragment  ions (11,12). Such mass  spec- 
tral features enabled the recognition of the various 
isomers present (e.g. 1,13-,1,14- and 1,15-triacontan- 
ediols), despite their GC coelution. The range of 
alkanediols in the cyanobacterium population (Fig. 1) 
was similar to that  observed previously in sediments 
from the Mediterranean (12) and elsewhere (Table 1); 
the dominant  C2s and C~9 components were 1,13-diols, 
whereas the C3o-Cz2 components were principally 1,15- 
diols. Minor amounts of 30:l and 32:1 1,15-alkanediols 
also were present. This distribution of alkanediols is 
closely similar to those in surficial sediments from 
the same region of the Baltic Sea (Morris, unpub- 
lished data) and in an S1 sapropel from the Eastern 
Mediterranean (1,2). 

Such comparabili ty suggests a direct link between 
their occurrence in cyanobacterial  blooms and in bot- 
tom sediments. Hence, the presence of alkanediols in 
sediments may  be taken as an indication of lipid con- 
tributions from planktonic cyanobacteria.  In addi- 
tion, the abundance of these alkanediols in sediments 
illustrates the importance of such organisms in many  
marine environments. Significantly, the alkanediols 
only were present, if at all, at comparatively low lev- 
els of abundance in contemporary sediments from the 
Peru upwelling region and from Walvis Bay (Morris, 
unpublished data), and in Pleistocene sediments from 
Walvis Ridge (Brassell, unpublished data) (Table 1). 
These data  suggest  that  the cyanobacter ia  that  bio- 
synthesize the alkanediols cannot compete and coex- 
ist with diatoms in such productive waters. 

The recognition of a biological source for the alkane- 
diols prompts consideration of the origin of the struc- 
turaUy similar hydroxyketones (11-13). It is plausible 
that  the latter are oxidation products of the former, 
given the parallels (11,12) in their carbon number dis- 
tributions. Alternatively, the hydroxyketones may be 
biosynthetic products generated by the cyanobacte- 
ria at  other growth stages. In any event, the clear 
structural relationship between the alkanediols and 
the hydroxyketones (11) demonstrates that  they are 
produced by a common biosynthetic pathway.  Hence, 
the hydroxyketones also may  be regarded as markers 
for cyanobacterial  contributions to sediments. 

The precise role of the alkanediols in cyanobacteri- 
al biochemistry or physiology is unclear. Their occur- 
rence in A. flos-aquae in concentrations equivalent to 
those of sterols (Fig. 1) suggests that  they may  have a 
function in some aspect of metabolism or membrane 
structure. The specificity of the positions of their hy- 
droxylation (viz. 1,13- and 1,15) may provide a clue to 
the pa thways  responsible for the biosynthesis  of 
these unusual lipid components. Evidence for their 
biological importance comes from the frequency of 
their occurrence (Table 1) and their abundance in 
both marine (11,12) and lacustrine (17) sediments, 
which in turn supports the recent finding that  cyano- 
bacteria are major contributors to the aquatic bio- 
mass  (14). In addition, the geological record of these 
compounds, as indicated by their presence in Eocene 
sediments (17), demonstrates that  they have been bio- 
synthesized actively for the greater part  of the Terti- 
ary (i.e. the last 50 Ma). 
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FIG. 1. Part ia l  reconstituted ion chromatogram from GC-MS analysis of 
the neutral  fraction (after trimethylsilylation) ofA. flos-aquae. The region 
containing sterols and alkanediols is illustrated, and the carbon number of  
the latter compounds is shown. The sterols a re  C26-C29 components with 
AS, A5,22, A5,7,22 or A5,24(28) unsaturation. No 5a(H)-stanols or  4-methylster- 
ols were present. Hence, the recognition of  such sterols in all the sediments 
containing alkanediols (11,12,15,16) is consistent with their presumed ori- 
gin from dinoflagellates (3-5) and demonstrates that  cyanobacteria  are not 
the sole phytoplankton contributing sterols to the sediments. 
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High Density Lipoproteins from Bovine Plasma and Follicular Fluid 
Do Not Possess a High Affinity for GIycosaminoglycans 
S.A. Brantmeier, R.R. Grummer" and R.L. Ax 
Department of Dairy Science, University of Wisconsin-Madlson, Madison, Wl 

Possible interactions between glycosaminoglycans and 
high density lipoproteins (HDL) in plasma and follicular 
fluid were examined. Total lipoproteins {d < 1.21 g/ml} 
were obtained from plasma of five Holstein cows by 
ultracentrifugation and fractionated by gel filtration. 
Every other fraction from the HDL peak or fractions cor- 
responding to the base and ascending portion of the HDL 
peak were composited and applied to a heparin-Sepharose 
affinity chromatography column. Elution profiles from 
both composites showed a peak that did not bind to the 
column that contained HDL devoid of apolipoprotein-E 
as determined by sodium dodecy! sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and silver staining and 
immunoblot analysis. Elution of lipoproteins from the 
ascending portion of the HDL peak resulted in a second 
minor peak eluting at 0.35 M NaC1, which was low den- 
sity lipoprotein (LDL) contamination. Lipoproteins (d < 
1.21 g/ml} isolated from follicular fluid obtained from 
small, medium or large follicles also were subjected to 
heparin-Sepharose affinity chromatography. Two peaks 
were observed, one corresponding to the lipoprotein that 
did not bind to the column, the other eluted at 0.5 M NaCI 
and accounted for less than 2% of the protein applied. 
The second peak did not contain apolipoprotein-E or LDL. 
Bovine follicular fluid glycosaminoglycans (GAG) were 
isolated and subjected to HDL-Sepharose affinity chro- 
matography. Less than 2% of the total GAG bound to 
the HDL column. Therefore, HDL in bovine specimens 
did not interact appreciably with heparin or GAG isolated 
from follicular fluid. 
Lipids 23, 269-274 (1988}. 

Lipoproteins are a source of cholesterol for ovarian tissue. 
In bovine luteal and granulosa cell cultures, high density 
lipoproteins {HDL} and low density lipoproteins {LDL) 
can maintain progesterone production in serum-free 
media {1,2). In porcine, humans and rats, the preferen- 
tial source for steroidogenesis by ovarian tissue is the 
same lipoprotein fraction that  accounts for the highest 
proportion of cholesterol in plasma. It  may be expected 
that  bovine ovarian tissue utilizes HDL sterol because 
its total concentration of plasma cholesterol is 15 times 
greater than LDL. HDL also is the predominant lipopro- 
tein in bovine, porcine and human follicular fluid (1,3,4}. 
HDL can be accumulated into steroidogenic tissue by 
several pathways. One pathway, via the B, E receptor 
originally described by Goldstein et al. (5}, is specific for 
HDL-bearing apolipoprotein-E, an arginine-rich glycopro- 
tein. A second pathway also is receptor-dependent and 

*To whom correspondence should be addressed at the Department 
of Dairy Science, University of Wisconsin-Madison, 1675 Obser- 
vatory Drive, Madison, WI 53706. 
Abbreviations: cAMP, cyclic adenosine monophosphate; FSH, 
follicle-stimulating hormone; GAG, glycosaminoglycans; HDL, high 
density lipoproteins; LDL, low density lipoproteins; Na2EDTA, 
disodium ethylenediaminetetraacetate; NAN,, sodium azide; SDS- 
PAGE, sodium dodecylsulfate polyacrylamide gel electrophoresis; 
VLDL, very low density lipoprotein. 

specific for HDL devoid of apolipoprotein-E {6}. Recently, 
Nestler et al. {7} demonstrated HDL binding that did not 
require a high-affinity binding site. 

Glycosaminoglycans (GAG} also are constituents of 
bovine follicular fluid {8}. They are polysaccharides com- 
posed of repeating disaccharide units and usually are at- 
tached to a protein core. In bovine follicular fluid, their 
concentrations decrease with increasing follicular size (9) 
and are negatively correlated with estradiol 17-/3 concen- 
trations (10}. GAG can bind apolipoprotein-B and E in 
nonruminants (11}. Apolipoprotein-B and E are rich in 
basic amino acids that bind to negatively charged sulfate 
groups in GAG. Sulfation of GAG seems crucial for in- 
teraction because desulfated GAG do not interact with 
lipoproteins {12). 

Contradictory reports can be found in the literature 
regarding the presence of apolipoprotein-E in bovine 
plasma. Forte et al. ( 13} demonstrated the presence of an 
apolipoprotein at the same molecular weight as nonrumi- 
nant apolipoprotein-E (35,000 daltons}, while other re- 
searchers (14,15} did not find any apolipoproteins in that  
molecular weight range. Rat granulosa cells in vitro pro- 
duce apolipoprotein-E (16}. Both cyclic adenosine mono- 
phosphate (cAMP} and follicle~stimulating hormone 
(FSH) stimulate apolipoprotein production. Thus, the rat 
granulosa cells might be modifying follicular fluid lipopro- 
teins. If apolipoprotein-E is needed for cholesterol bind- 
ing to rat granulosa cells, the cells could be generating 
a receptor ligand to increase cellular cholesterol uptake. 

This study was designed to determine if bovine plasma 
or follicular fluid contained apolipoprotein-E and if there 
was an interaction between GAG and HDL from blood 
or follicular fluid. If HDL cholesterol is an important 
precursor for steroidogensis, GAG-HDL interactions may 
influence ovarian function. 

MATERIALS AND METHODS 

Plasma lipoprotein isolation. Two hundred fifty ml of 
blood were obtained from the jugular veins of five Hol- 
stein cows at various stages of lactation. The blood was 
collected in a flask containing disodium ethylene diamine- 
tetraacetate (Na~EDTA}, sodium azide {NAN3}, gentamy- 
cin sulfate, E-amino caproic acid and phenylmethylsul- 
fonyl fluoride to provide final concentrations in blood of 
0.1, 0.05, 0.005, 0.13 and 0.26%, respectively. Plasma was 
obtained by low-speed centrifugation and was adjusted 
to a density of 1.21 gm]ml with solid potassium bromide 
and centrifuged at 35,000 rpm (Beckman 50.2 Ti rotor} 
at 20 C for 18 hr. 

Total lipoproteins were collected by aspiration and con- 
centrated to a volume of 10 ml by ultraflltration {50 ml 
Amicon stirred cell, Model 8050, Diaflow Membrane: 
YM10}. The lipoprotein sample then was subjected to gel 
filtration chromatography. Bio-Gel A5-M, 200-400 mesh 
{Bio-Rad Laboratories, Richmond, CA} was packed to a 
bed height of 92 cm in a K 26/100 column (Pharmacia, 
Uppsala, Sweden}. Samples were applied to the column 
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and eluted at 20 C with 0.15 M sodium chloride (NaCI) 
containing Na2EDTA, NAN3, gentamycin sulfate, e-amino 
caproic acid and phenylmethylsulfonyl fluoride at final 
concentrations of 0.01, 0.2, 0.02, 0.13 and 0.26%, respec- 
tively (pH 8.0). 

Ninety 5-ml fractions were collected at an elution rate 
of 17 ml/hr. Protein was monitored at 280 nm. Cholesterol 
(Sigma Cholesterol 20, St. Louis, MO) and protein (Pierce 
BCA Lowry Protein Assay, Rockford, IL) concentrations 
were measured on the fractions in the HDL peak. Frac- 
tions of interest were composited and concentrated by 
ultrafiltration (10 ml Amicon stirred cell Model 12, Diaflo 
Membrane YM10, Danvers, MA) and protein measured 
according to Bradford (17) before affinity chromatog- 
raphy. 

Follicular fluid lipoprotein isolation. Follicular fluid was 
aspirated from small (<6 mm), medium (6-10 re_m) or large 
(11-20 mm) follicles within 30 min of slaughter 
(Packerland Packing, Green Bay, WI). Granulosa cells 
were removed by centrifugation (2,575 • g). Protease in- 
hlbitors were added at concentrations of 0.2% NAN3, 
0.02% gentamycin sulfate, 0.13% e-amino caproic acid, 
and 0.26% phenylmethylsulfonyl fluoride. Fluid was 
frozen and stored at - 2 0  C. Fluid was thawed, adjusted 
to a density of 1.21 g/ml with solid potassium bromide 
and centrifuged at 35,000 rpm (Beckman 50.2 Ti rotor) 
for 18 hr at 20 C. Total lipoproteins were aspirated, con- 
centrated by ultrafiltration and resuspended in affinity 
column starting buffer (2 mM phosphate buffer, 50 mM 
NaC1, 0.02% NAN3, pH 7.4}. 

Affinity chromatography. Affinity chromatography 
was performed as described {18). Briefly, 10 mg of lipopro- 
tein were applied to the heparin-Sepharose affinity col- 
umn (1.5 • 9 cm, heparin Sepharose CL-6B, Pharmacia, 
Uppsala, Sweden} after equilibration with starting buf- 
fer. The column was washed with 40 ml starting buffer 
to elute unbound proteins. A 120 ml, 0.05 to 1.5 M NaC1 
linear gradient was used to elute bound proteins (0.3 mY 
rain). Three ml fractions were collected, and the absorb- 
ance of light at 280 nm and conductivity of each fraction 
were monitored. SDS-PAGE followed by silver staining 
(19) was performed to determine the apolipoprotein pro- 
file of lipoproteins contained within each peak. 

HDL-Sepharose chromatography. Columns were pre- 
pared by linking 80 mg of HDL to Sepharose (1.5 X 
4.5 cm, CnBr activated 4B, Pharmacia, Uppsala, Sweden) 
by the procedure of Hay and Getz (20). Follicular fluid 
GAG were obtained as described (21) from small (<6 mm) 
or large (11-20 mm) follicles. Follicular fluid GAG con- 
centrations were calculated with reference to a standard 
curve of commercially available heparin (Calbiochem, La 
Jolla, CA}. Three mg of GAG isolated from fluid of small 
or large follicles were applied to the HDL-Sepharose af- 
finity column. Twenty-five ml of starting buffer (10 mM 
Tris, 10 mM CaCI2, 0.02% NAN3, pH 8.0) was used to elute 
unbound GAG. A 40 ml, 0 to 2 M linear gradient was us- 
ed to elute bound proteins {flow rate = 0.2 mYmin). One 
ml fractions were collected, and GAG were quantitated 
by gel filtration high performance liquid chromatography 
(HPLC; 1-125 column, Waters Associates, Framingham, 
MA [22]). Conductivity of each fraction was measured to 
determine the molarity at which GAG eluted. 

Immunoblot analysis. Immunoblot analysis was per- 
formed according to {23) using antihorseradish peroxidase 

as the second antibody. Antisera to human and porcine 
apolipoprotein-E were donated by Walter McConathy, 
Oklahoma Medical Research Foundation and Alan D. 
Attie, Department of Biochemistry, University of Wis- 
consin, respectively. Antiserum to porcine apolipoprotein- 
E was developed in chickens and antiserum to human 
apolipoprotein-E was developed in rabbits. Human VLDL 
was a gift from Attie. 

RESULTS 

A representative elution profile obtained when fraction- 
ating total lipoproteins by gel filtration is shown in 
Figure 1. The three peaks corresponded to very low den- 
sity lipoproteins (VLDL), LDL, and HDL; HDL and LDL 
could not be separated completely. Cholesterol and pro- 
tein were measured on the fractions containing HDL; 
there was a positive relation between lipoprotein parti- 
cle size and cholesterol to protein ratio {Fig. 1). Fractions 
containing the largest HDL particles had minor LDL con- 
tamination that probably accounted for a small propor- 
tion of the increase in cholesterol to protein ratio. How- 
ever, it was reported that the least dense HDL particles 
have a higher cholesterol content {24,25}. 

To avoid LDL contamination, lipoprotein fractions 58 
to 70 from the HDL peak represented by the solid line 
in Figure 1 were composited and applied to the heparin- 
Sepharose column. Two peaks eluted, one corresponding 
to lipoprotein that did not bind to the column, the other 
eluting at 0.3 M NaC1. SDS-PAGE revealed that lipopro- 
teins that did not bind to the column contained predomi- 
nantly a 28,000 dalton protein (data not shown). Insuffi- 
cient protein was present in the second peak to be ana- 
lyzed by SDS-PAGE and silver staining of proteins. 

Cholesterol-rich lipoproteins from fractions 53 to 58 
represented by the dotted line {Fig. 1} also were applied 
to the heparin-Sepharose column. The chromatogram is 
shown in Figure 2. Peak A represents lipoproteins that  
did not bind to the column and lipoproteins in peak B 
eluted at 0.3 M NaC1. As noted with the low cholesterol 
HDL fraction, proteins in peak A contained substantial 
apolipoprotein A-I {28,000 daltons), which is indicative 
of HDL (Fig. 3}. In addition, a .1._2,000 dalton protein of 
unknown identity was enriched in the cholesterol-rich 
HDL fraction. Whether this is a native protein or pro- 
tein fragment is not known. Peak B obtained after affinity 
chromatography of cholesterol-rich lipoproteins contained 
small amounts of A-I. Bovine LDL isolated by gel filtra- 
tion previously has been shown to contain apolipoprotein 
A-I (Grummer et al., unpublished data}. Also observed 
were large molecular weight proteins that are probably 
B apolipoproteins. Bovine LDL isolated by gel filtration 
show multiple high molecular weight proteins when silver 
stain {but not coomassie blue stain) is used with SDS- 
PAGE, and these proteins do not appear to be due to pro- 
teolytic cleavage of protein after sampling blood (Grum- 
mer et al., unpublished data}. Thus, peak B was con- 
sidered to be LDL contamination of cholesterol-rich HDL. 
As recently reported (26), heparin-Sepharose affinity 
chromatography separates bovine HDL from LDL. 
Apolipoprotein-E has been reported to have a molecular 
weight of 35,000 daltons in nonruminants {27). From our 
data, bovine HDL appears to lack a protein of similar size. 
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FIG. 1. Elution profile obtained by subjecting total plasma lipoproteins to gel filtration 
chromatography. Protein in each fraction was monitored at 280 nm (- or . . . .  ). 
Fractions represented by ( . . . .  ) are defined as containing cholesterol-rich HDL. 
Cholesterol and protein were assayed in each HDL fraction to determine cholesterol to 
protein ratios ( �9 ). 
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FIG. 2. Elution profile obtained by heparin-Sepharose affinity 
chromatography of cholesterol-rich fractions that are represented 
by the dotted line ( . . . .  ) in Figure 1. Forty ml of equilibrating 
buffer was applied followed by 120 ml linear gradient from 50 mM 
to 1.5 M NaC1. Protein (A 280 nm, ) and conductivity ( . . . .  ) 
of each fraction was monitored. Peak A represents unbound lipopro- 
tein while protein in peak B eluted at 0.3 M NaCI. 

FIG. 3. SDS-PAGE gels (5 and 15% acrylamide) of proteins eluting 
in peak A or B (Fig. 2) during hepurin-Sepharose chromatography 
of cholesterol-rich HDL. 

Lipoproteins (d < 1.21 g/ml) isolated f rom follicular fluid 
of  small, m e d i u m  or large  follicles also were ana lyzed  b y  
hepar in  c h r o m a t o g r a p h y  to  de te rmine  if follicular and  
p l a sma  l ipoproteins exhibi ted chemical  differences. Lipo- 
p ro te ins  isola ted f rom the  fluid of  small  follicles were 
applied and  e lu ted  f rom the  hepar in-Sepharose  column;  

two  peaks  resu l ted  (Fig. 4). P e a k  A represen t s  l ipoprc,  
te ins  t h a t  did no t  b ind  to  the  column,  while l ipoprote ins  
wi th in  peak  B eluted a t  0.5 M NaC1. Hepar in -Sepharose  
affinity ch roma tog ra phy  of l ipoproteins f rom medium and 
large  follicles resu l ted  in similar  e lut ion profiles. SDS- 
P A G E  followed by  silver s t a in ing  of  apol ipoprote ins  in 
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FIG. 4. Elution profde obtained when subjecting lipoproteins isolated 
from fluid of small follicles (<6 mm) to heparin-Sepharose affinity 
chromatography. Forty ml of equilibrating buffer was applied fol- 
lowed by a 120 ml linear gradient from 50 mM to 1.5 M NaCI. Pro- 
tein (A 280, ) and conductivity ( . . . .  ) of each fraction was 
monitored. Protein in peak A did not bind to the column, while pro- 
tein in peak B eluted at 0.5 M NaCI. 

TABLE 1 

Percentage of Total HDL Protein Isolated from Follicular Fluid 
that Bound to Heparin-Sepharose Affinity Columns 

Follicle size Meana SEM 

Small 1.9 0.4 
Medium 1.4 0.7 
Large 1.0 0.2 

aFrom three replicates. 

TABLE 2 

Percentage of Total GAG Isolated From Follicular Fluid 
that Bound to the HDL-Sepharose Affinity Column 

Molarity of NaC1 in fractions 

0-1M 1-2M 
Follice 
size Mean a SEM Mean SEM 

% 

Small 2.0 0.2 0.39 0.19 
Large 3.3 1.9 0.23 0.03 

aFrom two replicates. 

FIG. 5. SDS-PAGE (15% acrylamide) of proteins eluting in peak A 
or B (Fig. 4) during heparin-Sepharose chromatography of lipopro- 
teins isolated from the fluid of small follicles. 

the unbound fraction showed they contained an apolipo- 
protein profile similar to plasma HDL. The lipoproteins 
that  eluted at 0.5 M NaC1 contained an additional pro- 
tein of unknown identity at 25,500 daltons, which de- 
creased in intensity with increasing follicle size {Fig. 5). 
Large molecular weight B apolipoproteins were not 
observed (5% acrylamide, gels not shown) in the d < 
1.21 g/ml fraction, therefore, HDL appears to be the only 
lipoprotein in follicular fluid. Furthermore, the lipid and 
protein composition of the d < 1.21 g/ml fraction aver- 
aged 28.3% phospholipid, 29.8% cholesterol {total), 
nondetectable triglyceride and 41.9% protein, which is 

similar to bovine plasma HDL composition (28), par- 
ticularly smaller, more dense HDL that are more likely 
to penetrate the blood-follicular fluid barrier. Less than 
2% of total protein applied to heparin columns bound 
{Table 1), indicating little interaction between follicular 
fluid lipoproteins and commercially available heparin 
linked to Sepharose. 

Heparan sulfate and chondroitin sulfate are the two 
predominant GAG in follicular fluid (29), not the heparin 
that is linked commercially to Sepharose. Thus, the ex- 
tent to which naturally occurring GAG isolated from 
bovine follicular fluid bind to a HDL-Sepharose affinity 
column was examined. A representative elution profile 
obtained when GAG isolated from follicular fluid was ap- 
plied to the HDL-Sepharose affinity column is shown in 
Figure 6. In Table 2, the percentage of total GAG that  
bound to HDL-Sepharose and eluted from 0 to 1 M NaC1 
and 1 to 2 M NaC1 are shown. Greater than 95% of the 
G A G  did not bind to the column. Therefore, using homol- 
ogous preparations, very little interaction between bovine 
follicular fluid GAG and HDL occurred. Purified der- 
matan sulfate (a subclass of chondroitin sulfate and most 
abundant follicular fluid GAG) from large follicles or com- 
mercial heparin was applied to a LDL-Sepharose column 
that  was prepared in the same manner as the HDL- 
Sepharose column. Sixteen percent of the dermatan 
sulfate from large follicles and 67% of the heparin bound 
to the column and was eluted with 2 M NaC1. GAG bind 
to LDL via apolipoprotein-B Ill}, therefore, the method- 
ology we employed should have been valid for demon- 
strating apolipoprotein-IE)-GAG interaction. 
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FIG. 6. Elution profile obtained when subjecting GAG isolated from fluid of small follicles 
to HDL-Sepharose affinity chromatography. Twenty-five ml of equilibrating buffer was 
applied followed by a 40 ml linear gradient from 0 to 2 M NaCI. GAG content (HPLC 
Area, Waters 1-125, ) and conductivity { . . . .  ) of each fraction was monitored. 
GAG in peak A did not bind to the column while GAG in peak B bound from 0.5 to 
2 M NaCI. 

lipoproteins from plasma and follicular fluid was sub- 
jected to SDS-PAGE. Those fractions as well as plasma 
and follicular fluid HDL generated from the same samples 
all appeared void of apolipoprotein-E (Fig. 7). Immunoblot 
analysis using antisera specific for either porcine or 
human apolipoprotein-E (generated in chickens and rab- 
bits, respectively} demonstrated that  those fractions as 
well as bovine VLDL were deficient in apolipoprotein-E 
or that the antibody did not cross react with bovine 
apolipoprotein-E. However, both porcine and human 
VLDL apolipoprotein-E were precipitated with either 
antiserum. 

FIG. 7. SDS-PAGE gel (15% acrylamide) of: A-porcine plasma VLDL, 
B-bovine plasma VLDL, C-bovine follicular fluid HDL, D-bovine 
plasma HDL, E-follicular fluid subnatant from total lipoprotein spin 
(density > 1.21 glmi}, F-plasma subnatant from total lipoprotein spin 
(density > 1.21 g/ml). Arrow indicates porcine VLDL protein im- 
munoreactive with anti-apolipoprotein-E sera. 

Although steps were taken to minimize loss of apolip~ 
protein-E. {single slow-speed ultracentrifugation and gel 
filtration}, some may have occurred during isolation. 
Therefore, the subnatant obtained after isolation of total 

D I S C U S S I O N  

Results from this study confirm other reports that HDL 
devoid of apolipoprotein-E does not interact with com- 
mercially available GAG {30,31}. Results from studies 
examining if bovine plasma contains apolipoprotein-E 
are contradictory {13,14}. Other species such as the rat 
have cholesterol-rich particles {HDLc) below a density of 
1.063 g/ml that contain apolipoprotein-E {32}. It was 
hypothesized that bovine HDL would contain apolipopro- 
tein-E since bovine plasma contains cholesterol-rich, a- 
migrating lipoproteins having a density less than 1.063 g/ 
ml {25,28,33}. 

Cordie et al. {26) applied a combined bovine LDI~HDL 
fraction to a heparin-Sepharose column and did not ob- 
serve apolipoprotein-E in the bound lipoprotein fraction 
eluting from the column. Since a combined LDL-HDL 
fraction was used, insufficient apolipoprotein-E-rich HDL 
may have been applied to the column. Additionally, a 
relatively insensitive stain, Coomassie blue, was used for 
detecting proteins after SDS-PAGE of eluted lipoproteins 
from the heparin-Sepharose affinity column. However, 
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in agreement with Cordle et al. (26), our results from 
heparin-Sepharose affinity chromatography of choles- 
terol-rich plasma HDL, coupled with use of silver stain 
for protein detection and immunoblot  analysis following 
S D ~ P A G E  of lipoprotein fractions, indicated the absence 
of apolipoprotein-E in bovine plasma HDL. HDL obtain- 
ed from bovine follicular fluid also showed limited interac- 
tion with heparin-Sepharose. Thus, bovine plasma and 
follicular fluid H D L  do not appear to contain a lipid or 
apolipoprotein moiety tha t  binds to heparin. 

Since GAG are a very heterogeneous class of com- 
pounds {34), an additional experiment was performed to 
determine if naturally occurring GAG isolated from 
follicular fluid {chondroitin sulfate and heparan sulfate; 
29) possessed an affinity for HDL, permit t ing a homolo- 
gous comparison that  might reflect physiological interac- 
tions. This is the first study, to our knowledge, to examine 
if GAG found in follicular fluid interact with HDL. 
However, little interaction was seen between these GAG 
and HDL-Sepharose {Table 2}. Therefore, if GAG are af- 
fecting steroidogenesis, it is not  likely due to them bind- 
ing HDL and preventing delivery of cholesterol to 
granuiosa cells. The possibility remains tha t  GAG affect 
lipoprotein metabolism at the cellular level since LDL 
degradation is inhibited in a dose~dependent manner by 
increased concentrations of GAG in porcine granulosa cell 
cultures (35), 

Indirect evidence from this study indicates that the 
bovine granulosa cell probably is not producing ap- 
preciable quantities of apolipoprotein-E and sequestering 
it into the follicular fluid HDL. The apolipoprotein-E that 
was produced in rat granulosa cell cultures was found at 
a density less than 1.21 g/ml {16). The researchers 
hypothesized it was attached to a lipoprotein but did not 
provide any evidence to confirm this. HDL appears to be 
the only class of lipoproteins found in bovine follicular 
fluid {[I] Fig. 5) and would be the only exogenous source 
of cholesterol for progesterone production by granulosa 
cells. Bovine granulosa cells produce copious quantities 
of progesterone prior to ovulation {36). Thus, before 
vascularization of the granulosa cell layer, tremendous 
amounts of substrates are necessary for progesterone pro- 
duction. HDL cholesterol found in follicular fluid is a 
logical substrate. Without apolipoprotein-E on the HDL 
molecule, bovine granulosa cell receptors must recognize 
a different HDL constituent. The characteristics of those 
receptors and the possibility that GAG affect their func- 
tion need to be determined. 
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Effects of Relative Humidity on Lipid Autoxidation in a Model System 
J.L Kahlo, W.E. Artzb ond E.G. Schanuso,* 
aDepartment of Food Science and Human Nutrition, Washington State University, Pullman, WA 99164-6330, and bDepartment of Food 
Science, University of lllinois, Urbana, IL 61801 

A new mode l  s y s t e m  w a s  developed for the  s tudy of 
autoxidat ion of thin f i lms of  neat  lipid and the  effect  of  
relative humidity  on the oxidation reaction. In the model  
system,  the surface~tc~volume ratio of  lipid was  large and 
measureable,  and the relative humidity  (RH) and oxygen  
partial pressure were controlled. Methy l  l inoleate, oxi -~ 
dized at six different R H  as a thin fi lm in an atmosphere  
of pure oxygen,  exhibited a m a x i m u m  rate of oxidat ion 
at 32% RH and min imum rates at 0% and 100% RH.  The 
rates of oxygen uptake, determined manometrically,  were 
linear and reproducible at all six RH. The m a x i m u m  rate 
at 32% RH was  attributed to  so lvat ion and stabil ization 
of  the propagat ion transi t ion s tate  by water.  Increasing 
the  R H  beyond 32% resulted in so lvat ion  of the  peroxy 
radical, sterically hindering the radical from entering the 
propagat ion transit ion state .  
Lipids 23, 275-279 (1988). 

Free radical-mediated lipid autoxidation is the major 
cause of quality deterioration (rancidity) and decreased 
nutritional quality and safety in lipid-containing foods 
(1,2). The importance of lipid oxidation extends beyond 
the economic considerations associated with food. The 
biological problems associated with lipid peroxidation in- 
clude damage to membranes, enzymes, vitamins and cell 
metabolism (3,4). Lipid autoxidation has been implicated 
in some species in several normal and abnormal processes 
including aging, cancer, hemolytic anemia, reproductive 
dysfunction and lung damage, among many others (5,6). 

The complex and varying makeup of biological material 
causes difficulty in pinpointing any single element, com- 
pound or condition as the sole cause of a given effect. It  
is essential to have a model system that  can be used to 
study the interaction of lipids with water, proteins, car- 
bohydrates, and other biological molecules and the affect 
of these components on the rate and mechanism of lipid 
autoxidation. For this reason, a model system that  can 
be used to evaluate these interactions was developed. 

The primary goal of this study is to investigate and 
better understand the effect of water on the rate of lipid 
autoxidation. A unique relationship exists between the 
moisture content of biological material such as food and 
the rate of lipid autoxidation. Water exhibits both a pro- 
and antioxidant effect on lipid oxidation in these systems 
(1). To gain a better understanding of the relationship be~ 
tween moisture content and lipid autoxidation, the effect 
of relative humidity on the oxidation of a thin film of 
methyl linoleate is investigated. 

EXPERIMENTAL PROCEDURES 

The model consists of a thin film of lipid on a chemically 
modified glass support. Silica gel has been used in many 
studies as a support for lipid films (7-10), but the sur- 
face area of the irregularly shaped silica gel is difficult to 

*To whom correspondence should be addressed. 
Abbreviation: RH, relative humidity. 

determine. A 22 mm diameter circular glass coverslip was 
used as the support. The thickness of the lipid film can 
be varied to simulate the physical conditions of many dif- 
ferent biological materials. For example, a thick film can 
be used to simulate the surface of bulk fats, a thin film 
can be used to simulate fat as it occurs in some foods, 
and a monolayer can be used to simulate membranes. 

Acid treatment of glass coverslips. The glass coverslips 
were treated with hydrofluoric acid to form a thin layer 
of silica gel on the surface. The disks were treated by 
submerging them in concentrated hydrofluoric acid for 
four to five sec, rinsing with distilled water, neutralizing 
in 30% sodium hydroxide and rinsing thoroughly with 
distilled water. Care should be taken not to allow skin con- 
tact with concentrated hydrofluoric acid, and it should 
be stored in plastic containers. The treated disks were 
dried in a desiccator containing phosphorous pentoxide 
under nitrogen for a minimum of 48 hr and were stored 
in the desiccator until used. Later, it was discovered that  
a more consistent lipid film would form on the disks if 
the treated glass disks were baked in a 140 C oven over- 
night and used directly from the oven after a few minutes 
of cooling. Methyl linoleate formed an even layer without 
beading on the treated glass disks. 

Reaction vessel A modified Warburg Respirometer was 
used to monitor oxygen consumption during the reaction. 
The reaction vessel (Fig. 1) and manometer were modified 
by adding a 29/32 standard taper glass joint (Schott Glass 
KPV 29) to accept the 22 mm glass disk. The main 
chamber contained a glass pedestal to suspend the disk 
over a reservoir (2 ml} of water, desiccant or salt slurry 
for relative humidity (RH) control. A sidearm port with 
detachable septum was included to aid in purging the 
system with oxygen. The assembled reaction flask was 

FIG. 1. Modified Warburg reaction flask: a) wide mouth to accept 
22 mm disk; b) pedestal to support disk above reservoir; c) reservoir 
for saturated salt slurry, water or desiccant; and d) sidearm port 
for flushing system with oxygen. 
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immersed in a constant temperature water bath (37 C _ 
0.5 C). The modified flask was calibrated according to 
standard Warburg procedures (11). 

Humidity control and thin film preparation. The effect 
of relative humidity on autoxidation of a thin film of 
methyl linoleate was used to evaluate the reproducibil- 
ity of the thin film model and the effect of water on lipid 
autoxidation. Methyl linoleate (Sigma Chemical Co., St. 
Louis, MO) was purified by the method of Privett and 
Blank (12) and stored under nitrogen at - 2 0  C. The lipid 
was diluted with benzene to ca. 10 mM, and the equivalent 
of 2.7 mg of lipid was spread on an acid-treated glass disk 
and the benzene evaporated. The lipid on the disk was 
equilibrated to the desired relative humidity by placing 
it in a desiccator with the appropriate saturated salt 
slurry (13) or desiccant under nitrogen in the dark. If the 
disk was to be dried to 0% RH, it was left in the phos- 
phorus pentoxide desiccator for a minimum of 48 hr. After 
equilibration, the disk was placed in the modified War- 
burg reaction flask on the pedestal above a 2 ml reser- 
voir of the same saturated slurry, water or desiccant 
(CaSO4) as needed to maintain the desired RH. The 
system was flushed with oxygen that  had been adjusted 
to the desired RH by bubbling the oxygen through the 
appropriate salt slurry or desiccant. The rate of oxygen 
uptake was monitored manometrically at two- to four-hr 
intervals. 

Reproducibility. The reproducibility of the new model 
system was verified statistically. Six independent runs 
at 72% relative humidity and five independent runs at 
100% RH were measured, and an analysis of variance of 
beta regression coefficient (slope) was performed on each 
treatment. Within each treatment, the six (or five) runs 
were placed randomly in two groups and the F test used 
with the null hypothesis showed that  there was no 
difference. 

Tritiated water studies. The amount of water bound to 
a thin film of lipid was estimated by incubation with 
tritiated water. Tritiated water (1 mCi/ml, New England 
Nuclear, Boston, MA) was diluted with double glass- 
distilled water to a specific activity of 0.5 mCi/ml and 
placed in a ground glass weighing dish. Acid-washed glass 
wool under a perforated teflon disk supported the glass 
disks above the water. The perforation allowed for free 
circulation of vapor throughout the system. The previ- 
ously dried disks were placed on the teflon support in an 
atmosphere of nitrogen or air, and the lid was sealed with 
high-vacuum grease. A styrofoam cooler insulated the 
weighing dish against sudden temperature changes and 
drafts, which tended to cause condensation of water on 
the disks. The disks were dried a minimum of 48 hr in 
the P205 desiccator before applying the lipid film and 
again were dried for 48 hr. After exposure to tritiated 
water for a minimum of 25 hr, the disks were broken and 
placed in scintillation vials for counting. Counting was 
performed in a Packard Tri-Carb 460C scintillation 
counter. 

RESULTS AND DISCUSSION 

The model system. The main goal in developing the new 
model system was to eliminate oxygen diffusion through 
the lipid as a variable (14), which would result in the 
system reaching equilibrium rapidly. Eliminating the 

dependence of the rate on oxygen diffusion required form- 
ing a thin film of lipid, 4-30 ~m thick (15), to allow ox- 
ygen diffusion to occur rapidly. Other considerations were 
to maintain a constant oxygen partial pressure and con- 
trol the RH of the system. Controlling all these factors 
allowed the study of the effect of individual variables of 
the lipid autoxidation rate. 

Three ~l (2.7 mg) of methyl linoleate were used to form 
the thin film. On the 22 mm glass disk, 2.7 mg of lipid 
formed a film that was ca. 7.9 ~-a thick or a vertical layer 
of at least 10,000 molecules of methyl linoleate. Thus, the 
lipid was not in a monolayer. The lipid molecules at the 
silica gel-lipid interface of the disk are oriented largely 
with the polar heads closely associated with the polar 
groups of the silica gel, and the hydrophobic tails extend- 
ing into the bulk lipid of the film (7,8,10). The intermediate 
bulk lipid, separating the silica gel-lipid and lipid-air in- 
terfaces, was free to orient in its lowest free energy form. 
At the lipid-air interface, the hydrophobic tails of the lipid 
molecules would orient to the media of the lowest dielec- 
tric constant. As the relative humidity was increased in 
the system, the dielectric constant of the air increased, 
and the lipid molecules at the air interface probably would 
orient with the polar heads exposed to the air, where they 
would bind with water. The amount of water bound to 
the lipid would increase correspondingly, contributing to 
the overall effect that humidity has on the rate of oxida- 
tion, possibly by binding preferentially to the most polar 
parts of the lipid molecules and solvating or sterically 
hindering reaction intermediates. 

The thin film had a large surface-to-volume ratio, 
eliminating the role of oxygen diffusion into the lipid (8), 
and the small sample size decreased the amount of time 
needed to reach equilibrium conditions. To assure that  
oxygen did not become limiting in the reaction system, 
pure oxygen was used. It has been argued that the use 
of pure oxygen may affect which termination reaction 
predominates; however, as long as pO2 > 100 mm Hg, the 
predominant termination reaction is the homolytic addi- 
tion of two peroxy radicals {16). Therefore, the system 
with pure oxygen will have the same oxidation mecha- 
nism as a system in which air is used as the source of ox- 
ygen and is replaced at regular intervals. 

Relative humidity. The necessity of a reservoir of 
humidity-controlled solution in the model system was 
clearly demonstrated by the observed increased water- 
binding during oxidation {Fig. 2). Water bound to the lipid 
in both air and nitrogen atmospheres, but the oxidizing 
lipid bound more water than the lipid under nitrogen. 
Water-hydrogen bonded to the polar oxidation products 
as they formed. Without the presence of an infinite reser- 
voir of water in the model system, the relative humidity 
of the system would decrease continually during oxida- 
tion of the lipid. The reservoir of saturated solution or 
water in the reaction vessel replaced the water removed 
from the atmosphere, preventing any change of RH in 
the system. 

Preliminary studies suggest that the water-binding was 
primarily at the lipid-air interface because the water/lipid 
ratio was dependent on lipid layer thickness. This surface 
phenomenon can be explained by considering the orien- 
tation of the hydroperoxides and resulting oxidation pro- 
ducts at the lipid-air interface. Water will hydrogen-bond 
to the polar groups on the oxidation products at the 
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FIG. 2. Mieromoles of water bound per wmoi methyl  linoleate under 
air and under nitrogen vs time, as determined with tritiated water. 
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FIG. 3. Typical oxygen uptake for 2.7 mg lipid in a thin film. Ox- 
ygen uptake per pmol methyl  linoleate vs  time, lipid surface-to- 
volume ratio = 1.27 cm2/~l. 

interface, inhibiting them from changing orientation. 
Thus, most  of the lipid-water interactions are expected 
to occur at  the lipid-air interface. 

Surface-to-volume ratio, rates and reproducibility. The 
subst ra te  concentration, oxygen partial  pressure and 
relative humidity of the sys tem were controlled in the 
model system, and linear uptake of oxygen was observed. 
The effect of the surface~to-volume ratio of lipid on the z 
ra te  also was evaluated in the model system. All of the \ 
oxygen uptake measurements used to determine the rates c~ 
reported were performed in the system with a surface~to- 
volume ratio of 1.27 cm2/~l. Figure 3 shows a typical  ox- 
ygen uptake vs time plot for a 1.27 cm2/~l thin film. To 
invest igate the effect of the surface~to-volume ratio on 
the rate of oxidation, a thick film of methyl  linoleate with 
a surface~to-volume ratio of 0.0125 cmZ/l~l (10(~fold smaller 
than Fig. 3) was placed in the reaction vessel under pure 
oxygen at 37 C. The nonlinearity of the results shown in 
Figure 4 demonstra tes  tha t  the small surface-to-volume 
ratio sample had not  reached steady s ta te  at 15 hr, while 
the large surface-to-volume ratio samples {Fig. 3) took 
under one hr to reach steady-state.  

An analysis of variance was performed at 72% and 
100% RH at 37 C by randomly placing the five or six in- TABLE 1 
dividual slopes in two groups. The beta coefficient (slope) 
showed no significant difference within runs at the 95% 
level {Table 1}. The alpha regression coefficient {intercept} 
was not  reproducible. However,  the degree of oxidation 
will affect the intercept and result in increasingly greater  
intercepts  as the lipid oxidizes. The intercept  would be 
impor tant  if the initiation reactions or the induction 
period were being studied. Also, the intercept  would af- 72% RH 
fect measurement  of the induction period. However,  Treatment 
neither the initiation reactions nor the induction period Error 
were the focus of this study. Once autoxidat ion is at Total 
steady-state,  the oxygen uptake rate  is independent of 
the initial condition of the lipid and will remain at steady- 100% RH 
state  as long as neither oxygen nor subst ra te  become Treatment 
limiting. Error 

The linear rates at all six RH indicate tha t  the reaction Total 
was at  steady-state; the pseud@zero order rate generally 
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FIG. 4. Oxygen uptake per ~mol methyl  linoleate vs  t ime for thick 
film of lipid, surface-to-volume ratio -- .0125 cm~l~l. 

Analys i s  of Variance of Beta Regression Coefficient (Slope) 
of Lipid Autoxidation Experiments Run at 72 and 100% 
Relative Humidit ies  in the Model System 

Source of 
variance df SS MS F 

1 0 .0001348 0.0001348 
5 0.0112055 0.0022411 

6 0.0113403 

1 0 .000001  0.000001 
4 0.0053584 0.0017861 

5 0.0053594 

0.060149 

0.0007465 
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TABLE 2 

Average Rates of Oxidation and Standard L~rror of Mean 
for Methyl Linoleate at Six Relative Humidities 

Average rate Average correlation 
RH (%) Average N* {/~M O=//~M/hr) coefficient 

0 13.5 0.0699 _+ .0026 0.9958 
11 13.5 0.0831 + .0059 0.9971 
32 13.7 0.0915 +_ .0064 0.9943 
51 11.5 0.0632 _+ .0048 0.9928 
72 10.7 0.0545 + .0042 0.9931 

100 6.6 0.0388 ::t: .0035 0.9720 

*N, average number of data pairs per linear regression. 
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FIG. 5. Rate of oxygen uptake per ~mol methyl Unoleate per hour 
vs rehtive humidity in the model system. 

is expected when subs t ra t e  is not  l imit ing (17-20). 
Although the sample size was small, gas  chromatographic 
analyses  of the oxidized lipid af ter  oxygen up take  mea- 
surement  consis tent ly  showed tha t  the samples  were at  
least  60% unreacted methyl  linoleate. 

To demons t ra te  the linearity of the rates,  the averages 
of the correlation coefficients for the linear regressions 
a t  six different R H  are included in Table 2 with the 
average  ra tes  of oxidation. 

Depending on the amount  present ,  water  can have a 
prooxidat ive  or ant ioxidat ive effect as demons t ra t ed  by  
the m a x i m u m  ra te  a t  ca. 32% R H  and min imum ra tes  a t  
0% and 100% R H  in Figure 5. A t  32% RH, the ra te  
reached a maximum,  and from 32% to 100% R H  the ra te  
decreased with increasing RH. A linear ra te  of oxidation 
was observed at  all six relative humidities, with no change 
in the order of the reaction ra te  with increasing R H  and 
with  no change in ra te  with ex ten t  of reaction. The only 
change in ra te  of reaction occurred af ter  60 hr, when 
subs t ra t e  became limiting;, a t  t ha t  point, the ra te  of ox- 
ygen up take  decreased. 

There was no significant induction period, as is com- 
mon for oxidations of lipid monolayers (10). However, the 
lipid was not  in a monolayer.  This would indicate t ha t  

a l though the lipid was not  in a monolayer,  the thin layer 
of lipid was exposed to an effectively unl imited amount  
of oxygen,  as are monolayers .  

To explain the response of the  oxidation ra te  to dif- 
ferent R H  as observed in the present  model system,  we 
propose tha t  the  initial addit ion of water  to the oxidiz- 
ing lipid sy s t em increased the ra te  of oxidation th rough  
solvat ion and stabil ization of the  p ropaga t ion  t ransi t ion 
state,  as documented  by Lloyd (21). A t  some relative 
humidi ty  between 11% and 32%, a m a x i m u m  stabiliza- 
t ion was achieved, resul t ing in a m a x i m u m  ra te  of oxida- 
tion. The addition of more water  solvated the peroxy 
radical, decreasing i ts  react ivi ty through steric hindrance 
and slowing the overall  r a te  of oxidation. 

I t  is possible t ha t  the inhibi tory effect on the propaga-  
tion rate, observed a t  a solvent polar i ty  beyond the max- 
imura polari ty for stabilization, was  caused by  a decreas- 
ing concentrat ion of " reac t ive"  or nonsolvated peroxy 
radicals. The total  concentration of peroxy radicals would 
not change, but  extensive hydrogen-bending at  the higher 
relat ive humidit ies  could render some of the radicals 
nonreactive. Terminat ion possibly may  be affected in the 
same way. 

The extent  of oxidation measured  in the model sy s t em 
was grea ter  than  expected and in mos t  cases exceeded 
one mole of oxygen  per  mole of lipid. The large amount  
of oxygen t aken  up cannot  be explained a t  this time, bu t  
we have hypothesized tha t  react ive hydroxyl  radicals 
f rom hyd rope rox ide  decompos i t i on  m a y  a b s t r a c t  
hydrogens  f rom already oxidized products ,  resul t ing in 
highly oxidized compounds.  In  spite of this, i t  is to be 
expected t ha t  in general the free radical chain reaction 
will be affected by  relative h~lmldity in the same way. 
Studies are underway to characterize the oxidation 
products .  
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Preparation of Methyl cis-9,cis-12,cis-15-Octadecatrienoate-15,16-d2 
and Methyl cis-9,cis-12,cis-15-Octadecatrienoate-6,6, 7, 7-d4 
H e n r y  R a k o f f  
Northern Ib~glonol Research Center, ARS/USDA, 1815 N. University St., Peoria, IL 61604 

Methyl e/s-9,e/s-12,c/s-15~ctadecatrienoate-15,16-d2 was 
obtained from Wittig coupling of methyl 12-oxo-c/s-9- 
dodecenoate, 18, and 3,4-dideutero-c/s~-hexenyltriphenyl- 
phosphonium bromide, 16. Compound 18 was obtained 
by periodic acid oxidation of methyl 12,13-dihydroxy- 
c/s-9-octadecenoate, 17, obtained from Vernonia oil. Com- 
pound 18 also was synthesized from methyl oleate as the 
starting material. The deuterated fragment, 16, was 
prepared from 3-hexynol and using Lindlar's catalyst and 
deuterium gas to introduce the deuterium atoms. 

Methyl cis-9,cis-12,cis-15.octadecatrienoate,6,6,7 ,7 ~L 
was prepared by Wittig coupling of 3,6-nonadienyltri- 
phenylphosphonium iodide, 5, with methyl 9~xononano- 
ate-6,6,7,7-d4, 11. Deuterium atoms were introduced dur- 
ing the synthesis of 11 from 3-butynol and 5-bromopenta- 
noic acid with deuterium gas in the presence of [Ph3P]3- 
RhCI. For the preparation of 5, the 3,6-nonadiynol in- 
termediate was reduced to 3,6-nonadienol with P-2 Nickel 
and hydrogen. 

The f'mal products were separated from isomers formed 
during the synthetic sequences by silver resin chroma- 
tography. 
Lipids 23, 280-285 (1988). 

For our study of the metabolism in humans of fatty acids 
formed during the hydrogenation of soybean off (1,2), we 
have synthesized various deuterated monoenoic (3), 
dienoic (4) and trienoic acids (5). In all cases, we have been 
able to avoid putting the deuterium atoms on the double 
bonded carbon atoms or on the carbon atoms immediately 
adjacent to them. As the number of double bonds in the 
molecule is increased, it becomes more and more difficult 
to locate the deuterium atoms on carbons that are not 
joined by a double bond or are immediately adjacent to 
them. We now have synthesized methyl linolenate con- 
raining four deuterium atoms in the 6,6,7,7 positions and 
methyl linolenate containing two deuterium atoms on the 
#15 and #16 double-bonded carbon atoms for use in a 
study to ascertain if there is a "deuterium isotope effect" 
in the metabolic processes of humans. 

DISCUSSION 

Methyl linolenate-6,6,7,7~4, 12, was obtained by a Wittig 
coupling of two fragments that were prepared by acety- 
lenic coupling (Scheme 1). For the preparation of 3,6- 
nonadienyltriphenylpbosphonium iodide, 5, 2-pentynol 
was converted to i-bromo-2-pentyne, 1, with triphenyl- 

CH~CHaC=CCH20H 

I (C-BH~P:Brz 

Ch~CH2C-=CCH2 Br 1, 47~ 

l HC=_CCHzCHzOH 
Cz#~sMgBr 

CH3C HzXZ --- CCH~:,C -- CCHzCH~,OH 2, 60~ 

1l H z. P-2Ni 

CH~CH2CH=CHCHzCH=CHCH2CH-zOH 3, 8~ 

(C~H~}3P:Br ~ 

CH3CH-aCH=CHCH.~2H=CHCH.CZH~3r 4, 85Z 

]. NoI, CH3COCH 3 
2. (c6~3P 

CH3CH~C_.H=CHCH:,CH=CHCH2CHzP(C6H~[ e 

5. 98X 

5 + 11 C41~i ~. 
THF 

t'K~CH~I-~---CH 

: Br(CH~4COOH 

HOCH..~H~C = C(CHa)4COOH 6 

1 CH~OH, H @ 

HOCH~ZHL:,C = C(CH2)4COOCH3 7, 52~ 

I DHP. p-TSA 

THPOCH..-CH :,C - C(CHz)4COOCH 3 8, 66~ 

THPOCH~,CH~=,CD2D2(CH~)4COOCH 3 g, 96~ 

CH3OH, p-TSA 

HOCH--zCHzCD2CD2(CH~4COOCH 3 10, 79~ 

I CsHsNHCrOaCI 

OHCCH2CD~CD2(CHz)4COOCH~ 11, 67~ 

CH~CH2CH=CHCH2CH=CHCH2CH=CHCH~,CD2CDz(CH~)4COOCH 3 

1Z 85X 

SCHEME 1. DHP, Dihydropyran; THP, tetrahydropyranyl; p-TSA, p-toluene-sulfonJc 
acid; THF, tetrahydrofuran. 
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phosphine dibromide. Compound 1 then was coupled in 
a Grignard reaction with 3-butynol to give 3,6-nonadiynol, 
2, which was reduced with P-2 Nickel (6) and hydrogen 
to 3,6-nonadienol, 3. (Lindlar's catalyst is reported [7] to 
give a mixture of isomeric products with diynes. By con- 
trast, P-2 Nickel reduction goes rapidly to the diene stage 
in good yield.) Reaction of 3 with triphenylphosphine 
dibromide gave 1-bromo-3,6-nonadiene, 4, which was con- 
verted to the iodide with sodium iodide and to the phos- 
phonium salt, 5, by reaction with triphenylphosphine in 
acetonitrile. 

For the aldehyde ester required, methyl 9-oxononano- 
ate-6,6,7,7-d4, U,  3-butynol and 5-bromopentanoic acid 
were coupled by lithium amide in liquid ammonia to give 
6, 9-hydroxy-6-nonynoic acid. (The same reaction with 
methyl 5-bromopentanoate gives a complex mixture of 
products.} To prevent deuterium-hydrogen exchange dur- 
ing the catalytic deuteration, 6 was esterified to 7 and the 
hydroxy group was protected as the tetrahydropyranyl 
ether, 8. Deuteration of 8 with deuterium gas in the 
presence of tr/s(triphenylphosphine)chlororhodium gave 
methyl 9-(2-tetrahydropyranyloxy)nonanoate-6,6,7,7-d4, 
9. The tetrahydropyranyl group was removed with meth- 
anol and p-toluenesulfonic acid to give 10, which was ox- 
idized to 11 with pyridinium chlorochromate (8). 

Wittig reaction between 5 and 11 with butyl lithium in 
tetrahydrofuran gave 12. The all,is isomer was separated 
from the small amounts of the other isomers generated 
during the reaction sequence by silver resin chroma- 
tography (9). 

Methyl linolenate-15,16-d,, 19, was obtained by Wittig 
coupling (Scheme 2) of 3,4-dideutero-3-hexenyltriphenyl- 
phosphonium bromide, 16, and methyl 12-oxo-cis-9-dode- 
cenoate, 18, with butyl lithium in tetrahydrofuran. The 
aU-cis isomer was separated from the other isomers form- 
ed by silver resin chromatography (9). The synthesis of 
the phosphonium salt started with 3-hexynol, which was 
converted to the tetrahydropyranyl ether, 13, to prevent 

hydrogen-deuterium exchange in the subsequent deutera- 
tion reaction with deuterium gas and Lindlar's catalyst. 
The dideuterated tetrahydropyranyl ether, 14, was con- 
verted to the bromide, 15, with triphenylphosphine 
dibromide and to the phosphonium salt, 16, with tri- 
phenylphosphine in acetonitrile. 

The unsaturated aldehyde ester, 18, was obtained by 
periodic acid oxidation, below 6 C (10), of methyl threo- 
12,13-dihydroxy-cis-9-octadecenoate, 17. This dihydroxy 
ester was obtained from Vernonia oil. The mixture of 
acids obtained from acetolysis and saponification of 
Vernonia oil contained about 67% dihydroxyoleic acid. 
This was increased to 84% by distribution between 
aqueous acetonitrile and petroleum ether and to 96.6% 
by recryst~nization from ethyl ether-petroleum ether. 

Compound 18 is a very useful intermediate and was 
used in our synthesis of mono-, di- and trienoic fatty 
esters containing a 12,13 double bond (11). Since Vernonia 
oil is not commercially available and was available to 
us only in limited amounts, we devised a synthesis 
{Scheme 3) of this material from methyl oleate, which is 
readily available from the esterification of Palmolyn 100, 
a commercial source of oleic acid. Palmolyn 100 methyl 
esters {about 94% methyl oleate), 20, was ozonized, and 
the ozonide was reduced with zinc and acetic acid to yield 
21, methyl 9-oxononanoate (methyl azelaaldehydate). This 
compound was coupled (12) in a Wittig reaction with 
[2-{1,3-dioxan-2-yl)ethyl]triphenylphosphonium bromide 
and butyl lithium in tetrahydrofuran to give the cis {75%} 
and trans {25%} isomers of methyl ll-dioxanyl-9-un- 
decenoate, 22. The geometric isomers were separated on 
a 100% Ag/Na (9) column, and the cis isomer was trans- 
acetalized with methanol and p-toluenesulfonic acid (5) 
to methyl 12,12-dimethoxy-cis-9-dodecenoate, 23. This 
compound gave the same '3C NMR spectrum as the 
methyl 12,12-dimethoxy-cis-9-dodecenoate obtained by 
the periodic acid oxidation in methanol of methyl 
threo-12,13<lihydroxy-cis-9-octadecenoate obtained from 

CHsCHaC-CCHL, CHzL)H VernoaiG Seed Oil 

Purification 

C H 3C H 2C =- C C HL:~C H ~:,OTH P 13. ~I00~ 
I D2, -- CH3(CH~4CHOHCHOHCHzCH =CH(CH2)TCOOCH3 
~I catalystLindlar's IH5105. < 6C 

CH3CH2CD=CDCHL:~2H2OTHP 14_, 91~ OHCCH2CH=CH(CHa)rCOOCH~ 

iI (CeH~)3P:Br~ 

CH3CH2CD=CDCH2CH~r 15. 72'4 

(C~H~3P 

0 @ CH3CH2CD=CDCH~:~ZH2P(C~Hs) 3 Br 16. 843 

17 

18, 79g 

16 + 18 THFC4HgLi b CH3CH2CD=CDCH2CH=CHCH2CH=CH(CH~./COOCH 3 _19, 74~ 

SCHEME 2. DHP, Dihydropyran; THP, tetrahydropyranyl, p-TSA, p-toluenesuifonie acid; 
THF, tetrahydrofuran. 
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H. RAKOFF 

CH3(CH;~tCH -'CH(CH~/COOCH 3 20 

1 1 . %  

2. Zn, CH3COOCH 

OHC(CH~-tCOOCH:~ 21_ 68Z 

O(CHAOCHCH H (C,H  Br e, 
qt'h .I, THE 

r I 

O(CHa)3OCHCH2CHaCH--CH(CHa)-fCOOCH3 ~ 78~ 

1 CH3OH, p-TSA 

(CH30)2CHCHaCH =CH(CH2.)yCOOCH s 23._, 62~ 

SCHEME 3. p-TSA, p-toluenesuifoaic acid; THF, tetrahydrMuran. 

Vernonia oil (10). Hydrolysis of the acetal ester yields the 
f{, y-unsaturated aldehyde ester contaminated with small 
amounts of the a, f~isomer, the quantity of which depends 
on the reagents and conditions used for the hydrolysis. 

If the Wittig reaction between 21 and the dioxanyl- 
ethylphosphonium salt is carried out under thermody- 
namic control (4), the reaction mixture will contain a 
larger percentage of the trans isomer of 22. This can be 
separated and transacetalized to methyl 12,12-dimethoxy- 
trans-9-dodecenoate, which can be used to make other 
isomers. 

EXPERIMENTAL 

Reagents. [2-( 1,3-Dioxan-2-yl)ethyl]tripheuylphospho- 
nium bromide, butyl lithium, triphenylphosphine, dihy- 
dropyran, pyridininm chlorochromate, ethyl magnesium 
bromide, sodium borohydride, 5-bromopentanoic acid, 
3-butynol, Molecular Sieve 4A and Lindlar's catalyst (5% 
Pd on calcium carbonate poisoned with lead} were ob- 
tained from Aldrich Chemical Co. (Milwaukee, WI). 2- 
Pentynol, 3-hexy-nol and 3-butynol were purchased from 
Farchan Laboratories (Gainesville, FL). Tr/s(Triphenyl- 
phosphine)chlororhodium was obtained from Strem 
Chemicals (Newburyport, MA) and Palmolyn 100 from 
Hercules, Inc. {Wilmington, DE). 

Procedures. A 50 m X 0.25 mm CPS-2 capillary column 
(Quadrex Corp., New Haven, CT) was used for analyzing 
binary mixtures of geometric isomers. For other analyses, 
a 6 ft X 4 mm colnmn packed with 3% EGSSX on 1001120 
GasChrom Q or a 6 f t x  4 mm col-ran packed with 3% 
OV101 on 80/100 Supelcoport was employed. 

'3C-NMR. ~3C-NMR spectra were recorded with a 
Bruker WM 300 WB pulsed Fourier transform spectrom- 
eter operating at 75.5 MHz. Typically, 2500 transients 
were collected from solutions in CDC13, which served as 
both the 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 sec and were used 
to obtain chemical shift values within +_.1.85 Hz, i.e. 

+0.05 ppm. A pulse width of 3 us (40~ was employed 
with no delay between pulses. Decoupling power was held 
to ca. 1 W to provide adequate broadband decoupling 
power while minimizing sample heating. 

Mass spectroscopy. Mass spectra were determined on 
a Finnigan 4500 mass spectrometer using isobutane 
chemical ionization with data processing of the isotope 
distribution against standards {13). 

Preparation." 1-bromo-2-pentyne, 1. Triphenylphosphine 
(164 g, 626 retool) was dissolved in CHzClz (400 ral) in a 
one-l, three-necked flask equipped with a mechanical 
stirrer, a low-temperature thermometer, a burette or drop- 
ping funnel and a CaCl2 drying tube. While a slow stream 
of N2 was passed through the apparatus immersed in an 
ice bath, bromine (31.8 nal, 99.2 g, 620 retool) was added 
dropwise over one hr while the temperature varied be~ 
tween 0 and 6 C. 2-Pentyno1150.27 g, 598 retool) dissolved 
in CH2Clz (50 ml) was added to the slurry over 0.5 hr while 
the temperature was maintained below 8 C. The ice bath 
was removed, and about two hr later the reaction mix- 
ture was diluted with hexane (400 ml) to precipitate 
triphenylphosphine oxide. The filtrate and the washings 
of this precipitate were passed through a column {3 • 
50 cm) of silica gel (100 g). Because the bromopentyne 
codistills with the solvents, the mixture was distilled 
through a column packed with glass helices (15 mm X 
21 cm) to remove the solvent (some bromopentyne still 
distilled}. 1-Bromo-2-pentyne {41.62 g, 47.3% yield} was 
obtained, bp 130-140 C at atmospheric pressure. '3C 
NMR in CDCI3 (C#, ppm}: 1, 12.6; 2, 74.6; 3, 89.4; 4, 13.5; 
5, 15.6. 

Preparation: 3,6-nonadiyno~ 2. 3-Buty-nol (21.7 g, 
310 retool) was dissolved in tetrahydrofuran (400 ml) in 
a one-l, three-necked flask equipped with a mechanical 
stirrer, a low-temperature thermometer, a septum inlet 
and a condenser and cooled in an ice bath. Ethyl mag- 
nesium bromide in tetrahydrofuran (2.04 M, 310 ml, 
630 retool} was added dropwise from a syringe through 
the septum inlet over one hr while the temperature was 
maintained between 7 and 14 C. Thirty mln later, the ice 
bath was removed, and one hr after that CuC1 (0.5 g} was 
added. Thirty rain later, 1-bromo-2-pentyne (41.17 g, 
280 mmol) in tetrahydrofuran (20 ml) was added over 20 
rain with the temperature maintained at 24-31 C by in- 
termittent use of an ice bath. One hr later, the reaction 
mixture was heated to the reflux temperature and main- 
tained there for 19 hr. The pale-green opalescent liquid 
was cooled in an ice bath and acidified with 5 N H2SO4 
{ca. 110 ml). Water {250 nil) was added, and the mixture 
was extracted with ethyl ether (1 • 250 ml, 2 X 100 ml}. 
The combined ether layers were washed with saturated 
NH4CI (200 ml) and saturated NaCl (100 nil) solutions and 
dried over Na2SO4. After filtration, the solvent was 
removed on a rotary evaporator and compound 2 was ob- 
tained by distillation, bp 90-97 C @ 1.2 torr {22.64 g, 
59.5% yield). 'JC NMR in CDC13 (C#, ppm): 1, 60.95; 2, 
22.99; 5, 9.60; 7, 81.95; 8, 12.24; 9, 13.74; Unassigned, 
76.82, 73.38, 73.05. 

Preparation." 3,6-nonadieno~ 3. Sodium borohydride 
(1 g) was dissolved in 95% ethanol (25 ml) and 10% NaOH 
(1 ml), and the solution was filtered. In a 500 ml round- 
bottom flask equipped with a magnetic stirrer and con- 
nected to an apparatus for maint~inlng one atmosphere 
pressure was placed Ni(CzH302),.4HzO (4.15 g, 16.6 retool) 
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in 95% ethanol (150 ml). The borohydride solution (19 ml, 
20 mrnol) was added via syringe. There was a rapid evolu- 
tion of gas, and the mixture turned black. Ethylene 
diamine (2 ml) was added, and the system was evacuated 
and flushed several times with H2. Then, 3,6-nonadiynol 
{22.64 g, 166 retool) in 95% ethanol (25 ml) was added, 
and stirring was started. When absorption of H2 had 
almost ceased, the reaction mixture was filtered through 
a pad of Celite and Darco 6-60 in a Buchner funnel. The 
pad then was washed with 95% ethanol (2 • 50 ml). The 
combined ethanol extracts, which had a permanganate 
color, were concentrated on the rotary evaporator to 
65 ml. Water {100 ml) was added, and the mixture was 
extracted with ethyl ether (3 • 40 ml). The combined 
ether extracts were washed with saturated NaCl solution 
{2 • 40 ml) and dried over Na2SO4. Distillation gave com- 
pound 3 {19.08 g, 81.9% yield), bp 92-98 C @ 4.5 torr. 13C 
NMR in CDCI3 {C#, ppm): 1, 61.95; 2, 30.67; 3, 131.94; 
4, 126.77; 5, 25.51; 6, 125.32; 7, 130.93; 8, 20.42; 9, 14.06. 

Preparation: 1-bromo-3,6-nonadiene, 4. In a manner 
similar to the conversion of 2-pentynol to 1-bromo-2- 
pentyne, 1, 3,6-nonadienol, 3, (19 g, 136 mmol) was treated 
with triphenylphosphine dibromide to give compound 4 
(23.4 g, 85% yield), bp 82-89 C @ 3.75 torr. '3C NMR in 
CDC13 (C#, ppm): 1, 32.36: 2, 30.83: 3, 131.22; 4, 126.51; 
5, 25.69; 6, 126.06; 7, 132.27; 8, 20.57; 9, 14.19. 

Preparation." 3,6-nonadienyltriphenylphosphonium io- 
dide, 5. A solution of 4 {23.4 g, 115 mmol) in acetone 
(50 ml) was added to a solution of NaI {21.6 g, 144 retool) 
in acetone (100 ml). The mixture was heated at the reflux 
temperature for 1.5 hr; the white solid was removed by 
filtration; and the filtrate was concentrated on the rotary 
evaporator to an orange liquid and yellow solid {total 
weight 33.07 g}. The liquid was decanted into a 500 ml 
round bottom flask, and the yellow solid was washed with 
acetonitrile, which was added to the flask. Triphenyl- 
phosphine (35 g, 134 retool) was added together with the 
remainder of 200 ml of acetonltrile. Xylene (1 ml) was 
added as an internal standard, and the reaction mixture 
was heated at the reflux temperature by means of an oil 
bath. Samples were analyzed on a 3% OV101 column. 
After three hr, only 16.6% of the iodo compound r e  
mained; after 19 hr, only 1.5% remained. Solvent was 
removed on the rotary evaporator, the thick liquid was 
transferred to a beaker and triturated several times with 
portions of ethyl ether until it deposited crystals. These 
were washed with ether, pulverized on a clay plate and 
dried in a vacuum desiccator to give compound 5 {57.8 g, 
98% yield). "C NMR in CDCI3 (C#, ppm): 1, 23.22; 2, 
20.25; 5, 25.31; 8, 20.14; 9, 13.95; Unassigned: 132.19; 
130.68; 125.97; 125.82; 125.77. 

Preparation." methyl ~hydroxy-6-nonynoate, 6 and 7. 
Liquid ammonia (ca. 800 ml) was charged to a two, l, three- 
necked flask equipped with a mechanical stirrer and a dry 
ice-cooled condenser and immersed in a box of Vermiculite 
insulating material. As catalyst for the formation of 
lithium amide, Fe{NO3h.9H20 (0.5 g) was added. Then, 
lithium metal {9.67 g, 1380 retool) was added in small 
pieces over one hr. The reaction mixture became blue- 
black at first but then changed to a grey slurry. To this 
was added a solution of 3-butynol {48.3 g, 690 retool) in 
tetrahydrofuran (125 ml) over a period of one hr. Two hr 
later, a solution of 5-bromopentanoic acid {26.4 g, 146 
mmol) in tetrahydrofuran (100 ml) was added over 45 rain. 

Stirring was continued for about 1.5 hr. The stirrer was 
stopped, the Vermiculite was removed, and the ammonia 
was permitted to evaporate overnight. Ammonia remain- 
ing was flushed out with a stream of argon while the reac- 
tion vessel was immersed in a warm water bath. Water 
{60 ml) was added slowly followed by 5 N H2SO4 (350 ml) 
until acidic, and the temperature was maintained at 20 C 
with an ice bath. The product mixture was extracted into 
ethyl ether (1 • 250 ml and 2 X 100 ml), and the com- 
bined ether extracts were washed with saturated NH4C1 
solution {100 ml) and saturated NaC1 solution (100 ml}. 
After drying over Na2SO4, the ether was removed on the 
rotary evaporator to give a reaction mixture {74.66 g}. Ex- 
cess 3-butynol present in this mixture was removed by 
distillation under reduced pressure, and the material r e  
maining was treated with methanol and H2SO, at the 
reflux temperature. This reaction mixture was neutral- 
ized with solid NaHCO3, concentrated on the rotary 
evaporator and extracted into ether. Compound 7 
{13.75 g, 52% yield} was obtained by distillation, bp 
98-115 C @ 0.2 torr. '3C NMR in CaD, {C#, ppm): 1,173.6; 
2, 33.6; 3, 23.5; 4, 28.6; 5, 18.7; 6, 81.4; 7, 77.8; 8, 24.3; 
9, 61.7; OCH3, 51.1. 

Preparation: methyl 942-tetrahydropyranyloxy)-6-nony- 
noate, 8. Methyl 9-hydroxy-6-nonynoate (7 g, 38 retool) 
and p-toluenesulfonic acid (0.5 g) were dissolved in ethyl 
ether (10 ml) in a 100 ml round bottom flask equipped with 
a magnetic stirring bar and a reflux condenser. Dihydro- 
pyran (4 g, 48 mmol) in ether (10 ml) was added dropwise. 
Heat was evolved, and the reaction mixture darkened. 
After three hr, the reaction mixture was washed with 
saturated Na2CO3 solution (10 ml), dried and distilled 
under reduced pressure in the presence of a pellet of KOH 
to give compound 8 {6.74 g, 66% yield} bp 140-147 C @ 
0.2 torr. '3C NMR in CDC13 (C#, ppm): 1, 173.5; 2, 33.4; 
3, 23.9; 4, 28.2; 5, 18.3; 6, 80.3; 7, 77.2; 8, 20.1; 9, 66.0; 
OCH3, 51.2. THP group: 2, 98.5; 3, 30.5; 4, 19.3; 5, 25.4; 
6, 61.9. 

Preparatioru methyl 942-tetrahydropyranyloxy~nonano- 
ate-6,6,7,7-d4, 9. Compound 8 {6.7 g, 25 mmol) in benzene 
(200 ml) was treated with deuterium gas at atmospheric 
pressure in the presence of tr/s(triphenylphosphine)chloro- 
rhodium (1 g} in the manner described previously (3). The 
benzene was removed on the rotary evaporator, and the 
residue was passed through a column {1.5 X 25 cm) of 
silica gel (15 g) with hexane to remove the catalyst. 
Removal of the solvent gave compound 9 {6.63 g, 96% 
yield). 13C NMR in CDCI3 (C#, ppm): 1, 174.2; 2, 34.1; 3, 
24.9; 4-5, 28.9-29.0; 8, 29.4; 9, 67.6; OCH3, 51.3: THP 
group: 2, 98.8; 3, 30.8; 4, 19.7; 5, 25.4; 6, 62.3. 

Preparation." methyl ~hydroxynonanoate-6,6, 7, 7-d4, 10. 
Compound 9 {6.63 g, 24 mmol) was stirred in methanol 
(150 ml) with p-toluenesuifonic acid {0.35 g) in a nitrogen 
atmosphere. Two hr later, solid Na2CO3 was added, and 
the mixture was concentrated to a thick liquid on the 
rotary evaporator. Saturated Na2CO3 solution (40 ml) was 
added, and the mixture was extracted into ethyl ether 
(2 X 25 ml) and dried over Na2SO4. The drying agent and 
solvent were removed and compound 10 (3.62 g, 78.7% 
yield} was obtained by distillation, bp 113-120 C @ 0.35 
torr. ~3C NMR in CDC13 {C#, ppm): 1,174.2; 2, 34.0; 3, 24.8; 
4-5, 28.8-28.9; 8, 32.4; 9, 62.7; OCH3, 51.3. 

Preparation." methyl 9-oxononanoate~,6,7, 7~L, 11. Pyr- 
idinium chlorochromate {11.54 g, 53 retool) was slurried 
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in CH,C12 (100 ml, dried over Molecular Sieve 4A) in a 
250 ml three-necked flask equipped with a mechanical 
stirrer, a thermometer and a CaC12 drying tube. Com- 
pound 10 (6.8 g, 35.4 mmol) dissolved in CH2C12 {20 ml) 
was added to the orange slurry, which darkened rapidly 
and deposited a tarry material on the walls of the flask. 
The temperature was maintained at 20 +_ 2 C by inter- 
mittent use of an ice bath. Two hr later, ethyl ether 
(100 ml) was stirred into the mixture and then decanted. 
This was repeated three times with 25 ml portions of 
ether. The combined decantates were passed through 
Florisil (20 g) in a column (1.5 • 25 cm), and the column 
was flushed with ether (50 ml). The solvents were removed 
on a rotary evaporator to give a green liquid (6.67 g), that 
was distilled to give compound 11 (4.47 g, 66.7% yield), 
bp 96-102 C @ 0.35 torr. '3C NMR in CDC1, (C#, ppm): 
1,174.0; 2, 33.9; 3, 24.8; 4-5, 28.6-28.8; 8, 43.5; 9, 202.6; 
OCH3, 51.3. 

Preparation: methyl cis-9,cis-12,cisolS-octadecatrieno- 
ate-6,6,7,7-d,, 12. A slurry of 5 (13.5 g, 26.4 mmol) in 
tetrahydrofuran (100 ml) was prepared in a 250 ml three  
necked flask equipped with a mechanical stirrer, a low 
temperature thermometer, a dropping funnel and a CaC12 
drying tube. A stream of N~ was passed through the flask 
and it was cooled in an ice-salt bath to about 1 C. Butyl 
lithium in hexane (2.42 M, 15 ml, 36 mmol) was added. 
The temperature rose to about 14 C, and the yellow slurry 
changed to a deep orange-red color. Compound 11 (4.4 g, 
23 mmol) in tetrahydrofuran (12 ml) was added over six 
rain at a temperature of 1-6 C. There was no noticeable 
color change. The ice bath was removed, and 30 min later 
the reaction mixture was transferred to a separatory fun- 
nel and washed with saturated NaC1 solution (100 ml). 
The organic layer was dried over anhydrous Na2SO4. The 
thick oil (17.33 g) remaining after removal of the solvent 
was passed through a column (2.2 • 35 cm) of silica gel 
(40 g) in hexane to give a mixture of isomers (5.87 g, 85% 
yield). Mass analysis: 0.24% d2, 0.46% d3, 98.91% d+, 
0.32% ds. 

To isolate the all cis isomer, the reaction mixture 
(19.03 g) was separated on a silver resin column (9), 5 • 
82 cm, Amberlyst XN1010 (40/80 mesh), 100% Ag/H, 
using as eluant a solution of acetonitrfle (300 ml) in 
methanol (3.7 1). There was obtained 8.6 g (35% overall 
yield based on the aldehyde ester used) of the all cis 
isomer, better than 98% pure by gas-liquid chromatog- 
raphy on the CPS-2 capillary column. 13C NMR in CDC13 
(C#, ppm): 1,174.2; 2, 34.1; 3, 25.0; 4-5, 28.9-29.1; 8, 27.0; 
9, 130.2; 10, 127.7; 11, 25.6; 12, 128.3; 13, 128.3; 14, 25.5; 
15, 127.1; 16, 131.9; 17, 20.6; 18, 14.3; OCH3, 51.4. 

Preparation: 243'-hexynyloxy)tetrahydropyran, 13. 
3-Hexynol (49 g, 500 retool) and p-toluenesulfouic acid 
{1.9 g, 10 mmol) were mixed in a 500 ml three-necked flask 
equipped with a mechanical stirrer, a thermometer and 
a dropping funnel. While a stream of N2 was passed 
through the apparatus, dihydropyran {50.4 g, 600 mmol) 
was added dropwise over 15 min with the temperature 
maintained at 23-27 C by intermittent use of an ice bath. 
The reaction mixture developed a pale pink.amber color. 
I t  was passed through a column (3 X 50 cm) of silica gel 
(100 g) in petroleum ether. Yield of compound 13 was 
almost 100%. 

Preparation: 243'~4'-dideutero-3"hexenyloxy)tetrahydro- 
pyran, 14. Compound 13 (45 g, 247 mmol) and ethyl 

acetate (100 ml) were placed in a 250 ml round bottom 
flask equipped with a magnetic stirring bar and connected 
to an apparatus for maintaining one atmosphere pressure. 
The apparatus was evacuated and flushed three times 
with D2. Then, Lindlar's catalyst (1 g) and quinoline 
(0.8 ml) were added, and a pressure of one atmosphere of 
D2 was maintained as the reaction mixture was stirred 
rapidly. After absorption of D2 had ceased, the reaction 
mixture was filtered through a pad of Celite to remove 
the catalyst. Ethyl acetate was removed by distillation 
at atmospheric pressure and compound 14 (41.91 g, 91% 
yield) was obtained by distillation, bp 63-68 C @ 0.4 torr. 
Mass spectral analysis indicated better than 99% d2. 

Preparation-" 1-bromo-3-hexene-3,4-d2, 15. In a manner 
similar to the conversion of 2-pentynol to 1-bromo-2- 
pentyne, 1, compound 14 was converted to compound 15 
in 72% yield, bp 120-140 C. Compound 15 tends to 
codistill with the solvents employed. 

Preparation-" 3, 4~ideutero-cis-3-hexenyltriphenylphos- 
phonium bromide, 16. Triphenylphosphine {28.8 g, 
110 retool), compound 15 (17.8 g, 108 retool) and toluene 
{1 ml) were mixed in acetonitrile {100 ml) in a 250 ml round 
bottom flask equipped with a magnetic stirring bar and 
a reflux condenser. The mixture was heated with stirring 
at the reflux temperature, and the ratio of bromohexene 
to toluene was followed by GLC on an OV101 column. 
After 30 hr, only about 9% of bromohexene remained. 
Acetonitrile (45 ml) was removed on the rotary evapora- 
tor, and the residue was triturated several times with 
fresh portions of ethyl ether. The white solid that formed 
was dried in a vacuum desiccator to give compound 16 
(39.8 g, 86.4% yield), mp 164-167. '3C NMR in CDC13 (C#, 
ppm): 1, 23.07; 2, 20.15; 5, 20.03; 6, 13.7; aromatic ring: 
1, 118.03; 2, 133.50; 3, 130.37; 4, 134.95. 

Preparation: methyl 12-oxo-cis-9-dodeeenoate, 18. 
Methyl 12,13-dihydroxy-cis-9-octadecenoate (50 g, 
152 retool) was dissolved in tetrahydrofuran (150 ml) in 
a 500 ml Erlenmeyer flask equipped with a magnetic stir- 
ring bar and a low-temperature thermometer and im- 
mersed in an ice-salt bath. Paraperiodic acid, HsIO+ 
(43.5 g, 190 retool) was dissolved in H~O (87 ml) and cooled 
in an ice bath. The periodic acid solution was added in 
portions over 40 rain so that the temperature did not rise 
above 4 C. The reaction mixture was diluted with H20 
{150 ml), the organic layer was separated, and the aqueous 
layer was extracted with hexane {2 • 50 ml). The com- 
bined organic layers were washed with H~O (1 • 25 ml) 
and dried over Na2SO4 and Drierite. After removal of the 
drying agents and solvent, the residue was freed of any 
other volatiles {especially hexanal) by use of a vacuum 
pump at room temperature. The residue was then distilled 
through a fslling film molecular still {0.05 torr, reflnxing 
xylene) to give compound 18 (27.36 g, 79% yield). 

Preparation." methyl cis-9,cis-12,cis-15-octadecatrieno- 
ate-15,16-d2, 19. Compound 16 (39.03 g, 91.4 retool) was 
slurried in tetrahydrofuran (200 ml) in a 500 ml three- 
necked flask equipped with a mechanical stirrer, a low- 
temperature thermometer, a dropping funnel and a CaC12 
drying tube. A stream of N2 was maintained through the 
apparatus as it was cooled in an ice-salt bath. Butyl 
lithium in hexane (2.5 M, 40 ml, 100 mmol) was added 
in portions with the temperature varying between 0 and 
18 C. Then compound 18 (27.25 g, 120 mmol) in tetra- 
hydrofuran (10 ml) was added over 12 rnin to the blood 
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red reaction mixture. The maximum temperature was 7 C, 
and the reaction mixture formed a pale~tan slurry. The 
ice bath was removed, and about one hr later the reac- 
tion mixture was shaken with saturated NaC1 solution 
{100 ml). The organic layer was dried over Na2SO4 and 
Drierite. After filtration, the solvent was removed on the 
rotary evaporator, and the residue {71.71 g) was placed 
on a column {3 X 50 cm} containing silica gel (100 g} in 
hexane. Elution with hexane yielded a mixture of isomers 
{19.81 g, 73.7% yield}. This mixture was separated on a 
5 X 82 cm column packed with Amberlyst XN1010 (40/80 
mesh} 100% Ag/H resin (9) with the eluant being aceto- 
nitrile (300 ml} in methanol {3.71}, to give the aU-cis isomer 
{7.69 g, 28.4% yield based on the phosphonium salt used}. 
Mass spectral analysis: 0.41% do, 0.29% d~, 99.26% d2. 
13C NMR in CDC13 {C#, ppm): 1, 174.1; 2, 34.0; 3, 24.8; 
4-7, 29.0-29.4; 8, 27.1; 9, 130.1; 10, 127.6; 11, 25.3-25.5; 
12, 128.1; 13, 128.1; 14, 25.3-25.5; 17, 20.3; 18, 14.1. 

Preparation" methy l  9~xononanoate, 21. Compound 21 
was prepared in 64% yield essentially as previously 
described (14) but with the use of Sudan Red (0.01 g in 
10 g of cyclohexane) as an indicator of the completion of 
the ozonolysis and Palmolyn 100 methyl esters as the 
source of methyl oleate. 

Preparation: me thy l  11-dioxanyl-9-undecenoates, 22. 
Compound 22, bp 140-152 C @ 0.2 torr, was obtained in 
78% yield by the method previously described {5,12} for 
the synthesis of another dioxanyl ester. Mass spec- 
troscopy showed a parent peak at 284 m]z and a large 
peak at 87 m/z corresponding to the dioxanyl group. ~3C 
NMR chemical shifts were consistent with the structure 
assigned. The cis and trans isomers of 22 {73.4% cis) were 
separated on a 3.5 • 30 cm column of 100% Ag/Na (9) 
Amberlyst XN1010 ion exchange resin (200-270 mesh}. 
From a sample of 1.84 g, there was obtained 1.19 g {88% 
of theory) of the cis isomer. 

Preparation" methyl  12,12-dimethoxy-cis-9~lodecenoat~ 
23. Compound 23, bp 132-140 C @ 0.25 torr, was obtain- 
ed in 62% yield from 22 by a method described (5,12}. The 
'3C NMR spectrum is identical to that  of the dimethyl- 
acetal ester prepared by periodic acid oxidation in 
methanol (10) of methyl 12,13-dihydroxy-cis-9-octadeceno- 
ate. During GC/MS analysis, the dimethyl acetal ap- 
parently loses CH3OH to give methyl 12-methoxy-9,11- 
dodecadienoate, which gives a parent peak at 240 m/z and 
an M-31 peak at 209 ndz. The base peak is at 97 m]z cot- 

s 
responding to CH30CHrlCH=CHh -]. 

I 
Purification o f l 2,1N<tih ydro x y~cis-9-octadecenoic ackL 

{1) By distribution between aqueous acetonitrile and 
petroleum ether. The mixture of acids obtained from the 
acetolysis and saponification of Vernonia anthelmint ica 
seed oil (15) was analyzed by GLC on 3% EGSSX after 
the acid group had been converted to the methyl ester 

and the hydroxy groups had been converted to a diox- 
olane with acetone and BF3.CH3OH. This acid mixture 
(301 g) showed 67% dihydroxyoleic acid. It was sus- 
pended in a mixture of acetonitrile (700 ml) and H20 
(70 ml) and extracted with petroleum ether (3 • 250 ml). 
Removal of the CH3CN-H20 gave a product (204.3 g) that 
analysis showed to contain 84% dihydroxyoleic acid. 
(2) By crystallization from ethyl ether-petroleum ether. 
A sample (230 g) of Vernonia acids containing 84% 
dihydroxyoleic acid was dissolved with stirring in ethyl 
ether (400 ml). Addition of petroleum ether (500 ml) 
caused a haziness that was cleared up by addition of ethyl 
ether (20 ml). The mixture was cooled in an ice bath for 
several hours with stirring, and the precipitate that  
formed was filtered with suction and washed with 
petroleum ether to remove a small amount of con- 
tamlnating dark oil. The solid was pulverized and air-dried 
to give a product (61.26 g} analysis of which showed 
96.6% dihydroxyoleic acid, 1.57% linoleic acid, 0.38% 
oleic acid, 0.36% palmitic acid and 1.04% of a material 
eluting after dihydroxyoleic acid. Mp 49-50 C. 
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Uptake of Fatty Acids by the Developing Rat Brain 
Gregory J. Anderson and William E. Connor" 
Department of Medicine, Division of Endocrlnology/Metabolism and Clinical Nutrition, The Oregon Health Sciences University, Portland, 
OR 97201 

Polyunsaturated fatty acids are avidly taken up by the 
developing rat brain. To explore the specificity of this 
process, [1-'4C]labeled 16:0, 18:2n-6, 18:3n-3, and 22:6n-3 
each were c~injected with [3H]lS:ln-9 into the jugular 
vein of two-wk~)ld functionally hepatectomlzed and sham- 
operated control rats. The radioactivities present in the 
brain, liver and serum were assessed 30 rain after injec- 
tion. Uptake of labeled fatty acids into brain lipids 
steadily increased with increasing degree of unsaturation, 
with more than twice as much uptake of 22:6n-3 compared 
to 16~. Phosphatidylcholine was the principal radioac- 
tive species in the brain except for animals injected with 
[1-14C]22.~n-3, in which more of the label was incorporated 
into phosphatidylethanol~mlne. Determination of water- 
soluble oxidation products in the brain and serum re- 
vealed that the greater uptake of the more unsatrated 
fatty acids did not result from differences in rates o f  
degradation. 
Lipids 23, 286-290 {1988). 

The n-3 fatty acids are highly enriched in nervous tissue 
and are assumed to have important functions. Nutritional 
studies have suggested that these species are essential 
in the diet and that the symptoms produced by n-3 fatty 
acid deficiency are distinct from those produced by n-6 
fatty acid deficiency {1-4}. While the pathway leading to 
the synthesis of docosahexaenoic acid (22:6n-3), the prin- 
cipal n-3 fatty acid in the brain, is well-understood (5), the 
process by which this fatty acid actually reaches the brain 
is less clear. It is known that in rats, most of the adult 
complement of brain 22:6n-3 is laid down after birth dur- 
ing the period of brain development preceding myelina- 
tion {6,7}. However, it is not known to what extent the 
brain synthesizes 22:6n-3 from precursor molecules such 
as 18:3n-3, or how specifically or in what quantity the 
brain takes up 22:6n-3 and other fatty acids from the cir- 
culation. A number of studies have examined the ques- 
tion of uptake of unsaturated fatty acids by the develop- 
ing brain {8-13}, with delivery of the isotope either orally 
or by intraperitoneal injection. We decided to compare 
brain uptake of 22"6n-3, 18:3n-3 and other fatty acids 
more directly by injecting the labeled fatty acids intra- 
venously and by removing the liver from the circulation 
to reduce secondary metabolism of the label. 

MATERIALS AND METHODS 

All isotopes were purchased from NEN Research Prod- 
ucts {Boston, MA) and [9,10-3H]18:1 n-9 was purified by 
silica gel thin layer chromatography {TLC) before use. In 
each experiment, ca. 5 ~Ci of '~C fatty acid was used 
together with 5 pCi of [~H]18:l to provide an internal 

*To whom correspondence should be addressed at Department of 
Medicine, L465, Oregon Health Sciences University, Portland, OR 
97201. 
Abbreviations: TLC, thin layer chromatography; VLDL, very low 
density lipoprotein. 

reference. To prepare samples for injection, labeled fatty 
acids (in ethanol solution} were dried under nitrogen, 
redissolved in 0.6 ml 20% rat serum in normal saline {14), 
and stirred magnetically for 15 rain. Before injection, an 
aliquot was removed for determination of radioactivity. 
The animals used were unfasted two-wk-old male 

Sprague-Dawley rat pups {median age 15 days, range 
13-16 days) weighing 37.2 +__ 3.6 g. At this age, the up- 
take of polyunsaturated fatty acids by the brain is max- 
imal (6,7). Dams were fed standard laboratory chow ad 
libitum. The rat pups were anesthetized with 0.03 ml i.p. 
of a ketamine cocktail {100 mg/ml ketamine, 20 mg/ml 
xylazine, and 10 mg/ml acepromazine) and were func- 
tionally hepatectomized by placing a Biemer clip 
(Aesculap Instruments Corp., Burlingame, CA} on the 
porta hepatis to interrupt circulation to the liver. The 
livers of these animals immediately turned pale and re ~ 
mained so except for occasional periods when they again 
became pink during "deep breaths." This probably 
explains the presence of radioactivity in these livers 
{Table 1). Sham-operated controls were treated in an iden- 
tical manner except that the liver was not compromised. 

Fatty acids were injected into the jugular vein by means 
of an indwelling catheter consisting of a snapped-off 
23-gauge needle connected to a three-way stopcock by 
PE-50 tubing. Patency was verified by drawing back a 
small amount of blood before injection. Approximately 
0.55 ml of the fatty acid solution was slowly introduced 
and was followed by a wash of 0.2 ml 20% rat serum in 
normal saline. 

After 30 min, a small amount of blood was drawn from 
the vena cava and the animal decapitated. The brain and 
liver {weighing ca. 1 g each) then were quickly removed, 
rinsed in saline, blotted and frozen. These tissues were 
extracted according to Folch et al. {15} and an aliquot 
from both the aqueous and organic phases counted in 
Beckman HP-b cocktail on a Beckman LS-9000 scintilla- 
tion counter capable of simulaneously determining 3H 
and 14C. The 3H in the aqueous phase was not quanti- 
tated, since labeled oxidation products arising from 
[9,10-3H]18:1 cannot be compared with those arising from 
[1-'4C] labeled fatty acids. 

The '4C and 3H DPM in the organic phase, expressed 
per gram wet weight tissue, were dose-corrected to 5 ~Ci. 
These individual values then were normaliz~d to compare 
uptake of the various ["C] labeled fatty acids relative to 
the internal standard, [3H]18:1. The normalization was 
carried out by multiplying each individual ['4C] uptake 
by the ratio {mean uptake of [3H]18:1 from all experi- 
ments):{respective individual uptake of [3H]18:1). The 
means of the normalized uptakes of the various 1'C labeled 
fatty acids were then compared by multiple t-tests, using 
the BonFerroni inequality (16) to control the overall a- 
level. No attempt was made to quantify the radioactiv- 
ity remaining in the carcass or exhaled as C02. 

To examine the distribution of label within the tissues, 
the total lipids of brain, liver and serum were fraction- 
ated by silica gel TLC with hexane/chloroform/ethyl 
ether/acetic acid {80:10:10:1.5). Brain lipids also were 
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TABLE 1 

Uptake of IV-administered Fatty Acids by the Liver and Developing Brain of 15-day-old Rats* 

[1-"C]-labeled fatty acid 
[9,10-3H]18:ln-9 

16:0 18:2n-6 18:3n-3 22:6n-3 {Reference) 

DPM/g X 104 

Brain 
Hepatect. 4.3 + 0.2 a 5.6 +- 0.1b 7.4 + 0.7 c 11.1 ___ 1.2 d 3.6 + 0.6 
Sham** 3.3 + 0.2 a 3.1 :t: 0.4a 4.2 :t: 0.3 b 6.3 + 2.3 a,b 2.1 :i: 0.7 

Liver 
Hepatect. 20 + 3 19 +__ 1 17 + 2 21 + 2 20 :t: 18 
Sham 126 +_ 25 a 148 +_ 10 a 102 -}- 32 a 408 +_ 111 b 122 +__ 66 

*Mean + S.D. (n = 3, except n = 12 for 18:1) of the lipid-soluble tissue radioactivity 30 rain after co-injection 
of 5 ~Ci of "C-labeled fatty acid and 5 pCi [~H]18:ln-9 into the jugular vein. Uptake of '4C in each animal 
was normalized to the mean uptake of [~H]lS:l as described in Methods. Values with unlike superscripts 
within a given row are different from each other at a BonFerroni P < 0.04. 
**Sham~)perated vs hepatectomized different at BonFerroni P < 0.05. 

ch romatographed  on silica gel 60 pla tes  with methy l  
a c e t a t e / p r o p a n o l / c h l o r o f o r m / m e t h a n o l / 0 . 2 5  % KC1 
(25:25:25:10:9, v/v/v/v/v) (17} to separa te  phospholipid 
classes. Scintillation cocktail was sprayed onto the plates 
to visualize the bands,  which then were scraped directly 
into counting vials. Because free fa t ty  acid was the major  
component  of the serum lipids but  only a minor compo- 
nent  of the brain  lipids of hepatectomized animals  and 
because of the seven-fold higher 3H:'4C rat io  in the free 
f a t t y  acid fract ions of the se rum lipids vs  brain lipids 
{data not  shown}, it was possible to determine by  suc- 
cessive approximat ions  t ha t  the amount  of '4C in the 
brain lipids tha t  actually was due to contaminat ing serum 
was very  low, on the order of 1-2%. 

The fa t ty  acid composition of the brain, liver and serum 
of two-wk old ra t  pups  was determined by  capil lary gas  
ch roma tog raphy  as described (1). 

RESULTS 

The IV injection of radiolabeled f a t t y  acids into two-wk- 
old ra t  pups  resul ted in a measurable  accumulat ion of 
radioact iv i ty  in the developing brain of these animals  30 
min af ter  their  injection {Table 1). Substant ia l ly  more 
radioact iv i ty  reached the brain of the functionally 
hepatectomized pups.  There was a s teady and significant 
increase in up take  of [1-'4C] f a t t y  acid as the degree of 
unsa tu ra t ion  increased; 22:6n-3 showed more than  twice 
as much up take  as 16:0 and considerably more than  
18:2n-6. 

Most  of the label in the brain was present  as phospho- 
lipid, with small amounts  of labeled cholesterol, fa t ty  acid 
and tr iglyceride {Table 2). For  16:0, 18:1, 18:2n-6 and 
18:3n-3, the bulk of the phospholipid radioact iv i ty  was 
found in the phosphatidylcholine fraction. In  contrast ,  
22:6n-3 was incorporated principally into phosphat idyl-  
ethanolamine.  Interes t ingly ,  there was roughly twice as 
much  label in the brain  phosphat idyl inosi tol  f ract ion of 
the animals  injected with 18:3n-3 than  in the phospha- 
t idylinositol  of the animals  injected with  the other  f a t t y  
acids. There was litt le change in the dis tr ibut ion of 

radioactivity in the brains of sham-operated controls ex- 
cept that slightly less material was present in phospho- 
lipid, with a corresponding increase in the amount of 
cholesterol and triglyceride {data not shown}. 
The presence of a portion of the label from each experi- 

ment in the cholesterol fraction of the brain lipids in- 
dicates that some fatty acid must have been oxidized to 
acetate with subsequent synthesis of cholesterol. This 
reuse of breakdown products by the developing rat brain 
has been noted before {11,12,21,29,30}. About twice as 
much cholesterol was formed from 18:3n-3 than from the 
other '4C-labeled fatty acids, suggesting that more of this 
fatty acid was oxidized in the brain. This observation is 
supported by the data in Table 3, in which water-soluble 
I"C was measured in the brain, liver and serum of both 
the hepatectomized and control pups. Twice as much 
degradation product(s) was present in the brains of 
animals  injected with 18:3n-3 than  in animals  injected 
with the other  f a t t y  acids. The special susceptibi l i ty of 
18:3n-3 to oxidation has  been noted  {12,13,18). 

I t  also can be seen in Table 3 tha t  there was no decrease 
in oxidation products  with increasing degree of unsatura-  
tion of the injected f a t t y  acid. In  fact, the opposi te  was 
true, i.e. there was somewhat  more oxidation of those 
f a t t y  acids t ha t  accumulated to a grea ter  ex ten t  in the 
brain. This also was the case in serum. In  general, there 
was about  a t h ree fo ld  increase in the amount  of oxida- 
tion product measured in the brains of sham~pera ted  con- 
trols  than  in hepatec tomized animals. 

The distr ibution of serum lipids was also inves t iga ted  
by  TLC {Table 4). When the liver was removed f rom the 
circulation, the bulk of the se rum lipid radioact iv i ty  
(representing about  1% of the injected dose) still was pre ~ 
sent  as f a t ty  acid 30 rain after  injection, a l though signifi- 
cant  quant i t ies  of 18:3n-3 and 22:6n-3 were found as 
phospholipid.  However ,  in sham-opera ted  controls  
roughly 3% of the injected dose was found in serum lipids, 
and mos t  of this was present  as triglyceride. This pro- 
bably  represents  very  low densi ty  l ipoprotein {VLDL) 
secreted by  the liver. The anomalously  high proport ion 
of 3H label found in the f a t ty  acid fraction of serum lipids 
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TABLE 2 

Distribution of Radioactivity in Brain Lipids 30 Min After  IV Injection of Labeled Fa t ty  Acids* 

[1-'4C]-labeled fatty acid 
[9,10-3H]18:1n-9 

16:0 18:2n-6 18:3n-3 22:6n-3 {Reference) 

Percent total DPM 

PtdCho** 54.2 • 4.2 a 52.3 • 0.1 a 35.6 • 1.4 b 26.0 • 0.8 c 45.3 • 2.1 
PtdSer  3.1 • 0.6 4.8 • 1.1 5.9 • 1.3 4.7 • 1.9 4.4 • 0.9 
P tdIns  3.7 • 0.9 a 7.0 • 0.6b, c 11.7 • 3.0 b 5.1 • 1.2a, c 5.2 • 0.9 
P tdE tn  12.5 • 2.6 a 14.4 • 1.2a, b 19.0 • 2.4 b 42.2 • 1.1 c 22.1 • 2.7 
Total phospholipid 73.5 • 1.6 78.5 + 0.5 72.3 • 0.8 78.0 • 1.3 77.1 • 1.8 
Cholesterol 6.9 • 0.8 a 5.8 • 0.1 a 10.5 • 1.4 b 4.0 • 0.3 c 5.3 • 1.7 
Fa t ty  acid 6.3 • 2.5 8.8 • 0.4 5.5 • 0.3 4.2 • 2.5 10.1 • 2.8 
Triglyceride 9.6 • 0.7 4.5 • 0.4 6.3 • 0.2 8.0 • 2.3 5.0 • 0.7 

*Lipid extracts from the brains of the hepatectomized animals shown in Table 1 were separated by one- 
dimensional TLC, with the data summarized as means • SD (n = 3, except n = 12 for 18:1). Values with 
unlike superscripts within a given lipid fraction are different from each other at a BonFerroni P < 0.05. 

* * Phosphatidylcholine. 

TABLE 3 

Water-soluble Oxidation Products  of [1-'4C]-labeled Fa t ty  Acids* 

[1-"C]-labeled fat ty acid 

16:0 18:2n-6 18:3n-3 22:6n-3 

DPM/g • l0 s 
Hepatectomized rats 

Brain 2.7 +_ 0.1 a 3.4 • 0.5a, c 7.0 • 0.6 b 3.9 • 0.3 c 
Liver 5.1 • 3.3 2.9 • 2.3 6.1 • 4.4 3.8 • 1.0 
Serum** 6.1 • 3.6 a 11.4 • 1.1 a 47.6 • 3.6 b,c 53.8 • 38.8a, c 

Sham-operated rats  
Brain 12.4 • 1.7 a 9.7 • 1.0a, c 20.7 • 3.6 b 5.3 • 2.5 c 
Liver 20.0 • 2.1 a 18.2 • 2.0 a 39.1 • 2.8 b 17.5 • 14.3a, b 
Serum** 14.4 • 12.0 a 16.2 • 3.3 a 92.5 • 31.8 b 43.5 • 26.4a, b 

*Mean • SD {n = 3) of the "C radioactivity remaining in the aqueous phase after Folch extraction of the 
brain, liver and serum of the animals shown in Table 1. Values within each row with unlike superscripts 
are different from each other at a Bonferroni P < 0.05. 
**Serum values are DPM/ml X 103. 

TABLE 4 

Distribution of Radioactivity in Serum Lipids after IV Injection of Labeled Fat ty  Acids* 

[1-"C]-labeled fatty acid 
[9,10-~H]18:ln-9 

16:0 18:2n-6 18:3n-3 22:6n-3 (Reference) 

Percent total DPM 
Hepatsctomized rats 

Phospholipid 8.5 • 4.4 a 15.2 • 10.4a, b 38.7 • 10.8 b 27.5 • 14.1 a,b 4.4 • 1.6 
Cholesterol 29.7 • 7.7 a 5.3 + 2.1 b 2.2 ___ 0.3 b 8.9 • 4.6 b 3.7 - 1.1 
Fa t ty  acid {free) 51.4 + 6.0 a 76.9 • 12.9 b 49.3 + 11.2a, b 62.3 • 14.6 a,b 90.1 • 2.5 
Triglyceride 5.5 ___ 7.0 1.3 • 1.7 1.9 • 2.5 0.4 • 0.2 1.2 • 1.4 

Sharn~)perated rats 
Phospholipid 5.2 • 1.2 a 5.0 • 1.4 a 13.8 • 2.5 b 15.9 • 13.1a, b 4.8 + 1.5 
Cholesterol 3.0 • 0.1 4.2 • 0.6 4.6 • 1.9 5.3 • 2.5 4.0 • 0.9 
Fatty acid {free) 8.0 • 0.7 9.5 • 0.5 11.6 • 6.2 13.4 • 4.3 42.8 + 14.7 
Triglyceride 79.2 • 1.4 a 78.5 • 2.2a, b 66.3 • 6.6 b 64.5 • 16.5a,b 45.6 • 15.3 

*Serum lipids from the animals in Table 1 were separated by silica gel TLC, with the data summarized as 
means + SD {n = 3, except n = 12 for 18:1}. Values with unlike superscripts within a given lipid fraction 
are different at a BonFerroni P < 0.05. 
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f rom both  the hepatectomized and control r a t s  is an 
ar t i fact  due to degradat ion  products  which co-migrate  
with f a t t y  acid, since this  anomaly  was not  seen when 
[1-~4C]18:1n-9 was injected (data not  shown}. 

Despi te  in terrupt ion of the normal  blood supply to the 
liver in the functionally hepatectomized animals, some 
radioactivity was found in these livers (Table 1). However, 
there was no differential metabol i sm of the  var ious f a t t y  
acids. On the other hand, sham-operated controls showed 
considerable up take  of f a t t y  acid by  the liver, roughly 
30-40 t imes t ha t  of the brain on a per g r a m  basis.  

The liver showed an even s t ronger  preference for 
22:6n-3 than  the  brain, wi th  the liver accumula t ing  four 
t imes more radioact iv i ty  f rom this f a t t y  acid than  f rom 
the other  f a t t y  acids, which were not  significantly dif- 
ferent  in their  uptakes .  This select ivi ty by  the liver for 
22:6n-3 has  been noted  (10). The dis tr ibut ion of label in 
liver lipids was quite different f rom brain. For  18:2n-6, 
the  label was found about  equally in phospholipid and 
triglyceride. T w ~ t h i r d s  of the label f rom 18:3n-3 was 
present  in tr iglyceride and about  one-third in phospho- 
lipid, while the reverse was t rue  for 22:6n-3 (data not  
shown}. Very little of the radioact iv i ty  was present  in 
cholesterol or cholesteryl  ester. 

To compare  the t issue up take  of the injected f a t t y  acids 
with the relat ive amounts  of these  f a t t y  acids present  in  
the  t issues,  the f a t t y  acid composi t ion of brain, liver and 
serum from two-wk-old ra t  pups was determined (Table 5). 
The relative uptake  of [1-'4C] labeled 16:0, 18:2no6, 18:3n-3 
and 22"6n-3 by  the brain  and liver bore no relat ionship 
to the relat ive concentrat ion of each species in the to ta l  
f a t t y  acids of these tissues. With  regard  to the high up- 
take  of 22:6n-3 by  the two-wk-old liver, the concentrat ion 

TABLE 5 

Fatty Acid Composition of Brain, Liver and Serum 
of Tw~Wk-Old Rats 

% Total fatty acidsa 

Brain (n = 5) Liver (n = 5) Serum (n = 5) 

14:0 0.8 • 0.3 1.0 • 0.2 2.3 • 0.6 
16:0 27.3 • 0.6 23.8 + 1.1 23.5 • 1.6 
18:0 19.3 • 1.4 15.3 • 0.5 10.2 • 0.2 
Total sat. 49.1 + 0.7 40.9 • 1.5 36.6 • 2.2 

16:1n-7 1.5 • 0.2 0.6 +-- 0.1 1.2 + 0.1 
18:1n-9 15.4 _+ 0.5 8.9 • 0.8 9.9 + 0.7 
20:1n-9 0.5 +-- 0.1 0.1 • 0.0 0.1 • 0.0 
Total mono. 17.6 +_ 0.3 9.8 • 0.8 11.5 • 0.9 

18:2n-6 1.3 • 0.3 13.6 • 0.7 20.7 • 0.3 
20:3n-6 0.6 • 0.0 0.8 • 0.1 0.8 • 0.1 
20:4n-6 13.1 • 0.7 15.9 • 0.8 19.4 • 2.0 
22:4n-6 2.9 • 0.1 0.7 • 0.1 0.3 • 0.1 
22:5n-6 1.4 • 0,1 0.3 • 0.1 0.2 • 0.1 
Total n-6 19.8 • 0,5 31.8 • 0.6 42.1 • 1.9 

18:3n-3 N.D. 0.3 -- 0.1 0.3 + 0.1 
20:5n-3 0.06 • 0,02 0.8 + 0.1 1.6 + 0.1 
22:5n-3 0.4 +_ 0.0 3.3 • 0.2 1.7 • 0.1 
22:6n-3 12.5 +_ 0,8 12.8 ---- 0.8 5.7 + 0.8 
Total n-3 13.0 _+ 0.8 17.2 • 0.8 9.4 + 0.9 

aMeans • S.D. 
N.D., not detected. 

of 22"6n-3 in liver to ta l  f a t t y  acids was twice as high as 
in normal  adult  r a t  liver (19). 

DISCUSSION 

During the suckling period, the developing rat brain ac- 
cumulates most of its eventual adult complement of 
polyunsaturated fatty acids, including 22:6n-3. This 
process occurs at a linear and maximal rate 10-16 days 
after birth {6,7). For this reason, we chose 15-day-old 
suckling rats for our study. We compared the brain up- 
take of IV-injected, 14C labeled 16:0, 18:2n-6, 18:3n-3 and 
22:6n-3 by relating each of these to the uptake of a co- 
injected reference fatty acid, [3H]18:ln-9. Brain uptake 
in the functionally hepatectomized animals increased 
steadily with increasing degree of unsaturation, sug- 
gesting that the brain is not neutral in its selection of fat- 
ty acids from the circulation. Functional hepatectomy im- 
proved the uptake of fatty acid into the developing brain 
to a lesser extent than it did in adult rats injected with 
16:0 or 18:2n-6 (23,26). 
The difference in uptake between 18:3n-3 and 22:6n-3 

was unexpectedly small. For example, Sinclair (11) found 
that oral feeding of 18:3n-3 and 22:6n-3 to tw~wk-old rats 
led to the accumulation in the brain of 10 times more label 
from 22:6n-3 than from 18:3n-3. A similar disparity was 
noted by Hassam and Crawford (9) for orally fed 18:2n-6 
vs 20:4n-6. Apparently, when the potential for 
metabolism and/or oxidation of the delivered fatty acid 
is reduced by bypassing the intestines and removing the 
liver from the circulation, a more moderate selectivity by 
the brain for the more unsaturated fatty acids is revealed. 
One might argue that the relative accumulation of label 
seen in Table I is the result of less degradation of the more 
unsaturated fatty acids, either before they entered the 
brain, or after. This is not consistent with the data in 
Table 3, however, where it is seen that more not fewer 
oxidation products of 18:3n-3 and 22:6n-3 were detected 
in the brain and serum of functionally hepatectomized 
rats. 

Phosphatidylcholine was the most highly labeled brain 
lipid after IV injection of radioactive 16:0, 18:1n-9, 18:2n-6 
and 18:3n-3, a result consistent with previous experiments 
on adult and suckling rats {12,13,20-23). However, the 
presence in phosphatidylethanolamine of the major por- 
tion of the label from IV-injected [1-'4C]22:6n-3 was not 
expected based on the results from intracranial injection 
(24). Fif teen rain af ter  direct injection of 22:6n-3 into the 
brain of 18-day-old rats ,  roughly 50% of the label was in 
phosphatidylcholine and about  40% in phosphat idyl-  
ethanolamine.  The dis t r ibut ion was  approx imate ly  un- 
changed af ter  60 min. This con t ras t s  with only 26% of 
the label in phosphatidylcholine and 42% in phosphatidyl- 
e thanolamine af ter  30 min in our experiments .  Thus,  i t  
is possible t ha t  22:6n-3 pass ing  to the brain  th rough  the  
capil lary endothel ium enters  a different c o m p a r t m e n t  
than  22"6n-3 injected directly into the brain. 

A quest ion not  addressed by  our s tudy  was the degree 
to which the  injected f a t t y  acids were desa tu ra ted  and 
chain-elongated. One possible explanat ion for the rela- 
t ively high up take  of label f rom [1-14C]18:3n-3 would en- 
tail the metabol ism of this compound to 22:6n-3 followed 
by  enhanced up take  by  the brain  relat ive to 18:311-3 
proper. However,  the s tr iking difference in the fate  of the 
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label f rom [1-"C]18:3n-3 and [1-14C]22:6n-3 sugges ts  tha t  
18:3n-3 did not  enter  the brain  as "22:6n-3." Wi th  the  
present  data,  we cannot  make  any s t a t emen t  about  the 
ex ten t  to which each f a t t y  acid was fur ther  e laborated 
af ter  reaching the brain. 

There is cont roversy  over  the chemical form of the 
essential  f a t t y  acids t aken  up by  the brain. Tha t  is, i t  is 
not  clear whether  free f a t t y  acid (bound to a lbumin or 
perhaps  a-fetoprotein in the case of 22:6n-3 [25]) is the  
preferred form of lipid taken  up by  the brain, as has  been 
proposed (26). For example,  mos t  of the 22:6n-3 in the 
se rum of two-wk-old suckling ra t s  actual ly is present  in 
phosphatidylcholine,  and mos t  of the 18:3n-3 is present  
as t r iacylglycerol  (23). I t  also is not  clear to wha t  ex ten t  
the liver is involved. The presence of significant quantit ies 
of 22:6n-3 in the se rum l ipoproteins of ra t  pups  suckling 
mothers  fed diets high in 18:3n-3 has been in terpre ted  as 
implying a role for the liver in the desaturation]elonga- 
t ion of essential  f a t ty  acids, and their repackaging for ex- 
per t  to the developing brain (27). On the other hand, Cook 
(28) found the developing brain  itself to have  a high 
capaci ty  for desa tura t ion  of essential  f a t t y  acids. By  
s tudy ing  the  kinetics of lipid up take  af ter  IV injection 
of 18:3n-3, 22:6n-3 and other  f a t t y  acids in a var ie ty  of 
chemical forms and vehicles, we should be able to be t te r  
characterize the up take  process and the role of the liver. 
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Mevalonate 5-pyrophosphate decarboxylase was studied 
in isolated enterocytes obtained from duodenal, jejunal 
and ileal villi and crypts. In our assay conditions, decar- 
boxylase activity was linear for 60 min and up to 0.3 mg 
of protein. The subcellular location of decarboxylase in 
chick enterocytes was investigated. About 94% of the 
total activity was recovered in the cytosol. The distribu- 
tion of enzyme activity in epithelial cells also was studied. 
Maximal specific activity was found in cell fractions from 
jejunum followed by ileum and duodenum. About 80% 
of total activity was recovered in the villus cells, in- 
dicating an active role of these cells in cholesterogenesis. 
Ileal cells showed the highest cholesterol content. In all 
the intestinal epithelial cells assayed, free cholesterol 
represented about 95% of the total cholesterol. 
Lipids 23, 291-294 {1988). 

The small intestine plays a key role in cholesterol 
metabolism both because it is the site for absorption of 
dietary sterol and because it is one of the major sites for 
de novo cholesterogenesis (1). However, current under- 
standing of the regulation of cholesterol metabolism in 
the small intestine is incomplete. From the early work of 
Dietschy and Siperstein {2), it was postulated that 
cholesterol synthesis in the intestine, unlike the fiver, was 
not inhibited by dietary cholesterol. Likewise, Shefer et al. 
(3) observed no differences in intestinal 3-hydroxy-3- 
methylglutaryl-CoA (HMG-CoA) reductase activity in 
rats fed 2% cholesterol when compared with that of rats 
fed normal chow, while cholesterol feeding resulted in the 
inhibition of intestinal reductase in hamsters {4) and 
guinea pigs (5,6). Recently, we have reported the in- 
hibitory effect of cholesterol feeding on chick intestine 
HMG-CoA reductase (7). 

Although HMG-CoA reductase is considered to be the 
rate-limiting enzyme for cholesterogenesis in fiver and 
other tissues {8,9), the existence of secondary sites of 
regulation beyond mevalonic acid (MVA) formation has 
been suggested (10,11). In this sense, we have shown that 
feeding a 2% cholesterol diet from hatching resulted in 
a significant inhibition of mevalonate 5-pyropbosphate 
(MVAPP) decarboxylase from chick intestine, while 
mevalonate kinase and mevalonate 5-phosphate {MVAP) 
kinase remained unaltered {12). These results, together 
with the developmental pattern shown by MVAPP decar- 
boxylase during embryonic {13) and postnatal {14) periods 
as well as its changes in response to different nutritional 
conditions (12,15-17), demonstrate the important role of 
this enzyme in the regulation of cholesterol biosynthesis. 

Until now, the enzymes responsible for the intestinal 
transformation of mevalonate to isopentenyl pyrophos- 
phate have not been characterized. The purpose of this 
study was to investigate the distribution of MVAPP 

*To whom correspondence should be addressed. 
Abbreviatons: MVA, mevalonic acid; MVAP, 
5-phosphate; MVAPP, mevalonate 5-pyrophosphate. 

mevalonate 

decarboxylase in the epithelial cells isolated from chick 
duodenum, jejunum and ileum in a villus-t~crypt gradient 
to compare with that of HMG-CoA reductase and to 
resolve the controversy over which intestinal cell type 
{villus or crypt) is responsible for cholesterol synthesis. 

MATERIALS AND METHODS 
White Leghorn male chicks (GaUus domesticus) 30-35 
days old were used. Newborn animals were obtained from 
a commercial hatchery and maintained fed ad libitum on 
a commercial diet (Sanders A-00) in a chamber with a fight 
cycle from 09.00 to 21.00 hr and controlled temperature. 
D-[2-14C]Mevalonate 5-pyrophosphate (ammonium salt) 
and [6-3H]thymidine were supplied by Amersham Inter- 
national (Amersham, U.K.). All other reagents used were 
analytical grade. 

Chicks were killed by decapitation at the same hour 
every day {2 p.m.). Intestines were removed, chilled and 
then divided into three segments designated duodenum 
(between gizzard and briar conduct junction), jejunum {a 
12~m region from 15 cm after briar conduct junction) and 
ileum (a 12-cm region proximal to the ileo-cecal junction). 
Enriched isolated epithelial cell fractions from different 
locations along the villus~rypt axis were prepared accord- 
ing to Weiser (18) with the modification suggested by 
Raul et 81. (19), consisting in the eversion of the intestine 
fragment prior to incubation in the chelation buffers. To 
define the enterocyte fraction isolated after various time 
intervals, alkaline pbosphatase was determined as marker 
enzyme for differentiated villus cells {18}, while thymidine 
kinase, determined according to Klemperer and Haynes 
{20) and Breitman {21) was regarded as an indicator for 
crypt cells. Acid phosphatase, measured by the method 
of Bingham and Zittle {22}, was characteristic for both 
cell types {23}. / 

Incubations carridd out according to Weiser {18) for 
20-rain intervals up to a total of 160 mla yielded succesive 
cell fractions with varying activities of the marker en- 
zymes. Thus, the specific activity of alkaline phosphatase 
decreased gradually in cells progressively harvested, 
while the specific activity of thymidine kinase increased 
in the final cell fraction relative to the initial fraction. Acid 
phosphatase showed a practically similar specific activ- 
ity in all fractions ~,ecovered, so that the observed dif- 
ferences in alkaline Iphosphatase and thymidine kinase 
were not due to differences in cell stability. 

According to these results, the various cell fractions 
were combined in four separate pools designated as up- 
per {0-40 rain), mid {40-80 min) and lower {80-120 rain) 
villus cells and as crypt cells {120-160 rain) from 
duodenum and jejunum. In ileum, similar pools were con- 
sidered according to the following intervals of time: 0-30 
rain, 30-60 rain, 60-90 rain and 90-120 rain, respectively. 
These terms represented only a functional classification 
based upon the enzyme content of these groups of 
enterocytes and probably should not be taken as a literal 
indication of the anatomic sources for the various cells 

LIPIDS, Vol. 23, No. 4 0988) 



292 

J. IGLESIAS ET AL. 

(24). Protein contents were determined by the method of 
Lowry et al. (25) using bovine albumin as standard. 

Subcellular fractionation was carried out by centrifuga- 
tion of homogenates obtained by sonication of cell suspen- 
sions. The homogenates were centrifuged at 500 • g for 
15 rain to collect the nuclear fraction. The supernatant 
fraction was centrifuged at 15,000 • g for 15 min to yield 
mitochondria. Microsomal and cytosolic fractions were 
isolated from the postmitochondrial supernatant by cen- 
trifugation at 105,000 • g for 60 rain. The entire frac- 
tionation was carried out at 0-4 C. 

MVAPP decarboxylase activity was assayed using 
[2-'4C]MVAPP as substrate of the reaction as previously 
described (14). Enzyme activity was expressed as nmol 
of alcohols liberated/rain/rag protein. 

Lipids were extracted with chloroform]methanol (2:1, 
v/v) according to Folch et al. (26). Total and free choles- 
terol contents were determined by enzymatic colorimetric 
methods using "Test-Combination Cholesterol" or "Test- 
Combination Free Cholesterol," respectively, from Boehr- 
inger Mannheim GmbH {Germany). 

RESULTS 

The first group of experiments was undertaken to define 
the optimal conditions for measuring MVAPP decarbox- 
ylase activity in a large pool of isolated enterocytes ob- 
tained from both duodenal, jejunal and ileal villi and 
cripts. As shown in Figure 1, decarboxylase activity was 
linear with respect to the amount of cell protein in the 
incubation vial up to 0.3 rag. Likewise, enzyme activity 
was studied as a function of incubation time. As can be 
seen in Figure 2, the specific activity was linear up to 60 
rain of incubation. 

The subcellular localization of MVAPP decarboxylase 
in chick villus and crypt cells is reported in Table 1. Max- 
imal specific activity was found in the cytosolic fraction, 
with a recovery of about 94% of total activity. 

2(3 
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FIG. 1. Effect  of protein content of a large pool of enterocytes 
isolated from duodenal, jejunal and ileal villi and crypts on M V A P P  
decarboxylase activity.  Results  are expressed as means • SEM of 
three determinations. 

The distribution of MVAPP decarboxylase activity in 
epithelial cells isolated from duodenum, jejunum and 
ileum, as described in Materials and Methods, is shown 
in Table 2. Maximal specific activity was found in all frac- 
tions from jejunum, although differences with duodenum 
and ileum were small. The crypt and lower villus cells 
showed the highest specific activities in each intestinal 
fragment. When multiplied by the mass of protein 
recovered in each of these fractions, more than 80% of 
total decarboxylase activity was found in villus cells. 
Duodenum showed the highest total activity of the three 
fragments assayed. 

The total cholesterol content was determined in chick 
villus and crypt cells. As can be seen in Table 3, ileum 
showed the highest cholesterol content, followed by 
duodenum and jejunum. In all the intestinal epithelial 
cells assayed, free cholesterol represented about 95% of 
total cholesterol. 

i t I 

lo 30 6o 

TIME OF INCUP~TION (rain) 

FIG. 2. Effect  of incubation time on M V A P P  decarboxylase activi- 
ty  from chick enterocytes.  Results  are expressed as means +__ SEM 
of three determinations with a large pool of ente~eytes  isolated from 
duodenal, jejunal and ileal villi mad crypts. 

TABLE 1 

Subcellular Distribution of MVAPP Decarboxylase 
in Chick Enterocytes  a 

Specific activity 
F rac t ion  (pmol/min]mg protein) % total activity 

Homogenate 111.6 • 2.1 100 
Nuclei 23.0 • 1.5 4 
Mitochondria 12.4 • 1.5 1 
Microsomes 7.6 • 1.1 1 
Cytosol 423.0 • 6.0 94 

aResults are expressed as means :i: SEM of three determinations 
carried out using a large pool of isolated enterocytes obtained from 
duodenal, jejunal and ileal villi and crypts. 
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TABLE 2 

MVAPP Decarboxylase Activity in Villus and Crypt Cell Fractions from Chick Duodenum, Jejunum and lleuma 

Cell fraction 

Duodenum Jejunum Ileum 

Sp. act. Total act. % Total act. Sp. act. Total act. % Total act. Sp. act. Total act. % Total act. 

Upper villus 30.4 • O.1 2.7 + 0.1 39 32.5 • 4.8 0.9 • 0.1 28 30.0 + 1.5 0.6 • 0.1 17 
Mid villus 29.4 + 2.3 1.7 • 0.1 24 44.7 ___ 1.5 1.1 q- 0.1 34 34.0 • 1.7 1.2 • 0.1 34 
Lower villus 37.5 • 1.8 1.3 +_ 0.1 18 52.7 • 1.1 0.8 • 0.1 25 43.4 + 1.6 1.2 + 0.1 34 
Crypt 41.4 + 5.0 1.4 • 0.2 19 46.8 + 0.1 0.4 +- 0,1 13 52.6 + 7.0 0.5 • 0.1 15 

aResults are expressed as mean values • SEM of the specific activities {pmol/min]mg protein) or total activities {nmol]min) obtained 
in three determinations as well as percentages found in each fraction of total activity in duodenum, jejunum and ileum, respectively. 

TABLE 3 

Cholesterol Content of Epithelial Cells from Chick Duodenum, Jejunum and lleuma 

Duodenum Jejunum Ileum 

Cell fraction Total Free Total Free Total Free 

Upper villus 9.2 • 0.3 9.0 =t: 0.3 8.7 • 0.1 8.3 :i: 0.7 16.0 -+ 0.2 15.6 • 0.2 
Mid villus 10.9 • 0.3 9.9 • 0.1 8.7 • 0.1 8.2 • 0.1 16.6 +- 0.2 16.4 • 0.5 
Lower villus 11.1 • 0.4 9.7 • 0.9 8.3 • 0.2 7.7 :t: 0.2 14.9 -+ 0.3 14.1 • 0.3 
Crypt 9.1 • 0.2 8.7 • 0.1 12.4 + 0.5 12.3 • 0.5 17.1 - 0.3 16.0 • 0.3 

aResults are expressed as mean values =t: SEM of total and free cholesterol content (pg/mg protein} obtained in three determinations 
in chick duodenum, jejunum and ileum. 

DISCUSSION 

I n  th i s  work,  we have  s tud ied  for the  f i rs t  t ime  the  
d i s t r i b u t i o n  of M V A P P  deca rboxy lase  in  i so la ted  vi l lus  
and  c ryp t  cells. The  subce l lu la r  f rac t ion  wi th  the  h ighes t  
specific ac t iv i ty  was  the  cytosol ,  in  a g r e e m e n t  wi th  
p rev ious  r e su l t s  o b t a i n e d  on  th i s  (12) and  o the r  chick 
m e v a l o n a t e - a c t i v a t i n g  enzymes  (28). However ,  i t  is im- 
p o r t a n t  to  r e m a r k  t h a t  H M G - C o A  reduc t a se  ac t i v i t y  
i so la ted  f rom epi thel ia l  cells f rom chick i n t e s t i n e  was  
found in the microsomal and mitochondrial fractions (un- 
published results), thus demonstrating the existence of 
a gross contamination of the different organelle fractions 
similar to that reported in rat intestine (29,30). Because 
of this, we have used in this work the whole homogenate 
for comparative studies with reductase. 

The distribution of MVAPP decarboxylase in the dif- 
ferent intestinal segments was practically similar to that 
found for HMG-CoA reductase; jejunal cells showed the 
maximal specific activities of both enzymes. About 80% 
of total decarboxylase activity was recovered in the villus 
cells, thus indicating an active role of these cells in 
cholesterol synthesis. Similar results previously were ol> 
tained on the distribution of HMG-CoA reductase: about 
70~ of its total activity was found in the upper and the 
mid-villus fraction (unpublished results). 

Concerning the cholesterol content of intestinal epithe ~ 
lial cells, the fact that absorption of luminal sterols in the 
chick occurs mainly in the proximal portion {31) led us 
to postulate that a large part of the cholesterol content 
of the ileum may be synthesized in situ. This intestinal 
segment was the richest in total cholesterol, sterol that 

a c c u m u l a t e d  a lmos t  exc lus ive ly  in  the  free form. H i g h  
free choles terol  levels would  be in  good a g r e e m e n t  wi th  
the  low acyl-CoA:cholesterol  acy l t r ans fe rase  specific ac- 
t i v i t y  p rev ious ly  repor ted  for th i s  reg ion  (32). Likewise,  
the  accumula t ion  of free cholesterol  did n o t  de te rmine  an  
inhibi t ion  of cholesterogenic enzyme activi t ies HMG-CoA 
reduc t a se  a nd  M V A P P  decarboxylase ,  as has  been  
repor ted  in  o ther  phys io logica l  cond i t ions  in  which the  
v a r i a t i o n s  observed  in  free cholesterol  were paral le l  to  
those  found  in  bo th  enzyme  ac t iv i t ies  (13,32}. 
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High-molecular weight compounds previously were found 
to be important secondary products from autoxidation 
of polyunsaturated fatty esters. The contribution of 
dimers to oxidative deterioration was investigated by 
analyzing their volatile thermal decomposition products 
by capillary gas chromatography-mass spectrometry. 
Dimers were isolated by gel permeation chromatography 
from autoxidized Hnolenate and from the corresponding 
monohydroperoxides, cyclic peroxides and dihydroperox- 
ides. Major volatile decomposition products identified 
from these oxidative dlmers were similar to those formed 
from the corresponding monomeric hydroperoxides. How- 
ever, dimers from linolenate hydroperoxides produced 
more propanal and methyl 9~xononanoate than the cor- 
responding monomers but less methyl octanoate and 
much less or no 2,4-heptadienal and 2,4,7~iecatrienal. 
Significant differences in minor volatile products also 
were observed between dimeric and monomeric products 
of methyl Hnolenate oxidation compounds. Mechanisms 
are suggested for the formation of volatile decomposition 
products from different dlmeric structure8. These dlmers 
are believed to be important sources of volatile com- 
pounds contributing to flavor and oxidative deterioration 
of fats. 
Lipids 23, 295-298 (1988). 

Much work has been reported on the monomeric and 
volatile oxidation products of fats, but relatively little in- 
formation is available on the nature of the high-molecular 
weight products, especially those from linolenate. Early 
reports indicated that high-molecular weight compounds 
from linoleate and linolenate may be important sources 
of flavor compounds in vegetable oils (1-6). The thermal 
polymerization of oxidized methyl linolenate in the 
absence of air generated a complex mixture of oxygen- 
containing compounds that included 70% dimers (4). 

Dimer structures with conjugated diene systems were 
reported from linoleate hydroperoxide oxidized at 38 C 
in the presence of a free radical initiator and absence of 
oxygen (7). More recently, peroxidic dimers that con- 
tained either allylic hydroperoxide or hydroxy substit- 
uents were identified in linoleate autoxidized at 30 C 
{8-11}. Small amounts of ether-linked dimers also were 
identified from decomposed linoleate hydroperoxides (11). 
In the decomposition of linoleate dimers at 30 C, a mix- 
ture of hydroxy aldehydes, hydroxy esters and hydroxy 
aldehyde esters were identified (12). 

We recently identified the dimers formed either directly 
during the autoxidation of methyl linolenate or by decom- 
posing linolenate hydroperoxides, hydroperoxy epidiox- 
ides and dihydroperoxides at 40 C. The linolenate dimers 

*To whom correspondence should be addressed. 
Abbreviations: GC, gas chromatograph; GC-MS, gas chroma- 
tography-mass spectrometry. 

carbon linkages (13). Different volatile decomposition 
products were identified from methyl linolenate hydrc~ 
peroxides when decomposed either thermally at 150 C or 
catalytically with ferric chloride and ascorbic acid at room 
temperature (14). This paper extends these studies to 
clarify the decomposition pathways of dimeric products 
isolated from oxidized linolenate, its hydroperoxides and 
corresponding secondary oxidation products. 

EXPERIMENTAL 

Procedures for the preparation of oxidation products from 
methyl linolenate were as described (15). Autoxidized 
methyl linolenate, pure linolenate mona  and di-hydro- 
peroxides, and hydroperoxy epidioxides were decomposed 
with air at 40 C. The decomposition mixtures were 
dissolved in methylene chloride and separated by gel 
permeation chromatography into oligomeric, monomeric 
and low-molecular weight fractions (13,14). The oligomeric 
fractions consisted mainly of dimeric components with 
molecular weights varying from 625-930 (13). 

Volatile thermal decomposition products of monomeric 
and dimeric fractions formed after injection at 200 C in 
a gas chromatograph (GC) (Perkin-Elmer, model Sigma 
300, Norwalk, CT), were analyzed with a capillary column 
(DB 1701, J & W Scientific Co., Rancho Cordova, CA) 
cooled to - 2 0  C with liquid nitrogen. Column tempera- 
ture was programmed to 260 at 5 C per rain with a final 
hold of 10 rain. Integrated relative peak areas obtained 
with flame ionization detection were calculated as weight 
percentage of methyl hexanoate used as internal standard 
(14). Volatile decomposition products separated and 
characterized by capillary gas chromatography-mass 
spectrometry (GC-MS), were identified by matching their 
mass spectra and by comparing their GC retention data 
to those of known reference compounds (16,17). 

RESULTS 
Dimeric fractions isolated by gel permeation chroma- 
tography from methyl linolenate autoxidized at 40 C 
varied from 0.1 to 10.1% by weight in direct proportion 
to the peroxide values (13). Dimers were isolated by gel 
permeation chromatography in 60-90% yields from pure 
monohydroperoxides, 65% from hydroperoxy epidioxides, 
and 55% from dihydroperoxides of methyl linolenate 
decomposed at 40 C. GC profiles obtained with oxidative 
dimers of methyl linolenate were complex and included 
about 20 components. Major volatile components are 
compared in Table 1. 

Dimers from autoxidized methyl linolenate and linole- 
nate hydroperoxides showed similar volatile decomposi- 
tion product profiles with more 2,4-heptadienal and 
2,4,7-decatrienal from the autoxidized linolenate dimer. 
Methyl 9-oxononanoate, the major decomposition prod- 
uct, was 63-72% from hydroperoxide dimers and 47% 
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TABLE 1 

Capillary Gas Chromatographic Analysis of Products from Thermal Decomposition of Monomers and Dimers 
from Autoxidized Methyl Linolenate and Its Oxidation Products (Relative Percentage) 

Autox Ln a Hydroperoxides OOH Epidioxidesb Dihydroperoxides 

Major volatiles Dimers Monomers  D i m e r s  Monomers  D i m e r s  Monomers  Dimers 

Propanal 13.5 8.3 11.9 19.7 16.2 9.3 10.7 
1-Pentan-3-ol 0.0 0.6 0.6 0.5 0.0 0.0 0.0 
2-Pentanal 1.7 3.2 0.7 0.7 0.0 0.0 1.3 
2/3-Hexenal 1.8 2.7 1.6 0.2 0.4 0.8 1.2 
2,4-Heptadienal c 8.0 17.3 0.7 11.0 2.2 4.1 2.2 
Me heptanoate 0.7 0.4 0.7 0.0 0.0 0.4 0.0 
Me octanoate 9.6 11.6 5.5 1.2 2.6 8.5 7.2 
Et furanone 1.3 0.0 2.0 0.0 0.0 2.9 1.5 
Epoxy heptenal 1.0 0.9 2.1 0.6 0.3 0.9 0.6 
2,4,7-Decatrienal c 4.1 29.1 0.6 1.9 0.0 0.0 0.0 
Me 8-oxo-octanoate 1.3 1.7 3.2 1.0 2.6 2.0 2.5 
Me 9-oxo-nonanoate 46.9 18.3 63.3 57.9 68.2 61.8 61.4 
Me Furan octanoate c 3.6 0.8 3.4 1.5 5.8 5.2 3.9 
Me 10-oxo-8-decanoate 2.2 1.8 1.3 0.6 0.6 1.3 3.1 
Me 11-oxo-9-undecenoate 4.3 3.1 2.4 3.4 1.0 2.8 4.4 

aAutox Ln, autoxidized methyl linolenate (peroxide value 1003). 
bOOH Epidioxides, hydroperoxy epidioxides. 
cSeparated cis, trans and trans, trans isomers are combined. 

from dimers of autoxidized methyl linolenate. 2-Pentenal, 
2,4-heptadienal and 2,4,7-decatrienal were found in much 
higher amounts from monomeric hydroperoxides than 
from the corresponding dimers obtained at 40 C. Methyl 
9-oxononanoate, on the other hand, was found in much 
higher levels from dimers than the corresponding 
monomers. 

When the volatiles from monomeric hydroperoxy epidi- 
oxides were compared with the volatiles from the cor- 
responding dimers, significant differences were found in 
major components. More 2,4-heptadienal was found in the 
monomers than the dimers. The monomers produced 2% 
2,4,7-decatrienal, but the dimers did not produce this 
aldehyde. More methyl 9-oxononanoate was formed from 
the dimers than the monomers. The major volatiles from 
linolenate dihydroperoxides, including propanal, methyl 
octanoate and 9-oxononanoate, were similar in the 
monomers and dimers. As with the monohydroperoxides, 
more 2,4-heptadienal was formed from the dihydroperox- 
ide monomers than the corresponding dimers {Table 1). 
Minor volatile thermal decomposition products included 
1-penten-3-ol from linolenate monohydroperoxide dimers; 
2/3-hexenal, epoxy heptenal, methyl 8-oxo-octanoate, 
htran octanoate, 10-oxo-8-decenoate and ll-oxo-9-un- 
decenoate from the other oxidative dimers (Table 1). 

All volatiles listed in Table 1, except ethyl furanone, 
previously were found among thermal decomposition 
products from monohydroperoxides (15), hydroperoxy 
epidioxides and dihydroperoxides of methyl linoleate and 
linolenate 08,19}. Ethyl furanone is a unique volatile com- 
pound detected among the decomposition products of 
autoxidized methyl linolenate, and the oxidative dimers 
of linolenate mono- and dihydroperoxides. This com- 
pound, referred to in the literature as the lactone of 
4-hydroxy-2-hexenoic acid, previously was identified in 
thermally oxidized trilinolein {20,21), and had the same 

mass spectral peaks as those reported by Tressl et al. {22). 
In another study, monomeric 9,16-dihydroperoxide of 
methyl linolenate was decomposed at 160 C and only 
methyl octanoate and methyl 9-oxononanoate were 
observed by GC with a packed Carbowax column {23). 

DISCUSSION 

In this study, we found significant differences in volatile 
products generated from monomers and dimers derived 
from the decomposition of autoxidized methyl linolenate, 
its monohydroperoxides and other secondary oxidation 
products. The origin of volatile cleavage products ob- 
served in this work can be explained by considering 
mechanisms for the thermal decomposition of methyl 
linolenate hydroperoxides and secondary oxidation prod- 
ucts 06,18,19} in terms of the dimeric structures estab- 
fished for the oxidation products of methyl linolenate (13). 

The principal cleavage mechanisms recognized for 
methyl linolenate hydroperoxides involve homolytic scis- 
sion on each side of the hydroperoxide group {16,24,25}. 
With the 9-hydroperoxide isomer {ranging from 30-35 %), 
cleavage on each side of the 9-OOH group produces 
methyl 9-oxononanoate and decatrienal plus methyl oc- 
tanoate as main decomposition products. With the 12- 
hydroperoxide isomer {ranging from 10-13%}, cleavage 
on one side of the hydroperoxide forms 2,4-heptadienal. 
With the 13-hydroperoxide isomer {ranging from 11- 
13%), the same cleavage produces 3-hexenal, which read- 
ily isomerizes into a mixture of 2- and 3-isomers. With 
the 16-hydroperoxide isomer (ranging from 41-52%}, this 
cleavage forms propanal as an important volatile product 
(16}. The hydroperoxy epidioxides of methyl linolenate 
cleave like the monohydroperoxides and form similar 
products, which include methyl 9-oxononanoate, methyl 
octanoate and 2,4-heptadienal from the 9-hydroperoxy 
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epidioxide, and propanal from the 16-hydroperoxy epi- 
dioxide (18). In addition to these volatile products, 
2,3-pentanedione, which is reported to have a strong 
butter-like smell, also has been observed among the 
decomposition products of the 16-hydroperoxy epidiox- 
ide of methyl linolenate (23). From our studies of volatile 
decomposition products, we concluded that the cyclic 
peroxides and other secondary products of methyl 
linolenate are important precursors of volatile compounds 
that can contribute to the flavor and oxidative deteriora- 
tion of edible fats (18). 

The predominant dimeric structures previously iden- 
tified from methyl linolenate autoxidized at 40 C pos- 
sessed structural features of the monomeric components, 
including monohydroperoxide, hydroperoxy epidioxide 
and dihydroperoxide (13). This study showed that the 
dimers were mixtures involving monohydroperoxides, 
dihydroperoxides and hydroperoxy epidioxides condensed 
mainly through peroxide (88%) and through ether and]or 
carbon linkages (12%). The major volatile decomposition 
products expected from different peroxide-linked dimer 
structures (I-IV) are summarized in Schemes 1 and 2. 
Cleavage between the peroxide link and the olefinic side 
of the 9- and 16-hydroperoxide groups would produce 
methyl 9-oxononanoate from dimers I and II (Scheme 1). 
This type of cleavage apparently is most favored because 
methyl 9-oxononanoate is the most important thermal 
volatile decomposition product observed in this study. 
Cleavage on the opposite side of the peroxide links ac- 
counts for the formation of methyl octanoate on one side 
and propanal on the other side of the first monomer unit 
of dimer structure I. Dimer structure II would undergo 
cleavage on the right to produce methyl 9-oxonoanoate 

- and methyl octanoate, and cleavage on the left to produce 
propanal (Scheme 1). With both structures I and II, 
cleavage does not appear to take place to form 2,4,7- 
decatrienal from the 9-hydroperoxide isomer as it does 
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in the monohydroperoxide (16). Alternatively, this poly- 
unsaturated aldehyde may be polymerized under our con- 
ditions of decomposition. 

Scheme 2 shows cleavages expected from the two 
dimers III and IV containing hydroperoxy epidioxides, 
and dihydroperoxide components, cross-linked through 
either 9- or 16-hydroperoxide groups. Methyl 9-oxo- 
nonanoate is formed by cleavage between peroxide link- 
ages and propanal by cleavage on the 16-peroxide linkage 
in dimer III and the 16-hydroperoxide group in dimer IV. 
Methyl octanoate would be formed by cleavage of the 
alkyl substituents on the opposite side of the peroxide 
linkage on carbon-9 of these dimer structures. Cleavage 
across the epidioxide rings of the cyclic peroxide com- 
ponents in dimers III  and IV would account for the for- 
mation of 2,4-heptadienal. The relatively small amounts 
of this compound observed (Table 1) suggest, however, 
that either this cleavage is minor or that this polyun- 
saturated aldehyde is decomposed under our conditions. 
2,4-Heptadienal was also a minor product of the dimers 
of hydroperoxy epidioxides and dihydroperoxides. The 
origin of minor volatile decomposition products may be 
explained by the same mechanism discussed in the litera- 
ture for autoxidized methyl linolenate and the mono- 
hydroperoxides and corresponding secondary oxidation 
products (16,24-26). Ethyl furanone may be derived from 
dimers containing hydroperoxide or peroxide linkage on 
carbon 13, by hydrogen abstraction followed by reaction 
with oxygen and cyclization. 

This work showed that oxidative dimers of methyl 
linolenate and its oxidation products form volatile decom- 
position products related to the monomeric hydroperox- 
ide precursors. Therefore, we believe that dimers like the 
monomer precursors may be important sources of volatile 
compounds contributing to flavor and oxidative deteriora- 
tion of fats. 
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Fluorescent Substances Derived from the Reaction 
of 13-Monohydroperoxylinoleic Acid and Methylamine 
Klyomi Klkugawaa,* a n d  Shlgenobu Watanabeb 
aTokyo Ccdege of Pharmacy, 1432-I Horlnouchl, Hachlo~, Tokyo 192-O3, Japan, and bKanagawa Prefectural Public Health Laboratories, 
52-I Nakao-cho, Asahi-ku, Yokohama 241, Japan 

Reaction of 13-monohydroperoxylinoleic add and methyl- 
.mine in the presence of ferric ions produced at least four 
fluorescent substances. They were separated by high per- 
formanee liquid chromatography with a reverse phase 
column, and major fluorescent substances 1 and 3 were 
isolated. Fluorescent substances 1 and 3 showed the same 
fluorescence spectra with excitation maxima at 360 nm 
and emission mnxlma at 430 nm, and the same ultraviolet 
spectra with absorption maxima at 275 and 360 nm. 
Fluorescence of 1 and 3 was lost in alkaline media owing 
to the instability of the fluorophores. The fluorophores 
of 1 and 3 were destroyed on treatment with borohydride. 
The fluorescence characteristics of 1 and 3 were similar 
to those of the age-related fluorescent substances pro- 
duced in tissues. They were different from those of the 
fluorescent substances derived from malonaldehyde and 
resembled those of the fluorescent substances derived 
from monofunctional aldehydes. 
Lipids 23, 299-303 {1988). 

Fluorescent lipofuscin granules develop in aging cells or 
tissues {I,2). Several researchers have isolated and ana- 
lyzed fluorescent lipofuscin pigments in various tissues 
{3-7). The isolated lipofuscin pigments showed fluores- 
cence with excitation maxima at 345-395 nm and emis- 
sion maxima at 420-490 nm (3-7), and the fluorescence 
was quenched in alkaline media {5,7). Accumulation of the 
fluorescent lipofuscin pigments has been assumed to be 
due to lipid oxidation in cells or subcellular organisms 
(8,9). Although it has been shown that oxidized lipids or 
fatty acids give rise to fluorescence by interaction with 
primary amines or proteins {10-20), the structures and 
the properties of the fluorophores produced in these reac- 
tions are not known. Only a few preliminary studies show- 
ing the formation of multiple fluorescent substances in 
the reaction of mixed fatty acid hydroperoxides have ap- 
peared {14,17,18). 

In this study, we investigated the formation of fluores- 
cent substances in the reaction of 13-monohydroper- 
oxylinoleic acid (13-LOOH) and methylamine as a model 
for fluorescent lipofuscin pigment formation in tissues. 
The fluorescent products were purified, and their fluores- 
cence characteristics were elucidated. The fluorescence 
characteristics of the products were compared with those 
of the fluorescent lipofuscin pigments and the fluorescent 
substances derived from malonaldehyde or monofunc- 
tional aldehydes. 

MATERIALS AND METHODS 

Materials. 13-Monohydroperoxylinoleic acid (13-LOOH) 
was prepared according to the method of Gardner (21) by 
use of linoleic acid (grade III, Sigma Chemical Co., 

*To whom correspondence should be addressed. 
Abbreviations: FAB, fast atom bombardment; HPLC, high perfor- 
mance liquid chromatography. 

St. Louis, MO) and lipoxydase (type 1:130,000 units/mg, 
Sigma Chemical Co.). Purity of the hydroperoxide esti- 
mated on the basis of ultraviolet absorption coefficient 
at 234 nm: 24,500 (22) was 95.1%. High performance 
liquid chromatography {HPLC) with a straight phase col- 
unto of the sample after methylation with diazomethane 
revealed that it was consisted of trans, trans and cis, trans 
isomers (23). 

Analysis. Ultraviolet absorption spectra were measured 
with a Hitachi 323 recording spectrophotometer. Fluores- 
cence spectra were measured with a Hitachi 204 fluores- 
cence spectrophotometer. Relative fluorescence intensity 
was expressed as the percentages of the intensity of 
0.1 ILM quinine sulfate in 0.1 N sulfuric acid (excitation 
at 353 nm and emission at 445 nm). Silicic acid {Mal- 
linkcrodt, St. LoUIs, MO) column chromatography was 
performed with the solvent sys tem chloroform/ 
methanol (3:1). A Sephadex LH-20 column was used for 
the removal of salts with 0.017% acetic acid]methanol/ 
acetonitrile (3:1:1) as solvent. 

HPLC was performed on a Shimadzu liquid chromato- 
graph fitted with a stainless steel column packed with 
Unisfl QC-18 5 ~m (16.7 • 300 ram) or LiChrosorb RP-18 
5 ~nn (4.6 • 25 mm). The columns were eluted with a 
mobile phase composed of 8.3 mM (NH4hHPO4 (pH 
3.5)/methanol/acetonitrile (3:1:1, v/v/v) at a flow rate of 
3.5 or 0.8 ml/min, respectively. Fluorescent peaks were 
detected by use of a Hitachi fluorescence monitor with 
excitation at 360 mn and emission at 440 nm. Ultraviolet 
absorbing peaks were detected by use of a Hitachi 
wavelength turnable effluent monitor. 

Mass spectra were taken with a JEOL JMS DX300 in- 
strument equipped with a fast atom bombardment (FAB) 
ion source and a DA5000 data system. The sample was 
dissolved in methanol and placed on a stainless steel 
probe target with glycerol matrix. FAB/MS was operated 
with xenon gas at an emission current of 20 mA and an 
accelerating voltage of 6 KV in the positive mode. 

RESULTS 
A solution containing 2 mM 13-LOOH and 200 mM 
methylamine in methanol]water was incubated at 37 C in 
the absence and presence of ferric ions. Time course 
studies of the fluorescence intensities of the reaction mix- 
tures (Fig. 1) showed that  the formation of fluorescence 
was gradual in the absence of ferric ions, and was ac- 
celerated in the presence of ferric ions. Degradation of 
13-LOOH by ferric ions promoted fluorescence formation. 
The reaction mixtures exhibited fluorescence with an 
excitation maximum at 363 nm and an emission max- 
imum at 428 nm in methanol. The reaction mixtures of 
13-LOOH alone did not produce any significant fluores- 
cence irregardless of whether ferric ions were present. 

Isolation of the fluorescent substances was attempted. 
A mixture containing 20 mM 13-LOOH, 2 M methyl- 
amine and 0.1 mM ferric ions was incubated at 37 C for 
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FIG.  1. Time course of the formation of fluorescence in the  reac- 
t ion of 13-LOOH and methylamine.  A mixture  of 2 mM 13-LOOH, 
200 mM methylamine hydrochloride and 0.1 mM ferric chloride (O), 
2 mM 13-LOOH and 200 mM methylamine hydrochlorlde ( * ), 2 mM 
13-LOOH and 0.1 mM ferric chloride (A) or 2 mM 13-LOOH alone 
(A) in methanol]water  (1:1) adjusted a t  pH 5.5 by addit ion of 1 N 
NaOH was incubated a t  37 C. Fluorescence spectra of the mixtures  
were taken after 100-fold dilution in methanol. Relative fluorescence 
intensi t ies  measured a t  the excitation (363 nm) and emission (428 
nm) maxima were expressed as the percentages of the intensi ty  of 
0.1/xM quinine sulfate in 0.1 N sulfuric acid. 

120 hr. The reaction mixture was passed through a col- 
umn of silicic acid to remove most of the salts. The 
fluorescence spectrum of the eluate was unchanged dur- 
ing column chromatography, and 80% of the fluorescence 
was recovered (Table 1). The fluorescent substances were 
then separated by HPLC using a preparative reverse 
phase column {Fig. 2). Four fluorescent peaks were de- 
tected, and each fraction was collected. The fluorescence 
spectra of the fractions were the same as the spectrum 
of the reaction mixture, indicating that  the fluorescent 
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FIG.  2. HPLC of the fluorescent substances  derived from the  reac- 
tion of 13-LOOH and methylamins.  A 10 ml mixture  of 20 mM 
13-LOOH, 2 M methylAmine hydrochloride and 0.1 mM ferric chloride 
in methanol/water  {1:1} adjusted a t  pH 5.5 was shaken at  37  C for 
120 hr. The mixture was evaporated to dryness, and the residue was 
applied to a silicic acid (25 g) column. The fluorescent eluate was 
collected and evaporated to dryness. The residue was subjected to 
HPLC using a Unisil QC-18 5 / ~  col ,mn at  a flow rate of 3.5 ml/min~ 
The peaks were detected with excitation at  360 nm and emission 
at  440 nm. 

substances were unchanged by HPLC (Table 1). Forty- 
three percent of fluorescence of the reaction mixture was 
recovered in the four peaks. 

The fluorescent eluate from the silicic acid column was 
dissolved in methanol, ethanol, 2-propanol or chloroform 
and kept at room temperature for up to 20 hr. HPLC of 
the solutions revealed that none of the fluorescent 
substances was degraded in the solvents. The fluorescent 
eluate was dissolved in the buffered solutions of various 
pH values and kept for up to 20 hr. HPLC of the solu- 
tions revealed that  the fluorescent substances 1, 2 and 
3 were unchanged in the solutions at pH 4.9 and 7.0, but 
they were degraded in the solutions at pH 10.0 and 11.5 
(Fig. 3). The intensities of the peaks diminished to less 
than 20% after 20 hr at pH 10.0 and after five hr at pH 

TABLE 1 

Fluorescence Spectra  and Recovery of the  Fluorescent Substances  
Derived from the Reaction of 13-LOOH and Methylamine 

Fluorescence a 

Excitation Emission Relative fluorescence Recovery 
Samples maximum (nrn) maximum (nm) intensity b (%) 

Reaction mixture  c 363 428 198,000 100 
Silicic acid column 

chromatography c 360 425 158,000 80 
HPLC c 

1 363 425 27,000 14 
2 364 425 12,000 6 
3 363 425 31,000 16 
4 370 423 13,000 7 

aSpectra  were measured in methanol.  
bRelative fluorescence intensi ty  was based on 10 ml of the solution and expressed as percentages of the 
intensi ty  of 0.1/~M quinine sulfate. 
CThe same as described in the legend to Figure 2. 
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FIG. 3. Stability of fluorescent substances 1, 2, and 3 at various pH 
values. The fluorescent eluate of the silicic acid column was evapo- 
rated to dryness and dissolved in the buffer. The solutions were kept 
at room temperature for up to 20 hr and analyzed by HPLC with 
a LiChrosorb RP-18 5 ~m column at a flow rate of 0.8 ml/min. 0.05 
M citrate buffer, pH 4.9 (A); 0.07 M phosphate buffer, pH 7.0 (]3); 
0.05 M borate buffer, pH 10.0 (C); and 0.025 M borate buffer, pH 
11.5 {D). 

11.5. The initial fluorescence intensities of the eluate could 
not  be recovered when the eluate was kept  at  p H  11.5 for 
five hr and subsequent ly  adjusted to p H  4.9. 

Two major  fluorescent substances,  1 and 3, were re= 
chromatographed  by  H P L C  with the same prepara t ive  
column, and the salts in the eluates were removed by  pass- 
ing through a Sephadex LH-20 column. Fluorescent sub- 
s tances 1 and 3 thus  purified showed single f luorescent 
and ul t raviolet  absorbing  peaks  a t  re tent ion t imes of 8.0 
man and 14.5 rain, respectively, when analyzed by  H P L C  
with  an analytical  reverse phase  column {Fig. 4). 

Purified samples of 1 and 3 in methanol  showed similar 
fluorescence spect ra  with an exci tat ion m a x i m u m  at  
360 nm and an emission m ax i m um  at  430 urn, and similar 
ul t raviolet  absorpt ion spec t ra  with absorpt ion m a x i m a  
at  275 and 360 um (Fig. 5). Fluorescence intensities of the 
purified samples  of 1 and 3 in methanol  (adsorbance a t  
360 nm: 1.0) relat ive to 0.1 ~M quinine sulfate were 
48,000% and 47,000%, respectively. In  order to elucidate 
the s t ruc tures  of the compounds,  mass  spec t ra  were 
measured by  using a fas t  a tom bombardmen t  ion source. 
However,  no reproducible mass  f ragmenta t ion  pa t t e rns  
were obta ined because of the presence of impuri t ies  
without  fluorescence or ultraviolet  absorption. The struc- 
tures  of the compounds  could not  be elucidated. 

Fluorescence spect ra  of the purified samples  of 1 and 
3 showed little change in methanol ,  ethanol,  2-propanol, 
chloroform and water,  bu t  the fluorescence intensit ies 
were different (Table 2). While 1 and 3 exhibited inten- 
sities in ethanol, 2-propanol and water  comparable  to 
those in methanol ,  much  lower intensit ies were observed 
in chloroform. 

Fluorescence intensities of i and 3 were little influence 
in methanol/1 N HC1, bu t  they  were great ly  lowered in 
methanol/1 N N a O H  (Table 2). This  loss in fluorescence 
is due to the instabi l i ty  of 1 and 3 in alkaline media. The 
fluorescence intensit ies of 1 and 3 in methanol/10 mM 
borohydride (pH 9.2) also were lowered. This decrease 
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FIG. 4. HPLC of the purified samples of 1 and 3. Fluorescent 
substances 1 and 3 obtained in Figure 2 were rechromatographed, 
and the fluorescent fractions were desalted through a Sephadex 
LH-20 column. The fractious of 1 and 3 were analyzed with a 
LiChrosorb RP-18 5 ~n col,mn at a flow rate of 0.8 ml]min. The peaks 
were detected by fluorescence with excitation at 360 nm and emis- 
sion at 440 um, and by ultraviolet absorption at 360 nm. 
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FIG. 5. Fluorescence (A) and ultraviolet absorption (B) spectra of 
the purified samples of 1 ( ) and 3 (------) in methanol. Relative 
fluorescence intensities of the solutions assessed for ultraviolet ab- 
sorption spectra were expressed as the percentages of the intensity 
of 0.1 I~M quinine sulfate. 

could not  be accounted for by the high p H  values because 
the intensit ies in methanol/10 mM N a O H  (pH 9.4) re- 
ta ined about  half of the intensit ies observed a t  neutra l  
pH.  The fluorophores of 1 and 3 were des t royed on treat-  
men t  with borohydride.  

DISCUSSION 

Previously,  we have  shown tha t  linoleic, linolenic and 
arachidonic acids produced fluorescent subs tances  with 
exci ta t ion m a x i m a  at  355-370 nm and emission ma x ima  
at  420-440 nm by  react ion with methylamine  under  
aerobic conditions {18}. The fluorescence was influenced 
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T A B L E  2 

Fluorescence Spectra and Intensities of the Purified Samples of 1 and 3 under Various Conditions 

Excitation Emission Excitation Emission 
Solvent maximum {nm) maximum {am) Intensity a maximum (rim) maximum (rim) Intensity a 

Methanol 360 430 100 357 430 100 
Ethanol 358 430 139 358 430 108 
2-Propanol 362 434 162 357 428 101 
Chloroform 350 430 15 358 422 44 
Water 357 430 117 356 428 99 
Methanol]l  N HC1 (9:1} 360 430 93 357 430 94 
Methanol/1 N NaOH (9:1) 380 420 12 380 420 9 
MethanoF10 mM NaOH (9:1) b 360 420 42 370 420 57 
Methanol]10 mM NaBH4 (9:1) c 380 405 7 385 435 8 

aRelative intensity was expressed at the excitation and emission mRIim~l. 
bpH 9.4. 
CpH 9.2. 

little in acidic media  but  was affected differently in 
alkaline media with the f a t t y  acids. The character is t ics  
of the f luorescent subs tances  indicate tha t  they differ in 
s t ruc ture  depending on f a t t y  acids f rom which they  are 
derived. 

In  this investigation, the fluorescent substances  in the 
reaction of 13-LOOH with methylamine  were isolated, 
and their  fluorescence character is t ics  were clarified. The 
fluorescent substances were produced during degradation 
of the hydroperoxide,  and a t  least  four components  were 
produced. Fluorescence spect ra  of the products  were 
similar and had exci tat ion m ax i m a  at  360 nm and emis- 
sion max ima  at  430 nm. The products  were degraded in 
alkaline solutions, and thus  the fluorescence intensit ies 
were diminished greatly.  This is in good agreement  with 
the observat ions tha t  the fluorescence of the isolated lip- 
fuscin of human  and ra t  tes tes  was quenched in alkaline 
media  (5,7). The fluorophores in these products  were 
des t royed upon t r ea tmen t  with borohydride.  

Malonaldehyde, one of the degradat ion products  of the 
hydroperoxide, is a possible candidate for the production 
of the fluorophores. I t  reacts  with methylamine,  p r imary  
amines or proteins  to produce fuorescence  due to 1,4- 
dihydropyridine-3,5-dicarbaldehyde moieties under close 
to physiological  conditions (24-28). These fluorophores 
revealed the longer wavelengths  in fluorescence excita- 
t ion (385-405 nm) and emission (440-470 nm) and the 
higher fluorescence intensities. Fluorescence intensit ies 
of these compounds in methanol  (absorbance 1.0) relative 
to 0.1 wM quinine sulfate was 50,000-150,000% {27,28). 
The fluorescence of the compounds was quenched in acidic 
media  but  not  in alkaline media, and the fluorophores 
were destroyed upon t rea tment  with borohydride {27,28). 
The fluorescence characteris t ics  of 1 and 3 were different 
f rom those of the fluorophores derived f rom malonalde- 
hyde. 

Monofunctional  aliphatic aldehydes t ha t  also are prc~ 
duced during the degradat ion  of the hydroperoxide can 
form fluorescent substances  by  reaction with p r ima ry  
amines (29,30) or proteins (13,19,20,31), which exhibited 
exci tat ion m a x i m a  at  340-370 nm and emission m a x i m a  

at  400-440 nrm Fluorescence spectra of 1 and 3 are similar 
to those of these fluorescent substances.  Fluorescence in- 
tensities of 1 and 3 are close to those of these compounds: 
300-30,000% (30). However,  these compounds  resis ted 
borohydride  reduction, and the fluorescence intensit ies 
were quenched in the aqueous solutions th rough  a wide 
p H  range  {30}. While the fluorescence spec t ra  of 1 and 3 
were similar to those of the fuo rophores  produced f rom 
the monofunctional aliphatic aldehydes, their fluorescence 
character is t ics  were not  identical in every respect.  

13-LOOH produced several  f luorescent subs tances  by  
reaction with methylamine.  The fluorescence character-  
istics of the subs tances  were similar  to those of the 
fluorescent lipofuscin pigments  with respect to max imum 
wavelengths  and loss of fluorescence in alkaline media. 
These subs tances  were dist inguishable f rom the fluores- 
cent products  derived from malonaldehyde and resembled 
those derived f rom monofunct ional  aldehydes. 
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Adenylate C'yclase and/ -Receptors in Salivary Glands of Rats 
Fed Diets Containing Trans Fatty Acids 
Y-F. Rena, S.Q. Alama,*  B.S. A l a m a  a n d  L.M. Keeferb 
aDepartment of Biochemistry and Molecular Biology, and bDepartment of Physiology, Louisiana State University Medical Center, 11OO 
Florida Ave., New Orleans, LA 70119 

The effects of trans fatty acids on adenylate cyclase were 
determined in the submandibular salivary glands (SMSG) 
of rats fed diets containing 20% corn oil, 20% partially 
hydrogenated soybean oil (PHSBO) or 18% PHSBO + 
2% corn oil. The fluoride- and isoproterenol-stimulated 
adenylate cyclase activities were higher in the SMSG 
from rats fed 20% PHSBO than in the control group fed 
20% corn oil. The feeding of 2% corn oil with the diet con- 
taiuing 18% PHSBO resulted in a complete restoration 
of isoproterenol-stimulated and a partial restoration of 
fluoride-stimulatedadenylate cyclase activity. There was 
no significant difference in the concentration of the/3- 
adrenergic receptor or in the receptombinding aff'mity con- 
stants among the three dietary groups as measured by 
[3H]dihydroalprenolol (DHA)-binding. Higher fluores- 
cence polarization of diphenyl hexatriene (DPH) was 
observed in SMSG membranes of rats fed diet contain- 
ing 20% PHSBO than in the other two oils, suggesting 
that membrane fluidity may play a role in adenylate 
cyclase activity. 
Lipids 23, 304-308 (1988). 

Partial ly hydrogenated vegetable oils contain a number  
of positional and geometric isomers of unsa tura ted  fat- 
ty  acids. Like the natural ly  occurring cis-isomers, the 
trans f a t ty  acids also can be incorporated into various 
tissues of animals (1) and man (2). Studies from our 
laboratory have shown tha t  dietary trans f a t ty  acids can 
be incorporated into various lipids of the submandibular  
salivary glands (SMSG) (3) and in the lacrimal glands (4). 
The fluorescence polarization of diphenylhexatriene 
(DPH) was higher in plasma membranes of the exocrine 
glands of rats  fed diets containing partially hydrogenated 
soybean oil {PHSBO) than  corn off, suggest ing a lower 
membrane fluidity in the former group. Since membrane 
fluidity is considered to be impor tant  in controlling a 
number  of physiological phenomena, including the ac- 
tivities of some membrane-associated enzymes {5,6}, we 
have been invest igat ing the effects of feeding diets con- 
taining trans f a t ty  acids on the act ivi ty of adenylate 
cyclase (ATP pyrophosphate lyase [cyclizing], E C 4.6.1.1) 
in different tissues. An increase in fluoride-stimulated 
adenylate cyclase act ivi ty was observed in membranes 
of the lacrimal glands from ra ts  fed 20% PHSBO  (4). 
Because of the physiological importance of adenylate 
cyclase in the secretory mechanisms of the salivary 
glands, we have studied the effects of feeding diets con- 
taining trans f a t ty  acids on adenylate cyclase in the 
SMSG. By using [3H]dihydroalprenolol-binding analysis, 
the  characterist ics of ~-adrenergic receptors as affected 

*To whom correspondence should be addressed. 
Abbreviations: DHA, dihydroalprenolol; DPH, diphenyl hexatriene; 
EFA, essential fatty acids; PHSBO, partially hydrogenated soybean 
oil; SMSG, submandibular salivary glands; TLC, thin layer 
chromatography. 

by  feeding diets containing trans f a t ty  acids also were 
studied. 

MATERIALS AND METHODS 

All the biochemical reagents were purchased from Sigma 
Chemical Co. (St. Louis, MO). Cyclic [3H]AMP (41 Ci/ 
mmol), a-[32p]ATP (410 Ci/mmol) and [3H]dihydro- 
alprenolol (55 Ci/mmol) were obtained from Amersham 
(Arlington Heights,  IL). All the dietary ingredients were 
purchased from T E K L A D  {Madison, WI). PHSBO was 
supplied by  Kraf t  Inc. (Glenview, IL). 

Feeding study. Three groups of male weanling Sprague- 
Dawley rats  (Holtzman Co., Madison, WI), 16-20/group, 
were fed ad libitum semipurified diets containing 20% 
corn off (CO) {group 1), 20% PHSBO {group 2) or 18% 
PHSBO + 2% CO {group 3). The composition of the basal 
diet was similar to tha t  of AIN-76A {7,8}. I t  contained 
(in %) casein (vitamin-free), 20.0; DL-methionine, 0.3; 
sucrose, 50.0; oil {corn oil, PHSBO or 18% PHSBO + 2% 
CO}, 20.0; cellulose, 5.0; mineral mixture  (AIN-76A), 3.5; 
vi tamin mixture  (AIN-76A), 1.0; choline bi tar t rate ,  0.2 
and butylated hydroxytoluene, 0.002. The fa t ty  acid com- 
position of the oils was determined by gas chromatog- 
raphy and is shown in Table 1. P H S BO  contained about  
48% of the total  f a t ty  acids as trans octadecenoic acid 
(t-18:l). Rats  were housed individually in suspended 
stainless steel cages in a temperature- and light-controlled 
room {22-23 C, 12-hr light-dark cycle}. Rats  had free ac- 
cess to water  and feed and were weighed at least  once a 
week. Diets were prepared fresh every two to three weeks 
and were stored at  4 C. 

Membrane preparatior~ Rats  were killed by  decapita- 
t ion after  16 or 18 wk of feeding the diets. The SMSG 

TABLE 1 

Fatty Acid Composition of the Oils 

18% PHSBO 
Fatty acid Corn oil PHSBO + 2% corn oil 

14:0 -- 0.2 0.2 
16:0 11.0 +_ 0.2 a,b 10.5 ----- 0.1 a 11.2 + 0.1 b 
16:1 0.3 0.2 0.2 
18:0 2.1 + 0.1 a 13.1 +--- 1.5 b 14.6 ___ 0.1 b 
t-18:l _ a  47.8 + 1.8 b 38.5 -- 0.1 c 
c-18:1 26.9 + 0.5 a 23.9 + 0.6 b 26.9 +_ 0.1 a 
t,c-18:2" _ a  1.9 --+ 0.1 b 0.9 + 0.4 a 
c,c-18:2 59.1 + 0.7 a 2.0 +-- 0.1 b 7.9 ----- 0.1 c 
18:3 0.7 +-- 0.1 -- -- 

Values are area percentage, average of triplicate analyses {mean _+ 
SEM). Values with different superscript letters (a, b and c) in the 
same row are significantly different (P < 0.05) using analysis of 
variance, Newman-Keul's test. 
*Includes some c,t and t,t; PHSBO, partially hydrogenated soybean 
off; --, not detectable. 
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were dissected out, separated from the sublingual glands, 
rinsed with physiological saline and weighed. To obtain 
sufficient samples for analyses, at each time point (16 and 
18 wk) the SMSG were pooled from four to five rats 
within each dietary group for the preparation of plasma 
membranes for adenylate cyclase activity determinations 
and for lipid analyses. A similar number of rats was used 
for the preparation of plasma membranes for studies on 
the binding of [3H]dihydroalprenolol and for fluorescence 
polarization studies. Plasma membranes were prepared 
by the differential centrifugation method of Durham et 
al. {9) as described {10). Membranes were stored under 
liquid nitrogen until assayed. 

Plasma membranes and homogenates of SMSG were 
assayed for 5'-nucleotidase (11) and Mg2*-ATPase (12), 
marker enzymes for plasma membranes. Mitochondrial 
and microsomal contamination of the membranes was 
assessed by measur~g succinic dehydrogenase (13) and 
glucose-6-phosphatase (14) activities, respectively. Pro- 
tein content was measured by the method of Lowry et al. 
(15) using bovine serum albumin as standard. 

[3H]Dihydroalprenolol (DHA) binding. [3H]DHA-bind- 
ing was measured by incubating 0-29 nM [3H]DHA with 
250 ~g of the membrane protein for 15 min at 37 C in the 
presence of 50 mM Tris buffer, pH 7.4, and 10 mM MgC12 
in a final volume of 0.5 ml. The reaction was terminated 
by immersing in ice the tubes containing the reaction mix- 
ture. This was followed by rapid filtration on GF/A glass 
fiber filters (Whatman Lab Sales, Inc., Hillsboro, OR). 
The residue was washed with 3 X 4 ml of the ice-cold in- 
cubation buffer. The filters were transferred to scintilla- 
tion vials, dried at room temperature, 10 ml of liquid scin- 
tillation fluid (Ready-Solv, EP, Beckman) was added, and 
the radioactivity was counted using a Liquid Scintilla- 
tion Spectrometer (Beckman LS 6800, Fullerton, CA). 

[3H]DHA-binding to membranes from each dietary 
group was measured in duplicate in three independent ex- 
periments per group. For each concentration of labeled 
DHA, a companion "nonspecific" incubation in the pres- 
ence of 1 mM unlabeled DHA was conducted. All binding 
data then were analyzed using the LIGAND-PC pro- 
grams (1986, version 2.3.10)(16) on a Zenith 171 personal 
computer. Data files for each experiment were prepared 
using SCAHOT, and the three data files per group were 
analyzed simultaneously using SCAFIT. SCAFIT uses 
weighted nonlinear least-squares curve-fitting to estimate 
binding parameters (affinity constant, dissociation con- 
stant, receptor capacity and nonspecific binding esti- 
mate). Each group of data was subjected to both one-site 
and two-site model analysis, using the automatic initial 
parameter estimates provided by SCAFIT. 

Adenylate cyclase activity. Adenylate cyclase activity 
was determined in triplicate samples of the membranes 
(50 ~g protein) by monitoring the conversion of a- 
[32p]ATP to cyclic [ 'P]AMP using the procedure of Sinen- 
sky et al. (17). The product, cyclic [32p]AMP, was 
separated from the unreacted substrate by sequential col- 
umn chromatography using Dowex and alumina columns 
according to the method of Salomon et al. (18). To monitor 
the recovery of cyclic [ 'P]AMP, cyclic [3H]AMP was 
added to the samples after incubation and before column 
chromatography. The details of the procedure have been 
described (10). Stimulated enzyme activity was measured 
in the presence of 15 mM sodium fluoride or 20 ~M 

isoproterenol. The basal activity was measured in the 
absence of fluoride or isoproterenol. 

Fluorescence Polarization Studies. Membranes were 
labeled by incubating them at 37 C for one hr with a solu- 
tion of DPH in phosphate-buffered saline as described (3), 
and fluorescence polarization was measured in a SLM 
fluorescence polarization spectrophotometer (SLM 4800) 
according to the procedure of Shinitzky and Inbar (19) 
and Shinitzky and Barenholz (20). 

Fatty acid composition. Total lipids were extracted 
from aliquots of the SMSG membranes using Bligh and 
Dyer's method (21). Phospholipids were separated by col- 
umn chromatography (22). Methyl esters were prepared 
from the dietary lipids and the SMSG membrane phos- 
pholipids using borontrifluoride-methanol (23). Fatty acid 
methyl esters were analyzed by argentation thin layer 
chromatography (TLC) and gas chromatography as 
described (3}. The fat ty acid composition of the dietary 
oils also was determined by using a similar method as 
described (3). 

Statistical analyses. There was no significant difference 
in adenylate cyclase activity or [3H]DHA-binding in the 
membranes prepared after 16 or 18 wk of feeding. There- 
fore, the data from 16 and 18 wk were combined and are 
presented as mean + SE. The differences in means among 
the three dietary groups were analyzed using analysis of 
variance, Newman-Keul's test (24). 

RESULTS 

Rats fed 20% PHSBO had a lower growth rate than that  
of the control group fed 20% CO (Table 2). The incorpora- 
tion of 2% CO in the PHSBO diet resulted in a partial 
restoration of the rate of growth. The weights of the 
SMSG followed a pattern similar to that  of the body 
weights among the three dietary groups. When expressed 
on the basis of 100 g of body weights, however, the gland 
weights essentially were the same in the three groups. 
These values were (mg SMSG/100 g body wt, mean +_ 
SE): 64.5 +_ 2.2 in 20% CO group, 65.2 +_ 0.6 in 20% 
PHSBO group and 60.8 + 2.5 in 18% PHSBO + 2% CO 
group. 

TABLE 2 

Body Weight Gains of Rats  Fed Diets Containing P H S B O  

Weeks on diets 

Diet 4 8 12 16 

20% CO 202.2 a 380.4 a 473.3 a 539.3 a 
+ 3 . 4  •  •  + 2 6 . 6  

20% PHSBO 176.5 b 302.6 b 366.9 b 398.3 b 
•  + 5 . 8  •  + 9 . 6  

18% PHSBO 188.2 b 343.6 c 437.8 a 492.9 a 
+ 2% CO • • • • 

Values are in g, mean ___ SEM of 16-20 rats in each group. Values 
with different superscripts in the same column are significantly dif- 
ferent from each other (P < 0.01) using analysis of variance, Newman- 
Keul's test. The initial body weight was 77.7 + 1.6 g. 
CO, corn oil; PHSBO, partially hydrogenated soybean oil. 
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There was no significant difference in the purity of the 
plasma membranes among the three dietary groups as 
evaluated by marker enzymes (5'-nucleotidase and 
Mg2+-ATPase for plasma membranes, succinic dehydro- 
genase for mitochondria and glucose-6-phosphatase for 
microsomes). The specific activity of 5'-nucleotidase was 
the same in the three dietary groups (20% corn oil, group 
1, 20.4 • 2.4; 20% PHSBO, group 2, 19.6 • 2.9; 18% 
PHSBO + 2% corn oil, group 3, 20.5 • 1.9). Similarly, 
Mg2+-ATPase activity was also the same {94.9 • 2.3 in 
group I, 98.6 • 5.9 in group 2 and 98.2 +__ 5.4 in group 
3). The values are mean • SEM, ~nol Pi per mg pro- 
tein/hr. Mitochondrial contamination was about 3% as 
measured by succinic dehyrogenase activity. There was 
some glucose6-phosphatase activity in the membranes, 
indicating a cosedimentation of microsomes with the 
plasma membranes fraction. However, there was no dif- 
ference in glucose-6-phosphatase activity among the three 
dietary groups. 
Adenylate cyclase activity in plasma membranes of rats 

fed the various diets is shown in Table 3. There was no 
difference in the basal activity. However, fluoride-, and 
isoproterenol-stimulated adenylate cyclase activity and 
fold stimulation was the highest in membranes of the 
SMSG of rats fed 20% PHSBO. When 2% PHSBO was 
replaced by an equivalent amount of CO, the adenylate 
cyclase activity in the SMSG membranes was similar to 
that of the control group fed 20% CO. However, the fold- 
stimulation of adenylate cyclase by fluoride only partially 
was restored to that of the control levels. 
The mean specific binding of [3H]DHA to the SMSG 

plasma membranes of rats from the three dietary groups 
is shown in Figure 1. Specific binding for each determina- 
tion was calculated (total - nonspecific = specific) using 
the nonspecific binding value est imated in L IGAND,  
which ranged from 13.8 to 17,8% of total bound counts 
and averaged 15.9% • 0.42 (SEM). There was no ap- 
parent  difference in the saturat ion curves for the three 
groups. The binding parameters obtained from L I G A N D  
analysis of the data  are shown in Table 4. No significant 
difference in either adrenergic receptor capacity or bind- 
ing affinity was caused by the dietary t reatments .  

TABLE 3 

Basal, Fluoride- and Isoproterenol-activated Adenylate Cyclase 
Activity in SMSG Plasma Membranes of Rats Fed PHSBO 

Diet Basal + Fluoride + Isoproterenol 

20% CO 6.7 • 0,8 a 23.0 • 1.8 a 13.3 • 1.2 a 
(1.00) (3.43) {1.99) 

20% PHSBO 6.5 :i: 1.0 a 33.4 + 2.6 !) 19.1 • 1,9 b 
(1.00) (5 .14)  {2.94} 

18% PHSBO 6.0 • 0.7 a 26.9 • 2.5a, b 12.7 + 1.4 a 
+ 2% CO (1.00) (4.48) (2.12) 

Enzyme activities are expressed as pmol cAMP formed/mg pro- 
tein/min Values are mean + SEM of eight to nine assays per group; 
each assay was done in triplicate. 
"qalues with different superscripts in the same column are signifi- 
cantly different from each other (P < 0.05) using analysis of variance, 
Newrnan-Keurs test. Fold-stimulation is shown in parentheses. 
Fluoride, 15 raM; isoproterenol, 20 pM; CO, corn oil; PHSBO, par- 
tially hydrogenated soybean oil. 

Trans 18:1, the main component  const i tut ing about 
48% of the total fa t ty  acids in PHSBO, was incorporated 
into the membrane phospholipids {Table 5). The levels of 
c,c-18:2 and 20:4 were lower in the SMSG membrane 
phospholipids of rats  fed 20% PHSBO than in those fed 
20% corn oil. Also, 20:3 ~0-9 const i tuted about  4-5% of 
the total  fa t ty  acids in the phospholipids of membranes 
of rats fed 20% PHSBO. Only trace amounts of this fa t ty  
acid were present in the other two groups. The ratio of 
20:3 co-9/20:4, an established index of essential fa t ty  acids 
(EFA) deficiency (25), was >0.4 in the SMSG membrane 
phospholipids of rats fed 20% PHSBO. This ratio and the 

C3H-DHA] (riM) 

0.4- 

0.3' 

0.2 

N o.1. 
J 

FIG. 1. Specific [~H]DHA-binding to the SMSG membranes of rata 
fed dil l �9 diets: 20% CO �9 - -  � 9  20% PHSBO O--O, 18% PHSBO 
q- 2% CO A--A.  Nonspecific binding, as estimated by LIGAND (16) 
analysis, was subtracted from total binding data. Each data point 
is the average of three assays, each done in duplicate, and the 
abscissa values are the total [3H]DHA concentrations. Nonspecifie 
binding was 15.9% ----_ 0.42 of total bound (mean ---+ SEM). 

TABLE 4 

Binding Parameters for [3H]DHA-binding to SMSG Membranes 
From Rats Fed PHSBO 

K A [Ro] K D 
Diet (M-' X I0-') {pmol/mg protein) (riM) 

20% Corn oil 2.01 +__ 0.27 0.282 • 0.023 4.97 + 0.66 
20% PHSBO 2.02 + 0.25 0.263 + 0.020 4.95 + 0.60 
18% PHSBO 

+ 2% CO 1.97 + 0.26 0.232 -+ 0.020 5.07 + 0.67 

Values {mean :t: SEM) were determined using LIGAND, 
simultaneously analyzing the data from three separate experiments 
for each individual group. The one receptor-site model thereby was 
determined the most appropriate for the dat~L None of the differences 
among groups is significant by either one-way analysis of variance 
or Student-Newman-Keul's test. 
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fa t ty  acid pat terns  were restored to the control values 
{20% corn oil group} when 2% corn oil was fed with 18% 
PHSBO. 

The fluorescence polarization of D P H  is shown in 
Figure 2. Higher P-values were observed in membranes 
of rats  fed 20% PHSBO compared with the other two 
groups. Fluorescence polarization was higher, especially 
at temperature above 20 C, in membranes of rats fed 18% 
PHSBO + 2% corn oil than in membranes of rats fed 20% 
corn oil. 

DISCUSSION 

The lipid dependence of adenylate cyclase has been 
reported in a number of studies (26-28). There are very 
few studies, however, on the effects of t r a n s  fa t ty  acids 
upon the activities of adenylate cyclase. In one published 
report, an increase in adenylate cyclase activity (basal, 
fluoride-, and PGEl-stimulated) was reported in mem- 
branes from mouse LM cells grown in a medium sup- 
plemented with t r a n s  octadecenoate (29). This observa- 
tion is consistent with our present findings of an increase 
in fluoride-, and isoproterenol-stimulated adenylate cyc- 
lase activity in the SMSG and similar findings in the 
lacrimal glands (4) of ra ts  fed 20% PHSBO. 

The adenylate cyclase sys tem consists of three essen- 
tial components:  membrane receptor, guanine-binding 
regulatory proteins (G, and Gi) and the catalytic unit  of 
adenylate cyclase. Theoretically, any of these components 
may be altered by nutrit ional modifications. Because 
neither the concentration of Sadrenergic receptor nor its 

TABLE 5 

Fat ty  Acid Composition of Total Phospholipids of SMSG 
Membranes of Rats  Fed Diets  Containing PHSBO 

Diet fed 
Fatty 
acid 20% CO 20% PHSBO 18% PHSBO + 2% CO 

14:0 2.0 + 0.1 a 3.6 + 0.3 b 2.3 • 0.3 a 
16:0 21.3 + 0.7 a 18.0 _ 0.7 b 18.2 + 0.6 b 
16:1 - -  5.4 4.5 
18:0 13.6 + 0.3 a 10.9 + 0.4 b 13.3 + 0.6 a 
t-18:1 _a  9.2 + 0.3 b 8.9 + 0.5 b 
c-18:1 11.8 • 1.0 a 26.0 • 2.2 b 15.2 + 0.9 a 
t,c-18:2" -- 1.6 0.6 
c,e-18:2 12.2 _ 0 a 4.1 • 0.9 b 8.6 • 0.8 c 
18:3 1.0 + 0.1 a 1.3 + 0.2 a 0.8 4- 0.2 a 
20:2 0.9 + 0.1 a 2.0 + 0.3 b 0.7 + 0.1 a 
20:3 o)-9 _ a  4.4 • 0.3 b _ a  
20:3 co-6 3.2 + 0 a 0.2 • 0.2 b 2.2 4- 0.1 c 
20:4 20.7 + 0.7 a 9.3 :t: 0.3 b 18.5 + 0.1 c 
20:5 3.0 • 0.4 a 0.8 • 0.2 b 1.0 +.. 0.1 b 
22:4 3.0 • 0.6 a 0.6 4- 0.3 b 1.4 +.. 0.2 b 
22:5 2.1 :t: 0.3 a 0.9 • 0.1 b 1.2 4- 0 b 
22:6 1.9 • 0.1 a 3.2 • 0.3 b 2.1 +.. 0.3 a 

Values are area percentage, average of triplicate analyses within each 
group (mean + SEM). 
Values with different superscript letters (a, b and e) in the same row 
are significantly different {P < 0.05) using analysis of variance, 
Newman-Keur s test. 
c, fatty acids cont~inlng cis double bonds; t, fatty acids containing 
a trans double bond; --, not detectable. 
*c,t or t,t. 

["H]DHA-binding were significantly affected by feeding 
20% PHSBO, it appears tha t  the observed increase in 
isoproterenol-stimulated adenylate cyclase activi ty in 
plasma membranes of SMSG of rats fed 20% PHSBO was 
not  due to any modifications in ~adrenergic receptor. An 
increase in fluoride- and isoproterenol-stimulated activ- 
ity, therefore, may  be due to the possible changes in the 
levels of guanine nucleotide binding regulatory proteins, 
an increase in the stimulatory proteins (G.) or a decrease 
in the inhibitory proteins (Gi). Fluoride is known to ac- 
t ivate adenylate cyclase by direct interaction with the G 
proteins (30-32). I t  also is possible, however, tha t  the 
characteristics {Kin or Vm~) of the catalytic subunit  of 
adenylate cyclase may be altered as a result of feeding 
diets containing 20% PHSBO. 

Our results on [3H]DHA-binding to the ra t  SMSG 
membranes showed a single binding site, an observation 
that is consistent with our previous findings (33) and with 
those of Bylund et al. {34) and Cutler et al. {35). Also, the 
affinity of the binding sites and their density was similar 
to that previously reported by us {33) and by these in- 
vestigators (34,35). However, there was no significant ef- 
fect of trans fatty acids on the characteristics of radio- 
ligand binding. We have found that the feeding of diets 
supplemented with 1-2% cholesterol resulted in an in- 
crease in the affinity of the [3H]DHA-binding sites and 
a decrease in ~adrenergic receptor content in the rat 
SMSG (33). 

x 
GL. 

2.65 

2.60" 

2. 55" 

2.50" 

2.45 
3.19 3.24 3.30 3.35 3.41 3.41 3.53 3.60 3.64 1000/T~ 

," ,~ I I I I t I ., 
40 35 30 25 20 15 10 5 1 ~ 

FIG. 2. F i a n c e  polarization of D P H  in plasma membranes from 
SMSG of rats fed different diets: 20% CO � 9  20% P H S B O  
O--O,  18% PHS BO + 2% CO A - - A .  
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The rats  fed 20% PHSBO were deficient in E F A  as in- 
dicated by reduced body weight gains, an increase in the 
levels of 20:3 o~-9 fa t ty  acid in plasma and SMSG and a 
ratio of 20:3 ~-9/20:4, which was :>0.4 in the SMSG mem- 
brane phospholipids and in plasma. A 20:3 ~-9 to 20:4 
ratio greater  than 0.4 in tissues and plasma is considered 
an established index of E F A  deficiency (25). With the 
replacement of 2% of the PHSBO with corn oil, there was 
no biochemical evidence of E F A  deficiency as evaluated 
by  the above criteria. In a previous s tudy  riO), we also 
have observed an increase in f luoride-s t imulated 
adenylate cyclase act ivi ty in SMSG membranes of rats  
fed an EFA-deficient or a marginally EFA~ieficient diet. 
An increase in adenylate cyclase act ivi ty in our previous 
s tudy  riO) was associated with a decrease in membrane 
fluidity as shown by higher fluorescence polarization of 
DPH.  Since our present  results  and previous findings (3) 
show tha t  the feeding of trans f a t ty  acid-containing diet 
such as 20% PHSBO to rats  resulted in their incorpora- 
tion into the SMSG lipids and in a decrease of membrane 
fluidity, it appears reasonable to conclude that  the ob- 
served increase in adenylate cyclase act ivi ty may  be 
associated with an E F A  deficiency induced by  feeding a 
diet containing high levels of trans f a t ty  acids and defi- 
cient in EFA. Only 2.0% of the total  fa t ty  acids were con- 
t r ibuted by linoleic acid (18:2) in the 20% PHSBO  diet. 
On caloric basis, 0.8% of the total  calories were derived 
from 18:2, which makes it somewhat deficient in E F A  
because the minimum requirements of E F A  for growing 
rats are 1-2% of the total calories (25). Dietary trans fa t ty  
acids have been shown to intensify E F A  deficiency (36- 
38). In the 18% PHSBO + 2% CO diet, 3% of the total  
calories were derived from 18:2, thus making it  adequate 
with respect to the E F A  requirements.  The 20% corn oil 
diet contained about  23% of the total  calories as 18:2. 

In another  recent s tudy (33}, we have observed tha t  
adenylate cyclase activity,  the concentrat ion of ~- 
adrenergic receptor and membrane fluidity as measured 
by  the fluorescence polarization of D P H  were decreased 
in membranes prepared from ra ts  fed cholesterol- 
supplemented diets. Since the membrane fluidity was af- 
fected in the same direction, i.e. decreased in the two 
nutri t ional  models, whereas adenylate cyclase act ivi ty 
was altered in an opposite direction (increased by feeding 
trans f a t ty  acids and decreased by feeding cholesterol), 
it appears that  in addition to the membrane fluidity, other 
more specific factors also may be important  in regulating 
the enzyme activity. For  adenylate cyclase, this may  in- 
clude changes in the receptor content  or its affinity, a 
modification of the levels of the guanine nucleotide- 
binding regulatory proteins (G, and Gi) and in the 
characterist ics of the catalyt ic  unit  of adenylate cyclase. 
Studies along these lines are underway in our laboratory 
to get  a be t te r  unders tanding of the mechanism(s) of the 
diet-induced changes in adenylate cyclase activity. 
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The Influence of n-6 and n-3 Fatty Acids on Kidney Phospholipid 
Composition and on Eicosanoid Production in Aging Rats 
Uno O. BarceUi*, Dorothy C. Beach a n d  Victor E. Pollak 
DMslon of Nephrology, Department of Internal Medicine, University of Cincinnati Medical Center, Cincinnati, OH 

Changes in eicosanoid production may contribute to some 
of the complications of the aging process such as athero- 
sclerosis and glomerular sclerosis. Polyunsaturated fatty 
acids of the n4} and n-3 series are precursors of eico- 
sanoids. We fed diets containing safflower oil as a source 
of n-6 fatty acids, fish oil as a source of n-3 fatty acids 
or beef tallow as a source of saturated fats to three groups 
of  normal rats from 2-18 months  of age. We demon- 
strated incorporation of the n-3 fatty acids, 20:5n-3 and 
22:6n-3 into kidney phospholipids. Feeding of the diet con- 
taining n-3 fatty acids was associated with a markedly 
decreased giomerular production of PGE, 6-keto-PGFlo 
and TXB2. It also decreased the aortic production of 
6-keto-PGFlo and platelet production of TXB 2. No  
significant effect of n4} fatty acids on dienoic eicosanoid 
production was observed. There were no adverse effects 
on kidney function as measured by urinary protein ex- 
cretion and serum creatinine levels or on renal morphol- 
ogy  by any diet. A diet enriched in n-3 fatty acids for 18 
months  remains effective in decreasing dienoic eicosa- 
noids in the aging rat. 
Lipids 23, 309-312 {1988). 

The spontaneous occurrence of glomerular sclerosis in 
aging rats {1) and humans {2,3) is well documented. Senes- 
cent glomerular sclerosis correlates with extra and in- 
trarenal vascular changes {4-6} or may result from the 
same pathogenetic factors that determine the develop- 
ment of atherosclerosis such as changes in plasma lipids 
{7}, platelet function (8} or hemodynamic factors. Altered 
eicosanoid production may have a pathogenetic role in 
both atherosclerosis and glomerular sclerosis. 

Dietary polyunsaturated fatty acids {PUFA} are incor- 
porated into tissue phospholipids and are precursors of 
eicosanoids. This experiment was conducted to study the 
influence of substituting n-6 or n-3 PUFA for saturated 
fats in the diet of normal rats for a prolonged period. We 
determined the fatty acid composition of kidney phospho- 
lipids and dienoic eicosanoid production by kidney 
glomeruli, platelets and aorta. 

METHODS 

Animals and diets. Two-month-old female Wistar rats 
{Harlan Labs, Indianapolis, IN) were divided into three 
groups and fed three different diets from 2-18 months 
of age. These diets (TEKLAD, Madison, WI} differed only 
in their fat composition; they contained 200 g/kg of pro- 
tein as vitamln-free casein and were in compliance with 
current nutritional recommendations {9}. The saturated 
fatty acid {SFA} diet provided 190 g/kg of beef tallow and 

*To whom correspondence should be addressed at the Division of 
Nephrology, University of Cincinnati Medical Center, 5363 MSB, 
231 Bethesda Ave., Cincinnati, OH 45267-0585. 
Abbreviations: ANOVA, analysis of variance; GC, gas chromato- 
graph; tIBSS, Hunk's balanced salt solution; PAS, periodic acid 
Schiff; PG, prostaglandin; PUFA, polyunsaturated fatty acid; RIA, 
radioimmunoassay; SFA, saturated fatty acid. 

10 g/kg of soybean oil. The n-6 PUFA diet contained 
200 g/kg safflower oil {TEKLAD}, and the n-3 PUFA diet 
contained 200 g/kg of MaxEPA {registered trademark of 
Seven Seas Health Care, Ltd., Hull, England}; MaxEPA 
is a concentrated blend of fish oils from which vitamin 
A and D have been removed and to which vitamin E 
{0.5 mg]g} has been added. An antioxidant {BHA 26 mg] 
kg} was added to all diets. The vitamin mix used was 
Teklad//40060, providing 0.24 g/kg diet of dry vitamin 
E acetate. The n-3 PUFA diet therefore contained 0.1 g/kg 
more vitamin E than the other two diets. The mineral mix 
used was AIN-76, the composition of which has been 
reported {9}. The major fat ty acids of the dietary fats 
analyzed by gas chromatography are shown in Table 1. 
Rats were fed a measured amount of the SFA diet {ap- 
proximately 20 g} every day. Rats in the other two groups 
received the same volume of food, but due to the higher 
weight per volume of the n-6 and n-3 PUFA compared 
to the SFA diets, rats fed these diets had approximately 
12% more food available. At 16 months of age, blood 
pressure was measured by the tail cuff method in un- 
anesthetized animals in restraining cages; urine was col- 
leeted by placing rats in metabolic cages for 16 hr without 
food but with water freely available. At 18 months of age, 
rats were killed under ketamine~xylazine anesthesia. 
Blood was withdrawn by cardiac puncture. Kidneys were 
perfused in vivo with Hank's balanced salt solution 
{HBSS, Gibco, Grand Island, NY}, removed and decor- 
ticated. Kidney samples were stored at - 2 0  C for phos- 
pholipid fatty acid determinations. Other tissue samples 
were fixed in Mossman's formalin fixative for light mi- 
croscopy. Renal glomeruli were isolated, and a segment 
of the thoracic aorta was excised to measure prostaglan- 
din production. 

Kidney phospholipid fatty acid composition. For this 
analysis, samples of tissue were selected randomly from 
each dietary group. Kidney tissue was homogenized in 

TABLE 1 

Fatty Acids in Dietary Fats 

Fatty a c i d  Saturated n-6 PUFA n-3 PUFA 

12:0 2.1 2.0 -- 
14:0 3.4 -- -- 
16:0 24.9 6.6 16.9 
16:1 2.6 -- 10.5 
18:0 18.7 2.4 3.6 
18:1 40.0 11.0 18.1 
18:2 4.5 76.7 3.6 
18:3n-6 -- -- 2.8 
18:3n-3 -- -- 2.2 
20:4n-6 -- -- 2.5 
20:5n-3 -- -- 18.8 
22:5n-3 -- -- 2.8 
22:6n-3 -- -- 12.2 

Values are percentage of total peak area. 
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saline and extracted with chloroform/methanol (10). Total 
lipids were separated using a silica SEP PAK cartridge 
(Waters, Milford, MA) with the phospholipid fraction 
eluting with methanol (11). Phospholipids were methyl- 
ated in boron trichioride in methanol at 90 C for one hr 
under nitrogen. Methyl esters of fat ty acids were sepa- 
rated on a Supelcowax 10 wide-bore capillary column, 
using polyethylene glycol as a stationary phase (Supelco, 
Bellefonte, PA). Prepurified helium, at 12 mYmin was 
used as the carrier gas. A 5790A Hewlett Packard gas 
chromatograph (GC) was used with an injector tempera- 
ture of 210 C. The GC was interfaced with a 3390A 
Hewlett Packard integrator. Fat ty  acids were identified 
with a combination of PUFA 1 and PUFA 2 standards 
(Supelco, Bellefonte, PA) and 18:3, 24:0 and 24:1 (NuChek 
Prep., Elysian, MN). All reagents were HPLC-grade 
(Fisher, Cincinnati, OH). 

Glomerular eicosanoids. Kidneys were perfused in vivo 
with HBSS and heparin (2 U/ml). Glomeruli were isolated 
and pooled from kidneys of two rats using a previously 
reported sieving technique (12) and were determined 
microscopically to be about 80% pure and about 9 5 %  
decapsulated. Glomeruli were incubated in a total volume 
of 0.5 ml in HBSS, containing 0.1% BSA {Fraction V, 
Sigma Chemical Co., St. Louis, MO) pH 7.4, at 37 C for 
one hr. Samples then were centrifuged immediately and 
supernatants saved for prostaglandin (PG) radioimmuno- 
assay (RIA). Glomerular pellets were saved for protein 
determination by the Lowry method. For RIA, tritiated 
prostaglandins and scintillation cocktail were purchased 
from New England Nuclear {Boston, MA), and standards 
and antibodies were obtained from Seragen, Inc. {Boston, 
MA). The smallest detectable doses of PG standard on 
the linear portion of the standard curves were 4.7 pg for 
PGE, 12.0 pg for 6-keto-PGFlo and 5.2 pg for TXB2. 
Nonspecific binding was always less than 3.0%. Intra- and 
interassay coefficients of variation were 2.7% and 5.5%, 
respectively, for all assays. 

Aortic &Keto-PGFlo production. This was measured in 
the incubation media by RIA after segments of aorta were 
incubated in HBSS and 0.1% BSA (pH 7.4) at 37 C for 
one hr in a total volume of 1.0 ml. Tissue was air-dried 
and weighed and the results expressed as ng/mg tissue. 

Platelet TXA2 productio~ This was measured after 
clotting whole blood at 37 C for 30 mln with subsequent 
centrifugation. TXB 2, the stable metabelite of TXA2 
was measured in serum by RIA. 

Urinary protein. This was measured using the Bradford 
reagent (Bio Rad, Reckville Ct., NY), and plasma cre- 
atinine was determined colorimetrically using the Jaffe 
reaction. For light microscopy, kidney tissue was stained 
with periodic acid Schiff (PAS) and examined blind~oded 
for the presence of gtomerular sclerosis or hypercellularity 
and tubular changes. 

Statistics. Comparisons between groups were tested by 
one-way analysis of variance (ANOVA). Differences be  
twesn individual groups were established by the Duncan's 
test. 

RESULTS 

The fat ty acid composition of the kidney phospholipids 
for each dietary group is shown in Table 2. Rats fed n-6 
PUFA had a significantly higher proportion of 18:2n-6 

TABLE 2 

F a t t y  Acid Composition of Kidney  Phospholipids 

SFA n-6 PUFA n-3 PUFA 
Fatty acid (n = 6) (n = 5) (n = 4) 

16:0 20.6 + 1.5 21.5 d- 5.0 23.7 __. 2.7 
16:1 1.3 • 0.4 0.2 --_. 0 .4**  1.7 + 0.3 
18:0 20.6  • 2.1 23 .4  • 1.2 23 .9  • 0 .6  
18:1 16.6 + 2.2 8.0 ----- 0 .8**  12.6 ----- 1.5" 
18:2n-6 10.6 • 1.3 19.5 • 0 .9**  2.9 • 0 .5*  
20:4n-6 24.9 • 1.4 22.9 • 2.1 13.9 • 1.2" 
20:5n-3 0.8 • 0.6 0.7 • 0.2 13.0 • 1.5" 
22:5n-3 2.8 • 1.1 2.5 • 0.6 2.5 • 2.3 
22:6n-3 0.9  • 0 .6  0.9 • 0.7 4.5 • 2.5* 
24:1 1,1 • 0 .9  0.7 • 0.7 2.0 • 2.3 

*p < 0.01 vs SFA and n-6 PUFA groups. 
**p < 0.01 vs SFA and n-3 PUFA groups. 
Values are percentage of total area • SD. 

than rats fed SFA and reduced monounsaturated fatty 
acids 16:1 and 18:1. Rats fed n-3 PUFA had significantly 
higher proportions of 20:5n-3 and 22:6n-3 and lesser 
amounts of 18:2n-6 and 20:4n-6 than animals fed the SFA 
and n-6 PUFA diets. The levels of 18:1 were lower in the 
n-3 PUFA group in comparison to the SFA group but 
higher than those in the n-6 PUFA group. 

The results of eicosanoid determinations are shown in 
Table 3. Compared with the rats fed SFA, rats fed n-3 
PUFA had a markedly diminished gomerular production 
of all eicosanoids measured. The levels of aortic 6-keto- 
PGFIo and platelet TXB2 observed in the n-3 PUFA fed 
rats were 50% of those values found in the SFA-fed 
groups. The effects of n-6 PUFA diet on dienoic eico- 
sanoid production were not statistically significant from 
the SFA-fed group. 

Body weight, blood pressure, serum creatinine and 
urinary protein excretion are shown in Table 4. Rats fed 
n-6 and n-3 PUFA diets gained more weight than those 
fed the SFA diet. No significant differences between 
groups were observed for blood pressure, serum creatinine 
and urinary protein excretion. Light microscopic examina- 
tion of kidney samples did not show any significant 
degree of glomerular sclerosis or tubular abnormalities 
in any of the rats. 

OlSCUSSlOlt 

We have demonstrated significant incorporation of n-6 
and n-3 dietary PUFA into kidney phospholipids at the 
end of a 16-month feeding period in aging rats. These find- 
ings extend shorter-term observations by other workers 
(13). 
We also observed a significant reduction in tissue pro- 

duction of dienoic eicosanoids, which are derived from 
linoleic acid. This inhibition was much more pronounced 
on the kidney glomeruli than on aorta or platelets; the 
suppressing effect of eicosapentaenoic acid on dienoic 
eicosanoids has been shown {14). Eicosapentaenoic acid 
competes with arachidonic acid as a substrate at the en- 
zymatic level. Previous reports have demonstrated sup- 
pression of urinary PGE and 6-keto-PGF1o, decreased 

LIPIDS, Vol. 23, No. 4 0988) 



DIETARY n-6 AND n-3 FATTY ACIDS IN AGING RATS 

311 

TABLE 3 

Effects of n-6 and n-3 PUFA on Eicosanoid Production by Isolated Glomeruli, Aorta and Platelets 

SFA n-6 PUFA n-3 PUFA Number of observations 

Isolated glomeruli 

PGE 1590 603 21" 7.7,6 
(pg]mg prot) (770, 3280) (226, 1600) (11, 40) 

6-keto-PGFla 230 108 <20* 8,7,5 
(pg/mg prot) (91, 630) (40, 287) (ND) 

TXB 2 721 960 17" 7,7,5 
(pg/mg prot) (323, 1580) (440, 2120) (10, 28) 

Aorta 

6-keto/PGFla 22.3 18.6 10.2" 17,11,13 
(ng/mg tissue) (15.4, 32.3) (12.5, 27.5) (6.6, 15.8) 

Platelets 

TXB 2 347 339 169" 14,12,14 
(ng]ml serum) (224, 537) (204, 562) (132, 219) 

*p < 0.01 vs SFA and n-6 PUFA groups; ND, not detectable. 
Values are geometric means (-SD, +SD). Column on the right shows the number of observations for groups 
SFA, n-6 PUFA and n-3 PUFA, respectively. 

TABLE 4 

Body Weight, Blood Pressure, Serum Creatinine Levels and Urinary Protein Excretions 

SFA n-6 PUFA n-3 PUFA 
(n ---- 17) (n ---- 12) (n ---- 14) 

Body weight a (g) 280 +_ 26 341 +_ 55* 331 +_ 35* 

Blood pressure a (mr- Hg) 110.8 + 5.9 112.9 + 7.5 115.9 • 10.3 

S creat b (mg/dl) 0.44 0.54 0.36 
(0.35, 0.55) (0.32, 0.91) (0.30, 0.44) 

Uprot b (rag/16 hr) 0.97 0.34 2.57 
(0.23, 4.13) (0.1, 3.73) (0.92, 7.16) 

*p < 0.01. 
aValues are means + SD. 
bValues are geometric means (-SD, +SD). 

6-keto-PGFl~ by  kidney and decreased serum TXB 2 in 
r a t s  af ter  four wk of being fed a diet in which 40% of the  
daily energy intake was provided by  cod-liver oil, while 
safflower oil had an increasing effect on serum TXB 2 
only {15). M a x E P A  oil a t  20% energy in the diet of nor- 
real ra t s  for six wk suppressed  serum TXB2, ur inary  
6-keto-PGF1, and PGE2, and aortic production of 6-keto- 
PGFIo (16). Other  repor ts  have shown similar resul ts  
feeding cod-liver oil for five wk in the  dexamethasone-  
t rea ted  hyper tens ive  ra t  (17) and the one kidney-one clip 
hypertensive ra t  {18}. The present  experiment has the im- 
por tance of extending these observat ions  for 16 months ,  
demonstra t ing preservation of the dienoic eicosanoid sup- 
pressor  effect of the fish oil-supplemented diet. We did 
not  observe a significant effect of n-6 P U F A  diet on 
dienoic eicosanoid production. These effects were not  
associa ted  with  any  evidence of significant  renal 
pathology,  as evidenced by  normal  levels of se rum 

creatinJne and ur inary  protein excretion and by  the 
absence of significant renal abnormali t ies  by  l ight 
microscopy. The levels of 18:2n-6 and 20:4n-6 were similar 
in t issues f rom the SFA and n-6 P U F A  groups  despite 
the significantly lower body weights  in the SFA-fed 
group. These weight  differences m a y  have  been due to 
higher food intake by  ra t s  in the n-6 and n-3 P U F A  
groups.  I t  is unlikely t ha t  the weight  differences had a 
major  influence on the dienoic eicosanoid suppression 
found in the n-3 PUFA-fed  rats .  

The role of d ie tary  factors,  specifically of polyun- 
sa tura ted  fats  in development of glomerular sclerosis and 
progress ive  renal disease, has been discussed (19,20). 
Several repor ts  have shown beneficial effects of PUFA-  
enriched diets on the progression of immunologic (21-23) 
and nonimmunologic  (24-28) models of renal disease in 
which the ha l lmark  of progression is the development  of 
g lomerular  sclerosis. I t  is a t t rac t ive  to propose t ha t  
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P U F A  might  be a useful par t  of a dietary s t ra tegy to 
prevent glomerular sclerosis of aging. Long-chain n-3 
P U F A  derived from fish oil have other well-known bio- 
logic effects tha t  may  have potential benefit on develop- 
ment of atherosclerosis (29,30) and possibly of glomerular 
sclerosis. 

The role of eicosanoids during the aging process is not  
clear. In the aorta  of aging rats, investigators report  
decreased PGI2 production by smooth muscle cells (31), 
increased PGI2 production by aortic strips (32), de- 
creased PGI~ by endothelial cells in male rats, yet  in- 
creased PGI2 in smooth muscle homogenates by both 
male and female rats (33). In the kidney, P G h  formation 
from arachidonic acid decreases with age (34), while the 
ratio of urinary TXA 2 to creatinine increases with age in 
normal humans (35). Since PGI2 is a vasodilator and 
TXA2 a vasoconstrictor, these changes may have a path- 
ophysiologic role in the reduction of renal function with 
age. We have shown tha t  dienoic eicosanoid production 
can be altered by using n-3 P U F A  for long periods in the 
diet of normal aging rats  without  deleterious effects on 
renal function or morphology. 
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The triacylglycerol stereospecific structure was deter- 
mined for the major plant oils containing y-linolenic acid 
(GLA): evening primrose oil (EPO), black currant oil 
(BCO), borage oil (BO), and Mucor javanicus fungal oil 
(MJO). It was found that GLA, although not a-linolenic 
acid, resisted pancreatic lipase hydrolysis. Therefore, the 
2-position analysis was determined using phospholipase 
C-generated 1,2~iiacylglycerol and phospholipase A2- 
generated lysophosphatidylcholine. GLA was found to be 
concentrated in the 3-position of EPO and BCO, the 
2-position of BO, and the 2- and 3-positions of MJO. In 
BCO, octadecatetraenoic acid {n-3), also a A4} fatty acid, 
was distributed similarly to GLA, but a-linolenic acid was 
found predominantly in the 1-position. Linoleic acid was 
nearly evenly distributed in all positions of EPO and BCO 
but was concentrated in the 1-position of BO and the 
2-position of MJO. Both paimitic and stearic acids were 
found predominantly in the 1-position of all of the oils. 
The results demonstrate similarities and differences in 
the positional distribution of fatty acids in GLA~on- 
taining oils. 
Lipids 23, 313-317 {1988). 

y-Linolenic acid (GLA) {6,9,12-18:3), the A6-desaturase 
metabolite of linoleic acid (LA), is considered the agent 
responsible for the apparent effectiveness of evening 
primrose seed off (EPO) (Oenothera biennis) in the treat- 
ment of a variety of diseases (1-3}, including premenstrual 
syndrome and atopic eczema, which may be caused by 
low or impaired A6-desaturase activity {4,5}. The occur- 
rence of significant levels of GLA in plant sources is rare 
and first was reported in 1949 for EPO, which contains 
8-10% by weight of GLA {6}. More recently, higher levels 
of GLA have been found in borage seed oil {BO) (Borago 
officinalis) (7), with 24-25% GLA, black currant seed oil 
(BCO) (Ribes nigrum) (8), which is 16-17% GLA, and 
fungal oils, such as Mucorjavanicus (MJO) with 16-19% 
GLA. 

Unknown among the GLA~ontaining oils is the distri- 
bution of the GLA and other fatty acids in the triacyl- 
glycerol structure. The triacylglycerol structure can in- 
fluence the metabolism of an oil. It has been shown for 
peanut oil {9,10} and for synthetic oleoylstearoyltriacyl- 
glycerols (11) that the triacylglycerol structure can 
significantly affect fat ty acid absorption, particularly 
when an unusual fat ty acid is present. Hence, we chose 
to determine and compare the stereospecific structure of 
the major GLA-containing oils. 

MATERIALS AND METHODS 
Oils. Evening primrose oil and borage oil were obtained 
from the Efamol Research Institute {Kentville, Nova 

*To whom correspondence should be addressed. 
Abbreviations: BCO, black currant oil; EPO, evening primrose oil; 
GLA, y-linolenic acid; LA, linoleic acid; LPC, 1-1ysophosphatidyl- 
choline; MJO, Mucor javanicus fungal oil. 

Scotia). Glanolin brand {American Health, Orangeburg, 
NY) black currant oil was purchased at a local store. 
Mucor javanicus fungal oil was obtained from Alcolac, 
Inc. (Baltimore, MD). No oil contained more than 1% 
1,2;2,3-diacylglycerol or more than 1.5% 1,3-diacyl- 
glycerol. 

Pancreatic lipase hydrolysis. Hydrolysis of the oils by 
porcine pancreatic lipase (Type II, Sigma Chemical Co., 
St. Louis, MO) was performed essentially according to 
the method of Luddy et al. {12}. To 4 mg oil, 1.1 ml 
of buffer containing 1 M tris (hydroxymethyl)-amino 
methane, pH 8.0, 0.15 M CaC12 and 0.01% bile salts were 
added. After addition of 4 mg (64 units} of ether~extracted 
lipase, the mixture was rapidly stirred in a heating block 
at 37 C for four min. The reaction products were extracted 
three times with 3 ml ether, concentrated with a nitrogen 
stream and separated by thin layer chromatography on 
unmodified Whatman silica gel K6 plates developed in 
chloroform]acetone/acetic acid (96:4:0.4, v/v/v). Only trace 
amounts of acyl migration to 1,3-diacylglycerols could be 
found on the plates. 

Synthesis of phosphatidylcholines. Random diacyl- 
glycerols (7-9 mg) were produced by the action of the 
Grignard reagent, ethyl magnesium bromide (Aldrich 
Chemical Co., Milwaukee, WI), on 60 mg of triacylglycerol 
according to the method of Myher and Kuksis (13). After 
separation of the 1,3- and 1,2;2,3-diacylglycerols by thin 
layer chromatography on unmodified K6 plates, the 
1,2;2,3-diacylglycerols were extracted from the silica gel 
two times with 6 ml chloroform/methanol (2:1, v/v) and 
evaporated to dryness. Quantitation of the 1,2;2,3- and 
1,3~iiacylglycerols by gas chromatography of the methyl 
esters revealed a nearly theoretical ratio of 2.04:1 (SEM 
= 0.09, n -- 15), respectively, indicating that no signifi- 
cant degree of acyl migration had occurred. 

Phosphatidylcholines were prepared by phosphoryla- 
tion of the 1,2;2,3-diacylglycerols with phosphorus ox- 
ychloride (Aldrich Chemical Co.) followed by reaction with 
choline chloride (13). It  was critical that the highly hygro- 
scopic choline chloride crystals were washed thoroughly 
with acetone or pyridlne and the adhering solvent r e  
moved by evaporation in a gentle nitrogen stream im- 
mediately before use. The 1,2;2,3-phosphatidylcholines 
were purified by thin layer chromatography on K6 plates 
developed in chloroform/methanol]water (65:35:4, v/v/v) 
followed by extraction three times with 5 ml of chloro- 
form/methanol (1:1, v/v). Yields were typically 1-2 mg 
{20-40%). 

Phospholipase A2 hydrolysis. Nearly complete hydroly- 
sis of the 2-position of 1,2-phosphatidylcholine and no 
hydrolysis of 2,3-phosphatidylcholine was achieved by in- 
cubation of half of the 1,2;2,3-phosphatidylcholines, dis- 
solved in 3 ml ether, with one unit of phospholipase A2 
from bee venom (Sigma Chemical Co.) dissolved in 0.6 ml 
buffer {0.5 M tris {hydroxymethyl)-amino methane and 
2 mM CaCI~, pH 7.5}. After rapid shaking at 37 C for 45 
min, 0.2 ml of 1 N HC1 was added and the reaction prod- 
ucts extracted with 6 ml chloroform/methanol (2:1, v/v). 
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The l-lysophosphatidylcholine, free fatty acid, and un- 
reacted 2,3-phosphatidylcholine were separated by thin 
layer chromatography using chloroform/methanol/water 
{65:25:4, v/v/v}. Lack of hydrolysis of the 2,3-phospha- 
tidylcholine was verified using 2,3-dipalmitoylphospha- 
tidylcholine {Sigma Chemical Co.}. The nonspecificity of 
bee venom phospholipase As for different fatty acids was 
demonstrated by hydrolysis of the phosphatidylcholines 
prepared from a mixture of triolein, trilinolein, trigamma- 
linolenin, and trialpha-linolenin {Nu Chek Prep, Elysian, 
MN). 

Phospholipase C hydrolysis. Hydrolysis of 1,2-phospha- 
tidylcholine to 1,2~liacylglycerol with no hydrolysis of 
2,3-phosphatidylcholine was accomplished by incubation 
of the 1,2;2,3-phosphatidylcholines, dissolved in 3 ml 
ether, with three units  of phosphollpase C from 
Clostridium welchii (Type XIV, Sigma Chemical Co.) 
dissolved in I ml buffer (1 M tris (hydroxymethyl)-amino 
methane and 1 mM CaC12, pH 7.3). After rapidly shak- 
ing for 60 min at 37 C and extraction with 6 ml of 
chloroform]methanol (2:1, v/v), the 1,2-diacylglycerol was 
isolated by thin-layer chromatography in hexane/ether/ 
acetic acid (50:50:1, v/v/v). No hydrolysis of 2,3-dipalmi- 
toylphosphatidylcholine could be detected, even after six 
hr of incubation. The phospholipase C was nonspecific 
toward the phosphatidylcholines prepared from a mixture 
of triolein, trilinolein, trigamma-linolenin and trialpha- 
linolenin. 

Fatty acid analysis. Fat ty  acid methyl esters of all final 
reaction products  and small portions of the intermediate 
products were prepared by addition of 2-3 ml of benzene] 
14% BF3 in methanol (1:1, v/v) to the silica gel scrappings 
or the evaporates in teflon-lined, screw-cap test  tubes 
followed by heating at 90 C for 30 min or incubating at 
room temperature overnight. After cooling and addition 
of water, the methyl  esters were extracted with 5 ml of 
hexane, evaporated to dryness with a nitrogen stream, 
redissolved in 0.35 ml of octane and analyzed by gas 
chromatography. The addition of benzene to the silica gel 
scrappinge was essential for quanti tat ive esterification 
for both phospholipids and glycerolipids. 

Fa t t y  acid analyses were performed on a Hewlett- 
Packard 5880A gas chromatograph equipped with a flame 
ionization detector. Components were separated on a 
30 m • 0.32 mm Supelcowax 10 bonded phase carbowax 
capillary column (Supelco, Bellefonte, PA) at a split ratio 
of 30 and a column flow rate of 2.4 ml heliuin]min. The 
oven was operated isothermally at 200 C or programmed 
from 180 C to 230 C, depending on the analysis. 

RESULTS 

Comparison of methods for determining triacylglycerol 
structure. A comparison of several methods of determin- 
ing the stereospecific composition of the triacylglycerols 

TABLE 1 

Comparison of Methods for Triacylglycerol Stereospecific Analysis of Evening Primrose Oil 

Fatty acid (mol %) 

Positions 16:0 18:0 18:1 18:2n-6 18:3n-6 

1. Triacylglycerol (TG) All 5.9 1.8 
2. Free fatty acid 

(pancreatic lipase) 1+3 8.1 • 0.5 a 2.6 • 0.1 
3. (3TG-MG)/2 1+3 8.5 • 0.2 2.5 • 0.2 
4. 1,3-Diacylglycerol (1,3-DG) 

(Grignard reaction) 1+3 7.6 • 0.3 2.3 • 0.1 
5. 1,2;2,3-Diacylglycerol 

(pancreatic lipase) 1,2+2,3 4.8 • 0.3 1.7 • 0.1 
6. 1,2;2,3-Diacylglycerol 

{1,2;2,3-DG) 
{Grignard Reaction) 1,2+2,3 4.6 • 0.3 1.7 • 0.1 

7. 1,2-Diacylglycerol (1,2-DG) 
(phospholipase C) 1+2 6.0 • 0.4 3.1 • 0.9 

8. 1 -Lysophosphatidylcholine 
(LPC) (phospholipase A2) 1 9.6 • 0.3 4.4 • 0.1 

9. 2(1,2-DG}-4(1,2;2,3-DG) + 3TG 1 11.7 • 0.6 3.8 • 2.3 
10. 2-Monoacylglycerol (MG) 

(pancreatic lipase) 2 0.8 • 0.3 0.4 • 0.2 
11. 4(1,2;2,3-DG)-3TG 2 1.0 • 0.7 2.1 • 1.3 
12. 2(1,2-DG)-LPC 2 1.8 • 0.1 1.5 • 1.4 
13. Free fatty acid 

(phospholipase A2) 2 1.6 • 0.4 1.5 • 0.8 
14. 3TG-2(1,2-DG) 3 6.8 • 0.6 0.3 • 0.4 
15. 2(1,3-DG)-LPC 3 5.7 • 0.7 0.2 • 0.1 

7.5 

8.5 • 0.3 
7.7 • 0.2 

7.7 • 0.2 

7.1 • 0.3 

7.5 • 0.1 

7.9 • 0.9 

8.0 • 0.3 
8.5 • 1.4 

7.0 • 0.1 
7.5 • 0.5 
7.6 • 0.6 

7.3 • 0.3 
7.1 • 1.1 
7.3 • 0.4 

74.8 

75.4 • 1.3 
72.7 + 0.3 

72.5 + 0.9 

71.3 • 1.8 

75.7 • 0.6 

74.5 • 0.2 

73.3 • 0.6 
70.1 • 3.6 

79.0 • 0.5 
79.6 • 2.3 
79.0 + 0.4 

77.8 • 0.8 
70.8 --+ 0.4 
71.4 • 1.5 

9.3 

4.4 + 0.7 
7.9 + 0.3 

8.9 • 0.2 

14.3 • 2.3 

9.7 + 0.2 

7.2 + 0.3 

3.6 + 0.2 
4.0 _+ 1.3 

12.1 + 0 .3  

10.8 • 0.8 
10.7 • 0.3 

11.4 + 0.1 

13.5 "4- 0.5 
14.2 • 0.6 

aValuee are means • standard deviations for four to six experiments. 
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in evening primrose oil is shown in Table 1. Pancreatic 
lipase initially was employed to generate 2-monoacyl- 
glycerols, 1,2;2,3-diacylglycerols, and free fat ty acids 
released from the 1- and 3-positions of the oils. The ac- 
curacy of the composition of free fatty acids released from 
the 1- and 3-positions can be checked in two ways, namely 
by subtracting the 2-monoacylglycerol composition from 
the triacylglycerol composition and by the composition 
of the 1,3-diacylglycerol produced by the Grignard reac- 
tion. A comparison of these three methods (items 2-4 of 
Table 1) reveals good agreement for all fat ty acids except 
for GLA, which is present at only about half the concen- 
tration in the lipase-released free fat ty acids as in the 
Grignard-generated 1,3-diacylglycerol or in the calculated 
1,3-composition, indicating that GLA resists lipase hy- 
drolysis. Further evidence that GLA resists lipase action 
is apparent from the 45% higher concentration of GLA 
in the lipase-released 1,2;2,3-diacylglycerol than in the 
Grignard-generated 1,2;2,3-diacylglycerol (items 5 and 6 
of Table 1). The lipase-released 2-monoacylglycerol ap- 
pears to be less of a concern because its GLA content was 
only 10% higher (P < 0.01) than that of two other methods 
used for determining the 2-position composition (items 
10-12 of Table 1). Similar levels of discrimination against 
hydrolysis of GLA-containing triacylglycerols by pan- 
creatic lipase also were observed with BO, BCO and MJO 
(data not shown). 

Interestingly, pancreatic lipase hydrolysis of BCO 
showed a similar discrimination against octadecatetra- 
enoic acid (6,9,12,15-18:4) but not against a-linolenlc acid 
(9,12,15-18:3). Similar discrimination also was found for 
tripetroselinin (tri-6-18:l) (data not shown). Apparently, 
triacylglycerols with a fatty acid containing a double bond 
in the 6-position are poor substrates for pancreatic lipase. 
Heimermann et al. (14) have reported that triacylglycerols 
containing octadecenoic acids of varying double-bond 
position were poor substrates for pancreatic lipase when 
the double bond was within seven from the carboxyNend. 
Furthermore, marine oil docosahexaenoic acid (4,7,10, 
13,16,19-22:6) and especially eicosapentaenoic acid (5,8, 
11,14,17-20:5) have been shown to resist pancreatic lipase 
hydrolysis due to the close proximity of their double 
bonds to the carboxyl-end and perhaps to steric hindrance 
(15). GLA also has its double bonds situated unusually 
close to the carboxyl-end and likewise may be expected 
to resist pancreatic lipase hydrolysis, as was found. 
Therefore, free fatty acids and 1,2;2,3-diacylglycerols 
released by pancreatic lipase cannot be used to determine 
the stereospecific structure of oils containing GLA and 
lipase~generated 2-monoacylglycerols should only be used 
as an approximate check of other methods. 

The 1-1ysophosphatidylcholine {LPC) released from 
phosphatidylcholine is considered a reliable representa- 
tion of the 1-position composition. As a check on the LPC 
composition, a representative 2-position composition was 
subtracted from the composition of the 1,2-diacylglycerol 
released by phospholipase C (items 8 and 9 of Table 1), 
which closely verified the 1-position analysis. 

In addition to the pancreatic lipase-released 2-mono- 
acylglycerol, three other methods were used to determine 
the composition of the 2-position. These methods were 
free fatty acid released from the 1,2-phosphatidylcholine 
by phospholipase A2, subtracting the triacylglycerol com- 
position from the 1,2;2,3-diacylglycerol composition, and 

subtracting the LPC composition from the composition 
of the phospholipase C-released 1,2-diacylglycerol. Items 
11-13 of Table 1 indicate close agreement between these 
methods, especially for the unsaturated fat ty acids. The 
GLA content of the free fat ty acids was slightly, but  
significantly, higher than the GLA content determined 
by the other two methods. The free fatty acid composi- 
tion generally is considered inferior to other methods due 
to acyl migration during the phospholipase A2 reaction 
and because of the ease of contamination of the free fatty 
acid fraction (16). Use of the 1,2;2,3-diacylglycerol com- 
position for determining the 2-position composition is an 
important verification for oils containing easily oxidized 
fatty acids such as GLA because it is produced in a single 
two-min reaction; whereas, the free fatty acids and 1,2- 
diacylglycerols also require a 16-hr phosphatidylcholine 
synthesis and a one-hr phospbolipase incubation, includ- 
ing three thin layer chromatography separations. How- 
ever, because any error in the 1,2;2,3-diacylglycerol com- 
position is multiplied by four in the calculation, greater 
variation usually is found than when using the 1,2-diacyl- 
glycerol composition, which is multiplied only by two. 
Therefore, subtracting the LPC composition from the 
1,2-diacylglycerol composition is probably the best way 
to determine the 2-position composition for oils that resist 
pancreatic lipase hydrolysis and was the method used in 
this paper. 

The composition of the 3-position was determined either 
by subtracting the phospholipase C-released 1,2-diacyl- 
glycerol from the triacylglycerol composition or by sub- 
tracting the LPC composition from the Grignard-gener- 
ated 1,3-diacylglycerol. Even though 1,3-diacylglycerols 
generally are considered inferior products for triacyl- 
glycerol structure determination, due to acyl migration 
of the 1,2;2,3-diacylglycerols during the Grignard reac- 
tion and subsequent separation, the two methods showed 
excellent agreement (items 14 and 15 of Table 1). 

Comparison of the triacylglycerol structure of GLA- 
containing oils. Using a single method for determining 
the composition of each acyl position, the structure of the 
four GLA~ontaining oils are compared in Table 2. Several 
differences and similarities between the oils were found. 
Very little GLA was found in the 1-position of any of the 
oils except for MJO. The highest levels of GLA were 
found in the 3-position of EPO and BCO, the 2-position 
of BO and the 2- and 3-positions of MJO. In BCO, oc- 
tadecatetraenoic acid {18:4n-3), like GLA, has its first dou- 
ble bond in the 6-position and has a similar distribution 
to GLA. However, a-linolenic acid, an isomer of GLA with 
its first double bond in the 9-position, preferentially is 
acylated in the 1-position of BCO rather than the 3-posi- 
tion as for GLA. Linoleic acid showed a small preference 
for the 2-position of EPO and BCO, a larger preference 
for the 2-position of MJO, a preference for the 1-position 
of BO and an avoidance of the 3-position of BO and MJO. 
Oleic acid was distributed evenly among all positions for 
EPO but accumulated in the 3-position of BO and 
2-position of MJO. Stearic acid was excluded from the 
3-position of EPO and BCO but  was concentrated in the 
1-position of all of the oils. Palmitic acid was nearly ex- 
cluded from the 2-position and most concentrated in the 
1-position of all the oils. The long~hain monounsaturates 
(20:1n-9 and 22:1n-9) of BO and the 24:0 of MJO were con- 
centrated in the 3-position. 
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TABLE 2 

Triacylglycerol Stereospecific Analysis of Oils Containing y-linolenic Acid {18:3n-6} 

Fatty acid {tool %} 

Oil Position a 16:0 18:0 18:1 18:2n-6 18:3n-6 Other Other 

Evening primrose All 5.9 1.8 7.5 74.8 9.3 
1 9.6 + 0.3 b 4.4 • 0.1 8.0 • 0.3 73.3 • 0.6 3.6 • 0.2 
2 1.8 + 0.1 1.5 • 1.4 7.6 • 0.6 78.9 • 0.4 10.7 • 0.3 
3 6.8 - 0.6 0.3 • 0.4 7.1 • 1.1 74.2 • 4.8 13.5 • 0.5 

Black currant All 6.9 1.3 10.8 46.7 15.9 13.0 c 2.9 d 
1 14.2 + 2.7 4.9 ---- 0.7 12.6 • 1.4 42.7 ___ 1.2 4.1 • 0.7 17.2 • 0.4 0.7 • 0.2 
2 2.0 • 1.0 1.5 • 1.7 14.1 • 1.1 53.1 • 0.9 17.4 • 1.7 8.1 • 0.4 2.6 • 0.5 
3 4.4 • 1.1 0 5.1 • 1.1 43.8 • 1.6 25.8 • 1.7 14.1 • 0.9 5.6 • 0.4 

Borage All 10.7 3.0 15.4 38.1 24.8 4.0 e 2.2f 
1 16.9 • 1.4 5.3 • 0.2 13.8 • 0.4 54.3 • 0.9 4.0 • 0.3 3.7 • 0.4 0.3 • 0.1 
2 2.3 + 1.2 1.3 • 1.2 13.7 • 1.2 42.5 • 1.3 40.4 • 2.2 0.8 + 0.3 0.4 • 0.4 
3 13.1 • 1.4 3.1 • 0.4 18.7 2= 1.2 17.6 2= 1.6 30.1 • 1.9 7.7 • 0.2 5.4 • 0.1 

Mucor javanicus All 18.6 7.1 39.9 8.9 17.9 1.2g 0.6 h 
1 39.2 • 1.8 11.5 • 0.7 24.7 • 0.6 4.7 • 0.4 13.3 • 0.5 1.3 • 0.4 0.4 +_ 0.1 
2 0.2 • 0.2 0 54.3 • 1.0 18.5 • 0.7 19.6 • 0.7 0.7 • 0.2 0 
3 18.0 • 1.7 9.8 • 0.2 40.5 • 0.7 3.3 • 0.6 19.6 • 0.4 1.4 • 0.2 1.7 • 0.2 

aposition i, lysophosphatidylcholine; position 2, 1,2-diacylglycerol X 2 minus lysophosphatidylcholine; position 3, triacylglycerol X 3 
minus 1,2-diacylglycerol X 2. 
bValues are means + standard deviations for four to six experiments. 
c18:3n-3. 
d18:4n-3. 
e20:1n-9. 
f22:1n-9. 
g14:0. 
h24:0. 

DISCUSSION 

The common fa t ty  acids of most  plant oils are sym- 
metrically distributed between the 1- and 3-positions with 
a preferred distribution of saturated fa t ty  acids in the 1- 
and 3-positions and of linoleic acid in the 2-position (17). 
Oils containing >~C20 fa t ty  acids usually show a preferred 
distribution of these fa t ty  acids in the 3-position. The 
GLA-containing oils, however, showed considerable 
deviation from the norm for the common fa t ty  acids due 
in par t  to the asymmetr ic  distribution of GLA. In EPO 
and BCO where GLA was concentrated in the 3-position, 
stearic acid was excluded from the 3-position and both 
stearic and palmitic acids were preferentially located in 
the 1-position. In BO and MJO, linoleic acid was excluded 
from the 3-position. Interestingly, the linolenic acid (a 
plus y) of human plasma triglycerides is also preferentially 
esterified in the 3-position while palmitic and stearic acids 
also are located preferentially in the 1-position (18). 

Very little is known about the role of triacylglycerol 
s t ructure in the metabolic fate of fa t ty  acids. An excep- 
tion is the atherogenic effect of peanut  oils, which con- 
tain a high amount  of very long chain (C20-24) saturated 
fa t ty  acids, located exclusively in the 3-position. Ran- 
domization of peanut  oil distributes all the fa t ty  acids 
equally and greatly reduces its atherogenic potential (10). 
Several peanut  oils containing the same amounts  of the 
very long chain saturated fa t ty  acids were shown to have 

significantly different atherogenic potential (9). The main 
difference between peanut  oils of high and low athero- 
genicity was a high level of linoleic acid and a high ratio 
of linoleic to oleic acid in the 2-position of the highly 
atherogenic peanut off. I t  is thought  tha t  the high level 
of linoleic acid in the 2-position may allow a higher degree 
of hydrolysis of peanut  oil with a consequent greater ab- 
sorption of the very long chain saturated fa t ty  acids as 
3-monoacylglycerols. 

Since GLA may be absorbed poorly due to its resistance 
to pancreatic lipase, it also may be true with GLA- 
containing oils as with peanut oils that  a high linoleic acid 
or high linoleic acid to oleic acid ratio in the 2-position 
may  facilitate GLA absorption. Of the GLA-contalnlng 
oils, evening primrose oil has both the highest linoleic acid 
and linoleic acid to oleic acid ratio in the 2-position. 
Therefore, if GLA is poorly absorbed in man it is possi- 
ble tha t  the GLA in EPO may be more efficiently ab- 
sorbed than from other known GLA-containing oils. 

Finally, as in the case of peanut oils and atherogenesis, 
it is possible tha t  the variations in triacylglycerol com- 
position tha t  we have observed will lead to differences 
in biological activities between the various GLA-con- 
taining oils. 
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Dietary Fiber Supplements: Effects on Serum and Liver Lipids 
and on Liver Phospholipid Composition in Rats 
David Krltchevskya, ", Shirley A. Tepper% Subramanian Satchlthanandamb, Marie M. CassldW and 
George V. Vahounyb,** 
aThe WLstar Institute of Anatomy and Biology, Philadelphia, PA, bDepartment of Biochemistry, George Washington University Medical 
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Rats (6 per group) were fed semipurified diets contain- 
ing either particulate fibers (alfalfa, 10%; cellulose, 10%; 
bran, 10%), a soluble ionic fiber (pectin 5%), soluble, non- 
ionic fibers (guar gum, 5%; Metamucil, 10%), a mi~ed fiber 
preparation (Fibyrax, 10%, or an insoluble, ionic bile acid- 
binding resin (cholestyrRmlne, 2%}. The control group was 
fed the unsupplemented diet. The feeding period, during 
which diet and water were provided ad libitum, was 28 
days. 

Compared with the control group, serum total choles- 
terol levels were increased by more than 10% in rats fed 
alfalfa and decreased by more than 10% in rats fed cel- 
lulose, guar gum, Fibyrax and cholestyramine. There were 
no significant differences in percentage of plasma HDL 
cholesterol. Serum triglycerides were elevated in the 
groups fed alfalfa, pectin, guar gum or Fibyrax and re- 
duced in the group fed Metamucil. Plasma phospholipids 
were elevated in rats fed alfalfa or bran, unaffected in 
rats fed pectin or Metamueil and reduced in the other 
groups. Liver total cholesterol was elevated in all groups 
but those fed wheat bran and cholestyramine. The per- 
centage of liver cholesterol present as ester was elevated 
in every group except that fed cholestyramine. Liver 
triglycerides were reduced in rats fed guar gum or Meta- 
mucil and elevated in those fed alfalfa. Liver phospho- 
lipids were lowered in the group fed cellulose. 

Liver phospholipids were fractionated by thin layer 
chromatography to give phosphatidylcholine (PC), phos- 
phatidylethanolamine (PE), sphingomyelin (Sph), lyso- 
phosphatidylcholine (LPC) and phosphatidylinositol plus 
phosphatidylserine (PI 4- PS). PC was elevated in all test 
groups (7-25%); PE levels ranged from 14% below to 0.3% 
above controls; Sph levels were sharply lower (20-53%) 
in all groups. LPC and PI + PS levels were close to the 
control value in all test groups. 

The results demonstrate that different dietary fibers 
can affect liver phospholipid composition. In view of the 
critical roles of phospholipids in many biological reac- 
tions, it will be interesting to survey the influence of 
dietary fiber on phospholipid spectra of other tissues. 
Lipids 23, 318-321 (1988). 

There have been numerous reports on the effects of 
various dietary fibers on serum and liver lipids of man 
and other animal species. Many of the data appear in a 
recent book {1). The lipids analyzed primarily have been 

*To whom correspondence should be addressed at The Wistar In- 
stitute of Anatomy and Biology, 3601 Spruce St., Philadelphia, PA 
19104. 
**Deceased. 
Abbreviations: LPC, lysophosphatidylcholine; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; PI, phosphatidylinositol; 
PI + PS, phosphatidylinositol plus phosphatidylserine; PS, phos- 
phatidylserine; Sph, sphingomyelin. 

free and esterified cholesterol and triglycerides. On occa- 
sion, plasma or liver phospholipids also are assayed. There 
have been no reports of the effects of dietary fiber on the 
levels of individual phospholipids. In view of our finding 
that fibers could bind phospholipids in vitro (2), we 
thought it would be of interest to determine if dietary 
fibers could influence the phospholipid spectrum of the 
liver in vivo. Our findings are the basis of this report. 

MATERIALS AND METHODS 
Male Wistar rats weighing about 200 g were used in this 
study. They were randomized into groups of equal aver- 
age weight (6 rats/group) and maintained at 23 C on a 
12-hr light-dark cycle. The rats were fed a basal diet con- 
taining (g/100 g): dextrose, 55; casein, 25; corn oil, 14; salt 
mix, 5; and vitamin mix, 1. Additions of fibers to the diet 
were made at the expense of the dextrose. The additions 
were alfalfa (10%) (North Hampton County Farm Bureau, 
Nazareth, PA); cellulose (10%) (Archer Daniels Midland, 
Decatur, IL); Fibyrax (10%), a mixed fiber preparation 
obtained from Farma Foods, Inc., McLean, VA; guar gum 
{5%) (Freeman Industries, Tuckahoe, NY); 7% methox- 
ylated citrus pectin (5%) (Freeman Industries, Tuckahoe, 
NY); Metamucil (10%) (G.D. Searle and Co., Skokie, IL) 
this product contained 50% sugar; and cholestyramine 
(2%) (Mead-Johnson Co., Evansville, IN). The diets were 
mixed to our specifications and pelleted by Bio-Serv, 
Frenchtown, NJ. 

The rats were provided their respective diets and water 
ad libitum for 28 days. Before the end of the study, feces 
were collected for analysis of fecal steroids and divalent 
cations. The results of the fecal analyses are reported 
elsewhere (3). The rats were killed by barbiturate injec- 
tion and sera and livers taken for further analysis. 

Sera were analyzed for total (4) and high density lipo- 
protein (HDL) cholesterol (5), triglycerides (6) and phos- 
pholipids (7). Livers were homogenized in chloroform] 
methanol (2:1, v/v), the lipid extract was dried over anhy- 
drous Na2SO,, and aliquots of the dried extract were used 
for analysis of free and total cholesterol (8), triglycerides 
(6) and total phospholipid (7). Individual phospholipids 
were separated by the thin layer method of Skipski et al. 
(9) using a solvent mixture consisting of chloroform] 
methanol]acetic acid]water {25:15:4:2, v/v/v/v). Phospho- 
lipids were visualized using iodine vapor (10) and, after 
the areas on the plate corresponding to individual com- 
pounds had been outlined, the iodine was permitted to 
sublime from the plate, the silicic acid areas scraped off 
the plate and the phospholipids eluted and analyzed (7). 
Data were analyzed by analysis of variance (11). 

RESULTS 
The data on weight gain are presented elsewhere (3). The 
control rats gained 121 _ 12 g during the four-wk feeding 
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per iod.  R a t s  fed  cel lulose,  w h e a t  b ran ,  F i b y r a x  or  choles-  
t y r a m i n e  s h o w e d  s imi l a r  w e i g h t  ga ins ,  n a m e l y ,  129 • 6; 
127 • 5; 123 • 5; a n d  134 • 11 g, r e s p e c t i v e l y .  R a t s  fed  
t h e  o t h e r  f ibers  showed  a l e s se r  w e i g h t  ga in  (76 • 0.8 g), 
wh ich  was  41% be low t h e  a v e r a g e  w e i g h t  {128 • 2 g) of  
t h e  o t h e r  four  g roups .  A c t u a l  w e i g h t  g a i n s  {g • S E M )  
were  alfalfa ,  76 • 9; pec t in ,  75 • 14; g u a r  gum,  74 • 17; 
a n d  m e t a m u c i l ,  78 • 16. D i f f e rences  in w e i g h t  ga in  s ta -  
t i s t i c a l l y  were  s ign i f i can t .  The  feed ef f ic iency r a t i o s  
([weight ga in / to t a l  food intake]  X 100) was  h ighes t  in r a t s  
fed  the  con t ro l  or  c h o l e s t y r a m i n e - c o n t a i n i n g  d i e t s  {23.7 
• 2.4 a n d  26.0 • 2.1, r e spec t ive ly ) ,  l owes t  in t h o s e  fed 
M e t a m u c i l  (12.8 • 2.6), gua r  g u m  {12.9 • 3.0}, and  al fa l fa  

(14.0 • 1.7), a n d  i n t e r m e d i a t e  in t h o s e  fed  p e c t i n  (15.9 • 
3.0), w h e a t  b r a n  (18.7 • 0.7), F i b y r a x  (19.6 • 0.8), a n d  
ce l lu lose  (19.8 • 0.9). 

T a b l e  1 is  a s u m m a r y  of  t h e  s e r u m  l ip id  d a t a .  S e r u m  
t o t a l  cho les t e ro l  l eve ls  for  t he  en t i r e  e x p e r i m e n t  were  
s i gn i f i c an t l y  d i f ferent .  C o m p a r e d  w i t h  t h e  f iber  free diet ,  
h ighes t  choles terol  levels  were  obse rved  in r a t s  fed alfalfa, 
w h e a t  b r a n  or  p e c t i n  a n d  l o w e s t  leve ls  in t h o s e  fed g u a r  
g u m  or  F i h y r a x .  H D L  cho les t e ro l  leve ls  (as p e r c e n t a g e  
of  t o t a l  choles terol )  a m o n g  g r o u p s  were  n o t  s ign i f i can t ly  
d i f f e r en t  and  r a n g e d  f rom 6 2 - 8 2 % .  S e r u m  t r i g l y c e r i d e  
leve ls  were  e l e v a t e d  {compared  to  control )  in r a t s  fed  
alfalfa ,  pec t in ,  g u a r  g u m  or  F i b y r a x  {elevat ion g r e a t e r  

TABLE 1 

Serum Lipids of Rats Fed Fiber Supplements {Mean +_ SEM) 

Cholesterol 

Fiber supplement {%) Total (mg]dl) HDL-C* (%) 
Triglycerides 

(mg]dl} 
Phospholipids 

{mg/dl) 

None 110 2= 13 66.6 __- 2.0 51 • 4 

Particulate 
Alfalfa (10) 127 _ 7 72.3 __- 5.4 70 2= 4 
Cellulose (10) 95 • 5 77.0 2= 4.2 58 2= 4 
Wheat bran (10) 121 2= 18 62.4 _ 2.7 53 • 8 

Soluble, ionic 
Pectin (5) 120 • 10 77.5 _ 2.0 76 2= 5 

Soluble, nonionic 
Guar gum (5) 85 + 5 72.8 2= 5.2 77 2= 9 
Metamucil {10) 99 2= 4 64.1 __- 3.9 44 • 5 

Mixed 
Fibyrax ~10) 79 2= 14 82.0 2= 6.9 67 • 7 

Insoluble, ionic 
Cholestyramine (2) 93 __- 8 79.6 2= 2.3 59 2= 8 

ANOV (p<:) 0.05 NS** 0.05 

I00 2= 9 

119 2= 6 
8 6 +  3 

121 ___ 14 

912= 4 

792= 3 
89 2= 5 

82 2= 5 

842= 6 

0.01 

*HDL-C, high density lipoprotein cholesterol. 
**NS, not significant. 

TABLE 2 

Liver Lipids of Rats Fed Fiber Supplements (Mean + SEM) 

Cholesterol 

Fiber supplement {%) Total (mg/100 g) % Ester 
Triglycerides 
(mgll00 g) 

Phospholipids 
~gm/lO0 g) 

None 450 2= 36 19.6 2= 0.8 332 2= 19 2.06 2= 0.07 

Particulate 
Alfalfa (10) 541 ___ 31 33.3 2= 1.8 407 2= 39 2.09 2= 0.07 
Cellulose (10) 523 ___ 31 29.8 2= 2.7 317 • 31 1.51 2= 0.02 
Wheat bran (10) 449 +_ 21 26.1 2= 2.0 358 - 29 1.95 2= 0.07 

Soluble, ionic 
Pectin (5) 539 2= 27 29.5 2= 4.6 325 • 38 2.05 _ 0.08 

Soluble, non-ionic 
Guar gum (5) 513 __ 19 27.9 • 3.2 226 2= 37 2.04 2= 0.13 
Metamucil (10) 552 2= 42 23.1 2= 3.0 247 2= 34 1.83 2= 0.10 

Mixed 
Fibyrax {10) 616 2= 40 40.9 2= 1.0 561 +-- 71 1.96 -t- 0.12 

Insoluble, ionic 
Cholestyramine (2) 462 2= 16 18.0 2= 3.8 283 2= 30 2.00 2= 0.09 

ANOV {p<) 0.05 0.01 0.05 0.05 
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TABLE 3 

Phospholipid Distribution in Livers of Rats Fed Fiber Supplements {Percentage �9 SEM} 

Phospholipid* 

Fiber supplement {%) PC PE Sph LPC PI + PS 

None 42.8 • 1.6 33.9 _ 0.4 9.3 • 1.3 6.0 • 0.4 7.6 - 0.3 
Particulate 

Alfalfa (10) 53.7 ___ 0.8 30.1 • 0.8 4.4 • 0.3 5.5 --- 0.3 7.2 • 0.4 
Cellulose (10) 46.1 • 1.5 34.0 • 0.8 7.2 • 0.5 6.2 • 0.4 7.6 • 0.2 
Wheat bran (10) 46.9 • 1.5 30.4 -- 0.8 7.4 + 1.7 6.4 + 0.2 8.9 • 0.7 

Soluble, ionic 
Pectin (5) 53.1 • 1.8 29.3 • 1.3 5.7 • 0.5 5.1 • 0.4 7.4 • 0.4 

Soluble, non-ionic 
Guar gum (5) 48.3 • 0.4 30.1 • 0.7 7.0 • 0.7 6.5 • 0.2 8.2 • 0.4 
Metamucil (10) 47.4 • 1.9 31.8 • 0.8 6.9 • 0.6 6.9 • 0.4 7.9 • 0.3 

Mixed 
Fibyrax (10) 46.4 • 1.6 31.6 + 0.7 5.5 • 0.2 7.5 • 0.5 9.1 • 0.3 

Insoluble, ionic 
Cholestyramine (2) 47.5 • 0.6 33.8 • 0.8 5.5 + 0.7 5.9 • 0.3 7.9 • 0.5 

ANOV (p<) 0.01 0.01 0.05 0.01 0.05 

*PC, phosphatidylcholine; PE, phosphatidylethanolamine; Sph, sphinog~nyelin; LPC, lysophosphatidylcholine; 
PI, phosphatidylinositol; PS, phosphatidylserine. 

than  30%). Triglyceride levels in the other  groups were 
within the normal  range. Serum phospholipids were high- 
est  in the ra ts  fed alfalfa or wheat  bran and lowest in those 
fed F ibyrax  or cholestyramine.  Ra t s  fed alfalfa or wheat  
b ran  appeared to have the highest  levels of to ta l  serum 
lipids. 

Liver lipids {Table 2) were significantly different among 
groups.  Total  liver cholesterol was highest  in ra t s  fed 
Fibyrax or Metamucil. The percentage of cholesterol pres- 
ent  as ester  was within the normal  range  only in the ra t s  
fed choles tyramine or Metamuci l  {normal being defined 
here as control value _+ 15%). Liver cholesterol levels were 
lowest  in the groups  fed the soluble, nonionic fibers and 
highest  in the group fed Fibyrax.  Liver phospholipid 
levels were considerably below normal  levels only in ra t s  
fed cellulose. 

The dis tr ibut ion of individual liver phospholipids is 
summar ized  in Table 3. Differences among  groups are 
s ta t is t ical ly  significant for each phospholipid. Levels of 
PC were elevated in all t e s t  groups with the differences 
ranging from 7 to 25%. PE levels were equal to or slightly 
lower than  the control value in all t e s t  groups.  (Control, 
33.9 +-_ 0.4%; average  for all tes t  groups,  31.4 _+ 0.6%.} 
Sph content  was reduced considerably in all the t es t  
groups  with reductions ranging  f rom 20 to 53%. Levels 
of LPC and of P I  + PS generally were close to control 
levels in all groups.  The range  of difference of LPC was 
f rom - 1 5 %  (pectin) to +25% {Fibyrax); the range  for 
P I  + PS was f rom - 5 %  {alfalfa) to + 2 0 %  {Fibyrax) bu t  
wi th  control levels of LPC and P I  + PS being 6.0 +_ 0.4 
and 7.6 +_. 0.3%, the averages  of the t es t  groups  were 
6.3 +_ 0.3 for LPS  and 8.0 + 0.2 for P I  +_ PS. 

DISCUSSION 

In this study, we compared s imultaneously the effects of 
m a n y  types  of dietary fiber: particulate, soluble ionic and 

nonionic, and mixed. No dist inct  or consis tent  pa t t e rns  
of effects on serum or liver lipids emerge. Generally, ra t s  
fed alfalfa exhibited the highest  overall  levels of serum 
lipids. I f  we arbi t rar i ly  assume tha t  levels of lipids 15% 
higher or lower than  those seen in the control group are 
indicative of an effect, we find lowering of serum choles- 
terol by  guar  gum and Fibyrax;  elevation of serum 
triglycerides in ra t s  fed alfalfa, pectin, guar  gum or 
Fibyrax; and elevation of serum phospholipids in ra ts  fed 
alfalfa or wheat  bran and reduction in those fed guar  gum. 
Liver to ta l  cholesterol levels were elevated in ra t s  fed 
every fiber, but  wheat  bran, guar  gum and cholestyramine 
and esterified cholesterol was elevated in every group ex- 
cept tha t  fed cholestyramine. Tr~glycerides were elevated 
in ra ts  fed alfalfa or Fibyrax and reduced in those fed guar  
g u m  or Metamucfl.  Liver phospholipid levels were re- 
duced only in ra t s  fed cellulose. 

Al though the values for to ta l  cholesterol are different, 
direct compar ison showed no significant differences {by 
S tuden t ' s  t-test) between any  of the tes t  groups  and the 
control. However,  ra t s  fed cellulose, Metamucil ,  F ibyrax  
or choles tyramine all excreted twice as much  tota l  bile 
acid (8.8 + 0.19 mg/day) as did the control group (4.4 + 
0.7 mg/day) (3). Compared directly with the control group, 
only ra t s  fed alfalfa or pectin exhibited significantly 
elevated tr iglyceride levels. These differences cannot  be 
explained on the basis  of weight  gain or feed efficiency. 

Total  liver cholesterol levels cannot  be correlated with  
either fecal bile acid or neutral  steroid excretion. The level 
of hepatic  cholesteryl  ester  content  is an indication of 
cholesterol deposition. The finding t ha t  hepatic  choles- 
teryl  es ter  levels were 18-113% higher than  control in 
every group except  tha t  fed choles tyramine was surpris- 
ing and sugges ts  an effect on endogenous cholesterol 
metabol i sm tha t  mer i t s  fur ther  s tudy.  

In  examining the dis tr ibut ion of liver phospholipids,  
two consistent effects were observed. Liver PC was higher 
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than the control level in all fiber-fed groups, and fiver Sph 
consistently was lower in all test  groups. The average 
percentages of PC and Sph in livers of control rats were 
42.8 + 1.6 and 9.3 + 1.3%, respectively. Average PC and 
Sph for the eight test  groups were 48.7 +_ 1.1 and 6.2 +_ 
0.4. The ranges of PE, LPC and PI  + PS content  were 
small and within a few percentages of the control values. 

To our knowledge, this is the first s tudy  of the effects 
of dietary fiber on fiver phospholipid spectrum. The 
observed differences suggest that  dietary fibers may play 
a hitherto unsuspected role in membrane structure and 
in lipid metabolism in general. I t  would be of future in- 
terest to determine if fiber affected the phospholipid com- 
position of specific lipoprotein molecules. 

The influence of dietary fibers on phosphofipid metabo- 
lism also may be of interest with regard to tumor growth. 
There are differences between membrane phospholipids 
of rat  or mouse fiver and rat  or mouse hepatomas (12,13). 
Comparison of phospholipid of normal and transformed 
human diploid cells showed two significant differences; 
PS levels were lower in the t ransformed cells and Sph 
levels were higher. Levels of all other phospholipids were 
unchanged in the t ransformed cells (14). 
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Relative Inhibitory Potencies of Flavonoids 
on 12-Lipoxygenase of Fish Gill 
R.J. Hsieh, J.B. German and J.E. Kinsella* 
Lipid Research Laboratory, Institute of Food Science, Cornell University, Ithaca, NY 14853 

The relative efficacy of 10 flavonoid compounds and some 
common antioxidants in inhibiting 12-1ipoxygenase of fish 
gill was determined. Lipoxygenase activity was measured 
by oxygen consumption with polarography and forma- 
tion of hydroxy fatty acid using thin layer chromatog- 
raphy with autoradiography. Generally, the inhibition of 
12-Upoxygenase by flavonoids was noncompetitive. The 
lipoxygenase product pattern did not change in the pres- 
ence of flavonoids. Fisetin (3,3',4',7-tetrahydroxyflavone) 
and quercetin (3,3',4',5,7-pentahydroxyflavone) were the 
most potent inhibitors of 12-1ipoxygenase, with ICso'S of 
0.25 and 0.4 ~M respectively. These were compared with 
ICso'S values of 5, 1000 pM for BHA {t-butylhydroxyani- 
sole) and BHT {t-butylhydroxytoluene) respectively. 
Possible inhibitory mechanisms and relationships be- 
tween flavonoid structure and inhibitory potencies are 
discussed. 
Lipids 23, 322-326 (1988). 

The high degree of unsaturation of the component polyun- 
saturated fatty acids renders fish lipids very susceptible 
to oxidation. Though lipid oxidation is thermodynami- 
cally favored, direct reaction between unsaturated fatty 
acids and oxygen is spin-forbidden {1). This kinetic spin 
restriction can be overcome by free radical reactions, but 
these require an activation mechanism to facilitate the 
initiation reaction to produce catalytic free radicals (1). 
Several enzymatic and nonenzymatic processes such as 
autoxidation photosensitized oxidation, lipoxygenase, 
peroxidase and microsomal enzymes have been suggested 
to generate reactive oxygen species that can function as 
initiators of lipid oxidation in muscle tissues {1-4}. 
Because all of these intiation mechanisms may occur, 
their relative importance and individual contribution to 
the overall processes needs to be understood. The ability 
of lipoxygenase to produce fatty acid hydroperoxides and 
its widespread occurrence in animal tissues suggest that 
it may be important in initiation of lipid oxidation (2,5,6}. 

Peroxy-enzyme radical complexes exist during the 
catalytic cycle of lipoxygenase (7,8). These release hydro- 
peroxides that serve as sources of free radicals. Currently, 
it is not clear if lipoxygenase functions similarly to free 
radicals as an initiator of lipid oxidation. In this regard, 
specific inhibitory compounds could be useful in differen- 
tiating between lipoxygenase reactions and other free 
radical reactions. Compounds with free radical quenching 
ability should inhibit free radical oxidation but may not 
be lipoxygenase inhibitors. Flavonoids, with their free 
radical quenching and metal chelating abilities, are poten- 
tial inhibitors of lipid oxidation (9-11). The available 
evidence indicates that some flavonoids may specifically 

aTo whom correspondence should be addressed. 
Abbreviations: BHA, t-butylhydroxyanisole; BHT, t-butylhydroxy- 
tolune; ETYA, eicosatetrahynoic acid; GSH, glutathione; NDGA, 
nordihydroguaiaretic acid; PG, propyl gallate; TLC, thin layer 
chromatography. 

interfere with the lipoxygenase reactions and their in- 
hibitory potencies may be related to their structures 
rather than their free radical quenching abilities (12-17). 
Thus, it is possible that two positional isomers of hy- 
droxyl groups of flavonoids may have similar free radical 
quenching abilities but differ in their capacity to inhibit 
lipoxygenase. This suggests that structurally different 
flavonoids may be used as specific inhibitors of lipox- 
ygenase; thereby helping to distinguish lipoxygenase 
from other free radical reactions. 

In this report, the highly active 12-1ipoxygenase of gill 
tissue (2,5) was used in a model system to study the in- 
hibition of lipid oxidation by various hydroxy isomers of 
flavonoids and some common antioxidants such as nor- 
dihydroguaiaretic acid (NDGA), propyl gallate (PG), t- 
butylhydroxyanisole (BHA) and t-butylhydroxytolune 
(BHT). The differing inhibitory effects of these com- 
pounds on lipoxygenase are demonstrated and discussed. 

MATERIALS AND METHODS 

Materials. Arachidonic acid (20:4,n-6) was obtained from 
NuChek Prep (Elysian, MN). [1-'4C]arachidonic acid was 
bought from New England Nuclear (Boston, MA). Caf- 
feic acid, esculetin, glutathione (GSH), BHA, BHT, PG, 
NDGA and indomethacin were purchased from Sigma 
Chemical Co. (St. Louis, MO). Eicosatetraynoic acid 
(ETYA) was a gift from W. Scott (Hoffman LaRoche, 
Nutley, N J). Flavonoids such as fisetin, apigenin, nar- 
ingenin, catechin, 3-epicatechin, chrysin, myricetin, 
quercetin, rutin and esculin were obtained from G. Hraz- 
dina {Institute of Food Science, Come}] University). Ethyl 
acetate was obtained from Fisher Scientific Co. (Roches- 
ter, NY). Methanol was purchased from J. T. Baker 
Chemical Co. (Phillipsburg, NJ). Chloroform and glacial 
acetic acid were from Mallinckrodt Inc. (St. Louis, MO). 

Lipoxygenase preparation. Samples of gill tissue (1 g) 
carefully were excised from young, freshly killed rainbow 
trout [15 g) (Tunison Fish Laboratory, Cortland, NY) and 
homogenized in 40 ml 0.05 M (pH 7.4) phosphate buffer 
with 1 mM glutathione using a Polytron homogenizer. 
The homogenate was centrifuged for 15 min. at 15,000 X 
g at 4 C. The resultant supernatant fraction was used as 
the crude enzyme source without further purification 
(2,5,6). The enzyme preparation either was used immedi- 
ately or stored at - 7 0  C as beads of droplets instan- 
taneously frozen in liquid nitrogen. Protein concentration 
was estimated by phenol reagents with bovine serum 
albumin as standard {18). 

Lipoxygenase assay. To verify the activity and 
specificity of the lipoxygenase reactions and to determine 
inhibitory effects of flavonoids, the enzyme preparation 
(1 mg protein/ml) was incubated at 25 C with arachidonic 
acid (50 I~M) using labeled [1-'4C]arachidonic acid as 
tracer. The extent of enzymatic reaction was calculated 
from the conversion of radioactive substrate fatty acid 
into its hydroxy analog following 10 min incubation. The 
reaction was quenched by acidification with formic acid 
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to pH 3.0 and the products were extracted twice with 1 ml 
ethyl acetate as described (2). Extracted lipids were 
separated by thin layer chromatography (TLC) using a 
solvent system consisting of chloroform/methanol/acetic 
acid]water (90:8:1:0.8, v/v/v/v) {19). The radiolabeled prod- 
uct, 12-hydroxy-5,8,10,14-eicosatetraenoic acid, from 
labeled arachidonic acid, was generated due to the activity 
of gill lipoxygenase and was detected qualitatively by 
autoradiography as reported {20). The extent of product 
formation during the reaction period was quantified by 
locating, and scraping the corresponding bands and 
measuring by liquid scintillation counting the radioactiv- 
ity in each band (5,6). 

Calculations of  enzyme velocity. The rate of lipoxy- 
genase-catalyzed reaction was determined by oxygen con- 
sumption using a polarographic cell (Hansatech oxygen 
electrode, Hansatech Ltd., Norwich, England). For en- 
zyme assays, the lipoxygenase preparation (1 mg pro- 
tein/ml) was equilibrated in phosphate buffer (0.05 M, pH 
7.4) in a water-jacketed oxygen electrode chamber at 25 C 
for one min. Then the flavonoid or specific inhibitor in 
ethanol (1 ~l) was introduced into the enzyme assay mix- 
ture and incubated for 10 min. The enzyme activity then 
was initiated by the addition of arachidonic acid (25 nmol) 
in ethanol (1 ~1), and the oxygen concentration was 
monitored by the electrode and recorded continuously us- 
ing a microcomputer (Fig. la). The experimental data 
were smoothed to eliminate random electronic noise (21). 
The first differential of the oxygen concentration vs time 
data (dOJdt) was calculated (Fig. lb). The maximal rate 
and lag time required to reach this rate were obtained 
from these first differential plots. The appropriate pro- 
grams for performing these analyses were written in 
Forth for the Apple IIe. 

Relative inhibitory efficacy of flavonoids and antiox- 
idants on gill lipoxygenase. Various antioxidants, and 
flavonoids were tested to compare their inhibitory effects 
on gill lipoxygenase. The gill lipoxygenase was prepared 
as described above. The enzyme was preincubated with 
an inhibitor at 25 C for 10 rain. The radiolabeled sub- 
strate, arachidonic acid, then was added to initiate en- 
zyme reaction. The reaction was stopped after an addi- 
tional 10 min. incubation; the products were separated 
by thin layer chromatography and detected by auto- 
radiography as mentioned above. The inhibitory effect of 
each inhibitor was estimated by measuring the radio- 
activity in the product by liquid scintillation counting 
as stated above. At least five concentrations of each 
inhibitor were employed to determine its inhibitory 
potency. The ICso value, the concentration of inhibitor 
causing 50% reduction of enzyme activity, was calculated 
by linear regression analysis (22). 

RESULTS 
A significant and practical advantage of using trout gill 
lipoxygenase is its freedom from other oxygen-consuming 
reactions (20). The rate of lipoxygenase-catalyzed reac- 
tion was determined from oxygen consumption. The addi- 
tion of arachidonic acid to the gill enzyme system resulted 
in rapid oxygen consumption after a brief lag phase 
{Fig. la  and lb). The formation of product was accom- 
panied by the consumption of oxygen as shown on 
Fig. la. The apparent Km-value of gill 12-1ipoxygenase 
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FIG. 1. The progress curve (la) and the first differential {lb) of ox- 
ygen consumption by 12-1ipoxygenase-catalyzed oxidation of 
arachidonic acid. Gill 12-Hpoxygenase (0.5 mg protein) in 0.5 ml 
phosphate buffer was  incubated at 25 C for one min. Oxygen con- 
sumption following the addition of fat ty  acid was  measured by 
polarography. Reaction details as described in Materials and 
Methods. 

for arachidonic acid as determined by polarography was 
20 ~M {Fig. 2). 

The specificity of lipoxygenase reaction was verified by 
TLC analysis of the products formed following incuba- 
tion with radiolabeled arachidonic acid (peak I) (Fig. 3), 
which showed that the main reaction product (peak II) 
was 12-hydroxy-5,8,10,14-eicosatetraenoic acid {2,5). The 
addition of inhibitors reduced product formation but did 
not change the nature of the product. 

Effect of  enzyme inhibitors. The effects of various in- 
hibitors on product formation were determined using thin 
layer autoradiography and liquid scintillation counting 
of TLC products bands. Indomethacin (1-100 ~M), a 
known cyclooxygenase inhibitor, exerted no inhibitory ef- 
fect on the gill lipoxygenase, indicating the absence of 
cyclooxygenase in the gill preparation. The nonspecific 
lipoxygenase competitive inhibitor, ETYA, inhibited gill 
enzyme activities (ICso = 50 ~M) (Table 1). Esculetin 
caused a dose-dependent inhibition on gill lipoxygenase 
system with an ICso of 0.02 ~M (Table 1). 
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FIG. 2. Lineweaver-Burk plot showing the inhibition of trout gill 
12-1ipoxygenasc by fisetin. Gill 12-1ipoxygenase (0.5 mg protein} in 
0.5 ml phosphate buffer was incubated at 25 C for one min. Various 
concentrations of fisetin were added to the enzyme assay system 
and incubated for an additional 10 mi.~ Oxygen consumption, follow- 
ing the addition of arachidonic acid, was measured by polarography. 
Reaction details as described in Materials and Methods. 

FIG. 3. Autoradiogram and its scan (a) of products generated dur- 
ing 10 rain incubation of arachidonic acid 150 pM) with the 
12-1ipoxygcuase from trout gill in the absence (b) and presence (c) 
of 10 ~M fisetin. Extraction, TLC and detection of labeled 
metabolitce were performed as described in Materials and Methods. 
Peak I is arachidonic acid, 30% of the total area; whereas, peak II 
is its 12-hydroxy fatty acid, 70% of the total area 

Various antioxidants and free radical quenchers were 
tested to compare their inhibitory effects. Propyl gallate 
was a potent inhibitor of gill lipoxygenase (ICso = 
0.02 ~M) while NDGA was less effective (ICso = 2.5 pM). 
The widely used phenolic antioxidant BHA also inhibited 
gill 12-1ipoxygenase moderately (ICso = 5 ~M), whereas 
BHT, a similar type of antioxidant, had negligible in- 
hibitory effects (ICso > mM). Comparable disparities 
among BHA, BHT, PG and NDGA in inhibitory poten- 
cies previously were observed for lipoxygenase of mice 
epidermis (23) and reticulocytes (7). 

The inhibitory effects of specific hydroxy isomers of 
flavonoids on lipoxygenase revealed that fisetin and 
quercetin were the most potent of all the flavonoids tested 
with ICso's of 0.25 and 0.4/riM, respectively (Table 1). 
These compounds possess a catechol (1,2-benzenediol) 
structure in the B ring (3' = hydroxyl, 4' = hydroxyl). 
Whereas chrysin (3' = hydrogen, 4' = hydrogen} (ICso = 
30 wM), naringenin (3' = hydrogen, 4' = hydroxyl) (IC~ = 
40 ~I ) ,  and apigenin (3' = hydrogen, 4' = hydroxyl) 
(ICso -- 5 ~M) were 100, 100 and 10 times less inhibitory, 
respectively. Hydroxylation at the 5'-carbon of quercetin 
decreased the inhibitory effect as exemplified by myrice- 
tin (ICso = 2 ~M). Hydrogenation of the double bond at 
the 2-carbon position and absence of the carbonyl func- 
tion at the 4-carbon position reduced the inhibitory effi- 
ciency as exemplified by catechin (ICso = 3 ~M). 
3-epicatechin (ICso = 1 ~M) was almost as active as 
catechin as an inhibitor of gill lipoxygenase (Table 1). 
Glycosidation at 3-hydroxyl group, such as the addition 
of rutinose (6~-a-I~rhamnosyl-D-giucose) to quercetin to 
yield rutin (IC~o = 7 ~M) or the addition of glucose 
(6-giucoside) to esculetin (ICso = 0.02 ~lVI) to give esculin 
(IC~o = 500 ~M) resulted in loss of the inhibitory potency 
of these compounds (Table 1). 

A dihydroxyl group on flavonoids was required for in- 
hibition of rat 5-lipoxygenase (16) and 15-1ipoxygenase 
(13,16}. The position and number of hydroxyl groups in 
the coumarin skeleton are important for the inhibition of 
platelet 12-1ipoxygenase (15) and the 5-1ipoxygenase in 
polymorphonuclear leukocytes (24). 

The mechanism of the inhibitory effects of flavonoids 
on 12-1ipoxygenase activity was assayed by polarography 
at various concentrations of arachidonic acid in the 
presence of increasing concentrations of inhibitors. The 
data for fisetin showed a concentration<lependent inhibi- 
tion of lipoxygenase in the nanomolar range, and the in- 
hibition was consistant with noncompetitive mechanism. 
The ICso value of fisetin on lipoxygenase obtained by 
polarography was consistent with that determined by 
TLC-radioactivity counting. The product specificity was 
not altered in the presence of inhibitors. 

Similar noncompetitive inhibition of 12-lipoxygenase 
of rat platelet; 5-1ipoxygenase of mast tumor cells; and 
5-, and 12-1ipoxygenase of rat basophilic leukemia cells 
have been reported for esculetin (15), caffeic acid (25), and 
cirsiliol(3',4',5'-trihydroxy-6,7-dimethoxyflavon) (26), re- 
spectively. 

DISCUSSION 

Phenolics, catechols and pyrogallols, with oxidation 
potential 0.92, 0.74 and 0.61 volts, respectively, tradi- 
tionally are considered as antioxidants that scavenge 
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TABLE 1 

The  Re la t ive  Inh ib i tory  Ef f ec t s  of  Var ious  Phenols ,  F lavono ids ,  and  A n t i o x i d a n t s  on  F i s h  Gil l  12-Lipoxygenase  

A4 ' 

Substituents Oxidation 
Radical potential c 

Test compounds 3-C 5-C 3'-C 4'-C 5'-C IC~o (/~M) a quenchingb (volts) 

Chrysin H OH H H H 30 0 -- 
Apigenin H OH H OH H 5 0.40 -- 
Fisetin OH H OH OH H 0.25 0.68 -- 
Quercetin OH OH OH OH H 0.40 9.94 -- 
Myricetin OH OH OH OH OH 2 -- -- 
Rutin rutinose OH OH OH H 7 0.92 -- 
Catechin d OH OH OH OH H 3 0.72 -- 
Epicatechind OH OH OH OH H 1 0.76 -- 
Naringenin e H OH H OH H 40 0.28 -- 
Esculetin 0.02 -- 0.76 
Esculin 500 -- -- 
Caffeic acid 20 -- -- 
ETYA 5O -- -- 
BHA 5 - -  0.65 
BHT 1000 - -  0.68 
PG O.O2 -- -- 
NDGA 2.5 -- -- 

aReactions were performed in the standard radioactive and polarographic assays mixture containing 1 mg partially purified enzyme. 
The enzyme was preincubated with inhibitor at 25 C for 10 min. Then the substrate fatty acid was added for reaction. 
bData derived from ref. 13. 0 denotes no quenching effect toward the free radical generated by human erythrocytes incubated with phenazine 
methosulphate, while 1 corresponds to 100% quenching effect. 
c(27,32). 
dFlavan. 
eFlavanone. 

scavenge alkoxy and a lkperoxy radicals {27,28}. The ef- 
fects  of BHA,  B H T  {phenolics}, caffeic acid, N D G A  
{catechols}, and PG {pyrogallol} indicated t ha t  the inhibi- 
t ion of gill l ipoxygenase by  these ant ioxidants  was not  
related to their oxidation potentials.  B H A  and B H T  have 
similar oxidat ion potent ia ls  {0.65 and 0.68 vol ts  respec- 
tively}, bu t  B H A  was a much  s t ronger  l ipoxygenase in- 
hibitor than  BHT.  NDGA,  with a catechol structure,  has 
a lower oxidat ion potent ia l  than  B H A  (27}. Nonetheless,  
N D G A  showed the same inhibition potency as BHA.  Caf- 
feic acid wi th  a catechol s t ruc ture  was a weaker  lipox- 
ygenase  inhibitor than  NDGA.  PG {with a pyrogallol  
structure} had a lower oxidation potent ia l  than  esculetin 
{with a catechol structure} {27}, bu t  they  showed similar 
inhibition potencies toward lipoxygenase. These findings 
sugges t  t h a t  the oxidation potent ia l  of an ant ioxidant  is 
not  re lated to i ts  inhibi tory potency  on l ipoxygenase.  
Comparable  dispari t ies in inhibi tory potencies among  
BHA,  B H T  and N D G A  were reported in reticulocyte and 
mice skin l ipoxygenases  {7,23}. Schewe et  al. a t t r ibu ted  
the difference in inhibition to the s t ructure  and accessibil- 
i ty  of ant ioxidants  toward  the  cata lyt ic  si te in the  lipox- 
ygenase in which an enzyme radical complex is formed {7}. 

Flavonoids  by  v i r tue  of their  free radical quenching, 
electron t ranspor t  and metal  chelating abilities are poten- 
t ial  inhibitors of lipid oxidation {9-11}. Specific require- 
men t s  for the number  and posit ion of hydroxy  groups,  
as exemplified by  catechol {1,2-benzenediol) s t ruc ture  in 
the  B r ings of quercetin and fisetin, for the inhibition of 
lipoxygenase-initiated lipid oxidation were indicated from 
the data.  Catechol, wi th  an oxidation potent ia l  of 0.74 
volts,  is easily oxidized and capable of scavenging super- 
oxide and hydroxy  radicals and inhibiting lipid oxidation 
{29,30}. Replacement of the hydroxy group in the ca t echo l  
s t ruc ture  {B ring} with  hydrogen {e.g. apigenin, wi th  a 
phenol s t ructure,  and chrysin, wi th  a benzene structure} 
resulted in higher oxidation potential, higher radical quen- 
ching ability {27} but  lower inhibitory potencies on lipox- 
ygenase.  Myricetin,  wi th  a pyrogallol  s t ructure ,  has  a 
lower free radical quenching abili ty and was a less po ten t  
l ipoxygenase inhibitor than  quercetin. 

Esculetin,  with a catechol s t ruc ture  and oxidation 
potential  0.76 volts  {31}, is a potent  inhibitor of fish lipox- 
ygenase .  Glycosidat ion a t  one of the hydroxy  groups of 
catechol s t ruc ture  conver ts  esculetin to  esculin t h a t  is a 
less po ten t  l ipoxygenase inhibitor than  esculetin. 
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However,  the presence of catechol s t ruc ture  is not  suffi- 
cient for flavonoids to be l ipoxygenase inhibitors. 
Glycosidation of a hydroxy group such as the 6-glycosida- 
t ion of quercetin to rutin, change neither the catechol 
s t ruc ture  nor the free radical quenching abili ty {14}. But  
rut in  is 20 t imes less po ten t  than  quercet in as a lipox- 
ygenase  inhibitor, Alternat ion of the flavonoid s t ructure  
f rom a flavone {such as quercetin) to a f lavan {such as 
catechin and epicatechin), or f rom a flavone (such as 
apigenin) to a f lavanone {such as naringenin) re ta ins  the 
catechol s t ruc ture  in the B ring and has similar free 
radical quenching abilities (14). Nonetheless, catechin and 
epicatechin are less po ten t  than  quercetin as 12-lipoxy- 
genase inhibitors. Naringenin is not as potent  as apigenin 
in inhibit ing l ipoxygenase activity.  These findings indi- 
cate  t ha t  small a l ternat ions in the flavonoid s t ruc ture  
tha t  did not  influence oxidation potent ia l  or free radical 
quenching ability, markedly  changed the inhibition p ~  
tency of 12-lipoxygenase. 

Molecules with a catechol s tructure can form complexes 
wi th  the act ive ferric form of soybean and ret iculocyte 
l ipoxygenases  and thereby cause inhibition {7,32}. This 
implies t ha t  the small  s t ruc tura l  change such as glycosi- 
dat ion m a y  influence the conformat ion of flavonoid and 
hinder i ts  accessibili ty to the active site of l ipoxygenase 
and lower i ts  inhibi tory potency.  

Our observat ions  sugges t  t ha t  bo th  oxidation poten- 
tial and specific s t ruc ture  should be considered in choos- 
ing flavonoids as selective l ipoxygenase inhibitors. Par- 
t icular pairs  of flavonoids with minor differences in their  
s t ructures  and similar free radical quenching ability, e.g. 
esculetin and esculin or quercetin and rutin, m a y  be used 
as selective l ipoxygenase inhibitors to dist inguish lipox- 
ygenase  react ions f rom other  free radical involved reac- 
tions. The fish gill l ipoxygenase sys tem,  because of i ts  
high l ipoxygenase and absence of cyclooxygenase ac- 
tivities, m a y  be useful for s tudying  the metabol i sm of 
l ipoxygenase pa thways .  
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Estradiol implants in chicks resulted in marked elevation 
of all major plasma lipids with greatest increase in tri- 
glyceride {TG} followed by phospholipid (PL} and choles- 
terol (C}. During the two-wk period, plasma TG level in 
estrogen {EFtreated chicks increased to about 45 times 
that of controls (139.6 vs 6,368.3 mg/dl}. The level of 
cholesterol also increased steadily during the same period, 
attaining nearly a six-fold increase in comparison with 
the control (150.7 vs 871.8 mg/dl}, and the level of PL was 
markedly elevated from 209 to 2,861 mg/dl. Besides the 
induction of hyperlipidemia, E treatment also resulted in 
a notable alteration in the fatty acid composition of 
plasma lipids; there was an increase in oleic acid concomi- 
taut with a decrease in polyunsaturated fatty acids, par- 
ticularly, linoleic acid. One day after implantation, the 
percentage of oleic acid in TG fraction increased from 39.2 
to 43.7%, reaching 55.4% of the total fatty acids at day 
14. In contrast, the levels of linoleic and arachidonic acid 
decreased significantly from 16.1 to 8.3% and 4.3 to 0.6%, 
respectively, during the same period. In cholesteryl ester 
(CE} and PL, the oleic acid level also increased from 25.2 
to 47.3% in the former and from 11.9 to 29.6% in the 
latter, reflecting enhanced hepatic lipogenesis. Analysis 
of plasma lipoproteins in E-treated chicks revealed 
dramatic alterations in the concentrations of lipids and 
protein in individual lipoprotein fractions, especially very 
low density lipoprotein (VLDL} fraction. The respective 
levels of TG, C and PL in the VLDL fractions were 10.0, 
0.6 and 1.0 mg/dl in the control, and 3,904.4, 530.3 and 
1,365.2 mgldl in chicks implanted with estrogen for seven 
days. The concentrations of TG, C and PL also were 
markedly increased in the low density lipoprotein (LDL} 
fraction in these birds. However, the cholesterol content 
of the high density lipoprotein (HDL) fraction was 
decreased dramatically in E-treated chicks (47.1} relative 
to the control {121.5 mg/di}. The protein level in the VLDL 
fraction from E-treated chicks was profoundly elevated 
to a level 30~fold greater than controls. TG secretion 
rates were measured in vivo following the administration 
of Triton WR-1339. In control chicks, plasma TG secre- 
tion rate was 2.29 mg/min; whereas, chicks treated with 
E for one and three days showed significantly higher TG 
secretion rates of 3.18 and 5.27 mg/min, respectively. TG 
removal rates were measured in vivo after administration 
of a 10% fat emulsion. Although plasma TG concentra- 
tions were different between control and E-treated birds, 
no significant differences were found in TG removal rates 
in those birds, indicating no impairment of TG clearance 
in E-treated chicks. 
Lipids 23, 327-333 (1988}. 
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triglyceride; VLDL, very low density lipoprotein. 

Epidemiological evidence that women have a lower in- 
cidence of coronary heart disease (CHD) than age- 
matched men has led to the popular theory that en- 
dogenous estrogenic hormones in some way protect 
women against atherosclerosis (1). This suspected protec- 
tive effect coupled with reports of reduced coronary 
atherosclerosis with exogenous estrogen treatment in 
some experimental animals (2,3) stimulated the testing 
of estrogens for the prevention of CHD in man. However, 
human trials in subjects with prior myocardial infarction 
resulted in an increased rather than decreased risk of 
thromboembolism (4). Similarly, the use of exogeneous 
estrogen in the treatment of advanced prostatic cancer 
resulted in increased arterial and venous thromboem- 
bolism and mortality (5). In addition, an elevation of the 
concentration of plasma TG was a frequent metabolic 
side-effect induced by the estrogenic component of oral 
contraceptives {6,7). The widespread use of such prepara- 
tions, and the well-established association between 
hyperlipidemia and CHD has generated some interest in 
the mechanism underlying estrogen-induced hyperlipi- 
demia (8,9). However, studies of human endogenous 
hypertriglyceridemia have provided conflicting accounts; 
the results of some kinetic studies indicate increased pro- 
duction (9-11), while others indicate diminished disposal 
of TG (12,13). 

In birds, estrogen administration causes hyperlipidemia 
(14), a phenomenon that is spontaneously developed in 
hens upon sexual maturity for the egg laying. Estrogen- 
induced hyperlipidemia is characterized by the marked 
elevation in the levels of VLDL and, to the less extent, 
LDL, but a concomitant decrease in HDL {15). The HDL- 
lowering effect of estrogen in birds appears to be opposite 
from that of humans in whom HDL generally increases 
(16). However, the development of hyperlipidemia in both 
humans and avian species as a consequence of estrogen 
treatment establishes the chick as a suitable animal model 
to study TG metabolism. 

The present study, therefore, was undertaken to ex- 
amine changes in the levels of plasma lipids (triglyceride 
[TG], cholesterol [C] and phospholipid [PL]) and the com- 
position of lipoproteins (very low density lipoprotein 
[VLDL], low density lipoprotein [LDL] and high density 
lipoprotein [HDL]) in chicks following estrogen implants. 
Since estrogen-induced hyperlipidemia could be due to 
overproduction or underdisposal, the TG secretion and 
its removal rates were investigated in vivo using Triton 
WR-1339 and Intralipid, respectively. Because of possi- 
ble changes in the fat ty acid profiles under estrogenic in- 
fiuence, the fat ty acid composition of plasma lipids in 
these chicks also was determined. 

MATERIALS AND METHODS 

Animals. Male crossbred 10-13-wk-old chicks (New 
Hampshire male • Colombian female) were used in these 
experiments. These birds had wing veins large enough to 
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facilitate blood withdrawal. The birds were housed in- 
dividually in wire cages under a consistent lighting pro- 
gram (09:00-21:00 hr). Chicks were fed ad libitum a 
regular grain diet (University of Illinois pretest chick diet 
No. 4) composed of 23% crude protein, 3% fat, 5% crude 
fiber, over 60% carbohydrate and a mineral and vitamin 
premix. The fat ty acid composition of the grain diet was 
as follows (%}: myris t ic - -0 .8 ;  palmit ic--15.9;  
palmitoleic--0.8; stearic--3.0; oleic--30.6; linoleic--47.6 
and linolenic-- 1.3. 

Estrogen implants. For the study of time-course 
changes in individual plasma lipids under estrogenic in- 
fluence, 10 birds were randomly selected and implanted 
with estrogen-filled tubes. Estrogen tubes were prepared 
by the method of Smith et al. (17). Briefly, polymethyl- 
siloxane tubing (Silastic, Dow Coming Corp., Midland, 
MI; 1.5 mm i.d. • 3.13 mm o.d.) was cut into 6-cm length, 
filled with ca. 50 mg of/3-estradlol dipropionate powder 
{Sigma Chemical Co., St. Louis, MO), and both ends of 
tubes were sealed with Medical Adhesive Silicon Type A. 
Before implantation, the tubes were incubated in 0.01 M 
phosphate-buffered saline solution (pH 7.4) for 48 hr a t  
37 C. Under light ether anesthesia, the neck skin of chicks 
was incised (0.5-1.0 cm) with a surgical knife, and tubes 
were inserted through the incisions. Incisions were closed 
with an Auto Suture skin stapler. Empty tubes con- 
structed in the same way were implanted into control 
chicks. 

Triglyceride secretion. The in vivo secretion of TG in 
chicks was determined following Triton WR-1339 (P- 
isooctyl polyoxyethylene phenol polymer} injection (18}. 
In preliminary experiments, series of Triton concentra- 
tion were administered into estrogen-treated hyper- 
lipidemic chicks (10-wk-old) to determine the dosage of 
Triton, which adequately will block the TG removal. 
Chicks with plasma TG values ranged from 1,527 to 
2,925 mg/dl were administered 200, 400, 500, 600, 700 and 
800 mg Tritorgkg body weight via wing vein. Blood sam- 
ples were taken at 60 min after the Triton injection and 
plasma TG contents were determined. The doses of 
600 mg or above of Triton resulted in maximum accumu- 
lation of TG {Fig. D, indicating an adequate inhibition 
of TG removal at these Triton concentrations. In the main 
experiments, 12 male chicks (10-wk-old) fed the basal 
grain diet were selected randomly. Eight chicks were im- 
planted with estrogen-filled tubes, and the rest were used 
as sham-operated controls. In the estrogen group, the TG 
secretion study was carried out one and three days after 
implantation and in the control group, two days after 
sham operation. The chicks were fasted overnight (14 hr), 
and Triton WR-1339 was injected intravenously into the 
right wing vein at the level of 600 mg/kg body weight. 
Blood samples were taken from the left wing vein at 0, 
30 and 60 rain after the Triton injection. The TG secre- 
tion rate was calculated by multiplying the slope of the 
least-squares regression of plasma TG concentration over 
time with the plasma volume. The plasma volume was 
estimated by the total blood volume based on body 
weight and hematocrit measurement (19). 

Triglyceride removal The in vivo TG removal rate was 
determined following the IV injection of a 10% fat emul- 
sion (Intralipid, Cutter Laboratories, Inc., Berkeley, CA) 
as described by Carlson and Rossner (20). Twelve male 
chicks (13-wk-old) maintained on a grain diet were 
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FIG. 1. Effects  of various Triton WR-1339 concentrations on the 
plasma triglycerlde accumulation in estrogen-treated chicks. Each 
point of the curve represents the mean _ S D  values of three animals. 

selected randomly. Eight chicks were implanted with 
estrogen-filled tubes, and the rest were used as sham- 
operated controls. TG removal rate was measured one and 
three days after the implantation in the estrogen group 
and two days after the sham operation in the control 
group, respectively. The chicks were fasted overnight (14 
hr}, and Intralipid (10% emulsified lipid solution) was in- 
jected intravenously into the right wing vein at the level 
of 500 mg/kg body weight. Blood samples were collected 
from the left wing vein at 0, 10, 20 and 30 min after the 
Intralipid injection. The TG removal rates were calculated 
by multiplying the slope of the least-squares regression 
of plasma TG concentration over time, with the plasma 
volume estimated by the total blood volume based on 
body weight and hematocrit measurement (19). 

Lipoprotein analysis. Chicks implanted with estrogen 
for seven days and control chicks that were fasted over- 
night had blood samples drawn from the wing vein 
into tubes containing ethylenediamine tetraacetic acid 
(EDTA) (1.0 mg]ml blood). The separation of plasma 
lipoproteins was carried out by sequential preperative 
ultracentrifugation with Ti 60 rotor at 12 C in a Beckman 
Model L5-50 ultracentrifuge as described by Havel et al. 
{21}. Three lipoprotein fractions were isolated: VLDL (0< 
1.006 g/ml), LDL (1.006 < 0 < 1.063 g/ml) and HDL 
11.063 < 0 < 1.21 g/ml). Within each lipoprotein fraction, 
the total C, TG and PL contents were analyzed using the 
methods described for plasma lipids below. The protein 
content within each lipoprotein fractions was determined 
by the method of Lowry et al. {22). 

Agarose gel electrophoresis. The whole plasma and 
isolated lipoproteins from the control and E-treated 
chicks were electrophoresed in 0.6% agarose gels with 
0.5% BSA in 0.05 M barbital buffer at pH 8.6 as described 
by Noble (23). Gels were stained for lipid with Sudan 
Black B. 

Analysis of blood lipids and fatty acid composition. 
After an overnight fast, blood samples were drawn from 
the wing vein of the control and E-implanted chicks into 
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tubes  containing E D T A  {1 mg/ml of blood} by  means  of 
but te r f ly  needles {Abbott  Hospital ,  Inc., Chicago, IL}. 
The p lasma  was separa ted  by  centr i fugat ion at  1,500 • 
g for 20 min a t  4 C. The level of p la sma  to ta l  cholesterol 
was  determined enzymatical ly  {24} by  using A-Gent  
cholesterol reagent  {Abbott  Laborator ies ,  Inc., Chicago, 
IL}. The value of p lasma TG was measured by  the method 
of Foster  and Dunn {25). For the determination of p lasma 
PL content,  to ta l  lipid mater ia l  was ex t rac ted  f rom an 
aliquot of p l a sma  according to the me thod  of Folch et  al. 
{26}, and then the to ta l  PL  value was determined f rom 
aliquots of lipid ex t rac t s  af ter  perchloric acid digestion 
{27). Al iquots  of lipid ex t rac t s  f rom blood p l a sma  also 
were applied to silica gel thin layer plates,  and neutra l  
l ipids were s epa ra t ed  by  pe t ro l eum e ther /d ie thyl  
ether/acetic acid (85:15:1, v/v/v}. Lipid spots were detected 
by  spray ing  rhodamine 6G {0.025% in 95% ethanol} and 
viewing under  ul t raviolet  light. For  the analysis  of f a t t y  
acid composit ion,  the areas on thin layer  pla tes  corre- 
sponding to CE, TG and PL were scraped into glass am- 
pules, and f a t t y  acid me thy l  es ters  were prepared  in the 
presence of silica gel with 4% {v/v} sulfuric acid in absolute 
methanol  a t  90 C for two hr. The analyses  of f a t t y  acid 
me thy l  es ters  were carried out with a Hewle t t -Packard  
5710A gas  ch romatograph  as described {28}. 

D a t a  were analyzed by  the  difference between means,  
and stat is t ical  significance was based on S tudent ' s  t - tes t  
or F isher ' s  Leas t  Significant Difference mult iple com- 
parison t e s t  {29}. 

RESULTS 

Time-course changes in p l a sma  TG, C and PL levels in 
chicks following estrogen t rea tment  are shown in Table 1. 
The implanta t ion  of estradiol  resul ted in marked  eleva- 
tion of all major  p lasma lipids, with the grea tes t  increase 
in TG followed by  PL and C. One day  after  implantat ion,  
the TG level increased almost  three-fold, and this pa t t e rn  

TABLE 1 

Time-course Changes of Plasma Lipids in Chicks 
Implanted with Estrogen a 

Day Triglyceride Cholesterol Phospholipid 

Control 

0 141.0 +_ 25.2 146.6 • 10.5 206.1 _ 11.6 
2 134.2 • 20.4 144.2 • 13.0 200.8 • 20.3 

14 139.6 + 26.1 150.7 • 14.8 180.6 +_ 33.4 

Estrogen-treated 

0 140.1 +_ 30.7  149.7 +_ 14.5 (37.9} b 209.0 +_ 28.2 
1 431.6 +_ 68.1 -- 
2 1,248.0 --+ 387.6 246.1 --+ 42.6 {40.9) 620.4 --4-_ 56.7 
3 1,378.0 • 317.6 -- 
4 -- 365.1 -- 52.1 (46.3) 923.4 + 95.3 
5 2,287.4 • 178.1 -- 
6 -- 482.6 + 37.9 (51.8) 1,409.3 + 62.5 

14 6,368.3 -!--- 521.8 871.8 +-- 131.2 (57.1) 2,861.4 + 356.0 

aMean (mg/dl) • S.D. Control chicks, n = 5; estrogen-treated chicks, 
n =  10. 
bpercentage (%) of free cholesterol. 

of increase progressed  a lmost  l inearly until  day  14. Dur- 
ing the two-wk period, p l a sma  TG levels in estrogenized 
birds increased to about  45 t imes tha t  of the  controls  
(139.6 vs  6,368.3 mg/dl). Al though the elevation of C was 
not  as d ramat ic  as tha t  of TG, the level of C increased 
s teadi ly  during the same period, a t t a in ing  nearly a six- 
fold increase in compar ison with  the controls  {150.7 vs  
871.8 mg/dl}. As the level of p lasma total  C increased, the 
percentage  of free C rose f rom 37.9% to 57.1%. Dur ing 
the two-wk t rea tment ,  the level of p la sma  PL also in- 
creased significantly f rom 209.0 to 2,861.4 mg/dl. Dur- 
ing the 14-day period, in un t rea ted  birds no changes in 
those  p l a sma  lipid levels were observed.  

Changes  in the  f a t t y  acid composi t ion of p la sma  TG 
during es t rogen t r e a t m e n t  are shown in Table  2. In  con- 
trol  chicks, oleic acid was the major  f a t t y  acid {39.2%} 
of p la sma  TG followed by  palmit ic  {25.5%}, linoleic 
{16.1%} and stearic {10.7%} acid; a low level of arachidonic 
acid also was present  {4.3%}. Est rogen t rea tment  resulted 
in subs tant ia l  a l terat ion of the f a t t y  acid composi t ion 
with a marked  increase in a monoenoic fa t ty  acid and con- 
comi tan t  decreases in po lyunsa tu ra ted  f a t t y  acids. One 
day  af ter  implantat ion,  the percentage  of oleic acid in- 
creased f rom 39.2% to 43.7%; this  increase progressed  
steadi ly with time, reaching about  55% of the to ta l  f a t t y  
acids b y  day  14. In  contrast ,  the level of linoleic acid 
decreased significantly f rom 16.1% to 8.3%, and the 
arachidonic acid level also decreased f rom 4.3% to 0.6% 
during the same period. Changes in the sa tu ra ted  f a t t y  
acids were less obvious, and bo th  palmit ic  and stearic 
acids decreased only slightly by  day  14. 

TABLE 2 

Time-course Changes in Fatty Acid Compositions of Plasma 
Triglyceride, Cholesteryl Ester and Phospholipid in Chicks 
Implanted with Estrogen 

Fatty acids {%}a 

Days 14:0 b 16:0 16:1 18:0 18:1 18:2 20:4 

Triglyceride 

0 1.2 25.5 3.0 10.7 39.2 16.1 4.3 
1 0.6 29.3 4.8 9.3 43.7 11.2 1.1 
3 0.5 27.8 5.2 7.9 48.4 9.7 0.5 
5 0.4 26.7 4.3 7.2 50.3 10.4 0.7 

14 0.5 23.7 3.5 8.0 55.4 8.3 0.6 

Cholesteryl ester 

0 0.6 17.6 4.1 3.3 25.2 45.4 3.8 
1 0.7 20.2 3.8 6.5 26.7 42.4 2.7 
3 1.2 19.0 5.3 3.1 35.3 34.2 1.9 
5 0.4 19.1 4.2 3.2 41.6 30.0 1.5 

14 1.7 19.4 4.5 4.1 47.3 21.5 1.5 

Phospholipid 

0 0.3 27.4 0.8 26.0 11.9 14.7 18.9 
1 0.2 31.1 1.2 22.2 14.6 14.7 16.0 
3 0.2 31.0 1.3 20.2 21.9 13.9 11.5 
5 0.2 30.7 1.3 17.8 26.1 12.9 11.0 

14 0.3 30.7 1.1 18.2 29.6 9.9 10.2 

aAverage values of triplicate analyses of pooled samples from 10 
birds. 
bNumber of carbon atoms:number of double bonds. 
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In normal chicks, plasma CE contained a very high level 
of unsaturated fatty acids, which composed nearly 80% 
of the total fat ty acids {Table 2). Among fatty acids 
esterified to C, linoleic acid was predominant (45.4%), 
followed by oleic {25.2%} and palmitic acid (17.6%). As 
was the case in TG, the estrogen treatment resulted in 
a significant increase in oleic acid from 25.2% to 47.3%, 
whereas linoleic acid decreased from 45.4% to 21.5% dur- 
ing the 14-day period. The arachidonic acid level de- 
creased slightly, but the levels of saturated fat ty acids 
were relatively unchanged. The fatty acid composition of 
plasma PL differed from that of other plasma lipid classes 
because of its high level of arachidonic acid, which com- 
posed about 19% of the total fat ty acids (Table 2). The 
level of saturated fatty acid also was very high, with 
palmitic and stearic acids composing 53% of the total 
fat ty acids. As in the cases of plasma TG and CE, 
estrogen treatment also resulted in notable changes in the 
fat ty acid composition of phospholipid, especially with 
regard to oleic acid. During the 14-day period, the level 
of oleic acid increased from 11.9% to 29.6%. During the 
same period, the level of stearic, linoleic and arachidonic 
acid decreased from 26.0% to 18.2%, 14.7% to 9.9%, and 
18.9% to 10.2%, respectively. 

The whole plasma and isolated lipoproteins were elec- 
trophoresed on the agarose gel {Fig. 2}. In control chicks, 
the VLDL, LDL and HDL had three distinct elec- 
trophoretic mobilities ( p r ~ ,  ~, a), whereas the lipopro- 
tein of pre ~-mobility was absent in E-treated chicks. In 
contrast with the control VLDL, the VLDL from E- 
treated chicks exhibited &mobility similar to LDL, which 
may indicate that VLDL and LDL from E-treated chicks 
are indistinguishable. In fact, the presence of a continuum 
of particles in the VLDL-intermediate density lipoprotein 
(IDL)-LDL range; the similarity in the apoprotein com- 
position of VLDL and LDL from E-treated chicks (15) 
supports this possibility. 

Table 3 shows the distribution of TG, C, PL and pro- 
tein in the VLDL, LDL and HDL fractions of the con- 
trol and chicks implanted with estrogen for seven days. 
From the total lipid values shown, the control chicks were 
normolipidemic, while E-treated chicks were grossly 
hyperlipidemic, and the hyperlipidemia was reflected 
primarily in the VLDL-TG. Compared with the control, 
VLDL-TG increased 386-fold in E-treated chicks (10.1 vs 
3,904.4 mg/dl). For LDI~TG, the increase was about eight- 

fold, but  HDL-TG concentration remained the same as 
that of the control. Concerning the distribution of C, the 
VLDL-C showed an 829-fold increase in E-treated chicks, 
relative to the value in the control. For LDI~C, there was 
a 1.4-fold increase, but HDL-C showed a 2.6-fold decrease 
in the E-treated chicks, relative to the control values. For 
phospholipid, there was an overwhelming 1,379-fold in- 
crease in the VLDL of E-treated chicks compared with 
the control values. The LDL-PL in the E-treated chicks 
was 3.4-fold that in the control. However, compared with 
the value in the control, HDL-PL showed a 1.7-fold 
decrease in E-treated chicks. The protein concentration 
in the VLDL fraction of E-treated chicks was elevated 
profoundly. Relative to control values, the increase was 
about 300-fold. LDL-protein was increased about three- 
fold, but  HDL-protein showed a 2.7-fold decrease in E- 
treated chicks relative to the values in the controls. 

TG secretion rates in control and esterogen-treated 
chicks was monitored in vivo following the administra- 
tion of Triton WR-1339 as shown in Table 4. The action 
of Triton upon TG metabolism is thought to be mediated 
by its detergent properties that bind TG, thereby inhibit- 
ing lipoprotein lipase activity {18). The linear increases 
in plasma TG concentrations were obtained in both con- 
trol and estrogen-implanted chicks during the 60-min 
post-Triton period. In the control chicks, the level of 
plasma TG increased from the initial level of 140.6 to 
257.0 mg/dl, resulting in a net TG secretion rate of 
2.29 mg/min. Chicks implanted with estrogen for one day 
had an initial TG level of 388.7 mg/dl, which increased 
to 547.4 mg]dl at 60 min after Triton WR-1339 treatment. 
The average TG secretion rate in those birds was 3.18 mg/ 
min, and was significantly higher than that of control 
chicks. Chicks implanted with estrogen for three days 
had a plasma TG level of 1,048.6 mg/dl that rose to 
1,305.9 mg/dl at 60 min after Triton treatment, resulting 
in the TG secretion rate of 5.27 mg/min. The measure- 
ment of TG secretion rate in chicks with estrogen implant 
for more than five days was not possible due to the devel- 
opment of extreme hypertriglyceridemia in those birds. 

TG removal was measured in control and estrogen 
treated chicks following Intralipid (10% fat emulsion} ad- 
ministration as shown in Table 5. The concentrations of 
plasma TG decreased linearly in both control and 
estrogen-treated chicks during the 30 min post-Intralipid 
period. In control chicks, the plasma TG level at 10 rain 
after the Intralipid injection was 697.6 mg/dl, which 
decreased to 409.9 mg/dl at 30 rain, resulting in a TG 
removal rate of 15.34 mg/min. In chicks with estrogen 
implants for one and three days, their plasma TG levels 
reached 827.5 and 1,195.2 mg/dl at 10 rain and decreased 
to 574.5 and 941.9 mg/di at 30 min after Intralipid injec- 
tion, resulting in TG removal rates of 13.81 and 13.58 mg/ 
rain, respectively. In spite of marked differences in plasma 
TG levels in those birds, no significant differences were 
found in TG removal rates between control and estrogen- 
treated chicks. 

FIG. 2. Agarose gel electrophoresis of whole plasma and isolated 
lipoproteins from control (C) and estrogen-treated (E) chicks: (1) C- 
plasma, (2) F~plasma, (3) C-VLDL, 14) E-VLDL, (5} C-LDL, (6) F~LDL, 
(7) C-HDL, (8) F~HDL. 

DISCUSSION 

Hypertriglyceridemia associated with estrogen adminis- 
tration has been reported in humans {6-9} and animals 
{14,30}. In rats, estrogen treatment produces a biphasic 
effect; high doses decrease plasma cholesterol, and lower 
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TABLE 3 

Composition of Plasma Lipoproteins in Chicks with Estrogen Implants a 

Triglyceride Cholesterol Phospholipid Protein 

Control 
Plasma 114.41 + 11.29 159.55 _+ 18 .23  216.32 • 19.73 449.73 _+ 54.43 
VLDL 10.11 • 2.24 0.64 + 0.12 0.99 • 0.22 2.86 +_ 0.20 
LDL 24.56 • 1.79 37.42 • 7.06 31.53 • 3.73 33.13 _+ 4.03 
HDL 79.75 • 11.08 121.50 • 16.5 183.80 - 18.56 413.75 • 54.79 

Estrogen-treated b 
Plasma 4180.42 • 639.41 629.94 +_ 87.77 1578.11 +- 255.23 1113.75 --4-- 152.26 
VLDL 3904.37 • 636.36 530.26 -+ 95.67 1365.23 + 268.25 856.25 _+ 162.82 
LDL 202.86 • 27.36 52.55 • 10.52 106.50 • 1 8 . 6 1  104.00 +_ 19.73 
HDL 73.19 • 1.87 47.14 _+ 8.38 106.38 -+ 13.86 153.50 • 19.69 

aValues are means (mg/dl) • SD (n = 6). Chicks were implanted with estrogen for seven days. 
bAll the values of estrogen-treated group, except HDL triglyceride, are significantly different from 
responding values of control group (p < 0.01). 

the cor- 

TABLE 4 

Effects of Estrogen Treatment in Chicks on Triglyceride Secretion Rate a 

Plasma TG (mg/dl)b TG secretion 
rate 

0 time 30 rain 60 rain (mg/min) 

Control 140.6 • 11.3 a 195.0 +_ 17.2 a 257.0 • 28.4 a 2.29 +- 0.52 a 

Estrogen 
Day 1 388.7 _+ 76.7 b 471.7 • 73.3 b 547.4 +_ 52.0 b 3.18 • 0.75 b 
Day 3 1,048.6 +_ 381.7 c 1,184.4 +_ 380.6 c 1,305.9 • 369.1 c 5.27 -4-_ 0.72 c 

aThe body weights of control and estrogen-treated chickens were 1,962 • 130 g and 1,991 -!-_ 168 g, respectively. 
bMean • S.D. {n = 4). Means with different superscripts in the same column are significantly different {p < 
0.05). 

TABLE 5 

Effects of Estrogen Treatment in Chicks on Triglyceride Removal Rate a 

Plasma TG (mg/di) b 

0 time 10 min 20 min 30 min 

TG removal 
rate 

(rag/rain) 

Control 161.3 +_ 6.7 a 697.6 + 190.7 541.4 +_ 165.5 409.9 _+ 138.9 15.34 +- 6.71 a 

Estrogen 
Day 1 340.5 + 25.0 b 827.5 • 50.1 737.0 • 29.7 574.5 _+ 59.8 13.81 • 3.29 a 
Day 3 841.9 _+ 25.5 c 1,195.2 • 132.1 1,031.7 _ 69.8 941.9 + 50.6 13.58 + 3.98 a 

aThe body weights of control and estrogen-treated chickens were 1,880 • 250 g and 1,805 +_ 137 g, respectively. 
bMean +_ S.D. (n = 4). Means with different superscripts in the same column are significantly different (p 
< 0.01). 

doses e levate  i t  {30). I n  th i s  s tudy ,  the  i m p l a n t a t i o n  of 
~-estradinl  d ip rop iona te  in to  chicks r e su l t ed  in  a m a r k e d  
e leva t ion  of p l a s m a  lipids,  and  pa r t i cu l a r ly  TG,  in  which  
a three-fold increase  was  no t ed  w i t h i n  24 hr. E l e v a t i o n  
of the  p l a s m a  T G  level  p rogressed  a lmos t  l inear ly  dur- 
ing  the  14 days  of t r e a t m e n t .  Besides  hyper t r ig lycer ide-  
mia,  e s t rogen  t r e a t m e n t  in  chicks also induced  hyper-  
choles te ro lemia  and  hyperphospho l ip idemia .  The  degree 

of increases in cholesterol and  phospholipid was  much  less 
t h a n  t h a t  in  t r ig lycer ide ,  b u t  the  t ime-course  changes  of 
these  l ipids exh ib i t ed  a s imi la r  p a t t e r n  of e l eva t ion  dur-  
ing  the  14-day period. Since the  chicks were fed a low- 
fat,  cholesterol-free g ra in  diet,  i t  is v e r y  clear  t h a t  these  
p l a s m a  l ipids were f rom endogenous  syn thes i s .  

I n  add i t i on  to e l e va t i ng  p l a s m a  lipids,  e s t rogen  t rea t -  
m e n t  a l tered the  f a t t y  acid compos i t i on  of TG,  CE and  
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PL. Estrogen implantation induced a significant modifica- 
tion of fatty acid composition in triglyceride as well as 
phospholipid and cholesteryl ester. Among the fatty 
acids, the level of oleic acid was most affected. The in- 
crease in the level of oleic acid was accompanied by a 
decrease in the level of polyunsaturated fat ty acids such 
as linoleic and arachidonic acids. This finding is similar 
to that observed in hens with increased lipogenesis at the 
onset of sexual maturity (31). The selective increase in 
the level of oleic acid indicates that both de novo fat ty 
acid synthesis and fatty acid desaturation are stimulated 
greatly under estrogenic influence. Several studies have 
shown a strong correlation between increased hepatic 
lipogenesis in animals treated with estrogen and hyper- 
lipidemia (14,32). The activities of the hepatic lipogenic 
enzymes, fat ty acid synthetase and acetyl-CoA carbox- 
ylase were reported to be increased in chicks (33) and rats 
(34) following estrogen treatment. Estrogen also has been 
shown to affect gene transcription, resulting in an in- 
creased hepatic production of mRNA for apo VLDL-II, 
an apoprotein of VLDL (35). Therefore, estrogen seems 
to have the concerted effect of increased hepatic lipo- 
genesis and secretion of triglyceride-rich VLDL. 

Present data on the lipoprotein composition revealed 
remarkable increases in the concentrations of TG, C, PL 
and protein in VLDL and, to lesser extent, in LDL frac- 
tions, but these lipoprotein components were found to be 
decreased significantly in the HDL fraction with E treat- 
ment. These findings are consistent with those reported 
by Kudzma et al. (15). The factor underlying the decrease 
in HDL production is not clear. However, recent findings 
in estrogenized chicks and turkeys (15,36) suggest 
estrogen may cause an adverse effect on the production 
of apoprotein A-l, a major lipoprotein of HDL. Since the 
synthesis of vitellogenin and VLDL are stimulated 
markedly under estrogenic influence, reduced synthesis 
of other plasma proteins such as apoprotein A-1 may be 
the result of competition at the level of mRNA transla- 
tion on the endoplasmic reticulum (36). There appears to 
be an opposite effect of estrogen on HDL between mam- 
mals and avian species. Although estrogen treatment in 
birds lowers the level of HDL in plasma (15), there are 
reports that in humans (16) and rats (37) treated with 
estrogen the level of HDL is increased. However, in light 
of the inverse relationship between HDL concentration 
and the incidence of coronary heart disease (38) this in- 
fluence of estrogen on the modulation of HDL produc- 
tion needs to be elucidated. 

Beside compositional changes in lipoproteins, the dis- 
tribution of lipoprotein particles also appears to be 
modified in estrogen-induced hyperlipidemia. Kudzma 
et al. reported the presence of a continuum of particles 
of the VLDL-IDI~LDL range in E-treated chicks, whereas 
lipoproteins of density less than 1.06 g/ml were clearly 
separated into discrete VLDL and LDL fractions in un- 
treated birds (15). This observation seems to indicate that 
conventional density intervals applied for the isolation 
of plasma lipoproteins may not reveal sufficient details 
about discrete lipoprotein subspecies in E-treated hyper- 
lipidemic chicks; the use of continuous density gradient 
ultracentrifugation can provide more information regard- 
ing the multiple subspecies. 

In this study, the hepatic TG secretion rate observed 
in vivo following the administration of Triton WR-1339 

strongly indicates that an accelerated secretion of hepatic 
triglyceride into the circulation plays an important role 
in the endogeneous hypertriglyceridemia of estrogenized 
chicks. Compared with the control, the treatment with 
estrogen resulted in a significantly higher rate of triglyc- 
eride secretion, which was much greater after three days 
than after one day. Similar findings have been repor ted  
in rats in which hepatic triglyceride secretion increased 
following the injection of estradiol benzoate for 21 days 
(39). 

In addition to the augmented hepatic synthesis and 
secretion of triglyceride, the removal of triglyceride from 
the plasma also has been suggested as a possible mecha- 
nism responsible for the hyperlipidemia associated with 
estrogen (12,13). A decrease in lipoprotein lipase activ- 
ity and an enhanced adrenalin-induced lipolysis in the 
adipose tissue were reported in rats treated with estrogen 
(39,40). In humans, the activity of the hepatic triglyceride 
lipase in post-heparin plasma also has been shown to 
decrease following estrogen administration (41). However, 
decreases in those lipase activities do not seem to cor- 
relate well with triglyceride clearance from the plasma. 
In this study, although plasma triglyceride levels were 
markedly different between the control and E-treated 
chicks, no significant differences in triglyceride removal 
rates were observed. Similar findings have been reported 
in humans in which the clearance of exogeneously ad- 
ministered fat was unchanged following E treatment; 
when a combination of estrogen and progesterone was 
given, the clearance actually increased (9,10). 

Now, the relationship between estrogen and coronary 
heart disease is highly controversial (42). However, since 
hyperlipidemia is a risk factor for coronary heart disease, 
the effect of estrogen-induced hyperlipidemia on the devel- 
opment of atherosclerosis deserves further attention. 
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Dietary fat and abnormal production of various prosta- 
noids have been linked to various disease states of the 
large bowel, including cancer of the colon. Studies were 
conducted to determine the effect of dietary fat {beef 
tallow or corn oil) on the lipid composition and prostanoid 
production of the routine colon. 

Female C57BL/6J mice were fed high-fat (HF) diets 
{47% of calories as fat) or low-fat (LF) diets (10% of 
calories as fat). After four wk of dietary treatment, the 
mucosa was scraped, and lipids were extracted from the 
mucosal and muscle layers. The fat content of the diets 
did not significantly alter the amount of phosphoHpid 
(PL) or neutral lipid in the colonic tissue. However, the 
HF affected the PL profile of the colonic mucosa. For ex- 
ample, the ratio of phosphatidylcholine {PC) to phospha- 
tidylethanolamine (PE) was significantly higher for both 
the HF groups compared with that of the two LF groups 
(0.76 + 0.15 and 0,80 + 0.13 vs 0.31 + 0.20 and 0.34 _.+ 
0.18}. Production of 13,14-dihydro-15-keto-PGE 2 {mea- 
sured as bicyclic PGE2) and TXB 2 (a stable metabolite 
of TXA2) and PGFI~ {a stable metabolite of PGI2) was 
unaffected by the dietary treatments. The muscle had a 
different PL profile (PC:PE is 2.6 +__ 0.1) than the mucosa 
and contributed a larger proportion of the prostanoids 
formed. This study demonstrates that the phospholipid 
polar head group composition of normal colonic mucosa 
is altered by dietary fat, but the ability of the mucosa 
to synthesize metabolites of PGE2, TXA2 and PGI 2 is 
not affected. 
Lipids 23, 334-339 {1988). 

Epidemiological studies have suggested that  there is a 
positive association between the consumption of dietary 
fat and mortality from colon cancer {1,2). The possible role 
of dietary fat in colon carcinogenesis also has received 
support from studies in animal models {3,4). However, not 
all dietary fats enhance colon tumorigenesis. High-fat 
diets containing coconut off, olive oil or fish oil have no 
enhancing effect on colon tumor promotion {5,6). The 
varied effect of different types of fat on colon carcino- 
genesis suggests that  the fat ty  acid composition of the 
diet may be an important factor in colon tumorigenesis. 

The mechanism by which high-fat diets exert their ef- 
fect on the colon is not understood. Many studies sug- 
gest that the effect of dietary fat on colon carcinogenesis 
is mediated through an increase in the concentration of 

'ARC Contribution No. 1504. 
*To whom all correspondence should be addressed. 
Abbreviations: HF, high fat; HFBT, high-fat beef tallow; HFCO, 
high-fat corn oil; LF, low fat; LFBT, low-fat beef tallow; LTCO, low- 
fat corn oil; PC, phosphotidyl choline; PE, phosphotidyl 
ethanolamine; PGE2, prostaglandine E2; PGFla, 6-keto-prostaglan- 
din FIo; PGI2, protacyclin; PL, phospholipid; TXA 2, thromboxane 
A2; TXB 2, thromboxane B 2 

fecal secondary bile acids (7,8). However, several investi- 
gators have failed to find such an association (9,10). It  
also has been hypothesized that high-fat diets may exert 
their effect by altering the membrane structure and func- 
tion {11,12). Because fish otis inhibit colon tumorigenesis, 
prostanoids may be involved in mediating the fat effect 
(6,13). Various lines of evidence suggest that prostanoids 
may be implicated in tumor development (14-17). In spite 
of an association made between dietary fat, prostanoids 
and tumorigenesis in the colon, very little information is 
available regarding the influence of dietary fat on metabo- 
lism in the large bowel or in primary colonic tumors. 
Therefore, this study was designed to examine the effect 
of the type and level of dietary fat on lipid composition 
and prostanoid synthesis by the colon. 

MATERIALS AND METHODS 

Animals and diets. Female C57BL/6J mice (Jackson 
Laboratory, Bar Harbor, ME) weighing 10-15 g were fed 
high-fat (HF) semipurified diets containing 47% of 
calories as fat or low-fat {LF) semipurified diets contain- 

ing  10% of calories as fat. The fats used in this study were 
corn oil (CO) and beef tallow {BT). Sucrose was adjusted 
to equalize the caloric content of the diets. The fatty acid 
composition of the diets is shown in Table 1. The beef 
tallow was mixed with a small percentage of corn oil in 
order to meet the essential fatty acid needs of the animals. 
The mice were maintained in a temperature-controlled 
room (21 + 1 C) with a 12 hr light-dark cycle. The mice 
were housed in plastic cages (5 mice per cage} with wire 
tops and sawdust bedding. Water and experimental diets 
were provided ad libitum. The diets were fed for four wk. 
After four wk of dietary treatment, the animals weighed 
17.7 _+ 0.4 g and 18.4 _ 0.6 g for low fat and high fat 
respectively. 

Analysis of colonic lipids. The mice were killed by cer- 
vical dislocation, and 4 cm of colon from two mice were 

TABLE 1 

Fatty Acid Composition of the Diets 

Percentage of total fatty acids 
Major fatty acids 

% w/w HFCO HFBT L F C O  LFBT 

16:0 6.26 16.73 8.23 16.81 
18:0 1.90 34.02 1.65 24.56 
18:1 27.32 42.63 26.52 34.77 
18:2 63.04 6.63 63.60 22.43 

The high-fat diets contained 23.5% fat (w/w), and the low-fat diets 
contained 5% fat. Sufficient corn oil was added to the beef tallow 
diets to meet the essential fatty acid requirements of the animals. 
In the low-fat diets, sucrose was substituted for fat so that the caloric 
density of the essential nutrients remained the same. 
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pooled for each sample prepared. The colons were re- 
moved and washed several times in Krebs Ringer to 
remove fecal material. The mucosa was scraped, and lipids 
were extracted from the mucosal and muscle layer by the 
method of Folch et  al. (18). 

The neutral  lipids and the phospholipid classes were 
quantified by using thin layer chromatography performed 
on thin silica~oated quartz rods (Chromarod S., Technical 
Market ing Associates, Mississauga, Ontario, Canada) 
followed by  flame ionization detection on an Iatroscan. 
The rods were sa tura ted  with copper sulphate (19). 

For fa t ty  acid analysis, phospholipids and triglycerides 
were separated by thin layer chromatography and fa t ty  
acid methyl  esters were prepared with boron trifluoride 
methanol reagent  (20). Fa t t y  acid methyl  esters were 
analyzed in a gas chromatograph (Hewlett  Packard 
5890A) on a fused silica capillary column, 30 m • 0.25 m). 
The gas chromatograph was equipped with a flame ioniza- 
tion detector  and was programmed from 190-220 C at  
10 C/min with a helium carrier gas flow rate of 45 cm/sec. 

Measurement ofprostanoids. After  four wk of dietary 
t rea tment ,  the colon was removed, and the mucosal and 
muscle layers were incubated in a Krebs-Ringer solution 
for 30 min. The reaction was s topped with the addition 
of indomethacin (10 ~g/ml). Stable metabolites of three 
prostanoids,  prostaglandin E 2 (PGE2), thromboxane A 2 
(TXA 2) and prostacycl in (PGI2) were measured by 
radioimmunoassay using kits available commercially 
from Amersham (Amersham Corporation, Arl ington 
Heights,  IL). The assay systems combine the use of 
t r i t iated stable derivatives of prostanoids and antiserum 
specific for them. In the case of PGE2, the assay system 
is based on the conversion of the major PGE 2 metabolite 
13,14-dihydro-15-keto-prostaglandin E 2 to the stable, 
bicyclic compound 11-deoxy-13-14-dihydro-15-keto-11/3, 
16~-cyclo prostaglandin E 2. The cross react ivi ty of this 
radioimmunoassay with TXB 2 or PGF1 is less than 
0.0001%. TXA2 and PGI2 both are very  unstable com- 
pounds and undergo spontaneous hydrolysis  and form 
stable inactive metabolites thromboxane  B 2 (TXB2) and 
6-keto-prostaglandin Fla (PGFI~). 

Statistical evaluation. The significance of dietary 
effects on the data  was determined using Student ' s  
t-test.  

RESULTS 

Effect of diet treatment on colonic cell neutral lipid and 
phospholipid content. The dietary t rea tments  did not  
result  in a significant difference in the percentage of 
neutral  lipid or in the percentage of cholesterol or 
cholesterol ester in the mucosa or muscle layers. The ef- 
fect of dietary fat on the phospholipid content  of the col- 
onic mucosa and muscle is shown in Table 2. The level 
of fat  in the diet had a significant effect on the relative 
amounts  of phosphatidylcholine (PC) and phosphatidyl- 
ethanolamine (PE) in the colonic mucosa. When high-fat 
diets were fed, the ratio of PC:PE was 0.76 +_ 0.15 and 
0.80 +_ 0.13 for the corn oil and beef tallow diets, respec- 
tively. Low-fat feeding resulted in a significantly lower 
PC:PE ratio for the LFCO and LFBT diets of 0.31 --- 0.20 
and 0.34 + 0.18, respectively. 

The ratio of PC:PE was significantly higher in the mus- 
cle than in the mucosa, but  there was no effect of the 
dietary t rea tments  on the PC:PE ratio in the muscle 
(Table 3). 

Effect of diet on phospholipid fatty acid composition 
of colonic mucosa and muscle. The fa t ty  acid composi- 
t ion of the colonic mucosa phospholipids in the mice fed 
the different diets is shown in Table 4. 

In the case of mucosal lipids, the type  and level of 
dietary fat influenced the percent composition of only cer- 
tain fa t ty  acids. For example, the mucosal phospholipids 
of the beef tallow-fed animals (LFBT and HFBT) contain- 
ed higher (p ~< 0.05) levels of oleic acid bu t  not  18:0. In 
comparison, al though the level of 18:2 was significantly 
higher in the HFCO group, generally the percent composi- 
t ion of 18:2 in mucosal phospholipids was less influenc- 
ed by  the level in the diet. Similarly, the level of 20:4 was 
unaffected by the dietary t rea tments  (Table 4). 

The colonic muscle phospholipids exhibited a slightly 
different pa t te rn  of fa t ty  acid composition (Table 5). The 
level of 18:1 was higher in the beef tallow groups than 
in the high-fat corn oil group and was significantly lower 
than the level present in the mucosal phospholipids. Also, 
the levels of 18:2 and 20:4 were not  related to the dietary 
treatments.  Muscle phospholipids also contained substan- 
tially higher levels of 22:4 and 22:5 than those recorded 
for the mucosal fraction. 

TABLE 2 

Effect  of Dietary Fat  on the Phospholipid Content of the Colonic Mucosa 

% of total phospholipids 

HFCO HFBT LFCO HFBT 

PC 35.3 • 6.9 39.2 • 9.9 20.2 • 10.8 19.3 + 6.7 
PE 49.5 +_ 12.3 50.2 + 5.5 66.5 • 10.0 64.6 _.+ 14.4 
PC:PE 0.76 • 0.15 b 0.80 +_ 0.13 b 0.31 • 0.20 a 0.34 • 0.18 a 
SM 5.3 • 3.7 5.9 +_ 6.5 3.3 • 4.5 3.4 + 5.9 
Others 10.0 +_ 5.2 4.6 +_ 5.6 10.7 + 3.2 12.6 + 4.6 

Values are means +_ SEM; n = 5 for each group, and each n represents a pool of two 
mouse mucosas. Differences in horizontal means without a common superscript are 
statistically significant {p ~< 0.05}. Rows without any superscripts contain values that 
are not significantly different. 
PC, phosphatidylcholine, PE, phosphatidylethanolamine; SM, sphingomyelin. 
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Effect  o f  diet on triglyceride fa t ty  acid content  of  col- 
onic mucosa and muscle. 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  c o l o n i c  m u c o s a  a n d  m u s c l e  t r i g l y c e r i d e s  is  s h o w n  i n  
T a b l e s  6 a n d  7. T h e  f a t t y  a c i d  p r o f i l e  w a s  s i m i l a r  i n  t h e  

m u s c l e  a n d  m u c o s a l  t r i g l y c e r i d e s .  I n  b o t h ,  t h e  p e r c e n t a g e  
o f  c o m p o s i t i o n  o f  t r i g l y c e r i d e  f a t t y  a c i d s  o n l y  p a r t i a l l y  
r e f l e c t e d  t h e  f a t  c o m p o s i t i o n  of  t h e  d i e t s .  F o r  e x a m p l e ,  
t h e  b e e f  t a l l o w  d i e t s  r e s u l t e d  i n  h i g h  l e v e l s  of  18:1 b u t  

TABLE 3 

Effect of Dietary Fat on the Phospholipid Content of the Colonic Muscle 

% of total  phospholipids 

HFCO H F B T  LFCO LFBT 

PC 47.0 • 3.0 49.2 • 6.1 47.9 • 4.3 48.8 • 2.8 
PE 19.4 • 3.5 18.7 • 1.2 19.8 • 3.9 18.1 • 3.8 
PC:PE 2.5 • 0.4 2.7 • 0.3 2.6 • 0.8 2.8 • 0.6 
SM 13.3 • 2.9 11.9 • 2.5 15.8 • 2.5 15.2 • 4.6 
Others  19.7 • 3.1 19.3 • 4.9 16.4 • 3.9 17.7 • 4.0 

Values are means • SEM; n = 5 for each group, and each n represents  a pool of two 
mouse colonic muscles. Symbols of significance are the same as in Table 2. 

TABLE 4 

Effect of Diet on Fatty Acyl Components in Colonic Mncosa Total Phospholipids 

% Fa t ty  acid HFCO H F B T  LFCO LFBT 

14:0 0.88 • 0.25 0.54 • 0.04 0.98 • 0.23 1.07 • 0.08 
16:0 18.89 • 1.51 b 13.55 • 1.23 a 16.40 • 1.01 b 16.89 • 0.34 b 
16:1 1.79 • 0.14 2.14 • 0.31 2.64 • 0.59 2.22 • 0.28 
18:0 16.78 • 1.16 14.90 • 0.13 14.59 • 0.40 15.17 • 0.44 
18:1 14.77 • 0.83 a 25.33 • 0.93 c 18.78 • 0.26 b 24.37 • 0.67 c 
18:2 12.82 • 1.38 c 7.19 • 0.35 a 8.15 • 0.32 b 7.06 • 0.31 a 
18:3 0.33 • 0.20 a 1.26 • 0.37 b 0.59 • 0.19 a 0.89 • 0.26 a 
20:3 11.45 • 0.23b 7.37 • 0.91 a 8.31 • 0.79 a 6.61 • 0.35 a 
20:4 21.05 • 1.21 20.68 • 1.57 22.43 • 0.71 20.70 • 1.03 
22:4 2.45 • 0.72 3.34 • 0.65 3.58 • 0.67 2.74 • 0.77 
22:5 2.70 • 0.78 3.70 • 1.40 3.54 • 0.97 2.27 • 1.05 

Values given are means • SEM; n -- 5 for each group and each n represents  a pool of 
two mouse colonic mucosas. Differences in horizontal means without a common superscript 
are statistically significant (p ~< 0.05). Rows without  any superscripts contain values t ha t  
are not  significantly different. HFCO, high-fat corn oil; HFBT, high-fat beef tallow; LFCO, 
low-fat corn oil; LFBT, low-fat beef tallow. 

TABLE 5 

Effect of Diet on Fatty Acyl Components of Colonic Muscle Phospholipids 

% Fa t ty  acid HFCO H F B T  LFCO LFBT 

14:0 0.45 _ 0.12 0.64 ___ 0.18 0.48 • 0.08 0.63 • 0.07 
16:0 10.07 • 0.50 a 11.92 • 1.40 a 14.82 • 0.49 b 17.81 • 1.00 c 
16:1 0.50 • 0.10 1.05 • 0.51 1.12 • 0.27 1.17 • 0.21 
18:0 17.07 • 0.51 18.23 • 0.99 19.01 • 0.66 19.69 • 0.69 
18:1 9.70 • 0.31 a 17.47 • 0.74 c 15.33 • 0.62 b 19.00 • 0.45 c 
18:2 8.88 • 0.50 c 5.28 • 0.13 a 5.99 • 0.28 b 6.13 • 0.45 b 
18:3 0.83 • 0.02 1.23 • 0.18 0.52 • 0.21 0.47 • 0.22 
20:3 3.96 • 0.41a 3.86 • 0.77 a 5.23 • 0.47 b 4.14 • 0.39 a 
20:4 29.26 • 0.32 c 25.51 • 1.18 b 23.71 • 0.52 b 21.96 • 0.47 a 
22:4 6.64 • 0.48 4.98 • 0.74 5.30 • 0.58 3.59 • 0.53 
22:5 12.47 • 0.82 c 9.82 • 1.69 b 8.20 • 0.77 b 5.42 • 0.71a 

Values given are means • SEM; n = 5 for each group, and each n represents  a pool of 
two colonic muscles. Symbols of significance and abbreviations are the same as in Table 4. 
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T A B L E  6 

E f f ec t  of  Die t  on  F a t t y  Acy l  C o m p o n e n t s  of  M u c o s a l  Tr ig lyce r ides  

% F a t t y  acid H F C O  H F B T  L F C O  L F B T  

14:0 0.16 ___ 0.05 0.12 + 0.02 0.13 +__ 0.06 0.06 -- 0.02 
16:0 9.88 ___ 0.57 a 14.89 +__ 1.36 b 14.95 + 0.47 b 14.86 _+ 0.48 b 
16:1 0.19 --4-_ 0.06 a 0.90 + 0.19 b 1.80 ----- 0.08 c 2.02 +__ 0.67 c 
18:0 3.63 +-- 0.35 a 6.60 + 0.24 c 3.74 ___ 0 .12a 4.95 +-- 0.45 b 
18:1 34.90 _+ 0.46 a 68.56 _+ 0.87 c 53.76 +-- 0.35 b 66.48 + 0.67 c 
18:2 46.63 +_ 0.47 d 8.43 +_ 0.37 a 26.45 +_ 0.10 c 11.45 +_ 0.33 b 
18:3 0.58 -- 0.36 0.95 _+ 0.58 N D  1.56 __ 0.64 
20:3 0.52 _ 0.15 0.51 +_ 0.43 0.43 _+ 0.01 0.23 +-- 0.05 
20:4 1.57 --4"_ 0.08 0.56 _+ 0.09 1.10 _+ 0.05 0.70 +_ 0.04 

Va lues  g iven  are  m e a n s  + SEM;  n -- 5 for each  g roup  and  each  n r e p r e s e n t s  a pool of  
two colonic m u c o s a s .  S y m b o l s  of  s ign i f icance  are  t he  s a m e  as  in Tab le  4. 

ND,  n o t  de tec tab le ;  H F C O ,  h igh- fa t  co rn  oil; H F B T ,  h igh- fa t  beef  tallow; LFCO,  low-fa t  
corn  oil; L F B T ,  low-fat  beef  tallow. 

T A B L E  7 

E f f e c t  of  Die t  on F a t t y  A c y l  Components of M u s c l e  T r ig lyce r ides  

% F a t ~  acid H F C O  H F B T  L F C O  L F B T  

14:0 0.64 +_ 0.20 0.67 _+ 0.12 0.89 +- 0.37 0.54 __- 0.08 
16:0 13.92 +_ 2.78 a 13.88 +_ 0.52 a 21.74 _ 3.38 b 16.30 -+ 2.87 a 
16:1 0.90 -+ 0.20 a 1.85 +_ 0.16 b 4.57 _+ 0.78 c 2.51 +_ 0.69 b 
18:0 4.14 +_ 0.21 a 8.14 +_ 0.36 c 4.25 +_ 0.11 a 6.07 +- 0.42 b 
18:1 33.01 +_ 1.11 a 66.59 _+ 0.81 c 47.31 +_ 2.09b 62.89 +_ 1.79 c 
18:2 46.17 + 1.56 c 8.64 _+ 0.43 a 23.36 -!-_ 1.10b 10.89 _+ 0.94 a 
18:3 1.47 _ 0.22 b 2.96 +_ 0.23 c 0.35 +- 0 .15a 0.21 __- 0.06 a 
20:3 0.60 __ 0.15 0.23 +_ 0.06 0.35 __- 0.15 0.21 +_ 0.06 
20:4 1.28 __- 0.33 0.56 +_ 0.15 1.21 -- 0.13 0.63 +_ 0.16 

Va lues  g i ven  are  m e a n s  +_ S E M ;  n = 5 for e ach  g r o u p  a n d  each  n r e p r e s e n t s  a pool  of  
two  colonic musc le s .  S y m b o l s  of s igni f icance  are  t h e  s a m e  as  in Tab le  4. 

H F C O,  h igh - fa t  corn  oil; H F B T ,  h igh- fa t  beef  tallow; LFCO,  low-fat  corn  oil; L F B T ,  low- 
fa t  beef  tallow. 

T A B L E  8 

Effect  of Dietary Fat  on Prostanoid Production by Colonic Mucosa and Muscle 

H F C O  H F B T  L F C O  L F B T  

M u c o s a  
Bicycl ic  P G E  2 3.15 _+ 0.44 2.2 _+ 0.52 2.0 +_ 0.34 3.73 4- 1.16 
T X B  2 0.66 _ 0.05 0.66 -+ 0.07 0.51 _+ 0.12 1.11 _+ 0.34 
P G F l a  2.44 +_ 0.25 2.31 +_ 0.58 2.59 _+ 0.59 3.78 +_ 0.90 
P G F l a : T X B  2 3.84 _+ 0.62 3.31 +_ 0.72 3.83 _+ 0.70 4.24 +_ 1.40 

M usc l e  
Bicycl ic  P G E  2 3.82 +_ 0.40 3.64 + 0.24 3.52 __- 0.21 5.06 +-- 0.78 
T X B  2 1.43 +_ 0.10 1.55 +_ 0.16 1.42 _+ 0.24 1.90 +_ 0.28 
P G F l a  16.68 _+ 1.07 18.83 -!-_ 2.04 13.21 -!-_ 1.60 =16.57 +_ 3.59 
P G F l a : T X B  2 11.70 +_ 0.37 12.22 +_ 0.78 9.70 +- 1.02 8.87 _+ 1.30 

Va lues  g iven  are  m e a n s  +_ S E M ;  n -- 5 for each  g r o u p  and  each  n r e p r e s e n t s  e i ther  one 
m u c o s a  or one musc le .  Va lues  e x p r e s s e d  as  n g  X 103/g/30 min .  S y m b o l s  of  s ign i f icance  
are  t h e  s a m e  as  in Tab le  4. 

P G E  2, p r o s t a g l a n d i n  E2; T X B  2, t h r o m b o x a n e  B2; P G F l a ,  p r o s t a g l a n d i n  F la ;  H F C O ,  
h igh - fa t  corn  oil; H F B T ,  h igh - fa t  beef  tal low; LFCO,  low-fat  corn  oil; L F B T ,  low-fat  beef  
tal low. 
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only small increases in 18:0 in the triglycerides. Corn oil 
feeding resulted in higher levels of 18:2 in colonic tri- 
glyceride. 

Effect  o f  dietary fat on prostanoid production by rnurine 
colon. The effect of dietary fat on the production of 
TXB2, PGFI~ and bicyclic PGE 2 is shown in Table 8. 
The dietary treatments did not result in a significant dif- 
ference in the production of TXB 2, PGFI~ or PGE 2 by 
either the mucosa or the muscle. However, in each case 
the muscle layer contributed a larger percentage of the 
total prostanoids formed. 

DISCUSSION 

In this study, we examined the effect of two different 
types of fat (corn oil and beef tallow) that vary widely 
in their fat ty acid composition. 

Beef tallow is bS.gh in saturated fatty acids (16:0, 18:0), 
while corn oil is high in the polyunsaturated fat ty acid 
18:2. However, both types of fat promote colon tumori- 
genesis when they are included in the diet at high levels 
(5). In view of the similar effects of these fats on colon 
carcinogenesis, we wanted to determine whether high-fat 
feeding of these two fats would result in common com- 
positional and biochemical alterations. The results of this 
study indicate that  the type of fat fed does not affect the 
phospholipid content of the colonic mucosa or muscle. 
However, the quantity of fat in the diet appears to be a 
significant determinant of the phospholipid profile of the 
colonic musosa. Mice fed the high-fat diets had signifi- 
cantly higher ratios of mucosal PC:PE. It is possible that 
a change in the polar head group composition may result 
in a change in the function of the membrane in vivo (21). 
The small polar head group of phosphatidylethanolamine 
allows very close packing and reduces the permeability 
and fluidity of the membrane (22). Any changes in the 
fluidity of the membrane caused by increased PC could 
to some extent depend on the fat ty acid composition of 
the newly synthesized PC. However, it is not possible to 
conclude from this study if the plasma membrane com- 
position of mucosal cells was altered or if the phospholipid 
changes reflect differences in the amount of certain 
organelles in the colonocytes. Another limitation of this 
study is that  although the fecal material was removed 
and the colons were rinsed very thoroughly, i t  still is 
possible that bacteria may remain adhered to the mucosa, 
thus contaminating the lipid sample. 

In mammals, changes in membrane lipid composition 
have been achieved by feeding different dietary fats 
(23,24). The activity of lipid-dependent enzymes may be 
dependent on the polar head group composition of mem- 
branes (25) or on the fat ty acid composition of the mem- 
brane (26). Changes in membrane fluidity have. been 
shown to influence the conformation of the active site of 
some membrane-associated enzymes (27). 

The fluidity and permeability of biological membranes 
also is determined by the fat ty acid composition of 
phospholipids of cell membranes (28). The phospholipid 
fat ty acid composition reflected only partially the com- 
position of dietary fat. Overall, the levels of 18"0 and 20:4 
were unaffected by dietary treatments. This suggests and 
supports the findings of others that a homeostatic mecha- 
nism is operative in biological membranes with respect 
to fatty acid composition (29). This mechanism may be 

effective in maintaining a certain level of unsaturation 
in the membrane lipids. I t  previously has been observed 
in platelets and other tissues that an increase of 18:2 over 
a threshold level may not lead to a further increase in 
membrane arachidonic acid (30). 

Dietary fat did not change the level of the prostanoids 
that were measured in this study. Bicyclic PGE 2, TXB 2 
and PGF1, were measured because colonic carcinomas 
have been found to synthesize increased levels of PGE 2 
(15). In addition, TXA2 or its active metabolite stimulate 
tumor cell replication, whereas prostacyclin or its active 
metabolite inhibits tumor cell growth (17). We hypothe- 
sized that a high-fat diet would alter the synthesis of these 
prostanoids in the colonic tissue. However, dietary fat ir- 
respective of the type and level did not influence synthesis 
of any of these compounds by the colonic mucosa or the 
muscle layer. This is interesting in view of a high-fat diet 
increasing the relative proportion of PC in the mucosal 
cells but unable to change the level of arachidonic acid 
in the membrane lipids of colonic mucosa and muscle 
layers. Because the level of arachidonic acid in the mem- 
brane was not different between the diets, it might be ex- 
pected that  no difference would occur in the production 
of prostanoid metabolites at this site. Another note- 
worthy finding is that in comparison to the mucosa, the 
muscle layer did contain higher levels of arachidonic acid 
in the phospholipids. Furthermore, muscle synthesized 
significantly higher levels of prostanoids studied, espe- 
cially TXB2 and PGFI~. This observation corroborates 
the findings that colonic muscle synthesizes significantly 
more prostanoids than the mucosal layer (31). These 
observations suggest that prostanoid synthesis is depen- 
dent on the local requirement of the organ. These observa- 
tions are made on total colonic mucosa or muscle, and no 
distinction was made between the cell types. I t  may be 
of interest in future studies to compare the proliferative 
compartment with the nonproliferative compartment. 

The mechanism by which prostanoid production is 
regulated in normal or pathological situations in the colon 
is not known. However, it is apparent that many disease 
states including cancer, do lead to altered production of 
certain prostanoids in the gastrointestinal tract {32). 
Whether the level and type of fat will affect prostanoid 
production in the neoplastic colon and whether certain 
prostanoids are causally related to cancer remains to be 
investigated. Further studies are in progress to investi- 
gate the effect of dietary fats on the normal and neoplastic 
colons. 
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Three distinct pairs of  H E T E s  can be dist inguished on 
the basis of  their U V  spectra. We used hydroxy-l inoleates 
(hydroxy-octadeca~cis-trans-dienoates) as a base for com- 
parisons; both the  9- and 13-hydroxy i somers  have  iden- 
tical chromophores  with  ~tm~ near 234 nm. The presence 
of  a double bond three carbons removed from the con- 
jugated diene (the chromophore  of  9- and l l - H E T E )  
causes  a shift  in the  observed ~ t ~  to  near 235 nm. A 
double bond/3 to the chromophore (~ and 15-HETE) gives 
a further shift  of  1.5 nm, giving a ~ between 236-236.5 
nm. With  double bonds  in both  these  pos i t ions  (8- and 
12-HETE), the ~tm= is observed near 237 nm. It  is appar- 
ent  that  the exact  ~tm~ of  the  cis-trans diene chromo- 
phore is influenced in a cons is tent  w a y  by the adjacent 
methy lene  interrupted cis double bonds.  
Lipids 23, 340-344 (1988). 

The Jt~,= of the UV chromophores in HETEs and re- 
lated hydroxy dienes usually is quoted in the range of 
234-237 nm. It is well recognized that these cis-trans con- 
jugated hydroxy dienes can be distinguished from the 
trans-trans analogues (~m~ 230-232 nm). 

We noticed that  there are more subtle but reproduci- 
ble differences in the chromophore of the individual 
HETEs. Here we report that the precise Jt~= and shape 
of the HETE chromophore depends on the arrangement 
of the adjacent cis double bonds and that  three pairs of 
HETEs can be distinguished by their UV spectra. 

METHODS 

Preparation and purification of HETEs. HETEs were 
prepared by autoxidation of 100 mg quantities of 
arachidonic acid with a-tocopherol (1). Briefly, the 
arachidonic acid was mixed with 10% w/w a-tocopherol 
(Sigma Chemical Co., St. Louis, MO) and left under an 
oxygen atmosphere for three days at 37 C. After three 
days, the autoxidation mixture contained 15-20% 
hydroperoxides. Before HPLC purification, the hydro- 
peroxides were reduced with a molar excess of 
triphenylphosphine in methanol. The HETEs then were 
separated on an Alltech Semi-Prep silica column (250 X 
10 mm) and further purified on an Alltech Analytical 
silica column (250 X 4.6 mm) using a solvent of hex- 
ane/isopropanol]glacial acetic acid (100/1.6/0.1, v/v/v). Ad- 
ditional RP-HPLC separation and purification of the 12- 
and 15-HETEs was performed on an Alltech Semi-Prep 
C-18 column. Concentrated solutions of pure HETEs 

*To whom correspondence should be addressed. 
Abbreviations: HETE, hydroxyeicosatetraenoic acid; HHT, 12- 
hydroxy-heptadeca-5,8,10-(cis, trans, trans)-trienoic acid; hydroxy- 
linoleate, describes the two primary products of linoleate oxygena- 
tion, more properly named 9-hydroxy-octadeca-lOtrans,12cis- 
dienoate and 13-hydroxy-octadeca-9cis, 11 trans-dienoate. Hydroxy- 
linoelaidate refers to the corresponding all-trans dienes. RP-HPLC, 
reversed-phase high pressure liquid chromatography; SP-HPLC, 
straight-phase high pressure liquid chromatography. 

(0.2-5 mg/ml) were stored in methanol or ethanol under 
argon at - 7 0  C. 

The 9-hydroxy and 13-hydroxy-octadecadienoates were 
prepared by the same method. The pair with the cis-trans 
conjugated diene was obtained by autoxidation of the 
methyl ester of linoleic acid, and the trans-trans pair from 
methyl linoelaidate (9trans, 12trans-18:2). 

HHT was recovered from an incubation of arachidonic 
acid with human platelets and was purified by RP- and 
SP-HPLC. All the standards were identified by gas chro- 
matography-mass spectrometry (2,3). 

Recording of UV spectra. A Beckman DU-7 scanning 
spectrophotometer was used with the standard slit. The 
resolution is quoted by the manufacturers as 2 nm, and 
can be judged from the appearance of the two small UV 
peaks in the Holmium oxide filter, Figure 1. 

Concentrated solutions of pure conjugated dienes (0.2-5 
mg/ml) were diluted in ethanol, and the concentration was 
carefully adjusted to give an absorbance of exactly 0.90 
AU (ca. 12 ~g/ml, assuming ~ = 23,000 [4]). The solutions 
were scanned from 300-200 nm at 300 nm/min with 
ethanol as background. The spectra were stored in 
memory and plotted together as shown in the figures. The 
calculation of the first derivative of absorbance included 
a smoothing factor (delta ~); this was set at 0.8 nm, the 
lowest possible value compatible with the scanning speed. 
"Delta ~" is the range of wavelength used in the point 
by point measurement of slope for calculation of dA/d~. 

RESULTS AND DISCUSSION 

UV spectra of hydroxy-18:2. The 9- and 13-hydroxy 
derivatives of linoleic acid represent the basic cis-trans 
conjugated diene (with no adjacent nonconjugated double 
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FIG. 1. UV spectrum of Holmium oxide filter on the Beckman DU-7. 
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bonds}. They have identical UV spectra with ~t~ near 
234 nm. The corresponding trans-trans analogues are 
another identical pair with a ~ 3 nm lower, near 
231 nm. Figure 2 depicts the four spectra over a 50 nm 
range (215-265 nm}. 

The exact ~ can be determined by inspection of the 
first derivative of the chromophore. The point at which 
the first derivative crosses zero corresponds to dA/d~ -- 
0, and consequently equals the ~t~. Figure 3a shows the 
first derivative of the entire chromophore of the four 
hydroxy-octadecadienoates {215-265 nm). Figure 3b 
focuses on the range 230-240 nm, allowing the precise 
~t~ to be measured. 

UV spectra of HETEs. An overlay of the spectra of six 
HETEs (5-, 8-, 9-, 11-, 12-, and 15-HETE) is shown in 
Figure 4. It is apparent that there are only three different 
chromophores. Each represents a pair of HETEs: 9- and 
l l -HETE have the lowest ~ (near 235 nm), the middle 
pair is 5- and 15-HETE (~tm~ 1.5 nm higher}, and 8- and 
12-HETE have the highest ~ ,  near 237 nm. Again, the 
exact ~m~ Can be determined by looking at the first 
derivative of the chromophore (Fig. 4b). This also em- 
phasizes the three distinct pairs of HETEs. 

FIG. 2. UV spectra of four conjugated dienes: 9- and 13-hydroxy 
linoelaidates (trans-trans) and �9 and 13-hydroxy linoleates (cis- 
trans). 

FIG. 3. First derivative of absorbance of compounds shown in Figure 2. Top, 215-265 nm; 
below, expansion of the boxed area, 230-240 nm. 
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FIG. 4. Overlay of UV spectra of six HETEs. Top, absorbance spec~ 
tra; below, expanded view of first derivative. 

FIG. 5. Comparative shapes of UV spectra of conjugated dienes. 
Top, absorbance spectra 215-265 nm; below, expansion near the 
),max; arrows highlight the more distinct shoulder in the hydroxy- 
octadecadienoates and in 9- or I1-HETE. The t r a n s - t r a n s  hydroxy- 
octadecadienoates {not shown in this figure} also have a distinct hyp- 
sochromie shoulder. 

Shape of chromophore. At wavelengths above the i t~ ,  
the conjugated diene chromophores are identical in shape. 
This is evident as the "parallel" nature of the chromo- 
phores in Figure 5. There are subtle differences in the 
shoulder just below the ) ~ ;  there is a more distinct 
"notch" in the spectra of the hydroxy-octadecadienoates 
and in 9- and l l -HETEs {arrows in Fig. 5b). This figure 
also emphasizes the assymetrical character of the top of 
the conjugated diene chromophore. 

"Rules" ofdiene absorbance. The structures of several 
conjugated dienes and their ~ are listed in Table 1. 
The adjacent "non-conjugated" double bonds in the 
chromophore shift the ~t~ from the base value of 
hydroxy-linoleate {233.8 nm): a double bond three carbons 
from the conjugated diene gives an increase of 1.0 nm {9- 
and ll-HETE}; a double bond two carbons removed from 

the diene increases the base value 2.5 nm (5- and 
15-HETE); a diene with double bonds on both sides of the 
conjugated diene increases the base value 3.1 nm (8- or 
12-HETE}. 

Lack of additive effects. If the effects of double bonds 
on both sides of the chromophore were additive, the pre- 
dicted value for 8- and 12-HETEs would be 3.5 nm above 
base (1 + 2.5 nm). The observed increase (3.1 nm} falls 
slightly short of this value. 

Differences for cis-trans and trans-trans systems. The 
difference in the itm~ of the cis-trans and trans-trans 
hydroxy-octadecadienoates is 3 nm. The only other trans- 
trans conjugated diene we compared was HHT. Based on 
the observed itm~ of HHT, it would appear that the 
"rules" that  govern the position of ~m~ are different for 
trans-trans and cis-trans conjugated dienes. HHT has a 
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TABLE 1 

Influence of "Nouconjuguted" Double Bonds on the Diene Chromophore 

Chromophore Compound /tma x ~maxRelative to base value 

t - \  t OH 9- or 13-hydroxy linoleate 233.8 _+ 0 = base 

OH 
9- or ll-HETE 234.8 + 1.0 

, ~ " ~ - -  "-~-~-- " ~ - - (  v ~- ~ 5- or 15-HETE 236.3 +2.5 
~ ~ O H  

t - -  - -  ~ - -  ~ 8- or l2-HETE 236.9 +3.1 
OH 

t ~ 9- or 13-hydroxy-linoelaidate 230.9 +_ 0 ---- base 
0 H (trans/trans} 

OH 
HHT 231.8 + 0.9 nm 

(trans/trans} 

FIG. 6. Comparison of the ~max of different conjugated dienes. In 
order of increasing ~nax, the compounds are hydroxy-linoelaidate 
{230.9 nm), HHT {231.8 nm), hydroxy-linoleate (233.8 nm), 9- or 
11-HETE {234.8 nm), 5- or 15-HETE {236.3 nm), and 8- or 12-HETE 
(236.9 nm). 

double bond two carbons from the conjugated trans-trans 
diene. Using the observat ions  on the cis-trans dienes, the 
expected increase above base value due to the double bond 
is 2.5 nm {c.f. 5- and 15-HETE). The base  value of a trans- 
trans conjugated diene is 230.9 nm, giving a predicted 
;lm= of H H T  of 233.4 nm {230.9 + 2.5 nm). This is con- 
siderably different f rom the observed value for H H T  
{231.8 nm). The relat ive separa t ions  are summar ized  in 
Figure 6. 

Application to other polyunsaturated fat ty  acids. We  
have  not  completely  character ized the UV spect ra  of 
related hydroxy  dienes, bu t  we have seen evidence t ha t  
the general t rends  in these  rules do apply  to other  com- 
pounds.  For  example,  in the series of hydroxy-eico- 
sapentaenoic acid derivat ives,  the 9- and 14-hydroxy- 
e icosapentaenoates  have  the same a r rangement  of the 
double bonds around the diene as do 9- and l l - H E T E s .  
These two E P A  der ivat ives  have  a ~tm= near  235 rim. In  
t e rms  of the UV chromophore,  the l l-hydroxy-eico- 
sapentaenoa te  is an analog of 8- or 12-HETE,  and i ts  
;lm= is near  237 nm (5). These observat ions  fit  with the 
" ru les"  in Table  1. 

Caveats in identification of HETEs:  instrument calibra- 
tion and precision. The precise value of ;tin= varies wi th  
cal ibrat ion of the spect rophotometer ,  and a set  of ap- 
propr ia te  H E T E  s tandards  are needed for direct  com- 
parisons.  We want  to emphasize  t ha t  the precise values  
we quote here m a y  vary  f rom values obtained on another  
ins t rument .  We used the phrase  "near  235 n m "  to allow 
for this. Over  the course of months ,  the values  found on 
our own ins t rument  m a y  va ry  by  0.5 nm, a l though the 
differences between individual spectra remain unchanged. 
C h a n g e s  in r e so lu t ion  {slit width} of the  spec- 
t ropho tomete r  also can cause very  slight changes in the 
observed ~ = .  This relates to the assymetr ic  character  of 
the  H E T E  chromophore  {Fig. 5b): as the slit is widened, 
the higher absorbance  on the  hypsochromic  side resul ts  
in a bias  which shif ts  the  observed  ;'m= to lower 
wavelength.  In  the Beckman  DU-7 spect rophotometer ,  
there is a closely related ar t i fact  in the calculation of the 
f irst  der ivat ive  of absorbance.  The software uses  a 
smooth ing  factor  called "de l ta  A" tha t  averages  the 
calculation of dA/d~ over  a chosen range  of wavelength  
{0.2-16 nm). The use of even relat ively low values of 
"de l ta  A" {0.8-2 nm) smooths  the curve bu t  also causes 
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a slight shift of the apparent  ~ t~  (dA/d~ = 0} to lower 
wavelength. 

Caveats in identification of  HETEs :  requirement for 
pure compounds. Because the diene chromophore is near 
the lower end of the UV, slight differences in end absorp- 
tion can change the apparent  ~t~. High end absorption 
will shift the apparent  ~ to lower wavelength, while 
oversubtract ion of background can have the opposite ef- 
fect. I t  is difficult to obtain a quali ty spectrum on less 
than  5-10 ~g of pure compound. With smaller amounts  
of material, the most  reliable spectra can be obtained with 
an on-line detector  on HPLC. 
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Galac tosylsphingos ine ,  g lucosylsphingosine  and  
sphingosine all inhibited cytochrome c oxidase activity 
in mitochondria from rat fiver; more than 50% inhibition 
was caused by 5 pM lipid (0.1/~mol/mg mitochondrial pro- 
tein). However ,  these  lysosphingol ipids  did not suppress 
the activity of purified cytochrome c oxidase. When the  
en zyme  was  "reconst i tuted" with phosphatidylcholine, 
the lysosphingolipids clearly inhibited the activity. On 
the  other hand, galactosylsphingosine, glucosylsphingo- 
sine and sphingosine all hemolyzed erythrocytes, indi- 
cating that lysosphingofipids can disrupt the membrane.  
Thus, it appears that the  inhibition of cytochrome c ox- 
idase, a membrane-bound enzyme  in mitochondria, is due 
to perturbation of the environment  of  the enzyme  and 
that the primary attacking site of the lysosphingofipids 
is the membrane.  Because the potency to inhibit cyto- 
chrome c oxidase and to hemolyze erythrocytes did not  
differ among these lysosphingolipids and because galac- 
tosylceramide caused neither inhibition of cytochrome c 
oxidase nor hemolysis, the free amino group in the 
lysosphingolipids seems to be essential to give the effects. 
In addition, both inhibition of cytochrome c oxidase and 
hemolysis caused by lysosphingolipids were completely 
abolished by albumin, suggesting that toxic effects of 
lysosphingolipids may not be apparent in blood. 
Lipids 23, 345-348 {1988). 

Although enzymatic defects have been well-established 
in most sphingolipidoses, including Krabbe and Gancher 
disease {1,2}, it has not been defined how the defect of an 
enzyme causes the pathology. In Krabbe disease (globoid 
cell leukodystrophy), a striking accumulation of galac- 
tosylsphingosine (psychosine), which is a natural sub- 
strate of the missing enzyme (3,4}, has been demonstrated 
{5,6). Since galactosylsphingosine is cytotoxic, the devas- 
tating pathology in Krabbe disease may be explained by 
the toxic effects of the accumulated lipid (6). In Gancher 
disease, accumulation of another lysosphingolipid (gluco- 
sylsphingosine) has been shown (7) and a similar patho- 
physiology as in Krabbe disease has been suspected. 
However, the mechanism of cytotoxicity of these lyso- 
sphingolipids is not known. 

We previously have noted that galactosylsphingosine 
is a powerful inhibitor of cytochrome c oxidase in mito- 
chondria (8). In this study, we have examined whether 
glucosylsphingosine and sphingosine have similar effects 
of galactosylsphingosine. Furthermore, we studied the ef- 
fects of these lysosphingolipids on cytochrome c oxidase, 
either in purified or in "reconstituted" form and their 

*To whom correspondence should be addressed at the Department 
of Environmental Toxicology, University of Occupational and En- 
vironmental Health, Yahata-Nishi-Ku, Kitakyushu 807, Japan. 
Abbreviation: HPTLC, high performance thin layer chromatograph. 

effects on erythrocytes compared with those of galac- 
tosylceramide. 

MATERIALS AND METHODS 
Materials. Galactosylsphingosine, glucosylsphingosine, 
sphingosine, galactosylceramide (cerebroside from bovine 
brain, "lower spot"} and y-globulin {from human serum} 
were purchased from Sigma Chemical Co. {St. Louis, MO), 
crystalline human serum albumin from Chemical Dynam- 
ics Corporation {South Plainfield, NJ), phosphatidyl- 
choline {from egg) from Koch-Light (Cohnbrook Berks, 
England) and cytochrome c from Boehringer-Mannheim- 
Yamanouchi {Tokyo, Japan). Ion exchange cellulose 
(DE-52) was from Whatman KK {Tokyo, Japan) and 
Sephacryl S-300 gel from Pharmacia KK {Tokyo, Japan). 
All other chemicals were reagent grade. The reduced form 
of cytochrome c was prepared as described (8). 

Centrifree {centrifuging ultrafiltration apparatus) was 
purchased from Amicon (Danvers, MA), Sep-Pak car- 
tridge from Waters {Milford, MA), and HPTLC {high per- 
formance thin layer chromatograph) plate {silica gel 60) 
from E. Merck {Darmstadt, West Germany). Borate im- 
pregnation of the HPTLC plate was done as described {9). 

Preparation ofsarnples. Mitochondria from the liver of 
rats (Wistar, male) were prepared by a slightly modified 
method (8) of Borgese and Meldolesi (10). The mitochon- 
dria were kept on ice (for cytochrome c oxidase measure- 
ment} or at - 8 0  C (for cytochrome c oxidase purification}. 

Purification of cytochrome c oxidase was done follow- 
ing the method of Merle and Kadenbach (11). After final 
purification by gel filtration, the peak fraction was col- 
lected and frozen in liquid nitrogen without further con- 
centration of the enzyme. The enzyme was kept at - 80 C 
until use. 

The purified enzyme was activated by phosphatidyl- 
choline as follows. Phosphatidylcholine (0.1 rag) in chloro- 
form/methanol (2:1, v/v) was dried as a thin film under 
a stream of nitrogen. After 1 ml of the buffer (50 m_M 
glycylglycine buffer [pH 7.4] containing 3.1 mM Tris-HC1 
[pH 7.4] and 2 mM EDTA-2K) was added and vortexed 
vigorously for 30 seconds, the solution was sonicated in 
a water-bath type sonicator for two iv_in. The solution 
(0.0426 ml) was cooled in ice, and 0.025 ml {6.75 pg pro- 
tein) of the purified enzyme was added and vortexed for 
30 seconds. The mixture was left on ice for one hr and 
diluted with 0.1825 ml of the buffer. 

Human blood was obtained from a healthy male and 
heparinized. Erythrocytes were washed and suspended 
as described (12) and the hematocrit was adjusted to 
4.5%. 

Determination of cytochrome c oxidase. The enzyme ac- 
tivity was measured spectrophotometrically {13}. When 
the activity in mitochondria was determined, the changes 
of the absorbance of 550-540 nm was measured in a 
Hitachi 557 spectrophotometer (dual-wave length mode}. 
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The activity of the purified and "reconstituted" enzyme 
was measured at 550 nm in a Beckman DU-7HS spec- 
trophotometer. When necessary, the "log rate" of the 
reaction velocity was calculated with the built-in com- 
puter. The temperature of the cuvette holder was kept 
at 25 C with a circulating water bath (Lauda RM3 or 
RM6}. 

The reaction mixture (0.8 ml} contained 50 mM 
glycylglycine buffer (pH 7.4), 3.1 mM Tris-HC1 (pH 7.4}, 
2 mM EDTA-2K, and 0.08% cytochrome c (reduced form}. 
Lysophingolipid and galactosylceramide were dissolved 
first in ethanol and dimethyl sulfoxide, respectively, and 
added to the reaction mixture. The maximum concentra- 
tion of ethanol and dimethyl sulfoxide in the reaction mix- 
ture was 2.5%, and any effects of the solvent were cor- 
rected (subtracted}. 

The protein concentration of the enzyme source 
(0.02 ml) was 1 or 2 mg/ml (mitochondrial suspension in 
0.25 M sucrose with 5 mM Tris-HC1 [pH 7.4]), and 
0.27 mg/ml (purified cytochrome c oxidase) or 0.027 rag/ 
ml ("reconstituted" cytochrome c oxidase). The protein 
was measured by the method of Lowry et al. (14). 

The effects of albumin and ),-globulin on cytochrome c 
oxidase activity were examined by adding 0.08 ml of the 
10% protein solution to the reaction mixture. 

Hemolysis oferythrocytes. The isotonic buffer (30 mM 
Tris-HC1 [pH 7.4] with 120 mM NaC1, 5 mM KC1 and 
2 mM MgC12) (0.675 ml) and 0.025 ml of ethanol (with or 
without lysosphingolipid) or dimethyl sulfoxide (with or 
without galactosylceramide) were mixed. After the eryth- 
rocyte suspension (0.3 ml) in the isotonic buffer was added 
and incubated at 37 C for one hr with gentle shaking, 
1.5 ml of the isotonic buffer was added and vortexed. 
After centrifugation at 1,000 • g for 15 rain, the absorb- 
ance of the supernatant at 540 nm was measured. The 
percentage of hemolysis was calculated, t ,  lclng the ab- 
sorbance of the supernatant without lipid as 0% hemoly- 
sis and that of the supernatant obtained after incubation 
with water as 100% hemolysis. 

The effects of albumin or y-globulin on lysosphingolipid- 
induced hemolysis were examined by mixing 0.675 ml of 
the buffer (with or without protein), 0.3 ml of erythrocyte 
suspension and 0.025 ml of ethanol containing lyso- 
sphingolipid. 

Binding of lysosphingolipids to proteins. Ethanol 
(0.025 ml) containing 6 mM lysosphingolipid and 0.695 ml 
of the buffer (30 mM Tris-HC1 [pH 7.4] with 120 mM 
NaC1, 5 mM KC1 and 2 mM MgC12) were mixed, then 
0.08 ml of the buffer without protein, or the buffer con- 
taining either 10% albumin or y-globulin was added. An 
aliquot (0.7 ml) was placed in the Centrifree and centri- 
fuged at 1,500 X g for 25 min at 25 C. Methanol (1.8 ml) 
and water (2.7 ml) were added to 0.6 ml of the filtrate. 
This mixture was applied twice to Sep-Pak C18 cartridge. 
After the cartridge was washed with 70 ml of water, the 
lipid was eluted with 5 ml of methanol and 10 Pal of 
chloroform/methanol (2:1, v/v) and dried under a stream 
of nitrogen, The physical set-up and washing of the car- 
tridge were done as described (15). The lipid was dissolved 
in 0.075 ml of chloroform/methanol (2:1, v/v) and 0.02 ml 
was applied to borate-impregnated HPTLC plate. After 
developed in chloroform/methanol/ammonia water 
(75:25:5, v/v/v) without paper-lining, the lipids were 
visualized by spraying with cupric acetate and heating 

(150 C) (16}. The plate was scanned with a Shimadzu 
CS-930 TLC scanner at 370 nm. 

RESULTS 

Effects on cytochrome c oxidase. Galactosylsphingosine, 
glucosylsphingosine and sphingosine all inhibited cyto- 
chrome c oxidase in mitochondria (used within 6 hr after 
preparation}. The potency to inhibit cytochrome c oxidase 
did not differ among the lysosphingolipids and 5 ~M 
(0.1 ~mol/mg mitochondrial protein} caused more than 
50% inhibition. In contrast, galactosylceramide did not 
inhibit the enzyme, but it activated cytochrome c oxidase 
mildly at 25 wM or higher (Fig. 1}. 

The purified cytochrome c oxidase was not inhibited but 
activated by lysosphingolipids of 40 ~M or less. The ac- 
tivation by sphingosine was less pronounced than that 
by galactosylsphingosine or glucosylsphingosine. In addi- 
tion, at 75 ~M or higher, sphingosine inhibited the activ- 
ity, but galactosylsphingosine and glucosylsphingosine 
still activated the enzyme to some extent (Fig. 2A}. Galac- 
tosylsphingosine activated the enzyme even at 200 vM. 

Addition of sonicated phosphatidylcholine activated 
the purified cytochrome c oxidase more than 40-fold. 
Galactosylsphingosine, glucosylsphingosine and sphingo- 
sine showed a clear inhibitory effect on this activated en- 
zyme preparation. The potency to inhibit the enzyme did 
not differ among the lysosphingolipids (Fig. 2B}. 

Hemolysis. Galactosylsphingosine, glucosylsphingo- 
sine and sphingosine all hemolyzed washed human eryth- 
rocytes, but galactosylceramide did not. The potency to 
hemolyze erythrocytes did not differ among the lyso- 
sphingolipids, and 50% hemolysis was caused by approx- 
imately 50 ~M of the lysosphingolipids (Fig. 3). 

Suppression of lysosphingolipid effects by albumin. The 
complete inhibition of cytochrome c oxidase (in mitochon- 
dria) either caused by galactosylsphingosine, glucosyl- 
sphingosine or sphingosine was completely and immedi- 
ately abolished upon addition of 1% albumin but  not by 
1% y-glubulin (Fig. 4). 

0 4 16 32 501JM 
Lipid 

FIG. 1. The effects of galactosylsphingosine ( �9 ), glucosylsphingosine 
(O), sphingosine (A) and galactosylceramide ( , )  on cytochrome c ox- 
idase activity in mitochondria. The reaction mixture (0.8 ml) con- 
tained 20 ~g of mitochondrial protein. 
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FIG. 4. The effects of albumin and r-globulin on lysosphingolipid- 
induced inhibition of cytochrome c oxidase in mitochondrim The reac- 

0 t ,  , t T ~ m ~ ~ ~ m " " " " m m " ~  tion was started by adding 0.02 ml of mitochandrial suspension (40 ~g 
0 9 40 90lJ M of protein) at Mt to the reaction mixture (0.78 ml). The speed of the 

decrease of the absorbance (550-540 nm) indicates the enzyme ac- 
Lysosphingolipid 

FIG. 2. The effects of galactosylsphingosine ( �9 ), glucosylsphingosine 
(O) and sphingosine (A) on the purified cytochrome c oxidase (A) and 
on the cytochrome c oxidase "reconstituted" with phosphatidyl- 
choline (B). The reaction mixture (0.8 ml) contained 5.4 ~g protein 
of cytochrome e oxidase in A and 0.54 pg protein in B. The activity 
(ordinate) is expressed in terms of arbitrary units ("log rate"lsec/mg 
protein). 

tivity. No lysosphingolipid was present in 1, 2 and 3. At  P, 0.08 ml 
of water was added to 1, 0.08 ml of 10% albumin (dissolved in water) 
to 2, and 0.08 ml of 10% ),-globulin (dissolved in water) to 3. One hun- 
dred pM galactoslysphingosiue was present in 4 and 7, 100 ~M 
glucosylsphingosine in 5 and 8, and 100/~M sphiugosine in 6 and 
9. After the cytochrome c oxidase activity was completely inhibited 
for five rain, 0.08 ml of 10% albumin was added to 4, 5 and 6 at P, 
and 0.08 ml of 10% r-globulin to 7, 8 and 9. The inhibition of the 
enzyme activity caused by lysosphingolipids was immediately 
abolished upon addition of albumin but not by r-globulin. 

%/ 

;~176 f 
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FIG. 3. Hemolys i s  caused by ga lactosy lsphingos ine  (e ) ,  
glucosylsphingasine (O), sphingosine fix) and galactesylceramide (I). 

The 100% hemolysis, which occurred in the presence 
of 100 ~M lysosphingolipids, also was completely pre~ 
vented by 1-2% albumin but  not by  1-4% },-globulin (data 
not  shown). 

After  mixing with y-globulin and ultrafi l tration, more 
than  50% of the galactosylsphingosine or glucosylsphin- 
gosine was recovered in the filtrate, bu t  less than  3% of 

the lysosphingolipid was found in the filtrate when mixed 
with albumin (Fig. 5). Since solutions containing sphingo- 
sine did not  f i l trate well, binding of sphingosine to 
albumin could not  be established by  the present  method. 

D I S C U S S I O N  

Galactosylsphingosine, glucosylsphingosine and sphingc~ 
sine all inhibited cytochrome c oxidase in mitochondria.  
When the enzyme was purified, however, these lysosphin- 
golipids did not  inhibit bu t  did act ivate the enzyme  to 
some extent .  Cytochrome c oxidase is one of the typical  
membrane-bound enzymes {17}, and its act ivi ty is very  
low in purified form. Hence, lipids, especially phospho- 
lipid{s), or a detergent is necessary to activate the purified 
enzyme {18}. The present  results  show tha t  even lyso- 
sphingolipids, which do not  appear to be normal constit- 
uents  of the mitochondrial  membrane {19}, can act ivate 
the enzyme to a limited extent .  Phosphatidylcholine is 
one of the major lipids of mitochondria (19) and addition 
of sonicated phosphatidylcholine markedly act ivated the 
purified cytochrome c oxidase. The lysosphingolipids 
showed a clear inhibitory effect on this enzyme prepara- 
tion, which suggests tha t  the physiological lipid environ- 
ment  of the enzyme is necessary for lysosphingolipids to 
inhibit cytochrome c oxidase. 

On the other hand, galactosylsphingosine and glucosyl- 
sphingosine caused hemolysis as reported b y  Taketomi  
and Nishimura (20) and by Taketomi and Yamakawa (21), 
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FIG. 5. Thin layer chromatogram of lipids recovered in the ultrafil- 
trate after mixing with no proteins (lanes 1 and 4), with albnmln panes 
2 and 5} and with y-globulin (lanes 3 and 6). More than 50% of the 
control (lanes I and 4) of galactosylsphingosine (Gal-sph) or glucosyl- 
sphingosine (Glc-sph) are found in lanes 3 and 6 but less than 3% 
of the control in lanes 2 and 5. 

respectively. In  addition, we found tha t  sphingosine also 
causes hemolysis. The mechanism of hemolysis is unclear, 
bu t  obviously these lysosphingolipids can disrupt  the 
e ry th rocy te  membrane .  

Tak ing  these findings together ,  i t  seems possible t ha t  
lysosphingolipids inhibit  cy tochrome c oxidase by  per- 
turbing its environment  in mitochondrial membrane.  The 
p r ima ry  a t t ack ing  si te of lysosphingolipids m a y  be the 
membrane  s t ruc ture  of the cell, including mitochondria.  
However,  i t  appears  t ha t  not  all membrane-bound en- 
zymes  are equally affected b y  lysosphingolipids.  For  in- 
stance, inhibition of NADH-cy toch rome  c reductase  by  
galactosylsphingosine was much  less than  t ha t  of cyto- 
chrome c oxidase (8), and galactosylsphingosine showed 
no consis tent  effect on Na, K-ATPase  of the e ry th rocy te  
membrane  (Igisu et  al., unpublished data}. Thus,  cyto- 
chrome c oxidase in mitochondria  appears  especially 
vulnerable to al terat ion of the membrane  caused by  
lysosph/ngolipids.  

The potency to hemolyze or to inhibit cytochrome c ox- 
idase did not  differ among  galactosylsphingosine,  gluco- 
sylsphingosine and sphingosine. This  indicates t ha t  the 
sphingosine moie ty  plays  an impor tan t  role in the above 
effects. Moreover,  since galactosylceramide showed 
nei ther  effect, the free amino group in the sphingosine 
moie ty  appears  responsible for either the inhibition of 
cy tochrome c oxidase in mitochondria  or the hemolysis.  

The finding tha t  a lbumin could counterac t  the effects  
of the lysosphingolipids m a y  be of clinical relevance. 
Albumin is synthesized only in liver, and af ter  being 

secreted it circulates in the bloodstream, but  does not  
enter cell (22,23). Therefore, albumin cannot  suppress the 
effects of lysosphingolipids within the cell, bu t  the toxic 
effects of these lipids m a y  not  become apparen t  in blood 
because of the presence of se rum albumin (>3 g/dl) (24). 
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Triterpene Alcohols, 4-Methylsterols and 4-Desmethylsterols 
of Eggplant Seed Oil. a New Phytosterol 
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Laboratoire de Chimie Organique des Substances Naturelles, Universite, Avenue de Villeneuve, F66025 Perpignan, France 

4-Desmethylsterols, 4-methylsterols and trlterpene alco- 
hols of eggplant seed oil were isolated and characterized 
by ~H nuclear magnetic resonance (NMR) and mass spec- 
trometry. In addition to several compounds that have 
been shown to be present in eggplant seed oil, one 
triterpene alcohol and three sterols are described for the 
first time. One of these sterols, 14a-methyl-5a-cholest- 
9(11)-en-3f3-ol, never before had been observed in plant 
lipids. 
Lipids 23, 349-354 (1988). 

This paper reports the study of the composition of 4- 
desmethylsterols, 4-methylsterols and triterpene alcohols 
of eggplant seeds (Solanurn melongena L., Solanaceae). 
This plant is not used as a fat supply, and very few 
studies have been carried out on the sterolic and triter- 
penic composition of the lipid fractions of its seeds (1-5). 
Previous studies report only frequently found compo- 
nents, and our aim was to confirm prior investigations 
and to identify minor compounds. Since gas liquid chro- 
matography {GLC) determination of relative retention 
time (RRT} of compounds is not sufficient proof of struc- 
ture, a nonambiguous identification was performed by 
mass spectrometry (MS) and proton nuclear magnetic 
resonance {NMR); the latter technique required separa- 
tion of pure components. 

MATERIALS AND METHODS 

Eggplant seeds were separated from the pulp of mature 
fruit by flotation in water and dried in an oven. They then 
were finely ground and Soxhlet extracted for 24 hr by hex- 
ane, producing a dark oil containing 1.8% of unsaponifi- 
ables after saponification with a 1 M solution of alcoholic 
potash. Thirty g of neutral alumina (E. Merck, Da rm-  
stadt, FRG) hydrated at 5% were used to chromatograph 
1 g of the unsaponifiable fraction. The elution was car- 
ried out sequentially, first by pure hexane and then by 
hexane/diethyl ether mixtures of increasing polarity. The 
triterpene alcohols, eluted by a 80:20 mixture (v/v), repre- 
sent 12% of the unsaponifiable lipids; the 4-methyl-sterols 
{22%) were eluted by a 70:30 mixture, and finally a 60:40 
mixture separated the 4-desmethylsterols (30%). A GLC 
chromatogram of each fraction was taken {Delsi chroma- 
tograph equipped with a OV1701 capillary column [25 m 
long and 0.32 mm i.d.], vector gas was helium [1 bar 
pressure], oven temperature was 270 C; oven temperature 
of injector and detector was 350 C). The RRT are ex- 
pressed relative to cholesterol. 

The triterpene alcohols (TA) were fractionated first by 
thin layer chromatography {TLC) on 0.2 mm-thick silica 

*To whom correspondence should be addressed. 
Abbreviations: DS, 4-desmethylsterols; TA, triterpene alcohols; MS, 
4-methylsterols; TMS, tetramethylsilane; GLC, gas liquid chroma- 
tography; HPLC, high performance liquid chromatography; MS, 
mass spectrometry; NMR, nuclear magnetic resonance; RI, refrac- 
tion index; RRT, relative retention time; TLC, thin layer chroma- 
tography. 

gel plates impregnated with silver nitrate (6,7). The elu- 
tion was performed by four successive developments in 
CCL/CH2C12 (5:1, v/v). It  must be pointed out that unlike 
the 4-desmethylsterols, acetylation is not necessary for 
good separation. The bands were visualized under UV 
light at 360 nm after spraying the plate with a 0.05% 
alcoholic solution of 2',7'-dichlorofluorescein. The main 
bands were scraped off and extracted three times with 
hot chloroform. The resultant solution was filtered, 
evaporated, and the purity of the three fractions thus ob- 
tained was checked by GLC. The second and third frac- 
tions corresponded to pure compounds (5h and 5c). The 
first fraction, which yielded two other pure components 
4a and 5a, was analyzed by high performance liquid 
chromatography (HPLC) (Waters chromatograph equip- 
ped with a Merck Lichrosorb RP18 t ~ column, 25 cm long 
and 4 mm i.d.; detection by refraction index (RI) varia- 
tion; the mobile phase was anhydrous methanol at a 
flowrate of 0.8 ml/mn). The TA occurring in proportions 
less than 1.5% were not isolated. The four TA were 
studied by proton NMR and as tetramethylsilane {TMS) 
derivatives by mass spectrometry. The mass spectro- 
meter was a Ribermag instrument (electron impact, 
70 eV); the NMR instrument was a Bruker AC 360; spec- 
tra were taken in CDC13 solution with TMS as internal 
standard. 

The 4-methylsterols (MS) were separated by semipre- 
parative HPLC (Merck Lichrosorb RP18 7 ~ column, 
25 cm long and 10 mm i.d.; the mobile phase was anhy- 
drous methanol with a flow rate of 4 ml/mn). Each frac- 
tion was purified by analytical HPLC; four major MS 3a, 
3c, 3e and 3f were obtained pure. MS present in concen- 
trations less than 2% were not isolated. 

The 4-desmethylsterols (DS) first were separated by 
semipreparative HPLC, the five fractions thus obtained 
were analyzed by GLC and compared with the chromato- 
gram of the whole DS fraction. The last two fractions 
were purified by analytical HPLC; the first three, which 
are mixtures, were acetylated overnight by acetic an- 
hydride/pyridine at room temperature (6) and subjected 
to argentation TLC; elution was performed by six con- 
secutive developments in CC1JCH2C12 (5:1, v/v). The major 
hands were scraped and then extracted by chloroform. 
The resultant solutions were filtered, evaporated, and the 
sterol acetates saponified. Purity was checked by GLC. 
All these procedures led to eight different sterols: la, lb, 
lc, ld, le, lf, lg and 2a, which were studied by mass spec- 
trometry and proton NMR. All DS representing more 
than 1% of the total sterolic fraction were isolated. 

RESULTS 

The isolated compounds were identified by analysis of the 
mass and proton NMR spectra, and by comparing the 
measured RRT with those reported in the literature (8,9). 

The systematic study of the NMR spectra showed that 
seven of the eight isolated DS (la to lg) possessed an in- 
tracyclic double bond in 5 (Scheme 1), according to the 
typical chemical shifts of H~ and of the methyl groups 
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18 and 19 as shown in Table 1. This was confirmed by 
the mass spectra of the TMS derivatives of these DS 
(Table 2) leading, among others, to the ions of mass M-I29 
and 129 (10). The side chain of each of these seven DS 
was cleaved in mass spectrometry, with peak 255 (M*-SC - 
TMSOH) always being observed; its formula was easily 
deduced from M+-255+90. The location of the possible 
double bond was indicated in NMR by the chemical shifts 
and the signal multiplicity of the ethylenic protons. The 
configuration of C-24 was established, if necessary, ac- 
cording to the chemical shifts of methyl  groups 21, 26, 

27 and 28 (or 29) and compared with literature data  
(11-14): the methyl  or ethyl subst i tuent  was a in every 
case (24R for lb, le and 24S for ld), except for lg  where 
it was/3 (24S); it corresponded to the biosynthesis of these 
structures as reported by Benveniste (28). 

Sterol 2a had a molecular mass of 472 (TMS derivative), 
which corresponded to a compound having 28 carbon 
atoms and a single double bond. The chemical shift of the 
intracyclic double bond ethylenic proton was 5.288, which 
did not correspond to a double bond in 5 (H-6:6 -- 5.34 
to 5.39) (15-16) or in 7 (H-7:6 = 5.14 to 5.16) (17,18). This 
led us to consider a double bond in 9 (11), rarely en- 
countered in sterols but  recently reported by Akihisa 
et al. (19), who observed a chemical shift of 5.29 for the 
H-11 proton of 2d. Benveniste and Rahier (personal com- 
munication) found a chemical shift of 5.289 for the H-11 
proton of synthetic 4a,14a~limethyl-5a~ergost-9(11)-en-3~- 
ol acetate, while Gupta  and Gupta  (20) observed the cor- 
responding signal at 5.35 in 5a-stigmasta-9(ll),22-dien-3fJ- 
ol acetate. The cleavage of the side chain in mass spec- 
t roscopy (peaks 359 and 269) indicates a sa turated side 
chain containing only eight carbon atoms, implying a 
20-carbon a tom nucleus. The NMR spectrum showed 
three singlets corresponding to nuclear methyl  groups 
(6 -- 0.661, 0.965, 0.750); the H~-3 signal actually was a 
triplet of triplets, which excluded the s tructure of a 
4-methylsterol, so the third methyl  group must  be in 14. 
I t  is pointed out that  in mass spectrometry the M-Me 
peak is 100, which is characteristic of 14a-methylsterols 
(21). We thus suggest  the 14a-methyl-5a-cholest-9(ll)- 
en-3f~ol structure to take into account these observations. 
To our knowledge, this sterol has not yet  been described 

TABLE 1 

'H NMR Data (360 MHz) of Eggplant Seed 4-Desmethylsterols 

Chemical shifts (6 ppm) 

Protons la lb lc lda le If lg  b 2a c 

CH3 18 r 0.674 0.681 0.684 0.700 0.681 0.678 0.671 0.661 
CH3 19 (s) 1.002 1.008 1.011 1.012 1.009 1.003 1.010 0.965 
CH~ 21 (d) 0.908 0.911 0.949 1.021 0.921 0.940 0.904 0.979 

J (Hz) 6.8 6.4 6.3 7.0 6.6 6.6 6.4 6.1 
CH~ 26 r 0.860 0.851 1.027 0.847 0.835 0.970 1.565 0.870 

J (Hz) 6.8 6.8 6.9 6.4 7.3 7.2 6.8 
CH~ 27 r 0.860 0.803 1.022 0.797 0.815 0.970 0.864 

J (Hz) 6.8 6.3 6.9 6.7 7.3 7.2 6.5 
H/CH3 28 0.773 4.659/ 5.097 

J (Hz) 6.4 {4.713) 6.7 
CH~ 29 0.806 0.845 1.581 0.801 

J (Hz} 7.4 7.7 6.7 7.3 
H 3 (tt) 3.514 3.519 3.515 3.518 3.524 3.512 3.516 3.586 

J (Hz) 10.6 11.2 10.1 10.9 10.9 11.6 10.8 10.0 
4.7 5.6 4.3 4.7 4.3 4.9 4.2 5.2 

H 6 {d) 5.345 5.347 5.353 5.343 5.349 5.340 5.346 
J (Hz) 5.1 5.1 4.7 4.7 5.4 5.2 4.9 

H 11 (d) 5.288 
J (Hz) 5.9 

aH 22,23:5.022/5.164 (dd, J = 15.2, J = 8.5 Hz). 
bCH2 27: 4.636/4.723. 
cCH3 32: 0.750. 
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in a p lan t  bu t  has  recent ly  been repor ted  by  Goad  et  al. 
{22,23) in a sea animal {sea cucumber ,  Psolus fabricii). Our 
mass  spec t rome t ry  {TMS derivative) and N M R  (free DS) 
d a t a  are in good  ag reemen t  wi th  those  r epor ted  by  these  
authors,  who studied aceta tes  or free sterols. {The various 
spect ra l  and c h r o m a t o g r a p h i c  d a t a  are r epor ted  in 
Tables  1 and  2.} 

On c o m p a r i n g  our  resu l t s  wi th  those  in the  l i te ra ture  
{1,2) for eggp lan t  seed 4-desmethylsterols ,  we confi rm the  
presence  of  cholesterol  la,  campes te ro l  lb ,  s t i gmas te ro l  
ld ,  s i tos terol  le,  i sofucosterol  If .  The  {24S) s t igmas ta -  
5,25<lien-3~-ol lg,  and the 24-methylenecholesterol  l c  had  
no t  been reported previously in eggplan t  seed oil. The 14a- 
methylcholest-9{ll}-en-3/3-ol 2a p r o b a b l y  was  confused  
wi th  brass icas te ro l  {1). 

The  four  isola ted 4-methyls te ro ls  have  the  nucleus  of 
4a-methyl-5a-cholest-7-en-3/~-ol or lophenol  accord ing  to  
the  chemical  shif t  values  of  me thy l  g roups  in 18 and  19, 
as well as t h a t  of H-7. The  s t ruc tu re  of  the  side chain was  
deduced f rom the  mass  spec t ra  and f rom the  N M R  s t u d y  
of  the  e thylenic  region {Tables 3 and  4). This  was  con- 
f i rmed in m a s s  s p e c t r o m e t r y  by  in tense  f r a g m e n t s  
charac ter i s t ic  of h 7 sterols.  I n  each case, we observed  the  
typ ica l  peaks  {24,25) M + - SC, M § - SC - ROH,  M § - 
SC - 2H - ROH.  The  isola ted c o m p o u n d s  were 4a- 
methyl-5a-cholest-7-en-3~-ol (or lophenol,  3a), 4a-methyl-  
5a-ergosta-7,24(28)-dien-3/~-ol (or 24-methylenelophenol ,  

3c), {24R) 4a-methyl-5a-stigmast-7~en-3~-ol {or 24R-ethyl-  
lophenol,  3e) and  (24Z) 4a-methyl-5a-st igmasta-7,24(28)-  
dien-3/J-ol {or citrostadienol,  3f). We could no t  isolate some 
minor  MS as repor ted  by  I t o h  et  al. {31, a m o n g  which was  
4a, 14a-dime~thylcholest-9{ 11)-en-3/~-ol recorded at  a t race  
level. 

The four  T A  have  a side chain of  e ight  or  nine ca rbon  
a t o m s  accord ing  to  their  m a s s  spec t ra  (Table 51, three  of  
them,  5a, 5c and  5h, be long to  the  cyc loa r t ane  series 
because  of  their  specific c leavages  in m a s s  s p e c t r o m e t r y  
{M + - C 9 H , 4  - TMSOH} and of  the  character is t ic  signals 
of cyc lopropanic  p ro tons  in N M R  {Table 6). These  d a t a  
and  even tua l ly  the  e thylenic  p ro ton  p a t t e r n s  al lowed an 
easy  ident i f ica t ion of cyc loar tano l  (5a), cyc loar tenol  (5h) 
and 24-methylenecycloar tanol  {5c). The au thors  who have 
s tud ied  N M R  spec t ra  of cyc loar tano l  and  i ts  der iva t ives  
(e.g. 4,36-42) r epor ted  the  same  set  of values  for the  
chemical  shif ts  of m e t h y l  g r o u p s  18, 30, 31, 32, bu t  the  
corre la t ions  differ. The  values  we propose  are ba sed  on 
the  work  by  I ida  and  Kikuchi  {43), who s tudied  N M R  
spec t ra  of  5a, 5h and 5c in solut ions  con ta in ing  increas- 
ing  a m o u n t s  of  t r i - (d ip ivalomethanato)europium,  which 
allowed a n o n a m b i g u o u s  p ropos i t ion  for m e t h y l  g roups  
chemical  shifts.  These  f indings  are conf i rmed by  N M R  
d a t a  {19,44) re la t ive  to  der iva t ives  of pol l inasterol  (14a- 
methyl-9(19)cyclocholestan-3/~-ol), which  lacks 30 and  31 
me thy l  groups .  The  fou r th  TA,  4a, even t h o u g h  be ing  

TABLE 2 

Eggplant Seed 4-Desmethylsterol Data 

GLC HPLC Mass spectra of TMS derivatives 
Name RRT RRT and some diagnostic ions 

Cholesterol 1.0 1.0 
la 

14a-Methyl-5a- 1.12 0.84 
cholest-9(11 Fen-3/3-ol 

2a 

Campesterol 1.24 1.09 
lb 

24-Methylene- 1.24 0.94 
cholesterol le 

Stigmasterol 1.32 1.00 
Id 

Sitosterol 1.53 1.18 
le 

Stigmasta-5,25- 1.53 0.94 
dien-3~-ol lg 

Isofucosterol 1.57 0.94 
If 

458 (12), 443 (6), 368 (40), 353 (23), 329 (54), 255 
(13), 247 (C,.H3,, 12), 228 (5), 213 (12), 129 (100) 

472 (41), 457 (100), 382 (2), 367 (77), 359 (M - SC, 3) 
317 (M - cycle D - H, 4), 303 (M - cycle D - Me, 2), 291 
(M - C,3H25, 4), 269 (5), 241 (3), 227 (12), 213 
(M - cycle D - Me - ROH, 12), 209 (C,5H29, 10), 201 
(291 - ROH, 14) 

472 (16}, 457 (9), 382 (39), 367 (20), 343 (58), 261 
(C,9H~3, 12), 255 (17), 227 (6), 213 (13), 129 (100) 

470 (8), 455 (4), 386 (M - C~H,, - H, 26), 380 (12), 
371 (M - C,H,3 - 2H, 7), 365 (7), 343 (M - SC - 2H, 14), 
341 
(11), 296 (386 - ROH, 11), 281 (371 - ROH, 7), 255 (6), 
253 (343 - ROH, 11), 228 (3), 213 (7), 129 (100) 

484 (23), 394 (31), 379 (13), 355. (12), 351 
(M - C3H,, 18), 283 (M - C8H,5, 7), 255 (43), 253 
(M - SC - 2H - ROH, 12), 228 (9), 213 (12), 129 (100) 

486 (13), 471 (7), 396 (30), 381 (14), 357 (46), 
255 (10), 228 (2), 213 (12), 129 (100) 

484 (26), 469 (4), 394 (19), 386 (M - C,H,4, 5), 379 
(9), 371 (M - C,H,,, 5), 355 (11), 343 (M - SC - 2H, 7) 
296 (386 - ROH, 2), 281 (371 - ROH, 3), 255 (6), 253 
{343 - ROH, 8), 228 (3), 213 (7), 129 (100) 

484 (8), 469 (6), 394 (10), 386 (M - C,H,4, 84), 371 
(II), 355 (I0), 296 (386 - ROH, 65), 281 (M - C.H,7 - 
ROH, 45), 255 ~11), 253 (M - SC - 2H - ROH, 10L 228 {7), 
213 (13), 129 (I00) 
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T A B L E  3 

E g g p l a n t  Seed 4-Methyls tero l  D a t a  

GLC Mass  Spec t ra  of T M S  der iva t ives  
Name  RRT and  some d iagnos t ic  ions 

Lophenol  1.37 
3a 

24-Methylenelophenol  1.68 
3c 

24-Ethyl lophenol  1.87 
3e 

Ci t ros tadienol  1.94 
3f 

472 (100), 357 (13}, 382 (8), 367 (12), 359 (4), 
269 (31), 227 (12) 

484 (43), 569 (6), 400 (M -- C~H12, 86), 394 (12}, 379 (13}, 
357 (100}, 310 (400 - ROH, 25), 267 (11), 242 (18), 
227 (21) 

500 (100), 485 (12}, 410 (7), 395 (9), 381 (M - E t  - ROH,  2) 
359 (M -- SC, 5), 302 (3), 269 (M -- SC - ROH, 40}, 242 (3), 
227 (16) 

498 (8}, 483 (6}, 400 (M - C7H,3 - H, 86}, 393 (4), 385 (M - 
CsH,5 - 2H, 5}, 357 (M - SC - 2H, 100), 310 (400 - ROH,  6), 295 
(385 - ROH,  8), 267 (357 - ROH, 13), 241 (9), 227 (11) 

T A B L E  4 

~H NMR Data (360 MHz) of Eggplant Seed 4a-Methylsterols 

Chemical  sh i f t s  (d ppm) 

P r o tons  3a 3c 3e 3f 

CH3 18 (s} 0.533 0.537 0.535 0.538 

CH~ 19 (s) 0.827 0.826 0.827 0.828 

CH3 21 (d} 0.987 0.952 0.926 0.953 
J (Hz) 6.3 6.4 6.5 6.5 

CH3 26,27 0.867/0.863 1.025/1.020 0.836/0.816 0.977 
J ( H z )  6.7 6.5 6.9 6.8 6.1 7.6 7.2 

CH3 30 (d) 0.918 0.985 0.989 0.989 
J (Hz) 5.8 6.4 6.5 6.3 

H 3 (dt} 3.118 3.120 3.125 3.125 
J (Hz) 10.6/4,7 10.1/4.3 10.9/4.3 10.8/4.2 

H 7 (d} 5.177 5.182 5.184 5.188 
J (Hz) 5.2 5.3 5.9 6.0 

H 28 4.657/4.713 5.109 

CH3 29 0.845 1.590 
J (Hz) 8.6 6.7 

T A B L E  5 

E g g p l a n t  Seed Tr i te rpene  Alcohol  Data 

GLC M a s s  spec t ra  of T M S  der iva t ives  
N a m e  RRT and  some d iagnos t ic  ions 

Dihydro lanos te ro l  1.37 500 {24}, 485 (22}, 395 (100), 297 (1), 273 (M - C,oH,, - 
4a ROH,  2), 269 (M - C,oH2o - H - ROH,  1.5), 255 (M - C1~H2~ - H - 

ROH,  4), 241 (M - Cl1H~2 - Me - ROH,  7) 

1.55 500 (4}, 485 (7), 410 (90), 395 {62}, 367 (M - C3H, - ROH,  
6), 341 (M - CsH9 - ROH,  44}, 297 (13), 288 (M - C9H14 - ROH, 
23), 255 (M - CHH23 - ROH,  3), 241 (M - CHH22 - Me - ROH,  3) 

1.73 498 (4), 483 (5), 408 {83}, 393 (46}, 365 (M - C~H7 - ROH,  
58}, 339 (M - C5H9 - ROH,  26), 297 (5), 286 (M - C9H,4 - ROH,  
14), 255 {4), 241 (4) 

1.97 512 (2), 497 (3), 422 (38), 407 (19}, 379 (31), 353 (8), 
339 (2), 323 (2), 300 (12), 297 (8), 255 (3), 241 (3) 

C y d o a r t a n o l  
5a 

Cycloar tenol  
5h 

24-Methylenecyclo- 
a r tanol  5c 
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TABLE 6 

'H NMR Data (360 MHz) of Eggplant Seed Triterpene Alcohols 

Chemical shifts (d ppm) 

Protons 4a 5a 5c a 5h b 

CH3 18 (s) 0.686 0.967 0.968 0.964 
CH3/CH2 19 1.001 0.553/0.332 0.560/0.329 0.557/0.327 

J (Hz) 4.4 4.3 3.9 
CH3 21 (d) 0.888 0.861 0.897 0.882 

J (Hz) 6.7 6.6 6.5 5.9 

CH3 26,27 0.866 0.865/0.870 1.025/1.030 1.604/1.683 
J (Hz) 6.6 6.6 6.9 

CHa 30 (s) 0.982 0.962 0.968 0.965 

CH3 31 (s) 0.811 0.810 0.799 0.809 
CH3 32 (s) 0.877 0.892 0.900 0.882 
H 3 (dd) 3.237 3.286 3.281 3.280 

J (Hz) 11.3/4.4 10.8/4.2 10.3/4.2 9.8/3.9 

aH 28: 4.663/4.716. 
bH 24 {t): 5.101 {J -- 6.8 Hz). 

TABLE 7 

Percent Composition of Sterols and Triterpene Alcohols of Eggplant Seed 

4-Desmethylsterols: 47.0% 

Cholesterol 4.1 
14a-Methylcholest- 
9(ll)-en-3~-ol 0.5 
Campesterol and 
24-Methylenecholest. 5.2 
Stigraasterol 3.8 
Sitosterol and stigmasta- 

5,25-dienol 30.3 
Isofucosterol 3.0 
Unknown 0.1 

4-Methylsterols: 3 4 . 0 %  Triterpene alcohols: 19.0% 

Lophenol 3.0 Dihydrolanosterol 2.4 
24-Methyleneloph. 2.3 Cycloartanol 9.9 
24-Ethyllophen. 1 8 . 3  Cycloartenol 5.8 
Citrostadienol 6.8 24-Methylene- 
Unknown 3.6 cycloartanol 0.3 

Unknown 0.6 

chemical shift  values of the methy l  groups  18, 19 and 32 
are in agreement  wi th  a A s lanostane nucleus s t ruc ture  
(35); 4a is therefore the 24,25-dihydrolanosterol.  

This s tudy  completes  our knowledge of eggplant  seed 
oil sterolic compounds,  and Table 7 summarizes  the qual- 
i ta t ive and quan t i t a t ive  composi t ion of this fraction. 
Components  2a, lc, l g  and 5c never  have been repor ted  
in tha t  oil, and 14a-methyl-5a-cholest-9(ll)-en-3~-ol 2a 
been described among  plant  sterols; i t  belongs to 14a- 
methyl-h9(")-sterol series, a member  of which (2e) recently 
has been described by  Akihisa  et  al. (19) in Cucumis  
sa t i vus  aerial par ts .  

The biosynthetic pa thway  seems to be usual (26-28) for 
the mos t  abundan t  sterols. Note  the presence of 4a, a 
lanostane series compound.  This type  of skeleton fre- 
quent ly is found in botanical  families such as Solanaceae 
(29); the origin of lanostane- type  compounds  is a lways a 
m a t t e r  of cont roversy  (30). The A s unsa tura t ion  can be 
produced either by  a direct cyclization of squalene epox- 
yde, as it is the  rule in nonphotosynthe t ic  organisms,  or 

by  opening of the cyclopropane ring of cycloartenol 5h 
or i ts  derivatives;  t ha t  p a t h w a y  could be demons t ra t ed  
in vivo (31) and even in vi t ro  on Euphorbiaceae  la tex  
(32,33). Similar problems arise for the A 9('1) sterol 2a, 
related to the tr i terpene parkeol (5a-lanosta-9(11),24-dien- 
3~-ol). I f  evolution of the side chain and the loss of methyl  
groups  in 4 p resumably  are performed in the usual  way, 
the h 9(m double bond could have several origins. The first  
eventua l i ty  implies a migra t ion of lanosterol  (or a h s 
sterol) double bond towards  the h 9('" position; this is in 
contradiction with a very recent work by  Akhfla et al. (45), 
who studied the biosynthesis of 5a-stigmast-9(11)-en-3/~-ol 
in Cos tus  spec iosus  fed with labeled mevalonate .  These 
authors  observed tha t  a t r i t ium atom, coming f rom the 
carbon a tom in 9, was  found in the 8-position af ter  the  
rear rangement ,  which excludes a h S intermediate .  A 
second eventual i ty  corresponds to a direct format ion  of 
parkeol  f rom squalene epoxyde, the  final r ea r rangement  
involving one more bond than  in lanosterol  b iosynthesis  
in nonphotosynthe t ic  species, bu t  we could not  find 
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p a r k e o l  in  T A  f r ac t i on  of  e g g p l a n t  seed  oil. A t h i r d  even-  
t u a l i t y  is  t h e  o p e n i n g  of  a 9,19 c y c l o p r o p a n e  r i n g  to  g ive  
a h 9"'~ s te ro l .  Such  a p o s s i b i l i t y  has  been  shown  to  occur  
in v i t r o  b y  ac t ion  of  a s t r o n g  ac id  {34}. A s imi la r  t r ans fo r -  
m a t i o n  could  af fec t  cyc loa r t eno l  or  i t s  m e t a b o l i t e s  in t he  
S o l a n a c e a e  f a m i l y  {29}. 
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A New Quantitative Method for the Analysis of Monoacylglycerol 
Isomers Using '3C Nuclear Magnetic Resonance Spectroscopy' 
R.D. Dawe and J.L.C. Wright* 
National Research Council of Canada, Atlantic Research Laboratory, 1411 Oxford St., Halifax, Nova Scotia, Canada, B3H 3ZI 

Current methods for determining the regiochemistry of 
monoacylglycerols are lengthy, tedious and aggravated 
by the ready isomerization of 2-acyl-sn-glycerols. A new 
method employs a very rapid adsorption chromatography 
step in which isomerization is kept to a minimum, fol- 
lowed by formation of the isopropyHdene derivatives 
using mild procedures. These cyclic derivatives of 1- and 
�9 acyl-sn-glycerols and 2-acyl-sn-glycerols are stable ther- 
madly and display certain characteristic 13C NMR reson- 
ances. Integration of these resonances yields directly the 
proportion of monoacylglycerol isomers in the mixture. 
The method was applied to the analysis of monoacyl- 
glycerols produced by enzymatic hydrolysis of synthetic 
and naturally occurring triacylglycerols. 
Lipids 23, 355-358 (1988). 

Fat ty  acid monoesters of glycerol can differ in the loca- 
tion of the fatty acid residue (1- or 3-acyl-sn-glycerols or 
2-acyl-sn-glycerol) and in the chain length and degree of 
unsaturation of the fatty acid residues. For the purpose 
of the following discussion, the two regiochemically dis- 
tinct species will be referred to as 1- and 2-monoacyl- 
glycerols, respectively. Such compounds, together with 
diacylglycerols, find wide use in the food industry to facili- 
tate more homogeneous and more easily processed foods. 
In biology, monoacylglycerols are important intermedi- 
ates and products of many lipid reactions. Character- 
ization of monoacylglycerols, therefore, is important for 
process control in industry and in defining their role and 
distribution in the cell. 

A number of methods have been developed to determine 
the proportions of 1- and 2-monoacylglycerols in a mix- 
ture including periodate oxidation (1}, thin layer chroma- 
tography (TLC} on boric acid-impregnated silica gel (2,3}, 
gas liquid partition chromatography ~GLC) of tetra- 
methylsilyl derivatives (3-5} and high pressure liquid 
chromatography (HPLC) (6-8}, which has not yet fulfilled 
its obvious potential. However, the periodate method is 
tedious and prone to errors due to isomerization through 
intramolecular acyl migration (9), quantitation by TLC 
has been questioned (6}, and the GLC method proved 
more sensitive to the chain length of the acyl chain than 
its position on glycerol (4}. Conversion of monoacyl- 
glycerols to allyl esters, before and after periodate oxida- 
tion, apparently provided quantitative information not 
only on monoacylglycerol composition but also the fatty 
acid distribution in each type of monoacylglycerol (10). 

*To whom corresponderlce should be addressed. 
'NRCC No. 28475. 
Abbreviations: AT, acquisition time; DMP, 2,2-dimethoxypropane; 
FA, flip angle; GLC, gas liquid chromatography; HPLC, high per- 
formance liquid chromatography; PPTA, pyradinium p- 
toluenesulfonate; RT, repetition time; SW, sweep width; TLC, thin 
layer chromatography. 

The purpose of this communication is to report an alter- 
native quantitative method of determining the propor- 
tions of 1- and 2-monoacylglycerols by converting them 
to five- and six-membered cyclic isopropylidene deriva- 
tives, respectively, and subsequently identifying and esti- 
mating their proportions through integration of the char- 
acteristic quaternary acetal carbon resonances in the 13C 
NMR spectrum. This nondestructive method has addi- 
tional advantages that accrue from a mild derivatization 
procedure that precludes intramolecular acyl migration 
in the monoacylglycerols, and the insensitivity of the 
quaternary acetal carbon resonances to the nature of the 
acyl residues in the derivatives. 

MATERIALS AND METHODS 

Materials. Pancreatin (Grade II, porcine pancreas), mono- 
palmitoylglycerol, trilinolenoylglycerol and tricaproyl- 
glycerol were obtained from Sigma Chemical Co. (St. 
Louis, MO). Peanut oil was purchased from BDH Chem- 
icals (Toronto, Ont.), and olive oil and coconut oil were 
obtained as commercial food-grade oils. 

Instrumentation. GLC analyses were performed using 
a Varian 3400 operating in the FID mode and equipped 
with a fused silica capillary column (30 m X 0.25 mm) 
liquid phase DB-5, carrier gas He, flow rate 3 ml/min, in- 
jection port 310 C, detector 310 C, operation was pro- 
grammed from 150-270 C at 5 C/rain. All samples for 
NMR analyses were dissolved in CDCL3 using TMS as 
internal standard. Pulse Fourier Transform 1H NMR 
spectra were recorded at 300 MHz at ambient tempera- 
ture using a Bruker model MSL 300 spectrometer, sweep 
width (SW) 4504 Hz, data size 16384 Hz, acquisition time 
(AT) 1.82 s flip angle (FA) 90 ~ repetition time (RT) 6.8 
sec. 13C NMR spectra were recorded either at 20 MHz at 
ambient temperature using a Varian FT 80A spectrom- 
eter, SW 4132 Hz, AT 0.99 s, FA 40 ~ pulse delay (PD)0 
s, IH broadband decoupling, or at 75.4 MHz using a 
Bruker model MSL 300; spectral width 16.7 KHz, data 
size 16 K zero-filled to 32 K [1.00 Hz/pt.], 30 ~ pulse, (RT) 
1 s, ~H broadband decoupling, 5 mm tubes. Some spec- 
tra also were recorded with samples containing chromium 
(III) acetylacetonate (5 mg/ml), PD 2 s, and suppression 
of Nuclear Overhauser Enhancement (NOE) for com- 
parison of '3C intensities. 

Mass spectra were obtained with a DuPont model 
21-110B double-focusing spectrometer used in the elec- 
trical detection mode, 8 kV accelerating voltage, 70 eV 
ionizing energy. Accurate mass measurements were made 
by peak matching against a perfluorokerosene reference. 

Enzymatic hydrolysis. Triacylglycerol (0.5 g) was 
suspended in a mixture of tris (hydroxymethyl) 
methylamine buffer (6 ml, 0.5 M, pH 7.5), aqueous CaC12 
(0.5 ml, 45% w/v) and aqueous sodium deoxycholate (2 
ml, 1% w/v). Pancreatin (0.5 g) was suspended in tris 
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(hydroxymethyl) methylamine buffer (3 ml, 0.5 M, pH 
8.0). The suspensions were warmed to 40 C, combined, 
and agitated for 10 min. The aqueous suspension was ex- 
tracted with dichloromethane (2 • 25 ml), washed with 
distilled water, dried (anhydrous Na2SO4) and evaporated 
to dryness. The residue was dissolved in diethyl ether/hex- 
ane (10:90, v/v), applied to a short silica gel (Mallinckrodt 
silicAR CC-7, 200-325 mesh} column (3 cm • 4.5 cm), and 
eluted under vacuum with portions (100 ml) of (a) diethyl 
ether/hexane (20:80, v/v}, (b) diethyl ether/hexane (50:50, 
v/v) and (c) diethyl ether. Fractions eluted with solvents 
(a), (b) and (c) contained fat ty acids and triacylglycerols, 
diacylglycerols and monoacylglycerols, respectively. Frac- 
tions were monitored by TLC (Merck pre~coated sheets, 
silica gel 60F-254: eluant ethyl acetate/hexane [50:50, 
v/v]). Evaporation of the diethyl ether fraction gave pure 
monoacylglycerol. 

Isopropylidene formation. The monoacylglycerol (0.13 
g) was dissolved in a mixture of dichloromethane (2 ml) 
and 2,2-dimethoxypropane (2 ml) containing pyridinium 
p-toluenesulfonate (0.01 g). The reaction mixture was 
maintained at ca. 35 C for two hr and then worked up by 
either method A or B. Method A: the reaction mixture 
was diluted with dichloromethane (30 ml), washed with 
aqueous NaHCO3 (15 ml, 5%), dried (anhydrous Na=SO4) 
and evaporated to yield the monoacylglycerol isopropyli- 
dene derivative (yield 95%}. Method B: solid NaHCO3 (ca. 
0.5 g) was added to the reaction mixture, which was 
stirred (10 min) and then evaporated to dryness. The 
residue was extracted with hexane (30 ml), filtered and 
evaporated to yield the monoacylglycerol isopropylidene 
derivative (yield 95%}. 

2,2-dimethyl-l,3-dioxan-5-yl hexanoate. Tricaproylglyc- 
erol (0.3 g) obtained from Sigma Chemical Co. was hydro- 
lyzed using porcine pancreatin, and the monoacylglycerol 
product (0.094 g) was treated with DMP and traces of 
PPTS as described above to yield the dioxane (0.108 g, 
95%}; Ureas(neat) 1735, 1375, 1172, 830 cm-'; 'H NMR 
(CDC13). AH 0.90 (3H, t, J = 6.6 Hz), 1.32 (6H, m), 1.44 
(6H, s), 1.65 (2H, m), 2.38 (2H, t, J = 7.5 Hz), 3.81 (2H, 
dd, J = 3.3 and 12.8 Hz) 4.09 (2H, dd, J = 3.3 and 12.8 
Hz), 4.70 (1H, t, J = 3.3 Hz); ~3C NMR (CDC13)6c c 
13.88(q, C-6'), 22.34(t, C-5'), 24.67(t, C-4'), 25.77(q, acetal 
Me), 31.34(t, C-3'), 34.29(t, C-2'), 62.04(t, glycerol CH2), 
66.07(d, glycerol CH), 98.45 (s, acetal C), 173.40 (s, car- 
bonyl); MS, M/Z 230 (M+, not observed), 215, 173, 99. 

RESULTS AND DISCUSSION 

pyridinium p-toluenesulfonate (PPTS) (15,16) or p-toluene- 
sulfonic acid, rapidly (ca. two hr) and cleanly converts 
1-monoacylglycerols 1 and 2-monoacylglycerols 2 to the 
respective isopropylidene derivatives 3 and 4 (Fig. 1}. 
These conditions do not promote isomerization, even after 
prolonged reaction times (e.g. eight hr). To our knowledge, 
2,2-dimethyl-l,3-dioxanes 4 have not been reported 
previously, and representative physical data are reported 
in Materials and Methods. 

During the course of the reaction, intermediates were 
observed by TLC, especially when a 2-monoacylglycerol 
was the substrate. 13C and 'H NMR showed these in- 
termediates to be the expected acyclic intermediates 5 and 
6 in this stepwise acetal-exchange reaction: the resonances 
6 c 48.46 and (~H 4.20 ppm were characteristic of a 
methoxyl group and the resonance at dc 100.36 ppm was 
assigned to the quaternary carbon of an acyclic acetal. 
These intermediates were converted to the cyclic diox- 
olane or dioxane products under the reaction conditions. 
The addition of a small amount of p-toluenesulfonic acid 
increased the rate of this conversion without affecting the 
nature of the products. 

Once formed, the isopropylidene derivatives 3 and 4 
freeze the distribution of monoacylglycerol isomers in the 
mixture. These derivatives also are quite stable at room 
temperature and can be readily analyzed by ~3C NMR 
spectroscopy (Fig. 2). The quaternary dioxolane or diox- 
ane carbons resonate at very different frequencies in an 
area of the spectrum that is virtually unique to this type 
of carbon, i.e. 95-115 ppm. The resonance frequency of 
the quaternary carbon of the dioxolane 3 (dc 109 ppm) 
and of the dioxane 4 (6c 98 ppm) are more than 10 ppm 
apart (17,18), and their chemical shift is independent of 
fat ty acid chain length. Thus, the ratio of 3 to 4 can be 
determined directly by integration of these two signals. 
It also is worth pointing out that in these derivatives the 
glycerol carbons of 3 (dc 64.59, 66.56 and 73.84 ppm) and 
4 (dc 62.04 and 66.07 ppm) are sufficiently distinct to be 
useful as an additional check on the quantitative results. 
For example, analysis of monolinolenoylglycerol, produc- 
ed by enzymatic hydrolysis of trilinolenoylglycerol, gave 
the following results (% of 2-monoacylglycerol): 78% 
{acetal carbon), 76% (C-1 and C-3), 76% (C-2), average 
76%. This compares with a value of 75% determined by 
GC analysis. The results of enzymatic hydrolysis of other 
triacylglycerols are shown in Table 1. 

Under the GLC conditions described here, the deriva- 
tized monoacylglycerols appeared as a pair of peaks in 

1-Monopalmitoylglycerol was obtained commercially, and 
2-monoacylglycerols were obtained by hydrolysis of _OCOR 
natural or synthetic triacylglycerols with porcine pan- ( DMP, PPTS 
creatin (11,12). Monoacylglycerols were isolated from the H0-~ 35C, 2h ) 
hydrolysis mixture in 10 min or less following rapid OH 
chromatography on a short dry-packed pad of silica gel. (I) 
Thus, exposure of the labile 2-monoacylglycerols to silica 
gel was kept to a minimum. 

2,2-Dimethoxypropane {DMP) has been used to make OH 
isopropylidene derivatives of 1,2- and 1,3-diols under very _ ~  DMP, PPTS 
mild conditions and in high yields (13). This reagent RCO0 ~ 35C. 2h ) 
readily derivatizes 2-monoacylglycerols, in contrast to OH 
acid/acetone, which promotes acyl migration rather than (2) 
formation of the isopropylidene derivative (10,14). In this 
approach, DMP in the presence of a catalytic amount of FIG. 1. 

~OCOR 

(51 (31 

OH 0 

RCO0 > RCO0 

~ " O X O M e  0 

(6) (4) 
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FIG. 2. 

TABLE 1 

Percentage of 2-acyl-sn-glycerol Produced by Deacylatioa of Synthetic 
and Natural Triglycerides with Porcine Pancreatin a 

Triacylglycerol Monoacylglycerol % 2-acyl-sn-glycerol c Reported b 

l(3)-monopalmitin 
(Sigma) 0 d 

Olive oil by enzymatic hydrolysis ~<97 d (94) 84 
Coconut oil by enzymatic hydrolysis 88 (90) 88 
Peanut oil by enzymatic hydrolysis 86 -- 
Tricaproylglycerol by enzymatic hydrolysis 92 (91) 63 

by enzymatic hydrolysis 
(30 rain) 88 (82) -- 

by enzymatic hydrolysis 
and adsorption on 
silica (60 rain} 74 (77) -- 

Trilinolenoylglycerol by enzymatic hydrolysis 75 59 

aEach hydrolysis was performed as described in Materials and Methods. Data are the result of 
at least two separate experiments. 
bProportion of monoacylglycerol isomers determined by the periodate method (11,12}. 
CRatios calculated from spectra recorded using standard conditions for proton noise decoupled (PND) 
spectra. The use of relaxation reagents [Cr(acac)4] and prolonged delay times, yielding normalized 
spectra gave the same values. The values in parentheses correspond to the ratios determined by 
GLC analysis. The ratio of 1-acyl-rac-glycerol to 2-acyl-sn-glycerol isopropylidene derivatives in 
the oils was calculated by comparing the total integrated area of peaks corresponding to each isomer. 
dOther isomer below detection limits. 

which the 1-monoacylglycerol derivat ive is eluted before 
the 2-monoacylglycerol derivative. In a {complex} mixture 
like coconut oil or olive oil, these isopropylidene deriva- 
tives were eluted as a series of pairs of peaks, each pair  
corresponding to  the na ture  and chain length of the at- 
tached fa t ty  acid. The proport ion of 1- and 2-monoacyl- 
glycerol derivatives in the mixture was calculated by com- 
paring the total  in tegrated area of peaks corresponding 
to each isomer. I t  is interest ing to note tha t  within error, 
the ratio of peaks for each pair in the mixture  appears 
to be the same. 

In all cases, the relative amounts  of 2-monoacylglycerol 
determined by  the 13C method were equal to or greater  
than  those determined by  the periodate method {11,12} 

{see Table 1}. I t  generally is assumed tha t  most  1-mono- 
acylglycerol arises from isomerization of 2-monoacyl- 
glycerol during the enzymatic  hydrolysis  or subsequent  
work-up {19}. Since the hydrolysis  used here was per- 
formed essentially as described, i t  appears tha t  t lds 
method permits  less isomerization during work-up and 
provides a more accurate representat ion of the ratio 
of 2- to 1-monoacylglycerols produced by  enzymatic  hy- 
drolysis. For  example, the improved yields of 2-mono- 
linolenoylglycerol and 2-monocaproylglycerol are particu- 
larly noteworthy,  as previous results were interpreted to 
mean tha t  these compounds are particularly susceptable 
to  isomerisation {19}. In fact, in this NMR method, there  
is almost  no isomerization of the 2-monoacylglycerol 
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following hydrolysis  of t r icaproylglycerol  {Table 1}. The 
lack of isomerizat ion m o s t  likely is due to the rapid 
ch roma tog raphy  s tep and the mild conversion to the 
isopropylidene derivative,  which is completely  res i s tan t  
to isomerizat ion even a t  room tempera ture .  

A higher proport ion of 1-monoacylglycerol also was 
formed af ter  hydrolysis  of coconut and peanut  oil. This 
was not  due to the  presence of 1-monoacylglycerol in the  
original mix tu re  since t r ea tmen t  of the natura l  oil with 
DMP/PPTS yielded a product displaying none of the char- 
acteristic NMR signals associated with the isopropylidene 
derivat ives.  In  the case of tr icaproylglycerol,  increasing 
enzyme react ion t ime to 30 rain or prolonged t r ea tmen t  
with DMP/PPTS had little effect on the monoacylglycerol 
ratio. I t  is more likely tha t  isomerizat ion occurs dur ing 
the chromatography step and prolonged exposure {one hr} 
of under ivat ized 2-monocaproylglycerol  to silica gel did 
increase the amount  of 1-monoacylglycerol. However,  if 
necessary the chromatography step can be eliminated, the 
hydrolysis products  derivatized directly, and the mixture  
analyzed in the usual  manner.  

This  nondes t ruc t ive  '~C N M R  method  utilizing the 
s table  isopropylidene der ivat ives  is a useful and conve ~ 
nient tool for analysis of monoacylglycerol mixtures.  The 
simplici ty of the  sample  handling combined with  the 
reliability of the resul ts  make it an a t t rac t ive  al ternat ive 
to current methods of analysis. The further utility of these 
isopropylidene derivat ives in GLC and GLC/MS analysis  
is also under investigation and shows some promise since 
the 1- and 2-monoacylglycerol der ivat ives  display dif- 
ferent  mass  spectral  f ragmenta t ion  pa thways .  
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A very sensitive high performance liquid chromato- 
graphic (HPLC} method was developed for the separation 
of a-tocopherol (a-T) and its five oxidation products: a- 
tocopheryl quinone (TQ), dimer (D), dihydroxy dimer 
(DHD}, trimer (T) and 9-methoxy-a-tocopherone com- 
monly called a-tocopheroxide (TO). The separation was 
achieved on a normal-phase silica-based column (Ultra- 
sphere-Si), using a mobile phase of hexane/chloroform! 
isopropanol (95:4.5:0.5, v/v/v) at a flow rate of 0.4 ml/min, 
and the eluants were monitored simultaneously at their 
maximum absorptions using a variable-wavelength UV 
detector. The minimum detection limit is 0.01 pg for a-T, 
TQ and TO, 0.05 pg for DHD and D, and 0.1 ~g for T/in- 
jection. This normal-phase method has the combined ad- 
vantages of being very sensitive, fast and capable of 
separating all six compounds at the same time. 
Lipids 23, 359-361 (1988). 

a-Tocopherol {a-T), a naturally occurring antioxidant, 
reacts with free radicals or oxidizing agents to form 
several oxidation products. Some of these oxidation prod- 
ucts include a-tocopheryl quinone (TQ), and dihydroxy 
dimer (DHD), dimer (D) and trimer (T) of a-tocopherol and 
9-methoxy-a-tocopherone commonly called a-tocopher- 
oxide (TO) (1-6). The first four of these oxidation products 
have been isolated as metabolites, and TQ was found to 
be the major metabolite (1,3,7). 

Quantitative determination of a-T and its oxidation 
products (TOP) can be used to measure the degree of cell 
membrane peroxidation and the metabolic pathways of 
a-T, and useful in the prediction of the stability of oils 
(7,8). Gas chromatography, column chromatography and 
thin layer chromatography were methods used commonly 
for the separation of a-T and TOP (9-12). These methods 
have serious limitations because of their comparatively 
low sensitivity, long analysis time and possibility of in- 
creased oxidation. Lately, various high performance 
liquid chromatographic (HPLC) methods have been ap- 
plied successfully to determine a-T in foods and feeds 
(13,14), and in tissues (15,16). HPLC methods also were 
reported for the simultaneous separation of a-T, TQ or 
TO (17-21) and for the separation of dimers of a-T (22). 

Currently, a HPLC method is not available in the 
literature for the simultaneous separation of a-T and its 
five oxidation products (TQ, DHD, D, T and TO) with a 
very high sensitivity. 

The present method is not only capable of simulta- 
neously separating a-T and its most important five ox- 
idation products in a single injection, but  it has higher 
sensitivity than the previously published methods. 

'Present address: Food Research Institute, Department of Food 
Microbiology and Toxicology, University of Wisconsin, Madison, 
WI 53706. 
*To whom correspondence should be addressed. 
Abbreviations: a-T, a-tocopherol; AUFS, absorption unit full scale; 
D, dimer; DHD, dihydroxy dimer; HPLC, high performance liquid 
chromatography; T, trimer; TO, a-tocopheroxide; TOP, a-T oxida- 
tion products; TQ, a-tocopheryl quinone. 

MATERIALS AND METHODS 

Reagents. a-T was purchased from Eastman-Kodak 
Company (Rochester, NY). Hexane (HPLC grade), 
methylene chloride (HPLC grade), methanol (ACS grade), 
ethanol (ACS grade) and diethyl ether (ACS grade} were 
purchased from Fisher Scientific Co. (Itasca, IL). Alumi- 
num oxide was purchased from Bio-Rad Laboratory 
(Richmond, CA). All other chemicals used were reagent 
grade. 

Synthesis and purification of  standard TOP. The TQ 
was synthesized by the method of Eggitt and Norris (23), 
DHD, D and T according to Csallany et al. (3) and TO 
by the modified method of Boyer {24}. Modification con- 
sisted of a change from ethanol to methanol in the syn- 
thesis of the compound. The TQ, DHD, D and T were 
purified by column chromatography on aluminum oxide, 
deactivated with 6% water, followed by HPLC on a 
250 m m •  10 mm {i.d.) C18 reversed-phase semiprepara- 
tory column packed with Ultrasfl-ODS (10 ~ }  (Beckman 
Instruments, Inc., Berkeley, CA). Purification of TO was 
carried out only on the above-mentioned reversed-phase 
C,8 column. Standard stock solutions were made weight 
by volume. The HPLC was performed with a mobile phase 
of methanol/hexane/methylene chloride (95:4:1, v/v/v) at 
a flow rate of 0.4 ml/min for the purification of TQ and 
TO, and a mobile phase of methanol/hexane/methylene 
chloride (30:21:1, v/v/v) at a flow rate of 1.5 ml/min for 
the purification of D, DHD and T. The absorption spec- 
trum of each purified compound was monitored by a DU-8 
Spectrophotometer (Beckman Instruments, Inc.), using 
a quartz cuvette (1 • 1 cm). 

HPLC equipment and conditions. The HPLC equip- 
ment for the separation of a-T and TOP consisted of a 
model l l 0 A  solvent metering pump (Beckman Instru- 
ments, Inc.) and an Altex Model 210 solvent injector 
equipped with a 100-~1 loop (Beckman Instruments, Inc.). 
A normal-phase HPLC chromatography was performed 
on a 6-~n Ultrasphere-Si, 250 m m •  4.6 mm (i.d.) column, 
using a mobile phase of hexane/chloroforndisopropanol 
I95:4.5:0.5, v/v/v), at a flow rate of 0.4 mYmin to separate 
a-T, TQ, DHD, D, T and TO. The UV absorptions were 
monitored at 292, 268, 292, 294, 298 and 240 nm for a-T, 
TQ, DHD, T, D and TO, respectively, using a Beckman 
model 165 variabl~wavelength detector (with two chan- 
nels) equipped with a 20-~1 quartz flow cell (Beckman In- 
struments, Inc.). The wavelength was changed from 295 
nm to 292 nm in the first channel after eluting T, D and 
DHD in order to monitor a-T at their maximum absorp- 
tions. Similar changes were made in the second channel 
which monitored TO at 240 nm, and ollowed by TQ at 
268 rim. The detector was operated at a sensitivity of 0.05 
absorption unit full scale (AUFS). 

For preparation of the mobile phase, methanol was 
glass distilled, filtered through a 0.45-ban a-metricel filter 
(Gelman Sciences, Ann Arbor, MI), and degassed under 
vacuum. Hexane and methylene chloride also were 
degassed under vacuum. 
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TABLE 1 

Preparation of Stock Solutions and Working Solutions 
of a-T and TOP 

a-Tocopherol a 310 30.8 -- 6.2 
a-Tocopheryl quinone a 450 45.0 -- 0.9 
Dihydroxy dimer a 370 37.4 - 0.6 
Dimer a 580 58.0 - 2.4 
Trimer a 460 230.0 - 8.7 
9-Methoxy-a-tocopherone a 230 22.7 - 3.8 

Stock Working 
solutions solutions 

(#g/ml) (pg/ml) 

aHexanelchloroforndisopropanol (95:4.5:0.5, v/v/v). 
t .... 

o 1 0  

Preparation of calibration curves of a-T and TOP. The 
stock solutions containing 310 ~g a-T, 450 ~g TQ, 370 ~g 
DHD, 590 ~g T and 230 ~g TO/ml were diluted with the 
mobile phase to the desired concentrations for the prep- 
aration of standard curves (Table 1). A 60-~1 of diluted 
standard solution was injected with a 100-~1 blunt-needle 
Hamilton syringe (Rainin Instrument Co., Inc., Woburn, 
MA) onto the column. Peak heights and areas were 
recorded by a Spectra Physics 4270 computing integrator 
(Arlington, IL). 

RESULTS A N D  D ISCUSSION 

Purification of TOP. Five TOP (TQ, D, DHD, T and TO) 
were synthesized and purified. After purification, each 
peak of the TOP was collected from a separate chroma- 
tographic run of a given sample on a reversed-phase Cls 
semipreparatory column and scanned from 400 nm to 
200 nm. The absorbance maxima were found to be for a- 
T, TQ, DHD, D, T and TO at 292, 268, 292, 298, 294 and 
240 nm, respectively, in the appropriate mobile phase. No 
changes were observed in absorbance maxima of a-T and 
the five TOP, when solvents were changed from the 
mobile phase of the C18 column to hexane/chloroform/iso- 
propanol (95:4.5:0.5, v/v/v), which is used for the normal- 
phase HPLC. The absorbance maxima were slightly dif- 
ferent in the mobile phase for a-T and TOP when com- 
pared to the published data (5,24) because absorbances 
of a-T, DHD, D and T were measured in isooctane, and 
TO was measured in ethanol. 

Separation ofa-T and TOP by HPLC. A typical separa- 
tion of a-T and the five TOP on a normal-phase column, 
using a mobile phase of hexane/chloroform]isopropanol 
(95:4.5:0.5, v/v/v) at a flow rate of 0.4 ml/min is demon- 
strated in Figure 1. Elution times for T, D, DHD and a- 
T recorded by the first channel were 5.3, 6.9, 7.5 and 14.0 
rain, respectively. Elution times for TO and TQ recorded 
by the second channel were eluted at 10.5 and 52.0 rain, 
respectively. Widicus and Kirk (20) have reported the 
separation of TO and TQ by normal-phase HPLC, 
however, these compounds were closely eluted. The rest 
of the TOP, therefore, do not separate well in this system. 
In the present method, the elution time is about 40 min 
between TO and TQ, thus the TOP can separate very well. 

Calibration curves. Calibration curves, prepared by in- 
jection of 50 ~1 working solutions, were obtained by 

METHODS 

;o ;o' 
T I M E ( m i n u t e s )  

.9 
4 0  50 

FIG. 1. Elution profile of a-tocopherol and its oxidation products 
on a 5-/nn Ultrasphere-Si, 250 mm X 4.6 mm (i.d.). Peaks identifica- 
tion: trimer (1); dimer (2), dihydroxy dimer (3); 9-methoxy-a- 
tocopherone (4); a-tocopherol (5); a-tocopheryl quinone (6). Conditions: 
mobile phase, hexane/chlorofarm/isopropanol (95:4.5:0.5, v/v/v); flow 
rate, 0.4 ml/min; detector with 295 nm for trimer, dimer and 
dihydroxy dimer, 292 nm for a-tocopherol, 240 nm for tocopherone 
and $68 nm for a-tocopheryl quinone; and attenuation at 0.05 AUFS. 

o lO 

WEIGHT(mic ro  g rams)  

360 

FIG. 2. Calibration curves for high performance liquid chroma- 
tography of a-tocopherol ( � 9 1 4 9  ), a-tocopheryl quinone (@ - -  �9 )and 
~methoxy-a-tocopherone (O--O) on a 5-ban Ultrasphere-Si, 250 X 
4.6 mm (i.d.). Data points represent the means of triplicate sample 
measurements; SEM was less than data point. 

measuring the peak height response (Figs. 2 and 3). The 
relationships of peak heights to the amounts injected 
under these conditions were linear in the tested range. The 
following linear regression equations were obtained: Y = 
4438X + 125, a-T; Y = 8831X + 105, TO; Y = 33878X 
+ 0.99, TQ; Y = 6312X - 251, DHD; Y = 4768X + 570, 
D; and Y = 500X + 20, T. Correlation coefficients were 
found to be greater than 0.999 for each compound. Cor- 
relations of peak areas to the amounts injected also were 
calculated but no differences were found in comparison 
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FIG. 3. Calibration curves for high-performance liquid chroma- 
tography of dihydroxy dimer ( B - - I ) ,  dimer { o - - o ) ,  and trimer 
{O--O) on a 5-~an Ultrasphere-Si, 250 X 4.6 m m  {i.d.). Data points 
represent the means of triplicate sample measurements; SEM was 
less than data point. 

to peak  heights.  The lowest  amounts  detected by  these 
newly developed normal-phase  H P L C  method  were 
0.01 ~g for a-T, TQ and TO; 0.05 ~g for D H D  and D; and 
0.1 ug for T/injection. 

In  summary ,  a-T, TQ, DHD,  D, T and TO simulta- 
neously were separated on a Ultrasphere-Si column using 
a mobile phase  of hexane/chloroforrrgisopropano1195:4.5: 
0.5, v/v/v). This new normal-phase H P L C  method has the 
following advan tages  compared  to the previously pub- 
lished methods:  the s imul taneous separa t ion of a-T and 
five TOP by  a single chromatographic  run, much  higher 
sensit ivi ty,  and relat ively longer re tent ion t ime between 
TO and TQ ensur ing good separa t ion of TOP. 
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Microcomputer-based System for Data Acquisition and Analysis 
of Oxygen Uptake Studies 
E.G. Schanus*, G.O. Caviness, J.L. Kahl and I.W. Herrlck 
Department of Food Science and Human Nutrition, Washington State University, Pullman, Washington 99164-6330 

The use  o f  a Warburg Resp irometer  to s tudy oxida-  
t ion  reac t ions  is t ed ious  and t ime-consuming .  A 
microcomputer -based  o x y g e n  uptake  device  that  
is more  s ens i t i ve  t h a n  a Warburg Resp irometer  is 
described.  The device  cons i s t s  o f  s ta in l e s s  s tee l  or 
Tef lon  reac t ion  v e s s e l s  coupled  to u l t rasens i t i ve  
pressure  transducers .  A h i g h  speed a n a l o g  to digi-  
tal  c o n v e r t o r  is used  to pol l  the  transducers .  The 
direct  m e m o r y  access  (DMA) contro l l er  o f  an IBM 
XT is used  to pol l  the  c o n v e r t o r  and s tore  the  data  
i n  memory .  S o f t w a r e  used  to program the  DMA 
control ler  and IBM XT is described. The reproduci-  
b i l i ty  and ut i l i ty  o f  the  device  is d e m o n s t r a t e d  
w i t h  a brief  s tudy o f  l ipid ox idat ion .  
Lipids 23, 362-366 {1988). 

The majority of the studies of oxidation of lipids in 
food and other biological systems entail monitoring 
the concentration of byproducts of the oxidation reac- 
tion. Compounds such as thiobarbituric reacting sub- 
stances, conjugated dienes and volatiles classically 
are determined and correlated to the degree of oxida- 
tion (1). A more direct approach to evaluating the de- 
gree of oxidation in a food system is continuous deter- 
mination of the rate of oxygen uptake. Assessment of 
oxygen uptake is faster and results in an accurate 
evaluation of oxidation in food systems. The Warburg 
Respirometer has been used in many classical studies 
of lipid oxidation in model food systems to monitor 
oxygen uptake during oxidation reactions (2-5) and is 
sensitive and accurately reflects the degree of oxida- 
tion in food systems. However, the major disadvan- 
tage of the Warburg Respirometer is that the change in 
pressure must be determined manually at appropriate 
intervals. This is tedious, time-consuming and results 
in collections of few data points over a long period of 
time. The purpose of this research was to develop, 
assemble and program a microcomputer-based device 
modeled after a Warburg Respirometer. The advan- 
tages of this device would be increased sensitivity, 
accuracy and resolution and be less labor-intensive. 

Analog to digital convertor. An IBM XT compatible 
single board analog and digital input/output system 
(Data Translations, Marlboro, MA, Model DT2801/ 
5714) was used to poll and convert the analog output 
from the transducers to a digital signal. A screw ter- 
minal and signal conditioning panel (Data Transla- 
tions, Model DT707) was used to connect the transduc- 
ers to the analog board. No signal conditioning is 
required with this A/D configuration. 

Computer. An IBM XT, (IBM Inc., Boca Raton, FL, 
10 Megabyte hard disk, 8087 math coprocessor, and 
color graphics adapter) and SixPacPlus (AST Re- 
search, Inc., Irvine, CA, 384K random access memory 
[RAM]) were used to acquire and process the data. An 
assembler (Microsoft, Corp., Redmond, WA, Macroas- 
sembler Version 4.0) and IBM Pascal compiler (IBM 
Inc., version 2.0) were used to compile the software. 

Miscellaneous electronic components. A 60 Hz pow- 
er line-driven clock was assembled to drive the A/D 

MAIIRIAL~ AND METHODS 

Reaction vessel. The reaction vessel in which the oxi- 
dation reactions take place was fabricated from 303 
stainless steel. Figure 1 shows the basic design of the 
vessel. The volumes of the vessels were determined 
using standard Warburg Respirometer methods (6). 

Pressure transducers. Low range pressure transduc- 
ers (Setra Systems, Acton, MA, Model 239, • 1 PSID) 
were fitted to the vessel to monitor pressure changes 
during oxidation. 

*To whom correspondence should be addressed. 

Abbreviations: CPU, central processing unit; DMA, direct mem- 
ory access; RH, relative humidities. FIG. 1. Engineering details of reaction vessels. 
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convertor. A conventional regulated 24 volt DC power 
�9 supply was used to drive the transducers. A s tandard  

pi filter was used to filter the input AC voltage for the 
clock, power supply and IBM XT. 

Oxygen uptake experiment. The reproducibility of 
the device was evaluated by measuring the rate of 
oxygen uptake of a thin film of methyl linoleate equili- 
brated at two different relative humidities (RH). Three 
mg of methyl linoleate were spread on a 22 mm glass 
coverslip, placed in the reaction vessel and the vessel 
flushed with humidified oxygen. The inlet and outlet 
ports of the vessel were sealed, and oxygen consump- 
tion was monitored at 37 C for 48 hr. The data  acquisi- 
tion rate was set at one min. 

RESULTS AND DISCUSSION 

Reaction vessel. The reaction vessel used in this sys- 
tem was modeled after a glass Warburg flask. The 
stainless steel cylindrical vessel had a slightly larger 
volume than  a Warburg Flask; however, the volume 
was kept as small as possible to increase the sensitivi- 
ty of the apparatus (Fig. 1). The vessel contained a 
pedestal in the center of the cup to support a 22 mm 
cover slip above a reservoir tha t  could be used to con- 
tain saturated salt solutions to control the relative 
humidi ty  in the vessel. The sample was placed on a 
22 mm circular glass cover slip and placed on the 
pedestal. The cover of the vessel has two Teflon- 
seated needle valves to facilitate flushing the system 
with air or other gases. 

Glass vessels eliminate the possibility of corrosion 
by the salt solutions; however, the connection of met- 
al transducers to glass vessels was not possible. Tef- 
lon reaction vessels also eliminate the possibility of 
corrosion and increase the utility of the system. A 
Teflon vessel without  a pedestal would allow for 
magnetic stirring, and the system could be used for 
aqueous biological experiments. However, to assure 
there would be no change in volume with a change in 
pressure, the walls of a Teflon cup would have to be 
thick, and the poor heat  transfer in Teflon results in a 
longer thermal equilibration time. 

Pressure transducers. Of the transducers evaluated, 
only one met all of criteria set for the device. The 
Setra System Model 239 accurately senses a change 
in pressure as small as 1/100,000 of an atmosphere, 
10 times more sensitive than  the Warburg Respirome- 
ter (7). The transducer connects directly to the reac- 
tion vessels, increasing mobility, eliminating dead 
volume and the possibility of leaks at couplings and 
joints. Each transducer weighs eight oz and was sup- 
plied with an eight-foot cable, which gives greater 
mobility. The transducer is resistant to oxygen and 
other corrosive gases used in experiments, has an in- 
ternal volume of 0.03 c in, has voltage regulation and 
thermal compensation circuitry allowing for opera- 
tion at different temperatures. 

The only d i sadvan tage  is t ha t  this  t ransducer  
is a differential  pressure sensor tha t  necessitates 
the use of a thermobarometer. An absolute pressure 
sensor would be preferable and eliminate the need 
for a thermobarometer. An absolute pressure trans- 
ducer t h a t  met the sensi t iv i ty  requirements  was 

not available, and therefore the differential trans- 
ducer was selected. 

Analog to digital convertor. The primary concern 
in selecting an analog to digital (A/D) convertor was 
matching the sensitivity of the convertor to the trans- 
ducer. A 14-bit convertor discriminates one part  in 
120,000 of an atmosphere with this device. Other con- 
siderations were minimum eight channel  differen- 
tial inputs, complete software programmability,  Di- 
rect Memory Access (DMA) data  transfer capability, 
and programmable gain compatible with the pres- 
sure transducers. 

A single board IBM XT compatible A/D convertor 
was chosen over a free-standing data  logger because 
a single board unit  was more cost effective. The IBM 
personal computer with a memory expansion unit  
has more than  adequate memory to store the data. If  
the convertor has DMA capabilities, the microcomput- 
er can be used to perform other tasks simultaneously 
with data  acquisition and for considerably less cost 
than  most data loggers. 

Miscellaneous electronic components. The DT2801/ 
5714 convertor has an internal programmable clock 
for periods of 5 ~sec to 0.1638 sec. To allow for slower 
data  acquisition, an external clock was assembled 
and used in place of the on-board clock. The period of 
external clock ranged from 0.2 to 6553 sec. 

Figure 2 shows a schematic diagram of the complete 
oxygen uptake device. Up to eight transducers can be 
connected and monitored with the A/D convertor. 
The clock triggers the convertor to poll each transduc- 
er sequentially. The converted digital number is then 
output to a register and read by the microcomputer. 

Software. The software necessary for data  acqui- 
sition with a microcomputer is available widely in 
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FIG. 2. Schematic drawing of  complete oxygen uptake 
device. 

LIPIDS, Vol. 23, No. 4 (1988) 



364 

METHODS 

varied price ranges. Because of the special capabili- 
ties on this system, special software was written. Sev- 
eral important  factors were considered in writing the 
software for the device. The main  goal in writing 
the software was not to dedicate the microcomputer 
solely to data  acquisition. The microcomputer had to 
be multipurpose, available to perform other tasks 
such as data  analysis  simultaneous with data  acqui- 
sition. The IBM PC and XT are capable of operation 
in the foreground/background mode. 

The basic principle in running a microcomputer in 
the foreground/background mode is to use the 8237A-5 
DMA controller in the IBM microcomputer for h igh-  
speed data  transfers between the convertor and mem- 
ory without processor intervention. Because the cen- 
tral processing unit (CPU) of the computer is not used 
during these operations, other processing can occur 
simultaneously. The DMA controller of the IBM 
microcomputers is user-accessible and can be pro- 
grammed to acquire data  from the convertor and 
transfer it to random access memory (RAM). 

Programming the A/D convertor is done by send- 
ing commands to the appropriate register of the con- 
vertor. The registers and commands are specific for 
each convertor and generally explained in the docu- 
mentat ion for specific convertors. Once the convertor 
is programmed and ready for the data  acquisition, the 
DMA controller must  be programmed and started be- 
fore the convertor is started. Programming the DMA 
controller is similar to programming the convertor. 

The DMA controller has four channels. One chan- 
nel refreshes memory every 840 ns. Another channel 
is used to transfer data  between memory and floppy 
disk drives, and if  the microcomputer has a hard disk 
drive a third channel  is used to t ransfer  data  from 
memory to hard disk. Therefore, an IBM PC has 
DMA channels  1 and 3 available for data  acquisition 
while an XT only has channel  1 available. IBM (8) 
has a description of the 8237A-5 DMA controller. 

The programming of the DMA controller was done 
with a Pascal procedure. First, channel 1 is initialized 
to read data  from a peripheral device and write to 
memory in the autoinitialize mode. The autoinitialize 
mode is a continuous read from a device with no set 
number of bytes to be read. Next, the absolute ad- 
dress of data  storage is sent to the controller. Several 
excellent books (9,10) or other computer texts give a 
detailed explanation of the segment and offset ad- 
dress system used by the IBM microcomputers. The 
da ta  will be placed in memory s tar t ing at base ad- 
dress 0. 

The controller is programmed to run in the autoini- 
tialize mode. The controller will read continuously 
and write the data  start ing at base address 0, and 
automatical ly increment the base address for each 
byte read. The highest  base address is 65535 or 
FFFFh,  the maximum number of bytes the DMA con- 
troller can place in memory. After reading F F F F h  
bytes, the controller reinitializes and places data  at 
memory base address 0. The result is tha t  the control- 
ler will write over the existing data  start ing at ad- 
dress 0. This is a limitation of the computer and can- 
not be changed. 

The remainder of the absolute memory address, seg- 

ment or page is sent to the controller. The IBM 
PC/XT has 16 pages of 65536 bytes or 1,048,576 bytes 
of addressable memory. Some of these pages are re- 
served for special functions, such as video buffers 
and read only memory. Ten pages or ca. 640,000 bytes 
are available for storing data. Because the software 
must allow for the simultaneous data  acquisition and 
use of the CPU for running other programs, memory 
must  be reserved for both functions. Greater than  95% 
of computer software evaluated including the data  
analysis  program used by this device used a maxi- 
mum of four pages of memory. Four pages of memory 
were reserved for these programs, and six pages or 
approximately 400,000 bytes were reserved for data  
acquisition. The absolute requirement for memory 
during data acquisition is 64K bytes. The additional 
memory is used as storage of raw data  prior to pro- 
cessing. There is more than  adequate unused memory 
available under most conditions in a microcomputer, 
making a data  logger unnecessary for data  acquisi- 
tion. Furthermore, the RAM of IBM microcomputers 
can be expanded to more than  8 mill. bytes by the 
addition of one or more Enhanced Expanded Memory 
System boards. Pages 4 through 9 were used for data  
acquisition. Before specifying the page address, the 
memory usage of commonly used programs should be 
evaluated. There are many  programs available to 
evaluate memory usage. The authors can supply a 
program that  performs this task. 

The programmed DMA controller is started by send- 
ing the enable command. The final step is to start  the 
programmed A/D convertor. The convertor is enabled 
to read continuously using the DMA controller and 
the external clock. 

After s tart ing both the convertor and controller, 
data  acquisition is independent of the CPU, and the 
computer program used to program the controller and 
convertor can be terminated without affecting data  
acquisition. Other programs such as word processors, 
spreadsheets and data bases, if they do not use the 
memory locations specified for data  acquisition, can 
be started and used simultaneously with data  acqui- 
sition. The major d isadvantage of running in the 
foreground/background mode is tha t  data  acquisi- 
tion is free running and is not under the control of the 
CPU. It is not possible to modify the programming of 
either the controller or convertor without stopping all 
data  acquisition. 

It would be convenient to be able to add another  
channel  for data  acquisition without stopping all of 
the channels.  This is not possible in the foreground/ 
background mode. This problem was overcome by 
running all channels,  whether a specific channel was 
being used to run an experiment or not. A new chan- 
nel, one tha t  currently is running but collecting use- 
less data, is added by loading the reaction vessel of 
the channel and injecting a positive voltage spike 
from a 1.5 V battery to signify the start  of the experi- 
ment  or a negative spike to signify the end of the 
experiment. When the data  is analyzed, data  before a 
positive spike and after a negative spike is discarded 
and only experimental data  is saved. 

A Pascal program was used to retrieve and analyze 
data. The flowchart of the program is shown in Fig- 
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ure 3. The first part  of the program polls the DMA con- 
troller to determine the number of bytes read. Second, 
the data  is retrieved from RAM. The page number  is 
entered by the user with the keyboard. The base ad- 
dress is a lways  0. Because the data  is stored sequen- 
tially in RAM by the DMA controller, only the starting 
address is required and the base address is increment- 
ed by one after reading a byte. A data  point consists of 
two bytes representing a 14-bit number. The data point 
is converted to a word, then integer, then real4 and fi- 
nally converted to a voltage, pressure or concentration. 

The data  point is stored in the long heap using 
pointers. The data  cannot  be stored in variable ar rays  
because the data  segment  of most  interpreters and 
compilers is limited to 65536 bytes, which usually is 
exceeded in an experimental run. Therefore, the long 
heap was used temporarily to store the da ta  until 
output to a disk. It is beyond the scope of this article 
to discuss the use of the long heap and pointers. 
There are several excellent books on the Pascal  lan- 

guage (10,11). General da ta  maintenance such as dis- 
carding nonsense bytes  before or after a s ta r t / s top  
voltage spike are performed. The data  can be ana- 
lyzed further by linear or curvilinear least squares or 
other functions or stored on a disk in a format  com- 
patible with commonly used spread sheet or graphic 
programs. All functions can be performed simultane- 
ously with da ta  acquisition. 

Although these programs are specific for the Data  
Translat ions A / D  convertor and IBM XT, they can 
be modified to be used with other hardware.  However, 
after modification they must  be compiled with a IBM/  
Microsoft Pascal  or other compatible compiler. 1 

Oxygen uptake experiment. To demonstrate  the re- 
producibility of the device, the oxidation rates of thin 
films of methyl  linoleate were determined. Figure 4 
shows the change in oxygen pressure versus time for 
a typical uptake experiment. The initial nonlinearity 
in the uptake rate is due to thermal  equilibration and 
is dependent  on technique. Keeping the vessel at the 

START ) 

A/D and and ~ Inmalrze ~'~ 
DMA Cle~ Err~ I V 

' t + 
l Start A/D 

and DMA no 
i 

Error / /Tnl:mtNumber/ 
Message_/ / B y t e s  from/ 

/ DMA / 
t 

. T rio onto/ 

Note: At this point, 1 IComert Bytes I 
doto acquisitiot~ ' I to PSi I 
is independent of 
the main CPU. 

Stop ) 

t 

in Heap 
t I Disollocate 

I H.p 
yes / More ~ i 

t 

I I I 
I Pressure I 

Process Data 

FIG. 3. Flow chart o f  data acquisition and analysis  software. 

1Copies of the data acquisition software and other utility programs can be obtained from the Department of Food Science and 
Human Nutrition, Washington State University, Pullman, WA 99164-6330, by submitting $5 to cover shipping and handling costs. 
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FIG. 4. Graph of change in oxygen pressure vs time of an oxidizing thin film of methyl 
linoleate. 

experimental  temperature during loading apprecia- 
bly shortens the thermal  equilibrium time. Thermal  
equilibrium and l ineari ty in uptake rate usually is 
obtained within two hr. The use of differential pres- 
sure t ransducers  necessitates the use of a thermoba- 
rometer. The t ransducers  sense changes in baromet- 
ric pressure, and the raw data  must  be corrected for 
these changes.  A sealed empty vessel is used to ob- 
tain barometric pressure changes, which are subtract- 
ed from the raw data  by the computer program used 
to retrieve data  from memory. 

The oxygen uptake ra te  was determined by l inear 
least squares analysis  of the l inear portion of the 
curve. The oxygen uptake rates for thin films of meth- 
yl linoleate at two different relative humidities is 
shown in Table 1. The reproducibili ty of the runs is 
ca. 2-3%. 

TABLE 1 

O x y g e n  U p t a k e  Rates  by Thin  F i lms  o f  Methyl  L i no l ea te  
at  D i f f erent  R e l a t i v e  Humidi t i e s  

Relative 
humidity Oxygen uptake rate a 

(%) N (#moles O2/1 hr/mg Lipid) 

0.0 4 �9 :i= 0.0032 
50 11 .1727 • 0.0030 

aPlus or minus standard error of the mean. 

In  conclusion, the microcomputer-based oxygen up- 
take device has  marked advantages  over a Warburg 
Respirometer. The device is 10 times more sensitive 
and is more reproducible than  the Warburg. The use of 
a microcomputer obviates the need for manual  read- 

ing of  the manometer  and data  entry into a computer. 
The computer is not dedicated to data  acquisition be- 
cause the computer is operated in the foreground/  
background mode. The result is tha t  the computer can 
be used for da ta  analysis ,  word processing or most  
other software simultaneous with data  acquisition. 
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The Use of a Microwave Oven in the Chemical Transformation 
of Long Chain Fatty Acid Esters 
Marcel S.F. lie Ken Jie* and Cheung Yah-Kit 
Department of Chemistry, University of Hang Kong, Pokfulam Road, Hang Kong 

The use of a microwave oven as an energy source allowed 
transformation of fatty acid derivatives to be complete 
in a few minutes. Hydrolysis of triglycerides, esterifica- 
tion of free fatty acids, epoxidation of unsaturated fatty 
acid esters, cyclization of dioxostearates and oxoun- 
saturated fatty acid esters into furanoid derivatives, con- 
version of epoxystearate to oxostearate derivatives, and 
substitution of a tosyl group by an azide all took about 
five min to complete and were in very high yields. The 
most sluggish reaction encountered was the acid cata- 
lyzed hydrolysis (ring opening} reaction of a furanoid ester 
to the corresponding 1,4~tioxo derivative, which required 
three 1O-min periods of heating. The use of microwaves 
not only decreased the reaction time considerably but also 
allowed smaller volumes of solvent and lower quantities 
of reagents to be used as compared with the conventional 
methodologies reported. 
Lipids 23, 367-369 {1988}. 

Microwaves are used extensively for telecommunication, 
industrial processes and biomedical applications (1,2). In 
research laboratories, microwave spectroscopy forms a 
powerful analytical technique for the determination of 
dipole moments in molecules and also in the study of in- 
ternuclear distances and bond angles in certain molecules, 
in which changes in structural features hardly are observ- 
able by other methods (3). More recently, the use of 
microwave ovens in organic synthesis has been reported 
to reduce considerably the reaction time of an array of 
classical organic reactions (4,5). Here, we present results 
of a study of thermal reactions involving long chain fatty 
acid esters that normally would require many hours of 
heating or stirring at room temperature. 

METHODS 

A Sharp microwave oven, model R7370, 650 W, micro- 
wave frequency 2450 MHz, was used with a low setting. 
Reagents, substrates and solvents were placed in an 
autoclavable thick-walled, screw-capped pyrex test  tube 
(20 ml). The charged test tube was embedded in ver- 
miculite (a porous absorbant used as packing material for 
shipment of liquid chemicals) contained in a rectangular 
box (8 • 8 • 18 cm) designed with a beveled sliding lid 
and made of high-heat resistant Corian polymer {0.6 cm 
thickness, Dupont Inc., Wilmington, DE} provided by the 
Noland Co. The box was obtained through R. J. Giguere 
of the Department of Chemistry, Mercer University, 
Macon, GA. The box containing the reaction vessel was 
placed on the revolving dish of the microwave oven and 
irradiated for 1-10 rain. After irradiation, the system was 

*To whom correspondence should be addressed. 
Abbreviations: GLC, gas liquid chromatography; TLC, thin layer 
chromatography. 

allowed to cool for five min inside the oven with the door 
opened. The plastic box then was removed to a fume hood, 
and the lid opened to allow further cooling for another 
five min. The product subsequently was isolated, purified 
and identified by methods described in the references in 
Table 1. 

RESULTS AND DISCUSSION 

Epoxidation of unsaturated fatty acid esters. When 
samples of methyl oleate were heated with meta-chloro- 
perbenzoic acid in dichloromethane in a microwave oven 
for three and five min, respectively, gas liquid chroma- 
tography (GLC) analysis of the reaction products showed 
93.6 and 98.8% conversion of the unsaturated substrate 
into the corresponding epoxy derivate. Thin layer chroma- 
tography (TLC) analysis of the reaaction product obtained 
from treatment of methyl linoleate for five min under 
similar conditions indicated a 100% conversion into the 
diepoxy derivative (methyl 9,10;12,13-diepoxystearate 
decomposed on GLC analysis}. Methyl ricinoleate readily 
was converted in five rain to methyl 12-hydroxy-cis-9,10- 
epoxystearate as shown by TLC analysis. The latter reac- 
tion furnished 82.5% of the product upon isolation. 

Formation of C18 furanoid esters. When a mixture of 
methyl 12-ox~cis-9-octadecenoate (obtained by oxidation 
of methyl ricinoleate) was heated for five min with mer- 
curic acetate in acetic acid, 81.5% of the furanoid ester 
(methyl 9,12-epoxy-9,11 -octadecadienoate) was obtained. 
A repeat reaction showed that a 97.3% conversion was 
attained after seven min of microwave heating. Two posi- 
tional C18 furanoid fat ty  acid derivatives were obtained 
when methyl 9,10;12,13-diepoxystearate that was dis- 
solved in a mixture of propyl iodide, sodium iodide and 
dlmethylsulfoxide was subjected to microwave heating 
for five rain. TLC analysis of the product showed com- 
plete transformation of the diepoxy substrate to the 
furanoid derivatives. Isolation of the product allowed 
87.9% of the furanoid esters to be recovered. It appeared 
that not only did microwave treatment provide the ther- 
mal energy for the reaction, but  since the reactions were 
carried out in sealed test  tubes the pressure generated 
by the evaporating solvent also increased the reaction 
rates of these reactions. 

Hydrolysis of triglycerides and esterification of free 
fatty acids. Hydrolysis of castor oil in the presence of 
KOH in ethanol and esterification of a sample of free fatty 
acid with 2% sulfuric acid in absolute methanol required 
only five rain to complete. In both reactions, no double 
bond migration was observed, and no other by-products 
were produced. 

Miscellaneous reactions involving fatty acid ester 
derivatives. The reaction of methyl eis-9,10-epoxystearate 
with a mixture of propyl iodide, sodium iodide and 
dimethylsulfoxide gave a mixture of methyl 9- and 10- 
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TABLE I 

The Use of Microwaves in Thermal Reactions Involving Long Chain Fatty Acid Esters 

Substrate Reagent Reaction time Yield Literature 
{mmol) {mmol) Solvent {microwave} Product % condition/yield Ref. 

c O 
R,-CH=CH-R2 m-Chloro- CH2C12 3 rain / \  93.6 

(0.6) perbenzoic (15 ml) R~-CH-CH-R~ 
acid {0.87) 5 rain 98.8 

4 hr, 20 C, 100% 6 

c c O O 
R3-CH=CHCH~CH=CH-R2 m-Chloro- CH2C12 5 min / \ / \  100 

(0.7) perbenzoic {15 ml) R3-CH-CH-CH~-CH-CH-R2 {TLC) 
acid (1.75) 

12 hr, 20 C, 56% 7 

OH OH 0 
I c I / \  

R,'CH-CH2-CH=CH-R2 m-Chloro- CH2CI~ 5 min R,-CH-CH-CH-CH-R2 100 
(0.34) perbenzoic (15 ml) (TLC) 

acid {0.87) 
82.5 
(isol.) 

12 hr, 20 C, 73% 7 

0 

R,-C-CH~-CH=CH-R2 H g ( O A c ) 2  AcOH 5 rain 81.5 
(0.36) {0.6) (15 ml) 

7 min R R2 97.3 

O O 

/ \  I x , H ~  R3-CH'CH-CHrCH-CH-R~ PrI,NaI, DMSO 5 min 
(0.32) (2.4; 0.3) [15 ml) 

R3C R2 

R3 CH2R2 

1 hr, reflux, 51% 7 

87.9 5 hr, reflux, 43% 7 

Castor off KOH EtOH 5 m  in free fatty acids 
(0.24) (3.8) (lOml) 

FFAmixture H2804 MeOH 5 m  in methyl ester of FA 
{0.85) (0.9) (10m l) 

100 V2 hr, reflux, 100% 8 

100 '/2 hr, reflux, 100% 8 

0 0 0 
/ \  II DI 

R,-CH-CH-R~ PrI,NaI DMSO 5 min R1CH~CR2 + R,CCH~R2 
(0.32) (3.5; 0.5) (15 ml) 

OTs N3 
I c I 

R,-CH-CHrCH=CH-R2 NaN3 DMA 5 min R~-CH-CH2-CH=CH-R2 
(0.47) (1.2} (15 ml) 

72.4 5 hr, reflux 9 

85.7 4 hr, 90 C, 94% 10 

O O 
H2SO, MeOH 10 ~ II II 
(10% aq.) (10 ml) R,CCH2CH2CR2 

R R~ 20 min 

30 rain 
(0.4D 

57.0 

86.5 

99.0 

12 hr, reflux, 84% 11 

R1 = CH3{CH~)7; R2 = (CH~)TCOOCH3; R3 = CH3(CH2h; R4 = CH3(CH2h 
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oxostearates (72.4%) in five min. In a bimolecular nucleo- 
philic subst i tut ion reaction of a tosyl  group by  azide, 
methyl  12-azido-cis-9-octadecenoate was obtained in 
85.7% yield after  five mill from microwave t rea tment  of 
methyl  12-tosyl-cis-9-octadecenoate with sodium azide in 
dimethylacetamide.  The most  sluggish reaction involv- 
ing long chain fa t ty  acid esters was found in the ring open- 
ing (acid~mtalyzed hydrolysis) of a C18 furanoid fa t ty  acid 
derivative with aqueous sulfuric acid in methanol.  When 
the reaction mixture  was heated in the microwave oven 
for 10 min, only 57% of methyl  9,12-dioxostearate was 
obtained. Upon reheating the cooled reaction mixture for 
another  10 rain, the yield increased to 86%. Only when 
the reaction mixture was heated for another 10-min period 
was the conversion of the furanoid ester  to the dioxo 
derivative complete. I t  was found necessary to heat the 
sealed tes t  tube for periods not  exceeding 10 min to pre- 
vent  the reaction vessel from exploding, hence, the need 
to cool and reheat  the reaction mixture  after each 10-rain 
microwave t rea tment .  

The use of the microwave oven as a source of energy 
demonst ra tes  the large savings in reaction t ime to the 
researcher. Beside obtaining high yields for these reac- 
tions, fur ther  savings were made by the use of much 
smaller volumes of solvents and lesser amounts  of rea- 
gents  per equivalent of substrate.  While it appeared tha t  
most  reactions seemed to benefit from this technique, we 
were unable to control the tosylat ion reaction of methyl  
ricinoleate with tosyl  chloride. On heat ing of a mixture  
of tosyl chloride, methyl  ricinoleate and dichloromethane, 
the analysis of the reaction product  revealed an array of 
polar and nonpolar material. This reaction current ly  is 

being invest igated fur ther  to identify the various prod- 
ucts  formed because tosylation of methyl  ricinoleate was 
achieved readily without  any heat ing when left  at  room 
tempera ture  overnight.  
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Malondialdehyde Excretion by Subjects Consuming Cod Liver Oil 
vs a Concentrate of n-3 Fatty Acids 
L.A. Pich~, H.H. Draper" and P.D. Cole 
Department of Nutritional Sciences, University of Guelph, Guelph, Ontario, Canada NIG 2W1 

Urinary malondialdehyde {MDA), an indicator of lipid 
peroxidation in the diet and in the tissues, was determined 
in human adults consuming a supplement of n-3 fat ty  
acids derived from a pharmaceutical grade of cod liver 
oil (CLO) without added antioxidants vs a concentrate of 
n~3 acids containing dodecyl gallate and vitamin E. MDA 
excretion increased immediately in the subjects consum- 
ing CLO but remained unchanged in those ingest ing the 
concentrate for 50 days. The increase in the subjects 
taking CLO was attributable to M D A  in the oil. The 
results indicate that  consuming unstabilized fish oils as 
a source of n-3 fat ty  acids may entail exposure to poten- 
tially toxic products of lipid peroxidation. 
Lipids 23, 370-371 {1988). 

Fish oils and concentrates of n-3 fatty acids from fish oils 
have been widely promoted for the prevention of heart 
attacks. In as much as feeding fish oils is a classical 
method of inducing vitamin E deficiency in experimen- 
tal animals, the question arises whether long-term inges- 
tion of such oils may jeopardize the vitamin E status of 
humans. Long-term feeding of cod liver oil (CLO) to rats 
results in a significantly greater excretion of malon- 
dialdehyde {MDA) in the urine after a subsequent fast 
than is seen in rats fed corn oil, indicating an increase in 
peroxidation of fat ty acids in vivo (1). This increase is in- 
hibited partially but not entirely by feeding a high level 
of dietary antioxidants. 

The possible presence in fish oils of peroxides and their 
degradation products including malondialdehyde, a mu- 
tagen {2) and reported carcinogen (3), is a further con- 
sideration in their long-term ingestion. Feeding a diet con- 
taining CLO to rats results in an immediate, marked in- 
crease in urinary MDA, reflecting a high level of this com- 
pound in the diet (4). MDA excretion in humans has been 
reported to increase following a meal of rancid foods (5). 

In this study, the effect on MDA excretion by human 
adults of ingesting a commercial CLO product without 
added antioxidants vs a commercial fish oil concentrate 
containing a mixture of antioxidants was investigated. 

METHODS 

other on the last day of ingestion, were analyzed for MDA 
by the high performance liquid chromatography (HPLC) 
method of Draper et al. (1). 

Experiment 2. Seven adults consumed a low-MDA diet 
{i.e. one devoid of meats and high-fat foods) and abstained 
from alcoholic beverages for three days, during which 
time consecutive morning urine samples were collected. 
For a further three days they consumed 30 ml of CLO, 
as in Experiment 1, in conjunction with a low-MDA diet, 
and three additional morning urine samples were collected 
for MDA analysis. 
Experiment 3. Seven adults consumed 10 capsules per 

day of a concentrate of n-3 acids from fish oil (MaxEPA, 
Seven Seas Health Care Ltd., Kingston-upon-Hull, U.K.) 
for 50 days. The gelatin-coated capsules contained 100 
ppm dodecyl gallate and provided 1.9 g eicosapentaenoic 
acid, 1.2 g docosahexaenoic acid and 10 IU of di-a- 
tocopheryl acetate per day. Two consecutive 24-hr urine 
samples were obtained for MDA analysis immediately 
before supplementation began and on days 49 and 50. One 
day before and during each urine collection period, the 
subjects consumed a low-MDA diet. 

RESULTS AND DISCUSSION 
In Experiment 1, ingestion of CLO was associated with 
an increase in MDA excretion in all six subjects (Table 1). 
The mean increase of 37.5%, from 24.5 _ 3.5 ~g to 34.7 + 
2.5 pg MDA (mean + SEM), was significant (P < 0.01) 
using a two-tailed paired t-test. 

In Experiment 2, CLO ingestion again was associated 
with an increase in MDA excretion in all subjects 
(Table 2). The mean increase of 54.3%, from 31.7 pg to 
49.1 ~g MDA/sample was highly significant (P < 0.001). 

MDA excretion was unaffected by M,xEPA ingestion. 
Urinary MDA was 148 _+ 15 pg/24 hr before 

TABLE 1 

Effect of Consuming a Pharmaceutical Grade of Cod Liver Gil a 
on MDA Excretion in the Urine {Experiment 1) 

Experiment 1. Six adults consumed 30 ml of CLO (10 ml Subject 
with each meal) for 14 days in conjunction with a free 
choice diet. The off was a pharmaceutical product (Life 1 
Brand, Shoppers Drug Mart, Toronto, Ontario), labeled 2 
as a "natural source" containing no preservatives. On the 3 
basis of its reported content of eicosapentaenoic and 4 
docosahexaenoic acids (6% each) (6), this product provided 5 
about 1.5 g of each acid per day. After being opened, the 6 
bottles were kept at 4 C. Morning urine samples, one col- x 
lected on the day before CLO ingestion began and the 

SEM 

*To whom correspondence should be addressed. 
Abbreviations: CLO, cod liver oil; HPLC, high performance liquid 
chromatography; MDA, malondialdehyde. 

MDA {eg}b 

-CLO +CLO 

29 36 
12 31 
35 38 
31 44 
18 26 
22 33 

24.5 34.7 c 

3.5 2,5 

a30 ml per day for 14 days. 
bMoming void. 
cp ~ 0.01. 
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TABLE 2 

Effect of Consuming Cod Liver Oila on Urinary MDA 
Excretion (Experiment 2) 

MDA (/~g)b 

Subject - CLO + CLO 

1 59 82 
2 21 41 
3 15 39 
4 43 74 
5 32 38 
6 35 47 
7 17 23 

x 31.7 49.1 c 

SEM 5.9 8.0 

a30 ml per day for three days. 
bMean of three morning urine samples taken on consecutive days. 
cp < 0.001. 

TABLE 3 

MDA Excretion by Subjects Consuming MaxEPA ~gl24 hr) 

Diet 

Subject Free choice a +MaxEPA b 

1 130 160 
2 216 201 
3 153 118 
4 154 113 
5 123 109 
6 113 133 

x 148 139 c 

SEM 15 15 

aMean of two 24-hr samples taken on consecutive days. 
bAiter 50 days of supplementation. 
cp > 0.05. 

M a x E P A  consumpt ion  and 139 +_ 15 pg/24 hr af ter  i ts  
consumpt ion  for 49-50 days  (Table 3). This finding in- 
dicates tha t  the fish oil concentrate  was not  a significant 
source of M D A  in the diet or of M D A  genera ted  as a 
result  of enrichment  of the t issues with f a t ty  acids of the 
n-3 series. I t  fur ther  indicates t ha t  the increase in M D A  
excret ion seen during consumpt ion  of CLO was due to 
M D A  present  in the off. Repeated  ext ract ion of a solu- 
t ion of CLO in hexane with  10% NaHCO3 solution yield- 
ed susta ined amoun t s  of MDA, showing tha t  the off was 
undergoing continuous oxidative decomposit ion and fur- 
ther  indicating t ha t  it was  the source of the increase in 
MDA in the urine of the subjects consuming this product. 

The proport ion of ingested M D A  excreted in the urine 
by  humans  is unknown but,  judging f rom the resul ts  of 
s tudies on animals, i t  p robably  is small. Following 
s tomach  intubat ion with  '4C-MDA, ra t s  excreted about  
10% more  14C in the urine than  af ter  in tubat ion with "C- 
aceta te  (7). S ix ty  to 70% of the radioact iv i ty  was re- 
covered in expired ~4CO2 within 12 hr. 

P ro t rac ted  consumpt ion  of n-3 f a t t y  acids m u s t  be 
p resumed to increase the v i t amin  E requirement.  There 
is a need not  only for an ant ioxidant  capable of stabiliz- 
ing these acids during s torage  but  for a biologically ac- 
t ive ant ioxidant  capable  of p revent ing  their  oxidation in 
vivo. Whether  the normal  diet provides enough v i tamin  
E to meet  the additional need for a biologically active an- 
t ioxidant  arising f rom consumpt ion  of n-3 f a t t y  acids in 
unsupplemented  fish otis is problematical .  The resul ts  of 

this s tudy  indicate tha t  the amounts  of ant ioxidants  pre- 
sent in M a x E P A  are sufficient to suppress  the oxidation 
of n-3 f a t ty  acids in this product  bo th  in the capsules and 
in the tissues. They fur ther  indicate tha t  ingestion of 
unstabil ized fish oils entails a r isk of exposure  to poten- 
tially toxic products  of n-3 f a t t y  acid peroxidation. This 
is a par t icular  consideration in jurisdictions, such as 
Canada,  where the use of concentra tes  of n-3 f a t t y  acids 
current ly  is prohibited.  
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Differential Utilization of Long Chain Fatty Acids During 
Triacylglycerol Depletion. II. Rat Liver After Starvation 
S.C. Cunnane*  
Efamol Research Institute, KentviUe, Nova Scotia, Canada BaN 4H8 

Rats starved for 96 hr were shown to have a 94% redu~ 
tion in fiver triacylglycerol. Among the long chain fa t ty  
acids in fiver triacylglycerol, only stearic acid and 
arachidonic acid were proportionally increased (2.5 and 
6 times, respectively); pAImitic and linoleic acids were un- 
changed, and palmitoleic and oleic acids were propor- 
tionally decreased. Stearic and arachidonic acids (rag%) 
were  correlated positively within the triacylglycerol frac- 
tion, and both fat ty acids varied inversely with total 
triacylglycerol (mg/g) in fed and starved rats. The utiliza- 
tion of long chain fat ty acids from fiver triacylglycerol 
during starvation resulted in selective retention of ara- 
chidonic acid and stearic acid and suggests that differen- 
tial hydrolysis of fiver triacylglycerol by hepatic lipase 
may occur or selective reacylation of these specific fa t ty  
acids  may occur during starvation. 
Lipids 23, 372-374 (1988). 

The composition of arachidonic acid (20:4n-6, rag%) in rat 
liver triacylglycerol (TG) varies widely depending on the 
nutritional state of the animal (1). In liver and plasma, 
this variability has recently been shown to be a function 
of the total TG in liver or plasma (2,3); in starvation, low 
liver TG is associated with a higher proportion of 20:4n-6 
in TG (4) and, in fatty liver syndromes, the reverse is seen 
(1,2). Although the proportional composition of 20:4n-6 
in TG shows a significant inverse correlation with the 
total TG in individual animals within a species, the ab- 
solute composition of 20:4n-6 (~g/g tissue, ~g/ml plasma) 
derived from TG is similar between individual animals. 
Hence, there is stability in the quantitative pool of 20:4n-6 
in fiver and plasma TG (2). With the exception of stearic 
acid (18:0), the apparent stability of the 20:4n-6 pool in 
TG is unique in comparison with 16- and 18-carbon fat ty 
acids including linoleic acid (18:2n-6), which show no 
significant relation (positive or negative) with total TG 
or phospholipid in liver or plasma (2). This study has 
sought to determine whether, during starvation-induced 
depletion of liver TG, certain long chain fat ty acids are 
utilized selectively while others, e.g. 20:4n-6, may be re- 
tained selectively in the TG. 

EXPERIMENTAL 

Twenty-four male Sprague-Dawley rats (200-250 g) were 
housed individually in polypropylene cages (Nalgene). 
They were fed a semi-synthetic diet of the recommended 
nutrient content: 20% casein, 50.5% sucrose, 15% cellu- 
lose, 10% corn oil (54% linoleic acid), 3.5% AIN-76 
mineral mix and 1% AIN-76A vitamin mix (5). This diet 

*To whom correspondence should be addressed at the Department 
of Nutritional Sciences, Faculty of Medicine, University of Toronto, 
Toronto, Canada M5S 1A8. 
Abbreviations: GLC, gas liquid chromatography; TG, triacylglycerol; 
16:0, palmitic acid; 16:1n-7, palmitoleic acid; 18:0, stearic acid; 
18:1n-9, oleic acid; 18:2n-6, linoleic acid; 20:4n-6, arachidonic acid; 
22:5n-3, docosapentaenoic acid; 22:6n-3, docosahexaenoic acid. 

was available for four wk along with distilled water given 
ad libitum. Food intake was determined once a week dur- 
ing this period (mean _+ SD, 3.2 _ 0.7 g/100 g/day). Six- 
teen rats then were starved for 96 hr; eight rats continued 
to receive food ad libitum. The rats then were anesthe- 
tized with ether and the livers excised, blotted, weighed 
and frozen for lipid analysis. 

The livers were homogenized in chloroform]methanol 
(2:1, v/v) containing 0.02% butylated hydroxytoluene as 
antioxidant. The TG component of the total lipid extract 
was separated by thin layer chromatography and trans- 
methylated with boron trifluoride~methanol. The composi- 
tion of the fat ty acid methyl esters was determined by 
gas liquid chromatography (GLC) under the conditions 
specified (2). The quantitative content of TG in the liver 
was determined by GLC using triheptadecanoin as an in- 
ternal standard that  was added to the liver extract dur- 
ing homogenization. 

Student's t-test was used for statistical evaluation of 
differences between groups. 

RESULTS 

The proportional composition of the major long chain 
fatty acids in the liver TG of fed and starved rats is shown 
in Figure 1. In comparison with fed rats, starved rats had 
a similar content (mg%) of palmitic acid (16:0) and 

16:0{flllFiiiiiiiiiiiiiiiiiiii!iiiiii!!!!iiiii;i!!; ' ' 
;~I:IlI']'IIII'IIIII'''II'IIIIlI[IIFII'I'II'I 

1 6 : 1 n - 7 ~  

18:0 

18:1n-9 

! 

18:2n-6 

20:Z~n-6 
I ! 

I I I I I I ~ I 

0 10 20 30 

Fatty Acid (rag %)  

FIG. 1. Fatty acid composition (mean • SD, mg%) of liver TG from 
96-hr starved (open bar) or ad lib-fed (hatched bar) rate. In starved 
rate, palmitic acid (16:0) and linoleic acid (18:2n-6) were unchanged, 
pAIm|toleic acid (16:1n-7) and olcic acid (18:1n-9) were decreased (p < 
0.01) and stearic acid (18:0) and arachidonic acid (20:4n4~) were in- 
creased (p < 0.01). 
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18:2n-6, a 29% reduction in oleic acid (18:1n-9, p < 0.01), 
a 67% reduction in palmitoleic acid (16:1n-7, p < 0.01), 
an increase in 18:0 of 157% (p < 0.01) and an increase in 
20:4n-6 of 533% (p < 0.01). The to ta l  essential  f a t t y  acid 
content  (18:2n-6 and 20:4n-6) of the liver TG was 25 rag% 
in the fed ra t s  bu t  was ca. 38 mg% in the s ta rved  ra t s  
(Fig. 1). Quant i ta t ion  of the f a t t y  acid da ta  on a per g 
t issue basis  (wet weight) showed tha t  all the long chain 
f a t ty  acids (16+ carbons) were decreased significantly in 
the liver TG of the s t a rved  compared  with fed ra t s  
(Table 1). 16:0, 16:1n-7, 18:1n-9 and 18:2n-6 were present  
in the liver TG of the s t a rved  ra t s  a t  <7% of their  values 
in the fed rats,  whereas 18:0 was present  at  19% (p < 0,01) 
and 20:4n-6 a t  34% (p < 0.01) of their  respect ive values 
in the fed rats .  The g rea tes t  difference between the 
s t a rved  and fed ra t s  in the f a t t y  acid composi t ion (gg/g 
wet  weight) of liver TG was in 16:1n-7 ( - 9 8 % )  and the 
smallest  difference was in 20:4n-6 ( -66%) .  

Only 20:4n-6 and 18:0 were proportionally higher in the 

liver TG of the s tarved compared with fed rats.  To assess 
whether  the relat ive re tent ion of 20:4n-6 in the liver TG 
of the s ta rved  ra t s  m a y  have been related to t ha t  of 18:0, 
correlat ions were determined between these two f a t t y  
acids and tota l  l iver TG. Figure  2 shows tha t  there was 
a significant inverse correlation between the to ta l  TG in 
liver and i ts  content  (mg%) of 18:0 and 20:4n-6. Hence, 
in fed ra t s  (high liver TG) 20:4n-6 and 18:0 were bo th  pro- 
port ional ly lower than  in the s t a rved  ra t s  (low liver TG). 
No other  16- or 18-carbon f a t t y  acids were correlated 
significantly (positively or negatively) to the TG content  
of the livers of the s ta rved  or fed rats .  In  addit ion to be- 
ing inversely correlated with  to ta l  TG content ,  the pro- 
por t ional  composi t ion of 20:4n-6 and 18:0 was correlated 
posit ively (Fig. 3); in livers in which 20:4n-6 was low, 18:0 
was also low and vice-versa. Interes t ingly ,  however, 
20:4n-6 and 18:0 were not correlated in fed ra ts  (high liver 
TG); they  were only significantly correlated (r -- +0.70,  
p < 0.01) in s t a rved  ra t s  (low liver TG, Fig. 3). 

TABLE 1 

Absolute Composition of Long Chain Fatty Acids in Liver Triacylglycerol (TG) 
and Total TG of Fed or Starved Rats 

Fatty acids Ad lib fed a 96-Hr starved b % Hydrolyzed 

16:0 2000 +_ 1607c, d 106 + 70** 95 
16:1n-7 327 ___ 400 8 ___ 7** 98 
18:0 155 _ 101 30 +_ 27* 81 
18:1a-9 1496 +_ 958 62 + 54** 96 
18:2n-6 1276 _+ 946 79 + 65** 94 
20:4n-6 136 + 117 46 + 19"* 66 

TG 5.68 +_ 3.49 e 0.33 + 0.24** 94 

a(n = 8). 
b(n ~ 16). 
c(~g/g). 
d(mean +__ SD). 
e(mg/g wet weight). 
*p < 0.05; **p < 0.01, Student's t-test. 
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FIG. 2. Correlation regression analysis of the relation between liver TG (log mg/g) and its 
content of stearic acid (18:0, A; log rag%) and arachidonic acid (20:4n:6, B; log mg%) in ad 
lib-fed and 96-hr-starved rats. n ,  stearic acid/fed; o ,  stearic acid/starved; r-l, arachidonic 
acid/fed; O, arachidonic acid/starved. Stearic acid -- r = --0.76, y = --0.34x -b 0.66, p < 
0.001; Arachidonic acid -- r = --0.75, y = 0.96x -b 0.58, p < 0.001. 
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FIG. 3. Correlation regression analysis  of the relation between the 
composition {mg%) of stearic acid and arachidonic acid in rat liver 
TG of 96-hr starved ( � 9  and ad lib fed {O) rats: r = +0.65,  y = 0.29x 
Jr 3.39, p < 0.001. 

DISCUSSION 

This study sought to establish whether the composition 
of long chain fat ty acids in the total TG of the liver was 
altered differentially during starvation. The present data 
indicate that this is the case, particularly for 20:4n-6 and 
to a lesser extent for 18:0. As demonstrated (1-3), 20:4n-6 
(mg%) also was found to be inversely correlated with total 
liver TG. Although the proportion of 20:4n-6 (mg%) was 
six times higher in starved vs fed rats, its absolute con- 
tent was 66% less. 20:4n-6 is normally one of the smallest 
component fat ty acids in liver TG of fed rats (1-2 mg%), 
but in the starved rats 20:4n-6 values of 20 mg% were 
not uncommon; 30 rag% have been observed previously 
(unpublished data}. Hence, there was selective retention 
(on a proportional basis} of 20:4n-6 by rat liver TG dur- 
ing starvation. 

These observations point to a marked differentiation 
between the proportional and absolute composition of 
20"4n-6 in TG. It also is evident that long chain fatty acids 
are differentially hydrolyzed from liver TG or hydrolyzed 
and selectively reacylated during starvation with the 
following preference for hydrolysis: 16:1n-7 > 16:0 = 
18:1n-9 = 18:2n-6 > 18:0 > 20:4n-6 (Table 1). The fact that 
net hydrolysis of 20:4n-6 was the least among these fat ty 
acids would be expected in view of its unsaturation and 
chain length. The retention of 18:0 in the liver TG dur- 
ing starvation in amounts relatively greater than 18:1n-9 
or 18:2n-6 was not expected. In view of the significant 
positive correlation between 20:4n-6 and 18:0 in the liver 
TG of the starved rats (Fig. 3), the proportional reten- 
tion of 20:4n-6 and 18:0 may have been due to low speci- 
ficity of the hepatic TG lipase for TG species containing 
20:4n-6 and 18:0 or may have been due to net reacylation 
of these two fat ty acids. These results are supported by 
a previous report showing that perfusion of intermediate 
density lipoproteins through the rat heart in vitro reduces 
their TG content by 60% {6). After perfusion, the percent 
composition of docosapentaenoic acid (22:5n-3) and 
docosahexaenoic acid (22:6n-3) in the TG of the lipopro- 
teins was 2.2 times higher than before perfusion. It was 
concluded that  differential hydrolysis of long chain fat ty 
acids from lipoproteins by lipoprotein lipase occurs in the 
heart (6). These observations are analogous to the pres- 
ent TG data obtained from rat liver after starvation and 
suggest that  TG depletion under various circumstances, 
e.g. from lipoproteins after perfusion through the heart 
(6), from endogenous stores in the perfused rat heart (7) 
or from rat liver during starvation {present data}, results 
in selective retention not only of 20:4n-6 and possibly 
22-carbon fatty acids but also of 18:0. The possibility that 
a significant proportion of 18:0 and 20:4n-6 are present 
in the same TG species in rat liver is currently being 
investigated. 
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The metabolic fate of 2(RS),3-epiminosqualene (Isq.), a 
demonstrable inhibitor of the 2,3~xidosqualene-lanosterol 
cyclase, has been studied in Gibberella fujikuroi. The 
fungus transforms Isq. to a tetracyclic product for which 
the 24(RS),25~epiminolanosterol (EL) formulation was 
indicated by chromatographic and spectral data. The re- 
sults are consistent with the pathway: Isq. ~ 2,3-im;,o-22, 
23~xldosqualene --  EL. 
Lipids 23, 375-376 (1988). 

duced a late shoulder on the parent GLC peak with vary- 
ing intensity (from 0-40% of the parent peak). The for- 
mation of the shoulder is dependent on the hydroscopic 
state of the sample and has been observed also when 

2,3-Epiminosqualene (Isq.) is a potent inhibitor of the en- 
zymic cyclization of 2,3-oxidosqualene to sterols (1,2). 
This biochemical attribute has led to studies in which Isq. 
has been used to inhibit sterol biosynthesis in situ, ~. 
thereby inhibiting fungal growth (3,4) and cell prolifera- 
tion of cultured mammalian cells (5). Isq. also has been E 
added to microsome preparations together with squalene "-" 
analogues to assess the specificity of the enzymatically 
catalyzed epoxidation (6). The results described here show O 
for the first time that Isq. is not a metabolically inert com- 
pound but may enter into the sterol pathway and undergo 
structural modifications analogous to squalene, viz. epox- w 
idation and cyclization, a 

MATERIALS A N D  METHODS 

GibbereUa fujikuroi was incubated with 10 ~g/ml Isq. for 
eight  days as described (3). Authentic standards of Isq. 
and EL were prepared by the addition of iodine azide to 
the corresponding olefin {7). Mycelia undergoing growth 
adaptation were ground with sea sand and extracted over- 
night in a Soxhlet apparatus with refl, xlng acetone. The 
medium was extracted overnight with chloroform using 
a liquid-liquid apparatus. The mycelia and media extracts 
were monitored by thin layer chromatography (TLC) with 
the plates developed in solvent system I, benzene/ether, 
(9:1, v/v), and solvent system II, ethyl acetate/triethyl- 
amine, (99:1, v/v). The plates were sprayed with a 50% 
aq. H~SO4 solution and heated. R~ values for Isq. and EL 
in S.S.I and S.S.II were origin/origin and 0.42/0.25. Gas 
liquid chromatography (GLC) was performed with 3% 
SE-30 and 3% OV-17 packed columns operated isother- 
maUy at 245 C. Retention times were relative to choles- 
terol: RRT~ for Isq. and EL on the two columns was 
0.80/0.70 and 2.63/3.21, respectively. Gas chromatog- 
raphy-mass spectrometry was performed using a 30 M 
DB-5 capillary column with the ion-source temperature 
for EI-MS maintained at 150 C. IHNMR was performed 
at 200 MHz as described {8). We noted that the authen- 
tic synthetically prepared iminoisopentenoids (7) pro- 

*To whom correspondence should be addressecL 
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Auburn University, Auburn, AL 36849. 
Abbreviations: AL, 25-aminolanosterol; EL, 25-eplminolanosterol; 
Isq., 2,3-Eplminosqualene; GLC, gas liquid chromatography; TLC, 
thin layer chromatography. 
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FIG. 1. Growth response of Gibberella fujikuroi with and without 
10/~glml Isq. supplementation. 
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FIG. 2. GLC profile (3% SE-30 column operated at 245C) of the TLC 
band having Rf 0.25 in solvent system 2. Note the shoulder on peak 
at RRTc-2.63 is a breakdown product. See text for details. 
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FIG. 3. Proposed 2,3-iminosqualene pathway in Gibberella fujikuroi. 
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the injector port accumulates bound water and needs to 
be cleaned. 

RESULTS AND DISCUSSION 

In recent studies using G. fujikuro~ we demonstrated that 
the fungus produced ergosterol and other 2413-methyl- 
sterol end products {3,8}. Isq. added to the cultures at 
1 gg/ml inhibited growth somewhat and induced the 
fungal accumulation of squaleneoxide and the depression 
of [2-'4C]acetate incorporation into sterol end products 
(3). When the level of Isq. was increased to 10 ~g/ml, 
mycelial growth ceased. However, after a few days of 
chronic treatment with Isq. the mycelia recovered and 
grew in a manner analogous to control cultures. We now 
have repeated the study to determine whether a devel- 
opmentally delayed biochemical detoxifying mechanism 
operates to modify Isq. to form a noninhibitory end 
product. 

Isq. was incubated at 10 ~g/ml for eight days with G. 
fu j i kuro i  as shown in Figure 1. The mycelia initially were 
inhibited, then growth resumed. The cultures at harvest 
apparently had recovered to the inhibitor at an earlier 
time than we had shown in a previous study (3). Media 
extracts that  were monitored for Isq. at harvest failed 
to possess significant levels of the dietary Isq. However, 
mycelial extracts contained in addition to Isq. a major 
unidentified compound that was visible in the second TLC 
system and that  was sensitive to the separation of N- 
isopentenoids i.e., at Rs 0.25. This material eluted in GLC 
with authentic EL {Fig. 2) and exhibited a characteristic 
fragmentation pattern for an aziridine steroid: M § 
441(62%), 426(100%), 409(6%), 400(9%), 166{27%), 
99(62%}, 98(57%), 84(78%), 70(45%), 58(28%); 'HNMR d 
C-18(0.69s), C-19(1.00s), C-21(0.91d), C-26(1.25s), 
C-27{1.16s), C~30(0.98s), C-31(0.81s), C-32(0.88s) ppm. The 
amount of EL per culture flask was quantified at 
10 pg/80 mg dry wt mycelium. At physiological pH, the 
protonated aziridine is a reactive species capable of 
undergoing a ring-opening reaction with a nucleophile. 
Through a biomimetic approach, we have shown that  
24,25-epiminolanosterol is converted to 25-aminolano- 
sterol using hydrogen and Raney nickle (9). Thus, the con- 

tinued transformation of the aziridinium salt to 25-amin~ 
lanosterol (AL) is possible; preliminary evidence in fact 
has been presented for the EL to AL conversion by G. 
fu f ikuro i  (10). Studies in progress should resolve whether 
deamination of the 25-amino grouping occurs; this would 
effectively produce a nontoxic metabolite, viz. a 
A24-steroid, which then could reenter into the sterol C-24 
alkylation pathway. 

The biosynthetic scheme presented in Figure 3 for the 
metabolic conversion of Isq. to EL is consistent with the 
mechanistic considerations implicit in the studies cited 
(6,11-13). 
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Fatty Acids of the Milk and Food of the Platypus 
( Ornithorhynchus anatinus ) 
Robed A. Gibsono,*, Mark Neumanna,  T.R. Grantb and Mervyn Griffithsc 
aDepartment of Paediatrics Flinders Medical Centre, Bedford Park (Adelaide), S.A. 5042, Australia, bSchool of Zoology, University 
of New South Wales, Kensington, N.S.W. 2033, Australia, and Cprotein Chemistry Group, Australian National University, Canberra, ACT 
2601, Australia 

Platypus milk fat contains 98.5% triglyceride. Polyun- 
saturates (C18:2-C22:5) account for 29% of the triglycer- 
ide fatty acids in the milk fat and 32% of the total fatty 
acids in the lipid of the food of the platypus. Linoleate 
and arachidonate are the major o~6 polyunsaturates of 
both food and milk lipids. However, while the r polyun- 
saturates linolenate and eicosapentaenoate are present 
in both food and milk, docosapentaenoate is present in 
meaningful amounts in milk only. It is suggested that 
with the exception of 22:5r the polyunsaturates in 
platypus milk originate in the diet. 
Lipids 23, 377-379 (1988). 

Platypuses (Ornithorhynchus anatinus) living in the 
waters of South Eastern Australia breed in spring and 
lay their eggs early in September. This takes place in a 
burrow in which the progeny live solely on milk for at 
least 3.5 months until they emerge in late January or in 
February. The milk triglyceride contains relatively large 
amounts of long-chain polyunsaturates (1-4). In contrast 
to this, the milk triglyceride of the echidna, an egg-laying 
mammal related to the platypus, living on its natural diet 
of ants and termites contains linoleic and linolenic but, 
apart from a trace of arachidonic acid, no long-chain 
polyunsaturates of 20 or 22 carbons (1,4). Total fat ty 
acids of the lipids of a species of ant and of a termite eaten 
by echidnas have been determined, and the C20-C22 long- 
chain polyunsaturates are absent (4). Since the fat ty acid 
composition of echidna milk fat can be changed by alter- 
ing the composition of the fatty acid intake (1,2,4), it is 
possible that platypus milk fat differs from that of echid- 
nas due to a difference in fat ty acid intake. To test this 
notion, the fat ty acid composition of the lipid in the food 
of the platypus was determined. Since the classes of lipid 
in platypus mille~ other than triglyceride measured by 
yield from Florisil columns, have never been defined, these 
also were determined. 

MATERIALS AND METHODS 

Eleven lactating platypuses were captured in the Shoal- 
haven River N.S.W. by the method of Grant and Carrick 
(5) during a three-day period in mid-December 1984 and 
injected intramuscularly with 0.2 ml (2 I.U.) of oxytocin 
(Sandoz). Milk then was squeezed out of the mammary 
glands and taken up in Pasteur pipettes. The cream was 
separated from each sample by centrifugation at 1,000 X 
g for 20 rain at 2-4 C. It  then was removed and stored 
under nitrogen at - 2 0  C. 

The diet of the p la typus  in the Shoalhaven consists 
mainly of aquatic insect larvae (Trichoptera, Diptera, 
Coleoptera, Ephemeroptera, Odonata) shrimps and 
bivalve molluscs (6}. Samples of available items were 

*To whom correspondence should be addressed. 

taken in the winter {317/84), summer (8/12/85) and autumn 
(15/3/86) by means of a Surber Sampler and a plankton 
net in the riffle areas and pools in which the lactating 
platypuses were trapped. Upon removal from the nets, 
the pooled samples of organisms were frozen and stored 
at --10 C. 

The milk fat was extracted by the method of Gibson 
and Kneebone (7) and the classes of lipid isolated by thin 
layer chromatography. The fat ty acids of the lipids were 
transesterified in 1% H2SO4 in methanol (v/v) by heating 
to 70 C for three hr (8); the resultant methyl esters were 
analyzed by gas chromatography (7). 

The lipid of the pooled samples of food items was ex- 
tracted by the method of Bligh and Dyer (9). 

RESULTS AND DISCUSSION 

Thin layer chromatography showed that 98.5% of the 
mille lipid was in the form of triglyceride; the remainder 
was made up of phospholipid (1%) and free fatty acids. 
Very small amounts of cholesteryl esters were detectable 
in five of the samples only. Data in Table 1 show that 
unsaturates predominate in all four classes of lipid, ac- 
counting for over two-thirds of the fatty acids present in 
the milk fat. Of these 29% of the total present in the tri- 
glyceride are polyunsaturates (C18:2-C22:5), in agree- 
ment with the data of Griffiths et al. (1) and Grant et al. 
(3), which give 27% and 32%, respectively. From Table 1, 
it also can be seen that the concentration of arachidonic 
acid (20:4~06) in the phospholipid is higher than that in 
the triglyceride; however, 98% of the total arachidonic 
acid is in the latter fraction. The greater part of the 
arachidonic acid present in human milk fat is also pre- 
sent in the triglyceride (10,11). 

The fat ty acid composition of the lipid in the pooled 
samples of platypus food is shown in Table 2. From this, 
it is clear that about 60% of the fatty acids are un- 
saturates; polyunsaturates account for about 32% of the 
total fat ty acids. Because it is known that dietary intake 
of polyunsaturates by lactating women leads to the ap- 
pearance of those acids in their milk (8,12-14), it would 
be fair to conclude that the presence of polyunsaturates 
in platypus milk is due to ingestion of those acids pres- 
ent in their food. Likewise, it affords an explanation of 
the absence of long-chain polyunsaturates from the milks 
of echidnas because their food lipid apparently lacks 
C20-C22 polyunsaturates (4). However, while 18:2006, 
20:4r 18:3o~3 and 20:5r were present in high amounts 
in both food and milk lipids, 22:5r was present in large 
amounts in milk only. Because 22:5r can be converted 
readily from 20:5co3, it is likely that some chain lengthen- 
ing of fatty acids has occurred, most likely in the liver. 

Small amounts of 22:6r were found in platypus food 
lipids and in their milk lipid. However, Griffiths et al. (1) 
reported the presence of 0.6-1.1% of 22:6r in milk 
triglyceride of platypuses living in habitats different from 
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TABLE 1 

F a t t y  Acid Composit ion {Weight %) of the  Classes  of Lipid in P l a typus  Milk 

Fa t t y  acid Triglyceride Phospholipid Free fa t ty  acids Cholesterol es ters  a 

Sa tura tes  
14:0 1.6 + 0.4 1.6 +_ 
15:0 0.7 _ 0.7 0.6 _+ 

Iso 16:0 0.2 + 0.2 1.5 +_ 
16:0 19.8 + 0.8 23.6 _+ 
17:0 1.8 + 0.3 1.4 _+ 

Iso 18:0 0.3 _+ 0.4 2.1 + 
18:0 3.9 + 0.5 9.1 + 
20:0 1.3 + 0.2 1.6 + 
22:0 0.5 + 0.1 2.5 _+ 
24:0 0.2 + 0.1 1.1 +_ 

Monounsa tu ra tes  
14:1 0.7 + 0.1 0.5 _+ 0.2 
16:1 13.9 +_ 1.4 11.2 +_ 1.5 
17:1 1.5 __+ 0.9 0.5 __+ 0.4 
18:1 22.7 +__ 2.6 15.0 __. 1.4 
20:1 2.2 _+ 0.4 0.9 + 0.3 
24:1 tr  t r  

Po lyunsa tu ra tes  
r series 

18:2 5.4 + 0.8 4.5 +_ 0.6 
18:3 0.6 ___ 0.1 0.3 + 0.1 
20:2 0.5 + 0.2 0.3 + 0.1 
20:3 0.2 + 0.0 0.2 ___ 0.0 
20:4 2.4 +_ 0.3 5.5 +_ 1.0 
22:4 0.4 _+ 0.1 0.2 + 0.1 

o~3 series 
18:3 7.6 + 1.9 4.6 + 2.1 
20:5 4.5 + 0.6 4.2 + 0.8 
22:5 4.2 +_ 0.5 5.6 _+ 1.6 
22:6 t r  0.8 + 0.5 

Unidentified 2.8 + 0.6 ND 

0.6 1.2 + 0.3 1.9 + 0.4 
0.7 0.4 + 0.3 0.5 + 0.1 
0.3 0.3 + 0.2 0.6 + 0.4 
2.5 9.6 + 9.4 19.0 __- 1.7 
0.3 1.9 + 0.4 1.5 + 0.2 
0.3 1.7 +-- 1.2 0.1 + 0.2 
1.5 2.5 ---+ 0.5 4.0 + 0.5 
0.2 1.8 + 0.5 1.1 + 0.2 
0.6 0.7 + 0.1 0.5 + 0.1 
0.4 0.2 + 0.1 0.4 + 0.2 

0.8 + 0.4 0.6 + 0.1 
15.7 + 1.9 12.8 + 0.7 

0.6 + 0.4 1.2 + 0.2 
19.8 _ 3.9 25.6 + 2.2 

1.2 ----- 0.5 2.3 + 0.3 
0.2 + 0.1 0.4 + 0.1 

7.9 + 1.4 7.9 + 0.6 
0.7 --+ 0.2 0.9 + 0.1 
0.4 +-- 0.2 0.4 + 0.0 
0.3 + 0.1 0.2 +- 0.0 
3.3 + 0.4 2.1 + 0.3 
0.6 + 0.2 0.5 + 0.1 

15.2 + 4.0 6.4 + 2.2 
4.6 +-- 1.1 4.3 + 0.8 
5.8 + 1.0 4.1 + 0.8 
0.2 + 0.4 ND 
1.9 --- 1.1 ND 

n, 11; Mean +_ S.D. 
an, 5. 
tr, trace; ND, not  detected. 

T A B L E  2 

Fatty Acid Composit ion (Weight %) of P l a typus  Food Lipid Sampled in Winter ,  Summer  and  A u t u m n  

Sample 

Fa t ty  acids Winter  3/7/84 Summer  18/12/85 A u t u m n  15/3/86 

Satura tes  
14:0 1.9 2.2 1.2 
15:0 0.4 0.2 0.3 

Iso 16:0 0.3 0.5 0.2 
16:0 19.9 27.4 25.4 
17:0 2.3 2.0 2.1 

Iso 18:0 1.3 1.1 1.3 
18:0 6.5 4.6 5.5 
20:0 1.6 1.8 1.6 
22:0 0.4 0.3 0.6 
24:0 0.1 0.1 0.1 

Monounsa tu ra tes  
14:1 0.7 0.7 0.4 
16:1 10.2 14.5 9.9 
17:1 0.6 0.3 0.3 
18:1 21.3 17.5 17.2 

Polyunsaturates 
co6 series 

18:2 7.0 4.8 7.5 
18:3 0.5 0.4 0.9 
20:2 0.1 0.1 0.1 
20:3 0.1 0.1 0.1 
20:4 2.2 L0 2.7 

oJ3 series 
18:3 10.4 13.5 13.7 
20:5 11.8 6.4 8.5 
22:5 t r  0.1 tr  
22:6 0.1 0.3 0.2 

tr, trace; n, 1. 
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the Shoalhaven River. The discrepancy m a y  be due to dif- 
ferences in the levels of 22:6r in the  food i tems selected 
by  the animals. In  addition, we repor t  here less 12:0 and 
14:0 in the triglyceride fraction than  reported in an earlier 
s tudy (15). While this may  be due to seasonal or biological 
differences, we are satisfied t ha t  the methy la t ion  pro- 
cedure used in this s tudy  does not  cause selective losses 
of C12 and C14 f a t t y  acids. 

The origin of the po lyunsa tu ra t e s  in the  food of the 
p la typus  is unknown bu t  the u l t imate  foodstuffs  of 
aquatic molluscs and insect larvae are detr i tus  and algae 
(16). I t  is known tha t  benthic  marine  algae contain long- 
chain polyunsaturated fa t ty  acids (17), so it is not  unlikely 
t ha t  fresh water  algae will prove to be the pr imary  source 
of C20-C22 po lyunsa tu ra tes  in p la typus  milk. 
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Fatty Acid Composition of Macrophage Phospholipids 
in Mice Fed Fish or Borage Oil 
Robert S. Chapkin*, Scott D. Somers, Leslie Schumacher and Kent L. Erickson 
Department of Human Anatomy, School of Medicine, University of California, Davis, CA 95616 

The polyunsaturated fatty acid IPUFA} composition of 
murine peritoneal macrophage phospholipids was dramat- 
ically altered in vivo following the four-wk feeding of 
specific dietary oils. Fish oil {containing 20:5n-3 and 
22:6n-3} feeding significantly increased macrophage 
20:5n-3, 22:5n-3, and 22:6n-3 (P < 0.05~, while borage oil 
{containing 18:2n-6 and 18:3n-6) increased IP < 0.05) the 
macrophage 20:3n4}/20:4n-6 ratio, relative to safflower oil 
{containing 18:2n-6} and hydrogenated coconut oil Icon- 
taining 12:0}-fed animals. The macrophage phospholipid 
PUFA profiles were compared with those of the liver, 
lung and spleen. The significance of the PUFA alterations 
is discussed. 
Lipids 23, 380-383 (1988}. 

Depending upon the availability of membran~bound 
fat ty acids, determined largely by dietary constituents, 
cellular eicosanoid biosynthesis may be redirected in favor 
of a particular antacoid {1). For instance, it has been 
demonstrated that the oral administration of primrose 
off, containing 9% y-linolenic acid {18:3n-6), has the poten- 
tial for increasing tissue biosynthesis of 1-series prosta- 
glandins {PG1} {2,3}. This observation is of particular in- 
terest in view of the antiphlogistic properties of PG, {4,5). 
In addition, there are an impressive number of reports 
suggesting that dietary supplementation with fish oil, 
containing eicosapentaenoic acid (20:5n-3) and docosahex- 
aenoic acid {22:6n-3), may attenuate the phlogistic re- 
sponse (6,7}. The efficacy of fish off as a modulator of the 
immune system has been attributed to its content of n-3 
fat ty acids, which serve as precursors of cyclooxygenase 
and lipoxygenase metabolites {6,7). 

Macrophages play a pivotal role in the amplification 
and suppression of inflammation and immune responses 
{8). These cells secrete prodigious quantities of arachi- 
douic acid {20:4n-6)-derived eicosanoids (8). To further 
investigate the role of dietary manipulation involving 
18:3n-6 and 20"5n-3 on macrophage phospholipids, mice 
were administered diets mixed with borage oil (BOR) con- 
taining 18:2n-6 and 18:3n-6, menhaden fish oil IMFO) con- 
taining 20:5n-3 and 22:6n-3, safflower oil {SAF) contain- 
ing 18:2n-6, and hydrogenated coconut oil (HCO) contain- 
ing 12:0. The polyunsaturated fatty acid {PUFA) profiles 
of macrophage total phospholipids were compared to 
those of the liver, lung and spleen. 

MATERIALS AND METHODS 

Pathogen-free female C57BL/6NCR mice (Charles River, 
Wilmington, MA}, weighing 15-20 g were used. All mice 
had been fed a commercial pelleted mouse diet {Ralston- 
Purina, St. Louis, MO} and were housed (6-8 animals per 

*To whom correspondence should be addressed. 
Abbreviations: BOR, borage oil; EFAD, essential fatty acid defi- 
ciency; HCO, hydrogenated coconut oil; MFO, menhaden fish oil; 
PUFA, polyunsaturated fatty acid; SAF, safflower oil. 

cage} in autoclaved cages with laminar flow hoods in order 
to minimize spontaneous macrophage activation {9}. On 
day zero of the experiment, the mice randomly were 
assigned to one of four purified diets for four wk, each 
adequate in all nutrients except 18:2n-6 {10}. The diet 
varied only in the type of oil fed, i.e. either safflower, 
borage, fish or hydrogenated coconut oil made up 10% 
of the diet by weight. All dietary components were pur- 
chased from ICN Nutritional Biochemicals {Cleveland, 
OH}, except where noted. The basic composition of the 
purified diet was casein, 20%; DI~methionine, 0.3%; corn 
starch, 15%; sucrose, 44%; cellulose, 5%; mineral mix, 
3.5% Ill}; vitamin mix, 2% (ll); choline chloride, 0.2%; 
and either SAF, 10% {California Oils, Richmond, CA); 
BOR, 10% (Traco Labs, Champaign, IL}; MFO, 10% 
(Zapata-Haynie, Reedville, VA}; or HCO, 10% {Capital 
City Products, Columbus, OH). The major fat ty acids of 
the HCO diet were fin wt %} 8:0, 7.9%; 10:0, 6.9%; 12:0, 
50.9%; 14:0, 18.2%; 16:0, 7.8%; 18:0, 7.1%; 18:1n-9, 1.0%; 
SAF diet, 16:0, 7.0%; 18:0, 2.5%; 18:1n-9, 10.7%; 18:2n-6, 
78.2%: BOR diet, 16:0, 12.4%; 18:0, 4.4%; 18:1n-9, 19.6%; 
18:2n-6, 36.6%; 18:3n-6, 25.2%; and MFO diet, 14:0, 7.6%; 
16:0, 16.0%; 18:0, 2.8%; 18:1n-9, 10.5%; 18:2n-6, 1.2%; 
18:3n-6, 0.6%; 20:4n-6, 0.6%; 20:5n-3, 16.9%; 22:5n-3, 
2.5%; 22:6n-3, 12.0%. The diets were adequate in all 
nutrients, except HCO and MFO, which were deficient 
in 18:2n-6 (10). A diurnal light cycle of 12 hr was main- 
tained, and food and autoclaved water were available ad 
libitum. The powdered diets were mixed and stored under 
N2 at - 2 0  C. Fresh diet was provided daily to each group 
to minimize auto-oxidation. Diets were checked periodi- 
cally by determination of the fatty acid composition. The 
profiles did not vary significantly in the diets over the 
four-wk feeding period. Body weights were recorded 
weekly, and the food intake of the SAF, BOR, MFO and 
HCO animals were diurnally monitored and not found to 
be significantly {P > 0.05} different {data not shown). 

Macrophage cultures. Mice were injected intraperitone- 
ally with 2 ml of 1.5% sterile sodium caseinate three days 
before being killed. Primary cultures of peritoneal macro- 
phages were established from responsive cells as de- 
scribed previously {12}. 

Lipid analysis. Livers, spleens and lungs were excised, 
rinsed in ice-cold saline, flash frozen in liquid N2 and held 
at - 7 0  C for lipid extraction. Same-day macrophage 
cultures and frozen tissues were extracted {13), and the 
total phospholipids isolated by thin layer chromatog- 
raphy 114]. Fa t ty  acids were quantitated by gas chroma- 
tography {15}. All data were subjected to one-way analysis 
of variance using multiple comparisons, with the upper 
level of significance chosen at P < 0.05. 

RESULTS AND DISCUSSION 

No differences between the diets were noted with respect 
to numbers or relative proportions of resultant peritoneal 
inflammatory exudate populations after sodium caseinate 
injection {data not shown). The data in Table 1 show that 
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T A B L E  1 

P o l y u n s a t u r a t e d  F a t t y  A d d s  in M a c r o p h a g e  T o t a l  P h o s p h o l i p i d s  

F a t t y  acid H C O  S A F  B O R  M F O  

18:2n-6 4.4 +-- 0.1 b 11.6 _ 0.6 a 8.6 + 0.1 a 3.6 + 0.2 b 
18:3n-6 t r  a t r  a t r a  t r  a 
20:3n-6 1.1 + 0.0 a 1.0 + 0.2 a 4.5 + 0.1 b 0.4 +_ 0.4 a 
20:3n-9 1.4 +__ 0.0 b t r  a t r  a t r  a 
20:4n-6 13.2 + 1.0 a 15.0 + 1.2 a 15.8 + 1.0 a 6.3 ----- 0.5 b 
20:5m3 t r  a t r  a t r a  3.7 ----. 0.7 b 
22:4n-6 4.0 _+ 0.1 b 7.9 ----- 0.4 d 6.2 ___ 0.7c t r  a 
22:5n-6 0.8 -+ 0.2 a 1.4 + 0.1 a 1.3 --+ 0.6 a t r  a 
22:5n-3 t r  a t r  a t r  a 6.8 +-- 1.0 b 
22:6n-3 t r  a t r  a t r  a 4.0 + 0.4 b 
20:3n-6/20:4n-6 0.08 _+ 0.0 a 0.07 +_ 0.02 a 0.28 +_ 0.02 b 0.06 +-- 0.06 a 
20:5n-3/22:5n-3 <0.01 a ~0.01 a <0.01 a 0.54 +_ 0.05 b 

Resu l t s  are expressed  in re_g/100 m g  total  f a t t y  acids  present .  E a c h  figure r ep resen t s  the  m e a n  _+S.E.M. f rom pooled m a c r o p h a g e  monolayers  
{n = 2). 

Values with similar superscripts are not significantly different {P > 0.05). 
Only selected polyunsaturated fatty acids are presented, tr, trace amounts, less than 0.1%. 

T A B L E  2 

P o l y u n s a t u r a t e d  F a t t y  Ac ids  in Liver  T o t a l  P h o s p h o l i p i d s  

Fatty acid HCO SAF BOR MFO 

18:2n-6 6.0 _ 0.4 b 19.4 + 0 . 5  d 11.6 + 0.3 c 2.6 + 0.4 a 
18:3n-6 t r a  0.2 +-- 0.1 a 1.6 + 0.1 b 0.2 + 0.0 a 
20:3n-6 1.7 + 0.2 ab  1.4 ___ 0.1 a 2.4 + 0.3 b 0.5 + 0.0 c 
20:3n-9 4.0 + 0.5 b t r  a t r  a t r  a 
20:4n-6 13.0 ----- 0.6 b 22.6 + 0.1 a 23.8 + 0.4 a 6.5 + 0.1 c 
20:5n-3 t r a  t r a  t r  a 9.4 + 1.0 b 
22:4n-6 t r  a 0.6 ___ 0.0 b 0.8 +-- 0.1 b t r  a 
22:5n-6 1.4 --+ 0.1 b 3.7 + 0.1 c 3.4 _+ 0.2 c t r  a 
22:5n-3 t r  a t r  a t r  a 2.0 __- 0.0 b 
22:6n-3 8.1 -+ 0.5 b 5.5 + 0.2 a 6.2 __. 0.3 a 24.2 + 0.8 c 
20:3n-6/20"4n-6 0.12 +_ 0.01 a 0.06 +_ 0 .00b 0.11 +_ 0.01 a 0.08 +_ 0.00 b 
20:5n-3/22:5n-3 <0.01 a <0.01 a <0.01 a 4.52 __ 0.53 b 

R e s u l t s  are  e x p r e s s e d  in mg / 100  m g  to t a l  f a t t y  ac ids  p resen t .  E a c h  f igure  r e p r e s e n t s  t h e  m e a n  +_S.E.M. (n = 3-4).  

Va lues  w i th  s imi la r  s u p e r s c r i p t s  are  n o t  s ign i f i can t ly  d i f fe ren t  (P > 0.05). 

On ly  se lec ted  p o l y u n s a t u r a t e d  f a t t y  ac ids  are  p re sn t ed ,  tr ,  t r ace  a m o u n t s ,  l ess  t h a n  0.1%. 

T A B L E  3 

P o l y u n s a t u r a t e d  F a t t y  Ac i d s  in Spleen T o t a l  P h o s p h o l i p i d s  

Fatty acid HCO SAF BOR MFO 

18:2n-6 3.0 +__ 0.3 a 16.2 ___ 1.6 c 6.8 + 0.1 b 2.0 +--0.3 a 
18:3n-6 t r  a 0.1 ___ 0.1 a 0.5 + 0.2 b 0.1 + 0.1 a 
20:3n-6 1.1 + 0.1 b 0.4 ___ 0.2 a 3.4 +_ 0.3 c 0.6 --+ 0.1 a 
20:3n-9 2.2 + 0.8 b t r a  t r  a t r  a 
20:4n-6 19.1 +_- 0.8 a 19.0 +_ 1.1 a 21.4 + 0.9 a 7.7 + 0.4 b 
20:5n-3 t r  a t r a  t r  a 8.5 + 0.4 b 
22:4n-6 1.9 _+ 0.5 b 3.7 + 0.2 c 4.2 +_ 0.2 c t r a  
22:5n-6 1.5 _ 0.1 b 2.3 +_ 0.4 b 2.4 + 0.4 b t r a  
22:5n-3 t r  a t r  a t r  a 6.1 +_ 0.1 b 
22:6n-3 5.6 + 0.6 b 1.8 +_ 0.6 a 1.5 __-0.9 a 10.6 --+ 0.0 c 
20:3n-6/20:4n-6 0.05 _+ 0.0 ab  0.03 + 0.02 a 0.18 --+ 0.01 c 0.07 + 0.01 b 
20:5n-3/22:5n-3 <0.01 a <0.01 a <0.01 a 1.35 + 0.07 b 

R e s u l t s  are e x p r e s s e d  in rag/100 m g  t o t a l  f a t t y  ac ids  p resen t .  E a c h  f igure  r e p r e s e n t s  t he  m e a n  _+S.E.M. (n ---- 4), 

Va lues  w i t h  s imi la r  s u p e r s c r i p t s  are  n o t  s ign i f i can t ly  d i f fe rent  (P > 0.05). 

On ly  se lec ted  p o l y u n s a t u r a t e d  f a t t y  ac ids  are  p re sen t ed ,  tr ,  t r ace  a m o u n t s ,  l ess  t h a n  0.1%. 
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T A B L E  4 

P o l y u n s a t u r a t e d  F a t t y  Ac ids  in Lung  Tota l  Phospho l ip ids  

Fatty acid HCO SAF BOR MFO 

18:2n-6 2.4 +-- 0.5 a 9.8 + 0 .6  c 5.2 + 0.3 b 1.6 +-- 0.1 a 
18:3n-6 tr a tr a 0.9 + 0.0  b 0.1 _ 0.0 a 
20:3nr6 0.7 ----- 0.0 a 0.8 __. 0.0 a 2.3 + 0.3 b 0.4 + 0.0 a 
20:3n-9 1.4 + 0.4 b tr a tr a tr a 
20:4n-6 9.2 + 1.1 b 11.1 + 0.9b, c 12.4 +__ 0.5 c 5.8 +_ 0.7 a 
22:4n-6 0.8 _.+ 0.5 a 3.5 _+ 0.4 b 1.8 _+ 0.3 b 0.2 _+ 0.1 a 
22:5n-6 0.5 _+ 0.2a, b 1.4 +_ 0.4a, b 1.8 + 0.3 b 0.2 --+ 0.1 a 
20:5n-3 tr a tr a tr a 5.8 + 2.3 b 
22:5n-3 0.4 + 0.2 a tr a tr a 3.1 +-- 1.0 b 
22:6n-3 5.4 +_ 0.8 a 2.0 +_ 0.3 a 1.7 +_ 0.2 a 13.5 +_ 2.9 b 
20:3n-6/20:4n-6 0.08 --+ 0.01 a 0.07 _+ 0.01 a 0.18 _+ 0.02 b 0.08 ---+ 0.00 a 
20:5n-3/22:Sn-3 <0.01a <0.01 a <0.01 a 2.12 + 1.42b 

Results are expressed in mg/100 nag total fatty acids present. Each figure represents the mean +S.E.M. (n = 3). 
Values with similar superscripts are not significantly different {P > 0.05). 
Only selected polyunsaturated fatty acids are presented, tr, trace amounts, less than 0.1%. 

the  n-3 f a t t y  acids, 20:5n-3 and 22:6n-3, were readily in- 
corpora ted  into macrophage  phospholipids in MFO-fed 
animals. In teres t ingly ,  18:3n-6 was not  detected in BOR 
macrophages ,  which cont ras ted  with liver {Table 2), 
spleen {Table 3} and lung {Table 4) phospholipids, in which 
18:3n-6 levels were significantly elevated (P < 0.05) 
relat ive to HCO-, SAF- and MFO-fed mice. In addition, 
the macrophage  20:3n-6/20:4n-6 rat io  was elevated 
significantly {P < 0.05) in BOR animals. This ra t io  was 
highest  in the macrophage  {0.28 ___ 0.02) relat ive to the 
liver (0.11 ___ 0.01), spleen {0.18 __ 0.01) and lung (0.18 • 
0.02). These resul ts  sugges t  tha t  the macrophage  i s  
capable  of e longat ing 18:3n-6 into 20:3n-6 and tha t  the 
A5 desaturase,  the enzyme tha t  catalyzes the t ransforma- 
tion of 20:3n-6 into 20:4n-6, is rate-limiting. This scenerio 
is consis tent  with our earlier findings (16), in which the 
presence of a P U F A  chain elongase in mouse peri toneal  
macrophages  in vi t ro  was noted. The s t r iking elevation 
of BOR 20:3n-6/20:4n-6 is of par t icular  interest  because 
20:3n-6 can serve as a precursor  for the biosynthesis  and 
increase of 1-series prostaglandins .  These monoenoic 
eicosanoids possess  ant i - inf lammatory  propert ies  (4,5). 

The accumulat ion of 20:3n-9 and the depression of 
18:2n-6 in HCO tissues is indicative of essential f a t ty  acid 
deficiency {EFAD) (17). Of the cells or organs  examined, 
the  20:3n-9/20:4n-6 rat io  was g rea tes t  in the liver. The 
significant depression {P < 0.05) of macrophage  18:2n-6 
and 20:4n-6 in MFO-fed mice as shown in Table 1 is also 
indicative of EFAD.  This finding is in accord with  the 
resul ts  of Lokesh et  al. (18). 

Only mice receiving MFO had significant levels of 
docosapentaenoic acid {22:5n-3) in the phospholipid pool. 
Since only small  quant i t ies  of 22:5n-3 are found in the 
MFO diet, i t  is likely t ha t  this n-3 f a t t y  acid was derived 
via chain elongation of 20:5n-3. Interest ingly,  in MFO- 
fed mice, the 20:5n-3/22"5n-3 ra t io  was lowest  in the 
macrophage  {0.54 • 0.05)relat ive to liver {4.52 • 0.53), 
spleen {1.35 + 0.07) and lung {2.12 • 1.42). These da ta  
do not  provide definitive proof but  suggest,  as mentioned 
above, t ha t  macrophages  possess  an act ive long chain 
P U F A  chain elongase. Consistent with these observations 

are the resul ts  of M a g r u m  and Johns ton  {19), who simi- 
larly repor ted  an increase in ra t  peri toneal  macrophage  
phospholipid 22:5n-3 levels after  feeding an n-3 f a t ty  acid 
rich diet. Although it has been demonst ra ted  tha t  dietary 
MFO is capable  of inhibit ing the conversion of 20:4n-6 
into pro- inf lammatory  eicosanoids in the macrophage  
{18,20), fur ther  work is needed to determine whether  n-3 
fa t ty  acid incorporation alters macrophage functional p r o  
perties, i.e. cytolyt ic  capacity.  

In  conclusion, the P U F A  composi t ion of macrophage  
phospholipids can be manipula ted  in vivo by  administer- 
ing specific d ie tary  otis. Because the  macrophage  p lays  
a central  role in the immune  sys tem,  fur ther  work is 
needed to fully evaluate  the effects of borage  and fish oil 
feeding on the  mechanisms  of signal t ransduct ion  and 
production of regulatory factors by  this complex cell type. 
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ERRATUM 

ERRATUM 
Portions of the text in "Accumulation of an Alkyl Lysophospholipid in 
Tumor Cell Membranes Affects Membrane Fluidity and Tumor Cell Inva- 
sion" by W. J. van Blitterswijk et al. (Lipids 22, 820-823) were inadvertently 
misplaced. The paragraph beginning "In these experiments . . . "  in the 
second column of page 820 and the following two paragraphs of text should 
have been published at the end of the Results and Discussion section. 
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Membrane Lipid Alteration: Effect on Cellular Uptake of Mitoxantrone 
C. Patrick Burns*, Bradley N. Haugstad, Craig J. Mossman, James A. North and Leah M. Ingraham 
Department of Medicine, University of Iowa College of Medicine, Iowa City, IA 52242 

We have studied the effect of membrane structural altera- 
tion on the cellular association of the anticancer drug 
mitoxantrone whose uptake is not carrier-mediated. Mem- 
brane fatty acids of L1210 cells were modified by in- 
cubating the cells with the highly unsaturated docosahex- 
aenoic acid (22:6), which results in isolated plasma mem- 
branes with 37% of the fatty acids as 22:6, or with the 
monounsaturated oleic acid (18:1), which results in 58% 
of the fatty acids as 18:1. The rate of uptake by 22:6- 
enriched cells during the first min was 62% greater than 
by those enriched with 18:1. The higher rate was recorded 
at 0.5-16 pM, pH 6.6-7.6 and temperatures 10-40 C. The 
difference in cell-associated drug apparently was not due 
simply to a change in mitoxantrone solubility as mea- 
sured by partitioning of the drug in lipophilic-hydrophilic 
systems containing lipids from the fatty-acid altered cells. 
We conclude that the type of fatty acids contained in 
L1210 cell membranes can affect the cell association of 
mitoxantrone. This effect could be on transmembrane 
flux or be due to differences in binding of the drug to in- 
tracellular structures. 
Lipids 23, 393-397 (1988}. 

It has been shown that  alteration of fat ty acids affects 
permeation in artificial membrane systems (1). It also has 
been demonstrated in biological systems that  alteration 
in fat ty acids influences carrier-mediated transport (2). 
However, it is unclear whether lipid alteration can affect 
simple diffusion through cellular membranes. We recently 
have reported that  the unidirectional influx and efflux 
of mitoxantrone or 1,4-dihydroxyl-5,8-bis[[2-[(2-hydroxy- 
ethyl} amino]ethyl]amino]-9,10-anthracenedione dihydr~ 
chloride in murine leukemia cells occur by passive diffu- 
sion (3). Mitoxantrone is an investigational antitumor 
drug with reported activity in advanced breast cancer, 
lymphomas and acute leukemias. There is considerable 
information on its chemistry (4,5), mechanism of action 
(6-8) and pharmacokinetics (9). Attempting to understand 
better the role of membrane lipids in diffusion, we studied 
mitoxantrone uptake by L1210 cells whose membrane 
lipids had been altered experimentally. For these studies, 
we utilized a method previously reported by us for alter- 
ing the types of lipids in the membranes of L1210 leu- 
kemia cells (10). This type of alteration results in a change 
in membrane molecular order as measured by electron 
spin resonance (11) and in transport of compounds whose 
transmembrane movement is governed by a carrier-medi- 
ated process (12-15}. We report here that fatty acid altera- 
tion influences the cell association of a molecule that  re- 
quires neither a carrier nor expenditure of energy. 

MATERIALS AND METHODS 

L1210 murine leukemia cells were grown and maintain- 
ed in suspension culture at 37 C in medium consisting of 
RPMI 1640 {Grand Island Biological Co., Grand Island, 

*To whom correspondence should be addressed. 

NY), 5% fetal bovine serum (Hazleton Research Products, 
Denver, PA) and gentamicin sulfate (50 ~g/ml) in a humid 
atmosphere of 5% COJ95% air. These cells originally were 
obtained from David Vistica of the National Institutes 
of Health. Cells were harvested during exponential 
growth phase and resuspended in balanced salt solution 
(BSS: 132 mM NaC1, 16 mM Na~PO4, 5 mM KC1, 1 mM 
MgSO4, 5.6 mM glucose, pH 7.4) for transport studies. 

[14C]mitoxantrone, labeled in the carbon atoms a to the 
arylamine groups, was supplied by B. M. Silber, American 
Cyanamid Company (Pearle River, NY). It  was received 
as a powder (40 Ci/mol}, was constituted with distilled 
water and then frozen at - 7 0  C in aliquots until use. 
Purity after thawing and just before use was 99% as 
determined in our laboratory using high performance 
liquid chromatography {16}. 

Permeability studies were performed by modification 
of previously described techniques from our laboratory 
{3,13,17,18}. Studies were carried out in small vessels con- 
taining 1 • 106 cells in 0.5 ml BSS. After temperature 
equilibration, [14C]mitoxantrone was added. At the ter- 
mination of incubation, the cell suspension was trans- 
ferred to 1.5 ml tapered Eppendorf microcentrifuge tubes 
at 0 C containing 0.25 ml n-butyl phthalate/corn oil 
(2.75:1, v/v) layered beneath 0.3 ml BSS. Rapid separa- 
tion of the cells from incubation medium was accomp- 
fished by immediate centrifugation at 15600 • g for 
30 sec in an Eppendorf 5412 centrifuge. The supernatant 
then was aspirated, and the tip of the tapered tube con- 
taining the cell pellet was severed and placed in a scin- 
tillation vial containing 0.5 ml NCS tissue solubilizer 
(Amersham, Arlington Heights, IL). After 60 min, Neu- 
tralizer scintillation mixture (Research Products Inter- 
national, Elk Grove Village, IL) was added and radioac- 
tivity determined using a Beckman LS3133T scintillation 
spectrometer. Drug uptake at each concentration was cor- 
rected for rapid association with the plasma membrane 
except where indicated in the time course studies. I t  was 
estimated by measuring cell association of ['4C]mitoxan- 
trone at 0 C in a time interval of less than three sec. 
Temperature dependence of transport was determined at 
2 C intervals from 10 C to 40 C. Incubations were for 
45 sec in the presence of 8 ~M mitoxantrone following a 
five-min equilibrium period for the cells and medium at 
the respective temperature. Efflux studies were per- 
formed using L1210 cells pre-loaded with [~4C]mitoxan- 
trone (4 ~M, 30 min, 37 C), which then were rapidly chilled 
and washed at 0 C. Cells were resuspended in balanced 
salt solution at 37 C to initiate efflux. 

To modify the cellular and membrane fat ty acid com- 
position, cells were grown for two days under identical 
conditions in medium further supplemented with either 
oleic acid {18:1} or docosahexaenoic acid (22:6) (NuChek 
Prep, Inc., Elysian, MN) {fatty acids are abbreviated as 
number of carbon atoms:number of double bonds}. Spe- 
cific quantities of sodium salts of each fat ty acid were 
added dropwise to the fetal bovine serum used to prepare 
the growth medium so that their concentration in the final 
growth medium was 32 ~M. Cellular protein was deter- 
mined {19}. Those cells modified with 22:6 contained 
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138.39 +_ 13.29 ~g protein per  l0  s cells (n = 9), and this  
was not significantly different from the 18:1 modified cells 
t ha t  contained 151.79 _+ 18.75 ~g. 

Octanol  par t i t ioning of the d rug  was measured  by  
dissolving 2.5 ~g {4.25 • l0  s dpm) of [ '4C]mitoxantrone 
in 500 ~l of phosphate-buffered saline {NaC1 136.8 mM, 
Na2HPO4 8.06 mM, KCL 2.68 mM, KH2PO~ 1.47 mM, 
CaC12 0.9 mM, MgC12 0.6 mM) at  p H  7.2 previously satu- 
ra ted with octanol. An equal volume of octanol previously 
sa tu ra ted  with  phosphate-buffered saline was added. 
Af ter  mixing, the phases  were separa ted  by  centrifuga- 
t ion at  300 X g and the radioact ivi ty  in each phase  deter- 
mined (20). The s tudy was repeated in the presence of lipid 
ex t rac t s  f rom 18:1- and 22:6-euriched cells us ing  1.5 X 
107 cells. 

Part i t ioning of the radiolabeled drug into lipid-contain- 
ing c o m p a r t m e n t s  to measure  interact ion of d rug  with  
lipids was assayed  by  a modified Folch-type ext rac t ion  
(21). L1210 cells (1 X 107) enriched in 22:6 or 18:1 were 
ext rac ted with CHCI3/CH3OH (2:1) and 2.5 ~g [14C]mitox- 
ant rone  (4.2 X l0  s dpm) was added. The mix ture  was 
shaken, and 5 ml of 0.04 N KCI were added, mixed and 
the phases  allowed to separa te  overnight.  The separa te  
phases  were collected, dried under  N2, solubilized with 
NCS tissue solubilizer, and the radioact ivi ty  determined. 

To prepare  purified p l a sma  membranes ,  L1210 cells 
grown in medium supplemented  wi th  ei ther  22:6 or 18:1 
were washed and disrupted as described (13). Subcellular 
fractions were separated using two discontinuous sucrose 
gradients  (22,23). 5 '-Nucleotidase (E.C. 3.1.3.5) ac t iv i ty  
as a p la sma  membrane  marker ,  was determined on each 
fract ion in each exper iment  {24), and the p l a sma  mem- 
brane  fract ion collected a t  the 10%-30% interface was 
enriched an average  of 12-fold as compared  with  the 
homogenate.  

The plasma membrane  fractions from the discontinuous 
gradients  for 18:1- and 22:6-modified cells were ext rac ted  
us ing  CHC13/CH~OH (2:1, v/v) (25). The lipids then were 
saponified for 60 min a t  56 C in 1.2 N K O H  and 80% 
ethanol (26). F a t t y  acids in the saponifiable fraction were 
methyla ted  for 10 min a t  95% with 14% BF3/CH3OH {27), 
and the methy l  es ters  were separa ted  b y  gas  chromatog-  
r aphy  using a 1.8 m column packed with 10% SP2340 on 
100/120 mesh Chromosorb (Supelco, Inc., Bellefonte, PA). 
Peak areas were quant i ta ted and identified by  comparison 
of re tent ion t imes to those of s tandards  obtained f rom 
Supelco. 

RESULTS 

Lipid analysis. To ascer ta in  the ex ten t  of f a t t y  acid 
modification t ha t  occurred in the p l a sma  membranes  of 
the  cells grown in l ipid-supplemented media,  the  f a t t y  
acid composit ion of the purified membrane  fractions was 
determined.  There was considerable enr ichment  of the 
membranes  with the f a t t y  acid supplemented  in the 
medium (Table 1). The membranes  f rom the 18:l-enriched 
cells contained 61% monoenic f a t ty  acids, the major i ty  
(59%) being 18:1. The membranes  f rom the 22:6-enriched 
cells contained 44% polyenoic f a t ty  acids; 37% of the fat- 
t y  acids were 22:6. The 22:6 membranes  contained more 
than  two-fold grea ter  propor t ion of double bonds. 

Time course of mitoxantrone uptake. The up take  of 
mi toxant rone  by  bo th  18:l-modified and 22:6-modified 

TABLE 1 

Fatty  Acid Composition of L1210 Plasma Membranes a 

Fatty acid composition (%) 

22:6- 18:l- 
Fatty  acid Supplemented Supplemented 

Individual acids 
16:0 b 14.4 • 2.0 c 11.7 + 1.7 
16:1 ND d 2.0 + 0.6 
18:0 18.7 • 0.8 13.0 + 1.2 
18:1 21.8 + 0.8 58.8 + 1.5 
18:2 0.2 __. 0.1 0.5 + 0.3 
18:3 0.3 _ 0.3 3.9 + 0.3 
20:4 3.7 • 0.3 5.2 • 0.5 
20:5 1.3 • 0.1 0.4 • 0.2 
22:5 1.4 + 0.5 2.4 • 0.4 
22:6 37.4 • 3.6 1.5 • 0.2 

Other e 0.8 0.6 
Classes 
Saturates 33.6 • 2.6f 25.0 + 2.1 
Moneenoics 21.8 • 0.8 60.7 • 1.3 
Polyenoics 44.4 • 3.3 14.1 • 1.1 
Mean no. double bonds 2.8 • 0.2 1.2 • <0.1 
Mean chain length 19.3 • 0.2 18.0 • <0.1 

aLl210 cells were grown for 48 hr in RPM11640 supplemented with 
either 22:6 or 18:1 at a concentration of 32 ~M. Cells were washed 
three times, mechanically disrupted and subcellular fractions 
prepared by gradient centrifugation. Lipids extracted from the mem- 
branes were subjected to alkaline hydrolysis. Fatty acids contained 
in the saponifiable fraction were methylated and the methyl esters 
separated by gas liquid chromatography. 
bTbe fatty acids are signified as number of carbon atoms: number 
of double bonds. 
CMean __ S.E. of determinations made on individual membrane 
samples shown are from three to four separate experiments. Among 
the individual acids, the amounts of 18:1, 18:3, and 22:6 (p < 0.001), 
18:0, 20:5 and 20:4 (p < 0.05) are significantly different between the 
supplemented cell membranes. 
dND, not detected. 
e Includes small amounts of 14:0, 20:1, 20:3, 22:1, 22:4 and uniden- 
tiffed fatty acids. 
fAmong the classes of fatty acids, the amounts of polyenoics, mono- 
enoics, average number of double bonds (p < 0.001), average chain 
length and saturates (p < 0.05) are significantly different between 
the supplemented cell membranes. 

L1210 cells was  s tudied a t  nine t ime points  between 
15 sec and 30 min (Fig. 1). Ini t ial  up take  was linear for 
60 sec and then  gradual ly  slowed to reach a p la teau by  
about  20 min. The ra te  of cell associat ion dur ing the ini- 
tial 60 sec was greater  by  the 22:6-enriched cells {slope -- 
91.7 ___ 8.6) than  by  the 18:l-enriched cells (slope ---- 56.5 +_ 
11.3) (p = 0.03, n -- 5). The rapid association of drug with 
the p lasma  membrane  measured  exper imental ly  a t  0 C 
was not  significantly different between the two modified 
cell types.  The differences in the accumulat ion of d rug  
disappeared a t  la ter  t ime points  (Fig. 1, insert). 

Concentration dependence of mitoxantrone uptake. The 
concentrat ion dependence of drug  up take  for bo th  types  
of enriched cells was linear for a drug  concentration range 
0.5-16 ~M. The amount  of d rug  t aken  up was higher by  
the 22:6-enriched cells a t  all seven concentrat ions,  and 
this difference was s ta t is t ical ly  significant a t  all bu t  the 
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FIG. 1. Time course of mi toxant rane  uptake  by  fa t ty  acid-modified 
L1210 cells. L1210 cells enriched with 22:6 or 18:1 were incubated 
a t  37 C with 4 tam [ '4C]mitoxantrone in balanced sal t  solution. A t  
the terminat ion of the  incubation, the  cells were rapidly centrifuged 
through an oil layer, and the radioactivity of the cell pellet was detez~ 
mined. Each point represents  the  mean ___ S.E. of a t  least  four deter- 
minations.  Inse r t  shows uptake  a t  la ter  t ime points. 

lower concentrations. When the slopes of the linear regres- 
sion lines (for 18:1, y = 24.53x - 0.18, r = 0.99; for 22:6, 
y -- 36.74x - 7.39, r = 0.99) were compared, that  of the 
22:6~enriched cells was greater than the 18:l-enriched cells 
(p = 0.008). 

Effect of temperature and pH. Both 18:1- and 22:6- 
enriched L1210 cells demonstrated limited temperature 
dependence for initial mitoxantrone cell association. Three 
separate experiments were performed, during which the 
initial uptake during 45 sec of 8 IJM drug was studied at 
2 C-intervals from 10-40 C. All studies demonstrated an 
increased uptake with increasing temperature (Fig. 2). 
Although the relationship appeared to be roughly linear 
(r = 0.712 for 18:1, p = 0.002 andr  = 0.657 for 22:6, p = 
0.006), the noise in the data precludes identification of 
break points. If linearity is assumed, the slope for the 
18:l-enriched cells (-0.012 +_ <0.001) was not different 
from the slope for the 22:6-enriched cells (-0.012 +_ 
0.003). However, the uptake of drug by the 22:6~enriched 
cells was higher at all temperatures. At each of the four 
pH values tested between 6.6 and 7.7, the 22:6-enriched 
cells had a higher rate of influx than the 18:l-enriched 
cells. 

Efflux. We next examined the rate of efflux of mitox- 
antrone from 18:1- and 22:6-enriched cells that  were pre~ 
loaded with drug. Initial efflux was rapid and linear for 
both cell types during the first 15 min with a subsequent 
decrease during the next 105 min (Fig. 3). Both reached 
a plateau of about 55% retention at 120 min. Neither the 
rate of efflux nor the plateau level were different for the 
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FIG.  2. Arrhenius  plot of tempera ture  dependence of mi toxant rone  
transport .  Fa t ty  acid modified L1210 cells were incubated with 8 ttlVl 
[l~C]mitoxantrone for 45 sec at  2 C intervals from 10-40 C. Cells were 
rapidly centrifuged through an oil layer, and radioactivi ty in the  
pellet was determined. Shown are the  mean of three experiments  
and  the 95% confidence limits. 
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FIG.  3. Eff lux of mi toxant rone  by f a t t y  acid modified cells. L121O 
cells were incubated with 4 gM ['4C]mitoxantrone for 30 min at  37 C. 
Cells were chilled, washed a t  0 C and efflux measured by  determin- 
ing intraeellular radioactivi ty a t  specified times. 

cell lines. The values could represent the kinetics of ef- 
flux through the membrane or dissociation of drug from 
a binding site. The decline of cell associated drug to only 
50% of the amount when loaded suggests there is a major 
binding component in either case. 

Drug partitioning experiments. The octanol:water par- 
tition results demonstrated that mitoxantrone is a fairly 
lipophilic drug. A majority of the drug partitioned in the 
octanol (85% +_ 1, n = 4) and the partition ratio {ratio 
of drug in octanol to that  in aqueous phase) was 6.1 +_ 
0.7. The presence of lipids extracted from 22:6- or 
18:l-enriched cells resulted in a decrease in partition ratio 
{18:1, 2.99 +_ 0.18 vs 22:6, 2.88 +_ 0.41}, and in percent- 
age of drug partitioning into octanol (18:1, 75.30% -- 1.55 
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TABLE 2 

Effect  of L1210 Lipids Extracted from 22:6- and 18:l-Enriched Cells 
on Partitioning Between Lipophilic and Hydrophilic Phases  
in a Folch Biphasic System 

Percentage of [14C]mitoxantrone 

Lipophilic Hydrophilic Interface 

22:6 85.4 +_ 3.3 9.6 +_ 3.7 5.0 + 1.8 
18:1 81.8 _ 0.6 13.3 +_ 2.2 5.1 + 1.7 
No cells 4.2 ___ 0.4 95.8 +__ 0.5 --  

L1210 cells enriched with 22:6 or 18:1 were extracted with chloro- 
form]methanol (2:1, v/v) and [14C]mitoxantrone added. To separate 
the layers, 0.04 N KCI was added, mixed, and the phases allowed 
to separate. The separate phases were then collected, dried under 
N~, solubilized, and the radioactivity determined. Values are the mean 
and S.E. of four replicates. 

vs 22:6, 73.40% _ 2.66} but were not different between 
lipids from the two types of modified cells. 

We also compared the physical association of mitox- 
antrone with the lipids extracted from modified cells 
using a Folch extraction. L1210 cells enriched with either 
22"6 or 18:1 were lipid extracted using chloroform/ 
methanol (2:1, v/v). We have shown that there was no dif- 
ference in total acylglycerols, phospholipids or cholesterol 
between L1210 cells enriched with 22:6 or 18:1 {2,11}. 
[14C]Mitoxantrone was added, and the phases separated 
by the addition of 0.04 N KC1. The lower lipophilic phase, 
the upper hydrophllic phase and the protein-rich precipi- 
tate at the interface were separated and the radioactiv- 
ity in each determined. Table 2 shows the proportion of 
drug partitioning into each phase. The majority of the 
drug partitioned into the lipophilic phase. Most impor- 
tantly, there was no difference in the proportion of drug 
in the lipophilic layer extracted from 22:6 vs 18:1 cells. 
This shows that  there is no differential complexing of 
mitoxantrone with lipids in vitro. This is consistent with 
relative octanol partitioning, which likewise showed no 
difference. It is interesting that  the majority of the drug 
partitioned into the hydrophilic phase when no cell ex- 
tract was present; however, the presence of lipids resulted 
in the partitioning of drug into the lipophilic phase. 

DISCUSSION 

These results indicate that  L1210 cells that  have enrich- 
ment of their membrane phospholipids with polyun- 
saturated fat ty acids have a more rapid rate of cell- 
association of the anticancer drug mitoxantrone as com- 
pared with L1210 cells enriched with monoenoic fat ty 
acids. The higher rate of association is time and drug con- 
centration dependent. The difference was apparent at all 
temperatures and all medium pH-values studied. The ob- 
servations of the present study are important because 
mitoxantrone uptake is not mediated by a membrane 
carrier nor does its influx require energy expenditure. 
Data from our laboratory and others have indicated that  
a number of transport systems of murine and human 
tumor cells are affected by the types of fat ty acid modifi- 
cation that  can be produced. For example, the apparent 
Km for high-affinity transport of the anticancer drug 

methotrexate (13}, a-aminoisobutyrate {12}, choline (14) 
and taurine (15) is lowered when the cells are enriched 
with polyunsaturated fat ty acids. In each of those cases, 
the transport process is carrier-mediated, and the effect 
probably results from changes in binding of the substrate 
to the carrier due to a lipid-mediated change in confor- 
mation of the membrane carrier molecule. We have 
reported that  fat ty acid alteration affects the accumula- 
tion of Adriamycin by L1210 cells (18}, a drug whose 
permeation mechanism has not been definitely charac- 
terized yet {18,28-30}. However, we have reported that  
mitoxantrone enters cells by passive diffusion (3). There- 
fore, the observation that  a lipid structural change in- 
fluences its cell-association indicates that  the effect is a 
result of changes in the lipids themselves and the inter- 
action of the anticancer drug with the membrane lipids. 
The uniqueness of the study is the observation that the 
lipids may affect permeation directly rather than through 
an interaction with a membrane-based carrier molecule 
or by an effect on an energy requiring or potential-driven 
reaction. 

The efflux studies indicate that  there is a considerable 
amount of binding of drug to intracellular structures. I t  
is possible that the rates of uptake measured in our 
kinetic studies are rates of binding to intracellular com- 
ponents rather than unidirectional influx. The apparent- 
ly concentrative accumulation of drug even at early time 
points raises the possibility that the rates being measured 
are those of binding. In this regard, it has been reported 
that aminoanthraquinones bind to two distinct low 
molecular weight intracellular macromolecular lipids in 
L1210 cells {31}. However, the fact that the process is non- 
saturable up to 1 mM at both 0 and 37 C and that  there 
is an almost two-fold difference in cell-association between 
37 C and 0 C would be more compatible with unidirec- 
tional influx (3). We cannot distinguish with assurity 
whether the lipid alteration is influencing nonmediated 
permeation or intracellular binding. 

No studies of the parent unmodified L1210 cell line were 
performed since we feel that  such data could be mislead- 
ing if compared with modified cells. Any differences or 
similarities found in a comparison of unmodified and lipid- 
modified cells could be ascribed to exposure of cells to 
fat ty acids in the media per se rather than fat ty acid 
modification. It was our intention to compare the effect 
of alteration of membrane fatty acids of diverse chemical 
and physical properties. The 18:l-modified cells in this 
sense act as a control to study the effect of enrichment 
with polyunsaturated fatty acids. Furthermore, the fat ty 
acid composition of 18:l-enriched cells is similar to that  
of unmodified cells (11). We reported the mitoxantrone 
uptake characteristics of the parent line (3). 

The mechanism by which fatty acid modification alters 
the uptake of mitoxantrone is unclear. The dissimilar up- 
take by the lipid modified cells could be related to a dif- 
ference in membrane order. Current concepts of the 
mechanisms of diffusional permeation of substances 
across the membranes of isolated cells have been reviewed 
recently (32). We reported that  in vitro modification of 
L1210 leukemia membrane lipids with 22:6 results in a 
highly significant decrease in the order parameter of an 
electron spin resonance probe (11). The molecular basis 
of diffusion and the relationship of membrane order and 
permeability is complex (32,33), but it is likely that  the 
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permeation of mitoxantrone proceeds more rapidly 
through 22:6-enriched membranes as a result of a change 
in physicochemical properties. The octanol part i t ioning 
experiments demonstrated no  difference in drug solubility 
in membranes enriched in the fa t ty  acids. However, the 
partitioning across a single homogeneous phase boundary 
as measured is likely to be a poor model for membranes 
in an aqueous environment. We cannot rule out the possi- 
bility of differences in the unstirred layer or in thickness 
of the plasma membrane induced by fa t ty  acid modifica- 
tion. However, these possibilities seem considerably less 
likely to explain mitoxantrone flux differences as com- 
pared with the change in membrane order. If  a compo- 
nent  of measured uptake represents binding, a possibili- 
ty  discussed above, then the altered lipids represent a 
plausible site for such binding. Experimental  modifica- 
tion of a binding site with resulting change in binding af- 
finity would provide a possible explanation for differences 
in cell-association. 
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Molecular Species of Glycerolipids of Ehrlich Ascites Cells 
and of Their Fat Granules 
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Ehrlich ascites cells were grown in mice and were isolated 
by centrifugation of the ascites fluid. The cells were lysed 
with distilled water, and the floating fat particles were 
collected by centrifugation. The particles contained about 
90% neutral and 10% polar lipid. The neutral lipid was 
made up of about 50% triacylglycerol, 30% alkyldiacyl- 
glycerol, 3% cholesteryl esters, 3% free cholesterol and 
4% free diacylglycerols. The phospholipid fraction was 
comprised of about 50% phosphatidylcholine, 35% phos- 
phatidylethanolamine, 10% sphingomyelin and small 
amounts (less than 5% total} of serine and/or inositol 
phosphatides. The triacylglycerol and alkyldiacylglycerol 
fractions possessed total carbon number and fatty acid 
compositions closely similar to those reported in the 
literature for whole ascites cells and for a cell membrane 
preparation. Likewise, the fatty acid composition of phos- 
pholipids from the granules in general was similar to that 
reported for Ehrlich ascltes cells. On the basis of the polar 
and neutral lipid ratio, the lipid granules of the ascites 
cells were calculated to possess lipid core diameters of 
30-50 am, which were 40-70 times smaller than those (up 
to 2~) measured for the lipid granules of the intact cells 
by electron microscopy. The characterization of the lipid 
composition of the Ehrlich ascites lipid granules was com- 
pleted by determining the molecular species composition 
of the diacyl, alkylacyl and alkenylacyl phosphatidyletha- 
nolamines and of the diacyl and alkylacyl phosphatidyl- 
cholines of the ascites cells. It is concluded that the 
alkyldiacylglycerols of the Ehrlich ascites cells occur 
largely in the cytoplasmic lipid granules, which appear 
to consist of many particles of the size and structure of 
very low density lipoproteins enclosed in membranous 
s a c s ,  

Lipids 23, 398-404 {1988}. 

The composition of fat ty chains of neutral lipids and 
phospholipids of whole Ehrlich ascites cells and of a mem- 
brane fraction has been described in great detail by Wood 
(1). More recent studies have confirmed and extended 
these findings {2-5}, and the characteristic presence of ex- 
cessive amounts of ether-linked phospholipids and neutral 
lipids in tumor tissues and neoplastic cells now is gener- 
ally recognized {6,7}. 

Early work by DiPaolo et al. (8} had identified a lipoid 
granule fraction in Ehrlich ascites cells, which later 
workers had not bothered to isolate and examine sepa- 
rately. This particle had been observed to contain a high 
proportion of an unidentified neutral lipid, which was 
recovered along with the steryl esters from a silicic acid 
column. We recently have reisolated the granule fraction 

*To whom correspondence should be addressed at BBDMR, Univer- 
sity of Toronto, 112 College St., Toronto, Canada M5G 1L5. 
Abbreviations: TMS, trimethylsflyl; VLDL, very low density lipopro- 
reins; GLC, gas liquid chromatography; TLC, thin layer chroma- 
tography. 

from Ehrlich ascites cells and have shown that the 
unknown ester is an alkyldiacylglycerol similar to that 
previously characterized by Wood and Snyder (9) from 
whole cell extracts. In the course of this study, we also 
have determined the molecular association of the fat ty 
chains in the diacyl, alkylacyl and alkenylacylglycerol 
moieties of the glycerophospholipids of whole Ehrlich 
ascites cells, which had not been reported previously. 

MATERIALS AND METHODS 

Cells. The cells used in this study were a hyperdiploid 
strain of the Ehrlich-Lettre ascites carcinoma. It  was ob- 
tained originally from the tissue bank of the Roswell Park 
Memorial Cancer Institute, Buffalo, NY. The tumor was 
maintained by making serial transplants of 0.2 ml ascites 
fluid containing cells intraperitoneally into female mice 
of the CFW strain, or of the Connaught strain, as ob- 
tained in this university. The procedure for maintaining 
the tumor was essentially as described {10). After 10 days 
of tumor development, the mice were killed by anesthesia 
using diethyl ether, and the skin of the enlarged abdomen 
was punctured by scissors, after swabbing the area with 
70% ethanol. The fluid was quickly drained into a collect- 
ing vessel. The fluid generally was the color of serum and 
contained mainly suspended ascites cells. Very few eryth- 
rocytes were detected by microscopic examination. The 
fluid was used for further transplants as described or for 
the preparation of the lipid granules enclosed in these 
cells. 
Lipid granules. For the preparation of the intraceUular 

particles, the ascites fluid was centrifuged for 10 rain at 
200 • g at 4 C. The supernatant fluid was discarded, and 
the cells were washed at least two times with 0.9% NaCl; 
the centrifugation was repeated. Packed cell pellets ob- 
tained from at least 10 mice were pooled and suspended 
in cold distilled water in a ratio of 1:10 and the lipid par- 
ticles collected essentially as described by DiPaolo et al. 
(8). The suspension was stirred in the cold or was gently 
homogenized to facilitate cell rupture. This was carried 
out with a motor-driven homogenizer using a Teflon and 
glass mortar and pestle. The stages in cell rupture and 
release of the particles were monitored by phase contrast 
microscopy. The particles and lipid-contalning compo- 
nents of the cell could be obtained by flotation, if allowed 
to stand. It proved to be more convenient to adjust the 
suspending medium to a concentration of 0.25 M sucrose 
and to centrifuge for approximately 30 min at 9,000 • 
g. The supernatant then was free of mitochondria and cell 
debris, and the lipid particles in it could be collected by 
centrifugation at 145,000 • g for two hr using a Spinco 
I~65 centrifuge. The floating white band at the top of the 
centrifuge tube was recovered using a Pasteur pipet. 
Lipid analyses. The lipids of the cells and the lipid 

granules were extracted with chloroform/methanol {2:1, 
v/v} (11} and the solvents evaporated under nitrogen. The 
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total lipid extracts were resolved by preparative thin layer 
chromatography (TLC) and the individual neutral and 
phospholipid classes recovered as described {12). An ali- 
quot of the total lipid extract was applied to a 20 • 20 cm 
Silica Gel H plate (250 ~an thick layer} about 2.5 cm from 
the bottom edge, and the plate was developed with a polar 
solvent system made up of chloroform/methanol]4 N am- 
monia (65:25:4, v/v/v), which resolved phosphatidylcholine 
and phosphatidylethanolamine from the sphingomyelin 
and phosphatidylserine and phosphatidylinositol, which 
overlapped. The total neutral lipid fraction was carried 
to the solvent front. The lipid bands were located by 
dichlorofluorescein and the gel scrapings were eluted 
with chloroform/methanol/acetic acid/water (50:39:1:10, 
v/v/v/v) {13). The recovered neutral lipids were resolved 
into free sterols, free fatty acids, triacylglycerols, alkyl- 
diacylglycerols and cholesteryl esters using petroleum 
ether {bp 30-60 C)/diethyl ether {60:10, v/v) as the devel- 
oping solvent {14}. The bands were located with fluores- 
cein and were extracted with chloroform/methanol (2:1, 
v/v). The individual phospholipid classes were digested 
with phospholipase C from Bacillus cereus as described 
(15) and the diradyl moieties recovered by extraction with 
diethyl ether. An aliquot of the diradylglycerol fraction 
was converted into the trimethylsilyl {TMS) ethers for 
direct gas liquid chromatographic (GLC) examination {15). 
The remaining diradylglycerols were converted into the 
t-butyldimethylsilyl {t-BDMS) ethers and resolved by 
TLC into the diacyl, alkylacyl and aikenylacyl subclasses 
using benzene as the developing solvent as described {16}. 

GLC of the TMS and t-BDMS ethers of the diradylglyc- 
erols was performed (15,16) on a Hewlett-Packard model 
5880 automatic gas chromatograph with a level IV termi- 
nal and 10 m open tubular glass column {0.25 mm i.d.) 
with its wall coated with SP-2330 liquid phase (68% cy- 
anopropyl and 32% phenylsiloxane) supplied by Supelco 
{Bellefonte, PAL The temperatures of the injector and 
detector were both maintained at 270 C. Separations of 
diradylglycerol derivatives were made isothermally at 
250 C using a split injection {split ratio 7:1) and hydrogen 
as a carrier gas. Separations of fatty acid methyl esters 
and dimethylacetals were made by temperature program- 
ming the column from 100 to 160 C at 20 C/min and then 
at 2 C/min or alternatively from 100 to 180 C at 20 C/min 
and then at 2 C/min, using hydrogen as carrier gas. The 
peaks were identified by reference to previous work with 
well-characterized AgNO3-TLC fractions of the t-BDMS 
ethers derived from rat heart phosphatidylethanolamines 
{16}. Carbon number profiles of the intact cholesteryl 
esters, triacylglycerols and alkyldiacylglycerols isolated 
by TLC, and the lipid profiles of the total lipid extracts 
of the ascites cells and of the lipid granules were deter- 
mined by GLC on 50 cm • 0.2 cm i.d. stainless-steel col- 
umns packed with 3% OV-1 (a methylsilicone polymer} 
on 100-120 mesh Gas-Chrom {Applied Science Labora- 
tories, State College, PA) using nitrogen as the carrier 
gas in the temperature range 175-355 C, as described {17). 
The peak identification and composition of samples were 
calculated in relation to tridecanoylglycerol internal stan- 
dard. Fat ty  acid methyl esters and dimethyl acetals were 
prepared from the neutral and phospbolipids by methyla- 
tion with 6% H2SO4 in methanol, while methyl esters were 
prepared by methylation with sodium methoxide. The 
alkylglycerol moieties of the glycerolipids were deter- 

mined by GLC on the short nonpolar columns (17) follow- 
ing saponification and trimethylsilylation. 
Microscopy and histochemistry. The Ehrlich-Lettre 

ascites carcinoma cells and isolated lipid granules {Mor- 
rish, R. B., and Kay, E.R.M., unpublished observations) 
were examined by phase contrast microscopy. Oil red 0 
was used as stain, if required. In some cases, the cells and 
isolated lipid granules were examined by electron mi- 
croscopy. For this purpose, the cells and the granules 
were fixed in phosphate buffered (pH 7.4) 5% glutar- 
aldehyde, followed by post-fixation in 2% osmium tetrox- 
ide (pH 7.4). 

RESULTS 

Physical properties of cells and granules. Figure i shows 
a preparation of ascites cells fixed and stained with 
glutaraidehyde and osmic acid. The cells are roughly 
spherical in shape, with numerous microvilli on the sur- 
face. The cytoplasm contains several osmic acid dense 
structures, corresponding in size {less than 2~), number 
and distribution, with the refractile bodies seen in the 
phase contrast microscope. The particles seen within the 
cells by electron microscopy are generally of fairly 
uniform size. When the flotation and washing procedures 
are carried out with care, the isolated lipid particles 
appear clean and similar in size to those seen intracellu- 
larly and only occasionally contaminated with ribosomal 
elements. Likewise, phase contrast microscopy and the 

FIG. I. Transmission electron micrograph of ascites cells fixed in 
buffered 5% glutaraldehyde (phosphate buffer, pH 7A), followed by 
post-fixation in 2% osmium tetroxide {pH 7.4). Magnification 15,000 
times. 
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application of oil red 0 staining revealed uniform particles 
free of extreneous material. 

Chemical composition of lipid granules. Table 1 gives 
the lipid class composition of the lipid granules obtained 
in the present  work and by  DiPaolo et  al. (8) along with 
the values for whole ascites cells tabulated by Wood (1). 
About  50% of the lipid in the granules is triacylglycerol, 
and about  30% is alkyldiacylglycerol. Cholesteryl esters 
and free cholesterol each make up about  3% of the total, 
while phospholipids account for about  10% of the parti- 
cle lipid. These values are close to those reported by  
DiPaolo et al. {8) and differ significantly from those 
reported for whole ascites cells (9) and a cell membrane 
fraction (1,18), which contain much smaller proport ions 
of triacylglycerols and especially alkyldiacylglycerols. The 
isolated particles gave neutral/polar lipid ratios corre- 
sponding to calculated (19) lipid core average diameters 
of 30-50 nm. 

Table 2 compares the carbon number distribution of the 
cholesteryl ester, alkyldiacylglycerol and triacylglycerol 
fractions of the lipid granules as determined in the pre- 
sent work along with the corresponding values from whole 
ascites cells and the membrane fraction analyzed pre- 
viously (1,18). The overall range and proportion of the car- 
bon numbers  of the triacylglycerols and alkyldiacylglyc- 
erols are similar to those of the corresponding neutral  
lipids of whole Ehrlich ascites cells. There is a much 
higher proportion of the longer chain length components 
in the cholesteryl esters of the lipid granules than  in the 
membranes or in whole cells analyzed previously (1,18). 
Cholesterol was the only sterol present.  The results ob- 
tained by analysis of intact  lipid molecules are supported 
by  analysis of the component  glyceryl ethers and fa t ty  
acids. 

Table 3 compares the alkylglycerol composition of the 
alkyldiacylglycerol fraction of the lipoid granules deter- 
mined in this s tudy and those recovered from the alkyl- 
diacylglycerol fraction of whole Ehrlich ascites cells (1). 
There are significant differences in the actual fa t ty  chain 
composition, bu t  the carbon number  proport ions do not  
differ too much, thus accounting for the similarity in the 
overall carbon number  distr ibution of the alkyldiacyl- 
glycerols from the two sources. 

Table 4 compares the fa t ty  acid composition of the 
triacylglycerol and alkyldiacylglycerol fractions isolated 

TABLE 1 

Lipid Class Composition of Ehrlich Ascites Fat Granules 

Lipid granules Cells 

Lipid fraction Present study* Ref. 8 Ref. 1 

Weight % 
Cholesteryl esters 3 3 9-12 
Alkyldiacylglycerols 30 35** 1-2 
Triacylglycerols 51 42 14-18 
Free cholesterol 3 3 8-11 
Phospholipids 10 11 57-70 
Other 4 6 0-1 

*As obtained from quantitative GLC analyses of neutral and 
phospholipid fractions prepared by TLC and from GLC profiles of 
total lipids. 
**Liebermann-Burchard negative material isolated by adsorption 
chromatography along with cholesteryl esters. 

from the fat  granules by us and by DiPaolo et  al. (8) and 
of the choline and ethanolmine phosphatides isolated from 
the fat  granules and the whole cells in our laboratory.  
While the fa t ty  acids of the triacylglycerol fractions from 
both  isolations possess closely similar compositions, the 
alkyldiacylglycerol fraction isolated by DiPaolo et al. (8) 
contains much more oleic and less docosahexaenoic acid 

TABLE 2 

Carbon Number Distribution in Cholesteryl Ester, 
Alkyldiacylglycerol and Triacylglycerol Fractions of the Fat 
Granules, Membranes and Whole Ehrlich Ascites Tumor Cells 

Lipid Fat granules Membranes Ehrlich ascites 
components {Present study} (Ref. 18) {Ref: 1) 

Weight % 

Cholesteryl esters 
41 3.1 
43 6.3 
45 39.0 
47 27.9 
49 17.1 
51 4.4 
53 2.2 

Alkyldiacylglycerols 
46 2.6 
48 4.0 
50 10.0 
52 17.8 
54 21.0 
56 20.6 
58 14.8 
60 5.3 
62 3.8 

Triacylglycerols 
46 1.9 
48 2.5 
50 6.2 
52 14.6 
54 26.3 
56 21.9 
58 17.3 
60 7.1 
62 2.1 

2 2 
22 11 
59 59 
10 19 

1 8 
trace 

0.8 
6.3 

18.2 
24.4 
20.1 
17.6 
9.2 
2.5 
1.1 

0.4 
1.3 
6.9 

21.7 
32.4 
19.1 
13.2 
3.8 
1.1 

TABLE 3 

Composition of Alkylglyeerol Moieties of the Alkyldiacylglycerols 
of the Fat Granules of Ehrlieh Ascites Cells* 

Lipid granules Cells 
Fatty chain {Present study) (Ref. 1) 

14:0 0.3 0.5 
16:0 35.3 45.0 
16:1 8.5 0.0 
18:0 17.7 28 
18:1 36.6 24 
20:0 1.6 1 

*The alkylglycerol moieties of the alkyldiacylglycerols were iden- 
tified and quantitated by GLC on the short nonpolar columns (17) 
following saponification and trimethylsilylation. 
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TABLE 4 

Fatty Acid Composition of Neutral Lipid and Phospholipid Classes 
of Fat Granules and Whole Ehrlich Ascites Cells 

Lipid classes 

GEDE TG PC PE 
Fatty 
acid FG Ref. 8 FG Ref. 8 FG Cells* FG Cells* 

Mol % 
8:0 1.9 3.2 

14:0 tr 4.1 2 1.6 1 0.9 1 0.7 
16:0 16 8.5 13 18.6 13 21.6 8 11.6 
16:1co7 5 4.3 2 2.0 5 2.1 1 0.8 
18:0 8 3.0 14 12.5 18 16.7 19 23.2 
18:1co9+co7 19 49.1 26 29.2 19 16.3 18 14.6 
18:2o~6 16 18.3 23 27.2 18 22.1 21 18.4 
18:3r 3 3 1.2 7 1 
20:3co6 2 1 3 1.4 2 1.1 
20:4co6 9 9.9 4 2.3 9 7.5 14 12.4 
20:5co3 0.2 0.7 
22:4co6 1.2 1.1 
22:5r 1.0 2.4 
22:6r 19 7 6 4.3 14 12.5 

*The choline phosphatides of whole cells also contained 0.9% 16:0 
and 0.4% 18:0 alkenyl, and a total of 16.5% alkyl chains, while the 
ethanolamine phosphatides also contained 7.1% 16.'0, 2.8% 18:0 and 
1.7% 18:1 alkenyl as well as a total of 6.5% alkyl chains. 
Cells, whole Ehrlich ascites cells; FG, fat granules; GEDE, glyceryl- 
etherdiesters (alkyldiacylglycerols); PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; TG, triacylglycerols. Fatty acids are iden- 
tified by their carbon number:double bond number. The co-values 
indicate the location of the last double bond by the number of car- 
bons from the methyl terminal. 

than that  obtained in this study. Although the longer 
chain acids could have been incompletely recovered in the 
earlier work, there is no obvious explanation for the high 
proportion of oleic relative to linoleic acid in this fraction. 
The fat ty acid composition of the choline and ethanol- 
amine phosphatides of the lipid granules is closely similar 
to that of the corresponding lipid classes from whole cells, 
and not unlike that described by Wood et al. (18) for the 
ascites cell membranes. However, the choline phospha- 
tides of whole cells contained about 15% alkyl chains and 
the ethanolamine phosphatides 6% alkyl and 13% alkenyl 
chains, which were not determined in the phosphatide 
fractions of the lipid granules. 

Molecular species of glycerolipids in intact cells. Fig- 
ure 2 gives the polar capillary GLC profiles of the total, 
diacyl, alkenylacyl and alkylacylglycerol subclasses of the 
ethanolamine phosphatides of whole tumor cells. The 
preliminary separation of the various subclasses of 
phosphatides has permitted effective resolution of the in- 
dividual molecular species, which overlap extensively in 
the chromatogram recorded for the mixed ethanolamine 
phosphatides. In this instance, the alkenylacyl and 
atkylacylglycerol species possessed by far the largest pro- 
portion of the longer polyunsaturated chain lengths, 
reflecting mainly the presence of a high proportion of 
docosahexaenoic acid. A similar observation has been 
made by Nakagawa and Waku (20). 

Figure 3 shows the polar capillary GLC profiles of the 
dlacyl and alkylacyl subclasses of the phosphatidylcho- 

lines of Ehrlich ascites tumor cells. There is an essentially 
complete resolution of all molecular species, although 
some minor ones do not project very clearly above the 
baseline. The combinations of the major chain lengths are 
markedly different in the two types of the phosphatidyl- 
cholines, with the alkylacyl species containing a signifi- 
cantly higher proportion of the longer polyunsaturated 
chain lengths. 

Table 5 lists the various molecular species identified by 
polar capillary GLC along with the quantitative estimates 
for each subclass of the two phosphatides in whole Ehrlich 
ascites cells. The dlacyl and the alkylacylglycerol sub- 
classes of the choline phosphatides made up, respectively, 
70% and 26% of the total. The remaining 4% was con- 
tributed by alkenylacyl species, which were not analyzed 
in detail for this phospholipid class. Wood and Snyder 
(9) reported 64% and 36%, respectively, for the diacyl and 
alkylacylglycerol subclasses of phosphatidylcholine from 
whole ascites cells. The diacyl, alkylacyl and alkenylacyl- 
glycerol subclasses of the ethanolamine phosphatide 
made up, respectively, 61%, 13% and 26% of total. Wood 
and Snyder (9) reported 56%, 29% and 15% of the total 
in the corresponding subclasses of the ethanolamine 
phosphatide of whole ascites cells, which, however, is the 
reverse of our values for the alkylacyl and alkenylacyl 
species. Summation of the major molecular species by car- 
bon number gave molecular weight distributions for the 
dlacyl, alkylacyl and alkenylacylglycerols of these phos- 
phatides, which were rather similar to those obtained by 
Wood and Snyder (9) by GLC on nonpolar columns. Direct 
analyses of the fatty chain pairing in individual molecular 
species of the glycerophospholipids of Ehrlich ascites cells 
had not been reported. 

DISCUSSION 

The present study confirms the earlier reported (8) 
presence of lipid granules in Ehrlich ascites tumor cells. 
Isolation and chemical analysis of the particles gave 
calculated lipid core diameters, which were 40 to 70 times 
smaller than the diameters of the lipid granules seen in 
the intact Ehrlich ascites cells. Because the calculation 
(19) represents a valid method of estimating the particle 
size of lipoproteins, it is suggested that each granule in 
the cell is a membranous bag filled with lipid particles 
of a size and structure comparable to very low density 
lipoproteins (VLDL). It was not determined if there are 
any apolipoproteins associated with the fat granules of 
the Ehrlich ascites cells. 

The previously unidentified fat ty ester, which on silicic 
acid columns had migrated with the cholesteryl esters, 
was identified as a mixture of alkyldiacylglycerols, which 
Wood and Snyder (9) had characterized from whole 
Ehrlich ascites cells. However, the relative proportion of 
alkyldiacylglycerols in the fat granules was many times 
higher than that  in the whole cells and approached the 
quantitates estimated for the Liebermann-Burchard nega- 
tive material isolated along with the cholesteryl ester frac- 
tion by DiPaolo et al. (8). We could not confirm the high 
proportion of oleic acid reported for the alkyldiacylglyc- 
erol fraction of the fat granules by DiPaolo et al. (8). The 
small cholesteryl ester fraction of the lipid granules was 
found to possess an unusually high proportion of the 
longer chain length polyunsaturated fat ty acids (C2o and 
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FIG.  2. GLC resolution of the t-BDMS ethers of the diradylgiycerol moieties of the 
ethanolamlne phosphatides isolated from the Ehrlich ascites cells of mice. A, alkenylacyl; 
B, alkylacyl; C, diacyl; D, total. Peak identification: 1, 16:0 16~; 2, 16:0 16:1o~9 + 16:0 
16:1co7; 3,16.~ 18~ 4, 16.~ 18:1o~9 -t- 16:0 18:1o~7; 5,16~ 18:2; 6,18~ 18:1o~9; 7,18:1oJ9 18:1o~9; 
8, 18:0 18:2 + 16:0 20:4; 9, 18:1o~9 18:2 + 18:1~7 18:2; 10, 18:2 18:2 + 16.~ 20:5; 11, 18:0 
20:4; 12, 18:1~9 20:4; 13, 18:1v~7 20:4; 14~ 16.4) 22:6; 15, 16:0 22:5; 16, 18~ 22:6; 20, 16:0' 16:0; 
21, 16:0' 18:1c09; 22, 16:0' 18:2; 23, 18:0' 18:1c09; 24, 18:1' 18:1~09; 25, 18.~' 18:2 -I- 16:0' 20:4; 
26, 18:1' 18"~; 27, 16:0' 20:5; 28, 18:0' 20:4; 20, 18:1' 20:4 + 16.~' 22:4; 30, UNKN; 31, 16:0' 
22:6; 32, 16:0' 22:5; 33, 18:0' 22:6; 34, 18~' 22:5; 35, 18:1' 22:6; 36, 18:1' 22:6 + 18:1' 22:5; 
40, 16:0" 18:1~o9; 41, 16:0" 18:2; 42, 18.-0" 18:1c09; 43, 18:1" 18:1c09; 44, 16.~" 20:4 + 18.'0" 18:2; 
45, 16:0" 20:5; 46, 18:0" 20:4; 47, 18:1"o~9 20:4 + 18:1%7 20:4; 48, 16.~" 22:6; 49, 16:0" 22:5; 
50, 18:0" 22:6; 51, 18:0" 22:5; 52, 18:1" 22:6; 53, 18.1" 22:6 + 18:1" 22:5. Peak 11 eluted at  
23.22 mln4 Hz carrier gas, 6 psi. Other GLC conditions as given in text. (') and (") designate 
alkyl and alkenyl fa t ty  chains, respectively. 
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FIG. 3. GLC resolution of the t-BDMS ethers of the diradylglycerol moieties of the  choline 
phosphat ides  isolated from the Ehrlich ascites cells of mice. A, alkylacyl; B, diacyl. Peak 
identifications and GLC conditions as given in Figure 2. 

T A B L E  5 

Molecular Species of Diradylglycerol Moieties of Phosphat idyle thanolamine  
and Phosphatidylcholine of Ehrlich A s d t e s  Cells 

Phosphatidylethanolamine Phosphatidylcholine 
Molecular 
species Diacyl Alkyl acyl Alkenyl acyl Diacyl Alkyl acyl 

Mol % 

16:0 16:0 0.5 0.7 --  5.5 7.8 
16:0 16:1 - -  --  - -  2.3 1.5 

16:0 18:0 0.5 --  --  0.8 1.1 
16:0 18:1 4.4 6.4 4.2 13.5 12.0 
16:0 18:2 9.1 3.1 5.0 17.6 6.7 

18:0 18:1 7.4 1.2 1.4 7.5 0.9 
18:1 18:1 4.0 1.9 1.3 5.1 1.6 
18:0 18:2 29.3 1.6 2.3 23.1 0.7 
16:0 20:4 5.3 10.9 19.9 4.6 8.2 
18:1 18:2 10.7 6.2 trace 8.8 9.6 
18:2 18:2 + 16:0 20:5 1.3 0.9 2.3 1.4 - -  

18:0 20:4 11.3 4.0 8.0 5.1 2.5 
18:1 20:4 + 16:0 22:4 4.7 9.5 6.2 1.6 11.2 
16:0 22:5 0.6 5.8 5.6 0.4 2.0 
16:0 22:6 1.9 23.6 21.6 0.4 14.3 

18:0 22:5 0.8 1.5 1.3 - -  1.4 
18:0 22:6 3.5 6.0 6.1 0.7 2.0 
18:1o~9 22:6 - -  4.4 3.7 - -  3.2 
18:1o~7 22:6 + 18:1 
22:5 - -  2.5 2.9 - -  1.9 

Other  4.7 9.8 8.2 1.6 11.4 

% PL Class 61 13 26 70 26 

Fatty chain identification by number of carbons:number of double bonds. The fatty acids 
on the left side of the molecular species pair is to be read as either acyl, alkyl or alkenyl 
chain depending on the phosphatide subclass. 
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C~2}, when compared with the cholesteryl esters of the 
total Ehrlich ascites cell. 

An examination of the phospholipid composition of the 
lipid particles was limited to a determination of the fat ty 
acids, which was rather similar to that  found for the cor- 
responding phospholipid classes of the ascites cell. How- 
ever, the phosphatides isolated from whole cells also con- 
tained alkyl and alkenyl fat ty chains, which would not 
have been detected in the glycerophosphatides isolated 
from the fat granules, because the sodium methoxide used 
for transmethylation would not break the ether linkages. 
Although Wood et al. {1,18} have claimed an essential 
absence of both alkyl and alkenylacylglycerol subclasses 
from the choline and ethanolamine phosphatides of a 
membranous material isolated from Ehrlich ascites cells, 
it is unlikely that the alkyl and alkenyl ether phosphatides 
would be absent from the fat granules, which presumably 
depend upon microsomal lipid synthesis {4,21}. Further- 
more, Friedberg and Halpert {3) have reported that  the 
amounts of O-alkyl lipids in the surface membranes of 
Ehrlich ascites cells are the same or greater than the 
amounts of O-alkyl lipid found in the microsomes, mito- 
chondria and whole cell homogenates. These workers 
could not account for the findings of Wood et al. {18}. In 
view of these considerations, it is likely that the molecular 
species composition of the choline and ethanolamine 
phosphatides of the whole cells also represents that of the 
fat granules. However, a possible preferential concentra- 
tion of the alkyl and alkenyl species of the phosphatides 
in the granules could not be ruled out in view of the 
marked enrichment in the alkyldiacylglycerols there. An 
extensive equilibration of cholesteryl esters and the alkyl- 
diacyl and triacylglycerols between their sites of syn- 
thesis in the cell and the lipid granules also would be un- 
likely in view of the marked differences in the qualitative 
and quantitative composition of the molecular species. 

There has been little speculation about the origin and 
the metabolic role of the fat granules in the Ehrlich ascites 
tumor cells. A slow staining of these granules with Janus 
Green B and their location in opposition to mitochondria 
have led MacKenzie et al. (21} to suggest that they may 
possess enzymes and furnish substrate for mitochondria. 
Because no specific enzymic activities were demonstrated, 
it is possible that  the staining was due to an association 
of apoproteins with these particles, which would be an- 
ticipated in view of the hepatic origin of the ascites cells 
and of their general similarity to VLDL. Alkyldiacyl- 
glycerols have been observed to accumulate also in other 
cancer cells {6}, in Ehrlich ascites cells {22} and in normal 
cells in culture {23}. This has been attributed to an en- 
hanced rate of glucose utilization via the dihydroxy- 
acetone pathway 16) combined with a decreased activity 
of the alkyl ether cleavage enzyme {24}. It also has been 
suggested (1) that  the ascites cells may have reverted to 
a more primitive stage of lipid metabolism characterized 
by the ability of direct utilization of products of lipase 
activity. The presence of specialized lipid granules con- 
taining the alkyldiacylglycerols, however, has not been 
demonstrated in tumor cells other than Ehrlich ascites 
cells. Neither have attempts been made to isolate them 
from any other cell types. 

This study provides the first quantitative analysis of 
the specific molecular association of the fatty chains in 
the choline and ethanolamine phosphatides of the Ehrlich 

ascites tumor cells, although extensive investigations 
have been reported of the carbon number distribution (1} 
and of fatty acid composition of the subfractions of the 
diacyl, alkylacyl and alkenylacylglycerol moieties of these 
phospholipids following AgNO3-TLC {4,5}. The complete 
resolution of the molecular species of the diradylglycerols 
obtained on the polar capillary columns confirms the 
preferential association of the long chain polyunsaturated 
fat ty acids with the alkyl and alkenyl chains in the etha- 
nolamine phosphatides. Likewise, there is a good agree- 
ment between the present direct and previous indirect 
analyses of the other major molecular species of diacyl 
and alkylacyl subclasses of the choline and ethanolamine 
phosphatides. A further rationalization of the composi- 
tion of the molecular species of the neutral and polar 
glycerolipids of the Ehrlich ascites tumor cells and of the 
lipid granules isolated from them requires a better 
understanding of glycerolipid metabolism in general. 
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The effect of dietary vitamin E and/or selenium {Se} sup- 
plementation {200 IU and/or 0.2 ppm, respectively} or defi- 
ciency for two months on lipid peroxidation in cerebrum, 
cerebellum, mid-brain, and brain stem of one-month~ld 
male F344 rats was investigated. Dietary treatment had 
a minimal effect on weight gain of rats for the period 
tested. Plasma a-tocopherol {a-T} concentration and 
glutathione peroxidase {GSH-Px} activity were reflective 
of dietary treatments. Supplementation of diets with 
vitamin E and/or Se increased plasma a-T and/or GSH- 
Px activity, while diets devoid of these nutrients reduced 
them significantly. Increased GSH-Px activity in Se- 
supplemented rats was further enhanced by vitamin E 
supplementation. Differential concentrations of a-T 
among brain regions were affected by dietary vitamin E 
but not by Se. In vitro lipid peroxidation of brain homo- 
genates was inhibited by dietary vitamin E supplemen- 
tation and increased by deficiency. Addition of 0.25 mM 
ascorbic acid or 0.1 mM of Fe 2§ to brain homogenates 
markedly increased in vitro lipid peroxidation. Ascorbic 
acid-induced lipid peroxidation was inversely correlated 
with dietary vitamin E and Se in cerebrum. In vitro 
Fe2+-addition induced the greatest stimulation of lipid 
peroxidation, with cerebellum and brain stem of vitamin 
E-deficient rats showing the highest response to Fe 2§ 
challenge. These findings indicate that  concentrations of 
a-T among the brain regions are different and can be 
altered by dietary vitamin E treatments, cerebellum and 
brain stem are more susceptible to in vitro challenge by 
peroxidative agents than other regions, and the degree 
of lipid peroxidation of brain regions is partially affected 
by dietary vitamin E but not by Se in the levels tested. 
Lipids 23, 405-409 {1988}. 

Vitamin E deficiency in experimental animals induces 
pathological changes in the reproductive, cardiovascular 
and nervous systems, and in other tissues (1-4}. Neuro- 
logical signs of chronic vitamin E deficiency include 
axonal swelling and dystrophy, demyelination, increased 
oxidative enzyme activity and neuronal pigment ac- 
cumulation {1,4-8}. Neuropathological observations link- 
ing vitamin E deficiency to neurological disorders in 
humans indicate the importance of dietary vitamin E in 
central nervous system function (9-11}. The interaction 
between dietary vitamin E and selenium {Se} incorporated 
into glutathione peroxidase {GSH-Px} has been well- 
documented {12,13}. The concentration and uptake of 
vitamin E and the activity of Se-dependent GSH-Px 
vary among the brain regions (14-17}, The antioxidative 
functions of vitamin E and Se suggest that  changes in 
the concentration of these nutrients in particular brain 
regions may influence regional susceptibility to lipid 

*To whom correspondence should be addressed. 
Abbreviations: a-T, alpha tocopherol; MDA, 
TBARS, thiobarbituric acid reactive substances. 

malonaldehyde; 

peroxidation. Most information on the influence of antiox- 
idants on brain lipid peroxidation has emerged from use 
of either whole brain or cerebrum tissue {18-21}, In a 
previous study, we reported that  lipid peroxidation of 
cerebrum is affected by dietary vitamin E and Se {22}. 
Different brain regions in rats are well-defined and com- 
posed of a variety of neuronal processes with specific 
biochemical and neurological functions. Therefore, this 
study was undertaken to extend our previous work to ex- 
amine the influence of feeding vitamin E- and Se-deficient 
and/or supplemented diets on the lipid peroxidative ca- 
pacity of different brain regions of rat: cerebrum, cere- 
bellum, mid-brain and brain stem. Our findings are con- 
sistent with the concept that  vitamin E protects lipid 
components of neuronal tissue from free radical reactions 
and peroxidation. 

MATERIALS AND METHODS 
Forty-eight, one-month-old male Fischer 344 rats {Charles 
River Breeding Lab., Inc., Wilmington, MA) were ran- 
dornly assigned to six dietary treatment groups. Group A 
{control) received the basal diet {containing no vitamin 
E and Se, Table 1) supplemented with 30 IU a-tocopheryl 
acetate/Kg diet and 0.1 ppm Se as sodium selenite as 
recommended by National Research Council and National 
Academy of Science for normal growth and reproduction 
{23}. Group B [+E+Se} received the basal diet sup- 
plemented with 200 IU a,tocopheryl acetate and 0.2 ppm 
Se. Group C {-E+Se} received the basal diet sup- 
plemented with 0.2 ppm Se. Group D {+E-Se)  received 
the basal diet supplemented with 200 IU a-tocopheryl 

TABLE 1 

Composition of Basal Diet 

Ingredient Percent 

Tornla yeast a 30.0 
Sucrose a 56.7 
a-Tocopherol stripped lard a 5.0 
a-Tocopherol stripped corn oila 2.0 
DI~Methionine a 0.3 
Mineral mix {selenium free)~ b 5.0 
Vitamin mix (vitamin E free) c 1.0 
Total 100.0 

aTeklad, Madison, WI. 
bHubbell-Mendel-Wakeman (3.08 g of MnSO4.H20 per kg of mineral 
mix was added). Mineral contribution from torula yeast gave final 
percentage concentration in diet as follows: Ca, 1.16; P, 0.77; K, 1.2: 
Na, 0.16; Mg, 0.10; Fe, 0.017; Cu, 0.0023; Mn, 0.0055; Zn, 0.0037. 
cVitamin content in I kg of diet: thiamine HCI, 4.0 mg; riboflavin, 
4.6 rag; pyridoxine HCL, 2.0 rag; calcium pantothenate, 20.0 rag; 
niacin, 100.0 rag; menadione, 1.0 rag; folic acid, 2.0 rag;, biotin, 1.0 rag; 
vitamin BI~ (0.1% trituration), 10.0 mg; retintyl pMmitate, 100 mg; 
cholecalciferol, 4 rag; sucrose was added to make total vitamin mix 
10 g. 
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aceta te /Kg diet. Group E ( - E - S e )  received only the 
basal diet. Group F was pair fed to the double-deficient 
group E with the group A diet. 

Rats  were individually housed in stainless steel wire 
mesh cages and maintained at  22 C with 12 hr light-dark 
cycles. All the animals were fed ad libitum except the pair- 
fed rats  (group F). After  eight wk of dietary t rea tment ,  
animals were fasted overnight then killed by decapitation. 
Blood was collected in heparinized tubes and plasma 
separated and stored at  - 7 0  C. Brain was removed from 
the skull, placed on an ice-cold platform, and immersed 
with ice-cold buffer. The cerebrum, cerebellum, mid-brain 
(including hypothalamus,  str iatum, and hippocampus) 
and brain s tem (including medulla oblongata and pens) 
were dissected with precooled dissecting tools within one 
to two min of decapitation. Ten percent  homogenates  of 
the brain regions were prepared using ice-cold 1.15% KC1. 
Following addition of a-tocopheryl acetate containing 
0.1% butyla ted  hydroxytoulene in ethanol to the homo- 
genate or plasma, a-tocopherol (a-T) was ext rac ted  with 
hexane, dried under a s t ream of ni trogen and reconsti- 
tu ted  in ethanol, a-T was measured by  the modified high 
performance liquid chromatography method described by  
Bieri et al. (24) using 100% methanol as the mobile phase 
and fluorometric detection (Exc:292, Emm:340 nm) for 
enhanced sensitivity. Detect ion limits for a-T in plasma 
and brain samples were 0.2 ~g/ml and 10 ~g/mg, respec- 
tively. Glutathione peroxidase (GSH-Px) act ivi ty in 
plasma was measured by  the method of Paglia and 
Valentine (25). Thiobarbituric acid reactive substances 
(TBARS) were measured (26) as an index of lipid perox- 
idation in brain homogenates  with and without  incuba- 
tion at  37 C for two hr, and in the presence and absence 
of 0.25 mM L-ascorbic acid or 0.1 mM Fe 2§ as ferrous 
sulfate. Malonaldehyde bisdimethylacetal  was used as a 
s tandard  to  calculate the molar equivilance of malonal- 
dehyde (MDA) for TBARS assessment (27). Total protein 
in brain homogenates  was measured by  the Lowry 
method (28}. Factorial  analysis of variance and Duncan 
multiple means range tes t  at  5% probabil i ty were em- 
ployed for stat ist ical  analysis of the data. 

RESULTS 

Overall weight gain of animals among the groups was not  
significantly affected by dietary t reatments  for the period 

tested. The highest  gains were observed in ra ts  fed the 
vi tamin E-supplemented diets (431% for group B and 
451% for group D), while the lowest weight gains were 
noted in ra ts  fed double-deficient diet (group E) and the 
matched pair-fed control (group F) (345% and 337%, 
respectively). 

Plasma GSH-Px  act ivi ty and a-T concentrat ion in 
plasma and brain regions are shown in Table 2. GSH-Px 
activity and a-T concentration of plasma reflected dietary 
t rea tments .  Rats  fed diets supplemented with ei ther 
vi tamin E or Se showed increased plasma a-T or GSH- 
Px activity, while those fed diets devoid of these nutrients 
had lower plasma a-T or GSH-Px activity, respectively. 
Presence of vitamin E in Se-supplemented diets appeared 
to enhance the increment of plasma GSH-Px  act ivi ty 
(group B vs group C). The decrease of plasma GSH-Px 
in the rats  fed Se-deficient diets (group D vs group E) was 
not alleviated by vitamin E supplementation. Se deficien- 
cy or supplementat ion had no effect on plasma a-T con- 
centrations from rats fed vitamin E supplemented or defi- 
cient diets (group D vs group B and group E vs group 
C). Plasma a-T and GSH-Px  act ivi ty of pair-fed rats  did 
not  differ from those fed control  diet  ad l ibitum (group 
A). Concentrat ion of a-T in brain regions varied within 
and between the dietary groups. The most  significant in- 
creases of a-T were found in the brain regions of ra ts  fed 
either + E + S e  or + E - - S e  diets. Among the brain regions 
in rats fed these diets, cerebrum and mid-brain had higher 
a-T concentrations than cerebellum and brain stem. Con- 
versely, feeding vi tamin E-deficient diets ( - E - S e  and 
- E + S e )  significantly reduced a-T in all four brain 
regions. Among the brain regions of ra ts  fed these defi- 
cient diets, cerebellum and brain stem had lower a-T con- 
centrations than cerebrum and mid-brain. The concentra- 
tion of a-T in all brain regions of group F (pair-fed to group 
E with the control  diet) was significantly higher than  
those of group E ( - E - S e ) .  However, cerebrum and brain 
stem of rats from group F had significantly lower a-T con- 
centrat ions than  those from group A (fed control  diet 
ad libitum). 

The influence of dietary t rea tment  on lipid peroxida- 
tion in brain was not evident from TBARS measurements 
in homogenates without incubation. Endogenous TBARS 
levels f r o m  the brain regions of ra ts  did not  vary  sig- 
nificantly among different dietary t rea tment  groups 
(Table 3). The overall rank order of endogenous TB AR S 

TABLE 2 

Activity of Glutathione Peroxidase in Plasma and Concentration of a-T in Plasma and Brain Regions 

Plasma Plasma Cerebrum Mid-brain Cerebellum Brain stem 
Dietary GSH-Px a-T a-T a-T a-T a-T 
group (U/ml) (~g/ml) (~g/g) (~g/g) (~g/g) (~g/g) 

A IControl) 12.04 - 0.71 a,b (5} 4.57 • 0.45 a (5) 14.9 _ 0.6 a (5) 14.7 _ 0.7 a (5) 6.0 - 0.5 a,c (5) 10.0 + 0.4 a (5) 
B (+E +Se) 13.04 _ 0.24 a (5) 7.22 _ 0.44 b (8) 20.3 + 0.8 b {4) 13.8 _ 1.4 a (4} 10.6 • 1.9 b" (5) 13.4 + 0.2 b (4) 
C (--E +Se) 10.80 _ 0.37 b (5) 0.24 _ 0.08 c (8) 6.5 + 0.8 c (5) 6.2 • 0.3 b (5) 2.7 • 0.1 c (5) 4.1 ___ 0.2 c (5) 
D (+E -Se} 0.15 • 0.24 c (5} 7.35 • 0.50 b (8) 19.0 • 0.3 b (4) 18.2 • 0.7 c (5) 9.6 • 1.0a, b ~5) 11.2 • 0.5 d {5) 
E ( -E  -Se) 0.24 • 0.09 c (5) 0.82 • 0.21 c (8) 6.3 • 0.4 c {4) 5.3 • 0.5 b (5) 3.5 • 0.9 c (5) 4.2 • 0.5 c (5) 
F (Pair-fed) 10.73 _+ 0.75 b {5) 4.54 • 0.33 a (5) 12.3 • 0.5 d {4) 12.7 • 0.8 a (5) 8.4 • 0.7a, b {5) 7.8 • 0.4 e (5) 

Each value represents mean _ SEM. Number of rats tested are in parentheses. Means not having a common letter superscript within 
a column are significantly different {p < 0.05). 
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a m o n g  the  bra in  regions  of  r a t s  f rom different  d i e t a ry  
t r e a t m e n t s  was  bra in  s t e m  > cerebel lum > mid-bra in  = 
cerebrum.  

I n c u b a t i o n  of  bra in  h o m o g e n a t e s  under  air f o r  two hr  
showed  d i e t a ry  effects  as  man i fes t ed  by  differential  
suscept ibi l i t ies  of b ra in  regions  to  lipid pe rox ida t ion  
{Table 4). Ce reb rum and  mid-brain  f rom ra t s  fed e i ther  
of the v i t amin  E-supplemented  diets {+E + Se or + E -  Se) 
had  s igni f icant ly  lower  capaci t ies  to  p roduce  T B A R S  
t h a n  ce reb rum and  mid-bra in  f rom ra t s  fed e i ther  of  the  
v i t amin  E-deficient diets  { -  E + Se or  - E -  Se). The effect 
of  doub ly  supp lemen ted  or  deficient  die ts  on  T B A R S  
re la t ive  to  cont ro l  diet  was  s ignif icant  only  in cerebrum.  
D ie t a ry  v i t amin  E supp lementa t ion  had  an inhib i tory  ef- 
fect  on  in v i t ro  lipid pe rox ida t ion  in cerebel lum {group 
D vs  groups  C and E). Incuba t ion  of homogena tes  showed 
bra in  s t e m  of r a t s  t r ea t ed  wi th  any  of the  diets  (except 
g r o u p  C) t o  p roduce  a h igher  T B A R S  level t h a n  o ther  
regions. Brain s t em f rom double+deficient ra ts  showed the  
highest  in vi tro T B A R S  level compared  with other  die tary 
t r ea tments .  Se-supplemented  or deficient diets  had  no ef- 
fect  on T B A R S  p roduc t ion  under  th is  in v i t ro  condit ion.  

I n  v i t ro  addi t ion  of  0.25 m M  ascorbic  acid or  0.1 m M  
Fe  2* to  the  h o m o g e n a t e s  increased  T B A R S  p roduc t ion  
several-fold {Tables 5 and  6). Ascorb ic  acid-induced lipid 
peroxidat ion in cerebellum was  higher  t han  in o ther  brain  
regions;  b ra in  s t e m  lipid perox ida t ion  was  h igher  t h a n  
ce reb rum and  mid-bra in  in all d i e t a ry  groups .  A n  effect  

of  d i e t a ry  t r e a t m e n t  on the  po ten t ia l  for lipid peroxida-  
t ion  was  man i fes t ed  in ce r eb rum in response  to  ascorbic  
acid challenge. Ascorb ic  acid-induced lipid pe rox ida t ion  
in cerebrum of ra t s  fed v i t amin  E-deficient diets  ( -  E + Se 
and  - E - S e )  showed  s igni f icant ly  h igher  T B A R S  t h a n  
those  fed the  o ther  diets. A similar t r end  was  observed  
in mid-bra in  and  cerebel lum of - E  + Se and  - E - S e  fed 
ra t s  and  bra in  s t em of - E - S e  fed ra t s  b u t  did no t  reach 
s ta t i s t ica l  significance. 

I n  v i t ro  addi t ion  of  0.1 m M  Fe z§ also induced T B A R S  
produc t ion  in the  bra in  homogena tes .  However ,  Fe  § 
s t imula t ion  was  g rea te r  t h a n  ascorbic  acid chal lenge in 
ce r eb rum and  mid-bra in  of  all d ie ta ry  g roups  and  as well 
as  in the  cerebellum of  g roup  A and  bra in  s t em of g roups  
B, D, E and F. Vi tamin E-deficient rats ,  part icular ly those 
fed - - E - - S e  diet  showed  the  h ighes t  in v i t ro  lipid perox- 
ida t ion  in all four  bra in  regions  in response  to  Fe  2§ 
challenge. A m o n g  the  brain  regions, cerebellum and  brain 
s t e m  showed  the  h ighes t  responses .  

DISCUSSION 

Relat ive  to  the  o ther  t issues,  b ra in  con ta ins  a low level 
of v i t amin  E- and Se-dependent  G S H - P x  ac t iv i ty  {18,29}. 
Fur the rmore ,  bra in  regions  v a r y  in their  a-T concent ra-  
t ion ( 14-16) and, a s s h 0 w n  here, are affected differentially 
b y  die tary  v i tamin  E and Se. These components  also have 
been shown to  be a l tered by  o ther  phys io logica l  and  

TABLE 3 

Concentration of TBARS Compounds in Brain Regions 

Brain region 

Dietary group Cerebrum Mid-brain Cerebellum Brain stem 

A (Control} 6.7 + 0.7* (4) 6.7 + 0.6* (5} 4.3 __ 0.9t {3) 8.7 -+ 0.4* (5) 
B {+E +Se) 6.2 + 0.5*,t (5) 5.3 --- 0.6* (4) 7,3 + 1.3*,t {5) 9.3 +-- 1.2t (3) 
C ( - E  +Se) 5.9 + 0.3* (5) 6.3 - 0.5* (5} 7.3 +- 1.4" (5) 8.1 --/-_ 0.5* (5) 
D (+E -Se) 6.4 +_ 0.2* (4} 6.0 +- 0.6* (5) 4.7 - 0.8* (5) 6.5 -+ 1.1" (4) 
E ( - E  -Se) 6.3 + 0.5* (4) 6.2 + 0.5* (5) 6.2 + 1.9" (5) 12.8 + 6.4* {5) 
F (Pair-fed} 5.1 + 0.5* (4) 5.8 + 0.5* (5) 5.3 +- 0.9* (4) 10.2 + 3.3* (4} 

Each value represents mean _+ SEM of malondialdehyde (nM/mg protein). Number of rats tested are in paren- 
theses. Means within brain regions are not significantly different. Means not having a common * or t 
superscript within a dietary group are significantly different (p < 0.05). 

TABLE 4 

Concentration of TBARS Compounds in Brain Regions after Incubation at 37 C for Two Hr 

Brain region 

Dietary group Cerebrum Mid-brain Cerebellum Brain stem 

A {Control) 17.2 +_ 2.0b,*,t (4) 15.7 __. 2.7a,b, * (4) 15.1 "!-_ 1.7b,c, * (5) 
B (+E +Se) 12.4 _+ 0.gc,d, * (5) 12.0 _+ 0.4b, * (3) 18.0 + 7.4a, b,c, * (5) 
C ( - E  +Se) 25.0 -I- 1.5a, * (5) 22.8 +_ 4.3a, * (5) 31.0 +__ 6.3a, * (5) 
D (+E --Se) 10.6 -!-_ 1.7d, * (4) 13.5 +_ 2.1b, * (5) 10.2 + 2.0c, * (4) 
E ( - E  -Se} 23.8 + 1.0 a,* (4) 19.6 _+ 2.3a, b, * (5) 28.6 _+ 6.2a, b, * (5) 
F (Pair-fed) 16.2 + 1.0b,c, * (4) 19.6 +_ 2.3a,b, * (5) 17.0 +_ 3.3a,b,c, * {5) 

23.0 _+ 2.0a, t (5) 
25.8 + 3.7a, t (3) 
22.0 +_ 0.9 a,* (5) 
14.5 +_ 2.6a, * (4) 
29.8 + 13.2a, * (5) 
25.2 +_ 9.2a, * (4) 

Each value represents mean +_ SEM of malondialdehyde (nMlmg protein). Number of rats tested are in paren- 
theses. Means not having a common letter superscript within a brain region or a common * or t superscript 
within a dietary group are significantly different (p < 0.05). 
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TABLE 5 

Concentration of TBARS Compounds in Brain Regions after Incubation 
in 0.25 mM Ascorbic Acid at 37 C for Two Hr 

Brain region 

Dietary group Cerebrum Mid-brain Cerebellum Brain stern 

A (Control) 26.5 +_ 1.1b, c (3) 26.7 +_ 7.5a, b (5) 48.0 __- 20.7 a (4) 52.8 _+ 5.5 a (5) 
B (+E +Se) 18.3 +_ 1.2 c (5) 21.7 -+ 7.7 b (4) 82.8 _ 34.8 a (5) 44.9 -+ 12.7 a (3) 
C ( - E  +Se) 54.3 +_ 7.0 a (5) 50.9 + 13.1 a (5) 109.0 -!-_ 31.9 a (5) 55.3 -+ 6.4 a (4) 
D {+E -Se) 20.7 +_ 1.5b, c (4) 22.0 +_ 6.0 b (5) 75.3 +_ 35.4 a (5) 36.7 _+ 6.3 a (4) 
E ( - E  -Se) 51.8 _+ 3.5 a (4) 45.4 + 7.4a, b (5) 119.3 _+ 30.7 a (5) 88.7 +_ 35.9 a (5) 
F {Pair-fed) 32.9 _.+ 4.5 b {4) 34.4 _+ 7.2a, b {5) 81.2 + 30.6 a (5) 58.0 _.+ 22.1a (4) 

Each value represents mean +_ SEM of malondialdehyde {nM/mg protein). Number of rats tested are in paren- 
theses. Means not having a common letter superscript within a brain region are significantly different (p < 
0.05). Means within dietary groups are not significantly different. 

TABLE 6 

Concentration of TBARS Compounds in Brain Regions after Incubation in 0.1 mM Fe ~+ at 37 C for Two I-It 

Brain region 

Dietary group Cerebrum Mid-brain Cerebellum Brain stem 

A (Control) 67.3 _+ 7.0a, b,c, * (4) 54.2 + 1.2b, * (5) 54.5 -+ 14.5a, * (4) 48.7 "4" 3.1 a,* (5) 
B (+E +Se) 60.3 + 1.7c, * (5) 51.9 + 1.2b, a (4) 58.6 + 14.4a, * (5) 45.6 -+ 1.1 a,* (3) 
C ( - E  +Se) 75.0 +_ 3.1a, * (5) 65.3 - 3.4 a,* (4) 87.4 + 30.0a, * (5) 53.6 -+ 3.0a, * (5) 
D (+E -Se) 65.3 - 0.7b,c, * (4) 54.9 _+ 2.0b,*,t (5) 45.3 +_ 6.9a, t (5) 45.4 -!-- 1.7 a,t (4) 
E ( - E  -Se) 74.4 _+ 2.1a,b, * (4) 61.2 +_ 0.ga, * (5) 94.7 + 33.9a, * (5) 101.3 + 48.6 a,* (5) 
F (Pair-fed) 69.5 _+ 0.7a,b,c, * (4) 55.3 +_ 1.sb, * (5) 56.2 ___ 12.6a, * (5) 63.4 + 12.7a,* (4) 

Each value represents Mean +_ SEM of malondialdehyde (nM/mg protein). Number of rats tested is expressed 
in parentheses. Means not having a common letter superscript within a brain region or a common * or t 
superscript within a dietary group are significantly different (p < 0.05). 

pa tho log ica l  fac tors  (30,31). The  level of  a-T in bra in  
regions  appears  pr incipal ly  affected b y  d ie ta ry  v i t amin  
E, an i m p o r t a n t  lipid-soluble an t iox idan t  t h a t  influences 
t i ssue  suscept ib i l i ty  to  in v i t ro  and, p resumably ,  in v ivo  
lipid peroxidat ion.  

The  changes  in a-T concen t ra t ion  induced by  d ie t a ry  
t r e a t m e n t  v a r y  a m o n g  the  bra in  regions.  For  example,  
in this  s tudy ,  feeding ra t s  wi th  200 IU  of  v i t a m i n  E for 
two mon ths  increased a-T concent ra t ion  in cerebellum by  
77% (relative to  control-fed rats} bu t  only  b y  36% in 
cerebrum. Bra in  t issue has  been repor ted  to  exhibi t  a low 
level of  Se-dependent  G S H - P x  ac t iv i ty  re la t ive  to  o ther  
o rgans  (29), and  i ts  ac t iv i ty  var ies  a m o n g  bra in  regions  
(17). The  biochemical  in ter re la t ionship  be tween  v i t amin  
E and Se is known (32}, and their effect on the  metabol ism 
of each o ther  and  lipid pe rox ida t ion  has  been demon- 
s t ra ted  in several t issues {33}. However,  in this s tudy,  sup- 
p lementa t ion  or deficiency of  Se did no t  have  any  signifi- 
can t  effect  on  a-T level or  lipid perox ida t ion  of  bra in  
regions  du r ing  the  t e s t  period.  

I t  has  been repor ted  t h a t  suscept ib i l i ty  to  lipid perox- 
ida t ion  is marked ly  inf luenced b y  d ie t a ry  v i t amin  E and  
t issue a-T levels (20,32}. Brain  tissue, due to  its h igh ra te  
of  o x y g e n  c o n s u m p t i o n  and  h igh  phosphol ip id  con ten t  
wi th  p o l y u n s a t u r a t e d  f a t t y  acids, is par t i cu la r ly  sus- 
ceptible to  perox ida t ive  agents ,  free radical  gene ra t i ng  

compounds ,  and  lipid peroxidat ion.  However ,  v i t amin  E, 
v i t amin  C, GSH-Px ,  superoxide  d i smu ta se  and  o ther  an- 
t iox idan t  defense mechan i sms  are p resen t  in di f ferent  
bra in  regions  wi th  var ie t ies  of  concen t ra t ions  and  ac- 
t ivities (14-17,35-37),  work ing  agains t  lipid peroxidat ion 
in different  bra in  regions.  These  coopera t ive  an t iox idan t  
defense mechan i sms  minimize oxidat ive  damage,  quench  
free radical  p ropaga t i on  and l imit  l ipofuscin accumula-  
t ion (6). A l t h o u g h  s igni f icant  differences in a-T concen- 
t r a t ion  were found  in the  bra in  regions  examined,  en- 
dogenous  levels of  lipid peroxida t ion  products ,  measu red  
as T B A R S ,  did no t  reflect  d i e t a ry  t r ea tmen t .  Therefore,  
w i t h o u t  in v ivo  s t imula t ion  of  lipid peroxidat ion,  mea- 
surements  of  endogenous  T B A R S  of brain regions did no t  
reveal differential effects of d ie tary  v i tamin  E and Se sup- 
plementat ion or deficiency. However,  the presence of rela- 
t ive ly  low levels of  a-T and  the  de tec t ion  of  re la t ive ly  
h igher  levels of  T B A R S  in cerebel lum and  bra in  s t e m  
(Table 2) indicate  t h a t  these bra in  regions m i g h t  be more  
p rone  to  lipid peroxida t ion  fol lowing an in v ivo oxidat ive  
insult.  

I n c u b a t i o n  of  bra in  h o m o g e n a t e s  a t  37 C for two hr  
revealed  the  influence of  d i e t a ry  t r e a t m e n t s  on suscep- 
t ibi l i ty  to  lipid peroxidat ion.  The  m a g n i t u d e  of  lipid 
perox ida t ion  was  inverse ly  cor re la ted  wi th  a-T content .  
A m o n g  the  bra in  regions,  b ra in  s t em had  the  h ighes t  
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capacity for in vitro lipid peroxidation under atmospheric 
oxygen pressure. Cerebrum and mid-brain regions were 
least susceptible to lipid peroxidation and possessed the 
highest  concentrat ion of vi tamin E. 

Addition of ascorbic acid or Fe ~§ resulted in a several- 
fold increase of TBARS as reported (38-40}. The addition 
of a low concentrat ion of ascorbic acid reduces oxidized 
iron and increases lipid peroxidation via initiation of a 
Fenton- type reaction {41}. Differences in the concentra- 
t ion of endogenous iron in brain regions have been par- 
tially implicated in the differential susceptibility of brain 
areas to lipid peroxidation (38}. Addition of ascorbic acid 
to  the t issue homogenate upsets  the balance between 
ferric and ferrous iron leading to lipid peroxidation. Our 
data  {Table 5) shows tha t  the cerebellum, relative to other 
brain regions, had a highe r response to the in vitro ascor- 
bic acid challenge, suggest ing lipid peroxidation in 
cerebellum may be related to the high iron content of this 
brain region. Our data also indicate the cerebellum is more 
susceptible to ascorbic acid-induced lipid peroxidation, 
relative to cerebrum and mid-brain even in a s ta te  of 
vi tamin E and Se sufficiency. This is in contras t  to Noda 
et  al. (39}, who found the greates t  increase of lipid perox- 
idation in cerebral cortex, corpus callosum and hippocam- 
pus in response to hyperbaric oxygen. They postula ted 
tha t  iron-rich areas in brain generally are vulnerable to 
iron-catalyzed free radical reactions under hyperbaric ox- 
ygen. However, their findings do not  closely parallel local 
brain iron concentrations.  The difference between our 
findings and those of Noda et  al. probably is related to 
the in vivo TBARS metabolism in brain areas after hyper- 
baric oxygen administration, vs the in vitro ascorbic acid 
challenge in this study. Thus, the varying iron content  
of brain tissues may  correlate with lipid peroxidation, 
while the nature of the proxidant challenge may influence 
the quant i ta t ive  outcome. I t  should be noted tha t  ascor- 
bic acid-induced lipid peroxidation still was significantly 
influenced by  dietary intervention in cerebrum and mid- 
brain where levels of endogenous iron are known to be 
lower than  in cerebellum. 

Exogenously  added Fe 2§ fur ther  augmented in vi tro 
lipid peroxidation. The addition of Fe 2. had a greater  
s t imulatory effect on lipid peroxidation in brain regions 
with relatively low a-T content  and in those regions 
known to have low dopamine activity. Dopamine has been 
shown to be effective in ligation of in vi tro Fe ~* (38}. In 
vitamin E-deficient rats, cerebellum and brain stem, areas 
with relatively low dopamine activity,  showed a slightly 
higher degree of lipid peroxidation after  Fe 2§ challenge 
than  cerebrum and midbrain. 

In this in vi t ro  system, our findings suggest  there is 
a differential susceptibility between brain regions to lipid 
peroxidation that  varies with the peroxidative agent used. 
In F344 rats, cerebellum and brain stem are more suscep- 
tible to lipid peroxidation than  other  brain regions. This 
susceptibil i ty is part ial ly affected by  the a-T content  of 
these regions, which can be manipulated by  dietary 
vi tamin E, bu t  not  Se, intervention. Several other  en- 
dogenous factors, and relative regional distr ibution of 
compounds known to be involved in lipid peroxidation 
processes including total  iron, ascorbate, catalase and 
superoxide dismutase, as well as the composition of fa t ty  
acids, phospholipids and neurotransmit ters ,  may  con- 
t r ibute  to the susceptabil i ty of brain regions to lipid 

peroxidation and the efficacy of dietary vi tamin E and 
Se intervention. 
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from Rat Liver (LSP) and Kidney (KSP) 
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In this study, the biochemical characteristics of pro- 
teofipids of rat fiver and kidney homogenates were com- 
pared. In all preparations, the proteo-lipids were eluted 
at the void volume of the Biogel A-15 m column after gel 
chromatography, and a molecular weight over 15 X 10 ~ 
was estimated. Electron microscopy of the concentrated 
void volume fractions showed globular particles with 
diameters of 30-100 nm for fiver (LSP) and 30-60 nm for 
kidney (KSP) preparations that might be formed from 
plasma membrane fragments. After ultracentrifugation 
in a CsCI gradient, rat LSP and KSP floated in a small 
density range from 1.16-1.17 g/ml. There was no signifi- 
cant difference between the relative percentages of 
phosphofipids, triglycerides and cholesterol of both 
proteo-lipids. However, the relative mean amount of total 
protein in rat KSP (60.4% vs 50.4%) was significantly 
higher and the content of free fatty acids (4.3% vs 12.6%) 
significantly lower compared to rat LSP. SDS-PAGE 
revealed at least 12 protein subunits ranging from 
15,000-130,000 in both preparations, but one protein of 
about M r 49,000 might represent a fiver specific compo- 
nent. The isolated proteo-fipids from rat liver and kidney 
homogenates showed similar biochemical characteristics 
as those from human sources, which could explain the 
known cross-reactivity of antibodies against these prep- 
arations. 

The putative function of these proteo-fipids is not 
known, although there is some evidence from human 
studies that they carry receptor proteins. 
Lipids 23, 410-414 (1988). 

Cellular and humoral immune reactions against the liver- 
specific membrane lipoprotein complex (LSP) have been 
widely reported in patients with liver disease (1,2). LSP 
is a large, lipid-associated complex containing several an- 
tigens, including species-specific and species cross- 
reactive determinants, of which at least two seem to be 
liver specific, but  their precise identity has not been 
established (3-5). Immunochemical and electron micro- 
scopical evidence suggests that LSP is derived from the 
liver cell plasma membrane (6-8). An important role of 
the plasma membrane is to transmit biochemical signals 
generated by ligand-receptor interaction at the cell sur- 
face across the lipid bilayer and into the cell (9). Recently, 
the hepatic asialo-glycoprotein receptor (hepatic lectin) 
has been detected as a minor component of liver-specific 
membrane lipoprotein (10). To our knowledge, this has 
been the first time that any component of LSP has been 
positively identified. 

Further studies have shown that LSP is a far more com- 
plex particle than was first recognized. It has an apparent 

*To whom correspondence should be addressed at the Department 
of Medicine If, Klinikum Grosshadern, Marchioninistr. 15, 8000 
Munich 70, Federal Republic of Germany. 
Abbreviations: KSP, kidney specific preparations; LSP, liver-specific 
preparations; PAG, polyacrimide gel; SDS-PAGE, sodium dodecyl 
sulfate polyacrimide gel electrophoresis. 

molecular weight (by gel filtration) of more than 20 X 10', 
contains phospholipids and triglycerides, and shows 
multiple protein subunits on SDS-polyacrylamide gel elec- 
trophoresis (4). Behrens and Paronetto (11) have demon- 
strated that kidney extract (KSP) handled in the same 
manner as liver extract has many similarities to LSP and 
that antibodies against LSP and KSP give the same im- 
munofluorescence pattern in sections of liver, kidney and 
stomach. Furthermore, LSP and KSP cross-react in dou- 
ble gel diffusion. 

These findings point against a complete organ specific- 
ity of LSP in humans in accordance with later studies by 
Riisom and Diederichsen (12). Hopf et al. tested LSP from 
different species and showed that rat LSP cross-reacted 
weakly with human LSP (6). However, Kakumu et al. 
demonstrated that antiserum to rat LSP, absorbed with 
normal human plasma, gave a single line on immunodif- 
fusion against purified LSP from rat and human livers. 
Furthermore, antisera to rat and human LSP reacted 
almost equally with both rat and human hepatocytes, 
respectively (1). Whereas biochemical investigations have 
concentrated on human LSP and more recently KSP, 
there were to our knowledge no data on the biochemical 
characterization of these proteo-lipids in rat liver and 
kidney. 

In view of the demonstrated shared antigenic proper- 
ties, we performed an extensive characterization of these 
prote~lipids in rats, which permits a comparative evalua- 
tion with the results of the previous studies in humans. 

MATERIALS AND METHODS 

Preparation of rat liver and kidney membrane lipopro- 
teins. Rat livers and kidneys were obtained from male 
Sprague-Dawley rats weighing ca. 150 g. The preparation 
of the membrane lipoproteins was performed at + 4 C ac- 
cording to Behrens and Paronetto (11) and McFarlane et 
al. (4). The liver and kidney tissue was cut into small 
pieces and washed for five hr in 0.25 M sucrose solution 
adjusted to pH 8.0 with 0.1 M NaOH, changing the solu- 
tion every 20 min. For each of the 10 different prepara- 
tions, 10 rat livers and 20 kidneys were pooled. After 
crushing the tissue pieces in 0.25 M sucrose solution 
(wt/vol, 1:1) with an Ultra-Turrax blender, homogeniza- 
tion in a potter homogenizer was performed. The homo- 
genate was ultracentrifugated at 100,000 g for one hr 
using a Beckman 60 Ti-rotor. Two hundred IU/ml penicil- 
lin and 10 ~g/ml gentamicin were added to the superna- 
tant, and 4 ml were incubated at 20 C with 1.0 ~Ci of 
ethanolic [1,2-3H]cholesterol (New England Nuclear, 
Boston, MA), which is incorporated in the protein lipid 
complexes and serves as an easily detectable, highly sen- 
sitive but not quantitative marker of the lipid moiety. 
Afterwards, gel chromatography was performed on a 
95.0 X 3.0 cm Biogel A-15 m column with 0.1 M Tris HC1, 
pH 8.0, containing 0.2 M NaC1 and 1 mM Na2 EDTA as 
elution buffer. 
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Usually, 80 to 90 8.4 ml fractions were collected. The 
absorbance at 280 nm was recorded with a Beckman spec- 
trophotometer. After addition of 5.0 ml Bray-scintillation 
solution to 0.1 ml aliquots of the fractions, the/3-radia- 
tion emitted by [1,2-3H]cholesterol was measured in a 
Betaszint BF 5000 counter. All fractions containing 
[1,2-3H]cholesterol were pooled and concentrated to about 
10% of the original volume using PM 10 membranes 
(Am_icon, Witten, FRG). Further characterization was 
done by chemical assay, electron microscopy, density gra- 
dient ultracentrifugation and SDS-polyacrylamide gel 
electrophoresis. 

Biochemical assays. Protein was measured by the 
method of Lowry after precipitation of the proteins with 
trichloracetic acid (13). Total cholesterol and triglyceride 
determinations were performed enzymaticaUy with com- 
mercial test kits (Boehringer Mannheim, FRG) (14,15). 
The colorimetric NEFA C-test (Wako Chemicals, Osaka, 
Japan) was used for the quantification of unesterified 
fatty acids (16). The total phospholipids were determined 
in chloroform]methanol extracts (3:1, v/v) according to 

Fiske and Subbarow (17). Further fractionation of the 
phospholipids was achieved by thin layer chromatog- 
raphy on 20 • 20 cm glass plates coated with silica gel 
(Merck, Darmstadt, FRG). 

Chloroform/methanol/water (65:35:8, v/v/v) was used as 
solvent system. The separated phospholipids were made 
visible with iodine vapor and stained individually. Car- 
diolipin, phosphatidylcholine, sphingomyelin, phospha- 
tidylinositol and ethanolamine glycerophospholipids 
served as reference substances. Afterwards, a colorimetric 
phospholipid determination was performed. The accuracy 
was tested by Precilip E.L. standard sera (Boehringer, 
Mannheim, FRG). 

Density gradient ultracentrifugatior~ One ml of the 
sample was added to 3.4 ml of CsCl-solution (density 
1.25 g/ml). During 72 hr of ultracentrifugation at 4 C and 
50,000 rpm in a Beckman SW-60 rotor, a concave gradient 
from 1.06 to 1.43 g/ml was established (18). Eleven 0.4 ml 
fractions were obtained by pipetting from the top. The 
densities were calculated by weighing 0.2 ml portions. The 
absorbance at 280 nm and the counts per min were 
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FIG. 1. Typical gel chromatographic elution profile of the concentrated 100,000 g super- 
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measured in each fraction and compared with the posi- 
tion of the macroscopically visible turbid disk of ca. l-ram 
height. 

Electron microscopy. Electron micrographs were taken 
with a Siemens 101 electron microscope at 80 kV. The 
membrane lipoprotein preparations were negatively 
stained with 2% potassium phosphotungstate, pH 7.0 
(19). A small drop of the suspension was placed on a 200 
or 300 Formavar carbon-coated grid and examined after 
drying at room temperature. 

SDS-Polyacrylamide gel electrophoresis. For SDS- 
PAGE, aliquots of the samples were diluted (1:4, v/v) with 
37.5 mM Tris HC1 buffer (pH 8.8) containing 1 g/dl SDS 
and 4% 2-mercaptoethanol. After incubation for three min 
at 95 C, the electrophoretic protein separation was per- 
formed in ultrathin {0.36 mm) SDS-polyacrylamide pore 
gradient gels (T -- 4.0-22.5%) on PAG films. The protein 
subunits were stained with silver nitrate (20). The molec- 
ular weights were estimated by comparison with calibra- 
tion standards (Pharmacia, Freiburg, FRG) according to 
the method of Weber and Osborne (21). 

Statistical analysis. Using mean and standard devia- 
tion of the mean for further statistical analysis of our 
data, Student's t-test was applied. 

RESULTS 

The elution profile of the 100,000 g liver and kidney super- 
natants on a Biogel A-15 m column showed rising absorb- 
ance at 280 nm, coinciding with elevated counts/rain in 
the first peak as well as high protein absorbance without 
evidence of radioactivity in the second peak (Fig. 1). 

Liver (Fig. 1A, first peak) and kidney (Fig. 1B, first 
peak) prote~lipids showed similar elution patterns. Both 
were eluted in the void volume of the Biogel A-15 m col- 
umn, indicating a molecular weight of more than 15 • 10'. 

The determination of the void volume (Vo) had been per- 
formed with 10% Dextran 5000 (Serva, Heidelberg, FRG) 
composing macromolecules of up to 40 • 10'. 

The chemical analysis of the pooled and concentrated 
fractions revealed 50.4% protein, 23.2% phospholipids, 
12.6% free fatty acids, 11.2% triglycerides and 5.6% total 
cholesterol (mean values) for liver and 60.4% protein, 
20.5% phospholipids, 11.1% triglycerides, 4.7% total 
cholesterol and 4.3% free fat ty acids (mean values) for 
kidney lipoproteins (Table 1). 

The percentage of total protein in rat KSP was signifi- 
cantly (p < 0.02) higher and the percentage of free fat ty 
acids significantly (p < 0.001) lower compared with the 

relative amounts in rat LSP. The composition of the 
phospholipid moiety fractionated by thin layer chroma- 
tography is illustrated in Table 2. There were no signifi- 
cant differences for cardiolipin, ethanolamine glycero- 
phospolipids, phosphatidylcholine, phosphatidylinositol 
and sphingomyelin in both preparations. 

An average density of 1.16 g/ml was measured for rat 
LSP and of 1.17 g/ml for rat KSP by CsCl-gradient 
ultracentrifugation (Fig. 2A and B). After negative stain- 
ing, electron microscopy showed globular macromolecules 
with diameters of 30-100 nm for liver and of 30-60 nm 
for kidney preparations (Fig. 3A and B). Assuming that  
one spheric particle on the photograph corresponded to 
a single molecule, an average molecular weight of 100 X 
10' and 50 X 10' was calculated for liver and kidney 
proteo-lipid complexes, respectively. The particles con- 
sisted of at least 12 protein subunits with a molecular 
weight ranging from 15,000 to 130,000, separated by 
SDS-PAGE (Fig. 4A and B). 

The protein profiles on the gels following SDS-PAGE 
of rat LSP and rat KSP were similar but show one in- 
teresting difference. The protein at about Mr 49,000 ap- 
pears to be more heavily stained on the liver sample com- 
pared with the kidney sample and also may be slightly 
smaller. The other differences in the electrophoretic pro- 
files of both samples seemed to be caused by varying con- 
centrations of corresponding subunits macroscopically 
visible by the slightly different intensity of the silver 
nitrate staining. These visual impressions have been con- 
firmed by a quantitative densitometric scan of these gels. 

DISCUSSION 

The findings reported here indicate that  LSP and KSP 
could be prepared by standard methods from rat liver and 
kidney. There were some variations in terms of lipid/pro- 
tein ratio and the relative amount of the major lipids 
(phospholipids, free fatty acids, triglycerides, cholesterol} 
between the 10 different preparations of LSP and KSP. 
This might be caused by the isolation procedure that com- 
posed multiple steps as crushing of the tissue, homogeni- 
zation, ultracentrifugation, gel chromatography, ultrafil- 
tration and thin layer chromatography. In all prepara- 
tions, rat LSP and rat KSP were eluted in a single peak 
at the void volume of the column after gel chromatog- 
raphy. From these results, a molecular weight of rat LSP 
and rat KSP over 15 X 10' is estimated. However, 
because of the hydrophobic nature, proteo-lipids may 
behave atypical on gel filtration, and aggregation of 

TABLE 1 

Relative Composition of Lipids and Protein in the Rat Liver 
and Kidney Membrane Lipoproteins of 10 Preparations 
(Mean • SEM) 

Liver (%) Kidney (%) p-Value 

Protein 50.4 +- 2.2 60.4 +_ 3.2 <0.02 
Phospholipids 23.2 _+ 3.9 20.5 _ 2.6 n.s. 
Free fatty acids 12.6 __- 1.1 4.3 ___ 0.5 <0.001 
Triglycerides 11.2 ___ 1.8 11.1 + 2.4 n.s. 
Cholesterol 5.6 __. 0.5 4.7 +_ 0.7 n.s. 

TABLE 2 

Relative Composition of Phospholipids in the Rat Liver and Kidney 
Membrane Lipoproteins of 10 Preparations (Mean • SEM) 

Liver (%) Kidney (%) 

Cardiolipin 5.4 _ 1.7 9.3 --- 3.0 n.s. 
Ethanol~mine 

glycerophospholipids 23.0 __- 7.6 24.7 ___ 1.4 n.s. 
Phosphatidylcholine 18.9 _+ 7.4 30.8 +__ 4.8 n.s. 
Phosphatidylinositol 17.2 +__ 8.3 19.1 _+ 4.2 n.s. 
Sphingomyelin 35.5 -+ 12.1 15.6 ___ 2.2 n.s. 
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FIG. 2. Density determination of the isolated rat liver (A) and kidney membrane lipoproteins (B) by isopycnic ultraeentrifugation in a 
CsCI gradient (50,000 rpm for 72 hr, 4 C). Points represent cpm emitted by [1,2-3H]cholesterol (b) and the absorbance at 280 nm (O) re  
corded in each fraction pipetted from the top. 

A B 

FIG. 3. Electron microscopy of the liver (A) and kidney (B) membrane lipoprotein preparation using a Siemens 1Ol electron microscope 
and a negative staining technique with 2% potassium phosphotungstate, pH 7.0 (X60,000). 

FIG. 4. SDS-PAGE of the liver (A) and kidney (13) membrane iipoprotein preparation on ultrathin (0.36 mm) pore gradient gels (T, 4.0-22.5%) 
in increasing concentrations. The standard calibration kit is shown in the fight lane. 
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molecules to higher molecular weight complexes is likely. 
The electron microscopy of the concentrated void volume 
fractions showed globular particles with diameters of 
30-100 nm for liver and 30-60 nm for kidney prepara- 
tions. These particles could represent vesicles that  might 
have been formed spontaneously from isolated plasma 
membrane fragments as has been suggested by others 
from electron microscopical studies on human LSP and 
KSP {22}. 

The density gradient ultracentrifugation revealed in all 
preparations a highly reproducible macroscopically visi- 
ble turbid disk of ca. 1 mm height with a density between 
1.16 g/ml and 1.17 g/ml. This reflects the rather constant 
protein/lipid ratio of all preparations. 

The results of gel chromatography, electron microscopy 
and density gradient ultracentrifugation showed similar 
properties of rat LSP and rat KSP. However, further 
biochemical investigation demonstrated some significant 
differences between both preparations. The relative mean 
percentage of total protein in rat KSP {60.4 vs 50.4} was 
significantly higher and the percentage of free fatty acids 
(4.3 vs 12.6) significantly lower compared with the relative 
amounts in rat LSP. However, the free fatty acids might 
be formed as an artifact during the isolation procedure, 
and the difference between liver and kidney preparations 
could be due to different lipolytic activity in these 
samples. The SDS-PAGE revealed at least 12 protein 
subunits ranging from 15,000-130,000 in botli prepara- 
tions. One protein at about Mr 49,000 appeared to be 
more heavily stained on the liver sample compared with 
the kidney sample and also might be slightly smaller 
{49,000 vs 50,000). This protein could represent an organ- 
specific component. 

Our results of the quantitative protein-lipid determina- 
tion in rats were in accordance to the data in humans 
published by other authors. The average lipid protein 
ratio of 0.98 in the liver preparations fits in the range of 
0.24-1.09 described by Lebwohl and Gerber (8). The mean 
protein content of 50.4 % and the phospholipid moiety of 
23.2% showed a similar ratio as reported by McFarlane 
et al. {4). The phospholipid distribution pattern on car- 
diolipin, ethanolamine glycerophospholipids, phospha- 
tidylcholine, phosphatidylinositol, sphingomyelin as well 
as the mean relative amount of triglycerides (11.2%} cor- 
responded to the results of human LSP preparations by 
Htitteroth and Meyer zum Btischenfelde (5). 

Human KSP preparations showed similar gel chroma- 
tographic elution patterns and comparable densities com- 
pared with our data obtained in rat KSP {11}. Further- 
more, the lipid protein ratio and the lipid composition 
resembled those of membrane lipoproteins isolated from 
human urinary fluid (23). In view of the known cross- 
reactivity of anti-sera against human LSP and rat LSP, 
a comparison of the protein profiles of these preparations 
was of special interest. Studies from McFarlane et al. and 
Lebwohl and Gerber have indicated that human LSP may 
be comprised of up to 13 protein subunits of different 
molecular sizes (4,8). Behrens and Paronetto observed 
eight protein subunits with molecular weights of 40,000 
to 96,000 in human LSP (11). 

More recently, Riisom and Diederichsen separated in 
human LSP and KSP samples four major bands cor- 
responding to molecular weights of 66,000, 60,000, 55,000 
and 50,000, and a number of minor protein subtmits with 

molecular weights between 350,000 and 29,000 (12). Our 
electrophoretic profiles of rat LSP and KSP resembled 
those of Riisom and Diederichsen very closely, and there 
was no evidence for a species-specific subunit. These 
strong similarities could explain the shared antigenic 
properties of human and rat LSP. 

We conclude from our data that large molecular protein 
lipids can be highly reproducibly isolated from rat liver 
and rat kidney homogenates using standard procedures. 
Obviously, these proteo-lipids are easily soluble in the 
cytosol, but immunochemical and eleetromicroscopical 
studies of these protec~lipids from other sources suggest 
that  they constitute fragments of the plasma membrane. 
There were some differences between rat liver and rat 
kidney preparations in regard to the relative amounts of 
protein, free fat ty acids and the electrophoretic profile. 
A 49,000 protein subunit in rat LSP might represent an 
organ-specific antigen. According to the similar biochemi- 
cal properties, a close relationship between rat and human 
LSP and KSP must be assumed. The putative function 
of these proteo-lipids is not known, although there is some 
evidence from human studies that  they carry receptor 
proteins for asialo-glycoproteins. 
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The principal objective of this investigation was to ex- 
amine the co-hydroxyacid derivatives in the cornified layer 
of human skin. Toward this end, sunburn peelings were 
collected, and the lipids were extracted with chloroform/ 
methanol. Comparison with authentic standards by thin 
layer chromatography (TLC) indicated the presence of 
both N-(co-acyloxy)acylsphingosine (acylceramlde) and co- 
acyloxy fatty acid (acyl acid), which accounted for 1.7% 
and 2.0% of the total lipid, respectively, as estimated by 
photodensitometry of the charred chromatograms. Each 
of these lipids was isolated by preparative TLC, hydro- 
lyzed, and the resulting fragments were further analyzed 
by TLC and by gas liquid chromatography (GLC) of ap- 
propriate derivatives. In both of these lipids, the predomi- 
nant co-hydroxyacid proved to be the 3~carbon saturated 
species (56-59% of the total), while linoleate was the major 
ester-linked fatty acid. Linoleate was more abundant in 
the acyl acid (38.0%) than in acylceramide (21.4%). These 
findings represent the first demonstration of acyl acid 
in human skin and support the proposition that acyl acid, 
like the other linoleate-rich co-hydroxyacid derivatives, 
functions as a molecular rivet in maintaining epidermal 
structure and function. 
Lipids 23, 415-418 (1988). 

It  has long been recognized that proper differentiation 
and function of the epidermis is dependent upon an ade~ 
quate supply of linoleic acid in the diet (1). In the absence 
of this essential fat ty acid, the skin becomes scaly and 
much more permeable to water. The skin scaliness assc~ 
ciated with this dietary deficiency appears to be the result 
of reduced production of prostaglandins (2); however, the 
barrier function depends more directly on the availabil- 
ity of linoleate or linoleate~containing molecules in the 
epidermis (2-4). Several linoleate-containing molecules 
have been identified recently, and these now are thought 
to underlie epidermal barrier function (4-9). 

In 1978, Gray et al. discovered in pig and human epider- 
mis an unusual glucosylceramide that contains ester- 
linked linoleic acid (5). Subsequently, our laboratory has 
shown that this lipid contains very long co-hydroxyacids 
amide-linked to sphingosine (6), and the ester-linked 
linoleate was shown to be attached to the co-hydroxyl 
group (7). A structurally related linoleate-rich acylcer- 
amide also has been identified in pig and human epider- 
mis (8,10,11). Recently, an analog called acyl acid, in 
which the sphingosine moiety has been removed, was 
reported to occur in pig and rat epidermis (9,12). In each 
of these linoleate-rich epidermal lipids, linoleate is ester- 
linked to the co-hydroxyl group of 30- and 32-carbon 
r 

In this study, we have examined human sunburn peel- 
ings, which consist mainly of stratum corneum, to deter- 
mine whether acyl acid also is present in human skin. Our 

*To whom correspondence should be addressed. 
Abbreviations: GLC, gas liquid chromatography; TLC, thin layer 
chromatography. 

results demonstrate that acyl acid represents 2.0% of the 
total lipid extracted from this source. Linoleate composes 
38% of the ester-linked fatty acids in this lipid fraction, 
and the predominant co-hydroxyacid is the 30-carbon 
saturated species. The acylceramide isolated from the 
same material contained a lower proportion of linoleate 
(21.4%) but had a nearly identical co-hydroxyacid com- 
position. 

MATERIALS AND METHODS 

Reference materials. Acylceramide was prepared from pig 
epidermis as described (8). Pig epidermal acylceramides 
(8) and giant-ring lactones from donkey sebum (13) served 
as sources of standard co-hydroxyacids. 

Acyl acid was synthesized by treating 5 mg co-hydroxy- 
acids prepared from donkey sebum with a 10% molar ex- 
cess of linoleoyl chloride in 0.25 ml pyridine. After two 
hr at room temperature, the reaction mixture was chilled 
in a beaker of crushed ice, and 3 ml chloroform was added. 
The chloroform solution then was washed three times 
with 3 ml portions of cold 0.2 N aqueous HC1. The sepa- 
rated chloroform solution was taken to dryness, and acyl 
acid (1 mg recovered) was purified by preparative thin 
layer chromatography (TLC) on Silica Gel H using a 
mobile phase of chloroform/methanol/acetic acid (190:9:1, 
v/v/v). 

Lipid extraction. Four samples of sunburn peelings 
were dried en vacuo, weighed and extracted for two hr 
at room temperature in each of three chloroform]methanol 
mixtures (2:1, 1:1 and 1:2, v/v, v/v and v/v). The combined 
extracts from each sample were dried under nitrogen and 
redissolved in a small volume of chloroform/methanol (2:1, 
v/v). These solutions were filtered through organic- 
solvent-resistant milllpore filters to remove fine particu- 
late material. The solutions then were taken to dryness 
in tared tubes, and lipid weights were determined. After 
examination by analytical TLC, the lipid extracts were 
pooled. 

Chemical procedures. Iso la ted  acyl acid and 
acylceramide were saponified by a slight modification of 
the procedure described by Gray et al. (5). Basically, the 
lipid was treated for one hr at 50 C with methanol/chloro- 
form/10 M aqueous NaOH (7:2:1, v/v/v). The reaction mix- 
ture was cooled, the pH was adjusted to ca. 4 by addi- 
tion of aqueous 2 N HC1, and the products were extracted 
into chloroform. 

Amide linkages were hydrolyzed by treatment with 1 M 
HC1 in methanol containing 20 M water at 70 C for 18 hr 
(14). One volume of water and two volumes of chloroform 
then were added to the reaction mixture, and after 
shaking, the chloroform phase was separated. The water/ 
methanol layer then was made alkaline and reextracted 
with chloroform. The combined chloroform extracts were 
taken to dryness under a gentle stream of nitrogen. 

Isolated long-chain bases were identified as sphingo- 
sines by comparison on TLC with an authentic standard 
(Sigma Chemical Co., St. Louis, MO). This identification 
was confirmed by gas liquid chromatography (GLC) of 
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the aldehydes produced by oxidation with sodium 
periodate as described by Sweeley and Moscatelli (15). 

Fat ty  acids were converted to methyl esters by treat- 
ment with 10% BC13 in methanol. The methyl esters were 
extracted into hexane and taken to dryness by evapora- 
tion under nitrogen. Acetylation of w-hydroxy fatty acid 
methyl esters was achieved by treatment with acetic 
anhydride/pyridine (1:1, v/v) at room temperature for two 
hr. Excess reagents were removed by evaporation under 
nitrogen. 

Thin layer chromatography. All analytical TLC 
employed 0.25 mm-thick layers of Silica Gel G (E.M. 
Reagents, Darmstadt, West Germany) scribed into 6-mm- 
wide lanes. Samples were spotted 2 cm from the bottom 
of the plate. Development with chloroform/methanol/ 
acetic acid (190:9:1, v/v/v) separated the acylceramide and 
acyl acid from other components. After development, 
chromatograms were air-dried, sprayed with 50% sulfuric 
acid and charred at 220 C (16). The charred chromato- 
grams were quantitated by photodensitometry using a 
Shimadzu model CS-930 photodensitometer. 

For preparative TLC, 0.5 mm-thick Silica Gel H (E.M. 
Reagents, Darmstadt, West Germany) was used. The 
sample of sunburn lipid was applied as a thin streak 2 cm 
from the bottom of the plate, which then was developed 
with chloroforndmethanol]acetic acid (190:9:1, v/v/v). 
After development, plates were sprayed with an ethanolic 
solution of 2',7'-dichlorofluorescein. The regions of silica 
containing the lipids of interest were located under ultra- 
violet fight, scraped from the plate and placed in short, 
cotton-plugged glass columns. The lipids were then eluted 
with chloroform/methanol/water (50:50:1, v/v/v). 

The products released by saponification of acyl acid and 
acylceramide were separated by preparative TLC using 
the same methods described above. 

Before analysis by GLC, fatty acid methyl esters were 
purified by preparative TLC with toluene as the mobile 

phase. r fatty acid methyl esters were purified 
using a solvent system consisting of hexane/ethyl ether/ 
acetic acid (70:30:1, v/v/v). They then were fractionated 
according to degree of unsaturation using this same 
mobile phase and plates containing Silica Gel H impreg- 
nated with 10% AgNO3. 

Gas liquid chromatography. Fatty acid methyl esters 
were analyzed using a Varian 3740 gas chromatograph 
equipped with a 50-meter CP SIL 88 quartz capillary col- 
umn (Chrompak, Inc., Bridgewater, NJ) and an electronic 
integrator. The initial column temperature of 160 C was 
maintained for five min, after which the oven temperature 
was increased at a rate of 5 C/min until 220 C was 
reached. Standards included methyl esters of saturated 
fat ty acids ranging from 14 through 24 carbons (kit KF, 
Applied Science, State College, PA) and a mixture in- 
cluding methyl palmitoleate, methyl oleate and methyl 
linoleate (kit CE1-62, NuChek-Prep, Elysian, MN). 

A 25-meter BP1 quartz capillary column (Scientific 
Glass Engineering, Inc., Austin, TX) was used at 300 C 
for analysis of r fat ty acid methyl esters. 
Previously characterized r fatty acids prepared 
(6,8) from pig epidermal fipids and from donkey giant-ring 
lactones (13) were used as reference materials in these 
analyses. 

RESULTS 

Figure 1 shows the separation of acylceramide and acyl 
acid from other epidermal fipids. Densitometry of similar 

FIG. 1. TLC of the lipids from human sunburn peeling. The spots 
corresponding to acyl acid and acylceramide are indicated. 

FIG. 2. Characterization of isolated acyl acid. (A) o~-Hydroxyacid 
prepared from the giant-ring lactones of donkey skin (13). {B) palmltic 
acid. (C) Synthetic acyl acid. (11)) Acyl acid isolated from sunburn 
peelings. (E) Products obtained by saponification of human acyl acid. 
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chromatograms indicated that the acylceramide and acyl 
acid represent 1.7% and 2.0% of the total lipid, respec- 
tively. These values are similar to estimates of acyl acid 
{9} and acylceramide (8,9} reported for pig stratum 
corneum. 

In Figure 2, acyl acid isolated from the sunburn lipid 
is compared with synthetic acyl acid and other standards. 
Also shown, in lane E, are the free fat ty acid and co- 
hydroxyacid products obtained by saponification of the 
sunburn acyl acid. The ratio of co-hydroxyacid to fat ty 
acid in the saponification mixture was estimated by 
photodensitometry to be 1.6. This observation is in ac- 
cord with the proposed structure because a charrable car- 
bon ratio of 1.7 would be predicted for an acyl acid in 
which linoleate is esterified to a 30~carbon co-hydroxyacid. 

The compositions of the fatty acids and co-hydroxyacids 
from acylceramide and acyl acid are given in Tables i and 
2. The major ester-linked fatty acid in each of these lipids 
was linoleic acid, as shown in Table 1. The predominant 
w-hydroxyacid in each lipid is the 30-carbon saturated 

TABLE 1 

Composition of Ester-linked Fatty Acids 
from Human Acyl Acid and Acylceramide 

Acyl acid Acylceramide 
Fatty acid {wt %) (wt %) 

14:0 3.8 5.0 
14:1 2.3 3.3 
15:0 0.7 1.1 
16:0 15.4 19.0 
16:1 6.3 6.6 
17:0 0.7 1.5 
18:0 4.8 7.3 
18:1 5.7 6.8 
18:2 38.0 21.4 
20:0 1.7 1.9 
22:0 1.9 2.1 
24:0 3.8 4.6 
Others 14.9 19.4 

TABLE 2 

Composition of the co-Hydroxyacids 
from Acyl Acid and Acylceramide 

Acyl acid Acylceramide 
Hydroxyacid (wt %) (wt %) 

26:0 3.1 0.8 
26:1 0.5 0.2 
27:0 0.8 0.7 
27:1 0.5 0.2 
28:0 3.3 1.6 
28:1 0.5 0.2 
29:0 2.4 2.6 
29:1 0.5 0.1 
30:0 58.9 56.5 
30:1 1.0 0.6 
31:0 5.7 9.1 
31:1 0.2 0.2 
32:0 10.0 14.7 
32:1 10.8 7.9 
33:1 0.7 0.4 
34:1 4.1 2.8 

species. These observations are in good agreement with 
published findings concerning human acylceramide 
(10,11). Acyl acid has not been reported to occur in human 
epidermis. 

DISCUSSION 

The demonstration that acyl acid is present in human sun- 
burn peelings, although not surprising, is significant in 
that this is the first report of this unusual lipid in human 
tissue. Furthermore, in the earlier identification of acyl 
acid from pig epidermis (9), the co-hydroxyacid com- 
ponents were examined by TLC only. Indirect evidence 
was presented indicating that the co-hydroxyacids in acyl 
acid are mainly monounsaturated {9). In this work, the 
r derived from human acyl acid have been 
examined by TLC on silicic acid, by argentation TLC and 
by GLC. The predominant co-hydroxyacid so identified 
is the 30-carbon saturated species that accounts for 58.9% 
of the total. 

Related to the acyl acid and the acylceramide is a struc- 
turally analogous acylglucosylceramide {4-7,9,12}, which 
is present only in the living portion of the epidermis, 
where it is associated with the epidermal lamellar gran- 
ules {17}. In the later stages of epidermal differentiation, 
the lamellar granule contents are extruded into the ex- 
tracellular space, where they fuse in an edge-to-edge man- 
ner to produce the multilamellar lipid sheets that fill the 
intercellular spaces of the keratinized portion of the 
epidermis {18,19}. These extracellular lipid sheets repre- 
sent the barrier to water loss through the skin {20}. 

It has been suggested that  the acylglucosylcerarnide 
and acylceramide act as molecular rivets to hold lipid 
lamellae in close apposition within the lamellar granules 
and in the intercellular spaces of the stratum corneum, 
respectively {4,8). Within this context, it is thought that 
the Go-hydroxyacyl chain in either of these sphingolipids 
could span one lipid bilayer, while the ester-linked fat ty 
acid is inserted into an adjacent bilayer, thus riveting the 
two together. This sort of interaction could promote the 
flattening and stacking of lipid vesicles to produce the 
lamellae observed in lamellar granules, and could stabilize 
the intercellular lamellae within the stratum corneum. 
Acyl acid also would appear to be geometrically suitable 
to serve as a molecular rivet in the stratum corneum. 

Recently, an alternative hypothesis has appeared in 
which it is proposed that the linoleate chains of acyl- 
ceramide and acyl acid are acted on by a lipoxygenase 
to produce oxy or polyoxy derivatives that  modulate 
epidermal differentiation (12). In this regard, the differ- 
ence in linoleate content between acylceramide and acyl 
acid found in this work may reflect differential utiliza- 
tion of these two substrates by this lipoxygenase. Addi- 
tional work is necessary to determine the relative merits 
of these two hypotheses and to further document the 
metabolism of the acylsphingolipids and acyl acid. It 
should be noted that  these two hypotheses are not 
mutually exclusive. It is possible that acylglucosylcer- 
amide, acylceramide and acyl acid serve as molecular 
rivets, determine physical properties of the epidermal 
membranes of which they are significant constituents, 
and are partially converted via lipoxygenase action into 
regulators of the keratinization process. 
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A 2~hr pretreatment of cultured human fibroblasts with 
trifluoperazine induced a marked increase in incorpora- 
tion of saturated (stearic, psimltic) and unsaturated (oleic, 
arachidonic) fatty acids into phospholipids (1.5- to 2-fold 
for 5.10 -s M trifluoperazine). Concomitantly, incorpora- 
tion into cholesteryl esters was strongly inhibited (20% 
of control for 5.10 -s M trifluoperazine). The drug did not 
change the phospholipid composition of treated cells. The 
effect of trifluoperazine on oleic acid incorporation into 
phospholipids was time-dependent and reached a max- 
imum after a six-hr preincubation with the drug. Trifluo- 
perazine also induced an increase in the rate of chase of 
oleic acid from the different phospholipid classes. In vitro 
preincubation of cell-free extracts with trifluoperazine 
resulted in activation of phospholipid acyltransferases, 
whereas cholesterol acyltransferase activity was de- 
creased. The rapid effect of trifluoperazine together with 
its effect on a cell-free system suggests a direct action 
of this amphiphilic drug on the acyltransferase activities, 
probably by modification of the structural organization 
of cellular membranes. 
Lipids 23, 419-423 (1988). 

Trifluoperazine is an amphiphilic cationic drug of the 
series of the antipsychotic agents phenothiazines. Levin 
and Weiss (1,2) first demonstrated that in the presence 
of calcium, trifluoperazine binds to calmodulin and in- 
hibits its effects. However, it appears that trifluoperazlne 
might exert its action independently of calmodulin. The 
amphlphilic property of the drug could explain the fact 
that it partitions readily into cellular membranes (3), 
thus affecting the activity of membrane-bound enzymes 
such as calmodulin-independent ATPases (4) or calcium 
pumps (5). 

Phospholipids are important components of cellular 
membranes, and the composition and turnover of these 
compounds might be implicated in the regulation of 
membrane~bound enzymes. It has been shown that tri- 
fluoperazine and chlorpromazine inhibit phosphatidyl- 
choline synthesis by incorporation of radioactive choline 
(6) in HeLa cells. Furthermore, some enzymes of phos- 
pholipid metabolism have been shown to be modulated 
by chlorpromazine, another amphiphilic drug of the 
phenothiazine series. This drug can activate phospha- 
tidate cytidyltransferase (7) and CDP diacylglycerol 
inositol phosphatidyltransferase (8), whereas the enzyme 
phosphatidate phosphohydrolase is inhibited (9,10). 

In this work, it is demonstrated that trifluoperazine 
induced an increase in saturated and unsaturated fat ty 
acids into phospholipids. Concomitantly, incorporation 
of these fatty acids into cholesteryl esters, taken as in- 
ternal standard, appeared to be inhibited. In vitro mea- 
surement of the acyltransferase activities demonstrated 
that the dr-~g has a direct effect on the enzyme activities. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 
Materials. Trifluoperazine was from Sigma Chemical Co. 
(St. Louis, MO); [1-1'C]stearic acid (51 mCi/mmol), [1-'4C] - 
palmitic acid (53 mCi/mmol), [1-'4C]oleic acid (53 mCi/ 
mmol) and [32P]sodium orthophosphate (20 mCi/mg) 
were from CEA (Saclay, France); [1-14C]arachidonic acid 
(58 mCi]mmol), [1-~4C]oleoyl-coenzyme A (50 mCi/mmol) 
and [1-'4C]palmitoyl-coenzyme A (58 mCi/mmol) were 
from Amersham (Buckinghamshire, U.K.); Dulbecco's 
modified medium with Earle's salts and fetal calf serum 
were from Gibco (Grand Island, NY). MRC5 human fetal 
lung fibroblasts were purchased from BioM6rieux, Paris 
(France). Silica Gel F 1500 plates were from Schleicher 
and Schuell (Dassel, West Germany). 

Cell culture. MRC5 fibroblasts were cultured in 60 mm 
Nunc Petri dishes containing 2 ml Dulbecco MEM 
medium supplemented with 20 mM Hepes buffer (pH 7.4), 
100 units/ml penicillin, 100 ~g/ml streptomycin and 10% 
(v/v) fetal calf serum at 37 C in a humidified atmosphere 
of 5% CO2. Experiments were performed on confluent 
cells seven days after seeding. 

Incorporation of fatty acids into phospholipids and 
cholesteryl esters. After evaporation to dryness under 
nitrogen, fatty acids were resuspended in a fatty acid-free 
human serum albumin solution (0.2 g/l). Cells were in- 
cubated for one hr (pulse) in culture medium containing 
radiolabeled fatty acids: stearic acid 39 btM (2 ~Ci/ml), 
palmitic acid 38 heM (2 ~Ci/ml), oleic acid 19 ~M (1 ~Ci/ml) 
and arachidonic acid 3.4 ~M (0.2 ~Ci/ml). After incorpora- 
tion, cells were washed four times with a phosphate- 
buffered solution, pH 7.4, harvested with a rubber police- 
man and centrifuged. The pellet was resuspended in 9 g/l 
NaCl. Protein determination was performed on aliquots 
of the cell suspension by the method of Lowry et al. (11). 
Phospholipid and neutral lipid separations were per- 
formed by thin layer chromatography on silica gel plates 
in chloroform]methanol/acetic acid/water (50:30:8:4, v/v/ 
v/v) for phospholipids and hexane/diethyl ether/acetic acid 
(70:30:2, v/v/v) for neutral lipids. The main radiolabeled 
phospholipids were phosphatidylcholine, phosphatidyl- 
ethanolamine and phosphatidylinositol. Aliquots of the 
cell suspension were applied directly to the plates before 
chromatography as described (12). After autoradiogra- 
phy, phosphoUpid and cholesteryl ester spots were cut 
out and counted by liquid scintillation with an Inter- 
technique instrument. Results are expressed in pmol of 
precursor incorporated/rag protein and calculated as 
percentages of control. 

Phospholipid composition. Cells were grown during 48 
hr in the presence of 50 ~Ci/ml [32P]sodium orthophos- 
phate in the presence or absence of the drug. After har- 
vesting, an aliquot of the cell suspension was applied on 
a silica gel plate and analyzed by bidimensional chroma- 
tography: first migration, chloroform/methanol/H20 (65: 
25:4, v/v/v); second migration, tetrahydrofuran/methanol/ 
methylal/NH40H 2 N (40:20:20:4, v/v/v/v). After auto- 
radiography, the phospholipid spots were cut out and 
counted in an Intertechnique instrument. 
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Acyltransferases assay. Acyltransferase activities were 
measured on sonicated homogenates with a method 
previously described {13}. Each assay, containing 150 ~g 
of protein, phosphate buffer 10-' M (pH 7.4}, MgCI2 (5 X 
10 .3 M), bovine serum-albumin (0.2 mg/ml), was prein- 
cubated 15 min at 37 C under gentle shaking in the pres- 
ence or in the absence of the drug. Final concentrations 
of trifluoperazine was 10 -s to 10 -3 M, to achieve the same 
ratio of the absolute number of drug molecules/cell pro- 
teins, which was used for in situ experiments (e.g. for in 
situ incorporation of '4C-oleic acid, 10 -4 M in 1 ml of 
medium = 10 -7 mol of drug/150 ~g of cell protein; for in 
vitro ACAT measurement, 10 -3 M in 100/xl incubation 
mixture = 10 -7 mol of drug/150 ~g of cell proteins}. After 
preincubation with the drug, the reaction was initiated 
by addition of [1-'4C]oleoyl coenzyme A or [1-'4C]palmitoyl 
coenzyme A (0.1 ~Ci) diluted with nonlabeled substrate 
{final concentration 10 -s M). The final incubation volume 
was 100 ~l. The reaction was carried out for five min at 
37 C. An aliquot of the incubation mixture then was ap- 
plied to a silica gel plate, and separation of phospholipids 
and neutral lipids was achieved by thin layer chroma- 
tography. Results are expressed in pmol oleic acid incor- 
porated/five mirgmg protein. 

RESULTS 

The effect of trifluoperazine on saturated and unsaturated 
fatty acid incorporation into phospholipids and choles- 
teryl esters is presented in Figure 1. It can be observed 
that the drug enhanced saturated and unsaturated fat ty 
acid incorporation into phospholipids, whereas the incor- 
poration into cholesteryl esters is inhibited. Furthermore, 
the two phenomena appeared dose-dependent. After treat- 
ment with 5.10 -s M of the drug, incorporation into phos- 
pholipids reached 150%-220% of control, depending on 
the fatty acid, and incorporation into cholesteryl esters 
decreased to about 20% of control. It  is of note that  the 
distribution of radioactivity among the different labeled 
phospholipid classes (phosphatidylcholine, phosphatidyl- 
ethanolamine and phosphatidylinositol) is not affected by 
the prgsence of trifluoperazine {Table 1). Thus, it might 
be concluded that the drug equally stimulated fat ty acid 
incorporation into the different phospholipid classes, in- 
dependently of the polar head group moiety. It must be 
noted that one~hr incorporation represented a pulse period 
for fibroblasts taken in the described conditions. The con- 
sumption of the radiolabeled fatty acids during this 
period accounted for approximately 1% of total for stearic 
and palmitic acids, 2% for oleic acid and 9% for ara- 
chidonic acid. 

One of the questions raised is whether the composition 
of phospholipids is modified in treated cells. By isotopic 
equilibrium technique utilizing [3~p]orthophosphate incor- 
poration into the polar head groups of phospholipids, it 
was found that the composition in percentages of phos- 
pholipids is not affected {Table 2), nor is the phospholipid] 
protein ratio (results not shown). So, if the phospholipid 
composition is unchanged and if incorporation of fat ty 
acids is stimulated, then it means that the turnover of 
fatty acids is accelerated in phospholipids. Pulse-chase 
experiments then were performed, and it was found that 
in our system trifluoperazine increases the rate of chase of 
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FIG. 1. Effect of trifluoperazine on incorporation of saturated (A) 
and unsaturated (B) fatty acids into phospholipids and cholesteryl 
esters. Incorporation was performed during one hr after a 24-hr 
pretreatment with the drug. Results are expressed as percentages 
of control {means of 3 experiments • SD}. The absolute values are 
in pmol of the fatty acid incorporated/mg proteins, stearic acid: (m), 
cholesteryl esters 110, ([~), phospholipids 3857; palmitic acid: (e),  
cholesteryl esters 48, (O), phospholipids 2718; oleic acid: (V}, 
chalesteryl esters 143, N}, phospholipids 4623; arachidonic acid: (~ ) ,  
cholesteryl esters 46, ({~), phospholipids 2854. 

oleic acid from labeled phosphatidylcholine, phospha- 
tidylethanolamine and phosphatidylinositol {Table 3). 
We further investigated the time-dependency of oleic 

acid incorporation after pretreatment with trifluoper- 
azine, and the results are presented in Table 4. It appeared 
that the effect of the drug on oleic acid incorporation into 
phosphoUpids and cholesteryl esters is rapid and can be 
observed as soon as two hr after incubation with the drug. 
The effect increased with preincubation time up to 
six hr incubation, when incorporation into phospholipids 
reached 190% of the control value. 
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TABLE 1 

Effects  of Trifluoperazine frFP} on Incorporat ion of Fa t ty  Acids into Different Lipid Classes 

Cholesteryl Triacyl- Phosphatidyl-  Phosphatidyl-  Phosphatidyl-  
Precursor Addition esters glycerols choline ethanolamine inositol 

Stsaric acid None 110 + 6 903 +_ 110 2198 _ 181 926 +- 72 733 + 79 
T F P  10 -5 M 63 +_ 7 560 +_ 52 4286 +_ 318 1713 +_ 154 1393 + 126 

Palmitic acid None 48 +- 3 737 +_ 67 2310 +_ 183 163 +_ 9 272 +_ 26 
TFP  10 -5 M 22 +_ 2 594 +_ 48 3150 +_ 293 217 +_ 15 384 +_ 39 

Oleic acid None 143 +_ 12 931 +_ 82 3144 +_ 296 647 +_ 58 832 -4-_ 76 
TFP  10 -5 M 29 +- 3 830 +_ 57 6298 + 520 1242 +- 97 1647 +- 124 

Arachidonic acid None 46 +- 4 58 +_ 5 1341 +_ 111 913 +_ 72 600 +_ 46 
TFP  10 -5 M 25 +_ 2 42 +_ 3 1609 +_ 134 1141 +_ 92 752 +_ 53 

Incorporat ion was performed one hr  after  24-hr p re t rea tment  with trifluoperazine 10 -5 M. Results  are expressed in pmol fa t ty  acid incor- 
porated/rag proteins. Means of three experiments  +- SD. 

TABLE 2 

Phospholipid Composition of Human  Cultured Fibroblasts in the Presence or Absence of Trifluoperazine 

Addit ion Sphingomyelin Phosphatidylcholine Phosphat idylethanolnmine Phosphatidyl inosi tol  

None 13.6 +_ 1.5 61.1 +_ 2.3 17.6 +_ 1.9 7.7 +_ 0.9 
T F P  10 -5 M 13.2 +_ 0.9 59.8 +_ 3.5 18.2 +_ 1.2 8.8 +- 1.0 

Cells were incubated 48 hr with ~2p sodium or thophosphats  50 ~Ci/ml, and phospholipids were analyzed by bi-dimensional chromatography. 
Results are expressed in percentages of total  radioactivity.  

TABLE 3 

Effect  of Trifluoperazine on Pulse Chase Exper iments  with  Oleic Acid 

Addit ion Phosphatidylcholine PhosphatidylethanolRmine Phosphatidyl inosi tol  

None 89% {+_7%} 87% {+_6%} 76% {+_7%} 
T F P  10 -s M 62% {+_5%) 65% {+_6%) 57% {+_5%} 

Cells were pre t reated 24 hr wi th  the drug before radiolabeled oleic acid addit ion during one hr  (pulse). After  
washing, cells were fur ther  incubated in noulabeled medium in the presence or absence of the drug for six 
hr  (chase). The values obtained after the pulse period are taken as 100% for each phospholipid. Results  are 
expressed in percentages of radioactivity found after the  chase period for each phospholipid. Means of three 
experiments  +- SD. 

TABLE 4 

Kinetics of the Effect of Trifluopernzlne on Oleic Acid Incorporation into PheephoHpids and Cholesteryl Esters 

Oleic acid incorporated into 
{percentages of control} 

Preincubation 
Addit ion t ime Cholestsryl esters Phospholipids 

Trifluoperazine 10 -5 M 

100% 100% 

2 h r  68___5 133.-I- 9 
4 h r  37 + 4 171 +_ 11 
6 hr  27 +- 3 192 +_ 11 

17 hr  24 +_ 3 215 +- 18 
24 hr  22 +_ 2 220 +- 19 

Cells were preincubated for the indicated time with trifluoperazine 10 -5 M. [1-"C]Oleic acid, 1 ~Ci]ml, was 
then added and incroporaton followed during one hr. Results  are expressed in percentages of control. Means 
of three experiments  + SD. 
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TABLE 5 

Effect of Trifluoperazine Preincubation with Cell-free Extracts on Palmitie Acid and Oleic Acid Transfer to Different Lipid Classes 

Phospholipids 

Cholesteryl Phosphatidyl- Phosphatidyl- Phosphatidyl- 
Substrate Addition esters choline ethano|amine inositol Total 

Palmitoyl~oenzyme A 

Oleoyl~oenzyme A 

None 48 • 4 897 • 72 238 • 14 332 • 24 1467 (100%) 
TFP10 -SM 37 • 3 912___ 81 252 • 18 376 • 27 1540(105% 
TFP 10 -4 M 18 • 3 1103 ___ 92 283 • 21 418 • 28 1804 (123%) 
TFP 10 -3 M 6 • 2 1300 • 112 326 • 25 560 --- 49 2186 (149%) 

None 58 • 5 978 --- 115 172 _ 21 374 __- 42 1524 (100%) 
TFP 10 -5 M 49 • 5 1056 • 95 189 • 19 408 • 36 1653 (108%) 
TFP 10-4 M 31 • 4 1223 • 114 203 • 23 430 • 49 1856 (122%) 
TFP 10 -3 M 9 __- 2 1492 • 163 272 • 32 598 __- 54 2362 (155%) 

Cell extracts were preincubated 15 rain with trifluoperazine at the indicated concentration before measurement of aeyltransferase ac- 
tivities with [1-1~C]oleoyl~oenzyme A or [1-14C]palmitoyl-coenzyme A as described in the text. Results are expressed in pmol incorporated]five 
rain/rag protein. Means of three experiments • SD. 

The short-term effect of trifluoper~zlne on oleic acid in- 
corporation into phospholipids suggests a direct effect of 
the drug on enzyme activity. On the other  hand, as it is 
well-known tha t  phospholipid acyl t ransferases  are 
specific for saturated and unsaturated fa t ty  acids, the ac- 
t ivi ty  of acyltransferases were measured on cell-free ex- 
t racts  after in vitro preincubation with the drug with two 
different substrates:  palmitoyl-coenzyme A and oleoyl- 
coenzyme A. Results from Table 5 clearly indicate tha t  
a 15-min preincubation of cell extract  with the drug is suf- 
ficient to induce an increase in phospholipid acyltrans- 
ferase activities and a decrease in cholesterol acyltrans- 
ferase activity. Again, it can be noted tha t  incorporation 
into the different phospholipid classes is equally stimu- 
lated. Preincubation with 10 -3 M trifluoperazine resulted 
in about  1.5-fold increase of phospholipid acyltransferase 
activities, whereas cholesterol acyltransferase decreased 
to 15% of control. 

DISCUSSION 

A 24-hr pre t rea tment  of cultured fibroblasts results  in 
stimulation of fa t ty  acid incorporation into phospholipids, 
namely phosphatidylcholine, phosphat idylethanolamine 
and phosphatidylinositol.  I t  is of note  tha t  while the 
acidic phospholipid phosphatidylinositol  derives from 
cytidine-diphosphodiacylglycerol, the two other phospho- 
lipids, phosphatidylcholine and phosphatidylethanol-  
amine, have a common precursor, diacylglycerol. Trifiuo- 
perazine st imulat ing fa t ty  acid incorporation into the 
three phospholipids suggests  tha t  the drug exerts  its ac- 
tion through the acyltransferase act ivi ty itself ra ther  
than through the availability of phospholipid precursors. 
Another  line of evidence arises from the fact tha t  incor- 
porat ion of f a t ty  acids into triacylglycerols, another  
neutral  lipid derived from diacylglycerol, is either poor- 
ly affected or decreased by the drug under the same con- 
ditions (Table 1). The described effects of trifluoperazine 
also are observed in our system with another amphiphilic 
cationic drug, chlorpromazine {results not shown). Martin 
et  al. (14) recently reported that  chlorpromazine inhibited 
the synthesis of phosphatidylcholine and triacylglycerols 

in isolated rat hepatocytes by using radiolabeled oleate 
and glycerol. These authors concluded that chlorprom- 
azine partially acts through the rate of conversion of 
phosphatidate to the common precursor, diacylglycerol. 
In our system, however, incorporation of oleate into 
phospholipids is enhanced by trifluoperazine and chlor- 
promazine. One reason tha t  might  explain the discrep- 
ancy of the results is the difference in the cell types uti- 
lized by these authors  and by ourselves. This hypothesis  
is further supported by the fact tha t  phosphatidylcholine 
synthesis  from choline is sensitive to phenothiazines in 
HeLa  cells {15) and not  in ra t  hepatocytes  (16). 

The isotopic equilibrium method demonstrated that  the 
phospholipid composition itself is unchanged in trifluo- 
perazine~treated cells. As within the cells, phospholipids 
undergo a cycle of deacylation-reacylation reactions, it 
thus  appears tha t  trifluoperazine accelerates the rate  of 
turnover  of sa tura ted  and unsa tura ted  fa t ty  acids in the 
phospholipid molecules. This is confirmed by pulse-chase 
experiments  performed with oleic acid (Table 3). In this 
regard, the question of an eventual  modification of the 
fa t ty  acid composition of the different phospholipid 
classes in tr if luoperazine-treated cells might  be raised. 

The rapid effect of trifluoperazine suggests a direct ac- 
t ivation of the phospholipid acyltransferase enzyme. This 
is confirmed by in vi tro measurement  of the acyltrans- 
ferase activities in cell-free ex t rac ts  after  preincubation 
with the drug. I t  was demonstra ted tha t  the enzyme acyl 
coenzyme A:cholesterol-acyltransferase is inhibited, while 
the phospholipid acyltransferases measured either with 
oleoyl-coenzyme A or with palmitoyl-coenzyme A are 
stimulated. The mechanism whereby phenothiazines 
modulate these enzyme activities has to be elucidated. 
It is well-known that phenothiazines bind to the hydro- 
phobic domain of calmodulin (17,18) and thus block the 
action of Ca2+-calmodulin. Thus, the hypothesis of a 
regulation by Ca2+-calmodulin of the acyltransferase ac- 
tivities must be considered. However, besides this effect 
on calmodulin, phenothiazines might independently act 
on cell metabolism, especially by means of membrane 
bound enzymes, by modifying the physico-chemical char- 
acteristics of membranes such as membrane potential (19) 
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or b y  m o d u l a t i n g  the  con fo rma t ion  of  m e m b r a n e  s t ruc-  
tu re  (20). A n o t h e r  exp lana t ion  m i g h t  be t h a t  tr if luoper- 
azine can regula te  the  subceUular pa r t i t ion  of membrane-  
b o u n d  enzymes .  Such  a regu la t ion  m e c h a n i s m  has  been 
repor ted  for some enz ym e s  of  phosphol ip id  syn thes i s  
such as CTP:phosphochol ine-cyt idylyl t ransferase  {21) and 
p h o s p h a t i d a t e  phosphohyd ro l a se  {22). 
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Disposition and Metabolism of Pristane in Rat 
A.M. Le Elon*, J.P. Cravedi  and J.E. Tulliez 
I.N.R.A., Laboratoire des X6nobiotiques, B.P. 3, 31931 Toulouse Cedex, France 

The fate of pristane (2,6,10,14-tetramethylpentadecane), 
a widespread isoprenoid hydrocarbon, has been studied 
in rats after a single per os administration of ~H-labeled 
pristane. The balance study showed an extensive fecal 
excretion (66%) mainly as unchanged hydrocarbon, where- 
as about 14% of ingested pristane was excreted in urine 
as pristane metabolltes and tritiated water. After one wk, 
8.3% of the ingested 3H still was stored in the carcase, 
and radioactive distribution in tissues and organs showed 
a preferential incorporation into adipose tissue and liver. 
Over 75% of the radioactivity stored in the carcass was 
associated with pristune metabolites and tritiated water. 
Tissue metabolites were characterized by thin layer 
chromatography, gas chromatography and mass spe~ 
trometric analyses. Four metaboHtes were identified: 
pristan-l-ol, pristane-2ml, pristanic acid and 4,8,12-tri- 
methyltridecanoic acid. These demonstrate that this iso- 
prenoid hydrocarbon undergoes subterminal hydroxyla- 
tion or terminal oxidation followed by the classical 
oxidation process. Incorporation of metabolites in phos- 
phoHpids and more particularly in the phosphatidylserine 
fraction has been observed and is discussed. 
Lipids 23, 424-429 (1988). 

Much of the information on the fate of saturated hydro- 
carbons in vertebrates deal with the metabolism and 
disposition of n-alkanes; less has been reported for 
branched-alkanes. Among the latter, pristane (2,6,10,14- 
tetramethylpentadecane) and phytane, both of which may 
be of either biogenic or petrogenic origin, usually are 
abundant in living matter. Pristane was found at concen- 
trations of 80-1070 ppm in fish oil (1) and 2-52 ppm in 
human and mammal tissues (2). 

As early as 1967, these residues were considered as 
resulting from the difference between the rates of input 
and removal, thus it was suggested that branched-chain 
hydrocarbons are not inert in the animal tissues but  are 
metabolized rapidly (2). It was reported several years later 
that rats are able to oxidize phytane to alcohols and acids 
(3); nevertheless, no information was available regarding 
biotransformation of pristane in higher animals. 

The purpose of this study was to establish the meta- 
bolic balance of pristane in rats and to characterize 
pristane metabolites isolated from the whole body and 
the liver. Furthermore, because unusual long chain 
alcohol or branched-chain fatty acids may result from the 
00-oxidation of pristane, as described for microorganisms 
(4,5), incorporation of metabolites into lipid compart- 
ments was investigated. 

MATERIALS AND METHODS 

Chemicals. Pristane was purchased from Aldrich-Chimie 
(Strasbourg, France}. [3H]Pristane (142 MBq/~raol) was 

*To whom correspondence should be addressed. 
Abbreviations: TMS, trimethylsilyl; GC, gas chromatography; 
GC-MS, gas chromatography-mass spectrometry; HPLC, high 
pressure liquid chromatography; TLC, thin layer chromatography. 

prepared by direct contact of pristane with tritium gas 
(Wflzbach method) at the C.E.A. (Saclay, France), then 
purified by chromatography on a silica gel column 
(Kieselge160, Merck}, using hexane as solvent. The purity, 
as evaluated by gas chromatography (GC) and reverse 
phase high pressure liquid chromatography (HPLC), was 
higher than 96%. 

Tetramethylpendadecanoic acid was the gift of J. 
Flanzy (INRA, CNRZ, Jouy en Josas, France). 

Animal experiments. Wistar male rats weighing about 
200 g were accustomed for one wk before studies to a 
semisynthetic diet (casein 18%, wheat starch 39%, 
sucrose 24%, peanut oil 8%, cellulose 3%, minerals and 
vitamins 8%). The night before the experimental diet was 
given, the animals were fed moderately. 

(a) Experiment 1: metabolic balance. Three animals 
were held in individual metabolism cages. At the begin- 
ning of the experiment, each animal received a 59.2 MBq 
[3H]pristane dose previously incorporated in the peanut 
oil of the diet. After complete consumption of the im- 
pregnated feed, free access to the untreated semisynthetic 
diet again was given to the animals. 

Urine and feces were collected separately and daily for 
seven consecutive days. A few drops of HC1 (1 N) were 
added to urine for storage. Animals were killed on the 
seventh day after dosing, and various tissues and organs 
were sampled. 

After careful removal of the gastrointestinal tract con- 
tents, the remainder of the carcasses were minced using 
a domestic machine. Feces and aliquots of homogenized 
carcass were saponified with ethanolic KOH, then the un- 
saponifiable fraction was extracted with hexane. Hydro- 
carbons were isolated by column chromatography on ac- 
tivated silica by hexane elution. 

Urine analysis was performed by successive extractions 
with hexane and ethyl acetate. 

(b) Experiment 2: metabolites identification and incor- 
poration of 3H into lipids. Administration of labeled 
pristane (20 MBq) occurred as described in experiment 
1, except that before the incorporation of the hydrocarbon 
in the peanut off, the specific radioactivity of [3H]pristane 
was adjusted to 278 KBq/~mol with unlabeled pristane 
(Aldrich-chimie). 

Lipid and metabolite analyses were performed as 
described in the following paragraphs. 

Hepatic lipid analysis. The distribution of radioactiv- 
ity in hepatic tissues was studied after lipid extraction 
according to the procedure of Folch (6). Total lipids were 
separated into particular classes on silica cartridges 
(Sep-Pak, Waters, Milford, MA) by successive hexane, 
chloroform and methanol elutions, yielding hydrocarbon, 
neutral lipid and phospholipid fractions, respectively (7). 
Phospholipids then were separated into different com- 
ponents by HPLC (8). Purity of fractions was tested by 
thin layer chromatography (TLC} on Silica Gel G using 
chloroform/methanol]acetic acid/water (100:55:16:4, 
v/v/v/v) as solvent system. 

Metabolites analysis. (a) Isolation procedures. Livers 
were homogenized in 10 ml of water with a Polytron 
homogenizer at room temperature. The same procedure 
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was used for carcasses, after careful removal of the 
gastrointestinal contents. Homogenates were sapouified 
with ethanolic KOH; then the unsaponifiable fraction was 
extracted with hexane. Hydrocarbons and unsaponifiable 
metabolites were isolated from this fraction by chroma- 
tography on a silica gel column (Kieselgel 60, Merck, 
Darmstad, FRG) by successive hexane and chloroform] 
methanol (2:1, v/v) elutions. After acidification by HCI, 
fatty acids were extracted with hexane from the aqueous 
phase. A flow chart of the different steps is summarized 
in Figure 1. 

(b) Analytical procedures. (1) TLC: Kieselgel 60, 250 
chromatographic plates (Merck, Darmstadt, Germany) 
were used with hexane/ethyl ether/acetic acid (80:20:1, 
v/v/v) as the solvent system. Radioactive areas were 
located with a radiochromatogram scanner LB2832, 
Berthold (Wildbad, FRG). (2) GC: A Hewlett Packard 
5710A gas chromatograph equipped with a 2m • 1/8" 
stainless steel column packed with 3% Dexsil 300 on 
100/120 Supelcoport (Supelco Inc., BeUefonte, PA) was 
used, programmed from 120 C to 340 C at 10 C/rain. For 
methyl ester analyses by radio-GC, the gas chromato- 
graph was connected to a reactor (RGC 170 Bodensee- 
werk Perkin-Elmer Co. Ueberlingen, Germany), in which 
tritium gas was measured with a proportional counting 
tube after hydrogenative cracking of the 3H-labeled com- 
pounds. (3) GC/MS: A Hewlett Packard model 5992 B gas 
chromatograph/mass spectrometer equipped with a 

15 m X 0.2 mm flexible fused silica column with OV1 
coating (Hewlett-Packard) was used, programmed from 
150 C to 250 C at 10 C/rain and with a He (carrier gas) 
flow rate of 1 mYmin. 

Derivatization. Fatty acid methyl esters were obtained 
from acids by esterification with methanol/benzene/sul- 
furic acid (17:2:1, v/v/v) for three hr at 96 C. 

Fat ty  alcohols, having been extracted (fraction II) and 
purified by TLC, were acetylated with acetic anhydride/ 
pyridine (4:1, v/v) at ambient temperature during three hr. 

Trimethylsilyl (TMS) derivatives were prepared by 
treating the various compounds with BSTFA + 1% 
TMCS or with BSTFA/TSIM/TMCS (100:50:1, v/v/v) 
mixtures (Pierce Chemical Co., Rockford, IL) in 
anhydrous acetonitrile for four hr at 70 C. 

Radioactivity measurements. Aliquots of urine samples 
were counted directly by liquid scintillation counting 
(Packard Minaxi 4000 apparatus). The total radioactiv- 
ity of tissues, organs and carcasses was measured after 
combustion of aliquots (200-500 rag) in an oxidizer 
(Oxymat, Intertechuique, Kontron, Trappes, France) that 
ensures trapping of 3H20 in a scintillation mixture (Triox, 
Kontron). 

Estimation of tritiated water was obtained by compar- 
ing the radioactivity in fresh and lyophilized samples after 
it has been established that no loss of unchanged hydro- 
carbon or metabolites occurred during the freeze-drying 
process. 
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FIG. 1. Schematic diagram for the analysis of tissues from rats dietary exposed to 
[~H]pristane. 
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RESULTS 

The specific act ivi ty of 3H-pristane measured before ad- 
ministration and after  the residual hydrocarbon has been 
isolated from tissues indicates tha t  hydrogen exchange 
did not  occur to any significant extent  (Fig. 2). 

Balance study. The distr ibution of 3H in excreta  and 
whole carcass of rat  following a single dose of [3H]pristane 
is reported in Table 1. This table shows tha t  radioactiv- 
i ty  was excreted mainly in feces, whereas 8.26% of the 
ingested 3H was still s tored in the carcass after  one wk. 
Only 23.5% of the radioactivity present in the carcass was 
due to pristane. The occurrence of metaboli tes (20.5%) 
and t r i t ia ted water  (56%) underline the intensi ty of 
metabolic t ransformat ions of pristane in rat.  

The kinetics of the distr ibution of the radioact ivi ty in 
feces indicates tha t  by this route, excretion reached its 
maximum level between 24 hr and 48 hr {Fig. 3). A more 
detailed analysis of the kinetics of depletion of fecal 
radioact ivi ty over the seven-day period shows a rapid 
ellmination of pristane, whereas metabolite excretion oc- 
curs more slowly than  with hydrocarbons.  

The excretion of radioact ivi ty was much lower in urine 
than in feces (Table 1). The data  presented in Figure 4 
show a rapid ur inary elimination; more than 65% of 
urinary 3H was excreted during the first 48 hr. During 
the first few days, radioactivity excretion occurred mainly 
as pristane metabolites; then, 3H was equally distr ibuted 
between metabolites and t r i t ia ted water. No trace of 
hydrocarbon was detected in urine. 

The disposition of 3H among body tissues and organs, 
as measured one wk after  oral administrat ion of [3H]- 
pristane, is shown in Table 2: specific activities levels in 
perigastric adipose t issue and in liver were higher than  
those in kidney, lung, spleen and heart.  

55- 

[ - ~  Metabotites 

,5, / Hydrocarbon 

FIG. 2. Radio gas chromatography of hydrocarbon fed (A) and of 
hydrocarbon in carcass (13): upper trace, radioactivity; lower trace, 
mass; S.A., specific activity (KBq/p~nol). 

TABLE 1 

Distribution of 3H in Carcass and Excreta Seven Days after Oral 
Ingestion of [~H]pristane (Expressed as % of Administered Dose) a 

Tritiated Total 
water Metabolites Hydrocarbon radioactivity 

Carcass 4.65 1.70 1.91 8.26 =t= 0.81 
Feces 1.50 10.78 53.94 66.22 =l= 1.64 
Urine 3.88 10.98 n.d.b 14.86 =l= 1.25 
Total recovery 89.34 +__ 2.02 

a[~H]pristane dose was 59.2 MBq. Values are means +_ SD from three 
anlrnp~]s. 
bn.d., Not detected. 
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5- 

I 2 3 6 S 6 7 
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FIG. 3. Evolution and distribution of 3H in feces of rats fed 
[3H]pristaue. 
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Distribution of 3H in hepatic lipids. The incorporat ion 
of t r i t ium into hepatic lipids was studied six hr, 24 hr and 
one wk af ter  ingestion of [~H]pristane (Table 3). The 
radioact iv i ty  was associated mainly  with the hydrocar-  
bon fraction throughout  the experiment.  However,  label- 
ing of neutral  lipids and phospholipids fract ion already 
was significant at  six hr; at  this time, specific act iv i ty  
of neutral  lipids was higher than  t ha t  of phospholipids.  

However,  af ter  one wk labeling of neutral  lipids and 
phospholipids was 900 and 1010 Bq/g respectively.  The 

S 6 
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5- 

.< 

)- 

2- 

T 

Tritioted water 

Mefabotifes 

2 3 ~ 5 6 7 

TIME {days} 

FIG. 4. Evolution and distribution of 3H in urine of rats fed 
[3H]pristane. 

separation of the different classes of phospholipids (Table 
4) revealed t ha t  mos t  of the radioact iv i ty  was bound to 
phosphatidylcholine.  However,  when expressed as Bq/g 
the major  incorporat ion of 3H was detected in phospha- 
tidylserine. 

Identification ofmetabolites. Liver and carcass metabo- 
lites were analyzed after saponification. The different frac- 
tions {see Fig. 1} were analyzed by  TLC followed by  radio- 
ch roma tog ram scanning. Confirmation of the ident i ty  of 
metabol i tes  was obtained th rough  GC/MS analysis.  

(a) Fract ion I. The labeled compound detected in this 
fraction possessed TLC and GC propert ies  identical with 
those of pristane. This fraction represented the major par t  
of liver radioact iv i ty  eight  hr af ter  [3H]pristane admin- 
is t ra t ion (Table 5). I t  accounted for 23.6% of carcass  
radioact iv i ty  af ter  seven days.  

(b) Fract ion I I .  3H detected in this fract ion accounted 
for 10.9% and 13.7% of carcass  and liver radioact ivi ty,  
respectively.  TLC analysis  of this fract ion revealed a 
radioact ive zone a t  Rf 0.25. This R~value was similar to 
t ha t  of a long-chain alcohol. Acetyla t ion of this fraction, 
in addition to unchanged material, resulted in a less polar 
product with chromatographic mobility similar to that 
of a long-chain alcohol acetate. GC analysis of fraction 
II confirmed it to be a mixture of two metabolites with 
retention times of 10.23 {A) and 11.61 rain (B). 

TABLE 3 

Distribution of Radioactivity in Liver Lipids after Ingestion of 20 
mg [*H]pHstanea 

Six hr 24 Hr Seven days 

S.A. % S.A. % S.A. % 

Hydrocarbons 1,930 92.5 671 90.4 43 95.8 
Neutral lipids 96 4.6 35 4.7 0.9 2 
Phospholipids 60 2.9 36 4.9 1 2.2 

Total incorporation 
(KBq) 876 290 23 

aData are expressed as specific activity (KBq/g) and % of total in- 
corporation at each time point. Values are from pooled samples from 
two animals. 

TABLE 2 

Distribution of 3H in Tissues Seven Days 
after Oral Administration of ['H]pristane a 

(% of ingested 3H) X 10 3 Kbq/g 

Liver 508 • 57 31.0 • 5.5 
Adipose tissue _b  38.7 • 9.4 
Kidney 56 • 8 16.9 • 3.0 
Spleen 27 + 3 21.6 +_ 3.6 
Lung 53 • 15 16.2 • 4.5 
Heart 24 • 5 16.3 • 4.1 
Remaining carcass 7592 • 735 19.5 + 2.8 

Total 8260 • 810 

a[3H]pristane dose was 59.2 MBq. Values 
animals. 
bNot estimated. 

are means ___ SD from three 

TABLE 4 

Distribution of Radioactivity in Liver Phospholipids of Rat, 
Following a Single Dose of 20 mg of [~Hlpristanea 

Six hr 24 Hr 

Percent Percent 
of of 

Phospholipids total 3H Bqlg total 'H Bqlg 

Seven days 

Percent 
of 

total 3H Bq/g 

PE 19.7 35,710 2 6 . 6  30,850 28 .1  2,810 
PI 8.2 51,600 7.4 35,300 8.5 2,950 
PS 6.3 97,950 4.1 41,760 7.1 6,410 
PC 61.4 48,480 5 9 . 6  28,900 49 2,000 
Sph 4.3 58,580 2.3 22,630 7.1 3,650 

aValues are from pooled samples from two animals. 
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 
phosphatidylserine; PC, phosphatidylcholine; Sph, sphingomyelin. 
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When analyzed by GC-MS, the mass spectra from (A) 
and (B) showed significant ions at m/e (266(M-18) and 
59(C3H70), indicating that these metabofites are both 
hydroxylated derivatives of pristane. 
The TMS derivative of (A) exhibited characteristic frag- 

ment ions at m/e 341 (M-15) and 131 (CH3h-CO-TMS), 
which are characteristic of the TMS ether of a tertiary 
alcohol. The TMS derivative of (B) presented the same 
significant ion at nde 341 but also a characteristic signal 
at ride 103, indicating a primary alcohol function. These 
mass spectral results suggest that metabofite {A) was 
pristan-2-ol and metabofite (B) pristan-l-ol (Fig. 5). Quan- 
titative analysis by TLC and GC revealed that pristan-2- 
ol accounted for 88% of the mixture of the two pristanols 
in carcass. 
(c) Fraction Ill. Radioactivity detected in this fraction 

was slightly lower than in Fraction II {Table 5). The TLC 
behavior of both underivatized (Rf 0.4) and methylated 
(R~ 0.8) Fraction III material suggested the presence of 
fatty acids. 
After successive elimination of unsaturated and linear 

fatty acids (9), radio-GC analysis of the fiver fatty acid 
methyl esters showed that the radioactivity was bound 
to an unusual fatty acid (metabofite C). Radio-GC of car- 
cass fatty acid methyl esters resulted in two labeled 
peaks. The major one exhibited the same retention time 

TABLE 5 

Distribution of Radioactivity in the Different Analytical Fractions 
from Carcass and Liver a 

Fractions Carcass b Liver c 

I (Hydrocarbons) 23.6 62.3 
II {Fatty alcohols) 10.9 13.7 

III {Fatty acids) 8.5 11.1 
IV (Tritiated water) 57.0 12.9 

Reported values are expressed as percentage of total radioactivity 
and are from three pooled samples. 
aFor detail, see Figure 1. 
bSeven days after [~H]pristane administration. 
CEight hr after [~H]pristane administration. 
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FIG. 5. Proposed metabolic pathways of pristane in the rat. 

as metabofite C (10.49 rain). The retention time of the 
second product (metabofite D) was 8.35 rain. 

Study of the methyl ester of metabolite {C) by GC-MS 
exhibited an apparent M* at ride 312 and significant 
fragments at m/e 88 (rearrangement ion: -CH(CH3)-CO- 
O-CH3) and 101 (CH2-CH(CH3)-CO-O-CH3). The com- 
parison between this mass spectrum and the fragmenta- 
tion of 2,6,10,14-tetramethylpentadecanoic acid methyl 
ester indicated that metabofite C was pristanic acid 
(Fig. 5). The mass spectrum of the methyl ester of metab~ 
fite D showed a molecular ion at m/e 270 and character- 
istic peaks at 87 (CH2-CHfCO-O-CH3) and 74 (CH2-CO- 
O-CH3), indicating that  (D) corresponded to 4,8,12-tri- 
methyltridecanoic acid (Fig. 5). 

(d) Fraction IV. In fiver and carcass, it has been shown 
after lyophilization that 3H detected in this fraction was 
associated with tritiated water. This was the principal 
labeled compound detected in carcass (Table 5). 

DISCUSSION 

This study was initiated to obtain more detailed 
knowledge of the fate of alkanes in mammals. Previous 
studies on alkane metabolism have been conducted using 
n-heptadecane and dodecylcyclohexane as models of nor- 
mal and monocyclic alkanes, respectively {10AD. Our 
results clearly show that  absorption, storage and oxida- 
tion of pristane occur in the same way as for these two 
alkane8. 

In feces, more than 80% of the radioactivity was at- 
tributable to pristane. Several authors have shown that  
no hydrocarbon oxidation by the microbial flora occurs 
in rat gut {3,12). Moreover, in a study concerning the 
biliary excretion of hydrocarbons in rat, we have observed 
that  no elimination of unchanged hydrocarbon occurred 
via this route (Tulliez and Le Bon, unpublished results). 
Therefore, we could estimate the digestive absorption of 
pristane as the dose ingested minus the amount of pris- 
tane in feces, i.e. in this study a digestibility level of 46%. 

This value is lower than those observed for other 
alkanes such as n-heptadecane (10) and dodecylcyclohex- 
ane {1D, but is close to the results previously reported 
for a 15-mg dose of pristane {13). 

An appreciable amount of radioactivity remained in the 
carcass beyond seven days. As expected, considering the 
lipophilic nature of hydrocarbons, the highest levels of 
labeling were found in adipose tissue and fiver. 

The fact that after one wk, more than 75% of the 
radioactivity stored in the carcass was associated with 
pristane metabofites and tritiated water demonstrates 
that  pristane is thoroughly metabolized in rat. Fat ty  
alcohols are the first step of this biotransformation, as 
confirmed by the studies of PerduDurand and Tulfiez (un- 
publ ished results) who studied in vitro oxidation of 
pristane. Detection of two isomers of pristanol shows that 
pristane hydroxylation may occur in co or cod position of 
the alkyl chain. The subterminal hydroxylation {co-l) leads 
to pristan-2~)l that could be a metabolic dead end; hydrox- 
ylation on a tertiary carbon would prevent any further 
oxidative step and may explain the substantial amounts 
of this metabolite in tissues of rat. This must be related 
to the findings of Albro and Thomas (3) who observed, 
in studying the metabolism of phytane in rat, the presence 
of phytan-2-ol in rat fiver. 

LIPIDS, Vol. 23, No. 5 0988) 



429 

PRISTANE METABOLISM IN RAT 

The subsequent  oxidation of pristan-l-ol to pristanic 
acid may explain the low amount  of pr imary pristanol 
detected in carcass and liver. Pristanic acid undergoes the 
classical fa t ty  acid/3~xidation pathway,  as shown by the 
presence of 4,8,12-trimethyltridecanoic acid and tr i t iated 
water  in tissues. 

The isolated metaboli tes demonst ra te  tha t  methyl  
subst i tuents  in position 2,6,10,14 do not  prevent  the 
classical mechanisms of terminal and/~-oxidation men- 
tioned by several authors  for n-alkanes (10,14}. However, 
it must  be noted tha t  the metabolic pathways of pristane 
in ra t  are limited in comparison with microorganisms in 
which oxidation at  both  ends (15,16) or a t tack on carbon 
3 (17) may  occur in addition to the terminal oxidation. 

Liver lipid analysis demonstra tes  the occurrence of 
pris tane metabolites in neutral  lipids and phospholipids. 
As reported in labeled heptadecane and dodecylcyclohex- 
ane studies {10,1D, the greater  deposition of radioactiv- 
i ty  in phospholipids occurred in the phosphatidylcholine 
fraction. However,  measurements  of specific activities 
show a preferential incorporation of pristane metabolites 
in phosphatidylserine. Specific role of this phospholipid 
in some membrane enzymatic processes has been demon- 
s t ra ted  (18}. Thus, it will be of interest  to invest igate the 
possible interactions of branched-chain fa t ty  acids with 
the biochemical mechanisms in which the structural lipids 
are involved. The assessment of toxicological significance 
of these uncommon fa t ty  acids mus t  be questioned be- 
cause it has been shown tha t  high levels (>5%} of a 
branched-chain fa t ty  acids mixture  in ra t  diet resulted 
in growth inhibition and accumulation of these fa t ty  acids 
in tissue lipids (19). 

Nevertheless, the present  work demonstra tes  that ,  at  
low levels in the diet, pris tane is rapidly metabolized by  
terminal oxidation and then, as for dietary fa t ty  acids, 

by  successive/3-oxidation reactions. These results com- 
plete previous data  on alkane metabolism and give a 
be t te r  unders tanding of their metabolic utilization by 
man2mals. 
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Oxidation of 1-O-(Alk-l-enyl)-2,3-Di-O-Acylglycerols. 
Models for Plasmalogen Oxidation' 
Thomas A. FogUa', Edwin Nungesser and William N. Mariner 
AR$/USDA, Eastern Regional Research Center, 6 0 0  E. Mermaid Lane, Philadelphia, PA 19118 

Alk-l~nyl diacyl glycerides, model compounds for plas- 
malogen lipids, were synthesized for use as substrates in 
oxidation studies. The neutral plasmalogen glycerides 
prepared included 1-O-{hexadec-l~nyl)-2,3-di-O~stearoyl- 
glycerol (4a) and 1-O-{hexadec-l~nyl)-2-O-linoleoyl-3-O- 
stearoylglycerol (4b). Oxidative disappearance of these 
glycerides was followed directly by high performance 
liquid chromatography (HPLC). The extent of oxidation 
of the side chains of these glycerides, i.e. the alkenyl ether 
and fatty acyl functions, was monitored by conversion 
of the side chains to dimethylacetal and methyl ester by 
methanolysis, followed by subsequent gas chromatog- 
raphy (GC) of the methanolysis products. Both analytical 
approaches show that the alkenyl ether function of neat 
4a oxidizes more slowly than neat ethyl linoleate. How- 
ever, the rate of alkenyl ether loss from 4a is accelerated 
in the presence of added ethyl linoleate. Moreover, when 
the linoleoyl group is incorporated into the 2-position of 
the alkenyl glyceride, as in 4b, the rate of loss of the 
alkenyl group was shown to be similar to the rate of loss 
of the linoleoyl group. These results suggest that oxida- 
tion of plasmalogen glycerides should not be ignored as 
a factor that contributes to the oxidative instability of 
animal tissue. 
Lipids 23, 430-434 (1988). 

In muscle and other animal tissue, phosphatides are not 
confined just to the diacyl variety. Substantial amounts 
of the long-chain groups at the glycerol sn-l-position are 
in the form of alkyl ethers, and as much as a third of the 
choline glycerophosphatides and two-thirds of the etha- 
nolAmine phosphatides are plasmalogens, i.e. sn-l-(alk-1- 
enyl) ethers (1). Studies of lipid oxidation in foods typi- 
cally are focused on the role of autoxidation of polyun- 
saturated acyl groups in phosphatides {generally at the 
sn-2 position), especially with regard to the course of such 
oxidation in the development of rancidity in meat (2-5). 
On the other hand, only very recently has attention been 
focused on the autoxidation of the double bond in 
plasmalogens as a potential contributor to such rancid- 
ity (6). In the latter report, it was shown that a model 
enol ether, ethyl hexadec-l-enyl ether, was prone to in 
vitro autoxidation, especially in the presence of polyun- 
saturated esters. Other studies have shown that  natural 
plasmalogens are subject to in vivo peroxidation by en- 
zymatic systems (7-9) and that alk-l~enyl ethers are sub- 
ject to attack by singlet oxygen {10,11). This study was 
undertaken to investigate whether the alk-l~nyl func- 
tionality of neutral plasmalogen glycerides undergoes 

'Presented in part at the American Oil Chemists' Society 77th An- 
num Meeting, Honolulu, HI, May 1986. 
*To whom correspondence should be addressed. 
Abbreviations: DMA, dimethyl acetal of hexadecanal; DMSO, di- 
methylsulfoxide; FID, flame ionization detector; GC, gas chroma- 
tography; HPLC, high performance liquid chromatography; ISTD, 
internal standard; TLC, thin layer chromatography. 

autoxidation as do simple vinyl ethers and to assess the 
effect of polyunsaturated acyl functionality, both inter- 
and intramolecular, on the course of such autoxidation. 

MATERIALS AND METHODS 

Hexadecanal was prepared from hexadecanol (Aldrich 
Chemical Co., Milwaukee, WI) by oxidation using di- 
methylsulfoxide {DMSO) and dicyclohexylcarbodiimide 
(Sigma Chemical Co., St. Louis, MO) according to the 
method of Fenselau and Moffatt (12). Glycerol-l,2- 
carbonate was prepared by the ester interchange of 
D,L-1-O~benzylglycerol {Sigma Chemical Co.) and diethyl 
carbonate {Aldrich Chemical Co.), followed by removal of 
the benzyl group by hydrogenolysis with palladium on 
charcoal following the method of Cunningham and Gigg 
(13). Stearoyl and linoleoyl chloride were obtained from 
their corresponding acids by reaction with oxaloyl chlo- 
ride {Aldrich Chemical Co.) by the method of Bosshard 
et al. (14). 
Thin layer chromatography. TLC was carried out on 

plates of Silica Gel G {250~) obtained from Analtech 
(Newark, DE). Visualization of acetal and alk-l-enyl ether 
products was accomplished by fuchsin-bisulfite spray 
after exposure of the plates to concentrated hydrochloric 
acid vapors for one rain; aldehydes so liberated were 
detected as purple to red spots. All products were visual- 
ized by spraying the plates with 6% copper sulfate in 50% 
phosphoric acid, followed by charring. 
Gas chromatography. GC was conducted on a Sigma-3 

gas chromatograph (Perkin-Elmer, Norwalk, CT) 
equipped with a capillary injector and flame ionization 
detector {FID). Separations were obtained using a fused 
silica wall-coated open tubular column 1.2 m • 0.2 mm 
i.d. (Hewlett-Packard, Avondale, PA) coated with 0.33~ 
thick, cross-linked methyl silicone. Determinations were 
made using helium as a carrier gas (1 ml/min) with a split 
ratio of 80:1 and the following oven program: seven rain 
at 155 C, then 5 C/min to 200 C. Ethyl heneicosanoate 
(21:0) served as internal standard because it did not 
undergo oxidation under the experimental conditions. 
Signal analysis was accomplished by routing the detec- 
tor output to the integrating terminal of a Hewlett- 
Packard 5880A gas chromatograph. A GC trace that 
shows the separation of the components of interest is 
shown in Figure 1. 

High performance liquid chromatography. HPLC was 
carried out with a system consisting of a Beckman (Fuller- 
ton, CA) Model 110 A solvent delivery module equipped 
with a Tracor (Austin, TX) Model 945 (FID, an Altex 
Model 210 loop injector and a 20/A loop. The HPLC col- 
umn used was an Altex Ultrasphere-ODS, 5~ particle size, 
stainless steel column, 4.6 mm i.d. • 25 cm. The FID out- 
put was routed to a Hewlett-Packard Model 3390 in- 
tegrator to determine retention times and peak areas. 
Triheptadecanoin {NuChek Prep, Elysian, MN) served as 
internal standard for the HPLC separations shown in 
Figure 2. Samples were ehited with methylene chloride/ 
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acetonitrile (55:45, v/v) at a flow rate of i ml/min. Samples 
were dissolved in the eluent and 20 ~I injected. 
Synthesis of cis/trans-l ~)~hexade~ l ~nyl)glyceroL Hex- 

adecanal (20 nunol) was converted to its bis-{2,3~arbonyl- 
glycerol) acetal by reaction with glycerol-l,2-carbonate 
(50 mmol) in the presence of methanesulfonic acid {1 
retool) in 30 ml of benzene/N,N-dimethylformamide (99:1) 
heated at reflux using a modification of the procedure of 
Chebyshev et al. (15). The acetal was purified by recrystal- 
lization from ether, yield 30%, m.p. 75-79 C. TLC of this 
product, Rf 0.21, CH2C12 solvent, showed only one com- 
ponent. Reaction of the acetal with phosphorus penta- 
chloride according to the method of Chebyshev et al. (16) 
and then elimination of hydrogen chloride with triethyl- 
amine, according to the method of Gigg and Gigg (17), 
gave 1-O-{hexadec-l~nyl)glycerol-2,3-carbonate. The lat- 
ter compound was purified by flash chromatography on 
silica gel {grade 60, 230-400 mesh, Aldrich Chemical Co.) 
using ether as eluent, TLC Rf 0.76, ether as eluent. 
Saponification of 1-O~hexadec-l~nyl)glycerol-2,3~arbon- 
ate with methanolic potassium hydroxide (17) gave 1-O- 
(hexadec-l-enyl)glycerol {1, Scheme 1) in 68% yield, m.p. 
43-44 C recrystMlized from isooctane, TLC Rf 0.64 for 
trans isomer, 0.79 for cis isomer, eluent ether. 

Synthesis of cis/trans-l-O-(hexadec-l-enyl)-2,3-di-O- 
stearoylglycerol r To a solution of 1-O-(hexadec-l~enyl)- 
glycerol 1 (2 mmol) in carbon tetrachloride (10 ml) was 
added pyridine (10 ml) and stearoyl chloride (4.4 mmol). 
The reaction mixture was heated at 40 C for one hr under 
nitrogen, cooled to ambient temperature and filtered 
through neutral alumina {20 g, 80-200 mesh, Fisher Scien- 
tific Co., Fairlawn, N J) to remove the precipitated pyri- 
dinium hydrochloride. The column was washed with an 
additional 40 ml of carbon tetrachloride, and the eluates 
were combined. The solvents were removed in vacuo and 
the residue chromatographed on silica gel (10 g). Elution 
with methylene chloride/hexane (3:1) gave compound 4a 
in 55% yield, Rf 0.90 using methylene chloride/hexane 
(3:1), m.p. 51-52 C after recrystallization from hexane. 

FOCHffiCHR I) ~ll SiCl 

H0 ~ 2) R' C0CI 
. . _ . 1  H0 

I 

O, vOCH = CHR 
R' C'O--  I 0 . R"COCI 

I - - O C  R" L'~ 
4a,4b 

4 a  R'.s'.ctz,3~ 
4b R': Ct71t31. R'" CIT It 35 

SCHEME 1 

~0CH = CHR o / 

R' CO f i  
t---0- Si Pk 3 

2 

Synthesis of cisltrans-l ~)-(hexadec-l-enyl~2~linoleoyl- 
3~)-stearoylglycerol (4b). To a solution of 1-(O-hexadec-1- 
enyl)glycerol 1 (2 retool) in carbon tetrachloride/ 
pyridine (20 ml, 1:1) was added chlorotriphenylsilane 
{Aldrich Chemical Co.) (2 mrnol in 5 ml of carbon tetra- 
chloride). The resulting mixture was stirred at ambient 
temperature for one hr. TLC of the reaction mixture 
showed completeness of reaction. Linoleoyl chloride 
(2 mmol) was added to this solution, and the reaction mix- 
ture was heated to 40 C for one hr. The mixture was 
filtered through a column of neutral alumina (5 g), and 
the column was washed with chloroform (40 ml). The col- 
umn eluates were combined, the solvents removed in 
vacuo, and the residue was chromatographed on silica 
(20 g) using methylene chloride/hexane (3:1) as eluent. 
TLC of fractions showed product 2 {Scheme 1) as a mix- 
ture of cis (Rf 0.62} and trans (Rf 0.54} isomers, solvent 
hexane/ether {4:1}, yield 60%. A solution of 2 (1 retool) in 
acetone (6 rnl) and pyridine (0.2 ml) was heated at reflux 
for one hr in the presence of ammonium hydrogen fluoride 
following the procedure of Chebyshev et al. (18). Chro- 
matography on silica gel and elution with methylene 
chloride/hexane (3:1) gave pure 3, Scheme I as a viscous 
oil, Rf 0.24, hexane/ether (3:1) in 42% yield. Reaction of 
3 (1 mmol) with stearoyl chloride (1.1 tool) in carbon 
tetrachloride/pyridine (1:1) as described above gave com- 
pound 4b, Scheme 1, in 72% yield after chromatography 
on silica gel using methylene chloride/hexane (3:1) as 
eluent. Purified 4b had an Rf of 0.77, hexane/ethyl ace- 
tate (3:1). 

Oxidation procedure. Carefully weighed mixtures of 
either alk-l-enyl ether 4a or 4b, the appropriate internal 
standard and ethyl linoleate in the amounts listed in Table 
1 were prepared in 500 ~l of pentane. Aliquots of 50 ~1 
then were transferred to each of nine serum vials (120 ml 
capacity; nominally 100 ml), the pentane removed in 
vacuo, the vacuum broken with air and the vials sealed 
with aluminum caps fitted with PTFE-lined butyl rub- 
ber septa (Perkin-Elmer). The sealed vials were immersed 
in a constant temperature water bath at 86 C. Vials were 
withdrawn at half-hour intervals and allowed to cool to 
room temperature. Reaction mixtures then were analyzed 
by either of the following procedures. HPLC analysis: the 
inside wall of the cooled vial was washed down with 600 ~l 

TABLE 1 

Composition of Reaction Mixtures Prior to Oxidation, in ~mol a 

NH4HF 2 Component Run I b Run 2 b Run 3 c Run 4 c Run 5 c Run 6b 

4a 15.7 14.5 14.4 14.4 
4b 13.5 10.9 

v -oc":ceR ls:2d 15.2 16.2 o 
R'-C0 - ~ /  21:0~ e 13.3 16.9 13.3 

/ T~hep~- 
t - - - 0 H  decanom e 14.1 10.6 10.8 

3 aOxidation carried out under oxygen (ca. 1100 ~mol), in sealed vials 
of 120 ml capacity. 
bAnalysis by GC. 
CAnalysis by HPLC. 
dAs ethyl ester. 
elnternal standard. 
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of methylene chloride and 400 /A of acetonitrile, the 
resulting solution was transferred by means of a Pasteur 
pipette to a 1-ml serum vial, and 20 ~1 was injected onto 
the HPLC column. GC analysis: to each cooled vial 2 ml 
of 1% H2SO4 in methanol was added. The vial was heated 
on a steam bath for 15 min with occasional shaking and 
then cooled to room temperature. Saturated aqueous am- 
monium acetate (4 ml) added, and the resulting mixture 
was extracted with hexane (2 ml • 2). The combined ex- 
tracts were dried over anhydrous Na2SO4, and 3 ~1 of the 
dried extract were injected onto the GC column for 
analysis. 

RESULTS AND DISCUSSION 

Synthesis of model neutral plasmalogens. The structures 
for the model 1-O~alk-l~enyl) glycerides (neutral plasmal~ 
gens) synthesized for this study are shown in Scheme 1. 
Compound 4a, 1-O-(hexadec-l~enylb2,3-di-O-stearoylglyc- 
erol, was prepared directly from 1-O-(hexadec-l-enyl)glyc- 
erol (1) by reaction with two equivalents of stearoyl 
chloride. Compound 4a served as a model for studying 
the 1-O-{alk-l-enyl) functionality, found in plasmalogens, 
for its susceptibility to oxidation. The stearoyl residues 
of 4a were not anticipated to be prone to oxidation 
because we had previously shown that  saturated fat ty 
esters, in particular ethyl stearate, are stable under the 
experimental conditions used in this study (6). 

1-OL(Hexadec- l~enyl}-2-O-linoleoyl-3-O-stearoylglycerol, 
4b (Scheme 1), was prepared as a model neutral plasmalo- 
gen having internal polyunsaturation. Compound 4b was 
obtained from compound 1 by protection of the 3-0- 
position of glycerol with chlorotriphenylsilane to yield 
compound 2 {Scheme 1). The latter compound, after acyla- 
tion with linoleoyl chloride and subsequent removal of the 
sflyl protective group, yielded compound 3 {Scheme 1). 
Reaction of 3 with stearoyl chloride gave the desired com- 
pound 4b. Placement of the linoleoyl residue at the 2-0- 
posit2on of the glycerol backbone of 4b was opted because 
this is the position in which unsaturated acyl residues 
typically are located in naturally occurring neutral and 
polar plasmalogens (19). 

Monitoring techniques for following autoxidatio~ 
Table 1 lists the amounts of each substrate used in the 
oxidation experiments described herein. Two complemen- 
tary analytical procedures, HPLC and GC, were used in 
monitoring the oxidative disappearance of the neutral 
plasmalogens 4a and 4b. For Runs 1, 2 and 6, Table 1, 
substrate depletion was followed by GC using methyl 
heneicosanoate as an internal standard. In this procedure, 
the plasmalogens were converted to dimethyacetals and 
methyl esters with methanol containing 1% sulfuric acid 
and brief heating at 100 C (Fig. 1). With this procedure, 
we were able to follow not only the loss of 1-O-(hexadec- 
1-enyl) functionality but also the loss of linoleoyl func- 
tionality in 41), the latter of which is subject to oxidation 
under the experimental conditions. Runs 3, 4 and 5, 
Table 1, were monitored by following the direct disap- 
pearance of plasmalogens 4a and 4b by HPLC coupled 
with a FID. Triheptadecanoin was used as internal stan- 
dard in these experiments. Though loss of linoleoyl func- 
tionality in 4b could not be followed, the loss of added 
ethyl linoleate to 4a could be monitored {Fig. 2). 

Autoxidation results. The results of the oxidative disap- 
pearance of 4a and 4b are presented graphically (Figs. 3-6) 
for a series of experiments carried out at 86 C, a tempera- 
ture that allowed for a measurable rate of substrate disap- 
pearance over a five-hr reaction period. The data are 
graphed in normRlized fashion to show the percentage of 
remaining components at specified reaction times. All 
experiments in Table 1 were carried out in sealed vials 
of sufficient volume (120 ml) to ensure an excess of ox- 
ygen (1100/n~ool) to eliminate oxygen content as a reac- 
tion variable. For oxidation of 4a, the combined results 
obtained from Runs 1 and 2 are shown graphically in 
Figure 3 and combined results from Runs 3 and 4 in 
Figure 4. For oxidation of 4b, results from Run 5 are 
shown in Figure 5 and Run 6 in Figure 6. 

Oxidation of 4a. Run 1 (Fig. 3} shows the GC results 
obtained when compound 4a {Scheme 1, devoid of polyun- 
saturation) was subjected to the oxidation conditions 
employed in these studies. Over the 4.5-hr reaction time 
of this experiment, a slow but measurable disappearance 
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FIG. 1. GC separation of the ethanolysis products of plasmalogen 
glycaride 4b; internal standard (ISTD) = methyl heneicosanoate. 
Conditions as in Materials and Methods. 
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FIG. 2. HPLC of plasmalogen glyceride 4a, ethyl linoleate (18:2) and 
triheptadecanoin (internal standard, ISTD). Conditions as in 
Materials and Methods. 
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of the 1-O-(alk-l-enyl) functionali ty of 4a was observed; 
by  the end of the reaction period ca. 15% of the original 
amount  of 4a had reacted. This run, which used ethyl  
heneicosanoate as internal standard, also showed that  the 
stearoyl  residues of 4a were unreact ive under  the condi- 
tions employed, a result  in agreement  with our previous 
work (6) with ethyl  stearate.  

The oxidative nature  of the disappearance of 4a was 
established by  repeat ing Run 1 with 0.1% antioxidant,  
w/w (Tenox 5; Kodak, Rochester,  NY). The presence of 
ant ioxidant  led to complete inhibition of decomposition 
of 4a over the five-hr reaction time. In addition, reactions 
failed to proceed when nitrogen was subst i tu ted for air 
in the vial headspace. Thus, loss of alk-l-enyl functionality 

in 4a cannot be at t r ibuted to hydrolysis by trace amounts 
of acid or water. 

Also shown in Figure 3 are the results of Run 2, the 
oxidation of 4a in the presence of added ethyl  linoleate. 
I t  is seen that  linoleate oxidizes at a much faster rate than 
does 4a; however, the disappearance of 4a is accelerated 
in the presence of ethyl linoleate in tha t  by  the end of Run 
2 almost twice the amount  of 4a had reacted compared 
with Run 1. This result  implied tha t  there is accelerated 
oxidation of the 1-O-(alk-l-enyl) functionality of 4a by the 
oxidation products  of linoleate. 

In Run 3, Figure 4, the course of the reaction was 
followed by  HPLC, which allowed for the direct measure- 
ment  of disappearance of 4a, rather  than its methanolysis 
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FIG. 3. Course of reaction at 86 C of 4a as followed by GC of 
methanolysis products after treatment of oxidized 4a with 
HzSOJmethanoL . . . .  , Run 1 (oxidation of 4a in absence of ethyl 
linoleate); , Run 2 (oxidation of 4a in presence of ethyl linoleate). 
18:0, methyl stearate; DMA, dimethyl acetal of hexadecanal; 18:2, 
methyl linoleate; internal standard, methyl heneicosanoate; to denotes 
starting time of oxidation reaction. 
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FIG. 5. Course of reaction at 86 C of 4b (Run 5) as followed by HPLC. 
Internal standard, triheptadecanoin. 
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linoleate; DMA, dimethyl acetal of hexadecanal; internal standard, 
methyl heneicosanoate; to denotes starting time of oxidation reaction~ 

LIPIDS, VoL 23, No. 5 (1988) 



434 

T.A. FOGLIA ET AL. 

products  as in Run 1. In this manner, it  was possible to 
compare the extent  of oxidation on each side on the ether 
structure,  tha t  which occurred on the unsa tura ted  
(alk-l-enyl) side of the ether  vs the sa tura ted  (CH~ of 
glycerol backbone) side. A comparison of these two runs 
(1 and 3) shows a 20% disappearance of 4a in Run 3 vs 
a 15% loss in Run 1. Accordingly, it is est imated tha t  ca. 
75% of the oxidation of 4a occurs on the unsaturated side 
of the molecule, and 25% occurs on the sa tura ted  side. 
This result  was in agreement  with our earlier findings on 
the oxidation of the simple enol ether  model, e thyl  
hexadec-l-enyl ether. 

Run 4, Figure 4, is a repeat  of Run 2, oxidation of 4a 
in the presence of ethyl  linoleate. Run 4 was followed by  
HPLC instead of by  GC. As noted in Run 2, there was 
an accelerated depletion of 4a in the presence of added 
ethyl  linoleate; a 35% loss of 4a was observed in Run 4. 
The initial ra te  of loss of 4a was diminished in the 
presence of added linoleate, but  as linoleate oxidation pro- 
ceeded the rate  of loss of 4a increased even beyond tha t  
of Run 2 (Fig. 3). This result  implied tha t  the initial ox- 
idation of linoleate re tarded the loss of 4a; however, as 
linoleate oxidation proceeded, the accumulation of its ox- 
idation products accelerated the loss of 4a. This indicated 
an interaction of linoleate oxidation products, presumably 
hydroperoxides (20), with the 1-O-(alk-l-enyl) function of 
4a. To tes t  this hypothesis,  we subjected ethyl  linoleate 
alone to the oxidation conditions and obtained a deple- 
tion curve similar to tha t  shown in Figure 4. HPLC of 
the result ing reaction mixtures  showed, in addition to 
residual e thyl  linoleate, a peak eluting earlier in the 
chromatogram, which could be ascribed to linoleate 
hydroperoxides (20). Unreacted 4a in a ni trogen atmo- 
sphere then was added to this oxidation mixture, and this 
mixture  was heated at  86 C for one hr. HPLC analysis 
of the la t ter  mixture  showed a loss of ca. 7% of 4a, indi- 
cating a small but  significant interaction of the alk-l-enyl 
function of 4a with preformed linoleate oxidation prod- 
ucts. Presumably,  the greater  loss of 4a in the presence 
of oxidizing linoleate arises from a s tronger intermolecu- 
lar interaction of 4a with linoleate oxidation intermedi- 
ates, hydroperoxy radicals, than with linoleate oxidation 
products,  hydroperoxides.  

Oxidat ion o f  4b. To assess the effect of intramolecular 
interaction of linoleate oxidation products  with the alk-1- 
enyl ether functionali ty of plasmalogens, experiments  
were carried out  using the internally polyunsa tura ted  
compound 4b, Scheme 1, as substrate.  Run 5, Figure 5, 
shows the results obtained when the oxidation of 4b was 
followed by  HPLC. From this run, it is seen tha t  there 
is a rapid oxidation of substra te  4b to the extent  tha t  the 
depletion curve resembles tha t  of linoleate itself. This 
result  was not  total ly unexpected because compound 4b 
contained both  of the oxidizable functional groups within 
its structure.  A be t te r  picture of the course of oxidation 
of 4b was obtained when the reaction was followed by GC, 
since with this technique it  was possible to monitor  the 
loss of alk-l-enyl and linoleoyl functionalities of 4b 
separately. As the da ta  show (Run 6, Fig. 6), loss of 
linoleoyl group amounted to ca. 60%. This confirmed the 

faster  oxidation of linoleoyl residue over the alk-l-enyl 
functionality. Nevertheless, loss of alk-l-enyl group of 4b 
was comparable to or exceeded tha t  observed when 4a 
was oxidized in presence of added ethyl  linoleate, thus  
confirming a s t rong intramolecular interaction between 
the two oxidizing species. Finally, a comparison of the 
total  oxidation loss of the two functional groups of 4b, 
Figure 6, with oxidation loss of intact  4b, Figure 5, 
indicated tha t  both  functional groups within 4b are 
oxidized simultaneously. 

F rom the above series of experiments,  it  has been 
demonstrated that  the alk-l-enyl functionality of plasmal- 
ogens is subject to oxidation under relatively mild oxidiz- 
ing conditions. More important ly,  the da ta  suggest  tha t  
more easily oxidized polyunsa tura ted  esters accelerate 
autoxidat ion of the alk-l-enyl ether  functionali ty of 
plasmalogens. This acceleration of oxidation by  polyun- 
saturated acyl residues has been shown to occur by either 
an inter- or intramolecular process. This is highly signifi- 
cant  because natural  plasmalogens typically also are 
highly polyunsaturated. Accordingly, the results suggest  
tha t  oxidation of the alk-l-enyl ether functionali ty of 
plasmalogens should not  be ignored as a factor tha t  con- 
t r ibutes  to the oxidative instabil i ty of animal t issue or 
the development of rancidity in meat  products.  
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Lipids of Dermatophytes. III. Sterol-induced Changes in the Lipid 
Composition and Functional Properties of Epidermophyton floccosum 
S. Sanadl, R. Pandey and G.K. Khuller" 
Department of Biochemistry, Postgraduate Institute of Medical Education and Research, Chandlgarh-160012, India 

Sterol supplementation, alone or in the presence of 
cerulenin, resulted in an increase in the total sterol con- 
tent of Epidermophyton floccosum. While the total phos- 
pholipid levels of E. floccosum exhibited only marginal 
changes with sterol supplementation, the fatty acid pro- 
files of these phospholipids were highly varied. In the 
presence or absence of cerulenin, the oleic acid content 
of phospholipids were increased significantly by choles- 
terol supplementation, whereas iinoleic acid levels were 
enhanced by ergosterol supplementation. These varia- 
tions resulted in higher unsaturated/saturated phospho- 
lipid fatty acid ratios in sterol-supplemented cells. The 
uptake of labeled amino acids (aspartic acid, lysine, 
glycine} was influenced by sterol supplementation. Altera- 
tions in the number of binding sites for the membrane 
probe, 1-Anillno-naphthalene-~sulfonate (ANS}, were seen 
based on Scatchard plot calculations. The results indicate 
a correlation between sterol-induced changes in mem- 
brane lipid composition and function. 
Lipids 23, 435-438 (1988}. 

Sterols, the important components of some prokaryotes 
and eukaryotes, function as major determinants of fluid- 
ity, integrity and membrane structure (1,2). Yeast cells 
are known to exhibit altered sterol contents when grown 
in media supplemented with ascorbic acid, hydroquinone, 
methylene blue or potassium persulfate, resulting in 
altered amino acid uptake (3,4). In dermatophytes, little 
is known about the dependency of cellular functions on 
sterol composition. To explore these aspects in human 
pathogenic fungi, Epidermophyton floccosum cultures 
were grown in media supplemented with cholesterol or 
ergosterol in presence/absence of cerulenin, a known 
inhibitor of fat ty acid and sterol synthesis. Further, at- 
tempts have been made to correlate sterol-induced altera- 
tions in the lipid composition with the structural and func- 
tional changes in the membranes of E. floccosurn. 

MATERIALS AND METHODS 

Materials. Cholesterol, ergosterol, glycine, aspartic acid 
and lysine were procured from Sigma Chemical Co. {St. 
Louis, MO). Cerulenin was obtained from Makor Chemi- 
cals {Jerusalem, Israel). Labeled amino acids [U-"C]lysine 
(sp. act. 288 mCi]mmol); [2-'4C]glycine {sp. act. 11.2 mCi/ 
retool), [U-'4C]aspartic acid (sp. act. 152 mCi]mmol) were 
obtained from BARC, Bombay. Novozyme '234' was pur- 
chased from M/S Novo Industries (Bagsvaerd, Denmark), 
and CeUulase CP was procured from Sturge Biochemicals 
{Selby, U.K.). Ficoll-paque was procured from Pharmacia 
Fine Chemicals Co. {Uppsala, Sweden). 1-Anilinonaphtha- 
lene~8-sulfonate (Mg salt) was obtained from Fluka 
{Buchs, Switzerland}. Membrane filters {0.45 ~M) and a 

*To whom correspondence should be addressed. 
Abbreviations: ANS, 1-anilinonaphthalene 8-sulfonate; LPC, lyso- 
phosphatidylcholine; MIC, minimum inhibitory concentration; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phospha- 
tidylinositol; PS, phosphatidylserine; TPL, total phospholipid. 

12-place sampling manifold, used for the amino acid up- 
take experiments, were obtained from Whatman Inc., 
London, and MiUipore Inc. (Bedford, MA), respectively. 
All other chemicals used were of the highest quality 
available. 

Growth of culture. Source and maintenance of E. floc- 
cosurn have been described (5). E. floccosum was grown 
in Sabouraud's broth as shaking cultures. Minimum in- 
hibitory concentration of cerulenin and the optimum con- 
centrations of sterols (dissolved in minimum amounts of 
ethanol) were added directly to the sterile medium before 
inoculation. Sterol-grown cells, in the presence/absence 
of cerulenin, were harvested in mid-log phase (5 days) and 
then processed for sterols, DNA, lipid extraction and 
membrane studies. 

Quantitation of phospholipids. The lipids were ex- 
tracted from the cells by Folch's extraction procedure (6}. 
Total phospholipids were estimated by the method of 
Bartlett as modified by Marinetti 17}. Single'dimensional 
thin layer chromatography was carried out to resolve in- 
dividual phospholipids, using the solvent system chloro- 
form/methanol/7 N ammonia (65:25:4, v/v). Total phos- 
pholipids were separated from neutral lipids by acetone 
precipitation and were used for fatty acid analysis. The 
fatty acids were converted into their methyl esters by 
transesterification with methanol in the presence of 
thionyl chloride, as described (5}. The methyl esters were 
analyzed on a M/S Nucon Engineers, AIMIL Gas Chro- 
matograph, fitted with a flame ionization detector, on col- 
umns containing 20% diethylene glycol succinate [DEGS) 
on 60-80 mesh chromosorb-W. Nitrogen, at a flow rate 
of 40 mYmin, was used as the carrier gas. The fatty acids 
were quantitated by triangulation. 

Quantitation ofsterols. Sterols were extracted by boil- 
ing the cells in 10% alcoholic KOH for one hr. The hydrol- 
ysates were cooled and extracted three times with 
petroleum ether. Sterols were estimated by the method 
of Zlatkis et al. {8). 

Quantitation of DNA. DNA extraction was achieved 
by homoge~izlng the cells in 10% cold trichloroacetic acid. 
The pellet obtained after centrifugation at 2,000 • g was 
dissolved in a known volume of 0.5 M perchloric acid and 
digested at 80 C in water bath for 15 min. The samples 
again were centrifuged, and supernatant was taken for 
DNA estimation by the method of Burton (9). 

Preparation of spheroplasts. Spheroplasts were pre- 
pared by the procedure of Larroya et al. (10). Log-phase 
cells I1 g) were incubated under sterile conditions with 
30 mg each of two commercial cell-wall degrading en- 
zymes, novozyme '234' and cellulase CP, in a conical flask 
in citrate phosphate buffer (pH 6.5), containing 0.7 M 
NaC1, for 10 hr in a shaker at 27 C. Formation of sphero- 
plasts was monitored microscopically. At the end of in- 
cubation, the reaction mixture was removed by centrifu- 
gation at 1,000 • g for 10 rain. The pellet was washed 
twice with citrate phosphate buffer and lightly homoge- 
nized. Spheroplast preparation then was purified by cen- 
trifugation at 400 • g for 15 min on a ficoll-paque density 
gradient. The purified spheroplast preparation was used 
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for s t ructura l  studies with the fluorescent probe 
1 -anilinonaphthalene~8-sulfonate (ANS). 

Amino acid uptake studies. Amino acid uptake in whole 
cells was determined by incubating 1 ml of cell suspen- 
sion (40-50 mg fresh wt. of cells in 1 ml of citrate phos- 
phate buffer, pH 6.5) at 27 C for seven min, which was 
within the linear range of uptake. The reaction was ini- 
t iated with the addition of amino acid (final concentra- 
tion was 4 raM), and it was terminated by adding chilled 
buffer and filtered rapidly through 0.45 ~M membrane 
filters. The cells on the filter paper were washed twice, 
dried and weighed. Radioactivity on the filters was 
counted in a toluene-based scintillation fluid in a Packard 
Tricarb Liquid Scintillation Counter. 

Structural studies with ANS. 1-Anilinonaphthalene 
8-sulfonate (ANS) was used to s tudy the structural  
changes in the membranes of spheroplasts prepared from 
variously grown E. floccosum cells. The basic assay mix- 
ture consisted of a total  volume of 2 ml in 10 mM citrate 
phosphate buffer, pH 6.5, containing 0.7 M NaCI, ANS 
conc. 10-100 ~M and spheroplast protein ranging from 
20 to 200 pg. The fluorescence emission was recorded in 
a Kontron SFM-25 Spectrofluorimeter. The number of  
binding sites were calculated from the Scatchard plot (11). 
Protein was est imated by Lowry ' s  method (12). 

RESULTS AND DISCUSSION 

Manipulation of membrane lipid composition by sup- 
plementing various additives to the growth medium is 

a valuable tool for s tudying the role of various lipid com- 
ponents in microorganisms. To examine the role of sterols, 
E. floccosum was grown in the presence of opt imum con- 
centration of ergosterol (natural sterol) or cholesterol (a 
sterol foreign to the fungus), alone or in combination with 
the minimum inhibitory concentration (MIC) of cerulenin 
(0.5 ~g/ml}. Cerulenin inhibits more than 90% of growth 
and endogenous fa t ty  acid synthesis, and partially blocks 
{60%} phospholipid and sterol synthesis at  the MIC {13). 
Different concentrations of cholesterol and ergosterol 
ranging from 0 to 30 ~g/ml were supplemented in the 
medium, and no inhibition in the growth as compared to 
control was observed up to 10 gg/ml. This concentration 
of sterol{s} was used throughout  this study. 

Ergosterol supplementation, with or without cerulenin, 
did not  alter the total  phospholipid (TPL) levels as com- 
pared with the control. However, the total phospholipid 
levels were significantly decreased in cells supplemented 
with cholesterol alone or along with cerulenin (Table D. 
Individual phospholipid composition also was examined. 
Phosphatidylserine (PS) and phosphatidylinositol (PI) 
were pooled together, the latter being the minor comp~ 
nent with a mobility close to PS. Minor changes were 
observed in all the phospholipid components,  with a 
significant decrease in PS + PI  and phosphatidylcholine 
{PC) levels in cholesterol-supplemented cells. Ergosterol  
supplementation in the presence or absence of cerulenin 
resulted in a significant increase in choline~containing 
lipids, which probably is due to enhanced methylat ion of 
phosphatidylethanolamine (PE) to PC. In yeast  mutan t  

TABLE 1 

Effect of Supplementation of Sterols in the Presence and Absence of Cerulenin on the Lipid Composition of E. floccosum 

mg]g Dry wt. Cerulenin + Cerulenin + 
of cells Control Cholesterol Ergosterol cholesterol ergosterol 

TPL 13.95 • 1.01 9.54 • 1.5" 15.57 • 1.12 a 11.25 +_ 1.06" 13.15 -+ 1.55 a 
{3.04 +_ 0.39} {2.35 • 0.13)* (3.03 • 0.38) a (2.80 + 0.55) a {2.76 - 0.37) a 

LPC 0.99 • 0.43 0.70 • 0.14 a 2.25 • 0.31" 1.45 • 0.23 a 2.39 • 0.12"* 

PS + PI 3.92 • 0.44 2.54 • 0.34* 4.12 • 0.47 a 2.17 • 0.22** 3.22 • 0.30 a 

PC 3.91 • 0.58 2.48 • 0.31" 3.98 • 0.29 a 3.42 • 0.40 a 3.56 • 0.56 a 

PE 2.07 • 0.23 1.39 • 0.39 a 1.85 • 0.47 a 2.11 • 0.10 a 1.81 • 0.38 a 

CL 1.30 • 0.22 1.03 • 0.18 a 0.88 • 0.29 a 1.45 • 0.20 a 1.27 +_ 0.22 a 

UK 1.67 • 0.19 1.22 • 0.24 a 2.74 • 0.12"* 0.59 • 0.12"* 0.80 • 0.12"* 

LPC + PC + PE 
1.77 1.79 1.96 3.21 2.40 

PS + PI 

Sterols 8.04 +_ 0.91 10.26 • 0.57* 10.13 • 0.57* 14.25 • 1.59"* 10.88 -+ 1.88 a 
{1.85 • 0.39} (2.58 • 0.35}* {2.13 • 0.33) a (3.40 • 0.13)** (2.26 • 0.10) a 

SterolfrPL 0.57 1.07 0.65 1.26 0.82 

PC + LPC 
2.31 2.28 3.36 2.30 3.28 

PE 

aNonsignificant. 
The values are mean +SD of three independent batches analyzed in duplicate. *, p ~ 0.05; **, p ~< 0.01; statistical significance of the 
observed difference between the means of test and control, was determined by applying Student's t-test. Values in parentheses indicate 
the data expressed on rng/mg DNA basis. 
TPL, total phospholipid; PI, lysophosphatidylcholine; PS, phosphatidylserine; PI, phosphatidylinositol; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; UK, unknown phospholipid. 
Concentrations used: cholesterol, 10 ~g/ml; ergosterol, 10 ~g/ml; cerulenin, 0.5 ~g/ml. 
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GL7, ergosterol  also has  been shown to s t imulate  the 
methla t ion of PE to PC (14). The increased levels of 
lipophosphatidylcholine (LPC) in cells supplemented with 
ergosterol  (both in presence and absence of cerulenin) 
might  be due to the conversion of PC to LPC because 
de rma tophy te s  possess  an active phosphol ipase A (15). 
Al tera t ions  in the individual phospholipid composi t ion 
resul ted in changes in the rat io of zwitterionic to anionic 
phospholipids and the rat io  of choline-containing phos- 
pholipids to PE in the variously grown cells (Table 1). The 
levels of to ta l  sterols (mainly free sterols because 
esterified sterols represent  less than  5% of the to ta l  
sterols) were increased on supplementat ion of cholesterol 
and ergosterol, alone or in the presence of cerulenin. These 
results  indirectly indicate the capacity of the cells to take 
up exogenous sterols. Sterol to phospholipid rat io  in- 
creased in all the supplementat ions as compared with con- 
trol, in the  order, ergosterol  (1.1-fold) < cerulenin plus 
ergosterol  (1.4-fold) < cholesterol (1.8-fold) < cerulenin + 
cholesterol (2.2-fold) (Table 1). 

Sterol supplementa t ion  in the presence or absence of 
cerulenin not  only affected the phospholipid and sterol  
composi t ion but  also the acyl groups  of phospholipids. 
A significant decrease in the levels of palmit ic  acid were  
observed in all the types  of cells as compared  with con- 
trol (Table 2). Cholesterol supplementation in the presence 
and absence of cerulenin resulted in a significant increase 
in oleic acid levels, whereas linoleic acid levels increased 

significantly on supplementa t ion  of ergosterol  with/ 
without  cerulenin. The observed increase in oleic acid con- 
ten t  of cholesterol-grown E. floccosurn cells is similar to 
tha t  observed in yeast  sterol auxotroph (RD5-R) (16). Sup- 
p lementa t ion  of ergosterol,  cerulenin plus ergosterol/  
cholesterol resulted in a significant increase in U/S ratio, 
whereas supplementation of cholesterol alone did not alter 
the U/S rat io  significantly. In  yeast ,  increased percent- 
ages of sa tu ra ted  f a t ty  acids were observed on supple- 
menta t ion  of the growth medium with sterols (17). I t  has 
been further  suggested tha t  sterol replacement  regulates 
the f a t t y  acid composi t ion to a considerable degree. 

The lipid composition of the cell membrane  plays an im- 
po r t an t  role in regulat ing the functions of the cells. 
Therefore, the functional proper t ies  of membranes  in 
response to changes in lipid composit ion,  as a resul t  of 
sterol supplementat ion,  were studied by  measur ing  the 
s teady-s ta te  accumulat ion of amino acids (one each of 
basic, neutral  and acidic amino acids). I t  is evident  f rom 
Table 3 t ha t  amino acid up take  was al tered in the vari- 
ously grown cells. The changes m a y  be a t t r ibu ted  to 
al terat ions observed in phospholipid composi t ion in- 
cluding those in the rat io of zwitterionic and anionic lipid 
species as well as degree of unsa tura t ion  of acyl groups  
of phospholipids, as has been demonst ra ted  earlier in der- 
ma tophy te s  (18,19), bacter ia  (20) and yeas t  (21). These 
changes  also could be due to a change in the affinity of 
the carriers of these amino acids. Singh et al. (22) have 

TABLE 2 

Fatty Acid Composition of Phospholipids of E. floccosum Cultures Grown in the Presence of Sterols, With or Without Cerulenin 

Relative percentage of phospholipid fatty acids 
U/S fatty 

Supplement 014:0 C16:0 C18:0 C18:1 Cls:2 acids ratio 

Nil (controll t 41.96 +- 1.87 13.26 +. 1.79 20.40 +. 1.51 24.36 +. 2.34 0.81 -4-_ 0.12 
Cholesterol t 34.63 +_ 2.04** 13.38 +. 0.91 a 36.00 -4-- 2.06*** 15.98 +_ 2.45* 1.08 - 0.15 a 
Ergosterol t 29.01 +. 2.70** 15.86 +. 1.83 a 15.53 +. 1.33" 39.90 +_ 1.94"** 1.23 +. 0.13"* 
Cerulenin and cholesterol t 32.85 +. 3.60* 8.34 +. 2.28* 40.03 +- 4.64** 18.72 +. 1.94 a 1.43 +. 0.19"* 
Cerulenin and ergosterol t 22.60 _ 2.01"** 8.10 +. 1.29" 14.24 +. 2.11" 55.04 +. 1.96"** 2.26 +. 0.19"** 

aNonsignificant. 
Values are mean +.SD of three independent batches. 
*, p ~< 0.05; **, p < 0.01; ***, p 4 0.001. 
Statistical significance of the observed difference between the means of test and control was determined by applying Student's t-test. 
t, Trace amounts; S, saturated fatty acids; U, unsaturated fatty acids. 

TABLE 3 

Amino Acid Uptake in Variously Grown Cells of E. floccosum 

Supplement Lysine a Aspartic acid a Glycine a 

Nil 5.25 + 0.46 3.23 + 0.28 4.08 + 0.32 
Cholesterol 4.80 + 0.34 b 4.08 +. 0.51 b 5.34 +, 0.48* 
Ergosterol 3.81 _ 0.35* 2.83 +. 0.19 b 3.55 + 0.17 b 
Cerulenin + cholesterol 8.67 +. 0.93** 2.71 + 0.20 b 3.38 +. 0.14" 
Cerulenin + ergosterol 5.99 +. 0.42b 2.43 +. 0.17" 7.71 +, 0.39*** 

aResults expressed in nmol]mg dry wt./seven rain. Values are mean +_SD of three independent batches. 
bNonsignificant. 
*p, ~< 0.05; **, p < 0.01; ***, p ~ 0.001. 
Statistical significance of the observed difference between the means of test and control, was determined by applying Student's t-test. 
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FIG. 1. Scatchard plots of ANS binding (based on one batch run 
in duplicate) with Epidermophyton floccosum spheroplasts. 
A, sphecoplasts of control cells; B, spheroplasts of cholesterol-grown 
cells; B', spheroplasts of cholesterol plus cerulenin-grown cells; 
C, spheroplasts of ergosterol-grown cells; C', spheroplasts of ergo- 
sterol plus cerulenin-grown cells. 

demons t ra ted  al terat ions in the up take  of var ious amino 
acids due to changes in the ergosterol levels in C. albicans, 
similar to our observat ions  with E. f loccosum.  

Structura l  al terat ions due to changes in the membrane  
surface charge density, in the spheroplast  membrane  pre- 
pared  f rom E. f loccosum cultures grown in sterol-supple- 
mented media, were monitored using an ANS membrane  
probe. ANS fluorescence provides information about  
membrane  surface charge and membrane  potent ia l  (23, 
24). The Scatchard  plot  analysis  showed decreased bind- 
ing sites in spheroplas ts  prepared f rom cholesterol- 
supplemented  cells, whereas no al terat ion was observed 
in ergosterol-supplemented cells (Fig. 1). The number  of 
binding sites were found to increase in spheroplas ts  pre- 
pared  f rom cells grown in the presence of cerulenin and 
cholesterol/ergosterol, as compared with the control cells. 
Increased/decreased binding sites migh t  be  due to 
changes  in the membrane  surface charge resul t ing f rom 

changed rat io  of zwitterionic to anionic phospholipids as 
well as al tered rat io  of unsa tu ra ted  to sa tu ra ted  f a t t y  
acids, as seen f rom Tables  1 and 2. In  addition, PC also 
is known to regulate  the charge of the membranes  {25), 
and a significant decrease in PC content  was seen in 
cholesterol-supplemented cells, which possibly explains 
the decreased binding sites in spheroplasts  prepared f rom 
these cells. The changes  observed in ANS binding also 
may  be due to changed hydrophobic environment  around 
the dye due to integral  membrane  proteins  {25}. The dye 
mainly binds to the membrane  surface, hence changes 
observed demonst ra te  a role of membrane  phospholipids, 
s terols and proteins,  because these are the only com- 
ponents  of the cell t ha t  come in contac t  wi th  ANS. 

We have shown tha t  supplementa t ion  of sterols, alone 
or in the presence of cerulenin, induces changes in the lipid 
composi t ion of E. f loccosum,  which in turn  affects  its 
s t ructura l  and functional properties.  
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Cholesterol has been detected as one of the major sterols 
in the surface lipids of higher plant leaves. It was widely 
distributed among the plant leaves of various species as 
a common main sterol component with a few exceptions.  
The content of cholesterol amounted to 71.5% of the total  
sterols in the surface lipids of rape leaves. However, the 
proportion of cholesterol in the intracellular lipids of rape 
leaves was lower than that  in the surface lipids, and the 
seed lipids contained only a trace amount  of cholesterol, 
as reported in the literature. In the leaf surface lipids ex- 
Rmined, a minor amount of cholestanol  associated with 
cholesterol often was detected by capillary gas chroma- 
tography and gas chromatography-mass spectrometry. 
The related analysis for the surface lipids of fruits showed 
that  cholesterol was one of the major component  sterols 
also in those lipids of several species. 
Lipids 23, 439-444 (1988}. 

Cholesterol up to now has been believed to be a minor 
component sterol, 4-desmethylsterol, in higher plants. It 
was detected in vegetable oils by gas chromatography 
and existed in a small proportion up to 5% of the total 
sterols or mostly in only trace amounts {1-3}. Previous 
workers have reported that, in general, a slight amount 
of cholesterol or no cholesterol was found in the plant seed 
lipids of various species {4-7,11,14,15}. The component 
sterol data for roots {6,8}, leaves {7-13}, pericarps {8,12} 
and seedlings {6,8,11} also showed that  cholesterol was 
a minor component sterol in their sterol fractions. How- 
ever, several studies have revealed the existence of cho- 
lesterol as a major component sterol in chloroplasts and 
other subcellular organelles of leaves (16,17) and shoots 
(18), poinsettia plant (19), pollens (20) and Sorghum 
bicolor grains in their early developing stage (14}. 

In analyzing the leaf and silique waxes of rape, we have 
found that they contained an unusually large proportion 
of cholesterol in their sterol fractions. Our further ex- 
periments for the detection of cholesterol also have 
showed that  cholesterol was present as one of the usual 
major component sterols in the leaf surface lipids of 
various plant species, though several species had choles- 
terol as the minor component sterol. Moreover, a substan- 
tial proportion of cholesterol has been observed in the 
component sterols of several fruit surface lipids. This 
paper describes the detection and determination of choles- 
terol in plant lipids by capillary gas chromatography and 
its identification by gas chromatography-mass spec- 
trometry (GC-MS). 

MATERIALS AND METHODS 

Plant materials. Fully matured seeds and leaves of rape 
(Brassica napus) and the immature siliques of rape 

*To whom correspondence should be addressed. 
Abbreviations: GC-MS, gas chromatography-mass spectrometry; 
RRT, relative retention time; TLC, thin layer chromatography; TMS, 
trimethysilyl. 

harvested at 30 days after flowering were used for these 
experiments. The full-grown leaves of the cultivated 
Viburnum awabuki tree were collected in the summer- 
time. Fresh leaves of spinach (Spinacia oleracea), cabbage 
(Brassica oleracea), radish (Raphanus sativus}, crown 
daisy (Chrysanthemum coronarium) and leek (AUium 
tuberosum], all sold commercially as food, were used. 

Immature green fruits, such as the legumes of broad 
bean (Vicia fabaJ, the capsules of okra (Abelmoschus 
escu~entus] and the fruits of green pepper (Capsicum 
annuum) were obtained from vegetable markets. 

Reference sterols and solvents. Cholesterol, campe- 
sterol, stigmasterol and sitosterol were obtained from 
Sigma Chemical Co. (St. Louis, MO). Cholestanol was pur- 
chased from the Nakarai Chemical Co. {Kyoto, Japan). 
Brassicasterol was prepared from rapeseeds. All solvents 
used for extraction were purified by distillation before 
use. 

Isolation of sterols. Leaves and fruits (100-1000 g) 
without cutting were immersed in hexane (1-3 1) and 
allowed to stand for two days at room temperature with 
occasional sbMdng. The hexane extract was separated by 
filtration, and the residual plant bodies were then reex- 
tracted twice by gentle refluxlng with fresh hexane for 
each one hr. All hexane extracts were combined, and the 
separated water layer was removed. After drying over 
anhydrous sodium sulfate, the hexane layer was evapo- 
rated to dryness under reduced pressure. The extracted 
lipids contained mainly the plant surface lipids. In the 
case of rape leaves, a portion of the extracted iipids was 
divided for the separation of the steryl lipid classes. 

The lipids were hydrolyzed with a solution of potassium 
hydroxide (1 g) in aqueous ethanol (5 ml) by refluxing for 
two hr. The hydrolysates were extracted with diethyl 
ether, and the ether extract was washed with water and 
dried with anhydrous sodium sulfate. Evaporation of 
ether from the extract gave unsaponifiable matter. 

The component lipid classes in the unsaponifiable mat- 
ter were separated on Silica Gel G plates, with hexane/ 
diethyl ether/acetic acid (70:30:1, v/v/v) used as the devel- 
oping solvent. The band corresponding to that of free 
sterol was detected by Rhodamine 6G spraying, scraped 
and then extracted with ether and hexane. The extracted 
lipid fraction was comprised of a mixture of the sterols 
originated mainly from free sterols and steryl esters in 
the surface lipids. 

Intracellular lipids were extracted by homogenization 
with chloroform/methanol (1:1, v/v) from the plant residue 
after the hexane extraction described above. The ex- 
tracted rape leaf lipids were separated into four lipid 
classes containing sterols. Thin layer chromatography 
(TLC} was applied on Silica Gel G plates for the separa- 
tion of free sterols from steryl esters with the solvent 
system, hexane/diethyl ether/acetic acid (70:30:1, v/v/v), 
and of sterylglycosides from acylsterylglycosides with 
chloroform/methanol]acetone (80:16:4, v/v/v). The compo- 
nent sterols were recovered separately from steryl- 
glycosides and acylsterylglycosides by the acid hydrolysis 
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with 0.5 N HCI in methanol for two hr, followed by the 
alkali hydrolysis described above in the case of acyl- 
sterylgiycosides. 

Reversed-phase TLC using Kieselguhr G plates im- 
pregnated with kerosene was employed for purification 
of cholesterol with the developing solvent of acetic 
acid]acetonitrfle (1:2, v/v). 

Gas chromatography (GC). Sterols were analyzed by 
packed-column and capillary GC as free sterols or tri- 
methylsflyl ethers of sterols (TMS sterols). TMS sterols 
were prepared by the reaction of sterols with N,O-bis- 
(trimethylsilyl)acetamide (BSA)/pyridine (1:3, v/v) at 80 C 
for 10 rain. 

The free sterols and their TMS derivatives were 
separated and identified on a glass column (3 mm X 2 m) 
packed with 3% SE-30 on Chromosorb W at 260 C. 

Capillary GC was carried out for precise analysis of 
sterol with a Shimadzu GC-8A gas chromatograph 
equipped with a flame-ionization detector. A fused silica 
capillary column (chemically bonded type, 0.24 mm i.d. X 
50 m), ULBON HR-52, which corresponded to SE-52 
(Shinwakako Co., Kyoto, Japan), was used. The column 
temperature was 280 C, and the carrier gas was nitrogen 
at a flow rate of 0.7 ml/min and split ratio 1/136. Relative 
retention time (RRT) to TMS cholesterol (retention time, 
11.5-12 min) was employed for characterization of the 
TMS sterols. 

Gas chromatography-mass spectrometry. Electron im- 
pact GC-MS data were obtained by using a model JEOL 
JMS-HX 100 system fitted with a glass column (2 mm X 
1 m) packed with 1% OV-1 on Chromosorb W, with a col- 
umn temperature of 245 C; ion source temperature was 
200 C, accelerating voltage 5.0 kV, and ionizing voltage 
70 eV. 

Another model Hitachi M-80A system for GC-MS also 
was employed. In this system, the GC separation was car- 
ried out at 260 C on a column (3 mm X 1 m) packed with 
2% OV-101 on Chromosorb WHP. The ionizing voltage 
was 20 eV, and the ion source temperature was 180 C. 

Other analytical methods. 'H NMR spectroscopy was 
performed at 60 MHz on a Hitachi instrument, model 
R-600, in CDCI3 with tetramethylsilane as internal stan- 
dard. Addition of increasing amounts of the shift reagent, 
Euffodh, made it possible to assign some of the proton 
signals on the NMR spectra of sterols (21). The infrared 
(IR) spectrum of sterol was obtained with a KBr disk. 

Sterols were estimated by the color reaction with acetic 
anhydride/concentrated sulfuric acid (19:1, v/v). Inten- 
sities of the developed color were measured at 620 nm 
after 30 min. 

RESULTS 

Separation of rape sterols by capillary GC. A mixture of 
sterols was recovered from leaves, seeds or fruits by hex- 
ane extraction, saponification and subsequent TLC sepa- 
ration. The sterol content of surface lipids ranged from 
3 to 50 mg per 100 g of the individual fresh plant matter 
examined. 

Capillary GC showed good separations for TMS deriva- 
tives of sterols on a fused silica capillary column, ULBON 
HR-52 (Fig. 1). Separation and identification were possi- 
ble for cholesterol and cholestanol in their mixtures that  
were inseparable on SE-30, OV-1 and OV-101 packed 

A B C 

6, 

12 16 
Time, min 

D 

4 

I I I , L L l 12 1; 15 1~ lz 16 
Time, min Time, min Time, min 

FIG. 1. Capillary gas ehromatograms of TMS sterols from plant 
lipids. A, standard sterols; B, sterols from surface lipids of rape 
leaves; C, sterols from intracellular lipids of rape seeds; D, sterols 
from surface lipids of broad bean (V/c/a faba) fruits. Peaks of TMS 
sterols: 1, cholesterol; 2, cholestanol; 3, br~icasterol;  4, campesterol; 
5, stigmasterol; 6, sitosterol; other peaks were not identified. Col- 
umn, ULBON HR-52 {0.24 mm i.d. X 50 m); temperature, 280 C. 

columns. A marked difference in sterol composition was 
observed between rape leaf and seed lipids. The main 
sterol component of rape leaf surface lipids was choles- 
terol (71.5%), and a minor sterol was sitosterol (0.6%), 
whereas the seed intracellular lipids contained sitosterol 
as a dominant sterol (67.3%) and a trace amount of cho- 
lesterol (0.7%) as shown in Figure 1 and Table 1 (1-3). 
Cholesterol was a member of the major component sterols 
also in the leaf intracellular lipids, although sitosterol was 
predominant in these lipids. The surface lipids of im- 
mature rape green siliques contained a large proportion 
of cholesterol. 

The sterol compositions of sterol ester, free sterol, 
acylsterylglycoside and sterylglycoside in hexane ex- 
tracts of rape leaves are given in Table 2. No marked dif- 
ference in their sterol compositions was observed among 
these lipid classes, in which cholesterol was the principal 
sterol. The hexane extracts of rape leaves consisted 
mainly of the wax components such as hydrocarbons, wax 
esters including sterol esters, triacylglycerols, free fat ty 
acids, free aliphatic alcohols and free sterols; their detailed 
compositions will be reported elsewhere. It is unclear 
whether sterylglycoside and acylsterylglycoside existed 
as the wax components or as the contaminants by par- 
tial extraction of the intracellular lipids. 

Identification of cholesterol and cholestanol by GC-MS 
and other methods. The peak agreeing with that of 
authentic cholesterol on gas chromatogram was further 
characterized by GC-MS. Figure 2 shows a mass spec- 
trum of the peak identified on a gas chromatogram as 
TMS cholesterol from rape leaf lipids. Characteristic frag- 
ment ions of TMS cholesterol appeared on this spectrum, 
which agreed with that reported in the literature (22). GC- 
MS data of rape and other plant leaf sterols as free sterols 
also showed that one of the detected major sterols was 
cholesterol which gave the typical ions at m/z 386 (M*), 
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TABLE 1 

Sterol Composition of Rape Leaves, Seeds and Siliques (%) 

Sterol 

Leaves Seeds Siliques 

RRT a Surface IntraceUular Surface Intracellular Surface 

Cholesterol 1.00 71.5 14.9 7.2 0.7 34.7 
Cholestanol 1.02 1.7 0.2 0.4 
Unknown 1 1.05 5.9 7.7 2.1 0.8 
Brassicasterol 1.07 4.0 12.0 2.2 6.3 1.4 
Campesterol 1.18 8.7 10.1 18.9 18.8 15.7 
Stigmasterol 1.24 9.3 19.2 5.7 5.2 25.7 
Unknown 2 1.29 tr 3.9 tr 
Sitosterol 1.36 0.6 30.4 62.2 67.3 21.3 
Unknown 3 1.41 tr 1.8 1.5 

Sterol content 
(rag/100 g) 34.6 65.7 4.3 11.5 20.4 

aRRT, relative retention time of TMS derivatives to TMS cholesterol on ULBON HR-52 
capillary column (0.24 mm i.d. • 50 m). 
tr, trace {<0.2%). 

TABLE 2 

Sterol Composition of Rape Leaf Lipid Classes Containing Sterols (%) 

Major Sterol Free Acylsteryl- Steryl- 
sterol RRT a ester sterol glycoside glycoside 

Cholesterol 1.00 77.1 61.6 66.6 62.0 
Unknown 1 1.05 0.4 5.3 5.7 7.4 
Brassicasterol 1.07 2.1 3.0 5.6 7.1 
Campesterol 1.18 6.4 10.7 8.9 8.3 
Stigmastero| 1.24 13.3 9.9 12.4 13.7 
Sitosterol 1.36 0.7 9.5 0.8 1.5 

aRelative retention time (RRT) is the same as that in Table 1. 
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FIG. 2. Mass  spectrum of the TMS sterol detected and identified as TMS cholesterol on gas  chromatogram 
of rape leaf surface sterols as their TMS derivatives. A glass  column (2 mm X 1 m) packed with 1% OV-1 
on Chromosorb W was used at 245 C for GC separation and ionizing voltage was 70 eV. 

371 (M § - CH~), 368 (M § - H20), 301 (M § - 85), 275 (M* 
- 111), 273 (M § - side chain), 213 (M § - 173), etc., agree- 
i ng  wi th  those  of a u t h e n t i c  cholesterol  (Fig. 3) (11). 

GC-MS ana lys i s  of the  p l a n t  surface s terols  fu r the r  
p roved  t h a t  these  p l a n t  s terol  f rac t ions  of ten  con t a i ne d  
cho les tano l  as a m ino r  c o m p o n e n t  s terol  t h a t  was  in- 
separab le  f rom cholesterol  on  a GC-packed column.  For  
example,  a GC-MS s p e c t r u m  of the  peak  of cholesterol  
in spinach leaf sterols is shown in Figure  3A. I t  was found 

t h a t  the  choles terol  was  c o n t a m i n a t e d  wi th  a m ino r  
a m o u n t  of choles tanol ,  g iv ing  the  charac te r i s t i c  ions a t  
m/z 388 (M§ 373.(M § - CH3), 275 (M* - side chain), 233 
(M § - side chain - C3HJ, 215 (M § - 173), etc. These find- 
ings  coincided wi th  those  in  capi l lary  GC b y  which 
cholesterol  a nd  choles tanol  were sepa ra t ed  f rom each 
o ther  a nd  d i f fe ren t ia ted  (Figs. 1A a nd  1D). 

A f rac t ion  co r r e spond ing  to cholesterol  was  s epa ra t ed  
on reversed-phase  TLC from the  sterol  m i x t u r e  of rape  
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FIG.  3. Mass spectra of free sterols. The spectra were taken a t  the  peak corresponding 
to tha t  of cholesterol on a GC column (3 mm X 1 m) packed with 2% OV-101 on Chromosorb 
W H P  a t  260 C. Ioniz ing  vo l tage  w a s  20 eV. A, a cholesterol fract ion from surface lipids 
of spinach leaves; B, s tandard  cholesterol; C, s tandard  cholestanol. 

leaf surface lipids. The main component of this fraction 
was characterized as cholesterol by capillary GC, and the 
1H NMR spectra showed the presence of A s double bond 
(d 5.34 ppm, br. s, 1H, =CI-I- at C-6} and absence of both 
A' and A 2~ double bonds, because the olefin protons at C-22 
and 23 (d 5.09, m, 2H) and at C-7 (6 5.15, br. s, 1H) (11) 
were not detectable. In addition, the presence of the C-7 
methylene protons could be confirmed by use of downfield 
shift plots of the proton signals by incremental addition 
of Eu(fodh to the sample. An IR spectrum of the frac- 
tion showed the absorptions (KBr disk) at 3400, 2940, 
2860, 1660, 1460, 1380 and 1060 cm -1, which were char- 
acteristic of sterol. 

From these analytical data, the sterol agreeing with 
authentic cholesterol in its GC retention time was iden- 
tified as cholesterol. 

Distribution of cholesterol in plant species. The sterol 
compositions of leaf surface lipids in various plant species 
other than rape are listed in Table 3, in which the sterol 
compositions of some green immature fruits also are 
given in comparison with those of green leaves. Choles- 
terol was found to be one of the major component sterols 
of leaf surface lipids in the different plant species ex- 
amined and its proportion reached over 10% in most cases 
with few exceptions. Even in spinach and chrysanthemum 
leaves, cholesterol remained as a major sterol, although 
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TABLE 3 

Sterol Composition of Plant Surface Lipids a (%) 

Plant Cholesterol Cholestanol Brassicasterol Campesterol Stigmasterol Sitosterol Other sterols b 

Leaves 
Spinacia oleracea 

(Spinach) 16.4 3.6 
Brassica oleracea 

{Cabbage} 4.7 1.1 
Rhaphanus sativus 

(Radish) 28.2 
Chrysanthemum 

coronarium 10.1 1.4 
AUium tuberosum 

(Leek) 28.6 4.7 
Viburnum awabuki 31.4 6.9 

Fruits 
Vicia faba 

(Broad bean) 32.9 1.5 
Abelmoschus esculentus 

(Okra} 17.5 4.5 
Capsicum annuum 

(Green pepper) 1.1 

2.3 

2.2 

2.5 

4.4 18.4 35.3 21.9 c 

26.3 67.2 0.7 

11.4 5.5 45.0 7.6 

1.8 5.2 50.2 29.1 

4.0 49.0 13.7 
13.6 3.9 34.8 9.4 

26.9 2.7 28.3 

18.2 16.3 43.5 

38.2 9.8 48.4 

7.7 

aThe composition of sterols represents that of the recovered sterols from the unsaponifiable matter after alkali hydrolysis. 
bUnidentified sterols of A s- and A'-series. 
CContains spinasterol and other AT-sterols. 

these species were expected to contain considerable 
amounts  of AT-sterols. Similarly, m a n y  of the frui t  sur- 
face lipids seem to contain cholesterol as a common sterol 
component .  However,  the cholesterol contents  were ex- 
ceptionally small in cabbage  leaves and green pepper  
fruits.  Cholestanol also was detected as a minor compo- 
nent of leaf and fruit surface sterols in many  plant  species. 

DISCUSSION 

The present  results  demons t ra te  tha t  the major i ty  of the 
plant  species examined contain a considerable proportion 
of cholesterol in the component  sterols of leaf and fruit  
surface lipids. Therefore, cholesterol seems to be a com- 
mon and important  component  sterol also in plants. These 
facts  up to now have been overlooked, p resumably  b e  
cause plant  sterol composi t ions have been es t imated  
generally with seed lipids t ha t  contain cholesterol as a 
minor component  sterol. 

I t  is probable tha t  cholesterol may  be present  as a com- 
mon major  sterol also in the fruit  surface lipids of various 
p lant  species with few exceptions. The detailed da ta  on 
the sterol  composi t ions of fruit  surface lipids will be 
repor ted in the near  future.  A remarkable  difference in 
the cholesterol content  was observed even in the same 
plant  genus, as shown between rape and cabbage  
(Tables 1 and 3). 

In  Table 1, the propor t ion of cholesterol was lower in 
the leaf intraceUular lipids than  in the surface lipids, in 
spite of a high proport ion of cholesterol in chloroplast  
sterols as reported by  Knights  {16). This may  suggest  the 
specific localization of cholesterol among  cell organelles. 
I t  is not  known if the chlorophyll  content  of leaves is r e  
sponsible for the cholesterol content. Further  experiments 

m a y  be necessary on the changes  in cholesterol content  
in the leaf surface lipids dur ing development  of leaves, 
and also on the mechanism of the localization of choles- 
terol on the leaf surface. 

The biosynthesis  of ecdysteroids by  insects has  been 
discussed generally on the assumpt ion  t ha t  cholesterol 
as the precursor  of ecdysone m a y  be metabolized mainly 
f rom 24-alkylsterols such as sitosterol,  s t igmasterol ,  
campesterol,  etc., because cholesterol was regarded as the 
minor component  sterol in plant  leaves (23). However,  the 
direct synthet ic  route f rom cholesterol in leaf lipids m a y  
not  be negligible in considerat ion of the presence of a 
significant amount  of cholesterol in leaf sterols as 
repor ted here. 

Analytical da ta  on the sterol composit ions of vegetable 
foods should be reexamined f rom the viewpoint  of the 
dis tr ibut ion and locMizatoin of cholesterol as a major  
sterol  component  in vegetables.  
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Mucosa of Rats Treated with 1,2-Dimethylhydrazine 
R. Dahiya, P.K. Dudeja and T.A. Brasitus* 
Departments of Medicine, University of Chicago Hospitals and Clinics and Michael Reese Hospital, Pritzker School of Medicine of the 
University of Chicago 

1,2-Dimethylhydrazine is a procarcinogen with selectiv- 
ity for the colon and proximal small intestine. In weekly 
subcutaneous {s.c.} doses of 20 mg/kg body weight, this 
agent produces colonic and proximal small intestinal 
tumors in a high percentage of rodents with a latency 
period of approximately six months. To determine 
whether alterations in the glycosphingolipid content of 
rat proximal and/or distal small intestinal mucosa existed 
before the development of dimethylhydrazine-induced 
cancer, rat were given s.c. injections of this agent {20 mg/ 
kg body weight per wk) or diluent for five wk. Animals 
were killed at this time, and mucosa was isolated from 
each small intestinal segment of both groups. Glyco- 
sphingolipids then were extracted from these tissues and 
analyzed by high performance thin layer chromatography 
and gas liquid chromatography. 

The results of these studies demonstrated that (1) the 
content of neutral and acidic glycosphingolipids was 
significantly decreased {approximately 20%) in the prox- 
imal small intestine of treated rats compared with their 
control counterparts; (2) no significant difference in the 
glycosphingolipid content was seen, however, in the distal 
small intestinal mucosa of control and treated rats; and 
(3} while significant differences were noted in the major- 
ity of fatty acids of GM3, glucosyl- and globotriaosylcer- 
amide in the proximal small intestine of control and 
treated animals, differences in the fatty acids of these 
glycosphingolipids in the distal segment of these groups 
were confined to stearic {18:0} acid and/or arachidic {20:0} 
acid. 
Lipids 23, 445-451 (1988). 

During the past several years, the relationship between 
glycosphingolipids and the malignant transformation 
process has received considerable attention {1-3}. Re- 
cently, utilizing the 1,2-dimethylhydrazine model of col- 
onic adenocarcinoma {4,5} our laboratory has demon- 
strated alterations in the glycosphingolipid composition 
and content of colonic epithelial cells of rats administered 
dimethylhydrazine (20 mg/kg body weight/wk) s.c. for five 
wk (6). Because this treatment regimen produces colonic 
tumors in virtually 100% of rodents with a latency period 
of about six months {4,5}, these glycosphingolipid changes 
induced by this procarcinogen were noted before the  
development of histologically detectable tumors and, 
therefore, were termed "premalignant." Their exact rela- 
tionship to the malignant transformation process, how- 
ever, remained unclear. 

In this regard, the dimethylhydrazine model used in our 
earlier experiments has been studied extensively {4,5}. 

*To whom correspondence should be addressed at University of 
Chicago Hospitals and Clinics, Box 400, 5841 South Maryland Ave., 
Chicago, IL 60637. 
Abbreviations: GLC, gas liquid chromatography; HPTLC, high per- 
formance thin layer chromatography. 

One aspect of this model that  generally has not been ap- 
preciated, however, is the predilection for this procar- 
cinogen to produce tumors in the proximal small intestine 
as well as in the colon (4}. At a dosage of 20 mg/kg body 
weight/wk s.c. for 20-24 wk, a significant percentage of 
rats develop adenocarcinomas of the duodenum and prox- 
imal jejunum but not of the ileum (4). Therefore, the pres- 
ent studies were undertaken to examine and compare the 
glycosphingolipid content and composition of proximal 
and distal small intestinal mucosa of rats administered 
diluent or dimethylhydrazine for five wk. The results ob- 
tained from these experiments adds support to our earlier 
contention that alterations in glycosphingolipids may be 
an early event in the intestinal malignant transformation 
process induced by 1,2-dimethylhydrazine (6} and serves 
as the basis for the present report. 

MATERIALS AND METHODS 

Materials. Sphingosine standards and 3% OV-1 on 
Anakron ABS were purchased from Analabs {North 
Haven, CT). Phytosphingosine was obtained from 
Calbiochem (La Jolla, CA). Florisil {60-100 mesh} and 
fluorescamine (Fluram-Roche) were obtained from Fisher 
Scientific (Fairlawn, N J). Mixtures of nonhydroxy and 
hydroxy fatty acid standards and EGSS-X 10% on Gas 
Chrom P and Power-Sil-Prep were obtained from Alltech/ 
Applied Science Lab. Inc. {State College, PA). The gan- 
glioside standards GM1, GD1 a, GT] a and GT1 b were pur- 
chased from Supelco (Belleforte, PA). GM2 isolated from 
Tay-Sachs brain was a gift from G. Dawson. GM3 was 
isolated and purified by the method of Glickman and 
Bouhours (7} from rat small intestine. Ceramide was pur- 
chased from Analabs. Glucosyl-, lactosyl-, globotriaosyl- 
and globotetraosylceramide were gifts from S. K. Kundu 
and were purified from human erythrocytes (8}. All other 
chemicals were purchased from Fisher Chemical Co. (St. 
Louis, MO} or Sigma Chemical Co. (St. Louis, MO), unless 
otherwise indicated. 

Lipid extraction. Male albino Sherman rats weighing 
75 to 100 g were given s.c. injections of diluent (24 rats} 
or 1,2-dimethylhydrazine (Sigma Chemical Co.) (24 rats) 
at a dose of 20 mg/kg body weight per week for five wk 
as described (6). After five wk, control (3 groups of 8 rats} 
and dimethylhydrazine-treated animals (3 groups of 8 
rats} were fasted for 18 hr with water ad libitum before 
being killed. Weight gain was comparable in all groups 
at this time. The animals were killed by cervical disloca- 
tion, and the proximal one-third and distal one-third of 
the small intestines of each group of animals were excised. 
The mucosa of each segment was scraped off with a glass 
slide and pooled with members of its respective group. 
Each of the samples then was homogenized in a waring 
blendor in methanol and extracted with 20 volumes 
of chloroform]methanol (2:1, v/v), overnight (9}. The pro- 
tein residue was collected by filtration and re-extracted 
with chloroform]methanol {1:2, v/v}. The filtrates were 
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combined, dried in a rotary evaporator and redissolved 
in chloroform/methanol (2:1, v/v) for further analysis {see 
below). 

Glycosphingolipid and ceramide purification and iden- 
tification by high performance thin layer chromatography 
(HPTLC). Total lipid extracts were partitioned with water 
and the lower phase washed five times with Folch upper 
phase (chloroform/methanol/water; 3:48:47, v/v/v) to in- 
sure complete extraction of gangliosides into the upper 
phase (9). The upper phase gangliosides then were purified 
by C18 reverse-phase chromatography (Sep-pak car- 
tridges} as described (10). 

The neutral glycollpids and ceramide were purified by 
chromatography of the acetylated neutral lipids on a 
Florisil column (11). The gangliosides, ceramide and the 
deacetylated neutral lipids were analyzed by HPTLC on 
Silica-gel 60 precoated plates (E. Merck, Darmstadt, West 
Germany) in the solvent system chloroform/methanol] 
water/2% CaC12 (60:35:7:1, v/v/v/v) {12). Glycolipids were 
visualized by a-naphthol-sulfuric acid spray, while gan- 
gliosides were visualized by resorcinol spray {13). 

Individual neutral glycolipids and ceramide also were 
identified by brief exposure to iodine vapor and then 
quantified after scraping the silica gel area corresponding 
to their position following migration. The amount of 
sphingoid bases liberated by methanolysis was deter- 
mined by fluorimetry following reaction of the free bases 
with fluorescamine {11). Quantification of the various 
gangliosides was performed using a Beckman den- 
sitometer as described by Mullin et al. {12}. All of the 
bands from each ganglioside species were analyzed in the 
present experiments. Recoveries were determined using 
radiolabeled glycosphingolipids as described by Suzuki 
et al. (14). Recoveries for GM3, ceramide, glucosyl-, 
lactosyl- globotriaosyl- and globotetraosylcerAmlde were 
77 +_ 6, 82+_ 7, 8 1 _  6, 78 + 4, 85 + 6 a n d 7 9  + 5%, 
respectively {N -- 3). The variations in recoveries of these 
various lipids were not found to be significantly different. 

Desialylation of GM3. Desialylation of purified GM3 was 
performed by acid hydrolysis using 0.1M H2SO4 at 80 C 
for 1.5 hr as described {15). N-glycolyl and N-acetyl- 
neuraminic acids were separated on HPTLC plates using 
a solvent system of n-propyl-alcohol/water/ammonium 
hydroxide (60:28:1.5, v/v/v) (16) and visualized with 
resorcinol. 

Analysis of carbohydrate moieties of GM3 and neutral 
glycolipids. Carbohydrate moieties were identified by gas 
liquid chromatographic (GLC) analysis of their trimethyl- 
silyl derivatives as described {7,17). 

Analysis of fatty acids and long-chain bases of glyco- 
sphingolipids and ceramide. Individual glycosphingo- 
lipids and ceramide were separated and identified by 
HPTLC (see above) and after scraping the silica gel area 
corresponding to their position were hydrolized in 1 ml 
of dry methanolic HC1 (0.75 N) at 80 C for 16 hr, followed 
by extraction of fatty acid methyl esters by hexane (18). 
The methanolic phase then was alkalinized with aqueous 
NaOH and the long chain bases extracted by diethyl ether 
(19). 

Nonhydroxy and hydroxy fatty acids were separated 
by chromatography on a Florisil column as described (20). 
In certain experiments, a known amount of C2, fatty acid 
methyl ester was added as an internal standard to quan- 
ti tate the nonhydroxy and hydroxy fatty acids in the 

samples {21). Nonhydroxy fatty acid methyl esters were 
dissolved in a small volume of hexane while hydroxy fatty 
acid methyl esters were silylated before chromatography 
{21}. Analyses of both nonhydroxy and hydroxy fatty 
acids were performed on a Hewlett-Packard 5790A gas 
liquid chromatograph equipped with a flame ionization 
detector and interfaced with a Hewlett-Packard 3390A 
integrator as described {21}. Peak identification was based 
on identical retention times with known standards run 
under the same conditions {21). 

Long-chain bases, free from fatty acids, were dissolved 
in chloroform, washed with 0.1 M NaOH and then 
repeatedly washed with water. The chloroform phase was 
dried under N2 and the residue sflylated as described {22}. 
The long-chain bases then were analyzed by GLC on an 
OV-1 column operated with temperature programming 
from 245 to 305 C at 3 C per min {21}. Identification was 
based on identical retention times with known standards 
run under the same conditions (21). 

Histological studies. At five wk, 1-cm proximal and 
distal segments from each control and dimethylhydrazine- 
treated animal immediately were fixed in 4% paraform- 
aldehyde. Fixed specimens then were embedded in paraf- 
fin for light microscopic examination and stained with 
hematoxylin and eosin as described {23}. 

Statistical methods. Unless otherwise indicated, all 
results are expressed as mean values +_ S.E. Paired or 
unpaired Student's t-tests were used for all statistical 
analysis. P < 0.05 was considered significant. 

RESULTS 

Light microscopic studies. In the present studies, despite 
extensive sampling of both control and treated small in- 
testinal mucosa, no evidence of severe atypia, carcinoma 
in situ or microscopic adenocarcinoma was seen in either 
the proximal or distal-thirds of the small intestine after 
five wk of administration of diluent or dimethylhydrazine 
(not shown}. 

Analysis of glycosphingolipids and ceramide in control 
and dimethylhydrazine-treated small intestinal mucosa. 
In agreement with earlier studies by our laboratory (24) 
and others (7,21,25), as assessed by HPTLC the major 
neutral glycosphingolipids of the control proximal and 
distal-thirds of the small intestinal mucosa were glucosyl- 
ceramide and globotriaosylceramide (Table 1), and the 
major ganglioside was GM3 (Table 2). Smaller amounts of 
lactosyl- and globotetraosylceramide as well as ceramide, 
a non-sugar-containing compound, also were present in 
both of these control segments {Table 1). In the dimethyl- 
hydrazine-treated segments, these same neutral and 
acidic glycosphingolipids predominated, and their relative 
percentages were similar to their control counterparts. 

As shown in Tables 1 and 2, however, the overall con- 
tent of the neutral glycosphingolipids and gangliosides 
of the proximal segment of dimethylhydrazine-treated 
rats, as assessed by HPTLC, each were decreased signifi- 
cantly {approximately 20%) compared with the content 
of these glycosphingolipids in the proximal segment of 
control rats. In contrast, the content of these lipids in the 
distal segment was similar in control and treated animals 
{Tables 1 and 2). 

Analysis of the sugar moieties of these glycosphingo- 
lipids by GLC further established their identities and 
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TABLE 1 

Content and Relative Percentages of Ceramide and the Neutral Glycosphingolipids of Proximal and Distal Small Intestinal Mucosa 
of Control and DimethylhydrAzlne-treated Rats Assessed by HPTLC 

Proximal third Distal third 

Control Treated Control Treated 

Cer amide/glycosphingolipid Content a % Content % Content % Content % 

Ceramide 3.3 • 0.8 15.9 2.6 • 0.7 16.2 10.0 • 1.0 16.6 10.1 • 1.1 16.5 
Glucosylceramide 6.4 • 0.9 31.5 4.9 • 1.6 30.3 19.9 + 2.3 33.1 19.2 • 1.8 31.5 
Lactosylceramide 1.7 • 0.4 8.1 1.8 • 0.8 11.5 6.3 • 0.5 10.6 6.1 • 0.3 9.9 
Globotriaosylceramide 6.3 • 1.4 30.7 5.2 • 0.4 32.6 18.5 • 1.9 30.7 18.8 • 1.6 30.8 
Globotetraosylceramide 2.2 • 0.7 10.5 1.5 +_ 0.8 9.3 5.3 • 0.9 8.8 6.7 • 0.8 11.4 

Total 20.2 • 1.0 16.0 • 1.2" 60.2 • 1.6 60.8 • 1.4 

aContent values are expressed as nmol sphingosine/mg protein and represent means • S.E. of three separate preparations {8 rats/prep.} 
of each group. 

*P < 0.05 compared with proximal third control value. 

TABLE 2 

Content and Relative Percentages of GM3 and Other Gangliosides of Proximal and Distal Small Intestinal Mucosa 
of Control and Dimethylhydrazine~treated Rats Assessed by HPTLC 

Proximal third Distal third 

Control Treated Control Treated 

G anglioside Content a % Content % Content % Content % 

GM3 5.6 + 0.6 84.4 4.6 +_ 0.3 86.2 8.5 + 0.6 88.6 8.3 • 0.4 
Others 1.0 • 0.3 15.3 0.7 • 0.3 13.7 1.2 • 0.3 11.0 1.4 • 0.3 

Total 6.6 • 0.5 5.3 • 0.4* 9.6 • 0.5 9.7 • 0.4 

85.7 
14.5 

aContent values are expressed as ~g NeuAc/rng protein and represent means • S.E. of three separate preparations of each group. 
*P < 0.05 compared with proximal third control value. 

showed similar molar  ra t ios  of these moieties for each of 
the glycosphingolipicls of control and dimethylhydrazine~ 
t rea ted  samples  of proximal  and distal  small intest inal  
mucosa  (not shown). 

After  acid hydrolysis,  the sialic acid moieties of GM3 
of control  and dimethylhydrazine- t rea ted  proximal  and 
distal  segments  were found to contain bo th  N-acetyl  and 
N-glycolylneuraminic acid. The la t ter  form, however, pre~ 
dominated  in bo th  segments  and was approximate ly  
equal in control  and t rea ted  samples  {Table 3). 

To detect  any other  possible differences between the 
glycosphingolipids of control and t reated-intest inal  mu- 
cosa, the long-chain bases  and f a t t y  acids of neutra l  and 
acidic glycolipids of bo th  segments  were examined and 
compared.  Earl ier  s tudies by  our labora tory  {24} and 
others  {21) have  shown tha t  the long-chain base  of the 
various glycolipids was predominant ly phytosphingosine 
(4D-hydrosphinganine} in control  r a t  small intest inal  
mucosa.  As shown in Table 4, the principal base  of each 
neutra l  glycosphingolipid as well as GM3 in control  and 
dimethylhydrazine~treated proximal and distal segments  
also was found to be phytosphingosine,  a l though lesser 
quant i t ies  of sphingosine also were present  in each of 
these glycosphingolipids.  No significant differences, 

however, were noted in the relative percentages  of these 
bases  in the var ious glycosphingolipids of control and 
t rea ted  intest inal  mucosal  segments  examined {Table 4}. 

In agreement with earlier studies performed in ra t  small 
intes t inal  mucosa  {21}, GM3, glucosyl- and globotri-  
aosylceramide in bo th  intest inal  segments  of control 
animals  contained hydroxy  and nonhydroxy  f a t ty  acids 
{Tables 5-7}. The f a t ty  acids of GM3 and glucosylcer- 
arnide in these t issues were predominant ly  hydroxyla ted  
{Tables 5 and 6}, whereas the f a t ty  acids of globotri- 
aosylceramide predominant ly  were found to be nonhy- 
droxyla ted  {Table 7} {21}. In  the present  studies, the 
relat ive percentages  of hydroxy  and nonhydroxy  f a t t y  
acids in these three glycosphingolipids were similar in 
d imethylhydrazine- t rea ted  and control prepara t ions  
{Tables 5-7}. 

In  cont ras t  to these findings, however, analysis  of the 
individual f a t ty  acids of t rea ted  and control GM3 re ~ 
vealed significant differences, particularly in the proximal 
intestinal segments  {Table 5}. As can be seen in this table, 
the hydroxy  and nonhydroxy  levels of palmitic (16:0}, 
s tearic  {18:0}, oleic 118:1}, arachidic {20:0} and behenic 
{22:0} acids of GM3 in the t rea ted  proximal  segment  
differed significantly f rom their  control counterpar ts .  
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TABLE 3 

Relative Percentage of N-Acetyl and N-Glycolylneuramlnic Acid in GM3 of Proximal and Distal Small Intestinal Mucosa 
of Control and Dimethylhydrazin~treated Rats  a 

Proximal third Distal third 

Form of sialic acid Control Treated Control Treated 

N-Acetyl 35.3 ___ 2.1 34.1 +_ 1.4 34.4 --- 2.5 33.9 ___ 1.7 
N-Glycolyl 64.6 ___ 2.2* 65.8 _ 1.5" 63.7 +- 1.7" 66.0 _ 1.7" 

aValues represent means ___ S.E. of three separate preparations of each group. 
*P < 0.05 or less compared with N-acetyl value. 

TABLE 4 

Relative Percentages of Sphingosine (S) and Phytosphingosine (P) in Glycosphingolipids of Different Segments 
of Small Intestinal  Mucosa of Control and Dimethylhydrazine-treated Rats  a 

Proximal third Distal third 

Control Treated Control Treated 

Glycosphingolipid S P S P S P S P 

Glucosylceramide 11.0 70.1" 12.0 73.1" 11.0 69.2" 13.0 74.1" 
Globotriaosylcer amide 10.5 74.0* 10.5 76.0* 10.6 73.2* 11.0 75.4* 
GM3 11.6 76.0* 10.4 79.6* 11.1 71.1" 9.5 76.0* 

aValues represent the mean of three separate preparations of each group by GLC (21,26). Percentages do not add up to 100% because 
of other bases as yet  unidentified. All S.E. were less than 7% and therefore are not shown. 
*P < 0.01 or less compared with ~value  of same control or treated segment. 

TABLE 5 

Hydroxy and Nonhydroxy Fatty Acid Composition of GM3 from Different Segments 
of the Small Intestinal Mucoea of Control and Dimethylhydrazine-treated rats a 

Proximal third Distal third 

Control Treated Control Treated 

Fat ty  HFA % NFA % HFA % NFA % HFA % NFA % HFA % FA % 
acids (71.4) (28.9) b (73.3) (26.6) (70.4) (30.0) (72.2) (27.7) 

16:0 8.5 15.7 3.5* 9.6* 11.5 17.6 13.5 16.9 
16:1 trace trace trace trace trace trace trace trace 
18:0 26.4 29.4 14.5" 19.1" 28.5 36.1 32.0* 26.4* 
18:1 5.4 5.5 8.0* 3.5* 5.5 8.0 6.7 6.7 
20:0 10.6 9.2 7.8* 6.3* 8.9 7.8 9.8 8.2 
20:4 trace trace trace trace trace trace trace trace 
22:0 3.7 10.2 6.4* 8.5* 9.2 8.6 7.0 10.7 
24:0 8.2 8.5 8.5 38.1" 7.2 9.2 8.3 9.4 
26:0 15.2 4.6 53.0* --  8.0 --  8.7 --  

HFA, hydroxy fat ty acids; NFA, nonhydroxy fat ty acids. 

aValues are means of three separate preparations. S.E. were all less than 6% of mean value. Trace indicates 2.0% or less of the total. 
bValues in parentheses represent the relative percentages of hydroxy or nonhydroxy fatty acids for GM3 extracted from each group. Values 
reported are the means of three separate preparations and were obtained with the use of methylheneicosanate as internal standard. S.E. 
were all less than 5% of mean values. 

*P < 0.05 or less compared with control values of that  segment. 
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TABLE 6 

Hydroxy and Nonhydroxy Fatty Acid Composition of Glucosylceramide from Different Segments 
of the Small Intestinal Mucosa of Control and Dimethylhydrazine-treated Rats a 

Proximal third Distal third 

Control Treated Control Treated 

Fatty HFA % NFA % HFA % NFA % HFA % NFA % HFA % NFA % 
acids (70.3) (29.6) b (72.3) (27.5) (69.1) (30.7) (71.4) (28.5) 

16:0 24.7 24.4 23.2 23.2 22.0 23.7 20.7 24.3 
16:1 Trace Trace Trace Trace 2.1 2.4 Trace Trace 
18:0 20.1 20.5 32.0* 31.7" 15.0 17.4 32.6* 35.4* 
18:1 16.3 15.7 8.9* 9.2* 18.0 19.1 18.9 20.7 
20:0 21.7 22.2 14.3" 14.7" 22.0 22.4 9.2* 10.2" 
20:4 Trace Trace Trace Trace Trace Trace Trace Trace 
22:0 6.6 6.9 8.1" 8.9* 5.6 5.6 5.8 4.1 
24:0 3.2 Trace 2.3 -- 4.5 -- 5.5 -- 
26:0 . . . .  3.7 -- 2.1 -- 

HFA, hydroxy fatty acids; NFA, nonhydroxy fatty acids. 
aValues are means of three separate preparations. S.E. were all less than 5% of mean value. Trace indicates 2.0% or less of the total. 
bValues in parentheses represent the relative percentages of hydroxy or nonhydroxy fatty acids for glucosylcerarnide extracted from 
each group. Values reported are the means of three separate preparations and were obtained with the use of methylheneicosanate as inter- 
nal standard. S.E. were all less than 5% of mean values. 
*P < 0.05 or less compared with control values of that segment. 

TABLE 7 

Hydroxy and Nonhydroxy Fatty Acid Composition of Globotriaosylceramide from Different Segments 
of the Small Intestinal Mucosa of Control and Dimethylhydrazine-treated Rats a 

Proximal third Distal third 

Control Treated Control Treated 

Fatty HFA % NFA % HFA % NFA % HFA % N F A %  HFA % NFA % 
acids (28.6) (71.4) (29.3) (70.6) (31.3) (68.7) (31.0) (69.1) 

16:0 32.7 34.4 37.7* 37.6* 35.6 37.1 36.0 37.0 
16:1 Trace Trace Trace Trace Trace Trace Trace Trace 
18:0 19.4 19.3 22.4* 22.1" 16.9 15.9 25.2* 20.8* 
18:1 11.5 11.7 7.7* 8.0* 15.8 16.5 15.4 15.5 
20:0 21.0 20.3 17.5" 18.2 14.7 17.5 12.5" 10.3" 
20:4 Trace Trace Trace Trace Trace Trace Trace Trace 
22:0 5.2 5.3 6.7* 7.1" 4.1 6.7 4.0 5.9 
24:0 Trace Trace Trace -- -- 2.5 -- 2.3 
26:0 Trace Trace . . . . . .  

HFA, hydroxy fatty acids; NFA, nonhydroxy fatty acids. 
aValues are means of three separate preparations. S.E. were all less than 6% of mean value. Trace indicates 2.0% or less of the total. 
bValues in parentheses represent the relative percentages of hydroxy or nonhydroxy fatty acids for globotriaosylceramide extracted from 
each group. Values reported are the means of three separate preparations and were obtained with the use of methylheneicosanate as inter- 
nal standard. S.E. were all less than 6% of mean values. 
*P < 0.05 or less compared with control values of that segment. 

Moreove r ,  m a r k e d  inc reases  were  n o t e d  in t he  levels  of  
nonhyd roxy - l i gnocen i c  acid (24:0) and  hyd roxy -ce ro t i c  
acid (26:0) of  GM3 in t he  t r e a t e d  p r o x i m a l  s e g m e n t  
{Table 5). I n  the  d i s t a l  s egmen t ,  d i f ferences  in t he  
h y d r o x y  and n o n h y d r o x y  levels  of  the  f a t t y  acids of GM3 
only  were  seen  w i t h  r e s p e c t  to  s t ea r ic  acid {Table 5). 

S imi la r ly ,  as shown in Tab les  6 and  7 smal l  b u t  signifi-  
c a n t  d i f fe rences  were  n o t e d  in m a n y  of t he  h y d r o x y  and  
n o n h y d r o x y  f a t t y  ac ids  of  g lucosyl -  and  g lobo t r i aosy l -  

ceramide  p resen t  in p rox imal  t r ea ted  and control  prepara-  
t ions ,  whe reas  in t he  d i s t a l  s e g m e n t s  only  the  levels  of 
hyd roxy  and nonhyd roxy  s tear ic  and arachidic  acids were  
found  to  differ  in these  neu t r a l  g lycosph ingo l ip ids  of  con- 
t ro l  and  t r e a t e d  animals .  

DISCUSSION 
In  an earl ier  publ ica t ion  (6), our  l abo ra to ry  d e m o n s t r a t e d  
t h a t  a n u m b e r  of  a l t e r a t i o n s  cou ld  be  d e t e c t e d  in colonic  
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epithelial cells of rats administered dimethylhydroziue s.c. 
(20 mg/kg body weight/wk) for five wk. While changes in 
the acidic and neutral glycosphingolipids of small in- 
testinal mucosa also were noted in the present experi- 
ments using this same treatment regimen, it is of interest 
to compare and contrast the results obtained in these two 
studies. 

In this regard, dimethylhydrazine treatment signifi- 
cantly reduced the total content of glycosphingolipids in 
the rat colon and proximal small intestine by approx- 
imately 11% and 20%, respectively, whereas it did not 
affect the glycolipid content of the rat distal small in- 
testine. Furthermore, this agent increased the content 
and relative percentage of colonic globotriaosylceramide 
and decreased the content and relative percentage of col- 
onic GM3 and globotetraosylceramide, while not signifi- 
cantly affecting these glycosphingolipids in either seg- 
ment of rat small intestine. In both small and large in- 
testines, dimethylhydrazine did not appear to influence 
the relative percentages of the long-chain bases of the 
major glycosphingolipids of these organs or the relative 
percentage of the sialic acid moieties of GM3. However, 
dimethylhydrazine did appear to influence the individual 
hydroxy and nonhydroxy fat ty acids of the principal 
giycosphingolipids of rat colon and small intestine. It 
should be noted that  the changes induced by this agent 
involved a number of different fat ty acids in the glyco- 
sphingolipids of rat colon and proximal small intestine, 
while in the distal small intestine the changes were con- 
fined to stearic and/or arachidic acids. These results 
deserve further comment. 

First, it is important to note that in the present studies 
the dimethylhydrAzine-induced decrease in glycosphingo- 
lipid content was confined to the proximal small intestine. 
Furthermore, while alterations in the individual fat ty 
acids of the major ganglioside, GM3, and the major 
neutral glycolipids, glucosoyl- and globotriaosylceramide, 
were detected in both small intestinal segments, the com- 
positional changes clearly were more generalized and im- 
pressive in the treated proximal segment. These findings 
are particularly interesting in view of the predilection for 
the development of tumors in the proximal small intestine 
of animals treated with this procarcinogen (4). The specific 
reason(s) that underlie this increased propensity to 
develop proximal intestinal neoplasia in this cancer model 
remain unclear (4), although earlier investigations (4) have 
suggested that this phenomenon may be related to biliary 
contents, particularly bile salts, acting as promoters of 
carcinogenesis at this intestinal site. These results, taken 
together with our earlier findings, which demonstrated 
that dimethylhydrazine treatment also produced changes 
in the composition of glycosphingolipids in the rat colon, 
strongly suggest that these changes may be involved in 
the malignant transformation process induced by this 
agent. Despite extensive sampling, no evidence of severe 
atypia, carcinoma in situ or microscopic adenocarcinomas 
was seen in treated or control small or large intestinal (6) 
tissues in these studies; these data would suggest that  
these glycolipid alterations may represent "premalig- 
nant" alterations. 

Second, as summarized by Hakomori (1,3) glycolipid 
changes associated with oncogenic transformation appear 
to involve three categories: incomplete synthesis, neosyn- 
thesis and organizational rearrangement of membrane 

glycolipods. In our earlier studies in dimethylhydrazine- 
treated rat colon (6), the decreases in GM3 and globo- 
tetraosylceramide appeared to be due, at least in part, to 
decreases in the activities of the enzymes responsible for 
their biosynthesis. In the present studies, while the mech- 
anism(s) responsible for the 20% decrease in glyco- 
sphingolipids in treated proximal small intestine are 
unclear, given the colonic data described above, it would 
seem reasonable to suggest that these changes may in- 
volve a decrease in biosynthesis as well. Clearly, these 
findings also could be secondary to an increase in degrada- 
tion. Further studies will be necessary to clarify this issue. 

Finally, it should be noted that  if one examines the 
"premalignant" changes in glycospingolipids induced by 
five wk of administration of dimethylhydrazine in the rat 
colon and proximal small intestine, no particular pattern 
of change is seen in both treated tissues. This would sug- 
gest that these changes may be organ-specific. However, 
it will be of interest to determine in future experiments 
whether longer periods of administration of dimethyl- 
hydrazine (10-15 wk) at times before the development of 
tumors (24-26 wk) produce additional changes in the 
glycosphingolipids in these organs. If a consistent pat- 
tern of "premalignant" changes can be detected in both 
tissues at these later time points, such changes may pro- 
vide additional and potentially important information on 
the mechanism(s) involved in the malignant transforma- 
tion process induced by dimethylhydrazine. 
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Analysis of Cardiac Membrane Phospholipid Peroxidation Kinetics 
as Malondialdehyde. Nonspecificity of Thiobarbituric Acid-reactivity' 
Davld R. Janero* and Barbara Burghardt 
Department of Pharmacology and Chemotherapy, Hoffmann-La Roche Inc., Roche Research Center, Nutley, NJ O7110 

When exposed to xanthine oxidase {superoxide~lepen- 
dent, iron-promoted Fenton chemistry, purified cardiac 
membranes evidenced, by the thiobarbituric acid (TBA} 
test, a virtually instantaneous peroxidative response with 
a maximal linear rate of 5.8 nmol malondialdehyde 
(MDANequivalents/mEquivalents Hpid ester reacted/min. 
Yet when the lipids purified from these same membranes 
and reconstituted into liposomes were peroxidized under 
identical reaction conditions, the TBA test indicated that 
a pronounced (~20-mln) lag period preceded a maximal 
peroxidation rate of only 2.1 nmol MDA~quivalents! 
mEquivalents lipid ester reacted]min. After 120 min of 
peroxidation, the cardiac membranes yielded some 
300 nmoi TBA-rcactive MDA-equivalents/mEquivalent 
ester, whereas the isolated membrane ilpids evidenced 
~40% less TBA-reactivity. To verify that these quan- 
titative and kinetic differences in membrane (phospho)- 
lipid peroxidation occurred with removal of the lipids 
from their membrane milieu, the MDA produced during 
both cardiac membrane peroxidation and the peroxida- 
tion of the lipids derived therefrom was isolated as its 
free anion by ion-pair high-pressure liquid chromatog- 
raphy. As quantified spectrophotometrically, true MDA 
production during myocardial membrane peroxidation 
was identical in kinetics and in amount to the production 
of TBA-reactive substance from the peroxidized isolated 
membrane lipids. These results demonstrate that signifi- 
cant non-MDA, TBA-reactive species are generated dur- 
ing the peroxidation of cardiac membranes, especially 
before the maximal rates of bona fide MDA production. 
As a direct consequence, artifactual levels and kinetics 
of membrane lipid peroxidation do result. 
Lipids 23, 452-458 {1988}. 

Free radical-mediated membrane lipid peroxidation 
through Fenton-type, metal-promoted oxygen chemistry 
is increasingly being appreciated as a causative patho- 
genic factor, especially in myocardial injury (2}. Conse- 
quently, importance rests with the reliable detection and 
quantitative assessment of the extent and dynamics of 
membrane lipid peroxidation. The most extensively 
employed method for the detection and analysis of perox- 
idation is the thiobarbituric acid {TBA) test, predicated 
upon the reactivity of a colorless aldehyde end-product 
of lipid peroxidation, malondialdehyde (MDA), with TBA 
to produce a red adduct {3). The convenience, ease and 
and rapidity of the TBA test have tended, in practice, to 

'Presented in part at the 78th American Off Chemists' Society 
Annual Meeting, New Orleans, LA {May, 1987}. Recipient of an Out- 
standing Paper Presentation Award {1). 
*To whom correspondence should be addressed. 
Abbreviations: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesul- 
ionic acid; MDA, malondialdehyde; 02 = , superoxide anion radical; 
SOD, superoxide dismutase (superoxide:superoxide oxidoreductase, 
EC 1.15.1.1); TBA, thiobarbituric acid; Tris, tris(hydroxymethyl)- 
aminomethane; XOD, xanthine oxidase (xanthine:oxygen oxidore~ 
ductase, EC 1.2.3.2); HPLC, high pressure liquid chromatography. 

mitigate against such considerations as the non- 
specificity of TBAs chemical reactivity {4), the low effi- 
ciency of fatty-acid hydroperoxide breakdown to MDA 
{5), and the effects that procedural modifications have 
upon color development {6}. The TBA test  has been 
employed repeatedly in a variety of cardiac oxidative in- 
jury models to measure myocardial membrane lipid perox- 
idation {e.g., 7,8}. 

This report details quantitative and kinetic investiga- 
tions of the relationship between TBA-reactivity and 
bona fide MDA production during the peroxidation of 
cardiac membranes and their lipids. A defined, physio- 
logically relevant oxidative injury system based upon 
xanthine oxidase {XOD)-mediated, superoxide {O~=)- 
dependent, iron-promoted Fenton chemistry {2) is em- 
ployed. The results demonstrate that only when isolated 
cardiac membrane lipids are peroxidized does TBA- 
reactivity reflect MDA production and, hence, lipid perox- 
idation. The fact that no qualitative or quantitative 
reliability could be demonstrated to support the use of 
the TBA test as an analytical tool with which to monitor 
the peroxidation of the cardiac membranes themselves 
would urge that caution be exercised when applying the 
TBA test to membrane/membraneous organelle systems. 

EXPERIMENTAL PROCEDURES 

Materials. Allopurinol, N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonlc acid {HEPES}, dithiothreitol, tris{hydroxy- 
methyl)aminomethane {Tris}, hydroxylamine hydrochlo- 
ride, ADP, TBA, and tetramethoxypropane were from 
Sigma Chemical Co. {St. Louis, MO}. XOD {analytical 
preparation from bovine milk; 1.0 unit/mg) and superox- 
ide dismutase {SOD; analytical preparation from bovine 
erythrocytes; 5000 units/mg) were purchased from 
Boehringer-Mannheim {Indianapolis, IN). Desferriox- 
amine B {Desferal} was a gift from Ciba A.G. {Basle, 
Switzerland}. a-Tocopherol was synthesized by Hoffrnarm- 
La Roche. All solvents were of analytical grade {Burdick 
and Jackson, Muskegon, MI). 

Isolation of rat myocardial membranes. The procedure 
was carried out in a dehumidified cold-room (3 C}. Con- 
scious male Sprague-Dawley rats {~275 g; Charles River, 
Boston, MA) maintained on a normal rodent diet were 
decapitated. Each heart was rapidly excised and perfused 
via the aorta with 20.0 ml ice-cold 10 mM HEPES buf- 
fer, pit  7.4. The trimmed ventricular muscle masses were 
pooled, minced, and homogenized (100 mg tissue/ml ice- 
cold HEPES) for 3 • 5 sec with a Tissumizer {Tekmar, 
Cincinnati, OH) at maximal setting. The homogenate was 
filtered through four-ply cheesecloth, and the myocardial 
membranes were isolated from the filtrate by utilizing 
KCI extraction to remove contractile protein and differen- 
tial centrifugation in 10.0 mM Tris-HC1, pH 7.4, contain- 
ing 2.0 mM dithiothreitol {9}. The membranes were used 
immediately after having been washed twice with 25.0 ml 
10 mM HEPES-0.145 M KC1, pH 7.4. 
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Lipid extraction and quantification. Lipids were ex- 
tracted and purified from the myocardial membranes by 
a modified Bligh-Dyer (10) procedure (11). The final 
chloroform phase containing the purified lipid represented 
quantitative recovery of myocardial membrane lipid: 
>98% of the radioactivity associated with the organic 
fraction obtained by direct saponification (12) of mem- 
brane metabolically labeled in vivo from ['4C]acetate, 
sodium salt, (54.0 mCi]mmol, sp. act. [New England 
Nuclear, Boston, MA]) was recovered in the saponified 
fraction from the lipid extracted out of an identical 
amount of membrane. The myocardial membrane total 
lipid extract was resolved into its constituent phospho- 
lipid and neutral lipid fractions by Sep-Pak silica column 
chromatography (Waters, Milford, MA) (13). All lipids 
were stored in chloroform under argon at - 2 0  C (14). 

Lipid phosphate was determined microchemically on 
perchloric acid digests (15). The hydroxamate reaction 
was used to measure lipid ester (16); L-a-phosphatidyl- 
choline dipalmitate (Avanti Polar Lipids, Birmingham, 
AL) was used as standard. 

Preparation of cardiac liposomes. A known amount of 
myocardial membrane lipid in chloroform was placed into 
a rotating glass flask and taken to dryness under nitrogen 
at room temperature. The lipid was taken up in 10 mM 
HEPES-0.145 M KC1, pH 7.4, and was resuspended by 
indirect anaerobic sonication for 15 rain at room tempera- 
ture. The liposomes were used immediately. 

Peroxidation reaction system. Cardiac liposomes or 
membranes (at equal lipid concentrations) were subjected 
to Or iron-promoted peroxidation in glass 
tubes. Ninety minutes before the start of the reaction, 
a chelate was formed in 10.0 mM HEPES-0.145 M KC1 
buffer, pH 7.4, between Fe s§ (1.0 mM FeCI3, final conc.) 
and ADP (10.0 mM, final conc.) with continuous stirring 
at room temperature. The peroxidation reaction, in a final 
volume of 1.0 ml, contained the following components 
at their specified final concentrations: 10 mM HEPES- 
0.145 M KC1, pH 7.4; 1.0 mM hypoxanthine; 0.1 mM 
Fe3§ mM ADP chelate; 125 ~g lipid (as membrane or 
liposomal suspension); and 10 mUnits XOD. The reaction 
was started by adding the XOD, mixing, and incubating 
at 37 C in a shsklng water bath. Membranefliposome 
samples also were incubated in parallel to the same final 
lipid concentration but without free radical generator {i.e., 
without hypoxanthine, Fe-ADP, and XOD). The perox- 
idation incubation was ended on ice by lipid extraction, 
acidification, or SOD addition, depending upon the subse- 
quent analysis (below). Solutions of a-tocopherol were 
prepared under yellow lighting in ethanol such that the 
final solvent concentration in the peroxidation reaction 
was 1,000-fold below that which affected peroxidation. 
Desferrioxamine and allopurinol were solubilized in 
10 mM HEPES-0.145 M KC1, pH 7.4. Dose-response 
curves to define, quantitatively, the effects of these 
agents were generated with the programming assistance 
of RS/1 software (BBN Corp., Cambridge, MA) on an 
IBM PC-AT (IBM, Boca Raton, FL). 

Determination of the production of conjugated dienes 
and TBA-reactive substance during peroxidation. For con- 
jugated diene analysis, lipids were extracted (11) out of 
2.0 ml of peroxidation reaction mixture and the parallel, 
nonperoxidized membrane or lipid samples. The purified 
lipids were dissolved in 1.0 ml spectro-grade cyclohexane. 

Spectra of the lipids were taken against cyclohexane from 
190 nm-400 nm in a DU-7 kinetic spectrophotometer 
(Beckman, Palo Alto, CA). Spectra of the lipids of non- 
peroxidized liposomes and membranes and of the perox- 
idation reaction mixture itself were the blank spectra. 
Raw spectra were corrected for Rayleigh scattering (17), 
and the nonperoxidized lipid and reagent blank spectra 
were subtracted from the appropriate experimental, 
peroxidized lipid spectra to obtain difference spectra. 
Calculation of net conjugated diene formation was made 
from the difference spectra using the molar absorptivities 
given (18). 

The TBA test was conducted by the following modifica- 
tion of published methods (5,6,19). The peroxidation in- 
cubation was terminated on ice by acidification with 
0.15 ml ice-cold 76% TCA-2.3 N HC1 per 1.0 ml sample 
(pH = 2.2), and 0.35 ml of a freshly-prepared mixture of 
H~O/7.14 M butylated hydroxytoluene in ethanol/1.51% 
TBA in 0.2 M Tris, pH 7.0, (1:1:5, v/v/v) was added. After 
thorough mixing, the samples (final pH = 2.4) were in- 
cubated in an 80 C shaking water bath for 30 min. After 
this time, the tubes were plunged into an ice-water bath, 
and the TBA test was immediately stopped with 0.5 ml 
ice-cold 91% TCA followed by 2.0 ml CHC13. After cen- 
trifugation for 30 min at 2000 • g, 4 C, the absorbance 
of the upper phase at 532 nm was read. Various amounts 
(9.8-40.0 nmol) of MDA standard, freshly prepared by 
acidification of 1,1,3,3-tetramethoxypropane with 76% 
TCA-2.3 N HC1 (0.15 ml acid mixture with 1.0 ml suitably 
diluted tetramethoxypropane), were subjected to the iden- 
tical TBA test procedure as the basis for constructing a 
standard curve of TBA-reactivity as MDA-equivalents. 
Computer-assisted regression analysis of the standard 
curve was used to quantify the molar amounts of MDA- 
equivalents in the experimental samples. Net peroxida- 
tive production of MDA-equivalents was taken as the dif- 
ference in TBA-reactivity between peroxidized samples 
that had been incubated in the complete peroxidation 
reaction system and non-peroxidized samples that had 
been incubated in parallel without free radical generator. 
The TBA reaction per se was not affected by the com- 
ponents of the radical generator, a-tocopherol, desferriox- 
amine, allopurinol or SOD. 

Chromatographic MDA isolation and quantification. 
When the peroxidation reaction was to be analyzed by 
high pressure liquid chromatography (HPLC) for MDA 
content, the peroxidation incubation was stopped by add- 
ing SOD to a final concentration of 10-' M and freezing 
the mixture in dry ice-acetone. MDA was then isolated 
from the sample by an ion-pair HPLC technique (20) 
based on the work of Bull and Marnett (21). The HPLC 
system (Beckman Instruments) was equipped with a 
~Bondapak C,s stainless-steel 3.9 mm • 30 cm analytical 
column preceded by a radially packed C18 guard column 
{Millipore/Waters, Milford, MA). MDA, as the enolate 
anion, was resolved out of the peroxidation reaction by 
isocratic elution at 3.0 ml]min with a mobile phase of 
acetonitrile/50.0 mM myristyltrimethylammonium bro- 
mide in 0.9 mM sodium phosphate, pH 6.7 (15:85, v/v). 
Detection was based on UV absorbance at 267 nm, and 
quantitation was computerized by peak integration with 
reference to MDA standard. Net peroxidative production 
of MDA was taken as the difference in MDA content 
between peroxidized samples that had been incubated in 
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the complete peroxidation reaction system and parallel, 
nonperoxidized samples that had been incubated without 
free radical generator. MDA for the calibration chromat~ 
grams was prepared by hydrolysis of malonaldehyde~bis- 
diethylacetal {Merck, Darmstadt, Germany) with H~SO,, 
as described (22). Absolute MDA concentration in the 
solution was checked by UV spectrophotometry at 
267 nm with the extinction coefficient of 34,000 M-' cm-' 
(22). 

Assessment of "bound" MDA. To liberate any bound 
MDA before HPLC analysis, membranes/liposomes were 
hydrolyzed in base {NaOH) at pH 12.0, 60 C, for 30 min 
(23). The hydrolysis reaction mixtures then were sub- 
jected to rapid ultrafiltration through a YM2 membrane 
(Amicon, Danvers, MA) to exclude high-molecular-weight 
(>1000) molecules and the cardiac membranes or 
liposomes themselves. The clarified filtrates were then 
neutralized (pH "7.4) with HC1 before HPLC analysis for 
MDA. Bound MDA was considered the difference in 
MDA content between parallel samples that had or had 
not been hydrolyzed. Recovery of standard MDA in this 
procedure was >96%. 

Protein determination. Protein was quantified with a 
dye-binding microassay (24). 

RESULTS 

Properties of the isolated myocardial membranes. The 
biochemical characteristics of the isolated rat-heart mem- 
branes are summarized in Table 1. The efficiency of 
myocardial contractile protein extraction by salt was 
readily apparent from the dramatically lower protein con- 
tent of the membranes with respect to starting 
homogenate. In contrast, the membranes represented 
over 70% of the heart-muscle homogenate lipid. The high 
recovery of cardiac phospholipid, localized virtually ex- 
clusively in membrane (25), and the three-fold increase in 
lipid:protein ratio of the membranes over homogenate in- 
dicate that  the isolated membranes were representative 
of the myocardial membranes in situ. Additional support 
for this conclusion rests with the finding that, upon 
sucrose density-gradient subfractionation of the myocar- 
dial membranes (26), "90% of the total membrane 
phospholipid was found associated with mitochondria, 
,-7% with sarcoplasmic reticulum and "3% with sar- 
colemma; this distribution is reminiscent of the relative 
membrane areas of the three organelles in the intact heart 
muscle cell (27}. 

Conjugated diene production and TBA-reactivity dur- 
ing myocardial membrane and membrane lipid peroxida- 
tion. With exposure of isolated cardiac membranes and 
the total membrane lipid or phospholipid but not neutral 
lipid to 02 =-dependent, iron-promoted oxy-radical chemis- 
try, net formation of lipid conjugated dienes was observed 
{Fig. 1). Because in all cases diene formation was normal- 
ized to the actual amount of lipid reacted, the parallelisms 
in both the pattern and level of lipid conjugated diene pro- 
duction from the intact cardiac membranes and from the 
purified membrane total lipid and phospholipid would in- 
dicate that the phospholipid was the membrane target 
for oxidative damage. By 120 min of reaction, the levels 
of diene intermediates decreased when, presumably, the 
propagation phase of peroxidation ended as conjugated 
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FIG. 1. Conjugated diene production during myocardial membrane 
and membrane lipid peroxidation. Isolated myocardial membrane 
( �9 - -  �9 ) and the membrane total lipid ( 0 - - 0 ) ,  phosphoHpid (A----A) 
and neutral lipid ( ( ~ - - - - ~ )  purified therefrom were subjected to 
peroxidative injury by exposure to XOD (O2~)-dependent, iron- 
promoted Fenton chemistry. Samples were taken over 180 rain of 
reaction, and the lipids were extracted and analyzed spec- 
trophotometrically for conjugated diene content. The mean difference 
in conjugated diene content between the peroxidized samples and 
non-peroxidized membranefUpid controls was calculated as the con- 
jugated diene formed during peroxidation. These values, normalized 
to the amount of lipid reacted, are graphed ----- S.D. (n >i 6). 

TABLE 1 

Biochemical Properties of Rat Myocardial Membranes a 

Lipid 

Protein Ester Phosphate 

Fraction (%) (mglheart) (%) (mEquivalents/heart) (%) (/~g/heart) Lipid:Protein 

Heart muscle homogenate 100 49.8 _ 2.9 100 6.9 • 0.3 100 312.0 _ 18.5 0.15 • 0.01 
Myocardial membranes 24.1 • 0.5 12.0 • 1.0 72.5 • 2.6 5.0 • 0.3 b 73.2 • 1.9 228.5 + 18.4 0.45 • 0.02 

aMyocardial membranes were isolated from rat-heart ventricular muscle essentially as described (9). Results are means • S.D. (n = 6). 

b90.5 _ 2.6% of the lipid ester is found in membrane phospholipid; the remainder is associated with neutral lipid. 
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intermediates increasingly converted to products such as 
lipid peroxides and MDA (5,6). 

Exposure of myocardial membranes or liposomes com- 
prised of either the total membrane lipid or the membrane 
phospholipid to free radical generator resulted in the pro- 
duction of TBA-reactive substance (Fig. 2). As was the 
case with conjugated diene production (Fig. 1), myocar- 
dial membrane neutral lipids evidenced a negligible perox- 
idative response. However, each of the other myocardial 
substrates for oxy-radical attack, in contrast to their 
similar patterns of diene production, showed markedly 
distinctive kinetics of TBA-reactivity. The intact myocar- 
dial membranes evidenced a linear propagation phase 
through the first 30 rain of reaction with an apparent 
maximal peroxidation rate of 5.8 +_ 0.3 nmol MDA- 
equivalents produced/mEquivalents lipid ester reacted/ 
min (mean _ S.D.; n -- 6) and an accumulation of some 
300 nmol MDA-equivalents by 180 min. The total myo- 
cardial membrane lipid complement, however, displayed 
a conspicuous lag-period of about 20 rain, whereupon an 
apparent maximal peroxidation rate of 2.1 + 0.1 nmol 
MDA-equivalents produced/mEquivalents lipid ester 
reacted/min led to a net accumulation of about 150 nmol 
MDA-equivalents by 180 min. Production of TBA-re- 
active substance from the isolated myocardial membrane 
phospholipid began virtually instantaneously upon ex- 
posure to oxy-radicals, with a linear propagation rate and 
a net accumulation of TBA-reactive substance that ap- 
proximated those of the total myocardial membrane lipid. 

The lag-period in the production of TBA-reactivity from 
myocardial membrane total lipid is an effect of the high 
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FIG. 2. Generation of TBA-reactive substance during myocardial 
membrane and membrane lipid peroxidation. Isolated myocardial 
membranes ( o - - o }  and the membrane total lipid {O--Oh 
phospholipid {A---- A} and neutral lipid ( ~ - - - - ~ }  purified therefrom 
were peroxidized by incubation with XOD + hypoxanthine + iron. 
Membranesflipids also were incubated in parallel without free radical 
generator. Samples taken over 180 min of peroxidation reaction were 
subjected to the TBA test, and the content of TBA-reactive 
substance in each sample was expressed as MDA-equivalents and 
normalized to the amount of lipid reacted. The mean difference in 
MDA~quivalents between peroxidized and non-peroxidized samples 
was calculated as the MDA-equivalents produced during peroxida- 
tion and graphed +__ S.D. {n >I 6}. 

myocardial membrane a-tocopherol content (28); the 
peroxidized isolated membrane phospholipids demon- 
strated an instantaneous TBA response (Fig. 2). None- 
theless, upon exposure to oxy-radical generator, the 
membranes, containing both the phospholipids and the 
a-tocopherol, always generated TBA-reactive substance 
more rapidly and to a greater extent than did the mem- 
brane phospholipids. 

HPLC analysis of myocardial membrane peroxidation 
as MDA. The comparative TBA-reactivity data (Fig. 2) 
appeared to indicate that profound quantitative and 
kinetic changes in myocardial membrane phospholipid 
peroxidation resulted from removal of the lipid out of its 
membrane milieu. To attempt to verify this conclusion, 
TBA-reactivity was obviated by isolating MDA through- 
out the course of myocardial membrane and membrane 
lipid peroxidation. To avoid the conditions (acid, heat) of 
the TBA reaction and to ensure complete independence 
from TBA-reactivity, isolation of, for example, a TBA- 
MDA adduct was not carried out. 

We first defined an effective means of stopping the 
peroxidation reaction other than by the acidification pro- 
tocol required for the TBA test, so that precise end-points 
could be established without jeopardizing subsequent 
analyses. As shown in Table 2, the XOD (05 =)-dependent, 
iron-promoted Fenton chemistry supporting oxidative in- 
jury in this system could be blocked at several critical 
points. Inhibiting XOD with a substrate analog (allo- 
purinol [29]), chelating the iron in the system with desfer- 
rioxamine (30), intercepting lipid radicals that would 
otherwise propagate peroxidation with a-tocopherol (31), 
and dismutating 02 = with SOD (32) all were effective 
means of blocking the generation of TBA-reactive 
substance from isolated cardiac membrane lipids exposed 
to XOD + hypoxanthine + iron. The system was most 
sensitive to SOD: 10.0 nM SOD completely inhibited the 
generation of TBA-reactive material (as well as the for- 
mation of conjugated dienes) from cardiac lipids. Conse- 
quently, SOD was added to a final concentration of 
100.0 nM to the peroxidation reaction system to dis- 
mutate the 05 = therein and thereby halt the progression 
of oxidative damage before HPLC analysis for MDA. 

To isolate the MDA anion directly out of the peroxida- 
lion reaction system without preparatory sample manipu- 
lation or clean-up, a variety of amino-phase (33), reverse- 
phase (34), size-exclusion (35) and ion-pairing (21) HPLC 
techniques were tested. Ion-pairing chromatography ap- 
peared to have the most potential, but  the exact condi- 
tions of Bull and Marnett (21) offered incomplete resolu- 
tion of MDA standard from the reactants in the Fenton 
peroxidation system. With modification of the chromato- 
graphic conditions as detailed under Experimental Pro- 
cedures, MDA could be separated rapidly from the con- 
stitutents of the Fenton reaction (Fig. 3) and eluted as 
a well-resolved peak, 7.0 pmol being the lower-limit of 
MDA quantitation. Only the material eluting from the 
column at ~4.9 min evidence TBA-reactivity, had the UV 
spectrum characteristic of MDA (Fig. 3, inset), and co- 
eluted with standard MDA. Recovery of known amounts 
of MDA standard subjected to HPLC isolation was 
>98%. 

With these data, the HPLC technique was adopted to 
determine directly the MDA produced during oxidative 
injury to myocardial membranes and their purified lipids 
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TABLE 2 

Inhibition of the Generation of TBA-reactive Substance 
from Myocardial Membrane Lipid a 

Concentration of agent that  
inhibits TBA-reactivity by: 

Agent Action 50% 100% 

Allopurinol XOD inhibition 5.0 X 10" M 5.0 X 10 -2 M 
Desferrioxamine Iron chelation _ b  1.0 X 10 -" M 
a-Tocopherol Chain-breaking antioxidant 8.5 X 10 -7 M 1.0 X 10 -5 M 
SOD 02" dismutation 5.0 X 10 -9 M 1.0 X 10 -8 M 

aLiposomes comprised of total myocardial membrane lipid were exposed to XOD + hypox- 
anthine + iron as radical generator for 60 min either in the absence (control} or presence 
of varying concentrations of each listed agent. After one hr, the samples were run in the 
TBA test, and the level of TBA-reactive substance in each was expressed relative to the 
control samples as inhibition of TBA-reactivity. 
bBecause of the stoichiometric nature of iron chelation by desferrioxamine {30}, only com- 
plete inhibition was noted at a desferrioxamine concentration equal to the iron concen- 
tration in the system. 
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FIG. 3. HPLC isolation of MDA produced during myocardial mem- 
brane lipid peroxidation. Myocardial membrane total lipid (125/~g 
lipid) was reacted with XOD -t- hypoxanthine -F iron in the Fenton 
peroxidation system described (Experimental Procedures). At  one 
hr of reaction, SOD was added (100 nM, final concentration), and 
250 pl of the 1.0 ml sample was subjected to ion-pair chromatography 
with spectrophotometric detection at 267 nm. Retention times are 
given above each peak in minutes. The identities of the peaks are 
(a) hypoxanthine, (b) xanthine, (c) uric acid, (d) MDA, (e) Fe-ADP, 
(i3 ADP. Inset shows the on-line spectrum of the MDA in peak (d) 
as taken during its eintion from the HPLC column; the absorption 
maximum is indicated by the cross at 267 am. 
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FIG. 4. Production of MDA during myocardial membrane and mem- 
brane Hpid peroxidation. Isolated myocardial membranes ( �9 - -  �9 ) 
and the membrane total lipid (O--O), phospbofipid (A--A) and neutral 
lipid ( ~  - - - - ~ )  purified therefrom were peroxidized by exposure to 
XOD (O2")-dependent, iron-promoted Fenton chemistry with XOD 
"t- hypoxanthine + iron as oxy-radical generator. MembranesfUpids 
also were incubated in parallel without free radical generator. 
Samples were taken over 180 min of peroxidation and were analyzed 
for their content of MDA (as its enolate anion) by ion-pairing HPLC 
(Fig. 3). The mean difference in MDA content between peroxidized 
and non-peroxidized samples was calculated as the MDA produced 
during peroxidation. MDA production was normalized to the amount 
of lipid reacted and graphed __+ S.D. (n >/6). 

(Fig. 4). Production of MDA during the peroxidation of 
purified myocardial membrane total lipid, phosphollpid 
or neutral lipid was equivalent in kinetics and magnitude 
to the accumulation of TBA-reactive substance (ex- 
pressed as MDA-equivalents; Fig. 2). However, MDA pro- 
duction during peroxidation of isolated myocardial mem- 
branes paralleled the MDA production from the purified 
cardiac membrane lipids (Fig. 4) and did not resemble the 
levels or pattern of membrane TBA-reactivity (Fig. 2). 
Because both the TBA-reactivity and MDA production 
were normalized to the amount of lipid reacted, these 
results would indicate that non-lipid related TBA-reactive 

substance generated during myocardial membrane perox- 
idation was responsible for the apparent attenuation in 
cardiac membrane lipid peroxidation when the lipids were 
extracted out of the membranes. 

The non-lipid related TBA-reactivity was generated 
with its own kinetics, as could be demonstrated from the 
difference curve between TBA-reactivity (as MDA-equiv- 
alents) and MDA production upon exposure of myocar- 
dial membranes to oxy-radical generator (Fig. 5). It is evi- 
dent that  non-lipid related TBA-reactive substance was 
generated most rapidly early in the exposure of mem- 
branes to the radicals (before ~20 min of reaction) and 
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FIG. 5. Production of non-lipid associated TBA-reactive substance 
during myocardial membrane peroxidation. The generation of TBA- 
reactive substance ( �9 - -  �9 ) and the production of MDA (D--[~) dur- 
ing myocardial membrane peroxidation by Fenton-type oxy-radical 
chemistry are re-plotted from Figs. 2 and 4, respectively. The mean 
difference (___ range) between the amount of TBA-reactive substance 
and the actual amount of MDA at each sampled time during the 
180 min of reaction was calculated and plotted (X-- - -X)  as non-lipid 
related TBA-reactive substance. 

ultimately accounted for some 40% of the total TBA- 
reactivity of the system. 

Membrane source of non-lipid related TBA-reactive 
substance. Several attempts were made to define chemi- 
cally the source of non-lipid associated TBA-reactivity 
when myocardial membranes are peroxidized. The acidic 
conditions and heat of the TBA test will liberate MDA 
bound to membrane constituents (especially peptide 
lysine residues) by hydrolyzing Schiff-base linkages (36), 
whereas the linkages are stable under the mild conditions 
(no heat) of both the peroxidation reaction (pH -- 7.4) and 
the HPLC run (pH = 6.8). Consequently, additional 
studies were undertaken in which samples of peroxidized 
and non-peroxidized membranes were hydrolyzed in base 
(pH = 12.0) with heating before HPLC isolation of MDA 
from the filtered, neutralized hydrolysates. This pro- 
cedure would convert any bound MDA to free MDA that 
then could be detected as HPLC analyte (23). From com- 
parisons between hydrolyzed membrane samples and non- 
hydrolyzed samples run in parallel in the peroxidation 
reaction, some 7% (i.e., 12.2 +__ 0.6 nmol MDA/mEq lipid 
ester reacted; mean +_ S.D., n = 6) of the total MDA pro- 
duced during cardiac membrane peroxidation was in the 
bound form. This level of bound MDA was too low to ac- 
count for the 40% difference between membrane TBA- 
reactivity (as MDA-equivalents) and bona fide MDA 
generated during membrane peroxidative injury. The 
bound MDA level remained at ~12 nmol/mEq lipid ester 
during the course of the peroxidation reaction, indicating 
that the capacity of the isolated membranes to take up 
free MDA is limited relative to the MDA yields from 
peroxidation. This conclusion is substantiated by the fin- 
ding that cardiac membranes (or their isolated lipids) in- 
cubated at 37 C with known amounts of free MDA stan- 
dard in HEPES-KC1 buffer, pH 7.4, yield levels of MDA- 
equivalents (by the TBA test) or free MDA (by HPLC) 
that were always >90% of those expected from the stan- 
dard (data not shown). 

Because free acylneuraminic acids are known to react 
with TBA (37) and cardiac membranes contain acylneur- 
aminic acids (38), it was investigated whether membrane 
acylneuraminic acids could have contributed to the 
observed TBA-reactivity of peroxidized rat heart-muscle 
membranes. To this intent, membranes that had been 
treated with neuraminidase (acylneuraminyl hydrolase 
from Clostridium; EC 3.2.1.18) (39) or that had undergone 
controlled acid hydrolysis (40), conditions known to 
liberate sialic acid from membrane glycoconjugates (41), 
were peroxidized. The treated cardiac membranes evi- 
denced no statistically significant decrease in the levels 
and rates of TBA-reactivity development with respect to 
non-treated membranes (data not shown). Peroxidation 
of the myocardial membrane protein recovered during the 
extraction of the membrane lipid did not yield appreciable 
TBA-reactive substance (data not shown). 

D I S C U S S I O N  

Growing reRlization that oxidative damage to membrane 
lipids is critical in the pathogenesis of a variety of diseases 
{5,7,8} has placed increased importance upon the applica- 
tion and evaluation of methodology with which membrane 
lipid peroxidation dynamics are assessed. This study ex- 
plored in quantitative and kinetic terms the relationships 
between TBA-reactivity and MDA production during 
myocardial membrane peroxidation through O2 ~ (XOD)- 
dependent, iron-promoted oxy-radical chemistry of the 
type believed to occur in myocardial ischemia (2). The data 
demonstrate that while there is a direct and quantitative 
relationship between the production of TBA-reactive 
substance and the generation of free MDA during perox- 
idation of isolated cardiac membrane (phospho)lipids, no 
such relationship exists when the myocardial membranes 
are peroxidized. Generation of non-lipid related, non- 
MDA TBA-reactive substance with its own kinetics dur- 
ing cardiac membrane peroxidation, if unrecognized, 
would have led to overestimations of the development and 
extent of lipid peroxidation and an erroneous peroxidative 
kinetic profile. 

Gutteridge (42) has concluded that the close agreement 
between the production of TBA-reactive substance and 
the generation of fluorescent MDA-phospholipid com- 
plexes during the peroxidation of isolated ox-brain phos- 
pholipid validates the TBA test  as an indicator of lipid 
peroxidation. Although brain membranes were not perox- 
idized by Gutteridge, and MDA was not isolated, his con- 
clusion is supported by the present data on the reliabil- 
ity of the TBA test in assessing the peroxidation of 
purified myocardial membrane phospholipids. 

Warso and Lands (5,43) have documented extensively 
that human plasma TBA-reactivity bears no relationship 
to plasma hydroperoxide level. Specifically, 80% of the 
TBA-positive material in human plasma was found not 
to have originated from lipid hydroperoxide conversion 
to MDA. Quantitatively, these high plasma levels of non- 
lipid related TBA-reactivity are reminiscent of our find- 
ing that ~40% of the TBA-reactive substance produced 
during the peroxidation of myocardial membrane is not 
bona fide MDA and does not arise directly from mem- 
brane phospholipid peroxidation. 

The chemistry and precise source(s) of the non-lipid 
related TBA-reactive substance generated during cardiac 
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membrane peroxidation remain to be defined. I t  is possi- 
ble tha t  molecular interactions/conformational changes 
at  the membrane level induced during freeradical a t tack 
are required to incite formation of TBA-reactive sub- 
stance beyond that  which would be formed from the MDA 
product of membrane lipid peroxidation (44). Such reason- 
ing has been invoked (45) to explain why the conversion 
of hydroxyl  groups to aldehydes at the termini of cell- 
surface carbohydrate  chains enhances the peroxidation 
of erythrocyte  ghosts  by periodate. 

The direct quanti tat ive comparison between the pro- 
duction of TBA-reactive substance and the generation of 
M D A  dur ing  card iac  m e m b r a n e  and m e m b r a n e  
phospholipid peroxidation made herein, along with the 
work of others in nonmembrane systems (5,42,43), would 
argue tha t  the TBA test  lacks the requisite chemical 
specificity to be used as a reliable measure, or even as 
an indicator, of lipid peroxidation, unless purified lipid 
is the sole oxidative substrate  in the system. Indepen- 
dent verification of even the qualitative, comparat ive 
significance of a positive TBA test  would appear to be 
necessary to use the TBA reaction as anything other than 
an empirical indicator of the occurrence of (per)oxidation 
in biological membrane samples. 
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Lack of Protein-mediated a-Tocopherol Transfer between ivlembranes 
in the Cytoplasm of Acites Hepatomas 
Hlro-om| MowW, Shoshlchl NoJima I and Keizo InDue* 
Department of Health Chemistry, Faculty of Pharmaceutical Sciences, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan 

Transfer-stimulating activity for a-tocopherol and the 
concentration of a-tocopherol and peroxidized lipids in rat 
ascites hepatoma cells were compared with those from 
normal and regenerating fiver. 

The ability of supernatants from ascites hepatomas 
(AH-13, AH~0C, AH-109A} to enhance the transfer of a- 
tocopheroi was much lower than that from normal livers. 
The a-tocopherol per mg protein of supernatant from 
ascites hepatomas was lower than that from normal fiver. 
Regenerating fiver showed almost the same values as nor ~ 
mal fiver in activity to stimulate the transfer of a- 
tocopherol and a-tocopherol content of the supernatant. 
By gel filtration, about 60% of a-tocopherol in the super- 
natant of normal fiver was detected in the fractions con- 
taining the 30 K protein, which stimulates transfer of a- 
tocopherol between membranes, whereas no significant 
amount of a-tocopherol was detected in 30 K protein frat~ 
tions of AH4}0C supernatant. Little stimulating activi- 
ty for a-tocopherol transfer was detected in AH~IOC, 
AH-109A and AH-13. 

All ascites hepatomas tested contained less arachidonic 
acid and docosahexaenoic acid than normal and regener- 
ating fiver. An absorption peak with maximum intensity 
at 233 rim, which is due to conjugated dienes, was ob- 
served in UV-absorption spectra of ascites hepatoma total 
lipids, indicating that peroxidized lipids accumulate in 
these cells. With normal and regenerating liver, no signifi- 
cant peak due to conjugated dienes was detected. 
Lipids 23, 459-464 {1988}. 

a-Tocopherol is widely distributed in animal tissues and 
may function as a lipid antioxidant {1,2}. a-Tocopherol, 
which is orally administered, is absorbed in the intestinal 
mucosa and then is transported in various lipoprotein 
fractions in plasma {3-6). The mechanism of intracellular 
transport of a-tocopherol taken up by cells, however, has 
not been clarified. We (7) and Murphy and Mavis (8) have 
demonstrated that rat liver cytoplasm contains a protein 
that stimulates the transfer of a-tocopherol between mem- 
branes. The molecular weight of this protein was esti- 
mated to be about 30,000. Behrens and Madere {9) showed 
that a-tocopherol might be partly bound to a protein with 
a molecular weight of 32,000 in rat liver cytoplasm in 
vivo. There may be a pool of a-tocopherol that binds to 
the transfer protein in the cytoplasm. 

Lipid peroxidation in tissues is prevented by biological 
antioxidants such as a-tocopherol (10-12) and enzymes 
such as superoxide dismutase (13) and glutathione perox- 
idase (14-16). There are reports (17-20) showing that 
activity of these peroxidation-protective enzymes in 
tumor cells is lower than that in normal tissues. The role 

'Present address: Faculty of Pharmaceutical Sciences, Teikyo Univer- 
sity, Sagamiko, Kanagawa 199-01, Japan. 
*To whom correspondence should be addressed. 
Abbreviation: Buffer A, buffer containing 0.25 M sucrose, 1 mM 
EDTA and 50 mM Tris-HC1 (pH 7.4}. 

of a-tocopherol in protection against peroxidation in these 
cells cannot be evaluated now because intracellular trans- 
port and distribution of a-tocopherol in hepatoma cells 
have not been elucidated, although some reports {19,21, 
22} have compared a-tocopherol content in microsomes 
of hepatomas with that of rat liver. 

Polyunsaturated fatty acids, which are substrates for 
lipid peroxidation, are lower than those in normal liver 
in tumor cells such as ascites hepatomas {23}, Novikoff 
hepatomas (21) and Morris hepatomas {21,22}. 

In this paper, cytosolic activity to enhance the transfer 
of a-tocopherol between membranes and the cytoplasmic 
a-tocopherol concentration, as well as the fatty acid com- 
position of total lipids and the amount of peroxidized 
lipids were examined with rat ascites hepatomas, normal 
and regenerating liver. 

MATERIALS AND METHODS 

Materials. Ascites hepatoma cells {AH-13, free cells; 
AH-60C, island-forming cells; AH-109A, mixture of island 
and free cells} were donated by H. Sato of the Sasaki 
Institute ~Tokyo, Japan}. D-a-[5-Methyl-'4C]tocopherol 
{9.2 Ci/mol}, a-tocopherol and tocopherol derivatives were 
provided by Eisai Co. {Tokyo, Japan}. Stock solution of 
tocopherols was stored in toluene/ethanol (9:1, v/v) at 
- 20 C, and their purity was checked periodically by Silica 
Gel G thin layer chromatography. Glycerol-tri[9,101n)- 
3H]oleate (500 Ci]mol) and glycerol-tri['4C]oleate (52 Ci] 
mol) were purchased from the Radiochemical Center 
(Amersham, England}. Egg yolk phosphatidylcholine was 
prepared by chromatography on aluminum oxide and 
Unisil IC/arkson Chemical Co., Williamsport, PA}. Egg 
yolk [N-methyl-3H]phosphatidylcholine was synthesized 
by the method of Stoffel et al. 124). Bovine serum albumin 
(Fraction V) {Sigma Chemical Company, St. Louis, MO} 
and Sephadex G-100 {Pharmacia Fine Chemicals, 
Uppsala, Sweden} also were used. 

Preparation of hornogenate, supernatant and membrane 
fractions from rat liver and ascites hepatomas. Donryu 
female rats {100-200 g} were killed by decapitation, and 
their livers were perfused with cold phosphate-buffered 
saline {pH 7.5) and then rapidly excised. The liver was 
minced with scissors, and an homogenate containing 20% 
(w/v) liver tissue in cold buffer A {0.25 M sucrose, 1 mM 
EDTA, and 50 mM Tris-HC1, pH 7.4) was prepared with 
three passes of a Teflon-glass homogenizer. 

Ascites hepatoma cells (AH-13, AH-60C, AH-109A) 
were injected intraperitoneally into Donryu female rats 
weighing approximately 100 g (1-2 • 106 cells per rat}. 
Cells were harvested from the ascites between five and 
eight days following injection (AH-13, 5-6 days; AH-60C 
and AH-109A, 7-8 days}. All subsequent operations were 
performed at 4 C. The ascites containing hepatoma coils 
were centrifuged at 120 • g for five min, and the super- 
natant was removed; 2-5 • 108 cells were obtained from 
the ascites of each rat. Cells were washed in ice-cold 
phosphate-buffered saline (pH 7.4} several times. The 
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homogenate containing 20% (w/v) hepatoma cells in buf- 
fer A was prepared with a Teflon-glass homogenizer. The 
homogenates were centrifuged at 600 • g for 15 min to 
precipitate nuclei and cell debris. The supernatants were 
centrifuged at 105,000 X g for 60 rain to obtain superna- 
tant and membrane fractions. 

Determination of the transfer of a-tocopherol and 
phosphatidylcholine from liposomes to mitochondria. The 
procedure was based on the experiment of Bloj and 
Zilversmit {25). For study of a-tocopherol transfer from 
liposomes to mitochondria, liposomes composed of 
10 l~rnol egg yolk phosphatidylcholine, 1.0 ~mml dicetyl- 
phosphate with a trace of a-['4C]tocopherol (0.1 ~Ci) and 
[3H]glyceroltrioleate (1.5 pCi) as a "non-exchangeable" 
marker were prepared as described (7). Lipids were dis- 
persed in 1.0 ml of buffer A with a vortex mixer. The final 
concentration of liposomes was 10 ~anol phosphofipid]ml. 
The lipid suspension was sonicated for 10 min with a 
microprobe in a Branson Sonifler (model W 185) at 0 C 
under a stream of nitrogen. The preparation was cen- 
trifuged at 15,000 • g for 15 min, and the supernatant 
was used. Liposomes (0.2 ~rnol phospholipid) were in- 
cubated with mitochondria (0.5 mg protein) in the pres- 
ence or absence of the supernatants in 2.0 ml of buffer 
A. Then the mitochondria were precipitated by cen- 
trifugation at 15,000 • g for 15 min, and the sample of 
superuatants (1.0 ml) was counted in a Packard liquid 
scintillation counter (model 3255). By this procedure, 
about 90% of the fiposomes were recovered in the super- 
natant. The percentage transfer of a-[14C]tocopherol from 
fiposomes to mitochondria was calculated from the 
formula: 

( 14C/3H of liposomes after incubation ) X  100%" 
1 - "CPH of liposomes before incubation 

The ability of the supernatant to stimulate transfer of egg 
yolk phosphatidylcholine from fiposomes to mitochondria 
was assayed as follows: fiposomes composed of 10 ~mol 
egg yolk phosphatidylcholine and 1.0 ~maol dicetylphos- 
phate with trace amounts of 0.2 ~Ci ['4C]glyceroltrioleate 
and 5.0 ~Ci [3H]egg yolk phosphatidylcholine were in- 
cubated with mitochondria (1.5 mg protein) in the pres- 
ence or absence of the supernatant. After incubation at 
37 C for 30 min, the radioactivity recovered in the lipo- 
somes was determined. The percentage transfer of [3H]- 
egg yolk phosphatidylcholine from liposomes to mito- 
chondria was calculated in a similar way to the transfer 
of a-tocopherol. 

Measurement of a-tocopherol content, a-Tocopherol con- 
tents of homogenate, supernatant and membrane frac- 
tions were estimated by the method of Thompson and 
Hatina {26}. Tocopherol was extracted with hexane/ 
ethanol (5:1, v/v), injected into the column (Zorbax Sil) 
and eluted with hexane/dioxane/ethanol (97.6:2:0.4, v/v/v). 
The flow rate was 1.5 ml/min, and the fluorescence in the 
eluate was measured at excitation 289 nm and emission 
325 nm in Shimazu Fluorescence Spectromonitor 
(RF-530). 

Fractionation of 105,000 X g supernatant by Sephadex 
G-IO0 column chromatography. A sample of 105,000 X 
g supernatant was applied to a column containing 
Sephadex G-100 equilibrated with 100 mM KC1, 50 mM 
Tris-HCl buffer (pH 7.5}, and the fractions were collected. 

The intensity of the absorption at 280 nm of the fraction 
was measured in a Hitachi spectrophotometer {model 
200-10) in a cell of 1 cm fight path. The stimulating ac- 
tivity of a-tocopherol transfer and a-tocopherol content 
in the fraction also were measured. 

Lipid analysis. Total fipids were prepared from 
homogenates by the method of Bfigh and Dyer {27). 
Phosphatidylcholine and phosphatidylethanolamine were 
prepared from the total lipids by chromatography on 
aluminum oxide and Unisil. The fatty acid composition 
of total lipids, phosphatidylcholine and phosphatidyl- 
ethanolamine was determined by gas liquid chromatog- 
raphy (Shimadzu Seisaku-sho, GC-OAP). Lipids were 
dissolved in 2 ml of methanol in water {1:1, v/v) and 
hydrolyzed by incubation with 0.27 ml of 85% KOH at 
80 C for 60 min. Then, the mixture was cooled, acidified 
with 6 N HC1 and extracted three times with diethyl 
ether. The extracts were combined, washed three times 
with 2% KC1 and evaporated. The residue was methylated 
with CH2N2, and methyl esters were analyzed by gas 
chromatography on a column (3 m m •  3 m) of 20% 
E G S ~ X  on Chromosorb WAW (Gasukuro Kogyo Co.) at 
215 C. 

Preparation of regenerating liver. Partial hepatectomy 
was performed according to the method of Higgins and 
Anderson {28). Donryu female rats (150 g) were anes- 
thetized with d/ethyl ether, and the abdomen was opened. 
The median and laberal lobes of the liver were removed. 
Rats were killed on the fifth day after partial hepa- 
tectomy. 

Other analytical methods. Phospholipid phosphorus 
was determined by the method of Gerlach and Deuticke 
{29). Protein was determined according to the method of 
Lowry et al. (30). 

RESULTS AND DISCUSSION 

The transfer of a-tocopherol from fiposomes to mitochon- 
dria was determined in the presence of the supernatant 
from normal fiver, regenerating liver and ascites hepa- 
tomas {Fig. 1A). Transfer-stimulating activity of the 
supernatant of regenerating fiver was almost the same 
as that of normal fiver. The specific activity of AH-13 
supernatant (210 pmol/hr/mg protein) was about one  
fourth of that of normal fiver (900 pmol]hr/mg protein). 
The supernatant of either AH-60C or AH-109A showed 
no appreciable transfer-stimulating activity. Low activ- 
ity in the supernatant of ascites hepatoma cells was not 
due to the presence of an inhibitor because the activity 
of normal fiver supernatant was not affected by supple~ 
ment of supernatant from hepatoma cells {data not 
shown). 

As shown in Figure 1B, the supernatant of normal fiver 
also contained pbosphatidylchofine-transfer activity as 
found by Bloj and Zilversmit (25) and Poorthuis et al. (31). 
The activity could be detected in supernatants of all 
hepatoma cells tested. It is noteworthy that the transfer- 
stimulating activity for phosphatidylchofine in the super- 
natant of AH-60C and AH-109A, which showed no ap- 
preciable transfer activity for a-tocopherol, was 60-70% 
of that of normal rat fiver. The activity in the superna- 
tant of AH-13 was a little higher than that of rat liver. 

As shown in Table 1, the a-tocopherol content of ascites 
bepatoma homogenates was the same as homogenates 
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FIG. 1. Transfer-stimulating activity of the supernatant prepared from normal rat liver, regenerating liver or ascites hepatoma cells. 
(A) Liposomes (0.2 tanol phospholipid) composed of egg yolk phosphatidylcholine, dicetylphosphate (molar ratio, 10:1), a trace of a- 
["C]tocopherol and [~H]glyceroltrioleate were incubated with rat liver mitochondria {0.5 mg protein) at 37 C for 15 min in the presence 
of various amounts of supernatant prepared from normal rat liver (O), regenerating liver (A) or aseites hepatoma cells (O, AH-13; A, 
AH-60C; [~, AH-109A). The mitochondria were precipitated by centrifugation, and radioactivity of samples of supernatants was measured. 
Values are expressed as means ___ SD of three separate preparations. (13) Lipusomes (0.2 pmol phospholipid) comprised of [3H]egg yolk 
phosphatidylcholine, dicetylphosphate {molar ratio, 10:1) and a trace of [14C]glyceroltrioleate were incubated with rat liver mitoehondria 
(1.5 mg protein) at 37 C for 30 min with the supernatants. 

TABLE 1 

a-Tocopherol Contents of Homogenate, Supernatant and Membrane Fractions 
Prepared from Normal Rat Liver, Regenerating Liver or Ascites Hepatoma Cells 

Rat liver Ascites hepatoma 

Normal Regenerating AH-13 AH-60C 
Fraction (nmol/mg protein) (nmol/mg protein) (nmol/mg protein) {nmoYmg protein) 

Homogenate 0.20 + 0.04 0.20 • 0.06 0.23 + 0.01 0.19 + 0.06 
Supernatant 0.08 • 0.01 0.08 + 0.02 0.02 • 0.02 0.01 • 0.01 
Membrane 0.40 • 0.13 0.46 _ 0.07 0.93 • 0.05 0.45 • 0.15 

To a sample {i nil) of homogenate, supernatant or membrane fraction prepared from rat liver and ascites 
hepatomas, I ml of ethanol containing I nmol tocol (an internal standard) was added. After further addition 
of 5 ml of hexane, the mixture was mixed vigorously, then centrifuged at 1,800 X g for 10 rain. A sample 
of hexane layer (4 inl) was dried under a stream of nitrogen and dissolved in 50 ~I of hexane. The results 
are means + SD of the tocopherol content from three separate preparations (one or two rats per preparation). 

f rom normal  ra t  l iver (0.2 nmol]mg protein). The a- 
tocopherol contents  in the superna tan t s  of AH-13 or 
AH-60C were, however, much  lower than  t ha t  of normal  
liver. The content  in the membrane  fraction of AH-13 was 
two t imes higher than  tha t  of normal  liver. The value in 
AH-60C membrane  fraction was a lmost  the same as tha t  
of normal liver. In  regenerating liver, the values in homog- 
enate, superna tan t  and membrane  fract ions were a lmost  
the same as those of normal  liver, respectively.  

The supernatants  of normal liver and A H ~ 0 C  also were 
f rac t ionated by  gel filtration, a-Tocopherol t ransfer  ac- 
t iv i ty  and a-tocopherol content  in each fract ion were 

determined. As shown in Figure  2A, the t ransfer-s t imu- 
la t ing act ivi ty  in ra t  liver cytosol  appeared in fract ions 
70-85, whose molecular weight was est imated to be about  
30,000, as described (7}. About  60% of a-tocopherol in the 
superna tan t  also was detected in these fractions. These 
resul ts  are in good agreement  with those of Behrens and 
Madere  (9) and sugges t  t ha t  a port ion of the cytosolic a- 
tocopherol exists  in the form of a complex with a carrier  
protein (30 K t ransfer-s t imulat ing protein}, a-Tocopherol 
also was detected in the fract ions jus t  af ter  the void 
volume. These fract ions showed no appreciable act ivi ty  
to s t imulate  the t ransfer  of a-tocopherol. The amount  of 
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FIG. 2. Distribution of a-tocopherol in the 105,000 X g supernatant. Rat fiver cytosol 
(A) (40 mg protein in 4 ml buffer A) or AH-60C cytosol (B) (20 mg protein in 4 ml buffer 
A) was applied to a column of Sephadex G-100 {2.6 X 70 cm) equilibrated with 100 mM 
KCI, 50 mM Tris/HCl buffer (pH 7.5) and eluted with the same buffer at 4 C. The flow 
rate was about 30 ml]hr, and 4 ml  fractions were collected. Elution of protein was deter- 
mined by measuring the absorbance at 280 nm { �9 ). The transfer-stimulating activity of 
each fraction (O) was determined as described in Materials and Methods. Transfer- 
stimulating activity is expressed as the percentage transfer in the presence of each frat~ 
tion (1 ml) minus the percentage of spontaneous transfer. The a-tocopherol content of 
each fraction of the supernatant was measured as follows: fractions were combined (12 ml), 
and 12 ml of ethanol containing tocol (1 nmol) was added. Then, 60 ml of hexane was 
added and was mixed vigorously. The mixture was allowed to stand at room temperature 
for five min. A sample of hexane layer (50 ml) was dried with a rotary evaporator, and 
the residue was dissolved in 50 ~1 of hexane. A sample of hexane solution (10 Id) was in- 
jected into the column. Values are expressed as dotted bars. 

labeled a-tocopherol recovered from these fractions was 
not decreased in the presence of large amount of unlabeled 
a-tocopherol {7). Behrens and Madere {9) also reported 
that  gel filtration of the rat liver cytosol revealed the pres- 
ence of a protein with a molecular weight of more than 
1,500,000, which binds a-tocopherol with less affinity and 
specificity. Sklan and Halevy (32) showed tha t  tocoph- 
erol was associated with a lipid-protein aggregate  with 
a molecular weight of about 2 • 106 in chick liver cytosol. 

With AH-60C supernatant,  the amount  of a-tocopherol 
recovered from the 30 K protein fraction by gel filtraton 
was much smaller than that  recovered with rat  liver 
supernatant  {Fig. 2B}. A significant amount  of a-tocoph- 
erol was recovered from the fractions whose molecular 

weight was more than 30,000. None of the fractions, 
however, showed transfer-st imulating activity. I t  was 
concluded that  there was no appreciable pool of a- 
tocopherol bound to the transfer-st imulating protein 
(30 K protein) in the supernatant  of AH-60C. 

Decreases in both transfer-stimulating activity and the 
amount  of cytosolic a-tocopherol may not  be character- 
istic of dividing cells because regenerating liver cytosol 
showed virtually the same transfer-st imulating activi ty 
and a-tocopherol content  as observed in normal liver 
cytosol. 

Assuming that  the 30 K protein plays an important role 
in distr ibuting a-tocopherol to proper intracellular sites, 
this suggests that  the a-tocopherol apparently associated 
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TABLE 2 

Fatty Acid Composition of Total Lipids of Normal Rat Liver, Regenerating Liver and Ascites Hepatoma Cells 

Normal Regenerating AH-13 AH-60C AH-109A 
Fatty acid {wt%) (wt%) {wt%) {wt%) (wt%} 

16:0 17.2 • 1.7 16.8 • 0.7 18.8 • 2.1 18.7 • 2.0 18.1 • 0.8 
18:0 22.1 • 1.8 25.0 + 2.5 19.0 • 2.0 16.9 • 2.0 19.6 • 2.0 
18:1 12.1 • 2.9 9.3 • 0.7 25.6 + 2.3 31.6 +_ 1.1 19.3 • 2.3 
18:2 15.2 • 0.9 14.6 + 1.4 24.2 • 1.2 17.2 + 0.5 22.2 • 1.1 
20:4 17.7 • 4.0 16.8 • 1.2 5.0 • 1.9 7.0 • 1.8 8.7 • 1.6 
22:6 7.9 • 0.5 9.7 • 1.5 N.D. 2.3 • 1.3 3.2 • 0.4 

Double-bond index a 161 164 94 108 118 

aThe double-bond index was calculated from the sum of the values obtained when the percentage of the un- 
saturated fatty acid was multiplied by the number of double bonds in the fatty acid {41}. 
Total lipids (0.2 ~anol phospholipid} were hydrolyzed and esterified as described in Materials and Methods. 
The results are means • SD of percentage of each fatty acid derived from three separate preparations {one 
or two rats per preparation}. 
N.D., not detected. 

with membrane fractions of hepatoma ceils may not be 
located on organellar membranes but  remain on the 
plasma membranes or lysosomal membranes. The exact 
localization of a-tocopherol in tumor  cells, therefore, 
should be examined, al though the fractionation of 
hepatomas as described by various investigators {33-39} 
is rather difficult now. 

The fa t ty  acid composition of total  lipids from ascites 
hepatomas {AH-13, AH-60C, AH-109A) was quite dif- 
ferent from tha t  of normal rat  liver {Table 21. In ascites 
hepatomas, the relative amount of polyunsaturated fa t ty  
acids, such as arachidonic acid and docosahexaenoic acid, 
was much smaller than that  of normal rat  liver. On the 
other hand, the relative amount  of oleic acid in ascites 
hepatomas was larger than that  of normal liver. The lower 
degree of unsaturat ion of fa t ty  acids in ascites hepatoma 
total lipids was indicated clearly by the marked change 
in the double-bond index. These results are in good agree  
ment  with those of Utsumi et al. {23}. The composition 
of regenerating rat  liver was almost the same as tha t  of 
normal ra t  liver. 

Table 3 shows fa t ty  acid composition of phosphatidyl- 
choline and phosphatidylethanolamine prepared from nor- 
real ra t  liver or AH-60C. The fa t ty  acid composition of 
phosphatidylcholine from AH-60C was quite different 
from that  of rat  liver. The arachidonic acid and docosahex- 
aenoic acid content in AH-60C was much lower than that  
of normal liver. In contrast ,  the oleic acid content  in 
AH-60C phosphatidylcholine was higher than that  of nor- 
real liver. AH-60C phosphatidylcholine showed a lower 
double-bond index as compared with normal liver phos- 
phatidylcholine. However, phosphatidylethanolamine of 
AH-60C contained almost the same amount  of arachi- 
donic acid as tha t  of normal rat  liver. The decrease of 
polyunsaturated fa t ty  acids also was observed in phos- 
phatidylcholine of Morris hepatoma 5123c {40) and with 
phosphatidylcholine,  phosphat idyle thanolamine  and 
phosphatidylinositol of Yoshida hepatoma AH130 {41}. 
The distribution profile of these polyunsaturated fa t ty  
acids in phospholipids may be different among hepa- 
tomas. 

TABLE 3 

Fatty  Acid Composition of Phosphatidylcholine 
and Phosphatidylethanolamine of Rat Liver or AH4}0C 

Rat liver AH-60C 

PC PE PC PE 
Fatty acid (wt%) {wt%) (wt%) (wt%) 

14:0 4.1 3.1 4.5 3.4 
16:0 14.9 18.0 24.3 6.8 
18:0 28.7 23.1 13.5 18.1 
18:1 6.1 5.4 27.4 19.2 
18:2 11.5 9.5 14.9 7.2 
20:4 24.5 21.8 9.2 20.3 
22:6 7.7 12.4 N.D. 4.6 

Double-bond index 173 186 94 142 

PC, phosphatidylcholine; PE, phosphatidylethanolamine; N.D., not 
detected. 
Phosphatidylcholine or phosphatidylethanolamine (0.2 l~mol phos- 
pholipid) prepared by chromatography on ahm/num ox/de and Urfisil 
was hydrolyzed and esterified as described in Materials and Methods. 
Values are expressed as percentage of each fatty acid. 

Conjugated dienes could be detected in total lipids by 
measuring the ultraviolet absorption spectrum of the 
total lipids fraction {Fig. 3). An absorption peak with max- 
imum intensity at 233 nm, which is due to conjugated 
dienes {42), was observed with total lipids of ascites 
hepatomas (AH-13, AH-60C, AH-109A). No appreciable 
peak due to conjugated dienes was detected with total 
lipids of either normal or regenerating liver of rats. Thus, 
ascites hepatoma cells appear to contain a larger amount 
of conjugated diene-containing peroxidized lipids than 
either normal or regenerating liver. 

These results raise the possibility that polyunsaturated 
fatty acid residues in ascites hepatornas may be more 
susceptible to peroxidation in vivo than those from nor- 
real rat liver. The decrease in the polyunsaturated fatty 
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FIG.  3. Ul travio le t  absorpt ion spectra of total  l ipids of rat liver and 
asc i t e s  hepatomas .  Tota l  l ipids,  which were  prepared as  descr ibed 
in Mater ia l s  and Methods ,  were  d i s so lved  in e thanol  (50 /LM 
phospholipid) ,  and then the  spec trum w a s  recorded.  - - ,  Normal  
rat liver;, . . . . .  , regenerat ing  liver; - - - - - - ,  AH-13; . . . .  , AH-60C; 

, AH-109A.  

ac id  c o n t e n t  of  h e p a t o m a  cells  m a y  be  due  p a r t i a l l y  to  
the i r  h ighe r  s u s c e p t i b i l i t y  to  p e r o x i d a t i o n  of  l ip ids  in t he  
cells .  The  dec rea se s  in t h e  t r a n s f e r - s t i m u l a t i n g  a c t i v i t y  
a n d  in t h e  level  of a - tocophe ro l  in a s c i t e s  h e p a t o m a  
c y t o s o l  m a y  be  i n v o l v e d  in inc rease  of  l ip id  p e r o x i d a t i o n  
in t h e s e  cells.  
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Effect of 7-Methylated Bile Acids and Bile Alcohols 
on Cholesterol Metabolism in Hamsters 
Naoyukl Matoba, Syojl Kuroki, Bertram I. Cohen, Erwln H. Mosbach* and Charles K. McSherry 
Departments of Surgery, Beth Israel Medical Center and the Mount Sinai School of Medicine of the City University of New York, 
New York, NY 

The effect of 7-methyl substituted bile acid and bile 
alcohol analogues on cholesterol metabolism was studied 
in the hamster. Animals were fed chow plus 0.1% 
cholesterol supplemented with 0.1% of one of the follow- 
ing steroids: chenodeoxycholic acid, 7-methyl~henodeoxy- 
cholie acid, 7/J-methyl-24-nor-5f3-cholestane-3a,7a,25-triol, 
cholic acid, 7-methyl-cholic acid, or 7fJ-methyl-24-nor-5/3- 
cholestane-3a,7a,12a~5-tetrol. Cholesterol absorption was 
determined from fecal analysis after feeding of radio- 
labeled cholesterol and ~-sitosterol. 

Of the six compounds studied, chenodeoxyeholic acid 
and 7-methyl~henodeoxycholie acid decreased intestinal 
cholesterol absorption (17% and 31% decrease, respec- 
tively). Only 7-methyl-ehenodeoxyeholie acid decreased 
serum cholesterol concentration (29% decrease), but there 
were no analogous changes of liver and biliary cholesterol 
concentration and cholesterol saturation of bile. Total 
fecal neutral sterol excretion was increased in the groups 
fed chenodeoxycholie acid and 7-methyl~henodeoxycholie 
acid. In addition, the production of coprostanol was in- 
creased in both groups. These data suggest that 7-methyl- 
chenodeoxyeholic acid resembles chenodeoxyeholic acid 
in its effect on cholesterol metabolism and may be a 
potential candidate for further studies of its gallstone- 
dissolving properties. 
nipids 23, 465-468 (1988). 

Chenodeoxycholic acid (CDCA) and ursodeoxycholic acid 
(UDCA) are known to be effective agents for the medical 
dissolution of gallstones in a selected group of patients 
(1,2) and in some experimental animals (3). We postulated 
that introduction of a methyl group at the 7-position of 
naturally occurring dihydroxy bile acids prevents in- 
testinal bacterial 7-dehydroxylation and, therefore, the 
production of the potentially hepatotoxic metabolite, 
lithocholic acid (LCA). Therefore, we synthesized 7-methyl 
substituted bile acid analogues (4,5) and studied their 
metabolism in experimental animals (6-9). These studies 
revealed that 7-methylated bile acids were absorbed and 
participated efficiently in the enterohepatic circulation 
of bile acids; they appeared to be resistant to bacterial 
7-dehydroxylation. 

Recently, Une et al. developed a simple method for the 
synthesis of 7-methyl bile acids as well as certain C2, bile 
alcohol analogues (Une, M., Yamanaga, K., Mosbach, 
E.H., Kuroki, S., and Hoshita, T., unpublished data). 
With this improved technique, it was possible to obtain 
sufficient quantities of these 7-methyl bile acids and bile 
alcohols to investigate their chemical and metabolic prop- 
erties. This study describes the effect of 7-methylated bile 
acids and bile alcohols on cholesterol metabolism, and par- 
ticularly on cholesterol absorption, in the hamster. 

*To whom correspondence should be addressed at the Department 
of Surgery, Beth Israel Medical Center, First Avenue at 16th Street, 
New York, NY 10003. 
Abbreviations: CDCA, chenodeoxycholic acid; LCA, lithocholic acid; 
UDCA, ursodeoxycholic acid; GLC, gas liquid chromatography. 

MATERIALS AND METHODS 
Unlabeled compounds. Cholesterol was obtained from 
Sigma Chemical Co. (St. Louis, MO). ~-Sitosterol (94% 
pure) was provided by Eli I,illy and Co. (Indianapolis, IN). 
Cholic acid (CA) (Inolex, Park Forest South, IL) and 
chenodeoxycholic acid (CDCA) (Weddel Pharmaceuticals, 
London, U.K.) were greater than 99% pure as deter- 
mined by gas liquid chromatography (GLC) of the methyl 
ester-trimethylsilyl ether derivatives. 7-Methyl bile acid 
and bile alcohol analogues, namely 3a,7a-dihydroxy- 
7~methyl-5/3-cholanoic acid (7-Me-CDCA), 3a,7a,12a-tri- 
hydroxy-7f3-methyl-5/3-cholanoic acid (7-Me-CA), 7/3- 
methyl-24-nor-5f3-cholestane~3a,7a,25-triol (7-Me~NCT), 
and 713-methyl- 2 4-nor-5[3-cholestane~ 3a, 7 a,12a,25-tetrol 
(7-Me-NCTe), were synthesized as described (4,5, Une, M., 
Yamanaga, K., Mosbach, E.H., Kuroki, S., and Hoshita, 
T., unpublished data). 

Labeled compounds. [la,2a(n)-3H]Cholesterol (sp. act. 
84.6 mCi/mg) and [4-t'C]fJ-sitosterol (sp. act. 135 ~Ci/mg) 
were purchased from NEN Research Products (Boston, 
MA). The radioactive purity of each compound was better 
than 97% and 98%, respectively, as determined by radio 
thin layer chromatography. 

Animals and diets. Male golden Syrian hamsters (40 
animals) weighing an average of 94 g were purchased from 
Charles River Breeding Laboratories (Wilmington, MA). 
All the animals were weighed and placed into individual 
cages. They all were quarantined for 10 days and fed 
Purina rodent chow ad libitum. They were then fed a diet 
of Purina rodent chow (Teklad) containing 0.03% choles- 
terol and supplemented with 0.1% crystalline cholesterol 
{group 1). This diet was further supplemented with 0.1% 
of one of the following (groups 2-7): (2) CDCA; (3) 7-Me- 
CDCA; (4) 7-Me-NCT; (5) CA; (6) 7-Me-CA; (7) 7-Me-NCTe. 
The animals were maintained on the different diets and 
water ad libitum for 12 days. There was no significant 
weight change in the animals during the experiment. The 
average food intake of the animals was 7.7 g/day, and 
there were no significant differences among the seven 
groups. 

The labeled sterols (3H-cholesterol and '4C-~-sitosterol) 
were diluted with unlabeled carriers to obtain specific ac- 
tivities of 1.1 • 107 cpm/mg and 2.5 • l0 s cpm/mg, 
respectively. The mixture of radioactive sterols was 
dissolved in 6 ml of acetone and added with stirring to 
a 30 g portion of each powdered diet (groups 1-7, 5 g/ 
animal). After complete removal of acetone by evapora- 
tion, this radiolabeled diet was fed to each animal on day 
13 of the experiment. Feces were collected quantitatively 
on days 14, 15 and 16. The animals then were fed the ex- 
perimental, steroid-containing diets for an additional 
eight days after isotopic labeling (days 14-21). At the end 
of the experiment (day 21), the animals were killed under 
anesthesia (ketamine hydrochloride and ether). Samples 
of blood and liver were obtained for the determination of 
cholesterol concentrations; gall bladder bile was used for 
the determination of biliary lipids. 
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Analytical procedures. Determination of cholesterol 
content  of serum, liver and bile was carried out as de- 
scribed {10). Biliary bile acids were quant i ta ted by GLC 
(8). Bile phospholipids were determined colorimetrically 
by a procedure described elsewhere (11). Cholesterol 
saturat ion of bile was calculated using a computer  p r o  
gram {12) based on the tables of Carey {13}. The method 
used for the extraction of the fecal neutral steroids was 
principally tha t  of Miettinen et al. {14}, as modified by 
Cohen et al. {15}. Three-day fecal samples for each animal 
were pooled. The neutral sterols were extracted with hex- 
ane after alkaline hydrolysis, and an aliquot was used for 
radioisotope measurements.  3H and '4C were determined 
by liquid scintillation counting {Beckman LS-8000 liquid 
scintillation system, Beckman Instruments ,  Fullerton, 
CA) with the use of external standardization for quench 
correction. Cholesterol absorption was calculated accord- 
ing to method IV of Quintao et al. (16). 

Quanti tat ion of neutral steroids in feces was carried 
out by GLC of the trimethylsilyl ether derivatives. 5a- 
Cholestane was added to each sample as an internal stan- 
dard. The methods and conditions of the GLC analyses 
were those described {15}. All analyses were carried out 
with a Hewlett-Packard 5830A gas chromatograph.  

The results in the tables are expressed as mean +_ SE. 
The significance of differences among various groups 
studied was calculated by Student ' s  t-test {17). 

RESULTS 

These studies were carried out to examine the effect of 
7-methyl bile acid and bile alcohol analogues on the in- 
testinal absorption of cholesterol and on the activi ty of 
those intestinal bacteria responsible for the hydrogena- 
tion of cholesterol to coprostanol. 

Total recoveries of '4C-~sitosterol in feces during the 
three-day collection period are shown in Table 1. The 
excretion of /3-sitosterol was similar in all groups 
{84.7-88.3%}. Calculation of cholesterol absorption was 
made by method IV of Quintao et al. {16). The results are 
shown in Table 1. In groups 2 and 3, fed CDCA and 
7-Me-CDCA, respectively, cholesterol absorption was 
reduced in comparison with the control group {group 1, 
[17% and 31% decrease, respectively]}. 

Table 2 shows the concentration of serum, liver and 
biliary cholesterol. The administrat ion of 7-Me~CDCA 
caused a significant decrease (29%} in serum cholesterol 
concentration, while 7-Me-CA produced a significant in- 
crease (31%), in comparison with the controls. In the 
groups fed CA or 7-Me-CA, liver cholesterol was increased 
about two-fold. In contrast, biliary cholesterol levels were 
similar in all groups. 

Cholesterol saturation indices (CSI) of each group are 
listed in Table 3. Only CA changed the CSI compared 
with that of control group 1; the decrease produced by 

T A B L E  1 

Recovery of Labeled/~-Sitosterol into the Feces and Effect  of Various Bile A d d s  
on Intestinal Cholesterol Absorption 

Group No. of Fecal dry wt. Recovery of Cholesterol 
number Diet a Rnimals (g/day) ~-sitesterol (%) absorption (%) 

1 Chow + 0.1% CH 5 1.35 • 0.06 86.4 • 2.5 71.0 • 2.6 
2 Chow + CDCA 6 1.48 • 0.04 85.6 • 2.4 59.2 • 2.5 b 
3 Chow + 7-Me-CDCA 6 1.38 • 0.05 88.3 • 1.4 48.8 • 8.0 c 
4 Chow + 7-Me-NCT 6 1.39 • 0.07 86.4 • 1.1 57.3 • 7.2 
5 Chow + CA 6 1.38 • 0.08 84.7 • 1.6 72.8 • 4.9 
6 Chow + 7-Me-CA 6 1.55 • 0.07 c 87.7 • 1.6 58.6 • 7.7 
7 Chow + 7-Me-NCTe 5 1.45 • 0.08 85.7 • 3.7 69.0 • 7.4 

aThe hamsters were fed various bile acids and bile alcohols (0.1%) in a chow diet containing 0.1% cholesterol 
(CH). 
bDiffer from control, p < 0.01. 
CDiffer from control, p < 0.05. 

TABLE 2 

Effect  of Bile Acids  and Bile Alcohols on Tissue Cholesterol Concentration 

Group No. of Serum Liver Bile 
number Diet a .nimals (mg/dl) (rag/g) (mg/ml) 

1 Chow + 0.1% CH 5 118 • 9 11.5 • 1.7 1.39 • 0.34 
2 Chow + CDCA 6 144 • 16 14.7 • 2.2 1.74 • 0.27 
3 Chow + 7-Me-CDCA 6 84 • 10 b 10.4 • 3.4 1.70 • 0.32 
4 Chow + 7-Me-NCT 6 139 • 18 9.2 • 2.3 1.38 • 0.17 
5 Chow + CA 6 131 • 22 22.2 • 3.3 b 1.71 • 0.40 c 
6 Chow + 7-Me-CA 6 154 • 14 b 17.8 • 2.3 b 1.76 • 0.28 
7 Chow + 7-Me-NCTe 5 106 • 13 17.7 • 3.3 1.44 • 0.20 

aThe hamsters were fed various bile acids and alcohols (0.1%) in a chow diet containing 0.1% cholesterol (CH). 
bDiffer from control, p < 0.05. 
CFive animals. 
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7-Me-CDCA was not  significant. The other compounds  
had no significant effect on the CSI.  

Biliary bile acid composi t ion was determined at  
sacrifice. In  the groups  fed CDCA (group 2) and CA 
(group 5), these bile acids were major  components  of the 
bile, 54.6% and 40.9%, respectively. The 7-methylated bile 
acid analogues, 7-Me-CDCA and 7-Me-CA, composed 
19.3% and 13.6%, respectively.  The adminis tered bile 
alcohols, 7-Me~NCT (group 4) and 7-Me-NCTe (group 7), 
were detected as minor components  in bile and comprised 
2.2% and 7.8%, respectively.  

Daily sterol outputs  in feces are shown in Table 4. These 
measuremen t s  were obtained f rom GLC analyses  of the 
neutral  sterol  fract ion of the feces. CDCA and 7-Me ~ 
CDCA increased daily to ta l  neutral  sterol output ,  while 
compounds with the cholic acid-type nucleus ( t r ihydroxy 
subst i tuents)  showed no effect. There were no significant 
changes in cholesterol output .  However,  the amount  of 
coprostanol  was 1.6- and 2.1-fold higher in the hams te r s  
fed CDCA or 7-Me-CDCA (groups 2 and 3) than  in the 
controls (group 1). We compared  the coprostanol/choles- 
terol ra t ios  to obtain information about  the effect of the 
added steroids (groups 2-7) on intest inal  bacterial  func- 
tion. Of the compounds studied, CDCA and its analogues 

TABLE 3 

Saturation Index of Hamster  Bile: Effect  of Bile Acids  
and Bile Alcohols 

Group No. of Cholesterol 
number Diet a animals saturation 

1 Chow + 0.1% CH 5 0.76 ... 0.11 
2 Chow + CDCA 6 1.03 • 0.08 
3 Chow + 7-Me-CDCA 4 0.45 + 0.22 
4 Chow + 7-Me-NCT 6 0.59 _+ 0.21 
5 Chow + CA 5 0.44 -4-_ 0.08 b 
6 Chow + 7-Me-CA 5 0.72 -4-_ 0.07 
7 Chow + 7-Me-NCTe 5 0.46 +__ 0.11 

aThe hamsters were fed various bile acids and alcohols (0.1%) in a 
chow diet containing 0.1% cholesterol (CH). 
bDiffer from control, p < 0.05. 

(7-Me-CDCA and 7-Me-NCT), seemed to enhance the forma- 
tion of coprostanol. The other compounds had no effect. 

DISCUSSION 

This s tudy  deals with the effect of natura l ly  occurring 
bile acids, 7-methyl bile acids and C2~ 7-methyl bile alcohol 
analogues on cholesterol absorpt ion and other aspects  of 
cholesterol metabol ism in hamsters .  Several methods  for 
measur ing  intest inal  cholesterol absorpt ion are known 
(16,18). In  this s tudy,  we adopted method  IV of Quintao 
et  al. (16). Although longer fecal-collection periods are re- 
quired in the case of human  subjects,  a three-day fecal 
collection was considered adequate to measure cholesterol 
absorpt ion in the hamsters .  About  85% of the admin- 
is tered labeled fl-sitosterol was recovered during this 
three~day period (Table 1), probably  because of the shor t  
intestinal t ransi t  t ime of the hamster.  Earlier studies had 
demons t ra ted  t ha t  a 12-day ad jus tment  period was ade- 
quate  to obtain a s teady-sta te  in hamsters  (24). Thus, this 
procedure allows us to obta in  a measurement  of choles- 
terol absorption.  

Cholesterol absorpt ion studies during bile acid ad- 
minis t ra t ion revealed t ha t  in the ra t  only cholic acid and 
i t s  conjugates  produced significant increases in choles- 
terol absorpt ion (19), while monohydroxy  or d ihydroxy 
bile acids had no effect (20,21). In  this study, administra-  
t ion of CA did not  enhance the absorpt ion of cholesterol. 
I t  is not  clear whether  this result  is due to the relat ively 
low concentrat ion of die tary  cholesterol employed or 
whether  it is character is t ic  of the hams te r  model. How- 
ever, there is cont roversy  whether  CDCA alters choles- 
terol absorpt ion (22). Several studies showed tha t  CDCA 
had no effect on cholesterol absorpt ion in ra t  and man  
(20,23), while other studies suggested an inhibitory effect 
in man  (22). In  this report ,  CDCA and 7-Me-CDCA in- 
hibited the absorpt ion of cholesterol to a significant level 
in comparison with the controls.  Thus,  at  least  in the 
hamster ,  d ihydroxy bile acids seem to inhibit the intes- 
tinal absorpt ion of cholesterol compared  with  the tri- 
hydroxy  analogues. 

7-Me~CDCA was the only compound in this s tudy  tha t  
decreased serum cholesterol to a significant extent;  this  
compound did not  alter liver and biliary cholesterol com- 
pared  with controls  (Table 2). Moreover,  the cholesterol 

TABLE 4 

Effect  of Bile Acid and Bile Alcohols on Fecal Sterol Output 

Total neutral 
Group No. of sterol output 

number Diet a nnimals (mg/day) 

Coprostanol] 
Cholesterol output Coprostanol output cholesterol 

(mg/g dry feces) (mg/g dry feces) (%) 

1 Chow + 0.1% CH 5 3.49 +_ 0.45 
2 Chow + CDCA 6 5.34 + 0.38 b 
3 Chow + 7-Me-CDCA 6 6.53 ___ 0.99 c 
4 Chow + 7-Me-NCT 6 4.64 ___ 0.52 
5 Chow + CA 6 3.74 _+ 0.54 
6 Chow + 7-Me-CA 6 4.71 ___ 0.68 
7 Chow + 7-Me-NCTe 5 3.46 + 0.53 

1.09 --- 0.Ii 1.50 - 0.21 1.36 +_ 0.05 
1.29 • 0.04 2.42 _+ 0.14 b 1.78 • 0.13 c 
1.62 +_ 0.23 3.08 • 0.41 b 1.94 • 0.19 c 
1.18 --- 0.09 2.22 • 0.36 1.83 -+ 0.16 c 
1.21 _ 0.14 1.52 _ 0.25 1.23 +_ 0.12 
1.10 _+ 0.06 1.93 __- 0.32 1.72 -!-_ 0.24 
0.97 __. 0.04 1.41 ___ 0.31 1.43 +_ 0.24 

aThe hamsters were fed various bile acids and alcohols {0.1%) in 

bDiffer from control, p < 0.01. 

CDiffer from control, p < 0.05. 

a chow diet containing 0.1% cholesterol (CH). 
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sa tura t ion  index of bile in this group {group 3) was not  
affected {Table 3). Similar resul ts  were repor ted earlier 
in hams te r s  fed diets containing cholesterol plus UDCA 
(24). Because 7-Me-CDCA is subs t i tu ted  both  in the 7a- 
and 7~posi t ion,  i t  is possible t ha t  i t  may  share certain 
character is t ics  of bo th  CDCA and UDCA. I t  is known, 
however, t ha t  CDCA and 7-Me-CDCA are considerably 
more hydrophobic  than  UDCA (4). 

Kuroki  et  al. repor ted t ha t  7-Me-CA increased serum 
and liver cholesterol and inhibited HMG-CoA reductase  
act ivi ty  in the hamste r  (25). Al though we confirmed tha t  
the concentrat ions of serum and liver cholesterol were in- 
creased by  the adminis t ra t ion  of 7-Me-CA, there seemed 
to be no change in intestinal cholesterol absorption. Thus, 
i t  was not  possible to demons t ra t e  direct ly tha t  the in- 
hibition of HMG-CoA reductase by  7-Me-CA was related 
to the increased hepatic cholesterol concentrat ion caused 
by  increased cholesterol absorption.  

Bile alcohol analogues with a methy l  group a t  the 
7-position had little effect on cholesterol absorption.  We 
have  not  examined the metabol i sm of these compounds  
in detail, and therefore it is unclear whether  these com- 
pounds are efficiently absorbed f rom the intestine, ex- 
t rac ted  by  the liver and excreted into the bile. Kibe et  al. 
repor ted t ha t  in the ra t  following the intra-abdominal  in- 
jection of 24-nor-5~-cholestane-3a,7a,12a,25-tetrol ,  the 
compound was excreted into the bile as a glucuronide I26). 
According to Hosh i ta  et al., the intest inal  absorpt ion of 
bile alcohols is not  as efficient as tha t  of the bile acids 
127). The absorption of the free bile alcohol and bile alcohol 
3-glucuronide were 60% and 30%, respectively,  during a 
24-hr period (27). Therefore, i t  seems likely tha t  the bile 
alcohol analogues examined in this s tudy  exerted little 
effect on cholesterol metabolism because they did not par- 
t icipate effectively in the enterohepat ic  circulation. 

I t  is well-known tha t  bile acid feeding affects intestinal  
bacterial  function (28}. In this respect,  we showed tha t  
7-Me bile acid analogues diminished the bacterial  7- 
dehydroxylat ion of natural ly  occurring bile acids {25,29). 
In  this present  s tudy,  we examined the effect of 7-Me 
compounds  on the conversion of cholesterol to coprosta-  
nol. Earl ier  studies had shown tha t  the format ion of 
coprostanol  f rom cholesterol is affected by  a number  of 
dietary factors, such as protein, cerebroside, fiber and bile 
acids {30-33). In this study, 7-Me-CDCA as well as CDCA 
increased tota l  neutra l  sterol  and coprostanol  output ;  as 
a result, there was an increase of the coprostanol/cho- 
lesterol rat io  {Table 4). However,  under  the conditions 
employed, it  was not  possible to s t a te  whether  these bile 
acids have a direct effect on the bacterial  enzyme(s} in- 
volved. Because cholesterol absorpt ion was decreased in 
these groups (groups 2 and 3}, and presumably  there was 
an increased intestinal sterol concentration, it might  have 
been expected tha t  the coprostanol/cholesterol  rat io  
should have decreased {34). 

In  summary ,  in this s tudy  the mos t  significant effects 
of the 7-Me-bile acid analogues were observed with 7-Me- 
CDCA. Adminis t ra t ion  of the la t ter  produced a decrease 
in intestinal cholesterol absorption and serum cholesterol 
concentrat ion and did not  affect the biliary cholesterol 
saturation. In  addition, this analogue of CDCA increased 
fecal neutral sterol output  and the coprostanol/cholesterol 
ratio. Because 7-Me-CDCA prevents  the format ion of 
cholesterol gal ls tones and accelerates their  dissolution 

in the prairie dog model, fur ther  studies with this com- 
pound seem indicated. 
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Recently, corn (Zea mays L.) hydroperoxide dehydrase 
was found to catalyze the conversion of 13(S)-hydro- 
peroxy-9(Z), 11(E)-octadecadienoic acid into an unstable 
fatty acid allene oxide, 12,13(S)-epoxy-9(Z),U~ctadeca- 
dienoic acid. This study is concerned with the chemistry 
of 12,13(S)-epoxy-9(Z), 11~ctadecadienoic acid in the pres- 
ence of vertebrate serum albumins. 

Albumins were found to greatly enhance the aqueous 
half-Hie of the allene oxide, i.e. 14.1 ___ 1.8 min, 11.6 +_ 1.2 
min and 4.8 _ 0.5 min at O C in the presence of 15 mg/ml 
of bovine, human and equine serum albumins, respec- 
tively, as compared with ca. 33 sec in the absence of 
albumin. Degradation of allene oxide in the presence of 
bovine serum albumin led to the formation of a novel 
cyclization product, i.e. 3-oxo-2-pentyl~cyclopent4~en-1- 
octanoic acid {12~xo-10-phytoenoic acid, in which the 
relative configuration of the side chains attached to the 
five-membered ring is trans). Steric analysis of the cyclic 
derivative showed that the compound was largely racemic 
{ratio between enantiomers, 58:42). 

124:)xw10,15(Z)-phytodienoic acid, needed for reference 
purposes, was prepared by incubation of 13(S)-hydro- 
peroxy-9(Z),11(E),15(Z)-octadecatrienoic acid with corn 
hydroperoxide dehydrase. Steric analysis showed that the 
12-oxo-10,15(Z)-phytodienoic acid thus obtained was not 
optically pure but a mixture of enantiomers in a ratio of 
82:18. 
Lipids 23, 469-475 {1988}. 

In recent work, a fatty acid allene oxide, 12,13(S~epoxy- 
9(Z), 11~ctadecadienoic acid, was identified as the product 
formed from 13(SFhydroperoxy-9(Z), 11 (E)-octadecadienoic 
acid in the presence of corn hydroperoxide dehydrase 
{previously referred to as corn hydroperoxide isomerase} 
{1}. The allene oxide was rapidly hydrolyzed {t~n about 
30 sec at 0 C} in aqueous medium into the previously 
recognized stable a-ketol, 12-oxo-13-hydroxy-9(Z~octa- 
decenoic acid. Treatment of allene oxide with an excess 
of methanol led to the formation of a trapping product, 
12-oxo- 13-methoxy-9(Z)~ctadecenoic acid. Instability of 
the aUene oxide was not confined to hydroxylic solvents. 
Thus, in acetonitrile solution the allene oxide structure 
was subject to intramolecular attack by the carboxyl 
group to yield two isomeric macrolactones, 12-oxo-9(Z~ 
octadecen-11-olide and 12~xo-9(Z)~ctadecen-13-olide {2}. 

'The first paper in this series is Reference I. 
*To whom correspondence should be addressed. 
Abbreviations: 13(S~-HPOD, 13(S~hydroperoxy-9(Z),11(E]-octadeca- 
dienoic acid; 13(S)-HPOT, 13(S)-hydroperoxy-9(Z], 11 (El, 15(Z)-octa- 
decatrienoic acid; MC, {-}-menthoxycarbonyl, Me3Si, trimethylsilyl; 
Phytonoic acid, 2-pentyl-cyclopentane-l-octanoic acid, in which the 
two side chains have the cis relationship (7,8); Phytonoic acid (trans 
isomer}, 2-pentyl-cyclopentanel~)ctanoic acid, in which the two side 
chains have the trans relationship; GC-MS, gas chromatography- 
mass spectrometry; HPLC, high performance liquid chromatog- 
raphy; TLC, thin layer chromatography. 

Unstable eicosanoids like thromboxane A2, prostaglan- 
din I2 and leukotriene A, are stabilized in the presence 
of vertebrate serum albumins {3-5). The aim of this work 
was to examine whether 12,13(S]-epoxy-9(Z), 11-octadeca- 
dienoic acid was stabilized in the same way. In the course 
of the investigation, a novel cyclization product formed 
from 12,13(S)-epoxy-9(Z),11-octadecadienoic acid in the 
presence of bovine serum albumin was isolated and 
characterized. 

EXPERIMENTAL PROCEDURES 
Materials. 13(S~hydroperoxy-9(Z), l l(E)-octadecadienoic 
acid {13(S~[1-'4C]HPOD} {specific radioactivity, 37 and 
1.4 kBq//~mol} and 13(S~hydroperoxy-9(Z}, 11(E), 15(Z)~cta- 
decatrienoic acid {13(S~[1-14C]HPOT} {specific radioactiv- 
ity, 1.5 kBq//~rnol} were prepared by incubation of [1-'4C]- 
linoleic and [1-1'C]a-linolenic acids, respectively, with 
soybean lipoxygenase as previously described {6). 13(S}- 
[9,10,12,13-2H4]-HPOD was prepared from [9,10,12,13- 
2H4]linoleic acid as described (1}. Crystalline, fatty acid- 
free {less than 0.005%} serum albumins were purchased 
from Sigma Chemical Co. {St. Louis, MO}. 

Enzyme preparation~ A preparation containing corn 
hydroperoxide dehydrase was obtained by extraction of 
defatted corn germ with potassium phosphate buffer 
followed by ammonium sulfate precipitation {0-45% 
saturation) as described (1}. Precipitate dissolved in ice- 
cold 0.1 M potassium phosphate buffer, pH 7.4 {1.6 mg 
of protein per nd buffer} was used for the incubations. 

Methyl 12~xo-10,15{Z)-phytodienoate {1}. 13(S~[1-'4C] - 
HPOT (8.4 rag} was dissolved in 0.5 ml of acetonitrile and 
shaken with 45 ml of enzyme preparation {72 mg of pro- 
tein} at 0 C for 15 min. Methanol {3 vol.) was added, and 
the mixture was carefully acidified to pH 3 and extracted 
with two portions of diethyl ether. The product {recovery 
of radioactivity, 93%} was treated with diazomethane and 
subjected to thin layer chromatography {TLC} (solvent 
system, ethyl acetate/hexane [15:85, v/v]}. A broad peak 
of radioactivity appeared (about 80% of the radioactiv- 
ity applied, 1~ = 0.26-0.36}. This material was subjected 
to reversed-phase high performance liquid chromatog- 
raphy (HPLC}. Three peaks of radioactivity appeared, i.e. 
methyl 12-ox~13-hydroxy-9(Z),15(Z~octadecadienoate 
{67%; 18.6-20.2 mi effluent}, methyl 13(S~hydroxy- 
9(Z), 11(E), 15(Z)~)ctadecatrienoate (3%; 22.2-23.0 ml of ef- 
fluent), and methyl 12-oxo-10,15(Z}-phytodienoate {30%; 
23.0-24.6 ml of effluent}. The last mentioned material was 
collected {yield, 1.3 rag). Its identity as methyl 12-oxo- 
10,15(Z~phytodienoate (I, Fig. 1; see ref. 7 for original 
isolation and characterization of this compound} was 
based on 1} its UV spectrum, which showed tma~ at 
221 nm {~ about 12,000), 2} its mass spectrum, which 
showed prominent ions at nde 306 (M, 36%}, 275 {M-31, 
27}, 238 (M-68 R-cleavage with loss of CsHs], 47}, 206 
{238-32, 18), 177 {M-129 [loss of .  (CH2}s-COOCH3], 41}, 163 
{M-143 [loss of .{CH2)+-COOCH3], 53}, 149 {M-157 [loss 
of -{CH2}7-COOCH3], 49}, 109 {65}, 107 {42}, 96 {100) and 
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FIG. 1. Structures of methyl 12~xo-10,15t~phytodienoate (1) and 
derivatives. I is shown as the 9(S),13(S) enantiomer in order to con- 
form with ref. 8, although the absolute configuration of I has not 
been published, a, Acetylation by acetic anhydride/pyridin~ b, ox- 
idative ozonolysis; c, alkaline hydrolysis; d, esterification by treat- 
ment with diazomethane. R, (CH2)~-COOCH3. 

82 (49), and 3) its conversion into two epimeric 12- 
hydroxy-15(Z~phytoenoates upon sodium borohydride 
reduction (8, and below). 

Thin layer chromatographic analysis (solvent, ethyl 
acetateJhexane [2:8, v/v]) of the methyl ester of 12-oxc~ 
phytodienoic acid obtained in this way showed the pres- 
ence of a major (94%; Kf -- 0.42) and a minor (6%; l~ -- 
0.47) isomer. The major isomer was due to 1, in which the 
side chains attached to C-9 and C-13 had the cis relation- 
ship, whereas the latter isomer was the corresponding 
trans derivative 2. These assignments follow from the 
work by Vick and Zimmerman, who showed that  12-oxc~ 
phytodienoic acid biosynthesized from 13(S)~HPOT was 
the cis isomer (8) and from the fact that  i prepared as 
described above was, as expected (8-11), rapidly isomer- 
ized into the more stable trans form (2) by base treatment 
(see below). Gas liquid chromatographic analysis of 1 
showed a major peak at C 24.40 and a minor peak at 
C 24.00 corresponding to I and 2, respectively. Such ther- 
mal isomerization of eis phytonoate derivatives during 
GLC has been reported (8). 

Methyl 12-Ox~lO,15(Z)-phytodienoate (trans isomer) (2). 
1 (1 rag) was treated with 0.1 M sodium hydroxide in 90% 
aqueous methanol at room temperature for one hr and 
subsequently extracted and treated with diazomethane. 
Following preparative TLC, about 0.8 mg of pure 2 was 
obtained. The ultraviolet spectrum of 2 showed an absorp- 
tion band with ~max at 222 nm (E about 12,000). Gas 
liquid chromatographic analysis showed a single peak 
(C 24.00). 

Methyl12-Oxophytonoate (cis and trans isomers) (4 and 
9). 1 (1 mg) was subjected to catalytic hydrogenation, and 
the product was subjected to preparative TLC. In this 
way, about 0.7 mg of 4 was obtained. GLC showed a 
major peak at CF23.60 (4) and a minor peak at C-23.25 (due 
to 9 formed by thermal isomerization) (Fig. 2a). Treatment 
of 4 (0.5 rag) with 5 ml of 0.5 M NaOH in 50% aqueous 
methanol at 37 C for 18 hr followed by esterification 
resulted in the formation of a mixture of 9 (C 23.25) and 
4 (C 23.60) in a ratio of about 92:8 (Fig. 2b). Alternatively, 
pure 9 could be prepared by catalytic hydrogenation 
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FIG. 2. GLC analysis of methyl 12~xophytonoates. Column, 5% 
QF-1 on Supelcopurt; column temperature, 190 C; injection port 
temperature, 220 C. (A) Injection of 4. Thermal isomerization into 
9 is apparent. (]3) Injection of 9 {containing ca. 8% of 4). (C) Injec ~ 
tion of methyl  12-oxophytonoate obtained by catalytic hydrogena- 
tion of Compound B. 

of 2. No separation of 4 and 9 was observed on TLC 
analysis (solvent system, ethyl acetate/hexane (2:8, v/v); 
Rf-~ 0.68). 

The mass spectrum of 9 showed prominent ions at 
m/e 279 (M-31, 4%), 240 (M-70 [/)-cleavage with loss of 
CH2--CH-C3H,], 14), 153 (M-157 [loss of .(CH2)74?OOCH3], 
22), 83 (100) and 82 (50). 

Methyl 12-hydroxy-15(Z)-phytoenoates (trans isomers, 
two epimers) (6 and 11). 2 (1 rag) was treated with sodium 
borohydride, and the product was subjected to TLC (sol- 
vent, ethyl acetate/hexane (25:75, v/v)). Two compounds 
appeared, i.e. 6 (39%; Rf = 0.59) and 11 (61%; Rf = 0.48). 
The mass spectrum of the Me3Si derivative of 11 showed 
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prominent ions at m]e 382 (M, 1%), 367 (M-15, 1), 351 
(M-31, 1), 311 (M-71 [loss of "CsH,], 2), 292 (M-90 [loss 
of Me3SiOH], 5), 249 (3), 225 (M-157 [loss of 
�9 ( C H 2 ) , - C O O C H 3 ] ,  100) and 135 (225-90, 22). The mass 
spectrum of the trimethylsilyl (Me3Si) derivative of 6 was 
similar to that  of 11 although, in this case, the ion m/e 
135 (225-90) was the base peak. 

To examine the relative configuration of the alcohol 
group at C-12 and the pentyl side chain at C-13 of 6 and 
11, the following experiment was carried out (Fig. 1). 6 
and 11 (0.5 mg) were separately acetylated and subjected 
to oxidative ozonolysis. The products were treated with 
1 M NaOH in 80% aqueous methanol at room tempera- 
ture for 18 hr. The hydrolysis mixtures were acidified to 
pH 1 and extracted with two portions of ethyl acetate. 
Analysis of the esterified products by TLC (solvent, ethyl 
acetate/hexane [25:75, v/v]) demonstrated the formation 
of diester 12 (I~ = 0.20) from 11, whereas the product 
obtained from 6 contained lactone 7 (Rf = 0.34) and 
diester 8 (Rf -- 0.22) in a ratio of about 2:1. The struc- 
tures of diesters 8 and 12 were confirmed by mass spec- 
trometry (Me3Si derivatives; prominent ions at m/e 
371 (M-15, 23%), 355 (M-31, 1), 339 (M-[15+32], 3), 
313 (M-73 [loss of "CH2-COOCH3], 8), 312 (M-74 [loss 
of CH2=C(OH)OCH3], 13), 155 (M-[74+157] [loss of 
CH2=C(OH)OCH3 plus .(CH~),-COOCH3], 100), and 129 
(CH~=CH-CH=O§ 26). The structure of lactone 7 
was established by its mass spectrum, which showed a 
molecular ion at m]e 282, its conversion into 8 by alkaline 
hydrolysis followed by esterification, and its conversion 
into triol 3 by LiA1H, reduction. 

I t  followed from the above conversions that  6 had the 
cis relationship between the C-12 alcohol group and the 
C-13 side chain, while in 11 the relationship between the 
corresponding substituents was trans. 

Methyl 12-hydroxyphytonoates (trans isomers, two 
epimers) (5 and 10). 5 and 10 were prepared by catalytic 
hydrogenation of 6 and 11, respectively. The Rrvalues 
found on TLC analysis were 0.58 (5) and 0.51 (10) (solvent, 
ethyl acetate/hexane [25:75, v/v]), and the C-values found 
on GLC analysis of the Me3Si derivatives were 20.00 (5) 
and 19.85 (10). The mass spectra of the two derivatives 
were virtually identical and showed prominent ions at m]e 
384 (M, 1%), 369 (M-15, 15), 337 (M-[15+32], 9), 294 
(M-90, 10), 137 (M-[157+90] [loss of �9 (CH2),-COOCH3 plus 
Me3SiOH], 7) and 129 (CH~=CH-CH=O§ 100). 

Methods for isolation and structure determination. TIC 
was carried out with precoated plates (Kieselgel 60, 
0.25 mm) from E. Merck (Darmstadt, FRG). Material was 
located by spraying with 2',7'-dichlorofluorescein and view- 
ing under UV light. HPLC was performed using a column 
(300 X 8 mm) of Polygosfl C,8 5 ~ and acetonitrile/water 
(85:15, v/v) at a flow rate of 1.5 ml/min. The absorbancy 
of the effluent at 222 nm was measured. GLC was per- 
formed with a F&M Biomedical gas chromatograph 
model 402 using a column of 5% QF-1 on Supelcoport. 
Gas chromatography-mass spectrometry (GC-MS) was 
carried out with an LKB 9000S instrument. The electron 
energy was set at 22.5 eV, and the trap current was 60 ~ .  
Ultraviolet spectra were recorded with a Hewlett-Packard 
model 8450A UV/VIS spectrophotometer. Radioactivity 
was determined with a Packard Tri-Carb series 4000 liquid 
scintillation counter. A Berthold Dtinnschichtscanner II 
was used for determination of radioactivity on TLC plates. 

Sodium borohydride reduction of carbonyl compounds 
(0.1-2 rag) was carried out at room temperature for 
30 rain with 20 mg of NaBH4 in 2 ml of methanol. LiA1H4 
reduction was performed by refluxing the sample 
{0.1-1 rag) for two hr with 70 mg of LiA1H4 in 15 ml of 
diethyl ether. Methods for catalytic hydrogenation {12), 
oxidative ozonolysis {13}, and preparation of Me3Si (12) 
and O-methyloxime derivatives (1) were as described. 

Method for measurement of aqueous half-life of l2,131S)- 
epoxy-9(Zl,11-octadecadienoic acid in the presence of 
albumins. 13(S~[1-14C]HPOD (90 nmol, 3.3 kBq) in 50 ~l 
of acetonitrile was stirred with 7 ml of enzyme prepara- 
tion for 20 sec at 0 C. One ml of serum albumin solution 
in potassium phosphate buffer was added {final concen- 
tration of albumin, 15 mg/ml), and stirring at 0 C con- 
tinued. Aliquots of i ml were removed 2, 4, 8, 15, 25 and 
40 rain after addition of serum albumin. In the case of 
egg albumin, the times used were 20, 40, 60, 80 sec and 
2, 5, 10 and 15 rain. Samples were treated with 20 ml of 
methanol and kept for one hr at room temperature. 
[1-14C]Oleic acid (152 Bq) was added as an internal stan- 
dard, and the mixtures were extracted with diethyl ether. 
The esterified materials were subjected to radio-TLC (sol- 
vent, ethyl acetate/hexane [2:8, v/v]}. The peaks cor- 
responding to radioactive methyl 12-oxo-13-methoxy-9(Z)- 
octadecenoate (Rf = 0.69; formed from allene oxide in 
the presence of methanol} and methyl oleate IRf = 0.84) 
were cut out and weighed�9 The ratios determined for the 
different time points were plotted on a logarithmic scale 
vs time, and the half-life times were calculated. 

RESULTS AND DISCUSSION 

Stabilization of aUene oxide by serum albumins. As seen 
in Figure 3, degradation of 12,13(S)-epoxy-9(Z),11-octa- 
decadienoic acid in aqueous medium followed first-order 
kinetics. The half-life time in the absence of albumin was 
ca. 33 sec {1). In the presence of different serum albumins, 
the half-life was increased by a factor of 9-26. On the 
other hand, egg albumin, which is unrelated to vertebrate 
serum albumins, did not stabilize the allene oxide. As seen 
in Table 1, the efficacy of stabilizing allene oxide by the 
different serum albumins tested was bovine > human 
equine. Interestingly, the same ranking order was found 
for these albumins in stabilizing leukotriene A4 (5). I t  
seems likely that  stabilization occurs by binding of the 
unstable compound to hydrophobic binding sites of the 
albumin molecule. Studies are in progress to examine the 
possible role of specific binding sites I and II (14) in 
stabilizing allene oxide. 

Isolation and structure of Compound B. During studies 
of the half-life of allene oxide in the presence of bovine 
serum albumin described above, an unknown compound 
was observed with an l~-value intermediate to those of 
methyl 12-oxo-13-hydroxy-9(Z~octadecenoate and the 
methyl ester of 13(S~HPOD. As seen in Figure 4A, the 
yield of the new compound (B) was maximal (24% of the 
recovered product} when allene oxide generated from 
13(S~HPOD was treated for one hr at 0 C with 15 mg/ml 
of bovine serum albumin before quenching with methanol. 
When the time of treatment with albumin was reduced 
to 15 rain, the yield of Compound B dropped to 8%. Also, 
formation of 12-oxo-13-hydroxyoctadecenoate was some ~ 
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FIG. 3. Degradation of 12,13(S)-epoxy-9(Z), l l~c tadecadienoic  acid 
in the presence of human serum albumin (15 mglml; - �9 - �9 - �9 - ) 
and horse serum albumin (15 mglml; - - O - - O - - O - - ) .  

TABLE 1 

Stabilization of 12,13(S)-Epoxy-9(Z),ll.octadeeadienoie Acid 
by Albumins (15 mg/ml) 

Half-fife of allene oxide, 
Albumin mean • S.D. (min) 

- -  0.55 a 
Bovine 14.1 +_ 1.8 (n = 3) 
Human 11.6 + 1.2 (n = 3) 
Equine 4.8 + 0.5 (n = 3) 
Chicken egg 0.59 _ 0.02 b (n = 3) 

aRef. 1. 
bInitial phase, during which 80% of allene oxide was hydrolyzed into 
a-ketol. 

what reduced. Instead, an increased yield of methyl 12- 
oxo-13-methoxy-9(Z~octadecenoate was noticed {Fig. 4B). 
If the albumin treatment was omitted, i.e. the allene ox- 
ide generated was directly treated with methanol, Com- 
pound B was not detectable, and the yield of methyl 
12-oxo-13-methoxyoctadecenoate was further increased 
(Fig. 4C). Additionally, when aUene oxide was allowed to 
hydrolyze into 12-oxo-13-hydroxy-9(Z)-octadecenoic acid 
before addition of albumin, only methyl 12-oxo-13-hydrox- 
yoctadecenoate was observed {Fig. 4D). These experi- 
ments thus demonstrated an albumin- and time- 
dependent formation of Compound B from 12,13(S)- 
epoxy-9(Z], 11-octadecadienoic acid. 

Larger amounts of Compound B were prepared in the 
following way: 13(S)-[1-14C]HPOD, 3.3 mg, was stirred 
with 42 ml of enzyme preparation at 0 C for 30 sec. A solu- 
tion of 675 mg of fat ty acid-free bovine serum albumin 
in 3 ml of potassium phosphate buffer was added, and 

>- 
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,'~ ,'o ~ o ~s ,~ ~ ' 
DISTANCE FROM ORIGIN {cm)  

FIG. 4- Thin layer radiochromatographic analysis of products formed 
upon incubation of 13(S)-[1-'4C]HPOD. (A) Consecutive treatments 
were as follows: 1) stirring of 90 nmol of 13(S~HPOD with 5 ml of 
enzyme preparation for 10 sec at 0 C; 2) addition of 1 ml of solution 
of bovine serum albumin (final concentration, 15 mg/ml) and stir- 
ring for 60 min at 0 C; 3) addition of 60 ml of methanol. (13) A s  in 
A, but t ime of treatment with albumin was 15 rain. (C) Consecutive 
treatments as follows: 1) stirring of 90 nmol of 13(S~HPOD with 
5 ml of enzyme preparation for 10 sec at 0 C; 2) addition of 50 ml 
of methanol (13) As in A, but time of treatment with enzyme prepara- 
tion was five miu. 

Peak A, methyl  12-oxo-13-hydroxy-9(Z)-octadeceuoate; peak B, 
Compound B; peak C, methyl  13(S)-hydroperoxy-9(Z),11(E)-octa- 
decadieneate; peak D, methyl 12-oxo-13-methoxy-9(Z}octadeceueats. 
Solvent system, ethyl  acetatelhexane (2:8, v/v). Solvent front is in- 
dieated by arrow. 

the mixture was stirred at 0 C for 60 min. The incuba- 
tion mixture was added to 135 ml of methanol and kept 
at room temperature for 30 min. The product obtained 
by diethyl ether extraction (recovery of radioactivity, 
about 85%) was treated with diazomethane and subjected 
to TLC (Fig. 4). Compound B obtained in this way was 
radiochemically pure. Traces of unlabeled impurities were 
removed by reversed-phase HPLC (Compound B eluted 
with an effluent volume of 28.2-30.1 ml). 

The mass spectrum of Compound B is given in Figure 5. 
As seen, prominent ions appeared at nde 308 {M, 3%), 
277 (M-31, 13), 238 (M-70 ~-cleavage with loss of 
CH2=CH-C3H,], 38), 206 (238-32, 22), 178 (25), 165 (M-143 
[loss of "(CH2)6-COOCH3], 12), 151 (M-157 [loss of 
�9 (CH2),-COOCH3], 30), 109 (46), 96 (100), and 82 {49). The 
similarity of this spectrum with that  of I suggested that  
Compound B was a phytonoate derivative. The molecular 
ion at m/e 308 indicated the presence of one double bond. 
This double bond had to be located in the five-membered 
ring because the ions at m]e 238 and 151 showed that the 
side chains attached to C-13 and C-9, respectively, were 
both saturated. 

Conclusive evidence for the presence of a cyclopen- 
tenone structure in Compound B was provided by ultra- 
violet spectrometry, which showed an absorption band 
with Amax at 222 nm (e about 12,000). 

The mass spectrum of the O-methyloxime derivative 
of Compound B showed prominent ions at m/e 337 (M, 
51%), 306 (M-31,100), 274 (M-[31+32], 46), 267 (M-70 ~- 
cleavage with loss of CH2=CH-C3H,], 77), 236 (267-31, 
95), 194 (M-143 [probably loss of -(CH2h-COOCH3], 43), 
and 124 {194-70, 53). 
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FIG. 5. Mass spectra of Compound B (upper) and of Compound B obtained following incubation of 13(S)- 
[9,10,12,13-2H,]-HPOD (lower). 

Treatment of Compound B with 0.5 M NaOH in 50% 
aqueous methanol at 70 C for one hr resulted in smooth 
conversion into an isomeric derivative having ~'max at 
238 nm (E about 16,000}. The mass spectrum of the methyl 
ester of this compound {C-value, 24.80} showed prominent 
ions at m]e 308 (M, 14%), 277 (M-31, 10), 179 (M-129 
[elimination of �9 (CH2h-COOCH3 by cleavage between C-6 
and C-7], 92), 166 (M-142 [elimination of CH2=CH- 
(CH2h-COOCH3 by cleavage between C-7 and C-8 and 
transfer of 1 H], 8), 151 (M-157 [elimination of �9 (CH2)7- 
COOCH3], 100), 123 (14) and 110 (21). This fragmentation 
pattern was similar to those reported for methyl 12-oxo- 
9(13),15(Z~phytodienoate (8) and 2-heptyl-3-(7-carbometh- 
oxyheptyl)-cyclopent-2-enone (15). On the basis of the data 
mentioned, the derivative obtained by treatment of Com- 
pound B with sodium hydroxide was assigned the struc- 
ture 12-oxo-9-'13)-phytoenoic acid (free acid of 13, s e e  
Fig. 6). 

Catalytic hydrogenation of Compound B afforded a 
dihydro derivative that was identical to a methyl 12- 
oxophytonoate as judged by TLC and mass spectrometry 
{reference compounds: 4 and 9). The retention time of the 
major peak of hydrogenated Compound B was identical 
with that of 9 although a minor peak {less than 5%) ap- 
peared at the position of 4 {Fig. 2). Thus, the two side 
chains attached to the ring structure of Compound B had 
mainly {>95%} the t r a n s  relationship. Phytonoic and 
jasmonic acid derivatives in which the relative configura- 
tion of the two side chains is c i s  are  readily isomerized 
into the more stable t r a n s  derivatives by acid, base, or 
heat {8-11}. Thus, it was conceivable that Compound B 
initially formed from the allene oxide had the cis  relation- 
ship between the side chains but underwent isomeriza- 
tion into the t r a n s  compound during the isolation pro- 
cedures. Also, interaction of Compound B with a hydro- 
phobic alkaline microenvironment of albumin (5) possibly 
would promote such an isomerization. Incubations of 

13 ( ~ ) - H P O D  

J ) Corn I~'droperoxide dehydrase 
2)  Bov ine  s e r u m  a l b u m i n  

0 0 
C c x n p ~ m d  B 1~ 

L0 ] "z/~ 

9 

FIG. 6. Chemical conversions carried out on Compound B (shown 
as the 9(S),13(R) enantiomer). R, (CH2)7-COOCH3. 

13(S)-[9,10,12,13-~H,]-HPOD were carried out to deter- 
mine whether Compound B was initially formed as the 
c is  or t r a n s  derivative. Analysis of Compound B by mass 
spectrometry revealed the presence of 91% trideuterated 
and 9% dideuterated molecules {Fig. 5). Because the 
deuterated hydroperoxide incubated consisted of 93% 
tetradeuterated and 7% trideuterated molecules, it was 
apparent that Compound B almost completely retained 
3 deuteriums (at C-9, C-10, and C-13) and, as expected, 
lost the C-12 deuterium. Retention of the C-13 deuterium 
a tom meant  tha t  no appreciable  exchange of 
hydrogen/deuterium occurred at this carbon, neither dur- 
ing the incubation period with albumin nor during the 
isolation procedures. Consequently, Compound B formed 
from 12,13(S)-epoxy-9(Z), 11-octadecadienoic acid in the 
presence of albumin had the t r a n s  relationship between 
its two side chains. 
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Sodium borohydride reduction of Compound B afforded 
two epimeric methyl 12-hydroxyphytonoates. The two 
epimers were formed in a ratio of 4:6 and were found to 
be identical with 5 and 10, respectively, as judged by 
analysis by TLC, GLC and mass spectrometry {Fig. 6). 

On the basis of these data, Compound B was assigned 
the structure methyl 3-oxo-2-pentyl-cyclopent-4-en-1- 
octanoate, i.e. the methyl ester of 12-oxo-10-phytoenoic 
acid (trans isomer} (Fig. 8). 

Enantiomeric composition of Compound B. 5 and 10, 
prepared from Compound B {above and Fig. 6), were 
separately treated with (-)-menthylchloroformate {13), 
and the resulting (-)-menthoxycarbonyl (MC) derivatives 
were purified by TLC {solvent system, ethyl acetate/hex- 
ane [7:93, v/v]). Each of the MC derivatives gave two 
peaks of diastereomers when analyzed by GLC. The two 
diastereomers of 5-MC appeared in a ratio of 58:42 {faster 
to  slower eluting diastereomer, respectively; separation 
factor, 1.08) {Fig. 7A). As expected, the two diastereomers 
of I~MC appeared in similar proportions (59:41, slower 
to  faster eluting derivative, respectively; separation fac- 
tor, 1.05). Thus, Compound B formed from 12,13(SF 
epoxy-9(Z),ll-octadecadienoic acid essentially was 
racemic, which is in agreement with its formation by a 
nonenzymatic, albumin-promoted reaction. 

Enantiomeric composition of 1. The methyl ester of 
12-oxo-10,15(Z~phytodienoic acid (1) was converted into 
5 and 10 by successive treatments with sodium hydrox- 
ide, sodium borohydride, and hydrogen gas {Fig. 1}. The 
MC derivatives of 5 and 10 were prepared and analyzed 
by GLC as described above for Compound B. The MC 
derivative of 5 separated into two diastereomers in a ratio 
of 82:18 {slower to faster eluting diastereomer, respec- 
tively; separation factor, 1.08) {Fig. 7B). Two diastere- 
omers were observed upon GLC analysis of I~MC. The 
ratio found was 78:22 {faster to slower eluting isomer}. 
However, due to the small separation factor (1.05), the 
percentage of the minor, slower eluting diastereomer 
probably was overestimated. 

Vick and Zimmerman have provided evidence that 
12-oxo- 10,15(Z]-phytodienoic acid serves as the precursor 
of (+}-7-iso-jasmonic acid in plant tissue (16). In that con- 
text, it was notable that 12-oxo-10,15(Z~phytodienoic acid 
biosynthesized from 13(S)-HPOT in the presence of corn 
hydroperoxide dehydrase was found not to be optically 
pure but  a mixture of enantiomers in a 82:18 ratio. The 
absolute configurations of the major and minor enan- 
tiomers of i and of Compound B recently have been deter- 
mined (Hamberg, M., Miersch, O., and Sembdner, G., un- 
published data}. 

This study demonstrates that 12,13(S)-epoxy-9(Z),ll- 
octadecadienoic acid, a fat ty acid allene oxide derived 
from 13(S)-HPOD, is strongly stabilized by serum al- 
bumins. Stabilization was greatest with bovine serum 
albumin and probably was due to binding of allene oxide 
to  hydrophobic binding sites of the albumin molecule. 

Degradation of allene oxide in the presence of bovine 
serum alb,  min led to the formation of a cyclopentenone 
derivative, i.e. essentially racemic 12-oxo-10-phytoenoic 
acid (trans isomer) (Fig. 8). In this context, previous studies 
in which cyclopontenones have been isolated following 
peracid epoxidation of vinylallene derivatives should be 
mentioned ( 17,18). Allene oxides and/or cyclopropanones 
were suggested as intermediates in those conversions. 

Q~ 
O 

I 
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L 
1'o ~o 3b Zo 
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o 1'o 2'0 3'o ,~o 
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FIG. 7. Steric analysis of MC derivative of 5 derived from Compound 
B (A) and from methyl 12~x~10,15(Z)-phytodienoate (13). Column, 
5% QF-1; column temperature, 220 C. 
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FIG. 8. Cyclization of allene oxide generated from 13(S)-HPOD. I, 
12,13(S)-epoxy-9(Z),11~tadecadienoic acid; II, dipolar ion formed 
from I by heterolysis of the bond between the epoxidc oxygen and 
C-13; IIIa,  12-oxo-13-hydroxy-9(Z)-octadecenoic acid; IIIb, 
12~xo- 13-methoxy-9(Z)-octadeccnoic acid. 
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Our, finding tha t  an enzymatical ly generated f a t ty  acid 
allene oxide can cyclize into a cyclopentenone der ivat ive  
under  suitable conditions sugges t s  t ha t  an allene oxide 
is similarly involved as the precursor  of 12-oxo-10,15(Z~ 
phytodienoic acid in different plant  tissues. This proposal 
is supported by  recent experiments  tha t  have shown tha t  
us ing conditions under  which 12-oxophytodienoic acid is 
biosynthesized f rom 13(S~HPOT, t rans ient  format ion of 
12,13(S~epoxy-9(Z), 11,15(Z)-octadecatrienoic acid can be 
detected by  chemical and physical  methods  (Hamberg,  
M., unpubl ished data}. 
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The quantitative composition of phospholipids and fatty 
acids of erythrocytes was investigated in patients with 
atherosclerosis. It was stated that the erythrocyte lipids 
of atherosclerotic patients contained smaller quantities 
of phosphatidylcholine and phosphatidylinositol, a sig- 
nificantly larger quantity of sphingomyelin, and higher 
sphingomyelin]phosphatidylcholine and cholesterol/phos- 
pholipid ratios. The existence of compensatory changes 
was stated, which was evident in the reduction of pelmltic 
and stearic acids and the increase of linoleic and eico- 
satrienoic acids in erythrocyte phospholipids. These 
changes in fatty acid composition probably cause minimal 
changes in the membrane fluidity induced by an increased 
cholesterol/phospholipid and sphingomyelin/phospha- 
tidylcholine ratios. This paper was the first evidence of 
occurrence of those changes in erythrocytes during spon- 
taneous atherosclerosis in human. 
Lipids 23, 476-480 (1988). 

The maintenance of membrane fluidity in precisely deter- 
mined limits is one of indispensable conditions of proper 
functioning of cells. The principal influence of the mem- 
brane fluidity is exerted by the composition of lipid fatty 
acids, the nature and quantitative composition of in- 
dividual phosphofipid classes, and the value of choles- 
terol/phosphofipid and sphingomyelin/phosphatidyl- 
choline ratios. 

The increase of the unsaturation degree of fat ty acids 
intensifies the membrane fluidity, while the increase of 
cholesterol/phospholipid and sphingomyelin]phospha- 
tidylcholine ratios reduces it. In physiological conditions, 
the fipids of erythrocyte cell membrane are "fluid," i.e. 
the lateral mobility of fipids is relatively quick (1). 

Cholesterol, an integral component of cell membranes, 
maintains a lipid bilayer in an "intermediate fluid" state, 
ensuring greater mobility of the acyl chains in the gel 
state and limiting it in the fiquid-crystalfine state (2-4). 
This so-called condensing effect plays an essential 
role in functioning of the membrane enzymes (5,6), in 
processes of a substance transport across the cell mem- 
brane (7-9), and in maintaining of adequate rheologic 
properties of erythrocytes {10AD. Erythrocytes do not 
possess an enzymatic apparatus necessary for the syn- 
thesis of phosphofipids and cholesterol {12}, and, due to 
this, the changes in the lipid composition of the plasma 
fipoproteins {13). An increase of the cholesterol/phospho- 
lipid ratio in the plasma lipoproteins and the erythrocyte 
cell membranes, the blood platelets, the liver cells and the 
endothelium cell membranes is one of the typical meta- 
bolic disorders in the course of atherosclerosis 112}. 
Such changes, impairing the normal structure of cell 

*To whom correspondence should be addressed. 
Abbreviations: C, control group; Chol, cholesterol; HDL, high density 
lipoproteins; PL, phospholipids; TG, triglycerides. 

membranes, may give rise to significant disorders in their 
functions. 

In a previous paper {14), we examined the cytoprotec- 
tive effect of prostaglandins on the erythrocytes of pa- 
tients with atherosclerosis, stating slight differences in 
the osmotic resistance of erythrocytes and the lack of dif- 
ferences in the strength of this prostaglandin effect on 
healthy red blood cells and those in atherosclerotic 
patients. 

The aim of this paper is to state whether there are any 
compensatory mechanisms in the erythrocytes of athero- 
sclerotic patients, which would allow the integrity of the 
cell membrane in spite of the changes in the lipid com- 
position induced by a disease. 

MATERIALS AND METHODS 
Blood taken from 24 male patients with atherosclerosis 
was used for estimations. The patients were divided into 
two groups: 15 patients on whom reconstruction of iliac 
and femoral arteries had been performed, and nine pa- 
tients who had their limbs amputated at the thigh be- 
cause of the extent of lesions. The control group (C) com- 
prised of 11 males of the same age in whom detailed 
clinical examinations failed to demonstrate any disease 
and routine laboratory investigations gave normal results 
falling into the range accepted as not pathological. 

In the fasting, serum of all patients and controls, the 
levels of triglycerides {TG}, total cholesterol {Chol} and 
phosphofipids {PL} were routinely determined using 
diagnostic test kits supplied by Boehringer (Mannheim, 
West Germany}. High density fipoprotein (HDL} fraction 
of each serum also was obtained by the precipitation 
method using Boehringer kits, and the levels of the same 
components in this fraction were determined by the same 
methods as in whole serum as well. The type of dysfipi- 
daemia in atherosclerotic patients was determined by elec- 
trophoretic separation of serum fipoprotines in agarose 
gel (15) and was found to be type IV according to Fred- 
rickson {16} in all cases. Plasma and HDL lipid values of 
all patients are shown in Table 1. 

All patients and controls fed a common nationwide 
Polish diet with an energetic value of 14693 kJ/person/ 
daily. Animal fat consumption was 97 g/person]day, and 
the consumption of vegetable fat was only 25 g/person] 
day. Polyunsaturated fat intake did not exceeded 10% 
of the total (17). This diet remain unchanged within three 
months before experiment. 

Lipids were extracted according to Bouhours and 
Bouhours {18). The lipid extract was dissolved in a small 
quantity of the chloroform]methanol (2:1, v/v) and phos- 
pholipid classes were separated by thin layer chromatog- 
raphy on the Silica Gel G plates (E. Merck, Darmstadt, 
West Germany). The neutral fipids were separated in sol- 
vent system: fight petroleum]diethyl ether/acetic acid 
{90:10:1, v/v/v). Phosphofipids were separated according 
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TABLE 1 

Levels of Triglycerides {TG), Cholesterol {Chol} and Phospholipids (PL) in Whole Plasma and High-density 
Lipoprotein (HDL) Fraction of Control Group (C) and in Patients with Atherosclerosis (I, II) 

Plasma mMfl HDL fraction mMfl 
TG Chol PL TG Chol PL 

C 2.24 + 0.25 6.04 _+ 0.65 275 + 34 0.36 + 0,06 0.88 + 0.10 42 • 6 (11) 
I 2.80 +_ 0.32* 6.22 _+ 0.70 333 + 40* 0.52 +_ 0.09* 0.80 +_ 0.09 41 + 5 (15) 
II 2.94 + 0.03* 6.16 + 0.65 210 +_ 24** 0.50 -!"- 0.07* 0.76 +_ 0.09** 45 + 6 (9) 

In parentheses, the number of cases examined. Each result is the mean +_ S.D. 
*p < 0.05; Student's unpaired t-test. 
**p < 0.02; Student's unpaired t-test. 

to Stein and Smith  (19). Chroma tog rams  were visualized 
in iodine vapors ,  and compounds  were identified by  com- 
par ing their  R~ values with those of s tandards  (Sigma 
Chemical Co., St. Louis, MO). Individual  spots  were 
scraped off, and the gel was  successively ex t rac ted  with 
5 ml each of chloroform, chloroform]methanol  (2:1, v/v), 
chloroform/methanol  (1:2, v/v) and methanol .  

The pooled ex t rac t s  were evapora ted  in vacuum,  and 
cholesterol was  determined in appropr ia te  fract ions ac- 
cording to Zlatkis  e t  al. {20) and phosphorus  as described 
by  Bar t l e t t  (21). 

In  the parallel experiment ,  the zones containing phos- 
pholipid fract ions were scraped off, ex t rac ted  with 2 X 
5 ml of the chloroform/methanol  (1:1, v/v); the pooled ex- 
t r ac t s  were evapora ted  in vacuum; the f a t t y  acids were 
saponified with methanolic K O H  (22). After  acidification 
(1 M HC1) to p H  -- 2.0, the acids were extracted with light 
pe t ro leum and turned into me thy l  es ters  wi th  BF3- 
methanol  complex (Theodor Schuchardt ,  Hohenbrunn,  
Wes t  Germany)  (23). 

The composi t ion and the  quan t i ty  of f a t t y  acids were 
determined by  the gas  ch roma tog raphy  with a Perkin 
E lmer  F-30 gas  ch romatograph  {Perkin E lmer  Ltd.,  
Beaconsfield, Bucks. ,  England) as described (24). Iden- 
t if ication of the components  was carried out  by  compar-  
ing their retention t imes with those of s tandards  {Applied 
Science Labs., Sta te  College, PA). Margaric acid was used 
as the internal  s tandard.  The peak  fields and the reten- 
t ion t imes were measured  by  a computer ized in tegra tor  
Sys t em I (Spectra Physics, San ta  Clara, CA). To resolute 
the  components  of very  close re tent ion times, the capil- 
lary column 50 m X 0.2 m m  i.d., coated with  CP Sil 88 
also was  used  (Chrompack, Middelburg, Netherlands}. 
The carrier  gas  was nitrogen, flow ra te  0.5 mi/min, oven 
t empera tu re  f rom 220-270 C p r o g r a m m e d  with  a ra te  of 
1 C/min with  f lame ionization detector.  

S tuden t ' s  unpaired t - tes t  was  used for compar ing  nor- 
mal ly  d is t r ibuted data ,  and Wilcoxon's  signed rank  t e s t  
for compar ing  da ta  t ha t  normal ly  were not  d is t r ibuted 
(25). 

RESULTS 

Table 2 shows the composi t ion of phospholipids and 
sphingomyelin]phosphatidylcholine and cholesterol/phos- 
pholipid ra t ios  in e ry th rocy tes  of heal thy persons  and 
those wi th  atherosclerosis.  I t  should be noted  t ha t  there 

TABLE 2 

Erythrocyte Phospholipids of Control Group (C) and in Patients 
with Atherosclerosis (I and II) 

C (11) I (15) I I  (9) 

PC 31.0 + 1.3 27.2 + 1.1" 26.8 + 1.0 a 
PE 26.9 --- 1.6 25.8 __- 0.8 25.2 + 1.0"* 
PS 12.6 + 0.7 13.9 --- 0.7* 13.6 + 1.1"** 
PI 4.9 + 0.5 3.5 + 0.4* 4.3 +_ 0.6*** 
Sph 24.6 + 2.1 29.6 + 1.7" 30.1 + 2.0* 
Sph/PC 0.79 + 0.07 1.09 + 0.08* 1.12 __- 0.08* 
Chol/PL 0.83 +- 0.07 1.64 + 0.06* 1.67 __- 0.08* 

In parentheses, the number of cases examined. 
Each result is the mean +_ S.D. 
Composition as mol %. 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, 
phosphatidylserine; PI, phosphatidylinositol; Sph, sphingomyelin; 
Chol, cholesterol; PL, phospholipids. 
*p < 0.001; Student's unpaired t-test. 
**p < 0.02; Student's unpaired t-test. 
***p < 0.05; Student's unpaired t-test. 

was  a significant reduction of the phosphatidylcholine 
quan t i ty  and increase of the phosphat idylser ine  and 
sphingomyelin quantities in erythrocytes  of patients  with 
atherosclerosis.  The increase of cholesterol/phospholipid 
and sphingomyelirdphosphatidylcholine ra t ios  in bo th  
groups  also was significant. The differences in content  
of phospholipid fractions between both  groups of athero- 
sclerotic pa t ien ts  appeared not  to be significant wi th  ex- 
ception of phosphatidylinositol .  

Table 3 shows the f a t t y  acid composi t ion of the phos- 
phatidylcholine fract ion of erythrocytes .  I t  can be ob- 
served tha t  there is a considerable decrease of 16:0, 18:0 
and 20:4r acids, and a highly significant increase of 
18:1co9, 18:2co6 and 20:3co6 acids in the e ry throcytes  of 
pa t ien ts  with atherosclerosis.  

Similar changes  can be seen in f a t t y  acid composi t ion 
of phosphat idylethanolamine {Table 4) and phosphatidyl- 
inositol {Table 5). In  the phosphat idylser ine  fract ion 
{Table 6), the reduction of 16:0 and 18:0 is accompanied 
by  the lowering of 20:4co6 in group I, and i ts  increase in 
group I I  to the level observed in the control. The 
sphingomyel in  fract ion of e ry th rocy tes  does not  contain 
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TABLE 3 

F a t t y  Acid Composition of Erythrocyte  Phosphatidylcholine 
in Control Group (C), and in Pat ien ts  with Atherosclerosis {I and II) 

TABLE 5 

F a t t y  Acid Composition of Erythrocyte  Phosphat idyl inosi tol  
in Control Group (C) and in Patients with Atherosclerosis (I and II) 

C 01)  I (15) II  (9) C 01)  I 05)  II  (9) 

16:0 36.8 • 2.4 30.1 • 2.0* 28.2 • 1.8" 
18:0 11.8 • 1.3 7.3 • 0.8* 5.6 • 0.5* 
18:1(o9 17.4 • 1.0 19.2 _ 0.8* 21.2 • 0.8* 
18:2(06 21.5 • 1.5 27.3 • 1.6" 31.5 • 1.9" 
18:3(03 0.7 • 0.1 1.5 + 0.3* 1.8 • 0.4* 
20:3(06 2.0 • 0.3 4.5 • 0.4* 6.1 • 0.5* 
20:4r 5.1 • 0.6 3.2 • 0.5* 2.6 • 0.5* 
20:5(03 0.4 • 0.1 0.5 __. 0.1"** 0.4 • 0.1 
22:4(06 1.4 +_ 0.2 2.3 • 0.3** 1.5 • 0.2 
22:6(03 2.9 ___ 0.4 4.1 • 0.4* 1.1 • 0.1" 

In parentheses,  the number  of cases examined. 
Each result  is the mean +_ S.D. 
Composit ion as tool %. 
*p < 0.001; S tuden t ' s  unpaired t-test. 
**p < 0.02; S tudent ' s  unpaired t-test. 
***p < 0.05; S tuden t ' s  unpaired t-test. 

T A B L E  4 

Fa t ty  Acid Composition of Erythrocyte  Phosphat idylethanolnmine 
in Control Group (C) and in Pa t ien t s  with  Atherosclerosis (I and II) 

C (11) I (15) II  {9) 

16:0 21.6 • 1.6 17.5 • 1.3" 14.2 • 1.0" 
18:0 18.5 • 1.0 13.2 • 1.2" 11.3 • 0.8* 
18:1(09 17.5 • 0.9 19.3 • 0.9* 22.1 • 1.5" 
18:2(06 6.6 • 0.7 11.5 • 0.8* 13.6 • 0.7* 
18:3(03 0.5 • 0.1 1.1 • 0.1" 2.1 • 0.2* 
20:3(06 1.0 • 0.1 2.2 • 0.2* 3.0 • 0.2* 
20:4(06 21.3 • 2.3 18.4 • 2.5** 15.4 • 1.3" 
20:5(03 1.3 • 0.3 3.2 • 0.3* 4.4 • 0.4* 
22:4w6 7.8 • 1.1 8.5 + 0.8 9.6 • 0.8** 
22:6(03 3.9 +_ 0.7 5.1 _+ 0.6* 4.3 • 0.3 

In  parentheses,  the number  of cases examined. 
Each resul t  is the mean _ S.D. 
Composition as tool %. 
*p < 0.001; S tuden t ' s  unpaired t-test. 
**p < 0.01; S tuden t ' s  unpaired t-test. 

f a t t y  a c i d s  o f  t h e  o~3 s e r i e s  {Tab le  7). C h a n g e s  i n  a c i d s  
o f  t h i s  f r a c t i o n  w e r e  f o u n d  t o  b e  s t a t i s t i c a l l y  n o t  s ig -  
n i f i c a n t .  

DISCUSSION 

16:0 5.3 • 0.6 3.2 • 0.5* 2.6 • 0.4* 
18:0 37.3 • 2.2 32.1 +_ 2.6* 29.3 • 1.8" 
18:1(09 9.6 • 1.2 10.5 • 1.4 11.2 • 1.5"* 
18:2(06 4.3 __- 0.6 9.3 • 0.5 12.3 • 0.7* 
18:3(03 1.0 • 0.2 2.1 + 0.3* 2.5 • 0.3* 
20:3(06 27.3 • 3.0 32.1 • 1.8" 34.2 • 1.6" 
20:4(06 1.0 :i: 0.2 0.5 • 0.05* 0.4 • 0.05* 
20:5(03 2.7 • 0.4 1.6 • 0.4* 1.5 • 0.3* 
22:4(06 4.3 + 0.5 5.3 • 0.6* 4.8 • 0.6 
22:6(03 7.2 • 0.7 3.3 • 0.4* 1.2 • 0.3* 

In parentheses, the number of cases examined. 

Each result is the mean • S.D. 
Composition as tool %. 
*p < 0.001; Student's unpaired t-test. 
**p < 0.05; Student's unpaired t-test. 

TABLE 6 

Fa t ty  Acid of Erythrocyte  Phosphatidylserine in Control Group (C}, 
and in Patients with Atherosclerosis (I and II) 

C {11) I {15) II  {9} 

16:0 4.0 + 0.4 3.0 + 04* 2.7 • 0.3* 
18:0 46.2 • 2.6 40.1 • 2.1" 38.3 • 1.7" 
18:1(09 8.1 • 1.1 6.8 • 09** 7.2 • 0.8 
18:2(06 3.2 + 0.8 6.9 • 0.6* 7.5 • 0.7* 
18:3(03 1.1 • 0.3 1.0 • 0.3 1.2 • 0.4 
20:3(06 24.2 • 2.3 30.1 • 2.4* 30.7 • 2.5* 
20:4(06 0.2 • 0.05 0.1 + 0.05* 0.2 • 0.05 
20:5(03 3.6 • 0.5 2.0 • 0.4", a 3.1 • 0.4 ***,a 
22:4(06 3.0 • 0.4 4.6 • 0.5** 4.7 • 0.4** 
22:6(03 6.4 + 0.9 5.4 • 0.7** 4.4 • 0.6* 

In parentheses, the number of cases examined. 
Each result is the mean • S.D. Composition as mol %. 
*p < 0.001; Student's unpaired t-test. 
**p < 0.01; Student's unpaired t-test. 
***p < 0.05; Student's unpaired t-test. 
aWilcoxon's signed rank test. 

TABLE 7 

Fa t ty  Acid Composit ion of Erythrocyte  Sphingomyelin in Control  
Group (C), and in Patients with Atherosclerosis (I and II) 

16:0 
18:0 

I n  t h i s  p a p e r ,  w e  s t a t e d  t h a t  t h e  s p h i n g o m y e l i n  a n d  18:1(09 
c h o l e s t e r o l  q u a n t i t i e s  i n c r e a s e ,  a n d  t h e  p h o s p h a t i d y l c h c ~  20:o 
l i n e  q u a n t i t i e s  i n  d e c r e a s e  in  e r y t h r o c y t e s  o f  a t h e r o -  22:0 
s c l e r o t i c  p a t i e n t s .  T h e s e  c h a n g e s  p r o d u c e  t h e  i n c r e a s e  o f  24:0 
t h e  s p h i n g o m y e l i n i p h o s p h a t i d y l c h o l i n e  r a t i o  s i m i l a r  t o  24:1(06 
t h e  p h e n o m e n o n  o b s e r v e d  i n  a b e t a l i p o p r o t e i n a e m i a  (26); 24:2(06 
t h e  i n c r e a s e  of  t h e  c h o l e s t e r o l / p h o s p h o l i p i d  r a t i o  i s  s i m i l a r  
to the increase in spur cell anemia (27). This leads to the 
reduction of cell membrane fluidity and reduces the 

C (II) I (15) II (9) 

34.2 - 2.3 33.9 - 2.2 34.4 • 1.7 
9.2 • 0.6 9.4 ___ 0.5 9.5 • 0.4 
1.1 • 0.3 1.3 • 0.4 1.2 • 0.5 
3.8 • 0.6 3.9 • 0.5 3.8 + 0.7 

12.8 • 1.4 13.4 • 1.6 13.8 • 1.7 
24.2 • 2.7 23.3 • 2.5 24.5 • 2.5 

3.3 • 0.4 3.2 • 0.5 3.1 • 0.6 
11.4 • 1.2 11.6 • 0.9 9.7 • 0.7 

In parentheses, the number of cases examined. 
Each result is the mean ___ S.D. 
Composit ion as tool %. 
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changes in contour of red blood cells (28}. The increase 
of sphingomyelin and the decrease of phosphatidylcholine 
quanti t ies  in the course of atherosclerosis also were 
observed in the cells of aortal  int ima and media (29,30}. 
Sphingomyelin stabilizes the bilayer s t ructure  of cell 
membranes  (31), while too high cholesterol content  
destabilizes it (32}; the increase of sphingomyelin quan- 
t i ty  can be t rea ted  as the compensatory  change in 
response to the increase of cholesterol. 

The fluidity of cell membranes also depends on the fa t ty  
acid composition and their degree of unsaturat ion (33,34}. 
I t  generally is accepted tha t  unsa tura ted  fa t ty  acids in- 
tensify the membrane fluidity while saturated ones reduce 
it  (12). The composition of acids of the plasma phosph~  
lipids in the course of atherosclerosis undergoes changes 
characterized by  the increase in 16:0; 18:0 and 18:1o~9 (35}; 
similar changes in the phosphatidylcholine fraction of the 
atherosclerotic aor ta  were noted by  B6t tcher  and Van 
Gent  (30). 

Dietary manipulation also produces the changes in the 
composition of cell membrane fa t ty  acids. Brasi tus et  al. 
(36) asserted tha t  feeding a diet containing large amounts  
of 18:2o~6 increases the lipid fluidity and the unsatura-  
tion degree of acyl chains of erythrocyte membranes, thus 
producing the increase in 18:2o~6 and 20:4r levels in the 
phospholipids of cell membranes. The diet supplemented 
with cholesterol causes an increase of 18:1co9 and 20:3co6 
and decreases the amounts  of 18:0 and 18:2co6 in the 
e ry throcy te  phosphatidylcholine fraction in ra t s  (37}. In 
dogs, feeding an atherogenic diet produces an increase 
of 18:1r 20:3r and 20:3r and a reduction of 18:2co6 
and 20:4r in the lipids of mitochondria and microsomes 
of liver cells (38}. In guinea pigs, the cholesterol supply 
causes a reduction of 16:0 and 18:0 and an increase of 
18:1r 20:3r and 20:4r in the lipids of e ry throcytes  
(39}. In rabbits,  feeding cholesterol produces an increase 
of the cholesterol/phospholipid ratio (40}. 

The changes in lipid composition decrease above are ac- 
companied by  compensatory  mechanisms tending to 
maintain the cell homeostasis. Brasitus et al. (36) showed 
that  the increase in the amount of unsaturated fa t ty  acids 
is compensated by the increase of cholesterol/phos- 
pholipid ratio. Schouten et  al. (41) proved that  an increase 
of 20:5co3 is compensated by  the decrease of 18:2r 
in the phosphatidylcholine fraction of erythrocytes .  
Schouten et al. (41) s tated tha t  increase of the cholesterol] 
phospholipid ratio goes along with the compensatory  
decrease of 18:0 decrease of 18:0 and the increase of 
18"2r The increase of 20:3r observed by the same 
team in other  experiments (37,41} is an adaptive change 
in response to the increase of the cholesterol/phospholipid 
ratio. The increased cholesterol/phospholipid ratio in 
erythrocytes of the guinea pig fed an atherogenic diet p r o  
duces the compensatory decrease of 16:0 and 18:0 and an 
increase of 20:3co6 and 20:4r (39}. Similar changes were 
observed by Gibson et al. in lipids of subcellular fractions 
of liver, kidney, brain and hear t  in ra ts  (42}. 

The s ta ted decrease of 16:0 and 18:0 and the increase 
of 18:2co6 and 20:3co6 in the e ry throcy te  phospholipid 
fract ion in atherosclerotic pat ients  also can be regarded 
as compensatory  changes aimed at  the maintenance of 
adequate  physico-chemical propert ies of the cell mem- 
brane in response to the increased cholesterol/phospho- 
lipid and sphingomyelin]phospholipidcholine ratios. Popl> 

Snijders et  al. recently showed tha t  the compensatory  
changes described above are sufficient for maintaining 
adequate  fluidity of e ry throcyte  membrane  (43}. 

The compensatory mechanisms tha t  we have observed 
may explain previously s ta ted (14) lack of differences in 
the s t rength  of the cytoprotect ive  effect of prostaglan- 
dins on erythrocytes  of healthy persons and patients with 
atherosclerosis. The investigations of Borochov and 
Shinitzky (44) suggest  tha t  the availability of surface 
receptors of red blood cell membrane depends on its fluid- 
ity. The compensatory  changes of the kind described 
above can be the reason for identical availability of recep- 
tors  for prostaglandins in both  cases. 
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M E T H O D S  I I 

Composition of Mixed Octadecadienoates via Ozonolysis, 
Chromatography and Computer Solution of Linear Equations I 
H.J. DuflonO, S.B. JohnsonO, F.J. Puscha, M.S.F. Lie Ken Jleb, F.D. Gunstonec ond R.T. Holmana,* 
aThe Hormel Institute, University of Minnesota, 801 16th Ave. N.E., Austin, MN 55912, bHong Kong University, Hong Kong, and 
CUniverslty of St. Andrews, St. Andrews, Scotland 

An approach to the analysis of 55 possible nonconjugated 
positional isomers of octadecadienoic acid is described 
and tested with mixtures of individual synthetic methyl 
esters. In the first example, by ozonolysis a seven- 
component mixture consisting of cis, cis 5,12-, 6,10-, 6,11-, 
6,12-, 7,12-, 8,12-, and 9,12~ctadecadienoates was con- 
verted to aldehydes, aldehyde-esters and dialdehydes. 
These fragments were separated on a 50 m X 0.2 mTn fi~e 
fatty acid phase (FFAP) vitreous silica capillary column. 
Equations for an arbitrarily restricted 12 X 15 matrix of 
linear simultaneous equations and a computer solution 
of the matrix provided the composition of the initial 
methyl octadecadienoate mixture. The power and signifi- 
cance of this method became apparent with the observa- 
tion that only two of the seven isomers in the known mix- 
ture were resolved as single peaks by state-of-the-art 
capillary gas chromatography, but all seven were iden- 
tiffed and estimated with acceptable error by the ozonoly- 
sis~capillary gas chromatography~omputer procedure. In 
a generAliT.ed approach to the analysis of the 55 possible 
nonconjugated isomers, a computer program selects the 
appropriate matrix of linear simultaneous equations 
based on the aldehyde data supplied by the analyst. 
Twenty of 21 combinations of seven isomeric esters taken 
five at a time have been analyzed to assess the efficiency 
of the method. To illustrate applicability at this stage of 
development, the method has been used to analyze the 
diene products of the hydrazine reduction of y-linolenic 
acid and the diene products from the biological desatura- 
tion of isomeric monoenes. The possibility of distinguish- 
ing geometric and positional isomers of 18:2 has been 
opened by the observed separation of c/s- and trans- 
unsaturated aldehydes and aldehyde-esters. 
Lipids 23, 481-489 (1988). 

Methods for the analysis of positional isomers of oc- 
tadecadienoates as they occur in mixtures of chemical or 
biological origin generally are lacking (1). A procedure for 
the analysis of 18:2 isomers from partially hydrogenated 
fats has been described (2) but was not applicable to 
samples of biological origin because the range of double~ 
bond positions permitted was too limited. It involved 

'Presented in part at the 16th World Congress of the International 
Society for Fat Research, October 4-7, 1983, in Budapest, Hungary, 
and at the American Oil Chemists' Society Meeting, May 15, 1986, 
in Honolulu, Hawaii. 
*To whom correspondence should be addressed. 
Abbreviations: CGC, capillary gas chromatography; HPLC, high per- 
formance liquid chromatography; TLC, thin layer chromatography; 
A, aldehyde; AA, dialdehyde; AE, aldehyde ester; FFAP, free fatty 
acid phase; PHSO, partially hydrogenated soybean oil; PL, 
phospholipids. 

ozonization and reduction to form alcohols, gas chroma- 
tographic separation of the alcohols, alcohol-esters, di- 
alcohol fragments and, finally, mathematically identify- 
ing the component 18:2 isomers in the original mixture 
and estimating their proportions from the proportions of 
the fragments produced. 

In this report, an improved procedure is proposed for 
the analysis of a wider range of isomers such as may be 
expected in biological studies {3). Based on the capillary 
gas chromatographic (CGC) separation and measurement 
of the aldehydes, which are more quantitatively formed 
from the ozonides than are alcohols, the method permits 
analysis of mixtures of isomeric nonconjugated dienoic 
acids with double bonds ranging from the A3 to A15 posi- 
tions, limits that  are reasonable for biological samples. 
The method has been tested previously (4) with seven 
known mixtures of synthetic isomeric dienoic fat ty acid 
methyl esters (5) and upon the diene products of the 
hydrazine reduction of y-linolenic acid for which the prod- 
ucts are predictable, and those preliminary results ap- 
peared in the Congress' Proceedings (4). This final report 
is based mainly upon new data in which alkaline isomer- 
ization was used for measurement of 1,4-dienes rather 
than malondialdehyde and on tests of the method with 
21 known model mixtures of 18:2 acids. 

EXPERIMENTAL 

Synthetic mixtures. Synthetic isomers of cis, cis-18:2 (5} 
were used to prepare mixtures of known composition for 
analysis and development of procedure. The initial mix- 
ture consisted of equal amounts by weight of cis, cis-5,12-, 
6,10-, 6,11-, 6,12-, 7,12-, 8,12- and 9,12-octadecadienoic 
acid methyl esters. The major test of the approach was 
by a series of 21 synthetic equimixtures of the same seven 
isomeric esters taken five at a time. 

Ozonizations. Ozonizations were performed by bubbling 
a stream of 10% 03 in oxygen (50 mYmin} through 
petroleum ether solutions (ca. 20-100 ~g of esters in 
20-100 ~1) cooled by a CO2-acetone bath. Ozone was pro  
duced in a small glow discharge generator powered by a 
Tesla coil {6} or in a Bonner-type generator (7). After par- 
tial evaporation of the petroleum ether with a stream of 
N2 at room temperature, an amount of triphenylphos- 
phine in diethyl ether (8) twice the sample weight was 
added to reduce the ozonides to aldehydic products. 

CGC separations. CGC separations of individual al- 
dehyde (A), aldehyde~ester (AE) and dialdehyde (AA) 
fragments were performed using a 50 m • 0.2 mm free 
fat ty acid phase (FFAP) (Carbowax) column (Supelco, 
Inc., Bellefonte, PA) and a 50 m • 0.2 mm SP 2330 
vitreous silica column (Scientific Glass Engineering, Inc., 
Austin, TX). The FFAP capillary column was used 
isothermally at 185 C and 190 C to partially separate the 
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initial mixtures of methyl octadecadienoates (Table 1). To 
separate aldehydic products, both the SP 2330 and F F A P  
columns were programmed from 40 C to 220 C at a rate 
of 6 C/rain in a Packard Model 428 gas chromatograph 
equipped with a flame ionization detector. Peak areas and 
retention times were measured by an I M S A I  8080 
microprocessor. 

Conjugatable double bonds. The percentage of methyl- 
ene-interrupted dienes was determined as a preferred 
alternative to or in addition to the CGC measurement  of 
malondialdehyde (AA3), which is poorly detected because 
it has only one ionizable carbon atom. The alkaline 

conjugation was performed in the injection port  with 
te t ramethylammonium hydroxide, and the nonconju- 
gated dienes were separated and measured by CGC (9). 
The malondialdehyde equivalent to the conjugatable 
dienes was calculated and used in the matrix solution. 

Mathematical procedures for the seven-component ini- 
tial equimixture. The analytical problem involves a matrix 
of linear simultaneous equations relating the occurrence 
and proportions of the several possible A, AA and AE 
fragments  arising from a broad range of isomeric 18:2 
structures (2). This matrix is shown in Figure 1. Because 
conjugated isomers rarely are found in animal lipids, 

TABLE 1 

Comparison of Analytical Methods of the Seven-component  Synthet i c  Mixture  of Dienes 

CGC Ozonolysis direct Ozonolysis restricted 
Weight (Fig. 2) calculation matrix solution a 

(%) (%) (%) (%) 

Ozonolysis unrestricted 
matrix solution b 

(%) 

5,10- 3.3 
5,11- 
5,12- 14.3 46.3 c 23.2, 13.2 16.6 
6,10- 14.3 15.9 13.4 
6,11- 14.3 10.3 16.8 13.9 
6,12- 14.3 26.4 d 15.1 13.4 
7,10- 1.5 
7,11- 
7,12- 14.3 13.1 9.9 
8,11- 
8,12- 14.3 12.6 15.9 
9,12- 14.3 16.0 12.1, 13.6 12.1 

2.1 • 3.1 
3.9 • 3.0 

15.2 • .05 
15.0 • 3.0 
11.1 • 0.0 
12.0 • 3.0 

1.9 • 3.0 
11.7 _+ 3.0 

14.2 _ .05 
12.9 + 0.0 

aRestricted to isomers permitted by the single-skip hypothesis. 
bAverage _ S.D. of six solutions of minimum error considering all 
10 at a time. 
CIncludes 6,10-, 5,12-, and 7,12-. 
dIncludes 6,12- and 8,12-. 

66 combinations of 12 isomers taken 

3,6 - -  3 ,7  - -  3 ,8  
[ / i / I / I /  1 / "  I / I / I / I / I 

4 ,7  - -  4 ,8  - -  4 ,9  - -  4 , 10  - - 4 , 1 1 - - 4 , 1 2 - - 4 , 1 3 - -  4 , 1 4 - - 4 , 1 5 - -  
I ~. r I / '  I i "  I 1 "  I / I / I / I - - - - -  

5 , 8 / , ~ f 5 , 9  - -  5 ,10  - -  5,11 - -  5,1j~,,,~ L 5113 ~ 5114~ ' -  5 ; 1 5 - -  

[ f6 ,9  -- 6,10 - -  6 , 1 1 - -  6 , 1 ~  ~ 6,13 - -  6 ,14- -  6,15 - -  
I I / ~ / t ~ / " 1  / t / I / I 
I 7 ,10 - - 7 , 1 1  - -  7 , 1 ~  '~- 7 , 1 3 - - ' 7 , 1 4 - -  7 , 1 5 - -  
I i / ~ / / - ~  / i / j .  / I 
I 8 , ~  --8,12..,. , ~  8 , 1 3 - - 8 , 1 4 - -  8 , 1 5 - -  
I I / . . ~  / i ~ I / I I 
I 9 , 1 2 / 9 , 1 3  - -  9 ,14 " - -  9 , 1 5 - -  I 
t----~ / i / I / I I . . . . . . .  
h0,13 - 10,14 - 1 0 , 1 5 - -  
I i / i / I 
1 1 1 , 1 4  - 1 1 , 1 5 - -  

ALDEHYDES 

- -  3 , 9 - -  3 ,10  - - 3 , 1 1 - -  3 , 1 2 - - 3 , 1 3 - - 3 , 1 4 - - 3 , 1 5 - -  = AE3  

= AE4 

: AE5 

: A E 6 ~  

I 18 :2  ISOMERS 

I 
I I / t I 
112,15 - I 

I II II II JI li ! H II II IJ li 
I AA3 AA4 AA5 AA6 AA7 I AA8 AA9 AA10 AA11 AA12 

DIALDEHYDES 

uJ  

= AE8~ 
>-  

= AE9  

---- A E I O  ~ 

----AE11 

= A E 1 2  

FIG.  1. Triangular representation of 30 linear s imul taneous  equat ions  relating 55 non- 
conjugated 18",2 i somers  to A,  A A  and A E  fragments .  A E  homologs  are s u m m a t i o n s  
horizontally; A A  homologs  are vertical snmmatious; A homologs  are diagonal  summa-  
tions,  as  shown.  Enclosed area includes the equat ions  l imited by the  range of analyt ical  
data  supplied. 
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these isomers were excluded from consideration. There 
are 55 positional, nonconjugated isomers of 18:2 possi- 
ble, with double bonds ranging from positions A3 to A15. 
Isomers of 18:2 outside this range also are very unllkely 
in natural samples, and even those 18:1 isomers from 
which they might be derived occur in hydrogenated fats 
in vanishingly small proportions. For these 55 isomers, 
there are at a maximum only 30 aldehydic products possi- 
ble by ozonolysis and reduction. Obviously, such a matrix 
cannot be solved nor need it be in most practical samples 
because relatively few isomers occur in any given system. 
In the earlier application to the diene structures expected 
in partially hydrogenated oils {2), the "single skip princi- 
ple" was applied, in which only one of the two double 
bonds of a methylene-interrupted diene is expected to 
shift in a given molecule during hydrogenation. Applica- 
tion of the single skip principle here reduced the matrix 
to 15 equations, relating 12 unknowns that should per- 
mit mathematical solutions. Applying a narrower matrix 
for the range A5 to A12, covering the range of double bond 
positions occurring in the model esters, the aldehydic 
products of an equimixture of the seven synthetic dienes 
were analyzed {Fig. 2), the products identified and the 
matrix equations solved as shown in Figure 3. 

The restriction of the single skip that applies to hy- 
drogenation may not be valid for unknown biological 

A 
56 7 8 

AE 
7 8 9  

AA 
3 4 5 L 

I 

m i n u ~ e s  0 30 
FIG. 2. Temperature-programmed capillary gas  chromatogram of 
the aldehydic products from the ozonization of the seven~omponsnt 
synthet ic  mixture of diene isomers using a 0.2 mm X 50 m F F A P  
vitreous silica co].mn~ AE, aldehyde esters; AA,  dialdehydes; A, 
aldehydes all wi th  numbers indicating chain lengths.  (50 M F F A P  
colunm programmed 40 C to 220 C at 6 C/rain.) 

systems, and a more generalized procedure for limiting 
the numbers of equations was needed. Accordingly, an 
initial subroutine, BRAIN, to the computer program was 
devised to select the appropriate equations involving only 
those isomers that could yield the aldehydic products 
observed. This same elimination of unneeded equations 
can also be performed graphically, as shown in Figure 1 
by the broken lines that intersect to include an area {solid 
lines) of 14 unknowns and 14 equations required by AE5 
to AEg, AA3 to AA7 and A6 to A9. This reduction in 
matrix size is followed by a routine, DIENES, which 
makes further deletions of isomers to be considered by 
deletion of the minor aldehydic components, if necessary, 
to achieve a solution. It also employs the subroutine, 
ORTHO (2), which solves the remaining matrix itera- 
tively. This composite program is available from the first 
author. A first test of this generalized approach was made 
with the same equimixture of seven available synthetic 
isomers of 18:2 whose double bonds occurred at carbons 
5 through 12. Despite the 13 equations relating 12 un- 
knowns, this matrix was not solved directly for the seven- 
component mixture because of redundancies (2). There 
fore, a strategy successively considering only 10 of the 
12 isomers at a time and evaluating the results for mini- 
mum error was undertaken. The average for six minimum 
error solutions is given in the last column of Table 1. This 
strategy, while acceptable for knowns, is not justifiable 
for nnknowns. 

Mathematical procedure for the 21 five-component 
mixtures of seven esters. To evaluate  accuracy and preci- 
sion of the general  analyt ical  method and mat r ix  sys- 
tem, a series of 21 mixtures  of the seven esters  taken five 
a t  a t ime was made as indicated in Table  2. Compute r  

A 
INPUT DATA DATA AND EQUATIONS 

05 8 5 9 51 512 6 9 &lO 611 612 710 712 {}12 912 
23.2C,) I . I .  I �9 1. 0 �9 0 �9 0 �9 0 �9 0 �9 0 �9 0 �9 0.  O. 0 �9 AE5 
39. (.K)O 0. i). 0.  O. 1 �9 I .  I �9 I �9 0. 0. 0. O. 0. 0. AEb 
1 ~. I 0~) 0. 0 �9 0. 0.  0. 0. 0 �9 0.  1 �9 1 �9 0 �9 0. 0 �9 0.  AE 7 
1 2  �9 b O O  0 �9 0 .  0 .  O .  0 .  O .  0 .  0 �9 0 �9 0 �9 1 �9 0 �9 0 .  0 �9 A E 8  

12. 10.) O. O. O. O. O. O�9 O. O. O. O. O. I .  O. O.AE9 
13.6(MJ 1. 0. 0 .  0. I .  0 .  0. 0.  1. 0 �9 0.  I .  0.  0.  AA3 
"52.7C.:) 0. 1 �9 0 �9 O. 0 �9 I - O �9 O. O �9 O. t. O. 0 �9 0 �9 AA4 

25.40.9 0. 0. 1 �9 0.  0. 0.  1 �9 0.  0.  1 �9 0.  0.  0.  0. AA5 
15. 10.9 O. O. O. O. 0.  O. O. 1. O. O, O. O. O. 0.  AA6 
13. 200 0. 0. 0.  1. 0. 0. 0.  0. 0.  0. 0.  0. 0.  0. AA7 
67. 200 0. 0. 0.  1 . 0.  0.  0.  I �9 0.  I . 1. 1 . 0.  0.  Ab 
1 6  �9 8CK) 0 .  0 .  0 �9 0 .  0 .  0 �9 1 �9 0 �9 0 .  0 .  0 .  0 �9 0 �9 0 .  A 7  

15.900 O. O .  I .  O. O. 1. O. O. I .  O. O�9 O�9 O. O.A8 
.000 O. . 1. O. 0.  I .  O. O. 0. r .  0.  0.  O. O. O.A? 
.000 1. O. O. O. O. O. O. O. O. O. O. O. O. O.AIO 

I00 .  000 I .  1. I .  I .  I .  I �9 1. I .  I .  I .  I .  I �9 O. TOTAL 

co~PV CAUE Norm e C 
PERCENT PERCENT COrlPD CALC NOf~M 

5~ 8 1.342 1 .320 PERCENT PERCENT 
5,  9 6 .845 b . 7 3 b  5,  8 1.409 1.394 
5 , 1 0  - . 1 8 0  - . 1 7 7  5 ,  ? 3.577 3.541 
5 , 1 2  14.522 14.289 5 , 1 2  15.912 15.751 
b )  9 - 6 . 0 0 2  - 5 . 9 0 b  6 , 1 0  13.562 13.424 
b , 1 0  12.258 12.062 b,11 14.221 14 .077 
6,11 l b . b 4 7  16.381 b , 1 2  13.364 13.228 
6 )12  15.924 15.669 7 , 1 0  1.467 1 .452 
7 , 1 0  4.167 4 .101 7 ,12  11.611 11.493 
7 ,12  9,25f l  9 . 1 1 0  8 , 1 2  14�9 14.141 
8 , 1 2  15.424 13.209 9 , 1 2  11.a17 11.499 
9 , 1 2  13.422 13.207 TOTAL 101.026 100.000 

TOTAL 101.627 100.000 

FIG. 3. Computer solution of matrix for the seveu-component syn- 
thetic  mixture. A, input data and linear equations in determinant 
format; a one or zero in the body of the table indicates presence or 
absence, respectively, of the isomer indicated at the top of the col- 
umn in the linear equation of the row; B, first approximation; C, 
results of final iteration�9 
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solutions of 20 of these 21 mixtures were successful using 
analytical input data from the model mixtures. The com- 
bination omitting esters F {8,12-} and G {9,12-), designated 
in Table 2 as -FG, was not solved by manual algebra or 
by our direct computer methods. The combination -BC 
is of particular interest because the solution was obvious 
by direct inspection of either the AA or the AE data, 
uniquely identifying esters present. 

In the first test of the entire procedure, nine dispersed 
combinations of five isomers listed in Table 2 were chosen 
for analysis. CGC analyses of the methyl esters were 
made first to see if any of the combinations could be 
analyzed without the ozonization-computer matrix pro- 
cedure. None of the mixtures was separable into its five 
components. After ozonization, reduction and CGC of the 
aldehydic products, computer solutions of the matrices 
were calculated, and the standard deviations of the values 
for each isomer occurring in the many combinations were 
calculated. In these calculations, percentage of conju- 
gatable isomers by alkali isomerization-CGC (9) was used 
in lieu of measurement of percent malondialdehyde by 
ozonolysis-CGC. 

Following the discovery that the -FG combination could 
not be solved directly, the remaining 11 combinations of 
the 21 were analyzed by the ozonization-computer pro- 
cedure. Spreadsheets were exploited for the laborious 
calculation of corrected mole percentage and integrated 
graphics for stacked-bar histograms were used as helps 
in development. The data from this extended series of 
model mixtures also are in Table 2. 

Solutions of linear simultaneous equations were per- 
formed using the improved FORTRAN program, which 
eliminated from consideration those isomers for which no 
experimental data existed and deleted the related equa- 
tions from the matrix. The program minimized the sum- 
squared error of all possible solutions by an iterative 
process, and printed out the observed input data, the 
values for the data used, and the absolute error and the 
percentage error between the latter two. When a negative 
value was found, the program set that isomer at zero, and 
the calculation was repeated. This program, the spread- 
sheets and the graphics were run on an Apple IIe com- 
puter {10). The program is available from the Hormel 
Institute 2 (10). 

Standard dienes. The synthetic isomeric 18:2 fatty acid 
methyl esters (5) had cis-cis double bonds at the 5,12-, 
6,10-, 6,11-, 6,12-, 7,12- and 8,12- positions. In addition, 
methyl linoleate (9,12-18:2) and methyl linoelaidate 
{t9,t12-) were obtained from NuChek Prep., Inc. {Elysian, 
MN). These isomers covered the range of double bond 
positions from A5 to h12. 

Hydrazine-reduced y-linolenic aciv~ Dienes from hydra- 
zine-reduced y-linolenic acid were prepared in the follow- 
ing way: to 10 Id of 6,9,12~ctadecatrienoic acid (y-linolenic 
acid, 18:3co6) dissolved in 1.6 ml of methyl alcohol, 0.3 ml 
of hydrazine hydrate {64%) was added; and oxygen gas 
(50 mYmin) then was bubbled for 10 rain into the reac- 
tion mixture in a 20 C water bath. The reaction mixture 
was then acidified with 3 N methanolic HC1, extracted 

with petroleum ether, washed with water, dried, esterified 
with BF3-methanol (14% w/v), extracted with petroleum 
ether and washed. The resultant methyl esters were 
separated by thin layer chromatography (TLC) on 2% 
silver nitrate-treated Silica Gel H plates using petroleum 
ether-diethyl ether (100:10, v/v) as solvent to obtain the 
diene fraction, which theoretically should be equal parts 
of 6,9-, 9,12- and 6,12-18:2. 

Liverphospholipids (PL). Liver PL from a rat fed 18% 
partially hydrogenated soybean oil (PHSO) were isolated 
and used to test the analytical method on a biological 
sample likely to contain 18:2 isomers (11). After conver- 
sion to methyl esters, the diene fraction was isolated by 
AgNO3-TLC, and the C,, dienes were separated from C2o 
dienes by high performance liquid chromatography 
(HPLC) on an ALTEX C-18 column using 95% methanol. 

RESULTS 

Analysis of the seven-component known mixture. CGC 
of an equimixture of the seven isomeric methyl octadeca- 
dienoates listed above showed three major unresolved 
peaks and a fourth peak that  was more completely re- 
solved and integrated {Fig. 4). From the retention times 
for the individual components (4), the identifications of 
components within each peak could be made. 

The equimixture of the seven isomeric methyl octadeca- 
dienoates also was ozonized, reduced, and the resultant 
AE, AA and A fragments were separated by temperature 
programmed CGC (Fig. 2). Identifications of aldehydic 
fragments were made by ozonizing the individual isomers 
and CGC separation of the resulting aldehydic fragments. 
Plots of elutin temperature vs chain length of A, AE and 
AA fragments each gave a linear relationship {4,12). This 

2 

4 

I 

I I | w 

0 30 minu~es 

'All necessary FORTRAN programming and instructions for use 
on Apple II computers and a demonstration routine on disk will be 
supplied by the first author upon request. {Include a blank 51s 
diskette and a self-addressed, stamped mailing carton.) 

FIG. 4. CGC separation of the seven-component synthetic mixture 
of methyl octadecadienoates. Peak 1: 6,11-isomer. Peak 2: 6,10-, 5,12- 
and 7,12-isomers. Peak 3: 6,12- and 8,12-isomers. Peak 4: 9,12-isomer. 
(50 M FFAP column at 190 C.) 
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includes the peak corresponding to malondialdehyde, 
which is small because of its one ionizable carbon atom, 
and which therefore is less reliable for quantitative pur- 
poses. It has been used previously to qualitatively estab- 
lish the structure of methylene~interrupted double bonds 
in individual trienes and tetraenes (13). Only those peaks 
that  fell where expected were considered in the calcula- 
tions, and spurious peaks were ignored. Of particular con- 
cern was the large unidentified peak that sometimes 
followed AE7. Our study of the kinetics of ozonization 
indicated that it forms in proportion to the AE fragments. 
In packed 1/8" columns, this peak is not resolved from 
AE7 and it gives such large and erroneous values for AE7 
to make the data arising from packed columns invalid, 
and to make CGC the tool of necessity. 

Table 3 gives the uncorrected areas from Figure 2, the 
areas corrected for ionizable carbon atoms {14), the molar 
percentages adding up to 100% for each type of fragment 
and, finally, the identities of the isomers contributing to 
each peak. These molar percentage values were the input 
data used in the computer program. The percentage of 
conjugatable diene obtained by injection port alkali 
isomerization-CGC was 13.7% corresponding to 13.6% in 
Table 3 for AA3 (9). 

A computer printout showing these input data (first col- 
umn) and the matrix of 18:2 isomers derived from them 
are shown in Figure 3A. The first solution (Fig. 3B) gave 
two negative values that were eliminated in the next itera- 
tion. Figure 3C shows the final solution. 

In the equimixture analyzed, each isomer has as its uni- 
que expression, one AE or one AA or both {Table 1). 
Therefore, a qualitative analysis should be feasible from 
the AE and A produced, and a quantitative analysis is 
feasible from the proportions of the products (Table 1). 
However, in those instances in which an isomer could be 

measured independently by two different aldehydic frag- 
ments, discrepancies between the two calculations were 
apparent (Table 3). For example, measurement of 5,12- 
18:2 by the AE5 alone gave 23.2%, but using the AA7 
alone gave 13.2%, an example of the experimental error 
of analysis by direct calculation. Table 1 compares the 
composition of the known mixture of standard 18:2 
isomers by gravimetry with its analysis by the methods 
of CGC, by direct calculation, by computer matrix solu- 
tion with a restricted matrix, and in the last column, by 
an unrestricted matrix that examined all 66 possible com- 
binations of 12 esters taken 10 at a time, and selected six 
solutions of minimum error for averaging. 

CGC analysis of the 21 five-component known mixtures 
of the seven esters. Direct CGC of the 10 experimental 
mixtures -AC, -AE, -AG, -BD, -BE, -CE, -CG, -DF, -EF 
and -FG resolved only two peaks in four of the mixtures, 
three peaks in five, and four peaks in one. Four peaks also 
were found in the first seven-component mixture de- 
scribed above, but only the 9,12 isomer was clearly 
separated in all mixtures. These measurements showed 
the inadequacy of current CGC for separation of 18:2 
isomers. 

Ozonolysis, reduction, CGC of aldehydes and computer 
matrix solutions of the data gave for the first nine equi- 
mixtures an average value of 19.3% __ 5.1% (S.D., n = 
9). The difference between this average and the expected 
20% for each is accounted for by small percentages of 
isomers that were required by the computer solution for 
minimizing the error of the input data. In these calcula- 
tions, the percentage of conjugatable dienes was used in 
lieu of the percentage of malondialdehyde by CGC mea- 
surement. The alkali conjugation-CGC analyses on eight 
mixtures that contained linoleate {20%} had an average 
percentage value of 17.6% _ 2.4 (S.D.) conjugatable 

TABLE 3 

Aldehyde Fragments  Obtained from Ozonolysis  and Reduction of the Seven~omponent  18:2 Mixture 

Peak Ionized Corrected Contributing 
Fragments Temp. Time area carbons area Mol % diene{s) 

AE9 203.2 25.53 7,101 
AE8 191.4 23.57 6,454 
AE7 179.1 21.52 5,786 
AE6 166.4 19.40 114,320 

AE5 150.9 16.81 6,821 

AA7 170.2 20.04 1,541 
AA6 157.0 17.83 1,411 
AA5 141.0 15.16 1,786 
AA4 126.4 12.73 1,529 
AA3 113.2 10.54 318 

A6 82.1 5.35 18,413 

A7 93.4 7.23 5,537 
A8 107.1 9.52 6,099 

8 888 12.1 9,12- 
7 922 12.6 8,12- 
6 964 13.1 7,12- 
5 2,864 39.0 6,10-, 6,11-, 

6,12- 
4 1,705 23.2 5,12- 

7,343 100.0 

5 308 13.2 5,12- 
4 353 15.1 6,12- 
3 595 25.4 6,11-, 7,12- 
2 764 32.7 6,10-, 8,12- 
1 318 13.6 9,12- 

2,338 100.0 

5 3,683 67.2 5,12-, 6,12-, 
7,12-, 8,12-, 

9,12- 
6 922 16.8 6,11- 
7 871 15.9 6,10- 

5,476 99.9 
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isomers. It should be noted that with the highly efficient 
inlet splitters of modern CGCs and their inherently low 
residence time, the conversion of linoleate to conjugated 
diene was only 64% compared with 95-96% for direct in- 
jection in the old-style packed column GCs and]or the 
micro reactor apparatus as originally published (9). The 
64% correction factor found for the conjugation of methyl 
linoleate brought conjugated diene values for these known 
mixtures near theory. In the analyses of the remaining 
11 combinations, theoretical values of 20% for malon- 
dialdehyde were used. 

As noted above, it was found that neither the computer 
nor manual algebraic attempts could solve one of the com- 
binations (-FG); therefore, it became mandatory to run 
the remaining 11 combinations {-AB, -AD, -AF, -BC, -BE, 
-BG, -CD, -CF, -DE, -DG and -EG) through the matrix 
procedure. Spreadsheets were used for routine calcula- 
tions and conversions of CGC areas to percentage mole 
fractions. 

Much of the assignable error of the final calculation 
arose from error in input data. This became clear when 
stacked-bar histograms were constructed {directly from 
the spreadsheet). The heights of bars representing 
amounts of individual AE, AA and A analyses should be 
0%, 20% or multiples of 20% up to 100%. Variability in 
input data from the 20% multiples was apparent and in- 
evitably contributed to the error of computer output data. 

Partial ozonization of a methyl linoleate-methyl linole- 
laidate mixture. Partial ozonization of cis- and trans- 
isomers of 18:2 yields mixtures of cis- and trans-unsatu- 
rated aldehydes and aldehyde esters that are distinguish- 
able by CGC. An equimixture of these isomers was 
ozonized, leaving 3.1 and 3.9 mol % of unreacted methyl 
linolelaidate and methyl linoleate, respectively (12). CGC 
(SP 2330 temperature-programmed from 40-240 C at a 
rate of 2 C/mln) gave two peaks in the temperature/time 
window expected for unsaturated aldehydes of 12 carbon 
atom length--the first, 6.2 tool % trans-3-dodecenal, the 
second 2.5 tool % of cis-3-dodecenal. Peaks of 1.4 and 1.1 
tool % were present in the region expected for 3-trans C,~ 
aldester and 3-cis C12 aldester just preceding the elution 
of the two parent ester peaks. From this and other par- 
tial ozonizations of the linoleate-linolelaldate mixture, it 
is apparent that cis and trans aldehydes and cis and trans 
aldehyde esters can be separated as well as the parent 
linoleate and linolelaidate on a CGC SP 2330 column. 

Analysis of dienes from hydrazine-reduced y-linolenic 
acid. The capillary chromatogram of the hydrazine reduc- 
tion mixture is shown in Figure 5. All three expected 
isomers were detected, 6,9-, 6,12- and 9,12-18:2. Table 4 
gives the compositions of the hydrazine reaction mixture 
before and after isolation of the dienes by AgNO3-TLC. 
It compares the theoretical composition with analyses by 
direct CGC of the 18:2 isomers and by the ozonolysis- 
matrix procedure. CGC and ozonolysis matrix solution 
gave values that deviate similarly from theory. 

Analysis of dienes from rat liver phospholipicL The 
capillary gas chromatogram for the 18:2 isomers isolated 
from liver PL of one rat fed PHSO showed three major 
peaks whose shapes indicated multiple unseparated 
isomers, which accounted for 25.3, 23.4 and 51.3% in 
order of their elution. After ozonization of the mixture, 
the following aldehydes were found: AE5, AE6, AE7, 
AE8, AE9, AA3, AA4, AA5, AA6, AA7, A6, A7, A8 and 

71 
5 

FIG. 5. CGC separation of the methyl esters from hydrazine redu~ 
tion of y-linolenic acid. Peak 1: 6-octadecenoate. Peak 2: 9-octa- 
decenoate. Peak 3: 12~ctadecenoate. Peak 4: 6,9-octadecadienoate. 
Peak 5: 6,12~ctadecadienoate. Peak 6: 9,12-octadecadienoate. Peak 
7: 6,9,12~Y~adecatrienoate. (50 M FFAP col.mn~ isothet'mal at 190 CJ 

TABLE 4 

Analyses of Isomeric 18:2 Products from Hydrazine Reduced 
y-Linolenic Acid by CGC and by Ozonolysis-Matrix Solutions 

Total reaction Dienes by TLC 
mixture Simple ozonolysis- 

Isomer direct CGC a theory CGC matrix solution 

Monoenes 
6- 1.7 
9- 8.6 
12- 4.6 

Dieues 
6,9- F (10-8) b 
6,12- 28.0 [_ (17.2) b 
9,12- 14.3 

Triene 
6,9,12- 42.8 

33.3 25.0 22.2 
33.3 33.3 32.0 
33.3 41.7 43.8 

aFigure 11. 
bEstimated from peak heights. 

A9. The analysis of the 18:2 isomers by ozonolysis and 
matrix solution revealed at least five components, with 
values for 9,12-18:2 varying from 38.8 to 51.5% on 
replicates, to be compared with analysis by CGC (51.3%) 
and by total conjugatable dienes (53.4%). Application of 
the ozonolysis-matrix solution procedure to relevant 
biological problems will be the subject of a later report. 

DISCUSSION 

The thesis that "Every Advance in Scientific Knowledge 
is First an Advance in Technique" has as its converse the 
reality that  advances in scientific knowledge frequently 
must await developments in technique. Thus, study of 
the metabolism of isomers of linoleic acid is impeded by 
the absence of an adequate methodology for the analysis 
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of 18:2 isomers I1). It is this vacuum that  the present 
preliminary studies attempt to fill so that future advances 
in scientific knowledge may be facilitated. 

The only previous attempt at analysis of naturally oc- 
curring 18:2 isomers known to us attempted to match AE 
and A fragments formed from the mixtures, assuming 
methylene interruption 115}. Without measurements of 
the AA fragments, such data can lead to ambiguous com- 
positions of mixtures. The present method measures the 
dialdehyde fragments as well, and the malondialdehyde 
can be estimated from measurement of methylene-inter- 
rupted dienes by alkaline isomerization. The computer- 
assisted assembly of diene structures matches all three 
types of aldehyde fragments (A, AA, AE) derived from 
a dienoic acid. Our analysis of the known seven-compo- 
nent mixture showed an average error of -- 1.2% on true 
gravimentric values of 14.3% or a relative error of 8.4% 
(Table 1). For 28 analyses of the 20 combinations of five 
pure esters (Table 2), an average percentage content of 
the individual components (present in all samples at 20% 
each) was estimated to be 19.0% __ 0.43 (S.D., n = 140), 
or a maximum relative error of about 25%. The average 
of components detected and reported but not actually 
present in the samples was 0.57% • 0.14 (S.E.M., n = 
140). Thus, the chance of missing a major component or 
of reporting an absent component is very small. The com- 
puter deletion of components less than 2% of the total 
to achieve convergence prevented gross errors of this 
kind. In the analysis of the products of hydrazine reduc- 
tion of y-linolenic acid, the matrix solution gave an aver- 
age error of • 1.57% on an average theoretical value of 
33.3%, or a relative error of 4.7% (Table 4). This degree 
of precision, far from ideal, may be useful in biological 
experiments in which the analysis of the positional dienoic 
isomers of biological interest is required, and in which the 
range of isomers is more restricted than in this study. It 
should be useful, especially in detecting major unexpected 
isomers. 

On one hand, the present investigation was made feasi- 
ble by the availability of pure synthetic isomeric octadeca- 
dienoates over a decade ago (4), permitting studies on 
known structures in mixture. On the other hand, progress 
was limited by the need for the development of techniques 
such as high-resolution CGC for the separation of alde- 
hydes and the advent of computers in biological research. 
The development of CGC and computer procedures for 
matrix solution made the present project possible. 

Using all, even redundant, information is an advantage 
of the matrix solution procedure. It provides for the least- 
squares minimization of all values entered. One disadvan- 
tage is the reporting of small proportions of isomers that 
may not be present. For example, the 5,10- and 7,10- 
isomers of Table 1 can be justified because A8, AE5, AE7, 
AA5 and AA3 were observed among the products of 
ozonolysis in Table 3. Another disadvantage is the need 
for eliminating minor aldehydic components from the 
input data to cause a matrix solution to converge. Thus, 
the solutions reached are approximations, presence or 
absence of minor components cannot be ascertained, and 
the quantification is less precise. 

Comparison of results from the CGC of the initial 
methyl octadecadienoate mixtures with the results of the 
ozonization procedures shows that even with state-of-the- 
art CGC, only one of the seven synthetic isomer mixtures 

could be sufficiently resolved to be measured. Even two 
of the three isomers of 18:2 in the products of hydrazine 
reduction overlapped, giving an inflection point not 
always detectable as a binary peak. It is hardly likely that 
others of the potential 55 isomers to be encountered would 
be more separable. The ozonolysis-computer procedure is 
capable of estimating components in mixtures that can- 
not be resolved by present state-of-the-art CGC. 

In the first use of our method on a biological sample 
{summarized only briefly here), unusual diene structures 
have been detected in liver PL. More comprehensive sub- 
sequent experiments confirmed and extended this obser- 
vation (18). The unexpected dienes may be substrates for 
elongation and/or desaturation reactions in vivo to pro- 
duce longer chain polyunsaturated fatty acids of unusual 
structure. In turn, these may be substrates for synthesis 
of eicosanoids of unusual structures and biological ac- 
tivities (3,16). This proposed method now will permit a 
more detailed study of the first step in the cascade of 
biological reactions that may have unpredictable and 
subtle effects upon metabolism. 

The need for improving the precision of our preliminary 
analytical ozonolysis procedure is obvious. The yield of 
aldehydes by reductive-ozonolysis is not quantitative; it 
appears to vary with structure of dienoic fat ty acid, 
whether mono- or dialdehyde is formed and, according to 
our unpublished kinetic studies, with degree of ozoniza- 
tion. These indications point the way for future im- 
provements in our current methodology. 

A measurement of the malondialdehyde peak has in the 
past been improved by a second injection 7- to 10-fold 
greater in size to amplify the minor peaks {2). Equivalent 
analyses for alpha methylene groups by nuclear magnetic 
resonance (NMR) and conjugatable dienes by alkaline 
isomerization (17), by lipoxygenase (17}, or by injector 
port alkaline isomerization-gas chromatography (9) also 
are available. The latter procedure was employed in this 
study because it is easily performed and requires only a 
small sample, but it also needs improvement in precision. 

In the future, the method needs to be extended to dis- 
tinguish the cis- and trans-isomers. Hope that this can 
be achieved is found in the observation of the formation 
and CGC separation of cis- and trans-unsaturated alde- 
hydes and aldehyde esters after partial ozonization. In- 
formation on the geometric configuration of the double 
bonds closest to the methyl group of the dienoic fat ty 
acids would come from the configurations of the un- 
saturated aldehyde fragments, and on the double bonds 
closest to the ester end from the unsaturated aldehyde 
ester fragments. 

The ozonization, CGC and computer matrix procedure 
at its present stage of development should be adaptable 
by minor modifications of program and procedure to the 
isomers of 20:2 that are known to occur in liver. The pro- 
jected method should have broad applications to current 
analytical, biochemical and nutritional problems. These 
are the directions for our current biological studies. 
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Determination of Individual Long-chain Fatty Acyl-CoA Esters 
in Heart and Skeletal Muscle 
F. MolaparasbSales~ i. Shrago*, T.L Spennetta, S. Donatello, LM. Kneeland, S.H. Nellls and A.J. Lledtke 
Departments of Medicine and Nutritional Sciences, University of WL~consin, Madison WI 53706 

A method has been developed for determination of in- 
dividual long,chain fatty acyl4:~oA esters from heart and 
skeletal muscle using high performance Hquid chroma- 
tography (HPLCL The esters were extracted from freeze 
clamped tissue of pig and rat hearts and rat skeletal mus- 
cle for analysis on a radially compressed C~, 5p reverse- 
phase colnmn, Nine peaks in the extract with carbon chain 
lengths from C~2 to C2o that subsequently disappeared on 
alkaline hydrolysis were identified. The major acyl4:~oA 
peaks were 14:1, 18:2, 16:0 and 18:1 and additionally in 
rat heart 18:0. Total long,chain acyl-CoA esters obtained 
by summation of the individual molecular species was 
11.34 ___ 1.48 nmol/g wet wt. pig heart; 14.51 ___ 2.11 nmol/g 
wet wt. in rat heart, and 4.35 __. 0.71 nmoi/g wet wt. in 
rat skeletal muscle. These values were approximately 
132% of those obtained using a separate procedure that 
measured total CoA by HPLC after alkaline hydrolysis 
of the esters. The described method demonstrates the 
quantitation of individual acyl-CoA species in muscle 
tissue. Therefore, it has a number of advantages in that 
it permits information to be obtained on the individual 
molecular species under various nutritional and metabolic 
conditions. 
Lipids 23, 490-492 {1988). 

Under normal physiological conditions, fatty acids are the 
preferred substrate for myocardial metabolism {1-3) and 
during long-term exercise are a major source of energy 
for skeletal muscle (4,5). As a result of myocardial hypoxia 
or ischemia, the mitochondrial oxidation of fat ty acids 
in heart is impaired, and there is a consequent intra- 
cellular accumulation of long-chain fat ty acyl-CoA and 
acylcarnitine esters (1,3,6). There have been few, if any, 
studies on acyl-CoA levels in skeletal muscle, and rela- 
tively little information is available on the metabolism 
of the individual esters in any intact tissue. A method 
for extraction of long-chain acyl-CoAs from rat liver and 
separation of the individual esters by high performance 
liquid chromatography (HPLC) has been developed (7). 
More recently, the technique has been used for the deter- 
mination of long-chain acyl-CoAs in brown adipose tissue 
(8). This communication describes the adaptation of the 
procedure to heart and skeletal muscle, which contain con- 
siderably less long-chain acyl-CoA than liver (7). For con- 
trol purposes, the sum of the individual long-chain acyl- 
CoAs was compared with their total concentration deter- 
mined directly by alkaline hydrolysis and measurement 
of CoASH (9). 

MATERIALS AND METHODS 

Materials. Long-chain acyl-CoA esters for use as HPLC 
standards were obtained from Sigma Chemical Co. 

*To whom correspondence should be addressed at 430 Nutritional 
Science Bldg., University of Wisconsin, Madison, WI 53706. 
Abbreviation: HPLC, high performance liquid chromatography. 

{St. Louis, MO). All other chemicals and solvents were 
of the highest commercial grade possible. 
Procurement and preparation of tissue samples. Eight 

adolescent swine weighing 45-70 kg were anesthetized 
with IV pentobarbitol {35 mg]kg), intubated with positive 
pressure ventilation using oxygen enriched room air 
{60-70% O2) and the coronary arteries perfused via an 
arterial shunt connected extracorporally {10). Tissue 
samples of approximately 0.5 g were obtained at the com- 
pletion of the two-hr aerobic procedure from the left 
anterior descending and left circumflex regions of the 
hearts. Rat hearts and total muscle from the hind limbs 
were removed as quickly as possible following the kill- 
ing of 200-300 g animals maintained on Purina lab chow. 
Three to four hearts or muscles from both legs were 
pooled for single samples. All tissues were immediately 
frozen in liquid nitrogen and kept at - 70  C until analyzed 
for long-chain fat ty acyl-CoA esters. 

Tissue long-chain acyl-CoA extraction. The procedure 
was based on that  described previously for extraction of 
rat liver (7) with slight modification. Approximately 1-2 g 
of frozen tissue were powdered and suspended in 2 ml 
isopropanol and 2 m150 mM KH2PO4, pH 7.2, to extract 
the lipids as described by Mancha et al. {11) for a com- 
plex mixture of plant lipids. Free fatty acids and less polar 
lipids were removed by acidifying the suspension with 
50/zl concentrated acetic acid and then extracted with 
petroleum ether saturated with 50% aqueous isopropanol. 
The long-chain acyl-CoA esters next were extracted with 
chloroform]methanol (1:2, v/v) after addition of 100 ~l 
saturated {NH4hSO4 to the washed aqueous phase. The 
chloroform/methanol extract was roto-evaporated to dry- 
ness at 30-35 C. 

To concentrate and purify the sample, a Waters C,8 Sep- 
Pak was equilibrated with 2 ml methanol, 2 ml water and 
2 ml 10 mM KH~PO4, pH 5.3. The sample was dissolved 
in 10 mM KH2PO4, pH 5.3 and applied to the Sep-pak. 
The Sep-pak was washed with 3 ml of 80% 10 mM 
KH~PO4 (pH 5.3)/20% acetonitrile. The sample was then 
eluted with 2 ml of buffer containing 30% 10 mM KH2PO4 
{pH 5.3)/70% acetonitrile, followed by 2 ml of 75% 
methanol/% 10 mM KH2PO4, pH 5.3. The sample was 
evaporated to dryness with N2, dissolved in 0.2 m110 mM 
KH2POJ1 mM 2-Mercaptoethanol, pH 5.3, and injected 
into the HPLC system. 

HPLC analysis of long-chain acyl-CoA. The analysis 
was carried out with a Waters Guard Column (2.3 cm 
length, 3.7 mm diameter) filled with a 37-50 Bondapak 
C-18 Corasil and a Waters Nova-Pak C18 reverse-phase 
{radial-pak cartridge, 10 cm length, 8 mm diameter). The 
two mobile phase solvents were A, 20% acetonitrile, 80% 
10 mM KH2PO4, pH 5.3; and B, 70% acetonitrile, 30% 
10 mM KH2PO4, pH 5.3. A slight modification of the 
linear gradient for elution of the long-chain acyl~?~oA from 
that  published {7) was divided into five steps. Step one 
was 92% solvent A reduced linearly to 72%, and 8% Sol- 
vent B increased linearly to 28% over a four-min period. 
Step two was 72% solvent A reduced linearly to 50%, and 
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28% Solvent B increased linearly to 50% over a 10-rain 
period. Step three was 50% solvent A reduced linearly 
to 25%, and 50% Solvent B increased linearly to 75% over 
a seven-min period. Step four was solvent A held at 25% 
and solvent B held at 75% for 10 min. Step five was 25% 
solvent A increased by curve 0.5 to 92%, and 75% Sol- 
vent B decreased by curve 0.5 to 8% over a 10-rain period. 

The volume of the sample injected was 200/A, the flow 
rate 2 ml/min, total running time 41 min, and the 
equilibration time between runs was 10 rain. The long- 
chain acyl-CoAs were detected at 254 nm at 0.016 absorl> 
ance units full-scale. Quantitation was based on peak 
areas, and excellent proportionality was obtained between 
the different volumes of the standard or extract injected 
and the concentrations of the individual esters. The equip- 
ment consisted of a Perkin Elmer Series 3B pump module, 
a variable wavelength detector with an autocontroller, a 
Sigma 15 data processor, and a Waters WISP 710 B 
automatic sample injector. 

As a check to this method, total long-chain acyl-CoA 
also was determined by an independent HPLC method 
of Ingebretsen et al. (9) and modified in this laboratory 
for heart tissue. The CoA esters were extracted from 
pulverized frozen tissue by perchioric acid precipitation 
and assayed for free CoASH released by alkaline hydroly- 
sis. To prevent oxidation, 20 mM 2-mercaptoethanol was 
added to the extracts throughout the base hydrolysis. 
Tissue samples were compared with acyl-CoA standards 
by c~chromatography using a Waters Partisil SAX 
{strong anion exchange) Radial-PAK cartridge (8 nun X 
10 cm). Elution was isocratic using a solvent composition 
of thiodiglycol/2-propanol/196 mM phosphate buffer, pH 
3.9 {0.05:2.0:97.95). The flow rate was 2 ml/min, and detec- 
tion was at 260 nm. Sample recoveries of 95% were 
estimated by the addition of known amounts of palmitoyl- 
CoA to aliquots of tissue samples. Total tissue acyl-CoA 
content was compared with the sum of the individual 
esters separated above. 

RESULTS 

In a previous report (7), the chromatographic separation 
of a mixture of eight standard long-chain fat ty acyl-CoA 
esters was demonstrated and verified by their disap- 
pearance following alkaline hydrolysis. More recently, the 
elution of added arachidonyl-CoA has extended the 
number to nine. This is a noteworthy addition to the pro- 
cedure because in many tissues, arachidouic acid and its 
CoA thioester are substrates for a number of important 
enzymatic reactions, particularly in phospholipid and 
prostaglandin synthesis. 

A typical separation pattern of long-chain acyl-CoA 
esters obtained from an extract of frozen pig heart tissue 
is shown in Figure 1. Although the baseline is somewhat 
skewed, possibly due to concentration of the extract, nine 
peaks in the order of increasing retention times easily 
were identified and quantified. These corresponded to the 
acyl CoAs 12:0, 14:1, 14:0, 16:1, 18:2, 16:0, 18:1, 18:0 and 
20:4. The peak eluting just after 18:1 cannot be identified 
yet because it does not correspond to any of the available 
standards. Over 85% of radioactive paimitoyl and oleoyl 
CoA added before the chloroform]methanol extraction 
could be recovered. 
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FIG. 1. HPLC separation of long~hain acyl-CoA estens from extracts 
of frozen powdered pig hearts. The procedure was carried out as 
described in Materials and Methods. 

Table i shows the concentrations of the individual long- 
chain acyl-CoA esters obtained from samples of pig heart, 
rat heart and rat skeletal muscle. Myristoleoyl-CoA (14:1), 
linoleoyl-CoA (18:2), palmitoyl-CoA {16:0) and oleoyl~P~oA 
(18:1) were in the highest concentrations. In most 
samples, the amounts of lauryl {12:0) and arachidonyl 
{20:4) CoA were barely detectable. There essentially was 
no difference in the values from the pig heart tissue sites 
perfused by the left anterior descending and left cir- 
cumflex arteries. The sum of the individual fatty acyl-CoA 
ester values was equivalent to approximately 132% of 
their concentration obtained from the separate HPLC 
analysis of total CoASH following alkaline hydrolysis of 
the esters (91. The two methods thus compare quite 
favorably. This latter method {9), which frequently has 
been frequently used and referred to in the literature, was 
specifically adapted for use in heart tissue for these 
respective experiments. 

Rat and pig heart total and individual acyl-CoA esters 
are quite similar except for the relatively higher level of 
stearoyl-CoA in rat heart. Other than oleoyl-CoA, rat 
skeletal muscle contains considerably less acyl-CoA than 
heart. The quantity of long-chain acyl-CoA in heart and 
skeletal muscle is considerably less than that  in liver re~ 
quiring modifications in preparation of the tissue for 
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TABLE 1 

Long-chain AcyI-CoA Levels in Pig Heart, Rat Heart 
and Rat Skeletal Muscle 

nmol/g wet wt. 

Pig Rat Rat 
Acyl-CoA heart heart skeletal muscle 

12:0 0.46 ----- 0.26 0.94 • 0.77 0.09 • 0.06 
14:1 1.62 ----- 0.53 1.97 • 0.86 0.09 ___ 0.09 
14:0 0.80 -!-_ 0.36 0.76 • 0.42 0.19 • 0.07 
16:1 0.87 • 0.40 0.53 ----- 0.46 0.24 _ 0.06 
18:2 1.63 • 0.37 1.20 ___ 0.99 0.73 • 0.11 
16:0 1.78 ___ 0.29 1.96 • 0.81 0.87 • 0.29 
18:1 2.84 • 0.59 2.10 • 0.44 1.33 ... 0.41 
18:0 0.92 ,,, 0.26 4.73 • 1.54 0.71 • 0.46 
20:4 0.42 • 0.48 0.32 ... 0.27 0.10 • 0.14 

Total 11.34 +_ 1.48 14.51 - 2.11 4.35 • 0.71 

HPLC analysis. In particular, the extract  must  be con- 
centrated before separation and detection of the esters, 
which can result in some background noise. Use of the 
C,s Sep-Pak column for this purpose also removes a con- 
siderable amount  of contaminants  and facilitates concen- 
trat ing the samples. This results in an increase in the peak 
heights relative to the baseline, thereby enhancing the 
reproducibility. Washing the column with buffer at  the 
end of the run and running steps 4 and 5 for 15 rather 
than 10 rain, if the baseline begins to rise at the end of 
the run, leads to a more stable baseline that  is consistent 
from run-to-run. The minimal s tandard deviations of the 
values shown in Table 1 indicate tha t  reproducibility is 
not  a significant problem except for quanti tat ion of the 
minor peaks. 

DISCUSSION 

The importance of fa t ty  acid metabolism in overall car- 
diac and skeletal muscle performance is weB-appreciated, 
al though its potential role in pathophysiological s tates 
such as myocardial ischemia is not fully agreed upon and, 
in fact, is somewhat  controversial (1,3,6,12-16). There is 
a considerable amount  of detailed information on altera- 
tions of total  free fa t ty  acids as well as their acyl-CoA 
and acylcarnitine esters in the myocardium under dif- 
ferent physiological and pathological conditions (6,10,12, 
15,16). However, virtually no information is available for 

skeletal muscle. This s tudy demonstrates  tha t  it now is 
feasible to obtain by direct analysis, a quanti tat ive mea- 
surement of individual long-chain fa t ty  acyl-CoA esters. 
Thus, it should be possible to determine their individual 
metabolic fluxes for different experimental conditions. 
Moreover, the method has been modified slightly to in- 
clude separation and measurement  of arachindonyl-CoA 
whose concentration might  reflect the metabolism of 
arachidonic acid into various pa thways  including phos- 
pholipid and prostaglandin synthesis, which are very im- 
por tan t  in myocardial  and skeletal muscle function. 

The method described in this communication, which is 
relatively simple, should be of particular value for meta- 
bolic studies. 
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Nanogram Quantification of Nonpolar Lipid Classes in Environmental 
Samples by High Performance Thin Layer Chromatography 
Maureen H. Conte* and James K.B. Bishop 
Lamont-Doherty Geological Observatory of Columbia University, Palisades, NY 10964 

A sensitive, simple, and rapid high performance thin layer 
chromatography {HPTLC) method that quantifies nano- 
gram amounts of complex nonpolar lipid classes in 
environmental samples with a minimum of sample prep- 
aration is presented. The derivatization method is lipid- 
specific and insensitive to carbon number or the degree 
of unsaturation of the fatty acids composing the lipid 
class compounds. Nonpolar lipid classes ranging from 10 
to over 500 ng easily may be quantified in the same sam- 
ple run. The coefficient of variation for sample replicates 
on different plates ranged from 2.3% to 5.9%. Accuracy 
of the method is better than 15%. The nonpolar lipid class 
composition of <53 /~m oceanic particles in a vertical 
depth profile of the upper 600 meters of the Slope Water 
was determined to illustrate the HPTLC method. The o1~ 
served changes in particulate lipid class composition indi- 
cate that secondary production by deep-living organisms 
significantly alters suspended particle composition with 
depth in the water column. 
Lipids 23, 493-500 (1988). 

Lipid classes are useful tracers of the sources and 
transformations of organic carbon in particulate material 
in the water column {1-4}, sediments {5-7} and other en- 
vironmental materials. However, complete characteriza- 
tion of the lipid classes in these samples has been limited 
by the lack of simple methods to resolve complex mix- 
tures of plant, animal and microbial lipids, the time re- 
quired for analyses by existing methodologies, and the 
small amount of material often available. In our studies 
of oceanic particulate material, we required an analytical 
technique that could adequately resolve and quantify sul> 
~g amounts of complex lipid classes yet was simple 
enough for routine analyses. No existing method satisfied 
these requirements. 

Ideally, a method used to resolve and quantify complex 
lipid class composition in such small environmental sam- 
ples should be very sensitive yet require a minimum 
amount of sample manipulation. Previous studies have 
used either column {1-4} or thin layer chromatography 
{5,7-9} to separate lipid classes, followed by gravimetric, 
spectrophotometric or gas chromatographic analyses to 
quantify the lipid fractions. These methods are tedious 
and time-consuming and allow only a few samples to be 
processed per day. The multiple steps involved can result 
in sample loss, fractionation or degradation. Moreover, 
complex lipid classes often overlap in the fractions so 
additional steps are required to purify each lipid class. 
Tens to hundreds of ~g of total lipids may be needed to 

*To whom correspondence should be addressed. 
Abbreviations: MG, monoacylglycerol; DGE, diacylglycerol ether; 
DG, diacylglycerol; CF, cholesteryl formate; FAL, fatty alcohol; 
FAME, fatty acid methyl ester; FFA, free fatty acid; POC, par- 
ticulate organic carbon; TG, triacylglycerol; ST, sterol; STE, steryl 
ester; WE, wax ester; FID, flame ionization detector; HPLC, high 
performance liquid chromatography; HPTLC, high performance thin 
layer chromatography; TLC, thin layer chromatography. 

accurately quantify minor lipid classes in a complex sam- 
ple by these methods. High performance liquid chroma- 
tography {HPLC) has been used to separate lipid classes 
{10AD, but  quantitative measurement of the nonpolar 
lipid classes has not been achieved. Alternatively, lipid 
classes have been separated on thin-layer plates and 
derivatized in situ to form compounds that can be quan- 
tiffed by scanning densitometry {6,8,12-14}. This method 
is more expedient than the above methods but  requires 
~g amounts of lipid classes and has limited precision due 
to incomplete separation of complex lipid classes and high 
background noise. More recently, the Iatroscan/Chroma- 
rod system has been used to determine the lipid class com- 
position in a variety of materials {15-21}. While the Iatro- 
scan]Chromarod has found widespread use in routine lipid 
analysis, the system has limitations in sub-~g analyses 
of complex lipids due to problems with nonreproduci- 
bility, poor precision, lack of sensitivity and nonlinear- 
ity of response {21-23}. None of these techniques were suf- 
ficiently sensitive and expedient for routine analyses of 
lipid class composition in our samples. 

However, recent advances in quantitative high perform- 
ance thin layer chromatography {HPTLC) suggested that 
this method might be ideally suited for sub-~g quantifica- 
tion of complex lipid classes. Quantitative HPTLC com- 
bines the many inherent advantages of TLC with high 
resolution and subnanogram detection limits for a wide 
variety of compounds {24,25}. The newly developed pread- 
sorbent sample application zone on HPTLC plates elimi- 
nates the sample application difficulties previously en- 
countered in HPTLC and serves to cleanup and narrowly 
focus the sample at the preadsorbent zone/silica gel in- 
terface, thus enhancing the separation of complex lipids 
{26}. The development of fluorescent-inducing reagents 
{27-33} has enabled nanogram quantities of the major 
lipid classes to be detected easily in samples of uniform 
biological origin such as blood serum, amniotic fluid and 
tissue extracts {33-36}. This study investigated whether 
HPTLC methods also were suitable for quantitative 
analyses of complex lipid classes of unknown composi- 
tion in environmental samples. 

In this paper, we show that HPTLC is a rapid, sen- 
sitive, quantitative and reproducible technique for sub- 
~g analyses of complex lipid classes in oceanic particulate 

�9 material. The HPTLC method presented here generally 
is applicable to most materials. The resolution of com- 
plex lipid classes is more complete, and the optimal con- 
centrations for quantitative work are nearly two orders 
of magnitude less with HPTLC than with currently 
employed methods, including the Iatroscan/Chromarod 
system. In addition, the method is very rapid and allows 
up to 50 analyses of crude lipid extracts to be easily com- 
pleted per day. 

METHODS 

Materials and reagents. HPTLC silica gel plates {10 X 
10 cm} with preadsorbent sample application zones were 
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obtained from Merck (Darmstadt, FRG). Lipid class stan- 
dards were obtained from Nu-Chek Prep, Inc. (Elysian, 
MN). Free fatty acids were obtained from Sigma Chemical 
Co. (St. Louis, MO). Aminopropyl Bond-Elut disposable 
chromatography columns with stainless steel frits were 
used for preparative separation of lipid classes and were 
obtained from Analytichem International (Harbor City, 
CA). Prechanneled thin layer chromatography (TLC) 
plates with preadsorbent zones were used for purification 
of the lipid class fractions and were obtained from What- 
man (Clifton, NJ). All solvents were chromatography 
grade. 

Sample collection and preparation. Oceanic particulate 
material was collected from the upper 1000 meters using 
large-volume in situ titration (37). Samples described in 
this paper are from the Slope Water 200 km off the coast 
of Virginia and were collected in June 1982. Further 
details of the collection method and the sample site can 
be found in Bishop et al. (38). 

The filter samples were subsampled within two hr of 
retrieval. Each subsample represented about 10% of the 
total material collected by filtration and contained ap- 
proximately 2 to 5 mg of organic carbon. Subsamples 
were placed in 20-ml test tubes and tilled to the top with 
chloroform/methanol (2:1, v/v). The antioxidant BHT 
(0.05%, w/v) was added to the sample tubes approxi- 
mately six months later. Samples were stored at - 2 0  C 
until analyzed. There was no evidence of compound ox- 
idation or hydrolysis, or fat ty acid methyl ester forma- 
tion in the samples during prolonged storage. 

Lipids were extracted using a modification of the pro- 
cedure described by Folch et al. (39). Cholesteryl formate 
was added as an internal TLC standard before extraction 
to correct for sample losses and spotting variability. The 
chloroform/methanol solvent in the sample tubes was 
vacuum-tiltered through a flitted funnel into a separatory 
funnel, and the sample tube was refilled with fresh chlorc~ 
form]methanol (2:1, v/v). The sample tube then was ultra- 
sonicated in a cup horn at 12 C at 100 watts for 45 sec 
using a Soniffer cell disruptor (Heat Systems-Ultrasonics, 
Plainview, NY). This solvent then was filtered through 
the fritted funnel into the separatory funnel and the filters 
rinsed with solvent. Aqueous KC1 (0.88%, w/v) (1/4 the 
volume of the total solvent) then was added to the 
separatory funnel and the lipids extracted into the lower 
organic phase. The lower phase then was rotary evapo- 
rated at 30 C to the point of dryness, redissolved in 
chloroform and passed through a mini-cleanup column 
containing sodium sulfate to remove any residual water. 
The final volume of the crude lipid extract then was ad- 
justed to 2 ml with chloroform. 

Standard lipid classes. Simple lipid class mixtures com- 
prised of monoolein (MG), diolein (DG), triolein (TG), oleic 
acid (FFA), methyl oleate (FAME), stearyl oleate (WE), 
cholesterol (ST) and cholesteryl oleate (STE) were 
prepared in concentrations ranging from 1 to 160 ng/~l. 
The internal standard cholesteryl formate also was added 
to these standard mixtures to correct for spotting 
variability and evaporation. The amount of cholesteryl 
formate added to each standard was adjusted to produce 
an average final concentration of 50 ng per 10 ~l spot. 

Complex lipid classes purified from a larger sample of 
oceanic particulate material were used to calibrate the 
response of simple lipid class standards with the complex 

lipid classes found in samples. The lipid classes in the 
oceanic particulate material were separated using dis- 
posable aminopropyl Bond-Elut chromatography col- 
umns (40). The lipid class fractions then were purified by 
TLC using hexane/ether/acetic acid (80:20:1, v/v/v) as the 
developing solvent. 

These sample lipid classes were independently quan- 
tiffed by capillary gas chromatography. The free fatty 
acid and triacylglycerol fractions were transesteritied 
with 5% methanolic HC1 (41) at 50 C for 12 hr to form 
fat ty acid methyl esters. Nonadecanoic acid was added 
as an internal standard before transesterification. The 
fatty acid methyl esters were analyzed using a Carlo Erba 
5160 gas chromatograph equipped with on-column injec- 
tion. Chromatography was performed on a 50 m • 
0.25 mm CP Si188 column (Chrompack, Bridgewater, NJ) 
programmed from 110 to 220 C at 5 C/rain. The GC was 
interfaced to an Apple IIe computer using a SOFT 510 
system (Data Acquisition Systems, Boston, MA) and 
peaks were quantified using DYSC chromatography soft- 
ware (Dynamic Solutions Corp., Pasadena, CA). The TG 
concentration was corrected to include the additional 
weight of the glycerol moiety. 

Thin layer chromatography. HPTLC plates were pre- 
developed to remove impurities and binder material that 
impart a high background fluorescence. Plates first were 
predeveloped in methanol and then in the same polar sol- 
vent later used for development (methyl acetate/n-propa- 
nol/chloroform]methanol/43 mmol/1 aqueous potassium 
chloride, 25:25:25:10:9, v/v/v/v/v) (35). A thin line was then 
scraped across the top of the plate about 3 mm from the 
top to prevent these impurities from back-diffusing into 
the upper part of the plate during later developments. The 
plates were then dried at room temperature and activated 
in a 110 C oven for one hr before chromatography. Plates 
were handled carefully to maintain a dust-free, unmarred 
surface. 

Seven samples and two standard mixtures were applied 
to each 10 X 10 cm plate. The lipid class concentrations 
of the two standard mixtures bracketed the expected lipid 
class concentrations in the samples. Either 5 or 10/A of 
lipid extract or standards were applied quantitatively to 
the preadsorbent zone about 5 mm from the end of the 
plate using an Oxford 5 ~1 fixed volume micropipette with 
a Teflon tip (Sherwood Medical, St. Louis, MO). This 
volume can be rapidly yet quantitatively applied to the 
preadsorbent zone of HPTLC plates and eliminated the 
need for a sample concentration step. Each sample was 
applied as a line of overlapping spots perpendicular to the 
preadsorbent interface and parallel to the direction of 
development. Spot diameter was maintained at <4 mm. 
This application method enables the sample lipids to be 
focused in a narrow band at the preadsorbent interface 
at the beginning of development. A gentle stream of 
nitrogen was used to evaporate the excess solvent dur- 
ing application. Although this application method results 
in slightly higher sample concentrations at the edges of 
the sample band than in the center, the uneven distribu- 
tion has negligible effect on quantitation provided the 
width of the sample band is less than the slit height used 
for densitometry so that the entire sample band is 
scanned. 

Plates were developed in saturated TLC tanks by one 
of two methods. Method I: the plate was developed in 
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hexane/heptane/ether/acetic acid (63:18.5:1, v/v/v/v) (35) 
for 10 rain {6 cm), dried with a stream of unheated air 
using a hairdryer for two rain, then developed twice in 
hexane/benzene (3:1, v/v) for 15 rain. 

While this developing method gave good resolution, the 
silica gel surface near the preadsorbent zone interface fre- 
quently was uneven, which caused problems with quan- 
tification by scanning densitometry. In addition, develop- 
ment by Method I did not completely separate the inter- 
hal standard from the FAME region and wax esters from 
the steryl ester region. Therefore, later experiments used 
a different developing scheme {Method II) that moved the 
nonpolar lipids farther away from the preadsorbent zone 
interface and increased the resolution between the lipid 
classes. We also found Method II gave slightly lower 
backgrounds. 

Method II: this method used a series of three develop- 
ing solvents. The plate was first developed in carbon 
tetrachloride for eight rain (5 cm) to narrowly band the 
sample lipids at the preadsorbent/silica gel interface and 
to remove the antioxidant BHT, which migrates with the 
solvent front, away from the sample zone. Next the plate 
was developed in methyl acetate/1-propanol/chloroform/ 
methanol]43 mmol]l KC1 (25:25:25:10:9, v/v/v/v/v) for two 
min (0.4 cm) to separate the neutral lipids from the polar 
lipids and to remove the neutral lipids from the interface 
zone. The neutral llpids then were separated using dou- 
ble development in hexane/heptane/ether/acetic acid 
(63:18.5:18.5:1, v/v/v/v) (35) for eight min (6.5 cm). This 
double development increased the resolution of the lipid 
classes. Finally, the plate was developed in carbon 
tetrachloride for 30 rain to more completely separate the 
internal standard cholesterol formate from fatty acid 
methyl esters, and steryl esters from wax esters. The 
plate was dried under a stream of unheated air using a 
hairdryer for two min between developments. 

Derivatization. The lipid classes were derivatized using 
the method of Schmitz et al. {35}. The developed plate was 
thoroughly air-dried and then dipped in the manganese 
chloride-sulfuric acid derivatizing reagent (3.2 g MnCI2, 
32 ml conc. H2SO,, 480 ml H20, 480 ml methanol} (27) 

for 20 sec. The back of the plate then was blotted to 
remove excess reagent and the plate dried with a cold 
hairdryer for five min to evaporate the solvents. The plate 
was placed in a 110 C oven for exactly 40 min to form 
fluorescent derivatives of the lipid classes. Following 
derivatization, plates were stored in a dessicator until 
scanned. 

Densitometry. Plates were scanned using a Camag II 
scanning densitometer (Camag, Inc., Wrightsville Beach, 
NC) in the reflectance mode. The mon0chromator on the 
mercury light source was set for an excitation wavelength 
of 366 nm and 10 nm bandwidth. A 400 nm emission filter 
was used. Slit dimensions were 0.2 mm width by 6 mm 
height, so that the slit height completely covered the 
width of the sample lane. A scanning speed of 0.5 mm/sec 
was used. Sensitivity was adjusted so that the maximum 
peak on the plate was near 100% full-scale response of 
the densitometer. 

Peaks were integrated using a SP 4270 integrator 
(Spectra-Physics, San Jose, CA). Baseline irregularity, in- 
complete peak resolution and the irregular peak shapes 
of some complex lipid classes, such as the triacylglycerols 
and wax esters, often limited the ability of this integrator 
to accurately detect and quantify compound peaks. More 
sophisticated peak detection and integration systems 
(such as the DAS/DYSC system used for GC analyses} 
should be used to improve the accuracy of baseline detec- 
tion and peak quantification. 

RESULTS AND DISCUSSION 

A developed HPTLC plate illustrating the separation of 
nonpolar lipid classes in simple lipid class standard mix- 
tures and samples of oceanic particles is shown in Fig- 
ure 1. The major nonplar lipids are well separated above 
the preadsorbent zone/silica gel interface. The internal 
standard cholesteryl formate (CF) is well separated from 
the sample lipid classes. Monoacylglycerols, glycolipids 
and polar lipids remain at the interface. Note that while 
the standard lipid classes that are comprised of a single 
compound migrate in a tight band, the complex sample 

FIG. 1. Developed HPTLC plate showing the separation of nonpolar lipid classes in simple 
lipid standard mixtures and in samples of oceanic particles from a Slope Water profile taken 
in June 1982. Development was by Method I, as described in the text. The plate is viewed 
under UV light and has been overloaded for photographic purposes. 
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lipid classes migrate in a wide band due to the differences 
in relative mobilities of the fatty acids composing the lipid 
class compounds. This effect is especially pronounced for 
triacylglycerols and wax esters. The fluorescent response 
is lipid-specific; pigments do not react. In addition, the 
fluorescence of the different lipid classes show slight 
variations in color that  aid in preliminary identification 
of sample unknowns. 

Although much effort was made to standardize all 
aspects of the chromatography, variability in compound 
and background fluorescence often was significant, espe- 
cially between plates run on separate days. Part of the 
background fluorescence could be attributed to impurities 
left in the plate or adsorbed following predevelopment. 
Lower backgrounds were obtained if the plate was pre- 
developed just before oven activation and use. Compound 
response and background fluorescence also is affected by 
the amount of residual solvent left on the plate. Some 
residual solvent is necessary for the derivatization reac- 
tion la completely dried plate showed lower compound 
fluorescence} but too much solvent resulted in a high 
background. In addition, Schrnitz et al. (35) found the 
development of fluorescence to be strongly time- and 
temperature-dependent. Therefore, slight differences in 
heating also may have been an additional source of varia- 
tion. It is important to note that this interplate variability 
does not pose a problem in quantification because stan- 
dards are run on the same plate as samples. 

Much of the nonspecific background fluorescence 
diminished within the first few days, while compound 
fluorescence remained stable. Better results may be ob- 
tained if plates are allowed to sit dessicated for several 
days before scanning. No loss of sensitivity was detected 
when plates were rescanned after two months of 
dessicated storage. Therefore, plates can be stored for ex- 
tended periods and easily rescanned or reintegrated to op- 
timize quantification without rerunning the sample. 

S tandard  curves. Standard curves demonstrate that 
nonpolar lipid classes varying by two orders of magnitude 
may be quantified on the same run. Response vs amount 
for simple lipid classes were constructed over a range of 
5 to 300-700 ng. Two plates with standard lipid mixtures 
were run. 

The first plate covered the range of standard lipid 
classes from 20-30 to 500-700 ng and was developed by 
Method I {Fig. 2}. Response was proportional to the log 
of amount throughout the entire range for all classes ex- 
cept for cholesteryl oleate and methyl oleate, which 
showed linear relationships at concentrations below 
100 ng. Standard curves for these compounds thus were 
split into two segments; a linear fit was used at low levels 
and a log linear fit at higher levels. Correlation coefficients 
bettor than 0.998 for all regression equations except the 
linear fit of cholesteryl oleate at concentrations <75 ng 
(r 2 = 0.982). 

The second plate covered lower concentrations ranging 
from 5 to 200 ng. This plate was developed by Method 
II. Background fluorescence was significantly lower than 
on the first plate. The absolute limit of detection was 5 ng 
or less for all classes except for triacylglycerol, in which 
the limit of detection was 10 ng. Plate surface irregular- 
ity was the major factor limiting the ability to identify 
the sample peaks at the lowest levels. Response was a 
linear function of amount in the range of 5-120 ng 
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FIG. 2. Standard curves of fluorescent response vs log concentration 
for simple lipid classes on plate #1. Development was by Method I. 
Response is in arbitrary units. A) Standard curves for 1,3 diolein, 
cholesterol, oleyi alcohol and oleic acid; B) standard curves for 
triolein, methyl oleate, stearyl oleate and cholesteryl oleate. 

(Fig. 3). However, response at 200 ng was significantly 
below that predicted from the linear standard curve, in- 
dicating the development of fluorescent quenching. Cor- 
relation coefficients of linear regression equations for 
5-120 ng were over 0.996 for each standard. 

In addition to the shapes of the standard curves, the 
relative responses of the various lipid classes also differed 
significantly between the two plates. Cholesterol and oleic 
acid, in particular, had much lower relative responses on 
the first plate. Schmitz et al. (35) found that fluorescence 
of the lipid derivatives increases with time to a maximum 
and then falls to zero as the derivatives ash. This decrease 
was found to be more rapid with cholesterol than with 
triacylglycerol. It is likely that the lower relative response 
of cholesterol and oleic acid on the first plate may have 
been due to partial ashing of their derivatives, which sug- 
gests that the timecourse of derivatization reactions also 
is influenced by conditions on the plate itself. As acidic 
conditions are necessary for fluorescence development, 
it is possible that slightly higher residual acid on the first 
plate due to differences in development may have in- 
fluenced the reaction rates as well as the maximum 
fluorescence developed. Standardized conditions would 
reduce the interplate variability observed here. The highly 
significant standard curves demonstrate that excellent 
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FIG. 3. Standard curves of fluorescent response vs  concentration 
for simple lipid classes on plate #2. Development was by Method 
II, as described in the text. Response is in arbitrary units. Note the 
deviation from linearity of standard response at 200 ng, indicating 
the development of fluorescent quenching. A) Standard curves for 
1,3 diolein, cholesterol and oleyl alcohol; B) standard curves for oleic 
acid, triolein and stearyl oleate. 

quantitative results can be obtained throughout a wide 
range of reaction conditions. 

The transition from a linear fit at tens of nanograms 
concentration to log linear fit at higher concentrations 
indicates that  there is a threshold fluorescent density on 
the plate above which quenching of the response occurs. 
This transition from a linear to nonlinear relationship was 
also observed for lecithin and sphingomyelin derivatives 
formed by the reaction with HNO3 vapors (36). Thus, the 
quenching response may be similar in all fluorescent 
derivatives, independent of the exact fluorescent induc- 
ing reagent. 

Differences between the standard curves on the two 
plates indicate that the exact compound density at which 
this fluorescence threshold is first observed can vary 
significantly among plates. The first plate, which had a 
much higher background, exhibited nonlinearity at a 
much lower compound density. This suggests that  quen- 
ching is a function of the overall background fluorescence 
of the plate as well as the total development of compound 
fluorescence during the derivatization reaction. These fac- 
tors may explain the differences in the response vs con- 
centration curves found in this study from that  found by 
Schmitz et al. (35). Thus, external standards must be run 

on the same plate and in the same concentration range 
as sample compounds for accurate quantification. 
Because the concentration range at which nonlinearity 
first is observed differs from plate to plate, it is advisable 
to run several external standards if a wide range of sam- 
ple concentrations is expected. For this purpose, a 10 X 
20 cm HPTLC plate would allow both a complete stan- 
dard curve and multiple samples to be developed 
simultaneously. 

Calibration of sample lipid classes with standards. If 
standard lipid classes, which are comprised of only one 
compound, are to be used to quantify sample lipid classes, 
which are comprised of many different compounds, 
fluorescent response must depend solely on the concen- 
tration of lipid class present and not on the exact fat ty 
acid composition of the lipid class. Two experiments were 
run to test for differences in response between simple 
liipid class standards and the real complex lipid classes 
encountered in samples. 

The first experiment demonstrated that  fluorescence 
of derivatives is relatively insensitive to both the carbon 
number and the degree of unsaturation of the fat ty acid 
constituents {Fig. 4). Six fat ty acids, ranging from 18 to 
22 carbons and from one to six double bonds, were 
developed on the same plate, and the total responses of 
100 ng of each acid derivative determined. No systematic 
trend of absolute response with either carbon number or 
number of double bonds was found at this compound den- 
sity. However, the coefficient of variation among the dif- 
ferent acids on the plate was 13.5%, nearly three times 
that  found for the coefficient of variation of sample 
replicates on different plates. If this variation, in fact, was 
due to different fat ty acid responses, it implies about a 
15% accuracy in quantification at this compound density 
when simple lipid class standards are used. We did not 
investigate whether this insensitivity to degree of un- 
saturation varied with compound density on the plate. 
However, results of this experiment indicate that the 
MnCI~ derivatives are less sensitive to lipid class composi- 
tion than other fluorescent derivatives that  show a 
dependence of fluorescence on component fat ty acid un- 
saturation (34,42,43}. 

Sample lipid classes also differ from standards in peak 
geometry on the developed plate. As seen in Figure 1, lipid 
standards comprised of only one compound migrate in a 
narrow concentrated zone during development and have 
well-defined peak shapes. In contrast, complex lipid 
classes migrate in a wide sample band due to the different 
relative mobilities of the saturated and highly unsatu- 
rated fatty acid constituents of the lipid class compounds. 
Band broadening alters the compound density of the 
sample lipid classes on the plate from that  of standards; 
this may significantly affect the amount of fluorescent 
quenching for a given concentration. 

A second experiment demonstrated that  these differ- 
ences in peak shape do not significantly affect the quan- 
tification of sample lipid classes {Fig. 5). Fat ty  acids and 
triacylglycerols were purified from a large sample of 
coeanic particulate material. Subsamples from each lipid 
class were transesterified and then quantified as FAME 
by capillary gas chromatography to independently deter- 
mine the concentrations of the sample lipid classes. Three 
amounts of each sample class, spanning the amounts 
usually found in samples, were applied to a plate. The 
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FIG. 4. Relative fluorescent response of 100 ng each of six fatty acids 
differing in both carbon number and number of double bonds. 
Development was by Method II. The coefficient of variation was 
13.5%. There is no systematic trend of response with either chain 
length or degree of unsaturation. 
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FIG. 5. Calibration of simple lipid standards with complex lipid 
classes purified from oceanic particulate material. Development was 
by Method II. The response of simple lipid standards is plotted for 
comparison against the regression curves calculated for the sam- 
ple complex lipid classes. A) Fatty acids; B) triacylglycerols. 

simple lipid standards oleic acid (FFA) and triolein (TG} 
were spotted in separate lanes. Regression curves were 
calculated for the sample lipids using a linear fit for free 
fatty acids {20-90 ng range} and a log linear fit for TG 
/150-600 ng range). Estimated amounts of the simple 
standards oleic acid and triolein calculated using the sam- 
ple lipid class regression equations were compared with 
the actual amounts spotted. The standard oleic acid 
amount was estimated at 46 ng, within 15% of the ac- 
tual amount of 40 ng spotted. The standard triolein 
amount was estimated at 198 ng, in excellent agreement 
with the actual amount of 200 ng. These results demon- 
strate that although slight differences in fluorescence may 
exist between simple lipid classes and the complex l i p i d  
classes found in samples, standards comprised of a single 
fatty acid constituent can be used to quantify complex 
l ip id  classes if standard and sample concentrations are 
in the same range. Alternatively, complex lipid mixtures 
approximating sample lipid class compositions could be 
used for more accurate quantification. 

Application to samples of oceanic particulate material. 
Oceanic particulate material is an extremely complex en- 
vironmental sample with plant, animal and microbial 
sources. There is a wide range of highly unsaturated fatty 
acids present in the acyl lipid classes. The demands of 
resolving this complex mixture and the large differences 
in class concentrations make the determination of l i p i d  
class composition in oceanic particles among the most dif- 
ficult of lipid class analyses. 

The HPTLC method was used to resolve and quantify 
the nonpolar lipid classes in a verical depth profile of 
<53/~m sized oceanic particulate material from the upper 
600 meters of the Slope Water in June 1982. A represen- 
tative chromatogram from a sample at 450 meters is 
shown in Figure 6. Major lipid classes were sterol, fat ty 
alcohol, free fatty acid, TG, wax ester and a compound 
tentatively identified as DG. Another minor unidentified 
lipid, with a 114 similar to that of diacylglycerol ether 
(DGE) (44), was found just  above the TG on the plate. 
FAME and STE were present only in trace amounts in 
these samples. 

Lip id  classes had a wide range of concentration in the 
same sample. Amounts spotted ranged from a minimum 
of about 20 ng for free fat ty acids to a maximum of 
600-700 ng for TG. Replicate sample analyses on separate 
plates yielded coefficients of variation of 5.9% and 2.3% 
for sterols (200 ng mean) and TG (300 ng mean), 
respectively. 

The vertical depth profiles of sterol, TG, fat ty alcohol 
and free fatty acid concentration are typical of many bulk 
property profiles in the upper 1000 meters of the ocean 
(Fig. 7A,B). These profiles reflect the primary production 
of particulate organic carbon (POC) in the photosynthetic 
zone in surface waters and a rapid net loss of POC with 
depth due to zooplankton grazing and oxidation. 
However, the wax ester profile (Fig. 7B) does not follow 
this trend and indicates that a secondary process controls 
the production and destruction of this compound class 
in the water column. 

A large change is seen in the percent contribution of 
the individual lipid classes with depth (Fig. 8A,B). Fa t ty  
alcohols and free fatty acids both compose less than 5% 
of the total nonpolar lipids at all depths while sterols, TG, 
wax esters show large variations. TG (Fig. 8B) decrease 
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FIG. 6. Chromatogram of nonpolar lipid classes in a sample of 
oceanic particulate material from 450 m in the Slope Water in June 
1982. Development was by Method I. The arrow indicates the pread- 
sorhent zone/silica gel interface. 
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FIG. 7. Nonpolar lipid class concentrations in <53 ~ particulate 
material in the Slope Water in June 1982. Concentration of total pat~ 
ticulate organic carbon (POC) is given for comparison. 
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FIG. 8. Relative percentages of nonpolar lipid classes in <53 ~ pa~ 
tieulate material in the Slope Water in June 1982. 

from over 80% of the total nonpolar lipids at the surface 
to only 10% in deep water. In contrast, wax esters show 
the reverse trend and increase from only a few percent 
of the total nonpolar lipid at the surface to 70% at 600 
meters. This change in the dominant particulate lipid 
class with depth mirrors the general change with depth 
in the distributions of TG- and wax ester-producing 
organisms (9,45). Phytoplankton, which dominate the sur- 
face waters, synthesize almost exclusively TG. Zooplank- 
ton species may synthesize either TG or wax esters, but  
the major wax ester-synthesizing zooplankton in this 
temperate region are predominately meso- and bathy- 
pelagic. Thus, the increase with depth in the wax ester/TG 
ratio of the small particle pool most likely reflects changes 
in relative production of these two compounds by deep- 
living zooplankton. These results indicate that secondary 
production of POC by deep water zooplankton signifi- 
cantly alters the suspended particle pool in the water 
column. 

Comparison of HPTLC with other methods. Quantita- 
tive HPTLC has several advantages over other methods 
used in lipid class analyses. The method presented here 
enables resolution and quantification of all the complex 
lipid classes in a crude lipid extract when the appropriate 
standards are run simultaneously on the same plate. Op- 
timal amounts of lipid classes for highest resolution and 
accuracy in quantification range from 10 to 500 ng, which 
enables both major and trace lipid class concentrations 
to be determined from a single run. In addition, the lipid 
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specificity of the der ivat izat ion reaction in H P T L C  
minimizes interferences from pigments  and other nonlipid 
compounds  present  in crude extract .  In contrast ,  the 
Ia t roscan/Chromarod method requires multiple develop- 
ments  and scans for resolution and quantif icat ion of all 
nonpolar  lipid classes and requires extensive cal ibrat ion 
of the f lame ionization detector  (FID) response to ac- 
curately quant i fy  less than  1 ~g of lipid classes. 

The chromatographic  methods  used in this s tudy  are 
very  simple and require no specialized equipment.  The 
preadsorbent  H P T L C  plate  eliminates many  problems in 
H P T L C  associated with  applying very  small  volumes of 
crude extracts  directly onto the silica gel surface. We have 
found tha t  a simple, one-step application of dilute crude 
ex t rac t s  with a Teflon-tipped pipet te  and development  in 
s t andard  chambers  adequately  resolves complex lipid 
classes. More sophis t icated equipment  and techniques 
will increase resolution bu t  also increase cost  and effort.  
Sensi t ivi ty  in this s tudy  pr imari ly  was l imited not  by  
compound resolution bu t  by  the H P T L C  plate. Fur ther  
advances in H P T L C  plate technology should continue to 
improve  resolution and reduce the  baseline problems 
associated with the pla te  surface. 

The H P T L C  method is rapid and requires no extensive 
calibration, so over 50 analyses easily can be made in one 
day. Run-to-run var iabi l i ty  is less of a problem with 
H P T L C  than  with other methods  because s tandards  and 
samples  are run simultaneously.  In  addition, the s ta t ic  
nondest ruct ive  detection method allows samples  to be 
scanned many  t imes and in different modes to opt imize 
quantification. In  contrast ,  chromatographic  conditions 
for Ia t roscan]Chromarod analyses m u s t  be rigidly con- 
trolled for accurate  resul ts  and detection by  F I D  is 
destruct ive.  Al though the scanning densi tometer  for 
H P T L C  is not  inexpensive, it is not  dedicated to a single 
analytical procedure. Therefore, H P T L C  may  be very cost 
effective because m a n y  diverse H P T L C  methodologies 
m a y  share the same ins t rument  for detection. 

We found quan t i t a t ive  H P T L C  to be a rapid, simple 
and very  sensit ive technique for the analysis  of complex 
lipid class composi t ion in our samples  of oceanic par- 
t iculate material .  The method shows much  promise  for 
other  environmenta l  sample  analyses.  In  addition, the 
resolution and high sensi t ivi ty  of the method makes  it 
ideally suited for quantif icat ion of lipid classes before 
preparat ive scale separations by column chromatography,  
H P L C  or TLC, and for pur i ty  checks of lipid fractions. 
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Cynomolgus monkeys were fed oils high in linoleic acid 
or with half  of the linoleic acid replaced by either (n-3) 
linolenic acid or marine f a t ty  acids. When the diet con- 
talned similar quantities of linoleic and (n-3) linolenic acid, 
e ry throcyte  f a t t y  acids maintained a ratio of (n4}) to (n-3) 
f a t t y  acids of approximately 2:4. Fatty acids from men- 
haden oil enhanced the incorporation of eicosapentaenoic 
and docosahexaenoic acids into the monkey erythrocytes,  
the composition of which was not  altered by additional 
a-tocopherol. 
Lipids 23, 501-503 (1988). 

Erythrecytes  are suitable cells for detecting the prolonged 
intake of (n-3) fa t ty  acids in rats  {1) and the best available 
retrospective index of the types of fat  ingested by humans 
(2). When both  linoleic acid and (n-3) linolenic acid are prc~ 
vided, desaturases favor (n-3) metabolism {3), but  trans- 
acylases preferably catalyze the incorporation of arachi- 
donic acid (4). 

This invest igat ion on ery throcytes  of the cynomolgus 
monkey was under taken to determine the effect of equal 
dietary levels of linoleic acid and different (n-3) fa t ty  acids. 
These were provided by either a-linolenic acid from linseed 
oil or C2o and C22 polyunsa tura ted  f a t ty  acids from 
menhaden oil. The fish oil also was fed with additional 
tocopherol to protect  the polyunsatura ted  fa t ty  acids. 

MATERIAL AND METHODS 

Twenty  male and 20 female cynomolgus monkeys 
(Macaca fascicularis) of five to nine years  of age previ- 
ously had been used for tes t ing poliomyelitis vaccine at  
Connaught  Laboratories,  Toronto,  Ontario, and then for 
tes t ing zinc supplements in the Depar tment  of National 
Heal th  and Welfare, Ottawa. They  were given a four- 
month  rest  period, t augh t  to eat  dough balls containing 
purified diet ingredients and orange flavoring, and dis- 
t r ibuted among four tes t  groups on the basis of body 
weight and sex. 

The basal diet contained in % by weight: sucrose, 26.45; 
corn starch, 21.07; casein, 21.43; alphacel, 10.00; Ausman- 
Hayes  mineral mix, 4.75; Newberne~Hayes vi tamin mix 
(5), 0.50; D,L-methionine 0.50; fat, 15.00. The Ausman- 
Hayes  mineral mig contained, in g/kg, potass ium phos- 
phate,  dibasic, K2HPO4, 327.908; calcium carbonate,  
CaC03, 290.485; sodium chloride, NaC1, 162.366; magne- 
sium sulfate, MgSO4-7H20, 98.732; calcium phosphate,  
dibasic, CaHPO4-2H20, 72.597; magnesium oxide, MgO, 
32.040; ferric citrate, (16.7 % Fe}, 13.297; manganese 
sulphate, MnSO4-H20, 1.221; zinc chloride, ZnC12, 0.915; 
cupric sulphate, CuSO4-5H20, 0.290; potassium iodide, 
KI, 0.077; chromium acetate, Cr(C2H302h, 0.044; sodium 

*To whom correspondence should be addressed. 

fluoride, NaF, 0.023; sodium selenite, Na2SeO3, 0.004. A 
2.5% agar solution was mixed with the basal diet in a 2:5 
ratio to produce dough and reduce surface exposed to air. 
The diet was made each week, divided into daffy portions 
and stored at  4 C until  fed. 

The fat  in diet 1 was 63.75% lard and 36.25% corn oil; 
diet 2, 66.0% lard and 34.0% linseed oil; diets 3 and 4, 
15.6% lard, 16.1% corn off and 68.3% menhaden oil. The 
fa t ty  acid composition of each diet is given in Table 1. 
Diet 4 was supplemented to contain 213 ug a-tocopherol]g 
diet, whereas diet 3 contained 49 ~g/g. 

Blood was drawn into a vacutainer  tube containing 
sodium citrate from animals immobilized with 5 mg/kg 

TABLE 1 

Fatty Acid Composition of Diets a 

Fatty acid Diet 1 Diet 2 Diet 3 Diet 4 

12:0 0.7 
14:0 2.1 
14:1 
14:1 isomers 
16:0 28.6 
16:1(n-7) 2.5 
16:1 isomers 
17:0 0.3 
17:1 0.3 
17:1 isomers 
18:0 7.7 
18:1(n-9) 32.1 
18:1 isomers 0.2 
18:2(n-6} 24.7 
18:2 isomers 
18:3{n-3) 0.4 
18:3(n-6) 
18:4(n-3) 
19:0 
20:0 0.3 
20:1(n-9} 0.2 
20:1 isomers 
20:2{n-6) O. 1 
20:4(n-3) 
20:5(n-3) 
22:0 
22:1(n-11) 
22:1 isomers 
22:5{n-3} 
22:6(n-3) 

1.1 2.1 0.4 
2.3 12.9 12.9 

0.9 0,7 
0.2 0.5 

27.5 25.I 25.8 
2.6 10.5 10.8 

0.5 0.3 
0.3 0.1 0.2 
0.3 1.4 1.5 

0.5 0.5 
8.4 3.6 3.7 

32.4 16.4 16.9 
0.2 1.5 1.5 

11.8 10.6 10.8 
1.6 1.5 

13.0 0.9 0.8 
0.1 0.1 
1.8 1.9 
0.1 0.1 

0.1 
0.4 0.5 
0.1 0.2 
0.2 0.3 
0.3 0.4 
4.7 4.6 
0.2 
0.3 

0.5 
0.4 0.2 
2.8 2.4 

(n-6) 24.8 11.8 10.8 11.2 
(n-3} 0.4 13.0 10.9 10.2 
(Monounsaturates) 35.2 35.5 32.8 35.5 
(Saturates} 39.7 39.7 43.9 43.1 
(n-6)/(n-3) 64.0 0.9 1.0 1.1 

aFat was extracted from the diets three times during the experi- 
ment; the fatty acids are expressed as area % of chromatograms. 
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ketamine hydrochloride (Rogarsetic, Bristol Laboratories, 
Syracuse, NY). The hematological profile was obtained 
on a Coulter counter {Model S. Plus IV, Mississauga, On- 
tario). The blood was fractionated (1) and a weighed sam- 
ple of purified erythrocytes extracted (6) and stored at 
4 C. A portion of this was methylated (7) for gas chroma- 
tography on a fused silica column, Supelcowax 10, 30 m X 
0.32 mm i.d., film of 0.25 ~n, in a Varian Vista 6000 in- 
strument with hydrogen as the carrier gas. The oven 
temperature was 130 C for 12 rain, then increased 2 
degrees per minute to 180 C for 18 vain. The injector was 
at 250 C, and the detector was at 275 C. Calibration was 
achieved with the methyl ester of nonadecanoic acid as 
the internal standard. Results were expressed as vg fatty 
acid per 10' erythrocytes and subjected to statistical 
analysis of variance and Duncan's range test (8). 

RESULTS AND DISCUSSION 

The ery throcyte  (n-6) and {n-3) f a t ty  acids, determined on 
each monkey  at  intervals  (Fig. 1), are given for the final 
period in Table 2. Group 1, fed a high level of linoleic acid 
and a low level of (n-3) linolenic acid, showed gradual ly  
increased concentrations of (n-6) f a t ty  acid in erythrocytes  
wi th  time, while group 2 fed approx imate ly  equal 
amoun t s  of linoleic and (n-3) linolenic acid mainta ined a 
relat ively cons tan t  propor t ion of to ta l  (n-6) to (n-3) f a t t y  
acids throughout  the experimental  feeding period. In con- 
t rast ,  the monkeys  fed menhaden oil as a source of (n-3) 
fa t ty  acids, groups 3 and 4, showed elevated 20:5 and 22:6 
f a t t y  acids as replacements  for (n-6) f a t t y  acids. Addi- 
t ional tocopherol  had no effect on the composi t ion of the 
e ry th rocy te  f a t t y  acids. 

The diets had an equal distribution of saturated,  mono- 
unsa tu ra t ed  and po lyunsa tu ra ted  f a t t y  acids, the las t  
cont r ibut ing  the essential  f a t t y  acids for the 2-position 
of glycerophosphat ides ,  which with cholesterol compose  
mos t  of the e ry th rocy te  lipid (9). When the diet supplied 
similar amounts  of linoleic acid and (n-3) linolenic acid, 
the rat io  of the to ta l  (n-6) to (n-3) f a t t y  acids remained 
at  about  2:4. This indicated a close regulation for the con- 
version to long chain f a t t y  acids and their  incorporat ion 

into the cell. The long chain (n-3) f a t t y  acid f rom fish oil, 
increased progress ively  in the erythrocyte .  The elimina- 
t ion of the need for desa tura t ion  and elongation of 
subs t r a t e s  apparen t ly  resul ted in less metabolic  regula- 
t ion of e ry throcy te  f a t t y  acid composition. 

The enhanced incorporat ion of the mar ine- type com- 
pared  with the p lant - type  (n-3) f a t t y  acids has been 
observed in human  platelets  (6,10,11) and ra t  t issues, 
notably the heart  (1,12). Ery throcytes  of the rabbi t  main- 
tained a cons tan t  level of arachidonic acid when either 
(n-3) or (n-6) f a t ty  acids was fed (13), but  those of the mar- 
moset  monkey  exhibited differences in arachidonic acid 
with dietary sheep perirenal fat  or sunilowerseed oil, both  
low in (n-3) f a t t y  acids (14). The respect ive n-6/n-3 ra t ios  
were 3.0 and 6.4, bo th  of which were higher than  those 
observed in the present  experiment  involving substant ia l  

I:~tio of n . ~  Fairy Acids in 
8. Monkey E ~ y l h r ~ n  

F "~ G~up 1 
M J ~ o w ~  

.- " :22.._._.... . . . . . . .  --'-----'::-It-:': . . . . . . .  "~-"-'-'--'~ Me -]J Group2 
(n-3) 18:3 

. . . . . . . . .  �9 M F "~ Group3 & 4 
' J (n-3) z 20:4 

W E E K S  

FIG. I. The ratio of total (n~) to (n-3) fatty acids of erythrocytes 
from monkeys fed different dietary fats during 15 wk. 

TABLE 2 

Polyunsaturated Fatty Acids in Monkey Erythrocyt~ After 15 Weeks of Test Diets (pg/10' Cells) 

Group 1 Group 2 Group 3 Group 4 

Fatty acids Male Female Male Female Male Female Male Female 

(n-6) 18:2 2.31• a 1.87• b, c 1.76• b 1.61• b 0.76• c 0.64• c 
20:4 1.82• a 1.67• c 1.40-4-0.158, c 1.40• c 0.48• c 0.44• c 
22:4 0.29• 0.26• 0.06• 0.08• 0.01• 0.01• 
22:5 0.06• 0.06• 0.03• 0.03• 0.01• 0.01• 

Total 4.54• a 3.94• b,c 3.32+0.28 b 3.19• b 1.26• c 1.10• 

0.79• c 0.69• c 
0.48• 0.41• c 
0.01• 0.01• 
0.02• 0.01• 
1.33• c 1.14• c 

(n-3) 18:3 0 .00•  b 0 .00•  0.21• a 0.18• a 0.00•  b 0.00•  b 0.05•  b 0 .00•  
20:4 0.00• 0.00+0.00 0.03+0.01 0.04• 0.03• 0.02• 0.03• 0.03• 
20:5 0.04• b 0.03• b 0.31•  b 0.28• b 1.43• a 1.39• a 1.55• a 1.42• a 
22:5 0.20• 0.16+0.02 0.39• 0.45• 0.32• 0.30• 0.35• 0.37• 
22:6 0.48• b 0.42• b 0.42•  b 0.43•  b 1.23• a 1.30• a 1.27• a 1.29• a 

Total 0.73• b 0.61• b 1.37• b 1.37• b 3.01• a 3.01• a 3.25• a 3.11• a 

*Mean • standard error of the mean. Means in a horizontal line not sharing the same superscript are statistically different at p = 0.01. 
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quantities of dietary (n-3) fa t ty  acids. A supply of pre- 
formed fa t ty  acid substrates permitted an enhanced con- 
centrat ion of them in membrane lipids. This may be ad- 
vantageous in some situations but  may circumvent some 
metabolic control steps. 
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Mammary Lipoprotein Lipase in Plasma of Cows 
After Parturition or Prolactin Infusion 
James S. Liesman% Roy S. Emery' .a, R. Mlchael Akersb a n d  H. Allen Tuckera 
aDepartment of Animal Sciences, Michigan State University, East Lansing, MI 48824, and bDepartment of Dairy Science, Virginia 
Polytechnic Institute and State University, Blacksburg, VA 24061 

Plasma lipase activity from the mammary vein and a tall 
blood vessel was measured in periparturient Holstein 
cows treated in one of three ways: control, CB154 (2-Br- 
a~rgocryptin) or CB154 plus prolactin. CB154 administra- 
tion decreased basal serum prolactin concentration by 
80% and blocked the normal parturient increase of serum 
prolactin. In CB154 plus prolactin-treated cows, prolac- 
tin was infused continuously for six days starting five 
and eight days prepartum. Plasma iipase activity was not 
detectable up to 26 hr prepartum in control and CB154- 
treated cows or before the start of prolactin infusion in 
CB154 plus prolactin-treated cows. After two hr prepar- 
turn, plasma lipase activity was detected in all treat- 
ments. In CB154 plus prolactin-treated cows, plasma 
lipase activity was detected in the presence of high con- 
centrations of serum progesterone four days after the 
start of prolactin infusion and at least two days before 
parturition. Plasma lipase activity was four times greater 
in the mammary vein than in the tall vessel at sampling 
times at which activity was detected in both vessels. We 
propose the difference between plasma lipase activity 
from the mammary vein and tail vessel is due to release 
of lipoprotein lipase from the mammary gland into blood, 
and this activity can be induced prepartum by prolactin 
or at parturition even if the parturient increase in pro- 
lactin is suppressed. 
Lipids 23, 504-507 (1988). 

Approximately 40% of bovine milk fat is derived from 
blood triglycerides (1) that have been hydrolyzed by 
lipoprotein lipase (LPL) at the luminal surface of the mam- 
mary gland capillary endothelium (2). LPL at the capillary 
endothelium usually is measured in plasma after heparin 
injection. However, lipase activity in plasma without 
prior injection of heparin has been measured in the lac- 
tating goat (3) and cow (4). This plasma lipase activity 
can be attributed in part to mammary LPL because the 
concentration of plasma lipase activity is greater in the 
mammary vein than in the mammary artery (3,4) and is 
inhibited by NaC1 (3). This plasma lipase activity from 
the mammary vein of lactating cows has been reported 
by Shirley (4) to be 0.5% of that found after heparin 
injection. 

LPL activity in mammary tissue increases markedly 
just  before parturition and remains high throughout lac- 
tation in the guinea pig (5,6), rat (7) and cow (8). Prolac- 
tin increases mammary LPL activity in the pseudopreg- 
nant rabbit (9) and reestablishes mammary LPL activi- 
ty after hypophysectomy in the lactating rat (10). But 
when prolactin secretion is inhibited by CB154 (2-Br-a- 
ergocryptin) in 20-day pregnant rats, prostaglandin F2a 
{PGF2~) increases mammary LPL activity while decreas- 
ing serum progesterone concentration (11). PGF2~ may 

*To whom correspondence should be addressed. 
Abbreviations: HTGL, hepatic triglyceride lipase; LPL, lipoprotein 
lipase. 

be acting by reducing serum progesterone concentration 
because when progesterone and PGF2~ are administered 
together, mammary LPL activity does not increase. 

The purpose of this study was to investigate plasma 
lipase activity in the periparturient cow and to show that 
most of this activity is due to mammary LPL released 
into the blood. The independent effects of prolactin and 
parturition on plasma lipase activity also are described. 
Other aspects of this study are reported (12,13L 

MATERIALS AND METHODS 

Treatments. Details of the experimental design and care 
of the animals are reported (12). The three treatment 
groups were control (n = 3), CB154 (n = 3) and CB154 
plus prolactin (n = 2). For CB154 and CB154-plus- 
prolactin-treated cows, treatment with CB154 (Sandoz 
Inc., E. Hanover, NJ) commenced 12 days before expected 
parturition and continued through 10 days postpartum. 
CB154 (11 mg/100 kg BW) was injected subcutaneously 
either every four days, every two days or daily prepar- 
turn. All schedules of CB154 injection reduced concentra- 
tion of prolactin in serum similarly (12). After parturition, 
CB154 and CB154 plus prolactin-treated cows were in- 
jected every two days. 

Cows assigned to treatment with CB154 plus prolac- 
tin were infused with 6.0, 8.0, 9.8, 22.4 and 20.8 mg pro- 
lacti~hr (NIH-B4; NIH, Bethesda, MD) for 24 hr each, 
starting five days before the expected day of parturition. 
Infusions started at 2400 hr and rates were changed at 
24-hr intervals (12). 

Blood sampling and hormone assays. Blood for lipase 
assay was collected once every three days between 0900 
and 1100 hr starting two wk before estimated calving 
date. Blood was obtained from the subcutaneous ab- 
dominal vein (Mammary vein) and the coccygeal vein or 
artery (tail vessel) in tubes containing potassium oxalate 
(2 mg/ml blood). Plasma was removed after centrifuga- 
tion at 4 C and stored at - 5 0  C until assayed 12 to 18 
months after samples were taken. A standard stored with 
the samples showed no decrease in activity over the same 
period. 

Blood samples for prolactin and progesterone deter- 
minations were taken twice daily (0700 and 1900 hr) from 
an indwelling jugular cannula one hr before feeding and 
milking. Hormones were quantified as described {12). 

Lipase assay. Tri-[9,10(n)-3H]oleoylglycerol, [9,10(n)- 
3H]oleic acid and ACS scintillation fluid were obtained 
from Amersham {Arlington Heights, ILL Labeled tri- 
acylglycerol was purified by Florisil column chromatog- 
raphy (14) and was used within two months of chroma- 
tography. Unlabeled trioleoylglycerol, bovine serum 
albumin, Trizma base and Triton X-100 (acetyl phenoxy 
polyethoxyethanol) were obtained from Sigma Chemical 
Co. (St. Louis, MO). All other substances were reagent- 
grade, and all solvents were distilled before use. 
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The substrate mixture in a polyethylene 20 ml scintilla- 1200.  
tion vial contained 150 ~nnol trioleoylglycerol; 70 ~Ci tri- 
[9,10(n)-3H]oleoylglycerol; 2.5 ml heat-inactivated bovine 1000. 
serum; 8.1 ml 8% bovine serum albumin, 0.15 M NaC1, 
0.24 M Tris-HC1 (pH 8.6); and 0.9 ml 1% Triton X-100. 800. 
The vial was placed in ice and the substrate mixture ,~  
sonicated three times for one min with one-min pauses ~ s00. 
with a sonifier cell disruptor {Heat Systems-Ultrasonic, o . 
Plainview, NY, Model W185D) using a micro tip and a ~ 400- 
setting of 75 W. 

Culture tubes (12 X 75 ram) for the lipase assay con- -.~ 
tained 0, 40 or 60 ~l of sample plasma and 40 ~13% bovine ~ 200- 
serum albumin with either 0.15 or 4.4 M NaC1. Enough ~" " 
heat-inactivated bovine serum was added to bring the u. 0- 
volume to 100 ~1. The incubation was started by adding ~ 
100 ~1 substrate mixture (f inal trioleoylglycerol concen- "6 -1 
tration, 6.5 raM) and incubating in a shaking water bath E 
at 37 C. After one hr, the assay was stopped and released ~ 1200- 
[3H]oleic acid separated from the acylglycerols with ~" �9 
1.65 ml methanol]chloroform]heptane (1.41:1.25:1, v/v/v) ~ 1000- 
and 0.45 ml of alkaline buffer (58 mM sodium borate, ~ . 
41 mM potassium carbonate titrated to pH 10.4 with 5 M | 800- 
potassium hydroxide) (15). After centrifugation at 20 C, ~m . 
0.5 ml of the upper phase was transferred to scintillation ~ 600- 
vials with 10 ml of ACS scintillation fluid. Recovery of 

. M  

oleic acid in the 0.5 ml transferred was 25% as determined 400- 
by replacing labeled trioleoglycerol with labeled oleic acid 
in the substrate mixture. Activity in the tubes contain- 
ing 60 ~1 heat-inactivated bovine serum was subtracted 200- 
from sample tubes to correct for background. Lipase ac- 
tivity for a sample was determined in duplicate at 40 and 0- 
60 ~1 of plasma and expressed as nmol fat ty acid 
(FA)/hr/ml of plasma. Minimum detectable activity was 
60 nmol FA/hr/ml plasm& Lipase activity was linear with 
time and plasma concentration. 

Statistical methods. Plasma lipase activity for samples 
taken between two hr prepartum and 114 hr postpartum 
were analyzed by split plot analysis of variance {16). Cows 
were sampled once in period 1 from two hr prepartum to 
52 hr postpartum and again in period 2 from 70 hr to 
114 hr postpartum (Fig. 1). Samples taken in these two 
periods with plasma lipase activity below the detectable 
limit were set to zero and included in the analysis. Plasma 
lipase activity for samples from CB154 plus prolactin- 
treated cows taken after the start of prolactin infusion 
and before parturition were analyzed using Student's 
t-test. 

RESULTS 

Lipase activity. Lipase activity was not detectable in any 
plasma samples taken up to 26 hr prepartum in control 
and CB154 treated cows (sampling range is 1 to 14 days 
prepartum). Plasma lipase activity was detected in all but 
one of the mammary vein samples and most tail vessel 
samples after parturition in control, CB154 and CB154 
plus prolactin-treated cows {Figs. 1 and 2). Between 2 hr 
prepartum and 120 hr postpartum, there were no signifi- 
cant differences among treatments or a significant treat- 
ment by period interaction. Mammary vein plasma lipase 
activity increased from period 1 to 2 (P < 0.01, Figs. 1 
and 2). 

In the two CB154 plus prolactin-treated cows, plasma 
lipase activity was detected in mammary vein plasma 82 

Period: 
A. CONTROL 

B-~ MAMMARY VEIN 
H TAIL VESSEl. 

oo 6 150 26o 

Period:  1 2 

I I1-  

// 
B. C B 1 5 4  

H MAMMARY V~N 
H TAIL VES~JEL 

-loo 6 16o =50 
Hours relat ive to  Par tur i t ion 

FIG. 1. Plasma iipase activity from the IDnmm~try vein and tail vessel 
for individual cows. (A) control cows; (B) CB154-treated cows. Cows 
were sampled once in each period. 

and 106 hr after the start of prolactin infusion (Fig. 2). 
This was 92 and 43 hr before parturition, respectively. 
Plasma lipase activity was detected in all mammary vein 
and tail vessel samples 106 hr after the start  of infusion. 

In all treatments, lipase activity detected in mammar x 
vein plasma was greater than tail vessel plasma lipase 
activity. Plasma lipase activity from the tail vessel was 
23% that  of the mammary vein plasma for observations 
in which activity was detected in both samples (range 
18%-29%, n = 17). 

Hormones. Results of hormone data have been reported 
(12). In control cows, serum prolactin averaged 29 ng/ml 
six to two days prepartum, reached an average peak of 
194 ng/ml at parturition and declined to an average 
28 ng/ml 2-10 days postpartum. Treatment with CB154 
reduced serum prolactin concentration approximately 
80% to 6 ng/ml. Serum prolactin concentration for CB154 
plus prolactin-treated cows was similar to that for CB154 
treated cows except during the time of prolactin infusion 
when serum prolactin concentration reached a peak of 
350 ng/ml on day 5 of the infusion and then declined to 
its preinfusion level within six hr of the end of infusion. 
Treatment with CB 154 and CB 154 plus prolactin had no 
effect on the concentration of serum progesterone five 
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FIG. 2. Plasma Upa~ activity from the mRmmary ve~l and tail vessel 
during periparturient period for  t w o  cows  treated with CB154 plus 
prolactin. (A) cow I; (B) cow 2. Bars indicate time of prolaetin infusion- 

days prepartum to three days postpartum when com- 
pared with control. Between day 2 prepartum and day 
2 postpartum, serum progesterone declined from an 
average of 6 ng]ml to lees than 1 ng/ml. 

DISCUSSION 

Mammary tissue LPL activity is virtually absent during 
most of pregnancy in non-lactating animals and increases 
rapidly 24 to 48 hr before parturition in the guinea pig 
(5,6), rat (7) and cow (8). In this study, plasma lipase ac- 
tivity in control and CB154-treated cows followed a 
similar pattern {Fig. 1). The higher plasma lipase activ- 
ity in the mammary vein relative to the tail vessel sug- 
geets that  the difference in lipase activity between the 
two vessels is due to LPL released from the mammary 
gland. This agrees with the findings of Barry et al. (3) in 
the lactating goat in which the plasma lipase activity was 
completely inhibited by 0.8 M NaCl--a characteristic of 
LPL. But, in both taft vessel and mammary vein plasma 
from lactating cows, we found only an 80% inhibition of 
plasma lipase activity with 1 M NaCl. This is similar, 
though, to the 70% reduction in activity we found with 
plasma LPL purified on heparin-sepharose and assayed 

without activator (17). The increase in tail vessel plasma 
lipase activity at the same time as that  in the mammary 
vein suggests that  most of the activity in taft vessel 
plasma also is due to mammary LPL that has not yet 
been cleared from the blood. This conclusion is supported 
by the reports showing that adipose tissue LPL declines 
with onset of lactation (8) and that the other major plasma 
lipase, hepatic triglyceride lipase (HTGL), is either absent 
(18) or very low (17,19} in post-heparin plasma of cows. 

Prolactin has been shown to increase m-mmary LPL 
activity in pseudopregnant rabbits (9) and to re-establish 
mammary LPL activity after hypophysectomy in lac- 
tating rats (10). In this study, infusion of prolactin into 
CB154 plus prolactin-treated cows was to mimic the nor- 
mal increase in serum prolactin in the cow at parturition 
(20). Although plasma lipase activity was not detected 
until 82 hr after the start  of infusion, it was measurable 
in both cows before the decline in serum progesterone, 
two days prepartum (Fig. 2). Spooner et al. (11), though, 
found no increase in m~mmary LPL activity when pro- 
lactin was given to 20-day pregnant rats with high con- 
centrations of serum progesterone; but serum prolactin 
concentration was not measured and may not have been 
high enough to effect mammary LPL. 

In CB154-treated cows, plasma lipase activity increased 
after parturition despite low concentrations of serum 
prolactin. This induction of plasma lipase activity may 
be caused by the decline in serum progesterone concentra- 
tion in the presence of low serum prolactin concentration. 
In 20-day pregnant rats treated with CB154 and PGF2~, 
the serum concentrations of progesterone and prolactin 
decline and mammary LPL activity increases (11). Djiane 
and Durand (21) have shown that progesterone blocks the 
induction of prolactin receptors and prolactin stimulates 
the formation of its own receptors in the rabbit mammary 
gland. For the CB154-treated cows, the decline in serum 
progesterone concentration started two days prepartum 
and, although low, serum prolactin concentration was not 
completely suppressed by CB154. 

After hydrolysis of serum triglycerides, the probable 
fate of LPL at the capillary endothelium is to be released 
into the circulation for catabolism at the liver (22,23}. The 
increased hydrolysis of serum triglycerides by mammary 
LPL during lactation then would be the cause of the 
plasma lipase activity measured in this study. This is sup- 
ported by Shirley (4), who observed that  post-heparin 
plasma lipase activity increased eight-fold after parturi- 
tion and most of this increase could be attributed to 
greater plasma lipase activity from the mammary vein. 
We conclude that  the lipase activity in plasma from 
periparturient cows is mostly due to LPL from the mam- 
mary gland and that  this activity can be induced prepar- 
turn by high serum concentrations of prolactin or at par- 
turition with or without the parturient increase of serum 
prolactin. 

A C K N O W L E D G M E N T  

This is Michigan Experimental Station Journal Number 12668. 
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Stimulation of Liver Growth and DNA Synthesis by Glucosylceramide 
Subhash  C. Da t ta  I a n d  N o r m a n  S. Radin*  
Mental Health Research Institute, University of Michigan, Ann Arbor, MI 

The nature of the growth-stimulating effect of glucosyl- 
ceramide was studied. Mice were injected intraperitw 
neally with emulsified glucosylceramide and conduritol 
B epoxide, an inhibitor of cerebroside glucosidase. Within 
one or two days, the liver grew 18-24%, as reported. Two 
enzymes involved in DNA synthesis also increased more 
than the weight. The total liver activity of thymidine 
kinase increased 46-73%, and the total activity of 
ornithine decarboxylase increased as much as 101%. It 
is suggested that elevated liver levels of glucocerebroside 
stimulate cell proliferation through a relatively direct 
mechanism. 
Lipids 23, 508-510 {1988). 

It is evident that the growth of liver and spleen in 
Gaucher patients, who lack a specific glucohydrolase (EC 
3.2.1.45), is far more than can be accounted for by accom- 
modation to the weight of stored glucosylceramide 
(GlcCer), the enzyme's substrate. The chemical nature of 
the enlarged organs and the mechanisms of the causa- 
tional sequence still are obscure. In a s tudy in which we 
injected mice intraperitoneally over an eight-day period 
with conduritol B epoxide (CBE), an inhibitor of GlcCer 
glucosidase, we found significant increases in liver and 
brain size (9% and 13%, respectively) (1). Presumably, the 
CBE caused an accumulation of the enzyme's substrate 
(2) and, therefore, induced a temporary model form of 
Gaucher disease. In a later study (3), we injected emulsi- 
fied GlcCer once and found that much of the lipid reached 
the liver and that a rapid enlargement of the liver ensued, 
10-37% within 25 hr. Co-injection of CBE with GlcCer 
enhanced the growth phenomenon. The enlargement was 
accompanied by an increase in total DNA, lipid and pro- 
tein {as well as the glucosidase~activator proteins that are 
known to accumulate in Gaucher spleen); it was evident 
that the increase in liver size could not be attributed to 
edema. The detergent alone did not produce a change in 
liver weight. We have postulated that GlcCer can induce 
cell division and growth. The study reported here was 
directed at clarifying the mechanism by which this occurs. 

METHODS AND MATERIALS 

Materials. Most of the materials, the mice used and the 
method for selecting them for each experimental group 
have been described (3,4). The GlcCer, isolated from 
Gaucher spleen, was emulsified with 3/4 of its weight of 
Myrj 52, a low-toxicity nonionic detergent (polyoxyethy- 
lene stearate, ICI America Inc.), and injected i.p. into 

~Current address: Department of Pediatrics, Section of Pediatric 
Neurology, University of Michigan Medical School, Ann Arbor, MI 
48109. 
*To whom correspondence should be addressed at the Neuroscience 
Bldg., 1103 E. Huron, Ann Arbor, MI 48104-1687. 
Abbreviations: CBE, conduritol B epoxide; DTT, dithiothreitol; 
EDTA, ethylenediamine tetraacetic acid; GlcCer, glucosylceramide. 

16-day-old mice (3). Labeled thymidine was from ICN and 
labeled ornithine was from DuPont NEN. 

Assays. Thymidine kinase was measured by following 
the phosphorylation of [3H]thymidine, 182 cpm/nmol, in 
a tube containing Tris-C1- pH 7.5, ethylenediamine tetra- 
acetic acid (EDTA}, mercaptoethanol, adenosine triphos- 
phate (ATPL MgC12, NaF, bovine serum albumin, creatine 
phosphate and creatine kinase {5,6}. The incubation with 
liver cytosol was performed for 30 rain. The resultant 
thymidine phosphate was isolated with ion exchange 
paper. 

Ornithine decarboxylase was measured by following the 
release of [1'C]O2 from L-[1-1'C]ornithine {22.9 cpm]pmol) 
in EDTA, Tris-C1- pH 7.4, DTT, pyridoxal phosphate (7, 
8), and 2-methylornithine (in half of the tubes). Each assay 
tube contained the supernatant suspension from cen- 
trifugation of liver homogenates at 30,000 g for 25 min. 

Protein and DNA were determined as described (3). 

RESULTS 

In one experiment, thymidine kinase specific activity was 
determined in the livers of mice injected with GlcCer/Myrj 
in saline, then (24 hr later} with CBE in saline. A day later, 
the mice were killed, and the livers were analyzed 
(Table 1). Control mice received two injections of saline 
alone. The previous observations, increases in protein and 
DNA that paralleled liver growth, were confirmed. In 
addition, a distinct rise in thymidine kinase total activ- 
ity {46%} was seen. 

In another experiment, GlcCer/Myrj and CBE were in- 
jected as a mixture once, and the animals were killed 24 
or 48 hr later. Thymidine kinase total activity rose 73% 
in 24 hr and subsided to 43% in 48 hr. 

A trial with a single injection of GlcCer/Myrj without 
CBE produced smaller effects, with a 30% increase in 
total enzyme activity after 24 hr. No significant rise was 
seen at seven hr. 

In vitro tests were run to determine whether the addi- 
tion of GlcCer could directly stimulate thymidine kinase. 
Various amounts of GlcCer emulsion {5, 10, 25 and 
50 ~g/ml) in Tris buffer were added to the incubation mix- 
ture just  before the addition of liver enzyme. Incubation 
for 30 or 60 min, with or without GlcCer, produced similar 
observed activities. In an experiment with 50 ~g/ml of 
GlcCer, with and without 5 ~g/ml of phosphatidylserine 
{from bovine brain, Sigma Chemical Co., St. Louis, MO), 
with and without a two-hr preincubation, there was also 
no significant effect of either lipid. However the phospha- 
tidylserine + GlcCer exerted a small inhibitory effect 
{about 12%}. The phospholipid was tested because it is 
an activator of GlcCer glucosidase. 

Another enzyme noted for its responsiveness to various 
growth promoters, ornithine decarboxylase (9), showed 
larger responses in activity to GlcCer and CBE {Table 2). 
This was done as part of the second experiment, above. 
Again, the liver increase in weight was seen, similar at 
the two time points. The total activity of ornithine decar- 
boxylase in the stimulated mouse livers was 101% above 
controls after 24 hr, 64% above after 48 hr. 
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TABLE 1 

Thymidine Kinase Activity in Mice Injected with Glucosylceramide 

Measurement Controls Treated Increase (%) 

Body wt. (g/mouse) 6.70 (0.38) 6.65 (0.27) -0.7 
Liver wt. (rag/mouse} 277 (20) 327 (27) 18 
Protein in liver (rag) 27.6 (1.6) 31.6 (1.1) 14 
DNA in liver (pg) 644 (50) 758 (30) 18 
Thymidine kinase (~moYhr) 1.30 (0.09) 1.90 (0.12) 46 

Nine Hsd CFI mice were injected with GlcCer (250 mg/kg emulsified with Myrj, 188 mg/kg) 
and, a day later, with CBE (80 mg/kg). Saline was injected into nine controls, and all mice 
were killed 24 hr later. The thymidine kinase activity shown is ~nol/hr of thymidine con- 
verted to the monophosphate by the cytosol from one mouse liver, less the blank activi- 
ty from boiled liver. The numbers in parentheses are standard deviations derived from 
six values (duplicates from three groups of three pooled livers) or nine individual values 
in the case of the weights. All increases were statistically significant by Student's t-test 
(p < 0.005). 

TABLE 2 

Ornithine Decarboxylase Activity in Mice Injected with GlcCer and CBE 

Measurement Controls Treated Increase (%) 

Body wt. 24 hr later (g) 6.71 (0.77) 6.78 (0.46) 0 
Body wt. 48 hr later (g) 6.57 (0.66) 6.95 (0.96) 6 
Liver wt. 24 hr (rag) 278 (25) 342 (27) 23* 
Liver wt. 48 hr (rag) 268 (34) 333 (55) 24* 
Ornithine decarboxylase 

24 hr later (nmol]hr) 400 (21) 805 (55) 101" 
48 hr later (nmol/hr) 387 (39) 636 (75) 64* 

*p < 0.005. 
The protocol was similar to that shown in Table 1, but both drugs were injected together 
at time zero, and the animals were killed 24 hr or 48 hr later. Standard deviations are 
shown in parentheses. Decarboxylase activity shown is the amount of ornithine decar- 
boxylated by one liver in one hr, corrected for the blank activity in the presence of decar- 
boxylase inhibitor. 

DISCUSSION 

We have  shown tha t  an emulsion of GlcCer acts  on the 
liver to s t imula te  or increase the amount  of thymidine  
kinase, a major  enzyme of D N A  synthes is  (10). The 
mechanism for the kinase s t im~a t ion  may  not be through 
a direct action on the enzyme, as indicated by  the  lack 
of effect in vitro. However ,  the act ivat ion phenomenon 
m a y  require other  fac tors  t h a t  are needed for in v i t ro  
st imulat ion.  

The increase in ornithine decarboxylase  ac t iv i ty  t ha t  
we observed is consis tent  with the repor ted t w o f o l d  in- 
crease produced by  incubat ing cells wi th  ganglioside, a 
glycolipid derived f rom GlcCer I l l ) .  The incubated 
ganglioside probably  was hydrolyzed in pa r t  to GlcCer, 
and the GlcCer injected into our mice p resumably  was 
conver ted  in pa r t  to ganglioside. I t  remains  to be seen 
which glycolipid or in termedia te  between them was the 
actual  s t imulator .  Ornithine decarboxylase  format ion  is 
induced, generally, by  phorbol  diester, which apparen t ly  
acts  also to s t imulate  phosphoryla t ions  by  a protein 
kinase C 02)  as well as by  a second pa t hway  (9). Bo th  
pa thways  apparent ly  ac t iva te  the format ion of ornithine 

decarboxylase  (13). Gangl iosides  were repor ted  to 
s t imula te  a protein kinase C (14) and to exer t  a pro- 
l iferative action on cells such as neurob las toma (15). 

Phorbol  diester  m a y  act th rough  its  s t imula t ing  effect 
on glycolipids, exemplified in the finding t ha t  it increas- 
ed the levels of cerebroside, lactosylceramide and 
ganglioside GM3 in cultured leukemia cells (16). Bo th  
GlcCer and phorbol  diester  increased interleukin forma- 
tion b y  macrophage  cells (17). 

I t  has been repor ted  tha t  lysosphingolipids are s t rong  
inhibitors of protein kinase C and of phorbol diester bind- 
ing, and the speculation was offered t ha t  the lysolipids 
are responsible for the pathological  features  of sphingo- 
lipidoses such as Gaucher  disease (18). Glucosylsphingo- 
sine does accumulate  in this disorder (albeit to a low con- 
centration) and migh t  be formed to a certain extent  in 
our GlcCer-loaded mice, bu t  one generally cannot  con- 
clude tha t  the inhibition of protein kinase C should lead 
to cell proliferation and increases in enzymes involved in 
D N A  synthesis .  St imulat ion of protein kinase C leads to 
increased levels of ornithine decarboxylase  (12,13), and 
we temporar i ly  could conclude tha t  GlcCer injection pro- 
duces an increase in the kinase, not  an inhibition. 
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In one experiment,  we weighed the mouse spleens and 
found no significant change in weight after  injecting 
GlcCer. The lack of effect can be a t t r ibuted  to  our fin- 
ding of rapid uptake of the exogenous GlcCer by  fiver (3). 
This is consistent with an observation made recently with 
labeled L-glucosylceramide, an unnatural  enantiomer that  
apparent ly  is unmetabolizable (19). 

Omit ted in this preliminary s tudy was a control group 
of mice tha t  had been injected only with detergent,  in- 
stead of saline. Myrj alone had been found to have no ef- 
fect on liver weight (3), and it has been found to be 
replaceable by lecithin for production of GlcCer's growth 
effect (Datta and Radin, unpublished data). Moreover, our 
experiment  with GlcCer/Myrj without  CBE produced a 
smaller increase in thymidine kinase, a result  tha t  is con- 
sistent with the assignment of the effect to the lipid rather 
than to the detergent.  GlcCer has been found to enhance 
the proliferation of Ehrfich ascites carcinoma cells in vivo 
without  the inclusion of detergent  (20). While it  seems 
highly unlikely tha t  the detergent  is responsible for the 
interest ing increases in enzyme act ivi ty  reported here, 
future studies should include a detergent  or lecithin con- 
trol  group. 

We suggest  tha t  GlcCer has mitogenic properties,  act- 
ing through a relatively direct mechanism. I t  may  func- 
tion not  only as a precursor for nearly all the glycofipids 
but also to control organ growth in normal animals. The 
possible roles of GlcCer and/or related glycofipids in cell 
proliferation and cancer have been discussed more fully 
{21). 
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Absolute Configuration of 12-Oxo-10,15(Z)-phytodienoic Acid 
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12~o-10,15{~phytodienoic  acid biosynthesized from 
13~S~hydroperoxy-9(Z~,l l {E} ,15~tadecatr i eno ic  acid 
using a preparation of corn (Zea mays L) hydroperoxide 
dehydrase recently was found to be a mixture of enan- 
tiomers in a ratio of 82:18 {Hamberg, M., and Hughes, 
M.A. (1988) Lipids 23, 469-475}. In this work, 12-oxo- 
phytodienoic acid and (-F}-7-iswjasmonic acid were con- 
vetted into a common derivative, methyl 3-hydroxy-2- 
pentyl~jclopentane-l~ctanoate. From gas liquid chroma- 
tographic analysis of the {--}-menthoxycarbonyl deriva- 
tive of methyl 3-hydroxy-2-pentyl~cyciopentane~l~cta- 
noates prepared from 12~xophytodienoic acid and 
(-F)-7-iso-jasmouic acid, it could be deduced that the major 
enantiomer of 12~xophytodienoic acid had the 9{S),13{S) 
configuration. Therefore, in the major enantiomer of 12- 
oxophytodienoic acid, the configurations of the side chain- 
bearing carbons are identical to the configurations of the 
corresponding carbons of {+}-7-iso-jasmonic acid, thus 
giving support to previous studies indicating that 12- 
oxophytodienoic acid serves as the precursor of (+}-7-iso- 
jasmonic acid in plant tissue. 
Lipids 23, 521-524 (1988}. 

Conversion of 13(S)-hydroperoxy-9(Z),ll(E),15(Z)- 
octadecatrienoic acid (13(S)-HPOT) into a cyclopentenone 
derivative, 12-oxo-10,15(Z)-phytodienoic acid, was re- 
ported by Zimmerman and Feng (1). The enzyme activ- 
ity responsible for the conversion was detected in a wide 
variety of plants such as wheat, barley, oat, flax, corn, 
sunflower and lettuce {2). In subsequent work, Vick and 
Zimmerman demonstrated that 12-oxophytodienoic acid 
was a precursor of jasmonic acid (3). The transformation 
was demonstrated in several plant species and consisted 
of initial saturation of the A '~ double bond of 12-oxophyto- 
dienoic acid catalyzed by a reductase followed by three 
steps of/Foxidation (4). Jasmonic acid has been suggested 
to act as a plant hormone because of its growth-inhibitory 
and senescence-promoting effects (5). Recent studies have 
shown that an epimer of (-)-jasmonic acid, i.e. (+)-7-iso- 
jasmonic acid, is produced by higher plants (6,7) and fungi 
(8). Interestingly, in some systems the growth-inhibitory 
activity of (+)-7-iso-jasmonic acid appears to be higher 
than that of (-)-jasmonic acid (7). 

The absolute configuration of (-)-jasmonic acid was 
established by Hill and Edwards (9). 12-Oxo-10,15(Z)- 
phytodienoic acid has been shown to have the cis 

*To whom correspondence should be addressed. 
Abbreviations: 13(S)-HPOT, 13(S)-hydroperoxy-9{Z),ll(E),lS(Z}-octa- 
decatrienoic acid; MC, (-)-menthoxycarbonyl; Me,Si, trimethylsilyl; 
GC-MS, gas chromatography-mass spectrometry; GLC, gas liquid 
chromatography; HPLC, high performance liquid chromatograpy; 
TLC, thin layer chromatography. 
When absolute configurations of C-9 and C-13 are not specifically 

indicated, phytonoic acid is used to denote 2-pentyl-cyclopentane-1- 
octanoic acid in which the two side chains have the cis relationship, 
whereas phytonoic acid {trans isomer) denotes 2-pentyl-cyclopentane~ 
1-octanoic acid in which the two side chains have the trans rela- 
tionship. 

relationship between its two side chains (I0) and to con- 
sist of enantiomers of unknown configuration in the ratio 
82:18 (11). This paper reports the absolute configurations 
of the major and minor enantiomers of 12-oxophyto- 
dienoic acid. 

EXPERIMENTAL PROCEDURES 

Materials. 13(S)-[1-"C]HPOT (specific radioactivity, 1.5 
kBq/izmol) was prepared by incubation of [1-"C]a-linolenic 
acid (Amersham, UK) with soybean lipoxygenase as 
described (12). (+)-7-iso-Jasmonic acid (containing ca  20% 
of {-)-jasmonic acid) was isolated from the culture 
medium of the fungus Botryodiplodia theobromae as 
described (8). 

Enzyme preparation. A preparation containing corn 
hydroperoxide dehydrase was obtained by extraction of 
defatted corn germ {Bear X8632 hybrid corn, Noble Bear, 
Inc., Decatur, IL) with potassium phosphate buffer 
followed by ammonium sulfate precipitation {0-45% 
saturation) as described (13). Precipitate dissolved in ice- 
cold 0.1 M potassium phosphate buffer, pH 7.4 {1.6 mg 
of protein per ml buffer) was used for the incubations. 

Preparation of methyl 12-hydroxyphytonoates (trans 
isomers) from (+)-7-iso-jasmonic acidL Epimeric methyl 
12-hydroxyphytonoates with defined stereochemistry at 
carbons 9, 12 and 13 (4a and 4b) were prepared from 
(+)-7-iso-jasmonic acid (1) as shown in Figure 1. 

1 (10 mg; containing ca. 20% of {-)-jasmonic acid} was 
treated with diazomethane and subjected to catalytic 
hydrogenation. The product was treated with 10 ml of 
1 M KOH in 50% aqueous methanol at 60 C for five hr 
{8). Material isolated by extraction with diethyl ether was 
subjected to silicic acid chromatography. Elution with 
diethyl ether/hexane (2:8, v/v) afforded 6 mg of {-}-9,10- 
dihydrojasmonic acid {2). Thin layer chromatographic 
analysis of this material showed a single spot {solvent 

2) ,2/~ 

o < ~ ' c ~  3)~ - < ~ "  ~'~4 ~ ~ o Ha 
! 2_ 3_ 

• C O O c H 3  1) Anodic coupling with 

~.~' 2) Oh ~ 

I f 
I A c20/pyrtdit'e 

I 

AcO s_ 

FIG. 1. Preparation of methyl 12(R}-hydroxy-9{S),13{R}-phytonoate 
(4a) and methyl 12(S)-hydroxy-9{S),13(R)-phytonoate (4b) from 
(+}-7-iso-jasmonic acid (1). 
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system, ethyl acetate/hexane/acetic acid (4:6:0.05, v/v/v), 
Rf -- 0.50). An aliquot was treated with diazomethane 
and analyzed by gas chromatography-mass spectrometry 
(GC-MS). A major peak due to methyl (-)-9,10-dihydro- 
jasmonate (91%) and a minor peak due to methyl 
(+)-9,10-dihydro-7-is~jasmonate (9%) were observed. The 
mass spectrum recorded on the peak of methyl (-}-9,10- 
dihydrojasmonate showed prominent ions at rn/e 226 (M, 
3%), 195 (M - 31, 3), 156 (M - 70 [~-cleavage with loss 
of CHz----CH-C3H,], 38), 153 (M -- 73 [loss of 
�9 CH2-COOCH3], 34), and 83 (100}. 

2 (5 rag) was dissolved in methanol (5 ml} and treated 
with sodium borohydride (50 mg} at room temperature 
for 30 rain. An aliquot of the product was treated with 
diazomethane and subjected to thin layer chromatog- 
raphy (TLC) (solvent system, ethyl acetate/hexane [25:75, 
v/v]). Two spots due to the methyl esters of 6-hydroxy- 
9,10-dihydrojasmonic acids epimeric at C-6 (3) appeared 
(Rf -- 0.33 and 1~ = 0.39}. The mass spectrum of the 
trimethylsilyl (Me3Si) derivative of the methyl ester of 3 
showed prominent ions at m/e 300 (M, 4%), 285 (M - 15, 
27), 226 (M - 74 [loss of "CHz-COOCH3 plus H], 20), 210 
(M - 90, 8), and 129 (CH2=CH-CH=O § SiMe~, 100). 

3 (ca. 4.5 mg) was acetylated by treatment with acetic 
anhydride (0.3 ml) in pyridine (0.3 ml) at room tempera- 
ture for 18 hr. Water (10 ml) was added, and the mixture 
was stirred at room temperature for four hr. An aliquot 
of the product was treated with diazomethane and sub- 
jected to analysis by gas chromatography-mass spec- 
trometry (GC-MS}. Two peaks appeared due to the methyl 
ester of 5 epimeric at C-6. The mass spectra of the two 
epimers were virtually identical and showed prominent 
ions at m/e 210 (M - 60 [loss of CH3COOH], 14%}, 
197 (M - 73 [loss of "CH2-COOCH3], 12}, 178 (M - 
[60 + 32], 10), 150 (36}, 136 (100), 80 (33), and 74 
(CH2=C[OCH3]O*H, 18}. 

5 (ca. 4 rag) was dissolved in methanol (12 ml} contain- 
ing ethyl hydrogen suberate (95 mg). One ml of 0.05 M 
sodium methoxide in methanol was added, and a current 
of 0.15 A was passed through the solution for three hr. 
The reaction mixture was treated with 5% of NaOH at 
room temperature for 18 hr. Material isolated by extrac- 
tion with diethyl ether was treated with diazomethane 
and subjected to silicic acid chromatography. The major 
by-product from the anodic coupling, dimethyl tetra- 
decanedioate, was eluted with diethyl ether/hexane (5:95, 
v/v}. Elution with diethyl ether]hexane (3:7, v/v) afforded 
methyl 12-hydroxyphytonoate (trans isomer, ca. 2 mg). 
Preparative TLC (solvent system, ethyl acetate/hexane 
[25:75, v/v]} afforded the pure epimers 4a (Rf = 0.51) and 
4b (P~ = 0.58). Aliquots were converted into the Me3Si 
derivatives and analyzed by GC-MS. The C-values found 
for 4a and 4b were 19.85 and 20.00, respectively, and the 
mass spectra showed prominent ions at m/e 384 (M, 1%), 
369 (M - 15, 15), 337 (M - [15 + 32], 9), 294 (M - 90, 
10), 137 (M - [157 + 90] [loss of "(CH2)~-COOCH3 plus 
Me~SiOH], 7), and 129 (CHz=CH-CH=O*SiMe3, 100). 

The absolute configuration of C-9 ("S") and C-13 ("R") 
of 4a and 4b followed from their mode of preparation from 
1, the stereochemistry of which is well-established (8). The 
configuration of the hydroxyl group at C-12 ("R" in 4a 
and "S" in 4b) followed from recent work that has shown 
that irrespective of the absolute configuration of C-13, 
the epimer of methyl 12-hydroxyphytonoate (trans 

isomer}, which is more polar on TLC analysis, has the 
trans relationship between the hydroxyl group at C-12 
and the pentyl side chain attached to C-13, whereas the 
less polar epimer has the cis relationship between the cor- 
responding substituents (11). Accordingly, 4a was methyl 
12(R)-hydroxy-9(S),13(R)-phytonoate, and 4b methyl 
12(S)-hydroxy-9(S), 13(R)-phytonoate (Fig. 1). 

Preparation of methyl 12-hydroxyphytonoates (trans 
isomers) from 12-oxo-10,15(Z)-phytodienoic acid. Epimeric 
methyl 12-hydroxyphytonoates (8a and 8b, Fig. 2) were 
prepared from methyl 12-oxo-10,15(Z)-phytodienoate (6) 
as described (11). Briefly, 13(S)-HPOT was treated with 
corn hydroperoxide dehydrase at 0 C for 15 min, and the 
resulting 12-oxophytodienoic acid isolated as its methyl 
ester (6) by TLC and reversed-phase high performance 
liquid chromatography (HPLC). 7, prepared by ba se  
catalyzed isomerization of 6 (2 mg), was subjected to 
sodium borohydride reduction and catalytic hydrogena- 
tion. This treatment resulted in the formation of two 
epimers that were separable by TLC (solvent system, 
ethyl acetate/hexane [25:75, v/v]; 8a, Rf = 0.51; 8h, Rf = 
0.58). 

As mentioned above, it recently was found that the 
relative configuration between the hydroxyl group and 
the pentyl side chain was trans in the more polar epimer 
(8a), whereas the relationship between the corresponding 
substituents was cis in the less polar epimer (Sb) (11). Ac- 
cordingly, depending on the absolute configuration of 6, 
8a may be methyl 12(R)-hydroxy-9(S),13(R)-phytonoate 
and/or methyl 12(S)-hydroxy-9(R),13(S)-phytonoate. In 
the same way, 8b may be methyl 12(S)-hydroxy-9(S),13(R)- 
phytonoate and/or methyl 12(R)-hydroxy-9(R),13(S)-phy- 
tonoate (Fig. 2). 

Methods for isolation and stereochemical analysis. TLC 
was carried out with precoated plates (Kieselgel 60, 0.25 
ram} from E. Merck, FRG. Material was located by spray- 
ing with 2',7'-dichlorofluorescein and viewing under UV 
light. HPLC was performed using a column (300 X 8 ram) 
of Polygosil Cls 5p and acetonitrile/water (85:15, v/v) at 
a flow rate of 1.5 ml/min. The absorbancy of the effluent 
at 222 nm was measured. Gas liquid chromatography 
(GLC) was performed with an F&M Biomedical gas 
chromatograph model 402 using a column of 5% QF-1 on 
Supelcoport. GC-MS was carried out with an LKB 9000S 
instrument equipped with a column of 3% OV-210 on 
Supelcoport. 

Methods for catalytic hydrogenation and preparation 
of Me3Si derivatives were as described (14). Preparation 

0 1) OI "le 0 1) Nal~l 4 I-~' 
zJ c~s z 2) ~/~ sa 

Hd HO 
6 7 8b 

FIG. 2. Preparation of methyl 12-hydroxyphytonoates Itrans isomers; 
8a, 8b) from methyl 12-oxo-10,15(Z)-phytodienoute (6). Stereoisomers 
having the following absolute configurations at C-9 and C-13 are 
shown: 6, upper: 9(S),13(S), lower: 9(R),13(R); 7, 8a, and 8b, upper: 
9(S),13(R), lower: 9(R),13(S). R -- (CHz),-COOCH3. 
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FIG. 3. Gas liquid chromatographic analysis of MC derivatives of 4b (panel A) and 8b 
{panel B). Column, 5% QF-1 on Supelcoport; column temperature, 200 C. I, MC derivative 
of methyl 12{R)-hydroxy-9~R},13{S)-phytonoate; II, MC derivative of methyl 12(S)- 
hydroxy-9{S),13N~)-phytonoate; III, MC derivative of methyl 12-hydroxy-9{S),13{S)- 
phytonoate. 

of (-)-menthoxycarbonyl (MC) derivatives of methyl 
hydroxyphytonoates were carried out by treating the 
hydroxy compound (0.05-0.3 rag) with 60 ~1 of (-)- 
menthylchloroformate in 40 ~1 of benzene and 12 ~1 of dry 
pyridine at room temperature for 18 hr (15). The MC 
derivatives were purified by TLC (solvent system, ethyl 
acetate/hexane [7:93, v/v]) and subjected to gas chroma- 
tographic analysis. 

RESULTS A N D  D I S C U S S I O N  

In this work, epimeric methyl 12-hydroxyphytonoates 
(trans isomers) of known (4a and 4b) and unknown (8a and 
8b) configuration were prepared from (+)-7-iso-jasmonic 
acid and 12-oxo-10,15(Z)-phytodienoic acid, respectively. 
The epimers were t rea ted separately with ( - ) -  
menthylchloroformate, and the resulting MC derivatives 
were analyzed by GLC. As shown in Figure 3A, the MC 
derivative of 4b gave a single peak ("II") confirming that 
4b was optically pure (methyl 12(S)-hydroxy-9(S),13(R)- 
phytonoate). The minor peak ("III") present in the gas 
chromatogram was due to the MC derivative of methyl 
12-hydroxy-9(S),13(S)-phytonoate derived from the trace 
(9%) of (+)-7-iso-jasmonic acid remaining not isomerized 
after the alkali treatment (see above). Analysis of the MC 
der ivat ive  of 8b, derived from 12-oxo-10,15(Z)- 
phytodienoic acid, showed two peaks {" II" and "I," ratio 
82:18) in agreement with recent work (11) (Fig. 3B). The 
major peak ("Ir ' )  coincided with the peak of the MC 
derivative of 4b (see Fig. 3; co-chromatography of " I I "  
of the MC derivatives of 4b and of 8b was rigorously pro- 
ved by co-injection of the MC derivatives of 4b and 8b). 
Thus, the major enantiomer of 8b was methyl 12(S)- 
hydroxy-9(S),13(R)-phytonoate, and the minor enantiomer 

(the MC derivative of which gave peak " r ' )  was methyl 
12tR)-hydroxy-9~), 13{S)-phytonoate. Analysis of the MC 
derivatives of 4a and 8a gave a similar result, i.e. the MC 
derivative of the major enantiomer of 8a co-chromato- 
graphed with the MC derivative of 4a {methyl 12tR)- 
hydroxy-9(S),13(R)-phytonoate). 

The absolute configuration of C-9 of 12-oxo-10,15(Z)- 
phytodienoic acid is unaffected by the treatments shown 
in Figure 2. Thus, the finding that the configuration of 
C-9 of the major enantiomers of 8a and 8b was "S" coupl- 
ed with the previous result that the relative configura- 
tion of the two side chains of 12~xo-10,15{Z)-phyt(~enoic 
acid is cis (10) demonstrated that the absolute configura- 
tions of C-9 and C-13 of the major enantiomer of 
12-oxophytodienoic acid were both "S." 

Our finding that the configurations of the chain-bearing 
carbons of the major enantiomer of 12-oxo-10,15(Z)- 
phytodienoic acid were identical to those of the corre- 
sponding carbons of (+)-7-iso-jasmonic acid supports the 
concept that 12-oxophytodienoic acid serves as the pre- 
cursor of (+)-7-iso-jasmonic acid in plant tissue (3,4). It 
was noteworthy, however, that the putative precursor, 
12-oxophytodienoic acid, was found to be only 82% op- 
ticaUy pure, whereas the product, ( +)-7-iso-jasmonic acid, 
was 100% optically pure. It  is possible that 12-oxophyto- 
dienoic acid biosynthesized in vivo is optically pure. 
Another possibility is that 12-oxophytodienoic acid bio- 
synthesized in vivo is, as in this in vitro system, not com- 
pletely optically pure but that only the major enantiomer 
can be converted into (+)-7-iso-jasmonic acid. Such a 
discrimination between enantiomers might be caused by 
stere)specificity of the reductase that catalyzes satura- 
tion of the A '~ double bond of 12-oxophytodienoic acid. 
Further studies on this problem are in progress and will 
be reported later. 
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Formation of a Thiamine Disulfide Complex with Fatty Acid: 
Mechanism of Formation of the Complex 
Yasuko KomataO,', Tadao  Fujlea, Aklko KanekoO, Fumlo Uedab and Shlro Uranoc 
aKyorltsu College of Pharmacy, Tokyo 105, bResearch Laboratory, Kawal Seiyaku Co., Ltd., Tokyo 164, and CTokyo Metropolitan 
Institute of Gerontology, Tokyo 173, Japan 

The formation of complexes between thi-mlne disulfide 
(TDS) or O-acetyl thiamine disulfide (O-acetyl TDS) and 
fatty acid or fatty acid methyl ester in methanol has been 
studied by fluorescence quenching and '3C NMR relaxa- 
tion (T,) measurements.  The association constants  (K- 
values) of TDS and O-acetyl TDS with fat ty acids (from 
11:0 to 18:0, and 18:1, 18:2, 18:3 and 20:4) and fatty  acid 
methyl esters have been determined. These values do not  
depend on either the number of carbon atoms or the 
degree of unsaturation of the fat ty acid. The K-values of 
TDS and O-acetyl TDS with fat ty acid were 7.8 M -' and 
5.1 M-', respectively. The K-values of TDS and O-acetyl 
TDS with fat ty acid methyl ester were very small. These 
results show that the -OH moiety in TDS and the ~OOH 
moiety in the fat ty acid are necessary for formation of 
the complex. 
Lipids 23, 525-527 (1988). 

Many modified thiamine compounds have been synthe- 
sized in attempts to increase the pharmacological effect 
of thiamine (1-3}. TDS (thismine disulfide), an oxidized 
dimer of thiamine, has been used as an ingredient of phar- 
maceutical preparations because its absorption and sta- 
bility are greater than those of thiamine. TDS is readily 
reduced to thiamine by cysteine, glutathione and other 
sulfhydryl compounds, so it shows the same biological 
activity as thiamine in animals. 

Complexes of TDS with higher saturated fat ty acids 
were prepared to improve the stability, absorption and 
taste of TDS in pharmaceutical preparations (4). The 
molar ratio of TDS to fat ty acid in the complexes in the 
solid state is reported to be 1:6, but the mode of forma- 
tion of the complexes is onknown. 

This paper reports studies on the formation of com- 
plexes of TDS with fat ty acids in methanol by the 
fluorescence quenching method and by "C NMR. The 
mode of the interaction is discussed. 

1 +NH2 

",~3/'~N~60=CH 
r l l s  I I  , ,  

N H  2 

TDS : R = H  

O-Acety l  TDS : R = C O C H 3  

*To whom correspondence should be addressed at Kyoritsu College 
of Pharmacy, Shibakoen 1-5-30, Minato-ku, Tokyo 105, Japan. 
Abbreviation: TDS, thiamine disulfide. 

MATERIALS AND METHODS 

Thiamine disulfide {hydrated) was purchased from Tokyo 
Kasei Kogyo Co. {Tokyo, Japan}. Stearic acid {18:0), oleic 
acid (18:1), linoleic acid {18:2), linolenic acid (18:3), ara- 
chidonic acid (20:4), undecanoic acid (11:0), lauric acid 
(12:0}, tridecanoic acid (13:0}, myristic acid (14:0), penta- 
decanoic acid (15:0), palmitic acid (16:0) and heptadecanoic 
acid (17:0) were purchased from Sigma Chemical Co. 
(St. Louis, MO). All other chemicals and reagents were 
of guaranteed reagent grade. TDS-fatty acid complexes 
were prepared by the method of Ueda et al. (4). Fluores- 
cence spectra were recorded at 25 C with a Hitachi MPF-4 
fluorescence spectrophotometer. 'H NMR and "C NMR 
spectra were measured with a JEOL GX-270 NMR spec- 
trometer. The spectra were assigned with reference to 
Kotera (5), Echols and Levy (6) and Gallo and Sable (7). 
"C relaxation times were measured by the inversion 
recovery method, employing a (180~ ~ pulse sequence 
(8}, in which Z is the delay time between the 180 ~ and 90 ~ 
pulses. Experimental conditions are described in the 
legends to Table 3. 

O-Acetyl TDS was prepared as follows. TDS (1 g) was 
dissolved in 10 ml of pyridine and stirred for 15 min. Then 
acetic acid anhydride {1.04 g} was added slowly with stir- 
ring at room temperature for 15 min. The mixture was 

4 , d  
t ~  
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FIG. 1. Fluorescence excitation and emission spectra of 3 X 10-" M 
TDS (1) and 3 X 10-" M TDS with 1, 2, 4, 10 and 20 X 10 -3 M oleic 
acid (2-6) in methanol. 
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FIG. 2. Stern-Volmer plot of dependence on fat ty  acid concentration of intensity of TDS 
fluorescence quenching in methanol. TDS: 3 X 10-" M, ~ex -- 374.0 nm, Aem -- 423.6 nm, 
spectral slit width -- 10 nm. Fatty add: 18~, e; 18:1, m; 18:2, [~; 18:3, A. 

poured onto ice, ex t rac ted  with chloroform (3 X 20 ml) 
and washed with  sa tu ra ted  sodium bicarbonate  solution 
and water. The chloroform extract  was dried with sodium 
sulfate and evapora ted  under  reduced pressure  a t  50-  
60 C. The residue was t r i tu ra ted  with ether to yield O- 
acetyl  TDS as a white powder (0.45 g, 51.8% yield), m.p. 
120-121 C. TLC: (CHC13/MeOH, 2:1) Rf 0.9. IR  (KBr): 
3350 (v s NH2), 2930 (vs CH2, CH3), 1731 (O-CO-CH3), 1670 
(-N-C=O), 1240 cm -' (-C-O-C). UV Amax (CH3OH): 272.0 
(E; 8300), 233.5 (e; 18900) nm. MS (nde): 647 (M*), 605 
(M § - CH3CO), 563 (M § - 2x [COCH3]). ' H  NMR (CDC13): 
d 2.02 p p m  (s, 3H, 9-CH3), 2.04 (s, 3H,  2-CH3), 2.45 (s, 3H, 
acetyl  CH3), 2.55 (bt, 2H, CH2~H2), 4.05 (~ 4H, J = 8.1 
Hz, CH20, CH2N), 6.35 (bs, 2H, NH2), 7.80 (s, 2H, CHO, 
NCH_). '3C NMR (CDCI3): d 170.57 ppm (s, acetyl _CO), 168.03 
(s, C-2), 162.96 (d,N-CHO), 162.18 (s, C-4), 156.11 (d, C-6), 
135.25 (~ C-9), 133.09 (~ C-10), 107.76 (~ C-5), 61.35 (~ C-12), 
40.14 (~ C-7), 29.49 (~ C-11), 25.44 (q, 2-C_H3), 20.72 (q, 
acetyl C_H~), 18.40 (q, 9-CH3). 

RESULTS AND DISCUSSION 
We used the fluorescence quenching technique to s tudy  
complex formation,  as repor ted (9). When the TDS- fa t t y  
acid complex was dissolved in methanol,  the fluorescence 
in tens i ty  of TDS increased as the t ime proceeded, con- 
comitant  with the dissociation of the T D ~ f a t t y  acid com- 
plex. The exci tat ion and emission spec t ra  of TDS 
fluorescence in methanol  before and af ter  addit ion of in- 
creasing concentrations of f a t ty  acids are shown in Figure 
1. Addit ion of f a t ty  acid to the TDS in methanol  solu- 
t ion resul ted in a decrease in fluorescence in tens i ty  (Ex. 
374.0 nm, Em. 423.6 nm), due to interact ion of T D S  with 
the f a t t y  acid. Over  a wide range  of f a t t y  acid concentra- 
tions, the reaction conformed to the equat ion of Stern- 
Volmer {10): {Fo - F)/F -- K [Q], in which Fo and F denote 
the fluorescence intensit ies in the absence and presence 
of a f a t ty  acid, respectively,  and [Q] the concentrat ion 
of a f a t t y  acid {Fig. 2). The K-value for the interact ion 

of TDS with fatty acid was calculated to be about 7.8 M-' 
{Table 1). This K-value did not depend on the number of 
carbon atoms from 11 to 20 or the degree of unsatura- 
tion of the fatty acid. 

Addition of a fatty acid methyl ester to TDS in 
methanol resulted in smaller changes in intensity of 
fluorescence than addition of a free fatty acid, and the 
K-values of TDS for fatty acid methyl esters were smaller 
than those for free fatty acids {Table 2). These results 
show that the -COOH moiety of the fatty acid interacts 
with TDS to form a complex. 

TABLE 1 

Association Constants (K) for Interaction of TDS with Fatty Acids 
in Methanol Calculated from Stern-Volmer Coordinates 

Fatty acid K(M -') Fatty acid K{M-') 

11:0 5.9 4. 3.1 17:0 7.2 4. 3.2 
12:0 9.6 4. 2.3 18:0 7.3 4- 2.6 
13:0 9.6 4. 5.1 18:1 7.0 4. 1.9 
14:0 6.4 4. 3.9 18:2 6.4 4. 3.7 
15:0 7.9 4. 3.5 18:3 8.8 4. 1.6 
16:0 8.5 4. 3.6 20:4 9.2 4. 5.4 

TABLE 2 

Values of the Constant (K) for Interaction of TDS and O-Acetyl TDS 
with Fatty  Acid and Fat ty  Acid Methyl Ester in Methanol 
Calculated from Values for Fluorescence Quenching 

KIM-') 

TDS + FA 7.8 + 1.3 
TDS + FMe 1.9 4- 0.9 
OAc + FA 5.1 + 1.3 
OAc + FMe 2.0 4. 0.8 

OAc, O-Acetyl TDS; FA, fatty acid; FMe, fatty acid methyl ester. 
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TABLE 3 

Changes hi the 13C-Spin Lattice Relaxation Time fr,) a of TDS b 
with Stearic Add Concentration 

Added stearic acid (rag) 
TDS carbon 

Position (ppm) 0 1.0 3.0 5.0 

10 135.7 3.07 2.61 2.56 2.30 
5 110.1 3.13 3.41 3.03 2.75 

12 60.5 0.42 0.41 0.40 0.38 
7 40.8 0.32 0.23 0.23 0.19 

aSec. 
b50 mg in 1.0 ml methanol-d,, 27.0 C. 
Pulse delay = 10 sec. Pulse interval = 6.0, 3.0, 2.5, 1.8, 0.8, 0.6, 0.4, 
0.2, 0.1 and 0.05 sec. 

Using the same method, we found tha t  the K-values of 
O-acetyl TDS for fa t ty  acids were smaller than those of 
TDS. The K-value of O-acetyl TDS for fa t ty  acid methyl  
ester was quite small and similar to tha t  of TDS {2.0 M -I 
and 1.9 M -~, respectively). These results suggest  tha t  the 
-OH moiety of TDS interacts with the -COOH moiety of 
the fa t ty  acid. 

We measured the '3C spin-lattice relaxation time {T,} 
of each carbon atom of TDS in the complex by ~3C-NMR 
spectroscopy. As can be seen in Table 3, the T,-values of 
the carbon atoms at positions 10, 5, 12 and 7 of TDS 
in methanol were reduced progressively by increasing con- 
centrations of stearic acid, but  little change was observed 

in the T,-values of other carbon atoms. The reduction in 
the Tl-values was due to restricted mobility of the car- 
bon atoms in TDS by the formation of a complex. The 
results obtained by '3C NMR TI measurement  support  
those obtained by the fluorescence quenching method. 

We conclude from this work that  TDS forms a complex 
with fa t ty  acids in methanol and tha t  formation of this 
complex is not affected by the number of carbon atoms 
or the degree of unsaturat ion of the fa t ty  acid. The -OH 
moiety in TDS and the -COOH moiety in the fa t ty  acid 
are concluded to be necessary for this interaction. We now 
are investigating another mode of interaction of TDS with 
fa t ty  acids. 
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Purification and Characterization of Fatty Acid-binding 
Protein from Human Placenta 
Tanya Das, Gourisankar Sa and Manju Mukherjea* 
Department of Biochemistn/, University College of Science, 35, Ballygunge Circular Road, Calcutta 700  019, India 

Purification of a cytosolic fatty acid-binding protein 
(FABP) from developing human placenta has been 
achieved, and its role in modulating the inhibition of 
human placental glucose-6-phosphate dehydrogenase 
(G6PD} by palmitoyl-CoA (PAL-CoA) has been studied. 
FABP was resolved into three peaks, viz. DE-I, DF~II and 
DE-III, by DEAE cellulose chromatography. DE-I was 
almost Hpid-free. Presence of endogenous fatty acids in 
DF~II and DE-III was detected by thin layer chromatog- 
raphy (TLC). Fatty acids were the only detectable lipid 
component in these fractions. Gas liquid chromatography 
(GLC) analysis revealed that DE-II binds long chain 
saturated and unsaturated fatty acids nonspecifically, 
whereas DE-III is mainly an arachidonic acid carrier. 
Each of these fractions, viz. DE-I, DE-II and DE-III, has 
a molecular weight of 14,200 Daltons. Ouchterlony dou- 
ble immunodiffusion studies have confirmed the immtmo- 
chemical identity of these three fractions of placental 
FABP. Separation in ion exchanger may be due to their 
different isoelectric points and varied types of binding 
affinities. Human placental G6PD was inhibited 50% by 
0.03 mM PAL-CoA. The DE-II fraction of FABP en- 
hanced the activity of G6PD in the absence of added 
PAL-CoA and protected against PAL-CoA inhibition of 
the enzyme. Such a modulating effect of FABP in this 
inhibition is attributable to binding of long chain acyl- 
CoA rather than to a direct effect of FABP on the en- 
zyme itself. 
Lipids 23, 528-533 (1988). 

The presence of low molecular weight fatty acid-binding 
proteins (FABP) in the cytosol of various animal tissues 
was first reported by Ockner et al. (1). FABP appears to 
be identical with Z protein (2) and sterol carrier protein 
(3). This protein has been purified from many tissues (4,5). 
It binds free fatty acids, their CoA derivatives, organic 
anions and other small molecules (6). In 1985, Gordon 
et al. (7) found the tissue-specific expression and develop- 
mental regulation of two genes coding for rat liver and 
intestinal FABP; these two proteins were immunochemi- 
cally unrelated. However, both human and rat liver FABP 
were reported to be highly homologous (8). Trulzsch and 
Arias observed that in a specific tissue, FABP may exist 
in more than one form that differ in isolectric points and 
binding affinities but are immunochemically identical (9). 
FABP is also required for ATP/ADP transport (10) 
across the membranes. Burnett et al. (11) have raised the 

*To whom all correspondertce should be addressed. 
Abbreviations: DEAE, diethylaminoethyl; EDAC, 1-ethyl-3{-3- 
dimethylaminopropyl)-carbodimide; FABP, fatty acid-binding pro- 
tein; G6P, glucose-6-phosphate; G6PD, glucose-6-phosphate 
dehydrogenase; HMP, hexose monophosphate; NADP, nicotinamide- 
adenine dinudeotide phosphate; PAL-CoA, palmitoyl-CoA; SDS, 
sodium dodecyl sulfate; Tris, tris (hydroxymethyl)amino methane; 
CFA, complete Freund's adjuvant; GLC, gas liquid chromatography; 
IFA, incomplete Freund's adjuvant; PAGE, polyacrylamide gel elee- 
trophoresis; TLC, thin layer chromatography. 

possibility that this protein affects the metabolic com- 
partmentalization of fatty acids between oxidative and 
esterification pathways. FABP protects many enzymes 
of lipid synthesis, e.g. acetyl-CoA carboxylase (12), fat ty 
acid synthase (13), ATP citrate lyase (13), citrate syn- 
thetase (14), etc., against inhibition by long chain acyl- 
CoA. It  has been suggested that long chain fatty acids 
and fatty acyl-CoA may be compartmentalized in the cell 
and that changes in their distribution might affect these 
enzymes and lipogenesis out of proportion to any detec- 
table change in their tissue concentration. Jacobs and Ma- 
jerus (15) and Haiestrap and Denton (16) suggested that  
intracellular compartmentation might be affected in part 
by their binding to FABP. The present experiments have 
been designed to purify and characterize FABP from 
developing human placenta and to investigate the hypoth- 
esis that  interaction between FABP and long chain acyl- 
CoAs modulates the activity of glucose-6-phosphate 
dehydrogenase {G6PD), the key enzyme of the hexose 
monophosphate (HMP) shunt pathway, which provides 
NADPH for lipid biosynthesis (17) and is inhibited by 
fat ty acyl-CoA {18). 

MATERIALS AND METHODS 

12-(9-Anthroyl)stearic acid, palmitoyl-CoA (PAL-CoA), 
glucose-6-phosphate (G6P), nicotinamideadenine dinucle~ 
tide phosphate (NADP), a-lactalbumin, soybean trypsin 
inhibitor, trypsinogen, carbonic anhydrase, cytochrome 
c, sodium dodecyl sulfate (SDS), Tris (hydroxymethyl)- 
amino methane (Tris), diethylaminoethyl (DEAE) cellu- 
lose, agarose and 1-ethyl-3(-3-dimethyl~mlnopropyl)car- 
bodimide (EDAC) were purchased from Sigma Chemical 
Co. (St. Louis, MO). Complete Freund's adjuvant (CFA) 
and incomplete Freund's adjuvant (IFA) were obtained 
from Difco Chemicals {Detroit, MI). All other chemicals 
were of analytical grade and were purchased from local 
dealers. 

Human placentas of gestational ages between 6-30 wk 
were collected from patients undergoing legal abortion 
either by suction or via hysterotomy and term placentas 
were collected at the time of parturition or via Cesarean 
section from the Department of Obstetrics and Gyne- 
cology, National Medical College and Hospital (Calcutta, 
India). Tissues were collected within 15 min of opera- 
tion]delivery and kept on ice. Gestational ages were 
calculated from the period of amenorrhea and by weight 
and crown-rump length of the fetus {19). 

Purification of FABP from human placenta. FABP 
from human placenta were purified by modification of the 
procedure published by Das and Mukherjea (20). Placen- 
tas were dissected and cut into small segments and rinsed 
with 0.9% saline to remove blood as much as possible. 
These segments were then homogenized in 0.01 M Tris- 
HC1 buffer, pH 8.5, by seven passes of a Teflon glass 
homogenizer. The homogenate was centrifuged for 30 min 
at 36,000 • g. The supernatant was then spun at 
105,000 • g for one hr. The clear cytosol was heated at 
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50 C for 20 rain and shaken vigorously with 25% butanol 
for one rain. Then, centrifugation was done at 36,000 X 
g for 30 min to remove the lipids and denatured proteins. 
The delipidated cytosol was lyopbillzed to remove butanol 
completely. Dry powder thus obtained was dissolved in 
0.01 M Tris-HC1 buffer, pH 8.5, and incubated with 
12-(9-anthroyl)stearic acid dissolved in butanol at 37 C 
for 30 rain. This sample was chromatographed on a 
Sephacryl ~200 column (2.5 • 60 cm, flow rate 25 mYhr) 
equilibrated with the same buffer. Fractions of 4.5 ml each 
were collected and assayed for protein and 12-(9-anthroyl)- 
stearic acid. Those corresponding to the second peak were 
pooled and lyophilized. The dry powder was dissolved in 
the same buffer and chromatographed on a DEAE 
cellulose column (1.5 • 10 cm) equilibrated with a linear 
gradient of NaC1 up to 0.3 M in 0.01 M Tris-HC1, pH 8.5. 
Fractions of 2 ml each were collected and assayed at 
280 nm for protein and at 364 nm for 12-(9-anthroyl)- 
stearic acid in a Hitachi Spectrophotometer (Model No. 
200-20). SDS gel electrophoresis was carried out accord- 
ing to the method of Laemmli and Favre (21). In other 
experiments, placental cytosol was lyophilized without 
prior heat treatment and butanol precipitation. Dry 
powder then was dissolved in 0.01 M Tris-HCl buffer, pH 
8.5, and chromatographed on a Sephacryl S-200 column 
(2.5 • 60 cm, flow rate 25 ml/hr) equilibrated with the 
same buffer. Fractions of 4.5 ml each were collected and 
assayed for the proteins of placental supernatant. 

Lipid analysis. Lipids were extracted from native and 
butanol-treated samples by the method of Folch et al. (22) 
and were separated by thin layer chromatography (TLC) 
(0.25 mm Silica Gel 60 in petroleum ether/diethyl 
etber/glacial acetic acid, 80:20:1). Appropriate zones were 
identified by means of standards and were extracted from 
the chromatogram. For analysis of covalently bound fatty 
acids, the protein was extracted three times with 
chloroform/methanol (1:1) and then hydrolyzed in 5.7 M 
HC1 at 110 C for 24 hr under vacuum. Free fat ty acids 
were extracted from the hydrolysate as described above. 

Fat ty  acid methyl esters were prepared by heating at 
80-90 C for two hr in methanol/benzene/sulfuric acid 
(86:10:4) (23) and were separated by gas liquid chroma- 
tography (GLC) on a 6 ft • ~ in column of 10% diethylene 
glycol succinate on 100-120 chromosorb WHP using a 
Hewlett Packard Chromatograph equipped with a flame 
ionization detector. Pure methyl esters were used as 
standards. 

Immunological studies. For raising antibody, the DE- 
II fraction of FABP was dialyzed extensively against 
distilled water and lyophilized. The homogeneity of the 
DE-II preparations was checked by polyacrylamide gel 
electrophoresis (PAGE) under nondenaturing and dena- 
turing conditions. Monomeric DE-II was found to be very 
weakly immunogenic, thus this protein was polymerized 
with EDAC. Rabbits were immunized with two sub- 
cutaneous injections of polymerized DE-II in 0.9% saline 
emulsified in CFA (1:1) given at an interval of 10 days 
(0.5 mg of DE-II/injection), followed by one injection with 
IFA. The immunesera was collected about 10 days after 
the last injection. Specificity of antiserum and immuno- 
chemical identity of antigens in various FABP fractions 
as well as in placental cytosol was assayed by Ouchter- 
lony double immunodiffusion method (24). 

Preparation and assay of G6PD. Human placentas were 
dissected, homogenized in a glass homogenizer in 0.25 M 
sucrose to obtain 20% homogenate and centrifuged at 
105,000 • g for one hr at 0-4 C. The enzyme activity was 
measured in the cytosolic portion according to the method 
of LShr and Waller (25) following the increase in absorb- 
ance at 340 nm. Protein was estimated according to the 
method of Lowry et al. (26). 

RESULTS 

Purification of FABP. In an earlier communication by us, 
the presence of FABP in human placenta throughout the 
gestation has been indicated (20). Purification of FABP 
from placentas of all gestations is being reported in this 
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FIG. 1. Gel filtration of human placental eytosolie proteins on Sephacryl S-200. The pro- 
tein sample 10) after heat treatment and deHpidation was charged with 1249-anthroyl)stearic 
acid ( � 9  as described under Materials and Methods and fractionated on a Sephacryl S-200 
column 12.5 X 60 cm) eqmHbrated with 0.01 M 'l~is-HCl, pH 8.5. 
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FIG. 2. Ten percent polyacrylamide gel electrophoresis of human 
placental FABP after Sephacryl S-200 fractionation; (A) under 
nondenaturing condition; (]3) in presence of SDS. 

paper. Because an almost similar pattern has been found 
for FABP in each gestation, results of mid-gestation, i.e. 
18-22 wk, are shown here. 

When the delipidated cytosolic proteins from human 
placenta were charged with 12-(9-anthroyl)stearic acid and 
separated by chromatography on Sephacryl S-200, the 
fatty acid emerged from the column in two peaks {Fig. 1}. 
The first peak corresponds to serum albumin according 
to its position. The second peak was due to FABP. These 
fractions showing three bands in polyacrylamide gel elec- 
trophoresis and a single band in polyacrylamide gel elec- 
trophoresis in presence of SDS {Fig. 2} were further re- 
solved into three peaks by DEAE cellulose chromatog- 
raphy {Fig. 3}. The first of these, i.e. DE-I, was absorbed 
weakly to the DEAE column and eluted with the equili- 
brating buffer (0.01 M Tris-HC1, pH 8.5}. DE-II and 
DE-III were eluted with a linear gradient of NaC1 up to 
0.3 M in the same buffer. DE-I and DE-III showed vir- 
tually no binding with 12-(9-anthroyl)stearic acid, but  
DE-II showed considerable binding. The presence of en- 
dogenous fatty acids in DE-II and DE-III {without 
delipidation or addition of exogenous fatty acid} was 
detected by TLC after lipid extraction {figure not shown 
here}. GLC analysis revealed that DE-II binds long chain 
fat ty acids nonspecifically, but DE-III is mainly an 
arachidonic acid binder {Table 1}. However, long chain 
fat ty acids were the only detectable lipid component in 
these fractions and were completely extracted by organic 
solvent and not detected in the acid hydrolysate of residue 
proteins. Each of the three fractions gave a single band 
(Fig. 4) and had an almost similar Rf value on poly- 
acrylamide gel electrophoresis in presence of SDS, which 
corresponds to the molecular weight of 14,200 Daltons 
{Fig. 4}. When the placental cytosol {without prior heat 
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FIG. 3. Chromatography of FABP on DEAE cellulose. Protein concentration (O) and 12-(9- 
anthroyl)stearic acid ( �9  Elution was achieved with a linear gradient of NaCI up to 0.3 M in 
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TABLE 1 

Endogenous Fatty Acid Composition of Different FABP Fractions 
from Human Placental Cytosol 

FABP fractions Bound fatty acids 

DE-I Virtually lipid-free 

DE-II Myristic acid 9.62% 
palmltic acid 19.64% 
Stearic acid 13.99% 
Oleic acid 26.61% 
Linolenic acid 30.12% 

DE-III Palmitic acid 20.52% 
Stearic acid 4.61% 
Oleic acid 10.53% 
Arachidonic acid 64.20% 

was found to be inhibited by PAL-CoA (Fig. 7A). In the 
experiments shown in curves a, b and c, the reactions were 
started by the addition of the enzyme. Nearly 50% inhibi- 
tion was obtained by 0.03 mM PAL-CoA, and almost 

t rea tment  or butanol precipitation) was chromatographed 
on Sephacryl S-200, five peaks  were obtained (Fig. 5). The 
fifth peak  corresponds to FABP.  Endogenous f a t ty  acids 
were detected in FABP,  and in the second peak, which 
corresponds to serum albumin, by  TLC after  lipid extrac- 
tion. The other three peaks were virtually lipid-free. DE- I I  
was employed as an ant igen for p repara t ion  of an anti- 
se rum to FABP.  This an t i se rum produced a single im- 
munoprecipitation line of identity against  placental super- 
na t an t  (Fig. 6A). I t  can be seen t ha t  there were ident i ty  
react ions between this line and tha t  formed with DE-I ,  
D E - I I  and D E - I I I  (Fig. 6B, C and D). 

Regulation of palmitoyl-CoA inhibition of G6PD by 
FABP. G6PD act iv i ty  was found th roughout  the gesta- 
tions so far studied. As high activi ty was associated with 
10-15 wk of gestat ion,  fur ther  s tudies have  been carried 
out  with t issues of this period. H u m a n  placental  G6PD 

FIG. 4. Ten percent polyacrylamide gel electrophoresis in the 
presence of SDS. Electrophoresis was carried out at pH 8.3. A, DE-I; 
B, DE-II; C, DF~III. 
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FIG. 6. Ouchterlony double ;mmanodiffusion. Central well contained 
antisera against  DE-II (0.84 mg). A, Human placental supernatant 
(40 ~g); B, DE-I (10/~g); C, DE-II (10 ~g); D, DE-III (10 ~g). 

complete inhibition was obtained with 0.075 mM PAL- 
CoA (curves c and f, respectively). When the enzyme was 
preincubated with PAL-CoA and NADP, the extent of 
inhibition was the same as that  shown in curve b. 
However, when the enzyme and PAL-CoA were prein- 
cubated with either G6P alone (curve d} or without any 
substrate (curve e), inhibition was more severe for the first 
five min. Thereafter, less inhibition was observed. These 
results show that  NADP but not G6P protects the en- 
zyme against PAL-CoA inhibition. 

It is evident from Figure 7B that  DE-II reversed the 
inhibition of G6PD by PAL-CoA. When DE-II was added 
in absence of any exogenous PAL-CoA, the enzyme was 
stimulated. Other cytosolic proteins of the placenta, 
which did not bind endogenous fat ty acids, have no ef- 
fect on the inhibition of G6PD by PAL-CoA. 

DISCUSSION 

Results of the separation of FABP into three fractions 
by DEAE cellulose chromatography conform with those 
reported by Takahashi et al. (27). Human placental FABP 
can be grouped into at least three distinct fractions with 
respect to their lipid content (Table 1), i.e. DE-I (almost 
lipid-free), DE-II  (binds long chain f a t ty  acids 
nonspecifically) and DE-III (binds arachidonic acid main- 
ly). Purification of DE-III from human placenta is of par- 
ticular importance because arachidonic acid is known to 
be a common precursor of various prostaglandins, but it 
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FIG. 7. (A) Inhibition of human placental G6PD by PAI~CoA. The 
assay mixture contained 0.05 M triethanolAmlne buffer, pH 7.5, 0.13 
mM G6P, 0.1 mM NADP,  0.25 pg/ml of enzyme and P A L - - C o A  as 
indicated in a total  volume of 3.0 ml. Reaction was  started by the 
addition of enzyme (curves a, b, c and f). The enzyme was preiu- 
cubated for three min with PAL-CoA and either N A D P  (curve h) 
or G6P (curve d), and the reaction was  started by the addition of 
the other substrate.  In curve e, the enzyme was  preincubated for 
three min with PAL-CoA alone. (13) Effect of FABP on human placen- 
tal G6PD activity. Assay  mixture contained 0.05 M triethanolnmine 
buffer, pH 7.5, 0.13 mM G6P, 0.1 mM NADP,  0.25 ~g/ml enzyme 
and PAI~CoA as indicated in a total  volume of 3 ml. Concentration 
of F A B P  was  25 pg/ml. Each point is the mean ___ SEM of triplicate 
experiments.  

cannot be synthesized de novo inside the fetal tissues. 
Thus, it is mandatory for the fetus to import arachidonic 
acid from the maternal source through the placenta, and 
it has been reported that the concentration of this polyun- 
saturated fat ty acid is high in fetal blood {28}. DE-I, 
DE-II and DE-III were found to contain no detectable 
phospholipids, suggesting that  they are not likely to be 
involved in phospholipid transfer or exchange. These 
proteins bind ligands noncovalently because long chain 
fat ty acids were completely extracted by organic solvent 
and not detected in the acid hydrolysate of the residue 
proteins. 

From the Ouchterlony double immunodiffusion studies, 
it is evident that human placental FABP exists in several 
immunochemicaUy identical forms, differing in amount 
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and nature of bound endogenous fat ty  acids and in isoelec- 
tric points. That  bound ligands may influence the charge 
of the carrier molecule is shown by the effect of the bound 
fa t ty  acid on the pI  of serum albumin {29). Other  possi- 
ble explanations for the existence of charge isoforms of 
F A B P  are not  excluded. 

Inhibition of G6PD by PAI~CoA has been proposed as 
the possible regulatory mechanism for lipogenesis and 
ketogenesis {13). Because NADP protects  the dehydro- 
genase against PAI~CoA inhibition {Fig. 7A), the binding 
sites for the two ligands cannot  be identical. According 
to  Kawaguchi and Bloch {18), PAL-CoA produces a con- 
formationally altered dehydrogenase with lowered affin- 
i ty for NADP. The destabilized, coenzyme-depleted tetra- 
mer then dissociates to the dimer with exposure of high 
affinity sites for PAL-CoA. Displacement of PAL-CoA 
from the inactive enzyme by human placental FABP,  
which has a high affinity for the inhibitor, regenerates 
the dehydrogenase te t ramer.  F A B P  can reverse the in- 
hibition by removing the inhibitor ra ther  than affecting 
the enzyme directly. In absence of any exogenous PAL- 
CoA, G6PD is activated by FABP, indicating the binding 
of endogenous inhibitors by  the latter. These results may 
explain why these inhibitory effects of long chain fa t ty  
acyl-CoA are not  seen in intact  cells. Such regulation of 
G6PD by F A B P  is impor tant  because this enzyme is the 
main source of N A D P H  for lipid biosynthesis  during 
embryogenesis.  

The binding properties and widespread tissue distribu- 
t ion of F AB P  suggest  tha t  it  may  part icipate in the 
potentially critical aspects of cellular physiology and may 
serve as intracellular analogues of albumin (27), affecting 
the t ranspor t  and compar tmenta t ion  of long chain f a t ty  
acids and f a t ty  acyl-CoA inside the cells. Fur ther  work 
is underway to s tudy the s t ructure  and function relation- 
ship of DE-I, DE-I I  and DE-I I I  to find out  their exact  
roles in lipid t ransport  and metabolism during human em- 
bryogenesis.  A possible role in carcinogenesis has been 
postulated for F A B P  (30). Hence, characterization of 
these proteins is of u tmos t  importance for the safety of 
the unborn child. 

ACKNOWLEDGMENTS 
We acknowledge A. K- Ghosh, Department of Obstetrics and 
Gynecology of National Medical College and Hospital, Calcutta, for 
clinical materials, and F. Spener of University of Mtinster, West 
Germany, for the gift of Sephacryl S-200. We thank J. Dutta of Bose 
Institute, Calcutta, for fatty acid analysis. This work was supported 
by a research grant from University Grants Commission, New Delhi, 
India. 

REFERENCES 
1. Ockner, R.K., Manning, J.A., Poppenhousen, R.B., and Ho, 

W.K.L. (1972) Science 177, 56-58. 
2. Levi, A.J., Gatmaitan, Z., and Arias, I.M. (1969)J. Clin. InvesL 

48, 2156-2167. 
3. Dempsey, M.E., McCoy, K.E., Baker, H.N., Dimitriadou- 

Vafiadou, A., I~rsbach, T., and Howard, J.B. (1981) J. BioL 
Chem. 25~ 1867-1873. 

4. Ockner, ILK., MRnnlng, J.A., and Kane, J.P. (1982)J. BioL Chem. 
257, 7872-7878. 

5. Said, B., and Schulz, H. (1984) J. BioL Chem. 259, 1155-1159. 
6. Fleischner, G.M., and Arias, I.M. (1976) in Progress in Liver 

Disease (Popper, H., and Schaffner, F., eds.) Vol. 5, pp. 172-182, 
Grune & Stratton, New York. 

7. Gordon, J.F., Elshourbagy, N., Lowe, J.B., Liao, W.S., Alpers, 
D.H., and Taylor, J.M. (1985) J. BioL Chem~ 260, 1995-1998. 

8. Chart, L., Wei, C., Li, W., Yang, C., Rather, P., Pownall, H., 
Gotto, A.M. Jr., and Smith, L.C. (1985)J. BioL Chem. 260, 
2629-2632. 
Trulzsch, D., and Arias, I.M. (1981) Arcb~ Biochem. Biophys. 
209, 433-440. 
Barbour, ILL., and Chan, S.H.P. (1979) Biochem. Biophys. Res. 
Commun. 89, 1168-1177. 
Burnett, D.A., Lysenko, N., Manning, J.A., and Ockaer, ILK- 
(1979) Gastroenterology 77, 241-249. 
Lunzer, M.A., Manning, J.A., and Ocker, R.K- (1977) J. BioL 
Chen~ 252, 5483-5487. 
Tubbs, P.K., and Garland, P.B. (1964)Biochem. J. 93, 550-557. 
Srene, P.A. (1965) Biochim. Biophys. Acta 106, 445-455. 
Jacobs, R.A., and Majerus, P.W. (1973)J. BioL Chem. 248, 
8392-8401. 
Halestrap, A.P., and Denton, R.M. (1974) Biochern. J. 142, 
365-377. 
Jolley, ILL., Cheldelin, V.H., and Newberg, R.W. (1958) J. BioL 
Chem. 233, 1289-1294. 
Kawaguchi, A., and Bloch, K. (1974) J. BioL Chem. 249, 
5793-5800. 
Chaudhuri, D., Kushari, J., and Mukherjea, M. (1982) Eur. J. 
Obstet. GynecoL Reprod BioL 13, 309-316. 
Das, T., and Mukherjea, M. (1986) IRCS MecL Sci. 14, 211. 
Laemmli, U.K., and Favre, M. (1973) J. MoL BioL 80, 575-599. 
Folch, J., Lees, M., and Sloane-Staniey, G.H. (1957) J. BioL 
Chem. 226, 497-509. 
Ackman, R.G. (1969) in Methods in Enzymology (Lowenstein, 
J.M., ed.) Vol. 14, pp. 329-381, Academic Press, New York. 
Ouchterlony, 0. (1962) in Progress in Allergy (Kallos, P., and 
Waksman, B.H., eds.) Vol. VI, pp. 30-154, Basel, Karger. 
LShr, G.M., and Waller, H.D. (1974) in Methods in Enzymatic 
Analysis (Bergmeyer, H.U., ed.) VoL 2, pp. 636-643, Academic 
Press, New York. 
Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. 
(1951) J. BioL Chem. 193, 265-275. 
Takahashi, K., Odani, S., and Ono, T. (1983) Eur. J. Biochem. 
136, 589-601. 
Robertson, A.F., and Sprecher, H. (1968) Acta Paediatr. Scand., 
Supplement 183. 
Besu, S.P., Rao, S.N., and Hartsuck, J.A. (1978) Biochim. 
Biophys. Acta 533, 66-73. 
Tipping, E., and Ketterer, B. (1978) in Transport by Proteins 
(Blauser, G., and Sund, H., eds.) pp. 369-385, de Gruyter, Berlin. 

[Received July 17, 1987; Revision accepted February 22, 1988] 

9. 

10. 

11. 

12. 

13. 
14. 
15. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

LIPIDS, Vol. 23, No. 6 (1988) 



534 

Geraniol Interferes with Membrane  Functions in Strains 
of Candida and Saccharomyces 
Martin Bard',  Mark  R. Albrecht,  Navyash  Gupta,  Cynth ia  J. Guynn and Wil l iam Stlllwell 
Indiana University-Purdue University at Indianapolis, Department of Biology, 1125 East 38th St., P.O. Box 647, Indianapolis, IN 46223 

Geraniol, an olefmic terpene, was found to inhibit growth 
of Candida albicans and Saccharomyces cerevisiae 
strains. Geraniol was shown to enhance the rate of 
potassium leakage out of whole cells and also was shown 
by fluorescence polarization to increase C. albicans mem- 
brane fluidity. Biophysical studies using differential scan- 
ning calorimetry, fluorescence polarization and osmotic 
swelling of phospholipid vesicles demonstrated that 
geraniol decreased the phase-transition temperature of 
dipalmitoylphosphatidylcholine vesicles, affected fluidity 
throughout the bilayer, particularly the central portion 
of the bilayers, and caused an increase in bilayer 
permeability to erythritol. Geraniol may have potential 
use as an antifungal agent. 
Lipids 23, 534-538 (1988). 

Geraniol, an olefinic terpene isolated from rose and palm 
oils, is structurally similar to geranyl pyrophosphate, an 
essential intermediate in the ergosterol biosynthetic 
pathway (Fig. 1). This similarity suggested that geraniol 
may be an inhibitor of ergosterol biosynthetic enzymes 
either involved in geranyl-pyrophosphate formation 
(geranyl pyrophosphate synthase) or its conversion to 
farnesyl pyrophosphate (farnesyl pyrophosphate syn- 
thase). Many antifungals such as the azoles (econazole, 
ketoconazole, miconazole) interfere with ergosterol bio- 
synthesis by inhibiting specific steps such as lanosterol 
demethylation (1,2) or, as in the case of naftifine, inhibit 
squalene epoxidase (3). Other antifungals such as the 
azaster61s inhibit sterol methylation (4,5). Another cate- 
gory of antifungals, the polyenes, inhibit fungal cells 
having sterols in their cell membrane. Cell lines in 
Candida and Saccharomyces resistant to the polyene 

A s 3 CH 3 

CH 3 OH 

B CH 3 CH 3 

FIG. 1. Structural comparison of (A) geraniol and OB) geranyl 
pyrophosphate. 

*To whom correspondence should be addressed. 
Abbreviations: AS, anthracene stearic acid; DPH, 1,6-diphenyl- 
1,3,5-hexatriene; DPPC, dipalmitoylphosphatidylcholine; MIC, mini- 
mum inhibitory concentration; MLV, multilameUar vesicles; P, 
polarization; TMA-DPH, 1-(4-trimethy]Rmmoniumphenyl)-6-phenyl- 
1,3,5-hexatriene; YPD, yeast~omplete medium_ 

antibiotics generally have ergosterol intermediates rather 
than ergosterol in their cell membranes (6,7). 

In this report, we demonstrate that three clinical iso- 
lates of Candida albicans and one haploid Saccharomyces 
cerevisiae lab strain are sensitive to the effects of geraniol 
and that geraniol causes changes in membrane dynamics 
rather than inhibiting ergosterol biosynthesis. In ergo- 
sterol biosynthesis, geranyl pyrophosphate is converted 
to farnesyl pyrophosphate, and the latter differs from the 
former in containing an additional isoprenoid unit. At- 
tempts to inhibit growth of several Saccharomyces 
strains using varying concentrations of farnesol (exceed- 
ing 5-fold the concentration of geraniol that  totally in- 
hibited growth) resulted in no growth inhibition. This sug- 
gests that geraniol inhibition is not merely due to the 
hydrophobicity of the geraniol molecule. Here we com- 
pare the effect of geraniol on membrane properties of 
living cells with its effects on well-defined phospholipid 
bflayers. 

MATERIALS AND METHODS 

Yeast strains and media. The three C. albicans isolates 
were A26 {a clinical isolate received from R. Gordee, Eli 
l,iily & Co., Indianapolis, IN), hOG 357 (an arginine, 
adenine, methionine auxotrophic strain received from P. 
Magee, Michigan State University) and ATCC strain 
44829 (a clinical isolate mutagenized and selected for 
adenine auxotrophy). The wild-type, A184D, S. cerevisiae 
strain has been described (8). Yeast cells were grown in 
a yeast-complete medium (YPD) containing 1% yeast ex- 
tract, 2% Bacto-peptone, 2% dextrose and 2% agar. 
Ergosterol was added at 5 • 10 -5 M to complete medium 
from a stock solution of 0.2% ergosterol in Tween 
80/ethanol (1:1, v/v). Geraniol was added from a stock 
solution of geraniol]ethanol (1:1, v/v). 

Liposome vesicle preparation and differential scanning 
calorimetry. Multflamellar vesicles (MLV) comprised of 
dipvimitoylphosphatidylcholine (DPPC) were made con- 
talning between 0 and 20 membrane mol% geraniol by 
the method of Bangham (9) at 65 C in 100 mM potassium 
phosphate buffer, pH 7.5, and processed in a "Liposor" 
lipid vesicle maker (Lidex Technologies, Bedford, MA). 
The lipid concentration was 100 mg/ml and the weight 
of samples ca. 6.5 rag. Phase transitions were measured 
in a Perkin-Elmer Series 7 Differential Scanning 
Calorimeter. 

Fluorescence polarization studies. Fluorescence polari- 
zation measurements were made on both DPPC lipid 
vesicles as well as C. albicans whole cells. 

Lipid vesicles. MLV were made from DPPC as de- 
scribed above at 10 mg]ml and were sonicated in 20 mM 
potassium phosphate, pH 7.5, buffer on a Heat Systems 
W220-F cell disrupter for five min until the solution 
cleared. The sonicated vesicles were either 100 mol% 
DPPC or 80 mol% DPPC/20 mol% geraniol. 9-Anthroy- 
loxy-stearic acids labeled at positions 2, 6, 9 or 12 were 
incorporated into the bilayers during their synthesis at 
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a ratio of 200 lipids/AS. Polarization measurements were 
made on a Perkin-Elmer MPF-66 Fluorescence Spec- 
trophotometer at decreasing temperatures between 50 C 
and 30 C. Excitation was at 361 nm and emission at 446 
nm. Temperature in the cuvettes was monitored accur- 
ately by a thermoprobe. Polarization values were calcu- 
lated as described by Chefurka et al. (10} by the equation: 

p _  I w -  G(Ivh) 

Ivv + G (Ivh) 

where I represents fluorescent intensity, G is the "grating 
factor" (Ihv/Ihh), and h and v refer to the position of the 
polarizers either horizontal or vertical. 

Whole cells. C. albicans strain, hOG 357, was grown 
overnight to mid-log phase (O.D.66o 0.5) in YPD medium, 
pelleted and washed two times in a 10 mM Tris, pH 7.0, 
0.9% NaC1 buffer. Cells were resuspended in the same buf- 
fer also containing 1% Tween 80 at a final concentration 
of 4 X l0 s cells/ml. The presence of Tween 80, a non-ionic 
polyoxyethylene detergent containing oleic acid, en- 
hanced geraniol solubility and was included at the same 
concentration for all cell suspensions. Membrane polariza- 
tion was determined for the cell membrane interior by 
1,6-diphenyl-l,3,5-hexatriene (DPH) and for the aqueous- 
membrane interface by 1-(4-trimethylammoniumphenyl)- 
6-phenyl-l,3,5-hexatriene (TMA-DPH). Fluorescent labels 
(43 gM) were dispersed into cell populations using N,N- 
dimethylformamide as carrier. Cells were preincubated 
at 37 C for one hr, after which various concentration of 
geraniol were added. Cells containing fluorescent label 
and geraniol were further incubated for 90 min. Wave- 
lengths for excitation were 351 nm (DPH) and 358 nm 
(TMA-DPH) and emission 430 nm (DPH) and 426 nm 
(TMA-DPH) with experimental temperatures set at 37 C. 
Polarization (P) values are the average of five separate 
determinations. All fluorescent labels were purchases 
from Molecular Probes (Eugene, OR). 

Erythritol permeability studies. Egg phosphatidyl- 
choline lipid vesicles containing varying amounts of 
geraniol (from 0 to 20 membrane mol%) were made by the 
same method used in the differential scanning calorimetry 
experiments but at a concentration of 10 mg/ml. The 
vesicles were rapidly injected into a swelling buffer of 
10 mM potassium phosphate and 40 mM erythritol, pH 
7.0. Over the time of the measurement (ca. 30 sec), glucose 
does not cross the bilayer; however, the smaller erythritol 
molecule does cross down its concentration gradient into 
the vesicles, causing a hypotonic state. The subsequent 
water movement results in vesicle swelling, which is 
measured as a change in absorbance. Lipid vesicles are 
known to behave as almost perfect osmometers (11), so 
initial swelling rates (12,13) of the vesicles are an accurate 
indication of erythritol permeability. Absorbances at 
500 um were recorded in a temperature controlled Beck- 
man DU-8 Computing Spectrophotometer. Results are ex- 
pressed as initial swelling velocity dl/A/dt% and reported 
as the average of four to six determinations. 

Potassium leakage studies. C. albicans strain, hOG 357, 
was grown, harvested and resuspended in buffer essen- 
tially as described for fluorescence polarization using 
whole cells except that  cells were resuspended at a con- 
centration of 3 • 107 cells/ml. Potassium leakage was 
measured with a K § specific electrode (Microelectrodes, 

Londonderry, NH) on an Orion 901 Microprocessor 
Ionanalyzer. After six hr, cells were completely lysed in 
3% Triton X-100, and the maximum sequestered K § was 
determined. 

RESULTS AND DISCUSSION 

Minimal inhibitory concentration (MIC} of geranioL Yeast 
cells grown overnight in a YPD {1% yeast extract, 2% 
peptone, 2% dextrose, and 2% agar) were plated onto 
YPD plates containing varying concentrations of geraniol 
at a density of l0 s cells per plate. Plates were scored after 
48 hr, and the results are presented in Table 1. The 
minimum inhibitory concentration (MIC) of geraniol is 
defined as that concentration that  completely prevents 
growth after 48 hr. All three Candida strains as well as 
the Saccharomyces strain were approximately equally 
sensitive to geraniol. The numbers in parentheses indicate 
the MIC in mM concentrations. To determine whether 
ergosterol supplementation reverses the antifungal effect, 
plates containing 5 • 10 -5 M ergosterol and geraniol were 
tested. The results with ergosterol supplementation were 
the same as without ergosterol supplementation, in- 
dicating that inhibition of ergosterol synthesis was not 
the mode of geraniol inhibition or that ergosterol was not 
taken up from the growth medium. Because liquid YPD 
cultures innoculated to a visible turbid density when in- 
cubated overnight with inhibitory concentrations of 
geraniol often cleared, this suggested that  geraniol may 
act at the level of the plasma membrane, causing cell lysis. 

Lipid vesicle fluidity. To ascertain whether geraniol af- 
fects cell membranes by altering bilayers properties, 
geraniol was incorporated into phospholipid vesicles. Dif- 
ferential scanning calorimetry indicated geraniol broaden- 
ed and decreased the phospholipid phase transition 
temperature of the synthetic phospholipid DPPC. Figure 
2 demonstrates that increasing concentrations of geraniol 
from 0 to 20 mol% broadened and decreased the phase 
transition temperatures of the liposome vesicles 2.2 C in- 
dicating that  geraniol disorders the bilayers. This sug- 
gests geraniol also may have a fluidizing effect on yeast 
cell membranes. 

To test membrane fluidity, fluorescence polarization 
was employed (14). Anthracene-labeled stearic acids {AS) 

TABLE 1 

Minimal Inhibitory Concentrations (MIC) of Geraniol 
for Candida and Saccharomyces Strains 

Strain MIC {~glInl) a 

Candida albicans 
A26 309 (2) b 
hOG 357 309 (2) 
ATCC 44829 463 (3) 

Saccharomyces cerevisiae 
A184D 463 (3) 

aAll inoculums were 10 s cells/plate. Results represent data from at 
least three independent experiments for each strain. 
bNumber in parentheses indicates MIC of geraniol in mM 
concentrations. 
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have been used to probe the effect of a number of com- 
pounds on fluidity as a function of depth in the bilayer 
(10). Fluorescence polarization measurements also can be 
used to determine the phase transition temperature of 
bflayers comprised of synthetic phospholipids (10,15). 

The results in Figure 3 show that, as expected, polariza- 
tion values decreased (relative fluidity increased) from 

o --I Ii 
i -  .r 
Ul 
-r 

E D C B A  

30 4'0 4'1 4'2 4~3 44 4'5 46 
TEMPERATURE (~ 

FIG. 2. Effect of geraniol on the phase transition of dipalmitoyl- 
phosphatidylcholine vesicles. Geraniol membrane concentration: (A) 
0 mol%, (B) 5 mol%, (C) 10 mol%, (D) 15 mol% and (E) 20 mol%. 

position 2 near the membrane surface to position 12 near 
the bilayer interior. For all four positions and in the gel 
and liquid crystMline states, geraniol decreased the P- 
values (increased fluidity). For DPPC in the liquid 
crystalline state, the average decrease in P caused by 
geraniol over the temperature range 50 C to 41 C can be 
used to compare quantitatively the effect of geraniol at 
different depths in the bilayer. The values expressed as 
APaverag e for the 10 temperatures are: 2 AS, 0.0023; 6 AS, 
0.0067; 9 AS, 0.0038; and 12 AS, 0.0041. Clearly, geraniol 
enhances fluidity at all positions along the chain with the 
largest effect associated with position 6. This agrees with 
the structure of geraniol (Fig. 1), which has methyl 
branches at positions 3 and 7 and so would be expected 
to disorder bilayers in the central part  of the chain more 
than at either end. These results are in contrast to those 
for n-alkanols, which mostly perturb the bilayer center 
(16). In agreement with the differential scanning calorim- 
etry measurements reported in Figure 2, 20 tool% 
gerauiol broadens and decreases the phase transition 
temperature of DPPC by about 2 C. 

Cell fluidity. Fluidity also was ascertained by fluores- 
cence polarization with C. albicans whole cells. The bflayer 
interior probe DPH indicated an enhanced membrane 
fluidity as a function of geraniol concentration (Fig. 4A), 
while the surface probe TMA-DPH also showed that 
geraniol enhanced probe motion (fluidity) at the aqueous 
interface (Fig. 4B). These results confirm those with 
DPPC lipid vescfles {Fig. 3) and show that geraniol's 
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FIG. 3. Effects of geraniol on the polarization of DPPC vesicles as a function of 
temperature. Geraniol concentration is 20 mol% with respect to DPPC. Fluorescent labels 
are 2 AS (panel A), 6 AS (panel B), 9 AS (panel C) and 12 AS (panel D). Results, expressed 
as P, are the average of five determinations and vary 0.0015. 
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ability to increase bilayer fluidity extends to natural 
membranes. 

Lipid vesicle permeability. A light-scattering technique 
measuring the permeability of erythritol was used to 
quantitate the effect of geraniol on general membrane 
permeability. Geraniol-induced erythritol permeability at 
different temperatures is shown in Figure 5. Geraniol 
concentrations are expressed as the mol% geraniol/ 
phosphatidylcholine. Concentrations range from 0% 
{curve A} to 20 mol% geraniol {curve F}. These results also 
demonstrate that  geraniol enhancement of permeability 
is greater in the more fluid bilayer, that is, at higher 
temperatures. 

2 
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FIG. 4. Effect of geraniol on the polarization of C. albicans whole 
cell membranes. Panel (A) DPH; Panel (13) TMA-DPH. Concentra- 
tions of geraniol varied from 0-16 raM. 

Potassium leakage from whole cells. The observations 
that geraniol alters phase transition temperature of lipe~ 
some vesicles, increases bilayer fluidity and increases 
liposome permeability to erythritol suggested that the 
antifungal activity of the molecule also may enhance the 
rate of solute leakage (K § out of whole cells. Results 
(Fig. 6) are expressed as the percentage of internal 
sequestered K* leaking out of the cell as a function of time. 
These results indicate that increasing geraniol concentra- 
tions do enhance K* leakage most markedly in the first 
two hr. For example, after two hr cells incubated without 
geraniol showed a 5 % K* leakage, whereas cells incubated 
with 12 mM geraniol showed a 28% K* leakage. 

In conclusion, the experiments presented here on 
Candida and Saccharomyces fungal strains, as well as on 
protein-free phospholipid vesicles, may help to under- 
stand the mode of action of geraniol in preventing ~nga l  
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FIG. 5. Effect of geraniol on the permeability of egg phosphatidyl- 
choline vesicles to erythritol. Geraniol membrane concentration: 
(A) 0 mol%; (]3) 5 mol%; (C) 10 mol%; (D) 15 mol%; and (E) 20 mol%. 
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FIG. 6. Effect of geraniol on the leakage of K § from C. a/b/cans strain 
hOG 357. Results are expressed as the percentage of initially s~ 
questered K* leaking out with time. Geraniol concentration in the 
bathing solution (10 mM Tris, pH 7.0, 1% Tween 80, 0.9% NaCI). 
(A) 0 mM; (B) 4 raM; (C) 8 raM; and (D) 12 raM. 
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growth .  Geraniol  does no t  appear  to  inhibi t  e rgos te ro l  
b iosyn thes i s  as i ts  p r i m a r y  mode  of  ac t ion b u t  ins tead  
appears  to  pa r t i t ion  into m e m b r a n e s  where  it a l ters  
b i layer  proper t ies .  U p o n  incorpora t ion  of  geraniol,  mem- 
branes  become more  fluid {as indicated  by  a b roaden ing  
and decrease in the phase  t ransi t ion tempera ture  of  D P P C  
vesicles as well as by  polarizat ion measuremen t s  wi th  A S  
labels wi th  lipid vesicles and  D P H  and T M A - D P H  mea- 
su remen t s  on whole cells), while general  b i layer  perme- 
abil i ty is increased {as indicated  by  vesicle swell ing in 
isomolar erythritol and K § leakage from cells). 

Cushley et al. (17) have reported similar membrane ef- 
fects caused by the larger brancher chain alcohol, phytol. 
This alcohol also broadened and decreased phospholipid 
phase transitions, decreased membrane order and in- 
creased permeability to the cationic NMR shift reagent 
Pr 3§ It was proposed that phytol acts as a membrane 
destabilizing agent, increasing membrane permeability. 
In light of these studies, it is not surprising that geraniol 
also destabilizes membranes. 

Inhibition of cell growth may be the result of altered 
membranes with the symptomatic loss of cellular potas- 
sium. We conclude that the antifungal activity of geraniol 
resides with its ability to disrupt membrane bflayer struc- 
tures and, therefore, cellular processes. 
The experiments presented here represent an attempt 

to link biophysical data with biological processes to 
establish a mode of action of any drug that is thought 
to be membrane-disruptive. The assessment of geraniol 
as an antifungal agent for plants or animals remains to 
be determined. 
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Polyunsaturated Fatty Acids of Serum Lipids in Myocardial Infarction 
John W. Crofts% Paul L. O g b u m  Jr.b, Susan B. J o h n s o n c  a n d  Ra lph  T. Holmanc,*  
aDepartment of Ophthalrnolagy, Henry Ford Hospital, Detroit, MI, bWomen and Infants Hospital of Rhode Island, Providence, RI, and 
cTt~ Hormel Institute, University of Minnesota, Austin, MN 

Two groups of volunteers had blood drawn for serum 
analysis of fatty adds. The first group was comprised 
of patients admitted to the hospital with possible myocar- 
dial infarction {MI). Blood was drawn at admission and 
at 12, 24 and 48 hr. These patients were subsequently 
divided into three groups, those with MI, those without 
(No MI) and those taking prostaglandin inhlbitors {PGI), 
on the basis of the cardiac enzymes, electrocardiograms 
and clinical history. A fourth group of Normal non- 
stressed people was also drawn at 0, 12, 24 and 48 hr for 
comparison. Fatty acid compositiol~ of phospholipids 
(PL), nonesterified fatty acids (NEFA), triglycerides (TG) 
and cholesteryl esters (CE) was determined by capillary 
gas chromatography (GC), and comparisons were made 
between the MI, No MI, PGI and Normal groups. Total 
NEFA were significantly elevated in patients admitted 
for possible MI compared with Normals. Those patients 
with MI had marginally higher levels of NEFA than the 
No MI group at each sampling time, but this difference 
was not statistically significant. The MI, No MI and PGI 
groups had significantly different fatty acid patterns in 
NEFA with reduced percentages of arachidonic acid (AA) 
than controls. The fatty acid patterns in the four lipid 
classes showed few significant differences comparing the 
MI, No MI and PGI groups. The regular use of pro- 
staglandin inhlbitors before hospitmlization for chest pain 
was associated with a reduced frequency of MI (p < 0.002). 
NEFA levels, nonesterified AA levels and fatty acid pat- 
terns in this group did not differ from those patients not 
taking prostaglandin inhibitors. 
Lipids 23, 539-545 {1988). 

Myocardial infarction {MI) usually occurs as the result 
of partial or complete occlusion of one or more coronary 
arteries. Arachidonic acid (AA, 20:4co6} metabolism may 
play a role in this pathology by several mechanisms: 
vasospasm mediated by thromboxane A2 (TXA2) produc- 
tion and prostacyclin {PGI2) inhibition, platelet clot for- 
mation stimulated by TXA2 due to vascular injury or 
plaque formation, and vascular occlusion by athero- 
sclerotic plaque caused by vascular endothelial cell injury. 

The general elevation of nonesterified fat ty acids 
{NEFA) seen in association with myocardial damage may 
cause an increase in myocardial oxygen consumption, in- 
creased incidence of arrhythmias, and increased size of 
the infarction {1-4}. Elevated NEFA have been shown to 
stimulate platelet aggregation {5}. Thus, elevations of 

'Part of this work was presented at the 78th American Oil Chemists' 
Society Annual Meeting, May 17-21, 1987. 
*To whom correspondence should be addressed at The Hormel In- 
stitute, University of Minnesota, 801 16th Avenue NE, Austin, MN 
55912. 
Abbreviations: AA, arachidonic acid; CE, cholesteryl esters; DHLA, 
dihomogamma linolenic acid {20:3c~6); FAME, fatty acid methyl 
esters; MI, myocardial infarction; NEFA, nonesterified fatty acids; 
PGI, prostaglandin inhibitor, PGI~, prostacyclin; PL, phospholipids; 
PUFA, polyunsaturated fatty acids; TG, triglycerides; ANOVA, 
analysis of variance; GC, capillary gas chromatography. 

NEFA may contribute to the progression of tissue injury 
in MI by both increasing tissue oxygen requirements and 
by promoting vascular occlusion {Fig. 1}. Two methods 
used to decrease the death rate in patients with MI have 
had some success: the inhibition of TXA2 production and 
platelet activation using low-dose aspirin {6,7}, and the 
suppression of circulating NEFA using glucose-insulin- 
potassium infusions {8). 

The following study, which was approved by the Uni- 
versity of Minnesota Committee on Human Investiga- 
tions, sought to clarify the effects of stress and pain on 
elevation of NEFA with and without MI. Quantities of 
nonesterified AA in NEFA and fatty acid patterns in 
NEFA, cholesteryl esters {CE}, triglycerides {TG) and 
phospholipids {PL) were compared in three types of pa- 
tients: those with symptoms of MI and medically proven 
MI, those with symptoms of MI, but with no MI, and 
Normal controls with no symptoms of MI. 

METHODS 

A group of volunteers had blood drawn for serum analysis 
of fatty acids. The group was comprised of patients ad- 
mitted acutely to a small, rural hospital for chest pain 
with possible MI. Blood was drawn on admission, at 12 
hr, at 24 hr and at 48 hr for cardiac enzyme analysis and 
fatty acid analysis. Timing of each sample depended on 
admission and, therefore, was random with regard to 
prandial status. Patients were offered a no-added salt, 
low~holesterol diet, either full liquids or solid food, but 
oral intake varied widely depending on appetite and 
clinical circumstances from 0 to 2,500 calories per 24 hr. 
Approximately 30% of caloric intake in either diet was 
from lipids, with equal amounts of saturated and un- 
saturated fats. In addition, IV access was maintained 
with 5% glucose solution until a definitive diagnosis of 
MI could be excluded and was continued at least 48 hr 
if MI was found. Intake of IV glucose by this route could 
vary from 240 to 600 calories per 24 hr. Subsequent to 
the completion of the fatty acid analyses, this group of 
patients was sorted into two groups: one in which MI had 
been confirmed by enzyme studies and electrocar- 
diograms {experimental group = MI), and one that had 
not experienced MI on the basis of cardiac enzymes icon- 
trol group = No MI}. 

A third group was made up of normal, non-stressed 
health care providers without chest pain and without MI 
(Normal}. The Normal group {n = 10) had blood drawn 
at four times: 0, 12, 24 and 48 hr. The first and fourth 
samples were drawn after an overnight fast. The second 
and the third samples were taken two to three hr 
postprandial. 

Pertinent clinical history for each group was obtained, 
and special attention was given to medications known to 
inhibit prostaglandin synthesis. Whenever possible, the 
use of these drugs was confirmed by direct questioning 
of the patient or review of outpatient clinic records. 

Lipid extraction, methylation and gas chromatog- 
raphy. Serum samples were kept frozen until analysis. 
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FIG. 1. Proposed mechanism of changes in myocardial infarction- This theoretical model 
proposes meehRnlsms in myocardial infarction that entail platelet aggregation, increased 
TXA2 production, inhibition of PGI2, and elevated plasma NEFA (including AA) (11). 

Symbolizes positive-feedback routes. 

Heptadecanoic acid {17:0) was added to each sample as 
internal standard. Lipids from each 2-ml sample were ex- 
tracted with chloroform/methanol (2:1, v/v). The samples 
were mixed well and centrifuged. The aqueous layer was 
drawn off and the chloroform layer filtered to remove the 
protein. This layer then was dried under a gentle stream 
of nitrogen and redissolved in 100 ~I of chloroform. 
The lipid extracts were spotted onto 20 • 20 cm sheets 

of silicic acid-impregnated ITLC paper (Gelman Sciences, 
Inc.) and developed in 30-60 C petroleum ether/diethyl 
ether/acetic acid {90:10:1). The chromatograms were 
sprayed with 0.1% 2', 7'-dichlorofluorescein solution and 
illuminated with UV light. The individual lipid classes ap- 
peared as distinct bands and were put into glass tubes 
with teflon-lined caps. These were transesterified with 
2 inl of 14% boron trifluoride/methanol {w/v) at 85 C for 
1 ~ hr for PL and CE, and 's hr for FA and TG. After 
esterification, the fatty acid methyl esters {FAME} were 
extracted with petroleum ether (30-60 C), the samples 

were taken to dryness under nitrogen and redissolved in 
a minimum of petroleum ether for capillary gas chroma- 
tography (GC) analysis. 

GC analysis. GC analysis was carried out on a 50 m X 
0.2 mm fused silica capillary column coated with FFAP 
{Scientific Glass Engineering, Austin, TX). The column 
was temperature-programmed from 190-220 C at 2 C/ 
rain, with a final hold of 45 min. The carrier gas was 
helium, at a flow rate of about 0.68 ml/min. The split ratio 
was 1:99. Identification of FAME was made by compari- 
son with authentic standards. Peak areas were calculated 
by a microprocessor. Data were treated by analysis of 
variance (ANOVA). 

RESULTS 

Of 58 patients admitted with possible MI, 14 had enzyme- 
confirmed MI, and 44 did not (No MI). Of these patients, 
serum samples for lipid analysis were available from 11 
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T A B L E  1 

Total  Nonesterified Fat ty  Adds in Normal Individuals and in Patients with and without Myocardial Infarction 

P-value a 

Time Normal No MI MI PGI No MI MI PGI 

Admission 7.30 + 1.28 14.55 • 1.56 23.56 • 6.07 17.12 • 2.79 < 0 . 0 1  < 0 . 0 1  <0.01 
(n = 9) (n = 16) (n = 7) (n = 10) 

12 hr 5.33 • 0.67 11.21 • 2.18 21.47 • 2.15 11.67 • 2.83 < 0 . 0 5  <0 .001  <0.05 
(n -- 9) (n = 10) (n -- 5) (n -- 8) 

24 hr 5.19 • 0.74 17.59 • 2.96 23.93 • 5.05 15.01 • 3.13 < 0 . 0 1  <0 .001  <0.01 
(n ---- 8) (n ---- 10) (n ---- 4) (n ---- 7) 

48 hr 6.21 • 1.21 I5 . I3  • 0.62 21.45 • 4.29 10.46 • 2.61 <0.001 <0.001 N S  
(n = 9) ( n =  5) (n = 3) ( n =  3) 

Values are mean +_ SEM (mg/dl). 
ap-Value vs Normal, ANOVA. 

T A B L E  2 

Tota l  Nonesteri f ied Arachidonic  Ac id  in Normal  Controls and in Pat ients  
w i th  and wi thout  Myocardial  Infarct ion 

Time Normal No MI MI PGI 

Admission 0.275 • 0.060 0.241 • 0.038 0.247 • 0.057 0.210 _ 0.045 
(n = 9) (n = 16) (n = 7) (n = 10) 

12 hr 0.212 + 0.035 0.209 + 0.027 0.213 • 0.054 0.137 _ 0.025 
(n = 9) (n ---- 10) (n ---- 5) (n ---- 8) 

24 hr 0.264 + 0.029 0.165 + 0.033" 0.409 + 0.090 0.343 + 0.089 
(n = 8) (n = 10) (n = 4) (n = 5) 

48 hr 0.173 • 0.038 0.242 __. 0.026 0.357 --- 0.130 0.290 _ 0.088 
( n = 9 )  (n = 5) ( n =  3) ( n = 3 )  

Values are mean • SEM (mg/dl). 
*p < 0.05 compared with Normal and PGI; p < 0.01 compared with MI. 

patients with MI  and 35 patients with No MI. Subse- 
quent to the analyses, it was determined tha t  a subgroup 
of the No MI  group had been treated with anti-inflsmma- 
tory  drugs in = 19). From this prostaglandin inhibitor 
(PGI) subgroup, 13 sets of serum samples were available 
for analysis. None of the MI  patients were on chronic an- 
t iprostaglandin medications. In some cases, it was im- 
possible to obtain all four serum samples from each pa- 
tient, or some samples were too small to  analyze. These 
variations in group size are reflected in the summary  
tables. 

Total  N E F A  measured for the four groups are shown 
in Table 1. ANOVA showed significant differences among 
the four groups, Normal, No MI, MI  and PGI,  at  each 
time of blood sampling. The No MI  and MI  groups had 
significantly higher total  N E F A  than the Normal group 
at each time period. N E F A  levels in the P G I  group did 
not  show sustained elevation at 48 hr in contras t  with 
the No MI  and MI  groups. 

The No MI  group had significantly lower N E F A  than 
the MI  group at 12 hr only (p < 0.005, S tudent ' s  t-test). 
Linear regression analyses were done of the No MI  group 
and the MI  group {total N E F A  vs time}. For the No MI  
group, R = - 0 . 0 3 2  (95% confidence interval for R -- 

0.207 to --0.268}; and for the MI group, R = -0 .048  (95% 
confidence interval for R -- 0.412 to -0.487}. These 
results suggest  tha t  total  N E F A  is independent of time 
in the No MI  and MI  groups during the 48-hr interval 
studied. 

Serum AA levels of the N E F A  were calculated for each 
of the s tudy  groups (Table 2). There were no significant 
differences in mean quantities of A A  among the groups 
except tha t  the No MI  group had a significant decrease 
at 24 hr after admission compared with the MI  group (p < 
0.01) and to the Normal and P G I  groups (p < 0.05} 
{Table 2). The percentage of N E F A  made up by AA was 
significantly greater in the control samples than in the 
MI and No MI groups at admission and at 24 hr (p < 0.01) 
{Table 3). The only difference between the MI and No MI 
groups occurred at 12 hr after admission when the per- 
centage AA was significantly lower in the MI  group (p < 
0.05). Percentage of AA was significantly greater in the 
P G I  group compared with the No MI group at 24 hr only 
(p < 0.05). 

Table 4 shows the fa t ty  acid pa t te rn  in N E F A  for ini- 
tial fast ing samples of controls and the differences from 
the pat terns  in the MI, No MI  and PGI  groups. 16:1co7 
was significantly increased in the MI, No MI and PGI  

LIPIDS, Vol. 23, No. 6 (1988) 



542 

J.W. CROFTS ET AL. 

TABLE 3 

Percentage of Nonssterified Fatty  Acids Made up of Arachidonic Acid in Controls and iu Patients With 
and Without Myocardial Infarction 

Time Normal No MI MI PGI 

Admission 3.660 • 0.617" 1.673 • 0.205 1.260 • 0.408 1.415 • 0.262 
(N = 9) (n = 16) (n = 7) (n = 10) 

12 hr 4.323 • 0.991 2.306 _ 0.389 0.988 • 0.262** 1.481 + 0.307 
(n = 9) (n = 10) (n = 5) (n = 8) 

24 hr 5.505 ,,, 0.561" 1.348 ... 0.388 1.715 ___ 0.259 5.490 ___ 1.95"* 
In = 8) (n = 10) (n = 4) (n = 6) 

48 hr 3.254 ,,, 0.871 1.614 ... 0.199 1.923 + 0.942 3.280 --- 1.44 
( n =  9) (n = 5) ( n =  3) ( n =  3) 

Values are mean • SEM in % of total NEFA. 
*p < 0.01 compared with the No MI and the MI groups; **p < 0.05 compared with the No MI group. 

TABLE 4 

Fatty Acid Percentages in N E F A  for Initial Fasting Control 
Subjects and Significances of Comparisons 

Fatty acid Normal No MI MI PGI 

14:0 1.27 • 0.47 p <: 0.01 NS NS 
16:0 25.99 + 2.67 NS NS NS 
16:1w7 2.24 + 0.52 p < 0.001 p < 0.05 p < 0.05 
18:0 18.24 • 2.90 p < 0.05 p < 0.05 NS 
18:1e09 26.31 • 3.08 NS p < 0.05 NS 
18:2r 15.20 • 1.61 NS NS NS 
20:3co6 0.24 • 0.14 NS NS NS 
20:4w6 3.66 ,,, 0.65 p < 0.001 p < 0.01 p < 0.01 
22:6r 0.11 --- 0.11 NS NS NS 

Values are mean _ SEM in % of total NEFA. 

groups. 18:0 was significantly decreased in bo th  the MI 
and No MI groups. 18:1r was significantly increased in 
the MI group only. 20:4co6 was significantly decreased 
in the MI, No MI and PGI  groups. Other individual fa t ty  
acids were not  significantly different. 

Table 5 compares the fa t ty  acid pat terns  for admission 
samples in the MI, No MI and PGI  groups for each of 
the major serum lipid classes. For the No MI group com- 
pared with the MI group, only 16:1r was significantly 
elevated in PL, and 14:0 was significantly elevated in 
NEFA. For the PGI  group compared with the MI group, 
22:6co3 was significantly elevated in PL, 18:0 was elevated 
in NEFA,  18:2r and 20:3co6 (DHLA, dihomogamma 
linolenic acid} decreased in NEFA,  18:2r decreased in 
TG, and 16:0 decreased in CE. Only 22:6co3 was 
significantly increased in PL of the PGI group compared 
with the No MI group. There were no significant dif- 
ferences in the major f a t ty  acids (16:0, 18:0, 18:1e09, or 
18:2r between the MI and No MI groups in any of the 
four lipid classes. The prostaglandin precursors, 20:3r 
and 20:4eo6, also were not  significantly different in the 
four lipid classes between the three groups, except 20:3r 
in N E F A  for the P GI  group. 

None of 19 pat ients  regularly taking prostaglandin in- 
hibitors proved to have MI. Therefore, we compared the 

MI group and all pat ients  not  suffering a heart  a t tack  
(No MI and P G I  groups) with respect to the 10 clinical 
variables tha t  are listed in Table 6. The regular use of 
prostaglandin inhibitors before hospitalization for chest 
pain was associated with an outcome of No M I  to a high 
level of statistical significance (p < 0.002). The only other  
variable showing a difference between the two groups was 
cardiac arrhythmia,  which occurred during the course of 
hospitalization more frequently in the MI group. This dif- 
ference also was statist ically significant. The highest  
diastolic blood pressure measurement recorded during the 
hospitalization showed an elevation in the MI group com- 
pared with the No MI group, which approaches statistical 
significance. 

In addition, a mult ivariate  analysis was performed to 
examine the confounding effect of the various covariates 
on the use of prostaglandin inhibitors in MI. Stepwise 
logistic regression was used to assess the ability of pro- 
staglandin inhibitors to predict MI in the presence of the 
nine covariates. The likelihood ratio chi-square results 
from this stepwise logistic regression analysis indicated 
tha t  non-use of prostaglandin inhibitors is a statistical- 
ly significant predictor of MI in the presence of the 
covariates (p < 0.01). 

DISCUSSION 

This s tudy confirms previous findings tha t  N E F A  are 
elevated in association with MI {1-4). The fact tha t  
elevated N E F A  are seen in pat ients  with symptoms of 
MI but  without evidence for myocardial damage suggests 
tha t  this lipolysis probably is mediated through the sym- 
pathet ic  nervous sys tem and is associated with stress. 
Elevations in N E F A  are related to catecholamine eleva- 
tions in pat ients  with MI (9). The lipolysis caused by 
catecholamine mobilizes N E F A  from adipocyte TG, 
which are low in AA. This could explain the decreased 
percentage of AA in the No MI and MI groups. The AA 
concentrat ion did not  change, al though the total  N E F A  
increased. Work by McDaniel et al. has shown similar 
N E F A  pat te rns  in pat ients  with MI. When total  N E F A  
values were suppressed by  glucose-insulin-potassium 
infusion, the relative percentage of AA increased {10). 
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Patients who are having or have had MI seem to have 
higher NEFA than those who have symptoms of MI 
without permanent myocardial damage 12 hr after admis- 
sion. Whether this difference in NEFA is a result of the 
MI or contributes to it cannot be answered by this study. 
However, it should be noted that  elevation in blood 
NEFA has been related to platelet activation, increased 
infarction size and increased incidence of arrhythmias and 
death (1-4). Therapy aimed at decreasing NEFA in pa- 
tients with MI has had some success (8). 

Figure 1 shows a theoretical model that  may explain 
how elevated NEFA could promote MI (11). Although 
serum nonesterified AA was not elevated in the MI pa- 
tients, it is possible that the elevation in total NEFA may 
compete for albumin binding sites with AA and result in 
a local increase in unbound, nonesterified AA. This AA 
may be more active metabolically and could contribute 
to platelet aggregation. This may be the mechanism for 
NEFA elevation causing platelet aggregation described 
by Gerrard et al. (5). Increase in NEFA associated with 
fasting and with catecholamine release may explain the 
temporal association of increased platelet aggregability 
with the risk of MI and sudden cardiac death seen in the 
morning hours (12). 

The precursors of polyunsaturated fatty acids (PUFA) 
in the NEFA fraction are the PL of tissue and plasma. 
The PUFA of the serum or plasma are indicators of the 
PUFA status of the individual (13), and profiles of these 
PUFA indicate abnormalities in PUFA metabolism that  
may occur. Figure 2 shows the PUFA profiles of serum 
PL, comparing the MI group with the Normal group and 
the No MI group with Normal group at the time of ad- 
mission and again at 48 hr. At the time of admission, 
20:3~06 was significantly higher in both the MI and 
No MI groups. At 48 hr, 20:3r remained high only in 
the MI group. AA was not significantly altered at the 
time of admission in either group but was elevated sig- 
nificantly in the MI group at 48 hr. The chain elongation 
product of AA, adrenic acid (22:4o~6), was normal at ad- 
mission in both groups, but was very significantly 
elevated in the No MI group at 48 hr. The 22:5r was 
elevated in the No MI group at admission and was 
significantly elevated in both groups at 48 hr. Of the ~3 
PUFA, 22:6~03 was elevated in the No MI group at ad- 
mission and in both groups at 48 hr. The total r acids 
in the MI group were 3.45% at admission, not signifi- 
cantly elevated above the Normal group value of 3.13%. 
They were significantly elevated (p < 0.05) at admission 
in the No MI group compared with the Normal group, 
3.95% and 3.13%, respectively. The antithrombotic ef- 
fects of ~3 acids may have contributed to the protection 
against cardiac damage in this group (14). The 20:3~09, 
an indicator of essential fat ty acid deficiency, was 
elevated significantly only in the No MI group at 48 hr. 
None of the changes in PUFA indicated deficiencies of 
r or ~03 fat ty acids. The elevation in the prostaglandin 
precursors, 20:3~6 and 20:4r in the MI group could 
have important physiological implications on the extent 
of myocardial damage present and clinical outcome for 
the patient. 

The clinical observation was made in 1953 that  aspirin 
appeared to protect against MI (15). Numerous studies 
since have been performed to assess the usefulness of pro- 
staglandin inhibitors in the secondary prevention of MI. 
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FIG. 2. Polyunsaturated fatty acid profiles for serum PL at admis- 
sion and at 48 hr for MI and No MI groups. Normalcy ratio is ex- 
perimental value divided by Normal value. Significance is indicated 
by shading. Open bars, non-significant; light crosshatch, p < 0.05; 
dark crosshatch, p < 0.01; black, p < 0.001. 

Several studies have shown reduction in the rate of subse~ 
quent MI or coronary mortality from PGI {7,16-21}. 
However, two large trials failed to show statistically 
significant benefit from prophylactic use of these drugs 
(6,22}. 

Our results are from an unselected population of pa- 
tients presenting to an emergency room with chest pain 
or other clinical criteria requiring admission to rule out  
MI. There is an improved outcome for those taking a 
mixed variety of prostaglandin inhibitors (aspirin, ibu- 
profen, anproxen, prednisone, fenoprofen), most often for 
arthritis. The dose of these medications placed them in 
the high-dose prophylaxis category. Beneficial effects of 
prostaglandin inhibitors are believed to be due to reduced 
production of platelet TXA2. Adverse effects may be the 
result of decreased levels of PGI2 in the endothelial cell 
wall (23). 

We considered an alternative explanation for our obser- 
vations. Those taking prostaglandin inhibitors for arthri- 
tis might suffer from intermittent chest pain from their 
arthritis, for which they were admitted, to rule out MI. 
However, musculoskeletal chest pain is distinct from 
ischemic chest pain and always is considered in its dif- 
ferential diagnosis, so we think this explanation is un- 
likely. Coincidental effects from possible confounding risk 
factors for MI were evaluated as described above and did 
not account for this association. 

In the setting of possible MI in this unselected group 
of emergency admissions, several clinical indices, some 
closely linked with coronary artery disease, were of no 
predictive value in identifying those patients with MI. 
This observation was true for age, sex and serum tri- 
glyceride and cholesterol levels. I t  was surprising that  
a prior history of treated diabetes mellitus, hypertension 
or coronary artery disease was of no value in predicting 
MI in our series. Our observations underscore the impor- 
tance of prostaglandin-mediated pathophysiologic mech- 
anisms in MI, but these effects are not mediated through 
alteration of NEFA levels, including AA, which showed 
no important difference between the four study groups. 
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In  conclusion, N E F A  are elevated in s t ressed pa t i en t s  
admi t t ed  for possible MI .  Those pa t ien ts  wi th  M I  seem 
to have marginally higher levels of N E F A  than  those with 
no MI.  The MI,  No M I  and P G I  groups  all seem to have  
significantly different f a t t y  acid pa t t e rn s  (with reduced 
percentage  of AA} in N E F A  compared  with  the Normal  
group N E F A - A A  patterns.  The f a t ty  acid pa t te rns  in PL, 
NEFA,  TG and CE were significantly different in the MI,  
No M I  and P G I  groups  in a few f a t t y  acids only. Signifi- 
cant  changes in the PL  occurred in bo th  M I  and No M I  
groups  of pa t ien ts  compared  with the  Normal  group, 
thereby  implicat ing the effect of s t ress  on f a t t y  acid 
pat terns .  
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Microsomal Desaturation-Elongation of Linoleic Acid 
Following Parenteral Feeding with Lipid Emulsions in the Rat 
Sheilo M. Innis* and  Doffs E. Yuen 
Department of Paediatrics, University of British Columbia, Vancouver, B.C., Canada V5Z 4H4 

The effect of total parenteral nutrition (TPN) with lipid 
emulsion to supply either 27.5% or 2% total calories on 
in vitro desaturation~longation of 18:2(n-6) by liver 
microsomes was studied in the rat. The emulsion lipid con- 
tained ca. 50% 18:2(n-6) plus 8% 18:3(n-3) or 77% 18:2(n-6) 
plus 0.5% 18:3(n-3). The reaction rate was influenced by 
the in vitro substrate concentration and inhibited above 
50 pmol 18:2(n-6)/mg microsomal protein. At maximum 
rates of desaturation-elongation, the formation of triene 
and tetraene (n-6) fatty acids was reduced in rats given 
either of the two emulsions. The rate of (n4}) pentaene for- 
mation was increased in rats given the emulsion with low 
18:3(n-3) but not in rats given the emulsion with 8% 
18:3(n-3). Analyses of the microsomal lipid indicated in- 
creased free cholesterol in all rats that received TPN. 
Esterified cholesterol was increased only in rats given 
27.5% TPN calories as lipid. Microsomal total phospho- 
lipids and phospholipid class distributions were not 
altered by TPN. The data are consistent with reports 
of reduced levels of long-chain desaturation~elongation 
metabolites of 18:2(n-6) in tissue phospholipids following 
infusion of parenteral lipid. The data suggest that the 
mechanism may include alterations in other metabolic 
pathways such as cholesterol, in addition to desaturase 
enzyme activities, and may be influenced by both the 
quantity and fatty acid composition of the lipid infused. 
Lipids 23, 546-550 (1988). 

The composition of diet fat is known to influence mem- 
brane structural lipid fat ty acid composition and meta- 
bolic function (1), as well as lipoprotein (2) and eicosanoid 
(3) metabolism. Desaturation-elongation pathways for 
conversion of dietary essential fat ty acids, linoleic acid 
(18:2[n-6]) and linolenic acid (18:3[n-3]), to their more 
highly unsaturated homologues, which are incorporated 
into tissue phospholipid and serve as eicosanoid precur- 
sors, have been studied extensively (4,5). Competition 
among C18 (n-6) and (n-3) fat ty acids for A6 desaturation 
is well known, as is the inhibition of desaturation caused 
by various substrates and reaction products (4-9). 

Artificial fat emulsions are used widely to supply a 
major portion of the calories infused during IV nutritional 
support {total parenteral nutrition, TPN). Commonly used 
formulations are based on soy oil or safflower oil emulsi- 
fied with egg phospholipids and contain 45% or more 
18:2(n-6) and up to 8% 18:3(n-3) in total fatty acids. Their 
infusion provides a substantially higher intake of 18:2(n~) 
and markedly different fatty acid balance to that encoun- 
tered in usual human diets. Recent reports have described 
decreased C20 and C22 (n-6) and (n-3) fatty acids in tissue 
phospholipids of infants and rats given TPN with lipid 
emulsion (10,11). Decreased 20:4(n-6) availability also has 

*To whom correspondence should be addressed at The Research 
Centre, 950 West 28th Ave., Vancouver, B.C., Canada V5Z 4H4. 
Abbreviations: GLC, gas liquid chromatography; TLC, thin layer 
chromatography; TPN, total parenteral nutrition. 

been suggested to explain the reduced levels of some 
eicosanoid metabolites found in infants given parenteral 
lipid emulsions {12}. The effects of these emulsions on 
essential fat ty acid metabolism has not been studied 
directly. Thus, the purpose of the study reported here was 
to investigate the effect of TPN with different 18:2(n-6) 
contents on hepatic microsomal desaturation-elongation 
of 18:2(n-6) in the rat. 

MATERIALS AND METHODS 

Materials. [1-'4C]Linoleic acid (40-60 mCi]mmol) was from 
New England Nuclear {Montreal, Quebec}. Cofactors used 
in the enzymatic assay were from Sigma Chemical Co. (St. 
Louis, MO). Fat ty  acid methyl esters used as carriers and 
for gas liquid chromatography (GLC} standards were 
from Supelco Inc. (BeUefonte, PA) and from NuChek-Prep 
Inc. {Elysian, MN). The purity of standards and the 
radiolabeled substrate was confirmed by GLC and argen- 
tation thin layer chromatography (TLC}, respectively. 
TPN solutions were prepared as described {13,14} using 
50% dextrose, parenteral amino acids (Travenol, 10%, 
Baxter Labs., Malton, Ontario), vitamins (MVI-12, USV 
Canada Inc., Mississauga, Ontario} and minerals 
(Addamel, Pharmacia Canada Inc., Dorval, Quebec}. 
Liposyn (10%) was from Abbott  Labs {Montreal, Quebec} 
and Intralipid (10% Nutralipid) was from Pharmacia. The 
fatty acid composition of the emulsions and the chow diet 
has been reported (10); Liposyn and Intralipid contained 
ca. 77% and 0.5%, and 50% and 8% 18:2(n-6) and 
18:3(n-3), respectively. The rat chow contained ca. 4% fat 
with 34% 18:2(n-61 and 3% 18:3(n-3) (10). 

Animals and TPN. Rats {male Wistar, 175-225 g) were 
surgically prepared for TPN (13) and infused for seven 
days. The infusate contained ca. 27.5% calories as lipid 
from Liposyn or Intralipid, or 2% calories from Intralipid 
with 25.5% calories from additional dextrose, six rats 
each. The remaining 72.5% calories were supplied by the 
amino acid-dextrose solution (13,14). Six more rats were 
sham~)perated and allowed free access to Purina rat chow 
{control}. The diets provided ca. 1.4, 1.0, 13.7, and 21.2% 
calories as 18:2(n-6} and ca. 0.1, 0.2, 2.3 and 0.1% calories 
as 18:3(n-3) in the control, 2% Intralipid, 27.5% Intralipid 
and 27.5% Liposyn groups, respectively. The outcome of 
TPN was similar to previous studies {10,13,15}. All rats 
completed the course of TPN with normal results in 
plasma tests of liver function and with maintenance of 
body weight over the infusion period. 

Preparation of liver microsomes. The rats were anaes- 
thetized {0900-1000 hr, sodium pentothal, 0.4 mg/kg}; the 
livers excised and immediately rinsed in saline, then in 
a 0.15 M KC1, 5 mM MgC12, 0.25 M sucrose, 1.5 mM 
glutathione, 50 mM potassium phosphate buffer, pH 7.4. 
Tissue portions were homogenized in 2 vol. buffer, centri- 
fuged, 10,000 g • 20 min and the microsomee recovered 
from the supernatant by centrifugation, 100,000 g • one 
hr, without washing {16}. All isolation procedures were 
conducted at 0-4 C. Microsomal protein recovery was 
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determined by the method of Lowry et al. (17) with bovine 
serum albumin as the standard. 

Desaturation-elongation of18:2(n-6). Incubations were 
performed in 1 ml of 0.15 M KCI - 0.05 M KPO4 buffer 
(pH 7.0) containing 1.5 mM glutathione, 5 mM ATP, 
1.25 mM NADH, 1.25 mM NADPH, 0.3 mM CoA, 
0.3 mM malonyl CoA essentially as described by Purvis 
et al. (18) and using 0.5-3.0 mg microsomal protein. The 
reactions were started by addition of substrate, 5-200 
~mol 18:2(n-6) with 0.1 ~Ci ['4C]18:2(n-6), and continued 
20 min at 37 C. They were stopped and saponified with 
1.0 ml 20% (w/v) KOH, acidified with 2 N HCI and the 
fatty acids extracted (19), methylated with methanolic 
HCI and then dried under N2. The resulting methyl esters 
were dissolved in petroleum ether (bp 30-60 C) with a mix- 
ture of unlabeled methyl ester carriers (100 ~g each) and 
then separated according to their unsaturation by argen- 
tation TLC on Silica Gel G impregnated with 10% AgNO3 
(20). The plates were developed three times at - 2 0  C in 
toluene acetone (95:5, v/v) and the bands containing 
saturated, mono-, di-, tri-, tetra- and pentaenoic fatty 
acids visualized under UV light after spraying with 
2'7'<lichlorofluoreseein (0.1%, w/v). [14C] in each band was 
quantitated by liquid scintillation spectrometry with 
quench correction and conversion to dpm. Recovery of 
radioactivity from the TLC plates was >95%. 

Microsomal lipid compositiorL Lipids were extracted 
(19) from a known amount of microsomal protein and ali- 
quots taken for determination of total lipid phosphorous 
(21), total phospholipid fatty acid composition by GLC 
(I0) and free and esterified cholesterol content (22), follow- 
ing their separation on Silica Gel G utilizing petroleum 
ether/diethyl ether/acetone (85:15:3, v/v/v). Phospholipid 
classes were quantitated (21) following separation accord- 
ing to Skipski et al. (23). 
Data handling. Enzyme activities were calculated as the 

nmol fatty acid substrate converted per mg protein per 
rain. Because this may underestimate absolute conver- 
sion rates to the extent that the labeled substrate was 
diluted by the microsomal substrate pool, the conversion 
of 18:2(n-6) to tri-, tetra- and pentaene products also was 
calculated as percent conversion. Microsomal fatty acid 
peak areas, weight percentage and ~g values from GLC 
analyses were determined by a chromatography data 
system (10). Statistical analysis for treatment differences 
utilized analyses of variance and Duncan's multiple-range 
test. 

RESULTS AND DISCUSSION 

Desaturation-elongation of 18:2(n-6) by normal rat liver 
microsomes. The conversion of C18 fatty acids to higher 
homologues and their incorporation into tissue lipid in- 
volves several complex reactions that potentially may be 
altered by reaction substrates and/or products. In vitro 
kinetic analyses have indicated the regulatory importance 
of desaturation by demonstration that  the rate of fat ty 
acid activation to the CoA thioester, acyl4~oA elongation, 
and transfer and incorporation into lipid products all ex- 
ceed the rate of the respective desaturation (4,5). Thus, 
experimental (10) and clinical (11,12) evidence of reduced 
tissue levels of highly unsaturated metabolites of 18:2(n-6) 
and 18:3(n-3) following parenteral lipid infusion may sug- 
gest inhibition of micTosomal desaturation. These studies 

used a coupled desaturation~elongation assay rather than 
the more usual study of individual desaturases with single 
fat ty acyl substrates and no elongation cofactors or 
malonyl-CoA, as more analogous to in vivo metabolism 
in which n-6 fatty acid substrates for A5- and A4-desatu- 
ration are largely derived from A6-desaturation of 
(dietary) 18:2(n-6). 

The total desaturation of 18:2(n-6), derived as the sum 
of all triene, tetraene and pentaene methyl ester products, 
together with the rate of triene, tetraene and pentaene 
formed and remaining in the respective fraction is shown 
in Figure 1. The A6 desaturase represents the first enzyme 
in the sequence, thus the total activity of this enzyme is 
reflected by the sum of all desaturation products. The 
reaction rates were linear with 0.5-3.0 mgm microsomal 
protein at all substrate concentrations (data not shown) 
but  were markedly reduced at substrate concentrations 
above 50 ~zmol. The finding of maximum desaturation- 
elongation rate at 50 i~mol 18:2(n~)mg/protein agrees with 
previous specific assays of rat liver A6 desaturase (24,25). 
The reaction rates achieved also are similar to the 
A6<iesaturase activities reported by others using similar 
substrate  levels (16,24,26,27). The lower rate of 
desaturation-elongation at 200 ~anol substrate (control 
group, 0.28 _ 0.07 vs 0.32 ___ 0.02 nmol/min]mg protein 
with 200 vs 50 jJmol 18:2(n-6) substrate, respectively) is 
similar to A6-desaturase activity reported by Alam et al. 
(28) with this substrate concentration. 

The distribution of [14C] in fatty acid methyl esters 
following desaturation-elongation of 18:2(n-6) is shown in 
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FIG. I. Desaturation of 18:2(n-6) by rat liver mictosomes fol lowing 
seven days TPN  with 2%0 calories from Intralipid or 27.5% calories 
from Intrulipid or Liposyn. The reactions were conducted with 
5-200 mno118~n4;) substrate and 1 mg microsomal protein and pe~ 
formed in triplicate. The results represent mean -i- SE for six rats, 
with significant differences of p ~ 0.05 indicated as *, TPN  vs con- 
trol; t, 27.5% Intralipid vs 2% Intralipid; A, 27.5% Liposyn vs 27.5% 
Intralipi& 
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Figure 2 and reflects the relative activities of the three 
desaturases studied. The relative activities of h6-, h5- and 
h4-desaturase with (n-6) series fat ty acids has been 
calculated as 1.0:1.0:0.02, respectively (29), suggesting 
that the slowest enzyme in the sequence is h4<lesaturase. 
Rat liver microsomes have been shown to have very low 
h4-desaturase activity with (n-6) fatty acyl substrates (30). 
The recovery of over 85% ['4C] as triene and tetraene fatty 
acid methyl esters in these studies (Fig. 2) is consistent 
with a slow conversion of 22:4(n-6) to 22:5(n-6). 

At in vitro substrate concentrations up to apparent 
saturation (50 gmol 18:2[n-6]), the recovery of ['4C] was 
higher in tetraene than triene methyl esters (Fig. 2). This 
pattern suggests that  the activity of h5-desaturase was 
similar or higher than that  of h6-desaturase. Previous in 
vitro work utilizing low 18:2(n-6) and 20:3(n-6) substrate 
concentrations also have found higher rates of h5- than 
h6-desaturation (27,31). In contrast, at substrate concen- 
trations above the apparent reaction optimum the relative 
distribution of ['4C] showed accumulation in triene rather 
than tetraene methyl esters {Fig. 2), possibly suggesting 
inhibition of desaturation at the h5-desaturation step. 

Influence of  TPN 18:2(n~) desaturation-elongatiorL The 
maximum rate of 18:2(n-6) desaturation-elongation at- 
tained, and the formation of triene and tetraene fat ty 
acids, was decreased in rats that had received 2 or 27.5% 
TPN calories from Intralipid (Fig. 1). In contrast, the pro- 
vision of 27.5% TPN calories as Liposyn had no effect 
on total rates of desaturation-elongation, although the 
formation of triene and tetraene fat ty acids was reduced 
similarly. The higher rate of total desaturation in the 

�9 T 1  
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FIG. 2. Recovery of [ '~ ]  ]8"~(n-fi) in triene, tet~mene or pent~ene fatty 
add products expressed as % of total desatarotion by rat l iver 
mierosomes following s e v e n  d a y s  T P N  wi th  2% calories  from In- 
tralipid or 27.5% calories  from Intral ipid or L iposyn .  The  react ions  
were  conducted  wi th  5 -200  ~anol 18:2(n-6) subs tra te  and 1 m g  
mie r osomal  protein and performed in triplicate.  R e s u l t s  represent  
m e a n s  _ S E  for s ix  rate.  

groups given Liposyn compared with the groups given 
Intralipid was due to a marked increase in the rate of pen- 
taene fat ty acid synthesis. This apparent induction of 
/14-desaturation was observed in the assays with micro- 
somes prepared from rats given Liposyn at all nonsatu- 
rating 18:2(n-6) substrate levels (Fig. 1). Whether the dif- 
ference between the emulsions is related to their markedly 
different 18:2(n-6)/18:3(n-3) ratios (ca. 5.6 and 154 in In- 
tralipid and Liposyn, respectively) is unknown. Diets very 
low in 18:3(n-3) that produce low tissue levels of 22:5(n-3) 
and 22:6(n-3) have been associated with increased levels 
of 22:5(n-6) (32). Definitive evidence of increased h4- 
deeaturation of (n-6) fat ty acids with such diets is not 
available. The total calories received as 18:3(n-3) was 
similar among the control, 2% Intralipid and 27.5% 
Liposyn groups. Thus, it appears likely that the fatty acid 
balance rather than absolute intake of 18:3(n-3) may be 
important. 

The distribution of [~'C] among triene, tetraene and pen- 
taene methyl ester products in the three TPN groups was 
similar to that  in the control group up to 50 ~mol 
substrate {Fig. 21. In contrast with the control and 2% 
Intralipid groups this pattern, which suggests higher h5-, 
than h6- or h4-desaturation, persisted at the higher 
substrate concentrations in both groups given 27.5% 
TPN calories as lipid. The difference between the use of 
2% and 27.5% calories from parenteral lipid implies the 
effect was due to the quantity of parenteral lipid provided 
rather than TPN itself. 

Influence of TPN on rat hepatic microsomal lipids. Con- 
sideration of the microsomal lipid composition is of in- 
terest because of reports that microsomal membrane flu- 
idity may regulate desaturase enzyme activities ( 3 3 - 3 5 ) ,  
and because phospholipid fat ty acids in situ, in addition 
to fat ty acyl-CoA, may serve as substrates for these en- 
zymes (31). Analysis of the microsomal lipid showed in- 
creased free cholesterol, and an increased molar choles- 
terol/phospholipid ratio in all rats that had received TPN, 
irrespective of its composition or quantity (Table 1). The 
accumulation of free cholesterol was greater with 27.5% 
than 2% Intralipid or 27.5% Liposyn. Esterified choles- 
terol levels were increased and decreased in groups that  
had received 27.5% and 2% calories as lipid, respectively 
(Table 1). Phospholipid class distributions were not al- 
tered by TPN (control values, mean ___ SE as percent total 
phospholipid, phosphatidylcholine 57.8 +_ 2.0, phospha- 
tidylethanolamine 23.6 _ 0.4, phosphatidylserine + phos- 
phatidylinositol 13.8 +_ 0.8, sphingomyelin 4.6 _ 0.3). 

The elevation of microsomal membrane cholesterol 
following TPN may involve several mechanisms including 
altered hepatic lipid metabolism (36) or bile acid excre- 
tion (14). This membrane is the site of cholesterol 7a- 
hydroxylase, which utilizes membrane-free cholesterol for 
synthesis of bile acid. Whether reduced hepatic bile acid 
secretion following TPN could impair maintenance of 
microsomal cholesterol homeostasis is unknown. 
However, previous studies reported greater reduction of 
bile acid secretion in rats infused with Intralipid than with 
Liposyn (14) and thus are consistent with the data in this 
study, indicating that  high levels of Intralipid gave the 
greatest accumulation of microsomal-free cholesterol 
(Table 1). Similarly, cholestasis of other etiologies has 
been shown to result in flee cholesterol accumulation in 
hepatic membranes in this species (37). 
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The  desc r ip t ion  in p rev ious  s tud ies  of reduced  to ta l  
hepa t ic  and  p l a s m a  phosphol ip id  C20 and  C22 (n-6) and  
(n-3~ f a t t y  acids in  r a t s  (10) and  h u m a n  i n f a n t s  (11) who 
had  received pa ren te ra l  l ipid were no t  clearly reflected in  
the  mic rosomal  phosphol ip id  f a t t y  acids in  th i s  s t u d y  
(Table 2). Ra t s  t h a t  had received 2% calories as In t ra l ip id  
had  increased  16:0 and  20:3(n-6) and  decreased 18:2{n-6) 
and  22:3(n-3) levels. I n f u s i o n  of 27.5% calories f rom In- 
t r a l ip id  or L iposyn  increased  the  mic rosoma l  18:0 a n d  
18:2(n-6) content .  In t ra l ip id ,  b u t  no t  Liposyn,  a t  th is  level 
also reduced  the  20:4(n-6) and  22:5(n-3) levels when  com- 
pa red  wi th  the  cont ro l  values .  The l ipid compos i t i on  of 

b i o m e m b r a n e s  is m e m b r a n e -  a nd  t issue-specif ic  and  
depends  on  desa tu ra se  act iv i t ies  as well as more  complex 
mechanisms,  inc luding  preferential  acyla t ion and  deacyla- 
t ion]reacyla t ion react ions  (38}. Thus,  changes  in  a specific 
m e m b r a n e  m a y  n o t  reflect  d e s a t u r a s e  ac t iv i t i es  or those  
of other  m e m b r a n e  sites. Conceivably,  specificity of acyla- 
t ion  a nd  remode l ing  m a y  expla in  differences be tween  the  
effects of T P N  on microsomal  phosphol ipids  {Table 1} and  
to ta l  l iver  phospho l ip ids  {10). The  f ind ing  t h a t  the  r a t e  
of t r iene  and  t e t r aene  f a t t y  acid fo rma t ion  f rom 18:2{n-6) 
was  reduced  u n d e r  m a x i m u m  in v i t ro  reac t ion  ra te  con- 
di t ions  after  infusion of 27.5% calories as ei ther In t ra l ip id  

TABLE 1 

Lipid Composition of Rat Hepatic Microsomes Following Seven Days of TPN 

Control 

TPN 

2% Intralipid 27.5% Intralipid 27.5% Liposyn 

Phospholipid 
(nmol/mg protein) 495 • 20 433 • 38 

Free cholesterol 
(nmol!mgprotein) 45.8 • 1.0 74.4 • 3.4 b 

Esterified cholesterol 
(nmollmgprotein) 3.7 • 0.4 1.5 • 0.2 b 

Cholesterol/phospholipid 
(nmol]mol) 0.10 • 0.01 0.18 • 0.02 b 

421 • 19 455 • 37 

95.6 • 3.8b, d 73.5 • 4.8b, e 

6.4 • 0.8 a,b 6.7 • 0.6 b 

0.24 • O.01b, c 0.18 • 0.03 b 

Values given represent means • SE, n = 6 for all groups. 
a, bValues for TPN groups are significantly different (p < 0.05, 0.01, respectively) fro~a the control. 
c, dValues for 27.5% Intralipid are significantly different (p < 0.05, 0.01, respectively) from the 2% Intralipid 
group. 
eValue for 27.5% Liposyn significantly different, p < 0.01, from the 27.5% Intralipid group. 

TABLE 2 

Major Fatty Acids of Rat Hepatic Microsomal Phospholipids Following Seven Days of TPN 

TPN 
Fatty acids 
(% w/w) Control 2% Intralipid 27.5% Intralipid 27.5% Liposyn 

14:0 
16:0 
16:1 
18:0 
18:1 
18:2 
18:3(n-3 
20:3(n-6 
20:4(n-6 
20:5(n-3 
22:3(n-3 
22:4(n-6 
22:5(n-6 
22:5(n-3 
22:6(n-3 

0.8 • 0.2 0.2 ___ 0.0 a 0.2 • 0.1 0.2 • 0.1 
20.0 • 0.6 25.8 • 0.4 b 19.1 • 0.8f 19.4 • 1.0 

1.7 • 0.3 2.8 • 1.1 1.7 • 0.8 0.7 • 0.3 
25.9 • 0.6 25.4 • 1.4 29.4 • 1.4 a 31.0 • 1.5 b 
11.1 • 1.4 9.7 • 1.3 10.0 +__ 2.1 7.4 • 1.1 
13.7 • 0.7 11.9 • 1.8 16.6 • 0.8a, c 15.6 • 0.4 a 
0.3 • 0.1 0.1 • 0.1 0.2 • 0.1 0.1 • 0.0 
0.4 • 0.0 0.9 • 0.1 b 0.4 +_ 0.1 d 0.4 • 0.1 

16.6 • 1.3 14.3 • 1.0 13.5 • 0.3 a 17.1 • 1.0f 
0.3 • 0.0 0.8 • 0.3 0.2 • 0.0 0.1 • 0.0 a 
0.2 • 0.0 0.0 • 0.0 a 0.2 + 0.2 0.1 • 0.1 
0.5 • 0.0 0.4 • 0.0 0.5 • 0.2 0.3 • 0.0 a 
0.1 • 0.0 0.0 • 0.0 0.0 • 0.0 0.3 • 0.1 e 
0.6 • 0.1 0.9 • 0.3 0.4 • 0.1 0.4 • 0.0 a 
4.7 • 0.4 4.6 • 0.1 4.0 • 0.8 3.8 • 0.4 

Data given represent means • SE, n = 6 for all groups. 
a, bvalues for TPN group are significantly different IP < 0.05, 0.01, respectively) from the control. 
c, dValues for 27.5% Intralipid are significantly different (p < 0.05, 0.01, respectively} from the 2% Intralipid 
group. 
e, fValues for 27.5% Liposyn are significantly different (p < 0.05, 0.01, respectively) from the 27.5% Intralipid 
group. 
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or Liposyn, however, is consistent with the previous 
demonstrat ion of reduced hepatic phosphatidylcholine 
20:3(n-6) and 20:4(n-6) in similarly treated rats  (10). Also 
of relevance are reports tha t  diet-induced elevation of 
plasma cholesterol is associated with reduced plasma and 
liver 20:4(n-6)/18:2(n-6) and 22:6(n-3)/20:5(n-3) (39). The in- 
fusion of parenteral lipid is known to lead to accumula- 
tion of plasma-free cholesterol (40,41), which appears to 
extend to liver cell membranes (Table 2). Thus, it is possi- 
ble tha t  alterations in cholesterol metabolism caused by 
parenteral lipid emulsions are related to changes in 
plasma and tissue in (n-6) and]or (n-3) fa t ty  acid levels. 

TPN with lipid emulsions continues to be invaluable 
for the provision of calories to critically ill pat ients  and 
those with compromised gastrointestinal function. Clini- 
cal (11) and animal (10) studies concur in their demonstra- 
tion of reduced C20 and C22 (n-6) and (n-3) fa t ty  acids in 
tissue phospholipids following infusion of these products. 
Although a definitive reason is unknown, it appears likely 
tha t  it may  include altered desaturase enzyme activities 
and changes in other aspects of hepatic lipid and choles- 
terol metabolism. The evidence suggests  that  the mecha- 
nism is influenced by both the quant i ty  and fa t ty  acid 
composition of the parenteral lipid infused. 
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Isolation and Chemical Composition of Surface-active Material 
from Human Lung Lavage 
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Chandigarh 160 O12, India 

Surface-active material (SF) was isolated from human 
lung lavage fluid collected at autopsy employing differen- 
tiai and sucrose density gradient centrifugation. The 
isolated material showed well-defined electron micro- 
scopic structure, consisting of clearly preserved, closely 
packed vesicles with limiting membranes and inclusion 
bodies. It showed a very high degree of alkaline phos- 
phatase specific activity and was devoid of other sub- 
cellular contaminants. The isolated material also showed 
a high phospholipid/protein ratio and increasing surface 
activity when monitored at different stages of purifica- 
tion. It contained 68.5% phosphatidylcholine, 11.5% 
phosphatidylglycerol and relatively smaller amounts of 
phosphatidylethanolsmlne and other individual phosphw 
lipid (PL) classes. In addition, cholesterol, unesterified 
fatty acids, triacylglycerols and other neutral lipids were 
found. Saturated fatty acids, particularly pRimitic acid 
{16:0), predominated in the major PL fractions. However, 
various fatty acids of which oleic acid (18:1) constituted 
a large proportion also are present. Chemical analysis of 
the material showed that besides lipids and proteins, 
nucleic acids, sialic acid, hexose, amino sugars, nitrogen 
and phosphorus were present. The delipidated material 
showed the presence of three to four proteins as charac- 
terized by sodium dodecylsulfate (SDS)-polyacrylamide 
gel electrophoresis, and gel permeation chromatography 
on Sephadex G-200 resolved two well-separated peaks. 
The first fraction contained serum-associated 68 kDa pro 
tein, while the second fraction had two apoproteins with 
molecular weights of 34 kDa and 10 kDa. These two pro- 
teins were associated with the SF and they, as well as 
the whole surface-active material, strongly reacted with 
the antibody directed against the whole SF in a double- 
diffusion immunoprecipitation assay. The first Sephadex 
fraction containing a 68 kDa protein did not produce any 
precipitation line when reacted against antisera. 
Lipids 23, 551-558 (1988). 

The lung biosynthesizes a surface-active material called 
p,]lmonary surfactant (SF), which lines the surface of the 
alveoli and prevents collapse or atelactasis due to the 
pressure differences at air-water interfaces during defla- 
tion (1). Chemically, SF is a lipid-protein complex (2) that 
is required to maintain the normal mechanical properties 
of the lung and is secreted by type-II epithelial cells in 
the lung (3). Clinically, insufficient SF production may 
cause respiratory distress syndrome (RDS) and formation 

*To whom correspondence should be addressed. 
Abbreviations: AKP, alksline phosphatase; DPPC, dipalmitoyl 
phosphatidylcholine; EDTA, ethylenediamine tetraacetic acid; PC, 
phosphatidylcholine; PE, phosphatidylethanol,mlne; PG, phospha- 
tidylglycerol; PI, phosphatidylinositol; PL, phospholipid; SDS, 
sodium dodecyl sulfate; SF, pulmonary surfactant; EM, electron 
microscopic characterization; GLC, gas liquid chromatography; 
MSE, probe-type sonicator; TLC, thin layer chromatography; RDS, 
respiratory distress syndrome. 

of hyaline membranes (4). Therefore, it is the main cause 
of mortality and morbidity in prematurely delivered 
neonates. Not knowing the chemical composition of this 
material, efforts to study its cellular synthesis, secretion 
and possible therapeutic approach in RDS have been 
seriously impeded. 

In this paper, we describe a simple method for isola- 
tion and purification of SF from human endobronchial 
lavage fluid collected at autopsy, using a combination of 
differential and density gradient centrifugation. We also 
report the results of chemical, immunological and physical 
analyses of the isolated product. Partial characterization 
of selected enzymes and the SF-associated apoproteins 
also are presented. The development of an easy, rapid pro 
cedure for large~scale isolation of this unique lipoprotein 
complex is extremely important for the biophysical and 
biochemical understanding of its biosynthesis, assembly, 
secretion and adsorption to the alveolar interfaces. It also 
is important for developing immunoassay methods for 
quantitation and prenatal assessment of surfactant and, 
therefore, lung maturation. Prediction of SF deficiency 
in the prematurely born neonates will allow timely 
therapeutic infusion of synthetic surfactants. 

MATERIAL AND METHODS 

Isolation of pulmonary SF. Adult human lungs of both 
sexes at autopsy were obtained within two to four hr after 
death from non-pulmonary causes from the hospital at- 
tached to this institute. No patients had alveolar pro- 
teinosis, and samples visibly contaminated with blood 
were discarded. The excised lungs were separately 
lavaged by infusing chilled buffer A (0.005 M Tris -- HC1, 
pH 7.35, containing 0.15 M NaCI). They were gently 
massaged, and the buffer was withdrawn by pouring back 
into a beaker, usually with 60-70% recovery. Thereafter, 
all the operations were performed strictly at 4 C. Cells 
and membraneous debris were removed from this crude 
lavage fluid by centrifugation at 160 • g for 10 min, and 
the materials suspended in the supernatant were pelleted 
by further centrifugation at 40,000 • g for two hr in a 
Sorvall S~34 rotor. The sediment, a brownish precipitate, 
was suspended in and osmotically equilibrated with buf- 
fer A for two hr. About 30 ml of this suspension were 
placed in 50 ml centrifuge tubes and underlayered with 
10 ml of 0.75 M sucrose, prepared in buffer A. After cen- 
trifugation at 18,000 • g for 10 min, the white interface 
was collected and, after dilution with four vol of buffer 
A, it was pelleted at 18,000 • g for 30 min. The resul- 
tant  pellet was suspended in buffer A, and about 10 ml 
of it was underlayered with 12 ml each of a stepwise gra- 
dient consisting of 0.65 and 0.41 M sucrose, prepared in 
buffer A. The gradients were centrifuged at 75,000 • g 
for one hr in a SW-28 swinging bucket rotor in a Beckman 
ultracentrifuge maintained at 4 C. Purified SF appeared 
as a major band at the buffer A/0.41 M sucrose interface 
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(fraction I) and a minor very fine band at 0.41 M/0.61 M 
sucrose interface (fraction II). Both fractions were col- 
lected, diluted with four vol of buffer A and pelleted as 
above. By electron microscopic characterization (EM), 
glycerophospholipid analysis and surface-active proper- 
ties (2), fraction I was the major surfactant material and 
was further characterized. 

Surface tension determination. Surface activity of the 
SF suspensions was measured with a pulsating bub- 
ble surfactometer (Surfactometer International, Toron- 
to, Canada), as described by Enhorning (5). A bubble with 
ambient air was created by withdrawing a small quan- 
t i ty (20 ~1) of the SF suspension from the test chamber 
and the bubble, after being equilibrated for five rain at 
37 C, was pulstaed between a maximum radius (rmax) of 
0.55 mm and a minimum radius (rmin) of 0.40 mm for one 
rain. Surface tensions were calculated from the pressure 
tracings on a strip chart recorder, by a pressure trans- 
ducer using the Laplace equation: AP -- -2o/r, in which 
P, o and r refer to the pressure drop, surface tension and 
radius of the spherical bubble, respectively (6). 

Chemical analysis. Lipids were extracted from the 
isolated SF following the standard procedure of Folch 
et al. (7). The extracted total lipid was quantitated by 
gravimetry (8) and also following the method of Frings 
and Dunn (9), using olive off as the standard. The neutral 
lipids and phospholipids (PL) from the total lipid were 
separated by batch chromatography on silicic acid col- 
umn following the method of Vance and Sweeley (10). In- 
dividual PL were separated by single-dimensional thin 
layer chromatography (TLC) at room temperature on 
Silica Gel G and was developed by the development 
system of Mitnick et al. (11). For analytical purposes, the 
plates were exposed to I2 vapor and marked. Amounts 
of individual PL were estimated in the scraped silica gel 
by phosphorus analysis (12) and computed with an 
average mol wt. of 775. Neutral lipids also were separated 
by TLC on Silica Gel G, using the solvent system, petro- 
leum ether/diethyl ether/glacial acetic acid (90:10:1, v/v/v). 
Cholesterol and unesterified fatty acids were quantitated 
by the standard methods of Zak (13) and Novak (14), 
respectively. Cholesterol also was quantitated by gas 
liquid chromatography (GLC), using cholestenone as the 
internal standard. Triglyceride was quantitated by glyc- 
erol analysis (15), using glycerol trioleate as the standard. 

Protein was determined by the modified sodium dodecyl 
sulfate (SDS)-Lowry procedure using crystallized bovine 
serum albumin as the standard (16). Nitrogen was ana- 
lyzed by the method of Lang (17). Hexose and hexosamine 
were determined by the method of Sheflar (18). Equal 
amounts of D-mannose and D-galactose served as the hex- 
ose standard while D-glucosamine and D-galactosamine 
for hexosamine. Nucleic acids (DNA and RNA) were ex- 
tracted by the method of Schneider (19). DNA was deter- 
mined by the method of Burton (20), using calf thymus 
DNA as the standard, while RNA was estimated spec- 
trophotometrically following the method of Munro and 
Fleck (21), utilizing the molar extinction coefficient of 
RNA at 260 nm. Sialic acid was estimated after acid 
hydrolysis following the method of Warren (22), and N- 
acetyl neuraminic acid was used as the standard. All 
chemical analyses were done in quadruplicate or more. 

GLC of the methyl esters of fatty acid moieties of indi- 
vidual lipid classes was done after transesterification (23). 

GLC was performed with a Hewlett Packard instrument, 
using a column packed with EGSS-X on chromosorb with 
heptadecanoate as internal standard. The chromat~ 
graphic conditions used were injection temperature 250 C, 
isothermal column temperature 186 C and nitrogen car- 
rier gas at 54 lb/in. 2. The column was standardized using 
fat ty acid methyl ester standards (Applied Science 
Laboratories, State College, PAL and the identification 
of unknown methyl esters was based upon a comparison 
of retention times of standards and the unknown. The 
chromatograms were directly encoded on punch cards, 
and the relative weight percentage of each methyl ester 
was calculated by computer integration of the areas under 
each curve. Fat ty  acids of PL classes were transesterified 
and transmethylated according to Metcalfe et al. (24}. 
Fat ty  acid analysis was done in duplicate. 

Enzyme assays. Glucose-6-phosphate phosphohydro- 
lase was assayed following the method of Freedland and 
Haprer (25); the liberated phosphorus was estimated by 
either the method of Fiske and Subbarow (26) or Chen 
et al. (27), using potassium dihydrogen phosphate as the 
standard. Acid phosphatase and alkaline phosphatase 
(AKP) activities were assayed as described by Bergmeyer 
(28), using p-nitrophenyl phosphate as the substrate, and 
the liberated p-nitrophenol was mesaured at 419 nm. 
(Na § + K*)-dependent ATPase estimation was carried out 
according to Quigley and Gotterer (29), and the enzyme 
activity was obtained by subtracting ouabain insensitive 
ATPase from the total ATPase. 5'-Nucleotidase was 
assayed according to Heppel and Hilmoe (30)./3-N-acetyl 
glucosaminidase was estimated following the method of 
Sugden and Lazou (31). NADPH~cytochrome C reductase 
was estimated by the method of Mazel (32). Reduction 
of cytochrome P450 was followed spectrophotometricaUy 
at 550 nm and an extinction coefficient of 19.1 mM-1/cm 
of the reduced form was utilized to calculate the enzyme 
activity. Succinic dehydrogenase was assayed following 
the method of Kun and Abood (33). For all enzyme 
analyses, SF samples were suspended in 0.1% Triton 
X-100 before the enzyme assay. 

Isolation of SF-associated apoproteins. SF is dialyzed 
against 5 mM ethylenediamine tetraacetic acid (EDTA) 
in water for 24 hr, and the dialysate was lyophilized. The 
lyophilized material was delipidated according to Scanu 
et al. (34). Ethanol]ether (1:3, v/v) at - 2 0  C was added 
to the dry powder and the lipids extracted overnight at 
- 2 0  C. The protein precipitated as a fine white powder, 
which was pelleted by centrifugation at 10,000 X g for 
30 rain. The precipitate was reextracted twice more, first 
with 1:3 (v/v) ethanol/ether for four hr, followed by ether 
for four hr at - 2 0  C. Both the supernatants and the 
precipitates were analyzed for their PL and protein con- 
tents. The precipitate was dried under a N2 stream and 
suspended in buffer B (0.05 M sodium borate, pH 9.0, con- 
taining 0.1% SDS). The suspension was sonicated with 
a probe-type sonicator (MSE) with moderate power 
setting (12 amplitude microns) in an ice-water environ- 
ment for 10 rain and then centrifuted at 40,000 X g for 
one hr. The clear supernatant was used for sephadex gel 
filtration chromatography and polyacrylamide gel electro- 
phoresis. 

Sephadex gel filtration chromatography. Proteins were 
chromatographed on columns of sephadex G-200 (40- 
120 ~m dry bead diameter, Pharmacia, Piscataway, NJ), 
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equilibrated with buffer B using a 90 X 2.5 cm (i.d.) col- 
umn having a bed volume of 450 ml and a void volume 
of 150 ml as determined with blue dextran.  They were 
eluted with buffer B at  a flow rate  of 25 ml/hr, monitored 
by  UV absorption at  280 nm, and a 5 ml fraction of each 
was collected. 

Polyacrylamide gel electrophoresis. Polyacryamide disc 
gel electrophoresis of the apoprotein was done in 10% 
acrylamide gels, uniformly in buffer B, essentially follow- 
ing the method of Weber and Osborn (35) at  a constant  
current  of 5 mA per gel. About  100 I~g protein in 100 td 
vol was applied in 0.2% SDS solution with 0.05% 
bromophenol blue as the t racking dye and 5 ~l of 2- 
mercaptoethanol.  After  the electrophoresis was com- 
pleted, the gels were t reated with 10% trichloroacetic acid 
for 30 rain, stained with 0.25% Coomassie blue in 50% 
methanol  for four hr and destained overnight  by  diffu- 
sion in 10% acetic acid in water. 

Electron microscopy. Pellets of SF were fixed for one 
hr with 3% glutaryldehyde in 0.1 M sodium phosphate  
buffer, pH 7.4, at  room tempera ture  and then post-fixed 
in 1% OsO4 in the same buffer for one hr at  4 C, followed 
by  several changes of 100% alcohol at  room temperature.  
Pellets were infil trated with a 1:1 (v/v) mixture  of epon 
and propylene oxide at  room tempera ture  with constant  
shaking for one hr, followed by shaking overnight  in 4"1 
(v/v) mixture  of the same. They  subsequent ly  were 
embedded in pure epon, and ul t ra thin sections were cut  
in a LKB Loba ultramicrotome, stained with lead ci t rate  
and uranyl acetate and finally examined with a Jeol 1200 
XE electron microscope. The EM procedure was based 
on the method of Collet (36). 

Immunological analysis. Antibodies directed against  
the purified surface-active material  were obtained from 
New Zealand white rabbits  by  injecting intramuscularly 
at  multiple sites in the hindquarters and footpads of rab- 
bits 10 mg of SF mixed with 2 ml of complete Freund 's  
adjuvant.  The animals were reinjected with 1 mg of SF 
without  adjuvant,  one, two and three wk after  the initial 
injection. If  needed, the animals were fortified with 0.2 mg 
protein injected intravenously. Blood was collected from 
the ear vein four wk after  the first injection and then 
weekly while the antibody titers remained high. The anti- 
serum was separated by  centr i fugat ion and adsorbed for 
60 rain at  37 C against  pooled human serum by mixing 
one drop of human serum with 1 ml of rabbi t  ant iserum 
to remove ant ibody act ivi ty tha t  reacted with this sub- 
stance. The result ing precipi tate  was removed by  centri- 
fugation at  5,000 X g for 20 min, and the adsorption was 
repeated by  mixing one drop of human serum in a 1:10 
dilution (se~lm/normal saline, v/v) with 1 ml of antiserum 
incubated at  37 C for 60 min to separate the precipitate. 
The adsorption was repeated with human serum in a 1:100 
dilution until  no precipitate was visible. The antigen, 
suspended in solution containing 0.2% SDS, was studied 
using a double diffusion precipitation reaction in 0.75% 
agarose gels (Biorad Laboratories, Richmond, CA) follow- 
ing the procedure of Clausen (37). The gels were swollen 
in 0.05 M sodium barbi tal  buffer, pH 8.0, containing 
0.05% of SDS, and the reactions were carried out  at room 
temperature  in a moist  atmosphere for 48 hr. The precip- 
i ta t ion pa t te rns  were clearly visible after  staining with 
Coomassie blue and then photographed w i t h  suitable 
backlighting. 

Unless otherwise noted, analytical reagent-grade 
chemicals were used in all the experiments  without  fur- 
ther purification. Solvents were redistilled before use. The 
s tandards  used in each of the analyses were specified by  
the manufacturers  as being chromatographical ly homo- 
geneous. 

RESULTS 

As reported in this paper, a SF fraction from human lung 
lavage fluid collected at  autopsy is isolated and purified 
free of other subcellular contaminants  such as mitochon- 
dria, lysosomes, endoplasmic ret iculum and type-II  cell 
plasma membranes.  A low-power EM photomicrograph 
of the isolated material  (Fig. 1} shows a considerable 
degree of pur i ty  with no apparent  contamination.  The 
fraction consists of membranous vesicles, lamellar struc- 
tures  and sheets of membranous materials. Vesicles with 
well-preserved limiting membranes and inclusion bodies 
are observed. 

The chemical compositions of SF are given in Table 1. 
I t  is comprised almost entirely of lipid and protein with 

FIG. 1. Electron micrograph of surfactant isolated and gradient 
purified from adult human lung lavage (X3000}. 

TABLE 1 

Chemical Composition of Human Pulmonary Surfactant 

Chemical constitutent mg/ml % of dry wt 

Dry wt (gravimetry) 10.90 + 0.003 -- 
Protein 2.185 + 0.012 20.04 
Total lipid 7.99 _ 0.11 73.30 
DNA 0.022 +_ 0.002 0.20 
RNA 0.061 _4- 0.0003 0.55 
Phosphorus 0.218 + 0.006 2.0 
Total sialic acid 0.0573 + 0.0008 0.52 
Hexoee 0.174 + 0.011 1.59 
Hexosamine 0.046 + 0.004 0.42 
Nitrogen 0.379 + 0.009 3.47 

Results are mean +_ SD of four to six observations. Whole lungs 
of either sex weighing between 700-1000 g were lavaged with 3 1 
of chilled buffer, with the average recovery of 60-70% of lavage fluid 
Ica. 2 1}, which was processed for purification of SF. The isolated 
material finally was suspended in 5 ml of the buffer, and an aliquot 
was taken for determination of dry mass by gravimetry and also 
for analyzing each of the chemical constituents reported here and 
in the subsequent tables. 
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on ly  s m a l l  a m o u n t s  of  hexose ,  hexosamine ,  nucle ic  ac ids  
a n d  s ia l ic  acid.  The  t o t a l  l ip id  c o n s t i t u t e s  73.34% of  t he  
S F  d r y  wt.,  while t he  p ro te in  p re sen t  is  a b o u t  20%. A b o u t  
2% p h o s p h o r u s  and  3.5% n i t r o g e n  a lso  are  p r e s e n t  in the  
ma te r i a l .  L i p i d  c o m p o s i t i o n s  of  t he  i s o l a t e d  f r ac t i on  
{Table 2) show t h a t  P L  c o n s t i t u t e s  m o r e  t h a n  78% of  t he  
t o t a l  l ip id  we igh t .  A m o n g  the  i n d i v i d u a l  P L  c lasses ,  
p h o s p h a t i d y l c h o l i n e  (PC) c o n s t i t u t e s  a b o u t  69% of  t o t a l  
P L  a n d  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) and  p h o s p h a -  
t i d y l g l y c e r o l  (PG} a re  8% a n d  11%, r e spec t i ve ly .  Lyso-  
p h o s p h a t i d y l c h o l i n e ,  p h o s p h a t i d y l i n o s i t o l  (PI)  a n d  
s p h i n g o m y e l i n  c o n s t i t u t e  r e l a t i v e l y  m i n o r  c o m p o n e n t s  
of  t he  t o t a l  PL.  S ix  n e u t r a l  l ip id  f r ac t i ons  a lso  can  be  

iden t i f i ed  b y  chemica l  a n a l y s e s .  T h e s e  a re  cho les te ro l ,  
c h o l e s t e r y l  es te r ,  u n e s t e r i f i e d  f a t t y  ac ids  a n d  m o n a ,  di- 
and  t r i a cy lg lyce ro l .  Mono-  a n d  d i a c y l g l y c e r o l s  in ex- 
t r e m e l y  s m a l l  a m o u n t s  a l so  a re  d e t e c t e d  b y  G L C  con- 
s t i t u t i n g  less  t h a n  1% of  t h e  t o t a l  l ipid.  A s e v e n t h  com- 
p o n e n t  m i g r a t i n g  w i th  m o b i l i t y  less  t h a n  cho les te ro l  has  
been  i s o l a t e d  b y  TLC,  b u t  i t s  i d e n t i t y  c a n n o t  be e s t ab -  
fished. A neg l ig ib le  a m o u n t  of  l i p id -bound  s ia l ic  ac id  a lso  
is p r e se n t  in the  form of gangl ios ides ,  b u t  canno t  be quan- 
t i t a t e d  b y  c o n v e n t i o n a l  chemica l  ana lys i s .  

F a t t y  ac id  c o m p o s i t i o n s  of  t he  i s o l a t e d  P L  c la s ses  a re  
s h o w n  in T a b l e  3. The  p r e d o m i n a n t  f a t t y  ac id  of  PC a n d  
P G  is p a l m i t i c  ac id  (16:0), whi le  oleic ac id  {18:1} is t h e  

TABLE 2 

Lipid C o m p o s i t i o n  of  H u m a n  P u l m o n a r y  S u r f a c t a n t  

Lipid class mg/ml of surfactant % of total lipid % of neutral or phospholipid % of dry wt 

Total lipid 7.99 ___ 0.11 --  73.34 
Total neutral lipid 1.88 :t: 0.024 22.44 -- -- 
Cholesterol 0.746 + 0.007 9.56 42.60 6.86 
Cholesteryl ester 0.227 + 0.009 2.91 12.96 2.07 
Unesterified fatty acid 0.179 + 0.001 2.29 10.20 1.63 
Triacylglycerol 0.599 :t: 0.005 7.69 34.22 5.47 
Diacylglycerol - -  < 1.0 - -  - -  

Monoacylglycerol - -  < 1.0 --  - -  

Total  phospholipid 6.11 __ 0.145 78.44 --  56.13 

Phosphatidylcholine 4.199 +_ 0.032 53.80 68.58 38.53 
Phosphatidylethanolamine 0.516 + 0.009 6.62 8.43 4.73 
Phosphatidylinositol 0.154 + 0.006 1.97 2.51 1.41 
Phosphatidylglycerol 0.699 + 0.011 3.95 11.40 6.40 
Sphingomyelin 0.128 =t= 0.006 1.63 2.07 1.17 
Lysophosphatidylcholine 0.121 + 0.009 1.55 1.97 1.11 
Phosphatidylserine --  < 1.0 -- -- 
Lipid-bound sialic acid -- < 1.0 -- -- 

Results are mean :t: SD of four to six observations. See Table 1 for explanation of the expression mg/ml and % of dry wt. Dry mass 
per ml of the SF sample is found to be 10.9 mg as shown in Table 1. 

TABLE 3 

F a t t y  A c i d  C o m p o s i t i o n  of  I n d i v i d u a l  P h o s p h o l i p i d  C l a s s e s  of  H u m a n  P u l m o n a r y  Surfactant 

% wt 

Fat ty  acid Phosphatidylcholine Phosphatidylethanolamine Phosphatidylglycerol Phosphatidylinositol 

14:0 4.1 0.5 0.6 0.6 
14:1 1.6 --  0.9 - -  
14:2 0.3 2.6 - -  - -  
16:0 62.9 15.8 49.6 23.0 
16:1 8.2 4.0 4.6 4.3 
16:2 0.2 0.4 0.4 2.2 
18:0 2.9 9.5 5.3 18.1 
18:1 16.8 47.0 33.8 31.0 
18:2 1.3 8.1 2.7 3.9 
18:3 0.6 1.2 0.6 0.6 
18:4 0.5 1.1 0.3 - -  
20:0 --  -- -- 0.6 
20:4 0.4 4.7 0.9 7.5 
20:5 -- 0.7 --  --  
22:5 --  0.5 0.3 0.5 
22:6 - -  2.0 - -  4.3 
Unknown 0.6 1.9 --  0.4 
Total  s a tu ra t ed  69.9 25.8 55.5 42.3 

Total  unsa tu ra t ed  29.5 72.3 44.5 54.3 

Saturated/unsaturated 2.36 0.35 1.24 0.77 

Results are mean of two independent observations. 
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main f a t t y  acid present  in the PE and P I  fractions. In- 
terest ingly,  16:0 and 18:1 are quant i ta t ive ly  the next  
highest  f a t t y  acid components  of P E / P I  and PC/PG, 
respectively.  A large var ie ty  of f a t t y  acids differing in 
carbon number,  chain length and number  of double bonds 
are present  in these PL fractions, ranging  f rom 14:0 to 
22:6. Sa tu ra ted  f a t t y  acids consist  of about  69.9 and 
55.5% weight  composit ion of to ta l  f a t ty  acids for the two 
mos t  impor tan t  PL classes of surfactant ,  i.e. PC and PG, 
while PE and P I  are more unsa tura ted .  

Enzymat ic  analysis  of SF indicates t ha t  i t  contains a 
very  high specific ac t iv i ty  of A K P  {Table 4), bu t  acid 
phospha tase  act ivi ty  is a lmost  nonexistent.  A number  of 
subcellular marke r  enzymes also are assayed  in the sur- 
factant. There are negligible activities of lysosomal hydrc~ 
lases such as SN-acetyl  glucosaminid~se and microsomal 

TABLE 4 

Specific Activities of Some Hydrolases and Other Subcelhlar 
Marker Enzymes in Human Pulmonary Surfactant 

Specific activity 
Enzymes {mnol/min/mg protein) 

Alkaline phosphatase 506.7 
Acid phosphatase 3.25 
Glucose-6-phosphate 

phosphohydrolase 9.55 
~-N-acetyl glucosamim'dase N.D. 
NADPH-cytochrome C 
reductase 42.84 
(Na § + K*bdependent adenosine 

triphosphate phosphohydrolase N.D. 
5'-Nucleotidase 18.70 
Succinic dehydrogenase N.D. 

Results are means of four to six observations. 
N.D., not detectable. 

markers like glucose-6-phosphatase and NADPH-cyto- 
chrome C reductase. Mitochondrial-specific succinic dehy- 
drogenase and plasma membrane associated enzymes like 
(Na § + K*)-dependent ATPase and 5'-Nucleotidase are not 
detected. These results suggest that our SF~enriched frac- 
tion apparently is not contaminated by endoplasmic 
reticulum, mltochondria, lysosomes or typeII cell plasma 
membranes and substantiate the EM observations. 

Isolation of SF material is monitored systematically at 
each step of centrifugation by using PL/protein ratio, 
AKP-specific activity and surface activity of the isolated 
material as indications of purity. As shown in Table 5, 
the isolated surfactant from the stepwise gradient cen- 
trifugation step (75,000 X g sucrose density) represents 
considerable purity (X 196) based on the PL/protein ratio 
and 450-fold purity based on the AKP-specific activity 
compared with the initial lung lavage fluid. Additional 
centrifugation in a discontinuous sucrose density gradient 
does not significantly alter the ratio of PL to protein or 
AKP specific activity and, therefore, does not increase 
the purity but actually results in more than 60% loss of 
the purified sample and thus is avoided. 
During delipidation, the substance precipitating in the 

ether/ethanol solution contains about 10% of the re- 
covered phosphorus and more than 90% of the recovered 
proteins. The supernatant contains the remaining phos- 
phorus but little or no amount of protein. The polyacryl- 
amide gel electrophoresis in 10% acrylamide of the total 
protein is shown in Figure 2. There are three major com- 
ponents stained with Coomassie blue and one or two 
minor bands. The molecular weight assignments are 
based on comparison of the mobilities of protein stan- 
dards with those recovered from the SF. The major com- 
ponents show molecular weight of about 68,000, 34,000 
and 10,000 daltons. Sometimes, a high molecular weight 
material (>100,000) also is seen at the top of the gel, 
representing aggregated protein and probably not asso- 
ciated with SF. Gel filtration chromatography of these 

TABLE 5 

Purification of Surfactant from Human Bronchoalveola Lavage Fluid 

Surface tension 
at 1 min pulsation 

(mN/m} 
Phospholipid/protein 

Isolation step rmax rmin {mg/mg) 

Enrichment {-fold) 

Alkaline phosphatase Surface tension Phospholipid/ 
(nmol/min/mg protein) at rmin protein 

Alkaline 
phosphatase 

Crude bronchoalveolar 
lavage 72 27 0.27 2.06 

160 X g 
supernatant 58 21 0.27 1.86 

40,000 x g 
pellet 55 10 52.74 820.9 

18,000 sucrose 
density gradient 45 8 53.15 801.21 

Purified surfactant 
(75,000 X g sucrose 
stepwise density gradient) 

Fraction I 14 0.8 52.88 927.74 
Fraction II 17 1.0 42.3 617.54 

75,000 X g 
pellet 63 31 0.29 2.49 

2.7 195.33 398.49 

3.3 196.85 388.93 

33.75 195.85 450.35 
27 156.66 299.77 

Results are means of three observations. Isolation steps are carried out with 100 ml of initial lavage fluid. 
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proteins using Sephadex G-200 results in two separate 
fractions (Fig. 3). The first fraction contains mostly 68 
kDa protein, which has identical electrophoretic mobili- 
ty with serum albumin, while the second fraction eluted 
from the column contains 34 kDa and 10 kDa proteins 

that represent non-serum components. They also show 
the maximum surface activity and are consequently the 
proteins of particular interest in this study. 

The results of a double diffusion immunoprecipitation 
in 0.75% agarose gel are shown in Figure 4A. The center 
well contains the antiserum directed against the whole 
surfactant that has been adsorbed against pooled human 
serum. The outer wells contain (1) purified and deHpidated 
whole human lung lavage surface-active material, (2) peak 
II of Sephadex G-200 gel filtration chromatography of 
the isolated and delipidated SF and (3) peak I of the same. 
Both, whole SF and the material in the second Sephadex 
fraction, give one strong precipitation line with the anti- 
serum. Figure 4B shows the immuneprecipitin reaction 
when two different dilutions of the antigen are used. Wells 
1 and 3 contain 1:3 dilution of the surface-active material 
to normal saline while wells 2 and 4 represent 1:4 dilution 

A 

FIG. 2. Analysis of surfactant associated proteins by SDS- 
polyacrylamide gel eleetrophoresis. Electrophoresis is done in 10% 
acrylamide gels, using 0.05 M sodium borate buffer, pH 9.0, contain- 
ing 0.1% SDS. The two gels indicate the independently isolated 
surface-active materials from bronchoalveolar lavage fluid of two 
different sets of lungs. The isolated materials are lyophilized and 
delipidated before electrophoresis. 

B 
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FIG. 3. Results of Sephadex G-200 gel filtration and polyacrylamide 
gel electrophoresis of proteins from human lung surface-active 
matoriM. Gel filtration studies are carried out twice, and a represen- 
tative result is shown. 

FIG. 4. (A) Double-diffusion immunopreclpitation in 0.75% agarose 
gel of lung surface-active material. (1) Purified surfactant from 
human lung lavage, (2) Peak II of the gel filtration chromatography, 
and (3) Peak I of the same. Center well contRin~ antiserum against 
surfactant extensively adsorbed agRin~t pooled human serum. (13) Im- 
mune predpitin reaction with two different dilutions of the surfac~ 
active material. Center well contains antiserum against surfactant 
extensively adsorbed against human serum. I and 3 contain 1:3 (SF 
to normal saline) diluted surface-active material, whereas, 2 and 4 
contain 1:4 dilution of the same. The surface-active material used 
is that purified through the 75,000 X g stepwise sucrose density gra- 
dient step (Fraction-I). 
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of the same. No diffusion of the pulmonary surface-active 
material takes place in agarose unless a dispersing agent 
such as SDS in 0.05% concentration is added to the gel. 

DISCUSSION 

In this work, SF from human lung lavage fluid have been 
isolated, and their biochemical, morphological and im- 
munological compositions are characterized. Some in- 
vestigators have developed a method to isolate lung SF 
from tissue homogenates (38,39). However, the risk of 
contan~nation using these methods is much higher 
because the lung tissue contains numerous cell types (40). 
Our method involves low-speed centrifugation for removal 
of cellular debris, followed by high-speed centrifugation 
and final purification by gradient centrifugation. The 
major advantage of the procedure, apart from the use of 
a single-step sucrose gradient in an ultracentrifuge, is that 
the centrifugation time is much shorter than most of the 
methods published before. Such combinations of differen- 
tial and density gradient centrifugations yield SF frac- 
tions that  are far more enriched based on phospholipid 
to protein ratio, AKP specific activity and surface activ- 
i ty than the crude lavage fluid. Our EM and marker en- 
zyme data also establish the purity of the material, free 
of other lung subcellular contaminants. Presence of high 
concentrations of AKP in the isolated material leads us 
to believe that  insoluble AKP probably is secreted from 
the lung lamellar bodies, and they can be used as poten- 
tial markers for studies on synthesis and secretion of 
pulmonary SF. Tubular myelin-like figures, as observed 
by others in the ultrastructural studies of SF, are absent 
in our material (41,42) possibly because our isolation buf- 
fer did not contain Ca~., which tends to stabilize ordered 
lattice structures. 

The chemical composition of pulmonary surface active 
material has been investigated in experimental animals 
in several laboratories (43) and there is general agreement 
that it is rich in PL, especially dipalmitoyl phosphatidyl- 
choline (DPPC). Whether the protein associated with it 
qualifies it as a lipoprotein has been debated. Even after 
delipidation, the protein precipitated in ethanol/ether still 
retains 10% phospholipids. In the presence of PL, the 
surfactant-associated apoproteins migrate as a broad, 
blurred band in our electrophoretic experiments. PL 
analyses of the isolated SF show that  the major com- 
ponents are either zwitterionic (PC) or acidic (PG), and, 
therefore, the firm association of PL-protein may occur 
through divalent cation linkage, hydrophobic interactions 
or both. Preponderance of the saturated fat ty acid, 
palmitic acid, in these two PL of SF is confirmed by GLC 
analysis. Substantial amounts of monoenoic PL and 
neutral lipids also are present in SF. The functions of 
these lipids are not certain, but they do lower the 
temperature of an endothermic phase change or transi- 
tion, called melting in synthetic lipid mixtures contain- 
ing DPPC, which may be essential to the velocity of ad- 
sorption rates that  are required in the alveolar lining. 

The isolated material also contains two nonserum pro- 
teins of 34 and 10 kDa, respectively, which give a partial 
identity reaction with antiserum directed against the 
whole SF. Recently, there have been reports of the 
presence of a very low molecular weight protein, 5-6 kDa, 
in the lung surfactant system (44-46}, which also is found 

to be chloroform-soluble. However, our method of isola- 
tion, delipidation and protein analysis by gel elec- 
trophoresis may exclude the presence of this extremely 
hydrophobic protein. SF apoproteins apparently function 
by promoting the formation of a surface active monolayer 
from bilayer lipids through a lipid-lipid interaction {461. 
However, the precise mechanism by which they influence 
lipid structures and/or mobility is not known. The im- 
muno properties of these proteins will be used as a basis 
for a quantitative assay of surface-active material in small 
lung samples obtained by biopsy in further experiments 
to investigate the metabolism of SF and in samples of 
tracheal or amniotic fluid. The ultimate goal of this useful 
technique will be the prenatal assessment of lung matur- 
ity. Our method of isolation also can be used in large-scale 
isolation of SF required for therapeutic use in RDS of the 
neonates. 
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Although copper has been demonstrated to promote lipid 
peroxidation in a number of systems, the mechanisms in- 
volved have not been fully defined. In this study, the role 
of copper in modifying lipid peroxidation has been ex- 
plored in rat hepatic microsomes. In an in vitro system 
containing reduced glutathione (GSH, 200 ~M) and Tris 
buffer, pH 7.4, cupric sulfate (1-50 ~M) potentiated lipid 
peroxidation induced by ferrous sulfate (10 pM) but was 
unable to elicit peroxidation in the absence of iron. Higher 
levels of cupric sulfate (100 ham or greater) were inhibitory. 
The nature as well as the extent of the peroxidative 
response of microsomes to cupric sulfate were dependent 
on glutathione levels in addition to those of iron. Cupric 
sulfate (100 btlVI) strongly potentiated ferrous ion-induced 
lipid peroxidation in the presence of 400-800 ~ I  GSH, 
while it inhibited peroxidation at lower levels of GSH 
(0-200 pM) and did not affect ferrous ion-induced perox- 
idation with glutathione levels of 3-10 mM. 

The potentiating effect of copper on ferrous ion-induced 
lipid peroxidation was further explored by investigating: 
(1) potential GSH-mediated reduction of cupric ions; 
(2) potential copper/GSH-mediated reduction of ferric ions 
(formed by oxidation during incubation); and (3) possible 
promotion of propagation reactions by copper/GSH. Our 
results indicate that cupric ions are reduced by GSH and 
thus are converted from an inhibitor to an enhancer of 
iron-induced lipid peroxidation. Cuprous ions appear to 
potentiate lipid peroxidation by reduction of ferric ions, 
rather than by promoting propagation reactions. Iron (in 
a specific Fe§ § ratio) is then an effective promoter of 
initiation reactions. 
Lipids 23, 559-563 (1988). 

Iron is an active agent throughout the reaction sequences 
involved in microsomal lipid peroxidation. Specific iron 
chelates promote the initiation phase of peroxidation, 
while other iron chelates are thought to act as propaga- 
tors (1,2). The role of copper in lipid peroxidation is less 
defined. Hochstein et al. (3) demonstrated the formation 
of fluorescent chromolipids in human erythrocytes ex- 
posed to cupric sulfate. They suggested that cupric ions 
are reduced by membranous sulfhydryl groups (regener- 
ated by reduced glutathione [GSH]) and subsequently 
react with molecular oxygen to yield superoxide anions 
which in turn promote peroxidation. Ding and Chan (4) 
described copper catalyzed lipid peroxidation in erythro- 
cyte membranes following generation of membranous 
lipid hydroperoxides by exposure to ultraviolet light. 
Hydroperoxides were essential for this peroxidative re- 
sponse to copper, suggesting that copper promotes the 

*To whom correspondence should be addressed at the Division of 
Pediatric Gastroenterology, Department of Pediatrics, Vanderbilt 
University School of Medicine, DD-2205 Medical Center North, 
Nashville, TN 37232. 
Abbreviations: ADP, adenosine 5'-diphosphate; GSH, reduced 
glutathione; SOD, superoxide dismutase; TBA, 2-thiobarbituric acid. 

degradation of lipid hydroperoxide and thus promotes the 
propagation phase of the peroxidation mechanisms. 

In contrast with these findings, Wittig and Steffen 
reported that cupric ions inhibit NADPH-dependent rat 
liver lipid peroxidation (5). The inhibition of microsomal 
lipid peroxidation by copper paralleled a similar effect of 
100,000 X g supernatant (containing equivalent concen- 
trations of copper). 

As part of an effort to define agents that act as ini- 
tiators and/or propagators of lipid peroxidation, we have 
explored the effect of copper on basal and ferrous ion- 
initiated peroxidative responses. 

EXPERIMENTAL 

Materials. ADP, bathocuproine, cytochrome c (Type III  
from horse heart), GSH, 2-thiobarbituric acid {TBA) and 
xanthine were obtained from Sigma Chemical Co. (St. 
Louis, MO). Ferric chloride and ferrous sulfate were pur- 
chased from Aldrich Chemical Co. (Milwaukee, WI). 
Cupric sulfate was purchased from Merck and Co. 
(Rahway, N J). 

Enzymes. Bovine erythrocyte superoxide dismutase 
(SOD) (EC 1.15.1.1) was obtained from Miles Biochemical 
(Elkart, IN). Xanthine oxidase (EC 1.2.3.2) was purchased 
from Sigma Chemical Co. 

Preparation of microsomes. Liver microsomes were 
prepared from 20 g of tissue from a 10% homogenate in 
0.15 M KCI, 10 mM Tris buffer, pH 7.4, by performing 
differential centrifugation. The pellet obtained by cen- 
trifuging the 20,000 X g supernatant at 100,000 X g was 
resuspended in homogenization buffer (5-10 mg pro- 
tein/ml) and assayed for protein content (6). 

Preparation of oxidized and control phospholipid 
liposomes. Phosphofipid hydroperoxides were prepared 
from egg phosphatidylcholine (Type III  E, Sigma Chem- 
ical Co.) using soybean iipoxygenase-1 and incubating one 
hr at pH 9.0 in the presence of 10 mM deoxycholic acid 
as described by Eskola and Laakso (7). The extent of for- 
mation of phosphofipid hydroperoxide was monitored by 
U.V. absorbance (232-235 nm) using a molar coefficient 
of 27,000 M-' cm" (8). Chloroform/methanol solutions of 
oxidized and unoxidized phosphatidylcholine were com- 
bined such that 10% of the phosphofipid was oxidized. 
Following evaporation of organic solvents, phospholipid 
liposomes were prepared by sonication in water to a con- 
centration of 1 mM phosphatidylcholine. Control phos- 
pholipid liposomes were prepared in the same manner 
omitting the phosphofipid hydroperoxide and substi- 
tuting unoxidized phospholipid. 

In one experiment, liposomes were prepared from the 
total (neutral plus polar) lipids of fiver microsomes by 
sonication at their original concentration in homogeniza- 
tion buffer. An Aminco-Bowman spectrofluorometer was 
used with a relative intensity of 1.0 being defined as a 
reading of 10 on sensitivity setting 10. Standard solutions 
yielded relative intensities of 0.9, 1.7, 3.25 and 6.1 for 0.5, 
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1.0, 2.0 and 4.0 nmol of malondialdehyde. More intense 
samples were diluted 10:1 in butanol before reading. 

Other assays. Cuprous copper was detected by measure- 
ment of complex formation with bathocuproine (11). Fer- 
rous iron was detected by measurement of reactivity with 
1,10-phenanthroline (12). 

RESULTS 

Cupric sulfate (1-50 ~VI) potentiated ferrous ion-promoted 
lipid peroxidation in a system consisting of rat liver 
microsomes in 100 mM Tris buffer, pH 7.4, containing 
200 ~M GSH and ferrous sulfate (10 ~M) (Fig. 1). How- 
ever, copper did not induce peroxidation in the absence 
of iron (Fig. 1). Higher levels of copper (100, 200 ~IVl) in- 
h/b/ted iron-induced lipid peroxidation. A temporal study 
of ferrous ion-induced lipid peroxidation in the presence 
and absence of copper/GSH showed the potentiation of 
peroxidation by 10 wM copper developed after a lag period 
during which time the peroxidative response to iron alone 
was rapid (Fig. 2). In the presence of copper/ 
GSH, iron-induced peroxidation continued for a longer 
period before plateauing. In these initial investigations, 
adenosine 5'-d/phosphate (ADP) (1 raM) was included in 
reaction mixtures to promote iron-induced peroxidation 
(1). We determined that in our system, the effect of ADP 
was a minor (less than 15%) enhancement of both the iron 
and copper/iron peroxidative responses and did not add 
ADP in subsequent investigations except where particu- 
larly noted. GSH was included in reaction mixtures to 
facilitate possible redox cycling reactions (3). The depen- 
dency of the peroxidative response to copper (in the pres- 
ence of iron) on GSH is demonstrated in Figure 3. Cupric 
sulfate was ineffective in the absence of GSH and higher 
levels of copper (100 idVl) inhibited iron-induced peroxida- 
t/on. At glutathione levels of 400-800 ~M, copper-pro- 
moted potentiation of ferrous ion-elicited lipid peroxida- 
t/on was optimal, and higher levels of copper (100 ~Vl) 
now strongly enhanced the peroxidative response. Cupric 
sulfate was ineffective, however, in modifying peroxida- 
tive responses to iron in the presence of 3-10 mM GSH. 

The peroxidative response of microsomes to copper/iron 
was tested in a 5 mM phosphate buffer (pH 7.4) to in- 
vest/gate possible artifacts due to the use of Tris buffer. 
Initial results indicated that copper was ineffective in 
phosphate buffer. Chelation of copper with ADP (10 • 
concentration in an aqueous solution) before its addition 
to reaction mixtures resulted in potentiation of iron- 
induced peroxidation comparable to that seen in Tris buf- 
fer (with or without ADP) {data not shown). A similar 
chelation of iron with ADP did not allow copper induced 
potentiation of lipid peroxidation in phosphate buffer. 

Reduction of cupric ions to the cuprous form by 
glutathione {400 ~M) was demonstrated by measuring 
complex formation with bathocuproine (Fig. 4) and thus 
conceivably is involved in copper-promoted peroxidation. 
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FIG. 2. The time dependency of copper/iron-induced lipid peroxida- 
tion. Rat liver mierosomes were exposed to cupric sulfate (10/~M) 
(O), to ferrous sulfate (10 ~M) (r-I) or to the combination of cupric 
sulfate and ferrous sulfate (same concentration as above) ( �9 ) for the 
indicated duration in the presence of glutathione (200 ~V[), ADP (I 
mM) and I00 mM Tris buffer (pH 7.4) at 37 C. Lipid peroxidation 
was assessed by a spectrofinorometric measurement of TBA- 
reactivity. Brackets denote the SEM of four observations. 
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FIG. 1. The effects of copper on basal and iron-promoted mlcs~somal 
lipid peroxidation. Rat liver mi~osomes  were exposed to the in- 
dicated concentration of copper for 15 min at 37 C in the presence 
of 200 ~ 1  GSH in 100 mM Tris buffer (pH 7.4) and (B) no additional 
agent or (@) ferrous sulfate (10/LM). Lipid peroxidation then was 
assessed by spectrofluorometric measurement of TBA-rcaetivity. 
Brackets denote the SEM of four observations. 
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FIG. 3. The GSH dependency of cupric ion-induced lipid peroxida- 
tion. Rat liver microsomes were exposed to ferrous sulfate (10 ~M) 
and either no additional metals ( e )  or to cupric sulfate (10 ~M) (O) 
or cupric sulfate (100 ~M) (O). GSH was included in reaction mix- 
tures at the indicated concentration. Lipid peroxidation was assessed 
as described above. Brackets denote the SEM of four observations. 

LIPIDS, Vol. 23, No. 6 0988) 



POTENTIATION OF LIPID PEROXIDATION BY COPPER 

561 

A possible mechanism for cupric sulfate/GSH-promoted 
peroxidation is that iron, oxidized to the ferric form 
during the course of incubation, is reduced by cuprous 
ion (a thermodynamically feasible process} and may exert 
an amplified peroxidative response. In microsome-free in- 
cubation media, rapid oxidation of ferrous ion was demon- 
strated (by measurement of phenanthroline reactivity), 
while the co-presence of both cupric ions and glutathione 
(but not individually) spared ferrous ion levels (Fig. 5). 
Following complete oxidation of 20 wM ferrous ion, par- 
tial regeneration (29% in 5 min) was demonstrated by 
subsequent exposure to cupric sulfate (100 wM) and 
glutathione (400/zM), while the individual agents were 
either without effect or accelerated the rate of oxidation. 
Copper/GSH at these levels did not yield a measurable 
ferrous ion-like response (phenanthroline reactivity). 

Copper (100 ~M)/GSH (400 ~lYl) promoted microsomal 
lipid peroxidation when ferric chloride was used as a 
source of iron (relative intensity -- 9.6 +_ 0.5 following 
a 10-rain incubation, n -- 4), while GSH alone was inef- 
fective (relative intensity = 0.8 • 0.3, n = 4). 

Potential involvement of enzymes in the peroxidative 
response of membranes to copper/GSH/iron was explored 
by substituting liposomes, prepared from an extract of 
microsomal lipid, for microsomes in peroxidation reaction 
mixtures. A qualitatively similar pattern of lipid perox- 
idation resulted; TBA-reactivity for reaction mixtures 
containing the peroxidative stimuli of ferrous ion (10/AVI)/ 
GSH (400 wM) was 3.8 • 0.9 (relative intensity; n = 4 
each group) compared with the copper (I00 wM)/GSH/iron 
peroxidative response of 6.6 +_ 0.5 (p < 0.001) and the cop- 
per (100 ~)/GSH (400 ~Yl) response of 0.6 • 0.07 (p < 
0.001). 
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FIG. 4. GSH-mediated reduction of cupric ion. Formation of cuprous 
ion from cupric sulfate (100 ~M) was measured spectrophotometrieal- 
ly at 483 um by the formation of a complex of cuprous ion and 
bathocuproine (250/aM). Glutathione (400/~/1) was added as indicated 
by the arrow. Controls (glutathione without copper) did not affect 
baseline absorbance. 

To investigate whether copper/GSH was enhancing 
peroxidation by promoting propagation reactions, lip~ 
somes were prepared from fresh solutions of phospha- 
tidylcholine (control liposomes) and from phosphatidyl- 
choline liposomes containing I0% phosphatidylcholine 
hydroperoxide (oxidized liposomes). Ferrous sulfate 
(10 ~VI) promoted the formation of TBA-reactive material 
following incubation with oxidized liposomes, while 
much lower levels resulted using control liposomes. This 
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FIG. 5. Oxidation of ferrous ion during incubation at 37 C; sparing 
effect of copper/GSH. Ferrous sulfate (20 ~M) was incubated at 37 C 
for the indicated duration in the presence or absence of combina- 
tions of GSH (400 ~1)  and cupric sulfate (100/aM) as indicated. Fer- 
rous ion levels then were assessed by measurement of pheuanthroHue 
reactivity. Brackets denote the SEM of six samples. 
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FIG. 6. Propagation of liposomai Hpid peroxidation by copper and 
iron. PhosphatidylchoHne liposomes were prepared with from egg 
phosphatidylcholine to which 10% phosphatidylcholine hydroperox- 
ides were added (cross-hatched bars) or without the addition of 
hydroperoxides (controls, open bars). Liposomes (200 nmol/0.5 ml) 
were incubated in 50 mM Tris buffer (pH 7.4), with combinations 
of cupric sulfate (Cu", 100/aM), gintathione (GSH, 400/aM) and fer- 
rous sulfate (Fe'*, 10/aM) as indicated. Lipid peroxidation was then 
assessed by spectrofluorometric measurement of TBA-reactivity. 
Brackets denote the SEM of four observations. 
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supports the concept that enhanced peroxidation resulted 
from propagation reactions (Fig. 6). By contrast, copper 
(50/nM)/GSH (400 ~M) promoted much less peroxidation 
in either liposome preparation (Fig. 6). 

DISCUSSION 

The mechanisms of lipid peroxidation involve distinct 
phases of initiation {production of catalytic levels of lipid 
hydroperoxide accompanied by low levels of TBA-reactive 
end-products) and propagation (degradation of the 
primary lipid hydroperoxides to form reactive radicals 
that re-initiate peroxidation and generate additional 
hydroperoxide as well as end-products) (1,2). Iron func- 
tions in both the initiation and propagation phases with 
ADP/ferrous ion, serving primarily as an initiator and 
other iron chelates, including perhaps cytochrome P450- 
ferric ion serving as propagators. Our results suggest that 
in an iron-initiated system, cupric sulfate in the presence 
of GSH serves to augment lipid peroxidation of rat liver 
microsomes by a mechanism that likely involves oxida- 
tion/reduction reactions. 

The potentiation of iron-induced lipid peroxidation by 
copper was highly dependent on the level of GSH. Cupric 
sulfate (100 ~IVl) inhibited lipid peroxidation in the 
presence of low levels (0-200/~VI) but strongly potentiated 
peroxidation with 400-800 ~M GSH and was without ef- 
fect with 2-10 mM GSH. Lower levels of copper {10 ~M) 
effectively potentiated iron-induced peroxidation in a 
somewhat extended dose range {100-400/~Yl) of GSH. We 
hypothesize that GSH is required to reduce cupric ions 
to the cuprous form and by so doing transform copper 
from an inhibitor to a positive modifier of iron-induced 
peroxidations. Formation of cuprous ion during incuba- 
tion of cupric sulfate with GSH (but not without GSH) 
was demonstrated by complex formation with bathocu- 
proine supporting this contention. 

Glutathione thus may promote copper-potentiated lipid 
peroxidation despite GSH being an inhibitor of iron- 
induced peroxidation (13). High level (2-10 mM) of GSH 
may directly reduce iron (14) and, in this manner, may 
promote in vitro peroxidation. Copper was ineffective as 
a potentiator of lipid peroxidation in the presence of these 
GSH levels, suggesting that cuprous ions may augment 
peroxidation by a similar mechanism involving iron reduc- 
tion. Measurement of ferrous ion levels by the phenan- 
throline assay indeed revealed that ferrous ions rapidly 
are oxidized during model incubations and that cupric 
sulfate in the required presence of GSH slowed the rate 
of decline of ferrous ion. Regeneration of ferrous ion from 
media in which iron had been completely oxidized simi- 
larly was demonstrated. Further support for the role of 
copper/GSH in the reduction of iron was obtained by 
using ferric chloride as an iron source in assays of micro- 
somal lipid peroxidation as the resulting level of TBA- 
reactivity was comparable with that obtained with cop- 
per/GSH/ferrous sulfate. 

Recent studies support the concept that both oxidized 
and reduced iron are required for initiation reactions 
(15-17). A lag period was noted for peroxidative response 
to copper (in the presence of ferrous ion), which may 
reflect the rapid oxidation of Fe 2. and the subsequent 
regeneration of ferrous ion and formation of a ratio of 
Fe3"/Fe 2§ active for peroxidation. Bucher et al. (16) simi- 

larly noted lag periods for reduced iron chelates that were 
eliminated by the addition of chelates of oxidized iron sup- 
porting the contention that both forms of iron are 
required. 

It is conceivable that cupric ions might function as a 
source of oxidized metal in addition to promoting the 
reduction of iron. The inhibition by cupric ions of ferrous 
sulfate promoted peroxidation {in the absence of GSH) 
would argue against such a role for copper in this system. 

Inhibition of microsomal lipid peroxidation by GSH has 
been attributed to a glutathione-dependent microsomal 
protein (18) as well as numerous GSH<lependent cytosolic 
proteins that may be adherent to the microsomal prepara- 
tion (19-21). An hypothesis that copper was promoting 
iron-induced peroxidation by inhibiting a component of 
the cytosolic defense is unlikely because liposomal mem- 
branes exhibited a similar peroxidative response. 

Cuprous ions added to hydrogen peroxide (a product 
of phagocytic cell activities) generate reactive oxygen 
species including hydroxyl radicals (22). However, in 
biological systems copper is tightly bound to protein, in- 
cluding most notedly ceruloplasmin and albumin (23). 
Evidence has indicated that hydroxyl radicals may be 
generated by protein-bound copper and that such hy- 
droxyl radicals will react rapidly at their site of genera- 
tion to cause site-specific protein damage (24). It is unlike- 
ly that hydroxyl radicals are involved in the peroxidative 
response to copper, however, as microsomes contain pro- 
tective enzymes (catalase, glutathione peroxidases) that 
should limit the availability of hydrogen peroxide and, 
in any event, in systems in which the generation of 
hydroxy radicals was certain, it was demonstrated that 
hydroxyl radicals do not participate in iron-dependent 
peroxidation of phospholipid liposomes (17,25). Minotti 
and Aust have demonstrated that the initiation of lipid 
peroxidation by Fe 2§ and hydrogen peroxide is not 
mediated by the generated hydroxyl radicals, but is alter- 
natively linked to H20~-mediated oxidation of iron and 
requires both reduced and oxidized forms of iron (17). 

The use of a phosphate buffer in place of Tris necessi- 
tated the chelation of copper with ADP before addition 
to peroxidation reaction mixtures to obtain a comparable 
potentiation of peroxidation. Thus, it appears that com- 
plexed rather than free copper is involved in this perox- 
idative response. The lack of requirement for ADP with 
Tris buffer may be due to an alternative Tris-copper com- 
plex, the formation of which has been suggested {26). 

Our data suggests that the reduction of iron plays a 
major role in the potentiation of lipid peroxidation by 
cuprous ions. We investigated on alternative mechanisms 
by which cuprous ion may act as promoter of propaga- 
tion reactions by studying peroxidation of phospholipid 
liposomes with and without phospholipid hydroperoxide. 
Ferrous sulfate effectively propagated the peroxidation 
of the oxidized liposomes, while control liposomes, which 
lacked sufficient hydroperoxide initiator, were peroxi- 
dized to a much lesser degree. Propagation thus could be 
evaluated in this system largely independent of initiation. 
Copper/GSH was not as effective a promoter of propaga- 
tion as iron or copper/GSH/iron, indicating that the 
primary role of copper in the potentiation of iron-induced 
peroxidation is to provide enough reduced iron (and an 
optimal Fe2*/Fe ~+ ratio) for initiation reactions to proceed 
rather than to promote propagation reactions. 
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Serum Lipids in Spontaneously Hypertensive Rats 
and Sprague-Dawley Rats Fed Menhaden Oil 
T.R. Klngsleya, b," ond D.L. Snyderb 
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Dietary n-3 fatty acids, abundant in fish oil, exert a vari- 
ety of effects that attenuate cardiovascular disease. In 
this study, we assessed the effect of fish oil (menhaden 
oil) on the serum lipid profile in hypertensive and nor- 
motensive rats. Spontaneously hypertensive rats (SHR) 
or Sprague-Dawley rats (SD) were fed either standard 
powdered diet IL-485), or L-485 + 5% menhaden oil (MO) 
or L-485 + 5% corn oil (CO) from weaning through eight 
months of age. Systolic blood pressure (BP) was periodi- 
cally determined on SHR. Serum lipid profiles were per- 
formed at eight months on samples taken from the ex- 
posed hearts of anesthetized, fasted rats. SHR, compared 
with SD (diets combined} had significantly lower triacyl- 
glycerols (TG), higher cholesterol (CHOL), higher high 
density lipoprotein cholesterol (HDL CHOL}, higher low 
density lipoprotein cholesterol (LDL CHOL), and a higher 
LDL:HDL ratio. Comparisons among diets Istralns com- 
bined} revealed that rats fed MO had the lowest values 
for TG, CHOL, LDL and LDL:HDL; HDL did not vary 
with diet. SHR were less responsive to diet-induced 
changes than were SD; no decrease in TG, LDL or 
LDL:HDL was observed in SHR, nor was degree of 
hypertension altered in SHR by the MO or CO diet. In 
summary, MO is more effective than CO in shifting the 
lipid profile of rats toward one that is less atherogenic. 
However, the SD rat is more susceptible to diet-induced 
lipid modification than is the SHR. 
Lipids 23, 564-567 (1988~. 

The relationship between the composition of dietary lipids 
and the development of cardiovascular disease is the sub- 
ject of intense research interest. High dietary intake of 
saturated fat ty acids and cholesterol, combined with 
genetic and other undefined factors, seem to contribute 
to the development of atherosclerosis and, perhaps, 
hypertension (1). Increased consumption of the polyun- 
saturated fat ty acids found in marine fish oils (the n-3 
polyenes, or linolenic acid derivatives) has been found to 
have a variety of beneficial effects. Early reports revealed 
a low incidence of cardiovascular disease among Eskimos 
who consume large amounts of these oils (2). The n-3 
polyenes decreased platelet aggregation (3-5), and re- 
duced levels of cholesterol and triacylglycerols in humans 
(6-9) and laboratory animals (10-12). 

We used the spontaneously hypertensive rat (SHR) to 
examine the effect of chronic ingestion of marine fish oils 
on subjects prone to cardiovascular disease. This strain, 

*To whom correspondence should be addressed at SBCME, Hag- 
gar Hall, Notre Dame University, Notre Dame, IN 46556. 
Abbreviations: CHOL, cholesterol; CO, corn oil; FA, fatty acid; HDL 
CHOL, high density lipoprotein cholesterol; LDL, low density 
lipoprotein cholesterol; MO, menhaden oil; TG, triacylglycerol; 
ANOVA, analysis of variance; BP, blood pressure; BW, body weight; 
GLM, general linear model; SAS, statistical analysis system; SBMF, 
South Bend Medical Foundation; SD, Sprague-Dawley rats; SHR, 
spontaneously hypertensive rats; SPSHR, stroke-prone sponta- 
neously hypertensive rats. 

derived from the Kyoto-Wistar (13), exhibits severe 
hypertension that begins to develop at four wk, and that 
is accompanied by vascular pathology similar to that  
found in humans (13-16). A moderate amount (5%) of fish 
oil was added to the diet of SHR and of normotensive 
Sprague-Dawley rats from weaning (4 wk) through eight 
months of age. We analyzed the effects on the lipoprc* 
tein profile of both strains, and monitored the develop- 
ment of hypertension in the SHR. 

METHODS 

Experimental design. The main purpose of these ex- 
periments was to assess various effects of the addition 
of n-3 polyenes to the diet of rats prone to hypertension 
and vascular disease (SHR), and compare them with the 
effects of the same diet on rats that  exhibit no tendency 
to such pathology. For comparison with SHR, we selected 
the Lobund Sprague-Dawley rat (SD), a strain that  has 
been observed through 56 generations of breeding at 
Lobund, and has shown no tendency towards cardiovas- 
cular disease. Rats were weaned at four wk of age, at 
which time they were weighed and distributed into group- 
ings that would produce a similar mean weight for each 
group before initiation of treatment. One group was fed 
a diet supplemented with menhaden oil (MO) Ca marine 
off rich in n-3 polyenes); a second group was fed a diet 
supplemented with an equivalent amount of corn oil ICO} 
as a control; a third group was maintained on the stock 
diet utilized by Lobund Laboratories (L-485} to provide 
an evaluation of baseline values for both strains, before 
the addition of otis. All rats were maintained on the diets 
from 4 to 35 wk. This extended period was necessary to 
allow adequate time for the development of cardiovascu- 
lar lesions in SHR, which generally are not apparent 
before eight months. Systolic blood pressure IBP) and 
body weight (BW) were measured on SHR initially, then 
at two-wk intervals through 12 wk (the period of rapid 
increments in BP}; afterwards, measurements were made 
at monthly intervals. All rats were killed at 35 wk of age, 
and blood and tissue samples were taken for evaluation. 

Animals. Animals were obtained from the inbred col- 
ony at Lobund Laboratory. Original SHR stock had been 
obtained from the Laboratory Supply Co. (Indianapolis, 
IN}. They were given unchlorinated tap water and hous- 
ed in plastic boxes on Sani-cel bedding, in air- and 
humidity-controlled rooms, with a 12-hr light and dark 
cycle. 

Diet. Before weaning, all animals were fed L-485, a 
natural grain diet supplemented with vitamins and 
minerals (Table 1) (17). After weaning, rats were main- 
tained either on powdered L-485, or on powdered L-485 
supplemented with 5%, by weight, menhaden oil (MO) 
(Zapata Haynie Corp., Reedville, VA) or 5% CO. A com- 
plete listing of the fatty acid composition of each diet is 
provided in Table 2. Rats were fed ad libitum. Food con- 
tainers were emptied and replenished every 48 hr to pre- 
vent the ingestion of the toxic oxidation products of MO. 
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TABLE 1 

Rodent Stock Diet L-485 

Ingredient Percent of diet 

Ground maize 58.9625 
50% Soybean oil meal 30.0 
17% Alfalfa meal 3.5 
Corn oil (once refined) 3.0 
Salt 1.0 
Dicalcium phosphate 1.0 
Calcium carbonate 0.5 
Lysine (feed grade) 0.5 
Methionine (feed grade} 0.5 
B.H.T. 0.0125 
Trace mineral mix 0.025 
Vitamin premix 1.0 

100.0000% 

Average analysis (%)a 
Protein 19.92 
Fat 5.28 
Fiber 3.00 
Moisture 11.17 
Ash* 5.51 
Nitrogen-free extract* 55.12 

aCalculated on as-fed basis using pertinent ingredient composition 
information. 
*Calculated values. 

TABLE 2 

Fatty Acid Composition of Diets (g/kg Diet) 

Diet 

L-485 L-485 + MO L-485 + CO 

Fatty acid 
Saturated 

Laurie 0.05 0.04 0.04 
Myristic 0.44 3.37 1.12 
Palmitic 5.31 13.20 10.15 
Stearic 1.45 1.68 2.88 
Arachitic 0.21 0.50 0.20 

Total 7.46 18.79 14.39 

Monounsaturated 
Palmitoleic 0.54 8.26 1.26 
Oleic 21.53 20.45 45.20 
Behenic 0 0.40 0 
C,, monoethenoic .02 0 0 

Total 22.09 29.11 46.46 

Polyunsaturated 
Linoleic 21.95 20.85 38.00 
Linolenic 1.46 16.22 1.42 
C~o polyethenoic 0 0 0 
C~ polyethenoic 0 0 0 

Total 23.41 52.42 39.42 

Total fatty acids 52.96 100.32 100.27 

Determination of serum lipids. Triacylglycerols  (TG), 
cholesterol (CHOL), H D L  CHOL and L D L  C H O L  were 
determined in serum of ra t s  fas ted  overnight .  Blood 
samples  were taken  f rom the exposed hear ts  of ether- 
anesthet ized ra t s  and allowed to clot for 30 min before 
centrifugation.  Some serum samples  were frozen before 
analysis.  Analysis  of all samples  was per formed at  the 
South Bend Medical Foundat ion  (SBMF), South Bend, 
IN, using s tandard clinical procedures. TG were measured 
by  a modification of the procedure of Levy and Frederick- 
son, which is based upon depletion of N A D H  after a series 
of react ions in which TG are the initial subs t ra t e  (18). 
CHOL measu remen t s  were done by  a procedure based 
upon the oxidation of quinoneimine (19). Measurement  
of H D L  CHOL was performed af ter  precipitat ion of L D L  
and V L D L  by  dext ran  sulfate and magnes ium chloride; 
H D L  CHOL was then measured by  the above method for 
C H O L  (19). LDL C H O L  was calculated according to the 
equation: 

LDL CHOL = Total CHOL - HDL CHOL - (triacylglycerols/5). 

Blood pressure determinations. Systolic blood pressure 
{BP) was evalua ted  by  the tail cuff method,  us ing the 
I I T C  Model 59 amplifier, which does not  require pre~ 
heat ing of the animal. 

Statistical analysis. D a t a  were analyzed using the 
Stat is t ical  Analysis  Sys tem (SAS) software package  (20) 
on the Univers i ty  of Notre  Dame ' s  IBM 3033 mainframe 
computer .  A two-factor design {strain and diet) for analy- 
sis of variance (ANOVA) was per formed individually on 
each serum lipid component ,  blood pressure  and body 
weight, us ing the general linear model (GLM) p ro g ram 
from SAS. Strain had two t reatments :  S H R  and SD. Diet  
had three t rea tments :  L-485, MO and CO. The GLM pre~ 
g r a m  compensa tes  for unequal  sample sizes. In  each 
ANOVA procedure, a single error mean square  is used 
to calculate a separa te  F-s ta t is t ic  for the overall  model, 
the strain, the diet and the interact ion between diet and 
strain t reatments .  Duncan 's  multiple-range tes t  was used 
to dist inguish between t r ea tmen t s  within a factor  when 
the GLM procedure indicated t ha t  a factor or interaction 
had a significant effect on the pa ramete r  being analyzed. 
Significance was set  at  0.05. Values are expressed as 
Means  +_ SE. 

RESULTS 

Data  from the blood lipid analyses, as well as body weight 
and blood pressures  determined at  35 weeks of age are 
summar ized  in Table 3. 

Body weight. SD ra ts  had significantly higher body 
weight  than  S H R  (459 vs 409 g), a l though the weight  of 
S H R  fed L-485 exceeded tha t  of SD fed L-485 (381 g vs 
354 g). With s t rains  combined, the weight of r a t s  fed MO 
was equivalent  to those fed CO (452 g vs 445 g), and ex- 
ceeded tha t  of ra t s  fed L-485 (367 g). 

Blood pressure. Apparen t  diet-related BP  differences 
in S H R  were not  significant (MO -- 215.6, CO = 221.7, 
and L-485 = 225.8 m m  Hg). 

Triacylglycerols. Serum TG levels were affected by 
s t ra in  and diet. ANOVA showed tha t  S H R  had signifi- 
cant ly  lower se rum TG than  SD. Ra ts  fed MO had 
significantly lower serum TG than  ra t s  fed CO or I~485. 
There was no interact ive effect between s t ra in  and diet. 
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TABLE 3 

Effect  of  Dietary Oil on S H R  and Sprague-Daw|ey Rats* 

Body weight Systolic BP Triacylglycerols Cholesterol HDL LDL 
{g) (mmHg) (mg/dl) (mg/dl) (mg/dl) (mg/dl) LDL:HDL 

SD/CO (N = 6) 495.3 + 17.1 a -- 90.5 +-- 11.6 a,b 74.0 _+ 3.7b, c 46.0 +- 2.8 b 9.9 + 3.8 b 0.2b, c 
SD/MO (N = 6) 509.3 +_ 21.6 a -- 74.5 + 7.5 b 63.2 + 2.3 c 42.5 +-- 1.5 b,c 5.8 +_ 1.4 b 0.1 c 
SDlI~485 (N = 5) 354.2 +_ 18.5 c - -  104.2 _+ 17.5 a 78.0 +_ 2.2 b 36.0 + 2.0 c 21.2 _+ 2.7 a 0.6 a 
SHR/CO (N = 10) 415.4 _+ 5.4 b 221 +- 4 41.7 __- 5.2 c 84.2 _+ 2.4b 48.5 _+ 2.9 b 27.3 + 1.7 a 0.6 a 
SHR/MO (N = 10) 417.7 +_ 5.1 b 215 + 2 22.8 +_ 3.2 c 74.1 +_ 3.1b,c 47.9 + 3.1 b 21.7 + 2.6 a 0.5 a 
SHR/L-485 (N = 5) 380.6 +_ 13.6b, c 225 + 2 26.4 _+ 5.5 c 97.4 +_ 7.2 a 65.8 +- 3.0 a 26.4 _+ 4.1 a 0.4a, b 

*Data from rats at age 35 wk, after maintenance on diet from age four wk. 
All values are mean +__ standard error; values with the differing superscript are significantly different (p < .05) as determined by Duncan's 
multiple-range test after two-factor analysis of variance. 

Cholesterol Serum CHOL levels were affected by  strain 
and diet. A N O V A  showed tha t  S H R  had significantly 
higher se rum C H O L  than  SD, but  the difference was 
small, relat ive to t ha t  seen for TG. S H R  values were 
higher on each of the diets. Rats  fed MO had significantly 
lower serum CHOL levels than  ra t s  fed CO or I~485. MO 
lowered C H O L  in bo th  strains,  bu t  there was no interac- 
t ive effect between s t ra in  and diet. 

HDL cholesterol Serum H D L  CHOL levels were af- 
fected by  s t ra in  bu t  not  by  diet. A N O V A  showed tha t  
S H R  had significantly higher H D L  CHOL than  SD. S H R  
fed I~485 had significantly higher H D L  CHOL levels than  
all other  groups.  

LDL cholesterol Serum LDL C H O L  levels were af- 
fected by  s t rain and diet. ANOVA showed tha t  S H R  had 
significantly higher se rum L D L  CHOL than  SD. MO 
reduced serum LDL C H O L  levels. There was no interac- 
t ive effect between s t ra in  and diet. 

LDL/HDL ratio. The ra t io  followed the same pa t t e rn  
as se rum LDL.  ANOVA showed tha t  S H R  had a rat io  
significantly higher t han  SD rats .  MO reduced the  ratio. 
SD ra t s  fed MO or CO had a rat io  t ha t  was significantly 
lower than  other  groups.  

DISCUSSION 

The da ta  presented  compare  values for blood lipids in a 
s train of ra t  tha t  exhibits hypertension (SHR), with blood 
lipids in an unrelated s t ra in  tha t  is not  susceptible to 
hypertension (SD). A survey of values obtained by  others 
reveals  considerable var ia t ion in levels of CHOL and TG 
for r a t s  mainta ined on unmodified diets: CHOL values 
ranged  between 28.4-79.9 mg/di for SHR,  and 40.2-83.2 
mg/dl for other  s t ra ins  (1,21-23); TG values of 40.2 mg/di 
(1) and 96.0 mg/di (21) for SHR,  and 40.0 mg/dl  (23) and 
63.2 mg/di  (1) for other s t ra ins  have  been obtained. S H R  
maintained on our stock diet, L-485, had somewhat  higher 
C H O L  (97.4 mg/dl) and lower TG (26.4 mg/dl); SD had 
CHOL of 78.0 mg/dl, but  TG levels were somewhat  higher 
than  previously  observed (104.2 mg/dl) (Table 3). Varia- 
t ions in the s tock diets as well as in techniques for 
measu remen t  of  se rum lipids could account  for the wide 
ranges  of values repor ted  for a given strain. I t  should be 
noted t h a t  the f a t t y  acid (FA) content  of L-485 is deriv- 
ed entirely f rom vegetable  sources {Table 1), and consists  
of approximate ly  equal pa r t s  monounsa tu ra ted  FA (oleic 

acid) and po lyunsa tu ra ted  FA (primarily linoleic acid) 
(Table 2). Such a diet migh t  be expected to minimize 
values for CHOL and TG. 

A compar ison of the S H R  lipid profile to t ha t  of the 
SD reveals  tha t ,  i r respect ive of diet, the S H R  has  lower 
se rum TG bu t  higher CHOL, H D L  CHOL, L D L  CHOL, 
and a higher L D L : H D L  ratio. Apa r t  f rom the unexpect-  
edly low level of TG, the lipid profile presented in the SHR 
is consis tent  with the atherogenesis  observed in the 
strain,  and implies t ha t  the S H R  m a y  exhibit  fundamen- 
tal  differences in lipid metabol ism tha t  contribute to their 
cardiovascular  pathology.  

Addition of dietary fats  rich in either linoleic or linolenic 
acid has been repor ted to lower bo th  cholesterol and 
triacylglycerols,  the linolenic acid source (fish oil) being 
more effective (11,24}. We observed a similar trend. 
Enr ichment  of s tock diet with ei ther CO or MO lowered 
bo th  TG and CHOL in SD, with MO eliciting a grea ter  
effect. A similar pa t t e rn  was observed in S H R  with 
respect to CHOL levels; however, neither diet supplement 
lowered TG in SHR.  Wi th  respect  to  H D L  and L D L  
levels, SD responded to ei ther oil supplement  with an in- 
crease in H D L  and a decrease in LDL,  and a consequent  
reduction in the HDL:LDL ratio. MO was somewhat  more 
effective than  CO in this regard. The SHR, however, was  
again  less responsive to  the  effects  of ei ther oil supple- 
ment.  Both  oils elicited a decrease in H D L  and no change 
in LDL,  resul t ing in a slight increase in the L D L : H D L  
ratio. This ratio, general ly regarded as an indicator  of 
atherogenic potent ia l  (atherogenic index), thus  remains  
high in SHR,  following long-term addit ion of ei ther 
linoleic or linolenic acids to their  diet. Because SD, ex- 
posed to the same diet regimen, experienced a marked  
reduction in this index, there appear  to  be fundamenta l  
differences in lipid metabo l i sm between the strains,  
resul t ing in high L D L  levels in S H R  despite diet 
modification. 

Addit ion of MO to the diet of S H R  and stroke-prone 
S H R  (SPSHR) has been shown to a t t enua te  the  develop- 
men t  of hyper tension (25). Others  have  shown tha t  sup- 
p lementa t ion  of the S H R ' s  diet with linoleic acid, a ma- 
jor  cons t i tuent  of CO, did not  a l ter  B P  (26). We did not  
observe a BP  difference between S H R  fed CO vs  MO 
{Fig. 1). A t  35 weeks of age, BP  was slightly, not  signifi- 
cantly,  lower in r a t s  fed either CO or MO compared  with  
r a t s  fed control, L-485, diet. The s t ronger  hypotens ive  
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FIG. 1. Systolic blood pressure  of S H R  mainta ined  on diets  with 
differing d ie tary  oil compos i t ion .  S H R  were fed either s tock  diet  
(IA85), L-485 + 5% menhaden oil (MO) or L-485 + corn oil (CO) from 
4 - 3 5  wk  of age.  Va lues  are mean  +__ S.E. 

effect of MO in the previous s tudy may be due to dif- 
ferences in experimental design. In tha t  study, dietary 
lipid amounted to a total  of 5%, either in the form of CO, 
or a combination of 1% CO + 4% MO. The authors spec- 
ulated that this diet may have changed the ratio of n-6/n-3 
fa t ty  acids in the diet sufficiently to modify prostaglan- 
din metabolism in a way that  affected blood pressure. In 
our study, 5% CO or MO was added to a basic diet tha t  
already contained ca. 5% fa t ty  acids {Table 1}, primarily 
as soybean oil and corn oil. The superimposition of MO 
onto this basic diet did not result in significant BP reduc- 
tion in SHR. 

In summary,  addition of either 5% CO or 5% MO to 
the diet of rats  maintained on a stock diet of L-485 tends 
to shift the blood lipid profile towards one that  is less 
atherogenic. MO is more effective than CO in reducing 
serum TG, CHOL and LDL. The SHR rat, which is 
genetically susceptible to hypertension and vascular 
pathology, is less responsive to the effects of the added 
lipids than the SD, exhibiting only a moderate decline in 
CHOL following MO, and no decline in LDL or the 
L D L : H D L  ratio. Hypertension is not  significantly 
ameliorated by the addition of MO to the diet. We con- 
clude tha t  in an animal genetically inclined toward 
vascular disease and hypertension, addition of MO to a 
diet already low in cholesterol and unsaturated fat ty acids 
has little beneficial effect. 
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Free Radicals, Antioxidants, Skin Cancer and Related Diseases 
Symposium held at the 78th AOCS Annual Meeting in New Orleans, Louisiana, May 1987 

Introduction to the Symposium 
K.M. Schalch~ and H.S. Blackb,',* 
aMedical Department, Brookhaven National Laboratory, Upton, NY 11973, and/)Veterans Administration Medical Center and 
Department of Dermatology, Baylor College of Medicine, 2002 Holcombe Blvd., Houston, TX 77030 

The following four papers were part of a symposium on 
"Free Radicals, Antioxidants, Skin Cancer and Related 
Diseases" presented at the 78th Annual Meeting of the 
American Oil Chemists' Society. Although the sympo- 
sium originally was designed to provide a forum for the 
continuing documentation of oxygen- and lipid-free radi- 
cal associations with cancer and diseases of the skin, it 
was expanded to include some papers considering the 
molecular mechanisms whereby the effects observed 
clinically could occur. Interchange between basic and 
clinical researchers was expected to identify specific reac- 
tions that may cause or modify pathological processes in 
the complex milieu of ceils and stimulate interest in using 
fundamental (bio)chemical research to help understand 
the interrelationships between free radicals, lipid oxida- 
tion, and the clinical and pathological phenomena de- 
scribed in papers of this symposium. 

Some general background is necessary to provide the 
common thread connecting what may seem to be widely 
varying, even unrelated, research topics. Within the past 
decade, a considerable amount of data has been ac- 
cumulated documenting the association of free radicals 
(particularly those derived from oxygen) and lipid oxida- 
tion with a wide variety of oxidative cytotoxicities in vivo 
{1} and with carcinogenesis {2,3), particularly in the pro- 
motion and progression phases of the latter {4,5). How- 
ever, the precise roles of oxygen radicals and lipid oxida- 
tion in biological damage remain controversial. 

That hydroxyl radicals {OH') are very reactive and have 
one of the highest-known oxidation potentials is univer- 
sally recognized, and much pathology is suspected of 
arising from this radical species that is produced in 
tissues primarily via metal-driven reduction of H202. 
However, precisely because of their high reactivity, OH" 
are largely non-specific in their attack on molecules and 
their efficiency in terms of measurable specific damage 
often is low. Hence, even though production of OH" con- 
currently with the development of a wide range of 
pathologies has been amply documented, unequivocal at- 
tribution of specific molecular or cellular changes to OH" 
reactions remains difficult and, indeed, has been the sub- 
ject of much controversy. 

Lipid oxidation, too, has been found to occur univer- 
sally in biological systems, but its precise role in specific 
pathologies remains unclear. Is lipid oxidation merely a 
result of other primary oxidations, or are alkoxyl and 
peroxyl-free radicals from oxidizing lipids active agents 
broadcasting oxidative damage? Classical biochemistry 
has held that oxidizing lipids contribute only indirectly 
to pathological processes by disrupting the packed-chain 
organization of membranes leading to leakiness {6,7) 

'Symposium chairman. 
*To whom correspondence should be addressed. 

and/or by overwhelming cellular antioxidant defenses {8) 
and oxidizing the electron transport cytochromes bs and 
P-450 as well (7,9), thus allowing the unchecked progres- 
sion of other oxidative reactions that normally either 
would not occur or would be reparable. However, in a 
number of pathologies lipid oxidation has been measured 
in cells in which no concurrent development of leakiness 
or depletion of antioxidant capacity occurs. Thus, the im- 
portance of these indirect mechanisms, alone, to the 
destructive effects of oxidizing lipids in vivo remains 
uncertain. 
Alternatively, essential structural or functional bio- 

molecules may be damaged directly by co-oxidation with 
lipids. For some years, there has been interest in the 
mechanisms of these reactions (10-13), and co-oxidation 
of critical cellular molecules, particularly proteins and 
nucleic acids, is considered by some researchers to be a 
key mechanism accounting for the biological effects of 
oxidizing lipids (6,14-16). Intermediate alkoxyl and per- 
oxyl radicals of lipid oxidation react with proteins, form- 
ing protein radicals and leading to destruction of amino 
residues in active sites, chain scission or peptide poly- 
merization. Some of the final breakdown products of lipid 
oxidation, particularly malonaldehyde, lead to co-molecu- 
lar crosslinking and formation of fluorescent pigments. 
Enzyme destruction by oxidizing lipids also has been well- 
documented {6,17). 

Because of the known relationship of OH" to radiation- 
induced cytotoxicity and genetic damage, their potential 
contribution to the development of cancers is taken for 
granted. On the other hand, how may the reactions of ox- 
idizing lipids relate to cancer, one of the major loci of this 
symposium? Lipid-mediated co-oxidation of key proteins 
may influence carcinogenesis epigenetically. Initiation of 
carcinogenesis may be affected if proteins involved in ac- 
tivation or detoxification of toxic agents are co-oxidized, 
and promotion and progression may be altered similarly 
when the proteins co-oxidized are those involved in repli- 
cation or repair of genetic material (resulting in destabili- 
zation of gene regulation) or those controlling the replica- 
tion of cells generally, thus priming cells for transforma- 
tion and progression {4,18). 

It now is clear that oxidizing lipids also may exert 
direct genetic influences on carcinogenesis as co-oxida- 
tions occur with nucleic acids. Radiomimetic free radical 
formation (13) and oxidative breakdown as well as lipid- 
oxyl adduct formation in pyrimidine bases incubated with 
oxidizing methyl linoleate have been observed {K. M. 
Schaich and D. C. Borg, unpublished data), and a number 
of Japanese scientists have reported single-strand breaks 
induced in DNA by methyl linoleate hydroperoxides in 
model systems {19,20) and in cultured human fibroblasts 
{21). Strand breaks and loss of plasmid-transforming ac- 
tivity also were found in DNA incubated with oxidized 
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microsomal lipid in liposomes {22). This activity required 
redox-active metals (Cu or Fe} and was inhibited by 
catalase, tocopherol and glutathione peroxidase bu t  not  
by conventional water-soluble OH" scavengers. Thus, lipid 
hydroperoxides and metal-mediated reactions in the lipid 
ra ther  than aqueous phases were implicated in the DNA 
damage. 

In considering oxidizing lipids as potential  destructive 
agents in vivo, however, it must  be remembered that  lipid 
oxidation is a normal result  of cell metabolism and tissue 
aging, and a var ie ty  of defenses--including glutathione 
peroxidase, tocopherols and membrane endocytosis--  
constantly are operative to control the steady-state levels 
of toxic hydroperoxides (7). Thus, pathological lipid ox- 
idation requires some agents  or processes capable of ini- 
t ia t ing this oxidation at  levels tha t  will provide a flux of 
lipid free radicals and/or other reactive oxidation products 
sufficient to overwhelm the ra ther  efficient antioxidative 
mechanisms normally operative in vivo, and this is where 
free radicals from oxygen and other  sources may  be very  
important .  Indeed, recognizing the critical role of initia- 
tion, papers  in this symposium invest igate a number  of 
init iators tha t  may operate physiologically, including 
radiation {ionizing, ultraviolet,  visible light with photo- 
sensitizers); free radicals {e.g. from the metabolism of 
drugs and other  chemicals}; the "ac t ive"  oxygen species 
'0~, H202, O2 =, OH'; and metals. Moreover, considerable 
literature is accruing tha t  strongly implicates free radicals 
and active oxygen species in the promotion and/or pro- 
gression stages of carcinogenesis {23}. This aspect of 
radical involvement plays an equally important  role in ex- 
pression of the cancerous state. 

While much has been learned about  the association of 
oxygen free radicals and of lipid oxidation with certain 
diseases and cancers, it is obvious that  living systems are 
extremely complex with many reactions occurring simul- 
taneously,  and much detailed s tudy  still is needed to un- 
tangle the specific effects and relative contributions of 
particular damaging agents. This symposium, hopefully, 

contr ibuted to a be t te r  unders tanding of these com- 
plicated interactions. 
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Fenton Reactions in Lipid Phases 1 
K.M. Schalch* and D.C. Borg 
Medical Department, Brookhaven National Laboratory, Upton, NY 11973 

Metal catalysis  of membrane lipid oxidation has been 
thought  to occur only at  cell surfaces. However, conflict- 
ing observations of the pro~xidant  activity of ferric (Fe 3§ 
vs  ferrous (Fe 2§ forms of various chelates have raised 
questions regarding this dogma. This paper suggests that  
the solubilities of iron complexes in lipid phases and the 
corresponding abilities to initiate lipid oxidation there, 
either directly or via Fenton-like production of reactive 
hydroxyl  radicals, are critical determinants  of initial 
catalyt ic  effectiveness. 

Par t i t ioning of Fe 3§ and Fe 2§ complexes and chelates 
into bulk phases of purified lipids was quantified by  
atomic absorption spectroscopy, mM solutions of iron 
salts part i t ioned into oleic acid at  levels of about  micro- 
molar. Ethylenediamine te t raacet ic  acid (EDTA) and 
diethylenetriaminepentaacetic acid (DTPA) chelates were 
somewhat  less soluble, while adenosine diphosphate 
(ADP) chelates, and ferrioxamine were soluble as chelates 
at  greater  than 10 "s M. Solubilities of all iron compounds 
in methyl  linoleate were 1(~ to 10~fold lower. 

To determine whether  Fenton-like reactions occur in 
lipid phases, H202 and either Fe 2§ or Fe 3. and a reducing 
agent  were par t i t ioned into the lipid along with the spin- 
t rap  5,~dimethyl-l-pyrroline-N~xide (DMPO), and free 
radical adducts  were recorded by  electron paramagnet ic  
resonance (EPR). Hydroxy l  radicals (OH') adducts  were 
observed in oleic acid, but  in lipid esters secondary per- 
oxyl  radicals predominated,  and the presence of OH" ad- 
ducts  was uncertain. 
Lipids 23, 570-579 (1988). 

In the past  few years, considerable a t tent ion has been 
given to  the involvement  of hydroxyl  radicals (OH'), 
oxidizing lipids and metal  ions in oxidative damage in 
living tissue and food systems. However, the causal rela- 
tionships linking these three species to each other  and to 
specific damage in cells have not  been clarified. 

Iron is a well-known cata lys t  of lipid oxidation, and it  
is also a critical reactant  necessary for the non-radiolytic 
product ion of OH" via the classical Fenton reaction, i.e. 
where -L represents  ligand(s), 

Fe2+-L + H202 ~ Fe3*-L + OH" + OH- 

Because the non-heme redox-active iron driving this 
reaction is a t race const i tuent  and there are impressive 

'Presented at the symposium "Free Radicals, Antioxidants, Skin 
Cancer and Related Diseases" at the 78th AOCS Annual Meeting 
in New Orleans, LA, May 1987. 
*To whom correspondence should be addressed. 
Abbreviations:ADP, adenosine diphosphate; DFO, desferrioxamine; 
DM PO, 5,5-dimethyl- 1-pyrroline-N-oxide; DTPA, diethylenetriamine 
pentaacetic acid; EDTA, ethylenediamine tetraacetic acid; LOOH, 
lipid hydroperoxides; OH, hydroxyl radicals; O2:, superoxide radical 
anion; AA, atomic absorption spectroscopy; EPR, electron 
paramagnetic resonance; G, gauss. 

ant ioxidant  defenses in cells, iron is most  effective in ini- 
t ia t ing biological oxidations when Fe 3§ can be recycled 
to Fe 2+ by  various reducing agents, 

Fe3*-L + Oz:, GSH, etc. --" Fe2*-L + 02, GS', etc. 

and thus can be used catalytically to produce damaging 
fluxes of OH'. While it  certainly is clear tha t  the highly 
reactive OH" so produced can initiate many reactions, in- 
cluding lipid oxidation (1-5), it is not universally accepted 
tha t  the lat ter  reaction occurs in complex biological 
systems.  

Because many  reaction sequences may  occur simulta- 
neously in cell sys tems or in t issues under  oxidative at- 
tack (Scheme 1), the presence of oxidizing lipids may  be 
either an effect of other  free radical reactions (e.g. OH') 
or it may  be the cause of fur ther  molecular or cellular 
damage. Often the distinction is not  clear. The problem 
of determining the causative species and the precise reac- 
tion loci of oxidative damage is fur ther  confounded by  
the similarity in the final expression of damage resulting 
from different oxygen radicals. For example, it  is difficult 
to differentiate between effects of OH" vs those of lipid 
oxyl  radicals in complex biological systems. Indeed, the 

Autox id i zab le  ) I Reducible I 
Chemical or Drug | Chemical or Drug 

[ (R'H2) ] (R) J 

J enzym~creduc t ion  

. 

S202 ROOH + R"" 
Hn * Mn* 

SCHEME 1. Simplified scheme showing major reactive species in 
the pathways leading to oxidative damage to lipids, proteins and 
DNA in cells and tissues. Free radicals (R') may be produced initially 
by either autoxidation or enzymatic reduction of suitable substrates. 
These radicals then may reduce 02 to the superoxide radical anion, 
02:, or add oxygen to form peroxyl radicals (ROO'). Metals participate 
as obligate reductants of H202 (usually from 02: disproportionation) 
and organic hydroperoxides (ROOH), converting them to hydroxyl 
radicals (OH') and alkoxyl radicals (RO'), respectively. These two 
radical species, along with ROO', then attack critical biomolecules. 
When the reaction is with membrane lipids, chain reactions of lipid 
autoxidation ensue, and the lipid alkoxyl (LO') and peroxyl (LOO') 
radicals formed therein also can attack DNA and proteins near the 
site of initial 02:, ROO" or RO" reaction. The LO" and, especially, 
the more stable LOO" reaction products also can migrate some 
distance away to initiate additional loci of lipid chain peroxidation 
or to react with DNA and proteins there. Neither all intermediate 
steps nor all side reactions are represented, and protons and/or 
charges are not balanced in some reactions as written. 
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literature is replete with contradictory claims regarding 
the production, activity and effects of OH" and lipid 
oxidation. 

At least part of the difficulty in determining the inter- 
relationships between OH', lipid oxidation and cell 
damage may  lie in common experimental approaches to 
the problem. Typically cells, sub-cellular components or 
liposomes are suspended in media in which Fenton com- 
ponents or other OH'-generating reactants are added ex- 
ternally or are generated in the cytosol, and then lipid ox- 
idation or damage to protein, DNA, etc. is monitored. In 
most of these studies, lack of inhibition of lipid oxidation 
or other damage by water-soluble OH" scavengers or 
metal chelators is taken as evidence that OH" are not in- 
volved in the processes. 

Similarly, in attempts to determine the mutagenicity/ 
carcinogenicity of lipid hydroperoxides, the typical ap- 
proach has utilized LOOH added to the media external 
to mammalian cells or Salmonella tester strains in the 
Ames mutagenesis assay. The failure to produce DNA 
strand breaks in cells or mutagenic responses in the Ames 
test  has been interpreted as lack of toxicity or involve- 
ment in initiation or promotion of cancer by LOOH, even 
though in such cases the peroxides would not be expected 
to reach the nucleus intact, given their metabolism by 
cellular glutathione peroxidase or decomposition by 
redox-active metals {6). 

We feel that  in both these situations the critical site 
of reaction, namely, the lipid phases of membranes, has 
been missed. Because OH" are extraordinarily reactive, 
they do not survive for more than a few collisions follow- 
ing their formation, and thus their reactions are intrin- 
sically site-specific, i.e. characterized by whatever poten- 
tial substrates are within 10 or a few 10s of Angstroms 
of where the OH" are produced {4,7). This implies that 
Fenton-generated OH" must react at the sites where iron 
is bound, and for effective initiation of lipid oxidation this 
means on the membrane surface or within the lipid 
environment. 

The shallow penetration of a lipid bilayer that  would 
be expected before the highly electrophilic and nonselec- 
tive OH" react provides good reason to question whether 
OH" generated externally could penetrate to the hydro- 
phobic membrane interior where the lipid chains are con- 
fined. There is evidence that iron on the membrane sur- 
face can lead to the production of some effective initiator 
of lipid peroxidation because irorgascorbate reactions that 
are prolific sources of OH" lead to liposome oxidation 
when the membrane's surface charge is neutral or nega- 
tive, and iron ions are not repelled from contact or bind- 
ing. This does not occur when the surface charge is posi- 
tive (8). Similarly, Girotti concluded that displacement 
of iron from membrane-binding sites by zinc accounted 
for most or all of the antioxidant ability of zinc ions to 
protect erythrocyte ghosts from undergoing lipid perox- 
idation in media containing soluble Fenton systems (9). 

Although there is substantial inferential evidence to 
support the lipid phases of membranes as the site both 
for Fenton-type OH" formation in the primordial initia- 
tion of lipid oxidation and for subsequent reactions of 
lipid-oxyl radicals with proteins and DNA, there is little 
direct experimental evidence in support of that notion. 
Hence, we reasoned that it was important to determine 
experimentally whether Fenton-like formation of OH" can 

occur in the lipid phase of a model system, whether OH" 
so generated can initiate the free radical chains of lipid 
autoxidation, and if so, whether these reactions also occur 
in real membranes. Data demonstrating Fenton reactions 
in lipids phases are presented here. 

MATERIALS AND METHODS 
Reagents. Oleic acid was stored at room temperature, 
sealed, as obtained from Baker. Methyl linoleate, oleate 
and laurate (NuChek Prep) were stored under vacuum at 
- 2 0  C. Ferrous and ferric ammonium sulphate, chloride, 
sulphate and oxalate were reagent grade. 1.10:1.00 {che- 
lator/metal) chelates were prepared immediately before 
use by reacting ferric or ferrous ammonium sulphate with 
desferrioxamine {DFO) (Desferal mesylate, Ciba-Geigy), 
adenosine diphosphate (ADP), ethylenediamine tetra- 
acetic acid (EDTAL diethylenetriaminepentaacetic acid 
{DTPA) or sodium citrate. Hydrogen peroxide solutions 
(10 -1 to 10 -3 M) were prepared daffy by dilution of a stock 
solution {Apache Ultrapure) that  had been distilled in 
Vycor (gift of B.H.J. Bielski, Chemistry Dept., Brook- 
haven National Laboratory, Upton, NY). Concentrations 
were determined by the KI/molybdate/phthalate method 
of Allen {10). 10% (w/v) aqueous stock solutions of hydrox- 
ylamine hydrochloride (reagent grade), prepared daily, 
were demetalled by bathophenanthroline (11) and diluted 
as required. The spin trap 5,5-dimethyl-l-pyrroline-N- 
oxide (DMPO) (Aldrich Chemical Co., Milwaukee, WI) 
was filtered over activated charcoal in the dark and 
dissolved in lipid or used directly. All solutions were 
prepared in water which had been purified in a Milli-Q 
water purification system (Millipore, minimum acceptable 
resistivity 12 megohms/cm), then degassed under vacuum 
and sparged with high-purity argon. Prepared reagents 
were maintained under argon until and, in most cases, 
during reactions and analyses. Only acid-washed glass- 
ware was used. 

Partitioning of Fenton reactants into lipid phases. To 
effect the partitioning, equal volumes of reactants--H~O2, 
iron complexes or reducing agents (usually hydroxyl- 
amine)--were individually vortexed for two rain (usually 
under argon) with the lipid to be studied, and the phases 
were separated by centrifugation. 

Analysis of lipid phases. Iron partitioned into lipid 
phases was quantified by atomic absorption spectroscopy 
(Instrumentation Laboratory 551) using a graphite fur- 
nace with deuterium arc background correction. AUquots 
of lipid phases were diluted 1"5 in tetrahydrofuran, and 
10 ~1 samples were deposited in the graphite cuvette by 
means of a Fastac 254 autosampler. Heating and atomiza- 
tion sequences were programmed and controlled elec- 
tronically (Instrumentation Laboratory flameless atom- 
izer 555). Iron standards for determination of standard 
curves were prepared by diluting a 1000 ppm stock iron 
solution {12) in tetrahydrofuran and then mixing four 
parts of these dilutions with one part lipid (oleic acid or 
methyl linoleate as required) for analysis. 

Fenton reactions in lipid phases. To detect radicals too 
short-lived or too low in concentration for direct detec- 
tion by electron paramagnetic resonance (EPR), the spin- 
trapping technique was used, in which nitrone or nitroso 
compounds react with unstable radicals to give more 
stable nitroxide radicals. The resulting spectra frequently 
have characteristic features for each spin trap and can 
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provide information about the original radical{s) forming 
the adducts (2). The spin trap DMPO was dissolved 
directly in neat fat ty acids or esters, and H~O2, iron com- 
pounds and hydroxylAmine were separately partitioned 
into the same lipids in the manner described above. In 
most cases, both starting solutions and the lipid phases 
were sparged and maintained under argon to limit second- 
ary peroxyl radical formation and background lipid ox- 
idation. To start the reaction, aliquots from each of the 
lipid phases were mixed and transferred immediately to 
an aqueous flat cell, where subsequent radical production 
was monitored by EPR. During the course of these ex- 
periments, DMPO was found to be unstable when dis- 
solved in the esters for several hours, even under argon. 
Thus, in subsequent studies, aliquots of neat DMPO were 
added directly to the Fenton reaction mixtures prepared 
as described above. 

EPR analyses were conducted using a Varian E-12 EPR 
spectrometer equipped with a TEl02 cavity and E-101 
X-band {9.5 GHz) microwave bridge. The spectrometer 
is interfaced with a MassComp MC-5500 computer, which 
controls data tMdng and provides data storage and 
analysis as well as signal averaging of the 30-sec field 
scans routinely used. All scans reported in this study were 
100 gauss; magnetic fields were calibrated with Fremy's 
salt (peroxylamine disulphonate). Hyperfine splitting con- 
stants were determined using computer simulations. 

RESULTS AND DISCUSSION 

In assessing the potential for Fenton reactions in lipid 
phases and consequential lipid oxidation, three questions 
must be answered: 1) Can all the reactants {hydrogen 
peroxide and ferrous iron or ferric iron and a reducing 
agent) penetrate a membrane or a lipid phase? 2) If so, 
does the reaction "go" in a lipid, hydrophobic environ- 
ment? 3) Does a Fenton reaction in a hydrophobic 
environment initiate autoxidation of lipids or does any 
interaction with lipid remain limited to the original reac- 
tion site? 
To answer these questions, model systems consisting 

of bulk lipids with the various reactants partitioned into 
them were usecL Although bulk lipids are weak surrogates 
for structurally organized membrane bilayers with hydro- 
phobic centers of oriented lipids, exterior polar head- 
groups and, in cells, external glycoprotein filaments, they 
may provide experimental access to environments with 
hydrophobicity comparable to membrane interiors. Fur- 
thermore, use of relatively simple, well-defined model 
systems can provide information about phase specifici- 
ty and competitive kinetics that may contribute consider- 
ably to elucidating what happens when similar reactions 
occur in the complex milieu of cells. 

Earlier work had shown differences in the proticities 
of bulk lipids: bulk oleic acid is weakly protic and its 
methyl ester and that of linoleic acid are aprotic when 
judged by the specific reactions of superoxide with 
stilbene dibromide in aprotic versus protic media (5). It 
was assumed that the proticity of membrane interiors 
might resemble that of esters, but since little data on 
metal solubilities in lipids was available, both bulk fatty 
acids and lipid esters were studied with the expectation 
that eventually comparisons of solubilities and/or binding 

of metals to different lipid classes would provide some 
insight regarding metal localization in membranes. 

Hydroxylamine, although not very physiological, was 
chosen for three reasons: it is reasonably lipophilic; it was 
expected to be effective as a reducing agent for all the 
chelates to be tested (particularly ferrioxamine with a 
redox potential of -0.42 V vs NHE) (13 and Schaich, 
K.M., Linkous, C., and Borg, D.C., unpublished data); and 
it was expected to introduce fewer complications in the 
spin-trapping reactions than the more physiological 
reducing agents ascorbic acid, cysteine and giutathione. 
Ascorbic acid was unsuitable for these studies because 
it cannot reduce ferrioxamine (4) and it does reduce 
DMPO and its adducts (14). Also, as an anion it does not 
enter membranes or lipid phases (15). The thiols do not 
reduce ferrioxamine either, and they form radicals 
themselves and complex with oxidizing lipids in the 
presence of ferric iron (16). 

(Question 1} Solubilities of Fenton reactants in lipid 
phases. Initial results using the partitioning technique 
indicated that mM solutions of iron salts and some low 
molecular weight complexes partition from water into 
protic oleic acid at concentrations of about pM or less 
(Table 1). These concentrations are 1000• or more greater 
than can be accounted for merely by the solubility of 
water in oleic acid. The recognized ability of oleic acid to 
complex iron may have facilitated apparent partitioning 
of the salts, but it is unlikely that  oleic acid could com- 
pete with the strong binding of iron by the ADP chelates 
and ferrioxamine, which, as suggested by optical absorp- 
tion spectra, partition as chelates into lipid. The resulting 
concentrations of ADP chelates or ferrioxamine are com- 
parable with or greater than those of the iron salts, i.e. 
~VI or higher for oleic acid. Iron solubilities in aprotic 
methyl linoleate were substantially lower, with mM solu- 
tions partitioning to final concentrations of about 10 -~ M 
in the ester. 

In these experiments, high concentrations of aqueous 
iron were used to assure that concentrations partitioned 
into the lipid could be detected with accuracy. Studies 
determining the dependence of iron solubilization in lipid 
on aqueous iron concentrations have not yet been com- 
pleted, so it is not known whether the values reported here 

TABLE 1 

Partitioning of Iron into Oleic Acid and Methyl Linoleate 

Concentrations {~i) partitioned into 

Oleic acid Methyl linoleate 

Iron complex Ferric Ferrous Ferric Ferrous 

Ammonium sulfate 5.90 a 6.00 0.28 0.30 
Sulfate 3.50 3.50 N.D. N.D. 
Chloride 3.50 3.50 N.D. N.D. 
Citrate 0.09 3.40 N.D. N.D. 
ADP b >18 6.30 0.64 0.19 
EDTA b 0.40 0.54 0.02 t0  c 
DTPA b 0.11 t0  t0  t0  
DFO b Y18 N.D. 0.56 N.D. 

aAverages of four or more determinations. 
bprepared with iron ammonium sulfate salts. 
CToo low for accurate determination. 
N.D., not determined. 
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represent true partitioning as opposed to saturation levels 
of iron in these lipids. Nevertheless, even 30-fold dilutions 
of the sub-wM iron solubilized in methyl linoleate is suf- 
ficient to fuel Fenton reactions, as will be shown later. 

Contrary to what had been expected, at these aqueous 
concentrations the valence of the metal did not affect the 
solubility in lipid except for ADP chelates, where the fer- 
ric form was more lipophilic, and citrate complexes, where 
more iron was solubilized from the ferrous form. Because 
citrate binds Fe 2§ only weakly (17), it is likely that  the 
iron from those complexes partitioned as the ammonium 
sulfate salt, whereas ferric citrate is an anion (18) and thus 
should partition with difficulty into a hydrophobic phase. 
However, there presently is no obvious explanation for 
the behavior of the ADP chelates. 

As was expected from their anionic character, EDTA 
and DTPA chelates have very low lipid solubility. Indeed, 
this low solubility combined with high binding constants 
for iron makes these two chelators reasonably efficient 
demetalling agents when the partitioning procedure is 
used in reverse with oleic acid and with various oils 
{Schalch, K. M. and Borg, D. C., unpublished data}. 

H202 partitioned into lipid less efficiently than did iron 
(Fig. 1), the partition coefficients being 1 to 2 • 10 -3. 
These coefficients are not inconsistent with those re- 
ported for H20~ in chloroform {19), considering the very 
short equilibration period in this study. Partitioning 
seemed to depend on the concentration of HzO2 in the 
aqueous, phase, although the apparent decreased parti- 
tioning with increasing dilution of H202 may have 
resulted in part from greater instability of the dilute 
aqueous H20~ during the partitioning procedure. 

Solubilization of hydroxylamine in both fatty acids and 
esters occurred, as was evident in spin-trapping experi- 
ments, but could not be quantified. While hydroxylamine 
is known to form hydroxamic acids with fatty acid esters 
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FIG. 1. Partitioning of H20= into oleic acid as a function of H202 
concentrations in the aqueous phase. 

(20), the reaction was not expected to be a complication 
in this experiment because it requires strongly alkaline 
conditions and high concentrations of hydroxylamine {21). 
Hydroxylamine concentrations in these reactions were 
limited to prevent reduction of the spin traps and the ad- 
ducts. No products absorbing in the 500-560 nm range 
were detected. 

(Question 2) Does the Denton reaction "go" in a lipid 
environment? It has been shown that reactants necessary 
for a Fenton reaction solubilize in bulk lipids. Fenton 
kinetics in lipid phases now become important for assess- 
ing the potential biological significance of these reactions. 

The technique of spin trapping was used to answer this 
question. When Fenton reactions, either with Fe 2§ or with 
Fe 3§ and a reducing agent, were run in protic oleic acid 
with DMPO, a four-line signal similar to that  expected 
for the OH" adduct was produced (Fig. 2). The splitting 
constants for the nitrogen (AN) and /3-hydrogen {AH) 
were not equal, and thus the ratios of the line intensities 
were not 1:2:2:1 as seen with the OH" adduct in water. 
The lower polarity of the neat lipid should decrease the 
splitting constants relative to those observed in water, 
and the splitting constants observed in oleic acid are com- 
parable with those reported for OH" adducts of DMPO 
in other organic solvents of low polarity (22), which gave 
six-line spectra. In this case, however, the broadening of 
spectral lines (i.e. increase in spectral linewidths) resulting 
from the high viscosity of the oleic acid is sufficient to 
cause overlaps in pairs of the four center lines so that an 
intrinsic six-line spectrum presents as a four-line first 
derivative spectrum with almost equal line heights, as 

OLEIC ACID 

FENTON 

FeCI 3 

(x 22) 

SS 

! I 
t 0  GAUSS 

~ OH" adduc t  

AN=14.0 G 
AH=IE.7 G 

LOO" adduct 

FIG. 2. Typical EPR spectra of DMPO free radical adduets in oleie 
acid. Top: spectrum assigned to OH" adduct, which appeared im- 
mediately following Feuton reactions with either Fe 2§ or Fe 3§ plus 
hydroxylamine. Instrument settings: microwave power, 5 mW; 
modulation amplitude, 0.8 G.; gain, 3~00; time constant, 0.01 sec. 
Bottom: spectrum of peroxyl radical adducts obtained when FeCI3 
was added to oleic acid to initiate autoxidation. Instrument settings: 
modulation amplitude, 0.5 G.; gain, 10,000; otherwise as above. 
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verified by computer simulation. Thus, the assignment 
of this signal to OH" adducts in oleic acid is reasonable, 
even though conclusive identification will require isola- 
tion and analysis of this adduct. 

The signal intensities but not the line patterns were 
altered by moderate variations in reactant concentrations, 
which further indicates that primary rather than second- 
ary radicals were being trapped under the reaction con- 
ditions of this study. Decreasing the spin-trap concentra- 
tion did not increase detection of secondary lipid radicals. 
However, subsequent investigations have shown that  
when 10-fold higher iron concentrations are present, the 
reducing capacity of the hydroxylamine is exceeded 
and]or the reduction of the iron is slower than the direct 
reaction of ferric iron with oleic acid; in this case, iron- 
induced peroxyl radicals rather than OH" are trapped. 

DMPO dissolved in fresh samples of oleic acid gave no 
EPR signals. If oleic acid was incubated with ferric iron 
before DMPO was added, a lipid peroxyl radical was 
trapped {Fig. 2, lower trace); and if organic reducing 
agents such as glutathione were used or if small amounts 
of alcohol were present during the reaction, radicals form- 
ed by OH" attack on them also were trapped. Ferrous iron 
alone in oleic acid gave no signal unless oxygen was pres- 
ent, in which case the OH" adduct slowly grew in as the 
Fe 2§ autoxidized and produced H20~. Thus, at least quali- 
tatively the Fenton reaction system in this lipid behaves 
as would be expected from classical lipid oxidation 
chemistry. 

It is possible to follow the changes in OH" adduct con- 
centrations with time by fixing the magnetic field on one 
of the center lines of the EPR signal, and this technique 
was used to monitor Fenton-like reactions of ferric iron: 
"free" as FeCl3, and chelated by ADP, EDTA and DTPA. 
Results are presented in Figure 3. 

Of the three chelates, ADP supported Fenton kinetics 
in oleic acid at rates approaching that  of the ferric salt, 
while EDTA and DTPA chelates reacted much more 
slowly and provided lower total adduct concentrations. 
There are three possible explanations for these differ- 
ences: the absolute concentrations of chelates partitioned 
into the oleic acid were not the same, as was indicated 
by the AA data; EDTA and DTPA are known to react 
rapidly with OH" and may have competed with DMPO 
for the hydroxyl radicals as they were formed close to the 
chelates; or the relative redox characteristics of the three 
chelates may be different in oleic acid than in water. Prob- 
ably all of these factors contributed to the observed 
behavior. 

That initial signal intensities for FeC13 were higher than 
those of the chelates reflects the greater extent of reac- 
tion that occurred within the approximately 10 sec re ~ 
quired to transfer reaction mixtures by hand to the EPR 
cavity. That EDTA and DTPA chelates gave detectable 
OH" production at all, despite the negligible iron concen- 
trations detected by AA in the partitioning experiments, 
indicates that even sub-~M iron is sufficient to drive a 
Fenton reaction and]or possibly that contaminating 
traces of iron or other redox-active metal were present 
despite care taken to remove them. 

Kinetics of the ferrioxamine~driven Fenton reaction in 
oleic acid could not be compared directly with the Fenton 
kinetics of those of the other chelates. Because ferrous 
complexes of DFO are unstable in the presence of oxygen 

and oxidize to ferrioxamine almost instantaneously in the 
presence of oxygen, the Fenton and trapping reactions 
with this chelate had to be performed on a vacuum 
manifold; samples were subsequently withdrawn from the 
manifold and analyzed by EPR. Hydroxylamine reduc- 
tion of ferrioxamine was slow in oleic acid, but when this 
reaction was allowed to proceed before the addition of 
H20, and DMPO, a four-line adduct signal identical to 
that produced by the other chelates and by iron salts was 
observed. 

When the reactions were run in aprotic laurie, oleic or 
linoleic methyl esters instead of the more protic acids, the 
expected four-line signal of hydroxyl radicals could not 
be detected. The signals obtained grew in more slowly 
than did the OH" adducts in oleic acid, and consisted of 
mixtures of radical adducts {Fig. 4), the major com- 
ponents of which gave AN'S about 12-13.5 G and AH'S 
about 10-11 G. These splittings are substantially lower 
than those reported for OH" adducts in organic solvents 
(22) but are nearly identical to those reported for lipid 
peroxyl radical adducts in toluene {23,24}. Thus, spectral 
components having parameters in the range noted have 
been assigned to LOO" adducts. 

The OH" adduct of DMPO in fat ty acids or esters has 
not been reported previously, so what the spectra should 
look like can only be surmised from comparisons with 
known OH" adducts in organic solvents of similar polar- 
ity. If the spectra of OH" adducts in methyl linoleate and 
oleic acid are similar, only traces of OH', if any, were evi- 
dent in the complex spectra in methyl linoleate. If, on the 
other hand, the spectra of OH" adducts in linoleate are 
comparable with those in ethyl acetate, benzene, or 
toluene (22), OH" adducts always may be present as a 

FECL 3 

~ , J  

e"a  

I 
(10 SEC,) 15 

TIME (MINUTES) 

FIG. 3. Effects of iron complexation on kinetics of Fenton reactions 
in oleic acid: production of DMPO-OH" adducts by Fe 3. "free" as 
its chloride salt and chelated by ADP, EDTA or DTPA. Reaction 
concentrations: DMPO, 44 raM; H202, 30 ~M; iron compouuds, as 
partitioned into oleie acid from 10 -4 M aqueous solutions; plus 
hydroxylam/ne. Instrument settings: microwave power, 5 mW; 
modulation amplitude, 0.5 G.; gain, 8,000; t ime constant, 0.03 sec. 
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background component, contributing to the complexity 
and overlap of lines in the observed spectra. Indeed, com- 
puter simulations suggested that a component with 
A H ~ 12 G and A H ~ 11 G could be a component of 
nearly all spectra from the esters. This signal was clear- 
est in EPR spectra from laurate and from Fe2+-Fenton 
reactions in linoleate; in both of these situations, greater 
production or stability production of OH" adducts would 
be expected. Therefore, it is possible that this component 
is the OH" adduct, and attempts to isolate and identify 
this component conclusively are underway. 

LINOLEA~TE 
Fe [3+] rx. 

/ 

J 
Fe 12+1 rx. ~ '  V~~.~ 

j 10 gauss 

FIG.  4. Representat ive  spectra produced during Fenton  reactions 
in lipid esters containing hydroxylnmlne and 44 mM DMPO. Methyl 
laurate: reaction time, five min. Es t imated reaction concentrations: 
H202, 19/~I ;  Fe 3., 0.5 X 10-' M. Main components:  1) A N = 12.82, 
~A H = 10.70, AN, YAH = 1.3 G. (LOO" adduct); 2) A N = 12.1, ~A H 
= 11~, YA H = 1.3 G (nnknown species). Methyl oleate: reaction time, 
18 min. Es t imated  reaction concentrations: H202, 26 I~M; Fe ~', 0.1 
X 10 -7 M. One identified component: A N = 12.62, ~A H = 10.25, yA H 
= 1.4 G. (LOO" adduct). Methyl iinoleate (Fe3§ reaction time, 
25 mln. Es t imated  reaction concentrations:  H~O2, 38 ~M; Fe 3., 0.2 
X 10 -'  M. Two components  identified: 1) A N = 13.4,/~A H = 10.4 G. 
(unknown species); 2) A N = 12.82, ~A H = 6.65, yA H = 2.20 G (IX)" 
adduct). Methyl  linoleats (Fe2+-Fenton): reaction time, 7.5 min. 
Es t imated  reaetion concentrations:  H20~, 38 ~M; Fe 2., 0.5 X 10-' M. 
Ins t rument  sett ings for all spectra: microwave power, 5 roW; modula- 
t ion amplitude, 0.25 G.; gain, 8,000-10,000; time constant,  0.03 see. 

OH'-induced lipid alkyl radicals surely are being pro- 
duced in these reaction systems, but it may be very 
difficult to trap them because these radicals react with 
oxygen so much faster (k = 109/M/sec) (25) than they are 
trapped by DMPO (k = 106/M/sec) (see review in Ref. 2). 
Increasing the rigor of deoxygenation with inert gases 
increased the radical yields and decreased oxygen line 
broadening, thus improving the resolution of the spectra, 
but it did not enhance trapping of OH" or alkyl radicals. 
Because of the solubility of oxygen in bulk lipids, they 
are extremely difficult to deoxygenate completely. Thus, 
trapping the initial lipid alkyl radicals may require run- 
ning the reaction on a vacuum manifold to limit suffi- 
ciently the competition from oxygen or else may require 
utilizing a spin trap, such as nitrosobutane, which forms 
adducts with alkyl radicals much faster than does DMPO. 

With all the esters, the DMPO adduct signals changed 
with time, indicating changes of radical species and vary- 
ing proportions of different radicals. Methyl laurate ad- 
ducts were most stable over time and required all Fenton 
reactants for production. As would be expected, with in- 
creasing unsaturation of the lipid, adduct mixtures 
became less stable and more sensitive to concentrations 
of Fenton reactants, particularly iron. Pulse radiolysis 
studies {25,26} have shown that  initial OH" attack on 
methyl linoleate occurs indiscriminantly along the hydro- 
carbon chain, and that subsequent intramolecular migra- 
tion of the radicals or, more likely, secondary hydrogen 
abstractions from other lipid molecules results in radicals 
and peroxides at the expected 9 and 13 carbon positions. 
It is likely that some of the spectral changes observed 
here reflect a similar process. 

As in all spin-trapping experiments, caution must be 
exercised in interpretation of results. Both the signal in- 
tensities and adduct mixtures were quite sensitive to reac- 
tant concentrations, as shown for methyl linoleate in 
Figure 5. This may be expected because changing the 
levels of any of the Fenton reactants should alter the 
course of secondary branching reactions of oxidation 
chains, and the mix of radicals available for trapping 
would be altered correspondingly. In particular, high con- 
centrations of iron {e.g. approaching wM) altered initial 
peroxyl radicals or their adducts so that artifactual four- 
line spectra similar to that of the OH" adduct were 
sometimes produced, either by direct attack on DMPO 
(A N = 14.98 G, A H = 14.78 G) or by conversion of 
peroxyl radicals or their DMPO adducts (A N = 14.64 G, 
An -- 14.33 G, see trace [E] in Figure 6). The splitting 
constants of these spectra are larger than would be ex- 
pected for a bona fide OH" adduct in this solvent, so they 
are likely to arise from DMPO decomposition reactions, 
of which ring scission is known to produce four-line spectra 
resembling OH" adduct spectra {27}. Similarly, when in- 
sufficient hydroxylamine was present in the reaction mix- 
ture, radicals from ferric iron-initiated lipid oxidation were 
trapped (c.f. trace [D], Fig. 5). While similar to the spec- 
tra obtained from full Fenton reactions, spectra from iron- 
dominated reactions showed altered proportions of some 
components and the absence of other components. 
Finally, a triplet (AN ~ 14.5 G) was produced in systems 
with high iron or with long incubations; it is a nitroxide 
radical formed by the oxidation of DMPO. 

It seems certain that  Fenton processes rather than 
propagation reactions involving preformed lipid hydro- 
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FENTON REACTIONS IN METHYL LINOLEATE 

(A) , 

~~ Fe 

l.o NH20H ~/ ~] 

0.1 Fe 
0.5 H202 
o.s redo. J / / 

: /  
V V 0~ NI"I~OH 

/ 
(o) 

i .O Fe 
0.~ H202 

FIG. 5. Effects of varying reactant concentrations on Fenton reactions in methyl Hnoleate. Concentrations 
given are relative to (A): Fe 3§ 10 -7 M; H202, 26 ~M; NH2OH, as partitioned from a 10% solution. (A) has a 
four-line signal with A N = 14.98,/3A H = 14.78 G, and a component of unknown identity (X'), A N = 13.4, 
PA H = 10.4 G. The other three spectra have various mixtures of predominately X" and LOO" (A N = 12.82, 
/3A H = 10.42, yA H = 2.2 G), with lesser amounts of LO" (A N = 12.82,/~A H = 6.65, YA H = 2.2 G). Instrument 
settings comparable to those given in Figures 4 and 6. 

peroxides were the dominant reactions being observed. 
DMPO adducts that  had been identified as LO" adducts 
in other reaction systems either were not detected or were 
very weak background components when Fenton reac- 
tions were used as initiators in the esters. Peroxides were 
not detectable iodometricaUy in methyl oleate and 
linoleate after the partitioning step, and in incubations 
without Fenton reagents peroxyl adducts required sub- 
stantially longer (days) to accumulate than the times 
typically monitored in the EPR experiments (minutes). 
Furthermore, variable low levels of peroxides (usually 
peroxide values less than 10) did not affect the spectra 
obtained with oleic acid, but using pre-oxidized lipid 
esters (e.g. peroxide values about 100 or higher) did alter 
the radical species trapped, particularly with methyl 
linoleate. DMPO added to pre~oxidized linoleate and Fen- 
ton reactions run with pre~oxidized linoleate (Fig. 6) both 
gave composite spectra different from those obtained in 
virgin (unoxidized) linoleate but similar to some spectra 
observed if the Fenton reactions in virgin linoleate were 
allowed to: progress for long periods (e.g. 20 to 30 min, 
as in trace [C], Fig. 5). Computer simulations were used 
to decompose typical spectra obtained from a Fenton 
reaction in oxidized linoleate; this technique indicated at 
least three components. 

One of these components had EPR hyperfine coupling 
constants (A N -- 12.62, /JA H = 10.27, YAH = 1.47 G) 
characteristic of DMPO peroxyl adducts, although the 
splittings were better resolved than usual. This signal 
most likely results from adducts of the 9-peroxyl and/or 
13-peroxyl radicals of methyl linoleate, which predomi- 
nate during normal autoxidation and should not differ in 

their EPR spectra. The other species was present at con- 
centrations, relative to those of the more ubiquitous 
peroxyl adducts, which varied with reaction time. It  had 
a narrower beta proton splitting (AN = 12.82, ~A n = 
6.65 G) and a somewhat wider y-proton splitting (yA H -- 
2.2 G), suggestive of hyperfine spectra documented for 
alkoxyl radicals {2,23}, and nearly identical spectra re- 
cently have been attributed to alkoxyl radicals of methyl 
linoleate in toluene following metalloreductions of lipoxy- 
genase-generated hydroperoxides (24) and in freon follow- 
ing ozonlzation (28). This alkoxyl component, which 
should be produced only in secondary reactions of ferrous 
reactants with LOOH, was either absent or present only 
as very weak background when Fenton components were 
reacted in unoxidized linoleate. 

The third component, a six-line spectrum with splitting 
constants (A N -- 13.4, AH -- 10.4 G) slightly higher than 
those of LOO ~ adducts, also was observed under other 
reaction conditions. Moderate to high iron concentrations, 
the presence of oxygen, and low-level pre~oxidation of the 
linoleate all seemed to increase the contribution of this 
species. One speculation is that  this signal arises from 
epoxy-peroxyl radicals formed by rearrangement of 
alkoxyl radicals to epoxyallylic radicals that  then react 
with O2 (16,29). However, further work is needed to con- 
clusively identify this radical as well as to clarify which 
radical species are favored under various reaction 
conditions. 

Why could there be such differences in the Fenton reac- 
tions and/or spin-trapping of radicals in fat ty acids vs 
their esters? Because the concentrations of iron partition- 
ing into the esters were lower than for the acids, it is 
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OMPO + Oxidized Methyl L i n o l e e t e  

~ n  
I I iO geu~ 

R e a c t i o n s  in xldized Methyl Linoleate 

) 

(o) 

NL § low Fe (3+} 

FIG. 6. Representative spectra of DMPO adducts produced by oxidizing methyl linoleate (ML) and by Fen- 
ton reactions in preoxidized ML. {A) First signal detected when ML was allowed to oxidize in the presence 
of DMPO {117 mM). Reaction time, approximately one day. Two identified components: 1) A N -- 13.9, ~A H -- 
10.9 G {unknown species); 2) A N = 12.1,/~A H -- 11.2, YA H = 1.3 G (unknown speciesj. Gain, 12,500; modula- 
tion amplitude, 0.4 G. (B) Adducts produced when DMPO was reacted with pre-oxidized ML {PV > 300). Two 
identified components: 1) A N - 13.4, ~A H = 10.4, YA H - 0.8 G {unknown species); 2) A N -- 14.6, ~A H = 
1.5 G (unknown species}. Gain, 12,500; modulation amplitude, 0.25 G. {CJ Adducts from reaction of Fe 2. (0.05 
X 10 -7 M) with minimally oxidized ML (as in A). Main component: A N = 13.9, OA H -- 10.9 G. Gain, 10,000; 
modulation amplitude, 0.25 G. {D) Adducts from reaction of Fe 3§ (0.05 X 10 .7 M) with minimally oxidized 
ML. Reaction time six min. Three components: 1) A N -- 13.6,/~A H -- 10.2, YA H = 1.5 G {g = 2.0078); 2) A N 
-- 13.5, ~A H = 10.1 G {g -- 2.0068); 3) A H = 14.6, ~A H = 1.5 G. All species unknown. Gain, 10,000, modula- 
tion amplitude, 0.4 G. {E) Adducts from reaction of Fe 3~ {0.1 X 10-' MJ with ML oxidized as in (13). Reaction 
time, 15 min. A N = 14.64, ~A H -- 13.33 G (from decomposition of DMPO or an adductJ. Gain, 10,000; modula- 
tion amplitude, 0.25 G. {F) Adducts from Fenton reaction in minimally oxidized ML {as in A). Estimated 
reaction concentrations: DMPO, 215 mM; H202, 25 IJM; Fe ~', 0.1 X 10 -7 M; plus hydroxylamine. Signal con- 
tains at least three components: D AN = 12.62, #A H = 10.27, YA H = 1.47 G (LOO'); 2) A N -- 12.82, ~A H 
= 6.65, YA H = 2.20 G (LO'); 3) A N -- 13.4, ~A H -- 10.4 G {unknown). Gain, 6,300, modulation amplitude, 0.1 
G. Microwave power for all samples was 5 mW. 
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poss ib le  t h a t  F e n t o n  reac t ions  in the  es te rs  occurred a t  
levels too low for eff icient  t r a p p i n g  of the  p r i m a r y  OH" 
in compar i son  wi th  t r a p p i n g  of the  secondary  l ipid per- 
oxyl  radicals .  A l t e rna t i ve ly ,  the  F e n t o n  reac t ion  i tself  
may  proceed more slowly in  aprotic media  t han  in the pro- 
t ic  oleic acid or in  aqueous  solut ions .  Some p r e l im i na r y  
s tud ies  of F e n t o n  k ine t ics  in  l ipids sugges t  t h a t  reduc- 
t ion  of i ron  is the  r a t e - l imi t ing  step,  t h a t  th is  s tep  m a y  
be slower in  l ipid es ters  t h a n  in  acids, and  t h a t  the  solu- 
b i l i ty  of h y d r o x y l a m i n e  in  l ipid es ters  m a y  be a second 
cr i t ical  fac tor  a f fec t ing  the  overal l  ba lance  of r eac t ions  
in  l ipid esters .  All  of these  poss ib i l i t ies  are u n d e r  
i nves t iga t ion .  

The  differences in the  i ron solubil i t ies and  t r a p p i n g  pat-  
t e rn s  in  oleic acid vs  those  in  aprot ic  es ters  have  some 
i n t e r e s t i n g  impl ica t ions :  are there  specific reg ions  of 

membranes where Fenton reactions may be facilitated 
and are there specific preferential targets for reaction with 
OH" in membranes, where most fatty acids are present 
as esters? Also, in pathological conditions with elevated 
free fatty acid levels in membranes, do the fatty acids in- 
crease iron uptake and thus predispose those membranes 
to potential oxidative destruction? 

(Question 3) Do Fenton reactions occurring within lipid 
phases initiate the chain reactions of lipid autoxidation ? 
The s p i n - t r a p p i n g  e x p e r i m e n t s  sugges t ed  qua l i t a t i ve ly  
t h a t  Fen ton- in i t i a t ed  oxida t ion  does proceed at  ra tes  con- 
s iderab ly  fas ter  t h a n  unca t a lyzed  au tox ida t ion ,  and  sub- 
s equen t  expe r imen t s  have  provided quan t i f i ca t ion  of the  
effects. However ,  the  a u t o x i d a t i o n  k ine t ics  depend  in  a 
complex  m a n n e r  on  the  form of i ron complexa t ion ,  b o t h  
the  abso lu te  a nd  the  re la t ive  c o n c e n t r a t i o n s  of all the  
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reactants  (including oxygen), and the particular proper ty  
measured. This work will be presented elsewhere. 

Finally, in partial  answer to question c posed at the 
close of the introduction, experiments with red cell ghosts 
and with liposomes have suggested tha t  Fenton reactions 
occur in lipid phases of membranes {30) as well as in bulk 
lipids, a l though the form(s) and localization of the iron 
in the membranes have not been determined. These obser- 
vations, while preliminary, nevertheless reinforce the 
lesson proffered by the model sys tem studies reported 
here: i.e., H202, some iron complexes and DMPO all 
penetra te  lipid phases, so membrane-localized reactions 
of these reagents mus t  be expected in addition to, or 
perhaps even in place of, aqueous phase reactions. 

SUMMARY 

In summary,  intramembranous formation of OH" and in- 
itiation of lipid oxidation via Fenton reactions in the lipid 
phases of membranes in vivo certainly appears feasible. 
Clearly all the makings for compartmental ized Fenton 
reactions are present,  and OH" is produced in model 
systems using bulk lipids. Granted,  these model systems 
do not  mimic physiological conditions directly. However, 
the proofs-of-principle established in these chemical 
models should hold in vivo for cells and tissues in which 
H202 is being produced provided tha t  appropriately com- 
plexed nonheme iron is available and endogenous reduc- 
ing sources can replace the hydroxylamine used in the 
models. 

Indeed, the makings for membrane-bound Fenton reac- 
tions should be available in vivo. Although little is known 
regarding the concentrations,  endogenous ligands and 
cellular localization of redox-active nonheme iron, iron is 
known to t raverse  membranes by both  energy-requiring 
and energy-independent mechanisms (31). Our solubility 
data  certainly support  the potential  for the la t ter  via 
passive diffusion, with accumulation of catalytically 
meaningful concentrations. Redox cycling of iron in mem- 
branes may be effected by thiols, by many reducing 
radicals (including O2:/HO2"), and by  a number  of reduc- 
tases {32,33). Furthermore,  most  of the H202 in cells, e.g. 
60% or more of tha t  produced in ra t  hepatocytes,  is pro- 
duced by membrane-bound multi-enzyme redox systems 
(34), and H202 produced elsewhere diffuses through mem- 
branes {35) nearly as freely as water  {36}. 

Nevertheless, it must  be emphasized tha t  the effects 
resulting from Fenton reactions in membranes ultimately 
will be determined by the microenvironment where the 
redox-active metal is bound--by the character of the near- 
by lipid and the presence of other  potential  ta rgets  such 
as DNA or embedded proteins. Sub-wM concentrat ions 
of iron (or copper) dissolved in the hydrophobic regions 
of membrane lipid bilayers most  likely will initiate free 
radical chains of lipid autoxidation, which then may pro- 
ceed to damage proteins or DNA. Usually low concentra- 
tions of redox-active metal  in lipid will augment  lipid 
peroxidation in a catalyt ic  manner. However,  when the 
metal  is bound within a few angstroms of embedded 
macromolecules, OH" may at tack them directly in prefer- 
ence to init iating a chain reaction in more dis tant  lipid 
molecules of the membrane, and in such cases lipid 
oxidation may be decreased by the Fenton chemistry or 
not  observed at  all. Furthermore,  as we recently have 

discussed elsewhere {37,38), it is impor tant  to keep in 
mind tha t  when high concentrat ions of iron are used in 
various model systems, the metal may become a stoichio- 
metric ra ther  than a catalytic reac tant  and also may ex- 
hibit dominant  chain terminat ion behavior tha t  is not  
seen at  all at  physiological concentrations. Observations 
in multiphase or compartmentalized systems will be open 
to misinterpretation if due consideration is not given to 
these possibilities. 
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Ascorbate-enhanced Lipid Peroxidation in Photooxidized 
Cell Membranes. Cholesterol Product Analysis as a Probe 
of Reaction Mechanism 1 
Gary J. Bachowskl, James P. Thomas and Albert W. Glrolfl* 
Department of Biochemistry, Medical College of Wisconsin, Milwaukee, Wl 53226 

Cholesterol was used as an in situ probe for studying 
mechanisms of lipid peroxidation in isolated erythrocyte 
membranes subjected to different prooxidant conditions. 
The membranes were labeled with ["C]cholesterol by ex- 
change with prelabeled -nilamellar fiposomes and photo- 
sensitized with hematoporphyrin derivative. Irradiation 
with a dose of blue fight resulted in thiobarbituric acid- 
detectable lipid peroxidation that was increased markedly 
by subsequent dark incubation with 0.5-1.0 mM ascor- 
bate {AH'). Ascorbate-stimulated lipid peroxidation was 
inhibited by EDTA, desferrioxAmlne (DOX) and butyl- 
ated hydroxytoluene (BHT), suggesting that the process 
is free radical in nature and catalyzed by membrane- 
bound iron. Thin layer chromatography and radiometric 
scanning of extracted fipids from photooxidized mem- 
branes revealed that the major oxidation product of 
cholesterol was the 5a-hydroperoxide (5a~)OH), a singlet 
oxygen adduct. Post-irradiation treatment with AH-/ 
Fe(III} resulted in an almost-total disappearance of 
5a-OOH and the preponderance of free radical oxidation 
products, e.g. 7-ketocholesterol, the epimeric 7a-/7~hydro- 
peroxides (7a-fT/~)OH) and their respective alcohols (7a-I 
7/~OH). EDTA, DOX and BHT inhibited the formation 
of these products, while catalase and superoxide dismu- 
tase bad no effect. These results are consistent with a 
mechanism involving 1-electron reduction of photogener- 
ated hydroperoxides to oxyl radicals, which trigger bursts 
of free radical lipid peroxidation. Though generated in 
this system, partially reduced oxygen species, viz. super- 
oxide, hydrogen peroxide and hydroxyl radical, appear 
to be relatively unimportant in the autoxidation process. 
Lipids 23, 580-586 (1988) 

Cholesterol products that arise from ionizing radiation, 
photodynamic action and other oxidative reactions have 
been well-characterized in simple systems, i.e. organic 
solvents and artificial lipid membranes (liposomes} (1-6). 
With systems of this type, it has been possible to use 
cholesterol as a mechanistic probe for distinguishing, e.g. 
between singlet oxygen ('O2)-driven reactions and free 
radical-driven ones. We recently have advanced this area 
of investigation (7} by showing that cholesterol in a 
natural plasma membrane, the human erythrocyte ghost, 
can be exploited in similar fashion (8-10). Thus, two major 

'Presented at the symposium "Free Radicals Antioxidants, Skin 
Cancer and Related Diseases" at the 78th AOCS Annual Meeting 
in New Orleans, LA, May 1987. 
*To whom correspondence should be addressed. 
Abbreviations: AH', ascorbate; BHT, butylated hydroxytoluene; 
DOX, desferrioxamine; HPD, hematoporphyrin derivative; IL)OH, 
lipid hydroperoxide; PBS, phosphate-buffered saline; TBA, thiobar- 
bituric acid; TBARS, thiobarbituric acid reactive substance(s); 
TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine; 5a-OH, 5a- 
cholest-6-ene-3~,5-diol; 5a-OOH, 3~-hydroxy-5a-cholest-6-ene-5-hydro- 
peroxide; 7a-OH, cholest-5-en-3~,7a-diol; 7a-OOH,3~-hydroxycholest- 
5-en-7a-hydroperoxide; 7/3-OOH, 3~-hydroxycholest-5-en-713- 
hydroperoxide; 7fJ-OH, cholest-5-en-3/3,7~diol; 7-one, 3i3-hydroxy- 
cholest-5-en-7-one. 

products of oxygen radical attack, 3~hydroxycholest- 
5-ene-7a-hydroperoxide {7a-OOH} and 3~hydroxycholest- 
5-ene-7f3-hydroperoxide (713-OOH) generated during 
xanthine/xanthine oxidase treatment, were distinguished 
from the characteristic '02 product, 3~hydroxy-5a- 
cholest-6-ene-5-hydroperoxide (5a-OOH} generated by 
porphyrin-sensitized photooxidation. Structures of these 
compounds are shown in Figure 1. We now demonstrate 
that cholesterol can be used to detect switching from 
predominantly 'O2-dependent lipid peroxidation to free 
radical-mediated peroxidation when membranes are first 
photooxidized in the presence of hematoporphyrin deriva- 
tive (HPD} and then exposed to the electron donor ascor- 
bate. Quantitation of these effects was made possible by 
tracking the products of radiolabeled membrane choles- 
terol. 

MATERIALS AND METHODS 
Materials. Freshly drawn human blood from anonymous 
donors was obtained from the Blood Center of South- 
eastern Wisconsin and used within one week. Unsealed 
erythrocyte membranes {white ghosts} were prepared by 
hypotonic lysis, followed by centrifugation and washing 
in lysing buffer and final resuspension in PBS (11). Total 
membrane protein was determined according to Lowry 
et al. {12) using serum albumin as the standard. During 
storage at 4 C, stock suspensions were blanketed with 
argon to minimize autoxidation. [4-'4C]cholesterol, 40-60 
mCi]mmol in benzene, was obtained from Research Prod- 
ucts International {Mount Prospect, IL). Hematopor- 
phyrin derivative {HPD) was prepared according to 
Gomer and Dougherty (13) and partially purified by 
gel exclusion chromatography on Bio Gel P-10 {14}. 
The rapidly eluting, relatively hydrophobic fraction, 
designated HPD-A, was used for membrane photosen- 
sitization. This fraction is enriched in tumor-localizing 
porphyrin aggregates that are under investigation in 
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R I ._~R 2 
7~.OOH OOH H 
7 ~ O H  H OOH 
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FIG. 1. Major cholesterol products derived from singlet oxygen and 
free radical oxidation. 
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connection with photodynamic therapy {15}. HPD-A 
preparations in PBS were stored at - 2 0  C until used. Por- 
phyrin concentrations were determined spectrophoto- 
metrically, as described {14}. Cholesterol, 7-ketocholes- 
terol, egg yolk phosphatidylcholine, Cu/Zn superoxide 
dismutase, catalase (thymol-free), butylated hydroxy- 
toluene, and 2-thiobarbituric acid were from Sigma Chem- 
ical Co. (St. Louis, MO), while sodium ascorbate was from 
BDH Chemicals (Poole, England). All other chemicals 
were of the highest purity available, and all aqueous solu- 
tions were prepared with deionized, glass-distilled water. 

Radiolabeling of membranes. Immediately before use, 
[14C]cholesterol plus carrier (~300 ~g total; see below} was 
separated from any pre-existing oxidation products by 
thin layer chromatography (TLC) on Silica Gel-60 plates, 
using heptane/ethyl acetate (1:1, v/v) as the solvent 
system. The cholesterol zone was located by radioscan- 
ning (see below}, recovered by scraping, and washed with 
chloroform]methanol (2:1, v/v). After centrifugation to 
remove gel particles, the extract was dried under argon. 
Cholesterol-labeled e ry throcyte  membranes  were 
prepared by exchange with labeled unilamellar liposomes 
as follows {16}. Egg phosphatidylcholine (1 ~mol) and 
purified cholesterol (0.8 ~mol, including 5-10 ~Ci of 
['4C]cholesterol) were dissolved in chloroform]methanol 
(2:1, v/v), and the solvent was removed by flushing with 
argon. The cholesterol/phospholipid ratio was chosen so 
as to approximate that of the erythrocyte membrane (16). 
The lipids were suspended in PBS by vortexing for 0.5-1 
min, allowed to stand for 30 min on ice, and then sonicated 
under a stream of argon, using a Branson Sonifier with 
microtip {approximately ten 30-sec doses at 30% full 
power, with interim chilling periods}. Suspensions then 
were centrifuged at 27,000 X g for 10 rain to remove any 
probe particles or large lipid aggregates. The liposomes 
in the supernatant fraction were mixed with ghost mem- 
branes and incubated in the presence of 2 mM azide and 
under argon for periods of up to 48 hr at 37 C. Ghost 
membrane cholesterol was typically in 15- to 20-fold ex- 
cess over liposome cholesterol. Using the 48 hr-value as 
an end point, we found that exchange was undetectable 
after 3 hr and approximated 40% after 20 hr. After in- 
cubation, the ghosts were washed with 10 volumes of PBS 
and centrifuged at 17,000 • g for 15 rain. This was 
repeated five to six times to ensure complete removal of 
liposomes and azide. The ghosts were resuspended to a 
final working concentration of 1 mg protein/ml (~2 X 109 
ghosts/ml). 

Experimental conditions. Radiolabeled ghosts were sen- 
sitized with HPD-A, transferred to a pair of thermo- 
statted beakers (45 mm diameter) at 10 C, and irradiated 
from above with filtered blue light {transmittance max- 
imum ~420 nm) (7). The suspensions were stirred con- 
tinuously at a slow rate to ensure uniform light exposure. 
Fluence rates (W/m 2) were measured with a radiometer 
{Yellow Springs Instruments, Yellow Springs, OH). After 
a given dose of irradiation, the membranes were recovered 
for subsequent incubation with AH" {without or with 
other additions} in the dark. These reactions were carried 
out at 37 C in four-place Stirrer Baths (Yellow Springs 
Instruments). Samples were removed for measurement 
of lipid peroxidation and/or TLC analysis immediately 
after irradiation and after one or more intervals of post- 
irradiation incubation. 

Assessment of lipid peroxidation. Peroxidation of un- 
saturated lipids {excepting cholesterol and monoenoic and 
dienoic phospholipids) was measured by thiobarbituric 
acid assay, as described previously {18,19). Absorbance 
readings at 532 nm were converted to TBARS values for 
malonaldehyde and other carbonyl by-products, using an 
extinction coefficient of 147,000 M-lcm -'. 

Chromatographic procedures. TLC separations of cho- 
lesterol photoproducts and autoxidation products were 
carried out in essentially the same manner as described 
(8). It was essential that EDTA or DOX be added to ex- 
perimental samples before lipid extraction to prevent 
LOOH decomposition. Extracted !ipids were either chro- 
matographed directly or after borohydride reduction of 
hydroperoxides to their relatively stable alcohols. Stock 
solutions of 50 mM NaBH, in methanol/10 mM NaOH 
were prepared immediately before use and added in five- 
fold molar excess over total cholesterol. After 15 min in- 
cubation at room temperature, solvent was evaporated 
and the lipid residues were taken up in 10 ~1 of cold 
chloroform]methanol for application to TLC plates. 
Authentic 7-ketocholesterol and its borohydride reduc- 
tion products, 7a-OH and 7/J-OH, were used as standards 
for identifying free radical reaction products. Authentic 
5a-OOH and its borohydride product 5a-OH were ob- 
tained by photooxidizing membranes with rose bengal, 
a weB-known photogenerator of '02 (20}. Chromatography 
was performed on Silica Gel-60 F,4 plates of 0.25-mm 
thickness (EM Science, Cherry Hill, NJ}, using a single 
irrigation of heptane/ethyl acetate (1:1, v/v). Phospho- 
lipids remained at the origin in this system and therefore 
did not interfere with the colorimetric detection of cho- 
lesterol products (see below}. Immediately after develop- 
ment, the plates were either sprayed with TMPD to detect 
peroxides, or scanned for radioactivity, using a RTLC 
Scanner {Model RS} equipped with a data processing 
system (Radiomatic Instruments, Tampa, FL). Subse- 
quent to scanning, the plates were sprayed with 50% 
H2SO4, warmed briefly to visualize cholesterol and its 
various oxidation products (21) and finally photographed. 

Other methods. Ascorbate was determined spectro- 
photometrically by measuring the reduction of Fe(III) [o- 
phenanthroline]2 at 515 nm (22,23). Calculations were 
based on an extinction coefficient of 23,000 M-'cm -1 (2- 
electron oxidation of AH-). Determinations were started 
immediately after removing samples from reaction vials. 
When present in assay mixtures, membranes were pel- 
leted in a microcentrifuge, and the supernatant fluids 
were used for absorbance measurements. 

RESULTS 

Ascorbate~driven lipid peroxidatio~ As shown in Table 1, 
exposure of HPD-A-sensitized erythrocyte ghosts to a 
one~hr light dose resulted in a low level of TBA-detectable 
lipid peroxidation (~1 nmol TBARS/mg protein), which 
reflects free radical processes {24}. Most of this reactiv- 
ity probably originated from degradation of 'O2-derived 
hydroperoxides during the assay because HPD-A has 
been shown to be a more efficient sensitizer of Type-II 
{'02) photochemistry than Type-I {free radical} photo- 
chemistry in this system {below and [10]). Incubation 
of the photoperoxidized membranes with 0.5 mM AH'/ 
0.05 mM Fe{III) in the dark caused a strong burst of lipid 
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TABLE 1 

Stimulation of Lipid Peroxidation in Photooxidized 
Membranes by Ascorbate a 

TBARS (nmol/mg protein) 
Reaction 
mixture 0 min 25 min 50 min 75 rain 

Control 0.0 0.0 0.4 0.3 
Standard 1.0 18.7 +_ 0.3 29.6 +_ 0.2 28.6 + 0.6 

-- Fe(III) 1.0 4.7 7.9 7.6 
+ EDTA 1.0 0.9 +_ 0.0 -- 1.2 + 0.1 
+ DOX 1.0 0.7 ___ 0.0 1.5 +-- 0.1 0.8 + 0.1 
+ BHT 1.0 1.0 1.1 1.0 

aMembranes (2 mg protein/ml in PBS) were sensitized with HPD- 
A (15 ~g/ml) and irradiated for one hr at 10 C (fluence rate ~25 W/m2). 
The standard reaction mixture in subsequent dark incubations con- 
sisted of photooxidized membranes (1 mg protein]ml), AH" (0.5 raM), 
and FeC13 (0.05 raM) in PBS at 37 C. In separate experiments, as 
indicated, the following were included: EDTA {0.06 mM), DOX 
(0.06 mM) or BHT (0.05 mM); or FeCl3 was omitted. A control con- 
taining nonirradiated membranes, AH" and FeCl~ was incubated 
alongside. At the indicated times, samples were withdrawn for deter- 
mination of thiobarbituric acid reactive substances (TBARS). All 
absorbance readings were corrected for the zero-time reading of the 
control. Numbers with + designations are means _+ deviation of 
values from duplicate experiments. --, Not determined. 

peroxidat ion tha t  leveled off a t  approx imate ly  30 nmol 
T B A R S / m g  protein af ter  40-50 min. Similar incubat ion 
of a non-photooxidized control produced no significant 
peroxidation, despite the fact tha t  hydroxyl  radical (OH'), 
a powerful  oxidant,  was  genera ted in the aqueous com- 
p a r t m e n t  under  these conditions (23). When AH" was 
omi t ted  f rom the s t andard  react ion mix ture  (Table 1}, 
peroxidat ion remained a t  the s t a r t ing  level, indicat ing 
t h a t  Fe{III} alone could not  suppor t  the  reaction. The 
radical  scavenger  B H T  and the chelators  E D T A  and 
DOX, which respect ively s t imula te  and suppress  iron 
redox cycling (25}, all acted as s t rong inhibitors, suggest-  
ing tha t  the react ion was free radical in na ture  and cata- 
lyzed by  membrane-bound  iron. The lower level of perox- 
idation observed wi thout  added iron (~8 nmol  TBARS/  
m g  at  50 rain) is a t t r ibu ted  to endogenous metal.  These 
resul ts  are similar to earlier ones involving photooxida-  
rive priming by  other sensitizers (26) and support  the idea 
t ha t  AH ' - s t imu la t ed  lipid peroxidat ion in this s y s t e m  
occurs via LOOH-dependent  init iation (27). A similar 
mechanism has been proposed for reactions in which AH" 
is present  th roughou t  the  i r radiat ion period (17). 

Cholesterol oxidation products. Additional insights into 
the reaction mechanisms involved in these processes were 
obtained by  identifying cholesterol oxidation products .  
TLC resul ts  obta ined with  [14C]cholesterol-containing 
unilamellar  l iposomes and e ry th rocy te  ghos ts  are shown 
in Figure 2. HPD-A-sensi t ized photooxidat ion  {lanes a) 
afforded a major  product  that ,  on borohydride t rea tment ,  
comigra ted  with the product  obta ined f rom rose bengal- 
sensitized photooxidat ion {10), and thus was identified as 
5a-OOH {Fig. 1). This clearly indicates t ha t  Type - I I  
pho tochemis t ry  was dominant .  In  addit ion to  5a-OOH, 
small  amounts  of 7a-OOH and 7~-OOH mus t  have been 
formed, as evidence by  the presence of 7~-OH and 713-OH. 
None of the diols (5a-OH, 7a-OH, or 7/~-OH} were detected 

FIG. 2. Post-irradiation effects of ascorbate on cholesterol in 
liposomes {left) and erythrocyte ghosts (right). Preparations of [14C] 
cholesterol-labeled liposomes and ghosts were sensitized with 5 pg/ml 
of HPD-A and irradiated for one hr at 10 C (fluence rate ~100 W/m2). 
Ghost protein was 1.0 mg/mi, corresponding to 0.7 mM phospholipid 
and 0.55 mM cholesterol. Liposomal lipid was approximately the 
same, i.e. 0.7 mM egg phosphatidylcholine and 0.5 mM cholesterol. 
After irradiation, the membranes were incubated for one hr at 37 C 
in the presence of I mM AH'/10 ba'Vl FeCI3 {lane b}; and I mM AH" 
/10 ~ FeC13t50 ~M DOX (lane c). Lane a represents irradiated mem- 
branes that were incubated one hr with FeCI3, but without AH'. Lipid 
extracts were reduced with NaBH4 before chromatographing. Sam- 
ple loads (as starting cholesterol}: ~80/~g per lane. O, origin; Ch, 
cholesterol; F, solvent front. Spots were visualized by spraying with 
50% H2SO4 and had the following colors: magenta (Ch); blue (5a- 
OH, 7a-OH, 7~-OH); gray {component between 5a-OH and Ch). 
Radioscans of lanes a-c {ghosts) are shown in Figure 3. 

without borohydride treatment (see below). As indicated 
(8), the free radical-derived 7-OOH epimers could have 
arisen via a low level of Type-I photochemistry, allylic 
rearrangement of 5a-OOH (28), light-independent autox- 
idation or some combination of these processes. Some 
rearrangement may have occurred during post-irradiation 
incubation of the samples in lanes a, but this was not 
assessed by comparing with non-incubated samples. Also, 
the membrane-bound state of HPD-A (10) might have 
favored at least some bona fide Type-I chemistry, e.g. by 
electron transfer from unsaturated lipid to excited state 
porphyr in  (8). The relative importance  of these pa thways  
has not  ye t  been established. Incubat ion  of photoperoxi-  
dized membranes  wi th  AH" plus Fe{III) caused s t r ik ing 
changes,  bo th  qual i ta t ive and quant i ta t ive ,  in the cho- 
lesterol product  profile of l iposomes as well as ghosts  
(Fig. 2, lanes b). For  example,  5a-OH was grea t ly  dimin- 
ished (barely detectable in the ghosts) and relatively large 
amounts  of 7a-OH/7~-OH were now evident,  along with 
an unidentified species migra t ing  between 5a-OH and 
cholesterol. The 7-diols were assigned on the  basis  of co- 
migra t ion  with  the reduction products  of a 7-ketocholes- 
terol s tandard,  7/l-OH being the more abundan t  p roduc t  
(28). The appearance of 7-diols during AH' / i ron t r ea tment  
clearly reflected the  large bu r s t  of free radical  lipid per- 
oxidation t ha t  was  observed b y  T B A  assay  (Table 1). 
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Formation of radical-derived products was absolutely 
dependent on AH" and iron because DOX prevented the 
reaction {lanes c), and Fe(III) alone was ineffective. No 
significant amounts of 7a-/7&OH were detected when non- 
irradiated membranes were exposed to AH" and iron (not 
shown}, which is consistent with TBARS formation being 
negligible under these conditions {Table 1). That a natural 
membrane responded similarly {albeit not identically} to 
an artificial bilayer in this system {Fig. 2} suggests that 
phospholipids per se provide the necessary sites of iron- 
binding and AH" interaction, and proteins are not re- 
quired. Small differences in the effect of AH" on photoox- 
idized liposomes and ghosts under identical reaction con- 
ditions {compare amounts of 7a-/7&OH in lanes b, Fig. 2) 
could easily reflect differences in the cholesterol environ- 
ment of the two membranes. 

Radioscans of labeled cholesterol products from the 
ghost membrane experiment described in Figure 2 are 
shown in Figure 3. The photooxidized control (Scan A) 
exhibits a major peak at R F 0.29, which coincides with 
the 5a-OH spot shown in Figure 2 and contains ~4% of 
the total radioactivity. Lesser amounts of 7a-OH (RF 
0.17) and 7~OH (R F 0.24) also are evident (3% and 1%, 
respectively). The broad peak near the origin represents 
an artifact of borohydride treatment that was observed 
as background noise in all samples, including nonir- 
radiated samples. Treatment with AH'/iron {Scan B) re- 
sulted in a large increase in the 7-diol peaks and decrease 
in the 5a-OH peak, which correspond qualitatively to the 

changes observed using colorimetric detection. Inten- 
sification of the peak at the origin suggests the presence 
of a relatively polar product that overlaps with back- 
ground material (see below). An additional component 
(RF 0.41; unassigned) coincides with the gray spot 
observed on the sprayed plate (Fig. 2). A similar product 
was observed in xanthine/xanthine oxidase-treated 
ghosts, which undergo oxyradical-dependent lipid perox- 
idation (8). That DOX could abolish the effects of AH'/ 
iron is further illustrated by Scan C, which shows a prod- 
uct profile that is virtually identical to that of the con- 
trol {Scan A). 

Radioscans taken from experiments similar to those 
described in Figures 2 and 3, but  without borohydride 
treatment prior to TLC are shown in Figure 4. In this 
case, we were able to detect radiolabeled hydroperoxides 
of cholesterol as well as diols and other products {e.g. 
7-one) generated during AH'-stimulated lipid peroxida- 
tion. The shift in product distribution when photoperox- 
idized membranes were reacted with AH" is again strik- 
ingly evident when Scan B (before AH') is compared with 
Scan C {after AH'/iron). The Scan B peak at R F 0.36 
(~10% of the applied radioactivity) consisted mainly of 
5a-OOH because 5a-OH was the most abundant product 
after NaBH4 treatment. In Scan C, 5a-OH (R F 0.27) is 
barely evident {<1%) while 7a-OH (R F 0.17; 4%) and 
7/3-OH (RF 0.23; 2%) are relatively prominant. Additional 
products ascribed to free radical reactions are observed 
at the origin and at RF 0.44 but are not identified. The 
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FIG. 3. Radioscans of cholesterol oxidation products from ['~C]cholesteroblabeled ghosts. 
The scans were performed on the same TLC plates as shown in Figure 2, but before H2SO4 
spraying. (Samples were reduced with NaBH4 before analyzing.) IA) photooxidized con- 
trol incubated with Fe(III), without AH'; (13) photooxidized ghosts incubated with I mM 
AH'/10 #M Fe{Ill); (C) photooxidized ghosts incubated with 1 mM AH'I10 pM Fe(III)/50/~M 
DOX. Sample load per lane: ~80 ~g, as starting cholesterol (~2,600 cpm}. Product yields 
(as percent total radioactivity) are shown in parentheses. 
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FIG. 4. Photoperoxidation of [*'C]cholesterol-labeled ghosts: radioscans of labeled prc~ 
ducts alter exposure to ascorbate. (Samples w e r e  no t  reduced with borohydride before 
chromatographing.) The ghosts (0.5 mg protein/ml in PBS) were sensitized with HPD-A 
(5 pglml), irradiated for  one  hr (Fig. 2) and then dark-incubated for one  hr in the presence 
of 1 mM AH'II0 I~[ FeCl3 plus the following additions: none (C); 50 l~d EDTA (D); 30 
~glml catalase (E). (A) is a 2-hr dark control; (B) is an irradiated sample before AH" treat- 
ment. Sample load per lane: ,~40 l~g, as starting cholesterol (~1,200 cpm). The overlay 
in ]llne C s h o w s  s p o t s  d e t e c t e d  with HzSO~. Product yields (as percent total radioactivi- 
ty) are  shown in parentheses. 

poorly resolved doublet migrating slightly ahead of 5a- 
OH consists mainly of 7a-OOH and 7/~-OOH {visualized 
by TMPD spraying and tentatively assigned as shown} 
plus the 7-one, which was detected by fluorescence (2D. 
EDTA, like DOX, inhibited these reactions, as evidenced 
by Scan D resembling Scan B. As indicated above, this 
effect probably was due to chelation and removal of iron 
from the membrane surface, which prevented LOOH 
decomposition. On the other hand, catalase had no effect 
on the reaction {Scan E), which is consistent with the en- 
zyme's inability to inhibit TBARS formation {17,26}. 
Therefore, even though H202 was generated in this 
system and served as a precursor of OH" (23), neither of 
these species could have been involved in the transfor- 
mations described. 

The cholesterol products shown in Scan B (Fig. 4) com- 
prised part of the overall population of lipid hydroperox- 
ides generated by photooxidation. We estimated the 
percentage content of cholesterol products as follows. 
Iodometric analysis (26) of the irradiated membranes in- 
dicated that the bulk concentration of total LOOHs 
(derived mainly from phospholipids and cholesterol) was 
115 • 3 ~M (mean • deviation of two determinations). 
Based on percentage radioactivity {corrected for 2-3% 
background}, the yield of cholesterol hydroperoxides in 
Scan B was estimated to be ~38/~VI. Thus, ~32 mol % 
of the LOOH population existed as cholesterol hydroper- 
oxides. This figure assumes, of course, that [14C]choles- 
terol underwent uniform exchange with membrane cho- 
lesterol and that the labeled products were representative 
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of the entire reactive population. Since cholesterol con- 
stitutes about 45 tool % of the erythrocyte membrane 
lipid (16), these data suggest that the sterol was less reac- 
tive toward photooxidation than the phospholipids. How- 
ever, the difference in these values is not as great as might 
have been expected, considering the fact that 'O2 has been 
shown to react with the methyl esters of linoleic, linolenic 
and arachidonic acids approximately 2>(, 3>< and 4•  
faster, respectively, than it reacts with cholesterol (29). 

Ascorbate oxidatior~ Figure 5 shows AH" decay dur- 
ing the incubations described in Figure 4. As can be seen, 
AH" loss in the presence of membranes was accelerated 
considerably after photoperoxidation, confirming that 
LOOH-dependent oxidation of AH" was taking place. In 
contrast to its effects on lipid peroxidation, EDTA 
stimulated AH" oxidation, which is in agreement with 
previous observations (23). BHT, on the other hand, in- 
hibited the reaction, which is consistent with the fact that 
this antioxidant suppressed TBA-detectable lipid perox- 
idation (Table 1). The protective effect of catalase is at- 
tributed to a small contribution to H202-dependent reac- 
tions to AH" oxidation. 
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CHOLESTEROL OXIDATION IN ERYTHROCYTE MEMBRANES 

FIG. 5. Ascorbate loss during incubation with photoperoxidized 
membranes. Data are taken from the experiment described in Fig- 
ure 4. The photooxidized ghosts  were treated with AH'/iron (O), or 
AH'liron plus the following: 50 tam EDTA (&); 30 ~glml catalase (E3); 
0.2 mM B H T  (V). A control with nonirradiated membranes was run 
alongside (X). 

DISCUSSION 

The observed effects of AH" on membranes contMn~ng 
preexisting LOOH is an example of hydroperoxide- 
dependent initiation of lipid peroxidation (27). The follow- 
ing reaction scheme is proposed to explain these effects 
(where LOOH, L' ,  LOO. and LO- are lipid hydroperox- 
ide, alkyl radical, peroxyl radical and oxyl radical, respec- 
tively, and AH'. is ascorbate radical). 

AH" + Fe(III) -* A: + H § + Fe(II) [1] 

LOOH + Fe(II) -* LO. + OH" + Fe(III) [2] 

LH + LO. -* L- + LOH [3] 

L. + 02 -~ LOO- [4] 

LH + LOO. -* L. + LOOH [5] 

0 ,  + Fe(II) -* O2" + Fe(III) [6] 

AH" + H § + O ;  ---,. A" + H 2 0 2  [7] 

H~O2 + Fe(II) -* OH. + OH" + Fe{III) [8] 

Cholesterol and phospholipid hydroperoxides generated 
primarily by '02 attack during porphyrin-sensitized 
photooxidation undergo iron-catalyzed reduction to oxyl 
radicals (Eqs. 1 and 2), which subsequently trigger waves 
of free radical lipid peroxidation (Eqs. 3-5). In this 
scheme, AH" exacerbates the membrane-damaging effects 
of photosensitized peroxidation by reducing Fe(III) in the 
midst of reactive LOOH. Previous work has shown that 
iron-catalyzed autoxidation of AH" in a system of this 
type ultimately gives rise to OH. (Eqs. 1, 6-8), which can 
be detected in the aqueous compartment with OH. traps 
(23). As indicated earlier (17,26), however, and confirmed 
here, OH- generated in this way (whether in the medium 
or on the membrane itself} has little to do with AH'- 
stimulated lipid peroxidation, presumably because LO. 
is a much more effective initiator. This derives from the 
fact that catalase inhibited the oxidation of OH- traps 
(23), but  had no effect on post-irradiation lipid peroxida- 
tion (Table 1) or formation of 7a-/7{3-OOH and other 
radical-derived products (Fig. 4). 

In addition to 7a-OOH and 7~-OOH, we were able to 
detect 7-one by virtue of its characteristic fluorescence 
on ultraviolet excitation (21). As suggested in previous 
studies on simpler systems (28,30), the ketone may have 
arisen via disproportionation reactions involving two 
7-peroxyl radicals or two 7-oxyl radicals (Eqs. 9 and 10, 
where L20, and L202 are postulated tetroxide and diox- 
ide intermediates, and LO is the ketone). Heteroreactions 
involving 7-peroxyl or 7-oxyl radical and a different lipid 
peroxyl or oxyl radical may also have taken place. 

2 LOO- -* [LOOOOL] -* LOH + LO + O2 [9] 

2 LO- -* [LOOL] -* LOH + LO [10] 

This and the preceding study (8) represent the first real 
examples of how cholesterol in a natural membrane can 
be exploited as a reporter lipid for monitoring changes 
in oxidant chemistry. Numerous earlier investigations by 
Smith (4) and others (1-3,5,6) on cholesterol oxidation in 
homogeneous solution (organic solvents) and in organized 
media (micelles and liposomes) have provided an impor- 
tant background for this work. These findings improve 
our understanding of how AH" and other iron reductants 
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m i g h t  e x a c e r b a t e  t he  c y t o t o x i c  e f fec t s  of  p h o t o s e n s i t i z -  
i n g  d y e s  a n d  d r u g s  {17). In  add i t ion ,  t h e y  s u g g e s t  new 
a p p r o a c h e s  for  e n h a n c i n g  the  t h e r a p e u t i c  p o t e n c y  of 
H P D  and  o t h e r  a n t i n e o p l a s t i c  p h o t o s e n s i t i z e r s  (15). 
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Melanocytes are cells of neural crest origin residing at 
the dermal~pidermal juncture. They produce specialized 
organelles called melanosomes within which the biochem- 
ical processes of melanization occurs. UV radiation is 
capable of inducing melanogenesis and, during the biosyn- 
thesis of melanins, several of the putative precursors 
"leak out" of the melanosome and can be detected in the 
skin, serum and urine of individuals undergoing active 
melanogenesis. Most notable are the cysteinyldopas 
{formed by nucleophilic addition of cysteine to dopa- 
quinone) and several dihydroxyindoles {formed by intra- 
molecular cyclization of dopaquinonet. These catechols 
often are methylated in the melanocyte to afford a mix- 
ture of the monomethoxy derivatives and, in some cases, 
the dimethoxy species. 

Recent investigations in our laboratories have demon- 
strated that the cysteinyldopas, dihydroxyindoles, and 
their various methylated derivatives are photochemicaUy 
unstable. Irradiation with biologically relevant ultraviolet 
radiation {i.e. wavelengths >300 nm} results in the rapid 
destruction of the precursors/metabolites and the produc~ 
tion of a variety of free radical species. The photochem- 
istry and potential photobiological significance of melano- 
genlc intermediates is discussed. 
Lipids 23, 587-591 {19881. 

Melanin is an ubiquitous biopolymer of quinone and 
hydroquinone monomer units found throughout the ani- 
mal and plant kingdoms. In animals, it contains concen- 
trations of metal ions and free radicals under most known 
conditions and is largely responsible for pigmentation. In 
fact, melanins are the only pigments apart from hemo- 
globin in the blood that are synthesized and used exten- 
sively by mammals. The amount, type and distribution 
of melanin in keratinocytes determines hair and skin 
pigmentation and is largely responsible for basic photo- 
protection. 

Specialized dendritic cells of neural crest origin known 
as melanocytes produce and package human epidermal 
melanin pigments. These cells reside at the dermaYepider- 
real junction and together with the surrounding keratino- 
cytes form a unit that is called the epidermal melanin unit. 
Within these units, the average ratio of melanocytes to 
keratinocytes is 1:36, but  it varies in different parts of 
the body. Melanin formation occurs in melanosomes, 
which are subcellular organenes transferred to keratino- 
cytes via the dendritic processes during pigmentation. 

1Presented at the symposium "Free Radicals Antioxidants, Skin 
Cancer and Related Diseases" at the 78th AOCS Annual Meeting 
in New Orleans, LA, May 1987. 
*To whom correspondence should be addressed. 
Abbreviations: COMT, catechol-O-methyl transferase; DCD, 2,5-S,S'- 
dicysteinyldopa; DHI, 5,6-dihydroxyindole; DHICA, 5,6-dihydroxy- 
indole-2-carboxyfic acid; DM ICA, 5,6-dimethoxyindole-2-carboxylic 
acid; DMPO, 5,5-dimethyl-l-pyrolline N-oxide; 5(or 6FHMICA, 5{or 
6Fmonomethoxyindole-2-carboxylic acid; PUVA, ~methoxypsoralen 
plus UVA; 5SCS, 5-S-cysteinyldopa; UVA, (B, C) ultraviolet light 
in the A {B or C} region, 400-320 nm {320-280 nm or <280 nm}; ESR, 
electron spin resonance. 

The size of the individual melanosomes dictates their 
distribution within keratinocytes. Melanosomes smaller 
than 0.8/nn are found in groups of two or more within 
the keratinocytes in membrane-limited vesicles called 
"melanosome complexes" in Caucasoids and Mongoloids, 
while melanosomes larger than 0.8 ~m are packaged 
singly within the keratinocytes in membrane-limited 
vesicles in Negroids. Once the keratinocytes are full of 
melanosomes, they are pushed towards the surface of the 
skin where they die and ultimately are sloughed off. 

Proteins sequestered from the smooth and the rough 
endoplasmic reticula, the Golgi apparatus and the Golgi- 
associated endoplasmic reticulum of melanocytes are 
deposited into initially unpigmented membrane-limited 
vesicles called premelanosomes. As the melanosome 
translocates to the tips of the dendrites, pigment forma- 
tion slowly occurs and is nearly complete when transfer 
of the melanosome to the keratinocyte takes place {see 
Fig. 1). Delayed tanning is stimulated by the UVB com- 
ponent of sunlight and encompasses melanosome forma- 
tion, pigment production and melanosome transfer. The 
detailed photobiological mechanisms of sunlight induced 
melanogenesis are not clearly understood. 

Melanins andphotoprotectior~ Regardless of melanin's 
original evolutionary function, there is little doubt that  
it photoprotects the skin of present-day humans {2). In 
their 1974 paper, "The role of natural photoprotective 
agents in human skin," Pathak and Fitzpatrick conclud- 
ed, "Melanin and the distribution of melanosomes in the 
epidermis are the single most important factors in the pro- 
tection of human skin from the effects of ultraviolet 
light." Other investigators have substantiated this view 
over the past 30 years (3-8). Pathak and Fitzpatrick also 
proposed a variety of mechanisms to explain how 
melanins accomplish this photoprotection, including the 
filtering and attenuation of impinging radiation by scat- 
tering, absorption and subsequent dissipation (as heat), 

stage IV melanosorne 

stage II melanosorne 

F o 

0 
rnelanocyte 

secretion 

dermls 

premelanosome 

FIG.  1. Schematic representation of melanosome migration and 
melanization within the melanocyte and transfer to a keratinocyte. 
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absorption accompanied by redox reactions and absorp- 
tion accompanied by electron transfer processes. 

When considering normal, physiological and patho- 
logical effects of sunlight on human skin, differences in 
genetic background must be considered. For example, 
Negroes are much less susceptible to general actinic 
damage and UV-induced skin cancer than dark-com- 
plexioned Caucasians who are less susceptible than fair- 
skinned Caucasians. The morphology of Caucasian vs 
Negro epidermal melanosomes may cause much of the dif- 
ference between the respective melanins. In Caucasian 
skin, the "melanosome complexes" are taken up by lyso- 
somes and decomposed during passage of the host 
keratinocyte to the surface (9), unlike the larger, single, 
melanosomes of the Negro. Thus, while the horny layer 
in Negro skin contains intact melanosomes that effec- 
tively protect the underlying layers of living cells, this 
layer in Caucasians possesses little more than a dust of 
melanin. 

Melanin metabolites. Raper was the first to postulate 
that indole derivatives are formed as intermediates in 
melanization (10). These derivatives arise from the oxida- 
tion of the 1,4-addition product of tyrosinase-generated 
dopaquinone (10,11). Derived forms of the two types of 
dihydroxyindoles formed during eumelanogenesis, i.e. 
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2- 
carbexylic acid (DHICA), have been experimentally im- 
plicated to form the heteropolymer eumelanin, along with 
dopa, dopaquinone or both (12,13). 

Prota and Nicolaus conducted in vitro studies of phe~ 
melanin biochemistry, which demonstrated that the pre ~ 
cursors of pheomelanin are nucleophilic addition products 
of cysteine and tyrosinase-generated dopaquinone (14, 
15). 5-S-cysteinyldopa (5SCD) (16), the major product of 
this reaction, was chemically synthesized and charac- 
terized to enable great strides to be taken in pheomelanin 
chemistry and melanocyte biochemistry. Two-S- and 6-S- 
cysteinyldopa, natural 5 SCD isomers and the di-addition 
product, 2,5-S,S'-dicysteinyldopa (DCD) {see Scheme 1) 
also are formed in melanosomes (17,18). The two chem- 
ically distinct biopolymers, eu- and pheomelanin, appear 

0 

HOzC N~H2 0 + HSCH2CH(NH~)CO;tH 

H~N HO 

H O 2 C ' ~  OH 2SCD 

HOzC~NH ~ 

HO 

S ,,~C02H 5SCD 
HO2C'~NH2 NH2 

HO 

HO=C,,~ S 6SCD 
NH 2 I~CO=H 

NI-~ 

H~ HO 
HO2C~,S '~  OH 

~ , ~  S...yCOzH DCD 
HOzC'~NHz NH'2 

SCHEME I. Formation of cysteinyldopas from dopaquinone and 
cysteine. 

to occur as an intimate mixture in the human epidermis 
(19). 

Detection of free dihydroxyindoles and cysteinyldopas 
in the urine and serum of normal humans and melanoma 
patients indicated their escape from the melanocyte dur- 
ing polymerization {20). DHI and DHICA may be O- 
methylated by the action of catechol~)-methyl transferase 
(COMPT) in the melanocyte, like many catechols, to re- 
spectively yield the 6-monomethoxyindole-2-carboxylic 
acid (6HMICA), 5-monomethoxyindole-2-carboxylic acid 
(5HMICA) and 5,6-dimethoxyindole-2-carboxylic acid 
(DMICA) positional isomers {Scheme 2) {21-25}. Simi- 
larly, cysteinyldopas catabolized by O-methylation and]or 
glucuronide and sulfate conjugation (26) appear to repre- 
sent detoxification products that are not cytotoxic. 

The role of cysteinyldopas and indole metabolites as 
biochemical markers of melanocyte function and malig- 
nant melanoma have been facilitated by recent develop- 
ments in their syntheses and analyses. These investiga- 
tions revealed that 5SCD urine concentrations in healthy 
humans increase with exposure to sunlight {27}, with in- 
dividuals of Celtic origin exhibiting the most marked in- 
creases (28). Subsequently, exposure to both ultraviolet 
light in the A region, 400-320 nm {320-280 nm or 
<280 nm) UVA {29) and UVB {30} light was shown to in- 
crease 5SCD serum concentrations in healthy individuals. 
Additionally, psoriatic patients treated with 8-methoxy- 
psoralen plus UVA (PUVA) therapy li.e. 8-methoxy- 
psoralen and UVA light} increased serum concentrations 
of 5SCD and 6HMICA {31,32}. The latter metabolite was 
suggested to mark melanogenic activity more specifically 
by Rorsman and his colleagues, because albino animals 
found to contain measurable levels of 5SCD were devoid 
of 6HMICA {33). 

So, the melanocytic amino acid 5SCD and indolic me- 
tabolites have been useful biochemical markers of normal 
and pathological melanocyte function {20}. Controlled 
light exposure or PUVA generally leads to a 100-300% 
increase in 5SCD serum levels {relative to normal serum 
levels in the range of 4-16 nmolfl) (29); however, the local 
concentrations in the skin and especially in the melano- 
cyte may be much higher. From these studies, it may be 
postulated that a variety of environmental insults may 
activate melanocytes to cause an increase in beth the pro- 
duction of melanin precursors and metabelites. 

Melanogenic metabolite photochemistry. UV radiation- 
induced oxidation of melanogenic catechols, such as that 
of dopa to dopachrome and ultimately to melanin, first 
was described by Arnow {34). Felix and Sealy confirmed 
the purported free radical nature of catecholamine photo- 
chemistry spectroscopically by using ESR {35,36). 
Steady-state electron spin resonance (ESR) spectra of the 
corresponding o-semiquinones were generated by continu- 
ous-wave photolysis of a number of catechols and cate- 
cholamines. Because o-semiquinones may arise from 
catechols, either via photoionization or by phenolic O-H 
bend homolysis, ESR spin trapping with the spin trap 
5,5-dimethyl-l-pyrolline N-oxide (DMPO) was employed 
to scavenge hydrated electrons, hydrogen atoms or both 
produced during dopa photolysis (37). This study demon- 
strated that although dopa undergoes both photoioniza- 
tion and bond homolysis upon irradiation at neutral pH, 
the former predominates over the latter pathway by an 
estimated 2.6-fold. 
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SCHEME 2. Formation of methylated melanin metabolites. 

Laser flash photolysis was used to observe directly 
catechol photoionization for the first time (38). Photoioni- 
zation of dopa allowed the direct spectroscopic observa- 
tion of an hydrated electron, indicating the quantum yield 
for the process to be 9.1%. Absorption spectra, extinc- 
tion coefficients and rate constants for formation and 
decay of transients produced upon pulse radiolytic one- 
electron oxidation of dopa and the cysteinyldopas were 
used to investigate the photochemistry of the catechols 
(39,40). Because flash photolysis of dopa yielded a quan- 
tum yield of hydrated electron corresponding only to ap- 
proximately half the yield of dopasemiquinone (19.6%), 
dopa photoionization and phenolic O-H bond photohomol- 
ysis are implicated as being equally efficient processes. 
The estimated predominance of dopa photoionization over 
O-H photohomolysis by Kalyanaraman and coworkers is 
based on an indirect observation of e'aq/H" formation, 
rather than a more accurate, direct observation of e'aq 
and dopasemiquinone formation. The rapid dispropor- 
tionation of dopasemiquinone to form dopaquinone and 
dopa was demonstrated by Land et al. The subsequent 
decay of dopaquinone to form dopachrome proceeds via 
a base-catalyzed unimolecular cyclization (38). 

Laser flash photolysis of the pheomelanin precursors 
5SCD and DCD yielded fewer hydrated electrons from 
the cysteinyldopas than from dopa; (~photoionization ~--- 
1.2% and <0.5%, for 5SCD and DCD, respectively) (38). 
Markedly different peak wavelengths and spectral shapes 
were exhibited by the initial flash photolysis transient al~ 
sorption spectra of 5SCD and DCD compared with semi- 
quinones produced by pulse radiolysis (41). Thus, photo- 
homolytic pathways were implicated as the primary 
photochemical events in 5SCD photolysis (Scheme 3) (38). 
Further investigation of these radical pathways have used 
ESR spin-trapping techniques for continuous wave pho- 
tolysis experiments. 

By continuous wave, 5SCD was found to be about one 
order of magnitude more photolabile than dopa using 
254 nm radiation, and quantum yields for photodestruc- 
tion were 6.8 + 0.5% for 5SCD and 0.9 +_ 0.1% for dopa 
(42). Evidence for production of both the hydrated elec- 
tron and the hydrogen atom was provided by ESR spec- 
tra of 280 nm photolysis of dopa in argon- and N~O-satu- 
rated solution of DMPO. These findings corroborate ESR 
spin trapping results obtained by Kalyaranaman et al. 
(37) and laser flash photolysis results of Land et al. (38). 

Photolysis of 5SCD with 290 nm radiation in the pres- 
ence of DMPO gave rise to an ESR spectrum unlike dopa 
and characteristic of a carbon-centered DMPO spin 
adduct, whereas shorter wavelength light (i.e. 260 nm) af- 
forded a spectrum consisting of the predominant carbon- 
centered spin adduct as well as the DMPO-hydrogen 
adduct {42}. Because N20-saturation did not affect the 
DMPO-H adduct signal observed during UVC photolysis 
of 5SCD, the adduct was thought to arise primarily from 
hydrogen atoms and not the hydrated electron. Model 
compounds used for further investigations suggested that 
the carbon-based radical probably did not arise from the 
dopa alanyl side chain. Subsequently, photolysis of 5SCD 
in the presence of MNP yielded an ESR spectrum in- 
dicative of the MNP-alanyl radical adduct. Thus, the 
homolytic cleavage of the S-CH2 bond of the cysteinyl side 
chain generating both alanyl and thiyl radicals was con- 
firmed (see Scheme 3) (42). 

Melanin-like polymeric substances were formed by sul> 
jecting dopa or cysteinyldopas to prolonged photolysis. 
Dopaquinone was produced photochemically from dopa 
to suggest that the indolic compounds generated by both 
intramolecular cyclization of the dopaquinone and the 
tyrosinase-catalyzed polymerization of dopa to eumela- 
nins are similar (43). The photochemical behavior of 
melanogenic indole intermediates and metabolites did 
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SCHEME 3. Formation of free radicals following UVB and UVC irradiation of 5SCD. 

not receive much attention until recently. De Mol and co- 
workers investigated the photoproducts formed during 
catecholamine photolysis (44), and found melanin-like 
compounds were formed when 5,6-dihydroxy-N-methylin- 
dole was irradiated. The investigation of free radical pro- 
duction from DHI in the presence of zinc by Felix and 
Sealy (36) yielded an ESR spectrum during 254-nm ir- 
radiation. The spectrum was assigned to the metal com- 
plex of the indolesemiquinone, which suggests that photo- 
ionization, phenolic O-H bond homolysis or both may 
occur in DHI. 

Further characterization of the photochemical behavior 
of the melanogenic indole intermediates and metabolites 
DHI, DHICA and 6HMICA included a comparison of the 
relative photolability of the indoles by determination of 
their quantum yields for destruction by broad-band 300 
nm radiation (45,46). The rank order of photolability was 
found to be DHI > DHICA > 6HMICA (~ = 4.9 + 0.8%, 
3.3 -- 0.3%, and 1.9 • 0.3%, respectively). Continuous- 
wave photolysis of these indoles monitored by UV-visible 
difference spectroscopy revealed isosbestic points for all 
three indoles, which suggests an initial conversion of the 
indoles to a single photoproduct. The photoproducts of 
the indole-2-carboxylic acids are stable for minutes to 
hours before polymerizing, while the analagous DHI 
photoproducts form highly colored substances much more 
rapidly. 

To characterize further the mechanics of the photo- 
chemistry, these melanogenic indoles were studied using 
ESR spin-trapping techniques {45}. Photolysis of DHI 
with 300-nm radiation in argon- and N20-saturated 
DMPO solutions provided evidence that  hydrated elec- 
trons and hydrogen atoms were produced. Thus, DHI and 
dopa seem to have similar photochemistry involving both 
photoionization and X-H bond homolysis. In contrast, 
photolysis of DHICA and 6HMICA in the presence of 
the spin-trap DMPO yielded ESR spectra, which con- 
sisted of two spin adducts: the DMPO-hydrogen adduct 
and a six-line spectrum characteristic of a carbon-centered 
radical adduct. The DMPO-H adduct was not quenched 
by N20, suggesting that  this adduct originates not from 
the hydrated electron but from the hydrogen atom. Fur- 
ther ESR experiments attempted with several nitrone and 
nitroso spin trapping reagents were unable to characterize 
the carbon-based DMPO adducts observed with DHICA 
and HMICA {45}. 

The ESR spin trapping experiments detailed above in- 
dicate that for DHI, photoionization is an efficient 
process for DHI but some photohomolysis also may 
occur, leading to the production of hydrogen atoms. 
However, the hydrogen atom may be produced via two 
alternative photohomolytic cleavages on a catecholic in- 
dole: O-H bond fission, or N-H bond fission (38,39). 

In summary, we have demonstrated that irradiation of 
a class of endogenous photosensitizers, melanogenic 
metabolites, gives rise to a number of reactive free 
radicals. The types of cellular damage promoted by these 
radicals depend on the rate constants of reaction with 
cellular biomolecules, the accessibility of these radicals 
to cellular biomolecules and the concentration of the 
radicals and biomolecules of interest within a specific 
cellular environment. While plasma levels of melanogenic 
metabolites range from 4-16 nmol]l in humans {47}, local 
concentrations in the skin, and particularly in actively 
pigmenting melanocytes, undoubtedly are much higher. 
Indeed, we recently have calculated the content of 5-S- 
cysteinyldopa within actively pigmenting melanoma cells 
based on data from Rorsman and coworkers {personal 
communication} and found concentrations to be as high 
as 200 I~M. It is unknown whether melanogenic metabo- 
lites localize within intracellular environments; however, 
it is tempting to speculate that  the more hydrophobic 
methylated metabolites may localize in the lipid portion 
of biomembranes. Previous studies of light-induced reac- 
tions of melanin precursors indicated that several critical 
cellular components including DNA, proteins and lipids 
are possible targets {48-51). 

The reactivity of the hydrated electrons and the hydro- 
gen atom with various biomolecules is well-known from 
studies of aqueous radiochemistry. These two radical 
species have very high reaction rate constants with DNA 
and various amino acid moieties found in proteins, in- 
cluding aromatic amino acids, the protonated histidyl 
residue, sulfhydryl and disulfide bonds, as well as the pep- 
tide bond carbonyl {52-54}. Hydrated electrons and 
hydrogen atoms also react rapidly with carbon-carbon 
double bonds such as those found in polyunsaturated 
fat ty acids. In the presence of oxygen, these may lead to 
long-lived peroxy radicals (55,56). If these photoreactions 
occur in vivo, our studies suggest a possible role for me- 
lanogenic metabolite photolysis in acute solar responses 
of human skin such as erythema, as well as in sequellae 
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of  chron ic  so l a r  e x p o s u r e  i nc lud ing  p r e m a t u r e  a g i n g  a n d  
ca rc inogenes i s .  
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Reactive Oxygen in the Tumor Promotion Stage 
of Skin Carcinogenesis 1 
Susan M. Flscher', Gregory S. Cameron, James K. Baldwin, Daniel W. Jasheway and Kelly E. Patrick 
University of Texas System Cancer Center, Science Park-Research Division, Box 389, Smithville, TX 78957 

Exposure of isolated SENCAR mouse epidermal cells to 
the tumor promoter 124~tetradecanoylphorbol-13-acetate 
{TPA) in vitro resulted in the production of oxidant 
species detected as chemiluminescence. This oxidant re  
sponse can be inhibited by superoxide dismutase and cop- 
per complexes but not catalase or scavengers of hydroxyl 
radical or singlet oxygen, suggesting that the oxidant is 
superoxide anion. Inhibitors of various parts of the ara- 
chidonate cascade affect the TPA-induced oxidant re  
sponse in a manner that corresponds to their effects on 
in vivo tumor promotion experiments. Agents that inhibit 
lipoxygenase activity, i.e. nordihydroguaiaretic acid, 
benoxaprofen, but not agents that are cyclooxygenase in- 
hibitors, i.e. indomethacin, are effective in suppressing 
the oxidant response to TPA. PhosphoHpase C but not 
phospholipase A2 or D produced an oxidant response 
kinetically similar to that elicited by TPA. The inhibitors 
of TPA-induced oxidants inhibited the phospholipase C 
response to the same extent, suggsting that TPA and 
phospholipase C may produce an oxidant species through 
a common mecbnnism, via phospholipid turnover-protein 
kinase C activation. The relevance of oxidant production 
to the tumor promotion process is suggested by the abil- 
ity of exogenous xanthine/xanthine oxidase, a superox- 
ide anion-generating system, to induce ornithlne decar- 
boxylase, a characteristic of TPA-treated cells. In addi- 
tion, oxidant production is significantly lower in cells 
from the TPA-promotion resistant C57BL/6J mouse. 
These studies provide further support for a role for reac- 
tive oxygens in the tumor promotion process. 
Lipids 23, 592-597 {1988). 

Experimental chemical carcinogenesis studies in animals 
are valuable in identifying those biological events or 
agents that  play either an essential or modulatory role 
in the development of tumors. Mouse skin has proven to 
be one of the best model systems for studying the multi- 
stage nature of carcinogenesis {1-3}. Skin tumors can be 
induced readily by the sequential application of a sub- 
threshold dose of carcinogen, operationally referred to as 
the initiation stage, followed by repetitive treatment with 
a noncarcinogenic tumor promoter {promotion stage). 
This second stage, promotion, most often is accomplished 
by using the phorbol diester 12-0-tetracecanoylphorbol- 
13-acetate {TPA), although a variety of agents have been 
identified as skin tumor promoters, including benzoyl 
peroxide, dihydroteleocidin, anthralin and its derivative 
chrysarobin {4,5). 

'Presented at the symposi.mm on "Free Radicals, Antioxidants, 
Skin Cancer and Related Diseases" at the 78th Annual Meeting in 
New Orleans, LA, May 1987. 
*To whom correspondence should be addressed. 
Abbreviations: CL, chemiluminescence; CuDIPS, copper II {3,4- 
diisopropylsalicylic acidh; HA-1004, N-{2-quanidinoethyl)-5-iso- 
quinoline sulfonamide HCI; H-7; 1-{5-isoquinoline sulfonyl}-2-methyl 
piperazine dihydrochloride; ODC, ornithine decarboxylase; SOD, 
superoxide dismutase; TPA, 12-0-tetradecanoylphorbol-13-acetate. 

The mode of action of TPA has been under investiga- 
tion for numerous years, but elucidation of its mecha- 
nism{s} has been hampered in part by TPA, as well as 
other promoters, causing a plethora of morphological and 
biochemical responses in the skin {4,6}. One of the promi- 
nent responses, inflammation and vascular permeability 
changes, {7] have provided the basis for inquiry into the 
role of mediators of these events in the promotion process. 
The particular mediators under investigation by this and 
other laboratories are arachidonic acid metabolites {8-11} 
and activated oxygen species {12}. 

Substantial evidence {reviewed in Ref. 12} that suggests 
that  the generation of free radicals, such as superoxide 
anion and hydroxyl radical, may be involved in tumor pro- 
motion has been accumulating in the last few years. The 
most direct evidence comes from the work of Slaga et al. 
{13) in which free radical generating compounds, such as 
benzoyl peroxide, lauroyl peroxide and chlorperbenzoic 
acid were shown to be complete tumor promoters. In- 
direct evidence comes from studies demonstrating that  
various antioxidants are inhibitors of TPA tumor promo- 
tion; butylated hydroxyanisole {14}, vitamin E and 
vitamin C {15), dlmethylsulfoxide {14) and the superox- 
ide dismutase {SOD) mimetic copper II diisopropylsali- 
cylic acidh {Cu DIPIS) {16} have been shown by Kensler 
and Trush {17} and Kozumbo et al. {18) to inhibit tumor 
promotion. Butylated hydroxyanisole and CuDIPS also 
have been reported to inhibit TPA-induced ornithine 
decarboxylase [ODC) activity. In addition, Solanki et al. 
{19} found that application of TPA to mouse skin resulted 
in a substantial decrease in the endogenous levels of SOD 
and catalase, the major detoxification enzymes for 
superoxide and H202 respectively. Numerous in vitro 
studies have been performed as well, particularly with 
polymorphonuclear leukocytes, on the generation of ex- 
cited oxygen species by TPA {20-24). 

These studies raised the question of whether TPA- 
induced oxidant generation in the skin is attributable to 
the inflammatory cell infiltration of the dermis or if TPA 
can induce an oxidant response in epidermal cells as well. 
Our laboratory has undertaken to address this question 
and the sequel issues of the identity, metabolic source and 
biological activity of the oxidants{s}, and the essential 
nature of oxidant production to the tumor promotion 
process. This paper describes the approaches that we have 
taken to these problems and presents the results of in- 
vestigations {11,25-27) and on-going studies. 

METHODS 

Animals. Female and male SENCAR mice were obtained 
from NCI {Frederick, MD}. SSIN {inbred SENCAR} mice 
are bred at this facility. Male and female C57BL]6J mice 
were purchased from Jackson Laboratories {Bar Harbor, 
ME}. 

All strains of mice were bred at this facility to minimize 
any influences due to differences in diet and environment. 
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Newborn mice from these parental stocks were used in 
these studies. 

Chemiluminescence (CL) measurements. Epidermal 
cells were isolated from the newborn mice by trypslniza- 
tion (24). The absence of leukocyte contamination was 
monitored as described (25). Chemiluminescence of 1 X 
10' epidermal cells was measured as described (25) using 
an LKB Rackbeta Model 1218 ambient temperature 
liquid scintillation counter set in the CL mode. The assay 
was carried out in 7-ml glass minivials by adding the cells 
to 3 ml of Dulbecco's phosphate-buffered saline contain- 
ing 5 mM glucose and 1 pg/ml himinol. After determin- 
ing the background CL of each vial, solvent or test agent 
was added to start  the reaction. The CL was monitored 
continuously for up to 30 rain at 10-sec intervals. Either 
saline, ethanol or dimethylsulfoxide was used as the sol- 
vent for all the agents; due to the quenching activity of 
the latter two, the amount used was never more than 10 ~1 
per 3-ml assay. Results are expressed as counts/unit time 
and the data expressed as either peak response or tem- 
poral curves. 
ODC activity. Twenty-four-hr-old primary cultures of 

epidermal cells were treated for seven hr with either 1 ~g/ 
ml TPA and/or inhibitors at the given doses, 0.1 units/ml 
phospholipase C and/or inhibitors at the given doses or 
10 ~g]ml xanthine and 0.45 units/ml xanthine oxidase 
and/or inhibitors at the given doses. The medium then 
was discarded and a 12,000 X g centrifugation performed 
following homogenization of the scraped cells. The super- 
natant was used to determine enzyme activity measured 
as the release of '4CO2 from ["C]-L ornithine, as described 
(28) and the total protein measured by the Bio-rad 
Coomassie blue reaction. 

RESULTS AND DISCUSSION 

TPA-induced oxidant generation in epidermal cells. One 
of the major obstacles in the detection of reactive oxygen 
species in nonleukocytes is the lack of sensitivity of 
available methods or assays for such detection. For this 
reason, these studies on epidermal cells used a modifica- 
tion (25) of a chemiluminescence (CL) assay described by 
Kensler et al. {21) for measuring reactive oxygen produc- 
tion in polymorphonuclear leukocytes. The chemilumines- 
cence enhancer luminol is an absolute requirement for the 
assay for epidermal cells but not for polymorphonuclear 
leukocytes, suggesting that  the level of oxygen radicals 
produced is considerably less (approximately 10,000-fold) 
than in leukocytes. The extremely low level of oxidant 
production by the epidermal cells probably accounts for 
the negligible cytochrome C reduction seen in that assay 
(25). The CL response of epidermal cells to TPA, shown 
in Figure 1, also is different kinetically from that  seen 
with polymorphonuclear leukocytes. The epidermal cell 
response to TPA produces a distinct rise after five min, 
rapidly reaches a peak by 15 min and slowly tapers off 
over the next 30 min or more. The magnitude of the 
response correlates with the dose of TPA as well as the 
number of cells used in the assay (25). In addition, a series 
of phorbol esters with different promoting abilities pro- 
duced corresponding CL responses (25). 

Oxidant identification. The approach taken to identify 
the oxidant species responsible for the CL response to 
TPA was to include in the assay known scavengers with 
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FIG. 1. Comparison of the chemiluminescence response to TP A of 
human P M N  and mouse epidermal cells. Epidermal cell assay re- 
quired the use of luminol, O, 100 ng /TPA added to 10' PMN; A, 
100 ng/ml T P A  added to 107 epidermal cells. No response seen with 
solvent controls (acetone). 
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specificites for particular reactive species. For example, 
the contribution of the superoxide anion to CL may be 
direct or indirect (29), but an indication of its participa- 
tion can be determined through the use of SOD, an en- 
zyme specific for the dismutation of this radical (29). As 
shown in Figure 2, inclusion in the CL assay of either 
SOD, the SOD-mimetic CuDIPS or CuSO4 nearly negated 
the TPA-induced CL response. On the other hand, neither 
catalase, which breaks down H~O~, nor mannitol or 
sodium benzoate, scavengers of hydroxy radicals, in- 
hibited CL to any appreciable extent. The singlet oxygen 
scavengers histidine or diazobicyclooctane also had no 
suppressive effect. These data suggest that  the species 
responsible for the majority of the observed CL response 
is superoxide anion. Because the CL assay measures ex- 
tracellular or cell-membrane surface oxidants and because 
SOD presumably does not enter the cell, it is concluded 
that the superoxide is generated in the membrane. 

Metabolic source. The insertion of molecular oxygen 
into arachidonic acid and subsequent rearrangements and 
metabolism produce reactive oxygen species and the 
hydroperoxides of the fatty acid. Because epidermal cells 
have been shown to produce prostaglandins and other 
arachidonate metabolites in response to TPA, it was an- 
ticipated that inhibitors of various parts of the arachi- 
donate cascade would affect the magnitude of the TPA- 
induced oxidant response. As indicated in Table 1 and 
described in detail by Fischer and Adams (25), the effect 
of these inhibitors depends upon the particular pathway 
against which they are effective. Those inhibitors that are 

LIPfDS, Vol. 23, No. 6 0988) 



5?4 

S.M. FISCHER ET AL. 

FIG. 2. Effect of free radical modifiers on the chemiluminescence 
of TPA-treated epidermal cells. 107 epidermal cells were used in each 
assay; the cpm at the peak of the response were used to determine 
the percentage of  the T P A ~ l o n e  response. 

TABLE 1 

Effect of Inhibitors of Arachidonic Acid Metabolism on TPA- 
st imulated Chemil-m|nescence in SENCAR Epidermal Cells 

Dose % TPA CL Effect on 
Agent (~M) response promotion 

Cyclooxygenase inhibitors 
Indomethacin 

Flurbiprofen 

1 99 Enhance 
10 106 

100 93 
1 110 Enhance 

10 93 
100 79 

Lipoxygenase/cyclooxygenase 
inhibitors 

Phenidone 1 42 Inhibit 
10 26 

100 0 
Benoxaproien 33 35 Inhibit 

100 23 
300 2 

Quercetin 10 76 Inhibit 
100 26 

Nordihydroguairaretic acid 1 65 Inhibit 
10 0 

ETYA 10 84 Inhibit 
100 9 

Chemiluminescence assay performed as described (25). Tumor pro, 
motion data taken from Refs. 9, 30-33. 

p redominant ly  l ipoxygenase inhibitors, such as benoxa- 
profen, or inhibit  bo th  cyclooxygenase and lipoxygenase, 
such as phenidone, are effective in diminishing the  TPA- 
induced CL response. However,  cyclooxygenase inhibi- 
tors,  i.e. indomethacin,  are not  inhibitory. This da ta  

correlates well with both  their  effect on tumor  promot ion  
(9,30,33) and their effect on TPA-induced D N A  synthesis  
in vivo and in vi t ro  (34). 

Because the above s tudy  suggested tha t  a source of the 
TPA-st imulated oxidant was arachidonic acid metabolism 
via  the  l ipoxygenase pa thway,  the  quest ion arose as to 
the mechanism of arachidonate  release f rom phospho- 
lipids. Free arachidonate can result  f rom either phospho- 
lipase A2 act ivi ty or phospholipase C activi ty followed by  
diacylglycerol lipase action. This  la t ter  pa thway  is of par- 
t icular interest  because T P A  both  competes  for diacyl- 
glycerol binding and act ivat ion of protein kinase C, as 
described by  Nishisuka (35), and can increase diacyl- 
glycerol product ion in mouse  epidermal  cells th rough  
what  is p resumed to be phosphol ipase C activity.  

To determine whether  a particular phospholipase activ- 
i ty  is involved in the TPA-induced CL response, different 
types  of phosphol ipases  were compared  for their  abili ty 
to induce CL in mouse  epidermal  cells. As shown in Fig- 
tire 3, and described by  Fischer et al. (26), a CL response 
can be induced only by  phospholipase C and mos t  notably 
when this enzyme is isolated f rom Clostridia perfringens. 
Kinetically, th is  response differs f rom TPA-induced CL 
in tha t  it typically occurs several minutes earlier than  the 
T P A  response. Concomitant  t r ea tmen t  with T P A  and 
phosphol ipase  C resul ts  in a partial ,  but  not  complete,  
addit ivi ty.  The phosphol ipase  C response is suppressed,  
and to nearly the same extent ,  by  the same agents  t ha t  
inhibit  the T P A  response (26). Because neither exposure  
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FIG. 3. Comparison of different phospholipases in their abil ity to 
induce chemil-m|nescence in mouse epidermal cells. Phospholipases 
at doses of 1-100 units/ml were included in the assay (in the absence 
of TPA) as possible chemiluminescence inducing agents.  
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to phospholipase A2 {from any source} or exogenous 
arachidonic acid {with or without TPA) results in a CL 
response, an argument can be made against arachidonic 
acid metabolism as the source of the oxidant. Previous 
work {data not presented} has demonstrated that  epider- 
mal cells readily metabolize exogenous arachidonate and 
both phospholipase A2 and C treatment results in the 
release of arachidonate from prelabeled epidermal cells. 
Because only phospholipase C produces a CL response, 
it appears that the oxidant is generated through the phos- 
pholipid-diacylglycerol-protein kinase C pathway, shown 
in Figure 4. It is possible that protein kinase C activates 
oxidative enzymes such as NADPH oxidase and that this 
or other oxidases are the source of the superoxide anion. 
This suggestion stems from the demonstration that  in 
stimulated inflammatory cells such as neutrophils, 
NADPH oxidative metabolism is a source of reactive ox-  
y g e n s ,  particularly superoxide anion {22). 

To pursue this hypothesis, studies with protein kinase 
C inhibitors were carried out using both the CL assay and 
the induction of ornlthine decarboxylase {ODC), a known 
protein kinase C-mediated event (36}. Two pairs of com- 
pounds were selected such that  each was comprised of a 
protein kinase C inhibitor and its reportedly inactive 
analog, used to control for any nonspecific effects (37, 
38}. With the first pair, the inhibitor palmitoylcarnitine 
(100 ~M) inhibited TPA-induced ODC by 50% and phos- 
pholipase C-induced ODC by 74% as indicated in Table 2. 
The negative analog acetylcarnltine was without activ- 
ity. With the second pair of compounds, the inhibitor H-7 
(100 ~Vl) completely inhibited both TPA and phospho- 
lipase C-induced ODC; at the same dose, the negative 
analog HA-1004 had no effect. When these agents were 
included in the CL assay, similar results were seen: 
100 ~ palmitoylcarnitine or H-7 but not acetylcarnitine 

FIG. 4. Relationship of TPA and its protein kinase C receptor to 
phosphoIipid metabolism and arachidonate release. 

TABLE 2 

Effects of Protein Kinase C Inhibitors on TPA- and Phospholipase 
C/-induced Chemlblminescence and OrnJthine Vecarboxylase Activity 

Inducing Inhibitor % Inhibition % Inhibition 
agent {dose, ~M) of CL of ODC 

TPA H-7 (10) 44 N.D. 
H-7 {50) N.D. 46 
H-7 {100} 95 100 
HA-1004 (100) 0 0 

PC (10) 30 N.D. 
PC (100} 100 60 
AC (100) 13 0 

Phospholipase C H-7 (10) 27 20 
H-7 (100) 100 100 
HA-1004 {100} 0 0 

PC (I0} 65 N.D. 
PC (100) 100 98 
AC (i00) 0 20 

Mouse epidermal cells were isolated and used either directly in the 
chemiluminescence {CL} assay or cultured and used in the ornithine 
decarboxylase (ODC} assay. 
H-7, 1-{5-isoquinoline sulfonylF2-methylpiperazine dihydrochloride; 
HA-1004, N-(2}guanidinoethylF5-isoquinoline sulfonamide HC1; PC, 
palmitoylcarnitine; AC, acetylcarnitine; N.D., not determined. 

or HA-1004 almost completely suppressed the CL re- 
sponse to either TPA or phospholipase C. These results 
suggest that  the oxidant response to both TPA and 
phospholipase C is mediated, at least in part, by protein 
kinase C. 

Biological activity of superoxide anion. Two approaches 
were taken to determine whether superoxide anion pro- 
duction in response to TPA plays a role in subsequent 
cellular processes. If particular TPA-induced events are 
mediated by oxidants, specific scavengers or antioxidants 
should diminish these responses; in addition, exogenous 
addition of oxidants such as superoxide anion to epider- 
mal cells should elicit some of these events. The event 
chosen for study was the induction of ODC, believed to 
be important in tumor promotion since inhibition of this 
induction is associated with inhibition of promotion {4,6}. 
The work of Kensler et al. (16} in which the SOD mimetic 
CuDIPS was shown to inhibit TPA-induced ODC, sug- 
gested that  superoxide is involved in ODC induction. To 
test this more directly, we treated cultured epidermal cells 
with xanthine/xanthine oxidase, a superoxide anion- 
generating system, in the presence or absence of SOD. 
As indicated in Figure 5, xanthine/xanthine oxidase in- 
duced ODC significantly, although only to about half of 
the level that can be achieved with TPA. Inclusion of SOD 
inhibited either xanthine/xanthine oxidase- or TPA- 
induced ODC by approximately 50%. These results sug- 
gest that oxidants generated in response to TPA treat- 
ment partially mediate the induction of ODC. The lack 
of a more complete inhibition may be due to the presence 
of further metabolites of superoxide, specifically H202. 
It  is not known if a combination of catalase and SOD 
would produce a more substantial inhibition. 

Oxidants and tumor promotion. To determine whether 
the magnitude of the TPA-induced oxidant response is 
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FIG. 5. Effects of superoxide anion dismutating agents on either 
TPA or xanthinc/xanthins oxidase (x/xo) induced ornithine decar- 
boxylasc (ODC) induction. ODC activity measured as net nmol 
CO2/mg proteiu/hr was determined seven hr after treatment with 
either 1/~g/ml TPA (panel A) or 60 ~g/ml xanthine plus 0.45 units/ml 
xanthiuc oxidase (panel B) in the presence or absence of 155 units/ml 
SOD or 250 pM CuSO4. Treatment groups of six to eight epidermal 
cultures were used to determine the mean _ s.e.m. Inhibition by 
SOD and CuSO4 is significant (p < .01, Student's t-test). 

relevant to the tumor  promotion process, several strains 
of mice with known sensitivities to TPA as a promoter  
were compared. Of particular interest is the difference in 
sens i t iv i ty  to p romot ion  between S E N C A R  and 
C57BL/6J mice: the latter essentially are refractory to 
TPA promotion, al though sensitive to benzoyl peroxide 
promotion (39). Therefore, it was hypothesized that  while 
the C57BL]6J are able to respond to radicals, TPA may 
not induce radical production to the same extent  as in 
TPA-sensit ive strains of mice. In addition to the above 
mice, the SSIN, an inbred strain of SENCAR that  is more 
sensitive to T P A  (40), also were compared. As shown in 
Figure 6 and described by Fischer et al. (27), the mice can 
be ranked SSIN > SENCAR > C57BL/6J on the basis of 
the magnitude of the CL response to TPA. Lewis and 
Adams (41,42) have shown that  arachidonic acid metabo- 
lism and H202 release from macrophages of SENCAR is 
greater than from C57BL/6 mice and that  the dermal in- 
flammatory response to TPA is greater in SENCAR mice. 
These correlations between TPA promotion sensitivity 
and oxidant generation argues in favor of a role for reac- 
tive oxygens in the promotion process. 

The above studies indicate tha t  the tumor  promoter  
TPA can cause the production of reactive oxygen species, 
principally superoxide, in mouse epidermal cells. The ox- 
idant is believed to be superoxide and may at least par- 
tially mediate some of the effects of TPA. The genera- 
tion of the same oxidant by phospholipase C suggests  
tha t  the phospholipid turnover-protein kinase C signal- 
ing mechanism may be involved. This is further supported 
by the finding that  specific protein kinase C inhibitors 
suppress both TPA and phospholipase C induced oxidant 
response and induced ornithine decarboxylase activity. 
A correlation was observed between strains of mice with 
respect to TPA-induced oxidant response and tumor pro- 
motion sensitivity. Collectively, these data  suggest  a 
s t rong link between the generation of an oxidant species 
and at least some aspects of tumor promotion. Clearly, 

FIG. 6. Comparison of the chemiluminescence response in epider- 
mal cells from SSIN, SENCAR and C57BL/6J mice. Epidermal cells 
(107 ) from each of the strains of mice were stimulated with either 
100 ng/ml TPA (panel A) or 1 unit/ml phospholipase C in the 
chemiluminescence assay. The peak response, SSIN treated with 
TPA, was used to determine relative responses of the other groups. 
The experiments were repeated two to three times and the replicate 
variation within an experiment was <15%. 

more work is needed to determine the mechanisms in- 
volved (i.e., altered redox s ta tus  in the cell, oxidation of 
molecules including DNA) and the extent  to which oxi- 
dant  generation is essential to tumor  promotion. 
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Biopsy Method for Human Adipose with Vitamin E 
and Lipid Measurements 
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An adaptation of the needle biopsy procedure of Beynen 
and Katan for human adipose tissue, which yields 
2-10 mg adipose samples, is described and evaluated. 
Micromethods are presented for the analysis of a-tocoph- 
erol, cholesterol and fatty acids in each adipose specimen. 
The needle biopsy procedure, which uses a Vacutainer to 
create suction, is compared with a punch biopsy method. 
The needle biopsy is rapid (6 samples/hr), simple and unob 
jectionable to the subjects, and provides samples with 
reproducible ratios of cholesterol and a-tocopherol. Unlike 
the punch biopsy, the needle biopsy reliably obtains 
specimens with a lipid composition typical of adipocytes. 
The needle biopsy method is adaptable to nutritional 
studies of tocopherol and fatty acid metabolism in 
adipose, and to studies of hazardous compounds stored 
in adipose. The linoleic acid content of adipose from 
residents of the West Coast was found to be considerably 
higher than values reported earlier. The adipose fatty acid 
data indicate an increase in human adipose linoleate when 
compared with earlier reports and suggest a trend toward 
increasing linoleic acid in the American diet. 
Lipids 23, 598-604 {1988). 

and established that human adipose tocopherol levels are 
depressed in abetalipoproteinemia and other malabsorp- 
tive states. These workers also carried out small-scale 
trials of the effects of dietary tocopherol supplements on 
adipose a-tocopherol levels. Kayden et al. utilized the 
original needle biopsy procedure of Hirsch et al. (1) and 
used sensitive HPLC techniques for tocopherol measure- 
ments. 
Needle-biopsy procedures are preferred to more in- 

vasive surgical or punch procedures because of speed, lack 
of discomfort and absence of any suture or scar afterward. 
Newer microchemical techniques using HPLC or GC/MS 
have the sensitivity needed to carry out biochemical 
measurements on the small samples provided by needle 
biopsy. To facilitate long-term studies of a-tocopherol 
turnover in human adipose, a simplification of the re- 
cently published needle biopsy procedure of Beynen and 
Katan (14) was developed and tested. An earlier version 
of this method also was described by Christakis {15). 
Micromethods to measure tocopherols and the lipid de- 
nominators cholesterol and fatty acids also were devel- 
oped to utilize the milligram adipose samples obtained. 

Evaluation of long-term nutritional status using adipose 
tissue biopsy has definite advantages for several nutri- 
ents over measurement of plasma levels. The adipose 
levels may provide a useful indication of a long-term 
average intake for many fat-soluble nutrients. Plasma 
levels of both unsaturated fatty acids (1) and a-tocopherol 
(2,3) change very rapidly in humans following change in 
dietary intake, reaching a new steady-state level in a few 
days to a week. However, adipose fatty acids in humans 
take several years to reach new steady-state following 
dietary change (1,4). Adipose a-tocopherol levels have 
been shown to respond slowly to dietary change in ex- 
perimental animals (5,6). Other compounds with a slow 
turnover in adipose tissue include certain pesticides (7) 
and halogenated hydrocarbons (8), and adipose levels may 
indicate effective exposure to many fat-soluble toxic 
compounds. 

There has been considerable interest in measuring 
adipose tocopberols in human subjects. McMasters et al. 
(9,10) carried out an analysis of a large number of sub- 
jects and examined the effects of dietary a-tocopherol sup- 
plements. However, their vitamin E-analysis method had 
low sensitivity and necessitated taking ca. 1 g surgical 
fat samples, which is not practical for many studies. Bieri 
and Ponkka Evarts (11) measured tocopherols in autopsy 
fat, and this work also employed large adipose samples. 

More recently, Kayden et al. (12,13) carried out in- 
vestigations of tocopherol metabolism in human adipose 

*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated-hydroxy-toluene; TMS, tetramethyl- 
sflane; GC, gas chromatography; HPLC, high performance liquid 
chromatography. 

EXPERIMENTAL 
Adipose biopsy. Several methods of obtaining human 
adipose fat were explored. The first approach was the 
needle biopsy method as originally described by Hirsch 
et al. (1). This method, which uses saline injection and a 
large hypodermic syringe to create suction, was slow and 
fatiguing to use and frequently yielded only 0.5 mg of 
adipose or less, which is insufficient for the biochemical 
analyses described in this report. While it may have been 
possible to improve the performance of the Hirsch method 
with practice, a method that could be more easily 
mastered was desired. 

A conventional skin biopsy punch (16), using a small 
2-ram punch, also was evaluated for adipose sampling 
because it is easy to obtain specimens of 2 mg or more. 
Specimens initially were determined to be "fat" by visual 
observation. About 20 specimens were collected with this 
method and analyzed. However, it was found that about 
one-half of the specimens contained virtually no triglyc- 
eride. A 22.5-power dissecting microscope then was used 
to examine specimens in more detail. Many specimens 
were observed through the microscope and found to con- 
sist of a large cluster of fat cells, with pieces of skin or 
connective tissue adhering to some specimens. The non- 
adipose tissue was removed by dissection, and the remain- 
ing cluster of cells (with a bunch-of-grapes appearance) 
was thought to be pure fat. This method was easy and 
rapid but  not quite satisfactory. The dissected punch 
biopsies usually provided adequate triglyceride, but the 
specimens frequently contained cholesterol far in excess 
of the normal range for adipocytes (1-2 pg cholesterol]rag 
triglyceride) (17), which indicated skin contamination. 
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Finally, the needle biopsy method of Beynen and Katan 
(14} was used. This method uses a Vacutainer to create 
suction. With a Vacutainer adapter, we found that the 
special needle specified by Beynen and Katan was not re- 
quired, and any standard hypodermic needle could be 
used. In the work described here, a 1.5-inch, 16-gauge 
needle, a Vacutainer adapter {American Scientific Prod- 
ucts #B3035-10, McGaw Park, ILL a Vacutainer holder, 
and a 20-cc "red-top" (no anticoagulant) Vacutainer are 
employed to obtain the adipose biopsies. The sampling 
area is infiltrated with 1-2 ml of Xylocaine (1% contain- 
ing 1:100,000 epinephrine), using a 27-gauge needle. The 
16-gauge biopsy needle is inserted at a 45-degree angle 
into the anaesthetized subcutaneous fat pad, just below 
the dermal interdigitation, and the Vacutainer is engaged. 
The needle is moved forward and backward 1-2 cm to 
disrupt fat ty tissue. This motion is continued as the en- 
tire unit is slowly withdrawn from the skin. If blood oozes 
from the puncture site, hemostasis is accomplished by a 
pressure dressing. Otherwise it is simply covered with a 
Band-aid for 24-48 hr, No visible scar develops, and the 
test site is recognizable only by a very slight alteration 
in normal pigmentation at two wk. Two months after the 
test, the site is no longer visible. 

Beynen and Katan did not use anaesthetic in their 
needle biopsy procedure (14), whereas our subjects found 
that local anaesthetics were highly desirable. 

Usually the fat is lodged into the upper part of the  
Vacutainer adapter and is collected by back-flushing the 
adapter with saline into a dish (Fig. 1). By this means, 
2-10 mg of fat typically is collected. Repeat samples 
usually can be collected through the same skin puncture. 

When upper-arm and waist adipose tissue are sampled 
with this procedure, a more shallow needle angle (20-30 

Syringe with Saline// 

Vacutainer Adapter 

( ~  Adipose Sample 
k~ Backflushed 

~ om Adapter 

FIG. 1. Technique of recovering adipose biopsy samples from the 
hub of the Vacutainer adapter, where it usually is lodged. 

degrees} is employed so that the superficial area of sub- 
cutaneous fat is sampled. These sites are somewhat more 
difficult to biopsy but give satisfactory and reproduci- 
ble results. 

In the data given in this study, replicate samples 
(within-day and between-day) always were taken from the 
same site on each subject. 

Human subjects. Healthy adult males, ages 21-60, were 
recruited for this study from the San Francisco Bay area. 
An informed consent procedure was followed. The pro- 
tocol was approved by the human subjects committee, 
University of California School of Medicine, San Fran- 
cisco, CA. The subjects were instructed to adhere to their 
normal diets for the period of the study. Seven of the nine 
subjects in this study were administered a food-frequency 
questionnaire to determine dietary intake of lipids as con- 
sidered in the discussion. The questionnaire used recently 
was validated by Willett et al. {18}. 

Reagents for biochemical analysis. Cholesterol {>99%), 
pentadecanoic acid (15:0, >99%} and fatty acid methyl 
ester standards are obtained from Alltech/Applied Sci- 
ence (Deerfield, ILL Sylon BFT, 5~-cholestan-3~-ol and 
BC1Jmethanol {15%, w/v) are from Supelco (Bellefonte, 
PAL Pyridine (silylation grade} is from Pierce {Rockford, 
ILL Pyrogallol is from Matheson-Coleman-Bell {Cincin- 
nati, OH). a-Tocopherol is from Sigma Chemical Co. (St. 
Louis, MO). Tocol was a gift from Hoffman-La Roche, Inc. 
(Nutley, NJ). These materials were used without further 
purification. H~O is distilled in glass, deionized and 
charcoal-filtered. Hexanes are redistilled, reagent-grade. 
Ethanol is 200 proof, redistilled, USP-grade (Publicker, 
Linfield, PAL Methanol for liquid chromatography is high 
performance liquid chromatography (HPLC) grade 
{Fisher, Fairlawn, NJ). All solutions in organic solvents 
contain 50 ~g/ml butylated-hydroxy-toluene (BHT). 

The stock solutions of cholesterol, 5f3-cholestan-3f3-ol, 
tocol (in hexanes) and 15:0 fat ty acid (in ethanol} are 
prepared by weighing of the material. The stock solution 
of a-tocopherol (in hexanes) is prepared spectrophoto- 
metrically using its molar extinction of 3170 at 292 nm 
{19}. These stock solutions are stored tightly capped at 
- 2 0  C and are stable for at least one yr. 

The 15:0 internal standard solution in EtOH is dis- 
pensed with a 100 ~1 positive displacement SMI Micropet- 
tor (American Scientific Products, McGaw Park, ILL The 
standard solutions in hexane {chilled in an ice bath} are 
dispensed with a Pasteur pipette coupled through a sec- 
tion of Tygon tubing to a Gilson Pipetteman automatic 
pipettor. The pipettor is calibrated with a balance to 
deliver exactly 0.66 g of chilled hexanes {density, 20 C, 
hexanes -- 0.66}. Each pipetting method was found to 
have precision of better than 1% for these standard 
solutions. 

Biochemical analysis: procedure. After collection, the 
sample is stored at - 8 0  C in 1 ml of ethanol with 0.1% 
pyrogallol, in an 8-ml borosflicate glass vial closed with 
a Teflon-lined cap {#2390-H32, Arthur H. Thomas, 
Philadelphia, PA) and analyzed within six months of col- 
lection. These storage conditions were chosen because it 
was determined that a-tocopherol in plasma is stable 
under such conditions for at least six months. 

It is difficult to directly evaluate human adipose biopsy 
storage conditions because duplicate samples are not com- 
pletely uniform. However, the a-tocopherol/},-tocopherol 
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ratio is highly reproducible even over time if subjects 
do not make large dietary changes (Handelman, Epstein 
and Dratz, unpublished data}. We have observed that 
a-tocopherol is more sensitive to degradation than y- 
tocopherol, and treatments that decompose tocopherols 
tend to change the a/y ratio {unpublished results}. It  was 
found that the a-tocopherol]y-tocopherol ratio is stable in 
adipose biopsy samples for at least eight months, which 
suggests that  both tocopherols are fully stable under 
these conditions. 

For analysis, 100 ~1 of 10% pyrogallol in EtOH, 100 ~1 
of 15:0 fat ty acid (10 mg/ml EtOH) and 100 ~l of 30% 
aqueous KOH are added to the sample vial. The vial with 
the Teflon-lined cap is vortexed and placed in a heating 
block at 70 C to saponify the glycerides. At five rain, the 
vial is taped to prevent the cap vibrating off, inverted and 
vortexed to bring into solution any bits of fat that might 
have stuck to the wall of the vial during specimen collec- 
tion. Specimens then are heated at 70 C for an additional 
25 min. 

Vials are removed from the heating block, allowed to 
cool, 1.2 ml of H20 added, followed by thorough mixing. 
Then 1 ml of hexane, containing both tocol (1 ~g/ml) and 
5/3-cholestan-3/]-ol (6 ~g/ml} as internal standards, is 
added, followed by 3 ml more hexane. The vial is vortexed 
for 30 sec, centrifuged at 800 g for 30 sec, and the super- 
natant layer transferred to a clean vial. The supernatant 
then is split into two unequal fractions: about 1/4 for 
vitamin E analysis, the rest for cholesterol analysis. 

For tocopherol analysis, the first supernatant aliquot 
is evaporated under nitrogen at 40 C, 60 ~1 MeOH added, 
and 20 ~l is analyzed by reverse~phase HPLC with fluores- 
cence detection on a Perkin-Elmer 650-LC fluorescence 
detector with excitation at 295 nm and emission at 
340 nm (2). One hundred percent MeOH is used as mobile 
phase, and an Alltech C18 10~ column is employed. 

For cholesterol analysis, the second supernatant aliquot 
is evaporated, 50 ~1 of a 1/1 mixture of Sylon-BFT/ 
pyridine is added, and the sample heated at 80 C for 30 
min to form the silyl derivatives. Rubber gloves are ad- 
vised for steps at which contamination of samples with 
flakes of skin might be a problem, because skin contains 
relatively large amounts of cholesterol and other sterols 
{20}, and the procedure is optimized to analyze ca. 1 ~g 
of cholesterol or less. The sample is cooled, and the 
reagent evaporated under a stream of nitrogen. The sam- 
ple is redissolved in 40 ~l of pure 100% Sylon-BFT, and 
a 2 ~l volume is analyzed by gas chromatography {GC) 
at 250 C with a flame ionization detector on a packed 
SE-30 column (2 m length • 2 mm i.d.} with nitrogen car- 
rier gas at 20 cc/min flow rate. The nitrogen carrier gas 
used for the GC analysis must be passed through a gas- 
drier before the GC, otherwise residual moisture in the 
carrier gas will tend to hydrolyze the TMS derivatives 
at the high temperature on the column. 

Most laboratories prepare tetramethylsilane (TMS) or 
other derivatives of cholesterol for GC analysis because 
of problems with degradation of underivatized cholesterol 
on the GC column (21,22}. However, recent reports have 
employed GC analysis of underivatized cholesterol {23,24}. 
Cholesterol is poorly soluble in Sylon-BFT alone, and a 
1/1 mixture of Sylon-BFT/pyridine is used in this work 
for preparation of silyl derivatives. Pyridine, however, 
gives a very long solvent front on the gas chromatograph. 

Therefore, the volatile derivatization mixture is evapo- 
rated under a stream of nitrogen, and the TMS deriva- 
tives are completely dissolved in pure Sylon-BFT. The 
Sylon-BFT gives a very short solvent front under the gas 
chromatographic conditions employed. 

For analysis of fat ty acids, the lower layer from the 
saponification is acidified with HCI {4 drops of conc. HC1 
is sufficient to cause a strong acid reaction in the lower 
layer}. The fatty acids then are extracted with 4 ml of hex- 
ane. A portion of the hexane extract is derivatized with 
BC13/MeOH, and the methyl esters are analyzed by GC 
on a SP-2340 column, with temperature programming, 
as described by Stone et al. {25). The percentage of each 
fatty acid in the specimen is obtained. Each peak is iden- 
tified from its retention time by comparison with the fatty 
acid methyl ester standards. To determine total tri- 
glyceride in the specimen, the total fat ty acid mass is 
multiplied by 1.05 to adjust for glycerol lost during 
saponification. 

For quantitation of fat ty acid methyl esters, a digital 
integrator and peak area measurements are employed. 
For cholesterol and tocopherol analyses, relative peak 
heights are utilized. The fat ty acid analysis is calibrated 
by the 1.0 mg of 15:0 added at the start of the procedure. 
For calibration of tocopherol and cholesterol values, a 
stock solution of a-tocopherol, 700 ng/ml and cholesterol, 
6.0 ~g/ml is prepared in hexanes and stored at - 20 C. One 
ml of this is dispensed at step 2, evaporated, 100 ~l of 
10% pyrogaUol in EtOH and 1 ml of EtOH added, and 
the vial is carried through the analysis with the rest of 
the samples. This calibration is carried out in duplicate. 
A reagent blank also is carried through the procedure. 

Because a-tocopherol elutes shortly after cholesterol on 
packed GC columns, the observed peak generally contains 
contributions from both components. However, because 
of partial separation, the a-tocopherol contribution to the 
peak height is quite small. With the GC system employed 
here, 0.1 ~g of a-tocopherol analyzed with 1.0 pg of 
cholesterol increased the cholesterol peak height by only 
2%, whereas errors in cholesterol estimation due to 
tocopherol overlap can be quite large if peak areas are 
used. 

Tocol can be added before the saponification step, 
because it is not attacked by saponification if 1% pyrogal- 
lol is present. However, the 5fl-cholestan-3/~-ol must be 
added after the sample is cooled and diluted with water; 
otherwise, this compound is modified during the saponifi- 
cation to produce a split peak on the GC. Both standards 
were routinely added after saponification is complete. The 
determination of the total fatty acid content and the ratio 
of the 18:2/total fatty acids are not affected by saponifica- 
tion as compared with a direct quantitative transesterifi- 
cation with BCl3/methanol. 

Because the adipose is inherently nonhomogeneous, the 
precision of these methods was determined using aliquots 
of a pool of frozen human plasma and was found to be 
generally equal to or better than 2% for a-tocopherol and 
cholesterol. For the total fat ty acid measurements and 
the percentage of major fatty acids in the specimen, 4% 
or better precision typically was achieved. 

RESULTS 
a-Tocophero~ cholesterol, triglycerides and linoleic acid 
in adipose tissue. Table 1 gives cholesterol/triglyceride, 
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TABLE 1 

Biochemical Parameters of Adipose (from Buttock) 
from Different Subjects 

8" 

Subject 

Wt/wt ratios 
% 18:2 

CholfrG(x 103) a-Toc/chol a-TocfrG(X 10 ~) in TG o 6  

A 1.71 .242 .413 
B 1.59 .139 .221 
C 1.57 .197 .278 
D 1.90 .314 .598 
E 1.98 .341 .677 
F 1.69 .148 .250 
G 3.57 .144 .513 
H 1.77 .220 .390 
I 1.61 .212 .342 

22.0 .~ 
15.9 
17.6 4 
21.0 
17.1 
17.3 
11.9 
20.0 ~ 2 
20.6 C.) 

Chol, cholesterol; TG, triglyceride; alTOC, a-tocopherol. 

a-tocopherol/cholesterol, a-tocopherol/triglyceride and 
linoleic acid (as percentage total fat ty acids) for adipose 
samples taken with needle biopsy from the buttock of nine 
adult subjects. Most specimens had a ratio of cholesterol/ 
triglyceride in the range of 1.5-2.0 pg/mg and were con- 
cluded to be true fat. Previous reported values (mean 
• SD) for various groups include 1.36 • 0.64 ~g choles- 
terol/mg wet wt. adipose {26), 2.08 • 0.05 ~g cholesterol/ 
mg dry wt. adipose {27), 1.47 • 0.23 ~g cholesterol/rag 
adipose lipid {17), and 1.86 • 0.53 ~g cholesterol/rag 
triglyceride (12). Occasional subjects (subject G) were out- 
side this range but were found to have a highly reproduci- 
ble value {Fig. 2). The mean ratio of a-tocopherol/triglyc- 
eride was 402 • 154 pg/g triglyceride, which is com- 
parable with values reported by Kayden et al. {12). The 
mean wt/wt ratio of a-tocopherol to cholesterol was 
0.213 • 0.0076. 

Linoleic acid. As predicted from the results of Hirsch 
et al. (1) and others {4,28), the percentage of linoleic acid 
in specimens from each subject showed little or no change 
between clinic visits over the time frame of this study 
(several weeks to months). The 18:2 content is expressed 
in Table 1 as percentage of the six major fat ty acids in 
human adipose, 14:0, 16:0, 16:1, 18:0, 18:1 and 18:2. For 
most specimens, these are greater than 95% of the total. 
The mean linoleic acid from subjects in this study was 
18.2% of total fat ty acids. 

Cholesterol/triglyceride ratios. The punch biopsy and 
needle biopsy samples described above were evaluated for 
their cholesterol and triglyceride content, and it was 
found that only the needle biopsy procedure reliably pro- 
vided specimens with lipid characteristics appropriate for 
adipose tissue. Cholesterol/triglyceride ratios in samples 
collected by punch biopsy are compared with samples col- 
lected by the modified needle biopsy in Figure 2. Al- 
though all the punch biopsy samples appeared to consist 
of pure adipocytes on microscopic examination, Figure 2 
shows that 20% of the samples collected by punch biopsy 
had a very aberrant ratio of cholesterol/triglyceride, in- 
dicating the presence of non-adipose tissue. Even the 
punch biopsy samples with the lower, more normal values 
of cholesterol]triglyceride ratios showed rather large scat- 
ter in this ratio. 

A49 
A28 *50 �9 �9 

i �9 i 

! i  " s i 

I I I I I I I I 
A B C D E F G H 

Punch Biopsy Needle Biopsy 

FIG. 2. CholesteroUtriglyeeride ratios for human adipose samples 
collected from the buttock by punch biopsy (A) and by needle biopsy 
( �9 ), with multiple sampling from the same subjects. The different 
subjects are denoted by capital letter codes. 

Extreme values of the cholesterol/triglyceride ratio are 
not observed with the modified needle biopsy method, and 
the values for each subject cluster more tightly compared 
with the punch method, as shown in Figure 2. Subject 
H had one low and unexplained value of cholesterol/ 
triglyceride. All the values for subject G are reproducibly 
in the range of three to four parts cholesterol/1000 parts 
triglyceride, and we believe this high value is the normal 
state for this subject. 

Comparison of reproducibility of the punch biopsy and 
needle biopsy methods. The key parameters evaluated in 
this investigation are the ratios of a-tocopherol to the two 
different denominators available, cholesterol and 
triglyceride. A reliable method would obtain reproduci- 
ble results for the ratio a-tocopherol/denominator when 
sampling an individual subject at the same site on the 
same day. The reproducibility of the punch and needle 
biopsy methods for each denominator were evaluated 
from an analysis of a substantial number of within-day 
replicate samples collected from a number of subjects 
{data not shown}. For 14 sets of replicates collected with 
the punch biopsy, the mean within-day difference for the 
a-tocopherol/cholesterol ratio was 44.6% and for the a- 
tocopherol/triglyceride ratio, the mean difference was 
26.0%. For 10 sets of replicates collected with the needle 
biopsy, the mean difference in a-tocopherol/cholesterol 
ratio was 8.8%, which was the most reproducible 
parameter found in replicate sampling of the same sub- 
ject, and the mean difference in a-tocopherol/triglyceride 
ratio was 15.8%. 

Variation in a-tocopherol/cholesterol and a-tocophero[/ 
triglyceride ratio on replicate sampling at different sites. 
The development of the needle biopsy method provided 
reproducible values of the ratio of tocopherol/denominator 
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FIG. 3. (A) Haman adipose ~-tocophe~ol/cholesterol ratios determined 
by duplicate sampling with needle biopsy of one subject on same 
day at different anatomical sites. (BI Human adipose a-tocopherol/ 
triglyceride ratios determined by duplicate sampling with needle 
biopsy of same subject as in A on the same day at different 
anatomical sites. 

for within-day replicate sampling of individual subjects, 
using the cholesterol denominator. Once this was estab- 
lished, we evaluated the anatomical variation of the a- 
tocopherol/lipid ratios at different sites on the same sub- 
ject. One subject was sampled at six sites, in duplicate 
on right and left upper arm, right and left buttock, and 
right and left waist, using the needle biopsy. Figure 3A 
shows the a-tocopherol/cholesterol ratios for this subject 
at each site, and Figure 3B shows the a-tocopherol/tri- 
glyceride ratios. The reproducibility of duplicate samples 
shows that a reliable biopsy procedure has been estab- 
lished. In this subject, the waist fat has substantially 
more a-tocopherol (per weight cholesterol or per weight 
triglyceride) than the other sites. 

DISCUSSION 

The methods described were developed with the primary 
goal of following the uptake and turnover of a-tocopherol 
in human adipose tissue using deuterated tocopherol in 
future experiments. This information is required to 

evaluate the use of adipose tocopherol for assessment of 
the average long-term vitamin E status in humans. Tissue 
was taken from subjects as often as twice a month, with 
two (or more) samples taken per subject per clinic visit. 
The Hirech procedure (1) was found to be time-consuming 
and fatiguing to use for the physician. It led to an effec- 
tive limit of five to eight samples per half-day session, 
and furthermore, it often failed to yield adequate amounts 
of tissue for the work described here. The conventional 
biopsy punch, which takes a 2-mm core, was unacceptable 
to the subjects when used frequently because it leaves 
small scars. The punch biopsy method (16) was in- 
vestigated because it is a simple and facile procedure, and 
many dermatologists have experience with it; however, 
the unreliability of using punch biopsies for biochemical 
adipose sampling should be emphasized. With the punch 
method, specimens that have a lipid profile not at all 
characteristic of adipose often are obtained. Fat collected 
from very near the dermis may be contaminated with skin 
components, which are known to be high in cholesterol 
(20), and this caused a large variation in the a-tocopheroY 
cholesterol ratio. 

The method pioneered by Be)men and Katan (14), which 
combines needle biopsy and a Vacutainer to create suc- 
tion, proved very satisfactory with simple modifications. 
The modified needle biopsy method has entailed no ob- 
jections from the subjects, especially because it leaves no 
scar. Specimens collected with the needle biopsy con- 
sistently have been biochemically normal for adipose as 
classically described from adipose obtained by surgical 
means. The needle biopsy method provides quite ample 
amounts of tissue (2-10 rag, in most cases) for analysis 
by the microchemical assays described in Experimental. 
This method is now a simple and routine procedure in our 
ongoing investigations of human adipose tissue. 

There are several modifications to the method of 
Kayden et al. (12) for biochemical analysis of a-tocopherol 
and other components in microbiopsies. This method 
employed tocol as internal standard, and no internal stan- 
dard was used before (12). This method uses internal stan- 
dard GC for cholesterol, and fatty acid analysis carried 
out simultaneously on the same small specimens. We used 
pyrogallol to protect a-tocopherol during saponification, 
whereas ascorbic acid (12) was not reliable for this pro- 
cedure in our hands. However, it has been noted that some 
lots of pyrogallol may not yield reliable results (29), so 
each batch of pyrogallol should be checked to ensure that 
it protects vitamin E during saponification. 

The cholesterol/triglyceride ratio on each specimen is 
useful because it validates that a true adipose sample has 
been obtained. We hypothesize that both cholesterol and 
triglyceride levels in adipose are relatively stable over 
time in subjects who are not gaining or losing weight and 
that each may be useful as a denominator to express 
tissue levels of other adipose constituents. This hypothe- 
sis is being explored in more studies. The ratio a- 
tocopheroi/cholesterol appears most promising in long- 
term studies of a-tocopherol turnover in adipose. Our 
laboratories are carrying out studies of long-term turn- 
over of a-tocopherol and other tocopherols in adipose and 
are evaluating the effects of dietary supplementation on 
these parameters. 

We used a food-frequency questionnaire (18) to evaluate 
the lipid nutritional status of most of our subjects. The 
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FIG. 4. Human adipose linoleate as percentage of major fatty acids 
reported from 1961 to 1975, compared with the average value deter- 
mined in this study. (O), Data summarized by Insull and Bartsch 
(30); ( . ) ,  data from Witting and Lee (31); (~b), this study. 

food frequency questionnaires were scored by W. C. 
Willett's laboratory at Harvard University. The diet 
analysis yielded several parameters that are suitable for 
identifying individuals who modify their lipid nutrition 
away from the norm: percentage calories as fat, percent- 
age total dietary fat as linoleic acid, and cholesterol]Kcal 
diet. Health-conscious individuals would be expected to 
have a lower cholesterol/Kcal, lower percentage calories 
as fat and higher percentage total fat as 18:2. This study 
group had essentially the same percentage calories as fat 
and percentage total dietary fat as linoleic acid as the 
Willett normal population. This study group had slightly 
higher cholesterol/Kcal diet than the Willett population. 
Therefore, it may be concluded that the subjects in this 
study showed no significant tendency to reduce fat in- 
take or to increase percentage linoleic acid compared with 
a control population. 

The findings in this study with percentage 18:2 in 
adipose, taken with earlier data, suggest that important 
demographic dietary trends may be occurring in Ameri- 
can populations. Insull and Bartsch (30} summarized 
adipose fatty acid data from 11 studies of Americans car- 
ried out between 1960 and 1967. The average 18:2 was 
9.5% of the major fat ty acids. Witting and Lee (31) in 
1974 found that 18:2 was 13% of major fatty acids in 
adipose. In the present study group, 18:2 was 18.2% of 
major fat ty acids. Witting and Lee pointed out a strik- 
ing increase in adipose 18:2 from the early 1960s to 1974. 
The same trend has been noted in the U.S. for the years 
1958-1975 purely from literature data (32). The data from 
this s tudy fits smoothly on with this trend, as shown in 
Figure 4, and extends the data for 10 years. This finding 
suggests a substantial, continuing increase in 18:2 in the  
American diet. This trend is consistent with a reported 
increase in vegetable fat consumption in the U.S. from 

25% of total dietary fat in 1947-1949 to 42% of total 
dietary fat in 1980 {33). Such an increase may be signifi- 
cant, because 18:2 has been suggested as a risk factor for 
increased peroxidative damage to tissues {34}. This sug- 
gests that a larger group of Americans should be sampl- 
ed periodically, so that  long-term trends in adipose fatty 
acids can be followed in a larger population. 

Adipose collected from the waist appeared different in 
composition from adipose collected from arm and buttock 
{Fig. 4), although this point was not investigated in detail. 
Klein et al. {35}, using the marker methyl-tetradecanoic 
acid to compare fat ty acid turnover rates at these three 
sites, found that turnover was more rapid at the waist. 
Comparison of the ratios of a-tocopherol to cholesterol 
and to triglyceride at anatomical sites other than the but- 
tock may warrant further investigation. 

The biopsy method as described may have broader ap- 
plications. The method might be suitable for evaluating 
the change in the ratio of cholesterol/triglyceride in 
adipose over time, which is of interest in studying the ef- 
fects of certain weight-loss protocols {17}. It  may be 
suitable for the study of the metabolism and turnover of 
other fat-soluble vitamins, such as retinol and carote- 
holds, and for the study of fat-soluble drugs, exogenous 
fat-soluble compounds, such as environmental pollutants 
{7,8}, and certain hormones, such as pregnancy and lac- 
tation hormones. As discussed by Erickson {36}, the pro- 
tocol described may be applicable to the analysis of PCBs 
in adipose tissue. The adipose is a useful indicator storage 
site for toxic lipid peroxides {34,37}, which might be cor- 
related with disease states (38) using new, highly sensitive 
and specific assay procedures for lipid peroxides {39,40). 
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Use of a Fluorescent Radiolabeled Triacylglycerol as a Substrate 
for Lipoprotein Lipase and Hepatic Triglyceride Lipase 
Nlcole Dousset', Anne Negre, Robert Salvayre, Pierre RogaIIe, Quoc Quan Dang and Louis Douste-BIazy 
INSERM Unite 101, Biochlmie des Lipides, HSpital Purpan, and Laboratoire de Biochimie Medicale, Faculte de Medecine Purpan, 
Toulouse, France 

A fluorescent radiolabeled triacylglycerol has been syn- 
thesized by using a fluorescent fatty acid (pyrene deca- 
noic acid) and a radiolabeled oleic acid. This analog of the 
natural substrate, l(3)pyrene decanoi~2,3 (1,2)~Uoleoyl-sn- 
glycerol, has been tested as substrate for determining 
lipoprotein lipase and hepatic triacylglycerol lipase ac- 
tivities in post-heparin plasma. Optimal conditions for the 
determination of the two post*heparin plasma lipases 
were similar to those using radiolabeled triolein. Using 
this substrate, both post-heparin lipases exhibited their 
characteristic properties (pH optimum and effect of in- 
hibitors) and attacked external ester bonds (1 or 3) con- 
taining pyrene decanoic and oleic acids at a similar rate. 
Lipids 23, 605-608 11988). 

Two kinds of lipase, lipoprotein lipase (EC 3.1.1.34) and 
hepatic triacylglycerol lipase (EC 3.1.1.3), are released into 
plasma when heparin is intravenously administerecL Both 
enzymes play important roles in the metabolism of 
lipoproteins: LPL in the degradation of triglycerides of 
triglyceride-rich lipoproteins, such as chylomicrons and 
VLDL, and H-TGL in the hydrolysis of triacylglycerols 
of intermediate-sized particles (1). These lipolytic enzymes 
exhibited the same substrate specificity (against long- 
chain triacylglycerols) and also a similar stereospecific- 
ity on external (1 or 3) acyl ester bonds of triacylglycerol 
(2-5). Thus, as emphasized by Baginsky (6) the direct 
determination of each activity needs the use of either el- 
lectors or antibodies or separation on a heparin-sepharose 
column (but this latter method is not useful for routine 
determinations) (7-10). 

Post-heparin lipolytic activity commonly is measured 
with radioisotopically labeled substrate (11). Colorimetric 
techniques involving the determination of free fatty acids 
have been reported (12). Another assay described the use 
of a dansyl fluorescent lipid to follow the reaction of 
lipoprotein lipase (13). Finally, a recent study used 1,2- 
dipalmitoyl-3-f3-2-furylacryloyltriacylglycerol as a chromo 
phoric substrate (14). 

In this paper, we report a new fluorometric method for 
determining lipoprotein lipase and hepatic triacylglycerol 
lipase in post-heparin plasma. Fluorometric assays of 
lipases such as pancreatic lipase (15) and lysosomal acid 
lipase (16) have been used successfully. We have evalu- 
ated this sensitive and specific method for determining 
post-heparin plasma activities and compared the results 
with those of radioactive method. 

*To whom correspondence should be addressed at the INSERM 
Unith 101, Biochimie des Lipides, H6pital Purpan, 31059 Toulouse, 
France. 
Abbreviations: LPL, lipoprotein lipase; H-TGL, hepatic triacyl- 
glycerol lipase; P,oOOG, l(3)pyrene decanoyl-2,3{1,2bdioleoyl-sn- 
glycerol; VLDL, very low density lipoproteins. 

MATERIALS AND METHODS 

Chemicals. Tri[9,10-'H]oleoylglycerol was obtained from 
Amersham (Les Ulis, France), [9,10-3H]oleic acid was 
from NEN (Dreieich, FRG), 10-(1-pyrene)-decanoic acid, 
triolein, lysophosphatidylcholine and albumin free fatty 
acids were obtained from Sigma Chemical Co. ISt. Louis, 
MO). Heparin 15,000 U/ml) was purchased from Roche 
(Paris, France). 

We synthesized the fluorescent radiolabeled substrate 
l(3)-pyrenedecanoyl-2,3(1,2)-di[9,10-3H]oleoylglycerol 
(P,oOOG) using a three-step method including a process 
of esterification of (R)-(+)-2,2-dimethyl 1,3-dioxolane-4- 
methanol by 25/anol of pyrene decanoic acid {17) followed 
by the hydrolysis of the ketal function (18) and the 
esterification of the obtained monoglyceride by 50 pmol 
of [9,10-3H]oleic acid (17). The product was purified by 
thin layer chromatography using a solvent system of light 
petroleum/diethyl ether (80:20, v/v); the purity and the 
structure of the compound were tested by gas chroma- 
tography (after hydrolysis and methylation) and by p ro  
ton nuclear magnetic resonance spectroscopy. 

Plasma samples. Post-heparin plasma was prepared 
from rabbit blood drawn 10 min after IV administration 
of 175 IU heparin per kg body weight. Plasma was kept 
frozen ( -20  C) until use. 

Enzyme assays. We have used the specific assays of 
lipoprotein lipase and hepatic lipase activities described 
by Nilsson-Ehle and Ekman 119). These authors employed 
a combination of the differential catalytic properties of 
the lipases to selectively measure one in the presence of 
the other. Under these optimal conditions, we compared 
our fluorescent radiolabeled triacyglycerol with the radio 
labeled triolein (used as reference method). 

Assay for hepatic triacylglycerol lipase (H-TGL). 
Labeled triacylglycerol (35 nmol) and unlabeled triolein 
(7.92 ~mol) were mixed with 0.6/drool lysophosphatidyl- 
choline. After removal of solvents under a stream of 
nitrogen, 1.8 ml of 0.2 M Tris-HCl buffer (pH 9.0) and 
1.2 ml 1% (w/v) bovine serum albumin in the same buf- 
fer were added. The mixture was souicated with a Bran- 
son sonifier in 30-sec intervals for a total of three min and 
used as a substrate. The standard H-TOL assay contained 
0.1 ml buffered substrate and the enzyme solution (post- 
heparin plasma adjusted to 1 M NaC1 by adding an equal 
volume of 2 M NaCI) in a final volume of 0.2 hal. After 
incubation 130 min at 37 C), the liberated fatty acids were 
selectively extracted using the method of Belfrage and 
Vaughan (20). After mixing and centrifuging, we mea- 
sured the liberated fatty acid extracted in the upper 
aqueous phase radiometrically {19) and fluorometrically 
with a Jobin-Yvon JY 3C spectro fluorometer (excitation 
342 nm, emission 398 nm) calibrated by using a standard 
of P1o fatty acid prepared in the assay conditions. 
Assay for lipoprotein lipase (LPL). The substrate was 

prepared by sonicating a mixture of 35 nmol labeled 
triacylglycerol, 7.92 ~mol unlabeled triolein, 0.6 ~mol 
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lysophosphatidylcholine and 2.4 ml 0.2 M Tris-HC1 (pH 
8.0) buffer. After  sonication, 0.3 ml plasma as source of 
apo CII bu t  devoid of lipase act ivi ty and 0.3 ml 4% (w/v) 
bovine serum albumin in 0.2 M Tris-HCl (pH 8.0) buffer 
were added and the subst ra te  shaken on a vor tex  mixer 
for 15 sec. The standard assay contained 0.1 ml substrate, 
0.075 M NaC1 and enzyme in a final volume of 0.2 ml. 
After  incubating for 30 min at  37 C, the l iberated fa t ty  
acids were extracted and determined as indicated for 
H-TGL assay. 

Test of inhibitors. To discriminate between L P L  and 
H-TGL activities in the whole post-heparin plasma, we 
have utilized the classical inhibitors of LPL (1 M NaC1) 
and of H-TGL (50 mM SDS). These inhibitors were prein. 
cubated with the post-heparin plasma in the optimal con- 
ditions defined by Nilsson-Ehle and Ekman  (19) and 
Baginsky (6) (experimental details are in Table 1). 

Enzymat ic  activities by  the radioactive method were 
calculated as described by Nflsson-Ehle and Schotz (11). 
Lipase activities by the fluorometric method were mea- 
sured using a s tandard  of P,o fa t ty  acid. One mU of en- 
zyme act ivi ty was defined as the amount  of the enzyme 
in 1 ml of enzyme preparation, which released 1 nmol fa t ty  
acid per rain at 37 C. 

RESULTS 

P,oOOG, the synthet ic  fluorescent analog of natural  
triacylglycerol, is hydrolyzed by LPL  and H-TGL. T h e r e  
fore, it can be used as a subst ra te  for determining the 
lipase activities in post-heparin plasma. 

Enzyme act ivi ty was directly proportional  to the 
amount  of post-heparin plasma up to 10 ~l for both  en- 
zymes (Fig. 1). In the s tandard  assay, we generally used 
10 ~l of plasma as enzyme source. 

Kinetic curves of subst ra te  hydrolysis  vs t ime were 
linear for at  least 60 rain at  37 C (Fig. 2). 

These enzymes showed similar opt imum pH and activ- 
i ty with either the fluorescent PIoOOG or the radiolabeled 
triolein as subst ra te  (Fig. 3). The pH profile of the hy- 
drolysis of bo th  substra tes  showed one peak of lipolytic 

TABLE 1 

Effect of NaCI and Sodium Dodeeyl Sulfate on Lipase Activities 
in Post-Heparin Plasma 

Treatment of plasma 

Enzymatic activity 
(% of control) 

H-TGL ass~ LPL ass~ 

Control 100 1O0 
NaC1, 10 rain at 26 C a 100 25 
NaC1, 10 min at 37 C a 110 15 
SDS, 60 min at 26 C b 6.9 61 
SDS, 60 mln at 26 C and 1 M NaC1 -- 10 

aDuplicate samples of post-heparin plasma (100 ~1) were diluted to 
1 ml with 0.15 M NaCL To 100 pl of diluted plasma 100 ~l 2 M NaCl 
was added according to Nilsson-Ehle and Ekman (19). 
bPost~heparin plasma was preincubated with 50 mM sodium dodecyl 
sulfate in 0.2 M Tris-HCl buffer, pH 8.2 during 60 min at 26 C ac- 
cording to Baginsky (6). 
Experiments were done in duplicate. 

activi ty with an opt imum at pH 9.0 for H-TGL (Fig. 3A). 
LP L  assay had a pH opt imum of about  8.0 using either 
subst ra te  (Fig. 3B). 

The sodium dodecyl sulfate and sodium chloride were 
controlled to affect the act ivi ty of H-TGL and LPL  dif- 
ferently. Lipase activity of post-heparin plasma measured 

1 
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o 5 10 20  
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FIG. 1. Hydrolysis of P20OOG by hepatic triacylglycerol lipase (&) 
and lipoprotein lipase ( �9 ) when increasing amounts of enzyme source 
(post-heparin plasma) in the standard assay conditions described in 
Material and Methods. Average and range {bars) of five experiments. 
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FIG. 2. Hydrolysis of P,oOOG by hepatic triacylglycerol lipase (A) 
and lipoprotein lipase ( � 9  as a function of time. Enzyme activities 
were assayed under standard assay conditions reported in Material 
and Methods. Average and range (bars) of five experiments. 
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FIG. 3. Effect of pH on hepatic triacylglycerol lipase (upper) and 
Hpoprotein lipase flower) activities. Enzyme assays were performed 
as indicated for the standard assays but using various 0.5 M Tris- 
HCI buffers (pH varying between 7 and 10). Using fluorescent 
P1oOOG (filled symbols), and radiolabeled trioleiu (open symbols), 
the enzyme activities were expressed as total fatty acid liberated 
(nmol/minlml). 

with LPL assay showed an almost complete inhibition by 
addition of 1 M NaCl (final concentration) to the assay 
(Table 1), a well-known characteristic of LPL activity. On 
the contrary, the lipase activity measured with H-TGL 
assay was unaffected by NaCI (Table 1). On the other 
hand, preincubation of post-heparin plasma with 50 mM 
sodium dodecyl sulfate during 60 rain at 26 C suppressed 
the H-TGL activity (Table 1). However, we also have 
noted that inhibition of LPL activity can occur. As a con- 
trol that the activity remaining after SDS treatment is 
really LPL, we have tested the inhibition of this enzyme 
activity by 1 M NaC1. As expected, this activity was 
almost completely inhibited, therefore demonstrating 
that it was only due to LPL. 

We have compared in the synthetic substrate the 
liberation rate of pyrene decanoic and oleic acids as a func- 
tion of time (Table 2). The results showed that the time 
course of substrate hydrolysis by LPL and H-TGL is the 
same regardless of the fluorescent or the radioactive 
moiety considered. 

TABLE 2 

Hydrolysis of Synthetic Substrate: Comparison of the Liberation 
Rate of Pyrene Decanoic and Oleic Acids 

Fluorescence Radioactivity 

Time LPL H-TGL LPL H-TGL 

15m in 702 1701 605 1876 
30m in 1549 2535 1459 2285 
60m in 2640 2956 2562 3026 

The data are expressed as nmol total fatty acid released by 1 ml 
plasma. Experiments were performed in triplicate. 

DISCUSSION 

This paper demonstrates that the two post-heparin 
lipases that split the ester linkages of natural substrates 
{11) also hydrolyze the synthetic fluorescent analog of the 
natural substrate IPIoOOG). Using this substrate, pH pro- 
files were quite similar to those observed using trioleoyl- 
glycerol as substrate (Fig. 3); these results were quite con- 
sistent with the pH optima reported in the literature {19). 
Lipoprotein lipase rapidly hydrolyzes synthetic substrate 
prepared as described by Nilsson-Ehle and Ekman {19). 
Specific measurements of this lipase activity can be per- 
formed at pH 8.0, at 0.15 M NaC1 and in the presence of 
plasma, adding apolipoprotein CII as activator 121). 
Hepatic triacylglycerol lipase activity can be measured 
selectively using the synthetic substrate in 0.2 M Tris- 
HC1 (pH 9.0} containing 1 M NaC1. 

H-TGL differs in a number of aspects from the lipopro- 
tein lipase. In fact, sodium chloride and sodium dodecyl 
sulfate affect the activity of H-TGL and LPL different- 
ly. H-TGL is not inhibited by NaC1 and not stimulated 
by apolipoprotein CII. These data are in good agreement 
with those reported in literature (19,22,23) with natural 
substrate. H-TGL activity is suppressed by preincuba- 
tion with SDS, in agreement with the results of Bagin- 
sky and Brown (8). We also noted that LPL activity is 
decreased by preincubation of plasma with SDS. Else- 
where, it is noteworthy that SDS also partially inhibits 
the activity measured by LPL assay {39%). This is quite 
consistent with the data reported by Baginsky (6), who 
suggests that this apparent inhibition could be due to the 
inactivation of H-TGL, which interferes in LPL assay. 
However, in our assay conditions, a partial inhibition of 
LPL by SDS cannot be absolutely excluded. 

These results concerning the liberation rate of pyrene 
decanoic and oleic acids as a function of time demonstrate 
that ester linkage containing P,o-fatty acid is hydrolyzed 
similarly to that containing the radioactive oleic acid. 
These results suggest that only external li.e. 1 or 3) ester 
bonds are attacked by both lipases in agreement with 
previous reports 12-5). It also is noteworthy that the 
presence of pyrene nucleus does not hinder the interac- 
tion of the synthetic P,oOOG with the enzymatic sites of 
both lipases, as demonstrated by the similar liberation 
rates of Plo and oleic acid from the doubly labeled 
substrate {Table 2). 

Finally, we emphasize that the assay utilizing the fluo- 
rescent radiolabeled P,oOOG exhibits a good sensitivity 

LIPID& Vol. 23, No. 6 (1988) 



608 

METHODS 

(limit of detection was around 1 nmol/min/ml in the used 
conditions), much bet ter  than tha t  of the assays utiliz- 
ing chromophoric substra tes  (24). Thus, the fluorescent 
substra tes  can be used diluted many  fold (300-fold in our 
assay) with the natural  substrate,  thereby considerably 
reducing the amount  of the substrate  analogue used in 
the reaction mixture. 

In  conclusion, the use of synthetic fluorescent triacyl- 
glycerol in the presence of natural triacylglycerol provides 
an easy, convenient assay system for estimating hepatic 
lipase and lipoprotein lipase activities. 
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A procedure for the determination of the proportions of 
diacyl, aikenylacyl and alkylacyi subclasses of glycero- 
phospholipids was developed. The procedure involves: 
(1) acid methanolysis of the phospholipid followed by 
Bligh/Dyer extraction of fatty acid methyl esters (FAME) 
derived from acyl chain types, dimethylacetais {DMA) 
derived from alkenyl ether chain types, and lysoaikyl 
phosphatidic acids (lysoaikyl-PA) derived from alkyl 
ether chain types; and (2) subsequent acetolysis to con- 
vert the lysoaikyl-PA to monoalkyl glycerol diacetates 
(MAGD). GLC analysis and quantitation (using internal 
standard, 21~ FAME) of FAME, DMA and MAGD 
allowed calculation of the proportions of the three 
molecular subclasses. The methanolysis/acetolysis prc~ 
cedure gave an overall mean phospholipid recovery of 
9 5 -  3%. Analysis of the major phospholipids in four 
separate preparations of fresh resting human platelets 
by this procedure showed the following range of molecu- 
lar subclasses: phosphatidylcholine (PC), 86-92 real % 
diacyl, 6-10 real % aikylacyl and 2-3 mol % aikenylacyl; 
and phosphatidylethanoline (PE), 39-60 mol % diacyl, 
5-8 mol % aikylacyl and 34-55 real % aikenylacyl. The 
results of these subclass analyses were in general agre~ 
ment with those reported in the literature. 
Lipids 23, 609-614 {1988). 

Platelet phospholipids consist of complex mixtures of 
molecular species of diacyl, alk-l-enyl, and alkylacyl 
subclasses; the relative proportions of these subclasses 
vary with the phospholipid component and the vnlmal 
species involved and differ from other blood cell types 
(i-4). 

Conventional methods of analysis of phospholipid sul> 
classes employ cleavage of alk-l-enyl groups by exposure 
to HC1 fumes (2-4) or treatment with mercuric chloride 
solution (5,6), followed by thin layer chromatography 
(TLC) separation of the aldehyde and lysophospholipid 
products and the unreacted diacyl and aikylacyl phosphc~ 
lipids; quantitation of the lyso-PL by P-analysis gives the 
alk-l-enyl class content. Phospholipase C hydrolysis of 
the uureacted diacyl and alkylacyl phospholipids, fol- 
lowed by acetylation of the diradylglycerol products, 
separation by TLC, and quantitation by gas liquid chro- 
matography (GLC) of the derived FAME gives the diacyl 
and alkylacyl subclass contents (2-4,7,8). In a variation 
of this approach (9), the diacyl subclass is first selectively 

*To whom correspondence should be addressed. 
Abbreviations: t-BDMS, tert-butyldimethylsilyl; CDPA-I, citrate- 
phosphate-dextrose-adenine; DMA, dimethylacetal; FAME, fatty 
acid methyl ester, MAGD, monoalkylglycerol diacetate; PA, 
phosphatidic acid; PAF, platelet activating factor; PRP, platelet- 
rich plasma; PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PL, phospholipid; TMS, trimethylsilyl; GC, gas chroma- 
tography; GLC, gas liquid chromatography; HPLC, high pressure 
liquid chromatography; MS, mass spectrometry; TLC, thin layer 
chromatography. 

hydrolyzed by a special phospholipase AI, and the alk-1- 
enylacyl class is hydrolyzed by exposure to HC1 fumes; 
quantitation of the TLC separated lys~PL from phosphc, 
lipase AI treatment, the lys(~PL from HCI treatment and 
the unreacted alkylacyl-PL gives the contents of diacyl, 
alk-l-enylacyl and alkylacyl subclasses, respectively. 

A different approach has been developed (10) in which 
the total lipid is first reduced with LiAIH4 to yield a mix- 
ture of alkylglycerols, alk-l~nyl glycerols and alcohols, 
which after acetylation with radiolabeled acetic anhydride 
is resolved into the three lipid molecular classes by TLC 
and quantitated by radioscanning of the TLC plate. The 
alkyl and alkenyl ether chain composition is determined 
by GLC after treatment of the acetyl derivatives with 
hydrochloric acid in diethyl ether to liberate the aldehyde 
groups. In a variation (11,12) of the LiAlI-L reduction pro- 
cedure, the alkenylglycerols are converted to alkyl diox- 
anes, and the alkylglycerols to isopropylidene derivatives, 
which then are quantitated by GLC using 1,1-dimethoxy- 
heptadecane and l~)~heptadecylglycerol, respectively as 
internal standards carried through the procedure. 

Molecular species composition within each of the three 
subclasses of an individual phospholipid (PL) has been 
determined by phospholipase C hydrolysis, separation of 
the diradylglycerols (as such or as acetates) according to 
their degree of unsaturation by argentation TLC, and 
identification and quantitation of the molecular species 
by GLC analysis (with internal standard) of the derived 
fatty acid methyl esters (FAME), dimethylacetals (DMA) 
and alkylglycerols (4,7,8,13). More sophisticated pro- 
cedures for analysis of phospholipid subclasses and their 
molecular species involve modification of the phospholipid 
by phospholipase C hydrolysis, followed by chemical 
derivatization (acetate or benzoate, tert-butylclimethyl- 
silyl [t-BDMS] or trimethylsilyl [TMS] ether) of the 
diradylglycerol products and resolution and quantitation 
of the derivatized molecular species by GLC (14), gas 
chromatography-mass spectrometry (GC-MS) (15-19) or 
high pressure liquid chromatography (HPLC) (2,15,16, 
20,21,23) with or without prior TLC (22) or HPLC (23) 
separation of the molecular subclasses. 

In a study on changes in platelet lipid composition dur- 
ing storage, the need arose for a relatively simple pro- 
cedure for analysis of molecular classes that could be used 
for multisample analysis within a reasonable time period. 
Therefore, we have developed a chemical method based 
on two well-known lipid degradative reactions that avoids 
TLC separation of degradation products. The method will 
provide the molecular class composition of a phospholipid 
as well as the overall acyl, aldehyde and alkyl chain com- 
position, but not the radyl chain composition of each 
class. 

In this procedure (Scheme 1), the phospholipid sample 
is first subjected to acid methanolysis and then to acetoly- 
sis (7). Methanolysis produces FAME and DMA from the 
acid sensitive acyl ester and vinyl ether groups, respec- 
tively, and lysoalkyl phosphatidic acids (lysoalkyl-PA) 
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SCHEME 1. Procedure for analysis of molecular subclasses of phospholipids. 
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from the alkylacyl phospholipids. These products are ex- 
tracted into chloroform in a Bligh-Dyer partition (24,25), 
and the FAME and DMA are quantitated by GLC. The 
lysoalkyl-PA are then derivatized by acetolysis (7) to 
monoalkyl glycerol diacetates (MAGD) and quantitated 
by GLC. 

In this paper, we demonstrate the feasibility of this 
methanolysis/acetolysis procedure with authentic stan- 
dard phospholipids, and its application to the analysis of 
phospholipid molecular classes and chain type composi- 
tion in resting platelets from humans. 

MATERIALS AND METHODS 

All solvents were glass-distilled before use. All other 
chemicals were of reagent grade unless otherwise speci- 
fied. Methanolic-HC1 (0.6 N) was prepared by diluting 
5 ml of concentrated HCI to 100 ml with methanol. 

FAME standards were from NuChek {Elysian, MN). 
DMA were prepared from the sodium bisulfite-adducts 
of palmitaldehyde and stearaldehyde (K+K Lab Inc., 
Plainview, NY) by heating at 75 C in a closed screw- 
capped tube in 4.5 ml of 0.6 N methanolic-HCl for one to 
two hr followed by addition of 0.6 ml of 8 N aqueous 
NaOH, further heating at 75 C for one hr, and extraction 
of the DMA with petroleum ether (25). Pmdty of the DMA 
was checked by TLC {Rf, 0.36 in petroleum ether/ethyl 
ether, 9:1, v/v}. GLC analysis showed that the TLC pure 
palmitaldehyde DMA sample contained ca. 90% 16:0 
DMA with 1-2% each of 14:0, 14:1, 16:1, 18:0 and 18:1 
DMA; the stearaldehyde DMA sample contained ca. 89% 
18:0 DMA with 1-2% each of 14:0, 16:0, 16:1, 18:1 and 
20:0 DMA. 

MAGD standards were prepared by acetylation (7) of 
ch;myl (16:0}, batyl (18:0) and selachyl (18:1) alcohols 

{Western Chemical Industries Ltd., Vancouver, BC). The 
MAGD standards were checked for purity and charac- 
terized by TLC, GLC and mass spectrometry. 

PAF (1-O-hexadecyl-2-acetyl-3-glycerophosphocholine) 
and plasmalogen phosphatidylethanolamine (PE) {bovine 
brain) were purchased from Sigma Chemical Co. (St. 
Louis, MO). Plasmalogen PE was partially hydrogenated 
with PrO2 as catalyst (25) to form a mixture of alkylacyl, 
alkenylacyl and diacyl subclasses. Plasmalogen content 
was estimated by vinyl ether fiodometric) assay {25). 

Preparative and analytical TLC plates were obtained from 
Whatm~n Chemical Separation Inc. (Clifton, NJ). The glass 
col,mn.q for GLC were packed with 10% SP 2330 on 
100/120 Chromosorb W AW (Supelco, Bellefonte, PA). 
Preparation ofplatelets. Human venous blood was col- 

lected from donors {Canadian Red Cross, Ottawa Center, 
Blood Transfusion Service) into citrate-phosphate 
dextrose-adenine (CPDA-1) anticoagulant. The fresh 
platelet-rich plasma (PRP) was prepared by centrifuga- 
tion of whole blood at 150 • g at 22 C for 15 rain. The 
platelets were pelleted by a second spin at 3000 X g for 
10 rain, washed three times according to the procedure 
of Mustard et al. (26) and suspended in Tyrodes buffer 
(5 rnl). The platelet concentration {6-12 • 109 cells/ml) 
was determined by electronic particle counting {Coulter 
Inc., Hialeah, FL). Differential staining and counting 
revealed the presence of one lymphocyte per 1600 plate- 
lets {0.06%); no neutrophils were detected in the final 
platelet preparation. One preparation of pooled platelets 
{preparation 1) and three platelet preparations from 
separate individuals {preps. 2-4), collected at different 
times, were analyzed. 

Extraction and fractionation of platelet lipids (Scheme 1). 
Cellular lipids were extracted from fresh platelets by the 
method of Bligh and Dyer (24) as modified by Kates 
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{25). Total  lipid content  of platelets was found to be in 
range 30-60 ~g per 108 cells, and total  lipid P was 45 -!-_ 
9 nmol per 108 cells. The choline and ethanolamine 
glycerophospholipids were separated by preparative TLC 
using the solvent system chloroform/methanol]ammonia/ 
water  (70:30:4:1} (27), with double development.  After  
detection of s tandard  markers  with I2 vapor  or Rho- 
damine 6G, the phosphatidylcholine {PC) and PE bands 
were eluted from the plates with chloroform/methanol 
(1:1), part i t ioned into chloroform, and the chloroform 
phases were taken to dryness  under a s t ream of ni trogen 
(25). The residual phospholipids were dissolved in 
chloroform, to a known volume, and aliquots were taken 
for P-analysis, TLC to check purity,  and subclass 
analysis. Phospholipid phosphorus was determined by  a 
modification {25} of the method of Bar t le t t  {28}. 

Determination of diacy~ alkenylacyl and alkylacyl 
subclass composition of phospholipids (Scheme 1}. (1} The 
methanolysis procedure {25} was as follows: to an aliquot 
of the chloroform solution containing 1-2 mg of total lipid 
or 1.3-2.5 ~mol of PE or PC fraction in a 20 ml screw- 
capped {Teflon-lined} tes t  tube was added a known quan- 
t i ty  {0.5-1.0 ~mol} of internal standard, methyl  heneicosa- 
noate  {21:0 FAME}. The solvent was evaporated under  
a s t ream of nitrogen; 4.5 ml of 0.6 N methanolic-HC1 was 
added, and the tube was stoppered and heated for one to 
two hr at  75 C in a temperature-controlled block heater.  
After  addition of 4.0 ml of water and 4.5 ml of chloroform 
and centrifugation, the lower chloroform phase was re- 
moved, and the upper phase was washed three times with 
chloroform. The pooled chloroform phases were diluted 
with benzene and concentrated under  a s t ream of nitro- 
gen. The residual lipids {FAME, DMA, lysoalkyl-phos- 
phatic acid [PA]} were made to a known volume in chlor~ 
form, and appropriate aliquots were taken for GLC 
analysis. The FAME and DMA were analyzed by  GLC 
{in presence of lysoalkyl-PA, which are retained on the 
column} on a glass column (2 m • 4 mm} of 10% SP2330 
at  165 C, 175 C or 195 C depending on the ba tch  of 
SP2330 used {injector and detector  tempera tures  were 
45 C and 50 C, respectively, above the column tempera- 
ture}, and quant i ta ted  using the previously added 21:0 
F A M E  as internal s tandard  (25}. GLC peak areas were 
determined by  the method of Carroll (29). 

(2) The acetolysis procedure (Scheme 1 and ref. 7) was 
as follows: the remainder of the chloroform phase of the 
methanolysate  described above, containing lysoalkyl- 
PA + DMA + FAME, after removal of the solvent under 
a s t ream of ni t rogen was acetolyzed in a screw-capped 
{Teflon-lined) tes t  tube with 1 ml of acetic acid/acetic 
anhydride (3:2) at  150 C for 48 hr. To the cooled tube, 
4.5 ml of methanol  and 0.5 ml of water  were added, and 
the MAGD formed from lysoalkyl-PA, along with remain- 
ing FAME and DMA were ext rac ted  with three to four 
portions (5 ml) of petroleum ether. The combined extracts  
were evaporated under  a s t ream of nitrogen, and the 
residual lipids were dried in a dessicator over KOH in 
vacuo and made up to a known volume in chloroform. An 
aliquot was analyzed for MAGD by GLC at 210 C on a 
co]utah (2 m • 4 mm~ of 10% SP2330 and quant i ta ted  
using the previously added 21:0 FAME as internal  stan- 
dard (25). Overlapping of FAME with DMA or MAGD 
may be checked by  GLC of the mixture  af ter  saponifica- 
t ion to remove F AME (25). Replicate analyses included 

all the steps of the methanolysis  and acetolysis pro- 
cedures. 

Molecular subclass calculation. The proport ions of 
molecular classes {mol %) was calculated from the total  
moles of FAME and DMA obtained by methanolysis and 
total  MAGD obtained by acetolysis, as determined by  
GLC with 21:0 F A ME internal standard,  as follows: 

5- tool FAME - :~ mol DMA - ~: tool MAGD 
mol % diacyl class ---- X I00 

Z tool FAME + DMA + MAGD 

mol % alkenylacyl class = 
2 X 5-molDMA 

~- mol FAME + DMA + MAGD 
X 100 

2 X ]r rnol MAGD 
mol % alkylacyl class ~- X 100 

3[ tool FAME + DMA + MAGD 

Recoveries of 1-O-alkyl-2-acyl-, 1-O-alkenyl-2-acyl, or 
1,2-diacyl phospholipid classes, as percentages of total  
PL were checked as follows: 

Z tool FAME - ~" tool DMA - ~- mol MAGD 
tool % diacyl PL --- • 100 

2 X mol PL 

tool % alkenylacyl PL = [)- tool DMA/mol PL] X 100 

tool % alkylacyl PL -- [~- tool MAGD/mol PL] X I00 

Mol PL was determined by phospholipid phosphorus 
analysis {25}. Statist ical  evaluation of the da ta  was done 
by the paired Student ' s  t- test  (30). 

RESULTS AND DISCUSSION 

Standardization of methanolysis/acetolysis procedure. 
The methanolysis  and acetolysis reactions tha t  form the 
basis of the present  method {Scheme 1} were checked for 
efficiency of separation and recovery of FAME, DMA and 
MAGD by GLC analysis. After  subjecting a known mix- 
ture  of authent ic  s tandard  F A ME {14:0, 16:0, 16:1, 18:0, 
18:1} and DMA {16:0, 18:01 to the methanolysis step, GLC 
analysis on SP2330 at 175 C with internal s tandard (21:0 
FAME} showed complete resolution of the DMA from the 
F A ME {checked also by GLC analysis of the mixture  
after  saponification to remove FAME} with a recovery 
of each FAME component  in the range 96.9 _ 3.5%; 
recovery of the DMA components  was in the range 
99.1 +_ 3.1% after correction for the detector response {25} 
relative to the 21:0 FAME standard  {for 16:0 DMA the 
relative response was 0.722, 0.649 and 0.678 at  165 C, 
175 C and 195 C, respectively; and for 18:0 DMA, 0.848, 
0.755 and 0.775 for the same temperatures,  respectively}. 
Essentially the same recovery of the DMA {99 ___ 3%} was 
obtained at  column tempera tures  of 165 C and 195 C as 
for colnmn temperature  175 C given above. These results 
show tha t  under the GLC conditions used, little or no 
breakdown of the DMA, relative to the internal standard, 
takes place on a SP2330 column in the temperature  range 
165-195 C. 

GLC analysis on SP2330 at  210 C of a known mixture  
of authent ic  s tandard  MAGDs,  af ter  subjection to the 
acetolysis step, showed good separation {ret. rel. to 21:0 
FAME: 16:0 MAGD, 4.81; 18:0 MAGD, 7.68; 18:1 

LIPIDS, Vol. 23, No. 6 0988) 



612 

METHODS 

MAGD, 8.89) and recovery of each component  in the 
range 99.1 • 0.5%. The corrected detector  response 
relative to 21:0 F AME thus was close to 100%. 

The efficiency of the methanolysis procedure for forma- 
t ion and extract ion of the lysoalkyl-PA formed from 
alkylacyl phospholipids (Scheme 1) was checked with a 
known amount  (27.8 ~g P) of s tandard platelet-activating 
factor (PAF) (1-O-hexadecy-2~)-acetyl-sn-glycerophos- 
phorylcholine). Virtually all of the lipid-P (96.6 • 0.6%) 
appeared in the chloroform phase as lysoalkyl-PA (Rf, 
0.44 and 0.03 on Silica Gel H in solvent sys tems chloro- 
form]methanol]acetic acid/water, 25:15:4:2, and chloro- 
form/methanol]ammonia/water,  70:30:4:1, respectively) 
and negligible amounts  (2.5 "4" 0.1%) were retained in the 
methanol-water phase of the Bligh-Dyer extraction. 

The conditions for the acetolysis procedure {essentially 
those of Renkonen [7]) were checked by  subjecting the 
chloroform-soluble fraction of the methanolysis products  
of PAF to the acetolysis procedure (Scheme 1) and analyz- 
ing the MAGD formed by GLC on SP2330 at 210 C with 
the internal standard {21:0 FAME). All of the lysoalkyl- 
PA phosphorus {99.1 _+ 0.6%) was found to be liberated 
into the aqueous phase of the acetolysate and recovery 
of the MAGD (1-O-hexadecyl glycerol diacetate) was 
99.5 _ 0.1%. The optimal time of the acetolysis reaction 
also was checked with the standard PAF substrate and 
found to be 48 hr at 150 C, as reported by Renkonen {7). 
The methanolysis/acetolysis procedure then was ap- 

plied to the analysis of samples of unhydrogenated and 
partially hydrogenated bovine brain plasmalogen PE. O1~ 
timal conditions for the acetolysis reaction were found 
to be the same as for PAF {48 hr at 150 C) and good 
separation and recovery of the FAME, DMA and MAGD 
formed was obtained (95 • 3%). The alkenylacyl subclass 
content  (24.1 • 0.9 mol %) in the unhydrogenated  sam- 
ple calculated from the GLC data  was in good agreement 
with tha t  calculated from the vinyl ether  assay (23.7 + 
1.0 mol %); no alkylacyl subclass was detected by  the 
methanolysis/acetolysis procedure. The contents  of 
diacyl, alkenylacyl and alkylacyl subclasses in the par- 
tially hydrogenated  sample (75.8 • 2.8, 7.5 • 0.3 and 

16.6 • 0.6 mol %, respectively) corresponded well with 
the respective contents  calculated from the vinyl ether  
assay (76.3 +- 1.8, 7.0 +_ 0.8 and 16.7 ___ 1.8 tool %). 

Analysis of human platelet phospholipid subclasses. 
The overall phospholipid composit ion of fresh rest ing 
pooled platelets {preparation 1), as determined by P- 
analysis of TLC-separated components  (PC, PE, S P H  + 
PS + PII, was found to be in good agreement  with the 
results  reported by  other  workers (2,5,12,13,31-34) 
{Table 1). 

The methanolysis/acetolysis procedure then was ap- 
plied to the analysis of molecular subclasses of the PC 
and PE components.  Data  are given in Table 1 for one 
preparat ion {prep. 1) of platelets from pooled blood and 
for three preparat ions from separate individuals (preps. 
2-4), collected at  different times. The major phospholipid, 
PC, contained mainly the diacyl class (range for the four 
preparations,  86-92 mol %) with significant proport ions 
of alkylacyl subclass (range, 7-10 tool %), and only small 
proport ions of alkenylacyl subclass (2-3 mol %). In con- 
t rast ,  PE contained much lower proport ions of diacyl 
subclass {39-60 tool %), somewhat  lower proport ions of 
alkylacyl subclass (5-8 tool %) and much higher bu t  
variable contents  of alkenylacyl subclass {34-55 tool %). 
The values for diacyl and alkylacyl classes in PC appear 
to be fairly constant  for different platelet preparat ions 
and are in reasonable agreement  with the corresponding 
values {82, 94% diacyl; 10, 4.5% alkylacyl) reported by  
Mueller et  al. (2) and Natara jan  et  al. (12), respectively. 

In contrast ,  the alkenylacyl content  of PE was quite 
variable, ranging from 34% to 55%, the higher value 
agreeing with tha t  reported by Mueller et  al. (2) and the 
lower value with that  of Mahadevapa and Holub (13). The 
alkenylacyl content  of PC, however, was consistent ly 
lower than tha t  reported by  Mueller et  al. (2) but  some- 
what  higher than  tha t  of Natara jan  et al. (12). Previous 
workers {5,6,12,13,31,32,35,36) using different analytical 
procedures also have reported a wide range of values 
(30-60%) for the alkenylacyl content  in human platelet  
PE and a restr ic ted range {trace to 3%) in platelet  PC. 
The alkenylacyl contents  found here {Table 1) thus  fall 

T A B L E  1 

Overall Phospholipid Composition and Molecular Subclass Composition of the PC and PE Components of Fresh Resting Platelets a 

Present study 

Component Prep. 1 Prep. 2 Prep. 3 Prep. 4 Ref. 2 ReL 12 Ref. 13 
and sublcass (n = 3) (n -- 2) (n = 2) (n = 2) (n = 3) (n = 3) {n = 4) 

S P H  + PI  + P S  29.6 + 1.3 N .D.  N .D.  N .D .  32.9 + 4.1 29.2 • 2.2 36 .8  ,,, 1.3 
PC 38.2 • 2.7 N .D.  N.D.  N .D.  38.0 • 1.6 41 .0  • 0.7 39 .9  _ 0 .8  

D i a c y l  85 .8  • 2.0 91 .9  • 2.3 91.1 • 2.3 90.5 + 2.3 81.8 • 1.6 94.1 N.D.  
Alkenylacyl 1.9 + 0.4 2.0 + 0.1 2.7 • 0.2 2.6 • 0.2 8.8 ,,, 2.4 1.4 tr 
Alkylacyl 10.4 • 1.0 6.1 • 0.4 6.2 • 0.4 6.9 • 0.5 9.7 • 0.3 4.5 N.D. 

PE 32.2 ___ 1.3 N .D .  N .D.  N .D.  25.3 +- 1.8 26.6 _+ 2.5 23.3 • 1.1 
Diacy l  59.7 ___ 2.0 38.7 __. 1.0 50.8 • 1.3 45 .9  • 1.2 36.1 • 0.3 53.0 N .D .  
Alkenylacyl 34.0 ___ 1.9 54.8 ___ 3.3 44.7 • 2.7 48.5 + 2.9 60.4 b 45.3 32.4 • 2.8 c 
Alkylacyl 8.0 + 0.4 6.5 • 0.4 4.6 • 0.3 5.6 • 0.4 3.5 • 0.1 1.7 N.D. 

aValues for phospholipid composition (tool % based on phospholipid-P) are given as means • SD for the number of analyses indicated. 
Molecular subclass compositions (tool % of PC or PE) are means + SD for prep. 1 in triplicate but are means + average deviations for 
preps. 2-4 done in duplicate. 
bCalculated by difference (from authors' data [2]). 
cCalculated from the reported GLC data on DMA (13). 
N.D., not determined. 
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TABLE 2 

Summary of Fatty Acid, Aldehyde and Alkyl Ether Chain Composition of Choline and EthanolAmlne 
Phosphoglyceride Components in Fresh Resting Human Platelets a 

Choline phosphoglycerides 

Chain Acyl Alkenyl Alkyl Acyl 

Ethanolamine phosphoglycerides 

Alkenyl Alkyl 

14:0 tr N.D. 9.2 • 3.0 tr 20.8 • 2.0 
14:1 N.D.  N.D. 5.1 • 1.7 tr 6.2 • 4.5 
16:0 28.4 • 1.3 50.3 • 10.0 26.3 • 1.7 4.0 • 0.4 18.0 • 4.0 15.6 • 3.5 
16:1 0.7 • 0.2 5.9 • 1.8 N.D. 0.5 • 0.3 N.D. N.D. 
18:0 13.7 • 0.4 33.6 + 11.0 28.2 • 2.2 16.7 • 1.6 61.1 • 2.9 39.2 :i: 10.0 
18:1 24.0 • 0.4 10.3 • 0,4 20.5 • 3.3 7.2 • 0.2 14.6 • 4.0 9.1 • 6.5 
18:2 7.9 • 0.7 N.D. N.D. 5.4 +- 0.5 N.D. 6.3 • 2.0 
20:0 1.1 • 0.04 N.D. 4.0 • 1.3 0.7 • 0.2 6.3 • 2.8 tr 
20:1 1.4 • 0.2 N.D. tr 0.6 + 0.2 tr tr 
20:3 1.7 _+ 0.2 N.D. 0.8 • 0.2 N.D. N.D. 
20:4 17.2 • 1.4 N.D.  48.0 • 5.5 N.D.  N.D. 
22:4 1.2 • 0.6 N.D. 7.2 • 1.1 N.D. N.D. 
22:5 1.2 • 0.6 N.D. 1.2 • 0.5 N.D. N.D. 
22:6 0.7 • 0.2 N.D. 6.0 + 1.0 N.D.  N.D. 
Other 0.8 b tr c 6.7d 1.7 b tr c 2.8 d 

aData are given as mol % {means + SD, n -- 3) for platelet preparations 2, 3 and 4. 
bTraces of 12:0, 20:5, 22:2 and 24:3 fatty acids also were detected. 
CTraces of unidentified alk-l~nyl chains also were detected. 
dTraces of unidentified alkyl chains also were detected. 
tr, Less than 0.5%; N.D., not detected. 

within the range of values reported (2,5,12,13,31,32,35,36) 
and may reflect biological variations {due to dietary dif- 
ferences) rather than metholological deficiencies. The 
alkylacyl content of PE found here {5-8%) was somewhat 
higher than the values (3.5 and 1.7%) reported by Mueller 
et al. {2) and Natarajan et al. {12), respectively, but may 
be due partly to the fact that some of the data of Natara- 
jan et al. {12) were obtained with three-day-old platelets. 
We have found that stored platelets have lower alkylacyl 
PE and PC contents than fresh platelets {Vishnubhatla, 
Kates and Adams, unpublished data). 

The fat ty acyl, aikyl and alk-l-enyl chain distribution 
of platelet PC and PE from preparations 2-4 are shown 
in Table 2. The major fat ty acid residues in both PE and 
PC were 16:0, 18:0, 18:1, 18:2 and 20:4 in general agree 
ment with previous reports {2,5,6,13,31-36). The alkyl 
ether chains of PC consisted msinly of 14:0, 16:0, 18:0 and 
18:1 with small amounts of 14:1, 20:0 and 20:1 {Table 2). 
Mueller et al. {2) found 16:0, 18:0 and 18:1 as major alkyl 
ether chains plus small amounts of 20:0 in PC, but 
Natarajan et aL {12) found only 16:0, 18:0 and 18:1 chains. 
The major alkyl ether chains found in PE were 14:0, 16:0, 
18:0 and 18:1 with lower amounts of 14:1 and 18:2 and 
traces of 20:0 and 20:1 {Table 2). Natarajan et aL {12), how- 
ever, found only 16:0, 18:0 and 18:1 alkyl chains in PE. 

Analysis of alk-l~nyl chain distribution of the PC in- 
dicated that  the major chains were 16:0, 18:0 and 18:1 
with small amounts of 16:1 (Table 2). Mueller et al. (2) 
have reported 18:0 (52%) and 16:0 (34%) as major chains 
with 18:1 and 18:2 as minor components, while Natara- 
jan et al. (12} report the presence only of 16:0, 18:0 and 
18:1 chains. PE alk-l-enyl chain composition showed 
major amounts of 16:0, 18:0 and 18:1 with small amounts 

of 20:0 {Table 2). Mahadevappa and Holub {13), Mueller 
et al. {2) and Natarajan et al. (12) found the same 
major alkenyl chains {16:0, 18:0 and 18:1), but small 
amounts of 18:2 {2,12), and 20:0 and 20:1 {12) also were 
reported. 
Thus, fatty acyl residues show little variability in com- 

position in the various platelet preparations studied here 
and elsewhere, but there appears to be more variability 
in the ether-linked aldehyde and alkyl chain compositions 
{Table 2) and some inconsistencies with the literature 
values. However, it should be noted that  there are dis- 
crepancies also in the alkyl and alk-l~nyl chain composi- 
tions reported in the literature {2,12,13). We have ob- 
served several unidentified peaks on GLC analysis of the 
MAGD, which may partly account for some of the dis- 
crepancies. Further studies using capillary column GLC- 
mass spectrometry are necessary to identify these peaks 
and to check the identity of the MAGD and DMA. 

The procedure described here for phospholipid subclass 
analysis was found to be well-suited for replicate and 
multisample analysis, on the level of 1-2/zmol, with a re- 
producibility of +2-3%, _+5-7%0, and +5-8% for diacyl, 
alkenylacyl and alkylacyl subclasses, respectively, and 
within a reasonable time period (7-10 days for 3-4 
samples in duplicate). At  the same time, the procedure 
also gives data on the hydrocarbon chain type and chain 
length for fat ty acid, aldehyde and alkyl group consti- 
tuents of phospholipids. I t  should prove useful as an ad- 
junct to the more sophisticated procedures for molecular 
subclass and species analysis of phospholipids by HPLC 
(2,15,16,20-23) and GC-MS {15-19) methods, to provide 
a relatively simple assessment of molecular subclasses in 
a particular phospholipid. 
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Modification of the Fatty Acid Composition 
of L1210 Leukemia Subcellular Organelles 
C. P~,;,;ck Bums', James A. North, Craig J. Mossman and Leah M. Ingraham 
Department of Medicine, University of Iowa College of Medicine, Iowa City, IA 52242 

We have examined the extent to which it is possible to 
modify the fatty acid composition of subcellular organ- 
elles of L1210 leukemia cells. A polyunsaturated fatty 
acid, docosahexaenoic acid, or a monounsaturated fatty 
acid, oleic acid, were added to the culture media. After 
48 hr, the cells were ruptured and the subcellular frac- 
tions isolated. Fatty acid analysis revealed that nuclei, 
mitochondria, plasma membranes and microsomes of the 
cells grown in media supplemented with docosahexaenoic 
acid contained increased amounts of polyenoic fatty 
adds, mean number of double bonds and docosahexaenoic 
acid compared with cells grown in oleic acid. We conclude 
that it is possible to experimentally modify the lipids of 
multiple intracellular structures of L1210 cells by the ad- 
dition of fatty acids to the growth media. 
Lipids 23, 615-618 {1988}. 

It is well-established that it is possible to modify the fatty 
acid composition of the total cellular phospholipids and 
plasma membranes of the L1210 routine leukemia cell 
(1,2) and other neoplastic cells (3,4). Experimental modifi- 
cation can be brought about in vitro by the addition of 
supplemental fat ty acids to the culture media (4,5) or in 
vivo by lipid-supplementing the diets fed to tumor- 
bearing host animals (2,3). Normal tissues of unlmals and 
humans also can be altered by dietary supplementation 
(6,7). The biologic implications and therapeutic potential 
of such alteration recently have been reviewed (8,9). How- 
ever, much less information is available about the poten- 
tial for lipid alteration of subceUular organelles such as 
nuclei, mitochondria and microsomes. Therefore, we have 
undertaken a study of the extent of fat ty acid modifica- 
tion of four intracellular organelles isolated from cells in- 
cubated in media supplemented with fatty acids known 
from previous studies in our laboratory to affect the fatty 
acid composition of total cellular phospholipids. 

METHODS 

Fatty acid modificatiorL L1210 murine leukemia cells 
were grown in suspension culture in medium consisting 
of RPMI 1640 {Grand Island Biological Co., Grand 
Island, NY), 5% fetal bovine serum (KC biologicals Inc., 
Lenexa, KS), with gentamicin sulfate (40/~g]ml) at 37 C 
in a humidified atmosphere of 5% COJ95% air. Modifica- 
tion of the fatty acid composition was accomplished as 
described (5,10). Briefly, the cells were grown for 48 hr 
in medium supplemented with 32 ~M docosahexaenoic 
acid (22:6; number of carbon atoms:number of double 
bonds) or oleic acid (18:1) (NuChek Prep., Inc., Elysian, 

*To whom correspondence should be addressed at Department of 
Medicine, University Hospitals, Iowa City, IA 52242. 

MN). The fatty acid composition of the nuclear, mitochon- 
drial, plasma membrane and microsome fractions, were 
determined using gas chromatography as described (2). 

SubceUular fractionation. L1210 cells were disrupted 
and the fractions separated using the Method I of Tsai 
et al. (11} except for the following modifications: (a) cells 
suspended in homogenizing fluid were passed through a 
25-gauge needle (30 strokes) for disruption. (b) The pellet 
and supernatants combined from two consecutive cen- 
trifugations of homogenate at 1300 X g for one min were 
utilized. (c) Both discontinuous gradients were made by 
placing 14 ml of 30% sucrose over 7 ml of 45% sucrose. 
Aliquots were taken at each step of the procedure and 
saved for subsequent enzyme activity and DNA content. 

Chemical methods. 5'-Nucleotidase was determined 
through use of radiolabeled substrate (12}. Assays of 
NADPH cytochrome C reductase (13) and succinic acid 
dehydrogenase activity (14), DNA content (15) and pr~  
tein (16) also were determined on each relevant fraction. 

RESULTS 

Characterization of subcellular fractions. Aliquots of each 
interface and layer of the final gradient were taken for 
determination of protein, DNA, 5'-nucleotidase, succinic 
acid dehydrogenase and NADPH cytochrome C reduc- 
tase. These fractions included the total homogenate, post- 
nuclei homogenate (supernatants of two 1,300 X g cen- 
trifugations), nuclei (pellet of second 1,300 • g centrifuga- 
tion), membrane {interface between 10% and 30% layers 
of sucrose gradients after 23,000 X g ultracentrifuga- 
tions), mitochondria {interface between the 30% and 45% 
layers plus the 45% layer of sucrose gradients after 23,000 
• g ultracentrifugation), microsomes (30% layer) and 
cytosol (10% layer). The results for the most pertinent 
seven fractions are shown in Table 1. The nuclear frac- 
tion contained 68% of the DNA in the homogenate and 
81% of the total DNA recovered in nuclei plus post- 
nuclear fractions. About half of the protein {54%) was 
recovered in the cytosol; there were smaller amounts in 
other fractions, especially the nuclei and mitochondria. 
5'-Nucleotidase, a plasma membrane marker for murine 
cells, was enriched 19-fold in the membrane fraction 
(10/30% interface) and eight-fold in the microsomes. Suc- 
cinic acid dehydrogenase, which is a mitochondrial 
marker, was enriched 17-fold in the mitochondria fraction 
{30/45% interface plus 45% layer), and three-fold in the 
microsomes. NADPH cytochrome C reductase, a micro- 
somal marker, was enriched six-fold in the microsomes 
and 2.5-fold in the plasma membrane fraction. We con- 
clude from this enzymatic and DNA data that our 
subcellular fractionation procedure yielded fractions that 
were individually enriched in nuclei, mitochondria, plasma 
membrane or microsomes. 
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TABLE 1 

Purification of Subcellular Fractions by Enzyme Marker Analysis 

Fraction a Protein DNA 

Marker enzyme specific activity 

5'-Nucleotidase Succinic acid dehydrogenase NADPH Cyto. C Red. 

rag/10" cells rag/10 s cells 

Homogenate 13.4 • 0.9 2.5 • 0.5 
Post-nuclei homogenate 11.0 • 0.7 0.4 • <0.1 
Nuclei 1.2 • 0.1 1.7 • 0.1 
Plasma membrane 0.08 • 0.01 0.08 • 0.04 
Mitochondria 0.87 • 0.07 0.04 • 0.03 
Microsome 0.13 • 0.03 0.20 
Cytosol 5.9 • 0.4 0.03 

nmol]min per mg protein 

15.2 • 2.7 4.35 • 1.06 -- 
15.6 • 2.5 4.20 • 1.63 5.9 ___ 1.2 
2.9 • 0.7 0.29 • 0.15 5.2 • 3.9 

300.0 • 57.7 3.50 • 1.89 15.6 • 3.1 
10.2 • 2.2 69.50 • 15.50 2.6 4- 1.9 

129.6 • 31.0 14.3 • 9.13 38.3 • 23.3 
0 0.4 • 0.2 6.8 

aValues are mean and SE of selected fractions after 1,300 X g centrifugation to remove nuclei. 

TABLE 2 

Fatty Acid Composition of L1210 Subcellular Fractions 

Fatty acid composition (%)a 

22:6-Supplemented 18:1-Supplemented 

Plasma Plasma 
Fatty acid Nuclei Mitochondria membrane Microsomes Nuclei Mitochondria membrane Microsomes 

Individual acids b 
16:0 18.1 • 1.2 16.1 • 0.7 18.2 • 0.3 20.9 • 1.5 10.8 • 0.2 12.8 • 0.4 11.5 • 1.4 13.6 • 3.0 
16:1 4.3 • 0.4 N.D. N.D. N.D. 5.5 • 1.3 0.6 • 0.6 2.2 • 0.8 1.2 • 1.2 
18:0 13.9 • 0.8 2.1 • 2.1 20.1 • 0.1 28.0 • 1.9 5.2 --- 0.1 4.8 • 0.5 13.4 • 2.4 8.6 • 0.6 
18:1 26.2 + 1.9 33.7 • 2.3 23.1 • 0.8 28.8 • 1.4 63.2 • 4.3 65.6 • 2.1 58.1 • 2.2 63.5 • 2.4 
18:2 2.6 • 0.4 N.D. 0.4 • 0.2 1.0 • 0.5 2.6 • 0.3 4.4 • 2.6 1.1 • 0.4 1.3 • 1.3 
18:3 1.2 • 0.3 <0.1 • <0.1 N.D. 0.4 • 0.2 3.6 • 0.6 3.2 • 0.5 4.4 • 0.3 3.8 • <0.1 
20:4 3.3 • 0.2 3.6 • 0.2 4.0 • 0.3 1.6 • 0.9 3.4 • 0.2 3.2 • 0.6 5.4 • 0.5 4.3 • 0.9 
20:5 0.2 • <0.1 1.8 • 0.2 1.4 • 0.2 0.9 • 0.5 0.1 • 0.1 0.3 • <0.1 0.4 • 0.2 0.2 • <0.1 
22:5 0.3 • 0.2 0.9 • 0.2 1.5 • 1.0 0.2 • 0.2 0.6 • <0.1 1.3 • 0.1 1.8 • 0.5 0.5 • <0.2 
22:6 26.2 • 2.4 40.8 • 1.4 30.3 • 1.2 17.4 • 1.6 1.2 --- 0.3 1.8 • 0.8 1.2 • 0.3 0.4 • 0.2 
Other c 3.8 0.1 1.1 3.7 2.2 ~ 0.7 

Classes d 
Saturates 33.6 • 1.7 19.1 • 2.3 39.0 • 0.5 49.1 • 0.4 18.6 • 1.5 21.4 • 2.4 25.2 • 3.7 23.7 ___ 4.4 
Monoenoics 30.5 • 2.3 33.7 • 2.3 23.1 • 0.8 28.8 • 1.4 68.7 • 3.0 66.2 • 2.4 60.2 • 2.2 64.7 • 2.5 
Polyenoics 34.8 • 3.4 47.2 • 1.1 37.6 • 0.2 21.8 • 1.7 12.1 • 1.4 14.5 • 2.5 14.6 • 2.0 11.1 • 3.0 
Mean no. double 

bonds 2.1 + 0.1 3.1 • 0.1 2.4 • <0.1 1.5 • 0.1 1.1 • <0.1 1.1 • <0.1 1.2 • 0.1 1.0 • 0.1 
Mean chain length 18.4 • <0.1 19.4 • <0.1 18.9 • <0.1 18.3 • 0.1 17.6 • 0.1 17.8 • <0.1 18.0 • <0.1 17.7 • 0.2 

aMean • SE of determinations made on individual samples from three to four separate experiments. 

bAmong the individual fatty acids, the amounts of 16:0, 18:0, 18:1, 18:3 and 22:6 for the nuclei, 16:0, 18:1, 18:3, 20:5, and 22:6 for the mitochon- 
dria, 16:0, 18:0, 18:1, 18:3, 20:5 and 22:6 for the membranes and 18:0, 18:1, 18:3 and 22:6 for the microsomes are significantly different for 22:6- 
vs 18:l-supplemented cells (p < 0.05). 

Clncludes small amounts of 12:0, 14:0, 20:3, 22:4 and unidentified fatty acids. 
dSignificantly different values (p < 0.05) for 22:6- vs 18:l-supplemented cells were found for the amounts of saturates, monoenoics, polyenoics, 
mean number of double bonds and mean chain length for the nuclei, monenoics, polyenoics, mean number of double bonds and mean chain length 
for the mitochondria, saturates, monoenoics, polyenoics, mean number of double bonds and mean chain length for the plasma membranes and 
saturates, monoenoics, polyenoics, mean number of double bonds and mean chain length for the microsomes. 
N.D., not detected. 

Fatty acid compositio~ W e  h a v e  s h o w n  t h a t  t h e  
m e d i u m  f a t t y  a c i d  s u p p l e m e n t a t i o n  t e c h n i q u e s  u s e d  in  
t h i s  p a p e r  r e s u l t  in  e n r i c h m e n t  o f  t h e  L 1 2 1 0  c e l l u l a r  
p h o s p h o l i p i d s  in  t h e  s u p p l e m e n t e d  f a t t y  a c i d  (5,17). I n  
t h i s  s t u d y ,  w e  d e t e r m i n e d  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  
s e l e c t e d  s u b c e l l n l a r  f r a c t i o n s  o f  t h e  22:6- a n d  18 : l -  
e n r i c h e d  l e u k e m i a  ce l l s  t o  a l l ow c o m p a r i s o n  o f  f a t t y  a c i d  
e n r i c h m e n t  (Tab le  2). T h e r e  w a s  c o n s i d e r a b l e  m o d i f i c a -  
t i o n  o f  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  all  f o u r  f r a c t i o n s  

s t u d i e d .  E a c h  o f  t h e  s u b c e l l u l a r  f r a c t i o n s  o f  t h e  ce l l s  
g r o w n  in  2 2 : 6 - s u p p l e m e n t e d  m e d i a  w e r e  e n r i c h e d  in  22:6. 
T h i s  e n r i c h m e n t  r a n g e d  f r o m  17% of  t h e  t o t a l  f a t t y  a c i d s  
in  t h e  m i c r o s o m e s  a n d  w a s  t h e  g r e a t e s t ,  4 0 % ,  in  t h e  
m i t o c h o n d r i a .  T h i s  c o m p a r e s  w i t h  o n l y  0 - 2 %  22:6 in  t h e  
1 8 : l - s u p p l e m e n t e d  cel ls .  C o n v e r s e l y ,  t h e  ce l l s  g r o w n  in  
1 8 : l - s u p p l e m e n t e d  m e d i a  c o n t a i n e d  5 8 - 6 6 %  18:1 c o m -  
p a r e d  w i t h  o n l y  a b o u t  h a l f  t h a t  m u c h  in  t h e  o r g a n e l l e s  
o f  t h e  2 2 : 6 - s u p p l e m e n t e d  cel ls .  T h e  o r g a n e l l e s  o f  t h e  
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22:6-supplemented cells contained more palmitic acid 
(16:0) but less linolenic acid (18:3). These changes in the 
individual acids resulted in more polyunsaturation and 
greater mean number of double bonds in the 22:6- 
supplemented cells and more monounsaturation in the 
18:l-supplemented cells. Noteworthy was the observation 
that the mitochondria contained only 2% and 5% stearic 
acid (18:0) compared with 20% and 13% in plasma mem- 
branes, regardless of fat ty acid supplementation. 

DISCUSSION 

The important finding of this study is that it is possible 
to modify the fatty acid composition of multiple in- 
tracellular organelles. It  is well known that  substantial 
differences in the composition of total cellular phospho- 
lipids and of plasma membranes can be produced in vivo 
and vitro (8). In contrast, there is only limited informa- 
tion on experimental alteration of other subcellular frac- 
tions. For example, there has been a study on the modi- 
fication of the lipids of nuclei. Awad and Spector reported 
that  the nuclear lipids of the Ehrlich ascites tumor cell 
were altered by feeding the tumor-bearing mice diets rich 
in either coconut or sunflower oil (18). These changes were 
qualitatively similar to those that the investigators had 
reported earlier in the plasma membranes of the same cell 
type, but were quantitatively somewhat less (19). There 
also have been reports regarding the experimental 
modification of the cellular microsomes of human Y79 
retinoblastoma cells (4,20). There was considerable enrich- 
ment of the fat ty acids of microsome lipids with 18:1, 
arachidonic acid (20:4), 18:3 or 22:6 added to the culture 
medium. However, these studies did not separate micro- 
somes from plasma membranes so that  the crude micro- 
somal fraction that was studied contained both en- 
doplasmic reticulum and plasma membranes. In our 
study, the extent of enrichment of the L1210 microsomes 
grown in 22:6 was only 17% of the total fat ty acid com- 
pared with a greater percent enrichment of 26-41% in the 
other subcellular fractions. It  is interesting to note that  
this is similar to the 15% enrichment of microsomal mem- 
branes of the Y79 cells (20). These studies taken together 
suggest that  the endoplasmic reticulum contained in the 
microsomal fraction may be perturbed by these fatty acyl 
substitutions to a lesser extent than plasma membranes. 

Dietary-induced alteration in mitochondrial fatty acids 
of the kidney, liver, heart and other tissues of normal 
animals also has been demonstrated (21,22). Similarly, the 
addition of linoleic acid (18:2) supplements to the medium 
of cultured mouse fibroblasts resulted in an increase in 
the mitochondrial linoleic acid (18:2) from not detectable 
to 33% of the total fat ty acids (23). In our study, the 
degree of insertion of the supplemented fatty acid was 
somewhat greater in the case of the mitochondria as com- 
pared to the nuclei. This could be related to the active 
role of the mitochondria in oxidative metabolism. We 
have demonstrated that multiple organelles of the L1210 
cell can be modified experimentally with respect to fat ty 
acid composition. The alterations of separated fractions 
are generally similar. However, the extent of polyun- 
saturated fat ty acid insertion into microsomes was 
somewhat less, and into mitochondria somewhat more, 
than plasma membranes and nuclei. The changes that  
we were able to bring about in the L1210 subcellular 

fractions in tissue-cultured cells demonstrate that our 
model can be utilized to study the effects of lipid modifica- 
tion on multiple cell structures. 

It  is known that 18:l-enriched cells are similar in fat ty 
acid composition and physical properties to unmodified 
L1210 cells (5). These 18:1 cells, therefore, represent a con- 
trol cell for comparison with the polyunsaturated-rich 
cells. We did not study the organelles of unmodified 
L1210 cells, because such a comparison of modified and 
unmodified cell fractions would not take into account that 
only one of the cell types would have been exposed to ex- 
ogenous fat ty acid. We studied intact organelles. It  is 
likely that the major specific site of the fat ty  acid altera- 
tion is the phospholipid-rich membranes of the organelles. 
However, it would be technically difficult to obtain a pure 
membrane fraction from the organelles in sufficient quan- 
tities for analysis. 

These results demonstrate that experimental fatty acid 
alteration affects more than just  plasma membranes ex- 
posed directly to the lipids in the supplemented medium. 
Intracellular structures including mitochondria and nuclei 
also are modifie(k It is possible that the fatty acid changes 
that  we have found might be partially or fully compen- 
sated by changes in content or type of other lipids of the 
organelle. However, such was not the case for plasma 
membranes (8,91. The general nature of the changes pro- 
vides a rationale for resultant broad functional changes 
within the cell. Even though most of the biologic effects 
of fatty acid modification described to date can be related 
to plasma membranes (8,9), it seems likely that  there are 
also undiscovered consequences relating to mitochondria 
or nuclear function. 
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Composition and Physical State of Phospholipids 
in Calanoid Copepods from India and Norway 
T. Farkasa.*, T. Storebakkenb and N.B. Bho$1ec 
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The fatty acid composition and physical state of isolated 
phosphollpids obtained from marine copepods collected 
on the Southwest coast of India (Calanus ssp.) and the 
West coast of Norway (Calanus finmarchicus) were in- 
vestigated to compare the adaptation of membrane lipids 
with seawater temperatures. Phospholipid vesicles o1~ 
talned from the tropic copepods proved more rigid than 
those from C. finmarchicus, as assessed by diphenylhex- 
atriene fluorescence polarization techniques. In each case, 
there were two breaks present on the fluorescence polar- 
ization vs l f r  plots, suggesting that the onset and com- 
pletion of phase separation to occurred above 0 C. For the 
tropic eopepods, the onset of phase separation roughly 
corresponded to the ambient water temperature, while 
for C. finmarchicus some discrepancies were observed, 
depending on the time of the year. Phospholipids in 
copepods from both habitats contained more than 50% 
unsaturated fatty adds, the animals from Norway con- 
tainlng slightly higher amounts. The data indicate an 
adaptation of membranes to temperature. 
Lipids 23, 619-622 {1988). 

Most of our knowledge concerning adaptation of the com- 
position and physical state of membranes to temperature 
in higher eukariotic systems is derived from observations 
made on freshwater organisms (1,2). The majority of these 
investigations demonstrate an inverse relationship be- 
tween the unsaturation of the constituent phospholipids 
and temperature (1,3-6), and also a varying degree of 
homeoviscosus response of membrane physical state to 
the temperature (7,8). Fat ty  acids are regarded as the 
most important factors controlling the physical state of 
these structures. A major difference between freshwater 
and marine species is the high level of long~hain polyun- 
saturated fatty acids in the latter. This should render 
their membranes more fluid. Based on the data available 
{2,9,10), the question remains whether they are able to 
control fatty acid composition according to temperature, 
by homeoviscosus adaptation. The oil sardine, Sardinella 
longiceps, responded by an increase in the level of 
docosahexaenoic acid and a decrease of saturated fat ty 
acids when the temperature decreased from 30-31 C to 
25-26 C from summer to winter ill). Absence of seasonal 
variation of phospholipid fatty acids was noted with two 
marine clam species (12} and with shrimp {13) as well as 
with Porphyra yezoensis exposed to cold for a prolonged 
time {14). However, in these investigations there was no 
direct determination of the effect of temperature on the 
fluidity of membrane phospholipids. In this study, the 
fat ty acid composition and the physical state of phos- 
pholipids obtained from marine calanoid copepods col- 
lected, respectively, from tropic and temperate seas was 
investigated. 

*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; DPH, 1,6-diphenyl 
1,3,5-hexatriene; P0 fluorescence polarization. 

MATERIALS AND METHODS 

Animals. Ca]anus finmarchicus were collected at the West 
coast of Norway, at Austevoll {60~ 5~ and 
Stangvik Fjord {62~ 8~ on April 13, and 
November 26, 1984, respectively. The water temperature 
was near 10 C in both cases. Calanoid copepods Calanus 
ssp.) also were collected on the West coast of India. One 
sample originated from the coastal waters off Bombay, 
collected one km offshore of the Gateway of India 
[19~ 72~ on February 16, 1981. Another sam- 
ple was collected at Dona Paula, Goa (15~ 72~ 
on January 20, 1986. The surface temperatures were 26 C 
and 25 C, respectively. No species were identified from 
the samples collected in India. The copepods originating 
from the Bombay area were large specimens resembling 
the size of C. finmarchicus Stage V, while those collected 
at Dona Paula were considerably smaller. The hauls of 
C. finmarchicus were almost 100% copepods, while those 
made in India were 90-95% copepods with some con- 
taminating decapod larvae. 

Analysis oflipids. The animals were fixed in chloroform/ 
methanol {2:1, v/v) cont~iulng 0.01% butylated hydroxy- 
toluene {BHT) and frozen until transferred to the labora- 
tory. The Folch procedure {15} was used to extract the 
total lipids. Phospholipids were separated by silicic acid 
column chromatography using chloroform to remove the 
neutral lipids and methanol to obtain the phospholipid 
fraction. The polar head group composition of the latter 
was determined according to Rouser et al. {16}. 

Phosphatidylcholine and phosphatidylethanolamlne 
were separated for further analysis by preparative thin 
layer chromatography using chloroform/methanol]water 
{65:25:4, v/v/v) as solvent. Identification of the spots was 
by comparing the R~ values to those of known standards 
{Supelco, Bellefonte PAL The spots were detected by 
spraying the plates with 0.05% 8-anillno-l-naphtalene 
sulfonic acid in 50% methanol and viewed under UV light. 
Total or individual phospholipids were transmethylated 
in the presence of 5% HC1 in absolute methanol at 80 C 
in sealed vials for 2.5 hr. A Hitachi 263-80 type gas 
chromatograph connected to a Hitachi M263 data proces- 
sor was used to separate the fatty acid methyl esters. The 
polar phase was 10% Carbowax 20M on 100-120 mesh 
Supelcoport in 2 m long stainless steel columns (3 mm 
i.&). The oven temperature was programed to rise linearly 
from 180 to 215 C, at 1 C/min. Each run was made in 
triplicate, and the error was not more than 1% in the case 
of the major fatty acids such as 22:6{n-3). 

Fluorescence polarization. Phospholipid vesicles were 
prepared and labeled with 1,6-diphenyl 1,3,5-hexatriene 
{Sigma Chemical Co., St. Louis, MO) as described by 
Montaudon et al. (17). A Perkin Elmer Model 44A 
fluorescence spectrophotometer equipped with a polariza- 
tion accessory and fitted with a temperature regulation 
unit was used for the measurements. The excitation 
wavelength was 370 nm, and the fluorescence emission 
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was monitored at 420 nm. Fluorescence polarization {P) 
was calculated from the equation, P -- Iw - Ivh/Ivv + 
Ivh �9 Z, in which Iw and Ivh are the fluorescence inten- 
sities measured with emission analyzer parallel or perpen- 
dicular, respectively, to the polarization of the detection 
system for vertically and horizontally polarized light. 

RESULTS AND DISCUSSION 

Figure 1 presents a Vant Hoffs  representation of 1,6- 
diphenyl 1,3,5-hexatriene (DPH) fluorescence polariza- 
tion, P, of vesicles of phospholipids prepared from marine 
calanoid copepods collected either in the North Atlantic 
or in tropic seas. Lower P-values represent more fluid 
structures. From these data, it may be inferred that the 
most fluid membranes were present in C. finmarchicus 
collected in the spring and the most rigid ones in the 
copepods inhabiting the tropic seas. C. finrnarchicus 
sampled in early fall revealed values in between these two 
extremes. In addition, there are two distinct breaks in the 
curves on the P vs 1/T plots. The break at the higher 
temperature indicates onset, while that at the lower 
temperature indicates completion of phase separation of 
these phospholipids. The sea water temperature at the 

f t .  
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FIG. 1. Temperature dependency (liT) of DPH fluorescence polariza- 
tion (P) in phosphoHpids of marine calanoid copepods. Calanus spp. 
were collected at Dona Paula, Goa (--V--) and Bombay (--A--) at 
the Southwest coast of India, while C. Fmmarchicus were collected 
at the West coast of Norway in the fall (--D--) and in the spring 
(--O--), respectively. 

time of collecting C. finrnarchicus was about 10 C but 
varied between 2 and 20 C during the year. The tempera- 
ture in the tropic seas was about 25-26 C at the time of 
sample collecting and varied from 25 to 30-31 C during 
the year. The temperature at the onset of phase separa- 
tion of phospholipids from each sample was close to the 
temperature at which the organism lived, except in the 
C. finmarchicus collected in the fall. However, it should 
be remembered that  the above values for phospholipid 
vesicles might be modulated if other membrane consti- 
tuents (proteins, sterols, etc.} also were present. 

The observation that  the temperature at onset of the 
phase separation of the membrane lipids coincides with 
growth temperature has been made with other poikilo- 
therms (10,18-20}, but it is not documented as a general 
phenomenon {7,21}. Cossins and Prosser (18} reported that 
the onset of phase separation of phospholipids from 
synaptosomal membranes of arctic sculpin adapted to 0 C 
occurred at 5 C while that for goldfish acclimated at 5 C 
occurred at 10 C. It can be inferred from Figure 1 of 
Prosser and Cossin's paper that  phospholipids of synap- 
tosomal membranes of goldfish adapted at 25 C show 
phase separation around the growth temperature {18}. In 
a current study of liver phospholipids of the carp, 
Cyprinus carpio L., we found that  the onset of phase 
separation of phospholipids of summer-adapted fish oc- 
curred around 25 C, while that of winter-adapted fish oc- 
curred around 6 C (unpublished observations}. In earlier 
work on the freshwater copepod Cyclops vicinus, we also 
found that phase separation temperatures were similarly 
related to the actual growth temperature (10). Although 
the water temperature at the time of collecting C. fin- 
marchicus was the same in the fall and the spring (10 C), 
the higher polarization value and phase separation tem- 
perature of phospholipids of the fall sample may suggest 
that the fall specimens retained a "summer" state in their 
lipids. 

Whether marine species similar to C. vicinus can 
regulate the physical state of their phospholipids accord- 
ing to the temperature or whether they lack this prop- 
erty, like the freshwater crustacean Daphnia magna, re- 
quires further investigation. Some freshwater crustaceans 
and fish are exposed to fluctuation in their environmen- 
tal temperature. In cases of tropic seas, this is less pro- 
nounced. Judging from the temperature range at which 
the phase separation occurs, it may be inferred that C. 
finmarchicus can tolerate less changes in the water tem- 
perature than the copepods in the tropic seas. 

Spring-collected C. finmarchicus did not survive ex- 
posure to 20 C longer than two hr, and copepods collected 
at Dona Paula lost their swimming activity but did not 
die when exposed to 17 C for six hr {unpublished obser- 
vations}. Because the former can be regarded as a cold 
stenothermic and the latter as a warm stenothermic 
species, it is tempting to speculate that  this is at least 
partially related to the phase behavior of their 
membranes. 

Table 1 shows that the above differences in the phase 
behavior are not easily explained by the fat ty acid 
composition of the phospholipids. An inverse relationship 
between environmental temperature and fat ty acid un- 
saturation also was observed in this case. This was due 
mainly to a higher level of docosahexaenoic acid in phos- 
pholipids of C. finmarchicus. Despite these differences, 
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TABLE 1 

Fatty Acid Composition (mol %) in Phospholipids 
of Calanoid Copepods 

Species Calanus app. 

Origin India a India b 
Water temperature (~ 25 26 

C. finmarchius 

Norway c Norway d 
10 10 

14:0 4.7 3.9 3.4 2.4 
14:1 0.2 0.1 0.5 0.1 
15:0 0.2 0.3 0.7 0.2 
15:1 0.2 tr 0.1 tr 
16:0 19.6 16.0 16.5 15.2 
16.1 1.4 1.6 0.3 0.7 
16:2 0.9 0.3 0.1 0.3 
16:3 1.3 0.2 0.7 0.1 
18:0 8.7 4.0 2.0 0.8 
18:1 4.5 3.7 2.9 4.5 
18:2 1.5 1.5 0.8 0.6 
18:3 1.7 1.8 0.7 tr 
18:4 0.3 2.5 1.9 0.2 
20:1 tr 0.2 0.I 1.2 
20:4 2.5 4.5 1.2 1.9 
20:5 15.7 25.2 24.1 30.2 
22:3 0.5 0.2 0.2 0.2 
22:4 0.2 0.1 0.2 0.3 
22:5 2.4 2.3 0.4 0.5 
22:6 33.4 31.2 42.9 40.0 

Sat/unsat 0.49 0.31 0.29 0.22 
Total polyen(%) 55.0 66.1 71.0 73.8 

aBombay. 
bDona Paula, Go& 
cSpring. 
dFall. 

the spring~ollected C finmarchicus and the copepods col- 
lected a t  Dona  Paula  showed similar sa tu ra ted  to un- 
sa tu ra ted  ra t ios  bu t  g rea t  differences in the phase  b ~  
havior of their  phospholipids. Moreover, the two samples  
of copepods f rom the tropic seas showed differences in 
phospholipid f a t t y  acid composi t ions as well as in the 
sa tu ra ted  to unsa tu ra t ed  f a t t y  acid ratios,  a l though the 
P-values and the phase  separa t ion t empera tu res  were 
a lmos t  identical {Fig. 1). Thus,  i t  is highly probable  t ha t  
control  occurs a t  a level beyond the  overall  dis t r ibut ion 
of f a t t y  acids in phospholipids.  Table 2 shows tha t  the 
phospholipids  of copepods f rom tropic seas were poorer 
in sphingomyel in  and phosphat idic  acid, and richer in 
phosphatidylethanolarnlne than  those in C. finmarchicus. 
Phosphatidylcholines in spring-collected C finmarchicus 
contained more po lyunsa tura ted  acids (82% vs  62%) and 
had a lower saturated-to-vn~aturated fa t ty  acid ratio {0.15 
vs  0.38) than  those of the tropic copepods (Table 3). Even  
though  phospholipids were not  separa ted  according to 
molecular-species composit ion,  one could expect  t ha t  di- 
nn.qaturated phospholipids would be present  whenever the 
level of to ta l  unsa tu ra ted  f a t t y  acids exceeds 50 tool %. 
As shown in Table 3, the phosphatidylcholines and phos- 
phatidylethanolamines were richer in diunsaturated phos- 
pholipids than  were the phospholipids of copepods in the 
tropic seas (32% vs  12% and 17% vs  11%, respectively),  
and this could explain the observed differences in the P- 
values {Fig. 1). Because the phase separat ion tempera ture  

TABLE 2 

Composition of PhosphoHpids (% wt) in CAIAnoid Copepods 

Species: Calanus app. Calanus finmarchius 
Origin: India a Norway b 

Phosphatidic acid 3.6 10.1 
Phosphatidylserine 3.1 8.9 
Phoaphatidylinositol 3.9 6.4 
Lysophosphatidyl- 

ethanolsmine -- 5.2 
Lysophosphatidyl- 
choline 6.8 I. 1 

Sphingomyelin 3.9 7.6 
Phosphatidylcholine 35.6 29.3 
Phosphatidyl- 

ethanolamine 28.9 22.3 
Cardiolipin 6.8 9.8 

aDona Paula, Goa. 
bSpring. 

TABLE 3 

Fatty Acid Composition (mol %) of Phosphatidylcholines 
and Phosphatidylethanolamines in Calenoid Copepods 

Phospholipid Phosphatidyl- 
choline 

Origin India a Norway b 

Phosphatidyl- 
ethanolamine 

India a Norway b 

14:0 3.6 2.5 1.0 0.5 
14:1 tr tr tr tr 
15:0 0.4 0.1 tr tr 
16:0 20.9 10.2 20.4 24.6 
16:1 1.0 1.1 0.4 0.1 
18:0 2.6 0.2 12.4 2.2 
18:1 6.4 2.6 2.6 4.3 
18:2 1.8 0.7 1.3 1.3 
18:3 2.0 0.2 0.9 0.3 
18:4 2.4 1.7 0.5 1.5 
20:3 tr tr tr tr 
20:4 4.9 5.0 6.0 3.3 
20:5 21.9 42.8 14.3 9.8 
22:4 0.7 tr 0.3 0.7 
22:5 2.2 0.5 3.0 1.6 
22:6 28.2 32.0 36.7 50.00 

Sat/unsat 0.38 0.15 0.51 0.38 
Total polyen(%) 62.0 82.0 61.0 67.0 

aCalanus sap., Dona Paula, GoeL 
bc finmarchicus, spring. 

of 1-palmitoyl,2~iocosahexaenoyl phosphatidylcholine is 
about  - 10 C (22) and tha t  of d iunsa tura ted  molecules is 
even lower, phospholipids of marine  copepods should ex- 
hibit  lower phase-separat ion t empera tu res  than  those  
observed.  Phospholipids of these copepods behave simi- 
larly to those of the bovine ret inal  rod outer  segment  
membranes .  Al though the la t ter  are as rich in polyenes 
as the  phospholipids of copepods inves t iga ted  here, they  
too contain fair amounts  of supraenes (dipolyunsaturated 
phospholipids) (23,24) and exhibit  phase-separat ion 
t empera tu re  between 15 and 5 C (25). 
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I t  has  been p roposed  t h a t  this  resu l t s  f rom a precise  
balance between d i sa tu ra ted  and d iunsa tu ra ted  phospho-  
lipid molecules  (25). T he  differences d e m o n s t r a t e d  in 
phys ica l  p a r a m e t e r s  of  phosphol ip id  vesicles indicate  an  
adap ta t ion  of membrane  physical  s ta tes  to  tempera tures .  
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Improved survival to endotoxin has been demonstrated 
in rats pretreated with cyelooxygenase inhlbitors or made 
essential fat ty acid deficient, implying that excessive ~6 
fa t ty  acids, possibly through their eicosanoid products, 
contrilmte to mortality. Following endotoxin administra- 
tion, we also have shown improvement in survival with 
oral diets supplemented with fish off. This study sought 
to explore whether parenteral i"mh oil mel iora tes  the 
adverse impact of endotoxin.  

Male Hart ley4train  guinea pigs were obtained at a 
body weight of 500 g and fed a normal laboratory diet. 
Central venous lines through which the ~ received 
either a 10% safflower oil emulsion (n : U) or a 10% fish 
oil emulsion (n = 11) during two, 24-hr periods separated 
by two days were inserted. Two days after the second in- 
fusion, endotoxin (0.35 rag/100 g b.w.), was given intra- 
peritoneally, and. survival was noted. The animals re- 
eeived a total of 25.4 g of IV fat per kg b.w., including 
5.3 g of eicosapentaenoic acid per kg b.w., for the fish oil 
group. 

From six hr after endotoxin through four days, there 
was better survival in the fish oil group (p < .006). Final 
mortality showed 7/11 fish-fed vs 2/11 safflowet~fed 
animals surviving. We conclude that the administration 
of lmrenteral fish oil, even for a brief time, can have a 
profound effect on subsequent survival to endotoxin. 
Lipids 23, 623-625 {1988). 

Endotoxic shock involves activation of platelets and 
leukocytes (1). Investigations have shown enhanced sur- 
vival to endotoxin when the effects of the vasoactive 
prostanoids thromboxane A2 and prostacyclin I2 have 
been inhibited through either decreased production or 
blocked action (2,3). Methods used to arrive at this com- 
mon physiologic end-point include essential fat ty acid 
deficiency, pretreatment with the cyclooxygenase in- 
hibitors indomethacin or ibuprofen, or with the throm- 
boxane synthetase inhibitor imidazole or by the use of 
13-azaprostanoic acid, a thromboxane antagonist (2,3). 

Fish oils contain eicosapentaenoic acid (EPA), a long 
chain polyunsaturated fat ty acid of the c03 family. As a 
substrate for cyclooxygsnase in platelets, it forms throm- 
boxane As, a vasoconstrictor like thromboxane A2, but  
not a platelet aggregator (4,5). Likewise, in endothelial 
cells, EPA serves as substrate for prostacyclin Is, which 
is similar to prostacyclin I2 as a vasodflator and platelet 
anti-aggregator (5). This shifts the overall balance to- 
wards lessened clotting, manifested by prolonged bleed- 
ing times (6) and decreased thromboxane production {7). 
Fish oils also have been shown to dampen leukocyte 

function (8). Lee and colleagues {8) showed decreased 
chemotaxis and decreased production of leukotriene B4 

*To whom correspondence should be addressed. 
Abbreviation: EPA, eicosapenta~moic acid. 

in neutrophils obtained from human subjects talcing sup- 
plemental fish oil. This leukocyte inhibitory effect from 
dietary fish oil n~y  be another mechanism through which 
survival to endotoxin challenge could he modulated. 

We recently have shown {9) enhanced survival to an 
LD~ of endoto-in in animals orally fed fish oils for a six- 
wk period. We considered the hypothesis that fish oils 
would be protective agalnst endotoxic shock by utilizing 
an IV preparation of fish oil given over several days. 

METHODS 
Animals. Male Hartley strain guinea pigs were obtained 
at a weight of 500 g from the Elm Hill Breeding Labora- 
tories (ChelmRford, MA). They were housed in plastic 
cages with pine shavings on a 12-hr light and 12-hr dark 
cycle with the temperature controlled at 23 C and the 
relative h-midity between 50-55%. This study met with 
the approval of the Institutional Animal Care and Use 
Committee of the New England Deaconess Hospital. 

Study protocol The animals were allowed a normal 
laboratory guinea pig diet (Agway Inc., Syracuse, NY),  
ad libitum, throughout the study. One wk after arriving, 
the Rnimals underwent central vein catheterization. While 
anesthetized, a 0.025 in. (i.d.) X 0.037 in. (o.d.) silastic 
catheter was inserted into the superior vena cava from 
the internal jugular vein. The tubing was tunneled sub- 
cutaneously where it exited from the midscapular region 
and connected to a flow-through swivel that  permitted 
free movement. 

One day after the catheters were placed, the first of two 
days of lipid infusion was started. The animni~ received 
the respective lipid emulsions {safflower oil or fish oil) for 
two 24-hr periods separated by two days. Prior pilot 
studies revealed gross lipemia after one day of infusion, 
which cleared after two days of saline infusion. After the 
second day of lipid infusion, two more days were allowed 
to clear the second lipemia On the morning of the seventh 
day, the animals received endotoxin intraperitoneally, 
0.35 rag/100 g b.w., and then were followed for survival. 
Survival was noted at 3, 6, 9, 12, 15, 21, 24, 48, 72 and 
96 hr after endotoxin injection. There were 11 animals in 
each group. 

Emulsions. The emulsions used were each 10% emul- 
sions. The fish oil emulsion was obtained from Baxter 
Healthcare Corp. (Deerfieid, IL), and the safflower oil 
emulsion was from Abbott  Laboratories (North Chicago, 
IL). Liposyn, the original formulation made solely from 
safflower oil and containing no soybean oil, was used. 
Table 1 depicts the fatty acid composition of the emul- 
sions. 

Endotox/~ EndotoxJn was obtained from Difco Labora- 
tories (Detroit, MI). The lipopolysaccharide was derived 
from Escherichia coil (026:B6, Lot #3920-10-9, Control 
#718687). Using the method of Reed and Muench (10), an 
LD~ of 0.35 rag/100 g b.w. was obtained for this lot of 
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TABLE 1 

Fatty Acid Composition of the IV Emulsions in Relative Percentages 

Fish oil Safflower oil 

Myristic (14:0) 8.1 
Palmitic (16:0) 12.5 
Palmitoleic (16:1~o7) 7.3 
Stearic (18:0) 1.5 
Oleic (18:1~09) 6.1 
Linoleic (18:2oJ6) 5.9 
e-Linolenic (18:3oJ3) 1.2 
Eicosapentaenoic (20:5w3) 19.7 
Docosahexaenoic (22:6~3) 8.6 

7.0 

2.5 
13.9 
77.0 
0.1 

Fish oil emulsion made by Baxter Healtheare Corporat/on (Deerfield, 
IL). Safflower oil emulsion was Liposyn, made by Abbott Labora- 
tories (North Chicago, IL) and contained no soybean oil 

endotoxin in normal guinea pigs using the intraperitoneal 
route. The endotoxin was diluted in sterile saline to a max- 
imum volume of 1 ml and injected intraperitoneally. 

Anesthesia. A m i x t u r e  of ketsmlne (44 mg/ml), acepro- 
mazine (0.2 mg/ml) and atropine (40 mcg/ml) was used for 
anesthesia at a dose of 1 ml/kg body weight, intramus- 
cularly. Lidocaine as a 5% solution was used locally for 
any dissection. 

Statistics. Survival was tested by Kaplan-Meier sur- 
vival analysis using Surv-Pak-PC, software developed by 
the Johns Hopkins Oncology Center (Baltimore, MD). 

R E S U L T S  

Lipid intake. Table 2 shows the lipid intake for the two 
groups of animals. Each group received comparable 
amounts of fat, when analyzed by total amount over the 
two doses, amount per dose, per kilogram b.w. or rate of 
infusio~L The total amount of EPA the fish oil-fed animals 
received over the six-day study was 5.3 _+ .3 g/kg b.w. 

Survival Figure 1 shows the mortality among the two 
groups. As shown by Kaplan-Meier analysis, the two 
curves differ, p < .006. By nine hr after endotoxin ad- 
ministration, nil nine safflower oil-fed animals that  were 
to die had succumbed. In contrast, two of the four fish 
oil-fed animals that  were to die lived for more than 21 hr. 

D I S C U S S I O N  

The beneficial impact of the fish oil may have been 
mediated through alteration in the metabolism of the 
prostanoids, thromboxane A2 and prostacyclin I2 from 
their respective tissues of origin, platelets and endo- 
tbelium, or through leukotriene B, from leukocytes. The 
ability of EPA to antagonize the production of the more 
vasoconstrictor thromboxane A2 or to diminish the gen- 
eration of leukotriene B,, thereby lessening leukocyte 
migration and endothelial adherence, could be its primary 
role. Alternatively, the presence of EPA-derived throm- 
boxane A3 and prostacyclin I3 or leukotriene Bs may have 
been involved. Because these compounds were not 
measured in this study, the temporal associations are not 
known. Further support for this explanation is data 
recently generated in guinea pigs fed a fish oil-based diet 

TABLE 2 

Lipid Intake 

Parameter Fish oil Safflower oil 

Body weight (b.w.) 500.8 + 21.0 485.9 • 24.3 
Lipid infused(g/animal) 12.6 + 0.3 13.0 • 0.5 
Lipid infused (g/kg h.w.) 25.4 • 1.5 27.5 • 2.5 
Lipid infused (g/kg 
b.w./dose) 12.7 • 0.1 13.7 • 1.2 
Lipid infused (g/kg b.w./b_r) 0.53 • 0.3 0.57 • 0.05 
EPA infused (gm/kg b.w.) 5.3 • 0.3 0 

Except for EPA, no weight or lipid differences by Student's t-test. 
N ffi 7 for each group. Data expressed as ~ + SEM. 
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FIG. 1. Survival curves of the two dietary groups. Curves differ by 
Kaplau-Meier analysis, p < 0.006. 

for six wk and then challenged with endotoxin (II). The 
metabolic acidosis that developed was much less pro 
nounced as compared with those animals fed safflower oil. 

Less linoleic acid and therefore less arachidonic acid as 
a substrate for eicosanoid formation may be another 
mechanism. This would view the fish oil as merely replac- 
ing an oil high in linoleic acid, i.e. safflower oil, leading 
to less arachidonic acid as substrate. Support for this 
comes from a recent study in which coconut oil-fed 
snimalS, as opposed to corn oil-fed animals, had better 
survival to endotoxin (12). Determining fat ty  acid pro- 
files in plasma, platelets and leukocytes could resolve this 
question. 
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Identification of N- -(2-propenal)lysine as a Major Urinary 
Metabolite of Malondialdehyde 
H.H. Draper', M. Hadley, L Llssemore, N.M. L a l n g  a n d  P.D. C o l e  
Deportment of Nutdtlonat Sciences, College of Biological Science, University of Guelph, Guelph, Ontario, Canada NIG 2WI 

N-E-{2-propenal}lysine (~-PL) was identified as one of two 
major metabolites of malondialdehyde (MDA) excreted 
in rat and human urine. This compound is derived mainly 
but  not exclusively from the diet, where it arises from 
a reaction between free MDA generated in the oxidative 
decomposition of polyunsaturated fat ty acids and the e- 
amino of the lyslne residues of food proteins. It is released 
during protein digestion and represents the main form 
in which MDA is absorbed. I t  is excreted partially in un- 
changed form and partially as the acetylated derivative 
N-a-acetyl-N-~2-propenal)lysine. I ts  administration to 
rats did not result in an increase in the excretion of free 
MDA in the urine. The fmdlngs that MDA in foods is ab- 
sorbed mainly as ~-PL, and that this compound is not 
metabolized to free MDA in vivo, mitigate concern over 
the possible mutagenicity and carcinogenicity of MDA 
in the diet. 
Lipids 23, 626-628 (1988). 

Work in this laboratory has revealed the presence of 
several malondialdehyde (MDA) derivatives in rat and 
human urine {1-3). Figure 1 illustrates an elution profile 
of MDA compounds obtained by anion exchange column 
chromatography of rat urine. One of two major meta- 
bolites {Fig. 1F) has been identified as N-a-acetyl-N-e- 
(2-propenal)lysine (I) and two minor metabolites as MDA 

O~g 

adducts with the phospholipid bases ethanolamlne 
(Fig. 1B) and serine (Fig. 1E) (2,3). Free MDA (Fig. 1G) 
was detected in some urine samples. This paper describes 
the identification of the second major urinary metabolite 
of MDA (Fig. 1A) as the unacetylated lysine-MDA ad- 
duct N-~-(2-propenal)lysine. 

METHODS 
The procedure used for the isolation of urinary metab~ 
Htes of MDA has been described in detail elsewhere (1). 
Briefly, it includes anion exchange, cation exchange and 
size exclusion col-ran chromatography, followed by high 
performance liquid chromatography (HPLC) on prepara- 
tive and analytical reverse phase columns. 

The occurrence of an acetylated lysine-MDA adduct in 
urine (1) suggested the co-existence of the unacetylated 
adduct N-~-{2-propenal)lysine. This compound (~-PL) there- 
fore was synthesized by a modification (1) of the pro- 
cedure of Nalr et al. (4). This procedure yields a mixture 
of N-a and N-E adducts (a-PL and E-PL) (Fig. 2). Synthetic 
~-PL was subjected to the chromatographic procedures 
used for the isolation of urinary metabolites, and its elu- 
tion pattern was compared with those of the remaining 
unidentified compounds (Fig. 1). 

RESULTS 
When subjected to anion exchange column chromatog- 
raphy, synthetic E-PL eluted in the same fractions as a 
major urinary metabolite of MDA {Fig. 1A). However, 

o.IK 

! 
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' .,;, , .~ , .~ . . . . . . .  
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FIG. I. Elution profile of MDA derivatives obtained by aniom ex- 
change chromatography of twine from rats fed a vit~mln E deficient 
diet contal~in~ cod liver oil C~). A, N~-propenal)lystne; B, N- 
{2-propcnal) ethanolmmime; E, N~-propenal)asr/ne; F, N-~-acetyl-N- 
E-(2-propenal}lyllne; G, free MDA. C and D, unidentified. MDA was 
determined spcctrophotometrically as the thiob~bituric acid 
derivative {9). Reproduced with pcrmiasion (2). 

*To whom correspondence should be addressed. 
Abbreviations: a-PL, N-a-acetyl-N-ed2-propenal)lys~; c~PL, cyclized 
product; e-PL, N-~-(2-propena/)lysine; MDA, malondialdehyde; HPLC, 
high pressure liquid chromatography. 
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FIG. 2. IntsreonvemloH of lys ine-MDA adducts. A P L  is a major 
form of  M D A  found only in urine (I). E-PL is the main form of M D A  
absorbed from the diet (8) and is also a major form in urine, e-PL 
and o-PL are formed from E-PL as isolation artifacts. 
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w h e n  subjected to analytical reverse phase HPLC, 
authentic e-PL and the purified metabolite failed to 
co-elute. 
Coincidentally, storage of pure synthetic ~-PL in aque- 

ous solution at 4 C was observed to result in its partial 
conversion to two additional compounds {Fig. 3). One of 
these compounds was found to co-elute with pure, syn- 
thetic a-PL when chromatographed on a reverse phase 
HPLC column~ The other co-chromatographed with the 
MDA derivative isolated from urine {Fig. 4). Under 
similar storage conditions, a-PL was partially converted 
to e-PL and the unidentified product of e-PL conversion. 
I t  was apparent from these observations that the uniden- 
tiffed compound was an intermediate in the interconver- 
sion of a-PL and e-PL. 

Characterization of the intermediate by NMR and IR 
was confounded by its retroconversion to a-PL and e-PL. 
Its UV=~ at 280 nm and its fluorescence spectrum in- 
dicated that  the Schiffs base bonds present in a-PL and 
e-PL were intact. In aqueous solution, it exhibited fluores- 
cence ( E x ~  370 nm, Emm~ 467 nm) consistent with the 
presence of the general structure R--NH--CH--CH-- 
CH--N--R (5). Cation exchange chromatography showed 

i 
: : : : ~  
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\ 
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T i m e  ( r a i n )  
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4 6 8 1 0  
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FIG. 3. ReveTse phase HPIX~ elution profde of s y n ~  ~-PL before 
(A) and after (13) storage in aqueous solution at 4 C for several week~ 

that it was less positively charged than a-PL and ~-PL. 
On the basis of these observations, it was concluded that 
the compound was a cyclized product (c-PL) of in- 
tramolecular reactions between the free aldehyde and 
smino groups of a-PL and ~-PL {Fig. 2). 
Anion exchange chromatography of pure, synthetic 

~-PL resulted in its almost complete conversion to the 
cyclized form {Fig. 5), indicating that the c-PL recovered 
from urine was formed from E-PL as an isolation artifact. 
No evidence was obtained for the natural occurrence of 
either c-PL or a-PL in urine, although their presence in 
small amounts cannot be excluded. 

DISCUSSION 

N-E-(2-propenal)lysine and its N-~-acetylated derivative 
are the main forms in which MDA is excreted in rat and 
human urine. Under normal conditions, both compounds 
are mainly of dietary origin. ~-PL appears to be formed 
by a reaction between free MDA generated in the oxida- 
tive decomposition of polyunsaturated fatty acids in the 
diet and the E-NH2 groups of lysine residues of food pro- 
teins, from which it is released during protein digestion. 

i 

OO45 

8 4 (5 8 l O  

I 

OOQ 

2 4 (5 8 1 0  
Time (m~) 

FIG. 4. Reverse phase HPLC elution prof'fle of urinary MDA isolate 
obtained before (A) and after (13) spiking with synthetic c-PL. 
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FIG. 5. Reverse phase HPLC elution prof'de of ~-PL before (A) and 
after (13) chromatography on anion exchange resin. 

Chromatographic fractionation of the in vi t ro  digestion 
products  of several foods showed tha t  E-PL was the 
predominant  form of MDA present {6). I t  is excreted par- 
tially in the acetylated form. The liver is the main site 
of N-acetylation reactions. 

Intraperitoneal administration to rats  of 60 ~g of MDA 
as E-PL produced no increase in the excretion of free MDA 

in the urine. Because the excretion of free MDA is respon- 
sive to smaller doses of MDA as the sodium enol salt  (1), 
it  appears tha t  E-PL is not  a source of free MDA in vivo. 
The findings that  ~-PL is the main form of MDA absorbed 
from the diet (6) and tha t  this compound is not  metaboliz- 
ed to free MDA in the body mit igate concern over the 
possible mutagenicity (7) and carcinogenicity (8) of dietary 
MDA. 

Although the excretion of lysine-MDA adducts by the 
rat is markedly decreased by fasting or feeding a diet con- 
taining only saturated fat {hydrogenated coconut oil), 
these compounds are nevertheless detectable in urine, in- 
dicating that they are formed in the tissues as well as in 
the diet. They also are present in human urine collected 
12-36 hr after  the beginning of a fast, and collected while 
consuming a protein-free diet. Hence, they appear to 
reflect reactions of MDA with cellular as well as d ie tary  
proteins. 
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Evidence for Loss of Tritium from 3/ -Tritiated Deoxycholic Acid 
during Enterohepatic Cycling in Man 
S.N. Marcusa, "  a n d  K.W. Heatonb 
aDtvldon of Gastroenterology, Department of Medicine, T-O13, University of California, San Diego, La Jolla, CA 92093, and bUnlverslh/ 
Department of Medicine, Bristol Royal Infirmary, Bristol BS2 8HW, England 

A double-label single-intubation isotope teehnlque was 
assessed for studying deoxyehoHc acid metabolism by 
simultaneous IV administration of [3p-~H]deoxycholic 
acid and [24-'4C]deoxycholic acid to five healthy subjects. 
The 3H1'4C ratio in duodenal bile fell progressively in all 
subjects, the mean reduction on day four being 48.8%. 
When the same labeled bile acids were administered to 
three ileostomy subjects, again the ratio fell with a mean 
reduction of 44.4% on day four. This fall more likely was 
due to hepatic exchange of tritium for hydrogen, rather 
than to colonic bacterial oxidation. [3/3-3H]Deoxychollc 
acid should not be used to study the kinetics and 
metabolism of deoxycholic acid. 
Lipids 23, 629-630 (1988}. 

Vantrappen et al. (1) recently described an isotopic tech- 
nique for determining the turnover rate of cholic acid from 
a single sample of bile, which they compared with four- 
or five-day samples as required by the classical Lindstedt 
method (2). This new technique requires administration 
of 3H-labeled as well as of "C-labeled cholic acid. We in- 
tended to study deoxycholic acid pool size and kinetics 
in relation to colonic transit (3,4) and, attracted by the 
simplicity of the Vantrappen technique, decided to in- 
vestigate its feasibility with deoxycholic acicL Because 
tritiated deoxycholic acid is not commercially available, 
Amersham International PLC was commissioned to syn- 
thesize it for us, the 3H-label being inserted in the 3~ 
position on the bile acid nucleus. It  is recognized that 
some tritiated bile acids are unsuitable as markers 
because 3H is exchanged for hydrogen in body water (5-7). 
Recently, it has been suggested that oxido-reduction of 
the hydroxyl group at the 3- and 12-position of deox- 
ycholic acid by the intestinal microflora can occur (8). 
Thus, both mechanisms could result in a fall in specific 
radioactivity not due to turnover of the bile acid. At the 
time of study, bile acids tritiated in the 3/3 position had 
not been assessed for stability. To examine this, we 
measured the ratio of ~H/'C radioactivity in biliary deox- 
ycholic acid during enterohepatic circulation after the 
deoxycholic acid pool had been labeled simultaneously 
with tracer amounts of [3p-~H]deoxycholic acid and 
[24-~4C]deoxycholic acid. If [3p-3H]deoxycholic acid is 
stable during enterohepatic circulation, then the ~H/'C 
ratio should remain constant. 

MATERIALS AND METHODS 

[3/~3H]Deoxycholic acid was prepared by the selective 
oxidation of the 3-position of methyl deoxycholate with 
silver carbonate on celite. The methyl-3-oxo-12a-hydroxy- 
5/3-cholan-24-oate oxidation product was purified by 
column chromatography and then reduced by sodium 

*To whom correspondence should be addressed. 
Abbreviation: TLC, thin layer chromatography. 

boro-[3H]-hydride to the 3a-hydroxyl epimer, which subse- 
quently was purified by thin layer chromatography (TLC). 
The methyl ester was saponified with sodium hydroxide. 
Radiochemical purity by TLC was 98%, and the specific 
activity was 21.2 C/retool. 

Approximately 10 ~C of [24-'C]deoxycholic acid and 
30 pC of [3p-3H]deoxycholic acid were injected intra- 
venously into four healthy female and one healthy male 
volunteer, mean age 49 years (range 42-64), three hr after 
their last meal of the day. The 3H and '4C radioactivities 
were measured in small aliquots of thoroughly mixed 
duodenal bile samples collected after cholecystoklnin in- 
jection on the next four mornings, according to the Lind- 
stedt method (2). In view of the results obtained in these 
five subjects, the procedure was repeated in three more 
subjects (two females and one male, mean age 43 years; 
range 36-51), who had undergone total colectomy and 
ileostomy for ulcerative coUitis at least five years before. 
In these subjects, bile samples were collected only on the 
first and fourth morning after their injection. All volun- 
teers gave their informed consent for the study, which 
was approved by the hospital ethical committee. 

After precipitation of bile proteins by boiling methanol, 
the bile acids were deconjugated with cholylglycine 
hydrolase (9), extracted in ether and separated by TLC 
using as development solvent 2,2,4-trimethylpentane/ 
ethyl acetate/glacial acetic acid (5:5:1, v/v/v) (10). The 
dihydroxy bile acids were eluted and assayed for ~H and 
"C radioactivity in a dual-chAnnel liquid-scintillation 
counter with quench correction by external standardiza- 
tion and the ratio of 3H/'C was calculated. 

RESULTS AND DISCUSSION 

In the five normal subjects, the 3I-I/'~3 ratio fell pro- 
gressively, with a mean reduction of 48.8% by the fourth 
day (range 41.5-57.1%) (Fig. 1). In the three ileostomy 
subjects, the ~H/'C ratio fell by a mean of 44.4% by the 
fourth day (71.3, 31.5 and 26.9%). 

The results in the five healthy volunteers indicate that 
[3~3H]deoxycbolic acid loses radioactivity during en- 
terohepatic cycling. After this study was performed, 
Bj6rkhem et al. (8) published similar findings for healthy 
subjects. We considered two causes for our results: ex- 
change of tritium for hydrogen within the liver (11) and 
loss of tritium as a result of 3-oxidation by the colonic 
bacterial flora followed by reduction either in the colon 
or liver with incorporation of a nonradioactive hydrogen 
atom and circulation of the now unlabeled bile acid. 

Subjects with ileostomies have no or very small 
amounts of deoxycholic acid in the bile (12,13) because 
of the relative paucity of anaerobic bacteria able to 
dehydroxylate cholic acid (14). If bacterial oxidation and 
reduction of [3~3H]deoxycholic acid had contributed to 
the fall of the 3H/'4C ratio in the normal subjects, then 
in the ileostomy patients the ratio should have remained 
constant or fallen much less, which was not the case. Our 
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FIG. 1. Ratio of ~H/I'C in duodenal bile samples collected on four 
consecutive mornings from five healthy volunteers fol lowing the 
simultaneous IV adminiRtration of tracer amounts of [3~-~H]deox - 
ycholic acid and [24-'C]deoxycholic acid. 

resul ts  in i leostomy subjects  con t ras t  with those of 
Bj6rkhem et al. (8). Bu t  their  finding of a slower decline 
in the 3H#4C rat io in two ileostomy subjects than  in seven 
heal thy controls  was made  af ter  the adminis t ra t ion  of 
[12~3H]deoxycholic acid and not [3/~-3H]deoxycholic acid. 
This  indicates tha t  the loss of label in the 12~-position 
is due m, in ly  to bacterial  oxidation. However, our results 
suggest  the same mechanism cannot  be assumed to apply 
to [3/3-3H]deoxycholic acid. 

We conclude tha t  bacterial  oxido-reduction of deox- 
ycholic acid a t  the 3-position is unlikely to occur to any 
grea t  extent  during i ts  enterohepat ic  cycling in man, and 
t ha t  loss of the label is more likely due to hepatic  ex- 
change of t r i t ium with hydrogen {11). Studies in subjects  
whose bile flow has been diver ted away from the colon, 
such as in pos t~ho lecys t ec tomy  T-tube pat ients ,  would 
help confirm these findings. 

When considering the use of tritiated bile acids, recom- 
mendations of PanveliwaUa et al. {7) should be remem- 
bered. The data from our study confirm that [3~3H]deox - 
ycholic acid loses tritium during enterohepatic cycling, 
and that it should not be used to measure deoxycholic 
acid pool size or kinetics. If [2-4-3H]deoxycholic acid 
{analogous to [2-4-3H]cholic acid used in the original Van- 
trappen technique) had been chosen instead, the results 
would probably have been similar, because it also loses 
label (7). Instead, [22,23-3H]deoxycholic acid could be 
tried; however, it is not commercially available and would 
need to be specially synthesized and then tested for its 
suitability as a label. 
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ERRATUM 
Several lines of the text in "Analysis of Autoxidized Fats by Gas 
Chromatography-Mass Spectrometry: X. Volatile Thermal Decomposition 
Products of Methyl Linolenate Dimers" by E. N. Frankel et al. (Lipids 23, 
295-298) were inadvertently deleted. At the bottom of the first column of 
page 295, there should be the phrase " . . .  contained hydroperoxy epidiox- 
ides, dihydroperoxides and monohydroperoxides joined with peroxide and 
ether/ . . . .  " 
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Comparison of Fatty Acid and Triacylglycerol Metabolism 
of Macrophages and Smooth Muscle Cells 
Lynn M. Bergstraessera and Sandra R. Batesb,* 
aDepartment of Pathology and the Specialized Center of Research in Atherosclerosis, University of Chicago, Chicago, IL 60637, and 
bDepartment of Physiology, University of Pennsylvania, G-4 37th and Hamilton Walk, Philadelphia, PA 19104 

The response of macrophages and smooth muscle cells 
to culture in free fatty acid has been compared. Because 
oleate and linoleate promoted triacylglycerol enrichment 
of smooth muscle cells, whereas palmitate had little ef- 
fect, oleate was used for these studies. The kinetics of 
the accumulation of triacylglycerol produced by oleate 
was comparable between smooth muscle cells and 
macrophages. When grown in increasing concentrations 
of oleic acid at various fatty acid to albumin molar ratios, 
the extent of triacylglycerol accumulation in both cell 
types was dependent on the concentration of oleate, the 
concentration of albumin, and the oleate to albnmin molar 
ratio. However, macrophages contained 2.6-fold more 
triacylglycerol than smooth muscle cells in the presence 
of oleate at 0.36 mM or greater and at levels of albumin 
higher than 0.15 mM. The cellular triacylglycerol content 
of macrophages was linearly related to the oleate to 
albumin molar ratio at both a constant albumin concen- 
tration and a constant oleate concentration, whereas the 
accumulation of triacylglycerol in smooth muscle cells 
showed a curvilinear relationship. When cells were pre- 
loaded with triacylglycerol, smooth muscle cells showed 
a greater loss of lipid when exposed to albumin than 
macrophages did. Over a two-hr time perio~ macrophages 
incorporated twice as much labeled fatty acid as smooth 
muscle cells. Thus, while smooth muscle cells and 
macrophages showed similar responses to exogenous 
fatty acid and albumin, there were also significant quan- 
titative distinctions. 
Lipids 23, 641-646 {1988). 

One of the principal sources of lipid for cells grown in 
tissue culture is fatty acids derived from the serum in the 
medium (1). Most of the plasma fatty acids are esterified 
in the form of triacylglycerol, phospholipids and cho- 
lesteryl esters, with a small portion found as free fatty 
acid bound to albumin. Due to their high turnover rate, 
free fatty acids provide a significant portion of the lipid 
requirements of tissues {2,3}. Cells in culture readily take 
up free fat ty acids from the medium via an energy- 
independent process. Once the fat ty acids are incor- 
porated into the cell, they are either oxidized or esterified 
(4}. Free fat ty acid transport within the cell probably is 
mediated by the long chain fat ty acid-binding "Z" pro- 
tein (5,6). 

The two primary sources of fatty acids for the arterial 
wall cells include the free fatty acids present as such in 
the plasma and the free fatty acids that result from the 

*To whom correspondence should be addressed. 
Abbreviations: BME, Basal Medium of Eagle; BSA, bovine serum 
albumin; B-VLDL, beta-migrating very low density lipoprotein; CE, 
cholesteryl ester; DMEM, Dulbecco's Modified Eagle's Medium; FA, 
fatty acid; FFA, free fatty acid; J774, macrophages; LDL, low den- 
sity lipoproteins; PBS, phosphate-buffered saline; PL, phospholipid; 
SMC, smooth muscle cells; TG, triacylglycerol; VLDL, very low den- 
sity lipoproteins. 

hydrolysis of chylomicrons and very low density hpopro- 
teins (VLDL) through the action of lipoprotein lipase 
either on the luminal face of the blood vessel or from resi- 
dent macrophages. Several past and recent observations 
provide suggestive evidence that  these may be elevated 
or altered in atherosclerosis. A) Numerous investigations 
have demonstrated either an elevation in plasma fat ty  
acid concentration or an increase in the plasma free fat ty 
acid to albumin molar ratio in patients who have coronary 
heart disease or who demonstrate several of the risk fac- 
tors associated with the disease such as diabetes mellitus, 
smoking, aging and stress {7-11}. B) The endothelium of 
the diseased vessel wall is more permeable to albumin, 
the carrier of fatty acids {12,13}. C) Atherosclerotic aortas 
demonstrate an increase in lipoprotein lipase activity that 
would increase the arterial free fatty acid content {14}. 
Macrophages, found in greater numbers in plaques {15, 
16), also may contribute to the fatty acid pool of the vessel 
wall because they have been shown to secrete lipoprotein 
lipaee {17). D) Finally, in our previous studies we found 
that the metabolism of normal triacylglycerol-rich VLDL 
by macrophages, in the presence of albumin, resulted in 
an enrichment of the medium with free fat ty acids (18). 
We have shown that these fatty acids produced triacyl- 
glycerol accumulation in smooth muscle cells {19}, in- 
dicating that the interaction of these two cell types in the 
diseased blood vessel wall may be a significant determi- 
nant in local lipid accumulation. Because smooth muscle 
cells and macrophages are the principal cell types of the 
atherosclerotic lesion, their response to exogenous free 
fat ty acids and the resultant triglyceride accumulation 
may prove important in the disease process, particularly 
in view of the report of Adelman et al. (20) that  the 
triglyceride content of cells influences their ability to clear 
intracellular cholesteryl esters. 

Smooth muscle cells and macrophages differ greatly in 
their metabolism of lipids. Smooth muscle cells obtain 
cholesterol from low density lipoproteins {LDL}. LDL up- 
take is mediated by cell surface receptors that  also will 
bind VLDL {21-23}. In contrast, macrophages probably 
have few LDL receptors, but contain receptors for 
triacylglycerol-rich VLDL and cholesteryl ester-rich, beta- 
migrating VLDL (/~-VLDL}. Although smooth muscle 
cells will accumulate some cholesteryl esters when grown 
with LDL isolated from hyperlipemic animals, these levels 
are not comparable with the massive levels of cholesteryl 
esters found in macrophages exposed to/3-VLDL from 
animals on a high-fat, high-cholesterol diet {24}. In addi- 
tion, macrophages store large amounts of triacylglycerol 
when incubated with normal triacylglycerol-rich VLDL, 
whereas smooth muscle cells show only slight changes 
in triacylglycerol content {18}. Thus, it was expected that 
the two cell types would show differences in their 
metabolism of fatty acids. This study examines the 
response of these two cell types to exogenous free fatty 
acid and reports on the differences in their capacity for 
triacylglycerol production, accumulation and turnover. 
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MATERIALS AND METHODS 

Tissue culture. Arterial medial smooth muscle ceils were 
obtained from outgrowths of explants from the thoracic 
aorta of Macaca mulatta monkeys (rhesus) as described 
(25,26), grown in Basal Medium of Eagle (BME) with 5% 
bovine calf serum (K.C. Biological, Lenaxa, KS), and used 
between the third and sixth passages (0.2-1.0 mg pro- 
tein/flask). Experiments were carried out in 25 cm 2 flasks 
(Falcon) in a volume of two ml per flask. 

The macrophage-like ceil line J774 A.1 (J774) (27) was 
purchased from the American-Type Culture Collection 
and was maintained in Dulbecco's Modified Eagle's 
Medium (DMEM, GIBCO, Grand Island, NY) contain- 
ing 10% heat-inactivated fetal bovine serum (K.C. Bio- 
logical). Experiments were performed in Multiwell tissue 
culture plates (12 wells/plate, 0.2-0.6 mg protein/well) at 
a volume of 1 ml per well. J774 cells were chosen as a 
model for macrophages because their lipid metabolism 
has been shown to resemble that of several types of 
macrophages. For example, mouse peritoneal macro- 
phages and J774 cells secrete lipoprotein lipase (18,28), 
show similar rates of cholesterol esterification upon ex- 
posure to SVLDL (29), accumulate comparable amounts 
of triacylglycerol upon exposure to normal VLDL (18) or 
oleate (30), and demonstrate the same rate of release of 
labeled free fat ty  acid (30). Unlike mouse peritoneal 
macrophages, J774 cells have LDL receptors and, in this 
regard, they resemble monocyte macrophages (31). 

At the start  of an experiment, cells were washed twice 
with sterile phosphate~buffered saline (PBS). One or 2 ml 
of test medium consisting of DMEM or BME plus addi- 
tions was added, and the cells were incubated for the ap- 
propriate time periods in a 5% CO2 atmosphere at 37 C. 
To terminate an experiment, cells were washed three 
times with PBS and removed from the well by exposure 
to 0.1 N NaOH for 20 rain at room temperature. This brief 
treatment with NaOI-I does not hydrolyze intracellular 
triglycerides or cholesteryl esters. Those dissolved cells 
sampled for extraction were immediately neutralized with 
concentrated acetic acid. 

Fatty acids and radiolabeled compounds. Fat ty  acid- 
free fraction V bovine serum albumin (BSA) was pur- 
chased from Miles Labs (ELkhart, IN). Lipids were pro- 
cured as follows: oleic acid (18:1) and palmitic acid (16:0) 
from Sigma Chemical Co. (St. Louis, MO), linoleic acid 
(18:2) from Supelco (Bellefont, PAL [1-C 14] oleic acid (57 
Ci/mol) from Amersham/Searle (Arlington Heights, IL), 
[4-'~C]cholesterol (54 Ci/mol) and [1,2 - 3H (N)] cholesterol 
(54.8 Ci/mol) from New England Nuclear (Boston, MA). 

Fat ty  acids were complexed to BSA according to the 
procedure of St. Clair et al. (32). Fat ty  acids dissolved in 
95% ethanol and dried down under N,, were bound to 17% 
BSA in phosphate-buffered saline at 37 C at various 
molar ratios and concentrations. These solutions were 
sterilized by filtration through a 0.45 ~ Miller-HA filter 
(Millipore). The experiments were performed using 25, 50, 
100, 200 and 300 ~g/ml oleate or 0.09, 0.18, 0.36, 0.71 and 
1.07 mM oleate. 

Analysis. Cells and media were extracted using the 
method of Bligh and Dyer (33). The triacylglycerol and 
free fatty acid content of the cells and media were quan- 
titated using the method of Marsh and Weinstein (34) as 
modified by Kritchevsky et al. (35). Briefly, the extracted 

lipids were separated on Silica Gel G glass thin layer 
chromatography plates (Fisher Scientific, Pittsburgh, 
PA), developed with petroleum ether/ethyl ether/acetic 
acid {75:25:1, v/v/v), scraped, charred with sulfuric acid, 
and analyzed spectrophotometricaily. [4-'*C]Cholesterol 
added during the extraction served as an internal stan- 
dard, and results were corrected for recovery (mean 
recovery = 80%). 

[4-"C]Oleate incorporation into cholesteryl esters, 
triacylglycerol, fatty acids and phospholipids were mew 
sured by separating the lipids on silica gel IB2 plastic thin 
layer chromatography sheets (Baker, Phillipsburgh, NJI. 
The sheets were then cut and counted. [1,2 - 3H (N)] 
cholesterol served as an internal standard {26). Protein 
was determined by the method of Lowry et al. (36), and 
triacylglycerol content of cells is expressed as n mol/mg 
cell protein based on the molecular weight of glycerol 
trioleate (row. 886). 

RESULTS 

In recent studies, we have shown that free fatty acids will 
promote triacylgiycerol accumulation in macrophages and 
smooth muscle cells (18,19) as had been demonstrated in 
other cell types (37,38). To determine whether different 
fat ty acids would cause variations in intracellular tri- 
acylglycerol levels, the ability of oleic acid (18:1) to af- 
fect the triacylglycerol content of smooth muscle ceils was 
compared with that of linoleate (18:2) and the saturated 
fat ty acid pvlmitate (16:0) at two different fat ty acid to 
albumin molar ratios. As seen in Figure 1, both oleate and 
linoleate promoted triacylglycerol enrichment of the 
smooth muscle cells, although oleate was more effective. 
In contrast, palmitate had little effect on the triacyl- 
glycerol content of the smooth muscle cells at either fatty 
acid to albumin molar ratio. Thus, oleate was used for 
subsequent experiments. 
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FIG. 1. The influence of various fatty acids on the triacylglycerol 
content of smooth muscle cells. Smooth muscle cells were incubated 
for 24 hr with 200 pg/ml of palmitate (0.78 mM), linoleate (0.71 raM) 
or olcute (0.71 mM), at two different fatty acid to albumin molar 
ratios. Data are the average of duplicate determinations. TG, 
triacylglycerol. 
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A compar ison of the  increment  in cellular triacyl- 
glycerol content  of monkey  arterial  smooth  muscle cells 
and J774 macrophages  exposed to  0.71 m M  oleate for 24 
hr a t  a f a t t y  acid to albumin molar  rat io  of 4:1 is il- 
lus t ra ted  in Figure 2. Incubat ion in oleate s t imulated the 
format ion  of oil red 0 posi t ive droplets  in bo th  cell types  
(data not  shown). Under  these conditions, the final in- 
tracellular tr iacylglycerol levels were greater  in the  J774 
macrophages.  However,  when the two cell types  were ex- 
posed to the same oleate concentrat ion (0.71 mM oleate) 
bu t  a t  a higher oleate to albumin molar  ra t io  (6.8:1, 
oleate/albumin), the ex ten t  of t r iacylglycerol  accumula- 
t ion af ter  24 hr was  similar in the smooth  muscle cells 
and macrophages.  To summarize several experiments  per- 
formed under these la t ter  conditions, smooth  muscle cells 
contained 166 + 41 n tool t r iacylglycerol /mg cell protein 
(x +_ S.D., n = 14) after 24 hr incubation with oleate (6.8:1, 
oleate/albumin) and macrophages  contained 194 +__ 28 n 
tool t r iacylglycerol /mg cell protein (x + S.D., n -- 8). 

Figure  3 i l lustrates  t ha t  the kinetics of enr ichment  in 
tr iacylglycerol  mass  was similar between smooth  mus- 
cle cells and macrophages.  There was an initial lag period 
of two to four hr for the smooth  muscle cells or a slow 
accumulat ion in macrophages ,  followed b y  a rapid in- 
crease in t r iacylglycerol  levels in bo th  cell types  up to 8 
to 10 hr; this  was followed by  a slower bu t  cont inuous 
rise in lipid up to 24 hr of incubation. 

To characterize the difference in the oleate-s t imulated 
enr ichment  of cellular t r iacylglycerol  be tween macro- 
phages  and smooth  muscle cells in grea ter  detail, the two 
ceil types were grown in increasing concentrations of oleic 
acid at  var ious  f a t t y  acid to albumin molar  ratios.  As 
shown in Figures  4 and 5, the ex ten t  of t r iacylglycerol  
accumulat ion in bo th  cells was  dependent  on the  concen- 
t ra t ion  of a lbumin and the  oleate to albumin molar  ratio. 
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FIG. 2. Stimulation of intracellular triacylglycerol accumulation by 
oleate. Smooth muscle cells and J774 macrophages were incubated 
for 24 hr with oleate/albumin at a molar ratio of 4:1 and a concen- 
tration of 0.71 mM oleate or with albumin (0.15 mM). x __+ S.D. tn 
= 6); TG, triacylglycerol. 
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FIG. 3. Comparison of time course of triacylglycerol enrichment bet- 
ween smooth muscle cells and macrophages. Smooth muscle cells 
or J774 macrophages were incubated with 0.71 mM olcute at an 
oleate/albumin ratio of 6.8 to 1 for the indicated time period. The 
values are the average of duplicate determinations. Because the 
triacylglycerol content differed between experiments in the same 
cell type, the data in Expt. I and 2 were adjusted to the 8 or 10 hr 
time points, respectively, to compare the rates of triacylglyeerol ac- 
cumulation (factor for J774 = 0.4, smooth muscle cells = 2.5). 
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to albumin molar ratios on intracellular triacylglycerol content. 
Smooth muscle cells (A and C) and J774 macrophages (13 and D) were 
incubated for 24 hr with the indicated concentration of oleate com- 
plexed to albumin at several molar ratios. Average of six ex- 
periments, each performed in duplicate. FA, fatty add (oleate); BSA, 
bovine serum albumin; TG, triacylglycerol. The data from the same 
experiments are plotted in terms of the oleate (A and B) or albumin 
(C and D) concentration in the media. 
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FIG. 5. The effect  of increasing media albumin concentrations at 
a constant oleate concentration on the extent  of triacylglycerol ac- 
cumulation in macrophages and smooth muscle cells. The data are 
replotted from Figure 4. The molar ratio of oleate to albumin is in 
parentheses. 

The relationship of the exogenous oleic acid concentra- 
tion to the extent of intracellular triacylglycerol ac- 
cumulation was complex. At a ratio of 6.8 tool of oleic 
acid per mole of albumin, smooth muscle cell triacyl- 
glycerol content {Fig. 4A) was linearly related to the ex- 
ogenous oleate concentration up to 0.36 mM oleate. 
Greater amounts of oleate in the medium continued to 
promote higher levels of intracellular triacylglycerol, 
although to a lesser extent, with no indication of satura- 
tion. A s i m i l a r  result was shown in macrophages (Fig. 4B, 
oleate/albl]mla, 6.8:1). 

At oleate to albumin ratios less than 6.8 to 1, the pat- 
tern of triacylglycerol accumulation showed three impor- 
tant  differences between the two cell types. First, at the 
two lowest fat ty acid to albumin molar ratios, 0.8:1 and 
2:1, the smooth muscle cells contained more triacyl- 
glycerol at 0.18 mM oleate than at a six-fold higher con- 
centration of oleate, 1.07 mM oleate (Fig. 4A). With 
macrophages (Fig. 4B), on the other hand, as the medium 
concentration of oleate increased, the triacylglycerol con- 
tent of the macrophages rose accordingly, regardless of 
the oleate to albumin molar ratio. Second, it has been 
shown that  more fat ty acid is loosely bound to albumin 
at a 6.8:1 molar ratio of fat ty acid to albumin than at a 
2:1 molar ratio (39). By replotting the data holding the 
concentration of albumin constant, it became clear that  
the accumulation of smooth muscle cell triacylglycerol 
(Fig. C) was parallel to the expected amount of fat ty acid 
loosely bound to albumin and thus available for uptake 
by the cells. This was not the case for macrophages 
(Fig. D). Finally, Figure 5 directly compares the triacyl- 
glycerol enrichment of smooth muscle cells and macro- 
phages at equivalent levels of oleate and albumin. It  was 
apparent that  the response of the two cell types to the 
presence of exogenous albumin also differed. At constant 
oleate concentrations in the media of 1.07, 0.71 or 0.36 
mM {Fig. 5), as the level of albumin is raised, the amount 
of triacylglycerol in both cells decreased. However, at 

concentrations of oleate of 0.36 mM or greater and at 
levels of albumin higher than 0.15 raM, macrophages con- 
tained 2.6-fold more triacylglycerol than smooth muscle 
cells (range = 1.4-5.0}. 

From the results in Figure 5, it appeared that  one of 
the factors making a contribution to the regulation of in- 
tracellular triacylglycerol levels in the two cell types was 
a difference in their response to albumin in the medium. 
To examine this question directly, the two cell types ini- 
tially were exposed to oleate to load the cells with 
triacylglycerol. When subsequently exposed to 0.15 mM 
albumin for 24 hr, smooth muscle cells preloaded with 
triacylglycerol demonstrated a greater loss of lipid {80%) 
than did similarly treated macrophages (10%), as shown 
in Table 1. 

Differences in the triacylglycerol metabolism between 
the two cell types also could be attributed to a variation 
in their uptake of fat ty acid. Thus, smooth muscle cells 
and macrophages were incubated with labeled oleate at 
a high oleate to albumin molar ratio (6.8 to 1) to reduce 
the effect of albumin. Early time points were chosen to 
minimize alterations in specific activity due to the 
hydrolysis of lipids. The results in Table 2 indicate that  
the labeled fatty acid was rapidly incorporated into phos- 
pholipid and triacylglycerol by both cells. However, in the 
first two hr, twice as much oleate was taken up by the 
J774 macrophages as compared with the smooth muscle 
cells, with the differences between the two cells reflected 
in the greater incorporation of oleate into triacylglycerol 
and phospholipid in macrophages. 

D I S C U S S I O N  

This study has demonstrated that the metabolism of 
fatty acids by macrophages and smooth muscle cells have 
some common characteristics although there are signifi- 
cant quantitative differences. Exposure of both cell types 
to oleic acid at 0.18 mM (50 i~g/ml) or greater and at a 
2:1 oleate to albumin molar ratio or greater produced 
substantial intracellular triacylglycerol accumulation. 
Such a response to elevated media fat ty acid concentra- 
tions has been found in a number of studies using other 
cell types (37,38). The pattern of triacylglycerol accumula- 
tion over time for macrophages and smooth muscle cells 
also was similar. Both cell types became enriched in 

T A B L E  1 

Loss of Cellular Triacylglycerol Due to Incubation with Albumin 

n tool TG/mg cell protein 

24 hr with: 

CeH 0hr DMEM(a) Albllmin (b) 

J774 121 • 5 91 • 8 82•  12 10% 
SMC 98 • 7 115 • 10 23 • 19 80% 

% Loss of TG 
due to albumin 

(b)-{a) / {a) 

J774 and smooth muscle cells were loaded with triacylglycerol by 
incubation with 0.71 mM oleate (oleate:BSA molar ratio of 4:1, 
0.18 mM BSA) for 24 hr = 0 hr. These media were removed, and 
the cells were incubated for an additional 24 hr in 0.15 mM BSA. 
The results represent the mean • SD of two experiments performed 
in duplicate or triplicate. TG, triacylglycerol. 
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TABLE 2 

Uptake of Labeled Free Fatty Acid by Smooth Muscle Cells and Macrophages 

cpm • 10 -3 in lipid/mg cell protein 

Hour Cell TG PL FFA CE Total 

1 SMC 18.0 + 1.6 6.6 --- 0.6 3.2 • 0.3 0.1 + 0.0 27.9 _ 2.5 
J774 39.3 __- 4.4 12.5 -_- 0.6 3.4 + 0.6 1.8 +_. 0.2 57.0 --- 5.4 

2 SMC 26.7 +_ 5.6 11.2 -+ 0.8 2.0 +_. 0.3 0.1 + 0.0 40.0 --- 6.6 
J774 56.0 + 7.1 18.1 +_ 2.5 3.1 • 0.2 3.2 ___ 0.2 80.4 ___ 8.8 

Smooth muscle cells {SMC) and macrophages IJ774) were incubated for the indicated time 
period with 0.71 mM 14C-oleate (oleate:albvmin molar ratio of 6.8:1). TG, triacylglycerol; 
PL, phospholipid; FFA, free fatty acid; CE, cholesteryl ester; total, sum of the "C-oleate 
cpm incorporated into the lipids. The data are the mean ___ SD of triplicate determina- 
tions and are representative of the four experiments performed. 

triacylglycerol in three phases, an initial slow rise, fol- 
lowed by a rapid increase and a plateau. 
Other aspects of fatty acid metabolism by the two cell 

types were quite different. The extent of triacylglycerol 
enrichment was more pronounced in the J774 macro- 
phages than in monkey smooth muscle cells under condi- 
tions in which the albumin concentration in the medium 
was greater than 0.15 mM and the oleate concentration 
was greater than 0.18 mM {Fig. 5). Differences in the de 
gree of triacylglycerol accumulation between different cell 
types also was noted in a comparative study of human 
fibroblasts and guinea pig smooth muscle cells where fibro- 
blasts were less reactive than the smooth muscle cells {38). 

The extent of triacylglycerol accumulation in cells ex- 
posed to free fatty acid bound to albumin is controlled 
by several factors that govern the uptake of free fatty 
acid, the activity of the triacylglycerol synthetase and the 
mobilization of intracellular triacylglycerol. The dissocia- 
tion of fatty acid from albumin currently is felt to be the 
rate-limiting step for the uptake of fatty acids by cells 
{40). Serum albumin binds fatty acid via six binding sites 
involving three primary and three secondary sites {39). 
At a constant free fatty acid concentration, a greater pro- 
portion of free fatty acid would be associated with 
albumin via lower affinity sites at a 6.8 to 1 molar ratio 
of fatty acid to albumin than would be the case at a 2:1 
molar ratio. The uptake of fatty acids by cells was shown 
to be related to the concentration of loosely bound fatty 
acid in a study examining the one-rain uptake of a fatty 
acid analogue, 3,3,12,12-tetramethylmyristic acid {41). 
The uptake of the analogue was shown to have a cur- 
vilinear relationship to the medium fatty acid to albumin 
molar ratio at either a constant albumin or a constant 
fatty acid medium concentration and was greater at the 
higher fatty acid to albumin molar ratios (41). The ac- 
cumulation of triacylglycerol in smooth muscle cells at 
fixed albumin concentrations up to 0.3 mM showed the 
same curvilinear relationship with increasing oleate: 
albumin molar ratios {Fig. 4C). Such data might indicate 
that the accumulation of triacylglycerol in the smooth 
muscle cells was related to the availability of loosely 
bound free fatty acid in the media. However, only at the 
higher fixed oleate concentrations {0.71 and 1.07 rnM) was 
the oleate/albumin molar ratio related in curvilinear 
fashion to the triglyceride accumulation {Fig. 4A). At the 

lower oleate concentrations, the exogenous levels of oleate 
were not  sufficient to p romote  fur ther  t r iacylglycerol  ac- 
cumulat ion even when the amount  of unbound f a t ty  acid 
was elevated by  increasing the f a t ty  acid to albumin 
molar  ratio. 

Macrophages responded quite differently to these chal- 
lenges than  smooth  muscle cells. Macrophage  triacyl- 
glycerol content  was linearly related to the oleate to 
albumin molar  rat io  a t  bo th  a cons tan t  a lbumin concen- 
t ra t ion  (Fig. 4D) and a cons tan t  oleate concentrat ion 
(Fig. 4B). These da ta  sugges t  t ha t  the accumulat ion of 
tr iacylglycerol  in macrophages  was related to the to ta l  
amount  of free f a t t y  acid in the media, regardless  of i ts  
binding affinity to albumin. One possible explanation for 
these observat ions  is t ha t  unlike the  smooth  muscle cell, 
the macrophage takes up the albumin and fa t ty  acid com- 
plex in tac t  and t ha t  the f a t t y  acid only leaves the com- 
plex once the la t ter  is inside the cell. 

The hydrolysis of cellular triacylglycerol and its mobili- 
zation f rom the cell is felt to be regulated by  the concen- 
t ra t ion  of exogenous albumin, which functions as a car- 
rier for the released free f a t t y  acid. A t  a cons tan t  oleate 
concentration, both  cells contained less triacylglycerol as 
the levels of a lbumin in the media  increased {Fig. 5), bu t  
this effect was more  pronounced in smooth  muscle cells. 
The ability of albumin to mobilize more tr iacylglycerol  
f rom smooth  muscle cells than  f rom macrophages  m a y  
have contributed to the differences in intracellular triacyl- 
glycerol levels observed in these two cell types.  The 
mechanism for the mobilization of t r iacylglycerol  f rom 
cytoplasmic  droplets  is not  clear. Mos t  cells contain an 
acid acylhydrolase in lysosomes.  In  addition, macro- 
phages  have  been shown to contain an act ive neutral  
triglyceride lipase in the cytosol (42). Loss of intracellular 
triacylg|ycerol with a concomitant appearance of free 
fatty acid in the media in the presence of exogenous 
albumin has been demonstrated in both J774 and mouse 
peritoneal macrophages {19,30). Whether smooth muscle 
cells also contain a neutral lipase and the relative sen- 
sitivity of both enzymes to the presence of exogenous 
albumin in the two cell types remains to be determined. 

In summary, in comparison with smooth muscle cells, 
macrophages were shown to incorporate more free fatty 
acid over a short time period, accumulate more triacyl- 
glycerol under certain conditions and, upon exposure to 
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albumin, retain more triacylglycerol. In addition, macro- 
phage triacylglycerol accumulation was linearly related 
to the oleate:albumin molar ratio, whereas smooth mus- 
cle cell triacylglycerol accumulation showed a curvilinear 
relationship. The mechanism for such differences between 
the two cell types  remains  to be elucidated. Al though dif- 
ferences in the  ac t iv i ty  of intracellular l ipases are a 
possibili ty,  another  in teres t ing a l ternat ive  involves the 
f a t t y  acid-binding " Z "  protein (5,6). The resul ts  are con- 
s is tent  with the hypothesis  tha t  the macrophage "Z"  pro- 
tein has a higher aff ini ty for f a t t y  acids than  does the 
smooth  muscle cell protein or tha t  there is more " Z "  pro- 
tein in macrophages .  Over a two-hr t ime period a t  a high 
oleate concentrat ion to rapidly sa tu ra t e  the " Z "  protein,  
macrophages  incorporated twice as much  labeled f a t t y  
acid as smooth  muscle cells. Smooth  muscle cells, which 
readily lost  their  intracellular tr iglyceride as f a t t y  acid 
to albumin, did not appear  to take up the fa t ty  acid bound 
with  high affini ty to albumin. Finally, macrophages ,  
which did not  readily give up intracellular f a t t y  acid to 
albumin f rom tr iacylglycerol  hydrolysis,  also were able 
to take up fa t ty  acid from albumin in the media regardless 
of the molar  rat io  of f a t t y  acid to albumin. 

I t  was of interest  tha t  sa tura ted  fa t ty  acids (paImltate, 
16:0) suppor ted  a much  lower level of tr iacylglycerol  ac- 
cumulat ion in smooth  muscle cells than  did unsa tu ra t ed  
f a t t y  acids (oleate, 18:1 and linoleate, 18:2). Pa lmi ta te  
binds more t ightly to albumin than  oleate or linoleate (39), 
mM~ing it  less available to the cell for tr iacylglycerol syn- 
thesis. Other  studies also have  shown tha t  the degree of 
sa tura t ion  of f a t ty  acids will influence the degree of 
t r iacylglycerol  synthesis  and accumulat ion (37,38,43). 

Evidence tha t  changes in f a t ty  acids occur with athero- 
sclerosis is accumulat ing (7-17). Whether  the presence of 
free f a t t y  acids in the arterial  wall or their  abili ty to pro- 
mote  the accumulat ion of intraceUular tr iglycerides con- 
tributes to the atherogenic process remains to be deter- 
mined. We have found that the presence of oleate is 
associated with a further increase in the cholesteryl ester 
content of smooth muscle cells exposed to hyperlipemic 
LDL {data not shown). Recently, an increased triacyl- 
glycerol content has been shown to influence the rate of 
clearance of cholesteryl esters from rat hepatomas (20) 
and the rate of transport of albumin across endothelial 
cells (44). 
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Influence of Dietary Soybean and Egg Lecithins on Lipid Responses 
in Cholesterol-fed Guinea Pigs' 
Barbara C. O'Brien* and Sheila M. Corrigan 
Department of Biochemistry and Biophysics, Texas Agricultural Experiment Station, Texas A&M University System, College Station, TX 77843 

The comparative influence on plasma and tissue lipids 
of dietary soybean and egg lecithins, which have contrast- 
ing fatty acid compositions, was studied in the hyper- 
cholesterolemic guinea pig. The polyunsaturated to satu- 
rated fatty acid (P/S) ratios of the soybean and egg 
leclthins were 3.4 and 0.38, respectively. Hypercholester- 
olemia was induced by feeding guinea pigs a purified diet 
that contained 15% lard enriched with 0.5% cholesterol. 
Subsequently, guinea pigs were fed for six wk the same 
diet supplemented with either soybean or egg lecithin as 
7.5% of the diet. A control group continued to be fed the 
lecithin-free diet. Parameters measured included body 
weight and relative liver weight; in plasma, total choles- 
terol, high density lipoprotein cholesterol (HDLCt, phos- 
pholipid, and nonesterified cholesterol; in liver, total fat, 
cholesterol, and the specific activity of the catabolic en- 
zyme cholesterol 7a-hydroxylase; (EC 1.14.13.17); and in 
the aorta, cholesterol. Among the most noteworthy obser- 
vations were the 49% decrease in total plasma cholesterol 
of the soybean lecithin group without decreasing HDLC 
and the 177% increase in HDLC of the egg lecithin group 
without a significant increase in total cholesterol com- 
pared with those values in the control group. These data 
suggest that dietary lecithin is particularly effective in 
increasing the HDLC/total cholesterol ratio in plasma. 
However, the absolute concentrations of those plasma 
lipids seem to depend upon the fatty acid composition 
of the lecithin. 
Lipids 23, 647-650 (1988). 

Lecithin, primarily from soybeans, is widely used as a 
hypocholesterolemic diet supplement, although experi- 
mental evidence to support that use is inconsistent {1-3 ). 
More recent observations suggest that  soybean lecithin 
has greater effectiveness in increasing high density 
lipoprotein (HDL) cholesterol than in lowering total 
plasma cholesterol {4-6). This is somewhat surprising 
because soybean lecithin contains a high level (60-70%) 
of polyunsaturated fat ty acids (PUFA), and dietary 
PUFA incorporated into triglycerides tend to lower HDL 
cholesterol (7). However, Childs et al. (5) have presented 
data that suggest dietary soybean lecithin elicits some 
plasma lipid responses that  are independent of its fat ty 
acid composition. 

Eggs are a rich source of dietary lecithin, which is ap- 
proximately 6.8% (w/w) of a chicken egg yolk (8). The 
fatty acid composition of egg lecithin is in sharp contrast 

IPreeented in part at the annual meeting of the American Oil 
Chemists' Society, New Orleans LA, May 1987. 
*To whom correspondence should be addressed. 
Abbreviations: BAS, cholesterol-free diet; EDTA, ethylenediamine 
tetraacetic acid; EL, egg lecithins; FC, nonesterified cholesterol; 
HDL, high density lipoproteins; HDLC, high density lipoprotein 
chotesterol; MDA, malondialdehyde; NL, lecithin-free; PL, phosphc~ 
lipids; PUFA, polyunsaturated fatty acids; SL, soybean lecithins; 
TC, total plasma cholesterol; VLDL, very low density lipoprotein. 

to that of soybean lecithin as revealed by the polyun- 
saturated to saturated fatty acid {P/S) ratios of these two 
sources of dietary lecithin: soybean, 3.4; egg, 0.38. 

This investigation was designed to compare the influ- 
ence of soybean and egg lecithins on plasma lipids and 
lipoproteins and on the cholesterol contents of liver and 
aorta in hypercholesterolemic guinea pigs. The guinea pig 
was chosen as experimental animal because of its nor- 
mally low HDL, which is similar in composition to human 
HDL {9). 

MATERI~,LS AND METHODS 
Animals. Female Enghsh shorthair guinea pigs (Hilltop 
Laboratory Animals, Scottdale, PAl weighing 400-500 g 
were housed in polycarbonate cages in an environmen- 
tally controlled room that was illuminated from 0600 to 
1800 hr. 

Frequently, guinea pigs will starve rather than eat 
purified diets. The mature guinea pigs used in this study 
were trained to accept a purified diet {20-25 g/day) by 
gradually changing their food from stock guinea pig diet 
(Harlan/Sprague Dawley Co., Inc., Madison, WI) to puri- 
fied diet. During the two-wk period before the experiment 
began, the guinea pigs were fed, sequentially, ground mix- 
tures of stock/purified {w/w) that  were 3:1, 1:1, 1:3, and 
finally the unadulterated purified diet. All the guinea pigs 
followed the same training time schedule. They main- 
tained their body weights during the training period. 

Diets. The diets were prepared commercially {Dyets, 
Inc., Bethlehem, PA) according to the formulations shown 
in Table 1. The cholesterol-free diet (BAS) was used in 
training the guinea pigs to accept a purified diet. The 
cholesterol-supplemented diet of purified ingredients 
without lecithin {NL) was used to induce hypercholes- 
terolemia in the guinea pigs. Other investigators, who 
used 1% or 1.6% dietary cholesterol, observed aberrant 
serum lipoprotein responses in the guinea pig {10-12). The 
level of dietary cholesterol in this study, 0.5%, was judged 
to be sufficient to produce hypercholesterolemia and to 
be consistent with the level used by Wang et al. {4) in 
studying the effect of dietary soybean lecithin on plasma 
lipids of hyperlipemic rhesus monkeys. 

For the two lecithin-containing diets, lecithin replaced 
4% of the lard and 3.5% of the sucrose compared to the 
NL diet. The dietary lecithins were from soybeans (SL 
diet} and from eggs (EL diet} and were provided by the 
American Lecithin Company {Atlanta, GA) and the Asahi 
Chemical Industry Company {Tokyo), respectively. The 
phospholipid and fat ty acid compositions of the soybean 
and egg lecithins are given in Table 2. 

Because phospholipids are highly susceptible to oxida- 
tion (15), the diets were stored at - 2 0  C. The diets were 
assayed weekly for malondialdehyde (MDA), a peroxida- 
tion product, using thiobarbituric acid. In preliminary 
testing, the lecithin-containing diets were assayed for 
MDA content following exposure to ambient conditions 
for 24 and 48 hr. MDA was present in measurable quan- 
tities only after 48 hr. 
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TABLE 1 

Compositions of Purified Diets a 

g/kg diet 

Ingredient BAS NL SL EL 

Soy protein isolate 200 200 200 200 
Cornstarch 100 100 100 100 
Sucrose 306 301 266 266 
Cellulose 150 150 150 150 
Lard 150 150 110 110 
Mineral mixb 75 75 75 75 
Vitamin mixC 10 10 10 10 
DL-Methionine 3 3 3 3 
Choline bitartrate 2 2 2 2 
Ascorbic acid 4 4 4 4 
Cholesterol -- 5 5 5 
Soybean lecithind -- -- 75 -- 
Egg lecithine -- -- -- 75 

aprepared by Dyets, Inc. (Bethlehem, PA). 
bMineral mix {g/kg mix): calcium carbonate, 65.56; calcium dihydro- 
gen phosphate, 310.0; sodium chloride, 118.0; potassium citrate, 
325.0; potassium sulfate, 89.5; magnesium oxide, 59.0; manganous 
carbonate, 2.47; ferric citrate (U.S.P.), 4.7; zinc carbonate, 0.71; cobalt 
carbonate, 0.03; cupric carbonate, 0.12; potassium iodide, 0.03; 
sodium selenite, 0.003; chromium potassium sulfate, 0.07; sucrose, 
24.807. 
cVitamin mix (g/kg mix): thiamine HCL, 3.2; calcium pantotbenate, 
8.0; riboflavin, 3.2; pyridoxine HCL, 3.2; niacin, 40.0; biotin, 0.12; 
folic acid, 2.0; vitamin B12 {0.1%), 8.0; vitamin A pMmitate 
(500,000 IU/g), 6.91; vitamin D2 {500,000 IU/g), 0.64; vitamin E 
acetate (500 IU/g), 8.0; menadione {sodium bisulfite), 0.64; inositol, 
400.0; sucrose, 516.09. 
dCourtesy of the American Lecithin Company (Atlanta, GA). 
ecourtesy of Asahi Chemical Industry Co., Ltd. (Tokyo). 

TABLE 2 

Phospholipid and Fatty Acid Compositions of ~ d t h i n s  

Lecithin source 

Lipid components Soybean (%)a Egg (%)b 

Phospholipid a 
Phosphatidylcholine 51 59 
Phosphatidylethanolamine 25 19 
Lysophosphatidylcholine 9 2 

Fatty acid b 
16:0 17.3 31.9 
16:1 (n-7) -- 2.5 
18:0 3.6 15.7 
18:1 {n-9) 10.1 31.6 
18:2 {n-6) 62.5 14.6 
18:3 {n-3) 6.5 0.6 
20:4 {n-6) -- 3.0 

aAnalyses according to Rouser et al. (13). 
bDetermined by gas liquid chromatography (14). 

Experimental design and methods. Guinea pigs tha t  
had been trained to accept a purified diet were fed the 
NL diet for six wk to induce hypercholesterolemia. The 
animals then were randomly assigned to one of three diet 
groups (eight guinea pigs/group): SL, EL  or NL (control 

group) and fed the assigned diet for six wk: Fresh food 
was provided daffy. Body weights were recorded weekly. 

The guinea pigs were anesthetized with carbon diox- 
ide and killed by  decapitation. Blood was collected from 
the neck wound into chilled centrifuge tubes containing 
1 mg/ml ethylenedismine tetraacet ic  acid disodium salt  
(EDTA) as anticoagulant. Livers were rapidly excised and 
placed in ice-cold beakers. Aortas  were removed intact  
from the heart  to approximately 1 cm below the point  of 
bifurcation and placed in 0.15 M NaCI. Plasma was 
isolated by centr ifugat ion (2,000 • g) at  5 C for 30 

�9 minutes. The H D L  fraction was separated from 1-ml aft- 
quots  of plasma following manganese-heparin precipita- 
t ion of very  low densi ty (VLDL) and low densi ty lipopro- 
teins (LDL) (16). Total  lipids were ext rac ted  from 1 ml 
of plasma according to Kates  for the determinat ion of 
nonesterified cholesterol (FC) and phospholipids (PL) (17). 
Plasma FC was separated as the digitonide (18). Total  
plasma cholesterol (TC), FC and HDL cholesterol (HDLC) 
were determined spectrophotometrically as described (19). 
Plasma PL were determined spectrophotometr ical ly ac- 
cording to Rouser et  al. (13). 

For  the isolation of microsomes, a six-gram port ion of 
liver was homogenized with 5 volumes of ice-cold 0.1 M 
potassium phosphate  buffer (pH 7.4) containing 20 mM 
nicotinamide and 1.0 mM E D T A  with a Potter-Elvehjem 
homogenizer equipped with a teflon pestle. Microsomes 
were prepared from this liver homogenate  as described 
by  Mitropoulos and Balasubramaniam (20); the micro- 
somal enzyme cholesterol 7a-hydroxylase (EC 1.14.13.17) 
was assayed according to Hassan  et  al. (21). The re- 
mainder of the liver tissue was frozen at  - 20 C to be used 
later  for the determinat ion of total  fat  and cholesterol. 

The liver fat  was extracted by  the method of Folch (22) 
and determined gravimetricaffy. Cholesterol was deter- 
mined in the lipid ex t rac t  (1%, w/v, chloroform solution) 
by the method cited above for plasma. 

Aortas  were carefully str ipped of adventi t ial  fat  and 
other  adherent  tissue. Aortas  from half of the animals in 
each t rea tment  group were preserved and stained with 
a lipophilic stain (23). Cholesterol also was determined 
after  the weighed aortas  were digested in reflnxing 12% 
(w/w) ethanolic KOH for one hr. Cholesterol was deter- 
mined in the hexane ex t rac t  of the nonsapouifiable frac- 
tion (16). 

S tudent ' s  t - test  was used to evaluate the significance 
of differences between the SL and NL t rea tments  and be- 
tween the EL  and NL t rea tments  (24). 

RESULTS AND DISCUSSION 

The final body weights and relative liver weights (as % 
body weight) for the NL, SL and EL t rea tment  groups 
are given in Table 3. Although whole body weight did not 
appear to depend on diet composition, liver weights were 
significantly higher in animals consuming the EL  diet. 

Average plasma lipid concentrat ions are presented in 
Table 3. Guinea pigs tha t  were fed only the NL diet for 
the entire t r ea tment  period {12 wk) had an average TC 
of 265 +__ 39 mg/dL, a three-fold increase assuming an ini- 
tial TC of 81 mg]dL, the value reported for stock-fed 
guinea pigs (10). The SL diet, but  not  the EL  diet, 
a t tenuated  tha t  increase: SL, 131 _ 19 mg/dL and EL, 
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TABLE 3 

Hypercholesterolemic Guinea Pigs Fed Dietary Cholesterol 
without and with Either Soybean or Egg Lecithin 

Dietary tratment a 

Parameter NL b SL b EL b 

Body weight (g) 670 =t: 19 c 676 :t= 18 687 +_ 14 

Liver weight 
(% Body wt) 5.9 =i: 0.4 8.7 +_ 1.3 12.7 =i: 0.5* 

Plasma 
TC (mg/dL) 265 :i: 39 131 =t= 19" 291 __. 35 
FC (mg/dL) 136 :i= 6 63 =l= 8* 148 -+ 8 
HDLC (mg]dL) 47 =k 6 58 +_ 13 130 + 20* 
PL (mg/dL) 46 =l= 11 28 =k 10 70 _+ 18 

Liver 
Total fat (mg/g) 130 + 22 142 +_ 31 184 + 14"* 
TC (mg/g) 20.0 +_ 2.5 25.6 + 2.8 29.6 :l: 1.7" 

Chol 7a-OH 

pmol ~ 0.63 _ 0.17 0.52 +_ 0.17 0.72 + 0.10 
pro~i.uced_ 

mg protein �9 20 mini 
Aorta 
TC (mg/g) 4.9 + 0.9 2.9 _ 0.8** 5.6 :i: 0.8 

TC, total cholesterol; FC, nonesterified cholesterol; HDLC, high density lipoprotein 
cholesterol; PL, phospholipids; Chol 7a-OH, cholesterol 7a-hydroxylase. 
ases Materials and Methods for details. 
bNL, lecithin-free diet; SL, diet containing 7.5% soybean lecithin; EL, diet containing 
7.5% egg lecithin. 
CMean + SEM, values represent average of four to eight animals. 
*P < 0.05 compared with NL. 
**0.05 < P < 0.10 compared with NL. 

291 +_ 35 mg/dL. The E L  diet had a d ramat ic  effect on 
HDLC.  Guinea pigs fed only on the NL diet had an 
average  H D L C  level of 47 +_ 6 mg/dL. Hypercholes-  
terolemic guinea pigs fed the SL diet for six wk had 
H D L C  of 58 "!"_ 13 mg/dL, which is a change of margina l  
significance. However  the E L  diet elicited a 2.8-fold in- 
crease in H D L C  to 130 +_ 20 mg/dL. I t  is in teres t ing to 
note tha t  the ratio of HDLC/TC in p lasma is 0.44 and 0.45 
for the SL and E L  groups,  respectively,  whereas t ha t  
rat io  is 0.18 for the NL group. 

The TC response in guinea pigs fed the SL diet and the 
H D L C  response in guinea pigs fed the EL  diet were 
qual i ta t ively  consis tent  with the expected responses  to 
po lyunsa tu ra t ed  and sa tu ra t ed  diet fats,  respectively.  
T h a t  is, po lyunsa tu ra ted  diet fat  tends  to lower TC, and 
sa tura ted  diet fat  tends to increase H D L C  (25). However,  
the magni tude of the effect of the SL diet on TC exceeded 
what  one would expect from the relatively small contribu- 
t ion of po lyunsa tu ra ted  fa t  (5.2%) to the diet f rom soy- 
bean  lecithin. Likewise, the 3.6% sa tu ra ted  f a t t y  acid 
es ters  in the diet f rom in the egg  lecithin p robab ly  would 
not result  in the enormous increase in H D L C  if tha t  quan- 
t i ty  were added as d ie tary  triglycerides.  Other  investi- 
ga tors  have suppor ted  tha t  prediction. Childs et al. (5) 
could not  account  for the effects of ingested soybean 
lecithin on TC and H D L C  in normolipidemic humans  by  
replacing the die tary  lecithin with tr iglycerides of 
equivalent  f a t t y  acid composition. Other  workers  have  

reported nonequivalent hypocholesterolemic responses 
when rats ingested soybean lecithin compared with the 
effect of either soybean triglycerides (26) or corn oil {27). 

Dietary lecithin {phosphatidylcholine) is not metabo- 
lized like dietary triglycerides. In other words, a mole of 
lecithin is not equivalent to two-thirds of a mole of 
triglycerides. Dietary lecithin is hydrolyzed to lysolecithin 
and fatty acids by phospholipase A2 in the intestines 
before absorption (28). Diagne et al. (29) have shown that 
much of the absorbed lysolecithin is reacylated to the cor- 
responding lecithin in guinea pigs. When Beil and Grundy 
{27) studied the effects of ingested lecithin on lipoproteins 
in humans, they found that lecithin, in contrast with 
dietary triglycerides, promotes VLDL formation, and 
VLDL is a source of phospholipids and apoprotein for 
HDL (30). Thus, one might predict an increase in HDLC 
in response to dietary lecithin, but one would not predict 
the high level of HDLC in the EL group. As with the 
hypocholesterolemic response when guinea pigs were fed 
the SL diet, f a t ty  acids incorporated into lecithins seemed 
to have an exaggera ted  effect compared  with their  effect 
when ingested as triglycerides.  

Included in Table 3 are average p lasma  concentrat ions 
of FC and PL. Because the p l a sma  lipid level was very  
low for SL-fed animals, the lipid ex t rac t  f rom the p lasma 
tha t  was available was insufficient to determine bo th  FC 
and PL. Therefore, the values  of FC and PL  shown for 
the SL group were each the average  of four different 
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guinea pigs. The propor t ion  of esterif ied plasma 
cholesterol was not  altered by  these diet modifications. 
These da ta  suggest  an increase in the PL/FC ratio. Of 
course, tha t  conclusion is part icularly questionable 
because the components  of the rat io were determined 
from different animals in the diet group. When Wong 
et  al. (4) fed soybean lecithin (92% phosphatidylcholine) 
to hyperlipemic rhesus monkeys, they observed a reduc- 
tion in to ta l  plasma lipids, especially in LDL cholesterol, 
bu t  a marginal  increase in HDLC and a possible increase 
in the PL/FC ratio. The results of this investigation using 
hyperlipemic guinea pigs fed soybean lecithin were quali- 
tatively consistent with those results. In both investiga- 
tions, highly variable individual responses to lecithin were 
observed. 
The specific activities of cholesterol 7a-hydroxylase 

(hydroxylase) for groups NL, SL and EL also are included 
in Table 3. Neither treatment group SL nor EL were 
significantly different from the control, NL. The inhibi- 
tion of cholesterol absorption by dietary lecithin has been 
reported in humans (31) and in rats {32). Although the 
effect of dietary lecithin on cholesterol absorption could 
be reflected in a coordinate change in hydroxylase activity 
(19), these hydroxylase activities (Table 3) suggest no 
such correlation. 
Total liver lipid and liver cholesterol levels in these diet 

groups are summarized in Table 3. Cholesterol ingested 
as par t  of a purified diet tends to exacerbate liver fat  and 
cholesterol accumulations in guinea pigs (22) and in ra t s  
(11), compared with the effect of stock diets. Egg  lecithin 
induced a fur ther  highly significant increase in liver size 
tha t  could not  be a t t r ibu ted  to increased fat  accumula- 
tion. The to ta l  fat  content  of the EL  livers was only 
marginally higher than  tha t  of the NL group. Liver cho- 
lesterol, however, was significantly increased in the E L  
group as compared with the NL group. 

When aortas  from t rea tment  groups NL, SL and EL  
were exposed to a lipophilic dye, Sudan IV, no f a t ty  
deposits were apparent.  Compared with guinea pigs fed 
the NL diet, dietary SL tended to lower aortic cholesterol, 
while dietary EL  had no effect (Table 3). Aortic cholesterol 
levels tended to reflect plasma cholesterol levels, which 
could be the resul t  of passive diffusion. However,  the ac- 
cumulation of cholesterol in the liver appeared to be a con- 
certed process in guinea pigs fed cholesterol-supple- 
mented diets, a process tha t  was exacerbated by  die tary  
EL.  Although dietary SL elicited a significant decrease 
in plasma TC, there was no decrease in liver cholesterol 
in SL-fed guinea pigs, compared with the NL group. 

The results  of this invest igat ion provide considerable 
evidence that  dietary phospholipids play a significant role 
in H D L  metabolism; a role tha t  is different f rom tha t  of 
dietary triglycerides. At  the same time, the "d ie ta ry  
phospholipid effect"  is modulated by  the f a t ty  acid com- 
position of the dietary phospholipid. Fur ther  investiga- 
tions of the mechanism of these interactions are required. 
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A high molecular weight (Sephadex G-15 void volume), 
water-soluble,  fluorescent material that  was found to  in- 
crease significantly in the  mouse  liver in response  to  
vitRmln E deficiency was separated into six proteins by 
high performance liquid chromatography (HPLC) using 
a TSK G2000 SW column. One of these proteins increased 
significantly in concentration due to vitamin E deficiency 
and had a molecular weight of 20,000 daltons. This pro- 
tein was found to contain malondialdehyde, an end prod- 
uct of  lipid peroxidation,  at tached to  it presumably  in a 
Schiff-base type  structure with  Amino groups. This ap- 
pears to  be the first report in the l iterature of direct evi- 
dence that malondiaidehyde is attached to protein in vivo. 
Lipids 23, 651-655 (1988). 

The accumulation of fluorescent pigments in tissues of 
nearly all types of animals under stressful conditions such 
as vitamin E deficiency and aging is widely accepted 
(1-9). These compounds have been termed "lipofuscin" 
or "age" pigments and are believed to be metabolic end 
products of lipid peroxidation in living systems that  may 
be undergoing steady decomposition or turnover (1, 
10-13). They have been postulated as Schiff-base prod- 
ucts formed by the condensation of primary amino groups 
of proteins, nucleic acids or amino acids and malon- 
dialdehyde (MDA), a by-product of lipid peroxidation in 
vitro and in biological systems (14). Due to their lipid 
origin and staining properties, initial separation and 
purification of these fluorescent pigments was attempted 
only from the organic solvent-soluble extract {10,15). The 
amount of fluorescent material extracted, however, did 
not totally account for the lipofuscin pigment concentra- 
tion reported in some tissues (3). Recently, four vitRmln 
E-related fluorescent compounds were reported to occur 
in the water-soluble portion of mouse tissues {16). The pur- 
pose of this study was to elucidate the characteristics and 
possible identity of one of these compounds, a large 
molecular weight material, especially as it relates to 
vitamin E in the diet and to in vivo lipid peroxidation. 

MATERIALS AND METHODS 

Animals, diets and extraction. Female weanling mice 
{Strain C57BL/6J, The Jackson Laboratories, Bar Har- 
bor, ME) were fed a vitamin E-deficient or a vitamin E- 
supplemented diet {30 mg RRR-a-tocopheryl acetate/kg 
diet) as described (16). After 14 months, the mice were 
billed by decapitation. The livers were removed, washed 
with cold saline-phosphate solution, blotted with cheese~ 
cloth and frozen at - 7 0  C until they were homogenized 

'Published as Paper No. 13,587 of the Scientific Journal Series of 
the Minnesota Agricultural Experiment Station. 
*To whom correspondence should be addressed. 
Abbreviations: MDA, malondialdehyde; HPLC, high performance 
liquid chromatography. 

and extracted with chloroform/methanol (2:1) and water 
(16). Water-soluble fluorescent compounds were separated 
chromatographically using Sephadex G-15 or G-25 (Phar- 
macia Fine Chemicals, Piscataway, N J), and initial fluo- 
rescence measurements were performed using an Aminco- 
Bowman Ratio Spectrophotofluorometer {American In- 
strument Co., Silver Spring, MD) standardized as de- 
scribed (16). 

HPLC equipment. Instrumentation for HPLC con- 
sisted of a Model 210 injection valve (Beckman In- 
struments, Inc., Berkeley, CA), a Beckman Model 110A 
solvent metering pump, a Perkin-Elmer Model 650-10S 
fluorescence spectrophotometer (Norwalk, CT) equipped 
with a horizontal, flat, 20 ~1 capacity, quartz flow ceil, a 
Model SP 8400 variable wavelength ultraviolet/visible 
detector (Spectra Physics, Arlington, IL) equipped with 
a 10 ~I quartz flow cell and a Model SP4100 computing 
integrator {Spectra Physics). The analytical columns us- 
ed were a 0.75 X 30 cm Micropak TSK G2000 SW col- 
umn (Varian Associates, Inc., Walnut Creek, CA) and a 
Spherogel TSK G1000 PW column {0.75 X 30 cm, Altex 
Scientific, Inc., Berkeley, CA). Samples were injected with 
a 100 or a 200 ~I blunt needle Hamilton syringe (Rainin 
Instrument Co., Inc., Woburn, MA). 
Molecular weight determination. The TSK G2000 SW 

column was calibrated for molecular weight determina- 
tions by injecting the following protein standards: cata- 
lase (250,000 m.w.), bovine serum albumin (65,000 m.w.), 
fl-lactoglobulin {35,000 m.w.), a~hymotrypsinogen-A 
(23,200 m.w.), and lysozyme (14,100 m.w.). All standards 
were eluted at 1 ml/min in 0.066 M phosphate, 0.3 M 
sodium chloride, 0.02% sodium azide (pH 7.0), and 
detected at 275 nm/350 nm using the Perkin-Elmer fluo- 
rometer. The void volume material {ca. 6 ml) from Sepha- 
dex G-15 column chromatography of liver extracts was 
collected, and 100 ~i aliquots were injected onto the TSK 
G2000 SW column under these same conditions. Using 
a least squares fit equation to the linear portion of the 
graph for the standard proteins (log m.w. - 0.17811 X 
elution volume + 6.13513), the molecular weights of each 
of the six compounds separating on the TSK cohmm from 
the Sephadex G-15 void volume peak were determined. 
All these proteins had excitation/emission maxima at 
275 nm/350 nm and were quantified by peak height mea- 
surement for both vitamin E-sufficient and deficient 
groups of mice and compared using Student's two-tailed 
t-test (17). 

Hydrolysis for release of MDA. Portions of liver tissue 
{0.3-0.4 g) were extracted as described (16). The filtered 
lyopbiliT~:! water extracts were dissolved in 150 ~1 water, 
and 100 ~l aliquots were directly injected onto the TSK 
G2000 SW column. The same protein materials that were 
observed above were separated and collected {0.4-0.5 ml 
each). The collected protein peaks from the water-soluble 
liver extracts were hydrolyzed as follows. Volumes of 
400-1000 ~ were removed, and the pH was adjusted to 
greater than 12.5 with concentrated NaOH. The samples 
were enclosed and placed in the dark at room temperature 
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overnight.  The samples were neutrMiT~l with concen- 
t ra ted  HC1, and 200 ~1 samples were injected onto a TS K  
G1000 PW column and eluted at  0.6 ml/min in 0.1 M 
trisodium phosphate buffer (pH 8.0) for analysis of MDA 
as described by  Csallany et  al. {18}. Detect ion of released 
MDA was accomplished by  using the Beckman variable 
wavelength detector  at  267 nm and was compared with 
the nonhydrolyzed samples for quant i ta t ion  purposes 
{18}. This detector  allowed the simultaneous reading of 
absorbance at  two wavelengths {267 nm and 250 nm) and n~ 

the  scanning (220 nm to 300 um in 5-nm increments} of 
eluting peaks wi thout  s topping the flow of the mobile 
phase. Compensation is automatically made in the result- ~ 
ing spectrum for the change in concentrat ion of the peak 
material, o 

MDA co~hromatography and derivatization` The MDA 
peak from TSK G1000 PW chromatography was collected 
and co-chromatographed with s tandard  MDA on this 
same column. Preparat ion of s tandard MDA is described < 
by Csallany et  al. (18). The absorbance ratio at  267 nm: 
250 nm was monitored, and scans for 200 nm to 300 nm 
were measured during the run using the Beckman Model 
165 detector. Derivatization of collected MDA peaks with 
4,4'-sulfonyldianiline was accomplished as described by  
Csallany et al. (18). The relative fluorescence of all samples 
was determined at 470 nm/540 urn, and appropriate  
fluorescence spectra  were done. 
Protein determination. Two spectral methods were used 

to determine protein content of the nonhydrolyzed sam- 
ples. The Warburg and Christian method (19) utilizes the 
absorbance at 260 nm and at 280 nm (rag proteirginl = 
1.55 • A28o - 0.775 • A26o). The Murphy and Kies 
method {20) uses the absorbance difference between 215 
and 225 nm (mg protein/ml = 0.154 X [A2,s -- A225]). All 
absorbance readings were obtained using the Beckman 
DU-8 Spect rophotometer  (Beckman Inst ruments ,  Inc.). 

RESULTS 

The vitamin E-related, high molecular weight material 
from the Sephadex G-15 void volume was further 
separated on an HPLC size exclusion TSK G2000 SW col- 
umn. Six proteins were observed, each having the same 
fluorescence characteristics {275 nm/350 nm) as the 
original void volume material. Attempts to separate this 
large protein on Sephadex G-50, G-100 and G-200 col- 
umns were unsatisfactory, although they did show the 
presence of more than one fluorescent compound in the 
G-15 column void volume material. 
The water-soluble portion of the chloroform/methanol 

{2:1} extracts from livers of six vitamin E-deficient, and 
six vitamin E-supplemented (30 ppm) mice were injected 
onto the TSK G2000 column. One of the six proteins 
discussed above increased significantly due to vitamin E 
deficiency {Fig. 1}. It had the smallest molecular weight 
of the six proteins, determined to be 20,000 daltons, and 
eluted at 10.33 + 0.0125 ml. 
These proteins were analyzed for the presence of MDA. 

Water extracts of mouse liver tissue were injected onto 
the TSK G2000 SW column, and the major peaks were 
collected including the 20,000 m.w. compound. Protein 
determinations were made, and the collected fractions 
were subjected to hydrolysis. Both the nonhydrolyzed and 
hydrolyzed fractions were chromatographed on the TSK 
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FIG. 1. Summary of the significant differences due to vitamin E 
seen in the protein materials separated from the Sephadex G-15 void 
volume peak. NS, not significant (Student's t-test); S*, significant 
(P < .05). 

G1000 PW column for MDA analysis. Figure 2 shows a 
typical elution profile of these chromatographed fractions 
with the MDA peak eluting at  47.7 min. No MDA was 
found in any of the nonhydrolyzed fractions. The 
hydrolyzed 24,000 and 20,000 m.w. samples had the 
largest  MDA peaks, which were 10- to 30-fold greater  
than  those from other  hydrolyzed samples. The absorb- 
ance rat io of 250 nm:267 nm was the same for all MDA 
peaks and equalled tha t  obtained during a chromato- 
graphic run of s tandard  MDA {0.37 _ .0D. Scans from 
220 nm to 300 nm were run during elution of each MDA 
peak. The same shape and maximum absorbance at  
265 mn was observed for s tandard  MDA and for each 
hydrolyzed fraction with a major MDA peak. 

A six- to seven-month-old vi tamin E-deficient mouse 
liver was found to contain about 900 ng of MDA per gram 
wet liver tissue before hydrolysis  and 4000 ng of MDA 
per gram after  hydrolysis.  

The MDA peak from s tandard  MDA and hydrolyzed 
samples was collected from the TSK G1000 PW column. 
An equally absorbant (267 nm) mixture of standard MDA 
and sample MDA was reapplied to the TS K  G1000 PW 
column. The mixture eluted identically to the MDA stan- 
dard (Fig. 3). 

Derivatized sample MDA exhibited the same fluores- 
cence as tha t  seen for derivatized standard MDA {Fig. 4). 
The excitat ion maximum was 470 nm, and the emission 
maximum was 540 urn. The quanti ty of MDA present was 
determined by comparison of the fluorescence of the sam- 
ple derivative at  470 nrrd540 nm with tha t  of the deriva- 
tive of s tandard MDA and comparison of the MDA peak 
height to tha t  of a s tandard  curve of pure MDA chroma- 
tographed on the TSK G1000 PW column. These two 
quanti t ies were almost equal. 
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FIG. 2. Elution profile of hydrolyzed and nonhydrolyzed proteins (from G-15 void volume) 
chromatographed on a TSK-Gel 1000 PW column in 0.1 M phosphate buffer, pH 8.0, 0.6 ml/min. 
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FIG. 3. Co-chromatography of collected MDA peak from hydrolyzed 
teins (separated from Sephadex G-15 void volume) with standard 
A on a TSK-Gel 1000 PW column: (I) mixture of MDA + 

hydrolyzed (HD) 24,000 m.w. material (MDA + HD -- 24,000), 
(2) HD -- 24,000, (3) MDA + HD -- 20,000, (4) HD -- 20,000, and 
(5) MDA standard. 
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FIG. 4. Excitation and emission spectra of the fluorescent derivatives 
of the following. (1) malondialdehyde standard, and malondialdehyde 
released from: (2) 24,000 m.w. protein-like material, and (3) 20,000 m.w. 
protein. 

A comparison of the concentration of MDA with respect 
to protein content is found in Table 1. Proteins less than 
75,000 daltons all contained some MDA. The 20,000 and 
24,000 m.w. proteins contained the largest amounts. 

DISCUSSION 
T h e  w a t e r - s o l u b l e  p o r t i o n  of  c h l o r o f o r m ] m e t h a n o l  {2:1) 
e x t r a c t s  w a s  e x a m i n e d  fo r  t h e  p r e s e n c e  o f  f l u o r e s c e n t  

LIPIDS, Vol. 23, No. 7 (1988) 
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TABLE 1 1 0 0  

Malondialdehyde Content of Fluorescent Proteins 
in Water Extract of Mouse Liver 

Material pg MDA/ Molecules MDA/ 
(m.w.) mg protein protein molecules 

75,000 0 a 0 
45,000 3 b 2 
30,000 3 b 1 
24,000 11 b 4 
20,000 9 b 3 

aAverage of two liver tissues. 
bAverage of three liver tissues. 

LI 50 

p K '  " 8 

compounds, as the magnitude of fluorescence from the 
organic solvent-soluble llpofuscin pigments does not ac- 
count for the large amount of fluorescence observed 
microscopically in the liver. There is approximately 100 
times more fluorescence in the water extract than in the 
organic solvent extract. This generally does not account 
for all of the fluorescence in the intact tissue. Any addi- 
tional fluorescent materials is present in the insoluble in- 
terphase material removed during the extraction process. 

Each of the materials separated by TSK G2000 SW 
chromatography of the Sephadex G-15 column void 
volume material had a molecular weight greater than 
15,000 daltons and fluoresced near 350 nm when excited 
at 275 nm. From the above findings, it is apparent that  
each of these compounds are proteins. It generally is 
observed that in neutral solutions of tissue extracts, there 
are few materials other than proteins that fluoresce in the 
340 nm-350 nm region when excited near 280 nm (21L 
Under these conditions, nucleic acids, purines and pyrim- 
idines fail to show any fluorescence {21). MDA itself has 
no sizeable fluorescence, but Chio and Tappel {22) have 
reported that  the formation of Schiff bases by the con- 
densation of the carbonyl groups of MDA and the Rmlne 
structure of Amino acids form 1-amino-3-1minopropene 
(R-NH-CH -~ CH -CH -- NR) products and have 
fluorescence in the 450 nm region when excited at 
350 nm-360 nm. If this fluorescence was present in the 
protein materials studied above, it was at such a low level 
that  it could not be detected. 

Due to the low concentration of these protein materials 
within the cell and the necessary dilutions arising from 
the separation techniques, great difficulty was en- 
countered in their separation. The TSK G2000 PW col- 
umn was the largest size exclusion col-ran available but 
still was limited in its ability to completely separate any 
concentrated samples. A large enough sample had to be 
used to allow detection and identification of released 
MDA, but concurrently the sample had to be small 
enough to allow adequate separation on the column. A 
compromise that  allowed an approximation of the MDA 
content of these materials to be determined for the 
primary purpose of comparison between the separated 
peaks was made. 

An approximation of the relative rate for the formation 
of the condensation product of a primary amino contain- 
ing compound with carbonyl compounds is shown {Fig. 5) 

3 b 5 6 7 8 9 I0 11 
pH 

FIG. 5. Relative reaction rate for the formation of the Schiff base 
vs pH when the pK' of the amine group is 8, 9 or 10. 

vs pH when the pK' of the amine group is either 8, 9 or 
I0. The reaction is dependent on the pH of the medium 
keeping both the carbonyl group protonated and the 
primary amino group deprotonated {neutral). This will 
occur at a pH midway between the pK' for the carbonyl 
group and that for the amino group. The reversibility of 
this reaction was the basis for the hydrolysis procedure 
used to liberate MDA from the protein compounds 
separated on the TSK G2000 SW column. A high pH was 
chosen to guard from the possible production of new 
MDA by acid treatment {23). 
Only one of the proteins was found to be significantly 

related to dietary vitamin E. All proteins that were 
smaller than 75,000 daltons were found to contain bound 
MDA with the smallest proteins containing the most 
MDA. It would be expected that vitamin E deficiency 
would lead to an increase in MDA levels in the cell and 
thus to an increase in protein-bound MDA. The 24,000 
m.w. material, although not significantly increased (p <~ 
0.75), tended to be elevated due to vitamin E deficiency. 
A larger number of samples might have showr the dif- 
ference to be significant. It also is possible that within 
locMized regions of the cell such as membranes, specific 
proteins that readily react with MDA may be present. 
If these proteins were present only in these areas and if 
MDA formation was nearly as great as that of the pro- 
rein, it would not be expected to increase significantly due 
to vitamin E deficiency unless an increased production 
of the protein accompanied it. 
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Effect of Diethyl Ether on Phosphatidylcholine Biosynthesis 
in Hamster Organs 
Karmln O, Grant M. Hatch and Patrlck C. Choy" 
Department of Biochemistry, Faculty of Medicine, University of Manitoba, 770 Bannatyne Ave., Winnipeg, Manitoba, Canada R3E OW3 

The effect of diethyl ether anesthesia on phosphatidyl- 
choline biosynthesis in hamster organs was investigated. 
Ether administration did not affect the incorporation of 
radioactive choline into phosphatidylcholine in the liver, 
heart, lung, brain and spleen. A significant (29%) decrease 
in the labeling of phosphatidylcholine was detected in the 
kidney of ether-treated hamsters. Reduction in phospha- 
tidylcholine labeling was not due to a diminished radioac- 
tive choline uptake but a decrease in the conversion of 
phosphocholine to CDP<holine. The accumulation of 
labeled phosphocholine was caused by the translocation 
of CTP:phosphocholine cytidylyltransferase from micra 
somal {more-active) form to cytosolic {less-active) form. 
Ether administration appears to modulate the cytidylyl- 
transferase in hamster kidney differently than that in 
other hamster organs. 
Lipids 23, 656-659 {1988). 

Phosphatidylcholine is the principal phospholipid in mam- 
malian tissues {1). The majority of phosphatidylcholine 
is synthesized via the CDP-choline pathway (2,3), and the 
remainder is formed either from the progressive methyla- 
tion of phosphatidylethanolamlne or from the exchange 
of the base group of an existing phospholipid with choline 
(3). In the CDP~holine pathway, choline initially is phos- 
phorylated to phosphocholine by choline kinase {2,3}. 
Phosphocholine is converted to CDP~holine by CTP: 
phosphocholine cytidylyltransferase {2,3}. The CDP- 
choline formed is rapidly condensed with 1,2-diacyl- 
glycerol for the formation of phosphatidylcholine. The 
conversion of phosphocholine to CDP~holine is regarded 
as the ratelimiting step of this pathway {2-4}. 

The effect of aromatic anesthetics on phosphatidyl- 
choline biosynthesis is well-doc~arnented (5,6). Administra- 
tion of polychlorinated biphenyls reduced the incorpora- 
tion of the labeled phosphate into the choline-containing 
phospholipids in rat liver, whereas phenobarbital en- 
hanced such incorporation (5). In a subsequent study {6), 
these investigators demonstrated that the administration 
of phenobarbital resulted in substantial decreases of 
choline kinase and microsomal phosphocholine cytidylyl- 
transferase activities. Choline phosphotransferase and 
cytosolic CTP:phosphocholine cytidylyltransferase ac- 
tivities were not significantly affected by such treatment. 

Diethyl ether is a commonly administered anesthetic 
for small laboratory animals. Previously, we demon- 
strated that  the labeling of phosphatidylethanolamine 
from ethanolamine was reduced in the kidney of the 
diethyl ether-anesthetized hamsters {7}. In this study, the 
effect of diethyl ether on phosphatidylcholine biosyn- 
thesis in hamster organs was examined. 

MATERIALS AND METHODS 

Choline iodide, phosphorylcholine chloride and CDP- 
choline were obtained from Sigma Chemical Co. (St. 

*To whom correspondence should be addressed. 

Louis, MO). [Methyl-3H]choline and CDP-[methyl-1'C] - 
choline were purchased from NEN division, DuPont Co. 
{Dorval, Quebec}. Thin layer chromatographic plates {sil- 
G25) were the product of Brinkmann (Rexdale, Ontario}. 
Phospho-[methyl-3H]choline was synthesized enzymatic- 
ally from [methyPH]choline by the action of yeast choline 
kinase as described (8). All other chemicals were of 
reagent grade and were obtained through Fisher Scien- 
tific Co. {Winnipeg). 

Male Syrian golden hamsters, 120 + 10 g, were main- 
tained on Purina hamster chow and tap water, ad libitum, 
in a light- and temperature-controlled room. 

Diethyl ether was administered to the hamster by in- 
halation as described (7). The animal was placed in a 2-I 
sealed container, and a cotton ball containing 2 ml of 
diethyl ether was introduced into the container. Subse- 
quent to the loss of the righting reflex (3-4 re_in), the 
animal was removed from the container and labeled 
choline (0.5 ml of a 20 mM choline chloride solution} con- 
taining 20 ~Ci was injected intraperitoneally. Light 
anesthesia was administered by the inhalation of a 
ether/air mixture for the next 60 rain. A minimum 
respiratory rate of 40/rain was maintained throughout the 
experiment. Identical doses of labeled choline were in- 
jected into the non-anesthetized animals, and these 
animals were used as controls. At the prescribed time in- 
terval, the control and the anesthetized animals were 
killed by decapitation, and the organs were rapidly re- 
moved and placed in ice-cooled saline {0.9% NaCI). The 
organs were weighed and homogenized in CHCUCH3OH 
{2:1, v/v) to yield a 10% (w/v) homogenate. The homoge- 
nate was centrifuged, and the pellet was re-extracted 
twice with CHCI3/CH3OH {2:1, v/v). The extracts were 
pooled, and an aliquot was taken for the determination 
of total uptake of radioactivity. Phase separation of the 
pooled extract was achieved by adding water to the ex- 
tract until a CHCI3/CH3OH/H,O rato of 4:2:3 (v/v/v) was 
obtained. Radioactivity in the organic phase was deter- 
mined, and phosphatidylcholine in this phase was ana- 
lyzed by thin layer chromatography with a solvent con- 
raining CHCIJCH3OH/CH3COOH/H,O {70:30:2:4, v/v/v/v) 
(4). Choline-containing metabolites in aqueous phase was 
analyzed by thin layer chromatography with a solvent 
containing CH30H/0.6% NaCI/NH,OH (50:50:5, v/v/v) (4). 
Because a substantial amount of choline was oxidized into 
betaine in the liver (2), the labeling of betaine also was 
determined. Betaine was separated from CDP-choline 
after thin layer chromatography by a Norit A charcocal 
column (0.5 X 3 cm) equilibrated with 2% ethanol. 
Betaine was eluted from the column by 20 ml 2% ethanol, 
whereas CDP~holine was eluted by subsequent addition 
of 10 ml 40% ethanol containing 1% NH,OH. 

Subeellular fractions of the hamster organs were 
prepared by differential centrifugation as described (4). 
Choline kinase in the cytosolic fraction was assayed with 
labeled choline (9). CTP:phosphocholine cytidylyltrans- 
ferases in the cytosolic and microsomal fractions were 
assayed with labeled phosphocholine at exactly four hr 
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after  the tissues were homogenized (10). In addition, 
cytosolic CTP:phosphocholine cytidylyltransferase activ- 
i ty  was determined in the presence of total  fiver phos- 
pholipid ex t rac t  (2 mg]ml) and 0.1 mM oleate. MAximal 
st imulation of the cytosolic cyt idylyl t ransferase was ob- 
tained with these lipids (11). Microsomal CDP-choline: 
1,2-diacylglycerol  choline phospho t rans fe ra se  was 
assayed with labeled CDP-choline in the presence of 
Tween-20 and exogenous diacylglycerol (12). Protein was 
determined by  the procedure of Lowry et al. (13), and lipid 
phosphorus content  was analyzed by the method of 
Bar t l e t t  (14). 

Radioactivi ty was determined by  liquid scintillation 
counting using channels'  rat io calibration method. Stu- 
dent ' s  t - test  was used f o r  stat ist ical  analysis of the 
results. The level of significance was P < 0.05. 

RESULTS 

The effect of diethyl ether on the labeling of phosphatidyl- 
choline in hamster  organs was invest igated in a time- 
course study. Ether-anesthetized hamsters  were injected 
intraperi toneally with labeled choline. Unanesthet ized 
hamsters  were used as controls. The animals were killed 
at  the prescribed t ime intervals, and the phosphatidyl- 
choline content  and labeling in the organs were deter- 
mined. E the r  anesthesia did not  affect the amount  of 
phosphatidylcholine {estimated by  ~mol of lipid-P/g tissue 
wet wt.) in all hamster  organs at  30 and 60 min of treat- 
ment. However, at 30 rain of anesthetic treatment,  a 12% 
decrease {0.05 < P < 0.D in phosphatidylcholine labeling 
was observed in the kidney. At  60 min, this decrease was 
more prominent  (29%). No significant change in labeling 
of phosphatidylcholine was detected in other  organs 
{Table 1). One factor  tha t  might  cause the reduction of 
phosphatidylcholine labeling in the kidney was a decrease 
in the uptake  of labeled choline. Hence, total  labeled 
choline uptake  in hamster  organs at  60 rain of t r ea tment  
was determined {Table 2). The total  ra t ioact ivi ty  taken 
up by  the kidney was similar between the control and 

TABLE 1 

Incotpo~tion of Radioactivity into Phosphatidylcholine in Hamster 
Organs During Diethyl Ether Anesthesia a 

Control Diethyl ether-treated 
Tissue dpmlg wet wt. (XlO -s) dpm]g wet wt. (XlO -") 

Heart 1.25 2= 0.45 (8) 0.95 2= 0.37 {8} 
Liver 8.27 2= 1.36 (10) 9.58 __ 1.80 (10) 
Kidney 8.19 2= 2.20 (8) 5.84 +_ 1.36" (8) 
Lung 7.58 2= 1.74 (5) 6.22 2= 0.50 (5) 
Brain 0.31 2= 0.04 (5) 0.32 2= 0.04 (5) 
Spleen 2.77 2= 0.44 (4) 2.37 2= 0.65 (3) 

*P < 0.05. 
a[MethyPH]choline was injected intraperitoneally into control and 
diethyl ether anesthetized hamsters as described in Methods. After 
60 rain, hamsters were decapitated, and the organs were removed 
and homok~niz~l in chloroform]methanol (2:1, v/v). The homogenates 
were separated into aqueous and organic phases by the addition of 
chloroform and water. Phosphatidylcholine in the organic phase was 
isolated by thin layer chromatography. The results are depicted as 
mean 2= standard deviation {number of experiments). 

TABLE 2 

Total Uptake of [MethyPH]Choline by Hamster Organs a 

Control Diethyl ether-treated 
Tissue dpm]g wet wt. (XIO -s) dpm]g wet wt. (XIO-') 

Heart 4.64 2= 1.71 {8) 4.14 __ 1.01 (8) 
Liver 24.34 2= 4.17 (10) 27.64 2= 2.92 (10) 
Kidney 18.75 2= 4.64 (8) 18.56 __ 4.52 (8) 
Lung 11.68 --4-_ 2.47 (5) 12.01 __ 4.30 (5) 
Brain 1.87 2= 0.55 (5) 1.40 2= 0.15 (5) 
Spleen 9.07 --- 2.53 (4) 8.58 2= 1.14 (4) 

a[MethyPH]choline was injected intraperitoneally into control and 
diethyl ether anesthetized hamsters as described in Methods. After 
60 rain, hamsters were decapitated, and the organs were removed 
and homogenized in chloroform]methanol {2:1, v/v). An aliquot was 
taken for radioactivity determination. The results are depicted as 
mean 2= standard deviation {number of experiments}. 

anesthetized hamsters.  Although the total choline uptake 
in the liver might be slightly increased during anesthesia, 
such differences were not  statist ically significant. 

The labeling of the choline-containing metabofites in the 
CDP-choline pa thway in the kidney at  60 min of treat- 
ment  also was determined. As depicted in Table 3, label- 
ing of phosphocholine was substantially increased (41%). 
Such increase suggests  tha t  the ability to convert  
phosphocholine into CDP-choline was impaired in the 
kidney during ether  anesthesia. Because the uptake  of 
labeled choline in the fiver also might  be per turbed by  
ether  anesthesia {Table 2), the labeling of the hepatic 
choline-containing metabolies also was determined. No 
significant difference was detected between the two 
animal groups (Table 3). In addition, labeling of betaine 
was similar between the control and expedanental animals 
{data not  shown}. These results confirm that  total  choline 
uptake in the fiver was not  changed between the control 
and ether- treated animals. 

The accumulation of radioact ivi ty in the phosphocho- 
line fraction in the kidney of the anesthetized hamster  
might  be caused by  a change in the act ivi ty of the en- 
zymes in the CDP-choline pathway.  Thus, the activities 
of these enzymes in the hamster  organs were determin- 
ed after  60 rain of ether  administration. In the kidney, 
no change in either choline kinase or choline phospho- 
t ransferase activities was detected between the two 
animal groups {Table 4). Interest ingly,  CTP:phospho- 
choline cyt idylyl t ransferase  act ivi ty in the microsomal 
fraction was substant ial ly reduced in the anesthetized 
animal, whereas the enzyme act ivi ty in the cytosol  was 
not  changed. However, in the presence of lipid activators 
a significant increase in cytosolic enzyme activity was 
observed in the anesthetized kidney {Table 4). Total  
cyt idylyl t ransferase  act ivi ty 0maol]mirdg t issue wet wt.) 
was calculated from the sum of the microsomal and 
cytosolic enzyme activities. The total enzyme activity was 
reduced in the kidney of the anesthetized Animal in the 
absence of exogenous lipid activators in the cytosol. When 
the cytosofic enzyme was fully activated, there was no 
difference in total  enzyme activity. As an additional con- 
trol, the enzymes of the CDP-choline pa thway also were 
assayed in the other  organs. No significant differences 
in any of the enzyme activities were detected between the 
control  and anesthetized animals {data not  shown}. 
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TABLE 3 

Radioactivity Incorporated into Cholinecontalning MetoboHtes in HAmster Organsa 

Kidney Liver 

Control Diethyl etber-treated Control 
Metabolites dpm/g wet wt. (XI0 -5) dpm/g wet wt. (Xl0 -s) dpm/g wet wt. (XI0 -s) 

Diethyl ether-treated 
dpm/g wet wt. {XlO -~) 

Choline 0.34 • 0.23 (8) 0.30 • 0.18 (8) 0.15 • 0.02 (4) 0.17 • 0.03 {3) 
Phosphocholine 1.45 • 0.56 (8) 2.05 • 0.17" (8) 1.51 • 0.46 (4) 1.46 • 0.2~, (3) 
CDP-Choline 0.32 • 0.25 (8) 0.56 • 0.30 (8) 0.02 • 0.01 (4) 0.02 • 0.01 (3) 

*P < 0.05. 
aTissue homogenates were separated into aqueous and organic phase by the addition of chloroform and water as described in Methods. 
The aqueous phase was analyzed for labeled metabolites of the CDP-choline pathway. The results are depicted as mean • standard devia- 
tion (number of experiments). 

TABLE 4 

The Activities of Phosphatidylcholine Biosynthetic Enzymes from Hamster Kidney a 

Enzymes 

Specific activity 

Control 
nmol/min/mg protein 

Diethyl ether-treated 
nmol/min]mg protein 

Choline kinase 
{Cytosolic) 

Phosphocholine cytidylyltransferase 
{Microsornal) 
(Cytosolic) 
(Cytosolic + lipide) 

Choline phosphotransferase 
(Microsomal) 

1.05 • 0.05 (4) 

3.37 • 0.78 (4) 
0.66 • 0.29 (4) 
2.07 • 0.22 (4) 

8.11 • 0.66 (4) 

1.04 • 0.05 {4) 

1.71 _ 0.57* (3) 
0.62 • 0.24 (4) 
2.65 • 0.27* (4) 

8.33 • 1.10 (4) 

*P < 0.05. 
aKidneys were obtained from control and diethyl ether-anesthetized hamsters. Subcellular fractions from 
various organs were prepared as described in Methods. These fractions were assayed for phosphatidylcholine- 
synthesizing enzyme activities. The results are depicted as mean • standard deviation (number of experiments). 

DISCUSSION 

In this study, the effect of diethyl ether anesthesia on 
phosphatidylcholine biosynthesis via the CDP-choline 
pathway in hamster organs was investigated. Our results 
clearly demonstrated that such treatment did not produce 
any effect on phosphatidylcholine biosynthesis in hamster 
organs other than the kidney. The reduction in phospha- 
tidylcholine biosynthesis in hamster kidney under ether 
anesthesia {29%) was quantitatively similar to that  re- 
ported for phosphatidylethanolamine biosynthesis (30% 
reduction) {7). The reduced labeling of phosphatidyl- 
choline was not caused by a decrease in labeled choline 
uptake but probably resulted from a reduction in the con- 
version of phosphocholine to CDP~holine. Such con- 
version, which was catalyzed by CTP:phosphocholine 
cytidylyltransferase, has been regarded as the rate limit- 
ing step in the CDP-choline pathway {2-4). Cytidylyl- 
transferase activity is located in both the microsomal and 
cytosolic fractions (3). The enzyme in the cytosolic frac- 
tion is enhanced upon storage at 4 C or at room tempera- 
tare {10). To obtain valid comparisons, all cytidylyl- 
transferase assays in the cytosol were performed exactly 

four hr after tissue homogenization (4). Because the 
cytosolic enzyme has a lipid requirement (2,10,11), lipids 
were added to the assay mixture to obtain maximum en- 
zyme activation. 

Current evidence suggests that  the microsomal form 
of the enzyme is the active form responsible for the con- 
version of phosphocholine to CDP~holine in vivo (2, 
15-17) and the translocation of the cytidylyltransferase 
from one subcellular fraction to another is an important 
mechanism for the overall regulation of phosphatidylcho- 
line biosynthesis (2,18). Because the total activity in 
microsomal form was reduced with a corresponding in- 
crease in the cytosolic form (when fully activated), to- 
gether with the fact that  the combined activities in these 
two forms were not changed, we postulate that ether 
treatment promotes the translocation of the kidney 
cytidylyltransferase from the microsomal form to the 
cytosolic form. Such translocation would cause a reduc- 
tion in the conversion of phosphocholine to CDP~holine. 
This was confirmed by the analysis of choline-contalning 
metabolites, and also by the observation that  the total 
cytosolic enzyme activity was not increased without the 
presence of exogenous lipids. Indeed, the combined 
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enzyme activi ty in the two forms when assayed without  
exogenous lipid was significantly decreased in the anes- 
thetized kidney. The transfer of the microsomal cytidylyl- 
transferase to the cytosolic fraction during ether anes- 
thesia would provide the kidney with a facile mechanism 
to attenuate the rate of phosphatidylchofine biosynthesis. 

One intriguing aspect of this s tudy  is the differen- 
tial effect of diethyl ether on the translocation of the 
cyt idylyl transferase in the kidney, but  not in other ham- 
ster organs. Presently, only the cytidylyltransferase from 
the fiver has been purified and studied in detail (19). Our 
results suggest  tha t  the enzyme in hamster  kidney may 
be modulated differently than those found in other 
hamster  tissues. 
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Regulation of the Metabolism of Linoleic Acid 
to Arachidonic Acid in Rat Hepatocytes 
Anne C. Voss and Howard Sprecher" 
Department of Physiological Chemistry, Ohio State University, 5148 Graves Hall, 333 W. IOth Ave., Columbus, OH 43210 

When 5 X 10' hepatocytes were incubated for 40 rain with 
from 0.15 to 0.60 mM [l-'4C]linoleic acid, [I-14C]6,9,12 - 
octadecatrienoic acid, or [1-~4C]8,11,14-eicosatrienoic acid, 
there was a concentration~iependent acylation of radioac- 
tive metabolites into both triglycerides and phosph~ 
lipids. When the concentration of either [1-'4C]linoleic acid 
or [1-~4C]8,11,14-eicosatrienoic acid exceeded 0.3 mM, there 
was no further increase in the metabolism of either fatty 
acid to other {n4~) metabolites. When the concentration 
of [1-'4C]6,9,12~ctadecatrienoic acid exceeded 0.15 mM, 
there was an apparent substratc~induced inhibition in its 
metabolism to 8,11,14-eicosatrienoic acid. With all three 
substrates {0.3 mM), there was time-dependent metabo- 
lism to other {n4]) acids. Cells then were incubated simul- 
taneously with 0.3 mM [1-'4C]iinoleic acid along with 0.15 
to 0.45 mM 6,9,12~ctadecatrienoic acid or 8,11,14-eicw 
satrienoic acid. These exogenous nonradioactive (n~) 
acids suppressed but did not abolish the conversion of 
[1-'4C]linoleate to radioactive arachidonate. These find- 
ings suggest that some linoleate is converted to arachi- 
donate without intracellular mixing of 6,8,12~ctadecatri- 
euoic or 8,11,14-eicosatrienoic acids. This hypothesis is 
supported by the finding that exogenous linoleate did not 
markedly affect the metabolism of [1-'4C]6,9,12~ctadeca- 
trienoic or [1-~4C]8,11,14-eicosatrienoic acid by microsomal 
chain elongating or desaturating enzymes. 
Lipids 23, 660-665 {1988). 

It is well~stablished that  dietary linoleate is converted 
to arachidonate in the fiver only by an alternating series 
of position-specific desaturases and malonyl-CoA~tepen- 
dent chain elongation steps as follows: 18:2 -* 18:3 -* 
20:3-~ 20:4 {1}. Liver lipids contain large amounts of 
linoleate and arachidonate but only low levels of 
6,9,12-18:3 and 8,11,14-20:3, even though they are both 
obligatory intermediates in the synthesis of arachidonate. 
Several studies with liver microsomes {2-4) as well as with 
hepatocytes {5) have shown that desaturation of linoleate, 
by the 6-desaturase, is rate-limiting in this metabolic 
pathway. Although rate studies with microsomes define 
how rapidly various acids are metabolized, they have not 
been very informative in explaining why 6,9,12-18:3 and 
8,11,14-20:3 are not found in significant amounts in fiver 
lipids. When the CoA derivatives of 6,9,12-18:3 or 8,11,14- 
20:3 were incubated with lysophospholipids and fiver 
microsomes, both substrates were readily acylated {6). 
Clearly, rate studies by themselves fail to explain the 
types of fatty acids found in liver phosphofipids. 

Recent studies by Christophersen and his colleagues 
{5,7,8) have shown that hepatocytes can be used effec- 
tively to study integrated aspects of polyunsaturated 
fatty acid desaturation and chain elongation along with 
the simultaneous acylation of metabolites into fipids. 

*To whom correspondence should be addressed. 
Abbreviations: PL, phospholipids; TG, triglycerides; HPLC, high 
performance liquid chromatography. 

Thus, we carried out studies with hepatocytes from chow- 
fed rats to define if some linoleate was converted to 
arachidonate without intracellular mixing of the two 
obligatory intermediates required for converting dietary 
linoleate to arachidonate {9}. 

MATERIALS AND METHODS 

Chemicals. [1-'4C]Linoleic acid {52 Ci/mol) and [1-14C] - 
8,11,14-eicosatrienoic acid {55 Ci/mol) were purchased 
from New England Nuclear {Boston, MA}. [1-14C]6,9,12 - 
Octadecatrienoic acid (43 Ci/mol} was made by total syn- 
thesis as described {10). Other unsaturated fatty acids 
were obtained from Nu-Chek Prep. {Elysian, MN}. 

All solvents were either reagent or high performance 
liquid chromatography {HPLC) grade. Collagenase was 
purchased from Boehringer Mannheim GmbH {Indianap- 
olis, IN). 

Hepatocyte isolation. Male Sprague-Dawley rats {200- 
300 g) were maintained on a chow diet for at least one 
wk. Hepatocytes were isolated according to the general 
method of Seglen {11) as described {12}. The cells were 
suspended at 5 • 10'/ml in a buffer containing 113 mM 
NaCl, 4.5 mM KC1, 30 mM HEPES, 10 mM glucose, 
1.1 mM CaC12, 1.3 mM KH2PO4, 26 mM NaHCO~, 1.5 mM 
MgC12 and 1% fatty acid-free bovine serum albumin. Cell 
viability was routinely greater than 90% as determined 
by trypan blue exclusion. 

Incubations. Hepatocytes, 5 X 10' in 2 ml of suspen- 
sion buffer containing 10 mM lactic acid, were incubated 
at 37 C in a Dubnoff metabolic shaker under 95% oxygen 
- 5% carbon dioxide at a flow of 6 l/min. Incubations 
were initiated by adding the sodium salt of the fatty acicL 
The fat ty acid concentrations are in the legends to the 
figures and tables. 

Lipid isolation and analysis. Incubations were stopped 
by addition of 0.2 ml of 2 M formic acid and 2 ml of 
CHCI3/MeOH {2:1, v/v}. The contents of the vials were 
transferred to screw cap tubes, and the incubation vessels 
were washed twice with 4 ml of CHC1JMeOH {2:1, v/v}, 
which then was combined with the original extract. The 
tubes were vortexed and centrifuged to obtain phase 
separation. A 50-~1 aliquot of the upper aqueous layer was 
removed and counted in Formula-963 {New England 
Nuclear, Boston, MA) to quantitate the metabolism of 
fat ty acids into water-soluble products. The bottom 
organic phase was taken to dryness under a stream of N2. 
The lipids were dissolved in CHCI3 and applied to a col- 
umn of Unlsfl {Clarkson Chemical Co., Willj-msport, PA) 
in a Pasteur pipette. Neutral fipids were recovered by 
eluting with 10 ml of CHCI~, while phospholipids were 
recovered by eluting with 10 ml of methanol. The solvents 
were removed under N2, and each lipid fraction was dis- 
solved in 1 ml of CHCh/MeOH {2:1, v/v}. Aliquots of 10/J1 
were removed from the phospholipid fraction to determine 
the total nmol of fatty acids incorporated into polar lipids. 
The remaining phospholipids were saponified by stirring 
overnight with 1 N KOH in ethanol/H~O {9:1, v/v). 
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Aliquots of 50 ~! were removed from the neutral lipid 
fraction and applied to one lane of a preabsorbant zone 
of a Whatman LK6D plate (Whatman, Clifton, NJ), while 
another 200 ~l was applied to the preabsorbant zone of 
two other lanes. Thin layer chromatography was carried 
out using hexane]diethyl ether/acetic acid (80:20:2, v/v/v). 
The plates were scanned with a Packard Model 7220 
radiochromatogram scanner. The free fat ty acids and 
triacylglycerols from the single lane were scraped into 
scintillation vials and counted. The triacylglycerols from 
the other two zones were scraped into screw cap vials, 
and the lipids were saponified. 

After saponification, the fat ty acids were dissolved in 
70 ~1 of acetonitrile. They were separated by reverse-phase 
HPLC using a Beckman HPLC consisting of two 112 
pumps, a 420 controller and a model 1305 Bio-Rad vari- 
able wavelength detector set at 205 nm. Chromatography 
was carried out at room temperature using a 0.46 • 25 cm 
Zorbax ODS column (DuPont, Wilmington, DE). The sol- 
vent system was acetonitrile/water (80:20, v/v), in which 
the water was adjusted to pH 2.5 with phosphoric acid. 
The flow rate was 1 ml/min. Radioactivity was quan- 
t i tated with a flow-through detector (Radiomatic In- 
struments and Chemical Co., Tampa, FL). The flow rate 

of ScintiVerse (Fisher Scientific Co., Cincinnati, OH) was 
3 rnYmin. 

R E S U L T S  

Figure I (bottom) shows that when increasing concentra- 
tions of [1-"C]linoleate were incubated for 40 rain with 
hepatocytes, there was an almost linear increase in the 
acylation of radioactive metabolites into phospholipids 
and triglycerides as well as metabolism into water solu- 
ble products. The triglycerides (TG) and phospholipids 
{PL) then were saponified and the fatty acids were ana- 
lyzed by reverse-phase HPLC to define the composition 
of the radioactive (n-6) fatty acids. As shown in the upper 
panels of Figure 1, small amounts of linoleate were 
metabolized to other (n-6) acids and incorporated into 
both PL and TG. Although substrate saturation had not 
been achieved relative to overall acylation {Fig. 1, bot- 
tom), the results in the upper two panels show that max- 
imum metabolism of the linoleate to other (n-6) acids oc- 
curred when the substrate concentration was about 
0.3 mM. Hepatocytes were then incubated for various 
periods of time with 0.3 mM [1-"C]linoleate. The results 
in Figure 2 (bottom) show that  there is time-dependent 
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acylation of metabolites into both TG and PL as well as 
metabolism into water-soluble metabolites. The upper two 
panels of Figure 2 show that there is also time-dependent 
metabolism of linoleate to other (n-6) acids followed by 
their incorporation into both PL and TG. 

Figures 3 and 4 show the results when an identical 
series of experiments were carried out using [1-~'C] - 
6,9,12-18:3 as substrate. The results {Fig. 3, bottom) show 
that there is substratedependent acylation of radioactive 
metabolites into PL and TG as well as metabolism into 
water-soluble products. However, when the distribution 
of radioactive (n-6) acids was measured in PL and TG, 
there was an apparent substrate-induced inhibition in the 
metabolism of 6,9,12-18:3 to 20~carbon (n-6) acids (Fig- 
ure 3, top panels). When hepatocytes were incubated with 
0.3 mM [1-"C]6,9,12-18:3, there was time-dependent in- 
corporation of metabolites into lipids {Fig. 4, bottom) as 
well as metabolism to other (n-6) acids. It is apparent that 
the metabolism of [1-"C]6,9,12-18:3 to 20-carbon (n-6) 
acids followed by their acylation into phospholipids 
(Figure 4, top panel) increased in a nonlinear manner with 
time. These findings suggest that when the intracellular 
concentration of 6,9,12-18:3 is high, the substrate is an 
inhibitor of its own chain elongation to 8,11,14-20:3. Over 
time, there was rapid removal of substrate. The nmol of 
6,9,12-18:3 remaining at 20, 40 and 60 rain were, respec- 
tively 149 _+ 29, 29 ___ 22 and 25 + 27. These results sug- 
gest that the inhibition of 6,9,12-18:3 chain elongation is 

a reversible process and that it is regulated by the intra- 
cellular concentration of 6,9,12-18:3 or its CoA derivative. 
This interpretation is consistent with the finding {Fig. 4, 
top) that the apparent rate of metabolism to 8,11,14-20:3 
and to 5,8,11,14-20:4 increased in a nonlinear manner with 
time. 

Figures 5 and 6 show how [1-'4C]8,11,14-20:3 was me- 
tabolized under identical conditions used for [1-14C] - 
linoleate and [1-'4C]6,9,12-18:3. It  is apparent from these 
results as well as of those of Hagve and Christophersen 
(8) that 8,11,14-20:3 is a much better substrate for 
desaturation than is linoleate. 

The preceding studies compare how individual exo- 
genous (n-6) acids were metabolized by hepatocytes. Sul~ 
sequent studies thus were carried out to define if linoleate 
in part was metabolized directly to 5,8,11,14-20:4 in such 
a way that some of the radioactive 6,9,12-18:3 and 
8,11,14-20:3 produced from [1-~4C]linoleate was not avail- 
able for acylation into hepatocyte lipids. The results in 
Table I compare the metabolism of 0.3 mM [1-"C]linole- 
ate when the incubations also contained increasing 
amounts of nonradioactive 6,9,12-18:3 and 8,11,14-20:3. 
These results show that the addition of the two exogenous 
nonradioactive (n-6) acids did not markedly influence the 
incorporation of radioactive metabolites into either TG 
or PL. Under these conditions, the 6,9,12-18:3 and 8,11,14- 
20:3 were themselves readily incorporated into both TG 
and PL (subsequent results). These findings simply show 
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TABLE 1 

Metabolism of 0.3 mM [1-"C]IAnoleic Acid in the Presence of 6,9,12A)ctadecatrieuoic Acid or 8,11,14-Eicosatrienoic Acid 

mM Competition substrate  

6,9,12-18:3 a 8,11,14-20:3 a 

Fa t ty  acid 0 b 0.15 0.30 0.45 0.15 0.30 0.45 

TG 18:2 148 • 14 137 • 28 170 • 13 184 • 20 146 • 1 146 • 8 137 • 23 
TG 20:2 2.0 • 0.7 0 0 0 0.3 • 1 0 0 
TG 18:3 1.3 • 0.6 1.3 • 1.3 1.8 • 0.8 2.5 • 0.4 1.4 • 0.4 1.3 • 0.4 1.6 • 0.4 
TG 20:3 1.9 • 0.6 1.5 • 0.1 0.6 • 0.3 0.9 • 0.1 1.5 • 0.4 1.1 • 0.1 0.9 • 0.1 
TG 20:4 0.9 • 0.3 0.5 • 0.4 0.4 • 0.2 0 0.5 • 0.1 0.2 • 0.1 0.2 • 0.1 

PL18:2 72 +_ 13 81 • 8 82 • 1 77 • 1 93 • 19 85 • 7 75 • 2 
PL20:2  3 . 1 •  0.7 0.2 • 0.2 0 . 2 •  0.1 0 0 . 7 _  0 0.3 • 0 0 
PL 18:3 1.1 • 1.1 0.8 • 0.3 1.3 • 0.1 0.9 • 0.4 0.8 • 0.1 0.9 • 0.2 0.8 • 0.5 
PL 20:3 1.0 • 0.6 1.2 • 0.3 0.9 • 0.1 0.5 • 0 1.1 • 0.3 0.7 • 0.2 0.8 __. 0.1 
PL20:4  2 . 5 •  1.4 1.1 • 0.7 0 . 4 •  0 0.5 • 0 0 . 4 •  0.1 0 . 3 •  0.2 • 0.1 

Results are shown as nmol of (n-6) acids in triglyceride (TG) or phospholipids (PL) after a 40-rain incubation. 

aValuas are average • the range of two separate experiments. 

bValues are means • the s tandard deviations of six experiments. 
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that  these cells have an enormous capacity to incorporate 
exogenous acids into lipids. If  the small amount  of 
radioactive 6,9,12-18:3 made from [1-'4C]linoleate totally 
mixes with exogenous 6,9,12-18:3, the specific activity of 
the total intracellular pool of 6,9,12-18:3 should be very 
low. Under these conditions, it would be virtually impossi- 
ble to detect the synthesis of radioactive arachidonate. 
The results in Table 1 show that  exogenous 6,9,12-18:3 
Almost totally blocked the chain elongation of [1-~4C] - 
linoleate to radioactive 11,14-20:2. These results are con- 
sistent with studies showing that  a common malonyl-CoA 
condensing enzyme may act on unsa tura ted  primers 
(13,14). In addition, 6,9,12-18:3 is a better  substrate  for 
chain elongation than is 9,12-18:2 (15). Exogenous 
6,9,12-18:3 did not  markedly depress the synthesis of 
radioactive 6,9,12-18:3 from [1-'4C]linoleate. Conversely, 
exogenous 6,9,12-18:3 inhibited, but  did not totally block, 
the synthesis of radioactive 8,11,14-20:3 and arachi- 
donate. These findings suggest  tha t  some linoleate may 
be channeled directly to arachidonate without  total  in- 
tracellular mixing of 6,9,12-18:3 and 8,11,14-20:3. 

This conclusion is substant ia ted by the crossover in- 
hihition studies shown in Table 2. These results compare 
how [1-'4C]6,9,12-18:3 was metabolized when incubations 
were carried out in the presence of increasing amounts  
of linoleate. Al though there was considerable variation 
between different preparations of hepatocytes,  these 
results show tha t  concentrations of exogenous linoleate 

below 0.45 mM did not  markedly influence [1-1"C] - 
6,9,12-18:3 metabolism. I t  is equally important  to note 
tha t  there was unreacted [1-14C]6,9,12-18:3 in these in- 
cubations. When incubations contained 0, 0.15, 0.30 and 
0.45 mM 18:2(n-6), there were 32, 79, 103 and 104 nmol 
of unreacted [1-'4C]6,9,12-18:3. Because these are direct 
crossover studies of those described in Table 1, the results 
document tha t  when cells were incubated with [1-'4C] - 
linoleic acid and 6,9,12-18:3, some of the latter substrate  
still was available to compote with the [1-'4C]6,9,12-18:3 
tha t  was produced by desaturat ion of [1-'4C]9,12-18:2. 

The results in Table 3 show tha t  linoleate did not  
depress the conversion of radioactive [1-1"C]8,11,14-20:3 
to arachidonate. The crossover inhibitor studies in Table 1 
show tha t  small amounts  of linoleate were metabolized 
to arachidonate in the presence of 8,11,14-20:3. Presum- 
ably, small amounts  of linoleate also are metabolized to 
arachidonate in the studies described in Table 3. However, 
the low levels of 8,11,14-20:3 made from linoleate would 
not significantly alter the intracelhlar pool of 8,11,14-20:3 
because there still were 238 nmol of unreacted [1-~4C]- 
8,11,14-20:3 remaining when the incubations contained 
0.45 mM linoleate. 

DISCUSSION 

The studies of Christophersen et al. (5), as well as those 
reported here, show that  when hepatocytes are incubated 

TABLE 2 

Metabolism of 0.3 mM [1-14C]6,9,12-Octadecetrienic Acid in the Presence of Linoleic Acid 

mM Linoleic acid 

Fatty acid 0 0.15 0.30 0.45 

TG 18:3 99 ___ 27 109 +. 43 107 +, 8 158 +. 30 
TG 20:3 4 +. 2.4 1.9 +. 2.4 3.0 --- 3.1 1.9 +. 0.5 
TG 20:4 1.4 ___ 1.0 1.1 +. 1.1 1.2 +, 1.2 1.1 -4-_ 0.5 

PL18:3 62 +. 15 67 +. 1 64 +. 7 53 +, 5 
PL 20:3 3.0 +. 2.7 2.7 +. 3 2.9 :t: 3.2 1.7 +, 0.1 
PL 20:4 5.1 +. 1.9 4.2 ___ 4.2 4.2 +. 3.8 2.1 +. 1.3 

Results are shown as nmol of (n-6) acids in triglycerides (TO) or phospholipid (PL) after 
a 40-rain incubation. Values are means +. the standard deviation of at least four ex- 
periments. The values for incubations containing 0.15 mM linoleic acid are the mean +, 
the range of two experiments. 

TABLE 3 

Metabolism of 0.3 mM[1-1~C]8,11,14-Eicosatrienoic Acid in the Presence of Linoleic Acid 

mM Linoleic acid 

Fatty acid 0 0.15 0.30 0.45 

TG 20:3 124 +. 25 122 +_ 46 127 +. 56 136 +, 55 
TG20:4 10.4 +, 3 12 ___ 4 12 --- 4 14 +, 4 

PL20:3 81 ___ 24 65 + 12 68 + 10 57 +. 6 
PL 20:4 18.7 -!-_ 5.5 14.7 + 1.5 18.3 __. 2.3 17.2 +. 1.6 

Results are shown as m o l  of (n-6) acids in triglycerides (TG) or phospholipids (PL) after 
a 40-rain incubation. Values are means + the range of two separate experiments. 

LIPIDS, Vol. 23, No. 7 0988) 



LINOLEIC ACID METABOLISM IN HEPATOCYTES 

665 

with [1-"C]linoleate, their lipids contain radioactive 
6,9,12-18:3, 8,11,14-20:3, and arachidonate. Conversely, 
compositional analysis of liver phospholipids usually fail 
to detect any 6,9,12-18:3 and only low levels of 8,11,14- 
20:3. Because desaturation of linoleate to 6,9,12-18:3 is 
rate-limiting in the production of arachidonate, the in- 
tracellular concentration of 6,9,12-18:3 must be very low. 
The intracellular fate of 6,9,12-18:3 then must be defined 
by Kin-values for the enzymes that incorporate it into 
phospholipids vs that for the malonyl-CoA condensing 
enzyme, which in turn is the rate-limiting step for 
microsomal chain elongation of fatty acids (13). Accord- 
ing to this hypothesis, the K m for the malonyl-CoA- 
dependent condensing enzyme should be lower than for 
the enzymes that acylate 6,9,12-18:3 into lipids. However, 
this hypothesis is not consistent with hepatocyte studies 
that show 6,9,12-18:3 is, in part, incorporated into llpids 
when these cells are incubated with linoleate. We reported 
that when hepatocytes were incubated with [1-'4C] - 
6,9,12-18:3 or [1-'4C]6,9,12,15-18:4, both of these sub- 
strates were initially rapidly incorporated into lipids {12}. 
Over time, the amounts of 6,9,12-18:3 and 6,9,12,15-18:4 
in lipids declined, but this decline was accompanied by 
an increase in long~hain radioactive (n-6) and (n-3) acids. 
These findings are at least partially consistent with rate 
studies. Lands et al. (6) reported that the rate of acyla- 
tion of 6,9,12-18:3COA by 1-acyl-GPC-transferase was 28 
nmol/min/mg/rat liver microsomal protein. Bernert and 
Sprecher (4) reported that 4.4 nmol of 6,9,12-18:3 were 
chain-elongated to 8,11,14-20:3 per min/mg of rat liver 
microsomal protein. Collectively, these rate studies show 
that substantial amounts of 6,9,12-18:3 should be incor- 
porated into phospholipids. However, the observed rapid 
release of 6,9,12-18:3 from hepatocyte lipids suggests that 
it enters a very small labile phospholipid pool and that 
it is rapidly released for subsequent metabolism to 
arachidonate {12}. 
The above results may, in part, explain why 6,9,12-18:3 

is not detected when the fatty acid composition of liver 
llpids is measured. However, these findings alone prob- 
ably cannot totally explain the type of labeling pattern 
that was observed when hepatocytes were incubated with 
[1-'C]linoleate. Even at relatively short incubation times, 
it was possible to detect radioactive arachidonate in both 
triglycerides and phospholipids. This observation 

sugges t s  t ha t  some linoleate m a y  be channeled directly 
to arachidonate  wi thout  to ta l  intracellular mixing of 
6,9,12-18:3 or 8,11,14-20:3. This  conclusion is suppor ted  
by  the finding tha t  exogenous 6,9,12-18:3 inhibited bu t  
did not  total ly  block the conversion of radioact ive 
linoleate to arachidonate.  Collectively, these studies as 
well as other  hepa tocyte  studies (5,7,8,12) clearly show 
tha t  measur ing  individual reaction ra tes  for either phos- 
pholipid or f a t t y  acid biosynthesis  cannot  in themselves  
be used to explain the  types  of po lyunsa tura ted  f a t t y  
acids found in liver lipids. 
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Effects of Dietary Corn Oil and Salmon Oil on Lipids 
and Prostaglandin E2 in Rat Gastric Mucosa 
Ren6e Gratarolia, Jeannle L~Donardia, Monlque Charbonnle~, Raymond Lafontb, Huguette Lafonta 
and  Gllles Nalbonea,* 
alNSERM Unit6130, 18 avenue Mozart, 13OO9 Marseille, Prance, and bLaboratoire de C_~ologie du Quatemalre, CNRS, 13275 Marseille 
Cedex, Prance 

Three groups of male rats were fed either a corn oil- 
enriched diet (17%, w/w), a salmon oil-enrlched diet 
{12.5%) supplemented with corn oil {4.5%) or a low-fat diet 
{4.4%) for eight wk to investigate the possible relation- 
ships between dietary fa t ty  acids and lipid composition, 
and prostaglandin Ez level and phospholipase Az activ- 
ity in the rat gastric mucosa. 

High-fat diets induced no important variation in total 
protein, phosphalipid and cholesterol contents of gastric 
r a n c o r .  

Compared with a low-fat diet, corn oil produced a higher 
n ~ / n ~  ratio in mucosal Hpids, whereas this ratio was 
markedly lowered by a fish oil diet. 

In comparison with the low-fat diet, the production of 
prostaglandin Ez(PGE2) in gastric mucosa of rats fed 
sA!mon oil was significantly decreased by a factor of 2.8. 
In the corn oil group, PGE2 production tended to de- 
crease, but  not significantly. 

In comparison with the low-fat diet, both specific and 
total gastric mucosal phosphoHpase Az activities were in- 
creased (+ 18 and 23%, respectively) in the salmon oil 
group; they were unchanged in the corn oil group. 

It  is suggested that the decrease of gastric PGEz in rats 
fed fish oil is not provoked by a decrease in phosphoHpase 
Az activity but  may be the result of the substitution of 
arachidonic acid by n-3 PUFA or activation of PGEz 
catabolism. 
Lipids 23, 666-670 {1988). 

It now is well accepted that prostaglandins can I~rotect 
the gastric mucosa from becoming injured by various ir- 
ritants and that this effect is mediated by two distinct 
mechanisms: inhibition of gastric acid secretion {1,2} and 
cytoprotection (3,4}. It recently has become evident that 
exogenous and endogenous prostaglandins, mostly of the 
E-series (PGE2), exert cytoprotective properties (3) and 
are effective in the treatment of peptic ulcer disease (5L 

Synthesis of prostaglandins is initiated by the release 
of arachidonic acid through the action of phospholipase 
A2 on the 2-position of membrane phospholipids. Such an 
activity has been described in rat gastric mucosa (6-8), 
and we recently have shown that this enzyme is mostly 
associated with microsomal and plasma membranes (8). 

Prostaglandin synthesis can be affected by ingestion 
of fish oils. Fish oils are rich in n-3 polyunsaturated fatty 
acid (PUFA), which were demonstrated to be efficient in 
lowering plasma cholesterol and preventing atberosclero- 
sis (9-14). Another beneficial effect of fish oils is to lower 

*To whom correspondence should be addressed. 
Abbreviations: FAME, fatty acid methyl esters; PA2, phospholipase 
A2; PGEz, prostaglandin Ez; PGIz, Prostacycline Iz; PGI3, Pro- 
stacycline I3; PUFA, polyunsaturated fatty acids; ANOVA, analysis 
of variance; GLC, gas liquid chromatography; P/S ratio, polyun- 
saturated to saturated fatty acid ratio; RIA, radiolmmunoassay. 

platelet aggregability through modifications of prosta- 
glandin 12 and thromboxane Az production (9,15). How- 
ever, modification of the prostaglandin level in various 
tissues may lead to nonbeneficial effects. For example, 
Lokesh et al. (16) have recently reported that menhaden 
oil fed to mice altered the spleen prostaglandin produc- 
tion, which in turn may affect the immune function of this 
organ. In the same way, ingestion of cod liver oil by rats 
resulted in a reduction in kidney PGEz generation, which 
may influence blood pressure regulation (17). 

In regard to the importance of prostagiandins in gastric 
cytoprotection and to the marked effect of the dietary n-3 
PUFA on prostaglandin level in various tissues, we in- 
vestigated the effect of n-3 PUFA (salmon oil) in com- 
parison with n-6 PUFA {corn oil) on gastric prostaglan- 
din production in rat. Possible relationships between 
dietary fatty acids and lipid composition of gastric 
mucosa, gastric phospholipase A2 activity and prosta- 
glandin production were studied. 

MATERIAL AND METHODS 
Animals and feeding procedures. Three groups of male 
Wistar rats (IFFA-Credo, L'Arbresle, France) weighing 
190-210 g were used. Each group was divided into cages 
of two rats. One group (10 rats) was fed a low-fat diet con- 
taining (4.4%, w/w) of fat consisting of a lard and corn 
oll mixture giving a P/S ratio of 1.2. A second group (10 
rats) received a corn off-enriched diet (17%, w/w) with a 
P/S ratio of 5. The third group was fed a salmon off- 
enriched diet {12.5%, w/w) supplemented with 4.5% of 
corn oil, with a P/S ratio of 2.0. The composition of the 
diets and their fat ty acid compositions are given in 
Tables I and 2, respectively. 

Corn oil, as supplied, contained 45 rag/100 g of a- 
tocopherol and salmon off was supplemented with 
100 mg/100 g of ~tecopherol as antioxidant. So, the total 
amounts supplied by the control diet, corn oil diet and 
salmon oil diet were 171 rag, 246 mg and 315 mg/kg of 
diet, respectively. The low-fat and corn oil diets were 
prepared to last one month and stored at - 20 C in plastic 
bags, and the salmon oil diet was prepared every two wk 
and stored at - 2 0  C in sealed containers flushed with 
nitrogen. 

The rats were fed ad libitum, and uneaten food was 
discarded in the morning. They had free access to water, 
and the feeding period was for eight wk. 

Procedures for stomacl~ The animals were fasted over- 
night, weighed and guillotined. Their stomachs were 
removed, opened and extensively washed at 4 C with the 
homogenization buffer (5 mM Tris HC1, pH 7.4, 0.25 M 
sucrose}. The upper portion of the stomach, the fore  
stomach, was discarded, and the glandular part  {antrum 
plus hindus) was gently scraped on an ice,old glass plate, 
the mucosa was weighed and suspended in the same 
homogenization buffer (10%, w/v) and homogenized by 
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TABLE 1 

C o m p o s i t i o n  o f  E x p e r i m e n t a l  D i e t s  

Low fat Corn oil Salmon oil 
gllO0 g g/100 g g]lO0 g 

Casein a 27.3 27.3 27.3 
Lard a 2.2 -- -- 
Salmon oil b -- -- 12.5 
Corn oil c 2.2 17.0 4.5 
Starch a 34.0 26.9 26.9 
Glucose a 23.5 18.0 18.0 
Minerals a 5.0 5.0 5.0 
Vit.Aminsa 1.0 1.0 1.0 
Cellulose a 4.8 4.8 4.8 
BHTd 0.05 0.05 0.05 

aFrom Unith Alimentation Rationnelle (UAR) (Villemoiseon, France). 
bFrom SEAH International (Boulogne/Met France). 
CFrom CPC Europe Consumer Products (Heilbrnnn, FRG). 
dButylated Hydroxytoluene, Sigma, Coger (Paris, France). 
VitAmin.% given in g/kg diet: retinol, 19.8 IU; cholecalciferol, 6 IU; 
thiamin, 0.02; riboflavin, 0.015; nicotinamide, 0.035; pyridoxine, 0.01; 
carnitine, 0.15; cyanocobalRmin, 5 X 10-~; ascorbic acid, 0.8; u- 
tocopherol, 0.17; menadione, 0.04; nicotinic acid, 0.10; choline, 1.36; 
pternylmonoglutamic acid. 5 X 10-'; p-aminobonzoic acid, 0.05; 
biotin, 3 • 10 -4. Minerals given in g/kg diet: CaI-IPO, 21.5; KCL 5; 
NaCI, 5; MgSO,, 2.50; Fe203, 0.15; FeSO4" 7H20, 0.25; MnSO4. H30, 
0.12; CuSO+.5H20, 0.025; COSO+. 7H~O, 2 X 10-4; ZnSO4.7HzO, 0.1; 
stabilized KI, 4 X 10-'; NaF, 0.012. UAR, Villemoisson/Orge, France. 
On the basis of UAR information, the selenium content of the diets 
was estimated at 50-60 ~g/kg. 

TABLE 2 

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  Diets (%) 

Fatty acid Low f a t  Corn off Salmon oil 

14:0 - - 4.6 
15:0 - - 0.3 
16:0 20.2 11.6 12.6 
16:1n-7 0.3 - 5.4 
17:0 - -  - -  0.6 
18:0 8.0 0.2 1.8 
18:1n-9 35.1 26.8 14.8 
18:1n-7 -- -- 2.6 
18:2n-6 33.6 60.0 16.9 
18:3n-3 0.7 0.8 0.6 
18:4n-3 -- -- 2.0 
20:0 0.3 0.4 0.3 
20:1n-9 0.5 -- 2.6 
20:ln-ll - -  - -  7.8 
2 0 : 4 n - 6  0.3 0.1 0.4 
20:4n-3 -- -- 0.6 
20:5n-3 - -  - -  9.8 
2 2 : 1 n - l l  - -  - -  6 . 6  

22:1n-9 - -  - -  0.6 
22:5n-3 - -  -- 1.2 
22:6n-3 - -  - -  7.2 
24:1n-9 - -  - -  0.4 

Saturated 28.6 12.2 20.0 
Polyunsaturated 34.5 61.3 39.8 

P/S 1.2 5.0 2.0 

n-6/n-3 46.0 75.0 0.8 

using a polytron tissue processor (Kinematica PT-10, 
Luzern, Switzerland) for 10 sec at the rheostat setting of 
6.0. 

Fractions for the prostaglandin E2 assay were diluted 
with a same volume {v/v) of a Tris HCI 0.1 M, pH 7.4, 
buffer to obtain a final concentration of 50 mM Tris HCI, 
pH 7.4, 0.125 M sucrose. Then they were stored at -60 C 
until use, and undiluted fractions were stored at -20 C 
pending biochemical analysis. 
Protein assay. Proteins were measured by the dye 

binding method of Bradford {18) using rabbit y-globulin 
as standard (protein assay kit, Bio-Rad, Richmond, CA). 

Phospholipase A2 assay. Gastric phospholipase A2 was 
assayed as recently described {8). Incubat ion mixtures 
contained 0.2 mM 1-pMmitoyl-2[1-14C]oleoylphosphatidyl - 
choline {Amersham, France) with a specific radioactivity 
of 59.2 KBq/~mol and 50 mM sodium cacodylate at  pH 
7.0 in a final volume of 0.2 rnl. Radioactivity was counted 
by liquid scintillation spectrometry  (Beckman LS 9000, 
Palo Alto, CA) in 10 ml of Readysolve MP (Beckman) 
scintillation fluid. The results were corrected for a con- 
trol incubated without  protein. All the assays were done 
in duplicate. 

Prostaglandin Ez assay. Prostaglandin E2 was ex- 
t racted with ethylacetate  from gastric mucosa homoge- 
nates (5 mg protein) according to the method of Lokesh 
et al. (16). Prostaglandin E~ was quantified by radioim- 
munoassay (RIA), using a ['~SI]prostaglandin E2 RIA  kit 
(NEK-020) purchased from NEN (Paris, France). 

Appropriate  blanks for nonspecific binding and tubes 
for total  binding determinations were included. All the 
assays were done in duplicate {two extractions). All the 
measurements  were in the linear portion of the s tandard 
curve. 

Lipid analysis. Lipids were extracted from the gastric 
mucosa homogenate by the method of Folch et al. (19). 

A fraction of this extract  was used for lipidic phos- 
phorus determination (20). Another  par t  of this extract  
was used to determine total  lipid fa t ty  acid composition. 
F a t t y  acid methyl  esters (FAME) of total  lipids were 
prepared according to a rapid and convenient method 
used for vegetable oils (21), F A M E  recovered in hexane 
were stored under nitrogen at - 2 0  C pending gas liquid 
chromatography  (GLC) analysis. Separation of F A M E  
was performed as described (22), using a gas liquid 
chromatograph (Girde13000, Paris, France) equipped with 
a peak integrator  (Delsi, Enica 10, Suresne, France) and 
a 50 m capillary column (Spirawax FS, 1493, Spiral, 
Dijon, France). 

The cholesterol content  of gastric mucosa was deter- 
mined with the cholesterol esterasecholesterol  oxidase 
kit (Boehringer Mannheim, Mannheim, FRG) using a t w o  
point kinetic method. Measurements  were made with an 
automatic  Mult is ta t  I I I  ( Inst rumentat ion Laboratory,  
Lexington, MA) at 30 C. 

Statistical analysis. Results presented in the tables are 
mean + SD. Statist ical  significance of mean differences 
between dietary groups was investigated by  analysis of 
variance {ANOVA) and by the multiple comparison of 
Scheff~ at  p < 0.05 or p < 0.01. 

R E S U L T S  

Over the eight-wk feeding period, there was no significant 
difference (p > 0.05) in body weight gains. They were (in 
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g): 180.5 ___ 19.3, 203.1 +_ 35.0 and 218.0 +_ 25.0 for ra ts  
fed low-fat, corn oil and salmon oil diets, respectively. 
Also, gastric mucosa weights were not  significantly dif- 
ferent  among the three groups of rats: they weighed (in 
g) 0.37 +_ 0.03, 0.33 _ 0.06 and 0.37 +_ 0.06 in ra ts  fed 
low fat, corn off and salmon off, respectively. No visible 
gastr ic ulceration was observed among the three groups 
of rats.  

The content  of proteins, total  phospholipids and total  
cholesterol of gastric mucosa is shown in Table 3. In com- 
parison with a low-fat diet, only corn oil induced a moder- 
ate increase of 15% in proteins and a slight decrease of 
14% in total  phospholipids. Total  cholesterol was un- 
changed among the three dietary groups. 

To est imate  the respective contribution of f a t t y  acid 
originated from phospholipids and triglycerides, we 
gravimetrical ly determined the total  amount  of gastr ic 
mucosa lipids obtained from the Folch extraction. The 
quantification of lipidic phosphorus and cholesterol in this 
ext rac t  allowed us to est imate the amount  of neutral  
lipids. I t  showed tha t  the phospholipids represented 
about  75% {w/w) of the lipids esterified by  f a t ty  acids. 

The fa t ty  acid composition of total  lipids is shown on 
Table 4. I t  can be observed tha t  in comparison with the 
low fat diet, both corn oil and salmo �9 3il induced profound 
modifications in the fa t ty  acid composition of gastr ic 
lipids. Corn oil diet provoked a significant decrease in 
bo th  sa tura ted  ( - 40%)  and monounsa tura ted  (--20%) 
fa t ty  acids, whereas P U F A  increased two-fold. Thiw rise 
was due most ly  to a three-fold increase in linoleic acid. 
However, arachidonic acid was significantly decreased by 
a factor of 1.4. All of these modifications led to a 1.7-fold 
increase in the n-6/n-3 ratio. Salmon oil-enriched diet pro- 
voked a less-pronounced decrease in saturated and mono- 
unsaturated fatty acids than corn oil did. In comparison 
with a low-fat diet, PUFA were 45% higher. In the PUFA, 
the most pronounced effect of salmon oil was a 2.4-fold 
decrease in arachidonic acid, whereas n-3 PUFA were 
drastically increased, particularly the 20:5n-3 and 22:6n-3. 
Consequently, in comparison with the two other dietary 
groups, a drastic reduction in the n-6/n-3 ratio and in the 
20:4n-6/20:5n-3 ratio was obtained in this dietary group, 
whereas the unsaturation index was augmented by about 
38%. 

The activity of gastric phospholipase A2 and the PGE~ 
product ion under  the various dietary conditions were in- 
vestigated.  Results presented in Table 5 show tha t  in 
comparison with the low-fat diet, only the salmon off- 
enriched diet induced a slightly significant increase 
(%18%) in the specific act ivi ty of phospholipase A2. In 
the same way, the total  phospholipase A2 act ivi ty (~nnol] 
hr/g mucosa) also was slightly increased (+23%) in the 
salmon oil group. In this last  group, compared with the 
low-fat group, PGE~ production was considerably lowered 
by  a factor of 2.8. Although the PGE2 level tended to 
decrease in the corn oil group, the difference was not  
significant (p > 0.05) compared with the low-fat diet 
group. However, this PGE2 level still was significantly 
(p < 0.01) higher (2.1 times) than tha t  of the salmon oil 
group. 

DISCUSSION 

Throughout  the feeding period, all the diets were well- 
accepted by the rats  as judged by their growth rates. The 
diets induced no visible ulceration of the gastric mucosa. 
Protein and lipid composition of mucosa showed no im- 
por tan t  variat ion under the different dietary conditions. 

Significant modifications were seen in the fa t ty  acid 
composition of total  lipids. Generally speaking, the modi- 
fications observed seem to reflect the fa t ty  acid composi- 
t ion of the diet. For  the corn oil diet, the decrease in 
sa turated fa t ty  acids was associated with a high increase 
in linoleic acid. This may  be the result  of a high affinity 
of acyl-CoA:lysophosphatidylcholine-acyltransferase for 
the linoleoyl-CoA during reconst i tut ion of membrane 
phospholipids initially hydrolyzed by the active gastric 
phospholipase A2 {8). Curiously, this increase in linoleic 
acid was not  correlated with a higher conversion into 
arachidonic acid, the final level of which even decreased. 
This phenomenon also has been observed in various 
tissues like kidney {17), heart  {22) and platelets (23,24) of 
animals fed linoleic-rich vegetable oils. This could indicate 
that ,  at  some point, a balance is reached between the in- 
creased availability of linoleic acid and its conversion into 
arachidonic acid. The results obtained with salmon oil- 
enriched diet show tha t  n-3 P U F A  of the diet are easily 
incorporated in gastric mucosa lipids, drastically reducing 

TABLE 3 

Effects of Dietary Corn Oil and Salmon Oil on Protein, Lipidic Phosphorus 
and Total Cholesterol Content of Rat Gastric Mucosa 

Low fat Corn oil Salmon oil 

Protein 
mg protein/g mucosa 195.7 • 22.1 a,* 225.9 • 15.2b, * 204.4 • 21.2a, b 

Lipidic phosphorus 
~anol]g mucosa 8.0 • 1.8 a,b 6.9 • 0.9a, ** 9.2 + 1.2b, ** 

Total cholesterol 
/~mol/g mucosa 4.8 • 1.2 4.9 • 1.0 4.1 • 1.1 

Values without a common superscript are statistically different at *p < 0.05; **p < 0.01. 
If no superscript appears, values are not different (p > 0.051. Values are mean • SD, and 
n -- 10 for low-fat and corn oil diets, n -- 12 for salmon oil diet. 
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T A B L E  4 

Effects  of Dietary Corn Oil and  Salmon Oil on Total  Lipid Fat ty  Acid 
Composition of Rat Gastric Mucosa 

669 

Fa t ty  acid % Low fat  Corn oil Salmon oil 

14:0 1.43 
16:0 26.42 
16:1n-9 
16:1n-7 4.67 
18:0 10.06 
18:1n-9 29.34 
18:1n-7 4.27 
18:2n-6 10.33 
18:3n-3 0.10 
20:0 1.06 
20:4n-6' 9.53 
20:5n-3 0.16 
22:1n-l l  
22:4n-6 1.69 
22:5n-3 
22:6n-3 1.02 

Sa tura ted  38.97 
Monounsa tu ra ted  38.28 
Polyunsa tura ted  22.83 

n-6 21.55 
n-3 1.28 

n-6/n-3 ratio 

20:4n-6 
ratio 

20:5n-3 

•  ** 0.93 • 0.07b, ** 3.15 • 0.31c, ** 
• 0.65a, ** 1 5 . 2 5 •  0.56b, ** 20.50 • 1.67c, ** 

t r  0.85 • 0.07 1.00 • 0.22 
•  ** 1 . 1 0 •  0.39b, ** 3 . 8 5 •  0.35a, ** 
• 1.26a, ** 6.21 • 0.85b, ** 9 . 5 0 •  1.27a, ** 
• 2.89a, ** 2 5 . 4 0 •  0.66b, ** 21.20 • 1.47c, ** 
• 0 .48~* 2.10 • 0.15b, * 3.90 • 0.30a, * 
• 1.51a, ** 3 5 . 6 0 •  0.97b, ** 13.90 • 1.01c, ** 
• 0.01 0.52 • 0.01 0.50 • 0.09 
• 0.70 0.93 • 0.11 1.60 • 0.37 
• 2.30a, * 6.90 • 1.23b, * 4.00 • 0.62c, * 
• 0.09a, ** tr  5.00 • 0.44b, ** 

tr  1 . 1 0 •  ** 2.50 • 0.35b, ** 
• 1.33 1.90 • 0.27 1.50 • 0.50 

tr  t r  1.70 • 0.11 
• 0.63a, ** 1.00 • 0.19a, ** 6.40 • 0.21b, ** 

• 1.49 23.92 • 1.49 34.75 • 2.35 
• 3.60 30.55 • 0.82 32.25 • 2.22 
• 0.97 45.92 • 1.25 33.00 • 1.48 

• 0.99 44.40 • 1.12 19.40 • 0.99 
• 0.57 1.52 • 0.18 13.60 • 0.73 

16.83 29.21 1.42 

59.56 ~ 0.80 

UI  111.70 114.51 155.45 

Values without  a common superscr ipt  are s tat is t ical ly different a t  *p < 0.05; **p < 0.01. 
If no superscr ipt  appears, values are not  different (p > 0.05). Values are mean • SD and 
n = 5 for low-fat and corn oil diet, n = 6 for sa lmon oil diet, and each n represents  the  
pool of two gastr ic  mucosa.  

1For this fat ty acid, salmon oil value and low-fat value are statistically different at p < 0.01. 

tr, Traces < 0.1%. 

UI, unsa tu ra t ion  index: addition of <percent of each fa t ty  acid • double bond/fa t ty  acid}. 

T A B L E  5 

Effects  of Dietary Corn Oil and Salmon Oil on Phospholipase A2 Act iv i ty  
and PGE2 Production of Rat Gastric Mucosa 

Low fat  Corn oil Salmon oil 

Phospholipase A2 
Specific act ivi ty 
nmol/hr /mg 
protein 6 2 8 . 4 •  44.0a, ** 5 6 8 . 5 •  57.4a, ** 741.7 ___ 35.0b, ** 

Phospholipase A2 
Total act ivi ty 
~anol/hr/g mucosa  123.3 +_ 18.8a, ** 126.5 +_ 17.6a, * 151.7 + 19.4b, ** 

PGE2 
ng/g mucosa  327.3 • 75.4a, ** 250.8 _ 82.4a, ** 116.5 + 40.9b, ** 

Values without  a common superscr ipt  are s tat is t ical ly different at  *p < 0.05; **p < 0.01. 
If no superscr ipt  appears,  values are not  different (p > 0.05}. Values are mean  + SD. For 
phospholipase A2, n = 10 for low-fat and corn oil diets; n = 12 for sa lmon oil diet. For 
PGE2 values: n = 9 for low-fat diet; n = 8 for corn oil diet; n = 12 for sa lmon oil diet. 
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both  the n-6/n-3 and the 20:4n-6/20:5n-3 ratios. The 
marked reduction of arachidonic acid could not  be at- 
t r ibuted to the lack of the 18:2n-6 substrate  in the precur- 
sor pool because an adequate  amount  of this f a t t y  acid 
was added to the diet by  supplementing with corn oil. 
Such a competi t ive incorporation of dietary n-3 P U F A  
also has been observed in various t issue phospholipids 
in ra t  (15-17,25,26). This enhanced incorporation of n-3 
P U F A  may  be the resul t  of several factors, including a 
be t te r  esterification of n-3 P U F A  into membrane phos- 
pholipids by  acyltransferase,  or a competi t ion between 
n-3 PUFA and 18:2n-6 at  desaturation step (27) or a direct 
inhibition of the A6-desaturase by  the 22:6n-3 (28). 

Arachidonic acid is the precursor of the prostaglandins 
of the 2-series, whereas eicosapentaenoic acid is the 
precursor of the 3-series. The salmon oil-enriched diet 
sharply decreased the ratio 20:4n-6/20:5n-3 in gastr ic 
phospholipids, which may  have impor tan t  consequences 
on the gastr ic prostaglandin level. Among the gastr ic 
mucosal prostaglandins,  PGE2 was demonst ra ted  to be 
more efficient in protect ing (3,29) and in t rea t ing peptic 
ulcer diseases (5), therefore we focused our s tudy on this 
prostaglandin.  Clearly, fish oil induced a significant and 
sharp decrease in gastric PGE2 production. Reduction of 
PGE2 level also was observed in spleen (16) and kidney 
(17) of animals fed fish otis. The PGE2 decrease is certainly 
not  the result  of a reduction in the release of the precur- 
sor 20:4n-6 from membrane phospholipids by  the gastric 
phospholipase A2, because its specific act ivi ty was 
slightly increased in this dietary group. This PGE2 
decrease can result  f rom the drop in the arachidonic acid 
pool. Although not significant, this phenomenon also was 
observed in the corn oil group in which the drop in 
arachidonic acid might  explain tha t  PGE2 tended to 
decrease. Reduction in PGE2 levels also has been noted 
in other  studies in which animals were fed linoleic acid- 
enriched oils (17,23,30) or in which endothelial cells were 
cultured with linoleic acid (31,32). 

In addition to the diminution of the arachidonic pool, 
the presence in fish oil diet of n-3 P U F A  may exert  a 
direct inhibitory action on the cyclooxygenase (33,34). 
Combination of these effects may explain the drastic drop 
in gastr ic PGE2 level product ion in ra ts  fed salmon oil. 
Last ly,  a PUFA-induced enhanced prostaglandin perox- 
isomal degradat ion also may  lead to a lower PGE2 level 
as judged by  results  in progress tha t  show an increase 
in the act ivi ty  of some peroxisomal enzymes in gastr ic  
mucosa of animals fed fish oil. 

In conclusion, this s tudy  brings an additional and 
original demonstra t ion of the inhibitory effect of high 
doses of n-3 PUFA on prostaglandin generation in organs. 
In the case of gastric mucosa, this diminution could im- 
pair the cytoprotect ive properties of PGE~. This, in turn, 
may  hamper  the resistance of the s tomach to various in- 
juries like stress, lysolecithins or bile salts af ter  a 
duodenal reflux. 
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Perfluorodecanoic Acid and Lipid Metabolism in the Rat 
Marc J. Van  Rafelghem, John P. Vanden Heuvel, Lawrence A. Menahan, and Richard E. Peterson* 
School of Pharmacy, University of Wisconsin, 425 N. Charter St., Madison, Wi 53706 

Alterations in lipid metabolism were examined in adult 
male Sprague-Dawley rats seven days after a single in- 
traperitoneal injection of perfluorodecanoic acid (PFDA; 
20, 40 or 80 mg/kg}. Because PFDA treatment caused a 
dose-related reduction in feed intake, the response of 
vehicle-treated rats pai~fed to those receiving PFDA was 
monitored to distinguish direct effects of the perfluori- 
hated fatty acid from those secondary to hypophagia. 
Carcass content of lipid phosphorus and free cholesterol 
decreased in dose-dependent fashion in both PFDA- 
treated and pair-fed rats. Carcass triacylglycerols dimin- 
ished in a similar manner, yet PFDA-treated rats at each 
dose had a higher concentration of neutral acylglycerols 
than their vehicle-treated, pair-fed counterparts. In 
vehicle-treated, pair-fed rats at the 80 mg/kg dose level, 
lipid phosphorus and free cholesterol as a proportion of 
carcass fat increased, whereas the share of the triacyl- 
glycerols declined. Because of the higher concentration 
of triacylglycerols in the carcass of rats treated with 
80 mg/kg PFDA, enrichment of lipid phosphorus and free 
cholesterol in carcass fat was less than in their pair-fed 
partners. The amount of lipid phosphorus and free 
cholesterol per hepatocyte was similar in both PFDA- 
treated rats and their pair-fed partners. Liver triacyl- 
glycerols were markedly increased in PFDA-treated rats. 
A similar but less extensive augmentary effect of PFDA 
on hepatic esterified cholesterol was found. Concentra- 
tion of triacylglycerols in plasma was not elevated in 
PFDA-treated rats, in spite of hepatic accumulation of 
esterified compounds. Also, the plasma level of free fatty 
acids and 3-hydroxybutyrate was similar in all treatment 
groups, including those receiving PFDA. Thus, the ad- 
ministration of PFDA appears to divert fatty acids from 
oxidation toward esterification in the liver. 
Lipids 23, 671-678 (1988). 

Derivatives of perfluorosulfonic and perfluorocarboxylic 
acids have been used in a number of industrial applica- 
tions as lubricants, plasticizers, wetting agents and cor- 
rosion inhibitors (1). Aqueous film-forming foams, used 
as fire extinguishants, contain mixtures of hydrocarbon 
and fluorocarbon surfactants (derivatized fatty acids) due 
to their superior surface-active properties (2). 

Perfluorodecanoic acid (PFDA), representative of these 
perfiuorinated fatty acids, resulted in a progressive reduc- 
tion in feed intake, body weight loss, along with an in- 
crease in liver mass and changes in hepatic lipid composi- 
tion in the rat (3,4). These effects followed treatment with 
a single intraperitoneal dose of PFDA. Recently, PFDA- 
treated rats were found to either gain less or lose more 
weight (depending on the dose administered) than vehicle 
treated rats with the same caloric intake (5). Despite their 
lower body weight, PFDA-treated rats had a greater car- 
cass fat content than their pair-fed counterparts (5). 

*To whom correspondence should be addressed. 
Abbreviations: P FD A, per-Iluorodecanoic acid; ANOVA, analysis of 
variance; SAS, statistical analysis system. 

Lipid metabolism in the PFDA-treated adult male 
Sprague-Dawley rat has been examined in this study. By 
quantifying and comparing values for carcass, liver and 
plasma lipids in PFDA-treated and pair-fed animals, 
direct effects of PFDA on lipid metabolism were dis- 
tinguished from those secondary to hypophagia. 

MATERIALS AND METHODS 

Chemicals. PFDA (also nonadecafluorodecanoic acid) was 
purchased from Aldrich Chemical Co. (Milwaukee, WI) 
and determined to have a purity of 87.4% by gas chro- 
matography {6). All enzymes and cofactors were obtained 
from Boehringer Mannheim Corp. (Indianapolis, IN), with 
the exception of cholesterol oxidase and o-dianisidine, 
which were purchased from Sigma Chemical Co. {St. 
Louis, MO). Coomassie blue G-250 was obtained from 
Pierce Chemical Co. (Rockford, IL). 

Animals. Male Sprague-Dawley rats (275-300 g), ob- 
tained from Harlan Sprague-Dawley {Indianapolis, IN), 
were individually housed in suspended stainless-steel 
cages in a temperature-controned room {ca. 21 C) with a 
12-hr light/dark cycle (lighted, 0500-1700 hr). A schedule 
was maintained so that  ground feed (Purina Rat  Chow, 
#5012, Ralston Purina Co., St. Louis, MO) was available 
from 1700 to 0830 hr and tap water was available ad 
libitum. An acclimation period of at least one wk was 
allowed before the initiation of an experiment. Rats then 
were paired on the basis of similar body weight. PFDA- 
treated rats received a single intraperitoneal injection of 
PFDA with dosing at 20, 40 or 80 mg/kg. At 24 hr after 
the PFDA-treated rat was dosed, its partner with a 
similar weight was given an equivalent volume of vehi- 
cle {propylene glycol/water, 50:50, v/v; 1 ml/kg}. This 
vehicle-treated animal then received the same amount of 
feed its PFDA-treated partner had consumed during the 
previous 15-16 hr feeding period (pair-feeding}. An addi- 
tional group of vehicle-treated rats, with ul~|imited access 
to ground chow during the feeding period (15-16 hr), was 
included. Body weight and feed intake were measured 
daffy for seven days following injection of PFDA or 
vehicle. 

Experimental protocols. Two series of protocols were 
conducted. In the first set, carcass lipid was determined 
in rats killed by cervical dislocation seven days post- 
treatment between 1600 and 1700 hr. The gastrointestinal 
tract was removed, emptied of all contents and returned 
to the body cavity. Carcasses were weighed, placed in 
plastic bags, and frozen at --20 C. Each frozen carcass 
was ground to a homogeneous mixture with a Wiley 
laboratory mill cooled with liquid nitrogen. The ground 
carcasses were stored in individually sealed bags {Ziploc) 
at - 2 0  C for later body composition analysis (5). 

Liver and plasma lipid analyses were performed on 
tissue from rats exsanguinated by decapitation seven 
days post-treatment between 1300 and 1600 hr in the se- 
cond series of protocols. Trunk blood was collected in a 
50 ml disposable beaker containing 100 ~l of 15% (w/v) 
potassium-ethylenediamine tetraacetic acid. Plasma was 
separated and stored at - 7 0  C. A portion of liver was 
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frozen by freeze-stop technique (7) at the temperature of 
liquid nitrogen, weighed, and ground to a fine powder in 
a pre~cooled mortar and pestle. The frozen liver powder 
was stored in cryogenic vials under liquid nitrogen until 
the time of assay. The remaining liver tissue was excised 
and weighed. Total liver mass represents the combined 
weight of these two portions. 

Analytical methods. Carcass, liver and plasma lipids 
were extracted with chloroform]methanol by a micro- 
adaptation of the procedure described originally by Folch 
et al. (8). Liver and carcass tissue powders, as well as 
plasma samples, were homogenized by mechanical disrup- 
tion (2 X 15 sec with a 30-sec pause) in chloroform] 
methanol (2:1, v/v) in the proportion of 19 volumes of sol- 
vent to 1 volume of sample using a Tissumizer homoge~ 
nizer with a micro probe (Tekmar Co., Cincinnati, OH). 
The crude extract was washed with 50 mM NaCI. Ali- 
quots of the washed lipid extract were taken to dryness 
and analyzed for neutral glycerols (9). For lipid phos- 
phorus determinations (10), digestion of lipid in a dried 
crude extract was accomplished by gentle refluxing with 
70% perchloric acid in the presence of pure carborundum 
chips (133-A, Hengar and Co., Philadelphia, PA) on a 
micro-Kjeldahl digestion rack (11). Dipalmitoyl-dl-a-phos- 
phatidylcholine, dipalmitoyl-dl-a-phosphatidylethanol- 
amine, and sodium tribasic phosphate yielded equivalent 
standard curves. Determination of carcass fat (ether- 
extractable at 50 C) has been described (5). 

Total cholesterol determination followed chemical 
hydrolysis of the cholesteryl esters to free cholesterol (12). 
Cholesterol then was oxidized enzymatically to cholest- 
4-en-3-one and hydrogen peroxide with cholesterol ox- 
idase. The hydrogen peroxide generated was reacted with 
horseradish peroxidase in the presence of o-dianisidine to 
form a stable chromophore (13). Determination of free 
cholesterol was performed with the enzymatic reaction 
for cholesterol in the absence of chemical hydrolysis. 
Esterified cholesterol then was calculated as the dif- 
ference between the values for total and free cholesterol. 
Enzymatic determination of 3-hydroxybutyrate was 
made on neutralized, perchloric acid extracts of plasma 
(14) as described by Williamson and Mellanby (15). The 
concentration of free fat ty acids in plasma was quan- 
titated by a sensitive micro method (16). 

For DNA and protein analysis, liver homogenates in 
water (10%, w/v) were prepared by mechanical disruption 
(2 • 15 sec; Tissumizer) with a 30-sec pause between 
bursts with cooling in an ice-water mixture. After extrac- 
tion of interfering lipids (17), DNA content was estimated 
by a micro-adaptation of the procedure described by 
Richards (18) using calf thymus DNA as standard. Total 
hepatic protein was determined by the dye~binding 
method of Bradford (19) with crystalline bovine serum 
albumin as standard. 

Statistical analysis. The main effects of treatment 
(PFDA vs pair-fed) and dosing (20, 40 or 80 mg/kg) 
were analyzed by two-way analysis of variance (ANOVA) 
through the use of unweighted cell means (20). Signifi- 
cance of difference between PFDA-treated rats and their 
pair-fed counterparts at a given dose was detected by pair- 
wise comparison (20). Effect of dosing between treatment 
groups, PFDA or pair-fed, including comparison with the 
vehicle~treated group of rats with unlimited access to 
feed, was tested by one-way ANOVA and significance of 

differences between doses was analyzed using Scheff6's 
multiple comparison method (20). Linear function among 
doses was evaluated by testing for trends using orthogo- 
nal coefficients if effect of dosing in the one-way ANOVA 
was significant (21). The computations were performed 
with a VAX-750 computer using SAS (22). In all cases, 
significance was set at p < 0.05. 

RESULTS 

Body weight and feed intake. Cumulative feed intake of 
rats during the seven days following PFDA treatment 
was diminished in a dose-related manner with a remark- 
able decrease occurring at the 80 mg/kg dose (Fig. 1). 
Body weight of both PFDA-treated rats and their vehicle- 
treated, pair-fed counterparts at seven days post- 
treatment also was reduced in a dose~dependent fashion. 
Even though the cumulative feed intake of PFDA-treated 
rats and pair-fed counterparts was comparable at each 
dose level, the mean body weight of those receiving PFDA 
was lower at seven days after treatment (Fig. 1). When 
the change in body weight (calculated as the difference 
between the initial and final body weight) was analyzed 
by two-way ANOVA, the difference between PFDA- 
treated rats and their respective vehicle-treated, pair-fed 
partners was significant by pair-wise comparison at the 
40 and 80 mg/kg dose levels. 
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FIG. 1. Body weight and cumulative feed intake in PFDA- (20, 40 
or 80 mg/kg) and vehicle-treated rats seven days after treatment. 
Vehicle-treated rats were either allowed nnlimlta~d access to feed (hat- 
ched bar) or were pair-fed (open bar) to PFDA-treated rats (closed 
bar). Each bar and its associated vertical line represent the mean 
and one S.E.M. (n = 4 for each treatment group}. 
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Carcass. Content of triacylglycerols, whether expressed 
per g wet wt, carcass, or g fat, was significantly reduced 
in both PFDA-treated rats and their vehicle~treated, pair- 
fed counterparts at the 80 mg/kg dose level (Fig. 2). 
However, PFDA-treated rats at each dose had a higher 
concentration of triacylglycerols per g wet wt carcass 
than their pair-fed partners. A reduction in lipid phos- 
phorus per carcass was found in the PFDA-treated rats 
as well as their vehicle~treated, pair-fed counterparts with 
increasing dose (Table 1). As a proportion of carcass fat, 
lipid phosphorus was enriched in the vehicle-treated, pair- 
fed rats at the 80 mg/kg dose level when compared with 
either the vehicle-treated group with unlimited access to 
feed or PFDA-treated rats at the same dose (Table 1). 
Lipid phosphorus per g fat was reduced in PFDA-treated 
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FIG. 2. Effect of P F D A  treatment on carcass triacylglycerols in the 
rat. Vehicle-treated rats were either allowed unlimited access to feed 
{hatched bar) or were pair-fed {open bar) to PFDA-treated rats {closed 
bar}. Each bar and its associated vertical line represent the mean 
and one S.E.M. {n = 4 for each treatment group}. 

rats at the 20 and 40 mgtkg dose levels but elevated at 
80 mgtkg, in comparison with vehicle-treated rats with 
unlimited access to feed. With a dose of 40 mg/kg, the 
concentration of lipid phosphorus in carcass fat of rats 
receiving PFDA was less than their vehicle-treated, pair- 
fed partners and this difference was significant (Table 1). 
The concentration and content of free cholesterol in the 
carcass did not differ significantly between any of the 
treatment groups (Table 1). When expressed as a propor- 
tion of the carcass fat, free cholesterol was significantly 
higher in the vehicle-treated rats pair-fed to their PFDA- 
partners at the 80 mg/kg dose than in other vehicle- 
treated groups. A similar but less extensive increase was 
seen in the PFDA-treated rats at the 80 mg/kg dose, and 
the difference from their vehicle~treated, pair-fed partners 
was significant {Table 1}. An augmentary effect of PFDA 
on ester{fled cholesterol concentration and content in the 
carcass was demonstrated by a significant treatment ef- 
fect in the two-way ANOVA; however, the difference be- 
tween PFDA-treated rats and their vehicle~treated, pair- 
fed partners at each dose level was not significant by pair- 
wise comparison (Table 1). 

Liver. Absolute and relative weight in PFDA-treated 
animals was significantly greater than in their vehicle- 
treated, pair-fed partners at all doses examined. When 
compared with the treatment groups receiving 20 and 
40 mg/kg, the absolute increase in liver mass was signifi- 
cantly less, but relative liver weight was maintained in 
PFDA-treated rats at the 80 mg/kg dose level (Table 2}. 
At the 80 mg/kg dose level, liver mass expressed on an 
absolute and relative basis, was reduced in vehicle-treated 
animals pair-fed to PFDA-treated rats (Table 2). 

Hepatic DNA concentration was significantly higher 
in vehicle~treated rats pair-fed to those receiving 80 mg/kg 
PFDA when compared to the other vehicle~treated groups 
{Table 2). The concentration of DNA in the livers of 
PFDA-treated rats was lower than in their vehicle~treated 
pair-fed counterparts, and this difference was significant 
at the 20 and 80 mg/kg dose levels (Table 2). The DNA 
content per liver was reduced in a dose-related fashion 
in vehicle-treated rats, whereas it was maintained in the 
animals receiving PFDA at all doses. The difference in 
total DNA per liver between PFDA-treated rats and their 
vehicle-treated, pair-fed partners at the 40 and 80 mg/kg 
dose levels was significant (Table 2). Hepatic protein con- 
centration was higher in vehicle~treated, pair-fed groups 
than in their PFDA-treated partners, and this difference 
was significant at the 80 mg/kg dose level (Table 2). At 
the 80 mg/kg dose level, total protein per liver was re- 
duced significantly in rats receiving PFDA as well as their 
vehicle-treated, pair-fed partners. When hepatic protein 
was expressed per mg DNA, no statistically significant 
differences were detected between any of the treatment 
groups (Table 2). 

Hepatic concentration of lipid phosphorus and free 
cholesterol was similar in all treatment groups (Table 3). 
When expressed per liver, a significant reduction in the 
content of lipid phosphorus and free cholesterol was found 
in vehicle-treated, pair-fed rats at the 80 mg/kg dose level, 
when compared with either the other vehicle-treated 
groups or those receiving PFDA. On a cellular basis (per 
mg DNA), lipid phosphorus but not free cholesterol was 
influenced significantly by dose with a decline at the 
80 mg/kg dose level (Table 3). 
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TABLE 3 

Liver Lipid Phosphorus and Free Cholesterol in Male Rats Seven Days After PFDA Treatment a 

Dose Lipid phosphorus Free cholesterol 

mg/kg Treatment ~mol]g wet wt ~anolfliver ~mol/mg DNA ~mlol/g wet wt /~mol / l iver  ~mol/mg DNA 

0 Unlimited-fed 29.1 _ 1.3 377 -+ 23 b 13.9 + 1.0 3.10 + 0.15 39.9 -+ 1.8 b 1.46 _ 0.05 

20 PFDA 33.9 + 5.4 527 _+ 77 17.6 +_ 2.7 3.21 _ 0.43 51.5 _+ 5.9 1.49 ___ 0.14 
Pair-fed 31.7 + 1.6 392 + 27 b 14.6 _+ 1.2 3.39 + 0.16 40.9 + 1.0 b 1.51 + 0.14 

40 PFDA 28.2 + 1.4 431 + 16 14.3 + 0.8 2.81 _+ 0.23 43.8 __ 4.0 1.46 _+ 0.04 
Pair-fed 35.4 ___ 3.6 417 _+ 83 b 16.1 _ 2.8 3.03 -+ 0.12 35.0 +_ 4.1b, c 1.36 ___ 0.12 

80 PFDA 28.2 _ 0.4 347 _+ 31" 11.8 • 0.4 4.10 _ 0.74 49.7 _+ 7.9* 1.71 +_ 0.29 
Pair-fed 27.4 _ 2.1 152 + 30 c 9.2 + 0.8 3.97 +-- 0.44 21.9 +_ 4.6 c 1.34 +_ 0.17 

aValues are reported as the mean and S.E.M. for three to four rats. 
Mean values in a column not followed by the same superscript {b, c} are significantly different from other dose levels in the pair-fed treat- 
ment group using Scheffd's multiple comparison method {p < 0.05}. The unllmited-fed group serves as the zero-dose level. 
*Difference from the respective pair-fed group is significant {p < 0.05}. 

TABLE 4 

Plasma Lipid Composition of Male Rats Seven Days Following PFDA Treatment a 

Cholesterol 
Dose 

mg/kg Treatment Free fatty acids 3-Hydroxybutyrate Triacylglycerols Lipid phosphorus Free Esterified 

0 Unlimited-fed 0.29 _+ 0.03 0.10 ___ 0.01 0.33 + 0.06 b,c 1.27 +_ 0.08b, e 0.45 ___ 0.06 1.18 +_ 0.19 e 

20 PFDA 0.41 + 0.05 0.14 _ 0.03 0.21 ___ 0.03b, c 0.91 + 0.04 c 0.37 + 0.02* 0.62 ___ 0.09* 
Pair-fed 0.30 +- 0.02 0.17 _+ 0.04 0.28 +_ 0.03 1.08 _ 0.04 e 0.46 + 0.02 0.88 + 0.05e, f 

40 PFDA 0.32 + 0.06 0.08 __ 0.03 0.37 - 0.03 b 0.97 + 0.02 c 0.41 + 0.05 0.56 _+ 0.06* 
Pair-fed 0.36 +_ 0.07 0.23 _ 0.09 0.23 +_ 0.06 0.93 + 0.08e, f 0.43 _+ 0.03 0.94 +_ 0.03e, f 

80 PFDA 0.31 +_ 0.01 0.21 _+ 0.09 0.17 +_ 0.03 c 0.51 + 0.02 d 0.48 +_ 0.07* 0.73 _+ 0.14 
Pair-fed 0.24 + 0.08 0.17 _ 0.07 0.17 +_ 0.04 0.58 _ 0.12 f 0.30 -+ 0.03 0.54 _ 0.08 f 

aValues are reported' as the mean and S.E.M. for three to four rats and are expressed as ~nol]ml plasma. 
Mean values in a column not followed by the same superscript (b, c, d} are significantly different from other dose levels within the PFDA 
treatment group using Scheff~'s multiple comparison method (p < 0.05). The unlimited-fed group serves as the zero-dose level. 
Mean values in a column not followed by the same superscript (e, f, g) are significantly different from other dose levels within the pair-fed 
treatment group using Scheff~'s multiple comparison method (p < 0.05). The unlimited-fed group serves as the zero-dose level. 
*Difference from the respective pair-fed group is significant (p < 0.05). 

P F D A  t r e a t m e n t  r e su l t ed  in  a dose-re la ted increase  in  
l iver  t r i acy lg lycero ls  [Fig. 3}. W h e n  expressed  per  g wet  
w t  or m g  DNA,  the  i nc r emen t  of hepat ic  t r iacylglycerols  
be tween  P F D A - t r e a t e d  r a t s  and  the i r  vehicle- t reated,  
pair-fed c o u n t e r p a r t s  a t  the  40 and  80 mg /kg  dose levels 
was  s ign i f i can t  {Fig. 3). The  c o n t e n t  of t r i acy lg lycero ls  
per  l iver  was  s ign i f i can t ly  g rea te r  in  P F D A - t r e a t e d  r a t s  
t h a n  the i r  vehic le- t reated,  pair-fed p a r t n e r s  a t  all doses  
examined .  However ,  l iver  t r i acy lg lycero ls  expressed  per  
g wet  wt, l iver or m g  DNA,  were d iminished in the  vehicle- 
t r e a t ed  r a t s  pair-fed to  those  rece iv ing  80 mg /kg  P F D A  
when  compared  wi th  the  o ther  vehic le- t rea ted  g roups  
(Fig. 3}. 

The  response  of hepat ic  ester if ied cholesterol  to P F D A  
t r e a t m e n t  was  s imi lar  b u t  less p r o n o u n c e d  t h a n  t h a t  of 
l iver  t r iacylglycerols .  A dose-re la ted increase  in  l iver  
es ter i f ied choles terol  was  found  in  P F D A - t r e a t e d  r a t s  
{Fig. 4). The  difference in  hepat ic  esterif ied cholesterol be- 
tween  r a t s  rece iv ing  P F D A  and  the i r  pair-fed p a r t n e r s  
was  s ign i f i can t  a t  t he  80 mg /kg  dose level, whe the r  ex- 
pressed per  g wet  wt, l iver or m g  DNA.  Hepat ic  esterif ied 

cholesterol  also was  e levated in  P F D A - t r e a t e d  ra t s  a t  the  
40 mg / kg  dose, b u t  the  difference f rom the i r  vehicle- 
t rea ted ,  pair-fed p a r t n e r s  was  s t a t i s t i ca l ly  s ign i f i can t  
on ly  when  expressed  per  liver. 

Plasma. The p l a s m a  level of free f a t t y  acids and  
3 - h y d r o x y b u t y r a t e  was  s imi lar  in  all t r e a t m e n t  g roups  
{Table 4}. The  c o n c e n t r a t i o n  of t r i acy lg lycero ls  a nd  l ipid 
phosphorus  in  p l a s m a  decreased in  a dose-related fashion 
in  b o t h  P F D A - t r e a t e d  a nd  pair-fed groups ,  b u t  a signifi- 
c a n t  difference be t w e e n  t r e a t m e n t s  was  no t  de tec ted  b y  
two-way A N O V A  {Table 4}. W i t h  a dose of 20 mg/kg,  the  
p l a s m a  concen t ra t ion  of free cholesterol was  lower in r a t s  
rece iv ing  P F D A  t h a n  in  the i r  vehicle- t reated,  pair-fed 
p a r t n e r s  {Table 4}. A t  the  80 mg / kg  dose level, the  con- 
c e n t r a t i o n  of free choles terol  was  h igher  in  the  p l a s m a  
of P F D A - t r e a t e d  r a t s  t h a n  the i r  pair-fed coun te rpa r t s ,  
a nd  the  difference was  s igni f icant .  This  d i s s imi l a r i t y  
r e su l t ed  f rom a decrease  in  the  p l a s m a  level of free 
cholesterol  in  the  vehicle-treated,  pair-fed group  {Table 4}. 
Also, the  vehic le- t rea ted  r a t s  pair-fed to  the i r  p a r t n e r s  
r ece iv ing  80 mg / kg  P F D A  had  a c o n c e n t r a t i o n  of 
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FIG. 3. Liver triacylglycerols in rats seven days after PFDA treat- 
ment. Vehicle-treated rats were either allowed unlimited access to 
feed {hatched bar) or were pair-fed (open bar) to PFDA-treated rats 
(closed bar). Each bar and its associated vertical line represent the 
mean and one S.E.M. In = 4 for each treatment group). *Difference 
from the respective pair-fed group is significant IP < 0.05). 

esterified cholesterol in p la sma  tha t  was lower than  the 
other  vehicle-treated groups,  whether  pair-fed or wi th  
unlimited access to feed {Table 4). In  PFDA- t rea ted  rats,  
regardless  of dose, the  p l a sma  level of esterified choles- 
terol was lower than  tha t  of the vehicle-treated group with 
unlimited access to feed {Table 4). A t  the 20 and 40 mg/kg 
dose levels, the  concentrat ion of esterified cholesterol in 
p lasma also was significantly lower in PFDA-t rea ted  ra ts  
than  their  vehicle-treated, pair-fed par tners .  
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FIG. 4. Liver esterified cholesterol in rats seven days after PFDA 
treatment. Vehicle-treated rats were either allowed unlimited a c c e s s  
to feed {hatched bar) or were pair-fed (open bar) to P F D A - t r e a t e d  
r a t s  (closed bar). Each bar and its associated vertical line represent 
the mean and one S.E.M. in = 4 for each treatment group). 
*Difference from the respective pai~fed group is significant (p < 0.05). 

D I S C U S S I O N  

Following a single intraperi toneal  injection of PFDA,  
alterations in lipid metabol ism of the adult male Sprague ~ 
Dawley ra t  were inves t iga ted  seven days  af ter  dosing. 
Because the adminis t ra t ion  of P F D A  causes  a dose- 
dependent  reduction in feed (caloric) in take (3-5), i t  was  
impor t an t  to take  this into account  in the in terpre ta t ion  
of the da ta  th rough  the use of a vehicle-treated rat ,  pair- 
fed to each one receiving PFDA.  Thus,  the p r imary  ef- 
fects of P F D A  on lipid metabol ism could be distinguished 
bo th  qual i tat ively and quant i ta t ively  f rom those second- 
a ry  to hypophagia .  

A dose-related decrease in bo th  body and carcass  
weight, associated with a diminution in caloric intake, was 
seen in r a t s  receiving P F D A  as well as their  veh ic le  
t reated,  pair-fed counterpar ts .  Reduction in the carcass  
content  of lipid phosphorus  (phospholipid) and free 
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cholesterol in rats treated with PFDA would seem to be 
consequent to hypophagia and resulting weight loss, as 
the appropriate vehicle~treated, pair-fed animals exhibited 
the same attenuation. Carcass triacylglycerols decreased 
in a dose-related fashion in both PFDA-treated rats and 
their pair-fed partners, due to the negative caloric balance, 
i.e., feed intake. Yet, at every dose level examined (20- 
80 mg/kg), PFDA-treated rats were found to have a con- 
centration of tr-iacylglycerols in their carcass greater than 
that of their vehicle-treated, pair-fed counterparts. A 
similar increment in carcass ether~extractable fat also was 
detected between PFDA- and vehicle-treated rats (5). Dif- 
ferences in carcass lipid composition between the various 
treatment groups also were compared by expressing each 
lipid class as a proportion of ether-extractable fat. At the 
highest dose (80 mg/kg) examined, the loss of ether- 
extractable fat in the vehicle-treated rats pair-fed to their 
partners receiving PFDA was accompanied by an eleva- 
tion in the proportion of lipid phosphorus and free 
cholesterol with a concomitant reduction in triacylglycer- 
ols. In rats treated with 80 mg/kg PFDA, a similar pat- 
tern but  less extensive shift in the composition of the 
ether-extractable fat was found. This was the result of 
the higher concentration of triacylglycerols found in 
the carcasses of PFDA-treated rats than their pair-fed 
partners. 

Major shifts in the relative percentages of fatty acids 
(3) and an increase in the activity of peroxisomal fat ty 
acyl-CoA oxidase (25,26) in the rat liver, following the ad- 
ministration of PFDA would suggest that the perfluori- 
hated fat ty acid probably interacts with hepatic lipid 
metabolism. So that the changes in the concentrations 
of the various lipids could be compared, differences in 
hepatic cellularity between the different treatment groups 
had to be considered. In PFDA-treated rats, liver mass 
(absolute and relative) increased when compared with that 
of appropriate vehicle-treated, pair-fed animals. At each 
dose examined (20-80 mg/kg), an increase in DNA con- 
centration {indicative of a smaller hepatocyte) in vehicle- 
treated, pair-fed rats was detected when contrasted with 
their partners receiving PFDA. Reduction in the DNA 
content per liver (indicating a loss of cells) also was 
detected in vehicle-treated, pair-fed rats at the 40 and 
80 mg/kg dose levels, seven days post-treatment. Content 
of phospholipid and free cholesterol per total liver was 
reduced in the vehicle-treated rats pair-fed to those receiv- 
ing 80 mg/kg PFDA. Corresponding decreases were 
reported in feed-restricted animals (27-29). A similar 
decrease in liver content of phospholipids and free choles- 
terol was not found in the PFDA-treated rats. In spite 
of this apparent difference between the PFDA-treated 
animals and their vehicle-treated, pair-fed counterparts, 
phospholipid and free cholesterol per cell was not different 
among the various treatment groups when changes in 
cellularity were taken into account. 

Even though there was no effect of PFDA on the 
amount of phospholipid and free cholesterol per cell, a 
marked increase in the content of triacylglycerols per liver 
was detected. T h e  accumulation of hepatic triacyl- 
glycerols can occur for a number of reasons, including in- 
creased fat ty acid load (endogenous and exogenous), 
decreased fatty acid oxidation, increased synthesis and]or 
reduced breakdown of triacylglycerols, and a decreased 
export as very low density lipoproteins (30). Regulation 

of triacylglycerol synthesis is complex and not fully 
understood. However, the availability of fatty acids plays 
a major role in the esterification pathway (31). Free fatty 
acids in the circulation are taken up by the liver in a 
concentration-dependent manner (32,33). The level of free 
fatty acids in the plasma of PFDA-treated rats was 
similar to those receiving vehicle, whether pair-fed or with 
unlimited access to feed. However, this determination was 
an indication of the concentration of free fatty acids at 
a single time point, seven days after dosing. The increase 
in the relative percentage of oleic acid in the iipids of livers 
from PFDA-treated rats (3,4) would suggest that the 
peripheral fat stores (34) were the source of long chain 
fatty acyl-CoA's for the synthesis of triacylglycerols. 
Augmentation in the hepatic content of triacylglycerols 
already was detected at the lowest dose (20 mg/kg) of 
PFDA examined. It  is possible that PFDA, similar to 
other carboxylic acids such as 2-bromooctanoic acid and 
4-pentenoic acid (35-38), does inhibit fatty acid oxidation, 
thereby diverting fatty acids from oxidation toward 
esterification. As with triacylglycerols, a similar but less 
pronounced augmentation in the content of esterified 
cholesterol was detected in the PFDA-treated rats. While 
cholesterol ester synthesis appears to depend on the 
supply of unesterified cholesterol, moderate increases in 
long chain fat ty acyl-CoA's also can stimulate this 
esterification pathway (39). Thus, it is conceivable that  
in PFDA-treated rats this pathway becomes available for 
the removal of excess long chain fat ty acyl-CoA's in ad- 
dition to esterification as triacylglycerols. However, syn- 
thesis of triacylglycerols would appear to be much more 
sensitive to increases in the concentration of long chain 
fatty acyl-CoA's. The hepatic capacity for formation of 
triacylglycerols would seem to be much greater than 
cholesterol esters. 

PFDA has been found to be very persistent and can 
be detected in the liver of male Fischer-344 rats 30 days 
after a single intraperitoneal dose of 50 mg/kg (40). If 
PFDA and]or its activated derivatives (CoA or carnitine 
esters) were able to partially inhibit hepatic oxidation of 
fatty acids (35-38), one would expect triacylglycerols to 
increase. Thus, the impairment of fatty acid oxidation by 
PFDA could then result in a diminished NADH supply 
for ATP generation. This has been found in the presence 
of bromooctanoate, a known inhibitor of fat ty acid ox- 
idation (41). The resultant lowering of hepatic ATP con- 
centration could in turn lead to a decrease in protein syn- 
thesis including that of apolipoproteins, e.g., apc, B 
needed for export of triacylglycerols from the liver {30,42). 
Even though hepatic DNA, phospholipid and free cho- 
lesterol content were maintained in PFDA-treated rats 
at 80 mg/kg, the amount of protein per hepatocyte was 
decreased. The increase in the activities of hepatic malic 
enzyme and L-glycerol-6-phosphate dehydrogenase found 
at lower doses of PFDA (20 and 40 mg/kg) was reduced 
or obliterated, respectively, in rats receiving 80 mg/kg 
(43). Thus, a potential decreased hepatic synthesis of 
apolipoproteins limiting very low density lipoprotein syn- 
thesis could contribute to the accumulation of triacyl- 
glycerols found in PFDA-treated rats at the highest dose 
examined (80 mg/kg). Furthermore, plasma triacylglyc- 
erols were not elevated in PFDA-treated rats, despite the 
hepatic augmentation of esterified compounds. The in- 
crease in hepatic content of triacylglycerols and esterified 

LiPiD& Vol, 23, No. 7 (1988) 



678 

M.J. VAN RAFELGHEM ET AL. 

cholesterol would suggest diversion of long chain fatty 
acyl-CoA's from oxidation toward esterification in livers 
of PFDA-treated rats. 
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Substituted (hydroxy-, epoxy- and dicarboxy) fatty acids 
have been analyzed in the needles of two gymnosperms 
(Pinus sylvestris and Juniperus communis) and the 
leaves of four angiosperms (Betula verrucosa, Populus 
nigra, Quercus petraea and Corylus avellana) growing 
in the Lake Ldman basin. The differences in the distribu- 
tions of the acids that have been analyzed are greater be- 
tween the various species than between the spring and 
autumn samples of a given species. Moreover, the 
isomeric composition of the 8,1G, 9,1s and 10,16~lihy- 
droxypalmitic acid mixture is specific for each species. 
Lipids 23, 679-681 (1988). 

Studies on plant fat ty acids have long been restricted 
mainly to the lipids of the storage organs such as seeds 
and tubers. The fat ty acids of epicuticular waxes, which 
play an important role in preserving a correct water 
balance for the plants (1,2), also have been studied for a 
long time, as well as the fat ty acids present in cutin and 
suberin, because of their protective action against 
pathogenic fungi and microbes (3). During the last decade, 
the rapid development of organic geochemistry led to an 
increased interest in a better knowledge of the composi- 
tion and distribution of fatty acids in higher plants; 
although they are more or less easily biodegradable, part 
of the fatty acids present in plant wax esters and in cutin 
are incorporated into lacustrine and marine sediments, 
where they remain unchanged for long periods (4,5). Thus, 
the composition and the distribution of fatty acids ex- 
tracted from recent and ancient sediments give informa- 
tion on the sources of the sedimentary organic matter. 

In this study, we have analyzed the substituted fatty 
acids in the whole leaves and needles of Pinus sylvestris 
(pine), Juniperus comrnunis (juniper), Betula verrucosa 
(birch), Populus nigra (poplar), Quercus petraea (oak) and 
Corylus avellana (hazel). The choice of these six species 
was based on the results of a palynological study of 
sediments from the Lake Ldman basin that showed, since 
some 14,000 years ago, periods with a predominance of 
one or several of these species had occurred {6). Our ob- 
jective was to examine if there existed significant dif- 
ferences between the fat ty acid compositions that  could 
be exploited in the geochemical]environmental correlation 
study that  we currently are conducting on the sediments 
of the Lake Ldman Basin (7,8). 

EXPERIMENTAL 
Immediately after collection, the samples were lyophillzed 
to constant weight. For each plant, between 0.i and 0.2 
g of dried leaves or needles were finely crushed and 
hydrolyzed during 12 hr by refluxing them in a solution 

'On leave from the Nanjing University of Forestry, China. 
*To whom correspondence should be addressed. 
Abbreviations: BSTFA, bis(trimethylsilyl)trifluoroacetamid; TMS, 
trimethylethers; ECL, equivalent chain length values; FID, flame 
ionization detector; GC, gas chromatography; GC-MS, gas chroma- 
tography-mass spectrometry. 

of 10% potassium hydroxide in methanol. Qualitative and 
quantitative analyses of the hydrolysis products were car- 
ried out using the analytical techniques described for 
sedimentary acids {7,8}. Briefly, the hydrolyzate was acid- 
ified, and the acidic fraction was isolated by chromatog- 
raphy on a silica gel column (200 • 12 mm, 70-230 mesh, 
10% KOH). After methylation with BF3-MeOH, the acidic 
fraction was again submitted to chromatography on a 
silica gel column (300 X 6 ram, same packing as before}. 
The monocarboxylic acid methyl esters were eluted with 
a mixture of hexane/CH2Cl2 {3:1, v/v) and those of the 
hydroxy- and dicarboxylic acids with a mixture of 
CH2C1JEtOAc (7:3, v/v}. The recoveries of the hydroxy 
acids from the columns have been tested through the ad- 
dition of known quantities of 2-hydroxytetradecanoic and 
3-hydroxyheneicosanoic acids and were found to be 
quantitative. 

The hydroxy acid fractions were treated with bis{tri- 
methylsilyl}trifluoroacetamid (BSTFA) to form the tri- 
methylsilyl ethers (TMS}. The gas chromatographic {GC} 
analyses were performed on a 25 m • 0.32 mm OV--73 
capillary column using helium as the carrier gas (2.5 mY 
min), a splitless injection mode and a flame ionization 
detector (FID). The column temperature was programmed 
from 60 to 150 C at 10 C/rain and from 150 C to 290 C 
at 4 C/min. The gas chromatography-mass spectrometry 
(GC/MS) analyses were carried out on a quadrupole in- 
strument operating at a nominal ionizing potential of 
70 eV and an ion source temperature of 250 C. The 
chromatographic conditions were similar to those used 
for the GC runs. 

The compounds were identified by comparing the GC 
equivalent chain length values (ECL) and mass spec- 
trometric data with those of authentic samples or data 
published in the literature (9-11}. Quantitative determina- 
tions were made by comparing the areas of the GC-FID 
peaks with that  of a known quantity of 2-hydroxytetra- 
decanoic acid used as an internal standard, assuming the 
same response factors for all the components. The 
isomeric compositions of the dihydroxyhexadecanoic and 
hydroxy- 1,16-hexadecanedioic acids were determined by 
measuring the abundances of the characteristic ions aris- 
ing from the cleavage a to the secondary TMS ether 
groups (9). 9,10-Epoxy-18-hydroxyoctadecanoic acid was 
analyzed as a G C coeluting mixture of 9-methoxy-10,18- 
dihydroxy- and 10-methoxy-9,18-dihydroxyoctadecanoic 
acids formed during the saponification of the samples (12}. 

RESULTS AND DISCUSSION 
Table 1 shows the amounts and the compositions of the 
substituted fat ty acids extracted from the spring and 
autumn leaves and needles of the six species that  were 
studied. In all the species, the major acids are the posi- 
tional isomers of dihydroxypalmitic acid. With the excep- 
tion of the a-hydroxyacids, all the acids we have found 
are typical of those present in cutin (3); a-hydroxyacids 
usually are not found in cutin and have seldom been 
reported as constituents of the intercellular lipids of 
higher plants {13}. In the samples we have analyzed, they 
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T A B L E  1 

Hydroxy-, Dicarboxy- and Epoxy Add Compositions (%) of the Lipids from the Leaves of Six Higher Plant Species 

B. verrucosa Q. petraea C. avellana P. nigra P. sylvestris J. communis 

ECL Acid Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall 

1573 ~OH-C12:0 . . . . . . . .  18.8 23.3 14.3 8.8 
1770 ~OH-C14:0 . . . . . . . .  11.7 11.4 6.2 3.8 
1810 a-OH-C16:0 0.5 0.3 2.4 0.8 1.1 0.9 1.4 0.4 -- 0.1 -- 0.1 
1929 a,w-dic-C16:0 0.2 1.3 -- -- 1.0 0.9 . . . . .  0.5 
1963 r 4.8 6.7 3.5 2.1 10.4 12.0 6.2 4.1 22.3 32.9 25.3 25.5 
2033 M-OH-a,co-dic-C15:0 a 0.2 0.5 -- 0.2 0.6 -- 0.6 1.7 1.0 0.8 4.0 0.9 
2057 9,15-diOH-C15:0 0.1 0.5 -- 0.4 -- -- 0.0 0.2 -- -- -- 0.4 
2109 ~OH-C18:2 . . . .  24.3 8.4 . . . . . .  
2132 M-OH-a,co-dic-C16:0 a 2.5 3.9 5.2 34.2 13.9 13.8 2.9 6.3 3.4 2.8 4.3 5.1 

co-OH-C18:1 
2166 M,16-diOH-C16:0 a 89.0 83.5 66.3 32.1 41.2 58.5 77.6 83.7 31.1 24.4 45.9 54.7 
2392 a-OH-C22:0 0.5 0.3 3.0 1.7 1.7 1.0 4:5 0.9 . . . .  
2425 9,10-epoxy- 18-0H-C 18:0 0.2 0.3 9.3 26.1 0.2 1.1 -- -- 11.7 4.3 -- -- 
2495 a-OH-C23:0 0.2 0.2 3.3 -- 0.5 0.4 1.2 0.7 . . . .  
2588 a-OH-C24:0 1.3 1.7 5.3 1.7 3.8 2.4 4.6 1.3 -- 0.1 -- 0.1 
2690 a-OH-C25:0 0.2 0.3 0.6 0.2 0.4 0.3 0.3 0.6 . . . .  
2786 a-OH-C26:0 0.3 0.4 1.1 0.4 0.9 0.4 0.8 0.3 . . . .  

TOTAL {ppm) b 15871 10359 2278 3382 5812 1580 3877 6049 12751  21167 11361 21578 

aM, midchain substituted {mixture of positional isomers). 
bppm : ~g/g of freeze-dried leaves. 
ECL, equivalent chain length. 

are absen t  f rom the  spr ing  needles of the  two conifers b u t  
r ep re sen t  as m u c h  as 12.8% in the  sp r ing  leaves  of P. 
nigra.  

I t  is on ly  in Q. p e t r a e a  and  C. ave l l ana  t h a t  the  com- 
pos i t ion  of the  f a t t y  acids shows a s ign i f i can t  evo lu t ion  
be tween  sp r ing  and  a u t u m n .  The  p ropor t ions  of the  
d i h y d r o x y p a l m i t i c  acid i somers  sha rp ly  decrease in  the  
leaves of the oak, while those  of 9 ,10-epoxy-18-hydroxy-  
octadecanoic  and  18-hydroxyoctadecenoic  acids increase, 
the  i m p o r t a n c e  of the  l a t t e r  h a v i n g  been  m e a s u r e d  by  
GC-MS. 

The differences be tween the  species are remarkable .  The 
two conifers  are charac te r ized  by  the i r  c o n t e n t  in  co- 
hydroxyacids .  They  b o t h  con ta in  co-hydroxypalmitic acid 
in  h igher  p ropor t ion  t h a n  the  o ther  species and  also the  
C,2~o and C,4~o homologues, which are totally missing in 
the four angiosperms, co-Hydroxyoctadecadienoic acid is 
found only in C avellana and the 9,10-epoxy-18-hydroxy- 
octadecanoic acid, which belongs to the major compo- 
nents of Q. petraea and P. sylvestris, is present in only 
traces, or even absent, in the other species. 
The acids extracted from B. verrucosa and P. nigra 

show very similar gas chromatograms, but they differ in 
the proportions of the 8,16-, 9,16- and 10,16-dihydroxy- 
hexadecanoic acids they contain. These positional iso- 
mers, and also the two isomers of the midchain hydroxy- 
a,~o-hexadecandioic acids listed in Table 2, can indeed not 
be separated by GC, but the isomeric composition of mix- 
tu res  of t hem can  be de te rmined  u s ing  GC, MS (9). Table  2 
shows t h a t  P. s y l v e s t r i s  con ta in s  a lmos t  exc lus ive ly  the  
9 ,16-dihydroxy i somer  and  J. c o m m u n i s  pr imar i l y  the  
10,16-dihydroxy isomer. The two g y m n o s p e r m s  also com- 
p le te ly  differ w i th  respec t  to the i r  re la t ive  c o n t e n t  in  the  

TABLE 2 

Positional Isomer Composition (%) of Dihydroxyhexadeeanoic 
(M,16-diOH-C16.~) and Hydroxy-a,oJ-dicarboxyhexadecanoic 
(M-OH-a,w-dic-C16:0) Acids in the Autumn Leaf Lipids 

M-OH-a,co- 
M,16-di-OH-C16:0 dic-C16:0 

8,16-di-OH 9,16-di-OH 10,16-di-OH 7-OH 8-OH 

B. verrucosa 4.4 72.9 22.7 15.3 84.7 
Q. petraea - 8.6 91.4 73.8 26.2 
C. avellana ~ 27.6 72.4 40.6 59.4 
P. nigra -- 12.9 87.1 37.5 62.5 
J. communis -- 1.0 99.0 93.4 6.6 
P. sylvestris -- 98.2 1.8 1.0 99.0 

7 -hydroxy  a nd  8-hydroxy  i somers  of the  midcha in  
hydroxy-a,~-hexadecandioic  acids. Our  resul ts  are in good 
a g r e e m e n t  wi th  those  t h a t  a l ready  have  been  pub l i shed  
for P. s y l v e s t r i s  (10) and  B .  v e r r u c o s a  (9). We  also have  
examined  a mix tu re  of ba rks  and  s t ems  from P. s y l v e s t r i s  
and  found  the  same specificity as in  the  needles. This  sug- 
ges t s  t h a t  for a g iven  species, the  isomeric  compos i t i on  
is the  same  in  the  whole p lan t .  

I n  addi t ion  to the subs t i t u t ed  fa t ty  acids, the polar frac- 
t i ons  of all the  samples  c o n t a i n  phenol ic  acids, m a i n l y  p- 
coumar ic  a nd  ferulic acids, which  also are k n o w n  to  be 
c o m p o n e n t s  of c u t i n  (12). Moreover ,  the  needles  of P. 
s y l v e s t r i s  are character ized b y  a h igh c o n t e n t  of pinifolic 
acid (14). 
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In conclusion, our results show that  using the composi- 
tion of the hydroxy mono- and dicarboxylic fa t ty  acids 
for chemical t axonomy is quite feasible with the six 
species we have analyzed. Each one of them can be unam- 
biguously characterized by the composition of the 
subst i tuted acids present in its leaves or needles. When 
present in sediments, these acids thus can give informa- 
tion on the vegetat ion tha t  existed at the time of their 
deposition, information tha t  can be correlated with 
palynological data. 
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Xestospongia muta 
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The rare phospholipid fatty acids 3,7,11-trimethyldodeca- 
noic (I), 5,~hexadecadienoic (2) and 12-methyl-hexadeca- 
noic (3) were identified in the marine sponge Xestospongia 
muta. Branched fatty acids in X. muta accounted for 35% 
of the total fatty acid mixture. It was observed that the 
occurrence of the 5,~hexadecadienoic acid (2) coincides 
with the complete absence of the very long chain fatty 
acid 5,~hexacosadienoic. The acid 5,9,19-octacosatrienoic 
seems to be found in most Xestospongia species. 
Lipids 23, 682-684 (1988). 

Xestospongia muta, commonly known as the barrel 
sponge, is normally the largest species in volume that 
would be encountered in the Caribbean (1). It can take 
many forms, but the most common is a barrel shape with 
the outer end having a cone-like cavity, hence the name 
"barrel sponge." This form may reach 1.5 m in height 
with a diameter nearly as great. The sponge consistency 
is hard, almost stony, and the outer surface texture is ex- 
tremely rugged, often buttressed (2). 

X. muta has been the source of many unusual sterols 
and fatty acids. One important sterol, mutasterol(24- 
methylene-25-ethylcholesterol), was first isolated by Li 
et al. (3) and was the first example of sterol side-chain 
bioalkylation at position 25. Schmitz and Gopichand (4) 
have reported the isolation of a novel dibromo acetylenic 
acid from X. muta, namely the 14,16-dibromo-7,13-15- 
hexadecatrien-5-ynoic acid, which showed a slight degree 
of cytotoxicity. Litchfield and Marcantonio examined the 
related Xestospongia halichondroides and found that it 
contained 13% of the unusually long phospholipid fatty 
acid, 5,9,19-octacosatrienoic, together with other 
"demospongic" acids such as the characteristic 5,9- 
hexacosadienoic (5). 

In this work, we studied the phospholipid fatty acids 
from the marine sponge X. muta, and these results are 
reported. 

EXPERIMENTAL METHODS 

X. muta was collected near La Parguera, Puerto Rico, dur- 
ing March 1986. The sponge was washed in sea water, 
carefully cleaned of all nonsponge debris, and cut into 
small pieces. Immediate extraction with chloroform/ 
methanol (1:1, v/v) yielded the total lipids. The neutral 
lipids, glycolipids and phospholipids were separated by 
column chromatography on ammonium hydroxide 
treated silicic acid (100-200 mesh) using the procedure 
of Privett et al. (6). The fatty acyl components of the 
phospholipids were obtained as their methyl esters 
by reaction of the phospholipids with methanolic hydro- 
gen chloride (7) followed by purification on column 

*To whom correspondence should be addressed. 
Abbreviations: ECL, equivalent chain length; PLC, preparative 
larger chromatography; GC-MS, gas chromatography-mass 
spectrometry. 

chromatography eluting with hexane/ether (9:1, v/v). The 
resul t ing methyl  es ters  were analyzed by gas 
chromatography-mass spectrometry (GC-MS) using a 
Hewlett-Packard 5995A gas chromatograph-mass spec- 
trometer equipped with a 30 m X 0.32 mm fused silica 
column coated with SE-54. For the location of double 
bonds, N-acylpyrrolidide derivatives were prepared by 
direct treatment of the methyl esters with pyrrolidine/ 
acetic acid (10:1, v/v) in a capped vial {24 hr at 100 C), 
followed by ethereal extraction from the acidified solu- 
tion and purification by preparative layer chromatog- 
raphy (PLC). Hydrogenations were carried out in 10 ml 
of absolute methanol and catalytic amounts of platinum 
oxide {PtO2). Mass spectrometry results are available 
upon request. Mass spectral data of important fatty acids 
for this discussion are presented below. 

3, 7,11-Trimethyldodecanoic acid methyl ester. MS rn/z 
(rel. int.) 256 (M § 8), 225 (3), 213 (5), 171 (19), 143 (13), 
139 (6), 111 (15), 102 (13), 101 (87), 97 (24), 85 (11), 83 (16), 
75 (24), 74 (100), 71 (14), 69 (38), 59 (26), 57 (25), 56 (12), 
55 (39). 

12-Methylhexadecanoic acid methyl ester. MS m]z (rel. 
int.) 284 (M § 17), 255 (2), 241 (9), 227 (2), 199 (7), 185 (25), 
171 (6), 157 (14), 143 (47), 130 (18), 129 (17), 101 (15), 97 
(20), 87 (69), 83 (23), 75 (27), 74 (100), 57 (47). 

12-Methylhexadecanoic acid pyrrolidide. MS m/z (rel. 
int.) 323 (M § 3), 308 (1), 294 (3), 280 (1), 266 (1), 238 (1), 
224 (0.5), 210 (0.3), 196 (0.2), 149 (4), 126 (12), 113 (100), 
98 (11), 81 (21), 69 (31), 55 (27). 

5,9,19-Octacosatrienoic acid methyl ester. MS m/z (rel. 
int.) 432 (M § 1), 207 (3), 193 (4), 181 (5), 180 (8), 167 (4), 
163 (5), 150 (10), 149 (11), 140 (22), 136 (13), 135 (15), 123 
(11), 121 (14), 110 (21), 109 (42), 108 (12), 99 (20), 95 (26), 
94 (24), 93 (11), 85 (12), 81 (100), 74 (15), 67 (56), 55 (80). 

RESULTS 

The results presented in Table 1 show that X. muta con- 
tains many branched fatty acids. In fact, branched fatty 
acids accounted for 35% of the total phospholipid fat ty 
acid mixture. Interesting was the presence of a fatty acid 
methyl ester with a molecular weight of 256. This fatty 
acid was inert upon catalytic hydrogenation, thus ex- 
cluding any possible unsaturation. Moreover, a molecular 
weight of 256 provides for 15 carbons in the chain but 
this acid presented an extremely low equivalent chain 
length (ECL) value of 13.40, indicating multiple branch- 
ing. In fact, the mass spectrum of the latter compound 
presented key fragments at m/z -- 101 {100%), and at 
m]z-- 171 (15%). These fragments clearly revealed 
methyl branching at positions 3 and 7. A literature com- 
parison (8) indicated that the isolated compound was the 
isoprenoid fatty acid 3,7,11-trimethyldodecanoic (1), un- 
precedented in marine sponges (Scheme 1). 

Three different methyl hexadecanoic acids were iden- 
tified in X. muta. Two of these presented ECL values of 
16.62 and 16.70, which definitely match the known values 
for iso and anteiso methyl hexadecanoic acids (9). When 
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TABLE 1 

Identified Phospholipid Fatty Acids From Xestospongia Muta 

Fatty acids Abundance (%) 

3,7,1 l-Trimethyldodecanoic (15:0) 
Tetradecanoic (14:0) 
12-Methyltetradecanoic (15:0) 
Pentadecanoic (15:0) 
14-Methylpentadecanoic {16:0) 
5,9-Hexadecadienoic (16:2) 
9-Hexadecenoic {16:1) 
Hexadecanoic (16:0) 
12-Methylhexadecanoic {17:0) 
15-Methylhexadecanoic {17:0) 
14-Methylhexadecanoic {17:0) 
Heptadecanoic (17:0) 
Octadecanoic {18:0) 
16-Methyloctadecanoic (19:0) 
Nonadecanoic (19:0) 
Docosanoic (20:0) 
Behenic (21:0) 
5,9,19-Octacosatrienoic {28:3) 

3.3 
2.4 
9.4 
1.4 
1.3 

10.5 
11.5 
10.0 
10.2 

1.9 
1.7 
1.1 
4.9 
7.7 
1.2 

12.5 
1.6 
7.4 

~ COOH 

(1-) 

9 

~ - - ~ C O O H  

(2) 

••••••••4•OO H 

(3) 
S C H E M E  1 

the corresponding pyrrolidies were prepared and their 
mass spectra taken, these compounds were definitely 
characterized as the known 15-methyl-hexadecanoic {iso) 
and 14-methyl-hexadecanoic (anteiso) acids. It is well- 
established in the mass spectrometry of branched pyr- 
rolidides that if a peak of lower intensity than the 
analogous peak in a straight chain fatty acid pyrrolidide 
is observed, then this is indicative of methyl branching 
at that position (9). The third fatty acid methyl ester in 
the mixture presented a rather low ECL value of 16.40. 
This low value is characteristic of fatty acid methyl esters 
with methyl branching in the middle of the chain {10). 
Likely positions for the methyl group were 10, 11 and 12, 
because similar acids have been reported to occur in 

marine sponges (i0). We decided to prepare the corre~ 
sponding pyrrolidide to determine exactly the methyl 
group position. The pyrrolidide indicated the absence of 
a peak at mJz = 252 (carbon 12), while other fragments 
were present at intervals of 14 ainu, that is, peaks at 
m/z = 224, 238, 266, 280, 294, 308, etc. Therefore, we con- 
cluded that the acid in question is 12-methylhexadecanoic 
(3) (Scheme I), which has been isolated before from the 
marine sponge Parasperella psila (11). 
From Table 1 we can also see that major acids in 

Xestospongia muta were palmitic {16:0), 9-hexadecenoic 
{16:1) and 5,9-hexadecadienoic {16:2). The latter acids ac- 
counted for more than 30% of the total mixture. For the 
characterization of the 5,9-hexadecadienoic acid (2), 
capillary GC-MS was used. The base peak in the mass 
spectrum of 5,9-hexadecadienoic methyl ester was ol~ 
served at m/z = 81, a typical value for methyl esters with 
the A5,9-unsaturation. Upon catalytic hydrogenation 
(PtO2), the hexadecadienoic acid methyl ester was con- 
vetted to palmitic acid methyl ester, thus excluding the 
possibility of any branching. The double bonds in the 
molecule also were located by  means of pyrrolidide 
derivatives. The typical  peak at  m/z = 180 was observed 
result ing from allylic cleavage {12). In fact, we isolated 
this acid some t ime ago from the sponge Chondrilla 
nucula tha t  was identical to the one in this s tudy (12). 
Pyrrolidides also provided an answer for locating the dou- 
ble bond in the 9-hexadecenoic acid isolated in this work. 

A very  long chain f a t ty  acid methyl  ester  with 
molecular weight of m/z 432 also was obtained from X. 
m u t ~  Hydrogenat ion  of this methyl  ester  produced oc- 
tacosanoic acid {28:0) as characterized by  GC-MS. The 
f a t ty  acid methyl  ester  of the original compound 
presented the typical base peak at m/z = 81, indicating 
A5,9 unsaturation. In accordance with previous findings 
by Litchfield and Marcantonio {5) in X. halichondroides, 
the most likely structure for our compound is that of the 
5,9,19-octacosatrienoic acid {28:3). In contrast to Litch- 
field's results in X. halichondroides, we could not detect 
any 5,9-hexacosadienoic acid {26:2) in X. rnuw. 

DISCUSSION 

Last year, we carried out a brief survey of isoprenoid fatty 
acids from marine sponges {8) and concluded that only 
two isoprenoid fatty acids are found in marine sponges, 
i.e., the 4,8,12-trimethyltridecanoic acid and the 3,7,11,15- 
tetramethylhexadecanoic acid (phytanic). We also found 
that these isoprenoid fatty acids did not occur concomi- 
tantly in the same sponge. In this work, we report the 
isolation of still a third isoprenoid fatty acid not found 
previously in marine sponges, the 3,7,11-trimethyldodeca- 
noic acid (1). This isprenoid fatty acid has been isolated 
before from a sediment of Eocene age, the Green River 
Shale, Colorado (13). Many natural products based on the 
isoprenoid skeleton could conceivably have given rise to 
isoprenoid fatty acid (1), but because it is related to 
phytanic acid, a common biosynthetic route should be 
operative. It has been established that the phytyl side 
chain of chlorophyll is the major precursor of phytanic 
acid {13). Therefore, it is very likely that the 
3,7,11-trimethyldodecanoic acid isolated in this sponge 
could have been the product of oxidative degradation of 
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p h y t a n i c  acid. M u c h  work  still lies ahead  for the  elucida- 
t ion of  the  origin of these isoprenoid f a t t y  acids in marine 
sponges. 

Another interesting finding in X. muta is the isolation 
of the rare 5,9-hexadecadienoic acid {2}, which we also 
have isolated before from the marine sponge C. nucula 
{12}. In both cases, where we have been able to isolate the 
rare 5,9-hexadecadienoic acid {2}, no 5,9-hexacosadienoic 
acid {26:2} has been found. On the other hand, in the many 
sponges that the "demospongic" acid 5,9-hexacosadienoic 
acid {26:2} has been identified, no 5,9-hexadecadienoic acid 
has ever been detected. This observation immediately 
brings interesting biosynthetic possibilities. Does the en- 
zymatic system for oxidative desaturation in the sponges 
that contain the 5,9-hexadecadienoic acid operate at short 
chain lengths? To answer this question, biosynthetic ex- 
periments are in progress. 
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Populations of large and small milk fat globules were 
isolated and analyzed to determine differences in fatty 
acid composition. Globule samples were obtained by 
centrifugation from milks of a herd and of individual 
animals produced under both pasture and barn feeding. 
Triacylglycerols of total globule lipids were prepared by 
thin layer chromatography and analyzed for fatty acid 
composition by gas chromatography. Using content of 
the acids in large globules as 100%, small globules con- 
tained fewer short~hain acids, --5.9%, less stearic acid, 
--22.7%, and more oleic acids, +4.6%, mean values for 
five trials. These differences are consistent with alter- 
native use of short,chain acids or oleic acid converted 
from stearic acid to maintain liquidity at body tempera- 
ture of milk fat globules and their precursors, intra- 
cellular lipid droplets. Stearyl-CoA desaturase {EC 
1.14.99.5}, which maintains fluidity of cellular endw 
plasmic reticulum membrane, is suggested to play a key 
role in regulating globule fat liquidity. Possible origins 
of differences between individual globules in fatty acid 
composition of their triacylglycerols are discussed. 
Lipids 23, 685-689 {1988}. 

Whether there are differences in fat ty acid composition 
between individual bovine milk fat globules is a question 
of both fundamental and practical importance. Such 
differences could imply heterogeneity in the cellular 
synthesis-assembly of milk fat globules. At the practical 
level, compositional variations suggest the possibility of 
fat globules with assorted properties to meet needs of 
various dairy products. 

Milk fat globules are unique products of the lactating 
cell. Triacylglycerols synthesized in the rough endo- 
plasmic reticulum {1-3} accumulate into droplets that are 
secreted from the cell by envelopment in plasma mem- 
brane and, to some extent, associated secretory vesicle 
membrane {4-6}. For the bovine, these globules number 
about 1.5 • 10 '~ per ml of milk. They range in diameter 
from <1 ~'n to 20 ~m with a volume surface average 
diameter of 3.4 pm. Globules <1 ~n  in diameter, while 
representing about 75%-80% of the total number, ac- 
count for only a few percent of the lipid mass {7). On a 
dry basis, both bovine and human milk fat globules are 
about 1% protein {7,8} and 99% lipid {by difference}. Of 
the lipid, 96% to 99% is triacylglycerol {7,9}. Thus, milk 
fat globules are relatively pure particles of triacyl- 
glycerols. 

The principal evidence that there are substantial differ- 
ences in the fatty acid composition of individual globules 

*To whom correspondence should be addressed at Postfach 60 69, 
D-2300 Kiel 14, Federal Republic of Germany. 
1Permanent address: Center for Molecular Genetics M-034J, Univer- 
sity of California San Diego, La JoUa, CA 92093. 
Abbreviations: The shorthand convention in the nomenclature for 
fatty acids of number, number representing carbon chain length and 
number of double bonds, respectively, is used throughout; br-, 
branched carbon chain. 

of a milking from a single animal is based on refractive 
index In D} measurements by Walstra and Borggreve {10}. 
They found that  the spread in n D among individual 
globules was 7 • 10 -4. Based on the relationship of n D 
to melting properties of milk fat, these authors concluded 
that  in average milk at least a fourth of the fat globules 
contain a hard fat and another fourth soft fat. 

It  is not yet possible to determine fat ty acid composi- 
tion of individual globules. However, size distribution 
curves for mill~ fat globules {11,12} and morphometric 
studies of intracellular globule origins {13,14} suggest 
possible compositional differences between populations 
of very small and larger globules. These populations can 
be prepared by centrifugal separation, which segregates 
the larger ones into cream and the smaller ones with the 
skim mille {15}. We report here an investigation of fat ty 
acid composition in triacylglycerols from such popula- 
tions of globules under several conditions of feeding and 
managing lactating cows. 

MATERIALS AND METHODS 

Milk samples. Milk was obtained from Holstein cows at 
the Schaedtbek experimental farm of the Federal Dairy 
Research Center in Kiel, West Germany. Depending on 
the experiment, aliquots of complete milkings from single 
animals or of mixed herd milk from the farm bulk tank 
were used. Samples were obtained under conditions of 
pasture feeding, barn feeding and underfeeding. Barn 
feeding was composed of grass or wheat silage, supple- 
mented by grain concentrate according to milk yield. 
Pasture feeding was supplemented by corn cob silage. 
Underfeeding was accomplished by giving the cow ex- 
clusively 8 kg wheat straw daily for one wk before the 
milk sample was taken: Samples {1 L} taken in the morn- 
ing were immediately brought to the laboratory for fur- 
ther processing. Those from individual animals were un- 
cooled; bulk tank samples were cooled to 2-4 C. 

Separating large and small fat globules. After warm- 
ing to 30 C and mixing the milk sample, 400 to 500 ml 
was centrifuged at 300 • g for 15 min in 20-ml glass tubes 
plugged at the bottom end with rubber stoppers. Follow- 
ing centrifugation, the tubes were placed in ice water for 
about 20 rain to harden the cream layers, after which the 
stoppers were removed and the skim mill~ decanted from 
the cream plug. The latter was used as the sample of 
larger globules. To obtain the smaller globules free of 
other lipid material {membranous vesicles, cell frag- 
ments}, the skim milk was further centrifuged at 33,000 • 
g and 4 C for one hr. The very thin cream layer obtained 
was carefully removed and suspended in water. This 
served as the sample of smaller globules and, on average, 
represented 5% of total globule lipid. 

Determination of globule diameter. Samples of cream 
layers from both centrifugations were diluted with warm 
water and mixed with a 5% solution of gelatin in warm 
water, final temperature 30 C. An aliquot of this was 
transferred to the depression in a specially designed glass 
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microscope slide. A cover glass then was placed over the 
depression, thereby creating a 0.01-ram thick film con- 
taining the globules. The slide was cooled in a refrigerator 
(5 C) to solidify the gelatin and, after readjustment to 
room temperature, was viewed with a camera-equipped 
Leitz Orthomat microscope. Regions of good globule 
distribution {free of clumps) were photographed. Positive 
enlargements, total magnification 1790• were used to 
measure fat globule diameters. These were determined 
with the aid of an electronic pencil and tablet to trace 2000 
to 3000 globule circumferences per preparation, and a 
microcomputer to process the data {16). The diameters 
were calculated as (in, the number average diameter. This 
method of assaying globule size, while not adequate in 
accounting for the huge numbers of very small globules 
in milk (11), is sufficient to show significant differences 
in the globule sizes between cream and skim milk. 

Preparation and fatty acid analysis of lipids. Whole 
milk samples and dispersed cream layers were solvent ex- 
t racted to obtain total  lipids by the R6se-Gottlieb pro- 
cedure (17) as modified by Wals t ra  and de Graaf  (18). 
Polar (membrane) lipids represent a relatively larger com- 
ponent of small as compared with large globules. To 
obtain compositional data  more representative of the 
globule core, we isolated triacylglycerols of lipid samples 
by thin layer chromatography. Each sample (30 to 40 mg) 
was applied the length of one dimension on a precoated 
0.25 ram, 20 X 20 cm silica gel thin layer chromatography 
plate {No. 5721, Merck, Darmstadt ,  West  Germany). 
Separation of lipids was achieved with petroleum 
ether/ethyl ether/acetic acid {75:25:1, v/v/v). The band of 
triacylglycerols (1~ 0.7 to 0.8, detected by covering all 

but  1 cm at the running edge of the plate and exposing 
it to iodine vapor, was scraped off with a razor blade and 
extracted from the silica gel with diethyl ether. 

Triacylglycerols were weighed, made to a 5% solution 
in redistiUed heptane and transesterified with sodium 
methoxide in methanol (19). The result ing methyl  esters 
were analyzed in a Packard-Becker Model 438 gas 
chromatograph (Delft, Netherlands) with a Spectra 
Physics 4100 comput ing integrator  under the following 
conditions: 25 m X 0.23 mm (i.d.) fused silica capillary 
column coated with SP-1000 (Supelco, Bellefonte, PA); 
injector, flame ionization detector and oven program 
temperatures of 220, 260 and 50-235 C, respectively; sam- 
ple (1 ~l) injection with a 1:100 split, column flow of 1 mY 
rain and additional detector gas flow (auxiliary gas) of 
29 mYmin (both N2). A precisely weighed test  mixture of 
fa t ty  acid methyl esters closely approximating an average 
milk fat was used to calculate correction factors for peak 
areas on sample chromatograms.  The results were ex- 
pressed as wt. % of each fa t ty  acid (as acid) in relation 
to the total fa t ty  acids (as acids). Data  in the tables are 
averages of two gas chromatographic  runs for each sam- 
ple. This methodology for quanti tat ion of fa t ty  acids was 
developed by scientists of the International Dairy Federa- 
tion and the European Economic Community for analysis 
of fats and oils, including milk fat. 

RESULTS 

F a t t y  acid composition of total  lipid samples from milks 
of individual animals and of the herd under pasture and 
barn feeding conditions are presented in Table 1. With 

TABLE 1 

Fatty  Acid Composition of Total Lipids from Milks Produced under Various Conditions 

Wt. % 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 
Fatty Herd Individual Herd Individual Individual Individual 
acids Pasture fed Pasture fed Barn fed Barn fed Barn fed Underfed 

4:0 3.72 3.83 3.77 3.94 3.79 3.08 
6:0 2.15 2.39 2.48 2.61 2.41 1.47 
8:0 1.25 1.43 1.51 1.56 1.44 0.68 

10:0 2.64 3.01 3.63 3.56 3.49 1.26 
10:1 0.34 0.48 0.34 0.42 0.40 0.12 
12:0 3.43 3.66 4.80 4.81 4.61 1.31 
12:1 0.11 0.15 0.11 0.13 0.15 0.03 
13:0 br 0.17 0.22 0.15 0.18 0.19 0.06 
13:0 0.09 0.07 0.18 0.14 0.14 0.04 
14:0 br 0.14 0.12 0.10 0.08 0.09 0.05 
14:0 10.41 11.01 12.56 11.92 12.76 6.17 
14:1 1.18 1.62 1.14 1.09 1.64 1.00 
15:0 br 0.96 0.83 0.69 0.70 0.60 0.36 
15:0 1.12 0.96 1.35 1.24 1.05 0.54 
16:0 br 0.25 0.21 0.20 0.18 0.21 0.22 
16:0 26.63 29.73 35.40 36.42 43.74 27.71 
16:1 2.17 2.23 2.14 1.98 2.62 4.08 
17:0 br 1.10 1.02 0.96 1.00 0.89 1.00 
17:0 0.78 0.76 0.62 0.52 0.50 0.82 
17:1 0.37 0.31 0.31 0.26 0.24 0.76 
18:0 10.02 9.64 6.48 6.49 5.04 7.85 
18:1 25.23 21.71 16.90 16.98 11.26 37.47 
18:2 2.20 1.72 2.08 2.27 1.46 2.19 
18:2 a 1.34 0.77 0.27 0.34 0.17 0.46 
18:3 0.84 0.82 0.36 0.31 0.22 0.46 
20:0 0.29 0.24 0.15 0.10 0.09 0.12 
20:1 0.16 0.14 0.24 0.10 0.11 0.17 
>20:1 0.63 0.69 0.60 0.33 0.30 0.24 

aConjugated double bond. 

LIPIDS, Vol. 23, No. 7 0988) 



MILK FAT GLOBULES: COMPOSITION, SIZE AND LIQUIDITY 

687 

the exception of da ta  f rom the underfed animal, the prin- 
cipal var ia t ions  related to elevated 18:0 and 18:1 and 
lower 16:0 in the  pas tu re  feeding as compared  with  ba rn  
feeding trials. This  is a character is t ic  difference t ha t  can 
be a t t r ibu ted  to prevalence of 18: acids in pas ture  lipid 
{20-22), In  general, not  only 16:0 was increased under  
ba rn  feeding, but  all the major  shor t  and medium chain 
f a t t y  acids. This  effect was  leas t  wi th  4:0. Wi th  under- 
feeding, 4:0 and 16:0 were depressed. This was compen- 
sa ted  mainly  by  increased 18:1. Similar effects of under- 
feeding have been observed by  us and others {22,23). The 
following fa t ty  acids, occurring ra ther  consistently below 
0.1%, have been omi t t ed  f rom the da t a  of Table 1: 5:0, 
7:0, 9:0, 11:0, 15:1, 18:0 br, 19:0. 

D a t a  i l lus t ra t ing the  differences in f a t t y  acid composi- 
t ion of t r iacylglycerols  of whole milk, large globules of 
cream, and small  globules f rom skim milk are presented  
in Table 2. For  the sake of space, complete  da ta  for only 
herd milk under  ba rn  feeding are given as an example.  

The principal differences are shown by  the small globules. 
D a t a  for whole milk and the c ream (larger globules) are 
vi r tual ly  identical. This  would be expected in t ha t  the  
c ream sample  accounts  for 95% or more of the milk 
triacylglycerols. The close agreement of da ta  for the whole 
milk and i ts  c ream also reveals  the precision of the 
analytical method. Da ta  variat ion between larger globules 
and smaller  globules (given in the  r ight  hand columns of 
the table) show slightly less 4:0 to 10:0, slightly more 12:0 
and 14:0, virtually no change in 16:0, less 18:0 and greater  
18:1 for the small  globules. The differences in f a t t y  acid 
composi t ion of t r iacylglycerols  of larger  vs  smaller  
globules for six tr ials  are summar ized  in Table  3. Mean  
ar i thmet ic  globule d iameters  for the samples  are also in- 
cluded. These da ta  es tabl ish that ,  in all of the normal  
feeding trials, 1-5, triacylglycerols of the smaller globules 
were associated with reduced 4:0 to 10:0 and 18:0 and in- 
creased 18:1 in compar ison with  resul ts  for the larger 
globules. Each  of the shor t  chain acids was lower in the 

TABLE 2 

A Comparison of Fatty Acid Composition of Triacylglycerols from Herd Milk 
and from Globules of Its Cream and Skim Milka 

Differences 
Skim vs cream 

Fatty Whole milk Cream Skim milk Actual Relative 
acids wt. % wt. % wt. % wt. % wt. %b 

4:0 3.73 3.80 3.63 --0.17 --4.5 
5:0 0.05 0.05 0.05 
6:0 2.46 2.50 2.41 --0.09 --3.6 
7:0 0.05 0.05 0.06 
8:0 1.50 1.54 1.45 --0.09 --5.8 
9:0 0.07 0.07 0.08 

10:0 3.62 3.67 3.54 --0.13 --3.5 
10:1 0.33 0.34 0.34 
11:0 0.14 0.14 0.14 
12:0 4.80 4.82 4.88 +0.06 + 1.2 
12:1 0.12 0.11 0.13 
13:0 br 0.15 0.15 0.18 
13:0 0.23 0.21 0.25 
14:0 br 0.09 0.11 0.09 
14:0 12.45 12.46 12.72 +0.26 +2.1 
14:1 1.14 1.14 1.23 
15:0 br 0.68 0.69 0.72 
15:0 1.33 1.34 1.43 
15:1 0.06 0.06 0.07 
16:0 br 0.20 0.20 0.21 
16:0 35.08 35.11 35.02 -0.09 -0.3 
16:1 2.17 2.13 2.24 
17:0 br 0.97 0.07 0.99 
17:0 0.62 0.62 0.62 
17:1 0.34 0.34 0.33 
18:0 br 0.06 0.09 0.05 
18:0 6.56 6.56 5.78 -0.78 - 11.9 
18:1 16.97 16.98 17.51 +0.53 +3.1 
18:2 2.06 2.03 2.10 
18:2 c 0.25 0.26 0.24 
19:0 0.06 0.06 0.06 
18:3 0.35 0.35 0.37 
20:0 0.17 0.17 0.14 
20:1 0.27 0.25 0.28 
>20:1 0.90 0.66 0.69 

Total 100.0 100.0 100.0 

aTrial 3 under barn (winter) feeding conditions. 
bDerived on the basis of the actual percentage in cream as 100%. 
cConjugated double bond. 
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TABLE 3 

Differences between Fat Globules of Creams and Corresponding Skim Milks in Triacylglyeerol Fatty Acid 
Composition for Milks Produced under Various Conditions a 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 
Herd Individual Herd Individual Individual Individual 

Pasture fed Pasture fed Barn fed Barn fed Barn fed Underfed 

Globule size b 
Cream 2.81 2.93 3.17 n.d. 2.76 3.33 
Skim milk 1.41 1.02 1.77 n.d. 1.50 1.35 

Fatty acids wt. % 
4:0-10:0 -0.21 -0.48 -0.48 -0.79 - 1.38 +0.12 
12:0 0 -0.02 +0.06 -0.10 -0.43 +0.19 
14:0 +0.01 +0.02 +0.26 0 -0.41 +0.59 
16:0 - 1.07 +0.95 -0.09 +0.78 +0.10 +0.99 
18:0 --0.98 --0.98 --0.78 --0.89 --0.60 --0.48 
18:1 +0.73 +0.06 +0.53 +0.97 +1.24 --1.22 
18:2 + :3 +0.66 +0.19 +0.07 --0.15 +0.22 --0.02 

aDifferences are wt. % composition of triacylglycerol fatty acids from skim milk less those from cream. 
bArithmetic mean of globule size diameters in ~rn ((in). 

smaller globules for all five trials, the mean differences 
in actual % being: 4:0 -0 .21 ,  6:0 -0 .14 ,  8:0 -0 .09 ,  10:0 
-0 .20 .  The other  acids in the table, i.e., 12:0, 14:0, 16:0, 
18:2 and 18:3, showed no consistent  trend. In terms of 
relative differences, using content  of the acids in larger 
globules as 100%, the mean values were - 5.9, - 11.7 and 
+4.6% for short  chain, stearic and oleic acids, respec- 
tively. Considering the normal f a t ty  acid composition of 
milk triacylgiycerols {Table 1), this reduction in stearic 
acid, in terms of mass, is ra ther  precisely equivalent to 
the gain in oleic acid. 

Differences in f a t ty  acids for large and small fat  
globules of the underfed animal (Trial 6, Table 3) bear 
little or no relationship to da ta  for the other  five trials. 
Because many normal synthetic  and secretory pathways 
within the lactat ing cell may  be per turbed under such 
stress, it is difficult to rationalize these data  at  this time. 
However,  in additional trials (not shown} the t rends of 
da ta  for this trial, as well as those in the other  five trials, 
were reproducible. 

DISCUSSION 

Profound differences in f a t ty  acid composition between 
large and small fat  globules were not  found in this s tudy 
{Table 3). However,  the small differences, consistent ly 
detected, seem impor tan t  for a number  of reasons. I t  is 
notable tha t  the fa t ty  acids involved are crucial to the 
liquidity of milk fat. I t  is a liquid at body tempera ture  
(24), presumably of necessi ty for its synthesis  and secre- 
t ion by  the lactat ing cell, as well as for efficient utiliza- 
tion by the offspring. The principal means of assuring this 
liquidity is the incorporation of oleic acid (18:1, mp 14 C), 
which is produced from stearic acid (18:0, mp 69 C) in 
bovine mammary  tissue {25-27}, and of short  chain fa t ty  
acids (4:0-10:0, mp - 8  to +31 C) into triacylglycerols 
destined for milk fat  globules. Thus, it  is reasonable to 
interpret  increases in 18:1 with corresponding decreases 
in 18:0 as a response to meet  liquidity requirements  of 

cytoplasmic fat  droplets due to lesser availability of 4:0 
to 10:0. Because these small differences are seen as a net  
effect in a substantial  fraction of the total  globule popula- 
tion, much larger differences may occur in some individual 
globules. This is in keeping with the significant dif- 
ferences observed in refractive indices between globules 
of equal size by  Wais t ra  and Borggreve (10). However,  
in distinction to their interpretat ion tha t  this means half 
of the total  globules have either relatively solid or liquid 
fat, this could mean liquidity being maintained by greater 
incorporation of oleic acid in some globules, thus increas- 
ing refractive index, or by  greater  incorporation of short  
chain acids in other  globules, which would lower the in- 
dex. Refractive indices (nD) for the various acids and 
milk fat  are: 4:0, 1.3992~ 6:0, 1.4162~ 8:0, 1.4282~ 10:0, 
1.4294~ 18:0, 1.4308~ 18:1, 1.46318 (28}; and milk fat  {but- 
terfat}, 1.4530-1.455540 {29}. 

The conversion of stearic acid to oleic acid in lactat ing 
bovine tissue is accomplished by the microsomal enzyme, 
stearyl-CoA desaturase (EC 1.14.99.5} {25-27}. Da ta  
reviewed by  Thompson {30) show tha t  such desaturases 
are s t imulated by  increase in membrane rigidity, a con- 
dition that  is controlled primarily by membrane lipid com- 
position as well as by  temperature.  Because newly pro- 
duced triacylglycerols and their  precursor diglycerides 
would be expected to influence the fluidity-rigidity of 
membranes accomplishing their synthesis,  it is evident 
tha t  the membrane fluidity-desaturase act ivi ty relation- 
ship could provide a basic control  mechanism for main- 
taining liquidity of accumulating fat  droplets. 

As to the origin of compositional differences between 
large and small globules, one explanation may  lie in the 
mechanism by which intracellular milk lipid droplets grow 
in size. There is growing evidence tha t  this occurs by  a 
process of small droplet fusion to produce large droplets 
{13,14,31,32). In detailed studies of the ultrastructure and 
biochemistry of lipid droplets in the lactat ing cell 
{3,31,32}, microlipid droplets with diameters <0.5 ~m 
originating in the endoplasmic ret iculum were isolated 
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and characterized. These studies provide evidence that 
the microlipid droplets may fuse to form larger cyt~ 
plasmic droplets or be secreted as such. One interpreta- 
tion of our findings is that not all of the intracellular 
microlipid droplets fuse with equal facility; in particular, 
those containing less short chain fatty acids may be more 
resistant and tend to be secreted directly or with few fu- 
sions. However, observed significant differences in refrac- 
tive indices of medium-sized milk fat globules (3.5 to 
6.5 ~m) (10) suggest that there must be differences in 
fatty acid composition of larger intraceUular lipid droplets 
as well. 
Another factor that may cause differences between 

globules in fatty acid composition is spatial asymmetry 
in supply and incorporation of the acids. It has been sug- 
gested {33) that the basal region of the lactating cell is 
enriched in long chain fatty acids from the circulation, 
whereas the mid- to upper-region may be the primary 
source of short chain acids, these being synthesized de 
novo within mammary tissue {34). It also is true that if 
exchange of short chain fatty acids for oleate were occur- 
ring at the surface of intracellular lipid droplets, more ex- 
change would take place per unit mass of small droplets 
because of their larger surface to volume relationship. 
Other asymmetries may concern varying supply of 
precursors for milk lipid synthesis at the gland and whole 
body levels. 

In light of observations to date on globule size and com- 
position together with findings on lipid droplets of the 
lactating cell, it is possible to explain the three {overlap- 
ping) size subpopulations of milk fat globules noted by 
Walstra (11) and Rtiegg and Blanc {12). Small globules 
result from secretion of the microlipid droplets of Deeney 
et al. 132), which have undergone no or limited fusions, 
the intermediate-sized globules arise from cytoplasmic 
droplets resulting from many fusions of microdroplets 
and, as suggested by Walstra 111), the larger globules, 
r a n g i n g  s o m e t i m e s  f rom 20 /zm in d i a m e t e r ,  r e p r e s e n t  
p o s t - s e c r e t i o n  fus ion  of  g lobules ,  b e c a u s e  in some  cases  
t h e y  t e n d  to  exceed  d i m e n s i o n s  of  t h e  cell.  
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7-Methyl-8-hexadecenoic Acid: A Novel Fatty Acid 
from the Marine Sponge Desmapsarna anchorata 
N6stor M. Carballeira* and Maria E. Maldonado 
Department of Chemistry, University of Puerto Rico, Rio Piedras, Puerto Rico 00931 

The novel fatty acid 7-methyl~-hexadecenoic {1) was iden- 
tified in the marine sponge Desmapsama anchorata. 
Other interesting fatty acids identified were 14-methyl-& 
hexadecenoic (2), better known through its methyl ester 
as one of the components of the sex attractant of the 
female dermestid beetle, and the saturated fatty acid 
~methylheptadecanoic {3), known to possess larvicidal ao 
tivity. The main phospholipid fatty acids encountered in 
D. anchorata were palmitic {16:0), behenic (22:0) and 
5,~hexacosadienoic acid {26:2), which together accounted 
for 50% of the total phospholipid fatty acid mixture. 
Lipids 23, 690-693 (1988). 

Sponges have been the source of many interesting phos- 
pholipid fa t ty  acids possessing unusual unsaturation and 
methyl  branching alternatives not found in terrestrial 
counterparts (1). The finding by Litchfield et al. of marine 
phospholipid fa t ty  acids (C26-C30) with an unusual  h5,9 
unsaturation (2) as well as our recent report (3) of the isola- 
tion of the rare 5,9-hexadecadienoic acid from the marine 
sponge Chondrilla nucula are interesting. A good exam- 
ple of methyl  branching in marine sponges can be found 
in our recent report  of isoprenoid fa t ty  acids from com- 
mon Caribbean sponges (4) as well as in the original work 
of Walkup et al. (5). In this paper, however, we would like 
to report  the isolation of several unusual phospholipid 
fa t ty  acids tha t  combine, in the same structure, unusual 
unsaturat ion with odd methyl  branching. The phosph~  
lipid fa t ty  acids tha t  we report  here are the novel 7- 
methyl-8-hexadecenoic (1), the important  14-methyl-8- 
hexadecenoic (2), and the rare 3-methylheptadecanoic (3), 
which were isolated from the Caribbean sponge Desmap- 
sama anchorata (Scheme 1). To the best  of our knowledge, 
7-methyl-8-hexadecenoic is new in nature. The correspond- 
ing sa tura ted  branched analogue 7-methylhexadecanoic 
acid has been isolated from sperm whale oil (6) and the 
linear unsaturated 8-hexadecenoic acid has been detected 
in several biota, including green and blue-green algae (7). 
It  is important to mention that  14-methyl-8-hexadecenoic 
acid methyl  ester, together with 14-methyl-8-hexa- 
decen-l-ol, have been reported to be the active constit- 
uents of the sex at t ractant  of the female dermestid beetle 
Trogoderma inclusum and the khapra beetle Trogoderma 
granarium. These beetles are very serious pests  in stored 
cereal products  in hot, dry par ts  of the world, and they 
consume a wide variety of products such as grain, cereals 
and dried milk (8). Here we report  the results  of our 
investigation. 

EXPERIMENTAL PROCEDURES 

D. anchorata was collected January 21, 1987, at the depth 
of 50 feet near Cayo Enrique, Puerto Rico. The sponge 

*To whom correspondence should be addressed. 
Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; ECL, equivalent chain length; GC, gas chromatography; 
GC-MS, gas chromatography-mass spectrometry; HPLC, high 
pressure liquid chromatography; TLC, thin layer chromatography. 

was washed in sea water, carefully cleaned of all non- 
sponge debris and cut  into small pieces. Immediate  ex- 
traction with chloroform/methanol (1:1, v/v) yielded the 
total  lipids. The neutral  lipids, glycolipids and phospho- 
lipids were separated by column chromatography on silica 
gel, grade 62 {60-200 mesh) using the procedure of Privett  
et  al. {9). The fa t ty  acyl components of the phospholipids 
were obtained as their methyl  esters by  reaction of the 
phospholipids with methanolic hydrogen chloride (10) 
followed by  purification on column chromatography 
eluting with hexane/ether {9:1, v/v). The resulting methyl 
esters were analyzed by  gas chromatography-mass spec- 
t romet ry  {GC-MS) using a Hewlet t -Packard 5995 A gas 
chromatograph-mass spectrometer equipped with a 30 X 
0.32 mm fused silica column coated with SE-54. For the 
location of double bonds, N-acylpyrrolidide derivatives 
were prepared by direct t rea tment  of the methyl  esters 
with 2 ml pyrrolidine and catalytic amounts of acetic acid 
in a capped vial {3 days at 100 C) followed by  ethereal ex- 
traction from the acidified solution and purification by  
column chromatography on silica gel. Hydrogenat ions  
were carried out  in 5 ml of absolute methanol and 
catalytic amounts  of plat inum oxide (PtO2). Mass  spec- 
tral data  of key fa t ty  acids for this discussion are 
presented below. 

7-Methyl-8-hexadecenoic acid methyl ester. MS m/z (rel. 
int.} 282 (M +, 6), 251 (4), 250 (3), 168 (10), 167 {18), 151 
{13), 138 (62), 137 (12), 125 {13}, 123 {22), 115 {32), 114 (11}, 
111 {17), 110 {27), 109 (24), 97 {45), 95 {39), 93 {15), 91 (10}, 
87 {12), 85 (10), 83 (45}, 81 {49), 79 (18), 74 {19), 71 (19), 
70 (16), 69 {61), 67 {47), 55 (100). 

7-Methyl hexadecanoic acid methyl ester. MS m/z (rel. 
int.} 284 (M*, 5), 235 (2), 234 {2), 185 {5), 158 (3), 157 {27), 
135 (4), 130 (4), 130 (4), 129 {13), 126 (3), 125 {12), 123 (2), 
111 {4), 101 (8), 97 {22), 87 {71), 83 (15), 75 {23), 74 {100), 
71 (11), 69 (22}, 57 {29), 55 {47). 

7-Methyl-&hexadecenoic acid pyrrolidide. MS m/z {rel. 
int.} 321 {M*, 6), 236 {1), 222 (2), 208 {5), 194 (2), 182 {1), 
168 (3}, 154 (6), 140 {5}, 127 (11}, 126 {36), 113 (100}, 98 
{23), 95 (4), 85 (10), 72 {28), 71 {17), 70 {40}, 69 (18), 67 {13), 
56 {17), 55 {56). 

3-Methylheptadecanoic acid methyl ester. MS m/z (rel. 
int.} 298 {M § 7), 171 (13), 143 (17), 129 [8), 111 (14), 101 
(84}, 97 (21), 96 {13), 95 {16}, 87 {35), 83 {26), 75 (42), 74 
(100), 69 {61), 57 {34), 55 {58). 

14-Methyl~hexadecenoic acid methyl ester. MS m/z 
{rel. int.) 282 {M § 6), 252 (I2), 251 {4), 250 {4), 221 (3), 168 
{11), 167 (18), 155 (6), 152 (5), 151 {12), 139 {10), 138 {58), 
137 ill}, 125 {ll}, 123 (20), 115 (28), 114 {10), 111 (16}, 110 
{27), 109 {23), 97 {43), 96 (19), 95 {39), 93 {10), 87 (18), 85 
(11), 84 {18), 83 {44), 81 (43), 74 {32), 69 (70), 68 {25), 67 
(43), 55 (100). 

14-Methylhexadecanoic acid methyl ester. MS m/z {rel. 
int.) 284 (M*, 10), 255 (4), 253 (2), 242 {3), 241 {9), 227 {5), 
213 (5), 199 (9), 185 (6), 143 (16), 129 (7), 125 {5), 111 (6}, 
101 (5), 97 (15), 87 (61), 75 {23), 74 (100), 69 {19), 57 (26), 
55 (44). 

14-Methyl~hexadecenoic acid pyrrolidide. MS m/z (rel. 

LIPIDS, Vol. 23, No. 7 (1988) 



7-METHYL-8-HEXADECENOIC ACID: A NEW ACID FROM DESMAPSAMA ANCHORATA 

691 

int.) 321 (M § 2), 208 (2), 194 (1), 182 {2), 168 (2), 154 (2), 
140 (2), 127 (7), 126 (22), 113 (100), 98 (15), 85 (7), 71 {17), 
70 (28), 69 {24), 57 (19), 55 (37). 

RESULTS 
Our results are presented in Table 1. As can be seen from 
the table, the main phospholipid fat ty acids encountered 
in D. anchorata were palmitic (16:0), behenic {22:0) and 
5,9-hexacosadienoic acids (26:2). The latter acids are 
typical acids from marine sponges and, in this case, they 
accounted for 50% of the total mixture. It is interesting 
to point out here that  in most of the Caribbean sponges 
that  we have analyzed, behenic (22:0) has been a predomi- 
nant acid in the mixtures. The 5,9-hexacosadienoic acid 
(26:2), typical of the Demospongiae, was characterized by 
means of GC-MS, because fat ty acid methyl esters 
possessing the 5,9-unsaturation reveal a base peak at 
rn]z = 81, and the corresponding pyrrolidide derivatives 
a key peak at m/z = 180 resulting from allylic cleavage 
ill). Another interesting fat ty acid possessing the 5,9- 
unsaturation was encountered in D. anchorata, namely 
the 5,9-octacosadienoic acid (28"2), which accounted for 
0.9% of the total fat ty acid mixture. Its characterization 
also was performed by means of GC-MS, affording the 
characteristic fragmentation patterns already discussed 
above. The phospholipid mixture was analyzed by means 
of thin layer chromatography (TLC) and shown to con- 
sist mainly of phosphatidylcholine (PC) and phosphatidyl- 
ethanolamine (PE). 

Three rather unusual fat ty acids for marine sponges 
were encountered in D. anchorata. The most interesting 
fat ty acid methyl ester presented an equivalent chain 
length (ECL) value of 16.28 and a molecular weight of 
MW -- 282. Upon catalytic hydrogenation, the latter 
fatty acid methyl ester was converted to a saturated ester 
(MW = 284) with an ECL value of 16.45 in a SE-54 
capillary column. This result confirms the presence of 

methyl branching, but excludes any of the common iso 
or anteiso C17 fat ty acid methyl esters, because these 
acids normally present ECL values between 16.60 and 
16.69 (12). Moreover, the 16.45 value suggested that  the 
hydrogenated product could be the 7-methylhexadecanoic 
acid methyl ester, because it has been reported (6) for the 
latter fat ty acid methyl ester an ECL value of 16.4. To 
confirm what the ECL value was suggesting to us, we 
carefully looked at the mass spectrum of the hydro- 
genated product and found a most revealing fragmenta- 
tion peak at m/z = 157, not significant in the mass spec- 
tra of the iso and anteiso C17 series, with a considerable 
abundance of 27 %. The latter fragmentation peak clearly 
shows methyl branching at C-7, because this fragment 
corresponds to a favorable fragmentation at the branch- 
ing between carbons 7 and 8, resulting in the stabilized 
C9H,702 § cation. Therefore, this mass spectral data con- 
firms C7 methyl substitution but, as definite proof for 
methyl branching and unsaturation, we prepared the 
corresponding pyrrolidide derivative of this acid and sub- 
mitted the product to electron impact mass spectrometry. 
The results were very revealing, and they are shown in 
Figure 1, spectrum A. First, double bond unsaturation 
between carbons 8 and 9 was recognized due to a separa- 
tion of 12 ainu between fragments at m/z = 182 and 194. 
It  is known from the mass spectra of fat ty acid pyr- 
rolidides that  if an interval of 12 amu, instead of the 
regular 14, is observed between the most intense peaks 
of clusters of fragments containing n and n-1 carbon 
atoms in the acid moiety, a double bond occurred between 
carbon n and n + l  in the molecule (13). In our case, an 
interval of 12 amu was encountered between carbons 8 
and 7, indicating unsaturation between carbons 8 and 9. 
Second, a peak of low intensity was observed at exactly 
m]z = 182, flanked by neighboring peaks higher than 
usual (Fig. 1), indicating C7 methyl branching. It is well- 
established in the mass spectrometry of branched pyr- 
rolidides that, if a peak of lower intensity than the 

TABLE 1 

Identified Phospholipid Fatty Acids from Desmapsama anchorata 

Fatty acids Abundance (%) 

Tetradecanoic (14:0) 1.2 
Pentadecanoic (15:0) 0.3 
14-Methylpent adecanoic (16:0) 0.5 
Hexadecanoic (16:0) 11.2 
7-Methyl-8-hexadecenoic (17:1) 4.3 
14-Methyl-8-hexadecenoic (17:1) 8.4 
Heptadecanoic (17:0) 0.4 
3-Methylhept adecanoic (18:0) 0.9 
1 l-Octadecenoic (18:1) 5.7 
Octadecanoic (18:0) 3.9 
Nonadecanoic (19:0) 1.7 
Methyldocosauoic (20:0) 0.8 
Docosanoic (20:0) 4.9 
Heneicosanoic (21:0) 2.1 
Behenic (22:0) 20.1 
Tricosanoic (23:0) 1.2 
Tetracosanoic (24:0) 11.9 
Pentacosanoic (25:0) 1.7 
5,9-Hexacosadienoic (26:2) 17.8 
5,9-Octacosadienoic (28:2) 0.9 
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FIG. 1. Partial mass spectra of 7-methyl-~hexadecenoic acid pyr- 
rolidide (A), 14-methyl-~hexadecenoic acid pyrrolidide (]3) and behenic 
acid pyrrolidlde (C). Spectra are expanded three times. 
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analogous peak in a straight-chain fat ty acid pyrrolidide 
is observed, then this is indicative of a branched methyl 
at that position. From all of the above experimental data, 
we concluded that the acid in question is the unprece- 
dented 7-methyl-8-hexadecenoic acid (1), which, to the best 
of our knowledge, has not been reported to occur in nature 
{Scheme 1). 

Our second interesting fatty acid methyl ester occurred 
in the mixture at an abundance of 8%. The mass spec- 
trum of this fat ty acid methyl ester also presented a 
molecular peak at m/z = 282. Upon catalytic hydrogena- 
tion, this fat ty acid methyl ester was converted to its 
saturated analogue (MW = 284), which presented an ECL 
value of 16.74, almost the same as that  exhibited by an 
anteiso C17 fat ty acid methyl ester. In fact, when coin- 
jected in gas chromatography (GC) with an authentic 
sample of the anteiso C17 methyl ester obtained from 
other sponges that we have analyzed in our laboratory, 
the hydrogenated product proved to be identical. The 
position of the only double bond in the parent molecule 
was determined by preparing the corresponding pyr- 
rolidide. The latter clearly presented an interval of 12 amu 
between m]z = 182 and m/z = 194 (Fig. 1, spectrum B), 
indicating also unsaturation between carbons 8 and 9. For 
comparison, we have included in Figure 1, spectrum C, 
the pyrrolidide derivative of the saturated linear behenic 
acid, where a difference of 14 amu is clearly seen between 
m/z = 182 and m/z = 196. From our mass spectral data 
and GC retention times, we concluded that  we have 
isolated the known 14-methyl-8-hexadecenoic acid (2), 
most commonly known as its methyl ester as one of the 
components of the sex attractant of the female dermestid 
beetle Trogoderma inclusum! 

Our third unusual fat ty acid methyl ester presented an 
ECL value of 17.55, a rather low value. Mass spectral 
analysis revealed a molecular weight of 298, suggesting 
18 carbons in the molecule and the base peak at m/z = 
74 confirmed it to be a fat ty acid methyl ester. This com- 
pound was inert upon catalytic hydrogenation, confirm- 
ing branching and no unsaturation. The mass spectrum 
of the fat ty acid methyl ester was very revealing, espe~ 
cially a peak at m/z = 101, not found in iso and anteiso 

8 
m 7 COOH 

[!] 

8 ~ COOH 

[2] 

17 3 COOH 

C_3] 
S C H E M E  1 

fat ty acids, with an impressive abundance of 84%. This 
clearly indicates methyl branching at carbon 3 due to a 
favorable cleavage between carbons 3 and 4. Because only 
one methyl branching can be explained from the observ- 
ed ECL value, the original compound in question is the 
rare 3-methylheptadecanoic (3), which was observed in 
0.9% abundance (Scheme 1). 

Because sterols are known to coexist with phospho- 
lipids in cell membranes, we decided to take a look at the 
sterols from D. anchorata in detail to see if unusual 
methyl branching also was to be found in the sterol mix- 
ture. With the use of high pressure liquid chromatography 
(HPLC), 400-MHz 'H-NMR, MS, and comparison with 
authentic samples, the following sterols were isolated and 
characterized from D. anchoratcL Desmosterol {1.8% 
abundance of the total sterol mixture), cholesterol (41%), 
sitosterol {13%}, stigmasterol 14.7%), 24-methylcholes- 
terol (5.4%), 24(S)-methylcholesta-5,22-dienol {15.1%), 
24{R)-methylcholesta-5,22-dienol {4.8%), 24-methylene- 
cholesterol {4.6%), and cholesta-5,22-dienol {9.6%}. There- 
fore, D. anchorata presented a common sponge sterol com- 
position 114). However, we should mention in this context 
that  when doing the analyses, we isolated several times 
reasonable amounts of a compound, which seems to be 
common in D. anchorata, presenting a molecular weight 
of m]z = 350, which could correspond to a monoun- 
saturated C2~H5o hydrocarbon or to an aldehyde such as 
(Z)-I 7-tetracosenal. 

DISCUSSION 

As mentioned earlier, this is the first time that the 
7-methyl-8-hexadecenoic acid (1) has been isolated. The 
closest structure reported in the literature has been the 
isolation of the isomeric 7-methyl-7-hexadecenoic acid 
from sperm whale otis, which have been a common source 
of these 7-methyl branched fat ty acids (15). In analogy 
to other similar structures, we probably can speculate at 
this point that the stereochemistry at the A8 double bond 
could be cis but, in any instance, the 7-methyl-8-hexa- 
decenoic acid isolated in this work presents interesting 
possibilities for stereochemical modifications. For exam- 
ple, the four possible stereoisomers could be synthesized 
and tested for biological activity, especially pheromone- 
type interactions. Probably, as is the case of the ana- 
logous acid isolated in this work, i.e., the 14-methyl-8- 
hexadecenoic acid (2), the corresponding alcohol could be 
expected to provide a more powerful pheromone type of 
activity (16). As to the biosynthetic origin of this acid, 
we can only speculate until the necessary biosynthetic ex- 
periments are performed. It is very likely that the A8 dou- 
ble bond in 7-methyl-8-hexadecenoic acid is introduced 
after chain elongation and introduction of the 7-methyl 
group, i.e., the 7-methylhexadecanoic acid is biosynthe- 
sized first followed by double bond introduction. Until 
the latter experiments are performed, we can only 
speculate about the origin and function of this interesting 
phospholipid fat ty acid. 

The corresponding fat ty acid methyl ester and alcohol 
of the 14-methyl-8-hexadecenoic acid (2) have been known 
for some time to be the active constituents of the sex at- 
tractant of both Trogoderma inclusum and Trogoderma 
granarium (8), but as to its function in D. anchorata, we 
can only speculate. We should mention here that  the 
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stereochemical  features  of the na tura l  pheromone are 
(R)-14-methyl-cis-8-hexadecenoate (17). The mos t  likely 
biosynthet ic  route for the 14-methylhexadecenoic acid (2) 
should involve prior biosynthesis  of the common 14- 
methylhexadecanoic  acid followed by  double bond in- 
troduction at  hS. The origin of terminal 14-methyl branch- 
ing in short-chain fa t ty  acids has been studied thoroughly 
{12). The terminal  anteiso moie ty  in f a t t y  acids is gener- 
ally derived f rom the branched amino acid isoleucine {12). 

The 3-methylheptadecanoic acid is quite rare in nature.  
In  fact, we do not  know of any marine source for this acid, 
and this is the  first  t ime tha t  it has been isolated f rom 
a marine sponge. However,  the lat ter  compound has been 
shown to be a major  component  of the overcrowding fac- 
tors  of mosqui to  larvae, and it possesses larvicidal activ- 
i ty  aga ins t  the southern  house mosqui to  Culex p ip iens  
qu inque fasc ia tus  (18). The radiolabeled 3-methylhepta-  
decanoic acid also has  been useful for hear t  f a t t y  acid 
metabol ic  s tudies and imaging  (18). The [1-14C]/~-methyl- 
heptadecanoic acid has  been used for autoradiographic  
studies of myocardial  infarction while the [1- 'C] acid has 
been useful in posi t ron imaging  studies in dog hear t  (19). 
Present ly,  we are synthesizing these f a t t y  acids to t es t  
thei r  possible biological act iv i ty  as a function of stereo- 
isomerism. Work  is also in progress  t ry ing  to elucidate 
the b iosynthet ic  origin of the isolated acids in this work. 
We also are s tudying how the concentration of these acids 
changes wi th  season. 
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The Composition of Furan Fatty Acids in the Crayfish 
Kazuo Ishii, Hamo Okajlma, Tsuyoshi Koyamatsu, Youji Okada and Hiroshi Watanabe* 
School of Health Sciences, Kyorin University, Miyashita-cho, Hachioji 192, Japan 

Capillary gas chromatography-mass spectrometry IGC- 
MS) analysis of the sterol ester fatty acid methyl esters 
of the crayfish hepatopancreas revealed the presence of 
at least 30 kinds of unusual furan fatty acids (F acids), 
which accounted for 28.49% of the total sterol ester fatty 
acids. On the other hand, only small amounts were found 
in triacylglycerols t0.5%) and phospholipids 10.7%). 
Among the F acids, 17 acids were the hitherto unknown 
ones, the major component being 12,15-epoxy-13,14- 
dimethyleicosa-12,14-dienoic acid (F6) t41.83% of the total 
F acids). These novel acids possessed chain lengths of C12 
to C22, with the largest concentration at C20 (45.38%), C1, 
141.97%) and C~6110.35%). Odd-numbered F acids also were 
found, though in a very small amount 10.4%). In the living 
things other than the crayfish, the longest chain F acid 
IC24} was detected in the sterol ester of the carp hepato- 
pancreas. The bullfrog, an amphibian, and the turtle, a 
reptilian, were found to have F acids as well in their livers. 

Olefinic furan fatty acids, which were detected by 
GC-MS, were found to have resulted during the analytical 
process from cyclodehydration of the diketo-ene formed 
by autoxidation of the F acids. 
Lipids 23, 694-700 11988). 

A furan fat ty acid (abbreviated to F acid) was found for 
the first time in the seed oil by Morris et al. (1), and a 
series of F acids was detected in some fish by Glass et ai. 
(2-4), Gunstone et ai. (5,6) and Scrimgeour (7). The latter 
acids differed on the point of being tri- or tetra-substi- 
tuted derivatives from the former di-substituted one, and 
were recognized mainly as the moieties of cholesteryl ester 
in the liver and triacylglycerol in the testis. One of the 
tri-substituted acid (14) (F2, Table 1) was found in the rub- 
ber latex as triacylglycerol (8), and a short-chain tetra- 
substituted F acid (2) (Table 1) was seen in the soft coral 
(9). Very recently, two types of dibasic-substituted F acids 
were reported by Spiteller et al., which were extracted 
from the blood and urine of men and rats and regarded 
as oxidative products of the F acids at alkyl substituents 
of the structure in their living bodies (10-18). 

Previously, we reported that the crayfish Procarnbarus 
clarkii had seven F acids (Fo-F6, Table 1) in the hepato- 
pancreas (19). This paper describes the results of further 
elaborated studies on the crustacean lipid. The investiga- 
tions revealed an additional 23 F acids, among which 17 
newly found ones were included (Table 1). The subjects 
of examinations for the F acids were extended to salmon, 
carp, ayu sweetfish, loach, yamame, lobsters, locusts, 
bullfrogs and turtles (Table 3). 

MATERIALS AND METHODS 

Materials. Crayfish, P. clarkii, were caught in October 
1984 in Inbanuma in Chiba prefecture near Tokyo. The 

*To whom correspondence should be addressed. 
Abbreviations: GC, gas chromatography; GC-MS, gas chroma- 
tography-mass spectrometry; HPLC, high performance liquid 
chromatography; TLC, thin layer chromatography. 

animals (male), 50-70 g, were maintained in tap water at 
room temperature for at least two wk, and were fed dried 
sardines. Then, the animals were killed, and the hepato- 
pancreas was removed. Carp (male, 1300 g), Cyprinus 
caprio, were caught in Inbanuma in July 1984, maintained 
in tap water for two days, and killed. Removed hepatopan- 
creas was not free of some adipose tissue. Salmon (male), 
Oncorhynchus keta, were captured in the Izumida River 
in Fukushima prefecture in October 1985; ayu sweet- 
fish (male), Plecoglossus altivelis, in the Kano River in 
Shizuoka prefecture in July 1986; and locust (male and 
female), OxycL chinensis, in Ibaraki prefecture in October 
1985. Yamame, Oncorhynchus rnasou, were donated by 
the Tokyo metropolitan Suisansikenjyo Okutamabunjyo, 
Ome, in October 1985, and lobster (male), Panulicus 
japonicus, were obtained at a food market in Tokyo 
in July 1983. Bullfrog, Rana catesbeiana, and turtle, 
Clemrnys japonica, were obtained from a local supplier 
in October 1986. These animals were frozen immediately 
after being killed, and within 24 hr, tissues were removed 
and extracted. 

Lipid extraction, lipid fractionation and preparation of 
fatty acid methyl esters. The total lipids of tissues of 
animals were extracted by the method of Folch et al. (20). 
Fractionation of the total lipids into sterol esters, triacyl- 
glycerols and phospholipids was performed by silica gel 
column chromatography. The sterol esters were eluted 
with n-hexane/benzene (2:1, v/v), the triacylglycerols with 
chloroform]benzene (1:1, v/v), and the phospholipids with 
methanol/chloroform (2:1, v/v). The total lipids were kept 
in chloroform solution at - 4 0  C until they were used in 
the experiment. The methyl esters were prepared by 
transmethylation with 0.5 M sodium methoxide in 
methanol at 50 C in screw-cap test tubes for 20 min and 
purified by thin layer chromatography (TLC) (silica gel 
60, 0.25 mm thickness, Merck No. 5715) by developing 
with n-hexane/benzene (1:1, v/v). 

Gas chromatography (GC} and gas chromatography- 
mass spectrometry (GC-MS}. GC was carried out with a 
Hewlett-Packard 5790A with a flame ionization detector 
{FID), on a Carbowax 20 M fused silica capillary column 
(25 m X 0.32 mm i.d., Hewlett-Packard), programmed 
from 150 to 220 C at 4 C/min. The injection and detector 
were held at 250 and 300 C, respectively. Peak area 
percentages were obtained with a Hewlett-Packard in- 
tegrator 3390A. The carrier gas was helium at a flow rate 
of 1 ml/min. The split ratio was 20:1. 

GC-MS was performed with a Hewlett-Packard 5995A, 
on Carbowax 20 M fused silica capillary column (25 m • 
0.32 mm i.d.) with the same temperature programs as 
used for GC. All mass spectra were obtained at 70 eV ion- 
ization electron energy and a source temperature of 180 C. 

Mass spectrometry (direct insertion). The mass spectra 
of the diketo-enes, 36 and 40, were measured with a JEOL 
JMS D-300 (inlet temperature 170 C, 70 eV), and of the 
diketones, 39 and 41, with a Hewlett-Packard 5995A (inlet 
temperature 150 C, 70 eV). 

High performance liquid chromatography (HPLC) 
analysis. HPLC was carried out with a Shimadzu LC-6A 
and a Shimadzu SPD-6A variable wave length UV 
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detector.  A Shim-packed CLC-ODS (6 mm X 150 mm, 
Shimadzu) was used with elution by  a 15 min linear gra- 
dient of acetonitri le/water {80:20 to 100:0, v/v) at  a flow 
rate of 1.5 mYmin. The effluent was monitored at 234 nm. 

Catalytic hydrogenation of fatty acid methyl esters in 
sterol esters using Lindlar catalyst. Whole fa t ty  acid 
methyl  esters (200 mg} obtained from sterol esters were 
hydrogenated  in n-hexane at  an atmospheric pressure 
over Lindlar ca ta lys t  {30 mg} (21). The reaction was 
followed by  measuring the disappearance of the un- 
saturated fa t ty  acids by GC-MS every 30 min. After three 
hr, the GC-MS analysis showed tha t  only unsa tura ted  
f a t ty  acids were sa tura ted  and the furan ring was not  
hydrogenated  under these conditions. 

Autoxidation ofF3 methyl ester on the surface of silica 
gel TLC. A solution of synthet ic  F3 methyl  ester  (50 mg) 
in n-hexane was applied on the silica gel TLC plate {the 
same as tha t  used above, Merck No. 5715) that  was rinsed 
with acetone and dried at  100 C for 1.5 hr, developed with 
n-hexane/benzene (1:1, v/v) up to 3 cm from the upper 
edge. After the development, the F3 methyl ester had been 
spread over about  70 cm 2 of the surface of TLC. Then the 
plate was left to stand in the air and light (by normal room 
lamps) at  room temperature  for one hr. The band, located 
by  spraying with 2',7'-dichlorofluorescein methanolic 
solution, was scraped out  and ext rac ted  with CH2C12 to 
give a colorless oil. Fifty-six percent  of the s tar t ing  
material  {estimated by  GC) had disappeared. HPLC 
analysis of the mixture  indicated tha t  the major  product  
was the diketc~ene {36}, accompanied with a small amount  
of olefinic F acids (32) (33). The diketo-ene (36) purified 
by  alumina TLC {20 X 20 cm, 0.25 mm thickness, Type 
E, Merck No. 5713, benzene/ether -- 20:1, v/v) produced 
a colorless oil, 18 mg, which revealed a pur i ty  of 80% by 
HPLC analysis {Fig. 3). On the other  hand, purification 
by  silica gel TLC was unsuccessful, owing to  its instabili- 
ty  on the surface. As described above, this oxidation must  
be carried out  in the light, and in the dark the reaction 
was slow. When a small amount  of F3 methyl  ester  (20 
mg) was applied on the TLC {spread over about  50 cm2), 
73% of the s tar t ing  material  had reacted. 36: IR {neat} 
1735 (COOCH3), 1685 (C=O), 1605 (C=C) cm-'; UVmax{n- 
hexane) 227 {conjugation) nm; MS {direct insertion, 70 eV) 
mJz {rel. intensity): 352 {M +, 48), 334 {M + - H20, 68), 321 
(M § - OCH3, 28), 305 (21), 303 (12), 295 (M § - (CH~hCH3, 
55), 291 {47), 281 (M § - (CH2hCH3, 4), 277 {13), 263 {M § - 
(CH2hCH~ - CH~OH, 100), 253 {M § - CO(CH~hCH~, 1), 
249 (M + - (CH~),CH~-CH~OH, 15), 221 {M + - 
CO(CH~LCH3-CH~OH, 3), 205 (28}, 195 (M § - 
(CH~)TCOOCH3, 90), 191 (50), 181 {M § - (CH~hCOOCH~, 
25), 179 (14), 177 (29}, 161 (9), 153 (M § - 
CO(CH2)~COOCH~, 4), 149 (12), 135 (30), 123 riO), 109 {13). 

Synthesis of cyclopentenones (37) (38) from the diketo- 
ene (36}. The diketo-ene (36) was converted to cyclo- 
pentenones {37) (38) by  the method of Schbdel and 
Spiteller {22), except  to use tr imethylsi lyldiazomethane 
in place of diazomethane for methylat ion of carboxylic 
acid (23) {Scheme 1). Mass spectra of 37 and 38 were iden- 
tical with those in the literature. 37: MS m/z (rel. inten- 
sity): 352 {M*, 8), 334 (M § - H~O, 4), 321 (M + - OCH~, 
1), 303 {321 - H~O, 6), 281 (M § - CsHI,, 22), 249 {281 - 
CH~OH, 22), 196 (M § - CH~=CH(CH2}~COOCH~, 14), 137 
(249 - (CH,),CO, 72), 126 (196 - CsH1o, 100). 38: MS m]z 
(rel. intensity}: 352 (M § 13), 334 (M § - H20, 3), 321 (M § - 

OCH3, 5), 303 (321 - H20, 4), 296 (M § - C4H8, 2), 278 {296 
- H20, 4), 181 (M + - (CH2)sCOOCH3, 100), 126 (296 - 
CH2--CH(CH2)~COOCH3, 65). 

Catalytic hydrogenation of the diketo-ene (36). The 
diketo-ene (36) (11 rag) was dissolved in 10 ml ethanol and 
PtO2 (3 rag) was added. The mixture  was vigorously 
st irred under hydrogen gas at  an atmospheric pressure 
for 13 hr (Scheme 1). Hydrogenat ion  of 36 was very  slow 
and yielded a complex mixture. Silica gel TLC with n- 
hexane/ether (3:2, v/v) of the resul t ing mixture  showed 
the major spots of the dimethyl-1, 4-diketene (39) (Rf = 
0.4) and F3 methyl  ester  (R4 = 0.9). The mass spectrum 
of 39 isolated by the silica gel TLC (20 X 20 cm, 0.25 mm 
thickness, n-hexane/ether = 3:2, v/v) was similar to tha t  
of the monomethyldiketone,  10, 13-dioxo-11-methylocta- 
decanoate (41), reported in the l i terature with an ap- 
propriate mass unit  shift (24). The compound (39) readily 
converted to F3 methyl  ester  with 14% BF3 in methanol  
(25). 39: MS (direct insertion, 70 eV) m/z (rel. intensity): 
354 (M § 0.5), 336 (M § - H20, 6), 323 (M § - OCH3, 9), 251 
(M" - (CH2hCH3-CH3OH, 13), 199 (CO(CH2)sCOOCH3, 
13), 198 (M § - CH~=CH-(CH2hCOOCH3, 6), 183 (M § - 
(CH2hCOOCH3, 11), 155 (M + - CO(CH2)sCOOCH3, 29), 
139 ((CH2),COOCH3 - CH3OH, 22), 99 (CH3(CH2hCO, 
100). 

Conversion of the diheto-ene (36) to olefinic F acid 
methyl esters (32) (33) during GC analysis. The diketo- 
ene (36), which was confirmed to be free of olefinic F acid 
methyl  esters (32) {33) by  HPLC, was dehydra ted  to four 
isomeric olefinic F acid methyl  esters during GC analysis 
under  conditions described above (Fig. 4). The retent ion 
t imes and mass spectra  of the larger peaks "c"  and " d"  
in Figure 4 were essentially the same as those of 32 and 
33, respectively, in Figure lB.  On the other  hand, the 
mass spectra  of the smaller peaks " a "  and "b "  were 
basically identical with those of "d"  and "c,"  respectively, 
suggest ing tha t  a pair of two peaks "b "  and "c"  repre- 
sent cis-trans isomers of the olefinic F acid methyl  ester  
(32), and the other  pair of " a "  and "d ,"  of the olefinic F 
acid methyl  ester  (33). Peaks "c"  and "d"  with the longer 
retent ion t imes were trans isomers of 32 and 33, respec- 
t ively (28}. 

Oxidation of F2 methyl ester with m-chloroperbenzoic 
acid~ To a solution of synthetic F2 methyl  ester  (114 mg, 
0.356 mmol) and NaHCO3 (40 mg) in 15 ml of CH2C12 at  
0 C under N2 gas was added a solution of m-chioroper- 
benzoic acid (80 mg, 0.462 mmol, Wako Pure Chemicals, 
Osaka, Japan,  about  70%) in 5 ml of CH2C12. After  being 
stirred in an ice bath  for 10 min, the reaction mixture was 
washed with 5% Na2S203, 5% NaHCO3 and brine and 
dried over anhydrous Na2SO,. Removal of solvent gave 
a yellow off, which was purified by  alumina TLC (20 >< 
20 cm, 0.25 mm thickness, Merck No. 5713} using 
benzene-ether {20:1, v/v). Extract ion with CH2C12 gave the 
diketo-ene derivative of F2 methyl  ester (40) (97 mg, 81%}, 
which revealed a pur i ty  of 96% by HPLC analysis. 40: 
MS {direct insertion, 70 eV) m/z (rel. intensity): 338 (M § 
9), 320 {M § - H20, 20), 307 (M § - OCH3, 22), 291 {3), 289 
{10), 281 {M + - (CH2hCH3, 3) 277 riO), 249 (M + - 
(CH2hCH3-CH3OH, 10), 239 (M § - CO(CH2hCH3, 29), 235 
(M § - {CH~hCH3-CH3OH, 40), 207 {M § - CO(CH~hCH3- 
CH3OH, 12}, 191 (20}, 181 (M § -- (CH2),COOCH3, 42), 177 
(7), 167 (M § - (CH2hCOOCH3, 100), 165 (14), 163 (18), 139 
(M § - CO(CH2)sCOOCH3, 23), 123 (31), 121 {30), 111 (60); 
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IR (neat) 1735 (COOCH3), 1690 (C=O), 1605 (C=C) cm-'; 
UVmax(n-hexane) 226 (conjugation) nm. 

The diketo-ene (40) was gradually obtained by autox- 
idation of F~ methyl ester on the surface of silica gel TLC 
as well. 

Catalytic hydrogenation of the diheto-ene (40). The 
diketo-ene (40) (13 mg) in 10 ml ethanol was hydrogenated 
using PrO2 (5 rag) under hydrogen gas at an atmospheric 
pressure for four hr. The resulting mixture was chroma- 
tographed on silica gel TLC (20 • 20 cm, 0.25 mm 
thickness) using n-hexane/ether (3:2, v/v) to give the 
diketone (41) as a colorless oil, 9 rag. The mass spectrum 
of 41 was essentially the same as the literature data (24). 
The compound (41) was cyclodehydrated to F2 methyl 
ester with 14% BF3 in methanol in good yield (88%) (24). 
41: MS (direct insertion, 70 eV) m/z (re]. intensity): 340 
(M § 2), 322 (M § - H20, 4), 309 (M § - OCH3, 8), 237 (M § - 
(CH~)4CH~-CH3OH, 12), 199 (CO(CH~)sCOOCH3, 53), 
184 (CH~=CH-(CH2)sCOOCH3, 69), 169 (M § - 
(CH~)sCOOCH~, 46) 141 (CH3CHCH2CO(CH~)4CH3, 91), 139 
((CH,)~COOCH3-CH~OH, 76), 128 (56), 99 (CO(CH,)4CH~, 
100). 

RESULTS AND DISCUSSION 

Capillary GC-MS analysis of the fatty acid methyl esters 
derived from the sterol ester fraction in the crayfish 

hepatopancreas revealed several new F acid peaks apart 
from Fo-F6 compounds (Fig. 1A) in comparison with the 
previous packed co]utah data (19). To investigate in detail, 
the methyl esters were hydrogenated with Lindiar 
catalyst (21) and followed by urea fractionation (26). The 
concentrated F acid mixture was analyzed by GC 
(Fig. 1B) and GC-MS. The spectra showed 30 peaks of F 
acids (Table 1). Thirteen compounds of them already had 
been reported, 8, 9, 14, 17, 19, 23, 24 (Fo-F,) in fish (2-7) 
and crayfish (19), 7, 15, 25, 29, 30 in fish (3-6 and 12) and 
a short chain length (2) in the soft coral (9), respectively. 
But  the other 17 acids, 1, 3, 4, 5, 6, 10, 11, 12, 13, 16, 18, 
20, 21, 22, 26, 27 and 28, were newly discovered and iden- 
tified by GC-MS from the basic data previously reported 
about Fo-F, acids (19). The total content of F acids in the 
sterol ester was 28.49%. On the other hand, only small 
amounts were found in triacylglycerols (0.5%) and 
phospbolipids (0.7%). 

The other type of F acids 32, 33, 34 and 35 with 
characteristic mass spectra (Fig. 2) was detected (Fig. 1A, 
B). These acids were identified by GC-MS as F3 or F, 
methyl ester with an additional double bond, conjugated 
with a furan ring (named as olefinlc F acids). The former 
two peaks, 32 and 33, were derived from F3, and the lat- 
ter two, 34 and 35, from F,. 

Glass et al. (3,27) and Gunstone et al. (6) reported the 
presence of these olefinic acids in the fish oil but  did not 
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FIG. I. A) Capillary gas chromatobnram of fatty acid methyl esters from crayrmh hepatopaucreas. B) Fatty 
acid methyl esters following hydrogenation and urea fractionatio~ See Table I for identities of numbered 
peaks. *, Phthalate ester. 
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T A B L E  1 

Fu ran  F a t t y  Acid Composit ion of Sterol Es t e r s  a f rom Crayf ish  Hepatopancreas  

Peak Wt.  % of total  Peak Wt.  % of total  
no. ECL b CCL c m n R fa t ty  acids no. ECL CCL m n R fa t ty  acids 

1" 15.09 12 2 4 H 0.02 18" 21.38 19 8 5 H 0.03 
15.42 12 2 4 CH3 0.04 19 (F4) 21.51 18 10 2 CH3 3.45 

* 17.32 14 4 4 CH3 trace d 20* 21.97 19 8 5 CH3 trace 
4* 17.79 14 6 2 CH3 trace 21" 22.12 19 9 4 CH3 0.06 
5* 18.33 16 4 6 H 0.09 22* 22.36 19 10 3 CH~ 0.11 
6" 18.46 16 6 4 H 0.09 23 (Fs}  22.51 20 10 4 H 0.93 
7 18.80 16 8 2 H 0.03 24 (F6)  23.20 20 10 4 CH3 11.91 
8 (Fo) 19.07 16 6 4 CH3 1.76 25 23.66 20 12 2 CH3 0.09 
9 (FI) 19.34 16 8 2 CH3 0.98 26* 23.93 21 10 5 CH3 0.02 

10" 19.56 17 8 3 H 0.02 27* 24.06 21 11 4 CH3 0.02 
11" 19.95 17 6 5 CH3 0.02 28* 24.40 22 10 6 H 0.04 
12" 20.06 17 7 4 CH3 0.04 29 24.60 22 12 4 H 0.02 
13" 20.23 17 8 3 CH3 0.10 30 25.26 22 12 4 CH3 0.11 
14 (Fz) 20.44 18 8 4 H 1.64 32 24.24 0.02 
15 20.72 18 10 2 H 0.07 33 24.34 olefinic F3 e 0.02 

0.11 16" 20.98 18 6 6 CH3 0.02 34 25.61 olefinic F~ e 
17 (F3) 21.09 18 8 4 CH3 6.78 35 25.96 0.13 

aRepresen ts  18.9% of the  total  lipids of hepatopancreas .  
bEquivalent  chain length.  
cCarbon chain length.  
dLess  t han  0.01%. 
eF3 or F+ methy l  ester  with one addit ional double bond, conjugated  with a furan  ring. 
*The acid is nnknown.  
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SCHEME 1. Autoxidation of F, acid methyl ester to the diketo-ene (36) on the surface of silica gel TIC. The derivatizations of ~6 to 
cyclopentenones (37) (38) and 1,4~iiketoue (39), and conversion of 36 to olermie F acids (32) (33) during GC analysis. 

refer to detailed points. We found that synthetic F~ read- 
ily underwent autoxidation on the surface of silica gel 
TLC to afford the diketo-ene {36), though unaffected on 
the surface of alumina TLC {Scheme 1). The diketo-ene 
(36) was not  stable enough to be isolated in pure state, 
as pointed out in the literature (22). But the analysis by 
HPLC showed that  the sample purified by alumina TLC 
had been separated from olefinic F acids (32) (33) and un- 
changed F3 (17). The diketo-ene (36) thus obtained was 
about 80% in purity by HPLC (Fig. 3). The structure of 
36 was established on the basis of spectral data (IR, UV 
and MS) and chemical derivatizations {Scheme 1). The IR 
spectrum showed bands at 1685 (C=O) and 1605 (C--C) 
cm -~, and the UV spectrum had only a maximum at 227 

r 

(conjugation) rim. The major mass spectrum fragments 
of 36 were comparable with their counterparts of the more 
stable monomethyldiketo-ene (40) derived from F2 methyl 
ester (14) {Table 2). 

The diketo-ene (36) cyclized in aqueous NaOH solution 
to give cyclopentenones (37) (38), the structure of which 
were established by Sch6del and Spiteller (22) (scheme 1). 
In addition, 36 was hydrogenated using PtO~ in ethanol 
to yield the 1,4~liketone (39), which was readily converted 
to F3 methyl  ester with BF~ in methanol  (25) {Scheme 1). 
In conclusion, these results described above supported 
that 36 had a diketo-ene structure. 

During GC analysis,  the diketo-ene {36) was found to 
be converted to four isomeric olefinic F acids, with small 
amounts  of various unidentified products (Fig. 4). The 
retention times and mass spectra of the larger peaks "c" t -  
and "d" in Figure 4 were fully consistent with those of 
the peaks 32 and 33, respectively, in Figure 1. These find- ~ 

ings suggested that olefinic F acids, shown in Fig- 
ure 1, were artifacts that  during GC analysis,  were pro- 
duced by cyclodehydration of the diketo-enes formed by 
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FIG. 3. HPLC of the diketo-eRe C36) purified by al,,mlna TLC. The 
chromatographic conditions are described in the text. 

LIPIDS, Vol, 23, No. 7 0988) 



F U R A N  F A T T Y  A C I D S  IN T H E  C R A Y F I S H  

699 

T A B L E  2 

Compar i son  of Major  Mass  Spectra l  F r a g m e n t s  of Dimethyldiketo-ene (36) wi th  Those  
of Monomethyldiketo-ene {40) 

36 (R=CH3) 40 {R=H)  
F r a g m e n t s  m/z (rel. int.) a mJz (rel. int.) a 

M + 352 (48) 338 {9) 
M § - H20 334 (68) 320 (20) 
M § - OCH3 321 {28) 307 {22) 
a 295 (55) 281 (3) 
a -- CH30H 263 (100) 249 (10) 
b 281 (4) 267 (0) 
b - CH30H 249 {15) 235 {40) 
c 252 {1) 239 (29) 
c - CH30H 221 {3) 207 (12) 
d 153 (4) 139 {23) 
e 181 {25) 167 (100) 
f 195 (90) 181 (42) 
gb 177 {29) 163 (18) 
h c 205 (28) 191 (20) 

aRelat ive intensi ty .  

bThe f r agmen t s  cor responding  to base  peaks  of olefinic F acids wi th  a double bond  in 
the  alkyl chain {Fig. 2B). 

CThe f r agmen t s  cor responding  to base  peaks  of olefinic F acids wi th  a double bond  in 
the alkylcarboxyl  chain (Fig. 2C). 

T A B L E  3 

F u r a n  F a t t y  Acid Compos i t ions  a of Carp,  Salmon,  Loach, Bul l f rog and  Tur t le  

Carp {male) Salmon {male) Loach {mix) Bullfrog {male) Turtle {male) 

Testes Testes Whole body Liver Liver Hepa topanc reas  

Peak SEb SE TG b SE TG SE TG SE TG SE TG 
no. (2.5%) c (0.9%) (51.4%) {0.7%) {23.6%} {1.5%) {64.5%} {5.8%) {62.1%) {15.2%} {61.0%} 

7 - -  --  0.01 - -  0.05 . . . . . .  
8 { F o )  . . . . . . . . .  0.19 
9 {F,) 0.02 0.21 0.66 0.14 0.08 - -  0.27 1.71 0.69 0.05 0.19 

14 (F,) 0.09 - -  0.24 - -  0.47 - -  0.75 0.14 0.08 - -  0.11 
15 - -  - -  0.15 - -  0.35 . . . . . .  
17 (F3) - -  0.61 0.43 - -  0.02 - -  0.14 8.00 0.80 0.27 0.58 
19 (F4} 3.20 9.40 3.41 1.30 4.68 --  0.59 --  - -  0.09 0.15 
21" 0.01 0.01 . . . . . . . . .  
22* 0.03 0.03 . . . . . . . . .  
23 (FJ  0.82 0.32 1.07 0.28 2.98 0.74 0.87 . . . .  
24 (F6) 5.02 15.56 5.39 4.31 9.22 3.02 0.72 1.05 0.51 0.29 0.97 
25 - -  0.14 0.02 - -  0.37 . . . . . .  
29 0.07 - -  0.04 - -  0.08 . . . . . .  
30 0.26 - -  0.02 - -  0.52 " - -  . . . . .  
31 *d 0.03 . . . . . . . . . .  

Tota l  9.55 26.31 11.44 6.03 18.82 3.76 3.34 10.90 2.08 0.70 2.19 

awt. % of total fatty acids of individual lipid class. 
bSE, sterol esters; TG, triacylglycerols. 
cwt. % of total lipids of individual tissue. 
dCarbon chain length and equivalent chain length of 31 are 24 and 27.85, respectively. For structure of 31, see Fig. 2A. 
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' ' 3' 0 5 25 0 35 (min) 

7 0 0  

FIG. 4. Conversion of the diketo-ene (36) to olefinic F acids during 
GC analysis. Peaks "c" and "d" corresponded to 32 and 33, respec- 
tively, in Figure lB.  A pair of "a" and "d" was cis. trans isomers 
of 33 and the other pair of "b" and "c," of 32. 

autoxidat ion of F acids under the experimental  condi- 
tions, mainly on the surface of silica gel TLC. 

The carbon chain lengths of the F acids were distributed 
mainly into 45% of 20 carbon atoms, 42% of 18 carbon 
atoms followed by 10% of 16 carbon atoms (Table 1). 
There were also a small amount  of odd-numbered acids 
(10) (11) (12) (13) (18) (20) (21) (22) (26) (27). Their  carbon 
chain lengths ranged from 12 to 22 carbon atoms. The 
distr ibution profiles were extremely similar to those of 
natural ly  occurring normal f a t ty  acids. 

The presence of F acids in the crayfish, one of the 
crustaceans, prompted us to examine F acids in fish (carp, 
salmon, ayu sweetfish, loach and yamame), a marine 
crustacean (lobster), an insect (locust), an amphibian 
(bullfrog) and a reptilian (turtle) (Table 3). In the carp 
hepatopancreas and testes, the F acid distr ibution da ta  
were similar to those of fish (4) in order of F6, F4 and Fs, 
bu t  different from those of the crayfish in order of F~, F3 
and Fs. On the other  hand, 31 was a new F acid, having 
the longest carbon chain of C-24 (Fig. 2). A salmon, which 
was captured at spawning time, had no detectable F acid 
(less than  0.01%) in the liver, probably because lipids in- 
cluding F acids had been t ranspor ted  from the liver to 
the testes  at  the time. Actually, the tes tes  accumulated 
F acids as shown in Table 3. Similar facts were repor ted 
in brook t rou t  and nor thern  pike by  Glass et al. (4). Ayu 
sweetfish eating mainly river-algae and yamame living 
in swift streams of inland did not show any special feature 
of F acids in their  organs, and in the lipids of the lobster  
hepatopancreas (19) and locust (whole body), no F acids 
were detected. The bullfrog, which belongs to the amphib- 
ian family, was found to have F acids in significant 
amounts in the liver, and its major F acid was F3, whereas 
in the fish it always was F~. Furthermore,  the turtle,  
which belongs to the reptilian family, also contained F 
acids. 

Appreciable quanti t ies of F acids could be observed in 
animal species besides fish (2-7), including aquatic 

mollusca (6), and the distr ibution of the chain lengths 
presumably parallels tha t  of natural ly  occurring fa t ty  
acids. The functions of such acids in nature  are not  made 
clear in spite of active biosynthet ic  (29), metabolic (12) 
and physiological studies {18). 
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Rhizomucor miehei Triglyceride Lipase Is Synthesized as a Precursor 
Esper Boer, Birgitte Huge-Jensen, Mogens Christensen, Lars Thim and Niels P. Fiil 
Novo Research Institute, Novo AII~, DK-2880 Bagsvaerd-Copenhagen, Denmark 

A Rhizomucor miehei cDNA library constructed in 
Escherichia coli was screened with synthetic oligonucle~ 
tides designed from knowledge of a partial amino acid 
sequence of the secreted triglyceride lipase {triacyl- 
glycerol acylhydrolase EC 3.1.1.3) from this fungus. 
Lipase-specific recombinants were isolated and their in- 
sert sequenced. Unlike characterized bacterial and mam- 
malian triglyceride lipases, the fungal enzyme is syn- 
thesized as a precursor, including a 70 amino acid residue 
propeptide between the 24 amino acid residues of the 
signal peptide and the 269 residues of the mature enzyme. 
The precursor processing mechanism, which involves 
cleavage between a methionine and a serine residue, is 
unknown. By sequence comparison with other lipases, a 
serine residue involved in substrate binding was identified 
in the fungal lipase. The sequence around this residue is 
well,conserved among characterized lipases. Conservation 
of an intron in an isolated cDNA retombinant and im- 
munoprecipitation of in vitro synthesized R. miehei 
translation products indicates that the expression of the 
lipase gene might involve inefficient mRNA splicing. 
Lipids 23, 701-706 (1988). 

The biosynthesis and activation of extracellular hydro- 
lytic enzymes constitute a problem to secretory cells. Dif- 
ferent types of proteases are synthesized as inactive 
zymogens, presumably to avoid degradation of cell con- 
stituents. Among the so far characterized lipases from 
bacteria and mammals, no zymogen/activated enzyme 
relationship that could account for a protection mecha- 
nism for intracellular or membrane-associated lipids has 
been described. In the present study, a fungal lipase was 
chosen as a model for the biosynthesis of lipid-degrading 
enzymes in lower eukaryotes. 

The phycomycete fungus Rhizornucor rniehei (1) (pre- 
viously classified as Mucor rniehei [2]) produces an active 
extracellular lipase (triacylglycerol acylhydrolase EC 
3.1.1.3) that hydrolyzes a broad spectrum of lipids found 
in animal fat and vegetable oil (3). Recently, we reported 
the partial purification and characterization of this en- 
zyme (4). The R. rniehei lipase (RML) was found to be pres- 
ent in fermentation supernatants in a predominant form 
called RML-A. The RML-A form was converted to the 
RML-B form during purification involving steps per- 
formed at low pH. The two enzyme forms showed a high 
degree of antigenic identity but differed in a number of 
characteristics, e.g., in affinity towards concanavalin A. 
RML-A, with high concanavalin A affinity, required ac- 
tivation at pH 10.5, while the RML-B form, which showed 
low concanavalin A affinity, did not need this step for 
maximal lipolytic activity. Therefore, we suggested that 
RML-B might be activated from RML-A through a par- 
tial deglycosylation that could influence the activity 
toward emulsions (4). 

*To whom correspondence should be addressed. 
Abbreviations: RML, Rhizomucor miehei lipase; SDS, sodium 
dodecylsulphate; bp, base pair; HIC, hydrophobic interaction 
chromatography; HPLC, high performance liquid chromatography; 
kb, kilobase; LU, lipase units. 

Multiple forms of extracellular lipases have been 
described from fungi (5-7), and this phenomenon ap- 
parently is due to both postsecretorial modifications like 
partial proteolysis and deglycosylation and to synthesis 
of truly different lipases. 

We now report on the final purification and characteri- 
zation of both enzyme forms, and on the molecular clon- 
ing of a corresponding cDNA. We present evidence that 
this triglyceride lipase is synthesized as a precursor with 
a signal peptide and a substantial propeptide. Matura- 
tion of the RML mRNA precursor apparently involved 
inefficient splicing. 

MATERIALS AND METHODS 
Purification of RML-A and RMI~B. The two initial steps 
of RML-A purification by anion exchange chromatog- 
raphy on DEAE Sepharose and affinity chromatography 
on concanavalin A-Sepharose were carried out as de- 
scribed {4). Further purification was performed by hydro- 
phobic interaction chromatography (HIC) on a TSK- 
Phenyl-5PW column. The ultrafiltration concentrate from 
the concanavalin A-Sepharose chromatography was made 
1.2 M in Na2SO4, and applied at a flowrate of 1 ml/min 
to the TSK-Phenyl-5PW column {7.5 X 75 mm) mounted 
with a precolumn of TSK Guard gel Phenyl-5PW (6 X 
10 mm). The elution was carried out by a linear gradient 
from 100% buffer A {1.2 M sodium sulfate in buffer B) 
to 100% buffer B (20 mM sodium phosphate, at pH 7.0) 
during 15 min. The separation procedure on the TSK- 
column was repeated several times by the injection of 
350 ~1 aliquots. 

The partially purified RML-B {4} was subjected to gel 
filtration chromatography on TSK G3000 SW. The 
RML-B preparation was applied at a flow rate of 1 ml]min 
as a 1% solution in 0.1 M sodium phosphate (pH 7.0} to 
the TSK G3000 SW column (7.5 X 600 mm) mounted with 
a precolumn TSK SWP {7.5 X 75 mm). The 1% solution 
was injected in volumes of 100 ~1. Lipase activity {LU) 
was measured using tributyrine as substrate according 
to the procedure of Brockman {8) as modified (4). Deter- 
minations of protein (9) and sodium dodecyl sulfate 
polyacrylamide gel electrophoresis {SDS-PAGE) {4) were 
performed as described. 

Carbohydrate and amino acid analysis on RML-A and 
RMI~B. Carbohydrate analysis was performed by use of 
the phenol sulfuric acid method {10) with glucose as a 
standard. Amino acid analysis was performed on a Beck- 
man Amino Acid Analyzer 121 MB. Half-cystine was 
determined as the S-13-{4-pyridylethyl)-derivative after 
reduction with tributylphosphine and coupling with 
4-vinylpyridine (11,12). One sample was treated with 
4-vinylpyridine without prior reduction for the determina- 
tion of potential free cysteines. 

Partial amino acid sequence determination of RML-A 
and RML-B. RML-A was digested with Armillaria rnellea 
protease (13), with an enzyme to substrate ratio of 1:40 
{mol:mol), and the resulting fragments were separated 
by high performance liquid chromatography (HPLC). 
To identify suitable fragments for the construction of 
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oligonucleotide probes, only peptides that  showed a high 
ratio between 280 mn and 214 nm were sequenced because 
these fragments could contain tryptophan and/or tyro- 
sine. Sequence determination was carried out (14) both 
on the native enzymes {amino-terminal sequence) and on 
selected suitable fragments by the use of a Gas Phase 
Sequencer {Applied Biosystems Model 470 A). 

Nucleic acid procedures. A cDNA library that had been 
used to isolate a cDNA encoding an aspartic proteinase 
from R. miehei (15) was used to isolate RML-specific 
recombinants. The library was constructed on total 
cellular mRNA. Oligonucleotides were used in colony 
screening and primer extension experiments as described 
{16-18). The methods used for DNA sequencing {19}, cell- 
free translations followed by immunoprecipitations (16) 
and mRNA blot analysis (15} have been described. 
Oligonucleotides were synthesized on an Applied Bio- 
systems model 380 A DNA synthesizer. 

RESULTS 

_Purification of RML-A and RML-B and partial amino acid 
sequence. The purification of RML-A and RML-B are 
sl]mmarized in Table 1. The elution pattern from the HIC 
of RML-A on the TSK-Phenyl-5PW column showed two 
main peaks {data not shown). The first peak appeared to 
contain practically all the lipase activity. Fractions cor- 
responding to this lipase peak were collected from 18 iden- 
tical runs, and the enzyme was desalted and concentrated 
(ca. 13 times} by ultrafiltration. The purification of 
RML-B by gel filtration on the TSK G3000 SW column 
is shown in Figure 1. The peak corresponding to a volume 
of elution of 23.43 ml contained the lipase activity. Frac- 
tions corresponding to this peak were collected from six 
identical runs, and the pooled protein material was con- 
centrated (ca. 10 times) by ultrafiltration. The purified 
RML-A and RMI~B were analyzed by SDS-PAGE. Both 
lipases migrated as a single band with the same apparent 
molecular weights of ca. 32 kD {Fig. 2). The purified RML- 
A also was analyzed by gel filtration on a TSK G3000 

A 
~.o- /-~ 67kD 43kD 25kD 

os- RML-B 

1.O-- B 

E 
c RML-A 

05- 

8 r  

7 
~I:  C "t, I I I I I 

10 15 20 25 30 

Elution volume (ml) 

FIG. 1. Gel filtration chromatography of RML-A and RML-B on 
a TSK G3000 SW column. Panel A: Partially purified RML-B from 
the Phenyl-Sephurose chromatography. Panel B: Purified BML-A. 
The arrows indicate the elution positions of the m.w. standards: 
serum albumin (67 kD}, ovalbumin (43 kD) and chymotrypsinogen 
A (25 kD). The ehtion positions of the RMI~A and RML-B corres- 
pond to molecular weights of 42.5 kD and 27.5 kD, respectively. The 
protein eluting at a position corresponding to a molecular weight 
of 42.5 kD in panel A is an aspartic proteinase secreted by R. miehei 
{15). 

TABLE 1 

Purification of RML-A and RML-B 

Purification 
steps for RML-A 

Spec. activity 

% Yield (step-wise) Protein LU/mg LU/mg 
based on LU-values content a prep. protein 

Crude powder 
DEAE-sepharose chromatography 
ConA-sepharose chromatography 
HIC on TSK-Phenyl-5PW 

100 42% 157 374 
74.5 90% 1170 1300 
49.2 6.8mg/ml 3618 
98.5 5.6mg/ml 8260 

Total Total Specific 
Purification protein a activity Yield activity 
steps for RMI~B mg LU % LU/mg 

Phenyl Sepharose chromatography c 6.0 18000 100 3000 
GFC on TSK G3000 SW 1.8b 13500 75 7500 

aAccording to Lowry et al. (9). 
bThe UF-concentrate contained 2 mg protein/ml. 
cRef. 4. 
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FIG. 2. SDS-PAGE of purified RML-A and RML-B. Lanes 1 and 
4: m.w. standards; Lane 2: RML-A (2.7 Hg). Lane 3: RML-B <3.4 ~g). 
The gel was stained with Coomussie Brilliant Blue. The apparent 
molecular weights of both RML-A and RML-B are 32 kD. 

SW column (Fig. 1) and eluted as a single peak with an 
apparent molecular weight of ca. 42.5 kD. RML-B had 
an apparent molecular weight of ca. 27.5 kD as deter- 
mined by gel filtration (Fig. 1). The carbohydrate contents 
of the purified lipases were 11% (w/w) for RML-A and 4% 
(w/w) for RML-B. 

The following N-terminal amino acid sequence was 
determined on both the A and B form of RML: Ser-Ile- 
Asp-Gly-Gly-Ue-Arg-Ala-Ala-Thr-Ser-Gln-Glu-Ile-Asn- 
Glu-Leu-Thr-Tyr-Tyr-Thr-. The following sequence was 
identified in one of the tryptophan-containing fragments 
isolated from the proteolytic digest of RML-A: Arg-Thr- 
Val-Ile~Pro-Gly-Ala-Thr-Trp-Asp. This sequence was used 
for the design of an RML-specific oligonucleetide mixture. 

Molecular cloning and sequence of R M L  cDNA. An R. 
miehei cDNA library (15) was screened with an RMI~ 
specific oligon, ucleotide mixture, which had the following 
sequence: 5' (~TCCCCANGTNGCNCC)3'. This oligonu- 
cleotide mi• is specific for the RML-mRNA in a re- 
gion encoding the pentapeptide Gly-Ala-Thr-Trp-Asp, cor- 
responding to the described proteolytic fragment of the 
purified RML-A. Hybridization and initial washing of the 
filters were done at 43 C. After autoradiography, the 
filters were washed at 47 C. Colonies that  still showed 
strong hybridization were isolated, and the inserted 
cDNAs were sequenced. Two such recombinants, p353.7 
and p353.16, had inserts of 1.2 kb. The DNA sequence 
obtained from these two recombinants both started in the 
middle of a signal peptide (Fig. 3), and extended through 
to the poly(A) taft. A third recombinant, p566, was found 
to contain 74 additional nucleotides inserted in the coding 
region (Fig. 3). Because the isolated recombinants did not 
include sequence for the 5' part of a signal peptide with 
its initiating methionine codon, a synthetic oligonucleo- 
tide 5'(CGAGAGGGGATGAGGGGTGG)3' was synthe- 
sized. This oligonucleotide is complementary to the RML 

- f  1 
ATCAG~TC ATG ~TT CTC ~ C.~ C~T GCA I~AC TAT CTG ~,C TTT CTG ATT GTA TTC TTC 51 

~ T  VAL LETJ LYS ~ ARG ALA ASN TYR LEU GLY Ph]E LEd lEE VAL PHE PKE -TB 

~ TTC CT6 6TC ~ GCC GTG CCA ATC AAG AGA CAA TCA AAC AC-C AL"G GTG GAT AGT 111 
rNR ALA PHE LEU VAL 6LU ALA YAL PRO XLE LY$ ARG GLti SER ~ SER THR VAL ASP SER -58 

CT6 CCA CCC CTC ATC CCC TC7 C6A ACC TC6 GCA CCT TCA TCA TCA CCA AC-C AEA ACC 6AC 171 
LEU PRO I~D LBJ ILE P~D SI~ ARG THR S ~  ALA PRO SER S~E~ SeR PRO S~  THR THR ASP -3B 

CCT 61L4 GCT CCA GCC ATG AGT CGC AAT G6A ~ CTG CCC TC6 GAT GTA Fd4G ACT AlL4 TAT 231 
PRO GLU ALA PRO AL4 ~ET SB~ ARG ASN GLY PRO LEU PRO S~R liSP VAL GLU THR LY$ TYR -18 

6GC ATG GCT TTG AAT GCT ACT TCC TAT CC6 GAT TCT GT6 6TC CAA 6CA ATG AGC ATT GAT 291 
6LY NET ALA LEU ASN ALA THR SER TYR PRO ASP SER VAL VAL 6LPI ALA HET~SER ILE ASP 3 

GGT 66T ATC CGC 6CT GCG ACC TC6 CAA 6AA ATC AAT GAA TTG ACT TAT TAC ACT ACA CTA 351 
GLY 6LY ILE ARG ALA ALA THR SER GLN 6LU ILE ~ GLU LEU ~ TYR TYR THR THR LEU 23 

TCT 6CC AAC TCG TAC TC.C CGC ACT GTC ATT CCT GGA GCT ACC TGG GAC T6T ATC CAC TGT 411 
SER ALA ASN SER TYR CYS ARG THR VAL ILE PRO 6LY ALA THR TRP ASP CY$ ILE HIS CY$ 43 

GAT C-CA ACG 6A6 GAT CTC AAG ATT ATC A.4G ACT TGG AGC ACG CTC ATC TAT GAT ACA 1~4T 471 
ASP ALA TNR 61.U ASP LEU LYS ILE ILE LYS THR TRP SER DiR LEU ILE TYR ASP THR ASN 83 

GCA ATG GTT 6CA CGT GGT GAC AGC GAA A4A ACT ATC TAT ATC GTT TTC CGA 66T TCG AGC 531 
ALA NET Veil ALA ARG GLY ASP SER GLU LYS ~ ~LE TYR ILE VAL PHE AR6 GLY SER SER 83 

TCT ATC CC-C AAC TGG ATT GCT GTA AGT ATC CAT ACA GAG CGC TCT TTC ACT TTG TGT ATG 5.9"I 
SER ILE ARG ASN TRP ILE ALA V~SER ILE Hr.$ THR GLU ARG SER PHE THR LEU CY$ MET f103i 

TAGTTC6TCTCATTTC, ATGCA4CCTTTCAATGTAG GAT CTC ACC TTT GTG CCA GTT TCA TAT CCT CC6 659 
~.JASP LEU THR PHE VAL PRO VAL SER TYR PRO PRO 101 

AAA 6TA CAC AAG GGA TTC CT6 GAC AGT TAC GG6 6.4,4 6TT CAA AAC 6AG 719 
LY$ VAL HIS LY$ GLY PHE LEU ASP SER TYR 6LY GLU VAL 6LN ~ GLU 121 

GTT CTT GAT CAA TTC AAG CAA TAT CCA AGC TAC AAG 6TT 6CT GTT /tEA 779 
VAL LEU ASP GLN PHE LYS 6LN TYR PRO SER TYR LYS VAL ALA VAL THR 141 

C.GT[GGT GCT ACT 6CG TTG CTT TGC GCC CTG GGT CTC TAT CAA CGA GAA B39 
GLI16LY ALA THR ALA LEU LEU CYS ALA LEU GLY LIEU TYR 6LN ARG 6LU 161 

GAA C, GA CTC TCA TCC AGC AAC TTG TTC CTT TAC ACT CAA GGT CAA CCA C6G 6TA GGC 6AC B99 
GLU GLY LIEU SER SER SER ASN LEU PHE LEU TYR THR 6LN 6LY 6LN PRO AR6 VAL 6LY ASP 181 

CCT GCC TTT 6CC AAC TAE 6TT GTT AGC ACC 66C ATT CCT TAC AGG CGC ACG 6TC AAT C.AA 959 
PRO ALA PHE ALA ASN TYR VAL VAL SeR THR GLY ILE PRO TYR ARG IIRG THR VAL ASN 6LU 201 

C6A 6AT ATC 6TT CCT CAT CYT CCA CCT GCT 6CT TTT GGT TTT CTC CAC GCT GGC GAG GA6 1019 
ARG ASP r.LE VAL PRO HIS LELI PRO PRO ALA ALA PHE 6LY P~E LEU H|$ ALA GLY GLU GLtl 221 

TAT TGG AT'[ ACT GAC M T  As E.CA GAG AET GTT CAG GTC TC.C ACA AGC gAT CT6 s ACC 1079 
TYR T ~  ILE WtR ASP IISN S ~  PRD GLU TNR VAL GLtt VAL CY$ THR SER ASP LEU 6LU THR 241 

TCT CAT T6C TCT A.AC A~C ATT ;TT CEC TTC ~ t~T 6TT CTT GAC CA1 CTC TCG TAC TTT 1~39 
SER ASP CYS SER ASPI S ~  ILE VAL PRO PHE THR SER VAL LEU ASP HIS LEU SER TYR PHE 261 

6GT ATC AAC ACA Gs CTC TGT ACT TAA GAAATACCAGTTATACGATATGTAGGAAGTAGTATTTTTTAGG 1209 
6LY IrE ASH, DtR 6LY LBJ CYS TYIR T ~  

A4GAGATTTATATGTATTAI~.A4ATATATATATMATACCGCTGCGCGAGAACCTGTATT POL YA 

TE~ 

GTC AGT GGT ACA 
VAL SER GL Y THR 

CTT GTT 6CT ACT 
LEU VAL ALA TIeR 

I GGT CAC TCA CTC 
GLY HIS SER LEU 

FIG. 3. Sequence of the preproRML cDNA together with the deduced 
Amino acid sequence given by three-letter abbreviations. The horizon- 
tal lines show the positions of oHgonucleotides used for eDNA-Hbrary 
screening and primer extension. An arrow shows the processing posi- 
tion used in maturation of RML. Nucleotides are numbered from 
the first base in the initiating Met codon, and amino acids are 
numbered from the first residue in the mature RML. Two short 
horizontal arrows indicate the 5' and 3' splice sites of the 74 nucleo- 
tides long intervening sequence. Amino acid Met-103 is the carbox- 
yterminal residue in a short lipase precursor variant. A pentapep- 
tide around the Ser-residue involved in substrate binding is boxed. 

mRNA in a region encoding the amino acid sequence Pro- 
Pro-Leu-Ile-Pro-Ser-Arg underlined in the propeptide 
region in Figure 3. After this oligonucleotide had been 
labeled to a high specific activity with T4 polynucleotide 
kinase and 32P-y-ATP, it was used in a primer extension 
reaction on R. miehei mRNA. The primer extension reac- 
tion products were electrophoresed on a 10% polyacryl- 
amide/urea gel and two RML-specific cDNA products, 
one 150 nucleotides long and the other one 160 nucleotides 
long, were both electroeluted and sequenced. 

Structure of the R M L  precursor. DNA sequence data 
obtained from cDNA clones p353.7, p353.16 and p566, 
and from sequencing of the 5' end of the RML mRNA 
through specific primer extension as described above, is 
compiled in Figure 3. Apart from the presence in the 
cDNA recombinant p566 of 74 extra basepairs, the se- 
quences obtained from the different isolated plasmids and 
from the primer extension products were in total agree- 
ment. From the cDNA sequence data, it can be concluded 
that  RML is synthesized as a part of a 363 amino acids 
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long precursor with a molecular weight of 39,529. The 
first 24 amino acid residues constitute a typical hydro- 
phobic signal peptide. According to the predictive rules 
of von Heijne (20), the signal peptide is cleaved from the 
subsequent precursor by a cleavage between the alanine 
and valine residues at positions -71  and -70 .  Because 
the amino terminal sequence analysis of purified RML 
identified Ser-Ile~Asp-Gly-Gly - as the amino-terminus of 
the active enzyme, the lipase precursor has a 70 amino 
acid residues-long propeptide. Beginning with the aminc~ 
terminal serine residue (number 1 in Fig. 3), the mature 
lipase extends through 269 residues. The molecular 
weight of the protein backbone of the mature enzyme is 
29,472. 

In addition to the described preproRML, a potential 
variant lipase precursor was identified. A cDNA recom- 
binant, p566, was found to contain 74 additional nucleo- 
tides inserted at a position between the codons for Ala-90 
and Asp-91 (Fig. 3). This 74-nucleotide insert has the 
hexanucleotide GTAAGT at its 5' end and the trinucle~ 
tide TAG at its 3' end. Taking this structure, which is 
typical for intervening sequences, and the fact that  the 
fragment was present in one cloned cDNA recombinant 
and absent from two others, this fragment most probably 
represents the result of differential splicing. A lipase 
precursor translated from such an intron-containing 
transcript would be only 197 amino acid residues long due 
to the presence of an inframe termination codon within 

�9 the intervening sequence. After posttranslational process- 
ing of the signal and propeptides, only 103 residues would 
be left in this short, mature lipase~related variant. The 
molecular weight of this precursor and its maturation 
product would be 21,592 and 11,535, respectively. 

After immunoprecipitation by the use of lipase specific 
antiserum of the primary translation products from R. 
miehei mRNA-supplemented rabbit reticulocyte lysate 
{Fig. 4), lipaee precursors with molecular weights of 40 kD 
and 22 kD were identified. These two precursors, which 
corresponded well to the RML precursors suggested by 
cDNA sequencing, were precipitated in roughly equimolar 
amounts and therefore indicate that  the 74 bp intron is 
consexved in roughly half of the translatable lipase mRNA. 

Structure of R M L  mRNA. Poly(A) § mRNA was ana- 
lyzed after blotting onto nitrocellulose with a 32P-labeled 
RML-specific cDNA probe. An RML-specific transcript 
of 1.3 kb {Fig. 5) was identified by this analysis. The size 
of this mRNA is in good agreement with the length of 
the sequenced cDNA {Fig. 3). Due to the limitations of 
gel resolution of polyadenylated mRNA, the hybridizing 
mRNA may contain both the intron containing (74 
nucleotides extra} as well as the spliced variant of RML 
mRNA. The RMI~specific cDNA obtained by primer ex- 
tension with the propeptide region specific oligonucleotide 
5' (CGAGAGGGGATGAGGGGTGG)3' were 150 nuclew 
tides and 160 nucleotides long (data not shown). If these 
cDNA represent full-length reverse transcripts, the cap 
site of the RML mRNA will be only 20 to 30 nucleotides 
5' to the initiating methionine codon. In the 3' end of the 
mRNA, a 104-nucleotides long 3' untranslated region was 
found. This region contains no typical polyadenylation 
signal (AATAAA) as found on most eukaryotic mRNA. 
At a position 22 nucleotides upstream from the poly(A) 
taft, a repetitive structure consisting of seven times the 
dinucleotide TA is localized. 

FIG. 4. SDS-polyacrylamide gel electrophoresis, followed.by auto- 
radiography of in vitro translation products and their ]mmuno- 
precipitates. Total mRNA extracted from R. miehei was translated 
m a rabbit reticulocyte lysate with L-[35S]methionine {lane A) and 
|mmunopreclpitated with rabbit antisera against RML {lane B). Two 
primary translation products were precipitated. The position of 
molecular weight standards are shown to the left. 

FIG. 5. RNA blot analysis of R. miehei poly(A)* RNA. Five ~g of 
mRNA were separated on a 1.2% agarose gel, blotted to nitrocellulose 
and hybridized with nick-translated RML cDNA. The nucleotide 
length of HindIII digested phage lambda DNA fragments is 
indicated. 
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DISCUSSION 

The triglyceride lipase from R. miehei can be purified as 
two enzyme forms: RML-A and RML-B. RML-A was 
isolated when neutral pH was maintained during all 
purification steps. In contrast, RML-B seems to be 
generated only when the preparation was exposed to low 
pH (~4.5) during purification. Both forms show the same 
apparent molecular weight (32 kD) on SDS gels after 
reduction. By gel filtration, the A- and B-forms eluted at 
positions corresponding to molecular weights of 42.5 kD 
and 27.5 kD, respectively. 

The discrepancy between the molecular weights by gel 
filtration and SDS-PAGE of the A- and B-forms might 
be due to different apparent molecular size or shape of 
the enzyme forms in native and denatured conditions. The 
fact that  RML-A and RML-B have identical apparent 
molecular weights determined by SDS-PAGE, whereas 
RMI~B has a lower apparent molecular weight than 
RML-A by gel filtration, also could be explained by dif- 
ferent molecular size/shape of their native forms. Deter- 
mination of the total amount of carbohydrate in the 
purified A- and B-forms indicated a significant difference. 
Thus, the B-form seems to be less glycosylated than the 
A-form, which might give rise to the retardation observed 
by gel filtration (Fig. 1). Consequently, it seems likely that 
RML-B is generated as a result of low pH-dependent 
(~4.5) deglycosylation of RML-A. Amino acid composi- 
tion (Table 2) of the A- and B-forms show that  the two 
enzymes have a similar protein backbone, which, within 
experimental error, is confirmed by the data obtained 
through cDNA sequencing. 

The possibility of the A- and B-forms being the results 
of different amino-terminal processing of a common pre- 
cursor is excluded by the fact that  both forms had the 

TABLE 2 

Amino Acid Composition of RMI~A and RMI~B 

Amino ac id  R M L - A  R M L - B  Deduced from cDNA 

Asp/Ash 27.7 28.7 26 
Thr a 26.1 26.0 27 
Ser a 29.1 26.0 25 
Glu]Gin 20.6 22.5 21 
Pro 19.2 14.3 13 
Gly 17.3 20.6 20 
Ala 18.9 18.9 18 
Cys-SH b 5.5 (.37) 5.7 (.21) 7 
Val a 20.2 21.4 21 
Met 2.5 1.3 1 
Ile a 13.6 15.9 17 
Leu 21.5 22.1 22 
Tyr 13.8 15.0 15 
Phe 8.4 10.1 10 
Lys 7.0 7.8 7 
His 4.9 5.9 6 
Trp 3.2 3.9 3 
Arg 9.9 10.1 10 
NH3 24.3 33.1 19 

Totals 269 

aDetermined as extrapolated values to 0 or infinite hydrolysis time. 
bDetermined as S-/H4-pyridylethyl)-cysteine, in parentheses the 
found amount of potentially free cysteines. 

same amino-terminal as determined by amino acid se- 
quencing. The fact that  three independent cDNA clones 
all had exactly the same DNA sequence (except for the 
intron in p566) suggests that both lipase forms are en- 
coded by one gene and therefore have the same primary 
structure. 

Primary structures of triglyceride lipases from bacteria 
and mammals have been reported. These lipases show a 
large variation in the length of the protein chain. The 
shortest lipase has been reported from Pseudomonas fragi 
(21) containing only 135 amino acid residues. Two other 
bacterial lipases from Staphylococcus aureus (22) and 
Staphylococcus hyicus (23) have 690 (including signal pep- 
tide) and 603 residues, respectively. Mammalian triglyc- 
eride lipases have protein chains with intermediary sizes 
of 472 (rat hepatic lipase [sequence given in Ref. 27]), 449 
(rat lingual lipase [24]), and 377 (porcine pancreatic lipase 
[25]) residues. The related enzyme, human lecithin-choles- 
terol acyltransferase (26) has 416 residues. The only 
regions with significant homology between these lipases 
and the 269 residues of mature RML are shown in Fig- 
ure 6, which also includes a region from the human 
lipoprotein lipase (27). This alignment identifies one serine 
residue, located in a stretch of hydrophobic amino acid 
residues, as totally conserved. In porcine pancreatic 
lipase, this serine residue has been identified as an essen- 
tial part of a hydrophobic attachment site involved in 
lipase adsorption to the water-insoluble triglyceride- 
substrate interfaces (28). 

I t  should be noted that the primary structure of RML 
deduced from cDNA sequencing has 7 cysteine residues. 
Analysis by the use of 4-vinylpyridine for determination 
of potential free cysteines (Table 2) revealed traces of free 
cysteines in both enzyme forms. In proteins in which all 
cysteine residues are part of disulfide bridges, this analy- 
sis gives a clearly negative result. Therefore, it is likely 
that  RML has a cysteine residue that  is not involved in 
disulfide bridge formation and that  is, therefore, free or 
involved in other as yet unknown bindings. 

In none of the so far reported triglyceride lipases (most 
of them deduced from DNA sequence) has a zymogen 
been identified. The precursor of RML as deduced from 
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FIG. 6. Homology among substrate binding regions in lipases. 
Regions from 9 lipases are aligned, and residues are boxed where 
at least 3 out of 9 possible identities were found. PFL, Pseudomonus 
fragi lipase (21); SAL, Staphylococcus aureus lipase (22); SHL, 
Staphylococcus hyicus lipase (23); RML, R~ miehei lipase; RLL, rat 
lingual lipase (24); RHL, rat hepatic lipase (sequence from Ref. 27); 
PPL, porcine pancreatic lipase (25); HLPL, human lipoprotein lipase 
(27); HLCAT, haman leelthln-eholesterol acyltransferase (26). Amino 
acids are given by their one-letter abbreviations. 
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the DNA sequence in Figure 3 has a 70 amino acid 
residues-long propeptide between the typical signal pep- 
tide and the amino terminus of the mature  enzyme. The 
matura t ion  involves a proteolyt ic  cleavage between a 
methionine and a serine residue (Fig. 3). We do not  con- 
sider it  likely tha t  this Met-residue jus t  5' to the Ser- 
residue could be the initiating methionine. If  this was the 
case, the result ing secreted lipase would have no signal 
peptide, and the length of the identified pr imary transla- 
tion products  (Fig. 4) could not  be accounted for. As the 
first 24 amino acid residues of the deduced precursor con- 
s t i tutes  a typical  signal peptide, including two basic 
residues in its amino terminal end and a long strongly 
hydrophobic core, we can only conclude that  RML is syn- 
thesized as a par t  of a zymogen-like precursor. This obser- 
vat ion raises interest ing questions as to the temporal  
events in lipase secretion from a fungal cell. Processing 
of the 70 amino acid residues-long precursor peptide 
might  involve a step-wise mechanism, because the first  
five residues end in the typical  dibasic ta rge t  sequence, 
Lys-Arg (residues - 6 7  and - 6 6  in Fig. 3). Propeptides 
have been identified in mammalian colipases {see Ref. 29 
for an alignment of procolipases from pig and horse), and 
it  is interest ing to note  tha t  the propeptide in these en- 
zymes are five residues long and read the sequence, Val- 
Pro-Asp-Pro-Arg. Processing of this colipase propeptide 
might be an example of proline~directed arginyl cleavage, 
a processing mechanism tha t  recently has been reviewed 
(30). The colipase pentapropept ide has three identical 
residues in homologous positions as compared with the 
first five residues in the propeptide of RML. Apar t  from 
this short  region, which may be functionally equivalent 
in proenzyme processing in proRML and in procolipases, 
these proteins have no homology. 

Out of three isolated RML-specific cDNA recom- 
binants, one (p566) was found to contain a 74 bp interven- 
ing sequence. Differential splicing of introns is well-known 
in higher eukaryotes,  and it  also has been demonst ra ted  
in a few genes from the lower eukaryotes,  e.g., the gluco- 
amylase gene of A s p e r g i l l u s  n iger  (16,31). However, no 
obvious advantages  from this ex t ra  variat ion in the 
mechanism of gene expression can be identified in these 
two examples from the lower eukaryotes.  In the case of 
RML, we might  have observed a phenomenon best  char- 
acterized as inefficient splicing of a precursor mRNA. The 
74 base pair intervening sequence identified in recombi- 
nant  p566 does not  have a sequence showing homology 
to the internal splicing signal Consensus, which is directly 
involved in lariat formation. A poor fit to this consensus, 
which in the filamentous fungi reads ~ C T ~ A C ,  has 
been suggested as a cause of inefficient mRNA precursor 
spl icing (32) in lower eukaryotes.  

I t  should be stressed tha t  we cannot  total ly rule out  
the possibility tha t  the cDNA recombinant  p566 might  
represent  a nuclear nonprocessed mRNA species. How- 
ever, because a substantial  fraction of the immuno- 
precipitable precursors is found as the short  variant ,  we 
favor a theory of inefficient mRNA splicing, due to a weak 
internal splicing signal in the intron. We do not  believe 
tha t  the short  lipase var iant  encoded by  this intron- 
containing mRNA could have any lipase activity, simply 
because the substrate  binding site would not  be included 
in the molecule. During purification of the enzyme, we 
have  no t  a t  a ny  s t ep  o b s e r v e d  such  a s h o r t  

var iant  with lipase activity.  If  it  is synthesized by  the 
fungus in vivo, it might  be unstable due to as ye t  uniden- 
tiffed mechanisms tha t  eliminate aberrant  protein 
molecules. 
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One hundred eighty-six adult female mice were studied 
to exsmiue the effect of manipulating dietary vitamin E 
and fractional inspired oxygen concentrations {FiO2) on 
tissue levels of vitamin E, total polyunsaturated fatty 
acids {TPUFA) and conjugated dienes {CD) as an index 
of lipid peroxidation. Animals were fed custom diets con- 
taining either 0, 50 or 150 ppm DL-a-tocopheryl acetate. 
Once plasma vitamin E levels of mice fell below 0.2 mg/dl 
(at week 19}, all mice were placed in chambers containing 
either room air {FiO2 ~ 0.21} or FiO2 > 0.95 for the next 
72 hr. Dietary manipulation had a major impact on the 
levels of vitamin E in plasma, lung and perirenal adipose 
tissues (p < 0.0001, p < 0.0001 and p < 0.005, respectively). 
Dietary vitamin E deprivation was associated with sig- 
nificant reductions in lung glutathione peroxidase {GPX) 
activities {p < 0.05} and in plasma TPUFA levels {p < 0.05}. 
No significant effect attributable to either diet or FiO2 
was observed for liver vitamin E, liver TPUFA or lung 
TPUFA levels, or for those of CD in any tissue examined. 
Adipose TPUFA levels were depressed in all dietary 
groups exposed to FiO2 > 0.95, when compared with those 
of groups exposed to room air. The high FiO2 exposures 
also were associated with marked reductions in lung to 
body weight ratios {p < 0.01}. These data suggest that 
dietary vitamin E treatment after long-term feeding can 
modify vitamin levels in plasma, lung and adipose tissues, 
and lung GPX activities. Vitamin E levels in liver seemed 
less responsive to our dietary manipulations in adult 
female mice, though expressing liver vitamin E levels in 
terms of TPUFA revealed significant differences between 
the ratios from 0 and 150 ppm vitamin E groups {p < 0.05}. 
Lipids 23, 707-712 {1988}. 

Whenever animals are exposed to high fractional inspired 
oxygen concentrations {FiO2}, acute lung injury ensues. 
The pathophysiological processes include the recruitment 
and activation of specific cells to the lung and the genera- 
tion of toxic oxygen products that are thought to be 
responsible for the damage of lung vasculature and epi- 
thelium. In response to this stress, the lung possesses a 
number of protective mechanisms against the free-radical 
peroxidizing compounds. These include vitamin E, ascor- 
bic acid, uric acid, ceruloplasmin and a battery of en- 
zymes, some of which rely on glutathione. 
The administration of vitamin E to prevent hyperoxia- 

associated lung injury has been studied in experimental 
animals {1-9} with conflicting results. Similarly, reports 
regarding its benefit for infants with respiratory distress 
consequent to prolonged oxygen therapy (10,11) are con- 
flicting. Some problems inherent in the interpretation of 

*To whom correspondence should be addressed: C. Tangney, Depart- 
ment of Foods & Nutrition, University of North Carolina, 1000 
Spring Garden St., Greensboro, NC 27412-5001. 
Abbreviations: GPX, glutathione peroxidase; ANOVA, analysis of 
variance; CD, conjugated dienes; FiO2, fractional inspired oxygen 
concentrations; TPUFA, total polyunsaturated fatty acids. 

these findings might be resolved by an investigation of 
the ability of plasma measures to reflect the distribution 
or content of vitamin E in those tissues during hyperoxic 
challenge. Kornbrust and Mavis (12) reported that  the 
degree of peroxidation in microsomes prepared from 
various rat organs was related to vitamin E content, and 
that the lung and heart were least susceptible to perox- 
idation because of the high vitamin E to total polyun- 
saturated fatty acid (TPUFA) ratios; they did not ex- 
amine, however, plasma ratios or the impact of hyperoxia. 
Sevanian and coworkers {13) and Ponkka Evarts and Bieri 
{14) also have reported similar differences in vitamin E 
to TPUFA ratios among these tissues of young rats. 

In the present study, we examined the impact of FiO2 
0.21 (room air) and FiO2 > 0.95 {hyperoxia) along with 
three dietary levels of vitamin E on tissue vitamin E and 
TPUFA concentrations of adult female mice. Yam et al. 
(15) found that adult rats succumbed to hyperoxia, 
because unlike the newborn animals, they did not exhibit 
induction of certain lung antioxidant enzymes, gluta- 
thione peroxidase (GPX), glutathione reductase, superox- 
ide dismutase and others, in response to hyperoxic chal- 
lenge. Therefore, we also wished to determine whether 
adult mice fed insufficient dietary vitamin E and exposed 
to hyperoxia would manifest alterations in lung GPX 
activities. 

METHODS 
Animals. One hundred and eighty-six adult female Swiss 
Webster mice {HarlargSprague~Dawley, Indianapolis, IN) 
weighing ca. 25 g each were placed in stainless steel cages, 
three or four per cage. The room was temperature and 
humidity controlled, having equal periods of light and 
dark (12 hr}. For one wk following delivery, mice were fed 
ad libitum a custom-prepared diet containing 50 ppm 
Dlra-tocopheryl acetate {ICN Nutritional Biochemicals, 
Cleveland, OH} and water. Subsequent to this acclimati- 
zation period, animals were randomly assigned by cage 
to receive purified diets (from the same supplier} contain- 
ing either 0, 50 or 150 ppm DL-a-tocopheryl acetate. 
Details of the diet composition and growth data have been 
reported (16}. By week 19, mice that  were fed 0 ppm 
vitamin E exhibited marked weight loss and depressed 
plasma vitamin E levels {<0.2 mg/dl}, which is indicative 
of vitamin E deficiency. At this time, half the mice in each 
dietary treatment group were exposed to either FiO2 > 
0.95 or room air for the next 72 hr under ambient tem- 
peratures (22-26 C}. The 72-hr period was selected 
because research by Poland and colleagues suggested that 
any period longer than this would be accompanied by con- 
siderable mortality {17}. Chamber atmospheres were con- 
tinuously filtered and circulated. Oxygen and CO2 con- 
centrations were monitored several times each day using 
a Beckman Medical Gas Analyzer LB-2 (Beckman In- 
struments, Inc., Fullerton, CA}. Chambers were opened 
daily for several min to provide animals with food and 
water. 
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Tissue collections. Following the 72 hr exposures, mice 
were removed from chambers and anesthesized briefly 
with methoxyflurane {Pitman-Moore, Inc., Washington 
Crossing, NJ}. No animals died at the end of the 72 hr 
exposure period, although several mice from the vitamin 
E deficient group appeared to suffer respiratory distress 
once they were removed from chambers for killing. Data 
from seven mice were not included in these analyses 
because of problems with tissue processing; therefore, 63 
mice comprised the 0 ppm group (30 at FiO~ > 0.95}, 56 
mice were in the 50 ppm group {26 at FiO2 > 0.95} and 
63 mice were in the 150 ppm group {33 at FiO2 > 0.95}. 
Blood was obtained following procedures previously 
described {16}. Analyses performed on plasma aliquots 
represent pooled samples from three to four mice in each 
cage on the same treatments, specifically, 17 samples for 
the 0 ppm vitamin E group, 16 samples for the 50 ppm 
and 18 for the 150 ppm vitamin E group. Whole lungs, 
livers, perirenal adipose tissues were excised, perfused 
with saline to remove blood, wrapped in an aluminum foil 
and frozen at - 7 0  C. Once thawed, all tissues were 
minced, weighed and homogenized in ice-cold 1% (w/v) 
EDTA. Adipose tissues from three to four animals in each 
cage also were pooled before analyses. 

Vitamin analyses. Extractions of tissues other than 
plasma were performed with hexane following saponifica- 
tion as described {18,19}. Vitamin E, specifically a- and 
y-tocopherols were measured using a Waters model 510 
high performance liquid chromatograph {Waters Assoc., 
Milford, MA) equipped with a Perkin Elmer LC-75 vari- 
able UV-visible spectrophotometer {Perkin Elmer, Nor- 
walk, CT}. The reversed-phase analytical column was a 
3 ~ Supelcosil ODS column, 15 cm long • 4.6 mm, i.d. 
{Supelco, Inc., Bellfonte, PA}. The isocratic solvent sys- 
tem consisted of 5% water in absolute methanol {v/v) at 
a flow rate of 1.2 ml/min. The column effluent was moni- 
tored at 292 nm. Calibration curves were established for 
all compounds of interest from measured peak heights of 
standards supplied by Bhagavan of Hoffmann La Roche 
relative to those of the selected internal standard, dl-tocol. 
Data for a- and y-tocopherols are given as the sum total 
of a- and y-tocopherols {vitamin E}, because y-tocopherol 
was not detected frequently in any of the tissue samples. 

Total polyunsaturated fatty acid (TPUFA) analyses. 
Aliquots of plasma, lung, liver or adipose homogenates 
were extracted according to the method of Folch and 
coworkers {20}, redissolved in toluene, and transesterified 
according to a published procedure (21). Pentadecanoic 
acid (15:0} was added at the beginning of the extraction 
to serve as an internal standard. Fa t ty  acids from 14:0 
to 22:6co3 were separated and quantified by gas-liquid 
chromatography using a Perkin Elmer Sigma 3B chroma- 
tograph with a 10 ft long by 2 mm i.d. glass column 
packed with 3% SP2310 and 2% SP2300 on Chromosorb 
WAW {Supelco, Inc., Bellefonte, PA). A calibration mix- 
ture of fat ty acid methyl esters {NuChek, Elysian, MN) 
and additional standard solutions were injected daily to 
confirm retention times and to calculate response factors. 
The instrument was operated with an injection tempera- 
ture of 210 C, the flame detector at 250 C and the column 
from 185 to 220 C. Peak heights were electronically 
calculated by a Hewlett Packard 3390A recording in- 
tegrator {Avondale, PA}. Total PUFA (TPUFA) was 
defined as the sum of 18:2co6, 18:3co3, 20:2co6, 20:3co6, 

20:4co6, 20:5co3, 22:3co3, 22:4o~6 and 22:6c03. These defini- 
tions were selected to reproduce those originally reported 
by Poukka Evarts  and Bieri {14}. 

Other measurements. Lung homogenates (in 1% EDTA, 
w/v) were centrifuged at 105,000 g for one hr so the solu- 
ble fraction could be obtained for determination of GPX 
activity. The activities were measured using H202 accord- 
ing to the method of Lawrence and Burk {22). Linear 
regression analyses of log-transformed data were used to 
calculate activities that  were corrected for spontaneous 
reaction rates. Protein concentration was determined by 
the method of Lowry et al. (23}. DNA content was as- 
sessed by the microfluorometric method of Kissane and 
Robbins (24}. GPX activities then were expressed per mg 
protein and per ~g DNA. Analysis of conjugated dienes 
{CD) as an index of lipid peroxidation was performed in 
tissue homogenates at 233 nm by the method of Reck- 
nagel and Ghoshal (25) as modified by Till and coworkers 
(26). The amount of dienes was estimated using a molar 
extinction coefficient of 2.52 • 104 M-' and then ex- 
pressed in ~moles per mg protein or ~anoles per ~g DNA. 
The lung wet weight to body weight ratio was calculated 
to reflect the extent of lung edema (15) and is referred 
to as the lung edema index. 

Statistical analyses. All data are expressed as mean + 1 
SEM. Data were analyzed by two-way analysis of vari- 
ance (ANOVA) using dietary vitamin E and FiO2 expo- 
sures as factors. Whenever appropriate, one-way ANOVA 
and Duncan's multiple-range tests available in the statis- 
tical package, Statistics for Physical and Social Sciences, 
SPSS x (27,28} also were employed. Pearson r correlation 
and multiple linear regression analyses also were per- 
formed using SPSS x. 

RESULTS 

Dietary treatments had a marked influence upon several 
components quantified in lung tissue homogenates. After 
19 weeks of feeding the 0 ppm vitamin E diet, mice ex- 
hibited significantly lower {p < 0.000D lung vitamin E 
levels than their supplemented counterparts {Table 1}. No 
significant differences were apparent between lungs of 
mice fed 50 and 150 ppm vitamin E, or between mice on 
FiO2 > 0.95 and those exposed to room air. Neither diet 

T A B L E  1 

Lung Tissue Vitamin E Concentrations of  Adul t  Female Mice 
on Three Levels of Dietary Vitamin E and Exposed to Hyperoxic  
or Normoxic Conditions 

Lung homogenate vitamin E a 
Dietary 

vit~mln E Both FiOz groups 
levels FiO2 > 0.95 FiO2 ~ 0 . 2 1  combined b 

{ppm) (~g/g wet weight} 

0 7.94 _+ 3.8 11.78 +_ 5.5 9.95 -+ 3.4 c 
50 133.32 _+ 16.9 100.59 + 14.2 115.78 + 11.0 d 

150 131.69 _+ 18.5 177.83 +_ 29.5 153.66 --- 17.2 d 

aAll values are expressed as mean +_ SEM. 
bSignificant differences were observed for dietary treatments only. 
Values in the same column not sharing the same superscript (c, d) 
are significantly different from each other: p < 0.0001. 
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n o r  FiO2 t r e a t m e n t s  h a d  a n y  s i g n i f i c a n t  e f fec t  on  l u n g  
T P U F A  levels  {Table 2). D i e t a r y  v i t a m i n  E d e p r i v a t i o n  
r e s u l t e d  in lower  l u n g  G P X  a c t i v i t i e s  as  c o m p a r e d  w i t h  
t h o s e  f rom mice  on 150 p p m  v i t a m i n  E (Table  3). N o  dif- 
ferences in G P X  ac t iv i t i es  were  a p p a r e n t  be tween  an ima l s  
on h y p e r o x i c  and  no rmox ic  exposu re s  wi th in  each  d i e t a r y  
g roup ,  b u t  c o n s i d e r a b l e  v a r i a t i o n  was  o b s e r v e d  in t h o s e  
of  t h e  150 p p m  d i e t a r y  group .  W h e n  G P X  ac t iv i t i e s  were  
e x p r e s s e d  p e r  ~g D N A ,  t h e r e  were  no  s i gn i f i c an t  dif- 
ferences obse rved  a m o n g  d i e t a ry  or  FiO2 g roups  (da ta  n o t  
shown).  L u n g  cell  n u m b e r  was  n o t  a l t e r e d  b y  d i e t a r y  
t r e a t m e n t s ,  b u t  h y p e r o x i a  p r o d u c e d  a s i gn i f i c an t  (p < 
0.05) r e d u c t i o n  in l u n g  cell  n u m b e r  in  b o t h  0 a n d  50 p p m  
g r o u p s  ( d a t a  n o t  shown}. I n  c o n t r a s t ,  n e i t h e r  t r e a t m e n t  
a f f ec t ed  l u n g  p r o t e i n  levels .  

D a t a  for  l u n g  CD levels ,  l u n g  e d e m a  index,  l iver  v i t a -  
m i n  E a n d  l iver  T P U F A  leve ls  a re  s h o w n  in T a b l e  4. No  
s i g n i f i c a n t  d i f fe rences  in l u n g  CD leve ls  were  o b t a i n e d  
for  e i the r  d i e t a r y  or  FiO2 t r e a t m e n t s .  L u n g  e d e m a  indices  
were  s ign i f i can t ly  g r e a t e r  in all  d i e t a r y  t r e a t m e n t  g r o u p s  
e x p o s e d  to  h y p e r o x i a  a s  c o m p a r e d  w i t h  t h o s e  on  r o o m  
a i r  (p < 0.01). V i t a m i n  E a n d  T P U F A  levels  in l iver  

TABLE 2 

Lung Tissue TPUFA Levels of Adult Female Mice 
on Three Levels of Dietary Vitamin E and Exposed 
to Hyperoxic or Normoxic Conditions 

Dietary 
vitamin E 

levels 

Lung homogenate TPUFA a, b 

FiO2 > 0.95 FiO~ ~ 0.21 

(ppm) (mg/g wet weight) 

0 15.72 _ 1.7 19.11 • 2.6 
50 18.96 • 4.0 17.64 • 1.4 

150 15.90 _ 1.8 15.00 +_ 1.3 

aAll values are expressed as mean • SEM. 
bNo significant differences were observed for diet or oxygen 
treatments nor the interaction. 

h o m o g e n a t e s  p r e c l u d e d  d e t e c t i n g  a n y  s ign i f i can t  e f fec t s  
a t t r i b u t a b l e  t o  d i e t a r y  or  FiO2 t r e a t m e n t s  ( d a t a  n o t  
shown).  

A s  o b s e r v e d  in l u n g  h o m o g e n a t e s ,  v i t a m i n  E levels  of  
a d i p o s e  t i s s u e  h o m o g e n a t e s  f r o m  a n i m a l s  fed  t h e  0 p p m  
v i t a m i n  E were  s i gn i f i c an t l y  lower  (p < 0.005) t h a n  t h o s e  
of t h e  50 a n d  150 p p m  d i e t a r y  g r o u p s  (Table 5). However ,  
un l i ke  t h e  l u n g  m e a s u r e s ,  a c o n s i s t e n t  dose - r e sponse  
t r e n d  can  be  o b s e r v e d  for  t h e  0, 50 a n d  150 p p m  d i e t a r y  
g r o u p s  in b o t h  h y p e r o x i c  a n d  n o r m o x i c  t r e a t m e n t s .  Th i s  
t r e n d  is  a p p a r e n t  d e s p i t e  t h e  l a r g e  v a r i a t i o n  in v i t a m i n  
E levels  of  mice  e x p o s e d  to  FiO2 > 0.95 a n d  r e c e i v i n g  
e i the r  50 or  150 p p m  v i t a m i n  E.  M e a n  a d i p o s e  T P U F A  
levels  (g pe r  g we t  tissue} were  cons i s t en ly  lower  in g r o u p s  
e x p o s e d  to  h y p e r o x i a  as  c o m p a r e d  w i t h  t h o s e  on  r o o m  
air,  r e spec t ive ly :  for 0 p p m  (20.99 _ 9.2 v s  70.26 + 29.8), 
50 p p m  (14.78 _ 6.2 v s  37.42 +_ 19.6), a n d  150 p p m  
d i e t a r y  v i t a m i n  E (10.84 _+ 5.6 v s  38.39 + 12.8). Con- 
s i de r ab l e  v a r i a b i l i t y  was  a p p a r e n t  in T P U F A  leve ls  of  
n o r m o x i c  g roups ,  t h o u g h  s ign i f i can t  d i f fe rences  b e t w e e n  
FiO2 g r o u p s  were  o b s e r v e d  (p < 0.05). I n  c o n t r a s t ,  no  
s t a t i s t i c a l l y  s ign i f i can t  d i f fe rences  were  o b s e r v e d  for CD 

TABLE 3 

Lung Glutathiane Peroxidase (GPX) Activity Levels of Adult 
Female Mice on Three Levels of Dietary Vitamin E and Exposed 
to Hyperoxic or Normoxic Conditions 

Dietary Lung GPX a 
vitamin E Both FiO2 groups 

levels FiOz > 0.95 FiO2 ~ 0.21 combined o 

(ppm) (/~moles NADPH/min/mg protein) 

0 17.26 • 3.4 9.95 • 1.8 13.61 • 3.1 c 
50 20.13 • 3.0 22.58 • 5.1 22.50 • 2.0c, d 

150 52.69 + 19.7 28.49 • 10.6 41.66 • 11.8 d 

aAll values are expressed as mean • SEM. 
bSignificant differences were observed among dietary treatments 
only. Values not sharing the same superscript (c, d) are significantly 
different from each other: p < 0.05. 

TABLE 4 

Influence of Dietary Vitamin E and/or FiO~ Exposure on Lung Tissue Conjugated Diene {CD} Levels, Lung 
Edema Indices, Liver Tissue Vitamin E and TPUFA Levels of Adult Female Mice a 

Dietary Lung CD Lung Liver Liver 
vitamin E FiO~ ~mol/mg edema vitamin E TPUFA 

levels group protein o, c index d (~g/g) C (mg/g)C 

0 >0.95 488.62 • 120.5 12.10 -- 0.5 131.56 • 41.4 176.06 • 21.0 
0 ~0.21 288.60 • 37.7 11.35 • 0.4 244.89 ----- 77.7 187.40 • 30.3 

50 >0.95 420.11 • 88.7 12.29 • 0.6 158.29 • 61.0 194.38 • 33.8 
50 ~0.21 430.76 • 190.5 11.00 • 0.5 300.46 • 74.2 176.70 • 27.5 

150 >0.95 405.69 • 82.4 12.53 -- 0.4 410.40 • 122.9 206.23 • 24.8 
150 ~0.21 511.70 __ 159.7 10.56 • 0.4 251.34 • 46.0 179.12 • 23.7 

aValues represent mean • SEM. 
bThere were no differences in values observed among groups with respect to lung protein content. 
CThere were no differences in values observed between FiO2 groups. Nor was there any significant interac- 
tion between diet and FiO2 treatments. 
dThere were no differences between dietary groups, only between FiO2 treatments: for all mice on FiO~ 
0.95:12.31 • 0.3 vs all mice on FiO2 ~ 0.21:10.99 • 0.2, p < 0.01. 
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TABLE 5 

Perirenal Adipose Tissue Vitamin E Concentrations of Adult 
Female Mice on Three Levels of Dietary VitAmin E and Exposed 
to Hyperoxic or Normoxie Conditions 

Adipose homogenate vitamin E a 
Dietary 

vitamin E Both Fi02 groups 
levels FiO2 > 0.95 Fi02 ~ 0.21 combinedO 

(ppm) 

0 
50 

150 

(mglg wet weight) 

11.02 • 7.0 34.96 • 28.9 22.99 • 14.7 c 
233.68 • 156.8 158.53 • 30,1 193.60 • 72.5 d 
453.80 • 175.0 352.16 __. 61,6 408.63 • 99.2d 

aAll values are expressed as mean -+ SEM. 
bOnly a significant diet effect was found. Values in the same col- 
umn not sharing the same superscript (c, d) are significantly different 
from each other: p < 0.005. 

levels  of adipose  t i s sue  a m o n g  d i e t a ry  or FiO2 g roups  
(da ta  n o t  shown). 

P l a s m a  v i t a m i n  E levels were h igh ly  cor re la ted  w i th  
those  of l u n g  t i ssue ,  r -- +0 ,68 ,  p < 0.0001. S ign i f i can t  
differences in  p l a s m a  levels were observed a m o n g  all three  
d i e t a ry  t r e a t m e n t  g roups  {p < 0.0001), as shown  in  
Tab le  6. No differences were a p p a r e n t  be t w e e n  FiO2 
groups .  I n  Tab le  7, p l a s m a  T P U F A  levels  of b o t h  
hyperox ic  a nd  no rmox ic  0 p p m  v i t a m i n  E g roups  were 
m a r k e d l y  lower t h a n  those  on  150 p p m  v i t a m i n  E (p < 
0.05). Aga in ,  no  s ign i f i can t  differences in  p l a s m a  levels  
of CD a m o n g  a n y  of the  g roups  were obse rved  (data  no t  
shown). 

Tab le  8 shows the  v i t a m i n  E to  T P U F A  ra t ios  for all  
t i ssues  examined  in  these  exper iments .  As  observed wi th  
t i s sue  v i t a m i n  E levels  for p l a s m a  a nd  adipose,  we ob- 
served s ignif icant  differences largely a mong  die tary  treat-  
m e n t  g roups  w i th  one except ion:  l u n g  v i t a m i n  E to 
T P U F A  ra t ios  exh ib i t ed  a s ign i f i can t  i n t e r a c t i on  effect 

TABLE 6 

Plasma Vitamin E Concentrations of Adult Female Mice 
on Three Levels of Dietary Vitamin E and Exposed 
to Hyperoxic or Normoxic Conditions 

Plasma vitamin E a 
Dietary 

vitamin E Both FiOz groups 
levels FiO2 > 0.95 FiO2 ~ 0.21 combined ~ 

(ppm) (mg/dl plasma) 

0 0.058 • 0,03 0.034 • 0.02 0.046 • 0.02 c 
50 0.512 -- 0,I0 0.600 • 0.II 0.556 • 0.07 d 

150 0.912 • 0.18 1.045 • 0.25 0.971 _+ 0.15e 

aAll values are expressed as mean • SEM. 

bSignificant differences were observed between dietary groups only. 
Values not sharing the same superscript (c, d, e) are significantly 
different from each other: p < 0.0001. 

TABLE 7 

Plasma TPUFA Concentrations of Adult Female Mice 
on Three Levels of Dietary Vitamin E and Exposed 
to Hyperoxic or Normoxic Conditions 

Plasma TPUFA a 
Dietary 

vitamin E Both FiO2 groups 
levels FiOz > 0.95 FiO2 ~ 0.21 combined ~ 

(ppm) (g/dl plasma) 

0 50.60 • 12.1 76.86 • 7.2 64.51 • 7.4 c 
50 82.15 • 10.4 105.82 • 16.9 93.99 • 10.1c, d 

150 104.27 • 13.6 99.07 • 23.8 101.96 • 12.6 d 

aAll values are expressed as mean • SEM. 
bSignificant differences were observed between dietary groups only: 
values not sharing the same superscript (c, d) are significantly dif- 
ferent from each other: p < 0.05. 

TABLE 8 

Influence of Dietary Vitamin E and/or FiO2 Exposure on Vitamin E to TPUFA Ratios 
of Plasma, Lung, Liver and Adipose Tissues in Adult Female Mice 

Dietary Vitamin E to TPUFA ratios a 
vitamin FiO2 
levels group Plasma b Lung c Liver d Adipose e 

0 :>0.95 1.45 • 0.9 0.72 • 0.4 0.73 • 0.2 0.47 • 0.4 
0 '-0.21 0.40 • 0.3 0.72 • 0.3 1.21 • 0.5 0.8 • 0.5 

50 :>0.95 7.65 • 2.2 11.92 • 2.2 0.79 • 0.2 6.84 • 4.1 
50 ~0.21 6.47 • 1.1 6.56 • 1.0 1.36 • 0.4 16.51 • 11.4 

150 :>0.95 9.66 • 1.6 11.87 • 2.8 1.85 • 0.5 35.23 • 12.8 
150 ~0.21 15.27 • 4.5 15.88 • 2.6 1.44 • 0.2 14.63 • 3.8 

aValues represent mean + SEM. 
bSignificant differences were found among all three dietary groups for plasma ratios (p < 0.0001). 
CLung ratios exhibited a significant interaction effect (p < 0.05). 
dA significant dietary effect was observed for liver ratios, with ratios for the 0 ppm group being significant- 
ly lower than those of the 150 ppm group {p < 0.05). 
eSignificant differences between ratios for the 50 and 150 ppm supplemented groups with those of 0 ppm 
group were observed (p < 0.01). Adipose ratios have been multiplied by 1000. 
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between dietary and FiO2 exposures (p < 0.05}. Hyper- 
oxic mice fed 50 ppm vitamin E had significantly higher 
ratios than those found for normoxic mice consuming the 
same level of dietary vitamin E (p < 0.05). In addition, 
in contrast to the lack of observed significant differences 
with liver vitsmla E and TPUFA levels separately among 
diet groups, the use of the vitamin E to TPUFA ratio for 
liver homogenates provided at least an indication of 
dietary manipulation: the ratios for mice on 0 ppm 
vitamin E were significantly lower than those for mice 
on the 150 ppm vitamin E diet {p < 0.05). 

When examining these ratios across tissues from sup- 
plemented mice only, plasma and lung ratios were similar 
in magnitude. Liver ratios were nearly 10-fold lower and 
adipose, nearly 300 to 1000 times lower than those of 
plasma or lung. These relative differences for tissue ratios 
were not observed in tissues of mice fed 0 ppm vitamin E. 

DISCUSSION 

Plasma vitamin E levels (not plasma vitamin E to 
TPUFA ratios} were fairly good predictors of lung 
vitamin E levels in these experiments. FiO2 treatments 
may explain some of the remaining variation, but  the 
results of ANOVA analyses did not support this specula- 
tion. 

Statistical analyses suggest that  plasma, lung and 
adipose tissues respond to the dietary vitamin E 
regimens, though not to the same magnitude. Differences 
in affinity, uptake, depletion and degradation of the 
vitamin among tissues as well as the concentrations of 
other antioxidant-like compounds and prooxidants may 
affect the static tissue levels of vitamin E. For example, 
by expressing hepatic vitamin E levels in terms of those 
for TPUFA, we observed differences in tissue ratios 
among dietary treatments. These differences were not 
observed when tissue vitamin E levels were contrasted 
across dietary groups. 

Dietary vitamin E also appeared to correlate with lung 
GPX activities (Table 3). This observation is inconsistent 
with that  reported by Chow and coworkers (29); they 
found no difference in lung GPX activities of adult rats 
fed 0 or 45 mg vitamin E per kg diet for eight wk. Our 
results also suggest that  GPX is not induced by short- 
term hyperoxia as observed in newborn rabbits (6). Others 
(15) have found that short-term hyperoxia was not accom- 
panied by GPX induction in lungs of adult rats. However, 
it is important to note that we measured selenium- 
dependent GPX activity in adult murine lung. Jenkinson 
and coworkers (30) have found that in young rats, lung 
glutathione S-transferase activities (a reflection of 
nonselenium-dependent GPX) were increased by hyper- 
oxic conditions similar to ours. 
TPUFA measures are considered important for two 

reasons. First, several investigators consider the expres- 
sion of vitsmi, E to TPUFA a meaningful index of tissue 
antioxidant status {12,14). Only when expressed in this 
way did lung tissue reflect some influence of both diet 
and FiO2 manipulations. Second, losses in TPUFA are 
often interpreted as indicators of lipid peroxidation in 
vitro (31). In these studies, dietary treatment influenced 
plasma TPUFA levels, and not those of lung or any other 
tissue. Donovan and Menzel (32) also found that dietary 
vitamin E treatments {0, 10.5 and 105 ppm vitamin E) 

had no marked effect on murine lung fatty acids. On the 
other hand, FiO2 treatment had little impact on plasma, 
lung or liver TPUFA levels; only adipose TPUFA levels 
were diminished by hyperoxic exposures. Caution should 
be advised in interpreting the data for tissue homogenate 
TPUFA, because these measures usually are performed 
on intracellular membrane preparations and not on crude 
tissue homogenates. The dynamic nature of TPUFA 
levels must be considered; that is, changes in TPUFA 
may be masked by systemic effects of hyperoxia and 
dietary vitamin E as well as changes in TPUFA and 
vitamin E metabolism. 

No differences in tissue CD levels were detected among 
dietary or FiO2 treatment groups. We selected the CD 
assay in lieu of the traditional assay for malonaldehyde, 
because several reports indicated that CD may reflect a 
greater representation of total peroxidation in vivo 
{33,34}. One problem with this assay is the possibility that 
compounds other than products of lipid peroxidation may 
be detected {35}. Second, the increased permeability of the 
lung {lung edema index) and reduced lung cell number 
{lung DNA) in some mice on hyperoxia may have caused 
varying degrees of entrapment of CD within the lung 
vasculature. Third, although the initial stages of lipid 
peroxidation are accompanied by an accumulation of lipid 
peroxides and CD, the instability of these products over 
time may preclude an accurate assessment of the extent 
of tissue lipid peroxidation {36}. Sevanian and coworkers 
(37) observed that products formed later--malonaldehyde 
and lipid epoxides--were increased with vitamin E defi- 
ciency and NO2 exposures in newborn rats. Wispe et al. 
(38) found that expired pentane, and lung thiobarbituric 
reactants and lipid peroxides were not significantly 
altered by hyperoxia in newborn rabbits, though IV ad- 
ministration of a-tocopherol reduced the amounts of ex- 
pired pentane and lung thiobarbituric reactants. On the 
other hand, lung lipid peroxides were not changed by 
vitamin E administration. The selection of an appropriate 
measure for tissue lipid peroxidation remains equivocal. 
Perhaps, measurement of CD and lipid epoxides along 
with TPUFA and vitamin E levels in the microsomal frac- 
tions may be more meaningful in future experiments, 
because assays reflecting both early and later stages of 
lipid peroxidation would be used. 

The role of vitamin E as an antioxidant has been ex- 
amined in a number of experimental animal models in 
which the degree of lipid peroxidation was inversely 
related to the tissue level of vitamin E. When expressed 
in terms of vitamin E to TPUFA ratios, a relatively con- 
sistent relationship for specific organs among different 
species has been noted by several investigators {12-14}. 
Our data are consistent with previous reports in that 
plasma and lung have the highest amounts of the vitamin 
relative to TPUFA content {12,14}. That these tissues 
were less susceptible to lipid peroxidation as assessed as 
CD was not observed in the present study. 

In summary, long-term dietary manipulation effected 
marked changes in lung, adipose and plasma vitamin E 
levels along with lung GPX activities. Short-term hyper- 
oxia produced changes in plasma TPUFA, adipose 
TPUFA, lung DNA and, in concert with dietary vitamin 
E treatments, a modification of vitamin E to TPUFA 
ratios in lung tissue homogenates of adult female mice. 
Finally, under the conditions described, plasma vitamin 
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E leve ls  m a y  be  u s e d  to  p r e d i c t  t h o s e  in t he  l u n g  w i t h  
r e a s o n a b l e  conf idence .  
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Trans Fatty Acids. 1. Growth, Fertility, Organ Weights and Nerve 
Histology and Conduction Velocity in Sows and Offspring 
Johannes Opstvedta,*, Jan Pettersena and Sverre J. Morkb 
aNorwegian Herring Oil and Meal Research Institute, N-5033 Fyllingsdalen, Bergen, Norway, and bGades Institute, Department of 
Pathology, N-5016 Haukeland Hospital, Bergen, Norway 

Effects of dietary trans fatty acids on the pre- and 
postnatal growth and development in pigs were studied 
with special emphasis on nervous tissue. In experiment 
1, female pigs were fed partially hydrogenated fish oil 
(PHFOI (28% transl or soybean oil (PHSBO) t36% trans), 
in comparison with lard I0% trans) from weaning (3 wk) 
through the first reproduction cycle (up to 2 yr). In ex- 
periment 2, female pigs were fed two fish oils (33 and 19% 
trans) in comparison with coconut oil 10% trans) in diets 
with low and high levels of linoleic acid (18:2n-6 cis, cis) 
from gestation until their offspring were three wk old. 
Compared with the trans-free fats, the trans-containing 
fats had no effect on growth and development, feed con- 
sumption and utilization or on the weight of the brain, 
heart, kidneys, liver, lungs or spleen in the adult sows and 
their offspring. No effects from the experimental fats 
were found on histology and conduction velocity of the 
peroneal nerve. An increased number of the sows fed 
PHFO had fertility problems compared with those fed 
lard and PHSBO in Expt. 1, hut no similar effects were 
seen in Expt. 2. It is concluded that consumption of trans 
fatty acids with 18-22 carbon atoms from PHFO and 
with 18 carbon atoms from PHSBO at levels that were 
5 to 12 times higher than those normally consumed by 
humans had no detrimental effects on female pigs or their 
offspring during pregnancy and lactation. 
Lipids 23, 713-719 (1988). 

The literature on metabolic effects of t r a n s  fat ty acids 
and their possible nutritional implications is abundant 
and includes several extensive reviews over recent years 
{1-8). General biochemical findings include incorporation 
of t r a n s  fatty acids into various tissues and fluids of 
several animal species {9-15}, and changes in contents of 
n-6 polyunsaturated fatty acids {10,14-16) that in some 
studies (17,18) have been linked to uncoupled phosphc~ 
rylation. Under extreme experimental conditions, using 
essential fatty acid (EFA} deficient diets, high intakes of 
t r a n s  fatty acids have been found to affect organ weights 
and cause histological changes (19-21), but  no discerni- 
ble effects on cell or organ function have been found under 
experimental conditions resembling those of practical 
human diets (22-27). 

Although the nutritional effects of t r a n s  fatty acids ap- 
pear to be well-documented in most fields, there are areas 
in which the knowledge is limited. Thus, the majority of 
the studies have been conducted with rats, and conse ~ 
quently, there is a need for studies on species that devel- 
opmentally and metabolically more resemble humans 
with regard to lipid metabolism, e.g., the domestic 

*To whom correspondence should be addressed. 
Abbreviations: CF, short chain fatty acids; EFA, essential fatty 
acids; FHFO, "fully" hydrogenated fish oil/capelin oil; HFO, 
hydrogenated fish oil; PHFO, partially hydrogenated fish off; 
PHSBO, partially hydrogenated soybean oil; PHVO, partially 
hydrogenated vegetable oil; PUFA, polyunsaturated fatty acids; 
GLC, gas liquid chromatograph. 

pig. Further, long-chain polyunsaturated no6 and n-3 fatty 
acids, present in large amounts in nervous tissue (28,29), 
appear to have a role in nerve functionality, including 
synaptosomal activity and transmitter uptake (30). EFA 
deficiency during the period of brain development has 
caused changes in brain size, and brain lipid class and 
fatty acid composition (31,32). Experimental data in this 
field in relation to t r a n s  fatty acids are, however, meager. 
Hence, there is a need to explore further the effect of t r a n s  
fat ty acids on the composition and functionality of ner- 
vous tissue. 

Previous studies on t r a n s  fatty acids have mainly 
employed partially hydrogenated vegetable oils (PHVO) 
and, in particular, partially hydrogenated soybean oil 
(PHSBO), with few experiments on partially hydrogen- 
ated fish oil (PHFO). T r a n s  fat ty  acids in PHVO have 
chain lengths mainly of 18 carbon atoms or less, while 
PHFO also contain appreciable amounts of t r a n s  fatty 
acids with 20 and 22 carbon atoms (33). Thus, there is 
a need to further elucidate the effects of t r a n s  fatty acids 
with 20 and 22 carbon atoms. 

It  is commonly accepted that t r a n s  fat ty acids in most 
instances behave differently metabolically from saturated 
fat ty acids (1-8). However, because data on long chain 
(e.g., 20 and 22 carbon atoms) fatty acids in this regard 
is rather meager, it is desirable to include saturated fatty 
acids when long chain t r a n s  fat ty acids are studied. 

The main objective of the present series of experiments 
was to study the nutritional effects of t r a n s  fatty acids 
with 20 and 22 carbon atoms in PHFO in comparison with 
t r a n s  fat ty acids with 18 carbon atoms in PHSBO, and 
with saturated fatty acids with 20 and 22 carbon atoms 
in "fully" hydrogenated fish off (FHFO). Emphasis was 
placed on nervous tissue. Accordingly, the feeding period 
comprised the periods of pregnancy and lactation during 
which most of the nervous tissues are formed. Pigs were 
chosen as the experimental animal due to their physio- 
logical resemblance to man, in particular with regard to 
brain growth (34-36) and accretion of long-chain polyenoic 
fat ty acids in nervous tissue (28,29). 

The study used diets that  resemble those of human 
diets in industrialized countries with regard to fat con- 
tent and content of EFA, and with varying levels of t r a n s  
fatty acids. The observations comprised overall growth 
and organ development from three wk until about two 
yr of age, reproduction, and fetal and early postnatal 
development of offspring. Development and functionality 
of nervous tissues were monitored by brain growth and 
by histology and conduction velocity of the peroneal 
nerve. The fat ty acid composition of brain lipids will be 
compared with the composition of other organ lipids in 
later publications. 

MATERIAL AND METHODS 
The study comprised two experiments. Both experiments 
used female Norwegian Landrace Pigs obtained from local 
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breeders. They were offered feed according to practical 
standards (37} and had free access to water. The pigs were 
held in environmentally regulated rooms consist ing of a 
grower unit  with pens holding five individually fed pigs 
and a farrowing unit with six individual farrowing crates 
to which the pigs were moved at day 95 of gestation. The 
sows were inseminated with stock semen from the same 
breed. In Expt .  1, 24 three-wk-old piglets were allocated, 
l i t termate randomly, to three groups and fed the ex- 
perimental diets {Table 1). Insemination of the sows was 
scheduled to achieve equality between groups with regard 
to age at  farrowing and taking into account  the capaci ty 
of the farrowing unit. Thus, two sows from each group, 
six sows total, were to be i n s e m i n a t e d a b o u t  every 
seventh week. Sows that  failed to conceive were reinsemi- 
nated at the next  visible oestrus. 

In Expt.  2, groups of six six-month-old pigs were 
allocated randomly to six experimental groups {Table 1) 
and fed a commercial pig feed until their second oestrus 
from which time they received the experimental diets. The 
sows were inseminated at their second visible oestrus. 

Sows tha t  did not become pregnant  after the first 

insemination were replaced by a new animal. A total  of 
37 sows were inseminated to obtain four sows tha t  far- 
rowed on each of the six diets. 

Immediately after birth, and without  having suckled 
their mothers, half the males and females in each litter 
were tested for nerve conduction velocity, and thereafter 
electrocuted and sampled. The other half were tested for 
nerve conduction velocity, electrocuted and sampled after 
three wk of suckling only sow's milk. In Expt .  1, sows 
were tested for nerve conduction velocity, electrocuted 
and sampled three wk after parturition. Organs were freed 
from at tached tissues before being weighed. 

Diets and experimental fats. The composition of the dif- 
ferent diets and the experimental design are shown in 
Table 1. Thus, Expt .  2 was conducted according to a fac- 
torial design with E F A  levels as one factor and the ex- 
perimental fats as the other factor. All diets were iso- 
caloric and isonitrogeneous and contained nutrients  to 
meet the requirements of growing and pregnant pigs {37). 

The experimental fats {lard, partially hydrogenated 
capelin oil = PHFO,  melting point 30-32 C, partially 
hydrogenated soybean oil = PHSBO, melting point 40 C; 

TABLE 1 

Composition (%} and Contents of Diets 

Experiment 1 
Experiment 2 

1 2 
(3-wk to 22 kg (22 kg body wt. 1 2 

Basal diets body wt.} to termination) (High EFA) (Low EFA} 

Corn starch 12.5 
Ground oat meal 6.0 
Barley meal 11.1 11.3 11.3 
Oat bran meal 19.8 20.0 20.0 
Grass meal 28.7 29.3 32.8 
Soybean meal 26.0 26.3 26.3 
Dried skim milk 74.9 5.8 5.8 5.8 
Sunflower oil 6.0 4.8 3.5 3.8 
Vit~mlns, minerals, etc. a 0.6 3.8 3.8 3.8 

Experimental diets: AI A2 A~ B, B2 B3 1.1 1.2 1.3 2.1 2.2 2.3 
Basal diet 84.0 84.0 84.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0 86.0 
Lard 16.0 14.0 
CF 14.0 14.0 
PHFO 16.0 14.0 14.0 14.0 
PHSBO 16.0 14.0 
FHFO 14.0 14.0 
Total lipids, b wt %, 22.0 22.0 22.0 21.5 21.5 21.5 20.0 20.0 20.0 17.0 17.0 17.0 

cal %c 41 41 41 41 41 41 39 39 39 35 35 35 
Linoleic acid b, wt %, 3.5 3.5 3.5 4.5 4.3 3.9 2.5 2.9 2.7 0.9 0.9 1.0 

cal %c 6.6 6.6 6.6 9.2 8.8 7.9 5.1 5.9 5.5 1.9 1.9 2.1 
Trans fatty acids, % 

of total fatty acids, b 0.3 20.7 27.8 0.3 18.1 24.3 0.0 23.1 13.7 0.0 28.7 15.3 
cal % 0.1 9.1 12.2 0.1 8.0 10.6 0.0 9.5 5.6 0.0 10.4 5.6 

P/S ratiob, d 0.54 0.98 0.78 0.60 0.85 0.81 0.20 0.47 0.27 0.09 0.19 0.11 

aSupplement per kg feed: Vit. AD-concentrate 0.2 g, vit. E (Rov~mlx 25%) 200 rag, thiamine 2 mg, riboflavin 5 mg, niacin 28 mg, pan- 
tothenic acid 22 mg, pyridoxine 2 rag, choline-CL (50%) 2 g, vit. BI~ 0.022 mg, NaHSeO3.H~O 0.2 rag, MgO 1.5 g, ZnCl~ 100 rag, MnSOd.H20 
30 rag, FeSOd.7H20 200 mg, KI 0.25 mg, CuSO4.5H~O 12 mg, NaCl 3 g, CaPHO4.2H~O 25.8 g, DL-methionine 0.12 g and ethoxyquin 150 rag. 
bAs analyzed. 
cCalculatod as g protein X 16.75 KJ + g fat X 37.68 KJ + g carbohydrates • 16.75 KJ. 
dp/F, wt % polyunsaturated fatty acids/wt % saturated fatty acids. 
CF, coconut fat; EFA, essential fatty acids, e.g., linoleic acid; FHFO, "hilly" hydrogenated fish off; PHFO, partially hydrogenated fish 
off; PHSBO, partially hydrogenated soybean oil. 
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coconut fat = CF, and "fully" hydrogenated capelin oil = 
FHFO, melting point 50-52 C) were ordinary human food 
products  of commercial origin. I t  was intended tha t  the 
"ful ly" hydrogenated fish off should contain only 
saturated fa t ty  acids. This was only part ly achieved. The 
slight differences in contents of linoleic acids between ex- 
perimental diets containing similar levels of added 
sunflower seed oil were due to the content  in the ex- 
perimental fats of linoleic acid or of other fa t ty  acid 
isomers tha t  overlapped linoleic acid in the gas liquid 
chromatograph (GLC). 

Velocity of nerve conduction. The peroneal nerve, from 
the hip to the dorsal area, was employed to measure 
velocity of nerve conduction using an adaption of the 
method described by Lahoda et al. (38) and an electro- 
myograph  model D I S A  Type 14 A 20 2 Channel with 
pulses of 50 V strength.  The distance between the two 
electrodes was measured externally and, together  with 
the registered time, used to calculate velocity (m per sec). 

Histology of the peroneal nerve. About  5 cm length of 
the peroneal nerve was dissected out between the hip and 
the dorsal area and placed in buffered (9.25 g Na2PHO, �9 
2H20 + 0.818 K~HPO4 �9 2H20 per 1) 4% formaldehyde 
solution. Fixed nerves were cut in longitudinal and 
transverse sections. After routine embedding in paraffin 
blocks and sectioning at 5 p, staining with hematoxylin 
and eosin and Luxol Fast Blue-cresyl violet (modified 

Kliiver-Banera), microscopic evaluation of nerve, nerve 
sheet {myelin) and connective tissue was performed. The 
examinations were carried out without any knowledge of 
the dietary treatment of the animals. 

Chemical methods. Total lipids in the diets were deter- 
mined as described by Folch et al. (39). An aliquot of the 
lipids was hydrolyzed in 0.5 N NaOH and methyl esters 
prepared using BF3 as a catalyst (40). The fatty acid com- 
position of the lipids was determined by glass capillary 
GLC (Carlo Erba 2900, on colnmn injector and a Hewlett 
Packard (3390A) integratA ,r) using a 50-m glass capillary 
column (CP Sil 88, Chror ~pack). 
Statistical calculations The bulk of the statistical 

analyses were carried out using simple linear regression 
programs, plots, and corre ration analysis (Minitab statis- 
tical package for the micro computer, fundamental ver- 
sion, rd. 82.1). The more -.omplex models (mixed linear 
models) were analyzed lining the PC-ISP statistical 
package (41). Covariance malyses were applied to sepa- 
rate effects of differences in body wt and ages (sows in 
Expt .  I) from dietary effects on organ weights and nerve 
conduction velocity. 

RESULTS 

Expt. 1. Body weights ant. indices of reproduction in the 
sows are shown in Table '.L Eight  sows were s tar ted on 

TABLE 2 

Growth, Reproduction, Teratogenecity and Nerve Conduction Velocity in F, male Pig~ 
and Growth, Body Wt and Nerve Conduction Velocity in Their Offspring {Expt. I) 

Diet 1 Diet 2 Diet 3 
(lard) ( P H F O )  (PHSBO) SEM 

No. of Animals started 8 8 8 -- 
No. of animals completed 7 4 4 -- 
Body wt, kg 

at 21 days (start) 6.2 7.2 6.8 0.5 
at 280 days 102.0 102.4 98.9 3.4 
at termination 134.4 166.8 147.1 9.2 

Feed consumption from 21 days 
to 280 days, kg 272 272 266 27 

Kg feed consumed per kg 
of body weight gained from 21 
to 280 days 2.83 2.86 2.89 0.08 

Age at first oeetrus, days 231 226 221 5 
No. of inseminations to achieve 

pregnancy 2.5 3.6 2.3 0.8 
Length of pregnancy, days 115 115 115 1 
Age at parturition, days 467 577 495 44 
No. of piglets born per litter 9.6 10.2 10.0 
No. of stillborn piglets per litter 2.7 2.3 0 
Birth wt of piglets, g 1338 1391 1344 32 
Body wt of piglets at weaning 

(3 wk), g 7571 6948 7006 444 
Body wt gain from birth 

to three wk, g 5928 5506 5656 192 
Velocity of nerve conduction, 

m per second: 
Sows 64.7 73.8 63.5 3.6 
Newborn piglets 23.2 23.2 24.1 1.6 
Three-wk-old piglets 38.0 38.0 39.1 1.4 

aFrom three wk of age through their first reproduction cycle. 
SEM, standard error of treatment means -- (error mean square/number of replicates per 
treatment) 1/2. 
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each diet. Of these, seven sows on Diet 1 (lard), four on 
Diet 2 (PHFO) and four on Diet 3 (PHSBO) gave bir th 
to sufficient numbers  of offspring and completed the ex- 
periment. Those eliminated from the experiment were one 
pig in each of diets 2 and 3 who died of hear t  failure, one 
pig on diet 3 tha t  had to be slaughtered due to a mechan- 
ical injury, two pigs on Diet 3 who were hermaphrodites,  
one pig on Diet 2 tha t  did not  become pregnant ,  one pig 
on Diet 2 tha t  aborted three normal fetuses in the ninth 
wk of gestation, one pig on Diet 1 tha t  gave bir th to only 
one piglet and one pig on Diet 2 tha t  gave bir th  to two 
piglets, one of which was stillborn. 

The first  sow to become pregnant  was bred at  an age 
of 280 days. Growth and development were normal in all 
pigs and with no significant {not significant means P > 
0.05) differences between diets for the period 21 to 280 
days. Neither were there significant differences between 
diets in total  feed consumption or in the amount  of feed 
consumed per kg gain in body weight. Age at  the first 
visible oestrus and number  of oestrus periods (e.g., num- 
ber of inseminations) required before pregnancy was 
achieved were not  significantly different between diets 
although, on an average, about  one more insemination 
was needed to achieve pregnancy on Diet 2 compared with 
Diets 1 and 3. This fact, coupled with practical  problems 
in connection with limited capacity in the farrowing unit, 
resulted in the sows on Diet 2 being about 100 days older 
at  par tur i t ion than those fed Diets 1 and 3. There were 
no significant differences between diets with regards  to 
length of pregnancy, total  number  of piglets born or 
number  of stillborn piglets as judged by the Chi-square 
test .  None of the stillborn piglets showed abnormalities 
on macroscopical examination. There were no significant 
differences between diets with regard to body weight at  
bir th or growth rate  between birth and three wk of age 
of the piglets (Table 2). 

Despite the conduction velocity of the peroneal nerve 
(Table 2) increasing significantly (P < 0.05) from newborn 
to three-wk~)ld piglets and sows, neither body weight nor 
age (in sows) contr ibuted significantly to the variat ion 
in the conduction velocity within each age group. There 
were no significant effects of diets on conduction velocity 
in the sows or their offspring at bir th  and at  three wk 
of age. No abnormalities were found on histological ex- 
aminations of the peroneal nerve and no differences be- 
tween diets were observed in this respect.  

Weights of different organs in sows and offspring are 
shown in Table 3. There were no significant effects of diets 
on relative (g per 100 g body weight) weights of brain, 
heart,  kidneys, lungs and spleen in sows and offspring, 
bu t  sows fed on Diet 2 (PHFO) and 3 {PHSBO) had, on 
an average, somewhat  higher relative liver weights than  
those fed on Diet 1 (lard). 

Expt. 2. Indices of reproduction in sows and body 
weights and nerve conduction velocity of their offspring 
at  bir th and at three wk of age are shown in Table 4. 
Although the number of sows that  were excluded because 
they did not  become pregnant  af ter  the first insemina- 
tion varied between the different diets, the data  show no 
systemat ic  t rends with regard to level of linoleic acid or 
source of experimental  fat. There were no significant dif- 
ferences between the different diets with regard to length 
of pregnancy, number  of piglets born or number  of 
stillborn piglets as judged by the Chi-square test and none 

TABLE 3 

Relative Weights (g/100 g Body Wt) of Brain, Heart, Kidneys, Liver, 
Lungs and Spleen of Sows a and in Their Offspring (Expt. 1) 

Diet 1 Diet 2 Diet 3 
Organ {lard) {PHFO) {PHSBO) SEM 

Sows 
Brain 0.06 0.06 0.06 0.00 
Heart 0.33 0.31 0.32 0.02 
Kidneys 0.22 0.24 0.24 0.03 
Liver 1.39 1.65 1.67 0.10 
Lungs 0.66 0.71 0.67 0.12 
Spleen 0.12 0.10 0.11 0.02 

Newborn piglets 
Brain 2.06 2.05 2.10 0.08 
Heart 0.62 0.62 0.65 0.03 
Kidneys 0.76 0.75 0.78 0.09 
Liver 2.77 2.66 2.77 0.29 
Lungs 1.51 1.29 1.43 0.13 
Spleen 0.09 0.09 0.10 0.01 

Threewk-old piglets 
Brain 0.57 0.64 0.61 0.02 
Heart 0.52 0.52 0.49 0.03 
Kidneys 0.55 0.56 0.52 0.03 
Liver 2.45 2.57 2.44 0.14 
Lungs 1.25 1.21 1.38 0.05 
Spleen 0.20 0.18 0.19 0.02 

aFrom three wk of age and through their first reproduction cycles. 
SEM, standard error of treatment means = (error mean square/ 
number of replicates per treatment) 1/2. 

of the stillborn piglets showed abnormalities on macro- 
scopical examination. 

The piglets of sows fed P H F O  and F H F O  had, on an 
average, 15% and significantly (P < 0.005} lower bir th  
weights compared with those fed CF. This occurred 
despite the fact tha t  the number  of piglets born in these 
groups was lower than in those fed on CF. There were no 
significant differences in the birth weight of piglets from 
sows fed P H F O  diets and those on F H F O  or between the 
two levels of dietary linoleic acid. Neither were there 
significant interactions between levels of linoleic acid and 
fat  source in this respect. Average body weights at three 
wk are not  directly comparable with average bir th  
weights because the la t ter  figures include piglets tha t  
were killed after birth. Piglets from sows fed P H F O grew 
11% and significantly (P < 0.05) faster from birth to three 
wk than piglets from sows fed CF and F H F O  with no 
significant differences between the la t ter  two groups or 
between different dietary levels of linoleic acid. 

Conduction velocity of the peroneal nerve (Table 4) was 
significantly (P < 0.025) higher in three-wk-old piglets 
compared with newborn. Within each age group, conduc- 
tion velocity was significantly (P < 0.025) correlated with 
body weight in newborn (r = 0.462), but  not  in three-wk- 
old piglets (P > 0.05). There were no significant effects 
of diets on the conduction velocity of the peroneal nerve 
in newborn piglets. In three-wk-old piglets, offspring from 
sows fed F H F O  had significantly (P < 0.025) lower con- 
duction velocity compared with offspring from sows fed 
CF, while the differences between CF and PHFO, between 
P H F O  and F H F O  and between the two levels of dietary 
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TABLE 4 

Reproduction and Teratogenecity in Sows and Body Wt and Nerve Conduction Velocity 
of Their Offspring (Expt. 2) 

Linoleic acid supply: LOw linoleic acid High linoleic acid 

Experimental fat: CF PHFO HFO CF PHFO HFO 
Diet no.: 1.1 1.2 1.3 2.1 2.2 2.3 SEM 

Trans % 0 22.4 13.7 0 28.7 15.3 
No. of AnlmKls started 5 7 9 8 4 4 
No. of Animals completed 4 4 4 4 4 4 
Length of pregnancy, days 114.0 115.5 115.7 113.7 115.0 114.5 0.9 
Age at parturition, days 357 339 342 363 339 369 
No. of piglets born per litter 11.1 11.6 8.6 10.6 10.8 9.0 
No. of stillborn piglets per litter 0.8 1.3 0.3 0.8 0.5 0.5 
Birth weight of piglets, g 1484 1260 1296 1439 1241 1183 66 
Body weight of piglets 

at we~nlng (3 wk), g 6899 6869 6596 6582 7144 6142 253 
Body wt gain from birth 

to three wk, g 5305 5512 5134 5125 5789 4873 234 
Nerve conduction velocity, 

m per second 
At birth 22.6 21.5 21.3 22.1 22.0 21.9 0.8 
At  weAnlng (3 wk) 33.9 34.3 32.3 36.0 33.2 33.2 0.8 

SEM, standard error of treatment means -- (error mean square/number of replicates per treatment) 1/2. 

TABLE 5 

Relative Wt (g/100 g Body Wt) of Brain, Heart, Kidneys, Liver, Lungs and Spleen in Offspring (Expt. 2) 

Linoleic acid supply: Low linoleic acid High linoleic acid 

Experimental fat: CF PHFO HFO CF PHFO HFO 
Diet no.: 1.1 1.2 1.3 2.1 2.2 2.3 SEM 

Newborn 
Brain 1.94 2.29 2.07 1.93 2.22 2.31 0.10 
Heart 0.57 0.65 0.61 0.63 0.57 0.64 0.02 
Kidneys 0.81 0.86 0.78 0.79 0.76 0.77 0.03 
Liver 2.82 2.94 3.10 3.00 2.89 3.04 0.10 
Lungs 1.58 1.75 1.35 1.47 1.43 1.29 0.07 
Spleen 0.10 0.11 0.10 0.10 0.09 0.09 0.05 

Three wk old 
Brain 0.58 0.63 0.63 0.63 0.60 0.70 0.06 
Heart 0.49 0.47 0.49 0.49 0.48 0.49 0.01 
Kidneys 0.58 0.56 0.61 0.58 0.55 0.56 0.02 
Liver 2.61 2.73 2.71 2.74 2.62 2.71 0.04 
Lungs 1.31 1.45 1.29 1.43 1.35 1.32 0.06 
Spleen 0.20 0.22 0.21 0.22 0.20 0.18 0.10 

SEM, standard error of treatment means -- (error mean square (number of replicates per treatment) 1/2. 

l inoleic ac id  were  ins igni f ican t .  There  was  s ign i f i can t  (P < 
0.025) i n t e r a c t i o n  b e t w e e n  d i e t a r y  leve ls  of  l inole ic  ac id  
a n d  C F  a n d  P H F O ,  c o n d u c t i o n  v e l o c i t y  b e i n g  h i g h e r  on  
h igh  leve ls  c o m p a r e d  w i t h  low levels  of  l inole ic  ac id  w i t h  
CF,  whi le  t h e  o p p o s i t e  c o n s t e l l a t i o n  was  found  w i t h  
P H F O .  

Re la t ive  (g pe r  100 g b o d y  weight)  b r a i n  we igh t  a t  b i r t h  
w a s  s i gn i f i c an t l y  (P < 0.05) h ighe r  in o f f sp r ing  f rom sows  
on  d i e t  1.2 ( P H F O  a t  low level  of  l inole ic  acid), c o m p a r e d  
w i t h  t h o s e  f rom the  o t h e r  d ie t s .  

B r a i n  w e igh t s  a t  t h r e e  w k  of  age  were  s ign i f i can t ly  (P < 
0.005) h i g h e r  in o f f s p r i n g  f rom sows  fed  P H F O  a n d  
F H F O ,  c o m p a r e d  w i t h  t h o s e  f rom sows  fed  C F  w i t h  no 
s i g n i f i c a n t  d i f fe rences  b e t w e e n  t h e  t w o  fo rmer  g roups .  
D i e t a r y  leve ls  of  l inole ic  ac id  d id  n o t  a f fec t  t h e  b r a i n  
w e i g h t s  of  t h e  o f f s p r i n g  (Table  5). N e w b o r n  p i g l e t s  f rom 
sows  fed  low levels  of  l inole ic  ac id  h a d  s i g n i f i c a n t l y  (P < 
0.01) h ighe r  r e l a t i v e  l u n g  w e i g h t s  t h a n  n e w b o r n  p i g l e t s  
f rom sows fed h igh  levels.  F u r t h e r m o r e ,  p ig le t s  f rom sows 
fed  F H F O  h a d  s ign i f i c an t l y  (P < 0.05) lower  r e l a t i v e  l u n g  
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weights than piglets from sows fed CF and PHFO that  
were not significantly different in this respect. There was 
no significant difference between diets in the relative 
weights of heart, kidneys, liver and spleen in newborn 
piglets, but there were significant (P < 0.05) interactions 
between fat source and the level of linoleic acid for relative 
heart weight. There were no significant effects of diets 
on the relative weights of brain, heart, kidneys, liver, 
lunge and spleen in three-wk-old piglets, but there was 
a significant (P < 0.05) interaction between fat source and 
level of linoleic acid for relative spleen weight. 

DISCUSSION 

This study used diets with high fat contents, i.e., 35 to 
41% of the dietary energy. The contents of linoleic acid 
varied from about 4 to 1 wt% (about 9-2 cal%) and the 
P/S (polyunsaturated fat ty acids/saturated fat ty acids) 
from about 0.1 to 0.8. The contents of t rans  fat ty acids 
in the experimental diets varied from about 15-30% of 
total fat ty acids (about 6-10% of dietary energy), which 
provided from about 0.5-1.2 g of t rans  fatty acids per kg 
of body wt per day. Thus, the experimental diets resem- 
bled human diets in industrialized western societies with 
regard to content of fat and linoleic acid (42), but con- 
tained 5 to 12 times more t rans  fat ty acids than the 
estimated average consumption (1). 

Dietary t rans  fatty acids could influence nervous tissue 
directly by being incorporated into neuronal membranes 
or indirectly by reducing the level of long-chain polyun- 
saturated fat ty acids (PUFA) due to their possible in- 
hibitory effects on the A6 and 45 desaturases (10,14-16). 
The outcome of such events could be changes in the con- 
formity and functionality of neuron membranes and 
synapses due to the altered fat ty acid composition. Fur- 
thermore, lack of long-chain PUFA could lead to reduc- 
ed growth and development of neuronal tissue (31,32). We 
used brain weight and peroneal nerve histology to 
monitor growth and development and conduction veloc- 
ity to measure functionality of neuronal tissue. In this 
series of experiments, significant effects of diets were only 
seen in three-wk-old piglets in Expt. 2 for brain weight 
and nerve conduction velocity, and the effects were in- 
consistent. Despite the fact that the consumption of t rans  
fat ty acids was high, and for some of the diets combined 
with a marginal supply of linoleic acid, it did not create 
adverse effects on nerve tissues as judged by the criteria 
applied, including nerve histology. It  thus appears that  
very high consumption of t r a n s  fat ty acids, even in com- 
bination with a limited supply of linoleic acid over a long 
period of time and including pregnancy and lactation, do 
not have negative effects on nerve tissue. To our knowl- 
edge, the effects of t r a n s  fat ty acids on brain weight, or 
histology and conduction velocity of nervous tissue have 
not been studied. 

The limited number of animals to some extent limit the 
interpretation of the data on the effects of t r a n s  fat ty 
acids on growth, fertility and teratogenecity or the 
general toxicological data. However, it is of some concern 
that fewer of the sows fed the partially hydrogenated fats 
in Expt. 1 completed the experiment compared with those 
fed lard. However, heart failure is a common disease in 
Norwegian landrace pigs, and the fact that one pig in each 
of the groups fed partially hydrogenated fat died from 

this disease, while none was affected among those fed 
lard, may have occurred by chance. 

The fact that three out of seven sows on PHFO had ma- 
jor infertility problems (not becoming pregnant, suffer- 
ing abortion and severely reduced number of piglets) com- 
pared with one out of eight on lard {severely reduced 
number of piglets) and none on PHSBO, appears to be 
a matter of concern. Further, PHFO-fed sows were, in 
general, more difficult to get pregnant than the sows fed 
lard and PHSBO in Expt. 1. However, although a possi- 
ble relationship to the diet cannot be totally excluded, this 
explanation is unlikely because the remaining four sows 
on PHFO that  completed the study were equal to or 
better than the lard-fed sows with regard to their repro- 
duction indices after becoming pregnant. I t  thus appears 
that  the higher number of PHFO-fed sows with infertil- 
ity problems compared with those fed lard or PHSBO oc- 
curred by chance. This conclusion is partly supported by 
the results from Expt. 2 where the feeding of PHFO from 
conception to parturition did not show negative affects 
on fertility. However, in all groups, pregnancy was more 
difficult to achieve than is commonly experienced under 
practical conditions. It is likely that  the high fat content 
of the diets contributed to these results. 

The general impression is that dietary t rans  fatty acids 
with chain lengths of 20 and 22 carbon atoms (PHFO) or 
18 carbon atoms (PHSBO) had no consistent effects on 
growth, reproduction or teratogenecity, when compared 
with the t rans - f ree  diets with low content of saturated 
fatty acids (lard) or high content of short chain fatty acids 
(CF). Neither were there any differences between PHFO 
with high content of t r a n s  fat ty acids compared with 
FHFO containing more saturated long chain fat ty acids. 
These results are in agreement with previous studies with 
PHVO fed to rats (22,23,27), mice (24) or swine (12), and 
PHFO fed to swine with adequate levels of EFA (26), and 
to rats in EFA-deficient diets (20). However, using EFA- 
deficient diets and EFA-depleted (19) or normal (21) rats, 
PHVO has been found to decrease growth rate. 

The increased lung weights in newborn piglets from 
sows fed high levels of linoleic acid compared with those 
fed low levels, and the reduced lung weights in newborn 
piglets from sows fed FHFO compared with CF and 
PHFO in Expt. 2 in this study, deserve some comments 
because Yu and Kinsella (21) observed reduced lung 
weights in rats fed linolelaidate and partially hydro- 
genated coconut oil in EFA-deficient diets. However, it 
is unlikely that  the reduced lung weights in our newborn 
piglets were due to the consumption of t r a n s  fat ty acids, 
because the content of t rans  fat ty acids was lower in 
FHFO than in PHFO. Furthermore, sows fed PHFO and 
PHSBO in Expt. 1 had higher liver weights than those 
fed lard (not significant). Similar observations were made 
by Vies and Gottenbos {24) using HSBO with 56-65% 
t rans  fatty acids. However, no histological changes in the 
livers were found in that  study. 

Based on the overall results, it may be concluded that  
consumption of t r a n s  fat ty acids with 18, 20 and 22 car- 
bon atoms from PHFO or with 18 carbon atoms from 
PHSBO at levels which were 5 to 12 times higher than 
those normally consumed by humans, had no detrimen- 
tal effects on female pigs or their offspring, when the diets 
contained high levels of fat and liberal or limited amounts 
of linoleic acid. 
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Trans Fatty Acids. 2. Fatty Acid Composition of the Brain 
and Other Organs in the Mature Female Pig 
Jan Pettersen and Johannes Opslvedt* 
Norwegian Herring Oil and Meal Research Institute, N-5033 Fyllingsdalen, Bergen, NonNay 

Female pigs were fed from three wk of age and up to two 
years a diet containing partially hydrogenated fish oil 
(PHFO, 28% trans monoenoic fatty acids), partially 
hydrogenated soybean oils (PHSBO, 36% trans fatty 
acids) or lard. No consistent differences were found b~ 
tween PHFO and PHSBO with regard to incorporation 
of trans fatty acids in organ lipids, but trams incorpora- 
tions were highly organ-specific. No trans fatty acids 
were detected in brain phosphatidylethanolamine (PE). 
The incorporation of monoenoic trams isomers, as a pel~ 
centage of total cis -t- trans, in other organs was highest 
in subcutaneous adipose tissue and fiver mitochondria 
PE, followed by blood fipids with the lowest level in heart 
PE. The percentage of trans isomers compared with that 
of dietary fipids was consistently lower for 20:1, compared 
with 18:1 in organs from PHFO-fed pigs. The only effect 
of dietary trans fatty acids on the fatty acid pattern of 
brain PE was an increased level of 22:5n-6. Heart PE and 
total serum lipids of pigs fed the hydrogenated fats 
contained higher levels of 18:2n4;, and these lipids of 
the PHF(Nfed group also contained slightly elevated 
amounts of 20:3n-6, 18:3n-3 and 20:5n-3. Liver mitochon- 
dria PE of the PHFO group also contained higher levels 
of 2(k.3n4} and 22:5n4}. Dietary trams fatty acids caused 
a consistent decrease of saturated fatty acids compen- 
sated by increased levels of monoenes. Thus, it may be 
concluded that dietary long-chain trans fatty acids in 
PHFO behaved similarly metabolically to 18:l-trams in 
PHSBO in pigs, without noticeable influence on brain PE 
composition and with moderate to slight effects on the 
fatty acid profile of the other organs. 
Lipids 23, 720-726 (1988). 

Nutritional effects of trans isomeric fatty acids are malnly 
of concern to people in industrialized countries due to 
their relatively high consumption of partially hydrogen- 
ated fats. Thus, the intake of trans isomeric fatty acids 
in these societies was calculated to be about 3-6% of the 
total fat consumption or about 5-9 g/day per person (D. 

Several reports have shown that trans isomeric fat ty 
acids are incorporated into membrane lipids of heart (2-4), 
fiver (2-5), brain (5-8) and the developing fetus in rats 
(7-11), and in several tissues in humans (12). Furthermore, 
it has been shown that some trans isomers of unsaturated 
fat ty acids may affect the tissue content of long chain 
polyunsaturated fat ty acids (LC-PUFA, e.g., 20:4n-6 all 
cis) by reducing the activity of A-6 desaturase (13-17), an 
enzyme that is important in their biosynthesis. Because 
it has been shown that LC-PUFA is essential for nerve 

*To whom correspondence should be addressed. 
Abbreviations: CB, galactocerebrosides; PC, phosphatidylcholine; 
PE, phosphatidylethano|amlne; PHFO, partially hydrogenated fish 
oils; PHSBO, partially hydrogenated soybean otis; PHVO, partially 
hydrogenated vegetable oils; PUFA, polyunsaturated fatty acids; 
GLC, gas liquid chromatography; HPLC, high performance liquid 
chromatography; TLC, thin layer chromatography. 

function (18,19), it is particularly important to establish 
whether consumption of trans fatty acids causes incor- 
poration of trans fatty acids or alters the LC-PUFA pro- 
file in nerve tissue. 

Previous studies of trans fat ty acids have mainly 
employed partially hydrogenated vegetable oils (PHVO), 
and in particular partially hydrogenated soybean oils 
(PHSBO), with few experiments on partially hydrogen- 
ated fish oils (PHFO). Because PHFO contains trans fatty 
acids with 20 and 22 carbon atoms, in addition to those 
with 18 that are prevalent in PHVO (20), there is a need 
for further studies on PHFO. Furthermore, because most 
studies on trans fatty acids have been conducted with 
rats, there is a need for data with other animal species 
that  developmentally and metabolically more resemble 
humans with regard to lipid metabolism, e.g., the 
domestic pig (21-23). 

This study was conducted with pigs to examine the ef- 
fect of long-term feeding of PHFO in comparison with 
PHSBO and lard on the incorporation of trans fatty acids 
and the fat ty acid profile of the brain PE in comparison 
with that of other organs. 

We have reported the lack of effects of PHFO and 
PHSBO on growth, histology and conduction velocity of 
nervous tissue, and on overall growth, teratogenecity and 
organ weights, while fertility apparently was somewhat 
impaired on PHFO, but  not on PHSBO compared with 
lard (24). 

EXPERIMENTAL 

Generalprocedures.  Thre~wk~ld female Norwegian Lan- 
drase piglets were allotted to groups of four and fed the 
experimental diets until three wk after their first parturi- 
tion as described (24). The diets were isocaloric and 
isonitrogsneous and composed to meet the nutritional re- 
quirement of pigs. Sunflower seed oil (65% linoleic acid) 
was added to all diets. From three wk of age until the 
body weight of 22 kg was achieved, the pigs were fed diets 
containing 5 wt percent sunflower seed oil and 16 wt per- 
cent experimental fat. Thereafter, the dietary composi- 
tion was changed {24}, and the content of sunflower seed 
oil and experimental fat were 4, respectively, 14 wt per- 
cent, which together with lipids present in the other feed 
ingredients gave an analyzed lipid content of about 22%. 
The experimental fats were lard {control, Diet D, PHFO 
{partially hydrogenated capelin oil, mp 30-32 C, Diet II) 
and PHSBO (mp 40 C, Diet IID. Fa t ty  acid composition 
of the diets is shown in Table 1. Diet I had somewhat 
higher levels of linoleic acid, which evidently was due to 
linoleic acid present in the lard (6.6%). The fat of the other 
feed in4~redients contained 31% linoleic acid. Agreements 
in the different diets between analyzed and calculated con- 
tent of linoleic acid were good, except for the PHFO-diet, 
in which the analyzed content showed somewhat higher 
levels than the calculated content. This deviation may 
have been due to an overlap of unidentified isomers from 
PHFO and linoleic acid in the gas liquid chromatography. 

UPIDS, VoL 23, No. 7 (1988) 
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TABLE 1 

Fatty Acid Composition {%) of the Dietary Fats {Total) 

A a B a 

Diet I Diet II Diet III Diet I Diet II Diet III 
Lard PHFO PHSBO Lard PHFO PHSBO 

16:0 22.5 11.8 8.8 22.6 16.3 11.2 
18:0 15.4 4.0 12.7 14.8 5.6 13.2 
20:0 0.3 2.0 0.3 0.3 2.2 0.6 
22:0 1.6 2.0 

16:1 1.4 7.0 0.3 1.5 1.1 0.6 
18:l-cis 33.4 11.6 31.2 34.6 14.1 29.1 
18:l-trans 0.3 7.0 27.8 0.3 6.8 24.3 
20:l-cis 0.6 5.6 0.2 0.7 3.9 0.2 
20:l-trans 7.9 6.0 
22:l.cis 6.4 5.7 
22:l-trans 5.8 5.3 
18:2w6 19.9 18.9 16.8 20.8 20.1 18.3 
18:3n-3 0.6 0.2 0.2 1.8 2.2 1.9 
Others 5.6 10.2 1.7 2.6 8.7 0.6 
Sum PUFA 20.5 19.1 17.0 22.6 22.3 20.2 
Sum monoenes 35.7 51.3 59.5 37.1 42.9 54.2 
Sum saturated 38.2 19.4 21.8 37.7 26.1 25.0 
Sum trans 0.3 20.7 27.8 0.3 18.1 24.3 
P/S b 0.54 0.98 0.78 0.60 0.85 0.81 

aFrom three wk of age until the body weight of 22 kg (A) and from 22 kg body wt 
throughout the experiment (B). 
bRelative amount of PUFA (P) to sum saturated fatty acids (S). 
PUFA, polyunsaturated fatty acids. 

The ~igs were electrocuted about  15 hr af ter  feeding 
and samples were immediately taken from brain, liver, 
heart,.~ccenous blood (right ventricle) and subcutaneous 
adipose t issue from the belly. 

Chemical  methods.  Total  lipids from samples of blood 
plasma, hear t  and adipose t issue were immediately ex- 
t ractedias  described by  Folch et al. (25). This procedure 
was modified for the extract ion of brain lipids in which 
the chloroform/methanol ratio was altered from 2:1 to 1:1 
(26). Membrane lipids of the liver mitochondria were im- 
mediately isolated as described by Hby and Hblmer (27). 
All lipid extracts were stored at --25 C, pending further 
analysis. Lipids of the heart (phosphatidylethanolvmines 
[PE]), the liver mitochondria (PE) and the brain {PE and 
galactocerebrosides [CB]) were prepared by high perfor- 
mance liquid chromatography (HPLC) from 50 mg 
samples of the respective lipids, using a Constra Metric 
III pump with 500 ~l loop for injection, and detection by 
differential refractive index (LDC Mod. 1107). The column 
(25 • 0.46 cm) material was a cation exchanger {What- 
man's Partisil 10 SCX). When isolating CB and PE of the 
brain, a discontinuous elution {1 ml/min) procedure was 
used. CB was eluted into two separate fractions, one con- 
taining CB of a-hydroxy fatty acids, and the elution times 
from injection were 2.5 and 3.0 rain. CB was eluted by 
a mixture of 31.3% n-propanol, 31.3% chloroform, 31.3% 
methyl acetate and 6.1% methanol and PE {including PE- 
plasmalogen) by an eluent composed of 28.1% n-propanol, 
28.1% chloroform, 28.1% methyl acetate, 11.3% methanol 
and 4.4% water. Elution time of PE was 2.3 rain. When 
isolating only PE (e.g., heart PE and liver mitochondria 

PE), the composition of the eluent was 47.0% n-propanol, 
21.4% chloroform, 21.4% methyl  acetate, 6.8% methanol 
and 3.4% 10 mM acetic acid, and the elution t ime was 
3.5 min. The ident i ty  and pur i ty  of the isolated lipid 
classes were verified by thin layer chromatography (TLC) 
(28) using s tandard  phospholipids (Serdary Research 
Laboratories  Inc., Lond, Ontario, Canada). 

The fa t ty  acid composition of the lipids was determined 
by  glass capillary chromatography (GLC) (Carlo Erba  
2900, On Column injector and a Hewlett  Packard [3390A] 
integrator)  using a 50 m glass capillary column (CP Sil 
88 [Chrompack]). Before GLC analysis, the lipids were 
hydrolyzed by  0.5 N NaOH and methyl  esters prepared 
from methanol  using BF3 as a ca ta lys t  (29). Trans 
isomeric double bonds in methyl  esters of unsa tura ted  
fa t ty  acids were analyzed by IR-spectroscopy (Pye 
Uuicam SP3-200, and 10 p microcells of sodium chloride). 
The trans content  was determined as elaidic acid (18:1n-9 
trans) equivalents as the percentage of total  carbonyl 
bonds (30). 

Sta t i s t i ca l  methods.  The basic principle of the statis- 
tical methods  used were est imation of the maximum 
likelihood. The program package chosen was BMDP, pro- 
gram P3V (31). 

RESULTS 

Brair~ The fa t ty  acid composition of the PE in total  brain 
lipids is shown in Table 2. No trans f a t ty  acids were 
detected in any of the dietary groups. Except  for 22"5n-6, 
there were no significant (not significant means P > 0.05) 
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TABLE 2 

F a t t y  Ac id  C o m p o s i t i o n  (%) in P E  of  Total Lipids in Brain, H e a r t  and  in Liver  Mitochondria of Sowsa 

Brain PE Heart PE Liver mitochondria PE 

Diet I Diet II Diet III  Pooled Diet I Diet II Diet III  Pooled Diet I Diet II Diet III  Pooled 
Lard PHFO PHSBO std. dev. b Lard PHFO PHSBO std. dev. Lard PHFO PHSBO std. dev. 

16:0 4.9 4.0 4.2 
18:0 18.1 15.9 16.3 

16:1 0.7 0.9 1.0 
18:l-cis 23.8 29.6 26.6 
1 8 : l - t r a n s  - -  - -  - -  
20:1-c~s 1.5 2.1 1.9 
2 0 : l - t r a n s  - -  - -  - -  

20:3n-9 0.7 0.9 0.8 

18:2n-6 0.8 1.7 2.0 
20:2n-6 - -  - -  - -  
20:3n-6 0.9 1.0 1.0 
20:4n-6 18.5 17.1 17.6 
22:3n-6 0.9 0.7 0.8 
22:4n-6 10.1 9.8 9.5 
22:5n-6 0.9 1.4 a 1.3 

18:3n-3 0.2 0.1 0.1 
20:5n-3 - -  - -  - -  
22:5n-3 1.0 0.8 0.8 
22:6n-3 16.5 14.8 15.2 

Sum PUFA n-6 32.1 31.7 32.2 
Sum PUFA n-3 17.7 15.7 16.1 

Sum PUFA total 50.5 48.3 49.1 
Sum monoenes 26.0 32.6 29.5 
Sum saturated 23.0 19.9 20.5 
Sum t r a n s  0 0 0 

0.7 6.2 5.4 6.0 2.3 10.6 9.1 6.6 d 4.0 
1.7 23.2 19.9 18.6 3.4 35.3 27.6 c 24.7 3.3 

0.3 0.7 0.3 0.2 0.5 1.2 1.0 0.9 0.9 
3.6 10.8 9.9 14.7 4.2 10.2 12.9 15.8 4.5 

0.8 1.7 2.4 b 0.7 0.3 5.7 d 8.4 d 10.0 
0.4 0.2 1.0 b 0.3 0.3 0.1 0.9 d 0.4 0.3 

0.0 0.1 b 0.0 0.0 0.0 0.3 d 0.0 0.1 

0.1 0.2 0.2 0.1 0.1 0.1 0.2 0.4 a 0.2 

0.8 14.3 22.8 c 19.8 3.6 10.9 11.4 11.9 2.5 
0.3 0.3 0.2 0.2 0.1 0.2 0.2 0.1 

0.1 0.4 0.9 a 0.5 0.2 0.3 0.8 d 0.4 0.2 
1.0 33.8 29.5 30.3 7.2 24.4 20.9 24.6 7.3 
0.1 0.1 0.1 0.0 0.1 -- -- -- 
0.5 1.7 1.3 1.1 1.2 0.5 1.3 0.5 0.8 
0.3 0.2 0.6 0.2 0.2 0.1 0.4 a 0.2 0.2 

0.8 0.2 0.4 a 0.4 0.1 0.2 0.3 0.3 0.2 
1.1 2.1 c 1.4 0.4 0.8 0.9 0.6 0.7 

0.3 2.4 2.0 2.3 0.7 1.7 2.0 2.4 0.9 
2.2 3.0 2.1 1.6 1.5 3.4 4.1 2.0 1.1 

50.8 55.5 52.1 36.3 35.0 37.8 
6.7 6.6 5.7 6.1 7.3 5.3 

57.7 62.3 57.9 42.5 42.5 43.5 
12.5 12.9 17.6 11.7 20.8 25.5 
29.4 25.3 24.6 45.9 36.7 31.3 
0.8 1.8 2.4 0.3 6.0 8.4 

aFed these diets from three wk of age through their first reproduction cycle (up to 2 years). 
bPooled std. dev. - pooled standard deviation, (error mean square) 1/2. 
Means that deviate significantly from the corresponding values of the control diet (diet I) are shown by superscript a (P < 0.05), b (P < 
0.025), c {P < 0.01) and d (P < 0.005). Average of four replicate determinations. 

differences in fa t ty  acid composition between the different 
groups. The relative portion of 22:5n-6 in the respective 
groups fed P H F O  and PHSBO were about 55% (P < 0.05) 
and 45% (P < 0.05} higher than that  in the lard-fed group. 

H e a r t .  F a t t y  acid composition of the PE in total  heart  
lipids is shown in Table 2. PE from the heart  of sows fed 
P H F O  and PHSBO contained appreciable levels of 18:l- 
t r a n s ,  but  only traces of 2 0 : l - t r a n s .  However, noticeable 
levels of 1 8 : l - t r a n s  were detected in heart  PE from sows 
fed lard. 

Feeding P H F O  caused a significant (P < 0.01) increase 
in the percentage of linoleic acid, and a somewhat less but  
significant (P < 0.05} increase of 20:3n-6, compared with 
lard feeding. Feeding PHSBO, the same effects as shown 
for the PHFO-fed group were found, al though the varia- 
tions were insignificant compared with the lard-fed group. 
Further, feeding of any one of the hydrogenated fats, in 
particular PHFO,  caused a significant increase in the 
percentages of 18:3n-3 (P < 0.05) and 20:5n-3 (P < 0.01), 
with compensatory bu t  smaller, insignificant reductions 
in the percentages of 22:5n-3 and 22:611-3. The different 

dietary fats led to variations in the sum of the different 
fa t ty  acid classes. Thus, compared with lard, feeding 
P H F O  increased the percentage of P U F A  n-6, had no ef- 
feet on the percentage of P U F A  n-3 or monoenoic fa t ty  
acids and decreased the percentage of sa turated fa t ty  
acids. PHSBO-feeding, on the other hand, led to reduced 
percentages of P U F A  n-3 and saturated fa t ty  acids with 
a compensatory  increase in the percentage of P U F A  n-6 
and monoenoic fa t ty  acids compared with lard feeding. 

L i v e r .  The fa t ty  acid composition of the PE in the liver 
mitochondria is shown in Table 2. As was found in heart  
PE, t r a n s  isomers of 18:1 and c i s  a n d  t r a n s  isomers of 
20:1 were present also in liver mitochondria PE and were 
significantly influenced by  the dietary t rea tment  (P < 
0.005). Feeding PHFO,  and in particular PHSBO, the 
percentages of stearic acid were significantly (P < 0.005) 
reduced compared with lard. Feeding with PHFO, but not 
with PHSBO, increased the percentages of 20:3n-6 {P < 
0.005) and 22:5n-6 (P < 0.05). The overall effect of feeding 
P H F O  and PHSBO, compared with lard feeding, was an 
increase in the relative portion of monoenoic fa t ty  acids 
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TABLE 3 

F a t t y  Acid Composition (%) of Total Lipids of Plasma and of  Subcutaneous Adipose Tissue in Sowsa 

P l a s m a  Subcutaneous adipose tissue 

Diet I Diet II Diet I I I  Pooled Diet I Diet II  Diet I I I  Pooled 
Lard PHFO PHSBO std. dev. Lard PHFO PHSBO std. dev. 

16:0 20.0 15.6 d 11.4 d 1.4 21.7 20.8 12.3 d 1.3 
18:0 13.4 9.9 d 9.8 d 1.3 10.1 6.4 d 7.6 1.3 

16:1 1.5 2.9 c 1.0 0.6 2.0 4.2 d 1.3 b 0.7 
18:1-cis 23.9 16.8 c 25.0 3.1 39.3 21.7 d 39.3 3.8 
18:1-trans 0.0 4.3 7.1 b 3.2 0.0 5.7 a 13.4 d 3.5 
20:1-cis 0.2 1.7 d 0.2 0.5 1.4 5.5 d 0.9 0.8 
20:l-trans --  --  0.0 6.2 d 0.3 0.9 
22:1-c/s + trams 0.0 O.9 d 0.0 0.2 trace 3.0 d 0.2 0.5 

20:3n-9 - -  - -  - -  0.9 0.9 0.6 a 0.4 

18:2n-6 29.8 38.7 d 34.5 b 2.4 22.2 23.0 21.5 1.3 
20:2n-6 0.3 0.2 0.0 0.2 - -  - -  - -  
20:3n-6 0.2 0.4 b 0.3 0.1 0.3 0.2 0.1 0.1 
20:4n-6 7.2 5.0 6.3 1.7 0.5 0.8 0.5 0.4 
22:4n-6 - -  - -  - -  0.3 0.0 d 0.1 d 0.1 

18:3n-3 1.4 1.8 a 1.6 0.3 1.3 1.4 1.4 0.2 
20:5n-3 0.3 0.9 b 0.5 0.3 - -  - -  - -  
22:5n-3 0.6 0.6 0.8 0.3 0.3 0.0 d 0.1 0.1 
22:6n-3 1.0 0.2 0.9 0.6 0.2 0.0 b trace 0.1 

S u m  P U F A  n-6 37.5 44.3 41.1 23.3 24.0 22.2 
S u m  P U F A  n-3 3.3 3.5 3.8 1.8 1.4 1.5 

Sum PUFA 
total 40.8 47.8 44.9 26.0 26.3 24.3 
Sum monoenes 25.6 26.6 33.3 42.7 46.3 55.4 
Sum saturated 33.4 25.5 21.2 31.8 27.2 19.9 
Sum trans 0 4.3 7.1 0 11.9 13.4 

aFed these diets from three wk of age through their first reproduction cycle {up to 2 years). 
Pooled std. dev. = pooled standard deviation, (error mean square) I12. 
Means that deviate significantly from the corresponding values of the control diet {diet I) are shown by superscript a (P < 0.05), b {P < 
0.025), c {P < 0.01) and d (P < 0.005). Average of four replicates. 

and a decrease in saturated fatty acids with negligible ef- 
fects on the percentages of n-6 and n-3 PUFA. 
B/oo~ The fatty acid composition of venous blood lipids 

(total} is shown in Table 3. The dietary fats had a pro- 
found effect on the fatty acid composition of the blood 
l ip ids .  

T o t a l  p l a s m a  l ip ids  f rom sows  fed h y d r o g e n a t e d  fa t s ,  
in  p a r t i c u l a r  P H S B O ,  con t a ined  cons ide rab le  a m o u n t s  of  
18:1- t rans  i somers .  Long -cha in  t rans  i s o m e r s  (i.e., 20 : l -  
trams) were  n o t  d e t e c t e d  in b lood  l ip ids ,  a n d  t h e  pe rcen t -  
ages  of  t h e  cis i somer i c  h o m o l o g s  were  low. D u e  to  t h e  
low p e r c e n t a g e s  of  22:1 i somers ,  we were  n o t  ab le  to  
a n a l y z e  s e p a r a t e l y  for  cis and trans  i somers .  T h e  d i e t a r y  
leve l  of  t rans  22:1 was  a b o u t  50% of  t h e  t o t a l  c o n t e n t  of  
22:1. C o n s i d e r i n g  t h e  d i e t a r y  c o m p o s i t i o n  a n d  t h e  exclu-  
s ion  of  20:l-trams f rom t h e  b lood  l ip ids ,  i t  s e e m s  reason-  
ab le  to  a s s u m e  t h a t ,  a t  m o s t ,  50% of  22:1 in  b l o o d  l ip ids  
were  t r a n s  i somers .  N o  long-cha in  s a t u r a t e d  f a t t y  ac ids  
(e.g., 20:0, 22:0 a n d  24:0) were  d e t e c t e d .  C o m p a r e d  w i t h  
t hose  of  sows  fed lard,  b lood  l ip ids  of  sows  fed P H F O  a n d  
P H B O  c o n t a i n e d  m o r e  l inole ic  ac id  a n d  less  a r a c h i d o n i c  

acid, only the first different being significant (P < 0.025). 
Other n-6 f a t t y  acids were not noteworthily different be- 
twsen the groups, except for 20:3n-6, which was increased 
on PHFO (P < 0.025) and PHSBO {P > 0.05). Feeding with 
PHFO caused a significant increase in the percentages 
of 18:3n-3 (P < 0.05) and 20:5n-3 (P < 0.025). Sows fed 
the hydrogenated fats had significantly (P < 0.005) lower 
relative portions of 16:0 and 18:0, compared with the lard- 
fed group. Sows fed PHFO had significantly higher 
percentage of 16:1 (P < 0.01) and lower percentage of 18:1 
cis (P < 0.01), compared with sows fed PHSBO and lard. 
In general, feeding with partially hydrogenated fats in- 
creased the relative portion of PUFA n-6 and also, to 
some extent, that of monoenoic fatty acids, and reduced 
the percentage of saturated fatty acids in the blood lipids, 
compared with lard feeding. 
Adipose tissues. The fatty acid composition of sub- 

cutaneous adipose tissue from the belly fat is shown in 
Table 3. Significant percentages of 18:l-trams isomers 
were found in sows fed PHSBO {P < 0.005) and of 
18:l-trams (P < 0.05) and 20:l-trans (P < 0.005) in sows 
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fed PHFO. The percentage of 22:l-trans isomers could not 
be determined and was calculated as described for the 
blood lipids. 

Also, appreciable percentages of long-chain monoenoic 
(20:1 and 22:1) c i s  fat ty acids, but not their saturated 
homologs, were found in sows fed PHFO. The relative por- 
tions of linoleic and arachidonic acids were not signifi- 
cantly different between groups. However, PHFO led to 
significant reduction in the percentage of 22:4n-6 (P < 
0.005), 22:5n-3 (P < 0.005) and 22:6n-3 (P < 0.025), and 
PHSBO, a reduction in the percentage of 22:4n-6 (P < 
0.005), compared with lard. In general, feeding of partially 
hydrogenated fats increased the percentages of mona  
enoic fatty acids and reduced the percentages of saturated 
fat ty acids, but had minor effects on the percentage of 
PUFA, compared with lard feeding. 

DISCUSSION 

This study used diets with contents of fat and linoleic acid 
resembling those of human diets in industrialized coun- 
tries but containing five times more t r a n s  fatty acids (i.e., 
25% vs 5% of total fat ty acids) {1). Further, pigs were 
used as experimental animals due to their resemblance 
to humans {20-22), and the study comprised a noticeable 
part of their life-span period, i.e., about two years. This 
paper presents data with the aim of exploring if isomeric 
fat ty acids are incorporated into nervous tissue or if the 
presence of t r a n s  fat ty acids in the diet affects the 
metabolism of fat ty acid in such a way that the overall 
fat ty acid profile and, in particular, the relative portion 
of PUFA is changed. The emphasis was on nerve tissue 
{i.e., brain), but it was felt necessary to compare reactions 
in the brain with those of structural {i.e., heart and liver 
mitochondria) and non-structural (i.e., blood and adipose 
tissue) lipids in other organs. Analyzing other organs than 
the brain also facilitated comparison of results from this 
study with those of other studies not involving nervous 
tissue (2-5). Phosphatidylcholine (PC) and PE are, in 
general, the main structural lipids of the cell membranes. 
Brain phospholipids of different species contain about 
30-38% PC and 30-42% PE (32). 

Regretfully, our capacity did not permit us to analyze 
both PC and PE. Due to the fat ty acid composition, i.e., 
the high content of long, chain polyunsaturated fatty acids 
(LC PUFA) in PE, compared with that  of PC (33), and 
the assumed structural importance of these LC PUFA, 
the fat ty acid composition of PE was chosen as an in- 
dicator for the metabolic effect of t r a n s  fatty acids. Also, 
PE was chosen to facilitate the comparison of our results 
with those of other investigations {5,33,34). 

The identification of fat ty acid isomers in partially 
hydrogenated fats is a tedious and difficult task. In par- 
ticular, this is the case for PHFO containing positional 
and geometrical isomers of the LC PUFA abundant in 
marine lipids (e.g., 18:4n-3, 20:5n-3 and 22:6n-3) (20). Our 
inability to identify the numerous fat ty acid isomers led 
us to search for an alternative method to determine t r a n s  
fatty acids, i.e., IR-spectrophotometry. However, t r a n s  
isomerism analyzed by IR-spectrophotometry showed 
higher values of total t r a n s  content {1.5-4 times) than the 
sum of identified t r a n s  fat ty acids determined by GLC. 
This was found for all lipid extracts analyzed, except for 
the brain CB, in which only IR-measurements were 

performed, and was particularly pronounced for organ 
and dietary lipids related to PHFO. The differences may 
partly be due to the fact that  some t r a n s  isomers were 
not identified by the GLC-analysis. Our results are in line 
with those of Perkins et al. {35), who compared the con- 
tent of t r a n s  fat ty acids determined by GLC {packed col- 
umns) analysis with total content of t r a n s  isomerism 
analyzed by IR-spectrophotometry in margarine. 
However, the deviation between GLC and IR-analysis in 
our experiment was greater than would be expected from 
their results. The molar IR-absorption of fatty acid trans 
isomers might depend on the chain lengths, the position 
of the t r a n s  double bond in the chain, the degree of un- 
saturation {i.e., monoenoic vs polyenoic fat ty acids) and 
the plurality of t r a n s  double bonds in the chain (36). 

In our analysis, the total t r a n s  content was calculated 
as percent methyl elaidate {18:1n-9 trans) equivalents, i.e., 
the IR absorption of the fat ty acid methyl esters of the 
samples compared with that  of the methyl elaidate. This 
may have led to incorrect estimates of the total t r a n s  con- 
tents. Admitting that  there may be sources of error in 
both GLC and IR determinations of t r a n s  isomerism, we 
decided to use the GLC analysis as the most accurate one. 

Ohlrogge et al. {12), studying the distribution of t r a n s  
fat ty acids in human organ lipids, also detected t r a n s  
fat ty acids in brain lipids. Brain lipids of rats fed t r a n s  
fatty acids also were reported to contain trans fatty acids 
{5-8}. In this study, no t r a n s  fat ty acids were detected 
in brain PE. Similar results were obtained by analyzing 
the total lipids extracted from brain {not reported) and 
from the IR-spectrophotometric analysis of brain CB 
{results not reported). This was in contrast with other 
structural lipids such as heart and liver mitochondria PE, 
in which significant amounts of trans 18:1 and 20:1 were 
found. It should be noted that lipids of liver mitochon- 
dria and, in particular, of heart from lard-fed pigs also 
contained 18:1 trans. These results are in line with that 
reported by Wood {33), who examined various tissues 
from rats maintained on a chow diet, and by Royce et al. 
(37), who found that the total heart lipids of weanling pigs 
fed lard for six months contained about 0.6% 1 8 : l - t r a n s .  
Although our control diet did contain low levels of t r a n s  
18:1, this cannot explain the presence of t r a n s  fatty acids 
found in the PE of heart and liver mitochondria, par- 
ticular since t r a n s  fat ty acids were not detected in blood 
lipids and adipose tissue. The source of the t r a n s  fat ty 
acids in PE of heart and liver mitochondria, therefore, are 
obscure. 

The difference between different organs and the effect 
of fatty acid chain length of the monoenes {i.e., 18 and 20 
carbon atoms) and fat sources (PHFO and PHSBO) with 
regard to incorporation of trans fatty acids may be judged 
from the discrimination factor (e.g., the relation of the 
percentage t r a n s  isomers of the total monoene content 
in the organ lipids to that of the respective dietary lipids) 
as shown in Table 4. Thus, there was apparently little 
discrimination against 18:l-trans fatty acid incorporation 
into the liver mitochondria PE, while the level of t r a n s  
fatty acids in heart PE and blood was somewhat reduced, 
compared with the diet. There was no consistent dif- 
ference in the incorporation of 18:l-trans from PHFO and 
PHSBO. The incorporation of 20:l-trans was consistently 
lower than that of 18:l-trans. It is of interest that the con- 
tent of 2 0 : l - t r a n s  in  the organ lipids, relative the content 
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TABLE 4 

Ratio of the Percentage trans Isomers of the Total Monoene Content 
of Organ Lipids to That of the Respective Dietary Fats 

Tissues 

Brain Heart Liver Blood Adipose 

18:l-trans PHFO 0 0.45 0.94 0.63 1.33 
PHSBO 0 0.32 1.22 0.51 0.58 

20:l-trans PHFO 0 0.15 0.41 0 0.87 

of the dietary lipids, showed a similar picture as that  for 
20: l -c i s  and 22:1 cis  plus t rans ,  i.e., a significant dis- 
crimination against the dietary long-chain monoenoic 
acids irrespective of the geometry of the double bond. The 
analysis of total t rans  isomerism determined by IR- 
spectrophotometry {results not shown) support the con- 
clusion on the organ specific incorporation of t rans  fat ty 
acids revealed by the GLC analysis, i.e., no t rans  isom- 
erism due to dietary treatment was detected in brain PE 
and brain CB. 

Previous studies have shown somewhat elevated levels 
of finoleic acid and reduced levels of arachidonic acid in 
tissue lipids of animals consuming t rans  fat ty acids (38). 
These findings have been explained by that t rans  fat ty 
acids may interfere with the biosynthesis of arachidonic 
acid {20:4n-6} from linoleic acid {18:2n-6). One explanation 
postulated is that  18: l - t rans  fat ty acids exert a com- 
petitive inhibition on the activity of the enzyme h-6 
desaturase {13,39,40), while trans isomers of 20:1 and 22:1 
fat ty acids have been found to inhibit both A-6 and A-5 
desaturases {16,17). In our study, the feeding of t rans  
fatty acids and, in particular, PHFO increased the relative 
portion of linoleic acid in total plasma lipids and heart PE. 

However, despite the fact that the percentages of ara- 
chidonic acid and of the other long-chain n-6 fat ty acids 
were slightly reduced in those organ lipids, the reduction 
did not compensate for the increased percentages of 
linoleic acid. I t  is worth noting that  the percentages of 
total PUFA n-6 in blood and heart lipids were higher in 
the groups fed hydrogenated fats, compared with that of 
t h e  lard-fed group. Furthermore, fiver mitochondria PE, 
heart PE and the lipids of venous blood of pigs fed PHFO, 
but not PHSBO, contained significantly higher levels of 
20:3n-6, compared to that  of the lard-fed groups. These 
results may support the hypothesis on inhibition of the 
enzymatic activity of A-5 desaturase by t rans  isomers of 
20:1 and 22:1 fat ty acids in PHFO {16,17). 

The only effect of dietary t rans  fatty acids on brain PE 
in our study was an increased level of 22:5n-6 in PHFO- 
fed pigs. A similar observation was made by Sanders 
et al. {34} in the brain PE of rats fed margarine. Because 
the brain did not contain detectable amounts of t rans  
fat ty acids in our study, it is possible that the increased 
percentage of 22:5n-6 was a consequence of the fatty acid 
metabolism in organs outside the brain {e.g., the fiver). 
Increased percentage of 22:5n-6 was, except for the brain, 
only found in PE of the fiver mitochondria of the PHFO- 
fed pigs. This coordinated effect of dietary PHFO on the 
fatty acid pattern of liver mitochondria-PE and brain-PE 
may be explained by the appearance of long-chain t rans  

isomeric fatty acids and the biochemical activity in these 
organs, i.e., the capability to synthesize LC PUFA {41). 

It thus may be hypothesized that  dietary t rans  fat ty 
acids in the liver partly inhibited h-6 desaturases and A-5 
desaturases and, consequently, elevated levels of 18:2no6 
and 20"3n-6 were transported to the brain. Due to the 
elongation]desaturation capacity of the brain {41), those 
substrates {e.g., 18:2n-6 and 20:3n-6) were metabolically 
transformed to 22:5n-6. 

Feeding PHFO led to increased levels of linolenic acid 
{18:3n-3) and 20:5n-3 in heart PE and the blood lipids. This 
may be explained by a relative inhibition of the desatura- 
tion/elongation of n-6 fat ty acids by the LC t rans  fatty 
acids that favored the biosynthesis of 20:5n-3. 

Because it has been discussed {42) whether trans mono- 
enoic fat ty acids resemble cis  monoenoic or saturated 
fat ty acids in their metabolism, a closer examination of 
the effect of PHFO and PHSBO on the percentage of the 
different fat ty acid classes {i.e., PUFA, cis, respectively, 
t rans  monoenoic and saturated fatty acids) in the respec- 
tive organs may be relevant. Whenever the feeding of par- 
tially hydrogenated fats affected the level of fat ty acid 
classes in an organ, there was a striking similarity in the 
effect of PHFO and PHSBO. In all organs studied, the 
total levels monoenoic fat ty acids were changed in the 
same direction and opposite to that seen for saturated 
fatty acids. This influence increased as the percentage of 
t rans  fat ty acids in the organ lipids increased and was 
most striking for PHSBO-fed animals. It might be possi- 
ble to conclude from these observations that the t rans  
monoenoic fatty acids simply replaced the saturated fatty 
acids in the lipid molecules. An equally justified explana- 
tion would be that trans and cis monoenes follow the same 
metabolic pathway. 

Based on the combined results, it may be concluded 
that  PHFO and PHSBO show similar metabolic effects 
on fat ty acid composition in the organs of pigs after long 
feeding. None of them affect the fat ty acid profile of the 
brain-PE to a significant degree, while small amounts of 
t rans  fat ty acids are incorporated into other organs and 
slight changes in the fat ty acid profile may be observed. 
These results confirm and extend previously reported lack 
of adverse effect from t rans  fat ty acids on nerve conduc- 
tion velocity and general biological performance {24). 
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Lipids from the paracloacal glands of adult and of im- 
mature American alligators (Alligator mississippiensis) 
were analyzed by gas chromatography-mass spec- 
trometry. Acetate esters (C,2-Cls) were indicated in the 
adults' secretions. Immature alligators contain C,o-C,s 
acetates, C,2-Cxs dodecanoates, tetradecanoates and other 
high molecular weight esters, and C,o-C~ 3-methyl- 
butanoates. Cholesterol, C,~ and C~s free fatty acids, and 
a-tocopherol (vitamin E) were detected in some samples. 
The results are compared with those published for South 
American caiman species. 
Lipids 23, 727-729 (1988). 

All extant crocodilians possess paired exocrine organs 
known as paracloacal glands that discharge secretions 
through duct openings in the lateral walls of the cloaca. 
A histological study of the American alligator (Alligator 
mississippiensis) indicated that each gland is a single 
secretory sac with a single duct (1). Parenchymal cells con- 
t~inlng lipid droplets migrate toward and accumulate in 
a cylindrical conglomerate that partially occludes a lumen 
in the center of the gland. Secretions from degenerating 
ceils of the central conglomerate collect near the secretory 
duct. A histochemical test indicated lipids in the glan- 
dular exudate. 
Fester and Bertuzzi (2) analyzed chemicals from the 

paracloacal glands of two caimans, Alligator sclerops (= 
Caiman crocodilus) and A. latirostris (= C latirostris), 
where secretions apparently were pooled from both spe- 
cies. Fa t ty  acids, nitrogenous bases, glycerol, cholesterol 
and traces of phosphorus-containing compounds were 
reported among the constituents. A nine-carbon alcohol 
dubbed "yacaror '  also was indicated. The melting point, 
refractive index and other physical properties of this con- 
stituent were taken to indicate d-citronsllol (3). This com- 
pound remained unchanged following years of storage in 
an inert atmosphere (4). 

We report here on the identification of lipids present 
in the paracloacal glands of adult and of immature A. 
mississippiensis. This is the first detailed description of 
paracloacal gland chemicals from this species. 

METHODS 
Secretions were obtained from 80 immature (total lengths 
-- 45-118 cm) and five adult (1.5-3.0 m) alligators from 
Port Arthur, TX (Murphree Wildlife Refuge) and 15 
adults (1.6-3.3 m) from Grand Chenier, LA (Rockefeller 
Wildlife Center) during September 1985. Secretions from 
immature (unsexed) and adult alligators were kept 

*To whom correspondence should be addressed. 
Abbreviations: GC-MS, gas chromatography-mass spectrometry. 

separate. Materials were pooled according to sex for eight 
males and seven females from Louisiana. The adult alli- 
gators were sampled within one hr after their death. 
Samples from living, immature alligators were collected 
after they had been hand-captured and confined with 15 
or more individuals for several hours. 

Paracloacal gland secretions were collected by manually 
everting the glands and squeezing their contents into 
glass vials containing methylene chloride (CH2C12). The 
vials were wrapped individually in paper towels and 
shipped on dry ice. They were kept frozen ( - 4  C) be- 
fore extraction with CH2C12 and before analysis of 
CH2Cl~-soluble material. 
The CH2C12 extracts were drawn off with pipettes and 

analyzed by capillary gas chromatography-mass spec- 
trometry (GC-MS) using either a 30 m • 0.32 ram SE-54 
column (0.25 ~nn) or a 30 m • 0.32 mm SPB-5 column 
{0.25 ~an) connected to a Finnigan 4500B mass spec- 
trometer. Spectra and retention times were compared 
with those of authentic compounds, obtained commercial- 
ly, or in the case of esters, prepared from the appropriate 
acid chloride and alcohol. The mass spectra of the 
3-methylbutanoates and the isomeric pentanoates dif- 
fered significantly from one another. 

RESULTS AND DISCUSSION 
Hexadecyl acetate (Fig. 1) was a major constituent in 
most samples of alligator paracloacal gland secretions 
(Table 1). In addition, two other C1~ acetates were 
detected; one contained one double bond, the other, two 
double bonds (positions unknown). Tetradecyl acetate, 
dodecyl acetate, and relatively small quantities of oc- 
tadecenyl and octadecadienyl acetates (double bond posi- 
tions unknown) also were present in many adult samples. 

43 
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FIG. I. Mass spectrum of hexadecyl acetate, mlz 43 (CH3CO§ 61 
(CH3CO~H2§ 224 (C~H,*). 
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TABLE 1 

Lipids  Ind ica ted  as  Major (maj, >~25%), Minor  (min, <20%) and Trace  (tr, <5%) C o n s t i t u e n t s  of  A l l i ga tor  Parac loaca l  G l ands  

Sample source and identity, with number of individuals in each sample 

Louisiana Texas 

Adult  Adult  Immature  

Compound m.w. 15 15 65 3q 49 35 15/19 9 12 28 31 

Decyl acetate 200 
Dodecyl acetate 228 
Tetradecyl acetate 256 
Pentadecyl acetate 270 
Hexadecyl acetate 284 
Hexadecenyl acetate 282 
Hexadecadienyl acetate 280 
Heptadecenyl acetate 296 
Octadecyl acetate 312 
Octadecenyl acetate 310 
Octadecadienyl acetate 308 
Dodecyl butanoate 256 
Decyl 3-methylbutanoate 242 
Dodecyl 3-methylbutanoate 270 
Tetradecyl 3-methylbutanoate 298 
Dodecyl hexanoate 284 
Decyl tetradecanoate 368 
Dodecyl dodecanoate 368 
Dodecyl tetradecanoate 396 
Dodecyl hexadecanoate 424 
Dodecyl octadecanoate 452 
Tetradecyl dodecanoate 396 
Tetradecyl tetradecanoate 424 
Tetradecyl hexadecanoate 452 
Hexadecyl tetradecanoate 452 
Hexadecanoic acid 256 
Octadecanoic acid 284 
Octadecenoic acid 282 
a-Tocopherol 430 
Cholesterol 386 

. . . . . . . .  �9 t r  - -  - -  

min t r  tr  t r  - -  min t r  min min --  min 
min mill min min min --  tr  - -  - -  min - -  

- -  - -  - -  tr tr . . . . . .  
maj maj maj maj maj maj m a j  --  - -  maj - -  
min maj - -  maj maj - -  maj . . . .  
. . . .  maj m a j  . . . . . .  
tr  tr  - -  tr  tr  t r  t r  . . . .  
. . . . . . . . .  t r  
--  rain --  - -  min --  min . . . .  
min min - -  min min min min . . . .  

. . . . . . . . . .  t r  

. . . . . . .  t r  - -  - -  t r  

. . . . . . .  maj maj - -  maj 

. . . . . . . .  min --  min 
. . . . . . . . . .  t r  

. . . . . . .  min tr  tr  t r  

. . . . . . .  min t r  tr  t r  

. . . . . . .  min t r  tr  t r  

. . . . . . .  min tr  - -  tr  

. . . . . . .  min tr  - -  tr  

. . . . . . .  min t r  t r  t r  

. . . . . . .  min t r  - -  t r  

. . . . . . . .  t r  - -  - -  

. . . . . . . . .  t r  --  - -  
--  - -  maj . . . .  t r  - -  - -  tr  
- -  --  tr  . . . .  t r  - -  - -  min 
--  - -  t r  . . . .  t r  - -  - -  min 
tr  t r  - -  - -  --  tr  . . . . .  
t r  - -  tr  t r  tr  t r  t r  tr  - -  - -  - -  

T w o  o f  t h e  t h r e e  e x t r a c t s  o f  t h e  p o o l e d  s e c r e t i o n s  f r o m  
a d u l t  f e m a l e s  c o n t a i n e d  t r a c e  a m o u n t s  o f  p e n t a d e c y l  
a c e t a t e ,  w h i c h  w a s  n o t  i n d i c a t e d  in  s a m p l e s  c o n t a i n i n g  
s e c r e t i o n s  f r o m  o n l y  a d u l t  m a l e s .  

I d e n t i f i c a t i o n  o f  t h e  a c e t a t e s  w a s  f a c i l i t a t e d  b y  t h e  ap-  
p e a r a n c e  of CH3CO § and CH3CO~H2 § peaks in their mass 
spectra at m/z 43 and 61, respectively. The chain length 
of the alcohol portion was indicated by a peak at JR-H] + 
corresponding to: m/z 140 = C,o, 168 = C,2, 196 = C,4, 
224 = C,6, 252 = C,s. 

The samples from immature alligators showed none of 
t h e  u n s a t u r a t e d  C , ,  a c e t a t e s  b u t  c o n t a i n e d  t r a c e s  o f  
t e t r a d e c y l  a c e t a t e ,  d o d e c y l  a c e t a t e  a n d  d e c y l  a c e t a t e ;  t h e  
l a t t e r  w a s  n o t  i n d i c a t e d  in  t h e  a d u l t s '  s e c r e t i o n s .  I m -  
m a t u r e  i n d i v i d u a l s  a l s o  i n c l u d e d  C,2 a n d  C,4 3 - m e t h y l -  
b u t a n o a t e s  {Figs .  2 a n d  3) a n d  t r a c e s  o f  t h e  C,o 3 - m e t h y l -  
b u t a n o a t e ;  t h e  C~2 c o m p o u n d  w a s  a m a j o r  c o m p o n e n t  in  
t h r e e  o f  t h e  f o u r  p o o l e d  s a m p l e s .  

H e x a d e c y l  a c e t a t e  w a s  i n d i c a t e d  a s  t h e  m a j o r  c o m p o -  
n e n t  in  o n e  s a m p l e  of  i m m a t u r e  a l l i g a t o r s  (28 ind iv idua l s ) .  
T h i s  a s  we l l  a s  t h e  o t h e r  t h r e e  s a m p l e s  f r o m  i m m a t u r e  
a l l i g a t o r s  c o n t a i n e d  s m a l l  a m o u n t s  o f  h i g h e r  m o l e c u l a r  
w e i g h t  e s t e r s  c o r r e s p o n d i n g  t o  m i x t u r e s  o f  d o d e c y l  
d o d e c a n o a t e  a n d  d e c y l  t e t r a d e c a n o a t e  (m.w. 368), d o d e c y l  
t e t r a d e c a n o a t e  a n d  t e t r a d e c y l  d o d e c a n o a t e  (m.w.  396), 

dodecyl hexadecanoate and tetradecyl tetradecanoate 
(m.w. 424), and dodecyl octadecanoate, tetradecyl hex- 
adecanoate and hexadecyl tetradecanoate (m.w. 452). 
These compounds were not detected in the adults. 
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F I G .  2. M a s s  spec trum of dodecy l  3 -methy lbutanoate .  mlz 85 
[(CH3hCHCH2CO§ 103 [CH3hCHCH2CO~H2§ 168 (C,2H24*). 

LIPIDS, Vol. 23, No. 7 (1988) 



729 

COMMUNICATIONS 

100- 

50" 

57 

t03 

241 i 'iJ 'il 196 
t25 168 
i - , o  ,s s, 

! I 
t 0 0  

I I I 
M/Z 50 150 ZIlO 250 300 

FIG. 3. Mass spectrum of tetradecyl 3-methylbutanoate. m/z 85 
[(CH3hCHCH2CO*], 103 [(CH3hCHCH2CO2H2*], 196 (C,,H2B§ 

Fester and Bertuzzi (2) found that saturated and un- 
saturated fatty acids were 45% and 35%, respectively, 
of the water-insoluble saponification products of Caiman 
spp. paracloacal gland secretions. PRlmitic (C,6), myristic 
(C,,), and isovaleric (C5) acids were among those detected. 
Free and esterified constituents, however, were not 
distinguished. Hexadecanoic acid was detected as a ma- 
jor free f a t t y  acid in a sample  of adult  male Louis iana A. 
miss i ss ipp iens i s  and as a t race  component  in two pooled 
samples  of immatu re  individuals f rom Texas.  Octadeca- 
noic and octadecenoic acid are trace or minor components  
in two samples  of immatu re  all igators and in one sample  
of adult  males  f rom Louisiana. 

Sterols are indicated in a number  of analyses  of reptile 
shed skin ex t rac t s  and in tegumenta l  gland secretions 
(5-9). The specific compounds  present  have  not been 
determined in mos t  of these studies, for which thin layer 
ch roma tog raphy  or nuclear magnet ic  resonance of gross  
secretions are the analyt ical  methods  used. Cholesterol 
occurs in most samples of the paracloacal gland secretions 
we examined by GC-MS. Steryl esters were indicated by 
Fester et al. in Caiman spp. paracloacal gland secretions 
(3), but it is as yet unclear whether similar compounds 
occur in the secretions of other crocodilians. 
The fatty alcohols reported in caiman paracloacal gland 

secretions by Fester and colleagues (2,3) include cetyl 
alcohol and "yacarol." The latter compound was initially 
thought to be 2,6-dimethyl-2-hepten-7-ol, but, on the basis 
of a variety of physical tests, was identified as d~itro- 
nellol. We did not detect free alcohols in the paracloacal 
gland secretions of A.  miss iss ippiensis .  The  possibil i ty 
t ha t  these compounds  occur in all igators or o ther  
crocodilians needs to be explored further.  

Two dominant  peaks  in the mass  spec t rum of one elu- 
t an t  (m/z 430 and 165) indicate a-tocopherol (vi tsmin E) 

as a trace component of the secretions of several adult 
males. The chromatographic retention time and mass 
spectrum of an authentic sample of a-tocopherol (Aldrich, 
Milwaukee, WI) confirmed the identity of this vitamin. 
No other tocols or tocotrienols were detected. 

a-Tocopherol, which is produced by higher plants and 
algae (10), has been detected in the plasma of farm-reared 
A. mississippiensis {11). This compound could be trans- 
ported to the paracloacal glands via a circulatory or 
{perhaps from interstitial fluids) a lymphatic route, be- 
cause elements of both systems have been observed in 
crocodilian paracloacal glands (1,12-15). The significance 
of a-tocopherol in alligator paracloacal gland secretions 
is open to speculation. This substance is known to inhibit 
lipid oxidation {16,17) and therefore may prevent the 
degradation of other paracloacal gland compounds. 
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Distal Small Bowel Resection Does Not Modify the Intestinal 
3-Hydroxy-3-methylglutaryl CoA Reductase Activity 
M.T. MoUna and  C.M. Vazquez* 
Departamento de Fidologia Animal, Facultad de Farmacia, Universidad de Sevilla, 41012 Sevilla, Spain 

The activity of 3-hydroxy-3-methylglutaryl eoenzyme-A 
reductase (HMG4~oA red.) has been evaluated in rat 
jejunal, eaecal and colonic mucosa adapting to 50% or 
75% distal small bowel resection (SBR). Six wk after 
surgery, the total activity and the activity state (active 
form) of the enzyme were determined. The results show 
that HMG-CoA red. activity was stimulated per organ 
but not per unit mass in the mucosa adapting to SBR. 
As a side result, we noted regional differences in the 
active/total reductase ratio (RA/RT) for HMG-CoA red. 
that was lower in small intestine compared with that of 
the large intestine. 
Lipids 23, 730-732 (1988). 

The interruption of the entero-hepatic circulation pro- 
duces a decrease in the input of bile acids into the fiver, 
leading to an increase in hepatic synthesis of bile acids 
from cholesterol and hepatic synthesis of cholesterol {1). 

Intestinal mucosa commonly is considered to play a 
secondary role as a source of endogenously synthesized 
cholesterol. Thus, in the rat, the intestinal mucosa ac- 
counts for about 24% of whole-body sterol synthesis, com- 
pared with 50% for the fiver (2). I t  has been suggested 
that  under circumstances in which cholesterol needs in- 
crease (as in intestinal resection}, many extrahepatic 
tissues may synthesize in situ much of the cholesterol 
that  they require for cholesterol turnover (3). In the fiver 
and intestine, the rate-limiting step for cholesterol biosyn- 
thesis is catalyzed by the enzyme 3-hydroxy-3-methyl- 
glutaryl coenzyme-A reductase {HMG-CoA red., EC 
1.1.1.34} {4,5}. In the fiver and intestine, the activity of 
this enzyme could be altered by changes in rates of en- 
zyme synthesis or degradation, or by changes in the ac- 
tivity state of preformed enzyme, as might occur through 
a phosphorylation-dephosphorylation reaction {6-8}. It 
has been reported that  more rapid changes in cholesterol 
synthesis were linked to the state of enzyme phosphoryla- 
tion (9). 

We have reported that  distal small bowel resection 
(SBR) increases the activity of this enzyme in rat fiver 
(10). This study was designed to evaluate the intestinal 
cholesterol synthesis determining the total activity of 
HMG-CoA red., and its active form, in the mucosa of rem- 
nant jejunum, caecum and colon in rats after either 50% 
or 75% distal SBR. 

MATERIAL AND METHODS 

Animals. Male Wistar rats weighing about 300 g that  
were maintained on a standard pellet diet with free ac- 
cess to tap water were used. The rats were randomly 
assigned to one of three groups: sham-operated, 50% and 
75% distal SBR. The rats were anaesthetized with intra- 

*To whom correspondence should be addressed. 
Abbreviations: DTT, dithiothreitol; EDTA, ethylenedi~mlne 
tetraacetic acid; RA/RT, active/total reductase ratio; SBR, small 
bowel resection. 

peritoneal sodium pentobarbitone (4.5 mg/100 g body wt.) 
after a 24-hr fast period. Laparotomy was performed, and 
rats assigned for SBR underwent either 50% or 75% SBR, 
as described by Murillo et al. (11). In another group, sham 
operation was performed, and the intestine was cut and 
re-anastomosed without resection. In each instance, con- 
tinuity of the gut was restored by end-to-end anastomosis. 
After the surgical operation, the rats were housed in a 
temperature-controlled laboratory with a strict 4 a.m.- 
4 p.m./4 p.m.-4 a.m. dark/light cycle. Six wk after SBR, 
the rats were fasted for 20-24 hr and, between 9 and 
10 a.m., to concide with peak nocturnal activity of in- 
testinal HMG-CoA red., were killed by a blow at the base 
of the skull (4). Both control and experimental groups 
were treated in the same manner to prevent effects that  
could mask differences between groups. 

Sample preparation procedures. After the animals were 
killed, the abdomen was opened, and the jejunum, caecum 
and colon were excised, rinsed free of intestinal contents 
with ice-cold saline solution and their lengths and weights 
recorded. The mucosa from each segment was scraped off 
with a glass slide, weighed and immediately frozen in 
liquid N~ and stored at - 7 0  C until the assay of the en- 
zyme. The storage time did not result in significant loss 
of enzyme activity {unpublished data). 

Assay of intestinal enzyme activity. All subsequent 
operations were carried out at 4 C. The mucosa was 
homogenized in a Potter-Elvehjem homogenizer with ice- 
cold homogenization medium containing 0.25 M NaC1, 
50 mM imidazole (pH 7.4), 20 mM ethylenediamine 
tetraacetic acid (EDTA), 5 mM dithiothreitol (DTT) and 
either 50 mM NaC1 (for total reductase activity) or 50 mM 
NaF (for the active reductase form}. In the presence of 
NaF (an inhibitor of the dephosphorylation), the measured 
activity of the enzyme reflects the activity that was pres- 
ent initially in the tissue (active form). 

Reductase activity was measured essentially as de- 
scribed by Shapiro et al. (12) with fight modifications. 
This method measures the formation of radioactive 
mevalonate from labeled HMG-CoA. One hundred ~1 
preincubation medium containing 0.2-0.4 mg mucosal 
protein, in addition to the components present in the 
homogenization medium, was incubated at 37 C for 15 
rain. Then, 50 /~1 of solution containing 0.25 M NaCI, 
50 mM irm'dazole (pH 7.4), 20 mM ethylenediamine tetra- 
acetic acid (EDTA), 5 mM DTT, 110 mM glucose-6-phos- 
phate, 13 mM NADP, 1 unit of glucose-6-phosphate 
dehydrogenase and 1 mM DL-3-'4C-HMG-CoA (specific 
activity 4000-8000 dpm/nmol), was added to the prein- 
cubation mixture and incubated for 30 min at 37 C. The 
reaction was stopped by adding 25 ~1 of 5 N HC1. The "C- 
mevalonate formed was converted into the labeled lac- 
tone, isolated by thin layer chromatography and counted 
by liquid scintillation using an internal standard of 3H- 
mevalonate to correct for incomplete recovery. 

Protein assay. Mucosal protein was determined by the 
method of Lowry et al. {13}, with bovine serum albumin 
as the standard. 
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Materials. All radiochemicals for the assay of HMG- 
CoA red. activity were obtained from Amersham (UK). 
All other chemicals were from Sigma Chemical Co. (St. 
Louis, MO). 

Statistical analysis. The two-tailed Student 's  trtest was 
used to evaluate the stat ist ical  significance of the dif- 
ferences in the values obtained. 

FIG. 1. HMG-CoA reductase activity in jejunal mucosa after 50% 
(stripes) and 75% (solid) distal SBR, compared with sham rats (dots). 
Results are g iven  as means • S.E. of 10 Anim~ds. ~r, p < 0.025; ~ ~, 
p < 0.01. 

RESULTS AND DISCUSSION 

We have shown (10) tha t  in rats,  both  total  hepatic ac- 
t iv i ty  of HMG-CoA red. and the ratio of active to total  
reductase (RA/RT) were significantly increased after 50% 
and 75% SBR. The present  da ta  shows tha t  SBR in- 
creased both  jejunal (Fig. 1) and colonic (Fig. 2) total  ac- 
t ivi ty  of the enzyme, expressed as nmol/min/cm. How- 
ever, when the da ta  was referred to unit  t issue mass 
(nmol/mln/g wet tissue), the differences between groups 
were abolished (Fig. 1 and Fig. 2). Therefore, the increased 
act ivi ty was due entirely to intestinal t issue growth in- 
duced by  the surgical operat ion (14). In the caecum, 
HMG-CoA red. total  act ivi ty expressed per organ was 
significantly increased after  the surgical operation 
(Fig. 3). This increase again was due to the larger mucosal 
mass (14), because reference to unit mass (nmol/min/g wet 
tissue) abolished the differences between groups (Fig. 3). 
As indicated in Methods, these results  were obtained 
in the fast ing state.  The response in animals on an 
ad libitum intake is not  known. 

Although no change in the total  activity of the enzyme 
was observed in any of the intestinal segments  tested,  
a change in the act ivi ty s ta te  could have occurred. 
Therefore, we considered it of interest  to invest igate 
whether  the s ta te  of enzyme phosphorylat ion was modi- 
fied by  SBR. In the jejunum of sham animals, we found 
a RA/RT ratio of 0.16, which was not  significantly 
modified by  SBR {Table 1), bu t  was significantly lower 
than tha t  observed in isolated ra t  enterocytes  (8) or in 
intestinal microsomes (15). These differences could be due 
to the different preparat ions used. In caecum and colon 
of sham rats,  this rat io was higher than  in jejunum, i.e., 
0.56 and 0.57, respectively. Again, this rat io was not  
changed by  SBR (Table 1). 

FIG. 2. HMG-C~A reductase activity in colonic mucoea. Results are 
given as means "- S.E. of 10 animals. Other details as in Figure 1. 

~ ,  p < 0.01. 

FIG. 3. HMG-CoA reductase activity in caecni mucosa R e s u l t s  are 
g iven  as means __ S.E. of 10 animals. Other details as in Figure 1. 
~ ~ ~, p < 0.005. 
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TABLE 1 

Activefrotal Reductase (RA/RT} in Jejunal, Caecal and Colonic 
M u c o s a  a 

Jejunum Caecum Colon 

Sham 0.16 +_ 0.02 0.56 +__ 0.03 0.57 +_ 0.01 
50% 0.15 +_ 0.01 0.53 + 0.02 0.55 __ 0.02 
75% 0.14 +_ 0.02 0.50 +_ 0.03 0.58 __. 0.02 

aResults are given as means +_ S.E. of 10 animals. 

Taken  together ,  these resul ts  show tha t  SBR al tered 
neither the  to ta l  act iv i ty  nor the  ac t iv i ty  s t a t e  of the  en- 
zyme. An increase in the  act ivi ty  of the  intest inal  reduc- 
tase  has been observed when the entero-hepatic  circula- 
t ion has been in ter rupted by  either adminis t ra t ion of the 
bile acid-binding resin, as choles tyramine {16) or by  ex- 
ternal  diversion of the bile (17). This d iscrepancy could 
be due to differences in the exper imenta l  procedures.  
Thus,  in the  la t ter  s tudies bile acid recirculation is inter- 
rupted  before up take  by  the mucosa,  while in the current  
exper iments  the  area  of intest inal  up t ake  is reduced as 
are the sites for bile acid and cholesterol absorpt ion.  

We have  repor ted  t ha t  SBR increases hepat ic  H M G -  
CoA red.  ac t iv i ty  (10). This observat ion,  together  wi th  
the present  findings, migh t  sugges t  t ha t  hepatic  activ- 
i ty  m a y  be sufficient to supply the  major i ty  of cellular 
needs for cholesterol in resected animals. Other  possible 
causes  could contr ibute  to explain the current  observa- 
t ions af ter  intest inal  resection, such as increased intes- 
t inal  absorpt ion of cholesterol, increased cellular l ipopr~  
tein up take  in intest inal  epithelium, etc. However,  the 
possibil i ty t ha t  the uti l ization of newly synthesized cho- 
lesterol for chylomicron format ion  m a y  be the major  
usage  of the intest inal  cholesterol cannot  be ruled out. 
These possible causes are under  invest igat ion in our 
laboratory .  

In  conclusion, this s tudy  demons t ra tes  t ha t  intest inal  
HMG-CoA red. does not  change in ra t  jejunal, caecal and 
colonic mucosa  adap t ing  to  SBR. As a side result ,  we 

noted  regional differences in the RA/RT rat io  for H M G -  
CoA red. t h a t  was  lower in mucosa  scraped off the small  
intest ine compared  with t ha t  of the large intestine. 
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4th Separation Science and Bioteclmology Symposium 
(August 31-September 3, 1988, Palazzo Feltrinelli, 
Gargnano del Garda, Italy). Requests for information 
should be sent to Chairman, Prof. Pier Giorgio Righetti, 
c/o Euro Business Center, P.O. Box 10552, 1001 EN 
Amsterdam, The Netherlands. 

10th Anniversary Meeting of the European Association 
for Cancer Research CUnivendty College, Galway, Ireland, 
September 11-13, 1989). For further information, contact 
Dr. S. M. Lavelle, Experimental Medicine, University Col- 
lege, Galway, Ireland; or in North America, contact Dr. 
J. H. Weisburger, American Health Foundation, Valhalla, 
New York, NY 10595-1599. The program involves plenary 
lectures, workshops, symposia and poster sessions. 

The 29th International Conference on the Biochemistry 
of Lipids (September 19-22, 1988, Tokyo, Japan). Spon- 
sored by The Japanese Biochemical Society and the Foun- 
dation for Advancement of International Science. For 
more information, contact Prof. Y. Seyama, Department 
of Physiological Chemistry and Nutrition, Faculty of 
Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113, 
Japan. 

Genetic Basis for Obesity and Diabetes (October 
30-November I, 1988, Stouffer Pineisle Resort, Lake 

Lanier Islands, Georgia). Sponsored by the University of 
Georgia, Center for Continuing Education and the Col- 
lege of Home Economics. For more information, contact 
Dr. Carolyn D. Berdanier, Conference Chair, University 
of Georgia, Department of Foods and Nutrition, Dawson 
Hall, Athens, GA 30602. 

VitAmin E: Biochemistry and Health ImpHeations (Oc~ 
tober 31-November 3, The Sheraton Centre, New York, 
NY). Sponsored by The New York Academy of Sciences. 
The deadline for submission of abstracts for posters is 
June 30, 1988. Send the 200-word summary to Dr. 
Lawrence J. Machlin, Clinical Nutrition, Hoffman-La 
Roche Inc., Nutley, NJ 07110. For more information, con- 
tact the Conference Department, The New York Academy 
of Sciences, 2 East 63rd St., New York, NY 10021, (212) 
838-0230. 

International Symposium on Clinical, Biochemical and 
Molecular Aspects of Fatty Acid Oxidation (Novem- 
ber 6-9, Penn Tower Hotel, Philadelphia, PA). For more 
information, contact Paul M. Coates, Ph.D., Division of 
Genetics, The Children's Hospital of Philadelphia, 34th 
St. and Civic Center Blvd., Philadelphia, PA 19104. 
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Subcellular fractionation by differential centrifugation 
was performed on two previously unstudied marine 
sponges (Reniera sp. and Pseudaxinyssa sp.) that repre- 
sent both major subclasses of the Demospongiae. Long 
chain fatty acids (LCFA) with 24-30 carbon units were 
found as major constituents of cell membrane isolates of 
both sponges. Most LCFA were polyunsaturated and 
were constituents of the phospholipids, which are typical 
membrane lipids, and in particular the amino-phospho- 
lipids. The LCFA composition of phospholipids from 
whole sponge tissue was shown to provide a reliable in- 
dication of the LCFA composition of cell membrane 
phospholipids in the sponges studied. An unusual triply 
branched C;6 isoprenoid fatty acid, 4,8,12-trimethyltri- 
decanoic acid, also was identified as a cell membrane acid 
in the sponge Pseudaxinyssa sp. 
Lipids 23, 741-749 (1988}. 

Long chain fat ty acids (LCFA) with molecular chains of 
24-30 carbon units have been identified as major com- 
ponents of cellular membranes in one marine sponge (1). 
In the aforementioned study, 51% of the fatty acids in 
a mixed membrane isolate from the intertidal species 
Halichondria moorei were LCFA with chain lengths in ex- 
cess of the 14-22 carbon units which usually occur in the 
membranes of eucaryotic cells (2). Sponges are renowned 
for their content of LCFA, which can comprise up to 85% 
of the total fat ty acids present in their tissue (3-10); in 
the few sponge species that have been studied, most 
LCFA were found localized in phospholipids (1,5,11-15). 

No studies, however, yet have unambiguously estab- 
lished the presence of LCFA in sponge cells; all studies 
have employed sponge tissue or membrane preparations 
potentially contaminated by microorganism symbionts 
(e.g., bacteria and unicellular algae) that typically inhabit 
the matrix region of sponge tissue (16-18). While bacteria 
typically contain fatty acids with chain lengths up to 22 
carbons (2,19-23), there are rare instances in which bac- 
terial species contain high molecular weight fatty acids 
(e.g., mycobacteria produce/3-hydroxy fatty acids with 
between 60 and 83 carbons [24]). Moreover, there is lit- 
tle information on the identities of other microorganism 
sponge symbionts or on their fat ty acid contents. 

'Part 16 of "Phospholipid Studies of Marine Organisms." For Part 
15 in this series see Dasgupta, A., Ayanoglu, E., Tomer, K.B., and 
Djerassi, C. (1987) Chem. Phys. Lipids 43, 101-111. 
*To whom correspondence should be addressed. 
Abbreviations: BHT, butylated hydroxytoluene; EDTA, ethylene- 
diamine tetraacetic acid; FAME, fatty acid methyl ester; LCFA, long 
chain fatty acid; LCPUFA, long chain polyunsaturated fatty acid; 
LCUFA, long chain unsaturated fatty acid; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PS, phosphatidylserine; PUFA, 
polyunsaturated fatty acid; TMTD, 4,8,12-trimethyltridecanoic acid; 
UFA, unsaturated fatty acid; A, archaeocytes; CC, choanocyte 
chambers; ECL, equivalent chain length; EM, electron microscopy; 
F, flagella; FSW, filtered seawater; GC, gas chromatography; 
GC-MS, gas chromatography-mass spectrometry; MV, microvilli. 

Sponges also are unique in the diversity and often 
novelty of their sterols (25-31}. While there are sponge 
species that solely contain conventional cholesterol-type 
sterols, which are typical of eucaryotes {32}, many 
sponges substitute unusual sterols (e.g., unusual patterns 
of alkylation and unsaturation in the C~7 side chain). 
Because sterols are major components of cellular mem- 
branes in almost all eucaryotic organisms, it is expected 
(28} that such unconventional sterols assume important 
structural positions in sponge membranes, but it is un- 
known whether these unusual sterols c~occur with LCFA 
in sponge membranes. 

Therefore, the purpose of this study was to determine 
unambiguously whether LCFA are components of sponge 
membranes, while the companion study (33) seeks to 
establish whether unconventional sterols also are sponge 
membrane components. Here the subcellular fractiona- 
tion study of Lawson et al. (1) is extended to include two 
additional species that together represent both major 
subclasses of the Demospongiae, with one species that 
lacks discernible matrix symbionts and contains conven- 
tional sterols, and another species that is noted for its 
high matrix symbiont content and unconventional 
sterols. 

The California ceractinomorph sponge Reniera sp. is 
seasonally abundant (April-July) in the San Francisco 
Bay. Specimens of this sponge that are devoid of micro- 
organism symbionts can be obtained during early rapid 
stages of growth April-May (Fig. la). Reniera sp. con- 
tains LCFA that often have 55,9 unsaturation (described 
herein) and conventional sterols (33). 

The Great Barrier Reef tetractinomorph sponge, Pseu- 
daxinyssa sp., is a long-lived animal that contains con- 
siderable bacterial populations, especially phototropic 
cyanobacteria (=  blue-green algae), in the illuminated sur- 
face (<1 mm) tissues (18, unpublished data, this labora- 
tory). Pseudaxinyssa sp. contains LCFA that often have 
A5,9 unsaturation patterns (unpublished data, this 
laboratory) and unconventional sterols with an isopropyl 
branch at C-24 of the side chain (27,33-39). 

EXPERIMENTAL 
Sponge samples. Reniera sp. (Order Haplosclerida, Cali- 
fornia Academy of Sciences Museum specimen #063176} 
was collected by hand from San Francisco Bay, CA (3 In) 
in April 1985. Pseudaxinyssa sp. (Order Axineliida, Aus- 
tralian Museum specimen #Z4988) was collected by hand 
from the John Brewer Reef, Australian Great Barrier 
Reef (18 m) in June 1985 (for biological and chemical 
studies) and July 1986 (for further electron microscopy 
[EM] studies}. 

Chemicals and materials. Electron microscopy reagents 
were EM grade from either Electron Microscopy Sciences 
(Fort Washington, PA), Ted Palla Inc. (Tustin, CA) 
or Ernest F. Fullam Inc. (Latham, NY). Phospholipid 
reference compounds included phosphatidylcholine, phos- 
phatidylethanolamine, phosphatidylserine, phosphatidyl- 
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glycerol, diphosphatidylglycerol, phosphatidic acid, phos- 
phatidylinositol, lysophosphatidylcholine, phosphatidyl- 
ethanolamine plasmalogen, and sphingomyelin, and were 
from Sigma Chemical Co. (St. Louis, MO). Other reference 
lipids were cholesterol (Aldrich-Milwankee, WI), choles- 
teryl myristate (Sigma Chemical Co.), and tripalmitin 
(Sigma Chemical Co.). General laboratory reagents were 
purchased from May & Baker Pty. Ltd, Sigma and 
Aldrich Chemical Companies. All solvents were analytical 
grade and were distilled before use. 

Thin layer chromatography (TLC) plates (silica coated 
aluminium, Kieselgel 60 F254, 0.2 mm, Merck Chemical 
Co., Darmstadt, Germany) were prewashed in diethyl- 
ether before use. Fa t ty  acid methyl esters (FAME) were 
purified on Davisil 62 silica gel. 

SubceUular fractionatior~ Subcellular fractionation of 
sponge tissue was modified after Lawson et al. (1). Fil- 
tered seawater (FSW, 10 C, 0.4~ nucleopore filter) was 
used throughout the procedure. Reniera sp. (300 g, 20 
specimens) and Pseudaxinyssa sp. (200 g portion of 1 in- 
dividual) were chopped into pieces (1 cm 3) and placed in 
cold homogenizing medium (50 mM Tris, 250 mM sucrose, 
5 mM ethylenediamine tetraacetic acid [EDTA]/FSW, 
10 C, pH 7.4, 0.5 mYg tissue). Sponge tissue was homoge- 
nized in a Galaxie Osterizer dual-range 14 kitchen blender 
at high speed for 40 sec for Reniera sp. and in a Sorvall 
Omni-mixer (model 17220) at 16,000 rpm (high speed) for 
80 sec for Pseudaxinyssa sp; homogenization conditions 
were restricted to minimize disruption of intracellular 
organelles. Pseudaxinyssa tissue did not completely 
homogenize, as did Reniera tissue, due to its resilient sili- 
ceous and collagenous skeleton. Homogenates were fil- 
tered through nylon mesh (200~). Residual Pseudaxinyssa 
sp. tissue, which remained after filtration, was found to 
have a lipid content similar to that of whole sponge. 
Filtrates were diluted in homogenizing medium (1:1, v/v) 
and were successively centrifuged at 600 • g/15 min]10 C, 
15,000 • g/15 min/10 C (Sorvall RC 5 centrifuge, GSA 
rotor for Reniera sp; Beckman J-21B centrifuge, JA14 
rotor for Pseudaxinyssa sp.) and 100,000 • g/1 hr/4 C 
(Beckman L8-70M ultracentrifuge, 70.1 Ti rotor for 
Reniera sp; ICE/B-60 ultracentrifuge, A21 rotor for Pseu- 
daxinyssa sp.). For each sponge, the three successive 
tissue pellets that are referred to according to convention 
as P1, P2 and P3, respectively, and a final supernatant 
resulted from these respective centrifugations. P1 was 
washed once in homogenizing medium, and P2 was 
washed twice. All fractions were held on ice throughout 
the procedure. 

Electron microscopy. Fresh tissue samples from whole 
sponge and pelleted subcellular fractions were fixed in 
2.5% glutaraldehyde/0.4 M sodium cacodylate buffer/ 
10 C, post-fixed in 1% osmium tetroxide in the same buf- 
fer, and embedded in epoxy resin (40). Silver sections were 
stained with 1% uranyl acetate and lead citrate and were 
examined at 2,250, 7,500, 30,000, and 138,000 • magnifi- 
cation with a Philips 410 electron microscope (80 kv). The 
resulting micrographs allowed description of cellular and 
subcellular components in each sample to be made, 
although those for Pseudaxinyssa sp. were of poor con- 
trast  and consequently are not reprinted here. 

Lipid analysis. Tissue was frozen and stored at - 20 C 
and, in the case of Pseudaxinyssa sp., was lyophilized 
before workup. Total lipids were extracted (3 times) with 

chloroform/methanol (2:1) containing 0.002% butylated 
hydroxytoluene (BHT) (41). Supernatants were extracted 
in chloroform/methanol (4:1, v/v) at 5 C to facilitate par- 
titioning of aqueous and organic phases. Before analysis, 
lipids were stored in chloroform/methanol (1:1, v/v) con- 
taining 0.002% BHT under argon at - 2 0  C. 

A portion of the total lipid extract from Reniera sp. 
whole tissue was separated by column chromatography 
(SIL-R 100-300 mesh silicic acid, Sigma Chemical Co.) 
into fractions that conventionally contain triacylglycerols 
and sterol esters (fraction 1), diacylglycerols and free 
sterols (fraction 2), monoacylglycerols (fraction 3), glyco- 
lipids (fraction 4), and phospholipids {fraction 5), after the 
methods of Privett et al. (42) and Walkup et al. (11). Frac- 
tions 1-3 were eluted with chloroform, fraction 4 with 
acetone, and fraction 5 with methanol. The composition 
of eluates was monitored by TLC that utilized codevel- 
oped reference compounds and spray reagents (iodine 
vapor, rhodamine 6G, ceric sulfate, and molybdenum blue 
[43]) to identify classes of lipids. 

Phospholipids were further separated according to head 
groups by one- and two-dimensional TLC of a small phos- 
pholipid sample. For single-dimension chromatography, 
the solvent system was chloroform/acetone/methanol/ 
ammonium hydroxide (28% aq.)/water (65:35:4:4:0.2, 
v/v/v/vv/) (11). For two-dimensional chromatography, 
tetrahydrofuran/acetone/methanol/water (50:20:40:6, v/v/ 
v/v) was employed in development in the first dimension, 
and chloroform/acetone/methanol/acetic acid/water {50: 
20:10:15:5, v/v/v/v/v) in the second dimension (44). Phos- 
pholipid head groups were identified from TLC Rrvalues 
and by response to specific spray reagents (ninhydrin, 
Dragendorff, periodate-Schiff, and 2,4-dinitrophenylhy- 
drazine [45]). 

The fat ty acyl components of total lipid extracts from 
whole sponges, P3 membrane, and other subcellular 
isolates of Reniera sp. and Pseudaxinyssa sp., and of lipid 
class fractions from whole sponge extracts of Reniera sp., 
were converted to methyl esters (1.25 N hydrochloric 
acid/methanol [46]). The resulting FAME were purified 
by silica gel column chromatography with elution by bex- 
ane/ether (15:1, v/v). Portions of FAME samples were 
hydrogenated (methanol, platinum IV oxide catalyst [47]). 

Phospholipids from the P3 membrane isolate of Reniera 
sp. were separated according to head groups and isolated 
by preparative TLC. The major phospholipid head groups 
were analyzed for fatty acid composition by transesteri- 
fication on silica with methanolic boron trifluoride (48). 
The resulting FAME were purified as above. 

FAME were analyzed by temperature-programmed gas 
chromatography (GC) (cooled column injection system, 
flame ionization detector) on either a Carlo Erba series 
4160 Fractovap chromatograph (25 m • 0.32 mm i.d. 
SE-54 coated fused silica column; program 130-290 C, 
5 C/rain; detector temp. 290 C, Omniscribe Series D-5000 
recorder) or a Hewlett-Packard 5898A series gas chroma- 
tograph (25 m • 0.3 mm i.d. SE-54 coated fused silica 
column; program 170-320 C, 5 C/min; injector temp. 
250 C; detector temp. 320 C), with automatic injection 
system (automatic sampler Model 7672A), integrator 
(Model 3392A), sampler/event control module (Model 
19405A) and computer fatty acid library (software s/n: 
2614R100027, vers. 1.2). For Carlo Erba GC, the non- 
integrated traces were enlarged (1.5 times) and peak areas 

LIPIDS, Vol. 23, No. 8 0988) 



743 

CELL MEMBRANE FATTY ACIDS IN TWO MARINE SPONGES 

were measured by triangulation for calculation of relative 
proportions of fatty acid components. 

Individual FAME were identified by mass spectrom- 
etry of their N-acylpyrrolidide derivatives (treatment of 
FAME with pyrrolidine/acetic acid [10:1, v/v]) (49}. Capil- 
lary gas chromatography-mass spectrometry (GC-MS) 
analyses were performed with a Ribermag R10-10 quad- 
rupole mass spectrometer connected to a Carlo Erba 
series 4160 Fractovap chromatograph (30 m • 0.32 mm 
i.d. SE-54 fused silica column}, and a Hewlett-Packard 
5970 series mass selective detector connected to a 5890A 
gas chromatograph (12 m • 0.2 mm i.d. SE-30 fused silica 
column). 

RESULTS 

Subcellular fractionation. Substantial P1 and P2 isolates 
were produced from both sponges as numerous 
subcellular organelles remained intact and sedimented at 
the P1 and P2 centrifugation steps. For both sponges, 
P1 consisted of partially disrupted cells and large 
organelles (>2.8 ~ diam.) (Fig. lb), and P2 consisted of 
smaller organelles {,.<2.8 ~ diam.} (Fig. lc). Large numbers 
of cyanobacteria also were present in the P2 fraction of 
Pseudaxinyssa sp. 

P3 membrane isolates for both sponges contained mem- 
brane vesicles (mean diam. 0.42 ~), and nonlipidic 
ribosomes that should not have interfered with lipid 
analyses (Fig. ld  and le). For Reniera sp., the P3 mem- 
brane isolate would have been essentially free from 
microorganism membranes because the experimental 
specimens used were free of matrix microorganism sym- 
bionts and contained only a few bacteria in archaeocyte 
cell digestive vacuoles (Fig. la). For Pseudaxinyssa sp., 
the P3 membrane isolate, however, cannot be assumed 
free of microorganisms because extracellular cyanobac- 
teria characterized by distinctive thylakoids were ob- 
served in abundance in the surface tissues {<1 mm) of the 
sponge. However, such microorganism membrane con- 
tamination would be expected to be minor because many 
intact cyanobacteria were observed in the P1 and P2 
isolates, while few thylakoid fragments were observed in 
any isolate fraction. The sponge membranes present 
almost certainly included a mixture of plasma and 
organelle membranes from the many sponge cell types 
present, although plasma membranes and endoplasmic 
reticulum from the abundant archaeocyte cells should 
have dominated due to the great numbers of intact 
organelles observed in the denser P1 and P2 isolates. 

Lipid analysis. Sponge lipid extracts from whole tissue, 
P1 and P2 isolates, consisted mainly of pigments, sterol 
esters, triacylglycerols, sterols and phospholipids, while 
P3 membrane isolates of both sponges were free of pig- 
ments and consisted of sterols, phospholipids and lesser 
amounts of sterol esters. P1 and, especially, P2 fractions 
from Pseudaxinyssa sp. were enriched in chlorophylls 
that probably originated in the symbiotic cyanobacteria 
that sedimented in these isolates. A non-esterifiable 
yellow compound that gave an orange product upon react- 
ing with the ceric sulfate spray reagent (Rf = 0.16 in 
hexane/ether [1:1, v/v]) was concentrated in the P2 frac- 
tion from Reniera sp. An unidentified compound (Rf = 
0.57 in hexane/ether [1:1, v/v]) was detected in the P3 
membrane isolate from Pseudaxinyssa sp. Final super- 
natant isolates from each sponge contained lipidic and 

water-soluble pigments and sterol esters. 
Whole sponges contained LCFA to 28 carbon units in 

Reniera sp. and to 30 carbon units in Pseudaxinyssa sp., 
including many A5,9 unsaturated acids (Tables 1 and 2) 
largely contained in phospholipids (76% and 42%, respec- 
tively}. The major fatty acids of Reniera sp. were C2~:2 
(23%}, C23:3 (12%}, and C~8~3 (11%), and those of Pseudax- 
inyssa sp. were C1~:o (10%), C28, (9%), and C~8~1 (7%) (Fig. 
2). High levels of typical bacterial acids (C1~:o and C,8~) 
in Pseudaxinyssa sp. may reflect the large populations 
of bacterial symbionts present in this sponge, although 
these acids also commonly occur in eucaryotic cells (2). 
For Pseudaxinyssa sp. but not Reniera sp. LCFA content 
of whole tissues was almost identical for phospholipid and 
total lipid extracts (Fig. 2). 

P3 membrane isolates of both sponges contained a high 
proportion of LCFA, largely present in phospholipids 
{Fig. 2). For the Reniera sp., P3 membrane~isolate LCFA 
composed 62% of the total lipid fatty acids and 79% of 
the phospholipid fatty acids. In contrast, for the Pseudax- 
inyssa sp., P3 membrane isolate LCFA equaled 63% of 
the total lipid fatty acids but  only 37% of the phos- 
pholipid fatty acids (Fig. 2), suggesting that LCFA also 
were abundant in other membrane~associated lipid classes 
in this sponge. For both sponges, P1 and P2 isolates con- 
tained a lower proportion of LCFA. Less than 10% of 
fatty acids in supernatant isolates from Reniera sp. and 
less than 5% of fatty acids in supernatant isolates from 
Pseudaxinyssa sp. were LCFA. 

The presence of LCFA in other lipid classes was 
demonstrated for whole tissues in Reniera sp. in lesser 
amounts than were detected in phospholipids (Fig. 3). 
Lipids with chromatographic patterns (42) similar to 
sterol esters and triacylglycerols (Fraction 1), diacyl- 
glycerols {Fraction 2) and monoacylglycerols (Fraction 3) 
contained 55%, 62% and 7% LCFA, respectively. A pre- 
dominance of mid-range fatty acids between C ,  and C24 
chain lengths (67%) characterized lipids with chromato- 
graphic patterns like glycolipids (Fraction 4). Insufficient 
sponge tissue was available to conduct similar analyses 
for Pseudaxinyssa sp., but it is known from earlier studies 
on this sponge that LCFA also are concentrated in the 
phospholipids {unpublished data, this laboratory). 

It was notable that for Reniera sp. the proportions of 
LCFA from both phospholipid and total lipid extracts of 
the P3 membrane isolates were virtually identical {i.e., 
within 2%) to the respective proportions of LCFA in 
phospholipid and total lipid extracts from the whole 
animal (Fig. 2). Such a trend has been noted before in the 
intertidal sponge Halichondria moorei (1) but  was not 
observed in Pseudaxinyssa sp. where the P3 membrane 
isolate contained appreciably more LCFA in the total lipid 
extract {63%} than did whole sponge tissue (41%), likely 
due to the substantial numbers of microorganism sym- 
bionts present in the whole sponge. Thus, in sponges 
where symbionts are absent or present in relatively small 
populations, as in Halichondria moorei and Reniera sp., 
the fatty acid composition of whole sponge phospholipids 
may provide a useful approximation to the LCFA com- 
position of sponge cell membrane phospholipids, while the 
total lipid composition also may reflect that of the mem- 
brane isolate, assuming the sponge does not store signifi- 
cant concentrations of fatty acids in intracellular 
organelles. 
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FIG. 1. Electron micrographs of whole sponge and subeellular tissue from Ren/era sp. (a) Whole sponge tissue contained numerous ehoauoeyte 
chambers (CC) with component ehoanocytes (C) of which flagella (F), and microvilli (MV) are obvious. Heavily vacuolated archaeoeytes 
(A) were present in the mesohyl matrix. Mean archaeocyte plasma membrane width 5.3 nm. (b) The P I  subcellular fraction contained 
partially disrupted cells, and large organelles (>2.8 ;~ diam.). (c) The P2 fraction contained smaller organelles (~<2.8 p diam.). (d,e) The P3 
fraction contained membrane vesicles (mean vesicle diam. 0.42 ~ mean membrane thickness 5.3 nm) and ribosomal contaminants (arrows). 
Each bar equals 1/~. 
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TABLE 1 

Fat ty  Acids Present in Reniera sp. According to Equivalent Chain 
Length tECL}, as Determined by GC 

Peak Peak 
number ECL Identity number ECL Identity 

1 13.997 C14:0 30 21.482 Unknown 
2 14.398 Unknown 31 21.663 Unknown 
3 14.494 C16:0br (TMTD} 32 21.701 Unknown 
4 14.621 C15:0br 33 21.793 Unknown 
5 14.713 C15:0br 34 21.849 C22:1 
6 14.999 C15:0 35 22.001 C22:0 
7 15.152 Unknown 36 22.635 Unknown 
8 15.203 C14:0-2OH 37 22.854 Unknown 
9 15.489 C14:0-2OH/C16:lbr 38 22.908 C23:1 

10 15.627 C16:0br 39 23.001 Unknown 
11 15.817 C16:1 cis 9 40 23.425 Unknown 
12 16.001 C16:0 41 23.670 C24:1 
13 16.337 Unknown 42 23.793 C24:1 
14 16.720 C17:0br 43 23.865 C24:1 
15 16.998 C17:0 44 24.002 C24:0 
16 17.153 Unknown 45 24.299 Unknown 
17 17.190 Unknown 46 24.667 Unknown 
18 17.234 C16:0-2OH 47 25.001 C25:0 
19 17.401 Unknown 48 25.523 C26:3 
20 17.652 Unknown 49 25.651 C26:2 cis 5,9 
21 17.771 C18:1 cis 9 50 25.697 C26:0br 
22 17.824 C18:1 51 25.752 C26:0br 
23 17.999 C18:0 52 25.802 C26:1 cis 9 
24 18.998 C19:0 53 25.886 Unknown 
25 19.401 C20:4 cis 5,8,11,14 54 26.002 C26:0 
26 19.475 C20:4 cis 6,9,12,15 55 26.660 C27:2 cis 5,9 
27 19.816 C20:1 56 27.479 C28:3 
28 19.997 C20:0 57 27.564 C28:2 cis 5,9 
29 21.352 C22:6 58 27.671 C28:1 cis 9 

TMTD, 4,8,12-trimethyltridecanoic acid. 

TABLE 2 

Fat ty  Acids Present in Pseudax inyssa  sp. According to Equivalent Chain Length 
(ECL}, as Determined by GC 

Peak Peak 
number ECL Identity number 23.788 Identity 

1 13.393 C14:lbr 22 23.788 C24:1 
2 14.001 C14:0 23 23.861 C24:1 
3 14.488 C16:0br ITMTD} 24 24.661 Unknown 
4 15.000 C15:0 25 24.996 C25:0 
5 15.818 C16:1 cis 9 26 25.651 C26:2 cis 5,9 
6 15.999 C16:0 27 25.998 C26:0 
7 16.421 C17:lbr 28 26.395 C26:0 
8 16.999 C17:0 29 26.395 Unknown 
9 17.190 Unknown 30 26.651 C27:2 cis 5,9 

10 17.611 C18:2 cis 5,9 31 26.997 C27:0 
11 17.719 C18:2 cis 9,12 32 27.489 C28:3 cis 5,9,21 
12 17.770 C18:1 cis 9 33 27.561 C28:2 cis 5,9 
13 18.000 C18:0 34 27.639 C28:1 
14 19.000 C19:0 35 27.641 Unknown 
15 19.608 C20:2 cis 11 36 27.899 Unknown 
16 19.705 C20:1 37 27.999 C28:0 
17 19.773 C20:1 cis 11 38 28.620 C29:2 
18 19.999 C20:0 39 29.000 C29:0 
19 21.399 C22:4 40 29.510 C30:3 cis 5,9,23 
20 21.557 C22:4 41 30.000 C30:0 
21 21.693 Unknown 

TMTD, 4,8,12-trimethyltridecanoic acid. 
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FIG. 2. The proportional distributions of fatty acids in phospholipid and total lipid extracts from P3 mem- 
brane isolates and whole sponge tissues of Reniera sp. and Pseudaxinyssa sp. Fatty acids are described 
for Reniera sp. in Table I and for Pseudaxinyssa sp. in Table 2. Fatty acids that compose >--5% of the total 
fatty acids are labeled. 

The LCFA encountered in all tissue samples were pre- 
dominantly unsaturated, mainly polyunsaturated, while 
shorter chain fatty acids tended to be saturated {Fig. 4). 
Such features of unsaturation and polyunsaturation in 
LCFA are commonly observed in sponges (4,9,10), but it 
should be noted that the content of LCFA and the degree 
of unsaturation in individual species of sponge can vary 
with seasonal temperature {5,50) and with geography (51}. 
For Pseudaxinyssa sp., the unusual isoprenoid fatty 

acid 4,8,12-trimethyltridecanoic acid (TMTD) was more 

abundant in the phospholipids of the P3 membrane isolate 
{7.8%} than in the whole sponge {5.8%} {Fig. 2). This result 
is in agreement with our unpublished data that docu- 
ments  lesser concentrations of TMTD in the cyano- 
bacteria-rich outer tissues of the sponge. 

The principal phospholipids in Reniera sp. and Pseudax- 
inyssa sp. whole sponge and P3 membrane isolates were 
phosphatidylserine (PS), phosphatidylethanolamine (PE), 
and phosphatidylcholine (PC) as is typical of those 
sponges that have been studied for phospholipid content 
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(5,11,12,52). In allReniera sp. lipid samples, PS appeared 
as two almost distinct spots on TLC and this may in- 
dicate that there are sufficient differences in chain lengths 
and unsaturation of the fat ty acid substituents of PS to 
result in separation by TLC. In addition to PS, PE and 
PC, Pseudaxinyssa sp. whole sponge tissue and the P1 

35  

3 0  

2 5  

2 0  " 

10  

5 

0 , : , ,'; 

3 5  

30  

Z 2s 
0 
m 2 0  

I - '  
m 
0 ' }  15 

0 10 

0 0 
0 

3 5  

3O 
I-- 
Z 2 5  

LM 
f . , )  2o 

I"lff 15 
I, L I  
12. 10 

3 0  

2 5  

2 0  

Reniera sp. 
F r a c t i o n  1 

o .o 
to  

5 

. . . . . . . . .  , . . ,  . . . . . . . . . .  , . . . . .  ! ! _  

F r a c t i o n  2 

(~1 
(D 
('d 
O 

..... II h . . I , .  

.: 

., . . . . . . . .  I ....... ,_,,..I...,! .......... ,, . . . . .  I1._1...I,, 

F r a c t i o n  3 

�9 ,.,:_:1,:, 

,O  

o 

T- 
r  

0 

3 5  
F r a c t i o n  4 

fq 
O 

?. 
C4 

15 

&i ~ 4/ .(!. 10 ~ 0 1  ~ 
o I I  o 

' llll  0 . :.:l;. ; ; ; ; ; ,.,1:.; ; ; : ; ;.; ;.;I.., ,,; ;.;.,, : ; : ; ,  . ; . , : . , , ,  !:::; ;! = , - ; , ;  , ' = :  
10  2O 3 0  4 0  5 0  

F A T T Y  A C I D  P E A K  N U M B E R  
FIG. 3. The proportional distributions of fatty acids in lipid frac- 
tions from whole sponge extracts of Reniera sp., according to stan- 
dard column chromatography methods that typically yield fractions 
of the following compositions: Fraction 1 = triacylglycerols and 
sterol esters; Fraction 2 = diacylglycerols and free sterols; Frac- 
tion 3 = monoacylglycerols; Fraction 4 = glycolipids. Fatty acids 
are described in Table 1. Fatty acids that compose >/5% of the total 
fatty acids are labeled. 

and P2 isolates contained phosphatidylglycerol, diphos- 
phatidylglycerol and phosphatidylinositol, the former two 
phospholipids being typical bacterial phospholipids {2). 

For the Reniera sp., P3 membrane isolate LCFA pre- 
dominated in amino-phospholipids where PE contained 
78% LCFA, and PS contained 58% LCFA (Fig. 5). Almost 
40% of the fat ty acids in PE consisted of C26:2 with C2~:3 
and C28:3 accounting for 14 and 13% of the total, respec- 
tively. In PS, C26:2 was present as 33% of the total and 
C22:o at 22%. Short chain fat ty acids characterized PC 
with C,6~o (37%), C18~o (28%), and C22:, (16%) as the major 
acids. Insufficient sample was available to perform 
similar analyses for Pseudaxinyssa sp. 

DISCUSSION 

There now can be no doubt that  fat ty acids with chain 
lengths of 24-30 carbons are components of sponge 
cellular membranes, principally in phospholipids, in ad- 
dition to appreciable amounts of shorter chain fatty acids. 
Including this study, three geographically and environ- 
mentally distinct sponge species now have been found to 
contain long chain fat ty acids (LCFA) in their cell mem- 
branes (1). Moreover, the presence, quantity and nature 
of mesohyl matrix symbionts do not appear to influence 
whether a sponge contains LCFA in its cell membranes: 
Halichondria moorei (1) and Reniera sp. contained few or 
no bacterial symbionts, while Pseudaxinyssa sp. con- 
tained large populations of both phototrophic and non- 
phototrophic bacterial symbionts; all of these sponges 
contained LCFA in their cell membranes. 

Reniera sp. Pseudaxinyssa sp. 
P3 Membrane Isolate P3 Membrane Isolate 

l~176 8O 

O 20 

o 

F A T T Y  A C I D  T Y P E  

FIG. 4. A comparison of the distribution of long chain and un- 
saturated fatty acids in total lipids (solid) and phospholipids (hatched) 
from P3 membrane isolates and whole sponge tissue of Reniera sp. 
and Pseudaxinyssa sp. LCFA, long chain fatty acids; UFA, un- 
saturated fatty acids; LCUFA, long chain unsaturated fatty acids; 
PUFA,  polyunsaturated fatty acids; LCPUFA, long chain polyun- 
saturated fatty acids. 
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FIG. 5. The proportional distributions of fatty acids in the major 
phospholipid head groups in a P3 membrane isolate of Reniera sp.: 
phosphatidylethanolamine (PE); phosphatidylserine (PS); phospha- 
tidyleholine (PC}. Fatty acids are described in Table 1. Fatty acids 
that compose/>5% of the total fatty acids are labeled. 

The presence of LCFA in sponge membranes is incom- 
patible with biomembrane s t ructure  and function as it 
present ly  is unders tood (5,11,28,32). The cellular mem- 
branes of most  living organisms contain phospholipid 
fa t ty  acids drawn from a very  limited pool of s t ructural  
types.  These fa t ty  acids are usually even carbon- 
numbered, s t ra ight  chain acids with between 12 and 22 
carbon units. F a t t y  acid chain lengths over 24 carbon 
units  p rompt  questions about  their  s t ructural  accom- 
modat ion and molecular interact ions within the mem- 
brane bilayer. 

The accommodation of LCFA within the sponge mem- 
brane would be expected to impact  membrane s t ructure  
and organization {e.g., membrane thickness, f a t ty  acid 
stereochemical orientation, and lipid-lipid and lipid- 
protein molecular interactions [5]}, al though there is no 
information regarding how sponge lipids are organized 
on a molecular level within membranes or whether  they 
are directly involved in defining membrane functions. 
There is, however, no superficial morphological distinc- 
t ion between sponge cell membranes and those of other  
organisms: sponge membranes display typical trilaminate 
bilayer s tructure,  membrane  width, and response to 
freeze-fracture procedures (1,55, unpublished data  from 
this study}. 

Questions regarding the s t ructural  and physiological 
implications of siting unusual  lipid molecules in sponge 
cell membranes,  the origin of these molecules, and possi- 
ble reasons why sponges contain these lipids are ad- 
dressed in the following companion paper to this s tudy 
(33) where the first  direct evidence is provided for the oc- 
currence of unconventional- type sterols in sponge cell 
membranes.  
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Because we now have examined sponges of bo th  major 
subclasses of the most  prolific sponge class, the Demo- 
spongiae, we feel justified in concluding tha t  the occur- 
rence of LCFA in sponge cell membranes is at least 
characterist ic  of demosponges,  if not  all sponges, t ha t  
contain LCFA. However,  the origin of LCFA in sponges 
has yet  to be ascertained because it is not  known whether 
sponges independently synthesize their own short  chain 
f a t ty  acids {i.e., <24 carbon units}, whether  they incor- 
porate  and utilize dietary short  chain acids, or whether  
there is a t ransfer  of short  chain acids from symbionts  
to sponge to be used as such in the sponge or to be fur- 
ther  elongated by  the sponge as has been demonst ra ted  
in our laboratory  for two branched LCFA {53,54}. Ap- 
propriate  biosynthet ic  experiments  are underway in our 
laboratory to answer these outs tanding questions. 
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Cell Membrane Localization of Sterols with Conventional 
and Unusual Side Chains in Two Marine Demosponges 1 
Mishelle P. Lawson, Ivan L. Stoilov, Janice E. Thompson a n d  Carl Djerassi* 
Department of Chemistry, Stanford University, Stanford, CA 94305 

Subcellular fractionation by differential centrifugation 
was performed on two previously unstudied marine 
sponges that  predominantly contain either conventional  
(Reniera sp.} or unconventional  {Pseudaxinyssa sp.) 
sterols. Direct evidence for the presence of unconven- 
tional sterols with C24 alkylated side chains in the cellular 
membranes of Pseudaxinyssa sp. is provided, but  the 
presence of unconventional  sterols in sponge membranes 
is shown not  to be a universal feature of the Porifera. 
Possible structural and functional roles of unconventional 
lipid molecules in sponge cell membranes are discussed. 
Lipids 23, 750-754 (1988}. 

Marine sponges are distinctive because they commonly 
contain sterols with unusual patterns of ring unsatura- 
tion, methylation and side-chain branching (1-7), al- 
though this is not a universal feature of the Porifera 
because many species contain only conventional, choles- 
terol-type sterols (4). Indeed, sponges contain the greatest 
variety of sterols in the animal kingdom (3). The sub- 
cellular localization of such unconventional sterols within 
sponges has not been established, although it has been 
suggested that  such sterols are present in the sponge cell 
membranes because sterols, notably cholesterol, are prin- 
cipal constituents of cellular membranes in other animals 
(5-8). Furthermore, it has been proposed that such uncon- 
ventional sterols may act as stereochemical complements 
to the long and sometimes multiply branched fat ty acids 
in sponges (5,9,10). 

Therefore, the purpose of this study was to establish 
whether such unconventional sterols, where abundant, 
can be present in sponge cell membranes in substantial 
amounts and whether conventional sterols occupy typical 
membrane positions in the absence of unconventional 
sterols. The preceding companion study of Lawson et al. 
(10) is extended here to include the evaluation of cell mem- 
brane sterol content for two demosponges with widely 
divergent sterol compositions. 

Pseudaxinyssa sp. presented an excellent example for 
study because more than 99% of the sterols in this sponge 
consist of two sterols of unconventional structures (11), 
each with a multi-branched side chain that  results from 
a complex triple bioalkylation at C24 by the sponge (12, 
13). These are 24-isopropylcholesterol (2) and its unsatu- 
rated counterpart 22-dehydro-24-isopropylcholesterol (1) 
(Fig. 1A). Furthermore, the minor sterols of this sponge 
also have novel structures that include cyclopropane (14), 
tert-butyl and 24-dialkylated sterols (15), and sterols with 
side chains that exhibit triple and quadruple methylations 
(16). 

'Part 59 of "Sterols in Marine Invertebrates." For Part 58 in this 
series, see Cho, J.-H., and Djerassi, C. (1987) J. Org. Chem. 52, 
4517-4521. 
*To whom correspondence should be addressed. 
Abbreviations: GC, gas chromatography; HPLC, high performance 
liquid chromatography; LCFA, long chain fatty acids; TLC, thin 
layer chromatography. 

Reniera sp. provided an excellent example for com- 
parison as preliminary studies (to be described here) 
established the sole presence of conventional-type sterols 
(Fig. 1B). Further, specimens of this sponge that  are 
devoid of microorganism symbionts, as is described in the 
companion study (10), can be obtained. 

EXPERIMENTAL 

Sponge samples. Samples of Reniera sp. (order Haplo- 
sclerida, California Academy of Sciences Museum speci- 
men #063176) and Pseudaxinyssa sp. {order Axinellida, 
Australian Museum specimen #Z4988) were those de- 
scribed in the companion paper (10). 

Chemicals and materials. Cholesterol (Sigma Chemical 
Co., St. Louis, MO) was used for reference in high per- 
formance liquid chromatography (HPLC), gas chromatog- 
raphy {GC) and thin layer chromatography (TLC) analy- 
ses. TLC plates (silica coated aluminium, Kieselgel 60 
F254, 0.2 mm, Merck Chemical Co., Darmstadt, Ger- 
many) were washed in diethylether before use. General 
laboratory reagents were purchased from Sigma or 
Aldrich (Milwaukee, WI) Chemical Companies, or May 
and Baker Pty. Ltd. Analytical grade solvents for lipid 
analysis were distilled before use. 

SubceUular fractionation. Whole sponge tissue and 
tissue isolates were identical to those of the companion 
study (10) and were generated from the differential cen- 
trifugation subcellular fractionation of whole sponge 
homogenates at 600, 15,000 and 100,000 X g. The sub- 
cellular isolates included the pellets P1, P2 and P3 from 
these respective centrifugations. The cellular and sub- 
cellular contents of these pellets were determined by elec- 
tron microscopy in the companion study (10). 

Lipid analysis. Total lipid extracts were subsamples of 
extracts produced for the companion study (10). Sterols 
were isolated by column chromatography (Davisil 62 
silica gel, elution with hexane/ether [2:1, v/v]). Individual 
sterols were isolated by reverse&phase HPLC (2 Altex 
Ultrasphere ODS columns [5 ~, 25 cm • 10 mm i.d.] con- 
nected in series; eluent = abs. methanol). Sterols were 
identified on the basis of relative retention times from GC 
(Hewlett-Packard model 5790 gas chromatograph; col- 
umn 2 m X 0.5 mm i.d. OV-17/3% chromasorb; 260 C 
isothermal), mass spectra (Hewlett Packard 5970 series 
mass selective detector connected to a 5890A gas chro- 
matograph; 12 m X 0.2 mm i.d. SE-30 fused silica col- 
umn), and proton nuclear magnetic resonance spec- 
troscopy ('HNMR; 360 MHz Bruker HXS-360). Stereo- 
chemical assignments were made from interpretation of 
'HNMR spectra and comparison with spectra from earlier 
studies (17). Relative proportions of sterols were calcu- 
lated from electronic integration (Hewlett Packard model 
3392A integrator) of GC traces. 

RESULTS 
Pseudsaxinyssa sp. and Reniera sp. were found to con- 
trast in the nature and quantity of sterols. As previously 
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reported (11), Pseudaxinyssa sp. contains two major ster- 
ols, 24-isopropylcholesterol {2) and its unsaturated coun- 
terpart 22-dehydro,24-isopropylcholesterol (1) {Fig. 1A), 
that  account for more than 99% of the total sterols. In 
contrast, Reniera sp. contains 13 major {:>0.5% total} 
sterols that  apparently result from biosynthetically sim- 
ple methylations at C24 and double bond introductions 
around C~4 and C22 in the side chain of the parent animal 
sterol cholesterol (5) {Fig. 1B). Stigmasterol (12) and 
sitosterol {13}, which are characteristic sterols of photc~ 
synthetic organisms (18}, constitute 8.7% of the sterols 
in Reniera sp. {Fig. 1B}; such sterols, however, may not 
be produced de novo by the sponge, but rather may be 
assimilated from a dietary source such as micro-algae. 

The subcellular fractionation method employed pro- 
duced fractions with the following compositions: P1, par- 
tially disrupted cells, collagen, nuclei and other large 
organelles (>2.8 ~ diam.); P2, smaller organelles, and in 
the case of Pseudaxinyssa sp., large numbers of intact 
cyanobacteria; and P3, membrane vesicles and nonmem- 
brane-bound protein and ribonucleic acid ribosomes {10}. 

The P3 membrane isolates must be regarded as multi- 
membrane mixtures that  could have contained both 
plasma and organelle membranes from the many cell 
types present, although the P3 isolates were likely en- 
riched in archaeocyte plasma membrane and endoplasmic 
reticulum as discussed in the preceding paper (10}. The 
P3 isolates were highly pure in the sense that  they were 
devoid of lipidic, nonmembranous contaminants. Further- 
more, there appeared to be little contamination of the 
P3 membrane isolates by symbiotic microorganisms: 

A. 

B. 

Pseudaxinyssa sp. 

1 2 

Reniera sp. 

N 3 N 4 N 5 N 6 

N 
7 8 9 10 

11 12  13  

side chain 

N 

FIG. 1. Major sterols (>0.5%) of: A) Pseudaxinyssa sp. and 
B) Reniera sp. 

whole Reniera sp. specimens contained essentially no 
microbial symbionts that  could have contaminated the 
P3 isolates, while the cyanobacterial symbionts present 
in Pseudaxinyssa sp. appeared to remain intact during 
homogenization of the tissue and were largely isolated in 
the P2 fraction (10). Moreover, it is unlikely that bacteria, 
including cyanobacteria, would have interfered with sterol 
analyses as these microorganisms are not known to con- 
tain sterols within their plasma membrane {19-22}. 

The sterol compositions of both Pseudaxinyssa sp. and 
Reniera sp. P3 membrane isolates were virtually identical 
to those sterol compositions observed for whole sponges 
(Figs. 2 and 3), indicating that  any extramembranous, 
stored sterols were either minor or present in similar pro- 
portions to that of the cell membranes. Thus, as has been 
noted with fat ty acid content {10,23}, the sterol content 
of whole sponges provides a valid indication of the sterol 
content of sponge cell membranes. 

The compositions of the P1 and P2 isolates, like the P3 
membrane isolate, also reflected the sterol composition 
of the respective whole sponges, although the mixed 
natures of these isolates allows no cellular or subcellular 
conclusions. 

DISCUSSION 

This study presents the first direct evidence of unconven- 
tional sterols occurring in sponge cell membranes, al- 
though we also have demonstrated that  this is not a 
universal feature of the Porifera. I t  is rare for animals 
to contain sterols other than cholesterol {5} i n  their cellular 
membranes {24,25}, while plants typically contain sterols 
with more than eight carbon atoms in the side chain 
(phytosterols including stigmasterol [12] and sitosterol 
[13] in higher plants and mycosterols including ergosterol 
in lower plants} {18}. 

However, there are a few eucaryotic organisms that  
substitute the conventional-type sterols of animals and 
plants with stereochemically similar molecules in their cell 
membranes {8,20,24,26,27}. For example, the freshwater 
protozoan Tetrahymena pyriformis is devoid of mem- 
brane sterols and instead contains a sterol-like triter- 
penoid (tetrahymanol) (28) and in the mycoplasma Achole- 
plasma laidlawii, a low level of cholesterol in the mem- 
brane is compensated by a high content of carotenoids 
(29). In this study, we also see that the unusual membrane 
sterols 1 and 2 in Pseudaxinyssa sp. are stereochemically 
similar to cholesterol (5), possessing an identical nuclear 
ring system, a 3/3-hydroxy group and a C,7-~-side chain 
alkylation. 

Sponge membranes already are known to be unusual 
in other aspects of their lipid content. More than half of 
the fat ty acids in cell membranes from three demo- 
sponges, including the species of Pseudaxinyssa and 
Reniera that are the subject of this investigation, consist 
of long chain C24-C3o fat ty acids (LCFA), that  often ex- 
hibit distinctive A5,9 unsaturation (10,23), whereas con- 
ventional animal cell membranes usually contain fat ty 
acids with chain lengths between C,4 and C2~ units {30}. 

However, there are no clear patterns of lipid content 
in sponges because unconventional sponge sterols do not 
always co-occur with LCFA (e.g., Reniera sp., this study), 
and different sponge species produce a heterogeneous 
and diverse array of fat ty acid, sterol and sterol-like 
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molecules. Still, the most unusual structural features of 
sponge membrane lipids appear to reside deep within the 
lipophilic region of the phospholipid bilayer. However, 
there is indirect evidence that suggests that sponge mem- 
brane differences also extend to the hydrophilic regions 
of the phospholipid bilayer as an unusually high propor- 
tion of the amino group-containing phospholipids (phos- 
phatidylethanolamine and phosphatidylserine) are pres- 

ent in sponges (31-33), in contrast with phosphatidylcho- 
line in most animals (30). Further, in dictyoceratid and 
dendroceratid sponges, which either lack or contain 
minute amounts of sterols, a membrane role has been sug- 
gested for terpenoid sterol analogs (e.g., tetracyclic sester- 
terpenes) that are present in abundance (23). 

The accepted general model for cellular membrane 
structure envisions a complementary system of sterol 
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FIG. 2. Percent composition of total sterols present in whole sponge 
tissue and subcellular tissue isolates from Pseudaxinyssa sp. 
Subcellular fractions were P1, P2 and P3 (membrane isolate), which 
resulted from differential centrifugation at 600, 15,000 and 100,000 
X g, respectively. Sterols are 22-dehydro-24-isopropylcholesterol {1) 
and 2~isopropylcholesterol (2) (Fig. 1). 
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FIG. 3. Percent composition of total sterols present in whole sponge 
tissue and subcellular fractions of Ren/era sp. Subcellular fractions, 
P1, P2 and P3 (membrane isolate), were obtained by differential cen- 
trifugation at 600, 15,000 and 100,000 X g, respectively. Sterols are 
22~lehydr~24-norcholesterol (3), 22~dehydrocholesterol (4), cholesterol 
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24~methylenecholesterol (9), campesterol (10), dihydrobrassicasterol 
(11), stigmasterol (12), and sitosterol (13) (Fig. 1). 
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molecules intercalated between the fa t ty  acyl chains of 
a phospholipid bilayer (34). In the same manner, our 
laboratory (5,9) has proposed that  some unique structural  
features of sterols and fa t ty  acids in sponges structurally 
complement  each other  in the cell membranes,  al though 
such interact ion has ye t  to be demonstrated.  For  exam- 
ple, Walkup et al. (9) hypothesized tha t  aplysterol, a C24 
and C26 side chain alkylated sterol, might  preferentially 
pair with monomethyl-branched or co7 unsatura ted  fa t ty  
acid chains in the sponge A p l y s i n a  f is tularis;  however, 
more recent  model membrane studies in our laboratory  
(35) with this sponge do not  support  such a hypothesis.  
I t  is likely tha t  sponge membrane proteins contr ibute  in 
an essential manner  and the nature  of these macromole- 
cules is now under  examinat ion in our laboratory.  

In addition to s t ructural  roles, membrane sterols also 
may modulate a var ie ty  of physiological regulatory 
processes (25,36), al though it is unknown whether uncon- 
ventional sponge sterols serve any such roles. I t  is tempt- 
ing to speculate tha t  the presence of unconventional  
sterols in sponges is related to some biological or ecologi- 
cal situation unique to sponges. For example, sponges are 
characterized by  a unique cell-cell recognition sys tem 
dependent  on membrane-bound, proteinaceous aggrega- 
t ion factors (37). In addition, many sponges also contain 
large quanti t ies  of species-specific bacterial  symbionts  
(38). Furthermore,  as a group, sponges are capable of oc- 
cupying vir tual ly any aquatic environment,  possibly 
varying membrane LCFA content  within species-specific 
ranges according to environmental  t empera ture  (39). 

Although sponges can be regarded as a very  successful 
group by  evolut ionary terms, as they have been present  
at  least since the mid-Cambrian, and there are over 5,000 
ex tan t  species (37), the product ion of so-called primitive 
lipid molecules by  sponges (e.g., the anaerobically formed 
terpenes and E-face demethyla ted  sterols), together  with 
the failure of the Porifera to give rise to evolutionarily 
more advanced lines, has resulted in sponges being re- 
garded as a dead end branch of the phylogenetic tree (8). 
Still, the quest ion remains unanswered why the Porifera 
evolved methods to produce, or assimilate from dietary 
sources, and perpet ra te  this range of complex molecules 
when more advanced animals rely on cholesterol and a 
narrower array of simpler f a t t y  acids with chain lengths 
between C14 and C ,  in their cell membranes.  

The product ion of such unusual  lipids by  sponges may  
either be due to chance mutat ions  in biosynthet ic  routes 
tha t  did not  affect species fitness or due to selection for 
part icular  cell membrane or physiological molecules (8). 
The first explanation might  apply if the bulk s t ructures  
of the lipid molecules fulfill a purely structural  role in the 
cell membrane. The la t ter  explanation might,  however, 
apply if: 1) minor differences in the parent  molecule's 
s t ructure  allowed improved s t ructural  {e.g., conforma- 
tional alignment of membrane molecules) or functional 
membrane organization and]or 2) if modified sterols could 
serve some impor tant  nonmembrane functional role. 

Of equal interest is whether sponges synthesize unusual 
membrane sterols and other  lipids de novo. In some 
sponges, it  has been observed tha t  sterols cannot  origi- 
nate  from de novo biosynthesis,  bu t  arise by modifica- 
tion of dietary sterols {40-43). This supports  Bloch's 
{25) suggestion tha t  marine invertebrates,  regardless of 
whether  they are sterol auxotrophs,  appear to discrimi- 

nate much less against dietary sterols with the result tha t  
their  t issue sterol compositions show vary ing  degrees of 
complexity. Goad (44) and Djerassi (6) have remarked that  
unusual  sterols in sponges may be a result  of sponge in- 
teract ion with symbionts.  

None of these questions can be answered, however, until 
sponge cellular and subcellular membrane lipid composi- 
tions are more carefully characterized as 1) sterol content 
is expected to va ry  widely from species to species and 
from one cell or intracellular membrane system to another 
based on studies of mammalian cells (45), and 2) different 
sponge cells and their  subcellular membrane systems 
fulfill different functions (37). Studies tha t  seek to char- 
acterize the sterol distributions of part icular  sponge cell 
types and their subcellular membrane systems are under- 
way in our laboratory.  In addition, we have under taken 
studies with synthet ic  vesicles consisting of pure long 
chain fa t ty  acid phospholipids to describe more fully the 
limits to s t ructural  and functional interactions and to 
determine the physical propert ies of unusual  lipids in 
sponge membranes (35). 
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Effects of 2-(2,4-Dimethylphenyl)indan-1,3-dione on Serum 
Lipoprotein and Lipid Metabolism of Rodents 
Iris H. Hail*, Akula R.K. Mudhy, Patricia A. Day and John Clavin 
Division of Medicinal Chemistry and Natural Products, School of Pharmacy, University of North Carolina at Chapel Hill, NC 27599 

2-(2,4-Dimethylphenyl}indan-l,3~dione was shown to be a 
potent hypolipidemic agent in rodents, lowering signifi- 
cantly both serum cholesterol and triglyceride levels at 
20 mg/kg/day. The agent in vivo inhibited the enzymatic 
activities of ATP-dependent citrate lyase, acetyl-CoA 
synthetase, cholesterol-7-a-hydroxylase, acyl-CoA choles- 
terol acyl transferase, sn-glycerol-3-phosphate acyl trans- 
ferase and phosphatidylate phosphohydrolase. Tissue 
lipid levels of liver and small intestine also were reduced 
by the agent. The rat serum lipoprotein lipid content was 
modulated by the drug, which should be favorable for the 
removable of cholesterol from peripheral tissue for con- 
duction to the liver for clearance from the body. Low den- 
sity llpoprotein (LDL) cholesterol levels were reduced 
after treatment, which suggests that the agent poten- 
tially reduces deposition of cholesterol in plaques. If 
chemotherapy for atherosclerosis is to be successful, then 
the high density lipoprotein (HDL) cholesterol level needs 
to be elevated more than 16% to 25%, the level produced 
by current hypolipidemic agents. 2-(2,4-Dimethylphenyl)- 
indan-l,3-dione offers a 75% increase in HDL cholesterol 
levels and a 30% reduction of LDL cholesterol levels with 
a suppression of de novo synthesis of lipids and a reduc- 
tion of tissue cholesterol deposition. 
Lipids 23, 755-760 {1988}. 

The hypolipidemic activity of a series of N-substituted 
cyclic imides (1-4), i.e., phthalimide, 1,8-naphthalimide, 
diphenimide, glutarimide and saccharin, has been well- 
established in rodents. Further structure activity studies 
have demonstrated that 2-substituted indan-l,3-dione 
possesses potent hypolipidemic activity in mice (5). Of 
this series, the 2-[2,4-dimethyl-phenyl)indan-l,3-dione 
derivatives proved to be one of the more potent com- 
pounds of the series lowering serum cholesterol levels by 
46% and serum triglyceride levels by 42% after 16 days 
dosing at 20 mg/kg/day i.p. to mice. The N-substituted 
cyclic imides were not HMG-CoA reductase inhibitors, 
rather they inhibited the enzymatic step in the early syn- 
thesis of cholesterol. Triglyceride synthesis was inhibited 
at the rate-limiting enzyme of the de novo synthetic 
pathway, i.e., sn-glycerol-3-phosphate acyl transferase 
and phosphatidylate phosphohydrolase (5). At this time, 
a more in-depth study was undertaken to examine the ef- 
fects of this agent on lipid metabolism in rodents to 
establish if the agent is feasible for clinical use as a 
hypolipidemic agent against hyperlipidemic disease states 
and atherosclerosis. Specifically, the purpose of the in- 
vestigation was to determine if 2-{2,4-dimethylphenyl)- 
indan-l,3-dione raised high density lipoprotein (HDL) 
cholesterol levels and lowered low density lipoprotein 
tLDL) cholesterol levels, a ratio that supposedly protects 

*To whom correspondence should be addressed. 
Abbreviations: HMG-CoA, 3-hydroxy-3-methyl-glutaryl-CoA; HDL, 
high density lipoprotein; LDL, low density lipoprotein; VLDL, very 
low density lipoprotein. 

man against myocardial infarctions (6). Previous studies 
have shown that N-substituted cyclic imides did not 
modulate this ratio rapidly enough {1) to be effective in 
a clinical situation to treat atherosclerotic patients. 

MATERIALS AND METHODS 

Sources of compounds. 2-{2,4-Methylphenyl)indan-l,3- 
dione was synthesized by the procedure previously out- 
lined {5), and the physical and chemical characteristics 
were consistent with those reported. Isotopes were pur- 
chased from New England Nuclear {Boston, MA). Sub- 
strates and cofactors were obtained from Sigma Chemical 
Co. {St. Louis, MO). Clofibrate was obtained from Ayerst 
Laboratories INew York, NY). 

Antihyperlipidemic screens in normal rodents. Com- 
pounds were suspended in 1% carboxy methyl cellulose- 
water, homogenized and administered to CF, male mice 
{~-25 g) intraperitoneaUy for 16 days. On days 9 and 16, 
blood was obtained by taft vein bleeding and the serum 
separated by centrifugation for three min. Sprague- 
Dawley rats (~300 g) were administered compounds at 
20 mg/kg/day orally by intubation needle for 14 days. 
Blood samples were collected by taft vein bleeding on days 
9 and 14. Control animals were administered 0.2 ml of 1% 
carboxy methyl cellulose as the vehicle and bled on the 
same days. All blood samples were collected between 
8-9 am. Nonhemolyzed samples were used for the assays. 
The serum cholesterol levels were determined by a 
modification of the Liebermann-Burchard reaction {7). 
The triglyceride content was determined using the Bio 
Dynamic/bmc Triglyceride Kit, Boehringer Mannheim 
{Indianapolis, IN). Serum was also collected on day 16 
for mice and on day 14 for rats. 

Testing in hyperlipidemic mice. CFI male mice (~25 g) 
were placed on a commercial diet (U.S. Biochemical Cor- 
poration Basal Atherogenic diet) that contained butter- 
fat (400 g), celuffl {cellulose) (60 g), cholesterol (53 g), cho- 
line dihydrogen citrate (4 g), Wesson oil {40 g), sodium 
cholate (20 g}, sucrose (223 g), vitamin-free casein (200 g) 
and total vitamin supplement for 10 days. After the cho- 
lesterol and triglyceride levels were assayed and observed 
to be elevated, the mice were administered test  drugs at 
20 mg/kg/day intraperitoneally for an additional 14-day 
period. Serum cholesterol and triglyceride levels were 
measured after 14 days of administration of the drugs. 

Enzymatic studies. In vitro enzymatic studies were 
determined using 10% homogenates in 0.25 M sucrose + 
1 mM EDTA, pH 7.2 of CF1 mouse liver with 50-200 ~M 
of test drug. In vivo enzymatic studies were determined 
using 10% homogenates of liver from CF, male mice ob- 
tained after administering the agents for 16 days at a dose 
of 20 mg/kg/day intraperitoneaUy. Acetyl-CoA synthetase 
I8) and adenosine triphosphate-dependent citrate lyase (9) 
activities were determined spectrophotometrically at 
540 nm as the hydroxamate of acetyl-CoA formed after 
30 min at 37 C. Mitochondrial citrate exchange was deter- 
mined by the procedure of Robinson et al. {10AD using 
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'4C-sodium bicarbonate (41 mCilmmol} incorporated into 
mitochondria. '4C~citrate was determined after incubating 
the mitochondrial fraction, which was loaded with labeled 
citrate and test drugs for 10 rain. Then the radioactivity 
was measured in the mitochondrial and supernatant frac- 
tions of Fisher Scintiverse fluid using a Packard Scintilla- 
tion counter and expressed as a percentage of the total 
counts. Cholesterol 7a-hydroxylase activity was deter- 
mined by the method of Shefer et al. {12} using [1,2-3H{N}] - 
cholesterol {54.8 mCi/mmol}. Acyl cholesterol acyl trans- 
ferase activity was determined using '"C-oleic acid {50 
mCi/mmol}. Oleic acid was separated from cholesteryl 
esters on thin layer chromatography {TLC} silica gel 
eluted with ether { 13}. 3-Hydroxy-3-methyl-glutaryl-CoA 
reductase {HMG-CoA reductase} activity was measured 
using [1-~"C]acetyl-CoA {56 mCi/mmol} and a post- 
mitochondrial supernatant {9000 g X 20 rain} incubated 
for 60 rain at 37 C {14}. The digitouide derivative of 
cholesterol was isolated and counted {15}. Acetyl-CoA car- 
boxylase activity was measured by the method of 
Greenspan and Lowenstein {16}. Initially, the enzyme had 
to be polymerized for 30 rain at 37 C, and then the assay 
mixture containing sodium 14C-bicarbonate {41.0 mCi/ 
nunol} was added and incubated for 30 rain at 37 C with 
test drugs, sn-Glycerol-3-phosphate acyl transferase 
activity was determined with glycerol-3-phosphate 
[L-2-aH{N}] {7.1 Ci/mrnol} and the microsomal fraction of 
the liver {17}. The reaction was terminated after 20 rain, 
and the lipids were extracted with chloroform/methanol 
{2:1} containing 1% conc. HCI and counted. Phosphatidyl- 
ate phosphohydrolase activity was measured as the in- 
organic phosphate released after 30 rain from phospha- 
tidic acid by the method of Mavis et al. (18}. The released 
inorganic phosphate after development with ascorbic acid 
and ammonium molybdate was determined at 820 nm. 
Hepatic heparin-induced lipoprotein lipase activity was 
determined using the method of Chait et al. {19}. 

Liver lipid extraction. In CF, male mice that had been 
administered test  drugs for 16 days, the livers were 
removed, and in Sprague-Dawley rats treated orally with 
the test drug 14 days, the liver, small intestine and 24-hr 
fecal samples were collected. A 10% homogenate in 
0.25 M sucrose + 1 mM (ethylenedinitrilo}tetraacetic acid 
was prepared for each tissue. An aliquot {2 ml} of the 
homogenate was extracted by the methods of Folch et al. 
120) and Bligh and Dyer {21}, and the number of mg of 
lipid weighed. The lipid was taken up in methylene chlo- 
ride and the cholesterol level (7}, triglyceride levels (Bio- 
Dynamics/bmc Triglyceride Kit), neutral lipid content (22) 
and phospholipid content (23) were determined. Protein 
was determined by the method of Lowry et al. (24). 

3H-cholesterol distribution in rats. Sprague-Dawley 
male rats (~350 g) were administered the test compound 
for 14 days orally at 20 mg/kg/day. On day 13, 10 ~Ci of 
3H-cholesterol was administered orally to rats, and feces 
were collected over the next 24 hr. Twenty-four hr after 
cholesterol administration, the major organs were excised 
and samples of blood, chyme and urine were obtained. 
Homogenates (10%) were prepared of the tissues that 
were combusted (Packard Tissue Oxidizer) and counted 
(25). Some tissue samples were plated on filter paper 
(Whatman #1) dried and digested for 24 hr in 30% KOH 
at 40 C and counted. Results were expressed as dpm per 
total organ. 

Plasma lipoprotein fractions. Sprague-Dawley male rats 
{~350 g} were administered the test compound at 20 mg/ 
kg/day orally for 14 days. On day 14, blood was collected 
from the abdominal vein. Serum was separated from 
whole blood by centrifugation at 3500 rpm. Aliquots 
(9 ml} were separated by ultracentrifugation, according 
to the methods of Havel et al. (26} and Hatch and Lees 
{27} as modified for normal rats {28}, into the chylo- 
microns, very low density lipoproteins (VLDL}, HDL and 
LDL. Each of the fractions was analyzed for cholesterol, 
triglyceride, neutral lipids, phospholipids and protein 
levels. 

Acute toxicity. The LDso values were determined in CF1 
mice {~25 g} by administering test drug intraperitone- 
ally from 100 mg/kg to 1 g/kg as a single dose. The 
number of deaths were recorded over a seven-day period 
for each group. 

Animal weights and food intake. Periodic animal 
weights were obtained during the experiment and ex- 
pressed as a percentage of the rat's weight on day 0. After 
dosing for 14 days with the test drug at 20 mg/kg/day, 
selected organs were excised, trimmed of fat and weighed. 
The food consumption was determined daily and ex- 
pressed as gndday/rat. 

RESULTS 

2-(2,4-Methylphenyl)indan-l,3-dione was shown to be a 
potent hypolipidemic agent in rodents. A dose response 
study in mice from 5 to 40 mg/kg/day i.p. demonstrated 
that the maximum lowering of serum cholesterol levels 
of 46% and the maximum lowering of serum triglyceride 
levels of 42% was achieved at 20 mg/kg/day i.p. for 16 
days. At this same dose administered orally to rats, 
serum cholesterol levels were reduced 40% and serum 
triglyceride levels were reduced 48% after 14 days 
(Table 1}. The agent was also found to be effective in diet- 
induced hyperlipidemic states in mice, where the serum 
cholesterol level was reduced 40% and serum triglyceride 
levels were reduced 25% at 20 mg/kg/day for 14 days 
{Table 1}. 

2-{2,4-Dimethylphenyl}indan-l,3-dione was shown to in- 
hibit in vitro mitochondrial citrate exchange and ATP- 
dependent citrate lyase greater than 25% (Table 2}. 
Acetyl-CoA synthetase activity was inhibited greater 
than 50% at all three concentrations of drug. HMG-CoA 
reductase, acetyl-CoA, carboxylase and heparin-induced 
lipoprotein lipase activities were not affected by the 
presence of the drug. Cholesterol-7a-hydroxylase and acyl 
cholesterol acyl transferase activities were inhibited in 
a concentration-dependent manner, with the latter en- 
zyme being inhibited 81% at 200 ~M. sn-Glycerol-3- 
phosphate acyl transferase and phosphatidylate phospho- 
hydrolase activities were inhibited in a concentration- 
dependent manner with 200 tdVI, resulting in greater than 
50% inhibition. 

The in vivo effects of the agent on the identical enzyme 
activities demonstrated that the agent was a potent in- 
hibitor of acetyl-CoA synthetase activity, i.e., greater 
than 50%, and ATP-dependent citrate lyase activity, i.e., 
greater than 60% (Table 3}. HMG-CoA reductase activ- 
ity was elevated for all four doses of the drug. Cholesterol- 
7a-hydroxylase activity was suppressed 44% at 40 mg/ 
kg/day. Acetyl-CoA cholesterol acyl transferase activity 
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TABLE 1 

Effects  of 2-{2,4~Methylphenyl}indanone on Serum Lipid of CF1 Mice and Sprague-Dawley Rats  

Mg % (X • SD) 

Serum cholesterol Serum triglyceride 

Day 9 Day 16 Day 9 Day 16 

CF~ mice Normal 
{N = 6) 
Control 1% CMC 128 • 6 130 • 5 136 • 6 137 • 7 

5 mg/kg 102 • 5* 81 • 5* 101 • 7* 57 • 4* 
10 mg/kg 88 • 5* 78 • 6* 83 • 6* 79 • 4* 
20 mg/kg 79 • 6* 70 • 4* 95 • 5* 93 • 5* 
40 mg/kg 90 • 5* 71 • 4* 67 • 5* 101 • 4* 

Serum cholesterol Serum triglyceride 

Day 7 Day 14 Day 7 Day 14 

Sprague-Dawley ra t s  
{N = 6) 
Control 1% CMC 75 • 7 78 • 5 
Treated 48 • 9* 47 • 3* 

Serum cholesterol 

354 • 25 
212 • 4* 

Atherogenic diet-induced CFI mice 
Control diet 
Treated 20 mg/kg/day 

109 • 5 110 • 5 
71 • 6* 57 • 5* 

Serum triglyceride 

367 • 24 
275 • 23* 

*P < 0.001. 

T A B L E  2 

Effects  in vitro of 2-{2,4-Methylphenyl)indan-l,3-dione on Enzyme Activi t ies  
Involved in Hepatic  Lipid Metabolism {N = 6) 

Compound (percent of control [X • SD]) 

Enzyme Control 50 ~M 100 ~M 200p_M 

Mitochondrial  ci t rate  exchange 
ATP-dependent  ci trate lipase 
Acetyl-CoA synthetase  

HMG-CoA reductase 
Cholesterol-7a-hydroxylase 
Acyl cholesterol acyl t ransferase 
Acetyl-CoA carboxylase 
sn-Glycerol-3-phosphate acyl t ransferase 

Phosphat idyla te  phosphohydrolase 

Heparin-induced lipoprotein lipase 

100 • 5 a 75 • 2* 69 
100 • 5 b 62 • 4* 69 
100 • 7 c 44 • 3 49 

100 • 6 d 107 • 7 105 
100 • 4 e 86 • 6 74 
100 •  58 • 5* 44 
100 •  94 • 5 99 
100 • 6 h 81 • 8 53 

1 0 0 •  6 i 52 • 5* 42 

100 •  82 • 7 88 

• 4* 72 • 6* 
• 3* 64 • 5* 
• 6* 44 • 4* 

• 3 118 _ 7 
- 6* 67 • 3* 
_+ 4* 19 • 2* 
_+5 9 9 _ + 6  
• 8* 49 • 6* 

• 6* 41 • 6* 

• 6 85 +- 78 

a30.8 mg  exchange of mitochondrial  citrate. 
b30.5 mg  of ci t rate  lipase/g of wet tissue/30 rain. 
c28.5 mg  acetyl-CoA formed/g wet tissue/30 min. 
d38490 dpm cholesterol formed]g wet tissues/60 rain. 
e224000 dpm/mg of microsomal protein/20 rain. 

f4800 dpm/mg of microsomal proteirg30 rain. 
g3201 dpm/g wet tissue/30 min. 
h537800 dpm/g wet tissue/30 min. 
i16.7 gg Pi/g wet tissue/15 min. 
J278500 dpm/g wet  tissue/60 min. 
*P < 0.001. 
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TABLE 3 

Effects of 2-{2,4-Methylphenyl}indanone on CF, Mouse Liver de novo Lipid Synthesis  Enzyme Activities 
After 16 Days Drug Administration i.p. {N = 6} 

Percent of control (X --- SD) 

ATP-dependent Acetyl-CoA HMG-CoA Cholesterol Acyl-CoA cholesterol 
citrate lyase synthetase reductase 7a-hydroxylase acyl transferase 

Control 1% CMC 100 + 7 100 + 7 100 _+ 6 100 +- 5 100 _+ 4 

Treated 
5 mg/kg/day 67 + 7* 31 +__ 3* 181 +_ 8 98 +- 5 76 • 6* 

10 mg/kg/day 47 _+ 3* 21 _+ 3* 215 + 8* 72 + 5* 57 ~ 6* 
20 mg/kg/day 56 + 3* 30 +_. 3* 221 + 8* 73 +-- 4* 8 • 2* 
40 mg/kg/day 48 _+ 3* 28 +_ 3* 177 + 10" 56 + 7* 39 + 3* 

sn-Glycerol-3 Heparin 
Acetyl-CoA phosphate acyl Phosphatidylate lipoprotein 
carboxylase transferase phosphohydrolase lipase 

Control 1% CMC 100 + 7 100 __. 4 100 _+ 6 100 --- 7 

Treated 
5 mg/kg/day 107 ___ 8 34 _+ 4* 92 + 6 89 + 6 

10 mg/kg/day 156 +_ 7* 27 +__ 4* 76 +_ 5* 68 --- 6* 
20 mg/kg/day 150 _+ 7* 105 + 6 59 _+ 5* 75 + 5* 
40 mg/kg/day 125 +_ 8 44 + 8* 35 +_ 5* 106 + 6* 

*P < 0.001. 

TABLE 4 

Effects of 2-{2,4~Methylphenyl}indanone on CF, Mouse Liver Lipids After 16 Days Administration i.p. {N = 6} 

Mg/gm wet tissue 

mg of lipid extracted Cholesterol Triglyceride Neutral l ipids Phospholipids Protein 

Control 59.2 _+ 2.9 12.24 _+ 0.73 4.77 _+ 0.29 28.35 _+ 1.98 4.39 __. 0.35 4.5 _+ 0.3* 

Treated 
5 rng/kg/day 35.8 +_ 2.8* 10.04 + 0.49* 2.90 + 0.22* 26.08 +- 2.27 4.03 +_ 0.30 5.3 --4-- 0.2* 

10 mg/kg/day 35.2 + 3.0* 8.69 _+ 0.71" 2.38 ___ 0.21" 25.51 + 2.25 4.00 + 0.29 5.6 _ 0.3* 
20 mg/kg/day 33.7 + 2.7* 8.56 --4-_ 0.61" 2.06 +_ 0.19" 28.07 "+" 2.53 3.95 +__ 0.21 5.0 + 0.3 
40 mg/kg/day 24.8 + 2.3* 9.79 __. 0.49* 2.48 + 0.30* 26.37 _ 2.41 3.91 + 0.37 5.22 + 0.2 

*P < 0.001. 

was reduced 92% at 20 mg/kg/day. Acetyl-CoA carbox- 
ylase activi ty was also elevated by the drug from 10 to 
40 mg/kg/day, sn-Glycerol-3-phosphate acyl t ransferase 
activity was reduced greater than 65% at 5 and 10 mg/kg 
of drug, but  elevated 130% at 40 mg/kg/day. Phospha- 
tidylate phosphohydrolase activity was suppressed by the 
drug in a dose-dependent manner with 65% inhibition at 
40 mg/kg/day. Heparin-induced hepatic lipoprotein lipase 
activi ty was reduced 32% at 5 mg/kg and 25% at 20 mg/ 
kg/day of drug. 

When the lipid content  in tissues was evaluated, mice 
dosed for 16 days showed a reduction in lipid content  at  
all four doses employed {Table 4). Cholesterol and tri- 
glyceride contents were reduced at all doses. Neutral  
lipids demonstrated essentially no change after drug ad- 
ministration and phospholipid content was unchanged at 
all doses in mice {Table 4}. Similar studies in ra ts  t reated 
with the agent  at 20 mg/kg/day orally showed that  lipid 

content  was reduced in the liver and small intestine 
{Table 5). Cholesterol content  was reduced 18% in the 
liver and 29% in the small intestine. Triglyceride content 
was reduced 49% in the liver and 28% in the small in- 
testine of t reated rats. Neutral  lipids were suppressed 
15% in the small intestine but  not  in the liver. Phospho- 
lipids were lowered in the small intestine by 28%. Pro- 
tein content  of the liver was reduced 13%. Fecal samples 
from treated rats  demonstra ted an 18% increase in 
cholesterol content. 

Serum lipoproteins lipid content  also was examined 
after t reat ing rats  for 14 days at 20 mg/kg/day. Choles- 
terol content  was reduced 30% in the LDL fraction, 
whereas cholesterol content was elevated 75% in the HDL 
fraction and 114% in the chylomicron fraction. Triglyc- 
eride content was reduced 44% in the HDL fraction. Neu- 
tral lipid content  was elevated 127% in the LDL and 
reduced 26% in the HDL fraction. Phospholipid content  
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TABLE 5 

Effects of 2-(2,4-Methylphenyl)indanone on Sprague-Dawley Male Rats Lipid Content of Liver, Small Intestine, Feces 
and Serum Lipoproteins After 14 Days Administration at 20 mg/kg/day Orally (N = 6) 

mg of lipid extract Cholesterol Triglyceride Neutral lipid Phospholipid Protein 

Mg of gram wet tissue 

Liver 
Control 58.5 _+ 3.5 24.03 -!-_ 1.44 6.37 _ 0.43 44.11 +_ 3.10 7.19 + 0.36 
Treated 31.0 _+ 29* 19.7 +_ 1.39" 3.25 +_ 0.30* 41.61 --+ 2.94 7.75 +- 0.52 

Small intestine 
Control 45.5 +_ 2.73 7.82 +_ 0.45 1.12 +_ 0.05 6.98 +_ 0.41 2.06 +_ 0.16 
Treated 36.4 +_ 2.26 5.54 _ 0.38* 0.80 - 0.03 5.93 + 0.57 1.48 _ 0.15 

Fecal 
Control 8.01 +_ 0.48 2.85 _+ 1.71 1.86 _+ 0.07 3.39 _+ 0.27 1.39 _+ 0.10 
Treated 8.49 +__ 0.56 3.35 +- 0.85 1.43 + 0.13 3.11 _+ 0.24 1.19 +_ 0.08 

Serum lipoproteins t~glml serum 
Chylomicron 

Control 337 +_ 23 420 __ 25 67 +_ 4 149 "4" 7 184 _ 11 
Treated 721 +_ 20* 394 + 34 89 _+ 4 132 + 8 166 ___ 9 

VLDL 
Control 190 _+ 11 22 _+ 2 98 -+ 6 26 + 2 50 +_ 3 
Treated 202 _+ 12 21 _ 2 83 _+ 8 15 + 4* 49 +_ 3 

LDL 
Control 210 _+ 13 45 ___ 3 10 +_ 1 41 +- 2 122 _ 7 
Treated 147 + 10" 43 _+ 3 22 ___ 1" 25 +-- 3* 74 + 6* 

HDL 
Control 544 +_ 38 27 + 1 620 +__ 50 153 + 14 65 + 5 
Treated 952 +_ 22* 15 __. 2* 459 + 31" 155 --- 12 63 -+ 3 

4.5 +_ 0.26 
3.93 + 0.24 

4.20 +_ 0.25 
4.45 +__ 0.28 

6.99 +__ 0.35 
6.92 + 0.41 

*P < 0.001. 

was  reduced  43% in the  V L D L  and  37% in  the  L D L  frac- 
tion. The prote in  con ten t  of the LDL fract ion was  reduced 
39% (Table 5). 

3H-Cholesterol d i s t r i b u t i o n  s tud ies  showed t h a t  af ter  
d r u g  a d m i n i s t r a t i o n  for 14 days  to  r a t s  a t  20 mg /kg /day  
orally, the  t i s sue  in  t e s t ed  an ima l s  d e m o n s t r a t e d  a s l ight  
increase  in  r ad ioac t i v i t y  con ten t .  The  lungs ,  l iver,  r e p r o  
duct ive  organs,  s tomach,  spleen and  k idney  demons t r a t ed  
r educ t i ons  in  r ad ioac t ive  c o n t e n t  a f ter  14 days  of d r u g  
a d m i n i s t r a t i o n .  E l e v a t i o n s  in  r ad ioac t ive  c o n t e n t  were 
obse rved  in  the  smal l  i n t e s t i n e  (67%), large i n t e s t i n e  
(21%), feces (33%) a n d  chyme  (4%) (Table 6). 

The o rgan  weights  of the  t r ea ted  animals  demons t r a t ed  
smal l  r educ t i ons  for m o s t  of the  organs ,  compared  w i th  
the  con t ro l  a n i m a l s '  weights .  The  adrena l  we igh t s  were 
reduced in  the  t rea ted  animals,  ind ica t ing  no  hyper t rophy  
due  to s t i m u l a t e d  s te ro id iogens i s  or e s t rogen  ac t i v i t y  of 
the  compound.  The body  weights  of the  r a t s  af ter  14 days  
t r e a t m e n t  d id  no t  differ s ign i f i can t ly  f rom the  con t ro l  
r a t a  The food consumpt ion  was reduced 6% in the  t rea ted  
ra ts .  The  LDso of 2 - (2 ,4-d imethylphenyl ) indan- l ,3 -d ione  
was  g rea te r  t h a n  500 mg /kg /day  i.p. in  mice as a s ingle  
dose. 

DISCUSSION 

The  2 - (2 ,4 -d ime thy lpheny l ) indan- l ,3 -d ione  d e r i v a t i v e  
d e m o n s t r a t e d  hypol ip idemic  ac t i v i t y  a t  the  low dose of 
20 mg/kg/day .  The  c o m p o u n d  was  more  effect ive t h a n  
clofibrate, which lowers s e rum cholesterol  levels 15% and  

TABLE 6 

Effects of 2-(2,4~Methylphenyl)indanone on Sprague-Dawley Rats 
3H-Cholesterol Distribution after 14 Days Administration 
at 20 MglKg/Day Orally (N = 6) 

Organ wt(s) DPM total organ 

Organ Control Treated Control Treated 

Brain 0.500 0.543 23,400 27,400 
Heart 0.447 0.410 49,400 46,800 
Lung 0.477 0.457 84,100 72,900 
Liver 4.167 3.807 329,800 285,300 
Spleen 0.2567 0.243 26,300 8,700 
Kidney 0.877 0.710 39,400 32,600 
Stomach 0.757 0.550 40,700 19,700 
Small intestine 3.587 2.953 76,100 127,300 
Large intestine 0.890 1.223 108,310 131,700 
Chyme 1.457 1.153 181,000 187,600 
Feces 2.033 2.000 517,000 690,000 
Reproductive tissue 1.767 1.5767 100,600 67,900 
Adrenal 0.0501 0.0417 -- -- 
Plasma/ml -- -- 851 583 
Urine/ml -- -- 1,960 1,770 

*Standard deviations were within 5% of the tissues dpm values. 

s e r u m  t r ig lycer ide  levels 25% a t  150 mg /kg /day  in  r a t s  
(25). The  indan- l ,3 -d ione  der iva t ive  was equal ly  effective 
pharmaco log ica l ly  by  b o t h  oral  a nd  i n t r a pe r i t onea l  ad- 
m i n i s t r a t i o n ,  lower ing  b o t h  choles terol  a n d  t r ig lycer ide  
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levels greater  than  40%. In this respect, the agent  demon- 
s t ra ted  a profile t ha t  has  been shown to be fairly stan- 
dard  for N-subs t i tu ted  cyclic imides in rodents.  

The 2-{2,4-dimethylphenyl)indan-l,3-dione der ivat ive  
suppressed  the ac t iv i ty  of enzyme involved in the early 
cytoplasmic  synthes is  of cholesterol and f a t ty  acids, i.e., 
acetyl-CoA synthe tase  and ATP-dependent  ci t rate  lyase. 
Liver  HMG-CoA reductase  act ivi ty  was not  inhibited, 
which also has been observed for other cyclic imides {1-5}. 
The 2-{2,4-dimethylphenyl)indan-l,3-dione derivative was 
a po ten t  inhibitor of acyl-CoA acyl t ransferase  ac t iv i ty  
at  20 mg/kg/day,  which is the enzyme responsible for the 
synthesis  and deposit ion of cholesteryl  es ters  in tissues. 
Suppress ion of this enzyme would effectively reduce 
cholesterol s torage  in t issues.  The rate- l imit ing enzymes 
of the de novo synthes is  of tr iglycerides also were in- 
hibited. In particular, phosphat idyla te  phosphohydrolase 
act ivi ty  was suppressed by  2-(2,4-dimethylphenyl)indan- 
1,3-dione in a dose-dependent manner.  

Lipids removed from the blood compar tmen t  in t rea ted  
animals were not  deposited in the organs of the body. The 
lipid reduction was demons t ra t ed  by  the 3H-cholesterol 
dis t r ibut ion s tudy  as well as the chemical analysis  of 
lipids in the liver and small  intest ine where cholesterol 
and triglyceride levels were significantly reduced by  drug 
t rea tment .  The studies also suggested tha t  the drug m a y  
cause excret ion of cholesterol v ia  the  bile into the feces, 
thus  clearing blood cholesterol f rom the body b y  this 
mechanism.  

Serum lipoprotein lipid analysis  showed tha t  LDL- 
cholesterol levels were reduced significantly and HDL-  
cholesterol levels were significantly elevated after  two wk 
of drug  adminis trat ion.  Triglyceride and neutra l  lipids 
were reduced in H D L  fractions. The modulat ion of the 
H D L / L D L  cholesterol to this favorable rat io allows lipid 
clearance f rom peripheral  tissue, e.g., aor ta  plaques and 
reduction of t issue cholesterol deposit ion f rom LDL. 
Nevertheless,  other  cyclic imides, e.g., phthal imide and 
saccharin, did not  achieve this desired rat io  within the 
two-wk adminis t ra t ion  of the drug. This  ra t io  is be t te r  
than  t ha t  achieved by  clofibrate, niacin, cholestyramine,  
oxandrolase or probucol in human  t r ea tmen t  in which 
H D L  cholesterol content  was maximal ly  raised only 4% 
to 16%. Supposedly, high cholesterol content of H D L  and 
low cholesterol content  of L D L  pro tec t s  man  agains t  
myocardia l  infarction (6). Thus,  the 2-{2,4-dimethyl- 
phenyl)indan-l,3-dione m a y  have  promise  as a potent ia l  
agent  to use in atherosclerosis  for therapeut ic  use, be- 
cause the lipoprotein cholesterol content  is modula ted  to 
a more favorable  content  for lipid clearance f rom the 
body. 
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Reaction of Cholesterol 5,6-Epoxides with Simulated Gastric Juice 
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Cholesterol 5a,6a-epoxide (a-epoxide) and cholesterol 
5~,6~poxide (~-epoxide) were individually suspended in 
simulated gastric juice (pH 1.2) at 37 C, and their reac- 
tion was followed by gradient high performance liquid 
chromatography (HPLC) with flame ionization (FID) 
detection. Both epoxides reacted rapidly in the aqueous 
acid medium. The a-epoxide formed 6/3-chlorocholestane- 
3~,5a-diol (a-chlorohydrin) and 5a<holestane-3/~,5,6/3-triol 
(trial), while the/3-epoxide formed 5a-chlorocholestane- 
3fJ,6~-diol (~-chlorohydrin) and triol. The isomeric chloro- 
hydrins reacted further to form the triol. In mildly 
alkaline aqueous medium, each chlorohydrin reverted to 
the epoxide from which it was formed. The data suggest 
that both epoxides, which have been reported to have 
adverse health effects in animals, would be largely 
hydrolyzed in the stomach and to the triol, which also has 
been reported to have biological activity. The data fur- 
ther suggest that residual chlorohydrins surviving 
stomach residence can be expected to revert to epoxide 
in the more alkaline intestinal environment. 
Lipids 23, 761-765 (1988). 

It is well-recognized that the exposure of cholesterol to 
oxidizing conditions gives rise to oxidation products (1), 
and many of these have been identified and now can be 
measured with some precision (2). A few of the major 
products of cholesterol oxidation have been reported to 
have adverse biological effects (3-12), and their implica- 
tion in cardiovascular disease has been of concern. The 
possible adverse health effects of cholesterol oxidation 
products are highly relevant to food safety, because many 
cholesterol-containing foods are subjected to oxidizing 
conditions during various stages of processing, storage 
and/or preparation. Indeed, the problem may extend to 
foods that  contain plant sterols, compounds that  are 
closely related chemically to cholesterol and can be ex- 
pected to give similar oxidation products, but this aspect 
has been studied only superficially. 

The cholesterol oxidation products that have greatest 
relevance to food safety are the 5a,6a-epoxide, which has 
been reported to be carcinogenic and mutagenic (11) and 
the 3/3,5a,6/3-triol, which has been cited as being cytotoxic 
(6,9,10). The 5/3,6/3-epoxide also has recently been reported 
to be toxic (13), and because it is hydrated to form the 
triol at a faster rate than the 5a,6a-epoxide (14), its 
presence also must be considered pertinent to the food 
safety perspective. 

The presence of cholesterol oxidation products in 
animal-derived foods has been reported with increasing 

*To whom correspondence should be addressed. 
'Current address: Warner-Lambert Company, Consumer Products 
Research and Development Division, 175 Tabor Rd., Morris Plains, 
NJ 07950. 
Abbreviations: a-Chlorohydrin, 6~-chlorocholestane-3~,5a-diol; a- 
epoxide, cholesterol 5a,6a-epoxide; ~-chlorohydrin, 5a-chlorocho- 
lestane-3/3,6/3-diol; /3-epoxide, cholesterol 5/3,6/3-epoxide; triol, 5a- 
cholestane-3#,5,6/J-triol; FID, flame ionization detector; GC, gas 
chromatography; HPLC, high performance liquid chromatography; 
TLC, thin layer chromatography. 

frequency in recent years. Products that  were reported 
to contain these cholesterol derivatives include heated 
tallow (15,16), dried egg preparations (17-21), butter and 
other dairy products (17,20,22-24), and other foods (17, 
20,25,26). The documented existence of the 5,6-epoxides 
and of the triol in a large variety of foods raises the ques- 
tion of their fate upon ingestion. 

Cholesterol 5a,6a-epoxide (a~epoxide) reacts with hydra  
chloric acid to give 6~-chlorocholestane-3/~,5a-diol (a- 
chlorohydrin) (27,28). Similarly, cholesterol 5/~,6/~-epoxide 
U3-epoxide), on reaction with hydrochloric acid, yields 5a- 
chlorocholestane-3/3,6/3-diol (/3-chlorohydrin) (28-31). Both 
chlorohydrins might be formed when mixtures of the 
isomeric cholesterol 5,6-epoxides are ingested. This paper 
reports a study of the reaction of the cholesterol epox- 
ides with simulated gastric juice (pH 1.2) at 37 C. 

EXPERIMENTAL 

Materials and reagents. Cholesterol, 99+ %, and a-epoxide 
were purchased from Sigma Chemical Co. {St. Louis, MO) 
and 5~cholestene~3/3,25-diol was purchased from Research 
Plus, Inc. (Bayonne, N J). ~-Epoxide was prepared from 
cholesterol via 5a-cholestane-3/3,5,6/3-triol (triol) (32) and 
the corresponding triacetate (33) by the method of 
Chicoye et al. {34). Dulbecco's Modified Eagle Medium 
(high glucose) was purchased from Flow Laboratories 
{McLean, VA). 

All solvents used were "distilled in glass grade" and 
for high performance liquid chromatography (HPLC) were 
degassed by vacuum filtration through a 0.2 ~xn filter. 
Water was double-deionized, glass distilled. Thin layer 
chromatography (TLC) plates, Silica Gel G and GHL 
(250 ~), were purchased from Analtech (Newark, DE). 

Simulated gastric juice was prepared by diluting a solu- 
tion of conc. HC1 (0.82 ml, 12 M) and 0.411 g NaC1 in 
distilled, deionized water to a total volume of 100 ml. The 
solution had a pH of 1.22. Phosphate buffer (pH 7.44) was 
a solution of monobasic potassium phosphate (KH2PO4, 
0.5905 g) and dibasic sodium phosphate (Na2HPO4, 
2.130 g) in 500 ml water. 

PROCEDURES 

Preparation of chlorohydrins: 613-chlorocholestane-3~,5a- 
diol (3) (a-chlorohydrin). a-Epoxide (1) (501 mgl in a glass 
stoppered 500 ml Erlenmeyer flask was dissolved in ether 
(280 roll, and conc. HC1 (125 ml) was added with cooling. 
The stoppered flask was allowed to stand at room tem- 
perature for 18 hr with magnetic stirring. After addition 
of 50 ml water and 50 ml ethyl acetate, the mixture was 
neutralized with 50% aqueous NaOH with cooling in ice 
to a pink phenolphthalein endpoint. The ether layer was 
separated, and the aqueous phase was extracted with 2 • 
100 ml ethyl acetate. The combined organic phases were 
dried over anhydrous Na2SO4 and distilled on a rotary 
evaporator under aspirator vacuum to a dry residue 
(590 mg). The product was purified by semi-preparative 
HPLC using hexane/2-propanol (100:3, v/v). 
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5a-Chlorocholestane-3[3,6~-diol (4) (~-chlorohydrin). The 
method used to prepare the/3-chlorohydrin from the/3- 
epoxide (2) was identical to that used for the a-chloro- 
hydrin. 

Reaction of epoxides with simulated gastric juice: 
cholesterol 5a,6a-epoxide (1). To a 100 ml three-neck flask, 
equipped with magnetic stirring bar and a thermometer 
to which a thermoregulator was attached, 75.0 ml of 
simulated gastric juice was added. The flask was set on 
a stirring hot plate, and the temperature of the solution 
was regulated at 37.0 +- 0.5 C with vigorous agitation. 
a-Epoxide (21.03 mg) dissolved in 2-propanol (1000 ~L) 
was injected slowly (3 min) below the surface of the stirred 
aqueous solution by means of a 500 pL syringe, resulting 
in a cloudy suspension. Aliquots (5 ml} were withdrawn 
from the reaction mixture immediately after the injection 
was completed and at periodic intervals thereafter by use 
of a volumetric pipette. Each aliquot was placed in a 20 ml 
screw-top vial containing 5 ml of ethyl acetate and 1 ml 
of a solution of internal standard (568 ~g 5-cholesten-3f3, 
25 diol in 1 ml ethyl acetate}. Vigorous shaking of the ali- 
quot mixture was followed by phase separation and addi- 
tional extractions (3 • 5 ml ethyl acetate) of the aqueous 
layer. Combined extracts were dried over anhydrous 
Na2SO4 and evaporated to dryness under a stream of N2. 
The dry residue was dissolved in 30 ~L 2-propanol, and 
the resulting solution was diluted with 1000/~L hexane 
in preparation for HPLC analysis. 

Cholesterol 5[~,6[~-epoxide (2). The procedure used was 
the same as that used for the a-epoxide. 

Reaction of chlorohydrins with simulated gastric juice: 
6f~-chlorocholestane~[3,5a-diol (3) (a) (a-chlorohydrin). The 
a-chlorohydrin was somewhat less soluble in 2-propanol 
than the a-epoxide, and 1500 ~L 2-propanol were required 
to dissolve 24 mg of the a-chlorohydrin. Otherwise, the 
procedure described for the reaction of a-epoxide with 
simulated gastric juice was followed in detail. 

5a-Chlorocholestane-3[3,6~diol (4) ([3-chlorohydrin). The 
procedure used was identical to that described for the 
reaction of the a-epoxide, except that 24 mg of ~- 
chlorohydrin was dissolved in 600 pL 2-propanol for in- 
jection in the reaction flask. The/3-chlorohydrin appeared 
to be much less soluble in the aqueous phase than either 
of the epoxides or the a-chlorohydrin and formed large 
particles in the water layer and deposits on the outside 
of the injection needle. 

Measurement of stability of the a-chlorohydrin (3) and 
the [3-chlorohydrin (4) in Dulbecco's Modified Eagle 
Medium (high glucose), pH Z35. The procedure described 
for the reaction of the a-epoxide with simulated gastric 
juice at 37 C was followed in detail, except that the 
aqueous medium was Dulbecco's Modified Eagle Medium 
(high glucose} rather than simulated gastric juice. Each 
chlorohydrin (~24 mg) was injected into the medium in 
a separate experiment, and product analysis was per- 
formed as described. 

Measurement of the stability of a-chlorohydrin (3) in 
phosphate buffer, pH Z44. a-Chlorohydrin (21.1 mg) in 
2-propanol (1500/~L) was injected into 75 ml of phosphate 
buffer at 36 C, and product isolation and measurement 
were carried out as described above for the reaction of 
a-epoxide in simulated gastric juice. 

Gas chromatography (GC). Analyses were performed 
as described (14). 

Liquid chromatography (HPLC). The instrumentation 
used, including a flame ionization HPLC detector, has 
been described (35). Normal phase separations were per- 
formed on a 3.9 mm X 30 cm, 10 pm ~-Porasil column 
(Waters Associate, Framingham, MA) at ambient tem- 
perature. Separations of the four compounds of interest 
were achieved with a gradient solvent system at a total 
flow rate of 1.5 mL/min. The mobile phase consisted of 
solvent A, which was hexane/2-propanol (100:3, v/v), and 
solvent B, which was 2-propanol. At injection and for 10 
min thereafter, the mobile phase was 100% A. The sol- 
vent composition then was changed linearly over a period 
of 10 min to 50% A and 50% B, stayed at that composi- 
tion for five min and then changed linearly over a period 
of five re_in to 100% A to reach the starting point for the 
next analysis. 

Thin layer chromatography. Before use, plates were 
washed by development with chloroform:methanol (2:1, 
v/v) and activated overnight in an air oven at 110 C. 
Spotted samples were developed with benzene:ethyl 
acetate:acetic acid (60:40:1, v/v/v). Air-dried plates were 
sprayed lightly with 50% sulfuric acid, placed on an 
unheated hot plate and gradually warmed to produce 
maximum color display of the cholesterol oxidation prod- 
ucts, followed by complete charring at 220 C. 

RESULTS A N D  D I S C U S S I O N  

Addition of hydrogen chloride to a-epoxide (1) and to f3- 
epoxide (2) gave a-chlorohydrin(3) and ~-chlorohydrin (4), 
respectively (Scheme 1). 

Observation of the progress of the reaction in simulated 
gastric juice required analytical means to distinquish be ~ 
tween the three expected components of these mixtures 
and to measure their concentrations. The components of 
interest were the epoxide and its corresponding chloro- 
hydrin as well as triol (5). 

The a-epoxide and its chlorohydrin were not resolvable 
by TLC with any of the several developing solvents tried. 
They gave single peaks by isocratic, normal phase HPLC 
and by capillary GC with or without prior silylation. Gra- 
dient, normal-phase HPLC gave excellent resolution of 
the three compounds of interest and the internal stan- 
dard, 25-hydroxycholesterol (Fig. 1), with the use of a 

HOt/H20 

flO ~ '  H0 ~ % 
OH CI 

a-EPOXIDE a-CHLOROHYDRIN 
I 3 

H0 ~' H -" 
C~ OH 

~-EPOXIDE ~-CHLOROHYDRIN 
2 4 

TRIOL 
5 

S C H E M E  1 

LIPIDS, Vol. 23, No. 8 (1988) 



REACTION OF CHOLESTEROL EPOXIDES WITH GASTRIC JUICE 

763 

taJ 
O~ 
Z 
O 
O- 
tf~ 
I L l  

I.IJ 

0 

IL l  

1 

2 4 T A B L E  1 

3 Composition of Gastric Juice 

I I I 
5 I0 15 20 

TIME (min) 
FIG. I. Gradient HPLC of a four component mixture with FID detec- 
tion (see Experimental}. Peaks: (1) 5-cholestene-3/~, 25 diol, (2) cho- 
lesterol 5a,6a-epoxide, (3) 6/3-chlorocholestane-3/3, 5a-diol, (4) 5a- 
cholestane-3/3,5,6a-triol. 

FID. The initial mobile phase was hexane/2-propanol 
(100:3, v/v) the polarity of which was increased linearly 
with 2-propanol. Response factors and linearity of re- 
sponse over a concentration range of 100 ~g-0.39 ~g per 
100 ~L were determined as reported (35) and permitted 
measurement of the relative concentrations of the com- 
ponents in the mixture from their area counts. 

The f~-epoxide and its chlorohydrin were readily re- 
solved by TLC but not by GC. The gradient, normal-phase 
HPLC procedure developed for the a-epoxide and derived 
compounds was used without change to analyze mixtures 
of ~-epoxide, f~-chlorohydrin and triol, again with 25- 
hydroxycholesterol as internal standard. 

Human gastric juice contains a variety of organic and 
inorganic constituents. The current study was confined 
to a simulated gastric juice consisting of an aqueous solu- 
tion of hydrochloric acid and sodium chloride that approx- 
imates the concentration of these components in 
stimulated human gastric juice (36). A comparison of the 
cited composition and that of the present study is shown 
in Table 1. 

Injection of the substrates {either of the two epoxides 
or either of the two chlorohydrins) into the vigorously 
stirred simulated gastric juice at 37 C was carried out 
slowly to minimize particle size of the resulting suspen- 
sions. Nevertheless, individual suspended particles were 
clearly visible and did not appear to change during the 
course of the reaction. Concentrations of the substrate 
in 75 ml reaction medium were chosen so that  injection 
of 100 ~L of an extract of each 5 ml aliquot produced a 
sizable signal on the HPLC-FID detector. 

In early experiments, each 5 ml aliquot removed from 
the reaction mixture was immediately neutralized with 
concentrated sodium hydroxide to a phenolphthalein end- 
point before the mixture was extracted with ethyl acetate. 
It  was discovered, however, that this led to erroneous pro- 
duct compositions. Because the chlorohydrins are highly 
sensitive to base that converts them to epoxides, fleeting 

Simulation Simulated human 
Component of this study a gastric juice b 

HCI 99.6 mM 0-135 mM 
C1- 170 mM 131-170 mM 
Na § 70.3 mM 19-70 mM 
pH 1.22 1.2-2.0 

aSolution in double-deionized water. 
bRef. 36. 
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FIG. 2. Reaction of cholesterol 5a,6a-epoxide {a~poxide) in simulated 
gastric juice at 37 C. {O) a-epoxide, ([:]) a-chlorohydrin, (-k) triol. 

local concentrations of base during the neutralization prc~ 
cedure gave unrealistically high concentrations of epox- 
ides and low concentrations of chlorohydrins in these ali- 
quots of the reaction mixture. The same sensitivity to 
base accounts for the presence of low concentrations of 
a-epoxide in the synthesized a-chlorohydrin where a neu- 
tralization step also is involved (see Experimental). The 
{3-chlorohydrin is somewhat less sensitive to base-cata- 
lyzed dehydrohalogenation, so the synthesized ~-chloro- 
hydrin could be obtained free of contaminating ~poxide .  
In the experiments reported here, neutralization with base 
before extraction was avoided (see Experimental). 

The course of the reaction of the a-epoxide in simulated 
gastric juice is shown in Figure 2. 

During the first two hr, the a-epoxide concentration 
decreased to less than 15%, and after four hr its concen- 
tration was less than 4%. Most foods are considered to 
have a residence time of two to four hr in the stomach 
(37). While the a-epoxide concentration decreased, the a- 
chlorohydrin concentration reached a maximum after 
about one hr and then decreased. Meanwhile the triol con- 
centration increased steadily. The simultaneous decrease 
of the a-epoxide and the a-chlorohydrin accompanied by 
a steady increase in triol led to the expectation that  a 
substantial portion of the a-chlorohydrin reacted further 
in the acid, aqueous medium to form triol. To test this 

LIPIDS, VoL 23, No. 8 (1988) 



764 

G. MAERKER ET AL. 

TABLE 2 

Hydrolysis of a-Chlorohydrin and f3-Chlorohydrin 
in Simulated Gastric Juice at 37 C 

a-Chiorohydrin f~-Chlorohydrin 

Time Chiorohydrin Epoxide Triol a Chiorohydrin Epoxide Triol a 
(hr) (%) (%) (%) (%) (%) (%) 

0.0 93.4 3.0 3.6 99.2 -- 0.8 
0.5 69.3 4.3 26.4 96.7 -- 3.3 
1.0 51.6 3.3 45.1 92.8 -- 7.2 
2.0 30.6 2.2 67.2 89.0 -- 11.0 
3.0 18.2 1.3 80.5 85.4 -- 14.6 
4.0 16.0 0.9 83.1 84.3 -- 15.7 
7.0 6.9 0.5 92.6 78.6 -- 21.4 

aThe same triol is formed from both chlorohydrins. 

TABLE 3 

Stability of Chlorohydrins in Growth Medium (pH 7.35) a at 37 C 

Epoxide (%) Chlorohydrin (%) Triol b (%) 

Time (hr) a /3 a /3 a /3 

0.0 4.6 0.7 93.6 98.9 1.8 0.4 
0.5 28.5 5.5 69.4 93.4 2.1 1.1 
1.0 32.4 7.3 65.7 91.2 1.9 1.5 
2.0 33.6 10.1 64.5 87.5 1.9 2.4 
7.0 38.2 16.9 59.3 78.4 2.5 4.7 

24.0 46.8 32.1 50.3 59.5 2.9 8.4 

aDulbecco's Modified Eagle Medium {high glucose). 
bThe same triol is formed from both chlorohydrins. 
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FIG. 3. Reaction of cholesterol 5/3,6~epoxide ~epoxide) in simulated 
gastric juice 37 C. (O)/3-epoxide, ([:3) ~-chlorohydrin, (+) triol. 

hypothesis, a-chlorohydrin was suspended in simulated 
gastric juice at 37 C. Results are shown in Table 2. I t  is 
apparent from these data  tha t  the a-chlorohydrin was in- 
deed converted rather rapidly to triol. The small amount  
of a-epoxide tha t  was present in the s tar t ing material as 
an impurity, was also most ly  converted to triol. This lat- 
ter conversion probably occurs via the a-chlorohydrin and 
directly, as well. 

Exposure  of the/3-epoxide to the action of simulated 
gastric juice at  37 C caused a very rapid disappearance 
of epoxide from the mixture, as shown in Figure 3. The 
~-chlorohydrin peaked at only 1/2 hr into the experiment 
after it had reached the 20% level and then tapered off 
gradually, while the triol concentrat ion rose steeply dur- 
ing the first hour. These data  seem to indicate tha t  much 
of the/~-epoxide is converted directly to triol without  the 
intermediacy of the f3-chiorohydrin. The rapid hydrat ion 
of the /3-epoxide at pH 5.5 had been observed and 
measured earlier {14}. Exposure  of the/3-chiorohydrin to 
simulated gastric juice at  37 C (Table 2) confirmed tha t  
the hydrolysis of the f~-chiorohydrin was much slower 
than that  of the a-chlorohydrin. 

TABLE 4 

Stability of a-Chlorohydrin in Growth Medium (pH 7.35) 
and in Phosphate Buffer (pH 7.44), 37 C 

a-Epoxide {%) a-Chlorohydrin (%) Triol (%) 
Time 
(hr) pH 7.35 pH 7.44 pH 7.35 pH 7.44 pH 7.35 pH 7.44 

0.0 4.6 8.5 93.6 90.6 1.8 0.9 
0.5 28.5 33.2 69.4 63.5 2.1 3.2 
1.0 32.4 32.9 65.7 64.4 1.9 2.7 
2.0 33.6 37.6 64.5 59.9 1.9 2.5 
4.0 36.2 39.3 61.5 58.2 2.3 2.5 
7.0 38.2 42.2 59.3 54.9 2.5 2.9 

24.0 46.8 47.3 50.3 49.8 2.9 2.9 

Stability of the isomeric chlorohydrins to mildly alka- 
line aqueous media is of concern, if their physiological 
act ivi ty is to be measured. Each of the chlorohydrins 
separately was placed into Dulbecco's Modified Eagle 
Medium {high glucose), which had a measured pH of 7.35. 
Results are shown in Table 3. I t  is clear tha t  both chloro- 
hydrins were converted to their respective epoxides at  a 
very significant rate in this mildly alkaline medium. The 
conversion rate of the a-chlorohydrin appeared to be 
somewhat more rapid than that  of the f~-chlorohydrin, and 
surprisingly, a small amount  of the latter was hydrolyzed 
to triol. Because this growth medium is a complex mix- 
ture of organic and inorganic ingredients, it was desirable 
to test  the question whether dehydrohalogenation of the 
chlorohydrins was due to pH or possibly due to one or 
more of the components  of the medium. Some of the a- 
chlorohydrin was suspended in phosphate buffer (pH 7.44) 
at 37 C, and the composition of the mixture was analyzed. 
The results are shown in Table 4 where the data  at pH 
7.35 (growth medium) and pH 7.44 (phosphate buffer) are 
compared. The similarity of the data in the two media con- 
firms tha t  the effect is due to pH rather than an ingre- 
dient of the growth medium. The comparison also serves 
as an indication of the reproducibility of the analytical 
procedure used in these experiments. 
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Dietary Manipulation of Macrophage Phospholipid Classes: 
Selective Increase of Dihomogammalinolenic Acid 
Robert S. Chapkin*, Scott D. Somers and Kent L. Erickson 
Department of Human Anatomy, School of Medicine, University of California, Davis, CA 95616 

Because alterations in the dietary content of fatty acids 
are an important method for modulating macrophage 
eicosanoid production, we have quantitated the levels of 
n-6 and n-3 polyunsaturated fatty acids in peritoneal 
macrophage individual phospholipids from mice fed diets 
(3 wk) with either safflower oil (SAF), predominantly con- 
talning 18:2n-6, borage (BOR) containing 18:2n-6 and 
18:3n-6, fish (MFO) containing 20:5n-3 and 22:6n-3, and 
borage/fish mixture (MIX) containing 18:2n~, 18:3n-6, 
20:5n-3 and 22:6n-3. Dietary n-3 fatty acids were readily 
incorporated into macrophage phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine (PS) 
and phosphatidylinositol (PI). The increase in n-3 fatty 
acid levels was accompanied by a decrease in the absolute 
levels of 18:2n~, 20:4n-6 and 22:4n-6 in PC, PE and PS. 
Interestingly, PI 20:4n-6 levels were not significantly 
lowered (P > 0.05) in MIX and MFO macrophages relative 
to SAF and BOR. These data demonstrate the unique 
ability of this phospholipid to selectively maintain its 
20:4n-6 levels. In BOR and MIX animals, 20:3n-6 levels 
were significantly increased (P < 0.05) in all phospholipids 
relative to SAF and MFO. The combination of borage and 
fish oils (MIX diet) produced the highest 20:3n-6/20:4n-6 
ratio in all phospholipids. These data show that the 
macrophage eicosanoid precursor levels of 20:3n4}, 20:4n4~ 
and n-3 acids can be selectively manipulated through the 
use of specific dietary regimens. This is noteworthy 
because an increase in phospholipid levels of 20:3n-6 and 
20:5n-3, while concomitantly reducing 20:4n-6, may have 
therapeutic potential in treating inflammatory disorders. 
Lipids 23, 766-770 (1988). 

Macrophages are a highly diverse population of cells 
capable of executing or modifying a number of important 
biological functions. Because of their abundance, distribu- 
tion and versatility, macrophages can influence almost 
every aspect of the immune and inflammatory responses 
(1). Because macrophages contain high levels of arachi- 
donic acid (20:4n-6) in their phospholipids, it is likely that 
macrophage-derived eicosanoids are involved in inflam- 
mation and cellular regulation (2). In addition, the eicosa- 
noids also may play an important role in the autoregula- 
tion of several macrophage functions {3-6}. 

It is well-established that alterations in the dietarT con- 
tent of fat ty acids are an important method for modu- 
lating eicosanoid production because, in general, eicosa- 
noid biosynthesis is dependent upon the size of the fat ty 
acid precursor pool(s) {7,8}. In earlier studies (9), we have 
demonstrated that fish oil feeding qualitatively increases 
murine peritoneal macrophage total phospholipid levels 
of eicosapentaenoic acid (20:5n-3) and docosahexaenoic 
acid (22:6n-3), while borage oil, containing linoleic acid 

*To whom correspondence should be addressed. 
Abbreviations: BOR, borage; FAME, fatty acid methyl esters; MFO, 
fish; MIX, borage/fish mixture; PC, phosphatidylcholine; PE, phos- 
phatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidyl- 
serine; SAF, safflower off; TLC, thin layer chromatography. 

(18:2n-6) and y-linolenic acid (18:3n-6), increases the macro- 
phage dihomo-y-linolenic acid (20:3n-6) to 20:4n-6 ratio. 
This is noteworthy because the manipulation of eicosa- 
noid precursor levels of 20:3n-6, 20:4n-6 and 20:5n-3 could 
potentially attenuate the phlogistic response {10-12}. 

Previous studies have proposed different classes of 
phospholipids as sources of eicosanoid fatty acid precur- 
sors {13,14}. Therefore, the distribution of n-3 and n-6 
fatty acids among individual phospholipids in macro- 
phages may be important in determining the quantitative 
release of these potential eicosanoid antecedents (14}. As 
yet, no attempt has been made to quantitate macrophage 
individual phospholipid fatty acid levels following borage 
or borage/fish oil feeding. The purpose of the present work 
was to quantitate the levels of n-6 and n-3 polyun- 
saturated fatty acids in peritoneal macrophage individual 
phospholipids from mice fed either safflower oil (SAF) 
predominantly containing 18:3n-6, borage oil (BOR) con- 
taining 18:2n-6 and 18:3n-6, menhaden fish oil (MFO) con- 
taining 20:5n-3 and 22:6n-3, and borage/fish oil mixture 
(MIX} containing 18:2n-6, 18:3n-6, 20:5n-3 and 22:6n-3. 

MATERIALS AND METHODS 

Materials. Fat ty  acid methyl ester standards were from 
NuChek Prep. (Elysian, MN). Diheptadecanoyl-L-alpha- 
phosphatidylcholine was from Sigma Chemical Co. (St. 
Louis, MO). Silica gel 60 plates were from E. Merck 
(Darmstadt, FRG}. The dietary oils were from: safflower, 
California Oils (Richmond, CA); borage, Traco Labs 
(Champaign, IL); and menhaden fish oil, Zapata-Haynie 
(Reedville, VA). ACS-grade organic solvents were from 
Fisher Scientific (Chicago, IL). 

Animals and dietary treatments. Pathogen-free female 
C57BL/6NCR mice (Charles River, Wilmington, MA), 
weighing 15-20 g were used. All mice had been fed a com- 
mercial pelleted mouse diet (Ralston-Purina, St. Louis, 
MO} and were housed (6-8 animals per cage} in autoclaved 
cages with laminar flow hoods to minimize spontaneous 
macrophage activation {15}. On day zero of the experi- 
ment, the mice were randomly assigned to one of four 
purified diets for three wk. The diet varied only in the type 
of off fed, i.e., either safflower, borage, fish or borage/fish 
mixture in a 2.5/7.5 ratio at 10% of the diet by weight. 
All dietary components were purchased from ICN Nutri- 
tional Biochemicals {Cleveland, OH), except where noted. 
The basic compositions of the purified diet by weight was 
casein, 20%; DL-methionine, 0.3%; corn starch, 15%; 
sucrose, 44%; cellulose, 5%; mineral mix, 3.5% (16}; 
vitamin mix, 2.0% (16}; choline chloride, 0.2%; and the 
appropriate dietary oil, 10%. The fatty acid composition 
of the different dietary oils are shown in Table 1. The diets 
were adequate in all nutrients, except MFO, which was 
deficient in 18:2n-6 (17}. A diurnal light cycle of 12 hr was 
maintained, and food and autoclaved water were available 
ad libitum. The powered diets were mixed and stored 
under nitrogen at - 2 0  C. Fresh diet was provided daily 
to each group to minimize auto-oxidation. Diets were 
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TABLE 1 

Fatty Acid Composition of Dietary Oils 

Fatty acid SAF BOR MIX MFO 

14:0 tr tr 6.3 8.7 
16:0 6.9 9.3 15.0 16.7 
16:1n-7 tr tr 8.3 11.2 
18:0 2.2 3.0 2.7 2.8 
18:1n-9 11.1 13.5 9.0 7.0 
18:2n-6 75.9 39.7 10.9 1.2 
18:3n-6 tr 26.4 7.0 0.6 
20:4n-6 tr tr 0.7 0.7 
20:5n-3 tr tr 11.8 15.2 
22:5n-3 tr tr 1.6 2.0 
22:6n-3 tr tr 6.2 7.8 

Results are expressed as rag/100 mg total fatty acids present. Only 
the major fatty acids are presented, tr, Trace amounts, less than 
o.1%. 

periodically checked by determination of the fat ty acid 
composition. The profiles did not vary significantly in the 
diets over the three-wk feeding period. Body weights were 
recorded weekly, and the food intakes of the diets were 
diurnally monitored and not found to be significantly (P > 
0.05) different (data not shown). 

Macrophage cultures. Mice were injected intraperitone- 
ally with 2 ml of thioglycollate broth (Difco, Detroit, MI) 
prepared to manufacturer's specification, three days be- 
fore killing. Primary cultures of peritoneal macrophages 
were established from responsive cells as described (18). 

Lipid analysis. Macrophage monolayers were scraped 
from the culture dish in 3 ml of chilled methanol and ex- 
tracted by the method of Folch (19). All solvents con- 
tained 0.01% butylated hydroxytoluene to prevent ox- 
idative breakdown. The individual phospholipids were 
separated by thin layer chromatography (TLC) on silica 
gel 60 plates using chloroform]methanol/acetic acid]water 
(50:37.5:3.5:2, v/v/v/v) (20). The purified phosphollpids so 
obtained represented 90.3 _ 1.4% (mean + SEM, n -- 
13) of the phosphollpid present in the original total lipid 
extract as judged by recovery of radioactivity from en- 
dogenously labeled phospholipid from mouse peritoneal 
macrophages. Bands were detected under ultraviolet light 
after spraying with 0.2% 2',7'-dichlorofluorescein in 
ethanol. A known concentration of diheptadecanoyl-L- 
alpha-phosphatidylcholine as an internal standard was 
added to the isolated phospholipids before transmethyla- 
tion (21,22). The resultant fat ty acid methyl esters 
(FAME) were further purified on silica gel 60 plates run 
in a benzene solvent system and detected by dichloro- 
fluorescein. The corresponding FAME bands were 
scraped and extracted using 2 ml methanol, 2 ml petrc~ 
leum ether and 1 ml water. The concentration and fat ty 
acid composition of the isolated phospholipids were deter- 
mined after gas chromatographic analysis of the derived 
FAME as described (21,22). Replicate cell monolayers 
were solubilized in 0.1 M sodium hydroxide for protein 
determination using a modified Lowry method (23) with 
bovine serum albumin as the standard. Data were sub- 
jected to one~way analysis of variance using multiple com- 
parisons, with the upper level of significance chosen at 
P < 0.05. 

RESULTS 

The data in Table 1 show that  the four diets differed 
dramatically in the relative percentage of n-6 fat ty acids 
(18:2n-6 and 18:3n-6) and n-3 fat ty acids (20:5n-3 and 
22:6n-3). BOR contained 26% by weight 18:3n-6, while 
this fat ty acid represented less than 1% of the total acids 
present in either SAF or MFO diets. MFO was charac- 
terized by its content of 20:5n-3 (15%) and 22:6n-3 (8%). 
As expected, the MIX diet contained a blend of 18:2n-6 
(11%), 18:3n-6 (7%), 20:5n-3 (12%) and 22:6n-3 (6.2%) as 
the major polyunsaturated fa t ty  acids. No differences 
(P > 0.05) between the diets were noted with respect to 
the numbers or relative proportions of resultant perito- 
neal exudate populations after thioglycollate injection 
(data not shown). The effects of SAF, BOR, MIX and 
MFO supplementation on macrophage individual phos- 
pholipid fat ty acid composition are shown in Tables 2-5. 
BOR and MIX feeding consistently increased 20:3n-6 
levels (P < 0.05) relative to SAF and MFO in phospha- 
tidylcholine (PC), phosphatidylethanolamine (PE), phos- 
phatidylserine (PS) and phosphatidylinositol (PI). PC and 
PE contained the highest absolute levels of 20:3n-6. 
Although the macrophage PI 20:3n-6 concentration was 
significantly increased after feeding 18:3n-6 rich diets, the 
relative increment was smallest among the phospholipids 
examined (Table 5). Interestingly, 18:3n-6 was not de- 
tected in PC, PE, PS and PI from mice fed BOR and MIX. 
These results are consistent with our earlier findings (9), 
in which 18:3n-6 was not detected in macrophage total 
phospholipids in mice fed BOR. Levels of 20:5n-3, 22:5n-3, 
and 22:6n-3 were significantly higher (P < 0.05) in PC, PE, 
PS and PI in MFO and MIX macrophages. The increase 
in the n-3 fatty acid levels was accompanied by a decrease 
in the absolute levels of 18:2n-6, 20:4n-6 and 22:4n-6 in 
PC, PE and PS. In contrast, PI 20:4n-6 was not signifi- 
cantly lowered (P > 0.05) in MIX and MFO diets relative 
to SAF and BOR. The present study also demonstrates 
that  22:4n-6 is a major polyenoic acid in SAF and BOR 
PC, PE and PS. Only trace amounts of 22:4n-6 were 
observed in PI. 

Figure 1 shows the 20:3n-6/20:4n-6 ratios in macro- 
phage individual phospholipids. BOR and MIX diets, 

FIG. 1.20:3n~/2~.4n~ ratios in macrophage individual phosphoHpids. 
Phosphatidyleholine (PC), phosphatidylethanolamine (PE), 
phosphatidylserine (PS) and phosphatidylinositol (PD. 
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R.S. C H A P K I N  E T  AL.  

T A B L E  2 

Fatty Aci ds  in M a c r o p h a g e  P h o s p h a t i d y l c h o l i n e  

F a t t y  acid S A F  B O R  M I X  M F O  

16:0 9.55 • 0.37 a 10.98 • 0.54 a 10.78 • 0.58 a 11.96 • 0.68 a 
16:1no7 0.26 • 0.06 a 0.31 • 0.06 a 0.66 • 0.09 b 0.96 • 0.16 b 
18:0 2.76 • 0.18a, b 3.22 • 0.10 c 2.56 + 0.08 a 2.45 • 0.00 a 
18:1n-9 2.42 • 0.18 a 2.72 • 0.01 a 2.80 • 0.25 a 4.22 • 0.18 b 
18:1n-7 0.71 • 0.01 a 0.76 • 0.07 a 1.12 • 0.11 b 1.27 • 0.16 b 
18:2n-6 5.16 • 0.28 c 2.87 • 0.01 a 2.08 • 0.27 a 1.12 + 0.02 b 
18:3n-6 t r a  t r a  t r  a t r a  
20:2n-6 0.91 • 0.03 b t r a  t r  a t r  a 
20:3n-6 0.42 • 0.01 a 1.94 • 0.26 c 1.14 • 0.00 b 0.24 + 0.04 a 
20:4n-6 3.72 • 0.22 b 4.90 • 0.04 c 2.05 • 0.12 a 1.88 + 0.14 a 
20:5n-3 t r a  t r  a 0.98 • 0.14 b 1.82 + 0.06 c 
22:4n-6 1.22 • 0.02 b 1.37 • 0.10 b t r  a t r  a 
22:5n-3 t r a  t r  a 1.59 • 0.03 b 2.23 • 0.04 c 
22:6n-3 t r a  t r  a 0.06 • 0.03 b 1.01 • 0.08 b 

R e s u l t s  are e x p r e s s e d  as  ~g f a t t y  ac id /mg protein.  E a c h  f igure  r e p r e s e n t s  t he  m e a n  • S E M  f rom s ix  to e igh t  
an ima l s .  Va l ue s  w i t h  t he  s a m e  s u p e r s c r i p t s  are  n o t  s ign i f i can t ly  d i f fe ren t  (P > 0.05). tr ,  Trace  a m o u n t s ,  l ess  
t h a n  0.1 ~g f a t t y  ac id /mg  prote in .  

T A B L E  3 

Fatty Acids  in M a c r o p h a g e  P h o s p h a t i d y l e t h a n o l a m i n e  

Fatty acid SAF BOR MIX MFO 

16:0 1.12 • 0.02 a 1.14 • 0.01 a 1.28 • 0.07 a 1.01 • 0.38 a 
16:1n-7 t r  a t r  a t r  a t r a  
18:0 3.20 • 0.12 a 3.49 • 0.12 a 3.16 • 0.21 a 3.54 • 0.14 a 
18:1n-9 0.42 • 0.12 a 0.56 • 0.01 a 0.62 + 0.02 a 0.69 • 0.16 a 
18:1n-7 0.18 • 0.04 a 0.24 + 0.12a, b 0.24 • 0.00a, b 0.30 • 0.01 b 
18:2n-6 0.96 • 0.02 c 0.56 + 0.02 a 0.45 • 0.03 a 0.22 • 0.06 b 
18:3n-6 t r  a t r  a t r  a t r a  
20:2n-6 t r  a t r a  t r a  t r  a 
20:3n-6 0.16 • 0.06 a 0.89 • 0.01 c 0.54 • 0.06 b 0.11 • 0.04 a 
20:4n-6 3.64 • 0.02 c 4.02 • 0.06 c 2.34 • 0.06 b 1.78 + 0.26 a 
20:5n-3 t r  a t r  a 0.98 • 0.02 b 1.74 • 0.36 c 
22:4n-6 2.00 • 0.06 b 2.37 • 0.11 b 0.12 + 0.12 a t r a  
22:5n-3 t r  a t r  a 2.04 + 0.42 b 2.04 • 0.14 b 
22:6n-3 t r a  t r  a 1.26 • 0.04 b 1.17 • 0.12 b 

Refer  to  Tab le  2 for  l egend  deta i ls .  R e s u l t s  a re  e x p r e s s e d  as  ~g f a t t y  ac id ]mg prote in .  

T A B L E  4 

Fatty Acids  in M a c r o p h a g e  P h o s p h a t i d y l s e r i n e  

Fatty acid SAF BOR MIX MFO 

16:0 0.57 • 0.03 a 0.58 • 0.06 a 0.59 • 0.01a,  b 0.71 • 0.03 b 
16:1n-7 t r a  t r a  0.05 • 0.03 a 0.04 • 0.01 a 
18:0 2.91 + 0.03 a 3.22 + 0.17 a 2.87 • 0.34 a 2.81 • 0.31 a 
18:1n-9 0.33 _ 0.03 a 0.37 • 0.03 a 0.45 • 0.03 b 0.65 • 0.01 c 
18:1n-7 0.08 + 0.02 a 0.08 + 0.00 a 0.12 + 0.00a,  b 0.16 • 0.01 b 
18:2n-6 0.76 + 0.10 c 0.42 + 0.04 b 0.30 • 0.01a,  b 0.16 + 0.01 a 
18:3n-6 t r a  t r a  t r a  t r a  
20:2n-6 0.12 • 0.02 b t r  a t r a  t r a  
20:3n-6 0.15 • 0.03 a 0.56 + 0.08 b 0.42 • 0.01 b 0.10 • 0.04 a 
20:4n-6 0.52 • 0.01 b 0.59 • 0.04 b 0.26 • 0.02 a 0.22 • 0.02 a 
20:5n-3 t r  a t r  a 0.08 • 0.04 b 0.18 • 0.01 c 
22:4n-6 0.70 • 0.10 b 0.70 • 0.10 b t r  a t r  a 
22:5n-3 t r  a t r  a 0.62 • 0.02 b 0.82 + 0.14 b 
22:6n-3 t r  a t r  a 0.32 -!-_ 0.01 b 0.33 + 0.01 b 

Refer to Table 2 for legend details. Results are expressed as ~g fatty acid/rag protein. 
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TABLE 5 

Fat ty  Acids  in Macrophage Phosphatidyl inositol  

Fatty acid SAF BOR MIX MFO 

16:0 0.23 _ 0.01 a 0.28 + 0.00 a 0.28 + 0.04 a 0.38 -+ 0.01 b 
16:1n-7 tra tra tr a tra 
18:0 1.68 - 0.06 b 1.70 + 0.01 b 1.28 + 0.03 a 1.75 _+ 0.10 b 
18:1n-9 0.10 _+ 0.02 a 0.14 _ 0.02a, b 0.14 _+ 0.02a, b 0.18 _+ 0.01 b 
18:1n-7 0.02 -+ 0.01 a 0.02 +_ 0.01 a 0.04 _ 0.01 a 0.04 _ 0.01 a 
18:2n-6 0.14 _ 0.02 b 0.10 +_ 0.01a, b 0.10 __ 0.02a, b 0.03 _ 0.01 a 
18:3n-6 tra tr a tr a tr a 
20:2n-6 tr a tr a tr a tr a 
20:3n-6 0.10 --+ 0.02 a 0.15 _+ 0.01 b 0.20 ___ 0.02 b 0.04 --+ 0.00 a 
20:4n-6 1.11 ----- 0.04 a 1.10 + 0.04 a 1.00 _+ 0.12 a 0.88 --+ 0.10 a 
20:5n-3 tr a tr a 0.15 ___ 0.03 b 0.16 ----- 0.02 b 
22:4n-6 0.08 ----- 0.08 a tr a tr a tr a 
22:5n-3 tr a tr a 0.28 +_ 0.01 c 0.22 +-- 0.03 b 
22:6n-3 tr a tr a 0.09 +__ 0.01 b 0.16 + 0.02 c 

Refer to Table 2 for legend details. Results are expressed as ~g fatty acid/mg protein. 

each containing 18:3n-6, significantly increased (P < 0.05) 
PC, PE, PS and P I  20:3n-6/20:4n-6 rat ios relative to SAF 
and MFO. Interes t ingly ,  the combinat ion of BOR and 
MFO otis, i.e. M I X  diet, produced the highest  ra t ios  of 
20"3n-6/20:4n-6. The M I X  rat ios in decreasing order were 
PS, 1.62 + 0.12; PC, 0.56 _ 0.04; PE,  0.23 +_ 0.02; and 
PI,  0.21 +_ 0.05. Al though M I X  PC, PE  and PS 20:3n-6 
levels were lower than  BOR, 20:4n-6 levels were com- 
petit ively reduced through substi tution by  n-3 fa t ty  acids. 

DISCUSSION 

We have demons t ra t ed  tha t  the to ta l  phospholipid f a t t y  
acid profile of mouse  peri toneal  macrophages  can be 
dramat ica l ly  manipula ted  by  BOR and MFO feeding (9). 
The da ta  sugges ted  t ha t  20:3n-6 and 20:5n-3, normal ly  
found in much  smaller  amoun t s  than  20:4n-6 in cellular 
phospholipids and therefore not  considered to be major  
precursors  for eicosanoid format ion  in the macrophage,  
could following die tary  manipula t ion  serve as impor tan t  
subs t r a t e s  for the cyclooxygenase and l ipoxygenase en- 
zymes  (10,11,24). However ,  to date, detailed studies 
document ing  the abil i ty of BOR or borage/fish (MIX) 
die tary  manipula t ion to change macrophage  individual 
phospholipid fa t ty  acid concentrations (~g/mg protein) are 
lacking. The present  s tudy  includes such an examination, 
focusing on the nebulous relat ionship of BOR and M I X  
feeding on quan t i t a t ive  f a t t y  acid changes  in mouse  
peri toneal  macrophages .  

The da t a  presented  demons t ra t e  t ha t  d ie tary  n-3 f a t t y  
acids were readily incorporated into macrophage PC, PE, 
PS and PI .  The increases in 20:5n-3 and 22:6n-3 were 
associa ted with  a concomitant  reduction in PC, PE and 
PS 20:4n-6 levels. These resul ts  are consis tent  with 
previous macrophage  n-3 feeding studies (25,26). In- 
terest ingly,  P I  20:4n-6 levels were not  significantly 
lowered in M I X  and MFO macrophages  relat ive to SAF 
and BOR. Unfor tunate ly ,  there are no analogous quan- 
t i t a t ive  da ta  on macrophage  P I  with which to compare  
the  present  results.  The inabili ty of BOR, M I X  or MFO 
to influence 20:4n-6 levels in P I  demons t r a t e  the unique 
ability of this phospholipid to selectively main ta in  i ts  

po lyunsa tura ted  f a t t y  acid composition. The retention of 
20:4n-6 in macrophage  P I  is of in teres t  because it is a 
major  eicosanoid precursor  (27). In  addition, the accumu- 
lat ion of n-3 f a t t y  acids in PC, PE,  PS and P I  is note- 
wor thy  because n-3 f a t t y  acid-enriched macrophages  
secrete reduced amounts  of 20:4n-6-derived eicosanoids 
(25,26). 

Compar ison of the f a t t y  acid composi t ion of macro- 
phage  phospholipids in mice fed 18:3n-6 rich diets (BOR, 
MIX), showed tha t  20:3n-6 levels were significantly in- 
creased in PC, PE,  PS and PI,  relative to SAF and MFO. 
The f a t t y  acid profile changes  following BOR and M I X  
feeding, specifically the absence of 18:3n-6 and the 
elevated 20:3n-6/20:4n-6 ratios, support  our earlier in vitro 
observations in which the presence of an active long chain 
elongase and modes t  A5 desa turase  activit ies in the 
peri toneal  macrophage  were documented  (18,24). The 
selective accumulat ion of 20:3n-6 is of part icular  interest  
because this f a t t y  acid can serve as a precursor  for the 
biosynthesis  of the 1-series pros taglandins  (8) t ha t  
possess  antiphlogist ic  propert ies  (11,28). 

The combination of 18:2n-6, 18:3n-6, 20:5n-3 and 22:6n-3 
(MIX diet), produced the highest  20:3n-6/20:4n-6 rat io in 
all phospholipids,  relat ive to SAF, MFO and BOR diets. 
These da ta  are consis tent  with earlier s tudies  {29,30), in 
which n-3 f a t t y  acids were shown to inhibit  the A5 
desatura t ion of 20:3n-6 to 20:4n-6. In  addition, the reduc- 
tion in the absolute levels of 18:2n-6, 20:4n-6, and 22:4n-6 
in M I X  and MFO PC, PE and PS, also demons t ra t e s  the  
ability of n-3 fa t ty  acids to competi t ively reduce n-6 fa t ty  
acid levels th rough  subst i tut ion.  Al though only a single 
M I X  t r e a t m e n t  of borage  and fish oil was examined, the 
resul ts  sugges t  tha t  the 20:3n-6/20:4n-6 levels can be 
significantly manipula ted  th rough  combined oil feeding. 
Therefore, it is possible to markedly  increase the m a c r o  
phage phospholipid levels of 20:3n-6, an eicosanoid precur- 
sor wi th  antiphlogist ic  potential ,  while concomitant ly  
reducing 20:4n-6, whose oxidat ive metabo l i sm via the  
cyclooxygenase and l ipoxygenase pa thways  plays  a role 
in inf lammation.  

In  summary ,  da ta  f rom this s tudy  demons t ra t e  t ha t  
the peritoneal macrophage  eicosanoid precursor  levels of 
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20:3n-6, 20:4n-6, and  n-3 ac ids  can  be  se lec t ive ly  man ipu -  
l a t e d  t h r o u g h  t h e  use  of  specif ic  d i e t a r y  r eg imens .  Th i s  
p o s s i b i l i t y  u n d e r s c o r e s  t h e  need  for  f u r t h e r  expe r imen-  
t a t i o n  in e l u c i d a t i n g  t h e  p o t e n t i a l  of  t h e s e  a l t e r a t i o n s  to  
a t t e n u a t e  t h e  p h l o g i s t i c  r e sponse .  
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Lipid Abnormalities in Pancreatic Tissue 
of Streptozotocin-induced Diabetic Rats 
Emile Levy, Claude C. Roy, Guy Lepage and Moise Bendayan* 
Departments of Nutrition, Anatomy and Gastroenterology, University of Montreal and Research Center, Ste-Justine Hospital, Montreal, 
Quebec, Canada 

Pancreatic lipid and fatty acid composition was deter- 
mined in streptozotocin-induced diabetic rats and com- 
pared to control and insulin-treated diabetic rats. A pro- 
nounced decrease of total fatty acids was recorded and 
mainly accounted for by a drop of fatty acids in glycer- 
ides. Cholesterol, on the other hand, was significantly in- 
creased two- to three-fold, leading to an elevated choles- 
terol/phospholipid ratio. Morpho-cytochemical studies 
confirmed these findings because the multiple lipid drop- 
lets present in acinar cells of diabetic animals were found 
to be of cholesterol nature. The major alterations in 
phospholipid-fatty acid composition were characterized 
by an increase of linoleate coupled to a decrease of mono- 
unsaturates and arachidonate, suggesting defective 
metabolism of saturates and of linoleate. This was fur- 
ther supported by fatty acid ratios that suggested low 
A5 and A9 desaturation. Daily administration of insulin 
for 10 days restored and overcorrected the various lipid 
alterations. This study suggests that there are alterations 
in lipid composition and metabolism in the exocrine pan- 
creas of chronic streptozotocin-induced diabetic rats. 
Their possible role in the mechanism regulating pan- 
creatic function and secretion remains to be elucidated. 
Lipids 23, 771-778 {1988}. 

Modifications in the secretory activity of the exocrine 
pancreas have been reported in diabetic humans {1-3}, as 
well as in experimental diabetic animals {4-9}. In addi- 
tion, frequent lesions such as generalized fatty degenera- 
tion of the acini are pancreatic histologic changes 
characteristic of both latent and overt diabetes {10-12}. 
Earlier studies suggested that these alterations, and the 
impairment of amylase secretion in particular, result from 
the disturbance of the high insulin supply to the acinar 
cells by the islet-acini portal system {9,13-15}. 

Diabetes is commonly associated with increased levels 
of all plasma lipids {16,17}. This hyperlipidaemia reflects 
more of an increase of the saturated and monounsatu- 
rated than of the polyunsaturated fatty acids (18}. Re- 
cently, attention has been drawn to similar lipid abnor- 
malities in different tissues such as heart, liver, testes and 
intestine of diabetic animals {19-21}. The decrease in the 
relative proportion of the polyunsaturated fatty acids, 
mainly arachidonic acid, was determined in these tissues 
and was found to result from an impairment of desatura- 
tion activity. The changes in lipid composition might 
affect the morphological and functional integrity of the 

*To whom correspondence should be addressed at the Department 
of Anatomy, Faculty of Medicine, University of Montreal, P.O. Box 
8128, Station A, Montreal, Quebec, H3C 3J7 Canada. 
Abbreviations: CE, cholesterol ester; DG, diglyceride; EDTA, 
ethylenediamine tetraacetic acid; FA, fatty acid; FC, free cholesterol; 
HDL, high density lipoprotein; MG, monoglyceride; LDL, low den- 
sity lipoprotein; PL, phospholipid; TC, total cholesterol; TG, 
triglyceride. 

pancreas in diabetes {20,22}, an observation that has been 
established for testes and seminal vesicles {20}. 

The present studies were designed to investigate the 
effect of streptozotocin-induced diabetes on the lipid and 
fatty acid profile of the pancreas of diabetic rats. By 
means of fatty acid ratios, the capacity of the tissue to 
elongate and desaturate fat ty acids was evaluated. Fur- 
thermore, pancreatic tissue was studied by a morphologi- 
cal-cytochemical approach. Finally, the ability of insulin 
to normalize the biochemical and morphological changes 
was examined. 

MATERIALS AND METHODS 
Animals. The experiments were performed on male 
Sprague-Dawley rats weighing 100 g at the beginning of 
the experiment. Diabetes in 12 rats was induced by i.v. 
injection of 50 mg/kg body wt of streptozotocin {Boehr- 
inger Mannheim, Quebec, Canada} freshly dissolved in 
10 mmolfl sodium citrate {pH 4.5}. Six control rats were 
given the vehicle alone. The animals had been maintained 
on a standard laboratory chow and tap water ad libitum 
for three months. A group of six streptozotocin-injected 
animals demonstrating both hyperglycemia and gluco- 
suria were treated with a daily injection of insulin {NPH, 
Connaught Laboratories, Ontario, Canada; 8 U/day per 
animal} for 10 days. With this treatment, normal homeo- 
stasis was reestablished. These animals received their 
10th injection two hr before killing. At the time of decapi- 
tation, the different groups of rats were fasted overnight. 
Blood was collected on ethylenediamine tetraacetic acid 
{EDTA} affd separated into plasma for various biochemi- 
cal determinations. 

Tissue lipid extraction. Immediately after the rats had 
been exsanguinated, the pancreas were excised. The 
tissues were minced, extensively washed in 0.15 mol/l cold 
NaC1 solution, blotted, weighed and extracted in chloro- 
form/methanol {2:1, v/v} {23}. To ensure that total lipids 
were extracted, the samples were subjected to an addi- 
tional extraction with chloroform/methanol. 

Thin layer chromatographic separation and gas liquid 
chromatography analysis. The chloroform phase was 
evaporated under a gentle stream of nitrogen at 24 C. The 
lipid components were either directly methylated for 
analysis of fat ty acid distribution in total lipids or first 
separated on thin layer chromatography plates {Silica Gel 
G} with a solvent system containing hexane/diethyl 
ether/glacial acetic acid {80:20:3, v/v/v). The different 
spots were identified with the help of standards that com- 
igrated on the plate. The cholesteryl ester {CE), triglyc- 
eride {TG}, free fatty acid {FFA}, diglyceride {DG}, 
monoglyceride {MG) and phospholipid {PL} fractions were 
scraped into small glass tubes and transesterified as 
described {24}. Supernatant aliquots, including internal 
standard, were injected into a 60 m fused silica column 
with an internal diameter of 0.32 mm and coated with 
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0.20 mm of SP-2331. Analyses were performed on a 
Hewlett-Packard No. 5880 gas chromatograph equipped 
with a flame ionization detector. Standard mixtures of 
fatty acids (Sigma Chemical Co., St. Louis, MO) were used 
to determine the retention times and the calculation of 
correction factors. The area under the chromatogram 
peaks was calculated with the aid of integrator, calibrated 
with the standard methylated fat ty acid mixtures. 

Calculation of desaturation activities. The activity of 
desaturase enzymes was not measured directly but in- 
ferred from calculation of immediate product to substrate 
ratios of fa t ty  acids. The following fat ty  acid ratios were 
selected because in all chromatograms they were present 
and reliably quantitated; the index of A5 desaturase ac- 
tivity was 20:4w6/20:3w6, and that of A9 was 18:1w9/18:0. 
In the calculation of A4 and A6 desaturase activities, one 
elongase for each was included. We were forced to use 
22:6w3/20:5w3 and 20:3w6/18:2w6 for the A4 and for the 
A6 desaturates because the substrates 22:5w3 and 18:3w6 
were not always present on each chromatogram. 

Other analytical methods. Plasma triglycerides, total 
cholesterol and free cholesterol determinations were car- 
ried out by enzymatic kits from Boehringer (Mannheim, 
Quebec, Canada). Glucose levels were determined by the 
glucose oxidase method and insulin by radioimmuno- 
assay. 

Morphological studies. For studies at the electron 
microscope level, small fragments of pancreatic tissue 
were sampled from the dorsal and ventral parts of the 
pancreas of the different groups of animals and fixed by 
immersion in 0.1 M phosphate-buffered 1% glutaralde- 
hyde for two hr at room temperature. The tissue frag- 
ments then were post-fixed with 1% osmium tetroxide 
and embedded in Epon 812 according to standard pro- 
cedures. Thin sections were cut, stained with uranyl 
acetate and lead citrate and examined with the electron 
microscope. The cytochemical staining of cholesterol was 
performed using modifications of the technique proposed 
by Friihling et al. (25). In short, after fixation with glutar- 
aldehyde and osmium tetroxide, the tissue fragments 
were dehydrated in ethanol 30% and 70% (15 and 30 min, 
respectively), infiltrated in ethanol 70%/Epon (l/l) twice 
30 min and finally embedded in Epon and polymerized 
at 60 C. The thin sections were lightly stained with uranyl 
acetate and examined. For the light microscopy immune, 
cytochemical investigation of endocrine cells in the islets 
of Langerhans, the pancreatic tissues were fixed with 
Bouin's fluid and embedded in paraffin according to 

standard techniques. Sections (5 ~m thick) were stained, 
applying the indirect immunofluorescence technique, for 
the demonstration of insulin, glucagon and somatostatin 
containing cells as described (13). Specific antibodies 
directed towards these pancreatic hormones were used 
(13). 

Statistical analysis. Analysis of variance and the multi- 
ple comparison procedure of Scheffe (26) were used to test 
for differences between means. If F was significant at the 
0.05 level, the difference between means was evaluated 
by the method of least significant differences. 

RESULTS 

At the time of killing, three months after the streptozoto- 
cin injection, the diabetic rats had significantly higher 
plasma glucose as well as TG and TC concentrations than 
control and insulin-treated rats (Table 1}. On the other 
hand, their insulin levels were Significantly depressed to 
about 32% of normal values, while those of insulin-treated 
diabetic animals showed a marked increase above control 
values. 

The composition of plasma fat ty  acids is reported in 
Table 2. The proportion of linoleic acid (18:2w6) was 
higher, while that of a-linolenic acid (18:3w3) was lower 
in diabetic rats. No significant difference could be demon- 
strated in the monounsaturates and the arachidonate 
(20:4w6), although a decrease was noted for both. Table 2 
also demonstrates that streptozotocin diabetes produced 
changes in fat ty acid levels consistent with a 55% inhibi- 
tion of A5 desaturation. However, the 18:1w9/18:2co6 
ratio, an index of essential fat ty acid deficiency, was 
found to be similar to that  of controls, while the 18:2w6/ 
20:4w6 ratio indicative of fat ty acid elongation and both 
A5 and A6 desaturation was higher, although not 
significantly. In contrast, the percentages of comparable 
fat ty acids were corrected in diabetic rats treated with 
insulin, except for 18:3w3. Insulin therapy altered the 
relative content of some fat ty acids such as 15:0, 16:1w7 
and 20:3w9 and corrected the A4 and A5 desaturations in- 
dices to normal values. 

Lipid fatty acid concentration in pancreatic tissue. 
Table 3 presents the concentrations of fat ty acids in the 
various lipid classes found in the pancreas. There was a 
significant decrease in the total fat ty acid content in the 
diabetic state. This change was largely accounted for by 
a marked decrease of TG (~35-fold). The only significant 
(P < 0.05) increment in pancreatic fat content was in the 

TABLE 1 

Biochemical Plasma Parameters in Control, Diabetic and Insulin-treated Hyperglycemic Rats 

Glucose TG TC Insulin 
Rats (mg/dl) {mg/dl) (mg/dl) (U/ml) 

Controls 159 __. 9 65 _ 9 72 + 6 36.6 ___ 2.2 
Diabetics 535 __. 42 a 384 ___ 70 a 112 _ 9 a 24.8 + 3.0 a 
Insulin-treated diabetics 37 +__ 2b, c 42 ___ 12 c 38 +- 7b, c 81.3 + 1.7b, c 

Values represent means +_ SEM of plasma concentrations obtained from 10-12 donor rats, 
aSignificant difference between the control and ~liabetic rats. 
bSignificant difference between the control and insulin-treated diabetics. 
cSignificant difference between the diabetics and insulin-treated diabetics. 
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T A B L E  2 

Total  P l a sma  Fa t t y  Acids 

Insulin-treated 
Fa t t y  acid Controls Diabetics diabetics 

Wt.  % 

12:0 0.14 +. 0.01 0.12 _ 0.07 0.16 +_ 0.02 
14:0 0.56 +. 0.03 0.53 + 0.13 0.62 +- 0.05 
15:0 0.39 +_ 0.04 0.61 +_ 0.09 0.28 +. 0.02 c 
16:0 24.29 +_ 0.98 24.08 +__ 0.85 27.08 +- 1.45 
16:1c07 0.77 +. 0.03 0.44 +_ 0.12 2.41 +- 0.22b, c 
17:0 0.40 + 0,01 0.69 +_ 0.06 a 0.28 + 0.007 c 
18:0 12.66 +. 0.40 12.14 + 0.80 13.01 +- 0.67 
18:1co9 12.17 +- 0.65 10.95 +. 0.89 12.30 +_ 1.17 
18:1co7 2.27 + 0.05 1.77 +- 0.12 2.37 +. 0.29 
18:2r 22.26 +. 0.53 26.66 +- 1.32 a 17.92 +_ 0.37b, c 
18:3co3 0.57 +. 0.03 0.33 ___ 0.03 a 0.38 +. 0.03 b 
18:3co6 0.20 +. 0.03 0.28 +- 0.04 0.11 +_ 0.01 c 
20:2co6 0.25 ___ 0.02 0.28 + 0.05 0.21 +. 0.02 
20:3co6 0.57 +--- 0.07 0.85 +. 0.09 0.74 __- 0.09 
20:3co9 0.11 +__ 0.02 0.04 +- 0.01 0.27 + 0.08 c 
20:4co6 17.54 +_ 1.46 12.49 +. 2.02 14.58 + 2.30 
20:5co3 0.91 +_ 0.11 1.02 __. 0.15 1.60 + 0.46 
22:3co3 0 0.16 _+ 0.05 0 
22:4co6 0.23 +- 0.04 0.21 +. 0.02 0.18 +. 0.04 
22:5co3 0.75 +--- 0.13 0.86 +. 0.05 0.73 +. 0.15 
22:5co6 0 0.42 +. 0.09 0.62 -!-_ 0.05 
22:6co3 3.08 ----- 0.36 5.32 +_ 0.77 4.21 +_ 0.72 

18:1co9/18:2co6 0.55 +- 0.03 0.41 +. 0.02 0.69 ___ 0.08 c 
18:2co6/20:4co6 1.30 +. 0.14 2.34 +_ 0.45 1.35 +. 0.25 

A4 desatura t ion  d 3.41 ___ 0.22 6.20 +. 2.21 3.02 +__ 0.58 
A5 desa tura t ion  e 32.30 +- 4.72 14.68 +. 1.74 a 20.58 + 4.60 
A6 desa tura t ionf  0.026 + 0.003 0.032 +. 0.004 0.041 +_ 0.005 
A9 desa tura t iong  0.97 +- 0.15 0.93 +_ 0.14 0.95 +. 0.08 

Values are means  +- SEM for four animals  in each group, expressed as percentage of 
total  p lasma  fa t ty  acids. 

aSignificant  difference between the control and diabetic tissue. 

bSignificant difference between control and diabetic insulin-treated. 

cSignificant difference between diabetic and diabetic insulin-treated. 

d Index  of A4 desa tura t ion  activity: 22:6oJ3/20:5w3. 

eIndex of A5 desatura t ion  activity: 20:4r 

f Index of A6 desatura t ion  activity: 20:3r162 

g Index  of A9 desatura t ion  activity: 18:1r 

T A B L E  3 

Fatty Acid Concentration of Lipid Components in Pancreatic Tissue 

Rats  Total f a t ty  acids TG DG MG FFA  CE PL 

~g/g tissue 

Controls 10249.3 +- 2879.7 9668.0 _ 4998.1 65.2 _ 20.4 216.4 +- 133.9 68.8 • 1.7 26.6 - 10.0 754.5 _ 192.6 

Diabetics 2190.9 +- 264.1 a 271.2 ___ 111.8 37.3 --- 9.5 187.8 +- 99.8 41.9 +. 15.0 92.3 +. 41.3 a 1111.9 +. 157.9 

Insulin-treated 
+ diabetics 7513.3 + 1207.1 5344.1 +- 1413.7 81.8 +_ 16.8 141.1 + 41.7 60 +. 12 37.3 +- 4.3 b 985.5 +, 99.1 

Values are means __. SEM for four animals in each group, expressed in ~g/g tissue. TG, triglyceride; DG, diglyceride; MG, monoglyceride; 
FFA, free fatty acid; CE, cholesteryl ester; PL, phospholipid. 

aSignificant difference between the control and diabetic tissue. 

bSignificant difference between the diabetic and diabetic insulin treated. 
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FIG. 1. Percent distribution of lipid classes in pancreatic tissue. The different lipid classes 
were extracted by chloroform/methanol (2:1, v/v), separated by thin layer chromatography, 
transesterified, and injected to GLC as described in Materials and Methods. 

CE fraction (~3-fold increase). Treatment of rats with in- 
sulin led to a restoration of normal lipid concentrations. 
This suggests that  the changes noted in the diabetic con- 
dition are the result of insulin deficiency. 

Distribution of lipid components in pancreatic tissue. 
When values of the various lipid components were ex- 
pressed as percentages of total amount of fat recovered 
from the pancreatic tissue, an abnormal pattern was ol> 
tained in the diabetic state (Fig. 1). As expected from 
Table 3, a substantial decrease of TG is noted and is 
associated with a relative increase of the other lipid 
classes, the phospholipid fraction being predominantly 
affected. On the other hand, insulin-treated diabetic 
animals demonstrated the same profile as controls. 

Nonesterified cholesterol concentration in pancreatic 
tissue. Besides the cholesterol increment recorded in 
Table 3, a significant increase of nonesterified cholesterol 
was found in pancreatic tissues of diabetic animals 
(Fig. 2). When the ratio of cholesterol/phospholipid was 
calculated, it was found to be significantly higher in 
diabetic {5-fold) than in control rats. Again, treatment 
with insulin abolished the large difference between the 
normal and the diabetic state. 

Fatty acid distribution in total lipids of pancreatic 
tissue. The fat ty acid profile of the total lipids extracted 
from the pancreas is recorded in Table 4. The pattern 
observed in diabetics differs markedly from that  of con- 
trols. The major essential fat ty acids (18:2~6, 20:4co6) 
together with other polyunsaturates (20:3co6, 20:5co3) 
were higher, while most saturates (except 18:0) and mono- 
unsaturates were lower. The decreased oleic acid could 
be the result of the diminished A9 desaturation, while A5 
desaturation was found to be significantly decreased as 
inferred from fat ty acid changes in the diabetic animals. 
Insulin administration partly corrected these abnor- 
malities. 

Fatty acid profile of phospholipids. Fat ty  acid analysis 
of PL of pancreatic tissue was performed. Table 5 shows 
that  linoleic acid and 20:3co6 were increased and 
arachidonic acid was decreased, indicating an impaired 
utilization of linoleic and 20:3co6 acid in diabetic animals. 
This led to a three-fold increase of the 18:2r ratio 
and a decrease of the co3 fatty acid family, which together 
could be secondary to the apparent decrease of A5 desatu- 
ration. In addition to the diminished proportions of 14:0, 
15:0 and 16:0, altered percentages of monounsaturates 

m g / g  tissue 

100 

50 

C D D+I 

FIG. 2. Free cholesterol concentration in pancreatic tissue. 

(16:1co7 and 18:1co9) were noticed, which is the likely 
result of a diminished A9-desaturation responsible for the 
conversion of saturated fat ty acids to monounsaturates. 
Treatment of the diabetic animals with insulin corrected 
or even overcorrected the abnormal fat ty acid pattern of 
the PL fraction without changing the decreased A5 fat ty 
acid desaturation. 

Morphological studies. Immunofluorescence studies 
performed on the endocrine portion of the pancreas 
demonstrated a drastic decrease in the number of insulin- 
containing cells in the islets of Langerhans of the 
streptozotocin-induced diabetic animals when compared 
with the controls (results not illustrated). By electron 
microscopy, the acinar cells in control animals appeared 
pyramidal in shape, with the nucleus in basal position sur- 
rounded by a well-developed rough endoplasmic reticulum 
arranged in parallel rows (Fig. 3). The Golgi apparatus 
and numerous secretory zymogen granules were present 
in a supra-nuclear position, close to the apical plasma 
membrane. Lipid droplets, in particular, were small in size 
and very few in number. When present, they were located 
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T A B L E  4 

Pancreat ic  Fa t ty  Acid Composition 

Insulin-treated 
F a t t y  acids Controls Diabetics diabetics 

Wt.  % 

14:0 1.58 • 0.20 0.58 • 0.04 a 
15:0 0.37 • 0.02 0.36 • 0.02 
16:0 24.37 • 0.66 23.64 • 0.57 
16:1r 2.23 • 0.40 0.41 + 0.04 
18:0 7.99 • 0.76 20.06 + 1.18 a 
18:1co9 27.83 + 1.80 11.98 -- 1.04 a 
18:2oJ6 28.94 __. 0.79 31.80 + 0.54 a 
18:3r 1.53 + 0.22 0.24 • 0.05 a 
20:3r 0.32 • 0.04 1.24 • 0.07 a 
20:4co6 4.39 • 0.95 9.46 • 0.92 a 
20:5co3 0.61 • 0.12 0.99 • 0.21 
Satura ted  34.30 • 1.27 44.54 • 1.02 a 
Polyunsa tura ted  35.64 • 0.79 43.31 • 1.08 a 

r 2.04 • 0.23 1.14 • 0.28 
r 33.60 - 0.77 42.50 • 1.01 a 
oJ9 27.83 • 1.80 11.98 • 1.04 a 
co6/r 1.23 • 0.09 3.77 • 0.44 a 

18:1o~9/18:20~6 0.96 • 0.06 0.38 • 0.04 a 
18:2co6/20:4co6 9.96 • 3.46 3.58 • 0.37 

A5 desa tura t ion  d 17.29 • 3.99 7.74 • 0.79 a 
A6 desa tura t ion  e 0.011 • 0.001 0.039 • 0.002 
A9 desa tura t ionf  3.73 • 0.55 0.61 _+ 0.07 a 

1.48 __. 0.07 c 
0.23 + 0.04b, c 

30.84 + 0.64b, c 
8.34 + 0.89b, c 
6.79 • 1.03 c 

29.20 • 3.18 c 
16.57 + 0.63b, c 

0.77 + 0.07 b 
0.62 ___ 0.27 c 
4.42 • 1.55 c 
0.78 • 0.29 

39.31 • 1.55b, c 
23.15 • 2.57b, c 

1.55 __. 0.23 
21.60 + 2.35b, c 
29.20 ___ 3.18 c 

0.86 + 0.23 c 

1.80 + 0.24b, c 
5.99 + 1.36 

7.83 • 1.47 b 
0.035 • 0.013 
5.05 • 1.00 b 

Values are means • SEM for four Rnimals in each group, expressed as percentage of 
fa t ty  acids recovered from pancreatic tissue. 
aSignif icant  difference between the  control and diabetic tissue. 
bSignificant difference between control and diabetic insulin-treated. 
cSignificant difference between diabetic and diabetic insulin-treated. 
d Index  of A5 desa tura t ion  activity: 20:4r162 
eIndex of A6 desa tura t ion  activity: 20:3r162 
f Index of A9 desa tura t ion  activity: 18:1r 

FIG.  3. Pancreat ic  t issue from a control animal. The acinar cells 
display their  typical morphology with numerous secretory zymogen 
granules in the  supranuclear  port ion of the  cell. Lipid droplets (ar- 
rows) are few in number and small in size. X2000. 

FIG. 4. Pancreat ic  t issue from a diabetic animal. The acinar cells 
display accumulations of lipid droplets (Lip} some of which are large 
in size. Xl100. 

a t  t h e  b a s a l  p a r t  of  t h e  cel l  (Fig .  3). I n  c o n t r a s t ,  t h e  a c i n a r  
c e l l s  of  t h e  d i a b e t i c  a n i m a l s  a p p e a r e d  i n f i l t r a t e d  w i t h  
l a r g e  a m o u n t s  o f  l i p i d  d r o p l e t s  {Fig. 4). T h e s e  w e r e  q u i t e  
v a r i a b l e  i n  s ize ,  s o m e  o f  t h e m  r e a c h i n g  2 0 0 0  n m  i n  
d i a m e t e r .  B e c a u s e  o f  t h e s e  l a r g e  a g g r e g a t e s  o f  l i p i d  

d r o p l e t s ,  t h e  m o r p h o l o g y  o f  t h e  ce l l s  w a s  s o m e w h a t  
a l t e r e d ,  i n  p a r t i c u l a r  t h e  a r r a n g e m e n t  o f  t h e  r o u g h  
e n d o p l a s m i c  r e t i c u l u m  a t  t h e  b a s a l  p a r t  of  t h e  cel l  {Fig. 4). 
T h e  G o l g i  a p p a r a t u s  a n d  t h e  s e c r e t o r y  g r a n u l e s  re-  
m a i n e d  l o c a t e d  t o w a r d s  t h e  a p i c a l  r e g i o n  o f  t h e  cell .  T h e  
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TABLE 5 

Pancreatic Phospholipid Fatty Acids 

Insulin-treated 
Controls Diabetics diabetics 

Wt. % 

14:0 0.28 +-- 0.01 0 a 
15:0 0.27 ----- 0.03 0 a 
16:0 31.41 +__ 1.46 25.76 +_ 0.74 a 
16:1r 0.32 +-- 0.08 0 a 
18:0 18.35 _+ 0.28 19.84 + 1.04 
18:1r 7.52 + 0.19 7.04 ___ 0.21 
18:2r 19.23 + 0.27 34.65 + 0.36 a 
18:3r 0 0 
20:3oJ6 0.75 +__ 0.15 1.38 _+ 0.04 
20:4r 20.99 + 0.73 10.94 ___ 0.79 a 
20:5eo3 1.69 +__ 0.15 0.52 ___ 0.08 a 
Saturated 50.17 + 1.60 45.60 ___ 0.50 a 
Polyunsaturated 42.07 _ 1.37 47.37 _ 0.64 a 

003 1.72 + 0.18 0.52 -!-_ 0.08 a 
r 40.78 +-- 1.02 46.97 ___ 0.64 a 
o~9 7.52 +--- 0.19 7.04 +__ 0.21 
r162 5.42 +-- 0.11 6.70 +_ 0.27 

18:1r162 0.391 _+ 0.005 0.203 _ 0.006 a 
18:2r162 0.92 + 0.03 3.23 +_ 0.27 a 

h5 desaturation d 30.74 +- 6.38 7.89 +_ 0.49 a 
h6 desaturation e 0.039 + 0.007 0.040 _+ 0.001 
h9 desaturationf 0.41 +_ 0.01 0.36 +- 0.01 a 

0.34 ___ 0.05 c 
0.21 ___ 0.01 c 

32.52 ___ 0.59 c 
0.84 ___ O.07b, c 

15.18 +_ 0.38b, c 
6.75 +_ 0.29 

22.10 +_ 0.76b, c 
0 

2.24 __. 0.26b, c 
17.08 + 1.21 c 

2.73 + 0.20b, c 
48.25 +- 0.58 
44.15 +_ 0.91 

2.73 ___ 0.20b, c 
41.43 +_ 0.78 c 

6.75 ___ 0.29 
6.21 __. 0.35 

0.307 +_ 0.013b, c 
1.34 +_ 0.15 c 

8.57 + 1.85 b 
0.102 +_ 0.012b, c 
0.45 _+ 0.01 c 

Values are means __ SEM for four animals in each group, expressed 
fatty acids recovered from pancreatic tissue. 
aSignificant difference between the control and diabetic tissue. 
bSignificant difference between control and diabetic insulin-treated. 
cSignificant difference between diabetic and diabetic insulin-treated. 
dIndex of h5 desaturation activity: 20:4r162 
eIndex of h6 desaturation activity: 20:3r162 
fIndex of h9 deeaturation activity: 18:1r 

as percentage of 

FIG. 5. Pancreatic tissue from an insulin-treated diabetic animal. 
Small  lipid droplets (arrows) are present in the acinar cells. X1500. 

a c c u m u l a t i o n  of l ipid d rop le t s  in  the  ac inar  cells was  
found in  bo th  the  ven t ra l  and  dorsal  pa r t s  of the pancreas.  
The  ac inar  cells of i n su l in - t r ea t ed  d iabe t ic  an i ma l s  
r e sembled  those  of the  n o r m a l  ones  {Fig. 5); the  la rge  

a c c u m u l a t i o n  of l ipid drops  was  a lmos t  comple te ly  re- 
ve rsed  wi th  on ly  some smal l  d rop le t s  r e m a i n i n g  a t  the  
basa l  p a r t  of the  cells {Fig. 5). I n  c o n t r a s t  to the  large 
a c c u m u l a t i o n  of l ipid drople t s  found  in  ac inar  cells of 
d iabet ic  an imals ,  the  endocr ine  cells r e m a i n i n g  in  the  
is le ts  of L a n g e r h a n s  of these  a n i ma l s  {mainly g lucagon,  
s o m a t o s t a t i n  a nd  panc rea t i c  po lypep t ide  cells} {Fig. 6), 
as well as the  epi thel ial  cells of the  exocrine duc t s  {Fig. 7) 
were devoid  of l ipid accumula t ion .  These  r e su l t s  sugges t  
t h a t  on ly  the  ac inar  p a r e n c h y m a  is affected b y  the  l ipid 
changes  descr ibed  above.  

The  e lec t ron  microscopy  re su l t s  co r robora ted  the  bio- 
chemical f indings.  Indeed, the cytochemical  s t udy  demon- 
s t r a t e d  t h a t  the  l ip id  droplets ,  p r e s e n t  in  ac inar  cells of 
d iabe t ic  an imals ,  are of choles terol  na tu re ,  because  the  
select ive t echn ique  used  yie lded a pos i t ive  s t a i n i n g  
{Fig. 8). 

DISCUSSION 

The use  of a n i m a l  models  d i s p l a y i n g  d iabe tes  has  con- 
t r i b u t e d  g rea t ly  to  our  u n d e r s t a n d i n g  of the  disease  in  
h u m a n s .  I n  th i s  s tudy ,  the  cha rac te r i s t i c  me tabo l i c  
changes  occur r ing  in  the  d iabe t ic  s t a t e  were noted ,  i.e., 
hyperglycemia ,  hyper l ip idemia  a nd  hypoinsul inemia .  Our  
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FIGS. 6 and 7. Pancreatic tissue from a diabetic animal. The en- 
docrine cells {End) of the islet of Langerhans {Fig. 6) as well  as the 
epithelial cells (Ep) of the secretory duct (Fig. 7) are devoid of lipid 
droplets. In contrast, the neighboring acinar cells display lipid ac~ 
cumulation. Fig. 6 X4200. Fig. 7 X3500. 

FIG. 8. Pancreatic tissue from a diabetic animal. The tissue was 
prepared for the demonstration of cholesterol. The lipid droplets {Lip) 
present in the aeinar cells display a positive cytochemieal reaction 
since they appear electron dense. X13000. 

results conclusively demonstrated that diabetes in the rat 
led to several changes in the concentration as well as in 
the composition of fatty acids and lipid components in 
the pancreas. The lipid classes responsible for the large 
diminution of total fat included TG, DG, MG and FFA. 
By contrast, esterified- and free-cholesterol were surpris- 
ingly high. This finding involved only acinar cells because 
the remaining endocrine cells as well as the epithelial cells 
did not show any accumulation of lipid droplets. Another 
crucial observation was that the phospholipids of the pan- 
creas of experimental diabetic rats disclosed increased 
linoleic acid (18:2co6) and diminished palmitoleic, oleic and 
arachidonic acid. Daily insulin replacement for 10 days 
normalized or overcorrected the abnormal lipid profile of 
the pancreas of diabetic rats in conjunction with restora- 
tion of the plasma changes. 
At this time, the precise mechanism for the accumula- 

tion of cholesterol in the diabetic state is not known 
because cholesterol levels in all cells represent a balance 
between cellular uptake, de novo synthesis and cata- 
bolism {27). Some investigators have recently doctunented 
enhanced cholesterol synthesis in the small intestine of 

streptozotocin-treated rats (28,29). However, we must be 
careful not to extrapolate these findings to the pancreas 
because the activity of the key synthetic enzyme, HMG- 
CoA reductase, is reportedly depressed in the liver of 
streptozotocin-diabetic rats (30). Additional studies are 
required to explore the possibility of an increased uptake 
of cholesterol by the pancreas from circulating lipopro- 
reins. It is evident from many studies that the major way 
by which numerous peripheral tissues in man may acquire 
cholesterol to supplement endogenous synthesis is by 
means of cholesterol uptake from low density lipoproteins 
(LDL) {31). But in animal species, such as the rat where 
plasma LDL levels are excessively low, HDL may fulfill 
this role {32). This process could be active in diabetic rats 
because cholesterol metabolism is altered and leads to a 
marked increase in plasma. 

As stated before, the extensive lipid alterations found 
in diabetes appear to be focused only on the exocrine 
parenchyma. Previous studies described alterations in the 
secretion of amylase {4-9,13), a reduction of the exocrine 
mass and diminished pancreatic reserve {33,34). Others 
not only observed insulinitis but also severe atrophy of 
the acinar cells surrounding the islets of Langerhans {35}. 
Furthermore, the pancreas of diabetic animals showed 
lymphatic infiltration and acinar cell damage around the 
islets (8). In our diabetic model, a drastic decrease in in- 
sulin secreting cells has been found in agreement with 
previous results {13,36). The remaining islets of 
Langerhans consisted mainly of glucagon- and 
somatostatin-secreting cells. On the other hand, the 
acinar parenchyma does not appear to be altered apart 
from changes in the secretory activity of the cells {9,13} 
and the presently described lipid deposition. Esters of 
some saturates, monounsaturates and of arachidonic acid 
were decreased more than esters of linoleic acid. Because 
of these variable individual changes, the relative composi- 
tion of the total and PL fractions differed from that of 
controls. Benjamin and Gellhorn (37), studying adipose 
tissue, Brenner et al. (38), working with adipose tissue 
and testis, and Holman et al. (19), examining heart, liver, 
kidney and aorta described the same trend in the fatty 
acid profiles. Therefore, it seems that almost all organs 
are affected by the metabolic derangements of diabetes. 

In view of the percent increase of linoleic acid in the 
pancreas of diabetic rats coupled with the substantial 
decrease of arachidonic acid, it is reasonable to suggest 
that the metabolism of linoleate is impaired. Similarly, 
although the relative proportion of a-linolenic acid 
(18:3o~3) was unchanged, the metabolite, 20:5c03, was 
significantly decreased. The enzyme is responsible for the 
desaturation of 20:3co6 to 20:4co6 as well of 20:4co3 to 
20:5(03, and of 20:2(o9 to 20:3w9. Given that the content 
of the 20:3w6 substrate for h5-desaturation, was found 
to be increased by 84% above the control value, and that 
arachidonic acid was suppressed by 91.9%, the activity 
of the n3 A5-desaturation enzyme must be impaired in 
diabetes. We have paid particular attention to the PL 
fraction because assessment of EFA status through PL 
analysis is thought to be more reliable (39). The rats in 
our investigation had been diabetic for more than 90 days 
and demonstrated a decrease total ~03 acids from 1.72 • 
0.18 in controls to 0.52 • 0.08. Although Holman et al. 
(19) proposed that  the magnitude and direction of the ef- 
fect of diabetes on the proportions of c03 acids is mediated 
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b y  diet, this  does no t  seem to  be the  case in the  p resen t  
s t u d y  because  the  diet  r emained  identical.  

P rev ious  s tudies  in diabet ic  an imals  r epor ted  a l tered 
phys ica l  proper t ies  and  f luidi ty  of  m e m b r a n e s  in t i ssues  
other  t han  the  pancreas  (22). Our  resul ts  relative to  TC/PL 
ra t ios  referred to  the  whole  cell conten t .  Therefore,  addi- 
t ionai  s tudies  are required  to  de te rmine  the  m e m b r a n e  
lipid composi t ion and fluidity, and to  assess their implica- 
t ion  in the  va r ious  a l te ra t ions  obse rved  in diabet ic  
pancreas .  
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Formation of Trimers of a-Tocopherol and Its Model Compound, 
2,2,5,7,8-Pentamethylchroman-6-ol, in Autoxidizing Methyl Linoleate 
Ryo Yamauchi*, Koji Kato ond Yoshimltsu Ueno 
Department of Agricultural Chemistry, Gifu University, I-I, Yanagido, Gifu City, Gifu 501-11, Japan 

The reaction products of a-tocopherol and its model com- 
pound, 2,2,5,7,8-pentamethylchroman-6-ol, during the 
autoxidation of methyl linoleate at 37 C were investi- 
gated. Two isomeric trimers were obtained as the major 
reaction products of a-tocopherol, and a trimer was 
obtained as that  of its model chroman. The structure of 
each trimer has been characterized by IR, UV, 1H and 
13C NMR, and mass spectroscopy. The ~3C NMR spectra 
showed the presence of a quaternary carbon atom and a 
carbon atom bearing two oxy substituents in the 
molecule. On methanolysis of each trimer, equimolar 
amounts of the ~methoxymethyl compound and the 
dihydroxy dlmer were formed, indicating the presence of 
a ketal group in the molecule. From these results, new 
trimeric structures are proposed. The reaction products 
of a-tocopherol could be well-separated by reverse-phase 
high performance liquid chromatography. When methyl 
linoleate was autoxidized in the presence of 1 mol% a- 
tocopherol, spirodiene dimer was the initial reaction prod- 
uct of a-tocopherol, and trimers were formed with the 
decrease of a-tocopherol. 
Lipids 23, 779-783 (1988). 

Tocopherols are generally present in seed oils and are 
viewed as natural antioxidants. The role of a-tocopherol, 
the major constituent of vitamin E, in foods or living cells 
is believed to be as a free radical scavenger. Its oxida- 
tion in these systems is most likely a result of its reac- 
tion with lipid peroxy radicals (1,2). Csallany et al. (3) have 
shown that  the major reaction products of a-tocopherol 
formed during autoxidation of methyl linoleate at 60 C 
are identical to compounds produced by mild oxidation 
of a-tocopherol with alkaline K3Fe(CN)6. The major prod- 
ucts of these oxidations are the spirodiene dimer (IIa) and 
trimer (IIIa) of a-tocopherol (Ia) (Scheme 1). It has been 
well-established that free radical oxidation of a-tocopherol 
leading to characteristic products takes place via the 
tocopheroxy radical intermediate {4,5). If a suitable free- 
radical is not present, dimer and trimer would be expected 
to be major products of these reactions. 

We have studied the reaction products of a-tocopherol 
and its model compound, 2, 2,5, 7,8-pentamethylchroman- 
6-ol (PMC), during the autoxidation of methyl linoleate 
in bulk phase at 37 C. 

MATERIALS AND METHODS 
Materials. 2R,4'R,8'R-a-Tocopherol (Type V) was pur- 
chased from Sigma Chemical Co. (St. Louis, MO), and 
2R, 4 '/~ 8 'R-y-tocopherol was prepared from mixed isomers 
of tocopherol (Eisai Co., Tokyo, Japan). Tocopherols were 
purified by Sephadex LH-20 column chromatography (6). 

*To whom correspondence should be addressed. 
Abbreviations: PMC, 2,2,5,7,8-pentamethylchroman-6-ol; HPLC, 
high performance liquid chromatography; IR, infrared; NMR, nuclear 
magnetic resonance; TLC, thin layer chromatography. 

O D Ho R 
Ia, R=C16H33 R 

IIa, R =Cl6H33 
Ib, R=CH3 

l i b ,  R=CH3  

R 

R IIIb, R- CH3 
R 

SCHEME 1 

An a-tocopherol model compound, PMC, was prepared by 
the method of Nilsson et al. (7), and obtained as colorless 
needles: mp 96-97 C; MS m/z 220 (M*, 100%); IR (KBr) 
v 3250 cm-1; UV (hexane) A 295 nm (~ 3420). a-Tocopheryl 
quinone was produced from a-tocopherol by oxidation 
with FeCl3 in ethanol (4), while a-tocopherol spirodiene 
dimer was synthesized following the procedure of Nelan 
and Robeson (8). Methyl linoleate purchased from Tokyo 
Kasei Kogyo (Tokyo, Japan) was purified by silica gel col- 
umn chromatography to be peroxide-free {9). All other 
chemicals were obtained from common laboratory sup- 
pliers. All solvents were distilled in an all-glass still before 
use. 

High performance liquid chromatography (HPLC). 
HPLC was performed with a Jasco Trirotar V pump 
equipped with a Model GP-A40 gradient programmer and 
with a Model 875 UV detector. Reverse-phase HPLC was 
done with a Wakosil 5C18 column (4.6 X 250 ram, Wako 
Pure Chemical Ind., Osaka, Japan} developed with a 15 
min linear gradient of methanol to methanol/isopropyl 
ether I1:1, v/vl at a flow rate of 1.5 mYmin. Normal-phase 
HPLC was done with a gBondasphere 5g Si-100~, column 
(3.9 • 150 ram, Nihon Waters Ltd., Tokyo, Japan} 
developed with hexane/isopropyl ether {97:3, v/v) at a flow 
rate of 1.5 ml/min. 

Oxidation procedure. For the structural analysis, 
methyl linoleate (3.0 g) with a-tocopherol {1.0 g) or PMC 
{0.60 gl was placed in a glass shalet {7 cm in diameter). 
To assure that  the methyl linoleate and the tocopherol 
were well mixed, they were dissolved in ethyl ether and 
then dried under nitrogen and allowed to autoxidize at 
37 C for 30 days in the dark. The reaction products of a- 
tocopherol or PMC were analyzed by thin layer chroma- 
tography (TLCI on a Merck pre-coated silica gel 60 plate 
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(Darmstadt, West Germany) using hexanetethyl ether/ 
acetic acid (80:30:1, v/v/v) as the solvent system. The 
products  were separa ted by silica gel column 
chromatography. The column was developed with increas- 
ing proportions of ethyl ether in hexane. For the time- 
course experiment, methyl linoleate (1 mmol), either with 
or without i tool% of a-tocopherol, was placed in a glass 
vial (1.5 cm in diameter) and autoxidized at 37 C in the 
dark. At regular intervals, aliquots of the sample were 
withdrawn, dissolved in isopropanol and injected into the 
HPLC. The amounts of a-tocopherol and its reaction prod- 
ucts were calculated from the peak area by monitoring 
the elutions at 285 nm. y-Tocopherol was used as the in- 
ternal standard (10). The peroxide values were measured 
by the iodometric method (9). 

Methanolysis of the reaction products. Each solution 
of the products in benzene (10 ml) and 5% HC1 in 
methanol (5 ml) was heated at 100 C for three hr in a 
sealed tube. After cooling, each product was extracted 
with ethyl ether, washed with distilled water and dried 
in vacuo. The extracts were analyzed by TLC with hex- 
ane/ethyl ether/acetic acid (90:10:0.5, v/v/v) as the solvent 
system. The methanolized products were separated by 
silica gel column chromatography developed with increas- 
ing proportions of ethyl ether in hexane. 

Apparatus. All melting points were determined with a 
Yanagimoto microapparatus and are uncorrected. Proton 
(1H) and carbon-13 ~'3C) nuclear magnetic resonance 
(NMR) spectra were recorded on a JEOL JNM-GX-270 
FT NMR spectrometer with CDC13 as the solvent and 
with tetramethylsilane as the internal standard. NMR 
spectra are taken at ca. 27 C; '3C NMR at 67.8 MHz with 
proton decoupling, and 'H NMR at 270.05 MHz. Mass 
(MS) spectra were obtained with a Hitachi RMU-6 mass 
spectrometer at ionizing energy of 70 eV. Infrared (IR) 
spectra of samples in KBr tablets or liquid film were taken 
on a Jasco A-302 IR spectrometer. Ultraviolet (UV) 
spectra were measured with a Hitachi Model 200-10 
spectrophotometer. 

(hexane) A 293 nm (~ 6100). IVb: MS m/z 858 ([M-428] § 
0.1%); IR (film) v 1690 cm-l; UV (hexane) A 293 nm (~ 6200). 
V: MS m/z 654 (M *, 2%); IR (KBr) v 1690 cm-1; UV (hex- 
ane) A 292 nm (E 6400). 

The 'H NMR spectra of IVa, IVb and V were consist- 
ent with that  expected for trimers of a-tocopherol and 
PMC (Table 1). In particular, the geometric relationship 
between IVa and IVb could be established by interpreta- 
tion of the spectra (14,15). When the third a-tocopherol 
residue is trans to the 2'a-methyl group (IVa), the 2'a- 
methyl group (1.22 ppm) is localized in a shielding en- 
vironment above the plane of the enone system. When 
the third a-tocopherol residue is cis to the 2'a-methyl 
group (IVb), deshielding of the 2'a-methyl group 
(1.44 ppm) is observed and may be due to 1,3-diaxial in- 
teraction of this group with the third a-tocopherol. 

The '3C NMR spectra of IVa, IVb and V show, in addi- 
tion to other peaks that  are consistent with the assigned 
structure as shown in Table 2, a single carbonyl (IVa: 
198.9 ppm, IVb: 198.7 ppm, V: 198.7 ppm), a quaternary 
carbon (IVa: 42.8 ppm, IVb: 41.6 ppm, V: 41.7 ppm), four 
tertiary ethers (IVa: 85.6, 77.2, 74.7, and 74.3 ppm; IVb: 
85.5, 76.2, 74.7, and 74.5 ppm; V: 85.5, 74.5, 72.7, and 
72.4 ppm), and a carbon atom bearing the two oxy sub- 
stituents (IVa: 100.3 ppm, IVb: 99.5 ppm, V: 99.7 ppm). 

The trimers (IVa, IVb and V) were hydrolyzed by HC1 
according to the conditions of Skinner and Parkhurst (13). 

TABLE 1 

1H NMR Chemical Shifts of the Methyl Groups 
of Trimers, IVa, IVb and V 

RESULTS 

Characte~zation ofreac~onp~ducts. The reaction prod- 
ucts of a-tocopherol in the autoxidized methyl linoleate 
were analyzed by TLC. Spots corresponding to two reac- 
tion products of a-tocopherol (IVa: RI 0.96 and IVb: 
Rf 0.91), methyl linoleate (Rf 0.76), a-tocopherol (Rf 0.55) 2.23(3)a,b 2.23(3) 2.23(3) 
and methyl linoleate monohydroperoxide (the autoxida- 2.19(3) 2.19(3) 2.18(3) 
tion product of methyl linoleate (11): R4 0.26) were ob- 2.13(3) 2.13(3) 2.13(3) 
served on the TLC plate. The reaction products, IVa and 2.09(3) 2.09(3) 2.09(3) 
IVb, were separated by silica gel column chromatography 1.99(3) 1.96(3) 1.96(3) 
and obtained as pale-yellow waxes (the yields of IVa and 1.67(3) 1.67(3) 1.68(3} 
IVb were 106 mg and 94 mg, respectively). 1.22(3) 1.44(3) 1.49(3} 

The autoxidation of methyl linoleate in the presence of 
PMC gave methyl linoleate (Rf 0.76), a reaction product 1.26(3) 1.26(3) 
of PMC (V: Rf 0.69), PMC (Rf 0.44) and methyl linoleate 1.19(3) 1.19(3) 
monohydroperoxide (Rf 0.26) on the TLC plate. The reac- 1.32(3) 
tion product, V, was separated by silica gel column 1.30(3) 

1.27(6) 
chromatography, crystallized from ethanol/ethyl ether/ 1.24(3) 
water and obtained as white powder (yield 62.6 mg, mp 0.88(18) 0.88(18) 
223-226 C). 0.85(18) 0.85(18) 

The compounds IVa, IVb and V agreed spectrometri- 
cally with trimers of a-tocopherol and PMC (12,13). IVa: 
MS m/z 858 ([M-428] § 0.4%); IR (film) v 1695 cm-l; UV 

R R 

IVa IVb V Assignment of methyl proton 

7a, 8b, 7"a, 8"b 

Ta, 8'b 
2"a 

2a, 2"a 

2a, 2b, 2'b, 2"a, 2"b 

aShifts in parts per million downfield relative to tetramethylsilane. 
bNumber of protons in parentheses. 
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TABLE 2 

~3C NMR Chemical Shifts of Trimers, IVa, IVb and V 

8 7f  

 L.O 

o 0, 
R R 

IV, R = CI6H33 
V, R =CH 3 

IVa IVb V Carbon assignment 

198.9 a 198.7 198.7 6' 

150.1 150.6 150.3 8' 

145.8, 145.6, 147.7, 145.6, 145.8, 145.7, 
144.8, 142.6 144.7, 142.1 144.9, 142.3 6, 8a, 6", 8"a 

129.8 129.4 129.7 7' 
123.6(2) b, 123.6(2}, 123.6, 123.5, 
122.3, 122.0 122.3, 122.0 122.3, 122.0 5, 7, 5", 7" 

115.8, 115.7, 115.8, 115.6 ,  115.6(2), 
115.5, 115.1 115.2, 115.1 115.1, 115.0 4a, 8, 4"a, 8" 

100.3 99.5 99.7 8'a 

85.6 85.5 85.5 5' 

77.2 76.2 74.5 2' 

74.7, 74.3 74.7, 74.5 72.7, 72.4 2, 2" 

42.8 41.6 41.7 4'a 

44.2-11.7 44.9-11.7 33.7-11.7 2a, 3, 4, 5a, 7a, 8b, 
2'a, 3', 4', 5'a, 7'a, 8'b 
2"a, 3", 4", 5"a, 7"a, 8"b, R 

aShifts in parts per million downfield relative to tetramethylsflane. 
bNumber of carbons in parentheses. 

Each  hydrolyzed sample examined by  TLC showed only 
one spot identical to tha t  of each original trimer. 

The tr imers (IVa: 50.4 mg, IVb: 34.2 mg, and V: 
23 .0mg,  respectively} in benzene solut ions were 
methanolized with 5% HC1 in methanol.  IVa and IVb 
gave the same two products,  V ia  IRI 0.29} and VI Ia  (R~ 
0.22}, in addition to the unreacted t r imer  (IVa: Rf 0.76 
and IVb: Rf 0.5D on the TLC plate. V (Rf 0.33} also gave 
two products,  VIb (Rf 0.16} and VIIb  {Rf 0.12} on the 
plate. The products  were separated by silica gel column 
chromatography.  Both  Via  and VI Ia  were obtained as 
pale yellow oils (the yields of Via  and VI Ia  were 6.8 mg 
and 13.7 mg from IVa, and 4.9 mg and 10.7 mg from IVb, 
respectively}. VIb was crystallized from hexane and ob- 
tained as white needles (yield 3.2:mg, mp 53-54 C), and 
VIIb  from ethanol/water gave white plates {yield 7.9 mg, 
mp 187-188 C). 

The s t ructures  of Via,  VIIa,  VIb and VIIb  were con- 
firmed from their  spectral  da ta  and identified as follows: 
Via,  5-methoxymethyl-7,8-dimethyltocol:  MS m/z 460 
(M § 3%); IR (film) u 3420 cm -~ {OH}; UV (hexane) ~ 298 nm 
(E 3800}; 'H  NMR (CDC13} 6 4.64 ppm (s, H), 3.42 is, 3H), 
2.59 (t, 2H, J = 6.8 Hz), 2.10 (s, 3H}, 1.75 (q, 2H, J = 

10.6 Hz), 1.52 (t, 2H, J = 6.6 Hz), 1.21 is, 3H), 0.88 (s, 
6H), 0.85 (s, 6H); 13C NMR (CDC13) 6 147.4 ppm, 144.7, 
125.8, 123.1,115.9, 115.4, 74.4, 69.8, 58.1, 39.8, 39.4, 37.5, 
37.4 (2 atoms}, 37.3, 32.8, 32.7, 31.5, 28.0, 24.8, 24.5, 23.7, 
22.7, 22.6 12 atoms}, 21.0, 19.9, 19.7, 11.9, 11.7. VIIa,  
d ihydroxy dimer of a-tocopherol. The spectral  da ta  were 
essentially identical with the l i terature values 18,12): MS 
m/z 858 {M § 22%}; IR (film) u 3450 cm-'; UV {hexane) 

297 nm (~ 7500}; ~H NMR (CDC13) 6 5.68 ppm Is, 2H), 
2.72 (broad, 4H), 2.14 is, 6H), 2.11 is, 6H), 1.80 lq, 4H, 
J = 6.6 Hz), 1.23 Is, 6H), 0.88 (s, 12H), 0.85 (s, 12H); 
13C NMR (CDC13) 6 145.7 ppm, 144.9, 123.4, 123.0, 121.2, 
116.3, 74.6, 40.1, 39.4, 37.5, 32.8, 31.7, 28.0, 26.1, 24.8, 
24.5, 23.9, 22.8, 21.7, 19.8, 12.2, 11.9. VIb, 5-methoxy- 
methyl-2,2,7,8-tetramethylchroman-6-ol: MS m/z 250 IM § 
76%}; IR (KBr) v 3320 cm -~ (OH); UV (hexane) ~ 293 nm 
(~ 3700}; 'H NMR (CDC13) 6 4.62 ppm is, H), 3.46 is, 3H), 
2.58 it, 2H, J -- 7.0 Hz), 2.13 is, 3H), 2.10 Is, 3H), 2.09 
(broad, 2H), 1.73 (~ 2H, J = 7.0 Hz), 1.26 is, 6H); '3C NMR 
(CDC13) 6 147.3 ppm, 144.8, 125.6, 123.0, 116.0, 115.1, 
72.3, 69.6, 57.9, 32.8, 26.6, 26.5, 20.1, 11.8, 11.7. VIIb,  
d ihydroxy dimer of PMC. The spectral  da ta  were iden- 
tical with the literature values (12): MS m/z 438 (M§ 74%}; 
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IR (KBr) v 3420 cm-1; UV (hexane) X 293 nm (e 6600); 1H 
NMR (CDC13) 6 5.61 ppm (broad s, 2H), 2.75 (t, 4H, J = 
6.6 Hz), 2.73 (s, 4H), 2.15 (s, 6H), 2.11 (s, 6H), 1.81 (t, 4H, 
J = 6.9 Hz), 1.30 (s, 12H); '3C NMR (CDC13) d 145.8 ppm, 
144.9, 123.3, 122.9, 121.6, 116.1, 72.6, 33.1, 26.8, 26.7, 
26.0, 20.4, 12.2, 12.1, 11.9. 

From above results, we propose new trimeric struc- 
tures, IVa, IVb and V (Scheme 2). 

Reaction products of a-tocopherol in autoxidizing 
methyl linoleate. Methyl linoleate was autoxidized at 37 C 
in the presence of 1 mol% a-tocopherol. The reaction prod- 
ucts of a-tocopherol were analyzed by reverse-phase 
HPLC (Fig. 1A). Peaks corresponding to y-tocopherol (an 
internal standard), a-tocopherol and the products, spiro- 
diene dimer, an unknown peak (cOuld not be identified) 
and trimer, appeared on the chromatogram. The peak 
corresponding to trimer was fractionated and analyzed 
by the normal-phase HPLC. Equal amounts of geometric 
isomers, IVa and IVb, appeared on the chromatogram 
(Fig. 1B). 

Figure 2 shows the results of autoxidation of methyl  
linoleate with or without  1 mol% of a-tocopherol in a 
period of 34 days. Methyl  linoleate containing 1 mol% a- 
tocopherol showed a linear increase in peroxides with in- 
cubation time, and a-tocopherol in methyl  linoleate 
decreased. No decrease was observed in the level of a- 
tocopherol when it was mixed with methyl  myristate.  A 
small amount  of spirodiene dimer formed initially, and 

then trimer accumulated with the decrease of a- 
tocopherol. No a-tocopheryl quinone, which was con- 
sidered to be as the reaction product of a-tocopherol with 

Z A B 

5 

11 day 

$ $ 0 day 

5 

5a 

--7 
6 10 1'5 20 2~5 30 rain 6 1() rain 

5b 

FIG. 1. Revers~phase HPLC of the reaction products of ~tocopherol 
during the autoxidation of methyl Unolcute for 0, 11 and 30 days 
(A}. Arrows indicate as follows: 1, a-tocopheryl quinone; 2, X- 
tocopherol (internal standard}; 3, a-tocopheral; 4, spirodiene dimer; 
5, trimer. Peak 5 was separated by normal-phase HPLC (13). 5a, trimer 
IVa; 5b, trimer IVb. The chromatographic conditions are described 
in the text. The eluent was monitored by an absorbance at 285 nm. 

" "  IVa 
C16H33 C16H33 

C16H33 CI6H33 

SCHEME 2 

V 

A 
0.6- 

Q. 

_ 0.4- 
�9 ~ o 
o ~  =-O 

a. 0.2- 

E 

C 
o " 3b 

~I0 1 -- -- -- -- B 

d a y  

FIG. 2. Reaction of a-tocopherol during the autoxidation of methyl  
linoleate at 37 C. (A) Formation of total peroxides; (B) changes in 
amounts of a-tocopherol and its reaction products. Methyl linoleate 
(1 retool) was autoxidized with I mol% a-tocopherol (O) and without 
a-tocopherol ( �9 ). Methyl myristate (1 mmol) containing I mol% a- 
tocopherol was incubated under the same conditions. Residual 
amounts of a-tocopherol in methyl  linoleate ([:3} and in methyl  
myristate (U), and the reaction products, spirodiene dimer (A) and 
trimer (A), in methyl  linoleate are shown. 
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free radicals (16), could be detected during the reaction 
process. 

DISCUSSION 
Two major products ( I r a  and IVb) were isolated as the 
reaction products of a-tocopherol formed during the 
autoxidation of methyl linoleate, and a major product (V) 
was obtained as the product of PMC oxidation. It  appears 
that  an or tho-quinone  methide was formed from the 
monomer (a-tocopherol or PMC) upon oxidation by 
alkaline K3Fe(CN)6 (171. The or tho-quinone  methide then 
added to the dimer to form the trimer. Two modes of ad- 
dition of the ortho~tuinone methide to the dimer are possi- 
ble, wherein an aft-unsaturated ketone is left in the ad- 
duct. One of those structures (III) would be acid-resistant 
and the others IIV and VI would be acid-labile, owing to 
the presence of a ketal group. Skinner and Parkhurst (13) 
reported the structure of trimer as III  from its resistance 
to acid hydrolysis. The trimers reported here also were 
found to be acid resistant according to their experimen- 
tal conditions. However, the trimers could be metha- 
nolyzed at 100 C to form equimolar quantities of the 
5-methoxymethyl compound (VII and the dihydroxy 
dimer (VII) (Scheme 3). Because the conditions reported 
by Skinner and Parkhurst were too mild for the acid 
hydrolysis (the sample solutions were maintained at 
temperature below 45 C), the trimers might be resistant 
toward acid. Their 13C NMR spectra showed the presence 
of one quaternary carbon atom and one carbon atom bear- 
ing the two oxy substituents in the molecule. These 
results indicate that the structure of each trimer is a ketal 
type {Scheme 2). 

The IH NMR spectra indicated that  trimers IVa and 
IVb were geometric isomers. Although Skinner and 
Alaupovic (12) isolated two trimers of a-tocopherol 
(named compounds A and B and their spectral data were 
~lmost the same}, they could not identify the structure 
of compound B. Their compounds A and B correspond 
to trimers IVa and IVb, respectively. 

a-Tocopherol and its reaction products in the autoxi- 
dized methyl linoleate could be well separated by the 
reverse-phase HPLC. When methyl linoleate was autox- 
idized in the presence of 1 mol% a-tocopherol, the spiro- 
diene dimer formed initially, and then the trimer ac- 
cumulated. The reaction of a-tocopherol did not proceed 
in the saturated fat ty  acid methyl ester. These observa- 
tions agree with those of Csallany et al. (3), who reported 
dimer and trimer were the major products of the autox- 
idation of a-tocopherol with methyl linoleate. Fujimaki 
et al. (4) also reported that  trimer was the major product 
of the autoxidation of PMC after 40 days in oxygen- 
saturated heptane at 90 C. 

a-Tocopherol at a high concentration induces the for- 
mation of lipid hydroperoxides during the autoxidation 
of polyunsaturated lipids {18-20}. a-Tocopherol can ter- 
minate a chain reaction by donating hydrogen atoms to 
lipid peroxy radicals, and the resulting a-tocopheroxy 

IVa, IVb, 
V 

Ho~CH2OCH3 O~R 

5%HCIICH3OH R + H HO 
Via, R = C16H33 
VIb, R=CH3 

Vila, R = CI6H33 
Vllb, R = CH3 

SCHEME 3 

radicals participate in the prooxidant effect of a-tocoph- 
erol (20). In addition, our results indicate that  the result- 
ing a-tocopheroxy radicals react with each other and form 
the spirodiene dimer and trimer. The reaction products 
of a-tocopherol during the autoxidation of unsaturated 
lipids containing low levels of a-tocopherol are still 
unknown. 
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Essential Fatty Acid Pattern of Glycerolipids in Rat Hepatocytes 
in Primary Culture and in Coculture With Rat Liver Epithelial Cells 
D. Pepin a, J. Chambaza,*, M.Y. Risselb, A. Guillouzob and G. Bereziata 
aU.A. 524, C.N.R.S., CHU Saint Antoine, 27 rue Chaligny -75571 Paris Cedex 12, and bU.A. 49, INSERM, CHU PONCHAILLOU - 35011 
RENNES Cedex, France 

The linoleic acid content of phosphatidylethanolamine 
(PE), phosphatidylcholine (PC) and triglyceride (TG) 
rapidly fell in rat hepatocytes in primary culture up to 
four days and in coculture with liver epithelial cells up 
to eight days. At the same time, the level of polyun- 
saturated fatty acids {PUFA), especially arachidonic acid, 
remained constant in PE, slightly decreased in PC and 
dropped in TG. There was no variation of the nonessen- 
tial PUFA, 20:3n-9. 

Linoleic acid supplementation of cultures 24 hr before 
the harvest induced a rise in the linoleic acid level of the 
three lipid classes. Arachidonic acid remained constant 
in TG and only slightly decreased in PE and PC at day 
4 of primary culture and day 8 of coculture. The level of 
20:3n-9 increased in PE and PC and much more in TG. 
This net increase in the arachidonic acid and 2@.3n-9 levels 
in TG could not be explained only by a transfer from the 
phospholipid pools of PUFA because the phospholipid 
content of hepatocytes and PUFA levels of phospholipids 
did not vary under linoleic supplementation. The low 
percentage of arachidonic acid in epithelial cells rules out 
any participation of these cells in the increase of arachi- 
donic acid in supplemented cocultures. 

Triglycerides may act as a storage pool for plasma 
PUFA up to four days of primary culture and eight days 
of coculture. Besides, coculture seems more potent than 
primary culture to maintain the phosphollpid level, to 
spare the essential PUFA in PE and to increase the TG 
synthesis in response to linoleic acid supplementation. 
Lipids 23, 784-790 {1988). 

The liver is essential to maintain homeostasis of polyun- 
saturated fat ty acids (PUFA). In man, a decrease in the 
linoleic and arachidonic acid content of lipoproteins and 
of platelet and erythrocyte phospholipids has been shown 
to occur during different hepatic diseases in which hepatic 
function and/or biliary secretion are altered (1-4). Dur- 
ing essential fat ty acid (EFA) deprivation in the rat, 
Lefkowith et al. (5) observed a decrease in the linoleic acid 
content of all lipid classes of the liver, whereas the level 
of arachidonic acid decreased only in phosphatidylcholine 
(PC), phosphatidylinositol (PI) and neutral lipids but not 
in phosphatidylethanolamine (PE) or in phosphatidyl- 
serine (PS) (5). 

Several authors have reported mechanisms of arachi- 
donic acid transfer between phospholipids in thymocytes 
(6), macrophages (7,8) and platelets (9,10). This might 

*To whom correspondence should be addressed. 
Abbreviations: EFA, essential fatty acids; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, 
phosphatidylserine; PUFA, polyunsaturated fatty acids; TG, 
triglycerides; MEM, minimum essential medium; RLEC, rat liver 
epithelial cells. 

explain the sparing of arachidonic acid and its accumula- 
tion in PE as shown by Aeberhard et al. in cultured skin 
fibroblasts (11). 

We have studied the uptake of PUFA of the n-6 series 
by adult rat hepatocytes in primary culture {12). We have 
shown that PUFA were as effective as other fat ty acids 
for triglyceride (TG) synthesis in hepatocytes. On the con- 
trary, the incorporation into phospholipids was not re- 
lated to an increase in the phospholipid content of 
hepatocytes and therefore must occur by the deacylation- 
reacylation cycle (12). From these results, the question 
arose of whether liver triglycerides as well as phospho- 
lipids act as a storage pool for plasma arachidonic acid. 

The behavior of hepatocytes in long-term culture 
needed to be studied with respect to their fat ty acid pat- 
tern. To maintain the phenotypic expression of hepa- 
tocytes in culture for long periods of time, Guguen- 
Guillouzo et al. have perfected a system in which hepato- 
cytes are cocultured with a liver epithelial cell line (13). 

In the present paper, we compared the fat ty acid com- 
position of PE, PC and TG of rat hepatocytes in primary 
culture up to four days with those of hepatocytes cocul- 
tured up to eight days. In addition, we studied the effect 
of a linoleic acid supplementation of the culture medium. 

MATERIAL AND METHODS 

Materials. Linoleic acid and fat ty acid-free bovine serum 
albumin (Grade V) were obtained from Sigma Chemical 
Co. (St. Louis, MO). Minimum essential medium (MEM) 
and 199 medium were purchased from Boehringer (Mann- 
heim, FRG). 

Hepatocyte culture preparatio~ Hepatocytes were 
isolated by collagenase perfusion (14) from male adult 
Sprague-Dawley rats weighing 200-250 g and fed a stan- 
dard chow comprised of 4% fat (w/w) with 60 mol% 
linoleic acid (U.A.R., France). Hepatocytes were seeded 
at a density of 8 X 106 cells per 75 cm 2 flask in 10 ml of 
the nutrient medium composed of a mixture of MEM and 
medium 199 (75:25, v/v) containing 80 IU/ml insulin and 
10% fetal calf serum (v/v). The medium was renewed four 
hr after cell seeding. At that  time, a part of the cultures 
was set up as cocultures by adding an equivalent number 
of rat liver epithelial cells (RLEC) {13}. 

RLEC were prepared from young rat livers and sub- 
cultivated in Williams medium supplemented with 10% 
fetal calf serum, as described elsewhere (15). For both pure 
culture and coculture, the medium supplemented with 
7 X 10 -s M hemisuccinate hydrocortisone was renewed 
every day thereafter. 

Pure RLEC cultures used as controls were maintained 
in Williams medium supplemented with serum until con- 
fluency was reached, then washed wi th  phosphate 
buffered saline and shifted to the medium used for 
hepatocyte cultures. 

Incubation procedure. Primary cultures were carried 
out for one, two or four days, cocultures for four or eight 
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days  and epithelial cells for three days  in a medium 
MEM/199 3:1 (v/v) containing insulin and hydrocortisone 
as indicated above and 0.15 mM fa t t y  acid free bovine 
albumin prepared  as described (16). 

The medium was changed every day. Hal f  of the f lasks 
were supplemented  the las t  24 hr with 0.3 mM linoleic 
acid bound to f a t t y  free albumin a t  a rat io  linoleic 
acid/albumin = 2. A t  the end of the incubation, the 
medium was removed,  the pla ted cells were washed, col- 
lected and disrupted as described (12). Cell samples  were 
collected for protein assay  according to Lowry  et  al. (17) 
and ex t rac ted  as described by  Bligh and Dyer  (18). 

Lipid analysis. TG, PC and PE, were separa ted  by  
prepara t ive  thin layer  ch roma tog raphy  using a two-step 
migration in the same direction as described (12). Samples 
spots  were scrapped off by  compar ison to s tandards ,  
revealed by  iodine vapor.  Enzymat i c  assay  of triglycer- 
ides was direct ly per formed on the silica gel ex t rac t  (18). 
Lipid phosphorus  was assayed  as described by  Chen (19). 
For  gas  liquid ch roma tog raphy  analysis,  hydrolysis  and 
methy la t ion  (20) were per formed directly on silica gel. 
F a t t y  acid separa t ion was achieved on a 25 m capil lary 
column filled with 20 M Carbowax opera t ing between 
200 C and 220 C at  1 C per  rain. Detect ion was by  f lame 
ionization. 

R E S U L T S  

The tr iglyceride content  of hepatocytes  remained con- 
s t an t  in p r imary  culture up to four days  bu t  sl ightly 
increased in coculture af ter  eight  days  (Table D. The 
phospholipid content  of hepatocytes  decreased as a func- 
t ion of t ime in p r imary  cultures as well as in cocultures. 
The addit ion of linoleic acid 24 hr before the harves t  did 
not  modify  the phospholipid content  bu t  increased the 
tr iglyceride content  of hepa tocytes  in all the cases 
(Table 1). 

To assess  the respect ive lipid content  of hepa tocytes  
and epithelial cells in coculture, we also assayed  lipids in 

TABLE 1 

Lipid Content of Cultured Cells 

Triglycerides Phospholipids 
(~g/mg protein) (~g/mg protein) 

Supplementation 
with linoleic acid - + - + 

Primary culture 
Day 0 22 • 2 
D a y l  24 • 4 30 • 1 
Day2 2 0 •  1 52 + 2 c 
Day4 2 8 •  3 a 52 • 3 c 

Coculture 
Day4 28 • 1 52 • 2 c 
Day8 35 • 4 a 70 • 2 c 

Epithelial cells 
Day3 14•  1 25 • 2 a 

101 "4" 3 
9 4 •  4 
83 _+ 4 a 88 +_ 4 
80 • 2 83 • 2 

98 • 3 b 103 • 8 
85 • 5 a 82 • 1 

106 _+ 4 98 +_ 2 

Results are means • SD from triplicate experiments. 
ap < 0.05 and 
bp < 0.01 as compared to the day before. 
Cp < 0.01 as compared with the linoleic nonsupplemented control. 
Other comparisons were not significant. 

epithelial cells jus t  before confluency {3 days  of culture). 
The tr iglyceride level of epithelial cells was  lower than  
in hepatocytes in pr imary  culture, whereas their phospho- 
lipid content  was in the same range. Because epithelial 
cells accounted for half the cocultured cells, and the pro- 
tein weights  of epithelial cells and hepa tocytes  were, 
respectively,  around 0.3 and 1 m g  per  106 cells, we could 
es t imate  tha t  epithelial cell proteins  represented 25% of 
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FIG. 1. Fatty acid distribution in phosphatidylethanolAmine of rat 
hepatocytes. Primary cultures (--) were carried out for one, two and 
four days and cocultures (----) for four and eight days. The stan- 
dard medium was changed every day. At the indicated time, the 
medium was removed, the cells were washed, collected and extracted 
to perform GLC analysis. Results, expressed as molar percentage 
of each fatty acid, were means ___ SD from triplicate experiments. 
(a) p < 0.05 and (b) p <: 0.01 as compared with the day before. Total 
saturated fatty acids, e ;  palmitic acid, A; stearic acid, II. Total 
nonessential unsaturated fatty acids, e ;  oleic acid, II; 20:3no9, A. 
Total n4} fatty acids, �9 ; linoleic acid, A; arachidonic acid, II. Total 
n-3 fatty acids, 0;  docosahexaenoic acid, II. 
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coculture proteins. The triglyceride contents of hepat~ 
cytes and epithelial cells in coculture were respectively, 
24.5 and 3.5 pg per mg of coculture proteins in the flasks 
incubated without linoleic acid and 45.7 and 6.3 pg in the 
flasks supplemented with linoleic acid. We could, there- 
fore, estimate the proper triglyceride contents of hepat~ 
cytes after four days of coculture: 33 and 61 ~g/mg of 
hepatocyte proteins in cells incubated, respectively, 
without and with linoleic acid. 

The fatty acid composition of PE varied slightly during 
either primary culture or coculture (Fig. 1). We observed 
only an increase in monounsaturated fatty acids and a 
concomitant decrease in fatty acids of the n-6 and n-3 
series after four days of primary culture and after eight 

days of coculture (Fig. 1). More precisely, linoleic acid fell 
from 14.8% at day 0 to 8.9% after four days of primary 
culture and to 4.3% after eight days of coculture, while 
arachidonic acid did not change. The nonessential PUFA 
(20:3n-9) did not vary even after eight days of coculture. 

The fatty acid variations were larger in PC (Fig. 2) than 
in PE. The monounsaturated fat ty acid level rose with 
the incubation time of both primary culture and coculture. 
At the same time, fat ty acids of the n-6 and n-3 series 
decreased, and in contrast with PE, this decrease affected 
both linoleic and arachidonic acids. These fatty acids fell, 
respectively, from 17.1% (linoleic acid) and 28.3% (arachi- 
donic acid) at day 0 to 7.1% and 23.2% after four days 
of primary culture and to 4.4% and 20.2% after eight days 

SATURATED FA'I'TY ACIDS SATURATED FATTY ACIDS 

z 50 a 

a b ~ ' 4  

M% T" 

0 . _ , . . . 

0 . . . .  _, : : 
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b 

a ~ . . .  

M% 

0 . . . . .  �9 . , .  m' ~ m  b 

60 

M %  

NON ESSENTIAL UNSATURATED FA'I-rY ACIDS b 

A A A - A | A  . �9 

" a n-6 FA'I-I'Y ACIDS 

. . . . . .  . ~ m  

FIG. 2. Fatty acid distribution in phosphatidylcholine of rat 
hepatocytes.  For legend, see Figure 1. 

n-6 FATTY ACIDS 

0 ~ ~ ~ ----~ ~ - -  m,, .  

20 ft-3 FATTY ACIDS ~ , , . ~ 4 ~  L 
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FIG. 3. Fat ty  acid distribution in triglycerides of rat hepatoeytes.  
For legend, see Figure 1. 
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of coculture (Fig. 2). The nonessential  P U F A  {20:3n-9) in- 
creased only af ter  eight  days  of coculture. 

Figure 3 shows the dramat ic  loss of essential f a t ty  acids 
in triglycerides.  When the linoleic and arachidonic acid 
contents  of the  tr iglyceride fract ion were respectively,  
29.1% and 8.6% at  day  0, it fell to 9.3% and 6.8% after  
four days  of p r imary  culture and to 3.3% and 2.6% af ter  
eight  days  of coculture {Fig. 3). The n-3 f a t t y  acids 
decreased from 9.5% to 2.6% after eight days  of coculture. 
This decrease in E F A  was counterbalanced by  an increase 
in sa tu ra ted  f a t t y  acids in p r i m a ry  culture and by  an in- 
crease in monounsa tu ra t ed  f a t t y  acids in coculture. As 
in PC and PE, the nonessential  P U F A  (20:3n-9) remained 
low (Fig. 3). 

Linoleic acid supplementa t ion  of p r imary  culture and 
coculture medium 24 hr before the  ha rves t  induced a 
significant increase in the linoleic acid content  of PE 
(Table 2), PC (Table 3) and TG (Table 4). The increase in 
linoleic acid in PE and PC was greater  in p r imary  culture 
than  in coculture: for example,  whereas linoleic acid level 
was in the same range  in deprived p r i m a ry  culture and 
coculture a t  day  4, under  supplementa t ion  it  reached 
25.2 • 1.3 and 23.8 + 0.1 in p r imary  culture vs  17.2 • 
1.1 and 17.0 • 4.0 in coculture respect ively in PE and 
PC, whereas  we observed no difference in TG. The level 
reached in PE,  PC, and TG was nearly the same after two 
and four days  of p r imary  culture but  higher than  the level 
reached after 24 hr. In PE, this increase was compensated 
by  a decrease in s a tu ra t ed  f a t t y  acids. The level of 
arachidonic acid and of n-3 f a t ty  acids in PE remained 
nearly the same, except after four days  of p r imary  culture 
(Table 2). 

In  PC, the increase of linoleic acid was associated with  
a decrease in monounsatura ted  fa t ty  acids and fa t ty  acids 
of the n-3 series. The arachidonic acid content did not vary  
af ter  one and two days  of p r imary  culture and four days  
of coculture bu t  fell af ter  four days  of p r i m a ry  culture 
and eight  days  of coculture (Table 3). In  bo th  culture 

systems,  the increase in linoleic acid in TG was paralleled 
by  a decrease in monounsa tu ra t ed  and sa tu ra ted  f a t t y  
acids and, to a lesser ex ten t  the f a t t y  acids of the n-3 
series (Table 4). The arachidonic acid percentage  in TG 
did not  va ry  in p r imary  culture bu t  sl ightly increase in 
coculture. 

Unexpectedly, we observed an increase in the nonessen- 
tial P U F A  (20:3n-9) level in all lipid classes of hepatocytes  
in p r imary  culture and in coculture supplemented  with  
linoleic acid. The level reached by  20.3n-9 was higher in 
TG (Table 4) than  in PE {Table 2) and PC (Table 3), i.e., 
4.0 +_ 0.3, 0.75 • 0.15 and 1.1 _ 0.1, respectively,  a t  day  
4 of p r imary  culture. 

To assess the pa r t  t aken  by  epithelial cells in the 
changes  tha t  we observed with  cocultures, we have per- 
formed the same exper iments  on epithelial cells cultured 
alone dur ing three days.  Table 5 displays the f a t t y  acid 
composi t ion of epithelial cells supplemented  with or 
wi thout  linoleic acid the las t  24 hr. The essential  f a t t y  
acid content  of PE,  PC and TG was very  low in cells in- 
cubated  wi thout  linoleic acid, as compared  with  hepato- 
cytes  in p r imary  culture. Linoleic acid supplementa t ion  
induced a large enr ichment  in linoleic acid, which was 
mainly compensated in PE and PC by  a decrease in mono- 
unsa tu ra t ed  f a t t y  acids and in TG by  a decrease in 
sa tu ra ted  f a t t y  acids. 

Arachidonic acid was not  modified, whereas docosahex- 
aenoic acid decreased slightly in PE and PC but  increased 
in TG.  We also observed in epithelial cells a surpr is ing 
increase in the 20:3n-9 level in the three lipid classes. 

DISCUSSION 

Our resul ts  displayed a rapid fall in the linoleic acid con- 
tent  of ra t  hepatocytes in pr imary  culture and in coculture 
with ra t  liver epithelial cells. Af ter  four days  of p r imary  
culture, the linoleic acid content  in PE,  PC and TG was, 
respectively,  60, 65 and 32% of the level a t  day  0. I t  fell 

TABLE 2 

Effect of Linoleic Add Supplementation on the Fatty Acid Composition of Hepatocyte Phosphatidylethanolamine 

Supplementation Primary culture 
with linoleic acid 

24 hr before harvest Day 1 Day 2 

Coculture 

Day 4 Day 4 Day 8 

Saturated - 44.7 • 2.6 43.0 • 1.9 45.0 • 2.3 32.6 
+ 29.5 + 2.3 b 29.3 • 1.2 b 40.5 • 2.5 27.6 

Monounsaturated - 7.9 + 0.9 8.3 -+ 0.9 12.9 • 1.4 14.1 
+ 9.2 • 0.5 7.8 + 1.0 17.0 ___ 1.0 a 11.3 

Linoleic - 9.0 • 2.0 12.0 • 0.3 8.9 __. 3.6 9.4 
+ 22.4 • 2.9 b 27.1 • 1.3 b 25.2 • 1.3 b 17.2 

Arachidonic -- 27.5 • 3.4 26.0 + 2.5 24.1 _+ 0.3 24.1 
+ 24.0 + 1.7 21.8 --- 0.4 14.1 • 4.7 b 23.1 

n-3 Fatty acids - 10.3 • 1.6 10.0 +-- 0.5 6.8 • 0.1 13.5 
+ 12.2 • 0.7 9.0 + 1.2 4.3 + 0.9 a 12.7 

Eicosatrienoic - ND 0.50 • 0.25 0.15 • 0.15 0.35 
(20:3n-9) + 0.50 + 0.1 0.75 • 0.25 0.75 • 0.15b 1.40 

• 6.2 35.1 • 10.1 
+ 3.4 27.0 + 2.1 

+_ 1.9 16.2 • 3.0 
+_ 0.7 15.6 + 0.5 

_+ 2.3 4.3 + 0.2 
_+ 1.1 b 13.8 + 1.2 b 

+-- 0.6 27.0 • 3.9 
• 2.5 25.4 • 0.6 

• 0.3 10.4 • 1.7 
_+ 0.5 10.1 • 1.1 

• 0.05 0.80 • 0.10 
• 0.20 b 1.30 • 0.10 a 

Results, expressed as molar percentage of each fatty acid in PE, are means + SD from triplicate experiments. 
ap < 0.05 and 
bp < 0.01 as compared with the linoleic nonsupphmented control. Other comparisons were not significant. 
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TABLE 3 

Effect of Linoleic Acid Supplementation on the Fatty Acid Composition of Hepatocyte Phosphatidyleholine 

Supplementation 
with linoleic acid 

24 hr before harvest  

Primary culture Coculture 

Day 1 Day 2 Day 4 Day 4 Day 8 

Saturated - 40.9 + 1.8 42.2 -!-_ 2.0 40.0 _ 2.0 40.7 +_ 1.8 38.8 _+ 5.0 
+ 41.7 __ 2.0 41.8 +_ 3.8 41.8 _ 3.8 43.0 +_ 3.9 48.8 +_ 3.0 a 

Monounsaturated - 11.0 _ 1.4 15.1 +_ 1.0 22.6 + 0.2 24.2 +_ 0.4 29.9 -+ 0.6 
+ 9.8 _ 0.9 6.3 +_ 0.3 b 12.0 + 0.4 b 12.9 +_ 0.5 b 20.8 _+ 2.2 b 

Linoleic - 12.0 _+ 1.9 11.1 --- 0.9 7.1 +_ 0.6 6.8 +- 0.4 4.4 --- 0.6 
+ 17.8 _+ 0.7 b 20.1 +_ 1.2 b 23.8 +_ 0.1 b 17.0 _+ 4.0 b 15.4 _+ 4.3 b 

Arachidonic - 27.5 --- 3.1 25.8 _ 2.3 23.2 +__ 2.7 20.9 +_ 1.2 20.2 _ 4.0 
+ 26.2 _+ 2.3 25.8 _ 2.7 17.0 +__ 1.2 a 20.7 __. 0.1 11.5 + 0.5 b 

n-3 Fa t ty  acids - 7.2 _+ 1.6 4.8 _+ 1.3 5.4 + 0.3 5.0 +_ 1.5 2.6 + 0.7 
+ 5.8 + 1.0 3.9 - -1 .1  2.6 +_ 0.2 b 2.5 __. 0.1 b 0.8 -----0.1 a 

Eicosatrienoic -- 0.20 ___ 0.12 ND 0.25 +_ 0.05 0.40 ___ 0.10 1.90 ----- 0.20 
(20:3n-9) + 0.45 _+ 0.05 0.70 --+ 0.1 b 1.10 +_ 0.1 b 2.10 ___ 0.10 b 1.4 __- 0.10 a 

Results, expressed as molar percentage of each fat ty acid in PC, are means + SD from triplicate experiments. 

ap < 0.05 and 
bp < 0.01 as compared with the linoleic nonsupplemented control. Other comparisons were not significant. 

TABLE 4 

Effect of Linoleic Acid Supplementation on the Fatty Acid Composition of Hepatocyte Triglyceride 

Supplementation 
with linoleic acid 

24 hr before harvest  

Primary culture Coculture 

Day 1 Day 2 Day 4 Day 4 Day 8 

Saturated - 35.9 -+ 8.0 38.3 +_ 2.8 44.2 _ 0.7 40.6 +__ 0.6 33.2 +_ 3.1 
-I- 40.0 +_ 3.2 26.2 +_ 1.0 b 25.0 _ 3.1 b 22.0 +_ 0.8 b 25.7 +_ 2.1 b 

Monounsaturated - 25.2 _+ 1.6 29.5 + 0.9 25.3 _+ 1.1 35.2 + 2.7 55.1 +_ 2.2 
+ 22.0 +- 1.4 14.0 -!-_ 0.4 b 13.3 + 0.9 b 18.6 +_ 2.4 b 25.7 _+ 2.5 b 

Linoleic - 16.1 _ 1.7 12.6 +_ 0.7 9.3 _ 2.6 8.0 +_ 1.8 3.3 _ 0.1 
+ 24.8 -+ 3.8 a 38.3 +_ 3.5 b 39.7 _ 2.4 b 38.4 --4-_ 2.4 b 22.0 + 2.0 b 

Arachidonic - 8.5 +_ 2.3 6.1 +-- 0.6 6.8 + 0.1 4.6 +_ 0:5 3.2 _+ 0.2 
+ 5.4 + 1.3 6.1 +_ 0.7 6.7 + 0.2 6.2 +_ 0.4 a 4.8 _+ 0.2b 

n-3 Fa t ty  acids - 10.6 +_ 4.0 7.5 +_ 0.3 5.5 _+ 0.2 6.4 +_ 0.4 2.6 _ 0.5 
+ 4.3 +_ 0.4 b 6.9 +_ 0.4 3.2 ___ 0.2 b 4.5 +_ 0.2 b 2.1 + 0.3 

Eicosatrienoic - 0.58 +- 0.11 0.55 +_ 0.05 0.9 - 0.30 0.60 + 0.0 0.6 -+ 0.0 
(20:3n-9) + 0.95 +-- 0.15 3.7 + 0.5 b 4.0 ___ 0.3 b 3.20 +_ 0.70 b 2.1 _+ 0.5 b 

Results, expressed as molar percentage of each fat ty acid in TG, are means + SD from triplicate experiments. 

ap < 0.05 and 
bp < 0.01 as compared with the linoleic nonsupplemented control. Other comparisons were not significant. 

t o  2 6 % ,  2 5 %  a n d  11%,  r e s p e c t i v e l y ,  a f t e r  e i g h t  d a y s  o f  
c o c u l t u r e .  T h e s e  r e s u l t s  c o n f i r m  t h o s e  o b t a i n e d  b y  
L e f k o w i t h  e t  al. w i t h  s u c k l i n g  m i c e  d e p r i v e d  o f  e s s e n t i a l  
f a t t y  a c i d s  15}. T h e s e  a u t h o r s  o b s e r v e d  t h a t  t h e  l ino le ic  
ac id  d e p l e t i o n  w a s  h i g h e r  in  t h e  l iver  t h a n  in  o t h e r  t i s s u e s .  
T h e y  s h o w e d  t h a t  i t  w a s  p a r a l l e l e d  b y  a p r o g r e s s i v e  fa l l  
i n  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  in  r a t  l i v e r  P C ,  P I  a n d  
n e u t r a l  l i p i d s  b u t  n o t  in  P E  a n d  P S .  

W e  o b s e r v e d  a s i m i l a r  e v o l u t i o n  a f t e r  f o u r  d a y s  o f  
p r i m a r y  c u l t u r e  a n d  e i g h t  d a y s  o f  c o c u l t u r e :  a r a c h i d o n i c  
a c i d  d i d  n o t  d e c r e a s e  in  P E ,  d e c r e a s e d  s l i g h t l y  in  P C  b u t  
b r o k e  d o w n  in  T G .  A t  t h e  s a m e  t i m e ,  t h e  e n d - p r o d u c t  o f  
t h e  n-3 ser ies ,  d o c o s a h e x a e n o i c  acid,  e x h i b i t e d  a m o d e r a t e  
d e c r e a s e  in  P E  b u t  a l a r g e r  o n e  in  P C  a n d  T G .  T h e s e  d a t a  
e v i d e n c e d  t h e  t e n a c i t y  b y  w h i c h  t h e  o r g a n i s m  c a n  con-  
s e r v e  a r a c h i d o n i c  a c i d  w h e n  t h e  d i e t  is  d e p r i v e d  in  E F A ,  
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TABLE 5 

Fatty  Acid Composition of Epithelial Cell Line Lipids after Three Days of Culture 

PE PC TG 

-- + -- + -- + 

Saturated 33.9 +- 2.1 39.2 _+ 1.5 a 49.4 _+ 4.6 45.0 • 2.7 73.9 • 0.1 31.4 • 0.3 b 
Monounsaturated 36.7 • 2.1 15.7 • 1.6 b 41.6 • 3.9 23.1 • 1.9 b 21.2 _ 1.5 20.1 • 0.4 
Linoleic 3.9 • 0.5 15.5 • 0.9 b 2.8 • 0.6 24.0 +_ 0.6 b 3.1 _ 1.2 31.7 ___ 1.0 b 
Arachidonic 11.0 -+ 1.7 10.8 _ 0.6 3.5 -- 0.6 3.2 _+ 0.4 1.2 + 0.3 1.7 • 0.1 
Docosahexaenoic 6.1 • 0.7 4.6 • 1.1 1.1 • 0.3 0.1 • 0.1 b 0.7 • 0.1 2.4 +_ 0.2 b 
20:3n-9 1.3 • 0.4 a 2.8 • 0.5 1.0 • 0.2 3.5 • 0.7 b 1.0 _+ 0.2 7.3 • 0.5 b 

Results, expressed as molar percentage of each fatty acid in each lipid class, are means + SD from triplicate experiments. 
ap < 0.05 and 
bp < 0.01 as compared to the linoleic nonsupplemented control. Other comparisons were not significant. 

a tenaci ty  t ha t  was  underes t imated  before Lefkowi th ' s  
report .  We fur ther  demons t ra t ed  t ha t  this tenaci ty  in- 
volves a mechanism tha t  is conserved up to four days  of 
p r imary  culture and up to eight  days  of coculture of r a t  
hepatocytes .  

We found tha t  PE was more s table  than  PC when 
cul tured hepatocytes  were deprived of EFA,  in accord- 
ance with Lefkowith et  al. (5). Fur thermore ,  af ter  four 
days,  cocultured hepa tocytes  exhibited a grea ter  stabil- 
i ty  of PE composi t ion than  cells in p r imary  culture. This 
effect could not  be explained by  an arachidonic acid 
t ransfer  f rom epithelial cells to hepa tocytes  because 
epithelial cells were largely depleted in arachidonic acid 
(Table 5). 

The f a t ty  acyl composition of PE remained stable when 
hepa tocytes  in p r imary  culture or in coculture were sup- 
plied wi th  linoleic acid. This  agrees wi th  Weiner and 
Sprecher, who observed tha t  feeding ra t s  with linoleate 
did not  significantly modify  the arachidonic acid level in 
liver and platelet phospholipids (21). Furthermore,  PC and 
PE exhibited a clear difference in the fa te  of their  f a t t y  
acids when linoleic acid was added to the culture medium 
24 hr before the harvest .  The linoleic acid increase was 
balanced by  a decrease of sa tu ra ted  f a t t y  acid in PE 
(Table 2) and by  a decrease in monoenoic f a t t y  acids in 
PC (Table 3). These differences migh t  be explained by  a 
different po tency  of the  deacylat ion-reacylat ion cycle 
towards  PE and PC and/or by  the  existence of spar ing 
mechanisms for arachidonyl molecular species of PE such 
as those  evidenced b y  Aeberhard  et  al. in cul tured skin 
f ibroblasts  (11). 

The nonessential  P U F A  20:3n-9 did not increase in PE 
or in PC during p r imary  culture and only sl ightly in- 
creased in cocultures. This  confirms a previous observa- 
t ion that ,  dur ing a more  severe E F A  depr ivat ion (8 wk), 
20:3n-9 modera te ly  accumulated in liver, whereas  i ts  ac- 
cumulat ion in other  t i ssues  was much  grea ter  (5). Simi- 
larly, 20:3n-9 accumula ted  into 3T3 cells in culture wi th  
10% fetal  bovine serum (22). 

As we have  repor ted  (12), linoleic acid addit ion to the 
medium induced an increase in the TG level but  no change 
in the PL level of hepa tocytes  in p r imary  culture as well 
as in coculture (Table 1). Whereas  TG were highly en- 
riched in linoleic acid, the arachidonic acid level remained 
ra ther  stable,  and the 20"3n-9 level increased. Tak ing  

TABLE 6 

Net Increase of Arachidonic Acid or Mead Acid in Hepatocyte 
Triglycerides after Linoleic Acid Supplementation 

Primary culture Coculture 

Day 2 Day 4 Day 4 Day 8 

Arachidonic 1.95 1.58 1.94 2.24 
(X2.6) {X1.8) (X2.5) (X3.0) 

(20:3n-9) 1.81 1.87 1.50 1.86 
(X17) (X8.5) (X9.9) (X7.0) 

Results are expressed in ~g/mg of proteins. Values in parentheses 
are the ratio between these data and the mass of triglyceride 
arachidonic acid in cultures nonsupplemented with linoleic acid. This 
mass was calculated from the triglyceride level {Table 1) and the fatty 
acid composition of triglycerides {Table 4) at the indicated times of 
incubation. 

into account  the increase in the TG mass  of hepa tocytes  
in p r imary  culture incubated with linoleic acid, we can 
evidence a net  increase in bo th  arachidonic acid and 
20:3n-9 levels in TG: 2- to 3-fold and 7- to 17-fold, respec- 
t ively (Table 6). This  net  increase migh t  have  been ex- 
plained by  a f a t ty  acid t ransfer  f rom phospholipid stores 
of po lyunsa tura ted  f a t ty  acids because we have observed 
a phospholipid loss as a function of time. However,  
(1) medium was changed every day, (2) the PL content  of 
hepa tocytes  remained cons tan t  under  linoleic acid sup- 
plementat ion,  and (3) arachidonic acid and 20:3n-9 levels 
remained cons tan t  in PL at  least  during two days  of pri- 
m a r y  culture and four days  of coculture (Tables 2 and 3). 

The low percentage  of arachidonic acid observed in 
epithelial cells cultured in presence or in absence of linoleic 
acid, rules out  any  par t ic ipat ion of these cells in the in- 
crease of the arachidonic acid in TG of cocultures. The 
large increase of 20:3n-9 in TG of epithelial cells when 
they  were supplemented  with linoleic acid did not  allow 
us to assess  the respect ive  role of hepa tocytes  and 
epithelial cells in the rise of this f a t t y  acid in coculture. 
Addit ional  exper iments  remain  to be made  to  measure  
a pu ta t ive  A5 or A6 desa turase  induction or s t imulat ion 
under  such circumstances.  

LIPIDS, Vol. 23, No. 8 (1988) 



790 

D. PEPIN ET AL. 

Never theless ,  TG appear  to  ac t  as a s to rage  pool for  
p l a s m a  P U F A  up  to  four  d a y s  in p r i m a r y  cul ture  and  to  
e ight  d a y s  in cocul tures .  Besides  a cocul ture  seems more  
po ten t  t han  p r imary  cul ture  to  main ta in  the  phospholipid 
level, to  spare  the  essent ia l  P U F A  in P E  and  to  increase 
the  TG syn thes i s  in response  to  linoleic acid supple- 
menta t ion .  
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Oral administration of a single dose of tri- or hexa- 
deuterium substituted 2R,4'R,8'R-a-tocopheryl acetate 
(d3- or d6-a-T-Ac) to humans was used to follow the ab- 
sorption and transport of vitamin E in plasma fipopro- 
teins. Three hr after oral administration of d3-a-T-Ac (15 
mg) to 2 subjects, plasma levels of d3-a-T were detectable; 
these increased up to 10 hr, reached a plateau at 24 hr, 
then decreased. Following administration of dca-T-Ac 
(15-16 mg) to 2 subjects, the percentage of deuterated 
tocopherol relative to the total tocopherol in chylomicrons 
increased more rapidly than the corresponding percentage 
in whole plasma. Chylomicrons and plasma lipoproteins 
were isolated from 2 additional subjects following ad- 
ministration of d3-a-T-Ac (140 or 60 mg). The percentage 
of deuterated tocopherol relative to the total tocopherol 
increased most rapidly in chylomicrons, then in very low 
density lipoproteins (VLDL), followed by essentially iden- 
tical increases in low and high density fipoproteins (LDL 
and HDL, respectively) and lastly, in the red blood cells. 
This pattern of appearance of deuterated tocopherol is 
consistent with the concept that newly absorbed vitamin 
E is secreted by the intestine into chylomicrons; subse- 
quently, chylomicron remnants are taken up by the fiver 
from which the vitamin E is secreted in VLDL. The 
metabolism of VLDL in the circulation results in the 
simultaneous delivery of vitamin E into LDL and HDL. 
Lipids 23, 791-797 (1988). 

Vitamin E is a fat-soluble vitamin which is transported 
in human plasma entirely within lipoproteins; no other 
transport proteins in plasma have been demonstrated 
(1,2). We have suggested that the transport of vitamin 
E and its delivery to tissues appears to be related to lipid 
and lipoprotein metabolism (3). Previously, two mecha- 
nisms which deliver lipids to tissues also have been 
recognized as delivering tocopherol to tissues. Lipopro- 
tein lipase, which hydrolyzes triglycerides contained in 
lipid-rich lipoproteins (chylomicrons and very low density 
lipoproteins [VLDL]), also delivers tocopherol to cells, as 
has been demonstrated in vitro (4). The low density 
lipoprotein (LDL) receptor, which delivers cholesterol-rich 
LDL to cells, also delivers tocopherol to cells (5). Although 
the mechanisms for delivery of tocopherol can be studied 
in vitro, the question of how and where tocopherol is in- 
corporated into lipoproteins previously was not resolvable 
due to the lack of an adequate metabolic tracer that could 
be used in vivo in humans. 

*To whom correspondence should be addressed. 
Abbreviations: do-a-T, nondeuterated a-tocopherol; d3-a-T, 
2R,4'R,8'R-a-(5-C2H3)tocopherol; d~-a-T, 2R,4"R,8'R-a-(5,7-[C2H312) - 
tocopherol; dg-a-T, ambo-a-(5,7,8-[C2H3]3)tocopherol; d3-a-T-Ac, d3-a-T 
acetate; d~-a-T-Ac, d~-a~T acetate; EDTA, ethylenediaminetetr~cetic 
acid; GC-MS, gas chromatography-mass spectrometry; HDL, high 
density lipoprotein; IDL, intermediate density lipoprotein; LDL, low 
density lipoprotein; RBC, red blood cells; VLDL, very low density 
lipoprotein. 

Recently, we have developed a protocol for the syn- 
thesis of 2R,4 'R,8 'R-a- tocopherol  (the "natural" stereo- 
isomer) substituted with a precise amount of deuterium 
and have used deuterated tocopherol to measure the in 
vivo accumulation of vitamin E in a variety of rat tissues 
(6). Because deuterium is a stable isotope of hydrogen and 
presents no hazard to health, deuterium-substituted 
vitamin E can be safely administered to humans. While 
many studies have been carried out on vitamin E absorp- 
tion using single doses of vitamin E (natural and syn- 
thetic) or of radioactively labeled vitamin E, the use of 
deuterium-substituted vitamin E is new and has certain 
advantages. These include: lack of radioactive toxicity, 
excellent quantitation at low doses and long-term stabil- 
ity after preparation. 

This report describes the use of deuterated a-tocopherol 
in humans for the study of the absorption of vitamin E 
and its transport in plasma lipoproteins. 

METHODS 
Deu te ra t ed  tocopherol. The procedure for the synthesis 
of deuterated tocopherol has been described previously 
{6,7}. 2R,4 'R,8 'R-a-Tocophery l  acetate substituted with 
either three deuterium atoms (2R,4"R,8'R-a-(5-C2H3)to - 
copheryl acetate; d3-a-T-Ac) or six deuterium atoms 
(2R, 4'R, 8'R-a-(5,7-[C2H3]2)tocopheryl acetate; d6-a-T-Ac) 
was administered to subjects. The a-tocopherol content 
of these compounds was shown to be >99% both by thin 
layer chromatography (TLC) and by gas chromatog- 
raphy-mass spectrometry (GC-MS). The degree of incor- 
poration of the nominal amount of deuterium into each 
compound was determined precisely by GC-MS and was 
found to be greater than 85%. All data were adjusted to 
reflect the true level of the deuterium-substituted tocoph- 
erol in the blood samples. The deuterated tocopheryl 
acetate was taken as a single dose of a weighed quantity 
of the pure material in a hard gelatin slip-joint capsule. 

Subjects .  The subjects studied were normal human 
volunteers without metabolic abnormalities of lipid 
metabolism and were of normal weight. The subjects gave 
informed consent and the study was carried out within 
the guidelines established by the Institutional Review 
Board of New York University School of Medicine. 
Following an overnight fast (12 hr), blood was drawn for 
a pretreatment sample. The subject then swallowed a cap- 
sule containing a known weight of deuterated a-tocoph- 
eryl acetate, as indicated in the text, consumed a usual 
breakfast immediately afterwards and followed the usual 
pattern of daily activities and meals. Blood was drawn 
into vacutainer tubes containing 0.05 ml 15% ethylene- 
diaminetetraacetic acid (EDTA) (Becton Dickinson, 
Rutherford, N J) at the indicated time intervals following 
the capsule administration. Plasma was immediately 
separated (within 5 min of blood drawing) from red cells 
by centrifugation at 20 C. The red cells were washed as 
previously described (8,9), by repeated resuspension in 
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phosphate buffered saline and centrifugation at 20 C. Ali- 
quots of known hematocrit were stored at - 7 0  C until 
shipment on dry ice to Ottawa, Canada, for analysis. 

Isolation of lipoproteins by ultracentrifugatio~ Chylo- 
microns and lipoproteins were isolated using the newly 
available TL100 ultracentrifuge (Beckman Instruments, 
Inc., Palo Alto, CA). Chylomicrons were isolated by a 
modification of the technique described by Weintraub 
et al. (10). Plasma (1 ml) was overlayered with 1 ml 
dialysis buffer (0.15 M NaCI, 0.3 mM EDTA, pH 7.4) in 
polyallomer centrifuge tubes (11 • 34 mm) and centri- 
fuged with a TLS55 rotor for 8 min at 40,000 rpm in the 
TL100 ultracentrifuge at 20 C using acceleration and 
deceleration factors of 3. The chylomicrons were re- 
covered from the top of the tube by tube slicing with a 
Centritube Slicer (Beckman Instruments, Inc.). The bot- 
tom fraction then was aliquoted (1 ml) in duplicate into 
polycarbonate tubes (11 X 34 mm; Beckman Instru- 
ments, Inc.) for isolation of plasma lipoproteins as 
described (11). The VLDL fraction (d < 1.006) was isolated 
by centrifuging the samples in a TLA-100.2 fixed angle 
rotor (Beckman Instruments, Inc.) at 435,680 • g for 2 
hr at 8 C. The upper 0.25 ml was collected by slicing the 
tubes. The bottom fraction was collected and the density 
adjusted to 1.063 g/ml with solid KBr. The samples were 
then centrifuged at 435,680 X g for 2 hr at 8 C and the 
top (1.006 < d < 1.063, LDL) and bottom (d > 1.063, HDL) 
fractions were recovered as described above. Upon isola- 
tion, the lipoprotein fractions were frozen and stored at 
- 7 0  C until overnight shipment to Ottawa, Canada, on 
dry ice. The KBr was not removed from the samples prior 
to analysis. 

Analysis of deuterated tocopherol. The relative 
amounts of deuterated a-tocopherol were determined as 
previously described (6). In addition, ambo-a-(5,7,8- 
[C2H]3)tocopherol (dg-a-T) was synthesized and was used 
as an internal standard in order to quantitate the absolute 
amounts of nondeuterated and d3- or d6-substituted a- 
substituted a-tocopherols. The dg-a-T, dissolved in n- 
decane, was added to the samples prior to extraction. The 
d3-a-T measurements were corrected for the contribution 
of natural abundance isotopes present in the nondeuter- 
ated a-tocopherol. This correction is negligible for d~-a-T, 
which permits more precise measurements of very low 
levels of deuterated tocopherol. This would make d~-a-T 
the compound of choice in these experiments. However, 
d6-a-T is more expensive to prepare than d3-a-T and fur- 
thermore, pure d-tocopherol, the d~-precursor, is more dif- 
ficult to obtain than pure y-tocopherol, the d3-precursor. 

RESULTS 

Following the oral administration of d3-a-T-Ac (15 mg) to 
two male subjects, the percentage of d3-a-tocopherol 
(d3-a-T) relative to the total a-tocopherol present in plasma 
and red cells was determined. As shown in Table 1, the 
percentage of d3-a-T increased during the first 24 hr, 
reaching nearly 8% of the total tocopherol present in the 
plasma of subject 2. As would be expected from the 
known rapid exchange of a-tocopherol between plasma 
and red cells (8,12,13), the red cells also contained d3-a-T, 
with the fractional increase in the deuterated a-tocopherol 
following a pattern similar to that of the plasma (Table 1). 

TABLE 1 

Appearance of d3-a-T in Plasma and Red Cells of Two Male Sub- 
jects Following Oral Administration of d3-a-T-Ae (15 mg) 

Time % d~-a-T a % d~-a-T a 
Subject (hr) Plasma Red cells 

1 0 0 0 
5 0.4 0.6 

10 3.1 1.6 
27 4.1 4.6 
51 3.3 4.9 

2 0 0 0 
4 0.4 0.4 
9 7.6 3.2 

26 7.0 7.2 
5O 5.1 5.8 

apercentage of d3-a-T relative to the total a-tocopherol, 100 X [d3-a- 
T/(d3-o-T + do-a-T)]. 
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FIG. I. Percentages of d6-a-T of the total tocopherol present in the 
ehylomieron fraction and in the plasma of subject 3 (female) at the 
indicated intervals following oral administration of d~-a~T-Ac (16 mg). 

To assess the mechanism of vitamin E transport from 
the intestine, two subjects (one male, one female) were 
given d~-a-T-Ac (15-16 mg) and plasma was collected at 
intervals for 48 hr. The percentage of d,-a-T relative to 
the total a-tocopherol content of both the chylomicron 
fraction and whole plasma were determined. As shown 
in Figure 1, the d~-a-T in the chylomicron fraction of the 
plasma of the female subject (subject 3) had increased 
after 5 hr to nearly 10% of the total a-tocopherol in this 
lipoprotein fraction. This increase in the percentage of 
d6-a-T occurred more rapidly in the chylomicron fraction 
than the corresponding increase in the plasma, and the 
maximum percentage was greater in the chylomicrons 
than in the plasma. A second peak in the chylomicron 
fraction was observed at 12 hr. Qualitatively similar data 
were obtained for the male subject (subject 4, data not 
shown). 
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FIG. 2. Percentages of d~-a-T in ehylomicrons, VLDL, LDL, HDL, 
plasma and RBC relative to the total a-T in each fraction of subject 
5 at the indicated intervals following oral administration of d3-a-T- 
AC (140 rag). 

The purpose of this study was to follow the incorpora- 
tion of vitamin E into all of the plasma lipoproteins. 
Therefore, a larger dose (140 mg) of do-a-T-Ac was ad- 
ministered to subject 5 and the distribution of do-a-T in 
the major lipoprotein fractions was assessed after various 
intervals of time. As shown in Figure 2, the chylomicron 
fraction contained the largest percentage of do-a-T at all 
of the time points measured. Unlike the data shown in 
Figure 1, the deuterated tocopherol reached a maximum 
in the chylomicron fraction at 12 hr rather than at 5 hr. 
The lipoprotein fraction that showed the second fastest 
increase in the percentage content of do-a-T was the VLDL 
fraction, a result which is consistent with uptake of 
chylomicron remnants by the liver and secretion of the 
newly absorbed lipids in VLDL particles. The percentages 
of do-a-T in the LDL and HDL fractions were virtually 
identical at all times, with the highest percentage of d3-a-T 
observed at 24 hr. 

The absolute quantities of nondeuterated a-tocopherol 
(do-a-T) and of do-a-T measured in the plasma, in the four 
lipoprotein fractions (chylomicrons, VLDL, LDL and 
HDL), and in the red blood cells of subject 5 are given 
for each time point in Table 2. The sums of the quantities 
of do-a-T and of do-a-T recovered from all of the lipopre~ 
tein fraction were between 80-110% of the values in whole 
plasma. Figure 3 shows the percentages of do-a-T and of 
do-a-T in each lipoprotein fraction based on the sum of 
the quantities of each of these materials recovered at the 
corresponding time point. From the distribution of do-a-T 
in each lipoprotein fraction (Fig. 3A), it is apparent that 
most (40-50%) of the tocopherol is present in the HDL 
fraction of this subject, while the chylomicron and VLDL 
fractions each contain less than 17%. In marked contrast, 
Figure 3B shows that at 3 hr the chylomicron fraction 
contained nearly 40% of the do-a-T present in the plasma, 
with the VLDL fraction containing almost 50%. At 5 hr 
the d3-a-T in the chylomicron fraction decreased to 19% 

d0-alpha-T 

Distribution 
(O/o) 

d3-alpha-T 

Distribution 
(%) 

FIG. 3. Distribution (%) of nondeuterated (do-a-T, A) and deuterated 
(d3-a-T, B) tocopherol between chylomicrons, VLDL, LDL and HDL 
isolated from the plasma of subject 5 at each of the time points 
following oral administration of d3-a-T-Ac (140 mg). 

with a corresponding increase to 44% in LDL. The re- 
maining time points (8-24 hr) show the stepwise decrease 
in the d3-a-T present in the triglyceride-rich particles with 
the concomitant increases in do-a-T in the LDL and HDL 
particles, finally resulting by 24 hr in the similar distribu- 
tion of do-a-T and do-a-T. 

Subject 6 was given a smaller amount (60 mg) of do-a- 
T-Ac than subject 5 because the 140-mg dose given to 
subject 5 produced a plateau in the do-a-T/do-a-T ratio in 
the chylomicron fraction, suggesting that the intestine 
continued to secrete chylomicrons containing d3-a-T for 
as long as 24 hr after administration of the dose. As can 
be seen from Figure 4, a similar pattern of increases in 
the percentage of do-a-T in the lipoprotein fractions was 
observed in subject 6 as in subject 5 (Fig. 2). However, 
in subject 6, the percentage of do-a-T in the VLDL frac- 
tion increased at 8 hr and remained above that seen in 
the chylomicron fraction. The absolute quantities of do-a-T 
and of do-a-T in the plasma, lipoprotein fractions and red 
blood cells of subject 6 are given in Table 3 for each 
time point. Table 3 also includes the total quantities of 
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TABLE 2 

Absolute and Percent Relative Concentrations of do- and do-a-Tocopherol in Plasma, Lipoprotein 
and Red Blood Cell Fractions of Subject 5 

Blood Time do'a'TC % d3"a'TC 
fraction (hr) do-a-T a d3-a-T a d3-a-T %b do-a-T(sum) do-a-T(sum) 

% 

Plasma 0 39.0 0.00 0.0 
3 38.8 0.00 0.0 
5 39.3 0.03 0.1 
8 37.0 2.70 6.8 

12 35.7 11.6 24.5 
24 29.8 19.0 38.9 
48 33.2 15.3 31.6 

Chylomicrons 0 5.78 0.01 0.1 
3 2.18 0.05 2.1 
5 4.53 0.01 0.2 
8 3.72 0.82 18.0 

12 4.25 2.73 39.1 
24 2.82 1.90 40.3 

VLDL 0 4.61 0.00 0.1 
3 5.87 0.06 1.0 
5 6.20 0.01 0.2 
8 2.19 0.34 13.6 

12 3.30 1.60 32.7 
24 4.99 2.35 32.1 

LDL 0 n.d. n.d. 
3 10.8 0.00 0.0 
5 9.3 0.02 0.2 
8 10.9 0.44 3.9 

12 9.9 2.57 20.5 
24 11.2 7.12 38.8 

HDL 0 n.d. n.d. 
3 16.1 0.01 0.1 
5 15.8 0.00 0.0 
8 15.1 0.58 3.7 

12 17.0 4.36 20.5 
24 13.6 8.95 39.6 

RBC 0 5.05 0.00 0.0 
3 6.01 0.00 0.0 
5 3.56 0.01 0.2 
8 3.39 0.02 0.5 

12 2.89 0.36 11.2 
24 2.90 1.70 36.9 
48 3.56 1.93 35.2 

6.2 37.2 
12.6 19.5 
11.7 37.7 
12.3 24.2 
8.6 9.4 

16.7 48.7 
17.3 25.5 
6.9 15.8 
9.6 14.2 

15.3 11.6 

31.0 2.6 
25.9 44.2 
34.1 20.0 
28.9 22.8 
34.4 35.0 

46.1 11.6 
44.1 10.8 
47.3 26.5 
49.2 38.7 
41.7 44.0 

aConcentrations are in nmol/ml of plasma or packed red cells. 
bPercentage do-a-T relative to total a-T in each fraction {i.e., do-a-T + do-a-T). 
cPercentage relative to sum of chylomicron, VLDL, LDL and HDL fractions at each time point. 
n.d., not determined. 

a- tocopherol  and the percentages  of do-a-T and d3-a-T in 
each l ipoprote in  f ract ion {based on the sum of do-a-T and 
d3-a-T, respect ively,  in these  four fractions}. The sums of 
the  do-a-T recovered f rom each l ipoprote in  f ract ion were 
49-108% of the  corresponding quant i t i es  measured  in 
whole p lasma.  

As  shown in Figure  5A, the dis t r ibut ion of do-a-T in the 
p l a sma  of subject  6 was equal ly d ivided into LDL and 
HDL,  wi th  l i t t le  in the  t r ig lycer ide-r ich l ipoproteins.  A t  
t imes  3.5 and 5 hr, the  percentage  of do-a-T in the  
chylomicron fraction decreased in response to  the absorp- 
t ion of d3-a-T, a l though only 8% and 10% of the to ta l  d3-a- 
T was present  in chylomicrons {Figure 5B). I t  is likely tha t  
th is  subject  had  a peak in chylomicron d3-a-T prior  to the 

3.5 hr t ime point,  as the  H D L  fract ion by  this  t ime con- 
ta ined  55% of the  p l a sma  d3-a-T. This subject  appears  to  
rap id ly  catabol ize  t r ig lycer ide-r ich par t ic les  and by  8 hr, 
d3-a-T is d i s t r ibu ted  ident ical ly  to  do-a-T. 

DISCUSSION 

Deute r ium-subs t i t u t ed  a-tocopherol  was used  in th is  
s tudy  to follow v i t amin  E t r a n s p o r t  in human plasma.  
The technique allows the a-tocopherol derived from newly- 
inges ted  a- tocopheryl  ace ta te  to  be d i s t inguished  f rom 
exis t ing,  nondeu te ra t ed  a-tocopherol  p resen t  in the  
individual .  We have de m ons t r a t e d  t h a t  a dose of 15 mg 
of deu te ra t ed  a- tocopheryl  ace ta te  gives measurab le  

LIPIDS, Vol. 23, No. 8 (1988) 



ABSORPTION AND TRANSPORT OF VITAMIN E 

25 
VLDL 

~ Chylomicrons 

2o K , * " . - - ~  ~ .'DL LDL 

i I I / "-I- Chylomicrons 
I / ~ VLDL 
I / RBo + LDL 

=  Oe,,s 

0 . . . .  
o ; . . . .  l o  . . . .  1'~ . . . .  2 'o . . . .  2 '5  . . . .  3 o  

Time (h) 

FIG. 4. Percentages of do-a-T in each of the lipoprotein fractions, 
~lasma and RBC relative to the total a-T in each fraction of subject 

at the indicated intervals following oral administration of do-a-T- 
Ae (60 mg). 

d0-alpha-T 

Distribution 

(%) 

d3-alpha-T 
Distribution 

(%) 

795 

quantities of deuterated a-tocopherol in the plasma and 
is sufficient to document its incorporation into chylo- 
microns. The time course of the transport of a-tocopherol 
in lipoproteins was studied using 140-mg and 60-rag doses 
of d3-a-T-Ac. It can be seen from the data in Tables 2 and 
3, that the effect of these fairly large doses of d3-a-T is 
to produce rather small but  clearly discernible increases 
in the total quantity of vitamin E (i.e., do-a-T + d3-a-T) 
in the plasma of subjects 5 and 6, in most of the lipopro- 
tein fractions of subject 5 and in the red blood cells. 

a-Tocopherol from orally-admlnistered deuterated a- 
tocopheryl acetate appeared first in the chylomicron frac- 
tion of the plasma. The percentage of deuterated tocoph- 
erol increased in this fraction before increasing in the 
whole plasma and before the increase in any of the other 
lipoprotein fractions (Figs. 2 and 4). The VLDL fraction 
was the next to become labeled. This result is consistent 
with the secretion of chylomicrons by the intestine, up- 
take of chylomicron remnants by the liver and secretion 
by the liver of a-tocopherol in newly synthesized VLDL. 
Both chylomicrons and VLDL are substrates for lipopro- 
tein lipase, which hydrolyzes the triglycerides present in 
these lipid-rich particles, producing chylomicron rem- 
nants and intermediate density lipoproteins (IDL), respec- 
tively. Traber et al. (4) have shown in vitro that lipopro- 
tein lipase transfers tocopherol to cells during the 
hydrolysis of triglyceride-rich particles. Thus, the newly 
absorbed vitamin E is first incorporated into chylo- 
microns, then, during the production of chylomicron rem- 
nants by lipoprotein lipase (14), some a-tocopherol is 
transferred to tissues, but much of the vitamin E remains 
in the remnants which are subsequently taken up by the 
liver. The liver then secretes the newly absorbed 
tocopherol in VLDL particles, which also are subject to 
catabolism by lipoprotein lipase. During the latter 
process, some IDL particles are converted to LDL, while 
some are taken up by the liver (14}. 

FIG. 5. Distribution (%) of nondeuterated (do-a-T, A) and deuterated 
Ido-a-T, 13) tocopherol within each of the lipoprotein fractions isolated 
from the plasma of subject 6 at the indicated intervals following 
the oral administration of do-~-T-Ac (60 mg). 

From the pattern of deuterated tocopherol present in 
the LDL and HDL fractions (Figs. 2 and 4), it is clear that 
the increase in the percentage of d3-a-T in these two frac- 
tions occurs after the increase of deuterated tocopherol 
in VLDL. The striking finding shown in Figures 3 and 
5 is the demonstration of the differences in tocopherol 
transport in the two subjects, despite the apparent 
similarities of Figures 2 and 4. In subject 5 (Fig. 3), the 
d3-a-T was predominantly in the triglyceride-rich lipopro- 
teins at early time points, with little d3-a-T in the HDL 
fraction until the 12- and 24-hr time points. By contrast, 
in subject 6, 56% of the d3-a-T tocopherol present in the 
plasma at 3.5 hr was in the HDL fraction--the 
chylomicron fraction never contained a major portion of 
the plasma d3-a-T. The differences in the two subjects are 
probably a result of the larger dose of d3-a-T-Ac given to 
subject 5, and to differences in the lipoprotein metabolism 
in the two subjects. The results do not unequivocally 
demonstrate whether the majority of tocopherol in the 
plasma arises from the catabolism of VLDL to LDL, as 
the data in Figure 3B suggest, or whether the majority 
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TABLE 3 

Absolute and Percent Relative Concentrations of do- and d3-a-Tocopherol in Plasma, 
Lipoprotein and Red Blood Cell Fractions of Subject 6 

Blood Time do'a'TC 
fraction (hr) do-a-T a do-a-T a do-a-T %b do.a.T(s--um) (%) 

do-a-TO 

do-a-T{sum) 

Plasma 0.0 27.1 0.00 0.0 
3.5 26.3 0.15 0.6 
5.0 25.4 0.79 3.0 
8.0 24.9 3.78 13.2 

11.0 26.1 5.65 17.8 
26.0 25.4 4.92 16.2 
53.0 19.9 2.22 10.0 

Chylomicrons 0.0 1.53 0.00 0.2 6.7 
3.5 0.13 0.01 8.8 0.7 
5.0 0.29 0.06 17.1 2.4 
8.0 1.71 0.33 16.1 11.9 

11.0 1.54 0.39 20.3 10.9 
26.0 1.34 0.26 16.3 8.3 

VLDL 0.0 1.34 0.01 0.4 5.9 
3.5 1.30 0.02 1.2 7.1 
5.0 0.67 0.07 9.2 5.4 
8.0 0.40 0.10 20.1 2.8 

11.0 0.68 0.21 23.3 4.8 
26.0 0.77 0.17 17.7 4.8 

LDL 0.0 8.20 0.01 0.2 36.1 
3.5 7.05 0.04 0.6 38.3 
5.0 3.69 0.10 2.7 29.7 
8.0 5.55 0.87 13.5 38.7 

11.0 4.81 1.06 18.1 34.3 
26.0 5.74 1.14 16.5 35.7 

HDL 0.0 11.7 0.01 0.1 51.3 
3.5 9.90 0.09 0.9 53.9 
5.0 7.76 0.21 2.7 62.5 
8.0 6.67 1.11 14.3 46.6 

11.0 7.00 1.64 19.0 49.9 
26.0 8.24 1.75 17.5 51.2 

RBC 0.0 n.d. n.d. -- 
3.5 1.14 0.00 0.0 
5.0 0.58 0.02 2.6 
8.0 2.09 0.13 5.7 

11.0 2.08 0.26 11.2 
26.0 0.85 0.19 18.0 
53.0 0.58 0.07 11.1 

m 

8.1 
13.6 
13.6 
11.8 
7.9 

10.3 
15.2 
4.2 
6.2 
5.0 

25.4 
22.7 
36.1 
32.2 
34.4 

56.2 
48.4 
46.2 
49.7 
52.7 

aConcentrations are in nmol/ml of plasma or packed red cells. 
bpercentage do-a-T relative to the total a-T present in each fraction (i.e., do-a-T + do-a-T). 
cPercentage relative to sum of chylomicron, VLDL, LDL and HDL fractions at each time point. 
n.d., not determined. 

of  p l a s m a  t o c o p h e r o l  a r i s e s  f rom t h e  t r a n s f e r  of  
t o c o p h e r o l  w i t h  su r f ace  c o m p o n e n t s  to  H D L  (14) d u r i n g  
t h e  h y d r o l y s i s  of  t r i g lyce r ide - r i ch  pa r t i c l es ,  as  F i g u r e  5B 
s u g g e s t s .  T h e  a b i l i t y  of  t o c o p h e r o l  to  e x c h a n g e  b e t w e e n  
L D L  a n d  H D L  (12) qu i ck ly  r e s u l t s  in t h e  e q u i l i b r a t i o n  
of  t he  n e w l y  i n g e s t e d  t ocophe ro l  in  t h e s e  two  f r ac t ions ,  
such  t h a t  t h e  p e r c e n t a g e s  of  d3-a-T of  t h e  t o t a l  tocophero l  
a r e  s imi l a r  in L D L  a n d  H D L .  I t  a p p e a r s  t h a t  d i f fe rences  
in l ip id  m e t a b o l i s m  and  in l ipopro te in  s y n t h e s i s  and  turn-  
over  be tween  i nd iv idua l s  a re  m o s t  i m p o r t a n t  in  de te rmin-  
i ng  t h e  d i s t r i b u t i o n  of  t ocophe ro l  b e t w e e n  t h e  i nd iv idua l  
l i pop ro t e in s .  

I n  conc lus ion ,  t h e  d a t a  p r e s e n t e d  in  t h i s  s t u d y  u s i n g  
deu te r ium- labe l ed  a - tocophero l  d e m o n s t r a t e  t h a t  v i tRmin 

E is  i n c o r p o r a t e d  a n d  t r a n s p o r t e d  in t h e  l i p o p r o t e i n s  in 
a m a n n e r  c o n s i s t e n t  w i t h  t h e  k n o w n  m e c h a n i s m s  of  l ip id  
a n d  l i p o p r o t e i n  t r a n s p o r t  a n d  c a t a b o l i s m .  The  use  of  
d e u t e r i u m - s u b s t i t u t e d  a - tocophero l  wil l  be  i nva luab l e  for  
a s s e s s i n g  the  b i o a v a i l a b i l i t y  of  d i f fe ren t  s t e r eo i somer s  of  
a- tocopherol ,  for m e a s u r i n g  t h e  a b s o r p t i o n  a n d  t r a n s p o r t  
of  v i t a m i n  E in p a t i e n t s  a t  r i sk  f rom v i t a m i n  E def ic iency 
due  to  a b e t a l i p o p r o t e i n e m i a ,  c h o l e s t a t i c  l iver  d i sease ,  
c y s t i c  f ib ros i s  a n d  o t h e r  r e l a t e d  d i seases .  
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Effect of Previous Nutritional Status on the Formation 
of Cholesterol Gallstones in the Prairie Dog 
Bertram I. Cohen*, Erwin H. Mosbach and Charles K. McSherry 
Beth Israel Medical Center and Mount Sinai School of Medicine of the City University of New York, New York, NY 10003 

In the prairie dog model of cholesterol cholelithiasis, a 
high incidence of gallstones is achieved by feeding a 
semipurified lithogenic diet containing 0.4% cholesterol 
for 2 too. On occasion, we noted a decrease in the percent- 
age of animals with gallstones from 90-100% to 50-55%. 
To explain this phenomenon, we studied the effect of 
dietary history on gallstone formation. After weaning, 
animals were fed either rodent chow or alfalfa plus corn 
(too 0-3} followed by a cross-over experiment at mo 4-6. 
Gallstone formation then was studied by feeding the 
lithogenic diet from mo 7 to 8. At sacrifice, the incidences 
of gallstones, biliary lipids and tissue cholesterol levels 
were correlated with dietary history. The incidence of 
gallstones was 100% only in animals fed the alfalfa-corn 
diet from weaning to 3 too. In addition, the feeding of the 
alfalfa<orn diet at mo 4-6 increased gallstone incidence 
from 65% to 86%. The lithogenic index of all groups was 
highest when the animals received only alfalfa<orn prior 
to the lithogenic stimulus. The activity of hepatic HMC~ 
CoA reductase was elevated in animals fed alfalfa<orn 
from weaning to 8 mo, suggesting that this diet stimu- 
lates hepatic cholesterol synthesis, leading to increased 
biliary cholesterol secretion. It is concluded that previous 
nutritional conditioning affects the incidence of gall- 
stones. The prairie dog is a useful model of cholesterol 
cholelithiasis, but the dietary history of the animals plays 
an important role in lithogenesis. 
Lipids 23, 798-803 (1988). 

The formation and prevention of cholesterol gallstones 
have been studied in a number of animal models, most 
frequently in the mouse (1), hamster (2-6) and prairie dog 
(7-12). Studies in man have been concerned largely with 
dissolution of stones (13), but the prevention of stone 
recurrence following dissolution by chenodeoxycholic 
acid, ursodeoxycholic acid, methyl tertiary butyl ether or 
physical means has recently become of considerable in- 
terest (14). Dissolution of cholesterol gallstones in man 
following the oral administration of chenodeoxycholic 
acid (750 mg per day) was the objective of extensive 
clinical trials in the United States (13) and Canada (15), 
but  the results were disappointing, apparently because 
the dose of the drug per unit of body wt was too low. 
Recently, considerably higher dissolution rates were ob- 
tained by European investigators using dosages of 12-16 
mg/kg/day (16). Nevertheless, there exists still the need 
for developing a second generation of cholelitholytic drugs 
that possess greater efficacy than chenodeoxycholic acid 
and ursodeoxycholic acid and do not give rise to the 
potentially hepatoxic lithocholic acid via bacterial 7-dehy- 
droxylation. 

*To whom correspondence should be addressed at Department of 
Surgery, Beth Israel Medical Center, First Avenue at 16th Street, 
New York, NY 10003. 
Abbreviations: GLC, gas liquid chromatography; GLC-MS, gas 
liquid chromatography-mass spectrometry. 

Our laboratory has been moderately successful in 
studying the prevention of gallstones by hydrophobic and 
hydrophilic bile acids in the prairie dog (10,11). For this 
purpose, gallstones were induced routinely in 90-100% 
of the animals by the administration of a semipurified diet 
containing 0.4% cholesterol. Occasionally, for reasons not 
entirely clear to us, the incidence of gallstones in animals 
fed the lithogenic diet for the standard period of 8 wk 
decreased to less than 50%. We decided to investigate this 
undesirable phenomenon, because a low incidence of 
gallstones in the control groups would make the evalua- 
tion of gallstone-preventing or dissolving agents very 
difficult. 

This manuscript describes the effect of the dietary 
history of the prairie dogs on the subsequent incidence 
of gallstones after animals are placed on the semipurified, 
lithogenic diet. The data strongly suggest that the dietary 
history of the prairie dogs plays a role in cholesterol 
metabolism and gallstone formation. 

MATERIALS AND METHODS 

Animals and diets. Male prairie dogs (Cynomys ludovi- 
eianus) were bred in captivity by R-Zoo, Neshboro, WI. 
The animals were maintained at the R-Zoo facility from 
weaning to 5.5 mo. They were received at the Beth Israel 
Medical Center Animal Facility and maintained from 
5.5 mo to age 8 mo, when the experiment was completed. 
The animals were fed either Purina rodent chow or alfalfa 
and whole grain corn 150:50, w/w), ad libitum, from wean- 
ing to 6 mo of age as summarized in Table 1. For periods 
I and 2, these diets were fed at R-Zoo {0-5.5 mo) or Beth 
Israel {5.5-6 mo}. The animals were quarantined for the 
last 2 wk of mo 6. At the start  of period 3 {mo 7}, the 
animals were weighed and then fed the following: lal semi- 
purified diet plus 0.4% cholesterol (lithogenic diet--fed 
to groups 2, 3, 5 and 6}, Ib) chow {group 1} or Ic) alfalfa- 
corn ~group 4}. The lithogenic diet was prepared by Teklad 
(Madison, WI) and consisted of sucrose, 51.9%; corn 
starch, 13.9%; soy protein, 21.0%; corn oil, 1.6%; cellu- 
lose, 2.6%; vitamin mix, 1.0% {Teklad 40860}; and mineral 
mix, 4.0% ITeklad 40060). Cholesterol (0.4%} was incor- 
porated as egg yolk powder (4%1. Period 3 lasted 8 wk; 
food intake was limited to 40 glday with water supplied 
ad libitum. The animals were kept on an alternating 12-hr 
light-12-hr dark cycle. Food was removed during the 
24 hr prior to sacrifice of the animals Imo 8} to insure ade- 
quate quantities of bile in the gallbladder for biliary lipid 
analyses. The animals were anesthetized with 100 mg of 
ketamine hydrochloride (Bristol Labs, Syracuse, NY) and 
20 mg of xylazine (Haver Lockhart, Shawnee, KA). They 
were killed by exsanguination and blood was collected for 
determination of serum cholesterol. The gallbladder was 
removed and bile was aspirated with a Hamilton syringe. 
The fresh bile was immediately examined by polarized 
light microscopy ~Olympus MCHAP microscope, Olym- 
pus Corp., Lake Success, NYI to determine the presence 
of cholesterol crystals, liquid crystals and cholesterol 
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gallstones (17). The liver was excised and weighed and 
aliquots removed for cholesterol determination and 
preparation of microsomes. 

Biliary lipid composition. Gallbladder bile obtained at 
sacrifice was immediately centrifuged at 2000 • g for 
10 rain. Allquots (50 ~1) were prepared and used for deter- 
mination of the three biliary lipids (10,11). The lithogenic 
indices were calculated using the methods of Carey (18) 
and Kuroki et al. (19). 

Enzyme assays. Liver microsomes were prepared from 
samples of fresh liver. HMG-CoA reductase and choles- 
terol 7a-hydroxylase were measured using methods 
described earlier (10,11). 

Gas liquid chromatography and gas liquid chroma- 
tography-mass spectrometry. Gas liquid chromatography 
(GLC) of cholesterol in liver, plasma and bile was carried 
out as described earlier (10,11). Biliary bile acids were 
separated and quantitated as their methyl ester acetates 
on a Hewlett-Packard 5831A gas chromatograph 
equipped with a capillary column (SPB-5, 25 m, Supelco 
Inc., Bellefonte, PA). The conditions for the GLC analysis 
were: injector temp, 270 C; detector temp, 270 C; aux- 
iliary temp, 270 C; temp 1,200 C for 2 min; temp 2, 270 C 
for 25 min (rate 10 C/min). In every group, the identity 
of the bile acids was confirmed by gas liquid chroma- 
tography-mass  spectrometry (GLC-MS) using a 
Hewlett-Packard 5992B mass spectrometer. The condi- 
tions used were: 4 ft glass column, 2 mm ID, 4 mm OD, 
packed with 3% SP 2250 on 100/120 mesh Supelcoport; 
column temp, 260 C; injector temp, 265 C; source pres- 
sure, 1.5 X 10 -6 tort; source temp, 140 C. 

Reference compounds. 5a-Cholestane (Applied Science) 
was used as an internal standard for quantitation of 
cholesterol. 3a,7a-Dihydroxy-12-keto-5/3-cholanoic acid 
(Steraloids, Wilton, NH) was used as a recovery standard 
for biliary bile acids. 

Statistical calculations. All data are reported as mean 
__ SEM. Analysis of variance was used to determine the 
F statistic. Students' t-test was used for the values where 
the F statistic was significant (20). Chi square was used 
to determine the statistical significance of gallstone in- 
cidence between groups (20). 

RESULTS 

All prairie dogs were bred in captivity and fed the various 
diets after weaning to the end of the experiment (Table 1). 

The average initial and final weights of the animals in all 
groups were similar and did not differ statistically. Food 
intake and fecal outputs, monitored during period 3 for 
the six groups, also were similar. 

At sacrifice, the incidence of cholesterol gallstones, 
cholesterol crystals, biliary lipids, activities of the r a t e  
limiting enzymes of cholesterol and bile acid synthesis 
and tissue~cholesterol levels were correlated with dietary 
history. Incidences of gallstones and cholesterol crystals 
are summarized in Table 2. Animals given the chow diet 
during periods 1 and 2 had a lower incidence of both 
stones and crystals, regardless of the diet given in period 
3 (groups 1 and 2 vs 4 and 5). Stone incidence was found 
to be greater for groups fed alfalfa-corn in period 1 (groups 
4-6 vs 1-3). The highest stone incidence was found in 
animals fed alfalfa-corn for periods 1 and 2 followed by 
the lithogenic diet in period 3 (group 5 vs group 2). 

The data summarized in Table 3 show levels of choles- 
terol in liver, plasma and bile and the activities of the ra te  
limiting enzymes of cholesterol and bile acid synthesis, 
HMG-CoA reductase and cholesterol 7a-hydroxylase. 
Liver cholesterol levels were elevated in animals fed the 
lithogenic (0.4 % cholesterol) diet during period 3. Feeding 
either chow or alfalfa-corn during periods 1 and/or 2 did 
not affect liver cholesterol. However, plasma cholesterol 
levels, which also were elevated by feeding the lithogenic 
diet, were highest for animals fed only the alfalfa-corn dur- 
ing periods 1 and 2. Animals given only chow or alfalfa- 
corn during all three feeding periods had normal liver and 
plasma cholesterol levels. Bile cholesterol levels were 
generally higher with administration of the lithogenic diet 
(groups 2, 3, 5 and 6). The activity of HMG-CoA reduc- 
tase showed several interesting differences. First, .nimals 
fed alfalfa-corn {group 4) had an enzyme activity more 
than 2 times that of animals fed only chow {group 1). As 
expected, feeding the high cholesterol lithogenic diet 
{groups 2, 3, 5 and 6) led to a decrease in enzyme activity 
(10,21). Cholesterol 7a-hydroxylase activity averaged 
from 8 to 17 pmoles/mg protein/rain for the experimen- 
tal groups. 

The data summarized in Table 4 illustrate the effect of 
the various dietary regimens on biliary lipid composition 
and lithogenic index of the bile. All groups fed the 
lithogenic diet had increased levels of cholesterol in the 
bile. This was coupled with an increased level of biliary 
phospholipid. The total lipid concentration for all groups 
ranged from 7.1 to 9.2 g/dl. Animals fed the lithogenic 

TABLE 1 

Experimental Design of Eight-Month Feeding Experiment a 

Group Number Period 1 Period 2 Period 3 
number of .nlmals (I-3 too) (4-6 too) (7-8 mo) 

1 4 Chow (C) Chow (C) Chow (C) 
2 17 Chow (C) Chow (C) SSD + 0.4% cholesterol (L) 
3 7 Chow (C) Alfalfa-corn (A) SSD + 0.4% cholesterol (L) 
4 4 Alfalfa-corn (A) Alfalfa-corn (A) Alfalfa-corn (A) 
5 17 Alfalfa-corn (A) Alfalfa-corn (A) SSD + 0.4% cholesterol (L) 
6 8 Alfalfa-corn (A) Chow (C) SSD + 0.4% cholesterol (L) 

aAnimals were divided into six experimental groups and fed either chow or alfalfa-corn in periods 1 and 2 
followed by the lithogenic diet (groups 2, 3, 5 and 6) or the same diet (groups I and 4) in period 3. All nnirnals 
were sacrificed at the end of month 8. 
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TABLE 2 

Incidence of Gallstones and Cholesterol Crystals 
in Prairie Dogs at Sacrifice 

Experimental Gallstones Cholesterol crystals 
Group design 
number 1:2:3 a Animals (%) Animals (%) 

I C:C:C 014 b (0) 0/4 b {0) 
2 C:C:L Ii/17 c (59) I0/17 c (65) 
3 C:A:L 6/7 {86) 7/7 {100) 
4 A:A:A 1/4 (25) 3/4 {75) 
5 A:A:L 17/17 {100)  17/17 (100) 
6 A:C:L 8/8 (100) 8/8 (100) 

a1:2:3 represents the experimental periods. C, chow; A, alfalfa-corn; 
L, lithogenic diet. 
bDiffers significantly from groups 2, 3, 5 and 6 by chi square; p < 
0.02. 
CDiffers significantly from groups 5 and 6 by chi square; p < 0.01. 

diet  had  l i thogenic  indices which approached  or exceeded 
1.0. The  h ighes t  l i thogenic  index  was  p r e s e n t  in  an ima l s  
fed alfalfa-corn for per iods  1 a nd  2 followed by  the  
l l thogenic  diet  in  per iod 3 ( l i thogenic index,  1.58}. E v e n  
t h o u g h  the  l i thogenic  index  for the  g roup  g iven  only  
alfalfa-corn {group 4) averaged 0.81, the one an imal  in this  
g roup  t h a t  had  cholesterol  ga l l s tones  was  found  to have  
a l i thogenic  index  of 1.01. 

Bi l ia ry  bile acid compos i t i on  was  ana lyzed  a t  sacrifice 
{Table 5). The  a m o u n t  of chenodeoxychol ic  acid in  the  
chow-fed an imals  {group 1) was twice t h a t  for an imals  fed 
on ly  alfalfa-corn (group 4). As  expected  from prev ious  
studies,  feeding diets  high in cholesterol led to an  increase 
in the  a m o u n t  of chenodeoxychol ic  acid a nd  a decrease 
in  cholic acid. These  changes  were s imi lar  for g roups  2, 
3, 5 a nd  6. The  a m o u n t s  of l i thocholic  acid a nd  deox- 
ycholic  acid were smal l  {ranging f rom 0.3% to 0.8% and  
0.7% to 2.6%, respect ively) .  

TABLE 3 

Cholesterol Concentrations and Enzyme Activities in Prairie Dogs 

Cholesterol 
Experimental Hepatic HMG-CoA Cholesterol 7a- 

Group design Liver Plasma Bile reductase hydroxylase 
number 1:2:3 a mg/g mg/dl mg/ml pmoles/mg proteixdmin pmoles/mg protein/rain 

1 C:C:C 2.66 ___ 0.09 b 100 • 3 c 0.25 • 0.02 d 121 ___ 23 e 16 • 3f 
2 C:C:L 6.32 _-!- 0.52 690 • 12 0.43 • 0.05 26 ___ 4 15 • 1 
3 C:A:L 7.24 ___ 1.18 710 • 14 0.25 +_ 0.05 57 • 7 10 • 1 
4 A:A:A 2.63 + 0.18 100 • 4 c 0.15 • 0.03g 269 ___ 38 h 13 + 3 
5 A:A:L 7.73 ___ 0.73 1030 + 12 i 0.35 • 0.05 68 ,,, 11 8 • lJ 
6 A:C:L 6.44 • 0.49 700 • 0 0.34 • 0.07 35 _+ 2 17 • 1 

ai:2:3 represents the experimental periods. C, chow; A, alfalfa-corn; L, lithogenic diet. Numbers are mean • SEM (standard error of the mean). 
b,~hDiffers from groups 2, 3, 5 and 6; p < 0.01. 
dDiffers from group 2; p < 0.01. 
eDifiers from groups 2-6; p < 0.01. 
fDiffers from group 3; p < 0.01. 
gDiffers from groups 2, 5 and 6; p < 0.01. 
/Differs from groups 1-4 and 6; p < 0.01. 
JDiffers from groups 1, 2 and 6; p < 0.01. 

TABLE 4 

Biliary Lipid Composition at Sacrifice 

Experimental Mole % 
Group design Total lipid Lithogenic 

number 1:2:3 a Cholesterol Phospholipids Bile acids g/dl index 

1 C:C:C 4.0 ___ 0.7 b 11.8 --- 1.3 84.2 + 2.0 9.2 ___ 1.4 0.87 + 0.03 b 
2 C:C:L 6.8 + 0.7 15.6 + 1.0 77.6 ___ 1.0 8.4 • 0.7 1.30 ,,, 0.11 c 
3 C:A:L 4.7 _+ 0.2 14.2 --- 1.3 81.1 • 1.5 7.5 • 1.2 0.98 • 0.07 d 
4 A:A:A 2.5 • 0.3 6.4 • 0.5 e 91.1 ___ 0.6 7.6 • 1.0 0.81 + 0.07f 
5 A:A:L 7.7 ___ 0.5 14.6 --- 1.3 77.7 • 1.7 7.7 -+ 0.9 1.58 • 0.09 
6 A:C:L 6.4 • 0.4 15.7 • 1.3 77.9 ... 1.5 7.1 ___ 1.1 1.24 • 0.07 

a1:2:3 represents the experimental periods. C, chow; A, alfalfa-corn; L, lithogenic diet. Numbers are mean + SEM. 
bDiffers from groups 2, 5, and 6; p < 0.01. 
CDiffers from group 5; p < 0.05. 
dDiffers from group 6; p < 0.01. 
edifiers from groups 1-3, 5 and 6; p < 0.01. 
fDiffers from groups 2, 5 and 6; p < 0.01. 
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TABLE 5 

Biliary Bile Acid Composition at Sacrifice 

Experimental Cholic Chenodeoxycholic Deoxycholic Lithocholic Allocholic 
Group design acid acid acid acid acid 

number 1:2:3 a % % % % % 

1 C:C:C 80.6 _+ 3.5 b 17.8 +_ 3.8 b 1.0 +_ 0.1 0.5 _+ 0.1 0.1 +_ 0.0 c 
2 C'C:L 42.5 _ 2.6 52.5 + 2.6 2.0 _+ 0.5 0.8 _+ 0.1 2.2 +_ 0.3 
3 C:A:L 45.8 _ 3.1 51.2 +_ 3.4 1.0 _+ 0.4 0.4 -+ 0.0 1.6 +_ 0.2 
4 A:A:A 88.1 _+ 1A d 9.2 +- 1.9 d 0.7 +_ 0.3 0.5 -+ 0.1 1.5 +_ 0.2 
5 A:A:L 49.6 _+ 4.1 44.8 +_ 4.7 2.6 +_ 0.7 0.7 + O.1 2.3 + 0.4 
6 A:C:L 52.7 _+ 2.5 43.2 + 2.9 1.7 +_ 0.5 0.3 _+ O.0 2.1 +_ 0.1 

a1:2:3 represents the experimental periods. C, chow; A, alfalfa-corn; L, 
+_ SEM. 
bDiffers from groups 2 and 3; p < 0.01. 
CDiffers from groups 2-6; p < 0.01. 
dDiffers from groups 5 and 6; p < 0.01. 

lithogenic diet. Numbers are mean 

DISCUSSION 

The prairie dog has been employed as a model of 
cholesterol cholelithiasis (8,22,23}. In this species, it is 
relatively easy to induce cholesterol gallstones by  ad- 
ministering a diet containing 0.4-1.2% cholesterol for a 
period of a few wk to several mo. Many investigators have 
reported a gallstone incidence of close to 100% when a 
semipurified basal diet was employed, to which choles- 
terol was added in the form of dried egg yolk powder and 
as crystalline cholesterol monohydra te  {8,24}. For  un- 
known reasons, the combination of the semipurified diet 
plus cholesterol is not  an ideal lithogenic diet in this model 
because it  induces significant hepatotoxici ty,  character- 
ized by  bile duct proliferation, inflammatory reaction and 
portal  fibrotic changes (10}. When chow was subs t i tu ted  
for the semipurified diet, liver damage was no longer 
observed, bu t  the rate  of stone formation was signifi- 
cant ly  decreased (24}. 

In our hands, gallstone formation in the prairie dog was 
not  as consistent  and reproducible as reported by  others  
(8,22,23}. We at t r ibuted this phenomenon to the fact tha t  
initially the animals used by most  investigators including 
our group had been t rapped in the wild and were quite 
heterogeneous. However, the present experiments demon- 
s t ra te  tha t  even animals bred in capt iv i ty  and in much 
bet te r  physical condition than  t rapped specimens ex- 
hibited a phenomenon not  observed previously in prairie 
dogs: the response of the animals to the semipurified, 
high-cholesterol lithogenic diet depended on the dietary 
history of the animals or, more specifically, on the dietary 
regimen fed to the animals after  weaning. The effect of 
prefeeding the prairie dogs different diets before ad- 
ministering the lithogenic diet became apparent  when, in 
successive experiments of identical design, the incidence 
of cholesterol gallstones dropped from nearly 100% to 
40-50%. In both studies, the lithogenic diet was identical 
(semipurified diet plus 0.4% cholesterol, for 8 wk), a diet 
previously shown to produce a high incidence of gall- 
stones {8,10,23}. Fur ther  invest igat ion showed tha t  the 
supplier of our animals had, for reasons of convenience, 
changed the diets of the prairie dogs during the six-month 

period after  weaning. The diet given previously was an 
alfalfa-corn mixture  tha t  produced an adequate,  high in- 
cidence of cholesterol gallstones when the lithogenic diet 
was administered. The diet fed subsequently was Purina 
rodent  chow; after receiving this diet for six mo, followed 
by  the lithogeuic diet, the incidence of cholesterol stones 
was reduced to only 40-50%. We designed the present  
experiment  to elucidate whether  the incidence of gall- 
stones was indeed affected by  the dietary history, i.e., 
whether  prefeeding the animals with either chow or 
alfalfa-corn would affect the incidence of gallstones when 
the animals were subsequently placed on the lithogenic 
diet. 

The experimental  protocol, a modified Lat in  square 
design, is shown in Table 1. The experiment was designed 
to show whether maintaining prairie dogs with an alfalfa- 
corn regimen, immediately after  weaning (period 1) or 
after an intervening period on rodent chow or alfalfa-corn 
(period 2}, affects gallstone formation and cholesterol 
metabolism after  administrat ion of the semipurified, 
cholesterol-containing lithogenic diet Iperiod 3}. 

The da ta  on the incidence of gallstones and biliary 
cholesterol crystals listed in Table 2 clearly demonstra te  
the difference between the chow diet and the alfalfa-corn 
regimen. As expected, the control animals fed chow 
throughout  the three experimental  periods had neither 
gallstones nor biliary cholesterol crystals. In contrast, ad- 
ministrat ion of the alfalfa-corn diet during the entire 
eight-mo experimental  period induced biliary cholesterol 
crystals in three out of four animals and gallstones in one 
animal. This result  was unexpected,  because this group 
(group 4) had not  been exposed to any cholesterol in the 
diet. To confirm this effect of the alfalfa-corn diet, we 
maintained eight animals on a pelleted diet containing 
equal amounts  of alfalfa and corn by weight. At  the end 
of two mo, four of the animals had cholesterol gallstones 
and exhibited numerous cholesterol crystals in bile. Thus, 
it  seems probable tha t  this cholesterol-free diet is 
lithogenic in the prairie dog. 

In general, the results listed in Table 2 confirm our 
previous observat ion tha t  the incidence of cholesterol 
gallstones was reduced in animals raised and maintained 
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on chow before being exposed to the lithogenic diet {group 
2) {24}. In contrast, animals given alfalfa-corn, either 
before or after a period on chow, had an incidence of 
gallstones ranging from 86% {group 3) to 100% {groups 
5 and 6). The animals in all three groups exhibited a 100% 
incidence of biliary cholesterol crystals. These data lead 
to the conclusion that the alfalfa~orn diet has both a long- 
term and a direct effect on one or several factors affect- 
ing gallstone formation. 

We examined a number of parameters of cholesterol 
metabolism in an attempt to explain our data. On the 
cholesterol-free diets {groups 1 and 4), liver and serum 
cholesterol levels were within normal limits {Table 3) and 
the lithogenic indices were well below 1.0. However, the 
single animal of group 4 with gallstones had a lithogenic 
index of 1.01. The presence of cholesterol crystals in the 
gallbladder bile at sacrifice {group 4) suggests that dur- 
ing the experiment these biles must have been super- 
saturated and that nucleating agent(s) may have been 
present. It is known that cholesterol-containing lithogenic 
diets produce, in the prairie dog, increased secretion of 
mucus and this may serve as the nucleating factor {25}. 
It  also is noteworthy that feeding the cholesterol-free 
alfalfa-corn diet was associated with a very significant 
elevation of hepatic microsomal HMG-CoA reductase ac- 
tivity {269 units for group 4; 121 units for group 1 [chow]}. 
It has been observed previously that this enzyme activ- 
ity was elevated in human gallstone patients, and it has 
been suggested that increased hepatic HMG-CoA reduc- 
tase activity is associated with an increased secretion of 
cholesterol into the bile {26,27}. In rats, we determined 
that HMG-CoA reductase activity reflected hepatic 
cholesterol synthesis {28}. At present, we have no mecha- 
nistic explanation for the stimulation of HMG-CoA reduc- 
tase activity by the alfalfa-corn diet, but it seems likely 
that the very high fiber content inhibits cholesterol ab- 
sorption. However, it also must be stated that, on the 
average, the alfalfa-corn group had the lowest cholesterol 
level in gallbladder bile of all the groups studied. Obvi- 
ously, more detailed studies on the influence of these diets 
on hepatic cholesterol secretion are needed. 

The effects of the cholesterol-containing lithogenic diet 
in animals previously maintained with alfalfa-corn again 
demonstrates the effect of dietary history on the develop- 
ment of cholesterol cholelithiasis. Only those prairie dogs 
receiving alfalfa-corn immediately after weaning {period 
1) subsequently exhibited a 100% incidence of gallstones 
and cholesterol crystals {groups 5 and 6). It is of interest 
that animals maintained with chow immediately after 
weaning, followed by alfalfa-corn in period 2, also had a 
very high incidence of gallstones {group 3, 86%) in com- 
parison with animals given only chow during periods 1 
and 2 {group 2, 59%}. Measurement of tissue~cholesterol 
concentration and hepatic HMG-CoA reductase activity 
again suggested a strong effect of the alfalfa-corn diet on 
cholesterol metabolism. The highest plasma cholesterol 
levels and HMG-CoA reductase activity were found in 
group 5 (alfalfa-corn fed during periods 1 and 2}. The data 
in Table 3 further demonstrate that animals fed chow 
before being given the lithogenic diet had lower HMG- 
CoA reductase activities than those receiving alfalfa-corn 
{groups 2 vs 3 and 5 vs 6}. The activities of hepatic 
cholesterol 7a-hydroxylase in these groups were low, as 
is usually the case in the prairie dog, but  nevertheless it 

can be seen that the activity of this rate-determining en- 
zyme of bile acid synthesis varied in the opposite direc- 
tion of that shown by HMG-CoA reductase. 

These studies demonstrate a phenomenon not previ- 
ously reported in the prairie dog or other species, namely, 
that the nature of the diet fed early in life affects the 
susceptibility to a lithogenic diet at a later time. Other 
investigators have had variable success in attempting to 
condition a hypercholesterolemic response by feeding dif- 
ferent diets early during the life cycle. In the rat, high- 
fat or high-carbohydrate diets did not appear to modify 
the subsequent response to a high-cholesterol diet {29}. 
In contrast, in the guinea pig, the administration of 
cholestyramine {a bile acid sequestrant} to neonatal 
animals caused a dramatic increase in plasma cholesterol 
and cholesterol degradation in adult life {30}. The latter 
expe "nment suggested the possibility that dietary changes 
in early life can affect the subsequent response to a 
cholesterolemic stimulus. 

The specific role of alfalfa-corn in the present studies, 
of course, is not yet known. On the basis of earlier work, 
it seems likely that nonnutritive dietary fiber may be 
responsible for the "memory" effect on cholesterol {and]or 
biliary lipid} metabolism. For example, in rats given a 
single dose of [4-'4C]cholesterol, the highest fecal excre- 
tion of radioisotope was observed when the animals were 
maintained with a diet containing alfalfa and corn oil {31}. 
This suggests that in those and the present experiments 
alfalfa might have a bile acid binding effect similar to that 
of cholestyramine {32}. Indeed, when Kritchevsky and 
Story studied the binding of taurocholate by semipurified 
diets supplemented with different dietary fiber, they 
found that alfalfa bound about one-fifth as much bile salt 
as cholestyramine and one-third as much as colestipol. 
{The latter drug, like cholestyramine, is used clinically to 
bind bile acids and reduce serum cholesterol concentra- 
tions [32,33].} In vitro studies likewise have shown that 
alfalfa can bind significant amounts of taurocholate {34}. 
Kritchevsky and Story have presented an excellent, con- 
cise summary of the effect of dietary fiber on cholesterol/ 
bile acid binding, absorption and metabolism {32}. In the 
present experiments, taurocholate is the major bile salt 
of the prairie dog, but is partially replaced by tauro- 
chenodeoxycholate in the presence of dietary cholesterol. 

Thus, our data suggest that, in the prairie dog, early 
exposure to the high-fiber, alfalfa-corn diet increases bile 
cholesterol biosynthesis. This increased rate of synthesis 
presumably persists even after this diet has been replaced 
by a diet of reduced fiber content {chow}. It is known from 
studies in man that increased hepatic cholesterol syn- 
thesis is associated with, although not necessarily the 
cause of, cholesterol cholelithiasis. Obviously, the exact 
mechanism operative in animals given high-fiber diets re~ 
mains to be established and, in particular, its effect on 
biliary lipids and nucleating/antinucleating agents. 
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M E T H O D S  I 

Location of Methyl Branchings in Fatty Acids: Fatty Acids 
in Uropygiai Secretion of Shanghai Duck by GC-MS 
of 4,4-Dimethyloxazoline Derivatives 1 
Q.T. Yu, B.N. Liu, J.Y. Zhang and Z.H. Huang* 
Laboratory of Mass Spectrometry, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, 319 Yue-yang Rd., Shanghai 
2OOO31, China 

2-Substituted 4,4-dimethyloxazolines {DMOX) have been 
found to be a useful alternative to the commonly used 
methyl esters for the localization of unsaturated bonds 
and other substituents in the fatty chain by mass spec- 
trometry. The powerful directed fragmentation coupled 
with good gas chromatographic ability enables the struc- 
ture elucidation of modified fatty acids in complex mix- 
tures. Continuing our previous study, 76 out of a total 
of 86 fatty acids obtained from the preen gland wax of 
Shanghai duck now have been identified by gas chroma- 
tography-mass spectrometry {GC-MS) of their oxazollne 
derivatives. The identification was based on the inter- 
pretation of the mass spectra and comparison with the 
spectra and equivalent chain lengths {ECL) of the cor- 
responding methyl esters. Main components of this lipid 
mixture are straight chain fatty acids {8.22%}, and 2-, 4~ 
or 6-monomethyl branched acids (53.69%), amounting to 
61.91% of the total acid fraction. In addition, a large 
number of dimethyl-substituted fatty acids 131.4%) also 
have been found. Typical mass spectra, which are easily 
recognizable and highly specific for fatty acids sub- 
stituted at various positions, are presented and classified 
according to the structural feature of the chain. 
Lipids 23, 804-810 {1988}. 

Wax produced by the uropygial gland of birds has been 
the subject of intensive investigations. It is generally ac- 
cepted that this wax, mainly composed of monoesters of 
fat ty acids and alcohols, protects the plumage against 
wet. However, some additional functions can be assumed 
from the very complex structure of the lipids, which are 
known to be highly species-dependent. The uniqueness 
of this waxy material manifests itself in the number and 
kind of carbon skeletal types, in the wide range of chain 
lengths, and in the unusual patterns of substitution. 
Although much has still to be explained, from these varia- 
tions a new taxonomy of birds has evolved {1,2}. By study- 
ing the structure of relevant components, one may gain 
clues to the understanding of the functions of these ex- 
ternally secreted lipids. 

Since the pioneering contributions of Stenhagen and 
collaborators, the structure of these fat ty  acids has been 
established with the aid of mass spectrometry {3,4}. The 

~Chemical Modification in Mass Spectrometry 6. For preceding paper 
in this series, see Ref. 17. 
*To whom correspondence should be addressed. 
Abbreviations: AMP, 2-amino-2-methyl-propanol; DCC, dicyclohex- 
ylcarbodiimide; DMF-DMA, N,N-dimethyl formamide dimethyl 
acetal; DMOX, 4,4-dimethyloxazolines; ECL, equivalent chain 
lengths; GC-MS, gas chromatography-mass spectrometry. 

mass spectra of branched fatty acid methyl esters have 
been studied most thoroughly {5-8}. Because most 
identifications depend upon rather subtle differences in 
mass spectral peak intensities, an independent means of 
vertification is adopted in the concept of equivalent 
chain length {ECL}, which has been fully expounded by 
Nicolaides et al. {9,10}. 

A newer, more attractive approach involves the use of 
other fragmentation-directing derivatives. Of particular 
interest is the achievement of N-acyl pyrrolidine 
derivatives by Andersson (11}, and pyridylmethyl esters 
by Harvey {12,13}. The latter has led to the structure 
elucidation of a very complex mixture of branched (iso- 
and anteiso-} fatty acids obtained from the meibomian 
gland secretion of rats (14}. 

In our efforts to develop newer methods that would lead 
to a clear-cut demonstration of chain feature in mass spec- 
tra, a search for derivatives with even better fragmenta- 
tion-directing ability was initiated. Our strategy was to 
incorporate the carboxylic acid group into a nitrogen- 
containing heterocycle followed by examining the 70 eV 
EI mass spectra of the resulting "hidden" carboxylic 
acids {15}. 2-Substituted benzoxazoles {16} and 2-sub- 
stituted 4,4-dimethyloxazolines {DMOX} (17} were finally 
chosen for further investigation. The latter represent a 
class of interesting structure with a basic nitrogen atom. 
They are readily prepared and purified, markedly stable 
towards most reagents, and capable of hydrolytic decom- 
position on heating in acidic medium to regenerate the 
starting material. By virtue of these properties, they have 
been recommended by Meyers {18,19} as a means for the 
protection of -COOH group. Long chain fatty acid 
derivatives of this type were first prepared by Gronowitz 
and coworkers {20,21}, and the mass spectral fragmenta- 
tion were briefly discussed therein. Detailed study in our 
laboratory has shown that while possessing promising 
mass spectrometric as well as gas chromatographic 
characteristics, DMOX are useful derivatives for explor- 
ing chain structure in complex mixtures, for example, 
double bond {17}, cyclopropane ring (22}, triple bond, 
cyclopentene ring, and oxygenated groups (Zhang, J.Y., 
Yu, Q.T., and Huang, Z.H., unpublished data}. 

This paper describes an extension of the oxazoline 
method to the structure determination of branched acids 
derived from the wax of the uropygial gland of the 
Shanghai white duck, which is common in this area and 
belongs to the common species of Anas platyrhynchos. 

MATERIALS AND METHODS 
Materials. All standard fat ty acids were purchased from 
the Sigma Chemical Co. (St. Louis, MO} with a purity 
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greater than 99%. 2-Amino-2-methyl-propanol (AMP) was 
a product of Aldrich Chemical Co. (Milwaukee, WI) with 
a purity of 99%. 

Preparation of the mixed fatty acids. After washing 
with cold ether to remove the contaminating triglycerides 
from surrounding tissues, four preen glands (9.0 g), ex- 
cised from freshly killed (in April) Shanghai ducks, were 
homogenized and extracted with chloroform/methanol 
(1:1, v/v) at room temperature. The organic layer, after 
diluting with an equal volume of water, was separated, 
dried and evaporated. The residue was taken up in 
petroleum ether (b.p. 60-90 C) and evaporated to afford 
0.6 g of waxy material. The latter was finally saponified 
(1 part of KOH in I part of water and 4 parts of methanol, 
80 C, 2 hr) and worked up by usual means. Yield of the 
mixed fat ty acid was 70 mg. 

Preparation of n-nonadecanoic acid~d2. The preparation 
of this new labeled acid was carried out according to 
literature (23). A mixture of 1.5 g of sodium salt of stearic 
acid and 3 m_l of D20 containing 12 mg of NaOD was 
heated in sealed tube at 200 C for 96 hr. After cooling, 
the mixture was acidified with dilute HC1 and extracted 
with 3 X 5 ml of diethyl ether. The ether solution was 
evaporated. The residue was recrystallized from acetone 
and gave 1.4 g (92%) of 18:0-2d2. Deuterium incorpora- 
tion was 88.4%, based on MS. 

1.2 g of stearic acid-2d2 was converted into its methyl 
ester by refluxing with 30 ml of 5% BF3 �9 Et20/CH3OH 
(v/v) solution for 0.5 hr. The methyl ester was separated 
by usual ways, dried, evaporated and dissolved in 30 ml 
of anhydrous diethyl ether. To this solution, 1.5 g of 
lithium aluminum hydride was added, the mixture then 
was refluxed for five hr. The excess hydride was decom- 
posed by adding water, then the solution was acidified 
with 10% sulfuric acid and extracted with 3 • 10 ml of 
ether. The ether layer was washed with aqueous NaHCO3 
and water, dried and evaporated to leave 830 mg (73%) 
of stearyl alcohol-2d2. 

One g of methane sulfonyl chloride was added dropwise 
to a cooled (0 C) solution of 500 mg of stearyl alcohol-2d2 
in 7 ml of dry pyridine. The mixture was stirred five hr 
at room temperature. The residue was taken up in 10 ml 
of methylene chloride, washed with water and dried. 
Recrystallization from petroleum ether gave 590 mg 
(92%) of stearyl-2d2-mesylate. 

Four hundred mg of potassium cyanide was added to 
a solution of 590 mg of above mesylate in 10 ml of 
dimethyl sulfoxide. The mixture was heated at 120 C with 
stirring for two hr, then cooled and dissolved in 2 ml of 
methylene chloride. After washing with water and dry- 
ing, evaporation gave 430 mg of n-nonadecanoyl nitrfl-3d2 
(91%). 

A solution of 400 mg of above nitrile in a mixture of 
2 ml of 90% potassium hydroxide and 2 ml of ethanol was 
refluxed for 48 hr. Acidification with hydrochloric acid 
and extraction with chloroform after removal of the sol- 
vent and recrystallization from acetone gave 300 mg 
(70%) of n-nonadecanoic acid-3d2. Deuterium incorpora- 
tion 86.6% based on MS. 

DerivatizatiorL The procedure described in our previous 
paper (17,22) was modified as follows. (a) Ten mg of AMP 
was added to 5 mg of the fat ty acid mixture in a micro- 
reaction flask equipped with an air-condenser and a 
magnetic bar. The mixture was heated at 180 _+ 5 C under 

~NH2 (a) or (b) "~ N 
+ RCO2H " ~ 

OH 0 R 

nitrogen for one to two hr. The cooled mixture was 
triturated with 1 N aq KOH and extracted with light 
petroleum ether (10 ml). The extract was allowed to pass 
through a small column packed with ca. 500 mg of silica 
gel, which was covered with 20 mg of anhydrous sodium 
sulfate, and eluted with 20 ml of the same solvent. The 
eluate was collected and evaporated to dryness in a rotary 
evaporator to furnish a pale-yellow oily substance. Yields 
were nearly quantitative. (b) Another preparation was 
based on a modification of Ref. 24. Five mg of dicyclohex- 
ylcarbodiimide (DCC) was added to a solution of 5 mg of 
fat ty acid sample in 1 ml of dichloromethane. After stir- 
ring for 10 min, 5 mg of AMP was added. The mixture 
was allowed to react under stirring at room temperature 
for four hr. After filtration, the mixture was evaporated 
to dryness. The oily intermediate was dissolved in 1 ml 
of dry diethyl ether and treated with 500 ~l of freshly 
distilled thionyl chloride (0 C, 0.5 hr; then room tempera- 
ture, 0.5 hr), washed with ice-cold sodium carbonate solu- 
tion, and worked up as described in Ca). 

Methyl esters and ECL measurement. Methyl esters 
were prepared by a "on-column" esterification procedure 
by dissolving about 1 mg of sample in 100 ~l of N,N- 
dimethyl formamide dimethyl acetal (DMF-DMA) and 
directly injecting the mixture (ca. 0.5 ~1) onto injector port 
of gas chromatograph for GC-MS analysis. ECL for com- 
ponent acids were calculated by Nicolaides' method (8). 

Instruments. GC-MS analysis was carried out on 
a MAT 44S gas chromatograph-mass spectrometer 
equipped with a 29 m X 0.28 mm glass capillary column 
coated with SE-54 (cross-linked and bonded). Carrier gas 
flow was 1 ml He/min, split ratio 1:10. Both separator and 
ion source were maintained at 250 C, column temperature 
240 C. Other parameters were: electron energy 70 eV, 
emission current 0.6 mA. 

RESULTS AND DISCUSSION 

By using this derivatization technique, 76 out of 86 in- 
dividual components have been identified. These acids, 
either normal or branched, have chain lengths from C6 to 
C18. The gas chromatogram and results of analysis are 
presented in Figure 1 and Table 1, respectively. 

High-quality mass spectra were produced from the 
resulting DMOX in GC-MS analysis. Interestingly, the 
mass spectra of these derivatives are closely similar to 
those of the corresponding N-acyl pyrrolidines in the 
region above m/z 100. They both exhibit rather simple 
fragmentation patterns that  are highly characteristic 
with respect to the carbon skeleton of the chain. A marked 
difference is that oxazolines suffer less from interference 
and appear to show more prominent diagnostic peaks, 
thus rendering the latter, in particular those occurring 
at the high-mass end of the spectrum, more easily 
recognizable. 

All normal chain fatty acid DMOX derivatives (Table 1) 
have been checked by comparing their mass spectra and 
retention times with those obtained from authentic 
samples. For illustration, the spectrum of the palmitic 
acid [16:0] derivative is presented in Figure 2a. Generally, 
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TABLE 1 

Analytical Results by Derivatization Through DMOX and Methyl Esters 

DMOX a, b 

Peak % of Diagnostic ions Peak 
no. total Structure m/z (%) no. 

Methyl esters c 

ECL:found 
(calcd) Structure 

Diagnostic ions 
mYz (%) 

1 1.75 2-Me-6:0 127 (100), M183 (2.0) 
2 0.68 7:0 
3 0.17 8:1(2) 
4 2.26 2-Me-7:0 127 (100), M197 (1.7) 

5 1.28 4-Me-7:0 140 (3.7)*, M197 (0.2) 

6 3.90 2-Me-8:0 127 (100), M211 (1.4) 
7 3.87 4-Me-8:0 140 (2.8)*, M211 (0.3) 

8 2.79 2,6-Me2-8:0 126 (14.2), 127 (100), 
182 ~0.3)*, M225 (0.2) 

9 2.24 2-Me-9:0 127 (100), M225 (1.1) 
10 1.38 4-Me-9:0 140 (1.8)*, M225 (0.4) 

11 0.77 2,6-Mez-9:0 126 (12.8), 127 (100), 
182 (0.7)*, M239 (0.8) 

12 1.26 10:0 
13 3.90 2-Me-10:0 127 (100), M239 (0.7) 

14 3.85 4-Me-10:0 140 (1.1)*, M239 (0.2) 

15 1.98 2,6-Me2-10:0 126 (12.1), 127 (100), 
182 (0.3)*, M253 (0.5) 

16 0.53 2,8-Me2-10:0 126 (12.9), 127 (100), 
210 (3.1)*, M253 (2.6) 

17 0.17 11:0 
18 1.77 6-Me-11:0 113 (100), 126 (70.4), 

127 (98.0), 168 (1.9)*, 
M253 (1.5) 

19 2.41 4-Me-11:0 140 (0.8)*, M253 (0.2) 

20 0.49 2,6-Mez-11:0 126 (12.2), 127 (100), 
182 (0.2)*, M267 (0.5) 

21 0.36 4,8-Me2-11:0 140 (1.0)*, 210 (1.0)*, 
M267 (0.2) 

22 0.51 12:0 
23 3.53 2-Me-12:0 127 (100), M267 (0.6) 

24 3.90 4-Me-12:0 140 (0.9)*, M267 (0.2) 

25 1.43 2,6-Me2-12:0 126 (11.6), 127 (100), 
182 (0.4)*, M281 (0.4) 

26 0.34 2,8-Mez-12:0 126 (12.9), 127 (100), 
210 (1.9)*, M281 (0.5) 

27 0.66 2,10-Me2-12:0 126 {10.3), 127 (100), 
238 {1.9)*, M281 (0.5) 

28 1.85 4,8-Mez-12 140 {1.0)*, 210 (0.2)*, 
M281 (0.2) 

29 2.34 6-Me-13:0 113 (100), 126 (64.6), 
127 (95.6), 188 (1.3)*, 
M281 (0.7) 

30 0.68 2,6-Me2-13:0 126 (12.2), 127 (100), 
182 (0.4)*, M295 (0.7) 

31 1.17 4-Me-13:0 140 (0.9)*, M281 (0.3) 

32 0.45 2,6,8-Me3-12:0 126 (12.1), 127 (100), 
182 (0.4)*, 224 (0.5)*, 
M295 (0.6) 

33 0.66 4,8-Mez-13:0 140 (0.8)*, 210 (0.1)*, 
M295 (0.2) 

34 0.17 6,8-Me2-13:0 127 (30.9), 168 ft.1)*, 
210 (0.9)*, M295 (0.3) 

35 0.23 14:0 
36 2.49 2-Me-14:0 127 (100), M295 (0.6) 

1 7.43 (7.28) 2-Me-7:0 

2 7.64 (7.51) 4-Me-7:0 

3 8.28 (8.28) 2-Me-8:0 
4 8.59 (8.51) 4-Me-8:0 

5 9.08 (9.00) 2,6-Me2-8:0 

6 9.49 (9.28) 2-Me-9:0 
7 9.56 (9.51) 4-Me-9:0 

8 9.88 (9.75) 2,6-Me2-9:0 

9 10.0 10:0 
10 10.35 (10.28) 2-Me-lO:O 

11 10.58 (10.51) 4-Me-lO:O 

12 10.85 (10.75) 2,6-Me2-10:0 

13 11.07 (11.00) 2,8-Me2-10:0 

14 11.0 11:0 
15 11.20 unidentified 

16 11.34 unidentified 
17 11.55 (11.51) 4-Me-ll:O 

18 11.79 (11.75) 2,6-Mez-ll:0 

20 12.03 (12.0) 4,8-Mez-11:0 

19 12.0 12:0 
21 12.38 (12.28) 2-Me-12:0 

22 12.55 (12.51) 4-Me-12:0 

23 12.79 (12.73) 2,6-Me2-12:0 

25 13.03 (13.00) 2,10-Mez-12:0 

24 12.83 (12.97) 4,8-Me2-12:0 

26 13.0 unidentified 

27 13.24 unidentified 
28 13.34 2,x-Me2-13:0 
31 13.76 (13.71) 2,6-Me2-13:0 

30 13.52 (13.50) 4-Me-13:0 

29 13.41 2,6,x-Me3-12:0 

32 13.93 (13.97) 4,8-Me2-13:0 

33 14.0 14:0 
34 14.35 (14.28) 2-M~14:0 

35 14.41 unidentified 

88 (100), 99 (2.4), 101 (21.9), 
M158 (0.2) 
74 {100), 87 (87.4), 101 (11.3), 
M158 (0.2) 
88 (100), 101 (21.1), M172 (0.2) 
87 (100), 99 (23), 115 (17.4), 
M172 (0.3) 
88 (100), 96 (4.7), M186 (0,4) 

88 (100), 101 (23.3), M186 (0.3) 
87 (100), 113 (13.0), 129 (7.0), 
143 (0.3), M186 (0.1) 
88 (100), 101 (39.2), 110 (5.5), 
M200 (0.5) 

88 (100), 143 (4.7), 157 (3.1), 
M200 (0.5) 
87 (100), 127 (8.8), 143 (6.9), 
157 (0.3), M200 (0.1) 
88 (100), 97 (11.7), 111 (0.8), 
124 (5.3), M214 (0.6) 
88 (100), M214 (0.5) 

87 (100), 141 (6.9), 157 (7.0), 
M214 (0.2) 
88 (100), 97 (12.7), 111 (1.0), 
138 (5.1), M228 (0.6) 
87 (88.0), 155 (3.2), 171 (4.7), 
M228 (0.4) 

88 (100), 101 (30.0), 171 (2.2), 
185 (1.7), M228 (0.5) 
87 (100), 99 (8.2), 155 {6.1), 
M228 (0.3) 
88 (100), 97 (12.1), 101 (39.0) 
111 (1.1), 152 (4.5), M242 (0.6) 

88 (100), 101 (38.9), 181 (4.2), 
M242 (1.1) 
87 (I00), 169 (1.1), 185 (2.2), 
M242 (1.1) 

88 (100), M256 (0.2) 
88 (100), 101 (32.2), 166 (3.8), 
M256 (0.4) 
87 (100), 169 (4.2), 185 (9.6), 
M242 (0.4) 
88 (100), 166 (4.1), M256 (0.2) 

87 (100), 183 (2.6), 199 (3.8), 
M256 (0.5) 

88 (I00), 101 (30.5), 199 (2.3), 
213 (1.6), M256 (0.9) 
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TABLE 1 (continued) 

DMOXa, b 

Peak % of 
no. total Structure 

Diagnostic ions 
m/z (%) 

Methyl estersC 

Peak ECL:found 
no. {calcd) Structure 

Diagnostic ions 
m/z (%) 

37 3.90 4-Me-14:0 

38 1.87 2,6-Me2-14:0 

39 0.66 2,8-Me2-14:0 

140 (1.8)*, M295 (0.2) 

126 (13.4), 127 (100), 
182 (0.6)*, M309 (0.3) 
126 (12.5), 127 (100), 
210 (0.4)*, M309 (0.5) 

40 0.77 2,10-Me2-14:0 126 (11.5), 127 (100), 
238 (0.2)*, M309 (0.5) 

41 3.19 4,8-Me2-14:0 I40 (1.1)*, 210 (0.1)*, 
M309 (0.2) 

42 1.85 6,10-Me2-14:0 127 (57.2), 168 (1.5)*, 
238 (0.5)*, M309 (0.3) 

43 1.19 4-Me-15:0 

44 1.75 6,8-Me2-15:0 

45 0.13 2,10-Me2-15:0 

46 0.77 4,8-Me2-15:0 

47 0.53 6,10-Me~-15:0 

48 3.30 16:0 
49 1.53 2-Me-16:0 
50 0.17 4,8,10-Me~-15:0 

51 3.87 6-Me-16:0 

140 (5.7)*, M309 (0.3} 

127 (23.8), 168 (1.2)*, 
210 (0.4)*, M323 {0.5) 
126 (24.0), 127 (100), 
238 (0.3)*, M323 (0.5) 
140 (0.9)*, 210 (0.1)*, 
M323 {0.2) 
127 (42.4), 168 (2.6)*, 
238 (1.2)*, M323 (0.2) 

127 {100), M323 {0.4) 
140 (4.7)*, 210 (0.5)*, 
252 (0.2)*, M337 (0.2) 
113 (100), 126 (31.5), 
127 (27.1), 168 (3.5)*, 
M323 (0.3) 

36 14.51 (14.48) 4-Me-14:0 

37 14.57 unidentified 
38 14.71 (14.70) 2,6-Me2-14:0 

39 14.82 (14.70) 2,8-Me2-14:0 

40 14.89 unidentified 
42 15.04 2,x-Me2-14:0 

41 15.00 (14.90) 4,8-Me2-14:0 

43 15.19 unidentified 

44 15.33 unidentified 
45 15.37 unidentified 
46 15.48 (15.48) 4-Me-15:0 

47 15.56 (15.32) unidentified 

48 15.70 2,x-Me2-15:0 

49 15.85 (15.85) 4,8-Me2-15:0 

50 16.0 16:0 

51 16.08 unidentified 

52 16.40 {16.39) 6-Me-16:0 

87 (100), 183 (5.1), 199 (8.6), 
M256 (0.6) 

88 (100), 97 (11.6), 180 (5.2), 
M270 (0.9) 
88 (100), 157 (9.7), 185 (1.7), 
M270 (1.9) 

88 (100), M270 (1.3) 

87 (100), 197 (2.5), 213 (12.2), 
M270 (0.5) 

87 (100), 197 (3.7), 213 (8.9), 
M270 (0.6) 

88 (100), M284 (0.4) 

87 (100), 125 (2.1), 211 {2.3), 
M284 (0.2) 

74 (100), 143 (32.3), 208 (3.7), 
M284 (0.7} 

53 16.48 unidentified 
54 16.52 unidentified 

52 0.43 2,10-Me2-16:0 126 (17.2), 127 (100), 55 16.72 (16.71) 2,10-Me~-16:0 
238 (0.4)*, M337 (0.4} 

53 0.55 unidentified 
54 0.66 2,12-Me~-16:0 126 (9.2), 127 (100), 56 16.84 2,x-Me2-16:0 88 (100), M298 (1.4) 

266 (0.1)*, M337 {0.4) 
55 2.09 4,8-Me2-16:0 140 (1.3}*, 210 (0.3)*, 57 16.92 (16.87) 4,8-Me2-16:0 87 (100}, 97 (10.2), 225 (1.7), 

M337 (0.2) 241 (9.3), M298 (0.6) 
56 1.92 4,10-Me2-16:0 140 (4.1)*, 238 (0.2)*, 58 17.21 4,x-Me2-16:0 87 (100), 225 (1.9), 241 (8.3), 

M337 (0.3) M298 (0.6) 
57 0.68 8,12-Me2-16:0 196 (0.3)*, 266 (0.1)*, 

M337 (0.3) 
58 0.89 6,12-Me2-16:0 127 (53.8), 168 (1.3)*, 

266 (0.3)*, M337 (0.4) 
59 0.47 17:0 59 17.0 17:0 
60 0.83 6-Me-17:0 113 (100), 126 (47.7), 60 17.46 (17.39) 6-Me-17:0 

127 (22.0), 168 (1.7)*, 
M337 (0.4) 

61 0.85 4,8,x-Me3-16:0 140 (3.4)*, 210 (0.2)*, 61 17.29 4,x,x-Me3-16:0 
M351 (0.1) 

62 0.57 6,8,x-Me~-16:0 127 (24.4), 168 (1.6)*, 62 17.38 unidentified 
210 (0.9)*, M351 (0.1) 

63 0.51 4,10,x-Merl6:0 140 (3.3)*, 238 (0.3)*, 63 17.54 (17.59) 4,x,x-Me3-16:0 
M351 (0.1) 

64 0.66 18:2 (9,12) 64 18:2 
65 1.96 18:1 (9) 65 18:1 
66 0.19 unidentified 
67 1.26 18:0 66 18.0 18:0 
68 0.29 4-Me-18:0 140 (2.9)*, M351 (0.1) 

88 (100), 101 (40.9), 157 (12.0) 
M298 (0.8) 

74 (100), 143 (13.2), 208 (0.8), 
M298 (1.2) 

87 (100), 255 (7.3), M312 (0.2) 

87 (100), 255 {7.3}, M312 {0.2} 

*"Local minimum" in the general profile of the spectra. 
aAll saturated fatty acids show identical diagnostic peaks as in the corresponding standards. 
bComponents with amount less than 0.1% (9:113], 8:0, 2,4,x-Me3-7:0, 6-Me-8:0, 10:113], 9:0, 12:116], 8-Me-10:0, 2,4-Me2-10:0, 2,8-Me2-11:0, 
13:0, 2,8-Me2-13:0, 2,10-Me~-13:0, 15:0, 2,8-Me~-15:0, 6,x-Me2-15:0 and two unidentified peaks) are not  given in the table. 
cpeaks 19, 20; 24, 25; 29-31; 41, 42 of methyl esters emerged in different orders as the corresponding DMOX. 
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two types of fragment ion peaks are displayed in the spec- 
t ra  of DMOX of sa turated fa t ty  acids: (i) an intense peak 
at  m/z 113 {normally as base peak) is obtained as a result  
of the McLaffer ty  rearrangement  of 2-unsubst i tuted 
acids; and (ii) an even-mass homologous ion series at  m/z 
126 + 14n (n = 1, 2, 3 . . . .  } is formed by  simple cleavage 
of the chain. This series, generally with a "local mini- 
m um "  at  C5 (m/z  154) in s t ra ight  chain homologs, dis- 
t r ibutes continuously up to the molecular ion region. The 
initial member, m/z 126, generated via cyclization- 
displacement reaction, frequently appears to be the most  
abundant  ion within this series. 

+ + 

m/z 113 m/z 126 m/z 126 + 14n 

From the above s tatement ,  one can infer any variat ion 
in the peak profile may  serve as a sign of chain-substitu- 
tion. For  example, the presence of a methyl  branch is in- 
dicated by  the existence of a newly created "local 
minimum" between two flanking ion clusters, whereupon 
the highest  peaks of them are spaced by  an interval  of 
28 mass units. Therefore, 2-methyl-substi tuted acid 
derivatives (see, for example, Fig. 2b) exhibit a base peak 
at  m/z 127 (= 113 + 14} and a "local minimum" at  m/z  

168 in their  spectra. Here a mass shift of 14 a.m.u, occurs 
as compared with the normal chain compound (Fig. 2a). 
Other subst i tu ted acids behave in like manner. This peak 
profile analysis is easy to handle and presents little uncer- 
t a in ty  in s t ructure  assignment of f a t ty  acids having a 
higher degree of substi tution.  

Similar to methyl  esters, additional information may  
sometimes be provided by  an elimination reaction 
result ing in the loss of two or three carbon atoms from 
within the chain (3,4). DMOX of a deuterated f a t ty  acid, 
19:0-3d2, shows extrusion of carbon 2 and 3 of the original 
f a t t y  acid as indicated by the ion M-31 (and M-45 for a 
three carbon loss) in the spect rum (Fig. 3). 

Consequently,  if a methyl  branch is a t tached to either 
of these C-atoms (e.g., 2-Me, 4-Me, or di-Me subs t i tu ted  
acids with the first  branch at  C-2 or C-4), the ion repre- 
senting M-29 in case of 2-Me, or M-43 in the case of 4-Me, 
is seriously weakened, while the mass of the fragment lost 
from within the chain is correspondingly increased by 14 
a.m.u. (compare, for example, M-29 in Fig. 2b, e-h; and 
M-43 in Fig. 2c, i and j). 

The mass spectrometr ic  characterist ics of the f a t ty  
acids listed in Table 1 are classified according to the 
subst i tu t ion pa t te rn  (Table 2). Typical  mass spectra  are 
presented in Figure 2. 

~OO% ,. �9 

50% 

. L ,,o t , L t 2.,0 /. t L ~.~ L t ~ ' :  ~  
I00 150 200 250 300 3bO 

I . . . .  r l  a,o I I . . . . .  
I ~ 150 200 250 300 

100% 

.~, ~,o ( k )  5"10-~'e2-14:C' 

i ;r C T : '~ 7 i' I 

350 

100 150 200 250 300 350 

' i ~ l [ 
100 150 200 250 300 350 m / Z  

FIG. 2. (i-l) Typical mass spectra of DMOX of branched chain fatty 
acids. 

30'J ~ 353 

~:~ 2 0 0  250  3 0 0  3 5 0  

FIG. 3. Spectrum of DMOX from 19:0-3d2. 

TABLE 2 

4OO m/z 

MS Characteristic Peaks of DMOXa 

Base peak 2nd large Other characteristics 
Fatty acid m/z m/z rn/z 

Normal 113 126 154" 
2-Me 127 140 168" 
2,4-Me2 127 140 low 113, 154" 
2,6-Me~ 127 140 low 113, 168", 182" 
2,8-Me= 127 140 low 113, 168", 210" 
2,10-Me2 127 140 low 113, 168", 238* 
2,12-Me2 127 140 low 113, 168", 266* 
4-Me 113 126 140", 168" 
4,8-Me2 113 126 140", 168", 210" 
4,10-Me~ 113 126 140", 168", 238* 
6-Me 113 126/127 168" 
6,8-Me= 113 126/127 168", 210" 
6,10-Me= 113 126/127 168", 238* 
6,12-Me~ 113 126/127 168", 266* 
8-Me 113 126 154", 196" 
8,12-Me= 113 126 154", 196", 266* 
12-Me 113 126 154", 252* 

am/z 126 is accompanied by a strong satellite peak at m/z 127 in 
6-Me series by an unexplored mechanism. Similar observation of m/z 
127 occurred with DMOX of 6,7-methyleneoctadecanoic acid (22). 
*"Local minimum" in the general profile of the spectra. 
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The s t ruc tura l  a ss ignment  was fur ther  subs tan t i a t ed  
by  GC-MS of methy l  es ters  obta ined f rom the same 
origin. Mass  spectral  da ta  and ECL of individual me thy l  
es ters  are presented in Table 1. Small, bu t  acceptable dif- 
ferences between measured  and calculated ECL values 
were observed and could be a t t r ibu ted  to the change in 
exper imenta l  conditions. Identif icat ion by  bo th  D M O X  
and methy l  es ters  agrees quite well except  for certain 
minor components ,  which were not  detected by  the ester  
method.  Generally, D M O X  are ra ther  volati le and a col- 
u m n  t empera tu re  of ca. 10 C higher than  t ha t  for the 
methy l  es ters  is enough to achieve good separat ion.  In  
addition, their  relat ively abundan t  diagnostic  peaks  and 
regular  f ragmenta t ion  make  detect ion easy and the in- 
te rpre ta t ion  of spect ra  s t raightforward.  The advan tages  
of D M O X  are obvious in cases of f a t t y  acids having  one 
or more than  one branch located remote  f rom the carbox- 
ylic acid end, such as 8- or 10-substitution. Under  such 
circumstances,  the ut i l i ty of methy l  es ters  is seriously 
hampered.  

Uropygia l  gland waxes  of the Peking duck, the com- 
mon European mallard, the Rouen duck and the E a s t  In- 
dian duck, all of which originate f rom A.  p l a t y r h y n c h o s ,  
were studied by  several  laboratories.  Odham found and 
identified, f rom Peking duck wax, 16 normal-chain and 
monomethy l  subs t i tu ted  f a t t y  acids of C6 to C ,  (25) and 
f rom mal lard  duck wax, 10 C6-C,  analogs (26). Of these, 
the waxes are composed mainly of 2-methyl and 4-methyl- 
hexanoic acids (about 74% of the to ta l  acids}. A different 
picture  is re lated to the waxes  of the black E a s t  Indian 
ducks, which were shown by  Bertelsen and Ngnyen  (27} 
to consist  essentially of 4-methyl subst i tu ted  C6-, C8-, Cls- 
and C~8-carboxylic acids. Ko la t tukudy  et al. have studied 
in detail  the wax es ters  of male mal lard  ducks and r e  
vealed d ramat ic  seasonal  var ia t ion of the components  
(28). The f a t t y  acid profile (Table 3) of the Shanghai  duck 
appears  to be in fairly good agreement  wi th  the findings 
of Kolat tukudy.  Nevertheless,  the presence of f a t ty  acids 
with 6-methyl  subs t i tuen t s  was not  known until  now. 

TABLE 3 

Distribution Pattern of Fatty Acids from the Preen Gland 
of Shanghai White Duck 

Wax 

% of % of 
Structure total Structure total 

Normal C7_18 8.22 4,10-Me2-C16 1.92 
2-Me-C6_10,12,14,16 2 1 . 6 0  4,10,x-Me3-C16 0.51 
2,4-Me2-C10 0.04 6-Me-C8,11,13,16,17 8.87 
2,4,x-Me3-C 7 0.06 6,8-Me2-C13,15 1.92 
2,6-Me2-C8_14 10.01 6,8,x-Me3-C16 0.57 
2,6,x-Me3-C12 0.45 6,10-Me2-C14,15 2.38 
2,8-Me2-C10_15 1.78 6,12-Me2-C16 0.89 
2,10-Me2-C12_16 2.10 6,x-Me2-C15 0.11 
2,12-Me2-C16 0.66 8-Me-C10 0.06 
4-Me-C7_15,18 23.22 8,12-Me2-C16 0.68 
4,8-Me2-Cl1_16 8.92 Unsaturated C8_10,12,18 3.05 a 
4,8,10-Me3-C15 0.17 Unidentified 0.96 
4,8,x-Me3-C16 0.85 

apeaks #5, 8, 14, 23, 82 and 83 represent minor unsaturated acids, 
which have been identified according to the empirical rule of "12 
mass interval" as described (17). These acids were probably 
originated from contaminations in gland sampling and handling. 
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Malondialdehyde (MA) formed in linolenic acid, linoleic 
acid, corn oil and beef fat upon photoirradiation was 
determined by gas chromatography (GC). The MA pro- 
duced was reacted with methylhydrazine to give 1-methyl- 
pyrazole and was subsequently analyzed on a GC 
equipped with a nitrogen-phosphorus specific detector 
and a fused silica capillary column. MA values deter- 
mined by this method correspond to free or unbound MA 
levels. Linolenic and linoleic acids produced 867 ~g MAIg 
and 106 ~g MA/g, respectively. Oleic and stearic acids did 
not produce detectable levels of MA upon photoirradia- 
tion. Amounts of MA produced after eight hour irradia- 
tions of corn oil and beef fat were 56.24 pglg and 
25.01 pg/g, respectively. Some photoreaction products in 
irradiated corn oil also were identified as methylhydrazlne 
derivatives. 
Lipids 23, 811-814 (1988). 

Malondialdehyde (MA) is well known as a product of lipid 
peroxidation and prostaglandin biosynthesis in animal 
tissues. It has been implicated in aging (1), mutagenesis 
(2,3,4), carcinogenesis (3,5) and radiation damage (6). 

MA, as 2-thiobarbituric acid (TBA) reacting sub- 
stances, has been found in steam distillates of lipid-rich 
foods such as roasted meats (7). In most cases, these MA 
levels were found to increase with cooking (7,8). A major 
source of MA is from peroxidation of polyunsaturated 
fat ty acids (PUFA) containing more than two double 
bonds (9). Direct analysis of MA is very difficult because 
of its exr reactivity. In addition, MA can be in 
hydrolyzable forms (i.e., protein or amino acid conjugates 
[10,11] or cyclic hydroperoxy intermediates [12]), which 
can complicate analysis of free MA. 

Among methods for MA determination, the TBA 
method has been commonly used to give an indication of 
MA content in samples. This method is not specific for 
MA, and there are several examples that demonstrate its 
overestimation of MA (13-15). Several methods that give 
more accurate measures of bound MA in samples than 
the TBA assay have been reported. Some of these involve 
modification of the TBA assay (13,16). The TBA-MA ad- 
duct obtained from an extract of spinach leaves and 
purified on a Sephadex G-15 column resulted in a TBA 
value much less than that  of the crude sample (13). More 
recently, the TBA-MA adduct has been measured after 
its separation by high performance liquid chromatog- 
raphy (HPLC) from other interfering TBA-complexes (16). 

Among other methods, MA was reacted with 1-dansyl- 
hydrazine under acidic conditions and the resulting prod- 
uct, 1-dansylpyrazole, was determined by HPLC (15). Gas 
chromatography (GC) of MA as the tetramethyl acetal 

*To whom correspondence should be addressed. 
Abbreviations: MA, malondialdehyde; 1-MP, 1-methylpyrazole; 
NMA, N-methylacetamide;PUFA, polyunsaturated fatty acid; TBA, 
2-thiobarbituric acid; GC, gas chromatography; HPLC, high perfor- 
mance liquid chromatography; NPD, nitrogen-phosphorus detector. 

derivative prepared under acidic conditions also was 
reported (12). All of the above methods are generally ex- 
pected to measure total (free plus bound) MA, since condi- 
tions in the assays are sufficient to hydrolyze bound MA. 

Some methods for determination of free MA that  have 
been reviewed include spectrophotometric, distillation 
and HPLC methods (16). Free MA in microsomal and 
urine samples has been directly determined by ion-pairing 
HPLC, but the structure of the eluate was not confirmed 
(17). Other HPLC procedures have been described by 
Esterbauer and coworkers (18) and by Lee and Csallany 
(19). In contrast to the HPLC methods, capillary GC 
methods offer greater efficiencies of separation and a 
variety of selective detectors not available in HPLC. A 
search of existing literature did not reveal any GC 
methods capable of free MA measurement. 

In the present study, MA formed in lipid or fat ty 
acid samples during photoirradiation was reacted with 
methylhydrazine. The reaction product, 1-methylpyrazole 
(1-MP), was analyzed by GC. This reaction occurs readily 
at neutral pH and at room temperature and can be used 
to measure free MA levels in the samples. Furthermore, 
because the reaction product contains nitrogen atoms, the 
highly sensitive and selective nitrogen-phosphorus detec- 
tor (NPD) can be used. 

MATERIALS AND METHODS 

Synthesis of standard 1-MP. Malonaldehyde bis(dimethyl 
acetal) (10 g) (Aldrich Chemical Co., Milwaukee, WI) was 
added to 300 ml of 0.1 N HC1 and the solution stirred for 
one hr at 50 C. After the solution was cooled to room 
temperature, 0.3 g methylhydrazine (Aldrich) in 30 ml 
water was added dropwise over a 10-min period with con- 
stant stirring. The reaction solution was stirred for an 
additional 30 rain and then 22 ml of 2 N NaOH solution 
was added. The solution was stirred for an additional 10 
min. Dichloromethane (40 ml) was added to the solution 
and the mixture shaken for five min. The dichloromethane 
layer was separated with a separatory funnel. The aque- 
ous layer was extracted once more with dichloromethane 
(20 ml) and the extract was added to the original dichlorm 
methane fraction. The combined solvent fractions were 
washed three times with 10 ml deionized water. After dry- 
ing over anhydrous sodium sulfate, the extract was con- 
centrated to 7 ml by distillation. The final colorless liquid 
product (1.86 g) was obtained from the concentrate by 
fractional distillation under reduced pressure (23 mm Hg) 
at 39 C. The spectral data of 1-MP are as follows: mass 
spectrum, m/z (relative intensity) 82 (M § 100), 54 (65), 53 
(47), 41 (35); 'H NMR (CDC13) 6 3.80 (s, 3H), 6 6.12 (dd, 
1H, J -- 1.8, 2.2 Hz), 6 7.22 (d, 1H, J = 2.6 Hz), 6 7.38 
(m, 1H). 

Instrumental. A Hewlett-Packard Model 5880A GC 
equipped with a NPD and a 50 m X 0.25 mm i.d. bonded 
phase DB-WAX fused silica capillary column (J & W 
Scientific) was used for routine quantitative analysis. GC 
peak areas were calculated with a Hewlett-Packard 5880A 
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series GC terminal. All photoreactions were performed 
at room temperature within a Rayonet RPR-100 reaction 
chamber fitted with eight medium-pressure UV lamps 
(it = 300 nm). The GC-MS identification of methylhydra- 
zine derivatives was performed with a ZAB-HS high 
resolution magnetic sector instrument equipped with a 
Hewlett-Packard Model 5790 GC. The 1H NMR spectra 
were recorded on a Varian EM-390 NMR spectrometer. 

Preparation of calibration curve for 1-MP analysis. A 
standard stock solution was prepared by adding 1 mg of 
1-MP to 1 ml of dichloromethane. Various amounts of this 
stock solution (10, 20, 30, 40, 50, 60, 80 and 100 ~l each) 
were measured into separate volumetric flasks. One 
hundred ~l of GC internal standard N-methylacetamide 
(1 mg/ml dichloromethane) was added to each flask and 
each solution was adjusted to exactly 25 ml with 
dichloromethane. A 2~1 aliquot of each solution was in- 
jected onto a GC equipped with an NPD. The GC peak 
area ratio of 1-MP to N-methylacetamide (NMA) was 
plotted against concentration of 1-MP. The calibration 
curve was linear for all of the above solutions. 

Sample extracts in dichloromethane were treated ex- 
actly as were the standard solutions for the calibration 
curve. When necessary, samples were concentrated to 
20 ml by fractional distillation. One hundred ~l of NMA 
internal standard solution was added, and volumes ad- 
justed to exactly 25 ml with dichloromethane. 1-MP con- 
centrations were determined by comparison of peak area 
ratios (1-MP/NMA) with the standard calibration curve. 

Determination of MA in photoirradiated fatty acids. 
Linolenic, linoleic, oleic and stearic acids of the highest 
available quality were purchased from Aldrich Chemical 
Co. and used without further purification. Each fatty acid 
(40 mg) was dissolved in 40 ml hexane in separate Pyrex 
containers. The hexane solutions were irradiated for four 
hr at 25 C. Separate 40 ml hexane solutions, each contain- 
ing 40 mg of one of the fat ty acids, were also prepared 
as nonirradiated controls. The photoreaction mixture or 
nonirradiated control was mixed with 20 ~1 of methyl- 
hydrazine and stirred for 10 min. The solution was twice 
extracted with 10 ml of 1 N HC1 to recover 1-MP from 
the hexane phase. The combined aqueous extracts were 
mixed with 12 ml of 2 N NaOH solution. After stirring 
for 10 rain, the 1-MP derivative was extracted into two 
7-ml portions of dichloromethane. The combined dichlorc, 
methane extracts were further processed and analyzed 
for 1-MP as described at the end of the section on calibra- 
tion curve preparation. 

The recovery of 1-MP for the above method was per- 
formed as follows. Hexane (40 ml) containing 60 ~g of 
1-MP was extracted exactly as described above for ir- 
radiated and control fa t ty  acid solutions beginning with 
the extraction with 1 N HC1. Amounts of recovered 1-MP 
were determined as described at the end of the section 
on calibration curve preparation. 

Modified method for recovery of l-MP from hexane solu- 
tions. The modified method was developed after the fatty 
acid studies in order to maximize recovery of 1-MP. Four 
hundred ~1 of 1-MP standard solution (3.18 mg/ml di- 
chloromethane) was added to 100 ml of hexane and stirred 
for 30 min at room temperature. After addition of 40 ml 
of 1 N HC1, the solution was stirred for 20 min at room 
temperature. The hexane layer was separated and ex- 
tracted once more with 40 ml of 1 N HC1. This HC1 

extract was added to the previous aqueous fraction and 
the combined extracts were washed with 15 ml of hex- 
ane. The aqueous fraction was mixed with 50 ml of 2 N 
NaOH (resulting pH was ca. 12) and 120 ml of deionized 
water, and then extracted with 45 ml of dichloromethane 
for four hr in a liquid-liquid continuous extractor. This 
final extract was further processed and analyzed for 1-MP 
as described at the end of the section on calibration curve 
preparation. 

Recovery of 1-MP from malonaldehyde bis(dimethyl 
acetal) was performed as described below. Stock solutions 
containing 30-40 mg of the malondialdehyde precursor 
in 200 ml 0.1 N HC1 were heated at 45-50 C to liberate 
free MA. Aliquots (0.5 ml) of the stock solution were 
added to 100 ml hexane. After addition of 50 ~1 methyl- 
hydrazine, the solution was extracted and analyzed for 
1-MP as described above. 

Quantitative analysis of MA formed from photolysis 
of corn oil and beef fat. Corn oil (2 g) or purified beef fat 
(2 g) (20} was dissolved in 250 ml of hexane. Solutions were 
irradiated in Pyrex containers for various time periods 
at 25 C. After irradiation, 100 ~l of methylhydrazine was 
added to the solutions, which were then stirred for 30 min 
at room temperature. Recovery of the 1-MP was per- 
formed as described in the modified recovery method. 
Reaction solutions were mixed with 40 ml of 1 N HC1 solu- 
tion and stirred for 20 min. After separation of the 
aqueous layer, the remaining hexane layer was mixed with 
40 ml of 1 N HC1 solution and stirred for 20 min. The 
aqueous layer was added to the former aqueous fraction 
and the combined extracts were washed with 15 ml of hex- 
ane. The aqueous solution was then mixed with 50 ml of 
2 N NaOH solution and stirred for 20 rain. This solution 
was adjusted to 250 ml with distilled water and extracted 
with 45 ml of dichloromethane for four hr with a liquid- 
liquid continuous extractor. This final extract was fur- 
ther processed and analyzed for 1-MP as described at the 
end of the section on calibration curve preparation. The 
dichloromethane extract from irradiated corn oil was fur- 
ther analyzed for other methylhydrazine derivatives by 
GC-MS. 

RESULTS AND DISCUSSION 

In this work, free MA in samples was rapidly derivatized 
with methyl hydrazine to form 1-MP. Recovery of stan- 
dard 1-MP from hexane solution by the method described 
for the determination of MA in photoirradiated fat ty 
acids was 66% + 8 (mean _+ S.D., 3 determinations). To 
maximize sensitivity of the assay for MA, the extraction 
procedure used for MA determination in the fat ty  acid 
samples was modified. Recovery of standard 1-MP by the 
modified method was 94.4% +_ 2.2 (mean _+ S.D., 5 deter- 
minations). Recovery of MA (as the 1-MP derivative) 
prepared by the hydrolysis of malonaldehyde bis(dimethyl 
acetal) was 79.1% _+ 2.1 (mean +_ S.D., 4 determinations). 
The yield of 1-MP from reaction of MA and methyl 
hydrazine was calculated as 86% from the above recovery 
results. The reaction yield may be low because MA 
preparation in the present study may have generated side 
products (21} or the hydrolysis reaction may have been 
incomplete. 

Photoirradiation of linolenic and linoleic acids for four 
hr produced 867 ~g MA/g and 106 ~g MA/g, respectively. 
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Nonirradiated control  samples showed only 57 pg MA/g 
and 14 ~g MA/g for linolenic and linoleic acids, respec- 
tively. Stearic and oleic acids did not  produce detectable 
levels of MA upon photoirradiation. 

The mechanism for formation of MA from linolenic acid 
radical via a prostaglandin-like endoperoxide intermediate 
has been proposed by Pryor  and coworkers (9). The 
mechanism accounts for the observat ion tha t  linolenic 
acid (3 double bonds) produced more MA than did linoleic 
acid (2 double bonds). I t  is possible tha t  small amounts  
of MA could be generated from linoleic acid via such a 
mechanism, however the ra te  would be relatively slow 
since the stabil i ty of the bicycloendoperoxide intermedi- 
ate formed from linoleic acid would be considerably less 
than  tha t  formed from linolenic acid (9). 

Photosensit ized oxidation of methyl  linoleate has been 
reported to produce hydroperoxy cyclic peroxide inter- 
mediates tha t  can be decomposed to produce volatile 
secondary oxidation products  (22). These cyclic peroxide 
intermediates have been reported to form small amounts  
of MA by acid decomposition in methanol  solution (12). 
I t  seems reasonable tha t  such intermediates  may  have 
formed from linoleic acid in the presence of photosen- 
sitizer impurities. I t  is not  known, however, if these in- 
termediates decompose to form free MA under conditions 
of the present  method. 

Table 1 shows amounts  of free MA determined from 
corn oil and beef fat  i rradiated (A -- 300 nm) in hexane 
solution for various t ime periods at  25 C. Previously 
repor ted fa t ty  acid compositions for beef fat  and corn oil 
also are given (23). Format ion of MA from both  corn oil 
and beef fa t  was linear with irradiation time. MA forma- 
tion in corn oil was considerably higher than  tha t  in beef 
fat. This may  be due to the difference in linoleic acid con- 
ten t  based on the results of f a t t y  acid photoirradiat ion 
experiments.  The concentrat ions of linoleic acid in corn 
oil and beef fa t  have been reported as 57.3% and 3.7%, 
respectively (23). Among the fa t ty  acids listed in Table 1, 
linolenic acid with its three double bonds should also p r o  
duce MA, however its levels are similar in both  beef fa t  
and corn oil and may  not  account for the observed dif- 
ferences in MA production. 

TABLE 1 

Amounts of M A  Determined in Irradiated Corn Oil and Beef  Fat  

Irradiation Amount Fatty acid composition 
Sample time (hr) (uglg)a (gll00 g sample) b 

Corn oil 2 8 .52 Palmitic 10.7 _ 0.8 
4 16.91 Stearic 1.7 • 0.2 
8 36.01 Palmitoleic 0.1 • 0.1 

12 56.24 Oleic 24.6 • 1.7 
Linoleic 57.3 • 2.5 
Linolenic 0.8 • 0.3 

4 5 .99 Palmitic 24.8 • 3.5 
12 25.01 Stearic 18.7 • 3.7 

Palmitoleic 4.7 • 2.4 
Oleic 36.0 --- 4.9 
Linoleic 3.7 • 2.0 
Linolenic 0.6 • 0.6 

Beef fat 

aAverage of two replicates. 
bSee reference 23. Values represent mean • S.D. 

Several methylhydrzine derivatives found in a reaction 
mixture  of methylhydrazine  and irradiated corn oil are 
repor ted in Table 2. Methylhydrazine  reacted with car- 
bonyl compounds and produced different derivatives. 
Figure 1 illustrates the general reactions of methylhydra- 
zinc with different carbonyl  compounds. Monocarbonyl  
compounds such as formaldehyde react  with methyl- 
hydrazine to form hydrazones, a ,~Unsaturated aldehydes 
such as acrolein form 1-methyl-2-pyrazolines and 3- 
dicarbonyl compounds such as MA give 1-methylpyra- 
zoles af ter  reaction with methylhydrazine.  Acrolein was 
recently shown to form in heated cooking oils and beef 

TABLE 2 

Methylhydrazine Derivatives Identified in Corn Oil 
Irradiated for Four Hr 

Derivatives Original compounds GC peak area (%) 

1 -Methyl-2-pyrazoline Acrolein 
l-Methylpyrazole Malondialdehyde 
1,3 (or 5)-Dimethyl-2- 
pyrazoline Acetylacetaldehyde 

1-Methyl-5-propyl-2- 
pyrazoline (E or Z)-2-hexenal 

1,3,5-Trimethylpyrazole 2,4-Pentanedione 
l-Methyl-5-butyl-2- 
pyrazoline (E or Z)-2-heptenal 

2-Pyrazoline derivative a,3-Unsaturated 
{C9HIsN2) aldehyde (CsH,,O) 

2-Pyrazoline derivative aft-Unsaturated 
(CgH,sN2) aldehyde (CsH140) 

1-Methyl-5-pentyl-2- 
pyrazoline (E or Z)-2-octenal 

Pyrazole derivative /3-Dicarbonyl 
(CsH,4Nz) (CTH,2Oz) 

Pyrazole derivative ~-Dicarbonyl 
(CgH,6N~) C8H~02) 

Pyrazole derivative ~Dicarbonyl 
(C9H~6N2) (CsH,,O~) 

0.54 
3.18 

a 

a 
a 

1.16 
a 

a 

1.55 
1.24 

14.03 

2.71 

apeak area less than 0.01%. 

crt3r, aaNH ~ 

(R = Alkyl or H) 

+ R1COR 2 

+ RCH=CH-CHO 

+ RtCOCH2COR 2 

R1R2CH=NHNH-CH3 

HYDRAZONES 

N~, 
N 
I 
CH 3 

1-METHYL-2-PYRAZOLINES 

R 1 R2 

R 2 R1 

I I 
CH 3 CH3 

1-METHYLPYRAZOLES 

FIG. 1. Reactions of methylhydrazine with different classes of car- 
bonyl  compounds. 
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fat  {24}. 2,4-Dienoic aldehydes would be expected to pro- 
duce 4-vinyl-l-methylpyrazoline derivatives, bu t  were not  
observed in the MS analysis  of photoi r radia ted  corn oil. 
Fur ther  s tudy  mus t  be done to determine if such com- 
pounds  rear range  to form 4-alkyl- l -methylpyrazoles.  
Some compounds  in Table 2 were deduced only as par- 
tial s t ruc tures  due to lack of authent ic  s tandards .  

The method  described in this work provides a means  
of measuring levels of free MA in certain samples. In pure 
lipid samples  or other  samples  lacking amino acids and 
other  compounds  t ha t  m a y  react  with free MA, the 
method  m u s t  provide a measure  of the to ta l  MA. How- 
ever, in m a n y  biological samples,  MA m a y  exis t  largely 
in a bound form which, under  conditions of the  present  
s tudy,  would not  be released to form the MA derivative,  
thus  underes t imat ing  to ta l  MA in these samples  {10,16, 
19). Other  methods  for MA analysis, such as tha t  of Bird 
and Draper  {16}, m a y  be more appropr ia te  for measure~ 
men t  of MA in such samples  because MA conjugates  are 
hydrolyzed under  conditions of the analysis.  

In  spite of l imitat ions of the method presented here, 
there are certain advan tages  t ha t  allow a more specific 
measure  of free MA. As mentioned, the mild conditions 
required for format ion  of 1-MP minimize the chance of 
hydrolysis  or decomposi t ion of bound forms of MA. 
Analysis  of the MA der ivat ive  by  capil lary GC offers a 
higher degree of separat ion than  can be accomplished by  
H P L C  methods,  thus  minimizing the chance of coelution 
of interfering materials.  Finally, methylhydrazine reacts  
rapidly with MA to form one major  product ,  whereas  
other  carbonyl  compounds  will react  with methylhydra-  
zine to form other derivatives.  Fur ther  work is being per- 
formed to adap t  the method for s imultaneous analysis of 
trace levels of highly volatile or unstable compounds such 
as formaldehyde,  acrolein and MA by  capillary GC-NPD. 
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Phospholipid Analysis of Human Eosinophils. High Levels 
of Alkylacylglycerophosphocholine (PAF Precursor) 
Ayako O|ima-Uchiyarna*,o, Yasuo Masuzawao, Takayuki Sugiurao, Keizo Wakuo, Hiroshi Saitob, 
Yasuo Yuib and Hisao Tomiokac 
aFaculty of Pharmaceutical Sciences, Teikyo University, Sagamlko, Tsukui-gun, Kanagawa 199-O1, Japan, bResearch Center for 
Rheumato-Allergology, National Sagamihara Hospital, Saoamihara City, Kanagawa 228, Japan, and cSchool of Medicine, Chiba 
University, Chiba City, Chiba 280, Japan 

The phosphollpid composition and fatty acid profiles of 
human eosinophils were studied. Extremely high levels 
of ether phospholipids were found in this type of cell, such 
as alkylacylglycerophosphocholine (GPC) and alkenyl- 
acylglycerophosphoethanolamine (GPE); these two ether 
phospholipids accounted for about three-fourths of the 
choline and ethanol,mine glycerophospholipids (CGP and 
EGP), respectively. Fatty acid analyses revealed that 
very large portions of arachldonic acid (20:4) were esteri- 
fled to alkylacyl-GPC (92.0% in CGP) and alkenylacyl- 
GPE (86.6% in EGP), respectively. While high amounts 
of alkylacyl-GPC and the abundance of 20:4 in this ether 
phospholipid have been observed in other types of blood 
cells of various animals, these percentages for human 
eosinophils are the highest among such cells. These 
results suggest that alkyl and alkenyl ether phospholipids 
play essential roles in human eosinophils in various 
physiological and pathological conditions. 
Lipids 23, 815-817 (1988}. 

It  is well known that eosinophilia is an important diag- 
nostic feature of several diseases such as parasitic infec- 
tions (1-3) and bronchial asthma (4-7). Although the 
exact functions of eosinophlls are not fully understood, 
it generally has been assumed that they are closely in- 
volved in the pathogeneses of such diseases. Eosinophils 
contain a number of granule cationic proteins that prob- 
ably are involved in host defense reactions against para- 
sitic infections (3,8) and tissue damage on inflammation 
(9). In addition, several chemical mediators, including 
platelet-activating factor (PAF) (10) and eicosanoids 
(11-13), were shown to be synthesized and released from 
eosinophils. These chemical mediators could play very im- 
portant roles in active bronchial asthma (14,15). Despite 
the increased importance of eosinophils and their lipid 
mediators in allergic reactions, very little information is 
available as to the biochemical properties of the eosinophil 
membrane. For example, there are no data concerning the 
lipid composition or fatty acid distribution in eosinophils. 
Therefore, it is very important to investigate these points 
in detail to get a better understanding of the mechanism 

*To whom correspondence should be addressed. 
Abbreviations: CGP, choline glycerophospholipids; ECF-A, eosino- 
phil chemotactic factor of anaphylaxis; EDTA, ethylenediamine 
tetraacetic acid; EGP, ethanolamine glycerophospholipids; FMLP, 
formylmethionylleucylphenylalanine; GPC, glyeerophosphocholine; 
PAF, ptatolet-activating factor; GLC, gas liquid chromatography; 
TLC, thin layer chromatography. 

and the regulation of the biosynthesis of potent lipid 
mediators such as PAF (10) and leukotrienes (11-13} in 
eosinophils. 

In this study, the phospholipid composition and fatty 
acid profiles of human blood eosinophils were investi- 
gated, and the highest levels of ether-containing choline 
glycerophospholipids [CGP) and ethanolamine glycero- 
phospholipids (EGP) were observed as compared with 
other types of blood cells, whose phospholipid composi- 
tions had been analyzed. 

MATERIALS AND METHODS 
Chemicals. All chemicals were of reagent-grade, and 
solvents were distilled before use. 

Cells. Human eosinophils were separated from periph- 
eral blood of patients with eosinophilia by the Percoll 
(Pharmacia, Uppsala) discontinuous density gradient 
method (16}. Briefly, leukocytes were isolated from hepa- 
rinized blood by erythrocyte sedimentation. The cells were 
washed twice in isotonic buffer (Ca 2+, Mg2*-free, pH 7.4} 
containing 10 mM ethylenediamine tetraacetic acid 
(EDTA} and 0.03% of human serum albumin, and then 
suspended in an isotonic Percoll solution (density, 
1.070 g/ml}. Isotonic PercoU solutions (1.100, 1.090, 1.085 
and 1.080 g/m]} were layered in plastic tubes, and then 
the leukocytes in a Percoll solution were laid on top of 
the gradients. The tubes were centrifuged at 1600 • g 
for 20 min. The eosinophil and neutrophil fractions were 
collected and washed, respectively. The purity of eosino- 
phils was 93%-97% and that of neutrophils >97%, as 
judged on morphological assessment (toluidine blue and 
light-green staining). The contaminating cells were mainly 
neutrophils or eosinophils, respectively. 

Extraction and fractionation of lipids. Lipids were ex- 
tracted by the method of Bligh and Dyer (17). Individual 
phospholipids were separated by two-dimensional thin 
layer chromatography (TLC) (18). Lipid spots were 
detected under ultraviolet light after sprayirtg with 
primuline. Lipid phosphorus was estimated as described 
by Rouser et al. (19}. CGP and EGP were eluted from the 
silica gel with chloroform/methanol/water (1:2:0.8, v/v/v} 
and extracted by the method of Bligh and Dyer {17}. 

Separation of alkenylacy~ alkylacyl and diacyl phospho- 
lipids. Alkenylacyl, alkylacyl and diacyl CGP and EGP 
were separated as 1,2-diradyl-3-acetylglycerol derivatives 
as described (18). The amounts of alkenylacyl, alkylacyl 
and diacyl compounds were estimated from their fat ty 
acyl contents, using methyl heptadecanoate as an inter- 
nal standard. 

Determination of fatty acid compositions. Fat ty  acids 
were analyzed as methyl esters by gas liquid chroma- 
tography (GLC} as described (18). 
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TABLE 1 

Phospholipid Composition of Human Blood Eosinophils a 

Phospholipids % of total phospholipids b 

Choline glycerophospholipid 
Ethanolamine glycerophospholipid 
Sphingomyelin 
Serine glycerophospholipid 
Inositol glycerophospholipid 
Others 

34.7 • 2.5 
27.7 • 3.8 
19.8 ___ 2.1 
9.2 -- 1.6 
4.7 • 0.6 
4.0 • 2.0 

aThe mean percentages are for different samples (n = 6). 
bThe values were calculated on the basis of lipid phosphorus. 

TABLE 2 

Class Compositions of Choline and Ethanolamine 
Glycerophospholipids of Human Blood Eosinopbils and Neutrophils 

Eosinophils a Neutrophils b 

Class CGP EGP CGP EGP 

Alkenylacyl 4.1 _ 2.6 72.7 _ 11.0 9.1 70.0 
Alkylacyl 75.5 _ 4.4 6.1 _ 3.1 45.0 10.1 
Diacyl 20.4 +_ 5.9 21.2 • 8.1 45.9 19.9 

aThe mean percentages are for different samples (n = 4). 
bThe mean percentages are for different samples (n = 2). 
The values were calculated from the quantities of acyl moieties in 
each lipid class. 

RESULTS AND DISCUSSION 

Phospholipid composition. Table 1 shows the phos- 
pholipid composition of human blood eosinophils. The 
amount of lipid phosphorus was calculated to be 3.46 ~g/ 
107 cells. The predominant components were CGP and 
EGP. These results are generally consistent with the 
results for human neutrophils (20}. 

Amounts of ether-containing and diacyl phospholipids. 
Table 2 shows the class compositions of CGP and EGP 
of eosinophils and neutrophfls. The class compositions of 
neutrophfls were essentially the same as that reported by 
Mueller et al. (20}. In eosinophils, an extremely high level 
of alkylacyl compounds was found in CGP. EGP con- 
tained a large amount of alkenylacyl compounds. The 
amounts of diacyl analogues were rather small in both 
CGP and EGP. The levels of alkenylacyl compounds in 
CGP and alkylacyl compounds in EGP were very low. We 
and some other investigators (18,20,21) have found that  
several types of white blood cells, such as neutrophils, 
macrophages and lymphocytes, contain very high 
amounts of alkylacyl-glycerophosphocholine (GPC} 
(16%-50% of CGP), which now is considered to be the 
stored precursor form of a potent lipid mediator, PAF 
(22}. For example, 45 or 50% of CGP was accounted for 
by alkylacyl compounds in human blood neutrophils 
(Table 2, 21}. Thus, the relative proportion of alkylacyl- 
GPC in human eosinophils is the highest, as compared 
with those in other types of white blood cells and other 
mammalian tissues, as far as we know (21). Although the 
biological roles of alkylacyl-GPC have not been fully 

elucidated, the extremely high proportion of alkylacyl- 
GPC in eosinophils could be favorable for the synthesis 
and release of PAF from them. In fact, increased acetyl- 
transferase activity has already been observed in 
eosinophils stimulated with eosinophil chemotactic fac- 
tor of anaphylaxis (ECF-A}, C5a, formylmethionylleucyl- 
phenylalanine (FMLP) and Ca2*-ionophore, A23187 (10). 

Fatty acid compositions of CGP and EGP. The fat ty 
acid compositions of CGP and EGP of human eosinophils 
and neutrophils are shown in Table 3. The fatty acid com- 
positions in alkenylacyl-GPC and alkyIacyl-glycerophos- 
phoethanolamine (GPE) were not shown because of their 
very small amounts. The predominant fat ty acids at the 
2-position of alkylacyl-GPC were 20:4, 18:1 and 16:0, and 
those in the case of alkenylacyl-GPE 20:4, 22:5, 18:1 and 
22:6. On the other hand, the relative proportions of C2o 
and C ,  polyunsaturated fat ty acids in diacyl-GPC and 
GPE were considerably lower. These fat ty acid profiles 
of human eosinophils are similar to those of human 
neutrophils (Table 3). However, the percentage of 20:4 in 
alkylacyl-GPC in human eosinophils is ca. two times 
higher than that  in human neutrophils. 

Figure 1 shows the distribution of 20:4 in CGP and 
EGP in human eosinophils. Very large portions of 20:4 
were found in alkylacyl compounds in CGP (92.0%} and 
alkenylacyl compounds in E G P (86.6 % ). These results in- 
dicate that most of the 20:4 in human eosinophils is stored 
in ether-containing phospholipids, which suggests the im- 
portant roles of alkylacyl-GPC and alkenylacyl-GPE in 
the storage of 20:4. 

High amounts of 20:4 in alkylacyl-GPC and alkenylacyl- 
GPE also have been observed in rabbit alveolar macro- 
phages (18) and human neutrophils (20}. We have already 
suggested that  the high accumulation of 20:4 in ether 
phospholipids is due to the selective mobilization of 20:4 
from diacyl-GPC to alkyl and alkenyl ether phospholipids 
in rabbit alveolar macrophages (23). These ether phospho- 
lipids could be one of the main sources of 20:4 in these 
cells upon stimulation. Several investigators have already 
demonstrated the release of considerable amounts of 20:4 
from alkylacyl-GPC in various types of white blood cells 
upon stimulation with a variety of agents (24-27}. It  is 
very likely that  the rapid release of 20:4 from this ether 

CGP EGP 

diacyt atkenytacyl 
7.0% 1.0% 

diacyt 
10.5% 

alky{acyl 

FIG. 1. Distribution of arachidonic acid among the lipid classes of 
choline and ethanolamine glycerophospholipids in human blood 
eosinophils. The values were calculated from the quantities of 
arachidonic acid in each lipid class. 
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TABLE 3 

Fatty Acid Compositions of Choline and Ethanolamine Glycerophospholipids of Human Blood Eosinophils and Neutrophils 

Eosinophils a Neutrophils b 

CGP EGP CGP EGP 
Fatty- 
chain Alkylacyl Diacyl Alkenylacyl Diacyl Alkylacyl Diacyl Alkenylacyl Diacyl 

16:0 17.3 • 1.2 36.8 • 2.8 2.6 + 2.1 10.8 • 3.0 22.6 27.1 3.3 10.1 
18:0 0.4 +_ 0.3 15.2 • 1.6 1.9 + 1.6 36.7 + 3.4 0.7 15.2 1.6 34.2 
18:1 19.8 + 3.0 32.6 _+ 4.7 14.6 + 4.5 28.9 _ 2.3 33.3 41.1 36.4 41.0 
18:2 10.2 + 2.8 10.4 • 2.7 7.2 + 2.1 3.2 +- 1.2 28.8 11.9 16.7 6.7 
18:3 + 20:1 0.3 + 0.2 0.9 + 0.9 1.3 + 1.3 1.3 + 0.2 n.d. 2.6 0.6 2.1 
20:3n-6 2.3 + 1.5 0.1 • 0.2 3.1 • 0.8 n.d. 0.9 0.4 3.8 n.d. 
20:4 23.3 • 1.9 3.4 • 1.0 36.2 • 2.4 8.9 • 0.7 11.7 1.5 26.7 5.9 
22:4 5.7 • 0.7 0.2 • 0.4 5.1 • 0.7 0.7 • 0.5 0.2 n.d. 0.9 n.d. 
22:5n-3 11.7 • 1.5 n.d. 15.3 • 3.8 5.2 • 1.0 0.9 0.1 4.9 n.d. 
22:6 9.0 • 0.5 0.4 • 0.2 12.6 + 2.0 4.3 • 2.0 0.9 0.1 5.0 n.d. 

aThe mean percentages are for different samples (n = 4). 
bThe mean percentages are for different samples (n = 2). 
Fat ty  acids were analyzed as methyl esters by GLC. The fatty acid composition of diacyl subclass reflects both the sn-1 and sn-2 posi- 
tions, whereas those of ether subclasses represent only the sn-2 position, n.d., Not detected. 

phospho l ip id  also t a k e s  p lace  in eosinophi ls ,  A l t h o u g h  the  
hyd ro lys i s  and  re lease  of 20:4 f rom s t i m u l a t e d  eos inophi ls  
h a v e  n o t  been  s t u d i e d  in  de ta i l ,  i t  h a s  been  e s t a b l i s h e d  
t h a t  t he  gene ra t ion  of  5-1ipoxygenase p roduc t s ,  espec ia l ly  
LTC4, occur s  in s t i m u l a t e d  eos inoph i l s  {11-13}. T h e  
r e s u l t s  of  t h i s  s t u d y  i n d i c a t e  t h a t  s i gn i f i c an t  p o r t i o n s  of  
these  l i poxygenase  p r o d u c t s  p r o b a b l y  o r ig ina te  f rom 20:4 
d e r i v e d  f rom a l k y l a r a c h i d o n o y l - G P C ,  a c o m m o n  precur -  
so r  for  P A F  a n d  e i cosano ids .  A l t h o u g h  t h e  b i o c h e m i c a l  
f e a t u r e s  of  a l k y l a c y l - G P C  h a v e  been  s t u d i e d  in d e t a i l  in 
r a b b i t  a lveo la r  m a c r o p h a g e s  {23,24}, t h e r e  is  l i t t l e  infor-  
m a t i o n  on t h a t  in h u m a n  eosinophi ls .  F u r t h e r  s t ud i e s  will  
r e v e a l  t h e  d y n a m i c  a n d  m e t a b o l i c a l  a s p e c t s  of  a lkyl -  
acy l -GPC,  a n d  the i r  b io log ica l  s ign i f i cance  in  h u m a n  
eos inophi l s .  
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ERRATA 
In the paper "The Composition of Furan Fat ty Acids in the Crayfish," by Kazuo Ishii et al., Vol. 23, No. 7, pp. 694-700, 
there was an omission of one scheme in each of Tables 1 and 2. 

T A B L E  1 

Furan Fatty Acid Composition of Sterol Esters a from Crayf ish  Hepatopancreas  

CH 3 R 

CH3OOC ( CH2 )m~(CH2 )n CH3 

Peak Wt.  % of total  Peak Wt.  % of to ta l  
no. ECL b CCL c m n R fa t ty  acids no. ECL CCL m n R fa t ty  acids 

1" 15.09 12 2 4 H 0.02 18" 21.38 
2 15.42 12 2 4 CH3 0.04 19 (F4)  21.51 
3* 17.32 14 4 4 CH3 trace d 20* 21.97 
4* 17.79 14 6 2 CH3 trace 21" 22.12 
5* 18.33 16 4 6 H 0.09 22* 22.36 
6 a 18.46 16 6 4 H 0.09 23 (Fs) 22.51 
7 18.80 16 8 2 H 0.03 24 (F6) 23.20 
8 (Fo) 19.07 16 6 4 CH3 1.76 25 23.66 
9 (FI) 19.34 16 8 2 CH3 0.98 26* 23.93 

10" 19.56 17 8 3 H 0.02 27* 24.06 
11" 19.95 17 6 5 CH3 0.02 28* 24.40 
12" 20.06 17 7 4 CH3 0.04 29 24.60 
13" 20.23 17 8 3 CH3 0.10 30 25.26 
14 (F2) 20.44 18 8 4 H 1.64 32 24.24 
15 20.72 18 10 2 H 0.07 33 24.34 
16" 20.98 18 6 6 CH~ 0.02 34 25.61 
17 (F3) 21.09 18 8 4 CH3 6.78 35 25.96 

19 8 5 H 0.03 
18 10 2 CH3 3.45 
19 8 5 CH,  trace 
19 9 4 CH~ 0.06 
19 10 3 CH3 0.11 
20 10 4 H 0.93 
20 10 4 CH3 11.91 
20 12 2 CH3 0.09 
21 10 5 CH3 0.02 
21 11 4 CH3 0.02 
22 10 6 H 0.04 
22 12 4 H 0.02 
22 12 4 CH3 0.11 

0.02 
olefinic F3 e 0.02 

0.11 
olefinic F,  e 0.13 

aRepresen ts  18.9% of the  to ta l  lipids of hepatopancreas .  
bEquiva lent  chain length.  
cCarbon chain length.  
dLess  t h a n  0.01%. 
eF3 or F6 methy l  ester  with one addit ional double bond, conjugated  with a furan  ring. 
*The acid is unknown.  

T A B L E  2 

C o m p a r i s o n  of  M a j o r  M a s s  Spec t ra l  F r a g m e n t s  of  D i m e t h y l d i k e t w e n e  (36) w i th  T h o s e  
of M o n o m e t h y l d i k e t o - e n e  {40) 

d 
f e~CH3 R 

)3CH3 

36 (R=CH3)  40 (R=H)  
F r a g m e n t s  m/z (rel. int.) a ndz  (rel. int.) a 

M § 352 (48) 338 (9) 
M* - H20  334 (68) 320 (20) 
M § - OCHs  321 (28) 307 (22) 
a 295 (55) 281 (3) 
a - C H , O H  263 (100) 249 (10) 
b 281 (4) 267 (0) 
b - CH3OH 249 {15) 235 (40) 
c 252 (1) 239 (29) 
c - CH3OH 221 {3) 207 (12) 
d 153 (4) 139 (23) 
e 181 (25) 167 (100) 
f 195 (90) 181 (42) 
gb  177 (29) 163 (18) 
h c 205 (28) 191 (20) 

aRelative intensity. 
bThe fragments corresponding to base peaks of olefinic F acids with a double bond in 
the alkyl chain {Fig. 2B}. 
CThe fragments corresponding to base peaks of olefinic F acids with a double bond in 
the alkylcarboxyl chain (Fig. 2C). 
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August 1988 

4th Separation Science and Biotechnology Symposium 
(August 31-September 3, 1988, Palazzo Feltrinelli, 
Gargnano del Garda, Italy). Requests for information 
should be sent to Chairman, Prof. Pier Giorgio Righetti, 
c/o Euro Business Center, P.O. Box 10552, 1001 EN 
Amsterdam, The Netherlands. 

The 29th International Conference on the Biochemistry 
of Lipids (September 19-22, 1988, Tokyo, Japan}. Spon- 
sored by The Japanese Biochemical Society and the Foun- 
dation for Advancement of International Science. For 
more information, contact Prof. Y. Seyama, Department 
of Physiological Chemistry and Nutrition, Faculty of 
Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113, 
Japan. 

Genetic Basis for Obesity and Diabetes (October 
30-November 1, 1988, Stouffer Pineisle Resort, Lake 
Lanier Islands, Georgia}. Sponsored by the University of 
Georgia, Center for Continuing Education and the Col- 
lege of Home Economics. For more information, contact 
Dr. Carolyn D. Berdanier, Conference Chair, University 
of Georgia, Department of Foods and Nutrition, Dawson 
Hall, Athens, GA 30602. 

Vitamin E: Biochemistry and Health Implications (Oc- 
tober 31-November 3, 1988, The Sheraton Centre, New 

York, NY}. Sponsored by The New York Academy of 
Sciences. For more information, contact the Conference 
Department, The New York Academy of Sciences, 2 East 
63rd St., New York, NY 10021, {212) 838-0230. 

International Symposium on Clinical, Biochemical and 
Molecular Aspects of Fatty Acid Oxidation INovem- 
bet 6-9, 1988, Penn Tower Hotel, Philadelphia, PA}. For 
more information, contact Paul M. Coates, Ph.D., Divi- 
sion of Genetics, The Children's Hospital of Philadelphia, 
34th St. and Civic Center Blvd., Philadelphia, PA 19104. 

23rd Annual Hugh Lofland Conference on Arterial Wall 
Metabolism (May 24-27, 1989, Welches, Oregon}. Re- 
quests for information should be sent to M. R. Malinow, 
M.D., Chairman, Hugh Lofland Conference, Oregon 
Regional Primate Research Center, 505 NW 185th 
Avenue, Beaverton, OR 97006, (503) 690-5258. 

10th Anniversary Meeting of the European Association 
for Cancer Research (University College, Galway, Ireland, 
September 11-13, 1989}. For further information, contact 
Dr. S. M. Lavelle, Experimental Medicine, University Col- 
lege, Galway, Ireland; or in North America, contact Dr. 
J. H. Weisburger, American Health Foundation, Valhalla, 
New York, NY 10595-1599. The program involves plenary 
lectures, workshops, symposia and poster sessions. 
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Dietary Fat Ratios and Liver Plasma Membrane Lipid Composition' 
Michae l  W. Hamm*,  Anna  Sekowski and Roni Ephrat 
Department of Nutrition, Rutgers University, New Brunswick, NJ 08903 

Male Sprague-Dawley weanling rats were fed isocaloric 
diets consisting of 10% {by wt) fat. The six groups dif- 
fered in the ratio of corn oil and butter fat present in the 
diets such that: 10C, 10% corn oil (C); 8C2B, 8% C/2% but- 
ter fat (B); 6C4B, 6% C/4% B; 4C6B, 4% C/6% B; 2C8B, 
2% C/8% B; and 10B, 10% B. Liver plasma membranes 
were analyzed for fatty acid composition and cholesterol/ 
phospholipid molar ratio. The 18:2n-6 content was con- 
stant in the 10C and 8C2B diets and then decreased 
linearly through the 2C8B diet. The 20:4n-6 and 18:1n-9 
contents were constant except in the 10B diet, in which 
a significant decrease and increase, respectively, were 
observed. The cholesterol/phospholipid molar ratio in- 
creased between the 10C and 6C4B diets and subse- 
quently (4C6B and 10B diets) remained constant. This 
data indicates that changes in n4} fatty acid content in 
the fiver plasma membrane are directly related to dietary 
intake only for 18:2n-6. Arachidonic acid content in the 
membrane is maintained at a constant level until the 
linoleic acid content of the diet is reduced to 0.5% of 
calories. It also indicates that the cholesterol content of 
the membrane becomes saturated and does not increase 
with increasing concentrations of saturated fat in the diet. 
Lipids 23, 829-833 {1988). 

It  has been proposed in the U.S. that we decrease our 
total fat consumption from approximately 42% of calories 
to 30% and alter the ratio of fat intake such that there 
is an equal distribution of saturated, monounsaturated 
and polyunsaturated fatty acids {1}. However, studies in- 
vestigating the effects of dietary lipid on membrane lipid 
structure have generally utilized single-fat sources {2-7) 
that did not contain an equal ratio of fat ty acids. Others 
have utilized fats that did not contain altered ratios of 
polyunsaturated to saturated {P/S} fat, but  rather mono~ 
unsaturated]saturated (8) or n-6/n-3 fatty acid alterations 
(9). In addition, a number of these studies have correlated 
changes in lipid characteristics with cellular protein func- 
tion {4,5,7,10,1D. These types of dietary fat alterations 
either demonstrate P/S ratios that differ by several orders 
of magnitude or monounsaturated/saturated/polyun- 
saturated {n-6) ratios that are very different from the 1:1:1 
recommendations (I). Thus, they are very useful dietary 
manipulations for determining membrane lipid changes 
due to extremes of diet. However, the relationship of these 
single-fat-source diets to a more uniform distribution of 
classes of fatty acids with respect to membrane lipid com- 
position is not clear. 

Investigators have considered the effect of different 
quantities of individual fatty acids {12,13) or types of fat 
(14) in the diet on total liver-lipid composition. Those 
studies were designed to investigate the interrelation of 
various fats with respect to essential fatty acid deficiency 
of the whole liver and not a particular membrane's struc- 
ture or function. Therefore, total liver lipids, as opposed 

'Presented in part at the FASEB Meeting, Washington, D.C., April, 
1987. 
*To whom all correspondence should be addressed. 

to a particular membrane fraction, were analyzed. We 
were interested in studying a purified membrane (liver 
plasma membrane) system that would allow us to ex- 
amine the changes in membrane lipid composition 
through a continuum of dietary fatty acid compositions. 
This allows for a comparison of membrane lipid composi- 
tions between the extremes of single-fat-source diets and 
more intermediate compositions. This will provide a much 
better understanding of the relationship between the ef- 
fects of typical experimental diets (single-fat-source) and 
the recommendations of various national scientific panels 
regarding dietary fat ty acid distribution. 

MATERIALS AND METHODS 

Forty-eight male Sprague~Dawley weanling rats (Charles 
River Breeding Labs, Wilmington, MA) were housed in- 
dividually in wire bottom cages in a temperature-con- 
trolled room on a 12-hr light/dark cycle. Animals were 
divided into six groups and fed an isocaloric diet contain- 
ing either 10% (w/w) corn oil {10C diet); 8% corn oiF2% 
butter fat {8C2B diet); 6% corn oil/4% butter fat (6C4B 
diet); 4% corn ofl/6% butter fat (4C6B diet); 2% corn 
oil]8% butter fat (2C8B diet); or 10% butter fat (10B diet). 
The compositions of the diets are given in Table 1 and 
the fatty acid profile in Table 2. The 10B diet contained 
approximately 220 mg cholesterol/kg diet and the others 
proportionally less. Diets were formulated by Dr. E. A. 
Ulman (Research Diets, Inc., New Brunswick, N J). All 
diets were fed ad libitum for a period of four wk, at the 
end of which animals were killed by decapitation. The 
body wt and liver wt were not different by one-way 
ANOVA between the groups at the end of the feeding 
period {data not shown). In several cases, samples were 
lost so that all animals are not reflected in the final 
analysis. 

Livers were excised and passed through a tissue press. 
They were then homogenized in three vols of buffer 
{0.25 M sucrose, 0.5 mM EGTA, 5 mM Hepes, pH 7.4) 
in a Potter-Elvehjem homogenizer. Plasma membranes 
were prepared by the Percoll gradient method of Epping 
and Bygrave (15). Protein was determined by the method 
of Lowry et al. (16), as modified by Markwell et al. (17). 
Typical membrane purification with this procedure in our 
hands is seven- to 20-fold for plasma membrane, 0.5-fold 
for microsomes and 0.06-fold for mitochondria, as deter- 
mined by enzyme markers. Plasma membrane protein 
recovery was 0.3-0.7 mg/gm liver. 

Total membrane lipid was extracted with chloroform/ 
methanol (2:1) containing 0.005% BHT, according to the 
method of Folch et al. (18). Fa t ty  acids were methylated 
with boron trifluoride according to the procedure of 
Morrison and Smith (19) and quantitated by gas-liquid 
capillary chromatography (Hewlett-Packard 5490 gas 
chromatograpld3392 integrator, SP-2330 30 m capillary 
column). Individual fat ty acids were identified by com- 
parison with known standards. Total membrane choles- 
terol and phospholipid were determined spectrophotc~ 
metrically from the Folch extract by the method of 
Chiamori and Henry (20) and Bartlett {21), respectively. 
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TABLE 1 

Diet Composit ion 

Ingredient  (gm/kg diet) 10C 8C2B 6C4B 4C6B 2C8B 10B 

Casein, alcohol extracted 210 210 210 210 210 210 
DL-Methionine 3.2 3.2 3.2 3.2 3.2 3.2 
Salt  mix a 36.8 36.8 36.8 36.8 36.8 36.8 
Vi tamin mixb 10.5 10.5 10.5 10.5 10.5 10.5 
Choline b i ta r t ra te  2.1 2.1 2.1 2.1 2.1 2.1 
Cellulose 52.5 52.5 52.5 52.5 52.5 52.5 
Corn s tarch  543.9 543.9 543.9 543.9 543.9 543.9 
Corn oil 91.9 73.5 55.1 36.8 18.4 0 
But te r  fat  0 18.4 36.8 55.1 73.5 91.9 

a s a l t  mix (gm]kg sal t  mix): Potass ium citrate, monohydrate--200;  calcium phosphate,  
dibasic--500; potassium sulfate--52; sodium chloride--74; ferric citrate--6.0; magnesium 
oxide--24; zinc carbonate-- l .6 ;  manganous  carbonate--3.5;  cupric carbonate--0.3;  
chromium potass ium sulfate--0.55; sodium selenite--0.01; potass ium iodate--0.01; 
sucrose--188.03. 
bv i t amin  mix (gm]kg vi tamin mix): Vitamin A paimita te  500,000 IU/gm--0.8;  vi tamin 
D s 400,000 IU/gm--0.25; vi tamin E acetate 500 IU/gm--10.0; menadione sodium 
bisulfite--0.08; biotin 1.0%--2.0; cyanocobsJAmin 0.1%--1.0; folic acid--0.2; niacin--3.0; 
calcium pan to thena te - - l .6 ;  pyridoxine HCI--0.7; riboflavin--0.6; th iamin HCI--0.6; 
sucrose--979.17. 

TABLE 2 

Diet Fa t ty  Acid Composition (Wt %) 

Fa t ty  acid 10C 8C2B 6C4B 4C6B 2C8B 10B 

<C12:0 0 0.6 1.1 1.7 2.3 2.2 
C12:0 0 0.9 1.7 2.6 3.4 3.7 
C14:0 0 2.8 5.5 8.5 11.0 12.6 
C14:1 0 0.3 0.6 1.0 1.3 1.5 
C16:0 10.7 15.0 19.5 24.1 28.6 33.3 
C16:1 0.2 0.3 0.6 0.9 1.2 2.2 
C18:0 1.5 3.7 6.0 8.3 10.8 12.8 
C18:1 25.2 25.1 25.9 26.4 27.6 28.2 
C18:2 62.4 51.3 39.1 26.4 13.9 3.4 

P/S ratio a 5.1 2.2 1.2 0.6 0.2 0.05 
P/M/S b 62/25/12 51/26/23 39/27/34 26/28/45 14/30/56 3/32/65 
n-6 Fa t ty  acids (% cal)C 12.1 10.0 7.5 5.4 2.6 0.4 

apo lyunsa tura ted  fa t ty  acid]saturated fa t ty  acid ratio in diet. 
bRatio {wt %) of polyunsatura ted]monounsatura ted]sa tura ted  fa t ty  acids. 
cPercentage of calories as n-6 essential  fa t ty  acids. 

TABLE 3 

Weight  Percent  Fa t ty  Acid Composit ion of Liver P lasma Membranes  a 

Diet  

10C 8C2B 6C4B 4C6B 2C8B 10B 
Fa t ty  acid (7) (7) (7) (8) (8) (7) 

16:0 24.2 • 1.8 a 24.7 • 1.2 a 24.6 • 1.3 a 24.0 _ 1.3 a 24.0 • 3.5 a 27.5 • 1.4 a 
16:1 n-7 1.7 • 0.4 a 1.6 • 0.2 a 1.8 • 0.2 a,c 2.1 • 0.3a, c 3.0 • 0.6c, d 3.5 • 0.5 d 
18:0 16.7 • 0.7 a 16.7 • 0.5 a 16.9 -+ 0.9 a 18.5 • 1.0 a 18.3 + 1.2 a 19.0 + 0.9 a 
18:1 n-9 15.0 • 1.0 a 14.3 • 1.0 a 17.7 • 1.2 a 15.0 • 1.1 a 17.1 • 1.4 a 22.3 • 1.6 b 
18:2 n-6 15.6 • 0.9 a,b 16.0 • 0.5 a 13.6 • 0.8 b 11.3 • 0.9 c 9.1 • 0.7 d 5.0 + 0.1 e 
20:4 n-6 19.3 • 1.3 a 20.0 • 0.7 a 18.3 • 1.2 a 19.9 + 1.5 a 18.8 + 2.0 a 12.9 • 1.3 b 
22:5 n-3 1.9 + 0.3 a 1.8 • 0.3 a 1.0 • 0.3a, b 1.6 • 0.3 a 0.4 + 0.2 b 0.3 • 0.2 b 
22:6 n-3 2.1 • 0.2 a 2.4 • 0.1a, b 2.2 • 0.2a, b 3.3 + 0.2b, c 3.6 • 0.5 c 5.4 • 0.7 d 

Total n-6 34.9 • 2.0 a 35.9 • 0.4 a 31.9 • 1.6a, b 31.2 • 2.2 a,b 27.9 • 2.3 b 17.9 • 1.3 c 
Total n-3 4.0 • 0.5 a,b 4.2 • 0.4a, b 3.3 • 0.5 a 5.0 • 0.4b, c 4.1 • 0.6a, b 5.8 • 0.7 c 
n-6 Fa t ty  acids in diet (% cal) 12.1 10.0 7.5 5.4 2.6 0.4 

aDa ta  are mean • SEM for the  number  of animals indicated below each dietary group. Values in a row with common superscripts  are 
not  s tat is t ical ly different than  one another.  All other values in a row are different a t  p < 0.05. 
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Data were analyzed for variance and by Duncan's 
multiple range test, utilizing the SAS Statistics package, 
or regression analysis where appropriate. 

RESULTS 

The fatty acid profiles of liver plasma membranes from 
animals fed the various diets are presented in Table 3. 
There were no changes observed in the saturated fatty 
acids between any of the dietary groups, with 16:0 com- 
prising approximately 24% and 18:0, 17-19% of the total 
fatty aci& There were, however, alterations in the various 
unsaturated fatty acids. 16:1n-7 remained constant in 
liver plasma membranes from the 10C- through the 4C6B- 
fed animals, but then increased significantly in those from 
the 2C8B- and 10B-fed animals. A similar change was 
observed with 18:1n-9. I t  was constant in liver plasma 
membranes isolated from animals fed the 10C through 
the 2C8B diets, but increased significantly in the 10B- 
diet-fed animals. In contrast to these modest changes 
observed in the monounsaturated fat ty acids, there were 
marked changes in the polyunsaturated fatty acids as the 
ratio of fat in the diet was altered. This was observed 
most clearly for 18:2n-6. There was a decline that was not 
apparent (Table 3) until the 6C4B diet. That  is, liver 
plasma membranes prepared from animals fed the 10C 
and 8C2B diets were not significantly different than one 
another, but there was a steady decline in the percentage 
of 18:2n-6 with the remainder of the groups. This can 
also be observed in Figure 1 as a linear decline in the 
[18:2n-6/(16:1n-7 + 18:1n-9)] ratio, as the percentage of 
corn oil in the diet was decreased (r = 0.816, p <~ 0.001). 

This linear decrease is not seen in the case of arachi- 
donic acid (20:4n-6). Arachidonic acid in the liver plasma 
membrane remained at a constant level (approximately 
19%) until all of the corn oil had been eliminated from 
the diet (10B diet). At this point it declined to 12.9%. 
When the data were replotted as the ratio of 20:4n-6/ 
18:2n-6 (Figure 2), it is evident that the ratio was constant 
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FIG. 1. 18:2n4~/[16n-7 + 18:1n-9] Fatty acid ratio vs  diet. All data 
are X +-_ SEM. The line was fitted by linear regression to: Y -- 
(--0.816)X + 1.259 with r -- 0.816 (p < 0.05). By ANOVA values for 
diets 10C and 8C2B were significantly greater than all others. Diets  
6C4B, 4C6B and 2C8B were signif icantly different than 10C, 8C2B 
and 10B, while diet 10B was different than all others. Values were 
considered significant when p < 0.05. 
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FIG. 2. 20:4n-6/18:2n-6 Fat ty  acid ratio vs  diet. Al l  data are X -- 
SEM. Stat ist ical  differences were as follows. Different letters 
associated with each diet indicate that  values are significantly dif- 
ferent. Diet  10C, a; 8C2B, a; 6C4B, a,b; 4C6B, b,c; 2C8B, c; 10B, d. 
Values were considered significant when p < 0.05. 

in liver plasma membranes from the 10C- through 6C4B- 
fed snlmals (100-60% of fat source as corn oil) and then 
increased linearly. Furthermore, the total n-6 fat ty  acids 
in liver plasma membranes remained constant (diets 10C 
through 4C6B), up to the point where n-6 fatty acids com- 
prised less than 3% of the calories (2C8B and 10B diets). 
The liver plasma membrane content of 22:5n-3 de- 

creased, while that of 22:6n-3 increased, as butter fat was 
added to the diets. The total of n-3 fatty acids in the mem- 
brane remained relatively constant. 
The cholesterol and phospholipid values of the liver 

plasma membranes from animals fed the various diets are 
presented in Table 4. There was an increase {although not 
statistically significant) in the cholesterol/phospholipid 
molar ratio of the membranes as the butter fat content 
of the diet was increased from 10C to 6C4B, which re 
mained relatively constant for diets 4C6B and 10B. The 
2C8B diet (0.475 - 0.057) was anomalous in this regard. 
The cholesterol/phospholipid molar ratio was significantly 
lower in liver plasma membranes from the 10C~ and 2C8B- 
fed animals compared with the 4C6B- and 10B-fed 
animals {p < 0.05). The cholesterol and phospholipid levels 
relative to protein content were not different between any 
of the groups. 

DISCUSSION 

There have been a number of investigations through 
the years that  have studied the effects of dietary lipids 
on membrane structure (2-9,22). However, the vast ma- 
jority of these have investigated singlefat-source diets 
as opposed to ratios of the dietary fats. This distorts the 
dietary lipid composition markedly towards highly satu- 
rated, monounsaturated or polyunsaturated fat ty acid 
diets. For example, in the present study, the 10C diet is 
composed of 62% polyunsaturated, while the 10B diet is 
composed of 65% saturated fat ty acids. This study 
demonstrates that  an approach of utilizing ratios of fats 
producing intermediate fat ty acid compositions may be 
an important consideration in determining the effect of 
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TABLE 4 

Choles tero l  and P h o s p h o l i p i d  C o m p o s i t i o n  of  Liver  P l a s m a  M e m b r a n e s  a 

Cholesterol Phospho l ip id  Cholesterol/Phospholipid 
Diet ~anol/mg protein ~LmoFmg protein molar ratio 

10C {5} 0.096 +_ 0.014 a 0.203 +_ 0.040 a 0.485 +_ 0.036 a 
8C2B {7} 0,108 + 0.019 a 0.199 _ 0.037 a 0.569 + 0.072 a,b 
6C4B (6) 0.120 + 0.020 a 0.187 + 0.028 a 0.643 +_ 0.081a, b 
4C6B (7) 0.126 +_ 0.028 a 0.202 + 0.047 a 0.646 +_ 0.049a, b 
2C8B (4) 0.126 +_ 0.020 a 0.284 __. 0.064 a 0.475 +_ 0.057 a 
10B (6) 0.104 ___ 0.014 a 0.155 __. 0.026 a 0.697 + 0.057 b 

aData are mean +_ SEM for the number of animals indicated for each dietary group. Values 
in a column with common superscripts are not statistically different than one another 
at p < 0.05. 

dietary fat on biochemical and physiological function. The 
data in the present study illustrate that  single sources 
of dietary fat produce liver plasma membrane changes 
that  are not necessarily representative of those produced 
by intermediate ratios. 

The most useful comparison would relate the 6C4B 
diets with the 10C and 10B diets. The 6C4B diet had a 
polyunsaturated/monounsaturated/saturated fat ty acid 
ratio of approximately 1:1:1 (Table 2). This is the fat ty 
acid ratio currently recommended by a variety of 
organizations (1) relative to optimal human consumption 
patterns. 

Liver plasma membranes from animals fed the 6C4B 
diet exhibited a cholesterol]phospholipid molar ratio most 
similar to those from animals fed the 10B diet {Table 4) 
and a fatty acid profile more similar to those from animals 
fed the 10C diet. In other studies utilizing single-fat 
sources, we have found that the major changes ob- 
served between butter and corn oil are a shift in the 
18:2n6/(18:ln-9 + 16:1n-7) ratio (23). Thus, we have 
chosen to compare the ratio of these two fat ty acids 
across the diets. The slight decline in 18:2n-6 from animals 
fed the 6C4B diet, relative to the 10C diet, was not 
statistically significant {Table 3), but is clearly seen with 
linear regression when expressed as a ratio with n-9 and 
n-7 unsaturated fat ty acids (Fig. 1) (p < 0.05). Further- 
more, a slight shift in the ratio (4C6B diet) produces a 
significant change in the amount of 18:2n-6 {Table 3) and 
the ratio of 20:4n-6/18:2n-6 {Fig. 2) found in the liver 
plasma membrane. However, the 18:2n-6/(18:ln-9 + 
16:1n-7) ratio was not different between these two groups. 

Thus, the use of single-fat-source diets, while being ex- 
tremely useful in determining the effects of extremes in 
dietary modifications on changes in cell structure and 
function, may not be precise enough to predict changes 
to be expected within the framework of human nutritional 
modifications. 

I t  is also of interest to compare this data with that  of 
Caster et al. (14), relating the intake of various dietary 
lipids to total liver lipid composition. They reported no 
correlation between the saturated fat ty acid content of 
the diet and the saturated fatty acid content of total liver 
lipid, when studied with an array of common fat ty acids 
in various ratios: This is a generally observed phenome~ 
non, indicating that total organ lipid saturated fatty acids 
are very refractory to change, and it is consistent with 

our data. We also observed similar effects in the case of 
the monounsaturates, primarily 18:1n-9. The animals 
maintained a fairly constant amount of monounsaturates 
in the liver plasma membrane (Table 3). This is in rela- 
tively good agreement with the work of Caster et al. (7), 
in which a low correlation between the 18:1n-9 dietary- 
and tissue-total lipid concentration was reported. We con- 
sider these compensatory changes by the organism an at- 
tempt to balance the decline seen in the n-6 polyun- 
saturates as large amounts of saturated fat is added to 
the diet. 

The major change seen in these membranes was in the 
amount of 18:2n-6. As seen in Table 3, the wt% of 18:2n-6 
in liver plasma membranes remained constant with the 
first two diets, which supplied 100% and 80% of the fat 
source as corn oil. A linear decline was observed through 
the rest of the diets, as the percentage of calories from 
linoleic acid went below 10%. It is interesting to note from 
Table 2 that the amount of arachidonic acid remained con- 
stant in the plasma-membrane total fat ty acids as long 
as the percentage of calories from 18:2n-6 was greater 
than 0.5% (of calories). This becomes interesting in light 
of the current recommendations that  1% of our calories 
be derived from linoleic acid. There is no change in rats, 
with respect to wt gain or dermal score (2), as the linoleic 
acid content of the diet is increased above 1% of calories. 
This may be interpreted as arachidonic acid changes being 
the primary determinant of n-6 deficiency symptoms, 
because membrane linoleic acid concentration decreased 
at dietary concentrations well in excess of reported re- 
quirements. It should be noted, however, that we did not 
observe significant amounts of 20:3n-9, a biochemical 
marker for essential fat ty acid deficiency {25), or any 
visual signs of deficiency in these animals. This is not en- 
tirely surprising, because the animals were only main- 
tained on these diets for four wk. 

A recent report by Nasser et al. (9) investigated the ef- 
fect of various ratios of n-3/n-6 dietary lipids on total liver- 
phospholipid fat ty acid composition. No changes were 
reported in 18"2n-6 content over a range of evening 
primrose oil (high 18:2n-6 and 18:3n-6) and polepa (n-3 rich 
marine fish oil) ratios. Their lowest percent of evening 
primrose oil was 50% of the total fat content, an amount 
similar to those amounts in the 6C4B and 4C6B diets in 
the present study. At this point, however, we observed 
significant decreases in 18:2n-6, while they observed no 
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such differences. This difference in the two studies could 
be due to the different types  of oil mixtures  or differences 
in the  samples.  In  the  present  s tudy,  to ta l  f a t t y  acid pro- 
file of purified liver p la sma  membranes  was analyzed, 
while in the s tudy  of Nasser  et  al. (9), the to ta l  liver- 
phospholipid f a t t y  acid profile was determined.  

The cholesterol/phospholipid molar  rat io  exhibited an 
increase commensura te  wi th  the quan t i ty  of cholesterol 
and sa tu ra ted  fa t  in the diet up to a sa tura t ion  point  
{6C4B diet). The exception to this was liver p lasma mem- 
branes  f rom animals fed the 2C8B diet. The marked  
change a t  this  d ie tary  fa t  rat io  is unclear. I t  should be 
noted t ha t  this decrease was due pr imari ly  to an increase 
in the phospholipid/mg protein content.  

I t  is clear f rom this s tudy  tha t  single-fat sources do not  
necessari ly give a t rue indication of the purified mem- 
brane  lipid composi t ion of mixed fats.  This is especially 
important  in studies a t tempt ing  to relate changes in func- 
tion of membrane  proteins with dietary fat  alteration. The 
range  of modificat ion t ha t  mos t  individuals will be able 
to make in their dietary pat tern  is much more l imited than  
the single-fat-source feeding studies mos t  often performed 
in rats .  This  is not  mean t  to imply t ha t  such studies are 
not  useful, bu t  ra ther  to point  out  tha t ,  if animal studies 
are to be used as an aid in determining potent ia l  altera- 
t ions in cell function b y  die tary  lipid in human  popula- 
tions, more work m u s t  be addressed a t  in termedia te  
ra t ios  of these fats.  For  example,  if the  6C4B were t aken  
as approx imate ly  a 1:1:1 ra t io  of polyunsatura ted]mono-  
unsaturated]saturated fa t ty  acids, the fa t ty  acid composi- 
t ion would be similar to the 10C diet, whereas the choles- 
terol/phospholipid molar  rat io  would be mos t  similar to 
the  10B diet. Both  of these components  could have  an 
effect on membrane  protein function and hence, i t  is im- 
por t an t  to inves t iga te  the interact ion of these changes.  
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Comparison of Free a-Tocopherol and a-Tocopheryl Acetate 
as Sources of Vitamin E in Rats and Humans 
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and  Ewa Lusztyka 
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The uptake of a-tocopherol from 2R,4'R,8'R-a-tocopherol 
and 2R,4'R,8'R-a-tocopheryl acetate has been compared 
in rats and humans. The two forms of vitamin E were 
compared simultaneously in each subject {rat and human} 
by using a combination of deuterium~substitution and gas 
chromatography-mass spectrometry IGC-MS} to dis- 
tinguish and measure the competitive uptake of a- 
tocopherol from an orally ingested mixture of the acetate 
and the free phenol forms. When rats were dosed in a 
manner analogous to that used in traditional bioassays, 
i.e., providing the two forms of vitamin E once dally in 
tocopherol-stripped corn oil for four successive days im- 
mediately prior to sacrifice, the net uptake of a-tocopherol 
from the free phenol form was only half that from the 
acetate. This result is consistent with the greater activ- 
ity of the acetate that had been observed previously in 
bioassays. However, when the two forms of tocopherol 
were intubated into rats as a single dose mixed in with 
an aqueous bolus of standard laboratory diet, the amount 
of a-tocopherol taken up from the free form after 24 hr 
was very similar to that derived from the acetate. In five 
adult humans, competitive uptake studies of the two 
forms after a single dose taken with a meal showed that 
the mount  of a-tocopherol from the free phenol form was 
equal to that from the acetate in plasma and red blood 
cells. These findings illustrate the value and potential of 
using deuterium-substituted a-tocopherol and GC-MS in 
evaluating the effectiveness of different forms of vitamin 
E in human studies. The results also stress the need 
for caution in using data obtained from animal bio- 
assays when considering comparative human nutritional 
standards. 
Lipids 232 834-840 11988}. 

a-Tocopheryl acetate (a-T-Ac} is the most common form 
of vitamin E used for oral supplementation in humans. 
In the gut, the acetate is hydrolyzed with the aid of 
pancreatic enzymes and bile to yield free a-tocopherol 
(a-T-OH) which is then partially absorbed through the in- 
testinal wall into the lymph (1-3}. No measurable a-T-Ac 
is found in blood serum (4). Naturally occurring vitamin E 
is present in food as the free phenol. 

The relative bioavailabflities of a-T-OH and ~T-Ac have 
been of interest for many years. In 1949, Harris and Lud- 
wig (5) reported the surprising result that dl-a-T-OH was 
only about 0.6 times as active asdl-a-T-Ac in the rat fetal 
resorption assay. (It is almost certain that at the time 
this study was conducted the d/-form was synthesized 

*To whom correspondence should be addressed. 
Abbreviations: a-T-Ac, a-tocopheryl acetate; a-T-OH, a-tocoph- 
erol; EDTA, ethylenediamine tetraacetic acid; d~-RRR-a.T-OH, 
2R, 4'R,8"R-a-{5-C2H3)tocopherol; d6-RRR-a-T-OH, 2R,4'R,8'R-a- 
{5,7-{C2H3h}tocopherol; dg-a-T-OH, ambo-~{5,7,8-{C2H3}~}tocopberol; 
SDS, sodium dodecyl sulfate; GC-MS, gas chromatography-mass 
spectrometry; HPLC, high performance liquid chromatography; 
RBC, red blood cells. 

using natural phytol and was therefore a mixture of equal 
amounts of the 2R,4'R,8'R- and 2S,4'R,8'R-diastereo- 
isomers [1]. The mixture of these two a-tocopherols is now 
designated as ambo-a-tocopherol.) Harris and Ludwig 
suggested that  the lower activity of the nonesterified 
form was the result of a diet-mediated oxidative destruc- 
tion of the compound in the gut. In support of this, they 
reported that simultaneous feeding of the antioxidant, 
diamylhydroquinone, with free a-tocopherol significantly 
increased the effectiveness of the tocopberol in the bic~ 
assay (5). Much later, Leth and Sondergaard (6) confirmed 
the lower activity of the nonesterified form, reporting 
that, in this case, all-rac-a-T-OH (i.e., a mixture of equal 
amounts of the eight possible diastereoisomers) was less 
active than all-rac-a-T-Ac in both the fetal resorption and 
red cell hemolysis assays, by factors of 0.79 and 0.85, 
respectively. (The authors did not indicate whether the 
relative potencies were calculated on a weight or a molar 
basis.) They also reported, however, the surprising result 
that  the two forms of vitamin E exhibited identical ac- 
tivities in the liver storage assay. Further confirmation 
of the lower potency of a-T-OH was recently provided by 
Wieeer and coworkers (7), who reported results obtained 
using the fetal resorption, plasma pyruvate ldnase (myop- 
athy) and liver storage assays. On a molar basis, it was 
found that all-rac-a-T-OH was less active than all-rac-a- 
T-Ac in all three assays by factors of 0.47, 0.57 and 0.62, 
respectively. 

On the basis of the findings from these animal tests, 
it has been suggested (6) or implied (7) that the biopoten- 
cies of a//-rac-a-T-OH and RRR-a-T-OH, expressed relative 
to all-rac-a-T-Ac as the standard, should be lowered from 
their officially accepted values (8) of 1.10 and 1.49, respec- 
tively. (The difference between the accepted biopotencies 
of the acetate and the corresponding free tocopherol arises 
solely from the difference in the molecular weights of the 
two forms. The officially accepted biopotency of RRR-a- 
T-Ac relative to all-rac-a.T-Ac is 1.36 [8].) 

In humans, studies have been limited to comparing the 
absolute increases in the level of plasma a-T-OH in in- 
dividuals administered large, single, oral doses of either 
the free tocopherol or the acetate. The results of these 
studies have suggested that, in contrast to rats, the free 
form is slightly more potent than the acetate. 

Thus, in 1952, Week and coworkers (9) reported higher 
plasma levels of a-T-OH in subjects given a//-rac-a-T-OH 
compared with subjects given an equimolar amount of 
all-rac-a-T-Ac. Much later, Baker and coworkers {10} 
appeared to confirm this finding in subjects given 400- 
1600 mg of either all-rac-a-T-OH or its acetate in both 
short-term (24 hr} and long-term (21 days) studies. In this 
investigation, equal weights of the free phenol and of the 
acetate were compared. It  is not evident from the data, 
however, that the increases in plasma tocopberol levels 
in the subjects who took the free phenol, compared with 
the data from those who took the acetate, were signifi- 
cantly greater than the ca. 10% that would have been 
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expected simply from the difference in molecular weight 
between a-T-OH and a-T-Ac. More recently, Horwitt and 
coworkers (11) have reported that subjects given 800 IU 
of RRR-a-T-OH showed a mean increase of 71% in their 
serum levels of a-T-OH after 24 hr, compared with a 
smaller increase of 61% in subjects given 800 IU of RRR- 
a-T-Ac {The doses were equimolar, in conformity with the 
existing USP standard.). 

Recently, we have used deuterium-substituted a-to- 
copherols and gas chromatography-mass spectrometry 
(GC-MS) to probe the biokinetics of the uptake of dietary 
a-tocopherol into rat tissues {12}. In this paper, we report 
results obtained by applying this technique directly to 
the question of the relative uptake, in rat and man, of 
a-T-OH derived from the free tocopherol and acetate 
forms of vitamin E. In contrast to the experimental meth- 
ods used earlier by others, we have taken advantage of 
the fact that, by distinguishing the free tocopherol and 
acetate with tri- or hexadeuter~substitution {i.e., differen- 
tial labeling}, it is possible to measure the competitive Ul> 
take of the two forms, when given as a mixture of known 
composition to a single subject. This approach has the 
advantage of eliminating the effects of variations in ab- 
solute uptake between individual subjects. Individual 
variation in net uptake is an important factor confound- 
ing the interpretation of the results of studies obtained 
with conventional techniques using nonlabeled com- 
pounds. Only one or the other of the two forms being com- 
pared can be tested at one time on each individual, which 
requires the use of a large number of subjects in order 
to obtain statistically significant results. 

Another advantage of our method is that the deuter- 
ated a-tocopherol absorbed from the mixture is easily 
distinguished from the nondeuterated, background a- 
tocopherol already present in the subject. 

EXPERIMENTAL 

Synthesis of deuterated RRR-a-tocopherols. RRR-a. 
(5-C2H3)tocopherol (do-RRR-a-T-OH) ~'ld RRR-a-(5,7- 
(C2H3)2)tocopherol (do-RRR-a-T-OH) were synthesized, as 
described previously (12,13), by deuteriomethylation of 
RRR-y- and RRR-d-tocopherols, respectively. The y- and 
&tocopherols were obtained from soybean oil concentrate. 
The tocopheryl acetates were prepared as described 
previously (12}. While this work was in progress, ambo- 
a-(5,7,8-(C2H3h)tocopherol (do-a-T-OH) was prepared and 
was used as an internal standard for quantitating do-, do- 
and do-a-T-OH in some of the experiments. The details 
of the synthesis of this compound will be reported 
elsewhere. 

The degree of incorporation of the nominal amount of 
deuterium into do-RRR-a-T, d6-RRR-a-T and do-a-T (ace- 
tate or free tocopherol} ranged from 75% to 90%, as deter- 
mined by GC-MS. The remaining material was composed 
principally of a-tocopherol, containing one less deuterium 
atom and, to a much lesser extent, two less deuterium 
atoms. All measurements of deuterated a-tocopherols 
were corrected accordingly, to reflect the true amount of 
the particular a-tocopherol present in each sample. 

Measurement of a-T-OH by GC-MS. a-T-OH was ex- 
tracted from plasma by the ethanollheptane method and 
from tissues, red blood cells, intestinal and fecal material 
by the sodium dodecyl sulfate (SDS) method (12,14). The 

heptane lipid extract was passed through an analytical, 
high performance liquid chromatography (HPLC) silica 
gel column and the recovered a-T-OH fraction was 
trimethylsilylated after removal of the HPLC eluent by 
evaporation under a stream of nitrogen (12). When it 
became available, do-a-T-OH was added as an internal 
standard (ca. 6 nmol) in decane solution immediately prior 
to extraction of the sample. 
The tocopheryl trimethylsilyl ethers were injected in- 

to a 12 m X 0.2 mm ID Ultra-1 (OV 101 methyl silicone) 
capillary column in a Hewlett-Packard benchtop model 
5995 GC-MS, operating in the single-ion monitoring 
mode {12). The 502 (do-a-T), 505 (do-a-T), 508 (do-a-T) and 
511 (do-a-T) parent trimethylsilyl ether molecular ions 
were monitored continuously and their corresponding 
peak areas integrated to give the relative abundance of 
each tocopherol. 
GC-MS also was used to confirm the composition of 

the mixture of deutorated a-tocopherols provided to the 
animal or human subjects in each experiment. In those 
experiments in which the starting molar ratio was signifi- 
cantly different from unity, the ratios found in the tissues 
and blood were corrected accordingly. 

Rat studies: Experiment 1. Two pairs of ten-week-old 
male Sprague-Dawley rats (ca. 300 g) were dosed daily 
for four days with an equimolar mixture of do-RRR-a-T- 
Ac and do-RRR-a-T-OH (combined dose: 2 mg/kg body 
wt/day) dissolved in ca. 100 ~1 of tocopherol-stripped corn 
oil that had no added antioxidant. One pair of rats was 
maintained on a vitamin E-free AIN-76A diet (15) and the 
other on a vitamin E-sufficient AIN-76A diet {50 mg all- 
ra~a-T-Ac/kg diet) from weaning (3 wk} through the dura- 
tion of the experiment. (The proportion of corn oil in each 
diet was increased from 5% to 10% with a compensating 
decrease in the proportion of corn starch.} The food was 
provided ad libitum. Blood and tissues were obtained on 
the day after the last dose. The blood was obtained by 
heart puncture under halothane anesthesia, and the tis- 
sues from the anesthetized animals were then dissected. 
All of the fecal material in the large intestine was collected 
and care was taken to ensure that the total combined sam- 
ple from each animal was analyzed. All samples were 
stored at - 8 0  C prior to analysis. 

Experiment 2. Five 13-week-old, nonfasted male 
Sprague~Dawley rats weighing 425-510 g were intubated 
with about 5 ml of an aqueous slurry of AIN-76A diet 
(5% corn oil; 20 g diet slurried in 15 ml water) containing 
ca. 3.8 g of dry mixture and 4 mg of a mixture of do-RRR- 
a-T-Ac and do-RRR-a.T.OH. The weighed deuterated 
tocopherols were first dissolved in the correct amount of 
tocopherol-stripped corn oil (with no added antioxidant) 
and were then thoroughly mixed with the dry base diet 
(no corn oil) before adding water to make a slurry. This 
was done immediately prior to dosing. After dosing, the 
rats were returned to their cages and permitted uninter- 
rupted access to water and their usual AIN-76A diet. 
Blood was obtained as described above at four and 24 hr 
after dosing. Tissues were obtained at 24 hr by the pro, 
cedure already described for Experiment 1. In addition, 
the small intestine was divided into three equal-sized 
segments and each segment, including its contents, was 
subsequently analyzed for a-tocopherol. 

Human studies: Experiment 3. Trials were performed 
on five healthy adults (three males and two females, ages 
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36 -59  years),  who were n o t  t a k i n g  any  form of medica-  
t ion.  A nea t ,  equ imola r  m i x t u r e  of d3-RRR-a-T-OH and 
d~-RRR-a-T-Ac was weighed out  in to  gela t in  slip-joint cap- 
sules (ca. 100 m g  total]capsule). The  capsules  were a lways 
t a k e n  wi th  an  e v e n i n g  meal.  

P a r t  A: A to ta l  of two capsules,  one per  day,  was  t a k e n  
b y  each of two males  (GB and  KI)  on  success ive  days .  
Blood, collected over  d i sod ium E D T A ,  was  o b t a i n e d  b y  
v e n i p u n c t u r e  f rom b o t h  sub jec t s  ca. 15 hr  af ter  t a k i n g  
each capsule  and,  for one of the  sub jec t s  (KI), two days  
af ter  the  l a s t  capsule.  The  ra t io  of the  two d e u t e r a t e d  a- 
T - O H ' s  was  d e t e r m i n e d  in  the  l ipid ex t r ac t s  o b t a i n e d  
f rom p l a s m a  a n d  red b lood cells in  the  u s u a l  way  (12). 

P a r t  B: Two f e m a l e s { H B  and  SL) and  one male  (DF) 
each took  one capsule,  only,  of 100 m g  of the  m i x t u r e  of 
d e u t e r i u m - s u b s t i t u t e d  tocopherols .  Blood was  o b t a i n e d  
f rom the  sub jec t s  ca. 19 and  43 hr  af ter  t a k i n g  the  
capsule. 

RESULTS 

The  d a t a  for the  compe t i t i ve  u p t a k e  in to  r a t  b lood  a nd  
t issues  of a-tocopherol f rom a mix tu re  of free a-tocopherol 
and  a- tocopheryl  ace ta te  are p r e sen t ed  as OH/Ac  ra t ios  
in  Tab les  1 {Exper iment  1) and  2 {Exper iment  2). 

The  c o m b i n e d  m e a n  va lue  of the  OH/Ac  ra t io  for the  
four an imals  dosed dai ly for four successive days  wi th  the  
corn  oil m i x t u r e  {Exper iment  1) was  found  to  be 0.49 +_ 
0.05 (SEM). Clearly, in  th is  exper iment ,  a- tocopheryl  ace- 
t a t e  was  a b o u t  twice as effect ive a source of absorbed  
a-T-OH. The  combined  a m o u n t s  of abso rbed  deu t e r a t ed  

TABLE 1 

Ratios of d~-a-T-OHId3-a-T-OH Showing the Competitive, Net 
Uptake of a-T-OH Derived from Free and Esterified a-Tocopherols a 

Diet 

Rat 

E -  E+ 

1 2 3 4 

Liver 0.50 0.48 0.41 0.38 
RBC 0.48 0.50 0.59 0.45 
Plasma 0.49 0.55 -- 0,62 
Spleen 0.50 0.43 0.67 0.41 
Kidney 0.44 0.39 0.53 0.41 
Lung 0.48 0.43 0.74 0.51 
Heart 0.58 0.58 0.67 0.55 
Muscle 0.50 0.49 -- 0.30 
Testes 0.55 0.58 0.33 0.30 
Brain 0.46 0.41 0.53 0.33 

Feces b -- 0.55 0.90 0.91 

Mean c 0.50 0.48 0.56 0.43 
{-+SD} ___0.04 --+0.07 -+0.14 -+0.11 

ale.,  OH/Ac, after four daily doses (2 mg/kg/day) of an equimolar 
mixture of dealT-OH and d3-a-T-Ac given to rats maintained on either 
a vitamin E-deficient (E--) or a vitamin E-sufficient (E+) diet (Ex- 
periment 1}. 
bDoes not include recovered a-T-Ac. Recoveries of acetate (free 
tocopherol in parentheses) were 5.8 (88.9), 1.5 (95.1) and 7.0 (97.2) 
nmoYg of feces in rats 2, 3 and 4, respectively. 
CExcluding feces. 

TABLE 2 

Competitive Net Uptake of a-TocopheroL OH/Ac, and Percent Total Deuterated a-Tocopherol 
Relative to Total a-Tocopherol in Tissues and Blood of Five Rats a 

Small intestine b Plasma RBC 

Rat Liver Spleen Lung Heart 1 2 3 Feces 4 hr 24 hr 4 hr 24 hr 

OH/Ac {d~-RRR-a-T-OHId3-RRR-a-T-OH): 
1 0.97 1.00 1.03 1.01 0.96 0.91 0.77 
2 1.00 1.03 1.01 1.04 1.05 0.99 1.00 
3 0.97 0.99 1.02 1.09 1.03 0.98 1.03 
4 0.95 1.01 1.16 1.65 0.96 0.81 0.92 
5 0.97 1.02 1.26 1.61 1.12 0.95 -- 

Mean: 0.97 1.01 1.10 1.28 1.03 0.93 0.93 
S.D. 0.02 0.02 0.11 0.32 0.07 0.07 0.12 

Percent total deuterated a-tocopherolC: 

0.94 1.05 0.99 1.13 
1.05 1.05 0.97 1.33 
1.02 1.05 0.94 0.99 
1.09 0.96 0.90 1.23 
1.01 1.00 0.97 1.03 

1.02 1.02 0.96 1.14 
0.05 0.04 0.04 0.14 

1 44.3 47.0 37.3 11.5 44.9 54.8 50.6 74.6 58.1 52.0 24.4 
2 51.9 48.9 37.6 10.5 44.8 43.7 23.8 76.5 44.2 56.2 22.3 
3 45.7 50.1 37.2 14.0 36.7 45.1 45.7 83.7 39.3 47.4 16.9 
4 49.1 48.2 35.3 13.8 39.7 53.9 36.9 83.7 56.2 55.1 22.5 
5 54.6 47.2 43.5 14.2 43.1 48.4 -- 60.1 59.4 55.6 23.5 

Mean: 49.1 48.3 38.2 12.8 41.8 49.2 39.2 75.7 51.5 53.3 21.9 
S.D. 4.3 1.2 3.1 1.7 3.5 5.0 11.7 9.6 9.1 3.7 2.9 

1.01 
1.04 
0.98 
1.01 
0.99 

1.01 
0.02 

53.8 
59.0 
57.6 
35.6 
58.8 

53.0 
9.9 

aRats were fed a single dose of a mixture of drRRR-a-T-Ac and d,-RRR-a-T-OH mixed in an aqueous bolus of laboratory diet {Experi- 
ment 2). Results corrected for an initial d6-RRR-a-T-OH/d3-RRR-a-T-Ac mole ratio = 1.372. 
bThe small intestine {including cofitents) was divided into three equal segments starting at the end closest to the stomach. The free a-T- 
OH was separated from a-T-Ac by HPLC. The data in the table refer only to the free a-T-OH. 
Cl00 X (d3-a-T-OH + d~-a-T-OH)l(do-a-T-OH + d3-a-T-OH + dca-T-OH). 
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a-tocopherols, expressed as a percentage of the total a- 
tocopherol in each of the tissues and blood fractions ex- 
Amined, are compared for the vitamin E-deficient and 
vitsmin E-sufficient animals in Figure 1. The effect of t h e  
vitamin E-deficient diet is clearly evident in the larger 
percentages of deuterated tocopherol in the rats main- 
tained on that  diet. However, the data in Table 1 show 

FIG. 1. Percent deuterated a-tocopherol, 100 X [d3-a-T~)H q- 
d~-a-T-OH]/[do-a-T-OH -{- d3-a-T-OH q- d6-a-T-OH], in plasma, RBC, 
tissues and feces of rats, maintained on vitamin E-deficient {E--) 
and sufficient {E-b) diets, after receiving four daily doses of a mix- 
ture of d~-RRR-a-T-OH and d~-RRR-a-T-Ac in tocopherol-stripped 
corn oil {Experiment 1). An asterisk above or beside a bar denotes 
a missing value for the tissue indicated. 

that  the vitamin E status of the animals does not affect 
the OH/Ac ratios. 

The data in Table 2 show that  free a-tocopherol com- 
peted much more effectively with the acetate, when the 
two compounds were incorporated into an aqueous bolus 
of laboratory diet {Experiment 2; vitamin E-sufficient 
rats}, than when the two compounds were given in the 
corn oil. In Experiment 2, the combined mean OH/Ac 
ratio from the liver, spleen, lung, heart, plasma and RBC 
at 24 hrwas found to be 1.06 +_ 0.11 (SEM). Comparison 
of the OH/Ac values for plasma and RBC at four hr and 
24 hr shows that  in all but one case the ratio is less at 
24 hr than at four hr. This indicates that  the proportion 
of absorbed a-tocopherol derived from the free form 
declines more rapidly than that derived from the acetate. 
In the small intestine, the ratios of the original free a- 
tocopherol (do'a-T-OH) to the a,tocopherol (do-a-T-OH) 
derived from the acetate are similar to the OH/Ac ratios 
in the other tissues, although there is perhaps a slight 
tendency for this ratio to decrease, from the first segment, 
closest to the stomach, through to the third, most dis- 
tant  segment. This trend suggests that the hydrolysis of 
the acetate continues to occur into at least the middle seg- 
ment of the intestine. 

The data for the percent total deuterated a-tocopherol 
in the plasma and RBC show that  although there is little 
change in the plasma values between four hr and 24 hr, 
there is a sharp rise in the RBC values over the same 
period, indicating a time lag in the uptake of tocopherol 
into RBC. The lag in the uptake into RBC is consistent 
with the results obtained from two independently con- 
ducted in vitro experiments in which it was found that  
the half-life for the equilibration of a-T-OH between rat 
plasma and RBC is 2.2 hr at 37 C {16,17). 

t 
The mean absolute concentrations of do-a-T-OH, 

do-RRR-a-T-OH and do-RRR-a-T-OH measured in the 
tissues, plasma, RBC, small intestinal segments and feces 
at 24 hr are presented in Figure 2. 

The data obtained from the human study (Experi- 
ment 3, Parts A and B) are given in Tables 3 and 4. In 
the first application of this technology to the measure- 
ment of vitamin E uptake in humans {Part A), it is clear 
from the data in Table 3 that  a single dose of 100 mg of 
deuterated vitamin E is easily detectable in plasma and 
RBC. The two subjects show that, despite striking dif- 
ferences in the percentages of deuterated a-tocopherol in 
their plasma and RBCs, the corresponding OH/Ac ratios 
are remarkably constant over time and between subjects 
{mean = 1.12 ___ 0.04 [SD]), with slightly more absorp- 
tion of vitamin E occurring from the nonesterified 
a-tocopherol. 
Part B of Experiment 3 illustrates the fact that only 

one capsule of 100 mg of the mixture of a-tocopherols was 
required to obtain good data. The results, shown in 
Table 4, indicate no significant advantage to either form 
of vitamin E {mean OH/Ac = 0.97 + 0.04 [SD]). This re- 
sult agrees well with that obtained in Part A of the experi- 
ment. The absolute concentrations of the deuterated and 
nondeuterated a-tocopherols also are presented in Table 4. 

The human data differ markedly from the data obtained 
with rats dosed according to the traditional bioassay 
method {Experiment 1), but do agree rather well with the 
data obtained when the rats were given vitamin E pre- 
mixed with food {Experiment 2). 
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FIG. 2. Mean absolute concentrations of do-a~T~)H, do-RRR-a-T4)H 
and do-RRR-a-T-OH in plasma, RBC, tissues and small intestine and 
contents (divided into thirds) from five rats, four hr (plasma and RBC 
only) and 24 hr after a single oral dose of do-RRR-a-T-OH and 
do-RRR-a-T-Ac mixed into an aqueous bolus of rat  diet {Experi- 
ment 2; note: initial do/do mole rato -- 1.372). Error bars represent 
one standard deviation. Not shown are the corresponding, substan- 
tially larger values for feces which were 176 +_ 26, 267 +_. 130 and 
376 __. 198 nmolIg for the do-, do- and do-a-tocopherols, respectively. 

TABLE 3 

OH/Ac Ratios {i.e., d~-a.T-OH/do-a-T-OH) and Percent 
Deuterated a-Tocopherol in Plasma and Red Blood Cells 
of Two Male, Adult  Humans a 

% Deuterated 
OH/Ac b a-tocopherolC 

Capsule Sample Time K I  GB KI BG 

0 h r  

Plasma 15 hr 1.17 
RBC 15 hr 1.09 

24 hr 
Plasma 39 hr 1.14 
RBC 39 hr 1.16 

Plasma 87 hr 1.11 
RBC 87 hr 1.14 

1.07 16.6 29.2 
1.19 9.6 18.3 

1.07 31.1 39.8 
1.10 20.4 38.7 

25.2 
26.7 

aDuring and aiter oral ingestion, over a two-day period, of two 
100-rag doses of an equimolar mixture of do-RRR-a-T-OH and 
do-RRR-a-T-Ac. 

bMean OH/Ac (_+ SD) --- 1.12 -!-- 0.04. 

c100 X (d3-a-T-OH + do-a-T-OH)/(do-a-T-OH + do-a-T-OH + 
do-a-T-OH). 

TABLE 4 

OH/Ac Ratios, Percent Deuterated a-Tocopherol and Absolute Concentrations of a-Tocopherol 
in Plasma and Red Blood Cells of Three Adult  Humans a 

Absolute concentrations d 
Elapsed % Deuterated 

Subject time (hr) OHIAc b a-tocopherolC do-a-T d~-a-T do-a-T Total 

HB Plasma 18.0 0.98 42.9 26.0 11.0 8.5 45.5 
41.6 0.94 33.7 21.7 6.1 4.9 32.7 

RBC 18.0 0.94 38.9 3.3 1.2 0.9 5.4 
41.6 0.92 36.6 1.7 0.5 0.4 2.7 

SL Plasma 20.0 0.99 41.0 18.5 7.2 5.6 31.3 
43.6 0.99 29.0 17.0 3.9 3.0 23.9 

RBC 20.0 0.93 42.8 3.4 1.4 1.1 5.9 
43.6 0.94 32.4 3.3 0.9 0.7 4.9 

DF Plasma 20.5 1.04 33.1 26.4 7.5 5.5 39.4 
44.1 0.99 27.6 22.8 4.9 3.8 31.5 

RBC 20.5 0.99 27.9 4.7 1.0 0.8 6.6 
44.1 0.99 29.0 3.1 0.7 0.5 4.3 

aTwo females (HB, SL) and one male {DF) following oral ingestion of a single capsule containing 100 mg 
ol a neat mixture of do-RRR-a-T-OH and do-RRR-a-T-Ac. 
bdo-a-T-OH/do-a-T-OH; corrected for initial mole ratio in capsule of 1.310; mean +_ SD = 0.97 + 0.04. 
c100 X (do-a-T-OH + d~-a-T-OH)/(do-a-T-OH + do-a-T-OH + d~-a-T-OH). 
dnmol/ml of plasma or packed red cells. 

LIPIDS, Vol. 23, No. 9 (1988) 



UPTAKE OF FREE AND ACETATE FORMS OF VITAMIN E 

839 

DISCUSSION 

The advantage of our experimental approach is that  the 
two forms of vitamin E are compared directly within the 
same subject (rat and human}. This eliminates many of 
the problems associated with interindividual variations, 
as is clearly and abundantly evident by the consistency 
of the data we have obtained. 

The results from Experiment 1 confirm that  the lower 
activity of nonesterified a-tocopherol observed in bio- 
assays {5-7) is due to the fact that  less of it is absorbed 
from the gut. This result is not affected by the vitArnln 
E status of the animal. However, the much improved 
relative absorption of the free phenol in Experiment 2 
reveals that  there is a striking dependence of absorption 
on the choice of vehicle for delivery of the vitamin. 

I t  has been pointed out that  rat  diets contain mineral 
supplements that  can promote the oxidation of free 
tocopherol and that  the low potency of the tocopherol, 
relative to the acetate in rat  bioassays, may reflect par- 
tial oxidative destruction of the free tocopherol (11,18). 
Our results, obtained when the vitamin E was mixed in 
directly with the food, appear, at first, to argue against 
this suggestion. Thus, even though in Experiment 1 the 
tocopherol mixture would inevitably come into contact 
with the rat diet, because dosing occurred over a four-day 
period, it would be expected that  the greatest loss of free 
tocopherol would occur in Experiment 2, where the free 
a-tocopherol is exposed to the diet continuously, right 
from the moment of dosing. (It should be noted that, in 
order to prevent oxidative losses before dosing, the mix- 
ing of the vitamin E with the base diet was delayed until 
immediately prior to dosing the animals.} 

There is, however, the possibility that  intestinal ox- 
idative destruction of tocopherol did occur in the animals 
in Experiment 2, but that  it was masked by the opera- 
tion of other processes. Thus, if hydrolysis of the acetate 
were rapid compared to the rate of oxidative destruction 
of the free tocopherol, the effects of oxidation would not 
be obvious because both forms would be lost at similar 
rates. Indeed, a rapid hydrolysis of the acetate does ap- 
pear to have occurred in Experiment 2. Table 2 and Fig- 
ure 2 show that  even as early as four hr after the dose, 
the amounts of drRRR-a-T~)H and ~-RRR-a-T-OH in the 
plasma are similar {taking into account the differences 
in the initial proportions of the 2 tocopherols) and are as 
large as the corresponding values at 24 hr. (However, the 
d~-RRR-a-T-OH/d~-RRR-a-T-OH ratio is slightly larger at 
four hr than at 24 hr, indicating that  there is some lag 
in the hydrolysis of the acetate.} Further evidence for a 
rapid hydrolysis is provided by the d~-RRR-a-T-OH/ 
drRRR-a-T-OH ratio obtained for the first third of the 
small intestine and included contents. The value is essen- 
tially the same as that  found for the plasma, RBCs and 
tissues. Furthermore, there is little change, if any, in this 
ratio in the remaining two-thirds of the small intestine. 
It  appears, therefore, that  most of the hydrolysis of the 
acetate occurred in the first third of the intestine under 
the conditions of Experiment 2. Also, Figure 2 shows that 
the absolute amounts of d3-RRR-a-T-OH and d~-RRR-a- 
T-OH did not vary much between the three small intesti- 
nal segments. Another measure of the completeness of 
hydrolysis was obtained by comparing the d,-RRR-a-T- 
OH/d3-RRR-a-T-OH ratios in the three, small intestinal 

TABLE 5 

Comlmrison of d~-a-T-OH/d3-u-T-OH Ratios, 
Before and After Alkaline Hydrolysis a 

Before After 
Rat hydrolysis b hydrolysis c Before/After d 

Small intestine 1 0.96 1.00 0.96 
Segment 1 e 2 1.05 1.02 1.04 

3 1.03 1.16 0.89 

Small intestine 1 0.91 0.98 0.93 
Segment 2 e 2 0.99 0.97 1.02 

3 0.98 1.06 0.92 

Small intestine 1 0.77 0.78 0.99 
Segment 3 e 2 1.00 1.04 0.95 

3 1.03 0.94 1.10 

Feces 1 0.94 0.76 1,24 
2 1.05 1.01 1.04 
3 1.02 1.13 0.90 
4 1.09 1.02 1.07 
5 1.01 1.00 1.01 

aIn small intestinal segments (three ~uimals) and total fecal material 
from large intestine (five animals) of rats 24 hr after feeding with 
a mixture of d~-RRR-a-T-OH and drRRR-a-T-Ac in a bolus of food 
(Experiment 2). Ratios corrected for an initial d~-R/~-a-T-OH/ 
d3-RRR-a-T-Ac mole ratio of 1.372. 
bThese correspond to the OH/Ac ratios in Table 2. 
CThe values will be less than the values before alkaline hydrolysis, 
if there is d3-RRR-~-T-Ac present. Alkaline hydrolysis was carried 
out on three equally divided intestinal segments from three of the 
five rats. 
dRatio of the value before hydrolysis to that after hydrolysis. Values 
which are greater than one indicate the presence of unhydrolyzed 
d3-RRR-a-T-Ac in the gut 24 hr after receiving the dose. 
eThe small intestine, including contents, was divided into three 
segments of equal size, beginning with the segment closest to the 
stomach. 

segments and in the combined feces (recovered from the 
large intestine) before and after alkaline hydrolysis. The 
data, presented in Table 5, show that  there is little of the 
d3-RRR-a-T-OH, if any, remaining after 24 hr. 

Although a comparable analysis of the small intestine 
was not conducted in Experiment 1, small but significant 
amounts of acetate were indeed isolated from fecal 
material recovered from the large intestine 24 hr after the 
last dose (Table 1, footnote b). Thus, it is reasonable to 
infer that  hydrolysis of the acetate occurs more slowly 
when the dose of vitamin E is given in tocopherol-stripped 
corn oil, leading to a proportionately greater loss of the 
a-tocopherol originally present as the free phenol. 

Oxidative loss, then, still remains the most likely ex- 
planation for the poor uptake of free a-tocopherol in Ex- 
periment 1. Unfortunately, direct evidence for this phe- 
nomenon has, so far, eluded us. Preliminary analyses of 
fecal material recovered from the large intestine of the 
rats in Experiment 1 failed to reveal significant amounts 
of a-tocopheryl quinone, which is, admittedly, only one 
of several possible oxidation products. Also, this quinone 
was not detected in the plasma of these animals. 

The small variations in the OH/Ac values observed b e  
tween tissues from the same animal in Experiment 1 may 
be real, because the proportions of a-tocopherol from the 
free phenol source and the acetate source passing across 
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the  intest inal  wall into the lymph m a y  have var ied with 
time, due to the lag in the  hydrolysis  of the acetate.  Fur- 
thermore,  i t  is likely t ha t  different t issues absorbed a- 
tocopherol  f rom p la sma  at  differing ra tes  during the 
course of the exper iment  (12). 

The compet i t ive  up take  of a-T-OH into human  blood 
f rom a mix ture  of free a-tocopherol and a-tocopheryl  
ace ta te  consumed dur ing a regular  evening meal  shows 
tha t  the free form, on a mole-for-mole basis,  is a t  least  
equal to the acetate in bioavailability. This finding, which 
is in agreement  with the earlier studies (9-11), is the mos t  
direct and s t rongest  support  for maintaining the exist ing 
USP  standard for the relative biopotencies of a-tocopherol 
and a-tocopheryl acetate. Tha t  is, these two forms should 
continue to be accorded equal potency  on a molar  basis.  

Although da ta  were obtained from only five human sub- 
jects,  the resul ts  for the relative up take  of the two forms 
of vitamin E show remarkably little variation, suggest ing 
t ha t  d ie tary  s ta tus ,  type  of meal, sex and other  factors  
had relat ively little influence on the result. 

Finally, these exper iments  i l lustrate  the need for cau- 
t ion in relying on resul ts  obta ined f rom labora tory  
animals as a guide to relative potencies of different forms 
of tocopherol in human  nutrit ion. 
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Influence of Dietary Fats on Pancreatic Phospholipids 
of Chronically Ethanol-treated Rats 
Tomas Ctonholma,b, ' ,  A ldo  Nefib, Fredrik Karpeb and Tore CurstedtC 
Departments of aphysiological Chemistry, bExperimental Alcohol and Drug Research and cclinical Chemistry at Karolinska Hospital, 
Karolinska Institutet, S-104 01 Stockholm, Sweden 

Male rats were given liquid diets by pair-feeding for 24-30 
days, and phosphatidylinositols in pancreas were ana- 
lyzed as derivatives of diacylglycerols and fatty acids. 
Addition of arachidonic acid or changing the fat compw 
nent {35 energy%) in the liquid diet from olive oil/corn oil 
to oil from Borago off'winalis, which contains 22% y- 
linolenic acid, increased the fraction of arachidonoyl- 
containing species. This fraction was decreased by more 
than 50% by substituting ethanol for 36 of the 47 
energy% provided by carbohydrate. A smaller difference 
between ethanol-fed and control rats was seen in the com- 
position of phosphatidylcholines and phosphatidyletha- 
nolamines. There was no difference in the composition of 
phosphatidylinositols when fat, instead of ethanol, was 
used to substitute the 36 energy% in the diet containing 
olive oil/corn oil. Substituting ethanol for 28 of 35 en- 
ergy% provided by fat as corn oil in a liquid diet had no 
effect on the fraction of arachidonoyl-containing species. 
The results indicate that the effect of ethanol on phos- 
phatidylinositols in pancreas is not due to a deficiency 
of arachidonic acid, and that the effect of the ethanol- 
containing diet is not due to the lowered carbohydrate 
content. However, high contents of fat or of ethanol ap- 
pear to be necessary for the effect. 
Lipids 23, 841-846 {1988). 

Chronic ethanol abuse may cause pancreatitis in man. The 
pathogenesis is incompletely understood, and this ham- 
pers rational treatment and prevention. Studies on 
chronic effects of ethanol are commonly performed by 
feeding rats an ethanol-containing liquid diet {1}. Using 
this model, it was found that the arachidonoyl~containing 
phosphatidylinositols in the pancreas were replaced with 
other molecular species to a large extent ~2,3}. Phos- 
phatidylinositols are involved in the mediation of secre- 
tion responses upon stimulation {4,5}. It was therefore 
considered that  the change in composition could be 
related to the pathogenesis of secretion disturbances and 
pancreatitis. 

The decrease of arachidonoyl-containing phosphatidyl- 
inositols might have been due to deficiency of arachidouic 
acid, e.g., due to increased production of eicosanoids {6,7). 
Diets rich in y-lmolenic acid {all-cis-6,9,12~ctadecatrienoic 
acid}, a precursor of arachidonic acid, might protect 
against some detrimental effects of ethanol {7-9}. Ad- 
ministration of arachidonic acid also has been shown to 
protect against the ethanol-induced fatty liver {7,8,10,11}. 
Liquid ethanol-containing diets therefore were enriched 
with these fat ty acids in order to study if this protects 
against the biochemical changes in the pancreas. 

*To whom correspondence Should be addressed at Department of 
Physiological Chemistry, Karolinska Institutet, Box 60400, S-104 
01 Stockholm, Sweden. 
Abbreviations: y-linolenic acid, all-cis-6,9,12-octadecatrienoic acid; 
GLC, gas liquid chromatography. 

The liquid-diet model described by DeCarli and Lieber 
(12) involves administration of much more carbohydrate 
to the control rats than to the ethanol-fed rats and this 
might, in fact, be the reason for several of the differences 
seen between the ethanol-fed and the control rats {13}. A 
control experiment, therefore, was designed to study the 
effect of isocaloric substitution of the carbohydrate in the 
control diet with fat. A high-fat content in the diet might 
be necessary for the chronic effects of ethanol on the 
digestive enzymes in the pancreas {14,15}. The effect of 
ethanol on the phospholipid composition, therefore, also 
was studied in an experiment using a low-fat content in 
the ethanol-containing diet. 

MATERIALS AND METHODS 

Materials. Male Sprague-Dawley rats were used. The 
body weights are given in Tables 2 and 6-8. Alcohol and 
control liquid diets according to DeCarli and Lieber (12} 
and the same diets without the fat component were ob- 
tained from Bioserv, Inc. (Frenchtown, NJ}. Oil obtained 
by hexane-extraction of seeds from Borago officinalis was 
prepared by BioOil Research Ltd. (Crewe, England}, 
analyzed by Dr. Bengt HerslSw, KabiVitrum, Stockholm, 
Sweden, and found to contain 11.8% palmitic, 3.7% 
stearic, 16.9% oleic, 38.0% linoleic, 22.1% y-linolenic, 3.6% 
eicosanoic, 1.0% docosahexanoic and 2.0% erucic acid by 
weight. Arachidonic acid {>90% pure} was obtained from 
NuChek Prep, Inc. {Elysian, MN}. 

Diets. The composition of the diets is shown in Table 1. 
The diets used in Experiments 1-3 were based on the 
alcohol and control diets described by DeCarli and Lieber 
{12}. The diets used in Experiment 4 were based on the 
low-fat diets described by Thompson and Reitz {16}. The 
energy content was 1.24 kcallml, as compared to 1 kcal]ml 
in the DeCarli-Lieber diet, and the major nutrients were 
lactalbumin {Sigma, St. Louis, MO}, sucrose and corn oil. 
These diets also contained citric acid, vitamins and salts 
{16) and Tween-80 {Sigma), 0.1 g/g fat. 

Animal experiments. The rats were pair-fed, i.e., the 
rats eating the smallest volume on one day determined 
the provision of diet to the other rats in each pair or group 
on the following day. The diets were given for 24 days 
{Expts. 1-3) or 30 days (Expt. 4). The mean intake of 
ethanol in the different groups was 12.3-13.7 g • kg -1 • 
day -1. To ensure that  control rats and rats fed ethanol 
were equally nourished at the time of sacrifice {09.00}, the 
diets were changed both at 09.00 and 24.00 on the day 
before sacrifice. The rats were killed by cervical disloca- 
tion, and the pancreas and liver were taken out, avoiding 
visible fat. 

Analyticalprocedures. The contents of triacylglycerols 
and phospholipids in the liver were determined by extrac- 
tion and chromatography as previously described {11}. 
The species compositions of glycerophosphatides in pan- 
creas were quantitatively determined by gas liquid chro- 
matography {GLC} of 1,2-diacylglycerol 3-trimethylsilyl 
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TABLE 1 

Composition of Diets 

Major nutrients 
Expt. 
no. Ethanol Protein Carbohydrate Fat Source of fat 

energy% 
1 0/36 18 47/11 
1 0/36 18 47/11 
2 b 0/36 18 47/11 
2 b 0/36 18 47/11 
3 0 18 47/11 
4 0/28 18 47 

35 O+C a 
35 Borago oil 
35 97.5% O+C a + 2.5% 18:1 
35 97.5% O+C a + 2.5% 20:4 

35/71 O+C a 
35/7 OTC a 

aOlive oil (28.4 g/l), corn oil (8.5 g/l) and ethyl linoleate (2.7 g/l), 
bdiets containing di-tert-butyl-p-cresol (BHT), 4 mg/l. 

ethers (2,3,17). The major acyl groups in pancreatic phos- 
pholipids were determined by GLC of methyl esters ob- 
tained by transmethylation in boron trifluoride~methanol 
(18), using a fused silica capillary column coated with 
methyl silicone. Student's t-test was used for statistical 
analysis. 

RESULTS 

Effects of diets rich in 7-linolenic acid (Expt. 1). The con- 
tent of hepatic triacylglycerol was markedly and signifi- 
cantly higher in the rats fed the ethanol-containing diets 
than in the control diets (Table 2). This was true both 
when the diet contained the olive oil/corn oil mixture (12) 
and when it contained the Borago oil, rich in y-linolenic 
acid. The content of hepatic phospholipids was the same 
in the different groups. 

The fat ty acyl composition of the pancreatic phosphm 
lipids was significantly different in rats fed the Borago 
oil and in rats fed olive oil/corn off (Tables 3-5). In all three 
phospholipid classes, the fraction of arachidonoyl groups 
was higher and the fraction of oleoyl groups lower in the 
group fed Borago oil. The fraction of stearoyl groups in 
phosphatidylethanolamine and phosphatidylcholine and 
the fraction of palmitoyl groups in phosphatidylcholine 
were higher in the rats fed Borago oil. The results were 
in agreement with those obtained by analysis of molecular 
species. Thus, both the 36:4 and 38 species of phos- 
phatidylcholines and phosphatidylinositols, consisting 
mainly of the 1-palmitoyl- and 1-stearoyl-2-arachidonoyl 
species, respectively (2), constituted larger fractions in 
the rats fed Borago oil. The 34:1-2 fractions contain 
mainly the 1-palmitoyl-2-oleoyl species and the 36:1-2 
fraction the 1-stearoyl-2-oleoyl and 1-stearoyl-2-linoleoyl 
species (3). These fractions were lower in the rats fed the 
Borago oil. 

The composition of phosphatidylinositols was markedly 
and significantly different in the pancreas of rats fed the 
control diet and the ethanol-containing diet which both 
contained olive oil/corn oil (12) (Table 3). The fraction of 
the 36:4 species, consisting mainly of the palmitoyl- 
arachidonoyl species, was about 80% lower, and the frac- 
tion of the 38:3-4 species (mainly the 1-stearoyl-2-arachi- 
donoyl), 50% lower in the ethanol-fed rats. These results 

are confirmed by the decreased content of arachidonoyl 
groups in the ethanol-fed rats. Corresponding differences 
in the opposite direction were seen for the relative con- 
tent of oleoyl groups and for the 34:0 species (probably 
palmitoyl-stearoyl) and the 36:1-2 species. Similar dif- 
ferences between ethanol-fed and control rats were seen 
with the rats fed the Borago oil. However, the relative 
content of oleoyl groups was less markedly elevated in 
the ethanol-fed rats among the rats given Borago oil. In- 
stead, the relative content of linoleoyl groups was 
markedly elevated. In accordance with this, the 36:2-3 
species, which contain linoleoyl groups, constituted a 
larger fraction in these ethanol-fed rats than in the cor- 
responding controls. 

The composition of phosphatidylcholines was signifi- 
cantly different in pancreas from rats fed the control diet 
and the ethanol diet containing olive oil/corn oil (12) 
(Table 4}. Thus, the 36:1-2 fraction and the content of 
stearoyl and linoleoyl groups were higher in the ethanol- 
fed rats. There were no marked differences in the content 
of arachidonoyl-containing species. However, such dif- 
ferences were seen between the control rats and ethanol- 
fed rats that  had been given the diets containing Borago 
oil. Thus, the 36:4 fraction was much lower in the ethanol- 
fed rats, which caused the difference between the groups 
given Borago oil and olive oil/corn oil to disappear. The 
difference also was seen from the acyl group composition. 
The content of linoleoyl groups was higher, and that  of 
arachidonoyl groups was lower, in the ethanol-fed rats. 

The acyl group composition in the phosphatidyletha- 
nolamine fraction was significantly different in pancreas 
from control rats and ethanol-fed rats (Table 5). The dif- 
ferences were essentially the same in the rats fed the diets 
containing olive oil/corn oil (12) and in the rats fed the 
diets containing Borago oil. The relative content of the 
saturated acyl groups was lower, and that  of the oleoyl 
and linoleoyl groups higher, in the rats given ethanol. The 
relative content of arachidonoyl groups was the same in 
control rats and in ethanol-fed rats. 

Effects of diets containing arachidonic acid (Expt. 2). 
The species composition of phosphatidylinositols in pan- 
creas was analyzed in rats fed the liquid ethanol-contain- 
ing and control diets (12) supplemented with arachidonic 
acid or oleic acid (Table 6). The 38:3-4 fraction was 
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TABLE 2 

Hepatic Lipids of Rats Fed Liquid Diets With and Without Ethanol 
and With Different Fat Components (Expt. 1) 

Olive oil/corn oil diet Borago oil (22.1% GLA) diet 
Hepatic lipids 
{mglg) Control Ethanol Control Ethanol 

Triacylglycerols 9.6 +-- 1.7 82.4 + 19.3 c 15.7 +_ 5.8 a 76.3 __. 30.1 c 
Phospholipids 28.0 + 0.9 30.5 __. 7.1 27.6 + 2.6 24.4 +__ 3.0 
Body wt (g) 

Day 1 142.0 +_. 3.6 142.2 +__ 2.8 142.8 + 3.5 143.4 __. 2.7 
Day 24 232.1 + 5.8 201.3 + 12.6 b 232.7 +_ 4.2 187.7 +__ 19.3 c 

Results  are expressed as  mean + S.D. of values from six rats.  
ap < 0.05, 
bp < 0.01, 

Cp < 0.001 in comparisons of control and ethanol-fed ra t s  and in comparisons of ra t s  fed 
the two control diets. 

TABLE 3 

Percentage Composition of Phosphatidylinositols in Pancreas of Rats Fed Liquid Diets 
With and Without Ethanol and With Different Fat Components {Expt. 1) 

Olive oil/corn oil diet Borago oil (22.1% GLA) diet 
Acyl carbons: 
double bonds Control Ethanol Control Ethanol 

Species composition 
32:1 0.4 + 0.1 0.3 + 0.2 0.3 +-- 0.1 0.3 + 0.2 
32:0 2.4 +_ 0.2 2.4 +_ 0.5 2.6 + 0.6 2.8 +- 0.4 
34:1-2 9.5 +- 0.6 9.9 +- 1.7 7.3 +- 1.1b 8.7 +- 1.4 
34:0 5.2 +_ 0.4 12.2 + 1.6 c 4.6 + 0.4 a 12.1 +__ 0.8 c 
36:4 5.6 + 0.4 1.1 +_- 0.6 c 7.8 + 0.5 c 1.6 -4-_ 0.1c 
36:2-3 6.1 +_ 0.6 6.9 +- 1.2 6.4 +_ 0.4 9.3 + 1.7 b 
36:1-2 22.4 + 1.8 44.9 + 3.5 c 16.9 _+ 1.2 c 39.9 + 1.4c 
38:3-4 47.2 _ 2.3 20.3 -+ 4.5 c 53.0 +_ 3.0 b 23.4 +__ 2.2c 
40: d 1.2 +__ 0.8 1.9 + 1.1 1.2 +_ 0.3 1.9 + 1.3 

Acyl  group composition 

16:0 20.6 __- 3.4 21.1 + 4.1 21.9 +_ 3.6 21.0 +__ 2.4 
18:2 7.6 +-- 1.8 9.2 + 1.7 6.6 +- 0.7 14.4 + 2.0 c 
18:1 16.3 + 1.0 25.6 + 2.3 c 10.6 +_ 1.3 c 15.3 + 2.2b 
18:0 37.3 --- 2.0 37.8 + 2.6 39.0 +-- 2.5 41.3 + 2.7 
20:4 18.3 +-- 2.0 6.2 +__ 1.4 c 22.0 + 2.0 b 8.0 + 1.2c 

Results are expressed as mean +__ S.D. of values from six rats. 
ap < 0.05, 
bp < 0.01, 

Cp < 0.001 in comparisons of control and ethanol-fed ra t s  and in comparisons of ra ts  fed 
the two control diets. 
dNumber  of double bonds not  determined. 

increased in the control rats given the arachidonic acid- 
supplemented diet. The differences between the composi- 
tions seen in control rats and ethanol-fed rats were about 
the same when the diets were unsupplemented {Table 3) 
or supplemented with oleic acid or arachidonic acid. The 
relative content of arachidonoyl-containing species in 
ethanol-treated rats was higher in experiments with ara- 
chidonoyl-containing diets than in experiments with diets 
supplemented with oleic acid. 

Comparison of energy substitution with lipid and with 
carbohydrate (Expt. 3). R a t s  w e r e  p a i r - f e d  t h e  c o n t r o l  d i e t  
d e s c r i b e d  b y  D e C a r l i  a n d  L i e b e r  (12), w h i c h  c o n t a i n s  car -  
b o h y d r a t e  i n s t e a d  o f  e t h a n o l ,  a n d  a c o r r e s p o n d i n g  con -  
t r o l  d i e t  w i t h  f a t  i n s t e a d  of  e t h a n o l .  T h e  s p e c i e s  c o m p o s i -  
t i o n  o f  t h e  p h o s p h a t i d y l i n o s i t o l s  i n  p a n c r e a s  w a s  a b o u t  
t h e  s a m e  i n  t h e s e  t w o  g r o u p s  o f  c o n t r o l s  {Tab le  7). 

Effects of ethanol addition to a low-fat diet (Expt. 4). 
P h o s p h a t i d y l i n o s i t o l s  i n  p a n c r e a s  w e r e  a n a l y z e d  b o t h  
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TABLE 4 

Percentage Composit ion of Phosphatidylcholines in Pancreas  of Ra t s  Fed Liquid Diets 
With and Without Ethanol and With Different Fa t  Components  (Expt. 1) 

Olive oil]corn off diet  Borago oil (22.1% GLA) diet 
Acyl carbons: 
double bonds Control E thanol  Control E thanol  

Species composition 
32:1 1.0 + 0.1 0.6 +_ 0.1 c 0.8 + 0.1 0.7 + 0.4 
32:0 3.9 + 0.2 2.5 +_ 0.3 c 5.5 • 0.3 c 4.0 + 0.6 c 
34:2-3 1.0 + 0.2 0.7 + 0.1 a 3.1 + 0.3 c 2.9 • 0.5 
34:1-2 42.1 _+ 1.5 43.4 _+ 5.3 31.9 +__ 1.0 c 36.9 • 1.7 c 
36:4 14.2 • 0.4 11.9 _+ 2.0 a 20.6 • 0.7 c 14.6 • 1.1 c 
36: d 6.3 ----- 1.1 4.7 + 1.0 a 7.2 + 0.9 5.3 +--- 0.9 b 
36:2-3 14.2 ----- 0.6 13.5 _ 0.8 12.3 • 0.5 c 13.6 ----- 0.9 a 
36:1-2 8.6 ----- 0.3 12.4 ___ 1.0 c 8.0 • 0.3 b 11.0 ----- 1.2 c 
38: d 8.7 • 1.1 10.3 + 3.1 10.5 • 0.9 a 10.8 ___ 1.2 
40: d 0.0 • 0.0 0.1 _-+ 0.1 0.1 • 0.2 0.2 __+ 0.2 

Acyl group composition 
16:0 40.9 _+ 2.2 37.5 + 1.1 44.5 + 1.4 b 40.9 + 1.7 b 
18:2 20.1 _ 1.1 24.8 +_ 3.4 b 16.0 + 0.9 c 23.7 +__ 1.3 c 
18:1 15.9 + 1.1 15.0 +__ 0.7 8.8 + 1.1 c 8.1 ___ 1.0 
18:0 6.4 _+ 0.5 8.2 + 1.2 b 7.5 + 0.5 b 8.9 __+ 1.1 a 
20:4 16.6 +_ 1.6 14.5 + 3.6 23.2 _ 1.6 c 18.5 + 1.3 c 

Results  are expressed as mean  • S.D. of values f rom six rats .  
ap < 0.05, 
bp < 0.01, 

Cp < 0.001 in comparisons of control and ethanol-fed ra ts  and in comparisons of ra t s  fed 
the two control diets. 
dNumber  of double bonds not  determined. 

TABLE 5 

Percentage Acyl Group Composition of Phosphat idyle thanolamines  in Pancreas  of Rats  
Fed Liquid Diets With and Without  Ethanol  and With Different Fa t  Components {ExpL 1) 

Olive oil]corn oil diet  Borago oil (22.1% GLA) diet 
Acyl carbons: 
double bonds Control E thano l  Control  E thanol  

16:0 14.4 • 1.0 9.0 + 1.3 c 14.7 + 1.4 9.5 + 1.2 c 
18:2 9.7 + 0.4 12.5 __+ 1.8 b 8.6 + 1.1 a 13.3 ___ 0.6 c 
18:1 21.1 + 0.9 28.6 ___ 2.1 c 13.7 + 1.1 c 20.1 + 3.6 b 
18:0 20.1 _ 1 . 2  18.7 +_ 1.1 23.7 + 2.0 b 20.0 +__ 1.2 b 
20:4 34.7 + 2.4 31.2 + 3.4 39.3 + 4.4 a 37.2 +__ 3.0 

Results  are expressed as mean  + S.D. of values from six rats.  
ap  < 0.05, 
bp < 0.01, 

Cp < 0.001 in comparisons of control and ethanol-fed ra t s  and in comparisons of ra ts  fed 
the two control diets. 

w i t h  r e s p e c t  t o  s p e c i e s  c o m p o s i t i o n  a n d  a c y l  g r o u p  c o m -  
p o s i t i o n  ( T a b l e  8). N o  d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  
t h e  t w o  g r o u p s  i n  t h e  c o n t e n t  o f  t h e  a r a c h i d o n o y l  g r o u p  
o r  t h e  a r a c h i d o n o y l - c o n t a i n i n g  s p e c i e s .  T h e  c o n t e n t  o f  
l i n o l e o y l  g r o u p s  a n d  l i n o l e o y l - c o n t a i n i n g  s p e c i e s  w a s  
l o w e r  i n  t h e  e t h a n o l - f e d  r a t s ,  a n d  t h e  l i n o l e o y l  g r o u p  w a s  
t h e n  r e p l a c e d  b y  o l e o y l  a n d  p a l m i t o y l  g r o u p s .  

DISCUSSION 

V e r y  p r o n o u n c e d  d e c r e a s e s  h a v e  b e e n  o b s e r v e d  p r e v i -  
o u s l y  fo r  a r a c h i d o n o y l - c o n t a i n i n g  p h o s p h a t i d y l i n o s i t o l s  
i n  p a n c r e a s  o f  r a t s  f e d  a n  e t h a n o l - c o n t a i n i n g  l i q u i d  d i e t  
(2,3). T h e s e  r e s u l t s  w e r e  c o n f i r m e d  i n  t h e  p r e s e n t  s t u d y  
( T a b l e  3). T h i s  e f f e c t  o f  e t h a n o l  m i g h t  h a v e  b e e n  d u e  t o  
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TABLE 6 

Percentage Composition of Phosphatidylinositol Species in Pancreas of Rats 
Fed Liquid Diets With and Without Ethanol and Supplemented With Oleic Acid 
or Arachidouic Acid, 2.5% of the Fat (Expt. 2) 

Oleic acid diets Arachidonic acid diets 
Acyl carbons: 
double bonds Control Ethanol Control Ethanol 

32:1 0.4 • 0.1 0,3 • 0.1 b 0.3 • 0.1 0.3 • 0.1 
32:0 2.4 + 0.4 1.9 • 0.3 1.8 • 0.3 a 1.6 • 0.2 
34:1-2 12.4 •  11,2 • 0.9 9.4 + 0.9 b 10.2 • 0.8 
34:0 5.8 • 0.9 13.5 • 1.4 c 5.2 • 0.6 11.7 • 1.4 c 
36:4 5.7 + 0.7 0.9 • 0.1 c 6.3 • 0.4 1.3 • 0.3 c 
36:2-3 8.0 • 0.5 7.6 + 0.5 6.7 • 0.9 a 7.6 + 1.2 
36:1-2 22.4 • 1.0 46.6 • 1.3 c 21.2 • 1.5 43.9 + 6.0 c 
38:3-4 42.4 • 2.8 16.6 • 1.3 c 48.8 • 1.3 b 21.8 • 4.4 c 
40: d 0.5 • 0.6 1.6 • 0.2 a 0.3 • 0.3 1.8 • 0.8 a 

Body wt (g) 
Day 1 134.0 • 5.5 134.5 • 4.0 133,8 ___ 4.6 134.3 • 3.2 
Day 24 228.0 • 13.4 209.8 • 30.1 224.1 • 6.5 200.3 • 7.3 c 

Results are expressed as mean • S.D. of values from four rats. 
ap < 0.05, 
bp < 0.01, 

Cp < 0.001 in comparisons of control and ethanol-fed rats  and in comparisons of rats  fed 
the two control diets. 
dNumber of double bonds not determined. 

TABLE 7 

Percentage Composition of Phosphatidylinositol Species 
in Pancreas of Rats Fed a Liquid Control Diet Used 
in Ethanol Feeding Experiments* (Expt. 3) 

Acyl carbons: Carbohydrate Fat 
double bonds substitution substitution 

32:1 0.4 _+ 0.1 0.2 • 
32:0 1.9 + 0.3 1.9 • 
34:1-2 10.1 • 0.8 9.8 • 
34:0 6.3 + 0.3 7.0 • 
36:4 3.8 + 0.2 2.9 • 
36:2-3 7.0 +_ 1.1 6.5 • 
36:1-2 26.6 • 2.7 31.8 • 
38:3-4 43.9 _--_ 4.0 39.7 • 
40: d 0.1 ___ 0.1 0.1 • 

Body wt {g) 
Day 1 113.4 ___ 3.0 113.6 + 
Day 24 298.9 • 22.1 310.6 • 

TABLE 8 

Percentage Composition of Phosphatidylinositols in Pancreas of 
Rats Fed Liquid Diets* (Expt. 4} 

Acyl carbons: 
double bonds Control Ethanol 

0.0 a Species composition 
0.2 32:1 0.3 --. 0.1 1.1 • 0.1 c 
0.8 32:0 3.6 • 0.4 5.8 • 0.9 c 
0.7 34:1-2 9.1 • 1.0 15.6 • 1.3 c 
0.6a 34:0 8.1 • 0.5 10.5 • 1.9 a 
0.8 36:4 3.7 • 0.5 4.5 + 0.8 
5,4 36:2-3 4.1 • 0.3 3.8 • 0.5 
6.4 36:1-2 34.9 • 1.6 22.1 • 2.0 c 
0,0 38:3-4 35.5 • 2.0 35.4 • 4.4 

40: d 0.7 • 0.4 1.2 + 0.4 

3.8 
8.9 

*36 Energy% from ethanol was subst i tuted by carbohydrate and 
the same diet with this substi tution done by fat. 

Results are expressed as mean - S.D. of values from five rats. 
ap < 0.05 in comparisons of the two groups. 
b, CNot applicable. 

dNumber of double bonds not determined. 

d e f i c i e n c y  o f  a r a c h i d o n i c  a c i d  (6-8).  S i n c e  p r o s t a g l a n d i n s  
m i g h t  p r o t e c t  a g a i n s t  p a n c r e a t i t i s  (19}, a v i c i o u s  c i r c l e  
w a s  s u g g e s t e d  t o  e x p l a i n  t h e  e f f e c t s  (17). T h u s ,  t h e  d i e t s  
w e r e  s u p p l e m e n t e d  w i t h  a r a c h i d o n i c  a c i d  or  i t s  p r e c u r -  
s o r  y- l inolenic  ac id .  T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  d e c r e a s e  
in  a r a c h i d o n o y l - c o n t a i n i n g  p h o s p h a t i d y l i n o s i t o l s  i n  t h e  
p a n c r e a s  is  n o t  d u e  t o  i n s u f f i c i e n t  s u p p l y  o f  a r a c h i d o n i c  
a c i d  o r  t o  r e d u c e d  a c t i v i t y  o f  t h e  A 6 - d e s a t u r a s e  (7,20). 

Acyl group composition 
16:0 16.0 • 1.2 21.7 __. 1.8 c 
18:2 16.6 + 0.9 7.5 --- 0.8 c 
18:1 5.5 + 0.8 9.9 • 1.0 c 
18:0 41.2 + 1.0 39.8 • 1.2 a 
20:4 20.8 ___ 1.7 21.1 __. 2.5 

Body wt  (g) 
Day 1 118.5 ___ 3.3 117.2 __. 2.6 
Day 30 235.2 + 9.1 224.8 + 4.8 

*47 Energy% from carbohydrate and either 35 energy% from fat  
or 7 energy% from fat and 28 from ethanol. 
Results are expressed as mean - S.D. of values from five rats. 

ap < 0.05 in comparisons of the two groups. 
bNot applicable. 
Cp < 0.001 in comparisons of the two groups. 

dNumber of double bonds not determined. 
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In a previous study, no significant differences were seen 
in the composition of phosphatidylcholines and phospha- 
t idylethanolamines in the pancreas of ra ts  fed ethanol- 
containing and control diets (2). A more detailed analysis 
revealed significant differences in the compositions, bu t  
these were smaller than  for the phosphatidylinositols 
(Tables 3-5). The differences seen between ethanol-fed and 
control ra ts  were more marked when the diet was based 
on the y-linolenic acid-containing Borago  oil than  when 
it  was based on olive oil/corn oil (12). 

I t  is difficult to assess the effect of these changes on 
the physical properties of the membrane. The changes in 
the composition of phosphatidylcholines and phospha- 
t idylethanolamines do not  appear to be consistent  with 
a decrease in fluidity (21,22). However, it was recently 
reported tha t  phosphatidylinositols specifically confer 
membrane tolerance to ethanol when obtained from 
ethanol-fed ra ts  (23). This is consistent  with the pro- 
nounced changes in the composition of this phospholipid 
in ethanol-treated rats.  

One aim of the present s tudy was to evaluate if the com- 
position of phosphatidylinositols could be changed by  
dietary means, since this might  protect  against  the ef- 
fects of ethanol on pancreas. Diets containing oil from 
evening primrose (Oenothera biennis)  have been sug- 
gested for prevention of various diseases (24), including 
those caused by  ethanol (8,9), and the active component  
is considered to be y-linolenic acid. The methyl  ester  of 
this a t tenuates  the ethanol-induced fa t ty  liver when ad- 
ministered intraperitoneally (8,25). Since off from Borago 
of f ic inal is  has more than  twice the y-linolenic acid con- 
tent  of evening primrose oil (9), it was chosen for the pres- 
ent  study. However,  the dietary, ra ther  than  the intra- 
peritoneal, administration of larger amounts of y-linolenic 
acid did not  a t tenuate  the hepatic accumulation of 
triacylglycerols in the ethanol-fed rats  (Table 2). Possibly, 
this was due to the difference in mode of administrat ion 
or in the molecular species composition of the oils. 

The ra ts  fed the B o r a g o  oil had elevated fractions of 
arachidonoyl-containing phospholipids in pancreas. The 
changes in the phosphatidylinositols were small and it  
is not  known if they might  have had any effect on the 
function, e.g., in the phosphoinosit ide cycle (5) or the at- 
tachment  of acetylcholine esterase (26). Diets containing 
arachidonic acid and Borago  oil had about  the same ef- 
fects on the composition, in agreement with efficient con- 
version of y-linolenic to arachidonic acid. 

The differences between the compositions of the phos- 
pholipids in ethanol-fed and control ra ts  were not  elimi- 
na ted  by  the Borago  oil. However,  the relative content  
of arachidonoyl-containing phosphatidylcholines was the 
same, in the control ra ts  fed the olive oil/corn oil diet, as 
in the r a t s  fed the ethanol-containing diet based on 
Borago  oil. Thus, this oil might  protect  against  effects 
of ethanol which are due to certain membrane changes 
(21) and to general deficiencies of arachidonic acid (7,9,24). 

When ra ts  are pair-fed liquid ethanol-containing diets, 
the energy provided by  ethanol (36%) is usually substi- 
tuted with carbohydrate in the control diets {12). Feeding 
two control diets tha t  differed with respect to fat  and car- 
bohydrate content indicated that  the effect of the ethanol- 
containing diet was not  due solely to the low content  of 
carbohydrate.  However,  when the diets contained equal 
and high amounts  of carbohydra te  (47 energy%), there 

was no difference in the arachidonoyl-containing fraction 
of phosphatidylinositols between ra ts  given 35 energy% 
as fat  and rats  given a diet providing 28 energy% from 
ethanol and 7 energy% from fat. Thus, high contents  of 
fat  or of ethanol appear to be necessary for the effect on 
the phosphatidylinositol  composition. This is similar to 
the requirements for effects on the secretory function of 
the pancreas (14,15} and accumulation of fat  in the liver 
(27-29). 
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Differential Effects of Dietary Linoleic and a-Linolenic Acid 
on Lipid Metabolism in Rat Tissues 
M.L. Garg, E. Sebokova, A. Wierzbicki, A.B.R. Thomson ond  M.T. Clandinin" 
Nutrition and Metabolism Research Group, Departments of Foods & Nutrition and Medicine, 533 Newton Research Building, University 
of Alberta, Edmonton, Alberta, Canada T6G 2C2 

Comparative effects of feeding dietary linoleic (safflower 
oil) and a-finolenic (linseed oil) acids on the cholesterol con- 
tent and fatty acid composition of plasma, fiver, heart 
and epididymal fat pads of rats were examined. Animals 
fed hydrogenated beef tallow were used as isocaloric con- 
trols. Plasma cholesterol concentration was lower and the 
cholesterol level in liver increased in animals fed the saf- 
flower oil diet. Feeding the linseed oil diet was more ef- 
fective in lowering plasma cholesterol content and did not 
result in cholesterol accumulation in the liver. The cho- 
lesterol concentration in heart and the epididymal fat pad 
was not affected by the type of dietary fatty acid fed. 
Arachidonic acid content of plasma lipids was signifi- 
cantly elevated in animals fed the safflower oil diet and 
remained unchanged by feeding the linseed oil diet, when 
compared with the isocaloric control animals fed hydro- 
genated beef tallow. Arachidonic acid content of liver and 
heart lipide was lower in animals fed diets containing saf- 
flower oil or linseed oil. Replacement of 50% of the saf- 
flower oil in the diet with linseed oil increased a-linolenic, 
docosapentaenoic and docosahexaenoic acids in plasma, 
liver, heart and epididymal fat pad lipids. These results 
suggest that dietary 18:2co6 shifts cholesterol from 
plasma to fiver pools followed by redistribution of 20:4o~6 
from tissue to plasma pools. This redistribution pattern 
was not apparent when 18:3co3 was included in the diet. 
Lipids 23, 847-852 (1988). 

Attempts to elucidate mechanisms by which dietary 
polyunsaturated fatty acids (PUFA) lower blood choles- 
terol level in man (1-2) and animals (3-7) have led to the 
hypothesis that dietary PUFA cause redistribution of 
cholesterol from blood to tissue pools. To test this hypoth- 
esis, several studies have examined the effect of dietary 
PUFA on plasma and tissue cholesterol levels {8-12), 
using vegetable oils rich in linoleic acid (18:2co6). Marine 
oils rich in eicosapentaenoic (20:5o~3) and]or docosahexa- 
enoic acid (22:6r have been shown to be more effective 
against hypercholesterolemia (12-15). However, one 
study (16) has shown that both the vegetable oil and fish 
oil cause similar decreases in cholesterol levels. While 
vegetable oils rich in o~6 fatty acids have proaggregatory 
effects in thrombosis (17-19), marine oils rich in very long 
r fat ty acids may account for the enhanced bleeding 
tendency observed (20-22), due to their antiaggregatory 
effects. Some studies have shown that vegetable oils have 
antiaggregatory effects (23,24). However, these studies 
suggest one thing in common, that the number and ar- 
rangement of double bonds within a fat ty acid molecule 
is an important factor for cholesterol-lowering and throm- 
botic activity. Eicosapentaenoic and docosahexaenoic 

*To whom correspondence should be addressed at: Nutrition and 
Metabolism Research Group, 318 Home Economics Building, 
University of Alberta, Edmonton, Alberta, Canada T6G 2M8. 
Abbreviations: PUFA, polyunsaturated fatty acids; GLC, gas-liqnid 
chromatography; TLC, thin-layer chromatography. 

acids present in marine oils are the desaturated-chain 
elongated products of a-linolenic (18:3r acid (25). The 
question of whether 18:3co3 can affect the plasma and/or 
tissue cholesterol and fatty acid metabolism has not been 
given much attention. It is conceivable that 18:3~3 may 
have an intermediate effect, in terms of its antiag- 
gregatory and hypocholesterolemic effects, between that 
of r fatty acids of vegetable oils and very long-chain r 
fat ty acids of marine otis. 

The present experiment was designed to clarify the ef- 
fect of feeding 18:3o~3 on tissue cholesterol pools and fatty 
acid composition. Safflower- and linseed-off-fed rats were 
used to identify the specificity of the action of 18:2r and 
18:3r on the distribution of tissue cholesterol pools and 
levels of 20:4o~6, in comparison with animals fed a diet 
high in hydrogenated beef tallow. 

MATERIALS AND METHODS 

Animals and diets. Male adult Sprague-Dawley rats 
weighing 200-250 g were allotted to individual stainless 
steel cages and provided water and laboratory chow for 
three days before starting the experimental diet treat- 
ment. After three days of feeding chow, rats were weighed 
and divided into three groups of five rats per group in 
a manner ensuring that the average body wt was similar 
in each group. Each group of animals was fed a semisyn- 
thetic diet enriched with either saturated or linoleic or a- 
linolenic acid. Semipurified diets containing 20% (w/w) 
fat (26) were prepared by mixing either 180 g hydrogen- 
ated beef tallow plus 20 g safflower oil or 200 g safflower 
oil or 100 g linseed oil plus 100 g safflower oil {Table 1) 
per kg of total diet. The fatty acid composition of these 
diets is illustrated {Table 1). The fat mixture of the 
hydrogenated beef tallow diet contained 26% palmitic and 
41% stearic acid, the safflower oil diet was high in linoleic 
acid (71.2%), while the linseed oil diet provided ahigh con- 
tent of a-linolenic acid at 24.1% {Table 1). Diets were 
prepared weekly and stored at - 2 0  C. Food and water 
were available to the animals ad libitum for a feeding 
period of 28 days. 

Analyticalprocedures. After feeding the experimental 
diets for four weeks, animals were killed between 0800 
and 1000 hr and liver, heart and epididymal fat pads were 
removed and placed in ice-cold physiological saline. After 
decapitation, trunk blood was collected in heparinized 
tubes and the plasma was separated (1500 • g for 10 
min). For lipid extraction, plasma, livers, hearts and 
epididymal fat pads from animals fed the fat-supple~ 
mented diets were homogenized in chloroform/methanol 
(2:1, v/v) (27). Aliquots of the total lipid extracts from 
these tissues were taken for determination of free 
cholesterol, esterified cholesterol and total cholesterol 
(28). Free cholesterol and esterified cholesterol from lipid 
extracts of the epididymal fat pad were separated by thin- 
layer chromatography (TLC) on Silica Gel G plates using 
a solvent system composed of petroleum ether/diethyl 
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TABLE 1 

Fatty Acid Composition of Experimental Diets 
{wt % of total fatty adds) 

Fatty acida, b Beef tallow c Safflower oil c Linseed oilC 

14:0 3.7 0.5 0.3 
15:0 0.5 -- - -  
16:0 26.1 8.1 6.3 
16:1~7 0.3 -- 0.1 
17:0 1.5 -- - -  
18:0 47.1 2.7 3.8 
18:1~9 5.7 12.4 18.8 
18:1~7 0.7 0.7 0.6 
18:2~6 9.0 71.2 43.3 
18:3co6 0.1 1.2 0.2 
18:3co3 0.1 0.2 24.1 
18:4~3 -- -- 1.0 
Others 0.2 0.3 0.3 

Y.Saturated 79.9 11.6 10.8 
Y.-Monounsaturated 6.7 13.2 19.8 
Zr 9.2 72.2 44.2 
~-r 0.1 0.2 25.2 

aFatty acids are designated by the chain length, number of double 
bonds and the position of the first double bond from the methyl end 
of the molecule. 
bOnly major individual fatty acids are reported. 
CFats were added to the basal diet in the following proportions: 180 g 
hydrogenated beef tallow plus 20 g safflower oil (beef tallow diet}; 
200 g safflower oil {safflower oil diet}; and 100 g linseed oil plus 100 g 
safflower off {linseed off diet} per kg of diet. The basal diet contained 
the following components {g]kg diet): casein, 270; starch, 200; glucose, 
207; nonnutritive cellulose, 50; vitamin mix, 10; mineral mix, 50; 
choline, 2.75; I~methionine, 6.25; as described elsewhere {23}. 

ether/acetic acid (80:20:1, v/v/v), ex t rac ted  and then 
assayed  individually (28). 

Lipid ex t rac t s  were conver ted to f a t t y  acid methy l  
esters using BF3-methanol (14%, w/w) reagent  (29). Fa t t y  
acid methy l  es ters  were separa ted  and quantified by  
automated gas-liquid chromatography (GLC) {Varian, 
Model-6000; 30), using a 20-m fused-silica capillary col- 
,,ran (BP-20, S.G.E. Pty. Ltd., Melbourne, Australia). 
Helium was used as the carrier gas. Injector and detec- 
tor temperatures were maintained at 250 C. The column 
temperature was programmed from 130 C to 225 C, at a 
ra te  of 20 C/rain up to 175 C, and then a t  a rate  of 5 C/mln 
up to 225 C. These chromatographic conditions separated 
all major positional and geometric isomers for f a t ty  acids 
from 12 to 24 carbons in chain length. F a t t y  acid methy l  

es ter  peaks  were identified by  injecting authentic  stan- 
dard mixtures  of f a t ty  acid methy l  esters.  

STATISTICAL ANALYSIS 

All da ta  are presented as the mean +_ s tandard  deviation. 
The effect of dietary fat  supplements  was analyzed using 
analysis  of var iance procedures  and the effect of in- 
dividual diets was compared  for s tat is t ical  significance 
(p < 0.05) us ing a Duncan ' s  multiple range tes t  (31). 

RESULTS 

The average  body wt, liver wt, liver wt  to body wt  per- 
centages, hear t  wt  and amount  of food consumed per day  
for the animals  fed the fa t -supplemented diets for a four 
wk period are presented (Table 2). Ra t s  fed the linseed 
oil diet  had significantly higher body wt  compared  with 
-those fed the hydrogenated beef tallow diet. Animals con- 
sumed similar amounts  of food per day irrespective of the 
fat  supplement.  The wet wt  of the livers, liver wt to body 
wt  ratios and heart  wt  were also unaffected by  the dietary 
f a t t y  acid composi t ion {Table 2). 

Feeding the safflower oil diet for 28 days  reduced 
p lasma  cholesterol content  compared  with control 
animals  fed beef t a l low {Table 3). This reduction was 
detected in the esterified-cholesterol content  while the 
unesterified-cholesterol content  was increased in the 
p lasma of r a t s  fed the safflower oil diet. Feeding the 
linseed oil diet was more effective in lowering the p lasma 
cholesterol level (Table 3). Total  cholesterol content  of 
liver t issue was significantly increased following feeding 
of the safflower oil diet. This increase was due to ac- 
cumulat ion of bo th  free and esterified cholesterol in the 
liver. Replacement  of 50% of the safflower oil by  linseed 
oil reduced accumulat ion of cholesterol in liver tissue. 
Cholesterol levels in hear t  and epididymal  fa t  pads  were 
unchanged by  die tary  t rea tments .  Nei ther  the free- nor 
the esterified-cholesterol content  of hear t  or the epi- 
d idymal  fa t  pad  was affected by  changes in the d ie tary  
fa t  composi t ion (Table 3). 

Essent ia l  f a t t y  acid (18:2co6 and 20:4co6) content  of 
p lasma was elevated by  feeding the safflower oil diet, with 
an accompanied decrease in 16:0, 18:0 and 18:1 content  
when compared  with animals  fed diets containing beef 
tallow {Table 4, Fig. 1). Feeding the linseed oil diet  re- 
sulted in accumulat ion of 18:3(o3, 22:5w3 and 22:6co3 in 
the p lasma  lipids, bu t  failed to alter the 20:4~6 content.  
In  liver tissue, bo th  the safflower oil and the linseed oil 
diets lowered the 20:4co6 content  (Table 4, Fig. 1) to the 

TABLE 2 

Effect of Dietary Fat  Treatments on the Liver Weight,  Body Weight, Heart Weight, 
Liver Weight to Body Weight Ratios and Food Consumption s 

Body wt Liver wt LW/BW Heart wt Food consumed 
Diet (g) (g) (%) (g) (g/day) 

Beef tallow 370 • 14 14.1 • 0.6 3.8 • 0.2 1.1 • 0.I 21.8 • 1.9 
Safflower oll 401 • 20 14.5 • 0.7 3.6 • 0.2 1.2 • 0.1 20.4 • 1.8 
Linseed oil 421 ___ 22 b 16.1 :t: 1.5 3.8 • 0.2 1.2 • 0.1 22.9 • 1.8 

aValues given are the mean + standard deviation of 5 rats. 
bSignificantly different from the beef tallow-fed Animals at p < 0.05. 
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TABLE 3 

Effect of Dietary Fat Treatment on the Cholesterol Content of Rat  P lasma,  
Liver, Heart and Epididymal Fat Pad a 

Tissue  Cholesterol fraction Beef tallow Safflower oil Linseed oil 

P l a sma  Free 29.8 +_ 2.5 34.2 ___ 1.2 b 30.0 - 3.0 
(mg/100 ml) Ester i f ied 39.4 _+ 2.0 28.1 +__ 2.9 c 25.2 ___ 3,4 c 

Total  69.2 +_ 1.6 62.1 +_ 1.9 b 55.2 _ 1.7 c 

Liver Free 130 _ 11 156 +__ 7 b 137 _ 7 
ling/100 g) Ester i f ied 70 - 6 95 +_ 12 b 76 +-- 14 

Tota l  200 _+ 15 251 +_ 15 b 214 +__ 12 

Hea r t  Free  108 ___ 7 107 +_ 4 117 +_ 11 
ling/100 g) Ester i f ied 26 +_ 1 26 + 3 29 +_ 2 

Total  135 _+ 7 133 __- 6 146 +_ 14 

Adipose  t i s sue  Free 133 :t= 3 135 _+ 4 136 +_ 6 
(mg]100 g} Es te r i f ied  32 ___ 2 31 _+ 2 32 __ 4 

Total  165 +_ 3 166 +_ 3 168 _+ 6 

aValues  are the  mean  +_ s t anda rd  deviat ion for 5 animals.  

bSignificantly different f rom beef tallow-fed animals  at  p < 0.05. 

cs ignif icant ly  different f rom beef tallow-fed animals  at  p < 0.01. 

TABLE 4 

Effect of Dietary Fat Treatments on the Fatty Acid Composition of Rat Plasma and Liver Total Lipids twt % of total fatty acids) a 

P la sma  Liver 

F a t t y  acid Beef tallow Safflower off Linseed oil Beef tallow Safflower oil Linseed oil 

14:0 2.3 +_ 0.5 a 0.4 +_ 0.1 b 0.3 + 0.0 b - -  - -  - -  
16:0 22.3 +__ 1.0 a 15.5 +_ 1.1 b 13.1 __. 1.1 b 15.4 + 0.8 14.9 +_ 0.8 13.5 + 0.7 
16:1(o7 1.6 +_ 0.5 a 0.5 +_ 0.1 b 0.3 _ 0.1 c 1.2 +__ 0.3 a 0.4 +_ 0.1 b 0.3 +-- 0.0 b 
17:0 0.6 +_ 0.1 0.5 --+ 0.1 0.7 +__ 0.2 0.6 +_ 0.1 a 0.2 +__ 0.0 b 0.3 +-- 0.0 c 
18:0 21.8 + 0.9 a 13.0 +_ 1.4 b 14.3 +_ 2.6 b 25.7 +__ 0.8 a 14.7 +__ 1.8 b 19.4 +-- 3.9 c 
18:1009 15.2 +_ 1.4 a 8.0 +_ 0.8 b 10.2 + 1.8 b 8.2 + 0.5 6.9 + 0.6 7.7 +-- 1.9 
18:1oo7 2.2 +_ 0.3 a 1.8 + 0.4 a 1.3 _ 0.1 b 2.5 + 0.4 2.2 + 0.4 1.8 --+- 0.1 
18:2oo6 18.5 _ 1.3 a 40.3 ___ 4.1 b 32.8 _+ 2.8 c 11.2 + 0.8 a 32.4 + 3.6 b 23.3 +--- 4.0 b 
18:3o)6 0.2 ___ 0.1 a 0.3 + 0.1 a 0.1 + 0.0 b 0.2 +_ 0.0 a 0.5 + 0.1 b 0.2 + 0.1 a 
18:3003 T b,a - -  8.3 +_ 1.9 b 0.3 _+ 0.2 a 0.1 +_ 0.0 a 3.8 +-- 1.4 b 
20:1oo9 0.2 + 0.1 - -  0.1 ___ 0.0 a 0.2 +_ 0.0 b 0.2 + 0.1 b 
20:2006 0.1 __. 0.0 a 0.9 --+-0.1 b 0.4 __. 0.1 c 0.3 + 0.1 a 1.5 _+ 0.2 b 0.8 +-- 0.2 c 

20:3009 0.2 + 0.0 a 0.2 ___ 0.0 a 0.1 "!"_ 0.0 b - -  - -  - -  
20:3006 0.4 +__ 0.1 0.4 +_ 0.0 0.5 +_ 0.1 0.7 -- 0.1 0.7 + 0.1 0.9 --+ 0.1 
20:4006 11.4 +_ 0.4 a 14.7 _ 1.2 b 11.8 + 2.8a, b 25.0 +__ 1.4 a 18.0 +__ 1.5 b 18.4 +-- 2.4 b 
20:5003 - -  --  0.1 +__ 0.1 0.1 + 0.0 0.2 +-- 0.1 
22:4006 --  0.7 +_ 0.2 a 0.1 +_--0.0 b 0.4 + 0.1 a 1.0 +__ 0.2 b 0.2 +_ 0.0 c 

22:5006 0.6 +_ 0.2 a 0.9 +--- 0.2 a T 1.3 +_ 0.2 1.6 + 0.2 - -  
22:5003 0.3 +_ 0.2 a 0.2 +_ 0.1 a 0.6 +-- 0.1 b 0.1 --4-- 0.0 a - -  0.9 + 0.1 b 
22:6(o3 0.9 --- 0.1 a 0.7 + 0.2 a 2.1 +__ 0.4 b 3.1 +_ 0.2 a 1.6 + 0 2 b 4.3 --- 0.6 c 
ESat.  47.7 ___ 1.4 30.2 __. 2.8 28.5 + 3.8 42.7 + 0.9 30.6 _ 2.5 33.7 - 4.3 
Y_MUFA c 19.6 _+ 1.6 10.8 _ 1.2 12.5 +_ 1.8 12.7 __ 0.9 10.5 _+ 0.5 11.2 + 1.9 
E006 31.2 + 1.8 57.9 + 3.2 46.8 +_ 1.2 38.6 __. 1.1 55.1 ----- 3.0 43.2 ----- 1.4 
�9 003 1.5 ___ 0.3 1.1 __. 0.2 11.4 + 1.5 3.6 ----- 0.3 1.8 __. 0.2 9.4 + 1.0 

aValues  given are mean  +_ s t anda rd  deviat ion of 5 separa te  de te rmina t ions  (n = 5). Values w i thou t  a common  supersc r ip t  are signifi- 

cant ly  different at  p < 0.05. 

bTrace a m o u n t  (<0.1). 

CMonotmsatura ted  fa t ty  acid. 
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s a m e  e x t e n t  (ca. 28% c o m p a r e d  w i t h  t he  g roup  fed beef  
tallow). C o n s u m p t i o n  of  t he  saf f lower  oil d ie t  inc reased  
depos i t i on  of  18:2co6, 20:2co6 and  22:4co6 and  dep le t ion  
of  22:5c03 and  22:6co3 in t he  f iver  fipids. On the  o the r  
hand,  18:3co3, 22:5co3 and  22:6co3 in t he  l iver  t i s sue  in- 
c reased  fo l lowing  the  feed ing  of  t he  l inseed oil d ie t  
(Table 4). 

FIG. 1. Percentage change in the arachidonic acid content of plasma, 
liver and heart lipids compared with the hydrogenated beef tallow 
group. 

I n g e s t i o n  of  t he  saf f lower  oil d ie t  inc reased  18:2co6 and  
22:5co6 c o n t e n t  in card iac  l ipids and  was  accompan ied  by  
dec reased  20:4co6 and 22:6co3 c o n t e n t  {Table 5). F e e d i n g  
the  l inseed oil diet  decreased the  20:4co6 levels  in the  hear t  
m o r e  e f f ec t ive ly  t h a n  o b s e r v e d  for t he  sa f f lower  off d ie t  
(12.2% vs  24.9%, respect ive ly ;  Fig.  1). The  l inseed oil d ie t  
a lso inc reased  18:3co3, 22:5co3 and  22:6co3 in hea r t  l ipids 
(Table 5). The  f a t t y  acid  c o m p o s i t i o n  of  t he  e p i d i d y m a l  
fa t  pad  r e s e m b l e d  t h a t  of t h e  d i e t a r y  fa t  t r e a t m e n t ,  e.g., 
t he  saf f lower  oil d ie t  i nc reased  18:2co6 con ten t ,  whe reas  
t he  l inseed oil d ie t  e l e v a t e d  18:2co6 and  18:3co3 c o n t e n t  
a t  the  expense  of s a tu ra t ed  (14:0, 16:0 and 18:0) and mono- 
u n s a t u r a t e d  (16:1 and  18:1) f a t t y  acids  (Table 5). 

DISCUSSION 

T h e  r e su l t s  s u g g e s t  t h a t  d i e t a r y  18:2co6 and  18:3(o3 ac t  
d i f fe ren t ia l ly  to  a l t e r  l ipid m e t a b o l i s m  of r a t  t i ssues .  
A n i m a l s  fed the  d ie t  c o n t a i n i n g  l inseed  oil g rew f a s t e r  
t h a n  those  fed the  beef  t a l low die t  (Table 2). The  a m o u n t  
of  food c o n s u m e d  per  day,  a l t h o u g h  n o t  s t a t i s t i c a l l y  dif- 
f e ren t  (p > 0.05}, was  s o m e w h a t  h igher  in t he  l inseed d ie t  
fed group.  Therefore ,  i t  is conce ivab le  t h a t  t he  increase  
in b o d y  w t  a f t e r  l inseed oil c o n s u m p t i o n  m a y  be due  to  
inc reased  food in take .  L ive r  wt ,  hea r t  wt ,  and  f iver  w t  to  
b o d y  w t  ra t ios ,  however ,  r e m a i n e d  u n c h a n g e d  by  t h e  
d i e t a r y  fa t  t r e a t m e n t s  (Table 2). Therefore ,  t he  changes  
o b s e r v e d  in cho les te ro l  c o n t e n t  and  f a t t y  acid  composi -  
t ion  of  t i s sues  appa ren t l y  are  a r e su l t  of  d i e t a ry  fa t  t rea t -  
m e n t  and  do n o t  s t e m  f r o m  di f ferences  in g r o w t h  ra te .  

TABLE 5 

Effect of Dietary Fat Treatments on the Fatty Acid Composition of Rat Heart and Epididymal Fat Pads (wt % of total fatty acids) a 

Heart Epididymal fat pad 

Fatty acid Beef tallow Safflower oil Linseed oil Beef tallow Safflower oil Linseed off 

14:0 1.1 • 0.1 a 0.6 ----- 0.2b 0.5 + 0.2 b 3.7 • 0.3 a 0.7 • 0.4 b 1.0 + 0.3 b 
16:0 12.5 ___ 0.6 a 10.0 • 0.6 b 9.5 _+ 0.7 b 24.9 ___ 0.6 a 13.6 + 0.9 b 14.5 • 1.3 b 
16:1r 0.7 • 0.1 0.5 • 0.1 0.4 • 0.2 4.7 • 0.3 a 1.6 • 0.2 b 2.1 • 0.4 b 
17:0 0.4 • 0.0 a 0.2 • 0.0 b 0.2 • 0.0 b 0.7 • 0.0 a 0.1 • 0.1 b 0.2 __- 0.0 c 
18:0 24.9 • 0.8 23.4 • 0.7 24.3 • 0.8 10.7 • 0.6 a 3.0 • 0.6 b 4.8 • 1.0 b 
18:1co9 3.5 • 0.2 3.1 • 0.1 4.3 • 0.8 25.6 • 1.7 a 16.4 • 0.6 b 22.0 • 0.9 a 
18:1r 3.1 ___ 0.2 a 2.6 • 0.3a, b 2.4 • 0.1 b 3.3 • 0.2 a 1.7 • 0.2 b 1.7 • 0.4 b 
18:2r 17.1 + 1.0 a 26.6 • 1.0 b 23.6 __. 1.9 c 21.2 • 1.5 a 58.1 • 2.0 b 35.1 • 2.2 c 
1 8 : 3 c o 6  . . . . . .  
18:3r -- -- 1.8 • 0.5 0.8 • 0.2 a 0.6 • 0.3 a 14.3 + 1.3 b 
20:3r --  0.3 + 0.1 . . . .  
20:4co6 23.7 • 0.6 a 20.8 • 0.5 h 17.8 • 0.4 c -- -- -- 
22:4co6 0.3 • 0.3 0.2 • 0.0 0.4 • 0.1 -- -- -- 
22:5r 1.9 __. 0.4 a 4.7 ___ 0.5 b Tb,C -- -- -- 
22:5co3 0.9 • 0.1 a 0.5 • 0.2 b 2.9 • 0.2 c -- -- -- 
22:6co3 7.8 • 0.4 a 4.8 • 0.6 b 9.7 • 1.1 c -- 
Others -- -- -- 0.9 • 0.3 a 2.1 • b 1.6 + 0.3 b 

ISat. 39.5 • 0.7 34.4 • 0.5 35.2 • 1.1 40.6 • 0.7 17.7 • 1.6 21.0 + 2.0 
Y.MUFA c 8.1 __. 0.5 6.9 • 0.3 7.9 • 0.9 34.0 • 1.6 18.4 • 1.2 25.6 + 1.1 
:~co6 43.4 • 0.8 53.1 • 0.8 42.5 • 1.3 21.9 • 1.5 59.9 • 2.4 35.1 + 2.2 
:~co3 8.9 • 0.8 5.3 • 0.5 14.5 • 1.2 0.8 • 0.2 0.6 • 0.3 14.3 + 1.3 

aValues given are mean • standard deviation of 5 separate determinations (n = 5). Values without a common superscript are significant- 
ly different at p < 0.05. 
bTrace amount (<0.1). 
CMonounsaturated fatty acid. 
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The reduction in plasma cholesterol level fonowing con- 
sumption of the safflower oil diet accompanied by in- 
creased liver cholesterol content is in agreement with 
previous observations {8-12) that  suggest PUFA of the 
o06 family increase cholesterol accumulation in liver 
relative to feeding diets high in saturated fat ty acids. 
Both free- and cholesterol-ester content increased follow- 
ing feeding of the safflower oil diet, but this increase was 
more pronounced in the cholesteryl-ester fraction. This 
observation is consistent with the fact that diets rich in 
linoleic acid {18:2o06} accelerate esterification of 
cholesterol by acyl coenzyme A:cholesterol acyltrans- 
ferase (EC 2.3.1.26} activity in the rat liver microsomes 
(32). This increased esterification of cholesterol following 
feeding of the safflower oil diet, in turn, may increase the 
capacity of hepatic cells to take up more free cholesterol 
from circulating levels in the plasma (33). Replacement 
of 50% of safflower oil with linseed oil restricted deposi- 
tion of cholesteryl esters in the liver and concomitantly 
lowered the plasma cholesterol level to an even greater 
extent than the safflower oil diet. In the light of these 
results, the hypothesis that  dietary PUFA shift plasma 
cholesterol to tissue cholesterol pools cannot be general- 
ized for all types of PUFA and may be restricted to o06 
fa t ty  acids only. The cholesterol levels in heart and 
adipose tissue of rats, however, remained unaltered by 
the composition of the fat fed. 

Consumption of the safflower off diet resulted in a 
significant increase in plasma 20:4o06 level, while in liver 
and heart lipid, the concentration of 20:4o06 was 
significantly decreased in comparison with animals fed 
the diet high in beef tallow (Tables 4 and 5, Fig. 1). In- 
crease in plasma 20:4o06 content may be due to increased 
synthesis in the liver microsomes via desaturation and 
chain elongation of 18:2w6 (34). However, this seems 
unlikely as the 20:4o06 level in the liver decreased when 
rats were fed the safflower oil diet. Increased 20:4o06 con- 
tent in plasma lipids with concomitant depletion of 
20:4o06 in liver and heart tissue for animals fed the saf- 
flower oil diet treatment may be take~ as evidence for 
shift of tissue 20:4o06 to plasma pools. Some studies have 
reported either no change 135}, or even a decrease {36), in 
liver microsomal h6-desaturase activity, a rate-limiting en- 
zyme in the 20:4o06 biosynthetic pathway, following 
feeding of a diet rich in linoleic acid. Previous evidence 
indicates transfer of cholesterol from plasma to the liver 
pools with participation of liver phosphatidylcholine con- 
taining 20:4o06 in the SN-2 position (37). The present 
paper demonstrates that  this process of transfer of 
plasma cholesterol to liver pools and liver 20:4o06 trans- 
port to plasma pools occurs at a faster rate when rats are 
fed an 18:2o06 enriched diet. Inclusion of 18:3o03 in the 
diet appears to slow this cycle by depleting the liver 
20:4o06 pool via inhibition of 20:4<o6 biosynthesis. In this 
context, the diet rich in 18:3o03 did not change the 20:4o06 
content of plasma, depleted the 20:4r level in the liver 
to the same extent as observed for animals fed the saf- 
flower oil diet, and depleted the 20:4<o6 level to an even 
greater extent in heart lipids, a-Linolenic present in the 
linseed oil diet competes with 18:2o06 for A6-desaturation, 
thus limiting synthesis of 20:4o06 from 18:2o06 (38}. It  is 
also conceivable that some of the tissue 20:4o06 may shift 
to plasma pools for maintenance of circulating levels of 
20:4o06. These observations are further supported by the 

observation that  an increase in the desaturated-chain 
elongated products of 18:3o03 metabolism, i.e., 22:5o03 and 
22"6o03, occurs in plasma, liver and heart lipids of rats 
fed the linseed oil diet. Interestingly, 20:5o03 did not ac- 
cumulate in any of the tissues examined even after 
feeding a high dietary load of 18:3o03. In an earlier study, 
we noticed an increase in plasma and tissue 20:5 levels 
{39) following the feeding of 18:3o03 rich diets. This con- 
tradiction may be due to the fact that  the linseed oil diet 
in the present study contained a high level of 18:2o06 in 
addition to a high 18:3o03 content, whereas in the previous 
study, 18:3003 was fed to the rats along with saturated 
and monounsaturated fatty acids {39}. In this regard, the 
balance between o06 and o03 fat ty acids recently has been 
shown to be an important factor for modification of 
desaturase enzymes responsible for synthesis of 20:5o03 
and 22:6o03 from 18:3o03 {40). The decrease in monoun- 
saturated fatty acids (16:1o07 and]or 18:1o09} in rat tissues 
by the diets containing high levels of 18:2o06 and/or 
18:3o03 is consistent with the fact that PUFA inhibit 
Ag-desaturase activity {34,35}. 

The present study demonstrates that  dietary 18:3o03 
is more potent than 18:2o06 in lowering plasma cholesterol 
level and does not result in accumulation of cholesterol 
in liver tissue. However, 18:3o03 appears to be relatively 
less effective for reducing cholesterol level than 20:5o03 
and]or 22:6o03 present in fish oils (12-15}. Feeding diets 
high in linseed oil for 28 days did not lower plasma 20:4o06 
level, but depleted tissue levels. Longer-term use of 
18:3o03 supplements may lower plasma 20:4o06 level and, 
thus, may show antiaggregatory effects (19). Consump- 
tion of fish oils rich in 20:5o03 and/or 22:6o03 lowers 
plasma, platelet and tissue 20:4~6 content more effective 
ly even after a short-term feeding (41,42), which may ac- 
count for the enhanced bleeding time observed after such 
diet treatments. Therefore, 18:3o03 appears to have an ef- 
fective intermediate in reducing cholesterol levels and, 
perhaps, platelet aggregation between that of 18:2o06 and 
20:5r As o06 PUFA shift cholesterol from blood to the 
liver pools, but do not lower total body cholesterol, they 
may not be as beneficial against cardiovascular diseases 
as they currently are thought to be. However, a-linolenic 
acid from linseed oil appears to lower plasma cholesterol 
without accumulation of cholesterol in the liver tissue. 
Dietary PUFA have also been shown to have different 
lipid-lowering effects in animals and humans (43,44}, e.g., 
fish oil lowers the circulating cholesterol level in the rat 
(43), but not in the human (44). Therefore, the effect of 
a-linolenic acid should be examined in human subjects 
with appropriate controls, before any further conclusion 
can be drawn. 
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Effects of Estrogen-induced Hyperlipidemia 
on the Erythrocyte Membrane in Chicks 
B.H. Simon Cho* ,  Te r rance  L. Smith, J e o n g  R. Park a n d  Fred A. K u m m e r o w  
Harlan E. Moore Heart Research Foundation, 503 South Sixth Street, Champaign, IL 61820; and Department of Food Science, 
University of lllinois, 1208 West Pennsylvania Avenue, Urbana, IL 61801 

The effects of estrogen-induced hyperlipidemia on plasma 
lipid peroxidation, fatty acid composition and osmotic 
fragility of erythrocytes in chickens were studied. Young 
male chickens implanted with estrogen for three wk 
developed a marked hyperlipidemia. Plasma levels of 
triglyceride, cholesterol and phospholipid were elevated 
68-, four- and 24-fold, respectively, over controls. There 
was also a two-fold increase in plasma lipid peroxidation 
measured by the thiobarbituric acid test. Vitnmin E sup- 
plement (1,000 IU/kg diet) reduced the plasma lipid perox- 
idation to the control level, but had no effect on the 
plasma lipid content. Estrogen-induced hyperlipidemia 
resulted in changes in the fatty acid composition of mem- 
brane lipids of erythrocytes. The major changes were an 
increase in oleic acid from 10.0% to 14.2% and a decrease 
in linoleic acid from 31.3% to 26.0%. The erythrocytes 
with an altered membrane fatty acid composition were 
found to have an increased osmotic fragility. It was 
apparent that there was a direct correlation between 
the oleic acid content and the osmotic fragility of 
erythrocytes. 
Lipids 23, 853-856 (1988). 

I t  is well-established that the physical state of membrane 
fipids and, thus, indirectly their composition, are impor- 
tant  in the functioning of membranes {1}. Alterations in 
membrane lipid composition induced by diet affect 
glucagon-stimulated adenylate cyclase activity in fiver 
membranes {2} and Ca2+-ATPase activity in rat erythro- 
cytes {3). Changes in the erythrocyte fa t ty  acid composi- 
tion also result in an increased osmotic fragility {4}. 
Erythrocyte aging is also accompanied by increased 
osmotic fragility, increased density, accumulation of 
fluorescent chromofipids and the formation of high 
molecuiar-wt proteins (5). These changes can be induced 
in vitro by the addition of the secondary peroxidation 
product, malondialdehyde {5-7}. Peroxidation products 
are found in the blood of restricted ovulator chickens {8}. 
These chickens have a greatly elevated blood lipid level 
(9} and develop atherosclerosis at an early age {10}. 

It  was our purpose here to investigate the effect of 
hyperfipidemia on the erythrocyte membrane. To do this, 
we used an alternative model to the restricted ovulator 
chicken. The genetic defect in restricted ovulator chickens 
causes a rise in estrogen levels and this, in turn, seems 
to be responsible for the alteration in lipid metabolism 
{11}. Studies in our laboratory have shown that  implan- 
tation of estrogen in young male chickens resulted in a 
hyperfipidemia similar to that seen in restricted ovulator 
chickens. The advantages of this model are that  the use 
of male chickens eliminates the cycling of blood lipid 
levels seen in laying hens, and it is not necessary to wait 
for pubescence to begin an experiment. 

*To whom all correspondence should be addressed. 
Abbreviation: TBARS, thiobarbituric acid reacting substance. 

MATERIALS AND METHODS 

Animals. Male chickens {New Hampshire male X Colum- 
bian female}, seven weeks old, were used in these ex- 
periments. The birds were housed individually in wire 
cages under a constant fighting program {09"00-21:00 
hour}. Chicks were fed ad fibitum a pullet starter-grain 
diet {Table D. In the vitamin E-supplemented group, 
vitamin E was added to the feed at the level of 1,000 
IU/kg of diet. 

Preparation of estrogen implants. Estrogen tubes were 
prepared by the method of Smith et al. {12}. Briefly, 
polymethylsiloxan tubing {1.5 mm i.d. • 3.13 mm o.d.} 
was cut into 6-cm lengths, filled with approximately 
50 mg of/3-estradiol dipropionate {Sigma Chemical Co., 
St. Louis, MO}, and both ends of tubes were sealed with 
Medical Adhesive Silicon Type A. Prior to implantation, 
the tubes were incubated in 0.01 M phosphate buffered 
saline {pH 7.4} for 48 hr at 37 C. Under fight ether anes- 
thesia, the necks of the chickens were incised {0.5-1.0 cm} 
with a surgical knife and tubes were inserted through the 
incisions. Incisions were closed with an Auto Suture skin 
stapler. 

Analysis of blood lipids. At the end of the three-week 
treatment period and after an overnight fast, blood was 
drawn from the wing vein into heparinized tubes and cen- 
trifuged at 1,000 X g for 20 rain at 4 C. The plasma was 
removed and the level of plasma total cholesterol was 
measured enzymatically {13}, using A-Gent cholesterol 
reagent {Abbott Laboratories, N. Chicago, ILL The level 
of plasma triglycerides was measured by a colorimetric 

TABLE 1 

Composition of Diet 

Ingredient % 

Ground yellow corn 61.75 
Dehulled soybean meal 24.05 
Wheat bran 5.00 
Meat and bone meal 4.00 
Alfalfa meal 2.00 
Dicalcium phosphate 2.00 
Limestone 0.60 
Salt 0.30 
Trace mineral mix a 0.05 
Vitamin mixb 0.25 

Calculated composition: 
Metabolizable energy (Kcal/kg) 
Crude protein {%) 

2.882.0 
20.2 

aTrace mineral mix provided (per kg diet): 75 mg manganese, 75 mg 
iron, 75 mg zinc, 5 mg copper, 0.75 mg iodine and 0.1 mg selenium. 
bVitamin mix provided (per kg diet): 4400 USPU vitamin A, 1000 
USPU vitamin D3, 11 IU vitamin E, 4.4 mg riboflavin, 10 mg d- 
pantothenic acid, 22 mg niacin, 11 ~g vitamin B12 and 2.3 mg mena- 
dion sodium bisulfate. 
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Hantzsch condensation method of Foster and Dunn (14). 
The phospholipid content was determined by measuring 
the phosphorus content of plasma total lipid extract after 
perchloric acid digestion (15), and multiplying by 25.5. 

Determination of thiobarbituric acid reacting sub- 
stances (TBARS). TBARS were determined using the 
flourometric assay of Yagi (16). Twenty ~l of plasma were 
diluted with 4.0 ml of 0.08 N H2SO4, followed by addi- 
tion of 0.5 ml of 10% phosphotungstic acid. After sitting 
at room temperature for 5 min, the samples were cen- 
trifuged at 1,000 • g for 10 mill. The supernate was 
removed and the pellet was resuspended with the above 
solution and centrifuged again. The washed pellet was 
then suspended in 4.0 ml of distilled water and 1.0 ml of 
TBA reagent (thiobarbituric acid/glacial acetic acid, 1:1, 
v/v}. After incubation for 1 hr at 95 C, the tubes were 
cooled under tap water and 5.0 ml of n-butanol added. The 
tubes were shaken and centrifuged at 1,000 • g for 
15 min. The butanol layer was taken for fluorometric 
measurement at 553 nm with excitation at 515 nm. Stan- 
dards of 0.5 nmol tetramethoxypropane in 4.0 ml of dis- 
tilled water were incubated with 1.0 ml of TBA reagent, 
extracted and read at the same time as the samples. The 
amount of TBARS was determined by the equation 
(Iu/Is) X 25 = nmol malondialdehyde/ml of plasma, where 
Iu = fluorescence intensity of the sample, and Is = 
fluorescence intensity of the standard. 

Preparation of erythrocyte membrane. After removal 
of plasma, the sedimented erythrocytes were resuspended 
with isotonic Tris buffer (310 imOsM), pH 7.6, by gentle 
mixing and centrifuged at 1,000 • g for 20 min. The 
supernate was removed by careful suction and the 
washing procedure was repeated twice more. The washed 
erythrocytes were resuspended in the same isotonic Tris 
buffer to an approximate hematocrit of 50%, and the 
erythrocyte membranes were then prepared by osmotic 
lysis with 20 imOsM Tris buffer, according to the method 
of Hanahan and Ekholm (17). 

Analysis of fatty acid composition. Total lipids were 
extracted from the erythrocyte membrane with 20 
volumes of chloroform/methanol (2:1, v/v), according to 
the method of Folch et al. {18). Butylated hydroxy toluene 
was added as antioxidant to the lipid-extracting solvent 
(0.001%). The fat ty acid methyl esters of total lipid ex- 
tracts were prepared with 14% borontrifluoride in 
methanol at 90 C for 2 hr, by the method of Morrison and 
Smith {19). A Hewlett-Packard Model 5790 gas chroma- 
tograph with dual flame ionization detectors and split 
capillary injector was used for analysis of fat ty acid 
methyl esters. The capillary column was a highly polar 
fused silica SP-2330 colnmu (30 m X 0.25 mm i.d., 0.20/#m 
film thickness). The oven temperature was progrummed 
from 190-210 C at 2 C/min. The split ratio at 190 C was 
1:80 with hydrogen carrier at a flow rate of 1.2 ml/min 
and injector and detector temperatures were 250 C, 
respectively. The identification of the fatty acid methyl 
esters was based on retention times relative to methyl 
stearate and comparison of authentic standard methyl 
ester mixtures {NuChek Prep., Elysian, MN). 

Osmotic fragility test. Buffered saline, pH 7.4 (154 mM 
NaC1, 85 mM Na2HPO4 and 16 mM NaH~PO4 2H20) was 
prepared and diluted into a series of different concentra- 
tions of saline, and the osmotic fragility test  was carried 
out, as described by Dacie and Lewis (20). Briefly, to each 

test tube containing 5 ml of buffer, 50 ~d of whole heparin- 
ized blood was added and mixed immediately. After 
standing for 30 min at room temperature, the samples 
were centrifuged at 500 • g for 5 rain, and the supernate 
was read in a spectrophotometer at 545 nm. The degree 
of hemolysis is expressed in percentage, where 100% 
represents full hemolysis. 

Data were analyzed by the difference between means, 
and statistical significance was based on Duncan's new 
multiple-range test {21). 

RESULTS AND DISCUSSION 

Chickens with estrogen implants for three wk developed 
a marked hyperlipidemia as shown in Table 2. The levels 
of plasma lipids increased 68-fold in triglyceride (60 vs 
4,060 mg/dl), four-fold in cholesterol (135 vs 550 mg/dl) 
and 24-fold in phospholipid (73 vs 1,770 mg/dl}, respec- 
tively, over the corresponding values of control chickens. 
The development of endogenous hyperlipidemia appears 
to be consistent in both humans (22) and avian species 
(23), as a consequence of estrogen treatment. Compared 
with controls, the level of plasma lipid peroxidation also 
increased significantly (p < 0.05) in hyperh'pidemic chick- 
ens with estrogen implants {9.3 vs 20.4 nmol/ml). An 
increase in plasma lipid peroxidation in the presence of 
hyperlipidemia has previously been reported in restricted 
ovulator chickens {8). Vitamin E supplementation {1,000 
IU/kg diet) resulted in a two, fold reduction of plasma lipid 
peroxidation to a level that  was statistically no different 
than that  of the controls (10.4 vs 9.3 nmol]ml}, but did 
not alter hyperlipidemia. This finding seems to indicate 
that  an increased amount of vitamin E is required to pre- 
vent lipid peroxidation in hyperlipidemic individuals. 

The fat ty acid composition of erythrocyte membrane 
lipids in chickens with estrogen implants is shown in 
Table 3. In control chickens, linoleic acid was the major 
fat ty acid {31.3%), followed by palmitic {18.5%), stearic 
{18.1%), oleic (10.0%) and arachidonic acid {9.8%). Low 
levels of docosatetraenoic {2.3%) and docosahexaenoic 
acids {2.2%} were also present. Estrogen treatment in- 
duced an alteration in the fatty acid composition of eryth- 
rocyte membrane lipids with major changes in the 18- 
carbon unsaturated fat ty acids. Compared with controls, 
the estrogen-implanted chickens exhibited an increase in 
oleic acid {10.0% to 14.2%), with a decrease in linoleic acid 
{31.3% to 26.0%). There was also a small increase in 

TABLE 2 

Levels of Plasma Lipids and Lipid Peroxidation in Chickens Im- 
planted With Estrogen for Three Weeks a 

Control Estrogen Estrogen + vit E 

Cholesterol 
(mg/dl) 135 • 18 a 550 • 150 b 518 • 190 b 

Triglyceride 
(mg/dl) 60 • 6 a 4060 _ 703 b 4430 • 2070 b 

Phospholipid 
(mg/dl) 73 • 20 a 1770 • 424 b 2250 _ 1020 b 

TBARS 
(nmol/ml) b 9.3 • 1.0a 20.4 • 7.5 b 10.4 • 0.9 a 

aMean • standard deviation for five birds. Values on the same line 
bearing different superscripts are significantly different (p < 0.05}. 
bThiobarbituric acid reactive substances (TBARS). 

LIPIDS, Vol. 23, No. 9 (1988) 



855 

100 

palmitic acid (18.5% to 20.7%), but  little change occurred 
in the 20-carbon polyunsaturated fat ty acids in chickens 
with estrogen implants. Estrogen-treated and vitamin E- 
supplemented chickens had the same fatty acid profile 
as estrogen-treated chickens, except for stearic acid which 
was further decreased and oleic acid which was further 
increased. The enrichment of oleic acid in erythrocyte 
membrane lipids follows a similar pattern to that seen 
in the fat ty acids of plasma lipids of estrogen-induced 
hyperlipidemic chickens (24) and of restricted ovulator 
hens (9). Although the mechanism of changes in the fatty 
acid composition of avian erythrocytes with hyper- 
lipidemia is not known, the decrease in the amount of 
linoleic acid relative to oleic and palm(tic acids in 
erythrocyte membrane of the estrogen-treated birds is 
explainable in terms of the marked stimulation of 
lipogenesis under estrogenic influence (24). Because the 
amount of linoleic acid available for incorporation into 
membrane lipids is constrained by the amount available 
from the diet, whereas the amounts of oleic and palm(tic 
acid available are markedly increased by endogenous syn- 
thesis, these latter fat ty acids are more competitive for 
the acylation of lysophosphatides in the erythrocyte mem- 
brane (25). 

The osmotic fragilities of erythrocytes from chickens 
are shown in Figure 1. Compared with controls, the 
osmotic sensitivity to hypotonlc NaC1 solutions was in- 
creased in estrogen-treated chickens with or without 
vitamin E supplement. The NaC1 concentrations for 50% 
hemolysis for the estrogen-treated (66.4 raM) and 
eetrogen-treated-plus-vitamin-E-snpplemented chickens 
(68.7 mM) were significantly (p < 0.05) higher than that 
of the control (63.5 mM). However, there was no signifi- 
cant difference between the NaC1 concentrations for the 
estrogen and vitamin E groups. As shown in Figure 2, 

80 
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FIG. 1. Osmotic fragility curves of chicken erythrocytes: ( �9  con- 
trol; [B), estrogen-treated; (A), estrogen-treated and vitamin 
E-supplemented. 
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FIG. 2. Relationship between olcic acid content and osmotic fragility 
of erythrocytes: ( �9  control; (I) ,  estrogen-treated; (&), estrogen- 
treated and vitamin E-supplemented. 

a strong relationship was noted between the osmotic 
fragility and the amount of oleic acid present in the 
erythrocyte membrane. An increased level of oleic acid 
corresponded to an increased osmotic fragility. Workers 
in this laboratory previously have noted such an associa- 
tion between the octadecenoate content of rat  erythro- 
cytes and their osmotic fragility (4). Phillips et al. have 
also shown an increase in oleic acid in the fatty acids of 
aging human erythrocyte {26). Because the low level of 
linoleic acid present in the erythrocytes should reduce the 
oxidation potential of the membrane lipids, the inverse 
relationship between the linoleic acid content of the mem- 
brane and osmotic fragility seems paradoxical. One possi- 
ble explanation might be that the rigidity of the mem- 
brane is enhanced by replacement of linoleic acid with 
oleic acid. An increased osmotic sensitivity to hypotonic 
treatment has been reported in erythrocytes from 
essential fat ty acid-deficient rats, in which the level of 
linoleic acid is reduced to nearly half that of the control 
values (27). 

With age, erythrocytes increase in density, accumulate 
high molecular-wt protein and become less deformable (5). 
Loss of deformability is a factor involving membrane 
fluidity and is thought to be a trigger for erythrocyte 
removal by the spleen. Aging of erythrocytes can be ac- 
celerated by genetic factors or drug administration (28). 
There is mounting evidence that lipid peroxidation plays 
a crucial role in erythrocyte aging (28,29). The initiation 
of peroxidation in suspensions of erythrocytes results in 
all the changes typical of naturally aged erythrocytes (29). 
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TABLE 3 

Fatty Add Composition of Erythrocyte Membrane Lipid in Chickens 
Implanted with Estrogen for Three Weeks (%)* 

Fat ty  acid Control Estrogen Estrogen + vit E 

16:0 18.5 + 0.6 a 20.7 + 0.4 b 21.7 ___ 0.9 b 
16:1007 1.0 + 0.2 1.1 + 0.3 1.0 +__ 0.3 
18:0 18.1 + 0.4 a 17.1 • 0.6 b 15.2 ___ 1.0 c 
18:1co9 10.0 + 0.9 a 14.2 +_ 0.6 b 16.9 + 0.7 c 
18:1co7 1.4 +_ 0.1 1.3 +_ 0.1 1.5 • 0.1 
18:2co6 31.3 • 0.9 a 26.0 • 1.3 b 24.2 • 0.5 b 
18:3r 0.3 • 0.1 0.2 • 0.1 0.1 • 0.1 
18:4co3 0.2 • 0.1 --  0.2 • 0.1 
20:1o~9 0.4 • 0.1 0.1 • 0.1 0.3 • 0.2 
20:2co6 0.3 • 0.2 0.2 • 0.1 0.1 • 0.1 
20:3co6 1.1 • 0.1 0.8 • 0.1 0.6 • 0.1 
20:30)3 1.2 • 0.1 0.7 • 0.1 1.2 • 0.3 
20:40)6 9.8 • 0.5 10.4 • 0.5 9.4 • 0.5 
20:5o~3 0.1 + 0.1 -- --  
22:4o~6 2.3 • 0.3 2.2 • 0.4 2.6 + 0.5 
22:5006 1.1 • 0.3 1.7 • 0.7 1.5 • 0.3 
22:5co3 0.7 • 0.1 0.3 • 0.2 0.2 • 0.1 
22:6oJ3 2.2 • 0.2 3.0 + 0.9 3.3 • 0.2 

*Mean _ standard deviation for five birds. Values on the same line 
bearing different superscripts are significantly different (p < 0.05}. 

Therefore ,  t h e  p re sence  of  an  i n c r e a s e d  level  of  pe rox ida -  
t i on  f o u n d  in h y p e r l i p i d e m i a  (8) m a y  have  a d e t r i m e n t a l  
e f fec t  on m e m b r a n e  s t a b i l i t y  a n d  a g i n g  of  e r y t h r o c y t e s .  
V i t a m i n  E de f ic iency  a lso  i nc r ea se s  t h e  r a t e  o f  e r y t h r ~  
c y t e  a g i n g  (28}, a n d  i t  s e e m s  r e a s o n a b l e  t h a t  u n d e r  car- 
t a i n  cond i t i ons  a d d i t i o n a l  v i t a m i n  E m i g h t  r educe  t h e  
a g i n g  ra te .  A s  expec ted ,  t he re  was  an  increase  in e r y t h r ~  
c y t e  f r a g i l i t y  in  t h e  e s t r o g e n - i m p l a n t e d  g roup ,  as  t h e r e  
w a s  an  i nc rea se  in  p l a s m a  l i p i d p e r o x i d a t i o n  (Table  2). 
H o w e v e r ,  t h e  a d d i t i o n  of  v i t a m i n  E to  t h e  d ie t ,  whi le  i t  
b r o u g h t  t h e  p l a s m a  p e r o x i d a t i o n  leve ls  down  to  no rma l ,  
fa i led  to  r educe  t h e  e r y t h r o c y t e  f r ag i l i t y  (Fig. 2). S t u d i e s  
b y  Mino  e t  al. (30) on hyper l ip idemic  r a t s  have  shown t h a t  
v i t a m i n  E is p a r t i t i o n e d  a w a y  f rom the  e r y t h r o c y t e s  and  
in to  t h e  h y p e r l i p i d e m i c  p l a s m a .  I t  is  p o s s i b l e  t h a t ,  whi le  
t h e  d i e t a r y  leve l  of  s u p p l e m e n t e d  v i t a m i n  E was  suffi- 
c i en t  to  r educe  t h e  p l a s m a  l ip id  p e r o x i d a t i o n ,  t h e  pa r t i -  
t i on i ng  effect  seen b y  Mino  e t  al. m a y  have  p r e v e n t e d  t h e  
s a m e  deg ree  of  p r o t e c t i o n  b e i n g  g i v e n  t h e  e r y t h r o c y t e s .  

O u r  p r e s e n t  f i nd ings  of  i n c r e a s e d  p l a s m a  p e r o x i d a t i o n  
and  the  occurrence  of f a t t y  ac id  compos i t i ona l  a l t e r a t i ons  
in erythrocyte membranes under h y p e r l i p i d e m i c  condi- 
tion, accompanied by greater osmotic fragility, are of 
clinical significance, because an increased osmotic fragili- 
ty of erythrocytes is noted in several blood diseases in- 
cluding hemolytic anemia (31}. The association between 
hyperlipidemia and coronary heart disease has received 
great attention. However, little is known about the possi- 
ble effects of hyperlipidemia on membrane function and 
aging of erythrocytes, which are questions that deserve 
further investigation. 
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Biosynthesis of Membrane Cholesterol During Peripheral Nerve 
Development, Degeneration and Regeneration 1 
Jeffrey K. Yao* 
Veterans Administration Medical Center, Highland Drive, and Western Psychiatric Institute & Clinic, University of Pittsburgh, Pittsburgh, 
PA 15206 

Biosynthes is  of peripheral nerve cholesterol was investi- 
gated by the in vivo and in vitro incorporation of [1-~4C]- 
acetate into sciatic endoneurium of normal rats during 
development,  degeneration and regeneration. Labeled 
sterols were rapidly formed (<10 min} within the endo- 
neurial portion of sciatic nerve after [1-~4C]acetate ad- 
ministration by intraneural injection. The majority of 
labeled sterols were initially found in lanosterol and 
desmosterol. After six hr, the ~4C-labeling in both precur- 
sors was decreased to minimum, whereas cholesterol 
became the major labeled product of sterol. As  myelina- 
tion proceeded, the incorporation of [1-~C]acetate into en- 
doneurial cholesterol decreased rapidly and reached a 
minimum after six mo. In mature adult nerve, an in- 
creased proportion of biosynthesis  of lanosterol and 
desmosterol  also was demonstrated. The in vitro incor- 
poration of [1-~4C]acetate into cholesterol was inhibited 
during Wallerian degeneration. Instead, cholesteryl esters 
were labeled as the major sterol product. Such inhibition, 
however, was not  observed in the adult Trembler nerve 
{Brain Res. 325, 21-27, 1985}, which is presumed to be 
due to a primary metabolic disorder of Schwann cells. The 
cholesterol biosynthesis was gradually resumed in degen- 
erated nerve by either regeneration of crush-injured nerve 
or reattachment of the transected nerve. These results 
suggest  that  cholesterol biosynthesis  in peripheral nerve 
relies on the axon to provide necessary substrates.  
De novo synthesis  appears to be one of the major sources 
of endoneurial cholesterol that  forms and maintains 
peripheral nerve myelin. 
Lipids 23, 857-862 {1988}. 

Cholesterol is a major structural component of mam- 
malian cell membranes. However, its functional role in 
neural tissue still is not completely understood. It may 
be important in the regulation and maintenance of various 
properties such as membrane fluidity and rigidity, 
numerous membrane bond enzymatic activities and 
cellular proliferation (1,2). Volpe and Obert {3) have sug- 
gested that a critical level of membrane cholesterol is 
essential for the expression of oligodendroglial differen- 
tiation and, perhaps, myelination. In peripheral nerve, the 

1A preliminary report of this work was presented at the 17th An- 
num Meeting of the American Society for Neurochemistry held in 
Montreal, Quebec, Canada, on March 20, 1985. Part of this work 
was conducted while the author was associated with Mayo Clinic. 
*To whom correspondence should be addressed at Psychiatry Serv- 
ice 116A6, VA Medical Center, Highland Drive, Pittsburgh, PA 
15206. 
Abbreviations: C, cholesterol; Ca, ceramide; CE, cholesteryl ester; 
Cs, coprostanol; Ds, desmosterol; 1,2-DG, 1,2-diacylglycerol; 1,3-DG, 
1,3-diacylglycerol; FAME, fatty acid methyl ester; FFA, free fatty 
acid; GL, glycolipids; Ls, lanosterol; MG, monoacylglycerol; PL, 
phospholipids; TG, triacylglycerol; HPTLC, high-performance thin- 
layer chromatography; O, origin; S, std, standards; SF, solvent front; 
TLC, thin-layer chromatography. 

rate of lipogenesis does not change to the same extent 
for each lipid subclass during development, degeneration 
and regeneration. Cholesterol biosynthesis appears to be 
the most sensitive to aging (4) and to nerve fiber degenera- 
tion (4,5). It has been shown that  substantial amounts 
of [1,2-3H]cholesterol, incorporated into normal nerve dur- 
ing myelination, do not leave the nerve during Wallerian 
degeneration, but are retained and reutilized during nerve 
regeneration (6,7). An inhibition of cholesterol biosyn- 
thesis by trans-l,4-bis(2-chlorobenzylaminomethyl) 
cyclohexane dihydrochloride (AY-9944) leads to a 
decrease in peripheral nerve myelination (8). Therefore, 
cholesterol plays a vital role in the myelinogenesis of 
peripheral nerve. 

Spady and Dietschy {9) have demonstrated that liver 
is quantitatively far less important as a site for sterol syn- 
thesis than previously indicated and most sterol utilized 
by extra hepatic tissues is largely synthesized locally 
within those tissues. Considerable interests have been 
focused on the cholesterol biosynthesis and its regulation 
in various extra hepatic tissues {10-12}. However, when 
3H20 was used as a precursor, no incorporation was found 
in either brain (10) or sciatic nerve (4). The superiority of 
3H20 over ['4C]acetate in studying cholesterol synthesis 
is, thus, limited to the nonneural tissues. Previously, we 
{4) have demonstrated that incorporation of [1-14C]acetate 
without stimulation by any specific cofactors, provides 
a sensitive, convenient and reproducible method for 
studying in vitro lipid biosynthesis in peripheral nerve. 
Alternatively, endoneurial lipids in peripheral nerve can 
be labeled exclusively by endoneurial microinjection of 
radiolabeled precursor (13). The present studies were 
undertaken, utilizing both in vivo and in vitro incorpora- 
tion of [1-'~C]acetate, to elucidate the metabolic signifi- 
cance of cholesterol biosynthesis during nerve develop- 
ment, degeneration and regeneration. 

MATERIALS AND METHODS 

Materials. [1-14C]Acetate (sodium salt, 54-60 mCi/mmol} 
was purchased from Amersham (Arlington Heights, IL). 
Lipid standards were purchased from NuChek {Elysian, 
MN) and Supelco (Bellefonte, PA). Silica Gel G, uniplates 
{250 ~m) were purchased from Analtech {Newark, DE), 
and high-performance thin-layer plates {4.5 ~m silica gel) 
with preadsorbent area were purchased from Whatman 
{Clifton, NJ}. All solvents were high purity {HPLC grade) 
from Burdick and Jackson {Muskegon, MI). 

In vivo incorporation of [1-14C]acetate. The procedure 
used for endoneurial injection of [1-x4C]acetate was essen- 
tially the same as described by Yao {13). A nanoliter 
pump, consisting of controller, drive unit and pump 
chamber {model 1400 EC; W-P Instruments, Inc., New 
Haven, CT) was used for endoneurial microinjection. A 
glass capillary {1.0 +_ 0.1 mm o.d., 4-inch length} was 
pulled, using a vertical pipette puller (model 700C; Kopf 
Instruments, Tunjunga, CA), to produce a needle tip of 
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5-15 ~m o.d.. The barrel of this micropipette was placed 
inside the pump chamber, and both were filled with min- 
eral oil just  before the pipette tip was filled with delivery 
fluid. Care was taken to exclude air bubbles. [1-14C] - 
Acetate was diluted in Evans blue solution (0.5 mg/ml) 
to  yield a concentration of 1.1 • 107 dpm/~l. Under the 
dissecting microscope, the micropipette tip was placed 
inside the sciatic endoneurium (only one side was used 
for injection), after which 0.4 ~1 of [1-'4C]acetate solution 
was injected at a rate of 0.1 ~l/min. 

Tissue preparation. Unless otherwise indicated, one-mo- 
old male Sprague-Dawley rats were used throughout this 
study. Approximately 1 cm of sciatic nerve segment, in- 
cluding the injection site (blue dye served as marker), was 
removed at various times after injection. Each group con- 
sisted of four or more nerve samples. Immediately after 
removal, the sciatic nerve was desheathed on a cold plate 
(surface temperature I0 C) under a dissecting microscope. 
The desheathed portion (endoneurial tissue or a myelin- 
enriched portion) was blotted dry with filter paper before 
the wet wt was taken. The endoneurium was then ly- 
ophilized overnight to obtain the dry wt before lipid 
extraction. 
Surgicalprocedure. Wallerian degeneration and regen- 

eration were produced in rat sciatic nerve by either crush 
injury or transection, according to the methods described 
previously (14). Reattachinent of transected nerve was ac- 
cording to the procedure of nerve xenograft described by 
Dyck et al. {15). 
In vitro incorporation of [1-~4C'~acetate. The procedure 

used for the in vitro incubation of sciatic endoneurium 
with [1-~4C]acetate was essentially the same as that 
described by Yao and Cannon (4). Immediately after re- 
moval, the proximal 3 cm of the sciatic nerve was 
desheathed on a cold plate under a dissecting microscope. 
The desheathed portions (endoneurial tissue) were placed 
in 1 ml of modified Kreb's glucose medium {16), pH 7.4. 
They were preincubated in a Dubnoff metabolic shaking 
incubator (ca. 50 strokes/min) at 37 C under a mixture of 
95% O2 and 5% CO2. After 30 rain, 200 ~1 of modified 
Kreb's glucose solution containing 2.5 ~Ci of [1-~C]- 
acetate was added to the medium, and the incubation was 
continued for another 2 hr under the same conditions. At 
the  end of this time, the nerve segments were removed 
and washed four times with ice-cold unlabeled medium 
before the procedure of lipid extraction was started. 

Lipid extraction and separation. The lipids were ex- 
tracted from sciatic endoneurium according to the method 
described previously (4,14). An aliquot was counted by 
a Beckman liquid scintillation counting system to obtain 
the total incorporation of labeled precursor into en- 
doneurial lipids. Lipid profiles of sciatic endoneurium 
were analyzed by high-performance thin-layer chromatog- 
raphy (HPTLC), using method I of nonplar lipid separa- 
tion described by Yao and Rastetter (17). The plate was 
first developed in solvent system I, consisting of 
benzene/diethyl ether/ethanol/acetic acid {60:40:1:0.05, 
v/v/v/v). The solvent front {SIP) was allowed to migrate 
to 5.5 cm above the origin (O). After complete removal 
of acetic acid by hot air, the plate was developed in sol- 
vent system II, consisting of hexane/diethyl ether (94:6, 
v/v) to a groove scraped 7 cm above the preadsorbent 
layer (full length). After it was dried, the plate was finally 
developed to full length again in hexane alone. Sterols 

were identified by their comigration with standards on 
HPTLC using the solvent systems described above. Isola- 
tion of nonpolar lipids from total lipid extracts was 
achieved by column separations on Sep-Pak silica car- 
tridge (17). Fat ty  acid methyl esters (FAME) were 
prepared by transesterification of lipid extracts, accord- 
ing to the method of Morrison and Smith (18). Distribu- 
tion of radioactivity among lipid subclasses and methyl 
esters was determined by scraping lipid zones from thin- 
layer chromatography (TLC) plates into counting vials 
containing 1 ml of distilled water, to which was added 
10 ml of Ready-Solv MP (Beckman, Irvine, CA} scintilla- 
tion fluid. The amount of [1-14C]acetate incorporated into 
nerve lipids was calculated using the specific activities 
of [1-14C]acetate present in the incubation medium and 
was expressed as either the pmol of acetate or the total 
'4C radioactivity (dpm) incorporated into nerve lipids per 
mg of wet tissue per hr. 

Identification and distribution of radiolabeled lipids by 
fluorography. After HPTLC separation, the plate was 
sprayed with EN3HANCE three times and covered with 
Glad Wrap (Union Carbide Corp., Danbury, CT). The 
plate then was exposed at - 7 0  C for various times to  
Kodak X-Omat S or AR X-ray film in a Kodak X-Omatic 
cassettes with Du Pont Cronex Lightening-Plus intensi- 
fying screens (13,17). Quantification of fluorograms was 
carried out by LKB Ultrascan Laser Densitometer and 
Apple IIe computer. 

RESULTS 

In vivo cholesterol biosynthesis was investigated in rat 
sciatic nerve at various intervals after intraneurial micro- 
injection of [1-~4C]acetate. Following removal of 
phospholipids {PL) and glycolipids {GL) by Sep-Pak silica 
cartridges, the distribution of 14C-labeled nonpolar lipids 
in rat sciatic endoneurium was revealed by fluorography 
of high-performance thin-layer chromatograms (Fig. 1). 
Endoneurial triacylglycerol {TG), 1,3-diacylglycerol (1,3- 
DG), 1,2-diacylglycerol {1,2-DG), free fatty acid {FFA), 
ceramide (Ca) and sterols were rapidly labeled from 

FIG. 1. Fluorograms of HPTLC of total ~ 14C-labeled lipids follow- 
ing microinjection of [1-14C]acetate into rat sciatic endoneurium for 
various times (hr). Each sample represents total '4C-labeled lipids 
extracted from 0.05 mg dry wt of endoneurium, except 0.15 hr (sample 
was extracted from 0.15 mg). After TLC development, the plate was 
exposed to Kodak X-Omat S film at --70 C for 4 days. Abbrevia- 
tions: TG, triacylglycerol; C, cholesterol; FFA, free fatty acid; Ca, 
ceramide; PL, phospholipids; and GL, glycolipids. 
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[1-'4C]acetate following endoneurial injection. Most of 
labeled nonpolar lipids, except sterols, were all metabo- 
lized after 12 hr. Approximately one-fourth of total '4C- 
labeled lipids were found to be endoneurial cholesterol. 
To avoid possible contamination of radioactivity be- 

tween sterols and acylglycerols, all acylated lipids were 
converted into FAME by transesterification before thin- 
layer separation. Figure 2 indicates that, in addition to 
cholesterol, lanosterol (Ls) and desmosterol (Ds) also were 
labeled from [1-14C]acetate. A similar result also was ob- 
tained under in vitro conditions (data not shown}. Those 
labeling in precursors of cholesterol were decreased 
gradually with time. Twelve hr after injection, over 80% 
of labeled sterols from [14C]acetate were found to be 
cholesterol. The results concerning the incorporation of 
[1-'4C]acetate into fatty acids and PL have been published 
elsewhere (13}. 

To localize the site of cholesterol biosynthesis, [1-'4C]- 
acetate was incorporated in vitro into endoneurial tissue, 
as well as epi- and perineurial tissues. Figure 3 demon- 
strates that cholesterol biosynthesis in rat sciatic nerve 
was found mainly in myelin-enriched endoneurium. In ad- 
dition to cholesterol, Ls and Ds, one of the cholesterol 
metabolites--coprostanol (Cs)--also was labeled in en- 
doneurium. This was not revealed in previous fiuorograms 
(Fig. 2), due to a shorter exposure time to X-ray film. On 
the other hand, the majority of '4C-labels in the epi- and 
perineurial lipids were acylglycerols, i.e., TG, 60% and 
1,2-DG, 30%. 

Peripheral nerve cholesterol biosynthesis decreased 
rapidly with increasing age (Fig. 4). After one month, the 
decrease continued, but at a much lower rate. The in vitro 
rate of [~4C]acetate into endoneurial sterols was >13 times 
higher in 10-day-old rats (9.91 +_ 0.48 X 10 -4 dpndmg 
wet wt/hr) than in four-mo-old rats (0.73 + 0.11 • 
10 -4 dpm]mg wet wt/hr). In mature adult nerve, there was 
an increased proportion of '4C-label in Ls and Ds (Fig. 5). 

To test whether the inhibited cholesterol biosynthesis 
in injured nerve can be induced by surgical correction, the 
in vitro incorporation of [1-'4C]acetate into endoneurial 
cholesterol was investigated in rat sciatic nerve with and 
without reattachment after 14 days transection (Table 1). 

Rat sciatic nerves were transected for 14 days to ensure 
that  cholesterol biosynthesis was minimized before sur- 
gical reattachment. In control experiments, the tran- 
sected nerves were allowed to degenerate for another 14 
days and 30 days. The total incorporation of [1-14C]acetate 
into endoneurial lipids was substantially lower than that 
of contralateral intact nerves. The majority of labeled 
cholesterols were in the form of cholesteryl esters. (CE). 

FIG. 3. Fluorograms of HPTLC of total '4C-labeled lipids follow- 
ing 2 hr in vitro incorporation of [1-~4C]acetate into endoneurium 
(A) and epineurium and perineurium (13) of rat sciatic nerve. Ca. 
5,000 cpm/sample were applied to a thin-layer plate which was ex- 
posed to Kodak X-Omat S film at --70 C for 7 days. Abbreviations: 
Std, standards; SF, solvent front; CE, cholesteryl ester; TG, 
triacyiglycerol; 1,3-DG, 1,3-diacylglycerol; 1,2-DG, 1,2-diacylglycerol; 
Ls, lanosterol; Cs, coprostanol; C, cholesterol; Ds, desmosterol; FFA, 
free fatty acids; MG, monoacylglycerol; Ca, ceramide; PL, 
phospholipids; and GL, glycolipids. 

FIG. 2. Separation of ~4C-labeled sterols on HPTLC after methanoly- 
sis of total  ~4C-labeled lipids at various times following endoneurial 
microinjection of [1-~4C]acetate. Ca. 7,000 cpm/sample were applied 
to a thin-layer plate which was exposed to Kodak X-Omat S film 
at --70 C for 2 days. Abbreviations: S, standards; CE, cholesteryl 
ester; FAME, fatty acid methyl ester; TG, triacylglycerol; Ls, 
lanosterol; C, cholesterol; Ds, desmosterol; FFA, free fatty acid; Ca, 
ceramide; and O, origin. 
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FIG. 4. Effect of age on  cholesterol biosynthesis  following 2 hr 
in vitro incorporation of [1-~4C]acetate into endoneurial lipids of rat 
sciatic nerve. 
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On t h e  o t h e r  hand ,  t h e r e  w a s  a m a r k e d  inc rea se  of  
[1-~4C]acetate i n c o r p o r a t i o n  in to  t o t a l  e n d o n e u r i a l  l ip ids  
of  t r a n s e c t e d  ne rve  wh ich  was  su rg i ca l l y  r e a t t a c h e d  for  
30 days .  C o n c o m i t a n t l y ,  t he  level  of  cho le s t e ro l  b io syn -  
thes i s  was  resumed,  and  the  p ropor t ion  of labe led  CE also 
w a s  s u b s t a n t i a l l y  r educed .  T h e  i n d u c t i o n  of cho les t e ro l  

b i o s y n t h e s i s  was  f u r t h e r  c o n f i r m e d  b y  f l u o r o g r a p h y  
fo l lowing  H P T L C  s e p a r a t i o n  (Fig.  6A). I n  add i t ion ,  
m a r k e d  d e c r e a s e  of  e n d o n e u r i a l  CE in r e a t t a c h e d  n e r v e  
a lso  w a s  r e v e a l e d  b y  c h a r r e d  H P T L C  (Fig.  6B). 

To t e s t  w h e t h e r  cho les t e ro l  b i o s y n t h e s i s  is  a f f ec t ed  b y  
S c h w a n n  cell  d i so rder ,  in v i t r o  [1-14C]acetate incorpora -  
t i on  in to  e n d o n e u r i a l  cho le s t e ro l  was  c o m p a r e d  b e t w e e n  
T r e m b l e r  m u t a n t  a n d  W a l l e r i a n  d e g e n e r a t i o n  m o d e l s  
(Table 2). I n c o r p o r a t i o n  of  [1-14C]acetate in to  endoneur ia l  
cho les te ro l  r eached  i t s  m i n i m u m  level  in a d u l t  r a t  sc ia t i c  
ne rve  seven  d a y s  a f t e r  c r u s h  i n j u r y  or  60 d a y s  a f t e r  
t ransec t ion .  B y  con t ras t ,  choles terol  b io syn thes i s  in a d u l t  
T r e m b l e r  n e r v e  was  n o t  s i g n i f i c a n t l y  d i f f e ren t  t h a n  t h a t  
of  n o r m a l  c o n t r o l s  (19). On  t h e  o t h e r  hand ,  t h e  level  of  
CE f o r m a t i o n  was  e l e v a t e d  m o r e  s i g n i f i c a n t l y  in b o t h  
m o d e l s  t h a n  in n o r m a l  con t ro l s .  

FIG. 5. Fluorograms of HPTLC of total ~"C-labeled lipids follow- 
ing 2 hr in vivo incorporation of [1-~'~:;]acetate into endoneurial lipids 
of young {1-month-old) and mature (4-month-old) adult rat sciatic 
nerves. Each sample represents total labeled lipid extracts from 0.25 
mg wet wt of endoneurium. After TLC development, the plate was 
exposed to Kodak X-Omat S film at --70 C for 3 days. Abbrevia- 
tions: SF, solvent front; CE, cholesteryl ester; TG, triacylglycerol; 
Ls, lanosterol; C, cholesterol; Ds, desmosterol; FFA, free fatty acid; 
PL, phospholipids; and GL, glycolipids. 

FIG.  6. HPTLC of nonpolar lipids separation by fluorography (A) 
and by charring {B) following 2 hr in vitro incorporation of 
[1-'4C]acetate into endoneurial lipids of control nerve-contralateral 
uninjured (1), injured nerve-30 days after transection {2), and 
regenerated nerve--30 days after reattachment of transected nerve 
(3). Ca. 5,000 cpm/sample were applied to thin layer plates. After 
development, one plate was sprayed with 10% {wt/vol) curpic sulfate 
in 8% {wt/vol) phosphoric acid and charred at 180 C for 10 rain. The 
other plate was exposed to Kodak X-Omat S film at --70 C for 4 
days. Abbreviations: CE, cholesteryl ester; TG, triacylglycerol; 
1,3-DG, 1,3-diacylglycerol; 1,2-DG, 1,2-diacylglycerol; C, cholesterol; 
and FFA, free fatty acid. 

TABLE 1 

In Vitro Incorporation of [1-~4C]Acetate into Endoneurial Lipids of Transected and Reattached Rat Sciatic Nerves a 

14 days (n = 5) 30 days (n = 4) 

Controls Reattached Controls Reattached 

Labeled lipids L b R b L R L R L R 

Total lipids, 
• 10 -4 dpm]nerve 15.0 _+ 2.4 n.a. c 13.7 + 2.5 5.8 +- 1.2 8.0 _+ 3.3 1.1 +_ 0.2 10:8 + 2.3 18.0 + 8.1 

Cholesterol 
Free, % 26.2 _+ 1.7 1.7 + 0.2 25.3 _ 2.4 5.4 _+ 1.9 18.4 _+ 1.8 4.3 +_ 2.1 19.5 _+ 1.0 20.2 __ 5.5 
Esterified, % 0.4 _+ 0.1 13.7 + 1.7 0.5 "4- 0.1 11.4 _+ 1.8 0.3 -+ 0.2 8.7 -+ 1.3 0.3 _ 0.1 4.1 _ 2.1 

aFollowing 12 days transection, distal nerves of control group were allowed to degenerate for another 14 days and 30 days, respectively. 
Nerves from reattached group were regenerated after surgical reattachment for 14 days and 30 days, respectively. 
bL, contralateral uninjured nerves; R, transected nerves. 
CNot available. 
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TABLE 2 

In Vitro Cholesterol Biosynthesis in Sciatic Endoneurium Following [1-"C]Acetate Incorporation 

Schwann cell defect 

50-day-old 
Lipid classes Control b Trembler mouse b 

Axonal degeneration a 

Acute injury 

Control 

Permanent transection 

7 days 60 days after 
after crush Control transection 

Total "C-labeled lipids 
X 10 -4 dpm/nerve/hr 1.9 c 2.1 14.0 2.5 5.1 4.9 

Cholesterol 
Free, % 14.9 13.5 29.0 2.4 23.7 3.1 
Esterified, % 1.3 5.5 0.5 5.5 0.7 16.2 

aFrom Sprague-Dawley rats. 
bValues were calculated from previously published data (18). 
CMean value of 3-5 samples for all experiments. 

DISCUSSION 

Previously, our laboratory has shown that exclusive label- 
ing of endoneurial lipids in peripheral nerve by 
endoneurial microinjection of radiolabeled precursor pro- 
vides a unique model for studying metabolic turnover of 
fatty acids and acylglycerols in rat sciatic nerve (13). The 
present paper is an extension of our previous studies, 
demonstrating that peripheral nerve is capable of de novo 
biosynthesis of cholesterol. A temporal association be- 
tween decreased '4C-label in Ls and Ds, and increased 
'4C-label in cholesterol (Fig. 2), suggests that  the overall 
pathway of cholesterol biosynthesis in peripheral nerve 
appears to be the same as that in liver (20). This result 
is in accordance with the recent findings by Bourre et al. 
( 21), demonstrating that both 7-dehydrodesmosterol and 
Ds are present in developing rat sciatic nerve and nearly 
absent in mature adult nerve. 

Labeled glucose (22) and leucine (23,24) also have been 
utilized to synthesize cholesterol in peripheral nerve, 
because a common intermediate-acetyl CoA can be gener- 
ated by both precursors. In brain, ketone bodies serve as 
important precursors of myelin cholesterol (25-27}. It is 
not clear, however, whether a direct metabolic path from 
ketone bodies via acetoacetyl CoA toward formation of 
cholesterol exists in peripheral nerve. Squalene, which 
was not normally found in the [1-"C]acetate metabolites, 
became a major product in the presence of excessive 
NADP § (28), which suggests that epoxidation of squalene 
may be a key step in the regulation of cholesterol biosyn- 
thesis in the peripheral nervous system. 

The level of cholesterol biosynthesis is highest in the 
developing peripheral nerve and decreases rapidly as 
myelination proceeds (Fig. 4). Furthermore, there is an 
increased proportion of biosynthesis of cholesterol precur- 
sors (Fig. 5) with increasing age. This incomplete biosyn- 
thesis of endoneurial cholesterol may imply a decreased 
activity in certain specific enzymes, e.g., Ds reductase, 
in adult peripheral nerve. Although the mature adult 
nerve maintains a minimum activity of cholesterol biosyn- 
thesis, the ability to synthesize sterols continually even 
after myelination {Fig. 5) suggests that  adult peripheral 
nerve myelin is not a stable metabolic entity. In the 
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FIG. 7. In vitro cholesterol biosynthesis in rat sciatic endoneurium 
during Wallerian degeneration and regeneration. Data were calcu- 
lated from previously published data (4). 

absence of myelin assembly, cholesterol biosynthesis is 
completely abolished. The inhibited biosynthesis, how- 
ever, can be resumed by regeneration of injured nerve 
(Fig. 7) or by surgical reattachment of transected nerves 
{Fig. 6). On the other hand, the adult Trembler nerve, 
which is presumed to be due to a metabolic disorder of 
Schwann cells (29,30}, do not exhibit a defect in choles- 
terol biosynthesis (19}. These data indicate that  choles- 
terol biosynthesis may be dependent on the axon as the 
major source of substrate and the level of membrane 
cholesterol is essential for expression of myelinogenesis. 

One of the major biochemical events associated with 
demyelination is the temporal changes in membrane 
cholesterol with histological observations. In general, 
nerve fiber degeneration is accompanied by a decrease in 
free cholesterol and an increase in CE that return to nor- 
mal levels on regeneration {14,31}. The altered levels of 
endoneurial cholesterol are associated temporally with the 
rate of [1-'4C]acetate incorporation into endoneurial cho- 
lesterol {4). On the other hand, an increase in cholesterol 
esterifying activity, which is temporally associated with 
axonal degeneration (32}, is primarily responsible for 
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cholesterol esterif ication in degenerated nerve. Dur ing 
remyelination,  CE hydrolysis ,  which is act ive in normal  
nerve (33), appears  to overshadow cholesterol esterifica- 
tion. Thus,  i t  is possible that ,  to detoxify the increased 
F F A  during demyelinat ion (31), cholesterol is s tored as 
CE and then is reutilized in remyelination after hydrolysis 
(14,34). In  summary ,  de novo synthesis  of cholesterol 
f rom aceta te  and hydrolysis  of CE formed during degen- 
eration appear  to be the two major  sources of endoneurial 
cholesterol t ha t  are used to form new myelin. Alterna- 
tively, cholesterol incorporated f rom blood s t r eam by  the 
Schwann cells (6,35), a l ready present  in nerve before 
degenerat ion (6,7) and t ranspor ted  via axoplasmic flow 
(36-38), also m a y  be utilized to form new myelin. 
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Dexamethasone-induced Alterations in the Glycosphingolipids 
of Rat Kidney 
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To determine whether glucocorticoids would influence the 
glycosphingolipid composition of the rat kidney, male 
albino rats of the Sherman strain were subcutaneously 
administered dexamethasone (100 ~g/100 g body wttday) 
or diluent for four days. The compositions of cerRmlde 
and of acidic and neutral glycosphingolipids of the kid- 
neys of these animals were then exsmined and compared. 
The results demonstrated that dexamethasone adminis- 
tration: 1) increased the content of ceramide and of acidic 
and neutral glycosphingoHpids in kidney; 2} increased the 
relative percentage of globotriaosyl- and globotetraosyl- 
ceramide, but decreased the relative percentages of 
glucosylceramide; 3) decreased the relative percentages 
of []MS and increased other gangliosides; 4} increased the 
relative percentages of N-glycolylneurAmlnlc acid in 
GM3; 5) did not appear to influence significantly the long- 
chain bases of the major glycosphingolipids; and 6) altered 
the relative percentages and chain length of the hydroxy 
and nonhydroxy fatty acids of the major acidic and 
neutral glycosphingolipids in this tissue. The data show 
that dexamethasone administration induces quantitative 
and qualitative changes in the glycosphingolipids of the 
rat kidney. 
Lipids 23, 863-868 (1988). 

Previously, the mammalian kidney has been shown to be 
rich in glycosphingolipids (1-5). While their functional 
significance remains to be elucidated, prior studies from 
a number of laboratories (6-9) have suggested that  
these lipids may play a role in many important cellular 
processes in various tissues, including the kidney. For ex- 
ample, Spiegel et al. (10) have recently implicated glyco- 
sphingolipids as modulators of sodium channels in the 
apical membranes of A6 cells, a cultured kidney epithe~ 
lial cell line. In the rat kidney, earlier studies (1) have sug- 
gested that alterations in the glycosphingollpids may be 
associated with the aging process. 

Relatively few studies have been undertaken with the 
aim to modulate the glycosphingolipid composition of 
mammalian kidney. In this regard, sex hormones have 
been shown to influence the glycosphingollpids of the rat 
and mouse kidney (1-5). Recent studies by our laboratory 
(11) and others (12) also have shown that glucocorticoid 
hormones may influence the glycosphingolipid composi- 
tion of various tissues, including the rat small intestine 
(11). To date, however, data concerning the influence of 
these latter hormones on the glycolipids of the rat kidney 
are lacking. The present experiments were undertaken to 
characterize the effects of the synthetic glucocorticoid, 

*To whom correspondence should be addressed at Dept. of Medicine, 
University of Chicago Hospitals and Clinics, Box 400, 5841 S. 
Maryland Ave., Chicago, IL 60637. 
Abbreviations: GLC, gas-liquid chromatograph(y); HPTLC, high- 
performance thin-layer chromatography; TLC, thin-layer 
chromatography. 

dexamethasone, on the acidic and neutral glycosphingo- 
lipid composition of the rat kidney. The results of these 
investigations, a comparison of the effects of this hor- 
mone on the glycolipids of rat kidney with those previ- 
ously noted in rat small intestine (11), and a discussion 
of their potential physiological significance are presented. 

MATERIALS AND METHODS 

Materials. Dexamethasone was purchased from Sigma 
Chemical Co. (St. Louis, MO). Sphingosine standards, 3% 
OV-1 on Anakron ABS and ceramide were purchased 
from Analabs (North Haven, CT). Phytosphingosine was 
obtained from Calbiochem (La Jolla, CA). Florisil (60-100 
mesh) and fluorescamine (Fluram-Roche) were obtained 
from Fisher Scientific (Fairlawn, N J). Mixtures of non- 
hydroxy and hydroxy fatty acid standards and EGSS-X 
10% on Gas Chrom P and Power-Sil-Prep were obtained 
from Alltech/Applied Science Lab. Inc. (State College, 
PA). The ganglloside standards Gin, Gma, GTh, and GTlb 
were purchased from Supelco (Bellefonte, PA). GM2, 
isolated from Tay-Sachs brain, was a gift from Dr. G. 
Dawson. GM3 was isolated from rat small intestine and 
purified by the method of Glickman and Bouhours (13). 
Glucosyl-, lactosyl-, globotriaosyl-, and globotetraosyl- 
ceramide, purified from human erythrocytes, were gifts 
from Dr. S. K. Kundu (14). All other chemicals were pur- 
chased from Fisher Scientific or Sigma Chemical Co., 
unless otherwise indicated. 

Lipid extraction. Two groups of 16 male albino rats of 
the Sherman strain, weighing 200-250 g, were injected 
subcutaneously with vehicle (0.9% saline) or dexametha- 
sone (100 ~g/dayl00 g body wt) for four days. The last 
injection was administered two hr before the animals were 
killed (11). With water ad libitum, the animals were fasted 
overnight, killed rapidly by cervical dislocation and their 
kidneys were excised. The kidneys were decapsulated and 
papillae removed, then sliced and washed with saline to 
remove blood clots. The glycosphingolipids of the kidneys 
of each group were extracted as previously described 
(11,15). Briefly, the samples were homogenized with 
methanol in a Waring Blender, and the glycolipids ex- 
tracted overnight with 20 vol of chloroform]methanol (2:1, 
v/v) (15). The protein residue was collected by filtration 
and reextracted with chloroform]methanol (1:2, v/v). The 
filtrates were combined, dried in a rotary evaporator and 
redissolved in chloroform]methanol (2:1, v/v) for further 
analysis. 

Glycosphingolipid, ceramide purification and identifica- 
tion by high-performance thin-layer chromatography 
(HPTLC). Total lipid extracts were partitioned with water 
and the lower phase washed five times with Folch upper 
phase {chloroform]methanol/water, 3:48:47, v/v/v} to in- 
sure complete extraction of gangliosides into the upper 
phase {15}. The upper-phase gangliosides were then puri- 
fied by passage through Sep-pak cartridges as described 
previously {16}. 

LIPIDS, Vol. 23, No. 9 0988) 



864 

R. DAHIYA AND T.A. BRASITUS 

The neutral  glycolipids and ceramide were purified by 
chromatography of the acetylated neutral  lipids on a 
Florisil column {17). The gangliosides, ceramide and the 
deacetylated neutral  lipids were analyzed by HPTL C on 
Silica Gel 60 precoated plates (E. Merck, Darmstadt ,  
West  Germany) in the solvent system chloroforrrgmetha- 
nol/water with 1% CaC12 {20:35:7, v/v/v) (18). 

By brief exposure to iodine vapor, individual neutral  
glycolipids and ceramide were identified and then quan- 
tified, af ter  scraping the silica gel area corresponding to 
their position following migration. The number  of 
sphingoid bases l iberated by methanolysis  was deter- 
mined by fluorometry, following reaction of the free bases 
with fluorescamine {17). Quantification of the various 
gangliosides was performed using a Beckman densitom- 
eter  as described by Mullin et  al. {18}. In the present  ex- 
periments, all of the bands from each ganglioside species 
were analyzed. Using radiolabeled glycosphingolipids, 
recoveries were determined from tissue homogenates,  as 
previously described by  Suzuki e t al. {14). Recoveries for 
GM3 , ceramide, glucosyl-, lactosyl-, globotriaosyl- and 
globotetraosylceramide were 77 +_ 4, 82 _ 3, 82 + 5, 80 +_ 
3, 83 _ 6 and 81 +_ 5%, respectively (N = 4). The varia- 
tions in recoveries of these various lipids were not  found 
to be significantly different. 

Desialylation of GMS. Desialylation of purified GM3 Was 
performed by acid hydrolysis using 0.1 M H2SO 4 at  80 C 
for 1.5 hr, as previously described (19). On HPTLC plates, 
N-glycolyl and N-acetylneuraminic acids were separated, 
using a solvent sys tem of n-propyl-alcohol/water/am- 
monium hydroxide (60:28:1.5, v/v/v) (20), and visualized 
with resorcinol. 

Analysis of carbohydrate moieties of GM3 and neutral 
glyeoh'pids. Carbohydrate moieties were identified by gas- 
liquid chromatographic  analysis of their tr imethylsi lyl  
derivatives, as previously described (13,21). 

Analysis of fatty acids and long-chain bases of glyco- 
sphingolipids and ceramide. Individual glycosphingo- 
lipids and ceramide were separated and identified by 
H PTLC  and, after  scraping the silica gel areas corre- 
spending to their positions, were hydrolyzed in 1 ml of 
dry  methanolic HC1 {0.75 N) at 80 C for 16 hr. This was 
followed by  extract ion of the fa t ty  acid methyl  esters by 
hexane (22). The methanolic phase then was alkalinized 
with aqueous NaOH and the long-chain bases were ex- 
t rac ted  by diethyl ether (23). 

Nonhydroxy  and hydroxy  fa t ty  acids were separated 
by  chromatography on a Florisil column, as previously 
described (24). In certain experiments,  a known amount  
of C21 fa t ty  acid methyl  ester  was added as an internal 
standard to quanti tate the nonhydroxy and hydroxy fa t ty  
acids in the samples (25). Nonhydroxy fa t ty  acid methyl  
esters were dissolved in a small volume of hexane, and 
hydroxy fa t ty  acid methyl  esters were silylated prior to 
chromatography (25). Analyses of both  nonhydroxy  and 
hydroxy  fa t ty  acids were performed on a Hewlett-  
Packa rd  5790A gas-l iquid c h r o m a t o g r a p h  (GLC) 
equipped with a flame ionization detector  and interfaced 
with a Hewlet t -Packard 3390A integrator,  as previously 
described (25). Peak identification was based on retention 
times, identical to known s tandards  run under the same 
conditions (25). 

Long-chain bases, free from fa t ty  acids, were dissolved 
in chloroform, washed with 0.1 M NaOH and then washed 

repeatedly with water. The chloroform phase was dried 
under N2 and the residue silylated, as described by 
Carter and Gaver  (26). The long-chain bases then were 
analyzed by GLC on an OV-1 column operated with 
tempera ture  programming from 245 to 305 C at  3 C per 
rain (25). Identification was based on retention times, 
identical to known s tandards  run under the same condi- 
tions {25}. 

Statistical methods. Unless otherwise indicated, all 
results  were expressed as mean value -!-_ SE. Paired or 
unpaired t-tests were used for all statistical analysis. P < 
0.05 was considered significant. 

RESULTS 

Analyses of kidney glycosphingolipids and ceramide in 
control and dexamethasone~treated animals. In agreement 
with earlier studies of control animals (1), glucosyl- and 
globotetraosylceramide were found to be the principal 
neutral  glycosphingolipids, and hematoside {G~3) was 
the major ganglioside of this organ (Tables 1 and 2, 

TABLE 1 

Contents and Relative Percentages of Ceramide and Neutral 
Glycosphingolipids in Kidneys of Dexamethasone-treated 
and Control Rats a 

Dexamethasone- 
Control treated 

Content % Content % 

Ceramide 0.18 + 0.03 18.6 0.25 • 0.03 16.1 
Glucosylceramide 0.23 • 0.03 23.7 0.27 • 0.02 17.4 
Lactosylceramide 0.06 • 0.01 6.2 0.08 • 0.01 5.2 
Globotriaosylceramide 0.10 • 0.01 10.3 0.21 • 0.04 b 13.5 
Globotetraosylceramide 0.40 • 0.06 41.2 0.73 • 0.06 b 47.1 

Total 0.97 • 0.06 '1.55 • 0.05 b 

aContent values are expressed in pg/mg protein and represent mean 
__+ SE for four separate preparations (four rats/preparatinn) of each 
group. Quantitation and recoveries of ceramide and the individual 
glycosphingolipids were determined as previously described by Saito 
and Hakomori (17) and Suzuki et al. (14), respectively. 
bp < 0.05 compared to control values. 

TABLE 2 

Contents and Relative Percentage of GM3 in Kidneys 
of Dexamethasone-treated and Control Rats a 

Control Dexamethasone-treated 

Content % Content % 

GM3 1.64 + 0.16 76.0 2.18 +_ 0.13 b 67.1 
Others 0.51 -4-_ 0.07 23.7 1.06 +_ 0.15 b 32.6 

Total 2.16 • 0.18 3.25 • 0.22b 

aValues are expressed in nmol NeuAc/mg protein and represent mean 
-'- SE of four separate preparations (four rats/preparation) of each 
group. Quantitation and recoveries of GM3 and the other 
gangliosides were determined as previously described by MuUin et 
al. (18) and Suzuki et al. (14), respectively. 
bp < 0.05 compared to control values. 
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FIG. 1. Representative densitometric tracings of: A, control and 
dexamethasone~treated B, kidney ceramide and neutral glyco- 
sphingolipids. 1, Globotetraosylceramide; 2, giobotriaosylceramide; 
3, lactosylceramide; 4, glucosylceramide; and 5, ceramide. 

Figs. 1 and 2). Smaller amounts of lactosyl- and 
globotriaosylceramide, as well as ceramide, a nonsugar 
containing compound, also were present (Table 1, Fig. 1). 
In dexamethasone~treated kidneys, the total content of 
neutral glycosphingolipids and ceramide was found to be 
significantly increased when compared with control 
kidneys (Table 1, Fig. 1). Moreover, the relative percent- 
ages of globotriaosyl- and globotetraosylceramide were 
increased by dexamethasone, and, after administration 
of this synthetic glucocorticoid for four days, the relative 
percentage of glucosylceramide was decreased. 

As shown in Table 2, the total content of gangliosides 
also was increased in the kidneys of treated animals. The 
relative percentages of G~3 and the other gangliosides, 
however, were decreased and increased, respectively, by 
dexamethasone administration (Table 2, Fig. 2). 

GLC analyses of the sugar moieties of control and 
treated tissue further established their identities and 
showed similar molar ratios for each of the glycosphingo- 
lipids of control and dexamethasone~treated kidneys 
(Table 3). 

After acid hydrolysis of control and treated kidneys, 
the sialic acid moieties of GM3 were found to contain 
both N-acetyl- and N-glycolylneuraminic acid. Although 
the latter form predominated in both, the relative per- 
centage of N-glycolylneuraminic acid was found to be 
significantly greater in dexamethasone-treated kidneys 
(Table 4). 
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FIG. 2. Representative densitometric tracings of: A, standards; B, 
control; and C, dexamethasone~treated gangliosides. 1, GTIb; 
2, GT;a; 3, GDh; 4, GMI; 5, GM2; and 6, GM3. 

In order to detect additional differences between the 
glycosphingolipids of control and treated tissue, the long- 
chain bases and fatty acids of the major glycosphingo- 
lipids were examined and compared. As shown in Table 5, 
sphingosine was the predominant long~hain base of 
glucosyl-, globotetraosylceramide and GM3 in control 
kidneys. Furthermore, no significant differences were 
noted in the relative percentages of the long~hain bases 
of kidneys of control and treated animals (Table 5). 

In contrast to these latter findings, dexamethasone 
treatment appeared to modify the fatty acids of the major 
kidney glycosphingolipids. As shown in Table 6, the pres- 
ent treatment regimen with this synthetic glucocorticoid 
significantly altered the individual hydroxy and non- 
hydroxy fatty acids of glucosyl- and globotetraosyl- 
ceramide, as well as GM3. As can be seen, dexametha- 
sone administration, in general, decreased the hydroxy 
and nonhydroxy fat ty acid chain length of these major 
glycosphingolipids, particularly glucosylceramide and 
GM3 (Table 6). 

DISCUSSION 

Prior studies from a number of laboratories have 
demonstrated that glucocorticoid hormones, including 
dexamethasone, could influence the glycerolipid and 
phospholipid composition of various cell types {27-29}. 
Administration of dexamethasone (2 mg/kg body wt/day) 
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TABLE 3 

Analysis of Sugar Moieties in Neutral Glycosphingolipids and GM3 of Control 
and Dexamethasone-treated Kidneys a 

Control Treated 

Sugar Molar ratios Sugar Molar ratios 

Glucosylceramide Glc --  Glc - -  
Lactosylceramide GaYGlc 1.0:1.0 GaYGlc 1.1:1.0 
Globotriaosylcer arnide Gal/Glc 2.1:1.0 Gal/Glc 2.0:1.1 
Globotetr aosylceramide Gal/GIc/GalNA c 2.0:1.0:1.1 GaYGIc/GaINA c 2.1:1.1:1.0 
GM3 GaYGIc/SA 1.0:1.0:1.0 Gal/Olc/SA 0.9:1.1:1.0 

aGlycosphingolipid classes were separated by TLC, and trimethylsilyl esters prepared and analyzed by GLC, 
as described in Materials and Methods section. 
Glc, glucose; Gal, galactose; GalNA c, N-acetylglucosamine; and SA, sialic acid. 

TABLE 4 

Relative Percentages of N-acetyl- and N-glycolylneuraminic Acid in GM3 
of Kidney in Control and Dexamethasone-treated Rats a 

Form of sialic acid Control Dexamethasone-treated 

N-acetyl 33.8 -+ 1.8 27.0 + 1.6 b 
N-gtycolyl 66.0 _+ 1.6 73.1 + 1.1b 

aValues represent means +_ SE of four separate preparations of each group. 
bp < 0.05 compared to control values. 

TABLE 5 

Percentage of Sphingosine {S) and Phytosphingosine {P} in Glycosphingolipids in Kidneys of Dexamethasone-treated and Control Rats a 

Control Dexamethasone-treated 

Glycosphingolipid S P Other S P Other 

(}M3 54.1 +_ 2.9 25.6 +_ 3.1 20.3 -!-_ 2.9 58.3 +_ 1.7 20.3 + 2.1 21.3 + 0.05 
Glucosylceramide 71.1 + 2.7 21.7 + 2.2 10.3 ___ 1.1 68.1 __. 1.7 21.4 _+ 1.4 10.5 + 1.4 
Globotetraosylceramide 72.0 + 2.8 13.5 + 0.8 14.5 ___ 1.5 71.9 _ 3.5 13.6 _+ 1.1 14.8 + 2.4 

aValues are expressed as relative percentages and represent means +_ SE of four separate preparations (four rats/preparation) of each group. 

TABLE 6 

Hydroxy and Nonhydroxy Fa t ty  Acid Composition of Major Glycosphingolipids of Kidney in Control and Dexamethasone-treated Rats a 

Glucosylceramide Globotetraosylceramide GM3 

Control Treated Control Treated Control Treated 
Fatty 
acids HFA% NFA% HFA% NFA% HFA% NFA% HFA% NFA% HFA% NFA% HFA% NFA% 

16:0 14.5 20.4 18.6 19.6 27.0 24.7 28.5 25.2 28.7 32.3 22.7 29.0 
16:1 tr  tr  tr  tr  tr  tr  tr  tr  t r  tr  tr  t r  
18:0 18.2 22.6 24.6 15.5 15.2 6.1 19.4 7.1 24.1 25.4 36.6 31.5 
18:1 8.2 11.6 16.1 18.2 6.6 2.8 8.2 3.7 8.9 9.8 9.8 10.1 
18:2 tr tr tr tr tr tr tr tr tr tr tr tr 
20:0 9.0 6.2 19.0 20.3 11.5 6.2 14.2 7.2 8.2 8.5 6.2 8.3 
20:4 tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  tr  
22:0 13.5 25.8 9.6 10.6 23.8 7.2 17.5 5.9 9.3 13.5 3.2 8.5 
24:0 18.2 3.3 5.3 5.4 8.9 38.5 4.7 36.1 11.2 10.2 5.4 4.0 
26:0 16.8 tr  5.0 tr  6.7 3.2 3.2 tr  2.9 tr  2.4 tr  

aValues represent the mean of four separate preparations. SE were all less than 6% of the mean. 
HFA, hydroxy fat ty acids; NFA, nonhydroxy fat ty acids; tr, trace indicates 2% or less of the total. 
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to adult male rats for 1 wk, however, failed to alter the 
total phospholipid content in the kidneys of these animals 
(29). 

Corticosteroids also have been shown to alter the acidic 
glycosphingolipids of rabbit thymocytes (12). More 
recently, our laboratory (11) has shown that subcutaneous 
dexamethasone administration {100 ~g/100 g body 
wt/day) for four days induced changes in the glyc~ 
sphingolipids of the rat proximal small intestinal mucosa. 
The present experiments demonstrated, for the first time, 
that this dexamethasone treatment regimen also results 
in significant quantitative and qualitative alterations in 
the neutral and acidic glycosphingolipids of the rat 
kidney. 

Since previous studies have suggested that the 
glycosphingolipid composition of animals, including rats, 
is organ-specific (1), it was of particular interest, in the 
present studies, to compare the effects of dexamethasone 
treatment on rat kidneys with effects previously seen in 
the rat small intestine Ill). In this regard, dexamethasone 
significantly increased the total content of ceramide and 
the neutral glycosphingolipids by ca. 50% in the rat 
kidney, and moreover, increased the relative percentages 
of globotriaosyl- and globotetraosylceramide, but reduced 
the relative percentage of ghicosylceramide. In contrast 
to these current findings, previous administrations of the 
hormone were not found to affect these lipids in the rat 
small intestine Ill). 

In both kidney and small intestine, dexamethasone in- 
creased the total content of acidic glycosphingolipids by 
ca. 50%. In the kidneys, this was associated with a small 
decrease (10%) in the relative percentage of GM3, but  in 
the small intestine, there was an ca. 15% relative percent- 
age increase (11). Dexamethasone, however, increased the 
relative percentage of N-glycolylneuraminic acid of GM3 
in both organs. In the present studies, long-chain bases 
of the major kidney glycosphingolipids, including GM3, 
were not found to be influenced by this synthetic 
glucocorticoid. In earlier studies (11), however, this agent 
produced decreases in the relative percentage of 
phytosphingosine in GMS, as well as in glucosyl- and 
globotriaosylceramide, the major neutral glycolipids of 
the rat small intestine. 

Additionally, relatively minor changes were previously 
seen in the hydroxy and nonhydroxy fatty acids of small 
intestinal GM3, secondary to dexamethasone administra- 
tion Ill}, but in the present studies, administration of this 
hormone produced more impressive changes in the 
relative percentages and chain lengths of these fatty acids 
in the major kidney neutral and acidic glycolipids. These 
results deserve further comment. 

First, the present results, taken together with our 
earlier data {1 D, demonstrate clearly that dexamethasone 
can influence the glycosphingolipid composition of both 
the rat kidney and the rat small intestine. In general, 
however, the alterations induced by this hormone were 
more extensive in the rat kidney, involving both the 
neutral and acidic glycosphingolipids. It  would appear, 
therefore, that dexamethasone~induced glycosphingolipid 
alterations, indeed, are organ-specific in the rat. 

Second, treatment with dexamethasone increased the 
relative percentage of N-glycolylneuraminic acid in GM3 
of both rat kidney and small intestine. This hormone, 
however, decreased the relative percentages of phytc~ 

sphingosine in the major small intestinal glycosphingo- 
lipids (11), but in the current experiments, was not found 
to alter the long-chain bases of these glycolipids in the 
kidneys. Because the conversion of N-glycolyl- from N- 
acetylneurandnic acid (30,31) and phytosphingosine from 
sphinganine (31) involves hydroxylation reactions, it ap- 
pears that this synthetic glucocorticoid has different af- 
fects on these reactions in both organs. 

Similarly, intraperitoneal injection of cortisone acetate 
for 48 hr has been shown previously to decrease the levels 
of N-glycolylneurarninic acid in GMS of rabbit thym@ 
cytes, to not affect its long-chain bases and to increase 
the chain length of the fatty acids of this ganglioside (12). 
As noted earlier, in the rat kidney, but not in the intestine 
Ill), dexamethasone produced decreases in the chain 
length of GM3 and the major neutral glycosphingolipids. 
Taken together, these results suggest that the effects of 
this hormone on acidic and neutral glycosphingolipids are 
very complex and are not only organ-specific, but also 
species-specific. 

Third, the mechanismIs) underlying the present quan- 
titative and qualitative alterations in the dexamethasone~ 
induced, rat kidney glycosphingolipids are unclear at this 
time. Earlier studies concerning sex-hormone effects on 
rat and mouse kidney glycolipids suggested that these 
hormones may increase the activities of certain enzymes 
involved in the biosynthesis of glycosphingolipids (2-5}. 
The increased neutral and acidic glycolipid content seen 
in the rat kidneys, after dexamethasone administration, 
may be due to increased rates of lipid biosynthesis, 
decreased rates of degradation or a combination of both 
(32). Further studies, therefore, will be necessary to clarify 
this issue. Regardless of the mechanism(s) involved, 
however, the present data demonstrate that administra- 
tion of this synthetic glucocorticoid leads to alterations 
in both the acidic and neutral glycosphingolipids in rat 
kidneys. 

Finally, it should be noted that, while the physiological 
significance of these dexamethasone-induced, renal glyco- 
sphingolipid alterations remain unclear, prior studies of 
a number of different organs (1,6-10,33-36), including the 
rat kidney (1), have suggested that neutral and acidic 
glycosphingolipids may play a role in several important 
physiological and pathological processes. For example, 
addition of exogenous GM3 to various cell lines has been 
shown, in fact, to inhibit cell growth (37). Further studies 
should elucidate the mechanism{s) responsible for these 
dexamethasone-induced alterations in the glycolipids of 
the rat kidney and clarify their functional significance. 
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Skin~urface lipids from the monkey Macaca fascicularis 
are composed of sterol esters (38%), cholesterol {4%) and 
two types of wax diesters, identified as Type II {IIa and 
IIb, 17% and 40%, respectively}. Type IIa contained 
diesters of 1,2-alkanediols esterified with two molecules 
of long-chain {C14-C34) fatty acids having straight and 
branched chains. In the diesters IIa, fatty acids shorter 
than C19 predominated in position 1, and fatty acids 
longer than C2o predominated in position 2. Type IIb con- 
talned diesters of 1,2-alkanediols esterified with C4 and 
C5 branched~hain fatty acids (predominantly isovaleric 
acid) at position I and long-chain {C14-C27) acids, having 
straight and branched chains, at position 2. The short- 
chain acids were converted to 2-nitrophenylhydrazides 
and analyzed by high-performance liquid chromatography 
{HPLC). Ammonia  chemical ionization (CI)-gas 
chromatography (GC}-mass spectrometry (MS} resolved 
the intact diesters IIb into 12 peaks corresponding to 
molecular weights ranging from 597 to 748, and showed 
that the molecular species, such as C21-ClcCs {diol, fatty 
acid in position 2, fatty acid in position 1), C22-C~-Cs and 
C23-C~-C5, were prevalent. The fatty acids from both 
diesters were mostly (>98%) saturated. The 1,2-alkane- 
diols from both diesters consisted of C~6-C2~ saturated 
straight- and branched-chain components. The acyl 
groups of sterol esters contained 86% C14-C34 branched- 
chain acids. The unsaturated fatty acids {5.4%) belonged 
to a straight~hain monoenoic series having extremely 
long chains (C~8-C~4}. The branched~hain structures in the 
fatty acids and diols were iso and anteiso. These results 
show the species-specific profile for the skin-surface lipid 
synthesis. 
Lipids 23, 869-877 (1988}. 

Besides their physiological functions, skin-surface lipids 
are thought to play a significant role in excreting lipo- 
philic compounds from the body. Wolff {1) analyzed 
halogenated hydrocarbons in human skin-surface lipids 
for estimation of human body burden. For assessment of 
human exposure to environmental pollutants, using skin 
lipids as a specimen, animal experiments are required. 

Skin-surface lipids contain unusual lipids that  are not 
commonly found in the internal tissues, and there is a 
wide variation between species, both in the classes of 
lipids present and in the structures of the aliphatic 
moieties {2-12}. Human skin-surface lipids differ marked- 
ly from those of animals; they contain triacylglycerols and 
squalene as major constituents, whereas those of other 

*To whom correspondence should be addressed. 
Abbreviations: FAS, fatty acid synthetase; TMS, trimethylsflyl; CI, 
chemical ionization; CI-GC-MS, chemical ionization-gas 
chromatography-mass spectrometry; ECL, equivalent chain length; 
EI, electron impact; FCL, fractional chain length; GC-MS, gas 
chromatography-mass spectrometry; HPLC, high-performance 
liquid chromatography; TIC, total ion monitoring; TLC, thin-layer 
chromatography. 

animals consist primarily of a variety of wax mono- and 
diesters (9,10}. It, therefore, was of interest to examine 
the skin-surface lipids of primates. An early investigation 
of primates used thin-layer chromatography (TLC) for the 
study of the surface lipids of the chimpanzee and baboon 
{2). To evaluate the use of animal models, detailed surface- 
lipid characterization is required to decide whether the 
origin and biosynthesis of the lipids is comparable with 
those of humans. 

In the present study, the monkey Macaca fascicularis 
was chosen to determine in detail the composition and 
structures of its skin-surface lipids. On the basis of these 
results, lipogenesis in the sebaceous gland was deduced. 
In addition, it was shown that the derivatization to 
2-nitrophenylhydrazide was useful for the analysis of 
short-chain fatty acids in diesters, and that ammonia 
chemical ionization-gas chromatography-mass spec- 
trometry {CI-GC-MS) was suitable for the molecular 
species analysis of the diesters. 

MATERIALS AND METHODS 
Collection of the skin-surface lipids. The skin-surface 
lipids were collected from the backs of three male 
monkeys (M. fascicularis). After being shaven, the backs 
{10 X 10 cm) were wiped with gauze (10 • 10 cm) soaked 
in acetone/hexane (1:1, v/v), that had been exhaustively 
extracted with the solvent. The lipids were eluted from 
the gauze with acetone/hexane (1:1, v/v) on a sintered 
glass filter. The solvent was evaporated, yielding 6-15 mg 
of lipids per animal. Because preliminary analysis showed 
no significant difference in the composition of lipid classes 
and the constituent fat ty acids between individual 
animals, the collection was repeated 3-4 times (once a day 
at intervals of 3-4 days}; the lipid samples were combined 
and used for determination of chemical structures. The 
results were an average of three separate experiments. 

Separation of lipid classes. The total-surface lipids were 
fractionated on a 0.25-mm-thick silica gel plate (Merck 
60F2s4), using hexane/benzene {2:3, v/v). The lipid bands 
were located with iodine vapor and separately scraped 
from the plate, after which the lipids were eluted with 
diethyl ether. The sterol ester fraction was rechromato- 
graphed on magnesium hydroxide TLC with hexane/ethyl 
acetate (100:1, v/v) {12}. This procedure separated the 
sterol esters from a small amount of wax monoesters, as 
described by Stewart and Downing {12}. The bands were 
visualized under UV-light after spraying with 2',7'- 
dichlorofluorescein in methanol {1 mg/ml). 

Sterol esters. The sterol esters were saponified in 1 ml 
0.5 N NaOH in 95% methanol/benzene {4:1, v/v) at 60 C 
for one hr. After acidification with 1 N HC1, the products 
were recovered in hexane, and then treated with 1 ml 
benzene/5% HC1 in methanol (1:2, v/v) at 100 C for 30 min. 
After adding water, the products were extracted with 
diethyl ether, and then fractionated by TLC {10 • 10 cm}. 
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After successive development with hexane/benzene {2:3, 
v/v, to 10 cm), followed by benzene/ethyl acetate {1:1, v/v, 
to 4 cm), the two bands were scraped from the plate, and 
the fatty acid methyl esters and free sterols were eluted 
from the adsorbent with diethyl ether and chloroform/ 
methanol {2:1, v/v), respectively. The free sterols sepa- 
rated by TLC were converted to their TMS-derivatives 
by treatment with N,O-bis(trimethylsilyl)acetamide at 
60 C for one hr, 

An aliquot of the fat ty acid methyl esters was con- 
verted to pyrrolidides by heating with 1 ml pyrrolidine/ 
acetic acid (10:1, v/v} at 100 C for one hr. After adding 
3 N HC1 (3 ml}, the products were extracted with hexane. 
The extract was successively washed with 3 N HC1 and 
then with water, after which it was dried over anhydrous 
magnesium sulfate. After removing the solvent under a 
stream of nitrogen, the residue was subjected to GC. 

The saturated and monounsaturated fatty acid methyl 
esters were separated by argentation-TLC using hexane/ 
diethyl ether (9:1}. The plates were prepared by immer- 
sion of precoated silica gel plates in a solution of 4% silver 
nitrate in acetone/water (9:1, v/v}. The methyl esters were 
located with 2',7'-dichlorofluorescein and recovered in 
ether. The double bonds of the unsaturated fat ty acids 
were cleaved by Lemieux-von Rudloff oxidation (13), as 
described in the next section. After 60 hr, the fat ty acids 
were extracted and treated with diazomethane. Hydro- 
genation was carried out by bubbling hydrogen through 
the methanol solution (0.5 ml) of the unsaturated fraction 
in the presence of 5% Pd-CaCO3 (1-2 mg). The structure 
of each fat ty acid was assigned from the mass spectra 
of methyl ester and/or pyrrolidide according to estab- 
lished data (14,15). 

Wax diesters. Each of the isolated wax diester fractions 
(IIa and IIb) was saponified and then processed in the 
same manner as the sterol esters. 

The wax diols were converted to their isopropylidene 
derivatives by treatment with 1 ml acetone and 2 ~170% 
perchloric acid at room temperature. After 30 rain, the 
mixture was made alkaline with ammonium hydroxide 
and evaporated to dryness under a nitrogen stream. The 
products were extracted into hexane. Traces of polar 
material were removed by preparative TLC and developed 
in hexane/benzene (2:3, v/v). 

Aliquots of the diols were oxidized by the Lemieux and 
von Rudloff method (13). To the solution of alkanediols 
in 0.5 ml tert-butanol were added 0.2 ml 0.1 N Na2C03, 
0.2 ml 0.5 N NaIO4 and 0.1 ml 8 mM KMnO4. After 24 
hr, the fat ty acids formed were extracted with hexane 
from the acidified reaction mixture. The extract was 
washed with water, dried with anhydrous magnesium 
sulfate and evaporated to dryness. The fat ty acids were 
converted to methyl esters by treatment with diazo- 
methane for GC analysis. 

A portion of the diesters IIb was treated with 0.2 ml 
pyrrolidine and 20 ~l acetic acid, and the component fatty 
acids were converted directly to pyrrolidides. After 
heating at 100 C for two hr, an aliquot was submitted to 
GC-MS analysis. Authentic samples of the short-chain 
fat ty acid pyrrolidides were prepared from their ethyl or 
propyl esters. Their mass spectra were as follows: 
2-methylpropanoyl pyrrolidine, m/z (rel intensity}: 141 
(M +, 44), 126 {15}, 112 (4), 98 (100); 2-methylbutanoyl pyr- 
rolidine, 155 (M § 36), 140 (38), 127 (100), 112 (8), 98 {94}; 

3-methylbutanoyl pyrrolidine, 155 (M § 29), 140 (6), 113 
(100), 98 {21}. Wax diesters IIb (0.5 mg) were saponified 
with 0.1 ml 2.5 M KOH in 85% ethanol at 90 C for one 
hr. The free fat ty acids were converted to the 2-nitro- 
phenylhydrazides by treatment with 2-nitrophenylhydra- 
zine hydrochloride (2-NPH �9 HCI) in the presence of 
1 -e thy l -3 - (3 -d ime thy laminopropy l )ca rbod i imide  
hydrochloride (1-EDC - HC1) as a coupling agent (16). 

Lipase hydrolysis. Wax diesters IIa (6 mg/2 ml) were 
emulsified, and then hydrolyzed with 25 ~l of lipase solu- 
tion {Rhizopus arrhizus, 10 mg/ml, Boehringer-Mannheim, 
Mannheim, FRG) at 39 C, as described by Schmid and 
Schmid {17}. After 1.5 hr, the products were extracted and 
analyzed by TLC using hexane/diethyl ether/acetic acid 
{80:20:1, v/v/v), as described {17}. The fractionation was 
carried out by TLC using benzene/ethyl acetate {5:2, v/v). 
Unhydrolyzed diesters (R~ ~ 0.98), 2-acyl diols (R~ ~ 0.8), 
and free fatty acids (Rf ~ 0.5} were isolated. During this 
process, free diols (Rf ~ 0.2) were not detected. Free 
fat ty acids or 2-acyldiols were treated with benzene/5% 
HC1 in methanol (1:2, v/v) at 100 C for two hr. Methyl 
esters from 2-acyl diols were purified by TLC in hexane/ 
benzene (4:6, v/v) before analysis by GC. 

Dieters IIb (6.0 mg) also were hydrolyzed with 50 ~1 of 
lipase. After four hr, an aliquot of the reaction mixture 
was treated with the 2-NPH and 1-EDC solution, as 
described by Miwa and Yamamoto {18}, and the free fatty 
acids were converted to 2-nitrophenylhydrazides for high- 
performance liquid chromatography (HPLC) analyses. 
The hydrolysis products were extracted from the re- 
mainder and fractionated by TLC in the same manner as 
previously described. No free fat ty acids were detected 
by TLC. The 2-acyldiols or unhydrolyzed diesters were 
hydrolyzed with alkali, and the constituted fat ty acids 
were converted to methyl esters or 2-nitrophenylhydra- 
zides. 

GC. GC analyses were performed with a Shimadzu GC 
9A gas chromatograph equipped with a flame-ionization 
detector and a 30 m • 0.25 mm DB-5 column (J & W 
Scientific Inc., Folsom, CA). Helium at 1.3 kg/cm ~ pres- 
sure was used as the carrier gas. The column was pro- 
grammed at 4 C/rain at 200-320 C for the fat ty acid 
methyl esters, at 250-320 C for the fat ty acid pyrrolidide, 
at 220-300 C for the isopropylidene derivatives of 
alkanediols, and at 300-320 C for the TMS-derivatives 
of sterols. For measuring the equivalent chain lengths 
(ECL), appropriate isothermal conditions were used. The 
sample was introduced by the split technique with a 50:1 
split ratio. 

GC-MS and MS. EI-GC-MS analyses were performed 
with a JEOL DX-300 mass spectrometer interfaced to a 
GCG06 gas chromatograph and to a JMA-5000 mass 
data system. The column was a 30 m • 0.25 mm DB-5 
capillary terminating inside the ion source. Operating con- 
ditions for the column were the same as mentioned above. 
The split ratio was 10:1. Mass spectra were obtained at 
a scan speed of 1 s decade -~, an accelerating voltage of 
70 eV and an ion source temperature of 250 C. 

For analyses of the intact diesters IIb, the compounds 
were introduced by direct insertion probe or by GC inlet 
via a glass jet separator. The CBPI column (4 m • 
0.53 ram, Shimadzu Co. Ltd., Kyoto, Japan) was pro- 
grammed at 270-320 C at 8 C/rain. The injector and jet 
separator were held at 300 C. The ion source temperatures 
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were 200 C for the  direct  inlet s y s t em  and 270 C for the  
GC inlet sys tem.  CI spec t ra  were obtained at  250 eV. 

HPLC. H P L C  analyses  were carried out  us ing a 
Shimadzu Model LC-3A liquid chromatograph.  The col- 
umn  was Zorbax  ODS (5 ~m, 4.6 m m  X 25 cm, Du Pont  
Co., Wilmington, DE). The eluents were acetonitrile/water 
(40:60, v/v) for short-chain (C~-C~) 2-nitrophenylhydrazide 
der ivat ives  and (95:5, v/v) for the long-chain (C,4-C2o) 
derivatives; they were adjusted to p H  4.5 with 0.1 N HC1, 
as described by  Miwa and Yamamoto  (16,18). The colunm 
effluent was moni tored a t  390 nm at  a flow ra te  of 
1.2 ml]min. 

RESULTS 

Separation of lipid classes. TLC analysis  showed the 
presence of four major  neutral  lipid const i tuents .  They  
were  u l t i m a t e l y  ident i f ied  as s te ro l  es te rs ,  free 
cholesterols and two types  ( I I a  and I Ib)  of Type  I I  wax 
diesters  (Fig. 1). One (IIa,  1~ ~ 0.57) migra ted  like a 
Type  I I  diester  (diacyl alkanediols) f rom the ra t  skin (4) 
on TLC, and the other  (IIb) showed a lower mobil i ty  
(R~ ~ 0.48). The contents ,  based  on their  weight, were 
38% sterol  esters,  17% IIa ,  40% I I b  and 4% free 
cholesterols. 

Sterol esters. After  magnes ium hydroxide TLC, the 
sterol  es ter  fract ion showed one major  spot,  correspond- 
ing to  the  sterol  esters,  and one minor spot ,  correspond- 
ing to the wax monoester  standard. However,  no detailed 
examinat ion  of the la t ter  component  was carried out, 
because the content  was ext remely low. After  saponifica- 
tion, followed by  methylat ion,  the purified sterol  es ters  
showed two spots  on TLC due to f a t ty  acid methyl  es ters  
and sterols. GC and G C - M S  of the TMS-der ivat ives  of 
t h e  sterol fract ion yielded only one peak coinciding with  
the  cholesterol-TMS standard.  

The f a t t y  acid me thy l  es ters  were examined by  
argenta t ion-TLC and by  capiUary-GC, before and af ter  
hydrogenat ion  with H2/Pd-CaCO3. The sa tu ra t ed  f a t t y  
acids were grouped into three homologous series accord- 
ing to their  fract ional  chain length (FCL) (ECL - carbon 
number) values. The carbon skeletal  types  of the series 

1 
4 

:1 3 I, 
I |  tl f/ 
Iq l  fl it 

..rl  2 ," ,I,,"" 
l[ ;' / _ 

"It'.v| , I ' 'L'I ~1" r r ,  = -  ~1 
3" I 

I origin 

FIG. 1. Densitometer scan of a thin-layer chromatogram of monkey 
skin-surface lipids. The chromatogram was developed with hexane/ 
benzene (2:3), sprayed with 50% sulfuric acid and charred at 220 C. 
Numbers above the chromatogrum indicate: 1, sterol esters; 2, wax 
diesters IIa; 3, wax diesters IIb; 4, cholesterol. 

having  FCL values of 0.00, 0.64 and 0.74 were ass igned 
to s t ra ight ,  iso and anteiso, respectively,  f rom G C - M S  
analyses of the pyrrolidides (shorter chains than  C2,) and 
the  me thy l  esters.  The chain lengths  of the f a t t y  acids 
showed a wide distribution, ranging  f rom C,4-C34, with 
a m a x i m u m  around C2o-C2, (Table 1). 

The content  of unsa tu ra t ed  f a t t y  acids was ex t remely  
low {total 5.4%). They were predominant ly  a monoenoic 
series, having C~8-C34 chains. Hydrogenat ion with HJPd-  
CaCO3 showed tha t  99% of t hem had s t ra igh t  chains. 
Determina t ion  of the double-bond posit ion for each peak 
was not  carried out, because their  amounts  were low and 
pyrrol idides longer than  C~8 were unsui table  for GC (or 
GC-MS)  analysis.  However,  Lemiuex-von Rudloff oxida- 
t ion of the to ta l  unsa tu ra t ed  f a t t y  acids produced hep- 
tanoic and nonanoic acids, and a series of odd-chain 
C~-C~7 dicarboxylic acids (predominant ly C~3 and C,~), 
showing tha t  mos t  of these monoenoic acids belonged to 
the n-7 or the n-9 series. 

Wax diesters IIcL After saponification and methylation, 
diesters  I I a  gave  two spots  on TLC, due to f a t t y  acid 
methy l  es ters  and a polar  component .  

The polar  component  was conver ted  to the isopropyli- 
dene derivative,  showing the presence of a vicinal-diol 
{-CH(OH)-CH(OH)-)  group. Only one spot,  correspond- 
ing to s a tu ra t ed  diol isopropylidene derivatives,  was  
detected by  argentat ion-TLC. When  the  mass  spec t ra  of 
the free diols and the corresponding isopropylidene 
der ivat ives  were compared, the characteris t ic  ions due to 
cleavage of a bond between the two hydroxy  groups  on 

TABLE 1 

Constituent Fatty Acids (mol %) of Sterol Esters 
from Monkey Skin-surface Lipids 

Number 
of 

C-atoms 

Straight-chain Branched-chain 
(14.34%) {85.66%) 

Saturated Monoenoic Iso Anteiso 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

Tot~s 

0.90 _ a  _ _ 
0.10 0.14 0.08 

1.05 0.08b, o 1.41 c 0.14 d 0.09 
0.13 3.35 0.22 

2.59 -- -- 7.74 
0.17 26.00 12.19 

1.51 0.05 e 0.09f 9.24 
0.11 8.29 6.85 

0.94 -- 0.16g 1.34 
0.08 2.85 1.73 

0.48 -- -- 0.79 
0.03 1.23 1.01 

0.28 -- 0.29 h 0.30 
-- 0.54 0.42 

0.29 0.06 i 0.89] 0.18 
-- 0.36 0.29 

0.22 0.22 k 1.15 / 0.10 
--  0.14 0.16 

0.03 0.35 m 0.44 n -- 

8.29 0.62 5.43 19.81 42.90 22.95 

aProportions less than 0.03% are designated (--). 
b'nECL of each peaks is as follows: b, 17.72; c, 17.77; d, 17.82; 
e, 21.78; f, 21.85; g, 23.88; h, 27.92; i, 29.86; j, 29.93; k, 31.84; l, 31.90; 
m, 33.79; n, 33.86. 
0C18:2. 
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the spectrum of the free diols were observed at [M - 31]*, 
but not at [M - 45] +. This result indicates that  the two 
hydroxy groups were located at positions 1 and 2 of the 
alkanediols (R-CH(OH)-CH2(OH)). Furthermore, the 
diols were chemically cleaved by Lemiuex-von Rudloff ox- 
idation and the resulting fat ty acids were esterified. GC 
analysis of these methyl esters showed a chain-length 
distribution pattern similar to that  of the original diols, 
but with the corresponding peaks containing one less car- 
bon atom, thus confirming the 1,2-structure in the diols. 
In addition, GC-MS analysis of these methyl esters in- 
dicated that the alkyl~chain structures of the original diols 
were straight, iso and anteiso. The diols contained 74.8% 
branched and 25.2% straight components, ranging from 
C~6-C26, with a maximum around C2o-C22 (Table 2). 

The fat ty acids consisted of straight-, iso- and anteiso- 
chain components, ranging from C,4-C34 {Table 3). Of the 
straight-chain components, the largest peak was C16. In 
contrast, branched-chain components gave a two, cluster 
profile, with a maxima around C1,-C~7 and C2,-C2~. 

The result of the lipase hydrolysis showed nonrandom 
distribution of the fat ty acids between positions 1 and 
2 of the 1,2-diols (Table 3). Although the straight-chain 
C~6 species was the most abundant constituent in both 
positions, the shorter chain acids (<C2o) were prevalent 
in position 1 and the longer chain acids (/>C2o) were 
prevalent in position 2. In particular, this tendency was 
observed in the branched-chain components. 

Wax diesters Hb. Saponification, followed by methyla- 
tion of diesters IIb, yielded fat ty acid methyl esters and 
diols. The composition of the diols from this fraction was 
similar to that  from diesters IIa. The long-chain fat ty 
acids had the same types of carbon skeletons as those 
from IIa, and the straight-chain components were more 
abundant {69.9%} than those from diesters IIa. The car- 
bon chain lengths (C,4-C2J were shorter than those from 
diesters IIa {Table 4). 

Dog diesters, which had a lower mobility than Type II 
diesters, contained isovaleric acid, together with long- 

chain fat ty acids {6). The diesters IIb were examined for 
the presence of short-chain fat ty acids by conversion to 
their pyrrolidides and 2-nitrophenylhydrazides. Because 
saponified samples can be derivatized into hydrazides 
without extraction (16), short-chain acids can be detected 
quantitatively as their hydrazides. HPLC analysis of the 
hydrazides from the hydrolysate showed one major peak, 
corresponding to isovaleric acid hydrazide, and two minor 
peaks, corresponding to 2-methylbutyric acid and iso- 
butyric acid hydrazides (Fig. 2A). These short-chain acids 
were identified by GC-MS as their pyrrolidides (Fig. 2B), 
in comparison with authentic samples. 

Figure 3 shows mass spectra for the intact diesters IIb, 
measured via direct probe under CI conditions. A cluster 
of ions, ndz 623-679, were observed in isobutane CI 
(Fig. 3A), and ndz 640-696, in ammonia CI (Fig. 3B). They 
correspond to [M+H] + and [M+NH4] § respectively, if one 
molecule of the diesters IIb contains equimolar of short- 
and long-chain fat ty acids and the molecular weight is 
calculated on the basis of the chain-length composition 
of the constituents. 

Lipase hydrolysis of IIb yielded exclusively short-chain 
(C, and Cs) acids; upon HPLC of the hydrazides of the 
lipase hydrolysate, only short-chain (C4-Cs) acids were 
detected (Table 4). On the contrary, the 2-acyldiol frac- 
tion contained exclusively long-chain acids with composi- 
tions consistent with those of the long-chain acids from 
the original IIb. Therefore, it appears that  position 1 of 
1,2-diols was esterified with one molecule of a short-chain 
(C4-Cs) fat ty acid, and that  position 2 was esterified with 
one molecule of a long, chain (C,,-C2j fatty acid. However, 
lipase hydrolysis yielded a low proportion of isovaleric 
acid. Since lipase hydrolysis of IIb was slow and the 
unhydrolyzed IIb (ca. 70% of the original IIb) contained 
exclusively isovaleric acids as the short-chain constituent, 
it is possible that the ester bond of isovaleric acid is resist- 
ant to hydrolysis by Rhizopus arrhizus lipase. The long- 
chain fatty acid composition of the unhydrolyzed IIb was 
identical with that of the original IIb. 

TABLE 2 

Constituent 1,2-Alkanediols {mol %) of Wax Diesters IIa and IIb from Monkey Skin-surface Lipids 

IIa 

Number Straight-chain Branched-chain 
of (25.21%) (74.80%) 

carbon 
atoms Saturated Monoenoic Iso Anteiso 

IIb 

Straight-chain 
{16.51%) 

Saturated Monoenoic 

Branched-chain 
(83.50%) 

Iso Anteiso 

16 3.17 _a 0.24 
17 0.15 1.49 0.11 
18 3.04 -- 1.18 
19 0.29 4.19 0.19 
20 12.58 -- 2.63 
21 0.94 25.07 5.80 
22 4.59 0.11 14.14 
23 0.15 10.23 6.25 
24 0.14 -- 2.32 
25 -- 0.47 0.44 
26 0.04 -- 0.06 

Totals 23.57 1.53 0.11 20.57 41.45 12.78 

0.49 
0.04 

1.04 
0.25 

10.35 
0.76 

2.74 0.55 
0.11 

0.18 

14.80 1.16 0.55 

0.07 
0.23 0.02 

0.70 
3.60 0.14 

3.23 
29.78 7.38 

17.33 
10.74 7.36 

2.09 
0.38 0.42 

0.03 

25.45 44.73 15.33 

aproportions less than 0.01% are designated (--). 
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TABLE 4 

Consti tuent Fa t ty  Acids (mol%} of Wax Diesters l i b  from Monkey Skin-surface Lipids 

Total Position 1 
Number 

of Straight~hain Branched~hain Branched-chain 

carbon 

atoms Saturated Monoenoic Iso Anteiso Iso Anteiso 

Position 2 

Straight-chain Branched-chain 

Saturated Monoenoic Iso Anteiso 

4 --  2.00 6.00 
5 - -  87.90 10.10 55.50 38.50 

I 

14 0.49 _ a  _ 0 . 1 8  

15 0.57 2.28 0.29 
16 63.97 --  --  2.19 
17 0.21 0.07 b 4.99 1.70 
18 0.48 0.34 0.14 0.14 
19 0.04 0.57 0.12 
20 1.77 0.16 0.10 1.41 
21 0.11 8.45 1.95 
22 0.48 0.16 0.38 2.75 
23 0.01 1.51 0.59 
24 0.15 --  0.05 0.18 
25 0.02 0.38 0.17 
26 0.09 -- -- 0.09 
27 -- 0.09 0.06 

Totals 67.42 0.96 1.52 6.94 18.27 4.88 

i 

I 

I 

i 

i 

I 

1 

1 

i 

m 

0.56 --  - -  - -  
0.71 2.60 0.45 

64.53 --  - -  2.69 
0.26 5.10 2.09 

0.66 0.19 0.08 0.18 
0.06 0.49 0.12 

1.67 --  - -  1.26 
0.11 7.41 1.74 

0.47 --  0.04 2.51 
- -  1.63 0.59 

0.16 --  - -  0.26 
- -  0.49 0.23 

0.08 --  - -  0.12 
- -  0.15 0.12 

68.13 1.14 0.31 7.02 17.85 5.34 

aproport ions less than 0.01% are designated (--). 
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FIG. 2. Short-chain fa t ty  acids of diester IIb. (A) High-performance Hquid ehromatogram of the 2-nitrophenylhydeazides of the short- 
chain fa t ty  adds .  The peaks 1-3 correspond to isobutyrlc, 2-methyibutyrie and isovaierie acid pyrrolidides, respectively. The other peaks 
originate from the excess reagents or the reaction byproducts that  were observed in a blank run. (B) Mass spectra for the short-chain 
fa t ty  acid pyrroHdides. Spectra (1)-{3) represent isobutyrie, 2-methylbutyrie and isovaieric a d d  pyrrolidides. Each spectrum was identical 
with that  of the standard. 
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FIG. 3. Mass spectra for intact diesters l i b  introduced by direct probe: (A) lsobutane chemical ionization; 
(13) Ammonia chemical ionization. 

Furthermore, ammonia CI-GC-MS provided additional 
evidence to confirm the proposed structure. The spectrum 
of the largest peak showed that the three diagnostic ions 
corresponded to [M+NH4]* of M+ 18, [ M H -  C4H,COOH]* 
of M - 102, and [ M H -  C,sH3,COOH]* of M - 256 (Fig. 4A). 

As shown in Figure 4B, the total ion monitoring (TIC) 
did not give a complete resolution of the peaks, probably 
owing to the components having odd carbon numbers 
and/or branched chains. However, by monitoring the 
[M+ 18]* ions, the diesters were resolved into 12 peak.q, 
because of the carbon numbers. The composition 
calculated from the peak areas (Table 5) was close to the 
theoretical values calculated from the components. The 
average molecular weight based on the peak area was 665, 
and that on the components was 668. 

Mass chromatograms monitoring the [MH-102]* 
ions (ndz 507-647) depicted the same pattern as those 
for the [M+18]* ions, showing that all peaks had C~ 
acid as a major sbort~chain constituent. Therefore, the 
[MH-RCOOH]* ion, that resulted with the loss of the 
long-chain fatty acid and corresponds to [diol + short- 
chain acid - 34], can provide the information regarding 
the diol component. Moreover, compared with the corre- 
sponding [M+ 18]* ion, the long-chain fatty acid compo- 
nent can be deduced. Table 5 shows the major molecular 

TABLE 5 

Composition of Diesters l i b  Ascertained by GC-MS 
Under Ammonia CI Condition 

M + 1 8  (m]z) %a Molecular species b 

612 0.5 16-17-5, 17-16-5 
626 2.7 18-16-5 
640 5.8 19-16-5, (20-15-5, 21-14-5} c 
654 14.6 20-16-5, (21-15-5) 
668 23.0 21-16-5 
682 17.1 22-16-5 
696 14.8 23-16-5 
710 6.2 24-16-5, (19-21-5, 20-20-5) 
724 4.9 20-21-5, 21-20-5, 25-16-5 
738 5.4 21-21-5, (20-22-5) 
752 3.2 21-22-5, 22-21-5 
766 2.0 21-23-5, 23-21-5 

aValues were calculated from the mass~:hromatograms monitoring 
(M+18) § ions. 
bMolecules are shown as the diol-fatty acid in position 2-fatty 
acid in position 1. 16-17-5 represents CI,H2~ 
(OCOC,H,). 
CThe species in parentheses show minor components. 
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FIG. 4. Ammonia chemical ionization GC-MS for intact diesters lib. (A) Mass spectra 
for the largest peak of diesters IIb. (13) Mass chromatograms monitoring the [M+NH4] § 
and [MH-RCOOH] § ions. (R = CuH2o+I, n t> 13) 

species deduced from the monitoring of the [M + 18] § and 
[MH-RCOOH] § ions, shown in Figure 4B. 

DISCUSSION 

Wax diesters are widely distributed in the surface lipids 
from a variety of animals (2). They are of two types: 
diesters of hydroxy fatty acids with fatty acids and fatty 
alcohols (Type I), and diesters of alkanediols with fatty 
acids {Type II) (4). For primates, Type II diesters were 
found, by TLC, in the surface lipids of the baboon, and 
the surface lipids from the chimpanzee contained only 
sterol esters (2). 

The present study showed that the major constituents 
of the monkey skin-surface lipids were cholesteryl esters, 
cholesterol and two species of Type II alkanediol diesters. 
Type IIa migrated like Type II diesters from the rat on 
TLC, and contained 1,2-alkanediols esterified with two 
equivalents of long-chain fatty acids; the shorter-chain 

(<C2o) fatty acids predominated at position 1 and the 
longer-chain (>~C~o) fatty acids predominated at position 
2. This distribution pattern for the fatty acids was similar 
to that for the hamster diol diesters (17), but the 
1,2-alkanediols from the hamster diesters, with its major 
constituent being 15-methyl-l,2-hexadecanediol (17), had 
shorter chains than those from the monkey. On the con- 
trary, in the mouse diol diesters, although the chain 
lengths of the constituent 1,2-alkanediols were close to 
those of the monkey, the shorter-chain acids were found 
exclusively at position 2 (17). Consequently, although 
Type II diesters have been found widely in a variety of 
animals, including the rat (4), mouse (2), guinea pig (5) 
and hamster (17), there is a pronounced difference b~ 
tween species with regard to the composition of the fatty 
acids and diols, and in the distribution pattern for the 
fatty acids. 

The other diesters (IIb) contained 1,2-alkanediols 
esterified with one equivalent of the short-chain (C,-Cs) 
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fatty acid at position 1 and one equivalent of the long- 
chain (C,4-C26) acid at position 2. Type II diesters contain- 
ing one equimolar of isovaleric acid were found in the dog 
surface lipids. This structure has been assumed on the 
basis of the quantitative GC analysis of the constituent 
short- and long-chain fatty acids (6). In the present study, 
CI-GC-MS analysis of the intact diesters IIb from the 
monkey surface lipids presented unambiguous evidence 
supporting the proposed structure. Furthermore, it was 
shown that CI-GC-MS was useful for the molecular 
species analysis of diesters IIb. 

The unsaturated fat ty acids in the human skin-surface 
lipids had a characteristic feature (10). They contained 
straight- and branched-chain components having n-10 
double bends, produced by h6-desaturation, that normally 
does not occur in other animal tissues (10}. In contrast, 
the unsaturated fat ty acids from the monkey surface 
lipids, that were contained only in 1.5-5.4%, were ex- 
clusively straight-chain components having n-7 or n-9 
double bonds and having a wide range of chain lengths 
(C,8-C34). The monkey sebaceous gland probably did not 
have the fatty acid desaturase system. It seems probable 
that  the unsaturated fat ty acids originated exclusively 
from the surrounding tissues and were incorporated into 
the surface lipids directly or after undergoing chain 
elongation. 

Most animals, except for a few species (2,11}, have 
branched-chain fatty acids as a major constituent of the 
surface lipids, but information regarding the position of 
the methyl branching has not been fully provided. The 
present study showed that the monkey surface lipids con- 
tained the monobranched-chain fatty acids having iso and 
anteiso structures. In general, the iso and anteiso fat ty 
acids of odd carbon number, and iso acids of even carbon 
number are synthesized by fat ty acid synthetase (FAS) 
from the primer of isovaleryl-CoA, 2-methylbutyryl-CoA 
and isobutyryl-CoA, respectively (10}. In contrast to the 
human surface lipids (19}, the monkey lipids did not con- 
tain the branched-chain acids with branches located at 
the even numbered carbon atoms, except the terminal. 
These acids, having internal methyl branches, are syn- 
thesized with methylmalonyl-CoA as a C2 unit (20}. The 
present study indicates the diversity in the substrate 
specificity of the FAS in sebaceous glands among species. 

The branched-chain fatty acid in both diesters IIa and 
IIb shows a two-cluster profile, with maxima around 
C,6-C, and C~,-C2~. Unsaturated fatty acids from diesters 
IIa show a three-cluster profile, with maxima at C,8, C22 
and C33. It is probable that C,,-C1, fatty acids, synthesized 
by FAS, were elongated by one or two chain-elongation 
systems, as in the bovine meibomian gland (21). 

The 1,2-alkanediols in the monkey surface lipids were 
saturated components having straight- and branched- 
chain (iso and anteiso} structures. The diversity in the 
1,2-alkanediols has been observed among a variety of 
animals (2,4-6,8,11). Kolattukudy et al. {22} indicated that 
the 1,2-alkanediols in the sparrow uropygial gland were 
derived from 2-hydroxy fat ty acids by enzymatic reduc- 
tion. However, the monkey surface lipids did not contain 
2-hydroxy fat ty acids. Similarly, the dog and mouse sur- 
face lipids had Type II diesters, but not Type I diesters 
containing 2-hydroxy fatty acids, whereas the rat surface 
lipids had both Types I and II diesters (2). In the former 

group, synthesized 2-hydroxy fat ty acids might be 
reduced rapidly to the corresponding 1,2-diols. 

In addition to isovaleric acid that  has been reported as 
a short-chain component of the dog diesters {6), the cur- 
rent study showed that  2-methylbutyric acid and iso- 
butyric acid were present in the diester IIb in the monkey. 
This result suggests that these short-chain fat ty acids, 
that are assumed to be abundantly present as primers of 
fat ty acid synthesis in the sebaceous glands, can be in- 
corporated into the diester IIb, but that the enzyme 
responsible for the incorporation of these short-chain 
fatty acids has a relatively high specificity for isovaleric 
acid. 

The sterol fraction from the sterol esters, as well as 
from the free sterols, contained solely cholesterol. The in- 
termediate of cholesterol biosynthesis,  such as 
lathosterol, that was found in the surface lipids of the 
guinea pig (5) and dog (6), was not detected in the monkey 
surface lipids. 

These results provide detailed evidence regarding the 
diversity in skin-surface lipids among species, and the oc- 
currence of the constituents. 
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Integral Lipids of Human Hair 
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It has long been recognized that hair is coated with 
nonpolar lipids originating in the sebaceous glands, 
and recently it has been shown that hair also contains 
cholesterol sulfate and small amounts of ceramldes, 
similar to those found in the keratinized portion of the 
epidermis. In the present study, it is demonstrated 
that significant amounts of several additional lipids 
are tightly associated with hair in such a way as to be 
highly resistant to solvent extraction. 

These integral hair iipids included cholesterol sul- 
fate (3.3 mg/g of extracted hair), cholesterol {0.6 mg/g), 
fatty alcohols {0.2 mg/g) and free fatty acids (4.3 mg/g). 
The principal fatty acid, comprising 40% of the total 
fatty acids, was identified as 18-methyl-eieosanoic acid 
by cochromatography with authentic standard on gas- 
liquid chromatography (GLC) and by mass spectrometry 
(MS). 
Lipids 23. 878-881 I1988). 

cross-linked protein envelope to form what appears like 
a plasma membrane (8,9). It is actually an integral part 
of the cell envelope and can be removed from the cell 
surface only after saponification (8,9). 

The purpose of the present investigation was to 
determine whether human hair, a keratinized epidermal 
appendage, contains covalently bound lipids as found 
in the stratum corneum. To answer this question, one 
pooled sample of hair clippings from several people and 
samples from three individuals were obtained. After 
extensive extraction with chloroform]methanol mixtures 
to remove all of the extractable lipids, the hair samples 
were saponified and reextracted. Additional lipids recov- 
ered in this way included major amounts of cholesterol 
sulfate (3.3 mg/g extracted hair) and free fat ty acids 
(4.3 mg/g) and small amounts of cholesterol, fatty alco- 
hol and several unidentified components. The major 
fat ty acid, comprising 40% of the total fat ty acids, 
proved to be 18-methyl-eicosanoic acid. 

Human scalp hairs consist of a central medulla of loosely 
connected keratinized cells surrounded by more-tightly- 
packed, 80-100 w-long cortical cells with 6 to 10 outer 
layers of flattened, rectangular cuticle cells (1). Late in 
the sequence of differentiative events leading to for- 
mation of the mature cuticle and cortex cells, a multi- 
layered material is deposited between the bounding 
membranes of the individual cells to form membrane 
complexes (2-4). Although it is chemically undefined, 
the intercellular material (3,4) has been referred to as a 
cement substance (3). The chemical nature of the cell 
periphery in hair, like that  of the cornified epidermal 
cell, also has been somewhat of a puzzle because hair 
does not contain the usual membrane-forming phospho- 
lipids (5). 

Associated with the hair follicles are sebaceous glands 
that  provide abundant nonpolar lipids to the skin sur- 
face and the hair (6,7). While these sebaceous lipids 
may serve to lubricate and waterproof, they are not 
membrane-forming lipids. Recently, it has been demon- 
strated that hair from several species of mammals con- 
tains cholesterol sulfate and several series of ceramides 
similar to those found in the keratinized portion of the 
epidermis, or stratum corneum, and it has been postulated 
that  these lipids are of structural significance in hair 
(5). However, the amounts of these polar lipids were 
low, and it was uncertain as to whether they provided 
enough material to account for the observed membranes. 

More recently, the occurrence of significant amounts 
of covalently bound lipid in the stratum corneum has 
been demonstrated (8). This material consists mainly of 
an unusual r ester-linked to a 

*To whom correspondence should be addressed at 270 Medical 
Laboratories, Dept. of Dermatology, University of Iowa College 
of Medicine, Iowa City, IA 52242 USA 
Abbreviations: ECL, equivalent chain lengths; GLC, ga~liquid chro- 
matography; MS, mass spectrometry; TLC, thin-layer chro- 
matography. 

MATERIALS AND METHODS 

Preparation of delipidized hair. Samples of human hair 
were repeatedly rinsed with distilled water. They were 
then extracted, first with methanol and then with chloro- 
form]methanol 2"1, 1:1 and 1:2, for 2 hr each, at room 
temperature. Each of the chloroform/methanol extractions 
was then repeated for 24 hr. Finally, the hair was 
extracted with chloroform in a Soxhlet extractor, con- 
tinuously for 24 hr. The extracted hair was thoroughly 
dried en vacuo and weighed. One large sample (100 g) 
of pooled hair from several individuals and smaller 
(3.5-8.9 g) hair samples from three individuals were 
processed by this method. 

Saponification and recovery of constitutive lipids. 
Extracted hair samples (3-5 g after extraction) were 
saponified by heating for 2 hr at 60 C in 200 ml 1 M 
NaOH in 90% methanol. The reaction was cooled to 
room temperature, and 88 ml of water and 360 ml of 
chloroform were added. The mixture was shaken and 
the phases were separated in a separatory funnel. The 
lower chloroform layer was transferred to a flask, and 
the upper phase and hair residue were acidified by 
addition of 50 ml of 6 N HC1. The acidified upper phase 
was extracted with an additional 360 ml of chloroform, 
and the combined chloroform extracts were taken to 
dryness with a rotary evaporator. The dried residue 
was dissolved in 5 ml chloroform:methanol, 2:1, and 
washed with 1 ml of 2 M KC1 containing 0.1 M HC1. 
The lower chloroform phase then was filtered through 
a solvent-resistant, 0.5-micron millipore filter, and the 
filtrate was collected and taken to dryness in a tared 
glass tube. The wt of the dried lipid was determined, 
and chloroform:methanol was added to produce a solu- 
tion containing 20 mg lipid per ml. 

Thin-layer chromatography (TLC}. Analytical TLC 
was done on 0.25-mm layers of Silica Gel G (E.M. Rea- 
gents, Darmstadt, West Germany} on 20 • 20 cm glass 
plates. Samples were applied 2 cm from the bottom 
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edge of the plate, which was developed first to 9 cm 
with chloroform/methanol/acetic acid/water (40:10:1:1), 
and then to 20 cm with hexane/ether/acetic acid (70:30:1). 
After drying, the plate was sprayed with 50% sulfuric 
acid and charred by slowly heating to 220 C. The charred 
chromatograms were quantitated by photodensitometry 
(10) with a Shimadzu model CS-930 photodensitometer. 
Known amounts of stearic acid, stearyl alcohol, ch~ 
lesterol and cholesterol sulfate were used as standards. 

Fat ty  acids, fat ty alcohols and the sterol fraction 
were isolated by preparative TLC on 0.5-mm Silica Gel 
H (E.M. Reagents) using a mobile phase of hex- 
ane/ether/acetic acid {70:30:1). Cholesterol sulfate was 
isolated using chloroform/methanol/acetic acid/water 
(40:10:1:1) as the mobile phase. 

The isolated fractions, as well as the solvolysis product 
derived from cholesterol sulfate, were checked for purity 
by TLC with solvent systems of hexane/ether/acetic 
acid (70:30:1), chloroform]methanol/acetic acid (190:9:1), 
chloroform]methanol]water (40:10:1) and chloroform/meth- 
anol]acetic acid/water (40:10:1:1). Each fraction was judged 
to be chromatographically pure. 

Acetylated sterols, acetylated fatty alcohols and fatty 
acid methyl esters were purified by preparative TLC 
using a mobile phase of toluene. 

Chemical procedures. The isolated fat ty acid fraction 
was converted to methyl esters by treatment with 10% 
BC13 in methanol at 50 C for 1 hr. The reaction mixture 
was dried under nitrogen. 

Cholesterol sulfate was solvolyzed overnight by treat- 
ment with 10% BCI 3 in methanol at 55 C. The sample 
was dried under nitrogen. 

The free sterol, fat ty alcohol and the sterol obtained 
after solvolysis of cholesterol sulfate were acetylated 
by treatment with acetic anhydride in pyridine at room 
temperature for 2 hr. Excess reagents were removed by 
evaporation under a gentle s t ream of nitrogen. 

Gas-liquid chromatography (GLC). The fat ty acid 
methyl esters were examined by GLC on a 50 m CP- 
SIL 88 quartz capillary column (Chrompack, Inc., Bridge- 
water, NJ). An initial temperature of 160 C was main- 
tained for 5 min, after which the temperature was in- 
creased linearly at a rate of 5 C/min, until 220 C was 
reached. The final temperature was maintained until no 
further peaks eluted. The fat ty acid methyl esters also 
were examined isothermally at 160 C and 175 C on the 
CP-SIL 88 column, as well as at 200 C on a nonpolar 
25-m BP-1 quartz capillary column (Scientific Glass 
Engineering, Inc., Austin, TX). 

Standard fat ty acid methyl ester mixtures included 
16:0, 18:0, 18:1, 18:2, 18:3, 20:0 (15A, NuChek Prep, 
Elysian, MN); 14:0, 16:0, 16:1, 18:0, 18:1, 18:2, 18:3 
(CE1-62, NuChek Prep); 20:0, 20:1, 20:4, 22:1, 22:6 
(I.r209, Applied Science, State College, PA); and fat ty 
acids isolated from wool wax (ll). 

GLC of fractions isolated by argentation-TLC was 
used to confirm the identification of saturated and 
monoenoic fat ty acid methyl esters. 

The acetylated sterols derived from both the free 
sterol fraction and the sterol sulfate fraction were exam- 
ined by GLC with the CP-SIL 88 column at 220 C and 
on BP-1 at 290 C. Authentic cholesterol acetate and 
cholestanol acetate were used as standards. 

The fat ty alcohol acetates also were examined by 

GLC with the CP-SIL 88 column, both isothermally at 
160 C and with the temperature program described 
above. Standard fat ty alcohol acetates included C14:0, 
C16:0, C18:0 and C20:0. 

Mass spectrometry. Fat ty  acid methyl esters were 
separated on a 25-m CP-SIL 5 quartz capillary column 
operated with a temperature program, starting at 150 
C and increasing 5 C/min, until a final temperature of 
250 C was attained. Mass spectra were recorded with a 
Nermag R 10-10 C mass spectrometer with an ionizing 
voltage of 70 eV. A range of mass/charge from 40 
through 600 was examined. 

RESULTS 

Composition of constitutive hair lipids. A typical densit~ 
meter tracing of a thin-layer chromatogram of the lipids 
released by saponification of previously extracted hair 
is presented as Figure 1. As described below, the most 
prominent components were identified as free fat ty 
acids and cholesterol sulfate, and minor components 
included cholesterol and fatty alcohols. Some lipid ma- 
terial appearing between Rf 0.2-0.4 was not identified 
and variable amounts of origin material not thought to 
be lipid were sometimes present. The quantitative results 
of such TLC analyses are summarized in Table 1. 

E 

A 

B C 

' 0 : 2  0'.4 Rf 0 : 6  0 : 8  ' 

FIG. 1. Densitometer tracing of a thin-layer chromatogram of the 
constitutive iipids of hair. The chromatogram was developed to 
Rf 0.30 with chloroform/methanol/water/acetic acid {40:10:1:1) and 
then to the top with hexane/ether/acetie acid {70:30:1). The charred 
chromatogram was scanned with a Shimedzu model CS-9~0 photo. 
denm'tometer. Peak identification: A, cholesterol sulfate; B, unidenti- 
fied; C, cholesterol; D, fatty alcohols; E, fatty adds. 

TABLE 1 

Constitutive Lipids of Human Hair 
Mg lipid per g extracted hair 

Fatty Cholesterol Fatty 
Sample acid sulfate Cholesterol alcohol 

A 4.7 3.8 0.7 0.1 
B 4.2 3.2 0.4 0.2 
C 3.2 1.8 0.5 0.1 

Pool 5.2 4.2 0.6 0.3 
Mean 4.3 3.3 0.6 0.2 
SD 0.7 0.9 0.1 0.1 

Weights of lipid were estimated by quantitative TLC. 
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Identification of cholesterol sulfate. The identifica- 
t ion of cholesterol  su l fa te  was based  on i ts  chro- 
matographic  and chemical properties. The isolated ma- 
terial behaved like authentic cholesterol sulfate in te rms  
of bo th  i ts  mobil i ty  on TLC in several  solvent sys t ems  
and the pink-violet color produced on heat ing with 
sulfuric acid prior to charring. Also, the products  pro- 
duced by  hydrolysis  and hydrolysis  plus acetylat ion of 
the isolated lipid behaved during TLC and charr ing 
like authentic cholesterol and cholesterol acetate respec- 
tively. Finally, the acetyla ted  product  gave  rise to a 
single major  {96.6% of the total} peak  when examined 
by  GLC with either a polar  (CP-SIL 88) or nonpolar  
(BP-1) column. This major  component  comigra ted  with 
authentic cholesterol acetate. Several minor components  
were not  identified. 

Identification of free steros The isolated free sterol 
was identified as cholesterol by  essential ly the same 
criteria used to identify the sterol released by  solvolysis 
of the sterol  sulfate fraction. GLC of the sterol  ace ta te  
gave  one major  peak  (96.9%) tha t  cochromatographed  
with  cholesterol ace ta te  on bo th  the polar  and the 
nonpolar  columns. 

Identification of fatty alcohols. The f a t t y  alcohols 
had the same mobil i ty  as authent ic  f a t t y  alcohols on 
TLC with mobile phases  of hexane/ether/acetic acid 
(70:30:1) and chloroform/methanol/acetic acid (190:9:1). 
Like the free sterol, acetylat ion yielded a single less 
polar product  tha t  migra ted  on TLC like authent ic  
f a t t y  alcohol acetate.  

Examina t ion  by  GLC revealed a complex mixture.  
Al though the major  components  account ing for 63.3% 
of the to ta l  were identified as member s  of the s t ra ight-  
chain sa tu ra ted  series by  compar ison with  s t andards  
and construct ion of plots  of carbon number  vs  log 
retent ion t ime f rom isothermal  chromatograms ,  the 

TABLE 2 

Composition of Alcohol Acetates 

ECL Chain % ECL Chain % 
12.00 12:0 0.1 20.30 21:0br 0.2 
13.00 13:0 0.1 20.38 21:0br 0.2 
14.00 14:0 4.7 20.41u 20:1 6.0 
15.00 15:0 2.1 20.50u 20:1 1.5 
15.53 16:0br 0.3 20.56 21:0br 1.4 
16.00 16:0 10.6 20.71 21:0br 4.0 
16.30 17:0br 0.2 21.00 21:0 1.8 
16.40 17:0br 0.1 21.08 22:0br 0.3 
16.53 17:0br 0.5 21.43 22:0br 0.2 
16.70 17:0br 2.6 21.57 22:0br 2.5 
17.00 17:0 1.1 22.00 22:0 5.2 
17.53u 17:1 0.6 22.28u 22:1 2.7 
18.00 18:0 17 .0  22.33u 22:1 2.6 
18.40u 18:1 0.4 22.43 23:0br 0.7 
18.50u 18:1 0.2 22.49 23:0br 0.2 
18.54 19:0br 0.9 22.59 23:0br 0.4 
18.71 19:0br 1.2 22.72 23:0br 1.8 
19.00 19:0 2.0 23.00 23:0 1.7 
19.49 20:0br 0.1 23.36 24:0br 0.7 
19.55 20:0br 2.3 23.59 24:0br 1.8 
20.00 20:0 11.6 24.00 24:0 5.3 
Monounsaturated species, are designated by a u following the 
ECL value, as well as by the N:I designation of the chain struc- 
ture. It is not known if any of the unsaturated chains also are 
branched. For the saturated species, branching is indicated by a 
br at the end of the chain assignment. 

D.T. DOWNING 

remainder consisted of components with fractional equiv- 
alent chain lengths (ECL). The f a t ty  alcohol aceta tes  
were identified as either sa tura ted  (86%) or unsa tura ted  
(14%) after fractionation of the acetates on silver nitrate- 
impregna ted  silicic acid. This information is summa-  
rized in Table 2. 

Identification of fatty acids. The f a t t y  acids were 
conver ted to methy l  es ters  and examined by  GLC and 
by  G L C - m a s s  spec t romet ry  (MS). A representa t ive  
ch roma tog ram is shown in Figure 2, and the composi- 
t ion is summar ized  in Table 3. 

The major  f a t t y  acid was identified as 18-methyl- 
eicosanoic acid on the basis  of i ts  GLC behavior  and i ts  
mass  spectrum,  presented as Figure 3. ECL values of 
20.74 and 20.67 were determined from isothermal chro- 
matograms  obtained with CP-SIL 88 and BP-1, respec- 
tively. A value of 20.72 would be expected for 18-methyl- 
eicosanoic acid (12). Fur thermore ,  on bo th  the polar 
and nonpolar  columns, the f a t t y  acid methy l  ester  in 
quest ion cochromatographed  with  the C-21 anteiso 
methyl-branched f a t ty  acid methy l  es ter  derived f rom 
wool wax (11). 

21ai 

FIG. 2. Gas-liquid chromatogram of methyl esters prepared from the 
fatty add fraction of hair constitutive lipids. The methyl esters were 
chromatographed on a CP~SIL 88 quartz capillary column with a 
temperature program as expl~ned under Materials and Methods. 
The stralght~,hMned saturated species and the 21~wbon anteiso- 
branched component are indicated. 

TABLE 3 

Composition of Covalently Bound Fatty Adds 
Chain Wt % 

14:0 0.8 
15:0 1.1 
16:0 18.3 
16:1 1.9 
17:0br 5.5 
17:0 1.9 
18:0 7.0 
18:1 3.9 
18:0br 8.4 
20:0 2.3 
20:0br 3.5 
21:0 anteiso 40.5 
others 4.9 
Several saturated species indicated by br, appear to be branched. 
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FIG. 3. Electron impact mass spectrum of methyl-18-methyl~icosanoate. 

The identification was confirmed by  the mass spec- 
t rum (Fig. 2). The spectrum included a molecular ion at  
m/e 340, consis tent  with the formula C22H4402. The 
spectrum also included a number  of features charac- 
teristic of f a t ty  acid methyl  esters. These included a 
base peak at  m/e 74, and prominent  f ragments  at  m]e 
87 and 143. Also, characteristic chain-degradation frag- 
ments  (C3-C8) were present.  Of part icular  significance 
are the peaks at  M-29 and M-31 (13). M-31 is present  in 
all methyl  esters and is thought  to represent  formation 
of an acylium ion. The M-29 represents  loss of ethyl, 
and is more prominent  than  M-31 only in cases of 
anteiso me thy l  branching.  In the  present  spectra ,  
M-29/M-31 -- 2.2. 

DISCUSSION 

The present  results  demonst ra te  tha t  human scalp hair 
contains const i tut ive lipids tha t  are not  removable by  
exhaust ive extract ion with chloroform/methanol mix- 
tures. These lipids, tha t  together  represent  0.7-1.3% of 
the weight of hair, were recovered only after  t r ea tment  
with alkaline methanol.  The major lipid class recovered 
in this way is f a t ty  acid, which is present  at a level of 
4.3 mg per g of hair. This f a t ty  acid is likely a t tached 
to the cell surface through ester or thioester  linkages. 
Cholesterol sulfate is the second most  abundant  of the 
hair const i tut ive lipids and const i tutes  3.3 mg of each 
g of hair. The nature  of the s t rong interaction of this 
lipid with hair is uncertain; however, it may  be present  
in the form of an insoluble salt  ra ther  than a covalent 
adduct.  Cholesterol and fa t ty  alcohol, both  relatively 
minor const i tut ive lipids, could be esterified to acidic 
groups at  the cell surface. 

Recently, covalently bound lipids have been identi- 
fied in mammalian epidermis (8,9,14). In contras t  to the 
present  findings, the major bound lipid found in the 
epidermis is an unusual ceramide consisting of a long- 
chain {30-34 carbon) r acid in amide linkage 
with sphingosine. This is the predominant bound lipid 
in the s t r a tum corneum, where it  is thought  to com- 
prise a lipid envelope on the exterior of each keratinized 
cell. By analogy, the constitutive lipids of hair also may be 
bound to the cell surface to make a pliable but  environ- 
mentally resistant lipid coat or envelope. 

Perhaps the most  striking result of the present inves- 
t igat ion was the finding tha t  40% of the fa t ty  acid 
bound to hair is 18-methyl-eicosanoic acid. This anteiso 
methyl-branched fa t ty  acid is present  in small amounts  
in human sebum and vernix caseesa {15) and in wool 

The molecular ion ~M) and other significant fragments are indicated. 

wax (11), but  is not  abundant  in any source other than 
hair. Shorter 13-17 carbon anteiso fa t ty  acids are major 
lipid components of some microorganisms (16-18), where 
it  is thought  tha t  they are used, instead of unsa tura ted  
fa t ty  acids, to make fluid membranes.  I t  seems feasible 
tha t  the 21-carbon anteiso fa t ty  acid in hair also may 
serve to fluidize membranes.  In this capacity,  the 
branched-chain acid would have an advantage over 
unsa tura ted  f a t ty  acids in being resis tant  to oxidative 
damage on long exposure to the atmosphere.  
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Fatty Acid Metabolism in Renal Ischemia 
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The increase in free fatty acids in the ischemic tissue is 
a consistent observation and these free fatty acids are 
considered to play a role in the cellular toxicity. To 
elucidate the cause of higher levels of free fatty acids 
in ischemic tissue, we examined the catabolism of fatty 
acids. The/3-oxidation of lignoceric (24:0), palmitic (16:0) 
and octanoic {8:0) acids and the peroxidation of fatty 
acids were measured at different times of renal ischemia 
in whole kidney homogenate. The enzymatic activities 
for the oxidation of fatty acids decreased with the 
increase in ischemia time. However, the lipid peroxide 
levels increased 2.5-fold of control with ischemic injury. 
Sixty min of ischemia reduced the rate of oxidation of 
octanoic, palmitic and lignoceric acids by 57, 59 and 
69%, respectively. Almost similar loss of fatty acid 
oxidation activity was observed in the peroxisomes and 
mitochondria. These data suggest that loss of mito- 
chondrial and peroxisomal fatty acid f~oxidation enzyme 
activities from ischemic injury may be one of the fac- 
tors responsible for the higher levels of free fatty acids. 
Lipids 23, 882-884 (1988) 

Renal ischemia is of clinical interest because of its role 
in acute renal failure (1). Following ischemia, changes 
that occur in the membranes and the toxic effect of 
metabolic products lead to the activation of calcium- 
dependent catabolic enzymes (2). There are numerous 
intracellular events taking place during the initial 
ischemic period, such as influx and efflux of ions, nuclear 
chromatin denaturation, swelling or shrinking of intra- 
cellular compartments and changes in lipid metabolism. 
These injurious events lead to irreversible cell injury 
and cell death within a relatively short period of time 
(3). Sixty min of ischemia in the rat kidney produces 
irreversible ischemic damage correlated with excessive 
degradation of phosphatidylcholine and an increase in 
free fatty acids, lysophosphatidylcholine and diacylgly- 
cerol (4). These changes in membrane lipids and/or the 
fatty acid toxicity may result in alterations in the 
membrane enzyme activities that may, in turn, lead to 
loss of organelle functions and cell damage. This study 
reports that ischemic injury leads to loss of the fatty 
acid f~-oxidation activities of both the mitochondria and 
peroxisomes. 

MATERIALS AND METHODS 
Materials. [1-14C]Palmitic acid (58.7 mCi/mmol) was pur- 
chased from New England Nuclear (Boston, MA). [1- 
!#C]Lignoceric acid (53.8 mCi/mmol) was synthesized 
in our laboratory (5). Malate, FAD, NAD, L-carnitine 

*To whom correspondence should be addressed. 
Abbreviations: ATP, adenosine triphosphate; CoASH, coenzyme 
A; FAD, flavin adenine dinucleotide; MOPS, 3-(N-morpholino} 
propane sulfonic acid; NAD, nicotinamide adenine dinucleotide; 
TBA, thiobarbituric acid. 
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and a-cyclodextrin were purchased from Sigma Chem- 
ical Co. (St. Louis, MO). ATP and CoASH were obtained 
from PL Biochemicals (Milwaukee, WI). Thiobarbituric 
acid, sodium dodecyl sulfate and te t rae thoxypropane 
were products of Sigma Chemical Co. (St. Louis, MO). 

Operative procedure. Male Sprague~Dawley rats, weigh 
ing 250 g, were obtained from the Charles River Breed- 
ing Laboratories (Wilmington, MA). The rats were an- 
esthetized with sodium pentobarbital (50 mg/kg/rat). 
Heparin (250 units) was injected into the left femoral 
vein to prevent coagulation. Under clean, but not sterile 
conditions, the abdomen was opened through a midline 
incision. The left kidney was carefully mobilized and 
the renal vessels were ligated with 40 silk suture. The 
abdomen was closed with running suture. At 15, 30, 
60, 90, 120 and 180 min, the abdomen was reopened, 
both kidneys were removed and immediately placed in 
ice-cold 0.25 M sucrose in 10 mM MOPS (3-(N-morpho- 
lino)propane sulfonic acid) buffer, pH 7.4. The kidneys 
were individually homogenized in 20 ml of the same 
solution using a glass-teflon homogenizer. The mit~ 
chondria from control and ischemic kidney were 85-90% 
intact as determined by glutamate dehydrogenase assay 
in the presence and absence of Triton X-100 (6). Frac- 
tions of whole kidney homogenate were used for dif- 
ferent assays. The right kidney served as the nonischemic 
control in all cases. 

Fatty acid oxidation to acetate. Enzyme activity for 
the oxidation of [1-14C]labeled fatty acids to acetate 
(water soluble products) was measured with modifica- 
tion of the previous procedure (7). The reaction mixture 
(0.5 ml) contained 12 wM [1-14C]labeled fatty acid coated 
in Celite, 20 mM MOPS buffer (pH 7.8), 30 mM KC1, 8 
mM ATP, 0.25 mM NAD, 0.17 mM FAD, 2.5 mM 
L-carnitine, 0,08 mM CoASH and 1 mg a-cyclodextrin. 
The reaction mixture was incubated in a shaking water 
bath at 37 C and started by addition of 100 ~1 of whole 
kidney homogenate (500-800 ~g of protein). It was 
stopped 30 min later with 1.25 ml of 1 M potassium 
hydroxide. The supernatant fraction was transferred to 
another tube, incubated at 60 C for 1 hr and partitioned 
by the procedure of Folch et al. (8), after neutralization 
with acid. The radioactivity in the upper layer was 
measured and the amount of radioactivity is an index 
of the [1-14C]labeled fatty acid oxidized to acetate. Pro- 
tein was measured by the procedure of Lowry et al. (9), 
using bovine serum albumin as standard. 

Lipidperoxidation. Lipid peroxidation was measured 
using a slight modification of the thiobarbituric acid 
(TBA) method (10). The reaction mixture contained 
0.25 ml of whole kidney homogenate (1,250-2,000 ~g of 
protein), 0.2 ml of 8.1% sodium dodecyl sulfate, 1 ml of 
20% acetic acid (pH 3.5) and 1 ml of 0.8% TBA in 
water. The mixture was heated at 95 C in an oil bath 
for 60 min. After cooling in ice-cold water, 2.5 ml of the 
mixture of n-butanol and pyridine (15:1) were added, 
vortexed and centrifuged at 4,000 rpm for 10 min. The 
absorbance of organic layer (upper layer) was measured 
at 532 nm. The standard used was tetraethoxypropane, 
as modified by Shlafer and Shepard (11). 
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FATTY ACID METABOLISM IN RENAL ISCHEMIA 

RESULTS AND DISCUSSION 

Following ischemia, membrane changes appear to play 
a crucial role determining integri ty  of the ischemic cell. 
The accelerated catabolism of phospholipids by  the 
abnormal increase in the activities of intracellular cal- 
cium-activated phospholipases in iscbemia is associated 
with membrane dysfunct ion (12-13). Increase in free 
f a t ty  acids and decrease in the level of ATP  are consis- 
tent  findings in ischemic injury. We examined the effect 
of ischemia on the f a t ty  acid catabolism in the kidney. 

Fa t ty  acids can be catabolized by  a-,/3- or 00-oxidation, 
bu t  /3-oxidation is the predominant  pathway.  At  the 
subcellular level, fa t ty  acids can be ~-oxidized in mito- 
chondria and peroxisomes (14-17). Although both/3-oxi- 
dation sys tems are functionally similar with respect  to 
degradat ion of f a t ty  acids by  two carbon units  per 
cycle, they  are s t ructural ly  different (16). Predominant  
oxidation of short,chain (< C10) fa t ty  acids is in mi t~  
chondria (15) and of very-long~hain fa t ty  acids (lignoceric 
acid, C24) is in peroxisomes (18,19), whereas long-chain 
(C12-Cs0) f a t ty  acids are oxidized both  in mitochondria 
and peroxisomes (14-15). The results  shown in Figures 
1-3 demonst ra te  tha t  ischemia leads to a decrease in 
enzyme activities bo th  in mitochondria (Figs. 1 and 2) 
and peroxisomes (Fig. 3). Sixty rain of ischemia reduced 
the rate of oxidation of octanoic, palmitic and lignoceric 
acids by  57, 59 and 69%, respectively. Activat ion of 
f a t t y  acids to acyl-CoA derivatives is the prerequisite 
for the oxidation of f a t t y  acids and ATP  is needed for 
this reaction (20-22). The assay sys tem for the mea- 
surement  of E-oxidation contained 8 mM of AT P  for 
both control and ischemic tissue, thus, decreased activ- 
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FIG. 2. The rate of/~oxidation of palmitie acid by kidney homo 
genate with respect to time of ischemia. The enzyme assays were 
performed in duplicate as described under Methods. The results 
are expressed as percentage of the control kidney _ SD, (n = 5). 
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FIG. 1. The rate of f~oxidation of octanoic add by kidney homo 
genate with respect to time of ischemia. The enzyme assays were 
performed in duplicate as described under Methods. The results 
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ity of/3-oxidation is not due to the limited amount of 
ATP present in the ischemic tissue. Moreover, the in- 
crease in free fatty acids in ischemic tissue (4) was 
much smaller than exogenously added radiolabel fatty 
acid to account for any significant dilution of the sub- 
strate. Membrane phospholipids contain high amounts 
of unsaturated fatty acids, especially arachidonic acid 
(23,24). Degradation of phospholipids by phospholipase 
A2 during ischemic injury contributes to higher levels 
of unsaturated fatty acids (25). The presence of higher 
levels of unsaturated fat ty acids, when their mito- 
chondrial-peroxisomal catabolism is inhibited (Figs. 1-3), 
may overwhelm the endoplasmic reticulum capacity for 
their metabolism and result in their auto-oxidation to 
lipid peroxides (26). In the ischemic kidney, the levels 
of lipid peroxides were 250% higher than in the control 
(Fig. 4). The lipid peroxidation is associated with the 
generation of lipid-derived intermediate products includ- 
ing hydroperoxides, hydroxyaldehydes and malondialde~ 
hyde. These intermediates have been suggested to play 
an important role in cellular damage (27,28). Normally 
the cell is provided by enzymes with a protective mechan- 
ism (superoxide dismutase, catalase and glutathione 
oxidase) that detoxifies both reactive oxygen metabolites 
and lipid-derived intermediates. However, in ischemia, 
this cellular control seems to be disturbed, because 
levels of lipid peroxides increases with ischemic injury 
(Fig. 4). 
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FIG. 4. The levels of lipid peroxides in kidney with respect to 
t ime of ischemia. The assays  were performed in triplicate as 
described under Methods.  The results are expressed as percent- 
age of the control kidney +_ SD, (n = 5}. 

In summary, the results reported here demonstrate 
that lipid alterations in membranes and high concentra- 
tions of toxic free-fatty acids and lipid peroxides in 
ischemia may impair the functional properties of sub- 
cellular organelles (e.g., mitochondria and peroxisomes). 
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The influence of age and cholesterol on polyunsaturated 
fatty acids (PUFA} levels was studied in young and old 
male Sprague-Dawley rats. Animals were fed a fat-free 
diet supplemented with 10% (by wt} safflower oil with or 
without I% cholesterol for 8 wk. As a result of cholesterol 
feeding, proportions of linoleic acid (18:2n-6} and dihom~ 
y-linolenic acid (20:3n-6) were increased and and that of 
arachidonic acid (20:4n-6} was decreased in the liver and 
platelet phospholipids in 64-wk-old rats, suggesting in- 
hibitory effects of cholesterol on 20:4n-6 synthesis from 
18:2n4}. The prominent age~dependent effect on the levels 
of PUFA was a retention of C-22 n-3 PUFA, accompanied 
by decreased C-22 n ~  PUFA and increased 20:3n-6 in the 
liver and platelet phospholipids. Ratio of 20:3n4]/20:4n-6 
increased in 64~wk-old rats regardless of dietary choles- 
terol, suggesting depressed h5-desaturase with age. In 
aorta phospholipids, 20:3n-6 content and 20:3n-6/2O:4n-6 
ratio increased with cholesterol supplementation, but not 
with age. These results suggest that changes of PUFA 
composition of platelet phospholipids with age are closely 
linked with changes in liver phospholipids. The 20:4n4} 
content in both platelet and aorta phospholipids is kept 
constant, despite other n-6 and n-3 PUFA being affected 
by age. 
Lipids 23, 885-890 (1988). 

The metabo l i sm of po lyunsa tu ra ted  f a t t y  acids (PUFA} 
is affected b y  die tary  and metabol ic  factors  {1,2). I t  is of 
interest  to s tudy  P U F A  metabol i sm at  different ages 
because hormonal  and metabolic  conditions change with 
age, and because the incidences of diabetes  and hyper- 
cholesterolemia, which are known to relate to P U F A  
metabol i sm {3,4), increase with age {5,6}. While an age- 
dependent  decrease of synthesis  of desa tura ted  and 
elongated metaboli tes of linoleic acid has been shown dur- 
ing the ma tu ra t ion  period in r a t  test icles (7,8}, P U F A  
s ta tus  in other  t issues is less clear. Arachidonic acid 
{20:4n-6), dihomo-y-linolenic acid {20:3n-6) and eicosapen- 
taenoic acid {20:5n-3) are the precursors  of ant iaggrega-  
tory  prostaglandins I2, E,  and I3, and the potent  aggrega- 
to ry  th romboxane  A2 in vascular  t issue and platelets  
{9-13}. These P U F A  compete  wi th  each other  for the 
cyclooxygenase enzyme {12,13). Fur thermore ,  these 
P U F A  also have a lipid-lowering effect (14,15}. Therefore, 
an altered t issue content  of these P U F A  could contribute 
to atherogenesis  and th rombot ic  disorders with increas- 
ing age. The purpose of the present  s tudy  was to examine 
the  n-6 and n-3 P U F A  profiles in liver, platelet  and aor ta  
phospholipids and adipose t issue lipids in weanling and 
56-week-old rats ,  in response to feeding a diet which con- 
tained only an n-6 f a t t y  acid {linoleic acid, 18:2n-6) as a 
P U F A  source, The effect of dietary cholesterol, which has 

*To whom correspondence should be addressed. 
Abbreviations: GLC, gas liquid chromatography; TLC, thin layer 
chromatography. 

been sugges ted  to inhibit A6- and A5-desaturase ac t iv i ty  
on P U F A  metabo l i sm in immatu re  r a t s  (16), was  also 
examined. 

METHODS 

Male weanling (3 wk of age) and 56 wk of age Sprague ~ 
Dawley ra ts  were obtained from Canadian Hybr id  Farms,  
Halls  Harbour ,  NS. The animals  and their  dams,  for a t  
least  several generations,  had been fed a nonpurified diet 
(Purina Rodent  Chow) until  receipt  in our laboratory.  
Af ter  arrival, the ra t s  were randomly  divided into four 
age-matched groups  of seven ra t s  each and were fed for 
e ight  wk with  a 10% (by wt) safflower off-supplemented 
fat-free diet t ha t  was ca. 16% energy (Teklad Tes t  Diets,  
Madison, WI). Ha l f  of the 14 animals  in each different 
age group also were given 1% (by wt) cholesterol in the 
diet. The experimental diet composition and the fa t ty  acid 
composit ion of Pur ina  Rodent  Chow and safflower oil are 
shown in Tables  1 and 2. 

TABLE 1 

Composition of the Experimental Diet 

g~g 

Sucrose 607.0 
Casein, vitamin-free 193.0r 
Safflower oil 100.0 
Cellulose 50.0 
Mineral mix, AIN-76 35.0 
Vitamin mix, AIN-76A 10.0 
DL-Methionine 3.0 
Choline bitartrate 2.0 

TABLE 2 

Fatty Acid Composition of Purina Rodent Chow and Safflower Oil 

Fatty acid Purina rodent chow Safflower oil 

14:0 2.0 0.1 
16:0 20.9 6.6 
16:1 3.4 -- 
18:0 8.8 2.1 
18:1 29.9 11.0 
18:2n-6 28.5 80.0 
18:3n-3 3.0 -- 
20:4n-6 0.2 -- 
20:5n-3 1.8 -- 
22:5n-3 0.4 -- 
22:6n-3 1.1 -- 

Results are shown as mg/100 mg total fatty acids present. Total fat 
in the rodent chow was 45 g/kg. 

LIPIDS, Vol. 23, No. 9 (1988) 



886 

R. TAKAHASHI AND D.F. HORROBIN 

All animals were kept  in groups of two to four in plastic 
cages and had free access to food and water. One ra t  was 
killed because it  had been severely wounded by  another  
rat.  After  the feeding period, cardiac punctures to collect 
blood were performed under ether anesthesia. Aorta, liver 
and epididymal fat  were removed, trimmed, rinsed in 
saline, blot ted and frozen at  - 2 0  C. Macroscopically, no 
abnormal finding was observed in any of the animals. 
Platelets  were separated from plasma by  centr ifugation 
(12}, washed by  calcium-free Tyrode 's  buffer and frozen 
at  - 20 C. Liver, platelets and aorta lipids were extracted 
by  the method of Bligh and Dyer  (17). The phospholipid 
fractions were separated by  thin layer chromatography 
(TLC), methylated and subjected to gas liquid chroma- 
tography (GLC) for determination of fatty acid composi- 
tion as previously described (18). A 10% Sflar 10 C on Gas 
Chrom Q column was used with a Hewlett-Packard 5880A 
machine with automated integration. Identification was 
based on retention time with respect to standard methyl 
ester mixtures (Nu-Chek Preps, Elysian, MN). As over 
95% (by wt) of adipose tissue consists of triglycerides, 
a small amount of the epididyrnal fat was directly methyl- 
ated without extraction. 
Total phospholipid concentration in liver lipid extracts 

was measured by the method of Stewart {19). Liver pro- 
tein was determined using Bio-Rad protein assay (Bio- 
Rad Laboratories, Richmond, CA). Plasma cholesterol 
and triglyceride concentrations were determined enzy- 
matically using a Cobas-Bio centrifugal analyzer (Hoff- 
man-La Roche, Nutley, NJ). Statistical analysis was 
performed using the Tukey-Kramer test preceded by 
ANOVA {20). 

RESULTS 

Cholesterol feeding caused a significant increase in the 
liver wt of both ll-week-old and 64-week-old rats, but  had 
no effect on body wt  (Table 3). Liver phospholipid con- 
centrat ion was significantly reduced by  cholesterol feed- 
ing, but  this was not  significant when values were 

expressed as a function of protein concentrat ions 
(Table 3). There was no age-dependent difference in liver 
phospholipid concentration. Cholesterol and triglyceride 
levels in plasma were higher in the older animals (Table 3). 
In bo th  young and old animals, feeding cholesterol 
elevated plasma cholesterol and lowered plasma tri- 
glyceride concentrations.  

F a t t y  acid compositions of liver and platelet  phos- 
pholipids, following administrat ion of safflower oil 
with or wi thout  cholesterol, are shown in Tables 4 and 
5. Dietary cholesterol supplementation lead to the follow- 
ing changes: 1) The levels of A9-desaturase products  
(palmitoleic [16:1n-7] or oleic [18:1n-9] acids) are increased; 
2) the levels of precursor fa t ty  acids for 20:4n-6 synthesis 
(18:2n-6, eicosadienoic [20:2n-6] or 20:3n-6 acids) are in- 
creased, and in the liver C-22 P U F A  (docosatetraenoic 
[22:4n-6], docosapentaenoic [22:5n-6] acids or docosahexa- 
enoic acid [22:6n-3]) are decreased; and 3) 20:4n-6 is 
decreased in liver and platelet  phospholipids of 64-week- 
old ra ts  and in platelet, bu t  not  in liver, phospholipids 
of l l-week-old rats.  

The effects of age on the fa t ty  acid compositions of the 
liver and platelet  phospholipids are as follows: 1) The 
levels of 20:3n-6 are increased; 2) the rat ios of 20:3n-6/ 
20:4n-6 are increased; 3) the levels of C-22 n-6 P U F A  
(22:4n-6 or 22:5n-6) are reduced and 20:5n-3, 22:5n-3 or 
22:6n-3 are retained; and 4) no apparent  influence on the 
levels of 20:4n-6 in either liver or platelet  phospholipids 
was observed. 

The effects of dietary cholesterol on fa t ty  acid composi- 
tions in aorta phospholipids were less marked than in liver 
and platelet  phospholipids (Table 6). Increased 20:3n-6 
and 20:3n-6/20:4n-6 ratio were the only results  of ad- 
ministering cholesterol and were obtained both  in 
l 1-week-old and 64-week-old rats.  On the other  hand, 
decreased 22:5n~ and increased 22:5n-3 and 22:6n-3 were 
observed with aging, regardless of cholesterol supplemen- 
tation, with 20:3n-6/20:4n-6 ratio being unaffected and 
20:4n-6 being kept  invariably constant  (Table 6). 

In adipose tissue lipids, the effects of cholesterol 

TABLE 3 

Body Weight, Liver Weight and Liver PhosphoHpid (PL) Concentration in Rats 
With or Without Cholesterol (CHO) Feeding 

11 Weeks of age 64Weeks of age 

CHO(-) CHO(+) CHO(-) CHO(+) 

Number 7 7 6 7 

Body weight (g) 406 __. 24 443 _ 50 771 + 94* 788 +-- 86* 
Liver weight {g) 11.4 + 0.8 18.9 + 2.0** 21.5 +_ 4.7* 28.2 _ 6.9*,** 
Liver PL 

(~xaol/g wet wt) 19.6 + 1.9 13.4 +__ 2.0** 17.3 +_ 2.0 13.2 + 1.0"* 
Liver PL 

(~mol/mg protein) 72.3 + 5.4 62.9 _ 14.5 74.1 +_ 10.7 60.9 +_- 5.2 
Plasma cholesterol 

(mg/dl) 40 + 8 65 _ 19 77 +_ 18" 91 +__ 23* 
Plasma triglyceride 

(mg/dl) 103 _ 31 70 +__ 22 265 + 66* 167 + 61" 

Values are means ___ S.D. 
*Significantly different than the corresponding young group (p < 0.05). 
**Significantly different than the age-matched group without cholesterol feeding (p < 0.051. 
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T A B L E  4 

F a t t y  Acid Composit ion of Liver Phospholipids in Ra t s  Wi th  or Wi thou t  Cholesterol (CHO) Feeding 

11 Weeks of age 6 4 W e e k s  of age 

C H 0 { - )  C H 0 ( + )  C H 0 { - )  CH0{+)  

Number  7 7 6 7 

Fa t t y  acid 
16:0 18.4 + 1.1 19.0 + 0.7 17.7 __+ 1.3 17.7 --+ 1.7 
16:1n-7 0.4 + 0.2 1.4 + 0.2** 1.1 + 0.6 1.6 + 0.7 
18:0 25.0 + 6.9 17.1 + 3.9** 20.1 _ 1.6 16.7 ___ 2.6 
18:1n-9 3.9 + 0.3 7.6 _ 1.2"* 4.6 + 2.2 9.3 ___ 1.5"* 
18:2n-6 11.1 + 1.9 18.5 + 2.9** 10.3 ___ 1.5 17.6 + 3.8** 
18:3n-6 0.2 + 0.1 0.2 +_ 0.1 0.2 +__ 0.1 0.2 __. 0.1 
20:2n-6 0.2 + 0.0 0.5 + 0.1"* 0.2 + 0.0 0.3 + 0.1 
20:3n-6 0.3 + 0.1 1.3 +-- 0.3** 0.6 +__ 0.1" 2.7 + 0.3*,** 
20:4n-6 33.5 + 4.8 30.8 + 4.3 33.9 + 1.8 26.5 + 4.8** 
22:4n-6 1.0 + 0.1 0.7 + 0.2** 0.4 ___ 0.1" 0.3 + 0.1" 
22:5n-6 5.6 + 1.2 1.3 +_ 0.4** 0.8 + 0.3* 0.4 ___ 0.2* 
22:6n-3 0.9 + 0.2 0.6 + 0.1 10.1 + 1.4" 6.9 + 1.9",** 
20:3n-6/20:4n-6 

(X100) 0.84 + 0.08 4.31 + 0.55** 1.88 + 0.13" 10.81 _ 1.12",** 

Values are means  + S.D. 

Resul ts  are shown as mg/100 m g  total  f a t ty  acids present.  

*Significantly different than  the  corresponding young  group (p < 0.05}. 

**Significantly different t han  the a g e m a t c h e d  group without  cholesterol feeding (p < 0.05}. 

T A B L E  5 

F a t t y  Acid Composit ion of Platelet  Phospholipids in Ra t s  Wi th  or Wi thou t  Cholesterol (CHO) Feeding 

11 Weeks of age 64 Weeks of age 

C H 0 { - )  C H 0 ( + )  C H 0 ( - )  CH0{+)  

Number  7 7 6 7 

Fa t t y  acid 
16:0 26.0 + 2.4 26.1 + 0.8 23.5 + 4.2 24.1 + 1.9 
16:1n-7 1.3 + 0.3 1.6 + 0.3 1.5 + 0.6 1.9 + 0.5 
18:0 9.5 + 3.0 7.9 + 3.1 7.9 + 0.6 7.8 + 0.6 
18:1n-9 5.6 + 0.5 6.6 + 0.6** 6.7 + 0.6* 8,0 + 0,5*,** 
18:2n-6 10.7 +_ 1.2 13.8 + 2.5** 9.9 + 1.0 14.1 -!-_ 2.4** 
20:2n-6  0.7 __. 0.2 0.8 + 0.2 0.4 + 0.1 0.6 + 0.1 
20:3n-6 0.5 + 0.2 1.6 + 0.3** 0.9 + 0.2* 2.5 + 0.2",** 
20:4n-6 38.8 + 2.7 34.2 +- 3.7** 39.3 + 2.8 33.4 + 2.3** 
20:5n-3 - -  0.0 + 0.0 0.3 + 0.0 0.5 --- 0.3* 
22:4n-6 4.5 + 1.1 3.8 + 0.9 3.8 + 0.6 3.0 --- 0.7 
22:5n-6 1.1 +__ 0.4 0.3 + 0.3** 0.2 _.+ 0.4* 0.2 __+ 0.2 
22:5n-3 0.1 + 0.2 0.1 +__ 0.1 0.5 + 0.1" 0.6 __. 0.2* 
22:6n-3 0.0 ___ 0.1 - -  1.1 +__ 0.3* 0.9 _+ 0.2 
20:3n-6/20:4n-6 

(Xl00) 1.35 + 0.16 4.61 + 0.46** 2.20 + 0.17" 7.47 + 0.47*,** 

�9 Values are means + S.D. 

Results are shown as mgll00 mg total fatty acids present. 

*Significantly different than the corresponding young group {p < 0.05). 

**Significantly different than the age-matched group without cholesterol feeding (p < 0.05). 
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TABLE 6 

Fatty  Acid Composition of Aorta Phospholipids in Rats With or Without Cholesterol (CHO) Feeding 

11 Weeks of age 64 Weeks of age 

CHO(-) CHO(+) CHO(-) CHO(+) 

Number 7 7 6 7 

Fatty acid 
16:0 16.2 • 1.8 17.0 • 1.4 17.6 • 0.8 15.3 • 3.2 
16:1n-7 3.8 • 1.1 2.8 • 1.1 2.7 • 0.8 3.1 • 1.9 
18:0 12.0 • 2.2 13.7 • 1.6 13.8 • 0.9 13.3 • 1.5 
18:1n-9 16.4 _+_ 1.4 14.8 • 3.7 14.4 • 0.3 15.8 • 1.9 
18:2n-6 25.0 • 5.3 22.4 • 7.8 18.1 • 4.1 18.6 • 2.5 
20:2n-6 0.4 • 0.1 0.6 • 0.1"* 0.4 • 0.1 0.5 • 0.1 
20:3n-6 0.7 • 0.1 1.6 • 0.3** 0.8 • 0.1 1.6 • 0.2** 
20:4n-6 17.7 • 3.5 18.0 • 2.0 21.8 • 2.0 21.3 • 5.3 
20:5n-3 --  0.1 • 0.3 0.0 • {}.0 0.1 • 0.1 
22:4n-6 3.3 • 0.6 3.8 • 0.6 3.1 • 0.5 3.1 • 0.7 
22:5n-6 2.0 __- 0.1 1.5 • 0.3** 0.7 • 0.2* 0.8 • 0.2* 
22:5n-3 0.3 + 0.1 0.3 • 0.2 0.8 • 0.2* 1.0 • 0.1" 
22:6n-3 0.2 + 0.1 0.4 • 0.4 3.2 • 0.7* 3.3 • 1.0" 
20:3n-6/20:4n-6 

(X100) 3.96 --4--- 0.28 8.53 • 0.61"* 3.87 • 0.32 7.94 • 0.58** 

Values are means _ S.D. 
Results are shown as mg/100 mg total fatty acids present. 
*Significantly different than the corresponding young group (p < 0.05). 
**Significantly different than the age-matched group without cholesterol feeding (p < 0.05). 

feeding on f a t t y  acid composi t ions were only small, and 
were obtained only in 11-week-old r a t s  (Table 7). 18:1n-9 
and 18:3n-3 PUFA were increased and 18:2n-6 PUFA was 
decreased in 64-week-old rats ,  in comparison with l l- 
week~ld  rats.  Marked  elevation of the 18:ln-9/18:2n-6 
rat io  was shown, regardless  of cholesterol supplemen- 
tation. 

There were no significant correlations between the 
p lasma  cholesterol level and individual f a t t y  acid con- 
centrat ions in the various t issues in any group of animals 
or in the whole population. However,  in all the t issues 
in the whole population, the p lasma  cholesterol was 
correlated significantly wi th  the 20:3n-6/20:4n-6 rat io  
{liver, r = 0.58, p < 0.01; platelets,  r = 0.58, p < 0.01; 
aorta,  r = 0.43, p < 0.05}. Posit ive but  nonsignificant cor- 
relat ions were obtained between p lasma  cholesterol and 
the 18:2n-6/20:4n-6 ra t ios  in liver (r -- 0.36} and platelets  
(r = 0.35). 

DISCUSSION 
I t  has been pos tu la ted  tha t  blood vessel  wall]platelet in- 
teract ion plays  a crucial role in the development  of 
atherosclerosis and thrombosis  (21,22). Much research on 
PUFA metabolism in platelets and vascular cells has been 
performed, because these cells produce biologically active 
pros taglandins  and thromboxanes .  Changes  in cellular 
P U F A  composi t ion m a y  affect agonis t -antagonis t  reac- 
t iv i ty  th rough  modifying membrane  lipid s t ruc ture  and 
eicosanoid precursor  levels. The P U F A  almost  certainly 
have major  roles in membranes  tha t  are independent  of 
their conversion to eicosanoids. The present  s tudy showed 
tha t  age, which is a r isk factor  for a therogenesis  tha t  

cannot  be manipulated,  and die tary  cholesterol, which is 
a well-known die tary  risk factor, subs tant ia l ly  affected 
P U F A  composi t ions in the liver and platelet  phospho- 
lipids. I t  has been reported tha t  synthesis  of 20:4n-6 from 
18:2n-6 is suppressed  in the growing ra t  liver by  die tary  
cholesterol {16}. Increased 18:2n-6 and 20:3n-6 levels and 
20:3n-6/20:4n-6 ratio in liver phospholipids of l l-week-old 
and 64-week-old rats ,  as a resul t  of cholesterol feeding, 
suppor t  this  idea. However,  in this s tudy,  20:4n-6 was 
decreased significantly only in 64-week-old ra ts  (Table 4). 
The positive correlations between p lasma cholesterol and 
the 20:3n-6/20:4n-6 and 18:2n-6/20:4n-6 rat ios are consis- 
t en t  with, bu t  do not  prove, an inhibi tory effect of 
cholesterol on A5- and A6-desaturase (16). In platelets, the 
effects of age and cholesterol were consis tent  with the 
results in the liver. PUFA composition of platelets seems 
to be determined by  megakaryocytes  in bone marrow (23), 
and the present s tudy suggests  tha t  this process is closely 
linked with similar P U F A  changes in the liver. In con- 
t ras t ,  20:3n-6 content  and 20:3n-6/20:4n-6 ra t io  in aor ta  
phospholipids were unaffected by  age, while clearly aug- 
merited by  dietary cholesterol. Vascular  endothelial cells 
have desaturase and elongation enzyme activities (24,25), 
tha t  by  their own actions might  regulate the composition 
of their fa t ty  acids in diverse ways in response to different 
modulating factors. The fa t ty  acids in adipose tissue were 
less affected by  cholesterol. However,  increase of 18:1n-9 
and decrease of 18:2n-6 and subsequent  increase of 
18:ln-9/18:2n-6 rat io were observed with age. This may  
be due to increased requirement  for P U F A  (18:2n-6) with 
age or may  be a reflection of increased 18"1n-9 content  
as a s torage  fa t  pool with age. 
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TABLE 7 

Fat ty  Acid Composition of Adipose Tissue Lipids in Rats  With or Without Cholesterol {CHO) Feeding 

11 Weeks of age 64 Weeks of age 

CH0(- )  CH0(+) CH0(- )  CH0{+) 

Number 7 7 6 

Fat ty  acid 
14:0 1.2 _+ 0.1 1.1 +__ 0.3 1.2 + 0.1 
16:0 18.8 _+ 2.2 15.1 +__ 2.6** 18.6 _+ 2.8 
16:1n-7 5.2 -+ 0.9 6.0 + 2.4** 7.8 _+ 1.9 
18:0 2.1 - 0.3 1.6 +__ 0.2 1.6 ___ 0.6 
18:1n-9 18.6 -+ 0.6 18.2 + 1.4 32.5 ___ 2.9* 
18:2n-6 50.9 --- 3.7 58.7 "4" 12.7 35.4 + 1.7" 
18:3n-6 --  0.2 +_ 0.1 --  
18:3n-3 -- 0.0 + 0.0 0.4 _+ 0.2 
20:2n-6 0.4 +_ 0.4 0.4 + 0.1 0.2 -!-_ 0.1 
20:3n-6 0.4 + 0.8 0.4 + 0.1 0.2 +_ 0.0 
20:4n-6 1.3 +_ 0.3 1.0 + 0.3 0.7 +__ 0.2* 
22:4n-6 0.3 +_ 0.1 0.2 + 0.1 0.2 -!-_ 0.1" 
22:5n-6 0.2 +__ 0.0 0.1 -+ 0.0 0.1 + 0.0" 
22:5n-3 --  --  0.2 +_ 0.1 
22:6n-3 --  --  0.3 +_ 0.2 
18:1n-9/18:2n-6 0.37 -4-- 0.02 0.34 + 0.02 0.92 + 0.05* 

1.3 _ 0.2 
18.3 +_ 1.0 

7.7 + 1.8 
1.9 +_ 0.3 

30.6 +_ 1.7" 
36.7 -k-_ 3.4* 

0.5 +_ 0.2* 
0.4 ___ 0.4 
0.3 +_ 0.1 
0.5 _+ 0.1" 

0.3 + 0.1 
0.4 +- 0.1 
0.84 __- 0.05* 

Values are means +_ S.D. 
Results are shown as mg/100 mg total fatty acids present. 
*Significantly different than the corresponding young group {p < 0.05}. 
**Significantly different than the age-matched group without cholesterol feeding (p < 0.05}. 

20:4n-6 is a p r i n c i p a l  P U F A  in t he  p h o s p h o l i p i d  frac-  
t ion  and  is b o t h  a l ipid s t r uc tu r a l  c o m p o n e n t  and  a precur-  
so r  for  p r o s t a g l a n d i n  a n d  t h r o m b o x a n e  syn the s i s .  Pro-  
po r t ions  of 20:4n-6 in p l a t e l e t  and  a o r t a  phospho l ip ids  d id  
n o t  c h a n g e  w i t h  i n c r e a s i n g  age.  20:3n-6 c o n t e n t  a n d  
20:3n-6/20:4n-6 r a t i o  in l iver  a n d  p l a t e l e t  p h o s p h o l i p i d s  
were  i n c r e a s e d  w i t h  age,  s u g g e s t i n g  a p o s s i b l e  dec l ine  of 
A5-desa tu rase  a c t i v i t y ,  or  a l t e r n a t i v e l y ,  r e d u c e d  conver-  
s ion  of  20:3n-6 to  1 se r ies  p r o s t a g l a n d i n s .  I f  f o r m a t i o n  
of  20:4n-6 w a s  r e d u c e d  b y  age,  i t  m u s t  have  been  com- 
p e n s a t e d  b y  u t i l i z ing  o t h e r  20:4n-6 s u p p l e m e n t a r y  pools .  
22"5n-6 can  be  s a t u r a t e d  to  22:4n-6 b y  4-enoyl-CoA reduc- 
t a s e  {26}, a n d  22:4n-6 can  ac t  as  poo l s  for  20:4n-6 forma-  
t ion  {8,27}, w i t h  22:4n-6 b e i n g  s h o r t e n e d  to  20:4n-6 in t h e  
l iver  p e r o x i s o m e s  {28}. A n  a g e - d e p e n d e n t  i nc rea se  of  
p e r o x i s o m a l  C-22 n-6 f a t t y  ac ids  r e t r o c o n v e r s i o n ,  de  ~ 
c r e a s e d  e l o n g a t i o n  e n z y m e  a c t i v i t y  or  e n h a n c e d  incor- 
p o r a t i o n  of  20:4n-6 in to  p l a t e l e t  m e m b r a n e  m a y  be  
m e c h a n i s m s  for  m a i n t a i n i n g  t h e  20"4n-6 level  c o n s t a n t .  

The  r e t e n t i o n  of  n-3 P U F A ,  e spec i a l l y  t h e  C-22 f a t t y  
ac ids ,  was  f o u n d  in al l  t h e  t i s s u e s  e x a m i n e d  in 64-week- 
o ld  r a t s .  W h e t h e r  r e d u c t i o n  of n-3 P U F A  in 11-week-old 
r a t s  is a s imp le  re f l ec t ion  of  d i e t a r y  18:2n-6- induced 
d i lu t ion  is unce r t a in ,  b u t  t h e r e  is  ev idence  of an  age-  
d e p e n d e n t  i nc rea se  of  22:6n-3 in b r a i n s  and  o t h e r  t i s s u e s  
of h u m a n s ,  mice  and  r a t s  {29-32}. N-3 P U F A  m a y  t u r n  
ove r  a t  a low ra te ,  a f ac t  wh ich  m a y  i m p l y  p h y s i o l o g i c a l  
s igni f icance .  Def i c i ency  of  n-3 P U F A  has  been  r e p o r t e d  
to  l ead  to  d i f f e ren t  k i n d s  of p a t h o l o g i c a l  c o n d i t i o n s  
{33,34}, i nc lud ing  neu ro log ica l  de f i c i t s  {35}, d i s t u r b e d  
l e a r n i n g  c a p a c i t y  {36}, r e d u c e d  5 ' - m o n o n u c l e o t i d a s e  in 
b r a i n  {37}, v i s u a l  loss  (38) and  d e c r e a s e d  e l ec t r i ca l  re- 
s p o n s e s  of  p h o t o r e c e p t o r s  {39}. T h e s e  p h e n o m e n a  a re  

t h o u g h t  to  be  r e l a t e d  to  t h e  n o r m a l l y  v e r y  h igh  concen-  
t r a t i o n s  of  22:6n-3 in t he  ce reb ra l  c o r t e x  and  in t h e  r e t i n a  
{33,40}. 

I n  s u m m a r y ,  P U F A  levels  in  p l a t e l e t  p h o s p h o l i p i d s  
were  a f fec ted  w i t h  age,  b u t  20:4n-6 c o n t e n t  was  k e p t  con- 
s t a n t ,  t h o u g h  coup led  w i t h  an  i nc rea se  in 20:3n-6 a n d  a 
dec rea se  in C-22 n-6 P U F A .  The  a o r t a  w a s  i n v u l n e r a b l e  
to  t h e  ef fec t  of  age,  b u t  was  a f f ec t ed  b y  d i e t a r y  choles-  
te ro l ,  p r o b a b l y  due  to  d i f f e ren t  r e s p o n s e s  of  e n z y m e  ac- 
t iv i t i e s  for b o t h  P U F A  syn thes i s  and  deacyla t ion- reacyla-  
t ion.  The  b i o c h e m i c a l  m e c h a n i s m  of  t h e  r e t e n t i o n  of  
C-22 n-3 P U F A  w i t h  age  is unknown.  Di f fe ren t i a l  u t i l iza-  
t i on  of C-22 n-6 a n d  n-3 P U F A  requ i r e s  f u r t he r  i nves t iga -  
t i on  in r e l a t i o n  to  t h e i r  p h y s i o l o g i c a l  roles .  
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Accumulation of (n-9)-Eicosatrienoic and Docosatrienoic Acids 
in Human Fibroblast Phospholipids' 
Soverin Karmiol and William J. Bettger* 
Cellular Nutrition and Metabolism Research Unit, Dept. of Nutritional Sciences, College of Biological Science, University of Guelph, 
Guelph, Ontario, NIG 2WI 

An essential fatty acid {EFA) deficiency-llke profile of 
fatty acids has been observed in HF-1 human skin fibro- 
blasts cultured at clonal densities in MCDB 110 and 0.4% 
fetal bovine serum (FBS). The profile was characterized 
by an accumulation of 16:1n-7, 18:1n-9, 20:3n-9 and 22:3n-9, 
a reduction of n-6 fatty acids and a reduction in total 
polyunsaturated fatty acids (PUFA). The fatty acid com- 
position of sphingomyelin {SPH), phosphatidylcholine 
{PC}, phosphatidylserine {PS), phosphatidyllnositol (PI) 
and phosphatidylethanolamine {PE) was determined and, 
except for SPH, each displayed an EFA deficiency-like 
profile. The triene to tetraene ratio (20:3n-9/20:4n4}} ranged 
from 5.3 in PI to 0.9 in PE. In addition, the highest per- 
centage of 20:3n-9 was present in the PI and the highest 
percentage of 22:3n-9, in PE. Other human fibroblasts 
{normal, transformed and at different population dou- 
bling number levels [PDL]) were grown under the same 
conditions and were found to display triene to tetraene 
ratios (20:3n-9/20:4n-6) in total cellular lipids ranging from 
0.7 to 4.5. The accumulation of 20:3n-9 and 22:3n-9 is due 
primarily to the existence of a basal nutrient medium 
(MCDB 110) that allows for the rapid clonal growth of 
human fibroblasts at reduced serum levels (0.4%). This 
culture procedure can be exploited to further elucidate 
various aspects of lipid metabolism in human fibroblasts. 
Lipids 23, 891-898 (1988). 

A consistent biochemical feature of n-6 fat ty acid defi- 
ciency in mammals fed a fat-free diet is the reduction of 
n-6 fatty acids and the accumulation of 20:3n-9 and other 
18:1n-9 metabolites in the cellular lipids {1-3}. Clinical 
assessment of essential fat ty acid (EFA} status is based 
most frequently on the triene to tetraene ratio {20:3n-9/ 
20:4n-6} in tissue or plasma lipid fractions {4,5}. The 
20:3n-9 accumulates in various lipid classes, the extent 
and pattern of which depend on species, age and sex of 
the animal, length and severity of the deficiency, and 
tissue and/or subcellular fraction analyzed within a tissue 
{6-9). 

Linoleic acid or other n-6 polyunsaturated fat ty acids 
(PUFA) have not been proven to be essential nutrients 
for the multiplication of mammalian cells in culture 

1Fatty acids are abbreviated as number of carbon atoms:number of 
double bonds, followed by an n-number to designate the position of 
the first double bond with respect te the methyl carbon. Thus, Mead 
acid is 20:3n-9 and its elongation product is 22:3n-9. 
*To whom correspondence should be addressed. 
Abbreviations: ANS, 8-auilino-l-naphthalene-sulfonic acid; BHT, 
butylated hydroxytoluene; CS2, carbon disulfide; EFA, essential fatty 
acid; FAME, fatty acid methyl ester; PC, phosphatidylcboline; PE, 
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phospha- 
tidylserine; PUFA, polyunsaturated fatty acid; SPH, sphingomyelin; 
DME, Dulbecco-modified Eagle medium; FBS, fetal bovine serum; 
GLC, gas liquid chromatography; MECL, modified equivalent chain 
length; MEM, minimum essential medium; PDL, population dan- 
bling number level; TLC, thin layer chromatography. 

{10-13). The mass accumulation of 20:3n-9 and related 
fat ty acids coming from de novo synthesis has been de- 
scribed for mammalian cells in culture under rare and/or 
unusual circumstances. Bailey et al. (14) describe the 
adaptation of monolayer cultures of MB III  cells {mouse 
lymphoma) to the lipid free medium 7CLF. After seven 
wk under these culture conditions, the cell monolayer ac- 
cumulated 20:3n-9 and 22:3n-9, as 29.0% and 42.6% of 
their total cell fat ty acids, respectively. A similar phe- 
nomenon occurred with Chang liver cells {human, trans- 
formed}, but not with mouse L fibroblasts (transformed}. 
Rat embryo fibroblasts do not accumulate 20:3n-9 in 
cellular phospholipids when cultured in minimum essen- 
tial medium (MEM) plus 10% tryptose phosphate broth 
and 10% fetal bovine serum (FBS); however, herpes 
simplex virus-transformed rat embryo fibroblasts ac- 
cumulate 20:3n-9 in phospholipid under these culture con- 
ditions {15}. Hyman et al. (16) have described the ac- 
cumulation of 20:3n-9 in the phospholipids of mouse 3T3 
fibroblasts (ATCC CCL 92 and 92.1} (heteroploid, some 
transformed characteristics} cultured as confluent 
monolayers in Dulbecco-modified Eagle medium (DME) 
plus 10% FBS. Although a variety of other transformed 
cell types produce lesser amounts of 20:3n-9, human skin 
fibroblasts {normal diploid} or endothelial cells {normal 
diploid} do not accumulate this fatty acid under these con- 
ditions (17,18). Balb c/3T3 cells and SV-40 transformed 
Balb c/3T3 cells also accumulate 20:3n-9 during multipli- 
cation in a modified MEM supplemented with 10% FBS. 
The content of 20:3n-9 increases when FBS is replaced 
with delipidized FBS (19}. Rosenthal and Whitehurst (20) 
describe the accumulation of 20:3n-9 and 22:3n-9 in the 
total cellular lipids of GM-10 human fetal skin fibroblasts 
(normal diploid} from log phase cultures of cells grown 
in MEM plus 5% delipidized bovine serum over an eight- 
day period. The GM-10 fibroblasts were apparently 
selected for their ability to multiply rapidly under these 
conditions, that  would normally inhibit the rate of mul- 
tiplication of other human 121,22) and mouse {19,23) 
fibroblast cell lines. Laposta et al. {24}, after adaptation 
in Ham's F-10 plus 4.2% delipidized horse serum, gener- 
ated an EFD-1 cell line with epithelial morphology from 
HSDM,C mouse fibroblast (transformed}. The cells ac- 
cumulate 20"3n-9 in total cellular lipid under high-density 
growth conditions in F-10 plus delipidized serum. Primary 
cultures of mouse brain cells cultured in medium sup- 
plemented with 10% FBS (25) and rat normal and trans- 
formed glial cells {26}, cultured in DME supplemented 
with 10 and 5% FBS, respectively, accumulate 20:3n-9 
in cellular phospholipid. 

The experiments in this communication describe the 
production of an EFA deficient-type fat ty acid profile in 
the phospholipids of a wide variety of human fibroblasts 
undergoing rapid multiplication in culture. A detailed 
fatty acid analysis of cellular phospholipid is undertaken 
to accurately define the accumulation of 20:3n-9 and 
22:3n-9 in the structural lipids of the cells. 
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MATERIALS AND METHODS 

Cells. HF-1 and HF-2 are human fibroblasts from new- 
born foreskins generated in this laboratory by primary 
culture (27}. Flow 2,000 human fibroblasts were pur- 
chased from Flow Laboratories (Mississauga, Ontario}. 
WI-38, WI-26VA4 and WI-38VA13 human fibroblasts 
were purchased from the American Type Tissue Culture 
Collection (Bethesda, MD) and GM 6171, GM 637A from 
Institute for Medical Research (Camden, NJ). 

Cell aging. The cells were routinely passed at a 1:5 split 
ratio in T-75 flasks (Falcon} in DME (Flow Laboratories} 
containing 10% (v/v) FBS (Flow), 100 mg/1 penicillin-G 
(Sigma, 1670 units/mg), 100 mg/1 streptomycin sulfate 
(Sigma} and 10 mgfl gentamycin sulfate (Sigma}. The pH 
was controlled with 30 mM HEPES (Calbiochem) and ad- 
justed to 7.6. Incubation occurred in a water-jacketed in- 
cubator (Forma Scientific} saturated with water vapor 
and adjusted to 2% CO2. The age of the cells in culture 
was calculated using the evaluation of the population 
doubling number level (PDL) (28}. 

Cell storage. At the appropriate cumulative PDL, cells 
were stored in liquid nitrogen for later use. One day prior 
to storage, the cells were refed with fresh culture medium. 
The cells were suspended after trypsinization in DME 
containing 20% FBS, 10% dimethylsulfoxide (Sigma} and 
the antibiotics mentioned above, and aliquoted in 1.0 ml 
portions into sterile freezer vials (Fisher}. The vials were 
placed at 4 C for 30 rain, - 7 0  C for 4 hr and then stored 
in liquid nitrogen. 

Preparation for clonal growth. MCDB 110 was prepared 
in this laboratory from individually prepared stocks 
(29,30}. The frozen cells were quickly thawed and their 
contents introduced into T-75 flasks containing freshly 
prepared MCDB 110, 10% FBS and the antibiotics 
previously mentioned for 12-24 hr. At that time, the 
medium was changed to one containing MCDB 110 and 
2% FBS, plus antibiotics, for 48 hr. The medium was 
changed again to one containing 0.1% serum, without 
antibiotics, for 24 hr; after this point no antibiotics were 
introduced into the medium. On the day of the beginning 
of the growth period, the cells were incubated for ca. six 
hr in MCDB 110 with no serum supplement. 

Clonalgrowth. The cells were trypsinized by a cold tryl> 
sinization technique (31) using 0.005% trypsin in Solu- 
tion A (30 mM HEPES-NaOH [pH 7.6], 10 mM glucose, 
130 mM NaC1, 1.0 mM Na2HPO4 and 3 mM KCI). The 
cells were counted by hemocytometer and inoculated into 
T-75 flasks at 100 cells/cm 2 for HF-1 PDL 15, 400 cells/ 
cm 2 for HF-1 PDL 39 and at 200 cells/cm 2 for the other 
cells. The incubation period was 11 days. 

Cells were grown in the presence of MCDB 110 contain- 
ing either 4% serum (serum complete medium}, in 8-10 
T-75 flasks, or 0.4% serum {serum deficient medium}, in 
15-20 T-75 flasks, 20 ml final volume. For growth at 0.4% 
serum, the growth surface of the flasks was coated with 
poly-D-lysine to improve cell attachment (32}. 

Cell harvesting. At the end of the growth period, the 
flasks were removed from the incubator and placed on an 
ice bath for 15 min, prior to the removal of the medium. 
The cell layer was washed with three 10-ml portions of 
ice-cold Solution A and subsequently removed from the 
surface of the culture flask by scraping with a rubber 
policeman. The harvested cells were centrifuged at 500 X 

g for 5 min at 4 C and resuspended in a small volume of 
Solution A. Aliquots were taken for protein determina- 
tion (33) and lipid analysis. 

Lipid analysis. All containers were initially rinsed with 
chloroform/methanol (2:1, v/v). For the cells, the lipids 
were extracted by the method of Bligh and Dyer (34}, and 
for the FBS, the lipids were extracted by the method of 
Folch et al. (35). All lipid extractions were performed in 
the presence of 10 -9 M butylated hydroxytoluene (BHT) 
(Sigma). 

Chromatography of phospholipids. An aliquot of the 
lipid extract was applied to a silica gel 60 thin layer 
chromatography (TLC) plate (Merck) previously activated 
at 110 C for 1 hr. The TLC plate was developed with 
chloroform/methanol/acetic acid/water (50:37.5:4:2, 
v/v/v/v) (36) containing 0.01% BHT (37). The phospho- 
lipids were visualized by a UV light source after spray- 
ing with 0.1% 8-anilino-l-naphthalene-sulfonic acid (ANS) 
(Sigma) (38). Phospholipid standards were purchased from 
Sigma. 

The phospholipids were quantitated by the method 
described by Christie et al. (39). The mol of each identified 
fat ty acid were determined by initially evaluating its 
mass by a comparison with an internal standard and then 
by employing the corresponding molecular weight. The 
unidentified fatty acids were included in the quantitation 
of the phosphollpids. The tool of the unidentified fatty 
acids were determined using the weighed average molecu- 
lar weight of the identified fat ty acids. The numbers of 
tool of phosphatidylcholine (PC), phosphatidylserine (PS), 
phosphatidylinositol (PI) and phosphatidylethanolamine 
(PE) were determined by dividing the number of mol of 
fatty acids in each phospholipid by 2, and of sphingo- 
myelin (SPH), the number of mol of fatty acids were 
divided by 1. 

Transmethylation. All methylations, either total lipid 
or phospholipid in the presence of silica gel, were per- 
formed with 3.0 ml of 6% sulfuric acid in methanol for 
14 hr at 75-80 C (40) in the presence of a known mass of 
17:0 (Nu-Chek Prep., Elysian, MN). After cooling to room 
temperature, 2.0 ml of hexane were added and the con- 
tents vortexed for 20 sec. Then, 1.0 ml of water was added 
and the contents vortexed again. The upper hexane layer 
was removed and dried under oxygen-free nitrogen. 

The methylation products from phosphollpid fractions 
were redissolved in 20 ~I of carbon disulfide (CS2) and an 
aliquot applied directly to a gas liquid chromatography 
(GLC) column for analysis. The methylation products 
from a total lipid extract, either from fibroblasts or FBS, 
were redissolved in 20 ~l hexane and applied to a TLC 
plate (Merck) and chromatographed in a tank containing 
1,2-dichloroethane (41) for isolation of the fatty acid 
methyl esters (FAME). The FAME band was visualized 
by ANS and scraped. The FAME were released from the 
gel using 2 ml methanol, 2 ml bexane and i ml deionized 
water. The hexane layer was removed and processed as 
described for the phosphollpid fractions. 

GLC. The FAME were separated on a Hewlett-Packard 
5890A gas chromatograph equipped with a flame ioniza- 
tion detector system, N2 as make-up gas, with a 30 m 
DB-255 megabore column (J & W Scientific, Rancho Cor- 
dova, CA). The column temperature was maintained at 
210 C and inlet and detector temperatures each at 250 C. 
The column gas was helium at 6.7 ml/min with a 1:3 split. 
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The F A M E  were identified by  comparison of re tent ion 
t imes with those of known s tandards  (Nu-Chek Prep.), ex- 
cept for 20:3n-9 and 22:3n-9. The mass  of the F A M E  were 
calculated by  comparison with the area of the internal  
s t andard  peak using a Spectra  Physics  integrator .  

Identification of n-9 fatty acids. Three methods  were 
used to identify 20:3n-9 and 22:3n-9 f a t ty  acids in human 
skin f ibroblast  phospholipids.  First ,  the lipid ex t rac t s  of 
the livers of ra t s  fed a fat-free diet were used as a 
biological s tandard.  Second, argentat ion-TLC and GLC 
with appropriate  s tandards  were used to confirm tha t  the 
unknown f a t t y  acids were trienes. Third, indirect GLC- 
identification techniques for long-chain unsa tura ted  fa t ty  
acids were used. Weanling, male Wis ta r  ra t s  were fed 
semipurified diets {42) t ha t  were ei ther fat-free or sup- 
plemented with 5% corn oil. After  30 days,  the ra t s  were 
killed, livers removed and liver lipids extracted (35). Total  
phospholipids were isolated by  TLC (43) and then 
t r ansme thy la t ed  as above. Compar ison of the phospho- 
lipid f a t t y  acids f rom the ra t s  fed the fat-free and corn 
off-supplemented diets revealed two new peaks  f rom the 
ex t rac t s  of the ra t s  fed a fat-free d ie t - -one  t ha t  was 
12.0 __ 0.07 mol% and the other, with a longer re tent ion 
time, tha t  was 0.30 • 0.01 mol%. Separation of the triene 
f a t t y  acids by  a rgen ta t ion-chromatography  and subse- 
quent  GLC revealed t ha t  these two f a t t y  acids belonged 
to the triene class of f a t ty  acids and, thus, were identified 
as 20:3n-9 and 22:3n-9. These f a t t y  acids have  been 
repor ted to accumulate  in liver phospholipids of EFA-  
deficient ra t s  at  similar concentrat ions (44-46). Lipid ex- 
t r ac t s  f rom human  f ibroblasts  cul tured in 0.4% serum 
also contained two new peaks  with re tent ion t imes iden- 
tical to the 20:3n-9 and 22:3n-9 f a t t y  acids found in the 
phospholipids of ra t s  fed the fat-free semipurified diet. 
With argentat ion-chromatography,  these two fa t ty  acids 
were found to be triene f a t t y  acids. In an a t t e m p t  to con- 
f irm tha t  these two fa t ty  acids belonged to the n-9 family 
of f a t ty  acids, separation factors and modified equivalent 
chain lengths (MECL) were employed. The column from 
which re tent ion t imes were taken  was a 0.53 m m  open 
tubular  column 30 m long. The s ta t ionary  phase  was 1.0 

in thickness and composed of 25% cyanopropyl ,  25% 
phenyl and 50% methyl  polysiloxane {Megabore DB-225). 
The MECL values were evaluated according to Jamieson  
(47): MECL = 2[log Rz - log l~/log R,+2 - log 1~] + n, 
where R r  1~ and Rn+2 are the re tent ion t imes of the 
unknown acid and of the n -  9 monoene acids of chain 
length n and n + 2. The result  of this calculation gave  
observed values. The g raph  of log retent ion t ime vs  the 
carbon number  from 16:1n-9 to 22:1n-9 had a linear regres- 
sion coefficient equal to 0.999. The MECL of 20:3n-9 and 
22:3n-9 were calculated according to Jamieson  and Reid 
(48): MECLz = MECLy - Type  II~9, where, for the case 
of 20:3n-9, x refers to 20:3n-9 and y to 20:4n-6, and for 
the case of 22:3n-9, x refers to 22:3n-9 and y refers to 
22:4n-6, and Type  II6/9 refers to the difference in MECL 
values of the pairs  of es ters  used to calculate the Type  
I I  separat ion factors.  The result  of this calculation gave  
expected values. The observed and expected values for 
20:3n-9 were 20.38 • 0.01 and 20.37 _+ 0.01, and for 
22:3n-9, the corresponding values were 22.44 • 0.01 and 
22.42 + 0.01. 

The retent ion t imes of 20:3n-9 on our s t andard  {210 C 
isothermal) GLC analysis  resul ts  in a significant overlap 

of the 20:3n-9 and 20:2n-6 peaks. However,  human  fibro- 
blas ts  cultured under these conditions have undetectable 
levels of 20:2n-6 in to ta l  phospholipid f a t t y  acids and in 
each phospholipid fract ion except  P I  {4.0% serum). This 
was determined by  analysis  of diene f a t ty  acids af ter  
a rgen ta t ion-chromatography  and by  analysis  of f a t ty  
acids at  160 C isothermal,  which completely separa tes  
20:3n-9 and 20:2n-6, with 20:3n-9 eluting first. 

Argentation-chromatography. Eight  g of silver ni t ra te  
were dissolved in 80 ml of water,  to which 40 g of silica 
gel {CAMAG DS-5) were added, and the contents  were 
poured on 20 • 20 cm glass plates  {0.35-mm thick} and 
allowed to dry. F A M E  from the var ious lipid ex t rac t s  
were spiked with 18:3n-3 and chromategraphed.  The plate 
was developed in chloroform]methanol {99:1, v/v) and the 
triene bands  scraped, the F A M E  eluted and analyzed by  
GLC, as previously described. 

Statistical analysis. D a t a  within a phospholipid were 
analyzed for variance {ANOVA) followed by  a Tu k ey ' s  
studentized range test; this was done so tha t  the residuals 
could be used to t es t  whether  the da ta  came from a nor- 
mal  dis t r ibut ion using the Shapiro-Wilk statist ic,  W. 
D a t a  were log t rans formed before analysis,  if necessary,  
to achieve a normal  dis tr ibut ion {49}. 

RESULTS 

H u m a n  HF-1 f ibroblasts  cul tured a t  a densi ty  of 8 • 103 
cells/T-75 flask in MCDB 110 plus 0.4% FBS exhibited 
significantly less to ta l  g rowth  over the 13-day assay  
period than  the cells cultured in MCDB 110 plus 4.0% 
FBS, 0.99 • 0.04 vs  1.65 • 0.11 • 106 cells/T-75 f lask 
{P < 0.05, n = 4), respectively.  The effect of cul turing 
HF-1 f ibroblasts  in MCDB 110 plus 0.4% FBS on the 
phospholipid profile is shown in Table 1. Compared to the 
profile of phospholipids found in cells cultured in MCDB 
110 plus 4.0% fetal  calf serum, cells cultured with 0.4% 

TABLE 1 

Effect of Serum Concentration on the Distribution of Phospholipids 
in HF-1 Human Skin Fibroblaste in a Clonal Growth Assay 

Phospholipid distribution 
% Fetal bovine serum a 

Phospholipid 4.0 0.4 

mol%b,c 

Sphingomyelin 9.9 + 0.4 9.0 - 0.5 
Phosphatidylcholine 48.4 +_ 1.1 46.1 _+ 1.3 
Phosphatidylserine 10.1 _+ 0.5 9.8 __. 0.6 
Phosphatidylinositol 7.9 _+ 0.3 8.4 ___ 0.4 
Phosphatidylethanolamine 23.7 + 0.7 d 26.7 + 0.8 

aFetal bovine serum lot #1. 
bValues are mean + SEM, n -- 6 for 4.0%, n -- 5 for 0.4% FBS. 
The data represent results from 4 independent experiments utiliz- 
ing fresh media and new cells brought up from frozen stocks. In one 
experiment, 3 sets of assay flasks were processed for 4.0% serum, 
2 for 0.4% serum. 
cpercent distribution of phospholipids is based on the five 
phospholipid groups that were analyzed and not on the total 
phospholipids in the cell. 
dValues are significantly different by the Tukey's test {P < 0.05}. 

LIPIDS, Vol. 23, No. 9 (1988) 



894 

S. KARMIOL AND W.J. BETTGER 

0 

0 

0 

t~ 

0~ o~ 

0 

~..~ 

~-~ 

+1~+1§247247247247 +1 +1+1+1 +1 +1 

~;~+,+,+,~~ ~~176 +, + , _ _  +, +, +, +, +, +, 

d ~ ~  o o  o o o  o o o o  o 
+1~+1+1+1+1+1 ~ ~ ~  ~ ~ ~ ~ ~ ~ Z + I + I Z  ~z +1+1 +1 +1+1§ +1 +1 

+ l ~ + l + l + l + l + l b ~ + l + l ~ + l ~ + l + l + l + l ~ + l  +1 +1+1+1 +1 +1 

N M ~ d M N  ~ ~ ~ o o ~  u ~ d d ~  ~ N MMM ~ N 
+1+1+1+1+1+1 ~ ~ ~ z + I + I  ~ ~ z + I + I + I  ~ ~ +1 +1+1+1 +1 +1 

~ + 1 + 1 + 1 + 1 + 1 ~ + 1 + 1 ~ + 1 + 1 ~  +1 +1+1+1 +1 +1 

~ + 1 + 1  +1 +1+1+1 +1 +1 

+ I N + I + I + I + I + I ~ + I N  ~ ~ •  Z Z ~ + I  +1§ +1 +I+1+1 +1 +1 ~ ' ~ Z Z Z  

8 ~ 

~'r. �9 

N . ~ x N  

~ ~ ' ~  
"~.~ 
| ~ ' , ~ - ~  ~ 

�9 ~ 

UPIDS, Vol. 23, No. 9 0988) 



ESSENTIAL FATTY ACIDS IN HUMAN FIBROBLASTS 

895 

fetal calf serum have significantly more PE. Cells cultured 
under  bo th  conditions have similar to ta l  phospholipid 
(sum of those  detected), 323 +_ 17 and 300 +_ 18 nmol]mg 
protein (P > 0.05) for cells cu l tured  with  0.4 and 4.0% 
FBS, resepectively.  

The fa t ty  acid composition of the phospholipids of HF-1 
f ibroblasts  cultured under the experimental  conditions is 
shown in Table  2. The f a t t y  acid composi t ion of the FBS  
used to culture these cells is shown in Table 3 (serum 
lot 1). In SPH, cells cultured with 0.4% FBS have 
significantly more 14:0 and fewer 20:0, compared with 
4.0% controls. The cells also have a significantly higher 
number of total monounsaturated fatty acids. In PI, cells 
have significantly fewer 20:3n-6 and 20:4n-6, and 22:4n-6 
and 22:5n-3 concentrations drop to trace {<0.5%) and not- 
detectable {<0.1%) levels, respectively. The cells have 
significantly more 16:1 and 18:1 and show an accumula- 
tion of 20:3n-9 and 22:3n-9. In this phospholipid, cells 
have significantly fewer total saturated fatty acids, a 
lower double bond index and more total monounsaturated 
fatty acids, when cultured with 0.4% vs 4.0% FBS. In 
PE, cells have significantly fewer 18:0, 20:4n-6, 22:4n-6, 
22:5n-3 and 22:6n-3. The cells have significantly more 
16:1, 18:1 and fewer 18:0 and show an accumulation of 
20:3n-9 and 22:3n-9. The cells have significantly fewer 
total saturated fatty acids, total PUFA and a lower dou- 
ble bond index and more total monounsaturated fatty 
acids in PE. In PC, the cells cultured with 0.4% FBS have 
significantly fewer 16:0, 18:0 and 20:4n-6 and 20:3n-6 and 
20:3n-6 falls to trace levels. The cells have significantly 
more 14:0 and 16:1 and have an accumulation of 20:3n-9 
and 22:3n-9. They have fewer total saturated fatty acids, 
fewer total PUFA, a smaller unsaturated to saturated 

TABLE 3 

Fatty Acid Composition of Fetal Bovine Serum 

Serum lot number a 

Fatty acid 1 2 3 

{mol%)b, c 

14:0 1.8 __. 0.1 1.4 +_ 0.1 1.6 +__ 0.1 
16:0 26.7 __. 0.9 24.6 +_ 0.5 26.3 _ 0.2 
16:1 5.8 + 0.1 5.8 +_ 0.1 4.9 _+ 0.1 
18:0 12.0 + 0.3 11.8 +_ 0.1 12.7 +_ 0.2 
18:1 24.0 + 0.3 25.7 _ 0.5 21.6 +__ 0.3 
18:2 4.7 + 0.1 4.6 +_ 0.4 5.2 +_ 0.1 
18:3 0.5 _+ 0.1 0.6 + 0.1 0.5 +_ 0.1 
20:0 tr 0.6 _ 0.1 0.5 +_ 0.1 
20:3n-6 1.6 _ 0.1 1.8 _ 0.1 1.6 +_ 0.1 
20:4n-6 6.1 _+ 0.4 5 .6_  0.1 6.8 +-- 0.1 
22:0 1.3 + 0.1 1.3 _ 0.1 1.4 + 0.1 
22:4n-6 tr tr 0.7 -!--- 0.1 
22:5n-3 1.7 +_ 0.2 2.1 _+ 0.1 1.2 ---b 0.1 
22:6n-3 2.2 -!--- 0.2 2.4 + 0.1 1.8 _+ 0.1 
24:0 0.9 -!--- 0.1 0.9 +-- 0.1 0.8 --+ 0.1 
24:1 1.6 -!--- 0.1 1.7 +_ 0.1 1.4 +_ 0.1 
Unidentified 7.9 +_ 0.4 8.2 +- 0.3 8.7 + 1.6 

aMean +_ SEM of analysis of serum lots; lot 1, n = 4, lots 2 and 
3, n =  3. 
bMean values below 0.5 mol% are listed as trace (tr) levels. 
CAll serum lots have trace levels (<0.5%) of 20:3n-9 and nondetect- 
able levels of 22:3n-9 (<0.1%). 

rat io  and grea ter  to ta l  monounsa tu ra t ed  f a t t y  acids in 
this phospholipod. In  PS, the cells have significantly 
fewer 18:0, 18:2 (total isomers), 20:3n-6, 20:4n-6, 22:4n-6, 
22:5n-3, 22:6n-3 and 24:0 and significantly more 16:1, 18:1 
and 22:0, when cul tured in 0.4% FBS. The cells ac- 
cumula te  20:3n-9 and 22:3n-9 in PS under  these condi- 
tions. The cells have  more to ta l  monounsa tu ra t ed  f a t t y  
acids, bu t  fewer to ta l  sa tu ra ted  PUFA,  a lower double 
bond index and lower unsa tura ted- to -sa tura ted  rat io  in 
this phospholipid under  these conditions. 

A compar ison of the accumulat ion of 20:3n-9 and 
22:3n-9 among  the phospholipid fract ions of HF-1 cells 
cultured in MCDB 110 plus 0.4% FBS is shown in Table 
4. As a mol% of to ta l  f a t t y  acids, 20:3n-9 accumulates  
in phospholipids as follows: P I  > PE > PC = PS; and 
22:3n-9 accumulates  in phospholipids: PE > PS = P I  > 
PC. However,  as a mol% of the to ta l  20:3n-9 found in 
phospholipids of the cells, 20:3n-9 accumulates as follows: 
P I  > PC = PE > PS; and 22:3n-9 as PE > PC = PS with  
PS = PI ,  bu t  PC > PI .  In  t e r m s  of the rat io  20:3n-9/ 
20:4n-6, the cells have  the following distr ibution in 
phospholipids: P I  > PE,  but  P I  = PS -- PC and PS = 
PC = PE.  These values are compared  by  the Tuk ey ' s  
s tudent ized range  t e s t  and are significantly different a t  
the P < 0.05 level, n - 5. 

The effect of f ibroblast  cell t ype  on the accumulat ion 
of 20:3n-9 in cells cultured in MCDB 110 plus 0.4% FBS 
is shown in Table 5. All f ibroblasts  tes ted  showed an ac- 
cumulat ion of 20:3n-9, regardless  of whether  they  were 
of lung or skin origin, normal  or t ransformed,  low or high 
PDL. The mol% of 20:3n-9 in to ta l  f a t ty  acids f rom these 
cells ranged f rom 0.8 to 3.7, and 20:3n-9/20:4n-6 rat ios  
ranged  f rom 0.6 to 4.5. None of the cells had any  detect- 
able 20:3n-9, when cul tured with  4.0% FBS. The lot of 
FBS  used appeared  to  have  a minimal  effect on the ac- 
cumulat ion of 20:3n-9 in f ibroblasts  (Tables 3 and 5). 

DISCUSSION 

Research in our laboratory has  utilized three observations 
to cult ivate rapidly dividing human  fibroblasts tha t  have 
a phospholipid f a t t y  acid composi t ion t h a t  closely 
resembles  the f a t t y  acid profile f rom the t issue of EFA-  
deficient animals {4,50) and humans  (5}. First,  f ibroblasts  
in cul ture preferential ly utilize exogenously supplied 
lipids to meet  their  metabol ic  needs, however, they  are 
capable  of increasing their  ra tes  of f a t t y  acid and 
cholesterol b iosynthesis  when the  culture medium has  a 
low lipid content  (11). Second, in rapidly dividing 
f ibroblasts ,  there is a high demand for lipid mater ia l  
because the cells mus t  assemble a large quan t i ty  of mem- 
brane  lipids as pa r t  of the general mitot ic  process, in ad- 
dition to the cont inuous turnover  of exis t ing membrane  
s t ruc tures  (12). Third, the qual i ta t ive and quan t i t a t ive  
opt imizat ion of the concentrat ion of nut r ien ts  in a cell- 
culture medium can reduce the amount  of FBS  necessary 
for maximal  ra tes  of cell mult ipl icat ion for a va r ie ty  of 
cell types  (51). The utilization of MCDB 110 as the culture 
medium, which has  been optimized specifically for the 
clonal growth of human  diploid fibroblasts with low levels 
of FBS supplementat ion (29,30), appears  to have resulted 
in cells with ra tes  of multiplication, and thus  the need for 
membrane  lipid material ,  t ha t  significantly exceed the  
ra te  a t  which they  can take  up and utilize lipid f rom 
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T A B L E  4 

Comparison of the Distribution of 20:3n-9 and 22:3n-9 Among Phospholipids 
in HF-1 Human Fibroblasts in a Clonal Growth Assay  at 0.4% Serum 

Phospholipid a 

Fa t ty  acid parameter PI PS PC PE 

20:3n-9 e 17.8 • 1.6 b 1.6 • 0.2 c 2.3 • 0.2 c 3.7 • 0.3 d 
(mol% of total 
fa t ty  acids within 
a phospholipid) 

20:3n-9f 39.7 • 0.8 b 4.2 • 0.2 c 27.8 • 0.3 d 28.3 • 1.2 d 
(% of total 20:3n-9 
among the phospholipids) 

22:3n-9 1.2 • 0.1 b 1.6 • 0.2 b 0.4 • 0.02 c 3.7 • 0.3 d 
(mol% of total 
fat ty acids within 
a phospholipid) 

22:3n-9f 7.0 • 0.3 b 10.8 • 0.8b, c 13.6 • 1.0 c 68.5 • 1.5 d 
(% of total 22:3n-9 
among the phospholipids) 

20:3n-9/20:4n-6 5.3 • 1.1 b 2.9 • 0.6b, c 3.0 • 0.7b, c 0.9 • 0.2c 

aMean • SEM, n -- 5. Values having a different superscripted letter (b, c, d) are significantly different by 
Tukey's studentized range tes t  (P < 0.05). The data represent results from 4 independent experiments utiliz- 
ing fresh media and new cells brought up from frozen stocks. In one experiment, 2 sets of assay flasks were 
processed. 

eThese data were log transformed to achieve a normal distribution prior to the application of analysis of 
variance followed by Tukey's studentized range test. 

fTotal mol of the fat ty acid in a phospholipid/total mol of the fat ty acid in all the phospholipids • 100. 

T A B L E  5 

Accumulation of (n-9) Eicosatrienoic Acid in the Total  Lipid of Normal and Transformed Human Fibroblasts in a Clonal Growth A s s a y  

% Fetal bovine serum 

Tissue 20:3n-9 20:4n-6 20:3n-9/20:4n-6 
of Serum 

Cell line origin Type a PDL b lot c 4.0 0.4 4.0 0.4 0.4 

(mol%) d 

HF-1 Skin N 15 1 ND 3.5 • 0.2 6.4 • 0.6 1.6 • 0.1 2.2 • 0.2 
2 ND 3.4 • 0.3 6.0 • 0.4 1.7 • 0.3 2.2 • 0.5 
3 ND 3.5 • 0.2 7.5 • 0.3 2.2 • 0.2 1.6 • 0.3 

39 1 ND 2.1 • 0.5 8.5 • 0.4 2.9 • 0.6 0.9 • 0.4 
Flow 2000 Lung N 20 1 ND 1.7 • 0.2 6.3 • 1.1 2.9 • 0.3 0.6 • 0.1 
WI 38 Lung N 25 1 ND 2.2 • 0.3 7.1.•  1.1 2.7 • 0.4 0.8 • 0.1 
HF-2 Skin N 13 1 ND 3.5 • 0.6 6.9 • 0.6 1.6 • 0.2 2.3 • 0.4 
GM 6171 Lung N 11 2 ND 2.3 • 0.1 4.6 • 0.1 2.8 • 0.1 0:8 • 0.1 
WI 26VA4 Lung T >200 2 ND 2.7 • 0.1 3.2 • 0.1 0.6 • 0.1 4.5 • 0.7 
WI 38VA13 Lung T >200 2 ND 0.8 • 0.1 3.7 • 0.8 1.1 _+ 0.1 0.7 • 0.1 
GM 0637 B Skin T >200 2 ND 3.7 • 0.3 4.6 • 0.6 1.4 • 0.5 3.9 • 0.5 

aN refers to normal diploid fibroblasts, T refers to SV-40 transformed fibroblasts. 

bpopulation doubling number at the s tar t  of the clonal growth assay. This is an indicator of the number of previous replications in culture. 
The population doubling number of the transformed cells is unknown. 
CThe fat ty  acid composition of the different lots of sera are displayed in Table 3. 
dValues are presented as mean • SEM, n = 3 except HF-1, PDL 15, n -- 4, WI-38 and GM 6171, n -- 2. The data represent results 
from independent experiments utilizing fresh media and new cells brought up from frozen stocks. 
ND, not detectable. 
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medium supplemented with 0.4% FBS. Fibroblasts culti- 
vated under these conditions synthesize PUFA not found 
in FBS and insert  them into phospholipid. Apparently,  
this response of the cells is necessary to maintain their 
ra te  of multiplication in this chemical milieu. The phe ~ 
nomenon occurs in all the human fibroblast  cell types  
tes ted  and appears highly reproducible. 

As studied in HF-1 human foreskin fibroblasts, the 
general response for fibroblasts cultured in MCDB 110 
plus 0.4% serum is to replace n-6 PUFA in phospholipids 
with 20:3n-9 and 22"3n-9. The HF-1 cells exhibit a distinct 
pa t te rn  of incorporation of n-9 PUFA into phospholipid, 
i.e., 20:3n-9 is incorporated mainly into PI,  and 22:3n-9 
mainly into PE. Other types  of cells in culture exhibit  
selectivity for the incorporation of endogenous 20:3n-9 
into part icular  phospholipid classes, however, the selec- 
t iv i ty  apparent ly  depends on cell type  and culture condi- 
tions (15,16,19,20,24). In HF-1 cells, the 18:2 isomers are 
conserved largely in each phospholipid class, presumably 
because of the accumulation of n-9, n-7 and other isomers 
(19,24,52). This general pa t te rn  of fa t ty  acid distribution 
is characteristic of EFA deficiency in whole animals (2,45). 
The 20:3n-9/20:4n-6 ratios observed in human fibroblasts 
cultured under  these conditions ranged from 0.6 to 4.5, 
and these ratios are greater  than the value of 0.2 tha t  has 
been proposed as the biochemical index of EFA deficiency 
in human tissue (53). The change in phospholipid composi- 
tion seen in the HF-1 cells, namely to significantly in- 
crease PE, the phospholipid with the highest PUFA, has 
not  been described in t issue from EFA-deficient  animals 
and may be unique to fibroblasts under these culture 
conditions. 

I t  cannot  be determined from these experiments  
whether  human  fibroblasts in culture have a requirement 
for n-6 fa t ty  acids for maximal ra tes  of cell multiplica- 
tion. In animals with E F A  deficiency, the double bond 
index (degree of unsaturation) of liver fa t ty  acids does not  
progressively decrease from an index of 1.2-1.3 (4) with 
increasing time on a fat-free diet, but  levels off to approx- 
imately 0.8 and is maintained (2). Interestingly, the HF-1 
fibroblasts described in these experiments have a double 
bond index in their  total  phospholipid fa t ty  acids of 0.84 
+_ 0.02, compared with 1.08 +_ 0.02 (P < 0.05) for controls. 
The normal human diploid fibroblasts listed in Table 5 
had double bond indices ranging from 0.76 (HF-I PDL 
39) to 0.87 (GM 6171) in their total  cefiular f a t t y  acids 
when cultured in MCDB 110 plus 0.4% FBS. The average 
double bond index of the normal cell types under  these 
conditions was 0.82 +_ 0.02. Of the five phospholipids 
analyzed, only the unsatura ted/sa tura ted ratios (8) of PC 
and PS were significantly greater for cells grown at  4.0% 
serum compared with cells grown at 0.4% serum. In terms 
of total phospholipid fa t ty  acids, the cells cultured in 0.4% 
serum have a small bu t  statist ically significant decrease 
(2.9 +_ 0.1 vs 3.3 _+ 0.1, P < 0.05) in the unsatura ted/  
saturated ratio. I t  appears tha t  normal human fibroblasts 
in culture may  accumulate n-9 and n-7 monoenes, n-9 and 
n-7 dienes and trienes, and alter their  phospholipid com- 
position to maintain a minimal level of the degree of un- 
sa tura t ion of membrane fa t ty  acids. I t  is not  known 
whether  human fibroblasts can a t ta in  maximal ra tes  of 
cell multiplication while maintaining a double bond index 
of ca. 0.8 or a slightly reduced unsa tura ted /sa tura ted  
ratio. The reduced multiplication rate of human fibroblast 

cells cultured in MCDB 104 or 110 at  ~<0.4% serum 
cannot  be overcome by supplementat ion with linoleate 
{51,54}. 

Though the procedure outlined in this communication 
may not establish a n-6 fa t ty  acid requirement for the p r~  
liferation of fibroblasts in culture, it allows for the elucida- 
tion of various aspects of their  lipid metabolism. 
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Effects of Aurothioglucose on Iron-induced Rat Liver 
Microsomal Lipid Peroxidation 
Jeffrey K. Beckman* and Harry L. Greene 
Department of Pediatrics, Division of Gastroenterology and Nutrition, Vanderbilt University School of Medicine, Nashville, TN 37232 

Aurothioglucose (ATG), an inhibitor of selenium-de 
pendent glutathione peroxidase activity, at a concen- 
tration of 100 ~M, strongly increases lipid peroxidation 
of rat liver microsomes exposed to either ferrous ion 
(10 ~M) or the combination of ferric ion (10 ~M) and 
ascorbic acid {500 ~_M), in the presence of reduced glu- 
tathione {GSH, 800 pM). This effect was not achieved 
using heat-inactivated microsomes and was dependent 
on the presence of GSH. ATG did not affect the lag 
period associated with ascorbic acid/ferric ion-induced 
microsomal lipid peroxidation {previously attributed to 
an undefined GSH-dependent microsomal agent), but 
did increase the rate of peroxidation subsequent to the 
lag period. The potent GSH-dependent inhibition of 
microsomal lipid peroxidation by cytosol {10% of total 
volume) was completely reversed by ATG (100 pM). 
ATG similarly reversed an inhibition of phosphatidyl- 
choline hydroperoxide~dependent liposomal peroxidation 
that  has been attributed to phospholipid hydroperoxide 
glutathione peroxidase (PHGPX), an enzyme distinct 
from the classical glutathione that cannot utilize intact 
phospholipids. 

ATG inhibited, in addition to the classical selenium- 
dependent glutathione peroxidase, both cytosolic and 
microsomal {basal and N~ethyl maleimide-stimulated) 
glutathione S-transferase activities with greater than 
80% inhibition achieved at 100 ~ ATG. ATG, at concen- 
trations up to 250 pM, did not inhibit PHGPX activity 
measured by the coupled-enzyme method in the pres- 
ence of Triton X-100 (0.1%). These data demonstrate 
the potential of ATG to increase toxicity of lipid peroxi- 
dative stimuli by inhibition of microsomal and cytosolic 
defense mechanisms. Although ATG did not inhibit 
Triton~zd~mced PHGPX activity, overall evidence points 
toward inhibition of this enzyme as the mechanism for 
ATG-augmented lipid peroxidation and supports the 
conclusion that PHGPX plays a major role in the cel- 
lular defense mechanism. 
Lipids 23, 899-903 {1988). 

the enzymes can reduce fatty acyl hydroperoxides (3). 
In support of this suggestion, we have recently described 
peroxidation-induced activation of microsomal phos- 
pholipase A1 and A2 activities (7). In contrast, Gibson 
et al. (3) have demonstrated that direct addition of 
partially purified glutathione peroxidase or glutathione 
S-transferase had no protective effect against lipid peroxi- 
dation, and have alternatively described a GSH-de- 
pendent cytosolic factor distinct from glutathione peroxi- 
dase/transferase activities that prevents the initiation 
of peroxidation reactions (4). In addition, Ursini et al. 
(5) have demonstrated a GSH-dependent phospholipid 
hydroperoxide glutathione (PHGPX) that reduces intact 
phospholipid hydroperoxides to the corresponding alc~ 
hols. This enzyme, thus, potentially could protect against 
propagation reactions. 

In addition to the cytosolic defense against microsomal 
peroxidation, microsomes, themselves, contain a GSH- 
dependent microsomal defense mechanism (8). This de  
fense mechanism manifests itself by a lag period, the 
length of which correlates directly with the microsomal 
vitamin E content. No particular enzyme involved in 
this protective effect has been elucidated. One possible 
candidate for this enzymatic role is microsomal GSH 
S-transferase, although its activity is much lower than 
that present in cytosol (9). The ability to greatly aug- 
ment the microsomal GSH S-transferase by N-ethyl 
maleimide (10) suggests substantial latent activity of 
the enzyme. This latent activity of microsomal GSH 
S-transferase may be responsible for peroxidative pro- 
tection following the lag phase. 

Aurothioglucose (ATG) is a potent inhibitor of the 
classical cytosolic glutathione peroxidase (11,12). We 
postulated that this agent could be used to explore 
further the roles of cytosolic glutathione peroxidase, as 
well as related GSH-dependent enzymes in lipid peroxida- 
tion. The purpose of this study, therefore, was to fur- 
ther define the effects of ATG on microsomal and cy- 
tosolic protective enzyme activities and on lipid peroxida- 
tion. 

Several reports indicated that hepatic cytosol contains 
an unidentified reduced glutathione (GSH)-dependent 
defense mechanism(s) that protects against microsomal 
lipid peroxidation (1-5}, Because the Se-dependent GSH- 
peroxidase and GSH-transferase activities of the cytosol 
are inactive against intact phospholipids (3), their poten- 
tial involvement in the cytosolic peroxidative defense 
has been largely discounted. On the other hand, Sevanian 
et al. (6) have demonstrated that oxidized phospholipids 
are preferred substrates for phospholipase A 2 (PLA2) 
and suggested that PLA2-mediated release of fat ty acyl 
hydroperoxides would allow GSH-peroxidase and trans- 
ferase to protect against peroxidative damage, because 

*To whom correspondence should be addressed. 
Abbreviations: ATG, aurothioglucose; GSH, reduced glutathione; 
PHGPX, phospholipid hydroperoxide glutathione peroxidase; PLA2, 
phospholipase A2; TBA, 2-thiobarbituric aci& 

EXPERIMENTAL PROCEDURES 
Isolation of microsomes and cytosoL Male Sprague-Dawley 
rats (20G300 g) were obtained from Harlan Sprague-Dawley, 
Inc. (Indianapolis, IN). Liver microsomes were obtained 
by differential centrifugation from a 10% homogenate in 
0.15 M KCI, 10 ~M Tris buffer, pH 7.4. The 100,000 X g 
pellet obtained from the 20,000 X g supernatant was 
washed by recentrifuging at 100,000 X g, was resuspended 
in homogenization buffer (5-10 mg of protein]ml) and assayed 
for protein content {13). The first 100,000 X g supernatant 
was dialyzed overnight against homogenization buffer and 
stored frozen at -40 C. 

Lipid peroxidation assay. Microsomes (500 ~g of pro- 
tein/ml) were incubated at 37 C in 100 mM Tris buffer, 
pH 7.,4 (0.5 ml total volume), in the presence of the 
described peroxidative stimuli and the indicated levels 
of glutathione, ATG and/or cytosol. Following incuba- 
tion, the method of Mihara et al. {14) was used to 
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derivatize 2-thiobarbituric acid (TBA)-reactive substances 
that were assayed spectrofluorometricaly by the method 
of Yagi (15). 

Preparation of phospholipid hydroperoxides and phos- 
pholipid liposomes. Phospholipid hydroperoxides were 
prepared from egg phosphatidylcholine (Type III  E, 
Sigma Chemical Co., St. Louis, MO) using soybean 
lipoxygenase-I (Sigma), as described by Eskola and 
Laakso (16). Chloroform]methanol solutions of phos- 
pholipid hydroperoxide and fresh unoxidized phos- 
phatidylcholine were combined such that 10% of the 
lipid was hydroperoxide. Following evaporation of organic 
solvents, phospholipid liposomes were prepared by sonica- 
tion in water to a concentration of 1 mM phosphatidyl- 
choline. Control phospholipid liposomes containing only 
the fresh phosphatidylcholine were prepared in parallel. 

Enzyme assays. Glutathione S-transferase activity 
was measured with 1-chloro-2,4-dinitrobenzene by the 
method of Habig et al. (17). Microsomal glutathione 
S-transferase was activated by N-ethyl maleimide pr~ 
treatment, as described by Morgenstern et al. (10). 
Total glutathione peroxidase activity was measured 
using a t-butyl hydroporoxide substrate (18). Superoxide 
dismutase activity was measured by inhibition of super- 
oxide anion-mediated reduction of cytochrome c (19). 
PHGPX activity was measured by the glutathione peroxi- 
dase assay using as substrate phosphatidylcholine hydro- 
peroxide~containing phosphatidylcholine liposomes (pre- 
pared as described) at a concentration of 200 gM. Triton 
X-100 augments PHGPX activity (20) and was required 
for its measurement (0.1%) final concentration. Con- 
trols included activity in the absence of phospholipid or 
glutathione or using fresh phosphatidylcholine liposomes. 

RESULTS 

As shown in Figure 1, the peroxidative response of 
microsomes exposed to ferrous sulfate (10/~M) in the 
presence of GSH (800 ~M) was potentiated by ATG in 
a dose~dependent manner. However, it did not induce 
lipid peroxidation in the absence of ferrous ion. In 
contrast, heat inactivation of microsomes (heated at 
100 C for 10 rain.) resulted in no increase in lipid peroxida- 
tion by any dose (10-200 gM) of ATG. In addition, 
peroxidation of untreated (not heat inactivated) rnJcr~ 
somes in the absence of GSH was not affected by ATG 
(data not shown). Ferrous ion-induced lipid peroxidation 
was increased with increased levels of GSH as follows: 
100 ~M GSH, 210%; 200 ~M GSH, 225%; 400 ~M 
GSH, 320%; and 800 gM GSH, 335%. In an effort to 
observe the effects of ATG on microsomal GSH-de- 
pendent protective activity, we subsequently used the 
ferric ion/ascorbic acid system as a peroxidation stim- 
ulus, which is better defined in this regard (8). The 
peroxidative response of ferric iordascorbic acid exhibited 
a GSH-dependent lag period as previously reported (8). 
ATG I100 ~M) did not affect the length of the lag 
(obtained using 3 mM GSH), but increased the rate of 
peroxidation once underway (Fig. 2). Addition of cytosol 
(25-100 gl from a 10% homogenate/500/d incubation) 
inhibited the microsomal peroxidative response to ferric 
ion]ascorbic acid (measured at 30 re_in; post lag period). 
ATG {100 ~/I) completely reversed the cytosolic inhibi- 
tion, and 25-50 ~ ATG exhibited partial inhibition of 
the cytosolic protection (Fig. 3). 

In order to further explore the effects of ATG on 
cytosolic protective enzymes, we utilized liposomal sul~ 
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FIG. l. Promotion of ferrous i~ lipid peroxidation by 
ATG. Rat liver microsomes were exposed to ferrous sulfate (10 
/LM) (cross-hatched bars) or to control 15 min incubation (open 
bars) in the presence of the indicated concentration of ATG. All 
reaction mixtures contained glutathione (800/~d). Lipid peroxidation 
was assessed by a spectrofiuorometric assay of TBA-reaetivity as 
described in the methods. Brackets denote the SEM of 6 observa- 
tions. 
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FIG. 2. Potentiation of the posting phase ferric ion/ascorbic acid- 
promoted lipid pecoxidation by ATG. Rat liver microsomes were 
exposed to ferric chloride (10/AVI) and ascorbic acid (500 p_M), in 
Tris buffer contRining 3 mM GSH and no additional agents (closed 
circles) or ATG (100 ~M) (closed squares), for the indicated dura- 
tion. Lipid peroxidation was assessed as described in Figure I and 
in the methods. Brackets denote the SEM of 4 samples. 

UPIDS, Vol. 23, No. 9 (1988) 



901 

AUROTHIOGLUCOSE POTENTIATED LIPID PEROXIDATION 

: -,- ~-- I 0 0  

9o 
g ,o- T 
,~, 'S 80 

~ /~/ ~ 70 

ATG I ~ 60 
i Q )  < E 25juM 50,~vI ~0C ~M ~ 50 
m H  a 

J m O 
0 0 ~0 25 50 ~00 50 50 50 $ I0  

Cytosot ( .,,u I ) 

FIG. & Inhibition of ferric ian/ascorbic acid-induced lipid peroxida- 
tion by cytosol and reversal by ATG. Rat liver microsomes were 
exposed for 30 min to the peroxidation stimulus ferric chloride (10 
pM/ascorbic aeld (500 pM), in the presence of GSH (3 raM) and the 
indicated level of dialyzed eytosol and ATG (cross-hatched bars). 
Lipid peroxidation was assessed as described above. Brackets 
denote the SEM of 4 observations. 
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FIG. 5. Inhibition of cytosolic glutathione S-transferase by ATG. 
Glutathione S-transferase activity was measured as described in 
the methods. Brackets denote the SEM of 4 observations. 
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FIG. 4. Inhibition of phosphatidylcholine hydroperoxide-dependent 
lipid peroxidation by cytosoi and reversal by ATG. Rat liver 
cytosol {or control incubation} was preincubated for 5 min in Tris 
buffer, pH 7.4, with liposomes prepared from fresh solutions of 
phosphatidyleholine or liposomes contnining both phosphatidyl- 
choline and phosphatidylcholine hydroperox~es (10% of phospho- 
lipid oxidized). Some preineubations also contained ATG (100 ~tM 
final concentration). Peroxidation reactions were induced by sub- 
sequent incubation for 15 min with ferrous sutfate (10 ~M), except 
where noted, and lipid peroxidation assessed as described above. 
Solid bars; without iron, cross-hatched bars; iron only, dotted 
bars; cytosol (50 ~I) and iron, open bars; cytosol (50 ~) + ATG 
(I00 ~M) -}- iron. Brackets denote the SEM of four observations. 
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FIG. 6. Inhibition of microsomal glutathione S-transferase activ- 
ity by ATG. Basal levels of microsomai gintathione S-transferase 
activity (closed squares) and N~thyl maleimide augmented activ- 
ity (dosed circles) were measured, as described in the methods, in 
the presence of the indicated concentration of ATG. Brackets 
denote the SEM of 4 observations. 

strates, consisting of sonicates of phosphatidylcholine 
containing phosphatidylcholine hydroperoxide (10% of 
total phospholipid} or of equivalent liposomes prepared 
from fresh phosphatidylcholine solutions only. Cytosol 
(with GSH, 500 ~M) was preincubated with ATG (5 
rain), prior to the addition of phospholipid hydroperoxide 
liposomes and an additional 15 min preincubation. Fer- 
rous sulfate (10 wM) then was added to promote peroxida- 

tion. Control experiments were run in the absence of 
ATG and]or using fresh phosphatidylcholine lipesomes. 
ATG (100 ~M final concentration) reversed the inhibi- 
tion of peroxidation of phosphatidylcholine hydroperoxide 
liposomes afforded by cytosol {Fig. 4). Liposomes pre~ 
pared from fresh phosphatidylchyoline (without added 
hydroperoxide) were peroxidized to a much lesser degree 
than the hydroperoxide-containing liposomes (Fig. 4), 
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indicating that most of the peroxidative response in 
this system resulted from iron-induced phospholipid 
hydroperoxide-dependent propagation reactions, rather 
than initiation. Thus ATG, appears to reverse an inhibi- 
tion of propagation reactions afforded by cytosol. 

ATG inhibited cytosolic glutathione S-transferase 
activity (Fig. 5) and both the basal and the N-ethyl 
maleimideaugmented microsomal glutathione S-trans- 
ferase (Fig. 6). The dose-response curves were similar 
for the ATG-induced inhibition of cytosolic and aug- 
mented microsomal activities, with greater than 80% 
inhibition achieved at 100 ~Yl ATG. Total glutathione 
peroxidase activity of cytosol, measured using t-butyl 
hydroperoxide substrate, was inhibited by ATG (72.5% 
by 100 /LM, in close agreement with previous studies 
[13]. ATG did not affect microsomal or cytosolic 
suporoxide dismutase activity (data not shown). ATG, 
at concentrations up to 250 i~/I, did not inhibit PHGPX 
activity measured in the presence of Triton X-100 (0.1%). 
PHGPX activity was not detectable in the absence of 
Triton. (Control experiments showed that Triton, itself, 
does not elicit apparent activity.) 

DISCUSSION 

These results have demonstrated that the glutathione 
peroxidase inhibitor, ATG is a potent enhancer of iron- 
induced microsomal lipid peroxidation (in the absence 
of cytosol) and an inhibitor of the cytosolic defense 
against microsomal lipid peroxidation. The former (micro- 
somal) response to ATG was heat labile (i.e., heat in- 
activated microsomes were readily peroxidized, with or 
without ATG, to an equal extent) and was GSH-de~ 
pendent, suggesting that ATG was inhibiting a GSH- 
dependent microsomal protein. ATG, however, did not 
affect the lag period for iron-induced microsomal lipid 
peroxidation (in the presence of GSH) that has been 
associated with vitamin E and a GSH-dependent micrc~ 
somal protein, but instead inhibited peroxidative respon- 
ses following the lag period. Thus, ATG appears  to 
inhibit a separate GSH-dependent microsomal defense 
mechanism and, from that, causes the lag period. The 
cytosolic inhibition was GSH-dependent, as described 

.previously (1-5), and the effect of ATG in overcoming 
the cytosolic defense was similarly due to inhibition of 
a cytosolic GSH-dependent enzyme. It  is unlikely that 
glutathione depletion is a major mechanism for the 
peroxidative response to ATG, as the potentiation was 
higher using a 800 ~M level of GSH than at 100-200 
~M GSH. 

ATG reversed phospholipid hydroperoxidedependent 
liposomal lipid peroxidation (propagation) promoted by 
iron. This effect could not be due to the classical glu- 
tathione peroxidase or glutathione S-transferase, as 
these enzymes are inactive against intact phospholipids 
(3), and phospholipases are absent in this system. The 
activity reported by Gibson et al. (4) inhibits initiation 
and, thus, should not be involved in a phospholipid 
hydroperoxide-dependent response. The PHGPX de- 
scribed by Ursini {5) utilizes the phospholipid hydra 
peroxide substrate and likely is responsible for the 
cytosolic inhibition that is blocked by ATG. ATG, how- 
ever, did not inhibit PHGPX using the coupled enzyme 

assay with NADPH-dependent glutathione reductase 
and Triton X-100. Measurement of PHGPX by this 
assay is difficult, using crude enzyme sources (5), but is 
facilitated by the addition of Triton X-100 (20). It is 
possible that ATG effects might be masked under the 
conditions appropriate for this assay. 

The possible effect of ATG on cytosolic PHGPX 
does not explain why microsomal lipid peroxidation 
was enhanced in the absence of cytosol, and raises the 
possibility that the reversal of cytosolic inhibition was 
due to a stimulatory mechanism. The GSH-dependence 
and heat-labile nature of the effect of ATG on iron- 
induced microsomal peroxidation argue for the involve 
ment of GSH-dependent enzymes. Although largely 
recovered in the soluble portion of tissues, PHGPX has 
been extracted from microsomes and mitochondria using 
high ionic strength treatment (21), and thus may be 
involved in the in vitro microsomal peroxidation system. 
ATG did not enhance liposomal lipid peroxidation in 
the absence of PC-hydroperoxide and cytosolic enzymes 
(Fig. 4), indicating that nonenzyme-related stimulatory 
mechanisms probably are not operative with microsomes. 

ATG inhibited GSH S-transferase activity, in addi- 
tion to GSH peroxidase activity. Although GSH S-trans- 
ferase apparently is not involved in protection against 
lipid peroxidation (3), as assessed by general determina- 
tions, it is possible that the role of this enzyme is 
glutathione conjugation reactions may affect the over- 
all toxicity of a peroxidative response. In this regard, 
the bioactive aldehydic lipid peroxidation product 4- 
hydroxy nonenal has recently been reported to be a 
substrate for glutathione ~transferaee (conjugation reac- 
tion) (22). Investigations of levels of specific peroxidation 
products may better define the importance of this and 
similar reactions of glutathione S-transferase. 

In conclusion, our results have demonstrated that 
ATG inhibits cytosolic and micTosomal defense mech- 
anisms against lipid peroxidation. In view of the mul- 
tiple effects of the agent on enzyme activities, it it not 
possible to draw absolute conclusions about the pro- 
tective enzyme associated with ATG-induced peroxidative 
responses. The reversal of the cytosolic inhibition of 
phospholipid hydroperoxidedependent propagation r e  
actions by ATG, however, does suggest strongly an 
involvement of PHGPX, despite the lack of effect of 
ATG on the associated enzyme assay. The implication 
of a prominent role for PHGPX in the peroxidation 
defense mechanism argues against the suggested role 
of phospholipases A as a protective agents (6). 
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Effects of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (ICDD) 
on de novo Fatty Acid and Cholesterol Synthesis in the Rat 
M.R. Lakshman*, Barbara S. Campbell ,  Stuart J. Chirlel and Nisa Ekarohita 
Lipid Research Laboratory, V.A. Medical Center, Washington, DC 20422 

The effects of I, 5, 10 and 20 ~g/kg dosages of 2,3,7,8- 
tetrachlorodibenzo-p-dioxin (TCDD} upon de novo fatty 
acid and cholesterol synthesis in fiver and adipose tissue 
were determined in pair-fed rats. The incorporation of 
tritium from 3H~O into tissue lipids was measured. 
Hepatic and adipose fatty acid synthetic rates {pmoles 
acetyl units g-' hr-'} in the control groups were 19.6 _ 
4 and 75.7 +__ 18.5, respectively, and the fiver cholesterol 
synthetic rate was 2.9 + 0.5. TCDD <1 ~g/kg) inhibited 
fatty acid synthesis in the fiver and adipose tissue, by 
44% and 41%, respectively, and the fiver cholesterol syn- 
thesis was inhibited by 37%. The extent of these inhibi- 
tions increased with increasing dosages of TCDD. The 
effect of TCDD on sterol synthesis in adipose tissue could 
not be determined, because the tritium incorporation into 
the sterol fraction in this tissue was not detectable. 
Lipids 23, 904-906 {1988). 

2,3,7,8-Tetrachlorodibenzo-p-dioxin [TCDD} is the most 
toxic contaminant of the herbicides used as defoliants. 
I t  also has been implicated in several accidental poison- 
ings {1-3}. So far, the mechanism of its toxicity {acute or 
chronic} has not been elucidated. Our recent studies on 
long-term pharmacokinetics of TCDD {4} have established 
that orally administered TCDD is transported in the 
blood compartment as chylomicrons and that the bulk 
of it is deposited in the liver and adipose tissues with half- 
lives of 5.3 and 7.6 weeks, respectively. Therefore, these 
two tissues seem to be the major target organs for the 
toxic manifestations of TCDD. 

TCDD dramatically alters the lipid profiles in labora- 
tory animals and man. Elegant studies by Albro et al. {5} 
and McConnell et al. {6) have shown clearly that  a sub- 
lethal dose of TCDD causes a transient increase in serum 
triglycerides and free fat ty acids and a decrease in steryl 
esters, while a lethal dose causes fat ty liver and large in- 
creases in serum cholesteryl esters and free fat ty acids 
without significant change in triglyceride levels. At- 
tempts to determine the effects of TCDD on hepatic lipid 
synthesis have been inconclusive, because of the use of 
labeled acetate as the precursor for the measurement of 
absolute rates of lipid synthesis {7). Since the concentra- 
tion of the intracellular pool of acetate can vary signifi- 
cantly, depending on the nutritional state of the animal, 
the specific activity of injected labeled acetate in vivo can- 
not be accurately determined. Therefore, measurements 
of lipid synthetic rates based on labeled acetate incorpora- 
tion have been questioned {8-11 }. In contrast, the incor- 
poration of tritium from tritiated water into body lipids 

*To whom correspondence should be addressed at Lipid Research 
Laboratory, V.A. Medical Center, 50 Irving Street, N.W., 
Washington, DC 20422 
Abbreviations: HPLC, high-performance liquid chromatography; 
2,3,7,8-tetr achlorodibenzc~p-dioxin, TCDD. 

has been demonstrated to give an accurate measure of 
lipid synthetic rates because the specific activity of body 
water can be determined precisely (8-11}. Furthermore, 
because the lipid synthetic rates are maximal in fully fed 
animals, it is important to perform these studies under 
carefully controlled conditions, such as in a meal-fed state 
(12,13). As shown by Seefeld and Peterson (14} and by 
Gorski and Rozman {15}, TCDD administration signifi- 
cantly affects the food consumption for at least 5 days. 
In order to rule out any secondary effects of TCDD on 
lipid synthesis due to impaired food consumption, the con- 
trol and experimental animals were not only meal-fed, but 
also pair-fed, for seven days in the present studies so that 
the true effects of TCDD on hepatic and adipose tissue 
synthetic rates of de novo fatty acid and cholesterol could 
be determined. It will be demonstrated that  a dosage of 
TCDD as low as 1 ~g/kg causes a significant inhibition 
of both fat ty acid and cholesterol synthesis in the liver 
and of fat ty acid synthesis in the adipose tissue. 

MATERIAL AND METHODS 

TCDD. 2,3,7,8-Tetrachlorodibenzo-p-dioxin was pur- 
chased from the IIT Research Institute Chemical Car- 
cinogen Standard Reference Repository, Chicago, IL, and 
was found to be more than 98% pure, based on high- 
performance liquid chromatography (HPLC} (4}. All other 
chemicals and reagents were of analytical grade. 

Animals. Wistar rats {body wt 170-190 g) were pro- 
cured from Charles River, Wilmington, MA, and were 
maintained on the normal Wayne Lablox chow ~4.4% fat 
content} ad libitum for two weeks before experimentation. 
All the rats were meal-fed the same diet between 9 am 
and 12 noon every day for a week and divided into con- 
trol and experimental groups of at least six rats each. 

Effect of dosage of TCDD. Each animal in the ex- 
perimental groups received an intraperitoneal injection 
of 1, 5, 10 or 20 ~g/kg body wt of TCDD in corn oil. The 
animals in the corresponding control groups received an 
equivalent volume of corn oil vehicle only. All the animals 
were meal-fed for a further period of one wk. The animals 
in any control group were pair-fed with the animals in the 
corresponding experimental group. 

Determination of fatty acid and cholesterol synthetic 
rates in liver and adipose tissues in vivo. The tritium in- 
corporation method is based on the work of Fain and 
Scow (8}, as well as that  of Jungus (9}, and has been suc- 
cessfully validated by Brunengraber et al. {10) and by 
Lakshman and Veech (11}. Briefly, the rats from all the 
groups were injected intraperitoneally with tritiated 
water {1 mCi/kg body wt} at the end of the last meal- 
feeding period. They were killed after 60 rain and the 
blood plasma, liver and the adipose tissue were saved, and 
the lipid synthetic rates were measured as described 
previously {10-13}. 
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RESULTS 

Effect of various dosages of TCDD on the weights of 
body, liver and fatpads. The effect of TCDD administra- 
tion at dosages of 1, 5, 10 and 20 ~g/kg body wt on the 
weights of body, liver and fat pads are presented in 
Table 1. TCDD at the dosages of 1, 5 and 20 pg/kg did 
not significantly affect the body weight within seven days 
of treatment.  However, the mean body weight of the 
animals receiving 10 ~g]kg TCDD was significantly lower 
than that  of the animals in the corresponding control 
group {P < 0.01}. Long-term t rea tment  of rats  with 
TCDD, especially at higher dosages, is known to reduce 
the body weight {14,15}. In contrast ,  the mean liver 
weight increased with increasing dosage of TCDD. Thus, 
the liver weight expressed as percentage of the body 
weight was 15% higher at  1 ~g/kg and 46% higher at 
20 IJg/kg dosage (P < 0.01), compared with the correspond- 
ing control groups. Significantly, TCDD failed to affect 
the weight of the epididymal fat pads at least at  the  
dosages and duration of exposure in the present studies 
{Table D. 

Effect of varying dosages of TCDD on de novo hepatic 
fatty acid and cholesterol synthesis. Hepatic de novo fat ty 
acid and cholesterol synthetic rates in TCDD-treated and 

pair-fed control animals are reported in Table 2. The 
hepatic fa t ty  acid synthetic rate was 19.6 pmot acetyl 
units incorporated per gram per hour, and the cholesterol 
synthetic rate was 2.9 ~mol acetyl units incorporated per 
gram per hour, in the control animals corresponding to 
the 1 and 5 pg/kg TCDD groups. The fa t ty  acid synthetic 
rate in the adipose tissue of control animals of these 
groups was 75.7/mml acetyl units incorporated per gram 
per hour. TCDD, at 1 and 5/~,/kg dosages, caused signifi 
cant inhibitions of hepatic fa t ty  acid and cholesterol syn- 
theses {Table 2). These inhibitory effects increased with 
increasing dosage of TCDD, in spite of the fact tha t  the 
synthetic rates in the control animals pair-fed with the  
animals in 10 and 20 ~g]kg experimental groups were 
significantly lower than the corresponding rates observed 
in the control animals pair-fed with the animals from 1 
and 5 ~g/kg experimental groups {Table 2). The tr i t ium 
incorporation into noneaponifiable fraction also was in- 
hibited proportionately with increasing dosage of TCDD 
{data not shown). 

Adipose tisstte also showed a marked 41% inhibition 
of fa t ty  acid synthesis at a dosage of 1 ~g/kg TCDD 
{Table 2}. The extent of this inhibition increased gradually 
with increasing dosage of TCDD. The effect of TCDD on 
sterol synthesis in adipose tissue could not be determined 

TABLE 1 

Effect of Various Dosages of TCDD On the Weights of Body, Liver and Fat Pads 

Body wt Liver wt Fat pad wt 

Dosage # of As % of As % of 
pg]kg animals Initial Final g body wt g body wt 

Control 6 195 • 9 220 • 3 6.5 • 0.2 2.96 b 2.1 • 0.1 0.88 
Exptl 1.0 6 189 • 9 a 211 • 4 a 7.1 • 0.2 3.39 2.0 • 0.2 0.86 a 

Control 6 195 • 9 220 ___ 6 6.5 • 0.2 2.96 2.1 • 0.1 0.88 
Exptl 5.0 6 188 • 9 a 210 • 8 a 7.6 + 0.2 3.7 b 2.0 __- 0.07 0.89 a 

Control 6 190 • 7 206 _ 6 6.0 • 0.2 2.91 1.6 • 0.09 0.79 
Exptl 10.0 9 186 • 9 a 191 • 8 b 7.9 • 0.5 4.13 b 1.6 • 0.16 0.86 a 

Control 6 191 • 5 220 • 6 6.5 • 0.4 2.96 1.7 • 0.15 0.80 
Exptl 20.0 10 197 __. 7 212 • 9 a 9.2 • 0.4 4.33 b 1.6 • 0.13 0.76 a 

Each value is the mean • SD. 
aNot significant compared with the corresponding control group. 
bp < 0.01 compared with the corresponding control group. 

TABLE 2 

Effect of Various Dosages of TCDD On Lipid Synthesis 

Lipid synthetic rate a in control animals % Inhibition at TCDD dosages of ~gJkg 

Tissue Lipid class 1 & 5 ~g group 10 & 20 ~g group 1 5 10 20 

Liver Fatty acids 19.6 • 4.0 12.6 + 3.0 44 48 52 62 
Cholesterol 2.96 • 1.2 1.7 • 0.8 37 42 52 63 

Adipose Fatty acids 75.7 • 18.5 38.0 • 14.4 41 44 54 56 

Various groups of rats were injected with the indicated dosages of TCDD and meal-fed for 7 days. The corresponding groups of control 
Animals received the corn oil vehicle only and were pair-fed with the respective experimentalgroups. Lipid synthetic rates in the liver 
and adipose tissues were determined as described in "Materials and Methods" section. The observed inhibitions in the experimental groups 
are reported as % of the rates observed in the corresponding control groups. 
a~noles acetyl units g-' hr-'; each value is the mean • SD. 
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because the tritium incorporation into sterol fraction in 
this tissue was not detectable, 

DISCUSSION 

It  is well known that TCDD can cause significant weight 
loss and depletion of body fat, depending on its dosage 
and the duration of exposure (5,16-20). In the present 
studies, TCDD was found to affect significantly the body 
weight of the animals only at the dosage of 10 ~g/kg, 
seven days after exposure (Table 1). This may have been 
due to slightly lower initial body weight of this group 
compared with its corresponding control group. Further- 
more, none of the dosages of TCDD used in this study 
affected the epididymal fat pad weight. In contrast, the 
liver weight increased markedly at all the dosages of 
TCDD tested, presumably due to hypertrophy or hyper- 
plasia. In fact, the liver weight, as percentage of the body 
weight, increased by 46% (p < 0.01) in the 20 ~g/kg ex- 
perimental group compared with the corresponding con- 
trol group (Table 2), 

The observed rates of fat ty acid and cholesterol syn- 
theses in the control animals pair-fed with the animals 
in the 1 and 5 ~g/kg experimental groups (Table 2) are 
comparable with physiological rates (12,13) found in nor- 
mal meal-fed rats. The significantly lower lipid synthetic 
rates observed in the control group pair-fed with the 10 
and 20 ~g/kg experimental group likely are due to the fact 
that  pair-feeding led to a lower amount of food consumed 
by the control group, corresponding to higher dosages of 
TCDD (8 _ 1 g/day) than those corresponding to lower 
dosages of TCDD (13 _ 1.2 g/day). Nonetheless, TCDD 
inhibited markedly the absolute rates of both fat ty acid 
and cholesterol synthesis in the liver and fat ty acid syn- 
thesis in the adipose tissue, even at a dose of 1 ~g/kg body 
wt (Table 2). The extent of this inhibition increased with 
increasing dosage of TCDD. The reason the magnitude 
of this inhibition did not become more severe at 10 and 
20 ~g/kg TCDD dosages may be due to the fact that  the 
lipid synthetic rates in these control groups themselves 
were lower than the rates observed in the control groups 
corresponding to lower dosages (Table 2). 

I t  must be pointed out that the absolute rate of lipid 
synthesis calculated on the basis of tritium incorporation 
is dependent on the constant amount of 3H/C ratio, as 
reported by a number of workers (8-11,21-23). However, 
this has been questioned by in vitro studies (24,25) in 
isolated hepatocytes, where this ratio was shown to vary 
with the time of incubation and by the addition of 
pyruvate and glucagon to the incubation medium. But, 
the pioneering work of Dietschy and his associates (21-23) 
indicates clearly that the 3H/C ratio remains constant for 
each molecule of sterol, synthesized in both liver and in- 
testine, that  is independent of the metabolic state, the 
rate of lipid synthesis and the type and concentration of 
the substrate from which the acetyl CoA pool is derived. 
Therefore, the tritium incorporation method is the most 

accurate of currently available methods for measuring the 
absolute rate of lipid synthesis. Whether TCDD treat- 
ment affects the 3H/C ratio remains to be clarified. 

Based on the present data, it is reasonable to conclude 
that, long before its toxic manifestations on body weight 
and depot fat, TCDD impairs body lipid synthetic rates 
within a week at as low as 1 ~g/kg dosage (equivalent to 
endogenous TCDD concentration of 1 ppb). This 
biochemical effect may have important clinical implica- 
tions in TCDD induced weight and fat loss in human 
populations who might have accumulated as low as 1 ppb 
TCDD after exposure. Further studies on the duration 
and mechanism of action of TCDD on lipid synthetic rates 
are currently in progress. 
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Genetic Basis for Obesity and Diabetes (October 
3O-November 1, 1988, Stouffer Pineisle Resort, Lake 
Lanier Islands, Georgia). Sponsored by the University of 
Georgia, Center for Continuing Education and the Col- 
lege of Home Economics. For more information, contact 
Dr. Carolyn D. Berdanier, Conference Chair, University 
of Georgia, Department of Foods and Nutrition, Dawson 
Hall, Athens, GA 30602. 

Vitemln E: Biochemistry and Health Implications (Oc- 
tober 31-November 3, 1988, The Sheraton Centre, New 
York, NY). Sponsored by The New York Academy of 
Sciences. For more information, contact the Conference 
Department, The New York Academy of Sciences, 2 East 
63rd St., New York, NY 10021, (212) 838-0230. 

International Symposium on Clinical, Biochemical and 
Molecular Aspects of Fatty Acid Oxidation (Novem- 
ber 6-9, 1988, Penn Tower Hotel, Philadelphia, PA). For 

more information, contact Paul M. Coates, Ph.D., Divi- 
sion of Genetics, The Children's Hospital of Philadelphia, 
34th St. and Civic Center Blvd., Philadelphia, PA 19104. 

23rd Annual Hugh Lofland Conference on Arterial Wall 
Metabolism (May 24-27, 1989, Welches, Oregon). Re- 
quests for information should be sent to M. R. Malinow, 
M.D., Chairman, Hugh Lofland Conference, Oregon 
Regional Primate Research Center, 505 NW 185th 
Avenue, Beaverton, OR 97006, (503) 690-5258. 

10th Anniversary Meeting of the European Association 
for Cancer Research {University College, Galway, Ireland, 
September 11-13, 1989). For further information, contact 
Dr. S. M. LaveUe, Experimental Medicine, University Col- 
lege, Galway, Ireland; or in North America, contact Dr. 
J. H. Weisburger, American Health Foundation, Valhalla, 
New York, NY 10595-1599. The program involves plenary 
lectures, workshops, symposia and poster sessions. 
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Lipid Composition of Platelets From Patients With Atherosclerosis: 
Effect of Purified Eicosapentaenoic Acid Ethyl Ester Administration 
Hiroshi Kamido*, Yuji Matsuzawa and Seiichiro Tarui 
The Second Department of Internal Medicine, Osaka University Medical School, Fukushima, Fukushima-ku, Osaka 553, Japan 

Although eicosapentaenoic acid (EPA) has been shown 
to have beneficial effects in the prevention of athero- 
sclerosis, the mechanism by which these effects occur is 
not entirely clear. We investigated the lipid composition 
of platelets in paired subjects with and without ather~ 
sclerotic disease, either hypercholesterolemic flow density 
lipoprotein [LDL] cholesterol [Chol] >I 170 mg/dl) or nor- 
mocholesterolemic (LDI~Chol < 170 mg/dl). Platelets from 
patients with atherosclerotic disease had a lower phos- 
phatidylcholine (PC)/Chol ratio, when compared with 
those from patients without atherosclerotic disease, ir- 
respective of LDI~Chol levels. Eleven patients with 
atherosclerotic disease were treated with purified. EPA 
ethyl ester (1.8 g/day), and changes in lipid composition 
of platelets were investigated. Plasma levels of total Chol 
and LDL-Chol decreased significantly after EPA ad- 
ministration. The phospholipid (PL)/Chol ratio and the 
PC/Chol ratio in platelets from patients with athero- 
sclerotic disease increased significantly after 4-10 wk 
EPA treatment. The EPA content in platelets increased, 
while the arachidonic acid (AA) content decreased. EPA- 
induced changes in the PL/Chol and the PC/Cho] ratios 
of platelets, as well as fatty acyl chain shifts, may be 
related to the beneficial effects in preventing athero- 
sclerosis, possibly by increase in the membrane fluidity. 
Lipids 23, 917-923 (1988). 

Platelet activation is thought to be important in the 
generation of atherosclerotic disease (1). The lipid com- 
position of the platelet affects not only prostaglandin 
metabolism (2,3), but also membrane fluidity of platelets 
(4), and thus, might affect platelet aggregation. Deter- 
rninants of membrane fluidity are the phospholipid 
(PL)/cholesterol (Chol) ratio and the class of PL, as well 
as the fat ty acid composition in the membrane (5). 

Considerable evidence suggests that hypercholester- 
olemia, particularly the increase in the low density 
lipoprotein (LDL) Chol fraction, is associated with in- 
creased platelet aggregation (6). Patients with athero- 
sclerotic disease also are reported to have enhanced 
platelet activity (7,8). One of the aims of the present study 
is to analyze separately the effects of hypercholester- 
olemia and atherosclerotic disease on the lipid composi- 
tion of platelets, and to clarify the characteristics of lipid 
composition including PL class composition in platelets 
of patients with atherosclerotic disease. 

Since Dyerberg et al. (9,10) reported the relationship 
between the diet of Eskimos and the low incidence of 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; Chol, cholesterol; DHA, 
docosahexaenoic acid; D PA, docosapentaenoic acid; E DTA, ethylene 
diamine tetraacetic acid; EPA, eicosapentaenoic acid; HDL, high 
density lipoprotein; LDL, low density lipoprotein; PC, phosphatidyl- 
choline; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PL, 
phospholipid; prot, protein; PS, phosphatidylserine; SM, sphingo- 
myelin; TG, triglyceride{s); GLC, gas-liquid chromatography; TLC, 
thin-layer chromatography. 

myocardial infarction, which might be accounted for by 
a reduction in platelet aggregation, the effects of fish diet 
or a supplement of fish oil on platelet aggregation and 
prostaglandin metabolism in platelets has been exten- 
sively investigated (8,11,12). However, there have been 
few studies investigating the effect of eicosapentaenoic 
acid (EPA) administration on the composition of platelet 
lipids other than fatty acids (13,14). Therefore, in this 
study, we also investigated the effect of purified EPA 
ethyl ester on platelet lipid composition, including Chol 
content and PL class composition, as well as fat ty acid 
composition, in patients with atherosclerotic disease. 

MATERIALS AND METHODS 

Subjects. Forty-four persons were enrolled in the present 
study, consisting of 11 subjects with normal LDL-Chol 
level and without atherosclerotic disease (aged 25-66 yr), 
11 with normal LDL-Chol level and with atherosclerotic 
disease (31-70 yr), 11 with high LDI~Chol level and with- 
out atherosclerotic disease (22-68 yr) and 11 with high 
LDI~Chol level and with atherosclerotic disease (33-63 
yr). The clinical findings of each group are shown in 
Table 1. Patients with atherosclerotic disease included 18 
patients with ischemic heart disease, as diagnosed by ex- 
ercise electrocardiography (six were angiographically con- 
firmed), two with old cerebral infarction as diagnosed by 
brain computerized tomography and two with peripheral 
arterial disease as determined by angiography. Plasma 
LDL-Chol level was calculated by Friedewald's equation: 
LDI~Chol = total Chol - ([triglycerides/5] + HDL-Chol) 
{15). These subjects were arbitrarily classified into those 
with normal plasma LDL-Chol level {<170 mg/dl) and 
those with high plasma LDL-Chol level (~>170 mg/dl). The 
170 mg/dl plasma level of LDL-Chol was chosen as the 
"cut off '  point, because the level represents the moderate~ 
risk level even in subjects older than 50 (16). 

EPA administration. Among the 22 patients with 
atherosclerotic disease, 11 patients (seven with normal 
LDL-Chol levels, four with high LDL-Chol levels) were 
treated with EPA ethyl ester on an outpatient basis. They 
were selected for their willingness to be treated with EPA 
ethyl ester. Their clinical characteristics are shown in 
Table 2. Diet and other drugs administrated concomi- 
tantly were unchanged during this study. Subjects were 
consuming an ordinary Japanese diet, and none were 
obese. Patient 10 was taking cholestyramine; patient 9, 
niceritrol (a derivative of nicotinic acid}; and the re- 
mainder were not taking hypolipidemic medications. Each 
patient was treated with EPA ethyl ester 1.8 g/day (six 
capsules/day) in three divided doses for 4-10 wk. Seven 
patients were studied at four wk. One patient was studied 
at six wk (patient 4), two at eight wk (patients 5 and 6), 
and one was studied at 10 wk (patient 3). The encap- 
sulated EPA ethyl ester was provided by Mochida Phar- 
maceutical Company. Each gelatin-coated soft capsule 
weighed 400 mg and contained ethyl esters containing 
75% EPA, 1-4% C18:4, 1-4% C20:4, 1% C22:5, 4-6% 
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TABLE 1 

Clinical Findings in Subjects with and without Atherosclerotic Disease,  with and without High Plasma 
Low Density  Lipoprotein (LDLFCholesterol (>~170 mg/dl) 

LDL-cholesterol <170 mg/di 

Atherosclerotic disease 

- + 

LDI~cholesterol >1170 mg/dl 

Atherosclerotic disease 

- + 

Number 11 11 
Atherosclerotic disease 

Ischemic heart disease 0 9 
Old cerebral infarction 9 1 
Peripheral arterial disease 0 1 

Male:Female 7:4 8:3 
Age a 44 +_ 16 55 + 12 
Plasma lipids a 

Cholesterol (mg/dl} 196 +- 36 209 + 16 
Triglycerides (mg/dl} 132 + 57 149 + 64 
HDL-Cholesterol (mg/dl) 39 +- 10 48 + 11 
LDL-Cholesterol (mg/di) 131 +_ 29 131 + 18 

11 11 

0 9 
0 1 
0 1 

9:2 6:5 
49+_ 12 51 +_9 

308 +_ 36 300 +_ 53 
131 +_ 40 147 +_ 56 
49 +_ 13 45 +_ 15 

232 +_ 42 228 +_ 58 

aValues are presented as mean +- SD. 

TABLE 2 

Clinical Findings in Patients  with Atherosclerotie Disease before Treatment 
with Purified Eicosapentaenoic Acid Ethyl  Ester IEPA-E) 

Sex a Relative b Plasma c Plasma c Plasma c Plasma d 
age Weight weight Chol TG HDL-Chol LDL-Chol Atherosclerotic e 

Patients (yrs) (kg) (%) (mg/dl) (mg/dl) (mg/dl) (mg/dl) disease 

1 M55 54 103 190 148 51 109 IHD 
2 M58 60 106 206 108 64 120 IHD 
3 M70 61 104 227 231 32 149 IHD 
4 M 31 64 106 217 143 37 151 PAD 
5 M53 59 104 239 162 50 157 OCI 
6 F 61 49 107 191 61 70 109 IHD 
7 F 64 41 93 200 121 51 125 IHD 
8 M47 53 100 242 79 52 174 IHD 
9 M53 57 90 300 181 35 229 IHD 

10 F 54 54 109 308 174 51 222 IHD 
11 F 63 47 100 310 63 85 212 IHD 

aM, male; F, female. 
bCalculated as 100 X wt (kg)/[(ht(cm) - 1 0 0 )  X 0.9]. 
CChol, cholesterol; TG, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein. 
dLDL-Chol was calculated as Chol - (TG/5 + HDL-Chol). 
eIHD, ischemic heart disease; PAD, peripheral arterial disease; OCI, old cerebral infarction. 

C22:6 a n d  0.2% a- tocophero l .  I n f o r m e d  c o n s e n t  was  
o b t a i n e d  f rom each  p a t i e n t  be fo re  E P A  e t h y l  e s t e r  
a d m i n i s t r a t i o n .  

Preparation of platelet suspensions. F r e s h  venous  b lood  
w a s  d r a w n  f rom p a t i e n t s  and  a n t i c o a g u l a t e d  b y  col lect-  
i n g  i t  in  a p l a s t i c  t u b e  w i t h  E D T A  3.5 m M  {final concen-  
tration}. P la te le t - r i ch  p l a s m a  was  p r e p a r e d  b y  cen t r i fuga-  
t ion  of whole  b lood  a t  250 g for 10 min.  The  p l a t e l e t s  were  
t h e n  s e d i m e n t e d  a t  1100 g for  10 man a n d  r o u t i n e l y  
w a s h e d  two  t i m e s  in a w a s h i n g  buf fe r  {9 m M  E D T A  
p h o s p h a t e  bu f fe red  sal ine,  p H  6,2}. Mic roscop ic  obse rva -  
t ion  revea led  t h a t  t he  c o n t a m i n a t i o n  b y  e r y t h r o c y t e s  was  
neg l ig ib le .  

Homogenization of the platelets. I s o l a t e d  p l a t e l e t s  were  
homogen ized  b y  son ica t ion  w i th  micro t ip ,  e igh t  t imes  for 
15 s e c onds  a t  70% i n t e n s i t y ,  w i t h  i n t e r v e n i n g  coo l ing  
p e r i o d s  b e t w e e n  them.  P l a t e l e t  p r o t e i n  c o n t e n t  was  
m e a s u r e d  b y  t h e  m e t h o d  of  L o w r y  [17}. 

Lipid analysis. L i p i d  e x t r a c t i o n  of  t h e  h o m o g e n i z e d  
p l a t e l e t s  w a s  c a r r i e d  o u t  b y  t h e  m e t h o d  of  F o l c h  e t  al. 
{18}, u s i n g  a c h l o r o f o r m / m e t h a n o l  s o l u t i o n  (2:1, v/v). 
P l a t e l e t  Chol  c o n t e n t  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  of  
R u d e l  and  M o r r i s  {19). P l a t e l e t  l ip id  p h o s p h o r u s  c o n t e n t  
was  e s t i m a t e d  b y  a m o d i f i e d  C h e n ' s  m e t h o d  {20}. T o t a l  
P L  c on t e n t  was  t a k e n  to  equa l  l ip id  p h o s p h o r u s  t imes  25, 
P l a s m a  Chol  a n d  t r i g l y c e r i d e  (TG) c o n c e n t r a t i o n s  were  

LIPIDS, Vol. 23, No. 10 (1988) 



EFFECT OF EPA ON PLATELET LIPID 

919 

measured by  the enzymatic  method (21,22). High densi ty  
lipoprotein (HDL)-Chol levels were evaluated by  selective 
precipi tat ion (heparin-calcium method) (23). Analysis  of 
PL composition was carried out by two-dimensional thin- 
layer  ch roma tog raphy  (TLC) by the method of Rouser  
et  al. (24). Total  lipids (approximately 150 ~g of PL) were 
applied to Silica Gel 60 H impregnated  with 0.01 M mag- 
nesium acetate plate and developed in the first dimension 
with chloroform/methanol/aq NH3 (28%)/water, 120:80: 
10:5 (v/v/v/v) and in the second dimension with chloro- 
form/acetone/methanol]acetate/water,  100:40:30"20:12 (v/ 
v/v/v/v). Af ter  visualization of the lipids by  charr ing at  
180~ for 30 rain with 20% aqueous solution of am- 
monium sulfate  containing 4% H2SO4, the silica areas 
were scraped into tubes  and lipid phosphorus  was esti- 
ma ted  by  the method  of Rouser et al. (24). 

The fa t ty  acids of total  lipids in platelets were analyzed 
as their  methy l  es ters  by  gas-liquid ch roma tog raphy  
(GLC) using a Shimadzu GC-8A gas  ch romatograph  
equipped with a hydrogen flame ionization detector.  A 
2.6 m m  i.d. X 2 m glass column packed with SILAR-10C 
on 100-120 mesh was used. Analyses  were carried out  a t  
an injection tempera ture  of 250~ and a column tempera- 
ture  of 185~ The signals were analyzed by  a Chroma- 
topac C-R1A (Shimadzu) computer  analyzer. Each  peak 
was identified by  compar ing  it with those of assays  on 
s tandard  mix tures  of f a t t y  acids supplied by  Applied 
Science Laborator ies  Inc. A s tandard  mixture  including 
docosapentaenoic  acid (DPA) {co-3) was supplied by  
Mochida Pharmaceut ica l  Company.  

Statistical evaluation. The four groups  were compared  
by  a two-way analysis  of variance. By using this ap- 
proach, each analysis  of var iance yielded three p values 
(Table 3). The p value for the compar ison labeled N/H 
refers to differences between the entire normocholester-  
olemic and the entire hypercholesterolemic group, where- 
as the compar ison - / +  compares  all nonatherosclerot ic  
with all atherosclerotic patients.  The third p value deter- 
mines whether  hypercholesterolemia and atherosclerosis 
have a significant interact ive effect on each dependent  
var iable  (L/A). Two-sample compar isons  between values 
obtained before and after E P A  administrat ion were made 
with a paired-sample t-test .  

RESULTS 

Comparison of platelet lipid composition in normal LDL- 
cholesterolemic and high LDL-cholesterolemic subjects. 
The PC/Chol ratio of platelets was significantly (F(1,40) = 
4.93, p < 0.05) lower in high LDL-cholesterolemic 
(/>170 mg/dl) subjects  than  tha t  in normal  LDL-choles- 
terolemic subjects  (Table 3). The phosphat idyl inosi tol  
{PI)/Chol rat io also was significantly (FI1,40) = 5.21, P < 
0.05) lower in high LDL-cholesterolemic subjects  than  
t ha t  in normal  LDL-cholesterolemic subjects.  The other  
pa ramete r s  of platelet  lipid in high LDL-cholesterolemic 
subjects were not significantly different than those in nor- 
mal  LDL-cholesterolemic subjects.  

Comparison of platelet lipid composition in subjects 
with and without atherosclerotic disease. Platelets  f rom 

TABLE 3 

Lipid Composition of Platelets in Subjects with and without Atherosclerotic Disease, with and without 
High Plasma Low Density Lipoprotein (LDL}-Cholesterol {>~170 mg/dl) 

LDL-Cholesterol <170 mg/dl 

Atherosclerotic disease 

LDL-Cholesterol >1170 mg/dl 

Atherosclerotic disease 

Lipid compositiona, c - (n = II) + (n = ii) - (n = Ii) + (n = II) 

Significanceb 

N/H - / +  L]A 

Chol/protein (• {w/w) 0.511 • 0.122 0.523 • 0.104 0.500 • 0.065 0.546 ----- 0.121 
PL/protein (w/w) 0.176 • 0.045 0.159 • 0.020 0.159 • 0.031 0.153 • 0.044 
LPC/protein (w/w) 0.002 • 0.001 0.005 • 0.007 0.003 • 0.006 0.003 • 0.005 
PC/protein (w/w) 0.068 • 0.015 0.055 • 0.011 0.056 • 0.008 0.054 • 0.020 
SM/protein (w/w) 0.032 • 0.011 0.030 +_ 0.005 0.031 • 0.010 0.030 • 0.007 
PI/protein (w/w) 0.008 • 0.004 0.007 • 0.003 0.006 • 0.002 0.006 • 0.004 
PS/protein (w/w) 0.016 • 0.006 0.014 • 0.003 0.015 • 0.003 0.014 -+ 0.005 
PE/protein (w/w) 0.046 • 0.011 0.042 __+ 0.006 0.040 • 0.005 0.039 2= 0.013 

PL]cholesterol (mol]mol) 1.727 • 0.225 1.564 • 0.367 1.591 • 0.285 
LPC/cholesterol (mol/mol) 0.016 • 0.013 0.050 • 0.056 0.029 • 0.047 
PC/cholesterol (mol]mol) 0.675 +_ 0.121 0.550 • 0.148 0.564 • 0.107 
SM/cholesterol (mol/mol) 0.308 • 0.062 0.295 • 0.059 0.316 • 0.093 
PI/cholesterol (mol/mol) 0.075 • 0.018 0.073 • 0.026 0.063 • 0.018 
PS/cholesterol (mol/mol) 0.154 • 0.032 0.137 • 0.036 0.151 +_ 0.035 
PE/cholesterol (mol/mol) 0.454 _+ 0.099 0.412 • 0.092 0.406 • 0.067 

NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 
NS NS NS 

1.413 • 0.295 NS NS NS 
0.037 • 0.059 NS NS NS 
0.488 • 0 .136 <0.05 <0.025 NS 
0.285 • 0.088 NS NS NS 
0.053 • 0 .029 <0.05 NS NS 
0.127 • 0.031 NS NS NS 
0.357 +- 0.078 NS NS NS 

PCISM {w/w) 2.24 + 0.42 1.83 • 0.39 1.86 • 0.39 1.80 ___ 0.49 NS NS NS 

aValues are presented as mean • SD. 
bNIN = significance between all normal LDL-cholesterolemic (<170 mg/dl) and high LDL-cholesterolemic (>t170 mg/dl) subjects (indepen- 

dent of classification according to atherosclerotic disease); - / +  = significance between all subjects without atherosclerotic disease and 
those with atherosclerotic disease (independent of classification according to the levels of plasma LDL-Cholesterol); L/A = interaction 
between the effects of plasma LDL-Cholesterol level and atherosclerotic disease; NS = not significant. 

c Abbreviations: Chol, cholesterol; PL, phospholipid; LPC, lysophosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin; PI, 
phosphatidylinositol; PS, phosphatidylserine; PE, phosphatidylethanolamine. 
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subjects  wi th  atherosclerotic disease had a significantly 
(F(1,40) = 6.70, p < 0.025) lower PC/Chol rat io than  those 
f rom subjects  wi thout  atherosclerotic disease. The other  
pa rame te r s  of platelets  in subjects  with atherosclerotic 
disease were not  significantly different than  those in sub- 
jects  wi thout  atherosclerot ic  disease. The PC/protein 
(prot) rat io  (F(1,40) = 3.29), the PL/Chol rat io  (F(1,40) -- 
3.94), the phosphat idylser ine  (PS)/Chol rat io  (F(1,40) = 
4.06), the phosphat idyle thanolamine  (PE)/Chol rat io  
(F(1,40) = 3.21), and the PC/sphingomyelin (SM) rat io  
(F(1,40) --- 3.28) tended to decrease in platelets  f rom sub- 
jects  with atherosclerot ic  disease (0.05 < p < 0.10) 
(Table 3). 

Effect of EPA administration on plasma lipids in pa- 
tients with atherosclerotic disease. Changes of p la sma  
lipids af ter  E P A  adminis t ra t ion  are shown in Figure 1. 
P lasma  levels of to ta l  Chol and LDL-Chol decreased (p 
< 0.01 and p < 0.05, respectively) af ter  E P A  administra-  
tion. P l a sma  levels of TG and HDL-Chol  did not  change 
with  E P A  adminis trat ion.  

Effect of EPA administration on platelet lipid composi- 
tion in patients with atherosclerotic disease. The PC/Chol 
ra t io  of plate le ts  increased significantly (p < 0.02) f rom 
0.483 • 0.133 to 0.608 • 0.127 (mean • SD) af ter  E P A  
adminis t ra t ion (Table 4, Figure 2). The PC/prot  rat io and 
the PL/Chol rat io  also increased (p < 0.05) with E P A  in- 
gestion. The other character is t ics  did not  change signifi- 
cantly.  The PL/pro t  ratio, the SM/Chol rat io  and the 
PE/Chol rat io  tended to increase wi th  E P A  adminis t ra-  
t ion (0.05 < p < 0.10). 

m~dl 

3 5 0  

3 0 0  

2 5 0  

2 0 0  

150  

100  

5 0  

Chol TG HDL-Chol LDL-Chol 

P < O . O I  P < O . 0 5  

I i I i 

. - - - -  T .  T 

I I I I I I I I 
Before After Before After Before After Before After 

FIG. 1. Plasma lipid levels in patients with atherosclerotic disease 
before and after eicosapentaenoic acid ethyl ester (EPA-E) ad- 
ministration {Chol, cholesterol; TG, triglycerides; HDL, high den- 
sity lipoprotein; LDL, low density lipoprotein). 

TABLE 4 

Lipid Composition of Platelets in Patients with Atherosclerotic 
Disease before and after Purified Eicosapentaenoic Acid Ethyl Ester 
(EPA-E) Administration 

Lipid composition a, b Before After 

Chol]protein (• (w/w) 0.551 • 0.107 0.513 • 0.112 
PL/protein (w/w) 0.148 • 0.027 0.167 • 0.033 
LPC/protein (w/w) 0.004 --+ 0.006 0.004 • 0.005 
PC/protein (w/w) 0.052 ___ 0.013 0.061 • 0.013 c 
SM/protein (w/w) 0.028 ___ 0.005 0.031 _ 0.007 
PI/protein (w/w) 0.007 • 0.003 0.007 -- 0.003 
PS/protein (w/w) 0.014 _ 0.003 0.014 _ 0.004 
PE/protein (w/w) 0.040 __- 0.009 0.044 _ 0.008 

PL/cholesterol (mol/mol) 1.369 • 0.268 1.640 • 0.235 c 
LPC/cholesterol (tool/tool) 0.034 • 0.042 0.033 • 0.044 
PC/cholesterol (mol/mol) 0.483 • 0.133 0.608 • 0.127 d 
SM/cholesterol (mol/mol) 0.254 • 0.039 0.302 • 0.057 
PI/cholesterol (mol/mol) 0.063 • 0.024 0.069 • 0.022 
PS/cholesterol (mol]mol) 0.127 • 0.034 0.140 • 0.032 
PE/cholesterol (mol/mol) 0.372 • 0.091 0.430 • 0.062 

PC/SM {w/w) 1.89 • 0.37 2.04 • 0.40 

aValues are presented as mean + SD. 
bAbbreviations: Chol, cholesterol; PL, phospholipid; LPC, lyso- 

phosphatidylcholine; PC, phosphatidylcholine; SM, sphingomyelin; 
PI, phosphatidylinositol; PS, phosphatidylserine; PE, phospha- 
tidylethanolamine. 

c Significantly different from before EPA-E admln;stration at p < 
0.05 (Student's t-test; paired). 

dSignificantly different from before EPA-E administration at p < 
0.02 (Student's t-test; paired). 

Effect of EPA administration on platelet fatty acid 
composition in patients with atherosclerotic disease. 
Relat ive content  of each f a t t y  acid is expressed  as wt% 
of to ta l  f a t t y  acids in to ta l  lipids (Table 5). The content  
of  E P A  (C20:5) in platelet  lipid increased in all pat ients ,  
and mean  E P A  content  increased (p < 0.001) f rom 2.3 _ 
1.1% (mean •  to 3.9 • 1.1% with E P A  administra-  
tion. Arachidonic acid (AA) (C20:4) content decreased (p < 
0.01). Consequently,  the rat io  of E P A  to A A  (20:5/20:4) 
in platelet  lipid increased (p < 0.001) f rom 0.098 • 0.047 
to 0.185 • 0.057 after  ingestion of E P A  ethyl  ester. D P A  
(C22:5) content  also increased significantly (p < 0.0D; 
however, docosahexaenoic acid (DHA) (C22:6) content  
was not  changed by  E P A  adminis trat ion.  

D I S C U S S I O N  

In this s tudy,  molar  rat io of PL to Chol was not  different 
in plate le ts  f rom hypercholesterolemic and normocho- 
lesterolemic subjects,  in agreement  with the repor t  by  
Jakubowsk i  et  al. (25). The PC/Chol rat io  in platelets  
f rom hypercholesterolemic subjects  was significantly 
decreased, compared with normocholesterolemic subjects. 

Platelets from subjects with atherosclerotic disease had 
changes in lipid composit ion similar to those f rom hyper- 
cholesterolemic subjects.  The PL/Chol rat io  was not  
decreased in platelets  f rom subjects  with atherosclerot ic  
disease, which is similar to the findings of Shat t i l  et  al. 
(26). This  s tudy  extends  their  observat ions;  we demon- 
s t ra ted  a significant decrease of the PC/Chol rat io in 
plate le ts  f rom subjects  with atherosclerot ic  disease. 
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FIG. 2. Lipid composition of platelets in patients with atherosclerotic disease before and after eicosapen- 
taenoic acid ethyl ester (EPA-E} administration (PL, phospholipids; Chol, cholesterol; prot, protein; PC, 
phosphatidylcholine). 
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TABLE 5 

Fatty Acid Composition of Platelets in Patients 
with Atherosclerotic Disease before and after Purified 
Eicosapentaenoic Acid Ethyl  Ester {EPA-E) Administration 

Fatty acid a Before After 

16:0 19.5 + 3.1 19.4 --4-_ 2.1 
18:0 17.0 + 1.6 17.7 + 1.7 
18:1 (w-9) 17.3 _+ 1.3 17.7 + 0.6 
18:2 {w-6} 7.0 _ 1.6 6.5 +- 1.4 
20:4 (~0-6) 23:9 +_ 3.5 21.1 +_ 2.4b 
20:5 (r 2.3 +_ 1.1 3.9 +- 1.1 c 
22:5 (r 2.3 +_ 1.2 3.1 +- 1.4b 
22:6 (r 4.3 +_ 1.3 4.3 + 2.0 
Others 6.5 +_ 2.4 6.4 -- 1.9 
20:5/20:4 (X100) 9.8 -!-_ 4.7 18.5 _+ 5.7 c 

aFatty acids are denoted by ratio of chain length to number of dou- 
ble bonds. Values are expressed as percentage of total peak area 
and presented as mean +__ SD. 

bSignificantly different from before EPA.E administration at P < 
0.01 {Student's t-test; paired}. 

c Significantly different from before EPA-E administration at P < 
0.001 (Student's t-test; paired}. 

The PC/free Chol rat io in plasma from pat ients  with 
atheroselerotic disease also was found to be decreased. 
Kuksis et al. {27,28} proposed the ratio as an indicator 
for atherosclerosis. Several reports  have shown similar 
changes in the composition of lipids from the atherc~ 
sclerotic aorta. B6t tcher  et  al. (29,30) invest igated 

composit ion of lipids from aor ta  at  different stages of 
atherosclerosis. Their  da ta  showed tha t  the percentage 
of PL decreased, while free Chol increased, as athero- 
sclerosis became more severe (29). In addition, they 
reported tha t  the main feature of PL  class composition 
of the atherosclerotic aorta  is the increase in SM percent- 
age in parallel with the degree of atherosclerosis, with cor- 
responding decrease in PC content  (30). These findings 
are in agreement  with the changes in the lipid composi- 
t ion of platelets from pat ients  with atherosclerotic 
disease, as shown in this study.  

The parallel changes in the lipid composition of plasma, 
platelet  and the arterial t issues do not  necessarily 
establish a causal relationship, al though one might  
assume tha t  the changes in plasma precede those in the 
tissues (3D. The accumulation of lipid within the vessel 
wall, tha t  results  in the development of the initial f a t ty  
a theromatous  lesion, is usually preceded by  hypercho- 
lesterolemia (32}, and we observed changes in the platelet 
lipid composition of hypercholesterolemic patients similar 
to those of atherosclerotic patients.  

The rat io of serum glycerophospholipids/free Chol, in 
particular,  the PC/free Chol ratio, has been suggested as 
a possible indicator of asymmetric fluidity of lipoproteins 
in disease {33}. Abnormalit ies of cell-membrane fluidity 
has been thought  to be impor tan t  in the pathogenesis  of 
several diseases, because membrane fluidity affects cell 
behavior (5). Thus, the decreased PC/Chol ra t io  of plate- 
lets might be a physicochemical basis for the role of them 
in the pathogenesis of atherosclerosis. 

The mechanism of the change of PC/Chol rat io in 
platelets from pat ients  with atherosclerotic disease has 
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not  been elucidated. This change in lipid composi t ion of 
platelets  migh t  be par t ly  secondary to the change in 
p lasma  f rom pat ients  with ischemic vascular  disease 
(27,34). Platelets cannot synthesize Chol {35), but  they are 
capable  of synthesizing and degrading PL (36,37). The 
change of PC/Chol rat io  in platelets,  therefore, might  
reflect the changes in PL metabol i sm in platelets  them- 
selves. In this s tudy,  we observed tha t  the PL/Chol rat io  
and the PC content had a tendency to decrease in platelets 
from pat ients  with atherosclerotic disease. The results in- 
dicate t ha t  enhanced degradat ion  of PL, especially PC, 
might  occur in platelets  f rom pa t ien ts  with atheroscle~ 
rotic disease. Indeed, Chol-rich platelets  have an aug- 
mented capabili ty of Thromboxane  A2 production (3), and 
phospholipase A2 act ing on PC is markedly  enhanced in 
platelets  with elevated Chol]PL rat io  (38). Arachidonate  
also can be l iberated by  phosphol ipase C indirectly f rom 
PI  via mediat ion of diglyceride lipase (39). In  this con- 
text, it is interesting tha t  the PI/Chol ratio decreased only 
in platelets  f rom hypercholesterolemic pat ients .  

The rat io  of PC to Chol in platelet  lipids f rom pa t ien ts  
with atherosclerotic disease significantly increased with 
adminis t ra t ion  of 1.8 g/day of E P A  ethyles ter  for 4-10 
wk. The duration of E P A  administrat ion (4-10 weeks) did 
not  have a significant effect on the change in PC/Chol 
ratio. The mechanism of the increase in PC/Chol rat io  
by  E P A  adminis t ra t ion  has not  been elucidated yet.  
Shepherd et  al. (40) reported tha t  the relative percentage 
Chol in the LDL fraction fell, while tha t  of PL rose, during 
po lyunsa tura ted  fat  feeding. Therefore, the increases in 
PL/Chol and PC/Chol rat io  in platelets  m a y  be due, in 
part ,  to those in LDL. There are some repor ts  tha t  
po lyunsa tu ra ted  f a t t y  acids enhance PC synthesis  {41, 
42), and the PC/prot  rat io  increased with ingestion of 
EPA.  Thus  E P A  m u s t  directly affect  PL metabol i sm in 
platelets.  

E P A  content  in platelet  lipid in pa t ien ts  with athero- 
sclerotic disease increased with adminis t ra t ion  of 1.8 g/ 
day  of E P A  ethyl  ester  for 4-10 wk, while AA content  
decreased. These results, except for the AA decrease, are 
similar to the findings in heal thy volunteers  repor ted by  
Terano et al. {13}. Goodnight  et  al. {43) proposed two 
mechanisms of reduction of AA during a fish diet. One 
mechanism is tha t  the decreased die tary  linoleic acid 
{most fish oils contain only 1% to 2% linoleic acid) may  
lead to reduced arachidonate levels in p lasma and, hence, 
platelet  membrane  PL. The other is tha t  AA simply may  
be displaced by other fa t ty  acid. In our study, the patients  
did not  change their  d ie tary  habi ts  and the linoleic acid 
{C18:2) content  in platelet  lipid did not  change signifi- 
cantly; therefore, AA was probably replaced by  E P A  and 
DPA.  The D H A  content  of platelets  in pa t ien ts  with 
atherosclerotic disease was unchanged,  while the D P A  
content  increased af ter  E P A  adminis trat ion.  Therefore, 
the abili ty exis ts  for elongation of E P A  into DPA,  bu t  
D P A  cannot  be desa tu ra ted  into DHA.  

In  conclusion, this repor t  establ ishes t ha t  E P A  in- 
creases the PL/Chol rat io  and the PC/Chol rat io  of 
platelets  f rom pat ients  with atherosclerosis.  These rat io  
shifts, in addit ion to f a t t y  acyl chain al terat ions,  migh t  
increase the membrane  fluidity of platelets  f rom pat ients  
with atherosclerosis.  This observat ion may  demons t ra t e  
another  benefit  of E P A  adminis t ra t ion  to pa t ien ts  with 
atherosclerotic disease. 
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Boreal Freshwater Fish Diet Modifies the Plasma Lipids 
and Prostanoids and Membrane Fatty Acids in Man 
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The effect of fish diet on 43 healthy male students was 
studied. They ate a fish-containing meal for 15 weeks on 
an average of 3.7 times per week. Twenty~ne of them 
voluntarily restricted their lipid intake while the rest ate 
normally. Controls continued their usual eating habits (19 
students). The meals consisted of Finnish freshwater fish 
(87%) (vendace, pike, perch and rainbow trout) and brack- 
ish water fish (13%) (Baltic herring) that provided about 
1 g of co-3 polyunsaturated fatty acids per day (0.25 g 
eicosapentaenoic acid and 0.55 g docosahexaenoic acid). 
During the diet, oJ-3 fatty acids increased in erythrocyte 
ghosts and platelets at the expense of c041 fatty acids. The 
concentration of serum cholesterol diminished in those 
fish consumers who lowered their lipid intake. Apolipo- 
protein A1 and B were lowered in both fish-consuming 
groups. Triglyceride levels also showed a tendency to 
decrease. The formation of thromboxane B2 during in- 
cubation of whole blood decreased in both fish~ons-ming 
groups. The decrease of plasma 6-keto-PGFlo was not 
statistically significant, if compared with the controls. 
The results obtained indicate that a moderate intake of 
fish~ontaining meals has some beneficial effects on the 
plasma lipid and prostanoid metabolism, when coronary 
heart disease risk factors are considered. 
Lipids 23, 924-929 (1988). 

There are several reports  on the consumption of fish or 
their  oils and their positive effects on coronary disease 
risk factors. Eat ing fish lowers serum triglycerides (1) and 
cholesterol {2). Furthermore,  the aggregation of platelets 
diminishes {3) and thromboxane product ion is inhibited 
(4). The bleeding t ime is prolonged {5). Blood viscosity is 
lowered (6) and the deformabil i ty of red cells is increased 
{7). Many of these positive effects, however, appear to re- 
quire ra ther  high intakes of fish oil. There are three 
epidemiological reports  of positive effects, on coronary 
heart  disease risk factors, by a modest  f ish~onsuming 
diet with an affluent western type of diet (8-10). Further- 
more, two reports  have been published with negative 
results (11,12). Consumption of freshwater fish has been 
studied much less, and no reports  of controlled studies 
of the effects on coronary heart  disease risk factors are 
available. We have found that,  at least in the boreal region 
of Europe, quite significant amounts  of co-3 fa t ty  acids 
occur in freshwater  fish tissues {13). This suggests  that ,  
by eat ing freshwater  fish meals, it also might  be possi- 
ble to obtain positive effects against risk factors. The aim 
of this s tudy was to determine if such effects could be 

*To whom correspondence should be addressed at Department of 
Physiology, University of Kuopio, P.O. Box 6, 70211 Kuopio, 
Finland. 
Abbreviations: EDTA, ethylenediamine tetraacetic acid; 6-keto- 
PGFIa, 6-ketoprostaglandin FI~. 

seen in male students who were offered one fish meal dur- 
ing working days over a period of ca. 100 days. The meals 
were planned so tha t  they could be prepared in public 
res taurants  using readily available materials within the 
price range for normal operation. The results indicate tha t  
such meals can cause some positive changes in lipid 
metabolism in an area like Eas te rn  Finland where high 
coronary morbidi ty  and morta l i ty  are prevalent  {14}. 

SUBJECTS AND MEALS 
Heal thy male s tudents  (n = 62) voluntari ly part ic ipated 
in the study. The study was approved by the Ethical Com- 
mittee of the Universi ty of Kuopio. None of the s tudents  
exhibited allergies to fish. The part icipants '  anthropo- 
metric propert ies are in Table 1. 

Following basel ine  measurements ,  the s tudents  were 
randomly divided into three groups by drawing letters 
generated by a random-number generator. There were 19 
s tudents  in the control group; the remainder were pro- 
vided with a fish meal every working day, and 21 were 
fur thermore  asked to voluntari ly diminish their fat  in- 
take, especially saturated-fat dairy products. All students 
in the study received a meal (free of charge) once per work- 
ing day for 103 days. Food consumption was recorded. 

The fish were prepared by usual cooking methods used 
in public catering sys tems including frying and baking. 
The same recipe was used only twice during the study. 
The port ion of fish served per meal was 180 g. The 
average amount  of r f a t ty  acids was es t imated to be 
about  1.8 g per meal (range = 0.6-3.0 g). One fish meal 
per two weeks was served to the control group, according 
to the normal frequency of fish meals in the univers i ty  
res taurant .  

TABLE 1 

The Anthropometric Data and Starting Blood Pressures 
of Male Students Participating in the Study (means _ SD) 

Controls Fish eaters 

Fish eaters 
with reduced 
fat intake 

Number of students 19 22 21 
Age 23___ 2 22___ 3 22 + 2 
Length (cm) 181 + 5 178 _ 5 181 + 5 
Weight (kg) 74 + 8 71 + 7 71 +_ 6 
Body mass index 

(kg/m 2) 22.6 +_ 1.8 22.3 + 1.9 21.6 +_ 1.8 
Systolic blood 

pressure (mm Hg) 130 +_ 15 125 + 13 126 ___ 16 
Diastolic blood 

pressure (mm Hg) 83 + 10 78 ----- 9 83 __- 12 
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The compliance of the students to a dietary regimen 
was followed. The fish-consuming groups showed some- 
what higher compliance (76%) than the control group 
(68%). On an average, the fish-eating groups consumed 
3.7 +_ 0.8 fish meals per week and about 1 g of o~-3 fat ty 
acids per day, which included 0.25 g eicosapentaenoic and 
0.55 g docosahexaenoic acid. The meals were found to be 
palatable. The only reasons for dropping out of the study 
were inability to remain in the city and other similar 
reasons. The controls ate, on an average, 0.25 fish- 
containing meals per week. 

The blood samples were drawn before the fish diet was 
started and, again, when it had been eaten for 7 and 15 
weeks. These three samples were taken and analyzed 
satisfactorily from 13-15 subjects of each group. Further- 
more, additional samples were collected in the following 
autumn when the students had been consuming a usual 
diet for about five months. These samples could not be 
taken earlier because of the summer holidays. 

METHODS 

Before the blood samples were taken, the students were 
advised not to consume alcohol or acetylsalicylic acid for 
seven days and to avoid heavy exercise for three days. 
During the morning before the collection of blood 
samples, the students did not eat breakfast. The blood 
samples were drawn before, during (7 and 15 wk) and after 
(20 wk) the study, between 7:30 and 10:30 AM, after each 
student had been lying on a bed, totally relaxed for 30 
min. All of the blood samples were placed in vacuum tubes 
without a tourniquet, by the same nurse in the following 
order: the first two 5-ml samples for serum (apolipopro- 
tein, cholesterol, triglyceride and selenium analyses), the 
next two 5-ml samples were drawn into Terumo Venoject 
tubes containing dipotassium-EDTA (5 mg) and acetyl- 
salicylic acid (0.09 mg) (6-keto-PGF~o determinations), 
two 5-ml samples into EDTA-tubes (preparation of 
platelets and erythrocyte ghosts for fatty acid analyses), 
one 5-ml sample into a precooled Terumo Venoject tube 
(thromboxane B2 analysis) and one 5-ml sample into a 
EDTA-tube for the analysis of hemoglobin and blood pic- 
ture (measured with the aid of a Coulter Counter). The 
most important purpose of this particular sampling order, 
and the limitations before drawing samples, was to 
minimize errors in the very sensitive prostanoid deter- 
minations. 

The samples for thromboxane B 2 determination were 
transferred immediately into a water bath (37~ for 30 
rain, after which the tubes were placed in ice bath and 
spun at 4~ for 15 min at 2,000 g to separate the serum. 
The 6-keto-PGF~ samples were spun in the same way to 
get the plasma. 

All the plasma and serum samples were stored at 
- 80 o C until analyzed. 

The platelets and erythrocyte ghosts were separated 
for fat ty acid analysis. Platelet-rich plasma was obtain- 
ed by spinning the blood samples at low speed (120 g for 
10 rain at 4~ The platelets were separated by cen- 
trifugation at 2,000 g for 15 min (4~ and, then washed 
with TRIS-HC1 buffer (pH 7.6, 172 mmol]l). Erythrocytes 
were washed with the same buffer and hemolyzed in the 
same diluted buffer (11 mmolfl). Ghosts were prepared by 
centrifugation at 20,000 g for 20 rain at 4 ~ Both platelet 

and erythrocyte ghost sediments were sonicated in the 
TRIS-HC1 buffer (172 mmol]l) and stored at -80~  un- 
til analyzed. 

The serum cholesterol and triglyceride concentrations 
were determined with a Hitachi 705 Analyzer using en- 
zymatic methods (Boehringer Mannheim, GmbH, Mann- 
heim, FRG). Apolipoprotein A 1 and B were measured by 
immunoturbidometry using antisera obtained from Orion 
Diagnostica (Orion Ltd, Espoo, Finland). Standardization 
of the apolipoprotein determination was performed as 
described earlier (15). 

The fat ty acids of the platelets and erythrocyte ghosts 
were transmethylated with sodium methoxide and ana- 
lyzed by capillary gas-liquid chromatography (Carlo Erba 
Fractovap 2350, Milano, Italy) in a 15 m OV-351 fused- 
silica capillary column (Nordion Instruments Ltd, 
Helsinki, Finland) as described earlier (13). Samples taken 
20 weeks after the programmed meals were pooled within 
the groups and no fat ty acid analyses were made from 
the individual samples. 

The 6-keto-PGFlo and thromboxane B 2 were isolated 
and purified using Sep-pak C 18 cartridges (Waters 
Associates, USA) (16). Their concentrations were mea- 
sured by radioimmunoassay kits (New England Nuclear, 
USA). These use iodinated analogs of these prostanoids 
as tracers. The corresponding metabolites (tyrosyl methyl 
esters) labeled with 125I were added to the samples to 
monitor the recovery. 

The rubidium efflux through the erythrocyte cell mem- 
brane was measured as described earlier (17). 

The data obtained were statistically analyzed by using 
nonparametric methods. Wilcoxon matched-pairs, signed- 
ranks test was used for the comparisons inside the groups 
and Mann-Whitney U-test between the groups. 

RESULTS 

The serum triglyceride and apolipoprotein A 1 and B 
levels decreased, during the study, in most students on 
the fish diet. However, changes in the means were small, 
due to a couple of very exceptional values. Thus, the 
significance at p < 0.1 was used in Table 2 to indicate the 
tendencies. The serum cholesterol level decreased in those 
fish eaters who voluntarily reduced their fat intake. Those 
fish eaters who continued their usual eating habits, had 
similar cholesterol levels as the controls at the end of the 
fish diet. The high basal level of cholesterol in the con- 
trol group is caused mostly by two subjects with excep- 
tionally high values (>8 mmol]l), which decreased during 
the study. The changes in the serum cholesterol and 
triglyceride values during the diet correlated strongly 
with the changes of the apolipoprotein B. Five months 
after the fish-eating period, no differences were observed 
between the groups. The only exception was the apo- 
lipoprotein A1, which still remained at lowered level in 
the fish-diet group with no limitations of fat intake. 

The shifts in fatty acids in the platelets and erythrocyte 
ghosts, due to fish-containing meals, are summarized in 
Tables 3 and 4. No significant changes were observed in 
the controls. The content of arachidonic (20:4w6) and 
docosatetranoic (22:4r acids decreased with the increase 
of eicosapentaenoic (20:5co3) and docosahexaenoic 
(22:6r acid contents in both particles. Furthermore, a 
decrease was observed in the content of dihomogamma- 
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TABLE 2 

Serum Triglyceride, Cholesterol and Apolipoprotein A 1 and B Levels 
in Male Students Consvming an Average of 3.7 Fish Meals/Week 
up to 15 Weeks (means ___ SD, n = number of students) 

Dietary period 
Predietary 

period 7 weeks 15 weeks 

Controls, n = 12 
Triglycerides {retool]l) 0.86 + 0.20 0.98 • 0.23 0.95 • 0.30 
Cholesterol (retool/l) 5.14 • 1.12 5.03 _ 0.81 4.82 • 0.73 
Apolipoprotein A 1 {g/l) 1.27 • 0.17 1.27 • 0.15 1.22 + 0.13 
Apolipoprotein B (g/l) 0.69 _+- 0.07 0.68 • 0.13 0.67 • 0.10 

Fish eaters, n = 14 
Triglycerides (mmol/l) 0.97 • 0.31 1.02 • 0.44 0.89 • 0.30 a,d 
Cholesterol (mmol/l) 4.49 • 0.56 4.86 • 0.69 a 4.86 • 0.76 a 
Apolipoprotein A l (g/l) 1.26 • 0.16 1.16 • 0.17 b 1.07 • 0.15c, e 
Apolipoprotein B (g/l) 0.70 • 0.12 0.69 • 0.09 0.66 • 0.12 a 

Fish eaters with voluntary 
restriction of fat intake, 
n = 1 5  

Triglycerides (retool/l) 0.86 • 0.26 0.81 • 0.27 0.78 • 0.26 a,d 
Cholesterol (mmol/1) 4.49 • 0.62 4.46 • 0.64 4.25 • 0.82f 
Apolipoprotein A 1 (g/l) 1.23 • 0.15 1.20 • 0.16 1.15 • 0.16f 
Apolipoprotein B (g/l) 0.63 • 0.10 0.62 • 0.10 0.58 • 0.10f 

a Significant at p < 0.1, 
bSignificant at p < 0.01, 
cSignificant at p < 0.001, when compared with initial level (Wilcoxon matched-pairs, 

signed-ranks test). 
dSignificant at p < 0.05, 
e Significant at p < 0.001, when the change in 15 weeks is compared with controls (Mann- 

Whitney U-test). 
f Significant at p < 0.05, when compared with initial level (Wilcoxon matched-pairs, signed- 

ranks test). 

linolenic acid (20:3~o6) and oleic acid (18:1r in erythrc~ 
cyte ghosts.  Only minor changes were observed in the 
other fa t ty  acids. The changes in the polyunsaturated 
fa t ty  acids took place faster in the platelets than in the 
erythrocyte  ghosts  (Fig. 1). When the s tudents  had been 
on their usual diets for 5 months  after the fish regimen, 
the proportions of the fa t ty  acids had returned to pre- 
s tudy levels. 

The thromboxane B2 production during the incubation 
of the blood samples decreased significantly during the 
15 weeks on the fish diet (Table 5). During the first seven 
weeks, the decrease did not reach the level of statistical 
significance. The decrease was similar in lipid restricted 
and nonrestricted fish diet. In the control group, a slight 
decrease also was observed during the follow-up period, 
but  this was not statistically significant. 

During the fish diet, the plasma level of 6-keto-PGF,, 
showed a decrease that  was statistically significant after 
15 weeks (Table 5). A slight decrease also was seen in the 
control group. 

The flux of rubidium through the erythrocyte cell mem- 
brane was measured at the end of the fish regimen. The 
rate constant of rubidium efflux was slightly greater in 
the fish-eating group (5.99 + 0.61 X 103 min-L n = 9) 

than in the controls (5.66 + 0.84 X 103 min-1, n = 8), 
but  the difference did not reach the level of statistical 
significance. 

No changes in the blood picture were observed. 

DISCUSSION 
The results of this s tudy indicate that  freshwater fish con- 
tain adequate amounts of w-3 polyunsaturated fat ty acids 
to permit demonstrat ion of distinct effects in the platelet 
and erythrocyte  ghosts,  as well as in the metabolism of 
these acids, when consumed over a 15-week period. The 
freshwater fish tissues contain relatively large amounts  
of c0-3 polyunsaturated fa t ty  acids (13,18), as do marine 
fish (19). There are several reports on the effects of the 
marine fish diets on the fa t ty  acid pat terns  and their 
metabolites in human populations (20). Thus, both kinds 
of fish are effectively utilized in the human body. 

The proportions of eicosapentaenoic and docosahex- 
aenoic acids increased both in the erythrocyte ghosts and 
platelets, as was expected. Changes in the erythrocyte  
ghosts  in 15 weeks were similar, as reported earlier by  
Sanders et al. (21), with essentially higher intake of co-3 
fa t ty  acids for six weeks (20 ml cod-liver oil per day con- 
taining 1.8 g eicosapentaenoic and 2.2 g docosahexaenoic 
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T A B L E  3 

T h e  E f f ec t  of  F i s h  Die t  on t he  P l a t e l e t  F a t t y  Acid  C o m p o s i t i o n  
of Male Students  in 15 Weeks {tool% of total, means _ SD} 

Di e t a ry  per iod 
F a t t y  P red i e t a ry  
ac ids  per iod 7 weeks  15 weeks  

F i s h  ea ters ,  
n - -  14 

16:0 15.7 • 1.4 15.7 • 1.5 15.7 • 1.5 
18:0 19.0 +_ 1.4 18.8 • 1.5 19.0 • 1.1 
20:0 0.9 • 0.3 1.0 • 0.3 0.9 • 0.3 
S a t u r a t e d  35.6 • 1.1 35.5 • 1.6 35.6 • 1.6 

16:1(o7 0.6 • 0.1 0.6 • 0.1 0.6 • 0.2 
18:1r 15.6 • 1.2 15.5 • 0.9 15.6 • 0.8 
20:1o~9+11 1.0 • 0.3 1.1 • 0.3 1.1 • 0.3 
M o n o e n e s  17.2 • 1.3 17.2 • 1.0 17.3 • 1.0 

18:2w6 7.9 • 1.8 8.0 • 1.2 7.8 • 1.1 
18:3r 0.6 • 0.3 0.8 • 0.3 a 0.7 • 0.3 
20 :2~6  0.7 • 0.1 0.8 • 0.1 0.7 • 0.1 
20:3~o6 2.8 • 0.5 3.1 • 0.5 2.8 • 0.7 
20:4o~6 26.6 • 2.9 24.7 • 2.3 b 24.5 • 2.1 c 
20:5r 1.2 +--0.6 1.9 • 1.0 c 2.4 • 1.2 c 
22:4(o6 2.0 +-- 0.3 1.8 • 0.3 b 1.6 • 0.3 b 
22:5r 2.0 • 0.4 2.1 • 0.3 2.1 • 0.3 
22:6r 3.3 • 0.8 4.1 • 0.7 b 4.5 • 0.7 c 
P o l y u n s a t u r a t e d  47.2 • 1.7 47.3 • 1.8 47.1 • 2.1 

w-3 7.2 • 1.3 8.9 • 1.6 c 9.7 • 1.9 c 
(o-6 40.0 • 2.2 38.4 • 1.9 b 37.4 • 2.5 c 
~ 3 / w - 6  0.18 • 0.05 0.23 • 0.05 c 0.26 • 0.07 c 

T A B L E  4 

T h e  E f f ec t  of  F i s h  Die t  on t he  F a t t y  Acid  Compos i t i on  
in E r y t h r o c y t e  G h o s t s  of  Male  S t u d e n t s  in 15 W e e k s  
(tool% of to ta l ,  m e a n s  +_ SD} 

Die t a ry  per iod 
F a t t y  P red i e t a ry  
ac ids  per iod 7 weeks  15 weeks  

F i s h  ea te r s ,  
n =  14 

16:0 19.2 • 1.9 19.3 • 1.9 19.1 • 1.1 
18"0 16.5 • 0.7 16.5 • 0.7 16.3 • 0.8 
20:0 0.2 • 0.1 0.2 • 0.1 0.2 • 0.1 
S a t u r a t e d  35.9 ___ 2.0 36.0 _ 2.0 35.6 • 1.2 

16:1r 0.3 • 0.1 0.4 • 0.1 0.3 • 0.1 
18:1(o9 14.9 • 0.7 14.9 • 0.7 14.4 2= 0.7 a 
20 :1w9+11  0.4 • 0.1 0.4 • 0.1 0.4 • 0.1 
M o n o e n e s  15.6 • 0.8 15.7 • 0.7 15.1 • 0.7 

18:2oa6 11.6 • 1.6 11.2 • 1.3 11.2 • 1.4 
18:3r 0.3 • 0.1 0.3 • 0.1 0.3 • 0.1 
20:2r 0.4 • 0.1 0.3 • 0.1 0.3 • 0.1 
20:3w6 2.4 • 0.6 2.1 • 0.5 a 2.1 +_ 0.6 a 
20:4o06 19.1 • 1.3 17.5 • 1.6 b 16.4 • 1.4 e 
20:5(o3 1.6 • 0.3 2.5 • 0.8 c 2.9 • 1.0 c 
22:4o06 2.7 • 0.7 2.3 • 0.7 a 2.2 • 0.6 a 
22:5o03 3.2 • 0.5 3.4 • 0.7 3.5 • 0.7 
22:6o03 7.2 _ 1.4 8.7 • 1.3 c 10.4 • 1.2 c 
P o l y u n s a t u r a t e d  48.5 + 2.5 48.3 • 2.6 49.3 • 1.7 

r 12.3 • 1.5 14.9 • 2.6 c 17.1 • 2.5 c, 
o~-6 36.2 • 2.2 33.4 • 2.5 c 32.2 • 2.3 c 
r 0.34 • 0.05 0.45 • 0.11 c 0.54 • 0.13 c 

F i s h  ea t e r s  wi th  
v o l u n t a r y  res t r ic-  
t ion  of  f a t  in take ,  
n = 1 5  

16:0 
18:0 
20:0 
S a t u r a t e d  

14.6 • 0.8 15.1 • 0.9 a 15.1 • 1.0 
19.1 • 0.7 19.1 • 0.7 19.3 • 1.0 

0.9 • 0.2 0.9 • 0.1 0.9 • 0.2 
34.6 • 0.9 35.1 • 1.1 35.3 • 1.3 

16:1o~7 0.4 • 0.1 0.4 • 0.1 0.4 _ 0.1 
18:1co9 15.3 • 0.6 15.5 • 0.8 15.4 • 1.1 
20:1o09+11 0.8 • 0.1 1.0 • 0.2 b 1.1 • 0.2 b 
M o n o e n e s  16.6 • 0.7 16.9 • 0.9 16.9 • 1.2 

18:2r 7.9 • 1.3 8.0 • 1.3 8.0 • 1.1 
18:3(o3 0.6 • 0.2 0.7 • 0.3 0.7 • 0.2 a 
20:2r 0.7 • 0.1 0.6 • 0.1 0.7 +_ 0.1 
20:3r 2.9 • 0.6 2.8 • 0.7 2.6 • 0.5 a 
20:4(o6 28.0 +_ 1.4 26.0 • 2.0 c 25.4 • 1.6 c 
20:5(o3 1.1 • 0.3 1.8 • 0.4 c 1.9 • 0.4 c 
22:4r 2.2 • 0.4 1.9 • 0.4 c 1.8 • 0.3 c 
22:53 2.1 • 0.4 2.0 • 0.3 2.1 • 0.3 
22:6(o3 3.3 • 0.5 4.2 • 0.4 c 4.6 • 0.6 c 
P o l y u n s a t u r a t e d  48.8 • 1.3 48.0 • 1.6 b 47.8 +_ 2.2 a 

a~3 7.1 _ 0.7 8.7 • 0.8 c 9.3 • 1.0 c 
~ 6  41.7 + 1.1 39.3 • 1.4 c 38.5 =i: 2.1 c 
~ 3 / w - 6  0.17 • 0.02 0.22 • 0.02 c 0.24 • 0.03 c 

aS ign i f i c an t  a t  p < 0.05, 

bS ign i f i can t  a t  p < 0.01, 

cS ign i f i can t  a t  p < 0.001, w h e n  c o m p a r e d  w i t h  ini t ial  level. 

F i s h  ea t e r s  wi th  
v o l u n t a r y  restr ic-  
t ion of f a t  in take ,  
n =  15 

16:0 
18:0 
20:0 
S a t u r a t e d  

18.2 • 1.6 18.7 • 2.0 18.6 • 1.4 
16.8 • 0.6 16.8 • 0.8 16.4 • 0.8 

0.2 • 0.1 0.2 • 0.1 0.2 -- 0.1 
35.2 • 1.4 35.7 • 1.9 35.2 + 1.2 

16:1r 0.3 • 0.1 0.3 • 0.1 0.3 • 0.1 
18:1r 15.3 + 1.0 14.8 • 0.8 a 14.5 • 0.7 c 
20:1o09+11 0.4 • 0.1 0.4 ----- 0.1 0.4 • 0.1 
M o n o e n e s  16.0 • 1.0 15.5 _ 0.8 a 15.3 • 0.7 b 

18:2w6 11.4 • 1.0 11.3 • 1.2 11.6 • 1.2 
18:3r 0.3 +- 0.1 0.3 • 0.1 0.3 • 0.1 
20:2o~6 0.3 ___ 0.1 0.3 -4- 0.1 0.3 • 0.1 
20:3w6 2.5 • 0.3 2.1 ___ 0.4 b 2.0 • 0.4 c 
20:4r 19.0 • 1.2 17.5 • 1.2 c 16.6 • 1.4 c 
20:5(o3 1.6 + 0.4 2.3 • 0.4 c 2.5 • 0.5 c 
22:4oJ6 2.7 +__ 0.5 2.6 • 0.6 2.4 • 0.4 a 
22:5co3 3.3 • 0.6 3.2 • 0.7 3.4 • 0.4 
22:6r 7.7 • 1.8 9.2 • 1.3 c 10.4 • 1.3 c 
P o l y u n s a t u r a t e d  48.8 +_ 2.1 48.8 • 2.4 49.5 • 1.6 

r 12.9 _ 2.1 15.0 • 1.8 c 16.6 • 1.9 c 
co-6 35.9 • 1.7 33.8 +_ 1.8 c 32.9 • 1.6 c 
r162 0.36 • 0.07 0.44 • 0.06 c 0.51 • 0.07 c 

aS ign i f i can t  a t  p < 0.05, 

bS ign i i i can t  a t  p < 0.01, 

cS ign i f i can t  a t  p < 0.001, w h e n  c o m p a r e d  wi th  ini t ial  level. 
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J.J. )~GREN ET AL. 

T A B L E  5 

The Thromboxane 132 Production in Blood Samples Obtained from Male Students  on Fish Diet up to 15 Weeks  
and the Content of Plasma 6-keto-PGFl~ at the Same Time (means +-- SD, n -- number of students) 

During fish diet After fish diet 
n Before fish diet (7 wk) (15 wk) Decrease in 15 weeks 

Production of thromboxane B 2 
(nmol/100 X 10 9 platelets/l) 

Controls 13 325 • 160 281 • 130 279 • 106 46 + 108 
Fish eaters 11 295 • 134 213 _ 109 176 • 100 a 120 • 118 b 
Fish eaters (reduced fat) 11 328 • 139 255 • 103 212 • 129 a 116 • 108 c 

Plasma concentration of 
6-keto-PGFl~ (ngfl) 

Controls 13 257 • 100 252 • 98 239 • 106 18 • 58 
Fish eaters 13 221 • 82 199 • 65 177 • 34ct 44 • 72 
Fish eaters (reduced fat) 15 269 • 86 254 • 69 219 • 55 e 50 • 58f 

aSignificant at p < 0.01, when compared with initial level (Wilcoxon matched-pairs, signed-ranks test). 
bSignificant at p < 0.1, 
cSignificant at p < 0.05, when compared with controls (Mann-Whitney U-test). 
dSignificant at p < 0.05, 
eSignificant at p < 0.01, when compared with initial level. 
fSignificant at p < 0.1, when compared with controls. 

0.5 

0.4. 

0.3 

q 

0.2- 

CE~ erythrocyte ghosts 
~ l  ptatelets fish eaters 

fish eaters 
(reduced fat) 

z~// controls 

fish eaters 
fish eaters 
(reduced fat) 

controls 

6 7 1'5 weeks 
FIG. I. The r162 ratio in fat ty  acids of platelets  and erythrocyte 
ghosts  in male students  eating an average of 3.7 weekly fish meals 
for 15 weeks. 

acid}. The changes  in plate le ts  repor ted  b y  Sanders  et  al. 
(21) were somewhat  grea ter  than  those in the present  
study. This can be explained by  the shorter  turnover  t ime 
of platelets  than  of erythrocytes .  Also, in the present  
study, the changes took place earlier in the platelets  than  
in erythrocytes .  

There are only a few controlled studies published where 
fish-containing meals have been added to the western diet. 
No similar studies have  been repor ted with  as grea t  a 
number  of healthy people using a normal catering system, 
over  such a long time, as in the present  s tudy.  In  mos t  
of those studies, ra ther  large amounts  of marine fish have 
been used, and the follow-up periods have  been ra ther  
short.  There are, however, two previous studies in which 
the adminis t ra t ion  of marine  fish has been comparable  
wi th  our experiment .  Dur ing  11 weeks {daily intake of 
150-200 g fish, mainly herring, mackerel and salmon} (22) 
and three months  (at least  twice a week and at  least  100 g 
f a t t y  fish, i.e., 0.3-0.6 g of eicosapentaenoic acid per day) 
{23}, a lowering of se rum triglycerides was observed, 
a l though no change took place in se rum cholesterol. A 
lowering of cholesterol has  been observed when large 
amounts  of fish have been eaten {24}. In the present  study, 
the quan t i ty  of fish corresponded to about  100 g and 1 g 
of co-3 f a t t y  acids per day. Thus,  this  is the smallest  
amount  so far repor ted to cause a decrease in the serum 
triglyceride level. The dosage was, in addition, also effec- 
t ive in lowering apolipoprotein levels. Thorngren  and 
coworkers  (22} were unable  to detect  any  changes in 
apolipoproteins in their  l 1-week study.  

Two metabol i tes  of arachidonic acid were measured  in 
this s tudy.  Thromboxane  B2 is a s table  hydrolyzat ion 
product  of thromboxane  A2, which promotes  platelet  ag- 
gregat ion and is a vasoconstr ictor .  The other metabolite,  
6-keto-PGFl~, is a conversion product  of prostacyclin.  
Prostacycl in  prevents  aggregat ion  and is a vasodilator .  

In  our s tudy,  a diminished product ion of th romboxane  
B2 in platelets  was found. Such an effect has  not  been 
previously repor ted  with such a low intake of fish. The 
decrease was significant only af ter  15 weeks on the fish 
regimen. Thus, the low doses require more t ime to produce 
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significant effects. I t  has  been repor ted tha t  1 g of 
eicosapentaenoic acid in capsule form, af ter  a 10 g daily 
dosage, is not  enough to keep the th romboxane  B2 pro- 
duction depressed in two pat ien ts  wi th  atherosclerosis  
(25). The present  results  indicate tha t  already the dosage 
of 0.25 g per day  can cause a decrease in the thrombox-  
ane B 2 formation.  Al though it is not  possible to draw 
any definite conclusions, it might  be more profi table to 
get  G0-3 f a t t y  acids in fish-containing meal than  in con- 
cent ra ted  oil form. 

In  the present  s tudy,  a lowering of p lasma 6-keto- 
PGF~o was observed. I t  has been suggested tha t  fish oils 
have  little or no effect on prostacycline production in the 
endothelial wall {26}. There is, however, one report  where 
a lowering has been observed {24}. This sugges ts  tha t  the 
f a t ty  acid spect rum in the vascular  endothelium is chang- 
ing, parallel with the e ry th rocy tes  and platelets.  

The s tudents  who were asked to voluntar i ly  decrease 
their  lipid intake showed a decrease in their  serum 
cholesterol levels. The lowering of the lipid intake did not, 
however, clarify the observed differences in the fa t ty  acid 
composi t ion and pros tanoid  production. This sugges ts  
tha t  the effective incorporat ion of co-3 f a t ty  acids in the 
membrane  lipids, and subsequent  changes  in the prosta-  
noid metabol ism,  are not  necessari ly dependent  on the 
amount  of other  f a t ty  acids present  in the diet. 

The boreal freshwater fish diet provided by public cater- 
ing sys tem,  modified lipid metabol i sm in 15 weeks. Fur- 
ther  deepening of the responses  still could have  been ex- 
pected, if the diet had been continued. The resul ts  s t ress  
the impor tance  of the diet durat ion when the effects of 
different co-3 f a t t y  acid doses are es t imated.  The resul ts  
suppor t  the hypothes is  of the protect ive  effect of 
modera te  fish consumpt ion  agains t  coronary hear t  
disease. 
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Induction of Long-lasting Hypercholesterolemia 
in the Rat Fed a Cystine-enriched Diet 

/ . 
C. Serougnea, ,  D. Math~b and C. Luttona 
aLaboratoire de Physiologie de la Nutrition - Batiment 447, CNRS UA 646, Universit~ de Paris-Sud, 91405 ORSAY Cedex, France; and 
bUnit~ de Recherches sur les dyslipid~mies et i'ath6roscl~rose (U 32), Hopital Henri Mondor, 94010 CRETEIL, France 

The influence of dietary excess (5%) of L~cystine on rat 
plasma lipoproteins was examined. After only one week 
of cystine feeding, an increase in the plasma cholesterol 
level and a decrease in triglyceride levels were observed. 
The increase in cholesterol level became greater when the 
duration of cystine-enriched diet increased until eight 
weeks (+131% after eight weeks), but no further increase 
occurred between 8 and 20 weeks. This change was essen- 
tially due to the progressive increase in cholesterol levels 
in high density lipoproteins (HDL) and in lipoproteins 
isolated between 1.040 and 1.063 g/ml, i.e., certain low den- 
sity lipoproteins (LDL2), and containing mainly apoE- 
rich lipoproteins (HDL1). The decrease in plasma 
triglycerides resulted from that of chylomicrons and very 
low density lipoproteins (VLDL). The effects observed 
after four or eight weeks of cystine feeding were main- 
tained for eight weeks after replacing the cystine diet by 
the standard diet. Ingestion of the standard diet contain- 
ing either cholestyramine (2%) or probucol (0.25%) follow- 
ing eight weeks of cystine feeding significantly decreased 
plasma cholesterol levels. It is concluded that cystine-fed 
rats are a useful tool of investigation for understanding 
mechanisms leading to increased plasma cholesterol level 
and for hypocholesterolemic drug trials. 
Lipids 23, 930-936 (1988). 

Hypercholesterolemic animals are useful models for 
studies concerning cholesterol homeostasis and for 
hypocholesterolemic drug trials. In the rat, hypercholes- 
terolemia has generally been induced by feeding diets sup- 
plemented with cholesterol, antithyroid drugs and/or bile 
acids (1-6). The hyperlipoproteinemia observed was 
mainly characterized by an increase in very low density 
(VLDL) and VLDL-like particles enriched in esterified 
cholesterol, a pattern quite different from that observed 
in human hypercholesterolemia (7). 

An attempt has been previously carried out to obtain 
hypercholesterolemic rats with amino acid-enriched diets 
(8). It was found that cystine supplementation (5%) was 
very effective. Hypercholesterolemia was due to enhanced 
cholesterol levels in low density lipoproteins (LDL) of den- 
sity 1.040-1.063 g/ml and in high density lipoproteins 
(HDL) of density 1.063-1.210 g/ml, and cholesterol con- 
tent in chylomicrons and VLDL (d < 1.006 g/ml) was 
decreased (9). These results were obtained after two 
months of ingestion of the cystine~enriched diet and only 
cholesterol and protein contents of lipoproteins were 
determined. 

The present work was carried out in order to study 
how hypercholesterolemia appeared as a function of the 

*To whom correspondence should be addressed. 
Abbreviations: CETP, cholesteryl ester transfer protein; EDTA, 
ethylenedi,mine tetraacetic acid; HDL, high density lipoprotein; 
LCAT, lecithin:cholesterol acyl transferase; (V)LDL, (very) low den- 
sity lipoprotein; MIA, monoiodoacetamide; PTU, propylthiouracil. 

duration of cystine-enriched-diet administration. It  also 
was investigated whether the effect of the cystine- 
enriched diet on plasma lipoproteins remained unchanged 
after replacing this diet with the control diet. The efficacy 
of two hypocholesterolemic drugs, cholestyramine and 
probucol, was tested in rats fed the cystine-enriched diet. 
Plasma lipoproteins were isolated in a density gradient 
and analyzed for their cholesterol, triglyceride, phospho- 
lipid and protein contents. The apolipoprotein composi- 
tion of some of these lipoproteins was also determined. 

METHODS 

Animals and diets. Male Wistar rats (from Elevage 
Janvier, France) weighing about 350 g were used. The 
standard semipurified diet (S) contained essentially 
sucrose 53%, casein 23% and lard 9%; the mineral mix 
contained copper and the cholesterol content was 0.015% 
(10). Rats, randomly divided into groups of four or five, 
were first fed the cystine-enriched diet for one to eight 
weeks (C groups) and then the standard diet for eight ad- 
ditional weeks (CS groups). A control group (n = 5) re- 
ceived the standard diet for 16 weeks. Two groups of rats 
were fed the cystine-enriched diet for four weeks, and 
then, for the next four weeks, the standard diet sup- 
plemented with either cholestyramine (2%) or probucol 
(0.25%). Blood samples (about 1 ml) were obtained at dif- 
ferent times from the retroorbital venous sinus with 
heparinized capillary pipettes under light diethylether 
anesthesia. Plasma was separated from cells after 2 min 
centrifugation in an Eppendorf-type centrifuge. At the 
end of the experiments, blood was collected by puncture 
of the abdominal aorta on 4%~thylenediamine tetraacetic 
acid (EDTA-4%-monoiodoacetamle (MIA) and centri- 
fuged at 2000 g for 10 min at 4~ All blood samplings 
were performed between 10 a.m. and noon on animals not 
previously starved. Cholesterol, triglyceride and phosphm 
lipids were determined in plasma samples. 

Lipoprotein isolatior~ A density gradient (adapted from 
[11] was prepared in tubes with saline solutions of den- 
sities as follows: 1.5 ml, 1.006 g/ml; 1.5 ml, 1.020 g/ml; 
2 ml, 1.040 g/ml; 3 ml, 1.063 g/ml; 2 ml of plasma adjusted 
to 1.21 g/ml by the addition of solid KBr; and 1 ml, 
1.25 g/nil. The tubes were centrifuged for 24 hr at 15~ 
in a SW 40.1 Ti Beckman rotor at 40,000 rpm. The first 
18 fractions (0.5 ml each) were collected from the meniscus 
of the tubes. Each fraction of lipoprotein was assayed for 
cholesterol content. The chemical composition of lipopro- 
teins was determined in pooled fractions corresponding 
to chylomicrons and VLDL (d < 1.006 g/ml: fractions 
1 and 2), LDL1 (LDL of density between 1.006 and 
1.040 g/ml: fractions 3 to 6), LDL2 (LDL of density be- 
tween 1.040 and 1.063 g/ml: fractions 7 to 11) and HDL 
(HDL of density between 1.063 and 1.210 g/ml: fractions 
12 to 18). 

Chemical analysis. Cholesterol, phospholipids and tri- 
glyceride contents were assayed using enzymatic methods 
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with commercial kits (Boehringer-Mannheim, Wako, TX). 
Proteins were determined by  the method of Lowry et  al. 
(12) using bovine serum albumin as the standard. Samples 
were ext rac ted  with chloroform after  color development 
in order to avoid turbidi ty  due to lipids. 

Apolipoprotein separation. LDL2 and HDL samples 
were extensively dialyzed against  0.05% EDTA,  0.9% 
NaC1, 0.02% NaN3 (pH 7.4) at  4~ The dialyzed 
samples were lyophilized and dissolved in Tris 0.02 M, 
urea 6 M, sodium dodecyl sulfate (SDS) 0.1 M, pH 8.4. 
A discontinuous gradient of polyacrylamide gels (5-10%) 
was prepared in glass tubes with added glycerol (12%), 
according to Connelly and Kuksis (13), in order to use non- 
delipidated lipoproteins. The lipoprotein samples (about 
50 ~l and containing 50 ~g of protein, each) were mixed 
with isopropanol (10/A), SDS 20% (10 ~1), dithiothreitol  
400 mM (10 /A), bromophenol blue 0.02% (5 /~l) and 
glycerol (5/A). After  boiling for 3 rain, the mixture  was 
applied to the polyacrylamide gels. Electrophoresis  was 
carried out  at  1.5 mA per gel for 15 hr in a Pharmacia  
electrophoresis apparatus  with 0.1% SDS, 0.1 M phos- 
phate  buffer solution, pH 7.0. Gels were stained with 
0.25% Coomassie Brilliant Blue k-250 (in 50% methanol) 
and 9.2% acetic acid, and destained with 5% methanol 
and 7.5% acetic acid (14). Gels were scanned with an LKB 
2202 Ultrascan integrator. The apolipoprotein bands were 
identified on the basis of molecular weights as determined 
by  reference to purified protein s tandards  and by  com- 
parison with published SDS gel electrophoretograms of 
ra t  apolipoproteins (6,15). All the results  were expressed 
as means +_ s tandard  error of the mean. Significant dif- 
ferences were es t imated either by the Student ' s  t tes t  or 
by  the paired t test.  

RESULTS 

Body weights and food intakes. As reported in Table 1, 
body weights for rats at  the same age were lower for those 
fed the cystine diet than  for those fed the s tandard  diet. 
This difference, however, was only significant in the C8S8 
group, in which body weights were 76% of the weights 
in the S16 group, during the eighth week of the experi- 
ment.  Food intakes observed during all the periods of 
feeding the s tandard  diet, even following administrat ion 
of the cystine diet, varied between 16.4 __ 0.7 (n = 5) and 

20.9 _+ 1.2 g/day (n = 5), wi thout  any significant dif- 
ferences among the various groups. However,  almost all 
the periods of feeding the cystine diet were characterized 
by  a food intake significantly lower than in s tandard  
animals. The greatest  differences occurred during the first 
throe weeks of cystine feeding, with a mean value of food 
intake of 12.1 + 0.4 to 14.8 +_ 0.7 g/day. 

Plasma lipid composition. The cholesterol, triglyceride 
and phospholipid contents  in plasma obtained from rats  
fed the standard diet, or the cystine-enriched diet followed 
by  the s tandard diet, are reported in Table 2. Cholesterol 
and phospholipid contents  of plasma from rats  fed the 
s tandard  diet did not  change significantly during the 16 
weeks of experiment (S16 compared with SO). The plasma- 
triglyceride content  decreased by  32%. In ra ts  fed the 
cystine-enriched diet, some changes in lipid composition 
of plasma appeared after  only one week (C1 group): com- 
pared with CO group, the cholesterol content  increased 
by  45%, whereas the triglyceride content  decreased by  
52%. Similar changes, compared with CO group, occurred 
during the following weeks of cyst ine feeding with pro- 
gressive increases in the cholesterol amounts:  53% (C2), 
87% (C4) and 131% (C8), and decreases in the triglyceride 
amounts: 76% (C2), 55% (C4) and 77% (C8). Except  for 
the C2 and the C4 groups, in which the plasma-phos- 
pholipid contents  were lower and higher than  in control 
ra ts  ( - 3 1 %  and +23%,  respectively), no changes in this 
content  were observed during cystine feeding. Replace- 
ment  of the cystine~enriched diet by  the control  diet did 
not  significantly alter plasma-cholesterol and phosphc~ 
lipid levels obtained with the cyst in~enriched diet. 
However,  plasma-triglyceride content  was significantly 
increased (+71%) in the C2S8 group compared with the 
C2 group. 

Cholesterol distribution in the lipoproteins. The choles- 
terol contents  in the 18 lipoprotein fractions isolated by  
density-gradient  ul t racentr i fugat ion from the plasma of 
ra ts  fed only the s tandard  diet and rats  fed the cystine- 
enriched diet for one to eight weeks are reported in Fig- 
ure 1. In control rats,  plasma cholesterol was distr ibuted 
as follows: 15% in fractions 1 and 2 (chylomicrons and 
VLDL), 3.4% in fractions 3-6 (LDL1), 19% in fractions 
7-11 (LDL 2) and 62% in fractions 12-18 (HDL). After  
one week of cystine foeding (C1 group), these proportions 
were not  modified. The 48% increase of the total  plasma- 

TABLE 1 

Body Weights (g) of Rats (5 per group) Fed the Standard Diet (S group) or the Cystine-enriched Diet Followed by the Standard Diet (CS groups) 

Week number 

Groups 0 1 2 4 8 9 10 12 16 

S16 309 • 13 344 • 17 368 • 19 411 • 27 461 • 30 475 • 32 493 • 32 522 • 32 558 • 33 
C1S8 297 • 7 304 • 7 a 339• 9 372 • 12 411 • 20 425 • 20 -- -- -- 
C2S8 306 • 12 321 • 11 a 329 • 14 a 382 • 17 427 • 23 432 • 33 448 • 28 -- --  
C4S8 311 • 10 318 • 15 a 331 • 15 a 348 • 17 a 424• 18 438• 20 451 • 18 485• 20 - -  
C8S8 302 • 6 309 • 9 a 318• 9a, b 334 • 9~ b 352 • 16~ c 364 • 16 c 386 • 17 c 417 • 23 b 456 • 25 b 

aperiods of feeding the cystine-enriched diet. 
bp < 0.05 and 
cp < 0.02, are significant values when compared with the values from the S16 group at the same week. 
Values are means • SEM. 
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TABLE 2 

Cholesterol, Triglyeeride and Phospholipid Contents 
(mg/ml) of Plasma a 

Groups Cholesterol Triglycerides Phospholipids 

CO 0.71 • 0.02 2.92 • 1.16 1.91 • 0.05 

C1 1.03 • 0.07 b 1.39 • 0.19 c 2.13 • 0.11 
C1S8 0.97 • 0.07 2.37 • 0.40 1.79 • 0.12 

C2 1.09 • 0.07 d 0.70 • 0.05 e 1.52 • 0.04 d 
C2S8 1.04 -4-_ 0.07 2.45 • 0.45f 2.28 • 0.21 

C4 1.33 • 0.07 e 1.31 • 0.12 e 2.35 • 0.06 d 
C4S8 1.18 • 0.09 1.34 • 0.19 2.63 • 0.15 

C8 1.64 • 0.25 c 0.67 • 0.13 e 2.57 • 0.29 
C8S8 1.32 + 0.15 1.46 • 0.72 2.29 • 0.19 

SO 0.82 + 0.06 3.41 • 0.43 2.42 • 0.16 
$16 0.99 • 0.11 2.30 • 0.41f 2.01 • 0.15 

aFrom rats fed the standard diet from the start of the experiment 
{CO, SO) to 16 weeks later ($16), the cystine-enriched diet for 1 to 
8 weeks (C1 to C8) followed by the standard diet for 8 weeks (CIS8 
to C8S8). Except for CO group (n = 25), which is constituted by 
the rats of all the groups at the start of the experiment, each group 
contains 5 rats. 

bp < O.0O5, 
c p < 0.02, 
dp < 0.01 and 
ep < 0.001, are significantly different (C1, C2, C4 and C8 groups), 
when compared with values in C {Student's t test). 

f P < 0.05, significantly different, when values of CIS8, C2SO, C4S8 
and $16 are compared wth those of C1, C2, C4, C8 and SO groups 
{paired t test), respectively. 

Mean values • SEM. 

cholesterol content was due to a slight increase in all of 
the lipoprotein fractions, but mainly in fractions 11-15 
{density 1.063 to 1.150 g/nil). After two weeks of cystine 
feeding, a decrease in plasma cholesterol carried by chylo- 
microns and VLDL, and an increase in that carried by 
LDL2, became apparent. The two measurements repre- 
sented 7% and 27%, respectively, of the total plasma- 
cholesterol content. These proportions were 4% and 30% 
after four weeks of cystine feeding, and 2% and 41% after 
eight weeks. At this time, the marked increase {131%) in 
the plasma-cholesterol level, compared with rats fed the 
standard diet, essentially was due to an increase in 
LDL2 and HDL cholesterol. The most marked increase 
was observed in fraction 10 (d: 1.058 g/nil): 395%. 

Figure 2 shows the distribution of cholesterol among 
18 lipoprotein fractions isolated from rats fed the cystine 
diet for four weeks, and from rats fed the cystine diet for 
four weeks and then the standard diet for either four or 
eight weeks. In comparison with the profile obtained after 
four weeks of cystine feeding, no major changes occurred 
after replacing this diet by the standard one for four or 
eight weeks. A slight increase was observed in LDL2 
after four weeks, and a slight decrease occurred in HDL 
at four or eight weeks. Similar observations were made 
when rats were fed the cystine diet for eight weeks fol- 
lowed by the standard diet. 
Lipoprotein composition. The chemical composition of 

lipoproteins {proteins, cholesterol, triglycerides and phos- 
pholipids expressed as percentage of the total lipoprotein 
weight) from rats fed the standard diet (C0 group), or the 
cystine-enriched diet for four weeks (C4 group) or eight 
weeks (C8 group), followed by the standard diet for eight 
weeks (C4S8 and C8S8 groups), are reported in Table 3. 

CHOLESTEROL 
ullnd PLASMA 

1 

2 0 0  

) 

1 N .  

V ,' 

t ,5 t 1"0 t t 15 FRACTION 
1.020 1.040 1.0U 1.100 DENSITY glml 

FIG. 1. Cholesterol distribution in 18 lipoprotein fractions from rats fed the standard 
diet {e) or the cystine-enriched diet for 1 (O), 2 fix), 4 (A) or 8 (~) weeks (n = 5 for each 
group, means _ SEM). 
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FIG.  2. Cholesterol  d i s t r ibu t ion  in 18 Upoprotein f rac t ions  f rom r a t s  fed a cystine~enriched 
diet  for  4 weeks  (A) or for  4 weeks  fol lowed by  4 {~) or  8 (O) weeks  of  s t a n d a r d  d ie t  (n = 
5 for  each  g roup ,  m e a n s  • SEM).  

T A B L E  3 

Prote in ,  Choles terol ,  Tr ig lycer ide  a n d  P hospho l i p i d  C o n t e n t  (as P e r c e n t a g e  of  To t a l  Lipoprote in)  in L ipopro te ins  a 

C o n s t i t u t e n t  G r o u p s  C h y l o m i c r o n s  + V L D L  LDL1 LDL2 H D L  

P ro t e in s  CO 7.5 _ 0.5 17.0 +_ 1.2 35.4 +- 2.0 56.5 _ 0.9 
C4 9.7 _+ 0.4 c 19.6 + 1.8 27.2 - 0.7 d 50.0 _ 1.1 d 
C4S8 8.6 +_ 0.8 17.9 _ 1.9 30.5 -+ 0.6b, h 49.0 + 0.2 d 
C8 12.8 +_ 1.9 b 24.6 + 1.0 d 31.7 53.6 +_ 1.4 
C8S8 12.2 -!-_ 1.4 b 24.0 + 2.2 34.1 + 0.5 53.8 +_ 0.8 

Choles te ro l  CO 2.8 __ 0.3 7.0 + 2.7 27.7 +- 1.6 16.5 +_ 2.1 
C4 5.6 _ 0.4 d 26.2 _ 3.9 c 34.0 - 0.7 d 17.7 +_ 0.3 
C4S8 4.4 + 0.3 c 13.5 _+ 1.3b, f 29.2 + 0.9 h 16.1 + 0 .5f  
C8 11.1 _+ 2.5 b 24.2 _.+ 3.6 c 34.2 18.9 _+ 0.6 
C8S8 7.5 -!-_ 1.4 b 27.2 -4- 4.4c 33.1 +_- 1.1 b 18.2 _.+ 0.5 

Tr ig lyce r ides  CO 75.0 + 1.5 58.2 _+ 6.5 12.5 + 2.5 2.7 -4- 0.7 
C4 71.3 + 1.3 31.5 ___ 6.6b 1.8 + 0.3 b 1.1 +__ 0.1 
C4S8 71.2 +_ 1.3 45.5 __. 2.7 1.1 + 0.5 b 1.4 + 0.2 
C8 54.5 __. 5.4 c 33.7 + 4.0 c 3.0 3.8 _+ 0.6 
C8S8 67.1 + 4.1 28.3 ___ 8.1b 2.5 +-- 1.0 d 1.3 +_ 0 .3g  

P h o s p h o l i p i d s  CO 14.6 +_ 1.0 17.8 + 0.3 24.4 +_ 2.0 26.7 + 1.3 
C4 13.3 + 0.5 22.7 + 1.9 37.0 +- 1.1 e 31.2 ___ 1.0 b 
C4S8 15.8 + 0 .7[  23.1 +__ 0.8 39.1 +-- 0.8 e 33.4 __. 0.4 c 
C8 15.9 _ 1.9 17.5 -!-_ 1.3 31.0 23.7 _ 1.3 
C 8 S 8  12.9 _ 1.3 20.4 +_ 1.7 30.3 - 0.7 b 26.7 _+ 0.5 

alsolated from rats fed the standard diet (CO), or the cystine~enriched diet for 4 {C4) or 8 weeks (C8) followed by the standard diet for 
8 weeks (C4S8 and C8S8). 

bp < 0.O5, 
c p  < 0.02, 
d p  < 0.01 and  
e p  < 0.001 {S tuden t ' s  t test) ,  are  s ign i f i can t ly  d i f fe ren t  t h a n  t h o s e  v a l u e s  ob ta ined  in t h e  CO group .  
fP  < 0.05 a n d  
g P  < 0.01 {paired t test) ,  a re  v a l u e s  s ign i f i can t ly  d i f fe ren t  in t h e  C4S8 g r o u p  c o m p a r e d  w i t h  t h e  C4 g roup ,  or  in t he  C8S8 g roup  c o m p a r e d  

w i t h  t h e  C8 group ,  
M e a n s  + S E M  (n = 5, for  each  group}. 
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TABLE 4 

Apoprotein Composition {as Percentage of Total Apoproteins) of LDL 2 and HDL a 

Groups ApoB100 ApoB48 ApoAiv ApoE ApoA I ApoC 

LDL 2 S16 4 _  2 1 -- 34 + 1 21 ___ 1 40___ 2 
C8 13 + 4 3 1 46 + 3 c 20___ 3 16 +- 2 d 
C8S8 2 + 1 1 1 3 7 _  4 33--- 3 c 28 + 4 b 

HDL S16 -- -- 12 + 1 3 +- 1 56 --- 3 29 +. 1 
C8 -- -- 11 +. 1 10 +. 2 b 53 +. 3 26 +. 1 
C8S8 -- -- 8 +, 1 1 +_ 1 61 +. 4 29--- 2 

aFrom rats (3-4 per group} fed the standard diet for 16 weeks {S16), or rats fed the cystine-enriched diet 
for 8 weeks (C8) followed by the standard diet for 8 weeks (C8S8). 

bp < O.02, 
c p < 0.01 and 

dp < 0.001, are significantly different than those values obtained in the $16 group. 
Means +_ SEM. 

The major  changes occurring af ter  feeding the cystine- 
enriched diet were an increase in the relative proport ion 
of cholesterol in the lighest lipoproteins, chylomicrons and 
V L D L  (+ 100% after  four weeks and + 296% af ter  eight 
weeks) and LDL1 {+274% after  four weeks and +246% 
af ter  eight  weeks). A decrease in the tr iglyceride propor- 
t ion was shown for LDL1 and LDL2 after  four weeks of 
cyst ine feeding ( - 4 6 %  and - 8 6 % ,  respectively) and ap- 
peared in chylomicrons and VLDL after  eight weeks 
( -27%).  After  replacing the cystine-enriched diet with the 
s tandard  diet, the cholesterol enr ichment  pers is ted in 
chylomicrons plus V L D L  and in LDL 1 {+57% and 
+93%,  respectively, for the C4S8 group; and + 168% and 
+ 288%, respectively,  for the C8S8 group). The decrease 
in the tr iglyceride proport ion of LDL2 remained quite 
unchanged ( -76%) .  

Apolipoproteins. The apolipoprotein composi t ion (ex- 
pressed as percentage  of to ta l  apolipoproteins) of LDL2 
and H D L  from ra t s  fed the s tandard  diet for 16 weeks 
($16), and ra t s  fed the cystine-enriched diet for eight  
weeks {C8) followed by  the s tandard  diet for eight  weeks 
(C8S8), is reported in Table 4. An enrichment in apoE was 
observed in LDL2 and H D L  after  eight weeks of cyst ine 
feeding (34% and 233%, respectively). In  LDL s, this 
enr ichment  was associated with a decrease in the apoC 
proport ion {by (60%). E ight  weeks af ter  replacement  of 
the cyst ine diet with the s tandard  diet, the apoE propor- 
tion in LDL2 and H D L  returned to a value close to tha t  
of control ra t s  {$16), whereas in LDL2, the apoC propor- 
tion still remained slightly lower than  in control ra t s  and 
the apoAi proport ion was slightly higher. 

Drug trials. Plasma  cholesterol was significantly de- 
creased by  probucol and choles tyramine (29% and 28%, 
respectively), in ra ts  previously fed a cystine-enriched diet 
{Table 5). Cholesterol concentrat ions were decreased in 
LDL2 and H D L  and the values for H D L  re turned to 
the levels observed in control rats.  However,  LDL2-cho- 
lesterol concentrat ions still remained higher than  in 
control rats.  

DISCUSSION 

Studies carried out in man and in experimental animals 
have clearly shown that the plasma-cholesterol level can 

TABLE 5 

Cholesterol Levels (/~glmi) in Plasma, LDL 2 and HDL of Rats a 

Groups Plasma LDL 2 HDL 

CO 801 +- 63 153 + 39 501 + 29 
C4S4 1320 _ 70 532 +- 26 663 +- 49 
C4Pro 940 + 50 c 323 + 49c, d 539 +_ 32 
C4Cy 950 _ 50 c 305 + 40c, d 490 +- 31b 

aFed either the standard diet {CO) or the cystine-enriched diet for 
4 weeks, and then either the standard diet (C4S4) alone or the stan- 
dard diet supplemented with probucol (0.25 %, C4Pro) or cholestyr- 
amine (2%, C4Cy) for 4 weeks. 

bp < 0.02 and 

c p < 0.01, are significantly different in the C Pro and C Cy groups 
than in the C S group. 

dp< 0.05, is significantly different in the C Pro and C Cy groups 
than in the C group. 

Means ___ SEM {n = 5). 

be influenced by  the nature  of die tary  proteins  (16,17). 
In the ra t  (18-20) and in hypercholesterolemic subjects  
(21-23), p l a sma  cholesterol was  lower with soy protein 
than with casein diet. The amino acid composition of these 
proteins has been implicated in tha t  effect (17,18,24,25). 
I t  has been reported,  in var ious species, t ha t  some in- 
dividual amino acids added in excess into diets increase 
the p lasma  cholesterol levels, whereas others  decrease it 
or have no effect. I t  has been observed that ,  among  six 
amino acids used in excess in the diet, only cyst ine {5% 
added) increases the ra t  p lasma cholesterol level (8). 
Therefore, a new model of hypercholesterolemia of en- 
dogenous origin was available. This model brought  for th 
new information concerning the regulat ion of p la sma  
cholesterol (26). 

F rom the first  week onwards, the cystine-enriched diet 
reduced body weight  increase and food intake, as 
previously  described (8), increased plasma-cholesterol  
level and decreased plasma-tr iglyceride levels. These 
above changes were amplified with the duration of cystine 
ingestion to reach maximal  effect af ter  eight weeks 
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(+ 131% in cholesterol and - 7 7 %  in triglycerides). No 
further increase in plasma cholesterol occurred when the 
cystine diet was given for a longer time. (At 20 weeks, 
plasma cholesterol was equal to 1.32 _ 0.20 mg/ml.) 
Cessation of the cystine diet did not induce a quick return 
to a normal plasma-cholesterol level. Hypercholester- 
olemia persisted for eight weeks after replacement of the 
cystine diet (given previously for four weeks) with the 
standard diet (Fig. 2). It persisted for 28 weeks after 
replacing the cystine diet given for 20 weeks with the 
standard diet (1.40 _+ 0.20 mg/ml). It is interesting that, 
in Wistar rats fed the semipurified diet (sucrose-rich and 
containing lard) ad libitum, the plasma-triglyceride level 
is very high when animals are not fasted before blood 
sampling. 

In contrast to human plasma cholesterol that is carried 
mainly by LDL (1.019 < d < 1.063) and contains only 
apoB, the rat plasma cholesterol is carried essentially by 
HDL (1.063 < d < 1.21). The rat lipoproteins of density 
range 1.019-1.063 are constituted by two fractions as 
shown by ultracentrifugation in a zonal system or on an 
isopycnlc gradient--the lightest is apoB-rich (LDL) and 
the heaviest {HDL~) is apoE-rich (27). In the present 
study, LDL of density range 1.006-1.063 have been 
separated into 2 fractions--LDL, (1.006 < d < 1.040) and 
LDL2 (1.040 < d < 1.063), according to Fidge and Poulis 
(28). LDL~ contain mainly apoB (over 70% of total pro- 
teins, results not shown), whereas LDL2 contain apoE, 
apoA I and apoC as major apolipoproteins and a minor 
amount of apoB. In this study, although HDL, {or apoE- 
rich HDL) had not been isolated by affinity chromatog- 
raphy (29) or electrophoresis (30), the low apoB and high 
apoE contents of LDL2 suggest that this lipoprotein 
fraction is largely constituted of HDL1. The low apoE 
and high apoA1 contents in HDL (1.063 < d < 1.21) 
reflect that these HDL are mainly apoA]-rich HDL, or 
HDL2. Nevertheless, taking into account the absolute 
amounts of proteins in lipoproteins and the relative pro- 
portions of the different apolipoproteins, it can be esti- 
mated that the absolute amount of apoE in LDL2 is 
similar to that in HDL (about 50 ~g/mi plasma), but  the 
amount of apoAl is about 20 times greater in HDL 
(about 800 ~g/ml plasma), than in LDL2 (about 40 ~g/mi). 
Therefore, assuming that the apoE content could reflect 
the presence of HDL,, similar amounts of HDL1 seemed 
to be present in the 2 fractions, LDL~ and HDL. 
Therefore, HDL~ would be the major lipoprotein con- 
tained in LDL2, but only a minor one in HDL. 

The characteristics of hypercholesterolemia from en- 
dogenous origin, obtained in rats fed a cystine-enriched 
diet, are opposite to those of hypercholesterolemia from 
exogenous origin, obtained in rats fed a cholesterol- 
enriched diet. As compared with normal rats, in rats fed 
the cystine-enriched diet for eight weeks, cholesterol 
distribution in lipoproteins is characterized by a decrease 
in chylomicrons + VLDL (fractions 1 + 2 in the density 
gradient), an increase in LDL2 (fractions 7-11), that par- 
ticularly affects fraction 10 (+395%), and an increase in 
HDL (fractions 12-18). In cholesterol-fed rats, high 
chylomicrons + VLDL levels and low LDL2 and HDL 
levels were reported (9). Whereas, in control rats with 
cholesterol essentially being carried by HDL (63%) and 
LDL2 (20%), eight weeks of cystine feeding enhances the 
participation of LDL 2 in the cholesterol transport (41%). 

The hypercholesterolemia with the relatively high LDL 2- 
and HDL-cholesterol content of the cystine diet, which 
was given for 4 or 8 weeks, persisted for eight more weeks 
after replacement with the normal diet. Cessation of the 
cystine diet did not induce a quick return to a normal 
situation, because 40% of the plasma cholesterol is still 
transported by LDL2 (C8S8). 

Some changes in the chemical composition of lipoprc~ 
teins were observed from the fourth week of cystine 
feeding (Table 3). The relative proportions of cholesterol 
in chylomicrons + VLDL, LDL, and LDL2 were in- 
creased, and those of triglycerides in LDL, and LDL2 
(C4) in chylomicrons + VLDL, LDL1 and LDL~ (C8) 
were decreased. Replacement of the cystine diet with the 
standard diet was not sufficient to recover a normal 
chemical composition of these lipoproteins, which re- 
mained cholesterol-enriched and triglyceride-poor. Both 
the low triglyceride proportion and the low triglyceride 
levels in the lighest lipoproteins certainly resulted from 
a very active lipolysis. 

The plasma apoE content in LDL~ and in HDL was 
similarly increased (fivefold) in cystine-fed rats, resulting 
again in identical apoE amounts in these two lipoprotein 
fractions. The apoAl content was multipled by three in 
LDL~ and by 1.5 in HDL, and the apoB content in LDLe 
was 10-fold that of control rats. The increase in apoE-rich 
lipoproteins could result from an increased apoE produc- 
tion. The increase in apoB-rich LDL could be explained 
by either an increased production or a delayed catabolism, 
because apoE and apoB compete for binding to the 
apoB,E receptor (31). After eight weeks of cystine feeding, 
cessation of the cystine diet for eight more weeks de- 
creased the absolute amount of apoE in HDL, which 
returned to control values, but that of LDL2 remained 
high. 

In the rat, the plasma HDL1 level depends on the 
nutritional or experimental conditions. It is increased by 
diets enriched with cholesterol and propylthiouracil 
(PTU}, which is an antithyroid drug (2,5), PTU alone (32), 
cystine excess {9), and by copper-deficient diet {33). The 
plasma HDL1 level decreases with a cholesterol-enriched 
diet, without addition of PTU (5,9), and with essential fat- 
ty acid deficiency (34). It can be noted that apoE-rich 
HDL, normally not present in human plasma, have been 
observed in some pathological disorders as primary 
biliary cirrhosis (35), familial lecithin:cholesterol acyl 
transferase {LCAT) deficiency (36) and alcoholic hepatitis 
(37). 

The origin of HDL, is now largely documented, 
although all the mechanisms involved in production of 
this lipoprotein are not fully understood. First, it was sug- 
gested that HDL~ could originate as a product of the 
catabolism of chylomicrons (27). Now it is well known that 
lipolysis of the triglyceride-rich lipoproteins provides sur- 
face constituents {free cholesterol, phospholipids and 
apolipoproteins) in the HDL density range {HDL~ and 
very high density lipoproteins or VHDL) (38,39). It also 
was demonstrated that the conversion of HDL 3 to 
HDL2, and then to HDL~, occurs with free cholesterol- 
and apoE-enrichment and esterification of free cholesterol 
by LCAT (30,31,40). In species devoid of cholesteryl ester 
transfer protein {CETP), such as the rat {15), the conver- 
sion is complete. In the presence of CETP, the conver- 
sion is stopped at HDL2, because esterified cholesterol 
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can be t ransported from HDL2 to VLDL, with the re- 
maining lipoprotein returning to the HDL3 density 
range (40). This explains why, under normal conditions, 
ra t  plasma, in contrast  to human plasma,  contains 
HDL1. Our own results with control, cholesterol-fed and 
cys t inefed  rats  (26) show a s t rong correlation between 
liver-cholesterol synthesis and the plasma LDL2 {rich in 
HDL~) level, and suggest  tha t  cholesterol necessary for 
the formation of HDL~ can be provided by the liver, 
perhaps in synergy with apoE production. Other recent 
experiments, not  yet  published, suggest  that  the hepatic 
lipase, which is involved in the lipolysis of triglyceride ~ 
rich lipoproteins, play an important role in the appearance 
of apoE-rich HDLp 

Because rats fed a cystine-enriched diet developed a 
relatively long-lasting hypercholesterolemia, the effects 
of two drugs known to be hypocholesterolemic were 
investigated. Results showed that both drugs were effec- 
tive in this model of hypercholesterolemia. HDL-choles- 
terol levels returned to normal values, but LDL2-choles- 
terol levels were not fully normalized by the drugs at the 
dosage used. 

In conclusion, rats fed a cystine-enriched diet con- 
stitute, even after cessation of this particular diet, a new 
tool for investigating the mechanisms that increase 
plasma~holesterol and, in particular, apoE-rich-HDL1 
levels. 
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Hydrolysis of a Fluorescent Substance Formed From an Oxidized 
Phospholipid and an Amino Compound by Phospholipase A2 
Toshlhlro Iio and Kazuakl Yoden* 
Showa College of Pharmaceutical Sciences I-8, Tsurumaki 5-chome, Setagaya-ku, Tokyo, Japan, 154 

PhosphatidylchoHne hydroperoxide produced a fluores- 
cent substance (FS-III) through reaction with 1-Amluo- 
pentane after preincubation with heine methyl ester as 
a model system. The FS-III was retained at the 2-position 
of the glycerol backbone of phosphatidylcholine without 
breakdown into low molecular weight compounds. Phos- 
phatidylcholine oxidized by catalysis with ferrous ion and 
ascorbic acid also produced the same fluorescent sub- 
stance (FS-III). Phospholipase A 2 specifically hydro- 
lyzed the FS-III attached to the phospholipid, making 
it possible to elute the same fluorescent substance (FS- 
II) as that obtained from oxidized methyl linoleate. The 
release of FS-II by hydrolysis of FS-III attached to 
phospholipid increased with greater phospholipase A2 
activity. It is suggested that, with aging, the accumula- 
tion of fluorescent lipofuscin pigments in biomembranes 
may be related to changes in the peroxidized phospholipid 
content and that phospholipase A2 may play a role in 
decreasing the formation and accumulation of fluorescent 
phospholipids in biomembranes. 
Lipids 23, 937-941 (1988). 

The degradative compounds derived from hydroperoxides 
{HPO) of polyunsaturated fatty acids (PUFA) in the 
presence of metals, ascorbic acid or heme methyl ester 
(heme) compounds are involved in fluorescence formation 
through reaction with amino compounds in vitro (1,2). 
These fluorescent substances exhibit fluorescence spec- 
tra with excitation and emission maxima at 320-350 nm 
and 410-430 nm, respectively. These are very similar to 
the fluorescence spectra of fluorescent lipofuscin pig- 
ments, associated with aging, in animal tissues (3-5). 

We recently have reported that both the 9- and the 
13-HPO of methyl linoleate (ML) produced fluorescent 
substances exhibiting the same fluorescence spectra 
through reaction with 1-aminopentane (1-AP) as a model 
amino compound after preincubation with heine (6). 
PUFA are acylated mainly at the 2-glycerol position of 
phospholipid and are converted to HPO without release 
from phospholipid at the early stage of lipid peroxidation 
(7,8). For example, linoleic acid attached to phospholipid 
produces 9- and 13-HPO derivatives without fatty acid 
release (8). HPO of 1-palmitoyl-2-1inoleoyl-phosphatidyl- 
choline (PLPC) also showed similar fluorescence charac- 
teristics through reaction with 1-AP in the presence of 
heme (9). Moreover, the fluorescent substance was 
attached to PLPC and was released from the glycerol 
backbone after transmethylation. These results suggest 
that acylated fatty acid peroxides in phospholipids may 
play an important role in the formation of fluorescent sub- 
stances with various amino compounds in biomembranes. 

*To whom correspondence should be addressed. 
Abbreviations: 1-AP, 1-~mlnopentane; heine, heine methyl ester(s); 
HPO, hydroperoxide(s); ML, methyl linoleate; PLPC, 1-pMmitoyl-2- 
linoleoyl-phosphatidylcholine; PUFA, polyunsaturated fatty acid(s); 
HPLC, high performance liquid chromatography; TLC, thin layer 
chromatography. 

PUFA moieties attached to the 2-glycerol position of 
phospholipids generally can be hydrolyzed with phospho- 
lipase A2. It recently was reported that phospholipase 
A2 also preferentially hydrolyzes peroxidized fatty acid 
esters in phospholipids (10-12). In the present study, 
therefore, we investigated the phospholipase A2-depen- 
dent hydrolysis of the fluorescent substances attached 
to the 2-position of the glycerol backbone of phosphatidyl- 
choline. The role of phospholipase A2 in the accumula- 
tion of fluorescent lipofuscin pigments in biomembranes 
is discussed. 

MATERIALS AND METHODS 

Materials. Linoleic acid, ML, PLPC, heroin (type I), soy- 
bean lipoxygenase {Type I) and phospholipase A 2 (from 
porcine pancreas, 650 units/mg protein) were purchased 
from Sigma Chemical Co. (St. Louis, MO). 1-AP and 5% 
methanolic m-trifluoromethylphenyltrirnethyl anunonium 
hydroxide were purchased from Tokyo Kasei Kogyo Co., 
Ltd. (Tokyo, Japan). Heme was prepared according to the 
method of Ortiz de Montellano et al. (13). 

Preparation of ML-HPO, PLPC-HPO and oxidized ML 
or PLPC. MI~HPO and PLPC-HPO were prepared using 
lipoxygenase, according to the methods previously re- 
ported {9). Direct oxidation of ML and PLPC by iron and 
ascorbate was carried out by the following procedure. To 
ML or PLPC (1 ~mol each) dispersed with 0.2 ml of 0.1% 
Tween 80 solution by vortexing, 1.4 ml of 0.1 M Tris buf- 
fer (pH 7.4), 0.2 ml of 0.1 mM FeSO4 and 0.2 ml of I mM 
ascorbic acid were added, and this mixture was incubated 
at 37~ for 3 hr. Oxidized ML or PLPC was extracted 
with 5 ml of a chloroform/methanol {2:1) mixture and the 
chloroform layer was evaporated under an N2 stream. 

Formation of fluorescent substances. Fluorescence for- 
mation through reaction of ML-HPO or PLPC-HPO (100 
nmol) with 1-AP (1 j~mol) in the presence of heme (1 nmol) 
was carried out, according to the method previously 
reported (6,9). Oxidized ML or PLPC was dissolved in 0.2 
ml of chloroform, and 1.8 ml of methanol was added. This 
solution was preincubated with or without heme (1 nmol) 
at 37~ for 30 min. One ml of 1-AP (1 ~mol) in methanol 
was added to each respective preincubation mixture and 
the mixture was further incubated, at 37~ for 20 hr, for 
fluorescence formation. Fluorscence spectra were mea- 
sured with a Hitachi MPF-3 fluorescence spectrophoto- 
meter (Hitachi Ltd., Tokyo, Japan) and fluorescence in- 
tensity was expressed as a percentage of that intensity 
of a quinine sulfate standard (0.1 ~g/rnl in 0.1 N H2SO4). 
The total fluorescence intensity of each sample was ad- 
justed to the same fluorescence strength {700%) by con- 
centration under an N2 stream, and an aliquot of each 
was subjected to high performance liquid chromatog- 
raphy (HPLC). HPLC was performed on a ~-Bondapak 
FAA column (3.9 • 300 ram, Waters Associates, Milford, 
MA), using methanol/water (8:2) for the first 10 rain, 
followed by methanol/water (9:1) as the mobile phases at 
a flow rate of 1.0 ml/min. A packed guard column (4 • 
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50 mm, Unisil C18, 10/~rn, Gasukuro Kogyo Inc., Tokyo, 
Japan) was used. Fluorescence peaks were monitored at 
excitation and emission maxima, 350 rim and 420 nm, 
with a Hitachi 650-10LC fluorescence spectrophotometer 
(Hitachi Ltd., Tokyo, Japan). The fluorescent substances 
were then subjected to thin layer chromatography (TLC) 
(Kieselgel 60, Merck, Darmstadt, FRG) and developed 
with chloroform]methanol (9:1). 

Hydrolysis of fluorescent substances with phospho- 
lipase Ae Fifty ~1 of each fluorescent sample were evapo- 
rated under an N2 stream and were dispersed in 0.2 ml 
of 10 mM sodium deoxycholate by vortexing. The reac- 
tion was carried out at 37~ for 30 rain in 2 ml of 0.1 M 
Tris buffer (pH 8.4), containing 5 mM CaC12 and 13 units 
of phospholipase A2. Reaction products were extracted 
with 5 ml of chloroform]methanol (2:1) and methylated 
with diazomethane in ethyl ether at 25~ for 15 rain. 

RESULTS 

Purified ML-HPO or PLPC-HPO and oxidized ML or 
PLPC were separately incubated with 1-AP in methanol 
solution at 37~ for 20 hr after preincubation with or 
without heme. Both ML-HPO and PLPC-HPO produced 
fluorescent substances exhibi.~ing the same fluorescence 
spectra with excitation and emission maxima at 340- 
350 nm and 410-425 nm, respectively, while those HPO 
incubated without heme produced only a small number 
of fluorescent substances (Table 1). On the other hand, 
both oxidized ML and PLPC directly produced fluores- 
cent substances having the same fluorescence spectra, 
through reaction with 1-AP in the absence of heme. 
Moreover, these fluorescence intensities showed a twofold 
increase, after preincubation with heme, accompanied by 
degradation of their HPO. 

We previously reported that fluorescent substances 
formed from secondary oxidation products of ML with 
1-AP in methanol solution revealed two fluorescence 

TABLE 1 

Fluorescence Formation from Oxidized PLPC or ML 
and their HPO with 1-AP 

heme 

Excitation Emission Fluorescence 
mR~imum maximum intensity 

(nm) (nm) (%) 

PLPC-HPO - 348 418 21.6 
+ 348 420 114.2 

ML-HPO - 348 418 28.0 
+ 350 418 140.0 

Oxidized PLPC - 350 418 125.8 
+ 350 420 226.0 

Oxidized ML - 348 418 147.3 
+ 350 420 276.7 

Both PLPC- and ML-HPO (100 nmol) were separately preincubated 
with or without heme (1 nmol) in 2 ml of methanol at 37~ for 30 
rain. One/~rnol of PLPC or ML oxidized with Fe ++ and ascorbate 
also was preincubated with or without heme (1 nmol) under the same 
conditions. One ml of 1-AP (1 ~mol) in methanol was added to the 
each preincubation mixture and then incubated at 37~ for 20 hr 
for fluorescence formation. 

peaks (FS-I and FS-II) upon reverse-phase HPLC (14). 
Similarly, oxidized ML also produced two fluorescent 
substances, FS-I and FS-II, by reaction with 1-AP, as 
shown in Figure 1 B, and ML-HPO revealed one major 
fluorescence peak (FS-II) and one small peak (FS-I). On 
the other hand, when fluorescent substances formed from 
PLPC-HPO with 1-AP after decomposition by heme were 
subjected to reverse~phase HPLC, a new major fluores- 
cence peak (F~III)  was eluted at a retention time of 18.5 
min, but only small peaks of FS-I and FS-II were detected 
(Fig. 1A). However, oxidized PLPC produced the new 
fluorescence peak (FS-III) and the FS-I peak, but not 
FS-II. I t  could be inferred from these results that FS-I 
was formed from both oxidized ML and PLPC, but n o t  
from the degraded compounds produced from ML-HPO 
and PLPC-HPO by heme. 

The fluorescent substances formed from both PLPC- 
HPO and oxidized PLPC were transmethylated with m- 
trifluoromethylphenyltrimethyl Ammonium hydroxide in 
methanol solution according to the method previously 
described (9). After transmethylation, the FS-II peak ap- 
peared at a retention time of 8.5 rain, but the FS-III peak 
disappeared (Fig. 2A). The appearance of the FS-II peak 
after transmethylation supports the possibility that  the 
new major fluorescent substance (FS-III) is retained at 
the 2-position of glycerol backbone in PLPC. 

Phospholipase A2 preferentially hydrolyzes PUFA 
esters at the 2-position of phospholipids. Therefore, the 
possible role of phospholipase A2 in the release of fluo- 
rescent substances formed from oxidized phospholipids 
also was examined in this study. When the fluorescent 
substances formed from PLPC-HPO were incubated with 
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FIG. 1. HPLC of fluorescent substances formed from oxidized PLPC 
or ML and their HPO with 1-AP. Reverse-phase HPLC was per- 
formed on a ~-Bondapak F A A  and elution was  carried out with 
methanol/water (80:.20 and 9(k.10) mixtures at a flow rate of 1 ml/min 
Aliquots of fluorescent solution formed from PLPC-HPO (A, - - ) ,  
oxidized-PLPC (A, - - - - - - ) ,  M I ,HPO (13, - - )  or oxidized-ML 
(B, - - - - - - )  with 1-AP in the presence of heme were subjected to HPLC 
using the methods described in Materials and Methods. 
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FIG. 2. HPLC of fluorescent substances  formed from PLPC-HPO 
or oxidized PLPC with 1-AP after transmethylat ion  and 
phospholipase A 2 hydrolysis. HPLC was performed as described in 
Fig. 1. Fluorescent substances formed from both PLPC-HPO ( - - )  
and oxidized PLPC ( -  ----) were transmethylated (A) or hydrolyzed 
with phospholipase A 2 (B) as described in Materials and Methods. 

p h o s p h o l i p a s e  A 2 and methyla ted  with diazomethane, 
the FS-II I  peak disappeared completely and the FS-II  
peak appeared at a retent ion t ime of 8.5 rain in HPLC 
{Fig. 2B). Similarly, the FS-II I  formed from oxidized 
PLPC also changed W the FS-II, following the same treat- 
ment  as described above, but  the FS-I peak was not  in- 
fluenced by hydrolysis with phospholipase A2 and eluted 
at  the same retent ion time. 

A diagram of the TLC plates is shown in Figure 3. The 
fluorescent substance (FS-II) formed from ML-HPO 
showed an Rf of 0.60, and the FS-I I I  spot formed from 
PLPC-HPO was detected at the origin. After  t rea tment  
of FS-I I I  with phospholipase A2, the fluorescent sub- 
stance was detected at the same Rf value {0.60} as tha t  
of FS-II. 

When FS-I and FS-III  formed from oxidized PLPC 
were collected by  HPLC and separately incubated with 
phospholipase A2, FS-I I I  specifically produced FS-II  
and the level of FS-II  released from hydrolysis  of 
FS-II I  increased with greater  phospholipase A 2 act ivi ty 
(Fig. 4), but  FS-I did not  appear to be influenced by  
phospholipase A2. 

DISCUSSION 

Fluorescent lipofuscin pigments associated with aging are 
believed to be formed from lipid peroxides with amino 
compounds in animal tissues (4,5). Although malon- 
dialdehyde reacts with amino compounds to forra fluores- 
cent substances in vitro (15,16), malondialdehyde has not 
ye t  been conclusively identified in biological tissues. 
Therefore, the role of malondialdehyde in the in vivo for- 
mation of lipofuscin pigments  seems to have been exag- 
gerated (4). 
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FIG. 3. TLC of fluorescent substances formed from ML-HPO or 
PLPC-HPO with 1-AP. Aliquots of fluorescent solution formed from 
PLPC-HPO were subjected to TLC before {1) and after (2) 
phospholipase A z hydrolysis. ML (3), fluorescent substances (4) 
formed from ML-HPO and PLPC incubated with {5) and without 
(6) phosphoHpase A 2 were also subjected to TLC. Fluorescent spots 
(broken oval) were detected by excitation at around 360 nm, while 
other spots  (crosshatched oval) were detected under iodine vapor. 

A 

6 .5  13 19.5  

P h o s p h o l i p a s e  A 2 ( u n i t )  

FIG. 4. Hydrolysis of FS-III with phospholipase A 2 and appearance 
of FS-II. FS-I and FS-III  formed from oxidized PLPC with 1-AP 
were purified by HPLC. An aliquot of each fluorescent substance 
was hydrolyzed with phospholipase A 2 and methylatsd with 
diazomethane. After that, each fluorescence peak height of FS-I (A), 
FS-II (0)  and FS-III  ( � 9  was  measured on HPLC using the method 
as described in Materials and Methods. Fluorescence intensities were 
expressed as the percentage of a nontreated sample. 

On the other  hand, there are numerous reports  tha t  
HPO are easily degraded by many types of catalysts such 
as metals, ascorbic acid or heme compounds (17-19), and 
tha t  the degradat ive compounds produced are involved 
in the formation of fluorescent substances through reac- 
tion with amino compounds (1,2,20). For  example, 
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through autoxidation, ML produces 9- and 13-positional 
monohydroperoxide isomers having the cis-trans and 
trans-trans configurations, and, in the presence of heine, 
all of them produce fluorescent substances with the ex- 
citation and emission maxima at 350 nm and 420 nm, 
respectively, by reaction with amino compound (6). De- 
composition of monohydroperoxides of methyl linolenate 
forms dimeric or monomeric compounds and many kinds 
of volatile breakdown products including monoaidehydes 
such as propanal, 2-pentenai or 2,4-heptadienal (21). Al- 
though these monoaldehydes also produce fluorescent 
substances through reaction with amino compounds in 
vitro (22,23), Frankel et al. (24) have reported that  mona 
meric compounds, other than these volatile aldehydes 
prepared from methyl linolenate HPO, produce a higher 
level of fluorescence. We also have demonstrated that 
secondary oxidation products prepared from autoxidized 
ML are directly involved in the formation of fluorescent 
substances (14). 

PUFA in biological tissues are mainly localized in mem- 
brane phospholipids and are converted to HPO without 
release from their glycerol backbone (7,8). Miyazawa et 
al. (25) recently succeeded in confirming the presence of 
phosphatidylcholine HPO in normal human blood. These 
results seem to imply that phospholipid HPO are involved 
in the formation of fluorescent substances in biological 
tissues. As a model system, when PLPC-HPO was in- 
cubated with 1-AP after decomposition by heme, PLPC- 
HPO also produced a fluorescent substance having the 
same fluorescence spectrum as that  obtained from ML- 
HPO, which was attached to PLPC without being re- 
leased from its glycerol backbone (9). Nielsen (26) also 
reported that peroxidized cardiolipin produced a fluores- 
cent substance through reaction with albumin. Moreover, 
Shimasaki et al. (27) have reported that  the fluorescent 
substances formed from oxidized liposomes containing rat 
liver phosphatidylcholine and phosphatidylethanolamlne 
remain in the liposome membranes. The results obtained 
in the present study also strongly suggest that  peroxi- 
dized PUFA substituted at the 2-glycerol position in 
phospholipid are directly involved in the formation of 
fluorescent substances through reaction with amino com- 
pounds without hydrolysis. 

It is well known that  phospholipase A2 release PUFA 
from the 2-glycerol position in membrane phospholipids. 
Moreover, it has been shown recently that membrane- 
associated phospholipase A2 displayed significantly 
greater activity against acylated fat ty acid peroxides in 
phospholipids (10-12). The elimination of peroxidized 
fat ty acids from membrane phospholipids was shown to 
protect membranes from peroxidation damage, and then, 
pbospholipase A2 was necessary for the detoxification of 
the lipid peroxides (12). Moreover, Jung et al. (28) reported 
that  phosphatidylcholine, oxygenated at the carbon-15 
position of the arachidonic acid moiety by 15-1ipoxy- 
genase in human polymorphonuclear leukocytes, was 
hydrolyzed by phospholipase A2 at a faster rate than 
nonoxygenated phosphatidylcholine. Ozawa et al. (29) 
also suggested that phospholipase A2 played a key role 
in releasing leukotoxin in lung lavages from rats. 

Based on these reports of the preferential hydrolysis 
of peroxidized phospholipids with phospholipase As, we 
now provide additional support for the concept of phos- 
pholipase As having an important role in the regulation 

of fluorescent substances as they accumulate as end prod- 
ucts of lipid peroxidation and cause membrane damage. 
As revealed by HPLC and shown in Figure 2B, FS-III 
attached to PLPC was hydrolyzed with phospholipase 
A2 and released the resulting fluorescent substance at 
the same retention time {8.5 rain) as that of FS-II formed 
from ML-HPO. These results suggest that  the fluores- 
cent substance (FS-III) formed from oxidized phospho- 
lipid is retained at the 2-glycerol position, and that  the 
fluorescent moiety may be gradually released from phos- 
pholipid by hydrolysis with phospholipase A2. On the 
other hand, FS-I formed from both oxidized ML and 
PLPC with 1-AP may be derived from breakdown prod- 
ucts {e.g., reactive carbonyls) of linoleic acid by iron and 
ascorbate, because FS-I was not affected with phospho- 
lipase A~. 

Lipid peroxides are derived mainly from PUFA at- 
tached to phospholipids of biomembranes, and Palmer et 
al. {30) have reported that liver lipopigments in sheep con- 
tain substantial quantities of phospholipid and linoleate. 
This result also indicates that  peroxidized phospholipids 
may be involved in the formation of fluorescent chromo- 
lipids in lipofuscin pigments. Moreover, it is suggested 
that, with aging, the accumulation of fluorescent lipo- 
fuscin pigments in biomembranes may be related to the 
changes occurring in peroxidized phospholipid content, 
and phospholipase A 2 may play a role in controlling the 
formation and accumulation of fluorescent lipofuscin 
pigments in animal tissues. Kuijk et al. {ll) have dis- 
cussed the novel role of phospholipase deficiency as a 
causal factor in degenerative diseases such as neuronal 
ceroid lipofuscinosis. 
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Arachidonic Acid Uptake by Phospholipids and Triacylglycerols 
of Rat Brain Subcellular Membranes 
Tong-Nan Lln% Ronald MacQuarrle~ and Grace Y. Suna,* 
aSlnclalr Comparative Medicine Research Farm and Department of Biochemistry, University of Missouri, Columbia, MO 65203, and 
bSchool of Basic Life Sciences, University of Missouri-Kansas City, Kansas City, MO 64110 

In the presence of ATP, MgCI2 and CoASH, different 
subcellular membrane fractions isolated from rat cerebral 
cortex exhibited characteristic profiles for the incorpora- 
tion of [1-14C]arachidonic acid into phospholipids and 
triacylglycerols. In general, uptake of label by phospha- 
tidylcholines was higher in the synaptic membranes, and 
that by phosphatidylinositols was higher in the micr~ 
somes and somal plasma membranes. A substantial 
amount of the labeled arachidonate was also incorporated 
into triacylglycerols, especially in the somal plasma mem- 
branes and microsomes. Enzymes mediating the transfer 
of arachidonic acid to phospholipids were unstable with 
respect to sample storage and exposure to elevated 
temperatures. In contrast, the acyltransferase for triacyl- 
glycerols was more stable to these factors. Washing the 
membranes with bovine serum albumin resulted in an 
enhancement of the incorporation of label into phospha- 
tidylinositols without affecting that of phosphatidyl- 
cholines, but the incorporation into triacylglycerols was 
inhibited. Treatment of synaptosomes and plasma mem- 
branes with saponin resulted in an enhancement in the 
labeling of phospholipids, but the labeling of triacylglyc- 
erols was inhibited. Thus, although labeled arachidonic 
acid was incorporated into phospholipids and triacyl- 
glycerols in brain subcellular membranes, these two types 
of acyltransferases exhibited different properties and 
responded differently to membrane perturbing agents. 
Lipids 23, 942-947 (1988). 

Not only are the phospholipids in brain important in pro- 
viding the structural stability of neuronal membranes, 
they also are actively engaged in metabolic activities 
essential for maintaining the proper functioning of the 
membranes. A characteristic feature of this metabolism 
is the presence of enzymes for the deacylation-reacylation 
of phosphoglycerides, through which acyl groups may be 
modified (1). In brain membranes, arachidonic acid is 
specifically involved in deacylation-reacylation activity 
(2), and active uptake by phosphatidylinositols (PI) and 
phosphatidylcholines (PC) has been reported (3). More re- 
cent studies have shown that each of these acyltransfer 
processes is catalyzed by a separate acyltransferase (4). 
There is also evidence that fatty acid ligase is present in 
most subcellular membranes in conjunction with acyl- 
transferases, so that fat ty acids can be effectively ac- 
tivated and transferred to the lysophospholipid within the 
same membrane domain (5). 

Baker and Chang (6) reported that the uptake of fatty 
acids by triacylglycerols (TG) is a specially active process 

*To whom correspondence should be addressed at Sinclair Research 
Farm, University of Missouri, 5655 South Sinclair Rd., Columbia, 
MO 65203-9497. 
Abbreviations: BSA, bovine serum albumin; DG, diacylglycerol(s); 
PC, phosphatidyleholine{s); PI, phosphatidylinositol(s); PM, somal 
plasma membrane{s); SPM, synaptic plasma membrane{s}; TG, tri- 
acylglycerol(s); HPLC, high performance liquid chromatographfic,y); 
TLC, thin layer chromatograph(ic,y). 

in neuronal nuclear membranes. Furthermore, the diacyl- 
glycerol (DG) acyltransferase in these membranes showed 
a high selectivity for arachidonoyl-CoA (7). In neuro- 
blastoma cells, the active uptake of arachidonic acid by 
TG is regarded as an important cellular mechanism for 
conserving fatty acids in the culture medium for the 
biosynthesis of phospholipids (8,9}. 

Our previous studies with respect to arachidonic acid 
metabolism in brain subcellular membranes have been 
confined mainly to examining its incorporation into phos- 
pholipids (3,10,11). In view of the increasing attention to 
understanding the arachidonic acid metabolism among 
brain phospholipids as well as TG, the main objective for 
this study is to examine these transfer processes among 
different brain subcellular membrane fractions. In addi- 
tion, some factors that may differentially alter the up- 
take of arachidonic acid by phospholipids and TG also 
are described. 

MATERIALS AND METHODS 
[1-14C]Arachidonic acid (specific radioactivity 54.9 mCi/ 
retool) was purchased from New England Nuclear Corp. 
(Boston, MA). ATP, dithiothreitol, MgC12, saponin and 
bovine serum albumin (BSA) were obtained from Sigma 
Chemical Co. (St. Louis, MO). Organic solvents were high 
performance liquid chromatographic (HPLC) grade ob- 
tained either from Taylor Chemical Co. (St. Louis, MO} 
or Fisher Scientific (St. Louis, MO). 

Animals and brain subcellular fractionation. Male 
Sprague-Dawley rats weighing 100-200 g were original- 
ly purchased from Taconics Farm, Inc. (Germantown, 
NY) and were maintained at the Sinclair Comparative 
Medicine Resarch Farm facilities until time of experi- 
ment. Rats were killed by decapitation, after which the 
cerebral cortices were quickly removed and homogenized 
in 20 vol of 0.32 M sucrose with 50 mM Tris-HC1 (pH 7.4) 
and 1 mM EDTA. Brain tissue was homogenized in seven 
up-and-down strokes using a glass Potter-Evehjem type 
homogenizer with Teflon pestle. 

Brain homogenate was subjected to a series of differen- 
tial and sucrose gradient centrifugation steps, according 
to the recently improved procedure as described by Sun 
et al. (12}. Part of this procedure had incorporated the 
method of Booth and Clark (13) for the separation of 
myelin, synaptosomes and mitochondria fractions by 
sucrose-Ficoll gradient centrifugation. Furthermore, the 
procedure also included the isolation of a somal plasma 
membrane (PM) fraction by centrifugation of the post- 
mitochondrial supernatant at 48,000 • g for 20 rain. This 
membrane fraction has been extensively characterized 
and was found to contain marker enzymes different than 
microsomes and synaptic plasma membranes (SPM) (12). 
The final membrane pellets resulting from the fractiona- 
tion procedure were suspended in 0.32 M sucrose with 
50 mM Tris-HC1 (pH 7.4}. An aliquot of the suspension 
was routinely taken for protein determination, according 
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to the procedure of Lowry et al. (14), using BSA as the 
standard. 

Assay of arachidonate uptake activity. The incorpora- 
tion of [1-14C]arachidonic acid into membrane lipids was 
evaluated by incubation of membranes {200 ~g protein) 
in the presence of [1-~4C]arachidonic acid (0.1 ~Ci), 
CoASH (0.1 mM), dithiothreitol {0.3 mM), ATP (2.5 mM), 
MgCI 2 (10 mM) and 50 mM Tris-HCl (pH 7.4) in a total 
volume of 1 ml. The incubation was carried out at 37~ 
for 10 rain. Because this assay procedure was designed 
to examine the uptake of labeled arachidonic acid by 
various phospholipids and TG among different subcelhlar 
membrane fractions, no exogenous lysophospholipids or 
cold arachidonic acid was added to the incubation system. 

Lipid extraction and analysis. The reaction was ter- 
minated by adding 4 vol of chloroform]methanol (2:1, v/v) 
followed by vigorous mixing and centrifugation to sepa- 
rate the aqueous and organic layers. The organic layer 
was removed and the upper phase was further extracted 
by 2 vol of chloroform]methanoYl2 N HC1 (4:1:0.013, 
v/v/v). The acidified organic extract was removed and 
neutralized with 4 N NH4OH (1 drop) before combining 
with the first organic extract. After evaporation of the 
organic solvents under nitrogen, the samples were redis- 
solved in chloroform]methanol {2:1, v/v) and kept at 
- 2 0 ~  until further use. 

Separation of phospholipids as well as neutral lipids 
was carried out by thin layer chromatography (TLC), as 
described by Sun (15). Initially, a portion of the lipid ex- 
tract was spotted on 20 • 20 cm Silica Gel G TLC plates 
(250 ~ thick, Analtech, Newark, DE). The solvent system 
for development of the TLC plates in the first dimension 
was chloroform/methanol/18 M NH4OH (135:60:10, 
v/v/v). After development, the lipid area at the solvent 
front was removed and transferred to test tubes. The TLC 
plates were then exposed to concentrated HC1 fumes for 
3 min to hydrolyze the alkenylether bond of plasmalogens 
(16). After removing the excess HCI fumes from the plate, 
by blowing with an air gun, the TLC plates were devel- 
oped in the second dimension with chloroform]methanol/ 
acetone/acetic acid]0.1 M ammonium acetate (140:60:55: 
3.5:10, v/v/v/v/v). The lipid spots were visualized by ex- 
posing the TLC plates to iodine vapor. They were subse- 
quently scraped and transferred to scintillation vials con- 
taining 10 ml of a toluene-base cocktail (Taylor Chemical 
Co.). Radioactivity was measured by a Beckman LS5800 
scintillation spectrometer (Beckman Instrument, Inc., 
Fullerton, CA). 

The neutral lipids from the solvent front area of the 
TLC plate were separated from the Silica Gel G by ehting 
with chloroform]methanol (5:1, v/v). The lipids were con- 
centrated and applied to TLC plates that were developed 
in a solvent system containing hexane/diethylether/acetic 
acid (85:15:2, v/v/v). Because brain membranes contain 
very small amounts of these neutral lipids (except for 
cholesterol), appropriate standards were added in order 
to identify the lipid bands. Lipid bands were visualized 
through exposure to iodine vapor and were similarly 
transferred into scintillation vials for the counting of 
radioactivity. 

RESULTS 
Using the procedure described by Sun et al. (12), brain 
homogenate was fractionated into eight membrane 

fractions. The purity of these subcellular fractions has 
been assessed previously by assays of marker enzymes, 
analysis of their lipid profiles, as well as ultrastructural 
examination under electron microscope (12). In order to 
compare the extent of arachidonic acid transfer to various 
phospholipids and TG among the subcellular fractions, 
the protein concentration of each membrane fraction was 
adjusted to 2 mg/ml and 200 ~g of protein was taken for 
each assay. When these subcellular membranes were 
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FIG. 1. Time course for the incorporation of [l-14C]arachidonic acid 
into P I  and PC of brain subcellular fractions. The incubation mix- 
ture  contained: [1-14C]arachidonie acid (0.1 pCi), ATP  (2.5 raM), 
MgC! 2 (10 mM), CoASH (0.1 mM), membranes (protein indicated) 
and Tris-HCl buffer (pH 7.4) in a to ta l  volume of 1 ml. Incubation 
of samples was  carried out in triplicates at 37~ for 10 min. The 
reactions were terminated by adding 4 vol of chloroform/methanol 
(2:1, v/v) and lipids were extracted as described in the text.  
Radioactivi ty of the lipids (DPM) is expressed as the means +--- SD 
from triplicate determinations. 
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incubated with [1-z4C]arachidonic acid in the presence of 
ATP, MgCI 2 and CoASH, radioactivity was incor- 
porated mainly into PI, PC and TG. Under this incuba- 
tion condition, labeled arachidonic acid was most actively 
utilized by microsomes that corresponded to 35% within 
a 10 min incubation time. Examination of the uptake pat- 
torn with time indicated a steady increase in labeling of 
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the phospholipids among all three subcellular fractions 
examined (Fig. 1). 

Different subcellular membranes showed different pro- 
files in the distribution of radioactivity among PC, PI and 
TG (Fig. 2). In this regard, the uptake of arachidonate 
by PC was enhanced in the synaptic fractions (i.e., synap- 
tosomes, SPM and synaptic vesicles) and was very low 
in myelin (Fig. 2a). On the other hand, the uptake of 
arachidonate by PI was highest in microsomes followed 
by PM (Fig. 2b). Similar to the labeling of PI, the uptake 
by TG was highest in PM followed by microsomal frac- 
tions (Fig. 2c). These results indicate that brain 
subeellular membrane fractions are different in their abil- 
ity to take up arachidonic acid. 

Because a considerably high level of radioactivity was 
incorporated into the glycerolipids of PM, an experiment 
was carded out to examine the pH profile for these 
acyltransfer processes. As shown in Figure 3, the transfer 
of arachidonate to PC and PI showed a similar pH pro- 
file that was more active towards the alkaline pH range. 
On the other hand, the transfer to TG showed a more 
restricted pH profile with peak activity between 7 and 7.5. 
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FIG. 2. A comparison of arachidonate uptake by PC (a), PI 0a) and 
TG (c) among different brain subcellular fractions. Brain homogenate 
was subjected to the subeellular fractionation procedure as described 
by Sun et al. {12). Incubation of subeellular membranes was the same 
as described in Fig. 1, except that 0.2 mg of protein was used for 
each fraction and incubation was  carried out at 37~ for 10 min. 
Radioactivity of the lipids (DPM) are expressed as means ___ SD from 
triplicate determinations. Similar patterns were obtained in two dif- 
ferent preparations. HO: homogenate. CYT: cytosol. MIT: mitochon- 
dria. MYL: myelin. SYI: intact synaptosomes.  SY2: synaptosomes 
after shock. MIC: microsomes. SV: synaptic  vesicles. 
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Results in Figure 4 show the effects of BSA (1 mg/ml) 
on labeling of the glycerolipids in PM. In agreement with 
the results from our previous study (10), BSA increased 
the labeling of PI without affecting that of PC. In addi- 
tion, results here also show that BSA inhibited the 
transfer of labeled arachidonic acid to TG. In order to test 
for enzyme stability, PM were preincubated at 37~ for 
different time periods prior to assay of the arachidonate 
incorporation activity. The data in Figure 5 show a decline 
in labeling of both phospholipids on preincubation of 
membranes at 37~ Furthermore, the decline in label- 
ing of PI was more rapid than that of PC. In another 
study, PM were assayed for arachidonate uptake activity 
immediately after isolation (ca. 2 hr after homogenization 
of brain tissue) and after storage of sample at 4~ for 19 
hr. Results indicated that the labeling of TG was not 
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FIG.  4. The effect of B S A  (1 mglml) on arachidonate incorporation 
into PM lipids. Conditions for incubation of PM was the same as 
that described in Fig. 1. Results  are presented as the means _.+ SD 
from triplicate determinations. 

affected by sample storage although a substantial 
decrease in the labeling of phospholipids was observed 
(Fig. 6). 

Because synaptosomes are pinched off nerve ending 
particles, the low acyltransferase activity in this fraction 
may be due to a limitation of ATP and CoASH to inter- 
act with enzymes present in the intrasynaptic sites. 
Frequently, saponin is used to facilitate permeability of 
cell plasma membranes by negatively charged com- 
pounds. Consequently, an experiment was designed to 
test whether pretreatment of synaptosomes with saponin 
(0.1%) would enhance the acyltransfer process. In addi- 
tion, testing the effect of saponin with the PM fraction 
would allow us to discern whether its action on the 
acyltransferase is due to membrane permeability or due 
to its presence as a detergent. As shown in Figure 7, both 
subcellular fractions indicated an increase in arachidonoyl 
transfer activity to PI and PC after saponin treatment. 
On the other hand, saponin treatment resulted in a 
decrease in the labeling of TG. 

DISCUSSION 

In this study, we have taken advantage of our recently 
improved procedure for the isolation of brain subcellular 
fractions (12) to further investigate the ability of these 
membrane fractions to activate arachidonic acid and 
transfer it to various glycerolipids. With the exception 
of myelin, most membrane fractions were able to activate 
the arachidonic acid to its acyl-CoA in the presence of 
ATP, MgCI 2 and CoASH, and transfer the acyl-CoA to 
phospholipids and TG. In agreement with our earlier data 
(3), labeled arachidonic acid was preferentially transferred 
to PI and PC in most brain subcellular fractions. In ad- 
dition, data from this study showed that arachidonic acid 
was also incorporated into TG. Because no exogenous 
lysophospholipids were added to the incubation mixture, 
it is reasonable to conclude that the uptake activity by 
different subcellular membranes reflects both activity of 
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FIG. 5. Effect  of preincubation on arachidonoyl transfer activity. 
Synaptosomes were preincubated at 37~ for the t imes specified, 
dur ing which aliquots were taken for assay of the  arachidonic acid 
uptake  act ivi ty according to procedure described in Fig. 1. Values 
are the mean from triplicate determinat ions  expressed as percen- 
tage of control. 
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FIG.  6. The effect of sample storage on arachidonoyl t ransfer  ac- 
tivity in the PM fraction. After isolation (ca. 2 hr), the  PM fraction 
was suspended in buffer and placed in an ice bath for 0 and 19 hr. 
AHquots were taken for measurement of the arachidonoyl transfer 
activi ty according to the  procedure described in Fig. 1. Values are 
the mean -'- SD of radioactivity in individual lipids obtained from 
triplicate determinations. 
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FIG. 7. The effect  of saponin (0.1%) pretreatment on arachidonate 
incorporation into phosphalipids and TG in synaptosomes and PM. 
Incubation condition was  the same as described in Fig. I, except 
that saponin was added to membranes prior to assay of the uptake 
activity.  Values are the mean +_ SD of radioactivity in PC, PI and 
TG obtained from triplicate determinations. 

the acyltransferases and the level of endogenous lyso- 
phospholipids and DG in the membrane. 

Different subcellular membrane fractions exhibit dif- 
ferent uptake profiles for the transfer of arachidonic acid 
to PI, PC and TG. Of special interest is the active transfer 
of arachidonoyl group to PI and TG in PM and the dif- 
ferences in the labeling of phospholipids and TG between 
PM and SPM. Since the PM fraction is likely to include 
a large portion of plasma membranes from glial cells, it 
is tempting to conclude that the synthesis of TG through 
DG acyltransferase may be a characteristic property of 
glial plasma membranes. This process may be important 
in transporting and remodeling the TG from blood prior 
to entering the brain cells. 

It is well recognized that the fatty acid profile of TG 
in brain is quite different from that in blood plasma. Fatty 
acids of TG in brain are enriched with C20:4 and C22:6, 
but lacking the C18:2 {17,18}, whereas the TG in blood 

are high in C18:2, but contain little C20:4 and C22:6. 
Although TG in brain is maintained at a very low level, 
its unique acyl group profile suggests that the molecules 
must be engaged in some specific functions in brain. In 
addition to the PM fraction, high DG acyltransferase ac- 
tivity was also reported in neuronal nuclei membranes 
{6,7}. In cultured neuroblastoma and glioma cells, labeled 
fatty acids added to the culture medium are readily taken 
up by phospholipids as well as TG {8,9}. There is further 
evidence that the active uptake of fatty acids by TG in 
these cells is important for consolidating fatty acids for 
phospholipid biosynthesis. 

The PI in brain is enriched in stearic and arachidonic 
acids {18}, and this acyl group profile is probably attained 
through an active deacylation-reacylation mechanism (1). 
This modification is probably most active in microsomes 
and PM. Because most previous studies on this acyl- 
transfer process were carried out with the crude micro- 
somal fraction in which PM were included, information 
regarding the ability of PM to remodel phospholipids 
through the deacylation-reacylation mechanism has not 
been well substantiated. In a recent study with cultured 
neuroblastoma cells, plasma membranes isolated from 
these cells also showed the ability to remodel phospho- 
lipids through the deacylation-reacylation cycle as well 
as the de novo mechanism {19}. 

It is interesting to find that labeled arachidonate was 
more actively incorporated into PC than PI in the synap- 
tic membrane fractions (SPM and synaptic vesicles}. The 
exact physiological significance for this labeling pattern 
is not known. It  is possible that these membranes con- 
tain a higher endogenous level of lysophosphatidylcho- 
lines that resulted in greater acylation to PC. Because 
these membranes have limited ability to synthesize phos- 
pholipids through the de novo route, it is not surprising 
that an active deacylation-reacylation mechanism is pres- 
ent in these membranes for generation of a metabolically 
active PC pool for synaptic function. 

Ahtough acyltransferases are, in general, sensitive to 
membrane perturbing agents (11), uptake of arachidonate 
by membrane phospholipids and TG is also dependent on 
other factors such as the endogenous free arachidonate 
levels, acyl-CoA ligase activity and the acyl acceptor 
levels. Results here indicate that uptake of labeled ara- 
chidonate by phospholipids and TG in brain subcellular 
membranes is affected due to sample storage, exposure 
to elevated temperature and the effects of BSA and 
saponin. This type of variance has been well-discussed by 
Baker and Chang (20) as additional factors, such as the 
use of pH buffers and exogenous fatty acids, may also 
affect the acyl-transfer activity. However, because in- 
cubation of subcellular membranes in this study was car- 
ried out in a well-defined condition using the same buf- 
fer, these factors would not have affected the comparison 
of acylation profiles exhibited by these membranes. The 
effect of saponin on enhancing the acyltransfer to pho s- 
pholipids and inhibiting the transfer to TG, again in- 
dicates that these two types of acyltransferases have dif- 
ferent properties. The fact that both synaptosomes and 
plasma membranes respond similarly to saponin further 
suggests that along with its membrane permeability 
properties, this compound also alters the membrane 
microenvironment resulting in a change in acyltransferase 
activity. 
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Eicosanoid Synthesis in 7,12-Dimethylbenz(a)anthracene-induced 
Mammary Carcinomas in Sprague-Dawley Rats Fed Primrose Oil, 
Menhaden Oil or Corn Oil Diet 
Soad H. Abou-EI-Elaa, Keith W. Prasseb, Richard Carrollc, Adelbert E. Wadea, Suniti Dharwadkara 
and  Opa l  R. Buncea,* 
aDepartment of Pharmacology and Toxicology, College of Pharmacy, University of Georgia, Athens GA 30602; bDepartment of 
Pathology, College of Veterinary Medicine, University of Georgia, Athens, GA 30602; and CDepartment of Preventive Medicine and 
Community Health, The University of Texas Medical Branch, Galveston, TX 77550-2779 

The comparative effects of high-fat diets {20%, w/w} on 
eicosanoid synthesis during mammary tumor promotion 
in 7,12-dimethylbenz{a}anthracene {DMBA}-induced rats 
were studied using diets containing 20% primrose oil {PO}, 
20% menhaden oil {MO) or 20% corn oil {CO). Sprague- 
Dawley rats fed the PO or MO diet had 21% or 24% fewer 
adenocarcinomas, respectively, than rats fed the CO diet. 
Histologically {i.e., mitotic figures, inflammatory cell in- 
filtration and necrosis), the CO-fed rats exhibited the 
highest frequency of changes within tumors. Plasma 
fatty acid composition was significantly altered by diet, 
reflecting the composition of the oils which were being 
fed. Only the plasma of PO-fed rats contained detectable 
levels of gamma-linolenic acid {GLA}. Arachidonic acid 
{AA} levels were significantly higher {p < 0.05) in PO-fed 
than in CO- or M(~fed rats. MO-fed rats had significantly 
higher levels of plasma palm/tic acid, while palmitoleic, 
eicosapentaenoie {EPA) and docosahexaenoic (DHA} acids 
were detected only in MO-fed rats. As expected, linoleic 
acid {LA} and AA levels were lower {p < 0.05) in the MO- 
fed rats than in PO- or CO-fed groups. The plasma of the 
CO-fed rats contained significantly higher levels of oleic 
acid. Eicosanoid synthesis in mammary carcinomas of 
rats fed the 20%-fat diets was 2-10 times higher than in 
mammary fat pads of control rats. The synthesis of 
PGEI and LTB4 was significantly {p < 0.05} higher in 
PO-fed rats than in CO-fed or MO-fed rats, although PGE 
values were significantly {p < 0.05} higher in CO-fed rats 
than in MO or PO groups. The synthesis of eicosanoids 
in both mammary fat pads and mammary carcinomas of 
MO-fed rats was lower {p < 0.05} than in tissues of rats 
fed either CO or PO diets due to less AA precursor being 
fed and/or to competition between n-6 and n-3 fatty acids 
for cyclooxygenase and lipoxygenase. The ratios of monc~ 
enoic to dienoic eicosanoids in both mammary fat pads 
and mammary carcinomas were higher in the PO group 
than in the MO or CO groups. These results suggest that 
inclusion of GLA {PO feeding} or EPA and DHA {MO 
feeding} in the diet may decrease malignancy by altering 
eicosanoid profiles. 
Lipids 23, 948-954 {1988}. 

The development of carcinogen-induced, spontaneous and 
transplantable mammary tumors is enhanced by the 
ingestion of diets containing elevated levels of poly- 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; CO, corn oil; DGLA, 
dihomogamma-linolenic acid; DHA, docosahexaenoic acid; DMBA, 
7,12-dimethylbenz(a)anthracene; D6D, delta-6 desaturase; EFA, 
essential fatty acid; EPA, eicosapentaenoic acid; GLA, gamma- 
linolenic acid; LA, linoleic acid; MO, menhaden oil; PO, primrose oil; 
RIA, radioimmunoassay. 

unsaturated fats, especially cis-linoleic acid {1-4]. Labora- 
tory evidence suggests that  the major influence of diets 
rich in polyunsaturated fat occurs during the promotional 
phases of chemically induced carcinogenesis. However, 
the exact mode of action for these effects has not been 
established. It  has been suggested that the effect of die- 
t a r t  fat could be mediated by a change in the host defense 
system. One mechanism by which this could occur is via 
an increased synthesis of dienoic eicosanoids, i.e., PGE2 
(5}. Vegetable oils such as corn oil (CO} or primrose oil 
(PO} contain high levels of linoleic acid (LA} (18:2n-6}, the 
precursor of arachidonic acid (AA} (20:4n-6} and ulti- 
mately of the dienoic eicosanoids {prostagiandins and 
thromboxane} and tetraene leukotrienes. Moreover, some 
inhibitors of prostaglandin synthesis have been shown to 
prevent the growth-promoting effect of dietary polyun- 
saturated fatty acids on 7,12-dimethylbenz{a}anthracene 
(DMBA}-induced mammary tumorigenesis in rats {6). 

Eicosapentaenoic acid (EPA} (20:5n-3}, found in most 
fish oils and marine lipids, is the precursor of trienoic 
eicosanoids (prostaglandins and thromboxane} and penta- 
ene leukotrienes. The EPA structure is similar to arachi- 
donic acid (AA}, except for one additional double bond 
at the 3-position relative to the terminal methyl of the 
chain. EPA has been shown to competitively inhibit AA 
metabolism by cyclooxygenase and lipoxygenase and give 
rise to its own products, some of which have attenuated 
activity (7}. 

A number of recent reports {8-11} have indicated that  
20% or 10% menhaden oil (MO}-supplemented diets con- 
taining 0.34% or 0.09% LA, respectively, reduced tumor 
incidence and growth in the pancreas and mammary 
glands. Braden and Carroll (12} showed decreased DMBA- 
mammary tumor incidence and an increased tumor 
latency in rats fed 20% and 10% MO diets containing 
0.4% and 0.2% LA, respectively, compared with rats fed 
either a 20% {11.2% LA} or a 10% (5.6% LA} corn oil diet. 
It  has been suggested {13,14} that diets containing high 
levels of n-3 fat ty acids should contain additional essen- 
tial fat ty acid {EFA} because the n-3 and n-6 fat ty acids 
compete for the same enzymes, therefore requiring a 
higher EFA intake. 

Primrose oil, in addition to 75% LA, contains 9% 
gamma-linolenic acid {GLA} {18:3n-6} that is rapidly con- 
verted to dihomogamma-linolenic acid {DGLA} {20:3n-6}, 
the precursor of monoenoic eicosanoids. Data from our 
laboratory (15} and from others {16,17} have shown that  
a PO diet inhibits the growth of mammary adenocar- 
cinomas in rats. Changing the ratio of DGLA/AA to shift 
eicosanoid synthesis toward monoenoic eicosanoids has 
been suggested as a mechanism for that  inhibition {15}. 

This study was conducted to determine the effect 
of diets containing 20% PO, 20% MO or 20% CO on 
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eicosanoid synthesis during tumor promotion in DMBA- 
induced mammary carcinomas, as well as in mammary 
fat pads of control rats. 

MATERIAL AND METHODS 

Diets, feeding and tumor induction. Female Sprague- 
Dawley rats, 40 days old, were purchased from Harlan 
(Madison, WI). All animals were housed in suspended 
metal cages in a temperature-regulated (23 • 0.5~ and 
light-controlled (12 hr light and 12 hr dark) room and were 
fed standard rat chow (Ralston Purina Co., St. Louis, 
MO). At 50 days of age, each rat was given a single in- 
tragastric 10 mg dose of DMBA (Sigma Chemical Com- 
pany, St. Louis, MO) in 0.5 ml corn oil. Sham-treated rats 
received 0.5 ml corn oil. After DMBA administration, the 
animals were placed in 10 • 16-inch plastic cages on 
Absorb Dri litter and housed two per cage for the dura- 
tion of the experiment. At 21 days post-DMBA ad- 
ministration, the rats were randomly divided into three 
groups of 26 rats each and fed diets containing either 20% 
CO, PO or MO. Sham-control rats were divided into three 
groups of 10 rats each and fed the same diets. 

Ten- or 20-kg batches of the 20%-fat diets were 
prepared by ICN Nutritional Biochemical (Cleveland, 
OH), cold pressed into jumbo pellets and sealed under 
nitrogen. The diets were shipped second-day delivery by 
United Parcel Service at two-week intervals. Upon arrival, 
1-kg bags of pellets were placed in Seal-N-Save bags, 
flushed with nitrogen, sealed and stored frozen at - 20~  
until used. Measured amounts of frozen diet were placed 
in the rat-cage food dispenser each morning. Uneaten 
pellets were discarded. The formulation of the diet was 
based on the AIN 76 semipurified rat diet and has been 
reported previously (15}. Alpha-tocopherol was added 
with the AIN vitamin mix so that each diet contained 110 
IU of vitamin E/kg of diet. All diets were isocaloric and 
contained the recommended level of nutrients with a con- 
stant amount per kilocalorie of casein, fat, carbohydrate, 
salts, vitamins and fiber. The fatty acid composition of 
the oils in the diets is given in Table 1. The 20%-CO or 
PO diet contained 12% (LA) or 16.8% (LA + GLA) EFA, 
respectively. The 20%-MO diet contained 0.8% EFA 
(1.81% LA plus 2.3% AA). The National Research Coun- 
cil (18) recommends, for maximum growth in the male rat, 
the level of EFA should be 0.6% of the diet and, in the 
female rat, the level of EFA should be 0.22% of the diet. 
However, when the diet contains high levels of n-3 fat ty 
acids, the EFA requirement may be higher due to com- 
petition of n-6 and n-3 fat ty acids for the same enzymes 
(13,14}. The primrose oil was provided by Dr. David 
Horrobin of the Enfamol Research Institute (Kentville, 
Nova Scotia} and the menhaden oil by Dr. Tony Bimbo 
(Zapata Haynie Corp., Reedville, VA). The corn oil was 
purchased from Seaway Foods, Inc. (Cleveland, OH). 

The rats were weighed weekly and palpated for the 
presence of tumors. The size and location of each tumor 
was noted. One rat fed CO and one rat fed MO were found 
dead before termination of the experiment. At 16 weeks 
post-DMBA, all surviving rats were killed using CO2 gas 
and weighed, had blood drawn from the heart and then, 
the weight of the livers was recorded. The tumors were 
counted, location was noted and then, they were excised 
and weighed. Sections of each tumor were quickly frozen 

TABLE 1 

Fatty Acid Composition of Oils (%) 

Fatty acid Corn oil a Primrose o i lb  Menhaden oil c 

14:0 -- -- 8.35 
16:0 11.2 6.5 15.17 
16:1 -- 0.2 11.62 
16:2 -- -- 2.37 
1 6 : 3  - -  - -  1 . 9 6  

1 6 : 4  - -  - -  1 . 7 3  

1 8 : 0  2 .1  1 .5  2 . 6 7  

18:1 25.0 7.5 9.5 
18:2n-6 59.9 75.0 1.81 
18:3n-6 0.5 9.0 -- 
1 8 : 3 n - 3  - -  - -  1 . 8 2  

18:4 -- -- 3.47 
20:1 -- -- 1.32 
2 0 : 4 n - 6  - -  - -  2 .3  

2 0 : 5 n - 3  - -  - -  1 6 . 0 3  

2 2 : 5  - -  - -  3 . 9 2  

2 2 : 6 n - 3  - -  - -  1 0 . 8 3  

O t h e r s  0 . i  - -  4 . 3 7  

aThe corn oil analysis was provided by ICN Nutritional Biochemical, 
Cleveland, OH. 

bThe primrose oil analysis was provided by Efamol Research Corp., 
Kentville, Nova Scotia, Canada. 

c The menhaden oil analysis was provided by Zapata Haynie Corp., 
Reedville, VA. 

on dry ice and stored at - 8 0 ~  for eicosanoid analysis. 
Two sections from each tumor were placed in 10% buf- 
fered formalin for histological examination. The blood was 
centrifuged at 2,000 rpm and the plasma stored briefly 
at 4~ 

Lipid profiles. Total plasma lipids were extracted in 
chloroform/methanol (2:1}, after the method of Folch et al. 
(19). Methyl esters of fat ty acids were prepared with 
boron trifluoride, as described by Morrison and Smith 
(20). These procedures have been described in detail by 
Abou-E1-Ela et al. (15}. 

The fat ty acid methyl esters were analyzed using a 
Hewlett-Packard Model 402 gas chromatograph equipped 
with a flame ionization detector and connected to a 
Spectra-Physics Model 4270 recording integrator. Chro- 
matography was performed on a 6 ft >< 2 mm glass col- 
umn containing 10% SP-2330 on 100/120 chromosorb 
W AW (Supelco Inc., Bellefonte, PA). 

Eicosanoid analyses. Malignant mammary tumors from 
DMBA-treated rats and fat pads of control animals were 
finely minced and an appropriate tissue aliquot was incu- 
bated in 1 ml ice-cold Krebs buffer (containing 2.4 M 
NaC1, 0.1 M KC1, 0.01 M MgSO4, 0.06 M CaC12, 0.02 M 
KH2PO 4, 0.03 M NaHCO8 and 0.01 M dextrose, pH 7.4) 
for 1 hr at 37~ under 95% OJ5% CO2. The reaction was 
stopped by acidification to pH 3 with 0.8 M phosphoric 
acid and the tissue-buffer mixture was extracted once 
with 4 volumes of ethyl acetate by vigorous shaking (21}. 
The organic phase was removed, and 50 ~l of 0.1 M Tris- 
HC1 buffer (pH 7.4) was added. The organic phase was 
evaporated under nitrogen, and the residue was stored, 
sealed under nitrogen at -80~ The samples were ap- 
propriately diluted in assay buffer and the stable metab~ 
lites of prostacyclin; 6-keto-PGFla of prostaglandin E; 
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bicyclic PGE and L T B  4 w e r e  analyzed by radioimmuno- 
assay  (RIA) using kits  purchased f rom A m e r s h a m  Corp. 
(Arlington Heights,  IL). The sensitivities of these kits are 
12.5, 43 and 14 pg  for LTB 4, PGE,  and 6-keto-Flo, re- 
spectively. The P G E  2 ant ibody from Amersham showed 
100% cross-react ivi ty  with PGE1; thus, P G E  2 is desig- 
na ted  as PGE,  indicating tha t  bo th  PGE2 and PGE~ 
were assayed  in the t issue ex t rac t s  when the A m e r s h a m  
PGE2 kit  was used. R I A  ki ts  for PGE~ were purchased 
from Chemical Assays  Labs (Cambridge, MA). The lowest 
detectable  level of PGE1 is 8 pg. PGE1 ant ibody cross- 
react iv i ty  with P G E  2 was 31%. Eicosanoid values are 
expressed as ng  of eicosanoid synthesized per g ram of 
t issue per  hour. 

Histopathology. A complete necropsy examination was 
performed on each ra t  and gross lesions were evaluated.  
M a m m a r y  tumors  were fixed in 10% buffered formalin, 
embedded in paraffin, sectioned at  6 microns and stained 
with hematoxyl in  and eosin. Each tumor  was described 
histologically and a diagnosis of each tumor  was ascer- 
tained, according to the criteria of van  Zwieten (22}. 
Histologic descriptions included notat ions of necrosis, in- 
f lammat ion  and anaplasia,  and when possible, the inva- 
sive or noninvasive na ture  of the tumor  was given. 

Statistical analysis. Stat is t ical  differences in t issue 
eicosanoid levels, p l a sma  lipids, body and liver weights  
and tumor  la tency were determined by  one~way analysis  
of variance a t  0.05 level of significance. Among  groups,  
compar ison of t umor  burden per tumor-bear ing ra t  

involved one~way analysis  of var iance following square 
root  t ransformat ion.  

RESULTS 

Effect of 20% PO, CO and MO diets on mammary 
tumorigenesis. Although the number  of ra ts  with tumors  
was similar in the animals  fed the three different diets 
{Table 2), the his topathological  da ta  indicate tha t  there 
was an effect of fa t  type  on the mal ignancy of those 
tumors  {Table 3). Rats  receiving the 20%-PO diet had 21% 
fewer mal ignant  tumors  (64 tumors  in 26 ra t s  compared  
with 78 tumors  in 25 ra ts  for CO), and ra t s  fed 20%-MO 
had 24% fewer mal ignant  tumors  (59 tumors  in 25 ra t s  
compared with 78 for CO) than  ra t s  fed the 20%-CO diet. 
The la tent  period for t umor  development  {calculated by  
averaging  the week of t umor  appearance  for all palpable 
tumors  within a group) was significantly longer (p < 0.05) 
and tumor  burden per tumor-bearing ra t  was significantly 
(p < 0.05} lower in ra t s  fed the PO diet compared  with 
CO-fed ra t s  {Table 2). In the other  his topathological  
pa ramete r s  measured (mitotic figures, in f lammatory  cell 
infi l tration and necrosis}, the 20%-CO-fed ra t s  exhibited 
the highest  frequency of these changes within tumors  
(Table 3). The classification of tumors  revealed similar 
diagnoses in all groups.  

The animals  were thoroughly  examined a t  necropsy; 
there were no gross  signs of E F A  deficiency, i.e., hair 
loss, scaly skin, necrosis of the tail or low body weight. 

TABLE 2 

The Effect of Feeding 20%-CO, PO or MO Diets On Mammary Tumorigenesis Induced by DMBA 

No. of Total no. 
surviving No. of rats Total no. of malignant 

Diet rats with tumors of tumors a tumors 

Latent 
periedb 

~wks) 

Tumor burden] 
tumor bearing rat b 

(g) 

20% PO 26 21 68 64 
20% CO 25 22 83 78 
20% MO 25 21 64 59 

10.6 4- 0.5 c 
9.3 4- 0.3 d 

10.1 4- 2.3 c,d 

2.0 4- 0.33 c 
3.2 4- 0.40 d 
2.3 4- 0.42c, d 

aThese values include both malignant and benign tumors. 
bValues are mean 4- SEM. 
c, dMeans which are significantly different (p < 0.05) are followed by a different superscript. 

TABLE 3 

Histopathologicai Classification of DMBA-induced Mammary Tumors in Rats 
Fed 20%-CO, PO, or MO Diets and Killed at 16 Weeks Post-DMBA 

Number of 
tumors with 

mitotic figures 
Diagnosis of tumors a (number of tumors) (avg/hpf} Tumors with stromal 

inflammatory Number of tumors 
Diet TPC CTC TA FA AL <3 3 to 5+ cell infiltration with necrosis 

20% PO (26 b) 59 5 3 1 0 61 7 62 6 
20% CO (25) 75 3 4 1 0 67 16 80 8 
20% MO (25) 57 2 3 1 1 57 7 59 2 

a Malignant tumors = Tubulopapillary carcinoma (TPC) and compact tubular carcinoma (CTC). Benign tumors = Tubular adenoma (TA), 
fibroadenoma (FA) and adenolipoma (AL). 

bNo. in ( ) = no. of rats/diet group. 
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Although the E F A  content of the PO diet was higher than 
that  of the CO diet, the body weights {Table 4) of PO-fed 
rats were significantly (p < 0.05} lower than those fed CO 
or MO diets. The liver weights of the MO-fed rats  were 
significantly higher than those of the CO- or PO-fed rats. 
Therefore, liver to body weight ratios for the MO-fed rats 
were significantly higher than those for CO-fed rats  
{TAble 4). In a separate s tudy on these animals (23}, we 
reported that  feeding a 20%-MO diet induces liver mixed 
function oxidases and glutathione-S-transferase. 

Effect of 20% PO, CO or MO on eicosanoid synthesis 
in mammary fat pads of control rats and mammary 
tumors of DMBA-treated rats. In sham-treated animals, 
synthesis of PGE1 and LTB4 (ng/g wet wt/hr) in mam- 
mary fat pads was significantly (p < 0.05} higher in PO- 
led rats {Table 5) than in MO- or CO-fed rats. Al though 
PGE was significantly (p < 0.05} higher in CO-fed animals 
than in MO or CO groups, eicosanoid synthesis {PGE, 
6-keto-PGFla and LTB 4) was significantly lower (p < 
0.05) in MO-fed rats. Even though eicosanoid profiles in 
the mammary  fat pads followed the same trends as the 
profiles in the malignant mammary  tumors, rates of syn- 
thesis of all eicosanoids were 2-10 times higher in mam- 
mary  tumors than in mammary  fat pads of control 
animals (Table 5). However, the ratios of PGE~/PGE, 

TABLE 4 

The Effect of Diet on Body and Liver Weights 
in Tumor-Bearing Rats 

Final body Liver/body 
weight a Liver weight a weight 

Diet (g) (g) Ratio (%) 

PO 258.8 • 2.81 b 10.58 • 0.28 b 4.1 • 0.09b, c 
CO 275.5 • 5.73 c 10.68 • 0.40 b 3.9 • 0.14 b 
MO 281.8 • 3.6 c 12.8 • 0.48 c 4.5 • 0.2c 

aValues are mean • SEM. 
b, CMeans which are significantly different are followed by a different 

superscript (p <: 0.05). 

PGE]/6-keto-PGFto, as well as PGE1/LTB4, which were 
elevated in rats fed the PO diet, were similar in both con- 
trol and DMBA-treated animals. In mammary  tumors,  
PGE and 6-keto-Fl~ synthesis rates were significantly 
(p < 0.05) higher in tumors of CO-fed rats than in tumors 
of PO- or MO-fed rats, and PGE1 values were signifi- 
cantly (p < 0.05} higher in PO-fed rats. PGE 1, PGE, 
6-keto-PGF~o and LTB 4 synthesis rates were lower in 
MO-fed rats  than in CO or PO groups. 

Effect of dietary fat on plasma fatty acid profile of con- 
trol and tumor, bearing rats. The plasma fa t ty  acid pro- 
file of control and tumor-bearing rats  {Table 6) indicated 
tha t  the quanti tat ive and qualitative differences in the 
dietary fa t ty  acid content  of PO, CO and MO produced 
relatively selective alterations in the fa t ty  acid content 
of the plasma that  reflected the diet being fed. The plasma 
levels of palmitic acid {16:0) were elevated significantly 
{p < 0.05) in rats  fed the MO diet and reduced in rats  fed 
PO, relative to levels in rats  fed CO for both DMBA- 
treated and control animals. Palmitoleic acid (16:1} was 
detected only in the plasma of MO-fed animals, and 
stearic acid {18:0) was high in the plasma of PO-fed con- 
trol animals. Oleic acid (18:1) was significantly (p < 0.05) 
higher in the CO-fed, lowest in PO-fed and intermediate 
in MO-fed animals. As expected, plasma LA concentra- 
tions from rats  fed PO and CO diets were significantly 
(p < 0.05) higher than that  of rats  fed the MO diet. GLA 
and AA levels were significantly {p < 0.05} higher in rats  
fed PO compared with those fed CO or MO. On the other 
hand, EPA and DHA (22:6n-3) levels were detectable only 
in MO-fed rats. 

DISCUSSION 

Although tumor incidence was similar in rats fed the MO, 
PO and CO diets, the number of malignant  tumors  was 
reduced by 24% and 21% in the MO- and PO-fed rats, 
respectively, compared with malignant tumors recovered 
from rats fed the 20%-CO diet. Moreover, the frequency 
of mitosis and the extent  of necrosis and inflammation 
within tumors  were higher in CO-fed rats  compared with 

TABLE 5 

The Effect of 20% Dietary Fat on Eicosanoid Synthesis in Mammary Fat Pads of Control and Tumors of DMBA-Treated Rats 

Diet PGEI a PGE a PGE1/PGE 6-keto-PGFloa PGEI/6-keto-PGFlo L T B 4 a  PGE1/LTB 4 

20% PO 
{Control} 63.7 + 6.9 b 56.0 • 3.7 b 1.14 

20% CO 
(Control) 27.0 • 7.0 c 154.0 • 15.1 c 0.18 

20% MO 
{Control} 8.4 • 3.0 c 121.3 • 3.3 d 0.07 

20% PO 
(Tumor bearing) 388.9 • 22.8 b 272.4 • 31.9 b 1.4 

20% CO 
(Tumor bearing} 149.5 • 20.3 c 727.9 • 157.1 c 0.2 

20% MO 
{Tumor bearing} 106.9 • 17.5 c 234.2 • 55.4 b 0.5 

236.7 __ 46.8 b 0.27 66.7 • 3.5 b 0.96 

214.0 • 9.7 b 0.13 54.3 • 5.5 c 0.50 

51.7 • 3.2 c 0.16 40.7 • 0.7 d 0.21 

1038.4 • 142.4 b 0.37 116.6 • 8.9 b 3.3 

1740.3 • 228.9 c 0.09 103.6 • 12.1 b 1.4 

437.6 _ 54.2 d 0.24 61.5 • 7.1 c 1.7 

aValues are expressed as mean in ng/g tissues/hr • SEM (n = 6 for fat pads, and n = 13-16 for tumors}. 
b,c, dMeans which are significantly (p < 0.05) different are followed by a different superscript. Control values were compared with other 

controls, and values from tumor-bearing rats were compared with values from other tumor-bearing rats. 
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TABLE 6 

The Effect of 20% Dietary Fat on Plasma Fatty Acid Profiles of Tumor-bearing and Control Animals a 

Percentage composition 

Diet 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4 20:5n-3 C22:6no3 

POC 
(Control) 2.19 • 1.0 b 11.6 +- 1.0 b ND 16.3 • 1.0 b 4.7 • 0.5 b 30.1 • 1.4 b 2.4 • .3 32.7 • 1.0 b ND ND 

COC 
(Control) .15 • 0.1 b 15.2 • 0.6 c ND 10.4 • 0.7 c 16.3 • 0.9 c 34.9 • 2.9 b ND 26.0 • 1.6 c ND ND 

MOC 
(Control) 1.74 • 0.3 b 23.4 • 0.7 d 8.7 • 0.7 11.2 • 0.5 c 12.2 • 0.5 d 3.3 • 1.5 c ND 10.2 • 0.5 d 24.8 • 1.0 7.3 • 0.4 

PO 
(Tumor-bearing) 1.4 • 0.7 b 12.2 • 0.6 b ND 12.3 • 1.3 b 5.2 • 0.4 b 31.9 • 2.1 b 2.3 • 0.7 33.4 • 1.8 b ND ND 

CO 
(Tumor-bearing) .76 • 0.3 b 15.4 • 0.4 c ND 11.3 • 0.7 b 14.2 • 0.6 c 32.4 • 1.1 b ND 25.7 • 1.5 c ND ND 

MO 
(Tumor-bearing) 1.3 • 0.3 b 25.1 • 0.5 d 4.1 +_ .7 14.0 • 0.5 b 11.3 • 0.5 d 3.0 • 0.2 c ND 13.1 • 0.7 d 27.1 • 1.5 7.0 • 0.4 

avalues are expressed as mean • SEM (n = 10). 
b,c, dMeans which are significantly different are followed by a different superscript (p < 0.05). Control values were compared with other controls, and values 

from tumor-bearing rats were compared with values from other tumor-bearing rats. 
ND, Not detected. 

MO- or PO-fed rats. These changes denote a more rapid 
tumor  growth and a greater, al though altered, immuno- 
logic reactivity than was present in tumors  from PO- or 
MO-fed rats. Feeding a 20%-PO diet significantly ex- 
tended tumor latency and reduced tumor  burden com- 
pared with feeding the 20%-CO diet. Al though tumor  in- 
cidence was unchanged with any of the three diets in this 
study, in a previous s tudy in our laboratory {15}, rats fed 
a 20%-PO diet had significantly decreased incidence of 
DMBA-induced mammary  tumors  compared with those 
fed a 20%-CO diet. Ip et al. (2) showed that  mammary  
tumorigenesis was very sensitive to linoleate intake and 
increased proportionately in the range of 0.5% to 4.4% 
of dietary linoletate. The 20%-MO diet contained 0.8% 
EFA,  and the 20%-CO or PO diets contained 12% or 
16.8% EFA,  respectively. The 20%-PO diet contained 
4.8% more E F A  than the CO diet, yet  rats  fed PO diet 
had 21% fewer malignant tumors, longer latency and 
reduced tumor  burden. On the other hand, the 20%-MO 
diet with 0.8% E F A  had 24% fewer malignant  tumors  
than CO-fed rats. Karmali {24) showed that  MO provides 
greater inhibition of tumorigenesis, when up to 8% CO 
is present in the diet. In a recent s tudy in our laboratory 
{unpublished data}, when a combination of 15% MO and 
5% CO {3.62% EFA) was fed to the rats, mammary tumor 
incidence was reduced by 27% and the number of malig- 
nant  tumors  was reduced by 37 % compared with results 
from rats  fed a 20%-CO diet. I t  is important  to note tha t  
the n-3/n-6 fat ty acid ratio for 15%-MO + 5%-CO diet was 
1.2, but  the n-3/n-6 ratio in the 20%-MO diet was 7.0. 
Thus, it appears from our data  and others {24) tha t  01> 
timal dietary ratios of n-3/n-6 fa t ty  acids mus t  be main- 
tained to obtain significant inhibition of tumorigenesis 
by omega-3 fa t ty  acids. Moreover, it seems possible tha t  
tumor  promotion and malignancy can be reduced by 
manipulation of both  the types and levels of dietary 
polyunsaturated fa t ty  acids, even in the presence of 
relatively high linoleate levels. 

Dietary fat can play a major role in eicosanoid produc- 
tion and in modulation of the immune sys tem (25). The 
n-3 fa t ty  acids of MO appear to inhibit both  cyclooxy- 
genase and lipoxygenase {7), although PO enhances mono- 
enoic eicosanoid synthesis by bypass ing delta-6 desatu- 
rase (D6D), the rate-limiting enzyme for the synthesis of 
D G L A  to 1-series PG {Fig. 1). By feeding three kinds of 
high-fat diet, we have been able to manipulate eicosanoid 
production tha t  appears to alter tumorigenesis. Feeding 
a diet containing 20% CO results in high levels of dienoic 
eicosanoids, but  feeding a 20%-MO diet depresses 
eicosanoid synthesis either by inhibiting both cyclooxy- 
genase and lipoxygenase or because less AA precursor 
is being fed in the diet. The feeding of PO depressed 
dienoic eicosanoid synthesis and enhanced monoenoic 
eicosanoids and leukotriene synthesis compared with CO 
feeding. Furthermore,  the ratios of monoenoic to dienoic 
eicosanoids or 4-series leukotrienes {PGE1/PGE, PGE1/ 
6-keto-PGElo, PGEI/LTB4) were increased by feeding 
PO. This may account for the reduction in malignancy 
that  seemed to accompany the feeding of PO. Horm et al. 
(26,27} have hypothesized that  selective manipulation of 
the AA cascade could be used to control tumor promotion 
and metastasis. Furthermore, they postulated that  eicosa- 
noid ratios, rather than absolute values of eicosanoids, 
determine cellular events in promotion and metastasis.  

PGE2 has been shown to induce suppressor T-cell 
proliferation, activation of natural killer cells and produc- 
tion of lymphokines (28). When released extracellularly, 
products  of both lipoxygenase and cyclooxygenase 
pathways  are postulated to contribute to development of 
the inf lammatory response (28). Al though LTB4 and 
PGE2 may act synergistically to increase vascular per- 
meability, LTB4 and prostaglandins may exert opposing 
effects on neutrophil function. In stimulated neutrophils, 
PGE2, PGE1 and 6-keto-PGFl~ effect ively inhibit  
adherence, aggregation, calcium mobilization, superox- 
ide generation and lysosomal enzyme release (25). Because 
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FIG. 1. Scheme for the metabolism of corn oil, primrose oil and menhaden oil to eicosanoids. 

LTB4 increases neutrophil adherence, Ham et al. (29) 
speculated that  production of prostaglandins by endo- 
thelial cells will suppress adhesion of neutrophils to the 
vascular endothelium by inhibiting LTB4 production, 
Korchak and Abramson (25) have observed that  LTB4 
activation of neutrophils was significantly depressed in 
the presence of PGE1. Thus, the reduction in number of 
malignant tumors observed in PO-fed rats may be medi- 
ated by increased synthesis of PGE1 that  may, in turn, 
alter immune responses by opposing LTB4. The finding 
that  a MO diet favors the immunologic generation of 
LTB 5, which has attenuated biological activity com- 
pared with LTB 4, suggests that  EPA-enriched tissues 
may exhibit less proinflammatory activity than EPA- 
poor tissues (30). Feeding 20% MO in this study de- 
creased all dienoic eicosanoid levels, as well as the pro- 
inflammatory leukotriene, LTB4. In order to explain the 
mechanism of inhibition of tumorigenesis by n-3 fat ty  
acids, optimal trienoic/dienoic eicosanoid ratios should be 
established. The lack of adequate methodology to mea- 
sure trienoic eicosanoids is currently the limitation. 

In summary, the present study shows that  eicosanoid 
synthesis can be selectively modified by feeding n-3 or 
n-6 fatty acid precursors. Furthermore, inclusion of GLA 
or substitution of EPA and DHA for LA in the diet ap- 
pears to decrease the malignancy of mammary tumors 
induced by DMBA. Our data suggest that  the reduction 
in malignancy by dietary PO may be accomplished by 
decreasing the "protumor" dienoic eicosanoids and/or in- 
creasing monoenoic eicosanoids in tissues, but the effect 
of dietary MO may be mediated through depression of 
the production of dienoic eicosanoids and 4-series leuko- 
trienes. The mammary tumor-promoting effect of dietary 

fat, specifically CO, may be mediated by overproduction 
of selective dienoic eicosanoids that modulate the immune 
response. Further studies are needed to establish the sub- 
tle mechanism(s) of fat types and levels in mammary 
cancer. In particular, the question of the optimal dietary 
ratios of n-3 to n-6 fat ty  acids needs to be addressed. 
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Several aliphatic acids and their ethyl, isopropenyl and 
2,2,2-trichloroethyl esters were allowed to react with 1- 
and 2-octanols catalyzed by commercial lipase prepara- 
tions of porcine pancreas and the fungi Candida rugosa, 
Aspergillus niger and Mucor miehei. 

Comparisons of reactivity of the acids and esters were 
made in common organic solvents using the primary 
alcohol. Reactions of octanoic acid and its esters with 
2-octanol in hexane allowed an evaluation of stereoselec- 
tivity of the lipases with different substrates that car- 
ried the same (octanoyl) residue. A partial resolution of 
rac-2-hexadecanol with A. niger lipase is described, and 
the utility of lipase selectivities (stereo, positional, fatty 
acid and ester) is discussed with reference to the data 
presented. 
Lipids 23, 955-960 (1988). 

Fat ty  acid selectivities of commercial and purified 
microbial lip ases continue to receive much attention {1,2). 
Such information would be useful for projected industrial 
reactions such as the synthesis of fat ty acid esters and 
transformations of natural triglycerides (3-6). The effect 
of the alcohol or other residue attached to a given acyl 
substrate on lipase preferences for fatty acids has been 
studied less frequently, although the accumulated evi- 
dence (7-10) indicates that acylation of the enzyme may 
be promoted, and/or acylation may be made irreversible, 
by suitable choice of acylating agent. Moreover, the large 
number of lipase-mediated kinetic resolutions of alcohols 
(7) and the oft documented triglyceride position prefer- 
ences of lipases (1) demonstrate the importance of the 
structure of the alcohol component in reactions that are 
catalyzed by these enzymes. 

We have screened separately and compared several acid 
derivatives of acetic, octanoic and oleic acids in reactions 
with 1- and 2~octanol, in order to further assess the poten- 
tial importance of the nonacyl portion of the substrate 
in lipase reactions. In the process, we found that  a lipase 
of AspergiUus niger (Amano-Lipase K) also is useful for 
resolving secondary alcohols. In addition, we observed 
that the degree of stereobias exhibited by lipases can be 
affected sometimes by the nature of the group associated 
with the acid residue in the starting material. Lipase selec- 
tivities based on the data reported here are evaluated for 
utility in kinetic resolution of enantiomeric alcohols and 
in selective transesterification of primary alcohols. 

MATERIALS AND METHODS 

Gas liquid chromatography (GLC) was performed with 
a Shimadzu GC-Mini 2 instrument (Columbia, MD) using 

*To whom correspondence should be addressed. 
Abbreviations: ee, enantiomeric excess; GLC, gas liquid chroma- 
tography; IR, infrared spectra; MS, mass spectra or spectrometry; 
NMR, nuclear magnetic resonance spectra. 

an SPB-1 column (0.25 mm i.d. X 30 m) fitted with a flame 
ionization detector and operated at column temperatures 
indicated herein, with a 50:1 split ratio and with He car- 
rier gas. Chromatograms were recorded with either a 
Perkin-Elmer Model 023 Recorder (Norwalk, CT) or a 
Hewlett-Packard 3390 Recording Integrator (Avondale, 
PA). Infrared spectra (IR) were obtained on a Perkin- 
Elmer 1310 Spectrophotometer (3% solutions in CC14). 
Nuclear magnetic resonance spectra (NMR) were obtained 
in CDC13 using a JEOL JNM-GX 400 FT NMR spec- 
trometer {Piscataway, N J). Mass spectra (MS) were 
recorded with a Hewlett-Packard 5995 GC-MS System 
interfaced with an OV-1 column (0.25 mm i.d. • 12 m). 
Optical rotations were obtained using a Perkin-Elmer 141 
Polarimeter. 

Acetic acid was Baker Analyzed Reagent (Baker, 
Phillipsburg, NJ), all other organic acids were Aldrich 
Reagent Grade (Aldrich, Milwaukee, WI) and were 
employed without purification. Hydrocarbon standards 
for GLC were purchased and used as received, also. Ethyl 
and 2,2,2-trichloroethyl esters were synthesized in the 
usual manner from the alcohols and acids (Fisher 
esterification) or acid halides (triethylamine, CH2C12). 
They were distilled and characterized by IR, MS and 
GLC. Isopropenyl esters were prepared in slightly better 
yield, and more conveniently than previously reported 
(11), and an example is given as well. Solvents were pur- 
chased "distilled in glass," or were reagent grade and 
were distilled before use (acetone distilled from KMnO4 
and 1,2~limethoxyethane distilled from lithium aluminum 
hydride). Diethyl ether was Analyzed Reagent-Anhy- 
drous (Baker) and was used directly. The enzyme prepara- 
tions by biological source (commercial source; company 
trade name; initial rate assay on olive oil emulsions given 
in ~anol free fatty acid released, min -~, mg -~) were 
C. rugosa (Enzeco, none, 9.82) (Enzyme Development 
Corp.; New York, NY), A. niger (Amano; Lipase K; 11.2) 
(Amano, Troy, VA), M. miehei (NOVO; Lipase-3A; 5.33) 
(NOVO, Wilton, CT) and Porcine pancreatic lipase (Sigma; 
none; 15.6) (Sigma, St. Louis, MO). 

Immobilization oflipases. Lipase-3A is on a resin (pro- 
prietary), as purchased. For ease in use, greater stability 
and potential for recovery, the other two fungal lipases 
were adsorbed onto Duolite, an ion-exchange resin 
available from R~:~inn and Haas Co. (Philadelphia, PA). 
Duolite {50 g) wa.~ wasb,:;d sequentially with 2 • 100 ml 
of methanol, and then 2 X 100 ml of .05 N phosphate buf- 
fer at pH 7.0. The material was then swirled in 100 ml 
of the same buffer containing 5 g of the commercial lipase 
powder (30~ 16 hr). The mixture was suction filtered 
and washed with 2 • 100 ml of reagent acetone. The 
granular product was dried under vacuum at 25~ 

Activities of the lipases in organic solvent before and 
after adsorption were evaluated as follows: 5 ml of wet 
hexane containing 0.50 mmol of 1-octanol and 0.25 mmol 
of octadecane, and 5 ml of wet hexane containing 
0.50 mmol of octanoic acid were combined. Catalyst 

L1PIDS, VoL 23, No. 10 (1988) 



956 

P.E. SONNET AND G.G. MOORE 

(20 mg of powder or 0.20 g of immobilized enzyme) was 
added, the reaction mixture was stirred at 30~ and 
samples were analyzed by GLC (200~ at 1.0 and 2.0 hr. 
The measurements were duplicated and averaged. Lipase 
(powder activity in ~mol of ester formed; hr -1, mg; im- 
mobilized enzyme activity): C. rugosa (1.1, 0.13); A. niger 
(0.33, 0.35). The pancreatic lipase was used as a powder; 
a useful preparation on Duolite was not obtained. Lipase 
3A is immobilized on an ion~exchange resin, as purchased. 
Preparation of isopropenyl heptanoate. Heptanoic acid 

(50 ml), isopropenyl acetate {200 ml) and H2SO4 (0.3 ml) 
were heated under reflux for 5 hr. The mixture was cooled 
to ca. 25~ stirred for 0.25 hr with 20 g of sodium acetate 
and 100 ml of anhydrous ether, and then filtered. The 
filtrate was concentrated on a rotary evaporator to re- 
move ether and isopropenyl acetate. The concentrate was 
dissolved in 200 ml of ether and stirred for 2 hr with 25 g 
of NaHCO3 and 50 ml of water. The organic phase was 
recovered and dried (Na2SO4). The solvent was removed, 
and the residue was distilled through a Vigreaux column 
collecting the fraction bp 87-93~ (20 ram): 19.2 g, 32.2% 
yield, IR 1750, 865 cm -~, GC-MS m/e 113 (heptanoyl 
ion), no molecular ion obtained); ~3C NMR 14.09, 19.58, 
22.60, 24.91, 29.01, 31.65, 34.37, 101.96, 153.01,171.02. 
The product was contaminated with about 3-4% of the 
acetic heptanoic anhydride. Isopropenyl octanoate and 
oleate were similarly prepared; the latter was purified by 
column chromatography, as previously reported (11). 
Esterifications of 1-octanol. Reaction mixtures were 

prepared that contained 0.50 mmol each of 1-octanol and 
the acylating reagent and 0.25 mmol of the hydrocarbon 
internal standard in 10 m_l of wet solvent. Water-miscible 
solvents were fortified with 2 ~I of distilled water. The 
enzyme formulation was added, and the reaction mixture 
was stirred at 30~ Aliquots were analyzed by GLC-- 
acyl residue {hydrocarbon standard, GLC temperature}: 
acetyl (undecane, 120~ octanoyl {octadecane, 200~ 
oleoyl (tetracosane, 280~ The amount of catalyst used 
was adjusted downward, as necessary, to reduce percent- 
age conversion to less than 20% during the first hour and 
thereby provide a calculated velocity close to an initial 
rate assay (the rate that would be calculated from the ini- 
tial linear portion of the rate curve, with an excess of 
substrate to assure saturation of enzyme active sites). 
Most reactions proceeded to less than 5% conversion 
under the conditions employed. 

Esterifications of 2-octanoL Reaction mixtures were 
prepared containing 0.50 mmol each of rac-2-octanol and 
octanoic acid (ester) and 0.25 mmol of octadecane in 10 
ml of wet hexane. The enzyme (0.20 g of formulated 
material or 225 mg of pancreatic lipase powder) was 
added, and the mixture was shaken at 30~ for 4-6 days. 
Analysis by GLC provided percentage conversion. The 
configurational analysis for residual 2-octanol was ob- 
tained, as previously described (12), using (S)-a-methyl- 
benzylisocyanate (13) to produce chromatographically 
separable diastereomers to determine the enantiomeric 
excess (ee) of the unesterifled alcohol. 

Resolution ofrac-2-hexadecanoL 2-Hexadecanol (2.94 g, 
10 mmol) was shaken in a solution of wet hexane (50 ml) 
containing isopropenyl oleate (3.23 g, 10 retool) and A. 
niger on Duolite (5 g) at 30~ for 14 days. The mixture 
was suction filtered, and the resin was washed with small 
portions of hexane. The combined organic phase was 

concentrated and chromatographed on silica gel, 60-200 
mesh, 30 g (Grace Co., Baltimore, MD). The oleate ester 
was eluted with 2-5% ether-hexane, and the unreacted 
alcohol was eluted with 7.5-10% ether-hexane (1.36 g, 
46.3% of 70.0 ee:S). The ester was saponified (20 ml of 
50% 4 N KOH-methanol, reflux overnight) to produce 
alcohol {1.28 g, 43.5% of 86.6 ee:R). The ester, in other 
words, was 93.3% (R). The R-alcohol had aD25-4.0 {C = 
4.7, EtOH). A midfraction was recovered with 5% ether- 
hexane that  was mostly alcohol. The chromatographic 
conditions for the diastereomeric carbamates used to 
assign configurational purity to the alcohols were: column 
temperature 280~ k's 4.167 (R,S-diastereomer), 4.375 
(S,S-diastereomer) and a separation factor of 1.050. 

RESULTS AND DISCUSSION 

Esterification ofl-octanoL Acetic, octanoic and Z-9-octa- 
decenoic (oleic) acids were allowed to react with 1-octanol 
in wet hexane at 30 + 0.2~ with the following commer- 
cial lipase preparations: Enzeco C rugosa, Amano Lipase 
K. (A. niger), NOVO Lipase 3A (M. miehei) and Sigma por- 
cine pancreatic lipase. A hydrocarbon internal standard 
permitted an evaluation of conversion to 1-octanol ester, 
from which was calculated a value for reactivity in ~mol 
ester formed, rain -~, g-L Reactivities of ethyl, isopro- 
penyl and 2,2,2-trichloroethyl esters were similarly calcu- 
lated and the results tabulated as reactivity relative to 
the corresponding acid as unity (Table 1). A typical chro- 
matogram is given in Figure 1. Under these conditions, 

I 

2 

b 

c 

I I I I 

4 6 8 10 12 

t ( rain ) 

FIG. I. Gas Chromatogram of a) 2~ctanol  octanoate, b) l ~ c t a n o l  
octanoate and c) octadecane, in a molar ratio of 1.765:1.797:1.000, 
using the SPB-1 column at 200~ Similar chromatograms were used 
as standards to monitor fipase esterifications. 
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TABLE 1 

Relative Rate of Esterification of l~)ctauol in Hexane a 

Enzyme Acid residue Acid b Ethyl c Isopropenyl c TCE d SH e 

C. rugosa Acetyl 1.00 --f  19.8 23.4 15.3 
Octanoyl 1.00 -- 1.7 8.5 ND 
Oleoyl 1.00 -- 1.5 3.5 ND 

A. niger Acetyl 1.00 0.071 1.96 0.41 5.86 
Octanoyl 1.00 0.038 0.11 0.067 ND 
Oleoyl 1.00 <0.04 0.39 <0.04 ND 

M. miehei Acetyl 1.00 0.30 0.34 0.25 1.5 
Octanoyl 1.00 0.28 0.016 0.23 ND 
Oleoyl 1.00 0.27 0.29 0.27 ND 

Pancreatic Acetyl 1.00 0.32 0.62 2.07 2.57 
Octanoyl 1.00 <0.01 0.12 0.23 ND 
Oleoyl 1.00 --f  0.56 <0.15 ND 

aSee Materials and Methods. Reactions were duplicated and GLC analyses were 
reproducibly + 3%. Activities presented are relative to the acid as 1.00; actual values 
obtained for free acids are: (acid, activity in/~rnol ester formed, rain -I, g-l) for C rugosa 
(acetic, 0.058; octanoic, 1.25; oleic, 1.0D, A. niger {acetic, 2.66; octanoic, 20.6; oleic, I0.3}, 
M. miehei (acetic, 4.91; octanoic, 250; oleic, 310), and pancreatic {acetic, 0.32, octanoic, 
8.4; oleic, 5.4). 

bFree acid. 
c Ester. 
d2,2,2-Trichloroethyl ester. 
e Thiolacetic acid. 
fVery slow (less than 0.0D. 
ND, not determined. 

TABLE 2 

Activity of Lipases in Various Organic Solvents fl4)ctanol and Octanoic Acid) a 

Enzyme Hexane Toluene Ether DMEb M c Acetone 

M. miehei 300 150 4.3 (260) _ d  (100) 8.0 (220) 0.3 (250) 
A. niger 20.6 2.5 (8.5) _ d  _ (_) _ d  (2.3) -- (0.77) 
C. rugosa 1.25 _ d  (0.56) -- (0.77) -- (-) -- (0.083) -- (-) 
Pancreatic 8.4 4.6 0.21 (3.4) -- (2.4) 0.55 (5.8} 0.20 {5.9) 

aSee Materials and Methods. Reactions were duplicated and GLC analyses were reproducibly =k3%. 
Activities are in unite of ~rnol of ester formed, min -1, g-1. Figures in parentheses are activities of recovered 
enzyme measured in hexane. 

b 1,2-Dimethoxyethane. 
c Methylene chloride. 
dLess than 0.01. 

the  e thyl  es ters  were uni formly  less react ive than  the cor- 
responding  free acids. Because  the  carbonyl  g roups  of the 
i sopropenyl  and  2,2,2- tr ichloroethyl  es te rs  render  the  
es ter  carbonyls  electron deficient, however,  one migh t  ex- 
pec t  t h a t  the  l ipases would  be more  readi ly acylated.  I n  
fact,  the  " a c t i v a t e d "  es te rs  were indeed more  reac t ive  
wi th  C. rugosa lipase, especial ly the  aceta tes .  Bu t  these  
es te rs  were genera l ly  less reac t ive  t h a n  the  free acids 
us ing  the  o ther  lipases. To the  degree t h a t  an acy la ted  
enzyme  has  no m e m o r y  of the  source of  the  acyl  residue, 
these  relat ive react ivi t ies  sugges t  t h a t  ca rbonyl  po la r i ty  
in the  subs t r a t e  bears  little relat ionship to  the ease of en- 
z y m e  acylat ion.  I t  is in te res t ing  to  no te  t h a t  thiolacet ic  
acid was  more  react ive  t h a n  acetic acid. The longer chain 
acids are favored  by  the  e nz ym e s  over  acetic acid, as 

previously  established. The counteruni t  {alkoxy group  for 
an ester} is somet imes  more  effect ive in p r o m o t i n g  reac- 
t ion of  the shor ter  acid, perhaps  because acetic acid tends  
to  self-associate in hexane,  a l t h o u g h  i ts  es ters  are 
monomer ic  and more  hydrophobic .  

The  reac t iv i ty  of enzymes  in organic  media  has  been 
reviewed by Klibanov (14), and it is clear t h a t  solvent  can 
p ro found ly  influence bo th  s tab i l i ty  and reac t iv i ty .  We  
conduc ted  esterif icat ions of  octanoic  acid wi th  1-octanol, 
u s ing  the  same  l ipase p r epa ra t i ons  in var ious  organic  
so lvents  for  1 hr, and  de te rmined  react iv i t ies  as before. 
The  l ipase f rom such  reac t ions  was  recovered  and used  
for the  same  es ter i f icat ion reac t ion  in hexane,  in order  to  
de te rmine  residual  l ipase ac t iv i ty  (Table 2). In  each case, 
the  ester i f icat ion reac t ion  was  f a s t e s t  in hexane,  abou t  
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half as rapid in toluene for the lipases of M. miehei and 
porcine pancreas, and very  slow otherwise. Evaluat ions 
of recovered activity often showed significant losses par- 
t icularly for A. niger and C. rugosa lipases, especially in 
1,2-dimethoxyethane. The loss in act ivi ty for the two 
aforementioned lipases in acetone is interesting, because 
tha t  solvent is often used to precipitate crude protein 
preparations.  An exact determinat ion of the nature  of 
these losses in each case is beyond the scope of this in- 
vestigation, but  it is apparent  tha t  react ivi ty in, and 
recovery of enzyme activity from, organic solvents would 
have to be uniquely determined and optimized for a par- 
ticular reaction, enzyme and solvent. 

Esterification of 2-octanoL The same lipase preparations 
were used to catalyze the esterification of 2-octanol with 
octanoic acid in hexane at  30 _ 0.2~ Acetic acid and 
its esters reacted too slowly, and octanoic acid was 
selected, because the results obtained for octanoic acid 
were expected to be similar to those tha t  would be ob- 
tained for longer chain acids {12}. The degree of conver- 
sion was obtained by GC (Fig. 1}, and the stereobias {en- 
antiomeric excess) in the unreacted 2-octanol was deter- 
mined by conversion to diastereomeric carbamates  with 
{S)-a-methylbenzylisocyanate tha t  then could be analyzed 
by GC (Fig. 2}. These data  permit ted  the calculation of 

I I I I 1 1 1 I 

0 2 4 6 8 10 12 14 

t ( rain ) 

FIG. 2. GLC analysis of a-methylbenzyl carbamates obtained by the 
reaction of 2-hexadecanol recovered from its  oleate ester. The ester 
had been formed from alcohol and acid using A. niger llpase (Amano- 
Lipase K) on Duolite. Analys is  uses an SPB-I column at 280~ a) 
is the R,S-diastereomer {R-alcohol) and b) is the S,S-diastereomer. 

enantiomeric rat io (ER}, a number  tha t  expresses the 
relative react ivi ty of enantiomers with an enzyme {15) 
{Table 3). Although the derivation for E R was based on 
pure enzyme, i.e., a single enzymatical ly active species, 
a mixture  of enzymes such as an impure commercial 
preparat ion would, at most, cause the calculated ER to 
drift, particularly at greater conversion. Conversions were 
less than 50% and are offered as a rough indicator of 
relative react ivi ty  of the enantiomers. 

As reported previously, the stereoselection of M. miehei 
lipase was high for octanoic acid; it is also high for the 
isopropenyl and 2,2,2-trichloroethyl esters. The Amano- 
Lipase K (A. niger} also was high enough to be useful and 
we partially resolved 2-hexadecanol to show the uti l i ty 
of such a procedure. Previous evaluation of this lipase {12) 
used the commercial powder tha t  had low activity. 
Deposition of the A. niger lipase powder on Duolite, how- 
ever, markedly increased its act ivi ty and allowed a more 
accurate determinat ion of its stereobias in this reaction. 
The increased act ivi ty of the immobilized A. niger lipase 
is probably due to improved stabili ty of the enzyme {16). 
The immobilization process frequently acts to reduce one 
or another  of the denaturat ion processes, and the assay 
method tha t  is conducted during a time interval  leads to 
a higher calculated specific activity than did the original 
enzyme powder. The immobilized A. niger lipase was 
allowed to catalyze the esterification of 2-octanol with 
oleic acid. At  45% conversion, the residual alcohol was 
85% S:15% R {70% ee:S}, and the product oleate ester was 
87% R {Fig. 2}. The E R would be ca. 29, and a conversion 
in the vicinity of 58% would assure a pure {S}-2-hexa- 
decanol (17). The C. rugosa showed no bias with the oc- 
tanoic acid and low, opposite biases with the two octanoyl 
esters. Enzyme recovered from reaction of the isopropenyl 
ester  was used to esterify octanoic acid (no bias for oc- 
tanoic acid}, then recovered and used for the isopropenyl 
ester  {same result  for the ester}. Thus, the alteration in 
selectivity is real and reproducible. More str iking is the 
modest  bias shown by pancreatic lipase with octanoic 
acid, and the very  s t rong selectivity with the 2,2,2-tri- 
chloroethyl ester. Recently, Deleuze et al. {10) reported 

T A B L E  3 

Stereoselectivities of Lipases in Octanoylation 
of 2-Octanol in Hexane a 

Enzyme Acid Isopropenyl b TCE c 

C. rugosa 1.0 1.3 d 1.3 
A. niger >40 e >40 e >40 e 
M. miehei >40 >40 >40 
Pancreatic 9.6 --f >40 

aSee Results and Discussion for selectivity measurement. The 
(R)-2-octanol reacts fastest, except as noted. 

bEster. 
c 2,2,2-Trichloroethyl ester. 
dThe (S)-2-octanol reacts slightly faster. 
e Although calculation gives an exact figure, the analytical technique 

is insufficiently precise and the error in calculated value increases 
with higher relative rates. For practical purposes selectivities 
greater than 40:1 are likely to be useful in kinetic resolution. 

f Reaction too slow. 
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the results of competition experiments showing that the 
relative reactivity of pairs of esters with lipases was 
independent of the alcohol that was being esterified. Like- 
wise, the relative reactivity of pairs of alcohols with 
acylated lipases was independent of the source {e.g., struc- 
ture of the alcohol component of the ester) of acid residue. 
These observations are consistent with a generally ac- 
cepted view that lipases first become acylated, and then 
undergo reaction with an available nucleophile in a dis- 
crete second phase of operation. Implicit is an assump- 
tion that the nonacyl component of the substrate is shed 
from the enzyme into the medium, where it becomes a 
minor component in the pool of available nucleophiles. 
Our observations do not confound this picture, but merely 
indicate that substrates and nucleophiles can, perhaps by 
virture of alternate associations with the protein and their 
overwhelming presence (compared to enzyme concentra- 
tion), alter somewhat the delicate balance of stereoselec- 
tivity of an acylated enzyme. Similar observations were 
reported earlier, for example, wherein stereoselectivity in- 
volving the esterification of rac-2-octanol with octanoic 
acid using M. rniehei lipase was reduced significantly in 
the presence of the much less reactive acetic acid, though 
the same reaction proceeded at a slower rate with no 
change in stereoselectivity in the presence of unreactive 
phenyl(trifluoromethyl)carbinol (18). 

Lipase selectivity. Much interest exists in exploring the 
selectivities of lipases for projected industrial reactions 
(3-6), and a number of patents have been issued that are 
based on preferential reactions of various lipases with 
fat ty acids and their derivatives (19). Given the problem 
of selectively converting one reagent present in a mixture 
of potential reagents to a product, one is faced essentially 
with a kinetic problem. With sufficient reaction time, a 
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product mixture would be obtained that is at equilibrium 
thermodynamically. Therefore, how selective must a 
catalyst be to be useful? 

Competitive reactions were conducted that were chosen 
based on the data of Table 1. Isopropenyl heptanoate and 
ethyl octanoate were allowed to transesterify 1-octanol 
competitively, using C. rugosa lipase on Duolite in hex- 
ane. Because isopropenyl esters are better substrates for 
this lipase than ethyl esters and will react irreversibly, 
one expects to see faster and more complete conversion 
to octyl heptanoate than to octyl octanoate. The data 
(Fig. 3) show the general predicament inherent in the use 
of enzymes as catalysts, when selectivity is modest. The 
heptanoate product contains only ~2% of the octanoate 
ester, if the reaction is terminated at ~19% conversion 
(5 hr). However, at 86% conversion (144 hr), the octanoate 
component is >17% of the product. In a related experi- 
ment that would yield the same two esters as products, 
but should lead to a mixture richer in octanoate ester 
(Fig. 4), isopropenyl heptanoate and 2, 2, 2-trichloroethyl 
octanoate were allowed to react with 1-octanol. In this 
case, it was expected that octyl octanoate ester would 
form more quickly. Indeed, this was so, and then the octyl 
heptanoate ester began to form. Eventually trichloroethyl 
heptanoate also was observed in the reacting mixture, in- 
dicating that trichloroethyl esters do react reversibly. 

In summary, several acids and their esters have been 
evaluated in esterification reactions of 1- and 2-octanol 
as typical aliphatic alcohols, using several commercially 
available lipases. Reactions were fastest in hexane, as 
compared with several other common organic solvents, 
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FIG. 3. Reaction of isopropenyi heptanoate (0.01 M), ethyl octanoate 
(0.10 M) and l~ctanol (0.12 M) in wet hexane with C. rugosa lipase 
(0.300 g/mmol of ester) at 30~ h:l-octanol heptanoate; 0:l-octanol 
octanoate. 
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FIG. 4. Reaction of isopropenyl heptanoate (0.10 M), 2,2,2-trichloro- 
ethyl octanoate (0.10 M) 1-octanol (0.12 M) in wet hexane with M. 
miehei Upase (0.025 g/mmol of ester) at 30~ h:l~ctanol heptanoate; 
0:l-octanoi octanoate. 
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and the organic acid itself is usual ly the best  subst ra te .  
An exception to this involves the react ions of C. rugosa  
lipase, which reacts  more rapidly in hexane with isopro- 
penyl  and 2,2,2-trichloroethyl esters.  Fur ther  evaluat ion 
of lipase select ivi ty us ing rac-2-octanol indicated a pre- 
viously unobserved high stereoselectivity for the A.  niger 
l ipase and, unexpectedly,  var ia t ion in s tereobias  with 
source of acyl residue us ing  the lipases of C. rugosa  and 
porcine pancreas.  Exemplif icat ions  of lipase selectivity,  
based  on relative react ivi t ies  of es ters  {Table 1), demon- 
s t ra te  the relat ionship between select ivi ty and product  
puri ty .  Applicat ions of lipase selectivities (as in kinetic 
resolution of enant iomers  [16]) are bes t  applied in the 
sense of pur i fying a s t a r t ing  material .  Only if the selec- 
t iv i ty  of a lipase is such, to make  the ca ta lys t  vir tual ly  
specific, can it be used to yield a nearly pure product .  
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Interaction of Rabbit Lipoproteins and Red Blood Cells 
With Liposomes of Egg Yolk Phospholipids 
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After intravenous injection of liposomes prepared from 
egg yolk phospholipids into rabbits, the phospholipids 
were readily assimilated by the lipoproteins, and there 
were increases in the circulating levels of cholesterol and 
phospholipids. The increases in cholesterol level were 
mainly due to increases of free cholesterol. Gradient ultra- 
centrifugation showed that the lipoproteins decreased in 
density, and gel filtration chromatography showed that 
they increased in particle size. Upon electrophoresis, they 
exhibited slower mobility. Liposomes recovered from ral~ 
bits 3 hr after the injection contained free cholesterol, 
apolipoproteins A-I, E and traces of C. The apolipopro- 
tein may target the liposomes for uptake by hepatocytes. 
Incubation of the liposomes with rabbit red blood cell 
membranes in vitro caused a decrease in cholesterol con- 
tent of the membranes. However, the cholesterol/phos- 
phate ratio in red blood cells isolated from the rabbits 
after the injection of liposomes did not change signifi- 
cantly, suggesting rapid replenishment of red blood cell 
cholesterol in vivo, possibly by equilibration with lipopro- 
tein cholesterol or tissue cholesterol. These results sug- 
gest that the injection of phospholipid liposomes may 
have an antiatherogenic effect by the removal of tissue 
cholesterol and enhancing hepatic disposal of cholesterol 
through the reverse cholesterol transport mechanism. 
Lipids 23, 961-967 (1988). 

The antiatherogenic effect of intravenous injections of 
phospholipids has been demonstrated in several experi- 
mental animal models. Friedman et al. {1} first reported 
that the infusion of a suspension of animal lecithin af- 
fected a marked resolution of atherosclerotic infiltration 
and reduced cholesterol deposition in the aorta of rabbits 
in which atherosclerosis had been induced by a diet con- 
taining 1% or 3% cholesterol. These observations were 
confirmed by others {2,3}. Regression of atherosclerotic 
lesions in baboons after the injection of phospholipids was 
reported by Howard et al. {4), and similar observations 
in Japanese quaffs were reported by Stafford and Day 15}. 

Recent studies by Williams and Scanu 16} in dogs 
demonstrated the uptake of apolipoprotein A-I (apo A-D 
and cholesterol by intravenously injected phospholipid 
liposomes, with concomitant uptake of phospholipids by 
high density lipoprotein (HDL}. The authors suggested 
that the injected liposomes mobilized tissue cholesterol. 
A possible antiatherogenic mechanism of injected phos- 
pholipid liposomes was proposed by Williams et al. {7}, 

1 Current address: Division of Metabolism, Endocrinology and Nutri- 
tion, RG-26, University of Washington, Seattle, WA 98195. 
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Abbreviations: Apo A-I, apolipoprotein A-I; apo E, apolipoprotein 
E; {~-~{VILDL, {beta-~{very~ low density lipoprotein; HDL, high den- 
sity lipoprotein; SDS-PAGE, sodium dodecyl sulfate polyacrylamide 
gel electrophoresis; IEF, isoelectric focusing. 

based on their observation of liposomes injected into 
hypercholesterolemic rabbits. They found that the lipo- 
somes acquired apolipoproteins E {apo E} from beta-very 
low density lipoprotein U3-VLDL), and the apo E contain- 
ing liposomes then competed with/~-VLDL for binding 
to apo E receptors on macrophages, thus, diminishing 
the uptake of cholesteryl esters from ~-VLDL by the 
macrophages. 

To seek further explanation of the antiatherogenic ef- 
fect of phospholipid liposomes, we injected liposomes of 
egg yolk phospholipids into normolipidemic rabbits, to 
assess their effects on cholesterol transport. We found 
extensive interaction between the liposomes and serum 
lipoproteins. The injected phospholipids were readily 
assimilated by serum lipoproteins and the liposomes 
recovered from rabbit blood contained, in addition to 
cholesterol, apolipoproteins A-I, E and traces of C. We 
also examined the effect of the liposomes on cholesterol 
and phospholipid contents of red blood cells. Taken 
together, our data support the contention that intra- 
venous injection of phospholipid liposomes may mobilize 
tissue cholesterol and enhance the reverse cholesterol 
transport mechanism, thus having an antiatherogenic 
effect. 

MATERIALS AND METHODS 
Rabbits. Male New Zealand white rabbits, ca. six months 
of age, were fed normal rabbit chow and maintained at 
controlled temperature with a 12-hr dark/light cycle, by 
the Division of Veterinary Resources at the University 
of Miami School of Medicine. Food was removed from the 
rabbits at least 12 hr prior to collection of blood samples 
or injection of liposomes through the peripheral ear vein. 

Liposomes. Injection grade egg yolk phospholipids (lot 
#VH001V} were a generous gift of Asahi Chemicals 
{Tokyo, Japan}, and contained 98.8% phosphatides, of 
which 71.0% was phosphatidylcholine; 20.2%, phospha- 
tidylethanolamine; and less than 1%, lysophosphatides. 
Liposomes were prepared by sonication according to 
Huang {8}. Briefly, phospholipids were suspended in 
0.15 M NaC1, pH 7.4, at a concentration of 300 mg/ml, 
and sonicated for three 10-rain intervals at 0~ with the 
standard tip of the sonicator (Heat Systems Ultrasonics, 
Plainview, NY) at a setting of 50 W. The sonicated lipids 
were then centrifuged at 120,000 X g for 30 min to 
remove Ti particles and nonliposomal lipids. The super- 
natant was collected and passed through a 0.45 ~n  pore 
filter. Liposomes were sized by gel permeation chroma- 
tography on BioGel A-5m (BioRad Laboratories, Rich- 
mond, CA) using a 1 • 90 cm column. Typical prepara- 
tions of liposomes contained >90% of the phospholipids 
in a major peak which corresponded to smooth uni- 
lamellar vesicles as previously described {8}. The remain- 
ing phospholipids that eluted near the void volume were 
probably composed of multilamelar vesicles and other 
large lipid aggregates. 
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Lipid assays. Cholesterol in serum and serum fractions 
was determined by the cholesterol oxidase method of 
Allain et al. (9). Free cholesterol was determined using 
the same method with the omission of cholesteryl esterase 
from the reagent. 

Triglycerides in rabbit serum were determined using 
a commercially available kit {Craig Bioproducts Inc., 
Streamwood, IL) based on the method of McGowan et al. 
{10). 

Serum phospholipids were estimated after precipitation 
of lipoproteins with 100 volumes of 10% trichloroacetic 
acid as described by Zilversmit and Davis {11). Phospho- 
lipids were determined as inorganic phosphorous after 
digestion with perchloric acid at 170-180~ for ca. 30 min 
by the method of Bartlett (12). 

Agarose gel electrophoresis. Agarose gel electrophore- 
sis of serum lipoproteins was performed using the Corn- 
ing (Palo Alto, CA) ACI electrophoresis system according 
to the manufacturer's procedures. Lipoproteins were 
stained with Fat Red 7B, and gels were scanned at 
510 nm with a Corning model 730 densitometer. 

Density gradient ultracentrifugation~ Density gradients 
were prepared by the single spin method of Terpstra et al. 
(13) with minor modifications. Two ml of serum was ad- 
justed to density 1.21 g/ml by the addition of 0.809 g KBr 
and 0.050 g sucrose, and placed at the bottom of an 
ultracentrifuge tube and carefully overlayered with the 
following KBr solutions: 2 ml d -- 1.20 g/ml, 4 ml d -- 
1.10 g/ml and 4 ml d = 1.006 g/ml. Ultracentrifugation 
was performed in a SW 40Ti rotor (Beckman Instru- 
ments, Palo Alto, CA) at 39,000 rpm using a L5-65 ultra- 
centrifuge (Beckman) for 22 hr at 18~ Gradients were 
fractionated using an ISCO (Lincoln, NE) density gra- 
dient fractionator, and 0.75-ml fractions were collected. 

Gel permeation chromatography. Columns (1.5 • 
90 cm) were packed with BioGel A-5m equilibrated in 
0.01 M Tris, pH 7.4, 0.15 M NaCI, 0.01% EDTA and 
0.02% NaN 3 and kept at 4~ A flow rate of 6 ml/hr was 
maintained with the use of a peristaltic pump, and 4-ml 
fractions were collected. 

Electrophoresis. Sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE) was according to 
O'Farrel et al. (14), using the discontinuous buffer system 
of Laemmli (15) in 12% polyacrylamide slab gels. Prior 
to analysis, samples were delipidated as above and 
dissolved in 0.01 M Tris, 1 mM EDTA, 1% SDS and 5% 
f3-mercaptoethanol, pH 8.0. Gels were stained with 0.2% 
Coomassie Bright Blue in methanol/water/acetic acid 
(5:5:1, v/v/v) and destained in the same solution without 
dye until a clear background was obtained. Isoelectric 
focusing (IEF) was performed according to the method 
of Menzel et al. (16) with minor modifications. A 7.5% 
polyacrylamide gel containing 1.6% ampholines (Phar- 
malyte pH 4.5-6.5, Pharmacia Fine Chemicals, Piscat- 
away, NJ) and 5.2 M urea was used. The anode chamber 
contained 0.01 M H3PO 4 and the cathode chamber, 
0.02 N NaOH. Samples were delipidated with ethanol/ 
ether (3:1, v/v) according to Scanu and Edelstein (17), and 
dissolved in 0.01 M Tris-HC1, pH 8.2, containing 1% SDS, 
2% ampholine, 5%/J-mercaptoethanol and 13% sucrose. 
Electrophoresis was performed at 4~ at 200 V, until the 
current was zero. 

Preparation of red blood cell ghosts. Red blood cell 
ghosts were prepared by the method of Dodge et al. (18). 

Blood was collected in tubes containing EDTA (final con- 
centraton 2 mg/ml), and subjected to centrifugation at 
1,000 X g for 15 min. After removal of the plasma and 
the bully coat, the red cells were washed 3 times with 
0.15 M NaC1, 0.01 M Tris, pH 7.5. Hemolysis was effected 
by the addition of 20 volumes of 0.01 M Tris, pH 7.5, with 
gentle mixing. Red cell ghosts were sedimented by cen- 
trifugation at 20,000 X g for 45 min, washed 5 times and 
resuspended in 0.15 M NaC1, 0.01 M Tris, pH 7.5. 

RESULTS 

Changes in serum lipid levels. Each of eight rabbits was 
given an IV injection of egg yolk phospholipid liposomes 
at the dose of 60 mg phospholipid/kg animal weight. 
There was an immediate rise of serum phospholipid con- 
centration {ca. 2-fold), which was sustained for about 1 hr. 
The concentration then began to decline, reaching a 
plateau above baseline 6-8 hr post-injection, and the 
elevation persisted for at least 72 hr. Approximately 
15 min following injection, serum cholesterol levels began 
to rise, predominantly due to increases in free cholesterol, 
reaching peak levels between 3 and 4 hr. By the eighth 
hour, the cholesterol levels reached a plateau above the 
baseline level in five of the eight animals. Increases in 
cholesteryl ester concentrations lagged behind increases 
of free cholesterol by ca. 1 hr and were smaller in magni- 
tude (0-12% above baseline). Serum triglyceride levels 
varied among the animals. In control animals injected 
with saline, similar variations in triglyceride levels were 
observed, indicating that  the triglyceride changes could 
not be attributed to the liposomes. Figure 1 summarizes 
serum lipid levels of eight rabbits before and 4 hr after 
liposome injection. 

Changes in serum lipoproteins--Agarose gel electro- 
phoresis. Figure 2 shows the results of agarose gel elec- 
trophoresis of serum samples before and after liposome 
injection. Prior to injection (Panel A), the peaks of LDL 
(beta mobility) and VLDL {pre-beta mobility} are merged, 
and HDL (alpha mobility} appears as a separate peak. 
Upon electrophoresis, liposomes gave a single peak with 
slower migration than LDL (data not shown). Thirty min 
after injection, two major peaks of lipid-staining material 
were observable (Panel B) with slower mobilities than the 
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FIG. 1. Changes in rabbit serum lipid levels after injection of egg 
yolk phospholipid liposomes. Eight rabbits were each injected with 
egg yolk phospholipid liposomes (60 mg/kg wt). Serum was obtained 
from blood samples taken before and 4 hr after injection. CHOL, 
cholesterol; TRIG, triglycerides; PL, phosphoHpids. 
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FIG.  2. Agarose gel electrophoresis of rabbi t  serum. Serum was ob- 
tained from blood samples taken before and after injection of egg 
yolk phospholipid liposomes and subjected to agarose gel elec- 
tmphoresis. Lipoproteins were stained with Fat Red 7B, and the gels 
scanned at 510 nm. The origin is marked with an arrow. The cathode 
is to the left and the anode to the  r ight  of the panel. A, before injec- 
tion; B, 30 rain after  injection; C, 4 hr  af ter  injection; D, 48 hr af ter  
injection. 

peaks obtained from control serum (Panel A). The first 
peak from the left represents liposomes in addition to 
VLDL and LDL, and the second peak corresponds to 
HDL. Three peaks are observed in Panel C (4 hr after in- 
jection). The first one with slower mobility than control 
LDL contains VLDL, LDL and liposomes, and the large 
peak to the right represents HDL. Its mobility is faster 
than that  in Panel B, but slower than that in Panel A, 
indicating partial restoration of HDL. In addition, a small 
peak is observed between the two major peaks. This peak 
represents a component of the altered HDL, which was 
slow to undergo restoration. The electrophoretic pattern 
of HDL in Panel D (48 hr after injection) is essentially 
the same as before injection, but a larger pre-beta peak 
persists. In Panels B, C and D, the liposome and LDL 
peaks are not distinguishable. However, in control ex- 
periments where liposomes and control serum were mixed 
together and then subjected to agarose gel electrophore- 
sis, the LDL and liposome peaks were separated, although 
not completely resolved. These data indicate that the 
LDL peak had lower mobility after injection of liposomes. 
In addition, electrophoresis of serum mixed with lipo- 
somes did not reveal any alteration in the mobility of 
HDL, indicating that the changes observed in serum after 
injection were due to changes in the HDL particles and 
were not an artifact of electrophoresis, resulting from the 
presence of liposomes in the sample. 

Density gradient ultracentrifugation. Serum samples 
were obtained prior to, 15 min after and 3 hr after injec- 
tion of 200 mg phospholipid into a rabbit, and subjected 
to density gradient ultracentrifugation. VLDL at the top 
of the gradient was removed�9 Cholesterol and phosphc~ 
lipid contents of the gradient fractions were determined 
and the results are shown in Figure 3. Panel A shows the 
results of serum fractions obtained prior to injection, and 
two distinct peaks of cholesterol and phospholipids, cor- 
responding to LDL and HDL, can be seen with maxima 
at fractions 4 and 11, respectively. The HDL peak shows 
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FIG. 3. Density gradient ultracentrifugation profile of rabbi t  serum. 
Two ml of serum was subjected to density gradient  ultraceotrifuga- 
tion as described in Methods. Fractions of 0.75 ml were collected 
after tube piercing and displacement of the contents with a dense 
chase solution. Cholesterol and phospholipid contents of each frac- 
tion were assayed. Gradient  density increases from left to right.  A, 
before injection, serum cholesterol 28 mg/dl and serum phospholipid 
55 mg/dl; B, 15 min after injection, serum cholesterol 42 mg/di and 
serum phospholipid 219 mg/dl; C, 3 hr after injection, serum 
cholesterol 78 mg/dl and serum phospholipid 184 mg/dl. 

heterogeneity in the distribution of cholesterol and 
phospholipids, the less dense fractions having greater con- 
tents of cholesterol relative to phospholipids. Panel B 
shows increases in phospholipids and cholesterol in all 
fractions, as well as a shift of the HDL peak to lower den- 
sities 15 min after injection. In a separate experiment, 
liposomes were subjected to density ultracentrifugation 
and were recovered between fractions 2 and 6, with the 
peak at fraction 3. The increase of phospholipids in the 
LDL region in Panel B appears to be due to superimposi- 
tion of the liposomes. In Panel C {3 hr after injection of 
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FIG. 4. Gel permeation chromatography of LDL and liposomes 
isolated by density gradient ultracentrifugation. Densi ty  gradient 
fractions 3 to 7 (Fig. 3) were combined and subjected to chromatog- 
raphy on BioGel A-5m, using a 1.5 X 90 cm column at a flow rate 
of 6 ml/hr. Fractions of 3 ml were collected and assayed for 
cholesterol and phospholipid contents. A, density gradient fractions 
3 to 7, before injection; B, density gradient fractions 3 to 7, 15 min 
after injection; C, density gradient fractions 3 to 7, 3 hr after 
injection. 

the liposomes), there is a major peak of phospholipids and 
cholesterol in the region of LDL. In both regions of LDL 
and HDL, increases of cholesterol and decreases of phos- 
pholipids are observable. 

Gel permeation chromatography. Peak fractions from 
the density gradient ultracentrifugation (Fig. 3) were 
pooled and further analyzed by gel permeation chroma- 
tography to assess particle size and determine contents 
of cholesterol and phospholipids. Figure 4 shows the pro- 
files of gel permeation chromatography of density gra- 
dient fractions 3-7 of Figure 3, corresponding to LDL in 
control serum. Panel A {control sample) shows only a 
single peak of cholesterol and phospholipids. Panel B 
reveals several peaks containing both cholesterol and 

phospholipids, 15 min after injection. The first peak from 
the left elutes in the region of control liposomes, and the 
second is a broad peak encompassing LDL and larger par- 
tides. Panel C (3 hr after injection) is qualitatively similar 
to the profile in Panel B, except for the obvious decrease 
in phospholipids and the appearance of a more-defined 
minor peak eluting in the region of control HDL. This 
peak indicates that  a portion of HDL had acquired lower 
density to the range of LDL {Fractions 3-7, Fig. 3). 

There was a decrease in the free cholesterol]phospho- 
lipid ratio in the LDL peak 15 min after injection, from 
0.47 to 0.08, but an increase to 0.18, three hr after injec- 
tion. Since the total amount of cholesterol in the LDL 
peak did not decrease significantly, or actually increased 
slightly after liposome injection, the decrease in this ratio 
reflects uptake of phospholipids from the liposomes by 
the LDL particles. 

Similar studies were conducted with density gradient 
fractions 10 to 15 (HDL) of Figure 3. The results are 
shown in Figure 5. In each case there was a single peak 
containing both cholesterol and phospholipid. The rapid 
uptake of phospholipids by HDL 15 min after injection 
is evident in Panel B, and the loss of phospholipids 
thereafter is evident in Panel C. 

Identification of liposome-associated apolipoproteins. 
For the isolation of liposomes from serum, serum samples 
were subjected to ultracentrifugation at a density of 
1.006 g/ml to remove VLDL. The d > 1.006 g/ml fraction 
was then centrifuged at density 1.25 g/ml to separate the 
total lipoprotein fraction (d < 1.25 g]ml). This fraction was 
subjected to gel permeation chromatography for the 
separation of individual lipoproteins. 

Figure 6 shows typical cholesterol and phospholipid 
profiles before and after injection of liposomes. Liposomes 
were recovered in the first peak eluted from the column 
(fractions 21-25). These fractions were pooled, lyophiliTed 
and delipidated. The protein pellet obtained was solubi- 
lized in the appropriate buffer (see Methods) and sub- 
jected to IEF. Figure 7 shows the liposomes recovered 
3 hr after injection to contain the isoforms of apo E as 
the major protein and smaller amounts of ape A-I. The 
C apolipoproteins were also observed in trace amounts 
when gels were subjected to silver staining (data not 
shown). The isoforms of apolipoproteins E, A-I and C were 
verified by molecular weight estimations using two- 
dimensional electrophoresis with SDS-PAGE as the 
second dimension {data not shown). 

Changes in red blood cells in vitro and in vivo. The in- 
crease in serum cholesterol found after the injection of 
liposomes could come from tissues including the arterial 
wall, the lipoproteins and possibly red blood cells. To test 
the ability of liposomes to remove cholesterol from red 
blood cells, we incubated red blood cell ghosts with 
liposomes and found decreases in the content of mem- 
brane cholesterol in a dose- and time-dependent manner 
{Figs. 8 and 9). Corresponding to the increase of choles- 
terol associated with the liposomes, was a decrease of 
cholesterol/phospholipid ratio in the cell membrane. 

The above described decrease of cholesterol in red blood 
cell ghosts was not, however, observed in red blood cells 
in vivo. Three rabbits were each injected with liposomes 
(50 mg phospholipid/kg body weight) and blood was col- 
lected in EDTA (final concentration: 2 mg]ml blood). The 
hematocrit was measured and red blood cells were used 
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FIG.  5. Gel permeation chromatography of HDL isolated by den- 
si ty gradient  ul tracentrifugation.  Densi ty gradient  fract ions 10 to 
15 {Fig. 3) and subjected to chromatography on BioGel A-5m using 
a 1.5 X 90 cm column a t  a flow rate  of 6 ml/hr. Fract ions of 3 ml 
were collected and assayed for cholesterol and phosphoHpid contents. 
A, densi ty gradient  fract ions 10 to 15, before injection; B, d e n s i t y  
gradient  fract ions 10 to 15, 15 min af ter  injection; C, densi ty gra- 
dient  fract ions 10 to 15, 3 hr af ter  injection. 
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to prepare ghosts. The cholesterol and phospholipid con- 
tents of the red blood cell ghosts were determined and 
the cholesterol]phospholipid ratio calculated. Results in 
Table 1 show that the cholesterol/phospholipid ratio 
before and after injection did not change significantly, and 
the variations were within errors of assay (coefficient of 
variation for the same sample measured in pentuplicate 
was _+3.1%). Also, there was no appreciable change in the 
hematocrit value, indicating no loss of red blood cells 
resulting from the injection of liposomes. 

D I S C U S S I O N  

Our data show that serum cholesterol and phospholipid 
levels increase after injection of egg yolk phospholipid 

liposomes (Fig. 1). Figures 2-5 indicate profound altera- 
tions of serum lipoproteins after the injection. There was 
a rapid assimilation of the injected phospholipids by the 
lipoproteins and, consequently, there were decreases in 
the density of LDL and HDL (Fig. 3), with increased par- 
ticle sizes and decreased electrophoretic mobilities 
(Fig. 2). These results were qualitatively similar to results 
obtained after incubation of lipoproteins with liposomes 
in vitro (recently reviewed in Reference 19). It is of in- 
terest that the 2- to 3-fold increase in serum-free choles- 
terol was associated mainly with the liposomes (Figs. 4 
and 6). Similar observations have been reported after in- 
fusion of egg yolk phospholipids into dogs (6), except that 
apo E was not identified in liposomes. It is not likely that 
the cholesterol taken up by the liposomes was newly 
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FIG. 8. Cholesterol uptake by liposomes from rabbit red blood cell 
ghosts. Increasing amounts of egg yolk phospholipid liposomes were 
incubated with red blood cell ghosts containing 250 ~g of phospho- 
lipid in 0.15 M NaCI, 0.01 M Tris pH 7.4 for 6 hr at 37~ in a shak- 
ing water bath. After incubation membranes were sedimented by 
centrifugation at 14,000 X g for 30 min and cholesterol content in 
the supernatant was measured. 

FIG. 7. Presence of apolipoproteins in recovered liposomes. The d > 
1.006 to 1.25 g/ml fraction from serum was applied to a BioOel A-5m 
column as described for Fig. 6. Peak fractions were combined, and 
after concentration and delipidation were subjected to isoelectric 
focusing. A, HDL, before injection, column fractions 38-44; B, lipo- 
somes, 3 hr after injection, column fractions 21-25; C, liposomes, 
3 hr after injection, column fractions 26-29; D, HDL, 3 hr after in- 
jection, column fractions 38-44. 

synthesized, bu t  was probably from the efflux of tissue 
cholesterol. Byers  and Friedman (20) have shown in the 
hepatectomized rat  that  injection of phospholipids caused 
increased circulating cholesterol levels tha t  could not  be 
a t t r ibuted  to hepatic source. 

Although incubation of red blood cell ghosts  with 
liposomes caused removal of membrane cholesterol in 
vitro, no change in the cholesterol/phospholipid ratio in 
red blood cells was observed after  injection of liposomes 
in vivo (Table 1). This discrepancy could be explained on 
the assumption tha t  the cholesterol of red blood cells in 
vivo is replenished by  rapid equilibration with cholesterol 
in lipoproteins and]or tissues. These da ta  suggest  that ,  
if circulating red blood cells incorporate liposome phos- 
pholipids, they must  also incorporate cholesterol derived 
from lipoproteins or t issues to maintain a s teady choles- 
terol]phospholipid ratio. 

I t  has been shown previously tha t  incubation of 
phospholipid liposomes with fibroblasts in culture caused 
cellular efflux of cholesterol (21,22). In our experience, we 
found tha t  the cholesterol content  of human fibroblasts 
decreased as much as 30% by incubation with egg yolk 
phospholipid liposomes (unpublished observation). The 
da ta  in Figure 5 show tha t  injection of phospholipid 
liposomes caused the removal of free cholesterol from 
HDL and an increase in phospholipid content of the HDL, 
I t  has been suggested tha t  the free cholesterol]phospho- 
lipid ratio of HDL determines its ability to remove cell 
cholesterol in vitro (23). According to this view, our 
observed alterations should increase the ability of HDL 
to remove tissue cholesterol. 
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FIG. 9. Time course of cholesterol removal from rabbit red cell 
ghosts. Red cell ghosts containing 250 pg phospholipids were in- 
cubated with 2.5 mg of egg yolk phospholipid liposomes in 1.2 ml 
of 0.15 M NaC1, 0.01 M Tris, pH 7.4, for various lengths of time at 
37~ in a shaking water bath. After incubation, red cell ghosts were 
sedimented and washed 3 times with buffer at 14,000 X g. Cholesterol 
and phospholipid contents were assayed and the ratio calculated. 

TABLE 1 

Lack of Change in Red Blood Cells After Injection of Phospholipid 
Liposomes 

Red blood cell ghosts 
Cholesterol/phospholipid 

Whole blood 
Hematocrit (%) 

Rabbit Before After % Change Before After 

1 0.504 0.486 -3.57 38 37 
2 0.438 0.423 -3.42 39 38 
3 0.462 0.476 +3.03 35 35 

Rabbits were injected with 60 mg liposomal phospholipid/kg body 
weight and blood was collected before and after injection, for measur- 
ing hematocrit. Red blood cell ghosts were prepared for measure- 
ment of cholesterol and phospholipids. 
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The fate of cholesterol incorporated into liposomes is 
not  clear. However, many  studies have shown tha t  the 
injected liposomes are preferentially taken up by the liver 
(24,25). The data in Figure 7 demonstrated that  liposomes 
acquire, in addition to free cholesterol, apolipoproteins 
E, A-I and traces of C. Because hepatocytes  have recep- 
tors for apo E and apo A-I {26,27), their presence should 
target the liposomes for uptake by the liver. Our data sup- 
port  the view tha t  injection of phospholipids has an an- 
tiatherogenic effect by enhancing the reverse cholesterol 
t ransport  mechanism, a hypothesis recently put  forth by 
Williams et al. {28}. This enhancement, theoretically at  
least, may  have an antiatherogenic effect. 
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Docosahexaenoic Acid and Other Dietary Polyunsaturated 
Fatty Acids Suppress Leukotriene Synthesis by Mouse 
Peritoneal Macrophages 
Belur R. Lokesh, J. M a r k  Black, J. Bruce G e r m a n  a n d  John  E. Klnsella* 
Lipids Research Laboratory, Stocking Hall, Institute of Food Science, Cornell University, Ithaca, NY 14853 

The efficacy of individual w~3 polyunsaturated fatty acids 
(PUFA) in altering eicosanoid synthesis in peritoneal 
macrophages was studied by feeding mice for 10 days a 
diet containing 2 wt % fat, which included 0.5 wt % ethyl 
esters of eicosapentaenoic acid (EPA), docosahexaenoic 
acid (DHA) or linolenic acid {LNAL Upon stimulation with 
calcium ionophore A23187, macrophages from these ani- 
mals produced significantly lower amounts of leukotri- 
ene C 4, leukotriene B 4 and 12-hydroxyeicosatetraenoic 
acid, prostaglandin E2 and 6-keto prostaglandin Flo com- 
pared with those obtained from animals on the diets con- 
taining olive oil or safflower oil. The decrease in leuko- 
triene synthesis was similar in the animals fed DHA, 
EPA or LNA diets. This depression of eicosanoids by 
DHA and EPA was associated with decreased levels of 
arachidonic acid (AA); however, LA that altered eicosa- 
noids did not have the same effect on AA levels. 
Lipids 23, 968-972 (1988L 

The role of leukotrienes in inflammatory processes is well 
documented {1-3). Leukotriene B 4 (LTB4) is a powerful 
chemotactic agent, but leukotriene C4 (LTC4) and other 
peptidoleukotrienes enhance vasopermeability and exuda- 
tion of plasma cells (3-5). Excess or imbalanced produc- 
tion of these leukotrienes may exacerbate pathophysio- 
logical states like inflammation, asthma, arthritis and 
psoriasis {3,4,6,7). Therefore, the regulation of leukotriene 
production is vital in controlling inflammation and 
preventing pathophysiological states. 

Leukotriene production can be inhibited by agents such 
as eicosatetraynoic acid, nordihydroguaiaretic acid, 
BW755C, esculetin or gossypol {3,4,8,9). Certain dietary 
polyunsaturated fatty acids (PUFA), especially the co-3 
(n-3) PUFA series in fish oils, may modulate leukotriene 
synthesis and possibly ameliorate inflammatory condi- 
tions (10-13). Though fish oils contain both eicosapen- 
taenoic acid (EPA), 20:5n3, and docosahexaenoic acid 
(DHA) 22:6n3 as the major n-3 PUFA components, the 
modulating effects of dietary fish oil on eicosanoid syn- 
thesis have been generally attributed to EPA, although 
the effect of DHA is equivocal (13-15). It has been 
reported that DHA may not affect leukotriene synthesis 
at the lipoxygenase level in human neutrophils (15) and 
RBL-1 cell homogenates (12). However, recently we 
demonstrated that mouse macrophages, enriched with 
DHA in vitro, produced significantly lower amounts of 
leukotrienes, compared with the control cells, indicating 

*To whom correspondence should be addressed at 116 Stocking Hall, 
Cornell University, Ithaca, NY 14850. 
Abbreviations: AA, arachidonic acid; DHA, docosahexaenoic acid; 
EPA, eicosapentaenoic acid; HETE, hydroxy fatty acid; LA, linoleic 
acid; LNA, linolenic acid; LTB 4, leukotriene B4; LTC 4, leukotriene 
C4; PGE 2, prostaglandin E2; PGFI~ , prostaglandin FIo; PUFA, 
polyunsaturated fatty acid; TXB 2, thromboxane B2; HPLC, high 
performance liquid chromatography; HPTLC, high performance thin 
layer chromatography; wt %, weight percent{age). 

that DHA can significantly reduce leukotriene synthesis 
by altering the arachidonic acid {AA) substrate pools 
utilized for leukotriene synthesis (16}. 

In order to determine if similar effects can be induced 
in vivo, mice were fed a diet enriched with DHA. To com- 
pare the efficacy of DHA with other unsaturated fatty 
acids, groups of mice also were fed diets enriched with 
EPA (20:5n3), linolenic acid (LNA) (18:3n3), olive oil 
{18:1n9) or safflower off {18:2n6). 

MATERIALS AND METHODS 

Materials. Calcium ionophore A23187 {lot 105f-4014), 
reduced glutathione and cysteine hydrochloride were pur- 
chased from Sigma Chemical Company (St. Louis, MO). 
Ethyl esters of linolenic acid (>99.5% pure) and docosa- 
hexaenoic acid (<99.5% pure) and a preparation of eicosa- 
pentaenoic acid ethyl esters (53% EPA, 7% docosapenta- 
enoic acid, 13% DHA) were purchased from NuChek Prep 
(Elysian, MN). Commercial edible olive oil and safflower 
oil were obtained locally. Leukotriene standards were 
obtained from Merck Frosst (Montreal, Canada). Radio- 
immunoassay kits for quantification of prostaglandins 
(prostaglandin E 2 and 6-keto prostaglandin F~o) were 
purchased from Seragen, Inc. (Boston, MA). Analytical 
grade solvents were used for the extraction of lipids and 
eicosanoids. 

Animals. Male mice {CD-1 type) weighing 18-20 g were 
purchased from Charles River (Wilmington, MA) and 
housed five per cage. A 12 hr light-dark cycle and a 
temperature of 22~ was maintained in the room. 

Diets. Fat-free diet was purchased from ICN Nutri- 
tional Biochemicals (Cleveland, OH). All diets were thor- 
oughly mixed with 1.5 wt % olive oil and then sup- 
plemented with an additional 0.5 wt % olive oil (Diet A), 
0.5 wt % safflower oil (Diet B), 0.5% wt % ethyl ester of 
LNA (Diet C), 0.5 wt % ethyl ester of EPA (Diet D) and 
0.5 wt % DHA (Diet E). The diets were thoroughly mixed 
after the addition of otis, and small amounts (35 g) were 
transferred to Whirlpak plastic bags, flushed with nitro- 
gen and stored at 4~ in the dark. The mice received fresh 
diet every day. There was no oxidation of dietary fats as 
measured by thiobarbituric acid reactive materials and 
also by the analysis of fatty acids (17). The fatty acid com- 
position of the diets is shown in Table 1. Mice were fed 
a fat-free diet for one week to reduce endogenous co-3 fatty 
acids and facilitate the rapid uptake of dietary fatty acid 
esters fed to the animals. The animals on a fat-free diet 
for one week did not show any symptoms of essential 
fat ty acid deficiency and did not accumulate 20:3n-9 
fatty acid. The net production of eicosanoids by macro- 
phage from lab chow-fed animals were: Prostaglandin E2 
(PGE2) 5.2 • 0.96 ng/~g DNA and 6 keto Prostaglandin 
Flo (6 keto PGFlo) 32.3 • 3.16 ng/~g DNA. The corre- 
sponding values for macrophages from fat-free-fed ani- 
mals for one week were PGE2 5.45 • 0.9 ng/~g DNA 
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TABLE 1 

Fatty Acid Composition of Lipids a 

Fatty Diet A Diet B Diet C Diet D Diet E 
acid OO SO LNA EPA DHA 

14:0 23.33 15.68 21.79 23.39 21.01 
16:0 7.54 6.50 4.93 5.69 5.55 
16:1 1.07 0.82 0.80 1.09 0.81 
18:0 1.31 1.32 0.86 1.25 1.01 
18:1 55.91 53.11 43.72 48.66 46.54 
18:2n6 9.62 21.86 6.96 7.34 7.23 
18:3n3 0.88 0.44 20.46 1.01 0.51 
20:4n6 0.00 0.00 0.00 0.31 0.00 
20:5n3 0.27 0.20 0.23 8.06 0.93 
22:5n6 0.61 0.07 0.10 0.20 0.00 
22:5n3 0.00 0.00 0.00 1.10 0.00 
22:6n3 0.00 0.00 0.13 1.88 16.42 

aIn diets fed to experimental mice for I0 days (mol percent). 
00, olive oil; SO, safflower off; LNA, linolenic acid; EPA, eicosa- 
pentaenoic acid; DHA, docosahexaenoic acid. 

and 6 keto PGFI~ 30.1 • 2.5 ng/~g DNA. Therefore, the 
fat-free diet for one week did not exert any deleterious 
effects on macrophages. Following one week on a fat-free 
diet, the mice were randomized into cages (5 animals per 
cage} and fed experimental diets for 10 days. Diet A (olive 
oil diet} was used as the control diet, as in previous studies 
(18}. Diet B was enriched with linoleic acid {LA), 18:2n6; 
diet C with LNA; diet D with EPA; and diet E was en- 
riched with DHA. The total fat content {2 wt %) was the 
same in all diets. 

Isolation of peritoneal macrophages. After 10 days on 
the fat-supplemented diet, the mice were sacrificed by 
ether inhalation. Peritoneal ceils were removed in PBS 
buffer containing 10 IU heparirgml. Cells were washed 
and suspended in Dulbecco's modified Eagle medium con- 
taining 10% fetal bovine serum {2.5 • 10s cells/ml). All- 
quots {2 ml) were dispensed in Falcon tissue culture wells 
{35 ram) and incubated for 2 hr at 37~ in a humidified 
chamber containing 5% CO2. The adhering cells {1.8 X 
10 e cells) were washed three times in Dulbecco's medium 
{19). More than 95% of the cells were identified as macro- 
phages by esterase staining and phagocytosis {20}. The 
protein content of the cells in culture, determined by 
Lowry et al. {2D, was 80 • 10 ng/10 e cells and the corre- 
sponding DNA content, determined with mitramycin {22), 
was 56 • 3.2 ng/mg protein Imeans • SD; n = 6}. 

Leukotriene analysis. Macrophages in 1.5 ml Dulbec- 
co's modified Eagle medium were stimulated by incuba- 
tion with 0.5 ~g/ml calcium ionophore A23187, 5 mM cys- 
teine hydrochloride, 1 mM reduced glutathione for 2 hr 
at 37~ as previously described {16,23,24). Reactions 
were terminated by adding 2 ml methanol, and the cells 
with the medium were transferred to extraction tubes, 
sonicated for 30 sec at 4~ and centrifuged for 5 min in 
a clinical centrifuge. The supernatant was removed and 
the pH was adjusted to pH 3 with 3% formic acid. This 
solution was adjusted to contain 20% methanol by add- 
ing deionized distilled water. These samples were pre- 
pared for high performance liquid chromatography 
{HPLC} by selective extraction of the eicosanoids/ 

leukotrienes by reverse-phase columns (Sep Pak, Waters, 
Milford, MA), using the methodology described by 
Borgeat et al. (25). The leukotriene fractions were quan- 
tiffed by HPLC (Waters, Milford, MA) using a Supelco 
ODS reverse-phase column and a mobile phase of 
methanol]water (75:25, v/v) in 5 mM ammonium acetate 
buffer (pH 5.6) containing 1 mM EDTA. Leukotrienes and 
hydroxy fatty acids (HETE) were identified by retention 
time compared with authentic standards, by their UV ab- 
sorption spectra obtained by a diode array spectrophoto- 
metric detector and were quantified by their absorbances 
using extinction coefficients of authentic standards (16). 

Prostaglandin analysis. Macrophages were stimulated 
with calcium ionophore A 23187 (0.5 pg/ml) for 2 hr at 
37~ Prostaglandins were extracted from the medium 
in three volumes of ethyl acetate and quantified by 
radioimmunoassay (26). The PGE 2 antiserum had a 
cross reactivity of less than 1% with TXB2, 6-keto 
PGFIo, HETE and AA. The 6-keto PGFla antiserum had 
a cross reactivity of 0.6% with PGE2 and less than 0.1% 
with TXB2, HETE and AA. 

Fatty acid analyses. Because insufficient macrophage 
material was available for fat ty acid analyses, spleen 
tissue which changes in a manner similar to macrophages 
in response to fish oil (26-28), were analyzed to monitor 
changes after feeding experimental diets. 

Mice were killed by ether asphyxiation and the spleens 
were immediately removed and flushed with a buffer, 
0.25 M sucrose containing 10 mM Tris and 1 mM EDTA 
buffer, pH 7.4. After removing the connective tissues, the 
spleens were weighed, minced using scissors and homoge- 
nized at 4~ in 5 vol of 0.05 M Tris HC1 buffer, pH 7.4, 
in a polytron (Kinematics, Lucerne, Switzerland) for 60 
sec in 2 • 30 sec bursts at setting 4, followed by a 20 
sec burst with an Ultrasonics Model W-10 ultrasonic 
sonicator (Ultrasonics, Plainview, NY). The homogenate 
was collected after centrifuging at 600 g for 15 rain in a 
Sorval RC5B to remove cell debris and unbroken cells. 
Lipids were extracted from spleen homogenates by the 
method of Bligh and Dyer (29). The phospholipids were 
separated from neutral lipids on HPTLC plates using 
chloroforndmethanol (80:20, v/v). The lipids were saponi- 
fled with 0.5 N KOH in methanol and the fatty acids were 
methylated with diazomethane. The fat ty acid methyl 
esters were separated using a Hewlett-Packard 5880A gas 
chromatograph {Hewlett-Packard, Avondale, PA) on a 
0.75 mm by 60 MSP2330 capillary column {Supelco, Inc., 
Bellefonte, PA) with hydrogen as carrier gas. Fat ty  acids 
were identified by comparing retention times with fat ty 
acid methyl ester standards and quantified using penta- 
decanoic acid as internal standard (30). 

Statistical methods. Results were statistically evalu- 
ated by Statistical Analysis System using the General 
Linear Models procedure and the least significant dif- 
ference mean-separation determination {SAS Institute, 
Chapel Hill, NC} {31}. 

RESULTS AND DISCUSSION 

The amounts of diet consumed {ca. 5 g/day/mouse) and 
the weight gains {6.1 _+ 0.3 g/mouse in 10 days, mean • 
SD, n = 10 per group} by the animals were similar in all 
dietary groups. 
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TABLE 2 

Fatty Acid Composition of Phospholipids from Spleens a 

Fatty Diet A Diet B Diet C Diet D Diet E 
acid OO SO LNA EPA DHA 

14:0 ND ND ND ND ND 
16:0 35.38 2= 2.86 37.05 __ 0.15 32.64 _ 1.55 34.02 2= 1.81 40.44 + 1.37 
16:1 2.27 2= 0.21 2.26 __ 0.02 1.98 _+ 0.05 2.23 2= 0.21 2.46 2= 0.07 
18:0 13.73 2= 0.53b, c 13.80 2= 0.12b, c 14.52 2= 0.18 b 13.66 2= 0.68b, c 12.28 2= 0.40 c 
18:1n9 21.54 2= 1.25 22.14 2= 0.07 20.00 2= 0.33 17.27 2= 2.35 20.86 2= 0.40 
18:2n6 2.94 2= 0.19 b 4.47 2= 0.08 c 2.46 2= 0.05 d 2.65 2= 0.20b, d 2.67 2= 0.07b, d 
18:3n3 1.11 2= 0.13 0.90 2= 0.01 0.87 2= 0.09 1.00 2= 0.34 0.67 2= 0.06 
20:3n6 1.62 2= 0.15 1.83 2= 0.03 1.16 2= 0.04 1.55 2= 0.64 0.74 2= 0.06 
20:4n6 15.03 2= 1.18 b 13.37 2= 0.23 b 13.30 2= 0.48 b 10.75 2= 0.32 c 8.04 2= 0.38 d 
20:5n3 0.00 2= 0.00 b 0.00 2= 0.00 b 1.82 2= 0.11 c 3.68 2= 0.13 d 1.21 2= 0.15 e 
22:4n6 0.91 2= 0.05 b 0.45 2= 0.01 c 0.30 2= 0.05c, d 0.55 2= 0.28b, c 0.00 2= O.OOC, d 
22:4n3 1.76 2= 0.25 b 1.36 2= 0.04b, c 1.31 2= 0.10b, c 1.13 2= 0.26 c 0.46 2= 0.03 d 
22:5n6 0.06 2= 0.15 b 0.77 2= 0.05b, c 0.52 2= 0.06c, d 0.45 2= 0.12 d 0.49 2= 0.05c, d 
22:5n3 0.33 2= 0.06b, c 0.15 2= 0.00 b 2.93 2= 0.35 d 4.45 2= 0.37 e 0.94 2= 0.03 c 
22:6n3 2.42 2= 0.37 b 1.43 2= 0.04 b 6.21 2= 0.69 c 6.61 2= 0.64 c 8.73 2= 0.71 d 

aIsolated from mice maintained for 10 days on diets containing different unsaturated fatty acids (mol %). 
b,c,d, eMeans followed by different letters in the same row are significantly different (p < 0.05). 
ND, not detected. Mean 2= SEM, n -- 3. 

Fat ty  acid composition. Spleen is an important  site for 
monocyte/macrophage production and it responds to 
dietary fat ty acids in a way similar to those observed with 
macrophages (26-28,32). Therefore, the changes induced 
in spleen phospholipid fa t ty  acid composition by the dif- 
ferent dietary fa t ty  acids were determined. The animals 
on safflower oil diets accumulated significant amounts  
of LA compared to those on olive oil diets (Table 2). The 
AA levels in spleens of safflower oil-fed animals, however, 
were similar to those on olive oil diets, despite the fact 
tha t  safflower oil diets contained threefold more LA, the 
precursor of AA (Table 1), indicating that  the metabolism 
of LA to AA is highly regulated. Animals on LNA- 
enriched diets (Diet C) contained similar amounts of AA, 
but  had significant amounts  of 22:5n3 (DPA) and DHA, 
the elongated and desaturated products of LNA. Signifi- 
cantly, LNA did not accumulate in the spleen phospho- 
lipids of animals on LNA-enriched diets. The animals con- 
suming EPA-enriched diets (Diet D) accumulated mostly 
DPA and DHA, the elongation and desaturation products 
of EPA.  The accumulation of these fa t ty  acids was asso- 
ciated with the displacement of AA from the phospho- 
lipids. The animals on the DHA-enriched diet (Diet E) con- 
tained significantly higher amounts  of D H A  in spleen 
phospholipids, which was accompanied by a decrease of 
AA (Table 2). A small accumulation of D P A  and EPA,  
the retroconversion product  of DHA, was observed in 
spleen phospholipids of animals on the DHA-enriched 
diets. These data  indicate tha t  the metabolism of P U F A  
are differentially regulated. While LA (from the safflower 
oil diet) accumulated in the spleen lipids without any fur- 
ther metabolism, LNA was not accumulated as such but 
as its elongated and desaturated products.  However, 
E P A  accumulated as the parent  fa t ty  acid and also as 
its products,  DPA and DHA. A small amount  of these 
fat ty acids may have been obtained directly from the diets 
since EPA-enriched diets also contained small amounts  

of DPA and D H A  (Table 1). However, our studies of the 
modifications of macrophage in vitro with pure EPA have 
shown that  significant amounts  of E P A  were elongated 
to DPA, but  not  desaturated to D H A  by macrophages 
(16). Similar results have been observed in human poly- 
morphonuclear leukocytes (33,34). Docosahexaenoic acid 
accumulated most ly as D H A  in spleen phospholipids, 
with only a small amount  being retroconverted to DPA 
and EPA.  These results are consistent with those ob- 
served in humans, rat  liver and endothelial cells (35-37). 
While LA (from safflower oil) and LNA did not affect AA 
levels, E P A  and D H A  displaced AA from spleen phos- 
pholipids. 

Leukotriene and 12-HETE synthesis. Macrophages are 
major sources of eicosanoids (38,39) and prostaglandin 
and leukotriene synthesis is sensitive to the influence of 
dietary fats (11,26). Therefore, macrophages were ana- 
lyzed to ascertain the efficacy of different PUFA in modu- 
lating eicosanoid production. The resident peritoneal 
macrophages synthesized negligible amounts  of leuko- 
trienes in the absence of a stimulus (23,40,41). Following 
exposure to calcium ionophore (A23187), the macrophages 
synthesized significant amounts of LTC4 and LTB 4 from 
endogenous substrates (16,23). Upon stimulation, the net 
production of LTC4, LTB4 and 12-HETE, in macro- 
phages isolated from animals on diets enriched in n-3 
PUFA,  was significantly lowered (p < 0.05), compared 
with the macrophages isolated from animals on safflower 
or olive oil diets (Fig. 1). These results indicated that  n-3 
P U F A  significantly lowered the net production of leuko- 
trienes in macrophages.  The magnitude of the decreases 
in leukotrienes observed from animals in LNA, E P A  or 
D H A  diets was comparable indicating that,  irrespective 
of the chain length and degree of unsaturation,  the n-3 
P U F A  in the diet lowered leukotriene production in 
macrophages.  Significantly, D H A  was very effective in 
reducing leukotrienes. Unlike that  in rats  (11), the mouse 
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FIG. 1. Histograms showing the relative efficacies of different 
dietary unsaturated fat ty  acids in depressing the net production of 
A) LTC4, B) LTB 4 and C) 12-HETE by mouse  peritoneal  
maerophages. Maerophages isolated frown mice on different dietary 
fats  were stimulated with calcium ionophore A23187 (0.5 ~g/ml) for 
2 hr at 37~ The leukotrienes were extracted and analyzed by HPLC 
as described in methods. Results  are mean -'- SEM from 5 animals. 
Means with different letters above the histograms are significantly 
different (p < 0.05) than each other. Histograms with same notation 
are not different than each other. 

macrophage did not produce 5-series leukotrienes in EPA- 
enriched cells. 

Unlike EPA and DHA, LNA did not displace AA from 
membrane lipids but, as its elongated products IDPA and 
DHA}, it was still effective in suppressing leukotriene 
synthesis in macrophages. Therefore, the displacement 
of AA from tissue pools is not essential, but the incor- 
poration of n-3 PUFA is apparently necessary for SUl> 
pressing leukotriene production in macrophages. The 
spleens from animals exposed to EPA~nriched diets con- 
tained 50% less n-3 PUFA {ca. 8 mol %} compared with 
DHA {c& 16 mol %} or LNA {ca. 18 tool %) diets {Table D, 
but caused a similar decrease in leukotriene production. 
Thus, n-3 PUFA, even as low as 8 mol % in the diet, can 
suppress leukotriene synthesis. Further studies, t o  
evaluate the minimum amount of n-3 PUFA in the diet 
needed to suppress leukotriene synthesis in macrophages 
and to identify the possible role of DPA in this reaction, 
are in progress. 

This study demonstrates that DHA indeed suppresses 
leukotriene synthesis in macrophages, which agrees with 

FIG. 2. The effects of different dietary unsaturated acids on the net 
production of A) PGE 2 and B} 6-keto PGFIo by mouse peritoneal 
mac~ophages. Macrophages isolated from mice on different dietary 
fats  were stimulated with calcium ionophore A23187 ~0.5 ~g/ml) for 
2 hr at 37~ The prostaglandins were extracted in three volumes 
of ethyl  acetate and quantified by radioimmunoassay as described 
in methods. Results  are mean + SEM from 5 animals. Histograms 
with different letters are significantly different than each other 
(p < 0.05). 

our earlier studies on macrophages modified in vitro with 
purified DHA {16}. Earlier studies with human neutro- 
phils {15} and RBL-1 cell homogenates {12} indicated that 
DHA is ineffective in modulating leukotriene synthesis 
in short-term incubations. However, our dietary studies 
and in vitro studies demonstrated that DHA is as effec- 
tive as other n-3 PUFA in suppressing leukotriene syn- 
thesis, provided a longer time of equilibration with DHA 
was allowed. 

Prostaglandin synthesis. In addition to leukotrienes, 
macrophages also synthesize prostaglandins upon stimu- 
lation with calcium ionophore {38}. Macrophages from 
animals on n-3 PUFA diets produced lower amounts of 
PGE2 and 6-keto PGFI~ compared with those animals 
eating a diet containing safflower oil or olive oil {Fig. 2}. 
This is in agreement with our previous results, where n-3 
PUFA from a menhaden oil diet or enrichment of 
macrophages with pure n-3 PUFA lowered prostaglan- 
din synthesis {26,42}. 

In conclusion by dietary and in vitro modifications, we 
have demonstrated that DHA, after equilibrating in the 
cellular lipids, is capable of suppressing leukotriene syn- 
thesis in macrophages and its effect is as significant as 
those observed with EPA. Therefore, in addition to EPA, 
one should also consider the DHA component of fish oils 
when evaluating their efficacies in modulating eicosanoid- 
mediated functions, including inflammatory reactions, 
cardiovascular functions and perhaps cancer {43-45}. 
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The influence of the linoleic acid levels of diets contain- 
ing partially hydrogenated marine oils (HMO) rich in 
isomeric 16:1, 18:1, 20:1 and 22:1 fatty acids on the fatty 
acid profiles of lipids from rat fiver, heart and adipose 
tissue was examined. Five groups of rats were fed diets 
containing 20 wt % fat--16% HMO -t- 4% vegetable oils. 
In these diets, the iinoleic acid contents varied between 
1.9% and 14.5% of the dietary fatty acids, whereas the 
contents of trans fatty acids were 33% in all groups. A 
sixth group was fed a partially hydrogenated soybean oil 
(HSOY) diet containing 8% linoleic acid plus 32% trans 
fatty acids, mainly 18:1, and a seventh group, 20% palm 
oil (PALM), with 10% linoleic acid and no trans fatty 
acids. 

As the level of linoleic acid in the HMO diets increased 
from 1.9% to 8.2%, the contents of (n4}) polyunsaturated 
fatty acids (PUFA) in the phospholipids increased cor- 
respondingly. At this dietary level of linoleic acid, a 
plateau in (n-6) PUFA was reached that was not affected 
by further increase in dietary 18:2 (n4}) up to 14.5%. Com- 
pared with the HSOY- or PALM-fed rats, the plateau 
values of 20:4(n4~) were considerably lower and the con- 
tents of 18:2(n4~) higher in fiver phosphatidylchofines (PC) 
and heart PC. Heart phosphatidylethanolamines (PE) on 
the contrary, had elevated contents of 20:4(n4}), but 
decreased 22:5(n4}) compared with the PALM group. 

All groups fed HMO had similar contents of trans fatty 
acids, mainly 16:1 and 18:1, in their phosphofipids, ir- 
respective of the dietary 18:2 levels, and these contents 
were lower than in the HSOY group. 

High levels of linoleic acid consistently found in tri- 
glycerides of liver, heart and adipose tissue of rats fed 
HMO indicated that feeding HMO resulted in a reduc- 
tion of the conversion of linoleic acid into long chain 
PUFA that could not be overcome by increasing the 
dietary level of linoleic acid. 
Lipids 23, 973-980 (1988}. 

Partially hydrogenated fats used for the manufacturing 
of margarines and other fats for human consumption are 
made from vegetable otis in the U.S. {1), but in Europe 
may include considerable quantities of marine oils (2}, par- 
ticularly in low linoleic acid margarines. The isomeric 
octadecenoic acids present in partially hydrogenated 
vegetable oils are incorporated into various tissues of the 
rat (3-5), as are isomers from partially hydrogenated 
marine oils (HMO} {6,7). Post mortem studies have also 
demonstrated presence of isomeric cis and trans octa- 
decenoates (8,9} in humans. 

*To whom correspondence should be addressed. 
Abbreviations: EFA, essential fatty acid; HMO, partially 
hydrogenated marine oil; HSOY, partially hydrogenated soybean 
oil; OO, olive oil; PALM, palm oil; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PUFA, polyunsaturated fatty acid; SO, 
sunflower~l oil; TG, triglyceride; VLDL, very low density lipopro- 
tein; GLC, gas liquid chromatography; SEM, standard error of the 
mean; TLC, thin layer chromatography. 

It has been shown, using liver microsomes from rats 
raised on essential fat ty acid (EFA)-deficient diets, that  
isomeric octadecenoic acids may competitively inhibit the 
h6-desaturation of 18:2In-6) into 18:3(n-6) and the A5- 
desaturation of 20:3(n-6) into 20:4{n-6) {10AD. Feeding 
trials using trans, trans 18:2 have also demonstrated a 
decreased formation of arachldonic acid {12,13}. 

Partially hydrogenated otis of marine origin differ from 
those of vegetable origin in their significant contents of 
20:1- and 22:l-cis and trans fat ty acids. 

Only a few studies on the effects of HMO in EFA- 
sufficient diets have been published so far. In these 
studies, a diet with a high level of HMO and a low level 
of linoleic acid was compared with a reference diet con- 
taining a vegetable oil with a much higher linoleic acid 
level. Using such an experimental design, it was shown 
that  rats fed an HMO + 18:2 diet had reduced levels of 
20:4(n-6), but increased levels of 18:2(n-6) and 20:3(n-6), 
but rats fed a partially hydrogenated peanut oil diet, with 
similar contents of trans fat ty acids and linoleic acid as 
the former, had a smaller decrease in 20:4(n-6) and only 
accumulated 18:2(n-6) (14,15). This could be explained by 
reduced A6- and A5-desaturase activities fonowing intake 
of HMO, but rats fred partially hydrogenated peanut oil 
had only reduced A6-desaturation {16,17}. Also, in accord- 
ance with former reports, this study demonstrated that 
partially hydrogenated fats aggravated the state of EFA 
deficiency, HMO being more potent in this respect than 
partially hydrogenated peanut off {18}. 

In the present experiment, we used diets with various 
levels of linoleic acid ranging from 1.9% to 14.5% of the 
dietary fat, with the dietary level of HMO maintained 
constant, providing 33% trans fat ty acids. This design 
allowed us to study if it was possible to overcome the in- 
hibitory effects of HMO on the conversion of linoleic acid 
simply by increasing the dietary level of linoleic acid even- 
tually to a level higher than that  of the reference group 
not fed HMO. The effects of chain lengths of isomeric 
fat ty acids were examined in a group fed a diet contain- 
ing partially hydrogenated soybean oil (HSOY) with an 
intermediate level of linoleic acid. The fat ty acid profiles 
of major phospholipids and triglycerides (TG} were ex- 
amined in liver, heart and adipose tissue. 

MATERIALS AND METHODS 

Animal  experiments. Eighty-four weanling male Wistar 
rats {specific-pathogen-free, M~llegaard Laboratory, L1. 
Skensved, Denmark} were divided into seven groups, each 
with 12 rats of similar average weights. The rats received 
a diet of the following composition (wt %}: casein 
(Holstebro Maelkekondenserings-fabrik), 20%; fat, 20%; 
sucrose, 10%; maize~starch (Maizena-Compagniet A/S, 
Copenhagen}, 40%; cellulose powder, MN 100 {Machery 
Nagel, GFR), 4%; vitamin mixture, 0.5%; choline chloride, 
0.5%; and salt mixture (including trace elements}, 5.0%. 
The compositions of the vitamin mixture and the trace 
elements were as previously described {18}. The dietary 
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fats  were par t ia l ly  hydrogena ted  mar ine  oll (HMO) ("San- 
dar i t , "  J ah re s  Fab r ikke r  A/S, Sandef jord,  Norway); olive 
oil {OO) {Pharmacopea  Dan ica  48, Mecobenzon  A/S, 
Copenhagen ,  Denmark) ;  sunf lowerseed  oil {SO) (Aarhus  
Ol iefabr ik  A/S, Aarhus ,  Denmark) ;  pa r t i a l ly  hydrogen-  
ated soybean  oil (HSOY) (Solofabrikken A/S, S~nderborg,  
Denmark) ;  and  p a l m  oil (PALM) (Solofabr ikken A/S, 
S~nderborg,  Denmark) .  The  d ie ta ry  fats  were mixed  in to  
seven  di f ferent  die ts  (Table 1). 

The  r a t s  were caged in  pa i rs  a t  25~ and  a rela- 
t ive  h u m i d i t y  of 45%. Die t s  and  wa te r  were suppl ied  
ad l ib i tum.  The  ra t s  were examined  and  weighed weekly. 
Af te r  10 weeks, the r a t s  were decapi ta ted  and  liver, hear t  
and  a sample  of adipose t i s sue  were immedia t e ly  excised. 

A n a l y s e s  o f l ip ids .  Total  lipids were ext rac ted  from liver 
or hear t ,  accord ing  to Folch  et  al. (19), and  d e t e r m i n e d  
gravimetr ical ly.  The to ta l  phospholipid con ten t  was quan- 
t i t a t ed  as inorganic  phosphorous  (20). Adipose t i ssue was 
ex t r ac t ed  wi th  chloroform. 

Phosphol ip ids  were sepa ra t ed  by  t h i n  layer  chroma- 
t o g r a p h y  (TLC) (21), saponif ied  wi th  0.5 N N a O H  in 

methanol ,  followed by  m e t h y l a t i o n  of f a t t y  acids wi th  
20% BF3 in m e t h a n o l  c o n t a i n i n g  0.02% hydroqu inone .  
M e t h y l  es ters  were ana lyzed  b y  gas  l iquid  chromatog-  
r a phy  (GLC) on a H e w l e t t - P a c ka r d  5830A i n s t r u m e n t  
wi th  F I D  detector  u s i ng  a 9 ft  • 2 m m  i.d. sflanized glass  
co lumn  packed  wi th  G P  10% SP-2330 on Chromosorb  
W/AW,  Supelco Inc., Bellefonte, PA. In i t ia l  oven temper-  
a tu re  was  190 oC for 1 min,  followed b y  t e m p e r a t u r e  pro- 
g r a m m i n g  at  l ~  to 235~ Injec t ion was on~colunm. 
Carrier gas was hel ium at  an ini t ial  flow ra te  of 16 mYmin. 
The  d i s t r i b u t i o n s  be tween  cis  and  t rans  i somers  were 
de te rmined  by  GLC on a 20 ft X 1/8 in. o.d. s ta in less  steel 
co lumn packed wi th  15% OV-275 on 100/120 Chromosorb  
P AW-DMCS,  Supelco Inc.,  a t  220~ and  a he l ium flow 
of 10 rnYmin {2). 

Tr ig lycer ides  (TG) of to ta l  l ipid ex t rac t s  were p repared  
by  TLC on 0.5 m m  Silica Gel G p la tes  u s i n g  hexane/  
d ie thy l  e ther /acet ic  acid (80:20:1, v/v/v) as solvent .  The  
t r ig lycer ides  were me thy la t ed ,  af ter  add i t i on  of 15:0 as 
i n t e rna l  s t a n d a r d  for qua n t i t a t i on ,  and  ana lyzed  by  GLC 
as descr ibed above.  

TABLE 1 

Fatty Acid Composition of Dietary Fats {calculated from individual fats~ a 

Dietary fat 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 
16% HMO 16% HMO 16% HMO 10% HSOY 

16% HMO + 3% OO + 2% OO + 1% O0 16% HMO + 9% OO 
+ 4% OO + 1% SO + 2% SO + 3% SO + 4% SO + 1% SO 20% PALM 

(%1 {%) {%) {%) {%) {%) {%) Fatty acid 

12:0 0.1 

14:0 6.5 
14:1 t 0.1 
14:1 c 0.3 
14:2 c,t/~c 0.4 

16:0 15.2 
16:1 t 5.2 
16:1 c 3.1 
16:2 c,t/~c 0.4 

18:0 4.1 
18:1 t 7.4 
18:1 c 19.7 
18:2 c,t/t,c 2.2 
18:2 c,c 1.9 
18:3 c,t/t,c 0.1 
18:3 c,c,c 0.1 

20:0 2.4 
20:1 t 6.6 
20:1 c 5.9 
20:2 c,t/~c 2.9 

22:0 1.8 
22:1 t 6.6 
22:1 c 5.1 
22:2 c,t/t,c 1.5 

trans 
fatty acids 33 

18:2 c,c 1.9 

Ratio 
% 18:2/% trans 0.06 

0.1 0.1 0.1 0.1 -- -- 

6.5 6.5 6.5 6.5 0.1 -- 
0.1 0.1 0.1 0.1 -- -- 
0.3 0.3 0.3 0.3 -- -- 
0.4 0.4 0.4 0.4 -- -- 

14.8 14.5 14.2 13.9 12.1 46.1 
5.2 5.2 5.2 5.2 0.1 -- 
3.0 2.9 2.9 2.8 0.6 -- 
0.4 0.4 0.4 0.4 -- -- 

4.2 4.3 4.5 4.6 3.9 5.7 
7.4 7.4 7.4 7.4 26.6 -- 

16.8 13.9 11.0 8.2 42.7 36.8 
2.2 2.2 2.2 2.2 4.7 -- 
5.1 8.2 11.3 14.5 8.0 10.1 
0.1 0.1 0.1 0.1 0.8 -- 
0.1 0.1 0.1 0.1 0.4 0.2 

2.4 2.4 2.4 2.4 -- -- 
6.6 6.6 6.6 6.6 -- -- 
5.9 5.9 5.9 5.9 -- -- 
2.9 2.9 2.9 2.9 -- -- 

1.8 1.8 1.8 1.8 -- -- 
6.6 6.6 6.6 6.6 -- -- 
5.1 5.1 5.1 5.1 -- -- 
1.5 1.5 1.5 1.5 -- -- 

33 33 33 33 32 -- 

5.1 8.2 11.3 14.5 8.0 10.1 

0.15 0.25 0.34 0.44 0.25 -- 

aWeight percentages determined by GLC. 
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Determinat ion o f  catalase activity.  As an estimate of 
the peroxisomal /3-oxidation capacity, the contents of 
peroxisomes in liver fractions were determined by the 
activity of catalase. The decrease in hydrogen peroxide 
absorption at 240 nm was monitored as previously de- 
scribed (14). 

Statistics. Results were expressed as the mean and the 
standard error of the mean (SEM). Differences in contents 
of the major (n-6) fat ty acids between the HMO groups, 
the HSOY group and the PALM group were established 
by the Newman-Keuls range test (22). 

RESULTS 

Dietary  fats. Partially hydrogenated marine oil (HMO), 
olive oil (OO) and sunflowerseed oil (SO) were combined 
(Table 1) to give five dietary fats, groups 1-5, with similar 
levels of trans fat ty acids, 33%. The trans fatty acids 
primarily consisted of monoenes as well as small contents 
of cis, trans dienes with chain lengths of C14 to C22. 
Trans, trans dienes were absent. The linoleic acid levels 
varied from 1.9% to 14.5% of the dietary fats. Group 6 
was fed an HSOY diet providing 8% linoleic acid and 32% 
trans acids. Group 7 was a reference group fed unhydro- 
genated palm oil containing 10% linoleic acid and no 
isomeric fat ty acids. The combinations of dietary fats 
used in the present experiment allowed for the following 
comparisons: (1) effect of dietary level of linoleic acid on 
the formation of polyunsaturated fat ty acids (PUFA), 
groups 1-5; (2) effects of HMO vs HSOY at one dietary 
level of linoleic acid, group 3 vs group 6; (3) effects of par- 
tially hydrogenated fats vs unhydrogenated fats at com- 
parable levels of linoleic acid, groups 3, 6 and 7. 

Animal  experiments.  No significant differences in 
growth or general performance were detected. The food 
intakes were similar in all groups. 

Liver. In liver phosphatidylcholines (PC) (Table 2), the 
contents of 20:4(n-6) and 22:5(n-6) were consistently lower 
in the rats fed HMO, groups 1-5, than in the rats fed 
PALM. In groups 1-3, this could be explained by a 
limited dietary supply of (n-6) fatty acids, because in these 
groups increases in the dietary linoleic acid from 1.9% 
to 8% were paralleled by increased formation of PUFA. 
However, a plateau in the contents of (n-6) PUFA was 
reached at a dietary level of linoleic acid of about 8% and 
increases in dietary linoleic acid to levels even con- 
siderably above that of the reference group could not fur- 
ther elevate the levels of PUFA in liver PC of rats fed 
HMO. In the rats fed HMO, group 1-5, increased con- 
tents of 18:2(n-6) and 20:3(n-6) compared to the PALM 
group could indicate effects of the diet on the desaturase 
enzymes. The HSOY diet {group 6) apparently affected 
the PUFA formation less than did the comparable HMO 
diet (group 3) and also caused less accumulation of 
18:2(n-6), but compared to the PALM diet, an effect on 
the 20:4(n-6) was still evident in PC. 

In the phosphatidylethanolamines (PE) (Table 2), the 
levels of 20:4(n-6) in groups 1-5 were much less influenced 
by the dietary contents of linoleic acid than observed for 
PC. At a dietary content of 8% linoleic acid, a level of 
20:4(n-6) similar to that of the PALM group was reached, 
and further increases were not observed. However, the 
22:5(n-6) contents of group 1-5 were significantly lower 
and the contents of 18:2(n-6) were higher than in the 

PALM group, still indicating a reduced conversion of 
linoleic acid in the HMO groups. 

Trans fat ty acids deposited in HMO fed groups were 
solely 16:1, 18:1 and 18:2 cis, trans, but trans-20:l and 22:1 
despite their abundances in the diets, were only detected 
as traces in PC or PE, indicating that chain shortening 
of these monoenes had taken place. As the dietary levels 
of 18:21n-6) were augmented, the incorporation of trans 
18:1 also increased, whereas the levels of saturated fat ty 
acids decreased. The total depositions of trans fatty acids 
were considerably higher in the HSOY group, group 6, 
than in the HMO groups, although the dietary levels were 
similar. 

The TG of liver (Table 3) reflected increasing contents 
of 18:2(n-6) in the diets, groups 1-5, but the depositions 
far exceeded the levels in the groups fed HSOY or PALM. 
In the HMO groups 1-5, the total trans fat ty acid con- 
tents were lower, but the trans 16:1 level higher than in 
the HSOY group. 

Heart. In heart PC (Table 4) of rats fed HMO, groups 
1-5, the contents of 20:4(n-6) reached a plateau at a 
dietary level of 18:2(n-6) of 8%, and as in liver PC, fur- 
ther increases in dietary 18:2 did not result in increased 
formation of 20:4{n-6), which was lower than in the PALM 
group. Depositions of 18:2(n-6) indicated reduced conver- 
sion of linoleic acid. 

In PE (Table 4), the contents of 20:4(n-6) seemed little 
influenced by the dietary 18:2(n-6) levels in HMO-fed rats. 
The levels of 20:4(n-6), however, were considerably higher 
in the HMO-fed rats, groups 1-5, than in the HSOY-fed, 
group 6, or PALM-fed, group 7. Compared to the PALM 
group, all the HMO- and the HSOY-fed rats had very low 
contents of 22:5(n-6), pointing to reduced conversion of 
arachidonlc acid when isomeric fatty acids were fed. Also, 
in PE, the trans fat ty acid contents were smaller, follow- 
ing intake of HMO, compared with HSOY. 

In the HMO-fed rats, groups 1-5, changes in dietary 
18:2{n-6) levels were reflected in the heart TG (Table 3), 
leading to a higher deposition of 18:2 in groups 4 and 5 
than in the PALM group. 

Adipose  tissue. In the HMO-fed rats, more 18:2 was 
deposited in the adipose tissue ITable 3) than in the 
HSOY- or PALM-fed rats at similar dietary levels of 18:2. 
The trans fat ty acids deposited were trans-16:l and 
trans-18:l in the HMO-fed groups, but primarily trans- 
18:1 was found in the HSOY group. 

Catalase. The rats fed HMO diets had higher catalase 
activities in liver {Table 5) than rats fed HSOY or PALM 
diets, indicating an increased peroxisomal activity in ac- 
cordance with the low levels of liver TG observed in the 
HMO-fed rats {Table 3). 

DISCUSSION 

In the formation of long chain PUFA from dietary linoleic 
acid, the initial h6-desaturation of linoleic acid into y- 
linolenic acid is rate-limiting 123,24). It has been demon- 
strated that both the h6-desaturation and the subsequent 
h5-desaturation of 20:3(n-6) into 20:4(n-6) can be affected 
by isomeric fatty acids present in partially hydrogenated 
fats. This has been shown by Mahfouz et al. {10AD, who 
found competitive effects of individual cis and trans octa- 
decenoic acids using microsomes from rats reared on 
EFA-deficient diets devoid of isomeric fatty acids. Other 
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i n v e s t i g a t o r s  (16,17) u s e d  m i c r o s o m e s  f r o m  r a t s  r a i s e d  
o n  E F A - s u f f i c i e n t  d i e t s  c o n t a i n i n g  h i g h  l e v e l s  o f  H M O  
or  p a r t i a l l y  h y d r o g e n a t e d  p e a n u t  oil a n d  f o u n d  r e d u c e d  
c o n v e r s i o n  o f  20:3(n-6) in  t h e  H M O  g r o u p .  I n  t h e s e  ex-  
p e r i m e n t s ,  t h e  m i c r o s o m a l  p o o l  o f  f r ee  f a t t y  a c i d s  t h a t  
c o u l d  a c t  a s  c o m p e t i t i v e  i n h i b i t o r s  w a s  i n s i g n i f i c a n t .  I t  

w a s  t h u s  c o n c l u d e d  t h a t  t h e  c h a n g e s  in  f a t t y  a c i d  p ro -  
f i l es  o f  m e m b r a n e  l i p i d s  r e s u l t i n g  f r o m  t h e  l o n g - t e r m  
d i e t a r y  t r e a t m e n t  c o u l d  a f f e c t  t h e  d e s a t u r a s e  a c t i v i t i e s .  

A p p a r e n t l y ,  t w o  e f f e c t s  o f  i s o m e r i c  f a t t y  a c i d s  m a y  b e  
o p e r a t i v e :  A d i r e c t  c o m p e t i t i v e  i n h i b i t i o n  o f  t h e  d e s a t u -  
r a s e  b y  i s o m e r i c  f a t t y  a c i d s  a n d  a m e m b r a n e  e f f e c t  d u e  

TABLE 2 

Fat ty  Acids in Phosphatidylcholines and PhosphatidylethanolRmlues and Total Phospholipid Content in Rat Liver a 

Dietary fat 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 
16% HMO 16% HMO 16% HMO 10% HSOY 

16% HMO b + 3% OO + 2% OO + 1% OO 16% HMO + 9% OO 
+ 4% OO + 1% SO + 2% SO + 3% SO + 4% SO + 1% SO 20% PALM 

(%) {%) (%) (%) (%) (%) {%) Fatty acid 

Dietary ratio: 
18:21trans 0.06 0.15 0.25 0.34 0.44 0.25 --  

PC 
16:0 16.4 + 0.3 15.2 • 0.4 15.0 • 0.4 13.9 +_ 0.6 14.0 ___ 0.4 13.0 • 0.6 19.3 --- 0.5 
16:1 t 1.0 _+ 0.0 1.1 _+ 0.2 1.2 • 0.1 1.2 + 0.0 1.1 • 0.0 0.6 • 0.1 --  
16:1 c 1.0 • 0.1 0.9 --+ 0.1 0.9 • 0.2 0.8 • 0.0 0.8 • 0.1 0.4 • 0.0 0.5 • 0.1 

18 aid. 0.3 • 0.0 0.3 • 0.0 0.3 _+ 0.0 0.3 +- 0.0 0.3 • 0.0 0.2 • 0.0 0.2 -+ 0.0 
18:0 31.2 • 0.9 27.6 • 2.0 23.7 • 1.4 21.6 • 0.7 23.5 • 0.6 20.4 • 1.7 25.3 • 0.6 
18:1 t 5.4 + 0.3 7.0 + 0.3 7.7 _+ 0.2 8.3 +- 0.6 8.3 • 0.1 14.9 • 1.0 --  
18:1 c 11.0 -+ 0.6 9.1 • 0.5 7.8 • 0.8 6.5 • 0.3 4.8 • 0.1 8.8 • 0.1 7.8 • 0.6 
18:2c, t/t,c 0.4 • 0.1 0.6 • 0.2 0.5 • 0.1 0.5 • 0.0 0.3 • 0.2 0.3 • 0.0 --  
18:2 c,c 6.8 • 0.4 c 8.5 • 0.4 c 10.0 • 1.4c, d 12.0 • 1.0 c,d 11.3 ___ 0.5c, d 6.0 • 0.6 4.8 • 0.4 

18:3/20:1 0.9 • 0.1 0.8 • 0.1 0.8 • 0.1 0.9 +-- 0.1 0.7 • 0.0 0.2 • 0.0 0.2 -- 0.0 

20:3(n-9) 4.3 • 0.3 1.5 • 0.4 0.6 +_ 0.2 0.5 • 0.2 0.1 • 0.0 0.5 • 0.0 0.4 -- 0.0 
20:3(n-6) 2.4 • O.lC, d 2.1 • 0.1c, d 1.6 • 0.4c, d 1.7 • 0.2 c,d 1.1 _ 0.2 c 0.8 • 0.1 0.6 • 0.2 
20:4(n-6) 12.0 • 1.0c, d 19.9 _+ 0.7c, d 25.5 • 0.8 c 27.6 • 1.8 c 29.6 • 0.3 c 28.4 • 0.7 c 34.9 _ 0.6 

22:4(n-6) 0.1 + 0.0 0.2 • 0.0 0.2 _+ 0.0 0.2 • 0.0 0.2 • 0.0 0.2 • 0.0 0.4 • 0.0 
22:5(n-6) 1.1 • 0.2 c 1.1 ___ 0.2 c 1.0 • 0.3 c 0.7 • 0.1 c 0.8 ----- 0.1 c 0.8 • 0.2 c 2.6 • 0.5 
22:5(n-3) 0.2 • 0.0 0.1 • 0.0 0.1 • 0.0 0.1 +_ 0.0 0.1 • 0.0 0.2 • 0.0 0.1 • 0.0 
22:6(n-3) 2.9 ---- 0.2 2.3 • 0.1 1.7 __ 0.1 1.5 • 0.1 1.3 • 0.0 3.4 • 0.3 2.4 • 0.1 

PE 
16 aid. 0.3 __- 0.2 0.4 • 0.1 0.3 __ 0.1 0.3 • 0.2 0.4 • 0.1 0.2 • 0.0 0.7 • 0.1 
16:0 13.7 • 0.2 12.3 • 0.3 11.2 _+ 0.4 11.0 • 0.4 10.6 • 0.3 9.4 • 0.4 17.2 • 0.2 
16:1 t 0.9 • 0.1 0.8 +- 0.1 0.8 • 0.1 0.9 • 0.1 0.8 • 0.0 0.3 • 0.0 --  
16:1 c 0.5 • 0.1 0.4 +_ 0.1 0.4 • 0.1 0.5 • 0.2 0.4 ___ 0.1 0.2 • 0.0 0.2 • 0.0 

18 aid. 0.5 • 0.2 0.7 +_ 0.1 0.6 • 0.2 0.7 • 0.2 0.7 --- 0.1 0.9 • 0.1 0.3 • 0.1 
18:0 22.9 • 1.5 21.2 • 1.5 20.0 • 0.3 18.3 ___ 1.0 18.7 • 0.5 14.4 • 0.3 23.9 -+ 0.7 
18:1 t 7.5 _ 0.5 9.1 • 0.3 9.8 • 0.2 10.6 • 0.3 10.2 ___ 0.3 17.4 • 0.4 --  
18:1 c 7.4 • 0.3 6.5 • 0.3 6.2 • 0.3 5.9 - 0.3 4.7 +_ 0.4 6.5 • 0.3 5.7 +- 0.6 
18:2 c,t/t,c 0.4 ___ 0.1 0.4 • 0.1 0.3 • 0.0 0.3 • 0.2 0.4 ___ 0.1 0.4 • 0.1 -- 
18:2 c,c 4.0 _ 0.3 5.4 • 0.5 c 7.1 _ l.OC, d 9.8 • 0.6 c,d 9.0 • 0.3 c,d 3.7 • 0.4 2.8 • 0.2 

18:3/20:1 1.3 +_ 0.2 1.0 • 0.I 1.2 • 0.1 1.2 • 0.2 1.3 _ 0.i 0.3 • 0.0 0.2 -- 0.0 

20:3(n-9) 2.7 • 0.3 0.6 +-- 0.2 0.2 • 0.0 0.1 -- 0.1 tr. tr. 0.1 • 0.0 
20:3(n-6) 1.5 • 0.1c, d 1.2 • 0.1c, d 0.9 • 0.2c, d 1.0 • 0.2c, d 0.8 • 0.1c, d 0.5 • 0.0 0.3 • 0.1 
20:4(n-6) 22.2 +_ 1.3c, d 29.4 ___ 0.5c, d 32.2 • 0.7 32.1 ___ 0.8 33.6 ----- 0.3 32.7 • 0.6 33.6 ----- 0.6 

22:4(n-6) 0.2 _ 0.0 0.4 • 0.0 0.4 • 0.1 0.4 • 0.1 0.6 • 0.1 0.6 • 0.0 1.2 • 0.1 
22:5(n-6) 1.7 ___ 0.3 c 2.1 • 0.4 c 1.9 • 0.4 c 1.4 • 0.3 c 2.1 +_ 0.4 c 1.6 • 0.5 c 5.6 ----- 0.6 
22:5(n-3) 0.5 • 0.1 0.4 • 0.0 0.3 • 0.0 0.3 ----- 0.1 0.3 +--- 0.0 0.6 • 0.0 0.5 ----- 0.0 
22:6(n-3) 8.2 • 0.5 6.3 ----- 0.4 4.8 • 0.3 3.8 ----- 0.3 3.7 ___ 0.1 9.4 • 0.5 6.7 ----- 0.4 

Phospholipids 
mg/g tissue 40.2 • 2.4 41.2 _+ 5.0 40.0 _+ 4.7 42.7 _ 0.9 42.3 • 1.2 40.1 • 1.0 40.7 • 1.5 

aAverages of 4 different pools + Standard error of the mean. 
bAbbreviations as in Materials and Methods. 
c Significantly different than group 7. P < 0.05. 

dSignificantly different than group 6. P < 0.05. 

LIPIDS, Vol. 23, No. 10 (1988) 



P A R T I A L L Y  H Y D R O G E N A T E D  M A R I N E  O I L S  

977 

T A B L E  3 

Triglycerides f rom Rat  Liver, Hea r t  and Adipose Tissue  a 

Die tary  fat  

Fatty acid 

Group  1 Group  2 Group  3 Group  4 Group  5 Group  6 Group  7 

16% H M O  16% H M O  16% H M O  10% H S O Y  
16% H M O  + 3% OO + 2% OO + 1% OO 16% HMO + 9% OO 
+ 4% OO + 1% SO + 2% SO + 3% SO + 4% SO + 1% SO 20% PALM 

{%) (%) (%) (%~ (%~ {%} (%) 

Die tary  ratio: 
18:2/trans 0.06 0.15 0.25 0.34 

Liver 

16:0 29.4 • 1.4 26.7 • 0.8 27.0 + 3.8 23.6 • 0.7 
16:1 t 3.4 • 0.3 3.7 • 0.1 3.8 • 0.4 4.2 • 0.2 
16:1 c 4.7 • 0.2 4.3 • 0.4 4.0 • 0.6 4.0 • 0.4 

18:0 2.5 • 0.1 1.9 • 0.2 2.1 • 0.3 1.8 +-- 0.1 
18:1 t 3.9 • 0.4 4.5 • 0.2 4.5 • 0.5 5.4 ___ 0.4 
18:1 c 47.0 • 0.9 43.6 • 0.8 36.2 • 2.1 32.0 • 0.6 
18:2 c,t/~c 1.3 • 0.4 0.9 • 0.3 0.7 • 0.4 1.1 • 0.3 
18:2 c,c 2.5 • 0.4b, c 8.7 • 0.4 14.3 • 1.1b, c 20.3 • 0.6 b,c 
18:3(n-3~ 0.7 • 0.i  0.9 • 0.I  1.1 • 0.1 1.2 • 0.0 

20:1 2.4 • 0.2 2.6 • 0.1 3.3 + 0.3 3.4 • 0.2 
20:4 + 22:1 0.4 • 0.1 0.7 • 0.1 1.1 • 0.3 1.1 • 0.1 

TG mg/g  t issue 6.3 • 1.9 6.1 • 0.5 7.6 • 3.3 8.8 • 1.3 

Hea r t  

14:0 4.6 • 0.2 4.6 • 0.1 4.7 • 0.1 4.8 • 0.0 

16:0 23.0 • 0.8 23.2 • 0.2 22.2 • 0.6 20.6 • 0.2 
16:1 t 3.6 • 0.1 3.7 • 0.1 3.5 • 0.0 3.7 • 0.1 
16:1 c 5.0 • 0.1 4.8 • 0.1 4.6 • 0.2 4.6 -!"- 0.1 

18:0 4.3 • 0.4 3.3 • 1.1 4.5 • 0.1 4.4 • 0.1 
18:1 t 6.3 • 0.2 5.0 • 1.7 6.7 • 0.0 7.2 • 0.1 
18:1 c 41.0 • 1.2 37.0 • 0.2 31.2 • 0.5 27.6 • 0.6 
18:2 c,t/t,c 0.2 • 0.0 0.2 • 0.0 0.2 :t: 0.1 0.5 • 0.1 
18:2 c,c 3.2 • 0.1b, c 6.4 • 0.1 b 9.9 • 0.2b, c 13.6 • 0.3 b,c 

20:1 t 1.2 • 0.3 0.9 ___ 0.2 1.7 • 0.1 1.9 • 0.2 
20:1 c 6.4 • 0.5 6.1 • 0.2 6.2 • 0.1 6.6 • 0.1 
20:4 • 22:1 1.2 • 0.1 1.2 +__ 0.0 2.2 • 0.2 2.1 • 0.1 

TG mg/g  t i ssue  1.7 • 0.1 1.7 • 0.2 1.6 • 0.2 1.7 • 0.2 

Adipose tissue 

14:0 4.5 • 0.1 4.8 • 0.1 5.0 :i: 0.1 5.2 • 0.0 
14:1 t 0.4 • 0.0 0.4 • 0.0 0.4 • 0.0 0.5 • 0.0 
14:1 c 0.1 • 0.0 0.1 • 0.0 0.1 • 0.0 0.2 • 0.0 

16:0 21.0 • 0.2 20.2 • 0.2 19.5 • 0.4 18.8 • 0.3 
16:1 t 4.4 • 0.1 4.8 • 0.2 4.6 • 0.1 4.8 • 0.0 
16:1 c 7.1 • 0.1 6.9 • 0.1 6.6 • 0.2 6.5 • 0.2 

18:0 3.0 • 0.1 3.2 • 0.1 3.4 • 0.2 3.5 • 0.2 
18:1 t 6.8 • 0.2 7.1 • 0.2 6.8 • 0.1 7.2 • 0.2 
18:1 c 43.0 • 0.6 38.8 ___ 0.3 32.9 • 0.5 28.3 • 0.5 
18:2 c,t/~c 0.9 + 0.0 1.2 • 0.1 1.2 • 0.1 1.3 • 0.1 
18:2 c,c 2.4 ---+ 0.1b, c 6.1 ---+ 0.1 b,c 10.9 • 0.2b, c 15.0 --!- 0.1 b,c 

20:1 t 0.9 • 0.1 1.0 • 0.1 1.3 • 0.2 1.2 + 0.2 
20:1 c 3.8 • 0.4 3.5 • 0.5 4.6 • 0.3 4.7 • 0.4 
20:4 + 22:1 0.3 • 0.1 0.3 • 0.2 0.6 • 0.2 0.5 • 0.1 

0.44 0.25 --  

22.9 • 0.7 21.4 ___ 1.1 31.9 • 0.4 
4.1 _ 0.2 2.9 + 0.2 --  
3.9 + 0.3 1.9 • 0.4 3.0 + 0.5 

1.8 • 0.2 1.4 +_ 0.2 1.7 --'!- 0.2 
5.2 • 0.4 7.1 • 0.4 --  

24.7 • 0.7 51.5 ----- 0.5 49.9 +--- 0.6 
1.3 • 0.1 1.7 • 0.2 --  

26.3 + 1.2b, c 9.7 • 0.9 10.6 --- 0.4 
1.3 --- 0.0 1.2 • 0.1 0.3 • 0.0 

3.3 • 0.3 - -  --  
1.6 • 0.2 0.6 --- 0.2 1.1 --- 0.4 

8.4 __+ 1.2 10.4 • 2.7 11.0 • 2.6 

4.6 +_ 0.1 1.1 _ 0.2 1.5 • 0.1 

20.3 • 0.7 17.2 + 0.6 35.5 • 1.0 
3.7 +-- 0.1 1.0 • 0.1 --  
4.4 • 0.3 1.4 +_- 0.2 2.5 • 0.3 

4.9 • 0.4 3.6 ----- 0.1 5.1 • 0.2 
7.0 --- 0.4 13.6 +- 0.7 --  

22.5 • 0.8 49.3 + 2.0 43.2 ----- 0.7 
0.6 • 0.0 1.5 • 0.1 --  

17.0 ----- 0.6b, c 6.7 --- 0.5 b 8.6 + 0.2 

1.4 • 0.3 - -  --  
6.6 + 0.3 - -  --  
2.7 • 0.5 0.3 "+ 0.0 0.4 --- 0.1 

1.8 - 0.1 2.4 --- 0.3 2.2 - 0.1 

5.1 • 0.1 0.4 • 0.0 0.9 + 0.0 
0.5 + 0.0 tr. --  
0.1 _+ 0.0 tr. 0.1 --+ 0.0 

18.7 • 0.5 13.0 • 0.2 32.7 ___ 0.3 
4.9 + 0.1 1.2 • 0.1 --  
5.6 • 0.3 2.1 • 0.2 3.8 • 0.2 

3.3 • 0.1 2.3 • 0.1 3.2 • 0.2 
7.4 • 0.3 15.6 • 1.2 --  

23.0 • 0.4 55.8 • 1.3 49.6 • 0.3 
1.2 • 0.1 1.7 • 0.1 --  

20.0 • 0.3b, c 7.3 + 0.3 b 9.5 • 0.2 

1.2 • 0.3 --  - -  
4.6 • 0.4 --  0.1 • 0.0 
0.7 • 0.1 --  - -  

a A v e r a g e s  of 4 different pools _ s t anda rd  error  of the mean. 

bSignificantly different t han  group  7. P < 0.05. 

cSignif icant ly  different t han  g roup  6. P < 0.05. 
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t o  c h a n g 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  m i c r o -  

s o m a l  m e m b r a n e  p o s s i b l y  a f f e c t i n g  t h e  m e m b r a n e - b o u n d  
d e s a t u r a s e s  o r  t h e i r  a s s o c i a t e d  e l e c t r o n  t r a n s p o r t  c h a i n .  

T h e  i m p o r t a n c e  o f  t h e  m e m b r a n e  e f f e c t  i s  s u b s t a n t i a t e d  

b y  t h e  o b s e r v a t i o n  t h a t  m i c r o s o m e s  f r o m  r a t s  f e d  H M O  
h a v e  l o w e r  d e s a t u r a s e  a c t i v i t i e s  t h a n  m i c r o s o m e s  f r o m  

r a t s  f e d  p a r t i a l l y  h y d r o g e n a t e d  v e g e t a b l e  o t i s ,  a l t h o u g h  

t h e  m i c r o s o m e s  c o n t a i n  n o  2 0 : 1  o r  2 2 : 1  i s o m e r s  (16).  

T A B L E  4 

Fatty Acids in Phosphatidyleholines and Phosphatidylethanolamines and Total Phospholipid Content in Rat Heart a 

Die t a ry  fa t  

Group  1 G r o u p  2 G r o u p  3 G r o u p  4 G r o u p  5 G r o u p  6 G r o u p  7 

16% H M O  16% H M O  16% H M O  10% H S O Y  
16% H M O  + 3% OO + 2% OO + 1% OO 16% H M O  + 9% OO 
+ 4% OO + 1% SO + 2% SO + 3% SO + 4% SO + 1% SO 20% P A L M  

(%) (%) (%) (%) (%) (%) (%) F a t t y  acid 

Die t a ry  ratio: 
18:21trans 0.06 0.15 0.25 0.34 0.44 0.25 - -  

PC 
16:0 11.1 ___ 0.5 11.0 ___ 0.4 10.5 + 0.4 10.1 • 0.1 10.6 --- 0.4 12.2 ___ 0.4 14.3 + 0.3 
16:1 t 0.6 • 0.1 0.7 __- 0.2 0.6 • 0.1 0.8 + 0.1 0.7 + 0.1 0.5 + 0.1 - -  
16:1 c 0.7 • 0.0 0.8 • 0.3 0.6 • 0.1 1.1 • 0.2 0.7 + 0.2 0.6 _ 0.1 0.2 ___ 0.1 

18:0 28.5 • 0.2 25.4 • 1.3 22.7 + 0.4 24.7 + 0.5 26.3 • 1.2 18.4 • 0.3 30.2 + 0.4 
18:1 t 5.2 + 0.4 5.9 • 0.3 5.6 + 0.1 6.3 --- 0.3 6.1 • 0.2 12.4 • 0.3 - -  
18:1 c 12.6 + 0.3 10.6 • 0.3 9.1 • 0.2 8.2 • 0.4 7.0 • 0.3 12.5 • 0.3 8.1 + 0.2 
18:2 c,t / t ,c 0.3 ___ 0.1 0.3 • 0.1 0.2 ___ 0.1 0.2 + 0.2 0.2 ___ 0.0 0.3 • 0.0 - -  
18:2 c,c 9.1 • 0.5b, c 10.3 • 1.0b, c 9.9 • 0.7b, c 11.5 • 0.8b, c 10.7 • 0.sb,  c 5.6 • 0.2 4.5 • 0.1 
18:3{n-3) . . . . .  0.2 • 0.0 0.1 • 0.0 

20:1 t 0.2 • 0.1 0.4 • 0.1 0.4 + 0.1 0.5 - 0.0 0.5 • 0.0 - -  - -  
20:1 c 1.3 • 0.2 1.0 +__ 0.2 1.2 • 0.3 1.1 ___ 0.1 1.0 • 0.0 - -  - -  
20:3(n-9) 2.2 • 0.1 0.3 --- 0.2 tr. - -  0.1 + 0.1 0.2 • 0.0 
20:3{n-6) 1.6 • 0.1b, c 0.8 • 0.2b, c 0.7 • 0.2b, c 0.5 • b 0.4 • 0.1 b 0.2 • 0.0 0.1 • 0.0 
20:4{n-6) 20.4 • 0.gb, c 28.6 • 0.7b, c 32.9 • 0.8 b 31.5 • 1.2 b 31.3 • 0.7 b 31.2 +__ 0.9 b 35.8 • 0.2 

22:4{n-6) 0.1 • 0.0 0.2 • 0.0 0.3 • 0.0 0.3 • 0.1 0.4 • 0.0 0.6 • 0.0 0.9 • 0.0 
22:5{n-61 0.5 • 0.1 b 0.5 • 0.2 b 0.8 • 0.1 b 0.7 • 0.1 b 1.0 • 0.2 b 0.9 • 0.1 b 2.6 • 0.2 
22:5{n-3) 0.1 • 0.0 0.1 • 0.0 0.1 • 0.0 0.1 • 0.0 0.1 • 0.0 0.2 • 0.0 0.3 • 0.0 
22:6(n-31 1.8 • 0.2 1.4 • 0.2 1.2 • 0.1 0.9 • 0.1 0.9 • 0.1 2.4 • 0.1 1.5 • 0.0 

P E  
16 ald. 5.7 • 0.6 1.0 • 1.0 1.7 • 0.4 0.2 • 0.1 2.8 • 0.5 1.7 • 0.6 3.7 • 1.5 
16:0 4.2 • 0.1 7.6 • 0.0 6.0 • 0.2 7.7 +_ 0.4 5.8 • 0.7 4.4 • 0.2 7.5 • 0.5 
16:1 t 0.2 • 0.0 0.1 • 0.1 0.2 • 0.0 0.2 • 0.1 0.2 • 0.0 0.2 • 0.0 - -  
16:1 c 0.4 • 0.1 0.6 • 0.0 0.4 • 0.0 0.6 • 0.1 0.5 • 0.1 2.4 • 0.2 2.8 • 0.8 

18:0 aid. 3.7 • 0.4 0.9 • 0.4 1.7 • 0.2 0.8 • 0.2 2.4 • 0.2 1.0 • 0.4 1.9 • 0.6 
18:1 aid. 5.4 • 0.8 1.0 • 0.6 1.8 • 0.3 0.7 • 0.3 2.6 • 0.2 2.7 • 1.4 - -  
18:0 20.9 • 2.1 23.2 • 1.5 26.2 • 1.8 22.0 • 0.4 21.2 • 1.1 18.3 • 0.6 25.1 • 0.6 
18:1 t 4.9 • 0.1 7.3 • 0.1 5.8 • 0.3 7.3 • 0.3 6.6 • 0.4 15.2 +__ 0.8 - -  
18:1 c 7.9 • 0.0 9.8 • 0.2 7.5 • 0.7 9.3 • 0.4 6.4 • 0.3 10.2 • 0.5 5.9 • 0.5 
18:2 c, t / t ,c  0.2 • 0.0 0.7 • 0.0 0.4 • 0.0 0.9 • 0.1 0.4 • 0.1 1.2 • 0.2 - -  
18:2 c,c 3.7 • 0.4 3.4 • 0.1 c 4.0 • 0.3b, c 4.8 • 0.4b, c 5.3 • 0.2b, c 1.5 • 0.3 2.0 • 0.1 
18:3(n-3) - -  0.I  • 0.0 0.2 ___ 0 . i  0 . i  • 0 . i  0 . i  • 0 . i  0.I  • 0.0 - -  

20:1 t 0.4 _ 0.0 0.5 • 0.0 0.5 • 0.0 0.6 • 0.1 0.5 • 0.0 - -  - -  
20:1 c 1.5 • 0.1 1.7 • 0.1 1.7 + 0.2 1.9 --+ 0.2 1.7 • 0.1 - -  - -  
20:3(n-9) 0.7 • 0.1 0.1 • 0.0 . . . .  
20:3(n-6) 0.6 • 0.1 b,c 0.3 • o.ob, c 0.3 • 0 b c 0.3 • 0.1 c 0.2 • 0.0 c 0.1 • 0.0 0.1 • 0.0 
20:4(n-6) 25.4 • 0.4 b 27.3 • 0.3b, c 27.7 • 1.4b, c 29.2 • 0.7b, c 27.8 • 0.3b, c 23.1 • 0.5 21.3 • 0.6 

22:4(n-6) 0.4 • 0.0 0.8 • 0.0 1.2 • 0.1 1.4 • 0.1 1.9 • 0.3 1.7 • 0.0 2.6 • 0.1 
22:5(n-6) 2.3 • 0.2 b 3.3 • 0.3 b 4.2 • 0.5 b 4.3 • 0.2 b 6.6 • 0.8 b 4.2 • 0.1 b 15.8 • 1.1 
22:5(n-3) 0.5 • 0.1 0.5 • 0.0 0.4 • 0.0 0.4 • 0.1 0.5 • 0.0 0.7 • 0.0 0.9 • 0.1 
22:6(n-3) 9.4 • 0.0 8.4 • 0.9 6.5 • 0.1 5.7 • 0.2 5.3 • 0.2 10.9 • 0.2 8.7 • 0.2 

Phospho l ip id  
m g / g  t i s s u e  26.1 • 0.9 25.9 • 0.9 26.4 • 1.0 25.5 • 0.8 25.6 • 1.2 24.6 • 1.4 27.8 • 0.9 

a A v e r a g e s  of 4 d i f fe rent  pools  + s t a n d a r d  error  of  t he  mean .  

bS ign i f i can t ly  d i f fe rent  t h a n  g roup  7. P < 0.05. 

c S ign i f ican t ly  d i f fe rent  t h a n  g roup  6. P <: 0.05. 
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TABLE 5 

Catalase Activity (min -1 X mg protein -1) in Rat Liver Fractions Enriched with Peroxisomes 

Dietary fat 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 
16% HMO 16% HMO 16% HMO 10% HSOY 

16% HMO + 3% OO + 2% OO + 1% OO 16% HMO + 9% OO 
+ 4% OO + 1% SO + 2% SO + 3% SO + 4% SO + 1% SO 20% PALM 

{%~ ~%} I%~ I%} ~%} (%) {%} 

Dietary 
18:2/trans 0.06 0.15 0.25 0.34 0.44 0.25 --  

91.7 +_ 5.3a, b 97.7 -+ 2.6 a,b 91.1 + 2.4 a,b 84.5 _+ 2.6 a,b 80.7 + 2.3 a 73.1 + 2.7 a 54.5 +_ 2.6 

aSignificantly different than group 7. P < 0.05. 
bSignificantly diiferent than group 6. P < 0.05. 

Previous feeding studies with rats have also established 
that rats fed partially hydrogenated vegetable or marine 
fats supplemented with vegetable oils have lower levels 
of long chain PUFA than rats fed vegetable otis providing 
either a considerably higher level of dietary linoleic acid 
(14,15) or similar level of dietary linoleic acid (25,26}. 

In the present experiment, we investigated if, by in- 
creasing the dietary level of 18:2(n-6) relative to the con- 
tents of isomeric fat ty acids and far above the level of 
a reference group, it would be possible to increase the 
levels of 20:4{n-6) in the liver and heart phospholipids to 
those of the reference group not fed isomeric fat ty acids. 
Furthermore, a group was fed HSOY to compare effects 
of chain lengths of isomeric fat ty acids. 

This experiment demonstrates that rats fed partially 
hydrogenated fats have lower content of 20:4(n-6) in liver 
PC than a reference group fed unhydrogenated fats with 
a similar dietary level of 18:2{n-6). Furthermore, it does 
not seem possible to augment the formation of 20:4(n-6) 
in the HMO-fed rats to the level of the reference group 
by increasing the dietary levels of 18:2 within the limits 
of this experiment. Compared with the HMO groups, the 
HSOY-fed rats have a higher formation of 20:4, which is 
consistent with our previous results (14). The lower for- 
mation of 20:4{n-6) in HMO-fed animals is paralleled by 
increased accumulations of 18:2(n-6) in the phospholipids, 
indicating that the total liver pool of 18:2 is enlarged and 
pointing to an effect of dietary fats on the desaturation 
of linoleic acid. This view is supported by the substan- 
tial channeling of 18:2 into TG in liver, heart and adipose 
tissue. However, we find lower incorporation of isomeric 
fatty acids in the phospholipids of the HMO-fed rats than 
of the HSOY-fed rats. Furthermore, only isomeric- 16:1 
and 18:1 fat ty acids are deposited, although the HMO 
contains large amounts of 20:1 and 22:1 isomers. The 
absence of these fat ty acid isomers from the liver may 
be explained by the peroxisomal/3-oxidation induced by 
long chain fatty acids. This is evidenced by the increased 
catalase activity in the HMO groups compared with the 
HSOY and the PALM group. The significance of perox- 
isomal/3-oxidation in the degradation of 20:4(n-6) appears 
not to have been elucidated in vivo, but in vitro ex- 
periments seem to confirm this pathway (27). 

The PUFA contents of PE in liver are less affected by 
dietary fats than PC, which is in agreement with a recent 

report (28). Since a higher unsaturation is generally found 
in PE than in PC, this mainly indicates that the mecha- 
nisms for maintaining the unsaturation of PE by selec- 
tive reacylation of PE formed de novo or by channeling 
less unsaturated molecular species into PC is also opera- 
tive in rats fed partially hydrogenated otis. At low dietary 
levels of 18:2(n-6), the conversion of 18:3(n-3) into 22:5(n-3) 
and 22:6(n-3) is more efficient in agreement with the find- 
ings of Charnock et al. (29). 

In the heart, the fa t ty  acid profiles are generally more 
unsaturated than in the liver. The PUFA may be formed 
from 18:2 taken from chylomicrons or from 18:2 and 20:4 
taken from very low density lipoproteins (VLDL) secreted 
from the liver. The fat ty acid composition of VLDL-TG 
is similar to liver TG (30). The considerable accumulation 
of 18:2 observed in liver TG may, in part, explain that 
even at low dietary linoleic acid levels the HMO-fed rats 
have high (n-6) PUFA levels in the heart phospholipids. 
Enhanced activity of lipoprotein lipase following intake 
of docosenoic acids (31) may accentuate the uptake of 
fatty acids of hepatic or dietary origin in the extrahepatic 
tissues. Just  as in the liver, the heart phospholipids have 
low levels of trans fat ty acids in the HMO-fed rats and 
only trace amounts of trans-20:l and trans-22:l are found 
in agreement with the findings of Conacher et al. (6). This 
reflects the efficiency of peroxisomal/3-oxidation of 20:1 
and 22:1 fat ty acids, as described by Christiansen et al. 
(32). It thus appears unlikely that the isomeric fat ty acids 
in the organ phospholipids per se constitute the factor 
that  affects the conversion of (n-6) PUFA. In heart PC, 
the effects of HMO on the formation of 20:4 are signifi- 
cantly smaller than observed for the liver. This agrees 
with the observation that the heart levels of 18:2 show 
less dependence on the dietary levels than do the liver 
levels. Compared with the PALM group, however, a 
substantial decrease in 20:4 is paralleled by an increase 
in 18:2, indicating a decreased conversion of 18:2 into long 
chain PUFA. 

Heart PE, as well as PC, is little affected by the dietary 
levels of linoleic acid in the HMO-fed rats. In the PALM 
group, however, a substantially higher level of 22:5(n-6) 
is found in PE, compared with HSOY-fed rats, as found 
by Royce and Holmes (33). In the HMO groups, the 
22:5(n-6) is low and the 20:4(n-6) is high compared with 
the PALM group, in agreement with a previous report 
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in which partially hydrogenated herring oil, rich in cis-20:l 
and cis-22:l  relative to trans, decreased the format ion of 
22:5(n-6), bu t  par t ia l ly  hydrogenated  capelin oil with a 
high trans/cis  rat io  did not  {15}. I t  is thus  possible tha t  
the format ion of 22:5(n-6) by  h4-desaturase m a y  be af- 
fected by  the presence of certain long chain isomers  in 
the heart .  Retroconversion of 22:4{n-6) and 22:6(n-3) has  
been shown to be increased in isolated liver cells from rats  
reared on H M O  diets {34}. I t  is thus  possible t ha t  this 
also influences the 22:5 levels. 

The linear relat ionship between the die tary  18:2 levels 
and tha t  of the hear t  TG cont ras t s  with the cons tan t  
levels of (n-6) P U F A  in PC and PE of the HMO-fed rats,  
indicating tha t  the P U F A  metabol ism,  in general, is 
under  ex t reme control in the myocard ium over  a wide 
range  of die tary  supply of 18:2, as pointed out  by  Gib- 
son et al. (35), making it especially interesting to note tha t  
H M O  can per turb  the P U F A  profiles leading to lower 
levels of 20:4(n-6) and 22:5(n-6} in HMO- and HSOY-fed 
ra t s  than  in PALM-fed rats .  A t  low die tary  and cardiac 
levels of 18:2, this acid is selectively channeled into a pool 
available for format ion of 20:4(n-6) and incorporated in- 
to phospholipids.  A t  high die tary  levels of linoleic acid, 
apparent ly  the 18:2 is stored in TG unavailable for PUFA 
production, a l though the levels of long chain P U F A  are 
lower than  in the P A L M  group. 

Our comprehension of the physiological implications of 
a s imul taneous incorporat ion of isomeric f a t t y  acids in- 
to biological membranes  combined with a reduced forma- 
tion of long chain P U F A  is, so far, quite poor due to the 
lack of reliable exper imenta l  models to evaluate  changes 
in biological membranes  by  physical  or biochemical 
parameters .  I t  has been demons t ra ted  in vi t ro  (36) tha t  
increased fluidity of the microsomal  membranes  is asso- 
ciated with decreased act ivi ty  of desaturases,  which sup- 
por t s  the concept  of the microsomal  membrane  as a 
self-regulating sy s t e m  based on interact ion between 
"f lu idi ty"  and desa turase  act ivi ty  {37}, which could be 
operat ive  under  a wide range  of d ie tary  conditions (35}. 
On the other  hand, numerous  inves t iga tors  have demon- 
s t ra ted  tha t  intake of part ial ly hydrogenated  fats,  even 
when supplemented with adequate  levels of linoleic acid, 
may  reduce the contents  of P U F A  and, thus,  the fluid- 
ity, indicating tha t  the regulat ion of f a t t y  acid composi- 
t ion m a y  be per turbed  by  external  factors  such as cer- 
tain dietary f a t ty  acids. Whether  this effect is exerted on 
the envi ronment  of the desa turase  or eventual ly  on the 
synthesis  of desaturase remains to be clarified (38}. In the 
evaluat ion of the possible effects of a prolonged intake 
of part ial ly hydrogena ted  fats, it should, however, be 
pointed out tha t  multigeneration feeding studies with ra ts  
so far have not  proven any harmful  effects of par t ia l ly  
hydrogena ted  vegetable  fats, as long as linoleic acid is 
supplied {39}. This could indicate tha t  even major changes 
in the composi t ion of biological membranes  m a y  not  
significantly affect their  biological efficiency. However,  
similar exper iments  have not  been performed with par- 
tially hydrogenated  marine oils. 
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Serum Fatty Acid Proportions Are Altered During the Year 
Following Acute Epstein-Barr Virus Infection 
Lowel l  L. Wi l l iamsa, d,*, Denn is  M. Doodya,  c a n d  L loyd  A. Horrocksb 
aDepartments of Pediatrics and bphysiological Chemistry, Ohio State University College of Medicine; cwilce Student Health Center 
and the dChildren's Hospital Research Foundation, Wexner Institute for Pediatric Research, Columbus, OH 43205 

Because abnormal serum fatty acid (FA) proportions had 
been found at three months after infectious mononucleo- 
sis (IM) in a pilot study,  serum total  FA profiles of 20 
normal college students  were measured at monthly  inter- 
vals  for one year following an acute Epstein-Barr virus 
(EBV) infection. Below normal proportions of araehidonic 
acid and a reversal of the usual serum ratio of linoleic 
and oleic acids were maximal during the third month after 
acute IM. These FA abnormalities coincided with the 
symptom of increased physical malaise, despite apparent 
clinical recovery, common after IM. Persistence of low 
linoleic acid content beyond six months postinfeetion oc- 
cnrred in all seven students  who showed continued 
clinical symptoms.  Est imation of FA enzyme activities 
over the post-IM year suggested that FA elongation rune 
tion was normal, but that  FA desaturation enzyme ac- 
tivities were lower than normal, particularly early after 
EBV infection. An inability of the host  to  normalize the 
serum total linoleic/oleic acid ratio may parallel a delayed 
recovery from EBV infection and may offer insight into 
its pathogenesis .  
Lipids 23, 981-988 (1988). 

Common intermittent fatigue after acute primary 
Epstein-Barr virus (EBV) clinical infection, termed infec- 
tious mononucleosis (IM), suggests that host systems are 
severely stressed by the infection (1). A temporal relation- 
ship between altered serum fat ty acid (FA) patterns, 
described after acute and chronic illnesses (2-6), confirms 
a relationship between altered lipid metabolism and 
disease. Maintenance of normal serum-FA content is 
essential to homeostasis and health. The ratio or percent- 
age of individual FA in normal fasting serum remains 
fairly constant within age boundaries (7). Serum FA are 
substrates for many cellular systems in the body. For ex- 
ample, serum polyunsaturated arachidonic acid is a pre- 
cursor for important immunoregulatory substances, pros- 
taglandins and leukotrienes that increase dramatically in 
disease (8). Long-chain polyunsaturated FA have addi- 
tional roles in maintaining fluidity and stability of mem- 
branes, particularly in the vascular system (9). FA serve 
also as substrates for red-muscle mitochondrial oxidative 
phosphorylation, and neuronal (10) metabolism. Serum- 
FA measurements may reflect an imbalance or inade- 
quacy of FA amounts available for lipoprotein synthesis. 
Measurements over time may indicate possible metabolic 
FA-tissue turnover events. Recent characterization of 
desaturation and elongation metabolic pathways of FA 
have led to understanding the multiple roles of FA in 
health and disease (11-15). 

*To whom correspondance should be addressed at Wexner Institute 
for Pediatric Research, Children's Hospital, Columbus, OH 43205. 

Abbreviations: FA, fatty acid; Ig, immunoglobulin; ANOVA, 
analysis of variance; EBV, Epstein-Barr virus; GLC, gas liquid 
chromatography; IM, infectious mononucleosis; L/O ratio, linoleic 
to oleic acid ratio. 

Acute EBV infection, as any acute illness, alters host 
lipid metabolism by direct utilization of host lipids and 
by destruction of host cells (6,16). Host lipid-related 
metabolic systems can be directly affected in production 
of endotoxins, in activation of lipase or other host 
macrophage lysosomal enzymes, or in release of host 
mediators such as pyrogens, interferons and other im- 
munoregulatory substances (10,13,16). Secondary or in- 
direct effects of acute illness on host lipids may include 
decreased dietary intake of fats from anorexia, possible 
decreased intestinal absorption of fats, and increased 
rates of host lipolysis for the metabolic demands of fever 
and replacement of tissues. The acute toxic state with 
prostration also leads to altered rates of liver lipid syn- 
thesis and lowered fat utilization by peripheral tissues 
(6,16). Although important in understanding the imme- 
diate response to EBV and other infections, the major- 
ity of these stresses on host lipid metabolism appear to 
resolve after the first month of infectious mononucleosis 
illness, as fever disappears and clinical recovery occurs. 

EBV infection appears rather unique among acute viral 
infections in that it leads frequently to a delayed return 
to robust health (1,8,12,13). Because we wished to focus 
on the prolonged period of weakness and malaise after 
IM, we began our study near the end of the first month 
after acute IM. The "onset" of EBV infection was con- 
sidered to be the date of a positive monospot test with 
a characteristic acute IM-type of illness in healthy col- 
lege students. Although it is possible that a subset of 
more severely-affected post-IM students was selected by 
our method, sample bias was minimized by a payment 
and by the encouragement of cooperation in the study by 
health clinic personnel. At our first fasting blood sam- 
pling, the student was afebrile, ambulatory, again able 
to eat a normal diet and had recovered sufficiently to 
return to classes. We report here total FA profiles of 20 
normal students followed monthly thereafter for one year. 

METHODS 

Patient selection and sample preparation. Normal college 
students, 10 male and 10 female, aged 18-23, with an 
acute illness characterized by severe pharyngitis, gener- 
alized lymphadenopathy, fever, prostration and a positive 
heterophile antibody test, voluntarily participated. An 
elevated white blood cell count with lymphocytosis con- 
taining greater than 10% atypical mononuclear cells con- 
firmed the diagnosis of Epstein-Barr virus (EBV} mono- 
nucleosis in all (1). Because we were interested in long- 
term results of EBV after the acute illness, the first blood 
specimen was drawn after confirmation of the diagnosis 
and agreement for enrollment in the program. Fasting 
blood samples were drawn at a regularly scheduled clinic 
visit occurring 2-4 wk after the positive heterophile test. 
Each subsequent visit was planned for 1 mo after the 
previous visit. No treatments were being given at the time 
of sampling. A dietary and systems review was taken at 
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each visit to monitor eating patterns and the possibility 
of physical complications. Age and sex-matched normals 
(20) who had no evidence of EBV infection for at least 
4 yr were similarly followed. All laboratory personnel were 
blinded to the clinical diagnosis. Guidelines of the Human 
Subjects Research Committee of The Ohio State Univer- 
sity were followed. No drugs, including aspirin, cortisone 
or similar products, were being taken 48 hr prior to blood 
drawing. Serum, separated immediately, was frozen at 
-20~  until extraction. 

Serum total esterified fatty acid extraction for gas 
liquid chromatography (GLC). For extraction of total 
serum fat ty acids, we adapted the method of Love et al. 
(2). Overnight stirring of 0.5 ml serum in 19 ml chlor~ 
form:methanol (2:1) containing BHT (1 ~g/20 ml) was 
followed by adding 30 ~g of 15:0 standard and 4 ml 0.1 M 
KC1. The lower phase was washed with 8 ml of upper 
phase solvents {containing chloroform:methanol:0.1 M 
KC1, 3:48:47, v/v/v). After drying the lower phase under 
N 2, the extract was hydrolyzed with 2 ml of 1 M KOH 
in 90% ethanol for 30 rain, acidified with 5 ml H20 con- 
taining 1.5 ml of 2 M HC1, extracted with 10 ml diethyl 
ether and taken to dryness under N 2. Methylation was 
accomplished by heating to 60~ in a dry bath for l0 min 
with 0.5 ml BF3-methanol (Alltech Assoc., Deerfield, IL). 
After transfer to a separatory vial with hexane, and 
washing twice with 12 ml saturated NaC1, the methylated 
FA were dried with Na2SO4 crystals, dried under N2 and 
kept until use at -20~  (2). 

Detection of methylated lipid fractions and standards 
was performed on a Hewlett-Packard 5840-A Gas Liquid 
Chromatograph equipped with a dual hydrogen flame- 
ionization detector and an automatic integrator. A 30-m 
SP 2330 fused silica capillary column with a 0.20-~m-film 
thickness and 0.25 mm i.d. (Supelco, Bellfonte, PA) was 
used. The column was temperature programmed from 
180~ to 240~ at 2~ The injection port temperature 
was 250~ the detection temperature was 250~ and the 
linear flow velocity was 10 mYmin, with the carrier gas 
being He and the split ratio being 1:100. Peaks on the 
chromatogram were identified by comparing retention 
times with reference standards (Supelco and Nuchek 
Prep, Elysian, MN). The percentage of each FA in each 
sample was calculated by the ratio of each FA area to the 
total area of the sample. The actual amount (mg/ml) of 
total FA in the sample was calculated from the amount 
of 15:0 standard {added at the onset of extraction} remain- 
ing in the final chromatogram and the dilution of the sam- 
ple. Normal controls were included in daily runs. Varia- 
tion in FA proportions among duplicate samples was less 
than 2%. 

Detection of EB V-specific antibodies. Indirect immuno- 
fluorescence was used to examine the sera of the 7 post- 
EBV patients with linoleic:oleic acid (L/O) ratios of less 
than 1.20 for specific antibody content. To detect Im- 
munoglobulin A with EBV specificity (EBV-IgA} and 
early antigens of EBV in the Immunoglobulin G (EBV- 
EA IgG) antibody fraction, the standard indirect im- 
munofluorescent test was employed {16}. 

Statistical analyses. Average proportions of 20 patient 
serum FA, known as the FA profile, were compared with 
serial samples of fasting age-matched normals, drawn 
over the year. Analysis of variance (ANOVA) was used 
to calculate significant differences between the FA 

contents and estimated FA enzyme activities of the two 
groups at monthly intervals. The Bonferonni correction 
for multiple comparisons was made. A P value of <0.01 
was considered significant (14). Metabolic indices, calcu- 
lated according to the formulae of Holman and Johnson 
{15}, estimated the activities of fatty acid elongation and 
desaturation enzymes at each month post infection. The 
average amount of FA products of each enzyme pathway 
in post-EBV serum was compared to the normal average 
amount to estimate enzyme activity in specific pathways. 

RESULTS 

Systems and dietary review. All patients expressed 
marked degrees of fatigue, exhaustion and mental dis- 
couragement during the first 3-5 mo after primary EBV 
infection. Unusual need for extra sleep was a common 
complaint which led to dropping classes by several stu- 
dents, and appeared more prominent in 4 of the 20 who 
had experienced slight jaundice during the acute illness. 
However, there were no specific clinical or physical signs 
uniquely characteristic during this period. Five of the 20 
students required additional treatment for infections at 
ca. 3 mo post-IM, including acute pharyngitis in 2, non- 
specific diarrhea in 2 and urinary tract infection in 1. No 
differences could be found between males and females in 
clinical responses. 

A regimen of adequate rest and balanced diet without 
alcohol intake had been stressed by the clinic personnel 
in an initial handout and was reinforced at  each visit. 
Because this group's intellectual level was higher than 
average and good performance in school was a priority, 
serious effort toward establishing good dietary habits ap- 
peared in all students by the first clinic visit and was con- 
tinued thereafter. However, sufficient rest was usually 
not achieved during the first 3-6 months. 

Individual clinical variations were more prominent after 
6 months. The majority of students were very aware that 
they were still unable to perform as well as prior to acute 
IM, but felt "well." In contrast, 9 of 20 at 7-8-m~ and 
7 at 12-mo-post-IM continued to feel exhausted and 
distinctly "not well." One of these had a reoccurrence of 
a psychiatric illness. Four were forced by their unusual 
malaise and fatigue to leave school for a semester. 

Total serum FA proportions post-EBV infection. In 
Tables 1 and 2, post-EBV average serum values of total 
FA present in the serum of all 20 students are compared 
with the values of age-matched students without EBV 
at monthly intervals. Proportions of the shorter~hain FA 
(10-13:1 and 16:1) were significantly higher (p < 0.00D, 
but the essential FA, linoleic acid (18:2o~6) and the highly 
polyunsaturated docosahexaenoic acid (22:6co3) were 
lower than normal (p < 0.001) during the entire year. A 
significant increase in the percentage of oleic acid (18:1w9) 
occurred during the early post-IM period, but arachidonic 
acid (20:4Go6) showed phasic lowered proportions (p < 
0.001). Figure 1 demonstrates the percentage of total FA 
of arachidonic acid during the year {horizontal axis) in 
relationship to the normal mean {solid center line} and 
first standard deviation of normal {dotted lines}. This for- 
mat is carried through subsequent figures. 

Proportions of major fatty acids: Oleic acid, linoleic acid 
and their ratios. Figures 2 and 3 demonstrate the propor- 
tions of total FA by percentage of the major fatty acids 
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TABLE 1 

Average Total Esterified Fa t ty  Acid Proportions a in Post-EBV Serum--  
First  6 Months following Acute EBV Infection Compared to Normal Range 

Months after EBV b 

Fa t ty  acid 
percent c 1 2 3 4 5 6 Normal range 

10-14"1 2.7 + 0.2* 2.1 -+ 0.2* 3.2 • 0.2* 2.8 • 0.2* 3.2 • 0.2* 2.7 • 0.2* 1.4 + 0.2 
16:0 19.7 • 2.4* 18.4 • 1.8 18.4 • 2.2 18.2 • 2.4 18.8 • 2.3 19.1 _ 1.6"* 16.5 • 2.4 
16:1 3.6 • 0.5* 2.9 • 0.4* 3.1 • 0.6* 3.8 • 0.5* 3.4 • 0.5* 3.4 + 0.5* 2.2 • 0.3 
18:0 7.9 + 1.5 8.1 • 2.2 8.2 • 1.5 7.9 • 2.3 7.9 + 1.5 8.2 • 1.5 8.3 + 1.4 
18:1co9 27.4 • 2.0* 28.6 _ 2.3* 29.7 + 1.9" 26.5 • 2.1 25.7 + 2.4 25.7 • 2.2 24.6 + 2.3 
18:2co6 31.8 + 2.1" 32.2 +- 2.5* 28.3 • 2.4* 30.3 + 2.0* 30.8 + 1.8" 31.1 • 1.6" 35.4 + 2.0 
18:3co6 0.4 • 0.2 0.4 + 0.2 0.4 • 0.3 0.5 • 0.3 0.5 + 0.3 0.4 • 0.2 0.4 • 0.2 
18:3oj3 0.3 +- 0.2 0.3 + 0.2 0.3 • 0.2 0.4 • 0.2 0.4 _+ 0.2 0.4 +_ 0.2 0.4 + 0.2 
20:1c09 0.3 + 0.2 0.3 • 0.2 0.4 • 0.3 0.3 • 0.2 0.3 • 0.3 0.3 • 0.2 0.2 • 0.2 
20:3r 0.i  • 0.i 0.1 • 0.1 0.1 • 0.1 0.1 • 0.1 0.1 • 0.1 0.1 • 0.1 0.1 + 0.1 
20:3r 1.3 • 0.3 1.3 • 0.4 1.1 • 0.4 1.5 • 0.3 1.4 • 0.3 1.4 • 0.3 1.5 • 0.4 
20:4co6 6.6 • 1.4" 7.6 • 1.5 6.5 • 1.1" 6.6 • 1.2"* 6.8 • 1.5"* 6.5 • 1.5" 8.7 • 1.5 
20:5co3 0.3 • 0.1 0.2 • 0.1 0.2 • 0.1 0.2 • 0.1 0.2 • 0.1 0.2 • 0.1 0.2 • 0.1 
22:4w6 0.7 -+ 0.1"* 0.5 • 0.2 0.6 • 0.2 0.5 • 0.2 0.5 • 0.2 0.5 • 0.2 0.4 • 0.2 
22:5co6 0.4 • 0.1 0.4 • 0.1 0.4 • 0.2 0.4 • 0.2 0.4 • 0.2 0.4 • 0.2 0.4 • 0.2 
22:5r 0.6 • 0.1 0.6 • 0.2 0.6 • 0.2 0.6 • 0.2 0.6 • 0.2 0.6 • 0.2 0.6 • 0.2 
22:6r 0.7 • 0.2* 0.8 • 0.2* 0.7 • 0.2* 0.7 • 0.2* 0.7 • 0.2* 0.8 • 0.2* 1.3 • 0.2 

L/O ratio d 1.04" 1.08" 1.01" 1.15" 1.20"* 1.16" 1.4 • 0.2 
mg/mle 9.6 • 3.5 10.9 • 3.8 14.1 • 4.6* 13.5 • 3.2* 12.7 • 3.4* 12.1 • 4.2* 8.6 • 3.5 
L + o f  59.2 60.8 58.1 56.8 56.5 56.8 60.0 

aThe average percentage distribution of serum FA of 20 post-IM students  is compared. 

bComparison is at monthly intervals with the normal range of 20 age and sex-matched uninfected s tudents  during the same period. 

c The percentage ___ SD of the total FA sample. 

dThe L/O ratio is the ratio of linoleic to oleic acid. 

e The total mg/ml serum of FA. 

f The sum of the percentages of linoleic and oleic acids. 

*Significantly different than normal, p < 0.001. 

**Significantly different than normal, p < 0.01. 
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FIG. 1. Average serum proportion of arachidonic acid following acute 
EBV infection. The average proportion of arachidonic acid of 20 post- 
IM students is compared with the normal student's mean (solid line) 
and first SD (dotted lines) for the first 6 months  after IM. At  7-8 
and 12 months times, averages of students  with low L/O ratios* 
(<1.20) are compared with averages of s tudents  with normal L/O 
ratios 1<1.20). 
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FIG. 2. Average serum proportion of oleic acid following acute EBV 
infection. The average proportion of oleic acid of 20 post-IM students 
is compared with normal mean (solid line) and first  SD (dotted lines) 
for the first  6 months after IM. At  7-8 and 12 months,  averages 
of s tudents  with low L/O ratios* (<1.20) are compared with averages 
of students  with normal L/O ratios (<1.20). 
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T A B L E  2 

Average Total  Esterified Fa t t y  Acid Proport ions a in Serum during the  Second 6 Months  Following Acute  EBV Infection 

7 - 8 m o n t h s  1 2 m o n t h s  0 m o n t h s  
after EBV after EBV after EBV 

Fa t ty  acid Average Low L/O Norm L/O Average Low L/O Norm L/O Normal 
percent d 20 c 9 c 11 c 20 c 7 c 13 c 20 c 

10-14:1 2.0 • 0.2 2.2 _ 0.2** 1.8 • 0.2 3.6 _ 0.2* 3.6 • 0.2* 3.6 • 0.2* 1.4 • 0.2 
16:0 18.1 • 2.4 19.4 • 1.8" 17.5 • 2.2 19.5 • 2.6* 22.1 • 2.6* 17.7 • 1.5 16.5 • 2.4 
16:1 2.6 • 0.6 2.9 • 0.4* 2.4 • 0.4 3.3 • 0.5* 3.2 • 0.5* 3.3 • 0.3* 2.2 • 0.3 
18:0 8.5 • 1.5 8.3 __ 2.2 8.8 +_ 1.5 8.4 +_ 1.5 7.6 • 2.5 8.4 _ 1.5 8.3 + 1.4 
18:1r 26.5 • 2.0 28.1 • 2.3* 24.9 • 1.9 25.5 • 2.1 24.7 • 2.4 26.7 • 2.2 24.6 • 2.3 
18:2co6 30.2 • 2.1" 26.9 • 2.5 33.8 + 2.4* 31.3 + 2.4* 28.8 • 1.8" 33.6 • 1.6" 35.4 • 2.0 
18:3co6 0.4 • 0.2 0.4 • 0.2 0.4 • 0.3 0.5 • 0.3 0.4 • 0.3 0.4 • 0.2 0.4 • 0.2 
18:3co3 0.3 • 0.2 0.3 • 0.2 0.3 • 0.2 0.4 • 0.2 0.4 • 0.2 0.4 • 0.2 0.4 • 0.2 
20:1co9 0.2 • 0.1 0.3 • 0.2 0.3 • 0.3 0.3 • 0.3 0.3 • 0.3 0.3 • 0.2 0.2 • 0.2 
20:3co9 0.1 • 0.1 0.1 • 0.1 0.1 • 0.1 0.1 ___ 0.1 0.1 • 0.1 0.1 • 0.1 0.1 • 0.1 
20:3co6 1.5 • 0.3 1.4 _ 0.3 1.5 • 0.3 1.5 • 0.3 1.5 • 0.3 1.5 • 0.3 1.5 • 0.4 
20:4oo6 7.1 • 1.5"* 6.2 • 1.5" 7.9 • 1.5 6.7 • 1.3"* 6.4 • 1.2"* 7.0 • 1.5"* 8.7 • 1.5 
20:5oo3 0.3 • 0.2 0.2 +_ 0.2 0.3 • 0.2 0.3 • 0.2 0.2 • 0.2 0.3 • 0.2 0.2 • 0.2 
22:4co6 0.4 • 0.2 0.4 • 0.2 0.5 • 0.2 0.4 • 0.2 0.4 • 0.2 0.5 • 0.2 0.2 • 0.2 
22:5co6 0.4 • 0.1 0.4 • 0.1 0.4 • 0.1 0.4 • 0.1 0.3 • 0.2 0.4 • 0.2 0.4 • 0.2 
22:5co3 0.6 • 0.2 0.6 • 0.2 0.7 • 0.2 0.6 • 0.2 0.6 • 0.2 0.6 • 0.2 0.6 • 0.2 
22:6o~3 0.9 • 0.2** 0.8 • 0.1" 1.1 • 0.1"* 0.9 • 0.2* 0.7 • 0.1" 0.9 • 0.2** 1.3 • 0.2 

L/O ratio e 1.10" 0.96* 1.27 1.22"* 1.14" 1.32 1.4 • 0.1 
mg/ml f  12.2 • 3.4** 12.9 • 4.1"* 11.8 • 3.2** 11.9 • 2.9** 13.9 • 3.9* 10.6 +_ 3.5 8.6 • 3.5 
L + o g  56.7 55.0 58.7 57.0 53.5 60.0 60.0 

aThe average percentage distribution of serum FA of post-IM students is compared with normal range at 7-8 and at 12 months. The 
averages of the students with low L/O ratios (>1.20) (7-8 and 12 mo) are also compared with averages of students with normal L/O 
ratios {>1.20) at each time period. 

bWith separation by the linoleic/oleic acid ratios (L/O ratio) compared with normal range. 

cStudent sample number; at 7-8 months, 9 had low L/O ratios; at 12 months, 7 students had low L/O ratios. 

dThe percentage of each individual FA in the total FA + SD. 

e The ratio of linoleic to oleic acid; the L/O ratio. 

f The average total serum FA mg/ml. 

gThe sum of the percentages of linoleic and oleic acids. 

*Significantly different than normal, p < 0.001. 

**Significantly different than normal, p < 0.01. 
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FIG.  3. Average serum proportion of linoleic acid following acute 
EBV infection. The average proportion of linoleic acid of 20 post- 
IM s tuden ts  is compared with normal mean (solid fine) and first  SD 
(dotted lines) for the f irst  6 mon ths  after IM. At  7-8 and 12 mouths ,  
averages of s tuden ts  with low L/O ratios* (<1.20) are compared with 
averages of s tuden t s  with normal  L/O rat ios (<1.20). 
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FIG. 4. Average serum proportion of oleic and linoleic acid after EBV 
infection. Oleic (filled) and linoleic (shaded) acid proportions in serum 
of post-IM s tuden t s  are shown together  to sugges t  the possible 
reciprocal relationship between their proportions. Averages  of 20 
post-IM s tudents  occur for the first 6 months;  at  7-8 and 12 mouths ,  
averages are separated by a low L/O ratio* (<1.20) as  before. 
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(oleic and linoleic) at monthly intervals for 1 yr after 
primary EBV. Marked differences from normal--in- 
creased for oleic acid (Fig. 2) and decreased for linoleic 
acid (Fig. 3) during the first 6 months after EBV--led us 
to examine their relationship by developing a ratio be- 
tween them. In normal students throughout the year, the 
ratio of linoleic to oleic, termed the L/O ratio, was sur- 
prisingly steady at 1.44 __ 0.20. In sharp contrast, dur- 
ing the first 6 mo of the post-IM period, the serum L/O 
ratio was significantly lower than normal (Table 1, Fig. 4). 
In addition, although the sum of these major FA varied 
only slightly over the year (Tables 1 and 2), the change 
in their proportions was marked (Fig. 5). 

We found that  this ratio had returned to normal in the 
majority (11 of 20) of students by 6 mo, but still remained 
below the normal range in 9 by 7-8 mo and in 7 students 
at the end of the year (Table 2, Fig. 4). To evaluate 
whether the ratio of these major fat ty acids might have 
a clinical significance, possibly correlating with symp- 
toms, the clinical courses of the 7 patients with low L/O 
ratios at 1 yr were examined. Clinical complications dur- 
ing the first 6-mo-post-EBV had been experienced by 5 
of these students, requiring additional treatment at the 
health center, and 3 of them had shown mild clinical jaun- 
dice in the acute phase of their EBV infection. 

To further examine our data in the light of altered L/O 
ratios, the FA average proportions of the students with 
a L/O ratio lower than 1.20 (the first SD of normal) were 
separated from the remainder with L/O ratios in the nor- 
mal range. Table 2 and Figures 1-3, 5 and 7-10 list these 
values for 9 of 20 post-IM students at 7-8 too, and 7 of 
20 post-IM students at 12 mo separately from the 
averages of the remaining students with normal L/O 
ratios. 

Arachidonic acid proportion. Although the percentage 
of total FA of arachidonic acid (20:4co6) was significantly 
lower than normal (P < 0.005) during the first month after 
EBV infection (Table 1, Fig. 1), a slight increase during 
the second month was followed by a second decrease 

L\O ratio 
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FIG. 5. Linoleic to oleic acid ratio; L]O ratio, following acute EBV 
infection. The l.dO Ratio, determined by dividing the percentage of 
linoleic acid in the total serum FA by the oleic acid percentage, after 
acute IM is compared with the normal and mean and first SD. 
Averages  of 20 post-IM students  are shown from 1-6 months, and 
at 7-8 and 12 months, students with low L]O ratios* (<1.20) are shown 
separately from other post-IM students with normal I.JO ratios. 

during the third month {p < 0.005). In only 8 students 
was a normal proportion reached at the 6-mo period. 
However arachidonic acid values of clinically recovered 
students (normal L/O ratios) and those with low L/O 
ratios at 7-8 mo or at 1 yr after acute EBV were not very 
different. These alterations suggest the possibility of 
several metabolic influences on serum arachidonic acid 
proportions (Table 2). 

Fatty acid elongation and desaturation enzyme path- 
ways. Figure 6 demonstrates FA pathways of elongation 
and desaturation from the essential FA. Elongation is car- 
ried out at the COOH moiety by mitochondrial acetyl 
CoA enzyme, and desaturation is accomplished at specific 
C positions by specific cytochrome b5 oxygenases with 
NADPH under configurational restraints (7,11-13). 
Essential FA, linoleic (18:2co6) and a-linolenic (18:3co3) 
acids, and also oleic acid are initially desaturated by the 
key enzyme A6-desaturase. Elongation, normally a revers- 
ible process occurring between desaturation steps, can 
operate in excess when desaturase enzymes are unavail- 
able due to overuse or lack of function (11-13). As in- 
dicated in Figure 6, h5-desaturase forms 20:5co3 (eico- 
sapentaenoic acid) from 20:4co3, and 20:4co6 (arachidonic 
acid) from 20:3co6. A4-Desaturase accomplishes the final 
hydrogen removal from 22:4co6 and 22:5co3 to form 
22:5co6 and 22:6w3. 

Estimated desaturation enzymes activities. Figures 7-9 
compare the average estimated post-EBV activities of 
three desaturase enzymes with average estimated normal 
activity (central line), according to the calculations of 
Holman and Johnson (15). The A6-desaturase nadir at 
3 mo post-infection corresponds to the maximal altera- 
tions found in FA profiles (Fig. 7). Low values of both 
65- (Fig. 8) and A4- desaturases (Fig. 9) may reflect lack 
of substrates due to apparent defective activity of A6- 
desaturase enzyme, because these desaturase enzymes are 
further steps in the same metabolic pathways. For com- 
parison, students with L/O ratios of lower than 1.2 (as 
indicated by asterisk) after 6 mo are shown by separated 
average bars at the 7-8- and 12-mo periods (Figs. 7-9). 

Estimated elongation enzymes activities. Elongation 
enzyme activities, estimated by Holman and Johnson 
Metabolic Indices (15), are compared with estimated nor- 
mal activity in Figures 10 and 11. Although essential a- 
linoleic acid (18:3co3) is slightly elevated during the first 
6 mo (Table 1), in contrast, all co3 elongation products are 

Lir~leic Acid Alpha- Linolenic Acid 

18:~6 18:~3 

-- delta 6 desat~ase .......... 

18:~6 ~ �9 20:~6 18:~3 ~ 20:4~3 

~--delta5desaturase~-~ ..... .... 

20:4~6 _ " 22:4~6 20:5~-~22:5~3 

~ -- delta 4 desat~ase . . . . . .  - - ~  

22:~6 22:6~3 

FIG. 6. Desaturation and elongation pathways of the essential fatty 
acids: Linoleie and a-linolenic acids. The metabolic pathways of the 
essential fatty acids, linoleic (~6 series) and a-linolenic (~3 series) 
are depicted schematically, with desaturation shown vertically and 
elongation horizontally. Specific FA configurations serving as 
suhstrates for individual desaturase enzymes are shown by dotted 
lines. 
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FIG. 7. Estimated A6-desaturase activity after EBV infection. 
Metabolic indices of Holman and Johnson (15) have been calculated 
from individual FA averaged percentage at each month for I year 
to estimate the metabolic activity of A6-desaturase. Averages of 20 
students from 1-6 months post-IM, and averages of students 
separated by L/O ratio are compared with the normal mean (solid 
line). Low L/O ratio (<1.20) averages are noted by an asterisk (*). 

lower  t h a n  n o r m a l  d u r i n g  t h a t  t i m e  (Fig.  10), p o s s i b l y  
b e c a u s e  the i r  p r ecu r so r ,  18:3~3,  is n o t  ava i l ab l e  as  a 
su i t ab le  s u b s t r a t e  for fu r the r  act ion.  E s t i m a t e d  ac t iv i t i e s  
of  C20 and  C22 e l o n g a t i o n  e n z y m e s  (Fig.  11), however ,  
s u g g e s t  t h e y  are  f u n c t i o n i n g  in excess  i n t e r m i t t e n t l y ,  
p o s s i b l y  s t o r i n g  e l o n g a t e d  F A  un t i l  d e s a t u r a t i o n  pro-  
ces ses  can  n o r m a l i z e  p a t h w a y  flow (Fig.  6). A represen-  
t a t i v e  G L C  F A  c h r o m a t o g r a p h  of a 3 -months -pos t - IM pa- 
t i e n t ' s  t o t a l  F A  prof i le  s h o w s  a c c u m u l a t i o n s  of u n u s u a l  
peaks  (marked  b y  a r rows  on Fig.  12) a t  the  expec ted  reten-  
t ion  t i m e s  of " e l o n g a t i o n  s t o p - p o i n t  p r o d u c t s "  (12,13). 
S imi l a r  u n u s u a l  c h r o m a t o g r a p h  p e a k s  were  c o m m o n l y  
found  in t he  F A  prof i l es  d u r i n g  the  f i r s t  3 m o  a f t e r  E B V  
infect ion ,  b u t  were  u s u a l l y  a b s e n t  f rom l a t e r  s e r u m  
sample s .  

E B  V-specific serum antibodies. O n e - y e a r - p o s t - E B V  in- 
fec t ion  s e r u m  s a m p l e s  f rom each  of  7 p o s t - I M  s t u d e n t s  
w i t h  p e r s i s t e n t  c l i n i c a l  s y m p t o m s  a n d  a l t e r e d  
l inoleic/oleic ac id  r a t i o s  (<1.20) were  n e g a t i v e  for  E B V -  
I g A  and  E B V - e a r l y - a n t i g e n - I g G  an t ibod ie s .  
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FIG. 8. Estimated A5-desaturase activity after EBV infection. For- 
mat as described in Figure 7 with A5-desaturase enzyme activity 
estimated by metabolic index calculations (15). 
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FIG. 10. Estimated ~3 elongation enzyme activities after EBV in- 
fection. Format as described in Figure 7 with all co3 elongation en- 
zyme activities estimated by metabolic index calculations (15). 
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FIG. 9. Estimated d4-desaturase act ivi ty after EBV infection. For- 
mat as described in Figure 7 with A4-desaturase enzyme activity 
estimated by metabolic index calculations 115). 
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FIG. 11. Estimated C20 and C22 elongation enzyme activities after 
EBV infection. Format as described in Figure 7, with C20 and C22 
elongation enzyme activities estimated by metabolic index calcula- 
tions (15). 
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FIG. 12. Gas liquid chromatograph record of total  fatty  acid prc~ 
portions of a post-IM student at 3 months after acute EBV infec- 
tion. Methyl  esters of fatty  acids, visualized by flame-ionization 
technique are shown in the sequence of their carbon length, begin- 
Ring with the shortest  (10:0-12} at 2.13 min, and continuing to the 
longest,  22:6(o3 at 15.55 min. Altered proportions of particular note 
are oleic acid (5.28 min) = 21.55% of total  FA; linoleic (6.0 rain) = 
23.4%, or 64.8% of the normal mean; arachidonic acid (9.59 min) = 
4.54%, or 52.3% of the normal mean; and docosahexaenoic acid (15.55 
rain) --- 0.66% of the total  FA, or 53% of the normal mean. The L/O 
ratio is 1.09, significantly below normal (p < 0�9 "Unusual" 
chromatography peaks marked by arrows occur at C20 (9.12, 9.88 
and 10.13 mill) and C22 (11.73 and 12.26 min) elongation product posi- 
tions. These peaks were absent the following month in this student's 
s e r u m .  

DISCUSSION 

Alterations in FA composition, measured during months 
after acute EBV infection--IM--suggest that changes in 
host lipid metabolism may persist after the primary ill- 
ness has apparently terminated. By beginning after 
clinical recovery, our study plan bypassed the known con- 
founding effects of acute illness on serum FA that  may 
be due to inadequate diet, fever, prostration and tissue 
necrosis {2-6}. FA serum profiles of normal college 
students during the entire year after apparent remission 
from acute IM showed that serum proportions of the 
major serum FA, oleic, linoleic, palmitic and arachidonic 
acids are markedly affected. The following common pat- 
tern emerged: Initial values obtained at 1-mo-post acute 
IM reflected the severe effects common to a primary in- 
fection. Then, during the second mo-post-IM, FA profiles 
appeared to be returning to normal. However, surpris- 
ingly, the most significant alterations of FA profiles oc- 
curred at 3-4-mo-post-IM, when clinical recovery ap- 
peared underway. A slow recovery of FA ratios toward 
normal usually followed during the subsequent 6 too. A 
lack of differences among male and female responses in 
either biochemical or clinical findings suggested that the 
severity of the EBV-disease process may have obscured 
this possibility (7). 

Individual patient variations in this pattern, particular- 
ly a lower than normal linoleic to oleic acid ratio {<1.20}, 

led us to evaluate individual clinical courses. It appeared 
that the 7 of 20 students whose FA values had not 
returned to normal at 1 yr had also experienced more 
fatigue and difficulty in returning to full activity than 
the remaining 13 students�9 Secondary infections that  re- 
quired treatment in 5 of those 7 students shortly after 
acute IM may have possibly contributed to their slower 
recovery. Alternatively, a low L/O ratio prior to IM may 
have led to the development of disease susceptibility. 
However, none of these students retained IgG or IgA 
antibody titers to early EBV antigens at 1-yr-post-IM 
that might suggest a chronic EBV state (16). 

To test for a possible clinical association, we separated 
the FA profiles of the 9 students who had retained low 
L]O ratios at 7-8 mo and the 7 with low L]O ratios at 1 yr. 
This selection clearly identified students who expressed 
more "fatigue" than those with normal L/O ratios, and 
who had altered their life pattern because of their con- 
tinuing "malaise." To examine this effect on their entire 
FA profiles, average FA proportions of students with nor- 
mal L/O ratios were separated from averages of those 
with lowered L/O ratios {Table 2, Figs. 1-3 and 7-11). We 
found that abnormal proportions of other FA and altered 
FA enzyme activities were also detected in the low L/O 
ratio group when compared with those having normal L]O 
ratios post-IM and normals without EBV. We could con- 
clude from these clinical and biochemical correlations that 
the L/O ratio might be effective as a predictive marker 
for slow recovery from acute EBV infection, or possibly 
in other chronic illnesses {2-6}. Superimposed infection 
in the post-IM period, found in several of thes students, 
also may have prolonged recovery by causing an addi- 
tional burden on FA metabolism (4,5}. 

Oleic acid, normally 25.4% and linoleic acid, 35.6%, 
comprise approximately 60% of serum total-lipoprotein 
FA (7). Hepatic microsomes are the metabolic source of 
the large quantities of these FA necessary to sustain nor- 
mal serum-lipoprotein content. Therefore, major altera- 
tions in total serum-FA composition suggest the possibil- 
ity that liver may continue to be a site of host-viral in- 
teraction even after the acute viral hepatic phase. Despite 
the return to normal values found in the usual panel of 
liver enzymes after acute IM (1,17,18) and the absence 
of jaundice, hepatic enlargement or abdominal tenderness 
in the students of our study, an EBV-related intrahepatic 
cellular abnormality of FA enzyme activity appears pres- 
ent for at least 4 mo after EBV infection. However, 
metabolic turnover studies in liver tissue would be neces- 
sary to resolve this possibility. EBV latency, known to 
occur in a subset of B lymphocytes and epithelial tissues, 
has not been reported in hepatic tissue {20). Although a 
reciprocal relationship has not been proposed between 
these FA, it is interesting that  the contribution of the 
total portion of the FA profile by linoleic and oleic acids 
together did not change appreciably during the year 
despite marked variations in their individual proportions 
{Tables 1 and 2; Fig. 5). 

We estimated the activities of FA elongation and 
desaturation enzymes post-IM {15}. Because specificity 
of individual FA enzymes for a particular FA double-bond 
configuration limits its utilization, specific sequential 
processing of individual FA can be followed {Fig. 5) 
(11 - 13,15). Enzyme activities of elongation and desatura- 
tion can be estimated from their proportions. Comparison 
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of values with normals  allows evaluat ion of FA metab-  
olism in disease s ta tes  (15). Pos t -EBV FA elongation 
enzymes appeared to be functioning normal ly  or in ex- 
cess after EBV infection (Figs. 6,7). In contrast ,  activities 
of the A6-, A5- and A4-desaturases appeared lower than  
normal,  par t icular ly  a t  3-mo-post infection (Figs. 8-10). 
The possibil i ty of low FA-desa turase  act ivi ty  was sup- 
por ted  by  the frequent  finding of unusual  accumulat ions 
of FA at  the retention t imes consistent with C20 and C22 
elongated FA compounds  (Fig. 11) (13). I t  is known that ,  
during low act ivi ty  of desa turase  enzymes,  reversibly 
e longated "s top-po in t"  FA can be held temporar i ly  un- 
til fur ther  enzyme availabil i ty (13). Eventual ly ,  af ter  
reversal  of elongation or t runca t ing  of the carbon chain, 
the " s top-po in t"  FA reenter  the metabolic  pool for fur- 
ther  desa tura t ion  s teps  (12,13). Al though these FA oc- 
cur in minute  amounts  (~1%) in normal  blood samples,  
the major i ty  of pos t -EBV pat ients  showed noticeable ac- 
cumulat ion of apparen t  " s top-poin t"  FA at  some t ime 
during the first  2-4  mo, a t  the t ime when es t imated  FA- 
desa tura t ion  ac t iv i ty  appeared low (Fig. 11). 

Lower serum proport ions of other FA may  be of clinical 
significance following acute EBV infection. Low tota l  
arachidonic acid, as the FA precursor  of immunoregula-  
tory  metaboli tes ,  has been associated with increased 
amounts  of pros taglandin  and leukotriene format ion 
(10,20}. Al though increases in these immunoregu la to ry  
compounds  have been measured  during the acute phase  
of EBV-illness {21), they  have not  been evaluated during 
the longer post infect ion period examined here. In addi- 
tion, because our method also ex t rac t s  shorter-chain FA 
(2,20), the significantly high proport ions of 10:0-14:1 FA 
may  represent  breakdown products  of longer~hain  FA 
(10). Another  long~hain polyunsaturate,  docosahexaenoic 
acid (22:6r was present  in less than  normal proport ion 
in serum after  EBV infection. A possible deficit in sup- 
ply of this FA for red-muscle metabolism, specifically the 
slow phase  of muscle contract ion {7), may  be a factor  in 
the common  pos t -EBV compla in t  of "weaknes s . "  
Moreover, rare neurological complications following EBV 
infection such as Guillain-Barr6 and H o m e r ' s  syndromes 
or deafness (22,23) may  have been augmented  by  a possi- 
ble lack of 22:6r an essential  neuronal  subs t ra t e  {10). 
Low serum-lipoprotein arachidonic and docosahexaenoic 
acid propor t ions  sugges t  tha t  these FA stores  are being 
rapidly depleted by  specific metabolic  needs (21), t ha t  
they are being formed poorly, or both. Our da ta  cannot  
dist inguish among  these possibilities. 

Although clearly not specific for EBV infection (2-6,20), 
an abnormally  low rat io of serum linoleic to oleic acid ap- 
pears after clinical recovery in IM. Abnormal  proportions 
of these major  FA appear  to be associated with increased 
clinical s y m p t o m s  in some pos t - IM pat ients  and other 
chronic diseases {2,3,20). Abnormal i ty  in this FA rat io 
may  reflect a t ransient  but  crucial phase of recovery post- 
IM. Whether  this marker  can be used as a diagnostic tool 
in evaluat ing  the EBV-recovery  process remains  to be 
determined. 
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Thiophosphoester Analogs of Phosphatidic Acids: 
Spectrophotometric Substrates for Phosphomonoesterases I 
David A. Nyquist 
Department of Biochemistry, The University of Kansas Medical Center, 39th and Rainbow Boulevard, Kansas City, KS 66103 

Thiophosphoester analogs of dioctanoyl and didecanoyl 
phosphatidic acids were synthesized for use as substrates 
in spectrophotometric assays. These substrates are easily 
dispersable in aqueous media and release thiodiacylgly~ 
erols after phosphomonoesterase catalyzed hydrolysis. 
The free sulfhydryl of these thiodiacylglycerols reacts 
with the colorimetric reagent 5,5'-dithiobis{2-nitrobenzoic 
acid) [DTNB), allowing the reaction to be followed. These 
analogs were shown to be good substrates for calf in- 
testine alkaline phosphatase (highest activity at alkaline 
pH) and phosphomonoesterases of partially purified beef 
brain cytosol {highest activity at physiologic pH). Cat- 
ionic amphiphilic drugs inhibit the actions of alkaline 
phosphatase on the dioctanoyl analog, but did not inhibit 
enzymatic hydrolysis of p-nitrophenyl phosphate. In con- 
trast, the beef brain cytosolic fraction p-nitrophenyl 
phosphate hydrolysis was mildly inhibited, and the phos- 
phatidic acid analog hydrolysis was increased slightly. 
Tetramisole inhibited all enzyme activities with p-nitr~ 
phenyl phosphate, but was inhibitory only to the alkaline- 
phosphatase activity with the phosphatidic acid analog. 
Lipids 23, 989-992 (1988). 

Alkaline phosphatase (EC 3.1.3.1) catalyzes the hydroly- 
sis of many water soluble substrates (1) and of the 
phospholipid phosphatidic acid {PA) (2,3). Phosphatidic 
acid phosphohydrolase {EC 3.1.3.4) catalyzed hydrolysis 
of PA is thought to be distinct and to differ from alkaline- 
phosphatase activity on the basis of substrate specific- 
ity, pH requirements and enzyme response to various ions 
(4). Phosphatidic acid phosphohydrolase activity is 
usually determined by substrate radiolabeling or ortho- 
phosphate release ~4). Some common radiolabeled sub- 
strates, or substrate precursors, are [32p]pA, [32P]ATP 
and a novel PA analog, 1-O-hexadecyl-rac-[2-ZH]glycerol- 
3-phosphate (4). The thiophosphate PA analog presented 
here has potential for use in determining the activity of 
various phosphomonoesterases, including alkaline phos- 
phatase and phosphatidic acid phosphohydrolase, in 
crude and purified preparations. 

MATERIALS AND METHODS 

Synthesis of thiodiacylglycerols. The method of Snyder 
(5) was used to synthesize dioctanoyl and didecanoyl 
thiodiacylglycerols from octanoyl and decanoyl chlorides 

1This research was completed as partial fulfillment of the Ph.D. 
degree, awarded August, 1987, at Northern Illinois University, 
DeKalb, IL. 

Abbreviations: DTNB, 5,5'-dithiobisI2-nitrobenzoic acid); PA, 
phosphatidic acid; S-PA-8, rac-l-phospho-2,3-O-dioctanoyl-l-mer- 
capto-2,3-propanediol; S-PA-10, rac-l-phospho-2,3-O-didecanoyl-1- 
mercapto-2,3-propanediol; TLC, thin layer chromatography. 

IAldrich, Milwaukee, WI}, respectively. Products were 
further purified by thin layer chromatography (TLC). 

Synthesis of thiophosphatidic acids. Dioctanoyl and 
didecanoyl thiodiacylglycerols were reacted in dry pyri- 
dine with methyl dichlorophosphate {Aldrich}, by a modi- 
fication of the method of Start and Catlin {6), to form dioc- 
tanoyl and didecanoyl thiophosphatidic acids (S-PA-8 and 
S-PA-10). Three hundred mg of thiodiacylglycerol were 
dissolved in 3 ml of dry pyridine. In a separate 100 ml 
three-necked round bottom flask, fitted with a CaC12 
drying tube and rubber septum, were placed 8 ml of dry 
pyridine. A pasteur pipette was run through a rubber 
septum into the flask so that the tip reached into the reac- 
tion mixture. A flask was equipped with a magnetic 
stirrer and a stream of nitrogen was bubbled through the 
mixture. One ml of methyl dichlorophosphate was added, 
with a 2 ml glass syringe through the septum, while stir- 
ring. The thiodiacylglycerol solution was added dropwise 
10 min later. After 3 hr, no thiodiacylglycerol was 
detected by 5,5'-dithiobis(2-nitrobenzoic acid} (DTNB) 
spray on thin layer chromatograms. The white precipi- 
tates were suction filtered, followed by addition of 3 ml 
of 0.2 M Na2HPO4/NaH2PO4, pH 8.4 buffer, for 15 min 
with magnetic stirring. The pyridinium salts were ex- 
tracted with CHCI~ and the lower phase rotary evapo- 
rated at 47~ to dryness. Residues were dissolved in 
CHCl~ and passed through Whatman PS-1 paper. After 
further rotary evaporation, the solids were dissolved in 
a small amount of CHC13 and purified by silica gel 
(Unisil, 100-200 mesh} column chromatography. S-PA 
comigrated with dipalmitoyl PA {Sigma, St. Louis, MO) 
on silica gel TLC plates at Rf 0.10, solvent system 
CHC13/CH3OHINH4OH (60:35:5, v/v/v). Phospholipids 
were detected by iodine vapor and a phospholipid spray 
(7). S-PA also were identified by 31p and 1H NMR {IBM 
WP-200SY 200 MHz FT-NMR), IR {Sargent Welch 3-200 
IR spectrophotometer), and C, H, N elemental analysis 
(Perkin-Elmer Elemental Analyzer}. Lipid phosphorus 
was determined by the method of Ames (8). SrPA released 
thiodiacylglycerols after enzymatic hydrolysis with 
alkaline phosphatase as indicated by TLC with DTNB 
spray (7) and comigration with starting thiodiacylglycer- 
ols. IR {film on NaC1} 2970 and 2860 {broad; C-H stretch- 
ing), 1740 {sharp, strong; ester bonds}, 1480 and 1390 
{broad; C-H bonds), 1100-1250 {broad; ester bonds}, 750 
and 687 {sharp, weak; PO2-), 1540 and 1630 {sharp, 
weak; pyridinium). 1H NMR (tetramethylsilane, ppm) 0.9 
(terminal-CHa), 1.3 (-CH2-chains), 1.6 (CH2-C-CO), 2.3 
(triplett; CH2-CO}, 2.9, 3.0, 5.3 (C-H of glycerol 
backbone}, 4.1 and 4.4 (C-CH-S-), 7.8, 8.2, 8.9 (pyridine 
ring}, 12.2 {H-N+). 31p NMR {phosphoric acid standard, 
ppm} dipalmitoyl PA, 1.88, S-PA, 23.50. Elemental 
analysis (S-PA-10, pyridinium salt) (C28HsoO7NPS} - 
calculated: C, 56.83; H, 8.52; N, 2.37; P, 5.32; and found, 
C, 56.75; H, 8.62; N, 2.28; P, 5.37. 
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Alkaline phosphatase catalyzed hydrolysis�9 Immedi- 
ately before use, substrates were prepared from stock 
solutions by silica gel TLC {Sigma, 250 ~m glass plates). 
Residues were removed from the silica gel with CHC13, 
rotary evaporated and further dried by a stream of N2 
gas. Twenty ml of 10 mM Tris-HC1, pH 7.7, were added, 
followed by 3 min of rapid stirring with a Biospec hand- 
held high-speed homogenizer set at 10,800 rpm. This 
treatment gave optically clear and stable solutions. 
Assays were carried out in I X I cm quartz cuvettes with 
9.6 ~M DTNB, 8.8 ~M substrate and varying amounts 
of calf intestine alkaline phosphatase {Sigma, Type VII, 
P5521). A typical assay proceeded first by mixing the buf- 
fer and substrate, then adding the enzyme. After 10 rapid 
strokes with a Teflon strip, the DTNB (in 10 ~I) was added 
and stirring repeated. Because of substrate self-hydroly- 
sis, cuvettes without alkaline phosphatase were treated 
in a similar manner as above and these values subtracted 
from rates. This autolysis rate ranged from about 50% 
of enzymatic rate, for low concentrations of protein, to 
5% with higher concentrations. Reactions were monitored 
with a Spectronic 501 single-beam spectrophotometer 
(Bausch and Lomb, Rochester, NY) at 412 nm wave- 
length. All absorbances were transformed to nmol using 
the molar extinction coefficient of 12,800 (5). Three deter- 
minations of each point were obtained and the means of 
each was used to determine linear regressions. 

Beef brain cytosol enzymatic hydrolysis. A partially 
purified cytosolic preparation from beef brain was pre- 
pared similarly to the method of Berglund et al. (9), for 
rat fiver phosphatidic acid phosphohydrolase preparation. 
Assay conditions were similar to that for alkaline-phos- 
phatase reactions, except the final concentration of 
DTNB was 17 ~M and 40 ~M in the substrate. The pro- 
tein concentration was estimated by the method of Lowry 
et al. (10). 

pH profiles of enzymatic reactions. S-PA-10 was tested 
over a range of pH's with alkaline phosphatase and beef 
brain cytosol enzymes. Conditions were those described 
in the assay sections with the exception of the buffers. 
Three buffers were used to cover a 5.5-9.0 range of pH's. 
For 5.5-7.0, 4-morpholineethanesulfonic acid was used. 
For pH 6.5-8.0, 4-morpholinepropanesulfonic acid was 
used. For the pH range of 7.5-9.0 , (3-[tris(hydroxy- 
methyl)-methylamino]-l-propanesulfonic) was used. All 
buffers had a final concentration of 50 mM. Fifty ~g of 
protein was used per cytosolic assay and 32 ng in alkaline 
phosphatase assays. Each data point was the mean of 3 
determinations (6 for 6.5-8.0, because of buffer overlap). 

Effects of tetramisole and cationic amphiphilic drugs 
on alkaline phosphatase activity�9 A 20 ml dispersion of 
S-PA-10 was prepared in 10 mM Tris-HCl, pH 7.6, by 
sonicating the substrate for 45 sec with a Sonic Dismem- 
brator (Artek Systems, Farmingdale, NY) at the 45% set- 
ting, using a 1/2 in. diameter horn. Triton X-100 (Sigma) 
was then added to give a final concentration of 0.1% (v/v). 
Assay conditions were similar to those presented above, 
except final concentrations were 21 ~M substrate and 
48 ~M DTNB. Chlorpromazine, DL-propranolol, tetrami- 
sole ( + / - )  and tetracaine (Sigma) were added to each 
cuvette before alkaline phosphatase addition. 

Alkaline phosphatase was also tested in the presence 
of these drugs with p-nitrophenyl phosphate (Calbiochem, 
La Jolla, CA). Final concentrations in quartz cuvettes 

were: 50 wM p-nitrophenyl phosphate, 1 mM MgC12, 
0.01% Triton X-100 and 11 nglml alkaline phosphatase 
in 10 mM Tris-HCl, pH 7.6, in a total volume of 3 ml. 
Assays were similar to those for the thiophosphate ana- 
logs, except hydrolysis was followed at 410 nm wave- 
length and DTNB was not used. Concentrations of 
cationic amphiphilic drugs were: 0.5 mM chlorpromazine, 
10 mM tetramisole, 5 mM propranolol, and 5 mM 
tetracaine. 

Beef brain cytosol was tested with these drugs, al- 
though chlorpromazine could not be used under these con- 
ditions, because of turbidity after addition to partially 
purified cytosol. Conditions were similar to those for 
alkaline phosphatase and the linearity studies described 
already. 

RESULTS AND DISCUSSION 

These thiophosphate phosphatidic acid analogs are good 
substrates for calf intestine alkaline phosphatase and beef 
brain phosphomonoesterases (Figs. 1 and 2). Although 
evidence exists for alkafine-phosphatase catalyzed hydrol- 
ysis of nonlipid thiophosphomonoesterase (1) and phos- 
pholipase hydrolysis of thiol-releasing substrates that use 
DTNB for product quantitation (5,1D, analogous thio- 
phosphatidic acid hydrolysis is reported here for the first 
time. Calf intestine alkaline phosphatase also has been 
show to stimulate hydrolysis of egg-derived PA in a 
highly specific manner (2). The data presented here show 
an alkaline phosphatase specificity toward p-nitrophenyl 
phosphate over S-PA (Table 1). The solution pH require- 
ment for alkaline phosphatase actions on S-PA follows 
a classical alkaline phosphatase pH curve for nonlipid 
substrates such as p-nitrophenyl phosphate (Fig. 3). Beef 
brain cytosolic enzymes appear to contain phosphomono- 
esterases, which are most active at physiologic pH's 
{Fig. 3). This could be a reflection of brain phosphatidic 
acid phosphohydrolase, which has been reported to have 
pH optima in this range (12). 
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FIG. 1. Alkaline phosphatase catalyzed hydrolysis  of S-PA-8 analog�9 
Conditions as described in Methods. a-d, ng Protein in assays: a (40), 
b (80), c (160), d (320). Inset  shows  linear relationship of rate of 
hydrolys is  wi th  protein concentration.  Correlation coeff icients  are 
>0.985. 
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FIG. 2. Beef brain cytosol catalyzed hydrolysis of S-PA-8 analog. 
Conditions as desca'ibed in Methods. a-d, pg Protein in assays: a (12.5), 
b (25), c (50), d (100). Inset shows linear relationship of rate of 
hydrolysis with protein concentration. Correlation coefficients are 
>0.985, 

TABLE 1 

Substrate Specificity 

p-Nitrophenyl phosphate S-PA-8 

Alkaline phosphatase a 23.69 2.78 
Beef brain cytosol b 4.20 5.51 

anmol hydrolyzed/pg protein/min. 
bnmol hydrolyzed]mg protein/min. 
Conditions as described in Methods. 
All correlation coefficients :>0.985, using the means of three deter- 
minations for each point of the linear regression. 
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FIG. 3. pH profile of alkaline phosphatase and beef brain cytosol 
catalyzed hydrolysis of S-PA-10 substrate. Conditions as described 
in Methods. All correlation coefficients of linear regressions used 
to plot points are >0.980. 

When examining the effects of cationic amphiphilic 
drugs  on alkaline phospha tase  catalyzed hydrolysis,  
subs t r a t e  types  {lipid vs  nonlipid} were differentially af- 
fected {Tables 2 and 3}. Tetracaine, propranolol and chlor- 
promazine strongly inhibited the enzyme activity towards 
S-PA-8. With  p-ni t rophenyl  phospha te  subst ra te ,  tetra-  
caine and chlorpromazine had no effect on hydrolytic rate, 
bu t  propranolol  gave  a 15% increase. Tetramisole {+/-} ,  
a very potent  alkaline phosphatase  inhibitor (1), inhibited 
all reactions with both  substrates ,  except  with S-PA-8 in 
brain cytosol  {Table 3). Al though phosphat idic  acid- 
phosphohydrolase  ac t iv i ty  was not  fur ther  purified, the 
ac t iv i ty  towards  S-PA-8 in beef brain cytosol  is mos t  
likely due to this enzyme and not  alkaline phosphatase ,  
as seen by  the effects of amphiphil ic amines and tetra-  
misole. I f  the act ivi ty  were to be a t t r ibu ted  to alkaline 
phosphatase ,  d ramat ic  decreases would be expected, 
when in fact, the ac t iv i ty  is a lmost  unchanged {slight in- 
creases). The cont ras t  with te t ramisole  is mos t  dramatic,  
because it is a well-defined inhibitor of alkaline phos- 
pha tase  (1). Cationic amphiphilic drugs  have  been re ~ 
por ted to inhibit phosphatidic acid phosphohydrolase  ac- 
t iv i ty  with PA subs t ra tes  (13), and this is seen to be the 
case with alkaline phosphatase  and S-PA. This inhibition 
is thought  to be the result  of the amphiphilic amine 's  abil- 
i ty  to prevent  the relat ively inactive cytosolic phospha- 
tidic acid phosphohydrolase  from interact ing with micro- 
somal  membranes ,  where act ivi ty  is much higher (14). 

TABLE 2 

Actions of Amphiphilic Amines and Tetramisole 
on Alkaline Phosphatase 

S-PA-8 

Substrate 

p-Nitrophenyl phosphate 

Tetramisole - 41 - 33 
Tetracaine - 85 0 
Chlorpromazine - 100 0 
Propranolol - 96 + 15 

Values are percentage of the rate of hydrolysis without added 
compound. 
Conditions described in methods. 

TABLE 3 

Actions of Amphiphilic Amines and Tetramisole 
on Beef Brain Enzymes 

S-PA-8 

Substrate 

p-Nitrophenyl phosphate 

Tetramisole + 8 - 25 
Tetracaine + 15 - 13 
Propranolol + 16 - 13 

Values are percentage of the rate of hydrolysis without added 
compound. 
Conditions described in Methods. 
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The slight stimulation seen in the cytosol is consistent 
with Koul and Hauser {15) and Martin et al. {16}, who 
reported similar increases with chlorpromazine. I t  is in- 
terest ing to note tha t  Koul and Hauser  {15) found that  
sonicating PA preparations caused an increase, but  emul- 
sions as substrate preparation lead to amphiphilic amine- 
induced decreases in activity. The thiophosphate PA is 
readily dispersable by sonication or high-speed stirring 
and prepared, by this method, for assays. 

In conclusion, these analogs are readily and economi- 
cally synthesized, excellent substrates for phosphomono- 
esterases, and are more sensitive to enzymes requiring 
physiological pH's .  They are poor alkaline phosphatase 
substrates  in the presence of cationic amphiphilic drugs. 
Partially purified beef brain cytosolic fraction is appar- 
ently weak in alkaline phosphatase activity, and hydroly- 
sis of S-PA-8 is probably a result of phosphatidic acid- 
phosphohydrolase activity. 
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Serum cholesterol precursor sterols reflect the activity 
of cholesterol synthesis. In this study, squalene, methyl 
sterol and lathosteroi contents were studied in very low 
density lipoprotein {VLDL), low density lipoprotein ~DL) 
and high density lipoprotein {HDL) of heterozygous 
familial hypercholesterolemia patients without and with 
ileal bypass. The contents of lathosterol and all methyl 
sterols {lanosterol, AsyA-dimethylsterol, Aa~ilmethylsterol, 
AS-methostenol and methostenol), but not of squalene 
were increased in all iipoproteins by ileal bypass. The in- 
crease in the free methyl sterols was more marked than 
that in the esterified ones. The percentage esterification 
of the methyl sterols was highest in HDL and lowest in 
VLDL. Lipoprotein methyl sterol contents were posi- 
tively correlated with each other and with cholesterol syn- 
thesis. The methyl sterols were slightly concentrated in 
LDL, and squalene strongly concentrated in VLDL. It is 
concluded that long-term stimulation of cholesterol syn- 
thesis increases the methyl sterols in all iipoproteins. 
Lipids 23, 993-996 {1988}. 

Serum cholesterol precursor sterols reflect the activity 
of cholesterol synthesis (1,2), as also evidence by the cor- 
relation between the precursors and the hepatic hydroxy- 
methylglutaryl coenzyme A (HMG CoA) reductase activ- 
ity {3). Therefore, the measurement of these precursors 
in serum can be used in the detection of clinical states 
with cholesterol or bile acid malabsorption (4,5) and in 
the evaluation of changes in different steps of cholesterol 
synthesis even during short-term processes (6,7). 

The bulk of the precursors is transported in low den- 
sity lipoprotein {LDL). In normal man, the precursor con- 
centrations show a diurnal variation in all three major 
lipoproteins {6,8). Chronic stimulation of cholesterol syn- 
thesis by ileal bypass or resection increases the serum 
total and LDL precursors {2,5,8-11). It is not exactly 
known, however, if the changes are similar in the different 
lipoproteins. Therefore, we studied the effect of the ileal 
bypass operation (12) on lathosterol, methylated choles- 
terol precursor sterols and squalene in the different lipo- 
proteins of patients with heterozygous familial hyper- 
cholesterolemia. 

*To whom correspondence should be addressed. 
Abbreviations: Cholesterol (cholest-5-en-3/~-ol); hS-dimethylsterol 
{4,4-dimethyl-5a-cholest-8-en-3fJ-ol); As.Z4-dimethylsterol (4,4-di- 
methyl-5a-cholest-8(7), 24-dien-31~-ol); HDL. high density lipoprotein; 
HMG-CoA, hydroxymethylglutaryl coenzyme A; lanosterol {4,4,14o- 
trimethyl-5a-cholest-8,24-dien-3f~-ol); lathosterol {5a~holest-7~en-3~ 
ol); LDL, low density lipoprotein; methostenol (4a-methyl-5a- 
cholest-7~en-31~-ol); hS-methostenol (4a-methyl-5a-cholest-8-en-3fJ-ol); 
VLDL, very low density lipoprotein; GLC, gas liquid chromatog- 
raphy; TLC, thin layer chromatography. 

PATIENTS AND METHODS 
Patients. Thirteen patients with heterozygous familial 
hypercholesterolemia, as judged clinically {lipid profiles, 
xanthomas, family history), were studied as outpatients 
on their habitual home diet. None of them was taking 
hypolipidemic drugs. Seven patients {3 men, 4 women) 
had undergone an ileal bypass operation (12}, 6-12 years 
earlier. Six unoperated control patients {3 men, 3 women) 
had entered the follow-up of our lipid clinic during the 
same period of time. Both patient groups were of similar 
age. Preoperatively, the serum cholesterol concentration 
and body weight had been similar in both groups, but the 
control patients were slightly more obese during the pres- 
ent study (data not shown). The purpose and design of 
the study were explained to the patients and they par- 
ticipated as volunteers. The studies have been approved 
by the ethics committee of the hospital. 

Methods. During the seven-day study period, the pa- 
tients kept a food record for the calculation of cholesterol 
intake (13). Similar methods have been shown to give a 
reasonably valid estimate of dietary cholesterol intake 
(14). The stools of the final three days were collected for 
the measurement of fecal bile acids (15) and neutral 
steroids (16). Cholesterol synthesis was calculated as the 
difference between cholesterol intake and the sum of fecal 
neutral steroids and bile acids. 

Very low density lipoprotein (VLDL) (d < 1.006 g/ml) 
was isolated by ultracentrifugation {17). High density 
lipoprotein (HDL) was separated from the infranatant 
with heparin-manganese precipitation {18). LDL values 
were calculated as the difference between those of the in- 
franatant and HDL. Separation of squalene, free and 
esterified cholesterol and methyl sterols by thin layer 
chromatography (TLC) and the subsequent quantitation 
with gas liquid chromatography (GLC) have been de- 
scribed earlier (6). 

The packed GLC column used in the present study 
caused difficulties in the detection of lathosterol in pa- 
tients with normal cholesterol synthesis because, unlike 
the method sterols, lathosterol could not be concentrated 
by TLC, separately from cholesterol. In patients with ileal 
bypass, however, the lathosterol contents of all lipopro- 
teins could be quantitated easily. Therefore, lathosterol 
values are given only for the operated patients (Table 1). 
Triglycerides were measured with a fluorometric method . 
{19). The squalene and methyl sterol values are expressed 
in terms of pmol/mol cholesterol to indicate the lipopro- 
tein precursor content. 

Statistical analysis of the data was performed using 
BMDP Statistical Software {BMDP Statistical Software 
Inc., Los Angeles, CA). 

RESULTS 
Ileal bypass had lowered serum total and LDL cholesterol 
and increased HDL cholesterol {Table 1). Squalene was 
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TABLE 1 

Lipoprotein Cholesterol (mmolfl), Squalene, Lathosterol and Methyl Sterols (~mol/mol Cholesterol) 

Control (n = 6) Bypass (n = 7) 

VLDL LDL HDL Total VLDL LDL HDL Total 

Cholesterol 0.37 • 0.05 8.76 • 0.55 0.70 _ 0.08 9.83 • 0.57 0.53 + 0.07 5.80 + 0.47 1.02 • 0.12 7.35 __. 0.43 
Squalene 233 • 83 43 -+ 17 52 + 10 51 _ 17 357 • 154 34 • 10 39 • 8 60 • 20 
Lanosterol 88 -4-_ 17 95 --- 14 87 • 14 94 ___ 14 435 • 57 371 _+ 25 304 • 28 368 • 23 
@,24-Dimethylsterol 36 • 10 65 • 9 34 • 7 62 • 9 344 • 72 329 • 32 198 • 22 314 • 30 
AS-Dimethylsterol 74 • 27 102 --- 18 57 • 16 98 --+ 17 513 • 76 577 • 70 415 ___ 36 552 • 63 
AS-Methostenol 88 • 18 110 • 15 78 • 14 107 • 15 551 • 78 642 • 68 558 • 51 625 • 65 
Methostenol 49 • 12 99 • 17 76 • 15 96 • 17 168 • 28 210 • 28 193 • 20 205 • 26 

Total methyl sterols 335 • 57 472 • 63 333 +_- 51 457 • 62 2012 • 293 2129 • 206 1668 • 102 2065 • 190 
Lathosterol . . . .  3581 • 911 2598 • 612 2251 • 507 2625 • 619 

Ester (%) 28 • 4 43 • 5 56 • 6 43 • 5 

Mean ___ SEM. Squalene and VLDL cholesterol were similar, but other values were changed by ileal bypass (P < 0.05 at least, t-test). 
Lathosterol was not quantitated in the control patients (see the Methods section). 

a c c u m u l a t e d  in V L D L ,  b u t  the  l i p o p r o t e i n  squa l ene  con- 
t e n t s  were  u n a f f e c t e d  b y  the  i lea l  b y p a s s .  

The  free m e t h y l  s t e ro l s  were  u p  to  10 t i m e s  i n c r e a s e d  1 0 
in al l  t h r e e  l i pop ro t e in  f r ac t ions  of  t he  o p e r a t e d  sub jec t s .  
The  inc reases  of free As-dimethyls tero l  and  m e t h o s t e n o l s  _1 
were  h ighe r  t h a n  t h o s e  of  t h e  e s t e r i f i ed  ones,  r e s u l t i n g  
in a lowered  p e r c e n t a g e  es t e r i f i ca t ion  in t he  p a t i e n t s  w i th  ~ 5 
i lea l  exc lus ion  (Fig.  1). T h e  p e r c e n t a g e  e s t e r i f i c a t i o n  of 
t he  m e t h y l  s t e ro l s  w a s  h i g h e s t  in H D L  fol lowed b y  L D L  
a n d  V L D L .  C o m p a r e d  w i t h  t h e  u p  to  20-fold d i f fe rences  1 
in the  s te ro l  concen t r a t i ons  be tween  the  d i f fe ren t  l ipopro-  
te ins ,  t he  c o n t e n t s  in t e r m s  of  ~Lrnol/mol cho le s t e ro l  were  
r e m a r k a b l y  s imi la r  in t he  d i f ferent  l ipopro te ins .  A n a l y s i s  1 0 
of  v a r i a n c e  showed,  however ,  t h a t  t he  m e t h y l  s t e ro l  con- 
t e n t s  were  s l i g h t l y  h ighe r  in L D L  t h a n  H D L  (P < 0.05), _ j  
a n d  t e n d e d  a lso  to  be  h i g h e r  t h a n  in V L D L ,  e spec ia l ly  
in the control patients. The lathosterol content was mark- " 5 
edly increased in the operated patients, and was slightly 
higher than the sum of the methyl sterols. 

Squalene was unassociated with cholesterol synthesis, I 
whereas the methyl sterol contents of all lipeproteins were 
positively correlated with cholesterol synthesis {Table 2, 
Fig .  2), e spec ia l ly  when  t h e  t w o  g r o u p s  were  combined .  1 0 
M e t h y l  s te ro l s  of d i f ferent  l ipopro te ins  also were posi t ive-  
ly  associated with each other, and LDL squalene was 
r e l a t e d  to  V L D L  squa l ene  (Table  3). 

-r  5 

DISCUSSION 

The  p r e s e n t  s t u d y  shows  t h a t  (a) chron ic  s t i m u l a t i o n  of  
choles terol  syn thes i s  l eads  to  an increase  in m e t h y l  s te ro l s  
in all  t h r e e  m a j o r  l i p o p r o t e i n  c lasses ,  (b) t h a t  t h e  m e t h y l  
s t e ro l  c o n t e n t s  of d i f f e ren t  l i p o p r o t e i n s  a re  c lose ly  cor- 
r e l a t e d  a n d  (c) t h a t  t h e  d i s t r i b u t i o n  of  t he  m e t h y l  s t e ro l s  
a m o n g  the  m a j o r  l i p o p r o t e i n  f r ac t i ons  is  qu i t e  s imi l a r  to  
t h a t  of  cho les te ro l ,  a l t h o u g h  t h e s e  s t e ro l s  a re  s o m e w h a t  
c o n c e n t r a t e d  in LDL.  In  add i t ion ,  t he  l ack  of  a s s o c i a t i o n  
b e t w e e n  t h e  squa lene  c o n t e n t  of a n y  l ipopro te in  and  cho- 
l e s t e ro l  s y n t h e s i s  con f i rms  ear l ie r  r e p o r t s  t h a t  t he  s e r u m  
squa lene  c o n t e n t  is n o t  a re l iable  index  of  choles te ro l  syn- 
t he s i s  a c t i v i t y  (2,11,20,21). 

E a r l i e r  s t u d i e s  on t h e  ef fec t  of  s t i m u l a t i o n  of  choles-  
t e ro l  s y n t h e s i s  b y  d i f f e r en t  m e t h o d s  have  r e v e a l e d  an  

7 - 33  2 6  36  
3 - 25  16 18 

14 4 42  4 0  5 6  
15 6 3 7  3 7  4 7  

12 - 5 6  6 2  72  
17 - 48  5 2  64  

SQ LA DM DM e ME s ME 

FIG. 1. Relative increases in lipoprotein content of squaleue and free 
(continuous bars) and esterified (broken bars) methyl sterols in pa- 
tients with ileal exclusion (mean value of the operated patients divid- 
ed by the mean value of the control patients). Esterified AsiA. 
dimethylsterol was too low for exact detection in controls. Esterifica- 
tion percentage presented below bars for controls (upper rows) and 
operated (lower rows) patients. SQ = squalene, LA = lanosterol, 
DM = As,z4-dimethylsterol, DM s = @~limethylsterol, ME s = 
AS-methostenol and ME = methostenol. 
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TABLE 2 

Correlation Between Cholesterol Synthesis ~mol/kglday) 
and Lipoprotein Squalene and Methyl Sterol Content 
(IJmol/mol Cholesterol} 

All Control Bypass 
(n -- 13) (n = 6) (n = 7) 

Squ~ene .160 .380 .114 
VLDL .175 .148 - .051 
LDL - .076 .549 - .032 
HDL - .405 - .386 - .445 

Lanosterol .949 a .190 .673 
VLDL .827 a .579 .156 
LDL .951 a .135 .704 
HDL .868 a .470 .227 

Sum methyl stero~ .902 a .508 .351 
VLDL .783 a .989 a - .038 
LDL .906 a .469 .408 
HDL .921a .662 .267 

ap  < 0.001. 
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FIG. 2. Correlation of cholesterol synthesis (pmol/kg/day} with 
Upoprotein lanosteroi content ~Lmol/moi cholesterol). � 9  Control pa- 
tient; O, patient with ileal bypass. 

TABLE 3 

Correlation of LDL Squalene and Methyl Sterol Content 
~mol/mol Cholesterol} with Squalene and Respective Methyl 
Steroi Content ~aol]mol Cholesterol} in VLDL and HDL 

All Control Bypass 
(n = 13) {n = 6) (n = 7) 

LDL squalene 
VLDL squalene .674 b .646 .983 c 
HDL squalene .107 - .289 .680 

LDL lanosterol 
VLDL lanosterol .929 c .817 a .721 
HDL lanosterol .862 c .861 a .017 

LDL As,24-dimethylsterol 
VLDL As,24-dimethylsterol .908 c .367 .813 a 
HDL @,24-dimethylsterol .780 c .362 - .201 

LDL AS-dimethylsterol 
VLDL @-dimethylsterol .873 c .151 .548 
HDL @-dimethylsterol .965 c .573 .874 b 

LDL @-methostenol 
VLDL @-methostenol .923 c .198 .705 
HDL A8-methostenol .992 c .925 c .968 c 

LDL methostenol 
VLDL methostenol .853 c .427 .766 a 
HDL methostenol .978 c .976 c .984 c 

ap  < 0.05. 
bp < 0.01. 
cp < 0.001. 

i n c r e m e n t  in V L D L  a n d  L D L  m e t h y l  s te ro l s ,  less  so in 
H D L  {8,11}. The  p r e s e n t  s t u d y  shows  t h a t  t h e  m e t h y l  
s t e ro l  c o n t e n t  of  H D L  also is i nc reased  in t hese  p a t i e n t s .  
The  f ind ing  t h a t  the  d iu rna l  v a r i a t i o n  in t he  m e t h y l  s te ro l  
c o n t e n t  of  L D L  is s imi l a r  to  t h a t  of  H D L  16) f i t s  to  t h e  
p r e s e n t  ones,  n a m e l y  t h a t  t he  m e t h y l  s t e ro l  c o n t e n t  of  
L D L  is more  c lose ly  c o r r e l a t e d  w i t h  t h a t  of H D L  t h a n  
t h a t  of  V L D L .  

The  t u r n o v e r  of  t he  m e t h y l  s t e ro l s  and  the  d i u r n a l  
c h a n g e s  in l i p o p r o t e i n  m e t h y l  s t e ro l  c o n t e n t  a re  f a s t e r  
t h a n  the  t u r n o v e r  of  t he  l i p o p r o t e i n  p a r t i c l e s  12,6,11). 
Therefore ,  i t  ha s  been  p r o p o s e d  t h a t  t h e  m e t h y l  s t e ro l s  
m i g h t  be  r e l e a s e d  to  t h e  d i f f e ren t  l i p o p r o t e i n  p a r t i c l e s  
d i r ec t ly  f rom the  h e p a t o c y t e  ce l lu lar  m e m b r a n e ,  and  m a y  
be  t a k e n  u p  b y  the  l iver  f rom the  b y p a s s i n g  l i p o p r o t e i n  
p a r t i c l e s  ( l l ) .  Th i s  h y p o t h e s i s  cou ld  e x p l a i n  t he  s imi-  
l a r i t i e s  a m o n g  the  m e t h y l  s t e ro l  c o n t e n t s  of t he  d i f fe ren t  
l i p o p r o t e i n s  seen  in t h e  p r e s e n t  s t u d y .  The  f ind ing  on 
m e t h y l  s te ro l  re lease  on and  off l i popro te ins  is  i n t e r e s t i n g  
ev idence  t h a t  l i pop ro t e in  s te ro ls ,  p r o b a b l y  inc lud ing  cho- 
les te ro l ,  can  be  m e t a b o l i z e d  w i t h o u t  t he  c a t a b o l i s m  of 
whole  l i p o p r o t e i n  pa r t i c l e s .  

The  p e r c e n t a g e  e s t e r i f i c a t i on  of  t he  m e t h y l  s t e ro l s  was  
h i g h e s t  in H D L  a n d  l o w e s t  in V L D L .  The  r e a s o n  for t h i s  
f i nd ing  is n o t  obv ious .  Un l ike  choles te ro l ,  t h e  m e t h y l  
s t e ro l s  a re  n o t  e s t e r i f i ed  in s e r u m  122). Therefore ,  t he  
m e t h y l  s te ro l  e s t e r s  seem, for some reason,  to  be preferen-  
t i a l l y  c o n c e n t r a t e d  in t he  heav ie r  l i p o p r o t e i n  pa r t i c l e s .  
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Genetic Basis for Obesity and Diabetes (October 
30-November 1, 1988, Stouffer Pineisle Resort, Lake 
Lanier Islands, Georgia). Sponsored by the University of 
Georgia, Center for Continuing Education and the Col- 
lege of Home Economics. For more information, contact 
Dr. Carolyn D. Berdanier, Conference Chair, University 
of Georgia, Department of Foods and Nutrition, Dawson 
Hall, Athens, GA 30602. 

Vitamin E: Biochemistry and Health Implications (Oc- 
tober 31-November 3, 1988, The Sheraton Centre, New 
York, NY). Sponsored by The New York Academy of 
Sciences. For more information, contact the Conference 
Department, The New York Academy of Sciences, 2 East 
63rd St., New York, NY 10021, (212) 838-0230. 

International Symposium on Clinical, Biochemical and 
Molecular Aspects of Fatty Acid Oxidation (Novem- 
ber 6-9, 1988, Penn Tower Hotel, Philadelphia, PA). For 

more information, contact Paul M. Coates, Ph.D., Divi- 
sion of Genetics, The Children's Hospital of Philadelphia, 
34th St. and Civic Center Blvd., Philadelphia, PA 19104. 

23rd Annual Hugh Lofland Conference on Arterial Wall 
Metabolism {May 24-27, 1989, Welches, Oregon). Re- 
quests for information should be sent to M. R. Maiinow, 
M.D., Chairman, Hugh Lofland Conference, Oregon 
Regional Primate Research Center, 505 NW 185th 
Avenue, Beaverton, OR 97006, (503) 690-5258. 

10th Anniversary Meeting of the European Association 
for Cancer Research {University College, Galway, Ireland, 
September 11-13, 1989}. For further information, contact 
Dr. S. M. Lavelle, Experimental Medicine, University Col- 
lege, Galway, Ireland; or in North America, contact Dr. 
J. H. Weisburger, American Health Foundation, Valhalla, 
New York, NY 10595-1599. The program involves plenary 
lectures, workshops, symposia and poster sessions. 
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R E V I E W  I I 

Absorption and Transport of Fat in Mammals With Emphasis 
on n-3 Polyunsaturated Fatty Acids 
G a r y  J. Ne lsona,*  a n d  R o b e r t  G. Ackmanb 
aBiochemistry Research Unit, Western Human Nutrition Research Center, ARS, U.S. Dept. of Agriculture, P.O. Box 29997, San Francisco, 
CA 94129; and bCanadian Institute of Fisheries Technology, Technical University of Nova Scotia, P.O. Box 1OOO, Halifax, Nova Scotia, 
Canada B3J 2X4 

The current state of knowledge concerning the absorp- 
tion and transport of dietary fat with emphasis on long- 
chain polyunsaturated n-3 fatty acids in mammals is 
reviewed. It is apparent that long-chain polyunsaturated 
n-3 fatty acids, either as free acids or as part of triglyc- 
erides, are readily absorbed in the gut and transported 
by the circulatory system. Indeed, it would appear that 
long-chain polyunsaturated n-3 fatty acids are digested, 
absorbed and transported similarly to other long-chain 
fatty acids with only minor variations, although there is 
much that is still not understood about these processes. 
The main unresolved issues in the area of the absorption 
and transport of long-chain polyunsaturated n-3 fatty 
acids appear to be: 1) If they, when located in the 2-posi- 
tion of triglycerides, have unique metabolic pathways; 
and 2) whether the unnatural forms, i.e., methyl or ethyl 
ester derivatives, are suitable vehicles for administration 
as dietary supplements. The effect in man of dietary, long- 
chain polyunsaturated n-3 fatty acids on blood serum 
lipid and lipoprotein levels, particularly the low density 
lipoproteins, remains controversial, except for the well- 
documented reduction in serum triglyceride levels. Also, 
there is uncertainty regarding their distribution and 
metabolism in tissues. Finally, if the consumption of long- 
chain polyunsaturated n-3 fatty acids has beneficial 
health consequences, what is the appropriate therapeutic 
dose? In view of these important, unresolved issues and 
uncertainties, it would seem prudent to direct additional 
research toward a better understanding of the overall 
process by which fat is digested, absorbed and transported. 
Lipids 23, 1005-1014 (1988). 

Within the last two decades, an intense interest has 
developed in the biochemistry,  physiology and 
metabolism of the family of polyunsaturated fatty acid 
derived from alpha-linolenic acid, the so-called omega-3, 
or n-3 or, simply, n3 family (1-4}. This interest was 
stimulated largely by the report of Bang and Dyerberg 
(5), stating that  Eskimos in Greenland had a much lower 
rate of heart disease than people living in Denmark, 
despite the very high fat consumption by the Eskimos. 
Dyerberg (6,7} suggested that  the n-3 fat ty acids, par- 
ticularly eicosapentaenoic acid (EPA), may be the primary 
protective agent in the Eskimo diet. Although this 
assumption has not been proven valid in some animal 
models to the satisfaction of all investigators (8,9}, it has 

*To whom correspondence should be addressed. 
Abbreviations: D HA, docosahexaenoic acid; D PA, docosapentaenoic 
acid; EPA, eicosapentaenoic acid; FABP, fatty acid binding pro- 
tein(s); HDL, high density lipoprotein; IDL, intermediate density 
lipoprotein; PUFA, polyunsaturated fatty acid(s); {V)LDL, (very) low 
density lipoprotein. 

been established that EPA and other n-3 fat ty acids do 
prolong bleeding times in humans {10-13} and some other 
animal species (9,14}, reduce the tendency of platelets to 
aggregate {14-22}, as well as influence blood viscosity 
(23-25} and platelet fluidity {26}. Monkeys, when fed fish 
oil diets, show a marked decrease in cardiac arrhythmias 
(27}. Other investigators have reported protective effects 
of dietary n-3 fatty acids in experimental atherosclerosis 
(21,28-30}. Kromhout et al. reported that individuals who 
consumed fish in modest amounts had less heart disease 
than nonfish eaters in a free-living population {31}. 
Storlien et al. reported in 1987 that a diet containing fish 
oil prevented the development of insulin resistance in rats 
consuming a high-fat diet {32}. 

The human dietary requirement for n-3 fat ty acids, if 
indeed they are an essential dietary nutrient {1,2,33-37}, 
is not known at present, although a recent study by 
Bjerve et al. (38) suggested that the human requirement 
of alpha-linolenic acid is ca. 0.2% of the total energy in- 
take per day. 

Fat ty  acids of the n-3 series are part of natural foods 
and are usually eaten in the form of triglyceride {39}. The 
assumption of most investigators has been that n-3 fatty 
acids are digested, absorbed and transported through nor- 
mal digestive processes {40,41} and similarly to other 
types of long-chain fat ty acids in the diet. However, 
although there has been little or no specific experimen- 
tation to test this hypothesis, a body of experimental 
work is developing that allows a critical look at this 
assumption {42-47}. 

This area of research includes the use of ethyl esters 
of menhaden-oil fat ty acids, or of a concentrate (ca. 80% 
total n-3 fat ty acids from menhaden-oil fat ty acids, also 
in ethyl ester form}. These are provided gratis, to NIH or 
similar peer-review projects by the National Marine 
Fisheries Service of the Department of Comerce (J. D. 
Joseph, private communication}. At the popular or con- 
sumer level, the enriched natural triglyceride oils include 
300 mg/g of EPA + docosahexaenoic acid (DHA), as well 
as higher concentrations in the form of ethyl and methyl 
esters and/or free acids {48}. It can be assumed that more 
concentrated oils will probably be triglycerides produced 
from enriched acids or esters, presumably by direct en- 
zyme transesterification. These will be abnormal triglyc- 
erides in the context of the structures of either fish oils 
and lipids, or of the fat ty tissues of marine mammal in- 
gested by the Eskimos (46}. 

To our knowledge, the subject of absorption and trans- 
port of n-3 polyunsaturated fat ty acids has not been 
reviewed previously. Indeed, the paucity of investigations 
of the specific absorption and transport of all long-chain 
fat ty acids is a serious deficiency in modern nutritional 
science. Thus, it is timely to briefly review this area for 
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the benefit of the many investigators engaged in feeding 
fatty acids, particularly n-3 fatty acids, to humans and]or 
animals. 

This review will be limited to a discussion of the diges- 
tion and absorption processes of long-chain fatty acids 
and their transport in the circulatory system of mammals. 
Metabolic interconversion and utilization or health effects 
will not be covered, as these areas have been reviewed ex- 
tensively elsewhere {1-3,36,39,49-53}. Indeed, as this 
review cannot be totally comprehensive, it is intended to 
be more of an overview, highlighting specific topics and 
calling attention to areas where opinions are divided or 
significant gaps in knowledge currently exist. 

OUTLINE OF BIOCHEMISTRY AND PHYSIOLOGY 
OF FAT ABSORPTION AND TRANSPORT 

Fat absorption is a multistage metabolic process, the 
complexity of which is compounded by the insolubility 
of most lipids in aqueous medium {54}. When fat is con- 
sumed, either in natural foods or in a purified form (in 
experimental dietary protocols}, a series of physiological 
events are activated that last for 16 to 24 hr, if no other 
food is consumed after the initial meal {55}. The major- 
ity of the fatty acids in the human diet, whether of 
vegetable or animal origin, is of the Cl8-Chain length, 
with lesser quantities of C16-chain length, almost in- 
variably palmitic acid (16:0). Butter fat with 10 mol % 
butyric acid is an exception. 

Coconut oil, with 70-80% (w/w) fatty acids of Cs-C14- 
chain length, is an important dietary element to some 
population groups. Mustardseed oil and the older, high- 
erucic acid rapeseed oils are also still important in some 
regions and have 10-20% of 20:1 and 20-50% of 22:1. 
Fish oils span the chain-length range from C14 to C22. 
Unfortunately, some researchers have used the term 
"medium-chain length" for the Cs-C~4 group, so that, by 
implication, the common C~6-Cls fatty acids became 
long-chain length. In keeping with the need to distinguish 
the longer-chain polyunsaturated fatty acids (PUFA), 
such as arachidonic (20:4n-6), EPA (20:5n-3) and 
docosapentaenoic (DPA} (22:5n-3} acids, from the C~s 
PUFA, such as 18:2n-6 or 18:3n-3, our terminology will 
assume that C4-C12 = short chain, C~4-Cls -- medium 
chain and C20-C24 = long chain. 

Initially, the fatty food, if consumed orally {rather than 
as capsules or by stomach tube}, is mixed with lingual 
lipase and hydrolysis of the triglycerides begins in the 
stomach {56,57}. There is also a gastric lipase {57,58} that, 
particularly in humans, may be more important than 
lingual lipase in the initial hydrolysis of fat. DeNigris (58) 
has reported that lingual lipase is not a major source of 
fat hydrolysis in humans, but is important in other 
species. Conversely, Moreau et al. (57) indicated in a re- 
cent report that gastric lipase is the major enzyme in 
human gastric juice. It  is possible that the gastric lipase 
is more specific for short- and medium-chain triglycerides, 
or those with mixed chain lengths (59). 

Very short-chain (C < 8 or 10) fatty acids are absorbed 
directly from the stomach into the venous circulation 
(60-62); C14- to C18-chain-length fatty acids, as free or 
esterified fatty acids, are passed mainly into the intestinal 
lumen where pancreatic lipase, colipase and bile are added 
to the digestive ferment, and further lipolysis takes place. 

It is not clear if any significant portion of the free fatty 
acids liberated, e.g., those with chain lengths greater than 
14 carbons, are absorbed into the venous circulation from 
the stomach. The studies of Chen and coworkers {42-45) 
would suggest, however, that the majority of the n-3 fatty 
acids are passed into the small intestine from the 
stomach, where absorption takes place. 

Lingual lipase and pancreatic lipase liberate fatty acids 
from the 1 and 3 positions of natural triglycerides, leav- 
ing the 2-monoglyceride intact {63,64). The positional 
specificity of gastric lipase has not been elucidated yet 
{57). Phospholipids are also hydrolyzed by pancreatic en- 
zymes to free fatty acid and their derived lysocompounds 
{64,65}. Pancreatic phospholipase A2 acts on the 2 posi- 
tion of phospholipids to produce 1-1ysocompounds. Pan- 
creatic lipase (1,3-acylglycerol ester hydrolase) will act on 
the 1 position of phospholipids also {63,64}; however, it 
is generally assumed that most phospholipids are ab- 
sorbed by the enterocyte as the 1-1ysocompound after 
being hydrolyzed by phospholipid A 2 (64,66). Cholesteryl 
esters, if present, are hydrolyzed completely (66} to free 
cholesterol and free fatty acids. Sphingomyelin, usually 
a minor component of the diet, can be absorbed intact {66}. 

It  should also be noted that some long-chain free fat ty 
acids are absorbed by the portal circulation {60,61,67,68}, 
but  the amount absorbed by this route may vary with 
types and amounts of other nutrients being digested con- 
currently {69}. There is, as yet, no evidence to suggest that 
significant quantities of the n-3 polyunsaturated fatty 
acids enter the circulation through the portal vein system 
{43,44,70}, but experiments have not yet included entry 
by this route for fatty acids from ethyl or methyl esters. 

Once the normally ingested fats have been hydrolyzed 
to free fatty acids, monoglycerides, lysophospholipids and 
free cholesterol, the hydrolysis products are absorbed by 
the enterocytes of the intestinal wall. The process of ab- 
sorption from the intestinal lumen into the enterocyte is 
by passive diffusion {69}. Free fat ty acids, lysophospho- 
lipids and 2-monoglycerides can be absorbed almost com- 
pletely in the absence of bile salts {70), although the 
presence of bile is necessary for the absorption of free 
cholesterol {71}. 

In the enterocyte, the lipolysis products are reesterified 
{72}. Cholesterol can be synthesized de novo, if there are 
inadequate dietary quantities, but  even if no cholesterol 
is supplied by the diet, the bile supplies appreciable quan- 
tities to the enterocyte during fat absorption {70,71}. The 
newly synthesized triglycerides, phospholipids and cho- 
lesteryl esters are combined with de novo synthesized 
apolipoproteins, mainly apo B-48, with some apo AI, AII, 
and AIV, and apo E, to form nascent chylomicrons {73}. 
The chylomicrons are then secreted into the lymphatic 
system and carried by the thoracic lymphatic duct to the 
vena cava where they enter the circulation {73). The 
chylomicrons interact with the serum lipoproteins, ab- 
sorbing additional apoproteins and albumin and exchang- 
ing phospholipids and free fatty acid {74-76}. This pro- 
cess produces the mature chylomicron that interacts with 
circulating lipoprotein lipase which is released from the 
capillary endothelial cells {77}. Lipoprotein lipase initially 
hydrolyzes chylomicron triglycerides to free fatty acids 
and 2-monoglycerides. 

The liver does not clear chylomicrons directly {78). 
Rather, their core lipids are hydrolyzed first by the 
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lipoprotein lipase-colipase system to form chylomicron 
remnants that are then cleared from the circulation by 
the apo E receptor (79). Apo B-48 does not bind to the 
low density lipoprotein {LDL} receptor {80}. The chylo- 
micron remnant consists of apo B-48, apo E, phospho- 
lipids, cholesterol, cholesteryl ester and some triglyceride 
[81}. 

Lipoprotein lipase is activated by apo C-II {77}. It has 
positional specificity for the primary ester bonds of acyl- 
glycerols (82} and hydrolyzes the triglycerides to 1,2[2,3]- 
diacylglycerols and free fatty acids. It also hydrolyzes 
1,2[2,3]diacylglycerol to 2-monoacylglycerol and 1,[3]- 
monoglycerides to free glycerol and fatty acids (83}. 
Lipoprotein lipase has no effect on 2-monoglycerides {78}; 
2-monoglycerides are hydrolyzed by lipases in the liver 
(74}. This observation may have important implications 
for absorption, transport and metabolism of n-3 fat ty 
acids as the long-chain n-3 fatty acids may be preferen- 
tially distributed in certain positions of the triglyceride 
molecules (48,84,85}. Lipoprotein lipase also hydrolyzes 
the primary acylester bond of phosphatidylcholine to the 
2-acyl lyso-compound and a free fatty acid {86}. 

The lipoprotein lipase hydrolysis takes place in the 
peripheral tissues in contact between the chylomicron and 
the endothelial cells, and the free fatty acids released are 
taken up by the proximal tissue {76}. Some of the free 
fatty acids released by lipoprotein lipase undoubtedly 
become bound to albumin and are cleared by the liver {87}. 
As the size of the chylomicron is reduced through hydrol- 
ysis of its triglycerides, the apoprotein-phospholipid- 
cholesteryl coat forms "buds" which apparently split off 
to form nascent high density lipoprotein (HDL} particles 
(88}. There is no triglyceride or cholesterol ester in these 
particles that consists exclusively of apo E, apo AI, apo 
AII  and apo C, along with phospholipid and unesterified 
cholesterol. These nascent HDL particles then acquire 
cholesteryl esters through the action of the lecithin- 
cholesterol acyl transferase in blood (89}. HDL particles, 
probably HDL2, are cleared by the liver {89,90}, although 
there is still controversy over this hypothesis (74,89,90}. 

In the eucaloric or excess caloric condition, the liver 
catabolizes chylomicron remnants, synthesizes triglycer- 
ides from carbohydrate, and forms very low density lipo- 
proteins (VLDL} that are released into the circulation {74}. 
VLDL is also a substrate for endothelial lipoprotein 
lipase. VLDL loses triglycerides by hydrolysis and is 
transformed to intermediate density lipoproteins (IDL} 
and LDL. LDL is taken up by the LDL receptor (91} of 
peripheral tissue and the liver. LDL primarily transports 
cholesteryl esters to the peripheral tissues, where they 
are hydrolyzed to free cholesterol and then reacylated (92). 

ABSORPTION OF N-3 FATTY ACID 

The foregoing was a brief overview of normal fat absorp- 
tion and transfer in mammals, with the exception of 
ruminants, that absorb fat somewhat differently {93,94}. 
However, in the above discussion, the dietary fatty acids 
were treated as if all were physiologically equal. This is 
obviously not true, yet it is an implicit assumption made 
in most discussions of the subject. First, digestive lipases 
may not hydrolyze triglycerides containing n-3 fatty acids 
as efficiently as triglycerides not containing this type of 

fatty acid (84,85,95-97}. Second, there may be differen- 
tial absorption of n-3 long-chain polyunsaturated fatty 
acids liberated by the digestive lipases, compared with 
either saturated, monounsaturated or n-6 polyunsatu- 
rated fatty acids. This will be discussed later. 

More than twenty years ago Brockerhoff {84,95}, 
Yurkowski and Brockerhoff (96} and Bottino et al. (85} 
demonstrated that triglycerides containing EPA, DPA 
{n-6 isomer} and DHA in the 1 and 3 position were resis- 
tant to lipolysis by pancreatic lipase in vitro. Brockerhof 
(97} later found that the inhibition was specifically pro- 
duced by the introduction of a double bond in the delta-2 
through delta-5 position of the fatty acid chain. Introduc- 
tion of additional double bonds towards the methylene 
end of the chain did not increase the inhibition, contrary 
to the hypothesis of Bottino et al. (85}. However, all these 
investigators reported results obtained primarily with 
short-term incubations {usually 15 minutes or less} and 
partial hydrolysis of triglycerides using purified porcine 
pancreatic lipase and nonphysiological conditions. Al- 
though the conditions used in the in vitro experiments 
bore little resemblance to the in vivo lipolysis of dietary 
fat, Chen et al. {43} reported that the recovery of fatty 
acids in the lymph of rats with thoracic cannulas was less 
complete {57% and 47%, respectively}, when fish oil and 
fish oil concentrates were given, instead of corn oil. 
Although there have been no direct studies of the effi- 
ciency of lipolysis of triglycerides containing n-3 fatty 
acids in humans, Harris and Connor (98} reported the 
reduction of postprandial of hypertriglyceridemia in sub- 
jects fed a fatty meal, where the source of fat was salmon 
oil, a result compatible with a slower rate of lipolysis of 
the n-3-containing triglycerides in the intestine. However, 
the work of Chen et al. (43-45}, E1 Boustani et al. (47} and 
Lawson and Hughes {99} suggests that once triglycerides 
containing n-3 fat ty acids are hydrolyzed, the n-3 fatty 
acids liberated are totally absorbed in vivo. Once ab- 
sorbed, the n-3 fatty acids appear to be metabolized 
similarly to other fat ty acids. Chen et al. {44,45} found 
no apparent resistance to hydrolysis of chylomicron 
triglycerides containing n-3 fatty acids by lipoprotein 
lipase in rats. Thus, as the digestion of fat may go on for 
hours in vivo (63,64, 69-71), the rate of lipolysis may have 
little influence on the ultimate amount of fat absorbed, 
but the rate of lipolysis could effect the route, i.e., the 
lymphatic or venous systems, by which the liberated fatty 
acids enter the circulation {see the discussion of n-3 fatty 
acid absorption}. Although triglycerides containing fatty 
acids {with double bonds within 5 carbons of the carboxyl 
end of the molecule, i.e., most n-3 fatty acids) resist pan- 
creatic lipase digestion, further investigation of the ac- 
tion of lipases in vivo on these compounds may be war- 
ranted, particularly because it is not known if triglycer- 
ides containing n-3 fatty acids are resistant to hydrolysis 
by lingual or gastric lipases. 

It is known that the route of absorption of fatty acids 
is affected by the length of the carbon chain. Short-chain 
fatty acids of fewer than 8-12 carbons in chain length are 
absorbed and pass into the portal vein (61,62}. Thus, they 
go directly to the liver without ever being incorporated 
into chylomicrons. About one-third to one-half of the fatty 
acids with carbon-chain lengths of 12 or longer must 
normally go through the lymphatic-chylomicron route, 
because only half of the 1- and 3-position fatty acids come 
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from endogeneous sources (99). The n-3 polyunsaturated 
fat ty acids can be assumed to use this latter route of ab- 
sorption (100}, as they are mainly 18 carbons or longer 
in chain length (39). The portion absorbed through the 
portal system {60,61,67,68} seems to profoundly affect 
liver function and probably explains the well-documented 
reduction in serum triglycerides in humans (2,98). 

The degree of molecular unsaturation has a profound 
effect on absorption, at least regarding the saturated n-9 
and n-6 series of long-chain fatty acids (101-104). In the 
rat, the saturated fat ty acids are poorly absorbed com- 
pared with the unsaturated analogs of equivalent chain 
length {101}. Early work by Carroll (101}, confirmed by 
others (61,102-106}, indicated that palmitic acid was ab- 
sorbed better than stearic acid, and oleic acid was absorb- 
ed more completely than either of the saturated acids. 
Little data are available on this topic in man. Although 
the poor absorption of the longer-chain saturated fatty 
acids is presumed due to the higher melting point and 
great insolubility in an aqueous medium, this has not been 
explored extensively {54,69}. The absorption of fatty acid 
in the gut does not appear to depend on the bile, because 
animals with ligated bile ducts appear to absorb fat ty 
acids efficiently (70). 

Feeding intact triglycerides in rodents indicate that  
stearic acid is better absorbed when it is fed as a mixed 
triglyceride than when fed as tristearin (107,108}. Toma- 
relli et al. reported that an increased stearic acid content 
of fat decreased the amount of total fat absorbed (109). 
These authors (109} also found that the amount of 
palmitic acid in the 1 and 3 positions of the triglyceride 
reduced total fat absorption. Human infants have been 
reported to absorb 88% of the stearic acid when fed lard, 
but only 40% of the stearic acid from lard that  had been 
randomized (110). Recently, Bonanome and Grundy (111) 
reported essentially complete absorption of stearic acid 
(>98%) in men fed synthetic triglycerides in a formula diet 
containing approximately 40% stearic acid, and that  the 
absorption of stearic acid was equivalent to that observed 
for palmitic and oleic acids incorporated into synthetic 
triglycerides. 

Reports by Chen et al. (42,45) indicate that EPA is ab- 
sorbed as efficiently as oleic acid in rats and that the ab- 
sorption of both oleic acid and EPA was equivalent to 
arachidouic acid. Carroll (101) compared the absorption 
of saturated and more unsaturated fatty acids and found 
that  longer-chain monounsaturated fat ty acids are less 
well absorbed than those with 18 carbons or less. The 
work of Chen et ai. (42,45) and others (101,105,106) then 
suggests that additional double bonds in the molecule in- 
crease absorption, but that lengthening the chain will de- 
crease the percentage absorbed, compared with a shorter 
chain having the same number of double bonds. 

There is relatively little known about the effect of 
nutrients such as carbohydrates and proteins on fatty 
acid absorption. The recent review of physicochemical 
mechanisms of fat absorption by Carey et al. (69) implied 
that  the presence of other nutrients should enhance ab- 
sorption compared with a sample of pure fat given as a 
bolus or by gastric tube. Vallot et al. (61) found that the 
intestinal pathway of decanoic acid absorption was ef- 
fected by the presence of other lipids. Vahouny (112) in- 
dicated that dietary fiber reduced the absorption of 
dietary fat. Thus, experiments in which pure fat samples 

have been used to test absorption may not reflect the 
situation when natural foods are eaten. 

In experimental feeding studies, natural Ior synthetic} 
fats Itriglycerides} {102,107-111} are often used as the 
source of dietary fat, but equally common is the use of 
purified fatty acid esters, such as the ethyl or methyl ester 
{7,47,113,114}. Although the methyl ester was used in 
older work 1104}, it has been replaced, in most instances, 
by the ethyl ester 142,47,114-120}. Occasionally the free 
fat ty acid {120,121} or the arginine salt 147,122} has been 
used as a delivery vehicle for dietary supplement of the 
n-3 fatty acids. However, there has been no assurance 
that  the ethyl ester is hydrolyzed by pancreatic lipase as 
efficiently as natural fats. Indeed, some evidence suggests 
that ethyl esters are hydrolyzed to a lesser degree than 
triglycerides or methyl esters {47,99}, however, recent 
work in Japan 1114,123}, Canada {124}, the USA {42} and 
France {47} shows that ethyl esters of n-3 fatty acids cer- 
tainly are absorbed by man and rats. Ethyl and methyl 
esters are relatively rare in natural foods and are most 
often associated with flavor components {125}, although 
they can be found in small amounts in processed food and 
alcoholic beverages 1126}. Thus, assuming absorption and 
transport identical to that of natural fats may not be cor- 
rect. There are reports also indicating that fatty acid ethyl 
esters may be toxic to mitochondria {127,128}. The report 
by E1 Boustani et al. {47} suggested that ethyl esters of 
n-3 fatty acids are differentially absorbed in humans, 
when compared with 2-acyl glycerol EPA, free EPA or 
its arginine salt. This confirms an earlier report by Naga- 
kawa et al. {212} citing differences in the absorptive 
biochemistry of free acids or ethyl esters of EPA. 

The existing literature on absorption of fats contain- 
ing n-3 fatty acids suggests they can be readily absorbed 
as free acid or from triglycerides after hydrolysis by 
pancreatic, gastric or sublingual lipase t42-45,47,56}. 
Vahouny et al. {129} showed that only half of dietary free 
EPA appears in the lymph lipids, as similarly reported 
by E1 Boustani et al. 147} for ethyl esters. Possibly for 
ethyl esters, the other half passes through the portal 
system as a result of in situ hydrolysis after absorption 
by the brush border in the gut wall. However, EPA as 
the ethyl ester, although probably absorbed 147} by two 
different routes, is absorbed totally (123}. Selecting which 
form of EPA is the optimal vehicle {46} for specific n-3- 
fatty acid supplementation remains equivocal. Although 
the 2-monoglyceride is absorbed from the lumen and 
reesterified to triglyceride by the enterocyte without 
deacylation, it is reported that the ethyl ester does not 
reach the lymph or circulation intact {121}. This suggests 
that the enterocyte has an esterase or transesterase that 
can hydrolyze the ethyl ester, allowing incorporation of 
the liberated fat ty acid into de novo synthesized tri- 
glycerides in the enterocyte. E1 Boustani and coworkers's 
data suggest that this could be the case 147}. If pancreatic 
lipase action on ethyl esters is delayed, then some ethyl 
ester could be hydrolyzed by intestinal microflora farther 
down the tract. 

As Ackman recently pointed out {46}, when n-3 fatty 
acids are ingested, their molecular structure could have 
a profound effect on lipid production and its rate, if not 
the total quantity absorbed. Hence, the physiological and 
pharmacological properties of n-3 fatty acids could be in- 
fluenced by the molecular form in which they are ingested. 
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Although a lot has been written about the effect of 
dietary n-3 fatty acids on the fatty acid composition of 
human and other mammalian body fluids and organs 
(130-136), as well as on eicosanoid metabolism (20,27,39, 
115,131,137,138), this review only refers to the data 
related to absorption and transport of n-3 fatty acids. 

The transport of fatty acids from the intestinal lumen 
is by passive diffusion (63) and takes place in the absence 
of bile salts. It is likely, but not certain if the 2-mono- 
glyceride is also transported by passive diffusion. Once 
the free fatty acid has entered the enterocyte, it is rapidly 
converted by an energy-dependent process to triglycer- 
ides and secreted, by another active, energy-dependent 
process, in the form of nascent chylomicrons. The forma- 
tion and synthesis of triglycerides takes place in the en- 
doplasmic reticulum (139,140). The free fatty acids are 
activated to their CoA derivative and the "triglyceride 
synthetase" complex then incorporates the fatty acid 
moiety of acyl-CoA unit into triglycerides (139,141). Alter- 
natively, the d-glycerophosphate pathway can also be ac- 
tive in the synthesis of mucosal triglycerides and phos- 
pholipids {139,142). The nascent chylomicron particles are 
formed in the Golgi apparatus (52,139,143). There is 
reason to believe that ape B-48 is being continuously syn- 
thesized in enterocytes, but that its synthesis is stimu- 
lated further by dietary fat intake (144). Apo B is not syn- 
thesized in the Golgi apparatus but in the rough en- 
doplasmic reticulum (144) and transported to the Golgi 
apparatus by an undefined mechanism. Thus, only assem- 
bly and secretion of the chylomicrons takes place in the 
Golgi apparatus. However, some glycosylation of the nas- 
cent chylomicrons takes place in the Golgi apparatus 
(145). Actual secretion of the chylomicrons into the lymph 
takes place by exocytosis from chylomicron-filled vesicles 
that "bud-off '  from the Golgi-cisternae. 

Dietary n-3 fatty acids lower serum triglyceride levels 
(12,19,146-150) apparently by reducing liver triglyceride 
production and VLDL secretion (151-154). It is not 
known if n-3 fatty acids also inhibit triglyceride synthesis 
in the enterocyte, but it is known that fat meals high in 
n-3 fatty acids do not usually produce the hyperlipemia 
characteristic of meals high in saturated fat (2,98}. Marine 
mammals do, however, exhibit chylomicronemia when 
consuming food rich in n-3 fatty acids (155). 

Thus, a simplified scheme for the absorption, process- 
ing and excretion of fat in the enterocyte is as follows: 
1) Fat ty  acids, 2-monoglycerides, lysolecithin and free 
cholesterol are passively absorbed into the enterocyte by 
the microvilli of the brush border; 2) triglycerides, cho- 
lesteryl esters and lecithin along with apolipeproteins (ape 
B-48, apo AI and apo AII, apo AIV and apo C) are syn- 
thesized in the endoplasmic reticulum; 3) the lipids and 
apoproteins are combined into prechylomicron particles 
either before or in the Golgi apparatus; and 4) nascent 
chylomicrons are secreted into the lymph by exocytosis. 

TRANSPORT OF N-3 FATTY ACIDS 

The above description ignores the role of specific fatty 
acids in this process. Indeed, the tacit assumption has 
been made that, because a wide variety of fatty acids are 
encountered in the natural state and are necessary for nor- 
mal metabolism, the absorption process ideally should be 
independent of the particular variety of fatty acid being 

consumed. This would be evolutionarfly conservative and 
prudent. As noted above, there is evidence to the contrary 
(61,101-106). Long-chain saturated fatty acids are poorly 
absorbed, perhaps due to calcium soap formation and, at 
high concentrations, linolenic acid may also be poorly ab- 
sorbed (Nelson, unpublished observations). At lower in- 
take levels, however, alpha-linolenic acid is readily ab- 
sorbed and may cause a significant enrichment in the n-3 
fatty acid content of tissue lipids, as reported recently 
by O'Dea et al. (156). It is not clear why the longer-chain 
saturated fatty acids are not absorbed except that, being 
very hydrophobic, they would not be expected to readily 
form micelles. Also, they may not penetrate the mem- 
brane of the enterocyte, again due to their hydrophobic 
characteristics {51,157}. However, there is good reason 
to believe that the absorption phenomena is dose-depen- 
dent and, under normal physiological circumstances, dur- 
ing the consumption of natural foods, long-chain satu- 
rated fatty acids are not discriminated against during the 
absorption process {69,70,111 }. 

It is also possible that n-3 fatty acids may be asym- 
metrically distributed in triglycerides and phospholipids 
of chylomicrons formed during fat absorption {158-160}. 
They appear to be asymmetrically distributed in tissue 
phospholipids and, perhaps, triglycerides. It is equally 
possible that this asymmetry is extended to the distribu- 
tion and metabolism in the liver {16D and other target 
organs (124,162,163), as well as in the circulating lipopro- 
teins {164,165}. 

However, Chen et al. (44} have shown that eicosapen- 
taenoic acid and chylomicrons formed when this n-3 fatty 
acid is given to rats are cleared from the circulation with 
the same time curve as oleic acid. The same group has 
reported {43) similar findings when menhaden oil, fish oil 
concentrates and corn oil are fed to rats. This would in- 
dicate that the extrahepatic lipoprotein lipase does not 
discriminate against n-3 fatty acids, nor is the uptake of 
the free fatty acids, liberated by lipoprotein lipase, in- 
fluenced by the degree of unsaturation or the position of 
the double bonds in the molecule (44,45). This does not 
rule out, however, the possibility that fat ty acids in the 
2-position of monoglycerides have a different metabolic 
fate than those in the 1,3 position. The data of Chen et al. 
(43,44) also suggests that the positional specificity of 
lipoprotein lipase for the 1 and 3 position of triglyceride 
molecules is not influenced by the type of fatty acid oc- 
cupying the 1 or 3 position. 

Data from Chen et al. {42-45) and E1 Boustani et al. 
(47), as well as other investigators (124,164,166-169), in- 
dicate that n-3 fatty acids are not randomly distributed 
in the lipid classes, once hepatic and cellular metabolic 
processes take over from the absorption and initial trans- 
port phenomena. Indeed, the extensive literature on the 
n-3 fatty acid composition of platelets supports this con- 
tention (137,170-175). 

The reported distribution of absorbed n-3 fatty acids 
indicates a slight enrichment of n-3 fatty acids in the 
phospholipid and mono- and diglyceride fractions of 
chylomicrons and a concomitant decrease in the triglycer- 
ide fraction, when compared to oleic acid in rats (45). In 
addition, there does not seem to be any major differences 
between the redistribution of eicosapentaenoic acid and 
oleic acid to the serum lipoproteins from chylomicrons 
after four hours in the rat (44). This is a somewhat 
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unexpected finding, because the distribution of tri- 
glyceride, cholesteryl ester and phospholipids is quite dif- 
ferent among the various lipoprotein classes (176). Hence, 
one would expect oleic acid and eicosapentaenoic acid to 
be distributed in the IDL, LDL and HDL fraction with 
respect to the lipid class distribution, given the known 
preference for polyunsaturated fatty acids to be found in 
the phospholipids and for oleic acid to be incorporated 
into triglycerides (176,177). However, phospholipids in 
serum lipoproteins are mainly phosphatidylcholine, lyso- 
phosphatidylcholine and sphingomyelin (178). With the 
known preference of n-3 fatty acids for phosphatidyl- 
ethanolamine and a lesser preference for phosphatidyl- 
choline, this could simply reflect the phospholipid class 
composition in the lipoprotein fractions (178). Serum 
lipoproteins revert to a characteristic fatty acid composi- 
tion in periods when no dietary fat is being absorbed (179). 
This is influenced only slightly by the fatty acids in the 
tissue body pools (180). Indeed, even in long-term feeding 
studies, the serum fatty acid composition is remarkably 
const ant and characteristic of the species ( 181 - 184) dur- 
ing fasting periods, despite large and enduring changes 
in the tissue fatty acid composition. This suggests that 
there is a strong genetic determinate of the fatty acid 
composition of serum lipoprotein and probably reflects 
the character of the enzymes in the fatty acid metabolic 
pools in the liver of each species. These enzyme systems 
were probably evolved to adapt to the usual pattern of 
intake of dietary fat over evolutionary time spans and, 
therefore, should be unresponsive to temporary dietary 
alteration. 

If this supposition is true, it could explain many of the 
purported pharmacological and pathological effects of 
dietary fatty acids. Unlike proteins or carbohydrates that 
are digested to common precursor molecules, i.e., simple 
amino acids or monosaccharides, and absorbed as such, 
each fatty acid retains its unique chemical properties dur- 
ing the digestion process. Thus, the source of protein or 
carbohydrate matters little to an organism, assuming the 
protein contains all the essential amino acids, but an 
unusual source of fat in the diet may provide very dif- 
ferent fatty acids. These fatty acids may profoundly alter 
the physiology of the organism, if such fat is very dif- 
ferent in its fatty acid composition from the animal's 
usual source of dietary fat. 

It is probable that both the amount of fat calories and 
the type of fatty acids in the diet are responsible for many 
of the adverse metabolic changes found in fatty-acid- 
feeding studies. The main reason for this is the genetic 
basis of intermediary metabolism, which itself is a con- 
sequence of evolutionary adaptation to available food sup- 
plies (39). Omnivores have obvious evolutionary advan- 
tages over those less flexible in their dietary habits, but 
even omnivores have established dietary patterns, devia- 
tions from which can have adverse consequences on 
health. It may take an equivalent evolutionary time span 
to adapt to such dietary changes, if they are to become 
permanent. 

Thus, incorporation of exogenous fatty acids into lipid 
classes, the uptake of fatty acids and lipids by organ sys- 
tems in the body, and the composition and resident time 
of fatty acids in body pools are all probably under genetic 
control. Environmental factors only have a limited influ- 
ence on these processes. 

In most mammalian systems, linolenic acid is strongly 
discriminated against (1). It does not accumulate in tissue 
when normal diets are consumed (181,185) and is rapidly 
eliminated from tissue pools after feeding diets contain- 
ing large amounts of this compound (Nelson, unpublished 
observations). Only in a few terrestrial plants (in contrast 
to marine flora which produce abundant amounts of n-3 
fatty acids) does this particular fatty acid become a major 
component of the total fatty acids present (1). Yet, it could 
hardly be that it is too unsaturated or not susceptible to 
further metabolic manipulation, as many more unsatu- 
rated fatty acids are common in most tissue {186) and 
linolenic acid is converted slowly to eicosapentaenoic and 
docosahexaenoic acids in mammalian tissues (156,187- 
189). Obviously, the evolutionary pattern in animals has 
been to eliminate use of linolenic acid in favor of linoleic 
acid. Although readily converted to arachidonic acid and, 
in some cases, n-6 docosapentaenoic acid, linoleic acid 
itself is a major fatty acid of most body tissue pools (186). 
The evolutionary basis for discrimination against linolenic 
acid is an interesting but unexplained phenomenon, the 
elucidation of which awaits a greater understanding of 
lipid metabolism and adaptation processes. 

SUMMARY AND CONCLUSIONS 

Most of the data on the absorption and transport of n-3 
polyunsaturated fatty acids has been obtained through 
studies with experimental animals. Some caution should, 
therefore, be exercised in extrapolating such results to 
humans. However, fat absorption studies are difficult to 
conduct in humans, so the animal experiments will remain 
the foundation of our knowledge in this area for some 
time. 

The major unresolved issues regarding n-3 fatty acid 
absorption and transport appear to fall into two cate- 
gories: 1) Are long-chain, n-3 polyunsaturated fatty acids, 
attached to the 2 position of triglycerides, metabolized 
similarly, and are they as functionally effective as those 
in the 1-3 position? 2) Are methyl or ethyl ester accept- 
able vehicles for the administration of n-3 polyunsatu- 
rated fatty acids? 

It is clear that as far as absorption is concerned, long- 
chain n-3 polyunsaturated fatty acids in triglycerides, 
with the possible exception of linolenic acid, are not ab- 
sorbed differentially. The absorption of linolenic acid 
needs further study. All 2-monoglycerides, regardless of 
which specific fatty acid is incorporated into the molecule, 
are equally well-absorbed, but their fate once reesterified 
to triglycerides in the enterocyte also needs further study. 

The use of methyl or ethyl esters of n-3 fatty acid to 
deliver fatty acids to tissue would appear feasible, al- 
though it is clear that ethyl esters are poorly hydrolyzed 
by pancreatic lipase. Ethyl esters, not hydrolyzed in the 
intestinal lumen, may be carried farther in the intestinal 
tract to be hydrolyzed by the intestinal flora. It is possi- 
ble that some ethyl esters of fat ty acids may enter the 
enterocyte unhydrolyzed (47). They must then be rapidly 
hydrolyzed or transesterified in the cell, because none can 
be found in human circulation, after ingestion of ethyl 
ester fat ty acids (114,121). 

Recent evidence shows that plasma phospholipids and 
cholesteryl esters respond to EPA as the ethyl esters and 
to the same extent as from other administered forms 
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{123). This suggests that  absorption is total, but may 
reflect EPA entering two lipid pools, one in chylomicron 
form and one possibly through the portal vein. The fate 
of the ethanol moiety is unknown, but presumedly it is 
converted to ethyl alcohol. 

An interesting, but unstudied, facet of n-3 fat ty acid 
digestion is the composition and fate of bile lecithin. The 
amount of exogenous phospholipid consumed is relatively 
small on a daily basis, estimated to be 1-2 g a day for 
humans (69,70). Bile, however, contributes about 20 g of 
phospholipid per day (63,69,70) and almost all of this is 
reabsorbed as free fatty acid and lysolecithin. Bile lecithin 
has a characteristic fat ty acid composition {63,190), but 
the composition can be influenced by diet {191}. In an 
acute feeding study, the fatty acid composition of the bile 
will not be influenced by the exogenous fat ty acids, but 
in long-term fat ty acid feeding studies, the bile lecithin 
fat ty acid composition will change to reflect the dietary 
fatty acid composition to some degree. This, in turn, may 
influence the absorption of the dietary fat and, perhaps, 
cholesterol absorption. 

Other major areas that  need additional investigation 
are: 1} The lipolysis of triglycerides containing n-3 fat ty 
acids by the lipases of the digestive tract--it  is known 
that such triglycerides are relatively resistant to porcine 
pancreatic lipase {84,85,95-97} in vitro, but this phenome- 
non has been investigated only indirectly in vivo (43,98, 
192}; 2} the influence of dietary fatty acids on the distribu- 
tion of lipoproteins in serum--there is preliminary evi- 
dence that n-3 fatty acids may raise LDL levels compared 
with n-6 fat ty acids {8,193}; and 3) the partitioning of n-3 
fat ty acids in the tissues. The specific metabolism of 
linolenic acid needs more investigation. There is no assur- 
ance that  feeding linolenic acid will produce the same 
results as feeding eicosapentaenoic acid or docosahexa- 
enoic acid. Furthermore, little or nothing is known about 
the metabolism or physiological action of n-3-series 
docosapentaenoic acid. It also would be interesting to 
determine how various dietary n-3 fat ty acids affect in- 
testinal and liver synthesis of apolipoproteins. 

In summary, n-3 fat ty acids are digested and absorbed 
in the mammalian digestive tract in ways similar to other 
saturated and unsaturated fat ty acids. One notable dif- 
ference in their digestion, however, is their resistance to 
lipolysis by pancreatic lipase, but this appears to effect 
more their rate of absorption into the circulation rather 
than the amount ultimately absorbed. They are incor- 
porated into the chylomicrons and VLDL in the entero- 
cyte. Chylomicrons containing n-3 fat ty acids are appro- 
priate substrate for lipoprotein lipase. These fat ty acids 
are taken up by the liver and incorporated into all lipopro- 
tein classes for transport to peripheral tissues where they 
are incorporated into the tissue fat ty acid pools. 

The methyl and ethyl esters of n-3 fat ty acids are less 
readily hydrolysed by pancreatic lipase; hence, their ab- 
sorption is slower when fed in this form {47,99), but may 
be equally complete. There are no balance studies where 
fecal excretion was measured comparing EPA or DHA 
ethyl ester absorption with that of triglycer'de or free 
fat ty acids. 

Evidence has appeared recently t193) to suggest that, 
like saturated fat ty acids, n-3 fat ty acids can raise 
LDL levels which n-6 fat ty acids depress, but more re- 
search is needed to confirm this result. However, if the 

observation proves to be true, then interesting questions 
are raised, in view of the epidemiological data suggesting 
that fish consumption reduces cardiovascular disease 
risk, concerning the mechanism by which n-3 fat ty acids 
reduce the risk of cardiovascular disease. It should be 
noted, however, that the current evidence suggesting that 
n-3 fatty acids raise serum cholesterol conflicts with older 
data of Peifer et al. {194,195) and others {196-199) in- 
dicating that  n-3 fat ty acids markedly depressed serum 
cholesterol level. Some of the confusion may result from 
species dependent phenomena or the cholesterol content 
of fish oil {200), which is nominally 5 to 10 mg/g, but in 
fish oil concentrates the cholesterol content may not be 
known, although recent label claims for capsule products 
usually indicate < 1 to 5 mg/g {48). Further investigations 
will be needed to resolve this important issue. 

Overall, it is clear that  the absorption of fat ty acids 
from the diet is still a subject not thoroughly understood. 
A lot of work has been accumulated in the past thirty 
years illuminating fundamental pathways of fat absorp- 
tion and transport, but the mechanisms underlying the 
absorption and transport of specific fat ty acids, with 
respect to chain length and degree of unsaturation, re- 
main unclear. Recently, molecular biology has contributed 
considerable data on the fat ty acid binding proteins 
{FABP} of the enterocyte, but the actual role of the FABP 
in fat ty acid absorption and chylomicron formation is 
unknown (201}. It could be that FABP show a fat ty acid 
specificity that  provides the mechanism by which the 
asymmetric distribution of fat ty acids in tissue lipid is 
achieved. Currently, however, this is simply interesting 
speculation. 

In view of the uncertainties establishing the necessary 
therapeutic intake-level of longer-chain n-3 polyunsatu- 
rated fa t ty  acids 1202}, it seems appropriate to direct addi- 
tional research toward a better understanding of the 
overall processes by which fat is digested, absorbed and 
transported. 

REFERENCES 
1. Tinoco, J. I1982} Prog. Lipid Res. 21, 1-45. 
2. Goodnight, S.H., Harris, W.S., Connor, W.E., and Illingworth, 

D.R. {1982} Arteriosclerosis 2, 87-113. 
3. Herold, P.M., and Kinsella, J.E. 11986) Am. J. Clin. Nutr. 43, 

566-598. 
4. Dyerberg, J., and Jorgensen, K.A. {1982} Prog. Lipid Res. 21, 

255-269. 
5. Bang, H.O., and Dyerberg, J. {1972) Acta Med. Scand. 192, 

85-94. 
6. Dyerberg, J., Bang, H.O., and Hjorne, N. {1974} Am. J. Clin. 

Nutr. 28, 958-966. 
7. Dyerberg, J. {1981)Phil. Trans. R. Soc. Lond. B294, 373-381. 
8. Thiery, J., and Seidel, D. (1987} Atherosclerosis 63, 53-56. 
9. Chamberlain, J.G., and Belton, C. {1987) Atherosclerosis 68~ 

95-103. 
10. Dyerberg, J., and Bang, H.O. {1979) Lancet 2, 433-435. 
11. Sanders, T.A.B., Vickers, M., and Haines, A.P. {1981} Clin. Scs 

61, 317-324. 
12. Thorngren, M., and Gustafson, A. {1981} Lancet i/, 1190-1193. 
13. Ahmed, A.A., and Holub, B.J. {1984) Lipids 19, 617-624. 
14. Bruckner, G.G., Lokesh, B., German, B., and Kinsella, J.E. 

{1984) Thrornb. Res. 34, 479-497. 
15. Renaud. S., Martin, J.L., and Thevenon, C. {1987} in Pro- 

ceedings of the AOCS Short Course on Polyunsaturated Fatty 
Acids and Eicosanoids {W.E.M. Lands, ed.} pp. 56-61, 
American Oil Chemists' Society, Champaign, IL. 

LIPIDS, Vol. 23, No. 11 (1988) 



1012 

G.J. NELSON AND R.G. ACKMAN 

16. Agradi, E., Tremoli, E., Colombo, C., and Galli, C. (1978) Pros- 
taglandins 16, 973-984. 

17. Knapp, H.R., Reilly, I.A.G., Alessandrini, P., and Fitzgerald, 
G.A. (1986) N. Eng. J. Me& 314, 937-942. 

18. Nagakawa, Y., Orimo, H., Harasawa, M., Morita, I., Yashiro, 
K., and Murota, S. (1983) Atherosclerosis 47, 71-75. 

19. Mortensen, J.Z., Schmidt, E.B., Nielsen, A.H., and Dyerberg, 
J. {1983) Thromb. Haemostas. 50, 543-546. 

20. Driss, F., VericeL E., Lagarde, M., Dechavanne, M., and Darcet, 
Ph. (1984) Thromb. Res. 36 389-396. 

21. Brox, B.H., Killie, J.E., Gunnes, S., and Norday, A. (198D 
Tromb. Haemostas. 46, 604-611. 

22. Salo, M.K. Vartiainen, E., Puska, P., and Nikkari, T. (1985) 
Thromb. Haemostas. 54, 563-569. 

23. Bruckner, G., Webb, P., Greenwell, L., Chow, C., and Richard- 
son, D. {1987) Atherosclerosis 66, 237-245. 

24. Hamazaki, T., Kobayashi, S., Urahaze, M., Yano, S., and Fujita, 
T. (1985) Biorheology 22, 221-226. 

25. Kobayashi, S., Hamazaki, T., Hirai, A., Terano, T., Tamura, 
Y., Kanakubo, Y., Yoshida, S., Fujita, T., and Kumagai, A. 
(1985) Clin. Hemorheology 5, 493-505. 

26. Hornstra, G., and Rand, M.L. {1986) Prog. Lipid Res. 25, 
637-638. 

27. Abeywardena, M.Y., McLennan, P.L., and Charnock, J.S. (1987) 
in Proceedings of the AOCS Short Course on Polyunsaturated 
Fatty Acids and Eicosanoids (W.E.M. Lands, ed.) pp. 62-65, 
American Oil Chemists' Society, Champaign, IL. 

28. Kanazawa, A., Teshima, S.I., Tokiwa, S., and Imatanaka, N. 
(1984) Mere- Fac. Fiscb. Kagoshima Univ. 33, 73-78. 

29. Weiner, B.H., Ockene, I.S., Levine, P.H., Cuenoud, H.F., Fisher, 
M., Johnson, B.F., Daoud, A.S., Jarmolych, J., Johnson, M.H., 
Natale, A., Vandreuil, C., and Hoogasian, J.J. (1986) N. Eng. 
J. Med. 315, 841-846. 

30. Davis, H.R., Bridenstine, R.T., Vesselinovitch, D., and Wissler, 
R.W. {1987) Arteriosclerosis 7, 441-449. 

31. Kromhout, D., Bosschieter, E.B., and de Lezzene-coulander, 
C. (1985) N. Eng. J. Med. 312, 1205-1209. 

32. Storlien, L.H., Kraegen, E.W., Chisholm, D.J., Ford, G.L., 
Bruce, D.G., and Pascoe, W.S. (19871 Science 237, 885-888. 

33. Holman, R.T., Johnson, S.B., and Hatch, T.F. {1982) Am. J. 
Clin. Nutr. 35, 617-623. 

34. Stein, T.P., Marino, P.L, Harner, R.N., Scbluter, M.D., Leskiw, 
M.J., and Black, S. {1983) J. Am. ColL Nutr. 2, 241-247. 

35. Neuringer, M., Connor, W.E., Van Petten, C., and Barstad, L. 
(1984) J. Clin. Invest. 73, 272-276. 

36. Zoller, N. (1986) Prog. Lipid Res. 25, 177-180. 
37. Yamanaka, W.K., Clemens, G.W., and Hutchinson, M.L. (1981) 

Prog. Lipid Res. 19, 187-215. 
38. Bjerve, K.S., Mostad, I .L, and Thoresen, L. (1987) Am. J. Clin- 

Nutr. 45, 66-77. 
39. Lands, W.E.M. (1986) Fish and Human Health, pp. 15-19, 

Academic Press, Orlando, FL. 
40. Borgstrom, B. (1976) in Lipid Absorption: Biochemical and 

Clinical Aspects (K. Rommel, H. GoebelL and R. Bcehmer, eds.I 
pp. 65-72, University Park Press, Baltimore, MD. 

41. Patton, J.S. (1981) in Physiology of the Gastro-intestinal Tract 
{L.R. Johnson, ed.) pp. 1123-46, Raven Press, NY. 

42. Chen, I.S., Subramanian, S., Cassidy, M.M., Sheppard, A.J. 
and Vahouny, G.V. (1985) J. Nutr. 115, 219-225. 

43. Chen, I.S., Hotta, S.S., Ikeda, I., Cassidy, M.M., Sheppard, 
A.J., and Vahouny, G.V. {1987) J. Nutr. 117, 1676-1680. 

44. Chen, I.S., Sheppard, A.J., Cassidy, M.M., and Vahouny, G.V. 
(1987) Atherosclerosis 65, 193-198. 

45. Chen, I.S., Le, T., Subramanian, S., Cassidy, M.M., Sheppard, 
A.J., and Vahouny, G.V. (1987) Lipids 22, 318-321. 

46. Ackman, R.G. (1988)Atherosclerosis 70, 171-173. 
47. El Boustani, S., Colette, C., Monnier, L., Descomps, B., Crastes 

de Paulet, A., and Mendy, F. (1987) Lipids 22, 711-714. 
48. Ackman, R.G. (1988) Chem. IncL, pp. 139-145. 
49. Naughton, J.M. (1981) Int. J. Biochem- 13, 21-32. 
50. Signel, E.N., and Maclure, M. (1987) Metabolism 36, 664-669. 
51. KinseUa, J.E. {1987) Seafoods and Fish Oils in Human Health 

and Disease, Marcel Dekker, Inc., New York, NY. 
52. Lands, W.E.B., ed. (1987) Proceedings of the AOCS Short 

Course on Polyunsaturated Fatty Acids and Eicosanoids, 

American Oil Chemists' Society, Champaign, IL. 
53. Simopoulous, A.P., Kifer, P.R., and Martin, R.E., eds. (1986) 

Health Effects of Polyunsaturated Fatty Acids in Seafoods, 
Academic Press, Orlando, FL. 

54. Small, D.M. (1986) inHandbook of Lipid Research, Vol. 4 (D.J. 
Hanahan, ed.) pp. 43-96, Plenum Press, New York, NY. 

55. Bisagaier, C., and Glickman, R.M. (1976) Ann. Rev. PhysioL 
45, 625-636. 

56. Muller, D.P.R., McCullum, J.P.K., Trompeter, R.S., and 
Harries, J.T. (1975) Gut 16, 838-847. 

57. Morean, H., Gargouri, Y., Bernadal, A., Pieroni, G., and Verger, 
R. (1988) Rev. Franc. Corps Gras 35, 169-176. 

58. DeNigris, S.J., Hamosh, M., Kasbekar, D.K., Lee, C.L., and 
Hamosh, P. (1988) Biochim. Biophys. Acta 959, 38-45. 

59. Jandacek, R.J., Whiteside, J.A., Holcombe, B.N., Volpenhein, 
R.A., and Tanlbee, J.D. (1987)Am- J. Cli~ Nutr. 45, 940-945. 

60. Hyun, S.A., Vahouny, G.V., and Treadwell, C.R. (1967) 
Biochim. Biophys. Acta 137, 296-305. 

61. Vallot, A., Bernard, A., and Carlier, H. (1985) Comp. Biochem- 
PhysioL 82A, 693-699. 

62. Jackson, M.J. (1974) in Biomembranes, Vol. 4B (Smyth, D.H., 
ed.) pp. 673-709, Plenum Press, New York, NY. 

63. Tso, P. (1985) Adv. Lipid Res. 21, 143-186. 
64. Borgstrom, B. (1974) in Biomembranes, Vol. 4B (Smyth, D.H., 

eel.) pp. 555-620, Plenum Press, New York, NY. 
65. TidweU, H.C., Pope, J.L., Askins, R.E., and MacPherson, J.C. 

(1963) Biochem. ProbL Lipids 1, 219-223. 
66. Nilsson, A. (1969) Biochim. Biophys. Acta 187, 113-121. 
67. MacDonald, G.B., Sannders, D.R., Weidman, M., and Fisher, 

L. (1980) Am. J. PhysioL 239, G 141-150. 
68. Surawicz, C.M., Sannders, D.R., Sillery, J., and Rubin, C.E. 

(1981) Am. J. PhysioL 240, G 157-162. 
69. Carey, M.C., Small, D.M., and Bliss, C.M. (1983) Ann. Rev. 

PhysioL 45, 651-678. 
70. Borgetrom, B. (1977) InL Rev. of PhysioL GastrointesL PhysioL 

I I  12, 305-323. 
71. Borgstrom, B. (1977) in Cholesterol Metabolism and Lipolytic 

Enzymes (J. Polonovski, ed.) pp. 173-182, Masson Publishing 
USA, New York, NY. 

72. Brown, J.L., and Johnston, J.M. (1964) Biochim. Biophys. Acta 
84, 264-274. 

73. Simmonds, W.J. (1972) in Blood Lipids and Lipoproteins: Quan- 
titation, Composition, and Metabolism (G.J. Nelson, ed.) 
pp. 705-743, Wiley-Interscience, New York, NY. 

74. Havel, R.J. (1985) Arteriosclerosis 5, 569-590. 
75. Kane, J.P. (1983) Ann. Rev. PhysioL 45, 637-650. 
76. Kane, J.P., Chen, G.C., Hamilton, R.L., Hardman, D.A., Malloy, 

M.J., and Havel, R.J. (1983) Arteriosclerosis 3, 47-56. 
77. Fielding, C.J., and Fielding, P.E. (1977) in CholesterolMetabo- 

lism and Lipolytic Enzymes (J. Polonovski, ed.) pp. 165-172, 
Masson Publishing USA, New York, NY. 

78. Scow, R.O., Blanchette, J. and Smith, L.C. (1977) in Cholesterol 
Metabolism and Lipolytic Enzymes (J. Polonovski, ed.) 
pp. 143-164, Masson Publishing USA, New York, NY. 

79. Jones, A.L., Hradek, G.T., Hornick, C., Renaud, G., Windier, 
E.E., and Havel, R.J. (1984) J. Lipid Res. 25, 1151-1158. 

80. Hui, D.Y., Innerarity, T.L., and Mahley, R.W. (1981) J. BioL 
Chem. 25~ 5646-5655. 

81. Havel, R.J. (1982) Mea~ ClirL North Am. 66, 319-333. 
82. Nilsson-Ehle, P., Egelrud, T., Belfrage, P., Olivecrona, T., and 

Borgstrom, B. (1973)J. BioL Chem. 248~ 6734-6737. 
83. Morley, N.H., Kuksis, A., Buchnea, D., and Myher, J.J. (1975) 

J. BIOL Chem. 250, 3414-3418. 
84. Brockerboff, H., Hoyle, R.J., and Huang, P.C. (1966) Cam J. 

Biochem- 44, 1519-1525. 
85. Bottino, N.R., Vandsnburg, G.A., and Reiser, R. (1967) Lipids 

2, 489-493. 
86. Scow, R.O., and Egelrud, T. (1976)Biochim. Biophys. Acta 431, 

538-549. 
87. Bergman, E.N., HaveL R.J., Wolfe, B.M., and Bohmer, T. (1971) 

J. ClirL Invest. 50, 1831-1839. 
88. Nicoll, A., Miller, N.E., and Lewis, B. (1980) in Advances in 

Lipid Research (R. Paoletti and D. Kritchevsky, eds.) Vol. 17, 
pp. 53-106, Academic Press, New York. 

89. Glomset, J.A., and Verdery, R.B. (1977) in Cholesterol 

LIPIDS, Vol. 23, No. 11 0988) 



ABSORPTION AND TRANSPORT OF FAT IN MAMMALS 

1013 

Metabolism and Lipolytic Enzymes (J. Polonovski, eel.) 
pp. 137-142, Masson Publishing USA, New York, NY. 

90. Tall, A.R., and Small, D.M. (1980) in Advances in Lipid 
Research (R. Paoletti and D. Kritchevsky, eds.) Vol. 17, 
pp. 2-51, Academic Press, New York, NY. 

91. Goldstein, J.L., Kita, T., and Brown, M.S. (1983) N. Eng. J. 
Med 309, 288-296. 

92. Sodhi, H.S., Kudchodkar, J.B., and Mason, D.T. (1978)inAd- 
vances in Lipid Research (R. Paoletti and D. Kritchevsky, eds.) 
Vol. 17, pp. 107-153, Academic Press, New York, NY. 

93. Noble, R.C. (1978) Prog. Lipid Res. 17, 55-91. 
94. Noble, R.C. (1980) Prog. Lipid Res. 18~ 179-216. 
95. Brockerhoff, H. (1965)Arch. Biochem- Biophys. 110, 586-592. 
96. Yurkowski, M., and Brockerhoff, H. (1966)Biochim- Biophys. 

Acta 125, 55-59. 
97. Brockerhoff, H. (1970) Biochim- Biophys. Acta 212, 92-101. 
98. Harris, W.S., and Cormor, W.E. (1980) Trans. Assoc. Am. Physi- 

cians 93, 148-155. 
99. Lawson, LD., and Hughes, B.G. (1988) Biochem. Biophys. Res. 

Commun. 152, 328-335. 
100. Wu, A.L., Clark, S.B., and Holt, P.R. (1980) Am. J. Clin. Nutr. 

33, 582-589. 
101. Carroll, K.K. (1958)J. Nutr. 64, 399-410. 
102. Feldman, E.B., Russell, B.S., Schnare, F.H., Miles, B.C., and 

Doyle, E.A. (1979)J. Nutr. 109, 2226-2236. 
103. Thomson, A.B.R. (1980)J. Lipid Res. 21, 1097-1107. 
104. Soichura, M., Asakura, H., Nagata, H., Marishita, T., 

Watanabe, M., and Tsuchiya, M. (1981) BibL Anaa 20, 289-295. 
105. Jones, P.J.H., Pencharz, P.B., and Clandinin, M.T. (1985) Am. 

J. Clin. Nutr. 42, 769-777. 
106. Ockner, R.K., Pittman, J.P., and Yager, J.L. (1972) 

Gastroenterology 62, 981-992. 
107. Mattil, K.F., and Higgins, J.W. (1945) J. Nutr. 29, 255-260. 
108. Mattson, F.H. (1959)J. Nutr. 69, 338-342. 
109. Tomarelli, R.M., Meyer, B.J., Weaber, J.R., and Bernhart, F.W. 

(1968) J. Nutr. 95, 583-590. 
110. Filer, F.J., Jr., Mattson, F.H., and Fomon, S.J. (1969)j. Nutr. 

99, 293-298. 
111. Bonanome, A., and Grundy, S.M. (1988) New Eng. J. Meal 31~ 

1244-1248. 
112. Vahouny, G.V. (1982) in Dietary Fiber in Health and Disease 

(G.V. Vahouny and D. Kritchevsky, eds.) pp. 203-227, Plenum 
Press, New York, NY. 

113. Alfin-Slater, R.B., Morris, R.S., Hansen, H., and Proctor, J.F. 
(1965) J. Nutr. 87, 168-172. 

114. Terano, T., Hirai, A., Hamazaki, T., Kobayashi, S., Fujita, T., 
Tamura, Y., and Kumagai, A. (1983) Atherosclerosis 46, 
321-331. 

115. Hamazaki, T., Hirai, A., Terano, T., Sajiki, J., Kondo, S., Fu- 
jita, T., Tamura, Y., and Kumagai, A. (1982) Prostaglandins 
23~ 557-568. 

116. Bjerve, K.S., Fischer, S., and Alme, K. (1987)Am. J. Clin. Nutr. 
46, 570-576. 

117. Yoshimura, T., Ito, M., Matsui, K., and Fujisaki, S. (1986) Pro- 
staglandins 32, 179-188. 

118. Holme, S., Brox, J.H., Krane, H., and Nordoy, A. (1984) 
Thromb. Haemostas. 51, 32-36. 

119. Croset, M., and Lagarde, M. (1986) Thrornb. Haemostas. 56, 
57-62. 

120. Hajarine, M., and Lagarde, M. (1986) Biochim- Biophys. Acta 
877, 299-304. 

121. Nagakawa, Y., Orimo, H., Murota, S., and Murita, I. (1982) 
Domyaku Koda 10, 631-640. 

122. Velardo, B., Lagarde, M., Guichardant, M., Dechavanne, M., 
Beylot, M., Sautot, G., and Berthezene, F. (1982) Thromb. 
Haemostas. 4& 344. 

123. Hamazaki, T., Urakaze, M., Makuta, M., Ozawa, A., Soda, Y., 
Tatsumi, H., Yano, S., and Kumagai, A. (1987) Lipids 22, 
994-998. 

124. Philbrick, D.J., Mahadevappa, V.G., Ackman, R.G., and Holub, 
B.J. (1987)J. Nutr. 117, 1663-1670. 

125. Shimizu, S., and Yoshihara, S. (1977) Agric. BioL Chem. 41, 
1525-1527. 

126. Boidron, J.N., Lefebvre, A., Ribeulet, J.M., and Ribereau- 
Gayon, P. (1984) Sci. Aliments. 4, 609-616. 

127. Lange, L.G., Bergraan, S.R., and Sobel, B.E. (1981) J. BioL 
Chem. 256, 12968-12973. 

128. Lange, L.G., and Sobel, B.E. {1983)J. Clin. Invesa 72, 724-731. 
129. Vahouny, G., Chen, I.S., Satchithanandam, S., Cassidy, M.M. 

and Sheppard, A.J. (1985) in Prostaglandins, Leukotrienes and 
Lipoxins (J.M. Bailey, ed.) pp. 393-403, Plenum Press, New 
York, NY. 

130. Ricci, S., Patoia" L,  Berrettini, M., Binaglia, L., Scarcella, M.G., 
Bucaneve, G., Vecchini, A., Carloni, I., Agostini, L., Parise, 
P., and Del Favero, A. (1987) Stroke 18~ 575-578. 

131. Bruckner, C.G., Lokesh, B., German, B., and Kinsella, J.E. 
(1984) Thrombosis Res. 34, 479-497. 

132. Takeuchi, H., Ito, A., Murase, T., Nagai, M., and Muramatsu, 
K. (1984)Agric. BioL Chem. 48~ 2125-2127. 

133. Horrobin, D.F., Huang, Y.S., Cmmane, S.C., and Manku, M.S. 
(1984) Lipids 19, 806-811. 

134. Fragiskos, B., Chan, A.C., and Choy, P.C. (1986) Ann. Nutr. 
MetaboL 30, 331-334. 

135. Urakaze, M., Hamazaki, T., Soda, Y., Miyamoto, A., Ibuki, F., 
Yano, S., and Kumagai, A. (1986) ThrombosisRes. 44, 673-682. 

136. Carlson, S.E., Rhodes, P.G., and Ferguson, M.G. (1986) Am. 
J. Clin. Nutr. 44, 798-804. 

137. Siess, W., Roth, P., Scherer, B., Kurzman, T., Bohlig, F., and 
Weber, P.C. (1980~ Lancet ~ 441-444. 

138. Fischer, S., and Weber, P.C. (1983) Biochem- Biophys. Res. 
Commun. 116, 1091-1099. 

139. Brindley, D.N. (1974) in Biomembranes (Smyth, D.H., eeL) Vol. 
4B, pp. 621-671, Plenum Press, New York, NY. 

140. Schiller, C.M., David, J.S.K., and Johnston, J.M. (1970) 
Biochim. Biophys. Acta 210, 489-492. 

141. Rao, G.A., and Johnston, J.M. (1966)Biochim- Biophys. Acta 
125, 465-473. 

142. Polheim, D., David, J.S.K., Schultz, F.M., Wylie, M.B., and 
Johnston, J.M. (1973)J. Lipid Res. 14, 415-421. 

143. Schaefer, E.J., Eisenberg, S., and Levy, R.I. (1978)j. LipidRes. 
19, 667-687. 

144. Green, P.H.R., and Glickman, R.M. (1981) J. Lipid Res. 22, 
1153-1173. 

145. Morre, D.J. (1977) Cell Surf. Rev. 4, 1-83. 
146. Aviram, M., Brox, J., and Nordoy, A. (1986)Ann. Nutr. Metab. 

30, 143-148. 
147. Van Gent, C.M., Luten, J.B., Bronsgeest~choute, H.C., and 

Ruiter, A. (1979) Lancet i~ 1249-1250. 
148. Saynor, R., GiUott, T., Dolye, T., Allen, D., Field, P., and Scott, 

M. (1986) Prog. Lipid Res. 25, 211-217. 
149. Kobatake, Y., Kuroda, K., Jinnouchi, H., Nishide, E., and 

Innami, S. (1984)J. Nutr. ScL VitaminoL 30, 357-372. 
150. Sanders, T.A.B., Sullivan, D.R., Reeve, J. and Thompson, G.R. 

(1985) Arteriosclerosis 5, 459-465. 
151. Anding, R.H., and Hwang, D.H. (1986) Lipids 21, 697-701. 
152. Nossen, J.O., Rustan, A.C., Gloppestad, S.H., Malbakken, S., 

and Drevon, C.A. (1986) Biochim- Biophys. Acta 879, 56-65. 
153. Daggy, B., Arost, C., and Bensadoun, A. (1987) Biochim- 

Biophys. Acta 920, 293-300. 
154. Wong, S., and Nestel, P.J. (1987) Atherosclerosis 64, 139-146. 
155. Puppione, D.L., Corash, L., Kunitake, D.T., Smith, D.L., and 

Costa, D.P. (1987) in Polyunsaturated Fatty Acids and 
Eicosanoids {W.E.M. Lands, ed.) pp. 352-357, American Oil 
Chemists' Society, Champaign, IL. 

156. O'Dea, K., Steel, M., Naughton, J., Sinclair, A., Hopkins, G., 
Angus, J., He, G.-W., Niall, M., and Martin, T.J. (1988) Lipids 
2~ 234-341. 

157. Dervichian, D.G. (1954) in Progress in the Chemistry of Fats 
and OtherLipids (R.T. Holman, W.O. Lundberg and T. Malkin, 
eds.) Vol. 2, pp. 193-243, Pergamon Press, New York, NY. 

158. Bronsgeest-Schoute, H.C., Van Gent, C.M., Luten, J.B., and 
Ruiter, A. (1981) Am. J. Clin. Nutr. 34, 1752-1757. 

159. Holub, B.J., Bakker, D.J., and Skeaff, C.M. (1987) 
A therosclerosis 66, 11-18. 

160. Savary, P., and Constantin, M.J. (1987)Biochim- Biophys. Acta 
144, 549-555. 

161. Weiner, T.W., and Sprecher, H. (1984) Biochim- Biophys. Ac- 
ta 792; 293-303. 

162. Swanson, J.E., Black, J.M., and Kinsella, J.E. (1987)J. Nutr. 
117, 824-832. 

LIPIDS. Vol. 23, No. 11 0988) 



1014 

G.J. NELSON AND R.G. ACKMAN 

163. Iritani, N., and Narita, R. (1984} Biochim. Biophys. Acta 793, 
441-447. 

164. Parks, J.S., and Bullock, B.C. (1987}s LipidRes. 28~ 173-182. 
165. Parks, J.S., Martin, J.A., Sonbert, B.L., and Bullock, B.C. 

(1987) Arteriosclerosis 7, 71-79. 
166. Mahadevappa, V.G., and Holub, B.J. (1982) Biochim. Biophys. 

Acta 713, 73-79. 
167. Popp-Snijders, C., Schouten, J.A., De Jong, A.P., and van der 

Veen, E.A. (1984} Scand. J. Clin. Lab. Invest. 44, 39-46. 
168. Popp-Snijders, C., Schouten, J.A., Van Blitterswijk, W.J., and 

van der Veen, E.A. {1986} Biochim. Biophys. Acta 854, 31-37. 
169. Weaver, B.J., and Holub, B.J. (1985} Lipids 20, 773-777. 
170. Goodnight, S.H., Harris, W.S., and Conner, W.E. (1981} Blood 

58, 880-884. 
171. Mori, T.A., Codde, J.P., Vandongen, R., and Beilin, L.J. (1987) 

Lipids 22, 744-750. 
172. yon Schacky, C., and Weber, P.C. (1985} J. Clin. Invest. 76, 

2446-2450. 
173. von Schacky, C., Fischer, S., and Weber, P.C. (1985) J. Clin. 

Invest. 76, 1626-1631. 
174. von Schacky, C., Siess, W., Fischer, S., and Weber, P.C. (1985) 

J. Lipid Res. 26, 457-464. 
175. Galloway, J.H., Cartwright, I.J., Woodcock, B.E., Greaves, M., 

Russell, R.G., and Preston, F.E. (1985) Clin. ScL 68~ 449-454. 
176. Iritani, N., Mizoguchi, H., and Kitaya, M. (1987} Lipids 22, 

45-50. 
177. Iritani, N., Ikeda, Y., and Kajitani, H. (1984} Biochira. Biophys. 

Acta 793, 416-422. 
178. Skipski, V.P. (1972) in Blood Lipids: Quantitation, Composi- 

tion and Metabolism (G.J. Nelson, ed.) pp. 471-583, Wiley- 
Interscience, New York, NY. 

179. Moore, R.A., Oppert, S., Eaton, P., and Mann, J.I. (1977) C//rL 
EnclocrinoL 7, 143-149. 

180. Wood, D.A., Butler, S., Macintyre, C., Reimersma, R.A., Thom- 
son, M., Elton, R.A., and Oliver, M.F. (1987)Lancet i~ 177-183. 

181. Moilanen, T., Nikkari, T., Rasanen, L., Viikari, J., Akerbiom0 
H.K., Ahola, M., Dahl, M., Lahde, P-L., Pesonen, E., 
Pietikainen, M., Seppanen, A., Suoninen, P., and Uhari, M. 
(1983) Atherosclerosis 48~ 49-56. 

182. Nikkari, T., Salo, M., Maatela, J., and Aromaa, A. (1983) 
A therosclerosis 49, 139-148. 

183. Nikkari, T., Rasanen, L., Viikari, J., Akerblom, H.K., Vuori, 
I., Pyorala, K., Uhari, M., Dahl, M., Lahde, P.-L., Pesonen, E., 

and Suoninen, P. (1983) Am. J. Clin. Nutr. 37, 848-854. 
184. Dougherty, R.M., Galli, C., Ferro-Luzzi, A., and Iacono, J.M. 

(1987) Am. J. Clin. Nutr. 45, 443-455. 
185. Ho|mer, G., and Beare-Rogers, J.L. {1985} Nutr. Res. 5, 

1011-1014. 
186. Manku, M.S., Horrobin, D.F., Huang, Y-S., and Morse, N. 

(1983} Lipids l& 906-908. 
187. Spector, A.A., Kaduce, T.L., Figard, P.H., Norton, K.C., Hoak, 

J.C., and Czervionke, R.L. (1983) J. LipidRes. 24, 1595-1604. 
188. Tou, J-S. (1984} Lipids 19, 573-577. 
189. Careaga, M.M., and Sprecher, H. (1984} J. Biol. Chem. 259, 

14413-14417. 
190. Balint, J.A., Beeler, D.A., Treble, D.H., and Spitzer, H.L. (1967} 

J. Lipid Res. 8, 486-493. 
191. Tso, P., Balint, J.A.,  and Simmonds, W.J. (1977) 

Gastroenterology 73, 1362-1367. 
192. Boyce, J., and Fordyce, F. (1987} Human Nutr.: Applied Nutr. 

41A, 364-366. 
193. Harris, W.S., Dujovne, C.A., Zucker, M.L., and Johnson, B.E. 

(1987} Circulation 76, Suppl. iv, p. 168. 
194. Peiler, J.J., Jannsen, F., Ahn, P., Cox, W., and Lundberg, W.O. 

(1960) Arch. Biochem. Biophys. 86, 302-308. 
195. Peifer, J.J., Lundberg, W.O., Ishio, S., and Warmanen, E. (1965} 

Arch. Biochem. Biophys. 110, 270-283. 
196. Kobatake, Y., Hirahara, F., Innami, S., and Nishide, E. (1983} 

J. Nutr. Scs VitaminoL 29, 11-21. 
197. Von Lossonczy, T.O., Ruiter, A., Bronsgeest-Schoute, H.C., van 

Gent, C.M., and Hermus, R.J.J. (1978) Am. J. Clin. Nutr. 31, 
1340-1346. 

198. Singer, P., Walfraud, J., Wirth, M., Voight, S., Nauman, E., 
Zimontkowski, S., Hajdu, I., and Goedicke, W. {1983} 
Atherosclerosis 49, 99-108. 

199. Phillipson, B.E., Rothrock, D.W., Connor, W.E., Harris, W.S., 
and IUingworth, D.R. (1985} N. EngL J. Meal 312, 1210-1219. 

200. Bimbo, A.P. (1986} in n-3 News I (No. 3), p. 1, Department of 
Preventive Medicine, Harvard Medical School, Boston, MA. 

201. Sweetser, D.A., Heuckeroth, R.O., and Gordon, J.I. (1987} Ann. 
Rev. Nutr. 7, 337-359. 

202. Driss, F., and Darcet, Ph. {1988} Rev. Franc. Corps Gras 35, 
7-11. 

[Received May 9, 1988; Revision accepted August 16, 1988] 

LIPIDS, Vol. 23, No. 11 (1988) 



A R T I C L E S  I 

1015 

I 

cis-9,10-Epoxystearic Acid in Human Leukocytes: 
Isolation and Quantitative Determination 
Per Fahlstadlus 
Department of Physiological Chemistry, Karolinska Instltutot, S-I04 01 Stockholm, Sweden 

Racemic c/s-9,1(~epoxystearic acid was isolated from total 
iipids of human leukocytes.  Identification of the epoxy 
acid was based mainly on gas liquid chromatographic-  
mass  spectrometric analysis and on its chemical conver- 
sion into thre~9,1{~dihydroxystearic acid. A mass spec- 
trometric method for quantitative determination of c/s- 
9,10-epoxystearic acid using the tetradeuterated com- 
pound as internal standard was developed. Using this 
method, nonstimulated human leukocytes were found to 
contain 5.1 --+ 2.2 ~g (SD} of c/s-9,1~epoxystearic acid per 
109 cells (n = 8). More than 90% of the epoxy acid oc- 
curred in its esterified form in leukocyte lipids. 
Lipids 23, 1015-1018 (1988). 

Recently, human leukocytes incubated with linoleic acid 
were reported to produce 9,10-epoxy-12-octadecenoic acid 
(1,2). The epoxy acid, which served as an uncoupling agent 
in mitochondrial respiration and caused relaxation of rat 
stomach smooth muscle, was named "leukotoxin." Bio- 
synthesis of leukotoxin was enhanced in the presence of 
either calcium ion or the divalent ion ionophore, A 23187 
(2). The presence of endogenous leukotoxin in unstimu- 
lated cells was also reported (2). 

A study was initiated in our laboratory to examine the 
possible presence and formation of saturated epoxy acids 
in leukocytes. Such compounds might have easily escaped 
detection by the ultraviolet absorption method used in 
the previous work (1,2). The present paper is concerned 
with isolation and quantitative determination of one such 
saturated fat ty acid epoxide in human leukocytes, i.e., 
cis-9,10-epoxystearic acid. 

MATERIALS AND METHODS 

Materials. Oleic and linoleic acids were purchased from 
Sigma Chemical Co. (St. Louis, MO). [1-1~C]Linoleic acid 
was obtained from Amersham (Amersham, UK). Methyl 
cis-9,10-epoxystearate was prepared by epoxidation of 
methyl oleate by m-chloroperbenzoic acid (3). Methyl 
[1-'4C]cis-9,10~epoxystearate was obtained by monoepox- 
idation of [1-14C]linoleic acid followed by catalytic hydro- 
genation and preparative thin layer chromatography 
(TLC) (methyl cis-9,10-epoxystearate, Rf = 0.37; methyl 
cis-12,13~epoxystearate, l~ = 0.43). The specific radioac- 
tivity of the specimen was 137.109 cpm]mol. 

threo-9,10-Dihydroxystearic acid was prepared by treat- 
ment of methyl cis-9,10-epoxystearate (5 mg) with formic 
acid (1 ml) at room temperature for 2 hr, followed by 
1.2 ml of 0.17 M sodium hydroxide in 83% aqueous 
methanol at room temperature overnight. An aliquot of 

Abbreviations: PBS, phosphate buffered saline; GC-MS, gas 
chromatography-mass spectrometry; GLC, gas liquid chromato- 
graph(ic,y); TLC, thin layer chromatography. 

the dihydroxy acid was converted into the methyl ester- 
trimethylsilyl (Me3Si) derivative and analyzed by gas 
chromatography-mass spectrometry (GC-MS). The mass 
spectrum showed prominent ions at m/e 332 (M-142; 
rearrangement with loss of OHC-(CH2)TCH3), 259 
{Me3SiO+=CH-(CH2)7-COOCH3) and 215 {Me3SiO += 
CH-(CH2)7-CH3). This is in agreement with data 
published earlier (4). 

erythro-9,10-Dihydroxystearic acid was prepared by 
osmium tetroxide hydroxylation of methyl oleate (5) fol- 
lowed by saponification. The mass spectrum of the methyl 
ester-MeaSi derivative was virtually identical to that  of 
the corresponding derivative of threo-9,10-dihydroxy- 
stearic acid (see above}. 

Human leukocytes in calcium-free phosphate buffered 
saline (PBS), pH 7.4, were prepared as previously de- 
scribed (6). The cell count was adjusted to 10S/ml. 

Methyl [9,10,12,13-2H4]cis-9,10-epoxystearate. Methyl 
[9,10,12,13-2H4]linoleate (10 mg) (7) was stirred with 
50 ~l of 100% hydrazinium hydroxide and 3 mg of cupric 
diacetate in 1 ml of methanol for 6 hr at room tempera- 
ture. Gas liquid chromatographic {GLC) analysis of the 
product demonstrated the presence of methyl stearate, 
methyl 9- and 12-octadecenoates, as well as methyl linole~ 
ate. Epoxidation by m-cMoroperbenzoic acid afforded 
a mixture of deuterated methyl 9,10- and 12,13-epoxy- 
stearates, as well as methyl 9,10,12,13-diepoxystearate. 
Pure methyl [9,10,12,13-ZH4]cis-9,10-epoxystearate 
was obtained following preparative TLC. The isotopic 
composition was 7% trideuterated and 93% tetradeuter- 
ated molecules, as determined by mass spectrometry 
using the unlabeled compound as reference. 

Methods. TLC was carried out with Merck Fertigplat- 
ten {Kieselge160, 0.25 ram). The solvent system used was 
ethyl acetate/hexane (15:85, v/v). Spots were visualized 
by spraying with 2,7-dichlorofluorescein and viewed under 
UV light. 

Gas liquid chromatography was carried out with an 
F&M Biomedical Gas Chromatograph Model 402. The 
stationary phase used was 3% SE 30 on Supelcoport, ex- 
cept for analysis of menthoxycarbonyl derivatives, in 
which case the stationary phase was 5% QF-1 on Supelco- 
port. The column lengths were 1.8 m. Analysis of cyclic 
carbonate derivatives was performed with a Carlo Erba 
StrumentazSone HRCG 5300 gas chromatograph. A 25-m 
fused silica capillary column of 007 methyl silicone was 
used. The column temperature was 250~ 

Mass spectrometry was carried out with an LKB 9000S 
instrument equipped with column of 1% SE 30 on 
Chromosorb W, except for the analysis of synthetic and 
biologically derived methyl 9,10-epoxystearate, in which 
case a column of 3% OV-210 on Supelcoport was used. 
The carrier gas was helium in all gas liquid chromato- 
graphs. In all mass spectras, the electron energy was 
22.5 eV and the trap current 60 ~A. 
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Radioactivity was determined with a Packard Tri-Carb 
series 4000 instrument. Methods for catalytic hydrogena- 
tion (8) and oxidative ozonolysis {9) and for preparation 
of Me3Si (8), (-)-menthoxycarbonyl (9) and cyclic car- 
bonate (5) derivatives were as previously described. 

R E S U L T S  

Isolation and identification of cis-9,10-epoxystearic acicL 
Suspensions of human leukocytes in calcium-free PBS 
{108 cells/ml) were added to 20 vol of chloroform]metha- 
nol {2:1, v/v). The mixture was kept at room temperature 
for 30 min. Precipitated protein was removed by filtra- 
tion, and the clear filtrate was shaken with 0.9% saline 
(0.2 vol with respect to the volume of filtrate). The 
chloroform layer was taken to dryness, and the residue 
was treated with 10 ml of 0.5 M sodium hydroxide in 80% 
aqueous methanol at room temperature overnight. The 
solution was extracted with one portion of hexane and 
subsequently acidified and extracted with two portions 
of diethyl ether. The combined ether phases were washed 
until neutral and then taken to dryness. The residue was 
treated with diazomethane and subjected to preparative 
TLC using authentic methyl cis-9,10-epoxystearate as 
reference. The zone corresponding to the reference spot 
{R+ -- 0.37) was scraped off and extracted with ethyl 
acetate. Material thus obtained was analyzed by GC-MS. 
A peak with a C value identical to that of authentic 
methyl cis-9,10-epoxystearate (C-22.0) appeared. The 
mass spectrum {Fig. 1) was identical to that of the 
reference compound and showed prominent ions inter alia 
at m/e 294 (M-18; loss of H20), 281 (M-31; loss of 
"OCH3), 214 (M-98; elimination of CH2=CH-CsHtt or its 
equivalent by cleavage of the 11-12 bond and rearrange- 
ment of one hydrogen atom), 199 (M-113; loss of 
"(CH2)7-CH 3) and 155 (M-157; loss of "(CH2)7-COOCH3). 
This is in agreement with data published earlier (10,11). 

In addition, a minor peak appeared in the gas chromatc~ 
gram. The retention time and mass spectrum of this 
material were identical to those of authentic methyl 
9,10~poxy-12-octadecenoate. 

An aliquot of the epoxy ester isolated from leukocytes 
was treated with formic acid followed by sodium hydrox- 
ide. This treatment resulted in the formation of 9,10-di- 
hydroxystearic acid as judged by GC-MS. The C value 
of the methyl ester-Me3Si derivative was 21.4 {refer- 
ences, corresponding derivatives of threo- and erythro- 
9,10-dihydroxystearates, C-21.4 and C-21.5, respectively). 
The mass spectrum recorded on the Me3Si derivative of 
the biologically derived dihydroxyester {Fig. 2) was iden- 
tical to those of the Me3Si derivatives of authentic 
methyl threo- and erythro-9,10-dihydroxystearates. 
Methyl 9,10-dihydroxystearate (=20 ~g) prepared from 
the biologically derived 9,10~epoxystearate was converted 
into the cyclic carbonate derivative (5) and analyzed by 
GLC using the cyclic carbonate derivatives of methyl 
threw and erythro-9,10-dihydroxystearates as references. 
The derivative of the biologically derived 9,10-dihydroxy- 
stearate cochromatographed with the cyclic carbonate 
derivative of methyl threo-9,10-dihydroxystearate {re- 
tention time, 17.2 rain; retention time of cyclic carbonate 
derivative of methyl erythro-9,10-dihydroxystearate, 
18.1 rain). 

On the basis of these data, the epoxy acid isolated from 
human leukocytes was assigned the structure cis-9,10- 
epoxystearic acid. To determine the absolute configura- 
tion of biologically derived methyl 9,10-epoxystearate, a 
sample (=20 ~g) was converted into a mixture of methyl 
9-hydroxy-10-octadecenoate and methyl 10-hydroxy-8- 
octadecenoate using a modification of a previously de- 
scribed procedure for conversion of epoxy derivatives into 
allylic alcohols (12). The (-)-menthoxycarbonyl derivaties 
of the allylic hydroxy esters were subjected to oxidative 
ozonolysis. The esterified product was analyzed by GLC. 
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FIG. 1. Mass spectrum of methyl 9,10-epoxystearate derived from endogenous 9,10- 
epoxystearic acid in human leukocytes. 
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FIG. 2. Mass spectrum of the Me3Si derivative of methyl 9,1{~dihydroxystearate 
prepared by hydrolysis of endogenous 9,10-epoxystearic acid in human ieukocytes. 
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This analysis showed that  dimethyl  2-hydroxysebacate 
(derived from methyl  9-hydroxy-10-octadecenoate) and 
methyl  2-hydroxydecanoate (derived from methyl  10- 
hydroxy-8-octadecenoate) were both racemic. Accord- 
ingly, the parent  methyl  cis-9,10-epoxystearate was also 
racemic. 

Quantitative determination of cis-9,1(~epoxystearic 
acid. Methyl  cis-9,10-epoxystearate, O, 01, 0.2, 0.4 and 
1.0 pg, was added to 2 / ~ g  of methyl  [9,10,12,13-2H4]cis - 
9,10-epoxystearate. The mixtures of unlabeled and deuter- 
ated 9,10-epoxystearates were converted into methyl  
threo-9,10-dihydroxystearates by successive t rea tments  
with formic acid, sodium hydroxide and diazomethane, 
as described above. The Me3Si derivatives were sub- 
jected to GC-MS. The mass region 207-225 was scanned 
repeatedly (ca. 10 spectra). Intensit ies of the ion at m/e 
215 (protium form, M%SiO+=CH-CH2-CH2-CH2-CsHn) 
and of the ion at  m/e 218 (deuterium form, Me3SiO + 
=C2H-CH2-CH2H-CH2H-CsH,)  were summed, and the 
ratio of total  intensities of ions 215/218 was calculated. 
Figure 3 shows a plot of the ratio of ion intensities vs the 
ratio of protiuIn/deuterium forms in the samples analyzed. 
The slope was 1.06, and the y-intercept was 0.01. 

For quanti tat ive determination of cis-9,10-epoxystearic 
acid, suspensions of human leukocytes (5 ml; 108 cells/ 
ml) were added to 20 vol of chloroform/methanol (2:1, v/v) 
containing 10 ~g of deuterated methyl  cis-9,10-epoxy- 
stearate. Extract ion and alkaline hydrolysis were carried 
out  as described above. The esterified material  was sub- 
jected to TLC and the purified 9,10-epoxystearate w a s  
converted into methyl  threo-9,10-dihydroxystearate. 
Analysis of the MeaSi derivative by  mass spect rometry  
was carried out as described above. The amount  of non- 
deuterated dihydroxystearate ,  corresponding to endo- 
genous 9,10-epoxystearate, was calculated from the ratio 
of intensities of ions 215/218 using the s tandard  curve 
(Fig. 3). The results of eight such determinat ions using 
different batches of leukocytes gave a mean content  of 
cis-9,10-epoxystearic acid in human leukocytes of 5.1 + 
2.2 pg (SD) per 109 cells. In another  set of experiments,  
saponification of the leukocyte lipids was omitted. In this 

case, the amount  of 9,10-epoxystearic acid detected was 
0.4 ~g (range 0.1-1.1) per 109 cells (n = 5). Thus, the 
amount  of unesterified cis-9,10-epoxystearic acid was less 
than 10% of the esterified epoxy acid. In agreement with 
this finding, incubation of human leukocytes with 
cis-9,10-epoxystearic acid led to incorporation of the 
epoxy acid in leukocyte lipids. As seen in Table 1, the 
recovery of added cis-9,10-epoxystearic acid was 51% 
when the leukocyte lipids were hydrolyzed, as compared 
with 7% when hydrolysis was omitted. 

DISCUSSION 

The presence of optically active 9,10-epoxystearic acid, 
9,10-epoxy-12-octadecenoic acid (coronaric acid) and 
12,13-epoxy-9-octadecenoic acid (vernolic acid} in certain 
plant oils is well documented (13}. Recently, leukocytes 
from different animal species including man were found 
to produce 9,10-epoxy-12-octadecenoic acid and 12,13- 
epoxy-9-octadecenoic acid. The 9,10-epoxy acid was the 
predominant  one and was named " leukotoxin"  (1-2). In 
addition, guinea pig peritoneal leukocytes were reported 
to release large amounts  (1.7-6.8 fmol/cell) of leukotoxin 
(free acid) when t reated with aqueous ethanol (2). 

In the present  study, the occurrence of 18-carbon 
monocpoxy acids in lipids of human leukocytes was ex- 
amined. Total  leukocyte lipids were saponified, and the 
product  was esterified by  t rea tment  with diazomethane 
and subjected to TLC. The TLC fraction containing mono- 
epoxy esters was analyzed by GC-MS,  either directly or 
following conversion of the epoxide function into the 
vicinal diol. The major epoxy acid was identified as 9,10- 
epoxystearic  acid by GC-MS using the authentic com- 
pound as reference. Hydrolysis of the epoxy acid afforded 
threo-9,10-dihydroxystearic acid, thus showing tha t  the 
epoxide group had the eis configuration. Steric analysis 
using a recently developed method (Fahlstadius, P. and 
Hamberg,  M., to be published) demonst ra ted  tha t  the 
biologically derived 9,10-epoxystearate was largely race- 
mic, i.e., a mixture  of methyl  9(S),10(R)- and 9(R),10(S)- 
epoxystearates .  
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FIG. 3. Plot of the ratio of ion intensities, m/e 215/218 vs the ratio 
of protium/deuterium forms. The slope was 1.06, and the y-intercept 
was 0.01. 

TABLE 1 

Incorporation of Exogenous c/s-9,10-Epoxystearic Acid 
into Leukocyte Lipids 

Recovery of added 
Amount of 9,10-epoxy- 9,10-epoxy stearic acid 

stearic acid 
Condition (~g) (~g) (%) 

I 0.1 --  --  
II 0.4 0.3 7 
III 3.4 -- -- 
IV 5.3 1.9 51 

Human leukocytes (5 ml, 108 cells/ml) were incubated either with 
or without 3.8/~g of cis-9,10-epoxystearic acid for 30 rain at 37~ 
The incubate was worked up and 9,10-epoxystearic acid was quan- 
tiffed, as described in the text. Mean values of the amounts of 
9,10-epoxystearic acid in 3 experiments are shown. 
I = no hydrolysis of total leukocyte lipids, no 9,10-epoxystearic acid 
added. II = no hydrolysis of total leukocyte lipids, 3.8 eg of 
9,10-epoxystearic acid added. III = hydrolysis of total leukocyte 
lipids as described in the text, no 9,10-epoxystearic acid added. IV = 
hydrolysis of total leukocyte lipids, 3.8 ~g of 9,10-epoxystearic acid 
added. 
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In addition to 9,10-epoxystearate,  human  leukocyte 
lipids were found to contain small amounts  of 9,10-epoxy- 
12-octadecenoic acid or " leukotoxin"  {1,2}. The rat io of 
9,10-epoxystearic acid to 9,10-epoxy-12-octadecenoic acid 
was 5-10:1. 

A mass  spectrometr ic  method for quant i ta t ive  deter- 
m ina t i on  of c i s - 9 , 1 0 - e p o x y s t e a r i c  acid in h u m a n  
leukocytes was developed. With this method, the content  
of ester-bound c is -9 ,10-epoxys tear ic  acid in human  
leukocytes was found to be 5.1 • 2.2 ~g (SD)/109 cells. 
On the other hand, much smaller amounts  of nonesterified 
epoxystear ic  acid could be detected (0.4 ~g [range 
0.1-1.1]/109 cells}. This result  was in agreement  with the 
finding tha t  cis -9 ,1(~epoxys tear ic  acid incubated with 
leukocyte suspensions was rapidly incorporated into 
leukocyte lipids. An undefined linoleic acid hydroperox- 
ide was recently sugges ted  to be the precursor  of 9,10- 
epoxy-12-octadecenoic acid {2). However,  it seems more 
likely tha t  format ion of monoepoxy acids in leukocytes 
occurs by  a monooxygenase-catalyzed epoxidation of the 
appropr ia te  unsa tu ra ted  f a t t y  acid. Conversions of oleic 
acid {14}, linoleic and a-linolenic acids {15}, as well as 
arachidonic acid {16,17} into monoepoxy acids in the 
presence of liver microsomes have been weB-documented. 
The reaction involves cytochrome P-450 and results in the 
format ion of a mixture  of regio- and stereoisomeric {18) 
epoxy derivatives.  The pa thway  in the biosynthesis  of 
ester-bound cis-9,10-epoxystearate  in leukocytes may  con- 
sist  of a monooxygenase-cata lyzed epoxidat ion of free 
oleic acid followed by incorporation of the fa t ty  acid epox- 
ide in leukocyte lipids. Alternat ively,  oleate esterified in 
leukocyte lipids may  be directly epoxidized. 
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Effects of Dietary Palm Oil on Arterial Thrombosis, Platelet Responses 
and Platelet Membrane Fluidity in Rats 
Margaret L Randa,', Adje A.H.M. Hennlssen~ and Gerard Hornstraa," 
Departments of aBiochemlstn/and bHurnan Biology, State University of Limburg, P.O. Box 616, 6200 MD Maastrlcht, The Netherlands 

Wistar rats were fed a control diet containing 5 energy 
% (en %) sunflowerseed oil or diets containing 50 en % 
of either palm oil, rich in saturated fatty acids, or sun- 
flowerseed oil, high in linoleic acid, for at least eight 
weeks. Arterial thrombosis tendency, measured by the 
aorta loop technique, tended to be lowered by the palm 
oil diet and was lowered significantly by the sunflower- 
seed oil diet, compared with the control. Aggregation of 
platelets in whole blood activated with collagen was not 
altered by palm oil feeding, but was enhanced in the 
sunflowerseed oil group, compared with the control. The 
concomitant formation of thromboxane A 2 was de- 
creased by palm oil feeding, although formation of pros- 
tacyclin did not change; the ratio of thromboxane/pros- 
tacyclin formed was decreased significantly in the palm 
oil group. Compared with the control diet, platelet mem- 
brane fluidity, measured by fluorescence polarization, was 
not altered in the palm oil group and was significantly 
increased only by sunflowerseed~il feeding. Thus, al- 
though palm oil contains about 50% saturated fatty acids, 
it did not increase arterial thrombosis tendency and 
tended to decrease platelet aggregation, as compared with 
highly polyunsaturated sunflowerseed oil. 
Lipids 23, 1019-1023 (1988}. 

The type of fat in the diet has been shown to influence 
arterial thrombosis {1,2). Using an in vivo model for 
arterial thrombogenesis in rats, we have previously 
demonstrated that, in general, diets high in saturated fats 
promote arterial thrombosis, but dietary polyunsaturated 
fatty acids of the n-6 and n-3 families have antithrombotic 
effects (2,3). 

Sunflowerseed oil contains large-amounts of linoleic 
acid [18:2(n-6)], and diets enriched in this oil have a con- 
sistent antithrombotic effect, significantly increasing the 
obstruction time of aortic loops in rats (2}. In contrast 
with this observation, dietary sunflowerseed oil enhances, 
in vitro, collagen-induced aggregation of blood platelets 
(4,5), cell fragments that play important roles in arterial 
thrombosis (6,7). This increased platelet aggregability 
may be due to the relatively increased production of the 
proaggregatory prostanoid thromboxane A 2 (TXA2), a 
greater production than can be explained on the basis of 
the platelet phospholipid content of the thromboxane 
precursor, arachidonic acid (8). We have recently reported 
that  platelets from rats fed diets high in sunflowerseed 
oil have an increased overall membrane fluidity {5) and, 
as a result, an extracellular "message," brought about 
by the interaction between collagen and the platelet mem- 
brane, may be transmitted more efficiently across the 

membrane to create a higher intracellular response {for- 
mation of TXA2). Consequently, feedback amplification 
upon platelet stimulation may be enhanced. 

This study describes investigations into the effects of 
another dietary fat, palm oil, that  also has been shown 
to have antithrombotic properties {2). Palm oil is unusual 
in having an antithrombotic effect, as it contains a low 
ratio of polyunsaturated to saturated fatty acids; it con- 
sists of about 10% linoleic acid and 50% saturated fatty 
acids {mainly palmitic acid [16:0]). We have examined the 
effects of dietary palm oil on rat platelet aggregation and 
prostanoid production in response to stimulation with col- 
lagen in whole blood, and on fat ty acid composition and 
membrane fluidity of the platelets, in an attempt to ac- 
count for the antithrombotic effect of palm oil. 

MATERIALS AND METHODS 

Animals and diets. Male Wistar rats (specific-pathogen- 
free}, aged five weeks, were fed, ad libitum, one of the 
following three diets for at least eight weeks: a diet con- 
taining 5% of its digestible energy {en %) as sunflower- 
seed oil--the control diet; a diet containing 50 en % 
sunflowerseed oil--the sunflowerseed oil diet {which is 
high in polyunsaturated fat ty acids); or a diet contain- 
ing 50 en % palm oil--the palm oil diet {which is high in 
saturated and monounsaturated fat ty acids}. All diets 
contained 23 en % casein; the remaining calories were con- 
tributed by corn starch. Other dietary components {min- 
erals, vitamins, and cellulose} were added, as previously 
described (2). The diets were freshly made at least once 
a week, and were stored at 4~ The rats were given tap 
water, ad libitum. 

The fat ty acid compositions of the dietary fats, deter- 
mined by gas liquid chromatography {GLC} after 
methylation {See Lipid analyses in this section.), are given 
in Table 1. 

All dietary components, except the palm oil {from the 
Palm Oil Research Institute of Malaysia, Kuala Lumpur, 
Malaysia}, were provided by Unilever Research, Vlaar- 
dingen, The Netherlands. 

TABLE 1 

Fatty Acid Composition (%) of Dietary Fats 

Fatty acid Palm oil 

14:0 
16:0 

1Preesnt address: Department of Biochemistry, University of 18:0 
Toronto, Toronto, Ontario, Canada M5S 1A8. 18:1(n-9) 

*To whom correspondence should be addressed. 18:2(n-6) 
Abbreviations: DPH, 1,6-dipbenyl-l,3,5-hexatriene; TXA 2, throm- 18:3(n-3) + 20:0 
boxane A2; TXB 2, thromboxane B2; GLC, gas liquid chromatog- 22:0 
raphy; OT, obstruction time. 

Dietary fat 

Sunflowerseed oil 

1 
44 6 
5 4 

39 22 
I0 66 
1 1 
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Measurement of arterial thrombosis tendency. After a 
feeding period of eight to nine weeks, the arterial throm- 
bosis tendency of the rats was measured using the aorta 
loop technique, as previously described (9). The time be- 
tween insertion of the loop and complete obstruction of 
blood flow through the loop, indicated by a change in the 
color of the blood from red to dark blue or black, is de- 
fined as the obstruction time (OT). 

Platelet aggregation in whole blood During insertion 
of the aorta loop, blood (1.35 ml) was collected via the loop 
into a prewarmed syringe containing 3.8% trisodium 
citrate (0.15 ml) (5). This anticoagulated blood was trans- 
ferred to an aggregometer cuvette in the thermostated 
(37~ cuvette holder of a whole blood aggregometer 
(Model 500, Chrono-log Corp., Havertown, PAL Five rain 
after blood collection, collagen (3.3 ~g/ml, final concen- 
tration; Hormon Chemie, Munich, FRG) was added, and 
the change in impedance, which reflects platelet aggrega- 
tion around platelets adherent to the electrodes (10,11), 
was recorded for 15 rain. 

Measurement of prostanoid formation in collagen- 
activated whole bloocs At completion of an aggregation 
measurement, the blood was immediately transferred to 
a small tube and centrifuged at 9,600 X g for 2 min. The 
platelet-free plasma was collected and stored at -20~  
until the measurement of thromboxane B2 (TXB2), the 
stable breakdown product of TXA2, using a radio- 
immunoassay kit (NEK-007, New England Nuclear, 
Dreieich, FRG) (5), and measurement of 6-keto-PGFla, 
the stable metabolite of prostacyclin, also using a radioim- 
munoassay kit (NEK-008, NEN). 

Platelet preparation. Suspensions of washed platelets 
were prepared from blood obtained by abdominal aortic 
puncture of rats that had been anesthetized with ether. 
The animals were exsanguinated at least three weeks after 
insertion of the aorta loop, that is, after a feeding period 
of at least 12 weeks. Six parts of blood were collected into 
one part of the anticoagulant acid-citrate-dextrose (12) 
and suspensions of washed platelets were prepared essen- 
tially according to the method of Ardlie and coworkers 
(13), as described previously (5). The final resuspension 
medium of the platelets was Tyrode solution containing 
5 mM HEPES, pH 7.35; a portion of the final platelet sus- 
pension was used for fluidity measurements and, in some 
cases, the remainder was centrifuged at 1,300 X g for 10 
min. The platelet pellet was resuspended in 0.5 ml of 
139 mM NaC1, 8 mM Na2EDTA, and the suspension was 
stored under N2 at -20~ until lipid analyses were done. 

Fluidity measurements. Platelet membrane fluidity was 
determined by the method of fluorescence polarization 
using the hydrophobic probe 1,6-diphenyl-l,3,5-hexatriene 
(DPH) (Molecular Probes Inc., Junction City, OR) (5,14, 
15). One volume of DPH dispersion (1 wM) was added to 
one volume of platelet suspension (108 platelets/ml) and 
the mixture was incubated at 37~ for 1 hr. Steady-state 
fluorescence~polarization measurements were done at 
37~ using an Aminco-Bowman spectrofluorimeter 
equipped with Glan-Thompson prism polarizers in the ex- 
citation and emission beams and r s (steady-state 
fluorescence anisotropy) was determined, as described 
previously (5). Corrections were made for scattering of 
polarized exciting light. To correct for slight day-to-day 
variations in the absolute values of rs, results are ex- 
pressed as comparisons with the control diet. 

Lipid analyses. EDTA (0.5 ml of a 1% solution) was 
added to thawing platelet preparations (0.5 ml). A tracer 
amount of tritiated cholesterol ([1,2,6,7-3H(N)]-choles - 
terol; NEN) was added to the samples to enable monitor- 
ing of recovery, and lipids were extracted according to 
the method of Bligh and Dyer (16). Butylated hydroxy- 
toluene (0.005%, final concentration) was added to all 
organic solvents used in the lipid analyses. The phos- 
phorus content of 5% of the total lipid extract was quan- 
titated in duplicate, using a modification of the Fiske/ 
Subbarow technique (17), and total platelet phospholipid 
content was calculated. 

Cholesterol and total phospholipids were separated 
from other lipids by thin layer chromatography and free 
cholesterol was determined as described previously, cor- 
recting for recovery of tritiated cholesterol (5). 

Total platelet phospholipids were eluted and trans- 
methylated with boron trifluoride. Methyl esters of the 
fat ty acids from the phospholipids were extracted with 
pentane and were analyzed by GLC with a Hewlett- 
Packard 5840A gas chromatograph using columns 
packed with 5% DEGS on Chromosorb WHP, 100/120 
mesh (Chrompack, Middelburg, The Netherlands) and 
2% Apiezon L on Chromosorb WHP, 100/120 mesh, as 
previously described (5). 

Using computer-assisted analysis, chromatograms were 
corrected for blank runs originating from extraction of 
platelet-suspending medium and were adjusted with 
respect to the internal standard, the methyl ester of 15:0. 
Results are expressed as area percentage of total fat ty 
acids. Identifications were made by comparison of reten- 
tion times with those of standard mixtures of fat ty acid 
methyl esters (from Unilever Research and Chrompack). 

Analysis of data. Because OTs of aorta loops show a 
log-normal pattern of distribution (2), logarithmic trans- 
formation of these values was necessary for statistical 
analysis. The same was found to be true for TXB2 and 
6-keto-PGF~o formed in whole blood in response to col- 
lagen. Analysis of variance, Bonferroni inequality test, 
Student's t-test or paired t-test were used as indicated 
in the Results and Discussion section to determine sig- 
nificance of differences. Two-tailed tests were performed. 

RESULTS AND DISCUSSION 

At the time of insertion of the aorta loops, that  is, after 
a feeding period of eight to nine weeks, there was no dif- 
ference in mean body weights (approximately 370 g) of 
the rats fed the three different diets. 

Increasing the amount of sunflowerseed oil in the diet 
from 5 en % to 50 en % was associated with a significant 
prolongation of the mean log OT of the aorta loops (P < 
0.05) (Fig. 1), indicating a decreased arterial thrombosis 
tendency. Rats fed the palm oil diet tended to have longer 
mean log OTs also, but this difference did not reach 
statistical significance (P = 0.10). Thus, palm oil feeding 
again tended to lower arterial thrombosis tendency. That 
a significant lowering of arterial thrombosis tendency was 
not observed in the present study may have been due 
to factors other than diet. For example, the variability 
in OTs of aorta loops is quite high and depends on the 
skill of the surgeon who inserts the loops. In an earlier 
study (3), feeding of 50 en % palm oil significantly lowered 
arterial thrombosis tendency compared with feeding 
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high-fat (50 en %) diets containing two different types  of 
sa tu ra ted  triglycerides, whale oil or hydrogenated  coco- 
nut  oil. Further  confirmation of the ant i thrombotic  effect 
of pa lm oil was  obtained in a later  s tudy  (18) in which 
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FIG. 1. Arterial thrombosis tendency, as determined by obstruction 
time (OT) of aorta loops of rats fed the control diet (C), the palm 
oil diet (PO) or the sunflowersced oil diet (SO). See Materials and 
Methods for further details of  the diets and aorta loop technique. 
Values are geometric means • SEM. Analys is  of variance and the 
Bonferroni inequality test  (2-tailed) were used to determine signifi- 
cances of differences. 

pa lm oils again prolonged the OT, compared  with a low- 
fat  control group (5 en % sunflowerseed oil}, but  no signifi- 
cant  difference was observed in compar ison with the OT 
of animals  on a 50 en % sunflowerseed-oil diet. When 
results from more recent, as yet  unpublished, experiments 
are included, arterial  th rombos is  tendency of ra t s  fed a 
high-fat palm oil diet has been compared with tha t  of ra ts  
fed a high-fat sunflowerseed oil diet in 10 studies, and tha t  
of ra t s  fed control diets of low-fat {5 en %} sunflowerseed 
oil or 5 en % sunflowerseed oil + 45 en % hydrogenated  
coconut  oil {This contains a high proport ion of sa tu ra ted  
f a t t y  acids.} in five s tudies each. The mean OT ( •  SEM) 
of the pa lm oil groups  was 92 • 3.8% of t ha t  of the high 
sunflowerseed-oil groups  (P > 0.10}, but  those of the low- 
fat  and high-fat control groups were 65 • 3.8% and 63 
• 2.5%, respect ively (P < 0.001). This clearly demon- 
s t ra tes  tha t  dietary palm oil has a distinctive anti throm- 
botic effect when compared  with a low-fat or a high- 
sa tura ted-fa t  diet. 

As measured by  the m a x i m u m  change in impedance, 
in ohms, there was a significantly grea ter  extent  of 
platelet  aggregat ion in whole blood in the sunflowerseed- 
oil group (6.8 • 0.81, n = 19), compared  with  the control 
group {4.25 • 0.55, n -- 19) (P < 0.01). There was no dif- 
ference in the extent  of platelet  aggregat ion  in the pa lm 
oil group {4.59 • 0.65, n = 20), compared  with the con- 
trol group. The values tended to be lower than  those 
observed for the sunflowerseed-oil group {0.1 > P > 0.05, 
means  • SEM, analysis  of variance and Bonferroni in- 
equal i ty test}. 

The present  s tudy  confirms earlier resul ts  (2,4,5) 
demons t ra t ing  tha t  d ie tary  sunflowerseed oil has a dis- 
t inct  an t i thrombot ic  effect t ha t  is associated,  unexpect-  
ediy, with enhanced platelet  aggregabi l i ty  in vi t ro  in 
response to collagen. Palm oil feeding was associated with 
a tendency towards  an an t i thrombot ic  effect, bu t  no 
change in platelet  aggregabil i ty,  as compared  with the 
control group. Consequently,  no relat ionship was ob- 
served between arterial thrombosis tendency in vivo and 
platelet aggregability to collagen in vitro. 

While sunflowerseed-oil feeding had no effect on the 
production of immunoreactive thromboxane or prosta- 
cyclin in collagen-activated whole blood, dietary palm oil 
significantly reduced thromboxane formation, leaving 
production of prostacyclin unaffected {Table 2}. This 

T A B L E  2 

Effect  of Dietary Fat  on Prostanoid Formation in Citrated Whole Blood Activated with Collagen (3.3 ~g/ml) a 

Diet 

Parameter Control Palm oil Sunflowerseed oil 

TXB 2 (log ng/ml) 1.70 ___ 0.066(20) 1.55 ___ 0.041{20) b 1.64 ___ 0.082{19) 
(ng/ml) 50.1 35.5 43.7 

6-keto-PGFl~ (log pg/ml) 2.95 • 0.027(20) 2.99 • 0.039(16) 3.05 • 0.030(14) 
(pg/ml) 891 977 1122 

TX/PG ratio c 64.3 • 7.32(20) 40.2 • 4.34(13) b 61.8 • 11.40{14) 

aValues are means ___ SEM. Number of determinations is given in parentheses. 
bSignificantly different than control {P < 0.01, Bonferroni inequality test). 
c Calculated on the basis of nontransformed data. 
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resul ted in a significantly lower thromboxane/pros ta-  
cyclin rat io  (Table 2), which has been sugges ted  to deter- 
mine platelet  react ivi ty  and thrombosis  tendency (19). I t  
is unlikely tha t  the reduced th romboxane  format ion by  
collagen-st imulated platelets  f rom ra t s  fed the pa lm oil 
diet was due to a lower platelet  count  in these animals, 
because similar numbers  of platelets were recovered from 
the ra t s  fed the different diets (data not  shown). 

The format ion of 6-keto-PGF~, in collagen-activated 
whole blood mos t  likely reflects prostacycl in  product ion 
by  monocytes  (20). Whether  these cells are ac t iva ted  
themselves and use endogenous arachidonic acid for pros- 
tanoid formation or whether t h e y " s t e a l "  arachidonic acid 
or endoperoxides f rom ac t iva ted  platelets  (21) remains  
to be determined.  Act iva ted  platelets  were mos t  likely 
the main source of th romboxane  produced by  collagen- 
ac t iva ted  whole blood. 

Al though th romboxane  product ion in vi t ro  has been 
demons t ra ted  to be posi t ively related to the arachidonic 
acid content of platelet phospholipids (8), the lower throm- 
boxane product ion in ac t iva ted  whole blood of pa lm oil- 
fed animals  cannot  be explained on the basis  of this rela- 
tionship, because the arachidonic acid content  of platelet  
phospholipids was not  detectably  affected by  die tary  
pa lm oil (Table 3). 

Lipid fluidity has been defined as the reciprocal of the 
lipid s t ructura l  order parameter ,  and lower values of r s 
(s teady-s ta te  fluorescence anisotropy), measured  using 
fluorescence polarization, indicate decreased s t ructura l  
order pa rame te r s  and increased membrane  fluidity (22). 
As observed earlier (5), the adminis t ra t ion  of a diet rich 
in sunflowerseed oil significantly enhanced the overall  
fluidity of platelet membranes,  measured with the hydro- 
phobic probe D P H  (Table 4). I t  has been sugges ted  t ha t  
this greater  fluidity promotes  stimulus-response coupling, 
and, as a result,  platelet  aggregat ion  is increased and 
TXA2 product ion in relation to arachidonic acid avail- 
abili ty is enhanced (5). I f  this is t rue for pa lm oil also, 
then the lower TXA2 format ion by  collagen-activated 
platelets  observed af ter  pa lm oil feeding should be 
associated with a reduced fluidity of platelet membranes.  
Compared with the control, however, palm oil feeding did 
not  modify the overall  fluidity of platelet  membranes  
(Table 4). 

Pa ramete r s  tha t  are known to modula te  membrane  
fluidity, the cholesterol]phospholipid molar  rat io  (C/P 
ratio) and the f a t ty  acid composi t ion of the membrane  
phospholipids (23,24), were determined in platelets  f rom 
ra t s  fed the control, palm-off and sunflowerseed~il  diets. 
There were no significant differences among  the C/P 
rat ios  of platelets  f rom ra t s  fed the control diet (0.60 _ 
0.01, n -- 3), the sunflowerseed-ofl diet (0.54 +_ 0.02, n = 
4) or the palm-oil diet {0.56 _ 0.01, n : 5) (means +_ SEM, 
analysis of variance). We have previously shown tha t  the 
C/P rat io  of platelets  f rom ra t s  fed the control diet and 
sunflowerseed-oil diet are essential ly identical {5). 

Feeding of the highly po lyunsa tu ra ted  sunflowerseed- 
oil diet, compared  with the control diet, was associated 
with differences in the f a t ty  acid composit ion of the to ta l  
platelet  phospholipids (Table 3) t ha t  reflected the f a t t y  
acid composi t ion of the sunflowerseed oil (Table 1). For 
example,  as shown previously (5), significantly higher 
levels of 18:2(n-6) (linoleic acid) and of its elongation prod- 
uct  24"2(n-6) were found in the sunflowerseed-oil group 

TABLE 3 

Fatty Acid Composition (%) of Phospholipids of Platelets from Rats 
Fed the Control, Palm Oil and Sunflowerseed Oil Diets a 

Diet 

Fatty' Control Palm off Sunflowerseed 
acid o (n = 3) (n = 4) oil (n = 5) 

14:0 0.6 • 0.04 0.4 _ 0.04 0.5 • 0.05 
16:0 27.3 • 0.15 27.5 • 0.63 24.6 • 0.37 e 
16:1{n-7} 1.3 __- 0.02 0.7 • 0.08 0.9 • 0.31 
18:0 13.2 _ 1.56 12.6 • 0.98 16.3 • 1.12 
18:1(n-91 7.9 -- 0.65 6.7 -- 0.15 4.3 __- 0.19 e 
18:2{n-6) 4.5 • 0.18 4.0 - 0.36 9.9 - 0.32 e 
20:0 NS 0.9 --- 0.13 0.7 __ 0.04 
20:1{n-9) 0.5 • 0.08 0.8 • 0.04 0.5 • 0.03 
20:3(n-9) 0.3 • 0.04 NS c 0.1 • 0.04 e 
20:3(n-6) 0.6 • 0.01 0.5 • 0.07 0.7 • 0.03f 
20:4(n-6) 25.3 • 0.89 25.5 • 0.57 22.7 • 1.34 
20:5(n-3) NS -- 0.3 • 0.05 e 
22:0 0.6 • 0.02 0.7 -- 0.02 e 0.7 • 0.03 d 
22:1(n-9) 1.0 • 0.03 1.1 • 0.01f 0.8 • 0.04 e 
22:4(n-6) 5.3 • 0.24 6.0 • 1.05 5.4 • 0.50 
22:6(n-3) 0.2 • 0.02 NS _d  
24:0 0.8 • 0.03 0.7 • 0.09 0.9 • 0.04 
24:1(n-9) 1.8 • 0.15 2.3 • 0.20 1.2 • 0.03 e 
24:2{n-6) 1.0 • 0.09 0.6 • 0.12 d 2.4 • 0.16f 

uIg  150.2 • 3.5 148.3 • 3.8 148.6 • 4.3 

aValues are means • SEM. A line (--) indicates that the fatty acid 
was not detected, and NS indicates that the mean value was not 
significantly different than zero. 

b18:3{n-3) was not detected in the samples. 
Significance of difference compared with control (Bonferroni inequal- 
ity test): 
c p < 0.05; 
dp < 0.025; 
e p < 0.005; 
f P < 0.001. 
guI,  the unsaturation index, is calculated by summing the percent- 

age of each fatty acid in a sample multipled by the number of double 
bonds contained in that fatty acid (24). 

(Table 3). However, feeding of the highly saturated/mono- 
unsa tu ra ted  palm-oil diet was not  associated with any 
major  differences in f a t t y  acid composi t ion of to ta l  
platelet  phospholipids,  compared  with the control diet 
(Table 3). 

There were no significant differences among  the un- 
sa turat ion indices calculated from the fa t ty  acid composi- 
t ions of to ta l  phospholipids of platelets  f rom ra t s  fed the 
three different diets (Table 3). Membrane  unsa tu ra t ion  
was also calculated in several  other  ways,  by  determin- 
ing the to ta l  proport ion of unsa tu ra ted  f a t t y  acids, the 
rat io of the unsa tu ra t ion  index to the propor t ion of un- 
sa tu ra ted  f a t ty  acids, and the rat io  of the proport ion of 
unsa tura ted  fa t ty  acids to sa tura ted  fa t ty  acids (data not 
shown) (24-26). There were no significant differences 
among the unsaturat ion of the membranes  of the platelets 
from ra t s  fed the different diets calculated in these ways.  
We agree with the conclusion of Lands  (27), t ha t  it is dif- 
ficult to correlate membrane  fluidity wi th  unsa tura t ion  
of the phospholipids of membranes ,  calculated by  means  
of simple formulae. 
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TABLE 4 

Effect of Dietary Fat on Steady-State Fluorescence Anisotropy, r s, of DPH-labeled Rat P l a t e l e t s  a 

Diet 

Control Palm oil Sunflowerseed oil 

Mean r s 
Paired difference than control 
Paired difference than palm oil 

0.218• 0.0035 0.218 • 0.0039 0.212 • 0.0033 
-- 0.001 • 0.0018 0.007 • 0.0018 b 

0.001 • 0.0018 -- 0.006• b 

aMeans • SEM are of 9-10 values. Paired differences are mean paired differences • SEM of 9-10 values. 
bSignificantly different than zero tP < 0.01; paired t-test). 

Thus ,  on  the  bas is  of the  C/P ra t ios  and  the  f a t t y  acid 
data ,  it is no t  surpr i s ing  t h a t  d i f fe rences  were no t  ob- 
served in membrane  fluidity between the control  and pa lm 
oil diets. I t  m u s t  be noted,  however ,  t h a t  the  m e m b r a n e  
f luidi ty measu red  in these  s tudies  is an ave rage  mem- 
brane  fluidity,  as D P H  par t i t ions  equal ly  well in to  solid 
and  fluid lipid domains  of  m e m b r a n e s  {28}, and  t h a t  the  
m e m b r a n e  lipid compos i t ion  t h a t  was  de te rmined  is an 
overall composit ion.  No  information can be obtained f rom 
our  studies about  fluidity or  lipid composi t ion  of domains  
of  lipids t h a t  exis t  in the  m e m b r a n e s  {29}. I t  r emains  
possible t h a t  compos i t iona l  and  f luidi ty  shif ts  occur  in 
specific lipid domains  and  t h a t  such  shif ts  were no t  
de tec ted  wi th  the  m e t h o d o l o g y  used  in these  s tudies.  

This s t udy  demons t r a t e s  t h a t  pa lm oil, a l though  it con- 
ta ins  a high conten t  of sa tu ra ted  f a t ty  acids, does no t  pro- 
m o t e  ar ter ial  t h r o m b u s  fo rma t ion  but ,  ra ther ,  t ends  to  
inhibi t  it. This  beneficial  an t i t h rombo t i c  effect  is associ- 
a t ed  wi th  a reduced  fo rma t ion  of TXA2 by  ac t iva ted  
blood platelets,  a l though  pros tacycl in  format ion  in whole 
b lood is n o t  affected.  Col lagen-induced pla te le t  aggrega-  
t ion  in c i t ra ted  whole blood and  platelet  m e m b r a n e  fluid- 
i ty  are no t  a l tered in pa lm oil-fed animals.  U p o n  sun- 
flowerseed-oil feeding, however,  collagen-induced platelet  
a g g r e g a t i o n  is enhanced  and  this  is assoc ia ted  wi th  an  
increased fluidity of platelet  membranes .  The unexpec ted  
an t i t h rombo t i c  effect  of  d ie ta ry  pa lm oil, as well as i ts  
effect  on inhib i t ing  platelet  t h r o m b o x a n e  format ion ,  re- 
quires  fu r the r  inves t iga t ion .  
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Formation of Red Pigment by a Two-Step 2-Thiobarbituric Acid 
Reaction of Alka-2,4-dienals. Potential Products of Lipid Oxidation 
Hlroko KosuglO,', Tetsuta Katob and Kiyomi Kikugawab 
aFerris Women's College, 4-5-3 Ryokue~, Izumiku, Yokohama 245, Japan; and bTokyo College of Pharmacy, 1432-I Horinouchi, l-lachio]i, 
Tokyo 192-03, Japan 

Reaction of 2,4-hexadienal, 2,4-nonadienal and 2,4-deca- 
dienal with 2-thiobarbituric acid (TBA) in aqueous acetic 
acid produced a 532-nm absorbing red pigment. While the 
1:1 reaction of the aldehyde and TBA produced little pig- 
ment, reaction of the aldehyde with an excess amount of 
TBA produced significant amounts. Instant heating of 
the reaction mixture did not produce the pigment. How- 
ever, initial reaction at 5~ and subsequent heating to 
100~ produced the pigment efficiently {two-step reac- 
tion). Pigment formation required water and dissolved ox- 
ygen. The yield of the pigment from the alka-2,4~Uenals 
was 1/10-1/20 of that from malonaldehyde. In the first 
step of the reaction at 5~ the 1:1 adducts of the alde~ 
hydes at the 5-position of TBA and several other uniden- 
tiffed adducts were formed. In the second step, these ad- 
ducts were converted at 100~ in the presence of water 
and oxygen, into the red pigment. The structure of the 
red pigment from 2,4-hexadienal was elucidated to be the 
1:2 adduct of malonaldehyde and TBA. 2-Hexenal and t- 
butylhydroperoxide showed marked synergistic effects 
on the pigment formation from the alka-2,4-dienals. Red 
pigment formation due to the alka-2,4-dienals may be 
enhanced by the presence of other aldehydes and hydro- 
peroxides. 
Lipids 23, 1024-1031 (1988}. 

The 2-thiobarbituric acid {TBA) test has been widely used 
to measure lipid oxidation (1). Red pigment with an ab- 
sorption maximum at 532 nm formed in the TBA test of 
oxidized lipids has been regarded as the 1:2 adduct of 
malonaldehyde and TBA (2-4). 

Recent studies have shown that the TBA test is not 
specific to malonaldehyde. Malonaldehyde content in ox- 
idized lipids determined by alternative methods are usual- 
ly lower than those determined by the TBA test (5-11). 
It  is known that  monofunctional aldehydes that  can be 
formed in oxidized lipids produce a similar red pigment 
(12-18). A large part of the red pigment produced by the 
TBA test of oxidized lipids may be due to these mono- 
functional aldehydes. However, the contribution of these 
monofunctional aldehydes to the red pigment formation 
has not yet been established. 

In our investigations of the TBA reaction of monofunc- 
tional aldehydes, it was found that  alkanals (17) and 
alk-2-enals (18) produce the red pigment, depending on 
the reaction conditions. The pigment formation from 
alkanals is restricted to the reactant ratio of aldehyde: 
TBA = 1:1 (17). Alk-2-enals produce the pigment at the 
reactant ratio of 1:1 in maximal yields, but significant 
amounts of the pigment are produced with an excess 

�9 amount of TBA (18). The yield of the pigment from 

*To whom correspondence should be addressed. 
Abbreviations: TBA, 2-thiobarbituric acid; DEPT, distortionless 
enhancement by polarization transfer; HPLC, high performance 
liquid chromatography; NMR, nuclear magnetic resonance. 

alk-2-enals is 1/100-1/500 of that from mallonaldehyde 
with an excess amount of TBA. 

We have now investigated the red pigment formation 
in the reaction of alka-2,4-dienals with TBA in aqueous 
acetic acid under various conditions. We found that the 
reaction conditions for alka-2,4~iienals to produce the pig- 
ment were greatly different from those for alkanals and 
alk-2-enals, and that  alka-2,4-dienals produced much 
greater amounts of the pigment by reaction with an ex- 
cess amount of TBA under the two-step reaction con- 
ditions. 

MATERIALS AND METHODS 
Materials. TBA and 1-butanal were obtained from Wako 
Pure Chemical Industries (Osaka, Japan}. Malonaldehyde 
bis(dimethylacetal) and 2-hexenal were from the Tokyo 
Kasei Kogyo Co. (Tokyo, Japan}. 2,4-Hexadienal, 2,4- 
nonadienal and 2,4-decadienal were from Aldrich Chemi- 
cal Co. (Milwaukee, WI). t-Butylhydroperoxide (70% in 
water} was from Nakarai Chemicals (Kyoto, Japan}. The 
red pigment between mallonaldehyde and TBA was pre- 
pared according to the method previously reported (2,4}. 

Analyses.  Absorption spectra were measured on a 
Shimadzu UV-240 or a Hitachi U-2000 spectrophoto- 
meter. Fluorescence spectra were measured with a 
Hitachi 650-60 fluorescence spectrophotometer. ~H and 
13C nuclear magnetic resonance (NMR) spectra were re- 
corded on a Bruker AM-400 NMR spectrometer. Signals 
in 13C NMR spectra were assigned by distortionless 
enhancement by polarization transfer (DEPT) experi- 
ments. Analytical high performance liquid chromatog- 
raphy (HPLC) was carried out with a Shimadzu LC-5A 
or LC-6A liquid chromatograph equipped with a stainless 
steel column (4.6 m m •  25 cm) of YMC A-303 ODS 
(Yamamura Chemical Laboratories Co., Kyoto, Japan}. 
The chromatograph was operated by elution with aceto- 
nitrile/0.025 M phosphate buffer (pH 3.0) (2:8, v/v) or 
methanol/0.04 M acetate buffer (pH 5.5) (4:6, v/v) at a 
flow rate of 0.8 ml/min. The peaks were detected with 
Shimadzu SPD-1, SPD-2A or SPD-6A spectrophotom- 
eters. Preparative HPLC of the red pigment was carried 
out with a Hitachi 655-11 liquid chromatograph equipped 
with a stainless steel column (20 mm • 25 cm) of YMC 
S-343 ODS, and the chromatograph was operated by elu- 
tion with methanol/0.04 M acetate buffer (pH 5.5) (4:6, 
v/v) at a flow rate of 5.0 ml/min. 

Reaction of  the aldehydes with an excess amount  o f  
T B A  in aqueous acetic acid. The TBA solution (0.4%} in 
aqueous acetic acid (4.9 ml) was placed in a screw cap tube 
(13 ml-content). For the two-step reaction, the tube was 
precooled to 5~ and 0.1 ml of the aldehyde solution in 
acetic acid was added. The mixture was kept at 5~ for 
1 hr and then heated at 100~ for 20 min. For the one-step 
reaction, the tube containing the TBA solution was pre ~ 
heated at 100~ followed by addition of the aldehyde solu- 
tion. The mixture was then heated at 100~ for 20 min. 
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Isolation of l:l adducts X between the alka-2,4-dienals and 
TBA. Seven mmol of 2,4-hexadienal, 2,4-nonadienal or 
2,4-decadienal was added to a solution of 0.5 g (3.47 mmol) 
of TBA in 35 ml of 50% acetic acid. A yellow precipitate 
that  appeared during 30-60 min was collected by filtra- 
tion. The precipitate from 2,4-hexadienal was dissolved 
in 50 ml of hot glacial acetic acid and filtered. An equal 
amount of water was added to the filtrate and the mix- 
ture was coole(L The precipitate was collected and washed 
with water to produce XHD (261 mg, yield 33.2%). The 
precipitates from 2,4-nonadienal and 2,4-decadienal were 
recrystallized from ethanol to yield pure samples, XND 
(351 mg, yield 32.7%) and XDD (295 mg, yield 30.0%), 
respectively. 

Isolation of the red pigment formed in the reaction of 
2,4-hexadienal and TBA. A 1.5 liter of 2% acetic acid con- 
taining 0.4% TBA and 2 mM 2,4-hexadienal was kept at 
5~ for 1 hr and then heated at 100~ for 20 min. The 
mixture was extracted twice with 50 ml of 1-butanol. The 
extract was evaporated to dryness and the residue was 
dissolved in 15 ml of dimethylsulfoxide. The resulting 
solution was subjected to preparative HPLC. The 532-nm- 
absorbing peak fractions that appeared at a retention 
time of 24 rain were combined and evaporated to a small 
volume. A red-violet precipitate was collected by can- 
trifugation at 3,000 rpm for 1 min and washed well with 
water. The precipitate was dried at 50~ over P2Os in 
vacuo and yielded 12.2 mg. 

R E S U L T S  

Reaction of alka-2,4-dienals with an equivalent amount 
of TBA. When 0.5 mM 2,4-hexadienal, 2,4-nonadienal or 
2,4-decadienal was allowed to react with an equivalent 
amount of TBA in 15% acetic acid at 100~ for 0.25-6 
hr, the reaction mixture turned slightly orange, exhibiting 
absorption maxima at 495 nm. The spectra from reaction 
mixtures of alkanals (17) and alk-2-enals (18) heated under 
the same conditions exhibited absorption maxima at 532 
nm. The amount of red pigment formed from alka-2,4- 
dienals, estimated by absorbance at 532 nm, was lower 
than that  from alkanals (17) and alk-2-enals (18). 

Two-step reaction of alka-2,4-dienals with an excess 
amount of TBA. Treatment of alka-2,4-dienals with an 
excess amount of TBA in aqueous acetic acid at 100~ 
produced a red pigment with an absorbance at 532 nm, 
but the results were not reproducible. After studying the 
reaction conditions, it was found that allowing the reac- 
tion mixture to stand at a relatively low temperature prior 
to heating {two-step reaction) effectively produced the 
pigment. 

Figure 1A shows absorption spectra of the reaction 
mixtures of 0.1 mM 2,4-hexadienal and 0.4% (28 mM) 
TBA in 2% acetic acid. Although instant heating of the 
reaction mixture at 100 oc did not exhibit any significant 
absorbance at 532 nm, treatment at 5 ~ prior to heating 
gave markedly greater absorbance. The reaction of 2,4- 
nonadienal and 2,4-decadienal under these conditions also 
yielded a pigment with the same absorption spectrum. 
Absorption spectra of the reaction mixtures of the alka- 
2,4-dienals were identical with that of the reaction mix- 
ture of malonaldehyde, which was not pretreated 
(Fig. 1B). Absorption spectra of the reaction mixture of 
2-hexenal, showing absorption maxima at 455, 495 and 

0 . 6  A 

~0.4 

~0.2 

46o 56o 

B 

460 500 560 6oo 
Wavelength (nm) 

FIG. 1. Absorption spectra of the reaction mixtures of 0.1 mM 
2,4-hexadienal (A), 0.0038 mM malonaldehyde bi~dimethylacctal) fiB), 
and 2 mM 2-hexenal (C) with 0.4% (28 mM) TBA in 2% acetic acid. 
The reaction mixtures were instantly heated at 100~ for 20 min 
( . . . .  ), or treated at 5~ for 1 hr and subsequently heated at 
100~ for 20 rain ( ). 
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FIG. 2. Time courses of absorbance at 532 nm of the reaction mix- 
tures of 0.08 mM 2,4-hexadienal (O), 2,4-nanadienal (LX) and 
2,4-decadienal (D), with 0.4% TBA in 2% acetic acid. A: Time courses 
in the treatment at 5~ prior to heating at 100~ for 20 min. B: Time 
courses in the heating at 100~ after treatment at 5~ for 1 hr. 

532 nm (18), were slightly but not excessively influenced 
by the pretreatment (Fig. 1C). 

Figure 2 shows the time courses of the pigment forma- 
tion in two-step reaction of the alka-2,4-dienals. The ab- 
sorbances of the reaction mixtures heated at 100~ for 
20 min increased with the pretreatment time {Fig. 2A), 
and those treated at 5~ for 1 hr increased with subse- 
quent heating (Fig. 2B). Treatment of the reaction mix- 
tures at 5~ for 1 hr and subsequent heating at 100~ 
for 20 min produced the pigment effectively. When the 
temperature of the pretreatment was raised from 5 o C to 
25 or 37~ formation of the pigment was retarded but 
still greater than that  without the pretreatment. When 
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the temperature was lowered to 0~ reproducible absorb- 
ance could not be obtained because of precipitation of the 
TBA into the reaction mixtures. 
The pigment formation in the two-step TBA reaction 

of the alka-2,4-dienals depended on the water content of 
the reaction mixture. For instance, absorbance of the reac- 
tion mixture of 0.08 mM 2,4-hexadienal at 532 nm in 2, 
20, 40 and 60% acetic acid was 0.50, 0.15, 0.07 and 0.05, 
respectively. Formation of the pigment increased pro- 
gressively with the water content. The pigment forma- 
tion required dissolved oxygen in the reaction mixtures. 
Thus, the absorbance did not increase when oxygen in the 
reaction mixtures was removed by bubbling nitrogen gas 
prior to the reaction. Water and oxygen were also neces- 
sary for the pigment formation from alkanals (17) and 
alk-2-enals {18}. Certain hydrolytic and oxidative mecha- 
nisms may be involved in the red pigment formation from 
these monofunctional aldehydes. 

Calibration curves of the absorbance of the two-step 
TBA reaction of the alka-2,4-dienals {Fig. 3) were not 
linear but concave. Efficacy for the pigment formation 
was greater as the carbon number of the aldehydes in- 
creased. The absorbance of the two-step TBA reaction 
mixtures of malonaldehyde and 2-hexenal linearly in- 
creased with their concentrations. The concentrations of 
the aldehydes that gave absorbance 1.0 was 0.1-0.2 mM 
for the alka-2,4-dienals, 0.007 mM for malonaldehyde and 

2 . 0 ,  

1.5' 

E t- 
O4 
CO 
1.0 
. . .  1.0. 
q~ 

0 
rD 

~0.5.  

0 0 . 0 2  0 . 0 4  0 . 0 6  0 . 0 8  O. 10  
A l d e h y d e ( m M )  

FIG. 3. Calibration curves of absorbance at 532 nm of the reaction 
mixtures of 2,4-hexadienal (O), 2,4~nonadienal (A) and 2,4-decadienal 
(I-3), with 0.4% T B A  in 2% acetic acid. The reaction mixtures  were 
treated at 5~ for I hr and subsequently heated at 100~ for 20 min. 

20 mM for 2-hexenal. Thus, the potency of the pigment 
formation was in the order of malonaldehyde > alka- 
2,4-dienals > alk-2-enals under the two-step reaction 
conditions. 

Presence of intermediary adducts for the red pigment 
in the first step reaction of alka-2,4-dienals. When a 200 
mM mixture of alka-2,4-dienal and 100 mM TBA in 50% 
acetic acid was allowed to stand at room tempeature, ad- 
duct X precipitated. Adduct XHD from 2,4-hexadienal, 
XND from 2,4-nonadienal and XDD from 2,4-decadienal 
were isolated, and their structures were elucidated to be 
the 1:1 adducts of the aldehyde at the 5-position of TBA. 
Physico-chemical properties of these adducts are listed 
in Table 1. The mass spectra of these adducts revealed 
the molecular ion peaks corresponding to the indicated 
formulas. In the 1H NMR spectrum of each of these ad- 
ducts, one proton at ca. 8.1 ppm, one proton at ca. 7.9 
ppm, one proton at ca. 7.2 ppm and two protons at ca. 
6.5 ppm were assignable to the conjugated triene system 
(a-e). Protons appearing in the higher fields indicated the 
presence of alkyl residue R. In the 18C NMR spectrum 
of XDD , signalS at 179.6, 161.9 and 161.4 ppm were 
assignable to the carbons at the 2, 4 and 6-positions of 
the TBA ring, five signals between 128 and 156 ppm were 
to the conjugated triene system fa-e), a signal at 115.8 
ppm was to the carbon at the 5-position of the TBA ring, 
four signals between 23.3 and 34.2 ppm were to the alkyl 
chain (f-i), and a singal at 14.3 ppm was to the terminal 
methyl group (j). 

Absorption spectra of these adducts in chloroform 
revealed maxima at ca. 410 nm. The adducts were 
unstable in methanol and aqueous acetic acid. For in- 
stance, the absorption maximum of XH~ in methanol 
shifted from 385 to 348 nm with an isosbestic point at 
359 nm at room temperature for 70 min. The absorbance 
at the maximum wavelength {409 nm) of XHD in 50% 
acetic acid was lowered to a half value at room tem- 
perature for 4 hr. 

Intermediates for the red pigment produced in the first 
step of the reaction of 2,4-hexadienal were analyzed by 
HPLC. Thus, a mixture of 0.5 mM 2,4-hexadienal and 
2 mM TBA in 50% acetic acid was kept at 5~ and sub- 
jected to HPLC (Fig. 4A). The peak corresponding to 
TBA decreased and the new peaks corresponding to 
unidentified adducts S, T, U and V appeared after 2 hr. 
No significant peak corresponding to XHD was observed. 
A mixture of 0.5 mM XHD and 2 mM TBA was kept at 
5~ and subjected to HPLC {Fig. 4B). The peaks due to 
TBA and XHD decreased and the peaks due to S, T, U 
and V appeared after 2 hr. Unstable adduct XHD may be 
initially produced which, in turn, reacted with TBA to 
form other adducts S, T, U and V. These adducts may 
be converted into the red pigment in the second step reac- 
tion at 100~ 

Involvement of adduct XHD as an intermediate for the 
red pigment was demonstrated. When a mixture of 
0.1 mM XHD and 0.4% TBA in 2% acetic acid was 
heated at 100~ for 20 min, the red pigment with an ab- 
sorbance 0.34 was formed. Control two-step TBA reac- 
tion of 0.1 mM 2,4-hexadienal yielded the pigment with 
an absorbance 0.65 (Fig. 3). 

Isolation and identification of the red pigment formed 
in the two-step TBA reaction of 2,4-hexadienaL The 
reaction mixture of the two-step TBA reaction of 2,4-  
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hexadienal was subjected to HPLC (Fig. 5). The retention 
t ime of the peak due to the red pigment  was identical with 
tha t  of p igment  derived from malonaldehyde. The red pig- 
ment  was purified and isolated by  prepara t ive  HPLC.  
~H and 12C N M R  spect ra  (Table 2) of the p igment  

E 
c- 

O 
00 

s 
o 

< 

TBA 
: A (0 h) 
I 

2 ,4 -Hexac l i ena l  

A (2 h) 
.~,,STUV 

. . . . . . . . . . . . .  �9 --  . . . .  XHD 

B (0 h) 

B (2 h) 

0 20 4-0 60 
Retention time (rain) 

FIG. 4. HPLC patterns of the intermediates for the red pigment 
in the reaction of 2,4-hexadienal and TBA. A mixture of 0.5 mM 
2,4-hexadienal with 2 mM TBA (A), and 0.5 mM XHD with 2 mM 
T B A  (B) in 50% acetic acid was kept at 5~ for 2 hr. The mixture 
was subjected to a column of YMC A-303 ODS and eluted with 
acetonitrile/0.025 M phosphate buffer (pH 3.0) (2:8, v/v) at flow rate 
of 0.8 mUmin. T B A  appeared at a retention time of 1 rain when 
detected at 280 nm, and 2,4-hexadieaal and XHD at a retention time 
of 31 rain and 50 mill, respectively, when detected at 350 nm. XHD 
was kept stable under HPLC conditions. 

confirmed tha t  the s t ructure  was the 1:2 adduct  of malon- 
aldehyde and TBA. The ~3C N M R  spec t rum showed 
three signals at  176.5, 162.8 and 161.4 p p m  assignable 
to the carbons a t  the 2, 4 and 6-position of the TBA ring, 
two signals a t  157.4 and 117.5 p p m  assignable to vinyl  
carbons (a and b) and a signal at  101.4 p p m  assignable to 
the carbon a t  the 5-position of the TBA ring. The 1H 
N M R  spec t rum revealed the presence of vinyl  pro tons  
(a and b) as a doublet  at  7.69 p p m  and a t r iplet  a t  
8.55 ppm. The da ta  coincided with  tha t  of the 1:2 adduct  
of malonaldehyde and TBA (3). The absorpt ion spect rum 
of the p igment  showed m a x i m a  at  532, 305 and 245 nm 
(Fig. 6A), which were similar to those of the 1"2 adduct  
of rnalonaldehyde and T B A  (2-4). The fluorescence spec- 
t r u m  of the p igment  showed an exci tat ion m a x i m u m  at  
532 nm and an emission m a x i m u m  at  553 nm (Fig. 6B), 
which were similar to those previously repor ted (19). 

I t  is interest ing tha t  the reaction of 2,4-hexadienal and 
T B A  gave  the 1:2 adduct  of malonaldehyde and TBA. 

A 

A 

O t -  , ,  

Retent ion t ime (rain) 

FIG. 5. HPLC patterns of the red pigment derived from 2,4-hexa- 
dienal and malonaldehyde. A mixture of 0.1 mM 2,4-hexadienal (A) 
and 0.05 mM malonaldehyde bis(dimethylacetal) (B) with 0.4% TBA 
in 2% acetic acid was kept at 5~ for I hr and then heated at 100~ 
for 20 mim The mixture was  subjected to a column of YMC A-303  
ODS and eluted with methanol/0.04 M acetate buffer (pH 5.5) (4:6, 
v/v) at a flow rate of 0.8 mi]min. 

T A B L E  2 

IH NMR and x3C NMR Spectra of the Red Pigment Derived from 2,4-Hexadienal 

0 a O H  
3 ~ 4  a a 42- 3 

HN ~ ~ ~  _ ~ "  H N  

b ~ b 
S ~'~N~OH O'~'N 1"~S 

1H NMR spectrum 
(d6-dimethylsulfoxide) 

13C NMR spectrum 
(d6-dimet hylsulfoxide) 

ppm Assignment ppm DEPT Assignment 

7.69 (2 H, d, J -- 13.7 Hz) a 101.4 C 5 
8.55 (1 H, t, J = 13.7 Hz) b 117.5 CH b 

11.44 (bs) 1,3,4,6 157.4 CH a 
161.4 C } 
162.8 C 2,4,6 
176.5 C 
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FIG.  6. Absorpt ion spectra (A) and fluorescence spectra (B) of the 
red pigment  derived from 2,4-hexadienal (solid line) and malonal- 
dehyde (dotted line) in water. The red pigment  from malonaldehyde 
was prepared according to the method previously reported (Refs. 
2 and 4). Fluorescence excitation (monitored a t  565 nm) and emis- 
sion (monitored at  515 nm) spectra were obtained a t  a concentra- 
t ion of 0.4 pg/ml. 

O 

I '~NN~ + R-CH-CH-CH-CH-CHO 
S O 

H 

R'CH3 
(CH=)aCHs 
(CH.~CHs 

o ....%/...,., 
s.L. o 

/ /  " x 

o OH 

o J.s 
H 

Red pigment 

2.0 A B 

1.o 

j i 

0.04 0.08 0 0.04 0.08 

2,4-Hexadienal (mM) 

FIG. 7. Effects  of malonaldehyde, 1-butanal, 2-hexenal and t-butyl- 
hydroperoxide on the  red p igment  formation in the  two-step TBA 
reaction of 2,4-hexadienal. A: A mixture of 2,4-hexadienni with 0.4% 
TBA in 4% acetic acid was t reated a t  5~ for I hr  and then heated 
a t  100~ for 20 rain in the  presence of none (O), 0.005 mM 
malonaldehyde bis(dimethylacetal) ( I ) ,  2 mM 1-butanal (&) and 2 
mM 2-hexenal ($). B: A mixture  of 2,4-hexadienal with 0.4% TBA 
in 2% acetic acid was treatecd a t  5~ for 1 hr  and then heated at  
100~ for 20 min in the presence of none (O) and 1 mM t- 
butylhydroperoxide (O). 

SCHEME 1 

Hydrolysis and oxidation of the intermediary adducts 
may be involved in the red pigment formation in the 
second step of the reaction (Scheme 1). 

Synergistic effects of 2-hexenal and t-butylhydroper~ 
oxide on the red pigment formation in the two-step TBA 
reaction of alka-2,4-dienals. The two-step TBA reaction 
of 2,4-hexadienal was performed in the presence of malon- 
aldehyde, 1-butanal, 2-hexenal and t-butylhydroperoxide 
(Fig. 7). These components or functions may be involved 
in the oxidized lipids. Malonaldehyde (0.05 mM) which 
produced an absorbance of 0.80, 1-butanal (1 raM) with 
no absorbance, and 2-hexenal (2 mM) with an absorbance 
of 0.10 were added to the reaction mixtures of 2,4-hexa- 
dienal (0-0.1 raM) (Fig. 7A). The rate of increase in 
absorbance with the dose of 2,4-hexadienal was not influ- 
enced by malonaldehyde and little by 1-butanal. In con- 
trast, 2-hexenal markedly potentiated the rate of increase 
in absorbance. Addition of 1 mM t-butylhydroperoxide 
to the reaction mixtures of 2,4-hexadienal potentiated the 
rate of increase in absorbance, whereas the hydroperox- 
ide alone did not produce any red pigment (Fig. 7B). These 
results indicated that there were little or no interactions 
between 2,4-hexadienal and malonaldehyde/1-butanal but 
there existed dramatic synergism between 2,4-hexadienal 
and 2-hexenal]t-butylhydroperoxide. 

Figure 8 shows the synergistic effects of 20 equivalent 
amounts of 2-hexenal on the red pigment formation in 
the two-step TBA reaction of three alka-2,4-dienals. In 

3.0 

A 

E2.0'  

v 

c 

o 

1 .0 -  
<~ 

Alka-2,4- 
dienal 0 

2-hexenal 0 
0.()5 

1 

B 

J 

0:1 0 0.(35 0".1 
2 0 1 2 

C 

0 0.'05 0:1 
0 1 2 

Concentration (mM) 

FIG. 8. Synergistic effects of 2-hexenal on the  red p igment  forma- 
tion in the two-step TBA reaction of 2,4-hexadienal (A), 2,4-nonadienal 
(13) and 2,4-decadienal (C). A mixture of the alka-2,4-dienal alone (open 
circle, t r iangle and square), alka-2,4-dienal/2-hexenal (closed circle, 
tr iangle and square), and 2-hexenal alone (X), with 0.4% TBA in 2% 
acetic acid was kept  at  5~ for I hr and heated a t  100~ for 20 rain. 
A mixture of alka-2,4-dienag2-hexenal with 0.4% TBA in 2% acetic 
acid was ins tant ly  heated a t  100~ for 20 rain { . . . .  ). 

every case, marked synergism was observed. The dose- 
dependent pigment formation due to the alka-2,4-dienals 
was increased 2-fold by addition of 20 equivalent amounts 
of 2-hexenal. Instant heating of the mixtures prevented 
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TABLE 3 

Red Pigment Formation in the Reaction of Aldehydes With an Excess Amount of TBA in Aqueous Acetic Acid at 100~ 

Requirement for the pigment 
formation 

Pretreatment 
Aldehyde Oxygen Water at 5~ Intermediates Yield of red pigment Synergism with Reference 

Malonaldehyde - _+ - -- 1 

Alkanals + + - W a Extremely low 15 

Alk-2-enals + + - X a -* Y 1/100-1/500 16 

2-hexenal 
Alka-2,4-dienals + + + X a -* S,T,U,V 1/10-1/20 t-butylhydroperoxide Present paper 

aStructure established. 

the pigment formation due to the alka-2,4-dienals and also 
abolished the synergism with 2-hexenal. 

DISCUSSION 

The TBA tes t  is generally used for measurement  of lipid 
oxidation, and the 532-nm absorbing red pigment  has 
been widely used as an excellent index in medical and food 
science fields (1). The pigment  is produced by  the reac- 
tion of not  only malonaldehyde {1-4), bu t  also other  
aldehydes {12-18). Previously, we have shown tha t  
alkanals and alk-2-enals produce the red pigment, depend- 
ing on the reaction conditions {17,18). I t  has been shown 
tha t  alka-2,4-dienals produce the red pigment (13) and the 
yield of the pigment  is very  low in comparison with 
malonaldehyde (15). However,  characterist ics and con- 
t r ibut ion of the red pigment  from alka-2,4-dienals have 
not  ye t  been elucidated. We examined the TBA reaction 
of aika-2,4-dienals in aqueous acetic acid at 100~ under 
various conditions. I t  was found tha t  there were many  
factors which influenced the pigment formation. The fac- 
tors  were the ratio of the reactants;  presence of water, 
oxygen, other  aldehydes and hydroperoxides; and t ime 
and tempera ture  of pre t reatment .  

Although the pigment  formation from alkanals and 
alk-2-enals is the highest  at  the aldehyde:TBA ratio 1:1 
(17,18}, tha t  from alka-2,4-dienals was very  low at  tha t  
ratio. The pigment  formation from alka-2,4-dienals was 
the highest in the reaction with an excess amount of TBA. 
The characterist ics of the red pigment  formation from 
alkanals, alk-2-enals and alka-2,4-dienals by reaction with 
an excess amount  of TBA in aqueous acetic acid at  100~ 
are summarized in Table 3. Alkanals, alk-2-enals and 
alka-2,4-dienals all required water  and dissolved oxygen 
for effective pigment  formation, which may indicate the 
involvement of certain hydrolyt ic  and oxidative mecha- 
nisms. The effective pigment  formation from alka-2,4- 
dienals required pre t rea tment  at 5~ whereas tha t  from 
other  aldehydes did not. Thus, the two-step reaction of 
alka-2,4-dienals at 5~ and 100~ effectively produced 
the pigment. In the first  step of the reaction, 1" 1 adducts 
X may  be initially formed which may be converted into 
other  adducts  such as S, T, U and V. These adducts  may  
be converted into the red 1:2 adduct  of malonaldehyde 
and TBA (2-4) in the second step heat ing (Scheme 1). 

Although the calibration curves of alk-2-enals are linear 
(18), the calibration curves of alka-2,4-dienals were con- 
cave. Alka-2,4-dienals produced the red pigment  in an 
amount  1/10-1/20 of tha t  from malonaldehyde at concen- 
t ra t ions tha t  gave an absorbance of 1.0. This value was 
much higher than that  from alk-2-enals. I t  was found that  
2-hexenal had pronounced synergist ic effects on the pig- 
ment  formation in the two-step TBA reaction of alka-2,4- 
dienals, suggest ing tha t  alk-2-enals had synergistic ef- 
fects with alka-2,4-dienals, t-Butylhydroperoxide also in- 
creased the pigment formation from alka-2,4-dienals. The 
hydroperoxide may act as an oxidant for the intermediary 
adducts.  

Limitat ion of the TBA tes t  of oxidized lipids has been 
claimed since the tes t  is nonspecific to malonaldehyde. 
I t  has been shown that  the malonaldehyde content  in ox- 
idized lipids is much lower than expected (5-11). If  the 
two-step reaction conditions are considered in the TBA 
tes t  of lipid oxidation, the TBA tes t  may  be a useful 
method for measuring lipid oxidation products  such as 
alka-2,4-dienals. 
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Investigations of the Origin of the Furan Fatty Acids (F-Acids) 
Charles P. Gorst-Allmana, Volker  Puchtab and G. Spltellerb. ~ 
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South Africa; and bLehrstuhl ~r Organische Chemle I der Universit~Jt Bayreuth, Postfach 10 12 51, Universit~itsstrasse 30, D~8580 
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The possible role of linoleic acid as a biogenetic precur- 
sor of the furan fatty acids (F-acids) was investigated in 
in vivo experiments in the rat, using a C19 analogue of 
linoleic acid and gas chromatography-mass spectrom- 
etry. No evidence of incorporation of this compound into 
the F-acids was found. Using an improved analysis pro- 
cedure by converting F-acids into their tetrahydrofuran 
derivatives (enabling a separation from the large amounts 
of normal fatty acids), F-acids (F 3, F4 and F e) were 
detected in rat food, correcting earlier results. 

Quantification of F-acid intake with food and excretion 
of furandicarboxylic acids in the urine, suggested the 
possibility that the F-acids are not produced de novo in 
the rat, but instead accumulate in tissue after nutritional 
intake. 
Lipids 23, 1032-1036 (1988). 

The F-acids are a group of furanoid f a t t y  acids detected 
in ext remely  small  quant i t ies  in a var ie ty  of animal  (1-4) 
and, to a lesser extent ,  p lant  sources (5). The mos t  
common members  of this family, the so, called F0-F6 
[1 (a)-{g)], can be subdivided into a group bear ing a pro- 
pyl side chain (F~ and F4) and a group with a pentyl  side 
chain (Fo, F2, F3, F5 and F6). Invest igat ions of these com- 
pounds have focused on their synthesis  (6-17) and on the 
isolation of new members  of the family (18-23), bu t  their  
biological significance, if any, remains  undetermined.  

H3C-(CH2 R : ' ~ I 1 C  H2)n--COOH 

_1_ 

m n R 1 R 2 

a: F 0 4 6 CH 3 CH 3 
b: F 1 2 8 CH 3 CH 3 
c: F 2 4 8 H CH 3 
d: F 3 4 8 CH 3 CH 3 
e: F 4 2 10 CH 3 CH 3 
f: F 5 4 10 H CH 3 
g:. F 6 4 10 CH 3 CH 3 
h: a 4 9 CH 3 CH 3 
i: a 3 10 H H 
j: a 3 10 CH 3 CH 3 

aSynthetically produced unnatural 
furan fatty acids. 

SCHEME 1 

*To whom correspondence should be addressed. 
Abbreviations: GC, gas chromatography; HPLC, high performance 
liquid chromatography; MS, mass spectrometry; TLC, thin layer 
chromatography. 

Relat ively little information is available on the b i d  
genesis of these compounds.  Schlenk et  al. (24} tried to 
incorporate  [14C]acetate into the F-acids in in vivo ex- 
per iments  with fish. However,  the only detectable  incor- 
porat ion occurs via chain extension of unlabeled F-acid 
metaboli tes.  I t  has also been shown tha t  the F-acids may  
be fur ther  degraded to the urofuranic acids [2] in human  
feeding experiments ,  by  correlat ing F-acid intake with 
urofuranic acid excretion (25}. However,  the origin of the 
F-acids themselves  is still not  known. 

H3C. COOH 

R ' ~ ( C  H2)~COOH 
2__ 

R 

a: n-CsHll 
b: n-C3H 7 
c: C(O)CH2CH 3 
d: CHOHCH2CH 3 

SCHEME 2 

I t  seems, on inspection of the s t ruc ture  of the F-acids, 
tha t  the pa thway presented in Scheme 1 provides a plausi- 
ble route for these compounds.  The initial s tep involves 
a l ipoxygenase type  reaction a t  C-13 to produce 13- 
peroxy-9,11-octadienoic acid. Subsequent  r ing closure is 
followed by  double bond rear rangement  and methyla t ion 
to give the F-acids. Similar processes occur in prosta-  
glandin biosynthesis  (26}, and the final methyla t ion  step 
has been demons t ra ted  as possible in beef liver homo- 
genates  (27}. 

The feasibili ty of such a route is suppor ted  by  resul ts  
on the biosynthesis  of the furanoacetylenic phytoalexin  
wyerone [3] (28,29}. This compound has been shown to 
arise f rom aceta te  via a f a t t y  acid-type precursor.  

The lack of incorporat ion of aceta te  into the F-acid 
nucleus, as demons t ra t ed  by  Schlenk for fish (24}, m a y  
be rationalized by  an assumpt ion  tha t  fish cannot  syn- 
thesize F-acids from acetate de novo, but  may  metabolize 
nutr i t ional ly derived linoleate and linolenate to F-acids. 
Alternatively,  F-acids m a y  not  only be produced in mam- 
mals  and fish, bu t  m a y  be accumulated in the body af ter  
addit ional intake with the food. We have a t t e m p t e d  to 
resolve these quest ions by  in vivo biosynthet ic  studies 
in ra t s  and by  elaborate  examinat ion  of the ra t  food. The 
probable content of F-acid intake could be calculated from 
the amount  of furan metabol i tes  excreted. 

MATERIAL AND METHODS 

Gas chromatography (GC) and gas chromatography-mass 
spectrometry (GC-MS). GC was carried out with a United 
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H3C -- (C H2)t, - "(C H2) 7 -- CO0 H 

linoleic acid 

H3C- ( C H 2 ) [ ~  (cH2b --COOH 

I methylation 

H3 C-  (C H 2) ~ ' ~ ( C  H?)8-CO0 H 

__ __ __ (CH2)7_COOH 

linolenic acid 

I ~ 

~ ( C H 2 b - C O O H  

methylafion 
~ reduct on 

~ ' ~ ( C  H2)10-C.,OOH 
pentyl F-ocids propyl F-acids 

SCHEME 3. Putat ive biogenesis of the F-acids. 

j ' - - - - - .  
" - - - ~ O O C H 3  

SCHEME 4 

Technological Packard Model 438S with an FID, on a 
WCOT-glass capillary (30 m X 0.3 ram) OV-101 column, 
programmed from 150~ to 240~ at 2~ The tem- 
perature of injector and detector was held at 270~ Peak 
area integration was done by a Shimadzu C-R3A inte- 
grator. Carrier gas was hydrogen. The split ratio was 1:10. 

GC-MS was performed on a Finnigan MAT 312 GC- 
MS system with a MAT-SS-300 data system, ionization 
energy 70 eV. The GC column was a 25 m X 0.3 mm i.d. 
OV-101 WCOT-glass capillary column. The carrier gas 
was helium (2 mYmin, the temperature program was the 
same as used for GC and the probes were injected in the 
splitless mode. 

High performance liquid chromatography (HPLC) 
separation. HPLC was carried out using a Beckman 421 
controller, two Beckman 114 M pumps, a Beckman 165 
UV detector at 215 nm and a Beckman 156 RI detector. 
The column was a Serva SilO0 (250 mm X 1.6 mm, 3 ~m). 
The solvent was n-hexane/methyl-t-butyl ether (Merck, 
97:3, v/v) at a flow rate of 1.7 ml/min -1. 

Synthesis o f nonadeca-l O,13-dienoic acid. The prepara- 
tion of this compound from linoleic acid was as described 
by Marcel and Holman (30). 

In vivo rat experiments. Four Wistar rats were kept 
on a linoleic acid-deficient diet (Altromin; No. C1058; 20 
g/day) for 12 days. After this period, the food of three of 
the rats was supplemented with nonadeca-10,13-dienoic 

acid (40 mg/rat/day) for 33 days. The rats were killed and 
the liver, kidney, muscle, fat and blood fractions obtained. 
Typical work-up procedure for all fractions and the feces 
is as described for the liver fraction. To the liver fraction 
(15.6 g) was added [lj] (20 ~g), methanol (60 ml) and 
chloroform (30 ml). The material was homogenized in a 
Waring blender at high speed for 4 min and then cen- 
trifuged at 3,000 rpm for 10 min. The supernatant was 
carefully removed and the homogenization and cen- 
trifugation repeated with chloroform (30 ml). Water 
(35 ml) and potassium chloride solution (0.88%, 60 ml) 
was added to the combined supernatants. After partition, 
the chloroform layer was evaporated to dryness under 
reduced pressure and the residue transesterificated with 
sodium methoxide in methanol (0.5 N, 30 ml) and tetra- 
hydrofuran (15 ml) at 50~ for 1 hr under nitrogen. After 
cooling and acidification (concentrated HC1), most of the 
tetrahydrofuran was removed under reduced pressure and 
water (50 ml) was added. The solution was extracted with 
chloroform (3 X 50 ml), the chloroform removed under 
reduced pressure and the residue esterified with ethereal 
diazomethane. 

Excess solvent and reagent wre removed in a stream 
of nitrogen. The residual oil was purified by column 
chromatography on SiO2 (Merck, No. 7734, 50 g), collect- 
ing the fraction that eluted with cyclohexane/ethylacetate 
(98:2, v/v). This material was hydrogenated for 2 hr at 
1.5 bar in the presence of a rhodium on alumina catalyst 
(5%, 20 mg). After filtration, the F-acid fraction was con- 
centrated by thin layer chromatography (TLC) on SiO2 
(31), before final purification of the F-acid fraction by 
HPLC using n-hexane/methyl-t-butylether/2-propanol 
(97:3:0.05, v/v/v) as eluant. This material was used for 
GC-MS. 
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Examination of rat food. A portion of 20 g rat  food 
(Altromin, No. C 1058) was crumbled in a grain mill 
{Braun, FRG). Internal  s tandard [lj] 20 ~g, methanol 
{160 ml), chloroform (80 ml) and water {60 ml) were added. 
The mixture  was homogenized in a Waring blender at 
high speed for 4 min. After  stirring the mixture  for 3 hr, 
a second homogenization was done. Centrifugation at 
3,000 rpm for 10 rain gave a clear supernatant  tha t  was 
carefully removed. The residue was homogenized with 
chloroform {80 ml) and centrifuged. To the combined 
supernatants,  potassium chloride solution {0.88%, 80 ml) 
was added. After  partit ion, the lower chloroform layer 
was evaporated to dryness under reduced pressure. The 
remainder of the workup was as described for the rat  liver 
fraction above. 

Quantification of furandicarboxylic acids (4) in the rat 
urine. Twenty-four hr urine was collected with at least 
0.3% NaN 3. Ten ~g 3-carboxy-4-methyl-5-pentyl-furan-2- 
acetic acid was added as an internal standard. The urine 
was diluted with a 10-fold amount of cold ( -20~ acetone 
and left at  - 2 0  ~ overnight,  to precipitate protein. The 
clear solution was decanted and the acetone was removed 
under reduced pressure. The residue was added, after dilu- 
tion with 20 ml of water  and acidification {concentrated 
HCI), to a Ct8 bonded-phase extract ion column {Chroma- 
bond-C18, 500 mg; Macherey & Nagel; D-5160 Dtiren, 
FRG; preconditioned with 5 ml methanol and 5 ml water) 
and drawn through the column under vacuum. The 
C~8-colunm was washed with 4 ml of 1 mol]l sodium 
acetate buffer {pH 5) and 4 ml water. Excess water  was 
removed by suction and the final elution was achieved 
by aspirating 2 ml of methanol. Esterif ication of the 
methanol elute was done with excess ethereal diazo- 
methane. After  evaporat ion in the nitrogen stream, the 
residue was purified by column chromatography (150 mm 
X 8 mm) on 3 g SiO2 (Merck No. 7734) in cyclohexane. 
Two fractions were collected. The first fraction with 20 ml 
cyclohexane/ethyl acetate  (94:6, v/v), and a second frac- 
tion with 15 ml cyclohexane/ethyl acetate  (8:2, v/v). The 
second fraction was concentrated to about  3 ~1 and 1 ~1 
aliquots was used for GC and for GC-MS analyses. The 
amount of furandicarboxylic acids was calculated by peak 
area integration in comparison with the internal standard. 

RESULTS AND DISCUSSION 

The s tudy of F-acid biosynthesis  is complicated by the 
extremely small quanti t ies of the compounds found in 
most  living systems. Beef liver contains ca. 4.5 mg/kg of 
a mixture  of F-acids {32), and a typical  ra t  liver contains 
less than 10 ~g of a similar mixture tha t  will be discuss- 
ed later. Separation of such extremely small quanti t ies 
of F-acids from accompanying large amounts  of fa t ty  
acids is neither practical nor possible even by the use of 
urea fractionation {3,32}. Therefore, hydrogenat ion of F- 
acids to the corresponding te t rahydrofuran  derivatives 
was done by  using Rh]A12Oa as a catalyst ,  because 
separation of te t rahydrofuran  acids from fa t ty  acids can 

�9 be easily achieved by  TLC {31}. Thus, the F-acids are 
detected in the form of their te t rahydrofuran compounds 
in extremely small quanti t ies {31}, and analyzed struc- 
turally, using GC-MS. Moreover, all the F-acids naturally 
detectable in ra t  contain an even number  of methylene 
groups in the carboxyl side chain [1, n = 6, 8, 10]. 

Consequently, if a C19 analog of linoleic acid containing 
an additional methylene group in the port ion of the 
molecule between the carboxyl  group and the first dou- 
ble bond is provided as precursor, the resul tant  F-acid 
after metabolism [lh] should contain a carboxyl side chain 
with an odd number  of methylene groups (n = 9) and 
should be easily detectable and structural ly distinguish- 
able from naturally-occurring metabolites. 

The subst ra te  specificity of the enzyme system affect- 
ing the t ransformat ion from fa t ty  acid to F-acid should, 
by analogy with investigations on prostaglandin biosyn- 
thesis {33,34}, be tolerant of this chain elongation. For the 
prostaglandin, the initial sequence also involves a lipoxy- 
genase-type reaction. 

In vivo rat experiments. Before initiating in vivo rat- 
feeding experiments,  it was necessary to confirm tha t  F- 
acids were indeed present in the rat. Previous studies had 
shown the presence of the F-acid degradation products  
[4] in rat  urine (35), but  no investigation of the constituent 
F-acids had been made {36). A s tudy of ra t  liver, kidney, 
muscle, fat  and blood showed the F-acids F 3 [ld], F4 [le] 
and F6 [lg] to be present  in the approximate amounts  
shown in Table 1. I t  appears tha t  F 3 and F4 are the 
major F-acids present  in the rat, as opposed to F 6 in 
beef. 

Assuming tha t  unsatura ted  fa t ty  acids are precursors, 
this would suggest  more efficient metabolism of a C18 
precursor in the rat,  as opposed to C20 in cattle, or more 
efficient chain elongation of a C18 derivative in cattle. 

In the feeding experiments, rats were subjected to a diet 
deficient in linoleic acid for a period of two weeks before 
supplementat ion of the food with the C19 precursor was 
initiated. In this way, the daily intake of linoleic acid per 
ra t  was fixed at ca. 60 mg. After  two weeks, the precur- 
sor (40 mg/day) was added to the food of each rat, and 

TABLE 1 

F-Acids Present in Rat 

Amount (~g/rat) a 

F-acid Liver Kidney Muscle Fat Blood 

F 3 - -  1 4 18 -- 
F 4 -- 3 4 12 -- 
F6 1 -- 7 1 -- 

aThe values were determined by GC. Peak area was compared to 
the area of the unnatural F-acid [lj] added at a level of 20 ~g to 
each sample. The results are estimated accurately to +_ 20%. 

H00C--(CH2)n'~(CH2)2--COOH 

n 

a: 1 
b: 2 
c: 3 
d: 4 

SCHEME 5 
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feeding was continued for 33 days. At  the end of this 
period, the liver, kidney, muscle, fat  and blood fractions 
were once more examined. The results are presented in 
Table 2. 

The natural  F-acids, F3 [ld], F 4 [le] and F6 [lg], are 
present  in generally reduced quantities, bu t  there is no 
evidence for the unnatura l  metabolite [lh]. In terms of 
the experimental  design, this would suggest  that ,  in the 
rat ,  linoleic acid is not  a precursor of the F-acids. The 
natural  metabolites are detectable at  a level of ca. 0.1 #g, 
s o  even minimal conversion of the C19 precursor to [lh] 
should be apparent.  Moreover, the metabolite [lh] has 
been synthesized in this laboratory ("unpublished re- 
sults"), so tha t  its retent ion index by  GC is known, en- 
abling extremely accurate analysis. 

The fact tha t  neither acetate  (24) nor linoleate appear  
to be implicated in F-acid biosynthesis  is surprising. 
However, an additional possibility is tha t  the F-acids are 
not  produced in animals, but  instead originate in plants 
and are taken nutri t ionally into animal systems, whre 
t h e y  accumulate in various organs. However, earlier 
studies on fish food (37} and catt le food (36~ have shown 
an absence of F-acids in these commodities. Methodology 
for F-acid detection has improved since these studies were 
made, and it  could be tha t  very  small quanti t ies of these 
metabolites were not  detected. In the s tudy of fish meal, 
detection is only claimed to be 0.2%. Recent work in this 
laboratory has confirmed the presence of F-acid transfor- 
mation products  in, e.g., soya bean oil {"unpublished 
results"), and they have been detected previously in seed 
oil (38). To clarify if previously undetectable amounts  of 
F-acids may  be introduced into the ra ts  with their  food, 
the ra t  food deficient in linoleic acid used in the above 
s tudy was reexamined using the improved method for the 
detection of F-acids by hydrogenation to te t rahydrofuran 
acids. The results are presented in Table 3. 

As can be seen, all three F-acids isolated from the ra t  
are present  in ra t  food in significant quantities.  The 
amount  of F 3 cannot be determined due to overlap of in- 
terfering peaks, but  appears to be at least equal to the 
amount  of F 4. I t  would seem possible, therefore, tha t  the 
F-acids detected in the ra t  are not  only produced in vivo, 
bu t  also accumulate in the body via nutri t ional  intake. 
I t  would explain the higher amounts  of F-acids found in 
f a t ty  tissue, where obviously no mechanism exists for 
their  immediate removal from the body. In order to re~ 
move these F-acids [1], they are metabolized to dicarbox- 
ylic acids [4], which are then excreted in the urine. 

TABLE 2 

F-Acids Present in Rats Fed Food Supplemented 
with [lh] for 33 Days 

Amount (pg per rat) a 

F-acids Liver Kidney Muscle Fat Blood 

F 3 2 7 7 3 - -  
F4 3 3 - -  11 --  
Fe 1 - -  7 1 --  

aThe values were determined by GC. Peak area was compared with 
the area of the unnatural F-acid [lj] added at a level of 20 ~g to 
each sample. The results are estimated accurately to __.20%. 

TABLE 3 

F-Acids Present in Rat Food 

F-acids Amount (~g/100g) a Daily intake per rat 

F3 b c 
F 4 15 3 ~g--- 8.8 nmol 
F 6 25 5 ~g~- 13.6 nmol 

aThe values were determined by GC. Peak area was compared with 
the area of the unnatural F-acid [lj] added at a level of 20 ~g to 
each sample. The results are estimated accurately to --_20%. 

bDetectable, but not quantifiable because of overlapping peaks. 
c Not determinable. 

TABLE 4 

Furandicarboxylic Acids in Rat Urine 

Compound Daily excretion per rat a 

4b 1.3 ~g = 5.0 nmol 
4d 3.0 ~g -- 10.2 nmol 

aThe values determined by GC. Peak area was compared with the 
area of 3-carboxy-4-methyl-5-pentyl-furan-acetic acid added at a level 
of 10 ug to each sample. The results are estimated accurate to 
___10%. 

To elucidate the quant i ty  of F-acids delivered by the 
food and to compare it with the quant i ty  originating from 
de novo synthesis, it  is necessary to quantify the urinary 
metaboli tes of the F-acids. The results  are presented in 
Table 4. In addition, the feces were examined, but  no F- 
acids could be detected. The amount  of F-acids found in 
the rat  food is sufficient to explain the origin of the 
amount  of furandicarboxylic acid [4b,4d] in the ra t  urine, 
and the origin of the F-acids in the tissue. 

Therefore, there is no need to assume a de novo syn- 
thesis of F-acids by  the rat.  This would account for the 
failure of biosynthet ic  experiments in both  ra t  and fish. 

Metabolism of supplementary F-acids to furandicarbox- 
ylic acids in rats  has been shown to be relatively fast (35), 
thus  explaining the low quanti t ies of these compounds 
in organs such as liver and kidneys, but  metabolism in 
fish is much slower (24), which accounts for the corre- 
spondingly larger quantit ies of F-acids found in this 
species. 

F-acids present  in ra t  t issue originate, therefore, from 
ra t  food and are metabolized to furandicarboxylic acids 
found in the ra t  urine. 

Obviously, additional work, including a reexamination 
of different food, is necessary to fur ther  elucidate the 
origin of F-acids in other  organisms. This is presently 
underway. 
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Localization of Long-Chain Fatty Acids and Unconventional Sterols 
in Spherulous Cells of a Marine Sponge 
M i s h e l l e  P. L a w s o n ,  J a n i c e  E. T h o m p s o n  a n d  C a d  D j e r a s s i *  
D e p a r t m e n t  of Chemistry,  Stanford University, Stanford,  CA  9 4 3 0 5  

The first  direct evidence is provided for the presence of 
unconventional lipids in a particular subcellular mem- 
brane system of a sponge. Spherulous cells were isolated 
from the variety of cell types present in the marine 
sponge Aplysina r~stularis by density gradient centrifu- 
gation. Spherulous cell plasma membrane was subse- 
quently isolated by cell rupture followed by differential 
centrifugation and sucrose, or Percoll, density gradient 
ultracentrifugation. Plasma membrane isolates were iden- 
tified and assessed for puri ty using [3H]concanavalin A 
plasma membrane marker, sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis and ratios of protein, sterol 
and phosphate. Plasma membrane isolates could not be 
assessed for puri ty by traditional enzymatic means. 
Spherulous cell plasma membrane was found to contain 
unusual lipids, including long-chain (C24-C30) f a t ty  acids 
(16.8-27.2%) and unconventional 26-alkylated sterols 
(66.4-72.6%), in addition to more conventional fa t ty  acids 
and sterols. Spherulous cell intracellular membranes were 
also found to contain long-chain f a t t y  acids and uncon- 
ventional sterols, al though the relative importance of 
these unusual lipids apparently varies between intra- 
cellular membranes, with some containing approximately 
50% long,chain acids. 
Lipids 23, 1037-1048 (1988). 

Therefore, the purpose of the present s tudy was to 
isolate and chemically characterize the lipid composition 
of a specific subcellular membrane (plasma membrane) 
from one type of sponge cell tha t  was known to contain 
both unusual fa t ty  acids and sterols. Spherulous cells of 
the marine demosponge Aplysina fistularis were chosen 
for this s tudy  for the following reasons: {A) In our pre- 
liminary studies, spherulous cells were found to contain 
large quantities of LCFA extending to at  least C3o-chain 
lengths (unidentified fa t ty  acids with equivalent chain 
lengths [ECL] corresponding to Ca~-C~3 also were 
detected) and 26-alkylated sterols (Fig. 1) as previously 
reported for the whole sponge (4-6). (B) Spherulous cells 
in this sponge are present in large numbers and can be 

".,r---'-( 
N N S N 

1 2 3 ~! 

,~ .~ Z 8 

..= 
Unusual lipids, including long-chain fa t ty  acids (LCFA) ~ V ~ ' T /  N (C24-C30) and unprecedented sterols, have been identified a 10 
from mixed membrane isolates of whole marine sponges, 
raising intriguing questions about the structure and func- 
tion of sponge membranes, as such lipid content contrasts ..... ~ . . ~  , ~  ~ I ~  
with the shorter-chain f a t ty  acid (C14-C22) and simple N r - T  N T ~ l l -  

sterol (cholesterol) content of other animal cell membranes s 14 
(1-3). Since the mixed membrane isolates examined to 
date have consisted of a mixture of subcellular mem- 
branes from the entire diversity of cell types present . ~ . ~ J ~ .  . . ~  J . ~  
within the adult  sponge, the lipid composition of any v r V T  
specific sponge subcellular membrane system is unknown. 17 ms 
Moreover, it is also unknown whether LCFA co-occur 
with unconventional sterols in the cellular membranes of 
these animals. Such knowledge is critical to an under- 
s tanding of sponge-membrane structure and function. 

1part 19 of "Phospholipid Studies of Marine Organisms." For Part 
18 see Li, H., Duzgunee, N., Ayanogiu, E., and Djerassi, C., Chem. 
Phys. Lipids, in press. 

*To whom correspondence should be addressed. 
Abbreviations: BSA, bovine serum albumin; CMF-ASW, calcium- 
and magnesium-free artificial sea water; [3H]con A, [3H]con- 
canavalin A; EGTA, ethylene glycol his(/~-aminoethyl ether)N,N'- 
tetraacetic acid; HM, homogenizing medium; LB, labeling buffer; 
LCFA, long-chain fatty acid; P1, P2 and P3, pellets obtained by 
respective centrifuging at 1075, 15,000 and 100,000 • g; PUFA, 
polyunsaturated fatty acid; SCFA, short-chain fatty acid; SDS, 
sodium dodecyl sulfate; ECL, equivalent chain length; GC, gas 
chromatography; HPLC, high performance liquid chromatography; 
PAGE, polyacrylamide gel electrophoresis; MS, mass spectrometry; 
TLC, thin layer chromatography. 

..= ffi 

N N 
.!3. .12 

15 16 

side chain side chain _ s i d e  chain 

N H S D 

FIG. 1. Major sterols (>/0.5%) present in Aplysina fistularis: E/Z- 
cholesta-5,22-dien-3/~-ol (1); cholest-5-en-3~-ol (cholesterol) {2); 5a- 
cholestan~3/~-ol q3); F_H24S)-methylcholesta-5,22~lien~3~l qcrinosterol) 
(4); E-(24R)-methylcholesta-,22-dien-3/3-ol (brassicasterol) (5); (24S)- 
methylcholesta-5,25-dien-3/3-ol (codisterol) (6); (24R)-methylcholesta- 
5,25-dien-3f~-ol (epicodisterol) (7); (24RFmethylcholest-5-en-3/3-ol (8); 
(24SFmethylcholest-5-en-3i3-ol (9); (24E)~thylcholeeta-5,22-dien-3/3-ol 
(10); (24S)-ethyleholesta-5,25-dien-3/3-ol (clerosterol) (11); (24SF 
ethylcholest-5-en-3~-ol (12); (24R)-ethyleholest-5-en-3/3-ol (13); 
(24R)-24,27-dimethylcholesta-5,25-dien-3/3ml (25-dehydroaplysterol) 
(14); (24R~25S)-24,26-dimethylcholest~5-en~/3-ol (aplysterol) (15); (24S[or 
R])-isopropenylcholesta-5,22-dien-313-ol (16); (24R,25S)-24,26-dimethyl- 
cholesta-5,7-dien-3/3-ol (7-dehydroaplysterol) (17); E-(24R)-24,26,27-tri- 
methylcholesta-5,25-dien-3~-ol (verongulasterol) (18). 
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readily and efficiently isolated from other sponge cells and 
abundant matrix microorganism symbionts (7). (C) Spher- 
ulous cells are comparatively large (ca. 10/~m dia.), highly 
refractile cells that can be readily differentiated from 
other sponge or symbiont cells due to the presence of large 
organelles termed spherules (1-3/~m dia.) that contain 
distinctive, yellow-colored, globular inclusions (8); thus, 
spherulous cells can be easily observed unaided by fight 
microscopy for rapid verification of spherulous cell isolate 
purity and cell rupture. (D) Apart from spherules, spheru- 
lous cells contain few other intracellular organelles with 
membranes that could contaminate plasma membrane 
isolates from these cells (7,9). Finally, the basic histology 
and behavior of these cells is well known (8,9), including 
the fact that spherules contain brominated secondary 
metabofites (7), possibly for use in chemical defense or 
offense (10). Also abundant in the whole sponge are 
bacterial symbionts and archaeocyte, pinacocyte and 
choanocyte sponge cells. Research is currently underway 
in our laboratory to isolate these cell types. 

This study is the first to apply traditional methods of 
density gradient ultracentrifugation for the purification 
of plasma membrane from sponge cells. The traditional 
enzyme assay method for characterization of subcellular 
fractions, however, could not be considered conclusive for 
this poorly understood animal system (as discussed fur- 
ther in Results). Therefore, additional methods for the 
detection of sphernlous cell plasma membrane and assess- 
ment of its purity were also employed, including radio- 
active labeling ([~H]concanavafin A) of sphernlous cell 
plasma membrane prior to cell rupture, sodium dodecyl 
sulfate (SDS)-polyacrylamide gel electrophoresis 
(PAGE), and ratios of protein, phosphate and sterol. 

EXPERIMENTAL 

Collection. Aplysina fistularis (Pallas, 1776) (Verongia 
thiona, Verongia aurea~ Spongia fulva) (O. Verongida) was 
collected in March (Experiment 1) and June 1986 (Experi- 
ment 2), from the low intertidal (1-3 m below mean lower, 
low water) at Casa Cove, La Jolla, CA. Sponges were 
maintained in aerated seawater (6~ for no longer than 
3 days prior to use. 

Chemicals and materials. Density gradient chemicals 
included Ficoll (Type 400 DL) and grade 1 sucrose (Sigma; 
St. Louis, MO), and Percoll (Pharmacia Inc.; Uppsala, 
Sweden). Other supplies were: concanavalin A (N-[acetyl- 
3HI acetylated; 30-90 Ci/mmol; Pharmacia Inc.); methyl 
a-D-mannopyranoside (Sigma); AcrylAide and GelBond 
(FMC Corporation, Princeton, N J); Aquasol (NEN Re- 
search Products universal cocktail); and Fiske~Subbarrow 
reducing agent (Sigma). Bovine serum albumin (BSA) and 
cholesterol (Sigma) were standards for protein and sterol 
quantification, respectively. SDS gel electrophoresis stan- 
dards (Sigma) consisted of 3 kit samples with molecular 
weight ranges of: 14-70K (product no. MW-SDS-70L), 
30-200K (MW-SDS-200) and a prestalned selection of 
27-180K (MW-SDS-BLUE) proteins. Electron micra  
scopy reagents, reference lipids and other chemicals and 
materials used in lipid analysis were those listed in 
Lawson et al. (2). 

Tissue samples were held on ice throughout all pro- 
cedures, unless otherwise stated. 

Isolation of spherulous cells. Spherulous cells were 
isolated from whole sponge tissue according to methods 
modified after Thompson et al. (7). To dissociate cells, 
sponges (1 kg, wet wt) were cleaned of macroscopic debris 
and epibionts, cut into pieces (1 cm3), washed in calcium- 
magnesium-free artificial seawater (CMF-ASW) (6 1, 
10~ left in CMF-ASW (25~ for 1-2 hr and finally 
forced through cheesecloth. Residual tissue (300 g, wet 
wt) was retained for lipid analysis. To isolate spherulous 
cells, the dissociated cells (2 g, wet wt) were concentrated 
by centrifugation (650 • g15 min/10~ Sorvall RC-5 can- 
trifuge, GSA rotor), resuspended in CMF-ASW/10~ to 
a total volume of 20 ml and placed on top of several 
discontinuous Ficoll gradients (10 o C). The gradients were 
produced by layering from bottom to top the following 
concentrations of Ficoll in CMF-ASW in 40 ml trans- 
parent centrifuge tubes: 23.1% (10 ml), 20% (10 ml), 
16.7% (5 ml) and 9,1% (5 ml). The:gradients were centri- 
fuged (2,000 rprrg5 min/25~ International clinical bench- 
top centrifuge Model CL, rotor #211) and spherulous cells 
were recovered from the 23.1-20% Ficoll interface by 
aspiration with a truncated Pasteur pipette. Spherulous 
cells were washed free of Ficoll in CMF-ASW (250 ml; 
600 X gl15 min/10~ resuspended in CMF-ASW (1 ml) 
and applied to a second Ficoll gradient that consisted 
from bottom to top of 20% (10 ml), 16.7% (10 ml) and 
9.1% (10 ml) Ficoll in CMF-ASW/10~ for further 
purification. Centrifugation was repeated as for the first 
gradient, and spherulous cells were collected from the 
20-16.7% Ficoll interface and washed as before. Homo- 
geneity of cell fractions was assessed by light and elec- 
tron microscopy. 

[3H]Concanavalin A ([3H]con A) labeling of plasma 
membrane. Spherulous cells (0.5 g, wet wt) isolated in 
June were: A) washed free of Ficoll in CMF-ASW/10~ 
B) stabilized in 3.5% formaldehyde/CMF-ASW/10~ (20 
rain) to prevent reaggregation of dissociated cells (9,11), 
C) washed free of formaldehyde in CMF-ASW/10 o C (3 • 
and finally incubated with [3H]con A (200 nCi/ml) in 
labeling buffer (LB) (800 mM sorbitol/50 mM Tris-HCl/ 
0.2 mM ethylene glycol bis[/3-aminoethyl ether] N,N'- 
tetraacetic acid [EGTA]/lmM MgCI2/1 mM CaCI2/1 mM 
MnC12/BSA [3 glml]ICMF-ASWlIO~ pH 7.4; 5-10 ml) 
for 40 rain on ice with gentle shaking every 10 rain (12). 
Cells were centrifuged (2,000 rpm/25~ rain) and the 
supernatant was discarded. Pelleted cells were washed 
(3X) in LB lacking EGTA (150 ml) (12) and used for Ex- 
periment 2, as described below. 

The saturation point of [all]con A labeling to spheru- 
lous cell plasma membrane was determined by a standard 
kinetic study involving subsampllng at 0, 10, 30 and 60 
min (13). The effects of Ficoll on labeling with [~H]con A 
were examined by comparing the labeling efficiency in the 
absence and presence of Ficoll (30%). Possible internaliza- 
tion of the [3H]con A label was investigated by incu- 
bating spherulous cells in 200 nCi/ml [all]con A in LB 
10~ mirdpH 7.4 according to Sorimachi (13) and was 
determined to be the proportion of cell-associated radio- 
activity (lectin binding) remaining after removal of the 
externally-bound figand by methyl a-D-mannopyranoside 
(13). Enrichment of [all]con A radioactivity was calcu- 
lated as a ratio of the [aH]-radioactive count per mg pro- 
tein in subcellular isolates from Percoll gradients com- 
pared with that of parent [3H].labeled cells used in the 
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experiment (12}. Data were corrected for nonspecific bind- 
ing of [3H]con A, which was assessed by conducting 
parallel assays with the haptan monosaccharide, methyl 
a-D-mannopyranoside (100 mM) being present either from 
t = 0 or t -- 60 min, during the course of [all]con A 
labeling according to the methods of Cuatrecasas (14), 
Juliano and Li (15), Emerson and Juliano (16) and Chicken 
and Sharom (17). 

Isolation of spherulous cell plasma membrane. Experi- 
ment 1. Subcenular fractionation of spherulous cells was 
modified after Lawson et al. (2). Spherulous cells were 
resuspended and homogenized in homogenizing medium 
(HM} (HM1 = 250 mM sucrose/50 mM Tris-HC1/5 mM 
EDTA/0.1 mM phenylmethylsulfonylfluoride/CMF- 
ASW/10~ pH 7.4) with a Brinkman Polytron homoge- 
nizer (setting 1, 30 sec). The homogenate was filtered 
(0.5 • 0.1 mm mesh nylon) and subjected to successive 
centrifugation at 1075 and 15,000 • g (10 min/10~ 
Sorvall RC-5 centrifuge, SS-34 rotor), and 100,000 • g 
(1 hr/4~ Beckman L2-65B centrifuge, SW-28 rotor) to 
produce P1, P2 and P3 pellets (see Abbreviations} and a 
final supernatant, respectively. P1 and P2 pellets were 
each washed once in HM1 and lyophilized for lipid 
analysis. The P3 pellet was resuspended in buffer (8.5%, 
w/w = 250 mM sucrose/50 mM Tris-HC1/CMF-ASW/ 
4~ pH 7.4; 5 ml) and placed on top of a sucrose density 
gradient, which consisted of (from bottom to top}: 45% 
(1.32 M, 5 ml), 42.8% (1.25 M, 7 ml}, 37.7% (1.1 M, 7 ml), 
34.1% (1.0 M, 7 ml), 30% (0.88 M, 7 ml} sucrose/50 mM 
Tris-HC1/CMF-ASW/4~ with respective densities of 
1.21, 1.19, 1.17, 1.16, 1.13 and 1.03 g/ml at 0~ (18). The 
sucrose gradient was centrifuged (131,000 • g/2 hr/4 ~ C; 
Beckman L2-65B ultracentrifuge, SW-28 rotor) and 
visually-distinct fractions were collected by aspiration 
with a Pasteur pipette. 

Experiment 1. [3H]Con A-labeled spherulous cells 
(described above) were resuspended and homogenized 
(HM2 = 800 mM sorbitol/50 mM Tris-HCl/1 mM MgC12/ 
1 mM MnCl2/1 mM MnCl2/5 mM /3-mercaptoethanol/ 
CMF-ASW/10~ pH 7.4; 5 ml; hand-held Biospec Bio- 
homogenizer; low speed--10,000 rpm/2 rain; on ice) 
(12,13,19} and fractionated according to methods modified 
after Fauvel et al. (12). The homogenate was centrifuged 
(1,000 • g/15 min/4~ Sorvall RC-5 centrifuge, SS-34 
rotor), and the supernatant (containing subcellular 
organelles and microsomal membranes) was mixed with 
twice-concent ra ted  HM2 in Pe rco l l /CMF-ASW 
(6:12:10.32:1.68, v/v/v/v) at pH 7.4 and centrifuged (79,000 
• g/15 mirg4~ Beckman L2-65B ultracentrifuge, SW-28 
rotor) to produce a continuous Percoll gradient according 
to modified methods of Fauvel et al. 112). Fractions of 2 
ml were successively collected from the top of the gra- 
dient with Pasteur pipettes. Fractions 2-4, which char- 
acteristically contain subcellular membranes (12), were 
combined and mixed with twice-concentrated HM2/Per- 
coll (6:12:10.32, v/v/v) (pH 9.6, adjusted with 1 M NaOH), 
with a final pH adjustment to 9.6. This mixture was cen- 
trifuged (79,000 X g/15 min/4~ and fractions were col- 
lected for analysis from the top of the gradient with 
Pasteur pipettes. 

Microscopy. Foramalin-fixed, spherulous cell isolates 
were examined by light microscopy, utilizing toluidine 
blue as a staining reagent. Samples of whole sponge, 
spherulous cells and subcellular isolates were examined 

by electron microscopy as in Lawson et al. {2). The purity 
of the mixed membrane isolate, in terms of it being free 
from subcellular lipidic contaminants such as small 
vacuoles, lipid droplets and osmiophilic granules {that are 
characteristically found in spherules), was determined by 
electron microscopy (2}. 

Enzyme assays. A coupled enzyme assay, in which for- 
mation of ADP by ATPase is coupled to NADH oxida- 
tion with the intermediate enzymes pyruvate kinase and 
lactic dehydrogenase and with the intermediate substrate 
phosphoenolpyruvate present in excess, was employed to 
determine membrane~associated Na+K+-ATPase activ- 
ity in aliquots of subcellular isolates according to the 
methods of Scharschmidt et al. (20). 

Determination of radioactivity. Samples of [3H]con A- 
labeled spherulous cells and subcellular fractions from Ex- 
periment 2 were digested in 1 ml household bleach to 
reduce quenching and the mixture was sonicated (1 min) 
before the addition of scintillation fluid (Aquasol) to aid 
in suspension of subcellular tissue. Suspensions were 
shaken immediately prior to counting radioactivity {Beck- 
man LS 7500 microprocessor controlled liquid scintilla- 
tion system with external standardization and quench 
correction). 

SDS-Polyacrylamide gel electrophoresis. Samples of 
whole spherulous cells, homogenates, P1 and P2 pellets, 
membrane bands and intermediate fractions from Experi- 
ment 1, and membrane bands and intermediate fractions 
from Experiment 2, were analyzed for protein content by 
SDS-polyacrylamide gel electrophoresis (PAGE) (21). 
Samples containing 10-20 ~g protein were solubilized in 
buffer (55 mM Tris-HC1/1.8% SDS/8.8% glycerol) {1 part 
protein:l part buffer}, to which 0.002% bromophenol blue 
tracking dye was added, at 100~ min. Samples (50 gl) 
were applied to SDS-polyacrylamide-discontinuous-slab 
gels containing 10% AcrylAide (4.5% stacking gel, 7% 
running gel/backed with GelBond) (22,23) and run at 
27 mA. Gels were stained with Coomassie Brilliant 
Blue R and/or silver stained. To detect nonspecific stain- 
ing, controls of buffers and suspension media were 
simultaneously run. 

Chemical analyses. Lipids were extracted from lyophi- 
lized (Experiment 1) or wet/frozen (Experiment 2) tissue, 
cells and subcellular fractions and were examined by thin 
layer chromatography {TLC) for lipid class content ac- 
cording to Lawson et al. (2). 

The majority of the total lipid extract from the Experi- 
ment 1 whole sponge sample and the Experiment 2 whole 
sphernlous cell isolate (60 mg} was separated by column 
chromatography (7 • 0.7 cm dia. column; SIL-R 100-300 
mesh silicic acid, Sigma Co.) into fractions that usually 
contain triacylglycerols and sterol esters (Fraction 1), free 
sterols and diacylglycerols (Fraction 2), glycolipids (Frac- 
tion 3) and phospholipids (Fraction 4). Fraction 1 was 
eluted with hexane/ether (2:1, v/v, 20 ml), Fraction 2 with 
acetone (40 ml), Fraction 3 with methanol (50 ml) and 
Fraction 4 with chloroform]methanol (2:1, v/v, 20 ml). The 
composition of eluates was monitored by TLC that uti- 
lized codeveloped reference compounds and spray rea- 
gents according to Lawson et al. (2}. The remainder of the 
total lipid extracts were used for total lipid fatty acid and 
total sterol analysis. 

Fa t ty  acid composition of all samples, including Ex- 
periment 1 whole sponge sample total lipid and lipid 

LIPIDS, Vol. 23, No. 11 (1988) 



tO40  

M.P. LAWSON ET AL. 

Fractions 1-4, Experiment 1 spherulous cell subcellular 
fractions and Experiment 2 whole sponge tissue, 
spherulous cells and spherulous cell subcellular fractions, 
was determined by temperature-programmed gas 
chromatography (GC) as described in Lawson et al. (2). 
Major (>10.5%) individual fatty acid methyl esters were 
identified by GC-mass spectrometry (MS) of N- 
acylpyrrolidide derivatives of the acids (24) according to 
Lawson et al. (2). 

Sterols from Experiment 1 whole sponge tissue Frac- 
tion 1 sterol esters were obtained by: A) dissolution in 
methanol/water (99.5:0.5, v/v), B) addition of KOH 
(15 rag), C) heating (95~ rain) with stirring, D) concen- 
tration in vacuo, E) extraction in hexane and F) purifica- 
tion through a Pasteur pipette column of silica gel with 
hexane/ether (2:1, v/v). Total sterols were obtained from 
the Experiment 1 whole sponge tissue and subcellular 
fractions, and the Experiment 2 whole sponge tissue, 
spherulous cells and spherulous cell subcellular fractions 
total lipid extracts, according to the same methods. Free 
sterols were isolated from Experiment 1 whole sponge 
tissue Fraction 2 by column chromatography in hex- 
ane/ether (2:1, v/v). Sterol composition of these samples, 
for sterols present in amounts of >0.5 % of the total, was 
determined by high performance liquid chromatography 
(HPLC), GC and GC-MS, as in Lawson et al. (3). 

Phospholipid composition was determined by two- 
dimensional TLC of Experiment 2 whole spherulous cells 
and P1 pellet, and Experiment 1 whole sponge tissue, P1 
and P2 pellets, as described in Lawson et al. (2). Insuffi- 
cient sample was available for phospholipid analysis of 
membrane isolates. 

Total sterol, protein and phosphorus was quantified in 
subsamples of A) Experiment 2 spherulous cells, B) Ex- 
periment 2 Mixed Membrane Isolate, C) Experiment 1 
spherulous cell P1 fraction, D) Experiment 1 intraceUular 
membrane bands 2 and 3 and E) plasma membrane 
isolates from both experiments. Free sterol content was 
quantified using the fluorometric procedure of Heider and 
Boyett (25), with cholesterol as standard. Total protein 
was determined using a modified Lowry procedure (26), 
with BSA as standard. Total phosphorus was determined 
according to Johnson (27), using monobasic potassium 
phosphate as standard. Inorganic phosphate obtained 
after digestion was estimated by the high temperature 
Fiske-Subbarow method as in Bartlett (28). Phospholipid 
content was estimated assuming 770 g/tool as the average 
molecular weight of the phospholipids (29). 

RESULTS 

Isolation of spherulous cells. Intact A. fistularis spheru- 
lous cells were isolated at greater than 98% purity by 
volume, as determined by electron microscopy. The iso- 
lated spherulous cells were observed to contain multiple 
lipophilic spherules (2-7/xm), few mitochondria and small 
amounts of endoplasmic reticulum, in accordance with 
previous results (7,9). I t  was necessary to repeat the cell 

�9 fractionation procedure (with a reduced number of den- 
sity layers) on the primary spherulous cell isolate to 
achieve such purity, however, as the primary spherulous 
cell isolate was contaminated by noticeable aggregations 
of smaller, weakly refringent cells and organic debris. 

[3H]Con A-labeling of plasma membrane. Maximum 

radioactive labeling of the spherulous cell plasma mem- 
brane with the plant lectin [3H]con A was achieved after 
30-40 min, with 20% labeling efficiency; 88% of the 
[3H]con A-labeling at 0-40~ was found to be due to 
specific membrane binding. High concentrations of Ficoll 
(30%) diminished labeling efficiency by ca. 10%, but 
residual Ficoll that remained after washing spherulous 
cells did not have a significant effect on labeling. Less 
than 6% of the [3H]con A-radioactive label was inter- 
nalized under the conditions used; this small amount of 
intern~liT.ation of the label, although demanding con- 
sideration, did not significantly influence the experiment. 

Isolation of spherulous ceU plasma membrane. Experi- 
ment 1. Homogenization and differential centrifugation 
of unlabeled spherulous cells produced a relatively pure 
P3 mixed-membrane isolate, as evidenced by the almost 
exclusive presence of membrane vesicles in electron micro- 
graphs. Substantial P1 and P2 isolates were also pro- 
duced that included many intact, membrane-bounded 
spherules, suggesting that these intracellular organelles 
largely were not disrupted during homogenization. 

Subsequent centrifugation of the P3 mixed membrane 
pellet on a sucrose density gradient resulted in three dis- 
crete cloudy-white bands and a very small brown-colored 
pellet. The uppermost band, Band 1, contained most visi- 
ble material and banded isopycnically at a sucrose den- 
sity of 1.03-1.13 g/ml. The sedimentation density of this 
band corresponds to that reported for plasma membranes 
(18) in accordance with the proportionately larger size of 
this band; hereafter, this band will be referred to as the 
Plasma Membrane Band 1. Band 2 was faint and occurred 
at a density of 1.16-1.17 g/ml, and Band 3 was less faint 
and occurred at 1.17-1.19 g/ml. The sedimentation den- 
sities of Bands 2 and 3 correspond to those reported for 
endoplasmic reticulum and mitochondria, respectively 
(18), although spherule membranes were likely also in- 
cluded in Band 2 and/or 3; hereafter these bands will be 
referred to as Intracellular Membrane Bands 2 and 3. The 
pellet mainly consisted of membrane-bound debris. 

Because we could not isolate [3H]con A-labeled plasma 
membrane on a sucrose density gradient because of com- 
petition for the radioactive label between sucrose and the 
carbohydrate residues in the plasma membrane, the fol- 
lowing method was used for this purpose. 

Experiment 2. Homogenization and differential cen- 
trifugation of [3H]con A-labeled spherulous cells pro- 
duced a supernatant fraction that  contained microsomal 
membranes. Density gradient ultracentrifugation of this 
supernatant on PercoU at pH 7.4 resulted in a low-density, 
cloudy-white band at 4-10 ml {as measured from the top), 
a region expected to accumulate a mixture of subcellular 
membranes {12); the tritiated radioactivity of this band, 
hereafter referred to as the Mixed Membrane Isolate, was 
enriched 2.8 times. A second discreet band, which banded 
at a higher density (14-16 ml) and was light brown in 
color, consisted of unidentifed cellular material with a 
1.2 times enrichment in radioactivity; hereafter this band 
will be referred to as the Unidentified Cellular Material 
Isolate. A pellet consisting of spherules and unidentifiable 
cellular debris also possessed a relatively high radioac- 
tivity level. 

Upon recentrifugation of the Mixed Membrane Iso- 
late on Percoll at pH 9.6, a single band was observed at 
4-10 ml, the same position as the Mixed Membrane 
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Isola te  on the first  Percoll gradient.  This sugges ts  tha t  
the Mixed Membrane  Isola te  of the previous centrifuga- 
tion {pH 7.4) was largely plasma membrane,  in accordance 
with the observat ion of only a slight enrichment  in radio- 
act iv i ty  of this band af ter  recentr i fugat ion a t  p H  9.6. 
Because some purification of the p lasma  membrane  
isolate was achieved, nonlabeled intracellnlar membranes  
m u s t  have been present  on the gradient;  however, they 
were not  visually apparent ,  which is p robably  due to the 
small  amount  present .  This band, hereaf ter  referred to 
as the P lasma Membrane  Isolate, was enriched 3.1 t imes 
in radioact ivi ty,  indicating slightly grea ter  puri ty.  

E n z y m e  assays. A t t e m p t s  to measure  levels of mem- 
brane-associated Na + K+-ATPase  act ivi ty  in the above 
membrane  isolates, spberulous cells and related whole 
sponge t issues were unsuccessful,  e l iminating the mos t  
widely used method for character izat ion of subcellular 
isolates and determinat ion of membrane  puri ty.  The 
presence of cytotoxic, brominated natural  products  in the 
spherulous cells of A. fistularis {7) may  act to inhibit this 
enzyme in vi t ro  as such compounds  are powerful in- 
hibitors of Na + K+-ATPase  (30,31). An al ternat ive  en- 
zyme sys tem,  5'-nucleotidase, which is also frequently 
used to characterize p lasma  membranes  (32), similarly 
yielded poor levels of activity;  hence, fur ther  investiga- 
t ion of enzyme activit ies was discontinued. Al though 
disappointing,  these resul ts  were not  surprising, as the 
enzyme composi t ion of sponge cell membranes  has not  
been characterized and there are few studies tha t  repor t  
on sponge enzymat ic  act ivi ty.  Subsequent  unpublished 

exper iments  by  Lucinda Cordeiro in our labora tory  have 
also failed to utilize the following enzymes as potent ia l  
sponge membrane  markers:  K+-stimulated ATPase,  acid 
phosphatase ,  N A D P H  cytochrome c reductase,  N A D H  
cytochrome c reductase, which were assayed in the sponge 
Microciona prolifera~ 

SDS-PAGE.  SDS-PAGE of spherulous cell homoge- 
na tes  and membrane  fract ions obtained f rom Experi- 
ments  I and 2 produced protein profiles containing 10-14 
different bands.  The principal bands  occurred at  225 K, 
175 K, 109 K, 101 K, 93 K, 66.2 K, 64.9 K, 48 K and 
46.5 K, with a broad unresolved cluster  of bands  con- 
sist ing of several proteins between 33.4-37 K, 24 K, 15 K 
and 10 K. 

Three proteins  appeared character is t ic  of par t icular  
subcellular isolates. A high molecular weight  protein 
{225 K) was exclusively present in those isolates tha t  were 
enriched in p lasma  membrane  {Plasma Membrane  Band 
I of Exper iment  I and both the Mixed Membrane  Isolate  
and the P lasma  Membrane  Isola te  of Exper iment  2). In 
contrast,  proteins of 175 K and 93 K only were exclusively 
present  in the Intracel lular  Membrane  Bands  2 and 3 of 
Exper iment  1 and the Unidentified Cellular Material  
Isola te  of Exper imen t  2. 

Chemical analyses--whole sponge lipid content. Total  
lipid ex t rac t s  of whole sponges collected in March {Ex- 
per iment  1) and June  {Experiment 2) were yellow/brown 
and yielded identified f a t ty  acids to 30 carbons and un- 
confirmed fa t ty  acids to C31-C33 carbons {Table 1), with 
two main groupings  of f a t ty  acids cons t i tu t ing  greater  

TABLE 1 

The Fatty Acids of A. ~stularis  According to Equivalent Chain Length, 
as Determined by Gas Chromatography 

Peak number ECL Identity Peak number ECL Identity 

1 14.00 C14:0 33 18.90 C19:0 cyclo, l l-12 
2 14.39 C15:lbr 34 19.00 C19:0 
3 14.44 C15:lbr 35 19.40 C20:4 cis 5,8,11,14 
4 14.53 C15:lbr 36 19.47 C20:4 cis 6,9,12,15 
5 14.62 C15:0br 37 19.60 C20:2 cis 5,9 
6 14.71 C15:0br 38 19.83 C20:1 
7 15.00 C15:0 39 20.00 C20"0 
8 15.08 unknown 40 20.64 unknown 
9 15.39 C16:lbr 41 20.75 unknown 

10 15.46 C16:lbr 42 21.35 unknown 
11 15.63 C16:0br 43 22.00 C22:0 
12 15.72 C16:0br 44 23.24 C24:5 
13 15.77 C16:1 45 23.34 unknown 
14 15.82 C16:1 cis 9 46 24.64 C25:0br 
15 15.91 C16:1 47 24.75 C25:0br 
16 16.00 C16:0 48 24.84 unknown 
17 16.42 C17:lbr 49 25.48 unknown 
18 16.45 C17:lbr 50 25.65 C26:2 cis 5,9 
19 16.63 C17"0br 51 26.06 unknown 
20 16.72 C17:0br 52 26.40 unknown 
21 16.89 C17:0 cyclo 53 26.65 C27"0br 
22 17.00 C17:0 54 26.99 C27:0 
23 17.25 C16:0,2-OH 55 27.12 unknown 
24 17.41 C18:lbr 56 27.49 C28-3 cis 5,9,21 
25 17.61 C18:2 cis 5,9 57 27.57 C28:3 cis 5,9,23 
26 17.77 C18:1 cis 9 58 28.09 C28:2 cis 5,9 
27 17.82 C18:1 59 28.68 C29:3 cis 5,9,23 
28 17.92 C18:1 60 29.61 C30:3 
29 18.00 C18:0 61 30.00 C30:0 
30 18.19 unknown 62 30.13 unknown 
31 18.40 C18:0br-ll 63 32.76 unknown 
32 18.60 unknown 

Abbreviations: br, branched (position); cyclo, cyclopropyl. 
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than 95% of the acids: Cls-Cls acids accounted for 63% 
of the total and C~-C30 acids accounted for 32% of the 
total {Fig. 2). Fat ty  acids with chain lengths between Cls 
and C~ were present in minor amounts (<2% total), sug- 
gesting that these acids are either biosynthetic inter- 
mediates or dietary acids yet to be processed by the 
sponge. Most shorter-chain fatty acids in the C~5-Cls 
range were found to be branched Cls, Cle and C~7 acids, 
in accordance with previous results for this sponge (5) and 
for other demosponges (33-37L Fat ty  acid distribution 
patterns within each of the two A. fistularis collections 
{March and June) differed {Figs. 2A, 4A) and this is 
possibly due to seasonal factors, as has been suggested 
for other sponges (38-40L 

Column chromatography of Experiment 1 whole 
sponge total lipid extract yielded fractions which, accord- 
ing to TLC l~ values, spot characteristics on TLC 
plates, reference lipids and specific spray reagents, and 
in accordance with data for other sponges {2,5), were ex- 
pected to contain the following: Fraction 1--sterol esters 
(TLC Rf = 0.79 in hexane/ether, 1:1, v/v) and triacyl- 
glycerols {0.74); Fraction 2--free sterols and diacylglyc- 
erols {0,23); Fraction 3-glycolipids {0.14); and Fraction 4 
--phospholipids (0L Unidentified lipids were also present 
at Rt -- 0.48. 

Of these four lipid fractions, only the phospholipid Frac- 
tion 4 contained appreciable levels of long-chain fatty acid 
(LCFA) {38.4%) {Fig. 2E) and paralleled the levels of 
LCFA in the total lipid extract {36.3%) {Fig. 2A), although 
all fractions contained some LCFA {Fig. 2). The major 
long-chain acids, C~:~ise.9 and Cs0:3, were present at a 
ratio of 1:1 in the phospholipid fraction, suggesting they 
co-occur in certain phospholipids or occur singly in 
phospholipids that complement each other in cell mem- 
branes {Fig. 2E). The phospholipid, Fraction 4, was also 
characterized by high levels of unsaturation {53.3%), 
especially polyunsaturation in LCFA (Fig. 2E). The 
similarity of proportions ifi both LCFA and unsaturated 
fatty acids between the total lipid extract and the 
phospholipid, Fraction 4, is common for this (5) and other 
sponges {1,2), and can be accounted for by the high pro- 
portions of phospholipids in sponge tissue {2,5}. 

Eighteen sterols were detected in the whole sponge 
total lipid extract described above {Fig. 1). The unconven- 
tional sterols 25-dehydroaplysterol (14) and aplysterol {15) 
accounted for 67.1% of the total sterols, in agreement 
with the results of Walkup et al. (5), and similar amounts 
within the sterol esters {64%} and free sterols {65.3%) 
{Fig. 3). Cholesterol (2) and 5a-cholestan-3/~-ol (3) at 13.5- 
15.3% of the total were the only other sterols present in 
significant proportions. The sterol composition of free 
sterols, sterol esters and total sterols was similar {Fig. 3). 
Spherulous cell lipid content. The total lipid extract of 

a subsample of the spherulous cells isolated for Experi- 
ment 2 was similar in color to that of the related whole 
sponge tissue, but differed substantially in lipid composi- 
tion {Fig. 4A,4B). The spherulous cells lacked several 
fatty acids that were present in the whole sponge, note- 
ably the C18~ b,-n and Cls:l (peak no. 28) acids. Moreover, 
t h e  spherulous cells contained greatly elevated levels of 
the C~6:0 acid. It was significant that branched-chain fat- 
ty acids were still present in relatively high amounts 
(12.2%) in spherulous cells, as these acids have been pro- 
posed to be bacterial in origin (5). 
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FIG. 3. Relative percent composition of sterols as total  sterols (AL 
sterol esters, (B) and free sterols (C) in A. fistularis whole sponge 
t issue from Experiment 1 (March sample). Sterol peaks: peak 1 = 
sterol 1; peak 2 = sterols 2 and 3; peak 3 = sterols 4 and 5; peak 
4 = sterols 6 and 7; peak 5 = sterols 8-10; peak 6 = sterols 11-13; 
peak 7 = sterois 14 and 15; peak 8 --- sterols 16 and 17; peak 9 = 
sterol 19. Sterols are identified by number in Figure 1. 

Although whole spherulous cell tissue was not analyzed 
for lipid content for both collections, the P1 pellets, which 
contained predominantly undisrupted and partially dis- 
rupted spherulous cells and organelles, obtained from 
both subcellular fractionation procedures were analyzed 
and were found to differ dramatically. The P1 pellet from 
Experiment 2 contained more than twice as many (ca. 
15% more} LCFA, ca. 17% more polyunsaturated fatty 
acids (PUFA), of which most {~15%) were among LCFA, 
but lower levels of total unsaturation (~10% less) than 
the P1 pellet obtained from Experiment 1 {Figs. 4, 5). 
Also, without exception, the fatty acids that dominated 
(>5% total) each experimental group were different 
{Figs. 4C, 5AL Noteably, C2~:0 occurred at 20.1% in the 
PI sample of Experiment 2 spherulous cells, but it was 
not detected in that of Experiment 1. In contrast, C2o:o 
was present at 8.4% in Experiment 1 P1, but it was not 
detected in Experiment 2 P1. Long-chain C~ to Czo acids 
of Experiment 2 P1 were present in higher proportions 
{25%) than those of Experiment 1 P1 {10.9%). It was 
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interesting that levels of C28:2cis5,9 in Experiment 2 P1 
{10.7%) paralleled the level of C30:3 {11.2%} in Experi- 
ment 2 P1, and C2s:3ci,5.9.23 {3.4%} paralleled the level of 
C30:3 {4.4%} present in Experiment 1 P1. An unknown 
acid (ECL -- 25.479} was present in significant amounts 
{7.9%} in the P1 sample of Experiment 1, but was absent 
in that of Experiment 2. Also, the Experiment 1 spheru- 
lous cell pellet contained higher levels of branched-chain 
fatty acids--specifically C16:0br, C17:lbr and C13:lbr acids. 
Such differences in lipid composition are possibly due to 
seasonal factors, as mentioned for whole sponge tissue. 

Similarities in the fatty acid composition were observed 
between the P2 pellet {Fig. 5), which was found to con- 
sist largely of spherules, and that of Intracellular Mem- 
brane Band 2 in Experiment 1 {Fig. 5D) suggesting that 
IntraceUular Membrane Band 2 represents spherule mem- 
branes. For example, Intracellular Membrane Band 2 of 
Experiment 1 had high LCFA {48.1%} and PUFA {19.7%} 
levels which were reminiscent of the P2 'spherule' pellet 
where LCFA and PUFA totaled 39.8% and 27.8%, 
respectively. 

The principal phospholipids of the spherulous cells were 
phosphatidylethanolamine, phosphatidylcholine, phos- 
phatidylserine and phosphatidylinositol, with a minor 
content of phosphatidylglycerol and diphosphatidylglyc- 
erol, in accordance with data for whole tissue (5}. 

All sterols detected in the whole sponge were also 
detected in the related spherulous cells, but the relative 
proportions of the sterols were different {Figs. 3, 4B). 
25-Dehydroaplysterol (14) and aplysterol (15) were en- 
riched in the spherulous cells {72.2%}, as compared with 
whole sponge tissue {67.1%}; and cholesterol (2} and 5a- 
cholestan-3~-ol (3) amounted to 24.2% of the total in 
spherulous cells and 13.8% in the whole sponge. The sterol 
composition of the P1 samples from both Experiments 
were similar except that there was slightly more {24S[or 
R])-isopropropenylcholesta-5,22-dien-3~-ol (16} and 
7-dehydroaplysterol (17} {peak 8, Fig. 5A) in the P1 isolate 
of Experiment 1 than in that of Experiment 2. 

Membrane isolate lipid content. Membrane lipids were 
transparent and mainly consisted of phospholipid and 
sterol, but  sterol esters and an unidentified lipid (Rf -- 
0.48 in hexane/ether, 1:1) also were present in lesser 
amounts. It was not determined whether these lipids were 
situated totally or partially within the membrane bilayer, 
or whether they were peripheral molecules adherent to 
the exterior/interior membrane surface(s). 

The spherulous cell plasma membrane isolates produced 
by both experimental methods contained appreciable 
levels of LCFA: 27.2% of the fatty acids from the Experi- 
ment 1 Plasma Membrane Band 1 and 16.8% of the fatty 
acids from the Experiment 2 Plasma Membrane Isolate 
were LCFA. For Experiment 1, this plasma membrane 
LCFA content {27.2%} mirrored that observed for the 
corresponding P1 pellet {28.2%, Fig. 5), but  for Experi- 
ment 2, this LCFA content {16.8%} was significantly 
below that observed for the corresponding P1 pellet 
{29.5%} or whole tissue {27.3%} {Fig. 4). Spherulous cell 
plasma membrane LCFA were predominantly of shorter 
chain lengths (with the measured ECL equaling 24.75- 
25.48 [~C25, peak nos, 44-49; 21.21%--Experiment 1; 
15.1%--Experiment 2]) than were found in whole spheru- 
lous cells or in intracellular membranes {Figs. 4,5}, and 
longer LCFA (peak nos. 50-63, chain lengths C26-?C33) 

occurred in comparatively low levels {6.8%--Experi- 
ment 1; 1.7%--Experiment 2). 

The intracellular membrane isolates also contained ap- 
preciable levels of LCFA, but the relative fatty acid com- 
positions differed greatly, suggesting different intra- 
cellular membranes may differ substantially in composi- 
tion. One of the Experiment 1 Intracellular Membrane 
Isolates contained a higher level of LCFA than did the 
corresponding Plasma Membrane Isolate: Intracellular 
Membrane Band 2 contained 48.1% LCFA {Fig. 5D), and 
the corresponding Plasma Membrane Band 1 contained 
only 27.2% LCFA {Fig. 5C}. The Experiment 2 Mixed 
Membrane Isolate of Percoll gradient 1, which contained 
a mixture of intracellular membranes and plasma mem- 
brane of which the proportions are unknown, contained 
22.8% LCFA {Fig. 4D}, as compared with 16.8% in the 
plasma membrane {Fig. 4E}. The Experiment 1 Intra- 
cellular Membrane Band 3, however, contained 29.8% 
LCFA--approximately the same as the corresponding 
Plasma Membrane Band 1 {Fig. 5). Also, Intracellular 
Membrane Band 3 isolate contained principally shorter 
LCFA {ECL = 24.75-24.84; C24-C25), and the Intra- 
cellular Membrane Band 2 contained more longer acids 
(ECL = 24.75-28.68; C25-C29). The Experiment 2 Mixed 
Membrane Isolate likewise contained longer range acids 
{ECL = 27.49-32.70}. The spherulous cell plasma mem- 
brane isolate of Experiment 2 had a lower LCFA {16.8%), 
unsaturated (19.1%) and polyunsaturated {4.1%} fatty 
acid content and different individual fat ty acid composi- 
tion to that of the parent Mixed Membrane Isolate where 
LCFA, unsaturated and polyunsaturated fatty acids 
amounted to 21.5%, 35.5% and 10.9%, respectively. 

Further differences in the fatty acid composition be- 
tween plasma membrane isolates and their corresponding 
P1 pellets were observed. For example, in Experiment 1, 
the C18:1ci~9 acid was greatly enriched in the Plasma 
Membrane Band 1 although it was barely detectable in 
the related spherulous cell P1 pellet. Also, P1 had a higher 
content of the longer LCFA (peak nos. 50-63, chain 
lengths C26-C33) at 29.5% for Experiment 2 P1 and 
15.3% for Experiment I P1, although not necessarily of 
total LCFA, which amounted to 29.5% for Experiment 2 
P1 and 28.2% for Experiment i P1, compared with a total 
LCFA content of 27.2% for the Experiment 1 plasma 
membrane isolate and only 3.4% for the Experiment 2 
plasma membrane isolate. 

It is not expected that spherulous cell plasma mem- 
brane reflects the fatty acid composition of parent spheru- 
lous cells (or the P1 pellet} because: 1) other subcellular 
membranes within spherulous cells {e.g., spherule bound- 
ary membranes with high surface areas) are expected to 
contribute more than plasma membrane to the total fatty 
acid pool and 2} fatty acids may be stored in subcellular 
organelles within spherulous cells. 

Plasma membrane isolates from both experiments ex- 
hibited variable levels of unsaturation {38.5% in Experi- 
ment 1; 19.1% in Experiment 2) {Figs. 5C, 4E). Intra- 
cellular Membrane Bands 2 and 3 of Experiment 1 ex- 
hibited high levels of unsaturation at 40.4% and 34.1%, 
respectively (Fig. 5D, 5El. The Experiment 2 plasma 
membrane isolate also exhibited a lower level of LCFA 
unsaturation {16.8%}, relative to the Mixed Membrane 
Isolate {22.8%} {Fig. 4). In all cases, virtually all polyun- 
saturation occurred in the LCFA {Figs. 4, 5}. 
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Spherulous cell plasma membrane from each experi- 
ment also exhibited major differences in the composition 
of individual fat ty acids {Figs. 4C, 4E, 5A, 5C). Again, 
this may be due to environmentally or seasonally induced 
differences in fatty acid content. 

All sterols detected in whole sponge tissue were also 
detected in the spherulous cell plasma and intracellular 
membranes, and in the P1 and P2 isolates {Figs. 4, 5}, 
although there were some differences in the relative con- 
tributions of each sterol in these samples. All samples 
were dominated by cholesterol (2) and 5a-cholestan-3~-ol 
{3) (peak no. 2) and 25-dehydroaplysterol (14) and aply- 
sterol (15) (peak no. 7), which represented 9.4-24.2% and 
60.9-80.8%, respectively. Spherulous cell plasma mem- 
brane contained 72.6% (Experiment 1} and 66.4% (Experi- 
ment 2) of the unconventional sterols 25-dehydroaply- 
sterol (14) and aplysterol (15) (Figs 5C, 4E). For Experi- 
ment 1 spherulous cell plasma membrane, this was ca. 
10% less than that found in the intracellular membranes, 
although no such difference could be observed between 
the plasma membrane and Mixed Membrane Isolate of 
Experiment 2 {Figs, 4, 5), supporting our earlier claim 
that the Mixed Membrane Isolate was largely plasma 
membrane. Differences in the proportions of minor sterols 
between subcellular fractions also were observed. (24S[or 
R])-Isopropropenylcholesta-5,22-dien-3~-ol (16) and 
7-dehydroaplysterol (17) {peak no. 8} occurred at 8.6% in 
P1, but about half this amount in P2 (4.8%) and at only 
trace levels (<1%) in all membrane isolates of Experiment 
1 {Fig. 5). In Experiment 2, sterols 16 and 17 were pres- 
ent at about twice the amount in P1 (4.1%} as in the 
Mixed Membrane (1.3%) and plasma membrane isolates 
{1.4%), although only half that of Experiment 1 P1 
(Fig. 4). Crinosterol (4) and brassicasterol (5) (peak 3) were 
present in trace amounts in Intracellular Membrane 
Band 3, compared with higher levels (4.3-5.8%) in all 
other subcellular samples of Experiment 1 (Fig. 5). In Ex- 
periment 2, these sterols occurred at 7.7% in the Mixed 
Membrane Isolate, but in lower proportions in the plasma 
membrane (2%} and P1 pellet {5.8%} {Fig. 4~. E/Y~Cholesta- 
5,22-dien-3f~-ol (1) (peak no. 1) was observed in lower levels 
in Intracellular Membrane Bands 2 and 3 (trace amounts) 
than in plasma membrane (1.8%) of Experiment 1 (Fig. 5). 
Similarly, in Experiment 2, the Mixed Membrane Isolate 
contained lower levels of this sterol ( 1.9 %) compared with 
the plasma membrane (3.7%) and P1 pellet (3.3%) (Fig. 4). 
Verongulasterol (18) (peak 9) occurred at 4.9% in Intra- 
cellular Membrane Band 3, but at less than half this in 
the plasma membrane and the remaining subcellular 
isolates in Experiment 1 (Fig. 5). Differences in the 

proportions of sterols for the two experiments may be at- 
tributable to seasonal factors, such as environmental 
temperature or the sponge diet, but the significance of 
these differences is unknown. 

Sterol:phospholipid:protein ratios of subcellular iso- 
lates. Fractions identified as spherulous cell plasma mem- 
brane by other methods were found to possess greater 
sterohphospholipid and sterohprotein ratios than other 
subcellular membrane systems isolated in this study 
(Table 2}, in concordance with sterohphospholipid and 
sterohprotein ratios reported for other plasma membranes 
(18). 

DISCUSSION 

This study presents the first definitive evidence for the 
presence of unconventional lipids in a subce!lular mem- 
brane system of a marine sponge and thereby supports 
earlier proposals that unconventional sponge lipids are 
membrane constituents {1-3,5,33,39,41-44}. Conventional 
subcellular fractionation methods were successfully used 
to produce highly pure plasma membrane from A. 
fistularis spherulous cells; the purity of these plasma 
membrane isolates was established by: (1) the enrichment 
of a radioactive plasma membrane marker, (2) the pres- 
ence and absence of specific polypeptides and {3} the 
existence of characteristic protein:sterol:phospholipid 
ratios. Long-chain fatty acids (LCFA) and the unique 
sponge sterols, aplysterol (15) and 25-dehydroaplysterol 
{14}, were confirmed as major components of spherulous 
cell plasma membrane in A. fistularis, in contrast to the 
short-chain (C14-C22) fa t ty  acids (SCFA) and com- 
paratively simple sterol molecules that are exclusively 
present in the cell membranes of most living organisms. 

This study also documents that more conventional 
lipids co-occur with the unconventional lipids in the A. 
fistularis spherulous cell plasma membrane. The uncon- 
ventional sterols aplysterol (15) and 25-dehydroaplysterol 
(14) were found to constitute 66.4-72.6% of the sterols, 
but the bulk of the remaining sterols were the conven- 
tional sterols cholesterol {2) and 5a-cholestan-3~-ol (3). 
LCFA were found to only constitute 16.8-28.0% of the 
total fat ty acids; the remainder of the fatty acids were 
C14-C22 lengths, including substantial quantities of 
branched C15-Cla fatty acids, which are typical of bac- 
terial cell membranes, but not of animal membranes. This 
does not necessarily mean that branched acids are syn- 
tbesized de novo by the sponge. Given our own biosyn- 
thetic studies (37,45), short-chain {<C22) branched acids 
are obtained either through the diet or from the abundant 

TABLE 2 

The SterohPhospholipid:Protein Ratios (mg/mg) of Spherulous Cells, Plasma Membrane and Subcellular Isolates From A. fisturalis 

Subcellular membranes 

Experiment 1 Experiment 1 Experiment 2 Experiment 1 
Plasma membrane  In t race l lu la r  Intracellular M i x e d  Spherulous cells 

Membrane M e m b r a n e  Membrane 
Experiment 1 Experiment 2 Band 2 Band 3 Isolate Whole P1 pellet 

Sterol:Phospholipid 0.491 0.514 0.131 0.118 0.445 0.296 0.163 
Sterol:Protein 0.327 0.392 0.104 0.159 0.300 0.064 0.096 
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symbiotic bacter ia  present  in the sponge tissue, and their 
long-chain counterpar ts  are synthesized by  the sponge by  
chain elongation and desa tura t ion  of the shor ter  pre- 
cursors.  

Fur ther  invest igat ions  are required to es tabl ish  the 
lipid contents  of the intracellular membranes  present  
within A.  f i s tu lar i s  spherulous cells, bu t  examinat ion  of 
undefined intracellular membrane  isolates produced from 
spherulous cells during the course of this s tudy  indicates 
t ha t  there is considerable var iabi l i ty  among  the var ious 
types  of membranes  in this sponge. For example,  al- 
though  spherulous cell p l a sma  membrane  contained ap- 
preciable quanti t ies of LCFA, the highest observed quan- 
t i t ies of LCFA occurred in one unidentified intracellular 
membrane  isolate. 

Al though it is certain t ha t  the p l a sma  membrane  lipid 
composition documented for A.  f i s tu lar is  spherulous cells 
does not  reflect t ha t  of all sponge p l a sma  membranes ,  as 
there is considerable var iabi l i ty  in the lipid contents  of 
different sponges {not all sponges contain unconventional 
sterols [46] and some species contain very  low levels of 
LCFA [47]}, it is not known if p lasma membrane  composi- 
t ion var ies  between cell types  in A.  f is tularis .  The fact  
tha t  isolated spherulous cells differ f rom the correspond- 
ing whole tissue, however, sugges t s  there m a y  be varia- 
t ion according to cell type  within this sponge. Moreover,  
it is uncer ta in  whether  p la sma  membrane  composi t ion 
varies between individual spherulous cells le.g., according 
to size or age}. 

Fur ther  chemical characterization of additional sponge 
cell membranes  is required to answer basic questions con- 
cerning the s t ruc tures  and functions of these membrane  
systems.  Progress will be most  quickly made if membrane 
isolates can be prepared  f rom single cell types  t ha t  are 
of a similar life his tory stage. Ideally, this  migh t  be 
achieved th rough  in vi t ro  cul turing of par t icular  sponge 
cell types,  but  so far this has proven impossible to achieve 
because of sensi t ivi ty  of sponge cells to alien environ- 
ments  and their  susceptibi l i ty  to differention into vary-  
ing cell types.  
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Fatty Acid Composition of Fats of Differing Melting Points 
Extracted From Ram Subcutaneous Tissue 
Cecil B. Johnsona,*, Roger W. Purchasb a n d  E. John Bircha 
aBiotechnology Division, Department of Scientific and Industrial Research, Private Bag, Palmerston North, New Zealand; and bAnimal 
Science Department, Masseu University, Palmerston North, New Zealand 

The observation that the subcutaneous fat of pasture-fed 
Southdown rams consists of two distinct regions is 
reported. Fatty acid composition of fat from the outer 
and inner regions of subcutaneous tissue taken from the 
rib region of eight Southdown rams fed pasture were 
determined. Relative to the harder inner regions (mean 
melting point 43.1~ the softer outer regions (mean 
melting point 31.8~ were shown to contain more 9:0-, 
15:0-, 17:0-, 17:1-, 18:1-c/s and total 18:1 fatty acids; less 
14:0-, 16:0-, 18:0- and 18:1-trans fatty acids; and a greater 
variety and a greater concentration of branched-chain 
components. Proportions of medium chain-length fatty 
acids, other than 9:0, did not differ between the layers. 

The fatty acid contents of serial samples taken at l-ram 
intervals through these tissues were determined. Changes 
in concentrations of components among samples were 
gradual through the tissues. There was no clear connec- 
tive tissue sheet, as has been reported for pigs. The inner 
region of the tissues contains apparently nourandom fluc- 
tuating changes in fatty acid composition. 
Lipids 23, 1049-1052 (1988). 

The composition of ovine subcutaneous fat may be in- 
fluenced by what the animals are fed (1). Diets contain- 
ing high levels of cereals fed to ewes and wethers may 
result in the animals having softer subcutaneous fats 
compared to those fed pasture (2). Subcutaneous fats from 
the cereal-fed animals may contain higher concentrations 
of saturated branched-chain, n-saturated odd-carbon and 
monoenoic acids, and lower concentrations of n-saturated 
even-carbon chain acids than the corresponding fats from 
pasture-fed animals (2-6). Similar dietary effects on the 
fats from rams have also been reported (7,8). 

One of us (RWP) observed that the subcutaneous fat 
of pasture-fed Southdown rams consisted of two distinct 
regions, the outer of which was very soft--almost oily. 
Among the animals studied, the soft region varied in 
thickness from being barely discernible to about 5-ram 
thick. Investigations of this phenomenon have not been 
previously reported. To ascertain the chemical reason for 
their differences, the fat ty acid compositions of these 
regions were determined. Both medium and long chain- 
length acids were analyzed. Results of these analyses are 
reported here. 

MATERIALS AND METHODS 

A group of eight Southdown rams that  had been fed on 
pasture (swards containing ca. equal amounts of white 
clover and perennial ryegrass) for about 18 months from 
weaning were slaughtered and the two distinct regions 
of subcutaneous tissue were separated from an area over 
ribs 8-12. Samples from the two regions were extracted 
with chloroform and the solvent then removed under 

*To whom correspondence should be addressed. 

reduced pressure. The extracts accounted for ca. 90% of 
the original tissues. They were shown by thin layer chro- 
matography (9) to be principally triglycerides. Melting 
points of the fats were determined by AOCS Method Cc 
1-25 (10). 

Acylglycerols were converted into methyl esters by 
treatment with methanolic KOH followed by BFJ  
methanol (11). Saturated long chain-length methyl esters 
were separated from unsaturated esters by adsorption of 
mercuric acetate adducts of the latter compounds on 
Amberlite CG-50 type 1 weak cation exchange resin 
(Johnson, C.B., unpublished data). Esters thus frac- 
tionated, as well as the original mixtures, were analyzed 
by gas chromatography using a Hewlett-Packard Model 
5840 chromatograph. Unsaturated esters were separated 
on a 7 m X 2.3 mm i.d. stainless steel column containing 
silicone OV-275 (15% on Chromosorb P) at 220~ with 
a carrier gas (nitrogen) flow rate of 10 mYmin. The original 
mixtures of esters and the saturated esters were sepa- 
rated on a 2 m X 2.3 mm i.d. stainless steel column con- 
taining EGSS-X (10% on Chromosorb W) at 180~ with 
a carrier gas flow rate of 30 mYmin. A similar column con- 
taining Apiezon L grease (3%) at 200~ was also used 
for the separation of saturated esters. 

Medium chain-length acids in the fats were isolated by 
steam distillation, esterified and analyzed on a 3.7 m • 
2.3 mm i.d. stainless steel column containing 10% silicone 
OV-101 on Gas Chrom Q, as previously reported (12). 

Cube samples (ca. 10 mm 3) of the intact adipose 
tissues from 2 animals were placed on aluminum discs and 
cooled to -15~ The discs were placed in a cooled 
microtome and slices 1-mm thick were then cut sequen- 
tially parallel to the outer surfaces from the mounted 
samples. In addition, from two more animals, the hard 
and soft regions from the two samples were separated and 
sliced as described. Fat extracted from the slices was 
analyzed as described above. 

RESULTS 

The composition of the fat ty acids from the inner and the 
outer regions of subcutaneous fat from the eight South- 
down rams is given in Table 1. Also presented are the 
melting points of the fats. Fats from the outer regions 
melted at temperatures between 25.1~ and 39.8~ (mean 
31.8~ and, thus, felt oily. The inner regions were hard, 
having melting points between 41.4~ and 45.1~ (mean 
43.1~ similar to that  of normal ewe or wether fats (13). 

Most outer fats contained more 4-methyloctanoic acid 
and 9:0 than the inner fats. These levels were much higher 
than those found previously and, thus, may have implica- 
tions for flavor of the cooked meat (12). 

Relative to the inner regions of fat, the outer regions 
had a significantly greater quantity of n-saturated acids 
containing odd numbers of carbon atoms and a lesser 
quantity of the corresponding acids with even numbers 
of carbon atoms. The outer regions also contained a 
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T A B L E  1 

Mel t ing  Po in t s  (Means) and  F a t t y  Acid Compos i t ion  (Mean) of  F a t s  E x t r a c t e d  F r o m  the  Inner and Outer  
Regions of Subcutaneous Tissue F r o m  Sou thdown  R a m s  

F a t  layer  Difference (O - I) 

Outer  (0} Inner  (I) Mean  SE a Significance b 

M.P.  c 31.8 43.1 - 1 1 . 3  1.5 *** 

Medium chain- length  acids (ppm) 

6:0 d 109 98 12 29 NS 
7:0 175 112 63 42 NS  
8:0 258 219 39 54 NS 
9:0 (br) e 204 116 88 41 NS  
9:0 277 177 100 21 ** 

Long  chain- length acids (%) 

10:0 0.09 0.13 - 0 . 0 3  0.01 *** 
u f  0.11 0.03 0.08 0.01 *** 
11:0 0.05 0.01 0.04 0.01 *** 
u 0.20 0.03 0.17 0.02 *** 
u 0.22 0.01 0.21 0.02 *** 
12:0 0.00 0.08 --0.08 0.01 *** 
u 0.27 0.08 0.19 0.02 *** 
u 0.21 0.04 0.17 0.03 *** 
13:0 0.12 0.02 0.10 0.03 ** 
u 0.28 0.03 0.25 0.03 *** 
u 0.56 0.10 0.46 0.09 *** 
14:0 1.82 2.51 --0.69 0.10 *** 
14:1 (c) 0.19 0.25 --0.06 0.04 NS 
14:1 (t) 0.07 0.03 0.04 0.01 *** 
15:0 (i) 0.07 0.17 - 0 . 1 0  0.04 NS  
15:0 (ai) 0.40 0.31 0.09 0.04 NS  
15:0 (br) 2.16 0.63 1.53 0.10 *** 
15:0 1.62 0.88 0.74 0.08 *** 
16:0 (i) 2.70 0.53 2.17 0.28 *** 
16:0 15.4 19.5 - 4 . 1  0.4 *** 
16:1 (c) 1.61 1.36 0.25 0.13 NS 
16:1 (t) 0.17 0.42 - 0 . 2 6  0.04 *** 
17:0 (i) 0.28 0.35 - 0 . 0 7  0.09 NS  
17:0 (ai) 1.58 0.86 0.72 0.13 *** 
17:0 (br) 3.55 0.82 2.73 0.39 *** 
17:0 3.93 2.42 1.51 0.37 ** 
17:1 (c) 2.71 0.78 1.93 0.30 *** 
17:1 (t) 0.10 0.05 0.05 0.02 NS 
18:0 (i) 0.97 0.28 0.69 0.09 *** 
18:0 11.0 24.3 - 13.2 0.7 *** 
18:1 (c) 37.0 29.2 7.8 1.2 *** 
18:1 (t) 4.68 7.95 --3.27 0.70 *** 
18:2 (c,t) 0.42 1.31 --0.89 0.09 *** 
18:2 (c,c) 2.26 2.61 --0.35 0.23 NS  
18:3 (c,c,c) 2.39 1.96 0.43 0.28 NS  
19:1 0.37 0.13 0.24 0.11 NS 

a S t a n d a r d  error  of the  means .  

bSignif icance of t he  outer / inner  difference, based  on a pa i red  t - t e s t  (n = 8). 

e Mel t ing  poin t  (~ 

dChain- leng th :number  of double  bonds ,  c = cis,  t = t rans ,  i = iso, ai = anteiso,  b r  -- b r anched  o ther  t h a n  
iso or anteiso.  

e 4-Methyloctanoic  acid (hircinoic acid}. 

f o r  unknown  s t ruc ture ,  p robab ly  b ranched  s a tu r a t ed  (see text}. 

NS, no t  s ignif icant ,  P > 0.05; **, P < 0.01; and ***, P<  0.001. 
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greater proportion of anteiso and other branched-chain 
acids (labeled br in Table 1 [5,14]). Overall, there were 
significantly more branched-chain acids in the outer, than 
in the inner fats. 

A noticeable feature of the gas chromatograms of 
methyl esters derived from the outer fats was the large 
number of small peaks (most <0.5%) between the solvent 
peak and that  of 14:0. These peaks did not shift when the 
methyl esters were treated with hydrogen and Adam's 
catalyst (13). Thus, most of them probably were saturated 
branched-chain compounds. The total concentrations of 
these compounds were in the ranges 0.96-3.23% (mean 
1.87%) in the outer fats and 0.13-0.65% (mean 0.32%) in 
the inner fats. Position location of the branches and deter- 
mination of their chain-lengths were not undertaken. 

The proportions of the monoenoics 17:l-cis and 18:l-cis 
were greater in the outer fats. Inner fats contained a 
greater proportion of 18:l-trans compared with the outer 
fats. C/s-polyunsaturated acids did not differ between the 
layers, but there was a consistently higher level of 
18:2-cis, trans isomers in the inner fats. 

Slides prepared from the subcutaneous fat tissue that  
had two clear regions differing in softness and color did 
not reveal a clear connective tissue sheet separating the 
layers, as has been reported for pigs (15). The connective 
tissue present (as shown by van Gieson's stain [16]) was 
spread throughout the subcutaneous tissue, forming 
numerous layers and lobules. 

Analyses of 1-mm samples taken sequentially through 
the subcutaneous tissue showed that  the fats in the two 
regions of differing hardness were not homogeneous mix- 
tures of acylglycerols. The concentrations of branched- 
chain, cis-unsaturated and n-saturated components con- 
taining an odd number of carbon atoms decreased across 
the soft region from the outer slice. Concentrations of 

these components also tended to decrease across the 
harder inner region. However, the apparent nonrandom 
distribution of points on either side of a quadratic regres- 
sion line for each component indicate that there were 
regular fluctuations in composition of the fat across the 
inner region. This is illustrated in Figure 1 (for a single 
animal) for n-heptadecanoate and the methyl branched- 
chain pentadecanoate (other than the iso and anteiso 
isomers) designated br-15:0. Concentrations of n-satu- 
rated components containing an even number of carbon 
atoms and trans-unsaturated components increased 
throughout the tissues from the outside to the inside. In 
most instances, the increase across the hard inner region 
was less than that across the soft outer region. However, 
for some samples, the increase in concentration of n- 
octadecanoate {Fig. 1) was almost linear throughout the 
subcutaneous tissue. 

D I S C U S S I O N  

The subcutaneous fats of sheep are more unsaturated and 
of lower melting point than their perinephric and other 
internal depot fats (17). Differences in melting points 
among these fats may also be attributed to differences 
in the proportions of palmitate and stearate (18). Gra- 
dients of decreasing levels of unsaturated acids in the sul~ 
cutaneous fat between the skin and muscle tissue have 
been observed in cattle, sheep and goats (19), as well as 
in pigs (15). However, pig subcutaneous fat consists of 
two layers of different composition on either side of an 
interface (15,20). The current paper records the first obser- 
vation and analysis of two regions of different softness 
(or oiliness) in pasture-grazed ovine ram fats. 

Melting points of the fats from the two layers are con- 
trolled principally by the levels of their main components, 
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FIG.  1. Changes  in f a t t y  acid concentrat ions  wi th  dis tance  into a subcutaneous  t i ssue  from surface (slice). 
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namely the 16:0-, 18:0- and 18:l-cis  and trans  moieties. 
These cons t i tu ted  59-74% {mean 68%} of the outer  fa t  
and 79-84% {mean 81%} of the inner fa t  in the eight 
animals  studied. Decreased mel t ing points  of the fa ts  
were associated with lower proport ions of 16:0-, 18:0- and 
18: l - t rans  and higher proport ions  of 18:l-cis. 

Other  acylglycerol moieties are individually present  in 
small  amounts  (0.01-5.0%} and, thus, would have  litt le 
effect on the melt ing point  of the result ing fat. However,  
their  cumulat ive  effect could be impor tant .  

Fa t ty  acids and esters containing an odd number  of car- 
bon a toms have lower melting points than the correspond- 
ing compounds  having one less methylene group in their  
chain {21,22}. Likewise, c i s -unsa tura ted  and branched- 
chain sa tura ted  acids have lower melt ing points  than  the 
corresponding t rans -unsa tura ted  and n-acids, respec- 
tively. Enhanced  amounts  of 15:0, 17:0, branched-chain 
sa tu ra ted  and c i s -unsa tura ted  moieties in the outer  fa t s  
compared with the inner fa ts  is consis tent  with the lower 
mel t ing points  of these fats.  

Triacylglycerols  f rom the outer  layer of pig subcu- 
taneous fa t  contain more unsa tu ra t ed  acids, less satu- 
ra ted  acids and have a lower mel t ing  point  than  triacyl- 
glycerols f rom the inner layer (15}. The r am fa ts  in this 
s tudy  showed similar differences, a l though of grea ter  
magnitude for 18:0 and 18:1, to those of the pig. However, 
the r am fats  contained appreciable amounts  of branched- 
chain acids tha t  were not  present  in the pig fats, possibly 
reflecting the different digest ive sys t ems  of these two 
animals. These acids arise f rom the biosynthet ic  incor- 
porat ion of methy lmalona te  (derived f rom propionate),  
ra ther  than  malonate  (derived f rom acetateS, into the 
growing f a t t y  acid chains {5). 

In sheep {23} and in pigs (24}, both  the liver and adipose 
tissue are considered as impor tan t  sites for the synthesis  
of f a t ty  acids f rom acetate.  The format ion  of the soft  
outer  subcutaneous  fa t  layer in pigs has been sugges ted  
to involve desa tura t ion  of sa tu ra ted  components  in this 
layer, ra ther  than  t r anspor t  of unsa tu ra t ed  components  
f rom some other  site {18). Similarly, an enhanced syn- 
thesis of unsa tura ted  and branched-chain acids may  take  
place in the soft  outer  region of the subcutaneous  fat  of 
rams.  
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Effect of Various Steroids on the Biosynthesis of Arachidonic Acid 
in Isolated Hepatocytes and HTC Cells 
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La Plata, Argentina 

The effect of various steroids on the incorporation and 
desaturation of eicosa~,U,14-trienoic acid in normal 
hepatocytes and HTC cells was investigated. After 3 hr 
incubation with 11-deoxycorticosterone, both kinds of 
cells showed an increase in the incorporation of eicosa- 
trienoic acid. In contrast, progesterone, cortexolone, 17-/3- 
estradiol, testosterone, estriol, aldosterone, corticoster- 
one, dexamethasone, dehydroepiandrosterone, 11-/3-hy- 
droxyandrosterone, 11-ketoaetiocholanolone, epiaetioch~ 
lanolone and 5-~-pregnane~a,20a~tiol, provoked no signifi- 
cant changes in the uptake of the exogenous acid. Of all 
the steroids tested, only 11-dexycorticosterone, dexa- 
methasone and 17-/3~estradiol evoked a significant inhibi- 
tion on the arachidonate biosynthesis in both kinds of 
cells. Testosterone, estriol, aldosterone and corticosterone 
provoked a significant inhibition of h5<iesaturase in HTC 
cells. In dexamethasone, this effect was dose-dependent 
10 to 10 -4 M}. Simultaneous incubation with 17-f~estra- 
diol or 11-deoxycorticosterone with dexamethasone led 
to an extent of inhibition on arachidonate biosynthesis 
that did not surpass the effect of each drug. Pretreatment 
of isolated hepatocytes with the antiglucocorticoid, cor- 
texolone, prevented the dexamethasoneqnduced inhibi- 
tion of arachidonate biosynthesis. Normal rat liver micro- 
somes preincubated in vitro with dexamethasone, 11- 
deoxycorticosterone, 17-~estradiol, corticosterone or 
estriol I10 -6 or 10 -4 M concentration), showed no signifi- 
cant changes in the A5-desaturase activity. The results 
obtained suggest that the effect of the steroids on 
arachidonic acid biosynthesis in normal hepatocytes and 
HTC cells requires receptor occupancy and probably is 
mediated through a common biochemical mechanism. 
Lipids 23, 1053-1058 119881. 

Previous works have demonstrated that oral administra- 
tion or intraperitoneal injection of glucocorticoid hor- 
mones in rats produced a decrease in the activities of A6- 
and A5-liver-microsomal desaturases {1,2}. In addition, re- 
cent studies performed in our laboratory have revealed 
that the incubation of isolated hepatocytes or HTC cells 
{the permanent cell-culture line, hepatoma tissue culture 

*To whom correspondence should be addressed at INIBIOLP, 
C~tedra de Bioquimica Facultad de Ciencias M&iicas, calles 60 y 
120, (1900) La Plata, Argentin& 

Abbreviations: Aldosterons, 4-pregnsn-18-al-1 l~,21-diol-3,20-dione; 
cortexolone, 17-a,21-dihydroxy-4-pregnene-3,20-dione; corticosterons, 
11 ~,21-dihydroxy-4-pregnene-3,20-dione; dehydroepiandrosterone, 
5-androsten-3/~ol-17-one; 17-f~estradiol, 1,3,5[10]-estratriene-3,17-~- 
diol; 11-deoxycorticosterone, 21-hydroxy-4-pregnene-3,20-dions; dex- 
amethasone, 1,4-pregnadien-9-a-fluoro-16a-methyl-ll~, 17-a,21-tri- 
hydroxy-3,20-dione; epiaetiocholanolone, 5/3-androstan-3~-ol-17~ne; 
estriol, l,3,5-[10]estratriene-3,16a,17f~triol; HEPES, N-2-hydroxy- 
ethyl-piperazine-N-2-ethanol sulphonic acid; ll-~-hydroxyandro- 
sterone, 5-a-androstan-3a-ll~diol-17~ne; ll-ketoaetiocholanolone, 
etiocholan-3a-ol-11,17-dione; 5[~-pregnane-3a,2Oa-diol,3a,2Oa-di- 
hydroxy-5~-pregaane; progesterone, 4-pregnene-3,20-dions; testo- 
sterone, 4-androsten-17~ol-3-one; HTC, hepatoma tissue culture. 

7288c} with dexamethasone also produced a decrease in 
the conversion of eicosa-8,11,14-trienoic acid to arachi- 
donlc acid {3). The mechanism by which dexamethasone 
exerts this biological effect is still unknown. However, 
as previously reported {3}, the modulatory action of this 
class of hormone on desaturase activity would be ex- 
pected to be produced through a mechanism similar to 
that mediating the other known metabolic effect of 
glucocorticoids {4-9), namely through induction of the 
biosynthesis of a regulatory protein. Classically, steroid 
hormones trigger their effects after combining with a 
high-affinity cytosolic receptor (6). A property common 
to all steroid receptors is their ability to recognize sul> 
tle differences in steroidal molecular structure. Within 
this context, the aim of the present work was to test the 
effect of different steroid hormones on the incorporation 
and conversion of eicosatrienoic acid in isolated cells. In 
this system, we have studied four different classes of 
steroid hormones: glucocorticoids, mineralocorticoids, 
estrogens and androgens. Also tested was cortexolone 
that  competitively inhibits the action of glucocorticoids, 
and it is known as an antiinducer (10-13). 

MATERIAL AND METHODS 
Chemicals. [1-t4C]Eicosa-8,11,14-trienoic acid (54.9 mCi/ 
mmol, 98% radiochemically pure} was provided by New 
England Nuclear Corp. {Boston, MA}. Unlabeled eicosa- 
8,11,14-trienoic acid was supplied by Nu-Chek Prep {Ely- 
sian, MN}. Bovine serum albumin, essentially fat ty acid- 
free bovine albumin, N-2-hydroxy-ethyl-piperazine- 
N-2~ethanol sulphonic acid {HEPES}, collagenase type IV 
and trypsin soybean inhibitor type I were provided by 
Sigma Chemical Company {St. Louis, MO}. Dexametha- 
sone was obtained from Merck, Sharp & Dohme Labora- 
tories {Buenos Aires, Argentina}. Dehydroepiandroster- 
one was purchased from Merck Laboratories {Darmstadt, 
Germany). 17-~Estradiol was provided by G a~or Labora- 
tories {Buenos Aires, Argentina) and l l-deoxycortico- 
sterone was supplied by Schering Laboratories {Buenos 
Aires, Argentina}. All other steroids were purchased from 
Sigma Chemical Company {St. Louis, MO}. 

Animals. Adult female Wistar rats weighing 160-180 g 
fed on a standard pelleted diet {Cargill, Rosario, Argen- 
tina} were used. In calories, this standard diet consisted 
of 56.7% carbohydrates, 10.4% lipids and 32.9% protein, 
vitamins and minerals. Water was given ad libitum. In 
order to avoid individual differences among the animals, 
in all the experiments the rats were fasted for 24 hr, re- 
fed for 2 hr and then killed 12 hr after the end of the 
feeding period. 

Isolation of microsomes. Livers were rapidly excised 
and immediately placed in ice-cold homogenizing medium 
{14}. They were homogenized in 3 ml of homogenizing 
solution for each gram of liver tissue and then centrifuged 
for 30 rain at 10,000 • g. The pellet was discarded and 
the supernatant fraction was centrifuged again for 60 min 
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at 110,000 X g in a Spinco I~2 ultracentrifuge. The pellets 
were resuspended in cold homogenizing solution up to a 
final protein concentration of 50 mg per ml and were used 
immediately for fatty acid desaturase activity assay. 

Incubation of rat liver rnicrosomes with different steroid 
hormones. A possible direct effect of different steroidal 
compounds on the microsomal A5-desaturation system 
was examined. The microsomal suspension was prein- 
cubated for 15 min at 37~ with dexamethasone, l l -  
deoxycorticosterone, 17-~stradiol, corticosterone or 
estriol at 10 -6 and 10 -4 M concentrations. Control tubes 
were preincubated with the vehicle in which steroid hor- 
mones were dissolved {ethanol 20 re_M). At the end of the 
preincubation period, 45-desaturase act ivi ty was 
measured by estimation of the percentage conversion of 
[1-14C]eicosa-8,11,14-trienoic acid to arachidonic acid. 
Five nmol of the labeled acid and 95 nmol of unlabeled 
acid were incubated with 5 mg of microsomal protein in 
a shaker at 37~ for 10 rain. The composition of the in- 
cubation medium, the procedure to obtain the fat ty acid 
methyl esters and the quantitative analysis of radioac- 
tive fatty acid methyl esters, have been described else 
where (15). 

Isolated cells. Liver parenchymal cell isolation from 
Wistar rats was carried out according to Seglen (16), ex- 
cept that the operational temperature was maintained at 
37~ To minimize glycogenolysis, 0.2% glucose was 
added to all media used during per fusion and isolation 
{17). The liver cells were suspended in oxygenated Hank's 
buffer (18) containing 1.0 g % of bovine albumin. After 
30 min, the cells were centrifuged and resuspended in 
IMEM-Zo medium (19), minus linoleic acid and contain- 
ing HEPES (5 raM). HTC cells were established in culture 
from an ascites tumor originally derived from a solid 
hepatoma {7288 c) {20). The cells were grown in surface 
culture at 37~ under sterile conditions, in Swim's 77 
medium (S-77) supplemented with 10% (v/v) calf serum 
(21) and were harvested at confluence. The suspensions 
of HTC cells were obtained from surface cultures as 
described elsewhere (22). Cell viability (90%) was assessed 
by the criterion of trypan blue dye exclusion {23). 

Experimental procedures with isolated cells. HTC cells 
and isolated fiver cells were counted in a hemocytometer. 
Aliquots (3.0 • 106 cells) were incubated with 5 ml of 
modified IMEM-Zo medium in 25-ml silicouized Erlen- 
meyer flasks under an atmosphere of 95% oxygen and 5% 
carbon dioxide in a metabolic shaker (70 rpm) at 37~ 
To measure the incorporation and conversion of exo- 
genous eicosa-8,11,14-trienoic acid in both kinds of cells 
after treatment with different steroid hormones, we per- 
formed four types of experiments. 

In the first series, HTC cells or normal hepatocytes 
were incubated for 3 hr with different steroid hormones 
at a concentration of 0.1, 1.0 or 10 mM. Twenty min 
before the end of the incubation period, all media were 
supplemented with a mixture of labeled eicosa-8,11,14- 
trienoic acid at a final concentration of 80 ~M (0.5 ~Ci per 
flask). The acid was added as its sodium salt bound to 
albumin delipidated according to Spector et al. (24). 

In the second experiment, incubation of the cells was 
carried out in an identical manner, but with dexametha- 
sone (0.1 mM) as the active glucocorticoid either alone 
or in combination with 11-deoxycorticosterone (0.1 mM) 
or 17-~-estradiol (10 mM). 

In the third set of experiments, isolated normal 
hepatocytes were incubated with dexamethasone (10 -6 
or 10 -4 M) either alone or in combination with cortex- 
olone (10 -6 or 10 -4 M). Here, after 1 hr incubation with 
cortexolone, dexamethasone was added to some flasks 
and the cells were incubated with the two hormones for 
another 3 hr. Then, eicosa-8,11,14-trienoic acid was added 
to all the flasks, as in the first experiment. 

To determine the dose-response curve for inhibition of 
arachidonate biosynthesis in HTC cells, another type of 
experiment was carried out. HTC cells were incubated for 
3 hr with dexamethasone phosphate at different concen- 
trations {ranging from 0 to 10 -4 M). Then, eicosatrienoic 
acid was added to all the flasks, as in the first experiment. 

At the end of the incubation periods, cell suspensions 
were transferred to ice-cold tubes and centrifuged. Each 
pellet was washed three times with 0.85 g % NaC1 (3 ml 
each time) and resuspended (5 ml) in the same solution. 
An aliquot of the suspension was used to determine cell 
viability (23) and the amount of cellular protein (25), and 
the rest was centrifuged at 2000 • g for 5 min. The saline 
solution was decanted and the cell pellets were saponified 
for 45 min at 85~ with 2.0 ml of 10% (w/v) KOH in 
ethanol plus 500 ~1 of methanol to facilitate lipid extrac- 
tion. The free fatty acids were extracted from the acidified 
solution with fight petroleum (bp 30-40~ and esterified 
with 3 N HCI in methanol for 3 hr at 65~ 

Chromatographic measurements. The radioactivity of 
the recovered methyl esters {usually 96-98%) was mea- 
sured in a Beckman liquid-scintillation counter (model 
LS-3133 P) with 96% efficiency for ~4C. The distribution 
of radioactivity among the fat ty acid methyl esters was 
determined by gas-fiquid radiochromatography using an 
Acromat CG-100 equipped with a Packard proportional 
counter. Percentage conversion of eicosa-8,11,14-trienoic 
acid to arachidonic acid was calculated from the distribu- 
tion of radioactivity between the substrate and product 
measured directly on the radiochromatogram (26). The 
column was packed with 10% SP-2330 coated on 100-200 
chromosorb WAW (Supelco, Bellefonte, PA). Identifica- 
tion of methyl esters was made by comparison with 
known standards. Results were calculated as mean +__ 1 
SEM; statist ical  analyses were made using the 
Student-t-test. 

RESULTS 

We first examined the effect of different steroid hormones 
on the incorporation and desaturation of eicosa-8,11,14- 
trienoic acid in isolated rat liver cells (Fig. 1). After 3 hr 
incubation in the presence of l l-deoxycorticosterone 
(0.1 raM), a significant increase in the incorporation of the 
acid was observed (ca. 40% over control values). The up- 
take of the exogenous eicosatrienoic acid was not modified 
by incubating the cells in the presence of the other steroid 
hormones (dexamethasone, progesterone, cortexolone or 
17-~-estradiol). 

Of all the hormones tested and indicated in Figure 1, 
only dexamethasone, 11-deoxycorticosterone and 17-/3- 
estradiol had a significant effect on the conversion of 
eicosatrienoic acid to arachidonic acid in isolated hepato- 
cytes. The inhibition of arachidonic acid biosynthesis pro- 
duced by dexarnethasone was less potent (48% at 0.1 raM) 
than those produced by 11-deoxycorticosterone (61% at 
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FIG.  1. Effect  of different steroid hormones on the  incorporation 
([3) and desaturatiou ( . )  of [1-14C]eicosatrienoie acid in isolated ra t  
hepatocytes. Cell suspensions were incubated for 3 hr with or without 
each of the steroid hormones at  the concentrat ions l isted in the 
figure. The resul ts  were expressed as percentage change from con- 
trol flasks incubated for 20 miu with labeled acid 80 ~M concentra- 
t ion {42.5 + 1.3 nmol of eicosatrienoic acid incorporated and 3.0 + 
0.2 nmol of arachidonic acid formed, per mg of cellular protein). Con- 
dit ions of incubation are described in experimental  procedures. 
Values are the mean of 3 incubation flasks. Vertical lines represent  
1 SEM. Results  significantly different, P < 0.01, are indicated with 
a star.  
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FIG.  2. Effect of different steroid hormones on the iucorporatiou 
([3) and  deeaturat iou { M} of [1-14C]eicosatrieuoic acid in HTC cells. 
Cell suspensions were incubated for 3 hr with or wi thout  each of 
the  steroid hormones at  the concentrat ions l isted in the figure. The 
results  were expressed as percentage change from control flasks in- 
cubated for 20 min with labeled acid 80 pM concentrat ion (25.2 + 
0.8 nmol of eicosatrienoic acid incorporated and 4.3 ----- 0.1 nmol of 
arachidonie acid formed, per mg of cellular protein}. Conditions of 
incubation are described in experimental procedures. Values are the 
mean of 3 incubation flasks. Vertical lines reprsent  1 SEM. Results  
significantly different, P < 0.01, are indicated with a star.  

0.1 raM) and 17-~estradiol (75% and 88% at 0.1 to 
10.0 raM, respectively. 

Similar results were obtained by incubating HTC cells 
in the presence of the same steroid hormones (Fig. 2). In 
this experiment, however, 11-deoxycorticosterone had no 
significant effect on the incorporation of eicosatrienoic 
acid, but 10.0 mM 17-/~-estradiol caused a marked 
decrease in both the incorporation of the acid (30%) and 
its conversion to arachidonic acid (94%). 
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FIG. 3. Effect  of different steroid compounds on the  incorporation 
([3) and desatura t ion {m) of [1-14C]eicosatrienoic acid in hepatoma 
cells. HTC cell suspensions were incubated for 3 hr  with  or without  
each of the steroid hormones at  0.1 mM concentration. The results  
were expressed as percentage change from control flasks incubated 
for 20 rain with labeled acid 80 ~M concentrat ion {24.7 + 0.9 nmol 
of eicoeatrienoie acid incorporated and 4.8 +__ 0.3 nmol of arachidonic 
acid formed, per mg of cellular protein). Conditions of incubation 
are described in experimental  procedures. Values are the mean of 
3 incubation flasks. Vertical liues represent  I SEM. Results  signifi- 
cant ly different, P < 0.01, are indicated with a star.  

We also examined the effect of other steroids on the 
uptake and desaturation of eicosatrienoic acid in the 
hepatoma cells (Fig. 3). None of the hormones studied 
(11-ketoaetiocholanolone, 5-~pregnane-3a,20a-diol, epi- 
aetiocholanolone, 11@hydroxyandrosterone, dehydro- 
epiandrosterone, aldosterone, testosterone, corticosterone 
and estriol) affected the incorporation of the acid, al- 
though the biosynthesis of arachidonate was significantly 
depressed by aldosterone, testosterone, corticosterone 
and estriol at a concentration of 0.1 raM. 

In order to reveal a possible competitive effect between 
different steroid hormones, 11-deoxycorticosterone or 
17-f~tradiol was added to the incubation medium at the 
same time as dexamethasone. The results obtained with 
dexamethasone in combination with either of the other 
two steroids in isolated hepatocytes (Fig. 4) or HTC cells 
(Fig. 5) were similar to earlier observations made with 
those hormones alone in the corresponding cell types 
(Figs. 1 and 2, respectively). 

Short-term treatment of isolated hepatocytes with 
either progesterone or cortexolone failed to modify either 
of the parameters studied (Fig. 6). Moreover, pre- 
treatment of the cells for 1 hr with antiglucocorticoid 
(10 -4 M) prevented the subsequent inhibition by dexa- 
methasone (10 -4 or 10 -6 M), otherwise seen in this 
system. 

A final experiment with HTC cells (Fig. 7) demon- 
strated that  the dexamethasone effect on arachidonate 
production was dose-dependent. 

When rat liver microsomal fractions were preincubated 
at 37~ for 15 min with dexamethasone, ll-deoxycorti- 
costerone, 17@estriol, aldosterone or estriol (10 -6 or 
10 -4 M concentration) and compared to microsomes 
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preincubated in hormone absence, no significant changes 
in the h5-desaturation activity were observed (Table 1) 

DISCUSSION 
At the time of these studies, little was known about the 
role of different steroid hormones in the regulation of 
polyunsaturated fatty acid metabolism. Previous studies 
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FIG. 4. Competitive effect of steroid hormones on the incorpora- 
tion of [1-z4C]eicosatricnoic acid ([3) and its conversion to arachi- 
donate ( � 9  in isolated hepatocytes of rats. Normal liver cells were 
incubated for 3 hr with dexamethasone (0.1 mM) either alone or in 
combination with 11-deoxycorticostcronc (0.1 mM) or 17-/~estradioi 
110.0 mM). Some flasks were also supplemented with the lat ter  two 
steroid hormones at the concentrations indicated in the figure. 
Twenty min before the end of the incubation period, all media were 
supplemented with labeled eicosatrienoic acid (80 ~M) as it was 
described in experimental procedures. The results were expressed 
as percentage change from control flasks incubated for 20 miu with 
the acid (39.4 ___ 1.1 nmol of eicosatrienoic acid incorporated and 2.8 +_ 
0.1 umol of arachidonic acid formed, per mg cellular protein). Bars 
and vertical lines represent means and SEM of 3 experiments. 
Results significantly different, P < 0.01, are indicated with a star. 
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FIG. 5. Competitive effect of steroid hormones on the incorpora- 
tion of [1-14C]eicosatrienoic acid ([]) and its conversion to araehi- 
donate ( � 9  in HTC 7288c cells. The cells were incubated for 3 hr with 
dexamethasone (0.1 mM) either alone or in combination with 
11-deoxycorticosterone (0.1 mM) or 17-/3-estradiol (10.0 mM). Some 
flasks were also supplemented with the latter two steroid hormones 
at the concentrations indicated in the figure. Twenty miu before the 
end of the incubation period, all media were supplemented with 

�9 labeled eicosatrienoic acid (80 ~M) as it was described in experimen- 
tal procedure. The results were expressed as percentage change from 
control flasks incubated for 20 rain wth the acid 125.1 _+ 0.6 nmol 
of eicosatrienoic acid incorporated and 3.9 +_- 0.1 nmol of arachidonic 
acid formed, per mg of cellular protein). Bars and vertical lines repre- 
sent means and SEM of 3 experiments. Results significantly dif- 
ferent, P < 0.01, are indicated with a star. 
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FIG. 6. Effect of pretreatment  of isolated liver cells with anti- 
glucocorticoids on the action of dexamethasone on eicosatricuoic acid 
incorporation (L]) and desaturation ( �9  Normal isolated hepatocytes 
were incubated for 4 hr with dexamethasone (10 -6 or 10 -4 M) either 
alone or in combination with cortexolone (10 -6 or 10 -4 M). In these 
experiments, after I hr of incubation with the antiglucocorticoid cor- 
texolone~ dexamethasone was added to some flasks and the cells were 
incubated with the two hormones for another 3 hr. Labeled cico- 
satrienoic acid (80 ~M final concentration) was added to all the flasks 
20 min before the end of the incubation period. The results were ex- 
pressed as percentage change from control cells incubated for 20 
min with the acid (37.5 +__ 0.9 nmol of eicosatrienoic acid incorporated 
and 3.1 +__ 0.2 nmol of arachidonic acid formed, per mg of cellular 
protein). Bars and vertical lines represent means and SEM of 3 ex- 
periments. Results significantly different, P < 0.01, are indicated 
with a star. 
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FIG. 7. Dose-response curve for inhibition of arachidonate biosyn- 
thesis in HTC cells by dexamethasone phosphate (0 to 10 -4 M con- 
centration). The cells were incubated at 37~ for 3 hr with the steroid 
hormone. Twenty rain before the end of incubation period, the media 
were supplemented with labeled eicosatrienoic acid (80 ~M concen- 
tration) as it was described in experimental procedure. The results 
were expressed as nmol of arachidonic acid formed per mg of cellular 
protein. Vertical lines represent SEM of 3 experiments. Results 
significantly different, P < 0.01, are indicated with a star. 

LIPIDS, Vol.  23, No.  11 (1988) 



EFFECT OF STEROIDS ON ARACHIDONATE BIOSYNTHESIS 

1057 

TABLE 1 

Direct Effect of Steroids on Microsomal Rat Liver 
A~Desaturase Activity 

% Conversion 
Treatment 20:3 n-6 to 20:4 n-6 

None 40.9 _ 1.3 
Dexamethasone {10 -6 M) 38.2 + 0.4 
Dexamethasone {10 -4 M} 37.7 • 0.2 
ll-Deoxycorticosterone (10 -6 M) 39.1 • 1.2 
ll-Deoxycorticosterone (10 -4 M} 38.4 • 0.5 
17-~-Estradiol (10 -6 M) 42.4 • 2.3 
17-3-Estradiol {10 -4 M) 37.8 • 0.8 
Aldosterone (10 -6 M) 39.7 • 1.8 
Aldosterone (10 -4 M} 38.1 ___ 1.7 
Estriol (10 -6 M) 41.4 • 0.5 
Estriol 110 -4 M} 39.5 • 1.5 

Five mg of microsomal protein were preincubated at 37~ for 15 
min with the steroids indicated. Control tubes were preincubated 
with ethanol 20 mM. At the end of the preincubation period, 
h5-desaturase activity was determined as it was stated in Materials 
and Methods. The results correspond to the percentage conversion 
of eicosa-8,11,14-trienoic acid to arachidonic acid and they are the 
mean - 1  SEM of 3 experiments. 

f rom this l abora tory  had shown tha t  the adminis t ra t ion  
of na tura l  or synthet ic  glucocorticoids to r a t s  {hydrocor- 
tisone, dexamethasone  or triamcinolone) produced a de- 
crease in liver microsomal h6- and 45-desaturase activities 
{1). In  repor ts  by  others,  the injection of 17-3-estradiol to 
ovariectomized ra ts  had depressed 46-desaturase (27), but  
the t r ea tmen t  of roosters  with the same hormone had 
s t imula ted  49-desaturase {28). 

In  this paper,  we have  demons t ra ted  that ,  among  a 
var ie ty  of steroid hormones of widely different s t ructures  
{glucocorticoids, mineralocorticoids,  androgens  and 
estrogens),  only 11-deoxycorticosterone was able to in- 
crease significantly the incorporat ion of eicosatrienoic 
acid to cells, and 17-/J-estradiol evoked a depressive ef- 
fect. The effect of 11-deoxycorticosterone on the incor- 
pora t ion  of eicosatrienoic acid and its conversion to 
arachidonic acid were opposite,  as a significant increase 
in the  incorporat ion of the acid was seen with  a simul- 
taneous  decrease in the biosynthesis  of arachidonic acid 
(Fig. 1). 

The inhibition of the 45-desaturase was more pro- 
nounced with  l l -deoxycort icosterone and 17-/3-estradiol 
than  with dexamethasone,  aldosterone, testosterone, cor- 
t icosterone and estriol. We also found no addit ive effect 
between dexamethasone  and either 11-deoxycortico- 
sterone or 17-~-estradiol with respect  to the inhibition of 
eicosatrienoic acid desatura t ion in either isolated hepato- 
cytes  (Fig. 4) or HTC cells (Fig. 5). The mechanism 
through  which glucocorticoids modify the desa tura t ion  
of f a t t y  acid can be explained in different ways.  I t  could 
be genomic or nongenomic. A possible nongenomic mech- 
anism of dexamethasone action could be evoked by  direct 
binding of the hormone to the microsomes,  as already 
reported for ra t  liver {29). This effect of the hormone could 
be produced directly on the h5-desaturat ion s y s t em or 
mediated through changes of the physicochemical proper- 
ties of the b iomembrane  that ,  as we know, may  modula te  
desa turase  act ivi ty  (30,31). However,  the preincubat ion 

of r a t  liver microsomes with dexamethasone,  11-deoxy- 
corticosterone, 17-~-estradiol, cort icosterone or estriol 
{10-~ or 10 -4 M concentration) did not  produce any 
significant and specific effect on the 45-desaturase activ- 
i ty {Table 1). Therefore, we may  discard rather  confidently 
a direct effect of s teroids on 55-desaturat ion system.  

Regarding the classical mechanism of action generally 
accepted, s teroids enter  the cells b y  simple diffusion and 
combine with a high affinity receptor  {32,33). Tha t  the 
dexamethasone inhibition of eicosatrienoic acid desatura- 
t ion was blocked by  p re t r ea tmen t  of the isolated hepato- 
cytes  with antiglucocorticoid (Fig. 6) is consis tent  with 
the hypothes is  t ha t  the effects of the steroid in this 
biological and biochemical s y s t e m  are media ted  th rough  
receptor  occupancy. The fact  tha t  dexamethasone  phos- 
pha te  produced an inhibition of arachidonic acid biosyn- 
thesis  in H T C  cells in a dose-dependent fashion (Fig. 7) 
also sugges ts  t ha t  glucocorticoid receptor  s t ruc tures  
would be involved. 

Based  on the above observat ions  together  with other 
evidence obtained in our l abora tory  {3,34), we can now 
conclude t ha t  the inhibition by  steroid hormones  of ara- 
chidonate biosynthesis  does not  result  f rom a direct in- 
teract ion with the 45-desaturase enzymat ic  machinery,  
bu t  r a the r  requires initial cytoplasmic-receptor  occu- 
pancy,  as well as likely subsequent  changes  in gene 
t ranscr ip t ion and/or t ranslat ion.  Moreover,  these da ta  
would also suggest  that ,  despite their differing molecular 
structures, several steroid hormones inhibit eicosatrienoic 
acid desaturat ion probably  through a common biochemi- 
cal mechanism.  Fur ther  research, however, is needed to 
evaluate  the possible role of these hormones in control- 
ling the ac t iv i ty  of desa turases  other  than  the A5. 
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The nephrotic syndrome was induced in rats by intra- 
venous adriamycin {3 mg/kg}. The rats were then divided 
into four groups which, for six weeks, were pair-fed diets 
containing beef tallow 0BT), fish oil (FO}, a source of n-3 
fatty acids, evening primrose oil (EPO), a source of n4} 
fatty acids, or a combination of evening primrose oil and 
fish oil, 75:25 (EPO:FO). The fat content of the diets was 
15%o Significant incorporation of the fatty acids into 
kidney phospholipids was demonstrated. Diets contain- 
ing FO, EPO and EPO:FO lowered plasma triglycerides 
and total cholesterol levels as compared with diets con- 
taining BT. Only EPO:FO raised high density lipoprotein 
(HDL) cholesterol levels, as compared with BT. The com- 
bination EPO:FO prevented the tenfold suppression of 
aortic C~keto-PGF~, caused by FO. These changes in 
plasma lipids and eicosanoid production are potentially 
antiatherogenic and may prevent glomerular sclerosis. 
The combination of EPO and FO, containing n4} and n-3 
fatty acids may offer advantages over either family of 
fatty acids in this model of nephrotic syndrome. 
Lipids 23, 1059-1063 (1988). 

Diets containing fish oil (FO) and rich in n-3 polyun- 
saturated fat ty acids (PUFA), lower plasma lipids and 
preserve kidney function and histology in adriamycin- 
induced nephrotic rats (1,2). Fish oil suppresses platelet 
and glomerular thromboxane A2 (TXA2), a beneficial ef- 
fect, but also suppresses aortic production of the vasodil- 
atory prostaglandin I2 (PGI2) and glomerular production 
of PGE and PGI2. This is an undesirable action. Eve- 
ning primrose oil (EPO) contains the n-6 PUFA gam- 
malinolenic and linoleic acids; both are precursors of 
monoenoic and dienoic eicosanoids through the cyclooxy- 
genase pathway. We tested the hypothesis that the ad- 
dition of n-6 PUFA to a fish-oil diet may prevent suppres- 
sion of beneficial PG by increasing their precursors in the 
cell phospholipids. The effect of a mixture of EPO and 
FO {75:25) was studied. The results were compared with 
those in animals fed beef tallow (BT), EPO or FO alone 
as dietary fats. In contrast with previous studies, we used 
a dose of adriamycin of 3 mg/kg instead of 7.5 mg/kg, to 
prevent development of advanced renal disease and renal 
failure, which could interfere with the variables measured. 

MATERIAL AND METHODS 

Animals and diets. Forty-one Sprague-Dawley female rats 

*To whom correspondence should be addressed. 
Abbreviations: BSA, bovine serum albumin; BT, beef tallow; EBSS, 
Earls Balanced Salt Solution; EPO, evening primrose oil; FO, fish 
off; HDL, high density lipoprotein; PG, prostaglandin; PUFA, 
polyunsaturated fatty acid; SBO, soybean oil; TXA 2, thromboxane 
A2; (V}LDL, (very} low density lipoprotein; GC, gas chromatog- 
raphy; HPLC, high-performance liquid chromatography; PAS, 
periodic acid-Schiff; RIA, radioimmunoassay. 

(Harlan, Indianapolis, IN) weighing 220-270 g received 
a single dose of adriamycin (3 mg/kg) (Adria Laboratories, 
Columbus, OH) into the tail vein, under ether anesthesia. 
Seven days later (week 0), matched by weight and urinary 
protein excretion, groups of rats were allocated to four 
isocaloric diets, containing 14% BT, 14% FO, 14% EPO 
and 14% of a mixture of EPO and FO, 75:25 (EPO:FO). 
Soybean oil (SBO) 1% was added to all diets to supple- 
ment essential fat ty acids. EPO, FO and EPO:FO were 
supplied by Efamol, Inc. (Kentville, Nova Scotia, Can- 
ada). The diets were prepared by Teklad (Madison, WI), 
who also provided BT and SBO fats. All experimental 
diets contained 200 g/kg protein as vitamin-free casein, 
3 g/kg DL methionine, 382 g/kg sucrose, 150 g/kg malto- 
dextrin, 150 g/kg fat, 70 g/kg cellulose, 35 mg/kg mineral 
mix (Teklad AIN-76), 10 g/kg vitamin mix (Teklad 
#40060) that  provides 0.24 g/kg diet of dry vitamin-E 
acetate, and 26 mg/kg of BHA (an antioxidant). The fatty 
acid composition of the dietary lipids, analyzed by gas 
chromatography (GC) is shown in Table 1. Pair-feeding 
was used throughout, with the rats in three groups being 
pair-fed against the rats in the group with the lowest food 
intake. 

Rats were weighed periodically and kept without food 
but with free access to water. Urine was collected for 
23 hr, at weeks 0 and 4. Systolic blood pressure was 
measured by the tail cuff method at week 5. At week 6, 
after a 15 hr fast, rats were killed under ketamine-xylazine 
anesthesia by exsanguination via cardiac puncture. 
Plasma creatinine, lipids and platelet TXA2 production 
were measured. Kidney tissue was obtained for fatty acid 
composition, light microscopy and eicosanoid production. 

Glomeruli were isolated to measure production of PGE, 
6-keto-PGF1, and TXB2; the latter two are stable metal> 
olites of PGI 2 and TXA2, respectively. Thoracic aortic 

TABLE 1 

Fatty Acid Composition of the Dietary Lipids 

Fatty acid BT FO EPO EPO:FO 

14:0 3.4 8.2 -- 2.0 
16:0 24.9 18.7 6.4 9.2 
16:1 2.6 9.4 -- 2.4 
18:0 18.7 4.3 1.7 2.4 
18:1 40.0 14.6 7.5 9.5 
18:2n-6 4.5 2.1 74.9 56.6 
18:3n-6 -- -- 9.0 7.0 
18:3n-3 -- 2.4 -- 0.6 
20:4n-6 -- 1.8 -- 0.4 
20:5n-3 -- 16.5 -- 4.3 
22:5n-3 -- 2.5 -- 0.6 
22:6n-3 -- 11.1 -- 2.9 

Diets contained 150 g fat/kg. Numbers represent percentage of the 
total fatty acid content. 
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strips, 5-20 mg dry weight, were incubated and the media 
assayed for 6-keto-PGFlo production. 

Kidney phospholipid fatty acid composition For this 
analysis, tissue samples were selected randomly from 
each dietary group. Kidney tissue was homogenized in 
saline and extracted with chloroform]methanol (3). Total 
lipids were separated using a silica SEP PAK cartridge 
{Waters, Milford, MA}; the phospholipid fraction eluted 
with methanol {4). Phospholipids were methylated in 
boron trichloride in methanol at 90~ for 1 hr under a 
stream of nitrogen. Methyl esters of fat ty acids were 
separated on a Supelcowax 10 wide-bore capillary column, 
using prepurified helium at 12 mYmin as the carrier gas. 
A 5790A Hewlett-Packard gas chromatograph was used 
with an injection temperature of 210~ The GC was in- 
terfaced with a 3390A Hewlett-Packard integrator. Fatty 
acids were identified with a combination of PUFA 1 and 
PUFA 2 standards (Supelco, Bellefonte, PA) and #68A 
standard, along with 18:3, 24:0 and 24:1 (NuChek Prep., 
Elysian, MN). All reagents were high-pressure liquid 
chromatography (HPLC)-grade {Fisher, Cincinnati, OH). 

Glomerular eicosanoids. Five rats in each group were 
selected randomly for this assay. Kidneys were perfused 
in vivo with Earls Balanced Salt Solution {EBSS) and 
heparin (2 U/ml). Glomeruli were isolated using a pre- 
viously reported sieving technique (5); microscopically, 
they were at least 80% pure and about 95% decapsulated. 
Glomeruli were incubated in a total volume of 0.5 ml in 
EBSS, containing 0.1% bovine serum albumin (BSA) 
{Fraction V, Sigma, St. Louis, MO), pH 7.4, at 37~ for 
1 hr. Samples were then centrifuged immediately, and 
supernatants saved for eicosanoid radioimmunoassay 
(RIA) {6). Glomerular pellets were saved for protein deter- 
mination by the Lowry method (7) after solubilization in 
1 M NaOH. For RIA, tritiated eicosanoids and scintilla- 
tion cocktails were purchased from New England Nuclear 
(Boston, MA), and standards and antibodies were ob- 
tained from Seragen, Inc. {Boston, MA). The smallest 
detectable doses of eicosanoid standard on the linear por- 
tion of the standard curves wre 4.7 pg for PGE, 12.0 pg 
for 6-keto-PGF~ and 5.2 pg for TXB 2. Nonspecific bind- 
ing was always less than 3.0%. Intra- and interassay coef- 
ficients of variation were 2.7% and 5.5%, respectively, 
for all assays. 

Aortic 6-keto-PGFlr production was measured in the 
incubation media by RIA after segments of aorta were 
incubated in EBSS and 0.1% BSA {pH 7.4) at 37~ for 
1 hr in a total volume of 1.0 ml. Tissue was air-dried and 
weighed, and the results wre expressed as ng/mg tissue. 

Platelet TXA 2 production was measured after clotting 
whole blood at 37~ for 30 rain with subsequent cen- 
trifugation. TXB2, the stable metabolite of TXA~, was 
measured in serum by RIA. 

Plasma lipids. HDL cholesterol was measured after pre~ 
cipitation with dextran sulfate-magnesium chloride (Al> 
bott, South Pasadena, CA). Plasma triglycerides, HDL 
and total cholesterol were measured by enzymatic meth- 
ods on an ABA100 Bichromatic Analyzer (Abbott Labs.). 

Urinary protein was measured using the Bradford 
reagent (Bio Rad, RockviUe Center, NY) and plasma 
creatinlne was determined colorimetrically using the Jaffe 
reaction. 

Light microscopy. Kidney tissue was fixed in 
Mossman's solution, stained with periodic acid-Schiff 

(PAS), and coded sections were examined "blinded." In 
each rat, between 50 and 250 glomeruli were studied. In 
the glomeruli, particular attention was paid to enlarge- 
ment with endocapillary swelling, to hyalinosis (capillary 
protein insulation) and to segmental and global sclerosis. 
The number of glomeruli with each abnormality was 
counted, and the results expressed as percentages of total 
glomeruli studied. The tubular changes evaluated semi- 
quantitatively (0-4+) were dilatation, intraluminal pro- 
tein, protein reabsorption droplets and nephrocalcinosis. 

Statistics. The Kolmogorov-Smirnov test was applied 
to groups of data to assess whether they were normally 
or log-normaUy distributed. For log-normally distributed 
data, statistical analysis was performed in logarithmically 
transformed values. Comparisons among groups were 
tested by one-way ANOVA. Differences between in- 
dividual groups were established by the Duncan's test. 

RESULTS 

Weight, blood pressure and renal function (Table 2). In 
spite of pair-feeding, there were some differences in 
weight. The lowest weight was in the BT group; weights 
were significantly higher in each of the FO and EPO, but 
not in the EPO:FO groups. The mean blood pressures of 
rats in all groups were normal and did not differ among 
groups. All rats had nephrotic range proteinuria, with no 
differences among groups. Mean plasma creatinine in the 
oil mixture group (EPO:FO) was significantly lower than 
that of the BT group; but, that of rats in groups fed either 
FO alone or EPO alone were not different. 

Plasma lipids. The results of plasma triglycerides, total 
cholesterol and HDL cholesterol are shown in Table 3. 
In the FO, EPO and EPO:FO groups, plasma triglycer- 
ides were reduced equally to ca. 50% of that  of the BT 
group. Total cholesterol was reduced by 47% and 20% 
in the FO and EPO:FO groups, respectively, when com- 
pared with BT animals. No difference was observed in the 
EPO group. Compared with the BT group, HDL levels 
were significantly increased in the EPO:FO group, but 
not in the FO or EPO groups. 

Fatty acids in kidney phospholipids. The kidney phos- 
pholipid fatty acid composition was clearly different in 
each dietary group (Table 4). The most striking change 
was in 18:2n-6, which was increased in the FO group, and 
greatly increased in EPO and EPO:FO groups. There was 
a marked reduction of 20:4n-6 in the FO group, and a 
significant but less marked reduction in the EPO:FO 
group. There was significant incorporation of 20:5n-3 and 
22:6n-3 into the FO group. In the EPO:FO group, 22:6n-3 
was significantly incorporated, but only small amounts 
of 20:5n-3 were detectable in 5 of 9 rats. In the groups 
fed the diets containing EPO, only very small amounts 
(<1%) of 18:3 n-6 and 20:3 n-6 were detected, indicating 
a poor incorporation of gammalinolenic acid, although the 
incorporation of linoleic acid was good. 

Eicosanoid production (Table 5). In isolated glomeruli 
from rats in the FO group, there was a very significant 
reduction of PGE, 6-keto-PGFlo and TXB2 production. 
There was a less marked reduction in these eicosanoids 
in the EPO:FO group. In the EPO group, TXB= produc- 
tion was reduced to about 50% of the BT values. 

In aorta, there was a marked reduction in 6-keto- 
PGFIo production in the FO group, when compared with 
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BT FO EPO EPO:FO 
(n = i0 )  (n = I0)  (n ---- i0 )  (n ---- I I )  

Weight a 
(g) wk 5 244 • 17 263 _ 15 c 258 • 11 c 254 ... 11 

Blood pressure a 
(mmHg)  w k 5  111 • 11 112 • 7 111 • 8 116... 6 

Urine protein excretion b 368 305 317 374 
{rag/23 h) wk 4 (266, 509) (247, 377) (214, 468) (246, 568) 

Plasma creatinine b 0.76 0.64 0.68 0.55 c 
(mg/dl) wk 6 (0.60, 0.97) (0.53, 0.77) (0.51, 0.92) (0.43, 0.72) 

aValues are means •  SD. 

bValues are geometric means {-1 SD, +1 SD). 

Cp < 0.05 vs BT. 

TABLE 3 

Plasma Triglycerides, Cholesterol and HDL Cholesterol 

BT FO EPO EPO:FO 
(n = 10) (n = 10) (n = 10) (n --- 11) 

Triglycerides 
(mg/dl) 

Total cholesterol 
(mg/dl) 

HDL cholesterol 
(mgldl) 

801 362 a 379 a 404 a 
(479, 1341) (282, 463) (269, 535) 1304, 537) 

764 409 a 797 b 622 a, b,c 
(647, 902) {336, 499) {650, 977) (463, 835) 

179 151 197 259~b 
(95, 338) (126, 182) (151, 258) (243, 318) 

Values are geometric means ( - 1  SD, + 1 SD). 

ap  < 0.05 vs BT. 

bp < 0.05 vs FO. 

Cp < 0.05 vs EPO. 

TABLE 4 

Fatty Acids in Kidney Phospholipids 

BT FO EPO EPO:FO 
(n = 8) (n = 10) {n = 9) (n = 9) 

16:0 20.9 • 6.9 20.7 • 6.2 17.9 • 2.0 20.2 • 5.4 
16:1 1.2 • 0.2 2.6 2:0.3 a 0.7 • 0.3 b 1.6 • 1.2 b,c 
18:0 24.0 + 2.7 21.4 2:2.6 a 25.6 • 1.9 b 24.1 • 2.5 b 
18:1 16.2 • 1.0 12.5 _ 1.0 a 9.2 ... 0.7 a,b 11.4 • 3.2 a,c 
18:2n-6 5.0 • 0.8 7.2 2:1.0 a 12.9 • 1.1 a,b 14.9 • 1.4a, b, c 
20:4n-6 29.2 • 7.5 16.5 2:3.0  a 30.9 • 4.1 b 23.9 • 3.6a, b, c 
20:5n-3 --  11.8 • 2.8 -- 1.7 "4- 0.6* 
22:6n-3 2.7 • 0.9 6.6 • 0.5 a 1.8 • 0.7 a,b 3.8 • 0.7a, b, c 

Values are percentage of major GC peaks • SD. 

ap  < 0.05 vs BT. 

bp < 0.05 vs FO. 

Cp < 0.05 vs EPO. 

*Detectable levels of 20:5n-3 were present  in only 5 rats  in group EPO:FO. 

LIPIDS, Vol. 23, No. 11 (1988) 



1062 

U.O. BARCELLI ET AL. 

TABLE 5 

Eicosanoid Production by Isolated Glomeruli, Aorta and Platelets 

BT FO EPO EPO:FO Number of observations 

Isolated glomeruli 
PGE 6.7 0.2 a 

{ng/mg protein) (3.8, 11.9) (0.I, 0.3) 

6-Keto-PGFI, 4.3 0. I a 
(ng/mg protein) {2.8, 6.9) {0.07, 0.11) 

TXB 2 5.6 0.3 a 
(ng/mg protein) (3.8, 8.11 (0.2, 0.4) 

Aorta 
6-Keto-PGFla 43.9 4.3 a 

{ng/mg tissue} (24.2, 79.7} (2.2, 8.51 

Platelets 
TXB 2 145.2 45.6 a 

(ng/ml serum) (85.5, 246.7) (29.3, 71.2) 

7.4 b 0.9a, b, c 4,5,5,6 
(5.9, 9.2) (0.5, 1.5) 

2.7 b 0.4a, b, c 3,5,5,5 
{2.3, 3.3) (0.25, 0.73} 

2.8a, b 1.2a, b, c 4,5,5,5 
{2.0, 4.0) {0.8, 1.7) 

52.0 b 30.1b, c 10,9,10,11 
(33.4, 81.1) {20.6, 44.0) 

145.0 b 101.1 b 10,10,10,9 
(72.0, 292.2) (58.3, 175.3} 

Values are geometric means {-SD, +SD). 
ap < 0.05 vs BT. 
bp < 0.05 vs FO. 
C p < 0.05 vs EPO. 

all other groups. In the EPO:FO group, 6-keto-PGFl~ 
production was not significantly different than that  of 
the BT group, although it was lower than that of the EPO 
group. 

Platelet TXB 2 production was significantly lower only 
in rats in the FO group compared with all other groups. 
No significant difference was found among EPO, EPO:FO 
and BT groups. 

L i g h t  m i c r o s c o p y .  There were minor to moderate 
tubular changes of dilatation and intraluminal protein, 
but no differences were found among groups. No glomeru- 
lar alterations were observed in any of the rats. 

DISCUSSION 

The primary purpose of this experiment was to study the 
value, compared with saturated fat, of dietary n-6, n-3 
PUFA and a mixture of both, on various lipid classes in 
rat plasma, kidney, aorta and platelets. We hoped that 
the combination of n-6 and n-3 would eliminate the disad- 
vantages of n-3 PUFA, but preserve the beneficial effects. 
The dose of adriamycin used induced a slowly progres- 
sive renal disease permitting assessment of early lipid 
changes. In previous experiments {1,2}, a dose of 7.5 mg/ 
kg adriamycin induced a very severe nephrotic syndrome, 
with renal failure, marked renal histologic abnormalities 
and extreme increases in plasma cholesterol and tri- 
glycerides. Adriamycin given at 3 mg/kg induced a fully 
developed nephrotic syndrome, but renal function and 
histology were largely preserved and the elevations of 
plasma lipids were not as marked. This may also explain 
why, in the present experiment, the diets containing FO 
did not have an effect on plasma creatinine, because the 
BT group had a mildly elevated creatinine (0.76 mg]dl), 
and in our previous report using the adriamycin dose of 
7.5 mg/kg, the mean plasma creatinine of the BT group 
was 0.98 mg/dl {2}. Differences in renal function and blood 

pressure among dietary groups were not anticipated and 
were not found. We did see a significant decrease in 
plasma creatinine in the EPO:FO group, suggesting that  
the combination diet may best preserve renal function, 
compared with the FO and EPO diets, even at an early 
stage. The differences in creatinine cannot be explained 
by differences in weight {Table 2). A long-term experiment 
with serial measurement of renal function would help to 
clarify the potential importance of these differences in 
plasma creatinine. The FO and EPO groups had signifi- 
cantly higher weights than the BT group, in spite of the 
pair-feedings. The possible influence of these differences 
on the variables studied is unknown. 

The combination of EPO and FO {75:25) lowered plasma 
triglycerides by 50%, compared with the BT group, and 
was not different from that of FO or EPO alone, n-6 
PUFA have been reported to have beneficial effects on 
the hypertriglyceridemia of patients with Type IIb hyper- 
lipidemia (8) and patients with chronic renal failure {9). 
n-3 PUFA feedings reduce plasma total triglycerides, low 
and very low density lipoprotein (LDL and VLDL) levels 
in normal (10) and hyperlipidemic patients (8). In normal 
rats, fish off reduces plasma triglycerides, but not choles- 
terol (11); in nephrotic rats (1), fish oil reduces serum 
triglycerides, total cholesterol and LDL cholesterol. Many 
investigators attribute the hypolipidemic effect of fish oil 
in humans to reduction of VLDL triacylglycerol {12}, and 
VLDL apoprotein-B synthesis in the liver {13}, leading 
to a reduction in LDL formation. 

The combination of EPO and FO significantly lowered 
plasma total cholesterol, although not as markedly as FO. 
Unexpectedly, EPO alone did not have a significant ef- 
fect on total cholesterol, although the hypocholester- 
olemic effect of n-6 PUFA has been reported in some 
human studies {10,12}. The rise in HDL in the EPO:FO 
group was unexpected in view of the lack of effect ob- 
served in the FO and EPO groups. In humans with Type 
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II  hyperlipidemia, those who were fed vegetable oil rich 
in n-6 P UF A had a small but  significant increase in 
plasma HDL (8). The HDL:cholesterol  rat io increased in 
chronic renal failure pat ients  during n-6 PUFA feeding 
(9). Li terature  on the effects of fish oil on HDL levels 
report  variable results. The depression of plasma-HDL 
levels by a fish-oil diet has been documented in humans 
(8,12,13) and monkeys (14), al though others report  no 
change in humans (10,15) or ra ts  (1). Conversely, other 
invest igators  report  an increase in HDL in pat ients  with 
chronic renal failure who were fed a fish oil diet with a 
higher HDL2:HDL 3 ratio (16). In a s tudy of pat ients  
having angina, hyperlipidemia or previous myocardial in- 
farctions (17) and chronic ambulatory peritoneal dialysis 
pat ients  (18), those fed fish oil showed increased HDL2 
and total  HDL. Because HDL is thought  to be protec- 
tive against  atherosclerosis, the effect on HDL by the 
EPO:FO combination is potential ly important .  A more 
detailed s tudy of the lipoprotein classes and apoprotein 
levels is clearly indicated. 

There was good incorporation of most  of the dietary 
PUFA into kidney phospholipids. Compared with the BT 
group, 18:2n-6 levels increased in all three diets, but  were 
the highest in the EPO:FO group. In the groups fed the 
diets containing EPO, the incorporation of 18:3n-6 was 
very  small, suggest ing tha t  the biological effects of the 
EPO were due mainly to its very high content  of 18:2n-6. 
20:5n-3 and 22:6n-3 were increased and 20:4n-6 was re- 
duced in the FO and EPO:FO groups, compared with the 
BT and EPO groups. Our data  are in agreement with 
studies in normal rats (20) and also exemplify the interac- 
tion of various P UF A modifying their ra tes  of desatura- 
tion, chain elongation and esterification (21) in phospho- 
lipids and neutral  lipids. What  the contributions of n-3 
and n-6 PUFAs  to this model are speculative. P U F A  
subst i tut ion in phospholipids presumably would have a 
direct effect on cell membrane fluidity and lipoprotein 
structure.  These may, in turn, affect receptor response 
to  l ipoproteins and pros taglandin  synthesis  upon 
stimulation. 

A potential ly beneficial effect of the combination diet 
was the preservat ion of aortic synthesis  of PGI2. The 
FO diet markedly inhibited PGI  2, ye t  the EPO:FO and 
EPO diets maintained PGI2 at  levels not  significantly 
different than those of the BT group. The eicosanoid data  
in isolated glomeruli showed decreased levels of TXB 2 in 
EPO, FO and EPO:FO groups, and decreased levels of 
6-keto-PGFlo and PGE in the FO and EPO:FO groups. 
Both aortic 6-keto-PGF1, and platelet TXB 2 levels in the 
rats  fed the EPO:FO diet were ca. 70% of those from rats  
fed EPO, suggesting that  FO added to the diet suppresses 
the synthesis  of PG and TX to the same extent.  The 
magni tude of the suppression probably depends on the 
relative amounts  of n-3 and n-6 PUFA in the diets. I t  
would be desirable to formulate  a diet tha t  preserves the 
vasodilatory effects of PGE and PGI  2, while decreasing 
the vasoconstr ict ion and platelet  aggregatory  effects of 
TXA2. In the nephrotic rat,  we believe tha t  a combina- 
tion of EPO:FO may contr ibute to preservat ion of renal 
function. We have previously reported the protect ive ef- 
fects of P UF A on the progression of renal disease in the 
ra t  with nephrotic syndrome induced by adriamycin 7.5 
mg/kg (1,2} and in other nonimmunologic models of renal 
disease {22,23}. Glomerulosclerosis may be the result  of 

similar pathogenic events  to those tha t  lead to athero- 
sclerosis (24}. In the model of chronic aminonucleoside 
nephrosis in the rat,  glomerulosclerosis is accelerated by  
dietary cholesterol supplementat ion (25). The reduction 
of atherosclerotic risk factors could also prevent  long- 
term renal deterioration. The combination of n-6 and n-3 
PUFA needs to be tes ted fur ther  in models with pro- 
gressive chronic renal disease. 
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The Composition of Red Cell Membrane Phospholipids in Canadian 
Inuit Consuming a Diet High in Marine Mammals 
Sheila M. Inniso,*, Harriet V. Kuhnleinb and David Kinlochc 
aDepartment of Paediatrics, University of British Columbia, Vancouver; bMacDonald College, McGill University, Montreal; CMedical 
Services Branch, Health and Welfare Canada, Yellowknife, N.W.T., Canada 

A study of the fatty acid composition of red cell phospha- 
tidylchoHne and phosphatidylethanolamine and serum 
cholesterol was undertaken in 185 Canadian Inuit {age 2 
months-82 years). Samples from 24 Canadian men and 
women (21-50 years) living in Vancouver were also ana- 
lyzed as a reference for the Inuit in this age range. Dietary 
survey of the Inuit community (325 Inuit) demonstrated 
a diet based on traditional foods in which the principal 
source of n-3 fatty acid was marine mammal flesh {mean 
intake: 164 g/person/day) rather than fish (mean intake: 
13 g/person/day). Compared to the Vancouver samples, 
the Inuit phosphatidylethanolamine had higher 20:5n-3 
and 22:6n-3 and lower 20:4n-6, but similar 18:2n-6 levels. 
The level of 20:5n-3 was higher and 20:4n-6 was lower in 
the Inuit than in the Vancouver red cell phosphatidyl- 
choline. Despite these differences in percentage content 
of C20 and C22 n-6 and n-3 fatty acids, the mean chain 
length and unsaturation index of the Inuit and Vancouver 
red cell phosphatidylcholine and phosphatidylethanol- 
amine were very similar. Serum cholesterol concentration 
showed no sex difference within the Inuit, and no dif- 
ference from Vancouver men and women of similar age. 
The analyses suggest that the fatty acid composition of 
the Inuit red cell phospholipids are primarily a reflection 
of their diet-fat composition. 
Lipids 23, 1064-1068 (1988). 

Considerable interest has been focused on the n-3 fat ty 
acids, eicosapentaenoic acid (20:5n-3) and docosahexa- 
enoic acid (22:6n-3}, since the studies by Bang et al. 
showed a relationship in Greenland Eskimo between a 
high dietary intake of n-3 fat ty acids and a disease pat- 
tern characterized by a particularly low incidence of 
ischemic heart disease {1-5). Clinical studies utilizing fish- 
oil concentrates, or addition of fatty fish to Western diets, 
have since suggested that the beneficial effect of n-3 fatty 
acids may involve several mechanisms including altered 
platelet function and platelet and vessel wall eicosanoid 
biosynthesis {6-8), as well as increased red cell deform- 
ability and reduced blood viscosity related to the incor- 
poration of dietary C20 and C22 n-3 fat ty acids into the 
red cell membrane {9-11). Despite these biochemical 
changes in trials with fish oils, the efficacy of dietary fish 
in reducing mortality from ischemic heart disease is 
uncertain as both a reduction {12,13) and no reduction 
(14-16) in disease incidence has been reported in free- 
living populations consuming fish-rich diets. 

During the early 1970s, the major portion of the fat in 
the Eskimo diet was from marine mammals, rather than 
from fish {2,4}. Although marine mammal fat contains 

*To whom correspondence should be addressed at The Research 
Centre, 950 West 28th Avenue, Vancouver, B.C., Canada V5Z 4H4. 

Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PL, phospholipid; GLC, gas liquid chromatography; TLC, 
thin layer chromatography; UI, unsaturation index. 

high levels of n-3 fat ty acids, the relative quantities of 
20:5n-3, 22:5n-3 and 22:6n-3 {17) differ from that  in fish 
{18,19}. Further, the preferential acylation of n-3 fat ty 
acids to the glycerol sn-2 position in fish rather than to 
sn-1 and sn-3 in the triacylglycerols of marine mammals 
has recently been emphasized, and may be expected to 
lead to potentially important differences in absorption 
and metabolism of n-3 fatty acids from these two diet lipid 
sources (20). 

In September 1985, a dietary survey with collection of 
blood samples, for serum assays not related to fatty acids, 
was conducted in the Canadian Arctic community of 
Broughton Island, Northwest Territories. This island, 
which lies off the East  coast of Baffin Island, has ca. 400 
residents and was selected for study because previous 
hunting and fishing surveys indicated a high-potential per 
capita consumption of native foods, marine foods are 
abundantly available and the high cost of air transpor- 
tation continues to be a barrier to the extensive use of 
other foods. Red cell fat ty acids are known to reflect diet 
fat composition {21,22) and, through modulation of mem- 
brane properties, may contribute to the low incidence of 
ischemic heart disease (9-11) in Eskimo (1,3). Thus, the 
opportunity was taken to analyze the fat ty acid composi- 
tion of red cell phospholipids (PL) of Broughton Island 
Inuit in order to document the composition of these cell 
membranes in a population that  continues to consume a 
largely traditional diet high in marine mammals. 

METHODS 

Dietary surveys were conducted by direct interview in the 
native language (Inuktitut) to collect data on patterns of 
traditional food usage and quantitative food intake data 
for each household. A summary of the per capita intake 
of native foods for 325 Inuit who participated in the diet 
survey is given in Table 1. Further details on the survey 
are not part of this report, but can be obtained from 
author HK. The fat ty acid composition of marine mam- 
mals caught by the Inuit hunters during the survey has 
been reported {17). 

Blood sampling. A venous blood sample was drawn in- 
to Venoject (Terume Med. Corp., Elkton, MD) serum 
separation tubes. The tubes were centrifuged and all but 
100-200 ~1 serum removed for other analyses. The tubes 
containing the red cell pellet were immediately frozen and 
shipped to Vancouver where they were transferred to 
storage at -80~ until analyzed. Samples from 185 Inuit 
were received and grouped by age and sex for subjects 
over 11 yrs; children of both sexes were grouped together, 
0-5 or 6-10 yrs {Table 2). For comparative purposes, 
blood samples from 12 men and 12 women consuming a 
mixed diet and working in the Research Centre in Van- 
couver were drawn, stored and processed to resemble the 
handling of the Inuit samples as closely as practically 
possible. 
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TABLE 1 

Profile of Native Food Intake on Broughton Island 
(mean for 312 people) 

g/person/day 

Crowberries 
Ringed seal meat 
Caribou meat 
Narwhal meat 
Narwhal matak 
Char meat 
Walrus meat 
Ringed seal blubber 
Kelp 
Bearded seal meat 
Blueberries 
Ringed seal liver 
Narwhal blubber 
Walrus blubber 
Mussels 
Bearded seal, other parts 
Walrus matak 
Bearded seal blubber 
Caribou fat 
Eider duck 
Ringed seal, other parts 
Beluga meat 
Total marine mammal 

Total 

89 
8O 
31 
29 
15 
13 
12 
8 
7 
6 
4 
3 
3 
3 
3 
2 
2 
1 
1 

<1 
<1 
<1 

164 

13 

TABLE 2 

Number of Subjects Studied and Sample Distribution 
by Age and Sex 

Inuit Vancouver 

Age Male Female Male Female 
yrs n n n n 

0-5 6 7 
6-10 4 5 

11-15 11 17 
16-20 9 12 
21-50 41 59 
>50 14 13 

12 12 

Red blood cell and plasma cholesterol analyses. Im- 
mediately upon removal from frozen storage, the glass 
tubes containing the red cells were broken and 1 cm 2 of 
ceils was sliced from the bottom of each pellet. The cells 
were lysed (21), the membranes pelleted, washed three 
times and the lipids extracted (22,23). The PL were sepa- 
rated from other lipid classes (24), then further resolved 
into their individual PL classes (25) by thin layer chroma- 
tography (TLC) identified on the basis of Rf by cochro- 
matography of known standards. The bands correspond- 
ing to phosphatidylcholine (PC) and phosphatidylethanol- 
amine (PE) were recovered, the fatty acid components 
converted to their respective methyl esters with metha- 
nolic HC1 and analyzed by capillary-column gas liquid 
chromatography (GLC). Details of the GLC and data 
handling have been reported earlier (17). The unsatura- 

tion index {UI) and mean chain length of the fatty acids 
were calculated as described previously (24). 

Total cholesterol was assayed in 10 ~l of serum using 
an enzymatic kit {Biopacific diagnostics Inc., North Van- 
couver, British Colubmia). 

RESULTS AND DISCUSSION 

The dietary survey conducted during September 1985 
confirmed a high intake of traditional foods by the 
Broughton Island Inuit. The average intake of fish (char) 
was ca. 13 g, but the intake of total marine mammal tissue 
was ca. 164 g per person per day (Table 1). The extensive 
use of marine mammals in the diet of these Inuit is similar 
to the higher intake of seal and whale (higher than fish) 
by the Greenland Eskimo during the Spring of 1970 (2,4). 

The fatty acid composition of PE and PC from the Inuit 
and Vancouver PE and PC is shown in Tables 3 and 4, 
respectively. The Vancouver reference data is similar to 
previous reports for apparently healthy adults consum- 
ing mixed Western diets (26,27). The data for the Inuit 
red cells demonstrate the incorporation of dietary C20 and 
C22 n-3 fat ty acids in all age groups into the membrane 
PE and PC, and the higher level of these fatty acids in 
PE than PC. No differences were found in the composi- 
tion of PE between male and female Inuit (Table 3); PC 
was also similar between the sexes, except for a higher 
20:0 in the 11-15 yr old girls than in the boys (Table 4). 

When compared with Vancouver residents of similar 
age (21-50 yrs), the Inuit had a higher n-3 series 18:3, 
18:4, 20:5 and 22:6, and a lower n-6 series 20:4, 22:4 and 
22:5 in the red cell PE (Table 3). The most pronounced 
difference in the n-6 series was in 22:4n-6; the level in the 
Inuit was ca. 27% of the amount in the Vancouver 
samples. The total C20 plus C22 n-6 and n-3 fatty acids 
were lower and higher, respectively in the Inuit; however, 
the UI and the mean chain length remained similar to the 
Vancouver samples. 

The analyses of PC from the Inuit males showed lower 
n-6 series 20:3 and 22:5 and higher n-3 series 18:3, 18:4, 
20:5 and 22:6 than in Vancouver males (Table 4). The In- 
uit females had lower n-6 series 18:2 and 20:3 and higher 
n-3 series 18:3, 18:4 and 20:5 than their Vancouver 
counterparts. The apparently higher 22:6n-3 in Inuit is 
explained by the low 22:6n-3 in the Vancouver group. The 
reason for this is unknown. The total C20 and C22 n-6 
and n-3 fat ty acids, UI and mean chain length of PC was 
similar between the Inuit and Vancouver groups, except 
for a higher C20 plus C22 n-3 series in the Inuit males. 
The latter was also due to the low 22:6n-3 in the Van- 
couver men. 

The levels of 20:5n-3 and 22:6n-3 in the Inuit PE in this 
study are higher than those found following supplemen- 
tation with fish oil concentrates, e.g., containing ca. 19%, 
3%, 12% or 31%, 6% and 19% 20:5n-3, 22:5n-3, 22:6n-3, 
respectively (9,11). The seal and whale caught by the Inuit 
during the study contained 9-12%, 20:5n-3, 5-6% 22:5n-3, 
9-10% 22:6n-3 (17), indicating that, like human red cell 
PL (26,27, Tables 3 and 4), these mammals contain less 
20:5n-3, particularly when related to the content of 
22:5n-3 and 22:6n-3, than fish (18,19). The effect of these 
differences in fat ty acid composition, and in the 
triglyceride structure between mammals and fish (20), on 
tissue fat ty acid composition has not been studied. 
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TABLE 5 

Serum Cholesterol Levels 

Inuit 

Age Male Female 
yrs (mgldl mgldl 

Vancouver 

Male Female 
mg/dl mg/dl 

0-5 118 • 8 
6-10 147 • 11 

11-15 161 • 12 148 • 20 
16-20 177 • 17 174 • 15 
21-50 180 • 42 183 • 25 
>50 184 • 43 201 • 28 

197 • 22 185 • 15 

Data are given as means ___ SE by age and sex for Inuit and Van- 
couver residents {Table 2). No statistically significant {p < 0.05} dif- 
ferences were found between male and female Inuit or Inuit and Van- 
couver residents in a similar age group. 

The  p l a s m a  P L  of Green l and  E s k i m o  has  been r e p o r t e d  
to  c o n t a i n  g r e a t l y  d e c r e a s e d  leve ls  of  18:2n-6 and  in- 
c reased  20:5n-3 and  22:6n-3 c o m p a r e d  wi th  E s k i m o  l iv ing  
in D e n m a r k  (5). S imi l a r  a n a l y s e s  of J a p a n e s e  who  con- 
s u m e d  d i e t s  h igh  in f ish  f o u n d  levels  of  20:5n-3 ca. 2-fold 
h igher ,  a n d  22:6n-3 ca. 2-fold lower,  t h a n  in G r e e n l a n d  
E s k i m o  (28). T h e s e  d i f fe rences  b e t w e e n  the  E s k i m o  a n d  
J a p a n e s e  m a y  ref lect ,  a t  l e a s t  in p a r t ,  t he i r  d i e t a r y  n-3 
f a t t y  ac id  sources .  I m p o r t a n t  d i f fe rences  h a v e  been  
shown in p l a s m a  P L  n-6 and  n-3 series  f a t t y  acids  be tween  
E s k i m o  l i v ing  in D e n m a r k  and  D a n e s  (5), J a p a n e s e  and  
N o r t h  A m e r i c a n s  (28) and  W e s t  C o a s t  C a n a d i a n  I n d i a n s  
and  E u r o p e a n s  and  N o r t h  A m e r i c a n s  (29), and  m a y  sug-  
g e s t  t h a t  i m p o r t a n t  r ac i a l  v a r i a t i o n s  e x i s t  in e s s e n t i a l  
f a t t y  ac id  m e t a b o l i s m  (29,30). In  t he  B r o u g h t o n  I s l a n d  
Inu i t ,  r ed  cell  20:4n-6 was  r e d u c e d  in PE;  however ,  t he  
level  of  t h i s  f a t t y  ac id  in PC, a n d  of  18:2n-6 in ma le  a n d  
female  P E  a n d  ma le  PC was  s imi l a r  to  t he  V a n c o u v e r  
re fe rence  g roup .  Thus ,  d i e t  r a t h e r  t h a n  rac ia l  d i f fe rences  
in f a t t y  ac id  m e t a b o l i s m ,  a p p e a r s  to  be  the  m a j o r  de te r -  
m i n a n t  of r ed  cell  c o m p o s i t i o n  in t h e  C a n a d i a n  Inu i t .  

The  s e r u m  cho les t e ro l  a n a l y s e s  found  no  d i f fe rence  in 
t h e  I n u i t  due  to  sex, a n d  no d i f fe rence  f rom V a n c o u v e r  
r e s i d e n t s  of  s imi l a r  age  {Table 5). Va lues  for t h e  I n u i t  
s e r u m  cho les te ro l  c o n c e n t r a t i o n s  are  lower  t h a n  in 
p r e v i o u s  s t u d i e s  of A l a s k a n  E s k i m o  a d u l t s  (31} a n d  
E s k i m o  a d u l t s  and  ch i ld ren  (32). The  l a t t e r  s t u d y  a lso  
n o t e d  no  d i f ference  b e t w e e n  E s k i m o  m a l e s  and  females .  
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Formation of Fluorescent Substances From Degradation Products 
of Methyl Linoleate Hydroperoxides With Amino Compound 
Toshihiro lio a n d  Kazuaki Yoden* 
Showa College of Pharmaceutical Sciences, I-8, Tsurumaki 5-chome, Setagaya-ku, Tokyo, Japan 

The degradation products formed from methyl linoleate 
hydroperoxides by reaction with heme were fractionated 
by Sephadex LH-20 column chromatography and by 
reverse-phase high performance liquid chromatography, 
and the ability of each compound to form fluorescent 
substances through reaction with amino compound was 
compared. Maximum formation of fluorescent substances 
was obtained from monomeric degradation products with 
amino compound, but low molecular weight aldehydes 
such as hexanal, 2-hexenal and 2,4-decadienal, formed only 
a small amount of fluorescent substances. However, the 
major monomeric degradation products described 
previously, the hydroxy-, keto- and epoxy-derivatives, do 
not significantly contribute to the formation of fluores- 
cent substances through reaction with amino compound. 
It was suggested that formation of fluorescent sub- 
stances from lipid peroxides with amino compound may 
originate from a precursor present in monomeric degrada- 
tion products formed from hydroperoxide of methyl 
linoleate during lipid peroxidation, and that low molecular 
weight aliphatic aldehydes are not involved in fluorescent 
substance formation. Moreover, the majority of TBA- 
reactive substances in secondary oxidation products 
prepared from autoxidized methyl linoleate are also un- 
related to the formation of fluorescent substances 
through reaction with amino compound. 
Lipids 23, 1069-1072 (1988). 

molecular weight aldehydes form FS by reaction with 
various amino compounds (12-16), However, Frankel 
et al. have recently reported that methyl linolenate HPO 
is readily decomposed thermally at 150~ and catalytic- 
ally with ferric chloride-ascorbic acid at room tempera- 
ture, producing dimeric or monomeric compounds and 
volatile compounds including low molecular weight mono- 
aldehydes (17). Also, monomeric compounds were shown 
to exhibit marked formation of FS through reaction with 
DNA (18). We recently reported that secondary oxidation 
products (SP) prepared from autoxidized ML, which is a 
complex mixture of various oxidized products converted 
from ML-HPO, also produce similar FS directly through 
reaction with 1-AP (19). 

These results suggest that oxidative degradation of 
PUFA-HPO is necessary for formation of FS through 
reaction with various amino compounds. However, the 
direct precursor available for formation of FS has not yet 
been determined from among the many kinds of degrada- 
tion products of PUFA-HPO. In this study, therefore, the 
degradation products formed from ML-HPO by reaction 
with heme were fractionated by Sephadex LH-20 column 
chromatography and by revers~phase high performance 
liquid chroamtography (HPLC). The results obtained 
regarding the characterization of the precursor available 
for formation of FS through reaction with amino com- 
pound are discussed. 

Lipid peroxides of polyunsaturated fatty acids (PUFA) 
play an important role in the formation of fluorescent 
lipofuscin pigments, which are associated with aging in 
animal tissues. Reviews on the formation and characteri- 
zation of fluorescent lipofuscin pigments in vivo or in 
vitro have been reported recently by Kikugawa (1) and 
Tsuchida et al. (2). 

The degradation products of methyl linoleate (ML)- 
hydroperoxide (HPO) produce fluorescent substances (FS) 
with spectra similar to lipofuscin pigments, exhibiting 
excitation and emission maxima at 320-360 nm and 
410-430 nm upon reaction with glycine or DNA (3,4). We 
have also reported that both 9- and 13-positional ML- 
HPO produce FS having the same fluorescence spectra 
upon reaction with 1-aminopentane (1-AP) as a model 
amino compound in the presence of heme (5). The degrada- 
tion of PUFA-HPO by catalysis of heme compounds, 
metals or ascorbic acid leads to the production of very 
complicated compounds, including monomeric hydroxy-, 
keto- or epoxy-derivatives (6-9) and low molecular weight 
aldehydes such as alkanals, 2-alkenals, 2,4-alkadienals or 
malondialdehyde (10,11). It is well known that these low 

*To whom correspondence should be addressed. 
Abbreviations: HPO, hydroperoxide; ML, methyl linoleate; 1-AP, 
1-aminopentane; TBA, thiobarbituric acid; HPLC, high performance 
liquid chromatography; FS, fluorescent substance; GC, gas 
chromatography; MS, mass spectrm or spectrometry; PUFA, 
polyunsaturated fatty acids; SP, secondary oxidation products. 

MATERIALS AND METHODS 

Materials. Linoleic acid, dilinolein, hemin and soybean 
lipoxygenase were purchased from Sigma Chemical Co. 
(St. Louis, MO). 1-AP, ML and hexanal were purchased 
from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). 2- 
Hexenal and 2,4-decadienal were obtained from Aldrich 
Chemical Co. (St. Louis, MO). Heine methyl ester Iheme) 
was prepared by the method of Ortiz de Montellano et al. 
{20). 

Preparation of HPO and SP from ML. ML (3.0 g) was 
autoxidized by stirring at 30~ for 5 or 14 days by 
methods described previously (19). ML-HPO reached a 
maximum at 4-5 days and was prepared by silica gel col- 
umn chromatography (2 X 40 cm, Wako gel C-200, Wako 
Pure Chemical Industries Ltd., Osaka, Japan) with hex- 
ane/ethyl ether (7:3) according to the method of Terao and 
Matsushita {21). Crude SP, including the precursor avail- 
able for formation of FS, was also prepared from ML 
autoxidized for 14 days by the same method as that 
described above (19). [1-14C]ML-HPO was prepared from 
[1-14C]linoleic acid (New England Nuclear, Boston, MA) 
by autoxidation. Each HPO was estimated using a molar 
absorbance value of 24,500 at 233 nm (22). 

Fractionation of degradation products of ML-HPO or 
crude SP. ML-HPO (100 ~mol) was incubated with or 
without heme (1 ~mol) in 100 ml of methanol at 37~ for 
30 min. The degradation products were subjected to 
Sephadex LH-20 column chromatography (1 X 40 cm, 
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Pharmacia Fine Chemicals, Uppsala, Sweden) according 
to the method of Kanazawa et al. (23) and were eluted with 
ethanol. Two-ml fractions were collected and monitored 
at 233 nm and 278 nm. Crude SP (50 lug) was also sub- 
jected to the same column chromatography and the ef- 
fluents were monitored by measuring the thiobarbituric 
acid (TBA) values. The degradation products from labeled 
or nonlabeled ML-HPO were also subjected to reverse- 
phase HPLC on a ~-Bondapak FAA (3.9 • 300 nun, 
Waters Associates, Milford, MA) using acetonitrile/ 
methanol/water (20:45:55) for the first 30 min followed 
by methanol as the mobile phases at a flow rate of 
1.0 ml/min. The effluents were monitored by absorbance 
at 254 nm and by 14C radioactivity. Each fraction was 
collected and the components extracted with chloroform/ 
methanol (2:1) were used for formation of FS and struc- 
tural analysis. The electron ionization mass spectrum 
(MS) was measured with a JEOL-D300 mass spec- 
trophotometer using a 30-eV ionization voltage. Gas 
liquid chromatography was carried out using a glass col- 
umn packed with 5% silicon SE-52 on celite 545 SK 
DMCS (Gasukuro Kogyo Inc., Tokyo) at a column 
temperature of 250~ The UV absorption spectra were 
measured with a Hitachi 200-10 spectrophotometer. 

Formation of fluorescent substances. ML-HPO (1 p_raol) 
preincubated with or without heme (10 nmol) was in- 
cubated with 1-AP (2 ~mol) in 3 ml of methanol at 37~ 
for 20 hr. Hexanal, 2-hexenal or 2,4-decadienal was also 
incubated with 1-AP in 3 ml of methanol at 37~ for 20 
hr. Formation of FS from ML-HPO or these aldehydes 
with 1-AP was observed to be marked under these con- 
ditions. The degradation products in each fraction from 
HPLC were also incubated with 1-AP under the above 
conditions. Fluorescence spectra were measured with a 
Hitachi MPF-3 fluorescence spectrophotometer and 
fluorescence intensities were expressed as a percentage 
of that  of a qninlne sulfate standard (0.1 ~g/ml of 0.1 N 
H~SO4). HPLC was carried out on a ~-Bondapak FAA 
(3.9 • 300 mm, Waters) preceded by a packed guard col- 
umn (4 • 50 nun, Unisil C~s, 10 ~m, Gasukuro Kogyo 
Inc.) with tetrahydrofuran/acetonitrile/water (15:45:50) at 
a flow rate of 1.0 ml/min. An aliquot of each FS was sub- 
jected to the same HPLC conditions and was monitored 
at excitation and emission maxima of 350 mn and 420 mn 
with an Hitachi 650-10LC fluorescence spectrophoto- 
meter. 

RESULTS AND DISCUSSION 

ML-HPO produced FS by reaction with 1-AP in the 
presence of heine, and the same two major fluorescence 
peaks (FS-I and F~II) were eluted on reversephase 
HPLC as those formed from SP with 1-AP (5). The 
degradation products formed from ML-HPO by reaction 
with heine were fractionated by Sephadex LH-20 column 
chromatography and then the ability to form FS through 
reaction with 1-AP in each fraction was studied. The ab- 
sorption peaks monitored at 233 nm and 278 nm, respec- 
tively, were detected in nearly the same fraction, 12-15, 
but maximum formation of fluorescent substances was 
obtained from Fr. 9-13. Based on the report by Kanazawa 
et al. (23), Fr. 9-13 contains mainly polymer- and 
endoperoxide-rich components, and Fr. 14-18 contains 
low molecular weight components. Marker compounds, 

2-hexenal, 2,4-decadienal, ML-HPO and dilinolein 
{molecular weight: 617) were eluted at the positions shown 
by arrows in Figure 1. Oarada et al. {24) separated autox- 
idized ML by gel chromatography on Bio Beads ~X3 into 
polymeric, monomeric and low molecular weight com- 
pounds. In our study, the elution profiles of the degrada- 
tion products produced from ML-HPO showed that the 
precursor available for formation of FS is contained in 
Fr. 9-13 (Fig. D and that it is one of the monomeric 
degradation products rather than a low molecular weight 
compound. 
When the degradation products produced from 

[1-14C]MI~HPO by reaction with heine were subjected to 
reverse-phase HPLC, seven radioactive peaks were de- 
tected {Fig. 2). From the UV spectral analysis and gas 
chromatography-mass spectrometry (GC-MSI fragmen- 
tations of the major degradation products described in 
a previous report (51, the structures produced from 
13-HPO of ML were found to be methyl 9-hydroxy-12,13- 
epoxylinoleate and methyl 11-hydroxy-12,13-epoxylinole ~ 
ate (17.2%, Fr. IIl having no UV absorption, methyl 
9-keto-12,13-epoxylinoleate (13.4%, Fr. III), methyl 
13-hydroxylinoleate (3.3%, Fr. IV), 13-HPO {9.7%, Ft. V) 
and methyl 13-ketolinoleate {4.6%; Fr. VII. Similarly, each 
fraction also contained the analogous derivatives produc- 
ed from 9-HPO of ML. The major degradation products 
have been described previously by Hamberg (71 and Dix 
and Marnett (8). In this experiment, 2-hexenal and 
2,4-decadienal as marker compounds were detected at 
fraction numbers 5 and 10, respectively. When the frac- 
tions (Fr. I-VII) detected by HPLC were compared for 
their ability to form FS by reaction with 1-AP, the most 
marked formation of FS-II was shown in Fr. VII. This 
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FIG. I. Sephadex LH-20 column chromatography of the degrada- 
tion products produced from ML-HPO by reaction with heine. The 
degradation products of ML-HPO were obtained from reaction of 
ML-HPO (100 mnol) with heme (1/~nol) at 37~ for 30 min. Sephadex 
LH-20 colnmn chromatography was carried out according to the ex- 
perimental method. The effluents were monitored at 233 nm (A) and 
278 nm (A). An aliquot of each fraction was incubated with 1-AP 
at 37~ for 20 hr and then total fluorescence intensity ( �9 ) and FS-II 
peak height (O) were measured as described in Materials and 
Methods. 2-Hexenal (HE), 2,4-decadienal (DE), ML-HPO and 
dilinotein (DL) as marker compounds were eluted at the positions 
shown by arrows. 
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FIG. 2. HPLC of the degradation products produced from ML-HPO 
by reaction with heme. The degradat ion products  from I1-14C]MI~ 
HPO by reaction with heme were subjected to reverse-phase HPLC. 
The effluents were monitored by radioactivity (D) and each fraction 
was incubated with 1-AP for formation of fluorescent substances.  
FS-II  peak height  (O) was measured by HPLC analysis as describ- 
ed in Materials and Methods. The s t ructure  of each component was 
identified by a combination of UV analysis and GCoMS fragmenta-  
tion by the methods described in the previous report  (5). 

result suggests that the major monomeric degradation 
products, hydroxy-, keto- and epoxy-derivatives in Fr. II- 
VI, are not significantly related to the formation of FS 
through reaction with amino compound. Moreover, 
monofunctional aldehydes such as 2-hexenal and 
2,4-decadienal also do not form FS. The direct precursor 
available for most of the formation of FS was included 
in Fr. VII. This fraction accounted for about 13.3% of 
the total degradation products produced from radioactive 
ML-HPO. We were unable to identify the components in 
Fr. I {10.8%) and VII {13.3%) in this study. Fukuzawa 
et al. (25) reported the formation of FS from 12-keto-oleic 
acid with amino acids in 0.1 M phosphate buffer (pH 7.4L 
In our study, methyl 13-keto-linoleate (Fr. VI) also formed 
a slight FS, but this compound was not the direct precur- 
sor for formation of FS. 11-Methoxy-12,13~poxylinoleate 
was formed from ML-HPO by acid catalysis (26), but this 
compound also showed slight formation of FS (data not 
shown). 
We next compared the ability to form FS through reac- 

tion with 1-AP between the degradation products of ML- 
HPO and aliphatic monofunctional aldehydes {Fig. 3). One 
~mol of ML-HPO showed marked fluorescence intensity 
(600%) with 1-AP in the presence of heine, but hexanal 
and 2-hexenal produced only very small amounts of FS 
at the same concentration. 2,4-Decadienal was more ac- 
tive than 2-hexenal and hexanal, but still less active than 
MI~HPO. 2,4-Decadienal, 2-hexenal and hexanal subse- 
quently required 2.7-, 28.8- and 175-fold larger amounts, 
respectively, to obtain the same fluorescence intensity 
(600%) as that from ML-HPO {Table 1). Although it has 
been reported that monofunctional aliphatic aldehydes 
produce FS through reaction with various amino com- 
pounds at a high molar concentration (15,16), the amounts 
of these aldehydes derived from PUFA-HPO account for 
only a few percent of the degradation products formed 
from their HPO (17L These results indicate that the 
aliphatic aldehydes described in this study and the struc- 
turally related monomeric degradation products are not 
direct precursors available for formation of FS through 
reaction with amino compounds. 
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FIG.  3. Comparison of the ability for formation of fluorescent 
substances by MI~HPO and aldehydes through reaction with 1-AP. 
ML-HPO (O) was preincubated with heine and then incubated with 
1-AP for formation of fluorescent substances  in 3 ml of methanol 
at  37~ for 20 hr. 2,4-Decadienal (o), 2-hexenal (A) or hexanal  (A) 
also was incubated with 1-AP under the same conditions. Total  
fluorescence intensity and fluorscence spectrum of each reaction mix- 
ture were measured as described in Materials  and Methods. 

TABLE 1 

Relationship Between Fluorescence In tens i ty  Formed 
From ML-HPO or Aldehydes Wi th  1-AP and Their Concentration 

Fluorescence maxima 
(nm) 

Compound ~mol Excitation Emission intensity (%) 

ML-HPO 1.0 348 420 600.0 
2,4-Decadienal 1.0 340 416 140.0 

2.7 346 422 600.0 
2-Hexenal 1.0 --  --  ND 

28.8 344 408 600.0 
Hexanal 1.0 --  --  ND 

175.0 366 442 600.0 

ML-HPO was preincubated with heine and then incubated with I-AP 
at 37~ for 20 hr. Each aldehyde also was incubated with 1-AP at 
37~ for 20 hr. 
ND, fluorescence not detected. 

When SP prepared from autoxidized ML was subjected 
to the same Sephadex LH-20 column chromatography, 
a high TBA value was detected in Fr. 10-15. Therefore, 
each of the fractions was incubated with 1-AP at 37~ 
for 20 hr to form FS, and the total fluorescence intensity 
was observed in Fr. 8-14, whereas a major FS (FS-II) was 
detected in Fr. 8-10 {Fig. 4). This result suggests that 
the greater proportion of the TBA-reactive substances 
(Fr. 10-15} are not related to formation of major FS from 
SP with amino compound. We have also demonstrated 
that large amounts of TBA-reactive substances prepared 
from crude SP using a Sep-pak C18 cartridge were not 
related to the formation of FS (19). Similarly, when SP 
was subjected to the same reverse-phase HPLC, marked 
formation of FS-II was observed in Fr. VII eluted with 
methanol (data not shown). These results indicate that 
SP also contains a precursor available for the formation 
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FIG. 4. Sephadex LH-20 column chromatography of SP. SP (50 mg) 
prepared from autoxidized ML was subjected to Sephadex LH-20 
column chromatography. The effluents were monitored by measure- 
ment of TBA values (~) and an aliquot of each fraction was incubated 
with 1-AP for formation of fluorescent substances in 3 ml of 
methanol at 37~ for 20 hr. Total fluorescence intensity ( � 9  and FS-II 
peak height (0) were measured using the same methods as described 
in Figure 1. Marker compounds were eluted at the same positions 
shown in Figure 1. 

of FS through reaction with amino compound, similar to 
tha t  from ML-HPO described above. 

Each FS (FS-II) formed from SP or ML-HPO with 1-AP 
in methanol solution was shown to have an empirical for- 
mula C24H41NO4, with a molecular weight of 407 (data 
not shown). The other characteristic fragmentat ion ions 
(M + - 31, M § -- 57, M + - 71, M + - 143 a n d M  + - 
157) indicate the presence of a pentyl  group and methyl  
octanoate in FS-II .  This suggests  tha t  the direct precur- 
sor available for formation of FS may be a monomeric 
19-carbon compound having a methyl  ester group pro- 
duced from ML without cleavage into low molecular 
weight compounds. We also demonstrated that  HPO of 
1-palmitoyl-2-1inoleoyl-phosphatidylcholine and trilinolein 
produced FS through reaction with 1-AP after degrada- 
tion by heme and tha t  the FS (FS-II) was released from 
their fluorescent lipids after t ransmethylat ion (27). This 
result also suggests  tha t  the direct precursor available 
for formation of FS is a monomeric degradation product  
at tached to a phosphatidylcholine glycerol backbone 
without breakdown into low molecular weight com- 
pounds. 

P U F A  are converted into very complicated oxidative 
degradation products, including dimeric or monomeric 
compounds and low molecular weight aldehydes during 
the peroxidation process (10,11). Malondialdehyde and 
aliphatic aldehydes are known to produce FS by reaction 
with amino compound (12-16). Moreover, Benedetti et al. 
(28) and Yoshioka and Kaneda (29) have reported that  
4-hydroxy, 4,5<lihydroxy or 4-hydroperoxy alkenals show 
marked toxic effects on the enzyme activities of animal 
tissues�9 Esterbauer  et al. have suggested the possible in- 
volvement of 4-hydroxynonenal in the formatio of fluores- 
cent chromolipids (30). These reports suggest that  various 
aldehydes may be related to the formation of FS through 
reaction with amino compound during the process of 
peroxidation. However, our present results s trongly in- 
dicate tha t  the direct precursor available for formation 

of FS from lipid peroxides with amino compound is a 
monomeric degradation product formed from PUFA- 
HPO rather than low molecular weight aliphatic alde- 
hydes. Moreover, the major monomeric degradation prod- 
ucts produced from 9- and 13-HPO of ML described 
previously (6-9) do not directly produce FS through reac- 
tion with amino compound. The identity of this direct 
precursor is now under investigation. 
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FactoriMized correlation analysis is proposed as a method 
for predicting the coordination of multiple enzyme path- 
ways. The approach can be used potentially to find new 
relationships and to predict relationships that have been 
established in other tissues. However, careful tracer 
studies are needed to verify the eanse~and~ffect relation- 
ships between precursor and products. In this study, 
guinea pigs that were chronically treated with an anionic, 
a nonionic and a cationic surfactant passed through an 
irritation stage to a clinical state that appeared normal. 
The method was used to examine binary coordination of 
lipid biosynthesis in the epidermis by using a factorialized 
table of regression coefficients. Coordinated lipid relation- 
ships that have been reported in other tissues were pre- 
dicted between sphingomyelin and cholesterol, as well as 
between phosphatidylcholine, phosphatidylserine and 
phosphatidylethanolamine. A new inverse relationship 
was found between triglycerides and both sphingomyelin 
and cholesterol, using this method. These data are dis- 
cussed with respect to a membrane fluidization model for 
the accommodated state. 
Lipids 23, 1073-1078 {1988). 

Mechanistic interpretations of biosynthetic coordination 
are often confounded by an abundance of analytical in- 
formation. We propose that  the degree of coordination 
between two different components can be estimated from 
correlation analysis. The only requirement is that repro- 
ducible conditions must be found for changing the com- 
ponents in the tissue so that at least three different levels 
are found for each component. 

In this study, the lipid levels were changed in the 
epidermis of guinea pigs by treating the animals with 
three different surfactants until an accommodation re- 
sponse was found. An accommodation response is an in- 
creased local resistance to a primary irritant after a period 
of irritation. Repeated contact with the irritant is neces- 
sary to maintain this condition {1,2}. The lipids in the 
accommodated epidermis were altered so that the 
surfactant-and-water-control treatments provided four 
different levels of each lipid for comparison. Correlation 
analysis was carried out between pairs of lipids with 
respect to the different treatments. 

MATERIALS AND METHODS 

Surfactants. Three different classes of surfactants were 
used in this study: anionic--sodium lauryl sulfate {Henkel 
Inc., Fort Lee, NJ), nonionic--laureth-1 {Lipo Chemicals 
Inc., Paterson, NJ) and cationic--laurtrimonium chloride 

*To whom correspondence should be addressed at Philadelphia Col- 
lege of Pharmacy and Science, 43rd Street and Kingsessing Mall, 
Philadelphia, PA 19104. 

Abbreviations: L-l, laureth-1; LTC, laurtrimonium chloride; SLS, 
sodium lauryl sulfate; AEC, automatic external standard channels 
ratio; TLC, thin layer chromatograph{ic,y). 

{Henkel Inc.}. The same alkyl chain was chosen so that 
any adaptive differences that  might occur would be due 
to the surfactant head group. 

Animals. Male Hartley guinea pigs, 250-300 g, were 
accommodated by treating them daily with an aqueous 
surfactant solution according to the method of Opdyke 
and Burnett {3}. The adaptive concentration used for 
sodium lauryl sulfate {SLS) and laurtrimonium chloride 
(LTC) was 0.15%. A much higher concentration of 1.2% 
was necessary for laureth-1 {L-l). The water bath was 
maintained at 40~ as recommended. At this tempera- 
ture, the animals are calm and tolerate the treatment well. 
Each animal was treated for 2 hr a day for 4-6 wk. After 
a treatment, the animals were thoroughly rinsed with 
warm tap water and toweled dry. At the time the animals 
were killed, they weighed 500-800 g. 

Epidermal cell suspension- A modified version of the 
method of Stanley et al. (4) was used to obtain an epider- 
mal cell suspension from abdominal and back skin. After 
1-cm-wide strips of epidermis were separated from the 
dermis by trypsinization, the epidermis was placed in 
10 ml of 0.9% saline with 0.005% soybean-trypsin in- 
hibitor and vortexed for 5 rain on a Vortex Geni. These 
cells were then filtered through a 500-~n nylon mesh and 
centrifuged at 200 X g for 20 min in a 35 ml round-bottom 
centrifuge tube fitted with a teflon-lined cap. The cell 
pellet was washed, centrifuged twice more and finally 
suspended in 1.6 ml of saline. 

Lipid extraction. Extraction was carried out by the 
method of Bligh and Dyer {5} using their recommended 
volume ratios of chloroform, methanol and aqueous solu- 
tion. The final chloroform layer was obtained from a 25-ml 
separatory funnel after the extract had been centrifuged 
at 200 g for 15 min to reduce the emulsified layer. 

Lipid separation and quantitation. The chloroform ex- 
tract was evaporated to dryness under a gentle stream 
of nitrogen and reconstituted to 100 ~l. A 10-~1 TLC 
syringe was then used to spot 1-~1 aliquots onto Silica Gel 
G plates {250 ~m • 20 cm • 20 cm) that  had been pre- 
viously predeveloped in solvent A {chloroform]methanol] 
glacial acetic acid/water, 25:15:4:1.9, v/v/v/v) and solvent 
B {hexane/diethyl ether/glacial acetic acid, 83:16:1, v/v/v} 
to reduce charring background. Plates were developed to 
12 cm in solvent system A. After they were dried, they 
were developed to the top of the plate in solvent system 
B. The first solvent system separated phospholipids. The 
second separated neutral lipids. Commercially available 
lipids were used to construct standard curves and to pro- 
vide an Rf comparison for native lipids. Chloroform 
stock solutions of lysophosphatidylcholine, sphingo- 
myelin, phosphatidylcholine, phosphatidylserine, phos- 
phatidylethanolamine, oleic acid, stearic acid, triolein, 
tripalmitin, tristearin, cholesteryl oleate, cholesteryl 
palmitate, cholesteryl stearate and cholesterol were used 
for these purposes. 

Quantitation was carried out using the liquid scintilla- 
tion counter to assay charred lipids {6). After the plates 
were sprayed with a 10% {w/v} cupric sulfate 8% {w/v) 
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orthophosphoric acid solution, they were placed in a 
forced-draft hot air oven for 30 min at 180~ Charred 
lipid spots were scraped into 7-ml scintillation vials and 
vortexed in 800 ~1 of water to disperse the particles. 
Five ml of ScintiVerse II liquid scintillation cocktail 
{Fisher Scientific, Fair Lawn, NJ) was added, and the vial 
was then vortexed to achieve a uniform dispersion in the 
formed hydrogel. A brief centrifugation period was used 
to remove any bubbles. Samples were counted on a 
Packard Tri-Carb Model 3309 liquid scintillation spec- 
trometer using the automatic external standard channels 
ratio number for quantitation {7-11}. 

Correlation analysis. If normal precursor-product rela- 
tionships between different lipids occur independent of 
the stress placed on the epidermis, a linear regression 
analysis between different lipid pairs for the four different 
treatments {water, anionic, nonionic and cationic} should 
show a high degree of correlation. On the other hand, a 
poor correlation would indicate a lack of synchrony. For 
example, a linear regression was carried out between 
sphingomyelin and phosphatidylserine with respect to the 
four different treatments. The correlation coefficient, r, 
for this pair was + 0.24, a poor positive correlation. This 
indicates that  mutual changes between these two lipids 
did not occur in a highly synchronous manner. For perfect 
synchrony, a correlation coefficient of 1.0 is needed. Thus, 
an increase (or decrease} in sphingomyelin, for every treat- 
ment, is matched by an exact proportional increase (or 
decrease} in phosphatidylserine. It is this degree of linear 
proportionality between these changes that governs the 
strength of the correlation coefficient. 

Negative correlations, on the other hand, occur when 
the treatments cause paired lipid changes to be inversely 
proportional to one another. For example, the correlation 
between sphingomyelin and triglycerides gave a correla- 
tion coefficient of -0.98. This means that increases (or 
decreases} in sphingomyelin occurred in synchrony with 
decreases {or increases} in triglycerides in a nearly exact 
inversely proportional manner. 

RESULTS 

Accommodative irritation. Initial studies showed that the 
degree of irritation caused by the nonionic surfactant L-1 
was much less than either SLS or LTC, the anionic and 
cationic surfactants, respectively. By using a 1.2% solu- 
tion of L-l, it was found that  the degree and duration of 
irritation was visually equivalent to that  caused by a 
0.15% solution of SLS or LTC. During the irritation phase 
of the treatment, the skin turned red and started to crack 
after 2-3 days. This phase was followed by 2-3 days of 
dry and flaky skin. Finally, after 2 or 3 wk, the skin and 
fur appeared normal for all three surfactants. 

Histologically, however, there were great differences. 
These are apparent in Figure 1. In comparison with a 
water-treated control, the SLS-accommodated skin ap- 
peared the most normal. A slight acanthosis and minor 
granular layer activity were apparent. In contrast, the 
nonionic- and cationic-accommodated skin was hyper- 
plastic, the prickle-cell layer being 2-4 times as thick as 
the SLS-adapted skin. However, the hyperplasia, in all 
cases, showed no neoplastic changes because it was 
general and diffuse and not focal. An absence of muta- 
genesis of the tissue or cell-type transformation was ap- 
parent from a lack of irregular nuclei or large cells and 
from the presence of a regular orderly basal layer. A few 
mitotic figures and lymphocytes were present in the basal 
layer of the epidermis and in the dermis, respectively, of 
the L-l- and LTC-treated animals, indicating some resid- 
ual inflammation. In addition, the dermis of these animals 
had sebaceous glands that  were enlarged and engorged 
with cells. 

Lipid quantitation. The thin layer chromatographic 
{TLC) system separated 4 polar lipids (phosphatidyl- 
choline, phosphatidylethanolamine, phosphatidylserine 
and sphingomyelin), as well as 2 neutral lipid groups 
{cholesteryl esters and triglycerides}. The extract also 
resolved a lipid that was more polar than sphingomyelin. 
This lipid was presumed to be a lysophospholipid. The 

FIG. 1. Adapted epidermises of guinea pigs treated at 40~ for 4-6 weeks. A = water treatment, B : 0.15% sodium lauryl sulfate, 
C : laureth-1, and D : laurtrimonium chloride. H and E stain at 126X magnification. 
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ceramide spots were not quantified because they could 
not be separated from the glycosphingolipids. 

The precision of the quanti tat ion methodology was 
est imated from triolein. Ten 20-,g spots of triolein gave 
an automatic  external s tandard channels ratios (AEC) 
mean and s tandard deviation of 0.0984 _ 0.0055. This 
represents the combined error due to the AEC method- 
ology and the spot t ing error of the 10-~I-TLC syringe. 

Surfactant induced lipid changes. In Table 1, the epider- 
mal lipids tha t  were extracted from the accommodated 
guinea pigs and the water controls are given. Phospha- 
tidylcholine was the dominant  polar lipid, but  triglycer- 
ides and cholesteryl esters were the most  prevalent 
neutral lipids. Lipid changes due to t reatments  tha t  were 
significantly different than control are also indicated. Two 
types of changes were apparent. For the anionic and non- 
ionic treatments, sphingomyelin, cholesterol and fatty 

acids were elevated; for the cationic surfactant, phospha- 
tidylserine, phosphatidylethanolamine and phosphatidyl- 
choline were elevated 371%, 170% and 150%, respec- 
tively, above control. In addition, for all three treatments, 
triglycerides were significantly lower than control. 

Correlation analysis. Linear regression analysis of the 
data  in Table i was carried out between all possible pairs 
of lipids {see Materials and Methods). These values are 
tabulated in the correlation Table 2. Al though the table 
is symmetrical  about  the main diagonal, the lower tri- 
angular portion of the table is shown for ease of compar- 
ing rows and columns. In addition, to facilitate the com- 
parison of the stronger correlations, numerical values of 
the correlation were given only when the correlation coef- 
ficient was 0.70 or higher. The symbols 0, + and - were 
used to indicate ranges of correlations below this ar- 
bi t rary cutoff value. 

TABLE 1 

V a r i a t i o n  in Lipid C o m p o s i t i o n  a f t er  S u r f a c t a n t  Accommodation a 

Water 
Lipid control Anionic 

Sudactant treatment b 

Nonionic Cationic 

Polar lipids 
Sphingomyelin 3.2 (0.2) 3.8 (0.2)* 
Phosphatidylserine 0.7 {0.2) 0.6 (0.2) 
Pliospliatidylethanolamine 4.4 {0.3) 3.9 (0.1) 
Phosphatidylcholine 10.7 {0.5) 8.2 {0.2) 

Neutral lipids 
Cholesterol 6.2 (0.4) 7.4 (0.3)** 
Triglyceride 28.7 (0.5) 20.4 (1.1)** 
Cholesteryl esters 39.1 (1.0) 46.4 (1.4)* 
Fatty acids 6.9 (0.2) 9.3 (0.4)** 

4.5 (0.2)* 3.9 (0.1) 
1.1 {0.2) 2.6 (0.5)** 
5.5 (0.6) 7.5 (0.3)** 

13.6 (0.7) 16.3 (0.5)** 

8.8 (0.4)** 6.9 (0.2) 
13.7 (0.8)** 18.0 (0.8)** 
42.7 (1.0) 38.8 (1.0)* 
10.2 (0.5)** 5.9 (0.3)* 

awt  % (sd). 
bAnionic surfactant, sodium lauryl sulfate, n = 8; nonionic surfactant, lauretli-1, 
laurtrimonium chloride, n = 9; and water control, n = 7. 
*p < 0.05. 

**p < 0.01. 

n = 9; cationic surfactant, 

TABLE 2 

Corre la t lon  a T a b l e  for Lipid b C h a n g e s  w i t h  T r e a t m e n t  

S PS PE PC C TG CE FA 

S + + + +  + 0 . 9 3  - 0 . 9 8  + + +  
P S  + + 0 . 9 8  + 0 . 9 0  0 . . . . .  
P E  + + 0 . 9 8  + 0 . 9 6  0 . . . . . .  
PC + +  + 0 . 9 0  + 0 . 9 6  0 . . . . . .  
C + 0 . 9 3  0 0 0 - 0 . 8 7  + + + 0 . 8 2  
TG - - 0 . 9 7  . . . . . .  0 .87  - - - 
CE + . . . . . .  + + --  + 0 . 8 0  
F A  + + . . . . . .  + 0 . 8 2  - -  + 0 . 8 0  

aLinear correlation coefficient, r, for two different lipids with respect to their mean lipid compositions in 
Table 1 (for water control, anionic treatment, nonionic treatment and cationic treatments). 

bLipids: S -- sphingomyelin, PS -- phosphatidylserine, PE = phosphatidylethanolamine, PC = phospha- 
tidylcholine, C = cholesterol, TG = triglycerides, CE = cholesteryl esters, FA = fatty acids. 

0, r ranges from 0 to _+0.20. 
�9 +, r ranges from _+0.20 to _+0.40. 
• r ranges from _+0.40 to :1=0.70. 
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An examination of the sphingomyelin row shows that 
this lipid was positively correlated with all lipids except 
triglycerides. The very high correlations with respect to 
cholesterol {+0.93} and the triglycerides {-0.98} indicate, 
with a high degree of reliability, that  as sphingomyelin 
levels increase, cholesterol levels also increase, but levels 
of the triglycerides decrease (see Materials and Methods}. 
The cholesterol column shows a similar trend with respect 
to sphingomyelin and the triglycerides. In addition, a very 
poor correlation between cholesterol and the phospha- 
tidylethanolamine-based phospholipids is evident. 

For the phospholipids, phosphatidylethanolamine shows 
a very strong correlation with both phosphatidylserine 
{+0.98} and phosphatidylcholine {+0.96}. These latter two 
lipids also show a strong mutual relationship for each 
other {+0.90}. 

Cholesteryl esters and fatty acids show weaker correla- 
tions with the other lipids, but interact moderately with 
one another {+0.80}. 

DISCUSSION 

In this study, it is proposed that predictions can be made 
regarding the coordinated enzyme synthesis of various 
biosynthetic components in a given tissue provided that  
these components can be assayed and that their levels 
can be altered. Such an analysis can never replace 
precursor-product tracer studies as an absolute means of 
understanding enzyme mechanisms. However, we believe 
it can be used as an initial screen to map out a research 
strategy in a new tissue. The method of analysis that  is 
proposed is a systematic examination of binary correla- 
tion coefficients between all possible pairs of components 
in the tissue of interest, i.e., a factorialized correlation 
analysis. The guinea pig epidermis was examined in this 
study. 

When these animals are topically treated with an irri- 
tating surfactant at a concentration that  is powerful 
enough to elicit a strong irritation response but weak 
enough to be sublethal, they are able to somehow adapt 
to the irritant and enter a clinical phase, under continual 
surfactant treatment, in which their skin returns visually 
to a seemingly normal state. McOsker and Beck (121 were 
the first to describe the histological characteristics of the 
anionic surfactant accommodation by skin of the guinea 
pig. 

In this study, guinea pigs were chronically treated with 
lauryl derivatives of anionic, nonionic and cationic sur- 
factants and with water. Thus, four different treatment 
groups were obtained for lipid analysis. Because the treat- 
ments were carried out until an accommodation response 
was elicited, it was assumed that  the lipid biosynthetic 
apparatus in the skin had adjusted to a new steady-state 
characteristic of that particular accommodated condition. 

We believe two different types of inferences might be 
gleaned from the factorialized correlation table, Table 2: 
one regarding established biosynthetic relationships and 
one regarding unexpected or new relationships. Establish- 
ed relationships concerning sphingomyelin:cholesterol 
and regarding phosphatidylethanolamine:phosphatidyl- 
serine:phosphatidylcholine will now be examined. 

Strong correlations were observed between sphingc~ 
myelin and cholesterol in the guinea pig epidermis 
(r = +0.93}. This appears to parallel observations of 

sphingomyelin and cholesterol biosynthesis in other 
tissues. The relationship is related to the fact that, in cells, 
these two lipids are found exclusively in membranes. 
Patton found a strong correlation between cholesterol and 
sphingomyelin in a variety of organelle membranes {13}. 
An increasing gradient of these lipids exists from the 
nuclear, mitochondrial, endoplasmic reticular and Golgi 
to the plasma membrane {14,15}. There is also some 
evidence that the coordinated biosynthesis of these lipids 
is due to a sphingomyelin regulation over cholesterol 
116-18}. 

Regarding the phospholipids, it was found that phos- 
phatidylethanolamine was highly correlated with phos- 
phatidylcholine (r = + 0.96} and phosphatidylserine (r = 
+0.98}. This appears reasonable because phosphatidyl- 
ethanolamine can serve as a precursor for both of these 
lipids. Phosphatidylcholine is formed from phosphatidyl- 
ethanolamine in plasma membranes by the successive ac- 
tion of two different methyltransferases {19,20}. As 
phosphatidylethanolamine is methylated, it moves from 
the inner leaflet of the membrane to the outer. Thus 
phosphatidylethanolamine and phosphatidylcholine are 
only found on the inner and outer leaflets, respectively. 
Phosphatidylserine, like phosphatidylethanolamine, is 
found exclusively on the inner leaflet. It  can only be syn- 
thesized from preformed phospholipids (21)--primarily 
phosphatidylethanolamine--by the base exchange reac- 
tion {22-24}. The higher correlation of phosphatidylserine 
with phosphatidylethanolamine {r = +0.98}, compared 
with phosphatidylcholine {r = +0.90}, may reflect the 
greater accessibility of the former substrate to the inner 
leaflet synthetic site. 

One of the unexpected lipid changes that occurred in 
this study regards triglycerides. Triglyceride levels were 
lower than in the water control for all surfactant 
treatments {Table 1}. At the same time, for the anionic 
and nonionic treatments, cholesterol, sphingomyelin and 
fatty acids were elevated. For the cationic treatment, the 
serine, ethanolamine and choline phospholipids are 
elevated and fat ty acids are lowered. We are not certain 
why these changes occur. 

Because cholesterol and sphingomyelin are highly cor- 
related {r -- +0.93}, one might expect that  the strong 
negative correlation between sphingomyelin and 
triglycerides (r -- -0.97} would also imply an equally 
strong negative correlation between cholesterol and 
triglycerides. The fact that the actual correlation between 
these two lipids is somewhat lower (r = -0.87} seemed 
to indicate that one of the four treatments breaks the nor- 
mal proportional relationships between the lipids. The ca- 
tionic treatment appears to be such a treatment. When 
the cationic treatment is omitted from the regression, 
water, the anionic and the nonionic treatments give nearly 
a perfect correlation (r = -0.99}. Similarly, correlations 
between cholesterol:fatty acids and sphingomyelin:fatty 
acids improve from r = +0.82 to +0.96 and from r = 
+0.61 to +0.96, respectively. New correlations omitting 
the cationic treatment from the regression are given in 
Table 3. 

A comparison of the correlation Tables 2 and 3 shows 
how the influence of the cationic treatment affects the 
correlations. Because the sphingomyelin:cholesterol cor- 
relation now becomes exactly + 1.00, Table 3 shows com- 
plete symmetry with respect to these two lipids, i.e., the 
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T A B L E  3 

C o r r e l a t i o n  a T a b l e  for  L i p i d  b C h a n g e s  w i t h  T r e a t m e n t  O m i t t i n g  t h e  C a t i o n i c  T r e a t m e n t  

S PS PE PC C TG CE FA 

S +0.78 ++  + +  +1.00 -0.99 ++  +0.96 
PS +0.78 +0.99 +0.96 +0.78 -0.71 - + + 
PE + + +0.99 +0.99 + + - - - + + 

PC + + +0.96 +0.99 + + - - - + 

C + 1.00 +0.78 + + + + -0.99 + + +0.96 
TG -0.99 -0.71 . . . . .  0.99 - - -0.98 
CE + + - - - + + +0.70 
FA +0.96 + +  + +  + +0.96 -0.98 +0.70 

aLinear correlation coefficient, r, for two different lipids with respect to their mean lipid compositions in 
Table 1 ~for water control, anionic treatment and nonionic treatments}. 

bLipids: S = sphingomyelin, PS = phosphatidylserine, PE = phosphatidylethanolamine, PC -- phospha- 
tidylcholine, C = cholesterol, TG = triglycerides, CE -- cholesteryl esters, FA = fatty acids. 

0, r ranges from 0 to ---+0.20. 
__, r ranges from • to ___0.40. 
___=k, r ranges from • to • 

S row equals the C column. The symmet ry  of phospha- 
tidylserine and phosphatidylcholine with phosphatidyl- 
ethanolamine is also evident. Moreover, the removal of 
the cationic t reatment  influence from the regression now 
reveals the s t rong negative correlation of triglycerides 
with fa t ty  acids (r = -0.98}. This may reflect a cata- 
bolism of epidermal triglycerides to fa t ty  acids or it may 
relect the fact tha t  the triglycerides are more readily ex- 
t racted from the cells and are slow to recover their 
pre t reatment  levels. Only precursor-tracer studies can 
elucidate this point. 

One of the unexplained reactions to chronic epidermal 
irritation is the accommodation phenomenon. Suskind 
has recommended tha t  cellular and biochemical factors 
should be investigated to explain this " turn ing  off" of 
the inflammatory response {25). A speculative mechanism 
that  might  begin to explain the observed lipid changes 
is an adaptive response by the cell to reduce surfactant- 
induced fluidization of plasma membrane lipids {26-29}. 
This could reduce inflammation by decreasing the release 
of chemotactic factors in L-l- and SLS-accommodation 
skin. 

In summary,  factorialized correlation tables provide a 
systematic  method for examining binary relationships 
between the different lipids in a tissue. Two different 
types of correlation response pat terns  emerged: one that  
agreed with established lipid couplings {sphingomyelin: 
cholesterol, phosphatidylethanolamine:phosphatidylser- 
ine:phosphatidylcholine) and one that  reflected new lipid 
pat terns  unique to the accommodation process {cho- 
lesterol:triglyceride, sphingomyelin:triglyceride). Such a 
s t ra tegy  might  be useful in two different ways. First, it 
might be used as a method for quickly estimating whether 
relationships that  have been established in other tissues 
hold in the tissue of interest. Secondly, it could be used 
to search for new relationships tha t  have not been 
previously discovered. Potentially, this approach can be 
used to improve the efficiency of a research effort by 
isolating the established from the new. Although, pre- 
cursor-product relationships between lipids cannot be in- 
ferred from these types of procedures, the analysis may 

provide the basis for defining the most  fruitful tracer ex- 
periments. These studies could then be carried out in a 
prioritized manner. 
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Quantification of Oxysterols in Dutch Foods: 
Egg Products and Mixed Diets 
Peter van de Bovenkamp, Truus G. Kosmeijer-Schuil and Madijn B. Katan ~ 
Department of Human Nutrition, Wageningen Agricultural University, P.O. Box 8129, 6700 EV HD Wageningen, The Netherlands 

A sensitive and specific method is described for quanti- 
fying va~ous cholesterol oxidation products in food- 
stuffs, including 7/3-hydroxycholesterol, cholesterol-a- 
epoxide, cholestane-triol, 7-ketocholesterol and 25-hy- 
droxycholesterol. A chloroform-methanol extract of the 
food was fractionated over two successive silica columns. 
Two fractions containing different classes of oxysterols 
were then analyzed as trimethylsilyl derivatives by capil- 
lary gas liquid chromatography, using on-column injec- 
tion and a temperature gradient from 70 to 200~ The 
detection limit was about 0.5 gg/g dry weight for egg yolk 
powder. Fresh egg yolk contained only 1.2 ~g/g of total 
oxides per g dry weight, showing that artifactual oxida- 
tion during the procedure was minimal. Recovery of 5 
pure oxysterols added to egg yolk at levels of 6.5 and 
10/zg/g was between 93 and 102%. In commercial egg yolk 
and whole egg powder stored for one year, total amounts 
of oxysterols ranging from 21 to 137 pg/g dry weight were 
found. In duplicates of mixed Dutch diets, total amounts 
ranged from 3.6 to 6.2 gglg dry weight. Duplicates con- 
taining mostly fried and baked foods did not have higher 
levels than duplicates in which foods had been prepared 
by boiling or left raw. We conclude that a normal mixed 
diet provides only minor amounts of cholesterol oxida- 
tion products. 
Lipids 23, 1079-1085 (1988). 

Cholesterol oxidizes spontaneously in air, yielding a 
variety of oxidation products. At least 30 oxidation prod- 
ucts of cholesterol have been reported (1). Many of these 
have potent biological effects (2). Some are cytotoxic and 
angiotoxic and may play a role in atherogenesis (3). Cer- 
tain oxysterols may also be carcinogenic or mutagenic 
(4-6). 

Foods containing cholesterol, particularly those that  
have been exposed to heat and air during processing or 
have been stored at ambient temperature, might contain 
autoxidation products of cholesterol. However, little in- 
formation is available on the actual presence of cholesterol 
oxidation products in foods. In egg products, cholestane- 
triol (7), 7-hydroxycholesterol isomers (8,9) and eholes- 
terol-a-epoxide (10) have been found, but often only after 
irradiation with UV light. A recent paper (11) reported 
that  no oxysterols could be detected in fresh egg yolk. 
Spray-dried egg yolk powder contained traces of oxy- 
sterols when fresh or stored for 2 months at 4~ but 

*To whom correspondence should be addressed. 
Abbreviations: Cholestane-triol, cholestan-3,5,6-triol (3~, 5a, 6/~)-; 
cholestanol, cholestan-3-ol {5a, 3/3)-; cholesterol-a-epoxide, cholestan- 
3-ol,5,6-epoxy- {3/~,5a, 6a)-; cholesterol-/3-epoxide, cholestan-3-ol,5,6- 
epoxy- {3~,5/3,6~}-; 7a-hydroxycholesterol, cholest-5-en-3,7-diol {3fl,7a}-; 
7/?-hydroxycholesterol, cholest-5-en-3,7-dio! (3fl,7~)-; 20-hydroxy- 
cholesterol, cholest-5-en-3,20-diol (3/3)-; 25-hydroxycholesterol, cholest- 
5-en-3,25-diol {3/3}-; 7-ketocholesterol, cholest-5-en-3-ol-7-one (3~k. 

prolonged storage gave lipids extracts that  contained 
variable levels {0-12 ppm) of various oxidation products. 
Variable amounts of cholesterol oxidation products have 
also been found in lard {12}, in anhydrous milk fat and 
nonfat dry milk stored for 2 years at ambient temperature 
(13) and in heated beef tallow (14,15). 

This paper describes a method for the quantitative 
determination of some cholesterol oxidation products in 
foods. It employs an isolation and prefractionation step 
using silica column chromatography. Oxysterols from 
food products containing high amounts of lipids and a 
relatively low cholesterol level can thus be purified and 
enriched in an adequate way before capillary gas liquid 
chromatography. The levels of some cholesterol oxidation 
products in fresh egg yolk, dehydrated egg and milk prod- 
ucts stored for various periods of time, and in some mixed 
Dutch diets were estimated with this method. 

METHODS AND MATERIALS 

Overview. The food is extracted with chloroform-metha- 
nol, and lipids other than sterols are removed by column 
chromatography on silica column I. The sterol fraction 
is then applied to silica column II, which serves to 
separate cholesterol (usually present to excess) from oxy- 
sterols. The latter are collected in two fractions of dif- 
ferent polarity, each of which is then analyzed by capillary 
gas chromatography. Analysis of two samples in dupli- 
cate, plus appropriate standards and controls, takes one 
technician about two days. 

Food samples. Whole egg powder, egg yolk powder, 
desugared whole egg powder and desugared egg yolk 
powder were obtained from four different companies in 
the Netherlands. Because not all companies could provide 
all four products, the total number of samples analyzed 
was only 11. Samples were stored in polyethylene bags 
in a refrigerator at 4~ for approximately one year. In 
addition to these products, an egg yolk powder stored for 
four years at ambient temperature was also available. A 
subsample of this egg yolk powder was irradiated with 
UV light {254 nm) with a Camag universal UV-lamp (type 
TL-900) at a distance of 10 cm for three weeks. During 
this period the powder was mixed with a spatula once a 
day. 

Two samples of dry full-fat milk stored for two and 
seven years, and three mixed human diets prepared for 
a study on the eareinogenicity of different diets in rats 
were also analyzed for cholesterol oxidation products. 
This latter study aimed at determining the effects on 
tumor incidence of baking, frying and grilling, and of add- 
ing extra fruits and vegetables to the diet. The diets were 
duplicates of the average diet consumed in The Nether- 
lands. They were kitchen-prepared in batches of several 
hundred kg and then freeze-dried and pelleted. For the 
first diet, all foods were left raw; for the second diet, 
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products were fried, baked or grilled when appropriate. 
The third diet was equal in composition to the second one, 
but contained added fruits and vegetables of supposedly 
anticarcinogenic action. A commercial pelleted rat chow 
was also analyzed. 

Solvents, reagents and column materials. Chloroform 
(99.5%, v/v) from Janssen Chlmica (Brussels, Belgium) 
(No. 15.821.10) with 0.75% (v/v) ethanol was used for 
chromatography on column I (Fig. 1). For the fractiona- 
tion on column II, HPLC grade chloroform stabilized with 
2-methyl-2-butene was used from Merck (Darmstad, West 
Germany) (no. 2444), as were methanol (No. 6009), and 
acetone (No. 14). Hexane (No. RH 1002) was obtained 
from Rathburn (Walkerburn, Scotland). Silylation rea- 
gents, hexamethyldisilazane (No. 84770) and trimethyl- 
chlorosilane (No. 88530) were from Pierce Eurochemie 
(Oud-Beijerland, The Netherlands) and dried pyridine (No. 
7463) was from Merck. The purity of all solvents was 
checked by chromatography and found to be satisfactory. 

Silica gel 60 (Merck) (No. 7734) of particle size 63- 
200 ~m was used for column I. It was purified and ac- 
tivated by suspending 500 g in 1 liter 3 M HC1 for 60 min 
and then washed with deionized water until neutral, dried 
overnight at 110-120~ and stored in a polyethylene 
bottle. 

For column II, silica gel for low-pressure column chro- 
matography from Baker Chemical B.V. (Deventer, The 
Netherlands) (No. 7024-1) was used as purchased. The 
average particle size was 40 ~m (30-60 ~m) and the 
average pore diameter 6 nm. Cholestane-triol (No. 4700), 
7/~-hydroxycholesterol (No. 6430), 7a-hydroxycholesterol 
(No. 6420), cholesterol-a-epoxide (No. 4130), 7-ketocholes- 
terol (No. 6970) and 25-hydroxycholesterol (No. 6510) 
were from Steraloids Inc., Wilton, NH; 5a-cholestane 
(No. 17060) was from Pfaltz and Bauer, Inc., Stanford, 
CT; and betulin (No. B-9757} was from Sigma Chemical 
Co., St. Louis, MO. 

Saponification. Saponification followed by extraction 
of the unsaponifiable fraction has often been used in the 
determination of sterols in foods (16-18). I t  has been 
reported (10), however, that up to 75% of the cholesterol- 
a-epoxide was lost during saponification. Therefore we 
subjected a cholesterol sample dating back to 1963, a UV- 
irradiated egg yolk powder and a mixture of pure oxy- 
sterols to two degrees of saponification. The oxysterol 
mixture contained 7-ketocholesterol, 25-hydroxycholes- 
terol and cholestane~triol. Mild saponification with 100 ml 
2 M ethanolic NaOH per 1 to 2 g of each sample was car- 
ried out at ambient temperature for one night, and nor- 
mal saponification was done under reflux in a boiling 
water bath for 30 min under conditions, as have been 
reported elsewhere (19). 

Extraction oflipids. An aliquot of dry sample contain- 
ing 1-1.5 g lipids was transferred to a 150 ml wide-mouth 
conical flask and 100 ml Folch reagent (chloroform/ 
methanol, 2:1, v/v) was added. The mixture was then 
homogenized with a Polytron Model PT 10/35 homoge- 
nizer (Kinematica, GmbH, Lucerne, Switzerland) at speed 
5 for about 15 sec. After 10 min of equilibration, the ex- 
tract was filtered through a defatted folded filter paper 
(MN 6151~, Macherey-Nagel, Dtiren, Germany). The 
residue was washed three times with Folch reagent and 
the combined filtrate was dried under vacuum with a 
rotary film evaporator. The vacuum of the evaporator was 

released with nitrogen gas. The lipids were redissolved 
in 5 ml of chloroform. 

Silica gel column chromatography. For the isolation of 
cholesterol and oxysterols, a glass column (length 
150 mm, o.d. 40 mm) equipped with a teflon stopcock and 
connected by a glass joint to a glass solvent reservoir was 
used (column I). The column was packed using a slurry 
of 50 g activated and purified Silica Gel 60 in chloroform. 
After settling of the adsorbent, the bed was vibrated with 
a hand vibrator to remove remaining air bubbles. Then 
the silica gel was washed with 75 ml chloroform, at a flow 
rate of 2-3 ml/min. The lipid extracted was transferred 
to the column, and two portions of 5 ml of chloroform 
were used for rinsing the flask and then added to the 
column. 

The neutral lipids were eluted with 175 ml of chloroform 
and the sterols and their oxidation products were then 
eluted with 150 ml of acetone. The phospholipids re- 
mained on the column. The acetone eluent was collected 
into a flat-bottom extraction flask and evaporated to 
dryness under vacuum with a rotary evaporator. The 
vacuum of the evaporator was released with nitrogen gas 
and the residue was redissolved immediately in a 3-ml 
chloroform-acetone mixture (98:2, v/v). 

For the prefractionation of oxysterols, a 10 g silica gel 
column (column II) was prepared as follows. In a separa- 
tion funnel, 10 g of silica for flash chromatography was 
mixed with chloroform acetone (98:2, v/v) to form a slurry 
and was left at room temperature for 15 min. Then it  was 
shaken again and the slurry poured into a glass column 
of length 250 mm and o.d. 13 mm, which was connected 
by a ball joint to a solvent reservoir. The column con- 
tained a small plug of glass wool covered by a thin layer 
of sea sand in chloroform-acetone mixture {98:2, v/v) on 
top of the teflon stopcock at the bottom of the tube. After 
settling of the adsorbent, the column was vibrated with 
a hand vibrator and rinsed with 50 ml chloroform-acetone 
solvent mixture {98:2, v/v). A flow rate of 2-3 ml/min was 
maintained by a nitrogen pressure of about 50 kPa on the 
solvent reservoir. The solvent level was allowed to 
descend to the top of the bed, and the sterols were layered 
on top of the adsorbent, using 3 ml rinsing aliquots of 
the chloroform-acetone (98:2, v/v) mixture. The column 
was then successively eluted with 100 ml of three different 
chloroform-acetone mixtures: A (98:2, v/v), B (80:20, v/v) 
and C (50:50, v/v). 

Cholesterol eluted in fraction A. So did cholestanol and, 
therefore, quantification of this compound was not possi- 
ble. Cholesterol-a-epoxide, 7-ketocholesterol, 25-hydroxy- 
cholesterol and the major part of the 7/~-hydroxycho- 
lesterol eluted in fraction B. The cholestane-triol and a 
minor part of 7/3-hydroxycholesterol eluted in fraction C. 
Common plant sterols eluted in the cholesterol fraction 
(fraction A) and, thus, did not interfere with the later gas- 
chromatographic separation of oxysterols (data not shown). 

Fraction A was discarded, and fractions B and C were 
collected separately in extraction flasks. Then 1 ml of an 
internal standard solution containing 20 pg of each stan- 
dard component (5a-cholestane and betulin) was added to 
both fractions. The solvents were evaporated under vacuum 
with a rotary thin-film evaporator. The vacuum was re- 
leased with nitrogen gas, and the residues were redissolved 
in chloroform and transferred to a 1 ml conical vial for 
derivatization. 
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Derivatization. The residue was dried under nitrogen. 
Then 0.5 ml of pyridine hexamethyldisilazane trichloro- 
methylsflane {10:2:1, v/v) was added. The vial was closed 
with a screw top sealed with teflon. I t  was left to stand 
for 30 rain at ambient temperature. After removal of the 
excess of pyridine under a stream of nitrogen, 400 ~ of hex- 
ane was added. The vial was shaken and centrifuged, and 
0.5 ~1 of the hexane solution was injected into the gas 
chromatograph. 

Gas liquid chromatography. A Packard Instruments 
{Delft, The Netherlands} gas liquid chromatograph Model 
433 with a flame ionization detector, a digital integrator 
and a capillary on-column injector from Chrompack {Mid- 
delburg, The Netherlands} was used. I t  was equipped with 
a 25 m X 0.22 mm fused silica capillary WCOT column CP 
Sfl5CB {Chrompacld, with a film thickness of 0.12 ~m and 
a coating efficiency of about 90%. The oven temperature 
program was: initial temperature 70~ for 2 rain followed 
by a rise to 200~ at a rate of 15~ and, then, by 
another rise at a rate of 10~ to an upper temperature 
of 295~ The oven was held at this upper temperature for 
various lengths of time until all components were ehited. 
Other conditions were: carrier gas, hydrogen; pressure, 
150 kPa; make~up gas, nitrogen with flow rate 15/rain; and 
detector temperature, 325~ 

Prior to the analysis of samples, the system was cad  
hrated with a mixture of pure compounds, and response fac- 
tors relative to the average response of betulin and 5a- 
cholestane were calculated. If the betulin or 5a~cholestane 
peaks could not be identified due to interference from other 
unknown compounds, then response factors were calculated 
relative to only one of these compounds. 

Mass spectrometry. To confirm the tentative gas chroma- 
tographic identification, some samples were also analyzed 
on a Finnigan-MAT 8200 mass spectrometer {Finnigan 
Corp., Cincinnati, OH) equipped with a Finnigan-MAT 
ss200 data system. 

A Varian 3700 gas chromatograph (Varian Associates 
Inc., Sunnyvale, CA} fitted with a 25 m • 0.5 mm i.d. 
CP-Sil5 glass capillary column (Chrompack, 4330 EW Mid- 
delburg, The Netherlands) was attached to the mass spec- 
trometer through an open split interface. Helium was used 
as carrier gas at a flow rate of 6 mYmin. The initial oven 
temperature was 200~ and was increased to 320~ at a 
rate of 40~ The injector and interface temperatures 
were 250~ 

Spectra were obtained by electron impact ionization 
within a mass range of 20-700 nde. The scan speed was 
1 sec/decade. Background subtraction and renorrnalization 
to the most intense peak were performed. Peaks were iden- 
tiffed by comparing their mass spectra with those of the 
pure compounds. 

RESULTS AND DISCUSSION 

Effect of saponification The results of normal and mild 
saponification of the old cholesterol sample, the UV- 
irradiated egg yolk powder and the mixture of pure ox- 
ysterols showed that  7-ketocholesterol is very sensitive to 
alkaline hydrolysis. Only 11-40% of the original amount 
was recovered under mild saponification conditions, but  
saponification at 100~ caused a total disappearance of 
7-ketocholesterol. 25-Hydroxycholesterol was not very sen- 
sitive to alkaline hydrolysis {recovery range, 89-121%), 

while cholestane-triol was somewhat sensitive to both mild 
and normal saponification (recovery range, 78-90%). Tsal 
et al. (17) reported that  up to 75% of the cholesterol-a- 
epoxide was lost during saponification. Therefore, no saponi- 
fication was used. The error introduced by not saponifying 
is probably small, as only some 10% of the cholesterol in 
foods is esterified {20). 

Silica chromatography. Silica gel column I served to 
remove the nonsterol lipids. From an egg yolk powder con- 
taining 62.5% of weight as lipid, 79.7% of these lipids were 
recovered in the chloroform fraction, and the acetone frac- 
tion contained 3.7% of the lipids and 80-90% of the total 
amount of cholesterol. 

Column II was used to remove the bulk of cholesterol and 
to prefractionate the oxidation products. For samples with 
a highly complex composition such as egg yolk such prefrac- 
tionation proved necessary, as certain oxysterols could not 
be separated by only gas chromatography. 

Gas liquid chromatography. In Figures 1 and 2 a gas 
chromatogram of an egg yolk sample is shown, In between 
the two internal standard peaks, 5a-cholestane and betulin, 
a large number of peaks was present. Various constituents 
were first identified tentatively by their retention time 
relative to 5a-cholestane and betulin. The retention times 
and response factors are given in Table 1. The mean stan- 
dard deviation of 0.009 for response factors relative to 
betulin is smaller than the standard deviation of 0.027 found 
for response factors relative to 5a-cholestane, because for 
some samples, the 5a-cholestane was not separated well 
from other unknown components. The separation of 7- 
ketocholesterol and 25-hydroxycholesterol was also critical. 
Due to changes of the capillary column with time, these two 
components sometimes could no longer be separated after 
the column had been in use for a prolonged period. The pm[~ 
lem could he solved by inserting a 5-rain halt at 270~ into 
the final part  of the temperature prograrm 

As for oxysterols not listed in Table 1, 20-hydroxy- 
cholesterol was never detected in foods and was therefore 
not studied extensively. We were unable to quantitate 7a- 
hydroxycholesteroL because this peak partially coincided 
with that  of cholesterol. In addition, the number of oxy- 
sterols that  we could quantitate was limited to those for 
which pure standards were available. Therefore, we could 
identify the 5,6a-, but  not the 5,6/3-isomer of cholesterol 

TABLE 1 

Retention Times of Various Cholesterol Oxidation Products 
Upon GLC and Response Factors a 

Cholesterol 
oxidation Retention 
product time 

Relative response factor a 

5a-cholestane Betulin 

5a-Cholestane 19.80 1.000 -- 
7~-Hydroxycholesterol 23 .33  0.926 • 0.022 0.906 • 0.005 
Cholesterol-a~epoxide 23.48 1.234 • 0.037 1.207 • 0.015 
Cholestane-triol 26.90 1.074 • 0.026 1.038 • 0.013 
7-Ketocholesterol 25.15 1.100 • 0.025 1.077 • 0.005 
25-Hydroxycholesterol 25 .50  0.931 • 0.025 0.911 • 0.008 
Betulin 27.50 -- 1.000 

aThe relative response factor equals (concentration of component/peak 
area of component)/(concentration of internal standard/peak area of 
standard); mean ___ SD of 3 measurements is given. Factors are 
relative to the two internal standards, 5a-cholestane and betulin. 
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FIG. 1. Gas chromatogram of cholesterol oxidation products in egg yolk powder, fraction 
B, containing the less polar oxysterols. 1, 5~-cholestane (internal standard);, 2, 7/3- 
hydroxycholesterol; 3, cholesterol-o-epoxlde; 5, 7-ketocholesterol; 6, 25-hydroxycholesterol; 
7, betulin (internal standard). 

2'0 2'5 30 
ELUTION TIME (MIN} 

FIG. 2. Gas chromatogram of cholesterol oxidation products in egg yolk powder:, fraction 
C, containing the more polar oxysterols. 1, 5~-cholestane (int~-n~ standard);, 2, 7f~ 
hydroxycholesterol; 4, cholestane-triol; 7, betulln (internal standard). 

epoxide. As the gas chromatography column separated 
mainly by boiling point, there is a possibility that the a and 
the/3 isomer of cholesterol epoxide ehted as one pea~ Alte~ 
natively, the unidentified peaks in the oxysterol region of 
the chromatogram (Figs. 1 and 2) could contain this or other 
unidentified oxystexols. 
The stability of the various oxidation products on the 

column was very good, as indicated by the low standard 
deviations of the relative response factors. Low standard 

deviations were obtained only if the sample was injected 
directly on the column at a temperature of 70~ If we used 
a more conventional splitless flash heater at 280-300~ for 
sample, injection we found large standard deviations, 
possibly caused by variable decomposition of oxysterols in 
the flash heater {data not shown). 

Recovery, precision and detection limit. A standard mix- 
ture containing 20 pg each of cholesterol-a-epoxide, cho- 
lestanetrioL 2,5-hydroxycholesterol and 200/~g of cholesterol 
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was taken through the full procedure. Recoveries were b~ 
tween 86 and 98% (Table 2). The same oxysterols were 
added in known amounts (6.5 and 10/~g/g) to egg yolk 
powder. Recoveries {Table 2) varied between 93 and 98% 
at the 6.5 ~,/g level and between 94 and 102% at the i0 ~g/g 
level 

The reproducibility for independently worked-up samples 
is given in Table 3. The coefficient of variation tended to 
be lower, the higher the level of the analyte. For 25-hydroxy- 
cholesterol, a concentration of 0.3 ~g/g with a coefficient 
of variation of 72% was found. Thus, this is about the 
lowest level of oxysterol that  can be detected with our 
method in samples with highly complex matrices such as 
egg yolk. 

Identification. Both the gas chromatographic separation 
and the detector response were poorer for the GC-MS 
analyses than for the routine gas chromatographic analyses. 
The use of splitless on~.olumn injection in the latter was 
probably a major factor in providing a high yield and good 
separatiom 

The m]e values of typical fragments in the mass spectra 
of pure compounds and of oxysterol fractions from egg yolk 
powder were compared with published data {1). This pro- 
vided identification of the trimethylsilylether of cholesterol- 
a-epoxide (m]e 474, 456 and 384), of cholestane-triol (m]e 
546, 456, 403, 367 and 321) and of a 7-hydroxycholestexol 
(m]e 546, 456, 233 and 208); the geometry of the latter (7a 

or 7~) could not be determlne~ The quality of the GC-MS 
analyses proved insufficient to confirm or reject the iden- 
tifications of the other oxysterols in egg yolk powder. 

Levels ofoxysterols in foods. Table 4 gives the levels of 
oxidation products in egg yolk and whole egg powder, and 
in dry milk. The very low content of oxysterols in fresh egg 
yolk indicates that  artifactual oxidation of cholesterol dur- 
ing sample work up was minimal; the oxysterol concentra- 
tion of 1 pg/g should be contrasted with the total cholesterol 
content of about 12,000 ~g present in 1 g of egg yolk. A 
sirpilRr result was found by Nourooz-Zadeh and Appelqvist 
{11). The levels of 7~-hydroxycholesterol {12.8 to 78.0 pg/g) 
and cholesterol-a~poxide {4.2 to 46.0 ~g/g} found by us in 
nonirradiated samples of egg yolk and whole egg powder 
stored one to four years prior to analysis were higher than 
those found by Nourooz-Zadeh and Appelqvist {11) who 
found concentrations between 0 and 9.8 ~g/g (7~-hydroxy- 
cholesterol} and between 0 and 2.5 pg/g {cholesterol-a- 
epoxide) in samples stored up to one and a half years, and 
concentrations of 46.8 ~g/g (7/~-hydroxycholesterol) and of 
9.4 ~g/g (cholesterol-a-epoxide) in a sample stored for eight 
years. The levels of cholestane-triol, 7-ketocholesterol and 
25-hydroxycholesterol found by us in egg yolk and whole 
egg powder were generally low {below 15 ~g/g}, although 
these too were higher than those of Nourooz-Zadeh and 
Appelqvist (11). The effect of storage on the concentrations 

TABLE 2 

Recovery of Cholesterol Oxidation Products From a Mixture of Pure Compounds 
and From Egg Yolk Powder a 

Mean percentage recovery 

Standard compounds Added to egg yolk powder 
Cholesterol 
oxidation 20~g each 6.5/~g/g 10 ~/g, 
product (n= 5) b (n ---- 2f (n = 4) ~ 

7f~-Hydroxycholesterol 86 + 12 95 (85-105) 102 ___ 7 
Cholesterol-a-epoxide 92 + 6 98 (92-103) 99 + 6 
Cholestane-triol 90 _ 5 95 (91-99) 94 • 3 
7-Ketocholesterol 98 • 9 98 (95-101) 96 • 4 
25-Hydroxycholesterol 94 • 7 93 (92-94) 97 • 1 

aTo which pure compounds had been added at two different levels. The samples under- 
went the entire extraction and cohlmu chromatography procedure prior to gas chroma- 
tography. The standard mixture also containvd 200 ~g cholesterol. 

bMean • SD. 
c Mean (range). 

TABLE 3 

Reproducibility of the Determination of Cholesterol Oxidation Products 
in Commercial Whole Egg and Egg Yolk Powder 

Cholesterol Coefficient 
oxidation Mean (range) SD of variation 
product n (~g/g) (~g/g) (%) 

7/}-Hydroxycholesterol 12 36.8 (11.9-78.0) 2.18 5.9 
Cholesterol-a~poxide 11 4.4 (1.8-11.2) 0.75 17.0 a 
Cholestane-triol 12 2.8 (0,3-13.9) 0.48 17,2 
7-Ketocholesterol 12 16.9 (4.2-46.0) 1.31 7.7 
25-Hydroxycholesterol 12 0.3 (0.0-0.5) 0.21 71.8 

aIf one outlier was excluded, the coefficient of variation was 8.6%. 
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TABLE 4 

Concentration of Cholesterol Oxidation Products in Foods and in Duplicate Diets a 

Commodity 7-Hydroxycholesterol Cholesterol-a~poxide Cholestane-triol 7-Ketocholesterol 25-Hydroxycholesterol 

(~g/g as is) 

Fresh egg yolk 0.3 0.7 0.0 0.2 0.0 

Egg yolk powder 
Manufacturer 1 12.8 5.8 0.3 1.8 0.3 
Manufacturer 2 45.1 26.3 0.4 6.5 2.6 
Manufacturer 2 b 74.1 46.0 0.5 9.4 7.3 
Manufacturer 3 16.9 8.1 0.0 2.8 1.6 
Manufacturer 3 b 16.8 6.7 O.1 1.8 1.0 
Manufacturer 4 22.3 9.7 0.5 3.4 0.5 
Manufacturer 4 c 78.0 25.2 0.5 4.2 13.9 
Manufacturer 4 d 507 2522 62 200 860 

Whole egg powder 
Manufacturer 1 21.2 6.4 0.0 3.2 0.4 
Manufacturer 2 64.9 35.8 0.5 11.2 2.3 
Manufacturer 2 b 36.8 19.4 0.2 8.1 1.4 
Manufacturer 4 b 40.8 9.6 0.4 3.6 1.9 
Manufacturer 4 c 11.9 4.2 0.0 1.9 0.3 

Dry full-fat milk 
Manufacturer 1 e 2.9 1.2 0.3 0.5 0.8 
Manufacturer 2f 3.9 4.1 <0.1 1.5 0.1 

Commercial rat feed 0.3 0.04 0.0 0.3 0.0 

Commercial rat feed with 
extra fruit and vegetables 0.1 0.02 0.0 0.2 0.0 

Duplicate Dutch diet, raw 2.3 0.7 O.1 1.1 0.0 

Duplicate Dutch diet, 
baked]fried/grilled 1.7 0.8 0.1 1.0 0.0 

Duplicate Dutch diet, 
baked/fried/grilled, plus 
extra fruit and vegetables 2.2 1.7 <0.1 2.0 0.2 

aDupllcate diets had been freeze-dried and pelleted and stored for one year at 4~ unless indicated otherwise. 
bDesugared. 
c After storage at ambient temperature for 4 years. 
dafter irradiation of sample c with UV light for three weeks. 
e After 7 years of storage. 
f After 2 years of storage. 

of oxysterols was unclear. In egg yolk powder the concen- 
trations increased upon long-term storage, but  in whole egg 
powder they decreased. I t  might  be that  differences in 
storage temperature  at  the manufacturers are responsible 
for this (11). UV-irradiation considerably increased the con- 
centrations of an oxysterols studied. 

The total concenl~ation in dry full-fat mille stored between 
two and seven years did not exceed 10 pg/g. Levels of 
cholesterol oxidation products in commercial rat  chow were 
also very low {Table 4}. 

In duplicates of the average diet eaten in the Netherlands, 
oxysterol levels ranged from 0.0-0.2 ~g/g for 25-hydroxy- 
cholesterol to about 2 ~g/g for 7fl-hydroxycholesteroL The 
levels were not higher in duplicate diets made up of fried, 
baked and grilled products than in duplicate diets made up 
of the equivalent raw foods. Thus, the amount of cholesterol 
oxidized during the frying, baking or grilling of foods a p  
pears to he very smal l  As the daily food intake for an 
average person is about 500 g, the average Dutchman will 
ingest about  1 nag of 7~hydroxycholesterol and 0.5 rag of 

choles tevol~poxide  per day. The diets to which fruits and 
vegetables of supposedly anticarcinogenic activity had been 
added, contained somewhat  higher levels of 7-ketocholes- 
terol {2.0 ~g]g compared with 1.1 and 1.0 ~g/g for the other 
two mixed diets without the extra  fruits and vegetables 
added). In view of the freeze drying and pelleting that  our 
samples had undergone these figures may  be considered 
upper limits. On the other hand, the chromatograms of 
these duplicate diets did contain quite a few peo_ks tha t  
escaped identification, and one could theorize that  normal 
foods might contain appreciable amounts of oxysterols 
other than those identifieeL However, the oxysterols studied 
by us are those naturally formed from cholesterol under a 
range of conditions, and it seems unlikely that  the reaction 
of oxygen with cholesterol in foods would produce an en- 
tirely different range of products. Therefore we suggest that  
the most  plausible load of oxysterols in the average Dutch 
diet is at  most  a few mg per day. Whether  such amounts 
contribute to the development of chronic diseases is at  pres- 
ent not known. 
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Characterization of 12-Methyl-cis-4-tetradecenoic Acid 
From Corynebacterium sepedonicum 
Paul J. Hennlngsona, Brady A. Vlckb, W1111am M. Bugbeeb and Nell C. Gudmestada,* 
aplant Pathology Department, North Dakota State University, Fargo, ND 58105; and bu.s. Dept. of Agriculture, Agricultural Research 
Service, Northern Crop Science Laboratory, Fargo, ND 58105 

A previously uncharaeterized fatty add found in Coryne- 
bacterium sepedonicum was analyzed by gas chromatog- 
raphy-mass spectrometry and infrared spectrometry and 
determined to be 12-methyl~/s-4-tetradeeenoic acid. This 
fatty add represents nearly 6% of the total fatty adds 
of C. sepedonicum, but it is present at significantly lower 
levels in other Corynebacterium species. Therefore, 12- 
methyl~/s-4-tetradecenoic add provides a useful marker 
in distinguishing C. sepedonicum from other micro- 
organisms. 
Lipids 23, 1086-1088 (1988). 

Fat ty  acid analysis of cellular components has been used 
extensively for the determination of taxonomic relation- 
ships and for the rapid identification of medically and 
clinically important bacteria (1,2). However, few examples 
of fatty acid analyses of plant pathogenic bacteria have 
been reported {3,4}. Some preliminary studies have been 
performed in our laboratory involving the use of fatty acid 
analysis for the identification and differentiation of plant 
pathogenic Corynebacteria (4). During these studies, a 
fat ty acid was detected in saponified extracts of Coryne- 
bacterium sepedonicum {Spieck. and Kotth.) Skapt. and 
Burkh. that was previously unidentified. In this paper, 
we report on the characterization of the unknown fatty 
acid, and have identified it as 12-methyl-cis-4-tetradec- 
enoic acid. The fatty acid was a significant component 
(>5%) of C. sepedonicum, but constituted substantially 
less in all other plant pathogenic Corynebacteria tested (4). 

MATERIALS AND METHODS 

Bacterial strains were obtained from the American Type 
Culture Collection (Rockville, MD), Plant Disease Divi- 
sion Culture Collection {Auckland, New Zealand), from 
individual researchers in the U.S. and Canada, and from 
isolates recovered by us in our laboratory from samples 
brought in by area potato growers. Identities of all strains 
were confirmed by biochemical and physiological methods 
(5) and by indirect jmmunofiuorescent antibody staining 
according to De Boer and Weiczorek {6). 
Bacterial cultures were harvested according to Suzuki 

and Komagata {7), and the methyl esters prepared (8). 
Briefly, the cells were centrifuged and washed twice under 
aseptic conditions. After lyopbillzation, 5 mg of bacteria 
was saponified with I ml of 3.75 N NaOH in 25% aqueous 
methanol at 100~ for 30 rain in a water bath, with occa- 
sional mixing. The mixture was methylated by adding 

*To whom correspondence should be addressed. 
Published with the approval of the Director of the North Dakota 
Agricultural Experiment Station as Journal Article #1694. 
Abbreviations: ECL, equivalent chain length; GC-MS, gas chroma- 
tography-mass spectrometry. 

2 ml of 3.25 N HCI in 45% methanol and heating for 10 
rain at 80~ The fatty acid methyl esters were extracted 
with 1.25 ml of hexane/diethyl ether {1:1, v/v). The organic 
phase was washed once with 3 ml of 0.3 N NaOH. 

Pyrrolidide derivatives were prepared by the method 
of Andersson and Holman (9). Hydrogenation was ac- 
complished by adding a small amount of platinum oxide 
catalyst (ca. 5 rag) to a solution of the fatty acid methyl 
ester mixture in 2 ml of methanol, then directing a stream 
of hydrogen gas through the solution for 5 rain. Fatty acid 
methyl esters were separated by thin layer chromatog- 
raphy using a Whatman LKC18F thin layer chromatog- 
raphy plate. The solvent was acetonitrile/water (95:5, v/v). 
Fatty acid methyl ester components were visualized by 
exposure of a portion of the plate to iodine. Fatty acid 
composition was determined with a Hewlett-Packard 
model 5790 gas chromatograph equipped with a 30 m X 
0.25 mm i.d. SPB-1 methylsilicone capillary column 
{Supelco, Bellefonte, PAL The temperature was pro- 
grammed from 150~ to 250~ at 4~ Mass spec- 
tra were obtained with a Hewlett-Packard model 5992 gas 
chromatography-mass spectrometry (GC-MS) equipped 
with a 30 m X 0.22 mm i.d. methylsilicone capillary col- 
,mn. Infrared spectra were obtained with a Nicolet 5-MX 
Fourier transform spectrometer. Spectra were determined 
on the sample prepared in a KBr pellet. 

Most fatty acids could be identified by comparing the 
equivalent chain lengths {ECL) of their methyl esters with 
those of a fatty acid methyl ester standard (Supelco 
4-7080, Bacterial Acid Methyl Ester Mix CP). Their iden- 
tifications were further confirmed from their molecular 
weights which were determined by GC-MS. Fat ty  acid 
methyl esters not identified by this method were con- 
vetted to pyrrolidide derivatives and analyzed by GC-MS 
to determine the location of unsaturation and branching. 

RESULTS AND DISCUSSION 
The acyl components of most plant and animal glycero- 
lipids are usually composed of saturated or unsaturated, 
straight-chain fatty acids. In contrast with plants and 
animals, certain bacteria such as Bacillus {10)and 
Staphylococcus (11) utilize iso and anteiso methyl- 
branched fatty acids as the predominant acyl constituents 
of glycerolipids. The genus Corynebacterium, however, 
differs from Bacillus and Staphylococcus in that it is 
heterogenous with respect to fatty acid types. C sepedon- 
icum of this genus belongs to the type II group, which 
is composed predominantly of iso and anteiso branched- 
chain fatty acids {7). 

In our studies of the fatty acid composition of C 
sepedonicum, we observed that extracts of the bacteria 
contained five fatty acids that were each present in 
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TABLE 1 

Mean Percentage, Molecular Weight and Equivalent Chain Lengths of Fatty Acid 
Methyl Esters Derived From Corynebacterium sepedonicum 

Fatty acid Mean % ___ SD a Mol wt b ECL c 

12-Methyl-cis-4-tetradecenoic acid 
12-Methyl-tetradecanoic acid 
14-Methyl-pentadecanoic acid 
Hexadecanoic acid 
14-Methyl-hexadecanoic acid 

5.9 + 1.8 254 14.47 
39.9 + 2.3 256 14.71 
15.8 + 3.1 270 15.64 
2.8 :l: 1.1 270 16.00 

31.4 + 5.5 284 16.72 

aSD, standard deviation; 40 strains of C. sepedonicum were analyzed. 
bMolecular weight determined by GC-MS. 
CEquivalent chain length of methyl ester on an SPB-1 methylsilicone capillary column. 

amounts  greater  than 2% of the total  f a t ty  acid content  
(Table 1). These five fa t ty  acids const i tu ted >95 % of the 
total  f a t ty  acids present.  Of these five major f a t ty  acids, 
the lat ter  four were tenta t ively  identified by comparison 
of the ECL of their methyl  esters with those of a stan- 
dard. These fa t ty  acids have previously been character- 
ized as components  of coryneform bacteria by Bousfield 
et al. (12) and Suzuki and Komagata  (7). We fur ther  con- 
firmed their identities by  the determinat ion of their 
molecular weights by GC-MS.  

The unidentified fa t ty  acid methyl  ester  (ECL, 14.47} 
had a molecular weight of 254 by GC-MS analysis, in- 
dicating that  it contained 15 carbons with either one dou- 
ble bond or a ring structure.  Other characterist ic 
fragments were present at  m/z 225 [M - CH3CH2] .+, 222 
[M - CH3OH] .+ and 193 [225 - CH3OH] .+. When the 
methyl  ester  of this f a t ty  acid was isolated by reversed 
phase thin layer chromatography and then hydrogenated, 
the result ing product  matched the retent ion t ime of 
12-methyl-tetradecanoic acid, and its molecular weight 
was increased by 2 ainu. This demonst ra ted  tha t  a dou- 
ble bond, and not  a ring structure,  was present  in the 
nonhydrogenated compound. GC-MS data  from the pyr- 
rolidide derivative of the unknown compound (Fig. 1) 
showed an interval  of 12 ainu between m/z 126 and m/z 
138, indicating tha t  the double bond was at  the fourth 
carbon (9). The interval  of 28 amu between the C-11 and 

100 
if) 

50 
W 

. J  

0 

C2 
113 

C6 
C1 1 6 6  

98 Cll 

7 0  C c 1 ~  I C 1 3 2 9 3  

(~264 | 

J, J LtJ l   LI, I 
' ' �9 ] . . . . . . . . . . . .  I . . . .  [ 

100 150 200 250 3# 

M/Z 
FIG. 1. Mass spectrum of the pyrrolidide derivative of 12-methyl-c/s- 
4-tetradecenoic acid, extracted from Corynebacterium sepedonicum. 

C-12 fragments {m/z 236 and m/z 264) confirmed the loca- 
tion of the branched methyl  group at carbon 12. 

The infrared spectrum of the compound showed ab- 
sorptions characterist ic of unsa tura ted  fa t ty  acids: 
3010 cm -1 (unsaturation), 2920 and 2860 cm -1 (C-H 
stretch), and 1745 cm-l (ester carbonyl). No infrared ab- 
sorption was observed at 965 cm -I, due to trans double 
bonds. Therefore, the double bond at carbon 4 was deter- 
mined to have the cis configuration, and the fatty acid 
was identified as 12-methyl-cis-4-tetradecenoic acid, 
a-15:1(4). 

Bousfield et al. {12) alluded to the presence of a-15:1 
in some bacteria, but did not report on the position of un- 
saturation. The characterization of this anteiso fatty acid 
is of interest because monounsaturation at carbon 4 is 
unusual among fatty acids from any source. This fatty 
acid is most likely the product of a A4-desaturase. Other 
possible biosynthetic routes include chain elongation 
or ~-oxidation of other monounsaturated precursors. 
However, we could not detect the presence of the most 
probable monounsaturated precursors, 10-methyl-cis-2- 
dodecenoic acid or 14-methyl-cis-6-hexadecenoic acid, 
which might be converted to a-15:1{4} by elongation or 
E-oxidation, respectively. 

The esterification reaction used in these experiments 
was conducted on whole extracts of saponified C 
sepedonicum and not on isolated, individual lipid classes. 
Therefore, no conclusions can yet be drawn regarding the 
distribution of the various fatty acids among phospho- 
lipids, acylglycerols or free fatty acids. The extraction and 
esterification procedures used in these studies are widely 
used by clinicians and researchers for the rapid identifica- 
tion of bacteria and for determining their taxonomic rela- 
tionships (1-4,7,8,12}. 
On theaverage, the a-15:1(4) content of C. sepedonicum 

was 5.9% of the total fatty acids {Table 1). We recently 
compared the fatty acid compositions of several Co~ 
ynebacteria species and showed tha t  the level of a-15:1(4) 
was significantly higher in C. sepedonicum than in the 
other  species (4). Thus, the level of a-15:1(4) could serve 
as a useful marker  to differentiate C. sepedonicum from 
other  bacterial species. 
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Esterification of 8,11,14-Eicosatrienoate and Arachidonate 
Into Alkylacyl-and Diacylglycerophosphocholine 
by Vascular Endothelial Cells 
Miriam D. Rosenthal*, Morris E. Brown III and Janet  E. Jones 
Dept. of Biochemistry, Eastern Virginia Medical School, Norfolk, VA 23501 
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Agonist-stimulated phospholipases release arachidonate, 
but not 8,11,14-eicosatrienoate, from human endothelial 
cells. One source of the arachidonic acid is deacylation 
of 1-alkyl-2-arachidonoyl-glycerophosphocholine, with 
subsequent conversion of some of the resultant lysophos- 
pholipid to platelet-activating factor. This study has com- 
pared the distribution of incorporated 8,11,14-[14C] - 
eicosatrienoate in alkylacyl-GPC and diacyl-GPC with 
that of [14C]arachidonate synthesized endogenously by 
desaturation of the 8,11,14-[14C]eicosatrienoate. Cells 
were incubated for 24 or 48 hr with 8,11,14-[14C]eicosatri - 
enoate, and the resultant mixture of 14C-fatty acids in 
the cellular lipids was characterized by gas chromatog- 
raphy. The choline phospholipids were then separated, 
hydrolyzed with phospholipase C and derivatized to 
diradylbenzoates. Gas chromatographic analysis indi- 
cated extensive incorporation of [14C]eicosatrienoate, as 
well as [14C]arachidonate, into alkylacyl-GPC. Although 
the ratio of esterified [14C]arachidonate to [14C]eicosatri- 
enoate was greater in alkylacyl-GPC than in diacyl-GPC, 
the enrichment with [14C]arachidonate was far less than 
the ratio of arachidonate/eicosatrienoate released from 
these cells. These results thus support the hypothesis that 
the acyl specificity of polyunsaturated fatty acid release 
is provided by the agonist-stimulated phospholipase A 2 
rather than the composition of the alkylacyl-GPC. 
Lipids 23, 1089-1092 (1988). 

Vascular endothelial cells are among the many types of 
cells that can synthesize 1-O-alkyl-2-acetyl-sn-glycero-3- 
phosphocholine or platelet-activating factor (PAF), a 
potent hypotensive agent, as well as an active stimulant, 
of aggregation and degranulation of both platelets and 
neutrophils (1,2). The agonist-stimulated synthesis of 
PAF involves phospholipase A~ activity on 1-O-alkyl-2- 
acyl-sn-glycero-3-phosphocholine (alkylacyl-GPC), fol- 
lowed by the action of acetyltransferase on the lys~PAF 
(1-3). In vascular endothelial cells, synthesis of PAF is 
initiated by agents such as histamine, bradykinin, throm- 
bin and the calcium ionophore A23187 that also initiates 
mobilization of free arachidonic acid and synthesis of 
prostacyclin (4). These processes thus appear similar to 
those in human polymorphonuclear leukocytes, where 
1-O-alkyl-2-arachidonoyl-GPC serves as a common source 
of PAF and arachidonate {5,6). 

Our laboratory has recently demonstrated that the 
agonist-stimulated mobilization of arachidonic acid from 
endothelial phospholipids exhibits a high degree of acyl- 
group structural specificity (7-9). Polyunsaturated fatty 

*To whom correspondence should be addressed at Dept. of 
Biochemistry, Eastern Virginia Medical School, P.O. Box 1980, Nor- 
folk, VA 23501. 

Abbreviations: GPC, glycerophosphocholine; PAF, platelet- 
activating factor; TLC, thin layer chromatography. 

acids which, like arachidonate, have a double bond in the 
delta-5 position are released in response to thrombin, 
histamine and the calcium ionophore A23187; 8,11,14- 
eicosatrienoate (20:3n-6), docosatetraenoate (22:4n-6) and 
other C20 and C22 polyunsaturated fatty acids without a 
delta-5 double bond are not released. Our working hypoth- 
esis has been that the specificity of agonist-stimulated 
fat ty acid release is provided by the substrate specific- 
ity of the activated phospholipase A 2. 

To further elucidate the mechanisms of arachidonate 
mobilization in vascular endothelial cells, we have investi- 
gated the incorporation of arachidonate and 8,11,14- 
eicosatrienoate in both diacyl- and ether-linked species of 
choline phospholipids. We postulated that 8,11,14-eicosa- 
trienoate, like arachidonate, would be extensively esteri- 
fied into 1-alkyl-2-acyl-GPC. Because 8,11,14-eicosatri- 
enoate is not released from membrane phospholipids by 
agonists that mobilize arachidonate, extensive synthesis 
of 1-alkyl-2-eicosatrienoyl-GPC would be consistent with 
the proposed role of the phospholipase, A2, in providing 
the requisite acyl specificity for agonist-stimulated re- 
lease of polyunsaturated fatty acids. By contrast, a high 
ratio of arachidonate/8,11,14-eicosatrienoate in 1-alkyl-2- 
acyl-GPC relative to diacyl-GPC would provide evidence 
for specificity in the loading of this particular phospho- 
lipid pool. 

MATERIALS AND METHODS 

Radiolabeling of endothelial cells. Endothelial cells were 
obtained from human umbilical veins (10) and cultured 
in gelatin-coated 25 cm 2 flasks in HEPES-buffered 
Medium 199 plus 10% fetal bovine serum, 30 ~g/ml 
Endothelial Cell Growth Supplement and 90 ~g/ml 
heparin, as described previously (7,8). The experiments 
used confluent monolayers of second passage cells. 
8,11,14-[14C]Eicosatrienoate (55 mCi/mmol) was obtained 
from New England Nuclear (Boston, MA) and stored in 
hexane under nitrogen at - 2 0  ~ C. For each experiment, 
an aliquot of the 14C-fatty acid solution was evaporated 
to dryness under N 2 and redissolved in 95% ethanol; the 
ethanol solution was added directly to fetal bovine serum. 
The endothelial cells were radiolabeled by incubation for 
24 or 48 hr in complete growth medium supplemented 
with 5.0 ~M 8,11,14-[x4C]eicosatrienoate; final concentra- 
tion of ethanol in the culture medium was less than 0.2% 
(7,8). The cells were then washed with saline and har- 
vested by rapid trypsinization (7). 

Lipid extraction and analysis. Cellular lipids were ex- 
tracted with acetone/ethyl acetate (11) and the extracts 
from 10-15 flasks pooled for analysis. Phospholipids were 
separated by on,dimensional thin layer chromatography 
(TLC) on Silica Gel H plates that were developed in 
chloroform/methanol/acetic acid/water (50:30:8:4, v/v/v/v). 
Lipid spots were visualized with iodine and scraped 
for quantitation of radioactivity by liquid scintillation 
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spectrometry. For preparative separations, only the stan- 
dard lanes, spotted with a mixture of phospholipids, were 
visualized with small drops of tincture of iodine. The 
choline phospholipids were then scraped and extracted 
from the silica gel {12). 

Choline phospholipids were converted to diradylglyc- 
erobenzoates {diacyl, alkylacyl and alkenylacyl), as 
described by Blank et al. (13). This procedure involves 
hydrolysis with phospholipase C {14) and derivatization 
of the diradylglycerols with benzoic anhydride and 
4-dimethylaminopyridine in benzene. The diradylglycero- 
benzoates were then separated by TLC on Silica Gel H 
plates developed with benzene/hexane/diethyl ether 
{50:45:4, v/v/v) {13). Standards prepared by hydrolysis and 
derivatization of diacyl-, alkyl- and plasmalogen or 
alkenylacyl phospholipids were chromatographed in ad- 
jacent lanes and visualized with iodine. The areas contain- 
ing the diacyl and alkylacyl fractions were scraped and 
extracted from the silica gel with chloroform/methanol/ 
diethyl ether {1:1:1, v/v/v). 

Gas chromatography. Cellular lipid extracts, choline 
phospholipids and diradylglycerobenzoates were 
transesterified using methanolic base (12). The resultant 
~4C-fatty acid methyl esters were separated by gas liquid 
chromatography and on-line radioactivity detection, as 
described previously {8,12). 

The choline-phospholipid fractions contained 39.0 and 
33.6%, respectively, of the total cellular ~4C-fatty acyl 
groups in the 24 and 48 hr samples. As shown in Table 2, 
ca. 85% of the 14C-fatty acids esterified in choline phos- 
pholipids were in diacyl-GPC and 10-11% in alkylacyl- 
GPC. These values are quite similar to those reported by 
Blank et al. {15) after a 4 hr incubation with [3H]ara- 
chidonate; there was somewhat more incorporation into 
the alkylacyl fraction and less into the alkenylacyl frac- 
tion in the present study. 

Table 3 shows the distribution of ~4C-fatty acyl groups 
in the diacyl- and alkyacylglycerobenzoate fractions. Both 
the diacyl- and alkylacyl-GPC fractions contained a mix- 
ture of ~4C-fatty acids. After both 24 and 48 hr of incor- 
poration, the alkylacyl-GPC fraction contained sizable 
amounts of [14C]eicosatrienoate. Thus, human endo- 
thelial cells readily incorporate 8,11,14-eicosatrienoate 
into alkylacyl-GPC. These cells also esterified substan- 
tial amounts of the [z4C]arachidonate and [14C]docosa- 
tetraenoate synthesized from the incorporated 8,11,14- 
[14C]eicosatrienoate into alkylacyl-GPC. 

The results shown in Table 3 indicate some modest 
enrichment of alkylacyl-GPC with arachidonate, relative 
to diacyl-GPC, as shown by the higher ratios of [14C]ara- 
chidonate/[~4C]eicosatrienoate in alkylacyl-GPC. Com- 
parable results were obtained from a replicated 24 hr 

RESULTS 

In these studies, the endothelial cells were incubated with 
5.0 hem 8,11,14-[14C]eicosatrienoate {20 nmol/4 ml) for 24 
or 48 hr. The relatively long incubation times were 
selected to examine the results of metabolic labeling of 
phospholipid pools rather than rapid fatty acyl turnover. 
Total incorporation of 14C-fatty acyl groups into cellular 
glycerolipids was 64.5% after 24 hr and 57.3% after 48 hr. 
Because vascular endothelial cells actively desaturate 
[~4C]-eicosatrienoate to [14C]arachldonate {12), long-term 
incubation with [14C]eicosatrienoate results in a mixture 
of cellular ~4C-acyl groups. Cells incubated for 24 and 48 
hr with [~4C]eicosatrienoate contained 38.8 and 51.4%, 
respectively, of the incorporated ~4C-acyl groups as 
[~4C]arachldonate. There was also substantial elongation 
of the synthesized [14C]arachidonate to [~4C]docosatetra- 
enoate {Table 1). 

TABLE 2 

Percentage Distribution of Incorporated 14C-Fatty Acids 
in Diradylglycerobenzoates Prepared From Endothelial 
Choline Phospholipids 

Incubation time 

Lipidriass 24hr 48 hr 

Diacyl 84.4 a 86.9 
Alkylacyl 11.3 9.8 
Alkenylacyl 4.3 3.8 

aValues for each incubation time are means of the percentage 
distribution as determined from three separate aliquots of each 
cellular lipid extract. 

TABLE 3 

TABLE 1 

Percentage Distribution of Incorporated 14C in Cellular 
Fatty Aeyl Groups of Endothelial Cells Incubated 
With 8,11,14-[14C]Eicosatrienoate 

Incubation time 

Fatty acid 24 hr 48 hr 

16:0 1.2 a 1.6 
20:3n-6 44.6 29.3 
20:4n-6 38.8 51.4 
22:3n-6 2.9 1.9 
22:4n-6 12.6 15.8 

aValues are means of triplicate determinations in one of two similar 
experiments; standard errors were <5% for larger peaks and <10% 
for smaller ones. 

Percentage Distribution of 14C-Fatty Acyl Groups 
in Diradylglycerobenzoates Prepared From Diacyl- 
and Alkylacylglycerophosphocholines of Endothelial 
Cells Incubated With 8,11,14-[14C]Eicosatrienoate 

Incubation time 

24 hr 48 hr 
Fatty 
acid Diacyl Alkylacyl Diacy l  Alkylacyl 

16:0 9.1 a 4.7 14.3 4.3 
20:3 61.4 49.2 29.8 26.7 
20:4 26.3 36.2 44.5 59.0 
22:3 0.8 4.6 2.5 0.8 
22:4 3.2 5.3 8.9 9.5 

Ratio 20:4/20:3 0.43 0.73 1.49 2.21 

aValues are means from three independent derivatizations and 
analyses. 
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incubation, with ratios of 0.59 and 0.43 for the alkylacyl 
and diacyl fractions, respectively. In the replicated 48 hr 
experiment, the ratios were 1.24 and 0.85, respectively, 
for the alkylacyl and diacyl fractions; these values are 
lower than those in Table 3 due to less extensive desatura- 
tion of the incorporated [14C]eicosatrienoate. Statistical 
analysis of the combined data (n = 4) using the Student's 
t-test for paired samples indicated that  the ratio of 
[14C]20:4/[14C]20:3 in alkylacyl-GPC was significantly 
greater (p < 0.05) than that  in diacyl-GPC. 

DISCUSSION 

This study has demonstrated extensive incorporation of 
8,11,14-[14C]eicosatrienoate, as well as [14C]arachidonate, 
into alkylacyl-GPC of vascular endothelial cells. Although 
8,11,14~icosatrienoate is normally a minor component of 
endothelial phospholipids, the labeling procedure permits 
direct comparison of the patterns of esterification of 
8,11,14-[14C]eicosatrienoate with those of [14C]arachidon- 
ate, synthesized endogenously by desaturation of the 
[14C]eicosatrienoate. The results indicate quite similar 
patterns of utilization of 8,11,14-eicosatrienoate and 
arachidonate. Ex_Rmlnation of [~4C]20:4/[14C]20:3 ratios 
in alkylacyl-GPC and diacyl-GPC indicated a small but 
significant enrichment of alkylacyl-GPC with [~4C]ara- 
chidonate. Although substantially more [14C]eicosatri- 
enoate had been desaturated to []4C]arachidonate by 
48 hr than 24 hr, the extent of enrichment of alkylacyl- 
GPC with arachidonate was similar at 24 and 48 hr. This 
finding suggests that remodeling of the alkylacyl-GPC 
through deacylation-reacylation does not result in sul~ 
stantial replacement of 8,11,14-eicosatrienoate with 
arachidonate. 

The modest enrichment of endothelial alkylacyl-GPC 
with arachidonate relative to other polyunsaturated fatty 
acids observed in the present study is consistent with 
findings in other cells. Compositional data from many cell 
types including neutrophils (16), macrophages (17,18) and 
mastocytoma cells (19) indicate that  the aikylacyl-GPC 
fraction, although enriched with arachidonate, contains 
a mixture of sn-2 acyl groups. Indeed, loss of arachidonate 
from the sn-2 position of stimulated neutrophils is accom- 
panied by rapid reacylation of some of the resultant 
lysophospholipid with linoleate and oleate (6). In contrast, 
inactivation of exogenous PAF through the sequential ac- 
tivities of acetylhydrolase and transacylase and incor- 
poration of exogenous lyso-PAF is highly specific for 
reacylation with arachidonate in neutrophils (20), platelets 
(21-23) and macrophages (24). Recent results by Blank 
et al. indicate that  endothelial cells may be somewhat 
limited in their ability to reacylate Iys~PAF and may 
thus synthesize alkylacyl-GPC primarily by the de novo 
route (25). 

Our previous studies have demonstrated that the 
release of [14C]arachidonate from endothelial cells stimu- 
lated with thrombin, histamine or the calcium ionophore 
A23187 is 8- to 12-fold more extensive than that  of 
8,11,14-[~4C]eicosatrienoate {7,8). The present study pro- 
vides data which indicate extensive incorporation of 
8,11,14-[14C]eicosatrienoate into alkylacyl-GPC. There is 
some selectivity for esterification of [~4C]arachidonate, 
as opposed to 8,11,14-[14C]eicosatrienoate into alkylacyl- 
GPC, as evidenced by higher ratios of [~4C]20:4/[14C]20:3 

in alkylacyl-GPC than diacyl-GPC at both 24 and 48 hr. 
The extent of enrichment of alkylacyl-GPC with 
[]4C]arachidonate relative to [14C]eicosatrienoate is, how- 
ever, not sufficient to provide the 10-fold acyl specificity 
observed in the agonist-stimulatedrelease of arachidonate 
relative to eicosatrienoate (8,9). These results are thus 
consistent with the hypothesis that  the fatty acyl speci- 
ficity of arachidonate mobilization in endothelial cells is 
provided by the agonist-stimulated phospholipase A2 ac- 
tivity. It is likely that the agonist-stimulated deacylation 
of endothelial phospholipids, like that  in macrophages (5) 
and neutrophils (26), involves mobilization of arachi- 
donate from both alkylacyl- and diacyl-GPC. Further- 
more, stimulation of human umbilical-vein endothelial 
cells results in net loss of arachidonate from inositol-, as 
well as choline~phospholipids (27). There may also be con- 
tributions from ethanolamine-phospholipids and even 
triacylglycerols, as well (28). Indeed, recent evidence sug- 
gests that  porcine endothelial cells {29), like neutrophils 
(30), mobilize substantial amounts of arachidonate from 
alkenylacyl-GPE, as well as from choline phospholipids. 
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23rd Annual Hugh Lofland Conference on Arterial Wall 
Metabolism (May 24-27, 1989, Welches, Oregon). Rc ~ 
quests for information should be sent to M. R. Malinow, 
M.D., Chairman, Hugh Lofland Conference, Oregon 
Regional Primate Research Center, 505 NW 185th 
Avenue, Beaverton, OR 97006, (503) 690-5258. 

10th Anniversary Meeting of the European Association 
for Cancer Research (University College, Galway, Ireland, 
September 11-13, 1989). For further information, contact 
Dr. S. M. Lavelle, Experimental Medicine, University Col- 
lege, Galway, Ireland; or in North America, contact Dr. 
J. H. Weisburger, American Health Foundation, Valhalla, 
New York, NY 10595-1599. The program involves plenary 
lectures, workshops, symposia and poster sessions. 
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Recent Advances in the Purification, Characterization 
and Structure Determination of Lipases 
Edna Antonian 
Roche Diagnostic Systems, Inc., 340 Kingsland St., Nutley, NJ O7110-1199 

Recently, lipases have been purified from mammalian, 
bacterial, fungal and plant sources by different method- 
ologies. Purified lipases subsequently have been charac- 
terized for molecular size, metal binding capabilities, 
glycoside and phosphorus contents, and substrate speci- 
ficities. Primary structures of several lipases have been 
determined either from amino acid or nucleic acid 
sequences. Lipases sequenced to date share sequence ho- 
mologies including a significant region, Gly-X-Ser-X-GIy, 
that is conserved in all. The Ser residue is suspected to 
be essential for binding to lipid substrates. 
Lipids 23, 1101-1106 (1988). 

Lipases are enzymes that catalyze the hydrolysis of 
triacylglycerols of animal fats and vegetable oils. The 
rapid development of lipase structure determination and 
application is coincident with a renewed interest in devel- 
oping new domestic markets for U.S. surplus fats and otis. 
Recent reviews dealing with the potential for using lipases 

�9 and other enzymes for industrial purposes abound (1-8). 
Because of this interest, a review of lipase purifications, 
characterizations and structure determinations to update 
the existing literature (9-11) seemed valuable. 

ISOLATION AND PURIFICATION OF LIPASES 

Mammalian lipases. Mammalian lipases from rat liver 
(12-14) and porcine and human pancreas (15-18} were 
recently investigated. Rat hepatic lipase was purified to 
homogeneity by two independent groups (12,13). The 
purification involved a multistep procedure including 
chromatography with heparin-Sepharose affinity chroma- 
tography, DEAE-Sephacel anion exchange chromatog- 
raphy, and gel filtration on Ultrogel AcA 34 by the former 
group (12), and octyl-Sepharose 4B, heparin-Sepharose 
4B, hydroxyapatite and gel filtration by the latter (13}. 
Twu et al. (13} also reported a purification using an im- 
munoadsorbent column that had been prepared with rab- 
bit anti-lipase antibodies coupled to Sepharose 4B. A yield 
of 10% lipase activity was obtained with any of the 
methods of purification. The native enzyme had Mr of 
200,000, although when it was denatured it had Mr of 
53,000, suggesting that the active enzyme is composed 
of four subunits. The native protein was shown to be a 
single enzyme molecule of broad substrate specificity 
toward triacylglycerols, monoacylglycerols and phospho- 
glycerols. The enzyme was devoid of free sulfhydryl 
groups at the active site because the use of p-chloro- 
mercuribenzoate, an alkylating agent for the -SH group, 
did not change the enzyme activity as assayed using 
triolein, monoolein and dipalmitoylphosphatidylcholine. 

Abbreviations: CHAPS. 3-[(3-cholamidopropylkiimethylammonio]-l- 
propanesulfonate; HPLC, high performance liquid chromatography. 

However, diisopropylfluorophosphate, a serine inhibitor, 
did lead to loss of hydrolytic activity with all three 
substrates. Evidently serine residues are involved in the 
catalytic process. 

Bacterial lipases. A lipase of Staphylococcus aureus was 
isolated and purified by a sequence involving ammonium 
sulfate precipitation, hydrophobic interaction chroma- 
tography with Phenylsepharose CL-4B, and gel filtration 
through Sepharose CL-4B (19}. The enzyme had a Mr of 
300,000 in the native state and 45,000 when it was 
denatured, suggesting subunit association in the native 
state. Amino acid analysis by acid hydrolysis indicated 
the presence of 31% hydrophobic residues Ileucine, iso- 
leucine, phenylalanine and valine}, not very different from 
other proteins, but the absence of cysteine and methio- 
nine. Analysis of the nonprotein content indicated the 
presence of about 2% glycosidic residues, 0.05% of phos- 
phorous and traces of lipids. The presence of phosphorous 
may be due to phospholipids bound to the hydrophobic 
amino acid residues of the lipase. The lipase showed both 
esterase activity with Tween 20 (a water soluble ester} 
and lipase activity with olive oil. The lipase preparation 
was stable within a pH range of 5.0 to 9.0 and exhibited 
maximal activity at pH 8.0. Chelating agents and metals 
such as Ca 2+, Cd 2+ and Mn 2+ had little effect on the ac- 
tivity of this enzyme, implying that  the lipase is not a 
metalloenzyme. 

A lipase from this same bacterial species, but from a 
different strain, has been sequenced very recently (20}. 
From this sequencing study, Lee and Iandolo found that 
the molecular weight of their denatured enzyme was 
about 70,000 both by deduction from the DNA sequence 
and by SDS-polyacrylamide gel electrophoresis. In addi- 
tion to the molecular weight difference between the two 
lipases, there were major differences in amino acid com- 
positions that showed two quite different lipases were 
isolated from the same species of bacteria. 

A lipase from Pseudomonas aeruginosa, a pathogenic 
bacterium, was purified by electrophoresis (21). This 
research group had been interested in characterizing that 
enzyme to determine whether the lipase made any con- 
tribution to the pathogenic properties of the bacteria. The 
lipase is extraceUular and was present as high molecular 
weight aggregates {Mr = 500,000} that may be caused 
by association of lipopolysaccharides with the lipase. The 
lipopolysaccharides were, in fact, separated from the 
lipase by solubilization of the concentrated culture super- 
natant with the zwitterionic detergent CHAPS, 3-[(3- 
cholamidopropyl}dimethylammonio]-l-propanesulfonate. 
The solubilized enzyme was then separated on an isoelec- 
tric focusing gel, and a lipase band was subsequently 
eluted from the gel. The purified enzyme had a molecular 
weight of 29,000 and a pI value of 5.8. Lipase activity 
was measured photometrically with p-nitrophenylpalmi- 
tate or titrimetrically with olive oil as substrate. The 
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lipolytic activity appeared to depend on the presence of 
either the lipopolysaccharides or nonionic or zwitterionic 
detergents in the medium. In addition, lipase activity was 
stimulated by the presence of Ca 2+ ions. Characteriza- 
tion of the properties of this lipase is in progress to deter- 
mine possible contributons to the bacterial pathogenesis. 

Fungal lipases. Two lipase isozymes (I and II) were 
isolated and purified from AspergiUus niger {22) by a com- 
bination of DEAE-Trisacryl M ion exchange chromatog- 
raphy, Sephadex G-50 gel filtration and hydrophobic 
chromatography using Phenylsepharose CL-4B. The 
motivation for these studies originated from the indus- 
trial use of the original lipase preparation, namely as a 
flavor developer in milk by-products. Technological lipase 
applications in the food industry can be more accurately 
guided once enzymatic properties are clearly established. 
The results of these characterizations are shown in 
Table 1. 

The isozymes had somewhat different substrate speci- 
ficities. Lipase I gave high rates of hydrolysis with nitro- 
phenyl esters of C6-C12 fatty acids, while lipase II 
hydrolyzed esters of shorter chain fatty acids. The pres- 
ence of CaC12 and MgCI 2 increased the activity of lipase 
I, but not of lipase II. Lipase I was inhibited by Ag + 
and iodoacetamide, while lipase II was inactivated by 
Ag + and Hg 2+. It is well established that metal binding 
sites can play a key role in the activity of an enzyme by 
influencing the conformation of the active site. The 
significance of these metals on the activation (inhibition) 
of these isozymes will be a matter for study. Inhibition 
of activity of Lipase I by reaction with iodoacetamide sug- 
gested the presence of a free sulfhydryl group at its ac- 
tive site. In addition to the differences already enumer- 
ated, the authors have also detected differences in the 
results from using lipases I and II in the development 
of compositions related to flavor. 

A great deal of information was gathered on this en- 
zyme. Unfortunately, the validity of the substrate and 
metal binding data are questionable. The lipase catalyzed 

TABLE 1 

Properties of Two Isozymes from Aspergillus niger 

Lipase I Lipase II 

Mr 31,000 
pI 4.0 
pH of maximal activity 5-6 
% Carbohydrate content 6 
Relative quantities 

of glycosides 
Mannose 26 
Galactose 7 
Glucose 5 
Fucose 3 
Arabinose 3 
Hexosamine 2 

Substrate specificity long chains of 
fatty acids 

Activity effectors 
CaC12 activated 
MgC12 activated 
Ag + inhibited 
Hg 2+ unchanged 
Iodoacetamide inhibited 

19,000 
3.5 
5-6 

9 

2o 
0 

10 
14 
2 

13 
short chains of 

fatty acids 

unchanged 
unchanged 

killed 
killed 

unchanged 

hydrolysis of nitrophenyl esters of fatty acids is a two- 
step reaction. Initially a fatty acyl-lipase intermediate is 
formed, which then undergoes hydrolysis at a rate that 
is too fast to be measured by ordinary techniques {23}. 

Additionally, Tahoun et al. {24) report the isolation of 
an intracellular lipase of Mr 45,000, also from A. niger. 
Characterization of this protein was limited, but pre- 
liminary study revealed that the catalyst selected for 
short chain and unsaturated fatty acids and was able to 
esterify glycerol at both primary and secondary positions. 
On the other hand, the enzyme preferentially hydrolyzed 
acid residues from the primary glycerol position. 

In pioneering work, Iwai and Tsujisaki (25) isolated and 
characterized three lipolytically active components from 
the fungus, Rhizopus delernar. In our own research, we 
have developed a preparative high performance liquid 
chromatography {HPLC) method {gel filtration} to affect 
a partial purification of crude R. delernar lipase {Miles 
Laboratories, Inc., Elkhart, IN). We observed 10 micro- 
heterogeneous proteins using two dimensional SDS-poly- 
acrylamide gel electrophoresis of Mr = 38,900 with pI's 
ranging from 4.6 to 7.0. Amino acid analysis of this 
material revealed that the composition found for the R. 
delemar lipase is similar to that reported for Rhizopus 
arrhizus (26}, except for the amount of Glx, which is 
higher in the former. Similarities observed among lipases 
from various sources can be of great value in understand- 
ing the catalytic mechanism of action of crucial amino 
acids, and the evolutionary relatedness of lipases. How- 
ever, the existence of several differentially charged pro- 
teins casts doubt on previous reports of lipase purifica- 
tions from Rhizopus species. More detailed structural 
studies on R. delemar lipase are in progress at the U.S. 
Department of Agriculture in Philadelphia, PA. 

A lipase preparation from the fungus, Mucor miehei 
{recently classified as Rhizomucor miehei [27]} has re- 
ceived attention as a potentially useful catalyst for 1,3- 
positional interesterification {28,29}. Recently, Huge- 
Jensen et al. 127,30) isolated two lipolytically active glyco- 
proteins from this fungus that differed in degree of 
glycosylation. The steps in purification included chroma- 
tography of a crude precipitated powder on an anion- 
exchange column followed by either affinity chromatog- 
raphy (Con A-Sepharose) or hydrophobic interaction 
chromatography {Phenyl-Sepharose). Two lipase forms 
were obtained by independent sub-routines in the initial 
purification by anion exchange. The more highly glycosy- 
lated protein was converted to the less glycosylated 
variant in purification steps performed at low pH. Amino 
acid composition of both forms showed a similar protein 
backbone {27}. Although the lipase forms differed in other 
properties, they both exhibited strong selectivity for the 
primary glycerol position in hydrolysis, favored longer 
{:>C-10) fatty acid chains, and lacked triacylglycerol 
stereospecificity. The DNA sequence of both forms was 
very recently elucidated {27}; they had the same primary 
structure. 

Other lipase sources. Germinating oilseeds have been 
investigated by Hassanien and Mukherjee (31) as sources 
for lipases. Seeds generally contain a considerable amount 
of triacylglycerols that are processed by these lipases. 
Crude lipase preparations were isolated from seedling of 
rape (Brassica napus) and mustard (Sinapis alba) and 
cotyledons of lupine (Lupinus albus); each showed 
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specificity for the s n - l , 3  positions of triacylglycerols with 
m a x i m u m  act ivi ty  between pH 8 and 9. In this work, 
crude lipase prepara t ions  were obtained by  acetone or 
buffer solution ext ract ions  f rom easily grown seedlings. 
Locating active and stable lipases from plant  sources has 
spurred interest  in possible applications of plant  l ipases 
in enzymat ic  processing of fa ts  and otis. 

LIPASES: MOLECULAR STRUCTURE-- 
MOLECULAR BIOLOGY 

M a m m a l i a n  l i pases .  The s t ructura l  work on lipases is 
limited, and it seemed useful to consider a few of the 
earlier efforts  in order to place the mos t  recent research 
in perspective. The complete pr imary  structure of a lipase 
was first  determined by  De Caro et  al. (15) f rom the por- 
cine pancreas.  Earlier, part ial  lipase sequence da ta  had 
been published by  the same group {16,17). Amino acid se~ 
quencing by  au tomated  or manual  E d m a n  degradat ion 
was done on the cyanogen bromide f ragmented  enzyme. 
The porcine lipase was composed of a single chain of 449 
amino acids. The calculated molecular weight  of the pro- 
tein moie ty  was about  50,000, and glycosidic residues 
gave  a to ta l  molecular weight  of 52,000 as observed by 
sedimentat ion equilibrium analysis.  The glycan moiety  
of the lipase was bound to Asn-166 {16,32). Par t ia l  diges- 
t ion of the glycopept ide ~65Thr-Asn-Gly-Thr-Ile-Glu- 
Arg  171 yielded a glycopeptide containing only the '~Asn-  

Gly-Thr 1~ f ragment .  Based on glycoprotein l inkages 
determined previously, the oligosaccharide may  be bound 
either to Asn or Thr. The oligosaccharide was not  
hydrolyzed by  0.5 N NaOH, which suggested tha t  the site 
of glycosidation was Ash 166. The modification of an 
unidentified histidine residue by  diethyl pyrocarbonate ,  
forming carbethoxyhist idine,  inact ivated the lipase 
though the protein was able to adsorb on siliconized glass 
beads  intact.  This sugges ted  tha t  this residue was 
s i tua ted  at, or close to, the active site {32}. A serine 
residue tha t  is located at  position 152 was derivatized by 
reaction with diethylp-nitrophenyl phosphate. This amino 
acid may  be involved in substra te  binding {33,34}. Ser-152 
occurs in the amino acid sequence Gly-His-Ser-Leu-Gly, 
a region tha t  is homologous with other lipases; the bold- 
faced amino acids are highly conserved {Table 2). 

The p r imary  s t ruc ture  of human  hepatic lipase was 
repor ted very  recently {35). The lipase gene was mapped  
to the long arm of human chromosome 15. The amino acid 
sequence derived f rom the cDNA predicted a protein of 
476 residues with calculated molecular weight  of 53,249; 
it was preceded by  a signal peptide of 23 residues. The 
lipase showed conservat ion of two hydrophobic domains 
in common with mammal ian  hepatic, lipoprotein and pan- 
creatic lipases; Gly-Tyr-Ser-Leu-Gly and Ser-{X)6-Ser 
regions were pu ta t ive  lipid-binding regions (35). 

H u m a n  lipoprotein lipase was sequenced from a cDNA 
clone coding for a mature  protein of 448 amino acids with 

TABLE 2 

A Conserved Sequence Among Lipolytic Enzymes 

Substrate binding region 

Potential 
glycosylation 

sites 

N-X-T N-X-S 

{X§ 

140 150 
Rat hepatic lipase K V H L I G Y S L G A 1 1 

138 148 
Human hepatic lipase H V H L I G Y S L G A 3 1 

125 135 
Human lipoprotein lipase N V H L L G Y S L G A 1 1 

125 135 
Mouse lipoprotein lipase N V H L L G Y S L G A 1 1 

127 137 
Bovine lipoprotein lipase N V H L L G Y S L GA 1 1 

147 157 
Canine pancreatic lipase Q V Q L I G H S L G A 0 1 

145 155 
Porcine pancreatic Iipase N V H V I G H S L G S 1 0 

174 184 
Human lecithin cholesterol P V F L I G H S L G C 3 1 

acyltransferase 
146 156 

Rat lingual lipase K I H Y V G H S Q G T 1 4 
362 372 

Staphylococcus hyicus P V H F I G H S M G G 4 2 
405 415 

Staphylococcus aureus K V H L V G H S M G G 4 3 
76 86 

Pseudomonas fragi R V N L I G H S Q G A 0 0 
137 147 

Rhizomucor miehei K V A V T G H S L G G 0 0 
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a calculated molecular weight of 50,394 (36). I,ipoprotein 
lipase regulates the metabolism of plasma cholesterol and 
triacylglycerols. This lipase was 28% homologous to por- 
cine pancreatic lipase, 46% to rat hepatic lipase and 
almost completely homologous to bovine lipoprotein 
lipase (Table 2). 

Human lecithin-cholesterol acyltransferase cDNA- 
derived protein sequence was determined to have exten- 
sive homologies to mammalian lipases (37). This enzyme 
catalyzes the transfer of acyl groups from the sn-2 posi- 
tion of lecithin to the 3-OH of cholesterol. Physiologically, 
absence or malfunction of this enzyme results in the ac- 
cumulation of cholesterol in the tissues. The mature pro- 
tein contained 416 amino acids with a signal sequence of 
24 residues. The calculated molecular weight of the amino 
acid backbone was 47,090. The enzyme contained the 
putative lipid binding region Gly-His-Ser-Leu-Gly that 
was present in different enzymes of lipid metabolism 
(Table 2). 

Human pancreatic lipase was found to be a single 
polypeptide chain with Mr of 48,000 and has been par- 
tially sequenced (18). Specifically, amino acid residues at 
the N-terminus were sequenced; 21 of the residues showed 
homology with the N-terminus of porcine pancreatic 
lipase; 4 residues were not identical and 4 residues remain 
unidentified. Human lipase was also glycosylated. Com- 
plete primary structure of the human pancreatic lipase 
remains to be elucidated so that comparisons of func- 
tionality or structural homologies may be made with 
lipases of other origins. 

Bovine lipoprotein lipase was another lipase investi- 
gated for its structure and function relationship. Se- 
quences of NH2-terminal and tryptic peptides were ana- 
lyzed, revealing close homology of bovine lipoprotein 
lipase to porcine pancreatic lipase (38). One year later the 
complete primary structure was reported from the cDNA 
clone for lipoprotein lipase (39). The primary structure 
consisted of 450 amino acids in the unglycosylated form 
having a predicted molecular weight of 50,548. The en- 
zyme had two hydrophobic regions, Gly-Tyr-Ser-Leu-Gly 
and Ser-(X)6-Ser, that were present in other mamma- 
lian lipoprotein, hepatic and pancreatic lipases as well 
(Table 2) (35). 

The complete sequence of canine pancreatic lipase 
mRNA was revealed (40). The enzyme was translated as 
a preenzyme with 467 amino acids, of which 17 residues 
compose the signal peptide. The mature lipase was calcu- 
lated to have a molecular weight of 49,686. It showed 
75.6% homology with porcine pancreatic lipase. The 
potential substrate binding site found in the other lipases 
was conserved here as well (Table 2). 

Docherty et al. (41) have cloned and sequenced a rat 
lingual lipase. A preparation from the tongue serous 
glands was purified by chromatography on a carbox- 
ymethyl Sepharose CL6B column followed by gel filtra- 
tion on Sephadex G100. The molecular weight of the par- 
tially deglycosylated enzyme (Endoglycosidase H) was ca. 
41,000, and that of the glycosylated material was ca. 
52,000. The purified lipase was used to produce rabbit 
polyclonal antibodies for the preparation of an immunoaf- 
finity column for large scale purification of the lipase. 
These antibodies were also used for screening libraries. 

A cDNA library was constructed in plasmids from 
mRNA isolated from the serous glands of rat tongue. 

Polyclonal antibodies against the purified lipase were 
used to identify the clone carrying the rat lipase gene. 
Subsequently, partial sequence analysis was done on the 
purified lipase to elucidate the N-terminal region. This se- 
quence pinpointed the location of the signal peptide and 
that of the mature protein. A hydrophobic signal se- 
quence of 18 residues cleaved to yield the mature lipase 
consisting of 377 residues. 

This lipase shares sequence homology with porcine pan- 
creatic lipase over a short region including a Ser-153 that 
coincides with the porcine pancreatic lipase Ser-152, that 
is essential for binding to lipid substrates (Table 2). A se- 
cond and shorter segment of homology with porcine pan- 
creatic lipase included an Asn-166, a putative glycosyla- 
tion site in porcine pancreatic lipase as discussed pre- 
viously and predicted to be such a potential site in the 
rat lingual lipase. 

Rat hepatic lipase was purified, and partial amino acid 
sequence was determined by gas-phase microsequence 
analysis of proteolytic fragments (14). The enzyme had 
a molecular weight of ca. 52,700 obtained from SDS- 
polyacrylamide gels. The complete cDNA-derived amino 
acid sequence was obtained later with the help of an 
oligonucleotide probe synthesized on the basis of a par- 
tial sequence (42). The protein backbone was predicted 
to have a 53,222 molecular weight and was composed of 
472 amino acids. The lipase was preceded by a hydro- 
phobic leader sequence of 22 amino acids. The native 
lipase had an 8% (w/w) carbohydrate content (43). One 
of the two hydrophobic regions in common with other en- 
zymes of lipid metabolism is shown in Table 2. The second 
hydrophobic sequence found in mammalian hepatic, lipo- 
protein and pancreatic lipases, Ser-(X)6-Ser, was also 
present here. 

cDNA-derived amino acid sequence of mouse lipopro- 
tein lipase was also reported (44). The mature protein con- 
tained 447 amino acids with a predicted molecular weight 
of 50,314. Lipoprotein lipase is conserved extensively 
among mouse, human and bovine species. One of the 
putative substrate binding regions in homology with 
other enzymes of lipid metabolism is shown in Table 2. 

Bacterial lipases. The lipase gene from Staphylococcus 
hyicus hyicus has been cloned and its sequence deter- 
mined by Gotz et al. (45). The gene was cloned in plas- 
raids, expressed in S. carnosus, and subcloned in E. coli. 
The DNA sequence yielded a preprotein of 641 amino 
acids. The authors predicted the location of the signal se- 
quence based on homology with signal sequences from 
various organisms. The signal sequence was an N- 
terminal hydrophilic segment that was followed by a 
hydrophobic sequence ending in AIa-X-Ala that, finally, 
was followed by the sequence for the mature protein. In- 
terestingly, the S. hyicus hyicus lipase also contained the 
sequence Phe-Ile-Gly-His~er-Met-Gly-Gly; the bold-faced 
region is homologous with lipase sequences from porcine 
pancreas and rat tongue (Table 2). 

The lipase gene expressed in recombinantly trans- 
formed S. carnosus yielded an extracellular lipase with 
Mr value of 86,000, as determined by SDS-polyacryl- 
amide gel electrophoresis. However, lipase excreted from 
donor strain S. hyicus hyicus showed a Mr of only 
50,000. The authors attributed this molecular weight dif- 
ference to an identified extracellular proteolytic activity 
in S. hyicus hyicus. The molecular weight calculated from 
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the preprotein amino acid sequence, including the signal 
sequence, is 71,000. The authors  assumed the Mr 86,000 
form enzyme may  have hydrophilic or lipophilic con- 
t aminan t s  leading to a reduced mobil i ty  in SDS gels and 
a high relative molecular weight. 

The lipase gene f rom S. aureus  was cloned and se- 
quenced (19) as ment ioned above. Detect ion of lipase ac- 
t iv i ty  in th~ cloned gene was on an egg yolk medium. A 
posit ive lipase act ivi ty  was observed as a halo surround- 
ing the colony upon accumulat ion of hydrolyzed f a t t y  
acids. To localize the lipase gene, var ious plasmids  con- 
taining deletions at either end of the sequenced DNA frag- 
ment  were generated.  Deletions of DNA f ragments  al- 
lowed pinpoint ing the location of the gene. The D N A  se- 
quence revealed the presence of a signal sequence with 
the classical character is t ics  of a hydrophilic region 
followed by  hydrophobic amino acids and ending in 
Ala-X-Ala prior to the ma tu re  protein. The predicted 
mature  protein had a calculated basic pI  of 9.3 and a Mr 
of 70,000 as determined by  SDS-polyacrylamide gel elec- 
trophoresis.  Comparison of the nucleotide sequences of 
the S. aureus  and S. hy i cus  hy icus  l ipases revealed 46% 
homology, a significant amount .  The amino acid se- 
quences conserved between the two enzymes included the 
hydrophobic  amino acid-rich region {residue 310 to the 
C terminus} tha t  appeared to be associated with enzyme 
act ivi ty  as observed by  inact ivat ion of the enzyme upon 
insertion of a lysogenic phage  near  the carboxyl  end. 

Finally, the sequence Leu-Val-Gly-His-Ser-Met-Gly-Gly 
was found in S. aureus  lipase, and it contained the 
homologous region {boldface) found in all the lipases se- 
quenced to date  {Table 2). 

Kugimiya  et al. {46) cloned the lipase gene f rom 
P s e u d o m o n a s  fragi  in a plasmid. The lipase is known to 
have 1,3 posit ional specificity. The t r ibutyr ine  diffusion 
agar  method was used for the detection of lipase activ- 
ity. D N A  sequencing yielded a preprotein of 135 amino 
acids with a predicted Mr of about  15,000. A signal se- 
quence composed of most ly  hydrophobic amino acids was 
identified. Compar ison of the lipase amino acid sequence 
with those from other organisms sequenced to date again 
showed the presence of the short  homologous region 
Gly-His-Ser-X-Gly tha t  is shared by  porcine pancreatic,  
r a t  lingual, S. hy i cus  and S. aureus  lipases, as seen in 
Table 2. In addition, another  segment  of amino acid se- 
quence composed of five residues, falling in the signal por- 
tion, is homologous to the lipase f rom ra t  tonge. 

Funga l  lipases. The lipase gene f rom R h i z o m u c o r  
miehei  was cloned and sequenced {27) as mentioned above. 
The ma tu re  lipase was composed of 269 amino acids 
having a molecular weight  of 29,472. The lipase was syn- 
thesized as pa r t  of a 363 residues-long precursor  f rom 
which 24 amino acids were the signal sequence and 70 
residues were the propeptide.  The nat ive  enzyme was 
modified to two forms taking up either 11% (w/w) or 4% 
(w/w) carbohydrates .  This lipase also showed sequence 
conservat ion in the vicinity of one Ser residue, located 
in a s t re tch  of hydrophobic amino acid residues (27) 
{Table 2). 

Finally, all sequenced lipases except those from P. frag/ 
and R. miehei  contain potential  glycosylation sites (Table 
2), N-X-T or N-X-S, where X cannot  be proline {35). 
Oligosaccharides may  link either through N-acetyl-D- 
glucosamine to the amide nitrogen of an Asn or through 

N-acetyl-D-galactosamine to the hydroxyl  group of Ser 
or Thr. 

CONCLUSION 

We have entered an era in which the availabil i ty of pro- 
tein sequence information,  emerging da ta  for subs t ra te  
binding sites and the relat ionship of catalyt ical ly  act ive 
residue(s) to the binding site direct us toward protein 
engineering. Site selective t ransformat ions  through 
molecular biology techniques may  increase grea t ly  our 
unders tanding  of lipase mode of action, and could p r o  
vide semi-synthet ic  lipases having improved s tabi l i ty  
and/or desired subs t ra te  specificities. The prognosis  for 
the immediate  future appears  to be continued research 
into the nature  of lipases as an industrial ly impor tan t  
class of enzymes. A base of information currently is being 
generated tha t  will st imulate and encourage old industries 
into evaluat ing new applications. 
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Effect of Host Sterols on the Sterol Composition and Virulence 
of a Nuclear Polyhedrosis Virus of Heliothis zea 
Dorothy L Mac Donald' and Karla S. Rltter* 
Department of Bioscience and Biotechnology, Drexel University, Philadelphia, PA 19104 

The type of sterol in the diet of Heliothis  zea  affected 
not only the sterol composition of the insect larva but 
also the virulence and/or sterol composition of a single- 
nucleocapsid nuclear polyhedrosis virus (HzSNPV}. This 
baculovirus, which was purified by differential and 
sucrose density gradient centrifugation, had a sterol con- 
tent of 40 ng per 10 ~ polyhedra. When the sterol com- 
position of HzSNPV was characterized by gas liquid chr~ 
matography,  reversed phase-high performance liquid 
chromatography, mass spectrometry, proton nuclear 
magnetic resonance spectrometry and/or ultraviolet spet~ 
troscopy, the sterols in the virus were similar to those 
of the host.  The H z S N P V  isolated from larvae fed A 5-, 
A ~ or As,7-sterols contained primarily cholesterol, choles- 
tanol or 7-dehydrocholesterol, respectively. Changes in 
the sterol composition of HzSNPV affected its L D ~  but 
not LT5~ in larvae containing A5~terol. The LD50 of virus 
isolated from larvae containing A ~ A 5- and AT-sterols 
decreased from 275,423 to 32,359 to 5,012 polyhedral 
larva, respectively. The latter virus was also more 
virulent than the one that  was isolated from larvae con- 
taining As.7-sterol and had an LD~0 of 58,884 polyhedral 
larva. In contrast, the LDs0 of an HzSNPV (Sandoz, Inc.} 
containing As~sterols was not affected by the presence of 
h 5-, A Q- or As,7-sterols in the t issues of the host  (1,413; 
1,288 and 355 polyhedra]larva, respectively}. The results 
of this s tudy indicate that  the sterol composit ion of 
H. zea can affect the sterol composition of H z S N P V  and 
therefore may affect the ability of this biological control 
agent to control its economically important insect host.  
Lipids  23, 1107-1113 (1988). 

1Present address: Dept. of Microbiology, University of Penn- 
sylvania, Philadelphia, PA 19104. 

*To whom correspondence should be addressed at present address: 
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Abbreviations: %, k' for the test sterol]k' for cholesterol; TMS, 
Si(CH3)4; X 2, chi-square; dr, degrees of freedom; EM, electron 
microscopy; GLC, gas liquid chromatography; 1H-NMR, proton 
nuclear magnetic resonance spectrometry; HzSNPV, single- 
nucleocapsid nuclear polyhedrosis virus of H. zea; k', {V t - V0)V0; 
LD5o, median lethal dose; LTs0, median lethal time; MS, mass spec- 
trometry; NPV, nuclear polyhedrosis virus; RP-HPLC, reversed 
phase-high performance liquid chromatography; RRT, retention time 
relative to cholesterol; TLC, thin layer chromatography; UV, 
ultraviolet spectroscopy; V 0, void volume; V t, retention volume of 
the sterol. 

The systematic nomenclature for the sterols referred to by their 
trivial names is: cholestanol, 5a-cholestan-3~-ol; cholesterol, cholest- 
5-en-3fPol; 7-dehydrocholesterol, cholesta-5,7-dien-3fl-ol; desmosterol, 
cholesta-5,24-dien-3~-ol; 22-dihydroergosterol, 24~-methylcholesta- 
5,7-dien-3~-ol; ergosterol, 24~-methylcholesta-5,7,22-trien-3/3-ol; 
lathosterol, cholest-7-en-3fl-ol; 24~-methylcholesterol, 245-methyl- 
cholesta-5-en-3~-ol; sitosterol, 24a-ethylcholest-5-en-3~-ol; stigma- 
sterol, 24a-ethylcholest-5,22-dien-3/3-ol. 

The functional role of sterols in viruses is still poorly 
understood. The sterols in the envelope of viruses p rob -  
ably function as impor tant  s tructural  components,  just  
as they do in the membranes of cells (1). Sterols may be 
necessary in the envelope to assure tha t  the virions are 
released from the host cell and/or can enter other suscep- 
tible cells {2}. Interestingly,  the depletion of cholesterol 
from vesicular s tomati t is  virus caused a substantial  loss 
of infectivity of the virions (3,4}. Although the sterol com- 
position of some viruses has been determined (5), the 
quant i ty  and type of sterol in many other  enveloped 
viruses {e.g., baculoviruses of insects} is unknown. 

Viruses are not  known to carry the genes responsible 
for the synthesis  of enzymes involved in lipid synthesis 
(1}. Therefore, the lipids such as sterols in the envelope 
appear to be derived from the host cell. This suggests that  
if the sterol composition of an organism changed, the 
sterol composition of the virus might  be affected. Bates  
and Rothblat  (6} found tha t  when vesicular s tomati t is  
virus was grown in L cells, which were different from nor- 
mal cells grown in tissue culture because they contained 
desmosterol instead of cholesterol, the virus contained 
only desmosterol and no cholesterol. The stability, growth 
and plaquing efficiency of the virus, however, was not af- 
fected by the presence of this hs'24-sterol. In contrast,  the 
fusion of certain viruses (e.g., Semliki Forest  virus [SFV] 
[7], Sindbis virus [8] and Sendal virus [9]} to liposomes 
was dependent  on the quant i ty  or s t ructure  of the sterol 
present  in the liposome. When androstanol, cholestanol, 
coprostanol or sterols lacking a 3t-OH group were used 
in place of cholesterol in the liposome, the percentage of 
fusion of SFV with the liposome was reduced to 88.5, 53, 
40 and ~<13% of tha t  of cholesterol, respectively {7}. 
Therefore, further  studies of the effect of host sterols on 
the sterol composition and infectivity of viruses are 
warranted.  

Many animals contain cholesterol as their tissue sterol, 
because they can synthesize this molecule from acetate  
(10), and so their enveloped viruses also usually contain 
this sterol {11}. However, some invertebrates,  such as in- 
sects, cannot synthesize sterols de novo and so obtain 
them exogenously in order to synthesize membranes and 
hormones {e.g., ecdysteroids} (12}. Thus, the sterol com- 
position of an insect may vary  depending on its ability 
to utilize and/or metabolize different exogenous sterols 
(e.g., phytosterols} in its tissues. For example, the prin- 
cipal tissue sterols in the larva of the corn earworm, 
H e l i o t h i s  zea,  are  cholestanol, cholesterol, 7-dehydrocho- 
lesterol or lathosterol when various A ~ A s-, A 5,7- or 
A7-24-alkyl - and desalkylsterols are its dietary sterols, 
respectively {13,14}. Therefore, it is of interest  to know 
whether changes in the sterol composition of insects can 
affect the sterol composition and]or virulence of their 
enveloped viruses, particularly those that  are biological 
control agents of insect pests  or are vectored by them. 
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Cholesterol is the only sterol that has been reported 
from those enveloped insect viruses which have been 
studied {e.g., Chilo iridescent virus [15]). Although the 
nuclear polyhedrosis viruses (NPV) of Bombyx mori {16), 
Lymantria dispar (17) and Pseudaletia unipuncta (18) are 
known to contain lipids {e.g., phospholipids), the sterol 
composition of this type of virus has never been investi- 
gated. 

Consequently, the purpose of the present study was: 
(a) to determine the quantity of sterol in a single-nucleo- 
capsid nuclear polyhedrosis virus of H. zea (HzSNPV); 
(b) to investigate whether infection with HzSNPV alters 
the normal metabolism of sterols in H. zea larvae; (c) to 
determine how the sterol composition of the insect affects 
the sterol composition of the baculovirus; and {d) to study 
how the sterol composition of HzSNPV affects its 
virulence. 

MATERIALS AND METHODS 

H. zea~ A disease-free colony of H. zea was established 
from eggs kindly provided by Dr. N. C. Leppla (USDA, 
Gainesville, FL) and maintained as described previously 
{19}. The experimental larvae were fed a variety of ar- 
tificial diets which affected their sterol composition. Some 
larvae were reared on medium that contained cholesterol 
{recrystallized twice from ethanol; 50 mg/100 ml diet; J. T. 
Baker Chemical Co., Phillipsburg, NJ) and was supple- 
mented with wheat germ and Mazola corn oil {19}; the 
principal tissue sterol in these larvae was cholesterol (20}. 
Other larvae were fed diets which contained ergosterol 
(recrystslllzed twice from ethanol; ICN Pharmaceuticals, 
Inc., Cleveland, OH), cholestanol (Applied Science Labo- 
ratories, State College, PA) or lathosterol {Research Plus 
Steroid Laboratories, Bayonne, N J) (20 mg/100 ml diet} 
and were supplemented with linoleic and linolenic acid 
{21}; the principal tissue sterols in these larvae were 
7-dehydrocholesterol {14), cholestanol or lathosterol, 
respectively {13}. 

Propagation, isolation and purification of HzSNPV. 
HzSNPV, a gift from Dr. T. R. Shieh {Sandoz, Inc., Home- 
stead, FL), was propagated in larvae of H. zea, which con- 
tained a variety of tissue sterols. The 5th-instar larvae 
were inoculated per os (22) with 1.0 • 105 to 1.0 • 107 
polyhedral4 ~l H20, using a blunt 30-gauge needle at- 
tached to a 1/4 ml syringe mounted on a microburet 
(Micro-Metric Instrument Co., Tampa, FL). Five days 
later, the moribund larvae were collected and frozen until 
the HzSNPV was isolated from the tissues and purified 
by differential and sucrose density centrifugation. The 
larvae were thawed, triturated in H20, the homogenate 
filtered through cheesecloth and the filtrate centrifuged 
at 11,872 g. The pellet was resuspended in H20 and cen- 
trifuged at 475 g for 10 min. The supernatant containing 
the HzSNPV was then centrifuged at 11,872 g for 20 min 
to pellet the polyhedra. The virus was layered onto 
sucrose step gradients (consisting of equal amounts of 50 
and 80% sucrose} and centrifuged at 54,000 g for 2 hr. 
The band containing the polyhedra was then collected and 
the polyhedra washed and lyophillzed. 

Electron microscopy of HzSNPV. Fat body and tra- 
cheae from infected larvae containing cholesterol were 
prepared for electron microscopy (EM) and examined 
using a Philips EM 300 electron microscope, as described 

previously {23}, in order to confirm that the virus was a 
single-nucleocapsid NPV. 

Quantitation of insect tissue sterol associated with 
HzSNPV. The amount of exogenous sterol from the host 
tissues, which was associated with the purified HzSNPV, 
was determined by combining an equal weight of infected 
larvae (fed unlabeled cholesterol) with noninfected larvae 
(fed radiolabeled cholesterol} and measuring the amount 
of radioactivity associated with the HzSNPV isolated 
from the mixture. The infected larvae were reared on diet 
that contained unlabeled cholesterol (15 mg/100 ml) and 
was supplemented with linoleic and linolenic acid {19}. The 
noninfected larvae were reared on a similar diet that also 
contained [7-3H]cholesterol (37 Ci/mmol; New England 
Nuclear, Boston, MA). The radiolabeled sterol was diluted 
with the unlabeled cholesterol so that the final specific 
activity of cholesterol in this diet was 2.58 mCi]mmol. The 
polyhedra were isolated from the tissues, as described 
above, and the number of polyhedra/ml calculated using 
a bacteria counter {C.A. Hausser and Son, Philadelphia, 
PA). The amount of exogenous sterol associated with the 
virus was determined by solubilizing the purified poly- 
hedra (5.93 to 16.70 X 106) in 0.5 ml Protosol (New 
England Nuclear), neutralizing the solution with glacial 
acetic acid to prevent chemiluminescence, suspending it 
in 10 ml of 3a20 scintillation cocktail {Research Products 
International Corp., Mount Prospect, IL) and measuring 
the amount of radioactivity present with an LS 7500 
liquid scintillation counter (Beckman Instruments, Irvine, 
CA). The counts were corrected for quench and back- 
ground and the _ values represent the standard devia- 
tion of the mean. 

Quantitation of sterol in insect tissue. In order to con- 
firm that sterol was present in the insect tissues, samples 
of fat body (1.0 to 2.8 mg) were isolated from larvae fed 
the diet containing [7-3H]cholesterol, weighed and 
digested in 1 ml of Protosol. The solution was then 
neutralized and the amount of radioactivity/rag of tissue 
determined by scintillation counting. 

Quantitation of sterol in HzSNPV. The total amount 
of sterol associated with the polyhedra was determined 
by isolating the virus from infected larvae reared on diet 
containing [7-3H]cholesterol and measuring the amount 
of radioactivity associated with the polyhedra {1.35 to 
2.03 • 106}, as previously described. The proportion of 
sterol that was probably exogenous was then subtracted 
from this value in order to determine the amount of en- 
dogenous sterol present in HzSNPV. 

Bioassays. Fifth-instar larvae that contained various 
tissue sterols were inoculated per os with HzSNPV, which 
had been propagated in larvae containing various tissue 
sterols or obtained from Sandoz Inc., to ascertain the ef- 
fect of the different sterols on the virulence {i.e., the 
LD56) of the virus. The various doses of HzSNPV were 
prepared using the bacteria counter to determine the num- 
ber of polyhedra/ml. The larvae were examined daily for 
the signs and symptoms of disease. In each bioassay, the 
median lethal time (LTs0) of the virus was determined 
from the time course of infection and the median lethal 
dose (LDs0) calculated using probit analysis (24}. 

Isolation of sterols from HzSNPV. The lipids from 
HzSNPV (Sandoz, Inc.) were obtained by continuous ex- 
traction of the polyhedra with acetone in a Soxhlet ap- 
paratus for 24 hr. The lipids from other HzSNPV (isolated 
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from larvae of H. zea) were obtained using a modified 
Bllgh-Dyer technique (25). The lyophilized polyhedra were 
hydrated, suspended in chloroform-methanol, incubated 
at 60~ for 15 to 20 rain and the filtrates from 3 extrac- 
tions pooled. The lipids in both the acetone and chloro- 
form-methanol extracts were saponified in 5% KOH in 
90% ETOH during refluxing for 1 hr or at 60~ over- 
night. The neutral lipids were then extracted with diethyl 
ether. Due to the small sample size, the 4-desmethyl- 
sterols were rapidly isolated by preparative thin layer 
chromatography (TLC) on Silica Gel G using a solvent 
system of benzene and ethyl acetate (9:1, v/v}. Some of 
the isolated 4-desmethylsterols from the Sandoz HzSNPV 
were then separated from one another via preparative 
reversed phase-high performance liquid chromatography 
(RP-HPLC) using a Perkin-Elmer Series I liquid chroma- 
tograph, equipped with a variable wavelength UV detec- 
tor and a Perkin-Elmer preparative Cls column at 30~ 
The mobile phase was 100% acetonitrile at a flow rate 
of 10 ml/min. The sample was injected in 2 ml of iso- 
propanol and the sterols collected in 10 ml fractions. 

Isolation of sterols from infected larvae. Larvae of 
H. zea were homogenized with a Sorvall Omni-Mixer (Du- 
pont Instruments, Newtown, CT), the lipids extracted 
with chloroform-methanol and saponified, as previously 
described. The neutral lipids were extracted with diethyl 
ether and the 4-desmethylsterols isolated by TLC or col- 
umn chromatography on silicic acid (10 mg lipid/g adsorb- 
ent; Unisil, Clarkson Chemical Co., Inc., Williamsport, 
PA). The latter procedure utilized an elution scheme of 
increasing amounts of ether in hexane and the eluent was 
monitored by TLC and gas liquid chromatography (GLC), 
Some or all of the isolated 4-desmethylsterols were then 
separated from one another via preparative RP-HPLC, 
as previously described. 

Identification of sterols. The sterols isolated from 
HzSNPV and infected larvae were characterized by GLC, 
RP-HPLC, ultraviolet spectroscopy (UV), mass spec- 
trometry (MS) and/or proton nuclear magnetic resonance 
spectrometry (1H-NMR) and identified after comparing 
their characteristics to those of the dietary sterols and 
standards (e.g., cholestanol, cholesterol, 7-dehydrocholes- 
terol [Sigma Chemical Co., St. Louis, MO], desmosterol 
[Sigma Chemical Co.], ergosterol, lathosterol, 24~-methyl- 
cholesterol [Research Plus Steroid Laboratories], sito- 
sterol [Sigma Chemical Co.], and stigmasterol [Sigma 
Chemical Co.]) and/or the published descriptions of sterols 
(e.g., 22-dihydroergosterol [26], hT-24~-methylcholes - 
tenol, and hT.22-24~-methylcholestenol [27]}. 

GLC was performed using a Perkin-Elmer Sigma 3B 
chromatograph and a 1% SE-30 and/or a 3% QF-1 col- 
umn at 230 to 235~ Rates of movement of the sterols 
were expressed as retention times relative to cholesterol 
(RRT) +_ the actual range of the results. Analytical 
RP-HPLC was performed on a Perkin-Elmer Series 3B 
liquid chromatograph equipped with a variable wave- 
length UV detector, stopflow capabilities and a Zorbax 
ODS (C~s) column at 45~ The mobile phase was aceto- 
nitrile/isopropanol (80:20, v/v) at a flow rate of 2 ml]min. 
The k' value ( [Vt -  V0]/V0 where Vt is the retention 
volume of the sterol and V0 is the void volume} for 
cholesterol was determined and used to calculate the ac 
values (k' for the test sterol/k' for cholesterol) of the 
experimental peaks. The _-_4- values "associated with the 

a~'s represent the actual range of the results. Ultraviolet 
absorption spectra were obtained by scanning the in- 
dividual peaks from analytical RP-HPLC between 200 
and 300 nm. MS was performed via direct probe on a 
model 4000 Finnigan instrument with electron impact 
ionization at 70 eV. The _ values associated with the 
percentage of the ions present represent the actual range 
of the results. 'H-NMR was performed at 360 MHz at 
ambient temperature on a Bruker instrument, model 
WH360; up to ca. 1 to 2 mg of sterol was dissolved in 
CDC13 and Si(CH3)4 (TMS) was the internal standard. 

RESULTS 
Identification of sterols. The characteristics of the sterols 
isolated in this study are summarized below: 

Cholestanol. The RRTs in GLC were 1.09 + 0.02 on 
QF-1 and 1.00 __ 0.02 on SE-30. The m/e of the ions in 
MS were: 388 (M +, 22%}, 373 (M+-CH3, 11%}, 355 
(M+-CH3-H2 O, 4%), 273 (M+-SC-2H, i%), 257 
(M+-SC-H20,  2%}, 233 (M+-SC-C~Hs, 79%}, 231 
(M+-SC-C3Hs, 7%) and 215 (M+-SC-C3H6-He O, 100%}. 
The chemical shifts, in ppm from TMS, of protons in 
1H-NMR were: C-18, 0.64 (s}; C-19, 0.80 is}; C-21, 0.90 (d, 
J -- 7 Hz); C-26 and 27, 0.86 and 0.86 (d, J = 6 Hz). 

Cholesterol. The RRTs in GLC were 1.00 + 0.01 on 
QF-1 and SE-30. The a c in RP-HPLC was 1.00 __ 0.01 
with an UV absorption maximum at 208 nm. The m/e of 
the ions in MS and the chemical shifts, in ppm from TMS, 
of protons in 'H-NMR were similar to published values 
(27}. 

7oDehydrocholesterol. The RRTs in GLC were 1.12 _+ 
0.01 on QF-1 and 1.08 _ 0.01 on SE-30. The a c in 
RP-HPLC was 0.77 +_ 0.01 with UV absorption maxima 
at 208, 273, 283 and 295 nm. The m/e of the ions in MS 
and the chemical shifts, in ppm from TMS, of protons in 
1H-NMR were similar to published values (27). 

Desmosterol. The ac in RP-HPLC was 0.69 -X-_ 0.01 
with a UV absorption maximum at 208 nm. The m/e of 
the ions in MS were: 384 (M +, 78%}, 369 (M+-CH3, 
44%), 273 (M+-SC-2H, 100%} and 253 (M+-SC - 
H20-2H, 11%}. 

22-Dihydroergosterol. The ar in RP-HPLC was 0.86 +_ 
0.01 with UV absorption maxima at 208, 272, 283 and 
294 nm. The m/e of the ions in MS were: 398 (M +, 37 -- 
21%}, 383 (M+-CH3, 7%), 380 (M+-H2 O, 6 +_ 6%), 365 
(M+-CHa-H~O, 41 _+ 33%), 339 (M+-C3Hs-H20, 23 _+ 
19%}, 337 (M+-C3HT-H20, 5 __ 1%), 271 (M+-SC, 59 +- 
11%}, 253 (M+-SC-H20, 37 ___ 22%}, 211 (M+-SC - 
C3H6-H20, 52 +_ 30%) and 209 (M+-SC-CaHs-H2 O, 
12 __ 5%). The chemical shifts, in ppm from TMS, of pro- 
tons in 1H-NMR were: C-18, 0.62 (s); C-19, 0.94 is); C-21, 
0.93 (d, J = 7 Hz); C-26 and 27, 0.79 and 0.78 (d, J = 7 
Hz); C-28, 0.86 (d, J = 6 Hz), 

Ergosterol The RRTs in GLC were 1.21 _+ 0.01 on QF-1 
and 1.20 ___ 0.01 on SE-30. The ar in RP-HPLC was 
0.72 _ 0.01 with UV absorption maxima at 208, 272, 283 
and 294 nm. The m/e of the ions in MS and the chemical 
shifts, in ppm from TMS, of protons in 1H-NMR were 
similar to published values (27}. 

24~-Methylcholesterol. The RRTs in GLC were 1.29 +_ 
0.01 on QF-1 and 1.30 +_ 0.05 on SE-30. The ar in 
RP-HPLC was 1.12 +_ 0.02 with a UV absorption max- 
imum at 208 nm. The m/e of the ions in MS were: 400 
(M +, 100%), 385 (M+-CH3, 26%), 382 (M+-H20, 30%}, 
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367 (M+-CH3-H2 O, 22%), 315 (M+-85, 26%), 289 
(M+-CTH11, 26%), 273 (M+-SC, 9%), 255 (M+-SC-H2 O, 
17%), 231 (M+-SC-C3H6, 9%), 229 (M+-SC-C3Hs, 9%) 
and 213 (M+-SC-CsH6-H2 O, 22%). The chemical shifts, 
in p p m  f rom TMS, of protons  in ' H - N M R  were: C-18, 
0.68 (s); C-19, 1.00 {s); C-21, 0.90 {d, J = 7 Hz); C-26 and 
27, 0.77 and 0.84 (d, J = 6 Hz); C-28, 0.79 (d, J = 7 Hz) 
for 24a-methylcholesterol and C-18, 0.68 (s); C-19, 1.00 (s); 
C-21, 0.91 (d, J -- 7 Hz); C-26 and 27, 0.85 and 0.78 (d, 
J = 7 Hz); C-28, 0.79 (d, J -- 7 Hi)  for 24~-methyl- 
cholesterol. 

Sitosterol. The RRTs in GLC were 1.53 ___ 0.02 on QF-1 
and 1.63 _+ 0.02 on SE-30. The ar in R P - H P L C  was 
1.25 _ 0.02 with a UV absorpt ion m a x i m u m  at  208 nm. 
The m/e of the ions in MS and the chemical shifts, in p p m  
f rom TMS, of protons  in 1H-NMR were similar to 
published values (27). 

Stigmasterol. The RRTs  in GLC were 1.29 +__ 0.01 on 
QF-1 and 1.44 +_ 0.09 on SE-30. The ar in R P - H P L C  
was 1.08 +_ 0.00 with a UV absorpt ion m a x i m u m  at  
208 nm. The m/e of the ions in MS and the chemical shifts, 
in p p m  f rom TMS, of protons  in ' H - N M R  were similar 
to  published values (27). 

Sterols from infected larvae. The principal sterols pres- 
ent in infected insects in this s tudy  were similar to those 
found previously in noninfected larvae (13,14,20). The 
sterols isolated from 25.1 g of infected larvae-fed diet con- 
ta lning cholesterol (Table 1) were 95% cholesterol, <1% 
24a- and 24/~-methylcholesterol, 3% sitosterol,  <1% 
st igmasterol  (characterized by  GLC, R P - H P L C ,  UV, MS 
and ' H - N M R  with the exception of s t igmasterol  which 
was characterized by  MS and 1H-NMR, only) and <1% 
desmosterol  (characterized by  R P - H P L C  and MS). 

The sterols isolated f rom 20.4 g of infected larvae-fed 
diet containing cholestanol (Table 1) were >95% cho- 
lestanol (characterized by  GLC, MS and ~H-NMR) and 
<5% cholesterol (characterized by  RP-HPLC) .  

The sterols isolated f rom 56.7 g of infected larvae-fed 
diet containing ergosterol  (Table 1) were 8 +_ 4% choles- 
terol, 50 _+ 8% 7-dehydrocholesterol, 37 +_ 7% ergosterol  
(characterized by  GLC, R P - H P L C ,  UV, MS and 'H-  
NMR), 6 _ 3% lathosterol plus hT-24~-methyleholestenol 

plus h7.22-24~-methylcholestenol, <1% 22-dihydroergo- 
sterol (characterized by  R P - H P L C ,  UV, MS and 1H- 
NMR), and <1% unidentified component(s). The latho- 
sterol was character ized by  the unique C-18 peak at  
0.53 p p m  in 1H-NMR (its GLC values corresponded to 
those of 7-dehydrocholesterol, and its R P - H P L C  and MS 
values corresponded to those of cholesterol). T h e  h7-24~ - 
methylcholestenol was characterized by  the a c of 1.15 +_ 
0.02 in R P - H P L C ,  M + of 400 in MS, and the C-18 peak  
a t  0.54 p p m  in 1H-NMR. The hT.22-24~-methylcholestenol 
was characterized by  the ac of 0.94 +_ 0.01 in R P - H P L C ,  
the M + of 398 in MS and the C-18 peak a t  0.54 p p m  in 
1H-NMR. 

Sterols from HzSNPV. The sterols present  in HzSNPV 
(observed to be a single-nucleocapsid virus by  EM), 
isolated f rom 38.1 g of infected larvae-fed diet contain- 
ing cholesterol {Table 1), were 70% cholesterol and 18% 
sitosterol  (characterized by  GLC, R P - H P L C ,  UV, MS 
and 'H-NMR) ,  11% 24~-methylcholes terol  and  2% 
s t igmastero l  (characterized by  GLC and MS). The la t ter  
24-alkylsterols were probably  derived f rom the plant  
mater ia l  in the diet. 

The sterols isolated f rom 120 g of HzSNPV ISandoz, 
Inc.) {Table 1) were 56% cholesterol, 12% 24a- and 24g- 
methylcholesterol ,  28% sitosterol  and 5% s t igmasterol  
(characterized by  GLC, R P - H P L C ,  UV, MS and 
1H-NMR). 

The sterols present  in H z S N P V  isolated f rom 31.8 g 
of infected larvae fed a diet containing cholestanol 
(Table 1) were 99% cholestanol (characterized by  GLC, 
MS and ~H-NMR) and 1% cholesterol (characterized by  
GLC). 

The sterols present  in HzSNPV,  isolated f rom 16.6 g 
of infected larvae-fed diet containing ergosterol (Table 1), 
were <2% cholesterol, 67% 7-dehydrocholesterol,  <2% 
22-dihydroergosterol  and 30% ergosterol.  These  sterols 
were characterized by  R P - H P L C  and UV. 

Quantity of insect tissue sterol associated with 
HzSNPV. When infected larvae (reared on a diet contain- 
ing unlabeled cholesterol) were homogenized in a 1:1 ratio 
wi th  noninfected larvae (reared on a diet containing 
[7-3H]-cholesterol), the average  amount  of radioact iv i ty  

T A B L E  1 

S t e r o l  C o m p o s i t i o n  o f  I n f e c t e d  L a r v a e  o f  H .  z e a  a n d  T h e i r  H z S N P V  

% Total sterol in: 

HzSNPV from larvae-fed diet containing: Infected larvae-fed diet containing: 

Sterol Cholestanol Cholesterol Ergosterol Cholestanol Cholesterol Ergosterol 
HzSNPV 

(Sandoz Inc.) 

Cholestanol >95 -- -- 99 -- -- -- 
Cholesterol <5 95 8 1 70 <2 56 
7-Dehydrocholesterol -- -- 50 -- -- 67 -- 
Desmosterol -- <i . . . . .  
22-Dihydroergosterol -- -- <I -- -- <2 -- 
Ergosterol -- -- 37 -- -- 30 -- 
24~-Methylcholesterol -- < 1 -- -- 11 -- 12 
Sitosterol -- 3 -- -- 18 -- 28 
hT-Sterols a -- -- 6 . . . .  
Stigmasterol -- < 1  - -  - -  2 - -  5 
Unidentified -- -- <1 . . . .  

aLathosterol, h7-24~-methylcholestenol and hT.22-24~-methylcholestenol. 
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associated with the purified nonlabeled polyhedra was 
125 + 115 dpm/10 s polyhedra. Therefore, the average 
number  of exogenous cholesterol molecules contaminat-  
ing the polyhedra preparation was 2.63 • 10 ~3 _+ 2.41 • 
10 ~3 moleculesll0 ~ polyhedra. 

Quantity of sterol in HzSNPV. The average amount  of 
radioactivity associated with polyhedra isolated from lar- 
vae (reared on a diet containing [7-3H]cholesterol) was 
903 + 349 dpIn/106 polyhedra. Therefore, the average 
number of cholesterol molecules associated with the 
polyhedra was 9.52 X 1013 - - - - -  3.7 X 1013 molecules/10 e 
polyhedra. Consequently, because the percentage of the 
total  cholesterol tha t  was actually associated with the 
virus, and not  due to tissue contamination,  was 72.4%, 
the amount of endogenous cholesterol present in the virus 
was 6.89 X 1013 molecules/106 polyhedra or 40 ng/106 
polyhedra. 

Quantity of sterol in insect tissue. Dietary sterol was 
present  in insect tissue. The average amount  of radioac- 
t ivi ty  present  in the fat  body from uninfected larvae-fed 
diet containing [7-3H]cholesterol was 16,104 _+ 3,755 
dpm/mg tissue. Therefore, the average number of choles- 
terol molecules in the insect fat  body was 1.69 X 10 ~5 +_ 
3.9 • 10 TM molecules/mg of insect t issue or 1.09 ~g/mg 
of insect tissue. 

Effect of different host sterols on the virulence of 
HzSNPV. The effect of various host  sterols, on the 
virulence of HzSNPV obtained from Sandoz, Inc., was 
determined via bioassays of this virus in larvae-fed diets 
containing various sterols. The presence of h~ in 
the tissues of the host did not  affect the virulence of the 
virus because there was no significant difference between 
the LDs0's of the virus (1,413 and 1,288 polyhedraflarva) 
in the larvae~fed cholesterol and cholestanol, respectively. 
Although the larvae-fed ergosterol, and so containing 
As.7-sterols in their  tissues, appeared to be more suscep- 
tible to the virus (LDs0 of 355 polyhedra/larva), this dif- 
ference may  not  be significant due to  overlapping 95% 
confidence intervals (Table 2 and Fig. 1). 

Effect of different virus sterols on the virulence of 
HzSNPV. The effect of various viral sterols on the viru- 
lence of HzSNPV was determined via bioassays of 
HzSNPV (propagated in larvae-fed various sterols) in 
larva~fed diet containing cholesterol. The presence of A s- 
versus h~ in the virus affected its virulence be- 
cause there was a difference in the LD~0's of the viruses 
(32,359 and 275,423 polyhedra/larva, respectively) in the 
larvae-fed cholesterol. Because of overlapping 95% 
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FIG. 1. Dosage-mortality responses of H.  z e a  fed cholestanol (A), 
cholesterol (13) or ergosterol (C} to H z S N P V  (Sandoz, Inc~}. Fiducial 
bands represent 95% limits. 

confidence intervals (Table 3), the virulence of the virus 
containing hs.7-sterol (LD~0 of 58,884 polyhedredlarva) 
may  not  be different from tha t  of the viruses containing 
h 5- and t,~ However, the HzSNPV propagated in 

�9 larvae containing the AT-sterol, lathosterol,  in their tis- 
sues, was the most  virulent of all the viruses (LD~0 of 
5,012 polyhedra/larva) (Table 3 and Fig. 2). 

The LDs0 of the laboratory-prepared HzSNPV, con- 
taining AS-sterol, was much larger than tha t  of the com- 
mercially-obtained HzSNPV (32,359 versus 1,413 poly- 
hedra, respectively). This difference may have occurred 
because the laboratory virus was always collected from 
larvae which were moribund, not  dead. 

TABLE 2 

The Dosage-Mortality Responses of H.  z e a  Larvae, Fed Various Sterols, to HzSNPV a 

LD5o 95% Fiducial l imits b 
Sterol in No. of larvae (polyhedraJ 
larval diet in bioassay larva) Lower Upper Slope Intercept X 2 df 

Cholesterol 580 1,413 398 5,495 0.55 3.26 22.19 6 c 
Cholestanol 454 1,288 * * 0.49 3.47 29.35 4 d 
Ergosterol 376 355 * 2,138 0.48 3.78 13.49 4 e 

aSandoz, Inc. 
bAsterisks indicate assays in which the heterogeneity was too great to allow calculation of meaningful 95% fiducial limits. 
CHeterogeneity factor (h) = 3.70. 
dh -- 7.34. 
eh ---- 3.37. 
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TABLE 3 

The Dosage-Mortallty Responses of H. zea  Larvae, Fed Diet Containing Cholesterol, to Various HzSNPV 

HzSNPV LDso 95% Fiducial limits 
from No. of larvae (polyhedral 

larvae fed in bioassay larva) Lower Upper Slope Intercept X 2 df 

Cholestanol 556 275,423 74,131 3,388.442 0.54 2.05 16.18 6 a 
Ergosterol 424 58,884 19,498 263,027 0.73 1.54 17.21 5 b 
Cholesterol 441 32,359 20,893 51,286 0.72 1.76 7.77 3 
Lathosterol 346 5,012 3,631 7,413 1.28 0.28 5.01 4 

ah = 2.70. 
bh --- 3.44. 

r 

~o~- #. 

Dose (Logs) 

J 
Dose (Logs) 

~o 

B 

J 
Dose (Logs) 

0 D 

v 5 
>~ 

Dose (Logs) 
6 " 

FIG. 2. Dosage-mortaiity responses of H. zea, fed diet containing 
cholesterol, to HzSNPV isolated from larvae fed cholestanol (A), 
cholesterol (B), ergosterol (C) or iathosterol (D). Fiduciai bands repre- 
sent 95% limits. Arrows indicate mortality of 0 or 100%, for which 
the probit value is oo. 

Effect of different virus sterols on the LTso of 
HzSNPV. The presence of different sterols did not appear 
to affect the overall course of virus infection because the 
LTs0 of the virus in larvae-fed cholestanol, cholesterol, 
ergosterol or lathosterol ranged from: 6 to 8, 5 to 8, 5 to 
7 and 5 to 9 days, respectively. 

D I S C U S S I O N  

These studies indicate tha t  the sterols present  in a host 
can affect the sterol composition of HzSNPV. When the 
larvae of H. zea contained A s-, a ~ or As.V-sterols, primar- 
ily, the HzSNPV also contained principally A s-, A ~ or 
As.7-sterols, respectively. This is the first report  of an in- 
sect or animal virus containing sterols other than choles- 
terol (11) or desmosterol  {6). Only the plant viruses, son- 
chus yellow net virus (28) and northern cereal mosaic 
virus (29), are known to contain campesterol, stigmasterol 
and sitosterol, in addition to cholesterol. {The relative 
amounts  of these phytosterols  in the two viruses are: 15 
and 13%, 30 and 26%, 34 and 50%, and 21 and 11%, 
respectively [2}.} 

Although the major sterols found in the host  were the 
same as those in the virus, some of the minor host sterols 
{e.g., AT-sterols tha t  were metabolites of ergosterol} were 
not isolated from the virus. Perhaps the virus selectively 
utilized certain sterols, which may or may  not  have been 
uniformly distributed in the host tissues {e.g., in the mem- 
branes}, or the amounts  of minor sterols in the virus were 
t o o  s m a l l  t o  be detected in this study. 

Because the sterols were isolated from whole polyhedra 
of HzSNPV, it is not known where the molecules were 
located in the inclusion bodies, t towever,  the envelope 
associated with the surface of the polyhedra may not  be 
a unit membrane (30) and probably does not contain lipid 
(31}, therefore, the sterol was probably associated with 
the envelope of the occluded virions. Whether  the oc- 
cluded virion codes for the synthesis  of its envelope 
de novo {32}, and then incorporates the host  sterols into 
this structure,  or whether it utilizes the host cell mem- 
brane {and therefore its sterols) directly, as the non- 
occluded ones apparent ly do {33}, is not  clear. 

The results of the present s tudy indicate that  the sterol 
composition of the host not only affects the sterol com- 
position of the virus but  also its subsequent  infectivity 
in larvae containing cholesterol as their tissue sterol. The 
most  virulent form of the virus was tha t  isolated from 
larvae-fed lathosterol followed by the virus isolated from 
larvae-fed cholesterol, ergosterol and then cholestanol 
(i.e., the LDs0 of the virus was 5,012; 32,359; 58,884 and 
275,423 polyhedra/larva, respectively}. The sterol com- 
position of the virus did not  seem to affect the rate  of 
virus replication because there was no significant dif- 
ference in the LTso of the virus when its sterols were 
altered. Instead, the sterol composition of the virus may 
have affected its ability to enter cells, such as midgut  
cells, via fusion and]or adsorptive endocytosis (viropexis) 
(32) by changing the fluidity of the envelope (3). 

On the other hand, the results of the bioassays in this 
s tudy indicated tha t  the presence of cholestanol, cho- 
lesterol or ergosterol as the principal tissue sterols in the 
larva, did not  affect the infectivity of the virus tha t  was 
obtained commercially and contained 55-sterols. The 
slightly higher susceptibility of the larvae-fed ergosterol 
to the virus {i.e., the LDs0 of the virus in the larvae-fed 
cholesterol or cholestanol versus ergosterol was 1,413; 
1,288 and 355 polyhedra]larva, respectively} may have 
been due to the presence of A5,7-sterol, per se, in the 
tissues. However, it is also possible tha t  because the 
development of uninfected 5th-instar larvae reared on 
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e r g o s t e r o l  was  much  s lower  t h a n  o n  cho les t e ro l  and  
cho l e s t ano l  (21) ( they  r e q u i r e d  5 - 6  d a y s  longe r  to  r each  
the  6 th  ins tar ) ,  such  p h y s i o l o g i c a l l y  y o u n g e r  l a r v a e  m a y  
have  been  more  s u s c e p t i b l e  to  H z S N P V .  Ignof fo  (34) 
found  t h a t  t he  s u s c e p t i b i l i t y  of H. zea to  N P V  d e c r e a s e d  
as  t he  l a r v a e  m a t u r e d .  

The  r e su l t s  of th is  s t u d y  s u g g e s t  t h a t  if t he  s te ro l  com- 
p o s i t i o n  of H. zea c h a n g e d  n a t u r a l l y  u n d e r  f ield condi-  
t ions  {e.g., if t he  l a r v a  c o n s u m e d  a p l a n t  w i th  an  u n u s u a l  
s t e ro l  composi t ion},  th i s  m i g h t  affect  the  s te ro l  compos i -  
t ion and subsequen t  vi rulence of H z S N P V .  Therefore,  fur- 
t he r  s tud ies  on how the  s te ro l s  of H z S N P V  affect  the  suc- 
c e s s  of  t h i s  b io logica l  con t ro l  a g e n t  in i n t e g r a t e d  p e s t  
m a n a g e m e n t  p r o g r a m s  a re  w a r r a n t e d .  

ACKNOWLEDGMENTS 
We thank Mrs. J. R. Landrey for obtaining the MS and 1H-NMR 
spectra and for reading the manuscript. This study was partially 
supported by NSF Grant: PCM-8206541. 

REFERENCES 
1. Lenard, J. (1978} Ann. Rev. Biophys. Bioeng. 7, 139-165. 
2. Jackson, A.O., Franki, R.I.B., Zuidema, D. {1987)in TheRhab- 

doviruses (Wagner, R.R., ed.) pp. 427-508, Plenum Press, New 
York, NY. 

3. Moore, N.F., Patzer, E.J., Shaw, J.M., Thompson, T.E., and 
Wagner, R.R. (1978)J. ViroL 27, 320-329. 

4. Pal, R., and Wagner, R.R. (1987} in TheRhabdoviruses (Wagner, 
R.R., ed.} pp. 75-118, Plenum Press, New York, NY. 

5. Blough, H.A., and Tiffany, J.M. (1973) Adv. Lipid Res. 11, 
267-339. 

6. Bates, S.R., and Rothblat, G.H. {1972} J. ViroL 9, 883-890. 
7. Kielian, M.C., and Helenius, A. (1984) J. ViroL 52, 281-283. 
8. Mooney, J.J., Dalrymple, J.M., Alving, C.R., and Russell, P.K. 

{1975} J. ViroL 15, 225-231. 
9. Kundrot, C.E., Spangler, E.A., Kendall, D.A., MacDonald, R.C., 

and MacDonald, R.I. (1983} Proc. Natl. Acad. ScL USA 80, 
1608-1612. 

10. Nes, W.R., and McKean, M.L. (1977} in Biochemistry of Steroids 
and Other lsopentenoids, p. 149, University Park Press, 
Baltimore, MD. 

11. Blough, H.A., and Tiffany, J.M. (1980} in Cell Membranes and 
Viral Envelopes (Blough, H.A., and Tiffany, J.M., eds.) Vol. 2, 

pp. 459-493, Academic Press, New York, NY. 
12. Svoboda, J.A., and Thompson, M.J. (1985) in Comprehensive 

Insect Physiology Biochemistry and Pharmacology (Kerkut, 
G.A., and Gilbert, L.I., eds.} Vol. 10, pp. 137-175, Pergamon 
Press, New York, NY. 

13. Ritter, K.S. (1984) Arch. Insect Biochem. Physiol. 1, 281-296. 
14. Ritter, K.S. (1986) Arch. Insect Biochem. Physiol. 3, 349-362. 
15. Balange-Orange, N., and Devauchelle, G. {1982} Arch. ViroL 73, 

363-367. 
16. Bergold, G.H., and Wellington, E.F. (1954} J. Bacteriol. 67, 

210-216. 
17. Wildy, P. (1971} in Monographs in Virology (Melnick, J.L., ed.} 

Vol. 5, p. 32, Karger, New York, NY. 
18. Yamamoto, T., and Tanada, Y. (1977} J. Invertebr. PathoL 30, 

279-281. 
19. Ritter, K.S., and Nes, W.R. (1981}J. InsectPhysios 27, 175-182. 
20. BiUheimer, J.T., Tavani, D.M., and Ritter, K.S. (1983} Comp. 

Biochern. Physiol. 76B, 127-132. 
21. Ritter, K.S., and Nes, W.R. {1981}J. InsectPhysiol- 27, 419-424. 
22. Ritter, K.S., and Tanada, Y. (1978} Entomophaga 23, 349-359. 
23. Ritter, K.S., Tanada, Y., Hess, R.T., and Omi, E.M. (1982} J. 

Invertebr. Pathol. 39, 203-209. 
24. Finney, D.J. (1971} in Probit Analysis, 3rd ed., pp. 63-80, Cam- 

bridge University Press, New York, NY. 
25. Bligh, E.G., and Dyer, W.J. (1959} Can. J. Biochern. PhysioL 

37, 911-917. 
26. Ritter, K.S., Weiss, B.A., Norrbom, A.L., and Nes, W.R. (1982} 

Cornp. Biochern. PhysioL 71B, 345-349. 
27. Nes, W.R., Krevitz, K., Joseph, J., Nes, W.D., Harris, B., Gib- 

bons, G.F., and Patterson, G.W. (1977) Lipids 12, 511-527. 
28. Selstam, E., and Jackson, A.O. (1983) J. Gen. Virol. 64, 

1607-1613. 
29. Toriyama, S. (1976} Ann. Phytopathol. Soc. Jpn. 42, 494-496. 
30. Federici, B.A. (1986} in The Biology ofBaculoviruses (Granados, 

R.R., and Federici, B.A., eds.) Vol. 1, pp. 61-85, CRC Press, Boca 
Raton, FL. 

31. Minion, F.C., Coons, L.B., and Broome, J.R. (1979)J. Invertebr. 
PathoL 34, 303-307. 

32. Granados, R.R., and Williams, K.A. {1986} in The Biology of 
Baculoviruses {Granados, R.R., and Federici, B.A., eds.) Vol. 
1, pp. 89-108, CRC Press, Boca Raton, FL. 

33. Volkman, L.E., and Knudson, D.L. (1986) in The Biology of 
Baculoviruses (Granados, R.R., and Federici, B.A., eds.} Vol. 
1, pp. 109-127, CRC Press, Boca Raton, FL. 

34. Iguoffo, C.M. {1966} J. Invertebr. Pathol. 8, 279-282. 

[Received May 2, 1988; Revision accepted August 17, 1988] 

LIP1DS, Vol. 23, No. 12 (1988) 



1114 

Long Chain Fatty Acid Deficits in Brain Myelin Sphingolipids 
of Undernourished Rat Pups 
Yu-Yan Yeh'  
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A restricted maternal dietary intake (40% of ad iibitum 
intake) is known to cause myelin deficit that is accom- 
panied by decreased amounts of individual phospholipids 
and sphingolipids in brain myelin of suckling rats. This 
communication reports the effects of the same nutritional 
stress on the fatty acid composition of brain myelin lipids. 
In myelin of 19<lay~ld normally fed rats, pAImltate (16~), 
stearate (18:0) and oleate (18:1) accounted for 80-90% of 
all fatty acids in phosphatidylcholine, phosphatidyletha- 
nolamine and phosphatidylserine. Maternal dietary re- 
striction resulted in deficits of total fatty acid content, 
but did not affect the proportional distribution of in- 
dividual fatty acids among phospholipids. By contrast, 
longer chain (22- and 24-carbon) fatty acids accounted for 
more than half the fatty acid content of myelin cerebro- 
side and sulfatide from the 19-day-old control rat pups. 
In undernourished rats of that age, proportions of ligno- 
cerate (24:0) and nervonate (24:1) in cerebroside and 
sulfatide were 40-50% lower than those in control rats. 
This, together with higher proportions of 16:0, 18:0 and 
18:1 and a higher ratio of C16-Cz0 to C22-C24 in under- 
nourished than in control rats, suggests an impairment 
in fatty acid chain elongation. Ten days of nutritional 
rehabilitation failed to restore the fatty acid imbalances; 
however, after an additional 5 days of ad libitum feeding, 
the experimental and control values were similar. The 
undernutrition results in hypomyelination, which is 
characterized by a proportional decrease in lignoceric and 
nervonic acids of sphingolipids. 
Lipids 23, 1114-1118 (1988}. 

Postnatal undernutrition induced by various nutritional 
stresses leads to myelin and lipid deficits in the develop- 
ing brain (1-8). The severity of the lipid insufficiency 
depends not only on the type of undernutrition imposed, 
but also on the time of onset and duration of the stress 
{3}. The maternal dietary intake restriction known to 
reduce milk production (9} serves as a reliable model for 
producing consistent growth retardation of offspring I10}. 
A recent study from this laboratory demonstrates that 
such a dietary restriction caused proportionally similar 
decreases in amounts of individual phospholipids, spingo- 
lipids and cholesterol in the brain myelin of offspring (11). 
Consequently, the mole ratios of these lipids did not 
change, suggesting that undernutrition of this type does 
not selectively affect the accumulation of any particular 
lipids in myelin. These observations, however, do not ex- 
clude the possibility of changes in fatty acid composition 
of the lipids. 

In the mature brain, myelin phospholipids are rich in 
16- and 18-carbon fatty acids, whereas sphingolipids 

1Where correspondence should be addressed: Nutrition Department, 
125C Hender~on South, The Pennsylvania State University, Univer- 
sity Park, PA 16802. 

Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PS, phosphatidylserine; Cr, cerebroside; Su, sulfatide. 

contain a greater proportion of 22- and 24-carbon fat ty 
acids (12-15). Earlier studies have shown that the dis- 
tribution of fatty acids in brain phospholipids and 
sphingolipids undergoes a marked shift in the presence 
of severe nutritional insufficiency {3,16). The lipid com- 
position of the brain differs quantitatively and qualita- 
tively from that of myelin (6). Therefore, the changes 
observed in the brain of undernourished rat pups cannot 
be extrapolated reliably to myelin. Because a reduction 
in lipid content and changes in fatty acid composition 
may lead to hypomyelination (3,17,18), an attempt was 
made to determine if restriction of maternal dietary in- 
take during the lactating period alters the proportional 
distribution of fatty acids in the myelin lipids of offspring. 
The results show substantial reductions in lignocerate 
{24:0) and nervonate (24:1) in cerebroside and sulfatide, 
but not in phospholipids. 

MATERIALS AND METHODS 

Sprague~Dawley rats were used in all experiments. Preg- 
nant rats purchased in early pregnancy (13 to 14 days of 
gestation) were kept in separate cages and fed a non- 
purified diet (Purina Rat Chow, Ralston Purina, St. Louis, 
MO) ad libitum. Litters of newborn rats were culled to 
12 pups each, within 12 hr after birth, and the pups were 
allowed to be suckled by their dams. All dams were placed 
in normally fed control or diet-restricted groups. Controls 
were fed the nonpurified diet ad libitum throughout the 
lactating period, whereas dams in the experimental group 
were fed 40% of the same balanced diet consumed by con- 
trols until the pups were 19 days of age (11,19). The food 
intake of the control group was measured daily. The 
amount of the feed given to the experimental group was 
adjusted according to feed consumption of the control 
dams measured on the preceding day. 

Undernourished pups were those suckled by dams fed 
a restricted amount of diet; control pups were suckled by 
normally fed dams. At the age of 19 days, undernourished 
pups became hyporeflexive and nearly motionless. Nutri- 
tional rehabilitation consisted of providing diets of dams 
ad libitum when the pups were 19 days old. Control and 
postnatally undernourished pups were fed the nonpurified 
diet ad libitum after weaning on day 22. 

Myelin was isolated and purified from whole brain ac- 
cording to established sucrose gradient centrifugation 
procedures (20). The purity and yield of the myelin were 
determined as described previously (11). 

Lipid extraction (21) and chromatographic separation 
of phospholipids and sphingolipids (22,23) have been 
described in detail {11). The isolated phospholipids and 
sphingolipids were transmethylated by the me~hod of 
Morrison and Smith (24), and the methylated fatty acids 
were analyzed by gas chromatography (Hewlett-Packard, 
Model 5880 A, Avondale, PA). Fatty acids were identified 
by comparing with standards. For measurement of the 
total fatty acid content in phospholipids, heptadecanoate 
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was  a d d e d  as  an  i n t e r n a l  s t a n d a r d  d u r i n g  t r a n s m e t h y l a -  
t i on  (25). W e i g h t s  of  f a t t y  ac ids  were  c a l c u l a t e d  b y  the  
fo l lowing  equa t ion :  

Peak area of fatty acid 
Peak area of heptadecanoate 

weight of heptadecanoate added 
• during transmethylation 

S t u d e n t ' s  t - t es t  was  u s e d  in  all s t a t i s t i c a l  compar i sons .  

RESULTS 

E a r l i e r  s t u d i e s  d e m o n s t r a t e d  t h a t  u n d e r n o u r i s h e d  p u p s  
p r o d u c e d  b y  t h e  p r e s e n t  n u t r i t i o n a l  m a n i p u l a t i o n  h a d  
b o d y  w e i g h t  60% and  b r a i n  w e i g h t  20% lower  t h a n  t h a t  
of  c o n t r o l s  d u r i n g  t h e  t h i r d  week  of  l ife {11,19). M y e l i n  
c o n c e n t r a t i o n s  of  u n d e r n o u r i s h e d  p u p s  were  6 0 - 7 0 %  
lower  t h a n  t h o s e  of  n o r m a l l y  fed c o n t r o l s  {l 1). The  
s t u n t e d  g r o w t h  was  n o t e d  as  ea r ly  a s  1 week  a f t e r  b i r t h  
(11). Desp i t e  these  f indings,  m a t e r n a l  d ie t s  were r e s t r i c t ed  
u n t i l  t he  p u p s  were  19 d a y s  old  in t h e  p r e s e n t  s t u d y ,  
b e c a u s e  a t  t h a t  age  ac t ive  m y e l i n a t i o n  t a k e s  p lace  {26), 
and  myel in  can  be i so la ted  in suff icient  quan t i t i e s  for l ipid 
a n a l y s i s  (20). 

P h o s p h a t i d y l c h o l i n e  {PC), 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) and  p h o s p h a t i d y l s e r i n e  (PS) - - t he  m a j o r  c o m p o n e n t s  
of  mye l in  p h o s p h o l i p i d s  (22) - -were  a n a l y z e d  for  t h e i r  
f a t t y  acid compos i t ion  a t  19 d a y s  of age. In  myel in  of con- 
t r o l  pups ,  p a l m i t i c  (16:0), s t ea r i c  (18:0), p lus  oleic (18:1) 
ac ids  accoun ted  for 89%, 80% and  78% of t o t a l  f a t t y  ac id  
in PC, P E  and  PS,  r e spec t ive ly  {Table 1). The  p ropor t iona l  
d i s t r i b u t i o n s  of t h e  m a j o r  f a t t y  ac ids  were  16:0 > 18:1 --  

18:0 for  PC; 18:1 = 18:0 > 16:0 for  P E  and  18:0 > 18:1 > 
16:0 for  PS.  R e l a t i v e l y  lower  p r o p o r t i o n s  of a r ach idon i c  
acid,  r a n g i n g  f rom 0.6% to  1.3%, were  found  in t he  
p h o s p h o l i p i d s .  The  t o t a l  l onge r  cha in  f a t t y  ac ids  {22-24 
carbon} a c c o u n t e d  for 4.3% in PC, 5.6% in P E  and  11.2% 
in PS.  P o s t n a t a l  u n d e r n u t r i t i o n  d id  n o t  a l t e r  t h e  p ropor -  
t iona l  d i s t r i bu t ion  of  f a t t y  acid  in the  three  phosphol ip ids .  
N e ve r the l e s s ,  t he  t o t a l  f a t t y  ac id  c o n t e n t  of  mye l in  PC, 
P E  and  PS,  exp re s sed  as  ~g/g b r a i n  t i ssue ,  was  50%, 35% 
and  57% lower,  r e spec t i ve ly ,  in u n d e r n o u r i s h e d  t h a n  in 
c on t ro l  r a t s .  

Un l ike  t he  f a t t y  ac id  prof i le  of  phospho l ip id s ,  l onge r  
cha in  f a t t y  ac ids  (22- and  24-carbon)  a c c o u n t e d  for  57% 
of  t he  t o t a l  f a t t y  ac ids  in m y e l i n  ce r eb ros ide  (Cr) f rom 
19-day-old  c on t ro l  r a t s  (Table  2). A t  t h a t  age,  under -  
nour i shed  r a t s  had  40% less  l ignoceric acid  (24:0) and  50% 
less  ne rvon ic  ac id  (24:1) t h a n  n o r m a l l y  fed  r a t  pups .  
Behenic  ac id  (22:0) was  also lower  in unde rnour i shed  t h a n  
in c on t ro l  r a t s .  The  r e d u c t i o n  in longe r  cha in  f a t t y  ac ids  
was  a c c o m p a n i e d  b y  p r o p o r t i o n a l  i nc rease  of  16- and  
18-carbon  f a t t y  ac ids ,  r e s u l t i n g  in a h ighe r  r a t i o  of 
C16-C20 to  C22-C24 in u n d e r n o u r i s h e d ,  c o m p a r e d  w i t h  
cont ro l ,  r a t s .  The  d e c r e a s e d  p e r c e n t a g e s  of  l i g n o c e r a t e  
and  ne rvona t e  and  t o t a l  longer  chain  f a t t y  acids  pe r s i s t ed  
in p o s t n a t a l l y  unde rnou r i shed  r a t s  a f te r  10 d a y s  of nutr i -  
t i ona l  r e h a b i l i t a t i o n ;  however ,  w i t h  an  a d d i t i o n a l  5 d a y s  
of  co r r ec t i ve  feeding,  t he  f a t t y  ac id  c o m p o s i t i o n  of Cr in 
p o s t n a t a l l y  u n d e r n o u r i s h e d  r a t s  no longe r  d i f fe red  f rom 
t h a t  of t h e  c on t ro l  g roup .  The  s u m  of C22-C24 ac ids  ac- 
c o u n t e d  for 55% of  t he  f a t t y  ac id  c o n t e n t  in Cr f rom 
34-day-o ld  r e h a b i l i t a t e d  r a t s .  Th i s  va lue  was  s imi l a r  to  

TABLE 1 

Fatty Acid Composition of Myelin Phospholipids in 19-Day Undernourished and Normally Fed Rats a 

Phosphatidylcholine Phosphatidylethanolamine Phosphatidylserine 

Fat ty  acid b C c U d C U C U 

% of total fatty acid by weight 

16:0 42.4 + 2.1 43.8 _ 3.6 12.8 • 1.1 18.7 • 4.6 7.3 + 0.6 8.3 ___ 0.7 
16:1 1.9 + 0.3 2.2 + 0.2 2.9 - 0.6 2.4 • 0.8 2.8 + 0.9 1.4 + 0.2 
18:0 22.2 + 1.3 20.6 ___ 3.3 33.9 • 3.2 31.2 • 3.2 50.2 • 4.5 55.7 • 5.3 
18:1 25.0 + 1.9 23.1 • 1.7 33.2 • 1.3 26.5 • 3.3 21.1 • 2.4 17.1 • 2.2 
18:2 0.7 +- 0.2 0.7 • 0.7 0.9 • 0.2 1.3 • 0.7 1.4 • 0.3 1.0 • 0.5 
18:3 0.1 • 0.03 0.1 • 0.03 0.6 • 0.2 0.3 • 0.1 0.3 • 0.05 0.2 • 0.04 
20:0 1.0 • 0.1 0.8 • 0.07 1.8 • 0.1 1.5 • 0.4 1.3 • 0.2 1.7 • 0.3 
20:1 1.5 • 0.1 1.5 • 0.4 6.4 • 0.4 4.2 • 0.8 2.0 • 0.2 1.2 • 0.2 
20:3 0.3 • 0.08 0.3 • 0.09 0.8 • 0.3 1.2 • 0.6 1.1 • 0.3 1.2 • 0.5 
20"4 0.6 + 0.2 0.8 • 0.2 1.1 • 0.6 1.6 • 0.8 1.3 • 0.5 0.7 • 0.2 
22:0 1.3 + 0.3 1.9 • 0.4 1.9 • 0.3 3.5 • 0.7 2.8 • 1.0 3.5 • 0.6 
22:1 0.4 • 0.2 0.5 • 0.2 0.5 • 0.1 1.1 • 0.6 1.1 • 0.4 1.2 • 0.2 
22:4 0.9 • 0.2 0.8 • 0.3 1.1 + 0.3 1.4 • 0.4 1.6 • 0.6 2.0 • 0.7 
22:6 0.2 • 0.07 0.4 • 0.2 0.8 • 0.3 0.8 • 0.2 2.3 • 0.7 1.6 • 0.6 
24:0 1.3 + 0.2 2.5 • 0.7 1.3 • 0.1 4.1 • 1.6 3.2 • 0.8 2.9 • 0.8 
24:1 0.2 • 0.1 0.02 • 0.01 0.03 • 0.01 0.1 • 0.04 0.2 • 0.06 0.3 • 0.05 

Total fatty acid 
(~g/g tissue) 100 • 11 51 + 2* 55 + 5 36 • 4* 51 + 7 22 _ 4* 

aUndernutrition was initiated within 12 hr after birth. The values are means _ SEM for 6 samples of isolated myelin. Each sample was 
prepared from 8 brains of littermates. 

bFat ty  acids are designated by their carbon numbers followed by the number of unsaturated bonds. 
c C, controls {normally fed). 
du,  undernourished rat pups. 
*Significantly different than the control value at p < 0.05. 
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TABLE 2 

Changes in Fatty Acid Composition of Myelin Cerebroside in Undernourished and Rehabilitated Rats a 

19-day-old 29-day-old 34-day-old 

Fat ty  acids b C c U d C R e C R 

% of total fatty acid by weight 

16:0 10.2 +_ 0.2 20.4 -- 1.4" 12.1 • 1.7 19.2 --+ 1.5" 8.3 --+ 0.9 9.6 + 1.1 
16:1 3.3 +-- 0.2 6.7 +-- 0.2* 2.5 --+ 0.3 3.5 + 0.3 1.7 • 0.2 2.0 ---- 0.2 
18:0 12.3 • 0.3 15.5 +_ 0.8* 12.3 • 0.6 16.9 + 0.9* 12.6 __ 0.8 12.2 +-- 0.4 
18:1 8.7 +_ 0.3 11.9 +_ 0.8* 10.0 + 0.3 13.7 +-- 1.1" 13.2 • 2.5 11.8 +-- 1.5 
18:2 3.0 • 0.2 4.9 • 0.4* 2.6 • 0.3 3.9 +-- 0.7 3.2 • 0.3 4.7 • 0.9 
18:3 0.6 • 0.1 0.7 -- 0.1 0.2 • 0.2 0.6 +-- 0.2 0.6 • 0.2 0.2 • 0.1 
20:0 2.4 • 0.3 1.8 --+ 0.2 2.3 • 0.1 1.4 --+ 0.5 2.5 • 0.1 2.6 • 0.2 
20:1 0.5 • 0.2 0.3 + 0.1 0.8 • 0.2 0.5 +-- 0.1 2.2 • 0.6 0.7 • 0.2 
20:3 0.5 • 0.1 0.9 + 0.4 0.3 +-- 0.1 0.7 +-- 0.1 0.5 +-- 0.2 0.2 • 0.1 
20:4 1.6 • 0.2 1.1 • 0.2 1.3 • 0.3 3.0 +-- 0.6 0.7 • 0.2 1.3 • 0.3 
22:0 9.9 • 0.5 6.6 • 0.8* 7.6 -- 0.1 7.0 • 1.1 6.8 • 0.5 7.0 • 0.3 
22:1 1.9 +_ 0.4 1.4 +-- 0.4 0.7 ---- 0.1 1.1 • 0.2 0.8 +-- 0.2 0.6 • 0.1 
22:4 0.7 +-- 0.2 1.6 +-- 0.5 0.7 --+ 0.1 0.9 • 0.2 0.3 +-- 0.1 0.2 • 0.1 
22:6 1.7 _ 0.2 2.1 +-- 0.3 1.4 --+ 0.5 2.3 -- 0.6 0.4 +-- 0.2 0.5 • 0.2 
24:0 28.7 +_ 0.7 17.2 +_ 1.1" 24.4 --+ 2.1 15.0 --+ 0.4* 22.8 +_ 1.0 25.2 • 2.4 
24:1 14.0 +_ 0.7 6.9 --+ 0.8* 20.8 --+ 0.6 10.3 • 1.5" 23.4 __ 1.6 21.2 • 1.4 

C16-C2o 
0.74 +_ 0.1 1.80 --+ 0.3* 0.82 +-- 0.1 1.93 --+ 0.2 0.83 • 0.1 0.83 +-- 0.1 

C22-C24 

aUndernutrition was initiated within 12 hr after birth. Rehabilitation was begun after 19 days of undernutrition and continued until 
pups reached the indicated age. See Materials and Methods for details of the rehabilitation regimen. The values are means +_ SEM 
for 6 samples of isolated myelin. Each sample was prepared from 8 {19-day-old) or 3 (29- and 34-day-old) brains of littermates. 

bFat ty  acids are designated by their carbon numbers followed by the number of unsaturated bonds. 
c C, controls {normally fed}. 
du,  undernourished rat pups. 
e R, rehabilitated rat pups. 
*Significantly different than the control value at p < .005. 

t h a t  of cont ro l  ra t s .  Thus,  ex t ended  nu t r i t iona l  rehabi l i ta -  
t i on  y i e lded  a C16-C20 to  C22-C24 r a t i o  t h a t  was  com- 
p a r a b l e  w i th  t he  r a t i o  for n o r m a l l y  fed r a t s .  

The  f a t t y  ac id  c o m p o s i t i o n  of mye l in  su l f a t i de  (Su) 
r e s e m b l e d  t h a t  of Cr  in 19-day-old  n o r m a l l y  fed a n i m a l s  
{Tables 2 and  3). Su  c o n t a i n e d  a h igh  p e r c e n t a g e  (56%) 
of t o t a l  f a t t y  ac ids  as  C22-C24 wi th  a C16-C20 to  C22-C24 
r a t i o  of 0.77 {Table 3). P o s t n a t a l l y  u n d e r n o u r i s h e d  r a t s  
h a d  r e d u c e d  l i g n o c e r a t e  and  n e r v o n a t e  p e r c e n t a g e s  w i th  
a c o n c o m i t a n t  i nc rease  in p a l m i t a t e ,  s t e a r a t e  a n d  oleate .  
Des p i t e  nu t r i t i ona l  r ehab i l i t a t i on  for 10 days ,  the  def ic i t s  
of  l i g n o c e r a t e  and  n e r v o n a t e  pe r s i s t ed ;  when  c o m b i n e d  
w i th  t he  h igh  p e r c e n t a g e s  of p a l m i t a t e ,  s t e a r a t e  and  
o lea te  t h e y  r e s u l t e d  in a h ighe r  r a t i o  of C16-C20 to 
C22-C24 t h a n  was  found  in the  con t ro l  g r o u p  (1.82 vs  
0.77). E x t e n d i n g  the  p e r i o d  of n u t r i t i o n a l  r e h a b i l i t a t i o n  
to  15 d a y s  (i.e., un t i l  34 d a y s  of age) co r r ec t ed  the  def ic i t s  
in longer  chain  f a t t y  ac ids  and  r e s t o r e d  the  f a t t y  acid  pro- 
file to  normal .  

DISCUSSION 

PC, P E  and  PS  are  the  d o m i n a n t  phospho l ip ids  in pur i f ied  
mye l in  i s o l a t e d  f rom r a t  p u p s  (11). The  a n a l y s i s  of  t he  
f a t t y  ac id  c o m p o s i t i o n  of  mye l in  f rom n o r m a l l y  fed p u p s  
d i sc lo sed  t h a t  p a l m i t a t e ,  s t e a r a t e  and  o lea te  c o n s t i t u t e  

8 0 - 9 0 %  of all  f a t t y  ac ids  in PC, P E  and  PS,  c o n s i s t e n t  
w i th  f ind ings  r e p o r t e d  b y  F i s h m a n  et  al. (13) for r a t  b r a in  
a n d  b y  O ' B r i e n  and  S a m p s o n  (12) for  h u m a n  bra in .  
A r a c h i d o n a t e  is a m i n o r  c o m p o n e n t  of  mye l in  phospho-  
l ip ids ,  a c c o u n t i n g  for  less  t h a n  2% of  t o t a l  f a t t y  acids .  
F i s h m a n  e t  al. (13) have  shown  t h a t  u n d e r n u t r i t i o n  in- 
d u c e d  b y  i nc rea s ing  the  l i t t e r  size does  n o t  a l t e r  the  f a t t y  
ac id  c o m p o s i t i o n  of mye l in  PC and  P E  in r a t  p u p s  dur-  
ing  the  f i rs t  21 d a y s  of life. Similar ly ,  r e s t r i c t ion  of mater -  
na l  d i e t a r y  i n t a k e  in the  p r e s e n t  s t u d y  d id  n o t  a f fec t  t he  
f a t t y  ac id  c o m p o s i t i o n  of mye l in  PC, P E  and  PS  in off- 
spr ing .  B y  c o n t r a s t ,  u n d e r n u t r i t i o n  due  to  an  i nc r ea sed  
l i t t e r  size was  a s s o c i a t e d  w i th  d e c r e a s e d  p r o p o r t i o n s  of 
a r a c h i d o n a t e  and  p o l y u n s a t u r a t e d  f a t t y  ac ids  in b r a i n  
p h o s p h o l i p i d  in a s t u d y  b y  S r i n i v a s a  Rao  {16}. One ex- 
p l a n a t i o n  for the  d i f fe ren t  r e p o r t e d  ef fects  of  unde rnu t r i -  
t ion  on f a t t y  ac id  c o m p o s i t i o n  is t h a t  in t h e  l a t t e r  s t u d y  
t o t a l  p h o s p h o l i p i d s  i n s t e a d  of  i n d i v i d u a l  p h o s p h o l i p i d s  
were  a n a l y z e d  and  b r a i n  t i s sue  r a t h e r  t h a n  mye l in  was  
used  for ex t r ac t i on  of phosphol ip ids .  I t  should  be  s t r e s sed  
t h a t  t h e  p h o s p h o l i p i d  c o m p o s i t i o n s  of  b r a i n  t i s sue  and  
myel in  differ widely  in no rma l ly  fed r a t s  (13,16,27). In  par-  
t icular ,  b ra in  phospho l ip ids  con ta in  five- to  e ight fo ld  more  
a r ach idon ic  ac id  t h a n  do  mye l in  l ip ids  ( 13,16, 27). Hence ,  
if one e x p e c t s  to  iden t i fy  sub t l e  effects  of u n d e r n u t r i t i o n  
on mye l in  d e v e l o p m e n t ,  t he  a n a l y s i s  shou ld  be  d i r e c t e d  
to  t he  p h o s p h o l i p i d s  of mye l in  and  n o t  to  t h o s e  of b ra in .  
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TABLE 3 

Changes in Fatty Acid Composition of Myelin Sulfatide in Undernourished and Rehabilitated Rats a 

19-day-old 29-day-old 34-day-old 

Fat ty  acids b C c U d C R e C R 

% of total fatty acid by weight 

16:0 13.5 __ 1.7 21.4 + 0.4* 12.2 _+ 1.7 20.7 + 2.4* 13.4 _ 1.0 13.0 + 3.1 
16:1 3.5 • 0.9 2.1 • 0.4 2.5 + 0.3 3.4 • 0.3 1.5 • 0.8 2.4 +_ 0.6 
18:0 13.1 +_ 1.1 18.1 + 1.2" 12.4 _+ 0.7 17.7 • 1.7" 19.8 • 0.8 19.2 +_ 1.8 
18:1 4.3 +_ 0.6 7.5 • 1.0" 0.8 _ 0.3 15.1 • 1.6" 8.6 • 0.6 8.9 • 1.1 
18:2 3.0 _+ 0.1 3.3 + 0.6 2.6 _ 0.2 4.1 • 1.1 2.7 + 0.1 3.5 • 0.2 
18:3 1.4 +_ 0.4 1.9 • 0.4 0.3 _ 0.1 0.9 • 0.3 2.1 • 0.2 3.2 +_ 0.5 
20:0 3.7 _+ 0.7 3.7 +_ 0.5 2.4 + 0.1 1.6 • 0.3 2.5 +_ 0.1 2.1 +_ 0.2 
20:1 0.4 _+ 0.1 2.6 +_ 0.3* 0.9 - 0.3 0.6 + 0.1 0.9 __ 0.4 1.6 +_ 0.8 
20:3 0.6 • 0.1 1.1 • 0.2 0.3 • 0.1 0.5 • 0.2 0.3 • 0.1 0.7 • 0.3 
20:4 0.2 -!-_ 0.1 1.1 + 0.4 1.3 • 0.4 2.9 • 0.8 1.2 • 0.3 2.1 __ 0.9 
22:0 10.4 +_ 1.1 8.7 + 1.0 7.9 • 0.2 4.3 • 1.0" 7.8 ___ 0.6 6.9 +- 0.6 
22:1 3.0 -!-_ 0.4 4.4 + 0.1 0.7 • 0.1 0.8 • 0.2 0.6 • 0.1 0.8 -+ 0.2 
22:4 2.3 • 0.2 4.9 + 1.1 0.6 • 0.2 0.8 • 0.1 1.1 + 0.2 1.3 _+ 0.1 
22:6 1.6 +_ 0.2 2.2 _+ 0.4 1.2 +__ 0.3 1.7 • 0.6 1.4 +_ 0.1 1.2 _+ 0.1 
24:0 25.8 • 2.7 9.4 _ 2.0* 24.8 • 2.2 14.5 • 2.0* 22.5 +_ 1.5 20.7 _+ 0.5 
24:1 13.2 • 0.8 7.6 _ 1.2" 20.1 • 0.9 10.4 • 1.8" 13.6 • 1.2 12.5 _+ 1.9 

C16-C2o 
C22-C24 

0.77 +_ 0.2 1.69 +_ 0.3* 0.77 __- 0.1 1.82 • 0.3* 1.13 __ 0.2 1.25 +_ 0.1 

aUndernutrition was initiated within 12 hr after birth. Rehabilitation was begun after 19 days of undernutrition and continued until 
pups reached the indicated age. See Materials and Methods for details of the rehabilitation regimen. Values are means +_ SEM for 6 
samples of isolated myelin. The samples were prepared from the same animals described in Table 2. 

bFatty acids are designated by their carbon numbers followed by the number of unsaturated bonds. 
c C, controls {normally fed). 
du,  undernourished rat pups. 
e R, rehabilitated rat pups. 
*Significantly different from the control value at p <: 0.05. 

The  m o s t  i m p o r t a n t  f ind ing  of the  p r e sen t  s t u d y  is t h a t  
u n d e r n u t r i t i o n  i m p o s e d  for  19 d a y s  s h a r p l y  r educes  t he  
p r o p o r t i o n a l  d i s t r i b u t i o n  of l i gnoce ra t e  and  n e r v o n a t e  in 
t he  myel in-speci f ic  ce rebros ide  and  su l fa t ide .  A s  a resu l t ,  
t he  r a t i o  of C,6-C20 to  C22-C24 was  h igher  in mye l in  f rom 
u n d e r n o u r i s h e d  r a t s  t h a n  f rom t h a t  of t he  con t ro l s .  Th i s  
c o n t r a s t s  w i th  the  u n a l t e r e d  f a t t y  ac id  c o m p o s i t i o n  of Cr 
a n d  Su found  b y  F i s h m a n  e t  al. (13} in l a rge  l i t t e r s  a t  21 
d a y s  of  age.  Howeve r ,  in the i r  s t u d y ,  de f ic i t s  of l igno- 
c e r a t e  and  n e r v o n a t e  were  a p p a r e n t  if t he  p o s t n a t a l  
u n d e r n u t r i t i o n  p r o d u c e d  b y  l a rge r  l i t t e r s  was  c o n t i n u e d  
t h r o u g h  t h e  p o s t w e a n i n g  per iod.  One i n t e r p r e t a t i o n  of 
these  va r i ab le  r e su l t s  is t h a t  d i f ferent  nu t r i t i ona l  s t r e s ses  
a f fec t  mye l in  l ip id  in d i f fe ren t  w a y s  d e p e n d i n g  on the  
d u r a t i o n  of  the  s t r e s s  (3,5}. W h e n  increased  l i t t e r  size was  
c o m b i n e d  w i th  a low p r o t e i n  d i e t  a f t e r  w e a n i n g  to  pro-  
duce  u n d e r n u t r i t i o n ,  S r i n i v a s a  Rao  (16) o b s e r v e d  reduc-  
t ions  of l ignocera te  and  n e r v o n a t e  of ce rebros ide  in brain.  
Because  ce rebros ide ,  a myel in -spec i f ic  l ipid,  is found  ex- 
c lus ive ly  in mye l in  (6,26}, i t  is r e a s o n a b l e  to  a s s u m e  t h a t  
c e r eb ros ide  a n a l y z e d  in the  b r a i n  b y  th i s  i n v e s t i g a t o r  
cou ld  r e p r e s e n t  mye l in  l ip ids .  Neve r the l e s s ,  t h i s  is con- 
s i s t e n t  w i t h  t h e  p r e s e n t  s t u d y  s h o w i n g  t h a t  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  b y  p o s t n a t a l  u n d e r n u t r i t i o n  is 
specif ic  for sph ingo l ip ids .  

The  m e t a b o l i c  a c t i v i t y  of mye l in  l ipid,  such  as  i t s  
m e m b r a n e - s t a b i l i z i n g  act ion,  d e p e n d s  on f a t t y  ac id  com- 
pos i t i on  (12,28). I n c r e a s e d  a m o u n t s  of longer  cha in  f a t t y  

acids ,  p a r t i c u l a r l y  24:0 and  24:1 in ce reb ros ide  and  
su l f a t ide  (12,15), coincide wi th  pe r iods  of r a p i d  s y n t h e s i s  
(23) and  a c c u m u l a t i o n  (29) of  c e r eb ros ide  a n d  su l f a t i de  
d u r i n g  b r a i n  m a t u r a t i o n .  Thus ,  de f ic i t s  of 24:0 and  24:1 
in s p h i n g o l i p i d s  (Tables  2 and  3), t o g e t h e r  w i t h  t he  in- 
suf f ic iency  of  ce reb ros ide  and  su l f a t i de  (11), m a y  be  im- 
p o r t a n t  c o n t r i b u t i n g  fac tors  of the  h y p o m y e l i n a t i o n  com- 
m o n l y  o b s e r v e d  in u n d e r n o u r i s h e d  p u p s  {3,17,30). 

W h e t h e r  t he  r e d u c e d  p r o p o r t i o n s  of 24:0 and  24:1 in 
ce r eb ros ide  and  su l f a t i de  re f lec t  lower  a m o u n t s  of t h e s e  
f a t t y  ac ids  in myel in  r e ma ins  uncer ta in .  Nonethe less ,  t he  
5 0 - 6 0 %  r e d u c t i o n  in c o n c e n t r a t i o n s  of  ce reb ros ide  a n d  
su l f a t ide  (11) a re  l ike ly  to  reduce  the  a m o u n t s  of  24:0 and  
24:1. In  fact ,  t h i s  no t i on  is s t r o n g l y  s u p p o r t e d  b y  the  
o b s e r v a t i o n  t h a t  mye l in  of  u n d e r n o u r i s h e d  r a t  p u p s  
had  a r e d u c e d  a m o u n t  of  f a t t y  ac ids  of  p h o s p h o l i p i d s  
{Table 1), p r i m a r i l y  due  to  low c o n c e n t r a t i o n  of the  l ip ids  
(11). B r a i n  s h o r t e r  cha in  f a t t y  ac ids  {e.g., 16- and  18- 
ca rbon  acids} are  de r ived  f rom de novo  s y n t h e s i s  and  d ie t  
(31,33}, w he re a s  longe r  cha in  f a t t y  ac ids  (e.g., 22- a n d  
24-carbon  acids} a r i se  f rom cha in  e longa t i on  (32-34}. 
Hence ,  t he  def ic i t s  of  24:0 a n d  24:1 o b s e r v e d  in pos t -  
n a t a l l y  u n d e r n o u r i s h e d  r a t  p u p s  are  b e s t  exp la ined  b y  an 
i m p a i r m e n t  in f a t t y  acid  chain  e longat ion,  cons i s t en t  wi th  
the  h igher  r a t i o s  of C16-C20 to  C22-C24 in u n d e r n o u r i s h e d  
vs  con t ro l  r a t s .  

N o t  10 b u t  15 d a y s  of n u t r i t i o n a l  r e h a b i l i t a t i o n  b y  
ad  l i b i t u m  feed ing  c o r r e c t e d  the  24:0 and  24:1 def ic i t s  in 
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both cerebroside and sulfatide. The same regimen also 
restored concentrations of cerebroside and sulfatide to 
levels comparable with those in normally fed rats {11). The 
reversibility of these compositional changes suggests that  
timely nutritional intervention can prevent permanent  
biochemical lesion of the brain in offspring that  are poorly 
nourished during lactation period. 

Lignocerate {24:0} and nervonate {24:D are the marker 
fa t ty  acids of brain myelin (16) and the increases in the 
myelin content of these nonhydroxy fa t ty  acids coincide 
with brain maturat ion and development {28). However, 
it should be noted that, although 24:0 and 24:1 constitute 
the major proportion of the longer chain fa t ty  acids in 
sphingolipids {28}, these lipids also contain a-hydroxy 
fat ty  acids fl5,35). Undernutrit ion induced by increasing 
the litter size has been shown to increase the amount  of 
24:1 hydroxy fa t ty  acid in Cr {13}, whereas tha t  induced 
by feeding a low protein diet reduced the 24:1 hydroxy 
fat ty acid content but had no effect on 24:0 hydroxy fat ty  
acid content in Cr (16}. A further investigation on the ef- 
fects of the present model of undernutri t ion on the a- 
hydroxy fa t ty  acid composition in myelin sphingolipids 
is warranted. 
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When guinea pig bone marrow cells were incubated in the 
presence of 10 -s to 10 -6 M platelet activating factor 
(PAF) for 24 to 72 hr, microbicidal activity against Can- 
didaparapsilosis of cells was augmented. This augmen- 
tation was inhibited by PAF-specific antagonists, CV6209 
or FR900452. PAF-specific binding sites with a high af- 
f inity were found on guinea pig bone marrow cells. Car- 
rageenan or 2-chloroadenosine, reagents known to be 
preferentially cytotoxic  to macrophages, abolished the 
microbicidal activity of PAF-treated bone marrow cells. 
Macrophages prepared from the peritoneal cavity, how- 
ever, acquired no appreciable microbicidal action by treat- 
ment with PAF.  These observations suggest  that  P AF 
may affect a class of guinea pig bone marrow cells 
through binding to receptors specific to PAF,  resulting 
in activation and]or induction of differentiation of mono- 
cyte-macrophage lineage cells. 
Lipids 23, 1119-1124 11988). 

Platelet activating factor (PAF) was first identified as a 
potent platelet aggregating agent released from antigen- 
stimulated, IgE-sensitized rabbit basophils 11). It was 
later shown to be generated, when appropriately stimu- 
lated, by various inflammatory cells (2) such as monocytes 
(3), macrophages (4), neutrophils (5), eosinophils {6), 
platelets (7) and endothelial cells (8). It was also revealed 
that PAF-induced hypotension 19), neutrophil activation 
(10), monocyte aggregation (11), macrophage activation 
(12), eosinophil chemotaxis (13), smooth muscle constrac- 
tion 114) and vascular permeability increased (15). 

Besides being involved as a potent mediator in various 
pathological and physiological reactions, evidence re- 
cently accumulated suggests that PAF is a component 
in the regulation of cellular immune responses (16). It was 
shown that, when PAF was added to human peripheral 
blood lymphocyte cultures stimulated with mitogen, lym- 
phocyte proliferation was inhibited (17). Natural killer 
cell-mediated lysis of leukemia cells was revealed to be 
enhanced by picomolar concentrations of PAF (18). Berdel 
et al. (19) showed that intravenous injection of bone mar- 
row macrophages pretreated with a weak PAF agonist, 
ET18-OMe (1-O-octadecyl-2-O-methyl-rac-glycero-3-phos- 
phocholine}, inhibited the development of metastasis of 
3-Lewis lung carcinoma in C57B1/6 mice. We recently 
reported that the antitumor activity of synthetic alkyl- 
ether lipid analogs might be partly by activation of bone 
marrow macrophages in vivo, and that the activation is 
by their binding to PAF receptors on these cells (20). 

l Present address: School of Food and Nutritional Sciences, Univer- 
sity of Shizuoka, Shizuoka 422, Japan. 

*To whom correspondence should be addressed at The University 
of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113, Japan. 

Abbreviations: MNMK, maximum number of microbes killed; PAF, 
platelet activating factor. 

For the present paper, we examined the effect of PAF on 
guinea pig bone marrow cells and found that PAF induced 
candidacidal activity. 

MATERIALS AND METHODS 
Chemicals. Fetal bovine serum was obtained from Hy 
Clone Laboratories, Logan, UT. RPMI 1640 Medium was 
from MA Bioproducts, WalkerviUe, MD. K-Carrageenan 
was obtained from Sigma Chemical Co., St. Louis, MO. 

PAF, P A F  agonists and P A F  antagonists. PAF, PAF 
agonists (12} and PAF antagonists CV6209 (21} used in 
the present study were provided by Takeda Chemical Ind. 
Ltd. (Osaka, Japan). Their structures are listed in Table 1. 
A PAF antagonist FR900452 (22) was provided by 
Fujisawa Pharmaceutical Co. Ltd. (Osaka, Japan). [3H]- 
PAF was obtained from Amersham {Buckinghamshire, 
U.K.). 

Animals and microorganisms. Female Hartley guinea 
pigs (body weight 250-500 g) were obtained from the 
Japan Bio-supply, Tokyo, Japan. Candida parapsilosis, 
isolated and identified in the laboratory of one of the 
authors (23,24), was used for a microbicidal test. They 
were cultured on Sabouraud dextrose agar plates. 

Preparation of bone marrow cells. Bone marrow cells 
were prepared from femurs of guinea pigs. After ex- 
sanguination, femurs were cut at one end and bone mar- 
row cells were flushed out by injecting 5 ral of Hank's 
balanced salt solution into the end. After standing in ice 
for 5 rain, the supernatant was collected and centrifuged 
at 150 • g for 5 rain. Sedimented cells were hemolyzed 
by adding 10 ml lysing buffer (140 mM NH4CI, 17 mM 
Tris-HC1, pH 7.2} and incubated for 5 min at 37~ Cells 
were then washed with RPMI 1640 medium supple- 
mented with 10% fetal bovine serum, penicillin (50 U/ml) 
and streptomycin (50 ~g/ml). 

Assay method for microbicidal activity of bone marrow 
cells. Microbicidal activity was determined by the 
methods previously described (24). In brief, bone marrow 
cells (1 • 105 cells) were seeded in each well of flat- 
bottomed 96-well plates (Falcon 3072) with 0.2 ml of the 
RPMI 1640 medium with 10% fetal bovine serum. After 
1 to 2 days incubation at 37~ under 5% CO~ at- 
mosphere, cells were treated with PAF or its agonists for 
72 hr, and then infected with 10 ~l of 2-fold serially diluted 
C. parapsilosis suspensions. The number of microbes pres- 
ent in the suspension was initially determined by sub- 
cultivation onto Sabouraud's agar. In subsequent ex- 
periments, turbidity was routinely monitored by measur- 
ing the absorbance at 650 nm, because there was good 
correlation between turbidity and cell number. After in- 
cubation for 48 hr at 37~ in a 5% CO2 incubator, 
outgrowth of candida cells in each well was determined 
under a microscope. Microbicidal activity of bone mar- 
row cells {the maximum number of microbes killed 
[MNMK]) was evaluated as the maximum number of 
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TABLE 1 

Structures of PAF, PAF Agonists and PAF Antagonists CH2-OCisH37 
I 
CH-R 

CH2OPOCH2CH2N+(CH3)3 
I 
O- 

Systemic names 

Structure 

Abbreviation R 

1-O-Octadecyl- 2-O-acetyl-sn-glycero- 3-phosphocholine 
1-O-Octadecyl-2-O-(N,N-dimethyl-carbamoyl)-sn- 

glycer~3-phosphocholine 
3-O-Octadecyl-2-O-(N,N-dimethyl-carbamoyl).sn- 

glycero-l-phosphocholine 
racemic 1-O-Octadecyl-2-O-methyl-glycero-3- 

phosphocholine 
1-O-Octadecyl-sn-glycero-3-phosphocholine 

PAF -OCOCH 3 

Compound I -OCON{CH3)2 

Compound II -OCON{CH3) 2 

Compound III -OCH 3 
lysoPAF -OH 

candida was added to the wells where the growth was 
completely suppressed. The relative increase of MNMK 
in the treated sample compared with the control was also 
calculated as follows: Activation Index = logs {MNMK 
of t reated sample/MNMK of control sample}. 

Quantitation of PAF  binding. To a 200 ~ of bone mar- 
row cell suspension {1.25 • 107 cells per ml) in calcium- 
and magnesium-free Hank 's  balanced salt solution with 
0.1% bovine serum albumin {binding buffer} in an Eppen- 
dorf tube {1.5 ml}, a 50 ~1 radioactive PAF solution with 
or without a 1000-fold molar excess of unlabeled PAF was 
added. After  incubation at 22~ for 5 min, a 200 ~ cell 
suspension was filtered through a Whatman GF/C glass- 
fiber filter with a vacuum apparatus {Saltorius, SM16547) 
a t tached to an aspirator. Each filter was washed quickly 
with 5 ml ice-cold binding buffer four t imes and dried. 
Radioactivity bound on the filter was then measured. 

RESULTS 

Effect of PAF on candidacidal activity of cultured bone 
marrow cells. Guinea pig bone marrow cells were placed 
in each well of 96-well plates and were examined for can- 
didacidal activity. When 10 -8 to 10 -6 M PAF was added 
3 days prior to infection with C. parapsilosis, the MNMK 
values were significantly larger than those observed with 
control culture {Table 2). The samples in wells, where 
microbes were not microscopically found, were properly 
diluted and subcultured onto the agar. No colony forma- 
tion was observed, which suggests tha t  no viable 
microbes remained. 

In addition to PAF, synthet ic  PAF agonists, Com- 
pounds I and III ,  both  of which were resis tant  to 
deacetylat ion {12}, also showed appreciable act ivi ty 
{Fig. 1). Compound I was more active than PAF; the ef- 
fective dose of Compound I ranged between 1/100 to 
1/1,000 of tha t  of PAF. Compound I I I  showed only weak 
activity, and lysoPAF showed no appreciable act ivi ty 
{data not shown}. 

TABLE 2 

Induction of Candiducidal Activity of Guinea Pig 
Bone Marrow Cells by PAF 

Maximum numbers of microbes killed 

Treatment Exp. 1 Exp. 2 Exp. 3 Exp. 4 

PAF 10-6M 2350 2680 2180 >5360 
10-7M 1180 670 1090 5360 
10-aM 147 670 34 670 

Control(0.25% BSA} 37 42 9 42 

Bone marrow cells seeded at l0 s cells per well were cultured for 2 
days before treatment. They were incubated for 3 days in the 
presence of PAF and infected with C parapsilosis. After 2 days in- 
cubation, MNMK was determined as described in Materials and 
Methods. 

This candidacidal activity increased during incubation 
of cells with a PAF agonist, before microbial infection; 
MNMK values of bone marrow cells incubated with 10 -7 
M of Compound I for 1 and 2 days prior to microbial in- 
fection were 400 and 1,450, respectively. No significant 
induction of candidacidal act ivi ty was observed when 
Compound I and the microbe were simultaneously added. 

Induction of candidacidal activity through'specific PAF 
binding sites. Compound I has the same configuration as 
natural  PAF. The induction of candidacidal activity was 
stereospecific; Compound II, an sn-1 enantiomer of Com- 
pound I, induced no appreciable microbicidal act ivi ty 
{Fig. 1}. An enantiomer of PAF did not induce any activ- 
i ty even at 10 -s M {data not shown}. Specific PAF an- 
tagonists,  CV6209 and FR900452, suppressed the aug- 
mentat ion of candidacidal act ivi ty induced by 10 -6 M 
PAF in a dose-dependent manner  {Fig. 2). 

Guinea pig bone marrow cells were examined to see if 
they carry specific binding sites for PAF. A total amount  
of radioactive PAF bound to the cells increased when 

UPIDS, VoL 23. No. 12 (1988) 



PAF-INI)UCED MICROBICIDAL ACTIVITY 

1121 

greater quantities of radioactive PAF were added to the 
cell suspension. Nonspecific binding, the binding of 
radioactive PAF in the presence of a 1,000-fold molar 
excess of unlabeled PAF, was not saturable, whereas 

X z 
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Concenlration of PAF or its analogs (M) 

FIG. 1. Induction of candidacidal activity of guinea pig bone mar- 
row cells by PAF { �9 ) and its agonists, Compound I {A}, Compound 
II 07} and Compound III  ([:]). The experiments were carried out as 
described in Table 2. Activation Index was determined as described 
in Materials and Methods. Each line represents experimental result 
independently performed. 
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FIG. 2. Effect  of antagonists on PAF-induced candidacidal activ- 
ity of bone marrow cells. Candidacidal activity of bone marrow cells 
was induced by 10 -e  M P A F  as described in Table 2. PAF an- 
tagonists, CV6209 (OI or FR900452 (D}, were added to the culture 
30 min prior to treatment with PAF and were present throughout 
the experiment. Each line represents experimental result in- 
dependently performed. 

specific binding (the total binding minus nonspecific bind- 
ing} seemed saturable (Fig. 3A). Two distinct binding sites 
for PAF were tentatively determined by Scatchard plot 
analysis of the binding (Fig. 3B). One site exhibited a 
high affinity with a Kd -- 1.1 • 10 -l~ M and a capacity 
of 8.8 X 103 binding sites per bone marrow cell (mean, 
n = 3). The other site, with a substantially lower affinity 
and greater binding capacity, probably corresponds to 
nonreceptor uptake of PAF into the lipid bilayer. 

Possible effector cells in the candidacidal action. It was 
of great interest to clarify what kind of bone marrow cells 
were responsible for the microbicidal action. When 
cultivated without PAF in vitro, the number of viable 
bone marrow cells present in each well decreased gradu- 
ally. Addition of 10 -6 M PAF into the culture medium 
significantly restored or even increased the number of 
viable cells (Fig. 4). These observations may suggest that 
PAF induced prolification of some bone marrow cells. 

I t  was shown that  carrageenan taken up by macro- 
phages in vitro (25) was cytotoxic to them (26}. On the 
other hand, either the number or bacteriocidal activity 
of polymorphonuclear cells was not significantly impaired 
by carrageenan (27). Bone marrow cells cultured in the 
presence of PAF were treated with carrageenan prior to 
microbial infection and examined for the effect against 
candida. Treatment with carrageenan abolished the in- 
duction of candidacidal activity (Table 3). 

The inhibitory effect was also observed with 2-chloro- 
adenosine (Table 3), which also was reported to be 
specifically cytotoxic to macrophages (28}. These findings 
indicated that effector cells for candidacidal activity 
might belong to monocyte-macrophage lineage cells. 

It should be noted here that mature peritoneal 
macrophages derived from guinea pig injected with 
mineral oil acquire no appreciable candidacidal activity 
when treated in vitro with PAF or PAF agonists (Table 4). 

DISCUSSION 

Guinea pig bone marrow cells were treated with PAF and 
were examined for action on C. parapsilosis. Compared 

TABLE 3 

Effect  of Carragecnan and 2-Chloroadenosine on PAF-induced 
Candidacidal Activity of Bone Marrow Cells 

Treatment 

Maximum number 
of microbes killed 

72 hr incubation 3 hr incubation 

Exp. 1 Exp. 2 Exp. 3 Exp. 4 

Control (0.25% BSA} <8 164 <8 <8 
PAF 10 -5 M 4080 5350 4080 4720 
PAF 10 -5 M, 

K-carrageenan 0.1 mg/ml 64 <20 128 128 
K-Carrageenan 0.1 mg/ml <8 <20 <8 <8 
PAF 10 -5 M, 

2-chloroadenosine 0.1 mM <8 <20 <8 <8 
2-Chloroadenosine 0.1 mM <8 <20 <8 <8 

Experiments were carried out essentially identically to that  described 
in Table 2. Bone marrow cells were treated with PAF (10 -5 M) for 
72 hr before C. parapsilosis infection. In Exp. 1 and 2, drugs were 
added to the culture simultaneously with PAF. In Exp. 3 and 4, 
drugs were added to the culture 3 hr prior to the infection. 
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FIG. 3. Binding of [3H]PAF to guinea pig bone marrow cells. A) Bone marrow cells were 
used for binding assay on the any of collection. Experiments were performed as described 
in Materials and Methods. Total binding, � 9  nonspecific binding, O; specific binding, 
B. Each point  is  the  mean of triplicates and standard deviation is l ess  than 10% of the  
counts .  Under conditions employed, no appreciable PAF degradation was observed.  
B) Scatchard plot of specific I3H]PAF binding data. 

20  
18 
16 

14 

~ 12 

lO 

| .  

4 

0 

/ 
% 

\4  

2 3 

TABLE 4 

Effect of PAF and I ts  Agonists on Candidacidal Activity 
of Guinea Pig  Peritoneal Macrophages 

Maximum numbers 
of microbes killed 

Treatment Exp. 1 Exp. 2 Exp. 3 

PAF 10 -6 M 19 168 
10 -7 M 19 168 

Compound I 10 -6 M 88 
10 -7 M 44 

Compound III 10 -6 M 22 
10 -7 M 44 

Control (0.25% BSA) 38 83 44 

Peritoneal macrophages were prepared as adherent cells from 
peritoneal exudated cells harvested from guinea pig treated with 
mineral oil and were cultured with either PAF or its agonists for 
24 hr. They were then infected with C. parapsilosis, and MNMK was 
determined after 2 days incubation as described in Materials and 
Methods. 

Days after PAF addition 

--,.- Number of ceils inoculated into each well 

FIG. 4. Time course of the number of viable cells incubated in the  
presence or absence of PAF. Bone marrow cells were seeded at 1.5 X 
I(P cells per dish {30 mm diameter) 24 hr prior to addition of PAF. 
After  2 or 3 days incubation with {e b) or wi thout  (O/",) 10 -5  M 
PAF, number of viable cells were calculated by dye exc lus ion  
method. Results of two independent experiments (Exp. 1, O �9 ; Exp. 2, 
/xb) were shown. 

to nontreated cells, PAF-treated cells caused growth in- 
hibition of candida. The effect of PAF-treated bone mar- 
row cells on candida was not cytosta t ic  but  cytocidal, 
because no viable microbes were detected in wells where 

microbes were incubated with PAF-treated bone marrow 
cells. 

Among PAF agonists tested, Compound I had the most 
potent  effect on bone marrow cells. The relative activity 
of compounds to induce candidacidal activity was similar 
to thei r  re la t ive  po tency  to ac t iva te  per i toneal  
macrophages of guinea pig in vitro {12}. Unlike the ac- 
t ivi ty to platelets, the activity of PAF to induce can- 
didacidal activity in bone marrow cells, as well as the ac- 
t ivi ty to augment  glucose consumption in macrophages 
{12}, was ra ther  poor as compared with Compound I. 
However, Compound I, opposite to PAF, is resistant  to 
metabolic inactivation {29}. Poor activity of PAF toward 
both bone marrow cells and peritoneal macrophages could 
be due to its rapid degradation to its inactive form, 
lysoPAF, by a potent  acetylhydrolase in serum, because 
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a relatively longer period of incubation of cells with PAF 
was required for showing these activities. 

The similarity of the present structure-activity relation- 
ship to tha t  observed with macrophage  activation,  
together  with inhibition by  PAF antagonis ts  of inducing 
augmenta t ion  of candidacidal activity,  suggests  tha t  the 
activity may  be through a specific mechanism via binding 
to receptors  on some cell populat ions in bone marrow. 
Consistently, specific binding sites for PAF were detected 
on bone marrow cells. They showed high affinity and were 
saturable.  

Longer  incubation of bone marrow cells af ter  addition 
of PAF caused more effective induction of candidacidal 
activity.  On the other hand, relatively brief s t imulat ion 
with P A F  migh t  be sufficient to induce microbicidal ac- 
t iv i ty  because  of a rapid degradat ion of PAF in fetal 
bovine serum containing medium. The tota l  number  of 
viable cells observed in the incubation mixture  contain- 
ing P A F  was significantly larger than  tha t  of control 
cultivation. The effect of PAF could not  be due s imply 
to an act ivat ion of cells preexis t ing in bone marrow but,  
at  least partly,  due to induction of prolification and/or dif- 
ferentiation of immature  cells. I t  was previously reported 
tha t  Compound I I I  induced in vi t ro cell differentiation 
of human  (HL-60) and mouse (M1) myeloid cells (30). 
Unlike the induction of candidacidal act iv i ty  by P A F  
agonists,  the induction of differentiation of M 1 cell was 
not stereospecific; both sn-3 and sn-1 enantiomers of Com- 
pound I I I  were found to equally induce M1 cell differen- 
tiation. Differentiation of M1 cells induced by Compound 
I I I  may  be th rough  a different mechanism than  tha t  in- 
volved in act ivat ion of bone marrow cells. 

Effector  cells responsible for killing candida are either 
polymorphonuclear  leukocytes or monocyte-macrophage 
lineage cells. Precursor  cells of polymorphonuclear  
leukocytes, such as myelocytes or metamyelocytes ,  make 
up a subs tant ia l  amount  of fresh bone marrow cells and 
great ly  ou tnumber  the precursors  of macrophages  (31). 
In the present  study, we cultured bone marrow cells 1-2 
days  prior to P A F  addition. Mature  polymorphonuclear  
leukocytes were not  expected to par t ic ipate  in this 
response, considering the life span of this type of cell. We 
have reported tha t  PAF augmented glucose consumption 
of guinea pig peritoneal macrophage  through binding 
itself to specific binding sites (12). Ha r tung  reported tha t  
P A F  s t imulated oxidative burs t  in macrophages  (32). 
However, no significant augmentat ion of candidacidal ac- 
t iv i ty  was observed with mineral  oil-induced peritoneal 
macrophages,  even when cells were incubated with P A F  
or its agonists.  Peripheral  cells may  no longer be suscep- 
tible to PAF for inducing their microbicidal activity.  The 
effector cells tha t  mature  during the cult ivation could be 
precursor cells of macrophages.  The suppressive effect on 
the induction of candidacidal act iv i ty  by  carrageenan or 
2-chloroadenosine, reagents  known as inhibitors agains t  
macrophages,  fur ther  suppor ts  this idea. Natura l  killer 
cells present  in bone marrow might  be an al ternat ive can- 
didate for the responsible cell, because it has been recently 
reported tha t  PAF modulated functions of na tura l  killer 
cells (18). In our prel iminary experiment ,  af ter  72 hr in- 
cubat ion with PAF, nonspecific esterase posit ive cells in- 
creased from 11% to 33%. The increased cell populat ion 
could be monocytes  and macrophages .  Fur ther  s tudy  
mus t  be carried out to clarify the responsible cells. 

So far, we do not  know if PAF directly affects the in- 
duction of matura t ion  of precursor cells into functionally 
mature  cells. Production or secretion of some soluble fac- 
tors,  such as colony s t imula t ing  factors,  would be trig- 
gered by  PAF, and those factors  affect the immature  
macrophages.  
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Lipid Composition of Normal Male Rat Islets 
Graciela B. D!az*, Ana Maria Cortizo, Maria Ellsa Garcia and Juan Jose Gagliardino 
Centro de Endocdnologia Experimental y Aplicada (UNLP-CONICET), Facultad de CiencJas IVledloas, Universidad Nacional de La Plata, 
Calles 60 y 120 (19OO)-La Plata, Argentina 

Lipid composition was studied in fresh isolated islets 
from normal male rats. Extractable lipids represent 1856 
~g per mg islet protein. In such extracts, phospholipids 
and neutral lipids represent 13.5% and 86.5%, respec- 
tively. Phosphatidylcholine (45.8%) and phosphatidyl- 
ethanolamine {20.6%) were the major components of the 
phospholipid fraction, and phosphatidylinositol (8.9%) 
was the minor component. Esterified cholesterol {38.5%), 
cholesterol (25.5%) and free fatty acids {24.4%) were the 
major components of the neutral lipid fraction. Fatty 
acids esterified to phospholipids account for 619.7 pmol/ 
islet, and 2710 pmoi/islet were esterified to neutral lipids. 
In the phospholipid fraction, saturated and unsaturated 
fatty acids were in a similar proportion. Conversely, in 
the neutral iipids, two-thirds of the fatty acids were un- 
saturated. The o~6 family was the main component of the 
phospholipid unsaturated fatty acids. In the w6 and r 
families, the long-chain fatty acids represent the main 
components. In the neutral lipid fraction, a different 
percentage of each family was found: o~3 > w6 > ~9. The 
long~ain  polyunsaturated fatty acids were also predomi- 
nant species in the (o6 and (o3 families. Further studies 
on the lipid composition of islets, obtained from rats with 
normal and altered islet functions, could provide new in- 
sights into the knowledge of the mechanism of insulin 
secretion. 
Lipids 23, 1125-1128 (1988). 

The ultrastructural and biochemical changes that occur 
in the pancreatic /~-cell plasma membrane during 
emiocytosis, suggest that this organelle plays an active 
role in the last step of insulin secretion (1-3). However, 
several experimental evidences demonstrate that the cell 
membrane also participates in the earlier steps of this 
process, as a source of intracellular signals for the 
stimulus-secretion coupling (4). These signals would be 
released after the activation of several islet phospho- 
lipases (5). In this regard, the early release of arachidonic 
acid and its eicosanoid derivatives (6,8), diacylglycerol (9), 
inositol-l,4,5-triphosphate (IP 3) (10) and other phospho- 
inositides components (11), as well as phosphatidic acid 
(12), were reported by several authors. Moreover, the in- 
crement in the total islet-phospholipid turnover in re- 
sponse to several insulin secretagogne agents has also 
been demonstrated (4,13). All these data suggest that islet 
lipids, and particularly their phospholipid fractions, play 
an important role in the regulation of insulin secretion. 
Despite the large number of reports on this matter, little 
attention has been paid to the normal composition of islet 
lipids. This work was performed to provide such infor- 
mation through the quantitative determination of the 

*To whom correspondence should be addressed. 
Abbreviations: [F)FA, {free) fatty acid; IP 3, inositol-l,4,5-triphos- 
phate; NL, neutral lipid; PC, phosphatidylcholine; PE. phosphatidyl- 
ethanolamine; PI, phosphatidylinositol; PL, phospholipid; PS, 
phosphatidylserine; SPH, sphingomyelin; DB I, double bond index; 
(HP)TLC, (high performance) thin layer chromatography; R, 
DBI/saturated FA ratio. 

different lipid fractions of fresh isolated islets from nor- 
mal male rats. 

MATERIAL AND METHODS 

Adult normal male Wistar rats of ca. 200 g were fed ad 
libitum Purina Rat Chow (CABECA R N'3, Buenos Aires, 
Brazil). This chow contained 33% protein and 10% fat, 
and the following fatty acid composition: 16:0 (21.4%}, 
16:1 (2.1%), 18:0 (8.2%}, 18:1 (24.9%), 18:2co6 (37.7%) and 
20:4(o6 (0.2%). The animals had free access to drinking 
water. In the morning of the experiment, nonfasted rats 
were killed by cervical dislocation without anaesthesia 
and the tail of the pancreas was carefully dissected. Pan- 
creatic islets were isolated from the pancreas by col- 
lagenase (Serva Feinbiochemica, Heidelberg, Germany) 
digestion (14). After such digestion, separation of the 
islets from the acinar tissue was achieved by several 
washings with cold buffer, sedimentation and hand- 
picking under a stereomicroscope. Total lipids were ex- 
tracted from groups of 150 islets with 19 ml of a mixture 
of chloroform]methanol (2:1, v/v) (15) and the washed 
lower phase was used for the analysis of the different lipid 
fractions. All solvents were of chromatographic grade. 
The total lipid content was determined by weighing the 
dry lipid extract resuspended in a small volume of 
chloroform. Neutral lipids (NL) were separated from 
phospholipids (PL) by thin layer chromatography (TLC) 
on plates of Silica Gel G-60, developed with chloroform/ 
methanol/acetic acid/water (90:6:1.0:0.75, v/v/v/v) (16). 
The spots were identified by iodine staining, scraped and 
the NL were eluted with chloroform/methanol (2:1, v/v), 
and the Arvidson's method, chloroform/methanol]acetic 
acid]water (50:39:1:20, v/v/v/v) (17) was used for the elu- 
tion of the PL. The extracts were evaporated to dryness 
under a stream of N2. Recovery control was performed 
at every step using an islet-lipid extract labeled with 
[14C]palmitic acid and appropriate standards labeled 
with [3H]glycerol. Final values were adjusted to the cor- 
responding percentage recovery. A double control was 
used to assess the percentage composition of islet PL and 
neutral lipids, i.e., a scanner measurement performed 
directly on the thin layer plates and the determination 
of radioactivity in the samples eluted from those plates. 
Identical percentage values were obtained using either 
method. 

Different fractions of NL or PL were separated on 
HPTLC plates (Silica Gel 60 F254 precoated for HPTLC, 
E. Merck, Darmstadt, Federal Republic of Germany). A 
developing solvent mixture consisting of petroleum ether/ 
diethyl ether/acetic acid (80:20:1, v/v/v) (18) was used to 
identify the different NL fractions. A solvent mixture of 
chloroform/methanol]30% aq. ammonia]water (140:50:7:3, 
v/v/v/v) and of chloroform/methanol/acetic acid]water 
(160:20:4:1.5, v/v/v/v) (19) was used to separate the 
PL fraction into its different constituents. Appropriate 
standards (P-L Biochemicals, Inc., Milwaukee, WI) were 
simultaneously run to identify each PL component. After 
chromatography, the lipids were charred for densitometry. 
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Plates were dipped into a 3%-cupric-acetate (wlv)-8%- 
phosphoric-acid {v/v) solution and heated at 180~ for 
15 rain {20). The plates were later scanned using a 
Shimadzu scanning densitometer in the reflectance mode. 

Fatty acid (FA) methyl esters from PL or NL were ob- 
tained by refluxing the extracts for 3 hr at 65~ with 
HCl/methanol as described by St6ffel et al. {21). The 
methyl esters were then separated in a gas liquid chro- 
matograph (GC-RIA Shimadzu) with a Supelco column 
(1-1851), 10% SP 2330 on 100/120 chromosorb AW Zog) 
and dual flame ionization detectors using a programmed 
temperature procedure. 

The peaks obtained in the chromatograms were iden- 
tified running appropriate standards of the purest avail- 
able grade iP-L Biochemicals, Inc., Milwaukee, WI) and 
quantitatively estimated using the All-20:1 FA {P-L 
Biochemicals, Inc., Milwaukee, WI) as internal standard. 

Protein concentration was determined according to 
L o w r y ' s  m e t h o d  (22), u s i n g  bovine  s e r u m  a lbumin  (S igma 
Chemica l  Co., St .  Louis ,  MO) as  s t a n d a r d .  

S t a t i s t i c a l  ana lys i s  of the  d a t a  was  pe r fo rmed  us ing  the  
S t u d e n t ' s  t - t e s t  for i n d e p e n d e n t  s amples .  

RESULTS 

F r e s h  i so l a t ed  r a t  i s le t s  compr i s ed  1856 ~g per  m g  of pro- 
t e in  of  t o t a l  e x t r a c t a b l e  l ip ids .  E i t h e r  t he  s u m  of  t he  dif- 
fe rent  is le t - l ip id  f rac t ions  or  the  d i rec t  we igh t  of the  t o t a l  
i s le t - l ip id  e x t r a c t  gave  s imi la r  f igures  for t h i s  p a r a m e t e r .  
F r o m  th i s  to ta l ,  t he  P L  f rac t ion  r e p r e s e n t e d  13.50%, and  
t h e  r e m a i n i n g  86.5% c o r r e s p o n d e d  to  NL.  T a b l e  1 shows  
the  d i f fe ren t  spec ies  iden t i f i ed  in t he  P L  i s l e t  f rac t ion .  
The  l a r g e s t  p e r c e n t a g e  c o r r e s p o n d e d  to  p h o s p h a t i d y l -  
chol ine  {PC) {45.8%), fo l lowed b y  p h o s p h a t i d y l e t h a n o l -  
amine  (PE) {20.6%}, p h o s p h a t i d y l s e r i n e  (PS) (14%), sphin- 
g o m y e l i n  {SPH) {10.7%) a n d  p h o s p h a t i d y l i n o s i t o l  {PI) 
(8.9%). 

The  d i f f e ren t  spec ies  iden t i f i ed  in t he  i s l e t -NL f r ac t i on  
a re  l i s t ed  in Tab le  2. The  m a j o r  c o m p o n e n t  was  t he  
es te r i f i ed  cho les te ro l  (38.5%) fol lowed b y  cho les te ro l  and  
free f a t t y  ac ids  ( F F A )  {25.5% and  24.4%, respec t ive ly ) ,  
a n d  t h e  t r i a c y l g l y c e r o l  f rac t ion ,  t h e  m i n o r  c o m p o n e n t .  

The  d i f ferent  F A  ident i f ied  in t he  i s l e t -PL N L  f rac t ions  
are  p r e s e n t e d  in T a b l e  3. The  a m o u n t  of F A  e s t e r i f i ed  to  
P L  was  619 _+ 50.8 pmol ] i s l e t  in = 6), a n d  2710 +_ 188 
pmol ] i s l e t  in = 6) c o r r e s p o n d s  to  t h e  N L  f rac t ion .  

TABLE 1 

Phospholipid Composition of Fresh Isolated Islets 

Phospholipids ng/Islet ~glmg Protein % 

Phosphatidylserine 22.9 +. 1.4 35.2 14.0 
Phosphatidylinositol 14.4 +. 1.4 22.2 8.9 
Sphingomyelin 17.5 ___ 1.9 26.9 10.7 
Phosphatidylcholine 74.6 +- 5.2 114.8 45.8 
Phosphatidylethanolamine 33.5 ___ 4.1 51.5 20.6 

Total 162.9 +. 11.10 250.6 

Phospholipid fractions were separated by HPTLC and the different 
species identified and quantitatively measured, as described in 
Material and Methods. Each value represents the mean +_ SEM of 
four different islet homogenates. 

A s imi la r  p e r c e n t a g e  of s a t u r a t e d  a n d  u n s a t u r a t e d  F A  
was  found  in t he  phospho l ip id  f ract ion.  Converse ly ,  in t he  
N L  f rac t ion ,  t w o - t h i r d s  of  t he  F A  were  u n s a t u r a t e d .  
A c c o r d i n g l y ,  t he  doub le  b o n d  index  (DBI)  and  the  D B I /  
s a t u r a t e d  F A  r a t i o  (R) were  l a rge r  in t h e  N L  t h a n  in t he  
P L  f rac t ion .  

The  co6 f a m i l y  r e p r e s e n t s  t he  m a i n  c o m p o n e n t  of  t he  
P L - u n s a t u r a t e d  F A .  In  t h i s  f ami ly ,  t he  l a r g e s t  compo-  
n e n t s  were  t h o s e  w i t h  20 and  22 ca rbons .  A s imi l a r  com- 
p o s i t i o n  has  been  d e s c r i b e d  in t he  o u t e r  a c r o s o m a l  mem-  
b r a n e s  of  m a m m a l i a n  s p e r m  (23). The  long-cha in  po lyun-  
s a t u r a t e d  f a t t y  ac ids  also r e p r e s e n t  the  ma in  c o m p o n e n t s  
of  t he  co3 fami ly .  A d i f f e ren t  p e r c e n t a g e  of  each  f ami ly  
was  found  in t he  N L  f rac t ion ,  n a m e l y  oo3 > co6 > co9. A s  

TABLE 2 

Neutral Lipid Composition of Fresh Isolated Islets 

Lipid ng/Islet ~g/mg Protein % 

Cholesterol 266 +. 22 409 25.5 
Free fatty acids 254 -4-_ 10 391 24.4 
Triacylglycerol 122 +. 12 188 11.7 
Esterified cholesterol 401 +. 13 618 38.5 

Total 1043 +_ 29 1606 

Lipids were fractioned and quantitatively measured as described in 
the text. Each value represents the mean +. SEM of four different 
islet homogenates. 

TABLE 3 

Fresh Islet Fatty Acids Composition 

Fatty acid Phospholipis Neutral lipids 

12:0 0.8 --+ 0.2 0.8 +. 0.1 
14:0 3.3 +. 0.5 3.3 +. 0.2 
15:0 1.5 +. 0.3 2.7 +- 0.4 
16:0 22.5 +_ 2.6 14.4 +. 1.0 
16:1 6.1 - 0.9 5.0 +. 0.5 
18:0 15.1 _ 1.7 7.1 +_ 0.7 
18:1co9 13.3 --4-_ 1.3 7.2 +_ 0.4 
20:1co9 0.2 +. 0.0 1.5 +. 0.3 
20:3c~9 0.3 +. 0.1 0.6 +. 0.2 
18:2~06 4.2 +_ 0.4 1.9 +. 0.1 
18:3~06 0.7 _+ 0.3 1.0 +. 0.1 
20:2r 0.1 +. 0.0 1.0 +. 0.2 
20:3r 0.7 +- 0.3 1.8 +. 0.1 
20:4~6 4.6 +. 0.6 3.9 +. 0.3 
22:2co6 5.6 +. 1.1 4.0 +. 0.9 
22:4co6 4.5 +. 0.7 5.4 _ 0.5 
22:3r 3.2 _ 0.7 4.3 + 0.6 
18:3a~3 1.3 +. 0.2 2.4 +. 0.3 
20:5co3 0.3 +- 0.2 3.4 _ 0.3 
22:3w3 4.8 +. 0.9 7.9 +. 0.9 
22:4co3 3.2 _ 0.7 5.0 +. 0.6 
22:5co3 2.9 _ 1.1 7.0 --4"_ 1.2 
22:6co3 0.7 +. 0.5 8.4 +- 1.2 
Sat FA 43.3 28.5 

DBI 141.7 240.8 
R 3.3 8.5 

The lipids were interesterified and the resulting fatty acid methyl 
esters were analyzed as described in the text. Each value represents 
the mean percentage _+ SEM of four determinations; DBI = dou- 
ble bond index; R = DBI/saturated FA ratio. 
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in the PL fraction, long-chain polyunsaturated FA were 
the predominant species found in the w6 and r families. 

DISCUSSION 

It is well known that the lipid composition of animal 
tissues, even among a given species, varies from one 
tissue to another, being affected by several factors such 
as diet composition, sex, age, circadian rhythms and en- 
vironmental conditions {24}. In our experimental model, 
the effect of the enzymes from the exocrine pancreas 
released during the isolation of islets, could also repre- 
sent another source of variation. In islets isolated from 
normal nonfasted male Wistar rats, such composition 
shows an uneven proportion of polar (13.5 % ) and neutral 
lipids (86.5%}. 

The total content of PL currently described, expressed 
on a per-islet basis, agrees with the values reported by 
Hallberg (25) in Wistar rats. Conversely, they are signifi- 
cantly lower than the values reported by Montague and 
Parkin (26} in guinea pig islets. According to Hallberg 
(25}, this difference probably reflects species variations 
of the total PL content of islets. Hallberg stated also that 
the total content of PL is not affected by different condi- 
tions like 48-hr starvation, the culture of the isolated 
islets for one week, the addition of leucine and gliclazide 
to or the removal of ca  2+ from such medium {25}. We 
have previously shown that  the PL content was signifi- 
cantly lower in islets isolated from hypothyroid rats {27). 
Hence, those results might indicate that chronic rather 
than acute conditions {or effects} can modify the total con- 
tent of islet PL, which could affect the release of insulin. 

PL fractions identified in the islets are similar to those 
described in other rat tissues. PC and PE are their major 
components, as in normal liver {24,28} with PS instead 
of PI being the minor component in the islets. Otherwise, 
the percentages of PC and PE are lower in the islets, but 
PS and SPH are higher than in the liver. The relative con- 
tent of the different PL classes currently described in the 
islets isolated from normal nonfasted Wistar rats, with 
PC and PE as major components, coincides with the data 
reported from obese hyperglycemic {29) or NMRI mice 
{25) and Sprague-Dawley rats {30}. This islet PL composi- 
tion is significantly altered in some pathological condi- 
tions such as hypothyroidism {27), which is accompanied 
by a decrease in the insulin secretory response to glucose. 
These data suggest that the normal islet-PL composition 
might be a condition necessary to achieving an adequate 
fl-ceU secretory response. 

The amount of NL per mg of protein was similar in liver 
and isolated islets t31). However, the esterified choles- 
terol, the cholesterol and the FFA fractions were larger, 
but the triacylgiycerol fraction was lower in the islets 
compared to liver. 

The islets, like other rat tissues, present a complex 
composition of esterified FA, with a clear predominance 
of even-numbered acids (32). Berne has concluded that the 
major source for these FA is their extracellular uptake 
rather than their biosynthesis {33). Palmitic acid was the 
largest component of the saturated FA as in the heart 
{34}. This fact could, at least in part, explain: a) the high 
and concentration-dependent oxidation rate of palmitic 
acid measured in islets {35} and b) the large incorpora- 

tion of labeled palmitate into the islet lipids by islets in- 
cubated in the presence of different insulin secretagogue 
agents {36). 

Turk et al. have already reported on the FA composi- 
tion of the major glycerolipids from SpragueoDawley-rat 
islets cultured overnight and then incubated with glucose 
{30}. No references are given in this paper on the FA com- 
position in freshly untreated islets. As shown in our 
Table 3, they also found that palmitate and stearate were 
the predominant saturated FA esterified to PL. Con- 
versely, some discrepancies were found in the composi- 
tion of unsaturated FA. We have previously reported that 
the percentage composition of polyunsaturated FA 
changed significantly in islets incubated with high glu- 
cose {37}. This effect was attributed to a possible effect 
of glucose on the activity of islet desaturases and the FA 
chain-elongation process {37). Hence, the different meta- 
bolic conditions of the islets used in the current report 
and those mentioned above could, at least in part, explain 
the apparent discrepancies in the percentage distribution 
of polyunsaturated FA. The different number of FA con- 
sidered in Turk's study compared with our own (ll  vs 22), 
could also contribute to such a difference. However, we 
do not have a plausible explanation for the particular 
lower percentage of arachidonic acid found in our 
experiments. 

A large number of a long-chain polyunsaturated FA 
was found in the islets, mainly esterified to the neutral 
lipids. The richness of polyunsaturated FA is a charac- 
teristic of the lipid composition found in very active 
tissues, such as heart and liver {38}. Such composition ex- 
plains the large DBI and R {DBI/saturated acid ratio} 
found in the islets {37). The degree of unsaturation of the 
phospholipid acyl chains has been considered one of the 
main determinants of the microviscosity of lipid regions 
{39}. Assuming that the PL content grossly represents 
the islet membrane composition, the values obtained for 
such a parameter would suggest that, in the islets, the 
microviscosity of the membrane lipids is lower than in 
the liver membranes. 

It has already been reported that the oxidation of 
endogenous FA accounts for about 30% of islet basal 
respiratory rate {40}. The large amount of endogenous 
islet FA, mainly esterified to the neutral lipid fraction, 
could easily provide such an oxidizable substrate. In ad- 
dition, the FA also represent the source of intraceUular 
signals for the stimulus-secretion coupling. The change 
in the mass of FA esterified to PC {30}, the release of 
arachidonic acid {6,7) and its eicosanoid derivatives 
{6-8,36} under the glucose stimulus are clear examples 
of such function. 

Further, more detailed studies on the composition and 
metabolism of islet lipids in normal and pathological con- 
ditions would provide important evidence for a more com- 
prehensive knowledge of the insulin secretion mechanism. 
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Oxidation of the a-tocopherol model compound 2,2,5,7,8- 
pentamethyl-6-chromanol (1) by t-butyl hydroperoxide in 
chloroform, to which an alcohol has been added, produces 
5~alkoxymethyl-2,2,7,8-tetramethyl-Gchromanol as the 
major product. In the present study, 1 was oxidized by 
t-butyl hydroperoxide in water-saturated chloroform to 
determine whether water would influence product forma- 
tion in the same way as alcohols. 

In addition to the usual products of oxidation such as 
2-(3-hydroxy-3-methylbutyl)-3,5,6-trimethyl-l,4-benzo- 
quinone (9), 5~formyl-2,2,7,8-tetramethyl-Gchromanol (11), 
the spirodimer and spirotrimer of 1, three new products 
have been identified--2,2,7,8-tetramethyl-5-(2,2,5,7,8- 
pentamethyl-6-chromanoxy)methyl-Gchromanol {4), 5- 
hydroxymethyl-2,2,7,8-tetramethyl-6-chromanol (5) and 
3-hydroxymethyl-243-hydroxy-3-methylbutyl)-5,6-di- 
methyl-l,4-benzoquinone (7). 
Lipids 23, 1129-1131 (1988). 

Oxidation of a-tocopherol by t-butyl hydroperoxide in 
purified chloroform, to which ethanol has been added, 
produces 5-ethoxymethyl-7,8-dimethyltocol in amounts 
which vary with the concentration of ethanol (1). In the 
absence of ethanol, oxidation does not occur. 

More recent work has shown that, when the a-tocoph- 
erol model compound 2,2,5,7,8-pentamethyl-6-chromanol 
(1) is oxidized by t~butyl hydroperoxide in chloroform, to 
which various alcohols have been added, the predominant 
product in all cases, in fair to good yield, is the 5-alkoxy- 
methyl-2,2,7,8-tetramethyl-6-chromanol (C. Suarna and 
P. T. Southwell-Keely, unpublished data). The 5-alkoxy- 
methyl derivatives are formed by oxidation of the 
chroman to the quinone methide to which the alcohol is 
then added. Because this was a very facile reaction, it was 
decided to examine whether water would behave in the 
same way as an alcohol. 

MATERIALS AND METHODS 
IR spectra were determined on a Perkin Elmer 580B spec- 
trometer, UV spectra on a Perkin Elmer 124 double beam 
spectrophotometer and 1H and t3C NMR spectra on a 
Bruker AM 500 spectrometer. NMR spectra were taken 
in CDC13 and are reported in parts per million downfield 
from tetramethylsilane as internal standard. Electron im- 
pact mass spectra were determined at 70 ev on an A.E. 
I MS12 spectrometer. High resolution molecular weights 
were determined on a Bruker Spectrospin Fourier Trans- 
form Ion Cyclotron Resonance spectrometer. 

Chloroform was purified by washing with 18 M sulfuric 
acid, distilled water until the washings were neutral, dry- 
ing (Na2SO4) and distilling immediately before use. 

t-Butyl hydroperoxide (70%, EGA CHEMIE, Stein- 
helm, West Germany} was purified by the sodium salt 
method (2). Purity (iodometrically) was 95%. 

*To whom correspondence should be addressed. 
Abbreviation: NOE, Nuclear Overhauser Enhancement. 

1 together with its spirodimer and spirotrimer, 5- 
hydroxymethyl-2,2,7,8-tetramethyl-6-chromanol (5), 2-{3- 
hydroxy-3-methylbutyl)-3,5,6-trimethyl-l,4-benzoquinone 
(9) and 5-formyl-2,2,7,8-tetramethyl-6-chromanol (ll) were 
prepared as reference compounds by known methods 
(3-8). 

Oxidation of 1 by t-butyl hydroperoxide in the presence 
of water. To 1 (200 mg, 0.91 mmol) in chloroform (30 ml, 
saturated with water} was added t-butyl hydroperoxide 
(82 mg, 0.91 mmol) and the solution was heated under 
reflux for 3 hr at 60~ The solution was washed with 5% 
ferrous sulfate (3 X 20 ml), water (3 X 20 ml), dried 
(Na2SO4) and the solvent removed in vacuo. The residue 
was chromatographed on thin layers of Silica Gel GF254 
(solvent: light petroleum (bp 60-80 ~ acetate (9:1)), 
the spots were located under ultraviolet light, eluted with 
purified chloroform, and the solvent was removed under 
a stream of nitrogen and weighed. Major bands with the 
following R~'s were isolated: 0.00 (5.5 mg}, 0.06 (15 mg}, 
0.09 (0.9 mg), 0.23 (1.6 mg), 0.30 (2.4 mg), 0.37 (3.1 mg), 
0.42 (128 mg; 1}, 0.47 (2.3 mg}, 0.49 (1.6 mg; 11), 0.52 
(8.5 mg; spirodimer of 1) and 0.55 (16.4 mg; spirodimer 
of 1 plus unknown). 

Major band R~ 0.00 was rechromatographed on Silica 
Gel GF254 (solvent: light petroleum (bp 60-80~ 
acetate (8:2)/benzene (9:1)) yielding 3 minor bands with 
Rf's 0.03, 0.15 and 0.24. 

Minor band R~ 0.15 (4.7 mg) was identified as 
{7 aS, 11 aR)-lH-2,3-dihydro-7 a-(3-hydroxy-3-methylbutyl)- 
3,3,5,6,9,10,11 a-heptamethylpyrano [2,3-a]xanthene- 
8,11(7aH,11aH}-dione (12) (9) and minor band Rf 0.24 
(0.8 mg) was identified as 9. 

Minor band Rf 0.03 (0.5 mg) was identified as 3-hy- 
droxymethyl-2-(3-hydroxy-3-methylbutyl)-5,6-dimethyl- 
1,4-benzoquinone (7) and had UV ~m~ 260 nm; IR (KBr) 
3422 {OH), 2972, 2929, 2858, 1704, 1649 (C=C-C--O}, 
1458, 1383, 1306, 1279, 1223, 1150, 1127, 1021, 937, 912, 
732 cm-1; 1H NMR (CDC13) g 1.28 (s, 6 H, 2 X CH3), 1.59 
(m, 2 H, =C-CH2-CH2-), 2.027 (s, 3 H, =C-CH3), 2.031 
(s, 3 H, =C-CH3), 2.66 (m, 2 H, =C-CHe-), 4.57 (s, 2 H, 
=C-CH2-OH); irradiation of the singlet at 4.57 ppm 
gave a Nuclear Overhauser Enhancement (NOE) on the 
multiplet at 2.66 ppm, thus proving that the hydrox- 
ymethyl and the methylene groups were attached to ad- 
jacent carbon atoms of the quinone ring; t3C NMR 
(CDC13) d 12.17, 12.47, 21.09, 29.24, 29.24, 43.24, 57.27, 
71.05,140.08, 140.71,141.36, 145.96, 187.58, 188.59. MS 
(el) m/z (rel. intensity) 252 [M] § (6), 234 [M + - H20 ] (33), 
221 [M + - CH2 - OH] (34), 216 [M + - 2 X H20] (29), 
201 (44), 191 (35), 176 (100). Exact mass (self ci) calc. for 
C14H2tO4 253.143436; Found 253.1496650. 

Major bands R{'s 0.06 and 0.09 were combined and 
rechromatographed on Silica Gel GF2~4 (solvent: light 
petroleum (bp 60-80~ acetate (8:2)/benzene (9:1)) 
to yield minor bands with Rf's 0.03 (7), 0.22 (9; 10 mg), 
0.34 (see below), 0,39 (unknown), 0.45 (unknown), 0.60 (1), 
0.69 (11), 0.72 (unknown), 0.76 (unknown). 

Minor band R~ 0.34 (3.7 mg), identified as 5-hydroxy- 
methyl-2,2,7,8-tetramethyl-6-chromanol (5), was identical 
with the synthetic material and had UV )~m~ 300 rim; IR 
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(KBr) 3387 (OH), 2978, 2932, 2861, 1685, 1639, 1624, 
1585, 1455, 1386, 1372, 1273, 1230, 1171, 1127, 1093 
{C-O-C), 976, 929, 902, 852, 699, 656, 603 cm-l; 1H 
NMR {CDC13) 6 1.28 (s, 6 H, 2 X CH3), 1.77 {t, 2 H, 
3-CH2, J = 6.9 Hz), 1.98 (t, 1 H, - C H 2 - O H ,  J = 
5.66 Hz), 2.11 (s, 3 H, Ar-CH3), 2.16 {s, 3 H, Ar-CH3), 
2.65 (t, 2H,  4-CH2, J = 6.9 Hz), 4.875 (d, 2H,  
A r - C H e - O H ,  J = 5.5 Hz), 7.03 is, 1 H, -OH); irradiation 
of the doublet at 4.875 ppm gave an NOE on the singlet 
at 7.03 ppm and on the triplet at 2.65 ppm, thus confirm- 
ing that the hydroxymethyl group was on the 5-position 
of the chroman ring; '3C NMR (CDC1 s) d 11.77, 11.99, 
20.18, 26.70, 26.70, 32.90, 60.07, 72.57, 114.99, 118.85, 
123.08, 125.83, 145.10, 147.34. MS {ei) m/z {rel. intensity) 
236 [M] + {34), 218 [M + - H20] {95), 203 (84), 189 {28), 
175 {100). Exact mass calc. for Ct4H2003 236.140696; 
Found 236.1422894. 

Major band Rf 0.55 was rechromatographed on Silica 
Gel GF2s ' (solvent: light petroleum {bp 60-80~ 
acetate (8:2)/benzene (0.5:9.5)) to yield minor bands with 
R~ 0.00 (9), 0.36 {spirodimer of 1), 0.50 Ispirotrimer of 1; 
8 mg), 0.61 {see below) and 0.72 {unknown). 

Minor band Rt 0.61 (3 mg) was identified as 2,2,7,8- 
tetramethyl-5-{ 2,2,5,7,8-pentamethyl-6-chromanoxy)- 
methyl-6-chromanol {4) and had UV Am~x 291 rim; IR 
{KBr) 3408 (OH), 2978, 2932, 2874, 1457, 1385, 1371, 
1273, 1228, 1171, 1128, 1091 {C-O-C), 974, 928, 902, 855, 
760 cm-1; 1H NMR {CDC1 s) d 1.28 is, 6 H, 2 • CH3), 1.31 
{s, 6 H, 2 >< CH3), 1.74 {t, 2 H, 3-CH2, J = 6.9 Hz), 1.80 
{t, 2 H, 3'-CH2, J = 6.9 Hz), 2.10 {s, 3 H, Ar-CH3), 2.13 
{s, 3 H, Ar-CH3), 2.18 is, 3 H, Ar-CH3), 2.20 (s, 3 H, 
Ar-CHs), 2.22 (s, 3 H, Ar-CH3), 2.50 (t, 2 H, 4-CH2, J = 
6.9 Hz), 2.61 {t, 2 H, 4'-CH 2, J = 6.9 Hz), 4.92 {s, 2 H, 
Ar-CH2-O-), 7.8 (s, 1 H, -OH); irradiation of the singlet 
at 4.92 ppm gave an NOE on the singlet at 7.8 ppm and 
on the triplet at 2.50 ppm, thus proving that  the second 
chroman was attached at the 5-position of the first 
chroman ring; 13C NMR (CDC13) d 11.92, 12.00, 12.00, 
12.27, 13.13, 20.17, 21.05, 26.68, 26.68, 26.82, 26.82, 29.74, 
32.87, 71.77, 72.44, 73.01,114.65, 116.20, 117.69, 123.39, 
123.59, 125.76, 125.89, 127.78, 144.95, 147.41, 147.79, 
148.65. MS {ei) m/z (rel. intensity) 438 [M] + {45), 421 {6), 
232 (6), 220 {74), 219 (100), 218 (17), 203 (13). Exact mass 
calc. for C28H3804 438.276461; Found 438.2778098. 

RESULTS AND DISCUSSION 

Oxidation of I occurs in two single electron steps leading 
first to the chromanoxyl radical (2} (10-13}, and then to 
the quinone methlde (3) or phenoxylium species (8) 
(Scheme 1) {14,15). Neither 3 nor 8 is stable and both react 
further either by nucleophilic addition or, in the case of 
3, by polymerization. 

Addition of water to 8 produces 9, the first recognized 
oxidation product of 1 {7). It would be expected that water 
would also add to 3 to produce 5 (Scheme 1). This com- 
pound, although known as a product of synthesis {6), does 
not appear to have been reported as an oxidation product. 
The yield of 5 is much less than that of 5-alkoxymethyl- 
2,2,7,8-tetramethyl-6-chromanols formed by addition of 
alcohols to 3 under similar conditions (C. Suarna and P. T. 
Southwell-Keely, unpublished data}. There are probably 
several reasons for this. First, the much greater solubil- 
ity in chloroform of alcohols than of water would produce 
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SCHEME 1 

a homogeneous rather than a heterogeneous reaction and 
lead to a much higher concentration of alcohol in the reac- 
tion. Second, 5 is an unstable product (see below) and 
reacts further, but the 5-alkoxymethyl-2,2,7,8-tetra- 
methyl-6-chromanols are relatively stable. 

7 could be formed by two routes. The first route in- 
volves oxidation of 5 to the corresponding phenoxylium 
species 6 followed by addition of water to form the hemi- 
ketal and ring opening to the quinone 7 {Scheme 1). The 
second route {not shown) involves the enolization of 9 to 
a quinone methide {16), addition of water to form a 
hydroxymethyl hydroquinone followed by oxidation to 
the hydroxymethyl quinone. The first route is considered 
the more likely because 5, on exposure to air at room 
temperature, oxidizes to a mixture of 7 and 11, plus 
several minor unidentified products {C. Suarna and P. T. 
Southwell-Keely, unpublished data). By contrast, 9 was 
completely stable to oxidation by t-butyl hydroperoxide 
at 60~ for 6 hr in water-saturated chloroform. 

It is worth noting that when 5 oxidizes spontaneously 
to a mixture of 7 and 11, 11 is the major product. The 
reason for this may be that, although 10 and 6 are of 
equivalent oxidation state, 10 is merely the enol of 11, into 
which it readily converts, but formation of 7 from 6 r e  
quires additional reaction with water. 

The identification of 4 brings to four--the number of 
characterized dimers from the oxidation of 1. The mode 
of formation of each of these dimers is different. 4 is un- 
doubtedly formed by the nucleophllic addition of a second 
molecule of 1 to 3 and is a logical expectation, given the 
ease with which a variety of alcohols adds to 3 to form 
5-alkoxymethyl derivatives {1; C. Suarna and P. T. South- 
weU-Keely, unpublished data). The dihydroxy dimer is 
formed by free-radical dimerization (4). The spirodimer 
is formed by Diels-Alder cycloaddition involving two 
molecules of 3, one of which acts as diene and the second 
as dienophile {4,17), and 12 is formed by Diels-Alder 
cycloaddition of one molecule of 3 to one molecule of 9 {9). 

REFERENCES 
I. Sumarno, M., Atkinson, E., Suarna, C., Saunders, J.K., Cole, 

E.R., and SouthweU-Keely, P.T. {1987} Biochim. Biophys. Acta 
920, 247-250. 

LIPtDS, Vol. 23, No. 12 (1988) 



VITAMIN E MODEL OXIDATIONS 

1131 

2. Barnard, D., and Hargrave, K.R. {1951} AnaL Chim. Acta 5, 
476-488. 

3. Smith, L.I., Ungnade, H.E., Hoehn, H., and Wawzonek, S. 11939) 
J. Org. Chem. 4, 311-317. 

4. Skinner, W.A., and Alaupovic, P. (1963} J. Org. Chem. 28~ 
2854-2858. 

5. Skinner, W.A., and Parkhurst, R.M. {1964} J. Org. Chem~ 29, 
3601-3603. 

6. Nakamura, T., and Kijima, S. (1972) Chem. Pharm. Bull. 20, 
1681-1686. 

7. John, W., Dietzel, E., and Emte, W. (1939) Hoppe-Seyler's Z. 
PhysioL Chem. 257, 173-189. 

8. Fujimaki, M., Kanamaru, K., Kurata, T., and Igarashi, O. (1970) 
Ag. BioL Chem. 34, 1781-1787. 

9. Suarna, C., Craig, D.C., Cross, K.J., and Southwell-Keely, P.T. 
(1988) J. Org. Chem. 53,1281-1284. 

10. Mukai, K., Tsuzuki, N., Ishizu, K., Ouchi, S., and Fukuzawa, 

K. {1981} Chem. Phys. Lipids 29, 129-135. 
11. Mukai, K., Tsuzuki, N., Ouchi, S., and Fukuzawa, K. {1982} 

Chem. Phys. Lipids 30, 337-345. 
12. Matsuo, M., Matsumoto, S., and Ozawa, T. {1983) Org. Mag. 

Res. 21, 261-264. 
13. Doba, T., Burton, G.W., and Ingold, K.U. (1983)J. Am. Chem. 

Soc. 105, 6505-6506. 
14. Skinner, W.A., and Parkhurst, R.M. (1966) J. Org. Chem. 31, 

1248-1251. 
15. Nilsson, J.L.G., Branstad, J.O., and Sievertsson, H. {1968} Ac- 

ta Pharm. Suec. 5, 509-516. 
16. Turner, A.B. {1964) Q. Rev. Chem. Soc. 28~ 347-360. 
17. Nelan, D.R., and Robeson, C.D. {1962} J. Am. Chem. Soc. 84, 

2963-2965. 

[Received January 19, 1988; Revision accepted August 17, 1988] 

LIPIDS, Vol. 23, No. 12 (1988) 



!132 

Molecular Species of Mycolic Acid Subclasses 
in Eight Strains of Mycobactefium smegmatis 
T. Babaa, c, K. Kanedab, E. Kusunosec, M. Kusunosec a n d  I. Yano~,* 
ashoin Women's College, Nada, Kobe; bDepartment of Bacteriology, Niigata University School of Medicine, Asahimachidori, Nligata; 
CToneyama Institute for Tuberculosis Research; and dDepartment of Bacteriology, Osaka City University Medical School, Asahimachi 
I, 4-54, Abeno-ku Osaka 545, Japan 

Thin layer chromatographic and gas chromatographic 
separation and mass spectrometric identification of 
mycolic acid subclasses and molecular species from eight 
strains of Mycobacterium smegmatis were established. 
Two major adjacent spots  and a lower minor one were 
detected on silica gel thin layer chromatograms of methyl 
esters. The most  abundant subclass showing the highest 
Rf value on TLC was that  of a-mycolic acids (Ml), the 
second was that  of a'-mycolic acids (MI'), a shorter ho- 
mologue than a-mycolates, and the third was the hydroxy 
mycolic acids (M 4) derived from epoxy mycolic acids. 
They were identified by gas chromatography-mass spec- 
trometry as their trimethylsi lylether derivatives, a'- 
Mycolic acids were monoenoic acids ranging from C60 to 
Ce6 and possessing an a-unit of C24.~. Such profiles of a'- 
mycolic acids were common in eight strains, a-Mycolates 
were dienoic acids ranging from C75 to C79 and possess- 
ing an a-unit of C24:0. In most  strains, the major molecu- 
lar species of a-mycolates were odd-carbon-numbered, 
centering at C77 and C7~ possessing a methyl  branch in 
the even-carbon-numbered straight chain. The average 
carbon number of a-mycolates, from seven strains ex- 
amined, was about 78, but that  of the Takeo strain was 
76.3. The profiles of epoxy mycotic acid molecular species 
composition from eight strains ranging from C75 to Csl 
were very similar to their Ml subclass profiles. 
Lipids 23, 1132-1138 (1988}. 

Mycolic acids, high-molecular weight fl-hydroxy, a- 
branched fatty acids, are the most characteristic com- 
ponents found in the cell wall lipids of mycobacteria (1-7} 
and related groups such as nocardiae {8-10}, rhodococci 
(11,12} and corynebacteria (13-15}. They differ from 
species to species in their structure and composition. The 
structures of mycolic acids contribute to the physico- 
chemical properties of the cell walls in these bacteria 
(16-19}. Nocardiae, corynebacteria and rhodococci have 
one subclass of mycolic acids (a-mycolic acids} that can 
be separated by thin layer chromatography (TLC). On the 
other hand, the composition of mycobacterial mycolic 
acids is much more complex and specific to each species. 
In recent years, we have developed an analytical method 
for the determination of individual molecular species of 
mycolic acids using gas chromatography (GC) and gas 
chromatography-mass spectrometry (GC-MS) of tri- 
methylsilylated (TMS) derivatives (12,20-26}. Analysis 
of the mycolic acid composition appears to be very useful 
for the chemotaxonomy of mycobacteria. 

Mycobacterium smegmatis, a species of rapidly grow- 
ing mycobacteria, is widely distributed in nature. This 
species has been most frequently used as the source for 

*To whom correspondence should be addressed. 
Abbreviations: TMS, trimethylsilyl; GC, gas chromatography; MS, 
mass spectrometry; TLC, thin layer chromatography. 

studies on mycobacterial metabolism and enzyme sys- 
tems {27-30}. However, Tsukamura and coworkers 
reported that M. smegmatis was taxonomically hetero- 
genous (31). Moreover, there are only a few reports about 
the mycolic acids of M. smegmatis (4,6,32-36}. The pres- 
ent paper describes the detailed analysis of mycolic acid 
molecular species in eight strains of M. smegmatis using 
our GC-MS method. 

MATERIALS AND METHODS 

The M. smegmatis strains used in the present work were 
Takeo, Nishino, PM-5, SN-2, Jucho, Butyricum, Rabino- 
witch and Sekiguchi. The latter seven strains were 
donated by Dr. Tokunaga, Department of Tuberculosis, 
National Institute of Health, Tokyo. Cells were grown in 
a medium containing 1% glucose, 1% peptone and 0.5% 
yeast extract, with the pH adjusted to 7.4, on a rotary 
shaker at 37~ After 6 days, the cells were harvested 
by centrifugation and washed with distilled water. The 
packed cells were suspended in a solution of 10% KOH 
in 80% aqueous methanol and heated under reflux for 
5 hr. After acidification of the aqueous phase, the total 
fatty acids were extracted with hexane and converted to 
the methyl esters by refluxing with benzene/methanol/ 
H2SO4 (10:20:1, v/v/v) for 2 hr, taking care because 
benzene is a potent carcinogen. The methyl esters of 
mycolic acids were separated into three subclasses on a 
thin layer plate of Silica Gel G (Analtec Inc., Newark, DE) 
with a solvent system of hexane/diethyl ether (4:1, v/v). 
The subclasses were then visualized with iodine vapor and 
recovered from the gel with chloroform. The methyl esters 
of mycolic acids were trimethylsilylated with N,O-bis- 
trimethylsilyltrifluoroacetamide/pyridine (2:1, v/v) at 
80~ for 30 min, as described earlier (12,22}. Hydrogena- 
tion of mycolic acid methyl esters was performed with 
PtO2 in chloroform with or without acetic acid for 3 hr 
at room temperature. Gas chromatography of the tri- 
methylsilylated derivatives of mycolic acid methyl esters 
was carried out with a Shimazu GC-6A apparatus 
equipped with a hydrogen flame ionization detector. 
GC-MS was performed on a Hitachi M-80B Double 
Focusing apparatus. The glass column (0.4 m • 3 mm) 
was packed with 2% OV-101, and maintained isother- 
mally at 315~ or 330~ The injection port and the flame 
ionization detector were maintained at 390~ The molec- 
ular separator was kept at 365~ The ion source energy 
was 20 eV, and the accelerating voltage was 3 kV. The 
mycolic acid composition of each subclass was determined 
by gas chromatography or mass chromatography peaks. 
The mass spectra of mycolic acid esters were recorded re- 
peatedly at appropriate intervals, the data were compiled 
in a data processing system {Hitachi M-0]01), and then 
the bar graphs were reproduced as mass spectra of each 
top component of the total ion current peak or as the 
average values of several scans. The mass chromatograms 
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were obtained by continuously monitoring the mass 
number of each [M-15] + ion produced from the molecular 
species of TMS methyl mycolate possessing certain car- 
bon and double bond numbers and those of [B-29] + ions 
derived from the a-units. 

RESULTS 

Figure 1 shows the thin layer chromatographic profiles 
of fatty acid methyl esters from eight strains of M. 
srnegmatis. The total fatty acid methyl esters from each 
strain gave three major and one minor spots. The upper 
spot corresponded to nonpolar fatty acid esters. The lower 
spots, designated as Mr, Mr' and M4, corresponded to a-, 
a'- and hydroxy (or hydroxymethoxy) mycolic acid esters 
in their mobilities, respectively (35-37}. Each subclass of 
these mycolic acid esters was converted to its TMS 
derivative and analyzed by gas chromatography. 

The profiles of gas chromatograms of TMS derivatives 
of Mr' from eight strains of M. smegmatis were very 
similar to each other and showed four major peaks cor- 
responding to C6o, C62, C 6 4  and C~ acid esters, as judged 
from the relationship between log retention time vs car- 
bon numbers (Fig. 2a). Each peak was further identified 
by mass spectrometry. Figure 3 shows bar graphs of mass 
spectra of TMS-derivatives of a'-mycolic acid methyl 
esters from one of the strains of M. smegmatis (Takeo). 
As shown in Scheme 1, the general fragmentation of 
TMS-methyl mycolates on electron impact MS yielded 
characteristic ions useful for identification. The abun- 
dance of the [M-15] + ion (loss of methyl) and the [M-90] + 
ion {loss of trimethylsilanol) rather than molecular ion 
[M] +, aided in determining the carbon and double bond 
number of whole molecules. Furthermore, the fragment 
ion [A] + {cleavage between the C2-C3 bond} and the ion 
[A-90] + (loss of trimethylsilanol) was prominent and 
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FIG. 1. Thin layer chromatograms of fatty acid methyl esters from 
eight strains of M. smegmatis, developed with n-hexane/diethyl ether 
(4:1, v/v). 
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FIG. 2. Representative gas chromatograms of trimethylsilyl ether 
derivatives of methyl a' (a) and a (b)-mycolates from M. smegmatis. 
Numbers on each peak represent the carbon and double bond 
numbers as determined by GC-MS. Gas chromatography conditions 
are described in the text. 
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a'-mycolates of M. smeg~/8 (T~eo): C~: 1 (upl~r) mid C~: 1 (lower), 
respectively. 
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SCHEME 1. General structure and mass fragmentation pattern of 
trimethylsilyl ether derivatives of methyl mycolates. 
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useful for the determinat ion of the s traight-chain alkyl 
moiety  of the original mycolic acids. On the other  hand, 
f ragment  ion [B] + (fission of C3-C4) and [B-29] + (prob- 
ably loss of CHO) were very  intense and useful for the 
identification of the a-branched~hain structure of mycolic 
acids. F rom the f r agmen t  ions [M] +, [M-15] + and 
[M-90] +, the original s t ruc ture  of a ' -mycola tes  was 
determined as  C62:1 and C64:1. F ragmen t  ions [A] + and 
[A-90] + var ied  in the individual  peaks  of the gas  
chromatogram,  which indicated tha t  the s traight-chain 
units  varied from C36:1 to C42:~. On the other hand, the a- 
uni t  was  C24:o a m o n g  all molecular  species of a'- 
mycola tes  because the f ragment  ions [B] + and [B-29] + 
were dist inct ively observed a t  m/z 483 and m/z 454, as 
shown in Table 1. After catalytic hydrogenation of methyl  
a ' -mycola tes  with P tO 2, the sample  was tr imethylsilyl-  
a ted and analyzed again by  GC-MS.  The resul ts  are 
shown in the lower portion of Table 1. Each mass  number  
of [M-15] +, [M-90] + ions and the f ragment  ion [A] + of 
the straight-alkyl-chain (/3) unit  shifted up by  two mass  
numbers.  I t  was  therefore confirmed tha t  the a '-mycolic 
acids, up to C~, f rom M. smegmatis had only one dou- 
ble bond in the straight-alkyl chain {/~unit). The f ragment  
ions and straight,chain and a-alkyl-chain s t ructures  of in- 
dividual molecular species of a ' -mycola tes  are summa-  
rized in the upper  pa r t  of Table 1. Table 2 shows the 
percentage composit ion of a '-mycolic acids from eight 
s t ra ins  of M. smegmatis calculated from the peak areas 
in the gas chromatograms.  Although there is minor quan- 
t i ta t ive  var ia t ion in the percentage composit ion among  
the strains,  the main components  of a ' -mycola tes  are 
C62:1 and C64:1 in all eight  s t ra ins  of M. srnegmatis. The 
average  carbon number  of each s t ra in  was usually about  
63, determined by the sum of the multiplication of car- 
bon numbers  by  the percentages  of the composi t ion {car- 
bon number  • percentage). 

The gas  chromatographic  pa t te rn  of the TMS-deriva- 
t ives of methyl  a-mycolates (M~) from M. smegmatis is 
shown in Figure 2b, and similar pa t t e rns  were found in 
seven strains.  Typically, M 1 had two major  peaks  cor- 
responding to C77 and C79 such as in the SN-2 strain. On 
the other  hand, the Takeo s t rain had one large (C77) and 
two small (C75 and C79) peaks  in the gas  chromatogram.  
The mass  spect ra  of individual TMS-methyl-mycola tes  
on GC were recorded, and two are shown in Figure 4. As 
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FIG. 4. Mass spectra of trimethylsilyl ether derivatives of methyl 
a-mycolates of the strain Takeo: C75:2 (upper} and C77:2 (lower), 
respectively. 

TABLE 1 

GC-MS Analysis of TMS-Methyl a'-Mycolate (M1') Before and After Hydrogenation {Takeo) 

[M] + [M-15] + [M-90] + [A] + [A-90] + /~-unit [B] + [B-29] + a-unit 

Before C6o:l 972 957 882 591 501 C36:1 483 454 C24:O 
C62:1 1000 985 910 619 529 C38:1 483 454 C24:o 
C64:1 1028 1013 938 647 557 C4o:1 483 454 C24:o 
C66:1 1056 1041 966 675 585 C42:1 483 454 C24:o 

After C6o:0 974 959 884 593 503 C36:0 483 454 C24:0 
C62:0 1002 987 912 621 531 C38:0 483 454 C24:0 
C64:0 1030 1015 940 649 559 C4o:0 483 454 C24:0 
Corn o 1058 1043 968 677 587 C42:o 483 454 C24:0 

TABLE 2 

a'-Mycolic Acid (M{) Composition of Various Strains of M. smegmatis 

Carbon no. PM-5 Rabino. Takeo Sekigu. Jucho SN-2 Nishino Butyr. 

C6o:z 0.6 1.2 5.5 2.1 1.5 3.2 0.6 1.6 
C62:1 41.2 43.6 42.7 47.0 45.8 54.9 57.7 59.9 
C64:1 47.6 50.6 48.4 45.8 48.7 40.5 39.8 37.8 
C66:z 10.6 4.7 3.5 5.2 3.9 1.4 1.6 0.6 

Average carbon no. 63.4 63.2 63.1 63.1 63.0 62.8 62.7 62.7 
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previously described, the carbon and double bond number 
of the whole molecules, the stralght-alkyl-chain and a- 
branched-chain unit were determined. In the a-mycolic 
acids of M. smegmatis, the total carbon number varied 
from C74 to Csl and two double bonds were located in the 
straight-alkyl chain (Table 3). We also confirmed the 
existence of two double bonds on the straight-alkyl-chain 
unit {fl-unit) by mass spectrometric analysis before and 
after hydrogenation, as in the case of the a'-mycolates. 
When a-mycolates were analyzed after hydrogenation in 
neutral solvent, the mass spectrum showed four mass 
number increases in [M-15] + and [A] + ions (Table 3), in- 
dicating the presence of two double bonds in the straight- 
alkyl-chain unit. Moreover, mass chromatography of 
TMS methyl  a-mycolates revealed that  the odd-carbon- 
numbered mycolic acids overlapped with the one-less- 
(even-) carbon-numbered species in a single peak on the 
gas chromatogram. Judging  from the relationship be- 
tween log retention times and carbon numbers, the odd- 
carbon-numbered a-mycolates seemed to have one methyl 
branch in the straight-alkyl-chain unit. The odd-carbon- 
numbered acids were relatively higher than those of the 
even ones, as shown in Figure 5. These GC-MS results 
are summarized in Table 3. The molecular species com- 
position of a-mycolates was calculated from the area 
percentages on the gas chromatograms (Table 4). Most 
strains had mainly odd-carbon-numbered mycolic acids, 

especially with C77 and C79~ On the other hand, only the 
Takeo strain possessed mainly a C77-mycolic acid. The 
average carbon number of the a-mycolic acid of the Takeo 
strain was 76.3, differed from other strains that were close 
to 78. 

The gas chromatographic profiles of TMS-derivatives 
of the polar mycolic acid TLC subclass (M4) from two 
strains of M. smegmatis are shown in Figure 6. This 
sublcass of mycolates {M4) occupies 2 to 5% of the total 
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FIG. 5. Mass ehromatograms of trimethylsilyl ether derivatives of 
methyl a-myeolates of M. smegmatis. [M-15] + ions corresponding 
to each carbon-numbered trimethylsilyl ether derivatives of dienoic 
methyl a-mycolates were monitored. 

TABLE 3 

GC-MS Analysis of TMS-Methyl a-Mycolate (M1) Before and After Hydrogenation {Takeo) 

[M] + [M- 15] + [A] + [A-90] + [B] + [B-29] + 13-unit a-unit 

Before 

After 

C74:2 1166 1151 785 695 483 454 C50:2 C24:0 
C75:2 1180 1165 799 709 483 454 C51:2 C24:0 
C76:2 1194 1179 813 723 483 454 C52:2 C24:o 
C77:2 1208 1193 827 737 483 454 C53:2 C24:0 
C78:2 1222 1207 841 751 483 454 C54:2 C24:0 
C79:2 1236 1221 855 765 483 454 C55:2 C24:0 
C80:2 1250 1235 869 779 483 454 C56:2 C24:0 
C8t:2 1264 1249 883 793 483 454 C57:2 C24:0 

C74:0 1170 1155 789 699 483 454 C50:0 C24:0 
C75:0 1184 1169 803 713 483 454 C51:0 C24:0 
C76:0 1198 1183 817 727 483 454 C52:0 C24:0 
C77:0 1212 1197 831 741 483 454 C53:0 C24:O 
C7s:0 1226 1211 845 755 483 454 C54:0 C24:0 
C79:0 1240 1225 859 769 483 454 C55:0 C24:0 
C8o:0 1254 1239 873 783 483 454 C56:o C24:o 
C81:0 1268 1253 887 797 483 454 C57:0 C24:0 

TABLE 4 

a-Mycolie Acid {M 1) Composition of Various Strains of M. smegmatis 

Carbon no. Nishino SN-2 Jucho Rabino. PM-5 Sekigu. Butyr. Takeo 

C72:2,73:2 1.0 0.6 0.2 0.4 0.1 0.3 0.5 2.4 
C74:2,75:2 4.9 4.1 3.0 3.6 2.1 4.2 4.6 20.4 
C76:2,77:2 41.5 43.9 44.2 42.6 45.(} 49.4 55.0 61.2 
C78:2,79:2 52.3 50.9 51.8 53.1 52.8 41.5 40.0 15.4 
C80:2,81:2 trace 0.5 0.8 0.4 trace 4.6 trace trace 
Average carbon no. 77.7 77.9 78.0 78.0 78.0 77.9 77.8 76.3 
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FIG. 6. Gas chromatograms of trimethylsily| ether derivatives of 
methyl hydroxy mycolates (M4) of two strains (SN-2 and Takeo). 
Numbers on each peak represent the carbon number as determined 
by GC-MS. 
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FIG. 7. Mass spectra of trimethylsilyl ether derivatives of methyl 
hydroxy mycolates (M 4) of the strain SN-2: from top to bottom, 
C75:1, C77:1, and C79:1. 

and is formed by acidic methylation after alkaline 
hydrolysis of the cellular lipids. Each GC profile of M4 
was similar to that  of a-mycolates (Fig. 2b) in which only 
the Takeo strain had one major peak (C77) and other 

strains had two major peaks (C77 and C79}. Mass spectra 
of three M4-molecular species from the SN-2 strain are 
shown in Figure 7. Although the molecular ions cannot 
be detected, a very intense and characteristic mass ion 
was observed at m/z 355, due to the cleavage at the car- 
bon atom, including O-TMS group, as shown in Figure 7. 
The other mass fragmentation patterns of polar mycolic 
acids were basically the same as those of a- or a'- 
mycolates. Therefore, these species were proposed as 
hydroxy mycolic acids with one double bond ir/ the 
straight chain, ranging from C73 to Cs~. The a-unit of M4 
was C24:0, which was consistent again with those of the 
a- and a'-mycolates. 

DISCUSSION 

M. smegrnatis is one of the representative species belong- 
ing to the rapidly growing, nonpathogenic and nonchro- 
mogenic group {31,38,39}. M. fortuitum and M. chelonae 
also belong to the same group, but they are human 
pathogenic 140). Therefore, it is important to distinguish 

t: ~ M. smegrnatisfromM, fortuitumandM, ehelonae. 
First, we attempted to identify the mycolic acids from 

eight strains of M. smegmatis by our TLC and GC-MS 
"~ methods. The mycolic acids from all eight strains of M. 

smegmatis were separated by TLC into three subclasses, 
so diunsaturated a-mycolates (M~), lower molecular-weight 

~o monounsa tura ted  a' -mycolates  IMI') and monoun-  
saturated hydroxy mycolates (M 4) derived from epoxy 

,0 mycolates. A similar pattern was reported by Minnikin 
et al. (35,36), who used repeated two-dimensional TLC for 

i n the analysis. Moreover, we examined the detailed struc- 
ture and the composition of individual molecular species 

.c of mycolic acids by GC-MS analysis of TMS derivatives 
of mycolic acid methyl  esters. 

Jo a'-Mycolates from M. smegmatis have 60, 62, 64 and 
66 carbon atoms with one double bond, predominantly 

Ii: C62 and C64. This result is consistent with the report of 
Wong and Gray {33}. a-Mycolic acids commonly exist  in 
all mycobacterial species, but a'-mycolates are the specific 
component in rapidly growing mycobacteria, such as M. 
parafortuiturn {22}, M. chelonae (41}, M. vaccae (22) and 
M. fortuitum {22,36}, but are absent in slow growing 

�9 ,o mycobacteria, a'-Mycolates from M. vaccae, M. parafor- 
tuitum and M. chelonae (41} were centered at Css:l and 

.,0 C60:1, respectively. On the other hand, those from M. for- 
tuiturn were diunsaturated. The composition of a'- 
mycolates was essentially consistent among eight strains 
of M. smegmatis, but not  among other species. 
a-Mycolates from M. smegmatis were in common with 
other species of rapidly growing nonchromogenic myco- 
bacteria, with respect to the general formulas CnH2n.40~ 
(n = 68-86} containing two double bonds in the straight- 
alkyl chain, and an a-unit of C24.~ {22}. It is characteristic 
in a-mycolates from M. smegmatis that the major carbon 
number is odd-numbered centering at C77 or C79, which 
is due to the existence of one methyl  branch in the even- 
carbon-numbered straight-alkyl chain. Wong and Gray 
(33) and Danielson and Gray (34) reported the presence 
of methyl-branched-chain a-mycolates in M. smegmatis, 
but they did not examine the relative quantity of odd- 
and even-carbon-numbered mycolates.  In our previous 
paper (22), we found through mass chromatography that 
two types of odd-carbon-numbered-mycolic acids existed 
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TABLE 5 

Properties and Mycolic Acid Sublcass of Rapidly Growing Mycobacteria 

M. smegmatis M. chelonei M. fortuitum M. chitae M. parafortuitum M. vaccae M. phlei 

Pigment production . . . .  + + + 
Growth in <5 days + + + + + + + 
Mycolic acid subclass 

M 1 (a-) CN 77,79 74,75 76~80 76,77 74,76 74,76 74,76 
DB (2) (2) (2) (2) (2) (2) (2) 

M 1 (a'-) CN 62,64 64 68 + 58,60 58,60 - 
DB (I) (I) (2) ? (I) (I) 

M 2 (keto-) CN . . . .  + + + 
DB 

M 2' {epoxy-) CN 77,79 76~79 77,79 
DB (i) (I) (1) 

M 3 (dicarboxy-) CN 56,58 56,58 60,62 
DB . . . .  (I) (I) (I) 

CN, Major carbon number; DB, double bond; M2', including M4; +, positive or productive; --, negative or not productive. 

in mycobacterial  species. The first type appeared jus t  be- 
tween the even-carbon-numbered straight-alkyl-chain 
mycolates  on gas ch romatograms  which was due to the 
presence of odd-carbon-numbered straight-alkyl  chain or 
one or two cyclopropane rings. The other had a lmost  the 
same retent ion t ime as tha t  of the one-less-even-carbon- 
numbered  molecules, as seen in M. smegmatis,  M. for- 
tuiturn, M. chelonae and M. chitae. This would be due to 
the existence of one methyl-branch in the even-carbon- 
numbered  s t raight-alkyl  chain. We confirmed by mass  
spectrometry  before and after hydrogenation, under very 
mild conditions with neutral  solvents, tha t  the main alkyl 
chain of a-mycolates f rom M. srnegmatis had two double 
bonds and no cyclopropane ring because there was an in- 
crease of four mass  numbers  in the [M-15] + and [A] + 
ions. In contrast ,  when the a-mycolates of M. vaccae, 
which had two cyclopropane rings in the main alkyl chain, 
were hydrogenated in the same neutral solvent, no change 
was observed in the mass  spec t rum and the shift  of mass  
ions and retent ion t imes was observed af ter  hydrogena- 
tion in acetic acid (42). Because M. fortuitum, M. chelonae 
and M. chitae also have  no cyclopropane r ings in the 
skeleton s t ruc ture  of a-mycolates  (42}, one of the charac- 
terist ics of nonchromogenic and rapidly growing myco- 
bacter ia  would be likely to have one methyl  branch and 
two double bonds wi thout  cyclopropane rings in a- 
mycolates.  The average carbon number  of a-mycolates 
from seven strains of M. smegrnatis examined was about  
78, but  tha t  of the Takeo s t rain was 76.3. Al though the 
Takeo s t rain is close to M. chitae ra ther  than M. 
srnegmatis in molecular species of a-mycolates, we believe 
tha t  the Takeo s t rain belongs to M. smegmatis  and not  
to M. chitae because the composit ion of MI'  is essen- 
tially different than tha t  of M. chitae (42). 

The occurrence of epoxy mycolates  in M. fortuiturn was 
first  reported by  Daffe et al. (43). Successively, their  
character izat ion and distr ibution has been reported by  
Minnikin et  al. (36,37) and L6vy-Fr6baul t  et al. (44), 
mainly us ing spectroscopic analyses,  chemical transfor-  
mations and degradations. However, epoxy mycolates are 
unstable  under acidic conditions and it was shown (37) 
tha t  epoxy mycola tes  are conver ted to d ihydroxy or 
hydroxymethoxy mycolates  through diol-type intermedi- 

ates by  acid methanolysis .  We speculate tha t  the ox- 
ygena ted  mycola tes  (M4) in M. smegmatis  are hydroxy  
mycolates  produced from epoxy mycola tes  by the acidic 
methylat ion.  The composi t ional  profile of hydroxy  
mycolic acids (M4) from eight  s t ra ins  of M. smegmatis  
is very  similar to tha t  of a-mycolic acids (M1) from each 
strain.  Al though  M4 is a minor  componen t  in the 
mycolic acid subclass in some strains  of M. smegmatis, 
it may  be an impor tan t  clue to clarify the biosynthesis  
or metabol ism of this type  of mycolate.  

Table 5 summarizes  the biological propert ies  and 
mycolic acid subclasses of rapidly growing, nonchromo- 
genic mycobacteria .  M. smegmatis  is closely related to 
M. fortuitum, M. chelonae and M. chitae in its physio- 
logical characteristics,  and the profiles of chemical struc- 
tures  (subclass composition) of mycolic acids are shared. 
However, there is no species tha t  has essentially the same 
profile of mycotic acid molecular species or subclass com- 
position as M. smegmatis. 

Using our TLC and G C - M S  method for the analysis  
of mycolic acids, we can clearly distinguish M. smegmatis 

f r o m  M. fortuitum, M. chelonae and M. chitae. 
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Fatty Acids as Biological Markers for Bacterial Symbionts in Sponges 1 
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a n d  Carl Djerassib,* 
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Stanford University, Stanford, CA 94305 

Analyses of fatty acids with carbon numbers between 
C12 and C22 are reported for five Great Barrier Reef 
sponges. These analyses indicate that phototrophic 
cyanobacterial symbionts (blue-green algae) present in 
three of the sponges are chemically distinct, whereas the 
other two sponges do not contain cyanobacterial sym- 
bionts. All the sponges contain other, nonphototrophic 
bacteria. The fatty acid analyses indicate that the non- 
phototrophic bacterial populations present in the differ- 
ent sponges are distinct in both their chemical composi- 
tions and their abundances. Nonphototrophic bacteria are 
estimated to account for between 60 and 350 ~g/g lextract- 
able fatty acids:tissue wet weight}, whereas cyanobacteria 
account for between 10 and 910 ~g/g. One sponge (Pseu- 
daxinyssa sp.) contains a relatively large amount of the 
isoprenoid acid, 4,8,12-trimethyltridecanoic acid; this acid 
is presumed to be derived from phytol, a degradation 
product of chlorophyll. This sponge also contains rela- 
tively large amounts of the nonmethylene interrupted 
fatty acid, octadeca-5,9-dienoic acid. Analyses of interior 
and cyanobacteria-rich surface tissues of this sponge in- 
dicate that these two acids are probably not associated 
with the symbiotic cyanobacteria. 
Lipids 23, 1139-1145 11988}. 

Marine sponges are rich sources of C24-C~0 fat ty acids 
{1-3}, in addition to the shorter C14-C22 fatty acids typi- 
cally found in other organisms. Marine sponge phospho- 
lipids also include numerous branched fatty acids, where 
extra methyl groups can appear either at a middle or ter- 
minal position {4,5} {Fig. 1}. Litchfield and coworkers have 
demonstrated that  sponges synthesize these long fat ty 
acids primarily by the extension of the short fatty acids, 
based on their incorporation of labeled acetate into such 
acids {1), in the manner in which we have shown branched 

lO-Methylhexadecanoic acid (1) 

1 
~ - -  COOH 

22-Me~yloctacosa-5,9.dienoic acid (2) 

FIG. 1. A short~hain, branched fatty acid 1 assumed to be the precur- 
sor of the long-chain, As,9-branched acid 2 in the marine sponge 
Aplysina fistularis 14). 

1This manuscript is Part 21 in the Stanford series "Phospholipid 
Studies of Marine Organisms." For Part 20, see reference 42. 

*To whom correspondence should be addressed. 
Abbreviations: TMTD, 4,8,12-trimethyltridecanoic acid; ECL, 
equivalent chain length; GC-MS, gas chromatography-mass 
spectrometry. 

short chain acids serve as primers for long-chain branched 
acids in the sponge Jaspis steilifera (6}. Bacteria are the 
only organisms commonly reported to produce large 
amounts of iso-, anteiso-, cyclopropyl and monomethyl 
branched fatty acids 17,8}, although some bacteria biosyn- 
thesize only straight-chain fat ty acids. These latter 
bacteria have been divided into four chemical groups 
characterized solely by the presence of the acids 16:1{9), 
18:Hll), 16:1{9t) and 18:l(llt), respectively {9). 

The origin of such bacterial-type fatty acids within 
sponge tissue is presumed to be of microbial origin, and 
can be either dietary, from their diet of planktonic micro- 
organisms 1<50 ~m}, or acquired from the large popula- 
tions of microorganism symhionts found within the 
sponge body. The intercellular matrix of most terrestrial 
animals is sterile; in contrast, many marine organisms 
such as sponges and ascidians often have cyanobacteria 
{blue-green algae}, nonphototrophic bacteria, prochloro- 
phytes and algae associated with this matrix {10-14}. 
Some sponges have been observed to contain very few 
nonphototropic bacterial symbionts {15-17}, whereas in 
others such bacteria may occupy 40% or more of the 
whole sponge volume, including as many as seven mor- 
phologicaUy different bacterial species (16,18}. Similarly, 
cyanobacterial symbionts can be absent, present or very 
abundant in sponges {13,14}. The presence of cyanobac- 
teria within a particular sponge can readily be inferred 
by the detection of undegraded chlorophylls in a lipid ex- 
tract of the sponge tissue where algal epibionts are not 
present; no such simple procedure is available for the 
detection and estimation of nonphototrophic bacterial 
symbionts. 

Geochemical studies by Johns and coworkers have 
demonstrated the usefulness of fat ty acids as biological 
markers for algae and bacteria in marine sediments 
(7,19,20) and for prochlorophyte symbionts in an ascidian 
{21}. Extensive studies of the fat ty acids present in 
sponges have been reported by Bergquist and coworkers 
{2,3}; however, these reports were not sufficiently quan- 
titative to be useful for biological marker identification. 
Early studies suggested that  certain fat ty acids present 
in sponges originate only from bacteria {4,22}. Recent 
studies demonstrate that bacteria isolated either mechan- 
ically or by culture from several host sponges contain 
short-chain fatty acid precursors {C. Djerassi and co- 
workers, unpublished data} that can be efficiently utilized 
for the biosynthesis of long-chain fatty acids {6,23,24}. In 
the present study, we extend the previous microorganism 
biological marker work {21) and adapt a recently 
developed bacterial biological marker technique based on 
fatty acid content {9) to the estimation of cyanobacterial 
and nonphototrophic bacterial abundance in sponges. 

EXPERIMENTAL 
Collection and extraction of sponge tissues. Small samples 
{0.5-2 g fresh weight} of five sponges were collected in 
the central portion of the Australian Great Barrier Reef 

LIPID$, Vol. 23, No. 12 (1988) 



1140 

F.T. GILLAN ET AL. 

(Davies Reef}, including three phototrophic, cyanobac- 
teria-containing species (Dysidea herbacea [O. Dicty- 
oceratida], Phyllospongia papyracea [O. Dictyoceratida] 
and Pseudaxinyssa sp. [O. Axinellida, Australian 
Museum specimen Z4988]) and two nonphototrophic 
species (PhakeUia aruensis [O. Axinellida] and 
Rhopaloeides odorabile [O. Dictyoceratida, previously 
referred to as Spongia sp {25}]) (26,27). 

Samples were immediately placed in solvent (chloro- 
form]methanol, 1:1, v/v, plus 0.05% pyridine), with static 
lipid extraction (24 hr) proceeding in the dark at room 
temperature. Decantation was followed by reextraction 
of the sponge residue by grinding in two further changes 
of solvent. The combined extracts contained >95% of the 
lipid content of the sponges. An aliquot of this lipid ex- 
tract was saponified and the resultant fatty acids were 
converted to methyl esters by standard procedures 
(28,29}. 

In the later examination of the distribution of fatty 
acids between interior and cyanobacteria-rich surface 
tissues, a sample of Pseudaxinyssa sp. was collected from 
nearby Rib Reef. This sample was dissected into two por- 
tions: surface tissues to a depth of 0.5 mm, including ex- 
opinacoderm and a distinct reddish-brown band of cyano- 
bacteria, and interior tissues (cream colored). Each por- 
tion was lyophilized prior to extraction and the isolated 
phospholipids were converted to methyl esters, followed 
by subsequent gas chromatographic analysis. Electron 
microscopy was used to conf~rm the large volume of 
cyanobacteria within the surface tissue fraction and the 
almost complete absence of cyanobacteria within the in- 
terior tissue fraction. 

Fatty acid analyses. Fatty acid methyl esters were ana- 
lyzed on both apolar (50 m • 0.2 mm, SP2100, Hewlett- 
Packard, Palo Alto, CA) and polar (50 m X 0.2 mm, 
Superox 0.1, S.G.E. Australia) capillary columns, and the 
raw data from electronic integration were interpreted 
using our previously reported computer programs (30). 
Structures were confirmed by chromatographic compari- 
son with authentic standards where available, by com- 
parison of equivalent chain lengths (ECL) for the methyl 
esters with those of secondary standards and by capillary 
gas chromatography-mass spectrometry (GC-MS) (HP 
5970A ion selective detector coupled to an HP 5790B gas 
chromatograph). Long-chain (>~C24) demospongic acids, 
including previously identified nonmethylene interrupted 
di- and triunsaturated fat ty acids (characteristic of cer- 
tain sponges) (4,22,31-38) were also identified for these 
sponges, but are not considered in the present study. 

Bacterial community structure analysis. The respective 
contributions of symbiotic bacteria were determined ac- 
cording to the methods of Johns et al. (21) and Gillan and 
Hogg (9), wherein the fatty acids extracted from sponge 
tissue are assumed to originate primarily from three 
sources--cell membranes of the sponge, nonphototrophic 
bacteria or cyanobacteria. The minimum abundance of 
any specific acid in a suite of sponge samples was used 
as an estimation of the sponge contribution to the abun- 
dance of that acid in the other sponges. This method 
should be especially accurate for estimation of cyano- 
bacterial contributions for our suite of sponge samples 
as two of these species do not contain cyanobacteria. This 
method, however, requires that one assumption be made, 
namely that  sponge membrane fatty acid compositions 

vary within a limited range. Work in our Stanford labora- 
tory currently seeks to test this assumption via the 
laborious procedure of isolating pure sponge membranes 
in sufficient quantity for fatty acid analyses (39-42). 

RESULTS AND DISCUSSION 

Lipids extracts. Three of the five sponges yielded green 
extracts on treatment with chloroform]methanol. Visible 
spectroscopy and thin layer chromatography confirmed 
the presence of chlorophyll-a in these extracts. As ex- 
pected, the neutral lipid fraction from saponification of 
the extracts from these three sponges (1:). herbacea, P. 
papyracea and Pseudaxinyssa sp.) contained appreciable 
amounts of phytol (3, Fig. 2), indicating the presence of 
chlorophyll, presumably largely of cyanobacterial origin. 
In contrast, lipid extracts from the other two sponges (P. 
aruensis and R. odorabile) did not exhibit a visible absorp- 
tion maximum in the 600-700 nm region of their spectra 
and did not yield phytol (3) on saponification, indicating 
the absence of cyanobacteria. 

In Pseudaxinyssa sp., the chlorophyll was almost ex- 
clusively associated with the surface tissues of the 
sponge, as contrasted to the interior tissues of the sponge, 
in accordance with our microscopic observations. Elec- 
tron microscopy indicated that cyanobacteria were pres- 
ent in appreciable amounts only in the surface tissues of 
the sponge. 

Fatty acid compositions. The fatty acid compositions 
of the five sponges are reported in Table 1 where double 
bonds for diunsaturated and polyunsaturated fatty acids 
are methylene-interrupted unless specifically stated other- 
wise. In general, only the position of the carboxyl terminal 
double bond is stated in these cases. None of the samples 
examined were markedly similar to any of the others. The 
three cyanobacteria-containing sponges (/9. herbacea, P. 
papyracea and Pseudaxinyssa sp.) yielded relatively much 

3,7,11, ] 5-Tetramethylhexndec -5-en- I -ol (phylol) (3) 

1 
4 , 8 , 1 2 - T ~ l l ~ y l ~ i ~ i c  acid ('I'MTD) (4) 

HO HO 
(s) (6) 

FIG. 2. Unconventional, highly branched sterols 5 and 6 from 
Pseudaxinyssa sp. and 4,8,12-trimethyltridecanoic acid (TMTD) (4), 
a highly branched fatty acid derived from phytol and isolated as 
the major fatty acid from this sponge. 
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TABLE 1 

The Abundances of Monocarboxylic Acids in Five Great Barrier Reef Sponges 

Sponge species 

With cyanobacteria Without cyanobacteria 
Fatty acid a 
{~g/g wet wt) D. herbacea P. papyracea Pseudaxinyssa sp. P. aruensis R. odorabile 

12:0 1 2 1 - -  - -  

13:0 3 2 6 - -  - -  

i 14 :0  . . . .  2 

14:1{7) 1 - -  1 - -  - -  

14:1(9) 5 I 5 - -  - -  

14:0 17 75 20 I i  I i  

T M T D  - -  - -  54 - -  - -  

i15 :0  2 13 6 1 71 

a 1 5 : 0  1 16 6 - -  22 

15:0 5 7 5 3 7 

i16:0 3 7 2 5 15 
16:H7) 9 3 4 2 2 
16:1{9) 16 232 75 13 5 
16:0 352 485 173 60 49 
Mel6:0 -- 6 11 17 34 
i17:1(9) -- -- 5 -- 18 
i17:0 3 19 3 2 12 
a17:0 3 27 5 -- 14 
17:1(9) - -  2 - -  3 - -  

cy17:0(9)  - -  12 - -  3 2 

17:0 12 28 6 3 4 

18:2(5,9) 4 13 78 i i  I 

18:3{6) 114 - -  - -  1 2 

18:4{6) 3 1 3 4 -- 
18:2(9) 50 3 3 7 -- 
18:3(9) -- -- 2 2 -- 
18:1(9) 153 22 122 12 3 
18:1(11) 37 149 28 8 15 
18:0 271 72 28 21 29 
Mel8:0 -- -- 7 10 54 
i19 :0  - -  - -  - -  1 2 

a l 9 : 0  - -  7 3 - -  I 

c y l 9 : 0 ( l  I) - -  7 5 1 8 

19:0 2 7 9 1 2 

20:4{5) - -  - -  4 37 2 

20:5{5) 2 2 2 7 -- 
20:1(11) 3 5 60 3 1 
20:1(13) 4 8 17 2 1 
20:0 14 17 14 3 3 
21:0 2 5 2 -- 3 
22:5(4) -- 2 1 8 -- 
22:6(4} 1 16 2 16 1 
22:1(13) 5 9 10 9 3 
22:1{15) 4 91 4 7 1 
22:0 4 14 2 2 2 

aFor  diunsaturated and polyunsaturated fatty acids, all double bonds are methylene interrupted unless 
specifically stated otherwise. In general, only the position of the carboxyl terminal double bond is stated 
in these cases. TMTD -- 4,8,12-trimethyltridecanoic acid; Mel6:0 and Mel8:0 refer to mixtures of 
monomethyl-branched C17 and C19 acids, respectively; abbreviations for iso, anteiso and cyclopropyl acids 
are i, a and cy, respectively. 

l a r g e r  a m o u n t s  o f  f a t t y  a c i d s  on  e x t r a c t i o n ,  p a r t i c u l a r l y  
s t r a i g h t - c h a i n  s a t u r a t e d  a n d  m o n o u n s a t u r a t e d  f a t t y  
ac ids .  Indeed ,  t h e s e  t h r e e  s p o n g e s  c o n t a i n e d ,  on  a v e r a g e ,  
ca.  900 ~ g / g  (wet  wt)  o f  t h e s e  a c i d s  c o m p a r e d  t o  o n l y  
150 ~ g / g  in t h e  t w o  n o n p h o t o t r o p h i c  s p o n g e s  (P. aruen- 
sis and R. odorabile). I n  c o n t r a s t ,  no  s u c h  c l ea r  d i s t i nc -  
t i o n  in b r a n c h e d - c h a i n  f a t t y  ac id  d i s t r i b u t i o n  w a s  ob- 
s e r v e d  for  t h e s e  s p o n g e s  a c c o r d i n g  t o  c y a n o b a c t e r i a l  con-  
t e n t .  T h e  c y a n o b a c t e r i a - f r e e  s a m p l e  of  R. odorabile 

y i e lded  t h e  g r e a t e s t  a m o u n t  of  b r a n c h e d - c h a i n  f a t t y  acids,  
w h e r e a s  t h e  s a m p l e  o f  c y a n o b a c t e r i a - r i c h  D. herbacea 
y i e l d e d  t h e  l eas t .  O n l y  one  s p o n g e ,  Pseudaxinyssa  sp. ,  
c o n t a i n e d  an  a p p r e c i a b l e  a m o u n t  of  t h e  i s o p r e n o i d  f a t t y  
ac id ,  4 , 8 , 1 2 - t r i m e t h y l t r i d e c a n o i c  a c i d  ( T M T D )  (4). 

T h e  f a t t y  ac id  c o m p o s i t i o n s  o f  t h e  i n t e r i o r  a n d  c y a n o -  
b a c t e r i a - r i c h  s u r f a c e  p o r t i o n s  o f  Pseudaxinyssa  sp. a r e  
r e p o r t e d  in T a b l e  2. T h e  s u r f a c e  t i s s u e s  w e r e  e n r i c h e d  
in  t h e  16:1(9), 16:0, 18:3{6), 18:1(9) a n d  18:1(11} ac ids ,  
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TABLE 2 

Relative Abundances of Monocarboxylic Acids in Surface 
and Interior Tissues of Pseudaxinyssa sp. a 

Fatty acid b Interior Surface Ratio 
{~g/g wet wt) tissues tissues surface/interior 

14:1(9) 10 9 0.9 
14:0 12 10 0.8 
TMTD 100 100 1.0 
i15:0 4 3 0.8 
a15:0 4 3 0.8 
15:0 3 3 1.0 
16:2{5,9) 6 10 1.7 
16:1(9) 37 221 6.0 
16:0 75 366 4.9 
17:0 4 4 1.0 
18:2(5,9) 67 149 2.2 
18:3{6} 6 30 5.0 
18:1(9) 55 284 5.2 
18:1(11) 26 72 2.8 
18:0 16 21 1.3 
cy19:9(11) 7 4 0.6 
19:0 10 12 1.2 
20:2(5,9) 37 42 1.1 
20:1(11) 65 73 1.1 
20:1(13) 26 33 1.3 
20:0 15 13 0.9 
22:5(4) 13 10 0.8 
22:6(4) 19 12 0.6 

aResults are normalized to TMTD = 100. Interior tissues lack 
cyanobacteria, whereas surface tissues (<0.5 mm) contain large 
numbers of cyanobacteria. 

bFor format and abbreviations used, see footnote, Table 1. 

suggest ing that  these acids are of cyanobacterial origin. 
Cyanobacterial syrnbionts. Cyanobacteria have been re- 

ported to biosynthesize fa t ty  acids in the range C14 to 
C18, with varying degrees of unsaturat ion (up to tetra- 
enoic acids} {43,44). In addition, it has been shown that  
the 18:1 isomer produced by cyanobacteria is 18:1(9) {45). 
Table 3 lists the residual abundances of potential cyano- 
bacterial acids calculated by subtraction of the minimum 

observed abundance in any of the five specimens. The 
three species noted for the presence of cyanobacteria, as 
indicated by the presence of chlorophyll-a, yielded large 
residual amounts  of these acids, whereas the two species 
without cyanobacterial symbionts yielded very low resid- 
ual acid abundances. The 16:1{9) acid was found to be the 
major cyanobacterial acid present in these three cyano- 
bacteria-rich sponges. 

Studies employing electron microscopy reveal tha t  D. 
herbacea contains a colonial (multicellular) cyanobac- 
terium similar to Phormidiurn spongeliae, whereas P. 
papyracea and Pseudaxinyssa sp. yield a solitary (uni- 
cellular) cyanobacterium similar to Aphanocapsa feld- 
rnanni (10,46). The presence of linoleic (18:2{9)) and y- 
linolenic acids (18:3(6)) in the residual acids ofD. herbacea, 
but  not the other sponges, is thus consistent with the 
earlier observation that  colonial cyanobacteria usually 
produce polyenoic acids, whereas solitary species usually 
do not (8,43,44). This result also indicates tha t  fa t ty  acid 
analyses can potentially be used to screen sponge tissue 
samples for the presence of different cyanobacterial sym- 
bionts; for example, P. papyracea and Pseudaxinyssa sp. 
have different residual acid compositions likely indicating 
the presence of different cyanobacterial populations. The 
cyanobacteria from P. papyracea contain predominantly 
16:0 (53%), 16:1{9) {24%), 14:0 (8%) and 18:0 {6%) fa t ty  
acids, but  the cyanobacteria from Pseudaxinyssa sp. con- 
tain much more 18:1{9) {35% cf. 2% for P. papyracea) and 
relatively much less 14:0 {3%) and 18:0 {2%). This marked 
chemical difference cannot be explained solely by com- 
positional variation within a cyanobacterial  species; 
rather, different cyanobacterial  species mus t  be present. 

The s u m m e d  f a t t y  acid c o n t r i b u t i o n  f rom 
cyanobacteria listed in Table 3 is a direct measure of the 
cyanobacterial  biomass present in the sample of sponge 
tissue analysed. Indeed, because the abundance of fa t ty  
acids in cyanobacteria typically varies within the limited 
range of 3-5% (dry wt basis} (47) during one season, the 
fa t ty  acid contribution can be used to calculate the 
biomass of cyanobacteria present. However, most studies 
on sponges report symbiont  biomasses in terms of per- 
centage tissue volume, because this is relatively easily 

TABLE 3 

Fatty  Acids  Attributable to Cyanobacteria in the Total  Acids  of Five Marine Sponges a 

With cyanobacteria 
Fatty acid a 
(~g/g wet wt) D. herbacea P. papyracea Pseudaxinyssa sp. 

Host sponge 

Without cyanobacteria 

P. aruensis R. odorabile 

14:0 6 64 9 -- -- 
16:0 303 436 124 11 -- 
16:1(9) 11 227 70 8 -- 
17:0 9 25 3 -- 1 
18:0 250 51 7 -- 8 
18:1(9) 150 19 119 9 -- 
18:2(9) 50 3 3 7 -- 
18:3(6) 114 -- -- 1 2 

~- 913 825 335 35 11 

aCyanobacterial fatty acids are considered to be the residual abundance of acids calculated by subtraction 
of the minimum observed abundance of each acid in any of the five specimens. Only those acids with residual 
concentrations greater than 10 ~g/g are listed. 
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est imated by electron microscopy. Although not  ad- 
vocat ing this practice, the data  in Table 3 can be con- 
ver ted to this format  with an assumption of the 
cyanobacterial water content; if the cyanobacterial water 
content  is assumed to be 80%, then the symbiotic 
cyanobacteria  volume contribution to the whole sponge 
volume can be calculated to vary from 3.4 to 9.1% (w/w) 
for each of the three cyanobacteria-containing sponges 
considered in this study. 

Nonphototrophic bacterial symbionts .  In an earlier 
study, Gillan and Hogg (9) proposed a method for non- 
phototrophic bacterial biomass est imation based on the 
abundances of characterist ic bacterial acids. In this 
study, we cannot  use the 16:1(9} abundance to est imate 
the biomass of the nonphototrophic bacterial group tha t  
produces this acid due to major production of this acid 
by cyanobacteria. In addition, we did not detect the trans 
acids, 16:1(9t) and 18: l( l l t ) ,  in the sponge analyses. 
However, several isomers of both the C,~ and C,s mid- 
chain, monomethyl-branched fa t ty  acids (principally, 9- 
and 10-methyl 16:0, and 11- and 12-methyl 18:0) were 
present  in most  of the sponges. These lat ter  acids have 
been reported in bacteria, especially sulfate-reducing 
bacteria (48). As in the case of cyanobacterial estimation, 
we have est imated the abundances of nonphototrophic 
bacterial acids due to in situ bacterial symbionts  as the 
residual acid abundances (Table 4). 

Two sponges, P. papyracea and R. odorabile, yielded 
much larger abundances of nonphototrophic bacterial 
acids than the other three sponges, l towever,  the pre- 
dominant  bacteria in these two sponges are markedly 
different: R. odorabile contains mainly monomethyl- 
branched 16:0 and 18:0 acid-producing bacteria and 

iso/anteiso acid-producing bacteria, whereas P. papyracea 
contains largely bacteria with vaccenic acid (18:1[11]) 
(Table 4}. Pseudaxinyssa sp. contained a mixture of these 
bacteria, but  the total abundance was approximately one- 
fourth less, whereas D. herbacea and P. aruensis con- 
tained only traces of bacteria. The distribution of bacterial 
acids in D. herbacea was similar to tha t  observed in 
P. papyracea. 

Because branched acid-producing bacteria also produce 
small amounts of straight-chain acids, the summed abun- 
dances in Table 4 are an underest imate  of the actual 
bacterial fa t ty  acid contribution. A bet ter  est imate can 
be obtained by application of the equations published 
recently (9); these equations do not, however, account for 
methyl  branched 16:0 and 18:0 producing bacteria. The 
est imated bacterial symbiont  f a t ty  acid contribution 
reported in Table 4 is based on the value derived by ap- 
plication of the equations plus twice the combined abun- 
dance of methyl branched 16:0 and 18:0 (as a first approx- 
imation it is assumed that  methyl branched acids account 
for 50% of the total  acids in these chemotypes). This 
calculated, nonphototrophic bacterial contribution varies 
between 50 ~g/g wet wt and 350 pg/g wet wt for the tissue 
samples examined in this study. For comparison with 
electron microscopy studies, the approximate tissue vol- 
ume contributions for bacteria in each of the five speci- 
mens can be calculated with the assumption tha t  fa t ty  
acids represent 1% wet wt of the sponge (8). In this way, 
nonphototrophic bacteria represent  ca. 1% (for cyano- 
bac te r i a -con ta in ing  species} or 3.5% (for cyano- 
bacteria-free species} of the tissue volume of the host 
sponge, suggesting possible competition for tissue space 
between these two types of bacteria. 

TABLE 4 

Fatty Acids Attributable to Nouphototrophic Bacteria in the Total Fatty Acids of Five Marine Sponges a 

Fatty acid b Sponge species 
(~g/g wet wt) D. herbacea P. papyracea Pseudaxinyssa sp. P. aruensis R. odorabile 

i14:0 . . . .  2 

i15:0 1 12 5 - -  70 

a15:0 I 16 6 - -  22 
i16:0 1 5 - -  3 13 

M e l 6 : 0  --  6 I I  17 34 

i17:1{9} --  - -  5 - -  18 

i17:0 I 17 1 --  I0  

a l 7 : 0  3 27 5 --  14 

cy17:0{9) - -  12 - -  3 2 

1 8 : l ( l l )  29 141 20 - -  7 

M e l 8 : 0  - -  --  7 I0  54 

i19:0 - - -  - -  I 2 

a19:0 - -  7 3 - -  1 

cyl9:0(ll} -- 7 5 1 8 

Z 36 250 68 35 257 
Estimated total 
bacterial fatty 
acid contributions: 56 347 100 64 343 

aBacterial residual acids are considered to be the residual abundance of acids calculated by subtraction of 
the minimum observed abundance of each acid in any of the five specimens. Estimated total bacterial con- 
tribution to acids is calculated according to methods described in the text. 

bFor format and abbreviations used, see footnote, Table 1. 
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TABLE 5 

Calculated Tissue Volumes Contributed by Cyanobacteria and Nonphototrophic Bacteria 
for Five Great Barrier Reef Sponges 

Fatty acid contribution 
~g/g wet wt (% Tissue Volume) 

Sponge Cyanobacteria Other bacteria Total 

Dysidea herbacea 913 (9.1) 56 {0.6) 969 0.7) 
PhakeUia aurensis 35 (0.0) 64 {0.6) 99 (0.6) 
PhyUospongia papyracea 825 {8.3) 347 {3.5) 1172 {11.8) 
Pseudaxinyssa sp. 335 {3.4} 100 (1.0) 435 (4.4) 
Rhopaloeides odorabile 11 (0.0) 343 (3.4) 354 (3.4) 

4,8,12-Trimethyltridecanoic acid. Pseudaxinyssa  sp. 
was readily distinguishable from the other sponges due, 
among other factors, to the presence of a large abundance 
of the fa t ty  acid 4,8,12-trimethyltridecanoic acid (TMTD) 
(4) (Fig. 2). This acid is an isoprenoid acid that  is derived 
by degradation of phytol  (3), which, in turn, is derived 
from chlorophyll. The high concentrat ion of this acid in 
the interior, cyanobacteria-free tissues of this sponge 
(16.0%) vs tha t  observed for surface tissues (6.7%) sug- 
gests tha t  this phospholipid acid is one of the major 
sponge cell membrane components.  In fact, recent work 
has established tha t  TMTD (4) is present  in the mem- 
branes of Pseudaxinyssa  sp. (40). ' [he TMTD in the 
sponge cells may be derived from degradation of the 
cyanobacterial  chlorophyll phytol  (Fig. 2), possibly with 
the  assistance of other bacterial species, but  a dietary 
origin cannot  be excluded. I t  is unlikely tha t  the sponge 
ingests live symbiotic cyanobacteria because sponges ap- 
parently have mechanisms to avoid ingestion of bacterial 
symbiont  species (49). 

This is the first case in which such a highly branched 
fat ty  acid appears to function within cell membranes, rais- 
ing further  questions about  the s t ructure  and function 
of sponge membranes tha t  are already noted for exceed- 
ingly long phospholipid fa t ty  acids tha t  are theoretically 
incompatible with normal membrane function (39,50). The 
presence of this highly branched acid as a major acid in 
the sponge cell membrane may be related to the extremely 
unusual sterol composition of Pseudaxinyssa  sp. (41,42, 
51-54), as suggested by Walkup et al. (4) for another 
sponge. Over 98% of the sterol mixture consists of the 
highly branched Ca0 sterols, 24-isopropyl cholesterol (5) 
and its 22-dehydro- analog (6) (Fig. 2). TMTD also occurs 
as a major fa t ty  acid in the sterol esters within the in- 
terior portions of the sponge, whereas the cyanobacterial 
fa t ty  acids predominate in the surface portion of the 
sponge. I t  should be noted, however, tha t  the whole 
sponge Spheciospongia vesparium also contains large 
amounts  of TMTD, but  has a very simple sterol composi- 
tion of mainly cholesterol and sitosterol (55). 

Biosynthes is  o f  fa t ty  acids. The high amount  of the 
18:2(/1 ~.9) acid, a nonmethylene interrupted fa t ty  acid 
unknown in bacteria, suggests  tha t  the hS.9-dehydro- 
genase enzyme of the sponge is not  only specific for the 
long demospongic acids, but  that  the typical AS'9-unsatu - 
ration pattern (1) can be introduced into shorter fa t ty  acid 
analogs as well. Thus, the 18:l(ti ~) acid, contr ibuted by 
symbiotic cyanobacteria,  may be further  desaturated to 

the 18:2(55.9 ) acid. This latter fa t ty  acid has been isolated 
from at least two sponges (5,34); its lower homolog, 
16:2(M.9), which has never before been reported for 
bacteria, was recently reported as a major const i tuent  of 
the sponge Chondrilla nucula (56). 

CONCLUSIONS 

Fat ty  acid analyses have been shown to distinguish dif- 
ferent symbionts present  in marine sponges and to pro- 
vide estimates of the bacterial symbiont abundances. Ac- 
cording to fa t ty  acid content,  three of the sponges ex- 
amined in this s tudy were shown to contain cyanobac- 
terial symbionts,  whereas all the sponges contained non- 
phototrophic bacteria; Table 5 summarizes the estimated 
biomass data  for each bacterial class in the five sponge 
species examined. Although this method sheds light on 
the contributions of fa t ty  acids by bacterial symbionts  
in sponges, this method should be cautiously applied for 
est imation of fa t ty  acid contributions by symbionts  
because a detailed analysis of the fa t ty  acid composition 
of isolated (and possibly also cultured) bacterial sym- 
bionts and pure isolated sponge cell membranes should 
be used to unambiguously solve the problem. Some work 
along these lines has recently been reported (42). 
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M E T H O D S  I 

Rapid Separation of Neutral Lipids, Free Fatty Acids and Polar Lipids 
Using Prepacked Silica Sep-Pak Columns 
J a m e s  G. Haml l ton  I a n d  Karen  C e r e a l  2," 
Department of Pharmacology, Hoffmann-La Roche Inc., Nutley, NJ 07110 

A method is described for the separation of neutral lipid, 
free fatty acid and polar lipid classes using small {600 mg}, 
prepacked silica Sep-Pak columns. Combinations of hex- 
ane and methyltertiarybutylether were used to progres- 
sively elute cholesteryl ester first then triglyceride from 
the column. After column acidification, fatty acids were 
eluted followed by cholesterol. Recoveries of these lipids 
were 96% or greater. Polar lipids were eluted from the 
column using combinations of methyltertiarybutylether, 
methanol and ammonium acetate. Phospholipid classes 
could not be separated completely from each other. 
Phosphatidylethanolamine and phosphatidylinositol 
eluted together, whereas the more polar phosphatidyl- 
choline, sphingomyelin and lysophosphatidylcholine were 
eluted as a second fraction. Recoveries of each phosphw 
lipid was greater than 98%. 
Lipids 23, 1146-1149 {1988}. 

Methods to separate and isolate neutral and polar lipids 
have largely depended on preparative thin layer chroma- 
tography (TLC} and column chromatography using silicic 
acid, florisil or alumina and more recently on high per- 
formance liquid chromatography [HPLC} {1-4}. Signifi- 
cant problems are associated with each of these methods. 
Preparative TLC is sensitive to sample overload, is 
cumbersome and time~consuming. Traditional column 
chromatography is time~consuming and requires large 
quantities of solvents. HPLC requires expensive equip- 
ment. Therefore, the need for rapid, efficient, high re- 
covery methods are needed, especially for use with small 
and medium sample sizes. 

In previous work, it was demonstrated that small silica 
Sep-Pak columns {600 mg} could be used to separate 
neutral and polar lipids with a greater than 98% recovery 
of the following lipid classes: cholesteryl esters, tri- 
glycerides, fatty acids, cholesterol, phosphatidylethanol- 
amine and phosphatidylcholine {5}. Others have reported 
the successful use of this and similar methods {6,7}. 

This report describes in detail the use of the disposable 
silica Sep-Pak columns to separate cholesteryl esters, 
cholesterol, free fatty acids and triglycerides from each 
other and from polar lipids using a novel solvent system 
containing methyltertiarybutylether {MTBE}. The data 
were generated using radiolabeled and unlabeled lipid 
standards and lipids extracted from human serum or rat 
livers. Recoveries for each lipid class were excellent, as 
in the previous work {5}. The processing of 10 samples 
can be accomplished in less than 1 hr. The use of MTBE 
instead of chloroform, which was used with the previous 
method, has allowed us to separate cholesteryl esters 

IPresent address: 2976 Heather Bow, Sarasota, FL 34235. 
2present address: 151 Rutgers Place, Nutley, NJ 07110. 
*To whom correspondence should be addressed. 

from triglycerides and to completely separate phospha- 
tidylethanolamine from phosphatidylcholine. 

MATERIALS AND METHODS 

Lipids were extracted from human serum using the 
method of Bligh and Dyer {9}. Extracts were stored under 
nitrogen at -20~ 

Radiolabeled rat liver phosphatidylcholine and phos- 
phatidylethanolamine were prepared by intraperitoneal 
injection of either 5 mCi of [3H]choline chloride or 5 mCi 
[14C]ethanolamine (New England Nuclear, Boston, MA} 
into rats as described previously {5}. After 24 hr, the rats 
were killed and the livers were extracted using the Bligh 
and Dyer method {8}. The phospholipid fraction was ob- 
tained by separation from neutral lipids and fatty acids 
using a silica Sep-Pak column procedure (5). Radiolabeled 
sphingomyelin was prepared by a modification of the pro 
cedure of Dawson {9} using the lipids from the rat liver 
labeled with [3H]choline chloride. Briefly, liver lipid was 
dissolved in 5 ml of 2% potassium hydroxide in 95% 
ethanol and heated at 37~ for 20 min. Chloroform {5 ml) 
was added to the mixture followed by 8 ml of distilled 
water. The upper water layer containing choline was 
discarded. The chloroform {lower} layer was washed twice 
with 55% methanol. The radioactivity contained in the 
chloroform layer was almost exclusively sphlngomyelin 
{9}. A small amount of additional radioactivity was re- 
moved by treating the sample with hydrochloric acid 
under mild conditions, indicating that plasmalogens were 
minimally labeled {9}. 

Neutral lipid standards were purchased from NuChek 
Prep {Elysian, MN} and stored in sealed vials at -20~ 
Polar lipid standards were purchased from Avanti Polar 
Lipids {Birmingham, AL) and stored in sealed vials at 
-20~ All solvents were HPLC grade and were pur- 
chased from Burdick and Jackson {Muskegon, MI}. Silica 
Sep-Pak columns {600 mg silica} were purchased from 
Waters Associates {Milford, MA}. The column void vol- 
ume is 1.5 mi and the column capacity is greater than 
1 mg lipid. Tri[14C]oleylglycerol, [3H]oleic acid, choles- 
teryl[3H]oleate, [14C]cholesterol, [3H]phosphatidylinosi- 
tol and [14C]lysophosphatidylcholine were purchased 
from New England Nuclear {Boston, MA}. The radio- 
labeled lipids were purified by HPLC prior to recovery 
experiments {5). Radiolabeled counting was performed 
using a Searle Analytic Mark III Scintillation Counter. 
Samples were mixed with 10 ml Aquasol {New England 
Nuclear, Boston, MA). For quantitative recovery experi- 
ments, the following radiolabeled lipids were added to 
lipids extracted from human serum {equivalent to 100 ~l 
human serum}: 0.02 ~Ci of [3H]cholesteryl oleate, 0.1 ~Ci 
of [14C]cholesterol, 0.02 ~Ci of [3H]oleic acid, 0.02 ~Ci of 
tri[1-14C]oleyl glycerol, 0.04 ~Ci of [3H]phosphatidylino- 
sitol and 0.02 uCi of [~4C]lysophosphatidylcholine. Addi- 
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tionally, 0.04 ~Ci of [~4C]phosphatidylethanolamine, 0.04 
gCi of [3H]phosphatidylcholine and 0.02 ~Ci [3H]sphingo- 
myelin were used without  dilution as isolated f rom rat  
liver lipids. The column separations described below were 
performed three to six t imes for each individual radio- 
labeled lipid added to serum lipids and for combined 
radiolabeled lipids in serum lipids. 

RESULTS 

Separation of neutral lipids. Separat ion of neutral  lipids 
and free f a t ty  acids f rom polar lipids was accomplished 
using prepacked silica Sep-Pak columns as described 
previously (5), bu t  replacing chloroform with M T B E  in 
the elution solvent. Prior to use, each Sep-Pak column was 
washed with 4 ml of hes  (96:4) followed by 
12 ml hexane. This washing procedure removed sub- 
s tances tha t  interfere with HPLC procedures used to 
moni tor  lipids (5,10). 

Serum lipids from the Bligh and Dyer  extraction equiv- 
alent to 100 ~l of human  serum were evapora ted  to dry- 
ness under nitrogen, dissolved in 2.0 ml of hexane/MTBE 
(200:3) and applied to the Sep-Pak column. The vessel con- 
ta ining the lipid ex t rac t  was washed once with 2 ml hex- 
ane/MTBE (200:3) and the solvent added to the column. 
The 2 ml eluted solvent was saved. 

Cholesteryl es ters  and tr iglycerides were eluted with 
combinat ions of hexane/MTBE. Hexane /MTBE (200:3, 
10 ml) was added to the column, which resulted in the elu- 
t ion of cholesteryl  es ters  in a to ta l  volume of 12 ml. The 
recovery of cholesteryl ester  based on [3H]cholesteryl 
oleate was 95.9% (Table 1). Using 12 ml of hexane/MTBE 
(96:4), the tr iglycerides emerged. The recovery of 
triglyceride based on added tri[1-14C]oleylglycerol was 
99% (Table 1). 

After removal of triglycerides, the column was acidified 
with 12 ml hexane/acetic acid (100:0.2). This fraction con- 
tained no lipid and was discarded. F a t t y  acids were then 
eluted using 12 ml of hexane/MTBE/acetic acid {100:2:0.2) 
with a 98.2% recovery based on added [3H]oleic acid 
{Table 1). Cholesterol was eluted using 12 ml of MTBE/  
acetic acid (100:0.2). Recovery based on added [14C]- 
cholesterol was 99.1% {Table 1). 

Separation of polar lipids. After  the neutra l  lipids and 
f a t ty  acids were eluted, polar lipids were eluted f rom the 
column using combinat ions of MTBE/methanol /am-  
monium acetate (pH 8.6). The aqueous ammonium acetate 
was prepared by  adding 2 volumes of 0.001 M ammonium 
hydroxide to 1 volume of 0.001 M acetic acid. Approx- 
imately  50% of the phosphat idyl inosi tol  was eluted with 
MTBE/methano l ]ammonium aceta te  (pH 8.6) (25:4:1, 8 
ml) and the remaining 50% with MTBE/methanol /am-  
monium acetate  (pH 8.6) (10:4:1, 12 ml) for a total  re- 
covery of 98.6% (Table 2). Phosphatidylethanolamine was 
quant i ta t ive ly  eluted in the 12 ml of MTBE/methanol /  
ammonium aceta te  {pH 8.6) (10:4:1) with a 98.7% re- 
covery. Using 12 ml MTBE/methanol]ammonium acetate 
(pH 8.6) (5:4:1), 69% of the phosphatidylcholine,  50% 
sphingomyelin and 2% lysophosphatidylcholine were 
eluted (Table 2). By increasing the polar i ty  of the eluting 
solvent  to MTBE/methano l / ammonium aceta te  (pH 8.6) 
(5:8:2), an additional 22% phosphatidylcholine,  50% 
sphingomyelin and 93.3% lysophosphatidylcholine eluted 
(Table 2). An additional 12 ml of this solvent resulted in 
minor additional recoveries of lysophosphatidylcholine 
(Table 2). Overall recoveries were 91.6% for phosphatidyl- 
choline, 100% for sph ingomye l in  and 99.9% for 
lysophosphatidylcholine based on recoveries of the 
radiolabeled s tandards .  

Bulk separation of neutral and polar lipids. Bulk separa- 
tion of all neutral  lipids and f a t ty  acids f rom polar lipids 
was accomplished with the Sep-Pak column using 
MTBE/acet ic  acid (100:0.2) as the eluting solvent. Lipids 
were dissolved in 2.0 ml of MTBE/acet ic  acid (100:0.2), 
applied to the column and washed once with an additional 
2.0 ml of the solvent. The elution of all (98+%) neutral  
lipids and f a t ty  acids was achieved with an additional 10 
ml of the solvent. No polar lipdis were removed with 
MTBE/acet ic  acid {100:0.2). The polar lipids were then 
eluted using the solvent sys t ems  described above with 
recoveries identical to those in Table 2. The polar lipids 
were quanti tat ively separated into two fractions. The less 
polar  lipids, e.g., phosphat idyle thanolamine,  phospha- 
tidylinositol, phosphat idylser ine and phosphat idylglyc-  
erol, were eluted with MTBE/methano l / ammonium ace- 
ta te  (pH 8.6) (10:4:1) followed by the elution of more polar 

TABLE 1 

Separation and Percent Recovery of Neutral Lipids and Fatty Acids on Silica Sep-Pak Columns a 

Lipid class Fraction 1 Fraction 2 Fraction 3 Fraction 4 

Cholesteryl ester 95.9 2= 0.7 0 0 0 
Triglyceride 0 99.0 _ 0.2 0 0 
Fatty acid 0 0 98.2 _ 0.7 0 
Cholesterol 

(and partial glycerides) 0 0 0 99.1 2= 0.3 
Phosphatidylethanolamine 0 0 0 0 
Phosphatidylcholine 0 0 0 0 

aLipids were extracted from fasted human serum using the method of Bligh and Dyer {8). Radiolabeled lipid 
standards purified by HPLC {5) were added separately to an equivalent of 100 ~1 of human serum lipid to 
determine recovery. Results are expressed as the percentage mean _+ SE for a minimum of 4 separate deter- 
minations of each lipid class. Combinations of lipids were also separated with the same recoveries. Frac- 
tion 1 solvent is hexane/MTBE (200:3, 12 ml); fraction 2 solvent is hexane/MTBE (96:4, 12 ml); frac- 
tion 3 solvent is hexane/MTBE/acetic acid (100:2:0.2, 12 ml); fraction 4 solvent is MTBE/acetic acid (100:0.2, 
12 ml). 
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TABLE 2 

Separation and Percent Recovery of Polar Lipids on Silica Sep-Pak Columns a 

Lipid class Fraction 1 Fraction 2 Fraction 3 Fraction 4 Fraction 5 

Phosphatidylethanolamine 0 98.7 +- 1.5 0 0 0 
Phosphatidylinositol 51.5 _+ 0.8 47.1 __ 1.0 0 0 0 
Phosphatidylcholine 0 0 69.7 -- 1.1 21.9 -- 0.8 <0.1 
Sphingomyelin 0 0 50.1 4- 1.4 49.8 +- 1.3 <0.1 
Lysophosphatidylcholine 0 0 2.4 +_ 1.0 93.3 +- 0.9 4.2 4- 1.0 

aLipids were extracted from fasted human serum using the method of Bligh and Dyer (8). Radiolabeled lipid 
standards purified by HPLC (5) were added separately to an equivalent of 100 ~1 of human serum lipid to 
determine recovery. Results are expressed as the percentage mean +_ SE for a minimum of 4 separate deter- 
minations for each lipid class. Combinations of lipids were also separated with the same recoveries. The 
Sep-Pak column was washed with 12 ml MTBE/acetic acid (100:0.2), no radioactivity emerged. The solvent 
system was composed of MTBE/methanol/ammohium acetate (pH 8.6) in the following proportions and 
amounts: fraction 1, 25:4:1, 8 ml; fraction 2, 10:4:1, 12 re.l; fraction 3, 5:4:1, 12 ml; and fraction 4 and 5, 
5:8:2, 12 ml. 

lipids, e.g., phosphatidylcholine, sphingomyelin and lyso- 
phosphatidylcholine, with MTBE/methanol /ammonium 
acetate {pH 8.6} (5:8:2}. All phospholipids could be eluted 
with 10 to 20 ml of the lat ter  solvent. Using this solvent 
is bet ter  than methanol alone because the phospholipids 
emerge in a minimum of solvent. 

DISCUSSION 

We have developed a rapid highly reproducible method 
to separate the major neutral lipid classes and polar lipids. 
By including the appropriate internal lipid s tandards 
prior to separation, excellent quant i ta t ive  data  was ob- 
tained. Radiolabeled lipids were used in the present work. 
However, quant i ta t ion can be achieved using chemical 
determination, gas chromatography or HPLC. The 
method described in this report  can be used as an alter- 
native to thin layer chromatography.  

The separations obtained on the small disposable silica 
Sep-Pak columns were a function of lipid polari ty and of 
solvent s t rength  and polarity. The solvent proportions 
determined empirically were critical for complete separa- 
tions. The elution volumes could be varied from 10 to 
25 ml without  contamination from the more polar lipids. 
A compromise volume of 12 ml was sufficient for com- 
plete elution of each lipid in the current work. The neutral 
lipids {cholesteryl esters and triglycerides} were eluted by 
solvent s t rength  using combinations of hexane/MTBE; 
200:3 for cholesteryl esters followed by 96:4 for triglycer- 
ides. A combination of 200 ~g of cholesteryl ester  and 
100 ~g of triglyceride separated readily. If present,  
methylesters of fa t ty  acids and simple alkyl esters would 
not  separate from cholesteryl esters and would elute with 
hexane/MTBE {200:3}. Both short and long chain triglyc- 
erides elute with hexane/MTBE (96:4}. After acidification 
of the column with hexane/acetic acid {100:0.2}, fa t ty  acids 
were eluted using hexane/MTBE/acetic  acid {100:2:0.2}. 
The elution of cholesterol was achieved with MTBE-acetic 
acid 100:0.2. Monoglycerides, 1,2- and 1,3-diglycerides 
emerged in the cholesterol fraction as measured by  lipid 
standards and HPLC chromatography, but  they were not 
quant i ta ted using radiolabeled s tandards for this report. 

Phospholipid classes could not be separated completely 
from each other. However, phosphatidylethanolamine and 
phosphatidylinositol  were separated completely from 
phosphatidylcholine, sphingomyelin and lysophospha- 
tidylcholine with excellent {98+%} recoveries. Separa- 
tions of phosphatidylethanolamine from phosphatidyl- 
inositol or phosphatidylcholine from sphingomyehn and 
lysophosphatidylcholine were not  achieved. However, 
after partial  separation on the silica Sep-Pak column, 
these polar lipids can be separated by I IPLC with ex- 
cellent recovery {10}. 

This rapid, simple method lends itself to enzymic and 
other assays where measurement of a lipid as an endpoint 
is necessary. I t  is particularly useful for radiolabeled 
methods. Incorporation of cholesterol precursor into 
cholesterol, incorporation of f a t ty  acid into cholesterol 
ester  where separation of cholesterol, cholesteryl ester 
and fa t ty  acid is desired and the separation of fa t ty  acids 
and triglycerides during lipolysis are a few examples of 
potential  applications of this methodology. Additionally, 
the cartr idge can be reused if washed with methanol 
(20 ml}, MTBE {20 ml} and then hexane {20 ml) making 
the separations more economical. 

In addition to human serum lipids, ra t  serum and liver 
lipids, as well as lipids from cultured smooth muscle 
cells, have been separated quanti tat ively,  as in previous 
work {5}. 

The most  difficult separation of the neutral  lipids 
proved to be the separation of cholesteryl esters from 
triglycerides. Numerous combinations of hexane and 
more polar solvent mixtures  were tried. MTBE and 
diethylether proved to be bet ter  than others such as ethyl 
acetate, chloroform or dichioromethane. MTBE was 
preferred to diethylether  because diethylether  is much 
less stable than MTBE and many of the stabilizers in- 
terfered with the analysis. I t  was surprising to find tha t  
the separation of phosphatidylethanolamine from phos- 
phatidylcholine was better  using MTBE than chloroform. 
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Separation of Neutral Lipid, Free Fatty Acid and Phospholipid 
Classes by Normal Phase HPLC 
J a m e s  G. Haml l ton  I a n d  Karen  Carna l  2,* 
Department of Pharmacology, Hoffmann-La Roche Inc., Nutley, NJ 07110 

Normal phase high performance liquid chromatography 
methods are described for the separation of neutral lipid, 
fatty acid and five phospholipid classes using spec- 
trophotometric detection at 206 nm. Separations were ac- 
complished in less than 10 min for each lipid class. A 
mobile phase consisting of hexane/methyltertiarybutyl- 
ether/acetic acid (10~.5:0.02} proved effective in separating 
cholesteryl ester and triglyceride with recoveries of 100% 
for radiolabeled cholesteryl oleate and 98% for radio- 
labeled triolein. Free fatty acid and cholesterol were sepa- 
rated by two different mobile phases. The first, hexane! 
methyltertiarybutylether/acetic acid (70:30:0.02) effec- 
tively separated free fatty acids and cholesterol, but did 
not separate cholesterol from 1,2~liglyceride. A mobile 
phase consisting of hexane/isopropanol/acetic acid (100:2: 
0.02) effectively separated free fatty acid, cholesterol, 
1,2~liglyceride and 1,3<liglyceride. Recoveries of oleic acid 
and cholesterol were 100% and 97%, respectively. Five 
phospholipid classes were separated using methylter- 
tiarybutylether/methanol/aqueous ammonium acetate 
(pH 8.6) (5:8:2} as the mobile phase. The recoveries of 
phosphatidylinositol, phosphatidylethanolamine, phos- 
phatidylcholine, sphingomyelin and lysophosphatidyl- 
choline were each greater than 96%. 
Lipids 23, 1150-1153 (1988). 

The development of mobile phases for separations of 
lipids using high performance liquid chromatography 
(HPLC) has improved despite the lack of adequate detec- 
tion techniques (1-3}. Mobile phases have been developed 
so that the ultraviolet absorbing properties of lipids in 
the range of 190 to 210 nm can be used to monitor separa- 
tions (2-4}. Solvents such as methyltertiarybutylether 
(MTBE), hexane, isopropanol, acetonitrile and methanol, 
which do not absorb appreciably in the ultraviolet range 
of 190 to 210 nm, have been used successfully in both nor- 
mal and reversed phase HPLC separations of lipids {2-5}. 

This report describes in detail normal phase HPLC 
techniques for quantitative separation of neutral lipid 
classes, fatty acids and five major phospholipid classes. 
Separations were complete for all lipids with the excep- 
tion of a 15% cross contamination of phosphatidylcholine 
and sphingomyelin. Each isocratic HPLC separation is 
completed in less than 10 min with recoveries of greater 
than 96% for each lipid. 

MATERIALS AND METHODS 

Lipids were extracted from human serum and rat liver 
using the method of Bligh and Dyer (6). Extracts were 
stored under nitrogen at -20~ Radiolabeled rat liver 
[3H]phosphatidylcholine, [14C]phosphatidylethanolamine 
and [3H]sphingomyelin were prepared as previously de- 
scribed (4,7,8). Tri[1-14C]oleylglycerol, [3H]oleic acid, cho- 
lesteryl [3H]oleate, [14C]cholesterol, [3H]phosphatidylin~ 
sitol and [~4C]lysophosphatidylcholine were purchased 
from New England Nuclear (Boston, MA). These radio- 
labeled lipids were purified by HPLC prior to perform- 
ing recovery experiments (4}. For quantitative recovery 
experiments, the following amounts of radiolabeled lipids 
were used: 0.02 ~Ci of [3H]cholesteryl oleate, 0.1 ~Ci of 
[~4C]cholesterol, 0.02 gCi of [3H]oleic acid, 0.02 t~Ci of 
tri[1-~4C]oleylglycerol, 0.04 ~Ci of [aH]phosphatidylinosi- 
tol and 0.02/~Ci of [~4C]lysophosphatidylcholine. Addi- 
tionally, 0.04 t~Ci of [~4C]phosphatidylethanolamine, 0.04 
~Ci of [3H]phosphatidylcholine and 0.02 ~Ci of [3H]- 
sphingomyelin were used without dilution as isolated 
from rat liver lipids. Radiolabeled counting was per- 
formed using a Searle Analytic Mark III Scintillation 
Counter. Samples for counting were suspended in 10 ml 
Aquasol (New England Nuclear, Boston, MA). 

Neutral lipid standards were purchased from NuChek 
Prep {Elysian, MN) and stored in sealed vials at -20~ 
Polar lipid standards were purchased from Avanti Polar 
Lipids (Birmingham, AL) and stored in sealed vials at 
-20~ All solvents were HPLC grade and were pur- 
chased from Burdick and Jackson (Muskegon, MI). 

HPLC was performed using a Waters Associates 
(Milford, MA) Model 840 HPLC work station which in- 
cludes a Digital Professional 350 Computer, a Digital LA 
50 printer, a Waters 481 Spectrophotometer operated at 
206 nm, two Waters Associates model 510 pumps and a 
Waters Associates U6K injector. Prepacked ~Porasil col- 
umns (30 cm • 3.9 mm} were obtained from Waters 
Associates {Milford, MA). As much as 1 mg of each lipid 
standard was used without effect on column performance. 
The column capacity for lipid mixtures is greater than 
2 mg. The mobile phase flow rate was 2.0 ml/min. All in- 
jections for quantitative measurements were made with 
a TP#5250 syringe (Unimetrics Corporation, Anaheim, 
CA). All samples for HPLC separations were dissolved 
in the solvent that was used as the mobile phase. The 
HPLC system was maintained at room temperature, ca. 
22~ 

1Present address: 2976 Heather Bow, Sarasota, FL 34235. 
2present address: 151 Rutgers Place, Nutley, NJ 07110. 
*To whom correspondence should be addressed. 
Abbreviations: Ch, cholesterol; CO, cholesteryl oleate; 1,2DG, 
1,2-dioleylglycerol; 1,3DG, 1,3-dioleylglycerol; LPC, lysophospha- 
tidylcholine; MTBE, methyltertiarybutylether; OA, oleic acid; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PI, phospha- 
tidylinositol; SP, sphingomyelin; TO, triolein; HPLC, high perform- 
ance liquid chromatography. 

RESULTS 

Separation of neutral lipid classes and free fatty acids by 
HPLC. Several mobile phases were developed to separate 
neutral lipids and free fatty acids by normal phase HPLC. 

Figure 1 shows the HPLC chromatogram of serum 
lipids containing [3H]cholesteryl oleate and tri[1-14C]- 
oleylglycerol standards. The mobile phase consisting of 
hexane/MTBE/acetic acid (100:5:0.02) (mobile phase 1) 
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FIG. 1. HPLC separation of serum iipids equivalent to 100 ~1 serum 
containing [3H]cholesteryi oleate and tri[1-14C]oleylglycerol. Col- 
umn: 30 cm X 3.9 mm FPorasil; flow rate: 2.0 mi/min; detection 0.05 
A U F S  at 206 nm; mobile phase (1): hexane/MTBE/acetic acid 
(100:5~.02). [3H]cholesteryl oleate (0 - - - - - -0 ) .  Tri[1-14C]oleylglyc - 
erol (X- - - - - -X) .  

effectively separated cholesteryl esters from triglycerides. 
The radiolabeled s tandards emerged as sharp peaks at 
2.0 min for [3H]cholesteryl oleate and 5.2 min for 
tri[1-14C]oleylglycerol with excellent recoveries of each 
(Table 1). However, mobile phase 1 was not sufficiently 
polar to separate cholesterol and free fa t ty  acids in a 
reasonable period of time (less than 20 rain). Increasing 
the flow rate of mobile phase 1 to 4.0 ml/min did not ap- 
preciably improve the chromatographic profile. The 
polarity of mobile phase 1 was increased by the addition 
of more MTBE. The HPLC chromatogram of cholesterol 
and free fa t ty  acids using hexane/MTBE/acetic acid 
{70:30:0.02) {mobile phase 2) is shown in Figure 2A. Fa t ty  
acids and cholesterol were clearly separated from each 
other within 7 min. The radiolabeled oleic acid s tandard 
emerged at 2.7 min with a 95.9% recovery and the [14C]- 
cholesterol s tandard emerged at 5.8 min with a recovery 
of 98.9% (Table 1). Using mobile phase 2, another neutral 
lipid, 1,3-dioleylglycerol, separated from both oleic acid 
and cholesterol (Fig. 2B). However, 1,2-dioleylglycerol did 
not separate from cholesterol (Fig. 2B). Consequently, a 
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~j A 1,3 DG 
., ,~ z u B ~ _ ~ t ~ _ _ ~ , , / .  1,2 D G 
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FIG. 2. HPLC separation of neutral Upids. Column: 30 cm X 3.9 mm 
i~Porasil; flow rate: 2.0 ml/min. A and B: detection 0.05 A U F S  at 
206 nm; mobile phase, hexane/MTBE/acetic acid G@.30~).02). C: dete~ 
tion 0.15 A U F S  at 206 um; mobile phase, hexane/isopropanol/acetic 
acid (100:2.~.02). Peak identity: OA, oleic acid, 50 I~g; 1,3DG, 
1 ,3-dioleylg lycerol ,  20 ~g; Ch, cholesterol, 5 IJg; 1,2DG, 
1,2-dioleylglycerol, 20 p. 

third mobile phase consisting of hexane/isopropanol] 
acetic acid (100:2:0.02) was developed which effectively 
separated oleic acid, 1,3-dioleylglycerol, cholesterol and 
1,2-dioleylglycerol (Fig. 2C}. Oleic acid emerged at 2.7 min, 
1,3-dioleylglycerol emerged at 3.7 rain, cholesterol at 4.6 
min and 1,2-dioleylglycerol at 5.6 min. The recoveries of 
oleic acid and cholesterol based on the added radiolabeled 
s tandards was greater than 98% for each lipid {Table 1}. 
Radiolabeled 1,2- and 1,3-dioleylglycerols were not avail- 
able and thus recoveries were not determined. 

Separation and recoveries of phospholipid classes by 
HPLC. Phospholipid s tandards were chromatographed 
separately and in combination as shown in Figure 3. The 
solvent system that  had been successful in separating 
phospholipids on small silica Sep-Pak columns (4} was 
used as the mobile phase for the HPLC separations. This 
mobile phase consisted of MTBE/methanol /ammonium 
acetate (pH 8.6) (5:8:2) (4). The ammonium acetate was 
prepared by adding 2 volumes of 0.001 M ammonium 
hydroxide to 1 volume of 0.001 M acetic acid. 

Within 10 min, the separation of the five phospholipid 

TABLE 1 

Recovery of Neutral Lipids and Free Fat ty  Acids from HPLC 

Lipid class a 

% Recovery 

Mobile phase i b Mobile phase 2 c Mobile phase 3 d 

Cholesteryl ester 100.2 + 0.6 -- 96.9 +- 1.0 
Triglyceride 98.2 __- 0.7 -- 97.8 ___ 0.7 
Free fatty acid -- 95.9 ___ 0.3 100.0 +- 0.5 
Cholesterol -- 98.9 --- 0.7 97.4 + 1.4 

aLipids were extracted from human serum using the method of Bligh and Dyer (6). 
Radiolabeled lipid standards were added separately to an equivalent of 100 ~1 of human 
serum lipid. Radiolabeled lipid standards were also added in combination. 

bMobile phase 1: hexane/MTBE/acetic acid (100:5:0.02). The results are the mean ___ SE 
for 5 determinations of each lipid class. 

CMobile phase 2: hexane/MTBE/acetic acid (70:3:0.02). The results are the mean ___ SE 
for 6 determinations of each lipid class. 

dMobile phase 3: hexane/isopropanol/acetic acid (100:2:0.02). The results are the mean 
--- SE for 7 determinations for each lipid class. 
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FIG. 3. Separation of phospholipid classes. Column: 30 cm X 3.9 mm 
~tPorasil; flow rate: 2.0 mlJmin; detection 0.3 AUFS at 206 um. Mobile 
phase (4): MTBE/methanolMmmonium acetate (pH 8.6) (5:8:2L Peak 
identity: PI, phosphatidyfinositol (liver), 25 pg; PE, phosphatidyl- 
ethanolumine (liver}, 125 pg; PC, phosphatidylcholine (egg), 100 ~g; 
SP, sphingomyelin (egg}, 100 ~g; LPC, monoleyllysophosphatidyl- 
choline (synthetic}, 400 ~g. 

classes was complete {Fig. 3), with recoveries of greater  
than 06% for each {Table 2}. 

D I S C U S S I O N  

Although there are several very good reversed phase 
HPLC methods for the separation of the individual 
species of cholesteryl esters and triglycerides {2,9}, few 
HPLC methods are available for the separation and quan- 
t i ta t ive recovery of the classes of cholesteryl esters and 
triglycerides {4,10}. The method current ly reported is 
substantial ly improved over the previously published 
method in tha t  the silica column step can be omit ted and 
the separation of cholesteryl ester  from triglyceride is 
complete {4). An impor tant  aspect of this method is tha t  
the elution schemes are isocratic and thus require a single 
pump rather than a costly gradient system. Additionally, 
the mobile phases were selected to give complete separa- 
tions in short  periods of time. The cholesteryl ester  frac- 
tion of serum emerged at  1.4 to 2.0 min, when hex- 
ane/MTBE/acetic acid (100:5:0.02} was used as the mobile 
phase {Fig. 1}. Serum triglycerides emerged between 4.8 
and 6.0 min with this procedure {Fig. 1}. The radiolabeled 
cholesteryl oleate and triolein used as standards, emerged 
as sharp peaks when plotted on the HPLC chromatogram. 
The recoveries were excellent, 100% for cholesteryl oleate 
and 98% for triolein {Table 1). This method allows for an 
easy, rapid and quant i ta t ive  separation of cholesteryl 
esters from triglycerides. The volumes of solvents used 
were not  critical, However, the proportions of solvents 
were key to complete separation of cholesteryl ester from 
triglyceride. Once these lipid classes have been separated, 
separation into their respective molecular species can be 
achieved by reversed phase HPLC methods (1). 

A second mobile phase, hexane/MTBE/acetic  acid 
{70:30:0.02), effectively separated free fa t ty  acids and 
cholesterol with quant i ta t ive recovery of each {Fig. 2A, 
Table 2). However, if 1,2-diglycerides are present  in the 
lipid mixture, they will not  be separated from cholesterol 
{Figs�9 2A and B}. A third mobile phase consisting of hex- 
ane/isopropanol/acetic acid (100:2.0:0.02) was used to ef- 
fectively separate fa t ty  acids, 1,3-diglycerides, cholesterol 
and 1,2-diglycerides. With this solvent system, carbon 
chain length and double bonds have little influence on 

TABLE 2 

Recovery of Phospholipids from HPLC 

Lipid a % Recovery b 

Phosphatidylinositol 
Phosphatidylethanolamine 
Phosphatidylcholine 
Sphingomyelin 
Lysophosphatidylcholine 

98.7 -- 0.9 
98.3 + 1.1 
96.1 -4-_ 0.9 

100.0 - 0.8 
96.5 +- 0.2 

aRadiolabeled lipid standards were combined with unlabeled lipid 
standards: 25 ~g unlabeled + 0.04 ~Ci of phosphatidylinositol; 
125 ~g unlabeled + 0.04 ~Ci of [14C]phosphatidylethanolamine; 
100 ~g unlabeled + 0.04 ~Ci of [JH]phosphatidylcholine; 100 ug 
unlabeled + 0.02 ~Ci of [OH]sphingomyelin; 400 ~g unlabeled + 
0.02 ~Ci of [14C]lysomonoleylphosphatidylcholine. For each in- 
dividual phospholipid and for the combination, the solvent was 
evaporated to dryness under nitrogen and taken up in 100 ~l of 
the HPLC mobile phase; MTBE/methanol/aqueous ammonium 
acetate (pH 8.6) {5:8:2L 

bThe results are the mean +_ SE for a minimum of 5 determinations 
for each individual phospholipid. The recoveries from independent 
determinations were similar to recoveries from mixtures of these 
phospholipids. 

separation, i�9149 all fa t ty  acids emerge as a single peak and 
are separated from alcohols which also emerge as a single 
peak {Fig. 2C) {4). This mobile phase has the advantage 
of collecting several individual lipid classes from a single 
chromatographic run. I t  has the disadvantage tha t  cho- 
lesteryl esters and triglycerides emerge {quantitatively} 
in the void volume {Table ]). 

A number of excellent methods exist for the separation 
of phospholipid classes using HPLC (3,5,10}. The advan- 
tage of the current  method is tha t  the separation is com- 
pleted in less than 10 rain compared to the 60 to 120 min 
in most  other published work {3,5,10}. There is a 15% 
cross contamination of sphingomyelin and phosphatidyl- 
choline. However, an excellent {98+ %) recovery of each 
phospholipid class is achieved. Although not  shown in 
Figure 3, phosphatidylglycerol and cardiolipin emerge in 
the phosphatidylinositol  fraction. 

We have used a combination of the above procedures 
to separate lipids from serum, liver and cultured cells. I t  
has become routine to use prepacked silica columns to 
separate neutral  lipids and fa t ty  acids from polar lipids 
(7) and then to use mobile phases 2 and 3 to separate and 
collect the neutral  lipids and mobile phase 4 to separate 
and collect the phospholipids of interest.  

I t  should be of interest  to the potential  user of these 
methods, tha t  the HPLC columns remain stable at  the 
pH of the solvent systems used. To reequilibrate the col- 
umn after  collection of the phospholipids, 3 to 5 column 
volumes of MTB/acetic acid (100:0.2) were used, followed 
by 10 to 15 column volumes of the neutral  lipid solvent 
such as hexane/MTBE/acetic acid (100:5:0.02L The HPLC 
columns were good for at least 50 separations. 
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Erythrocyte Contamination of Leukocyte Populations Following 
Density-Gradient Centrifugation Results in Artificially High Levels 
of Human Leukocyte HMG-CoA Reductase Activity 
H. James Harwood Jr.*, Donna M. Bridge and Peter W. Stacpoole 
Departments of Medicine and Pharmacology, University of Florida, Gainesville, FL 32610 

When measuring human leukocyte HMG-CoA reductase 
activity, special care must be taken to prevent erythr~ 
cyte contamination of the leukocyte layer during isopyc- 
nic centrifugation. Contamination during leukocyte isola- 
tion and subsequent erythrocyte lysis during NH4CI 
treatment results in increased leukocyte microsomal 
HMG~ reductase activity. Increased enzyme activ- 
ity is not due to enzyme dephosphorylation, thiol~lisulfide 
reduction or increased enzyme protein concentration. 
Leukocyte populations containing granulocytes appear 
to be most sensitive. Prevention of erythrocyte con- 
tamination during isopycnic centrifugation should aid in 
accurate measurement of human leukocyte HMG-CoA 
reductase activity. 
Lipids 23, 1154-1158 (1988}. 

Measurement of human leukocyte HMG-CoA reductase 
(reductase) has been complicated by the low activity of 
the enzyme and the large number of leukocytes required 
for direct measurement of enzyme activity. This has led 
many investigators to rely on rates of conversion of 
acetate into cholesterol as an indirect measure of enzyme 
activity (1-6). Estimation of rates of cholesterol synthesis 
requires a smaller number of leukocytes than direct 
measurement of enzymatic activity, but does not always 
accurately reflect reductase activity. For example, in 
mononuclear leukocytes, only about 50% of the acetate 
converted into mevalonate is converted into cholesterol 
(7,8}. Furthermore, granulocytes are unable to synthesize 
sterols, due to the absence of squalene epoxidase (2,9}, 
and thus convert all mevalonate formed into nonsterol 
products. 

Direct measurement of leukocyte reductase activity in 
mitochondria-free whole cell extracts (7,10-12) provides 
a better estimate of enzyme activity than acetate conver- 
sion to sterols (12}. However, such extracts contain high 
concentrations of HMG-CoA cleavage enzymes that 
preclude accurate measurement of reductase activity by 
producing nonmevalonate products that comigrate with 
mevalonate during thin layer chromatography (12}. We 
recently described methods for isolating human leukocyte 
microsomes and for measuring leukocyte microsomal 
reductase activity (8) that eliminate the HMG-CoA 
cleavage activity present in whole cell extracts (8) and 
thus afford a more accurate determination of enzyme ac- 
tivity than measurement in whole cell extracts (8,13-17}. 

All three methods described above for estimating 
human leukocyte HMG-CoA reductase activity, however, 
rely on density gradient centrifugation methods for 
separation of leukocytes from plasma and erythrocytes. 

*To whom correspondence should be addressed at Atherosclerosis 
Section, Department of Metabolic Diseases, Pfizer Central Re- 
search, Pfizer Inc., Eastern Point Road, Groton, CT 06340. 

Abbreviation: BSS, Balanced Salts Solution. 

We recently discovered that when this separation is poor, 
and erythrocytes contaminating the leukocyte population 
are lysed during subsequent NH4C1 treatment, artifac- 
tually high levels of reductase activity result. 

MATERIALS AND METHODS 

Chemicals. Escherichia coli alkaline phosphatase was 
from Sigma Chemical Co. (St. Louis, MO}. All other 
chemicals were from previously listed sources (8,13,14, 
17,18}. Monospecific, polyclonal, rabbit, antirat liver 
reductase antiserum was a generous gift from Dr. G. C. 
Ness (University of South Florida, Tampa, FL). 

Isolation of peripheral blood leukocytes. Blood samples 
ranging from 40 ml to 120 ml were obtained using tour- 
niquet pressure from an antecubital vein with a 19-ga 
needle and 60-ml syringes. After removing the needle 
from the syringe, the blood was discharged into 50-ml con- 
ical plastic centrifuge tubes containing 1.0 ml of 250 mM 
EDTA (pH -- 7.4) and the tubes were inverted several 
times. Care was taken to empty the syringe over 5 to 10 
sec, with a jet of blood coursing along the side of the tube 
to minimize hemolysis. Within 10 min of blood drawing, 
the sample was diluted with an equal volume of room 
temperature Hank's Balanced Salts Solution (BSS). For 
isolation of mononuclear leukocytes, 20 ml aliquots of the 
diluted blood sample were immediately added to 50 ml 
plastic conical centrifuge tubes, underlayered with 20 ml 
of room temperature Histopaque 1077 and centrifuged 
for 40 min at 400 X g. To isolate total leukocyte popula- 
tions (mononuclear leukocytes plus granulocytes), 20-ml 
aliquots of the diluted blood sample were underlayered 
with 20 ml of room temperature 70% isoosmotic Percoll 
(70 ml Percoll, 0.62 g NaC1 and 30 ml 0.15 M NaC1) and 
centrifuged at 400 • g for 40 min. Isolated leukocyte 
populations were washed twice in Hank's BSS and then 
treated with 0.87% NH4C1 for 10 rain to lyse contami- 
nating erythrocytes. The erythrocyte lysate was then 
removed from the leukocytes by centrifugation at 400 X 
g for 15 rain. Isolated leukocyte populations were then 
washed and stored frozen in liquid N2 as previously 
described (8}. Further fractionation of total leukocyte 
populations into mononuclear leukocyte and granulocyte 
fractions was accomplished using an isoosmotic Percoll 
gradient, as described by Harwood et al. (8). 

Isolation of plasma-free erythrocytes. Two additional 
nil of blood from samples used for leukocyte isolation were 
centrifuged for 5 rain in a clinical centrifuge. Following 
centrifugation, the plasma and buffy coat were discarded. 
The erythrocyte pellet was washed twice in 4.0 ml Hank's 
BSS and resuspended to a final volume of 2.0 ml with 
Hank's BSS. Microsomal reductase activity of this frac- 
tion was negligible (data not shown}. 

Measurement of leukocyte microsomal reductase activ- 
ity. Leukocyte microsomes were isolated and reductase 
activity was measured, as described by Harwood et al. 
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(8). Frozen cell suspensions were incubated at  room 
temperature until just  thawed, diluted to 1.0 ml with fresh 
assay buffer (50 mM tris (pH = 7.5, 1.0 mM EDTA, 
5.0 mM dithiothreitol, 50 mM KC1) and homogenized 15 
times manually with a ground glass Pot ter-Elvehjem 
tissue homogenizer. Homogenates  were next  diluted to 
3.0 ml with assay buffer and homogenized 10 times with 
a motor-driven Teflon pestle. The resulting homogenates 
were diluted to 8 ml with assay buffer and centrifuged, 
first at 2,000 X g to remove unbroken cells and cell debris, 
and then at 172,000 • g to sediment microsomes. Follow- 
ing centrifugation, the microsomal pellet was resuspended 
in assay buffer and assessed for reductase activity. 

To assay leukocyte reductase activity, 150 ~g leukocyte 
microsomal protein were incubated at  37~ for 30 rain 
in a final volume of assay buffer containing 67 ~M 
[3-14C]HMG-CoA (specific activity 30 cpm/pmol), [5-aH] - 
mevalonolactone (11,000 cpm; 629 Ci/mol) as an internal 
standard, 3.4 mM NADP +, 30 mM glucose~6-phosphate, 
0.2 U glucose-6-phosphate dehydrogenase and 68 mM 
E D T A  to prevent  conversion of mevalonate to phospho- 
mevalonate during incubation. Following incubation, 
10/d of 6 M HC1 were then added to terminate  the re- 
ductase-catalyzed reaction and to convert  newly formed 
mevalonate to mevalonolactone. The mevalonolactone 
was then separated from unreacted substrate by silica gel 
thin layer chromatography.  Following development in 
toluene-acetone 1:1 (v/v), the region of the chromatogram 
from R~ 0.5 to Rf 1.0 was removed and counted in 4.0 ml 
of Scintelene liquid scintillation fluid. 

Radioactivi ty contained in this region of the silica gel 
chromatogram comigrated in a 1:1 relationship with 
authentic [3H]mevalonolactone on three separate thin 
layer chromatographic systems and was converted into 
phosphomevalonates,  following incubation with MgATP 
and ra t  liver mevalonate kinase (data not shown; for 
similar results  using cultured human leukocyte micro- 
somes, see Ref. 8). No other radiolabeled reaction products 
were detectable in this region of the chromatogram. Thus, 
as was previously shown using cultured human leukocyte 
microsomes (8), HMG-CoA cleavage act ivi ty is appar- 
ently absent from these microsomal preparations. Taken 
together,  these data  indicate tha t  mevalonate,  the prod- 
uct  of the reductase-catalyzed reaction, is the only 
radiolabeled reaction product  migrat ing in this region of 
the chromatogram. 

Reductase act ivi ty is expressed as pmol of mevalonate 
formed per min of incubation at 37 ~ per mg microsomal 
protein. Generally, triplicate determinations of enzyme 
activity (150 ~g of microsomal protein per measurement} 
could be made from a 40-ml blood sampling. 

Measurement of reductase protein concentration. 
Leukocyte  microsomal reductase protein concentrat ion 
was measured in 1.5 ~g of microsomal protein using a non- 
competitive, solid-phase enzyme immunoassay recently 
described by Harwood et al. (18}. Purified, proteolytically 
modified human liver reductase (>94% homogeneous, as 
judged by scanning transmission densi tometry [18]} was 
used as the source of purified enzyme protein standard. 
Reductase protein concentration is expressed as ~g of im- 
munoreact ive protein per mg microsomal protein. 

Analysis ofproteira Microsomal protein concentration 
was determined by  the method of Bradford (19) using 
bovine serum albumin as standard. 

RESULTS AND DISCUSSION 

Mononuclear leukocyte reductase act ivi ty from 31 
healthy, normocholesterolemic individuals averaged 
10.3 • 0.8 (SE) pmol/min/mg. This value was not  signifi- 
cant ly different from tha t  measured in isolated lympho- 
cytes (10.1 • 0.8 pmol/min/mg; n = 8}, monocytes (13.0 • 
1.8 pmol/min/mg; n = 7), granulocytes (8.8 • 0.5 pmol/ 
min/mg; n = 3) or total  leukocyte populations (9.3 • 
0.9 pmol/min/mg; n = 2}. However, total  leukocyte popu- 
lations, visibly contaminated with erythrocytes  follow- 
ing density-gradient centrifugation, but  uncontaminated 
following NH4C1 t rea tment  (lyses erythrocytes),  pos- 
sessed enzyme activities exceeding 120 pmol/min/mg 
(Table 1). In one individual (subject 2), leukocytes from 
one portion of a single blood draw were contaminated with 
erythrocytes  following density-gradient centrifugation, 
whereas two other  portions were uncontaminated.  The 
contaminated sample, which was uncontaminated follow- 
ing NH4C1 t reatment ,  contained ca. 7 t imes the micro- 
somal reductase act ivi ty of the uncontaminated leuko- 
cytes (Table 1). Increased reductase activity was not due 
to the presence of residual erythrocytes  during leukocyte 
homogenization and microsomal isolation, however, 
because all erythrocytes  were lysed during NH4CI treat- 
ment  and the lysate was removed prior to leukocyte 
homogenization. Furthermore,  because erythrocytes  do 
not contain significant amounts  of microsomal reductase 
act ivi ty (data not  shown}, increased leukocyte reductase 
act ivi ty was not  due to contaminat ion of leukocyte 
microsomal reductase with ery throcyte  microsomal 
reductase. 

Increased enzyme activi ty was not  the result  of ele- 
va ted  reductase protein concentrat ion (Table 2) but  was 
due to increased enzyme catalytic efficiency (Table 2). In- 
creased catalyt ic  efficiency, however, was not  due to en- 
zyme dephosphorylat ion or thiol-disulfide reduction 
(Table 3), because addition of E. coli alkaline phosphatase 
or 20 mM dithiothreitol to leukocyte microsomes from 
a leukocyte sample, not contaminated during density- 

TABLE 1 

Increased Leukocyte Reductase Activity 
With Erythrocyte Contamination 

Reductase activity {pmol/min/mg} 

Uncontaminated Contaminated Fold 
Subject leukocytes leukocytes increase 

1 5.9 +- 0.2 124 • 6 21.0 
2 19.3 -I- 0.3 135 • 21 7.0 
3 -- 135 • 15 -- 

Total leukocyte populations were isolated from 40 ml of peripheral 
blood using 70% isoosmotic Percoll. Data are the average of triplicate 
determinations of reductase activity _+ S.E. For subjects 1 and 3, 
data are for two separate blood samplings, one which was grossly 
contaminated with erythrocytes following density-gradient cen- 
trifugation, but free from contamination following NH4C1 treatment 
(lyses erythrocytes}, and one which was uncontaminated (normal in- 
trasubject variation <10%; [8]}. For subject 2, data are for a single 
blood sample in which one of three portions showed gross erythrocyte 
contamination following density-gradient ceutrifugation, but not 
following NH4C1 treatment, whereas the other two showed no 
contamination. 
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gradient  centrifugation, failed to produce enzyme levels 
comparable  with those generated in a second port ion of 
the same leukocyte sample, contaminated by erythrocytes 

TABLE 2 

Increased Leukocyte Reductase Activity is Due 
to Increased Enzyme Catalytic Efficiency 

Reductase Reductase 
Reductase protein catalytic 

activity concentration efficiency 
(pmol/min/mg) {~g/mgl (pmol/min/mg) 

(A) (B) (A/B) 

Uncontaminated (a) 19.3 • 0.3 61.7 • 3.7 347 
Contaminated (b) 135 • 21 85.0 • 1.5 1,590 

b/a 7.0 1.4 4.6 

Reductase activity and enzyme protein concentration of the micro- 
somes isolated from the leukocyte populations of subjects 1-3 
(Table 1) were measured, as previously described. The data obtained 
for the leukocyte populations of subject 2 are presented above. Data 
are the average of triplicate determinations _ SE. Reductase 
catalytic efficiency, calculated by dividing enzyme activity by en- 
zyme protein concentration, is expressed as pmol/min]mg immuno- 
reactive protein. 

Similar increases in catalytic efficiency were observed for the con- 
taminated samples from subjects 1 and 3 {4,560 and 2,250 pmol/ 
min/mg immunoreactive protein, respectively}. As previously re- 
ported {18,21), the catalytic efficiency obtained from 31 uncon- 
taminated mononuclear leukocyte populations averaged 313 • 
34 pmol]min/mg, a value consistent with the catalytic efficiencies 
obtained for the uncontaminated total leukocyte populations isolated 
from subjects 1 and 2. 

TABLE 3 

Increased Leukocyte Catalytic Efficiency is Not Due 
to Dephosphorylation or Thiol-Disuifide Reduction 

Reductase activity 
Additions (pmol/min/mg) 

None 19.3 _+ 0.3 
Alkaline phosphatase 23.5 _ 1.1 
20 mM dithiothreitol 21.7 + 0.5 
Erythrocyte contamination 135 _ 21 

Peripheral blood leukocyte microsomes (150 ~g) isolated from 
leukocyte populations of subject 2 {Table 1) were incubated at 37 ~ 
for 20 min in 50 ~l of either buffer (50 mM tris {pH = 7.5}, 1.0 mM 
EDTA, 5.0 mM dithiothreitol, 70 mM KCI), buffer containing 10 U 
E. coli alkaline phosphatase or buffer containing 20 mM 
dithiothreitol. Enzyme activity was subsequently measured in a 
second 30-min incubation at 37 ~ Data are the average of triplicate 
determinations _ SE and are compared with the value obtained from 
a population of the same leukocytes contaminated with erythrocytes 
following density-gradient centrifugation, but not following NH4C1 
treatment. 

As previously reported (21), following isolation, the mononuclear 
leukocyte enzyme is fully active with respect to dephosphorylation 
and thiol-disulfide reduction. For example, for a series of mononuclear 
leukocyte populations for which activity was measured in the 
presence and absence of either dithiothreitol of alkaline phosphatase, 
enzyme activity averaged 8.6 • 1.2 pmol/min]mg microsomal pro- 
tein in the absence of both agents and was 105% of control in the 
presence of dithiothreitol and 88% of control in the presence of 
alkaline phosphatase. Similar results {109% of control and 100% of 
control, respectively} were observed for total leukocyte populations. 

during densi ty-gradient  centrifugation, but  uncontami- 
na ted  following NH4CI t r ea tmen t  {Table 3). 

To determine whether  increased enzyme act ivi ty  was 
due to the presence of and/or lysis of con tamina t ing  
e ry throcytes  during NH4C1 t rea tment ,  we subjected 
whole blood samples  to repeti t ive t r ea tmen t  with 0.87% 
NH4C1 until all e ry throcytes  were lysed. Total  leukocyte 
populations isolated in this way had 6-16 times the reduc- 
tase act ivi ty  of either uncontaminated  mononuclear  
leukocyte populations from the same blood sample or un- 
contaminated  total  leukocyte populations from al ternate 
blood samples  {Table 4). When tota l  leukocyte popula- 
tions, isolated by this method, were separated into mono- 
nuclear leukocyte and granulocyte fractions by isoosmotic 
PercoU gradient  centrifugation, reductase act ivi ty in the 
granulocyte fraction 1>90% granulocytes,  as determined 
by Wrigh t ' s  staining} was found to be increased 3 -13 -  
fold, when compared with either uncontamina ted  mono- 
nuclear leukocyte populat ions f rom the same blood sam- 
ple or uncontaminated  granulocyte  populat ions from 
alternate blood samples (Table 5}. However, reductase ac- 
t iv i ty  in the mononuclear  fract ion (77% lymphocytes ,  
23% monocytes ,  <4% granulocytes  [8]) was found to be 
s t imulated to a lesser degree than  the granulocyte  frac- 
tion {data not shown}, suggest ing tha t  granulocytes may  
be more sensit ive to this phenomenon. This suggest ion 
is fur ther  suppor ted  by the observat ion tha t  addition of 
plasma-free erythrocytes to uncontaminated mononuclear 
leukocyte populat ions following densi ty-gradient  cen- 
tr ifugation,  and subsequent  e ry throcyte  lysis during 
NH4C1, t rea tment ,  had relatively small effects on activi- 
ty  of the mononuclear  leukocyte enzyme {Table 6). 

The da ta  presented above describe a potential  problem 
associated with measurement  of leukocyte HMG-CoA 
reductase act ivi ty  tha t  may  result  f rom poor separat ion 
of l eukocy te s  and e r y t h r o c y t e s  and  s u b s e q u e n t  
erythrocyte  lysis. Furthermore,  if erythrocyte  lysis is the 
event  responsible for aberrant  reductase activity,  then 
hemolysis prior to densi ty-gradient  centr i fugat ion could 
also lead to increased HMG-CoA reductase activity.  
Because all methods  for measur ing  leukocyte reductase 
activity involve separating leukocytes from erythrocytes,  
artificial s t imulat ion of leukocyte reductase activity,  
either by hemolysis prior to separation, or by  lysis of con- 
t amina t ing  e ry throcytes  following densi ty-gradient  cen- 
trifugation, presents  a problem whether  enzyme act ivi ty 
is measured in isolated microsomes {8,13-18}, whole cell 
ex t rac t s  17,10-12) or in whole cells by means  of acetate  
conversion to cholesterol (1-6}. 

Ery throcyte  contamination and]or lysis-induced stimu- 
lation of enzyme act ivi ty  may  be minimized in several  
ways. In obtaining blood samples, vacutainers  should be 
avoided, because their  use increases the likelihood of he- 
molysis. Instead, large gauge needles and syringes should 
be used and the blood expelled slowly into plast ic con- 
tainers  to minimize hemolysis.  Processing of blood sam- 
ples through densi ty-gradient  centr i fugat ion should be 
as rapid as possible to avoid storage-induced hemolysis.  
H a n k ' s  BSS and separat ion medium should be at room 
tempera tu re  and densi ty-gradient  centr i fugat ion should 
be conducted at  room tempera tu re  to permit  opt imal  
erythrocyte and leukocyte separation {20}. Other methods 
for optimizing separation of mononuclear leukocytes from 
ery throcy tes  and granulocytes  have been outlined by  
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TABLE 4 

Leukocyte Reductase Activi ty is Increased by Erythrocyte Lysis  

Subject 

Reductase activity {pmol/min/mg} 

Uncontaminated Total leukocytes Total leukocytes 
mononuclear isolated over isolated by Fold 

leukocytes Percoll erythrocyte  lysis increase 

1 8.2 • 0.01 8.3 • 0.6 --  1.0 
2 9.3 • 0.1 10.2 _____ 1.4 -- 1.1 
3 9.3 __ 1.0 -- 146 • 7 15.7 
4 11.1 • 1.6 --  69 • 0.6 6.2 
5 9.9 • 0.3 --  63 • 1.4 6.4 

Leukocyte populations from 40 mi of peripheral blood were isolated by density-gradient  centr ifugation over 
Histopaque 1077 (mononuclear leukocytes) or 70% isoosmotic Percoll {total leukocytes) or by total  erythrocyte 
lysis with NH4C1 (total leukocytes). For leukocyte populations isolated by erythrocyte lysis, blood samples 
were separated into four 10-ml portions and centrifuged to remove plasma. Each pellet was then resuspended 
in 50 ml of 0.87% NH4CI and permit ted to s tand for 10 rain at  room temperature.  About  50% of the 
erythrocytes were lysed by this t reatment .  Following centrifugation, each cell pellet was resuspended in 50 
ml of 0.87% NH4C1 and remaining erythrocytes  were lysed during a second 10-min incubation. Fur ther  pro- 
cessing of the leukocyte pellets were as previously described. Data  are the average of triplicate determina- 
tions of reductase activity • SE. 

TABLE 5 

Granulocyte Reductase Activi ty is Increased by Erythrocyte Lysis  

Reductase activity (pmol]min]mg} 

Uncontamina ted  
mononuclear Uncontaminated  Contaminated 

Subject leukocytes granulocytes granulocytes 

1 8.8 • 0.5 8.0 • 0.5 -- 
2 11.5 • 0.5 9.1 • 0.4 --  
3 7.4 • 0.4 9.4 • 1.4 --  
4 6 . 9  ___ I . I  - -  9 2  

5 5.9 • 1.0 --  76 
6 9.9 • 2.1 --  32 

For subjects 1-3, mononuclear leukocytes and granulocytes were isolated from a single blood sampling by 
isoosmotic Percoll-gradient centrifugation, as previously described {8}. For subjects 4-6, peripheral blood 
samples of 120 ml were separated into two fractions. Mononuclear leukocytes were isolated from one frac- 
tion {40 ml), whereas total leukocyte populations were isolated from the remaining portion (80 ml) by erythrocyte 
lysis {see Table 4). Following erythrocyte lysis, granulocyte populations were isolated from the total  leukocyte 
populations by discontinuous densi ty-gradient  centrifugation. Where indicated above, the data  presented 
are the average of triplicate determinat ions of leukocyte microsomal reductase activity • SE. 

TABLE 6 

Variable Increase in Mononuclear Leukocyte Reductase Activi ty 
Produced by Erythrocyte Addition 

Reductase activity {pmol/mirdmg} Fold 

Subject No added erythrocytes  Added erythrocytes  increase 

1 12.8 • 0.2 38.9 • 1.8 3.0 
2 3.9 • 0.2 6.0 • 0.2 1.5 
3 5.7 • 0.7 5.5 • 0.4 1.0 
4 6.0 • 0.7 10.0 • 0.4 1.7 
5 8.2 + 0.01 8.8 • 0.2 1.1 
6 9.2 _+ 0.1 11.0 • 1.6 1.2 
7 15.7 __ 2.5 14.0 • 3.6 1.0 
8 10.5 • 0.3 16.6 • 1.0 1.7 
9 12.8 • 0.9 12.9 • 0.6 1.0 

Peripheral blood mononuclear leukocytes were obtained by leukapheresis and subsequent  density-gradient  
centrifugation, as previously described. Mononuclear leukocytes equivalent to t ha t  present  in a 40-ml blood 
sample were mixed with 40 ml Hank 's  BSS or 40 ml Hank 's  BSS containing 80 ~l of a plasma-free erythrocyte 
fraction (an amount  sufficient to provide a homogeneously red leukocyte pellet). Following centrifugation, 
the cell pellets were washed in Hank ' s  BSS and the erythrocytes  iysed in 0.87% NH4C1. Fur ther  processing 
of the leukocyte pellets was as previously described. Data  are the averages of triplicate determinat ions of 
reductase activity • SE. For subjects 8 and 9, lysed erythrocytes  were used in place of whole erythrocytes.  
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Boyun (20). When isolating total  leukocyte populat ions 
by  Percoll densi ty-gradient  centrifugation, the possibil- 
i ty  of significant e ry throcyte  contaminat ion is grea ter  
than  during mononuclear  leukocyte isolation, however, 
because some ery throcyte  aggrega tes  remain suspended 
in the PercoU layer following centrifugation. Care mus t  
be taken not to include these aggregates  in the leukocyte 
layer. 

When these precaut ions are followed, reproducible 
determinat ion of leukocyte reductase act ivi ty  may  be 
achieved (8,13-17). However, any undue t ime required for 
processing blood samples  or suspected hemolysis  or 
visual e ry throcy te  contaminat ion of the leukocyte frac- 
tion following densi ty-gradient  centr i fugat ion should be 
noted and the val idi ty of subsequent  reductase act ivi ty  
determinat ions  questioned. 
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