
Bile Lipid Secretion in Isolated Peffused Rat Liver. 
A Model for Metabolic Studies 
J.C. Henrya,*, N. Domingob, F. ChanussotV, H. LafonW, J.C. Hautonb and J.P. Canoa  
alNSERM U-278, Faculte de Pharmacie, Marseille Cedex 5, France, and blNSERM U-130, Marseille, France 

Isolated perfused rat liver was used to study the effects 
of constant  taurocholate perfusion, with or without  the 
addition of phosphatidylcholine unilamellar vesicles, 
upon both the bile salt -dependent  and bile salt-indepen- 
dent secretion of bile. Taurocholate introduction in- 
creased bile flow and normalized the bile lipid secretion 
by restoring the bile salt -dependent  secretion. At  a flow 
rate of 30 ml/min, the liver was perfused by a single-pass 
method. The perfusion medium contained 17.5 ~M tauro- 
cholate with or without  5.83 ~M phosphatidylcholine.  In 
l ight of a recent quantitative dynamic concept on the in- 
terphase partition of lipids, it was calculated that  more 
than 99% of the taurocholate reaches the liver as mono- 
mers and/or dimers. It was also deduced that  the lipids 
were secreted in bile as small discoidal lipoprotein struc- 
tures rather than unilamellar lipoproteic vesicles. During 
the course of the experiments (2 hr), the excellent criteria 
of viability of this model make it highly suitable for the 
invest igation of hepatic metabolism. Furthermore, the 
addition of phosphatidylcholine unUamellar vesicles to 
the perfusate const i tutes  a potential  vector for various 
liposoluble molecular species. 
Lipids 22, 1-5 (1987}. 

Isolated perfused rat liver is a valuable model for the in- 
vestigation of physiological, biochemical and pharma- 
cological aspects of liver functions and has been widely 
used for this purpose by many investigators {1,2). 

Under physiological conditions, the rate of bile lipid 
secretion is dependent on the amount of bile salts (BS) 
returned in the portal blood (3). Most bile salts stored in 
the intestinal tract reach the liver in this way {4,5}, since 
the portal flow is 500 times higher than the intestinal 
lymph flow (6). Preservation of a physiological entero- 
hepatic circulation of BS is a prerequisite for normal bile 
lipid secretion. Interruption of this circulation by biliary 
diversion induces a progressive decrease in the bile lipid 
secretion correlated with the disappearance of the in- 
testinal BS pool. This disappearance is not compensated 
by a sufficient increase in BS synthesis in the liver. In 
isolated perfused liver without perfused BS, this phe- 
nomenon is rapidly and dramatically accentuated since 
the liver pool of BS is very small compared to the BS pool 
in the intact enterohepatic circulation. 

The BS-independent secretion of bile is correlated with 
secretion of water and electrolytes {7,8}. BS-dependent 
bile secretion is an active hepatic process indispensable 
for normal bile secretion of lipids {9,10), i.e., mainly 
phosphatidylcholine (PC) and free cholesterol. Most 
authors have assumed that bile lipids are mixed miceUes 
or unilamellar vesicles (11,12}. However, our results 
(13-15} show that  bile lipids may occur as a bile lipopro- 
rein complex (BLC), i.e., that  micellar-like structures or 
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unilamellar vesicles are associated electrostatically with 
IgA fragments and hydrophobically with an anionic 
polypeptide fraction (APF}, which is different from the 
well-known plasma apolipoproteins (14) that are detected 
in trace amount in bile by radioimmunoassay {16}. Bile 
contains small amount of plasma, and immunoelectro- 
phoresis of concentrated bile (obtained after delipidation 
and lyopbillzation) gives a protein pattern similar to 
plasma {17}, thus explaining the presence of apolipopro- 
teins. Due to their own osmotic activity, BS molecularly 
dispersed in the aqueous polar phase actively taken up 
by hepatocytes in the sinusoidal pole {space of Disse) 
display a choleretic effect. Isolated perfused rat liver is 
a widely used model for the study of drug biotransfor- 
mations and biliary excretion of their metabolites. Up to 
now, however, most of the isolated perfused liver models 
have taken into account only BS-independent bile secre- 
tion and neglected BS-dependent bile secretion {18-20}. 
A recent exception to this oversight is the data of Lowe 
et al. (21}, showing the effect of an intraportal BS bolus 
on the secretion of PC and free cholesterol. The purpose 
of the present study was to ascertain the effect of a con- 
stant BS perfusion. Under this condition, a stable biliary 
secretion of both the BS-dependent and BS-independent 
fractions was observed. 

MATERIALS AND METHODS 

Liverperfusior~ To minimize anoxia of the liver, the portal 
vein was rapidly catheterized (30 sec). Krebs-Henseleit 
buffer (22), pH 7.3, containing 2 mM of calcium chloride, 
8 mM of glucose and 2% Dextran was infused at a con- 
stant flow rate of 30 ml/min. The perfusate was main- 
rained at 38 +_ 0.5 C and continuously oxygenated with 
an O2:CO2 (95:5, v/v) mixture at a flow rate of 2 l]min. 
Osmolarity was monitored with the Fiske 330 D osmom- 
eter {the values found were 300 +_ 5 mOsm/1). After this 
procedure, the bile duct was catheterized. The whole 
operating procedure lasted ca. 10 min. The equipment 
used was based on the model proposed by Brunengraber 
et al. (23} under nonrecirculating conditions. The liver left 
in situ was kept moist throughout the experiments. 

Test animals were divided into three groups, one con- 
trol and two experimentals. The control group (group 1} 
had two animals and was perfused with buffer without 
taurocholate (TC) and PC. The two experimental groups 
{five rats per group} were per fused either with buffer con- 
taining 17.5 ~M of TC only {group 2) or with buffer con- 
taining 17.5 ~M of TC and 5.83 ~M of PC {group 3}. In 
the experimental groups, after stabilizing the system for 
15 min, 14C-TC (1.28 ~Ci} in 20 ml of perfusion medium 
was also administered at a flow rate of 1 ml/min. Bile 
sampling was performed every 20 min in preweighed 
tubes. The volume of secretion was recorded in grams {bile 
density equal to 1 g/ml}. Alanine amino transferase 
{ALAT} and aspartate amino transferase {ASAT} trans- 
aminase activity as well as creatinin phosphokinase {CPK) 
activity in the outflowing perfusate were checked every 
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10 man. The amount of radioactivity not bound by the 
liver was determined by sampling outflowing perfusate 
every 10 sec during '4C-TC perfusion. 

Chemicals. The following high grade chemicals were 
used: taurocholate A grade from Calbiochem Boehring 
Corp. (Meudon, France; purity by TLC 98%); phospha- 
tidylcholine from Sigma (Paris, France; type III-E from 
frozen egg yolk in hexane, purity 99%); '4C-TC in aqueous 
solution containing 2% ethanol from Amersham (Les 
Ullis, France; sp act 64 mCi/mmol); ALAT, ASAT and 
~-glucuronidase from Boehringer Mannheim Gmbh kit 
(Meylan, France); goat anti-rabbit IgG and alkaline 
phosphatase from Sigma; p-nitrophenol from Flow Lab. 
(Paris, France); NaC1, KC1, KH2PO4, CaCI~, MgSO4 and 
glucose from Farmiglia Carlo Erba (Paris, France); 
NaHCO3 from Prolabo (Paris, France), and Dextran (mol 
wt 70,000) from Fluka (Buchs, Switzerland). 

Dilution of mixed miceUes in the perfusate. Mixed 
micelles were prepared by carefully evaporating to dry- 
ness 17.86 mg of PC in hexane solution under nitrogen 
and solubilizing the resulting residue in 10 ml of a micellar 
solution containing 37.60 mg of TC. As calculated in 
mol. cm -3 according to the quantitative dynamic concept 
on the interphase partition of lipids applied to TC-PC- 
water ternary system (13,24), the concentration of TC and 
PC, incorporated after the dilution into unilamellar 
vesicles, was 0.05.10 -4 mol. cm -3 and 12.73.10 -4 mol. cm -~, 
respectively, in the mixed bilayer interracial lipid phase. 
Thus, since the PC/TC molar ratio in the vesicles averages 
255, these vesicles can be considered pure PC unilamellar 
vesicles. On the other hand, the concentration of TC mo- 
lecularly solubilized in the water polar phase is 17.48.10 -9 
mol.cm -3, which is almost identical to the 17.50.10 -9 
mol-cm -3 obtained with TC perfusate without PC. The ad- 
vantage of adding TC-PC to the perfusate is that PC 
unilamellar vesicles can solubilize class 3 and 4 lipids 
(13,24) without appreciably affecting the concentration 
of TC molecularly solubilized in the water phase as 
monomers and dimers. The total inflow of PC through the 
liver (21/~mol) corresponds to ca. 8% of the total PC pool 
in the liver (averaging 260 tLrnol}, while the amount of PC 
secreted in bile (5.1 #mol) corresponds to 2% of the PC 
content of the liver. 

Analytical methods. PC were assayed by the semiauto- 
matic method of Amic et al. (25), TC by the automatic 
enzymatic method of Domingo et al. (26),/3-glucuronidase 
activity by the method of Fishman et al. (27) with a Sigma 
Kit and ALAT, ASAT, CPK activity in the perfusate by 
the Boehringer enzymatic method. 14C-TC was assayed 
with a liquid scintillation spectrophotometer (Beckman 
LS 2800) in 5 ml of PCS (Amersham) scintillation fluid. 

Detection of the anionic polypeptide fraction (APF) in 
rat bile. Anti-human APF specific polyclonal serum was 
prepared from rabbits by the procedure of Henry et al. 
(28). Work in progress using the ELISA method shows 
the presence of a common antigenic determinant in the 
amino acid sequence in human, rat, dog, calf and pig APF. 
The APF injected into the rabbits was purified using a 
procedure of zonal ultracentrifugation in 1-15 % sucrose 
density gradient containing glycodesoxycholate at a con- 
centration of 1.5 mM (15). 

The principle of the ELISA assay (29,30) is the follow- 
ing: the wells in a polystyrene plate (LINBRO E.I.A. 
microtitration plate, Flow Laboratories) are coated with 

diluted rat bile (at a dilution of 1/200), or purified APF 
(0.5 to 20 ~g per 100 ~ according to automatic amino acid 
analysis) for the standard curve, in a carbonate buffer 0.1 
M at pH 9.6, and then washed three times to remove the 
unbound components. The diluted polyclonal anti-APF 
serum (at a dilution of  1/200 in isotonic phosphate buf- 
fered saline, PBF) was added during 90 re_in at 37 C. The 
complex antigen-antibodies were washed three times. 
Bound antibodies are then detected using an anti-rabbit 
IgG serum (at a dilution of 1/200) conjugated to alkaline 
phosphatase (Sigma), and the activity was detected by 
the p-nitrophenylphosphate as the substrate (1 mg/ml). 
The enzymatic reaction was allowed to proceed for 30 re_in 
in the dark at 37 C. The absorbance was measured at 
405 nm with a Multiskan Titertek MC (Flow Labora- 
tories) against a blank. 

Statistical method. Statistical significance of results 
was determined by the Student t-test. 

RESULTS 

Uptake of '4C-TC by the liver is almost complete, and the 
radioactivity of the exiting perfusate is negligible, its con- 
centration in bile peaks 20 min after injection and then 
drops quickly during the following 60 min, regardless of 
whether the nonlabeled TC perfusion contains PC 
unilamellar vesicles (Fig. 1). The hepatic clearance of '4C- 
TC is very high--95% (group 2, TC alone) and 98% (group 
3, TC + PC vesicles). No significant difference was 
observed between these two groups. 

Figure 2 shows the concentration of PC and BS re- 
corded in the bile collected from the three groups. When 
T C  with or without PC vesicles is present in the perfusate, 
PC and BS concentrations and BS/PC molar ratio (10.4 _+ 
0.3) remain within the physiological range. No significant 
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FIG. 1. Bile secretion of l'C-bile salts in function of time in rain from 
perfusion medium containing ~4C-taurocholate (TC) or ~4C-TC -t- PC 
unilamellar vesicles by isolated rat liver (see text). Each point 
represents the mean value • SEM (n -- 5}. Group 2 (TC), A--A; group 
3 (TC + PC), A - - A .  
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FIG. 2. Concentration of lipids in bile in function of time in min. 
(a) Bile salts (BS); (b) phosphatidylcholine (PC). Each point represents 
the mean value • SEM (n = 5). (c) Determination of the APF/PC 
weight percentage (see text) in one rat of group 2 and one rat of group 
3. Control, D--El; group 2 (TC),/x--/x; group 3 (TC + PC), A - - A .  

difference was noted between groups 2 and 3. In  group 1 
(control}, the concentrat ion of PC and BS is very  low, but  
the molar  rat io  PC/BS remains  normal  for 40 rain. The 
APF/PC weight  rat io  in one ra t  of group 2 and one ra t  
of group 3 (Fig. 2) remains  stable (0.045-0.050). 

As shown in Table 1, the bile flow from liver perfused 
with TC with or wi thout  PC unilamellar vesicles is 1.5 
to 2 t imes higher than  in livers perfused wi thout  TC. In 
exper imenta l  groups 2 and 3, bile flow remains  stable 
th roughout  the 120-min tes t  period. 

T A B L E  1 

Biliary Flow (~l/min) 

Time of TC + PC 
collection Control TC vesicles 

(rain) (n = 2) (n = 5) (n = 5) 

0-20 5.5 • 1.5 11.6 • 1.68 9.8 • 1.70 
20-40 5.5 • 1.5 10.8 • 2.01 8.0 • 2.37 
40-60 5.0 • 1.0 8.6 • 2.57 9.1 • 1.47 
60-80 4.0 • 1.0 8.4 • 2.60 9.5 • 1.44 
80-100 4.5 • 1.5 10.1 • 1.37 9.2 • 1.11 

100-120 4.75 • 1.75 10.1 • 0.88 8.7 • 0.91 

Each value represents mean • SEM in the three groups of rat. 

T A B L E  2 

/3-Glucuronidase Activity:  Percent of Variation 
to Basal  Value {0-20 rain) 

TC TC + PC vesicles 

20-40 min (n = 3) 100 100 
60-80 rain In = 3) 175.2 -- 55.0 190.8 • 46.9 
100-120 min (n = 3) 195.5 • 35.7 145.4 • 18.0 

Al though 13-glucuronidase act ivi ty  did double during 
perfusion {Table 2), i t  never  exceeded the  values previ- 
ously repor ted in isolated perfused liver {31), bu t  was 
nevertheless  five t imes lower than  physiological values 
in in tac t  animals  {32,33). 

To check the viabil i ty of the liver, the ALAT,  A S A T  
and CPK activities were assayed in the exiting perfusate.  
These activit ies were found to be normal  in all three 
groups  {Table 3}. 

D I S C U S S I O N  

The greates t  advantage  of our experimental  model is tha t  
bile secretion is maintained at normal physiological levels. 
Also, perfusion with TC with or wi thout  PC unilamellar 
vesicles stabilized the concentration of BS and PC as well 
as the molar  rat io BS/PC in bile (10.4 ___ 0.3) during the 
2-hr sampl ing period. The APF/PC weight  rat io  in bile 
studied in two ra t s  remained constant ,  suggest ing a 
normal  format ion of the bile l ipoprotein complex. The 
absence of opalescence and the respect ive concentrat ion 
of BS and PC in bile favor the presence of the bile lipopro- 
tein complex as small  discoidal l ipoproteic s t ruc tures  
ra ther  than  vesicles {13,20}; it  was  previously observed 
{unpubhshed data} that ,  unlike human  hepatic  bile, the 
bile l ipoproteic complex is present  in ra t  bile only as the 
low mol wt  pseudomicellar  family, and not  as large 
discoidal s t ruc tures  or l ipoproteic vesicles {the ra t  is 
devoid of gallbladder with its concentra t ing activity}. In  
control liver perfused wi thout  TC, lipid levels decreased 
rapidly and dramat ica l ly  during the first  40 min after  
isolation due to an uncompensa ted  wash-out  of BS. In- 
terest ingly,  the low secretion ra te  continued to be ob- 
served in controls; this  m a y  indicate the occurrence of 
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TABLE 3 

Enzyme Activity in the Perfusion Medium a 

Time of 
perfusion ALAT ASAT CPK 

~min) {UI/1) {UI/I) ~UI]I) 

0 2.0 • 0.46 2.75 • 0.45 3.37 • 0.86 
10 3.12 _+ 0.61 2.37 • 0.46 1.62 ___ 0.37 
20 4.25 _+ 0.61 2.50 • 0.56 1.87 • 0.44 
30 5.25 • 1.08 2.62 -- 0.98 2.37 • 0.56 
40 6.50 • 1.75 4.37 -+ 1.48 2.50 • 0.42 
50 9.37 • 2.07 6.87 • 2.29 3.25 • 0.41 
60 11.12 • 2.59 9.25 • 2.56 3.25 • 0.41 
70 13.87 +_ 2.26 11.37 _+ 2.77 5.50 -4- 0.65 
80 16.62 • 2.54 14.12 _+ 2.87 6.87 ___ 1.0 
90 18.25 + 3.42 13.88 __ 3.92 6.37 • 1.03 

100 20.50 +_ 2.78 18.50 __ 2.89 7.12 • 0.95 
110 23.25 _ 1.97 23.25 • 3.25 10.12 + 2.09 
120 29.12 • 3.05 29.50 - 4.89 9.75 • 1.03 

aThe activities of different enzymes have been tested from the exit- 
ing perfusate. ALAT, alanine amino transferase; ASAT, aspartate 
amino transferase; CPK, creatinin phosphokinase. Normal values 
ALAT - ASAT were 0-46 UI/1 (ref. IFFA-Credo}. There was no dif- 
ference in the values obtained from isolated rat liver perfused with 
minimal perfusion medium, TC or TC + PC vesicles. Therefore, each 
value represents the mean + SEM of both livers tested (n = 12). 

in situ BS synthesis .  The measurement  of nearly normal  
BS/PC molar ratios in control animals perfused for 40 min 
af ter  isolation would mean tha t  BS-dependent  bile secre- 
t ion is sustained at  a very  low level and t ha t  the liver PC 
pool is far f rom exhausted.  As s ta ted  in Materials  and 
Methods,  only about  2% of the to ta l  liver PC pool was 
el iminated by  animals  in groups 2 and 3 during the 2-hr 
s tudy  period. Thus, within a short  period, bile secretion 
in controls became largely BS-independent.  The mainte- 
nance of this type  of secretion was formerly the only bile 
criteria for liver viability, By  s imulat ing normal  entero- 
hepatic  circulation, addit ion of BS to the perfusate  ac- 
t ivates  secretion of PC and BS in the bile. In this respect, 
i.e., normalization of the lipid content  of secreted bile, TC 
perfusion with or without  PC unflamellar vesicles had the 
same effect in our concentration conditions. Judging  from 
the  levels of ALAT, A S A T  and CPK measured in the 
hepatic perfusate  effluent, enzyme activi ty remains in the  
normal  range  dur ing the 2-hr perfusion period. Unlike 
Krell et al. (34) and Sugano et al. (35), who reported a 50% 
decrease in bile flow after  40 and 70 rain of perfusion, we 
observed a stable flow; this observation is s t rong evidence 
for the viabil i ty of our model. Given the level of the/~- 
glucuronidase activity, the hepatic detoxification process 
would appear  to remain intact.  This finding was fur ther  
suppor ted  by  the measurement  of normal  osmolar i ty  in 
exi t ing perfusate ,  which is an indication of l imited cell 
damage.  I t  previously has been demons t ra ted  tha t  a 
hemoglobin-free per fusa te  can be used without  affect ing 
the viabil i ty of the liver; Sugano et al. (35) showed tha t  
perfusion of a saline bicarbonate mixture  without  macro- 
molecules at  a flow ra te  of 3-3.5 ml/min/g of liver was 
adequate  to preserve the fine s t ructure  of the entire liver 
for 70 rain. To prolong viabil i ty by  main ta in ing  normal  
hydros ta t ic  pressure and prevent ing  cellular distension, 
the perfusate  used in this s tudy  was supplemented with 

dextran (mol wt  70,000), which does not interfere with TC 
and PC. 

To avoid the depletion of the perfusate  and thus bet- 
ter duplicate  the consistent quali ty of the portal  flow, the 
perfusa te  was not  recirculated. In  addit ion to simplify- 
ing the experimental technique and avoiding artefacts due 
to perfusate  variations,  the unrecirculated mode has two 
main exper imental  advantages .  First,  exi t ing perfusate  
can be collected and used to inves t iga te  any number  of 
parameters .  The second benefit  of not  recirculating the 
per fusa te  is a grea t  improvement  in the reproducibil i ty 
of results. In our experiments, clearance of TC by the liver 
was highly efficient since it was 98 and 95% in animals  
perfused with or without PC unilamellar vesicles. Assays  
carried out with '4C-TC showed tha t  up take  was a lmost  
immediate,  since all the label was taken up within 20 sec. 
A t  the end of the experiment,  no label was even detected 
in the liver of exper imenta l  animals  of groups  2 and 3, 
thus  indicating tha t  clearance of TC was practically com- 
plete. A rapid t ransfer  of TC from perfusate  to bile is 
shown by  the fact  tha t  90% of the label of the perfused 
TC is secreted in the bile within 20 min. With  regard 
to uptake,  excretion and kinetics, this model behaves  
identically to the in vivo model using desoxycholate  
(unpublished data). Up take  of BS, which is practical ly 
unsa turable  under  physiological conditions, seems to be 
independent  of hydroxyla t ion and conjugat ion {36). The 
addition of TC with or wi thout  PC unilamellar vesicles 
to the perfusate  did not  affect up take  and secretion of 
BS. With  or wi thout  PC unilamellar vesicles in our con- 
ditions, BS reach the liver as monomers  and dimers; the 
incorporation of TC into the lipid bilayer interfacial phase 
of the PC unilamellar vesicles is negligible (13,24). 

The model proposed presents  several  advan tages  for 
use in pharmacological  and physiological studies. These 
advan tages  include preserva t ion  of active bile secretion, 
cons tan t  bile flow, normal  bile lipid secretion and ex- 
cellent organ viability. To furnish a vehicle for liposolu- 
ble molecular species, PC unilamellar vesicles can be 
added to the perfusate  without altering the quality of bile 
secretion. 
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Activities of Liver Mitochondrial and Peroxisomal Fatty Acid 
Oxidation Enzymes in Rats Fed trans Fat 
Takashi Idea,*, Midoti Watanabea,  Michihiro Suganoo and lwahiko Yamamoto b 
aLaboratory of Nutrition Chemistry, Kyushu University School of Agriculture, Fukuoka, Japan, and bLaboratory of Chemistry, Premedical 
Course, Kurume University School of Medicine, Kurume, Japan 

The effect of trans fat on the activities of liver mitochon- 
drial and peroxisomal fatty  acid oxidation enzymes was 
examined in various strains of rats. When Wistar and 
Sprague-Dawley rats were fed for 30 days diets contain- 
ing either olive oil or partially hydrogenated corn oil as 
a source of c/s- or trans-octadecenoate, respectively, the 
activities of various enzymes of mitochondrial and perox- 
isomal fhoxidation measured with cis- and trans-9-octa- 
decenoic acid as substrates showed little dietary fat -  
dependent change. In Fischer 344 rats, feeding trans fat 
for 15 mo increased only moderately various enzymes of 
/~-oxidation except for carnitine acyltransierase. The rate 
of mitochondrial ketogenesis and the activity of carnitine 
acyltransierase measured with trans-9~ctadecenoic acid 
as a substrate were about half those with the c/s-counter- 
part. Peroxisomes oxidized trans-9-octadecenoyl-CoA at 
a rate comparable to the cis-counterpart. It was con- 
cluded from this s tudy and previous ones that  the dif- 
ference in the geometry of dietary fatty acid had only a 
marginal effect in modulat ing the hepatic fat ty  acid ox- 
idation system, in spite of marked differences in the 
metabolic behavior of c/s- and trans fatty acid in cell-free 
preparations and perfused liver. 
Lipids 22, 6-10 t1987t. 

Hydrogenat ion  products  of edible oil usually contain 
varying amounts  of trans fa t ty  acids, most  exclusively 
as trans-octadecenoate  (1-3}. A number of studies have 
unequivocally demonst ra ted  tha t  liver and heart  mito- 
chondria oxidize trans fa t ty  acid at a rate lower than that  
observed with the corresponding cis isomer (4-8}. In ad- 
dition, we have recently observed tha t  the peroxisomal 
t-oxidation sys tem is also able to discriminate the geo- 
metrical difference of fa t ty  acids (9}. 

There is a possibility tha t  dietary trans fat  and cis fat 
exert  different effects on the fa t ty  acid oxidation path- 
way. In some studies, dietary t rans-octadecenoate  af- 
fected the activities of mitochondrial (5,10) and perox- 
isomal t-oxidation (11,12}. The results obtained in these 
studies, however, were inconclusive, since the trans ef- 
fect was compared inappropriately among fat  sources in 
which the difference in the fa t ty  acid composition was not 
confined to the geometr ism alone. In addition, little is 
known about  the effect of trans fat  on the activities of 
respective enzymes in mitochondrial  and peroxisomal/3- 
oxidation. In this context,  activities of key enzymes in- 
volved in f a t ty  acid oxidation were compared current ly  
in various strains of ra ts  fed either trans or cis fat. The 
fa t ty  acid composition of these dietary fats was made 
similar except for the difference in the geometrical 
configuration. 

*To whom correspondence should be addressed at Laboratory of 
Nutrition Chemistry, Department of Food Science and Technology, 
Kyushu University School of Agriculture 46-09, Fukuoka 812, Japan. 

MATERIALS AND METHODS 

A n i m a l s  and diets. In experiment 1, specific pathogen- 
free male Wistar  {Kyudo Co., Kumamoto,  Japan} or 
Sprague-Dawley (Seiwa Experimental Animals, Fukuoka, 
Japan) ra ts  at  5 weeks of age weighing 120-150 g were 
housed individually in a temperature-controlled room 
{20-23 C} with illumination from 0800 to 2000 hr. The 
animals were divided into two groups of six rats each and 
for 30 days were fed purified diets containing either 15% 
olive oil or 15% partially hydrogenated corn oil sup- 
plemented with safflower oil as the source of essential 
f a t ty  acid; they then were killed by decapitation. In ex- 
periment  2, the long-term effect of dietary trans fat  was 
examined in male Fischer 344 rats  (Shizuoka Experimen- 
tal Farm, Shizuoka, Japan). The animals, 4 weeks old and 
weighing about  75 g, were fed purified diets containing 
either 10% olive oil or a 10% partially hydrogenated corn 
oil/safflower oil mixture  for 15 mo. F a t t y  acid composi- 
tions of dietary fats are shown in Table 1. The two dietary 
fats had similar f a t ty  acid compositions and contained 
octadecenoic acid as the major component,  but  differed 
in the geometrical configuration. The composition of the 
purified diet was the same as tha t  described previously 
(13}; it contained 20% casein, 1% vitamin mixture, 4% 
mineral mixture, 0.2% choline chloride and 2% cellulose 
and made up to 100 with sucrose. 

E n z y m e  assays.  The rate  of ketogenesis in the heavy 
mitochondrial  fraction of the liver was measured by  the 
method of Ontko et al. (14,15} in which optimal concen- 
t ra t ion of Ca 2§ (0.4 mM) was used. The liver part iculate 
fraction containing both  light and heavy mitochondria 
(16) was used for the measurement  of palmitoylcarnitine- 
dependent  ferricyanide reduction (mitochondrial /3- 
oxidation) 117), cyanide-insensitive acyl-CoA-dependent  
NAD reduction Iperoxisomal /3-oxidation) (18}, perox- 
isomal acyl-CoA oxidase (19}, carnitine acyltransferase 
(20} and mitochondrial acyl-CoA dehydrogenase (21). Car- 
nitine acyltransferase is primarily a mitochondrial en- 
zyme but  is located also in peroxisomes (20}. 

TABLE 1 

Fatty Acid Composition of Dietary Fats 

Experiment 1 Experiment 2 

cis Fat a trans Fat b cis Fat trans Fat 
Fatty acid (%) (%} (%} (%) 

16:0 9.4 11.3 9.7 13.1 
18:0 2.0 7.2 3.4 7.9 
t-18:l -- 45.1 -- 42.0 
c-18:1 77.0 26.0 74.1 27.2 
cc-18:2 9.3 9.3 9.4 9.4 

aOlive oil. 
bpartially hydrogenated corn oil/safflower oil mixture. 
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Lipid analyses. Serum and liver lipids were analyzed 
for triglyceride, cholesterol and phospholipid as described 
previously (22}. The f a t t y  acid composit ion of mitochon- 
drial phosphatidylcholine isolated b y  thin-layer chroma- 
tog raphy  {23} was determined by  gas-liquid chromatog-  
raphy using a combination of OV-275 and D E G S  columns 
as described previously {24}. 

Materials. The cis- and trans-9-octadecenoic acids, their 
chlorides and palmitoylchloride were purchased f rom 
Sigma Chemical Co. (St. Louis, Missouri}. CoA esters  of 
f a t t y  acids were prepared  by  the method  of Wieland and 
Rueff  {25}. Bovine serum albumin {fraction V, f a t ty  acid- 
free} was purchased f rom Miles Labora tor ies  Inc. {Elk- 
hart ,  Indiana}. Horseradish  peroxidase and 3-hydroxy- 
bu ty r a t e  dehydrogenase  came from Boehringer {Mann- 
heim, Federal  Republic of Germany}. ATP, ADP,  N A D  
and N A D H  were from Oriental Yeast  Co. ITokyo, Japan}. 
Otsuka Pharmaceutical  Co. (Tokushima, Japan)  provided 
1-carnitine and palmitoylcarnit ine.  CoA was a gift  f rom 
Kohjin Biochemicals {Tokyo, Japan}. 

Statistical analysis. D a t a  were analyzed by  two-way 
analysis of variance; differences of the pair of means were 
inspected a t  the level of p < 0.05 {26}. 

RESULTS 

Effect  of  short-term feeding of  t rans  fat on fat ty  acid ox- 
idation enzymes (experiment 1). Table 2 shows activit ies 
of f a t ty  acid oxidation enzymes in Wis ta r  and Sprague- 
Dawley ra t s  fed cis or trans fa ts  for 30 days. No dif- 
ferences were found in food intake or growth  of animals  
among  the various groups (values not  shown}. Activit ies 
were measured  with cis- and trans-9-octadecenoic acid or 
their  CoA esters  as subst ra tes .  The effect of trans fa t  on 
enzyme activit ies was ra ther  marginal,  and a modera te  
increase in cyanide-insensitive NAD reduction (perox- 
isomal /3-oxidation} was the sole effect observed. No 
significant differences in the enzyme activities were noted 

between different strains of animals except for mitochon- 
drial ketogenesis in one instance. The rates of ketone body 
format ion  from trans f a t t y  acid were about  half those 
f rom cis isomer in var ious s i tuat ions and paralleled well 
the activities of carnitine acyltransferase.  Mitochondrial 
acyl-CoA dehydrogenase,  peroxisomal  /3-oxidation and 
acyl-CoA oxidase activities were approximately the same 
among  different subst ra tes .  

Strain- or dietary fa t -dependent  changes were not con- 
f i rmed in se rum lipid levels, while die tary  trans fat  de- 
creased the hepat ic  triglyceride level in Sprague-Dawley 
but  not  in Wis ta r  ra t s  (Table 3). Hepat ic  cholesterol con- 
tents  in ra ts  fed trans fat  were lower than those in animals 
fed cis fat, and the difference was marked  in Sprague- 
Dawley rats.  Concentrat ions of liver phospholipid were 
approximate ly  the same among  various groups. 

Table  4 shows f a t t y  acid composi t ion of mitochondrial  
phosphatidylcholine in ra t s  fed cis and trans fat. Ac- 
cumulation of trans-octadecenoic acid in ra ts  fed trans fat  
was  accompanied by  a decrease in the content  of satu- 
ra ted  f a t t y  acid {palmitic and stearic  acids} ra ther  than  
tha t  of cis-octadecenoic acid. The amount  accumulated 
was significantly higher in Wis tar  rats.  Linoleic acid con- 
ten t  increased and highly unsa tu ra t ed  f a t t y  acids de- 
creased in ra t s  fed trans fat. 

Effects of  long term feeding of  t rans  fat on fat ty  acid 
oxidation enzymes (experiment 2). Table 5 shows ac- 
tivities of fa t ty  acid oxidation enzymes in Fischer 344 ra ts  
fed cis or trans fat  for 15 mo. No differences were found 
in food intake or growth of animals fed different fa ts  {27). 
In  this experiment, activities of mitochondrial/3-oxidation 
were measured  spect rophotometr ica l ly  us ing palmitoyl-  
carnit ine as the substrate ;  other enzyme activit ies were 
measured  with palmitoyl-CoA as well as cis- and trans-9- 
octadecenoyl-CoA as subst ra tes .  As Table 5 shows, ac- 
t ivit ies of peroxisomal/3-oxidation and acyl-CoA oxidase 
were slightly bu t  significantly increased in ra t s  fed trans 

TABLE 2 

Activities of Fatty Acid Oxidation Enzymes in Wistar and Sprague-Dawley Rats Fed cis and trans Fat for 30 Days 

Dietary fats and enzymes 

Enzyme activities {nmol/min/mg protein} 

Substrate (Wistar rats} Substrate (Sprague-Dawley rats} 

c-9-18:1 t-9-18:1 c-9-18:1 t-9-18:1 

eis Fat 
Mitochondrial ketogenesis 7.81 • 1.20a, b 3.62 
Acyl-CoA dehydrogenase 26.5 • 1.5 29.3 
Carnitine acyltransferase 5.60 • 0.32 2.58 
KCN-insensitive NAD reduction 5.64 • 0.50 d 5.66 
Acyl-CoA oxidase 4.28 • 0.47 4.17 

trans Fat 
Mitochondrial ketogenesis 6.44 • 0.81 3.08 
Acyl-CoA dehydrogenase 29.6 • 1.2 33.2 
Carnitine acyltransferase 6.50 • 0.44 3.01 
KCN-insensitive NAD reduction 7.55 • 0.84 7.14 
Acyl-CoA oxidase 4.56 • 0.48 4.53 

+_ 0.76 c 5.05 -!-- 0.43 2.59 + 0.36 c 
• 2.6 26.4 • 3.4 28.6 • 3.8 
_ 0.10 c 5.40 +_ 0.12 2.67 • 0.24 c 
• 0.44 5.74 • 0.26 5.20 • 0.19 
• 0.50 3.84 • 0.33 3.60 • 0.26 

+_ 0.58 c 5.62 + 0.83 2.88 • 0.51 c 
• 2.0 30.9 • 1.6 34.7 -4- 2.4 
• 0.34 c 6.12 • 0.62 2.58 -4- 0.42 c 
• 0.78 6.45 • 0.69 6.22 + 0.64 
+ 0.42 4.55 • 0.41 4.20 • 0.38 

aMean s -4- SE of 6 rats. 
bSignificantly different from the corresponding value for Sprague-Dawley rats at p < 0.05. 
cSignificantly different from the corresponding value with c-9-18:1 at p < 0.05. 
dSignificantly different from the corresponding value in rats fed trans fat at p < 0.05. 
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T ABLE 3 

Serum and Hepatic Lipid in Wistar and Sprague-Dawley Rats Fed c/s and trans Fat for 30 Days 

Serum lipids {mg/dl) 
Dietary fats  
and s t ra ins  Triglyceride Cholesterol Phospholipid 

Hepatic  lipids {mg/g) 

Triglyceride Cholesterol Phospholipid 

cis Fa t  
Wis ta r  ra ts  549 - 119 a 105 _ 11 256 • 20 12.0 • 1.2 b 2.45 _ 0.15 b 28.2 • 1.0 
Sprague-Dawley ra ts  492 • 110 95.2 • 5.6 260 _ 9 38.5 • 3.6 c 3.70 _ 0.50 c 25.9 • 0.6 

trans Fa t  
Wis tar  ra ts  546 • 99 94.8 • 2.0 256 • 14 10.6 • 1.6 1.99 • 0.14 29.7 • 1.3 
Sprague-Dawley ra ts  431 • 84 92.7 • 7.8 233 • 17 14.2 • 1.3 2.18 • 0.11 27.0 • 0.7 

aMeans  __ SE of 6 rats.  

bSignificantly different from the corresponding value in Sprague-Dawley ra t s  at p < 0.05. 
cSignificantly different from the corresponding value in ra ts  fed trans fat  at  p < 0.05. 

T A B L E  4 

Fatty Acid Composition of Mitochondrial Phosphatidylcholine in Wistar and Sprague-Dawley Rats Fed c/s and trans Fat for 30 Days 

Dietary Fa t ty  acid (wt %) 
fats  and 
s t ra ins  16:0 t-16:l c-16:1 18:0 t-18:l c-18:1 cc-18:2 20:4 22:6 

cis Fat  
Wis tar  

ra ts  19.0 • 0.3a, b --  1.4 • 0.1 19.8 • 0.6 b --  13.9 - 0.5 b,c 6.6 • 0.5 b 
Sprague- 

Dawley 
ra ts  20.0 • 0.3 b - -  1.6 • 0.9 17.7 • 0.7 b --  14.7 • 0.5 7.6 • 0.5 b 

trans Fat  
Wis ta r  

ra ts  17.4 • 0.5 1.4 • 0.0 c 1.4 • 0.1 11.9 • 0.4 12.0 + 0.6 c 11,4 • 0.3 11.3 --- 0.5 c 
Sprague- 

Dawley 
ra t s  18.4 +_ 0.5 0.9 • 0.2 1.8 • 0.2 11.8 • 0.7 8.9 • 0.5 14.2 • 0.4 12.9 • 0.4 

27.8 • 0.9b, c 6.0 • 0.2 b 

24.8 _ 0.3 b 5.5 • 0.1 b 

23.7 • 0.7 c 4.0 • 0.1 c 

19.9 • 0.6 3.2 • 0.3 

aMeans  • SE of 6 rats.  

bSignificantly different from the corresponding value in ra t s  fed trans fat  at  p < 0.05. 

cSignificantly different from the corresponding value in Sprague-Dawley ra ts  at  p < 0.05. 

T ABLE 5 

Activities of Fatty Acid Oxidation Enzymes in Fischer 344 Ra t s  Fed c/s and trans Fat for 15 Months 

Dietary fats  and enzymes 

Enzyme activities for given substrates {nmol/mirdmg protein) 

16:0 c-9-18:1 t-9-18:1 

cis Fat  
Mitochondrial/3-oxidation 6.21 • 0.54 a --  
Acyl-CoA dehydrogenase 9.84 • 0.42 b,c 7.25 ___ 0.44 b 
Carrdtine acyl t ransferase 4.26 • 0.32 c 2.76 • 0.15 c 
KCN-insensit ive NAD reduction 8.83 • 0.49 b,c 6.33 + 0.67 b 
Acyl-CoA oxidase 3.18 • 0.18b, c 2.46 • 0.13 b 

trans Fa t  
Mitochondrial ~-oxidation 7.77 ___ 0.81 -- 
Acyl-CoA dehydrogenase  12.8 • 1.0 c 9.54 ___ 0.73 
Carnitine acyl transferase 4.80 • 0.37 c 3.18 • 0.22 c 
KCN-insensit ive NAD reduction 11.0 • 0.5 c 8.57 • 0.58 
Acyl-CoA oxidase 4.31 • 0.29 c 3.50 _+ 0.21 

7.09 • 0.44 b 
1.10 _+ 0.09 c 
7.69 • 0.54 b 
2.41 • 0.28 b 

9.60 +- 0.72 
1.37 • 0.14 c 
9.96 • 0.78 
3.41 • 0.22 

aMeans  • SE of 8 rats.  

bSignificantly different from the corresponding values in ra t s  fed trans fat  a t  p < 0.05. 

cSignificantly different from the corresponding values measured  with other fa t ty  acyl-CoA subs t ra tes  at  p < 0.05. 
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fat, irrespective of the difference in the fatty acid sub- 
strate. Acyl-CoA dehydrogenase but not carnitine acyl- 
transferase and mitochondrial/3-oxidation also increased 
significantly in rats fed trans fat. The activity of the 
various enzymes examined was highest when saturated 
fat ty acyl-CoA was used as a substrate and was uninflu- 
enced by the geometrical difference of octadecenoyl-CoA 
substrates, except for a significantly low value for car- 
nitine acyltransferase with the trans counterpart. 

Consistent with the preceding experiments, concentra- 
tions of hepatic cholesterol, serum cholesterol and phos- 
pholipid were lower in rats fed trans fat than those fed 
cis fat {data have been reported elsewhere [27]}. Although 
the fat ty acid composition of hepatic organelles was not 
determined in this experiment, examination of the fat ty 
acid compositions of serum lipids (27) revealed the same 
line of changes in rats fed trans fat as observed in experi- 
ment 1. 

DISCUSSION 

A wealth of experiments done with isolated heart or liver 
mitochondria has demonstrated a distinctly lower rate of 
oxidation of trans-octadecenoic acid compared to the cis 
counterpart. We have shown previously that trans-9-octa- 
decenoic acid is oxidized to ketone bodies at a rate about 
one-half to one-third that found with the cis counterpart 
in liver mitochondria, and the response parallels well that 
of the activities of carnitine acyltransferase measured 
with cis- and trans-9-octadecenoyl-CoA as substrates (9). 
These results were confirmed in the present study 
{Tables 2 and 5). It is thus plausible that the substrate 
specificity of carnitine acyltransferase is responsible for 
the impaired rate of oxidation of the trans fat ty acid in 
isolated mitochondria. 

Although the rates of peroxisomal/3-oxidation were ap- 
proximately the same for cis- and trans-9-octadecenoic 
acids (Tables 2 and 5) (9,28}, we recently demonstrated 
that the affinity of the t rans-acyl-CoA toward acyl-CoA 
oxidase was considerably lower than that of the cis 
counterpart (9). Thus, the fatty acid oxidation systems 
not only in mitochondria but also in peroxisomes seem 
to oxidize the trans acid less efficiently. 

The mitochondria have very limited ability to oxidize 
monosaturated fatty acids with 22-carbons, apparently 
due to the substrate specificity of acyl-CoA dehydro- 
genase. When rats were fed a diet rich in docosadienoic 
acid (22:1) such as in rapeseed oil and hydrogenated fish 
oil, however, a striking increase in the activity of perox- 
isomal ~-oxidation occurred {11,12,28,29}. This type of 
compensatory mechanism may not operate in the hepatic 
fat ty acid oxidation system of rats fed trans-octadece ~ 
noate fat, since activities of enzymes involved in the 
systems were virtually uninfluenced by the geometry of 
dietary fats. 

Several studies have examined the effect of trans- 
octadecenoic acid on the activities of the fatty acid ox- 
idation pathway (6,10-12}. However, these results are 
hard to evaluate as the trans effect was compared inap- 
propriately, i.e., between hydrogenated fat and unhydro- 
genated fat from which hydrogenated products were 
prepared; thus the difference in the fat ty acid composi- 
tion was not confined to geometrism. If the effect of trans 
fat on the fat ty acid oxidation enzyme is compared with 
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the fat source with the difference of geometrical con- 
figuration as a sole variable, as in the present experiment, 
the results can be regarded as a reflection of the geo- 
metrical effect of dietary fat. It  is possible that olive oil 
and corn oil contain different minor components that 
might cause differences in enzyme activities. In this con- 
text, the trans effect with regard to cholesterol metabo- 
lism was reproduced even when camellia oil, with a fat ty 
acid composition similar to olive oil, was used as the con- 
trol cis fat (30). 

In experiments in which Wistar and Sprague-Dawley 
rats were fed dietary fats with different configurations, 
the trans effect, although moderate, was observed only 
in the peroxisomal/3-oxidation on one occasion, and no 
other changes were confirmed in various fat ty acid ox- 
idation enzymes. In a long-term feeding study with 
Fischer 344 rats, trans fat increased the activities of 
various fatty acid oxidation enzymes except for carnitine 
acyltransferase; however, the increases were rather 
moderate. Thus, it could be concluded that the geometry 
of dietary fat has only a marginal effect in modulating 
hepatic fatty acid oxidation enzymes, in spite of a marked 
difference in the metabolic behaviors of cis and trans fatty 
acids in the cell-free preparations (Tables 2 and 5) (4-9) 
and the isolated perfused liver (9,23). 

We have observed previously an elevation of 
triglyceride content in Sprague-Dawley rats fed high 
(20%) but not low 15%} dietary levels of cis fat (31) in rela- 
tion to the corresponding levels of trans fat. In the pres- 
ent study, hepatic triglyceride accumulation was ob- 
served in Sprague-Dawley but not Wistar rats fed 15% 
cis fat (Table 3). Although the causes for the observed 
strain-dependent responses are not clear at present, the 
experiment with isolated perfused liver indicated a slight 
difference in the metabolic fate of cis-octadecenoic acid 
between Sprague-Dawley and Wistar rats (9). The effect 
of the difference in the absorbability of cis and trans fats 
(30) may not be disregarded. 

The changes observed in the concentration of hepatic 
cholesterol and the fat ty acid composition of mitochon- 
drial phospholipids after feeding trans fat were consis- 
tent with reported data (24,30-32). Dietary trans fat ap- 
parently exerted its effect on the metabolism of 
cholesterol and polyunsaturated fat ty acids without 
seriously influencing the activities of fatty acid oxidation 
enzymes. 

We have compared previously the metabolic fate of cis 
and trans fatty acids in isolated perfused livers from 
Wistar and Sprague-Dawley rats, and found a marked 
strain-dependent difference in the fate of trans fatty acid 
(9). In addition, the fatty acid oxidation pathway had only 
a minor role in determining the metabolic rate of trans 
fat ty acid in perfused rat liver; rather, the esterification 
pathway was primarily responsible in this context (9). In 
cases where the fatty acid oxidation pathway is not an 
important determinant for the metabolic fate of trans 
fat ty acid, the activities of fatty acid oxidation enzymes 
may not necessarily respond to dietary trans fat, as 
observed in the present study. 
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Epicuticular Waxes of Maize as Affected 
of Mutant g18 with g13, g14 and g115 
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Chemical composi t ion of epicuticular waxes  from double 
mu tant s  of  maize  gl2gl8, gl3gl8, gl4gl8 and g115g18 is  
compared to  that  of  the  wild type  and of the single 
mutants .  The wax  composi t ion  was  moderate ly  affected 
in the double mutant s  studied. Meanwhile ,  free fa t ty  
acids became a normal class constituent of the waxes.  The 
sites  of action of the single mutant s  as deduced from 
previous studies  are confirmed. The influence of gl2, gl3 
and gl4 on the terminal  steps  of the chain e longat ion 
process  in gl2gl8, gl3gl8 and gl4gl8 genotypes  is pre- 
sented and discussed. The study of gl3gl8 waxes  also con- 
f irms that  the mutant  gl3 induces a metabol ic  defect 
definitely different from those  of gl2 and gl4. The pat- 
tern of  a lkanes  from g115g18 is unusual ,  supporting the  
thes is  that  g115 controls  mainly  alkane synthesis .  How- 
ever, based on variat ions induced on wax  composit ion,  
its manner  of action is difficult to  account  for. Taken 
together, the available data on single and double mutants  
affect ing wax  synthes i s  in maize  sugges t  that  e longases  
might  be heteromeric enzymes .  
Lipids 22, 11-16 11987). 

In Zea mays plants, the leaf cuticle is typically endowed 
with wax deposits that decrease in amount with plant 
aging {1,2}. These waxes are synthesized by more than 
one elongation-decarboxylation lED) system Ireviewed in 
ref. 3): ED-I, active only at the seedling stage, yields long 
chain compounds accumulated as alcohols, aldehydes and 
alkanes and may be split into an early {ED-Ia) and a late 
{ED-Ib) group of reactions; ED-II, effective throughout 
the plant's life, is mainly involved in the synthesis of 
esters. 

The biosynthesis and deposition of the epicuticular wax 
layer in maize is controlled by at least 13 independent 
genes {4}. Several mutations, including g/8, influence the 
metabolic steps leading to the synthesis of or controlling 
the precursors entering the ED pathways {5-9). Other 
mutations, such as gl2, gl3 and gl4, control the elonga- 
tion steps of ED-I. In particular, g/3 affects the step from 
C~8 to C30, while gl2, gl4 and g116 affect C3o to C ,  {5,6,8}. 
Glossy-15 has been found to be the only mutation interfer- 
ing with the ED-II system, showing a metabolic block 
effective between C18 and C ,  (8). 

This paper considers the epicuticular waxes from dou- 
ble mutants of g/8, namely g/3g/8, gl2gl8, gl4gl8 and 
g115g18. A major aim of our research was to evaluate the 
modifications induced by an abnormal supply of wax 
precursors on the functioning of the ED pathway in the 
presence of step specific elongation mutations. The data 
obtained have permitted us to deduce the sites of action 
of single gl mutants in more detail. 

*To whom correspondence should be addressed. 
~Permanent address: P.G. Department of Chemistry, Sambalpur 
University, Jyoti Vihar 768017, Orissa, India. 

MATERIALS AND METHODS 

Double mutants gl2gl8, gl3gl8, gl4gl8 and g115g18 were 
obtained in the background of the inbred line WF9 by 
crossing single mutants and reselecting by test-crossing 
plant homozygous for both mutations. Maize seedlings 
were grown in the greenhouse and collected at the stage 
of fifth leaf. 

The epicuticular waxes were extracted by immersion 
for 45-60 sec in CHCI~, and their composition was ana- 
lyzed by thin layer chromatography (TLC) as previously 
described {10). Individual wax components were frac- 
tionated by column chromatography and identified by 
spectroscopic techniques as already reported (5,10-12). 
Gas chromatography (GC) analyses of the purified frac- 
tions were performed with a 15 m OV1 capillary column 
{0.3-0.32 mm id; 0.1:0.15 ~m film thickness} on a HRGC 
Carlo Erba gas chromatograph with flame ionization 
detector, connected to a Spectra Physics SP4100 com- 
puting integrator for automatic data processing. Cold on- 
column injection mode was adopted. Hydrogen was used 
as the carrier gas; air and hydrogen streams were ad- 
justed to yield optimum separations. Temperature was 
programmed from 60 to 170 C at 40 C/min, then to 280 C 
at 5 C/min, with 7 rain of final isotherm. The detector port 
was maintained at 300 C. Alcohols were converted into 
their trimethylsilyl (TMS) ether derivatives using N,O- 
his (trimethylsilyl) acetamide, while acids were analyzed 
as their methyl {Me) esters as described previously (10). 
A modified GC program was used to analyze intact esters: 
starting temperature was set at 90 C, increased up to 
280 C at 40 C/min, then to 350 C at 5 C/min and held for 
15 min. The detector temperature was 390 C. 

Transmethylation of the esters was also carried out to 
yield their alcohol moieties and the Me esters of their 
fatty acid moieties (10}, which were separated by prepara- 
tive TLC in CHCI> Alcohols from ester-transesterification 
were then transformed into the corresponding TMS ether 
derivatives before GC analysis. Alkanes and aldehydes 
were analyzed without any derivatization. 

RESULTS 

Overall wax composition. Table 1 shows the percentages 
of the components and the relative yields of the waxes 
found on gl2gl8, gl4gl8, gl3gl8 and g115g18 seedlings com- 
pared to their parent single mutants and to the wild type. 
Worthy of note is the high total yield of waxes of gl2gl8, 
gl4gl8 and gl3gl8 {75, 83 and 57% of G~ respectively} com- 
pared to their parent mutants, which contrasts with the 
results of a previous study on other double mutants {13). 
A similar overproduction of wax was found for an albino 
strain of maize (10). As in that case, this finding is prob- 
ably due to the smaller size of the double mutant seed- 
lings, which appeared covered by a more concentrated and 
thicker layer of wax. In association with g115, gl8 induced 
instead a decrease of the wax yield to 36% of the wild 
type. 
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TABLE 1 

Composition (%) and Relative Yields of Epieuticular Waxes from Wild Type (Gl) and Single and Double Glossy Mutants (gl) of Maize 

Components GI gl8 gl2gl3 gl2 gl4gl8 g14 gl3gl8 gl3 gl15g18 g115 

Alkanes 1 1 8 12 4 t 8 3 3 5 
Esters 16 38 36 54 36 42 26 41 57 20 
Aldehydes 20 12 14 10 7 16 11 9 8 20 
Alcohols 63 49 30 24 42 42 42 47 30 55 
Acids t -- 12 -- I i  -- 13 -- 2 -- 
Relative yield of wax 

(% of Gl) a 100 30 75 20 83 44 57 27 36 76 

--, Not detected; t, traces (40.5%). 
aThe data were based on wax yield per 1000 g of fresh weight of seedlings (3). 

TABLE 2 

Composition (%) of Alkanes of Epicuticular Waxes from Wild Type (G1) and Single and Double Glossy Mutants (gl) of Maize 

Number or carbon atoms Gl gl8 gl2gl8 a gl2 gl4gl8 gl4 gl3gl8 gl3 g115g18 g115 

19-25 7 17 18 1 12 1 22 3 t 18 
26 t 2 1 t 1 t 1 1 5 7 
27 13 10 27 23 13 15 16 15 7 11 
28 t 2 3 4 2 2 2 1 13 5 
29 29 43 39 64 53 70 41 42 14 25 
30 t t 1 t 1 3 1 2 14 3 
31 49 26 4 4 14 8 15 32 16 26 
32 t -- 1 2 1 1 1 1 13 t 
33 2 -- t t 3 1 3 10 5 
34 2 t 8 

- ,  Not detected; t, traces (~<0.5%). 
aTwo peaks, amounting to 6% of the total are present in the chromatogram with rt smaller than those of C2~ and C3,. 

Double m u t a n t  gl2gl8 appeared  s imilar  to g/8 when 
percentages  of es ters  and a ldehydes  are considered. On 
the other hand, percentages  of alkanes and alcohols were 
more consis tent ly  s imilar  to  g/2. The gl4gl8 did not  show 
remarkable  differences from either single paren t  mutant ,  
apa r t  from a clear decrease of a ldehydes  (from 12.16% 
to 7%). Es t e r s  were the mos t  abundan t  compounds  in 
g115g18 wax. All double mutan t s  waxes contained certain 
amounts  of free f a t t y  acids (2 to 13%), which were not  
present  in their  paren t  mutan ts .  

Alkanes. The composi t ion of the alkanes is p resen ted  
in Table 2. In  all cases bu t  g115g18, the  homologue C29 
predominated ,  va ry ing  from 39 to 53%. The C3, alkane, 
which was the major  homologue (49%) in Gl wax and ac- 
counted for 26% in g/8, represented  only 4% of gl2gl8 
alkanes, a value identical to tha t  of gl2. Discrete amounts  
of the same chain length  were found in gl4gl8 (14%) and 
gl3gl8 (15%). The d i s t r ibu t ion  of chain lengths  among 
g115g18 alkanes  was very  peculiar  in t ha t  odd and even 
homologues were present  in the range from C2, to C3,, with 
no s ignif icant  difference in their  re la t ive  amounts .  

Aldehydes and alcohols. Aldehydes  and alcohols from 
G~ gl8 and g115 genotypes  were typ ica l ly  character ized 
by  the C32 as dominan t  chain length.  A reduct ion of the 
C~ homologue compensa ted  for by  an increase in the  
relative importance of the C3o chain length, which becomes 

the mos t  abundan t  component ,  was observed in gl2 and 
gl4 (Table 3; see also 5,8). No re levant  difference in the 
chain length  d is t r ibut ions  was evident  for a ldehydes  and 
alcohols from gl15g18 when compared  to their  pa ren t  
m u t a n t s  and the wild type.  In  contras t ,  in gl2gl8 and 
gl4gl8, the influence of g/2 and g/4 predominated over tha t  
of g/8, as proved by  the a ldehyde and alcohol composi- 
t ional  percentages  (Table 3). Glossy-4 muta t ion  was less 
effective than  g/2 in reducing C32 accumulation,  which ac- 
counts  for 30% in gl4gl8 aldehydes  and 25% in gl4gl8 
alcohols. A lmos t  equivalent  amounts  of C3o and C32 
homologues were found among a ldehydes  and alcohols 
from g/3 wax. In gl3gl8, the C32 aldehyde cont r ibu ted  for 
75% of this  fraction, whereas the C32 alcohol represented  
34%. As  for the single m u t a n t  g/3, the alcohols from 
gl3gl8 were spread  over the  C24 to C~2 chain lengths.  

Esters. Table 4 presents  the composi t ion of the alcohol 
and acid moiet ies  of the esters .  In  gl2gl8, shor ter  esteri- 
fled alcohols having  16 to 24 carbon a toms accounted for 
a lmost  the same re la t ive  amounts  as in g/8. The long 
chain C3~ alcohol, which represents  100% in G~ 9% in g/8 
and 1% in gl2, was not  p resen t  in the  double mutan t ,  
whereas the C~o homologue, dominan t  in gl2, only 
amounted  to 4%. A different  spec t rum of ester i f ied alco- 
hols was found ingl4gl8: C3o was 32% and C3~ 10% of the  
total .  In  th is  double mutan t ,  moreover,  the d i s t r ibu t ion  
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TABLE 3 

Composition (%) of Aldehydes and Alcohols of Epicuticular Waxes from Wild Type (Gl) and Single and Double Glossy Mutants (gl) of Maize 

N u m b e r  
of 

carDon 
a t o m s  Gl gl8 gl2gl8 gl2 

A l d e h y d e s  Alcohols  

16 -22  
24 
26 1 
28 1 12 14 38 
29 
30 3 8 75 57 
31 
32 96 80 11 4 

gl4gl8 gl4 

6 6 
1 -- 

62 79 
1 - -  

30 15 

gl3gl8 gl3 gll5gl8 g115 Gl 

1 
t 13 

25 44 

75 42 

gl8 gl2gl8 gl2 

- - ,  No t  de tec ted;  t, t r aces  (<0.5%). 

2 1 
2 7 4 

2 t 34 21 

10 1 5 53 72 

88 100 99 93 4 2 

gl4gl8 gl4 

6 
2 
4 
8 6 

55 79 

g ~  

11 
19 
12 

24 

25 15 34 

gl3 gll5gl8 gll5 

7 
29 1 
16 2 

27 8 

21 89 100 

TABLE 4 

Composition (%) of Esterified Alcohols and Acids of Epicuticular Waxes from Wild Type (Gl) 
and Single and Double Glossy Mutants (gl) of Maize 

N u m b e r  
of Es t e r i f i ed  alcohols  

carbon i 
a t o m s  Gl gl8 gl2gl8 gl2 gl4gl8 gl4 gl3gl8 gl3 

16 2 4 
18 4 3 t 
20 16 22 10 
22 19 16 5 
24 36 31 17 
26 9 10 7 
28 3 10 12 
30 t 2 4 48 
32 100 9 1 

- - ,  No t  de tec ted;  t, 

8 
9 

22 
12 

7 
32 
10 

t 
2 

11 3 9 
14 6 5 
28 38 52 
10 22 23 
11 8 5 
20 12 4 

4 11 2 

gll5gl8 gl15 Gl gl8 gl2gl8 gl2 

t r aces  (<0.5%). 

Es te r i f i ed  acids  

14 13 15 
38 11 19 

5 t 1 35 33 
18 2 15 28 27 
55 5 49 10 3 
15 2 27 2 1 
- -  t 6 1 2 

- - 2 

7 39 t 

gl4gl8 gl4 

8 
8 

25 
24 
15 
11 

9 
t 

g~g~ gl3 gll5gl8 gH5 

15 5 5 
7 10 4 

24 56 18 
16 13 32 
24 16 30 
13 t 11 

1 t t 
t 

3 18 
4 13 

11 25 
12 30 
10 10 
13 4 
43 

4 

13 
12 
38 
29 

8 
t 
t 

of C2o-C~8 chains was more similar to that  of gl4. Higher 
amounts of C3o and C32 esterified alcohols than in the 
parent mutants were found in g/3g/8. Moreover, both in 
gl3gl8 and gl4gl8 the distribution of ester alcohol moieties 
was characterized by C24 and C2~ as most prominent 
chains. The pattern of esterified alcohols from g115g18 dif- 
fers from those of the parent mutants: C22 (18%), C~4 (55%) 
and C~ (15%) were present in the largest amount, while 
the C2o homologue only accounted for 5%. Unexpectedly, 
C,6 and Cx8 chain lengths have not been found. However, 
similarly to g115, the C28 and C3o esterified alcohols were 
not components of the esters from g115g18, while C3~ con- 
tributed 7% of the total. 

The esterified acids of gl2gl8 closely resemble those of 
g/8, with Cx~-C2~ accounting in total for 94% (vs 87 and 
31% in gl8 and gl2, respectively). A similar spectrum was 
found also in gl4gl8 and gl3gl8. The distribution of the 
ester acid moieties of g115g18 was peculiar in having 56% 
of the C2o homologue. As a consequence, compared to g/8 
and gl15, the total amount of C22-C~s chain lengths ap- 
peared greatly reduced. 

Composition of the intact esters is shown in Table 5. 
Slight discrepancies are observed between their chain 

distribution and the expected composition from a random 
esterification of their alcohol and acid moieties shown in 
Table 4. 

Acids. Acids of Gl consisted of all the chain lengths 
from C,6 to C32, with high amounts of the shorter C,6 (25%) 
and C,8 (13%), followed by C2, (14%), C2~ (22%} and C~8 
(12%) (Table 6). The gl2gl8 was characterized by the 
predominance of the C,~ and C28 chains. Acids C~ (12%) 
and C~8 (27%} were instead the most abundant in gl4gl8, 
whereas C22 (38%) was the largest homologue in gl3gl8. 
Compared to the other double mutants, g115g18 was 
characterized by large amounts of shorter homologues in 
the range from C,6 to C24. 

DISCUSSION 

The enzyme systems carrying out elongation of palmitic 
acid to the long fat ty acyl chain (C2o-C34) components of 
the epicuticular lipids are known as elongases. The 
elongated acyl chains can then enter different reaction 
pathways: (i) decarboxylation to alkanes; (if) reduction to 
aldehydes and primary alcohols; (iii) release as free acids; 
and (iv) esterification to yield esters. 
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TABLE 5 

Composition (%} of Esters of Epicuticular Waxes from Wild Type (Gl) 
and Single and Double Glossy Mutants (gl) of Maize 

Number of 
carbon atoms GI gl8 gl2gl8 gl2 gl4gl8 gl4 gl3gl8 gl3 g115g18 g115 

38 1 t 2 1 
40 6 2 7 3 1 6 9 1 
41 --  t t t t t t t 
42 t 12 7 9 6 4 16 15 8 1 
43 t t t t t t t 1 1 t 
44 t 19 13 13 11 8 29 22 21 10 
45 t t t t t t t 1 1 t 
46 1 15 20 11 15 9 26 21 18 16 
47 t t t t t t t t 1 t 
48 3 12 9 7 8 6 15 13 10 13 
49 --  t t t t t t t t t 
50 2 6 6 5 6 7 6 8 7 5 
51 --  t t t t t t t t --  
52 6 8 14 5 10 12 2 6 7 6 
53 --  t t t --  t - -  -- t -- 
54 32 11 7 6 11 17 t 2 9 16 
55 --  t t t --  --  --  t --  
56 39 8 12 12 13 19 i lO 22 
57 --  t t 1 --  t --  1 --  
58 12 2 10 19 14 13 t 5 11 
59 --  t --  t t 
60 5 3 3 4 

--, Not detected; t, traces (~<0.5%). 

TABLE 6 

Composition (%) of Acids of Epicutieular Waxes from Wild Type (GO 
and Single and Double Glossy Mutants (gl) of Maize 

Number of 
carbon atoms Gl gl2gl8 gl4gl8 a gl3gl8 g115g18 

16 25 21 22 
18 13 8 10 
20 4 1 6 11 
21 6 
22 6 3 t 38 26 
23 6 
24 14 3 7 26 10 
25 5 
26 22 8 12 24 6 
27 
28 12 51 27 12 8 
29 
30 t 5 4 
31 
32 4 3 

- ,  Not detected; t, traces (~<0.5%). 

aTwo peaks amounting to 31% of tbe total are present  in the chromatogram with r t  about equal to those 
of C. and C~. 

I n  s e v e r a l  p l a n t  s p e c i e s  d i f f e r e n t  e l o n g a t i o n  s y s t e m s  
e x i s t  {14-18}. F o r  i n s t a n c e ,  t w o  a c y l - C o A  e l o n g a s e s ,  o f  
C18-CoA a n d  C2o-CoA, r e c e n t l y  h a v e  b e e n  o b t a i n e d  f r o m  
e p i d e r m a l  cel l  m i c r o s o m e s  of  Allium porrum L. {17,18}. 

I n  ma ize ,  t h e  e x p l o i t a t i o n  of  t h e  e f f e c t s  of  s e v e r a l  glossy 
m u t a t i o n s ,  i n h i b i t o r s ,  l i g h t  a n d  a g e  o f  t h e  p l a n t  in  t h e  

s t u d y  o f  t h e  e p i c u t i c u l a r  w a x  f o r m a t i o n  a n d  d e p o s i t i o n  
m a d e  c l e a r  t h e  e x i s t e n c e  of  a t  l e a s t  t w o  e l o n g a t i n g  c o m -  
p l e x e s ,  c a l l e d  E D - I  a n d  E D - I I  ( F i g u r e  1; 3 , 5 - 1 1 , 1 9 - 2 1 } .  

L e v e l  o f  s u b s t r a t e  a v a i l a b i l i t y  fo r  E D - I  a n d  E D - I I  h a s  
b e e n  s h o w n  t o  b e  u n d e r  g e n e t i c  c o n t r o l ,  a s  e v i d e n c e d  b y  
t h e  e f f e c t  o f  glS, gll, gl7 and g118 m u t a t i o n s  {6,8}, w h i c h  

LIPIDS, Vol. 22, No. 1 (1987) 
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FIG. I. Biosynthetic scheme of maize surface wax as assessed by studies on the effect 
of mutations, light, plant age and inhibitors on its composition (3). 
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resemble the cer-p 37 mutant of barley (22}, in showing 
lower accumulation of wax components but unchanged 
chain length distributions. Results from the study of 
maize mutant gill sustain moreover the existence of two 
major groups of reactions in ED-I: ED-Ia, for C~,-C28 
fat ty acyl chains, and ED-Ib, which further elongates 
these chains up to 32 carbon atoms (9). 

Mutants gl2 and gl4 disclose defective elongation steps 
in ED-Ib, with a specific block at the C3o-C~2 elongation 
step {5,8}. Combination of each of them with g/8 into 
double mutants is expected to produce similar modifica- 
tions. Genotypes gl2gl8 and gl4gl8 show in fact compara- 
ble patterns in the distribution of wax classes. As a direct 
consequence of the metabolic blocks, an accumulation of 
free fat ty acids is evident in the double mutants. This 
result discloses that in maize the release of acids from the 
elongating complex is possible as found in other plants 
{23}. Evidently in the wild type waxes it is the high effi- 
ciency of maize elongating, decarboxylating, reductive 
and esterifying systems that prevents the accumulation 
of free fat ty acids. 

As in the single mutants, the combined synthesis of 
alkanes, aldehydes and alcohols deriving from the ED-I 
complex is much lower in the double mutants gl2gl8 and 
gl4gl8 than in the wild type. Moreover, the influence of 
gl2 and gl4 on the terminal steps of the chain elongation 
process is confirmed. Although mutation g/8 differs only 
quantitatively from the wild type showing a good syn- 
thetic activity for the C3~ chain length (C3, for the alkanes}, 
in the two double mutants there is no evidence for any 
restoration of the activity for the synthesis of those chain 
lengths, prevailing the biochemical defect brought about 
by gl2 and gl4. Other mutations are known in plants that 
affect the intermediate or final steps of the chain length- 
ening process {15}. In maize, besides gl2 and gl4, a third 
mutation, g116, was found to control the C3o-C32 elonga- 

tion step (3). The finding of those three mutants, map- 
ping at different genetic loci {24}, reveals a very complex 
biochemical regulation of wax biosynthesis and suggests 
that  elongases might be heteromeric enzymes. 

In gl2gl8 and gl4gl8 the ED-II system appears unaf- 
fected: esters, in fact, account for almost the same amount 
as in g/8 with a very similar composition. This was ex- 
pected, considering that single mutants gl2 and gl4 af- 
fect ED-Ib and g/8 influences only substrate availability 
of wax precursors. 

Mutation g/3 controls the ED-Ib pathway at the C28-C3o 
elongation step, leading to the accumulation in com- 
parable amounts of C29, C3, alkanes and C3o, C32 aldehydes 
and alcohols (6). In the double mutant gl3gl8, the precur- 
sor acyl chains are abnormally supplied (g/8 effect}; they, 
moreover, are utilized by ED-Ib at a low rate (g/3 effect} 
and probably are forced to enter associate pathways or 
to be released from the elongase(s}. In fact, as in gl2gl8 
and gl4gl8, combination into a double mutant of g/8 and 
g/3 results in an accumulation of free fatty acids. The 
homologue distribution is, however, peculiar. In gl3gl8 
free fatty acids of the shorter C22, C24 and C~6 chains 
totally account for 88%, whereas C~8 represents 12%. The 
situation found in the esters further confirms the effect 
of g/3 on the earliest reactions of ED-Ib. Resembling g/3, 
in fact, the esterified alcohol C26 accumulates in gl3gl8 
(22% vs 9% in g/8}. No significant differences are observed 
in the esterified acid distribution of g/8 and gl3gl8, reveal- 
ing an ED-II complex normally functioning. 

The biochemical regulation of the acyl chain lengthen- 
ing due to gl3 locus must be, however, different from that 
of gl2 and gl4 loci. Neither the single mutant g/3 nor the 
double mutant gl3gl8 evidences a very drastic block of 
the synthesis of the longest C3o, C3~ chains associated with 
an accumulation of the preceding homologue, C28. For in- 
stance, the amounts of the C3o and C~ esterified alcohols 
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in gl3gl8 are 12% and 11%, respectively,  which is much 
more than in the single mutants .  Both of these chains are 
also present  in discrete amounts  in the free alcohol frac- 
tions, a s i tuat ion resembling more closely t ha t  of g/3. In 
the aldehydes, the C32 homologue even accounts for 75%, 
whereas in g/3 it  represents  42%, sugges t ing  t ha t  the 
double m u t a n t  par t ia l ly  restores  the synthet ic  ac t iv i ty  
for this chain length. This observat ion indicates tha t  the 
g/3 metabolic  defect is definitely different than  those 
brought  about  by  gl2 and gl4. 

Mutat ion  g115 compared  to Gl shows only minor 
modifications in wax composition. An unusual accumula- 
t ion of alcohols of 16 and 18 carbon a toms  incorporated 
into the esters  is peculiar to this mutan t .  This was con- 
sidered evidence tha t  g115 affects E D - I I  between C,8-C,  
elongation steps.  D a t a  f rom wax analysis  of g115g18 
clearly indicate tha t  neither g/8 nor g115 affects the 
elongation processes controlled by  ED-I .  In  the double 
mutan t ,  in fact, the prevai l ing chains of those wax frac- 
t ions have 32 carbon a toms,  like the wild type  and the 
single mutants .  On the other hand, the reduced synthesis  
of alcohols and aldehydes induced by  g/8 in the double 
mutan t  g115g18 confirms tha t  the g/8 mutat ion affects the 
supply of precursors  enter ing the ED-I  pa thway.  More- 
over, in gl15g18, the reduced availabil i ty of the 32 chain 
length for the ester  synthesis ,  because of the low effi- 
ciency of ED-I  due to g/8, is remarkable.  

The spec t rum of alkanes from g115g18 is ve ry  unusual  
and to our knowledge unprecedented in plant  waxes. Com- 
pared  to the parent  mutan ts ,  higher amounts  of even 
chain alkanes are present, making up the 53% of this frac- 
tion. As a consequence, the synthes is  of C2,, C~9 and C3, 
alkanes, major  homologues in g/8 and g115, appears  re- 
duced in the double mutant .  I t  may  be of interest  to recall 
the data  obtained from a s tudy on the interaction between 
trichloroacetic acid and gl2 t ha t  indicated the possible 
existence of an ED complex specific only for alkanes (19). 
I t  is evident from the da ta  of the double mutan t  tha t  g115 
affects alkane synthesis ,  even if there is no obvious ex- 
planat ion of how the interact ion of g/8 and g115 should 
lead to the format ion of even chain alkanes. 
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Acetone powders of fresh-frozen pineals were extracted 
with chloroform/methanol mixtures. By column chroma- 
tography on silicic acid, mild alkaline methanolysis, ion- 
exchange high performance liquid chromatography and 
a final thin layer chromatography on silicic acid, the 
major glycosphingolipids were purified from the extracts 
of a total of 300 bovine pineal bodies. Chromatographi- 
cally purified fractions were characterized by gas chro- 
matographic analysis. The most prominent glycosphing~ 
lipid appeared to be cerebroside. In addition, five different 
gangliosides were found in detectable levels. The two 
major gangliosides have the chromatographic and com- 
ponent characteristics of GD3 and GM3, with disialogan- 
glioside predominating. Gangliosides indistinguishable 
from purchased standards of GM~ and GD~. were third 
and fourth, respectively, in amount. The fatty acid pro- 
files of the two lactosyl gangliosides are similar and sig- 
nificantly different from those of the two gangliotetraose 
gangliosides. The fifth most prominent ganglioside, pres- 
ent at a level of 1.09% of total recovered ganglioside sialic 
acid, appears to be a novel trisialoganglioside, called GTx. 
This new molecule has a component ratio of gahglc:sialic 
acid:amino sugar of approximately 1:2:3:1. Similarities be- 
tween bovine pineal and rod outer segments are discussed. 
Lipids 22, 17-21 {1987}. 

The pineal body is unique in the mammalian central ner- 
vous sys tem in tha t  its innervation may be synaptically 
homogeneous (2). These synaptic endings appear norad- 
renergic, but  they also contain large amounts of serotonin 
(3}. Excised pineals have a relatively large fraction of total 
volume as synaptic endings (3), and the bulk of the re- 
mainder is composed of the pinealocytes themselves. 
Pinealocytes contain a high concentration of serotonin as 
the precursor for melatonin, which is the major hormonal 
product  of the pineal body (4}. The presence of serotonin 
in the synaptic endings may be due to " leakage" from 
pinealocytes, with subsequent  uptake  into nerve termi- 
nals {3}. Therefore, excised pineals are enriched in mem- 
branes tha t  interact  with two major neurotransmit ters ,  
noradrenaline (norepinephrine} and serotonin. 

Glycoconjugates are localized in membranes, and there 
is evidence tha t  some of them, such as gangliosides, are 
concentrated in synaptic membranes {5,6}. There is addi- 
tional evidence that  some gangliosides may be evenly dis- 
t r ibuted on neuronal membranes,  and tha t  some pre~ 
dominate in cells other  than neurons {7,8}. Recently, 
however, a part icular  ganglloside has been indicated as 

1Present address: Life Sciences Division, MS M881, The University 
of California, Los Alamos National Laboratories, Los Alamos, NM 
87545. 
*To whom correspondence should be addressed. 
The ganglioside nomenclature is according to the system of Sven- 
nerholm [1): GM3, NeuAca2 ~ 3Gal/31 ~ 4Glc-Cer; GMI, Gal/31 -* 
3GalNAc/~l ~ 4Gal(3 ~ 2aNeuAc}~l -~ 4Glc-Cer; GDI., NeuAca2 
-* 3Gal~l ~ 3GalNA@I ~ 4Gall3 ~ 2aNeuAc}~l ~ 4Glc-Cer; GD1b, 
Gal~l ~ 3GalNAc/31 ~ 4Gal(3 ~ 2aNeuAc8 "- 2aNeuAc)~l ~ 4Glc- 
Cer; GT~b NeuAca2 ~ 3 Gal~l ~ 3 GalNac~l ~ 4 Gal(3 "- 2aNeuAc8 
"~ 2aNeuAc}~l --* 4 Glc-Cer. 

a marker  for mouse brain synapses t9). Knowledge of the 
gangllosides of pineal might  provide impor tant  evidence 
for hypotheses about the many membrane-associated ac- 
t ivities of noradrenaline and serotonin. Finding a mem- 
brane molecule in an unusually large concentrat ion or 
finding unusual membrane molecules in pineals would be 
sufficient reason to s tudy these molecules further  for a 
possible functional role. With this approach in mind, we 
have examined the glycosphingolipids of fresh-frozen 
bovine pineals. 

MATERIALS AND METHODS 

Glycolipid extraction. Fresh-frozen bovine pineals {Pel- 
Freeze, Rogers, Arkansas} were t reated with a total  of 
10 vol {vol/wt} of acetone after an initial hand grinding 
in a mor tar  and pestle in a small volume of acetone CA). 
The total mixture was stirred overnight at 4 C and filtered 
to yield pineal acetone powder. Glycolipids are extracted 
from the acetone powder by a modification of the method 
of Wolfe (10}. The acetone powder was first st irred with 
19 vol of chloroform/methanol (C/M; 2:1, v/v} at  room 
tempera ture  for 2 hr, followed by a 4-min, high-speed 
mechanical homogenation. The residue was rextracted 
with C/M (1:1, v/v} to which 5% water  had been added, 
without  the room-temperature stirring. Finally, the resi- 
due was ext rac ted  with C/M {1:2) with 5% water  {v/v/v). 
The extracts  were combined and evaporated. All solvents 
were analytical grade or better.  

Silicic acid column chromatography. A modification of 
the procedure of Ishizuka et al. i l l )  was used. Pure silicic 
acid powder (Mallinckrodt SilicAR CC-7, 100-200 mesh} 
was heated at least 24 hr at 100-110 C, suspended in 
chloroform and poured into a glass column, using 1 g 
silicic acid per 25 mg of sample. Sample was applied as 
a suspension in chloroform, and the column was eluted 
batchwise. Each fraction consisted of seven column 
volumes of solvent mixtures with increasing polarity. The 
solvents are the following {all ratios by volume}: 1, C; 2, 
A/C [1:3}; 3, A/C {1:1); 4, A/C (3:1); 5, A; 6, M/C [1:3); 7, 
M/C (1:1}; 8, M/C {3:1); 9, M. 

Alkaline methanolysis. This t reatment  is used to break 
ester linkages {12}, with only minor cleavage of amide and 
glycosidic bonds {13}. The dried sample is solubilized by 
agitat ion {sonication or vigorous stirring} in a small 
volume {usually 15 ml} of 0.1 M methanolic NaOH and 
warmed at 37 C for 2 hr. The solution is taken nearly to 
dryness by ro tary  evaporat ion (to remove most  of the 
methanol and to concentrate  glycollpids into nondialyz- 
able micelles} and dialyzed against  two changes of dis- 
tilled water  at  4 C for 24 hr. The dialyzed sample is then 
dried by ro tary  evaporation. This procedure, used on an 
eluent fraction from the silica column, resulted in essen- 
tially complete removal of phospholipids, with nearly 
complete retention of glycolipids. The resulting mixtures 
were then fur ther  purified by HPLC. 

High performance liquid chromatography (HPLC}. 
HPLC was performed in an ion-exchange mode, using 
Waters  Radial-Pak microBondapak NH2 columns, 10 ~m 
column packing, in the procedure of Whalen et al. {14}. 
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Gangliosides are eluted from the column by a gradient 
of 1 M aqueous NaC1 into methanol. Different individual 
columns result in slightly different elution times for the 
same ganglioside, but the variation within a single 
column, from run to run, is less than one minute, in a 
60-min procedure. Solvents were HPLC grade, purchased 
from MCB (Los Angeles, California). 

Thin layer chromatography (TLC). The solvent most 
commonly used, both for qualitative and preparative 
TLC, was C/M/2.5 M aqueous NH3 (60:35:8, v/v/v) (sol- 
vent A). Glycolipids were determined on qualitative plates 
by spraying with the phenolsulfuric reagent, positive for 
carbohydrate (15). Preparative plates were exposed to 
iodine vapor (<3 min), followed by evaporation overnight 
before elution. Glycolipids were eluted from scraped-off 
silica by C/M/water (5:5:1, v/v/v). Thin layer plates were 
Brinkmann aluminum-backed plates, precoated with silica 
gel 60, F-254. Preparative plates were the same, except 
2-mm thick, on glass. Standard glycolipids were pur- 
chased from Supelco (Bellefonte, Pennsylvania). 

Gas liquid chromatographic analysis (GLC). Methanoly- 
ses were performed by the procedure of Yoshida and 
Mega (16). The trimethylsilyl ethers of saccharides and 
the methyl esters of fat ty acids were initially determined 
by gas chromatography on a 6' packed column, contain- 
ing 2.5% SE30 on 100-200 Gas Chrom Q with nitrogen 
carrier gas. All quantification was done on a 30-m fused 
quartz capillary column, coated with SE-30 (J&E, Los 
Angeles, California), using a flame ionization detector. A 
program of 110-250 C at 4 C per minute was used. 
Helium at a flow rate of 2 ml/min was the carrier gas. 
Each methanolysis of purified, extracted lipids was quan- 
tiffed by comparison to samples of purchased glycolipid 
standards, in approximately equal amounts. Each in- 
dividual saccharide and the total fatty acid components 
were quantified by determination of a correction factor, 
which was calculated to take account of the entire meth- 
anolysis procedure, as well as the GLC detector response. 
Purchased standards of purified gangliosides, either GM, 
or GD,~, were taken through the methanolysis and GLC 
procedures with each group of pineal preparations, in ap- 
proximately the same molar amount. Although a large 
series of comparisons was done, for routine purposes 
50 nmol of standard was used for comparison to samples 
of GD3 and GM3. Twenty-five nmol was used for com- 
parison to samples of isolated GD1. and GM,, and 10 nmol 
of standard was used for the GT. samples. Successive 
determinations of a correction factor with any one amount 
of standard typically varied less than 5% from run to run, 
except for the 10 nmol standards. The 10-nmol level gave 
variations as high as 15%. The overall correction factor 
for each component was determined from an average of 
at least three such determinations. Standards were gas 
chromatographed at the beginning and end of each series 
of experimental samples. Glucose was used as the nor- 
malizing component in the purchased gangliosides be- 
cause, in our work, it gave the most complete yield. For 
example, sialic acid gave, from a 50 nmol sample of pur- 
chased GM, standard, 68% as much peak area on the gas 
chromatogram as did glucose. In the pure molecule, they 
should be present in equimolar amounts, so a correction 
factor of 1.46 was used for sialic acid in the samples of 
GD~ and GM3. Because the correction factors were found 
to vary significantly with the amount of standard used, 

different correction factors were determined for each 
significantly different amount of sample. 

Carbohydrate standards were purchased from ICN 
(Irvine, California). Peak identifications were made by 
comparison to individual carbohydrate standards, carried 
through the same procedure. Peak quantification was by 
both electronic integrator and triangulation. 

Colorimetric tests. Crude preparations were analyzed 
for hexose by the method of Radin et al. (17), in the form 
of galactose equivalents. Sphingosine and sialic acid (N- 
acetyl neuraminic acid) were measured by the procedures 
of Yamamoto and Rouser (18) and Jourdian et al. (19), 
respectively. 

Purification protocol. The C/M extract of the acetone 
powder was first separated on a silicic acid column. The 
cerebroside-containing fractions, determined by qualita- 
tive TLC, were then separated on preparative thin layer 
plates, and the cerebroside fractions were eluted. The 50% 
C/M fractions (containing essentially all of the ganglio- 
sides) were subjected to mild alkaline methanolysis and 
separated by ion-exchange HPLC. HPLC fractions, with 
the exceptions of GT, and the second peak of GD3, were 
finally purified by TLC and eluted. GLC analysis was per- 
formed on the purest preparation of each molecule. 

RESULTS 

Fresh-frozen bovine pineals averaged 168.5 mg. Three 
hundred pineals yielded a total of 10.42 g of acetone 
powder, a loss of about 80% of total weight. The com- 
bined, dried C/M extracts of three different acetone pow- 
ders represented 2.4 _+ 0.3% of the fresh tissue weight, 
or 12 _+ 1.5% of the weight of the acetone powders. 

Neutral glycosphingolipids. The C/M extract is highly 
enriched in glycolipids, and especially in sphingolipids, 
although some phospholipids remain. The fractions that 
are eluted from the silica column in A/C (1:1) and A/C (3:1) 
contain relatively nonpolar lipids, the major one of which 
then chromatographed in thin layer solvent A indistin- 
guishably from purchased standards of cerebroside. It 
gave two carbohydrate-positive spots, R+ 0.70 and 0.78, 
when commercial cerebroside on the same plate gave 
spots at 0.69 and 0.77. All of the 0.78 RI material was 
eluted from the silica column by A/C 1:1. The 0.70 R+ 
material was spread between both fractions. Methanoly- 
sis and GLC analysis of material from both bands yielded 
only galactose, fatty acids and peaks with the relative 
retention times of sphingosine derivatives. These were not 
sufficiently reproducible to quantify. The ratio of galac- 
tose to total fat ty acid was 1.01 for the combined, eluted 
material from the two bands. The fat ty acids of the more 
polar band could only be quantified after trimethylsilyla- 
tion, which may be because of the presence of 2-hydroxy 
fat ty acids. The combined bands, identified as galac- 
tocerebroside, are present in a quantity of 1.45 tamol/g 
fresh tissue. This represents 30.2% of the total lipid- 
bound hexose in the C/M extract. This level is about one- 
third of the usual quantity for cerebroside in mammalian 
central nervous system gray matter, and about 3% of that 
for white matter. While this figure for cerebroside con- 
tent must be regarded as an approximate minimum, it 
has previously been reported that  cerebroside was not 
present in bovine pineal (20). We would anticipate that  
procedural losses were greater for cerebrosides than for 
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gangliosides, as significant amounts  of neutral lipid might  
be expected to dissolve in the original acetone extraction. 
Losses  of s tandards  during silicic acid ch roma tog raphy  
average  less than  15%. 

The major gangliosides. All of the sialic acid-containing 
material  in the ext rac t  was eluted from the silicic acid col- 
umn by  C/M, 1:1. This fraction was further purified, after 
mild alkaline methanolysis  and dialysis, by  ion-exchange 
HPLC (14). Because of overlap between gangliosides with 
a similar number  of sialic acid residues, especially among  
monosialogangliosides,  early peaks  f rom the chromato-  
g r am were fur ther  purified by  TLC. Each  band, eluted 
f rom TLC plates after ch romatography  in solvent A, was 
methanolyzed,  and the resul t ing methy l  glycosides and 
f a t t y  acid methy l  es ters  were identified and quantif ied 
by  GLC, as described in Methods. Table 1 shows the com- 
ponent  ratios,  as determined by  methanolys is  and GLC, 
of the major  gangliosides of pineal. The ratios were deter- 
mined with the use of correction factors  in the manner  
described in Methods.  The names  given to each are par- 
tially based on these data.  Table 2 shows the TLC Its in 
solvent A, the position(s) of elution in H P L C  and the 

relative amounts  in fresh pineal of each of the five detect- 
able gangliosides, compared to the behavior of purchased 
standards in the same systems. Peaks eluting from HPLC 
prior to 0.35 M NaC1 require fur ther  purification on TLC, 
as there is significant overlap. The early pa r t  of the elu- 
t ion is also the port ion of the ch roma tog ram in which 
those contaminants  des t royed by  alkaline methanolys is  
appear.  The port ion of the ch roma tog ram eluting af ter  
0.35 M NaCI, containing the second peak of GD3 and all 
of GTx, appears  to provide purified gangliosides directly, 
even without  the alkaline t rea tment .  GD3 has  been ob- 
served to separate  into two different peaks  in other chro- 
matographic  sys t ems  (8), possibly due to var ia t ion in i ts  
hydrophobic moiety.  

These ganglioside identifications are based on the ch r~  
matographic characteristics and gas chromatographically 
determined component  rat ios of each extracted molecule. 
More definitive identification will have to await  precise 
physical  analysis,  by techniques such as fas t  a tom bom- 
ba rdmen t  mass  spectroscopy.  

GD3 and GM3 combined accounted for 82.8% of the 
to ta l  ganglioside of the tissue, with GD3 alone present  

TABLE 1 

Component Ratios of the Five Major Gangliosides of Bovine Pineal a 

N-Acetyl N-acetyl Total 
Ganglioside b neuraminic acid galactosamine Galactose Glucose fatty acid 

GD3 2.01 • 0.16 <0.01 1.02 • 0.13 1.0 0.92 • 0.19 
GM3 0.97 • 0.06 <0.01 0.94 • 0.05 1.0 0.77 • 0.10 
GD~. 1.80 • 0.004 0.88 • 0.09 1.82 • 0.03 1.0 0.76 • 0.12 
GM1 1.08 • 0.19 0.64 • 0.08 1.85 • 0.06 1.0 1.07 • 0.45 
GTx 2.99 • 0.33 0.72 • 0.49 1.05 • 0.01 2.0 N.D. 

aDetermined as described in Methods. Normalized to glucose. N.D., not determined. Each number is the 
average of at least three separate determinations. 
bTentative assignments--see text. 

TABLE 2 

Comparative Chromatographic Characteristics of the Major Gangliosides of Bovine Pineal 

Pineal Standard Rj in M NaCI for Amount 
ganglioside a ganglioside solvent A b peakIs) elutionb (nmol/g fresh tissue} 

GM3 0.39 0.095 __- 0.019 
0.154 + 0.025 100 

GM~ 0.19 0.095 __- 0.019 
0.154 + 0.025 40 

GM, 0.18 0.108 • 0.004 
GD3 0.21 0.271 + 0.033 

0.382 • 0.016 300 
GD~. 0.13 0.276 • 0.026 40 

GD,. 0.12 0.268 • 0.027 
GDI, 0.05 0.386 • 0.002 

GTx N.D. 0.462 • 0.005 3 
GT~b 0.05 0.536 • 0.01 

aTentative assignments--see text. 
bAverage of at least three separate runs. 
Extracted and standard gangliosides on same TLC plate. N.D., not determined. 
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in pineal at 4.4 times the concentration found in normal 
gray matter (21). GMx and GD,o, the major gangliosides 
of whole brain, are present only at about 1/8 of their whole 
brain level (21). The fatty acid profiles of the two lactosyl 
gangliosides were similar to each other and different from 
those of the gangliotetraose molecules GDIo and GM,  
Table 3 gives the average values for all those fat ty acid 
methyl esters present in >1% of the total. The pineal lac- 
tosyl gangliosides are characterized by significantly less 
stearate and significantly more long chain saturated fatty 
acids (C20, C22 and C24) than are usually found in brain 
gangliosides (22). This suggests the possibility of a meta- 
bolic relationship between the two lactosyl gangliosides, 
but no data about their metabolism in pineal are available. 

GTx. The ganglioside in fifth largest quantity in bovine 
pineal, designated GT~ in the tables, was reproducibly 
isolated from the freshly prepared acetone powder, but 
only in amounts of 0.62% of the total ganglioside. The 
carbohydrate composition was reproducible from three 
separate isolations and purifications, but a large enough 
quantity of material for total characterization will have 
to await a significantly larger extraction. On the basis 
of its chromatographic behavior, solvent extraction char- 
acteristics and carbohydrate content, it is reasonable to 
conclude that the molecule is a novel trisialoganglioside, 
having a glucose/galactose ratio of 2:1, in addition to the 
three sialic acid residues and a single amino sugar. It 
elutes from ion-exchange HPLC earlier than a GTI~ stan- 
dard, but later than any standard disialoganglioside. 

The sum of the five detectable gangliosides comes to 
0.48 ~mol/g fresh tissue. This represents about 1/4 (24.2%) 
of the level of total gangliosides of mammalian gray mat- 
ter and about 60% of that of mammalian white matter 
(21). In our work, measurements of total sphingosine (18) 
and total sialic acid (19) in the crude C/M extract con- 
sistently gave figures less than that of the combined, 
isolated glycosphingolipids. The combined total anthrone~ 
positive hexose of the isolated gangliosides represents 
about 27% of the total hexose in the C/M extract. There- 
fore, all five gangliosides combined with both cerebrosides 
represent a 57 • 6% recovery of total measurable hex- 
ose from the C/M extract. Losses during chromatography 
undoubtedly account for a portion of the remainder. In 
addition, bovine pineals have a small quantity of non- 
sphingosine~containing glycolipids (23). However, the 
combined yield of lipid-bound sialic acid reported here 
(0.829 ~mol/g fresh tissue) is more than fourfold higher 

TABLE 3 

Fatty Acid Profiles of Four Major GangUosides 
of Bovine Pineal, in Mole %a 

Fatty Lactosyl Gangliotetraose 
acid gangliosides gangliosides 

16:0 3.5 + 4.9 2.5 _+ 3.5 
16:1 2.5 + 0.71 7.0 _ 0.001 
:18:0 56.5 + 7.78 82.0 _ 2.83 
18:1 8.5 + 0.71 
20:0 18.0 _+ 2.83 
22:0 13.0 _ 2.83 
24:0 6.5 __. 2.12 

aOnly those found in as much as 1% of the total. 

than that previously reported (24) for bovine pineals, and 
both the pattern and yield are reproducible. 

DISCUSSION 

GD3 has previously been shown, in the rat 's central ner- 
vous system, to be most highly concentrated in the locus 
coeruleus (25). The locus coeruleus has the largest number 
of noradrenaline~containing neurons in the brain, and it 
also contains many noradrenergic receptors, in feedback 
collateral synapses (26). In vitro studies have, in the past, 
led some investigators to hypothesize that GD3 was 
specifically involved in the action of neurotransmitters 
(27,28). While our data combined with the above evidence 
might indicate a possible correlation between GD3 and 
noradrenaline, other data indicate that that may not be 
the case. GD3 is also the predominant ganglioside in whole 
retina (29) and in rod outer segments (ROS) (30). ROS 
presumably contain no synapses or transmitters at all, 
and noradrenaline is not a significant presence in retina. 
In addition, many investigators have found GD3 to be the 
predominant ganglioside in some tumor cells (31) and in 
some embryonic nervous tissue (32). These observations 
have prompted the hypothesis that  a high concentration 
of GD3 is characteristic of undifferentiated cells. Further, 
Seyfried and Yu (8) have shown that GD3 is the major 
ganglioside of some glia. Pineal bodies contain glia, nor- 
adrenergic synapses and intracellular membrane struc- 
tures somewhat similar in appearance to rod discs (33). 
The GD3 present in pineal could be associated with any 
one or more of these structures. Without specific localiza- 
tion studies, the question of anatomical location of GD3 
in pineal cannot be answered. It is clear that GD~ is pres- 
ent in diverse locations and may have diverse functions. 

Dreyfus et al. (34) demonstrated that neuraminidase is 
active in ROS, with greatest activity expressed on GD3. 
GM~, the product of the removal of a single sialic acid 
from GD~, was also a good substrate. This evidence places 
these two gangliosides in a separate metabolic pool from 
the other known gangliosides of ROS, for most of the 
others give the same product (GMI) from neuraminidase 
activity, and are not catabolized to non-gangliosides in 
situ. The fact that GD~ and GM3 share a similar fatty acid 
profile in pineals, which is different from that of the other 
gangliosides, may also reflect their being in a separate 
metabolic pool and may represent a further similarity be- 
tween the two tissues. The evidence from both tissues for 
a precursor-product relationship between gangliosides is 
in contrast to the usual situation in neurons, where a com- 
plete pattern of gangliosides is synthesized, and later 
catabolized, in the cell body. There is usually no metabolic 
relationship among gangliosides in their functional mem- 
brane locations (7). 

Pineal and retina have similarities other than ganglio- 
side content and metabolism. Both tissues are light re- 
sponsive, although the response is indirect for the pineal 
(4). Both tissues are high in cGMP (35), and they both 
synthesize melatonin, the pineal hormone (36). In any 
case, clarification of the anatomical localization of GD3 
and GM~ in pineal will be a meaningful advance in pineal 
physiology. 

Of the glycosphingolipids of pineal, that which appears 
to be most characteristic of the tissue, based on these 
studies, is GT~. While the data we have presented about 
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it are incomplete for the hydrophobic moiety, its chroma- 
tographic behavior and carbohydrate content would indi- 
cate that  it is a trisialoganglioside. The content of glucose 
is twice tha t  of galactose, which is unusual for mam- 
malian gangliosides, but  has been previously reported for 
embryonic chicken brain (37}. A more complete determina- 
tion of the detailed structure of GTx would be interesting. 
If  GTx is in fact characteristic of pineal, its localization 
in the tissue would also be significant and possibly in- 
structive about function. 

I t  is reasonable to expect at least one of the pineal gan- 
gliosides to be concentrated in, and associated with, the 
noradrenergic synapses which innervate it. GD3 and GM3 
appear to be either associated with glial cells (8) or local- 
ized intracellularly (30) in other studies. GM, and GD,,  
may  be associated with synapses, bu t  their prominence 
in whole brain would imply that  they are not specifically 
associated with noradrenaline. Therefore, GTx may be the 
most  likely to have a specific association with pineal 
synapses. The clarification of this interesting possibility 
will have to await future histological studies of its 
localization. 
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Onset and Persistence of Changes 
Following Dietary Fat Manipulation 
A.B.R. Thomson, M. Keelan and M.T. Clandinin ~ 
Department of Medicine, University of Alberta, Edmonton, Canada 

in Intestinal Transport 

In this study we determined the time-course for the onset  
and the loss of the effect of short-term feeding rats iso- 
caloric semisynthetic  diets containing a high content of 
saturated (HS) or polyunsaturated {HP) fatty acids on the 
jejunal and ileal uptake of medium- and long chain fatty 
acids, cholesterol and glucose. Animals  were fed HP  or 
HS for 3, 7 or 14 days; then the diet was switched to stan- 
dard Purina | rat chow for a further 3, 7 or 14 days. The 
uptake of medium chain fatty  acids was unchanged. The 
differences between HP and HS  in glucose uptake oc- 
curred within 3 days, but persisted for 14 days, whereas 
there were qualitative as well as quantitative changes in 
the pattern of lipid uptake: differences in uptake of 
stearic, oleic, linoleic and linolenic acids and cholesterol 
occurred after 7 days of feeding HP or HS. Jejunal up- 
take of linoleic acid was greater in H P  than HS  on day 
7, but HS was greater than HP on day 14. The effect of 
diet on lipid uptake was similar in the jejunum and ileum. 
The altered uptake of stearic and oleic acids persisted 
after the rats were switched back to chow, whereas the 
uptake of the other nutrients became similar. Thus, (i) 
changes in dietary content of saturated and polyun- 
saturated fatty  acids have early effects on intestinal 
transport function; (ii) some of these changes persist even 
when animals are returned to feeding on chow; and (iii) 
glucose transport is rapidly altered by dietary changes, 
whereas lipid uptake changes only after 7 days. We con- 
clude that  the transport function of the intestine is re- 
sponsive to changes in dietary fatty  acids. 
Lipids 22, 22-27 (1987). 

The passive permeability properties of intestine are 
altered in response to manipulations in the dietary con- 
tent of cholesterol, fat ty acid, carbohydrate, protein and 
essential fat ty acids {1-4). Manipulation of dietary lipid 
composition also influences the jejunal adaptive response 
following ileal resection in rabbits (5). Feeding rats a 
semisynthetic isocaloric diet containing a high or a low 
ratio of saturated-to-polyunsaturated fatty acids alters 
jejunal active transport of glucose and leucine as well as 
passive uptake of fat ty acids, cholesterol and bile acids 
(6). Dietary alteration in the amount of the macronutri- 
ents alters jejunal morphology as well as jejunal brush 
border membrane lipid composition in control and dia- 
betic rats (7). Substitution of polyunsaturated fatty acids 
for saturated fatty acids has no significant effect on brush 
border membrane content of cholesterol or phospholipids 
(6). On the other hand, Brasitus and coworkers (8) 
reported that  modification in the saturation of dietary 
fatty acids is associated with changes in the fat ty acyl 
content of intestinal membrane phospholipids; we have 
reported similar findings of changes in brush border mem- 
brane phospholipid fat ty acids after two weeks' feeding 

*Address correspondence to the Nutrition and Metabolism Research 
Group, Division of Gastroenterology, Robert Newton Research 
Building, University of Alberta, Edmonton, Canada T6G 2C2. 

with the diets used in this study (9). The present study 
extends these observations by indicating the rapid onset 
of these transport changes and their persistence when the 
diets are stopped. 

METHODS 

Animals and diets. Female Wistar rats {40-56 days old), 
220-250 g, were used. Principles for the care and use of 
laboratory animals approved by the Canadian Federation 
of Biological Societies and the Council of the American 
Physiological Society were observed. Animals were 
allowed access to water and food ad libitum until the 
morning of the study. They were fed one of three diets 
for 3, 7 or 14 days: standard Purina | rat chow or a semi- 
purified diet with 20% {w/w) fat of either a high or low 
polyunsaturated-to-saturated fat ty acid (P/S) ratio (6). 
The semipurified diets were nutritionally adequate, pro- 
viding all known essential nutritional requirements. The 
diet high in polyunsaturated fatty acids (HP) provided 
ca. 22% of calories and 55% of total fatty acids (% w/w) 
as 18:2w6 (linoleic acid), whereas the diet high in saturated 
fatty acids (HS) provided ca. 2.2% of calories and 5% of 
total fat ty acids as 18:2r The percentages of the total 
fatty acids were approximately as follows: for 16:0, chow 
16%, HP 10% and HS 21%; for 18:0, chow 5%, HP 2% 
and HS 34%; for 18:1, chow 24%, HP 22% and HS 32%; 
for 18:2, chow 41%, HP 55% and HS 5%; and for 18:3, 
chow 4%, HP 5% and HS 1%. Other groups of rats fed 
either the HP or the HS fatty acid diet for two weeks were 
then switched back to chow for 3, 7 or 14 days. 

Animals were weighed at the beginning of the study 
and about twice weekly thereafter. Intestinal weights 
were determined at the time of the absorption studies. 

Probe and marker compounds. [3H]Inulin (tool wt 
~5,000) as supplied by the manufacturer (New England 
Nuclear Corp., Boston, Massachusetts} was used in each 
experiment. [14C]Labeled probes included hexanoic acid 
(6:0), octanoic acid (8:0), decanoic acid (10:0), lauric acid 
(12:0), stear/c acid (18:0~, oleic acid (18:1), linoleic acid 
(18:2), linolenic acid (18:3), cholesterol and D-glucose. 
Unlabeled and ["C]labeled probes were supplied by Sigma 
Co. (St. Louis, Missouri) and by New England Nuclear, 
respectively. Probes were shown to be more than 99% 
pure by high performance liquid chromatography. 

Tissue preparation. Animals were anesthetized by in- 
traperitoneal injection of sodium thiopentol. A 15-cm 
length of proximal jejunum or distal ileum was rapidly 
removed and gently rinsed with 50 ml of cold saline, as 
described in detail elsewhere (10,11). The intestine was 
opened along its mesenteric border and the mucosal sur- 
face was carefully washed with cold saline to remove visi- 
ble mucus and debris. Pieces of intestine were cut from 
the segment, mounted as flat discs in the incubation 
chambers and placed in preincubation beakers. Preincuba- 
tion beakers contained oxygenated Krebs-bicarbonate 
buffer (pH 7.4) at 37 C. Tissue discs were preincubated 
for 10 min to allow for equilibration at this temperature. 
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The transport chambers were then transferred to other 
incubation beakers for specific experiments. Preincuba- 
tion and incubation solutions were mixed at identical stir- 
ring rates with circular magnetic bars, and the stirring 
rates were precisely adjusted by means of a strobe light. 
Stirring rates were reported as revolutions/rain (rpm) at 
which the stirring bar was driven. The stirring rate of 
600 rpm was selected to achieve low effective resistance 
of the intestinal unstirred water layer (11). 

Determination of uptake rates. After preincubation, 
chambers were transferred to other beakers containing 
[~H]inulin and various ['~C]probe molecules in oxygenated 
Krebs-bicarbonate buffer. After incubation of intestinal 
discs in labeled solutions for 6 min, each experiment was 
terminated by removing the chamber and quickly rins- 
ing the tissue in cold saline for ca. 5 sec. The exposed 
mucosal tissue was then cut out of the chamber with a 
circular steel punch and gently blotted on filter paper. 
Tissue was dried overnight in an oven at 75 C. The dry 
weight of this tissue was determined, samples were 
saponified with 0.75 N NaOH, scintillation fluid was 
added and radioactivity was determined by means of an 
external standardization technique to correct for variable 
quenching of the two isotopes (11). 

Individual experiments. Micellar solutions of the long 
chain fatty acids (18:0, 18:1, 18:2 and 18:3) and cholesterol 
were prepared (12) by solubilizing these lipids in 20 mM 
taurodeoxycholic acid (TDC). The concentrations of 
solutes were: cholesterol, 0.05 mM in 20 mM TDC; stearic 
acid, 0.1 mM; and long chain unsaturated fatty acids 
(18:1, 18:2 and 18:3), 1.0 mM in 20 mM TDC. Glucose- 
containing solutions (1 mM and 40 mM} were prepared 
in Krebs-bicarbonate buffer without TDC. These concen- 
trations of glucose were selected to represent values at 
(1 mM) and above (40 mM) the Michaelis constant for D- 
glucose uptake into rat jejunum (13). A change in uptake 
of 1 mM glucose would be achieved by alteration in the 
value of the apparent Michaelis constant, whereas a 
change in uptake of 40 mM glucose would be achieved 
by alteration in the value for maximal transport rate 
and/or passive permeability coefficient (14). 

Dietary changes. One group of animals was fed Purina | 
rat  chow throughout the study, one group was fed the 
semisynthetic high polyunsaturated fatty acid diet (P) for 

3, 7 or 14 days, and one group was fed the high saturated 
fatty acid diet (S) for 3, 7 or 14 days. A subgroup of 
animals was fed S or P for 14 days and was then switched 
back to Purina | rat chow for a further 3, 7 or 14 days. 

Morphology. Morphometric measurements were com- 
pleted on 1-cm sections of jejunum and ileum fixed in 
Bouin's solution, dehydrated, embedded in paraffin wax, 
sectioned for light microscopy and stained with H & E 
using standard techniques. The mucosal surface area was 
determined as reported previously (7,15,16). 

Expression of results. The rate of uptake of solutes was 
calculated after correcting the total tissue ["C]radioac- 
tivity for the mass of the solute molecule present in 
adherent mucosal fluid. Uptake rates were expressed as 
nmol of the solute molecule taken up into the mucosa per 
100 mg dry weight of tissue/min (nmol/100 mg/min). 
Values obtained from different dietary groups are re- 
ported as the mean +_ SEM of results observed for a 
minimum of six animals in each group. 

The student's t-test was used to test the significance 
of the difference between the means of animals fed HP 
vs HS. Analysis of variance (ANOVA) demonstrated that 
there were no significant differences in means among 3,7 
and 14 days off HP or HS, and therefore the values for 
3, 7 or 14 days off a given diet were combined to provide 
one mean for HP-off and one mean for HS-off. 

RESULTS 

Animal characteristics. Body weight gain on days 3, 14, 
21 and 28 was similar for animals fed the high polyunsat- 
urated (HP) or high saturated {HS) diet or chow (Fig. 1A). 
In jejunum and ileum of P, the weight of the tissue de- 
clined between days 3 and 7, but remained constant from 
day 7 to 28. For S, the weight of the ileal tissue remained 
constant, whereas the weight of the jejunum fluctuated. 
The jejunal mucosal surface area (MSA) of animals fed 
HP increased above control or HS values on day 3, but 
at all other times on or off HP or HS, there was no diet- 
associated effect on jejunal or ileal mucosal surface area 
(Fig. 2). 

Uptake of glucose. Feeding HP or HS had no effect on 
the jejunal or ileal uptake of 1 mM glucose, except for 
greater uptake in HP than HS after 3 days (Fig. 3). 
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FIG. 1. Characteristics of rats while on or off the high polyunsaturated or high saturated 
fat ty  acid diets. (A) Body weight; (B) jejunal weight; (C) ileal weight.  Mean ___ SEM of 
the results  of 6-9  animals. 
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of 6-9 animals. An asterisk indicates a significant difference between the animals fed 
the high polyunsaturated fatty acid diet vs chow or the high saturated fatty acid diet 
and chow. 

Jejunal uptake of 40 mM glucose was also greater in H P  
than HS on day 3, 7 or 14, whereas in the ileum uptake 
was greater in HS than HP, and this difference persisted 
when the rats  were switched back to chow. 

Lipids. The uptake of hexanoic, octanoic and decanoic 
acids was similar at all times in HP  and HS, whereas 
jejunal and ileal uptake of lauric acid was greater in H P  
than in HS at days 3 and 7 (not shown}. The jejunal up- 
take of stearic acid was greater in H P  than HS at day 

7, but  lower in HP  than HS at day 14 {Fig. 4); in the ileum 
uptake was greater for HP  than HS at both days 7 and 
14. The jejunal uptake of oleic acid was similar in HP  and 
HS, al though ileal uptake was greater for HP  than HS 
at days 3 and 7. Linoleic acid uptake into the jejunum 
was higher in HP  than HS at day 3; no differences were 
noted with larger periods of feeding. Finally, cholesterol 
uptake was greater in HS than in H P  only at day 14. 
When the animals were switched from HP  or HS to chow, 
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FIG. 4. Effect of feeding the high polyunsaturated or high saturated fatty acid diets on 
the jejunal and ileal uptake of fatty acids and cholesterol. Mean ___ SEM of the results 
of 6-9 animals. An asterisk indicates a significant difference between the animals fed 
the high polyunsaturated fatty acid diet vs chow or the high saturated fatty acid diet 
and chow. 

uptake of cholesterol, linolenic and linoleic acids became 
similar, but uptake of oleic and stearic acid remained 
lower in animals previously fed HS than HP. 

D I S C U S S I O N  

An enhanced awareness of the importance of the effect 
of dietary manipulation on intestinal transport function 
(17) arose from studies of intestinal adaptation following 
intestinal resection {5,18}. Starvation or semistarvation 

alters intestinal transport function {19), but the specific 
nutrient composition of the diet is also important in 
modulating the form and function of the intestine (1-4). 
Changes in intestinal uptake of lipids occur under a varie~ 
ty of experimental conditions, such as aging, diabetes, 
ileal resection, chronic ethanol exposure, and following 
abdominal irradiation {20). These changes cannot be ful- 
ly explained by alterations in the effective resistance of 
the unstirred water layer {21}, but may be associated with 
changes in the "fluidity" of the intestinal brush border 
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membrane (7,22) and with an alteration in the quantity 
or type of brush border membrane phospholipids (16, 
23-26). Modifications in the dietary content of carbo- 
hydrate, cholesterol, essential fat ty acids or protein in- 
fluence intestinal transport function in both control and 
diabetic rats (3,4), and these dietary manipulations are 
associated with changes in the phospholipid content of 
the brush border membrane (7). For these reasons, it 
seems likely that  the brush border membrane phospho- 
lipids play an important role in the modulation of intes- 
tinal transport. However, changes in the P/S ratio in the 
diet of rats also altered intestinal uptake of lipids, hexoses 
and leucine without associated changes in villus morphol- 
ogy or brush border membrane phospholipids (6). 

A recent report has suggested that  variations in the 
saturation of dietary fat ty acids will give rise to changes 
in fluidity of brush border membranes and to changes in 
the fat ty acyl content of membrane phospholipids (9,21). 
Before making further attempts to define the relationship 
between brush border membrane phosphollpids, fatty 
acids and nutrient uptake, we have explored the time- 
course of changes in intestinal uptake of nutrients by 
feeding semisynthetic diets high in saturated or polyun- 
saturated fatty acids for variable periods. Based on the 
previous study, which demonstrated alterations in uptake 
of hpids, glucose and leucine 14 days after feeding mature 
rats the semisynthetic diets high in HS or HP fatty acids 
(6), it was anticipated that shorter periods of feeding HS 
or HP would be associated with qualitatively similar find- 
ings. The effect of feeding HS or HP for 14 days on up- 
take of 40 mM glucose, stearic and linoleic acids and 
cholesterol was confirmed (Figs. 3 and 4). However, in no 
instance were the changes progressive: the lower uptake 
of 1 mM glucose in HS than HP occurred only on day 
3, and the difference in jejunal uptake of 40 mM glucose 
was greater on day 3 than on day 14 (Fig. 3). In addition, 
the qualitative nature of the changes varied with time; 
for example, uptake of stearic and oleic acids was greater 
in HP than HS on day 7, but greater in HS than HP on 
day 14. Furthermore, although glucose uptake changes 
on day 3, lipid uptake changed only after 7 days of feeding 
HS or HP. This suggests that a different mechanism was 
responsible for the rapid alterations in glucose uptake but 
slower alterations in lipid uptake in response to diet. 
Changing dietary saturation of fatty acids does not result 
in perturbations of brush border membrane cholesterol 
or phosphollpids (6), although feeding HP and HS results 
in alterations in membrane acyl components (unpublished 
observations; 8). It is uncertain which portion{s) of the 
membrane are affected, but previous authors have sug- 
gested that there may be discrete microdomains within 
the lipid membrane involved in the binding of different 
proteins (27,28). This possibility has previously been 
raised on the basis of theoretical studies (29). In addition, 
the major portion of intestinal uptake of palmitic acid oc- 
curs from the upper third of the villus (30). It is possible 
that the diet-associated changes in lipid uptake may be 
mediated by another domain, such as the bulk phase 
lipids in the membrane. 

Feeding a diet enriched in linoleic acid increases the pro- 
portion of membrane lipid comprised of this fat ty acid 
(8) and increases its uptake on day 7 but not day 14. How- 
ever, dietary supplementation with linolenic acid did not 
alter the uptake of this fat ty acid. Thus, an alteration of 

a given hpid in the membrane does not necessarily change 
the uptake of that lipid. Furthermore, the uptake of cho- 
lesterol is increased in HS compared with HP (Fig. 4), 
even though the membrane cholesterol is unchanged (6). 
It is likely that alterations in lipid uptake are due to com- 
plex metabolic alterations that change the "fluidity" of 
the membrane and thereby alter passive permeability 
properties and lipid uptake rates. 

The time-course of changes in uptake varied between 
the jejunum and ileum (Figs. 3 and 4). It is unknown how 
far along the intestine the dietary challenge extends, but 
presumably the magnitude of the challenge would dimin- 
ish with passage along the intestine. However, the micro- 
somal membrane lipids are qualitatively different in the 
jejunum than in the ileum (unpublished observations). 
Furthermore, the hydroxymethylglutaryl CoA reductase 
activity is different in the proximal as compared with the 
distal intestine (31,32). Thus, the different transport re- 
sponse of the ileum and the jejunum to dietary changes 
may be due to more than a gradient of the dietary load 
along the length of the intestine. While manipulation of 
dietary fatty acids might be predicted to have an influ- 
ence on lipid uptake (since qualitatively similar changes 
were noted along the length of the intestine) (Fig. 4), the 
greater uptake of 40 mM glucose into the ileum of HS 
than HP might counteract the lower jejunal uptake 
(Fig. 3). Thus, any predictions must be made cautiously 
about the potential role of feeding a saturated fatty acid 
diet to alter blood glucose concentrations after a meal. 

Since the mechanism of the altered intestinal uptake 
in response to dietary changes has not yet been estab- 
fished, it is not possible for us to indicate the explana- 
tion for the persistent difference between HS and HP in 
the uptake of stearic and oleic acid (Fig. 4). None of the 
alterations in uptake could be explained by differences 
in the animal's body weight, intestinal weight, or mucosal 
surface area (Fig. 2). Nonetheless, it is important to deter- 
mine for just how long there is a late effect of dietary 
hpids on intestinal transport function. 
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Intestinal Cholesterol and Oleic Acid Uptake 
from Solutions Supersaturated With Lipids 
M.O. Reynier*, C. Crotte, J.C. Montet, P. Sauve and A. Gerolami 
Unit~ de recherches de Pathologie Digestive, U 31 INSERM, 46 bd de la Gaye, 13009 Marseille, France 

To test the role of nonmicellar phases in lipid absorption, 
intestinal uptake of fatty acids and cholesterol has been 
studied in vitro from supersaturated and micellar solu- 
tions. The micellar solubility limit at equilibrium was 
established for cholesterol and oleate/monoolein (2:1) at 
pH 6.7 with 10 mM taurocholate. Uptake by rat intestinal 
everted sacs was measured during incubation of 5 min. 
Cholesterol uptake increased linearly with the cholesterol 
content of micellar or supersaturated solutions up to a 
supersaturation of 150%. Oleate uptake, by contrast, re- 
mained essentially the same from either saturated or 
supersaturated (130-280%) mixtures. The difference be- 
tween cholesterol and oleate uptake rates is explained by 
their distinct effects on micellar size, which is unchanged 
by cholesterol supersaturation but is increased by oleate. 
Solutions largely supersaturated (280%) with oleate- 
monoolein are polydisperse and contain viscous isotropic 
and paracrystalline phases similar to those observed dur- 
ing lipid absorption. These results suggest  that, in the 
presence of such solutions, uptake occurs from both the 
micellar saturated and nonmicellar supersaturated 
phases. 
Lipids 22, 28-32 (1987). 

Lipid absorption is thought to occur from a micellar phase 
resulting from fatty acids and monoglyceride solubiliza- 
tion by bile salts in the intestinal lumen. Micelle forma- 
tion could be necessary to overcome the resistance of the 
unstirred water layer so that lipolysis products reach the 
epithelial brush border. More recently it was shown that  
during fat digestion this miceUar phase is probably mixed 
with a lamellar liquid crystalline phase and a viscous 
isotropic phase (1,2). These two phases are partially solu- 
ble in water and cannot be clearly separated from the 
miceUar phase by centrifugation. It has been suggested 
that they could be substrates from which fat absorption 
occurs. The aim of this work was to test this hypothesis 
by measuring intestinal uptake of lipids from saturated 
micellar solutions and from largely supersaturated solu- 
tions so that they contain micelles in equilibrium with 
nonmicellar phases. 

MATERIALS AND METHODS 

Chemicals. Sodium taurocholate was purchased from 
Calbiochem (La Jolla, California). Sodium oleate, mono- 
olein and cholesterol, 99% pure, were obtained from 
Sigma Chemical Co. (St. Louis, Missouri}. Ninety percent 
of the monoolein was the a-isomer and the balance was 
the f3-isomer. [4:4C]Cholesterol (40-50 mCi/mmol) and 
[1:4C]oleic acid {45-55 mCi/mmol) were purchased from 
CEA-France (Saclay, France) and were found to be greater 
than 98-99% pure. [3H]Inulin was obtained from Amer- 
sham-France SA (Les Ulis, France), 97% pure. 

Preparation of mixed micelles. Solutions of lipids in 
10 mM taurocholate were prepared by coprecipitation (3). 

*To whom correspondence should be addresssed. 

The solubility limits were determined at pH 6.7 in 
phosphate buffer of 0.15 M Na § at 37 C after an equilibra- 
tion time of 7 days. In a first series of experiments, in- 
creasing amounts of oleate/monoolein (molar ratio 2:1) 
were added to a constant taurocholate concentration of 
10 mM. In a second series, various amounts of cholesterol 
were added to taurocholate/oleate + monoolein = 55:45 
mixtures with oleate/monoolein = 2 (molar ratios). The 
different solutions used in the study are plotted (Fig. 1) 
in rectangular coordinates. 

The separation of a second phase (cholesterol crystals, 
paracrystalline phases) from the isotropic mixtures was 
monitored by polarizing microscopy and the Tyndall 
phenomenon following classical criteria (1,4). 

Molecular weight determination. These assays were per- 
formed at 25 C with the aid of a Spinco-Beckman model- 
E analytical centrifuge equipped with temperature and 
speed controls (72 rain at 60,000 g). The homogeneity of 
the micellar solution was tested by the sedimentation 
coefficient determination, for which a double sector capil- 
lary cell with synthetic boundary and a schlieren optical 
system was employed. A phosphate buffer was used 
(10 mM, pH 6.7, 0.15 M Na§ For micellar weights, the 
Yphantis method (5) was used and the partial specific 
volume of mixed micelles was experimentally measured 
in a Parr microdensimeter (6); this value was used for 
calculating the weight of the micelles. 

Cholesterol uptake. The preparation of everted sacs has 
been previously described (7). The small intestine of male 
Wistar rats 1250-280 g) was removed and rinsed with 
cold saline and immediately everted over a glass rod. A 
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FIG. 1. Composition of the different test solutions in rectangular 
coordinates. Lipid solubility limits were determined for a constant 
taurocholate concentration (10 mM). Cholesterol saturated and supeP 
saturated solutions are indicated as o. f~ and y (100, 130 and 150% 
saturation, respectively). Oleate -F Monoolein saturated and super- 
saturated mixtures are indicated as a, b, c and d (100, 130, 150 and 
280% saturation, respectively). This diagram does not allow the deter- 
mination of the physical structures of the test solutions, as they 
were used before complete equilibrium was obtained. From 
microscopic examination, all of the solutions except d were homw 
geneous and behaved like supersaturated micelles. 
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10-15 cm segment distal to the ligament of Treitz was 
used in this experiment. Sacs 1.5-cm long from the seg- 
ment were tied off sequentially and kept in cold buffer 
solution until used. Incubation was done immediately at 
37 C for 5 min and at a stirring rate of 750 rev min-' in 
micellar solutions that contained [14C]cholesterol or ['4C]- 
oleic acid and trace amounts of [3H]inulin as a radio- 
labeled volume marker. Following incubation, the sacs 
were removed, rinsed in cold saline and dried overnight 
at 60 C. This temperature did not lead to any loss of oleic 
acid. They were then weighed and solubilized with 
Soluene-350 and Dimilume-30 (Packard Instruments Co., 
Downers Grove, Illinois), and the liquid scintillation 
counting was carried out using Tri-Carb 300C counter 
(Packard Instruments Co.). The kinetics of cholesterol or 
oleate uptake were measured between 3 and 15 min. A 
linear relationship existed between the amount of choles- 
terol or oleate uptake and time. Therefore, a 5-min incuba- 
tion time was chosen because 5 min was sufficient for the 
unstirred water layer to become uniformly labeled with 
the marker, but not so long as to damage the membrane. 
The data were expressed as nmoles of cholesterol or oleate 
per 100 mg tissue dry weight and per 5 min incubation. 
The results were given as means __ SE and were com- 
pared by using Student's t-test. 

RESULTS 

Solubility limit. The cholesterol solubility limit in micellar 
form was determined at pH 6.7 for a taurocholate/ 
oleate + monoolein = 55:45 (oleate/monoolein = 2:1) 
molar ratio. The cholesterol solubility limit was 0.49 mM. 
From these data, we prepared saturated and super- 
saturated solutions (130% and 150% saturation with 
cholesterol}. The mixtures were used for uptake studies 
within 24 hr following preparation so that the super- 
saturated solutions did not contain cholesterol crystals 
and were optically clear (Tyndall-). The oleate/monoolein 
solubility limit (oleate/monoolein -- 2:1) in 10 mM 
taurocholate was estimated to be 10.55 mM. 

Molecular weight. For saturated and supersaturated 
solutions, we determined the partial specific volume, the 
sedimentation coefficient and the apparent molecular 
weight. As shown in Table 1, the results were different 
for oleate supersaturation and for cholesterol supersatura- 
tion. When oleate concentration increased from 10.55 mM 
to 15.80 mM, the apparent molecular weight increased 
significantly from 45,000 to 115,000. By sedimentation 
velocity, we observed a symmetric peak that indicated 
that  the mixtures were homogeneous. 

In the 280% supersaturated solutions, it was impossi- 
ble to determine the apparent molecular weight because 
these solutions were turbid and heterogeneous. In con- 
trast, for micelles supersaturated with cholesterol, the ap- 
parent molecular weight remained almost constant for 
cholesterol concentration ranges from 0.49 to 0.74 mM. 

Physical state of supersaturated (280%) systems. Mix- 
tures containing sodium taurocholate (10 mM), monoolein 
(10 mM) and oleate (20 mM) labeled with [14C]oleic acid 
were opalescent. Examined under a light microscope, they 
appeared polydisperse. By centrifugation of 100,000 g for 
90 min at 25 C, a separation into two phases occurred. 
The upper phase, turbid and rich in oleate and monoolein, 
represented about 10% of the total volume and, under 

TABLE 1 

Effect of Oleate or Cholesterol Supersaturation 
on Apparent Molecular Weight of Mixed Micelles 
of Taurocholate/Oleate/Monoolein With 
or Without Cholesterol 

Supersaturation (%) V a S b aMW c (daltons) 

Oleate 
100 0.890 0.90 45,000 
130 0.936 0.80 60,000 
150 0.964 0.63 115,000 

Cholesterol 
100 0.880 1.00 40,000 
130 0.880 0.92 40,000 
150 0.880 1.00 40,000 

apartial specific volume. 
bSedimentation coefficient. 
CApparent molecular weight. 

polarized light microscopy, showed a texture consistent 
with the presence of liquid crystals with myelin figure for- 
mations. The lower phase, containing 80% of the total 
oleate, exhibited a Tyndall phenomenon and could pass 
through a membrane of 0.22 ~m porosity. This phase is 
similar to a mixture supersaturated with lipids (230%) 
when compared to the micellar solubility limits. We have 
also generated mixtures containing oleate (14 mM) and 
monoolein (7 mM) in phosphate buffer, pH 6.7, 0.15 M 
Na § The emulsion contained droplets, but no paracrystal- 
line phase could be detected. Upon centrifugation, an 
upper oil phase could be easily separated from a lower 
lipid-free aqueous phase. In comparing these two solu- 
tions, we concluded that the presence of bile salt allowed 
the dispersion of an amount of lipid larger than that in- 
corporated in the mixed micelles. 

Cholesterol uptake. The cholesterol uptake from everted 
jejunal sacs of rat intestine was studied from saturated 
(0.49 mM cholesterol) and supersaturated (0.64 mM and 
0.78 mM cholesterol) solutions with 10 mM taurocholate 
and 8 mM oleate/monoolein. 

The results for an incubation time of 5 min are given 
in Table 2. We observed an increase of cholesterol uptake 
directly proportional to the quantity of cholesterol solubi- 
lized in the mixtures. The difference of uptake is signifi- 
cant (2p ~< 0.05) between the saturated solutions and the 
130% supersaturated solutions and between the 130% 
and 150% supersaturated solutions. 

Oleate uptake. The oleate uptake was measured from 
saturated (10.55 mM oleate/monoolein) and from super- 
saturated solutions (13.70, 15.80 and 30.00 mM oleate/ 
monoolein) with 10 mM taurocholate. 

As for cholesterol uptake, the oleate uptake was deter- 
mined after a 5-min incubation time. Control studies 
showed a constant uptake rate between 3- and 15-min in- 
cubation times. The results, presented in Table 3, showed 
that the oleate uptake is almost constant from saturated 
and supersaturated solutions, regardless of the quantity 
of oleate solubilized in the mixtures. This value cor- 
responds therefore to the maximum uptake in our condi- 
tions. As shown in Table 3, we verified that the uptake 
from less saturated solutions (60%) is smaller. 
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TABLE 2 

Cholesterol Uptake after Cholesterol Supersaturation of Mixed Micelle 
Taurocholate/OleateIMonoolein/Cholesterol 

Cholesterol concentration Saturation 
(mM) (%) 

Cholesterol uptake 
(nmol- 100 mg-'. 5 min -~) 

Adherent fluid volume 
(~l. 100 mg -~. 5 min-') 

0.49 100 36 77.39• 2.17 72.63 • 3.49 
0.64 130 15 92.59 • 6.30* 77.98 • 4.99 
0.74 150 26 120.59 • 4.04* 62.03 • 3.37 

The taurocholate concentration (10 mM) and oleate/monoolein concentration (8 mM) are kept constant. 
*Indicates a significant difference (P < 0.05) between the mean values of cholesterol uptake from saturated 
and supersaturated solutions. 
Each value represents the mean • SE; n is the number of samples. 

TABLE 3 

Oleate Uptake after Oleate Supersaturation of Mixed Micelle Taurocholate/Oleate/Monoolein 

Oleate/monoolein Saturation Oleate uptake Adherent fluid volume 
(mM) (%) n (nmol. 100 mg-" 5 rain -~) (~1-100 mg-' "5 min -1) 

6.33 60 12 837 • 36* 60.11 • 7.31 
10.55 100 45 1256 • 21 76.74 • 2.96 
13.70 130 32 1334 • 41 87.49 • 3.08 
15.80 150 18 1340 • 49 75.18 • 4.51 
30.00 280 39 1158 • 50 62.11 • 2.82 

The taurocholate concentration is kept constant at 10 mM. 
*Indicates a significant difference (p < 0.005) between the mean values of oleate uptake from unsaturated 
and saturated or supersaturated solutions. 
Each value represents the mean _ SE; n is the number of samples. 

TABLE 4 

Intestinal Oleate Uptake from Saturated Taurocholate/Oieate Miceile 

Oleate uptake Adherent fluid volume 
Micelle n (nmol" 100 mg-" 5 min-') (/A. 100 mg-'- 5 min-') 

A a 12 1724 • 78 84.42 • 4.55 
B b 12 2020 • 52* 77.63 _ 3.50 

aMicelle taurocholate/oleate (10 mM/9 mM). 
bMicelle taurocholate/oleate (15 mM/13.5 mM). 
*Indicates a significant difference (P < 0.005) between the mean values of oleate uptake from A and B m/cellar 
solutions. 

The  m a x i m a l  u p t a k e  ra t e  was  no t  due to a s a t u r a t i o n  
of the  mucosa l  surface of the  ever ted  sacs. Oleate u p t a k e  
was increased fur ther  when  u s i n g  s a tu ra t ed  solut ion wi th  
15 m M  taurocho la te  or 10 m M  tau rocho la t e  c o n t a i n i n g  
oleate w i thou t  monoole in  {Table 4). 

DISCUSSION 

In our studies, the intestinal uptake of lipids was 
measured  in vi t ro us ing  ever ted in tes t ina l  sacs, and  it  was 
necessa ry  to accoun t  for poss ib le  d r awbacks  of th i s  
model.  F i rs t ,  u n d e r  our  expe r imen ta l  condi t ions ,  there  

was  no a p p a r e n t  damage  of the  mucosa  when  we used  
taurochola te  more  t h a n  98% pure. This  bile sa l t  has been 
shown to be w i t hou t  a ny  tox ic i ty  for the  i n t e s t i n a l  
m u c o s a  a t  10 m M  (8), which is lower t h a n  the  bile sa l t  
c onc e n t r a t i on  used  in o ther  s tud ies  of i n t e s t i n a l  u p t a k e  
(9). This  lack of toxici ty,  even in the  presence of high con- 
c e n t r a t i o n s  of f a t t y  acids and  monoolein,  is fu r the r  
d e m o n s t r a t e d  by  the  fact  t h a t  the  mucosa l  pe rmeab i l i t y  
for macromolecules  seems to be essent ia l ly  unc hanged  by  
a ny  of the  t e s t  so lu t ions  used  in  the  p re sen t  work. The  
adhe ren t  f luid vo lume  e s t i m a t e d  f rom [3H]inulin would  
be increased in case of increased cellular  permeabi l i ty .  In  
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all of our experiments, it was the same as the volume 
measured with control solutions without bile salts or fatty 
acids. 

It  must be emphasized that  the adherent fluid volume 
calculated from inulin binding was not dependent on the 
amount of lipid present in the bulk phase. This suggests 
that even the use of 280% supersaturated solutions does 
not preclude the use of inulin as a marker of extracellular 
fluid. Another possible limitation of the study was the 
short time (5 min) during which uptake rates were mea- 
sured. This could represent only the initial rate of uptake, 
possibly different from the rate at equilibrium, particu- 
larly when supersaturated solutions with a slower diffu- 
sion through the unstirred water layer are studied. This 
did not seem to be the case, as fatty acid uptake remained 
linear for at least 15 min in even the most supersaturated 
solutions. 

On the other hand, additional experiments showed that 
oleate uptake was not limited by the ability of intestinal 
mucosa to bind oleate. Indeed, oleate uptake may be in- 
creased above the values obtained in these experiments 
when more oleate is presented in micellar form {taurocho- 
late 15 mM or oleate/bile salt micelles without monoolein). 
In fact, the major limitation of the study is that we can- 
not know if any of the solutions are actually similar to 
the lipidic phases occurring during fat absorption in vivo. 
Many other molecules, and particularly proteins and 
calcium, are present during fat absorption. For solutions 
supersaturated with oleate and monoolein, however, 
microscopic examination showed structures that  seem 
analogous to the ones seen during fat digestion {1). 

Ultracentrifugation of these mixtures did not show a 
distinct separation between the clear aqueous phase and 
the upper lipidic phase rich in liquid crystalline materials. 
In the clear aqueous phase, the presence of a viscous 
isotropic phase was shown by microscopic examination 
exactly as in intestinal contents (1). Under these condi- 
tions, these phases seem to have physiological implica- 
tions, even if the conclusions of the study are obviously 
valid only for our experimental conditions. 

We also observed different results for cholesterol and 
fat ty acid uptake. For cholesterol, the uptake rate in- 
creases with cholesterol concentration (10), even for 
cholesterol supersaturated solutions. Furthermore, the 
same results have recently been obtained elsewhere {8). 
This suggests that supersaturation with cholesterol does 
not induce the formation of oleate/monooleirgcholesterol 
microdroplets similar to the structures described in dilute 
bile salt/lecithin/cholesterol supersaturated solutions (ll). 
More likely, the supersaturation state results in a meta- 
stable micelle from which cholesterol absorption occurs. 
This would be consistent with our results, because the 
size of mixed micelles is not dependent on their cholesterol 
content, and it has been shown that  cholesterol uptake 
from mixed micelles of a given micellar size increases 
linearly with their cholesterol content {12}. 

The results are very different for fat ty acids, whose up- 
take rate from saturated mixed micelles cannot be in- 
creased by supersaturation. This is consistent with a role 
of both micellar and nonmicellar structures in fat ty acid 
absorption for the following reasons: {i) Slightly super- 
saturated solutions {130% or 150% saturation} are either 
optically clear or slightly Tyndall+. During analytical 
ultracentrifugation, they appear to contain homogeneous- 

sized particles larger than saturated micelles, but oleate 
uptake from these solutions is similar to oleate uptake 
from saturated micelles. This shows that diffusion across 
the unstirred water layer is possible for structures larger 
{two- or threefold} than saturated mixed miceUes. It may 
be hypothesized that the high concentration of fatty acids 
compensated for a slower aqueous diffusion of aggregates 
(10) so that the net result was the same uptake as in the 
presence of nonsupersaturated micelles. (ii) The role of 
nonmicellar phases is more clearly shown by the fact that 
turbid solutions with bile salts and a high concentration 
of fat ty acids and monoolein deliver fat ty acids at the 
same rate as micelles. These solutions are polydisperse 
solutions containing liquid crystalline phases and satu- 
rated micelles with structures of intermediary size as 
shown by microscopic examination after ultracentrifu- 
gation. 

The same polydispersity has been observed for bile 
salt/lecithin mixtures Ill) where the bile salts are involved 
in the formation of paracrystaUine phases. The micro- 
scopic appearance of the largely supersaturated bile 
salt/oleate/monoolein mixtures cannot be explained by a 
simple coexistence of saturated mixed micelles and an 
emulsion of oleate/monoolein in water. This is clearly 
shown by the study of sonicated emulsions of oleate/ 
monoolein at concentrations equal to the difference be- 
tween total lipid concentration of the supersaturated solu- 
tions and the concentration corresponding to saturation 
of the micelles. In such solutions, the lipidic phase sepa- 
rates clearly from the aqueous phase and forms neither 
liquid crystalline nor viscous isotropic phases. It  seems 
then that in our solutions bile salts are partitioned be- 
tween mixed micelles and other phases. Under these con- 
ditions, intestinal uptake from micelles is certainly lower 
than that from pure micellar solutions containing the 
same amount of bile salts as the total concentration pres- 
ent in the mixtures. Since the net uptake is, in fact, the 
same as from pure saturated mixed micelles, the results 
suggest that part of the intestinal uptake is due to absorp- 
tion from other liquid crystalline phases than micelles. 

It is obviously difficult to know if a similar phenomenon 
occurs during digestion in vivo. Some of the solutions 
studied show the same microscopic structures as seen 
during in vivo lipolysis. They have approximately the 
same lipid composition as that measured in the duodenal 
aqueous phase during digestion of lipids {13-15}. How- 
ever, it must be emphasized that many other components 
not studied here, such as calcium and proteins, may in- 
terfere with lipid absorption in vivo. 
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Intestinal Absorption of Ester and Ether Glycerophospholipids in 
Guinea Pig. Role of a Phospholipase A2 from Brush Border Membrane 

A. Diagneo, S. Mitjavilab, J. Fauvela, H. Chapa and L. Douste-Blazya 
alNSERM Unit~ I01, Biochimie des Lipides, H6pital Purpan, 31059 Toulouse Cedex, France, and blNSERM Unit~ 87, 2 rue Francois 
Magendie, 31400 Toulouse, France 

In vivo intestinal perfusion was used to follow the ab- 
sorption of three different choline glycerophospholipids 
(CGP) in guinea pig. These included 1-[3H]palmitoyl-2 - 
acyl-sn-glycero-3-phosphocholine (diacyl-GPC), 1-[3H]-O - 
hexadecyl-2-acyl-sn-glycero-3-phosphocholine (alkylacyl- 
GPC} and 1,2-di-O-hexadecyl-sn-glycero.3-phospho.[~H]- 
choline (dialkyl-GPC). About 80% of diacyl-GPC was ab- 
sorbed within 4 hr, compared to 60% of alkylacyl-GPC 
and 30% of dialkyl-GPC. The radioactivity disappearing 
from the perfusion fluid was recovered in intestinal lipids, 
mostly triacylglycerol, free fatty acid and CGP from 
diacyl-GPC, CGP from alkylacyl-GPC and dialkyl-GPC. 
These results indicated that the nonhydrolyzable sub- 
strate dialkyl-GPC was much less absorbed, whereas 
diacyl-GPC, which released over 80% of [3H]palmitic acid 
in the perfusion fluid, displayed the highest absorption 
rate. The intermediate picture observed for alkylacyl- 
GPC suggested the possible involvement of a phospho- 
lipase A2, which was detected in the entire intestinal tract. 
This enzyme was further found to concentrate in villus 
cells, where it is localized in the brush border membrane, 
as shown using two different subcellular fractionation 
procedures. These data suggest a possible role of this new 
enzyme in the digestion of alimentary phospholipids. 
Lipids 22, 33-40 {1987). 

It is generally accepted that intestinal absorption of 
glycerophospholipids requires hydrolysis in the intestinal 
lumen (1,2}. Such lipolysis is achieved by pancreatic 
phospholipase A~, which specifically removes the fatty 
acids esterified in the sn-2-position of phosphoglycerides 
{3,4}. Further degradation of the lysophospholipids in- 
volves pancreatic lysophospholipases (5), but this remains 
limited to 1-acyl-compounds, since the 1-O-alkyl- and the 
1-O-alkenyl bonds of ether phospholipids resist hydroly- 
sis. Ether glycerophospholipids can represent a substan- 
tial portion of phospholipids present in food (6-8}. Follow- 
ing hydrolysis, free fatty acids (FFA} and lysophospho- 
lipids are absorbed as such through the brush border 
membrane (1}. Guinea pig might well represent an excep- 
tion to this general scheme, because the secretory pan- 
creatic phospholipase A2 is absolutely lacking in this 
species (9), in contrast to the presence of two cationic 
lipases with high phospholipase A, activities (10-12}. 

The present study was undertaken to investigate com- 
paratively the intestinal absorption of 1-O-alkyl-2-acyl- 
sn-glycero-3-phosphocholine (alkylacyl-GPC), 1,2-diacyl- 
sn-glycero-3-phosphocholine (diacyl-GPC) and 1,2-di-O- 
alkyl-sn-glycero-3-phosphocholine (dialkyl-GPC) using in 
vivo perfusion of the guinea pig small intestine. The rela- 
tionship between phospholipid degradation and absorp- 
tion led us to describe a phospholipase A2 in guinea pig 
intestinal brush border membrane, which could play a sig- 
nificant role in the digestion of alimentary phospholipids. 

MATERIALS 
Guinea pigs {300-400 g) were obtained from a local 
distributor. [9-10(n)~H]Palmitic acid (500 mCi/mmol), 
1-[~4C]linoleic acid (60 mCi/mmol) and ['4C]methyl iodide 
(58 mCi/mmol) were purchased from the Radiochemical 
Center (Amersham, United Kingdom} and L-a-kephalin 
(N,N-dimethyl dihexadecyl) was from Serva {Heidelberg, 
Federal Republic of Germany). Vitride [NaA1H2(OCH2- 
CH2OCH3h] was obtained from Labolac (Rueil-Malmai- 
son, France}. All other chemicals were from Prolabo 
{Paris, France) or Merck {Darmstadt, Federal Republic 
of Germany}. The composition of Ringer Locke solution 
used for intestinal perfusion was as follows: 116 mM 
NaCI, 20 mM NaHCO3, 5.2 mM KC1, 2.4 mM Na~HPO4, 
0.4 mM NaH2PO~, 1.2 mM MgC12, with pH adjusted to 
7.4 by bubbling a 95% Oj5% CO~ mixture. Final osmo- 
larity was between 285 and 318 mOs. 

METHODS 
Radioactive phospholipids. 1-[3H]Palmitoyl-2-acyl-GPC 
{13,900 dpm/nmol) and 1-acyl-2-['4C]linoleoyl-GPC {1,500 
dpm/nmol) were prepared using rat liver microsomes as 
described by Waite and van Deenen (13) and van den 
Bosch et al. {14}. 1-[3H]Hexadecyl-2-acyl-GPC {2,040 
dpm/nmol) was obtained by the procedure described by 
Wykle et al. {15,16) with the following modifications: 
[3H]hexadecanol prepared by Vitride reduction of [3H]- 
palmitic acid (30 min} was injected intraperitoneally into 
mice bearing Krebs II ascitic tumor. After 24 hr, ascites 
cells were collected and their lipids extracted (17). Total 
choline glycerophospholipids (CGP) purified by thin layer 
chromatography (TLC) (18) were treated for 7 hr at 41 C 
with partially purified guinea pig phospholipase A, as 
described previously (8,19}. 1-O-[3H]Alkyl-2-acyl-GPC was 
purified by preparative TLC in the basic solvent of 
Broekhuyse {20}. Before the migration, plates were ex- 
posed to HC1 fumes to hydrolyze plasmalogen {19}. 1,2-O- 
Dihexadecyl-sn-glycero-3-phospho-[14C-N-methyl]choline 
(115,000 dpm/nmol) was synthesized by the methylation 
of the corresponding N,N-dimethyl-ethanolamine glycero- 
phospholipid with p~C]methyl iodide as described by 
Stoffel {21}. It was then purified by preparative TLC on 
Silica Gel G plates, 0.25 mm thick (Merck} using chloro- 
form]methanol/water (65:24:4, v/v/v) as a solvent. 

Animal experimentation. Intestinal absorption of phos- 
pholipids was performed by closed circuit in vivo perfu- 
sion {22,23}. Nonfasted guinea pigs were anaesthetized 
with sodium pentobarbital (0.5 ml/kg body weight}. After 
tracheotomy and laparotomy of each animal, the small 
intestine was ligatured both at the level of the pylorus 
and after the first intestinal loop. Then two cannula made 
with polyvinyl tubing were inserted at both ends, and the 
isolated intestine part was rinsed twice with Ringer Locke 
solution at 37 C and connected to the perfusion system. 
For maximal lipid absorption, the flow rate was main- 
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t a i n e d  a t  1.7 m l / m i n .  D u r i n g  t h e  p e r f u s i o n ,  a n i m a l  b o d y  
t e m p e r a t u r e  w a s  k e p t  a t  37 C w i t h  a t h e r m o s t a t e d  p l a t e .  
C G P  (500,000 d p m / 2 4 5  nmol)  w e r e  t a k e n  t o  d r y n e s s  u n d e r  
n i t r o g e n  f r o m  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  a n d  dis-  
p e r s e d  b y  s o n i c a t i o n  in  10 m l  of  R i n g e r  L o c k e  s o l u t i o n  
c o n t a i n i n g  6 m M  s o d i u m  t a u r o c h o l a t e .  T h e  p e r c e n t a g e  
of  s u b s t r a t e  a b s o r b e d  w a s  e v a l u a t e d  b y  w i t h d r a w i n g  
0.1 m l  o f  p e r f u s i o n  s o l u t i o n  a f t e r  15 m i n  a n d  t h e n  e v e r y  
30 m i n  u p  t o  2 o r  4 hr.  T h e s e  a l i q u o t s  w e r e  d i r e c t l y  p u t  
i n t o  v i a l s  c o n t a i n i n g  10 m l  A q u a l u m a  ( K o n t r o n ,  F rance ) ,  
a n d  t h e i r  r a d i o a c t i v i t y  w a s  d e t e r m i n e d .  

Extraction and analysis of lipids. A t  t h e  t i m e s  i n d i c a t e d  
in  T a b l e s  1 a n d  2, t h e  a n i m a l s  w e r e  k i l l ed  b y  d e c a p i t a -  
t ion .  T h e  p a r t  o f  p e r f u s e d  i n t e s t i n e  w a s  r e m o v e d ,  a n d  t h e  
p e r f u s e d  so lu t i on  w a s  co l lec ted .  T h e  i n t e s t i n e  w a s  w a s h e d  
t h o r o u g h l y  w i t h  R i n g e r  s o l u t i o n  c o n t a i n i n g  10 m M  
E D T A ,  a n d  i t s  l i p ids  w e r e  e x t r a c t e d  a n d  w a s h e d  acco rd -  
i n g  t o  F o l c h  e t  al. (24). T h e  p e r f u s e d  s o l u t i o n  w a s  d i l u t e d  
w i t h  E D T A  I10 m M  f ina l  c o n c e n t r a t i o n } ,  a n d  l i p i d s  w e r e  
e x t r a c t e d  a c c o r d i n g  t o  B l i g h  a n d  D y e r  (17). L i p i d s  w e r e  
s e p a r a t e d  b y  T L C  on  S i l i c a  G e l  G p l a t e s  u s i n g  h e x a n e /  
d i e t h y l  e t h e r / f o r m i c  a c i d  {55:45:1, v /v /v}  fo r  n e u t r a l  

T A B L E  1 

Recovery of Radioactivity from Perfused Solution in Phospholipids and Neutral Glycerides after Administration 
of  Different Labeled Substrates  as Indicated in Materials and Methods a 

1 -[aH]Palmitoyl-2-acyl-G PC 1-[3H]Hexadecyl-'2-acyl-GPC 
1,2-Dihexadecyl- 
['"C]methyl-GPC 

Lipids b 0 hr 2 hr 4 hr 0 hr 2 hr 4 hr 0 hr 4 hr 

CLGP 1.2 4- 0.5 3.8 4- 1.7 9.0 4- 0.4 9.7 __. 0.1 68.5 4- 6.5 63.4 4- 1.1 0.6 4- 0.6 0 
SPH 0 0.2 4- 0.3 0.2 ___ 0.2 0 0.8 4- 0.1 0.6 _ 0.5 0 
CGP 98.6 • 0.6 4.0 • 1.6 7.5 _+ 0.1 89.7 _+ 0.1 12.8 4- 3.6 17.2 _ 0.9 99.1 __ 0.5 98.4 • 1.9 
SGP + IGP 0 2.1 _+ 1.8 1.9 _+ 0.4 0 2.1 4- 1.2 2.9 4- 1.8 0 0 
EGP 0 1.0 • 0.4 3.1 4- 0.3 0 3.5 4- 3.8 1.4 4- 0.8 0 0 
F F A  0.2 _+ 0.2 54.2 ----- 4.6 55.3 4- 1.4 0.6 4- 0.1 2.7 ___ 1.5 2.1 __+ 1.2 0.4 ___ 0.3 0.1 • 0.1 
MG 0 11.3 4- 1.8 7.6 4- 0.2 0 2.7 4- 1.4 5.6 4- 2.0 0 0.8 4- 1.0 
DG 0 6.7 +- 2.0 9.7 4- 2.0 0 1.2 4- 0.5 3.3 4- 0.7 0 0.5 4- 0.5 
TG 0 12.3 4- 3.5 4.2 4- 0.8 0 5.0 4- 1.0 3.2 4- 1.3 0 0.3 +_ 0.5 
CE 0 3.7 4- 1.9 1.6 4- 1.2 0 0.6 4- 1.0 0.2 4- 0.3 0 0 

Total 100 99.4 100.1 100 99.9 99.9 100.1 100.1 

aData presented are mean _+ SEM of four values {two experiments}. 
bCLGP, choline lysoglycerophospholipids; SPH, sphingomyelin; CGP, choline glyceropbospholipids; SGP, serine glycerophospholipids; 
IGP, inositol glycerophospholipids; EGP, ethanolamine glycerophospholipids; FFA, free fatty acid; MG, monoacylglycerol; DG, 
diacylglycerol; TG, triacylglycerol; CE, cholesteryl ester. 

TABLE 2 

Recovery of Radioactivity from Perfused Intestine in Phospholipids and Neutral Glycerides after Administration 
of Different Labeled Substrates as Described in Materials and Methods a 

1-[~H] Palmitoyl-2-acyl-G PC 1-[3H]Hexadecyl-2-acyl-GPC 

Lipids b 2 hr 4 hr 2 hr 4 hr 

1,2-Dihexadecyl- 
['4C]methyl-GPC 

4 h r  

CLGP 3.3 _-_ 2.5 3.0 + 1.8 4.0 + 2.1 1.0 +_ 0.3 
SPH 1.8 • 1.8 2.7 _ 1.6 0.6 4- 1.2 1.1 4- 0.3 
CGP 17.4 • 2.1 21.3 +_ 1.6 74.1 4- 2.6 55.0 __. 5.8 
SGP + IGP 3.4 • 1.9 3.8 4- 1.9 1.3 4- 1.7 3.6 4- 2.1 
ELGP 0.7 • 0.8 0.9 - 1.1 0.1 4- 0.2 2.0 _ 2.1 
EGP 4.3 • 1.0 7.7 __ 1.9 9.8 4- 1.0 23.7 4- 4.0 
F F A  22.0 • 0.6 10.7 4- 2.4 1.1 4- 0.5 1.5 _ 0.4 
MG 3.7 • 1.2 2.4 4- 0.3 1.6 4- 1.0 1.9 _ 0.4 
DG 9.3 • 2.1 8.8 4- 1.7 4.4 4- 2.8 6.2 • 2.5 
TG 30.2 • 1.5 33.1 _ 2.2 1.5 4- 0.5 3.3 -!"- 0.3 
CE 0.6 • 0.5 0.8 4- 0.7 0.9 4- 0.4 0.7 +- 0.4 
X c 2.7 • 1.0 4.5 _ 1.5 0.5 4- 0.7 0.4 • 0.2 

Total 99.4 99.7 99.9 100.4 

2.3 "!"- 1.0 
0 

88.4 4- 2.4 
2.6 4- 2.6 

0 
0.7 + 0.8 
0.8 +- 0.3 
3.0 4- 1.6 
0.5 4- 0.7 
1.1 "4- 1.2 
0.4 +- 0.4 
0.3 4- 0.5 

100.1 

aData presented are mean _ SEM of four values (two experiments}. 
bELGP, ethanolamine lysoglycerophospholipids; see Table 1 footnote for other abbreviations. 
c x  is a substance migrating between F F A  and TG. 
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glycerides (25) and chloroform/methanol]acetic acid]water 
(65:43:1:3, v/v/v/v) for glycerophospholipids (18). After 
visualization with iodine vapor, the different lipid spots 
were scraped off and their radioactivity was determined. 

Preparation of mucosal homogenates and subceUular 
fractionation. Animals fasted for 12 hr were killed by a 
blow to the head and the small intestine was entirely 
removed. It was rinsed with ice-cold isotonic NaC1, and 
the mucosa was homogenized on ice in 20 vol Tris-Sucrose 
buffer (250 mM sucrose buffered with 10 mM Tris-HC1, 
pH 7.3) using a Potter Elvejhem homogenizer (26}. All 
the subsequent operations were performed on ice or at 
4 C. The homogenate was then subjected to a sequential 
centrifugation procedure, i.e., 900 • g for 10 min, 
10,000 • g for 10 rain and 100,000 • g for 90 min. At 
each step the resulting supernatant was carefully re- 
moved and used for the following centrifugation, except 
the last one (cytosolic fraction}. The three pellets were 
resuspended in Tris-Sucrose buffer using a Potter Elvej- 
hem homogenizer. 

In some experiments, the whole small intestine was 
divided into three equal segments, corresponding to the 
duodenojejunal area, to the remaining jejunum and to the 
ileum, from the proximal to the distal part. 

Purification of brush border membrane vesicles. This 
was achieved exactly as described by Schmitz etal.  (27). 

Isolation of various intestinal cell populations. In- 
testinal cells were isolated and separated as a villus to 
crypt gradient according to Weiser (28}. Cells were 
washed, suspended in 300 mM mannitol buffered with 
10 mM Tris-HC1 (pH 7.3) and used for assay of alkaline 
phosphatase and phospholipase A2 activities. 

Determination of phospholipase activities. Three dif- 
ferent substrates, prepared as described above, were used: 
1- [3H]palmitoyl-2-acyl-GPC, 1-acyl-2-['4C]linoleoyl-GPC 
and 1-[3H]hexadecyl-2-acyl-GPC. Depending on the case, 
each of them was taken to dryness under nitrogen from 
chloroform/methanol solution and dispersed by sonication 
(MSE sonicator at maximal output for 15 sec} in the assay 
mixture, which contained, in a final volume of 0.1 ml, 
0.4 mM substrate, 4.8 mM sodium deoxycholate, 5 mM 
CaC12, 200 mM Tris-HCl (pH 7 and 8.5 for phospholipases 
A~ and A2, respectively, unless otherwise stated} and pro- 
tein fractions from intestine. Incubation was carried out 
at 37 C for 15 min under shaking. The reaction was ter- 
minated by addition of chloroform/methanol and, after 
extraction (17}, the lipids were separated by TLC on Silica 
Gel G plates using chloroform/methanol]water (65:35:4, 
v/v/v} as a solvent. After visualization with iodine vapor, 
the various spots corresponding to choline lysoglycero- 
phospholipids (CLGP}, CGP and FFA were scraped off 
and radioactivity was determined. 

Other marker enzymes. The activity of the following 
marker enzymes was determined according to well- 
established procedures: alkaline phosphatase (29), suc- 
cinate cytochrome c reductase (30}, N-acetyl-/3-D-glucosa- 
minidase (31}, NADH-dehydrogenase (32,33), lactate de- 
hydrogenase (34) and sucrase (35}. 

Other analytical methods. Protein was determined by 
the method of Lowry etal. (36) using bovine serum albu- 
min as a standard. Lipid phosphorus was measured using 
a modification of the Fiske and Subbarow method (37}. 
Radioactivity was evaluated with a Kontron Intertech- 
nique Liquid Spectrometer (type SL 400) with automatic 

quenching correction, using Aqualuma as a scintillation 
fluid. 

RESULTS 

Intestinal absorption and metabolism of various radioac- 
tive CGP. The rate of radioact iv i ty disappearance from 
the perfusion solution indicated intestinal absorption of 
phospholipid, since no decrease in radioactivity present 
in the perfusion fluid was observed during perfusion in 
the same system lacking the intestinal segment. Figure 1 
shows that both 1-[3H]palmitoyl-2-acyl-GPC and 1-[3H] - 
hexadecyl-2-acyl-GPC were absorbed through guinea pig 
intestinal mucosa, although 40% of [3H]alkylacyl-GPC 
was still present in the perfused solution after 4 hr, com- 
pared to 20% of diacyl-GPC. Dialkyl-GPC disappeared 
to a much lower extent under the same conditions, since 
65-70% of the initial radioactivity was recovered in the 
perfusion fluid after 4 hr. 

To study the differences in phospholipase susceptibil- 
ity of the three substrates, the distribution of radioac- 
tivity between the various lipid classes was investigated 
in the perfused solution. As shown in Table 1, both 1- 
[3H]palmitoyl-2-acyl-GPC and 1-O-[3H]hexadecyl-2-acyl - 
GPC were almost entirely hydrolyzed into [3H]palmitic 
acid and 1-O-[~H]hexadecyl-2-1yso-GPC, respectively. 
However, some 12-18% of the alkylacyl compound re- 
mained unchanged, whereas no evident degradation could 
be detected for 1,2-dihexadecyl-['4C]choline-GPC, which 
resisted hydrolysis by guinea pig phospholipase A, and 
pig pancreas phospholipase A2 (this was verified during 
in vitro incubations). 

Upon extraction of lipids from the whole intestinal wall, 
about 12 +_ 1%, 31.6 __T_ 5.6% and 4.5 +_ 1.5% of the ini- 
tial radioactivity were recovered from 1-[~H]palmitoyl-2 - 
acyl-GPC, 1-O-[~H]alkyl-2-acyl-GPC and 1,2-dihexadecyl- 
["C]choline-GPC, respectively (mean _ SEM, three deter- 
minations). As shown in Table 2, most of the radioactive 
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palmitic acid was detected in TG, CGP and FFA, which 
represented 33%, 21% and 11% of the total intestinal 
radioactivity, respectively. Moreover, comparison of data 
obtained at 2 and 4 hr indicated that  some free palmitic 
acid was progressively incorporated into CGP, ethanol- 
amine glycerophospholipids (EGP) and TG. In contrast, 
the radioactivity derived from 1-O-[3H]hexadecyl-2-acyl - 
GPC was mostly detected in CGP, although some of it 
was converted into EGP and TG between 2 and 4 hr 
per fusion. 

Finally, dihexadecyl-['4C]choline-GPC displayed a 
higher metabolic stability, since 83% of the radioactiv- 
ity was still present with CGP after 4 hr. It was also 
hardly converted into diacylglycerol (DG), which still 
represented 8-10% of the total radioactivity associated 
with the two other substrates. 

Studies  on intestinal phospholipases A.  The observa- 
tion that alkylacyl-GPC was better absorbed than dialkyl- 
GPC, owing to hydrolysis of the former during intestinal 
perfusion, prompted us to investigate the presence of a 
phospholipase A2 in guinea pig intestine. Indeed, incuba- 
tion of intestinal homogenates at pH 7.0 with 1-acyl- 
2['4C]linoleoyl-GPC led to the release of ['~C]linoleic acid. 
However, this was accompanied by the simultaneous for- 
mation of 2-['4C]linoleoyl-GPC, indicating the concomi- 
tant action of a phospholipase A,. These results were con- 
firmed by data showing that both [3H]palmitic acid and 
1-[3H]palmitoyl-GPC were generated under the same con- 
ditions when using 1-[3H]palmitoyl-2-acyl-GPC as a sub- 
strate. As shown in Figure 2, the two phospholipase ac- 
tivities were stimulated to the same degree by sodium 
deoxycholate, with optimal activation being attained at 
5 mM of the detergent. Moreover, omission or addition 
of calcium (5 mM) did not modify significantly the results 
and did not allow discrimination between the two phos- 
pholipases A (not shown). 

However, the two enzyme activities could be partly 
separated by submitting intestinal homogenate to sub- 
cellular fractionation. As illustrated in Figure 3, four dif- 
ferent fractions could be isolated and characterized, based 
on their content of various marker enzymes: alkaline 
phosphatase (brush border membrane; 27) in the 900 • 
g fraction; succinate cytochrome c reductase (mitochon- 
dria; 38) and N-acetyl-/3-D-glucosaminidase (lysosomes; 
31,38) in the 10,000 • g fraction; NADH-diaphorase (en- 
doplasmic reticulum; 32,33,38} in the microsomal fraction; 
and lactate dehydrogenase (cytosol; 34,38} in the final 
supernatant. Figure 3 also indicates that phospholipase 
A2 activity displayed the same distribution as alkaline 
phosphatase, especially considering the generation of 
1-acyl- or 1-alkyl-GPC, whereas phospholipase A, activ- 
ity displayed the behavior of a cytosolic enzyme. 

Such a dual distribution of the two enzymes became more 
evident upon comparing their pH dependence in the 
cytosolic fraction and the 900-• sediment. As shown in 
Figure 4A, phospholipase A, activity (as detected from the 
release of [3H]palmitic acid or 2-[~C]linoleoyl-GPC from the 
corresponding substrate) predominated in the cytosol and 
displayed a broad optimal pH range between 6.5 and 10, 
culminating at 7.5. In contrast, the major enzyme activity 
in the 900-X-g fraction was phospholipase A2 (as deduced 
from the liberation of ['4C]linoleic acid and 1-[3H]palmitoyl - 
GPC from their respective precursors}, which displayed a 
stronger pH dependence with a peak at 8.5 (Fig. 4B). 

As indicated in Figure 5, other differences between the 
two phospholipases A included a relatively higher thermo- 
stability of phospholipase A2 vs phospholipase A,, with 
the latter displaying the behavior previously described 
for the pancreatic enzyme (9). 

These results suggested a localization of guinea pig in- 
testine ~hospholipase A2 in the brush border membrane. 
Moreover, as shown in Figure 6, sequential elution of in- 
testinal cells according to the procedure described by 
Weiser {28) revealed that phospholipase A2 activity 
decreased from villi to crypts in a manner similar to alka- 
line phosphatase. Finally, phospholipase A2 activity was 
determined in microvesicles purified from brush border 
membranes (Table 3). Although some differences ap- 
peared depending on the substrate used, in all cases 
phospholipase A2 activity was enriched in microvesicles 
to the same extent as sucrase, a very specific marker of 
brush border membrane (27,35). 

To gain further insight into the possible physiological 
role of this phospholipase A2, its activity was measured 
in different segments isolated from guinea pig small in- 
testine. Data presented in Table 4 indicates that the en- 
zyme was distributed throughout the small intestinal 
tract. 
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D I S C U S S I O N  

Our results confirm the general view that there is a direct 
relationship between the absorption level of a given 
phospholipid and its susceptibility to hydrolysis. This is 
particularly clear in the case of 1,2-dihexadecyl-GPC, 
which should not be degraded in the intestinal lumen, 
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GPC (------); (b) phospholipase A2 detected by the liberation of 
['4C]linoleic acid ( - - )  or by the formation of 1-[3H]palmitoyl-GPC 
(------)  from the corresponding substrates; (c) phospholipase A2, 
detected by the release of 1-[3H]hexadecyl-GPC from 1-[3H]hexa - 
ecyl-2-acyl-GPC; (d) succinate cytochrome c reductase (SCR); (e) lac- 
tate dehydrogenase (LDH); (f} NADH dehydrogenase (NADH-DH); 
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TABLE 3 

Specific Activities of Sucrase and Phospholipase As in Guinea Pig Intestine Homogenate 
and in Purified Microvesicles from Brush Border Membrane a 

Specific activities 
Enrichment 

Enzymes Homogenate Microvesicles ( • 

Sucrase (nmol]min/mg} 206 2480 12 
Phospholipase As (nmoFmin/mg) 

['~C]Linoleic acid 20.4 204 10 
1-[~H]Palmitoyl-GPC 14.0 130 9 

1-O-[3H] Hexadecyl-GPC 9.0 100 11 

aphospholipase A2 activity was determined using 1-acyl-2-['~C]linoleoyl-GPC, 
1-[3H]palmitoyl-2-acyl-GPC and 1-O-[3H]hexadecyl-GPC as substrates. 
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FIG. 6. Distribution of alkaline phosphatase and phospholipase Az 
along the crypt-villus complex. Phospholipase A2 activity was deter- 
mined using 1-acyl-2-['4C]Unoleoyl.GPC as a substrate. Results are 
from a typical experiment representative of three different experi- 
ments. 

since no evidence for the presence of phosphollpases C 
or D has ye t  been provided. In this respect,  these results 
confirm previous findings tha t  dialkylphospholipids are 
not  hydrolyzed in the intestinal lumen of ra t  (39). One 
could argue tha t  the disappearance of radioactive 1,2- 
dihexadecyl-GPC might  simply reflect a passive adsorp- 
tion onto the intestinal mucosa or some ent rapment  
within the mucus. However, the radioactive phospholipid 
could not be removed by extensive washing. 

The comparison between diacyl-GPC and alkylacyl- 
GPC leads to conclusions similar to those obtained by 
Paltauf (40) in the rat. Indeed, the latter compound is less 
absorbed than its diacyl analog. This absorption could 
even be somewhat less than  observed, since it was not  

TABLE 4 

Specific Activities of Phospholipase A2 in Different Segments 
of Guinea Pig Small Intestine a 

Segment b Specific activities (nmol/min/mg) 

Proximal 5.03 __ 0.53 
Intermediary 9.60 _+_ 0.76 
Distal 6.00 +_ 1.96 

aphospholipase A2 activities were determined using 1-acyl-2-['4C] - 
linoleoyl-GPC as a substrate and are means __ SEM of three 
determinations. 
bProximal, intermediary and distal segments correspond to duodeno- 
jejunal area, remaining jejunum and ileum, respectively. 

corrected for the presence of 10% lysocompounds in the 
substra te  used {see Table 1). The lower absorption of 
alkylacyl-GPC vs diacyl-GPC could be explained by a dif- 
ferent fate of the degradation products (lysophospholipid 
or FFA, respectively, ra ther  than by a difference in the 
degree of hydrolysis  (alkylacyl-GPC was almost entirely 
degraded). 

Furthermore, the nature of the hydrolysis product could 
direct the metabolic fate of each phospholipid. Thus, 
palmitic acid is largely used by intestinal cells to resyn- 
thesize TG. In contrast,  1-hexadecyl-2-1yso-GPC is essen- 
tially reacylated into the corresponding phospholipid. I t  
is tempt ing to speculate tha t  the relative ratio of ester  
and ether lipids present  in food could influence the lipid 
composition of chylomicrons and very  low densi ty lipo- 
proteins formed in intestine from exogenous lipid (41). 

As to the metabolism of 1-O-[3H]alkyl-2-acyl-GPC, we 
found some evidence for a significant conversion into 
E G P  and TG, with some accumulation of radioactivi ty 
in DG. Such a metabolic behavior is more difficult to 
explain than in the case of 1-[3H]palmitoyl-2-acyl-GPC, 
where [~H]palmitic acid is the direct precursor. One can- 
not  exclude tha t  the O-alkyl-bond was not  cleaved in 
intestinal cells by a monooxygenase similar to tha t  de- 
scribed in liver (42), followed by oxidation of hexadecanol 
to palmitic acid. In this respect, Paltauf (39) observed that  
3 hr after oral administration of 1-O-[~H]octadecyl-2-acyl - 
GPC, 93% of intestinal phosphatidylcholine was in 
diacyl-GPC. 
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However,  it also could be possible t ha t  1-O-[3H]hexa - 
decyl-2-acyl-GPC are converted into D G  through the 
reverse action of CDP choline:DG cholinephosphotrans-  
ferase {43,44) or by  a phospholipase C act ing on choline 
phosphoglycerides, as those described in the cytosol from 
ra t  brain {45} or f rom dog myocard ium {46). This would 
provide DG, which could serve as a precursor  for EGP.  
To discriminate between these possibilities, it would be 
necessary to analyze the var ious subclasses of intest inal  
CGP. However,  this was not  the aim of the present  work. 

The major  purpose of this s tudy  was to invest igate  the 
intest inal  absorpt ion of na tura l  e ther  glycerophospho- 
lipids in the guinea pig, chosen as a model because of the 
absence of pancreat ic  phospholipase A2. Unexpectedly,  
1-O-alkyl-2-acyl-GPC was absorbed at  a ra ther  good level; 
this  involved i ts  hydrolysis  by  a phospholipase A2-1ike 
enzyme. Al though intest inal  phosphol ipases  have been 
described in several species {26,47-53), their physiological 
role has not  been emphasized.  Such studies have been 
hampered  by  the fact  t ha t  the small intest ine is heavily 
contamina ted  by  the high phospholipase A2 act ivi ty  
or iginat ing from pancreas.  Thus, the lack of phospho- 
lipase A2 in guinea pig pancreas  (9) offers significant 
methodological advantages  over other species in investi- 
gat ions dealing with intestinal phospholipase A2. Indeed, 
despite  the contaminat ion by  a high phospholipase A, 
or iginat ing f rom the pancreat ic  gland, the present  s tudy  
provides clear evidence tha t  guinea pig intestine contains 
a phospholipase A~. This conclusion is suppor ted  by  the 
observat ion tha t  intest inal  homogenates  as well as puri- 
fied fract ions are able to generate  1-[3H]palmitoyl-GPC 
and 1-[3H]hexadecyl-GPC from the corresponding diradyl- 
GPC. However,  determinat ion of lysocompounds  yields 
enzyme activit ies lower than  those measured  by  follow- 
ing liberation of [14C]linoleic acid f rom 1-acyl-2-['4C]- 
linoleoyl-GPC. This might  be explained by  the fact  tha t  
1-[3H]palmitoyl-GPC can be further  degraded by  the con- 
taminat ing phospholipase A,, which was shown to display 
a high lysophospholipase act ivi ty  (12}. As to the still 
lower ac t iv i ty  measured  with alkylacyl-GPC as a sub- 
strate,  this  migh t  reflect some preferential  hydrolysis  of 
diacyl-GPC. 

This new intest inal  phospholipase A~ seems to differ 
f rom the enzyme described by  Mansbach  et al. (51} in 
var ious mammal ian  species and purified by  Verger et  al. 
(52-53} f rom porcine small intestine. The la t ter  phospho- 
lipase A2 has been localized in Pane th  cells s i tuated in 
c ryp ts  f rom the je junum (53}, whereas the guinea pig in- 
tes t ine phospholipase A2 is unambiguous ly  and specifi- 
cally located in the brush  border  membrane  of the small  
intestine. Also, the pig enzyme proved  a lmost  inactive 
against  phosphatidylcholine and displayed a s t rong pref- 
erence for phosphatidylglycerol (51-53), in contrast  to the 
phospholipase A2 described herein, which was detected 
using CGP as subst ra tes .  Finally, the act ivi ty  found in 
the guinea pig intestine does not seem to require calcium. 
Indeed, al though CaCI~ was routinely added to our incuba- 
t ion medium, i ts  omission was without  effect on the 
phosphol ipase A~ activity,  and so was the addition of 
EGTA.  However,  these resul ts  mus t  be taken with some 
caution, since they were obtained with a crude enzyme 
preparat ion.  Fur ther  studies on the purified enzyme are 
required before the new enzyme can be classified as 
belonging to a group of some recently described calcium- 
independent  phosphol ipases  A~ (46,54). 
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Effect of Lecithin on the Release of 5'-Nucleotidase from Liver Plasma 
Membrane of Rat by ,Bile Acids 
M u n e t a k a  N o k u b o  
First Laboratory of Clinical Physiology, Tokyo Metropolitan Institute of Gerontology, 35-2, Sakaecho, Itabashi-ku, Tokyo-173, Japan 

Bile acids solubilize proteins from fiver plasma membrane 
both in vivo and in vitro. The ability to solubifize the pro 
teins is dependent on the species of bile acid. In this paper, 
the effect of phospholipid on the solubilization of a 
membrane-bound enzyme by bile acids was investigated 
in vitro. Taurocholate (TC) and tauroursodeoxycholate 
(TUDC) solubilized the enzyme, 5'-nucleotidase, from the 
liver plasma membrane of the rat in a concentration- 
dependent manner, although there was a great difference 
in their effect; at 40 mM, TC solubilized 55.4% of the 
original 5'-nucleotidase activity of the membrane, but 
TUDC only 5.7%. While lecithin alone had no solubifiz- 
ing effect, its addition to the bile acids provoked a 10-fold 
increase in the solubilizing effect of TUDC, but virtually 
no change for TC, essentially equalizing the solubilizing 
effect of the two. Both TC-rich and TUDC-rich bile were 
obtained from rats infused with the respective bile acids 
via the jugular vein after their endogenous bile acid pool 
had been depleted. The solubilization effect of these biles 
was quite similar to the bile acid-lecithin mixtures. These 
findings demonstrate that lecithin enhances the ability 
of the bile acids to solubilize the membrane protein and 
eliminates the difference in the two bile acid species in 
their solubilizing ability. 
Lipids 22, 41-44 (1987). 

A large number of proteins is present in the bile of many 
mammalian species. It has been suggested that these pro  
teins derive from serum and cells. Mullock et al. (1} in- 
dicated that some proteins in rat bile were immunologi- 
cally related to proteins present in serum. Coleman and 
coworkers {2,3} showed that there were several plasma 
membrane-bound enzyme activities in bile. They also sug- 
gested that the presence of plasma membrane~bound en- 
zymes in bile may be the result of bile salt action on the 
plasma membrane in the bile canaliculus. 

Hatoff and Hardison (4), using bile-fistula rats, found 
that alkaline phosphatase, a typical plasma membrane 
enzyme, was secreted into bile in a bile acid species- 
dependent manner that was in the order taurodeoxy- 
cholate > TC > TUDC. Other investigators {5-7} also 
reported similar observations. 

It is well known that  bile acid exists in bile as a form 
of mixed micelles together with phospholipid and choles- 
terol {8,9}. However, there is little information about the 
effect of phospholipid on the solubilization of protein from 
the membrane by bile acid. Therefore, in this paper, the 
ability of single micelles of bile acid and mixed micelles 
of bile acid-lecithin to solubilize 5'-nucleotidase from the 
hepatic plasma membrane of the rat in vitro are com- 
pared. TUDC was used because it causes minimal damage 
to cells and TC because it is the most common bile acid 
in rat bile. 

MATERIALS AND METHODS 

Animals. Nonfasted, male Fischer-344 rats weighing 
200-350 g were used in all experiments. 

Preparation of liver plasma membrane. Rat liver plasma 
membrane was prepared by the method of Boyer and 
Reno (10) with a slight modification, using 1 mM NaHCO3 
buffer (pH 7.5} containing 0.5 mM CaCl2. The membrane 
was suspended in 1 mM NaHCO3 buffer (pH 7.5) and 
stored in liquid nitrogen until used. 

Release of 5'-nucleotidase from liver plasma membrane. 
The liver plasma membrane sus~nsion was centrifuged at 
6,000 X g for 10 min. The supernatant fluid was carefully 
removec[ The resultant membrane precipitate was dispersed 
by pipetting at 4 C in 1 ml Tris-acetate buffer (pH 7.4) con- 
taining various concentrations of bile acid. This membrane 
suspension was incubated at 37 C for 10 min in a shaking 
water bath. An aliquot fraction of the suspension was 
removed and assayed for 5'-nucleotidase {"total"} activity. 
The incubation was terminated by centrifugation at 6,000 X 
g for 10 min at 4 C. The supernatant was carefully sepa- 
rated from the precipitate and filtered through a 0.22 tJm 
Millex-GV filter (Millipore Co., Bedford, Massachusetts}. 
Then the filtrate was assayed for soluble 5'-nucleotidase 
("soluble") activity. Relative activity of solubilized 5'- 
nucleotidase was expressed as percent ratio of the soluble 
activity to the total activity. When bile was used instead 
of bile acid solution, the activity of 5'-nucleotidase in the 
bile was subtracted from the activity in each fraction. 

Assay of 5"-nucleotidase activity. The activity of 5'- 
nucleotidase was determined by the method of Nakamura 
and Kameyama (11) with slight modifications. The reac- 
tion mixtures contained 4 mM 5'-AMP, 4 mM MgC12, 
100 mM Tris-acetate (pH 7.4) and the protein sample in 
a final volume of 0.5 ml. The reaction was run for 5 min 
at 37 C and terminated by addition of 1 ml of 8% 
trichloroacetic acid. Then 2 ml of CHC13 was added, mixed 
by vortexing, and centrifuged at 3,000 rpm for 5 min. One 
ml of the upper aqueous solution was used to determine 
inorganic phosphate. 

Collection of rat bile. Rats were anesthetized by pento- 
barbital. The bile duct and the jugular vein were cannu- 
lated with PE-10 tubing, which was tunneled subcutane- 
ously to emerge from the back of the animal. After the 
incisions were sutured, the rat was placed in a Bollman- 
type restraining cage with ad libitum access to food and 
water. Bile was drained overnight (ca. 14 hr) to deplete 
the endogenous bile acid pool. One of the bile acids in a 
3% albumin solution (pH 7.4, 300 mOs) then was infused 
into the jugular vein at 0.27 ~mol/100 g body weight/min 
by a constant infusion pump while collecting bile. The bile 
was collected for 8 hr after the first 30-min infusion. Con- 
centrations of total bile acid and phospholipid in the bile 
obtained from rats infused with TUDC were 40.0 mM and 
5.51 mM, respectively. TUDC was the main bile acid in 
the bile and 85.2% of the total bile acid (TUDC bile.} 

In the case of infusion of TC, TC was 93.1% of total 
bile acid in the bile {TC bile}, and concentrations of total 
bile acid and phospholipid were 32.3 mM and 5.31 mM, 
respectively. 

Chemical determinations. Total bile acid in bile was 
determined using 3a-hydroxysteroid dehydrogenase (12). 
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Analysis of each bile acid in bile was carried out by high 
performance liquid chromatography (HPLC) with a Bile- 
pack column (JASCO, Tokyo, Japan} and an immobilized 
3a-hydroxysteroid dehydrogenase, Enzymepack (JASCO; 
13). Total lipid phosphorus in the bile was determined by 
the method of Bartlett (14). Protein in the hepatic plasma 
membrane was determined by the method of Lowry et al. 
(15} with bovine serum albumin as standard. 

Chemicals. TC and TUDC were donated by Tokyo 
Tanabe Co. (Tokyo, Japan}. These bile acids were more 
than 98% pure when examined by HPLC. Purified egg 
yolk lecithin was a gift from S. Urano (Isotope Labora- 
tory, Tokyo Metropolitan Institute of Gerontology}. 
5'-AMP, NAD, and 3a-hydroxysteroid dehydrogenase 
were purchased from Sigma Chemical Co. (St. Louis, 
Missouri}. All other chemicals were obtained from various 
sources as analytical grade reagents. 

R E S U L T S  

Figure 1 shows the effect of bile acids on the solubiliza- 
tion of 5'-nucleotidase activity from liver plasma mem- 
brane of the rat. In the absence of bile acids, a negligible 
amount of 5'-nucleotidase activity was released into the 
soluble fraction from the membrane. This result sug- 
gested that mechanically disrupted membrane fragments 
did not pass through the 0.22 ~m MiUex-GV filter. When 
the membranes were incubated with various concentra- 
tions of bile acids, the release of 5'-nucleotidase activity 
from the membrane was dependent upon the bile acid con- 
centration. The difference between TUDC and TC's abil- 
ity to solubilize the enzyme from the membrane was 
remarkable at higher concentrations (20 and 40 raM). At 
40 mM, TC released about 10 times more 5'-nucleotidase 
activity into the soluble fraction than TUDC. 

Figure 2 shows the solubilization of 5'-nucleotidase ac- 
tivity from the membrane by various combinations of bile 
acid, lecithin and cholesterol. When the membrane was 
incubated with mixed miceUes of TUDC-lecithin (40 and 
8 mM}, 10 times more 5'-nucleotidase activity was re- 
leased than with 40 raM TUDC alone, while lecithin alone 

did not release any activity into the soluble fraction. 
Mixed micelles of TUDC-lecithin-cholesterol (40, 8 and 
0.4 mM) had the same effect as the mixed micelles of 
TUDC-lecithin. When the membrane was incubated with 
TC-lecithin (40 and 8 mM) or TC-lecithin-cholesterol (40, 
8 and 0.4 mM), these mixed micelles had the same effect 
as 40 mM TC alone in releasing the activity of the enzyme 
from the membranes. 

In the case of TC, 40 mM TC alone already released the 
maximal enzyme activity from the membrane. But when 
lecithin was added to 20 mM TC, the mixed micelles 
released twice as much 5'-nucleotidase activity as 20 mM 
TC alone (Fig. 3). The effect of lecithin on the solubiliza- 
tion of 5'-nucleotidase by different concentrations of bile 
acids is shown in Figure 3. The difference between TUDC 
alone and TC alone in the ability to release the enzyme 
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FIG. 2. Solubilization of 5'-nucleotidase from the liver plasma mem- 
brane of the rat by bile acids, bile acid-lecithin and bile acid-lecithin- 
cholesterol. Liver plasma membranes were incubated with mixtures 
of various combination of 40 mM bile acids (TUDC or TC), 8 mM 
lecithin and 0.4 mM cholesterol. The relative solubilized activity of 
5'-nucleotidase was determined by the method described in the text. 
Values are means of three or four experiments. Vertical bar expresses 
S.D.; hatched columns, TUDC; open columns, TC. 
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FIG. 1. Solubilization of 5'-nucleotidase from the liver plasma mem- 
brane of the rat by bile acids. Liver plasma membranes were in- 
cubated with various concentrations of bile acids (TUDC or TC). The 
relative solubilized activity of 5'-nucleotidase was determined by the 
method described in the text. Values are the means of three or four 
experiments; vertical Bar expresses S.D. 
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FIG. 3. Effect of lecithin on the solubilization of 5'-nucleotidase from 
rat liver plasma membrane by different concentrations of bile acids. 
Liver plasma membranes were incubated with various concentra- 
tions of bile acids containing either 8 mM egg yolk lecithin or none. 
The relative solubilized activity of 5'-nucleotidase was determined 
by the method described in the text. Values are means of four ex- 
periments, e ,  TUDC -F lecithin; O, TC -F lecithin; A, TUDC; A, TC. 
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disappeared with the addition of lecithin at the concen- 
trations of bile acids tested. At lower concentrations of 
the bile acids (2.5 and 5 mM}, 8 mM lecithin did not show 
any effect on the solubilization. At bile acid concentra- 
tions higher than 10 mM, lecithin had a pronounced ef- 
fect on the solubilization by both bile acids. 

When various concentrations of lecithin were added to 
40 mM TUDC, the solubilization of 5'-nucleotidase in- 
creased in a concentration-dependent manner up to 2 mM 
(Fig. 4}. Thereafter, the effect of lecithin remained steady. 

To compare bile with bile acid-lecithin mixtures in the 
solubilization of 5'-nucleotidase from rat liver plasma 
membrane, TUDC bile and TC bile were used. When the 
membranes were incubated with these biles, the activities 
of 5'-nucleotidase in the soluble fractions were practically 
the same (Table 1}. 

DISCUSSION 

In the present in vitro study, TUDC released less 
5'-nucleotidase from the liver plasma membranes of the 
rat than TC. This is consistent with previous reports 
(4-7). Hatoff and Hardison (4) showed that  TUDC was 
less effective than TC in the release of enzymes from liver 
plasma membrane both in vivo and in vitro. Barnwell 
et al. (5,6), using isolated perfused rat livers, and Kitani 
et al. (7), using bile fistula rats, reported similar obser- 
vations. In the present study, however, mixed micelles 
of bile acids and lecithin did not reveal any difference 
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FIG. 4. The effect of different concentrations of lecithin on 40 mM 
TUDC's solubifization of 5'-nucieotidase from the fiver plasma mem- 
brane of the rat. The fiver plasma membranes were incubated with 
40 mM TUDC containing various amounts of lecithin. The relative 
solubilized activity of 5'-nucleotidase was determined by the method 
described in the text. Values are means of three experiments. 

TABLE 1 

Solubifization of 5'-Nucleotidase from the Liver Plasma 
Membrane of Rat by Biles 

Relative solubilized 
activity of 

Bile 5'-nucleotidase (%) 

TUDC bile 60.6 • 3.9 
TC bile 57.2 • 2.7 

Values are the means of four experiments • S.D. 

between the bile acid species. Furthermore, the bile ob- 
tained from rats infused with TC or TUDC did not reveal 
any difference in their ability to solubilize 5'-nucleotidase. 
These findings suggest that there is no specific factor in 
bile that discriminates between the mixed micelles of 
native bile and synthetic mixed micelles in respect to the 
solubilization of 5'-nucleotidase. It cannot be absolutely 
stated that  minor bile acids in TUDC bile are not the 
cause for its conspicuous ability to solubilize the mem- 
brane-bound proteins. But this hypothesis seems unlikely 
because when ursodeoxycholate was infused into rats, the 
main metabolite was TUDC and the second metabolite 
was a small quantity of f~muricholate, which is considered 
to have little surface activity or detergent effect (16-18). 

Recently Lowe et al. {19), using a perfusion of isolated 
rat liver, reported that  mixed micelles cannot be formed 
inside the cell or during passage of bile salts through the 
membrane. They suggested that  the formation of mixed 
micelles occurs in the bile canaliculus lumen. Their report 
prompts the speculation that the difference between the 
in vivo and in vitro effect of bile acids on solubilizing the 
enzyme from the membrane is that the release of the en- 
zyme occurs soon after bile acid is secreted into the bile 
canaliculus and before the bile acid forms mixed micelles 
with the phospholipid. Once mixed micelles are formed, 
it might be difficult for them to interact with the mem- 
brane. Concerning this, Wilson and Dietchy {20}, using 
rat intestine, reported that mixed micelles of bile acid and 
lecithin were much larger than single micelles of bile acid 
alone, so that the mixed micelles were more difficult to 
diffuse through the unstirred water layer that exists at 
the surface of membranes. 

In the present study, the mixed micelles of bile acid- 
lecithin were more effective solubilizers than single 
micelles of bile acid alone. Nevertheless, Coleman et al. 
{21}, using rabbit bile and glycodeoxycholate, reported 
that  the release of hemoglobin and acetylcholinesterase 
from human erythrocytes was greatly reduced by the ad- 
dition of lecithin. We cannot directly compare these 
results, since there are many differences in the experimen- 
tal conditions. 

Recently 5'-nucleotidase was purified from rat and 
mouse liver by several investigators 122-24). WidneU and 
Unkeless (22) and Nakamura (24) reported that partially 
purified 5'-nucleotidase contained phospholipids. They 
reported that 5'-nucleotidase interacted with both 
sphingomyelin and lecithin, which influenced the stabil- 
ity of the enzyme and the energy of activation, respec- 
tively (25}. Furthermore, the partially purified enzyme 
easily reassociated with phospholipid vesicles by treat- 
ment with bile acid. Considering these results, the mixed 
micelles of bile acid-lecithin may include 5'-nucleotidase, 
released from the membrane by bile acid treatment. 

In conclusion, in vitro, single micelles of TUDC or TC 
released 5'-nucleotidase from rat liver plasma membrane 
in a characteristic species-dependent manner. TUDC pro- 
duced less solubilization than TC. These observations are 
comparable to similar studies in vivo. The differences in 
the solubilization by bile acids disappeared when the bile 
acids were mixed with lecithin. Similarly, there was no 
bile acid species difference for TUDC bile and TC bile in 
the solubilization of 5'-nucleotidase. These observations 
suggest that the interactions of bile acid and the mem- 
brane are greatly affected by lecithin. 
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Asymmetric Distribution of Arachidonic and n-3 Polyunsaturated 
Fatty Acids in Rat Liver Microsomal Membranes Under a Fat-Free Diet 

Nobuko Iritani*, Hisako Mizoguchi and Misao Kitaya 
Tezukayama Gakuin College, 4-cho, Harumidai, Sakai, Osaka 590-01, Japan 

Rats adapted to a corn oil or a fish oil diet were fed a 
fat-free diet, and changes in phospholipid polyunsatu- 
rated fatty  acids (PUFA) in the inner and outer leaflets 
of Hver microsomal membranes were followed for 18 wk. 
In rats previously adapted to a corn oil diet, arachidonic 
acid in phosphatidylcholine and phosphatidylethanol-  
amine in the inner and outer leaflets did not decrease 
quickly; rather, linoleic acid decreased more than arachi- 
donic acid for the first three weeks of feeding the fat-free 
diet. Even at 18 wk, 40-50% of the beginning arachidonic 
acid levels were still retained. In contrast,  in rats pre- 
viously adapted to a fish oil diet, the n-3 P U F A  were 
quickly decreased by the fat-free diet to only 10-30% at 
18 wk. Due to the appearance and increase of n-9 eico- 
satrienoic acid in the replacement of the n-3 and n-6 
PUFA,  total  P U F A  did not decrease in the inner and 
outer phosphatidylcholine in either group, but decreased 
somewhat in the phosphatidylethanolamine due to the in- 
sufficient increase of the n-9. On the other hand, the 
overall degrees of unsaturation in phosphatidylcholine 
fat ty  acids were always higher in the outer than in the 
inner leaflets and were not  altered by feeding the fat-free 
diet even for 18 wk. Thus, the results appear to reveal 
the physiological  importance of unsaturation ratio of 
fat ty  acids and the necessity of arachidonic acid in each 
membrane leaflet. 
Lipids 22, 45-50 119871. 

We previously reported that n-3 polyunsaturated fatty 
acids (PUFA) compete with arachidonic acid for the C-2 
position of phospholipids of rat liver, plasma and heart 
(1}. When rats adapted to a fat-free diet were fed a corn 
oil diet, endogenous n-9 eicosatrienoic acid (the major 
PUFA) at the C-2 positions of both phosphatidylcholine 
(PC} and phosphatidylethanolamine {PE) was quickly 
substituted by arachidonic acid in liver, plasma and 
platelets (2}. Comparably, with a fish oil diet, the n-9 was 
quickly substituted by n-3 PUFA. In both cases, the n-9 
almost disappeared in six days. On the other hand, when 
the dietary process was reversed, arachidonic acid in both 
the phospholipid classes decreased slowly, whereas the 
n-3 quickly decreased in the platelets and the liver 
mitochondria and microsomes (2). These results may 
reveal the physiological significance of arachidonic acid 
in membrane phospholipids. On the other hand, the 
existence of phospholipid asymmetries in biological mem- 
branes has been demonstrated, and the membrane asym- 
metry would play an important role of physiological 
significance on membrane function (3-12}. In the present 
experiment, the effects of the fat-free diet feeding on 
asymmetric distribution of PC and PE PUFA in the inner 
and outer monolayers of the microsomal membranes of 
rat liver have been investigated. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Animals. Male Wistar rats, 4 weeks old, were fed a 5% 
corn oil or 5% fish oil diet for 2 wk and then a fat-free 
diet for indicated periods. The fat-free diet contained 
68.5% sucrose, 18% casein, 9.5% cellulose, 4% salt mix- 
ture {13}, 0.1% choline chloride and vitamins {13}. The 
amount of 5% sucrose was substituted by fat in the 5% 
fat diet. The fatty acid compositions of corn oil were 8.5% 
palmitic, 3.8% stearic, 40.1% oleic, 46.1% linoleic and 
1.5% other minors. Those of fish oil {from pollack liver} 
were 24.3% palmitic, 6.9% palmitoleic, 4.3% stearic, 
14.8% oleic, 0.7% linoleic, 4.0% arachidonic, 10.8% eico- 
sapentaenoic, 25.6% docosahexaenoic and other minors. 
The rats were maintained under an automatic lighting 
schedule at 24 C and were given water and food ad 
libitum. 

Preparation ofmicrosomes. The animals were killed by 
decapitation at 9-10 a.m. on the days indicated in figures 
and tables. The livers were quickly removed to take 
microsomes. Liver homogenate was prepared in 3 vol of 
0.25 M sucrose using a Teflon-glass homogenizer and cen- 
trifuged at 16,000 • g for 10 min. The supernatant was 
again centrifuged at 105,000 • g for 45 min {Spinco 
Model L-5 50, Beckman, Palo Alto, California}. The 
105,000 • g pellets were used as microsomal fractions. 

Incubation with phospholipase C and lipid extraction. 
Microsomes {10-15 mg} were incubated with 2-6 U 
phospholipase C from Clostridium wetchii {Type X, Sigma 
Chemical Co., St. Louis, Missouri} in 2 mi of 0.25 M 
sucrose, 1 mM CaC12 and 10 mM Tris-HC1, pH 7.5, at 25 C 
for 30 min, essentially according to the method of Higgins 
and Dawson (10}. After incubation, an aliquot of the 
microsomes was taken to be measured for mannose-6- 
phosphatase, as described below. The incubation mixture 
with phospholipase C was extracted with 20 ml of 
chloroform/methanol (2:1, v/v}, and lipids were contained 
in the upper phase. The lipid extract was dissolved in 
chloroform/methanol (1:1, v/v}, and an aliquot was used 
for separation of lipid classes. PC was separated on thin 
layers of silica gel {Merck, Darmstadt, Federal Republic 
of Germany}, using a one-dimensional system {chloroform/ 
methanol]water, 65:25:4, v/v/v} and estimated as the 
amount in inner membranes. Lipid-containing spots were 
detected by iodine vapor, scraped into test tubes and 
digested with perchloric acid for 30 rain at 230 C to 
measure phosphorus. Water was added and the tubes 
were centrifuged to remove the silica gel. Phosphorus was 
determined on the supernatant by the method of Bartlett 
{14}. An aliquot of lipids was used for analysis of fat ty 
acids. Fat ty  acids were analyzed by gas chromatography 
as described previously {2}. The amounts of PC fatty acids 
in the outer monolayer of the membranes were calculated 
by subtracting the amount of inner fatty acids from total 
PC fatty acids, which were similarly measured using in- 
tact microsomes. 

Labeling with trinitrobenzenesulfonate (TNBS). PE in 
the cytosolic site of membranes was labeled with TNBS 
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(11). Microsomes (12 mg of protein) were incubated at 
25 C in 6 ml of a medium containing 10 mM Tris-HC1 (pH 
7.7), 0.25 M sucrose and 1 mM TNBS for 20 min (when 
not otherwise indicated). After incubation, the reaction 
was stopped by acidification of the medium to pH 6.8 and 
centrifuged for 20 min at 40,000 • g. The supernatant 
fluids were discarded, and the pellets were washed twice 
with 10 ml of the suspending medium without the probes. 
Lipids were extracted from the layers with chloroform/ 
methanol (2:1, v/v) and the two forms of PE (with and 
without labeling with TNBS) were separated on thin 
layers of silica gel using a solvent of chloroform/methanol] 
water (65:25:4, v/v/v). Phosphorus and fat ty acids were 
determined as described above. 

Measurement of leakage of microsomal content. To ex- 
amine leakage of microsomal content during the incuba- 
tion of microsomes with phospholipase C, the leak of 
mannose-6-phosphatase activity was measured (15). For 
assay of the mannose-6-phosphatase activity, microsomes 
were incubated with 4 mM mannose-6-phosphate, 1 mM 
EDTA, 60 mM malate buffer, pH 6.5 and 0.25 M sucrose 
at 37 C for 15 min. The incubation was stopped by add- 
ing ] nH of 10% TCA, and the phosphorus amount in the 
supernatant was measured by the method of Bartlett (14). 
Total mannose-6-phosphatase activity was similarly mea- 
sured using disrupted microsomes. The disrupted micro- 
somes were prepared to 0 C by supplementing 9 vol of 
intact microsomes (1 to 2 mg of protein/ml) with 1 vol of 
4% sodium taurocholate, pH 7.6. The taurocholate-dis- 
persed microsomes were kept on ice at least 30 min before 
assays were performed (16). 
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FIG. 1. Hydro lys i s  of microsomal phosphatidylchol ine by 
phospholipase C. Liver microsomes (10-15 mg protein) were in- 
cubated with 2-6 U phospholipase C from Clostridium welchii in 
2 ml for 30 min at 25 C. The lipids were extracted and remaining 
phosphatidylcholine was  separated on thin layers of silica gel. 

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

Treatment of liver microsomes by phospholipase C. 
Hydrolysis of microsomal PC by increasing concentra- 
tions of phospholipase C proceeded until ca. 70-75% of 
PC phosphate was removed after 30 min of incubation. 
The hydrolysis was almost constant in the range of 1-3 U 
phospholipase C/ml (Fig. 1). The amount of PC hydrolyzed 
increased linearly with microsomal concentrations (5- 
20 mg), but the percentage remained constant (data not 
shown). Although hydrolysis of PC was tried by several 
concentrations of phospholipase C (1-3 U/ml) for each 
sample, the experimental conditions described above were 
available for all samples during the long-term feeding of 
the fat-free diet. The microsomes incubated with 1.5 U 
phospholipase C/ml were used for the determination of 
mannose-6-phosphatase and the analysis of PC fat ty 
acids. 

Leakage of microsomal content. To determine if micro- 
somal vesicles remained intact under the contributions 
of incubation with phospholipase C, mannose-6-phos- 
phatase latency was determined at the same protein con- 
centrations as a quantitative index of microsomal 
integrity. Less than 6% of mannose-6-phosphatase leaked 
into the incubation medium, indicating that the micro- 
somal permeability barrier remained almost intact. 

Labeling of outer PE with TNBS. TNBS labeling of 
microsomes converted ca. 30% of PE to trinitrophenyl 
PE, and this value did not increase when the incubation 
time was increased to 60 min. As shown in Figure 2, the 
reaction reaches a plateau at 0.5-2 mM TNBS. TNBS 
labeling of microsomes was conducted in a medium of 
1 mM TNBS for 20 rain at 25 C, as the conditions were 
available for all samples under the fat-free diet for 18 wk. 

Phospholipid fatty acid composition in inner and outer 
leaflets of rat liver microsomal membranes. The effects 
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FIG. 2. The extent  of reaction of microsomai phosphatidylethanol- 
amine with trinitrobenzenesulfonate (TNBS). Rat liver microsomes 
(12 mg protein) were incubated with TNBS for 20 min at 25 C. The 
lipids were extracted and then the two forms of phosphatidylethanol- 
amine (with and without labeling with TNBS) were separated on thin 
layers of silica gel. 

LIPIDS, Vol. 22, No. 1 (1987) 



MEMBRANE P U F A  UNDER FAT-FREE DIET 

47 

of  d i e t a r y  f a t  m a n i p u l a t i o n  on  d i s t r i b u t i o n  of  p h o s p h o -  
l i p id  f a t t y  a c i d s  in  t h e  i n n e r  a n d  o u t e r  l e a f l e t s  of  r a t  l i v e r  
m i c r o s o m a l  m e m b r a n e s  w e r e  i n v e s t i g a t e d .  T h e  f a t t y  ac id  
c o m p o s i t i o n s  in P C  a n d  P E  of  t h e  i n n e r  a n d  o u t e r  l ea f l e t s  
a r e  s h o w n  in  T a b l e s  1 a n d  2. T h e  r e s u l t s  in  r a t s  a d a p t e d  
t o  c o r n  o r  f i sh  oil  d i e t s  a n d  in  t h o s e  s u b s e q u e n t l y  f e d  a 
f a t - f r e e  d i e t  fo r  18 w k  w e r e  c o m p a r e d .  T h e  p r e d o m i n a n t  
s p e c i e s  of  f a t t y  a c i d s  a r e  t h e  s a m e  a m o n g  t h e  i n n e r  a n d  
o u t e r  P C  a n d  P E ,  e x c e p t  t h a t  in  t h e  a n i m a l s  a d a p t e d  t o  
t h e  c o r n  oi l  d ie t ,  l i no le i c  a c i d  is o n e  o f  t h e  p r e d o m i n a n t  

spec i e s  in  t h e  o u t e r  PC,  b u t  n o t  in  t h e  i n n e r  P C  or  t h e  
i n n e r  a n d  o u t e r  P E .  T h e  o v e r a l l  d e g r e e  of  u n s a t u r a t i o n  
w a s  u s e d  as  a p a r a m e t e r  fo r  c o m p a r i n g  t h e  f a t t y  a c i d  
d i s t r i b u t i o n  as  an  " u n s a t u r a t i o n  r a t i o , "  w h i c h  is d e f i n e d  
as  t h e  t o t a l  a m o u n t  of  u n s a t u r a t e d  f a t t y  a c i d s  d i v i d e d  
b y  t h e  t o t a l  a m o u n t  of  s a t u r a t e d  ones .  T h e  u n s a t u r a t i o n  
r a t i o s  in  t h e  i n n e r  a n d  o u t e r  P C  a n d  P E  w e r e  u n c h a n g e d  
b y  t h e  l o n g - t e r m  f e e d i n g  of  t h e  f a t - f r e e  d ie t ,  a s  s h o w n  in  
T a b l e s  1 a n d  2. I n  PC,  h o w e v e r ,  t h e  u n s a t u r a t i o n  r a t i o s  
w e r e  s i g n i f i c a n t l y  h i g h e r  in t h e  o u t e r  t h a n  t h e  i nne r  leaf le t  

TABLE 1 

Compositions of Fatty Acids of Phosphatidylcholine in the Inner and Outer Microsomal Membranes in Rat Liver 

16:0 16:1 18:0 18:1 18:2 20:3 20:4 20:5 22:6 Unsaturation ratio 

Corn oil-adapted rats 
Outer membrane 

0 wk fat-free diet 6.84 3.30 5.26 4.17 4.47 --  7.45 0.10 0.87 1.67 _+ 0.08 
18 wk fat-free diet 7.22 3.65 5.46 8.23 0.60 6.85 3.17 -- 0.41 1.80 + 0.10 

Inner membrane 
0 wk fat-free diet 2.79 1.23 2.64 1.78 0.94 -- 2.64 -- 0.44 1.30 + 0.04* 

18 wk fat-free diet 3.62 1.63 2.91 2.96 0.40 1.97 1.09 -- 0.44 1.30 + 0.05* 

Fish oil-adapted rats 
Outer membrane 

0 wk fat-free diet 7.05 2.99 3.84 5.34 1.49 --  3.33 4.11 3.29 1.88 --4-_ 0.06 
18 wk fat-free diet 7.93 4.39 6.76 8.29 0.73 8.34 2.52 0.16 0.75 1.71 +_ 0.06 

Inner membrane 
0 wk fat-free diet 3.33 1.35 2.42 2.06 0.42 -- 1.41 0.60 1.48 1.28 + 0.03** 

18 wk fat-free diet 2.86 1.40 2.93 2.45 0.39 2.16 0.86 0.09 0.62 1.38 + 0.03** 

Rats adapted to a corn or fish oil diet were fed a fat-free diet for 18 wk. Fat ty  acid compositions were compared between, at the beginning 
and the end of the fat-free diet feeding. To avoid complication, only mean values (t~g/mg protein} are shown for the amounts of fatty acids 
in the inner and outer leaflets of liver microsomal membranes. Unsaturation ratios are defined as the total amount of unsaturated fat ty  
acids divided by the total amount of saturated ones. Mean or mean +- SE (n = 3-5}. Significantly different from the corresponding outer 
membrane. *, P < 0.01, **, P < 0.001 {by Student 's  t-test). 

TABLE 2 

Compositions of Fatty Acids of Phosphatidylethanolamine in the Inner and Outer Microsomal Membranes in Rat 

16:0 16:1 18:0 18:1 18:2 20:3 20:4 20:5 22:6 Unsaturation ratio 

Corn oil-adapted rats 
Outer membrane 

0 wk fat-free diet 2.65 1.60 1.53 1.82 0.58 --  1.22 0.02 0.43 1.36 _+ 0.05 
18 wk fat-free diet 2.67 1.39 0.82 2.52 0.40 0.50 0.54 -- 0.31 1.51 _+ 0.13 

Inner membrane 
0 wk fat-free diet 3.32 1.73 3.09 2.14 0.73 -- 3.65 0.25 1.15 1.51 __ 0.03 

18 wk fat-free diet 2.96 1.60 2.22 2.22 0.44 0.88 1.81 -- 0.64 1.45 +_ 0.03 

Fish oil-adapted rats 
Outer membrane 

0 wk fat-free diet 3.32 2.36 1.40 1.52 0.32 -- 0.54 0.36 1.33 1.37 +_ 0.02 
18 wk fat-free diet 2.61 1.41 0.99 2.19 0.24 0.44 0.54 0.41 1.45 +__ 0.03 

Inner membrane 
0 wk fat-free diet 4.11 2.39 2.44 1.80 0.36 -- 1.44 0.95 3.00 1.52 +_- 0.06 

18 wk fat-free diet 3.24 1.50 1.34 2.16 0.22 1.17 1.61 0.10 0.84 1.66 + 0.15 

Rats adapted to a corn or fish oil diet were fed a fat-free diet for i8 wk. To avoid complication, only mean values (~g/mg protein) are 
shown for the amounts of fatty acids in the inner and outer leaflets of liver microsomal membranes. Unsaturation ratios are defined as 
the total amount of unsaturated fatty acids divided by total amount of saturated ones. No significant difference was found among the 
results. Mean or Mean + SE (n = 3-5). 
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FIG. 3. Effects of feeding a fat-free diet on polyunsaturated fa t ty  acids (PUFA) with more than three double bonds in phosphatidylcholine 
in the inner and outer leaflets of liver microsomal membranes. In rats previously adapted to corn oil or fish oil diets and then fed a fat- 
free diet, the levels of P U F A  were followed for 18 wk. White and black circles show the PUFA levels in the inner and outer leaflets, 
respectively. A, B: rats adapted to the corn oil diet; C, D, E: rats adapted to the fish oil diet. Mean or mean _ SE (n = 3-5). 

o 
a 

I 
q L (A) n-6 20:4 

2 o' o 
o 

0 10 
weeks 

2 

I(B) o o 
n-9 20:3 

1 ~  i~ - oO 

20 

= I" (C) n-3 PUFAs 
q 

't 
2 

0 10 
weeks 

2 

I (D) n-9 20;3 0 n o.___0 

i 

10 
weeks 

0 lO 20 0 20 
weeks 

?! 
a l 

20 0 

(E) n-6 20:4 

r o 
O O 

o 

O �9 �9 �9 r 

|0 20 
weeks 

F I G .  4. Effects  of feeding a fat-free diet on polyunsaturated fa t ty  acids (PUFA) with more than three double bonds in phosphatidyl- 
ethanolAmlne in the inner and outer leaflets of liver mierosomal membranes. Levels of PUFA in the inner and outer phosphatidylethanolamine 
of the liver microsomal membranes in the same animals are shown in Fig. 3. White and black circles show the P U F A  levels in the inner 
and outer leaflets, respectively. A, B: rats adapted to the corn oil diet; C, D, E: rats adapted to the fish oil diet. Mean or Mean • SE (n = 3-5). 

LIPIDS, Vol. 22, No. 1 (1987) 



MEMBRANE PUFA UNDER FAT-FREE DIET 

49 

in both the corn oil and the fish oil group, whereas the 
ratios in PE were similar in the inner and outer leaflets. 

Changes in phospholipid PUFA under a fat-free diet. 
Figure 3 shows time courses of PC PUFA levels in the 
inner and outer leaflets of liver microsomal membranes 
of rats  previously adapted to corn or fish oil diets and 
then fed the fat-free diet. The time courses of PUFA in 
the inner and outer PE are shown in Figure 4. 

In ra ts  adapted to a corn oil diet and then fed a fat- 
free diet, arachidonic acid in PC of the outer leaflets de- 
creased only slightly in 2 wk and to 87% in 3 wk, while 
arachidonlc acid in the inner PC decreased to 68% in 3 wk. 
In the outer  and inner PC, linoleic acid decreased more 
quickly than  arachidonic acid for the first three weeks of 
the fat-free diet. Linoleic acid decreased to only one-third 
in 3 wk. This appears to be an arachidonlc acid-saving 
mechanism. The inner and outer PE arachidonic acid 
likewise did not  decrease for the first three weeks. Even 
after  18 wk of the fat-free diet, arachidonic acid still re- 
mained at 40-50% of the beginning levels in the inner and 
outer PC and PE. The n-9 eicosatrienoic acid appeared 

in 2 wk and increased enough to replace the decrease of 
arachidonlc acid in the inner and outer PC in 18 wk. Due 
to the increase of the n-9, the beginning levels of total  
PUFA with more than three double bonds in PC were 
kept  even for 18 wk. In the inner and outer PE, however, 
n-9 eicosatrienoic acid increased to only half the level of 
the decrease of arachidonic acid. Therefore, the total  
PUFA levels in PE decreased to 80% of the beginning 
level, due to the insufficient increase of the n-9. 

In ra ts  adapted to a fish oil diet and then fed a fat-free 
diet, the n-3 PUFA in the outer PC was decreased to half 
the level of the beginning in 2 wk and to only 12% in 
18 wk. In the inner PC, n-3 PUFA decreased to 85% of 
the beginning level in 2 wk and to 33% in 18 wk. The n-3 
PUFA decreased to 72% in the inner and outer PE in 2 wk 
and to 25% in 18 wk. However, the levels of arachidonic 
acid in the inner and outer PC and also PE were not  much 
changed during the long-term feeding of the fat-free diet. 
With a fat-free diet, the n-3 PUFA in the inner and outer  
PC and PE in rats  previously adapted to a fish oil diet 
were quickly and great ly decreased compared to the 

FIG. 5. Effects of feeding the fat-free diet for 3 or 18 wk on total polyunsaturated fatty 
acids (PUFA) of phospholipids in inner and outer leaflets of liver microsomal membranes. 
A, rats adapted to the corn oil diet; B, rats adapted to the fish oil diet. Mean (n =- 3-5). 
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arachidonic acid levels of the ra t s  previously adap ted  to 
a corn oil diet. In the replacement  of n-3 PUFA,  n-9 
eicosatrienoic acid appeared  in the inner and outer  PC in 
2 wk and slightly in the PE in 3 wk of the fat-free diet. 
The appearance of n-9 eicosatrienoic acid was delayed in 
the PE, especially in the fish oil group, as compared  to 
the  corn oil group. Moreover,  the n-9 did not  increase to 
the same degree as the decrease of the n-3 P U F A  in the 
inner and outer  PE. 

Figure 5 shows to ta l  P U F A  with more than  two dou- 
ble bonds in PC and PE in the inner and outer  leaflets 
of liver microsomal  membranes .  Considerable amoun t s  
of arachidonic acid still remained in each leaflet, and the 
amounts  were similar between the animals  adapted  to a 
fish oil diet and those fed the fat-free diet, even for 18 wk. 
Therefore, these arachidonic acid levels appear  to be the 
min imum for the  physiological  membrane  functions. 
Total  arachidonic acid levels in PC plus PE were higher 
in the outer  than  in the inner leaflet. Further ,  a l though 
linoleic acid decreased more quickly than  arachidonic acid 
in the outer  PC, a small  amount  of linoleic acid was re~ 
tained in each leaflet even af ter  the long-term feeding of 
the fat-free diet. The linoleic acid itself also m a y  be re- 
tained for a physiological role. 

Spector  and Yorek {17) repor ted in a review tha t  mem- 
brane  f a t t y  acid and phospholipid composi t ions can be 
modified in m a n y  different kinds of in tact  mammal ian  
cells, and the modifications are extensive enough to alter 
membrane  fluidity and affect  a number  of cellular func- 
tions. As a result  of the present  experiment ,  it is sug- 
gested tha t  the unsatura ted  fa t ty  acid-generat ing sys tem 
has a tendency to compensa te  for the lack of essential  
f a t t y  acid in take for the regulat ion of homeostas is  in 
membrane  fluidity and some cellular functions. 

On the other  hand, the endoplasmic ret iculum is the 
major  site of phospholipid biosynthesis .  Ballas and Bell 
I12} repor ted  tha t  the biosynthesis  of phospholipids and 
tr iglycerides occurs asymmetr ica l ly  on the cy toplasmic  
surface of the endoplasmic reticulum. We have found 
tha t  the degree of unsa tu ra t ion  in PC fa t ty  acids was 
always higher in the outer  than  in the inner leaflet of the 
membrane  bilayer. In  addition, the unsa tura t ion  degrees 
in bo th  the inner and outer  PC and PE were not  al tered 

even by  long-term feeding of the fat-free diet. The asym- 
metr ical  distr ibution of unsa tu ra t ed  f a t t y  acids in the 
outer  leaflet m a y  be related to the similar distr ibution of 
the glycerolipid-generating sys tem.  The specific saving 
of arachidonic acid and the re ta ining of unsa tura t ion  
degrees of f a t t y  acids in the inner and outer  leaflets of 
membrane  bi layers  m a y  have  an impor tan t  relat ionship 
to membrane  functions. 
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Lipids from Plasmodium vinckei-lnfected Erythrocytes 
and Their Susceptibility to Oxidative Damage 
Roland Stocker% William B. Cowder#, Ross L. Tellan~, Maurice J. Weidemanna and Nicholas H. Huntb,* 
Departments of aBiochemistry, Faculty of Science, and bExperimental Pathology, John Curtin School of Medical Research, Australian 
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The constituent lipids of plasma and red blood cells {RBC) 
from mice late in infection with the malarial parasite 
Plasmodium vinckei were analyzed and compared with 
those obtained from uninfected animals. On a dry weight 
basis, the total extractable lipids of RBC increased three- 
fold during infection, while those of the plasma did not 
change significantly. In general, changes in individual 
plasma lipid constituents paralleled those found in RBC 
of infected mice but were of smaller magnitude. While 
the increase in the total lipids of parasitized RBC was 
largely attributable to an increase of more than fourfold 
in total phospholipids, a significant increase in neutral 
lipids was also observed. Phosphatidylcholine and phos- 
phatidylethanolamine were the major phospholipids pres- 
ent within RBC, and their total and relative concentra- 
tions increased as a result of the infection. A parallel in- 
crease occurred in the ratio of unsaturated to saturated 
fatty acids in the parasitized RBC phosphollpids. Infec- 
tion was also associated with decreases in the relative 
amount of cholesterol present in RBC and in the ratio of 
cholesterol to phospholipid. Consistent with this, the 
fluorescence polarization of 1 [4~{trimethylamino)phenyl]- 
�9 phenylhexa-l,3,~triene within parasitized RBC plasma 
membranes was decreased in comparison with its value 
in noninfected RBC, indicating that malarial infection 
decreases the"order" of membrane lipids. These modifi- 
cations, in conjunction with the increased levels of 
vitamin E and malonyldialdehyde reported elsewhere, are 
important determinants of the susceptibility of the dif- 
ferent membrane compartments within infected RBC to 
peroxidative damage. 
Lipids 22, 51-57 (1987). 

Protozoan parasites of the genus Plasmodium, which 
cause malaria, undergo repetitive cycles of asexual 
multiplication in appropriate vertebrate hosts. Replica- 
tion occurs initially within liver parenchymal cells and, 
subsequently, within circulating red blood cells {RBC) 
following entry of the merozoite stage by invagination 
of the host cell membrane (1). This process gives rise to 
the parasitophorous vacuole, a membrane structure of 
RBC origin that surrounds the intracellular parasites. The 
cytosolic compartments of intraerythrocytic parasites 
therefore are separated from the blood plasma by three 
membranes: the plasma membrane of the RBC, the 
boundary membrane of the parasitophorous vacuole and 
the parasite plasma membrane (1). During its intraeryth- 
rocytic development, the parasite participates in dynamic 
exchanges of a diversity of metabolites with the blood 
plasma (2}, which may be facilitated by changes in the 
structure and composition of the appropriate interven- 
ing membranes {2,3}. In general, total lipids increase in 
malaria-infected RBC, although the extent of this increase 
varies between species {2-4}. There is, in addition, no 

*To whom correspondence should be addressed. 

common pattern linking the changes that occur in the 
relative amounts of the major fatty acids of neutral lipids 
and phospholipids in malaria-infected RBCs from ducks, 
mice and monkeys {3,5,61. 

Changes in the lipid composition and degree of satura- 
tion of the constituent fatty acids of membrane lipids are 
generally accompanied by alterations in the physico- 
chemical properties of the membrane. Such changes may 
influence the activities of membrane-bound enzymes, 
membrane "fluidity" and the susceptibility of membrane 
components to oxidative damage {7-10}. The latter may 
be important in the development of new antimalarial 
drugs, since work from this laboratory has shown that, 
in vitro and in vivo, murine and human malarial parasites 
are destroyed within intact host RBC membranes by oxy- 
gen radical-producing drugs {11-14}. This observation im- 
plies a difference in the susceptibility of erythrocytic and 
parasitic membranes to oxidative damage. Vitamin E is 
the most powerful lipid-soluble antioxidant, and the large 
increase in its content that occurs within P. vinckei- 
infected RBC appears to be associated with the host, 
rather than the parasite, plasma membrane (15). One 
implication of this uneven distribution is that the mem- 
branes in closest proximity to the parasite might contrib- 
ute selectively to the increase in spontaneous lipid perox- 
idation that occurs in response to increasing parasite load 
and maturation {15}. However, factors such as differences 
in the amount and composition of constituent lipids are 
also likely to be critical in determining the relative suscep- 
tibilities of the different membranes to peroxidative 
damage {16). Thus, to attempt to e<plain the increased 
sensitivity of membranes from P. vinckei-infected RBC 
to peroxidative attack {11-15}, it was necessary to know 
the lipid composition of the infected RBC and its unin- 
fected counterpart. However, this has never been ana- 
lyzed in P. vinckei-infected mice, and extrapolation from 
data obtained with other species is not justifiable because 
of the variability mentioned above {2-6}. 

MATERIALS AND METHODS 

Plasmodium vinckei subsp, vinckei, strain V52, originally 
obtained from F.E.G. Cox, King's College, London, was 
used for all experiments. Mice were held in a natural day- 
night cycle at 22 C and fed with a standard laboratory 
rat and mouse ration {Barastoc Feeds, Murrumburah, 
Australia). Male CBA/CaH mice, 6-10 wk old, were in- 
fected by intraperitoneal injection of 10 ~ parasitized RBC, 
and the extent of parasitemia was assessed by counting, 
on a blood smear, 200-300 cells stained with Harleco's 
Diff-Quik {American Hospital Supply, Sydney, Australia). 
Blood from control or infected animals was collected 
under anesthesia from the subclavian artery, heparinized 
(20 units/ml blood) and separated into plasma and cells 
by centrifugation at 2200 X g for 10 rain at 4 C. Cells were 
resuspended in phosphate-buffered saline to 10% 
hematocrit and passed § hrough a cellulose powder CF-11 
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column (Whatman, Maidstone, United Kingdom) to 
remove leukocytes before being washed twice with the 
same buffer. Packed cell volume was determined after the 
final wash by further centrifugation of the RBC under 
similar conditions to those described above. 

Lipids (total lipids) were extracted from RBCs obtained 
from the pooled blood of 12-15 control or 15-20 heavily 
infected mice (parasitemias >80%), as described by Baech 
et al. (3) using chloroform and methanol containing 0.01% 
(w/v) butylated hydroxytoluene (Sigma, St. Louis, Mis- 
souri). Plasma lipids were extracted by the method of 
Sperry and Brand (17), applying their procedure 2 for 
purification of the lipid extracts. Values for "total llpids" 
were obtained gravimetrically after drying. If necessary, 
samples of these total lipids in chloroform/0.01% butyl- 
ated hydroxytoluene were sealed under N~ and stored at 
- 6 0  C in the dark until required for further analysis. 
Samples of total lipids were separated into neutral lipids 
and phospholipids with silica Sep-Pak cartridges (Waters, 
Milford, Massachusetts) as described by Bitman et al. 
(18), and the eluates were dried with a rotary evaporator 
(Btichi, Flawil, Switzerland) and weighed. Samples of 
neutral lipids from the silica column were assayed as 
described for cholesterol (19) and triglycerides (20). 

Quantitative analysis of individual phospholipid com- 
ponents in fractions obtained from the silica column was 
performed by separation on 20 X 20 cm preparative silica 
gel H TLC-plates (Merck, No. 5744, Darmstadt, West 
Germany). Aliquots from the phospholipid fraction, con- 
taining 2 mg lipid, were applied in 2-cm bands to the 
plates. A mixture of phospholipid standards (Sigma) con- 
taining, in 100 ~g, equal amounts of lysolipid (LL), 
sphingomyelin (SM), phosphatidylcholine (PC), phospha- 
tidylinositol (PI), phosphatidylserine (PS) and phospha- 
tidylethanolamine (PE) was also spotted on the left and 
right sides of the plates. Phospholipids were developed 
with chloroform]methanol/acetic acid/water (50:30:10:3, 
v/v/v/v) (21) and visualized by iodine vapor, and the areas 
of silica gel that corresponded to individual phosphollpids 
were scraped from the plates. The silica was powdered 
and phospholipids were eluted sequentially in four sepa- 
rate steps, using different solvent mixtures and vigorous 
shaking in between with a Rotary Evapo-Mix (Buchler, 
Fort Lee, New Jersey) (21). Individual phosphollpids were 
dried at 45 C under N2, and an aliquot was transferred 
to an acid-washed glass tube for phosphorus analysis. 
Phosphorus determination was performed according to 
Chen etal.  (22), with the following modification: 25 ~l of 
concentrated sulfuric acid was added to the dried sample, 
which was then digested at 250 C for 30 rain. Phosphate- 
free perchloric acid (35 ~) was added and the tubes again 
were incubated at 250 C until the black solution lost its 
color (about 2 hr). Tubes were cooled, 0.5 ml water and 
0.6 ml of 0.4% (w/v) ammonium molybdate plus 0.1 ml 
of 10% (w/v) ascorbic acid were added and the samples 
were incubated at 45 C for 20 rain. Color formation was 
quantitated by reading absorbance at 820 nm; the phos- 
phorus content was determined by comparison with stan- 
dards containing 0-1.6 t~g phosphorus. 

Aliquots (5-10 mg) of various purified llpids from RBCs 
and plasmas were taken up in 4 ml of 5% (w/v) KOH (in 
50% ethanol, v/v), saponified under N~ for 1 hr at 70 C 
and dried at 60 C in a rotary evaporator. Water (5 ml) was 
added and non-saponified material removed by extracting 

twice with an equal volume of freshly distilled petroleum 
ether and discarding the organic phase. The aqueous 
phase was acidified to pH 1 with 1 M HC1, and the fatty 
acids were extracted three times with 3 ml diethyl ether, 
dried over anhydrous Na~SO4 and taken to complete 
dryness in a rotary evaporator. They were then dissolved 
in 100-400 ~l ethanol and analyzed by gas liquid chro- 
matography (GLC). 

GLC analyses of fatty acids were performed with a Pye 
Unicam (Cambridge, England) gas chromatograph series 
204 equipped with a flame ionization detector and con- 
nected to a Spectra Physics (Santa Clara, California) SP 
4100 computing integrator. The glass column (4 mm i.d. 
X 1 m), packed with pretested 5% DEGS-PS on Supelco- 
port 100/120 mesh (Supelco, Bellefonte, Pennsylvania), 
was run at an initial temperature of 200 C with N2 as the 
carrier gas set at a flow rate of 55 ml/min. Upon sample 
injection, a temperature program was initiated that in- 
creased the temperature at a rate of 2 C/rain to a final 
value of 225 C. The injection port and detector tempera- 
ture were set to 210 C and 250 C, respectively. Relative 
distribution of the individual fatty acids was assessed by 
comparing the integrated areas under the peaks with 
those obtained from known amounts of external stan- 
dards (Sigma). 

Labeling of the RBC with 1 [4-(trimethylamino)phenyl]- 
6-phenylhexa-l,3,5-triene (TMA-DPH; from Molecular 
Probes, Junction City, Oregon) was performed according 
to Kuhry et al. (23). Briefly, 20 ~ of a 500 ~M stock solu- 
tion of TMA-DPH in dimethylformamide was added to 
980 ~ PBS with vigorous vortexing, and then 600 ~ of 
this suspension was added to a fluorescence cuvette in 
the dark. RBC (3 X 107 in 100 ~) were added immediately 
followed by 2.3 ml PBS, and the whole was incubated at 
25 C in the dark for 5 min. Maximum incorporation of 
TMA-DPH into the outer cell membrane is achieved after 
1 min (23). 

Fluorescence anisotropy measurements were performed 
at 25 C in a thermostated Perkin Elmer LS-5 Lumines- 
cence Spectrometer equipped with an electronically driven 
polarization unit. The sample was excited with vertically 
polarized light at 357 nm (slit width 5 nm), and the ver- 
tical (L) and horizontal (Is) components of the fluorescence 
emission intensity were measured at 464 nm (slit width 
10 nm). Iv was corrected for the response of the emission 
monochromator and photomultiplier tube system by 
multiplying L by the correction factor, G {where G = IJI,, 
with horizontally polarized excitation light). The steady- 
state anisotropy (rs) was determined as r, = (L - I~)/(Iv + 
2I,). L and I ,  were corrected for light scattering using 
unlabeled cells as described by Kuhry et al. (23). 

Malonyldialdehyde was determined as described pre- 
viously (24) with slight modification (13). Vitamin E was 
determined by a fluorimetric method (25}. 

Spectrophotometric grade solvents were used for the ex- 
traction and analysis of lipids. Petroleum ether {30-75 C), 
n-heptane and acetylacetone were redistilled before use. 

RESULTS 
The relative contributions of the major lipids to the 

total present in RBC from control CBA/CaH mice were 
PC (26%), PE (17%), cholesterol (15%) and SM (6%) 
(Table 1). Other phospholipids were detected in small 
amounts, as were traces of triglyceride. In control RBC, 
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TABLE 1 

Relative Distribution of Lipid Classes and Major Lipid Types in Erythrocytes and Plasma of Control and P. vinckei-Infected Mice a 

Percentage of total lipids 

Erythrocytes from Erythrocytes from Plasma from Plasma from 
Lipid classes control mice infected mice control mice infected mice 

Total lipids 100 100 100 100 
Neutral lipids 21.2 ___ 2.8 19.5 • 2.2 54.6 • 3.6 45.2 • 5.0 

Cholesterol 15.3 • 1.4 9.8 • 0.7 b 16.5 • 2.6 14.0 • 1.0 
Triglycerides 0.1 _ 0.2 6.6 • 1.4 c 13.4 • 1.7 19.2 • 2.9 c 

Phospholipids 60.0 • 5.2 79.5 • 6.7 c 40.5 • 5.5 49.8 • 10.0 
Phosphatidylethanolamine 17.3 • 1.5 25.9 • 1.5 c 1.2 • 0.2 1.9 • 0.6 
Phosphatidylserine } 
Phosphatidylinositol 1.4 • 0.2 1.0 • 0.1 b 1.7 • 0.7 2.9 • 0.6 
Phosphatidylcholine 26.0 • 1.6 47.7 • 3.9 c 27.7 • 4.0 32.5 • 3.5 
Sphingomyelin 5.7 • 0.4 1.6 • 0.4 b 1.4 • 0.3 1.5 • 0.2 
Lysolipids 1.9 • 0.2 trace 4.3 • 1.5 2.0 • 0.6 

apercentages are calculated from results shown in Table 2. Values are mean ___ S.D. 
bSignificantly lower (P < 0.05} than corresponding control value (Rank test}. 
cSignificantly higher (P < 0.05} than corresponding control value. 

neutral lipids and phospholipids made up 81% of the total 
lipid content, while in the parasitized RBC their contribu- 
tion increased to 99% (Table 1}. This result  indicates tha t  
lipid components  other  than  those selected for s tudy in 
the present  experiments,  e.g., glycosphingolipids, may  
change their relative concentrations during the course of 
malarial infection, as reported by others (2}. 

The late stage of infection of mice with P. vinckei (>80% 
parasitemia} was characterized by  a threefold increase in 
the amount  of total  lipids extractable  from their RBC 
{Table 2}, this being broadly similar to others '  observa- 
tions with different malaria species (2,4}. This increase 
was associated with even larger changes (4-fold} in total  
phospholipids, which included marked elevations in PC 
(5.5-fold} and PE (4.5-fold}, while the combined levels of 
PS and PI  doubled. This significant increase in PC was 
not  seen in P. lophurae and P. berghei infection {2,4}. No 
significant changes were observed in the concentrat ion 
of SM, in contrast  to infections with other malaria species 
(2}, while the amount  of LL decreased in response to the 
infection. Neutral  lipids were also elevated (2-fold}, with 
the largest  increase occurring in triglycerides. The dou o 
bling of the cholesterol content  did not  match the more 
str iking increase in phospholipids, result ing in a signifi- 
cant  decrease in the cholesterol-to-phospholipid ratio 
{Table 2}. This is similar to previous observations with 
P. knowlesi and P. lophurae, but  not  with P. berghei, 
where no change was observed (2}. 

The relative amounts of the major lipids in plasma from 
con t ro l  mice were PC (28%}, choles te ro l  (17%}, 
triglycerides I13%) and LL ~4%) {Table 2}. PE and SM 
were minor components, while unesterified fa t ty  acids and 
cholesterol esters were not  included in this analysis. In- 
fection of mice with P. vinckei produced no significant 
change in plasma total  lipid content  {Table 2}, al though 
a substantial  increase has been reported in P. knowlesi 
infection {4}. Neutral  lipid and cholesterol decreased in 
absolute amounts,  in contras t  to previous studies with 
P. knowlesi, P. iophurae and P. berghei (4}. The plasma 

concentrat ions of total  and individual phospholipids did 
not change significantly, with the single exception of LL, 
which decreased in parasit ized mice (Table 2). 

The fa t ty  acids represented most  prominently in lipids 
isolated from RBC and plasma from control  and P. 
vinckei-infected mice were palmitic {16:0), stearic {18:0}, 
oleic {16:1}, linoleic {18:2) and arachidonic {20:4}, although 
minor amounts  of other f a t ty  acids were also present  
(Tables 3 and 4}. Phospholipids ext rac ted  from the RBC 
of infected mice contained relatively higher amounts  of 
polyunsaturated fa t ty  acids, while monounsaturated and 
sa tura ted  fa t ty  acids were proport ionately decreased 
(Table 5}, contrasting with other reports {4}. This increase 
in the degree of unsaturat ion of membrane phospholipids 
was due mainly to a significant increase in linoleic acid 
and decreases in palmitic and stearic acids in parasitized 
RBC (Table 3}. 

Malaria infection did not cause profound changes in the 
composition of fa t ty  acids isolated from the phospholipids 
(Table 3} and neutral  lipids {Table 4} of plasma. The only 
significant differences were a higher concentrat ion of 
linoleic acid in the plasma phospholipids of infected mice 
(Table 3}, reflecting the si tuation found in the RBC, and 
a significant decrease in arachidonic acid in plasma 
neutral  lipids {Table 4}. 

Although most  of the additional lipids in parasit ized 
RBC seem to be associated with the parasi te  (3,26,27}, 
at  least par t  of the observed fluctuations might  reflect 
changes in the lipid composition or organization of the 
RBC plasma membrane. Consistent with this suggestion, 
infected RBC had a decreased s teady-s ta te  fluorescence 
anisotropy {rJ of TMA-DPH {Fig. 1}, a cationic fluores- 
cent probe that  remains localized in the plasma membrane 
of intact cells during the first 25 min of interaction {28,29}. 

In an a t t empt  to assess the potential  susceptibili ty of 
the membrane lipids of control and parasit ized RBC to 
peroxidative damage, we compared the concentrations of 
vi tamin E, on the one hand, and malonyldialdehyde pro- 
duced spontaneously during in vi tro incubation at 37 C, 
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TABLE 2 

Weights of Lipid Classes and Major Lipid Types of the Erythrocytes and Plasma of Control and P. vinckei-Infected Mice a 

Erythrocytes Erythrocytes from Plasma from Plasma from 
Lipid classes from control mice infected mice control mice infected mice 

Total lipids 562 • 17 1711 • 164 c 582 • 65 480 • 94 b 
Neutral lipids 119 _ 16 334 • 38 c 318 • 21 217 • 24 b 

Cholesterol 86 • 8 167 • 12 c 96 • 15 67 • 5 b 
Triglycerides 1 __ 1 112 • 24 c 78 • 8 92 __- 14 c 

Phospholipids 337 • 29 1361 • 115 c 236 • 32 239 + 48 
Phosphatidylethanolamine 97 • 7 434 • 25 c 7 _+ 1 9 • 3 
Phosphatidylserine } 
Phosphatidylinositol 8 _ 1 17 • 2 10 • 4 14 • 3 
Phosphatidylcholine 146 • 9 816 • 67 c 161 • 23 156 • 17 
Sphingomyelin 32 • 2 28 • 7 8 • 2 7 • 1 
Lysolipids 11 • 1 2 • 1 b 25 • 9 10 • 3 b 

Cholesterol/phospholipid 0.26 0.12 0.41 0.28 

aResults represent mean values • S.D. of four separate analyses of pooled samples, expressed as mg lipid per 
packed cell volume. 

bSignificantly lower (P < 0.05) than corresponding control value {Rank test). 
csignificantly higher {P < 0.05) than corresponding control value. 

100 ml of plasma or erythrocyte 

TABLE 3 

Relative Distribution of Fatty Acids Obtained from Phospholipids of Erythrocytes and Plasmas of Control and P. vinckei-Infected Mice a 

Fat ty  acid (wt % of total) b 

Erythrocytes from Erythrocytes from Plasma from Plasma from 
Fat ty  acid control mice infected mice control mice infected mice 

14:0 1.8 ___ 0.2 1.4 • 0.2 2.2 • 0.7 3.2 • 1.5 
14:1 0.3 • 0.1 0.6 • 0.4 0.2 _ 0.2 0.3 _+ 0.1 
16:0 36.0 • 1.0 30.9 • 1.6 d 23.4 +_ 3.1 19.7 _ 0.5 
16:1 nd c nd nd nd 
18:0 8.3 • 1.6 4.2 • 0.3 d 9.8 • 1.3 7.3 • 0.6 
18:1 12.8 • 2.1 10.3 • 0.1 9.1 _ 0.7 11.1 • 0.2 
18:2 23.1 ___ 1.8 31.9 • 1.7 e 38.6 • 3.7 46.4 • 1.4 e 
18:3 nd nd nd -- 
20:2 nd nd nd -- 
22:0 0.7 • 0.1 2.3 • 0.8 1.5 • 0.4 0.6 • 0.6 
20:4 9.3 ___ 2.9 15.0 • 2.1 5.8 • 3.9 7.5 ___ 0.3 
22:6 4.0 • 1.0 2.8 • 0.8 3.7 • 0.8 3.6 • 0.5 

aResults represent mean values ___ S.D. of four separate analyses. 
bFatty acids are designated by number of carbon atoms:number of double bonds. 
Cnd, Not detectable. 

dsignificantly lower (P < 0.05) than corresponding control value (Rank test). 
esignificantly higher (P < 0.05) than corresponding control value. 

on  t h e  o t h e r ,  t o  t h e  R B C  c o n t e n t  o f  t o t a l  p e r o x i d i z a b l e  
l ip id  (16). T h e  t o t a l  a m o u n t s  of  v i t a m i n  E a n d  m a l o n y l d i -  
a l d e h y d e  d e t e c t e d  w e r e  a b o u t  t h r e e f o l d  a n d  e i g h t f o l d  
h igher ,  r e s p e c t i v e l y ,  in R B C  f r o m  i n f e c t e d  c o m p a r e d  w i t h  
c o n t r o l  mice ,  w h e n  e x p r e s s e d  on  a ce l lu la r  ba s i s  (Tab le  6). 
H o w e v e r ,  w h e n  e x p r e s s e d  p e r  u n i t  of  p e r o x i d i z a b l e  l ipid,  
t h e  a m o u n t  of  m a l o n y l d i a l d e h y d e  d e t e c t e d  in i n c u b a t i o n s  
o f  R B C  f r o m  i n f e c t e d  m i c e  w a s  b a r e l y  h i g h e r  t h a n ,  a n d  
t h e  v i t a m i n  E l eve l  w a s  o n l y  half ,  t h a t  in  c o n t r o l  R B C  
(Tab le  6). 

DISCUSSION 

C h a n g e s  in t o t a l  p l a s m a  l i p id s  in  r e s p o n s e  t o  a m a l a r i a l  
i n f e c t i o n  h a v e  n o t  r e v e a l e d  a c o n s i s t e n t  t r e n d  a n d  a p p e a r  
t o  d e p e n d  on  t h e  e x p e r i m e n t a l  m o d e l  u sed .  I n  i n f e c t i o n s  
w i t h  P. falciparum, P. knowlesi and P. lophurae, fo r  ex-  
a m p l e ,  t o t a l  l i p ids  in  p l a s m a  w e r e  r e p o r t e d  t o  i n c r e a s e  
(3,30,31), w h i l e  o t h e r s  (32) h a v e  r e p o r t e d  a d e c r e a s e  in 
p l a s m a  f r o m  r a t s  i n f e c t e d  w i t h  P. berghei. O u r  r e s u l t s  in 
m i c e  i n f e c t e d  w i t h  P. vinckei (Tab le  2) a g r e e  w i t h  t h e  
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TABLE 4 

Relative Distribution of Fat ty  Acids Obtained from Neutral 
Lipids of Plasmas of Control and P. vinckei-Infected Mice a 

Fatty acid (wt % of total) 

Plasma from Plasma from 
Fatty acid control mice infected mice 

14:0 2.1 + 1.4 2.7 _+ 0.3 
14:1 0.2 + 0.2 0.5 • 0.3 
16:0 13.3 • 1.0 13.6 • 0.6 
16:1 4.4 • 1.0 5.5 • 0.8 
18:0 1.6 _ 0.8 2.0 • 0.8 
18:1 18.0 + 1.5 18.0 ___ 1.5 
18:2 49.6 • 2.5 50.0 • 5.2 
18:3 4.5 • 0.7 1.4 • 1.4 
20:2 0.2 • 0.2 0.8 • 1.2 
22:0 0.4 • 0.5 0.4 • 0.5 
20:4 5.6 • 1.0 3.5 • 0.8 b 
22:6 0.8 + 0.4 0.8 • 0.2 

aAbbreviations as in Table 3. Values are mean • S.D. from four 
separate analyses. 
bSignificantly lower (P < 0.05) than corresponding control value 
(Rank test). 
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FIG. 1, Steady-state fluorescence anisotropy, rs, of TMA-DPH as a 
function of parasitemia. Each point is the mean of triplicate ex- 
periments. The r s value is corrected for light scattering effects and 
the response of the emission monochromator and photomultiplier tube 
system. 

T A B L E  5 

Relative Degree of Saturation of Fat ty  Acids of Erythrocytes  
of Control and P. vinckei-Infected Mice a 

Erythrocytes from Erythrocytes from 
Saturation control mice infected mice 

Saturated 45.9 • 0.4 b 39.6 + 2.1 c 
Monounsaturated 14.2 • 0.5 10.7 + 10.5 c 
Polyunsaturated 38.5 + 1.9 49.7 + 2.1 d 

apercentages are calculated from results shown in Tables 3 and 4. 
bResults are expressed as wt % of the total fatty acids (mean • S.D.). 
CSignificantly lower (P < 0.05) than corresponding control value 
(Rank test). 
dSignificantly higher (P < 0.05) than corresponding control value. 

TABLE 6 

Ratio of the VitRmin E Content and Spontaneous Malonyldialdehyde 
Production in P. v/nckei-Infected vs Control Erythrocytes 
in Relation to Various Parameters 

PRBC/CRBC (ratio) a 
Data expressed in 

relation to MDA formed Vitamin E 

Cell number or packed cell volume 8.1 b 2.8 c 
Total lipid 2.7 d 0.9 
Phospholipid 1.9 0.7 
PUFA 1.4 0.5 

aAbbreviations: PRBC, parasitized red blood cells; CRBC, control red 
blood cells; MDA, malonyldialdehyde; PUFA, polyunsaturated fatty 
acids. 
bCRBC and PRBC form spontaneously 5.7 • 1.4 and 46.2 • 7.8 nmol 
MDA/10 '~ cells/hr, respectively. 
CCRBC and PRBC contain 1.5 • 0.5 and 3.8 + 1.0/~g vitamin E/ml 
packed cells, respectively. 
dRatios are calculated from results shown in Table 1. 

lat ter  report.  In  general, the changes in individual com- 
ponents  of  the total  lipids and fa t ty  acids within p lasma 
were small and paralleled the more profound changes 
observed in RBC {Tables 1, 3). The small decrease in total  
p lasma lipids was  due mainly to lower circulating levels of 
neutral lipids. Plasma triglycerides showed a small increase, 
which could be the result  of increased levels of triacylglyc- 
eride-rich lipoproteins, such as chylomicrons and very  low 
densi ty lipoproteins, which are elevated in the serum of 
animals infected with various strains of Plasmodium (33) 
and may,  in fact, precede the very  large increase in triglyc- 
erides observed within RBC upon infection (Table 2). The 
hypertr iglyceridemic state  observed in murine malaria has 
been a t t r ibuted to  a parasite-induced product,  released by  
reticuloendothelial cells, t ha t  inhibits lipoprotein lipase, 
result ing in suppressed triglyceride clearance {34}. I t  is in- 
terest ing to note tha t  this factor, previously known as 
cachectin, has recently been suggested  to be identical with 
tumor  necrosis factor  (35}, a macrophage-derived mediator  
t ha t  has  also been implicated in causing the intraerythro- 
cytic death of  malarial parasi tes  (30. 

The lipid analysis of RBC from control and P. vinckei- 
infected mice confirmed some aspects of previous reports  
of  work in which other  hos t  species and strains of 
Plasmodium (2-6} were used, i.e., t ha t  the total  amounts  
of lipids and phospholipids are increased in malaria-infected 
RBC (Table 1), a l though numerous differences in lipid com- 
position were seen. I t  is difficult to  assign changes in the 
composit ion of individual lipids to particular membranes,  
since the experimental  material  consisted of  a multicom- 
pa r tmen t  membrane  system, containing the p lasma mem- 
branes of the host  and parasite, the membranes  of the 
parasi tophorous vacuole and the intraceUular membranes  
of various plasmodial  organelles. We did not  a t t empt  to  
analyze lipids in isolated parasites,  since mos t  published 
methods of isolation yield parasite fractions tha t  either lack 
parasi te membranes  or are contaminated  with RBC com- 
ponents  {37). Other  methods,  such as those described by  
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Nillni et al. {38}, were found to be inapplicable to P. vinckei 
(Stocker, R., unpublished observations}. Despite these dif- 
ficulties, there seems to be a consensus that "free parasites" 
contain more than 60% of the total lipid of the parasitized 
RBC {3,26,27}. If this is the case, a major quantitative con- 
tribution to the changes we have observed in P. vinckei- 
infected RBC is likely to be the rapid proliferation of 
plasmodial membrane lipids as infection proceeds, although 
the observations with TMA-DPH also imply qualitative 
changes in the RBC plasma membrane. Notable were the 
several-fold increases in the levels of triglyceride and PC, 
a finding consistent with enhanced metabolism of glucose 
by the parasite to form the intermediate a-glycerol-3-phos- 
phate that acts as a common precursor for de novo biosyn- 
thesis of glycerides and phospholipids {39}. Less than 5% 
of the glucose metabolized by the parasite is used for 
de novo synthesis of fatty acids and sterols like cholesterol 
{39}. This small contribution, taken in conjunction with 
decreased plasma levels of cholesterol, may explain why the 
relative concentration of cholesterol decreased from 15 to 
10% {Table 1) and why the cholesterol-to-phospholipid ratio 
decreased in RBC from infected mice {Table 2). 

As mentioned above, the parasite exhibits at least a par- 
tial dependence upon the extra-erythrocytic environment 
for its supply of fatty acids. Therefore, the changes observed 
in the relative concentrations of the fatty acids in phospho- 
lipids of infected vs control RBC {Table 3) may be a reflec- 
tion of the uptake of these compounds from the plasma. 
This view agrees with the finding that changes in the fatty 
acid composition of RBC phosphoglycerides from infected 
animals parallel those observed in the plasma {Table 3}. It 
is important to note that P. vinckei infection is associated 
with an increase in the relative amounts of polyunsaturated 
fatty acids at the expense of the saturated palmitic and 
stearic acids in RBC {Tables 3 and 5). Although this does 
not agree with findings in P. lophurae infection in ducks 
(3}, where palmitic and stearic acids were elevated in 
parasitized RBC, it does parallel the decreases in stearic 
acid content observed in mouse and monkey RBC infected 
with P. berghei and P. knowles~ respectively {5,6}. Further- 
more, there are differences in the distribution patterns of 
the unsaturated fatty acids within parasitized RBC from 
different combinations of host and plasmodial strains. For 
example, infections with P. lophurae and P. knowlesi result 
in increases in the monounsaturated oleic acid (3,6}, while 
the relative abundance of the polyunsaturated linoleic and 
arachidonic acids increases within P. vinckei-infected RBC 
{Table 3). 

The increases in the total and relative amounts of polyun- 
saturated fatty acids within parasitized RBC can largely 
explain why, on a cellular basis, they produce eight times 
more malonyldialdehyde than do their control counterparts: 
when analyzed in relation to the increased availability of 
peroxidizable lipid, there is only a small difference between 
the two cellular systems in their amounts of lipid autox- 
idation {Table 6). The latter argument is supported by our 
recent finding that in neither control nor P. vinckei-infected 
RBC is there any net accumulation of a-tocopherolquinone, 
one of the oxidation products of vitamin E {40}. 

Under the experimental conditions used in this study, the 
observed decrease in steady-state fluorescence anisotropy 
{rs) of TMA-DPH in infected RBC {Fig. 1} is probably 
attributable solely to alterations in the outer leaflet of the 
RBC plasma membrane {28,29}. This change in rs is inter- 

preted as representing a decreased "order" in the lipids of 
that compartment {41,42}. In other systems, oxidation of 
membrane lipids results in the depletion of polyunsaturated 
fatty acids, with concomitant increases in the relative con- 
centrations of saturated {43-45} and shorter chain {45) fat- 
ty acids, and an increased "order" of the membrane lipids 
(43-46}. Furthermore, while treatment of RBC with t-butyl 
hydroperoxide increases their negative surface charge {46}, 
infection of RBC with P. vinckei results in a more positive 
surface charge {47). Taken together, these contrasts cast 
doubt upon the occurrence of reactive oxygen-induced 
damage to lipid in P. vinckei-infected erythrocytes during 
the natural course of the infection. "Protection" of the 
polyunsaturated fatty acids from oxidation may be a con- 
sequence of compensatory changes in the antioxidant 
systems of the parasitized RBC {15,40,48). 

As discussed above, most of the observed increase in the 
unsaturated fatty acid content of infected RBC can be at- 
tributed to the presence of parasite membranes. This may 
explain why they are more susceptible to peroxidative 
damage than their more saturated counterparts in the host 
red cell membrane and why the spontaneous malonyldialde- 
hyde formation increases linearly with increasing parasitic 
load in parasitized RBC {15}. Also relevant to the question 
of increased susceptibility of the parasite lipids to perox- 
idation is the observation that the relative concentration 
of the main lipid-soluble antioxidant, vitamin E, is actual- 
ly decreased in parasitized RBC when it is expressed per 
unit of polyunsaturated fatty acid {Table 6). With respect 
to membrane lipids associated with the parasite, such a 
decrease in the relative amount of vitamin E may well be 
underestimated, since it has been suggested that the 
vitamin E detected in P. vinckei-infected RBC is associated 
mainly with the host cell membrane {15}. 

Thus, we conclude that the relative increase in un- 
saturated fatty acids and the relative decrease in vitamin 
E may act synergistically to increase parasite membrane 
susceptibility to peroxidative damage vis-a-vis that of the 
host red cell membrane. The possible relevance of this obser- 
vation to the occurrence of "crisis forms," i.e., degenerating 
malaria parasites observed within intact RBC (49), remains 
to be established. 
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A Micromethod for the Estimation of Blood Dolichol 
George N. Morris and Raju K. Pullarkat 
Department of Neurochemistry, New York State Office of Mental Retardation and Developmental Disabilities, Institute for Basic 
Research in Developmental Disabilities, 1050 Forest Hill Rd., Staten Island, NY 10314 

A micromethod for the estimation of dolichol in blood was 
developed using high performance liquid chromatog- 
raphy. This method can be applied to whole blood or 
plasma. With detector sensitivity set at 0.005 Absorbance 
Unit  Full Scale, samples as little as 50 ~1 are sufficient 
to carry out the determination. Blood samples from the 
tail vein of inbred strains of C57 BL/6 NNia-1 mice 3, 6, 
12 and 24 mo of age were examined. Blood dolichol levels 
decreased with age from 163.3 ng/ml at 6 mo to 110.1 ng/ 
ml at 24 mo. The major dolichol homologs  were C-85 
[10.4%}, C-90 [41.6%), C-95 {38.0%} and C-100 (8.1%}. 
Lipids 22, 58-60 (1987~. 

Dolichols are very long chain 2,3-dihydropolyprenols that 
occur ubiquitously in eucaryotes. In biological fluids and 
tissues they exist in various forms including phosphate 
esters, free alcohols and esters of fatty acids (1). In the 
form of dolichyl phosphate, these compounds function as 
saccharide carriers for biosynthesis of asparagine-linked 
glycoprotein (2). 

Recently, there have been two reports on the determina- 
tion of dolichol in blood (3,4). One study by Elmberger 
and Engfeldt (3) showed an age-associated increase in 
plasma dolichol, while the other by Yamada et al. (4) 
showed a decrease. Work from this and other laboratories 
(5-9) has shown an age-associated increase in the level 
of unesterified dolichol in various tissues. With focus on 
a biomarker for aging, we set out to investigate the age- 
associated changes in dolichol levels in the blood of an 
inbred strain of mice. 

Currently, estimation of plasma dolichol requires 
samples of 1 to 10 ml (3,4) and the use of a fluorescent 
derivative to improve sensitivity (4). Since we were in- 
terested in working with blood samples from mice, it 
became necessary to develop a method that can use small 
volumes of blood from the tall vein. In this paper, we 
report a very sensitive method that  is simple, fast and 
does not use derivitization, for the determination of blood 
dolichol. 

MATERIALS AND METHODS 

Chemicals and reagents. Dolichol standards were ob- 
tained from Sigma Chemical Co. (St. Louis, Missouri}. 
Dolichol C-125 (internal standard) was purchased from 
the Polish Academy of Science (Warsaw, Poland). Re- 
versed phase cartridge columns (SPICE) were obtained 
from Analtech (Newark, Delaware). All solvents were ob- 
tained from J.T. Baker Co. (Bethlehem, Pennsylvania) and 
were either HPLC grade or resi-analyzed. The high per- 
formance liquid chromatography (HPLC) column was 
from Rainin Instrument Co. (Woburn, Massachusetts). 

Animals. C57 BL/6 NNia-1 mice aged 3, 6, 12 and 24 
mo were obtained from Charles River Laboratories (Wil- 
mington, Massachusetts) and were fed a commercial diet 
and water ad libitum. 

Quantification of dolichol. Blood samples (50-200 ~l) 
from the tail vein of the mice were collected into heparin- 
ized calibrated micropipets and transferred to 18-ml 
screw-cap culture tubes. One ml 2 N NaOH in methanol 
and 50 ng internal standard, dolichol C-125, were added. 
The tubes were capped, and their content was mixed 
thoroughly and heated at 70-75 C for 1 hr with intermit- 
tent mixing. The mixture was cooled and neutralized with 
1 N HC1, and the unsaponifiables were extracted twice 
with 5 ml chloroform. The pooled extract was evaporated 
at 30 C under nitrogen. The dolichol was taken up in 
0.5 ml CHC1JMeOH (2:1, v/v) and applied in 1-2 ml 
methanol on a C18 reversed-phase cartridge (SPICE) 
prewashed with 10 ml MeOH/H~O (75:25, v/v), 10 ml 
acetone and 10 ml methanol in that order. The sample was 
washed with 15 ml methanol and the dolichol eluted with 
10 ml acetone. The acetone fraction was taken to dryness 
and redissolved in 50 ~ mobile phase, methanol/isopro- 
panol/hexane (44:44:12, v/v/v). Ten ~l of this preparation 
was used for HPLC analysis. 

HPLC system. The HPLC system consisted of a 
Spectra-Physics 8700 solvent delivery system, a 
Rheodyne model 7125 sample injector, a Beckman model 
160 fixed wavelength UV detector {214 nm, Zinc Lamp}, 
a Rainin reversed-phase C18 column (Microsorb 3 ~m, 
0.46 • 10 cm) and a Spectra-Physics 4100 computing in- 
tegrator. All runs were done isocratically using a mobile 
phase consisting of methanol/isopropanol/hexane 
(44:44:12, v/v/v) at 0.5 mYmin. All solvents were degassed 
continuously with helium. The detector sensitivity was 
set at 0.005 Absorbance Unit Full Scale (AUFS). The 
analytical procedure was linear at least from 0.5-400 ng 
per 10 ~l of sample injected. 

RESULTS AND DISCUSSION 

Preliminary experiments in which alkaline concentration, 
temperature and time of saponifcation of blood samples 
were varied showed that heating samples at 70-75 C in 
2 N methanolic NaOH for 1 hr was optimum for getting 
rid of interfering lipids, such as cholesteryl esters, and 
for dolichol recovery. The recovery of the internal stan- 
dard after saponification was >95%. Furthermore, results 
from samples prepared in the absence or presence of 
pyrogallol (2.5 mg/ml) showed no significant differences; 
hence the experiments described were done in the absence 
of pyrogallol. 

Figure 1 shows HPLC of dolichols obtained from a 
100-~l blood sample, of which an equivalent of 20 ~1 was 
injected using detector sensitivity set at 0.005 AUFS. All 
the major homologs are well separated from each other 
and from the internal standard. The predominant dolichol 
homologs are C-85 (10.4%), C-90 (41.6%), C-95 (38.0%} and 
C- 100 (8.1%). All other homologs combined represent less 
than 3% of the total. 
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FIG. 1. High performance liquid chromatographic analysis  of total  
dolichol from a 100-pl blood sample of which an equivalent of 20 ~1 
was injected. The internal standard represents 10 ng of dolichol C~125. 
Conditions of analysis are described in Materials and Methods. The 
number on peaks indicates the total  number of carbons in each 
dolichol homolog. 
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FIG. 2. Calibration curve for blood dolichol of C57 BL/6 NNia-1 mice 
using the method described in Materials and Methods. Each point 
is the mean +__ S.E. of three replicates. 

T A B L E  1 

Effects  of Age  on Total  Dolichol (ng/ml +__ SD) of Blood 
from C57 BL/6 NNia-1 Mice 

Age {mo) Doliehol (ng/ml) 

3(4) a 164.2 +_ 17.7 
6(4) 163.3 +-- 22.8 

12(4) 143.3 __ 12.5 
24(4) 110.1 +_ 17.8 

aNumber of animals given in parentheses. 

Figure 2 shows a calibration curve obtained by analyz- 
ing different amounts  of blood {50-200 ~) from 12 mo- 
old C57 BL/6 NNia-1 mice. The s tandard deviation for 
triplicate determinations of the same sample from 50- 
200 ~ blood samples was between 8 and 11% with stan- 
dard error of 7% or less of the values. The linearity of 
this graph shows tha t  the procedure is good for at  least 
a 200 ~l blood sample. 

Table 1 shows results obtained by analyzing blood from 
3, 6, 12 and 24 mo-old C57 BL/6 NNia-1 mice. There is 
a decrease in blood dolichol levels from 163 ng/ml at  6 
mo to 110 ng/ml at 24 mo. This age-associated decrease 
agrees with results obtained by Yamada et at. (4) for 
human plasma. A possible explanation for this decrease 
may be a slowdown of de novo biosynthet ic  processes 
with age (10). 

In addition, we have observed tha t  plasma contributes 
about  50% and 62% dolichol to the blood dolichol pool 
of C57 BL/6 NNia-1 mice and human, respectively and 
tha t  approximately one-third of the dolichol in the blood 
of C57 BL/6 NNia-1 mice is unesterified. 

The method described here is reliable and can be easily 
adapted for plasma or serum dolichol levels. Compared 
to other methods {3,4}, this procedure is less time consum- 
ing and more sensitive. Blood dolichols can be est imated 
from samples as little as 50 tA compared to samples of 
at  least 1 ml and formation of derivatives for improved 
sensit ivity is not  required. The increased sensit ivity of 
the described method is due to the use of highly end- 
capped 3 t~n columns, a fixed wavelength detector  of 
214 nm tha t  gives a stable baseline at  0.005 AUFS and 
continuous degassing of the solvents with helium to 
reduce drift in base line. Sensitivity may also be improved 
by employing a normal phase HPLC column (ll) ,  bu t  a 
major drawback of this technique is its inability to resolve 
dolichol homologs. 

Useful applications of this method may be found in cer- 
tain conditions, metabolic or otherwise, in which it may  
be necessary to monitor  the dolichol levels without  kill- 
ing the animal in question or in cases where sample size 
and availability are minimal, for example, with newborns 
or elderly subjects. For certain neurological disorders, 
such as ceroidlipofuscinosis {12}, alcoholic syndrome in 
infants born to alcoholic mothers 113) and metastat ic  car- 
cinoma {14}, dolichol levels of the urine provide valuable 
information. Blood is more readily available and more 
stable in metabolite concentrat ions than urine. By our 
method, it may  be possible to monitor these and other  
disorders through the levels of dolichol in the blood. 
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Improved Enzymatic Hydrolysis of Conjugated Bile Acids 

W. Edward Highsmith Jr.a,1 a n d  Paul  M. H y d e ' ,  ~ 
aDepartment of Pathology and bDepartment of Biochemistry and Molecular Biology, Louisiana State University Medical Center, 1901 
Perclido St., New Orleans, LA 70112 

The hydrolysis of conjugated bile acids by cholylglycine 
hydrolase (EC 3.5.1.24) using the standard procedure for 
a commercial enzyme preparation was found to be in- 
complete, as judged by the use of 24-14C-taurocholic acid 
as a tracer. A method is proposed that incorporates the 
nonionic detergent Triton X-100 into the reaction mixture 
to achieve almost complete hydrolysis. It is proposed that 
the observed enhancement of enzyme activity is due to 
the formation of micelles by the detergent. 
Lipids 22, 61-63 (1987). 

Prior to the introduction of an enzymatic hydrolysis pro- 
cedure by Nair and Garcia (1), the method of choice for 
hydrolysis of bile acid conjugates was 1 N NaOH at 
elevated temperature and pressure (2). Cholylglycine 
hydrolase (EC 3.5.1.24} offers a much milder alternative 
to hot alkali. 

When an enzymatic reaction is to be applied to prepare 
a substrate for further manipulations--for example, 
derivitization and gas chromatographic analysis--two 
criteria may be used to judge the suitability of the en- 
zyme for the task at hand. The first is the speed or rate 
of the reaction; this is primarily a function of the enzyme 
concentration, pH and temperature. The second is the 
completeness of the reaction; this is a function of the ther- 
modynamic equilibrium between substrate and product 
and is independent of the enzyme. 

In the course of our investigations on the utility of 
serum bile acid analysis in the diagnosis of hepatobiliary 
disease, we observed that  when '4C-labeled taurocholic 
acid was used as a tracer, the enzymatic hydrolysis of 
taurocholic to cholic acid was not complete. The addition 
of the nonionic detergent Triton X-100 to the reaction 
mixture resulted in complete hydrolysis. In cooperation 
with Davis and coworkers, we have used this method in 
the determination of bile acids in hepatocyte cell culture 
fluid (3). 

MATERIALS AND METHODS 

24-14C-Taurocholic acid (52.0 mCi/mmol, New England 
Nuclear, Boston, Massachusetts) was judged to have a 
radiochemical purity of greater than 95% by thin layer 
chromatography (TLC) (silica gel-impregnated glass fiber 
paper [Gelman Sciences, Ann Arbor, Michigan], solvent 
system of isobutanol/acetic acid/water, 80:1:1, v/v/v) and 
was used without further purification. Conjugated bile 
acids (synthetic) were from Sigma Chemical Co. (St. Louis, 
Missouri} and were judged homogeneous using the TLC 
system above. Triton X-100 (scintillation grade) from 
Eastman Kodak Co. (Rochester, New York} was purified 
by dissolving 10 ml Triton in 100 ml 0.1 N KOH and ex- 
tracting with two 100-ml portions of ethyl acetate and 
removing the solvent on a rotary evaporator. Ethyl 

'Current address: Department of Pathology, Baylor College of 
Medicine, Houston, TX 77225. 
*To whom correspondence should be addressed. 

acetate (analytical reagent} from Mallinckrodt Chemical 
Works {St. Louis, Missouri} was redistilled before use. 
Cholylglycine hydrolase (partially purified, 107 units/mg 
protein) was from Sigma. A stock solution of enzyme was 
prepared by dissolving 7,500 units of enzyme in 7.5 ml 
of distilled water. Aliquots of 0.05 ml were dispensed into 
plastic tubes, tightly sealed and stored at - 2 0  C. The 
working solution of enzyme was prepared immediately 
before use by adding 1.0 ml 0.025 M acetate buffer, pH 
5.6, to a tube of stock solution. All other materials were 
reagent grade and were used without further purification. 

Ten ml of Pico-fluor-30 liquid scintillation cocktail from 
Packard Instrument Co. {Downers Grove, Illinois} was 
added to each sample and then counted for 10,000 counts 
on a Packard Model 3380 liquid scintillation counter, 
using an external standard radiation source for quench 
corrections. 

RESULTS 

Ca. 6000 dpm of radiolabeled taurocholic acid was added 
to a protein-free extract of 0.1 ml of normal human serum 
prepared by adding 1.0 ml ice-cold ethanol/methanol/ 
dimethoxypropane (2:2:1, v/v/v), centrifuging to remove 
the precipitated protein, decanting and drying the super- 
natant under a stream of dry nitrogen. Hydrolysis was 
carried out according to instructions from Sigma Chemi- 
cal Co. (Table 1). Chotylglycine hydrolase was used at a 
nominal concentration of 47.6 U/ml. The incubation tem- 
perature was 37 C. At the end of the incubation, each sam- 
ple was acidified by the addition of 0.1 ml 2 N HC1 and 
extracted with 2 • 2 ml ethyl acetate. Under these con- 
ditions, cholic acid is extracted into the organic phase, 
while taurocholic acid remains in the aqueous phase. The 
14C content of each fraction was measured and the per- 
centage of 24-14C-taurocholic acid hydrolyzed was deter- 
mined. The results are shown in Table 2. The experiment 
was then repeated with the addition of 0.2 ml 0.25% (v/v) 
Triton X-100 in distilled water. The results are shown in 
Table 3. 

To determine the amount of conjugated bile acid that  
could be completely hydrolyzed under these conditions, 
the experiment was repeated after the addition of vary- 
ing amounts of unlabeled taurocholic or taurochenode- 
oxycholic acids, ranging from 0.01 to 1.0 ~mol/tube. The 
results are shown in Figure 1. 

TABLE 1 

Reagents for the Enzymatic Hydrolysis of Conjugated Bile Acids 

Reagent M1 per tube 

Acetate buffer (0.025 M, pH 5.6) 
0.78% 2-Mercaptoethanol 
1.86% EDTA 
Cholylglycine hydrolase (47.6 U/ml) 

0.2 
0.2 
0.2 
0.2 
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TABLE 2 

Time Course for the Hydrolysis of 24~4C-Taurocholic Acid 

1 hr 5hr 16hr 

Hydrolyzed (%) 83.0 a 84.4 a 87.4 
Unhydrolyzed (%) 17.0 15.6 12.6 

aEach data point is the mean of duplicate determinations. 

TABLE 3 

Time Course for the Hydrolysis of 24~"C-Taurocholic Acid 
in the Presence of Triton X-100 a 

0rain 15min 30min 45min 60rain 

Hydrolyzed (%) 0.2 b 97.9 98.1 98.1 98.5 
Unhydrolyzed (%) 99.8 2.1 1.9 1.9 1.5 

a0.2 ml 0.25% Triton X-100 was added to each hydrolysis mixture. 
bEach data point is the mean of duplicate determinations. 
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FIG. I. Effect of excess taurine-conjugated bile acids on the hydroly- 
sis of 24-~4C-taurocholic acid. - - - - - - ,  Percentage hydrolyzed after 
the addition of unlabeled taurochenodeoxycholic acid; , Per- 
centage hydrolyzed after the addition of unlabeled taurocholic acid. 
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FIG. 2. Effect of excess taurocholic acid on the hydrolysis of 24-"C- 
taurocholic acid without precipitation of serum proteins. 

To test  for any inhibitory effects of serum proteins, the 
experiment  was repeated using 0.1-ml aliquots of un- 
t reated human serum spiked with 0.01 to 1.0 ~mol/tube 
unlabeled taurocholic acid. The results are shown in 
Figure 2. 

To confirm the nature  of the extractable radioactivity,  
triplicate samples of 24-'4C-taurocholic acid were sub- 
jected to enzymatic  hydrolysis in the presence of Tri ton 
X-100 and were extracted with ethyl acetate under acidic 
conditions as described. The ethyl  acetate was removed 
under a s t ream of nitrogen. The residue was dissolved in 
a minimal volume of methanol and subjected to TLC 
(silica-impregnated glass fiber paper, solvent sys tem of 
isooctane/isopropyl alcohol/isopropyl ether/acetic acid, 
20:1:1:1, v/v/v/v). More than 95% of the applied radioac- 
t ivi ty  co-migrated with authentic cholic acid (data not  
shown). 

D I S C U S S I O N  

Cholylglycine hydrolase has been used extensively in the 
analysis of bile acids in biological materials (4-6). There 
remain, however, certain problems with the use of this 
enzyme as a reagent  for the preparat ion of samples for 
subsequent  manipulation, e.g., gas chromatography.  
Roovers et al. reported that ,  at low subst ra te  concentra- 
tions (less than 60 nmol/ml), the hydrolysis rate slowed 
rapidly, with the effect being more pronounced with 
taurine than glycine conjugates (7). Studies in which the 
completeness of hydrolysis was assessed by the recovery 
of free bile acids from added conjugated bile acids have 
used higher concentrat ions of substra te  (8-10). Further- 
more, it is doubtful  tha t  the procedures used to assess 
analytical recovery (colorimetric determinat ion of liber- 
ated amino acid or gas chromatographic  determinat ion 
of liberated bile acid using flame ionization detection) 
possess adequate sensit ivity to determine if a small 
amount  of conjugated bile acid was left unhydrolyzed. 

The l i terature reflects a substantial  variat ion in the 
amount  of enzyme used to prepare biological samples for 
chromatographic analysis of their bile acid content.  The 
amount  of cholylglycine hydrolase used is not  s ta ted in 
some reports (1,5); in others it is reported simply as being 
"in excess" (8). Where the amount  of enzyme is stated, 
the amounts  range from <10 units per tube (6,7,10,12) to 
>200 units per tube (4,12). In light of these discrepancies, 
we originally thought  tha t  complete hydrolysis could be 
achieved using higher concentrat ions of enzyme. How- 
ever, our a t t empts  failed even when the concentrat ion of 
enzyme was fivefold tha t  shown in Table 1 and the in- 
cubation time was extended to 24 hr (data not  shown). 
These results are in accordance with theory, as the 
amount  of enzyme present  should not affect the equilib- 
r ium between subst ra te  and product,  bu t  merely the 
speed at  which equilibrium is established. 

Our goal was to develop a gas chromatographic analy- 
sis using an electron capture detector, which could be per- 
formed on the limited volumes of serum (0.1 ml or less) 
obtainable from pediatric or geriatric patients. Thus, the 
behavior of the enzyme relative to small amounts  of 
subst ra te  was critical. We therefore used radiolabeled 
substrate,  by  which very small amounts  of materials 
could be monitored easily. 
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Table 2 shows that ,  even after  a 16-hr incubation, an 
unacceptable unhydrolyzed fraction of bile acid remained. 
Table 3 shows that  after the addition of 0.25% (v/v} Triton 
X-100, the reaction proceeded essentially to completion 
in 1 hr. Under these conditions (9.5 units cholylglycine 
hydrolase per tube, incubation at 37 C for 1 hr and 0.2 ml 
0.25% Iv/v] Tri ton X-100 per tube}, up to 0.25 ~mol/tube 
of conjugated bile acid was hydrolyzed without  interfer- 
ence from serum proteins (Figs. 1 and 2}. 

The increase in extractable radioact ivi ty is due to an 
increased liberation of cholic acid and not  merely to a 
change in the part i t ion coefficient of taurocholic acid in 
the water/ethyl  acetate system. This is demonstra ted in 
two ways: first, there is no increase in extractable radio- 
activity,  due to labeled taurocholic acid in the presence 
of Tri ton X-100 {zero t ime point, Table 3}; and second, 
the ext rac ted  radioact ivi ty co-migrates with cholic acid 
on TLC. 

The mechanism for enhancement of the hydrolysis of 
bile acid conjugates by cholylglycine hydrolase in the 
presence of Tri ton X-100 is unknown. However, since the 
concentrat ion of Tri ton X-100 in the reaction is in excess 
of its critical micellular concentration (11}, it may enhance 
the incorporation of bile acid conjugates into the micelle, 
with the polar conjugate portion exposed for enzyme ac- 
tion. The equilibrium between conjugated and free bile 
acids is then altered by the sequestrat ion of the free bile 
in the micelle. 

We conclude that  when cholylglycine hydrolase is to 
be used as a reagent  for the preparat ion of free bile acids 
for further manipulation, Triton X-100 should be included 
in the reaction mixture  to ensure hydrolysis near 98%. 
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Tissue Distribution of Phytanic Acid and Its Analogues in a Kinship 
with Refsum's Disease 

Jeffrey K. Yao* and Peter James Dyck 
Peripheral Nerve Center, Department of Neurology, Mayo Clinic and Foundation, Rochester, MN 55905 

Three of six kin were identified, by high performance thin 
layer chromatography, capillary gas chromatography and 
mass spectrometry, as having phytanic acid storage 
disease. Phytanic acid was found in triacylglycerol and, 
to  a lesser degree, in phosphatidylcholine and free f a t t y  
acids. An unsaturated analogue of phytanic acid was ad- 
ditionally identified in plasma and erythrocyte triacyl- 
glycerols. In plasma, branched chain fat ty acids were 
primarily localized in the low density lipoprotein fraction. 
The concentration of plasma major fat ty acids was not  
affected by the presence of these branched chain f a t t y  
acids. In contrast to plasma, only small amounts of phy- 
tanic acid were found in cerehrospinal fluid and biopsied 
sural nerve. The nerve phytanate was mainly associated 
with triaeylglycerol in epineurial and perineuriai tissues. 
Lack of phytanate accumulation in sural endoneurium, 
even in cases with severe fiber degeneration, suggests 
that demyelination in Refsum's disease may not be due 
to  m y e l i n  ins tab i l i ty  resulting from the  incorporat ion  of  
branched chain fat ty acids into peripheral nerve mem- 
brane. 
Lipids 22, 69-75 {1987}. 

Refsum's disease is a rare inherited disorder of fatty acid 
oxidation characterized clinically by peripheral neurop- 
athy, visual loss due to retinitis pigmentosa, icthyosis and 
bony abnormalities (1). The major pathway for phytanic 
acid oxidation in humans involves first, an unusual ini- 
tial a-oxidation to yield a-hydroxy phytanic acid and then 
the n-1 fat ty acid, pristanic acid; and second, a series of 

successive f3-oxidation steps for the further degradation 
of pristanic acid (2-5). The level of plasma phytanic acid 
is markedly increased in patients with Refsum's disease 
(6). Normally, it is virtually undetectable (7). The meta- 
bolic error involved in Refsum's disease lies in failure of 
the converson of phytanic acid to a-hydroxyphytanic acid. 
This leads to widespread tissue storage of phytanic acid 
(8-10). The pathogenesis of nerve fiber degeneration in 
phytanic acid storage disease is unclear. It has been 
hypothesized that myelin stability may be affected by in- 
corporation of branched chain fatty acids into tissue lipids 
in place of normal straight chain fatty acids (11,12). If 
this hypothesis of demyelination is correct, then endo- 
neurial storage of phytanic acid might be expected. We 
have, therefore, carried out extensive biochemical studies 
on the plasma, erythrocytes, cerebrospinal fluid and biop- 
sied sural nerve of patients from a kinship with Refsum's 
disease. 

MATERIALS AND METHODS 

Sample preparations. Heparinized blood samples (40 ml) 
were drawn from six kin (III-2, 70 years; III-4, 67 years; 
III-6, 66 years, III-8, 64 years; III-10, 62 years; and 
III-16, 59 years; see Fig. 1) and five age-matched normal 
subjects. After centrifugation, plasma was removed, and 
the packed cells were washed twice with isotonic saline 
solution. The method used to fractionate plasma into 
chylomicrons and fractions of very low density lipo- 
protein (VLDL, <1.006 g/ml), low density l ipoprotein 
(LDL, 1.006-1.063 g/ml), high density lipoprotein (HDL, 

�9 Affected male 0 Unaffected female 

FIG. 1. Kinship of the three patients (III-2, III-4 and III-10) with Refsum's disease. Their 
clinically unaffected brother (III~} and sisters {III-6 and III-16) do not show evidence 
of phytanic acid storage. 

*To whom correspondence should be addressed at Biochemistry Sec- 
tion, Psychiatry Service, VA Medical Center, Highland Drive, Pitts- 
burgh, PA 15206. 
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1.063-1.210 g/ml) and very high density lipoprotein 
(VHDL, >1.210 g/ml) was essentially the same as that 
described by Hatch and Lees (13). A cerebrospinal fluid 
(CSF) sample was obtained from patient III-10, two nor- 
mal subjects and 14 patients with various neurological 
disorders. All samples were stored at - 7 0  C. 

After obtaining informed consent, using a protocol ap- 
proved by our Institutional Review Committee, a biopsy 
of sural nerve was performed, under local anesthesia, on 
four patients (III-2, III-4, III-6 and III-10) and four 
healthy volunteers. Immediately after removal, the sural 
nerve was desheathed on a cold plate (surface tempera- 
ture, 10 C) under a dissecting microscope. The desheathed 
portion (endoneurium) contains myelin, Schwann cells, 
axons, capillaries and interstitial collagen, whereas the 
sheath (epi- and perineurium) consists mainly of perineu- 
rial cells, collagen, fibroblasts, elastic fibers, capillaries 
and lipocytes (14}. The weights of both portions were 
recorded before and after lyophilization. The lyophilized 
samples were then stored at - 7 0  C. 

Clinical and neuropathologic observations. (As these 
findings will be presented in detail elsewhere, only the 
major clinical and neuropathologic observations are pro- 
vided here.) Patient III-2 had retinitis pigmentosa, pro- 
gressive restriction of visual fields, bony abnormalities 
(shortness of metatarsal bones), hearing loss and mild 
peripheral neuropathy (no obvious weakness or sensory 
loss but decreased knee and absent ankle reflexes). The 
number of myelinated fibers (MF) per mm 2 was 4327, 
which is below normal. 

Patient III-4 had retinitis pigmentosa, peripheral visual 
field loss, short metatarsal bones and clinical (nerve con- 
duction and electromyography) evidence of peripheral 
neuropathy. The number of MF/mm 2 was 3138--unequiv- 
ocally below normal. 

Patient III-10 had retinitis pigmentosa, restricted 
visual fields, progressive hearing loss, short metatarsal 
bones and symptoms and findings indicative of mild 
neuropathy. The number of MF/mm 2 was 4169, which is 
unequivocally abnormal. The size distribution of MF was 
bimodal (normal). 

Patient I I I-6 is an unaffected sibling of patients I I I-2, 
III-4 and III-10. The number (6840/mm 2) and size distri- 
bution of MF of sural nerve were normal. 

Lipid extraction and separation. Extraction of lipids 
from total plasma (1.0 ml), individual plasma lipoprotein 
fractions (equivalent to 2.0 ml plasma), erythrocytes 
(2.0 ml packed cells) and CSF was performed according 
to the procedure described by Nelson (15). The lipid ex- 
traction procedure used for biopsied sural nerve (~10 mg 
wet weight) was described by MicheU et al. (16) and 
modified by us (17,18). 

Separation of triacylglycerol into subclasses contain- 
ing straight (TGo) and branched chain (TG,, TG2) fat ty 
acyl moieties was achieved by high performance thin 
layer chromatography (HPTLC) (Whatman, Clifton, New 
Jersey), using hexane/diethyl ether/acetic acid (90:12:1.5, 
v/v/v) as the developing solvent system. Total triacylglyc- 
erols (TGo + TG1 + TG2), cholesteryl ester and free fatty 
acids (FFA) were separated from total lipid extracts by 
TLC on Silica Gel G plates, using a developing solvent 
system of hexane/diethyl ether/acetic acid (75:23:2, v/v/v) 
(19). Separation of phospholipids into subclasses was 
achieved by TLC, using the solvent system described by 
Vitiello and Zanetta (20) and modified by us (21). 

Neutral glycosphingolipids (NGL) were separated from 
erythrocyte lipids by column chromatography, using Sep- 
Pak silica cartridges (21). Before sample application, each 
cartridge was conditioned three times with 8 ml of CHC13. 
Lipid extracts (in 0.1 ml CHC13) from I m_i of packed eryth- 
rocytes were applied to each cartridge. All nonpolar lipids 
were removed by elution with 40 ml of CHC13. The NGL 
were recovered from each cartridge by elution with 160 ml 
of acetone/methanol (9:1, v/v) mixture. Separation of 
NGL into monohexosylceramide (GL-1), lactosylceramide 
(GL-2), trihexosylceramide (GL-3) and globoside (GL-4) 
fractions was achieved by HPTLC, using the developing 
solvent system described by Vance and Sweeley (22). 

Gas chromatography (GC) and mass spectrometry (MS). 
Before GC analysis, triacylglycerols and cholesteryl 
esters were transesterified using sodium methoxide 
reagent (23), while free fat ty acids and phosphatidylcho- 
line were methylated using BF3-CH3OH reagent as de- 
scribed by Morrison and Smith (24). Transesterification 
of total lipids was carried out using both sodium methox- 
ide and BF~-CH~OH reagents. The resulting fat ty acid 
methyl esters were further purified by TLC, using the 
developing solvent system described by Metcalf et al. (25). 

The methylated samples were first analyzed on a 
Packard Gas Chromatograph, Model 419, equipped with 
dual hydrogen detectors. The operating conditions for GC 
were as described previously (19). The fat ty acid methyl 
esters were also analyzed on a Hewlett-Packard capillary 
gas chromatograph, Model 5890A, equipped with a 
hydrogen flame ionization detector. A 30-m fused silica 
SP-2330 column, with 0.25 mm ID (Supelco, Bellefonte, 
Pennsylvania), was used. Each sample was run under an 
on-column injection mode from 100-240 C at a rate of 
7 C/rain with hydrogen as the carrier gas. Peaks on the 
chromatograms were identified by comparing the reten- 
tion times with those of standard mixtures (Supelco) and 
were quantified by a Hewlett-Packard 3392 computing 
integrator using pentadecanoic acid (15:0, 0.5 mg/ml 
plasma) as an internal standard. 

Phytanic acid and triunsaturated phytanic acid methyl 
esters were further identified by a Carlo Erba (Milan, 
Italy) gas chromatograph, Model 4160, directly interfaced 
via a glass capillary to a Kratos (Manchester, England) 
MS 50 double-focusing mass spectrometer. A 30-m fused 
silica DB-1 column, with 0.33 mm ID (J & W Scientific, 
Folsom, California), was used. Samples were applied via 
on-column injection and the GC was programmed from 
140-250 C at 5 C/min. MS ionization was induced by elec- 
tron bombardment at 70 eV with the source temperature 
at 200 C. The MS was scanned at 3 sec/decade, from m/z 
500-30, at a resolution of 10,000. Data was acquired and 
analyzed by a Kratos DS55 system. 

Plasma lecithin:cholesterol acyltransferase (LCA T). The 
method used to assay the in vitro rate of cholesterol 
esterification (LCAT activity) in plasma has been de- 
scribed by us (26). The LCAT activity was expressed 
either as the percentage of labeled cholesterol esterified 
per hour or as nmoles of cholesteryl ester formed per ml 
of plasma per hour. The radiolabeled cholesteryl esters 
formed during LCAT reaction were isolated by TLC, as 
described above. The method used to measure the distri- 
bution of radioactivity among the different fatty acid frac- 
tions of cholesteryl esters was that  of Morris (27), as 
modified by Goodman and Shiratori (28). 
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FIG. 2. HPTLC of plasma nonpolar lipids. TG~ Normal triacylglycerol; TG,  triacylglycerol 
with one branched chain fatty acid; TG,, triacylglycerol with two branched chain fatty 
acids; 1, cholesteryl ester; 2, methyl  palmitate; 3, 1,2-dipalmitoyl-3-phytanyl glycerol; 4, 
triacylglycerol; 5, phytanic acid; 6, palmitic acid; 7, phytol; 8, cholesterol. Lipid standard 
mixture (1 to 8) was purchased from Analabsfrhe Foxboro Co. (North Haven, Connecticut). 
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FIG. 3. Capillary gas chromatograms of fatty acid composition of 
plasma total lipids. N, Normal subject; III-4, affected patient; a, 
phytanic acid; h, triunsaturated phytanic acid. 
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FIG. 4. Mass spectra of the branched chain fatty acid methyl esters 
from plasma lipids of patient III-4. A and B represent mass spec- 
tra of peaks a (phytanate) and b (triunsaturated phytanate) from 
Fig. 3, respectively. 

RESULTS 

Plasma lipids. By thin layer separation, two additional 
bands, which moved just above normal triacylglycerol 
(TGo), were demonstrated in three of the six siblings (pa- 
tients III-2, III-4 and III-10) (Fig. 2). These two fast- 
moving bands (TG1 and TG2) were triacylglycerols con- 
taining one and two molecules of branched chain fatty 
acids, respectively. By capillary GC (Fig. 3) and MS (Fig. 
4) analyses, two types of branched chain fatty acids, 
phytanic acids and triunsaturated phytanic acid, were 

demonstrated and identified by their characteristic base 
peaks (Fig. 4) (m/z 101 and m/z 69, respectively} and mo- 
lecular ions (m]z 326 and m/z 320, respectively}. 

Gas chromatograms of the fatty acid compositions 
from patient III-4 revealed that phytanic acid was found 
mainly in TG2 and TG~ (80% and 45%, respectively}, while 
triunsaturated phytanic acid was associated with TG1 and 
TGo. Phytanic acid, but not triunsaturated phytanic acid, 
was also found in free fatty acids (5.5%} and phos- 
phatidylcholine (13.5%}. No branched chain fatty acids 
were found in cholesteryl esters. After fractionation by 
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centrifugation of plasma lipoproteins into different den- 
sity subclasses, TG1 and TG2 were shown by HPTLC to 
be primarily localized in the LDL fraction (Fig. 5). 

Approximately 30-60 mg/dl of phytanic acid and 
5-9 mg/dl of t r iunsaturated phytanic acid were found in 
the plasma of affected patients (Table 1). The concentra- 
tion of the major plasma fat ty  acids (16:0, 18:0, 18:1, 18:2 
and 20:4) was not changed substantially by the accumula- 
tion of these branched chain fa t ty  acids (Table 1). To fur- 
ther test  whether the acylation process is affected by the 
presence of branched-chain fa t ty  acids, the activity of 
plasma LCAT was compared between affected patients 

and control subjects. No significant differences were 
found in either the rate of cholesterol esterification or the 
fa t ty  acid composition of radiolabeled cholesteryl esters 
formed by the LCAT reaction (data not shown). 

Erythrocyte lipids. Both saturated and unsatura ted  
phytanic  acids were found in triacylglycerols isolated 
from affected patients (Table 2). The increase of branched 
chain fa t ty  acids was correlated more closely with a de- 
crease of 18:0, 18:1 and 20:4 and an increase of 18:2. The 
percentage distribution of 16:0 remained essentially un- 
changed. By HPTLC, the profile of neutral glycosphingo- 
lipids revealed tha t  the ratio of hydroxy to nonhydroxy 

FIG. 5. HPTLC of nonpolar lipids from plasma and various lipoprotein fractions of pa- 
tient III-4. P, plasma (0.01 ml); C, chylomicrons; VLDL, very low density lipoproteins; 
LDL, low density lipoproteins; HDL, high density lipoproteins, VHDL, very high densi- 
ty lipoproteins; 1-8, see legend of Fig. 2. Each fipoprotein fraction was separated from 
0.02 ml of plasma. 

TABLE 1 

Major and Branched Chain Fatty Acid Contents (mg/dl) in Plasma 
of Normal Subjects and Patients with Refsum's Disease 

Normal Affected Unaffected 
controls 

Fatty acids (n = 5) III-4 III-10 IIL2 III-8 III-6 III-16 

16:0 70 + 6 64 72 73 70 109 72 
16:1 5 • 2 2 3 3 3 4 7 
18:0 24 _ 4 21 25 26 30 36 33 
18:1 73 + 10 52 79 72 63 97 74 
18:2 112 • 13 89 128 151 113 129 152 
20:3(n-6) 6 • 1 3 5 5 4 7 8 
20:4(n-6) 25 • 8 23 25 29 19 34 53 
22:4(n-6) + 24:1 2 • 1 3 4 1 2 2 1 
22:6(n-3) 4 • 1 5 7 3 5 4 6 
24:0 3 • 1 2 4 3 3 3 3 

1 6 : 0 b r  a - -  6 2  3 0  4 6  - -  - -  - -  

1 6 : 3 b r  b - -  9 5 7 - -  - -  - -  

aphytanic acid. 
bTriunsaturated phytanic acid (3,7,11,15-tetramethylhexadec-6,10,14-trienoic acid). 
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f a t t y  acid moiet ies  f rom affected p a t i e n t s  was  no t  sub- 
s t a n t i a l l y  d i f ferent  f rom those  of unaf fec ted  k ins  or con- 
t ro l  sub jec t s  {data no t  shown}. 

Biopsied sural nerve. The nonpo la r  l ipids of en- 
doneu r ium and  the epi- and  pe r ineur ium of affected (III-2 
and  III-10} and  unaffec ted  {III-6) pa t i en t s  were compared  

wi th  the i r  p l a s m a  nonpo la r  l ipid profi les u s i n g  H P T L C  
{Fig. 6). Bo th  TG1 a nd  TG~ b a n d s  were a b s e n t  f rom en- 
doneur ia l  t r iacylg lycero l  i so la ted  f rom the  affected pa- 
t ients .  Despi te  the  presence of a b u n d a n t  t r iacylglycerols  
in epi- and  per ineur ium,  only a fa int  b a n d  of TG1 appeared 
in the  affected pa t ien ts .  The nonpola r  l ipids of in te rs t i t i a l  

TABLE 2 

Fatty Acid Composition of Erythrocyte Triacylglycerol 

Affected Unaffected 
Fatty 
acids III-2 III-4 III-10 III-6 III-16 

14:0 1.25 a 0.38 0.84 0.57 0.36 
15:0 0.96 0.78 0.87 0.53 0.72 
16:0 18.57 17.83 20.64 18.57 17.46 
16:0br b 3.83 24.79 11.20 -- -- 
16:1 3.02 0.79 1.40 2.48 2.34 
16:3br c t d 2.19 1.13 -- -- 
18:0 10.37 5.86 8.59 11.88 12.39 
18:1 37.36 21.73 30.96 41.32 42.82 
18:2 7.52 13.11 10.16 8.59 7.01 
20:0 0.58 0.45 0.48 0.45 0.45 
20:1 0.73 0.56 0.80 0.86 0.86 
20:2(n-6) 0.52 0.34 0.37 0.47 0.41 
20:3(n-6) 0.60 t 0.44 0.99 1.00 
20:4(n-6) 2.04 0.86 1.04 2.34 1.79 
20:5(n-6) 1.39 0.84 0.79 0.89 0.55 
22:4(n-6} 1.53 0.67 0.53 1.23 0.87 
22:5(n-3) 0.34 -- 0.51 0.49 0.46 
22:6(n-3) 1.05 0.22 0.48 0.57 0.35 
24:0 0.46 0.60 0.43 0.29 0.51 

aThe sum is less than 100% in each case because some minor and unidentified fatty acids 
were omitted from the final tabulations. 
bphytanic acid. 
CTriunsaturated phytanic acid (3,7,11,15-tetramethylhexadec-6,10,14-trienoic acid}. 
dt, Trace amount. 

FIG. 6. HPTLC of nonpolar lipids. A, 5 ~I plasma; B, 0.I mg dry wt of biopsied sural 
endoneurium; C, 0.03 mg dry wt of biopsied sural epineurium and perineurium; 1-8, see 
legend of Fig. 2. 

LIPIDS, VoL 22, No, 2 (1987) 



74 

J.K. YAO AND P.J. DYCK 

fat and blood vessels from affected (III-2) and unaffected 
(III-6) patients were also analyzed by HPTLC (data not 
shown}. Like epi- and perineurium, only a faint band of 
TG, appeared in interstitial fats from the affected patient. 
There were no fast-moving bands of TG present in blood 
vessels from this patient. 

The fa t ty  acid composition of total  endoneurial lipids 
(Table 3) and of epi- and perineurial triacylglycerols 
(Table 4) were further analyzed by capillary GC. In nor- 
mal sural endoneurium, the major fa t ty  acids were 16:0, 
18:0 and 18:1. On the other hand, 16:0, 16:1, 18:1 and 18:2 
were the major fa t ty  acids in epi- and perineurial 
triacylglycerols. In affected patients, ca. 2% of the total 
fa t ty  acids in endoneurium were found to be phytanate,  
which was probably associated with phospholipids. On 
the other hand, less than 5% of the total fa t ty  acids in 
epi- and perineuriai triacylglycerols were found to be 
phytanate.  No branched chain fa t ty  acids were demon- 
s t rated in either normal subjects or unaffected patients.  

CSF.  Analysis of CSF by HPTLC revealed that  choles- 
teryl ester, unesterified cholesterol, phosphatidylcholine 
and sphingomyelin were the major lipid classes. To ascer- 
tain whether phytanate accumulation was present in CSF, 
the fa t ty  acid compositions of cholesteryl ester and phos- 
pholipids were analyzed by capillary GC. The major fa t ty  
acids of normal CSF cholesteryl esters were 16:0, 18:1 and 
18:2, whereas the major fa t ty  acids of normal CSF phos- 
pholipids were 16:0, 18:0 and 18:1. In one of the affected 
patients, III-10, 0.9 ~g of phytana te  was found in 1 ml 
of CSF phosphoIipids. No phytana te  was demonstrated 
in CSF cholesteryl esters. 

DISCUSSION 

The present s tudy demonstrates that  only small amounts 
of phytanic  acid are present in desheathed sural nerves 
obtained by biopsy from three Refsum's  patients with 
phytanic  acid storage. This evidence makes it unlikely 
that  phytanic  acids are, in increased amounts,  incorpo- 
rated into the peripheral nerve myelin of affected patients. 
Thus, the molecular distortion hypothesis (11,12), in 
which incorporation into the cell membrane of branched 
chain fa t ty  acids in place of the normal s t ra ight  chain 
fa t ty  acids resulting in membrane instability, seems 
unlikely as an explanation for the neuropathologic altera- 
tions. However, one possibility tha t  cannot be excluded 
at this time is that  the small amounts of phytanate  might 
exert some damage on nerve fiber. Other observations 
also argue against the distortion hypothesis. First, as yet  
there is no evidence that  nerve content of phytanic  acid 
was influenced by a low-phytanate diet on which Ref- 
sum's  patients were maintained (12). Second, only a low 
level of phytanic acid accumulated in the brain and nerves 
of animals fed large amounts  of phytanic  acid or its 
precursors (29,30}, and neuropathy did not develop, 
al though a low level of incorporation in the nervous sys- 
tem may be due to the serious toxicity of large doses of 
these branched chain fa t ty  acids (12}. 

Accumulation of phytanic acid has been demonstrated 
in the sciatic nerve of Refsum's patients (11,31,32). These 
reports, however, did not specify whether phytanic acids 
were located in the myelin or endoneurium. I t  is con- 
ceivable tha t  the accumulation of branched chain fa t ty  
acids in these previous cases was confined, as in this 
study, to the epi- and perineurium, which contains mainly 

TABLE 3 

Fatty Acid Composition of Endoneurial Lipids 
from Biopsied Sural Nerve 

Kinship members 

Fatty Normal Affected Unaffected 
acids (n = 4) {n = 3) (n = 1) 

16:0 20.3 • 2.9 a 17.5 • 5.9 13.8 
Phytanate -- 1.7 • 0.8 -- 
17:0 1.0 • 0.2 - -  0.5 
18:0 21.5 • 4.7 13.1 • 2.6 11.6 
18:1(n-9) 20.3 • 5.4 20.5 • 0.9 21.2 
18:l(n-ll) b 1.9 • 0.7 2.7 • 0.5 2.8 
18:2 3.3 +_ 1.3 4.3 • 2.0 3.4 
20:0 2.2 • 0.3 1.7 • 0.3 1.6 
20:1 2.3 • 0.3 2.2 • 1.2 3.1 
20:4(n-6) 1.9 • 0.5 3.4 • 1.3 3.3 
22:0 2.9 • 0.5 2.8 • 0.2 2.7 
22:4(n-6) 1.6 • 0.5 2.0 • 1.1 2.1 
23:0 1.2 • 0.4 1.4 • 0.5 1.8 
24:0 2.4 • 1.2 4.3 • 1.2 4.6 
24:1(n-9} 4.9 +_ 0.9 5.6 • 3.1 7.4 

aValues are expressed as mean and S.D. The sum is less than 100% 
in each case because 14 minor (14:0, 15:0, 16:1, 18:1 trans, 19:0, 21:0, 
20:2(n-6), 20:3(n-6}, 22:1, 22:5(n-3), 22:6{n-3}, 23:1, 25:0 and 26:0; each 
<1%) and nine unidentified fatty acids (5-10%} were omitted from 
the final tabulations. 
bTentative identification. 

TABLE 4 

Fatty Acid Composition of Triacylglycerol in Epineurium 
and Perineurium of Biopsied Sural Nerve 

Kinship members 

Fatty Control Affected Unaffected 
acids (n = 4) {n = 3) {n = 1) 

14:0 0.8 • 0.2 a 1.5 +- 0.1 1.4 
16:0 13.7 __. 1.9 14.5 • 1.3 13.7 
16:1 10.1 • 2.9 10.1 +- 4.3 10.5 
Phytanate -- 3.7 +__ 0.6 -- 
18:0 0.7 ___ 0.2 1.4 + 0.5 1.1 
18:1{n-91 �9 46.5 ___ 2.3 42.9 • 5.1 48.8 
18:l(n-ll) o 5.9 +-- 1.1 5.9 • 3.9 2.7 
18:2(n-6) 13.6 • 1.9 11.0 ---- 3.4 11.4 
18:3{n-3) 0.5 __- 0.1 0.4 ---- 0.1 0.5 
19:0 0.6 • 0.1 0.4 • 0.2 0.6 
20:1 1.6 • 0.1 1.3 • 0.1 1.1 
20:2(n-6) 0.5 • 0.1 0.3 • 0.0 0.2 
20:3(n-6) 0.2 • 0.0 0.2 • 0.1 0.3 
20:4(n-6) 0.9 • 0.1 0.7 • 0.1 1.1 
22:4(n-6) 0.7 • 0.2 0.5 • 0.1 0.4 
22:5(n-3) 0.2 • 0.0 0.2 ___ 0.1 0.3 
22:6(n-3) 0.2 • 0.1 0.2 • 0.1 0.2 

aValues are mean and S.D. The sum is less than 100% in each case 
because three minor (15:0, 18:1 trans and 20:0) and eight uniden- 
tiffed fatty acids were omitted from the final tabulations. 
bTentative identification. 
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triacylglycerol (Fig. 6). Because the metabolic (33,34) and 
composi t ional  (35) differences exist  between the endo- 
neurial and epi- and perineurial  t issues, it is essential  to 
utilize the endoneurium (desheathed nerve) in the s tudy  
of the metabolic derangements  of peripheral nerve lipids. 

Laurell  (36) has  sugges ted  t ha t  a relat ive deficiency of 
linoleate may  be induced by the accumulation of phytanic  
acid. His speculation was based primarily on the analysis 
of p la sma  tr iacylglycerel  f a t ty  acid composition. How- 
ever, mos t  of the linoleic acid is normally found in p lasma 
cholesteryl  es ters  and phospholipids.  Our da ta  on the 
f a t t y  acid concentrat ions of p la sma  to ta l  lipids ITable 1) 
indicate t ha t  the absolute concentrat ion of linoleate and 
arachidonate are not affected by  the presence of branched 
chain f a t t y  acids. On the other hand, d isplacement  of 
linoleate and arachidonate  has  been demons t ra ted  in the 
phospholipids of liver, heart ,  kidney and skin (32,37). 
Thus, it is possible tha t  the util ization of essential  f a t ty  
acids is abnormal  in the presence of branched chain f a t ty  
acids. 

Two novel branched chain f a t ty  acids, mono- and tri- 
unsa tu ra t ed  analogues of phytanic  acid, were f irst  
demons t ra ted  by  Dulaney et al. (38) in the se rum and 
urine of pat ients  with Refsum's  disease. Later, Evans  and 
Dulaney (39) identified these unsa tura ted  phytanic  acids 
as 3,7,11,15-tetramethylhexadec-15-monoenoic acid and 
3,7,11,15-tetramethylhexadec-6,10,14-trienoic acid. In the 
present  s tudy,  we have also been able to demons t ra te  the 
presence of t r iunsa tu ra ted  phy tana t e  in the p lasma  
(Table 1 and Fig'. 3) and ery throcytes  (Table 2) of affected 
patients. The level of these unsaturated analogues is prob- 
ably proportional to the amount  of accumulated phytanic  
acid. Ste inberg (12) has sugges ted  tha t  t r iunsa tu ra ted  
phy tana te  m a y  represent  a metaboli te  of geranylgeranyl  
pyrophosphate .  However,  the origin of these unsa tura ted  
branched chain f a t ty  acids remains  speculative. 

In  conclusion, lack of phy tana t e  accumulat ion in 
peripheral  nerves,  even in cases wi th  severe fiber loss, 
raises significant doubt  t ha t  the s tabi l i ty  of peripheral  
nerve myelin, al tered by  the incorporat ion of branched 
chain f a t ty  acids into myelin, is the  basis  of the  neuro- 
pathologic alteration. Future  studies need to critically 
assess whether Schwann cells (myelin) or neurons (axons) 
are preferential ly affected and whether  demyelinat ion is 
p r imary  or secondary. 
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Ether Glycerophospholipids of Gills of Two Pacific Crabs, 
Cancer antennarius and Portunus xantusi 
S. Chapelle',  J.L. Hakanson, J.C. Nevenzel* and A.A. Benson 
Scripps Institution of Oceanography, La Jolla, CA 92093 

Phospholipids and sterols constituted 70 and 20%, respec- 
tively, of the total lipids of the gills of two crabs, Cancer 
antennarius and Portunus xantuss Phosphatidylcholine 
(46-55% of the total phospholipid phosphorous) and 
phosphatidylethanolamine (24-25%) were the principal 
phospholipids present. In both species l'-alkenyl glycerols 
were present in about 20% of the phospholipid molecules 
but were not detected in the neutral gill lipids. The total 
ether phospholipids of C. antennarius gills contained 62% 
1-(l'-alkenyl) groups, with the remainder probably being 
1-alkyl moieties. Total gill plasmalogen contents were in 
the range of 163-184 ~mol/g lipid, 82-87% of which was 
in the phosphatidylethanolamine fraction in both crab 
species. 
Lipids 22, 76-79 (1987). 

The gill lamellae of crustaceans are exposed to the exter- 
nal aquatic medium; thus their gill membranes, which 
contain high amounts of phospholipids (1-3), may be 
directly affected by the environment (4-6). Consequently, 
the study of gill phospholipids may help us to understand 
the role of lipids in environmental adaptations. The phos- 
pholipids of crustacean gills have been studied in some 
detail (7), but little information is available regarding the 
presence of ether-containing phospholipids, i.e., alkylacyl 
and 1-(l'-alkenyl)-2-acyl (plasmalogen) phosphoglycerides. 
The plasmalogen levels in gills isolated from various 
species of aquatic animals have been studied in several 
laboratories (8-11). Nothing is known about the existence 
of neutral plasmalogens (l'-alkenyl-diacyl glycerols) or of 
alkylacyl-phosphoglycerols in gills of marine crustaceans. 

Ether lipids appear to be important constituents of 
many animal cell membranes (12), and some of the func- 
tions proposed for this lipid type in membranes have been 
reviewed briefly by Arthur et al. (13). As background to 
future study of the role of gill ether lipids in the adapta- 
tion of aquatic animals to environmental changes, we 
quantified the lipid composition and investigated the 
amounts of alkyl and l'-alkenyl moieties in the gill lipids 
of two crabs, Cancer antennarius and Portunus xantusi, 
from the southern California coast. 

MATERIALS AND METHODS 

The large crab Cancer antennarius and the swimming crab 
Portunus xantusi were collected locally, and tissues (gills, 
hepatopancreas and muscle) were rapidly isolated and 
weighed. Lipid extraction and phospholipid determina- 
tion by phosphorus analysis were performed as described 
previously (1,2). Total plasmalogens were measured by 
iodine uptake according to the procedure of Williams et al. 
(14), and assays of the content of choline and ethanol- 
amine plasmalogens were carried out as described pre- 
viously (11). 

'Permanent address: Laboratory of Animal Physiology, Universi- 
ty of Li6ge, 22, quai Van Beneden, B-4020, Li6ge, Belgium. 
*To whom correspondence should be addressed. 

Total ether-linked glycerolipids were determined quan- 
titatively by the method of Blank et al. (15): a) a 2-mg 
aliquot of the solvent-free total lipids was dissolved in 2 
ml of diethyl ether and vigorously mixed with 0.7 ml of 
0.05 M phosphate buffer (pH 7.1) containing about 3 units 
of phospholipase C from Bacillus cereus (Sigma Chemical 
Co., St. Louis, Missouri). After 2.5 hr at room tempera- 
ture, the diethyl ether was evaporated under nitrogen, and 
the lipids were saponified with 2.5 ml of 0.5 M KOH in 
methanol in a boiling water bath for 8 min to remove acyl 
groups. Finally, 4.5 ml of methanol/acetic acid (100:6, v/v), 
7 ml of chloroform and 6 ml of water were added. The 
upper phase was extracted again with 7 ml of chloroform, 
and the combined chloroform extracts were evaporated 
to dryness under vacuum. The total alkyl and l'-alkenyl 
ether contents of the glycerolipids were determined from 
the aldehydes produced by the oxidation of the glycerol 
chains: b} the phospholipase C/saponification products 
from 1 mg of total lipids were treated with 0.5 ml of 0.1 M 
sodium metaperiodate in 90% acetic acid and heated for 
45 min at 50 C. c) A second 1-mg sample of the products 
from procedure a was dissolved in 0.5 ml of 90% acetic 
acid containing 0.5 M HC1 and heated for 45 rain at 50 C 
to release aldehydes from the l'-alkenylglycerols. Reac- 
tion mixtures from steps b and c were cooled to room 
temperature and ca. 150 mg of Silica Gel G {E. Merck, 
Brinkmann Instruments Co., Westbury, Connecticut) was 
added to remove compounds interfering with the color 
development. The aldehydes formed were measured at 
546 nm after reaction with fuchsin reagent as described 
by Gray (16). The amounts of l'-alkenylglycerols (directly) 
and alkylglycerols (by difference) were calculated from 
a standard curve determined with 1-O-hexadecyl-rac- 
glycerol (Sigma) over the range of 0-30/~g. Note that the 
mixture of reaction products assayed in steps b and c 
would also include glyceryl ethers from any neutral diacyl- 
glyceryl ethers and/or 1-(l'-alkenyl)-2,3-diacyl glycerols 
present. 

Hydrolysis of the phospholipids was monitored on thin 
layer chromatograms using Phospray (Supelco, Belle- 
fonte, Pennsylvania) for the detection of lipid phospho- 
rous. To detect and separate alkylglycerols and l'- 
alkenylglycerols, the unsaponifiables of total, neutral and 
phospholipid fractions from C. antennarius gills were 
separated by one-dimensional thin layer chromatography 
(TLC) using petroleum ether/diethyl ether/acetic acid 
(30:70:1, v/v/v) on Silica Gel G (17). The spots were located 
by spraying with 3% cupric acetate in 8% aqueous 
phosphoric acid (18) and careful charring; they were iden- 
tified by comparison with authentic standards of cho- 
lesterol, 1-hexadecylglycerol, ceramide (obtained from 
sphingomyelin by the phospholipase C/saponification 
technique) and l'-alkenylglycerols (from beef heart 
phospholipids, rich in plasmalogens [19], by the same 
technique). 

An aliquot of the total lipids of C. antennarius gills was 
fractionated by column chromatography on silicic acid 
(Bi~Rad A, Bio-Rad Laboratories, Richmond, California) 
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into neutral  lipids (eluted with 4 column vol of chloro- 
form}, glycolipids (collected in 4 vol of acetone} and the 
phospholipids (eluted last  with 3 vol methanol} (20}. Quan- 
t i ta t ive  analysis of lipids was also accomplished with the 
Ia t roscan  TLC/FID (model TH-10, Mk. II)  according to 
the procedure of Hakanson (21) using SI Chromarods. We 
spot ted  20 ~g tota l  lipid in 1 or 2 pl of n-hexane. The rods 
were developed with hexane/diethyl  ether/acetic acid 
(93:7:0.3, v/v/v} and scanned th rough  the F I D  at  32 sec/ 
rod; the hydrogen pressure was 1.2 kg/cm 2 and the air flow 
2 l/min. From the electronically integrated F I D  signal the 
different lipid types  were quantified us ing calibration 
curves for known compounds.  

RESULTS 

Table 1 presents  the distr ibution of different lipids found 
in gills of crabs Cancer antennarius and Portunus  xantusi.  
The principal lipids of both  crustaceans are phospholipids 
(69-70% of to ta l  lipids) and sterols (18-21%, probably  
largely cholesterol [1,22]). Some minor components  also 
occur, such as triglycerides, free f a t t y  acids and cho- 
lesteryl esters; glycolipids were about  10% of to ta l  lipids 
by  silicic acid column chromatography .  The gill lipid 
composi t ion of P. xan tus i  closely resembled tha t  of 
C. antennarius.  

Table 2 gives the amount  of p lasmalogens  in gills, 
hepatopancreas  and muscle of the two crabs. I t  is clear 
tha t  the highest plasmalogen contents in both  crabs were 
detected in gills (17.8-20.6%}. 

The composit ion of different classes of phospholipids 
isolated f rom gills (Table 3) is generally very  similar in 
bo th  species of Pacific crabs. The principal gill phospho- 
lipids are phosphatidylcholine (mainly diacyl forms) and 
phosphat idyle thanolamine  {essentially in the plasmalo- 
genic form}. This t issue is also rich in sphingomyelin and 
diphosphatidylglycerol .  

TLC of the unsaponifiables of the gill to ta l  lipids f rom 
C. antennarius gave a distinct spot for l ' -alkenylglycerols 
with an approx imate  Rf value of 0.59 under  our experi- 
menta l  conditions; this is higher than  the Rf of 1-hexa- 
decylglyceryl ether (0.42). Both alkyl and l '-alkenyl ethers 
were found in the phospholipids,  bu t  the neutra l  lipids 
of gills contained only t races  of alkylglycerols. 

I t  was of in teres t  to determine the to ta l  content  of 
glyceryl e thers  in gill phospholipids. The resul ts  for C. 
antennarius  only are summar ized  in Table 4 and reveal  
a high concentrat ion of ether lipids (16-21% of to ta l  
phospholipids}. When the fuchsin reagent  was used, the 
values for p lasmalogens  (1.30 mg/g  wet  tissue) were not  
significantly different from the results  obtained with the 
iodine up take  procedure (Table 2; 1.46 mg/g  wet  tissue). 

TABLE 1 

Composition of Principal Lipids of Gills Obtained from Crabs C. antennarius and P. xantusi  

Total phospholipids a Percent of total lipids b 
Total lipids 

Species (mg/g wet wt) mg/g wet wt Percent of total lipids Sterol Triglycerides Fatty acids Unknown c 

C. antennarius 10.3 • 1.8 7.1 • 1.2 68.9 18.5 2.2 1.5 2.9 
(n = 8) d (n = 8) (n=3) 

P. xantusi 10.7 + 1.6 7.5 • 0.8 70.0 21.2 1.4 2.2 No data 
(n = 3) (n = 5) (n = 2) 

aBy quantitation of lipid phosphorous using the factor: lipid phosphorous = 4.0% wt of total phospholipids {2). 
bAnalyzed by Iatroscan TLC-FID. For C. antennarius, the total phospholipids {including glycolipids) were 75% of total lipids. By column 
chromatography (see Materials and Methods}, the total lipids consisted of 21% neutral lipids, 69% phospholipids and only 10% of glycolipids. 
cUnidentified compounds: principally cholesteryl ester. 
dResults are given as the mean of n crabs. 

TABLE 2 

Concentrations of Plasmalogens in Various Tissues of Crabs (7. antennarius and P. xantusi  

C. antennarius P. xantusi 

Gills Hepatopancreas Muscle Gills Muscle 
{n = 11} (n = 1) (n -- 2) (n = 5) (n = 1) 

t~mol]g lipid 184.1 + 16.4 55.9 93.4 162.6 + 19.2 46.7 
mg/g wet wt a 1.46 • 0.26 3.9 0.55 1.34 • 0.21 0.34 
Wt percent of total lipids 14.1 4.3 7.2 12.5 3.6 
Wt percent of total phospholipids 20.6 -- -- 17.8 6.4 

Results are given as the mean of n crabs and are determined by the iodine-uptake method of Williams et al. (14). 
aAssuming mol wt of 770 (10). 
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TABLE 3 

Phospholipid Composition in Gills of (7. an tennar ius  and P. xan tus i  
{% of Total Phospholipid Phosphorous Content} 

C antennarius P. xantusi 
Phospholipid class (n = 4) (n = 2) 

Phosphatidylcholine (PC) 54.8 + 7.8 46.5 
Diacyl + alkylacyl 52.7 43.7 
Alkenylacyl (CP) 2.1 + 1.1 2.8 

Phosphatidylethanolamine (PE) 24.8 + 2.6 24.1 
Diacyl + alkylacyl 11.3 11.2 
Alkenylacyl (EP) 13.6 • 1.8 12.9 

Sphingomyelin 7.4 + 0.9 12.0 
Phosphatidylserine 2.3 • 0.3 2.5 
Phosphatidylinositol 1.9 • 0.3 3.1 
Diphosphatidylglycerol 3.1 + 0.5 7.7 
Phosphatidic acid 2.6 • 0.6 2.5 

Ratio % 

CP/PC 3.8 6.0 
EP/PE 54.8 53.5 
CP/(CP + EP) 13.4 17.8 
EP/(CP + EP) 86.6 82.2 

TABLE 4 

Alkylglycerols andl'-Alkenylglycerols of C. antennar ius  Gills 

Ether glycerols 
mg/g Fresh wt Wt % of total Phospholipids (Wt % of total) 

Ether glycerols 
Total nd 2.08 = 0.23 a (100%) a nd 29.3% a nd 
l'-Alkenyl 1.46 = 0.26 b 1.30 = 0.15 62.3 20.6 b 18.3 15.7% c 
Alkyl (by difference} nd 0.78 = 0.12 37.5 nd 11.0 nd 

nd, No data. 
aMethod of Blank et al. {15}; total ether glycerols of total lipids. Assumes mol wt of 770 for in situ plasmalogens (10). Values are the 
mean of analyses of six individual animals. 
bMethod of Williams et al. (14); total l'-alkenyl moieties of total lipids. Data of Tables 1 and 2. 
CMethod of Chapelle and Benson (11); choline plus ethanolamine plasmalogens only. 

The alkylglycerol content {obtained by  difference between 
tota l  e ther  lipids and l ' -a lkenyl  forms} was also substan-  
tial, being about  0.78 mg/g  of wet  tissue, 11% of to ta l  
phospholipids or 37.5% of the to ta l  ether lipids. 

DISCUSSION 

This invest igat ion confirms tha t  marine  crus tacean gills 
are a rich source of ether lipids {about 29% of to ta l  phos- 
pholipids in C. antennarius). Crab gills for the mos t  pa r t  
have  phosphat idyle thanolamines  as principal plasmalo- 
gens {82.2-86.6% of to ta l  l ' -a lkenylphosphoglycerols;  
Table 3). This agrees with our previously published da ta  
on gill plasmalogens for several different crustaceans fill .  
Phosphat idyle thanolamine  has been repor ted to be the 
principal plasmalogen in whole body lipids of a r thropoda  
and many  other marine inver tebrates  {8,23}. We found no 
neutral  plasmalogens ([l '-alkenyl]-diacylglycerols) in the 

gill lipids of C. antennarius, but  es t imate  1-alkyl-2-acyl 
phosphoglycerols  to be about  11% of the phospholipids 
{Table 4). 

1-Alkyl glyceryl ethers are widely distr ibuted in marine 
organisms {8,23,24}, but  their occurrence as const i tuents  
of the phospholipids {i.e., as 1-alkyl-2-acyl-3-phosphoglyc- 
erols) is not  well documented.  The occurrence of neutral  
p lasmalogens  {[l'-alkenyl]-2,3-diacylglycerols) has been 
repor ted only for s tarf ish {24,25} and ra t f ish  liver {17}. 

Together  with the literature, our results lead to the con- 
clusions tha t  in crus tacean gills the phospholipids,  
a l though impor tan t  sources of both  alkyl and l ' -a lkenyl  
ether  phospholipids,  contain more l ' -a lkenyl  than  alkyl 
ether moieties and tha t  neutral  p lasmalogens  {i.e., [l '-  
alkenyl]-2,3-diacylglycerols) seem to be absent. The levels 
of p lasmalogens  in gill lipids of crus taceans  are com- 
parable to the content  of these plasmalogenic substances  
in the lipids of mammalian heart  and brain, with the lat ter  
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tissues being considered the most  concentrated sources 
in vertebrates. 

Extensive data  document the role of gill membrane 
phospholipids and fat ty  acids in adaptation of aquatic in- 
vertebrates and vertebrates to environmental and salinity 
changes {7,26}. We believe tha t  similar studies of the 
response of gill membrane ether phospholipids {changes 
in the amounts  of specific phospholipids and ether 
glycerophosphates and in the carbon chains of their fa t ty  
acids and 1-alkyl and l '-alkenyl moieties} could offer ad- 
ditional parameters  by which to investigate the role of 
ether phospholipids in biological systems. 

ACKNOWLEDGMENTS 
This work was supported through the Ecological Research Division, 
Office of Health and Environmental Research, Department of 
Energy. SC was supported by a NATO Fellowship. Animals were 
provided by Ron McConnaughey and the Scripps Aquarium. 

REFERENCES 
1. Chapelle, S. {1977} Biochern. Syst. Ecol. 5, 241-248. 
2. ChapeUe, S., Dandrifosse, G., and Zwingelstein, G. (1976) Int. 

J. Biochern. 7, 343-351. 
3. Chapelle, S., and Zwingelstein, G. {1985} Mol. Physiol. 7, 

119-126. 
4. Chapelle, S., Chantraine, J.M., and P6queux, A. {1982} Biochem~ 

Syst. Ecol. 10, 65-70. 
5. Chapelle, S., and Zwingelstein, G. (1984) Cornp. Biochern. 

Physiol. 78B, 363-372. 
6. P6queux, A., and Chapelle, S. (1982) Mar. Biol. Lett. 3, 43-52. 
7. ChapeUe, S. (1986) Cornp. Biochern. Physiol. 84B, 423-439. 
8. Dembitskii, V.M. {1985} Zh. EvoL Biokhirn. FizioL 21, 70-76; 

{J. Evol. Biochern. Physiol. 21, 58-63}. 
9. Bolis, C.L., Cambra, A., and Farma, A. (1984) in Drugs and 

Pollutants in Marine Animals (Bolis, C.L., and GiUes, R., eds.} 
pp. 122:129, Springer Verlag, Berlin. 

10. Nevenzel, J.C., Gibbs, A., and Benson, A.A. {1985} Cornp. 
Biochern. Physiol. 82B, 293-297. 

11. ChapeUe, S., and Benson, A.A. (1986) Cornp. Biochern. PhysioL 
85B, 507-510. 

12. Paltauf, F. {1983} in Ether Lipids. Biochemical and Biomedical 
Aspects (Mangold, H.K., and Paltauf, F., eds.) pp. 309-353, 
Academic Press, New York. 

13. Arthur, G., Covic, L., Wientzek, M., and Choy, P.C. (1985) 
Biochirn. Biophys. Acta 833, 189-195. 

14. Williams, J.N. Jr., Anderson, C.E., and Josek, A.D. {1962} J. 
Lipid Res. 3, 378-381. 

15. Blank, M.L., Cress, E.A., Piantodosi, C., and Snyder, F. {1975} 
Biochirn. Biophys. Acta 380, 208-218. 

16. Gray, G.M. )1969} in Methods in Enzyrnology (Colowick, S.P., 
and Kaplan, N.O., eds.) Vol. 14, pp. 678-684, Academic Press, 
New York. 

17. Hayashi, K., and Takagi, T. {1980} Nippon Suisan Gahkashi 46, 
1043-1049. 

18. Fewster, M.E., Burus, B.J., and Mead, J.F. {1969}s Chromatogr. 
43, 120-126. 

19. Rapport, M.M., and Norton, W.T. {1962} Ann. Rev. Biochem. 
31, 103-138. 

20. Patton, S., and Thomas, A.J. I1971)J. LipidRes. 12, 331-335. 
21. Hakanson, J.L. {1984} Lirnnol. Oceanogr. 29, 794-804. 
22. Goad, L.J. {1976} Biochern. Biophys. Perspect. Mar. Biol. 3, 

252-257. 
23. Horrocks, L.A., and Sharma, M. (1982) in Phospholipids 

(Hawthorne, J.N., and Ansell, G.B., eds.) pp. 51-88, Elsevier 
Biomedical Press, New York. 

24. Malins, D.C., and WekeU, J.C. {1970} Prog. Chem. Fats Other 
Lipids 10, 341-348. 

25. Snyder, F. {1970} Prog. Chem. Fats Other Lipids 10, 289-335. 
26. Cossins, A.R., and Sheterline, P. (eds.) {1983} Cellular Ac- 

climatisation to Environmental Change, Society for Experimen- 
tal Biology Seminar Series 17, Cambridge University Press, 
Cambridge. 

[Received April 11, 1986] 

LIPtDS, Vol. 22, No, 2 (1967) 



80 

Free and Esterified Sterols of Cotton Buds and Anthers 
William R. Lusby~ James E. Olivera, Gerald H. McKibbenb and Malcolm J. Thompsona 
alnsect and Nematode Hormone Laboratory, Agricultural Research Service, USDA, Beltsville, Maryland, and bBoll Weevil Research 
Laboratory, Agricultural Research Service, USDA, Mississippi State, Mississippi 

Capillary gas liquid chromatography analyses were con- 
ducted on free and esterified sterol fractions of cotton 
(Gossypium hirsutum cv. Stoneville 213) floral buds and 
anthers. The free sterols of both cotton buds and anthers 
consist  mainly of the common plant sterols sitosterol, 
st igmasterol  and 24~-methyleholest-5-en-3f3-ol. The com- 
position of esterified sterols of cotton buds and anthers 
were similar, and consisted of pollinastanol,  31-norcyclo- 
artanol, cycloartenol, 31-norcycloartenol, 24-dehydropol- 
l inastanol and sitosterol. Desmosterol  was also present 
in both the free and esterified sterols of anthers. The iden- 
tities of the sterols were confirmed by gas chromatog- 
raphy-mass spectrometry analyses. Esterified sterols ac- 
counted for 46.7 and 88.7% of total  sterols of cotton bud 
and anthers, respectively. The ratio of esterified sterol 
to free sterol per gram of t issue is about 8:1 in anthers. 
The hS-sterols of the esterified sterols of cotton buds and 
anthers account for only 17 and 9.2% of the total  sterols, 
respectively. 
Lipids 22, 80-83 (1987). 

The wax-sterol ester fraction of freeze-dried cot ton buds 
or anthers has exhibited potent feeding stimulant activity 
for the cot ton boll weevil (1). While demonstra t ing tha t  
certain waxes of the wax-sterol ester mixture were respon- 
sible for the feeding act ivi ty (1), it was observed tha t  the 
composition of esterified sterols differed qualitatively and 
quant i ta t ively  from that  of the free sterols and from 
results of a previous report  (2). Most  phytophagous  in- 
sects are capable of converting the ubiquitous plant sterol 
sitosterol, as well as a var ie ty  of As-C2s and -C29 plant 
sterols, to cholesterol to obtain adequate quantities of this 
"essent ia l"  sterol (3). The fact tha t  the boll weevil is 
capable of convert ing sitosterol, a major sterol of cot ton 
buds, to cholesterol (4) and is s t imulated to feed on and 
oviposit  in cot ton buds demonstra tes  an impor tant  host 
p lant- insect  relationship and the essential role of cot ton 
buds in the life cycle of the cot ton boll weevil. The com- 
position of the esterified sterols suggests tha t  the cot ton 
boll weevil depends on the free sterols of cot ton buds or 
anthers to satisfy its metabolic needs for sterols. The pre- 
sent paper describes the composition and identi ty of the 
free and esterified sterols of cot ton buds and anthers.  

MATERIALS AND METHODS 

Instrumentation. Sterols and sterol acetates were ana- 
lyzed by gas liquid chromatography (GLC). The GLC 

*To whom correspondence should be addressed at USDA, ARS, In- 
sect and Nematode Hormone Laboratory, Bldg. 467, BARC-East, 
Beltsville, MD 20705. 
Nomenclature--sitosterol: 24a-ethylcholest-5-en-3/3-ol; 24~-methyl- 
cholest-5-en-3/3-ol; stigmasterol: 24a-ethylcholesta-5,22E-dien-3/3-ol; 
desmosterol: cbolesta-5,24-dien-3/~-ol; poUinastanol: 9fl,19-cyclo-14a- 
methyl-5a-cholestan-3~-ol; 24-dehydropoUinastanol: 9fl,19-cyclo-14a- 
methyl-5a-cholest-24-en-3~-ol; cycloartenol: 9/3,19-cyclo-4,4,14a-tri- 
methyl-5a-cholest-24-en-3/3-ol; 31-norcycloartanol: 9/3,19-cyclo-4a-14a- 
dimethyl-5a-cholestan-3~-ol; 31-norcycloartenol: 9~,19-cyclo-4a,14a- 
dimethyl-5a-cholest-24-en-3~-ol; 24-methylenecholesterol: 24-methyl- 
cholesta-5,24{28)-dien-3/3-ol. 

analyses were performed with a Varian model 3700 gas 
chromatograph equipped with a flame ionization detec- 
tor and a 15 m X 0.32 mm DB-1 fused silica capillary col- 
umn {0.25 ~m film) at oven temperatures  of 230 C and 
240 C for free sterols and sterol acetates, respectively. 
Peaks, areas of peaks and retention times were automat-  
ically recorded by a Shimadzu model C-R1B recorder. 
Cholesterol, si tosterol and their acetates were used as 
standards. Electron ionization (70 eV) mass spectra were 
obtained with a Finnigan model 4500 gas chromato- 
g raph-mass  spectrometer  f i t ted with a 15 m X 0.25 mm 
DB-1 fused silica capillary column {0.1 ~an film thickness). 
Data were analyzed by an on-line Incos data system. Thin 
layer chromatography (TLC) analyses were conducted on 
Anasil G Chromatoplates  (Analabs, North  Haven, Con- 
necticut}. Silver ni trate- impregnated Silica Gel H Chro- 
matoplates  (Analabs) were prepared as previously 
reported {5). Visualization of TLC spots was achieved by 
spraying with sulfuric acid followed by  heating. 

Extraction of cotton buds and anthers. Whole cot ton 
{Gossypium hirsutum cv. Stoneville 213) floral buds with 
bracts were chopped in a blender and then freeze-dried. 
Anthers  were dissected from buds and then freeze-dried 
whole. Twenty-five g of each freeze-dried material was ex- 
tracted in a Soxhlet apparatus successively for 24 hr each 
with pentane, ethyl acetate, chloroform and methanol (1). 
The solvents were removed under reduced pressure at 
50 C, and the result ing residues were analyzed by TLC 
on two separate plates; one was developed in toluene/ 
hexane {1:1, v/v) and the other in toluene/ethyl acetate 
{9:1, v/v). 

Free sterol and sterol ester isolation. After  Soxhlet ex- 
traction, TLC analyses showed tha t  the major portions 
of the unesterified sterols {free sterols) and wax-sterol 
ester  mixtures  were in the pentane ext rac t  with small 
quantities of each in the ethyl acetate extract.  To remove 
the wax-sterol ester  mixture  and free sterols from more 
polar compounds in the ethyl acetate extract,  the residue 
was part i t ioned between equal volumes of pre-equili- 
brated hexane and 70% aqueous methanol. The lower 
phase (70% aqueous methanol) was passed through a total 
of five funnels containing the hexane phase. 

The hexane phase was washed twice with the lower 
phase. TLC analyses showed tha t  there were neither free 
sterols nor sterol esters in the lower phase (70% metha- 
nol}, and it was discarded. The combined upper phases, 
which contained the wax-sterol ester  mixture  and free 
sterols, were reduced to dryness  under vacuum and com- 
bined with the pentane extract .  The combined residues 
were chromatographed over 30 g of hexane-washed Merck 
Silica Gel (2.5 • 16 cm) by eluting with 150-ml volumes 
of 0 and 3% ether  in hexane, with 100-ml volumes of 10, 
25 and 50% ether in hexane, and finally with 100% ether. 
The wax-sterol ester  mixture  was present  in the 3% ether 
in hexane fraction. The 25% and 50% ether-in-hexane frac- 
tions that  contained a mixture of alcohols, sterols, diglyc- 
erides and fa t ty  acids were combined. 

Removal of fatty acids from sterol mixture. The com- 
bined 25% and 50% ether-in-hexane fractions were 
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reduced to dryness  under  vacuum, redissolved in ether 
and t rea ted  with an excess of diazomethane and a 
catalytic amount  of methanol to esterify fa t ty  acids. After 
the solvent was removed under vacuum, the residue was 
ch romatographed  on a silica gel column as before, and 
the fract ions were moni tored by  TLC. The 10% ether-in- 
hexane fract ion contained the f a t ty  acid methy l  esters.  
The 25% and 50% ether-in-hexane fract ions containing 
the alcohols, sterols and diglycerides were combined and 
analyzed qual i ta t ively and quant i ta t ive ly  by  GLC. 

Sterols from wax-sterol ester mixture. The 3% ether- 
in-hexane fraction, which contained the wax-sterol  ester  
mixture,  was saponified by  refluxing with 5% po tass ium 
hydroxide in methanol/benzene (5:1, v/v) for 4 hr. Mos t  
of the solvent  was removed under  vacuum, and the mix- 
ture  was diluted with water,  acidified with dilute hydro- 
chloric acid, and ex t rac ted  three t imes with hexane. The 
hexane solution was washed with water  and dried over  
sodium sulfate, and the hexane was removed under  
vacuum. The dried residue was dissolved in ether  and 
t rea ted  with excess of diazomethane to esterify f a t ty  
acids. The ether was removed under  vacuum and the 
residue was chromatographed over 30 g of silica gel {2.5 X 
16 cm) as before in the removal  of f a t t y  acids f rom the 
sterol mixture.  The column fract ions were moni tored by  
TLC. 

Acetylation and argentation chromatography of 
ester/fled sterols. Since the composit ions of the ester/fled 
sterols {from saponification of the wax-sterol  ester  frac- 
tion) f rom cot ton buds and anthers  were similar, they 
were combined and acetyla ted  with  acetic anhydride- 
pyridine overnight  a t  room tempera ture .  The sterol ace- 
t a tes  were chromatographed  on a 20% AgNO3-Unisil col- 
umn {1.5 X 27 cm), which was eluted with 50 ml of hexane 
followed by  50-ml volumes containing increasing amounts  
of ether in hexane (0.5 to 6.0%, in 0.5% steps}. The frac- 
tions were monitored by  GLC and TLC (AgNO3-silica gel}. 

RESULTS 

Free sterols from cotton buds and anthers. Ext rac t ion  of 
cot ton buds and anthers  us ing successive solvents in a 
Soxhlet  appara tus  ra ther  than  the usual  method,  for ex- 
ample, with chloroform/methanol  (2:1, v/v), yielded frac- 
tions tha t  were less contaminated  with more polar 
material .  Both  sterol es ters  and free sterols were com- 
pletely extracted into pentane and ethyl acetate. The TLC 
and GLC analyses indicated tha t  the 25% and 50% ether- 
in-hexane fractions from chromatography of the combined 
pentane  and ethyl  aceta te  ex t rac t s  of bo th  cot ton buds 
and anthers, after removal of fa t ty  acids, contained a mix- 
ture  of sterols, a small quan t i ty  of other alcohols and 
{compared to our experiences with tha t  of insect and plant  
tissues} an unusually large quant i ty  of diglycerides. From 
25 g of freeze-dried cot ton buds,  53 m g  of the alcohol- 
diglyceride-sterol mixture  was obtained. The analysis  of 
the mixture  of sterols by  GLC indicated a to ta l  of ca. 
35 mg  of sterols consisting mainly of sitosterol {87%} with 
lesser amounts  of s t igmasterol ,  24~-methylcholest-5-en- 
3/3-ol and detectable  quant i t ies  of pollinasterol and 
cholesterol {Table 1). 

Analogous fractions from 25 g of cotton anthers yielded 
130 m g  of the alcohol-diglyceride-sterol mixture,  of which 
32 mg  was sterols. The free sterols of cot ton anthers  also 
consisted predominant ly  of si tosterol  (78%} with lesser 
amounts  of 24~-methylcholest-5-en-3/3-ol, cholesterol, pol- 
linastanol, s t igmas tero l  and a detectable  quant i ty  of 
desmosterol (Table 1). The relative retention t imes {RRTs) 
{Table 1) and mass  spectral  da ta  of the sterols were iden- 
tical to those of authent ic  sterol s tandards .  

Al though column chromatography  on silica gel did not  
separa te  the free sterols f rom the diglycerides, they were 
readily separa ted  as their  acetates.  Acetyla t ion of the 
sterol-diglyceride mixture  followed by  ch roma tog raphy  
over  10 g of silica gel {2.5 • 6 cm) yielded the crystall ine 

TABLE 1 

Relative Percentages of Total  Free and Esterified Sterols of Cotton Buds and Anthers 

Cotton buds Cotton anthers 

Sterols RRT a Free Ester/fled Free Ester/fled 

Sitosterol 1.65 87.0 17.0 78.4 5.7 
Stigmasterol 1.42 7.0 -- 3.6 -- 
24~-methylcholest- 

5-en-313-ol 1.30 5.0 -- 8.4 -- 
Pollinastanol 1.16 D b 26.0 4.3 29.5 
Cholesterol 1.00 D -- 5.3 -- 
Cycloartenol 1.90 {1.77} -- 22.0 -- 19.0 
31-Norcycloartenol 1.51 {1.46} -- 16.0 -- 17.6 
31-Norcycloartanol 1.38 {1.34} -- 14.0 -- 20.0 
24-Dehydropollinastanol 1.28 -- 5.0 -- 4.0 
Desmosterol 1.10 -- -- D 3.5 
24-Methylenecholesterol 1.27 D -- D -- 
% of total sterol 53 47 11 89 

aGas liquid chromatographic relative retention times, expressed relative to cholesterol 
on DB-1. Values in parentheses are for sterol acetates relative to cholesterol acetate. When 
no value is given, it is the same as the free sterol value. 
bDetectable quantity. 
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sterol acetates in the 2% ether-in-hexane fraction; the 
diglyceride acetates were eluted from the column with 
20% ether in hexane. TLC analyses and gravimetric quan- 
titation of the acetate fractions from cotton anthers in- 
dicated 32 mg of sterol acetates and 81 mg of the diglycer- 
ide acetates; from cotton buds, 32 mg of sterol acetates 
and 14 mg of diglyceride acetates were obtained. 

Interestingly, like triglycerides, the diglyceride acetates 
(Rj = 0.05) migrated only slightly from the origin on a 
TLC plate developed in toluene/hexane (1:1, v/v). The 
sterol acetates (Rj --- 0.31}, however, migrated nearly a 
third of the distance from the origin to the solvent front 
of the plate. 

Esterified sterols from cotton buds and anthers. Saponi- 
fication of the wax-sterol ester fractions isolated from 
cotton buds and anthers yielded about 85% sterols and 
15% alcohols, which consisted of phytol, geranylgeraniol, 
dihydrophytol and a C18 alcohol with a double bond (1). 
The alcohols and sterols were eluted in the 25% and 50% 
ether-in-hexane fractions from a silica gel column. The 
25% ether-in-hexane fraction showed two spots by TLC 
with Rs values of 0.25 and 0.31, which were higher than 
that  of a 4-desmethyl sterol (Rs = 0.17). The 50% ether- 
in-hexane fraction showed two spots with R~ values of 0.18 
{similar to that of a 4-desmethyl sterol) and 0.26. Since 
the aliphatic alcohols and the 4-methyl and 4,4-dimethyl 
sterols chromatographed similarly, to determine the total 
sterol composition the 25% and 50% ether-in-hexane frac- 
tions were combined and analyzed qualitatively and quan- 
titatively by GLC. Thus, 25 g of freeze-dried cotton buds 
yielded 55 mg of semicrystaUine material, of which 31 mg 
were sterols by GLC analysis. The common plant sterols 
sitosterol and 24~-methylcholest-5-en-3/3-ol represented 
only 17% of the total sterols {Table 1}. A far greater quan- 
t i ty of the wax-sterol ester mixture was obtained from 
25 g of freeze-dried cotton anthers than from the same 
weight of cotton buds. The mixture from anthers, when 
quantified by GLC, contained 250 mg of sterols, which 
consisted of 4,4-dimethyl, 4-methyl and 4-desmethyl 
sterols {Table 1}. 

The compositions of esterified sterols from cotton anthers 
and buds were quite similar and consisted mainly of 
pollinastanol (1), 31-norcycloartanol (2), cycloartenol (5), 31- 
norcycloartenol (4), 24-dehydropollinastanol (3) (Scheme 1; 
Table 1) and sitosterol. {Previous investigations on higher 
plant sterols have shown that while 24-ethylcholest-5~n- 
3/~-ol has the 24a-configuration, the 24-methylcholest-5- 
en-3/3-ol is often a mixture of 24a- and 24f3-epimers [6] and 
thus the 24~-methyl designation for the latter compound.) 

HO HO 

"2 1 "2 
(1) R = R ' = H  (3) R = R ' = H  
(2) R=Me, R'=H (4) R=Me, R'=H 

(5) R= R'=Me 

SCHEME 1 

In a previous study of the esterified sterols of cotton 
buds, cholesterol and sitosterol reportedly were found (2). 
In this study, however, the above-named sterols are the 
major esterified sterols of cotton buds and anthers, and 
sitosterol constitutes less than 6% of the total esterified 
sterols {Table 1). The esterified sterols of cotton anthers 
also contained demosterol. The sterol RRTs {Table 1} and 
mass spectral data were identical to those of authentic 
sterol standards. 

With few exceptions, the RRT of a sterol vs cholesterol 
is identical to that of the corresponding sterol acetate vs 
cholesterol acetate (7,8}. The exceptions are sterols with 
one or two methyl groups at C-4. For example, on an 
SE-30 column, the acetates of 31-norcycloartanol and 
cycloartenol gave RRTs of 1.35 and 1.75, respectively. 
The corresponding free sterols exhibited RRTs of 1.39 and 
1.87, respectively (7,8}. Surprisingly, on our 15-m DB-1 
(a crosslinked and bonded dimethylpolysiloxane liquid 
phase} fused silica capillary column, the RRTs for the 
acetates of 31-norcycloartanol and cycloartenol were 1.34 
and 1.77, respectively; the free sterol RRTs were 1.38 and 
1.90, respectively (Table 1) and thus agree well with the 
RRTs obtained on an SE-30 coated column (7,8}. The 
RRTs of the 4-desmethyl sterols were also similar to those 
previously reported {7,8}. In order to have the RRT of a 
sterol vs cholesterol identical to that of a sterol acetate 
vs cholesterol acetate, the column temperature for 
analyses of the sterol acetate should not be more than 
10 C higher than the column temperature for the free 
sterol. 

Although 4-desmethyl sterols accounted for nearly 43% 
of the total esterified sterols from cotton anthers, the 
common 4-desmethyl sterols such as sitosterol and 
stigmasterol represented less than 6% of the total sterols. 
The composition of esterified sterols is quite similar in 
both buds and anthers, but the total quantity of sterols 
per gram of tissue is about eight times greater in anthers. 

Argentation chromatography of the sterol acetates 
from the combined esterified sterols of cotton buds and 
anthers, followed by qualitative GLC analyses, was ef- 
fective in separating the sterols on the basis of degree of 
unsaturation {Table 2). Fractions 5 and 6 contain the 
saturated steroids. Fractions 7-9 contain the steroids 
with one double bond whereas fraction 10 contains those 
with two double bonds. Since 4,4-dimethyl, 4-methyl and 
4-desmethyl sterols are readily separated by chromatog- 
raphy over neutral alumina {8,9}, it would be possible to 
obtain each of the steroids in Table 2 in high purity simply 
by saponification of the saturated and mono- and diun- 
saturated steroid fractions and subsequent chromatog- 
raphy on an alumina column. In fact, the argentation 
chromatography shows some degree of separation within 
the saturated, mono- and diunsaturated fractions on the 
basis of substituent at C-4 {Table 2). 

DISCUSSION 

The sterol composition of buds is similar to that for 
anthers. For either buds or anthers, however, the free 
sterols are qualitatively different from the esterified 
sterols {Table 1). Esterified sterols accounted for 47 and 
89% of total sterols of cotton buds and anthers, respec- 
tively. By comparison, the esterified sterol fraction con- 
stituted 75% of the total sterols of mixed pollen (10). The 
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TABLE 2 

Results of Argentation Chromatography of Acetates of Combined Esterified Sterols from Cotton Buds and Anthers 

Relative percentages of mass as sterol acetates a 

Fraction 5 Fraction 6 Fraction 7 Fraction 8 Fraction 9 Fraction 10 
Sterol acetates (7.0 mg) b (103.0 mg) c (29.0 mg) (53.2 mg} (9.2 mg) (10.0 mg)d 

PoUinastanol 6.4 51.0 
31-Norcycloartanol 50.4 30.3 
Sitosterol 42.5 
24-Dehydropollinastanol 6.0 6.3 60.3 
31-Norcycloartenol 3.0 51,2 25.2 
Cycloartenol 41.3 41.9 6.2 
Desmosterol 24.1 

aDetermined by GLC. 
bin this fraction, 21.9% of the mass is the acetate of dihydrophytol. 
CIn this fraction, 5 and 6.5% of the mass are the acetates of dihydrophytol and phytol, respectively. 
din this fraction, 20% of the mass is the acetate of geranylgeraniol plus the acetates of two other alcohols or sterols representing 28% 
of total mass. 

esterified sterol fract ion of cot ton anthers  contained the 
least  amount  of sitosterol. Our results  thus indicate tha t  
the composition of the free sterols is mainly the end prod- 
ucts  of sterol b iosynthesis  in these two t issues, 'whereas  
the esterified sterol fraction is composed of mainly precur- 
sors and intermediates  in the biosynthet ic  pa t h way  to 
sitosterol or other sterol end products  of the cotton plant. 

Poll inastanol (1) was f irst  isolated f rom a pollen (11), 
and 24-dehydropollinastanol (3), 31-norcycloartanol (2) 
and 31-norcycloartenol (4) have also been isolated f rom 
a mix ture  of pollens {10). Since an anther  is pa r t  of a 
s tamen tha t  develops and contains pollen, it is not  sur- 
pris ing t ha t  poll inastanol was found in cot ton buds and 
anthers.  The esterified sterol  fract ion of cot ton buds and 
anthers  contains all of the above-named sterols except  
24-dehydropollinastanol and affords a convenient and ac- 
cessible source of cycloartenol, an intermediate in the p r o  
duction of the common AS-sterols in green plants  (6). Both 
cycloartenol and 31-norcycloartanol have been isolated 
f rom pollen of T a r a x a c u m  off icinale (12). In teres t ingly ,  
24-methylenecholesterol,  which is often the principal 
sterol in pollen from a number  of plant  species (10,13-15), 
was present at  only detectable levels in the free sterol frac- 
t ion of cot ton  buds and anthers.  

Sterols play an important  role as structural  components 
of membranes  and as precursors  to hormones or other 
compounds  having physiological functions. All subcellu- 
lar part icles studied have been found to possess  sterols 
(6). Al though esters  and glycosides do occur, usual ly the 
sterol  is pr imari ly  in the free form (6). I t  has also been 
sugges ted  tha t  sterols in crop plants  m a y  have multiple 
nonmetabol ic  roles (16). In  this s tudy,  the cot ton buds  
contained about  equal amounts  of free and esterified 
sterols, On the other hand, cotton anthers contained a far 
grea ter  percentage of their  to ta l  sterols in the esterified 
form. The content  of major  free sterols increased in 
sorghum during the first  20 hr of germination,  and the 
amount  of free sterol of the ma tu re  leaf blades increased 
f rom day 7 to day  48, then  decreased (16). The amount  
of sterol es ters  and glycosides was relat ively low until  
flowering (16). Similar changes occur in sterol composi- 
tion throughout  the life cycle of soybean and squash (17). 
Thus the type  of tissue, its age, the s ta te  of development,  

etc.,  can influence the qualitative and quant i ta t ive  nature  
of sterols tha t  occur during plant  growth.  To be t te r  
unders tand the mechanism of biosynthesis and functions 
of sterols and the interrelat ionship between free and 
esterified sterols and sterol conjugates  in the plant  and 
animal kingdoms,  then, the free and esterified sterols as 
well as sterol conjugates  in the t issues should be 
qual i ta t ively and quant i ta t ive ly  determined. 
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Metabolism of Sterols of Varying Ring Unsaturation 
and Methylation by Caenorhabditis elegans 
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The metabolism of three dietary 4,4-desmethylsterols and 
two 4a-methylsterols was investigated in the free-living 
nematode Caenorhabditis elegans. Dietary cholestanol 
was converted mostly to lathosterol. Dietary lathosterol, 
7-dehydrocholesterol, 4a-methylcholest-7-enol and 4a- 
methylcholest-8{14)-enol each remained largely un- 
changed. An absolute requirement for a substantial quan- 
tity of 7-dehydrocholesterol in C. elegans did not exist. 
C. elegans was unable to remove a 4a-methyl group or 
introduce a double bond at C-5 and also demonstrated the 
lack of a hT-reductase. Its nutritional sterol requirement 
was satisfied by cholestanol, lathosterol or 7-dehydrocho- 
lesterol; growth was comparable to that obtained previ- 
ously in media containing AS-sterols. However, the two 
4a-methylsterols appeared to be unsatisfactory sterol 
nutrients. The possible physiological importance of 4a- 
methylsterols is discussed briefly. 
Lipids 22, 84-87 {1987). 

Nematodes are incapable of de novo sterol biosynthesis 
{1-4} and require exogenous sterol for normal growth and 
development t5-8}. Metabolism of these exogenous sterols 
by nematodes is of current interest due to findings that 
several compounds with nematicidal activity also disrupt 
sterol metabolism in the free-living nematode Caenorhab- 
ditis elegans {9-11}. 

We recently discovered a unique metabolic process in- 
volving nuclear methylation of sterols at C-4 that occurs 
in three free-living nematodes, C. elegans {12}, Turbatrix 
aceti and Panagrellus redivivus {13}, but has not yet been 
reported in any other organism. Cultures of C. elegans 
propagated in media containing one of several dietary 4,4- 
desmethylsterols were found to produce 4-methylsterols, 
predominantly 4a-methylcholest-8{14)-enol with smaller 
amounts of lophenol {4a-methylcholest-7-enol) {9-14). Dis- 
ruption of this 4-methylsterol pathway could provide for 
the design of selective nematicides against plant- and 
animal-parasitic species. 4-Methylsterols were not de- 
tected in cysts of Heterodera zeae, the corn cyst nematode 
{15), although the possibility of their occurrence in other 
life stages of this or other parasitic nematodes is under 
investigation. 

Previously, with the exception of stigmastanol {14}, we 
had only utilized hS-sterols in the media, which were subse- 
quently metabolized by C. elegans to produce mostly 
7-dehydrocholesterol. Given the predominance of this 
As.~-sterol, it became of interest to determine how non- 
A~.sterols {ho, A 7, A=~ 14~} would be metabolized and whether 
the presence of 7-dehydrocholesterol was an absolute re- 
quirement for growth and reproduction of C. elegans. 

In the present study, sterols were isolated and iden- 
tified from C. elegans propagated in media containing 

*To whom correspondence should be addressed at Insect and 
Nematode Hormone Laboratory, Bldg. 467, BARC-East, Beltsville, 
MD 20705. 

either cholestanol, 7-dehydrocholesterol, lathosterol, 
lophenol or 4a-methylcholest-8(14)-enol. Utilization of 
these dietary sterols, selected for their variation in ring 
unsaturation as well as their postulated intermediacy to 
4a-methylcholest-8114)-enol {11,14,15}, provided further 
insight into sterol metabolism in C. elegans. 

MATERIALS AND METHODS 

C. elegans was cultured axenically in semidefined aqueous 
media containing 25 mg/1 sterol {10). Cholestanol {5a- 
cholestan-3~-ol) was obtained by catalytic reduction of 
cholesterol. 7-Dehydrocholesterol and lathosterol (5a- 
cholest~ were commercial samples and were 
purified by column chromatography. Lophenol {4a- 
methylcholest-7-enol) and 4a-methylcholest-8{14)-enol 
were synthesized from lathosterol as described elsewhere 
{12}. The purity of the dietary sterols {>98%) was assessed 
by capillary gas chromatography (GC). 

Free and esterified sterols were isolated from lyophi- 
lized nematodes according to our earlier procedures {10, 
14). Qualitative and quantitative analyses of sterols and 
their steryl acetate derivatives were performed by GC 
using both a glass column packed with 2.0% OV-17 liquid 
phase and a 15-m DB-1 capillary column. Final identifica- 
tions were confirmed by capillary GC-mass spectrometry 
and UV spectroscopy {where applicable} and were in 
agreement with our previously described characteristics 
{14}. Instrumental details have been supplied in an earlier 
paper {10). 

RESULTS 
C. elegans grew very well when propagated with either 
cholestanol, 7-dehydrocholesterol or lathosterol, as demon- 
strated by the population and dry weight values in Table 1, 
which are similar to those obtained previously when 
sitosterol was utilized as dietary sterol {10). Total lipid 
and sterol content values for these three desmethylsterol 
experiments {Table 1) did not differ appreciably from each 
other and are also similar to those obtained previously 
for a variety of dietary desmethylsterols including cho- 
lesterol, sitosterol and stigmasterol (9,14). Whether the 
dietary sterol was cholestanol, 7-dehydrocholesterol or 
lathosterol, most of the sterol from C. elegans was non- 
esterified; steryl esters comprised only 13-19% of the 
total sterol {Table 1). 

By contrast, in the presence of either dietary 
4-methylsterol, growth and reproduction of C. elegans 
were very poor. Dietary 4a-methylcholest-8(14)-enol 
resulted in population and dry weight values that were 
only 38% and 35%, respectively, of the average values 
yielded by the three dietary desmethylsterols. Reproduc- 
tion was even poorer on lophenol, which yielded only 6% 
and 18% of the population and dry weight, respectively, 
obtained with desmethylsterol propagation. Although 
their total lipid contents were similar, the total sterol 
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TABLE 1 

Effects of Dietary Sterols on Population Growth and Lipid and Sterol Content of C. elegans 

Population Dry wt Total lipid a Total sterolb Esterified sterol 
Dietary sterol (nematodes/ml) {g/l) (% of dry wt) (% of dry wt) (% of total sterol) 

Cholestanol 72,600 1.47 18.0 0.12 19.1 
7-Dehydrocholesterol 71,200 1.50 21.6 0.13 16.8 
Lathosterol 84,000 1.80 21.4 0.13 12.9 
Lophenol 4,600 0.28 23.9 0.23 _c 
4a-Methylcholest-8(14)-enol 28,500 0.55 20.7 0.26 8.3 

aMeasured gravimetrically. 
bMeasured by GC quantitation. 
CNot determined. 

TABLE 2 

Relative Percentages of Free Sterol (FS) and Steryl Ester (SE) Fractions from C. elegans Propagated with Various Dietary Sterols 

Dietary sterol 

Stigmastanol a Cholestanol 7-Dehydrocholesterol Lathosterol 

Recovered sterol FS SE FS SE FS SE FS SE 

Stigmastanol 14.2 3 0 . 1  . . . . . .  

Cholestanol 3.8 5.6 23.7 2 1 . 8  . . . .  

Cholesterol . . . .  0.3 1.2 - -  - -  

7-Dehydrocholesterol -- -- 0.2 -- 83.9 69.8 0.6 -- 
Cholesta-5,7,9{11)-trienol . . . .  7.4 6.4 0.1 -- 
Lathosterol 68.3 28.6 62.2 47.4 3.9 3:8 81.3 64.6 
Cholest-8(14)-enol 3.7 6.4 1.7 3.7 0.1 0.5 3.1 5.1 
4a-Methylcholest-7-enol 0.7 2.3 0.8 2.0 0.2 0.6 0.8 1.2 
4a-Methylcholest-8(14)-enol 9.3 27.0 11.4 25.1 4.2 17.7 13.0 28.4 
Others (unident i f ied} . . . . . .  1.1 0.7 

aStigmastanol data were reported previously (14). 

con ten t  of 4-methyls te ro l -propagated  cul tures was 
greater than  tha t  of desmethylsterol-propagated cultures, 
possibly due to a grea ter  up take  of the 4-methylsterols  
by  C. elegans. 

The composi t ions of free sterol and s teryl  ester  frac- 
tions f rom C. elegans propaga ted  with cholestanol, 7- 
dehydrocholesterol,  la thosterol  or s t igmas tanol  ffrom a 
previous s tudy  [14]} are presented in Table 2. C. elegans 
propagated  with cholestanol contained, excluding dietary 
sterol, p redominant ly  la thosterol  with lesser amounts  of 
4a-methylcholest-8(14)-enol and cholest-8(14)-enol, as it 
did similarly when p ropaga ted  with  another  stanol, stig- 
mastanol.  The major  sterol of C. elegans propagated  with 
7-dehydrocholesterol was die tary  sterol with lesser 
amounts  of cholesta-5,7,9(ll)-trienol, 4a-methylcholest-  
8(14)-enol and lathosterol. Lathosterol-fed C. elegans con- 
tained mos t ly  dietary sterol and smaller quanti t ies  of 4a- 
methylcholest-8(14)-enol and cholest-8(14)-enol. The free 
sterol compositions were generally similar to the esterified 
sterol profiles with the exception of 4a-methylcholest-  
8(14)-enol, which, in all cases, comprised a fairly large 
percentage  of the ester  fraction. This phenomenon has 
been observed in all of our previous sterol analyses.  

Table 3 lists the to ta l  sterol composit ions of C. elegans 
propaga ted  with each of the two 4-methylsterols.  Lophe- 
nol-propagated cultures contained predominant ly dietary 
sterol and a small but  significant percentage of 4a-methyl- 
cholest-8(14)-enol. C. elegans fed 4a-methylcholest-8(14)- 
enol contained a lmost  exclusively die tary  sterol. 

DISCUSSION 

In  our previous studies (9,11,14), the nutr i t ional  require- 
ment  for sterols in C. elegans was satisfied by  a number  
of AS-sterols, which were subsequently metabolized to pro- 
duce predominant ly 7-dehydrocholesterol, a AS'7-sterol. In 
the present  study, cholestanol and a hT-sterol (lathosterol) 
each performed as well as the hS-sterols in sa t is fying the 
nutritional requirement. Dietary cholestanol and stigmas- 
tanol were converted most ly  to lathosterol,  while dietary 
lathosterol remained largely unchanged. In  C. elegans fed 
either cholestanol or lathosterol, we detected a very small 
quan t i ty  of 7-dehydrocholesterol,  which was probably  of 
exogenous origin ra ther  than  a metabol i te  of the sup- 
p lemented cholestanol and lathosterol .  Therefore, even 
though 7-dehydrocholesterol is the major  metabol i te  in 
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TABLE 3 

Relative Percentages of Total Sterols from C. elegans 
Propagated with Dietary 4-Methylsterols 

Recovered sterol 

Dietary sterol 

4a-Methylcholest-7-enol 4a-Methylcholest-8(14)-enol a 

Cholesterol 0.6 0.6 
Cholest-8(14)-enol 0.2 0.4 
Lathosterol 0.8 0.7 
Campesterol - -  1.1 
Sitosterol 0.6 0.7 
4a-Methylcholest-7-enol 87.3 1.6 
4a-Methylcholest-8(14)-enol 10.5 94.9 

aContained less than 1% 4a-methylcholest-7-enol by GC. 

C. elegans fed A~-sterols, C. elegans has no absolute re- 
quirement  for a subs tant ia l  quan t i ty  of 7-dehydrocho- 
lesterol. I t s  s t ructura l  requirement  for sterol can also 
be fulfilled by  lathosterol. Much of the dietary 7-dehydro- 
cholesterol remained unchanged.  A relat ively small 
amount  of cholesterol was present  in 7-dehydrocholes- 
terol-fed C. elegans, whose origin m a y  have been as a 
media contaminant  ra ther  than as a metabolite of the sup- 
plemented 7-dehydrocholesterol. I t  is mos t  probable  tha t  
C. elegans lacks bo th  a C-5 dehydrogenase and a A 7- 
reductase .  Some of the die tary  lophenol was conver ted 
to its A s c,4~.analog; mos t  of the dietary 4a-methylcholest- 
8{14)-enol {or possibly all of it} was not  metabolized. In 
each case, we found only small percentages of desmethyl-  
sterols, which probably  were exogenous media  con- 
taminants  not completely extracted in our media prepara- 
tion. Therefore, C. elegans has little or no ability to 
demethy la te  ei ther of these two 4a-methylsterols.  

While a number  of 4,4-desmethylsterols  have been 
shown to fulfill the nutri t ional  requirement  of C. elegans, 
neither of the two 4a-methyls terols  tes ted  here appeared  
sat isfactory.  Failure could possibly be due to the inabil- 
i ty  of a 4a-methyls terol  to function as a bulk membrane  
component  in C. elegans, and perhaps  this nematode  
biosynthesizes 4a-methylsterols  for a more specific func- 
t ion such as a hormone, a pheromone or a precursor  to 
these, as previously sugges ted  (9). Alternat ively,  if the 
4a-methyls terol  could indeed fulfill the bulk membrane  
role, normal  growth  and reproduct ion migh t  not  occur if 
an insufficient quan t i ty  of 4-desmethylsterols  were 
available to fill some critical role requir ing a s t ructure-  
specific sterol {e.g., 7-dehydrocholesterol or lathosterol). 
Evidence for such multiplicity of sterol functions has been 
demons t ra ted  by sterol  " spa r ing"  effects in insects (16) 
and " spa rk ing"  effects in fungi (17-19). Failure to make  
indirect use of 4a-methyls terols  s t ems  f rom the inabili ty 
of C. elegans to conver t  them to p resumably  functional 
4-desmethylsterols .  

The composi t ions of recovered sterols f rom C. elegans 
propagated  with the various dietary sterols [Tables 2 and 
3) subs tan t i a t e  our previously hypothesized metabolic  
pa thways  (20). Figure 1 summarizes the nuclear modifica- 
tions leading toward the production of 4a-methylcholest- 
8(14)-enol in C. elegans. 

2 4 - A L K Y L - A  5 2 4 - A L K Y L - ~ ,  o 

l ,~ C-24 DEALKYLATION 
As ~,o 

&s,7 > A7 > A8(14) 

l l 
4 . -CH3-A7  > 4a-CHa-AsO 4) 

FIG. 1. Metabolic pathways to 4a-methylsterols in C. elegans. 
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The Effects of Fat-Free, Saturated and Polyunsaturated Fat Diets 
on Rat Liver and Plasma Lipids 
Gary J. Nelson, Darshan S. Kelley, Perla C. Schmidt and Claire M. Serrato 
Biochemistry Research Unit, Western Human Nutrition Research Center, Agricultural Research Service, U.S. Department of Agriculture, 
PO Box 29997, Presidio of San Francisco, CA 94129 

The liver and p lasma lipids and fa t ty  acid composi t ion  
of rats fed synthet ic  diets of  differing fat type  and con- 
tent were studied. All  animals  were starved for 48 hr and 
then reied a high carbohydrate,  fat-free diet for 48 hr. 
They were then divided into three groups and fed for an 
additional 48 hrs the following: group 1, the fat-free diet; 
group 2, a diet containing 44% of calories from corn oil; 
and group 3, a diet containing 44% calories from com- 
pletely hydrogenated soybean oil. The total  lipid concen- 
tration of the liver in the animals  on the fat-free diet was  
elevated at 72 and 96 hr. The addition of either saturated 
or unsaturated fat in the diet at 48 hr prevented this  ac- 
cumulat ion.  The total  phospholipid and cholesterol  con- 
centrat ions of the liver were relatively uninfluenced by 
any diet in this  study.  P la sma  total  fa t ty  acid concen- 
tration was  e levated at 72 hr in the animals  on a fat-free 
diet compared to those  fed the s tock diet, s tarved for 48 
hr or fed the fat-containing diets. By  96 hr, however,  
p lasma fa t ty  acid concentrat ions  in all groups were 
similar to  those  in animals  fed only the s tock diet. The 
release of de novo  synthes ized  fa t ty  acids into p lasma 
from the liver was strongly inhibited by dietary fat, either 
saturated or polyunsaturated. With the fat-free diet there 
was  a s ignif icant increase in the saturated and monoun-  
saturated fa t ty  acids in both liver and plasma. The addi- 
t ion of corn oil to the diet facil itated a reversion of the 
fa t ty  acid compos i t ion  in liver and p lasma to that  found 
in the animals fed the s tock diet ad libitum, but saturated 
fat  did not.  N o  effect  of  diet on the fa t ty  acid composi-  
t ion of the red cells was  observed during the course of 
this  study.  E x o g e n o u s  saturated fa t ty  acids, a l though 
similar chemical ly  to the fat ty  acids synthes ized  by the 
liver, m a y  have  physiological  act ions that differ from en- 
dogenous ly  synthes ized  fat. 
Lipids 22, 88-94 (1987). 

Dietary  fat  has profound effects on endogenous fat 
metabolism, and these effects differ depending upon the 
type of fat  consumed (1-3). Fat-free diets in the ra t  
st imulate liver fa t ty  acid synthesis (2,4-6), while polyun- 
sa tura ted  fat  in the diet s t rongly inhibits endogenous 
fa t ty  acid synthesis  (7-10). The effect of sa tura ted  fat  in 
the diet on the suppression of endogenous fa t ty  acid syn- 
thesis is still controversial  (11-13). 

This research was under taken to elucidate how short- 
t e rm changes in dietary fats influence endogenous fa t ty  
acid synthesis in the rat  in vivo because of the marked 
effects observed in cultured rat  hepatocytes  (14,15). I t  
was also of interest to determine how dietary fat composi- 
tion affects the content  and composition of tissue lipids. 
This report  presents  the effects of short- term fat  feeding 
and type  of dietary fat  on liver and plasma lipid levels 
and the time course of changes in the fa t ty  acid composi- 
tion of the liver and plasma. In addition, release of de novo 
synthesized fa t ty  acids into the plasma as a function of 
t ime and type of diet was determined. 

MATERIALS AND METHODS 

Materials, animals and diets. Male Sprague-Dawley rats, 
100-150 g, were purchased from Bant in  and Kingman 
(Fremont, California). They were fed a stock laboratory 
diet from Ralston-Purina (Richmond, Indiana) until they 
had grown to 400-500 g. At  120-140 days of age, the 
animals were segregated into three groups of 12 to 22 rats 
each, s tarved for 48 hr and refed a fat-free, high car- 
bohydra te  (FF) diet for 48 hr. After  that ,  one group was 
continued on the FF diet for another  48 hr. A second 
group was placed on a synthet ic  diet in which 44% of the 
calories was supplied by  corn oil (CO). The remaining 
group was fed a diet in which 44% of the calories was sup- 
plied by completely hydrogenated soybean oil (HSO) (a 
gift of Durkee Foods, Cleveland, Ohio) for 48 hr. The rats  
fed the stock diet were not  s tarved and refed. The com- 
position of the three diets is given in Table 1; tha t  of the 
dietary fats is listed in Table 2. The vi tamin and mineral 
mix (AIN-76) added to the synthet ic  diets was from 
Teklad Diets {Madison, Wisconsin). Animals had access 
to the diets ad libitum except  initially, when all animals 
were given ca. 3 ml of the diet by s tomach tube at the 
s ta r t  of refeeding both the fat-free and fat-containing 
diets. All animals consumed approximately the same 
amount  of calories regardless of diet group and appeared 
to find the diets quite palatable. 

The animals were killed at 0, 3, 9, 24, 48, 51, 57, 72 and 
96 hr after  refeeding was begun. All animals received 
intraperitoneally 3H20 one hour before being killed 
(0.5 mCi/100 g body weight). 

The liver and other tissues were removed and either ex- 
t racted immediately or frozen at - 2 0  C until  they were 
extracted.  Blood was drawn into heparinized syringes 
from the inferior vena cava. Red cells and plasma were 
separated by  centr ifugation at 3600 • g for 15 rain. The 
red cells were washed (4• with isotonic phosphate- 
buffered saline. 

TABLE 1 

Composition of Diets 

Wt % 

Fat-free Corn oil Hydrogenated 
Component diet diet soybean oil diet 

Sucrose 70.5 43.0 43.0 
Glycerol 5.0 -- -- 
Egg albumin 20.0 27.9 27.9 
Mineral mix (AIN-76) 3.5 3.3 3.3 
Vitamin mix 

(Teklad #40060) 1.0 1.0 1.0 
Fat -- 24.8 24.8 

Caloric distribution for the fat-free diet is the same as the weight 
%; that for fat-containing diets is 34% sucrose, 22% albumin and 
44% fat. 
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TABLE 2 

Fatty Acid Composition of Experimental Diets 
(wt % of Total Fatty Acids) 

Corn off Hydrogenated 
Fatty acid a diet soybean oil diet 

14:0 0.12 0.12 
16:0 11.23 10.72 
16:1(n-7) 0.10 -- 
17:0 0.14 0.25 
18:0 2.06 86.37 
18:1(n-9) 25.55 0.32 
18:1(n-7) 1.04 -- 
18:2(n-6) 55.02 -- 
18:3(n-3) 0.42 -- 
20:0 0.46 0.55 
20:1(n-9) 0.25 -- 
20:4(n-6) 0.09 -- 
22:0 0.16 -- 
24:0 -- 0.11 
Sum of trace components 2.96 1.21 

aFatty acids are designated by the carbon chain length, number of 
double bonds and the position of the first double bond from the 
methylene end of the molecule. 

All organic solvents were obtained from Burdick and 
Jackson (Muskegon, Michigan). Purified fa t ty  acid 
methyl ester (FAME) reference standards were purchased 
from Nu-Chek-Prep (Elysian, Minnesota). 

Lipid extraction. The lipid extract ions were performed 
using CHC13-MeOH (2:1, v/v) by the procedures described 
previously (16,17) after  lyophilization to remove all free 
and t r i t ia ted water. Hydroquinone was added to all 
samples. The purified total  lipid extracts  (TLE) were 
either prepared for t ransmethyla t ion  immediately or 
stored under ni trogen at  - 2 0  C until  fur ther  processing. 

Phosphotipid analysis. The total  phospholipid content  
(in mg) of the TLE was es t imated from the mg of in- 
organic phosphate  • 25 (18). 

Cholesterol determination. Cholesterol was determined 
by  a gas liquid chromatography (GLC) method. An ali- 
quot  of the TLE was dissolved in CHCI3 to a concentra- 
tion appropriate for direct injection onto a fused silica 
capillary column. The column was coated with a cross- 
linked methyl  silicone polymer (Ultra-1 column, 25 m • 
0.25 mm I.D., obtained from the Hewlett-Packard Corp., 
Palo Alto, California). The gas chromatograph was a 
Hewlet t -Packard 5880A equipped with a Hewlett-  
Packard electronic in tegrator  and data  processor. Con- 
ditions were as follows: carrier gas, He at 14.5 psi; injec- 
tion port  temperature,  250 C; oven temperature,  280 C; 
FID temperature,  300 C; split rat io 50:1. 

Under these operat ing conditions, cholesterol eluted 
from the column as a clean peak at  12.5 min. There was 
no interference from the other components  in the TLE.  
Various peaks at t r ibutable to triglycerides, f a t ty  acids 
and decomposition products  of phospholipids appeared 
on the chromatogram, but  always at  retent ion times of 
9 min or less under these chromatographic conditions. 

Cholesterol was quanti tated using peak areas compared 
to area obtained from a high puri ty  cholesterol reference 
s tandard from Sigma Biochemicals (St. Louis, Missouri). 

The calibration was linear from 50 ng to 20 mg per ~1 of 
cholesterol. The cholesterol peaks showed some tailing 
at the higher concentrations, but  this did not affect quan-  
t i tation. Integrat ion of peak areas, use of correction fac- 
tors and calculation of the absolute amounts of cholesterol 
in the sample were performed automatical ly by the data  
stat ion after calibration. 

Tritium-labeled liver cholesterol samples were prepared 
for liquid scintillation counting by separation on thin 
layer plates {16}, using pre-coated silica-gel plates ob- 
tained from E-M Science (Cherry Hill, New Jersey). The 
developing solvent was hexane/diethyl ether/acetic acid, 
(85:15:2, v/v/v). The cholesterol spot was located with 
iodine vapor  and scraped into a scintillation vial without  
eluting the cholesterol from the absorbent. The presence 
of the adsorbent  in the scintillation vial did not  signifi- 
cant ly interfere with the t r i t ium counting. 

Transmethylation. The t ransmethyla t ions  to obtain 
F A ME were carried out  using methanolic-HCl (7%, w/w) 
(14). FAME were diluted in hexane to an appropriate con- 
centrat ion and stored at - 2 0  C until  analyzed by GLC 
or by liquid scintillation counting of 3H in their fa t ty  acid 
moiety. 

GLC of FAME. The FAME samples were analyzed as 
described previously (14) on fused silica capillary columns 
coated with SP-2340 (Supelco, Bellefonte, Pennsylvania). 
Samples were chromatographed on a Perkin-Elmer Sigma 
2000 coupled to a P-E 7500 computer  loaded with a 
Chrom 3 da ta  analysis program. 

The quant i ta t ive  accuracy of the GLC procedures was 
evaluated by  using either purified single FAME or 
reference mixtures selected to cover the range of FAME 
present  in the experimental  samples. Accuracy of the 
analysis was estimated to be within 5% for the major com- 
ponents (greater than 10% of the total FAME in the sam- 
ple) and within 10% for the minor components  in the 
samples. 

The cholesterol extracted into the hexane washes of the 
t ransmethyla t ion  procedure was not  separated from the 
FAME prior to injection of the samples in the chromato- 
graph. However,  cholesterol is largely decomposed dur- 
ing acidic t ransmethylat ion (19), and free cholesterol does 
not  elute as a discrete peak from a SP-2340 column under 
the conditions in this work (14). 

The composition (wt %) of the FAME in the rat  samples 
were derived from the area percentages on the chromato- 
grams (14). A chromatogram had between 40 and 80 
discrete FAME peaks. Most minor peaks contributed less 
than 0.1% to the total area individually and were not iden- 
tified with confidence. The major identified components  
usually comprised 95-97% of the total  FAME present in 
the sample. For  convenience, only selected major f a t ty  
acids are listed in the tables. The residue is collectively 
presented as " sum of trace components"  and varies from 
approximately 4 to 12% of the total  f a t ty  acid present  
in the samples. Both  identified and unidentified com- 
ponents  are grouped in this category. 

In some of the tables and figures, da ta  are presented 
in terms of mg lipid/mg cellular protein because this 
allows the amounts  to be compared in absolute terms 
ra ther  than by the normalized values given by  the usual 
wt % calculations. Proteins were analyzed by the method 
of Lowry et al. (20). The data  were analyzed statist ically 
using the two-tailed Student ' s  t-test.  
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TABLE 3 

Effect  of Dietary Treatments on the Wet  Weight,  Lipid and Protein Content of Rat Liver a 

48 Hr,  refed FF diet 

Starved 48 Hr,  96 Hr,  48 H r  48 H r  
Stock diet 48 H r  refed FF diet refed FF diet CO diet HSO diet 

(n = 5) (n = 4) (n = 5) (n = 4) (n = 5) (n = 6) 

Wet weight  of liver (g) 16.35 12.04" 21.83" 
•  •  •  

Total lipid (% of wet  wt) " 5.75 6.90 6.73 
• 1.35 • 1.68 • 1.03 

mg Protein + g wet wt  liver 147.0 164.4" 136.4 
-+10.9 •  _+22.4 

25.13" 17.55 16.88 
•  •  •  

15.82" 8.41" 7.78* 
•  •  •  

123.8" 142.9 142.9 
•  •  •  

aAbbreviations: FF, fat-free; CO, corn oil; HSO, hydrogenated soybean oil. 
*Significantly different from the stock diet at P < 0.05. 
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FIG. 1. The total lipid concentration (mg total  lipid/mg liver pro- 
tein) of liver for rats fed the various diets. O, Fat-free, high car- 
bohydrate diet; [], corn oil diet; A, hydrogenated soybean diet; e ,  
stock diet. Data shown are means •  for 3 to 6 animals. Only 
the 72- and 96-hr points for the animals on the fat-free diet are 
significantly different from the other points (p < 0.05 for the 72-hr 
point and p < 0.01 for the 96-hr point}. Dietary protocols are given 
in the text.  

RESULTS 

Table 3 lists average weights, percent lipid and protein 
per g of liver for the experimental animals on the various 
diets fed in this study. The wet weight of the liver de- 
creased markedly after 48 hr of starvation and increased 
rapidly on the fat-free diet. The addition of either satu- 
rated or polyunsaturated fat to the diet caused a reversal 
of this trend and a return to the average wet weight found 
in the stock-fed animals. The percent lipid in the livers 
of these animals increased on the fat-free diet but de- 
creased when either fat was added. The absolute amount 
of protein per cell varies little in these short-term feeding 
studies {14,15}; hence, it is advantageous to present 
changes in the lipid content of the liver in terms of mg 
lipid/mg liver protein, as this value is relatively uninflu- 
enced by changes in liver hydration and glycogen content 
that tend to confound percent weight calculations. 

Figure 1 shows the time course of changes in the total 
lipid concentration of rat liver in mg lipid/mg liver pro- 
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FIG. 2. Plasma total fatty  acid concentration from rats on the three 
dietary treatments. O, Fat-free, high carbohydrate diet; Q, corn oil 
diet; A, hydrogenated soybean diet; o ,  stock diet. Only the 72-hr 
data point for the animals on the fat-free diet is s ignificantly dif- 
ferent from the other data points (p < 0.05}. 

tein as a function of the three dietary treatments. The 
liver lipids of animals on the fat-free diet show a signifi- 
cant elevation at 72 and 96 hr. The addition of fat to the 
diet after 48 hr of refeeding a FF diet prevented this in- 
crease in liver lipid concentration. This reduction was 
noted within 3 hr with the corn oil diet and within 24 hr 
with the saturated fat diet. By 48 hr on either fat- 
containing diet, the liver lipid level had equalized at about 
8% of the liver wet weight, considerably below that found 
in the animals fed the FF diet. 

Figure 2 presents the total fatty acid concentration of 
the plasma in the three groups. By 96 hr the plasma fatty 
acid content had reached a similar level (in mg fatty 
acid/ml plasma} in all three groups of animals, regardless 
of diet, in contrast to the liver lipid concentration, which 
demonstrated a marked difference between the fat-fed and 
fat-free diet groups at 96 hr. The animals on the fat-free 
diet did have elevated plasma lipid levels at 72 hr, while 
the plasma lipids in the fat-fed animals did not show a 
significant rise at this time. The slight elevation of the 
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plasma fatty acid in the animals fed unsaturated fat was 
not statistically significant. 

Figure 3 displays the phospholipid concentration of the 
livers in the animals on the different diets. The ordinate 
in this figure is given in terms of mg phospholipid/mg of 
liver protein. Once again, the ordinate scale was chosen 
because this is approximately equivalent to a per-cell 
measurement unaffected by hydration or liver glycogen 
content (15). Expressed in these units, the phospholipid 
level of the liver changed only slightly during the starva- 
tion and refeeding periods and was relatively uninfluenced 
by the fat type or level in the diet. 

Figure 4 shows the cholesterol concentration of the 
livers of the animals on the various diets during the 
feeding period. Similar to the phospholipids of the liver, 
cholesterol was not significantly influenced by the diets. 
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FIG. 3. Total  phospholipid concentration of the livers from rats on 
the three dietary treatments.  O, Fat-free, high carbohydrate diet; 
[3, corn oil diet;/x, hydrogenated soybean diet; e ,  stock diet. While 
a sl ight downward trend in the phospholipid content of the liver in 
animals on the fat-free diet was  noted, no statist ical ly significant 
differences were detected among the three dietary treatments.  
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FiG.  4. Total  cholesterol content of the liver in rats on the three 
dietary treatments.  O, Fat-free, high carbohydrate diet; [3, corn oil 
diet; A, hydrogenated soybean diet; e ,  stock diet. No significant 
differences in the liver cholesterol concentration were detected 
among the three dietary treatments.  

In addition, when the cholesterol fraction of the liver was 
isolated and counted, no significant activity could be 
detected, indicating that very little de novo synthesis of 
cholesterol had occurred during the time the animals were 
receiving the experimental diets devoid of exogenous 
cholesterol. 

Table 4 lists the fat ty acid composition of the livers of 
the animals in the three dietary groups at 0, 24, 48, 72 
and 96 hr. The fat-free and the saturated-fat diet groups 
had very similar fatty acid compositions in their livers 
during this study, markedly different from that observed 
in stock-fed animals. When corn oil was added to the diet, 
there was an immediate and marked change in the fatty 
acid composition of the liver--within 48 hr it reverted to 
that  observed in the stock-fed animals. 

Rat liver appears to show a marked preference for poly- 
unsaturated fat ty acids such as linoleic acid. In animals 
fed corn oil for 24 hr, the liver linoleic acid content in- 
creased from 2% to 15% and was approximately equal 
to that of the animals fed stock diet ad libitum. This 
would indicate a replacement of monounsaturated and 
saturated fat ty acids by linoleic acid in the liver. Liver 
fat ty acid composition was similar in animals fed 
saturated-fat and fat-free diets. Stearic acid accounted for 
approximately 40% of calories in the saturated fat diet, 
but little accumulated in liver. 

Table 5 presents the fat ty acid composition of plasma 
in the different dietary groups at 0, 24, 48, 72 and 96 hr. 
Ingested linoleic acid caused a rapid rise {within 3 hr) in 
the animals' plasma linoleic acid levels; stearic acid in- 
gestion did not cause a marked rise in the plasma stearic 
acid levels. No major differences were observed between 
the fat ty acid compositions of the plasma of the fat-free 
and the saturated-fat diet groups. After 3 hr on the 44% 
saturated-fat diet, the plasma stearic acid content rose 
only 3%; it increased by 6% after 48 hr. The palmitoleic 
acid content of the plasma was the most markedly af- 
fected by the corn oil diet; it decreased from 8.2% at the 
start of corn oil feeding to 0.8% after 48 hr. The levels 
of the other major fat ty acids of the plasma were not as 
affected by the corn oil diet as the level of palmitoleic acid. 

All percentages for the major fat ty acids in liver and 
plasma for the various diet groups listed in Tables 4 and 
5 were significantly different from those in the liver and 
plasma of animals in the group starved for 48 hr. 

The fatty acid composition of the red blood cells in the 
animals in the three diet groups showed no significant 
changes during the course of this study {data not shown}. 

Figure 5 displays the activity (in DPM) of tritium-labeled 
fatty acids found in plasma of animals in the various dietary 
groups. The maximum release was achieved at 48 hr on the 
fat-free diet, and it decreased markedly by 96 hr. However, 
this release of de novo synthesized fatty acids into the blood 
was strongly inhibited by dietary fat. The amount of ac- 
tivity in the fatty acids in plasma after 3 hr on either the 
saturated fat or polyunsaturated fat diets was equally 
diminished. The apparent difference between the shape of 
the curve of the saturated and unsaturated diet groups is 
not statistically significant. 

DISCUSSION 

This report extends earlier studies on the effect of 
dietary fat on liver and plasma lipid and their fatty acid 
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FIG. 5. Activity of 3H of plasma fatty acid in DPM/ml plasma for 
rats on the three dietary treatments. O, Fat-free, high carbohydrate 
diet; [~, corn oil diet; A, hydrogenated soybean diet; o ,  stock diet. 
The 48- and 72-hr points for the animals on the fat-free diet are 
significantly different from the other dietary groups (48 hr, p < 0.05; 
72 hr, p < 0.01). The 96-hr point for the fat-free diet group did not 
reach significance at the 0.05 level. Refer to text  for details of the 
experimental conditions. 

compositions. It differs from previous studies in that the 
time course of changes during the first 96 hr of feeding 
are presented. These results indicate that refeeding a fat- 
free, high carbohydrate diet to animals starved for 48 hr 
causes an increase in the lipid concentration of the liver, 
as previously reported by ourselves (16) and others 
(6,11,21-23), which is almost exclusively in the triglycer- 
ide fraction of the liver lipids. Nace and Szepesi (6) 
reported that  animals starved for 48 hr and refed fat- 
containing diets did not exhibit the increase in liver lipids 
observed in animals refed a FF diet after three days of 
refeeding. Those authors did not, however, refeed a fat- 
containing diet to animals that had first been refed a FF 
diet. The work reported here demonstrates that even after 
induction of active lipogenesis by a FF diet, addition of 
fat to the diet rapidly halts the increase in liver lipid 
accumulation. 

In our work, the nutrient densities of the fat-free and 
fat-containing diets were quite different with respect to 
the vitamin and mineral content. However, it is unlikely 
that during the 96 hr of refeeding these differences would 
markedly influence any of the metabolic processes ex- 
amined. Also, the digestibility of corn oil and hydrogen- 
ated soybean oil is very different. For this reason, diets 
with a high level of fat were deliberately chosen to insure 
that  an adequate amount of the saturated fat would be 
absorbed and able to influence liver fatty acid metabo- 
lism. It is possible that  some of the differences in fat ty 
acid composition found among the tissues in animals con- 
suming the two different diets are the result of this 
digestibility difference in saturated and unsaturated 
fat ty acids. Nevertheless, our data suggest that dietary 
saturated and unsaturated fat ty acids have similar in- 
fluence on fat metabolism when consumed in appropriate 
amounts. 

It should also be noted that the increases in wet weight 
and lipid content of the liver in our animals were somewhat 

greater than those reported by other investigators (6,12, 
22). The animals used in this study were older and larger 
than rats of 150 to 200 g frequently used by others, which 
may well account for the differences. 

The hydrogenated soybean oil diet contained mainly 
palmitic (11%) and stearic {86%} acids. These two com- 
pounds are also the primary products of fat ty acid syn- 
thesis in rat liver (24,25) in animals on a fat-free diet, so 
there is no obvious reason why their addition to the diet 
should reduce liver lipid levels. Product feedback inhibi- 
tion of the lipogenic enzymes by exogenous fat ty acids 
may be the cause, but it should be noted that  the livers 
in the animals fed the FF diet synthesize amounts of these 
compounds in excess of that reported to inhibit lipo- 
genesis by dietary fatty acids (8,9,26), yet did not exhibit 
inhibition of fat synthesis. If the liver can distinguish syn- 
thesized from absorbed fat ty acids, the mechanism is 
unknown. However, the absorption process in the in- 
testines might provide appropriate signals to the liver, 
for example, the apoproteins, such as apoB-48 {27,28), 
synthesized in the intestines and incorporated into the 
chylomicrons and very low density lipoprotein (VLDL) 
during fat absorption (29,30). 

Liver may accumulate triglycerides because of inade- 
quate synthesis of phospholipids in the livers of animals 
fed a polyunsaturated fa t ty  acid-deficient diet. 
Phospholipids are required for the formation of the 
phospholipoprotein coat (30,31) of the nascent VLDL par- 
ticles that are secreted by the liver and transport de novo 
synthesized triglycerides to peripheral tissues (33,34). 
Dietary corn oil would provide polyunsaturated fat ty 
acids for phospholipid synthesis but the hydrogenated 
soybean oil diet would not. Yet the liver seems to clear 
the accumulated triglycerides easily once saturated fatty 
acids are added to the diets. Thus, one may have to in- 
voke the concept of signals from the intestine during fat 
absorption, as discussed above, to explain this 
phenomenon. 

The phospholipid and cholesterol content of the liver 
in all three groups of animals showed little or no change 
during the course of the experiment. Reiser et al. (12) 
reported an increase in liver cholesterol in animals fed a 
diet containing safflower oil for two weeks, but they did 
not give a time course for this increase; presumably it oc- 
curred after 48 hr. Earlier work by Hill et al. (11) also in- 
dicated an increase in the synthesis of liver cholesterol 
in fat-fed rats but with a definite lag period, which is con- 
sistent with the observations reported here. 

A rapid change in the fatty acid composition of liver 
in rats fed a FF diet after being starved for 48 hr was 
demonstrated previously {14). This work demonstrates 
that  the pattern established at 48 hr does not change 
significantly when the animals are maintained on the FF 
diet for another 48 hr, except that the palmitic acid level 
increased from 26 to 31% of the total fat ty acids. 

The failure of the liver to accumulate stearic acid may 
have been due to its rapid desaturation to oleic acid 
(35-37), its conversion to glucose for energy metabolism 
(38,39), its malabsorption in the gut (see discussion of this 
point below) or a combination of these factors. 

It is generally accepted that the fatty acid composition 
of the plasma reflects the composition of the fat consumed 
(30,40). In animals on a fat-free diet, the plasma fatty acid 
composition is similar to that found in the liver (14). The 
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plasma fa t ty  acid composition of rats  fed the saturated 
fat diet did not change substantial ly from that  observed 
in animals fed a FF diet. I t  may be that  because stearic 
acid is very poorly absorbed 141,42), the lack of marked 
changes in the stearic acid level reported here for both 
liver and plasma are indicative of malabsorption (43) 
rather than differences in the metabolism of the saturated 
fat. Examinat ion of the feces of the animals on the 
saturated fat diet indicated appreciable fat was excreted 
unabsorbed, al though the actual amount  of fat absorbed 
by each animal was not measured. Food intake was 
recorded, and all animals consumed about the same 
number of calories. 

The data presented here suggest that  intestinal absorp- 
tion and t ranspor t  of exogenous fa t ty  acids have an im- 
por tant  role in the regulation of fa t ty  acid metabolism 
in the liver. Fur ther  research, however, will be necessary 
to prove the existence of any intestinal involvement in 
the regulation of liver fa t ty  acid metabolism. 
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The concept of generally increased lipid synthesis dur- 
ing the initial 2/3 of picornaviral infectious cycles, held 
by several authors, needs differentiation. In mengovirus- 
infected Ehrlich ascites tumor cells, an increase in the rate 
of synthesis of phosphatidylcholine could be confirmed, 
but for phosphatidylethanolamine constant to decreas- 
ing rates of synthesis were found. Moreover, phospha- 
tidylinositol was increasingly synthesized in the midst 
of the infectious cycle. The changes observed might have 
their functional expression in the proliferation of smooth 
cytoplasmic membrane systems that provide the struc- 
tural framework for the replication of picornaviral RNA 
and virus assembly. The alterations in the labeling pat- 
terns of phosphatidylinositol, phosphatidylglycerol and 
diphosphatidylglycerol late in virus infection point to in- 
creased turnover of these compounds, possibly mediated 
by phospholipase D. The formation of lysophosphatidyl- 
choline (cytolytic effect} and bis(monoacylglyceryl)phos- 
phate in the final phase of the infectious cycle might be 
correlated with the liberation of lysosomal enzymes and 
the development of the cytopathic effect. 
Lipids 22, 95-103 {19871. 

Infection of susceptible animal cells with picornaviruses 
causes rapid inhibition of host protein and nucleic acid 
synthesis while viral RNA is replicated and translated 
(1). These macromolecular processes have been the sub- 
ject of extensive studies, whereas the role of cellular mem- 
branes in the replicative cycle of picornaviruses has at- 
tracted comparably little attention. 

Well-documented effects of picornaviral infections at 
the membrane level are stimulated incorporation of cho- 
line into phospholipids and extensive proliferation of 
smooth endoplasmic membranes (2-10), at a time post- 
infection when cellular macromolecular synthesis has 
largely been shut off {1,11,12}. 

Replication and translation of picornaviral RNA as well 
as maturation of virus particles are associated with 
cytoplasmic membranes {13-21}. Studies performed by 
Caliguiri and Tamm {22-24} have identified smooth 
cytoplasmic membranes as the site of replication and 
rough cytoplasmic membranes as the site of translation 
of viral RNAs. Generally, the different phases of the in- 
fectious cycle of picornaviruses appear to be dependent 
on preexisting and newly synthesized cellular membranes. 

This communication presents a more detailed investiga- 
tion of the lipid metabolism of Ehrlich ascites tumor 
{EAT) cells infected with mengovirus. 

MATERIALS AND METHODS 

[32p]Orthophosphoric acid was purchased from New En- 
gland Nuclear (Dreieich, Federal Republic of Germany}; 

1Present address: Heumann-Pharma GmbH & Co., Biochemische 
Forschung, Heideloffstrasse 18-28, 8500 Nuernberg, Federal Repub- 
lic of Germany. 
*To whom correspondence should be addressed. 

[2-3H]myoinositol (9.3 Ci/mmol), [2-3H]glycerol (500 mCi/ 
mmol) and [9,10(n)-3H]oleic acid (2.1 Ci/mmol) were from 
Amersham Buchler (Amersham, United Kingdom}. The 
solvents in which the radiochemicals were delivered were 
evaporated under nitrogen. [3H]Glycerol was dissolved 
in minimum essential medium (MEMS) and [3H]oleic acid 
was taken up in serum-free MEMS. Lipid standards were 
obtained from Fluka AG (Buchs, Switzerland}, Serva 
{Heidelberg, Federal Republic of Germany}, Sigma {St. 
Louis, Missouri} and Applied Science Europe B.V. (Oud- 
Beijerland, The Netherlands}. Thin layer chromatography 
(TLC) and high performance TLC precoated plates (silica 
gel} as well as all solvents {analytical grade} and spray 
reagents were from Merck {Darmstadt, Federal Republic 
of Germany}. 

Growth of E A T  cells and mengovirus. EAT cells were 
grown in suspension culture at 37 C, essentially according 
to the procedure described by Van Venrooij et al. (25) as 
modified by Egberts et al. {26}. Mengovirus was grown 
in monolayers of L 929-cells as performed by Egberts 
et al. (26). 

Mengovirus infection o f E A T  cells. At a cell density of 
5 to 5.5 • 105 cells/ml {logarithmic phase}, EAT cell 
cultures were divided into halves, and the cells were 
harvested by centrifugation at 225 • g for 5 min at 37 C. 
The supernatants were saved and the pelleted cells 
resuspended in a fraction of the corresponding super- 
natants to result in 20-fold concentrated cell suspensions. 
Prewarmed mengovirus solution was added to one-half 
of the cell culture to yield a multiplicity of infection of 
50 PFU/cell {unless otherwise stated}. The other half was 
correspondingly mixed with virus-free medium {mock 
infection}. 

The mock- and mengovirus-infected cell suspensions 
were stirred at 37 C for 45 min. Both concentrates were 
then diluted, with the supernatants kept at 37 C during 
the time of virus adsorption. Incubation at 37 C was con- 
tinued for various times when aliquots of the cell suspen- 
sions were withdrawn for the incorporation of radioac- 
tively labeled lipid precursors and the preparation of lipid 
extracts as indicated in the figures of the Results section. 
Lysis of infected cells was followed by the dye exclusion 
test with trypan blue (27) at 8, 12 (24) hr postinfection. 

Incorporation of radioactively labeled precursors into 
the lipids of mock- and mengovirus-infected E A T  cells. 
EAT cells from 1.2-1 cultures were infected as described 
above. At various times postinfection, 25-ml portions 
were taken from the mock- and virus-infected cell cultures 
and centrifuged at 225 • g for 5 min at 37 C; 1.25-ml ali- 
quots were withdrawn from 20-fold concentrated cultures 
at 0 and 30 min after infection. The cells were washed with 
10 ml MEMS and resuspended in 1.25 ml MEMS lack- 
ing phosphate, inositol or fetal calf serum in case of label- 
ing with radioactive orthophosphoric acid, myoinositol 
or oleic acid. For radioactive labeling, 250 ~Ci [32P]ortho- 
phosphoric acid, 250 ~Ci [2-3H]glycerol, 50 ~Ci [2-~H]myo - 
inositol and 50 ~Ci [9,10(n)-3H]oleic acid, respectively, 
were added in 50-~1 volumes to the cell suspensions, which 
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were incubated with shaking at 37 C for 15 min (labeling 
with [2-3H]glycerol: 5 min). Thereafter, the cells were col- 
lected by centrifugation at 360 • g for 5 min at 0 C and, 
in the case of labeling with oleic acid, were washed three 
times with 20 ml cold, serum-free MEMS that was sup- 
plemented with 2.5 mg/ml bovine serum albumin. In the 
other cases, the cells were washed once with 20 ml cold 
phosphate-free, inositol-free and complete MEMS, respec- 
tively. Finally, the cells were washed twice with 20-ml and 
7-ml portions of cold Tris-saline (0.01 M Tris-acetate, pH 
7.5 [20 C], 0.15 M NaC1). After centrifugation at 800 • 
g and 0 C for 5 min, the pellets were stored at - 8 0  C. 

Extraction oflipids. Unless otherwise stated, all opera- 
tions were carried out at 0-2 C. The pelleted cells were 
extracted three times with 20-vol portions of chloroform/ 
methanol (2:1, v/v) according to Folch et al. (28). The 
organic phases were evaporated under reduced pressure 
at 37 C, and the lipids were taken up in chloroform/meth- 
anol (2:1, v/v). When EAT cells had been labeled with 
myoinositol, they were additionally extracted four times 
with ethanol/distilled water (50:50, v/v). After centrifuga- 
tion at 2600 • g for 5 min at 4 C, the combined super- 
natants were evaporated under reduced pressure at 50 C, 
and the residues were redissolved in ethanol/distilled 
water (50:50, v/v). 

Determination of lipid phosphorus and cholesterol. The 
method of Chen et al. (29) was modified to achieve quan- 
titative lipid hydrolysis and a higher sensitivity of lipid 
detection, as described by Schimmel (30). The cholesterol 
content of lipid extracts was measured by means of a test 
combination (Boehringer Mannheim, Mannheim, Federal 
Republic of Germany) according to R6schlau et al. (31). 

TLC separation oflipids. Neutral lipids were separated 
as described by Schimmel (32). By raising the polarity of 
the solvent system used by Skipski et al. (33) to chloro- 
form/methanol/glacial acetic acid/distilled water (52.5:50: 
4:1, v/v/v/v), good separation of the phospholipid classes, 
including a reliable resolution of phosphatidylserine and 
phosphatidylinositol, was achieved. For the separation 
of diphosphatidylglycerol and phosphatidylglycerol, the 
basic solvent system chloroformJmethanoYn-propylamine/ 
distilled water (26:12:1.1:1.65, v/v/v/v) was used. The 
separation of phospholipids was usually performed on 
HPTLC plates (20 • 10 cm). Lipid classes were identified 
by cochromatography of extracts with standards in dif- 
ferent solvent systems and by detection with specific 
spray reagents (34,35). Identification of individual lipids 
was carried out by two-dimensional TLC using combina- 
tions of different acidic and basic solvent systems. Lipids 
were routinely made visible by exposure of the TLC plates 
to iodine vapor. 

Identification of bis(monoacylglyceryl)phosphate. A 
lipid extract from EAT cells (250 ml cell culture) pulse- 
labeled with [9,10(n)-3H]oleic acid for 15 min at 7.5 hr 
postinfection was separated on two HPTLC plates (20 • 
10 cm) in the modified solvent system described above. 
Bis(monoacylglyceryl)phosphate (R~ = 0.76} was eluted 
with chloroform/methanol (2:1 and 1:2, v/v). Half of the 
eluate was evaporated and the residue hydrolyzed accord- 
ing to Dawson (36, micromodification of method I). The 
water-soluble products were separated as described by 
Poorthuis and Hostetler (37}. Glycerol and glycerol-3- 
phosphate as well as phosphatidylglycerol, diphospha- 
tidylglycerol and the corresponding deacylated products 

(36) were used as reference substances. The residue of the 
other half of the eluate was taken up in 10 t~l chloroform/ 
methanol (2:1, v/v) and subjected to two-dimensional TLC 
according to Poorthuis et al. (38) with diphosphatidyl- 
glycerol as a reference. 

Identification of polyphosphoinositides. EAT cells 
(450 ml cell culture) were pulse-labeled with 900 t~Ci 
[2-3H]myoinositol for 15 rain at 2 hr postinfection. After 
lipid extraction according to Folch et al. (28), the cell 
residues were additionally extracted with aqueous ethanol 
as described above. Following evaporation, the residue 
of the extract was taken up in 500 ~l aqueous ethanol, 
and 400 ~ of the resulting solution was separated 
semipreparatively on TLC plates using the solvent 
system described by Eberlein and Gercken (39). After 
localization of the compounds by means of a Beta-camera 
(Laboratorium Prof. Dr. Berthold, Wildbad, Federal 
Republic of Germany), they were successively eluted with 
chloroform/methanol (2:1, 1:1 and 1:2, v/v, respectively). 
The eluates were evaporated and the residues hydrolyzed 
(36}. The deacylation products were separated by TLC ac- 
cording to Koch-Kallnbach and Diringer (40). Glycero- 
phosphoinositol derived from phosphatidylinositol (36) 
was used as a reference compound. The remainder of the 
aqueous ethanol extract was separated in the solvent 
system described by Eberlein and Gercken (39) using 
phosphatidylinositol, phosphatidylinositol 4-phosphate 
and phosphatidylinositol 4,5-diphosphate for reference. 

Sucrose density gradient centrifugation of cell homoge- 
nates. Two 1.2-1 EAT cell cultures were mock- and 
mengovirus-infected (multiplicity of infection: 100 PFU/ 
cell), and the cells were harvested at 6 hr postinfection. 
They were pulse-labeled with 246 ~Ci of [2-3H]myoinositol 
for 5 and 15 min. Cell rupture and sucrose density gra- 
dient centrifugation of the homogenates were carried out 
essentially as described by Nelson et al. (41). 

Measurement of radioactivity. Radioactivity was mea- 
sured by liquid scintillation counting after adequate 
pretreatment of samples. Radioactively labeled lipids 
were localized on TLC plates by means of a Beta-camera 
(LH 290 HR, Berthold), by a TLC Linear Analyzer (LB 
282, Berthold) and by autoradiography. 

RESULTS 

Figure 1 shows the incorporation of [2-~H]glycerol into 
total lipids of mengovirus- and mock-infected EAT cells. 
In virus-infected cells, enhanced incorporation of the 
radiolabel was observed between 1.5 and 4.5 hr postinfec- 
tion, followed by a sharp decrease, whereas incorporation 
in mock-infected cells increased in parallel with cell 
density. 

It should be noted that for the comparison of lipid syn- 
theses in virus- and mock-infected cells, in the latter case 
linearly growing cultures were used as controls. Since in 
the following the incorporations of radioactively labeled 
precursors into individual lipid species are expressed as 
percentage distributions, deviations from constancy dur- 
ing mock-infection should allow the detection of possible 
disturbances or inhomogeneities in the formation of these 
lipids. As demonstrated in Figures 2 to 5 and Figure 7, 
such deviations were not observed to any significant ex- 
tent during the entire period of measurement. The 
averages of the relative incorporations of precursors into 
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FIG. 1. Incorporation of [2-3H]glycerol into total  lipids of mock- 
infected (O) and mengovirus-infected ( �9 ) EAT cells (5 min pulse/25 
min chase). Incorporation prior to infection is set equal to 100%. The 
values represent the means of two individual experiments. The 
analytical determinations were run as duplicates. 

individual lipids at different time points of mock-infection 
should therefore serve as the most reliable controls. 

The percentage distribution of the incorporation of 
[2-~H]glycerol into various phospholipid classes of mock- 
and mengovirus-infected EAT cells is depicted in Fig- 
ure 2. The rate of synthesis of phosphatidylcholine in- 
creased up to about four times the initial value until 3 hr 
postinfection and fell back to about this value until 9 hr 
postinfection. The rate of synthesis of phosphatidyl- 
ethanolamine, however, decreased gradually during the 
infectious cycle as compared to the control. For phospha- 
tidylinositol, a significantly enhanced rate of synthesis 
was found in the middle of the infectious cycle. The same 
results were obtained after labeling the phospholipids 
with [32P]orthophosphoric acid (30). 

However, phosphatidylglycerol and diphosphatidyl- 
glycerol showed different labeling patterns after incor- 
poration of [2-3H]glycerol and [32P]orthophosphoric acid, 
respectively (30). Whereas labeling was increased late in 
the infectious cycle in the former case, it was reduced in 
the latter case. For both phospholipids, the possibility of 
multiple labeling has to be considered, especially when 
the labeling is carried out with glycerol. Labeling with 
[2-~H]glycerol offered information about the synthesis of 
those phospholipid classes that did not show sufficient 
incorporation during labeling with [32p]orthophosphoric 
acid. Increased synthesis was also observed for phospha- 
tidylserine (with maxima at 1 and 8 hr postinfection) 
(Fig. 2d), whereas a continuously low incorporation was 
found for lysophosphatidylcholine (Fig. 2a) and for 
sphingomyelin (Fig. 2b). Although the latter compound 
is not a glycerophospholipid, its labeling can be explained 
by metabolization of glycerol. For bis(monoacylglyceryl) 
phosphate, an enhanced incorporation was noted in the 
second half of the infectious cycle (Fig. 2h). 

A study of the incorporation of [9,10(n)-3H]oleic acid 
into the lipids of mock- and mengovirus-infected EAT 
cells has shown that about 80% of the maximal labeling 
occurred during the initial 15 min after the addition of 
t h e  radiochemical (30). Thus, a sufficiently high labeling 
was to be expected from the performance of pulse label- 
ing for 15 rain; this also made possible the analysis of 
the radioactively labeled neutral lipid- and glycolipid- 
fractions. 

The percentage distribution of the incorporation of 
[9,10(n)-3H]oleic acid into the phospholipid fractions of 
mock- and mengovirus-infected EAT cells, delineated in 
Fig. 3, essentially confirmed the results reported above. 
Again, constant incorporation rates were observed for the 
control cultures. The cultures infected with mengovirus 
revealed differentiated incorporation patterns for the dif- 
ferent phospholipid classes. Oleic acid incorporation into 
phosphatidylcholine (Fig. 3c) was enhanced until 3 hr 
postinfection to an extent comparable to that observed 
with glycerol (Fig. 2c). Subsequently, the rate of synthesis 
dropped rather steadily until the end of the infectious 
cycle (insert, Fig. 2c). An incorporation only slightly 
diminished was observed for phosphatidylethanolamine 
(Fig. 3f), whereas the incorporation of [2-3H]glycerol 
(Fig. 2f) and [32p]orthophosphoric acid (30) into this 
phospholipid was substantially reduced. The increased 
production of phosphatidylinositol (Fig. 3e) observed be- 
tween 4 and 6 hr postinfection correlated with the results 
obtained with [2-3H]glycerol (Fig. 2e). Increased synthesis 
of this phospholipid between 4 and 5 hr postinfection 
could also be demonstrated by incorporation of phosphate 
label (30). 

Bis(monoacylglyceryl)phosphate was determined to- 
gether with diphosphatidylglycerol and phosphatidyl- 
glycerol, as in this series of experiments its localization 
on the chromatograms could not be achieved with con- 
fidence. Between 6 and 9 hr postinfection, an increase in 
the incorporation of radiolabel into the three phospho- 
lipids was observed (Fig. 3g) comparable to that found 
after labeling with [2-3H]glycerol (Figs. 2g, 2h) with re- 
spect to its extent as well as its temporal appearance. The 
synthesis of lysophosphatidylcholine, sphingomyelin and 
phosphatidylserine (Figs. 3a, 3b, 3d) was slightly en- 
hanced between 6 (or 7) and 9 hr postinfection. 

The synthesis of most neutral lipids (2-monoacylglyc- 
erol, 1-monoacylglycerol, cholesterol, 1,3-diacylglycerol) 
was more or less increased after mengovirus infection or 
significantly decreased in the case of cholesterol esters 
(30). Because of the importance of 1,2-diacylglycerols and 
triacylglycerols as precursors of phospholipids, only their 
labeling characteristics are presented in Figure 4. The in- 
corporation of [3H]oleic acid into 1,2-diacylglycerols was 
decreased throughout the entire infectious cycle, whereas 
the formation of triacylglycerols was significantly en- 
hanced from 0 to 4.5 hr postinfection. 

The increased labeling of phosphatidylinositol with 
[3~P]orthophosphoric acid (30) and [2-3H]glycerol (Fig. 2e) 
in the middle of the infectious cycle necessitated further 
examination, especially in consideration of the numerous 
publications dealing with increased turnover of phospha- 
tidylinositol (e.g., 42-47). The incorporation of [2-3H]myo - 
inositol into the lipids of mock- and mengovirus-infected 
EAT cells is shown in Figure 5. In mengovirus-infected 
cells, its incorporation into phosphatidylinositol increased 
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dramatically between 4.5 and 9 hr postinfection, up to 
about 14-fold as compared with the mock-infected con- 
trols at 7 hr postinfection. The label was not metabolized 
and thus was incorporated exclusively into phosphatidyl- 
inositol, as demonstrated by cochromatography of the 
lipid extracts with phosphatidylinositol standard in the 
acidic solvent system (30). 

Nearly equal amounts of tritium label (mainly as 
myoinositol; compare ref. 40) were found within the ini- 
tial 3 hr postinfection in the aqueous phases after lipid 
extraction (28) of mengovirus-infected EAT cells. The 
amount of tritium label diminished distinctly between 3 

and 4 hr postinfection and remained at a nearly constant, 
low level (Fig. 6), indicating that uptake of inositol was 
drastically reduced after about 4 hr postinfection and/or 
that the polyalcohol was increasingly consumed in the 
process of phospholipid synthesis. 

Extraction of the cell pellets with aqueous ethanol after 
removal of chloroform]methanol-soluble lipids yielded 
another fraction of phosphoinositides. By TLC separation 
of the ethanolic extracts, the following phosphoinositides 
could be characterized by their Rs values: phosphatidyl- 
inositol (PI), 0.48; unknown phosphoinositide (PI-X), 0.41; 
phosphatidylinositol-4-phosphate (PI-4-P), 0.28; lysophos- 
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phatidylinositol; 0.21; phosphatidylinositol-4,5-diphos- 
phate (PI-4,5-DP), 0.08. The Rj values of the deacylation 
products of PI, PI-X, PI-4-P and PI-4,5-DP were 0.30, 
0.27, 0.20 and 0.09, respectively. In consideration of its 
chromatographic behavior, the unidentified component 
(PI-X) is assumed to contain a sugar moiety different from 

or in addition to inositol. Figure 7 illustrates that the in- 
corporation of [2-3H]myoinositol into ethanol/water- 
soluble phosphoinositides of mengovirus-infected EAT 
cells was increased about 22-fold at 2 hr postinfection as 
compared to mock-infected cells. 

To gain information on the intracellular localization of 
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the turnover of phosphatidylinositol, homogenates of 
mock- and mengovirus-infected EAT cells pulse-labeled 
with [2-3H]myoinositol for 5 and 15 min, respectively, 
were subjected to sucrose density gradient equilibrium 
centrifugation. A comparison of Figures 8a and 8b shows 
increased incorporation of the label in virus-infected cells. 
The shape of the radioactivity profiles after pulse-labeling 
for 5 min did not differ significantly from that  obtained 
after pulse-labeling for 15 min. The radioactivity profiles 
of the homogenates derived from mengovirus-infected 
EAT cells revealed a minor shoulder at the density of the 
smooth endoplasmic reticulum, however. 

D I S C U S S I O N  

On the basis of the present results, the previously 
established concept of generally increased lipid synthesis 

during the course of picornaviral infections of mammalian 
cells (2,5-7,48,49) could be further differentiated. A study 
of the effect of mengovirus infection on lipid synthesis 
in EAT cells (~;0) has shown that in infected cells the lipid 
phosphate content increased steadily up to 6 hr postinfec- 
tion to nearly 130% of the initial value, then dropped to 
about 90% within 1 hr and remained at this level. Similar 
results were obtained for the cholesterol content. Using 
[32P]orthophosphoric acid, [2-3H]glycerol and [~H]oleic 
acid as radioactively labeled lipid precursors, this net in- 
crease in lipid synthesis was demonstrated to be differen- 
tially distributed among the most important phospholipid 
classes. During the first half of the infectious cycle, in- 
creased synthesis of phosphatidylcholine was observed, 
but for phosphatidylethanolamine constant to decreas- 
ing rates of synthesis were found. Phosphatidylinositol 
showed an enhanced rate of synthesis that was limited 
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to the middle of the infectious cycle between 4 and 5 hr 
postinfection. Increased incorporation of labeled myo- 
inositol into phosphatidylinositol was also shown to occur 
in poliovirus-infected human embryonic lung cells (50}. 

I t  is remarkable tha t  increased new synthesis  of 
phosphatidylinositol  temporal ly coincides with the pro- 
liferation of smooth cytoplasmic membranes as observed 
by electron microscopy (23,24}. I t  is known tha t  replica- 
tion of picornaviral RNA is associated with smooth in- 
ternal membrane systems (17,22-24}, while the synthesis 
of viral proteins is dependent on rough cytoplasmic 
membranes (23,24}. In this connection, it is per t inent  to 
note that  mengovirus-infected EAT cells exhibit maximal 
viral RNA synthesis between 5 and 6 hr postinfection 
(Schimmel, H., and Traub, P., unpublished results}. For 
comparison, viral protein synthesis reaches its maximum 
between 3 and 4 hr postinfection in this sys tem (26}. In- 
terestingly, sucrose density gradient  centrifugation of 
homogenates obtained from mengovirus-infected EA T 
cells revealed that  newly synthesized phosphatidylinositol 
is eventually incorporated into membranes with the den- 
si ty of rough and smooth endoplasmic reticulum. The 
mengovirus-induced changes in lipid synthesis  of EA T 
cells might  also be correlated with the dramatic altera- 
tions in membrane permeability tha t  set in 3 hr postinfec- 
tion {51) and with the shut-off of host-specific protein syn- 
thesis in the first half of the infectious cycle (26}. 

Increased synthesis of bis(monoacylglyceryl}phosphate, 
a marker lipid of secondary lysosomes (52}, was observed 
during the last third of the infectious cycle. This might 
be correlated with the liberation of lysosomal enzymes, 
as was found during the development of the cytopathic  
effect in different cell lines infected with picornaviruses 
(37,53,54). Furthermore,  phosphatidylinositol,  increas- 
ingly synthesized in the middle of the infectious cycle, 
is known to stimulate the formation of bis(monoacyl- 
glyceryl)phosphate from phosphatidylglycerol  (55). The 
enhanced incorporation of glycerol and oleic acid labels, 
but  not of phosphate label, into phosphatidylglycerol and 
diphosphatidylglycerol late in infection indicates an 
increased participation of these phospholipid species in 
turnover  reactions; in this case, phospholipase D-cata- 
lyzed t ransfer  reactions (56,57) might  play an impor tant  
role. I t  is reasonable to assume tha t  the changes in lipid 
synthesis late in infection contr ibute to the destruct ion 
of the plasma membrane and thus to the release of prog- 
eny virus particles into the medium. Mengovirus-infected 
E A T cells s ta r t  to become permeable to t rypan  blue 6 to 
7 hr post  infection (51}. While intracellularly the first in- 
fectious mengovirus particles can be detected 5 hr post- 
infection, extracellularly the first virus particles appear 
8 hr post-infection (51}. 

Another  striking observation of the present  investiga- 
tion was the enhanced turnover  of phosphatidylinositol  
late in infection. I t  could be shown to be localized to rough 
cytoplasmic membranes and to temporally coincide with 
the most  active phase of virus assembly (51}. I ts  mecha- 
nism appears different from that  of phosphatidylinositol 
turnover  in connection with virus-receptor interactions 
(58} and receptor-mediated endocytosis (46,47}. In this 
case, as formulated by  Michell (42,43), Nishizuka (46} and 
Berridge and Irvine (47), enhanced labeling with phos- 
phate  catalyzed by diglyceride kinase should have been 
expected, whereas in the late phase of mengovirus 

infection of E A T  cells only the inositol moiety of phos- 
phatidylinositol was exchanged. For the decomposition 
reaction, a phospholipase D activity has to be postulated. 
Enzyme activities of this type have been demonst ra ted  
in bacteria and plants (57), but  only rarely in animal cells 
(45,46}. However, a respective reaction sequence for 
phosphat idyl  turnover  has been discussed by Hokin- 
Neaverson (59). 

Finally, the finding that  2 hr postinfection substantially 
increased incorporation of myoinositol into ethanol/water- 
soluble phosphatidylinositol  occurs indicates the exis- 
tence of a second cellular pool of the phospholipid in 
mengovirus-infected E A T  cells. Two different cellular 
pools of phosphatidylinositol  have already been demon- 
s t ra ted in synapses (60}, in microsomal membranes of ra t  
liver (61} and in a tumor  cell line (62). 
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Measurement of Free and Bound Malondialdehyde in Vitamin E- 
Deficient and -Supplemented Rat Liver Tissues' 
Hye-Sung Lee and A. Saari Csallany* 
Department of Food Science and Nutrition, University of Minnesota, 1334 Eckles Ave., St. Paul, MN 55108 

The quantity of free malondialdehyde {MDA) in liver 
tissues of rats fed vitamin E-deficient or -supplemented 
diets for 43 wk was measured by a newly developed high 
performance liquid chromatographic (HPLC) method. 
Bound MDA was quantified by the same HPLC method 
after alkaline hydrolysis of tissue homogenates. Tissues 
from vitamin E-deficient animals showed levels of free 
MDA about 15 times higher but levels of bound MDA 
less than 2 times higher than the vitamin E-supple- 
mented animals. Free MDA is the major form in vitamin 
E-deficient tissues, but bound MDA is predominant in 
vitamin E-supplemented tissues. Conventional thiobar- 
bituric acid (TBA) test results revealed that the content 
of TBA-reactive substances expressed in MDA equiva- 
lents was much higher than the actual free MDA levels 
in all groups. Results indicate that free MDA level mea- 
sured by HPLC is a more sensitive index than the TBA 
value for lipid peroxidation. Some other TBA-reactive 
substances seem to exist in liver tissue regardless of the 
dietary treatment. 
Lipids 22, 104-107 (1987). 

Malondialdehyde (MDAL one of the most-studied prod- 
ucts of lipid peroxidation, generally has been regarded as 
involved in causing cell damage and in the formation of 
lipofuscin age pigments (1-3). It is also well documented 
that MDA undergoes reactions with amino acids {4-7}, 
proteins (8-14) and nucleic acids (15,16) and can be metab- 
olized {17}. The condensation product of MDA with the 
primary amino groups of biomolecules has been known 
to possess fluorescence due to a Schiff base-type struc- 
ture. The crosslinking of biomolecules with MDA under 
physiological conditions is of great biochemical and 
physiological interest. 

A common method to measure the degree of oxidative 
damage in biological and food systems is the thiobar- 
bituric acid (TBA) test. It has been suggested by several 

"investigators, however, that this colorimetric method is 
not specific for MDA, since other known and unknown 
compounds produce positive reactions {1,18-20}. It is 
questionable, therefore, whether the TBA value can be 
used as a reliable index for lipid peroxidation. A high per- 
formance liquid chromatographic (HPLC) method (21) 
was recently developed in our laboratory that is specific 
and sensitive for the direct measurement of MDA in 
tissues. 

There are many reports in the literature on the measure- 
ment of MDA using the TBA test for various peroxidiz- 
ing conditions (20,22-24), but little is known about the 
actual quantity of MDA produced. In the present study, 
free MDA levels were measured by HPLC to assess the 

'Published as paper no. 14,952 of the Scientific Journal Series of 
the Minnesota Agricultural Experiment Station on research con- 
ducted under Minnesota Agricultural Experiment Station Project 
No. MN 18-085, supported by Hatch funds. 
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level of in vivo peroxidation in rat liver tissues from 
animals fed diets deficient in or supplemented with 
vitamin E for 43 weeks. Hydrolysis of tissue homogenates 
was carried out to estimate the amount of MDA gener- 
ated from the bound form of MDA-biomolecule com- 
plexes. The actual MDA levels were compared to the con- 
ventional TBA test results. 

MATERIALS AND METHODS 

Animals and diets. Three groups of eight Sprague-Dawley 
female weanling rats were fed one of the following three 
diets for 43 weeks: 1} a modified basal vitamin E-deficient 
diet developed by Draper et al. {25}, adequate in all 
respects except for vitamin E ( - E  group}; 2) the basal 
diet supplemented with 30 mg/kg diet of RRR-a- 
tocopheryl acetate {1.36 IU/mg, type 3, Sigma Chemical, 
St. Louis, Missouri} {NE group}; or 3) the basal diet sup- 
plemented with 300 mg/kg diet of RRR-a-tocopheryl 
acetate (+E group}. Diets and water were provided 
ad libitum. Sodium salt of sulfamerazine {Sigma} was 
added to drinking water (1 g/3.8 1} to prevent pulmonary 
infection. After 43 weeks, the animals were killed and the 
tissues were removed, washed three times with cold 
physiological saline solution and blotted dry. The tissues 
were individually wrapped in parafilm and stored at 
- 7 0  C. 

Free M D A  determination. A 10% (@/v) liver tissue 
homogenate in cold 0.01 M sodium phosphate buffer, 
pH 7.0, was prepared using a Brinkman homogenizer 
equipped with a PT20ST probe generator {Brinkman In- 
struments, Westbury, New York}. An aliquot of the 4 ml 
homogenate was immediately filtered through a 50-ml 
Amicon cell equipped with a YC05 Diaflo ultrafiltration 
membrane (Amicon Corp., Danvers, Massachusetts} to 
remove compounds with a molecular weight greater than 
300. The Amicon cell was operated under 35 psi pressure 
of nitrogen gas. The clear filtrate was used for HPLC 
analysis. 

The HPLC separations were performed on a Spherogel- 
TSK 1000PW size exclusion column, 7.5 mm ID X 30 cm 
(Beckman Instruments, Berkeley, California} with a 
mobile phase of 0.1 M sodium phosphate buffer, pH 8.0, 
at a flow rate of 0.6 ml/min at ambient temperature. The 
absorbance was monitored at 267 nm. 

Bound M D A  determination. A 4-ml aliquot of 10% (w/v) 
liver tissue homogenate was taken into a 10-ml graduated 
centrifuge tube. The pH of the homogenate was adjusted 
to 13 using 100 tA of saturated NaOH solution and in- 
cubated in a 60 C water bath for 30 min. The hydrolyzed 
homogenate was neutralized to pH 8.0 with concentrated 
HC1 and immediately subjected to ultrafiltration using 
the Amicon cell under nitrogen pressure. The clear filtrate 
was analyzed to quantify MDA by the previously de- 
scribed HPLC method. This value of MDA is referred to 
as the total MDA of liver tissues. The difference between 
MDA levels prior to and after hydrolysis is called bound 
MDA. 
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Preparation of MDA standard. M D A  was prepared  by  
hydrolysis  of 1,1,3,3-tetraethoxypropane (TEP) (Aldrich 
Chemical Co., Milwaukee, Wisconsin) by  a modification 
of the method of Kwon and Wat t s  (26). One mmol  of T E P  
was dissolved in 100 ml of 0.01 N HC1 and heated in a 
50 C water  ba th  for 60 min. A s tandard  solution of MDA 
(1 >< 10 -2 M) was prepared  by  diluting 0.1 ml of the 
hydrolyzed T E P  solution to 100 ml with 0.01 M sodium 
phospha te  buffer, p H  7.0. The absorpt ion spec t rum of 
M D A  s tandard  solution was obtained with a Beckman  
Model DU-8 spect rophotometer  using a 1-cm quartz  cell. 
The optical densi ty  of M D A  solution at  ~max (267 nm) 
was measured  to verify the molar  extinct ion coefficient 
and, thus, the pur i ty  of the solution. 

TBA test. The measurement  of TBA react ive sub- 
s tances (TBA=RS) in ra t  liver t issue was performed by  
a modified method of Uchiyama and Mihara (20). A 0.5-ml 
aliquot of 10% (w/v) t issue homogenate  in cold 0.01 M 
sodium phospha te  buffer, p H  7.0, was taken  into a 20-ml 
screw-capped tes t  tube. Three ml of 1% phosphoric acid 
and 1 ml of 0.6% T B A  solution were added, and the mix- 
ture was heated for 45 min in boiling water  bath.  After  
cooling to room tempera ture ,  the reaction mix ture  was 
ext rac ted  with 4 ml of n-butanol. The butanol  phase  was 
separa ted  by  centr i fugat ion at  2000 r p m  for 10 min. The 
absorbance of the butanol phase was measured at 535 and 
520 nm by  a Beckman  Model DU-8 spectrophotometer .  
The difference in absorbance was used for the calculation 
of the amount  of TBA-RS. Various concentrat ions of 
MDA standard solution were subjected to the same TBA 
tes t  procedure, and a s tandard  curve for the TB A -MDA 
complex was prepared.  The contents  of TBA-RS in the 
sample tissues were calculated as MDA equivalents from 
the s tandard  curve. 

Tissue a-tocopherol determination. The H P L C  method 
developed by  Zaspel and Csallany (27) was used to mea- 
sure the content  of a-tocopherol in ra t  liver tissues. The 
H P L C  separat ions  were performed on a 10-~m Hibar  I I  
Lichrosorb RP-18 column, 250 X 4.6 m m  (EM Reagents ,  
Gibbstown,  New Jersey), preceded by  a guard  column, 
70 X 4.6 mm, packed with perisorb RP-18 (EM Reagents) 
with a mobile phase  of 2% water  in methanol  at  a flow 
rate  of 2 ml/min. Tissue a-tocopherol was detected by  
fluorescence at  an exci tat ion wavelength  of 295 nm and 
an emission wavelength  of 340 nm using a Perkin-Elmer 
Model 650-10S fluorescence spec t rophotometer  (Perkin- 
Elmer Corp., Norwalk, Connecticut) equipped with a 20 ~1 
capaci ty  quar tz  flow cell. Tissue a-tocopherol concentra- 
tions were calculated f rom peak area responses using a 

s t andard  curve prepared by  ch roma tog raphy  of known 
amounts  of pure d-a-tocopherol. 

Statistical analysis of data. Comparisons of three group 
means  were done by  ANOVA and Tukey '  s multiple com- 
parison tes t  (28) and comparisons of two group means by  
S tuden t ' s  t-test.  

RESULTS AND DISCUSSION 

Animal  body weights  and hepatic t issue a-tocopherol 
concentrat ions of ra t s  fed v i tamin  E-def ic ient  or -sup-  
plemented diets are shown in Table 1. The v i tamin  E -  
deficient group s ta r ted  to show a gradual  decrease in 
growth  ra te  at  22 weeks on the exper imenta l  diet com- 
pared to the v i tamin  E - s u p p l e m e n t e d  groups. By 43 
weeks of age, when animals were killed, the v i tamin  E -  
deficient ra ts  weighed only 76% of the v i tamin E-supple-  
mented  rats.  A significantly high accumulat ion of a- 
tocopherol was shown in the liver t issues of v i tamin  E -  
supplemented groups. A detectable  amount  of a-tocoph- 
erol was still found in the liver of the - E  group after  43 
weeks on the completely v i tamin  E -dep r ived  diet. This 
small  amount  of a-tocopherol was derived f rom inborn 
t issue storage.  

Free and bound MDA concentrations of ra t  liver tissues 
following 43 weeks of feeding diets deficient in or sup- 
plemented with v i tamin E are also shown in Table 1. The 
amount  of free MDA measured in tissues of the - E  group 
was about  15 t imes higher than  NE and + E  groups. No 
difference in the free MDA level was seen between NE 
and + E groups,  even though the + E group had been fed 
10 t imes more v i tamin  E than  the NE group. This seems 
to indicate tha t  the protect ive effect of v i tamin E against  
in vivo lipid peroxidat ion is not  dose-dependent,  and the 
normal  dietary v i tamin  E level offers as much protect ion 
as the higher level. 

Tissue homogenates  were hydrolyzed to es t imate  the 
amount  of M D A  present  in the bound form with 
biomolecules such as amino acids, proteins or nucleic 
acids. After  hydrolysis,  a considerable amount  of M D A  
was released in all the groups regardless of the die tary  
t rea tment .  The average  amount  of released M D A  (re- 
ferred to as bound MDA in Table 1) in the - E  group was 
significantly higher than  tha t  in the + E  group. No dif- 
ference was shown between - E  and NE groups. I t  has 
been found tha t  bound M D A  is a predominant  form of 
M D A  present  in v i tamin E- supp lemen ted  liver tissue. I t  
is interest ing to note tha t  less MDA exists  in the bound 
form than in a free form in the - E  liver tissues, indicating 

TABLE 1 

Body Weights and Concentrations of a-Tocopherol, Free and Bound Malondialdehyde in Rat Liver 

Body weight (g) 
a-Tocopherol Free MDA Bound MDA 

Group Wk 0 Wk 43 ~g/g tissue) (~g/g tissue) (~g/g tissue) 

- E  56.6 +_ 1.28 262.5 +_ 14.19 a 3.20 + 0.65 a 3.91 + 0.35 a 2.66 +_ 0.34 a 
NE 52.8 +_ 1.61 345.3 -!-_ 7.35 b 36.54 + 4.08 a 0.28 +_ 0.04 b 2.29 +_ 0.25 a,b 
+E 53.7 +_ 1.61 341.3 +_ 16.19 b 138.38 +-- 19.63 b 0.25 + 0.06 b 1.49 +_ 0.27 b 

Values represent the mean +_ S.E.M. for 8 animals per dietary groups. Means within each column not sharing a common superscript 
letter are significantly different (p < 0.05) by Tukey's multiple comparison test. 
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possible fas ter  M D A  product ion than  the capabi l i ty  to 
be react ive with some other  compounds.  The fact  tha t  
there is no significant difference in bound MDA levels be- 
tween - E  and NE groups in spite of a large difference 
in free M D A  levels might  indicate tha t  the highly perox- 
idat ive - E  t issue could clear toxic free M D A  more effi- 
ciently than  normal  t issue by  possibly increasing the ac- 
t ivi ty  of aldehyde dehydrogenase or by excreting it in the 
urine (29) as a defense system. Recently, Hjelle and 
Petersen (30) repor ted  t ha t  r a t  liver contained at  least  
three aldehyde dehydrogenases  which oxidize MDA, two 
with relat ively high affinity for M D A  in cytosol  and one 
with lower affinity in mitochondria.  We have  also found 
a significantly higher level of TBA-RS in v i tamin  E -  
deficient ra t  urine than  in urine f rom supplemented 
groups (unpublished data). 

Comparison of M D A  levels to TBAoRS in liver t issues 
is shown in Figure 1. Free and to ta l  (free + bound) M D A  
concentrat ions were separa te ly  compared  to the amount  
of TBA-react ive  substances  within each die tary  group. 
Levels of TBA-react ive  substances  were significantly 
higher than  free M D A  in all the die tary  groups and also 
significantly higher than total  M D A  levels in the - E  and 
+ E  groups.  The v i tamin  E-def ic ient  group showed 3-4 
t imes more TBA-RS than  v i t amin  E - s upp l emen ted  
groups. The difference in the levels of TBA-RS among the 
three dietary groups is much less than  tha t  for free MDA 
levels. These results indicate the definite presence of some 
other TBA-RS tha t  are not  MDA in the liver t issues of 
all d ie tary  groups. 

The rat ios of TBA-RS as an equivalent of M D A  to free 
and total  M D A  were calculated (Table 2) to show the rela- 
t ionship between these two lipid peroxidat ion indices. I t  
was found tha t  the rat io  of TBA-RS to free M D A  in the 
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FIG. 1. Comparison of the levels of M D A  and TBA-reactive 
substances.  Values represent the mean ----- SEM for eight animals 
for dietary group. *, P values at the top of the M D A  bars indicate 
the results of Student's t-test between free or total MDA levels and 
the TBA-RS within each dietary group. **, Differences in TBA-RS 
levels among the dietary groups were tested by Tukey's multiple 
comparison method. Means not sharing a common letter arc 
significantly different (p < 0.05). 

TABLE 2 

The Ratios of TBA-Reactive Substances to Free 
and Total  Malondialdehyde a 

Group TBA:RSb/free MDA TBA-RS/total MDA 

- E  3.0 1.8 
NE 12.9 1.4 
+E 12.2 1.7 

aRatios were calculated from the mean values of each group. 
bTBA-reactive substances calculated as MDA equivalents. 

- E  group was much lower 13.0:1) than  the rat ios  of NE 
and + E  groups (12.9:1 and 12.2:1, respectively}. However, 
the rat ios  of TBA-RS to to ta l  M D A  in liver t issues were 
similar in all dietary groups. These resul ts  demons t ra te  
tha t  the proport ion of free M D A  in TBA-RS measured  
by the TBA test  is much higher in the vi tamin E-deficient  
liver t issues than in the vi tamin E-supplemented  tissues. 
However, similar proportions of total  MDA exist in TBA- 
RS in both  v i tamin  E-def ic ient  and v i tamin  E- sup-  
plemented liver tissues, indicating tha t  mos t  of the MDA 
exis ts  in a bound and not  a free form in the v i tamin  E -  
supplemented state. The present  s tudy also demonstrates  
tha t  the TBA tes t  may  be useful for measuring the perox- 
idat ive s ta te  of t issues but  tha t  it should not  be equated  
with M D A  levels. 
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Cholesteryl Esterase Activities in Ventricles, Isolated Heart Cells 
and Aorta of the Rat 

Hans Stam*, Sietske Broekhoven-Schokker, Kees Schoonderwoerd and Willem C. HiJlsmann 
Department of Biochemistry I, Medical Faculty, Erasmus University Rotterdam, PO Box 1738, 3 0 0 0  DR Rotterdam, The Netherlands 

Cholesteryl esterase activities were determined in homo- 
genates of rat heart (ventricles), isolated, calcium-tolerant, 
cardiac myocytes and aortic tissue and were compared 
with acid and neutral triglyceride lipase activities in these 
fractions. 

Using cholesteryl oleate/phosphatidylcholine/taurocho- 
late emulsions and digitonin pretreatment of the enzyme 
fractions, acid and neutral cholesteryl esterase activities 
were measured in all tissue preparations. In contrast to 
the acid and neutral triglyceridase and acid cholesteryl 
esterase activity, the neutral cholesteryl esterase activ- 
ity was subject to substrate inhibition. Upon isolation of 
cardiac myocytes, and in contrast with the recovery of 
neutral triglyceride lipase activity, only a small portion 
of the neutral cholesteryl esterase (6%) was recovered, 
suggesting that nonmyocyte neutral cholesteryl esterase 
activity markedly contributes to the relatively high ac- 
tivity detectable in whole ventricular homogenates. The 
recovery of large amounts of neutral cholesteryl esterase 
activity in the supernatant of collagenase-digested heart 
tissue, obtained during the isolation of myocytes, which 
is also markedly enriched in activities of two endothelial 
marker enzymes (5'-nucleotidase and angiotensine-con- 
verting enzyme) may indicate the predominant contribu- 
tion of neutral cholesteryl esterase activity from coronary 
endothelial cells to this activity detectable in ventricular 
homogenates. Relative to the activity in ventricular and 
myocyte homogenates, aorta homogenates possessed the 
highest specific neutral cholesteryl esterase activity. We 
propose that in addition to coronary endothelium, smooth 
muscle cells also contribute to the neutral cholesteryl 
esterase activity in ventricular homogenates. Pretreat- 
ment of rats with carrageenan, an agent toxic to macro- 
phages, lymphocytes and fibroblasts, induced a signifi- 
cant drop in myocardial neutral cholesteryl esterase and 
triglyceride lipase activity, suggesting that interstitially 
trapped macrophages may also contribute to lipolytic ac- 
tivities present in whole ventricular homogenates. Our 
data indicate that caution has to be taken upon extrapola- 
tion of experimental findings in heart homogenates to 
myocardial muscle cells. 
Lipids 22, 108-115 (1987). 

In rat heart homogenates, the presence of various lipo- 
lytic activities involved in the hydrolysis of exogenous 
and endogenous triglycerides and cholesteryl esters has 
been known for a long time (1-8). However, one cannot 
conclude from the presence of lipolytic activities in tissue 
homogenates that these enzymes are present in the car- 
diac myocytes, since these cells comprise only 12-20% 
of the total amount of heart tissue cells, although they 
represent the bulk of the tissue by mass (9). In addition 
to the myocytes, the heart contains cells of vascular origin 
(endothelial and smooth muscle cells), connective tissue 
cells and cardioadipocytes but probably also (occasional) 

*To whom correspondence should be addressed. 

interstitially trapped fibroblasts, lymphocytes, macro- 
phages and neutrophils that have infiltrated the heart 
tissue. High acid and neutral triglyceride lipase and 
cholesteryl esterase activities have been described for 
aortic tissue and cultured macrophages, fibroblasts, lym- 
phocytes and neutrophils (8,10-19). Furthermore, neutral 
triglyceride lipase activities, including lipoprotein lipase, 
have been described in isolated rat heart myocytes 
(20-23). 

Recently, Goldberg and Khoo demonstrated for the 
first time the presence of a neutral cholesteryl esterase 
activity in mouse and rat heart homogenates and isolated 
rat heart cells (24). The present study was undertaken to 
reevaluate the cholesteryl esterase activities in rat heart 
(ventricular) homogenates, isolated rat heart myocytes 
and rat aortic tissue. The occurrence of cholesteryl ester- 
ase activities in the tissue preparations was compared 
with the presence of intracellular triglyceride lipase activi- 
ties. In addition, the contribution of cholesteryl esterase 
activities present in interstitially occurring cells to overall 
heart homogenate activities was estimated after pretreat- 
ment of the rats with carrageenan, a polygalactan toxic 
for macrophages, lymphocytes and fibroblasts (25,26). 

MATERIALS AND METHODS 

Animals. Male Wistar rats of 200-250 g were used 
throughout the study. They had free access to control 
laboratory chow and water and were kept under an arti- 
ficial light cycle of 12 hr (07.00-19.00 hr). Carrageenan 
(25 mg/kg body weight, suspended in sterile 0.9% [w/v] 
NaCl) was injected intraperitoneally under light ether 
anesthesia. Data obtained from the carrageenan-treated 
rats were compared with rats only receiving saline. The 
animals were killed 24 hr after carrageenan treatment. 
Carrageenan and saline injections did not affect the food 
consumption of the animals. 

Perfusion protocol. Under light ether anesthesia the 
hearts were removed quickly from the thorax and immersed 
in ice-cold perfusion buffer. Subsequently, they were ar- 
ranged for a non-recirculating Langendorff perfusion with 
a modified Tyrode buffer containing 11.1 mM glucose as 
described previously (5). Nonventricular tissue was removed 
as much as possible, and the hearts were electrically 
stimulated at a rate of 300 beats/rain. After a 10-rain preper- 
fusion, heparin (5 U/re_l) was included in the buffer to remove 
vascular lipoprotein lipase. Heparin perfusion continued for 
30 min. No lipase activity could be detected in the effluent 
thereafter. Finally, a 5-rain heparin washout perfusion was 
done. After per fusion, the hearts (ventricles) were minced 
finely, homogenized in a l-raM phosphate buffer (pH 7.4) 
and, when indicated, a low speed supernatant prepared as 
described previously (5). 

Preparation of isolated, calcium-tolerant cardiac 
myocytes. Myocytes were prepared from hearts of fed 
rats using a modification of the method described by 
Farmer et al. (27). We used a Tyrode buffer ([Ca 2§ = 
1.35 mM) instead of a Krebs-Henseleit buffer ([Ca 2§ = 
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2.5 raM). In addition, we included 0.01% (w/v) butylated 
hydroxytoluene, an antioxidant, during all incubations 
and washings. Briefly, after preperfusion with Tyrode 
buffer (step 1), a 5-min Ca2§ perfusion took place (step 
2) followed by a 5-min perfusion with buffer containing 
50 t~M Ca 2§ 0.1% (w/v) collagenase, 0.1% (w/v) hyaluroni- 
dase and 0.1% (w/v) bovine serum albumin at a flow rate 
of 8 ml/min (step 3). Then the hearts were removed from 
the apparatus, two vertical slashes were made toward the 
apex of the heart and the tissue was incubated at 37 C 
with buffer supplemented with 50 ~M Ca 2§ 0.1% (w/v) col- 
lagenase and hyaluronidase and 2% (w/v) bovine serum 
albumin (step 4). Then the disaggregated cells were col- 
lected by sieving through a 300-~ nylon mesh. The first 
cell suspension was discarded. After step 4 three succes- 
sive 5-min incubations with the same medium were done 
followed by sieving (step 5). Thereafter, when almost the 
whole tissue was digested, the cells were collected by cen- 
trifugation (40 • g, 1 min) and washed three times with 
Tyrode buffer containing 50 ~M Ca ~* and 2% (w/v) bovine 
serum albumin (step 6). The final cell pellet was suspended 
in control Tyrode buffer for characterization. In our lab, 
this method gives a 41.7 + 0.58% (n = 8) cell yield on 
protein basis with a viability, as determined from 0.3% 
(w/v) trypan blue exclusion, of 70-80%. Sixty to 75% of 
the cells were rod-shaped; 10-20% of them were beating 
spontaneously. The myocytes were finally centrifuged, 
and the pellet was homogenized in a l-raM phosphate buf- 
fer (pH 7.4) (step 7). When indicated, a low speed super- 
natant was prepared as described previously (5). 

Aorta preparation. After removal of the heart for perfu- 
sion, the thoracic aorta was dissected free and stripped from 
nonarterial tissue. Aortas were washed thoroughly free of 
blood components using 0.9% (w/v) NaC1. All handlings 
took place in the cold room (4 C). Aortic tissue was finely 
minced, homogenized in a 1-mM phosphate buffer (pH 7.4) 
by two 30-second bursts of a Polytron tissue homogenizer 
(setting 5) and, when indicated, a low speed supernatant 
was prepared by centrifugation (5 rain, 300 • g). 

Determination of cholesteryl esterase activities (EC 
3.1.1.13). Cholesteryl esterase activities in the various en- 
zyme sources (homogenates or low speed supernatants) 
were initially tested using three different cholesteryl 
[1-'4C]oleate preparations. We used cholesteryl oleate/ 
phosphatidylcholine/glycerol dispersions as described by 
Severson and Fletcher (8) (assay A), cholesteryl oleate/ 
phosphatidylcholine/bile salt micelles according to Hajjar 
et al. (15) (assay B) and cholesteryl oleate/phosphatidyl- 
choline/bile salt micelles after digitonin pretreatment of 
the enzyme preparations (0.025 mg/ml, 10 min, 4 C) ac- 
cording to Haley et al. (12) (assay C). All incubations were 
performed at 37 C for 30 min. 

Assay A, final volume 100 ~1, contained 50 ~M ['4C]cho- 
lesteryl oleate (186 Becq/nmol), 320 ~M phosphatidylcho- 
line, 0.4% (w/v) bovine serum albumin (fatty acid-free), 
1.25 M glycerol and 50 mM Tris-HC1/acetate buffer (pH 
range 3-9). 

Assay B, final volume 125 t~l, contained 50 ~M ['4C]cho- 
lesteryl oleate (238 Becq/nmol), 200 t~M phosphatidylcho- 
line, 0.04% (w/v) bovine serum albumin, 100 ~M sodium 
taurocholate and 100 mM potassium phosphate/acetate 
buffer (pH range 3-9). 

Assay C, final volume 125 t~l, contained 50 t~M ['4C]cho- 
lesteryl oleate (359 Becq/nmol), 4.35 mM phosphatidyl- 

choline, 2.0 mM sodium taurocholate and 125 mM Tris- 
HC1/acetate buffer (pH range 3-9). 

Extraction of the liberated labeled fatty acids occurred 
as described elsewhere (8,12,15). 

Cholesteryl esterase activity is expressed as nmol fatty 
acid released from the cholesteryl oleate substrate per hr 
per mg protein. The interassay variation of both choles- 
teryl esterase activities was less than 2%. 

Determination of triglyceride lipase activities (EC 
3.1.1.3). Triglyceride lipase activities in the various homo- 
genates or low speed supernatants were determined at 
pH 4.8, 7.4 and 8.2, using a [3H]triolein/gum acacia sus- 
pension as previously described (5). Neutral (or alkaline) 
triglyceride lipase activity was estimated in the absence 
and presence of 15% (v/v) rat serum, obtained from rats 
fasted overnight and preheated for 60 min at 56 C to 
remove its lipolytic activity. Triglyceride lipase activity 
is expressed as nmol fatty acid released from the triolein 
substrate per min per mg protein. 

Determination of 5"-nucleotidase (EC 3.1.2.5) and 
angiotensine-converting enzyme activities (EC 3.4.15.1). 
The activities of 5'-nucleotidase and angiotensine-convert- 
ing enzyme, marker enzymes for endothelial cells (28,29), 
were determined as described previously (29). 

Immunotitration. Polyclonal antibodies against rat 
heart heparin-releasable lipoprotein lipase were obtained 
from female goats as described earlier (5,30). Twenty-five 

of the antibody preparation inhibited 10 mU of lipopro- 
rein lipase activity. Triglyceride lipase and cholesteryl 
esterase activity in the various enzyme preparations were 
incubated with control and anti-lipoprotein lipase y- 
globulins (90 min, 4 C). Thereafter the assay was started 
by the addition of the substrate. 

Chemical assays. Protein content of ventricular, aorta 
and myocyte preparations was determined according to 
Lowry et al. (31) using bovine serum albumin as standard. 
Total cholesteryl ester contents of the tissue and cell 
preparations were determined, after organic extraction 
according to Bligh and Dyer (32) and drying, using a 
Boehringer test combination, based on methods described 
by Stfihler et al. (31) and Trindler (32). 

Reagents. Reagents and chemicals (all of analytical 
grade) were obtained from Merck (Darmstadt, Federal Re- 
public of Germany) and Boehringer (Mannheim, Federal 
Republic of Germany). Bovine serum albumin (fraction 
V), collagenase (type I) and hyaluronidase (type II) were 
purchased from Sigma (St. Louis, Missouri). The albumin 
was freed from fatty acids by charcoal treatment. 
[9,10(n)-3H]Glycerol triolein and cholesteryl [1-14C]oleate 
were from Amersham International PLC (Amersham, 
United Kingdom), Instagel was from Packard (Downers 
Grove, Illinois) and heparin was from Organon (Oss, The 
Netherlands). Carrageenan was from Sigma and a gift 
from E. J. Schenkelaars from the Department of Phar- 
macology of our faculty. 

Statistics. Most data are presented as mean values 
(X) +_ standard error of the mean (SEM), with n represent- 
ing the number of experiments. Statistical significance 
of differences was calculated with Student's t-test (two- 
tailed). P > 0.05 was considered not significant (NS). 

RESULTS 
Validation of assays. The triolein, emulsified in gum 
acacia, is well established as a suitable substrate for the 
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assay of lipase activities in various tissue homogenates, 
and the activity of acid and neutral triglyceride lipase 
and lipoprotein lipase in heart tissue can be compared 
with data obtained with glycerol/triolein dispersions, 
ethanolic triolein substrates, [~H]triolein-labeled chylo- 
microns and triolein/phosphatidylcholine micelles (3,35, 
36). As demonstrated previously for low speed super- 
natants of whole heart homogenates (5), the triglyceride 
lipase activities in myocyte and aorta preparations also 
exhibited classical Michaelis-Menten kinetics (not shown). 
In addition, the lipase activities of all preparations were 
linear with time and increasing amounts of enzyme pro- 
tein (not shown}. 

Previous work of Hajjar et al. (15) has indicated that 
the physical dispersion of cholesteryl oleate largely deter- 
mines the actual rate of its hydrolysis by cholesteryl 
esterase. Figure 1 illustrates the pH dependence of choles- 
teryl esterase activity in low speed supernatants of ven- 
tricular homogenates using three different substrate prep- 
arations varying in their molar ratio of cholesteryl oleate, 
phosphatidylcholine and sodium taurocholate, preincuba- 
tion of the enzyme fraction with digitonin, the stabiliz- 
ing presence of glycerol and the presence of bovine serum 
albumin (assays A, B and C; see Materials and Methods}. 
In all three assays, cholesteryl esterase activity exhibited 
two pH peaks, of which the actual rates and optima were 
different (see below). The highest acid cholesteryl esterase 
activity was measured using the glycerol-dispersed 
cholesteryl oleate/phosphatidylcholine micelles (assay A). 
However, using this preparation, only a low neutral 
cholesteryl esterase activity peak could be detected. By 
contrast, the use of sodium taurocholate yielded lower 

acid but higher neutral cholesteryl esterase activities. The 
substrate preparation described by Haley et al. (12) (assay 
C), using digitonin preincubation of the low speed super- 
natant, revealed a higher acid and neutral cholesteryl 
esterase activity compared with the substrate described 
by Hajjar et al. (15} applying cholesteryl oleate, phospha- 
tidylcholine and taurocholate in a different ratio. Since 
this was also the case in tow speed supernatants of aorta 
and myocyte homogenates, assay C was chosen for 
routine cholesteryl esterase determinations. As illustrated 
in Figure 2, the acid and neutral cholesteryl esterase ac- 
tivity of all enzyme preparations was linear with time for 
at least 40 min of incubation. Thereafter linearity was 
lost. During routine cholesteryl esterase assays we used 
an incubation period of 30 min. In addition, as presented 
in Figure 3, the acid and neutral cholesteryl esterase 
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FIG. 1. The effect of substrate preparation on pH dependence of 
cholesteryl esterase activity in low speed supernatants of rat heart 
(ventrieular) homogenates.  Cholesteryl oleate (CO) substrate emul- 
sions were prepared as described in Materials and Methods. The 
preparations were &: 50 ~M CO, 320 ~M phosphatidylcholine (PC), 
1.25 M glycerol; [:3:50 ~M CO, 200 ~M PC, 100 ~M taurocholate; �9 : 
50 ~M CO, 4.35 mM PC, 2.0 mM taurocholate after digitonin pretreat- 
ment of the enzyme fraction (0.025 mg/ml, 10 min at 4 C). The �9 
assay was used in routine determinations of cholesteryl esterase ac- 
tivity.  The results are the mean value of two separate experiments. 

FIG. 2. Time dependency of acid and neutral cholesteryl esterase 
activity in low speed supernatants of homogenates prepared from 
whole rat heart (ventricles), aorta and isolated cardiac myocytes.  For 
further details see Fig. 1 and Materials and Methods. Results  are 
the mean values of two separate experiments.  
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FIG. 3. Protein dependency of acid and neutral cholesteryl esterase 
activity in low speed supernatants of homogenates prepared from 
whole rat heart (ventricles), aorta and isolated cardiac myocytes.  For 
further details see Fig. 1 and Materials and Methods. Results  are 
the mean values of two separate experiments. The horizontal bars 
indicate the amount of protein in the low speed supernatant used 
during routine cholesteryl esterase assays.  
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activity of all tissue preparations was linear with increas- 
ing amounts of enzyme protein. The neutral cholesteryl 
esterase activity (pH 6.5; see below) in low speed super- 
natants of ventricular, aorta and myocyte homogenates 
was subject to substrate inhibition at cholesteryl oleate 
concentrations above 50 ~M (Fig. 4). Acid cholesteryl 
esterase activity, in contrast, did not show this phenome- 
non in low speed supernatants of heart homogenates (ac- 
tivity peak at pH 4) and was only moderately inhibited 
at higher cholesteryl oleate concentrations in aortic and 
myocyte preparations (activity peak at pH 5 and 4, 
respectively). 

Based upon the total endogenous cholesterol content 
of the used tissue preparations (7.3/~g/mg protein in ven- 
tricles, 33.2 in aorta and 6.3 in the myocyte preparations, 
of which less than 5% was in esterified form; :~, n = 2), 
we calculated that endogenous cholesteryl esters max- 
imally enhanced the assay concentration by about 0.5%. 
Together with the protein linearity of the assay, we con- 
clude that endogenous cholesteryl esters were not hydro- 
lyzed in preference nor did they dilute the radioactivity 
of the added substrate significantly. The described sub- 
strate inhibition can therefore not be attributed to effects 
of endogenous cholesteryl esters. 

Acid and neutral cholesteryl esterase activities in ven- 
tricular tissue, aorta and isolated myocytes compared 
with triglyceride lipase activities. As presented in Fig- 
ure 5, the low speed supernatant fractions of whole ven- 
tricular, aortic and myocyte homogenates contain acid 
(pH 4.0, 5.0 and 4.2, respectively) and neutral (pH 6.5) 
cholesteryl esterase activity peaks. Aortic cholesteryl 
esterase activities were the highest on a mg protein basis. 
Strikingly, the neutral cholesteryl esterase activity in low 
speed supernatants of whole ventricular homogenates 
was recovered to only a small extent in the myocyte 
preparation. This difference in specific activity may in- 
dicate that  the bulk of the heart enzyme was not 
associated with the myocytes but with other cell types 
present in the myocardial tissue. 

The pH activity profiles of cholesteryl esterase in ven- 
tricular, aortic and myocyte preparation s were compared 
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with those of the acid and neutral (or alkaline) triglyceride 
lipase activities. The low speed supernatants of ven- 
tricular, aorta and myocyte homogenates contain acid 
triglyceride lipase activity peaks of pH 4.8, 5.5 and 5, 
respectively. The ventricular neutral triglyceride lipase 
activity, determined in the absence of serum, peaked at 
pH 7.4. This activity was markedly stimulated during in- 
cubation in the presence of serum. In the aortic and myo- 
cyte preparation, the pH peak of serum-activated triglyc- 
eride lipase activity shifted to alkaline regions (pH 8.2}. 

In contrast to the basal and serum-stimulated neutral 
triglyceridase activity (5), the neutral cholesteryl esterase 
activity of all three preparations was "not inhibited by 
preincubation with anti-lipoprotein lipase y-globulins (not 
shown). 

Two successive washings of the final myocyte prepara- 
tion with heparin (5 U/ml) induced only a 11 _ 2% (n = 
3) reduction of basal and serum-stimulated neutral 
triglyceride lipase activity and did not affect the neutral 
cholesteryl esterase activity. This suggests a predomi- 
nant intracellular origin of the neutral triglyceridase ac- 
tivity in myocytes. 

Table 1 summarizes the absolute recoveries of protein 
and lipolytic activities during the isolation of myocytes 
from rat hearts. Protein recovery in myocyte homoge- 
nates amounted to about 40%. Myocyte homogenate acid 
and neutral triglyceride lipase and acid cholesteryl ester- 
ase activities were recovered by about 30% relative to 
their activity in whole heart homogenates. The 10% dif- 
ference may be a consequence of the presence of nonviable 
dead cells in our myocyte preparations (20-30%). Of the 
neutral cholesteryl esterase activity detectable in whole 
ventricular homogenates, only about 6% was recovered 
after isolation of the myocytes. The loss of neutral cho- 
lesteryl esterase activity upon myocyte isolation indeed 
suggests that  its activity in homogenates is associated 
with other nonmyocyte cell types in the heart. 

Acid and neutral cholesteryl esterase activity in frac- 
tions obtained during the isolation of calcium-tolerant 
myocytes from adult rat hearts. The low recovery of 
neutral cholesteryl esterase activity in the final myocyte 
fraction (Table 1) prompted us to study its recovery in 
other fractions obtained during the isolation of myocytes 
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TABLE 1 

Recovery of Protein and Lipolytic Enzyme Activities After 
the Isolation of Calcium-Tolerant Myocytes from Adult Rat Hearts 

Ventricular Myocyte 
homogenate homogenate 

Total protein (mg) 198.3 __ 5.4 82.7 +_ 1.1 
(100%) (41.7 __ 0.5%) 

Acid triglyceride lipase 42.1 __ 1.6 7.1 -+_ 0.3 
(nmol/min) (100%) (16.9 +_ 1.3%) 

Neutral triglyceride lipase 23.9 ___ 2.6 6.3 _+ 0.2 
- -  serum (100%) (26.4 +_ 1.0%) 
(nmol/min) 

Neutral triglyceride lipase 
+ serum (15% v/v) 
(nmol/min) 

Acid cholesteryl esteras 
(nmol/hr) 

Neutral cholesteryl esterase 
(nmol/hr) 

199.8 _ 9.4 58.4 +_ 0.6 
(100%) (29.2 __ 0.3%) 

103.2 _+ 1.7 31.9 ___ 1.3 
(100%) (30.9 _+ 1.3%) 

126.5 +_ 6.5 7.2 +__ 0.3 
(100%) (5.7 __ 0.2%) 

Adult rat hearts were preperfused with heparin and subsequently 
homogenized in a 1-mM phosphate buffer of pH 7.4. Cardiac 
myocytes were isolated from adult rat hearts and the final pellet 
was homogenized as above. Total protein content and lipolytic ac- 
tivities in ventricular and myocyte homogenates were measured. Pro- 
tein content and lipolytic activities in ventricular homogenates were 
taken as 100%. Values obtained in the myocyte homogenate were 
expressed as perceritages of values determined in the ventricular 
homogenates (see parentheses). Results represent the mean values 
__ SEM of 4-8 separate experiments. For further details, see 
Materials and Methods. 

from adult  ra t  hearts. The following fractions were col- 
lected and invest igated for total  activities of acid and 
neutral  cholesteryl esterase and two endothelial enzyme 
markers, 5'-nucleotidase and angiotensine-converting en- 
zyme (28,29): a) the myocardial  effluent collected during 
collagenase- and hyaluronidase perfusion (step 3); b) the 
cell suspension from the first incubation of preperfused 
heart  t issue with collagenase and hyaluronidase (step 4); 
c) the final supernatant of completely digested tissue after 
pelleting the myocytes  by centrifugation (step 5); d) the 
combined supernatants obtained after the washing of the 
myocytes  (step 6); and e) the final myocyte  preparation. 
The percent  distribution of cholesteryl esterases and 
markers  between the collected fractions is presented in 
Table 2. Overall recovery of enzyme activities in the 
isolated fractions, compared with the total  act ivi ty in 
whole heart homogenates, was 126.3% for the acid choles- 
teryl  esterase, 94.7% for the neutral cholesteryl esterase, 
104.3% for the 5'-nucleotidase and 107.3% for the 
angiotensine-converting enzyme. 

From Table 2 we conclude that ,  in contras t  to the acid 
cholesteryl esterase activity, a large par t  of the neutral  
cholesteryl esterase was recovered in the supernatant  
fraction obtained from the digested heart  t issue by cen- 
tr ifugation (step 5). This fraction was also markedly 
enriched in both  endothelial cell enzyme markers. Acid 
cholesteryl esterase activity was recovered predominantly 
in the final myocyte  pellet. The endothelial contamina- 
tion of this fraction is relatively small: from the recovery 

of the marker enzymes we est imate about 3-11%. In con- 
t ras t  to 5'-nucleotidase, the angiotensine-converting en- 
zyme was also recovered in substantial  amounts  in the 
effluent collected during collagenase and hyaluronidase 
perfusion (step 3). This "release" may  be a consequence 
of the loose binding of the enzyme to the endothelial cell 
membrane (37) and does not  reflect the washout of en- 
dothelial cells, since the 5'-nucleotidase release was low. 

Effect of carrageenan pretreatment of rats on myocar- 
dial cholesteryl esterase and triglyceride lipase activities. 
To investigate the contribution of lipolytic activites from 
other  cell types (macrophages, lymphocytes  and fibro- 
blasts) to activities detectable in whole ventricular homo- 
genates, we t reated rats  with carrageenan (intraperito- 
neally administered) and determined the lipolytic activ- 
i ty  in whole ventricular homogenates  24 hr later. Carra- 
geenan is proposed to possess a selective toxici ty for 
macrophages and other (occasionally interstitial) cell 
types (fibroblasts, lymphocytes) throughout the body (25, 
26). The dose of the intraperitoneally injected carrageenan 
(25 mg/kg body weight) and the duration of the t reatment  
(24 hr) were chosen based on data  from Fowler and Thom- 
son (28). As demonst ra ted  in Table 3, carrageenan treat- 
ment induced a small but  statistically significant decrease 
in neutral  triglyceride lipase and predominantly the 
neutral  cholesteryl esterase activity. The small reduction 
in the activity of lysosomal lipolytic enzymes was not sta- 
tistically significant. Since the interassay variat ion was 
much lower than the s tandard deviation of lipase and 
esterase activity in control and carrageenan-treated rats, 
the significant drop in both  neutral  enzymes induced by 
carrageenan t ruly reflects an effect of this drug. 

D I S C U S S I O N  

Although isolated perfused organs and their homogenate 
or subcellular fractions are frequently used in metabolic 
studies, one must  be aware tha t  tissues are heterogenous 
and it may be difficult to extrapolate  findings in frac- 
t ionated tissue to the main cell type  in such a tissue. 

The presence of different metabolic tissue compart- 
ments  in perfused rat  hearts  was demonst ra ted  by us 
previously using a modified perfusion technique allowing 
the separate collection of intersti t ial  fluid and coronary 
vascular effluent (39,40). The composition of both  ef- 
fluents was completely different, revealing tha t  metabo- 
lites and enzymes from cardiac myocytes  (glycerol, lac- 
tate,  fa t ty  acids, proteins, lactate dehydrogenase) were 
mainly recovered in the intersti t ial  fluid, whereas prod- 
ucts from vascular origin (prostaglandin E~ and L, lyso- 
phosphoglycerides, lipid peroxidation products,  lipopro- 
tein lipase) were largely recovered in the coronary venous 
effluent. 

In the present  study, we have described and partially 
characterized cholesteryl esterase activities in low speed 
supernatants  of homogenates of ra t  hearts,  isolated car- 
diac myocytes  and aortic tissue. 

Our experiments again point out the importance of the 
mode of substrate  preparation in the cholesteryl esterase 
assay (12-14). Using the preparation described by Haley 
et al. (12), acid and neutral  cholesteryl esterase activities 
in all enzyme fractions could easily be detected. Using 
glycerol dispersions of cholesteryl oleate, a lower neutral 
cholesteryl esterase act ivi ty was detected. All t issue 
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TABLE 2 

Distribution of Acid and Neutral Cholesteryl Esterase Activities and the Endothelial Marker Enzymes 5'-Nucleotidase and Angiotensine- 
Converting Enzyme Between Fraction Obtained During the Stepwise Isolation of Cardiac Myocytes from Adult Rat Hearts 

% Distribution of activity 

Fraction Acid cholesteryl Neutral cholesteryl Angiotensine-converting 
(isolation step) esterase esterase 5'-Nucleotidase enzyme 

Effluent from collagenase + 
hyaluronidase perfused hearts 
(step 3) 

Discarded cells from the 
collagenase + hyaluronidase 
incubation of heart tissue 
(step 4) 

Total supernatant of the digested 
heart tissue {step 5) 

Total myocyte-washing supernatant 
(step 6) 

Final myocyte preparation 

7.5 • 1.3 10.3 • 1.9 5.2 • 2.2 29.5 • 2.7 

3.9 • 0.1 9.3 • 1.6 5.3 • 0.4 9.5 • 0.2 

25.4 • 1.2 52.5 • 1.7 53.6 • 2.4 46.1 • 2.1 

21.4 • 1.9 21.7 • 0.3 22.4 • 0.7 11.5 • 0.7 

41.8 • 1.8 6.2 • 0.4 13.5 • 1.2 3.4 __ 0.3 

In fractions obtained during the isolation of cardiac myocytes from adult rat hearts, total acid and neutral cholesteryl esterase, 5'-nucleotidase 
and angiotensine-converting enzyme activities were determined. The sum of the activities was taken as 100%. Results represent the mean 
values • SEM of 4 separate experiments. For further details, see Materials and Methods. 

TABLE 3 

Effect of Carrageenan Pretreatment of Rats on Ventricular Cholesteryl Esterase and Triglyceride Lipase Activities 

Enzyme pH Control Carrageenan 

Cholesteryl esterase (nmol/hr/mg) 
Cholesteryl esterase (nmol/hr/mg) 

Triglyceride lipase ~nmol/min/mg} 
Triglyceride lipase ( - )  (nmol/min/mg) 
Triglyceride lipase (+) (nmol/min/mg) 

4.0 0,66 • 0.02 (13) 0.58 - 0.11 (4) 
6.5 1,02 __ 0.06 (13) 0.85 • 0.05 (4) a 

4.8 0.53 • 0.04 (6) 0.45 • 0.02 ~4) 
7.4 0,56 • 0.08 (6) 0.45 • 0.03 (4) 
7.4 1.92 • 0.05 (6) 1.76 • 0.03 (4) a 

Rats were intraperitoneally injected with carrageenan ~25 mg/kg body weight) suspended in sterile 0.9% (w/v) NaC1. Control animals only 
received saline. Hearts were perfused with heparin ~5 U/ml) 24 hr later to remove vascular lipoprotein lipase. Thereafter, the ventricles 
were homogenized and a low speed supernatant was prepared by centrifugation. Acid and neutral triglyceride lipase and cholesteryl esterase 
activities were measured at the indicated pH. Neutral triglyceride lipase activity was determined in the absence ( - )  and presence (+) 
of 15% (v/v) rat serum. The data are presented in mean values • SEM. The number of experiments is given in parentheses. For further 
details, see Materials and Methods. 
ap < 0.05 vs the control group. 

p r e p a r a t i o n s  con ta ined  an  acid  cho les te ry l  e s t e r a se  act iv-  
i ty ,  p r o b a b l y  f rom l y s o s o m a l  or igin .  Our  d a t a  w i t h  
r e s p e c t  to  t he  n e u t r a l  c h o l e s t e r y l  e s t e r a s e  in r a t  h e a r t  
h o m o g e n a t e s  c o n f i r m s  r e c e n t  f i nd ings  of G o l d b e r g  and  
Khoo  (24) who,  for t h e  f i r s t  t ime,  d e s c r i b e d  t h i s  n e u t r a l  
a c t i v i t y  in mouse  h e a r t  p o s t m i t o c h o n d r i a l  f rac t ions .  The  
n e u t r a l  c h o l e s t e r y l  e s t e r a s e  in r a t  h e a r t  h o m o g e n a t e s ,  
m y o c y t e s  a n d  a o r t a  w a s  s u b j e c t  to  s u b s t r a t e  inh ib i t ion .  
This  phenomenon  excludes  mean ingfu l  app l ica t ion  of con- 
ven t iona l  k ine t ic  mode l ing  and  ana lys i s .  S u b s t r a t e  inhibi- 
t i on  of n e u t r a l  c h o l e s t e r y l  e s t e r a s e  a c t i v i t y  was  a lso  
o b s e r v e d  in r a t  t e s t i s  (41). 

A o r t i c  n e u t r a l  cho le s t e ry l  e s t e r a s e  a c t i v i t y  is p r o b a b l y  
a s s o c i a t e d  w i t h  t h e  v a s c u l a r  s m o o t h  musc l e  cel ls  and  
involved  in the  mobi l iza t ion  of s to red  cytosol ic  choles te ry l  
e s t e r s  (42). A n  i n t r ace l l u l a r  l oca l i za t ion  is t he r e fo re  

conce ivab le .  U p o n  i so l a t i on  of  m y o c y t e s  f rom r a t  hea r t ,  
a l a rge  p a r t  of t h e  n e u t r a l  c h o l e s t e r y l  e s t e r a s e  was  los t .  
Only  abou t  6% of t o t a l  r a t  hea r t  homoge na t e  ac t i v i t y  was  
recovered ,  w h e r e a s  t he  ac id  c h o l e s t e r y l  e s t e r a s e  w a s  
r e c o v e r e d  for  30.9%. 

Al l  enzyme  p r e p a r a t i o n s  con t a ined  an  ac id  t r i g lyce r i de  
l ipase ,  p r e s u m a b l y  of l y s o s o m a l  or ig in  (3,29). In  accord-  
ance wi th  ear l ier  f indings  also, a neu t r a l  t r ig lycer ide  l ipase  
a c t i v i t y  was  p r e s e n t  in all  p r e p a r a t i o n s .  Th i s  l ipase  ex- 
h i b i t e d  all  c h a r a c t e r i s t i c s  of  l i p o p r o t e i n  l ipase  ( s t imula-  
t i on  b y  se rum,  i nh ib i t i on  b y  1 M NaC1 and  a l m o s t  com- 
p le te  inh ib i t ion  b y  an t i - l ipopro te in  l ipase  ant ibodies) .  The  
p re sence  of l i p o p r o t e i n  l i pase  in i s o l a t e d  m y o c y t e s  and  
a o r t a  con f i rms  p r e v i o u s  r e s u l t s  (19-27,43).  I n  add i t ion ,  
R a m i r e z  e t  al. (21) and  G o l d b e r g  a n d  Khoo  (24) have  
r e c e n t l y  d e s c r i b e d  a v e r y  low and  lab i le  a c t i v i t y  of a 
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neutral  lipase apparent ly  distinct from lipoprotein lipase 
in isolated ra t  myocytes .  

The recovery of the neutral  tr iglyceride lipase and 
neutral  cholesteryl  esterase, bo th  p resumably  intracell- 
ular enzymes, during the preparation of isolated myocytes  
was str ikingly different (30% vs  6%, respectively). The 
overall  recovery of acid tr iglyceride lipase, the acid cho- 
lesteryl  es terase  and neutral  tr iglyceride lipase act ivi ty  
were 16.9, 30.9 and 26.4%, respectively. The ra ther  dra- 
mat ic  loss of neutral  cholesteryl  es terase  act ivi ty  during 
the isolation of myocy tes  may  be explained by  a) a selec- 
t ive inact ivat ion of this enzyme during the isolation 
procedure or b) its predominant  localization in nonmyo- 
cardial cardiac t issue cells or interst i t ial ly occurring 
macrophages,  lymphocytes  and fibroblasts.  There are no 
a rguments  at  hand for a selective inact ivat ion of the 
neutra l  cholesteryl  esterase.  The overall recovery of 
neutral  cholesteryl esterase act ivi ty in fractions obtained 
during the isolation of myocytes  was 95% compared with 
whole hear t  homogenates .  This excludes the presence of 
an act ivator  in whole t issue homogenates  tha t  is lost dur- 
ing myocy te  isolation or selective inact ivat ion of the en- 
zyme in the myocy te  fraction. Moreover,  the 30% re- 
covery of the ra ther  labile intracellular neutral  triglyc- 
eridase followed the overall  recovery of viable cells on a 
protein basis.  

A contr ibution of neutra l  cholesteryl  es terase  f rom 
other cell types  in hear t  t issue is therefore more likely. 
The concomitant  recovery of the bulk of the neutral  
cholesteryl esterase act ivi ty  and the marker  enzymes for 
endothelial  cells (5'-nucleotidase and angiotensine- 
conver t ing enzyme) in the superna tan t  of collagenase- 
t rea ted  hear t  t issue (step 4) indicated tha t  coronary 
vascular endothelium may  substantially contribute to the 
neutral  cholesteryl  es terase  act ivi ty  detectable in ven- 
tr icular homogenates .  Assuming  tha t  aortic t issue is a 
reliable marker  for overall (coronary) vascular  tissue, it 
is t empt ing  to speculate on the addit ional contr ibut ion 
of neutral  cholesteryl  es terase ac t iv i ty  f rom vascular  
smooth  muscle cells to ventr icular  homogenates ,  espe- 
cially since the aortic cholesteryl esterase has the highest 
specific act iv i ty  compared  to ventr icular  homogenates  
and isolated myocytes.  In addition, our experiments using 
carrageenan,  a sulfated polygalactose tha t  is very  toxic 
to macrophages ,  f ibroblasts  and lymphocytes ,  indicate 
tha t  also neutral  cholesteryl  es terase  and tr iglyceride 
lipase activit ies present  in these carrageenan-sensi t ive 
cells contr ibute  to overall  ventr icular  homogenate  ac- 
tivities. Unfor tunate ly ,  there is no reliable enzymat ic  
marker  for the above cells, so it is not possible to evaluate 
the actual  carrageenan action. Finally, myocardia l  
adipocytes  may  contr ibute  to all lipolytic activit ies in 
t issue homogenates ,  but  this contr ibut ion is difficult to 
es t imate  in the exper imenta l  set-up used. 

In conclusion, our exper iments  indicate the presence of 
acid and neutral  cholesteryl  es terase act ivi ty  in ra t  ven- 
tricular homogenates ,  aort ic t issue and isolated cardiac 
myocytes .  The relativelY high act ivi ty  of neutral  choles- 
teryl  es terase in ventr icular  homogenates  may  largely be 
determined by  activities from nonmyocyte  t issue cells in 
the heart .  We propose tha t  cells f rom vascular  origin, in 
par t icular  endothelial cells, and interst i t ial ly occurring 
carrageenan-sensitive cells are good candidates. Extrapo-  
lat ion of enzymic findings in whole hear t  (or ventricular) 

homogenates  to processes in cardiac myocytes  m a y  
therefore easily lead to misinterpretat ion.  
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Resolution of Radiolabeled Molecular Species of Phospholipid 
in Human Platelets: Effect of Thrombin 
A. David Purdon*, D. Patelunas and J. Bryan Smith 
Thrombosis Research Center, Temple University, 3400  N. Broad St., Philadelphia, PA 19140 

Resolution of individual molecular species of human 
platelet 1,2-diradyl-sn-glycero-3-phosphocholines and 1,2- 
diradyl-sn-glycero-3-phosphoethanolamines by reverse 
phase high pressure liquid chromatography (HPLC) al- 
lowed a thorough analysis of those phospholipids labeled 
with [3H]arachidonie acid. Approximately 54% and 16% 
of the total incorporated radiolabel was found in choline 
glycerophospholipids and ethanolamine glycerophospho- 
lipids, respectively, with ca. 90% of this being found in 
the 1,2-diacyl molecular species. Eighty percent of [3H]- 
arachidonic acid incorporated into 1-acyl-2-arachidonoyl- 
sn-glycero-3-phosphocholine in resting platelets was 
equally distributed between 1-palmitoyl-2-arachidonoyl 
and 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocho- 
line, while 70% of the radiolabel in 1-acyl-2-arachidonoyl- 
sn-glycero-3-phosphoethanolamine was found in 1-stear- 
oyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine. 
Thrombin stimulation (5 U/ml for 5 min) resulted in 
deacylation of all 1-acyl-2-[3H]arachidonoyl molecular 
species of 1-acyl-2-arachidonoyl-sn-glycero-3-phosphocho- 
line and 1-acyl-2-arachidonoyl-sn-glycer~3-ethanolamine. 
There was also a slight increase in 1-O-alkyl-2-[3H]arachi - 
donoyl-sn-glycero-3-phosphocholine and a significant in- 
crease in 1-O-alk-l'-enyl-2-[ ~H]arachidonoyl-sn.glycero.3 - 
phosphoethanolamine molecular species of over 300%. 
Thus, HPLC methodology indicates that arachidonoyl- 
containing molecular species of phosphatidylcholine and 
phosphatidylethanolamine are the major source of ara- 
chidonic acid in thrombin-stimulated human platelets, 
while certain ether phospholipid molecular species become 
enriched in arachidonate. 
Lipids 22, 116-120 (1987). 

Analysis of 1,2-diradyl-sn-glycero-3-phosphocholine of 
human platelets has shown that 81% of the phospholipid 
mass consists of 1,2-diacyl-sn-glycero-3-phosphocholine 
(1,2-diacyl GPC) molecular species, while two ether phos- 
pholipid subclasses, namely 1-O-alkyl-2-acyl-sn-glycero- 
3-phosphocholine (8.8%) and 1-O-alk-l'-enyl-2-acyl-sn- 
glycero-3-phosphocholine (9.2%}, constituted the remain- 
der (1). It also is known that over 60% of human platelet 
1,2-diradyl-sn-glycero-3-phosphoethanolamine is 1-O- 
alk- 1 '-enyl-2-acyl-s n-glycero-3-phosphoethanolamine (i.e., 
plasmalogen) (1-3). Further analysis showed that only 3% 
of 1-radyl-2-acyl-sn-glycero-3-phosphoethanolamine was 
the 1-O-alkyl-2-acyl-sn-glycero-3-phosphoethanolamine 
subclass, with the remainder having the 1,2-diacyl-sn- 
glycero-3-ethanolamine structure (1,2-diacyl GPE) (1). 
Finally, 1,2-diradyl-sn-glycero-3-phosphoinositol (1,2-di- 
radyl GPI) has been shown to contain 1% 1-O-alkyl-2-acyl- 
sn-glycero-3-phosphoinositol, with the rest being 1,2-di- 
acyl-sn-glycero-3-phosphoinositol (1,2-diacyl GPI) (4). 

Mahadevappa and Holub (5-7) have analyzed com- 
pletely the diacyl molecular species of phospholipid from 
human platelets using snake venom phospholipase A2 for 

*To whom correspondence should be addressed. 

release of sn-2 fatty acids and argentation thin layer 
chromatography; however, ether subclasses were not con- 
sidered. High pressure liquid chromatography (HPLC) 
procedures are now available for separating a given phos- 
pholipid class into its individual molecular species of 
phospholipid (8). Studies by Kramer et al. (9) on the in- 
corporation of radiolabeled 1-O-hexadecyl-2-1yso-sn-3- 
glycerophosphocholine into 1-O-hexadecyl-2-acyl o 
sn-3-glycerophosphocholine in human platelets utilized 
this methodology. This same approach had been shown 
to separate 1,2-diacyl, 1-O-alkyl-2-acyl and 1-O-alk-l'- 
enyl-2-acyl structural analogues of neutrophil phospho- 
lipid labeled with [~H]arachidonic acid (10). Thus, we 
decided to analyze the individual molecular species of 
phospholipid radiolabeled with arachidonic acid in both 
unstimulated platelets and cells activated with thrombin 
to ascertain changes in individual molecular species of 
phospholipid. 

MATERIALS AND METHODS 

All chemicals were reagent grade or better. All solvents 
were HPLC grade (EM Science, Omnisolv) and were ob- 
tained from Bodman Chemicals (Media, Pennsylvania). 
Primulin dye was purchased from Sigma (St. Louis, 
Missouri). Silica Gel H thin layer chromatography (TLC) 
plates were obtained from Analtech (Newark, Delaware). 
Phospholipid standards were purchased from Serdary 
(London, Ontario, Canada) and Avanti (Birmingham, Ala- 
bama). Tritiated arachidonic acid (5,6,8,9,11,12,14,15,-3H) 
was obtained from Amersham (Arlington Heights, Illi- 
nois) and had a specific activity of 137 Ci/mmol, while 
['4C(U)]arachidonic acid (sp act 390 mCi/mmol) and 
[12,13-3H]linoleic acid (sp act 49.0 Ci/mmol) were from 
New England Nuclear (Dupont, Boston, Massachusetts). 
Betafluor was a product of National Diagnostics (Somer- 
ville, New Jersey). The HPLC column was a 4.6 • 
250 mm ultrasphere ODS (5/~m particle size) purchased 
from Beckman Instruments (Berkeley, California). 

Isolation of human platelets. Blood was collected in 1/6 
vol ACD (2.5 g trisodium citrate, 1.5 g citric acid, 2.0 g 
glucose/100 ml H20) solution and supernatant platelet- 
rich plasma (PRP) removed after centrifugation at 200 
• g for 15 min at 22 C. Fifty ml PRP (pH 6.5) was cen- 
trifuged at 2600 • g for 15 min at 22 C, and the pellet 
was gently resuspended in 1/10 vol supernatant plasma. 
This was incubated with the appropriate radioactive fatty 
acid(s) (solvent evaporated) for 1 hr at 37 C. Labeling was 
done either with 50 ~Ci [~H]arachidonic acid or for dou- 
ble labeling experiments 25 ~Ci [~H]linoleic and 2 ~Ci 
['4C]arachidonic. The PRP was allowed to cool to 22 C and 
gel was filtered on a Sepharose 2B column using Tyrodes 
buffer with an albumin concentration of 0.2% w/v as pre- 
viously described (11 ). Platelet concentration was deter- 
mined by Coulter counter (11) and then adjusted to 109 
cells/ml. 

Thrombin. Ten thousand units of thrombin (Parke- 
Davis, Detroit, Michigan) was dialyzed against 0.15 M 
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NaC1 for 12 hr to remove calcium, then diluted to a con- 
centration of 100 units/ml and kept frozen. 

Extraction and fractionation of phospholipids. Cellular 
lipids were extracted by the method of Bligh and Dyer 
(12). The choline- and ethanolamine-containing phospho- 
lipids were isolated by TLC on Silica Gel H plates using 
the solvent system of Skipski et al. (13). To determine the 
[3H]arachidonic acid content in 1,2-diacyl-, 1-O-alkyl-2- 
acyl- and 1-O-alk-l'-enyl-2-acyl-, sn-glycero-3-phosphocho- 
line (GPC) and sn-glycero-3-phosphoethanolamine (GPE), 
the TLC-resolved phospholipid classes of 1,2-diradyl-sn- 
glycero-3-phosphocholine and 1,2-diradyl-sn-glycero-3- 
phosphoethanolamine were treated for 12 hr with Bacillus 
cereus phospholipase C and acetylated as previously 
described (1,14). The 1,2-diradyl-glyceroacetates were 
resolved by TLC (14) and eluted from the silica gel, and 
the radioactivity was determined. 

HPLC of intact phospholipid. The isocratic reverse 
phase system of Patton et al. (8), which uses 20 mM 
choline chloride in methanoYwater/acetonitrfle (90.5:7:2.5, 
v/v/v) as solvent at a flow rate of 1.0 ml/min, was used 
to resolve individual molecular species of a given class 
of phospholipid. This approach also resolves ether phos- 
pholipids from diacyl molecular species (10) and, for given 
structural analogues, the elution sequence is 1,2-diacyl, 
1-O-alk-l'-enyl-2-acyl and 1-O-alkyl-2-acyl. The column 
was run at 37 C, and the sample was injected in a 1:1 solu- 
tion of methylene chloride/methanol (10). Recovery of the 
applied phospholipid radioactivity was greater than 94%. 
In most experiments, the phospholipid from 3.3 • 108 
cells for choline glycerophospholipids and 5 • 108 cells 
for ethanolamine glycerophospholipids was injected onto 
the column. To determine the elution of [~H]arachidonate, 
1-ml samples of eluate were collected and portions were 
counted to determine radioactivity. In other experiments, 
individual peaks were collected and total radioactivity 
was determined. Identification of individual peaks was 
done initially by comparison with the elution time of syn- 
thetic phospholipid standards and analysis of the fatty 
acid methyl esters of the phospholipid in individual peaks 
by gas liquid chromatography (GLC). 1-O-alkyl-2-arachi- 
donoyl GPC standards were donated by R. Wykle 
(Department of Biochemistry, Bowman Gray School of 
Medicine, Winston-Salem, North Carolina). To verify iden- 
tification, we used the procedures of this lab (1), Patton 
et al. (8), Mahedevappa and Holub (5), Kramer et al. (9) 
and Swendsen et al. (10). Generally, the Patton system 
gave some overlap of adjacent molecular species; however, 
most of the arachidonoyl-containing molecular species 
were well resolved. Phospholipid eluate was monitored at 
206 nm. 

GLC analysis ofphospholipid. Eluate from the reverse 
phase column was evaporated to dryness and treated for 
10 min with 2 M sodium methoxide at 50 C. The resulting 
fatty acid methyl esters were isolated and analyzed using 
a Hewlett-Packard chromatograph model 5730A as de- 
scribed elsewhere (11). 

Hydrolysis of 1-O-alk-l'-enyl-2-acyl-sn-glycero-3-phos- 
phoethanolamine. 1,2-Diradyl-sn-3-glycerophosphoetha- 
nolamine from platelets or material from individual eluate 
peaks obtained from HPLC was dissolved in chloroform/ 
methanol (1:1, v/v) and dried so as to coat the inside of 
a 25-ml flask and then was exposed to HCI gas (1). 
The resulting 1-O-lyso-2-acyl-sn-3-glycero-phosphoetha- 

nolamine was separated from the intact 1,2-diacyl-sn-3- 
glycerophosphoethanolamine and 1-O-alkyl-2-acyl-sn-3- 
glycerophosphoethanolamine (only 3% of the total) by 
TLC (1). Subsequently, the lipid was eluted and compared 
with unhydrolyzed sample. 

Following radioactive labeling and gel filtratiom 1-ml 
samples (109 cells/ml) were incubated for 2 min at 37 C 
and time zero samples were taken. Coincidentally, throm- 
bin was added to give a final concentration of 5 U/ml in 
duplicate samples for 5 min. Control samples were in- 
cubated in the absence of thrombin for the maximum time 
of the experiment. Samples were not stirred. Cells then 
were immediately added to chloroform/methanol (1:2, v/v) 
containing 0.01% butylated hydroxy toluene. This antiox- 
idant also was present in all extraction and TLC solvents. 

RESULTS 

1,2-Diradyl GPC and GPE were isolated from cells in- 
cubated in the absence of thrombin for 5 min. In resting 
platelets, the [3H]arachidonate radioactivity in 1-radyl-2- 
acyl GPC and GPE was 280,540 _ 22,580 cpm (mean +__ 
SEM) and 81,522 _ 8,150 cpm per 109 cells (n = 6). This 
represented 54.3% and 15.8% of the total [3H]arachi- 
donate radiolabel incorporated into the cellular phospho- 
lipid. Analysis of diglyceride acetates gave the following 
contribution by subclasses to the total 1-radyl-2-acyl 
GPC: 1,2-diacyl, 93.4%; 1-alkyl-2-acyl, 5.6%; and 1-O- 
alk-l'-enyl-2-acyl, 1.0%. For 1-radyl-2-acyl GPE, the con- 
tribution for the same subclasses was 86.8%, 1.8% and 
11.4%, respectively. 

1,2-Diradyl GPC and GPE from resting human plate- 
lets radiolabeled with [3H]arachidonic acid were subjected 
to reverse phase HPLC using the isocratic solvent system 
of Patton et al. (8). The elution profiles are shown in 
Figures 1 and 2. Figure legends describe identification 
of molecular species of phospholipid. The high amount 
of [3H]arachidonate radioactivity in 1,2-diacyl GPC and 
GPE compared to ether lipid helped in identifying dif- 
ferent molecular species. 1-O-alk-l'-enyl-2-acyl GPE mo- 
lecular species (Fig. 2) were located by treatment of the 
plasmalogen with HC1 gas (1). 

The radioactivity in individual molecular species or 
separate peaks was determined for 1,2-diradyl GPC eluted 
from the reverse phase HPLC column. In control cells, 
radioactivity associated with peak 5 (18:2-20:4), peak 10 
(16:0-20:4), peak 11 (18:1-20:4) and peak 20 (18:0-20:4) 
represented 5.9%, 8.9%, 39.4% and 37.7%, respectively, 
of the total radioactivity eluted from the column. As the 
relative contribution of 1,2-diacyl GPC to the total 1- 
radyl-2-acyl GPC radioactivity was known, the radioac- 
tivity contributed by a given molecular species could be 
determined. Such calculations were performed both for 
total 1-radyl-2-acyl GPC and GPE of control and 
thrombin-stimulated cells. Results for individual molecu- 
lar species are shown in Table 1. In resting cells, 80% of 
the [3H]arachidonate in 1,2-diacyl GPC was equally dis- 
tributed between the molecular species 16:0-20:4 and 
18:0-20:4 species, with the remainder being present in 
18:1-20:4 and 18:2-20:4 GPC. Seventy percent of the 
[3H]arachidonate in 1,2-diacyl GPE of resting cells was 
found in 18:0-20:4 GPE, with the remainder present in 
18:1-20:4 and 16:0-20:4 GPE. Relatively little [3H]arachi- 
donate was observed in the three plasmalogen molecular 
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FIG. 1. Resolution of individual molecular species of 1,2~liradyi GPC 
by HPLC. The 1,2-diradyl GPC applied to the column was obtained 
from 3.3 X 10 s resting platelets. Results in this and accompanying 
figures are representative of six separate experiments on different 
platelet preparations. 1,2-Diacyl molecular species are numbered ac- 
cording to Patton et al. (8). Letters over arrows indicate the elution 
position of known ether lipid standards determined by Swendsen 
et al. (10). Identification of 1,2-diacyl molecular species: peak 5, 
18:2-20:4; 10, 16:0-20:4; 11, 16:0-18:2 (peak 11 is also coincident with 
18:1-20:4, as shown in ref. 8); 12, 18:1-18:2; 17, 16:0-18:1; 18, 18:1-18:1; 
20, 18:0-20:4; 21, 18:0-18:2. Identification of ether molecular species 
of 1,2-diradyl GPC: peak a, 16:0 alk-l'-enyl-20:4; b, 16:0 alkyl-20:4; 
c, 18:1 alkyl-20:4; d, 18:0 alkyl-20:4, as indicated by ref. 10. 

TABLE 1 

[3H]Arachidonic Acid Individual Molecular Species of 1,2-Diradyl GPC 
and GPE in Control and Thrombin-Stimulated Human Platelets a 

Molecular species Control Thrombin-stimulated 

1,2-Diacyl PC 
18:2-20:4 16,770 • 4,850 9,050 • 3,900 b 
18:1-20:4 26,150 • 2 ,510  13,430 + 2,950 c 
16:0-20:4 114,100 • 12,510 59,300 • 7,820 c 
18:0-20:4 100,620 • 13,150 53,700 • 6,820 c 

1-O-alkyl-2-acyl 
GPC d 18,930 • 2 ,330  21,550 • 3,180 b 

1,2-Diacyl GPE 
18:1-20:4 9,060 • 1,990 7,670 • 2,350 b 
16:0-20:4 12,400 • 1 ,910  10,290 • 2,560 b 
18:0-20:4 49,530 • 2 ,510  42,100 • 2,100 e 

1 -O-alk- l'-enyl-2-acyl 
GPE 

18:1-20:4 1,010 • 350 3,330 • 1,520 c 
16:0-20:4 3,530 • 780 11,510 • 1,530 c 
18:0-20:4 4,740 • 350 15,440 • 2,110 c 

aResults are expressed as mean + S.E.M. for 109 platelets from three 
different donors. 
bResults are not significantly different from control values. 
cp < 0.001. 
dResults are given only for the whole subclass. 
ep < 0.05. 
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FIG. 2. Resolution of individual molecular species of platelet 
1,2-diradyl GPE by HPLC. 1,2-Diradyl GPE obtained from 5 X 10 s 
resting platelets was applied to the column. 1,2-Diacyl GPE peaks 
were labeled as in ref. 8. Identification of 1,2-diacyl molecular species: 
peak 10, 16:0-20:4; 11, 18:1-20:4; peaks between those labeled B and 
20 are unidentified 1,2-diacyl molecular species; 20, 18:0-20:4. Iden- 
tification of 1-O-alk-l'-enyl-2-acyl molecular species: peak A, 16:0 
alk-l'-enyl-20:4; B, 18:1 alk-l'-enyl-20:4; peaks C and D not identified, 
E, 18:0 alk-l'-enyl-20:4. 

species, alk-l '-enyl; 16:0-20:4, 18:1-20:4 and 18:0-20:4 
G P E  in res t ing  platelets.  

1,2-Diradyl GPC and G P E  were also isolated f rom 
thrombin-s t imula ted  cells. Following thrombin  stimula- 
tion, the radioact ivi ty  in 1-radyl-2-acyl GPC decreased to 

158,505 • 16,513 (mean • S E M ,  n = 6), or  56.5% of t he  
s ta r t ing  value. The distr ibution in subclasses of 1-radyl- 
2-acyl GPC resolved as diglyceride aceta tes  was 1,2- 
diacyl, 88.2%; 1-O-alkyl-2-acyl, 10.0%; and 1-O-alk-l'- 
enyl-2-acyl, 1.7%. For  1-radyl-2-acyl GPE,  there was a 
significant increase of 15.1% in radioact ivi ty  f rom 
81,522 +_ 8,150 cpm to 93,750 • 6,899 cpm (p < 0.05) after 
a 5-min t rea tment  of the cells with thrombin. The distribu- 
tion of radioact ivi ty  was 1,2-diacyl, 64.2%; 1-O-alkyl-2- 
acyl, 1.7%; and 1-O-alk-l'-enyl-2-acyl, 32.3%. In agree- 
ment  with previous work, there was no change in 1,2- 
diradyl GPS  while there was a subs tant ia l  decrease in 
1,2-diradyl G P I  following thrombin stimulation, indicat- 
ing t ha t  the response agonist  included a net decrease in 
to ta l  [3H]arachidonate content  of platelet  phospholipid 
(11,15,16). 

The distr ibution of radioact ivi ty  in the arachidonoyl- 
containing molecular species of 1,2-diacyl GPC and GPE 
isolated f rom thrombin-s t imula ted  cells and eluted by  
H P L C  is shown in Figures 3 and 4 and Table 1. [3H]- 
Arachidonate  was decreased in all four molecular species 
of 1,2-diacyl GPC containing [3H]arachidonate (Fig. 3 and 
Table 1). The 1-O-alkyl-2-arachidonoyl GPC-containing 
molecular species are also indicated in Figure 3 (as in 
Fig. 1) by  small let ters  over arrows. The radioact iv i ty  
a s s o c i a t e d  wi th  the  1-O-a lkyl -2- [3H]arachidonoyl  
molecular species of GPC (i.e., Fig. 3; b, c, d) was con- 
siderably less than that  incorporated into 1-acyl-2-[3H] - 
arachidonoyl GPC molecular species. Thrombin stimulation 
resulted in a very slight (not statistically significant) in- 
crease in the radioactivity of these molecular species of 1-O- 
alkyl-2-acyl GPC (Table 1). In thrombin-stimulated cells, 
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FIG. 3. Resolution of individual radiolabeled molecular species of 
1,2-diradyl GPC from control or thrombin-stimulated (5 U/ml, 5 rain, 
37 C) platelets previously incubated for one hour at 37 C with 
[3H]arachidonic acid. Shaded areas represent results from thrombin- 
stimulated platelets. Radioactivity was associated with peak 5, 
18:2-20:4; 10, 16:0-20:4; 11, 18:1-20:4; and 20, 18:0-20:4. The level of 
incorporated [SH]arachidonic acid in all these 1,2~tiacyl arachidonoyl- 
containing molecular species is decreased by thrombin stimulation. 
Radioactivity in 1-O-alkyl-2-[3H]arachidonoyl GPC molecular species 
(i.e., molecular species b, c and d of Figs. I and 3) is low and increases 
slightly following thrombin addition. 
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FIG. 4. Resolution of individual molecular species of 1,2-diradyl GPE 
from control and thrombin-stimulated (5 U/ml, 5 rain 37 C) platelets 
previously incubated for 1 hr at 37 C with [SH]arachidonic acid. Shad- 
ed areas represent thrombin results. Incorporated [3H]arachidonoyl 
radioactivity was found in peaks 10, 11 and 20 (1,2-diacyl GPE); and 
A, B, and E (1-O-alk-l'-enyFacyl GPE). There was a decrease in the 
radioactivity of peaks 10, 11 and 20 and a considerable increase in 
that of peaks A, B and E following thrombin stimulation. 

the [3H]arachidonate was decreased in 1,2-diacyl GPE 
arachidonoyl-containing molecular species (Fig. 4 and 
Table 1). The low level of radioactivity observed in 1-O- 
alk-l'-enyl GPE molecular species was increased over 
300% following thrombin stimulation (Table 1 and Fig. 4). 

In double labeling experiments using ['4C]arachidonic 
acid and [3H]linoleic acid, the arachidonic acid was found 
to be incorporated into the same 1,2-diradyl GPC 
molecular species as seen previously (Figs. 1 and 3). 
[3H]Linoleoyl radioactivity was found in peaks 5, 11, 12 
and 21, which are the main linoleoyl-containing species 
of platelet 1,2-diacyl GPC, i.e., peak 5, 18:2-20:4; peak 
11, 16:0-18:2; peak 12, 18:1-18:2; and peak 21, 18:0-18:2 
GPC, respectively. Following thrombin addition, signifi- 
cant decreases were only found in the molecular species 

containing [3H]arachidonate, as shown previously (data 
not shown}. No significant incorporation of [3H]linoleic 
acid into platelet 1,2-diradyl GPE was seen, in keeping 
with the low linoleic acid content of this phospholipid 
(1,2,5). 

DISCUSSION 

Liberation of arachidonic acid from its sn-2 linkage in 
membrane phospholipids is a necessary first step toward 
the production of thromboxane A2 and lipoxygenase prod- 
ucts in thrombin-stimulated human platelets (15,16). 
Previous workers have indicated that 1,2-diradyl GPI 
(11,17-19), 1,2-diradyl GPC (15,16,20) and 1,2-diradyl 
GPE (3,21) may all be considered potential sources of the 
arachidonic acid released for eicosanoid production. 

Reverse phase HPLC was used in this study to resolve 
individual molecular species of phospholipid; it was ef- 
fective in separating the various arachidonoyl-containing 
components. The incorporation of [3H]arachidonic acid 
was highest in the 1,2-diacyl molecular species of both 
1,2-diradyl GPC and 1,2-diradyl GPE. This agrees with 
previous results for human platelets (14) and, given the 
high radioactivity in 1,2-diacyl GPC and GPE molecular 
species, the identification of highly labeled molecular 
species was simplified. In general, the amount of incor- 
poration was proportional to the mass of the molecular 
species within a given subclass, and these same phospho- 
lipids were those most rapidly deacylated after stimula- 
tion with thrombin. Ether phospholipids incorporated 
considerably less of the label in resting platelets, and the 
level of [~H]arachidonate either increased slightly (1-O- 
alkyl-2-[3H]arachidonoyl GPC; Fig. 3) or significantly (1- 
O-alk-l'-enyl-2-[3H]arachidonoyl GPE; Fig. 4 and Table 1) 
following thrombin stimulation. 

Previously we suggested that 1-O-alkyl-2-arachidonoyl 
GPC might be an important contributor of arachidonic 
acid in thrombin-stimulated cells (1). This had been shown 
for ionophore A23187-stimulated neutrophils (10). In view 
of the high specific activity of [3H]arachidonate released 
by thrombin-stimulated platelets (22), the low acyla- 
tion/deacylation of [~Harachidonate in 1-O-alkyl-2-arachi- 
donoyl GPC in resting or stimulated cells shown here and 
elsewhere (14) suggests that this ether lipid is not a sig- 
nificant source of arachidonic acid after addition of throm- 
bin. Other workers have also demonstrated in other cells 
(23,24) and platelets (25,26) a more rapid uptake of arachi- 
donic acid into 1,2-diacyl GPC and GPE compared to their 
ether subclasses. Ionophore-stimulated cells have shown 
a considerable decrease in 1-O-alkyl-2-[~H]arachidonoyl 
GPC, and we have demonstrated the same for human 
platelets (14). However, there is no such decrease in 
thrombin-stimulated human platelets (14, and this work), 
al though substant ia l  deacylat ion of 1-O-alkyl-2- 
[3H]arachidonoyl GPC does occur in thrombin-stimulated 
rabbit platelets (26). 

The exact contribution of 1-O-alkyl-2-arachidonoyl GPC 
to the free arachidonate pool will be known only when 
mass changes in 1-O-alkyl-2-arachidonoyl GPC due to 
th rombin  s t imula t ion  have been determined.  
1-Acyl-2-arachidonoyl-sn-glycero-3-phosphoinositol is a 
minor contributor (15%) to the 30 nmol of arachidonic 
acid released from 109 thrombin-stimulated human 
platelets (11,27). In addition, only picomole levels of 
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platelet  ac t iva t ing  factor  are genera ted by  the same 
number  of st imulated cells (28,29). Thus, we conclude that  
the pa thway  for the product ion of platelet  ac t ivat ing fac- 
tor, which involves deacylat ion of 1-O-alkyl-2-acyl GPC 
followed by  acetylation, is not  a significant source of 
arachidonic acid in human  platelets  (14). On the other 
hand, 1,2-diacyl molecular species of GPC and G P E  ap- 
pear crucial with respect to the release of arachidonic acid. 
Deacylation of the various molecular species of 1,2-diradyl 
GPC and G P E  appears  related to the ra te  of up take  in 
the  res t ing cell and occurs mos t  markedly  in 1,2-diacyl 
phospholipids.  Thus, 1-palmitoyl-2-arachidonoyl GPC, 
1-steroyl-2-arachidonoyl GPC and 1-stearoyl-2-arachi- 
donoyl G P E  are the main molecular species involved in 
acylation with [3H]arachidonic acid in rest ing cells, as well 
as deacylat ion in s t imula ted  cells. The lack of deacyla- 
t ion in those molecular species of 1,2-diacyl GPC radio- 
labeled with linoleic acid bu t  not  ['4C]arachidonic acid 
argues  for select ivi ty in the deacylat ion of arachidonoyl 
vs non-arachidonoyl-containing molecular species of 
1,2-diacyl GPC. 

In this s tudy  we found tha t  the slight increase in to ta l  
G P E  radioact iv i ty  af ter  5 min of th rombin  s t imulat ion 
was due to an increase in 16:0, 18:1 and 18:0 alk-l '-enyl- 
2-[3H]arachidonoyl GPE.  Thus, the small increase in 1,2- 
diradyl G P E  radioact ivi ty  represented a small decrease 
of radioactivity in 1,2-diacyl GPE (particularly 1-stearoyl- 
2-[3H]arachidonoyl PE) and a greater  increase in plasma- 
logen structures.  Transacylat ion between 1,2-diacyl GPC 
and p lasmalogen G P E  of human  platelets  has been 
repor ted previously (30,31). The considerable increase in 
the radioact iv i ty  of 1-O-alk-l '-enyl-2-acyl G P E  indicates 
tha t  this ether phospholipid may  also be a significant 
source of arachidonate.  

I t  was not  possible in this s tudy  to determine exact  
mass  changes in individual molecular species of platelet  
phospholipid following addition of thrombin.  A decrease 
in the optical densi ty  a t  206 nm for 18:2-20:4 (peak 5), 
16:0-20:4 {peak 10), 18:1-20:4 (peak 11} and 18:0-20:4 
(peak 20) GPC was observed, while changes in other 
molecular species were not  apparent .  However,  it is dif- 
ficult to determine mass  changes when one moni tors  un- 
sa tura t ion  at  206 nm. 

In summary ,  our work indicates arachidonoyl-contain- 
ing molecular species of 1,2-diacyl GPC and G P E  are the 
main source of [~H]arachidonic acid liberated in thrombin- 
s t imula ted  platelets,  par t icular ly  compared  to 1-O- 
a l k y l - 2 - a r a c h i d o n o y l  G P C  and  p r o b a b l y  1-O- 
alk-l ' -enyl-2-arachidonoyl GPE.  The main action of en- 
d o g e n o u s  acy l  h y d r o l a s e  is on the  two  m a i n  
1-acyl-2-arachidonoyl molecular species of GPC as well 
as on 1-stearoyl-2-arachidonoyl GPE.  Transacyla t ion  in- 
volves mainly three molecular species, 16:0, 18:1, and 18:0 
alk- l'-enyl-2-[~H] arachidonoyl PE.  
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The effects of monounsa tura ted  f a t ty  acid {oleic acid} on 
cholesterol monomer act ivi ty and on the rate of choles- 
terol influx were studied in vitro. A polyethylene disc 
method was employed to determine cholesterol monomer 
act ivi ty in constant  sodium taurocholate-cholesterol 
micellar solution containing different  oleic acid concen- 
t ra t ion levels at pH 5.5, 6.5 and 7.2. In addition, the ef- 
fect  of oleic acid on the rates  of cholesterol influx was 
determined using an everted ra t  jejunal sac technique. 

At  pH 5.5, increased oleic acid concentrat ion from 5 to 
10 mM resulted in significant decreased apparent  choles- 
terol monomer activity (3.8 + 0.21 nmolMisc vs 1.0 +--_ 0.08, 
P < 0.00D. At  pH 6.5, apparent  cholesterol monomer ac- 
t ivi ty  was 2.3 -- 0.19 nmol/disc at 5 mM and 0.5 -- 0.09 
at  16 mM oleic acid level (P < 0.00D. Apparent  monomer 
activity of cholesterol in micellar solutions at pH 7.2 used 
for the influx s tudy at  5 and 15 mM oleic acid concentra- 
tion level was 1.8 +_ 0.14 and 0.7 _ 0.08 nmol/disc, respec- 
t ively (P < 0.001). Thus there was a significant decrease 
in cholesterol monomer act ivi ty by the addition of oleic 
acid at  each pH. The rate  of cholesterol influx across the 
brush border membrane of the rat  jejunum at  5 and 
15 mM oleic acid concentrat ion level was 3.2 +_ 0.31 and 
1.5 +_ 0.21 nmol/100 mg dry  weight tissueslmin, respec- 
t ively (P < 0.00D. 

I t  is concluded tha t  the addition of oleic acid decreases 
both  monomer act ivi ty and the rate  of influx of choles- 
terol from micellar solution. This effect  is primarily at- 
t r ibutable  to the inhibition of the release of cholesterol 
monomers from the mixed miceUe. 
Lipids 22, 121-124 (1987). 

Despite the fact tha t  the part i t ioning of cholesterol from 
micellar bile salt solution is modulated by the micellar 
const i tuents  (1-5} and pH {6}, little s tudy has been done 
on the role of fa t ty  acids in the physiology of cholesterol 
in micellar solution. Hollander and Morgan (3) showed 
tha t  bo th  oleic acid and lecithin inhibited cholesterol ab- 
sorption in the rat  in vivo. On the other  hand, Thomson 
and Cleland {4) demonstrated that  palmitic acid increased 
and inhibited cholesterol uptake in vitro when lecithin was 
absent and present, respectively. Thus, the effect of fa t ty  
acids on the physiology of cholesterol in micellar bile salt 
solution is still contradictory.  

Since free fa t ty  acids are present  in bile {7) and in the 
intestinal bulk phase following lipolysis {8}, it is impor- 
t an t  to evaluate the effect of fa t ty  acids on the partition- 
ing of cholesterol out of the miceUe. 

Accordingly, the aim of this s tudy was to examine the 
effect of oleic acid, one of the predominant  monoun- 
sa tura ted  fa t ty  acids, on the part i t ioning of cholesterol 
from micellar solutions at  various physiological pH (pH 
5.5, 6.5 and 7.2}. In addition, the effect of oleic acid on 
the rate  of influx of cholesterol across the brush border  
membrane was studied using the everted rat  jejunal sac 
technique in vitro. 

MATERIALS AND METHODS 

Experimental design. Experiments were designed for two 
purposes. First,  the effect of oleic acid on cholesterol 
monomer activity in 30 mM sodium taurocholate-0.1 mM 
cholesterol miceUar solution was studied at pH 5.5 and 
6.5. Polyethylene disc technique was used to determine 
the part i t ioning of cholesterol from micellar solution into 
the disc {apparent monomer activity}. Second, the rates 
of influx of cholesterol from a similar miceUar solution 
with 5 or 15 mM oleic acid concentrat ion level, pH 7.2, 
were invest igated to confirm the altering effect of oleic 
acid on the influx through the brush border  membrane 
and compared the relationship between apparent  mono- 
mer activity and the rate of influx of cholesterol. The rate 
of cholesterol influx was determined using an everted rat  
jejunal sac method in vitro. 

Chemicals. Sodium taurocholate (NaTC) was pur- 
chased from ICN (K and K Laboratories,  Plainview, New 
York}. Oleic acid was obtained from Nu-Chek-Prep (Ely- 
sian, Minnesota} and cholesterol from Fisher Scientific 
{Springfield, New Jersey}. [1,2-3H]Cholesterol, 53.0 Ci/ 
mol, was purchased from New England Nuclear (Boston, 
Massachusetts}. All were >98% pure as judged by thin 
layer chromatography and were used without  fur ther  
purification. 14C-Polyethylene glycol {PEG; MW 4,000; 
sp act 34.7 mCi/mmol) was obtained from Amersham 
{Arlington Heights, Illinois} and was used as supplied by 
the manufacturer .  All other reagents were of analytical 
grade. 

Micellar solutions. Three kinds of micellar sodium 
taurocholate solutions were prepared: a) 30 mM NaTC, 
0.1 mM 3H-cholesterol (sp act 1 ~Ci/~mol) and 5 or 10 mM 
oleic acid, final pH 5.5; b) 30 mM NaTC, 0.1 mM ~H- 
cholesterol and 5 or 16 mM oleic acid in lactated Ringer 
having the composition 130 mEq/1 Na § 4 mEq/1 K § 3 
mEq/1 Ca §247 109 mEq/1 CI-, 28 mEq/1 lactate-, final pH 
6.5. Ten and 16 mM oleic acid concentrat ions used were 
close to the maximal micellar solubility at each pH level 
(6}; c) 30 mM NaTC, 0.1 mM ~H-cholesterol and 5 or 
15 mM oleic acid were prepared in 0.02 M phosphate buf- 
fer, pH 7.2, with 0.12 M NaC1. Since the fa t ty  acid is pres- 
ent in the upper small intestine under these physiological 
conditions, the current experiments do not provide a fa t ty  
acid-free solution. 

Apparent cholesterol monomer activity. The partition- 
ing of cholesterol from the various micellar solutions 
described above was determined as previously reported 
I6) based on the method of Sallee (9). Briefly, polyethylene 
discs, 0.6 cm in diameter  punched out from polyethylene 
film 0.006 inches thick, were a gift  from Verney L. Sallee 
{Alcon Laboratories,  For t  Worth,  Texas}. The discs were 
washed with methanol and distilled water  and were dried 
before use. Part i t ioning of cholesterol into polyethylene 
discs from micellar solutions was determined after  
equilibration for 24 hr. Each  disc was placed in 3 ml 
micellar solution in a 25 mm • 100 mm screw-capped tube 
and incubated at 37 C in a Dubnoff incubator at 100 
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oscillations/min. After an equilibration period, the disc 
was removed and rinsed thoroughly in the distilled water. 
The polyethylene disc was placed in the scintillation vial 
and 0.5 ml of distilled water was added; 0.5 ml of the 
original micellar solution was used to determine the 
specific activity of cholesterol. Discs and micellar solu- 
tions were counted simultaneously following the addition 
of 13 ml scintillation solution and partitioning of 
cholesterol into the disc was expressed as nmol/disc. 

Effect of oleic acid on the rate of cholesterol influx~ Male 
Wistar rats, 180-200 g, were fasted overnight and killed 
by decapitation. A section of proximal jejunum Ica. 25 cm 
from Lig. Treitz) was removed immediately and rinsed 
with ice-cold physiological saline. The intestine was 
everted immediately over a glass rod and gently filled 
with cold 0.02 M phosphate buffer, pH 7.2, with 0.12 M 
NaC1 (0.5 ml/2.5 cm gut). Sacs, 2.5 cm long, were prepared 
by cutting double ligatures and were rinsed immediately 
with cold 0.02 M phosphate buffer with 0.12 M NaC1. The 
sacs were randomized and each was immersed in oxygen- 
ated micellar solution in an Erlenmyer flask. All flasks 
were gassed with 95% O2 5% CO~ and incubated at 37 C 
in a Dubnoff metabolic shaking incubator at 100 oscilla- 
tions/min for 4 min. The incubation medium consisted of 
10 ml of a bile salt micellar solution that contained 
300 ~mol of sodium taurocholate, 50 or 150 ~mol of oleic 
acid and 1 ~mol of 3H-cholesterol with a tracer amount 
of 14C labeled PEG 10.5 ~Ci/10 ml). At the end of the in- 
cubation period, sacs were removed and rinsed vigorously 
for 20 sec in iced 0.02 M phosphate buffer, pH 7.2, with 
0.12 M NaC1 and placed on moistened filter paper. The 
ends of the sacs were transected and the central cylinder 
of the intestine was dried overnight in an oven at 60 C. 
Part of the sac was preserved in buffered 10% formalin 
for histological examination. Dried sacs were weighed, 
placed in glass scintillation vials and dissolved in 0.5 ml 
of 1 N NaOH in an oven at 120 C for 30 min. After 
neutralization with 0.5 ml 1 N HC1, 13 ml scintillation 
solution {phase-combining system, New England Nuclear} 
was added to determine the radioactivity. 

Preliminary validation experiments demonstrated t h a t  
the water-soluble nonabsorbable marker {PEG} was 
homogeneously distributed in the adherent mucosal fluid 
layer after a 4-min incubation period and constant 
thereafter. Cholesterol influx {nmol/100 mg dry wt) was 
a linear function of the incubation time for at least the 
4-min incubation period, and the intercept of the linear 
regression curve was nearly zero at 0 time for both high 
and low concentration of oleic acid. The cholesterol taken 
up by the tissue was not esterified during a 4-min incuba- 
tion period. Accordingly, a 4-min incubation period was 
selected in the present study. The rate of cholesterol in- 
flux was calculated without correction for adherent 
mucosal fluid volume {10). Since the concentration of 
cholesterol in the adherent mucosal fluid layer was ex- 
tremely low as the result of continuous uptake by the 
tissue, the correction was not necessary under the pres- 
ent experimental condition. The values were expressed 
as nmol/100 mg dry wt/min. 

Effect of oleic acid on cholesterol solubility. In the fun- 
damental study, 30 mM sodium taurocholate, an excess 
amount of cholesterol {3 mM) and 0, 5, 10 and 15 mM oleic 
acid were mixed in 0.02 M phosphate buffer, pH 7.2, with 
0.12 M NaC1 solution and incubated at 37 C for more than 

three days. These solutions were filtered through a sterile 
0.2-~m filter {Nihon Millipore, Tokyo, Japan} and 0.5 ml 
of the filtrate was placed in a 10-ml volumetric flask. 
Coprostanol was added as an internal standard and filled 
up to 10 ml with methanol; 0.5 ml of this solution was 
evaporated, and trimethylsilyl {TMS) ether derivatization 
was made and subjected to gas liquid chromatography 
{Shimadzu Seisakusho, Kyoto, Japan} equipped with a 
Van den Berg's solventless injector, WCOT column, 
25 m X 0.35 mm id, coated with SE-30 ILKB-Produktor, 
Stockholm, Sweden} and flame ionization detector. The 
temperature of the column and injection port was 280 C 
and 310 C, respectively, and the flow rate of helium car- 
rier gas was 2 ml/min. Cholesterol was quantified by 
calculating a peak area ratio to internal standard. 

Determination of radioactivity. Radioactivity was 
counted in a Beckman M52 scintillation counter and 
determined by means of an external standardization 
technique to correct for variable quenching of the two 
isotopes. 

Statistics. Values were mean _ SEM for at least six 
observations. Student's t-test was used, and p values less 
than 0.05 were considered to be significant. 

RESULTS 

Apparent cholesterol monomer activity. Apparent cho- 
lesterol monomer activity in micellar solutions at pH 5.5 
and 6.5 is depicted in Figure 1. Polyethylene discs were 
equilibrated after a 24-hr incubation period. The higher 
the cholesterol monomer activity after the equilibration 
period, the higher the monomer activity throughout the 
incubation period. Apparent cholesterol monomer activity 
in micellar solutions after equilibration is shown in Fig- 
ure 2. Apparent cholesterol monomer activity in the con- 
stant micellar solution (30 mM NaTC, 5 mM oleic acid 
and 0.1 mM cholesterol) was significantly higher at pH 

3 

o o I 

"-" I I- 7 u f . . . . . . .  i . . . .  ! 

o O0 :5 6 24  5 0  
I ncuba t i on  T ime  ( h o u r s )  

FIG. I. Effect of oleic acid and pH on apparent cholesterol monomer 
activity in micellar solutions during various incubation periods. O, 
Cholesterol monomer activity in 30 mM NaTC, 5 mM oleic acid and 
0.I mM cholesterol mixed micellar solution, e ,  Monomer activities 
of cholesterol in similar micellar solutions except for oleic acid con- 
centrations (I0 mM at pH 5.5 and 16 mM at pH 6.5). - - - - - - ,  pH 5.5; 
- - ,  pH 6.5. Values are mean • SEM of 6 observations. 
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FIG. 2. Effect  of oleic acid on apparent cholesterol monomer activi- 
ty  in micellar solution. Micellar solutions contained 30 mM NaTC, 
0.I mM cholesterol and oleic acid below its maximal micellar solubil- 
i ty at pH 5.5 and pH 6.5. O, Apparent cholesterol monomer activ- 
i ty  in micellar solutions with 5 mM and I0 mM oleic acid at pH 5.5 
(------);  $ ,  apparent cholesterol monomer activity at 5 and 16 mM 
oleic acid at pH 6.5 ( ). Values represent mean +_. SEM (n -- 6). 

respectively (Fig. 3). There was a significant difference 
(p < 0.001) and the rate of influx was higher at 5 mM oleic 
acid concentration level than at 15 mM oleic acid concen- 
tration. Histological examination following the exposure 
to the micellar solution showed no damage to the mucosa. 

Effect of oleic acid on cholesterol solubility. Increased 
oleic acid concentration resulted in higher cholesterol 
solubility (Fig. 4); 0.2 • 0.03 mM (SEM) cholesterol was 
solubilized in 30 mM NaTC solution without oleic acid. 
The cholesterol solubility was 0.5 • 0.06 mM, 1.4 • 0.19 
mM and 2.6 • 0.22 mM in micellar solutions containing 
5, 10 and 15 mM oleic acid, respectively. 

DISCUSSION 

Cholesterol is passively taken up by the enterocyte as 
monomers in the intermiceUar aqueous phase in 
equilibrium with micellar aggregate (11,12). Cholesterol 
monomer in the intermicellar aqueous phase is governed 
by its partition coefficient between aqueous phase and 
micellar aggregate. 

This partition coefficient mainly depends on the con- 
stituents of the micelle. Phospholipid inhibits the uptake 
and the partitioning of cholesterol from micellar solution 
(1-3). The effect of fatty acid on the uptake of cholesterol 
by the enterocyte has been studied, and contrary results 
were reported. Thomson and Cleland (4) reported that  
palmitic acid enhances the uptake of cholesterol. On the 
other hand, Hollander and Morgan (3) demonstrated that 
oleic acid decreases cholesterol absorption. 

5.5 than at pH 6.5 (3.8 • 0.21 vs 2.3 _ 0.19 nmol/disc, 
p < 0.001), which confirmed our previous observations (6). 
Next, only oleic acid concentration was increased close 
to its saturation point at each pH level. At each pH, the 
higher the oleic acid concentration, the lower the mono- 
mer activity of cholesterol. At pH 5.5, increased oleic acid ~.- 
concentration from 5 to 10 mM decreased apparent 
cholesterol monomer activity from 3.8 _+ 0.21 to 1.0 _ 
0.08 nmol/disc (p < 0.001). Similarly, at pH 6.5, elevating ~ 
oleic acid concentration decreased apparent cholesterol -- .~_ 
monomer activity significantly (2.3 • 0.19 nmol/disc at -5 *" 
5 mM oleic acid and 0.5 + 0.09 at 16 mM oleic acid con- ~ 
centration, p < 0.001). These results indicate that choles- 
terol monomer activity declines with increasing oleic acid ~ > 
concentration at constant cholesterol concentration level ~ ~ 
(Fig. 2). ~ 

In the second experimental series, apparent cholesterol ~ r 
monomer activity was determined in micellar solutions ~ , -  
(30 mM NaTC, 0.1 mM 3H-cholesterol with 5 or 15 mM ~ \ 
oleic acid, pH 7.2) used for the following influx study to ~: -5 
confirm the effect of oleic acid on apparent cholesterol i: 
monomer activity and on the rate of cholesterol influx. ~" 
Apparent cholesterol monomer activity was 1.8 • 0.14 
nmol/disc at 5 mM oleic acid level and 0.7 • 0.08 at 
15 mM oleic acid level, respectively (p < 0.001). Again, 
the apparent monomer activity of cholesterol was signifi- 
cantly lower at the higher oleic acid concentration level. 

Rate of cholesterol influx. The rates of cholesterol in- 
flux across the brush border membrane of rat jejunal sac 
exposed to the 30 mM NaTC-0.1 mM cholesterol miceUar 
solution with 15 mM and 5 mM oleic acid were 1.5 • 0.21 
and 3.2 • 0.31 nmol/100 mg dry weight tissue/min, 

4.0 r - - -1  x +_ SEM 

2.0 

I-1 

F::I 

I | 

5 15 
Ole ic  Ac id  Concen t ra t i on  ( m M )  

FIG. 3. Effect  of oleic acid on the rate of cholesterol influx across 
the brush border membrane of everted rat jejunum in vitro. Everted 
sacs were exposed to micellar solution containing 30 mM NaTC, 0.1 
mM cholesterol with 5 or 15 mM oleic acid at pH 7.2 and were in- 
cubated for 4 min. 
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FIG. 4. Effect  of oleic acid on maximal micellar solubility of 
cholesterol. Excess  amounts of cholesterol were dissolved in 30 mM 
NaTC with 0, 5, 10 and 15 mM oleic acid at pH 7.2. Solutions were 
mixed well  and incubated at 37 C for more than 3 days to reach 
equilibrium. Clear filtrate through the membrane {0.2 pm) was  sub- 
jected to gas  liquid chromatography. Values are mean • SEM. 

phenomenon of cholesterol in the micellar solutions. In- 
creased oleic acid concentrat ion levels resulted in the 
decreased apparent  cholesterol monomer activity, which 
positively correlated with the rate  of cholesterol influx 
across the brush border membrane in vitro. The overall 
effect of oleic acid on cholesterol absorption in vivo should 
be examined further, since fa t ty  acids are efficiently ab- 
sorbed (12) and affect the esterification and enhance the 
t ransport  of cholesterol {5,14,15}. The results support  the 
observations by Hollander and Morgan (3), but  are op- 
posite to the report  by Thomson and Cleland (4). This 
might  be due to the difference in f a t ty  acids, because 
Thomson and Cleland used palmitic acid. S tudy of the 
effect of fa t ty  acid type on the part i t ioning of cholesterol 
out  of micelle is in progress. Of part icular  interest  is the 
modulat ing effect of free f a t ty  acids on the part i t ioning 
of cholesterol from micellar solutions into the organic 
phase {polyethylene disc}. Since free fa t ty  acids are pres- 
ent in bile (7) and gallstone {16), the role of free fa t ty  acids 
in the pathogenesis of gallstone might  be deducible. 

I t  is concluded from this s tudy that  the lowering effect 
of monounsatura ted  fa t ty  acid (oleic acid) on the parti- 
t ioning and rate of influx of cholesterol from micellar bile 
salt solution in vi tro is mainly mediated by its enhanced 
micellar holding capacity for cholesterol, which would 
shift cholesterol monomers from aqueous phase to mixed 
micelles. 

In the present  study, two factors (micellar solubility 
and the size of the micelle) are possibly modulated by the 
presence of oleic acid. First, the addition of oleic acid 
enhanced the micellar solubility of cholesterol, as shown 
in the present  experiment.  In the additional study, the 
addition of small amount  of oleic acid below 5 mM con- 
centrat ion level had no significant effect on the partition- 
ing of cholesterol from micellar solutions. Increased 
micellar solubility by the addition of phospholipid (1) and 
by  elevating the pH (6) resulted in lower monomer ac- 
tivities of f a t ty  acids and cholesterol. The present  s tudy 
revealed the evidence tha t  increased miceUar solubility 
of cholesterol by the addition of oleic acid results in 
decreased apparent  cholesterol monomer act ivi ty {parti- 
t ioning of cholesterol} {Figs. 1 and 2). Apparent  choles- 
terol monomer act ivi ty in the micellar solution at  a con- 
s tan t  cholesterol concentrat ion level mainly depends on 
its part i t ion coefficient between aqueous phase and 
micellar aggregate, which regulates cholesterol monomer 
concentrat ion in the intermicellar aqueous phase. The 
lower monomer act ivi ty at the higher oleic acid concen- 
t rat ion presumably can be ascribed to the lower part i t ion 
coefficient by forming the mixed micelle, which can in- 
corporate much more cholesterol inside the micelle. Thus, 
the addition of oleic acid in the sodium taurocholate- 
cholesterol micellar solution shifts cholesterol monomers 
away from aqueous phase to micellar aggregates. 

Another  possible factor is the size of the micelle. The 
addition of oleic acid increases the size of the micelle {13). 
Expanded micelles diffuse toward the brush border mem- 
brane at a slower rate, which declines the rate  of choles- 
terol influx. 

~The current  s tudy was focused on the role of mono- 
unsa tura ted  fa t ty  acid (oleic acid} in the part i t ioning 
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Hydroperoxy derivatives of phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) can be separated from 
their respective phospholipids by reverse-phase high per- 
formance liquid chromatography (HPLC). However, ultra- 
violet absorption due to conjugated diene cannot detect 
the hydroperoxy group. In this work, an electrochemical 
(EC) detector was first applied to the analysis of hydro- 
peroxy phospholipids. Both the PC and PE hydroperox- 
ides from rat liver were reduced quantitatively by the 
glassy carbon electrode at --300 mV vs Ag/AgCI. Since 
neither the hydroxy derivatives nor unoxidized phospho- 
lipids showed any response, it would seem this technique 
can be used to distinguish phospholipid hydroperoxides 
from their hydroxy derivatives. Thus, the reverse phase 
HPLC-EC detection method is proposed for the specific 
analysis of hydroperoxy phospholipids in biological 
tissues. 
Lipids 22, 125-128 (1987). 

In recent years, lipid peroxidation has attracted much 
interest in relation to the aging process, cancer develop- 
ment and other pathological conditions. To measure lipid 
hydroperoxides, the primary products of lipid peroxida- 
tion in the biological system, sensitive methods have been 
developed which use fluorescence (1), chemiluminescence 
(2,3), peroxidase (4,5) and cyclooxygenase activity (6). 

Membrane phospholipids including phosphatidylcho- 
line (PC) and phosphatidylethanolamine (PE) are assumed 
to be the main species responsible for hydroperoxide for- 
mation during lipid peroxidation in vivo. PC hydroperox- 
ides can be separated from unoxidized PC by reverse- 
phase high performance liquid chromatography (HPLC) 
(7-10). Thus, reverse-phase HPLC seems to be useful as 
a direct method for determining lipid hydroperoxides. 
Previously, we succeeded in separating the PC and PE 
hydroperoxides of rat liver from their respective phospho- 
lipids by reverse-phase HPLC and applied the technique 
to measure the phospholipid peroxidation products of rat 
liver after carbon tetrachloride administration (11). How- 
ever, we found it difficult to distinguish phospholipid 
hydroperoxides from their hydroxy derivatives on the 
chromatogram because the detection was based on UV 
absorption due to conjugated diene structure. A method 
that would specifically detect the hydroperoxy group was 
required in order to use the HPLC technique for the 
measurement of lipid hydroperoxides. Moreover, it may 
be essential to distinguish phospholipid hydroperoxides 
from the hydroxy derivatives because enzymatic reduc- 
tion of PC hydroperoxides is implied in the cellular 
defense system against lipid peroxidation (12). 

We previously conducted a polarographic study of 
triacylglycerol hydroperoxides and obtained polaro- 
graphic reducing waves under a dropping mercury elec- 
trode (13,14). An electrochemical (EC) detector equipped 
with a glassy carbon electrode has recently been devel- 

oped, a significant improvement since Kissinger et al. (15} 
first proposed combining HPLC with the EC detector. 
Therefore, we investigated the effectiveness of the HPLC- 
EC detector in detecting phospholipid hydroperoxides. 

Results showed that phospholipid hydroperoxides could 
be detected quantitatively by the EC detector, while there 
was no response from the hydroxy derivatives and unox- 
idized phospholipids. Compared with the UV detector for 
phospholipid hydroperoxides, the EC detector seems to 
have a higher sensitivity. 

EXPERIMENTAL 

Materials. Male Wistar rats, 8 wk old, were used. Rats 
were anesthetized, and whole livers were removed and 
washed with normal saline and then kept at - 8 0  C prior 
to lipid extraction. PC and PE were obtained from the 
liver lipid fraction according to the method described 
previously (16). Hydroperoxy and hydroxy derivatives of 
rat liver PC and PE were prepared from their respective 
photosensitized oxidation products by the procedure 
described previously (16). Hydroperoxy derivatives of egg 
yolk PC were obtained by the same method used for rat 
liver PC. 

The amount of the sample used in the experiments was 
obtained by successive dilution of the original weighed 
sample. 

Apparatus. A Shimadzu liquid chromatograph LC-4A 
with aYMC A-212-C-8 column (6 • 150 mm, 5 ~m particle 
size; Yamamura Kagaku Co., Kyoto, Japan) was used for 
HPLC analysis. A Shimadzu SPD-2A variable-wave- 
length UV detector and an Irica E-502 amperometric 
detector (Irica Co., Kyoto, Japan), which contains a glassy 
carbon electrode, were used as the UV and EC detectors, 
respectively. The EC detector was connected in series 
behind the UV detector. The chromatograms were re- 
corded by a Shimadzu Chromatopack C-R1B or C-R3A 
processor. The glassy carbon electrode was washed and 
polished after a run of ca. 40 hr. Before the analysis, a 
2-hr run was necessary to stabilize the electrode. 

Reverse-phase HPLC. The sample was dissolved in a 
mixture of methanol and chloroform (93:7, v/v), and 150 ~l 
was injected into the HPLC column. The column was 
eluted with methanol]water/acetonitrile (90.5:7:2.5, v/v/v) 
containing 0.25 mM sodium perchlorate. The flow rate 
was kept at 1.8 ml/min. The eluent was monitored at 
235 nm for UV detection and -300 mV vs Ag/AgC1 for 
EC detection. 

The mobile phase was kept free from oxygen by con- 
tinuous bubbling through helium gas. No attempt was 
made to remove oxygen from the sample solution. 

RESULTS 

Figure 1 shows typical chromatograms of egg yolk PC 
hydroperoxides obtained by the UV and EC detectors. 
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FIG. 1. Chromatograms of phosphatidylcholine hydroperoxides ob- 
tained by U V  (A) and EC detection (B). The amount of PC 
hydroperoxides applied on the column was 50 nmol. The elution sol- 
vent contained 0.25 mM sodium perchlorate. Applied electrode poten- 
tial was - 4 0 0  mV vs Ag/AgCI. Wavelength of UV detector was ad- 
justed at 235 nm. 
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FIG. 2. Electric current~lectrode potential curve. Experimental con- 
ditions were the same as those for Fig. 1, except the amount of 
phosphatidylcholine hydroperoxides applied on the column was 70 
nmol and applied electrode potentials were changed. The electric car- 
rent was  represented as the ratio of the peak area obtained by EC 
detection against  that obtained by UV detection at 235 nm. 

In both chromatograms, the hydroperoxides appeared as 
overlapping peaks at a retention time of ~7-10 rain. 

The ratio of the peak area obtained by EC detector to 
that obtained by UV detector was calculated at differ- 
ing electrode potentials ranging from - 100 to -400 mV 
vs Ag/AgC1, as shown in Figure 2. The EC detector was 
found to be the most sensitive at a potential of - 300 mV 
vs Ag/AgC1 in the above range. Figure 3 shows the effect 
of sodium perchlorate concentration on the sensitivity of 
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FIG. 3. Effect  of concentration of supporting electrolyte on the sen- 
sit;vity of EC detector. The experimental conditions were the same 
as those for Fig. 1, except the amount of phosphatidylcholine 
hydroperoxides applied was 70 nmoi and the salt concentrations of 
the elution solvent were changed. 

the EC detector. Sensitivity increased linearly with the 
increase in salt concentration. However, the higher con- 
centration was found to generate large noises because the 
salt adhered to the surface of the electrode, and sudden 
lowering of the sensitivity in shorter periods resulted. 

From the results of Figures 2 and 3, -300 mV vs 
Ag/AgCl and 0.25 mM were selected as the electrode 
potential and the supporting electrolyte concentration for 
the following experiments. 

Under these analytical conditions, PC hydroperoxides 
of rat liver gave prominent peaks on the chromatogram 
monitored by the EC detector, similar to that of the UV 
detector (Fig. 4). Hydroxy derivatives of rat liver PC were 
eluted at almost the same position as the hydroperoxy 
derivatives. However, there were no peaks for the 
hydroxy derivatives on the chromatogram monitored by 
the EC detector. Unoxidized PC was eluted later than the 
hydroperoxy and hydroxy derivatives, as indicated on the 
chromatogram by the UV detector based on nonspecific 
end absorption (203 nm). Unoxidized PC was not detected 
by EC detection. 

Similar results were obtained from rat liver PE and its 
hydroperoxy and hydroxy derivatives, but only the 
hydroperoxy derivatives gave prominent peaks on the 
chromatogram obtained by the EC detector (Fig. 5). 

For both rat liver PC and PE, a linear relationship was 
observed between the amounts of their hydroperoxides 
and the peak areas in the chromatograms obtained by EC 
and UV detections in the range from I to 25 nmol (Figs. 6 
and 7) (correlation coefficient: 0.990 for PC hydroperox- 
ides by EC detection, 0.999 for PC hydroperoxides by UV 
detection, 0.823 for PE hydroperoxides by EC detection, 
0.980 for PE hydroperoxides by UV detection). The slope 
of the regression lines indicates that the sensitivity of EC 
detection is more than 10 times higher than that of the 
UV detection for both phospholipid hydroperoxides. Con- 
jugated diene isomers occupied more than 70% of the 
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FIG. 4. Chromatograms of hydroperoxy and hydroxy derivatives 
of rat liver phosphatidylcholine (PC) and unoxidized PC. (A) 
Hydroperoxy derivatives (40 nmol), (B) hydroxy derivatives (20 nmol) 
and (C) unoxidized PC (20 nmol) were injected into the column. The 
eluting solvent contained 0.25 mM sodium perchlorate. Applied eleo 
trode potential was --300 mV vs Ag/AgCI. The UV detector was 
adjusted at 235 nm for hydroxy and hydroxy derivatives, and 203 
nm for unoxidized PC. 

preparations used for standard phospholipid hydroperox- 
ides (16), although they involved nonconjugated diene 
isomers, which might be undetectable by the absorption 
at 235 nm. Therefore, the scales of the peak area obtained 
by the UV absorption in Figures 6 and 7 were corrected 
by assuming that the conjugated diene isomers exclu- 
sively existed in the sample. The lowest detectable level 
of the EC detector was determined to be 200 pmol for PC 
hydroperoxides and 200 pmol for PE hydroperoxides. 

DISCUSSION 

Many attempts have been made to detect biological 
materials using the EC detector with HPLC, a combina- 
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FIG. 5. Chromatograms of hydroperoxy and hydroxy derivatives 
of rat liver phosphatidylethanolamine (PE) and unoxidized PE. (A) 
Hydroperoxy derivatives (20 nmol), (B) hydroxy derivatives (60 nmol) 
and (C) unoxidized PE (20 nmol) were injected into the column. Ex- 
perimental conditions were the same as those for Fig. 4. 

tion that was proposed by Kissinger et al. (15). However, 
there are only a few studies on the use of the EC detec- 
tor for the oxidized form of hydrophobic compounds. We 
previously found the reduction of lipid hydroperoxides by 
polarography (13,14) and thus were motivated to in- 
vestigate the effectiveness of the EC detector for HPLC 
analysis of lipid hydroperoxides. The analytical capability 
of the EC detector seems to be limited when this detec- 
tor is applied to hydroperoxy phospholipids. A higher con- 
centration of salt, which would strengthen the support- 
ing electrolyte, might elevate the response of the detec- 
tor. However, we used a lower concentration of salt for 
this analysis because the electrode could not be stabilized 
for a long time. On the other hand, a higher electrode 
potential ( -  300 mV vs Ag/AgCl) was chosen because the 
lower electrode potential overlapped with that of oxygen. 
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FIG. 6. Calibration curves for PC hydroperoxides. Experimental con- 
ditions were the same as those for Fig. 4. The scale of UV absorp- 
tion was  adjusted as the amount of conjugated diene isomers in the 
sample was  estimated to be 74% 116}. o ,  UV detection; O, EC 
detection. 
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FIG. 7. Calibration curves for phosphat idy le thanolamine  
hydroperoxides. Experimental conditions were the same as those 
shown in Fig. 4. The scale of the UV absorption was adjusted as 
the amount of conjugated diene isomers in the sample was estimated 
to be 76% {16). a ,  UV detection; A, EC detection. 

In our preceding work (11), the separat ion of phospho- 
lipid hydroperoxides f rom unoxidized phospholipids was 
achieved by  reverse-phase H P L C  using a O18  column. 
This column was replaced by  a C-8 column to elute the 
phospholipid hydroperoxides and unoxidized phospho- 
lipids in a shorter  t ime without  increasing the flow rate  
during the analysis. Thus, the HPLC condition described 
here m a y  be more suitable for practical  use. 

I t  has been suggested tha t  hydroperoxy phospholipids 
can be removed by  reduction of the hydroperoxy group 
directly (12) or after  release of the hydroperoxy free f a t ty  
acids by reaction with phospholipase A2 {17,18}. Hydroxy  
der ivat ives  may  accumulate  instead of the hydroperox- 
ides in membrane  phospholipids when lipid peroxidat ion 
proceeds in vivo. Thus, the specific detection of the hydro- 
peroxy group is required when phospholipid hydroperox- 
ides are determined by  reverse-phase HPLC,  because 
phospholipid hydroperoxides and their  hydroxy  deriva- 
t ives  are not  separa ted  from each other. The EC detec- 
tor  seems able to detect  hydroperoxides selectively under 
HPLC analysis. Furthermore,  the EC detector in this con- 
dition is more sensit ive than  the  UV detector,  based  on 
conjugated diene absorption as shown in Figures 6 and 7. 

In  conclusion, the combination of reverse-phase HPLC 
and the EC detector  can serve as a sensit ive and specific 
method  for the quan t i t a t ive  analysis  of phospholipid 
hydroperoxides.  The application of this method to lipid 
peroxidation products  in vivo will be reported in a follow- 
ing paper.  
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The developmental changes in the fatty acid composition 
of ethanolamine phosphoglycerides (EPG) and choline 
phosphoglycerides (CPG) were studied in the liver and 
brain of 18 newborn infants with gestational ages rang- 
ing from 20 to 44 wk. A small group of five newborns 
receiving total parenteral nutrition (TPN) with high doses 
of linoleic acid (18:2co6) was also studied and compared 
to controls of the same gestational age to look for effects 
on the developmental fatty acid patterns of liver and 
brain EPG and CPG. TPN with Intralipid 20% was given 
for 4-12 days, the total fat intake being 14.7-90 g (mean 
+__ S.D. = 47.1 +_ 29.8 g). The main developmental changes 
in the liver and brain of the control group were an increase 
in 22:6G03 (docosahexaenoic acid) at the end of gestation 
and a linear decrease in 20:4co6 (arachidonic acid) and 
18:1o)9 (oleic acid) in EPG and CPG. A very good correla- 
tion in the percent values of these fatty acids in the brain 
and liver tissues was obtained. Very significant changes 
in the fatty acid composition of liver EPG and CPG could 
be found in the infants receiving TPN with Intralipid- 
mainly an increase in 18:2o~6, a decrease in the linoleate 
elongation/desaturation to longer members of the series 
and a decrease in the 22:6o~3 levels of liver EPG and CPG. 
In the brain, only an increase in the 18:2co6 value of CPG, 
not accompanied by any increase in the longer o)6 fatty 
acids, could be detected. Possible adverse effects of high 
doses of 18:2~6 on the tissue levels of long chain polyun- 
saturated fatty acids (PUFA), especially of 22:6~3, are 
discussed. 
Lipids 22, 133-138 (1987). 

Neural tissues are by far the richest in polyunsaturated 
fat ty acids (PUFA), and a remarkable constancy in the 
fat ty acid composition of the brain, despite widely dif- 
ferent dietary intakes of essential fat ty acids (EFA) has 
been well documented (1-3). In contrast, the liver is much 
more readily influenced by differences in the diet (3,4). 
Dietary EFA are chain elongated and desaturated in the 
liver to form long chain PUFA, which are preferentially 
taken up by the brain, especially during development. A 
progressive increase in the fat ty acid length and degree 
of unsaturation from maternal liver to placenta, fetal liver 
and fetal brain has been found (5). Direct incorporation 
of dietary long chain PUFA into the developing brain has 
also been demonstrated (6). 

Besides being influenced by diet, the fat ty acid com- 
position of body organs changes with development. 
Special attention has been focused on developmental 
changes of the brain fatty acid patterns (7-11), but few 
data are available on the fatty acid composition of the 
mammalian liver during development (12,13). Clandinin 
et al. (14,15) have applied a quantitative approach to the 
study of total fat ty acid accretion in the developing 
human liver and brain as a means of estimating neonatal 

*To whom correspondence should be addressed at Laboratorio de 
Cromatografia, Hospital Infantil Vall d'Hebron, 08035 Barcelona, 
Spain. 

dietary needs for r fatty acids but, to our knowledge, 
a systematic study on the developmental fatty acid pat- 
terns of the main phosphoglycerides of human liver and 
brain is lacking. 

For many years it has been general practice in pediat- 
rics to supplement milk formulas with substantial 
amounts of linoleic acid (18:2oJ6). Linoleate supplemen- 
tation has even been extended to cases in which oral 
feeding is not possible, and several parenteral formulas 
highly enriched in 18:2oJ6 have appeared. The content and 
proportion of a-linolenic acid (18:3r have relatively been 
disregarded in most of these formulas. There is an increas- 
ing concern for the metabolic effects of such unphysiologi- 
cal EFA supplies, and some effects on the levels of 
arachidonic acid (20:4co6) (16,17), long PUFA with 22 car- 
bon atoms (17,18) and prostaglandin production (19} have 
been published. However, there is little information on 
the effects of total parenteral nutrition (TPN) with high 
doses of 18:2co6 on the fatty acid composition of human 
tissues during development (19). 

The aim of the present work was twofold: first, to cor- 
relate the fatty acid patterns of the main phosphoglyc- 
erides in the liver with those in the brain during normal 
human development and, second, to study the effects of 
a high supply of linoleic acid, a widely used formula (TPN 
with Intralipid) administered intravenously, on the devel- 
opmental fatty acid patterns of human liver and brain. 
Some preliminary accounts of this work have appeared 
elsewhere (20,21). 

MATERIALS AND METHODS 
Developmental study. The developmental study com- 
prised 18 newborn infants with gestational ages between 
20 and 44 wk. Gestational ages were determined by 
maternal history and clinical examination; only those 
cases with body weights appropriate for gestational age 
according to Lubchenco's grid (22) were included. Those 
cases with any kind of neonatal problem that could af- 
fect cerebral integrity were excluded. The cause of death, 
occurring during the first 48 hr of life, was immaturity 
and/or acute respiratory disease. 

Study on TPN. Five infants who received TPN and died 
during the neonatal period due to major surgical problems 
were studied. Four were full-term neonates (gestational 
ages between 37 and 43 wk} and the fifth had been born 
slightly premature (35 wk}. Body weight was appropriate 
for gestational age in all cases. All infants had to be ad- 
ministered TPN because of multiple congenital defects 
requiring major surgery (two cases of esophagus atresia 
and tracheoesophageal fistula, one associated to duodenal 
obstruction; one case of myelomeningocele plus diaphrag- 
matic hernia and arthrogryposis; one case of intestinal 
malrotation and duodenal stenosis; and one case of im- 
perforate anus). TPN was infused immediately after 
operation, performed during the first 24 hr of life. Total 
fluid intake was 156 ml/kg/day, and total calories ranged 
from 85.5 to 102 kcal/kg/day. The intravenous infusion 
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contained amino acids (1.5-2.5 g/kg/day), glucose 
(11.2-12.9 g/kg/day}, electrolytes and minerals (Na, 
2.2 meq/kg/day; K, 1.8 meq/kg/day; C1, 2.0 meq/kg/day; 
Ca, 2.5 meq/kg/day; Mg, 0.5 meq/kg/day; P, 2 mmol/kg/ 
day) and vitamins CA, 1000 IU; D, 100 IU; E, 0.5 mg; B1, 
5 mg; B2, 1.4 mg; B6, 1.5 mg; C, 50 mg; niacin, 10 mg; 
pantothenic acid, 2.5 mg). Fat was administered as Intra- 
lipid 20% (Vitrum AB, Stockholm, Sweden}. A progres- 
sive amount of lipids was infused, increasing from 1.0 g 
to 4.0 g per kg per day in the course of 7 days. The in- 
fants died from various complications at 5-13 days after 
birth, having received TPN for a minimum of 4 days and 
a maximum of 12. This represented a total fat intake of 
14.7-90 g (means _ S.D. = 47.1 • 29.8 g). According to 
the analysis of our batch of Intralipid 20%, the total sup- 
ply of 18:2oJ6 ranged from 6.7 g to 41 g (21.5 • 13.59 g) 
and that of 18:3r from 1.2 g to 7.3 g (3.8 • 2.41 g). 

All the bodies were refrigerated at 4 C immediately 
after death. Autopsy, which was done within 12-36 hr 
of death, did not reveal any brain or liver anomalies. A 
cerebral hemisphere and the liver were removed, wrapped 
in double bags of aluminum foil and polyethylene, and 
stored frozen at - 2 0  C until analysis. 

Analytical procedures. All solvents and reagents were 
of highest purity, purchased from Merck (Darmstadt, 
Federal Republic of Germany}. Just  before lipid extrac- 
tion, the complete hemisphere and the whole liver were 
homogenized in a Sorvall Omnimixer (Norwalk, Connec- 
ticut} to avoid regional differences. Brain and liver 
homogenates were diluted with an equal volume of water, 
and total lipids were extracted with 20 vol of chloroform/ 
methanol (1:2, v/v) as specified elsewhere (23}. Ethanol- 
amine phosphoglycerides (EPG) and choline phosphoglyc- 
erides (CPG) were separated from aliquots of the lower 
phase by thin layer chromatography (TLC) in two dif- 
ferent ways. In order to have a high fatty acid/impurities 
ratio, as much as 40 ~g of lipid P were spotted on a pre- 
coated Silica Gel G plate (Chromatoplate, Merck} for the 
separation of EPG. For CPG, on the other hand, only 
20-25 ~g of lipid P were spotted on a 0.25-mm-thick Silica 
Gel G plate prepared manually in the laboratory, because 
this procedure was shown to give best separation between 
choline and serine phosphoglycerides. In both cases, the 
solvent system was chloroform/methanol/water (65:25: 
3.5, v/v/v). The individual phosphoglycerides were re- 
covered from the plates by scraping off the spots, and 
the fat ty acid methyl esters were obtained directly from 
the dried silica by cold methanolysis with 2 ml of 0.1 N 
sodium methoxide in dry methanol, according to Sven- 
nerholm (24}. After neutralization with 1 N acetic acid, 
the fatty acid methyl esters were extracted three times 
with 2 ml of very pure petroleum ether (40-60 C), washed 
twice with water and dried with anhydrous sodium 
sulfate. After evaporation with N2, the fatty acid methyl 
esters were dissolved in a small volume of hexane and in- 
jected into the gas chromatograph. 

A Perkin Elmer 900 gas chromatograph was used, 
equipped with flame ionization detectors (FID) and a 
10-ft, 1/8 inch OD, stainless steel column, packed with 
15% ethylene glycol succinate (LAC 4R 886) on Chromo- 
sorb W 100-120 mesh, acid-washed and dimethyldichloro- 
silane-treated. The carrier gas was N2, and the column was 
operated on a temperature program from 160 C to 195 C, 
at a rate of 3 C/min. A relatively high volume (10 ~l} was 

injected so that the descending effect of the solvent tail 
compensated for the column bleeding, and a good base 
line was obtained despite the use of a single column. The 
peak areas were measured with an Autolab electronic 
computer-integrator, system IV model, and the results 
were expressed as area percentages, which were essen- 
tially equivalent to weight percentages within the range 
of fat ty acids studied. The statistical analyses were ef- 
fected with an electronic programmer (Olivetti, 203 
model}. For the study on normal development, regression 
analysis was used, either linear or quadratic depending 
on the developmental trend. All cases were analyzed 
individually, with gestational ages plotted on the X axis 
against corresponding fatty acid values on the Y axis (for 
correlation between liver and brain, the fat ty acid value 
for the liver was plotted on the X axis against the cor- 
responding value for the brain of the same child on the 
Y axis, as shown in Figs. 1-3}. The levels of significance 
of the regression coefficients are indicated in Results. On 
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FIG. 3. Brain against liver percent values of oleic acid in ethanol- 
amine phosphoglycerides of a group of newborn infants with gesta- 
tional ages from 20 to 44 wk. 

the  o the r  hand,  for the  s t u d y  on the  e f fec t s  of T P N  on 
t i s sue  f a t t y  acid compos i t ion ,  all cases  were  d i s t r i b u t e d  
in to  t h r ee  age  g r o u p s  (see Resu l t s  and  Tab les  1 and  2). 
Th is  a l lowed us  to  c o m p a r e  the  cases  r ece iv ing  T P N  to  
con t ro l s  of the  same  age. The  d i f ferences  obse rved  were  
v a l i d a t e d  by  means  of S t u d e n t ' s  t - t e s t s  for i n d e p e n d e n t  
var iab les ,  and the  levels  of s igni f icance  are g iven  in t he  
tables .  

RESULTS 

Normal development. U n d e r  " c o n t r o l s , "  Tab les  1 and 2 
s u m m a r i z e  t he  d e v e l o p m e n t a l  changes  in the  f a t t y  acid 
compos i t ion  of the  ma in  phosphoglycer ides  of the  h u m a n  
l iver  and b ra in  d u r i n g  the  second half  of  ges t a t ion .  F o r  
the  sake  of  s impl ic i ty ,  Tab les  1 and  2 show all the  cases  
d i s t r ibu ted  into  three  age groups:  a ve ry  i m m a t u r e  group, 
r a n g i n g  f rom 20-25  wk of g e s t a t i o n a l  age; an i m m a t u r e  
g roup  in a d e v e l o p m e n t a l  s t age  j u s t  before  the  beg inn ing  
of the  " c h e m i c a l  s p u r t "  (23), 28-31  wk; and a fu l l - te rm 
group ,  w i t h  g e s t a t i o n a l  ages  f rom 37 wk onward .  How- 
ever ,  for  s t a t i s t i c a l  ana lys is ,  all con t ro l  d a t a  were  con- 
sidered individual ly  (by means  of regress ion lines) and no t  
by  groups ,  so t h a t  the  d e v e l o p m e n t a l  changes  could  f ind 
a more  real  s t a t i s t i c a l  express ion .  

Conf i rming  previous  da t a  (10,11), the main  developmen-  
t a l  changes  in the  b ra in  were  an increase  in 22:6co3 
(docosahexaenoic  acid) a t  the  end of ge s t a t i on  and a qu i te  
l inear  decrease  in 18:1o~9 (oleic acid) and 20:4(o6 in E P G .  
The  e l o n g a t i o n / d e s a t u r a t i o n  of a rach idon ic  acid to  i t s  
p r o d u c t s  22:4r (docosa te t r aeno ic  or adren ic  acid) and  
22:5~o6 (docosapen taeno ic  acid),, e x p r e s s e d  by  the  index  
(22:4r + 22:5~6)/20:4(o6, inc reased  l inear ly  w i t h  ges ta-  
t iona l  age  in b ra in  E P G ,  and  the  ra t io  22:4oJ6/22:5~6 in- 
c reased  w i t h  m a t u r a t i o n  in E P G  and  C P G  as shown 
before  (10). All  t hese  changes  were  v e r y  s ign i f i can t  
s t a t i s t i c a l l y  (p < 0.001). 

Very  s imi la r  changes  could  be o b s e r v e d  in the  l iver,  
w i t h  22:6w3 inc reas ing  m a r k e d l y  a t  the  end of  g e s t a t i o n  
in b o t h  phosphog lyce r ides .  A l inear  decrease  in 18:1r 

TABLE 1 

Fatty Acid Composition of the Main Phosphoglycerides of the Human Liver--Effect of Development and of Total Parenteral Nutrition (TPN) 

Ethanolamine phosphoglycerides Choline phosphoglycerides 

Controls TPN Controls TPN 

20-25 wk 28-31 wk >36 wk >36 wk 20-25 wk 28-31 wk >36 wk >36 wk 
(n = 6) (n = 6) (n = 6) (n = 5) (n = 6) (n = 6) (n = 6) (n = 5) 

16:0 16.3 • 16.2 +1.05 19.3 +_2.94 16.0 • a 35.4 • 33.7 +1,06 36.5 +1.34 32.1 +-1.56 d 
16:1co7 0.8 +--0.22 0.7 +0.16 0.8 +0.22 0.5 • b 4.1 +0.76 3.3 +-0,38 3.6 +-1.07 2.2 +0.61 b 
18:0 22.5 +-1.62 24.9 +-1.42 23.6 +-2.55 25.2 +-2.08 11.2 -+0.39 12.3 -+0.79 11.4 +-1.52 11.8 _+1.34 
18:1o~9 9.4 • 8.2 +-0.95 6.2 +-1.31 8.4 • c 21.0 +-2.48 20.4 +-2.62 17.2 +-2.66 15.4 +-0.81 
18:2oJ6 3.0 • 4.4 +-0.86 4.9 +-1.64 15.9 +-3.58f 5.7 +-1.61 8.7 +-1.28 9.2 +-2.62 24.8 +-2.86f 
20:3r 1.0 +--0.51 0.8 • 0.2 +-0.15 0.2 +-0.08 0.8 _+0.43 0.6 +-0.12 0.2 +-0.10 tr. 0~3 
20:3r 1.6 • 1.8 +-0.39 1.5 +-0.21 0.7 +-0.21f 2.1 +-0.39 2.3 +-0.35 2.0 +-0.57 0.9 +- . 3 d 
20:4w6 29.7 • 29.1 +-1.19 21.9 +_2.13 21.6 +-3.89 14.7 +-2.67 14.2 +-2.23 13.1 -+1.91 8.8 -+1.93 d 
22:4(o6 2.2 • 1.8 +-0.74 1.7 +-0.76 1.2 +-0.19 0.3 +-0.08 0.3 +-0.01 0.3 +-0.04 0.2 +-0.05 b 
22:5co6 1.4 +-0.75 1,0 +-0.22 1.2 +--0.50 0.7 +---0.20 a 0.4 +-0.13 0.3 +-0.04 0.3 +-0.12 0.2 --+0.07 b 
22:5w3 0.3 +-0.11 0,3 +-0.06 0.6 +-0.21 0.5 +-0.13 0.1 +-0.04 0.1 +-0.03 0.3 --+_0.07 0.2 +-0.05 
22:6r 11.5 +-1.05 10.6 --+0.96 17.7 --+3.50 9.1 +-2.57 e 3.3 +_0.61 3.3 _+0.58 5.4 +-1.66 2.7 -----0.69 d 
o~3/r 0.31• 0.29+-0.03 0.60+-0.16 0.25-----0.10 e 0.20+-0.02 0,20+-0.03 0.23+-0.06 0.08+-0.03f 
22:4w6/22:5co6 1.60+-0.47 1.78+-0.46 1.44+-0.43 1.74+-0.50 0.94+-0.18 1.05+-0.17 0.87+-0.30 1.25+--0.37 a 
18:2o~6/18:1w9 0.35+-0.19 0.54+-0.10 0.78+-0.18 1.88+-0.33f 0.28+-0.10 0.43+-0.09 0.54+-0.14 1.62+-0.26f 
Elongation/desaturation 

18:2r 12.6 +-4.15 7.97+-1.51 5.96+-1.93 1.59+-0.47f 3.22+-0.65 2.01+-0.34 1.79+-0.51 0.41+-0.11f 
Elongation/desaturation 

20:4oJ6"* 0.12+-0.07 0.09+-0.04 0.13+-0.06 0.09+-0.02 0.05+-0.02 0.04+-0.01 0.04+-0.01 0.04+-0.01 

All values represent wt % of each fatty acid {mean values, for the number of cases indicated, nt +- S.D. The statistically significant changes for 
the children receiving TPN are signaled by letters according to the following levels of significance (based on Student's t-test with 9 degrees of 
freedom}: a, <0.1; b, <0.05; c, <0.02; d, <0.01; e, <0.002; f, <0.001. 
*(20:3r + 20:4r + 22:4o~6 + 22:5r **, (22:4oJ6 + 22:5(o6)/20:4w6. 
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TABLE 2 

Fatty Acid Composition of the Main Phosphoglycerides of the Human Forebrain--Effect of Development and of Total Parenteral Nutrition (TPN) 

Ethanolamine phosphoglycerides Choline phosphoglycerides 

Controls TPN Controls TPN 

20-25 wk 28-31 wk >36 wk >36 wk 20-25 wk 28-31 wk >36 wk >36 wk 
( n = 6 )  ( n = 6 )  ( n = 6 )  ( n = 5 )  ( n = 6 )  ( n= 6 )  ( n = 6 )  (n=  51 

16:0 7.8 +0.56 7.6 +0.66 6.2 +0.36 5.8_+0.56 50.3_+0.66 50.6 _+0.71 50.4 _+0.80 49.9 _+0.45 
16:1o~7 0.6 -+0.18 0.8 +0.09 0.5 _+0.12 0.6 _+0.11 7.4 _+0.41 6.7 +-0.50 6.3 +-0.61 6.5 _+0.55 
18:0 25.6 _+0.68 27.5 +-1.69 26.7 _+1.49 26.7 _+1.07 7.5 _+0.48 7.9 _+0.50 9.1 -+0.87 8.6 +0.54 
18:1w9 10.0 +-1.44 9.4 --+1.18 8.0 +-0.41 7.4 _+0.66 23.0 _+0.36 22.6 -+0.88 22.4 -+0.61 21.8 _+0.50 
18:2co6 0.5 _+0.10 0.6 _+0.15 0.5 _+0.12 0.6 _+0.23 0.7 _+0.19 0.8 _+0.18 0.7 -+0.16 1.6 _+0.41f 
20:3o~9 1.4 _+0.43 1.0 +-0.20 0.8 _+0.31 0.7 _+0.10 0.2 _+0.07 0.2 _+0.07 0.2 _+0.05 0.1 _+0.03 
20:3r 0.6 _+0.12 0.9 +-0.18 1.1 _+0.17 1.1 _+0.23 0.3 _+0.18 0.5 _+0.06 0.8 _+0.13 0.6 _+0.18 
20:4co6 20.0 _+0.90 18.5 +-0.21 17.0 _+0.58 17.7 _+0.93 4.5 _+0.45 4.7 _+0.32 5.3 _+0.48 5.4 _+0.15 
22:4co6 11.6 _+0.80 13.1 "+-1.06 14.8 _+1.02 14.7 _+0.86 0.6 _+0.04 0.7 _+0.04 0.8 _+0.09 0.9 _+0.24 
22:5o~6 5.8 -+0.40 6.0 -+0.58 4.6 _+0.85 5.3 -+1.10 0.3 _+0.03 0.3 +-0.04 0.2 _+0.11 0.3 _+0.09 
22:5co3 0.3 +-0.05 0.3 _+0.05 0.5 _+0.21 0.6 +-0.24 tr. -- tr. -- tr. -- tr. -- 
22:6co3 15.3 -+0.58 13.8 _+1.09 18.9 _+1.06 18.5 _+1.81 1.1 _+0.11 1.0 _+0.15 1.2 _+0.19 1.4 _+0.23 
co3/r 0.41_+0.02 0.36_+0.03 0.50_+0.06 0.49_+0.06 0.17_+0.02 0.17_+0.02 0.18_+0.02 0.16-+0.03 
22:4w6/22:5o~6 2.01_+0.15 2.20_+0.11 2.78_+0.49 2.84+_0.52 2.00_+0.13 2.14_+0.20 3.51_+1.09 2.70+-0.45 a 
18:2r 0.05-+0.01 0.06-+0.01 0.06-+0.02 0.08-+0.03 0.03_+0.01 0.04_+0.01 0.03_+0.01 0.08_+0.02f 
Elongation/desaturation 

18:2co6" 86.3 _+16.5 73.3 +-19.7 86.9 +-19.2 78.5 -+32.7 8.34_+1.56 7.82_+1.38 10.8 +2.21 4.77_+1.40 
Elongation/desatur ation 

20:4w6"* 0.88_+0.05 1.04_+0.09 1.09_+0.10 1.13_+0.06 0.21_+0.03 0.23_+0.02 0.20_+0.03 0.23_+0.05 

All values represent wt % of each fatty acid (mean values, for the number of cases indicated, n) --- S.D. The statistically significant changes for 
the children receiving TPN are signaled by letters according to the following levels of significance (based on Student's t-test with 9 degrees of 
freedom): a, <0.1; f <0.001. 
*, (20:3w6 + 20:4o~6 + 22:4w6 + 22:5oJ6)/18:2w6; **, (22:4co6 + 22:5o~6)/20:4o~6. 

and  20:4w6 was also found  in E P G  and  CPG,  s ign i f i can t  
a t  the  0.001 level. The  22:4~o6/22:5co6 ratio,  on the  o ther  
hand,  did no t  show s ign i f ican t  va r i a t ions  wi th  age, these  
fa t ty  acids be ing quan t i t a t ive ly  less impor t an t  in the  liver 
t h a n  in  the  b ra in  due to a poorer  e longa t ion /desa tu ra t ion  
of a rach idona te  [see the  index  (22:4r + 22:5o06)/20:4co6 
in  the  tables].  As  for the  p a r e n t  r f a t t y  acid, 18:2o~6, 
i t  is p r e sen t  only  in  ve ry  low a m o u n t s  in  b r a in  because  
of i ts  ve ry  act ive  e longa t ion  and  d e s a t u r a t i o n  to the  
higher member s  of the family. In  liver, on the other  hand,  
i t  is an  i m p o r t a n t  c o n s t i t u e n t  of phosphoglycer ides ,  and  
it  increased slowly wi th  m a t u r a t i o n  in E P G  (p < 0.05) and  
CPG (p < 0.01), a t  the  same t ime  as i t s  e longa t ion /  
desa tu ra t ion  slowed down in bo th  phosphoglycer ides  (p < 
0.001). As  a consequence  of these  m a t u r a t i o n a l  changes ,  
the  ra t io  18:2co6/18:1o~9 increased  l inear ly  and  ve ry  
s ign i f i can t ly  (p < 0.001) in  l iver E P G  and  CPG.  

The s t r ik ing  s imi lar i ty  of some fa t ty  acid profiles in the 
l iver  and  the  b r a i n  was emphas ized  by  p l o t t i n g  the  b r a i n  
va lues  a g a i n s t  the  co r r e spond ing  l iver  values.  This  re- 
su l t ed  in a ve ry  s ign i f ican t  (p < 0.001) pos i t ive  correla- 
t ion  be tween  the  b ra in  and  liver va lues  of 22:6o~3 (Fig. 1), 
20:4co6 (Fig. 2) and  18:1co9 (Fig. 3). A l though  only a minor  
c o n s t i t u e n t ,  20:3co9 was  also s tud ied  for i ts  s ignif icance 
in re la t ion  to n u t r i t i o n  and  showed a paral le l  decrease 
wi th  m a t u r a t i o n  in  E P G  of l iver (p < 0.001) and  bra in  (p < 
0.01) and  in  l iver CPG (p < 0.001). 

Influence of TPN on fatty acid patterns of liver and 
brain. The f a t t y  acid compos i t ion  of l iver  and  b r a i n  E P G  

and  CPG in a g roup  of ful l - term i n f a n t s  rece iv ing  T P N  
wi th  In t r a l i p id  is shown in Tables  1 a nd  2 beside  the  
n o r m a l  p a t t e r n s  co r r e spond ing  to cont ro ls  of the  same  
age, so t h a t  the  effects of T P N  can  be easi ly  detected.  
I t  can  be seen t h a t  there  was  a threefold increase  in  
linoleic acid in the  two phosphoglycer ides  of l iver and  a 
twofold increase  in  b r a i n  CPG,  all ve ry  s ign i f ican t  sta- 
t i s t i ca l ly  (a t - t e s t  was  appl ied  be tween  the  two ful l - term 
groups ,  cont ro l  and  TPN- t r ea t ed ;  see tab les  for levels of 
significance).  This  increase  in 18:2o~6, however,  was  no t  
accompanied by  any  parallel  increase in the long members  
of the  family. On the contrary ,  20:3co6 (dihomo-y-linolenic 
acid) decreased very  s ign i f ican t ly  in l iver E P G  and  CPG,  
a nd  20:4~6 decreased marked ly  in  l iver C P G  (a l though 
no t  in EPG).  The longer  w6 P U F A ,  22:4co6 and  22:5co6, 
showed a t e n d e n c y  to  decrease in  l iver E P G .  I t  can be 
deduced,  therefore,  t h a t  the  e l o n g a t i o n / d e s a t u r a t i o n  of 
18:2~6 was  s ign i f ican t ly  decreased in bo th  phosphoglyc-  
erides of the  liver, l ead ing  ma in ly  to reduc t ions  in 20:4co6 
in  C P G  and  in the  22 ca rbon  a tom m e m b e r s  in E P G .  

The  ra t io  of 18:2co6 to 18:1w9, which increased  slowly 
with m a t u r a t i o n  in the liver of the normal  child, was much  
more a u g m e n t e d  in the l iver phosphoglycer ides  of in fan t s  
rece iv ing  TPN.  Pa lmi t i c  (16:0) and  palmi to le ic  (16:1w7) 
acids were sl ightly reduced in the liver of the TPN- t rea ted  
group,  more  s ign i f i can t ly  in  CPG t h a n  in E P G ,  b u t  18:0 
(stearic acid) did no t  show any  s ign i f ican t  var ia t ion ,  and  
18:1co9 s l ight ly  increased in liver E P G  and showed a non- 
s ign i f i can t  t e n d e n c y  to decrease in l iver CPG.  
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A most interesting finding was the very significant 
decrease in the 22:60)3 level of the liver, which was re- 
duced to about half the normal value at this age in liver 
EPG and CPG. As a consequence, the r162 ratio was 
also greatly reduced in the liver of children receiving TPN. 

It is interesting to note that  the only change in the 
brain of the parenterally nourished infants was the above- 
mentioned increase in 18:20)6 in brain CPG. A conse- 
quence of this was a very significant reduction of the 
18:20)6 elongation/desaturation and an increase in the 
18:20)6/18:10)9 ratio in brain CPG. The rest of brain CPG 
fatty acids, however, were totally within normal limits, 
and no variation at all could be found in brain EPG. 

DISCUSSION 

The developmental changes in the fatty acid composition 
of the main phosphoglycerides in the human brain con- 
firm our previous data on a larger number of cases (10,11), 
i.e., there is a significant increase in the 22:60)3 level of 
the brain EPG and CPG after 32 wk of gestational age 
and a linear decrease in the 20:40)6 and 18:10)9 values dur- 
ing the second half of gestation, mainly in brain EPG. 

The present data show an excellent correlation between 
the main developmental fatty acid changes in the brain 
and the liver during early human development. In other 
words, docosahexaenoate increases in the human liver 
also in a parabolic manner, whereas arachidonate and 
oleate decrease in a linear way in the two main phospho- 
glycerides, mainly in EPG. During this crucial stage of 
brain development the percentage of 22:60)3 in the liver 
EPG is almost as high, or even a little higher toward the 
end of gestation, as that in the brain EPG, indicating that 
during this period elongation and desaturation of 0)3 fatty 
acids in the human liver is very active and capable of pro- 
viding the high levels of long co3 PUFA required by the 
developing brain. 

Upon comparison of fatty acid patterns in the infants 
receiving TPN with controls of the same age, the decrease 
in the docosahexaenoate level in both liver phosphoglyc- 
erides is striking. Such a decrease in 22:6o~3 has not even 
been described in rats receiving high doses of 18:20)6 in- 
travenously (17), in which a similar reduction was noted 
in liver CPG, but not in liver EPG. 

A significant decrease in liver 20:40)6 has.been found 
in rats (16,17) and humans (19) receiving TPN with high 
doses of 18:20)6. In our study, this decrease was only 
significant in liver CPG, the levels of arachidonate in liver 
EPG being totally within normal limits for the age. On 
the other hand, we found a very important increase in 
18:2w6 in both phosphoglycerides of the liver and even 
in brain CPG, which has not been described in the ex- 
perimental animal; as a consequence, the ratio of 20:40)6 
to 18:20)6 (or, as we prefer, the elongation/desaturation 
of linoleate expressed by the index [20:30)6 + 20:40)6 + 
22:40)6 + 22:50)6]/18:20)6) was greatly reduced, even 
much more so than in the rat receiving a large supply of 
parenteral 18:20)6 (16). 

For many years, studies on EFA have focused mainly 
on the linoleate ((o6) family. On the other hand, the essen- 
tiality of a-linolenic acid (18:30)3) has been questioned (25), 
because no signs of 0)3 deficiency could be discovered in 
laboratory animals subjected to co3-deficient diets. How- 
ever, from a quantitative point of view, the main long 

chain PUFA of the 0)3 series, docosahexaenoic acid 
(22:60)3), is a very important component of neuronal and 
retinal membranes. Although its functions are still not 
fully understood, 22:6o~3 seems to be an important fac- 
tor in membrane fluidity of neurons and outer segments 
of the retina, probably enhancing the various movements 
of rhodopsin (26). Docosahexaenoate may even play a role 
in neurotransmission, as indicated by its preferential ac- 
cumulation in synaptic membranes (27). Furthermore, 
another member of the 0)3 family, eicosapentaenoic acid 
(EPA, 20:50)3), plays an important role in platelet ag- 
gregation (28-31), and the supply of 0)3 fatty acids is now 
recommended in the prevention of thromboembolic 
disorders (32-35). 

Recently, clinical evidence of 0)3 deficiency, caused by 
a poor supply of a-linolenic acid, has been presented in 
the human (36) and in the monkey (37). The present 
results suggest that a relative deficiency of o03 fatty acids 
can also be produced by a different mechanism. It is very 
possible that the exclusive concern for the 0)6 fatty acids 
and the very high doses of linoleate used in many milk 
formulas and most forms of TPN has caused the natural 
preference of the h6-desaturase system by the 0)3 family 
(38,39) to be overcome and displaced towards the predomi- 
nant 0)6 fatty acids. Thus, even if a w3 fat ty acid defi- 
ciency is spontaneously very rare, if possible at all, 
because of the abundance of these fatty acids in nature, 
their small minimum requirements and the enzyme 
preferences for the linolenate family, our results show that 
it is possible to artificially produce a relative deficiency 
in 0)3 fat ty acids by supplying a great excess of (o6 fat ty 
acids, as has also been shown in the rat brain and retina 
(40) and liver (17). It seems advised, therefore, to warn 
clinicians, mainly pediatricians, against the use of ex- 
cessive amounts of linoleic acid in the diet, especially dur- 
ing early development. 

Our cases received TPN only for a short period (4-12 
days), and this was enough to produce important altera- 
tions in the fatty acid composition of the main liver 
phospholipids and even a significant increase in 18:20)6 
in brain CPG. The brain's resistance to changing its fatty 
acid composition despite dietary manipulation is well 
known (1,2,41,42), and we could not find any alteration 
in the brain long chain PUFA in our cases receiving TPN. 
However, it is possible that a more prolonged diet with 
large doses of 18:2r could affect these fatty acids, as 
has been shown in the experimental animal (40). In any 
case, a diet capable of reducing the level of liver EPG and 
CPG docosahexaenoate to half its normal value during 
a critical developmental stage should certainly be pro- 
scribed. In agreement with very recent data in the rat (17), 
our results indicate that  a correct ratio of linoleate to 
linolenate is not the only relevant factor in devising an 
EFA diet, especially when the nutrient has to be ad ~ 
ministered intravenously. An excess of 18:2w6, even if 
a theoretically correct ratio of 18:20)6 to 18:30)3 is main- 
tained, should be avoided if the balance of long chain 
PUFA is to be kept unaltered, an aim particularly impor- 
tant  during brain development. 
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Time Course of Incorporation of 20-Carbon Polyunsaturated Fatty 
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Human keratinocytes {NCTC 2544) in culture were labeled 
with equal amounts of either 14C-arachidonic acid, ~4C- 
dihomo-y-linolenic acid or ~4C-eicosapentaenoic acid. At 
various time points, the incubations were stopped and the 
distribution of the 14C-fatty acids was analyzed. All these 
eicosanoid precursor fatty acids were effectively incor- 
porated into the cellular lipids of the keratinocytes, and 
the major radiolabeled individual lipid fraction was phos- 
phatidylethanolamine. The distributions of arachidonic 
acid and dihom~y-linolenic acid within cellular lipids were 
rather the same. However, less eicosapentaenoic acid than 
either arachidonic acid or dihomo-y-linolenic acid was in- 
corporated into the phospholipids and, correspondingly, 
more eicosapentaenoic acid was incorporated into the non- 
phosphorus lipids. In the phosphatidylinositol + phos- 
phatidylserine fraction, there was significantly less eico- 
sapentaenoic acid than either arachidonic acid or dihomo- 
y-linolenic acid. The present study suggests that these 
eicosanoid precursor fatty acids are effectively incor- 
porated into the human keratinocytes and that the pat- 
tern of incorporation and distribution of eicosapentaenoic 
acid appears to differ slightly from that of either arachi- 
donic acid or dihomo-y-linolenic acid. 
Lipids 22, 139-143 (1987}. 

Eicosanoids, derivatives of the 20-carbon polyunsatu- 
rated fat ty acids (1), play an important role in both 
physiological and pathophysiological reactions of human 
skin (2,3). The precursor fat ty acids for the eicosanoids 
are dihomo-),-linolenic acid, arachidonic acid and eico- 
sapentaenoic acid, respectively. The initial step in the for- 
mation of eicosanoids is obviously the release of the 
precursor fat ty acids from the cellular lipid stores (4). 
Dietary factors may affect the formation of eicosanoids 
by altering the tissue levels of different precursor fatty 
acids, and, notably, the biological activities of the metab- 
olites derived from each of these fat ty acids may differ 
considerably (5-7). Recently, it has been demonstrated 
that  the distribution and release of arachidonic acid in 
human keratinocytes may be affected by certain physical 
and chemical factors (8-10). 

When considering the possibilities of dietary alterations 
in modifying the production of eicosanoids, for example, 
in inflammatory reactions, one must know if their precur- 
sor fat ty acids (i.e., dihomo-y-linolenic acid, arachidonic 
acid and eicosapentaenoic acid) are equally incorporated 
and distributed in the cellular lipids. In the present study, 
the time course of incorporation and subsequent distribu- 
tion of arachidonic acid, dihomo-),-linolenic acid and 
eicosapentaenoic acid into the lipids of human keratino- 
cytes in culture have been investigated. 

*To whom correspondence should be addressed at Department of 
Physiology, University of Turku, Kiinamyllynkatu 10, 20520 Turku, 
Finland. 
'Current address: Karolinska Institutet, Department of Physiological 
Chemistry, S-10401 Stockholm, Sweden. 

MATERIALS AND METHODS 
Chemicals. '4C-Arachidonic acid (sp act 58 mCi/mmol), 14C- 
dihomo-y-linolenic acid (sp act 56 mCi/mmol) and '4C- 
eicosapentaenoic acid (sp act 58.6 mCi/mmol) were pur- 
chased from Radiochemical Centre (Amersham, England}. 
Radioactive fat ty acids were converted to their sodium 
salts and added to cell cultures in 100 ~1 of 0.9% NaC1. 
Unlabeled reference compounds for the thin layer chroma- 
tograms were purchased from Sigma Chemical ISt. Louis, 
Missouri}. 

Cell culture. In this study a human keratinocyte cell line 
NCTC 2544 from Flow Laboratories (Rickmansworth, 
England} was used. This cell line originates from a clone 
of skin cells derived from a male Caucasian (8}. On the 
basis of both phase contrast microscopy and transmis- 
sion electron microscopy this cell line has been classified 
as epithelial (9). Several lines of evidence indicate that the 
NCTC 2544 cells are nonmalignant: the cells form a mona 
layer in culture and exhibit growth inhibition, and by light 
microscopy the nuclei have been found not to appear 
malignant (9). Moreover, the cells have been found not 
to grow in soft agar as most malignant cells have been 
reported to do (9). These cells do not demonstrate com- 
plete keratinization, and apparently they are more like 
the basal than the stratified cells of epidermis. Cyto- 
kerat ins  have been demonst ra ted  using mouse 
monoclonal anticytokeratin antibodies (DakoPatts, CK-1) 
in combination with immunofluorescence staining (goat 
anti-mouse IgG, Vector Laboratories, Burlingame, Cali- 
fornia}. The cells were cultured (40 • 106 cells per flask} 
in a medium of 40 ml containing 90% RPMI 1640 (KC 
Biological) and 10% swine serum {Flow Laboratories}. In 
swine serum, arachidonic acid, dihomo-),-linolenic acid and 
eicosapentaenoic acid comprised approximately 4.5%, 
1.5% and 0.5%, respectively, of total fatty acids. At the 
start of labeling, 360,000 cpm {0.16 ~Ci, ca. 2.8 nmol) of 
the '~C-fatty acid was added to the cell culture. After a 
labeling period of 30 sec, 12 rain, 1 hr, 6 hr, 24 hr or 48 hr, 
respectively, the labeling medium was removed and the 
amount of unincorporated radioactivity in the medium 
was measured by liquid scintillation counting. The ex- 
periments of 30 sec are referred to as the 0-hr time point. 
After the labeling, the cells were washed with a small 
volume of Hank's buffered salt solution and detached 
from the culture flasks by gentle mechanical rubbing 
without trypsin. For the following lipid analysis, the cells 
were transferred from the culture flasks into glass tubes 
in a small volume of methanol. 

Distribution of 14C-fatty acids in cellular lipids. The cells 
were homogenized by vigorous vortexing in 10 ml of 
chloroform/methanol (2:1, v/v) containing 0.01% of a- 
tocopherol to prevent oxidation. Homogenates were fil- 
tered through glass wool and mixed with 0.2 vol of 0.12 M 
KC1 (13,14). The upper phases were removed and the 
organic phases were evaporated into dryness. Six ml of 
acetone saturated with MgCI2 was added to the residue, 
and the tubes were stored overnight at - 20 C. The tubes 
were centrifuged, and the supernatants (containing the 
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n e u t r a l  lipids) were removed.  The n e u t r a l  l ipids were 
t he reby  sepa ra t ed  f rom the  p rec ip i t a ted  phosphol ip ids .  
Af te r  acetone was evapo ra t ed  in to  dryness ,  b o t h  the  
neu t r a l  l ipid and  phosphol ip id  f rac t ions  were redissolved 
in  chloroform. 

Neu t r a l  l ipid f rac t ions  were fu r the r  ana lyzed  by  t h i n  
layer  c h r o m a t o g r a p h y  (TLC) (DC-Alufolien Kieselge160, 
Merck  5553) in  hexane /d ie thy l  e ther /acet ic  acid (60:40:1, 
v/v/v) (13,14). Phosphol ip ids  were ana lyzed  in  a two- 
d imens iona l  s y s t e m  (13,14). The  p la tes  were f i rs t  devel- 
oped in chloroform/methanol /13 N ammonia /wa te r  (70:30: 
4:1, v/v/v/v), dried in  air flow and  developed in  the  second 
direct ion in chloroform/methanol /acet ic  acid/water  (75:45: 
12:3, v/v/v/v). I n  th i s  ch roma tog raphy ,  phospha t idy l ino-  
sitol (PI) migra ted  on the same area as phosphat idylser ine  
(PS). For  the  s epa ra t ion  of P I  and  PS, the  co r r e spond ing  
area was  scraped f rom the  TLC pla te  and  ex t r ac t ed  wi th  
chloroform/methanol/acetic acid/water (50:39:1:10, v/v/v/v) 
(15). The samples  were t h e n  r e c h r o m a t o g r a p h e d  u s i n g  a 
solvent  s y s t e m  of chloroform/methanol /acet ic  acid/formic 
acid/water  (45:10:1:5:1, v/v/v/v/v) (10,16}. The  l ipid frac- 
t ions  were ident i f ied  by  un labe led  s t a n d a r d s  t h a t  were 
v i sua l ized  by  exposure  to iodine vapor .  The d i s t r i b u t i o n  
of r ad ioac t iv i t y  on the  TLC pla tes  was  de t e rmined  by  
a u t o r a d i o g r a p h y  of the  TLC plates ,  and  the  a m o u n t  of 
r ad ioac t iv i t y  on the  TLC pla tes  was  fu r the r  d e t e r m i n e d  
by  l iquid  sc in t i l l a t ion  coun t ing .  

Statistical analysis. To tes t  the  s t a t i s t i ca l  s ignif icance 
of observed differences be tween  f a t t y  acids, the  d a t a  was  
fol lowing inverse  sine (arscine) t r a n s f o r m a t i o n  sub jec ted  
to two-way ana lys i s  of var iance .  If  two-way ana lys i s  
showed t h a t  differences existed,  the  compar i sons  of the  
f a t t y  acids to each o ther  were per formed u s i n g  Bonfer-  
ron i ' s  t e s t  (Tables 1 and  2). 

TABLE 1 

Statistical Analysis of Data Presented in Figure 1 

PL NPL 

20:3 20:5 20:3 20:5 

0 hr 20:4 NS NS NS NS 
20:3 -- NS -- NS 

0.2 hr 20:4 NS NS NS NS 
20:3 -- NS -- NS 

1 hr 20:4 NS NS NS NS 
20:3 -- NS -- NS 

6 hr 20:4 ** *** NS *** 
20:3 -- * -- *** 

24 hr 20:4 ** *** NS *** 
20:3 -- *** -- *** 

48 hr 20:4 ** *** NS *** 
20:3 -- ** -- *** 

Data indicates differences in the time course of the incorporation 
of radiolabeled arachidonic acid, dihomo-y-linolenic acid and eico- 
sapentaenoic acid, respectively, into phospholipids (PL) and non- 
phosphorus lipids (NPL). Data was subjected to two-way analysis 
of variance and the pairwise comparisons of the various fatty acids 
to each other at the various time points were performed using Bonfer- 
roni's test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not signifi- 
cant; 20:3, dihomo-y-linolenic acid; 20:4, arachidonic acid; 20:5, 
eicosapentaenoic acid. 

TABLE 2 

Statistical Analysis of Data Presented in Figure 2 

PE PC PI + PS SM PA TG DG CE 

20:3 20:5 20:3 20:5 20:3 2 0 : 5  20:3 20:5 20:3 20:5 20:3 20:5 20:3 20:5 20:3 20:5 

0 hr 20:4 NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS 

20:3 -- NS -- NS -- NS -- NS -- NS -- NS -- NS -- NS 

0.2 hr 20:4 * NS NS NS NS *** NS NS NS NS NS NS NS NS NS * 

20:3 -- NS -- NS -- ** -- NS -- NS -- NS -- NS -- NS 

1 hr 20:4 *** NS *** ** NS *** NS NS NS NS NS NS NS NS NS NS 

20:3 -- *** -- NS -- *** -- NS -- NS -- NS -- NS -- NS 

6 hr 20:4 *** NS *** * NS *** NS *** NS NS ** *** NS NS NS *** 
20:3 - -  * * *  - -  * - -  * * *  - -  * *  - -  N S  - -  * *  - -  N S  - -  * * *  

24  h r  20:4 * * *  N S  * N S  * *  * * *  * * * *  N S  N S  * * * *  N S  N S  N S  * * *  

20:3 - -  * * *  - -  N S  - -  * * *  - -  * * *  - -  N S  - -  * * *  - -  N S  - -  * * *  

48  h r  20:4 * * *  N S  N S  N S  * *  * * *  * * *  N S  N S  * * *  * * * *  N S  N S  * * * *  

20:3 - -  * * *  - -  N S  - -  * * *  - -  * * *  --" * * *  - -  * * *  - -  N S  - -  * * *  

Data indicates differences in the time course of the incorporation of radiolabeled arachidonic acid, dihomo-y-linolenic acid and eicosapen- 
taenoic acid, respectively, into various lipid subclasses in human keratinocytes. The data was subjected to two-way analysis of variance 
and the pairwise comparisons of the various fatty acids to each other at the various time points were performed using Bonferroni's test: 
*, P < 0.05; **, P < 0.01; ***, P < 0.001; NS, not significant; 20:3, dihomo-y-linolenic acid; 20:4, arachidonic acid; 20:5, eicosapentaenoic 
acid. PE, phosphatidylethanolamine; PC, phosphatidylcholine; PI + PS, phosphatidylinositol + phosphatidylserine; SM, sphingomyelin; 
PA, phosphatidic acid; TG, triacylglycerols; DG, diacylglycerols; CE, cholesteryl esters. 
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RESULTS 

Radiolabeled arachidonic acid (20:4n-6), dihom~y-linolenic 
acid (20:3n-6) and eicosapentaenoic acid (20:5n-3) were ef- 
fectively incorporated into the cellular lipids of human 
keratinocytes (NCTC 2544) in culture. The amounts of the 
14C-fatty acids (360,000 cpm, 2.8 nmol) incorporated in- 
creased continuously up to 24 hr when 87.1 _+ 0.4%, 84.2 
+ 0.5% and 82.4 +_ 0.1% of '4C-arachidonic acid, '4C- 
dihomo-y-linolenic acid and ~C-eicosapentaenoic acid, 
respectively, was taken up by  the cells. The bulk of the = 
l~C-fatty acids was recovered in different phospholipids, 
and at 48 hr the amount incorporated into nonphosphorus F= 
lipids was ca. 5%, 5% and 12% for arachidonic acid, 
dihomo-y-linolenic acid and eicosapentaenoic acid, respec- "* 
t ively (Fig. 1). At  6 hr and later, there was more "C- 
eicosapentaenoic acid than either ~C-arachidonic acid or s 
'4C-dihomo-y-linolenic acid within the nonphosphorus 
lipids. After  6 hr the amount  of '4C-arachidonic acid or ,. 
'~C-dihomo-y-linolenic acid in the triacylglycerols showed o 
only slight increments, whereas the amount  of '4C- 
eicosapentaenoic acid still showed an increasing tendency 
at 48 hr. z 

U The major radiolabeled phospholipid fraction was 
t~ 

phosphat idylethanolamine (PE), in which ca. 50%, 50% = 
and 40% of arachidonic acid, eicosapentaenoic acid and 
dihomo-y-linolenic acid, respectively, were recovered. Two 
other  significant radiolabeled fractions were phospha- 
tidylcholine (PC) and PI  + PS. Less l 'C-eicosapentaenoic 
acid than either '*C-arachidonic acid or dihomo-y-linolenic 
acid was consistently recovered in the PI  + PS fraction. 
The separation of PI  and PS from each other was carried 
out from the samples of the t ime point of 24 hr. The 

rechromatography revealed tha t  of the total  of 14C- 
dihomo-y-linolenic acid, 14C-arachidonic acid and "C- 
eicosapentaenoic acid in the PI  + PS fraction, only ca. 
10%, 5% and 10%, respectively, were associated with PS. 

100 

75 
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25 

" ~ / / ~  - - -e 3 PL 

/~u /~ z~ DIHOMO-/'-LINOLENIC ACID 

/ 
d ~ ]  NPL 

o 0,2 1 6 24 48 
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FIG. 1. Time course of the incorporation of radiolabeled arachidonic 
acid, dihomo-y-linolenic acid and eicosapentaenoic acid, respectively, 
into phospholipids (PL) and nonphosphorus lipids (NPL) of human 
keratinocytes in culture. At  the time points indicated, the incuba- 
tions were stopped and the distribution of radiolabel in cellular lipids 
was analyzed. Values are expressed as percentage of the total amount 
of radiolabel in each incubation. The values at 0 hr are means of 
two experiments; values at other time points are means of three 
(SEM always less than 2%). 
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Between 6 hr and 24 hr there was a notable increase 
in the total amount  of incorporated radioactivity and this 
was accompanied by a twofold increase in the amount  of 
radioact ivi ty in PE. After  6 hr the labeling of the PI  + 
PS fraction by either "C-arachidonic acid or '~C-dihomo- 
y-linolenic acid was also increased slightly, but  the domi- 
nant  change in the distribution of the fa t ty  acids was the 
significant increase in the amount  of radioact ivi ty 
associated with PE (Fig. 2). 

DISCUSSION 

Arachidonic acid, dihomo-y-linolenic acid and eicosapen- 
taenoic acid were effectively incorporated into the cellular 
lipids of the human keratinocytes (NCTC 2544). The bulk 
of the incorporated fa t ty  acids was recovered in various 
phospholipids. In the nonphosphorus lipids, the amount  
of eicosapentaenoic acid at either 24 hr or 48 hr was about 
twofold that  of arachidonic acid or dihomo-y-linolenic acid. 
The present  study,  together  with previous findings (14), 
suggests  tha t  eicosapentaenoic acid is incorporated less 
effectively than arachidonic acid or dihom~),-linolenic acid 
into the phospholipids as a whole, and correspondingly 
more efficiently into the nonphosphorus lipids. 

The two major features in the labeling of the phospho- 
lipids of kerat inocytes  were the effective incorporation 
of all these fa t ty  acids into PE and the poor incorpora- 
tion of eicosapentaenoic acid into the PI  + PS fraction. 
Since at 24 hr, only minor amounts  of radioactivi ty were 
recovered in PS, it  is apparent  tha t  the incorporation of 
14C-fatty acids into PI  was mainly responsible for the total 
of '4C-label in the PI  + PS fraction. After  6 hr, the label- 
ing of PE showed considerable increments, whereas only 
slight changes were detected in the labeling of the other  
phospholipid fractions. This finding is apparently related 
to the phospholipid composition of the kerat inocytes,  as 
PE comprises ca. 40% of the total  amount  of phospho- 
lipids in this cell line (14). I t  is thus evident tha t  PE has 
the highest  capacity to incorporate eicosanoid precursor 
fa t ty  acids. The preferential incorporation of arachidonlc 
acid into the PI  + PS fraction may be related to the selec- 
t ive acylation of arachidonoyl-CoA or the effective syn- 
thesis of arachidonoyl-CoA by specific arachidonoyl-CoA 
synthetase  (17,18). In the present  study, the results con- 
cerning incorporation and distribution of 14C-arachidonic 
acid are in relatively good agreement  with a previous 
report  on '4C-arachidonic acid incorporation into murine 
kerat inocytes  in culture (19). Also with respect to the 
amount  of eicosapentaenoic acid in the PI  + PS fraction 
the present  data  are fairly consistent  with the previous 
studies (16,20-22), although results of another kind have 
also been reported (23). 

The kinetics and the underlying mechanisms of the 
acylation of dihomo-),-linolenic acid and eicosapentaenoic 
acid into membrane lipids are only poorly understood. In 
the present  study, the pat terns  of incorporation of 
arachidonic acid and dihomo-y-linolenic acid were similar, 
suggest ing tha t  dihomo-),-linolenic acid could well com- 
pete with arachidonic acid for the same binding sites in 
the cellular lipids. Eicosapentaenoic acid was also effec- 
tively incorporated into the keratinocytes,  although rela- 
tively minor amounts were recovered in the PI  + PS frac- 
tion. Arachidonic acid and dihomo-),-linolenic acid thus 
seem to be the preferential 20-carbon fa t ty  acids in the 

PI  + PS fraction of human kerat inocytes.  This may be 
of importance under conditions associated with the stimu- 
lated breakdown of inositol-containing phospholipids, 
which are closely related to the release of eicosanoid 
precursor f a t ty  acids (23). 

Modifications in the dietary fa t ty  acid composition 
have been shown to alter the fa t ty  acid composition of 
body tissues; furthermore,  at least in some tissues, such 
modifications have been shown to induce changes in the 
formation of eicosanoids (6,25,26). The biological ac- 
tivities of the eicosanoids of the 1-, 2- and 3-series may  
differ considerably. As the eicosanoids of the different 
series may also interfere with the biosynthesis of other  
eicosanoids, it  is possible tha t  changes in the fa t ty  acid 
composition of tissues could interfere with the formation 
of lipid-derived inf lammatory mediators (5,27-30). As a 
conclusion from the present  findings, arachidonic acid, 
dihomo-),-linolenic acid and eicosapentaenoic acid are ef- 
fectively incorporated into the cellular lipids of human 
keratinocytes during short-term culture. The practical im- 
plications of the present  s tudy remain to be elucidated. 
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The Formation of Lysophosphatidylinositol Phosphate 
in Human Platelet Microsomes 
L.M. Thomas and B.J. Holub* 
Department of Nutritional Sciences, University of Guelph, Guelph, Ontario, Canada NIG 2WI 

The formation of lysophosphatidylinositol phosphate 
(lysoPIP) from lysophosphatidylinositol (lysoPI) via 
kinase activity was studied in microsomal preparations 
from human platelets. For this purpose, [3H]lysoPI or 
[3H]phosphatidylinositol ([3H]PI) was prepared and in- 
cubated in the presence or absence of ATP, MgC12 and 
Triton X-100, and the appearances of radioactivity in 
[3H]lysoPIP and [3H]phosphatidylinositol phosphate 
([3H]PIP), respectively, were monitored using thin layer 
chromatography. Both lysoPI and PI phosphorylations 
were completely dependent upon the presence of ATP and 
MgCL in the incubation medium; Triton X-100 addition 
stimulated both reactions, with the stimulation of PI con- 
version being considerably greater than that for lysoPI 
conversion. The present results demonstrate that lysoPI 
can be converted to lysoPIP by phosphorylation in 
human platelet microsomes. The potential significance 
of this enzymatic reaction in stimulated cells is discussed 
in relation to the generation of inositol-l,4,5-trisphos- 
phate, an important intracellular second messenger. 
Lipids 22, 144-147 (1987). 

Extensive research has been done on the metabolism of 
polyphosphoinositides. This has included investigations 
on phosphatidylinositol (PI) and phosphatidylinositol-4- 
phosphate (PIP) kinase activities as well as the actions 
of phosphodiesterases and phosphomonoesterases in 
mammalian cells (1-8). However, by comparison, very 
little work has been done investigating the metabolism 
of the lysophosphoinositides. Of the studies performed, 
most pertain to lysophosphatidylinositol (lysoPI) and its 
acylation to PI via microsomal acyltransferase activity 
(9-11); little information is available on the metabolism 
of the lysopolyphosphoinositides, lysophosphatidylinosi- 
tol-4-phosphate (lysoPIP) and lysophosphatidylinositol- 
4,5-bisphosphate (lysoPIP,). With respect to these latter 
lipids, Palmer (12) has shown that they are not reacylated 
when incubated with radioactive arachidonic acid, but do 
undergo a rapid dephosphorylation to lysoPI when in- 
cubated with rat brain or liver microsomes. He also con- 
cluded that neither the lysopolyphosphoinositides nor the 
lysoPI derived from them were degraded by acyl hydro- 
lases or phosphodiesterases. Recently, Murase and Oku- 
yama (13) have reported a membrane-bound phospho- 
lipase C in porcine platelets with an apparent specificity 
for lysoPI. 

The stimulation of platelets with thrombin, collagen or 
Ca 2§ ionophore (14-16) results in the production of lysoPI 
via the phospholipase As-mediated breakdown of PI. 
Based on previous work in mammalian cells, the fate of 
the newly formed lysoPI could involve reacylation to PI 
(9-11), deacylation to glycerophosphorylinositol (17) or 
degradation by phosphodiesterase activity (13). Since PI 
is interconvertible with PIP and PIP, via a phosphoryla- 
tion-dephosphorylation cycle, it was of interest to deter- 

*To whom correspondence should be addressed. 

mine if another potential metabolic fate might involve the 
enzymatic phosphorylation of lysoPI to lysoPIP. For this 
purpose, radiolabeled lysoPI was prepared and incubated 
with platelet microsomes. Parallel incubations contain- 
ing radiolabeled PI were conducted for comparison. 

MATERIALS AND METHODS 

Materials. [2-3H]Glycerol (200 mCi/mmol) was obtained 
from New England Nuclear Corp. (Boston, Massachu- 
setts). Phospholipase As (Crotalus adamanteus snake 
venom), Triton X-100, adenosine triphosphate (ATP) and 
lipid standards were purchased from Sigma Chemical Co. 
(St. Louis, Missouri). Blood collection bags were from 
Travenol Canada (Mississauga, Ontario, Canada). Pre- 
coated thin layer chromatography (TLC) plates (silica gel 
60) were purchased from E. Merck, associate of BDH 
Chemicals Canada Ltd. (Toronto, Ontario, Canada). All 
chemicals and solvents were of analytical grade. Silicon- 
ized glassware was used during the isolation and incuba- 
tion of platelets. 

Preparation of substrates. For the preparation of 
[3H]PI, blood samples were drawn from the antecubital 
vein of human donors into blood collection bags contain- 
ing 63 ml of an anticoagulant solution (2.0 g dextrose, 
1.7 g sodium citrate, 206 mg citric acid, 140 mg mono- 
basic sodium phosphate, 17 mg adenine). The blood was 
centrifuged at 250 • g for 7 rain at 22 C. The platelet- 
rich plasma (PRP) was removed and 100 mM Na~EDTA 
was added (10 ml per 150-180 ml PRP obtained from each 
donor). After the PRP was spun at 2000 • g for 15 min 
at 22 C, the platelets from each donor were resuspended 
in 15 ml of platelet-poor plasma and incubated with 
[2-3H]glycerol (2.0 mCi) for 3.5 hr at 37 C. The tubes were 
cooled on ice and centrifuged at 2000 • g for 15 min at 
4 C. The platelets were then resuspended in a Tris/saline 
buffer (2 mM Na~EDTA, 0.15 M NaC1, 0.02 M Tris hy- 
droxy methyl aminomethane, pH 7.4) and recentrifuged 
at 2000 X g for 15 min at 4 C. The final platelet pellet 
was resuspended in a glucose buffer (134 mM NaC1, 
15 mM Tris hydroxy methyl aminomethane, 5 mM glu- 
cose, pH 7.4) before extraction of the lipids by the method 
of Bligh and Dyer (18). After removal of the lower chloro- 
form phases, the remaining upper phases were reex- 
tracted with additional chloroform and the extracts were 
combined. The lipid extracts were dried under N2 to 
smaller volumes, spotted on precoated silica gel 60 plates 
and developed in chloroform/methanol/acetic acid/water 
(50:37.5:3.5:2, v/v/v/v) to separate the individual phospho- 
lipids. The plates were sprayed with 2",7'-dichloroftuores- 
cein in methanol/water (50:50, v/v) and exposed to am- 
monia vapor followed by acetic acid vapor before lipid 
bands were viewed under UV light. The [3H]PI band was 
scraped from the plate and eluted by the method of 
Arvidson (19). The specific activity was determined by 
taking aliquots for scintillation counting and gas liquid 
chromatographic analysis of the derived fatty acid methyl 
esters in the presence of an internal standard (20). 
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Unlabeled PI  was obtained from ra t  liver ex t rac t  (ob- 
tained by the method of Folch et al. [21]) using the above 
isolation and elution methods. 

The [~H]lysoPI was obtained by incubating [3H]PI with 
a phospholipase A2 solution. An aliquot of [3H]PI was 
added to a tube and dried under N2. After  the addition 
of 15 ~l phospholipase A2 (5 mg/ml of 50 mM Tris-HC1, 
5 mM CaC12, pH 7.4) and 1.5 ml anhydrous ether, the tube 
was shaken on a metabolic shaker for 4 hr at  22 C. The 
reaction was stopped by  drying under N2 and adding 
100 ~l chloroform]methanol (2:1, v/v). The [3H]lysoPI was 
isolated by the phospholipid TLC method described 
previously and eluted by  a modification of the Bligh and 
Dyer  method  (18) as described by Allan and Michell (22). 
After  removal of the chloroform phase, the remaining 
upper phase was reextracted twice with additional chlor~ 
form and the three ext rac ts  were combined. The specific 
act ivi ty of the [~H]lysoPI was determined as for [3H]PI. 
Similar procedures were performed to obtain unlabeled 
lysoPI  from ra t  liver PI. 

Preparation ofmicrosomes. The isolation and washing 
of platelets from human donors was performed as de- 
scribed above. The final platelet  suspension was placed 
in an ice-cooled container and sonicated at 100 watts  three 
t imes for 30 sec {with cooling on ice for 15-sec intervals). 
The sonicated platelets were centrifuged at  3000 • g for 
30 min at 4 C to remove the unbroken cells. The super- 
na tan t  so obtained was spun at 105,000 • g for 60 min 
at  4 C. The microsomal pellet was homogenized in a 
sucrose buffer {0.25 M sucrose, 0.01 M Tris hydroxy  
methyl  aminomethane, pH 7.5}, quick frozen using ace- 
tone and dry ice, and stored at - 8 0  C until  needed for 
the incubations. Protein concentrat ion was determined 
on the platelet microsomes by the method of Lowry et al. 
(23), using bovine serum albumin (Calbiochem, La Jolla, 
CA) as the standard. 

Enzyme assays. Unless indicated otherwise in the text,  
the s tandard  incubation mixture  contained 50 mM Tris 

hydroxy methyl  aminomethane (pH 7.4), 25 nmol sub- 
s t ra te  ([3H]PI or [3H]lysoPI; 50,000 cpm), 3 mg micro- 
somal protein, 2 mM ATP, 30 mM MgC12 and 0.25% 
Tri ton X-100 in a final volume of 3 inl. The substra tes  
were appropriate mixtures of labeled and nonlabeled com- 
pounds. [~H]PI or [~H]lysoPI and Tri ton X-100 in Tris 
buffer were preincubated for 5 rain at 30 C before initiat- 
ing the reactions by the addition of microsomal protein, 
A T P  and MgC12. Incubations were normally conducted 
for 12 min at 30 C, unless otherwise stated, in a shaking 
water  bath. After  s topping the reactions with 11.25 ml 
chloroform]methanol/concentrated HC1 (100:200:5, v/v/v), 
the lipids were ext rac ted  as described earlier for [3H]- 
lysoPI. The lipid extracts  were dried under N2 to 25-30 ~i, 
spot ted on precoated silica gel 60 plates and developed 
in chloroformJmethanol/8 M ammonium hydroxide/water 
(45:35:8:4, v/v/v/v) for the separation of the polyphospho- 
inositides and their lyso derivatives. The lipid bands were 
detected as before and scraped into scintillation vials to 
which 1.5 ml water  and 13.5 ml Aquasol-2 (New England 
Nuclear) were added prior to counting using a Beckman 
LS7800 scintillation counter  (Beckman, Irvine, Califor- 
nia). When calculated, the percent  conversions of PI  and 
lysoPI  to their corresponding phosphorylated products  
were determined based upon the radioactivities in the 
subst ra te  regions of the TLC plate from control (zero- 
time) incubations and the increased radioactivities found 
in the product  regions of the TLC plate from 15-rain 
incubations. 

RESULTS 

The distributions of radioact ivi ty among the polyphos- 
phoinositides of human platelet microsomes incubated 
with either [3H]PI or [3H]lysoPI are given in Table 1. With 
ATP, MgC12 and Tri ton X-100 in the incubation medium, 
the formation of P I P  and lysoPIP  occurred when PI  and 
lysoPI,  respectively, were the substrates.  There was an 

TABLE 1 

Distributions of Radioactivity among Polyphosphoinositides of Human Platelet Microsomes 
Following Incubation with Either (3H]Phosphatidylinositol or [3H]Lysophosphatidylinositola 

Net change in cpm from control b 

Phospholipid +ATP, +MgCI~, -ATP, -MgCI~ +ATP, +MgC12, 
Substrate fraction +Triton X-100 +Triton X-100 -Triton X-100 

[~H]PI 

[3H]LysoPI 

PIP +3239 -30 +360 
LysoPIP +259 +4 +11 
PIP2 - 3  -54 +280 
LysoPIP2 +4 -32 +38 

PIP +159 -72 -112 
LysoPIP +808 --41 +368 
PIPs -75 -38 -191 
LysoPIP2 --40 -58 +38 

apI, phosphatidylinositol; lysoPI, lysophosphatidylinositol; PIP, phosphatidylinositol phosphate; lysoPIP, 
lysophosphatidylinositol phosphate; PIP2, phosphatidylinositol bispbosphate; lysoPIP2, lysophosphatidyl- 
inositol bisphosphate. Each incubation (3 ml) contained 25 nmol substrate, 3 mg microsomal protein and, 
where indicated, 2 mM ATP, 30 mM MgC12 and 0.25% Triton X-100. Incubations were performed at 30 C 
for 15 min. Results are from a single experiment. 
bA zer~time incubation served as control. 
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11.1% and 2.7% conversion of PI and lysoPI, respec- 
tively, to their phosphorylated products under the specific 
conditions used. In separate experiments with 25 nmol 
PI or 22 nmol lysoPI, the conversions to PIP  or lysoPIP 
were 12.3% and 2.4%, respectively (data not shown}. 
These results indicate that PI conversion to PIP was at 
least four times greater than that of lysoPI to lysoPIP. 
Both the PI and lysoPI kinase reactions were completely 
dependent upon the presence of ATP and MgC12 in the 
incubation medium. The detergent Triton X-100 exhibited 
a stimulatory effect on both reactions, as evidenced by 
the decreased formations of PIP and lysoPIP when Triton 
X-100 was removed from the medium. The stimulation 
of PIP formation by Triton X-100 was four times greater 
than the stimulation of lysoPIP formation. Without 
Triton X-100 in the incubation medium, there was an 
equal amount of PIP and lysoPIP formed (0.307 nmol and 
0.305 nmol, respectively) from PI and lysoPI. 

Figure 1 shows the time course for the synthesis of PIP 
and lysoPIP by PI kinase and lysoPI kinase activities, 
respectively. In general, PIP and lysoPIP formations in- 
creased steadily with reaction times up to 30 min, with 
the latter apparently approaching a plateau at 12 min. 
Based on these results, incubation times of 12 min were 
used routinely for studying the effect of microsomal pro- 
tein and substrate concentrations. 

The influence of microsomal protein concentration on 
the formation of PIP and lysoPIP is shown in Figure 2. 
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FIG. 1. Effect of incubation time on PIP (A) or lysoPIP (B) syn- 
thesis. Standard assay mixtures (as described in Materials and 
Methods) were incubated for 0-30. 
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FIG. 2. Effect of microsomal protein concentration on PIP (A} or 
lysoPIP (B) synthesis.  Assay  procedures were as described in 
Materials and Methods except that incubations were performed 
using 0-3 mg microsomal protein. 

The synthesis of PIP and lysoPIP increased progressively 
with microsomal protein concentrations up to 3 mg. 
Figure 3 shows the effect of increasing substrate concen- 
tration on product formation. There was a linear increase 
in the production of PIP with increasing PI concentra- 
tions, while there was a steady but nonlinear increase in 
lysoPIP synthesis as lysoPI concentrations increased. 
Even at the highest substrate concentrations, PIP and 
lysoPIP formations did not reach a plateau. 

D I S C U S S I O N  

Previous reports have demonstrated the activity of PI 
kinase in a number of cell types {1-4). In the present work, 
we have demonstrated the conversion of lysoPI to lyso- 
PIP in human platelet microsomes via a kinase activity 
with an obligatory dependency upon ATP and MgC12. 
This is of interest since little information is available on 
the presence of lysoPIP in tissues. In addition, our results 
indicate the presence of PI kinase activity in platelet 
microsomes. 

The detergent, Triton X-100, exhibited stimulatory ef- 
fects on the conversions of both PI and lysoPI to their 
corresponding phosphorylated products ITable 1). This 
is in agreement with previous work utilizing membranes 
from liver 124) or plant cells (25) where PIP formation was 
stimulated by the addition of Triton X-100 and exogenous 
PI. Without Triton X-100, there was an equal formation 
of PIP and lysoPIP from their respective substrates, but 
when Triton X-100 was included in the incubations, PI 
phosphorylation was stimulated to a much greater extent 
than lysoPI phosphorylation. This may reflect differences 
in the solubilities of the substrates, the accessibility to 
the membrane-bound enzyme and]or the solubilizationls} 
of enzyme and substrate. It  is interesting that  upon ad- 
dition of PI or lysoPI to the microsomai preparation in 
the absence of Triton X-100, there was a net positive 
change in the radioactivity associated with the PIP2 and 
lysoPIP2 regions, respectively. With Triton X-100 in- 
cluded in the incubation medium, these changes in radio- 
activity were not observed. Previous studies 13,26) have 
demonstrated an inhibitory effect of Triton X-100 on PIP 
phosphorylation to PIP2. The increased radioactivity in 
lysoPIP2 in the incubation without Triton X-100 was 
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FIG. 3. Effect of substrate concentration on the rate of synthesis 
of PIP (A) or lysoPIP (B). Assay  procedures were as described in 
Materials and Methods except that incubations were performed 
using substrate concentrations of 12-100 nmol. Substrates were in- 
cubated for 7 or 12 min to determine reaction rates. Zero-time and 
zero-protein incubations served as controls. 
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small and insignificant. Whether  incubating microsomes 
with lysoPIP ,  under conditions favor ing PIP2 synthesis ,  
would result  in the format ion of lysoPIP2 remains  to be 
determined. 

I t  remains  to be studied whether  separa te  kinase en- 
zymes  are involved in the phosphoryla t ions  of PI  and 
lysoPI .  The kinetics of bo th  react ions (Figs. 1-3), al- 
though similar, differed in some respects.  I t  may  be tha t  
the PI  kinase enzyme acts  on lysoPI  as well as PI ,  bu t  
possesses different characteristics toward each substrate.  
In this regard, Palmer (12) has shown tha t  brain and liver 
microsomes dephosphoryla te  the lysopolyphosphoinosi-  
tides, lysoPIP2 and lysoPIP,  and has speculated tha t  the 
phospha tases  responsible are mos t  likely the PIPs  and 
P I P  phosphatases ,  respectively.  In  the case of phospho- 
lipase C, separa te  enzymes appear  to act  on P I  and 
lysoPI ,  based upon recent  work in porcine platelets  (13). 

The format ion of l y s o P I P  f rom lysoPI  is a potent ial ly  
impor tan t  finding. I t  has been shown in platelets  st imu- 
lated with thrombin, collagen or the Ca ~+ ionophore, A~3,8, 
(14-16), t ha t  the lysoPI  level increases, p resumably  due 
to a phospholipase A2-mediated breakdown of PI .  F rom 
the work repor ted herein, it can be speculated tha t  some 
of the newly formed lysoPI  could be phosphory la ted  to 
lysoPIP .  I f  l y soPI P  were formed in in tact  platelets  or 
mammal i an  cells, i t  m a y  be phosphory la ted  to lysoPIP~ 
by  kinase activity.  Subsequent  degradat ion of lysoPIP2 
via a phospholipase C activity, analagous to that  reported 
toward  lysoPI  (13), would result  in the format ion of 
monoacylglycerol  and inosi tol- l ,4 ,5-tr isphosphate (IP3). 
IP~ has been implicated as a second messenger  (27,28) in 
the mobilization of intracellular Ca ~+ following agonist  
s t imulat ion of a var ie ty  of cell types,  including plate le ts  
(29,30), and the subsequent  phospholipase C-med ia ted  
breakdown of PIP2. Al ternat ive  fates  for l y s o P I P  could 
include dephosphoryla t ion to lysoPI  (12), hydrolysis  via 
phospholipase C to monoacylglycerol  and inositol-l,4- 
bisphosphate ,  or deacylat iordreacylat ion reaction(s). 

In  conclusion, we have shown tha t  lysoPI  can be con- 
verted to l y soPIP  by  enzymatic  phosphorylat ion in plate ~ 
let microsomes. The presence and importance of l y soPIP  
format ion in other s t imulated and uns t imula ted  mam- 
malian cell types  remains  to be invest igated.  
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Effect of Hypothyroidism on the Lipid Composition of Rat Plasma 
and Erythrocyte Membranes 
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Bari, Italy 

The effect of hypothyroidism on plasma and erythrocyte 
membrane lipid components has been investigated. This 
pathological state is accompanied by a) a cholesterol in- 
crease of about 60% in plasma, and at the same time a 
22% reduction in erythrocyte membranes; b) 44% and 30% 
phospholipid level decreases in both plasma and red cell 
membranes, respectively; and c) almost unaffected phos- 
pholipid and fatty acid compositions of both plasma and 
erythrocyte membranes. All changes were corrected by 
treatment of the hypothyroid rats with triiodothyronine 
for two days. These findings suggest that in hypothyroid 
rats a reduced transfer of cholesterol from plasma to 
erythrocyte membrane probably takes place. This could 
explain, at least in part, the increased hematic cholesterol 
level observed in hypothyroid animals. In red cell mem- 
branes, the simultaneous decrease in cholesterol and phos- 
pholipid levels does not alter the cholesterol/phospholipid 
molar ratio, thus avoiding their abnormal function. 
Lipids 22, 148-151 (1987). 

Lipids are essential structural components in the mem- 
branous structure of cells. The cholesterol to phospholipid 
{C/P) ratio in the erythrocyte membrane is usually regu- 
lated to maintain proper membrane fluidity for normal 
functioning of the cell. Since erythrocytes have a rela- 
tively insignificant degree of cholesterol synthesis (1), the 
exchange of cholesterol between plasma and erythrocytes 
is very active both in vivo and in vitro (2). Recently Lange 
et al. (3,4) have reported a new effect of cholesterol in 
determining the stability of membrane contour so as to 
prevent endocytosis. 

In biological membranes, phospholipids are asymmetri- 
cally arranged, and their exchange between plasma lipo- 
proteins and red cell membranes is very active (5). It has 
been reported that thyroid hormones affect both plasma 
cholesterol concentration, hepatic metabolism and choles- 
terol synthesis (6-8). Recently we have shown the altera- 
tion induced by hyperthyroidism on the lipid composition 
of plasma and erythrocyte membranes (9) as well as on 
rat liver mitochondria and microsome lipid pattern (10). 

The present study was designed to investigate the ef- 
fects of 6-n-propyl-2-thiouracil (PTU)-induced hypothy- 
roid state on the lipid pattern in both plasma and eryth- 
rocyte membranes. The data obtained indicate that  in 
plasma from hypothyroid rats there is an increased cho- 
lesterol concentration and a phospholipid decrease. In 
erythrocyte membranes of the same animals the decrease 
of cholesterol content, accompanied by a decrease of phos- 
pholipids, does not significantly alter the C/P molar ratio. 
All of the changes were corrected by treatment of the 
hypothyroid rats with triiodothyronine (T3) to render 
them euthyroid. The phospholipid composition as well as 

*To whom correspondence should be addressed at Dipartimento di 
Biochimica e Biologia, Molecolare, Universitfi di Bari, Via G. Amen- 
dola 165/A, 70~26 Bari, Italy. 

the pattern of total fat ty acids both in plasma and in 
erythrocyte membranes is unchanged by propylthiouracil 
treatment. These results add insight into the role of 
thyroid hormones in regulating the cholesterol and phos- 
pholipid levels in plasma by the active change taking 
place between plasma and erythrocyte membranes. 

MATERIALS AND METHODS 

Animals. Male Wistar rats (200-250 g) fed ad libitum with 
a standard diet were used and divided into three groups: 
group 1, normal rats (euthyroid); group 2, rats made hypo- 
thyroid by adding PTU (0.1% in tap water) for 3-4 weeks 
il l)  (hypothyroid); group 3, rats made hypothyroid in- 
jected intraperitoneally with 3,3',5-L T3 (25 ~g/100 g body 
weight) dissolved in 0.9% NaCl/propyleneglycol (40:60, 
v/v) twice dally to render them euthyroid (treated- 
hypothyroid) {12}. The animals were killed by decapita- 
tion, and the blood was collected in a beaker with EDTA 
as anticoagulant and centrifuged at 750 X g for 7 min. 
Erythrocytes were washed four times with a buffer con- 
taining 140 mM NaC1, 5 mM KC1, 1 mM MgSO4, 1 mM 
CaC12, 1 mM NaH2PO4, 10 mM Tris and 5 mM glucose, 
pH 7.4. Hemoglobin-free erythrocyte membranes were 
prepared according to the method of Dise et al. (13} by 
hypotonic hemolysis in 80 ml of 10 mM Tris, pH 7.4, 
isolated by centrifugation and washed four times with the 
same buffer. 

High pressure liquid chromatography (HPLC) analysis 
of cholesterol, phospholipids and fatty acids. Cholesterol, 
phospholipids and fat ty acids were analyzed by HPLC, 
using a Beckman 344 gradient liquid chromatography 
equipped with a Perkin-Elmer LC-55B spectrophoto- 
metric detector. 

To determine cholesterol {free and total), the chroma- 
tographic column was Altex ultrasphere-ODS, reverse 
phase (4.6 X 250 mm) from Beckman (Palo Alto, Califor- 
nia}. Free cholesterol was determined in plasma by the 
method of Duncan et al. {14}. The mobile phase was 2- 
propanol/acetonitrile/water (60:30:10, v/v/v) at a flow rate 
of 1 ml/min. For total cholesterol determination, both 
plasma and erythrocyte ghosts were saponified with 
alcoholic KOH for 60 re_in at 45 C and extracted with hex- 
ane. Then the extract was evaporated and the residue 
dissolved in 2-propanol, an aliquot of which was injected 
into the column. The mobile phase was 2-propanol/aceto- 
nitrile (50:50, v/v) at a flow rate of 1 ml/min (14). 

For fatty acid analysis, both plasma and erythrocyte 
membranes were saponified for 15 rain at 90 C with 5 ml 
of 5% KOH in 50% aqueous methanol. The solution was 
then acidified and extracted with chloroform, taken to 
dryness and esterified with m-methoxy-phenacyl bromide 
(15). The chromatographic column was Altex ultrasphere- 
ODS, reverse phase (4.6 • 250 mm) from Beckman. The 
mobile phase was tetrahydrofuran/acetonitrile/water 
(45:25:35, v/v/v) at a flow rate of 2 ml/min. For estima- 
tion of a single fatty acid concentration, the calculated 
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peak areas were compared with areas of each fa t ty  acid 
s tandard solution. 

Total lipids from plasma and erythrocyte  membranes 
were extracted with chloroform/methanol by the pro- 
cedure of Bligh and Dyer (16). A portion of this extract  
was digested at 180 C with perchloric acid, after which 
lipid phosphorus content was determined by the Naka- 
mura method (17). Phospholipids were separated by the 
HPLC method previously described (10) with an Altex 
ultrasil-Si column (4.6 • 250 mm) from Beckman. The 
chromatographic system was programmed for gradient 
elution using two mobile phases: solvent A, hexane/2- 
propanol (6:8, v/v) and solvent B, hexane/2-propanol/water 
(6:8:1.4, v/v/v). The percentage of solvent B in solvent A 
was increased in 15 min from 0% to 100%. Flow rate was 
2 ml/min and detection was at 206 nm. The quanti tat ive 
estimation of single phospholipid species was carried out 
by comparing the calculated peak areas with those of each 
phospholipid s tandard solution. 

RESULTS 

The effect of PTU-induced hypothyroidism on plasma free 
and esterified cholesterol is illustrated in Table 1. The 
data  reported show that  both plasma free and esterified 
cholesterol are increased by about 60% in PTU-treated 
rats  with respect to euthyroid animals. The table also 
reports plasma concentration of total  phospholipids in 
euthyroid and hypothyroid rats. In the latter, a 44% total 
phospholipid decrease with respect to euthyroid animals 
can be observed. The increase of both free and esterified 

cholesterol and the decrease of phospholipids in hypothy- 
roidism all reverted to normal after two days of T3 
therapy. 

Table 2 reports the concentration of total  cholesterol 
and phospholipids in erythrocyte  membranes of euthy- 
roid, hypothyroid  and treated-hypothyroid rats. From 
this table, both cholesterol and phospholipids can be seen 
to decrease by about 22% and 30%, respectively. After 
T3 treatment,  these changes reverted to normal. I t  is 
worth pointing out tha t  the similarity in percentage 
decrease of both compounds allows the C/P molar ratio 
to remain almost unchanged in erythrocyte  membranes 
of hypothyroid  rats. 

Table 3 shows that  the individual plasma phospholipids 
decreased in an approximately parallel manner so that  
the phospholipid composition was not significantly 
altered by the hypothyroid state. As observed in plasma, 
the erythrocyte  membrane phospholipid composition is 
unaffected by PTU treatment.  

Lastly, Table 4 reports the mol % distribution of each 
fa t ty  acid both in plasma and in erythrocyte membranes. 
I t  can be seen that  the pat tern  of fa t ty  acids in plasma 
and in erythrocyte  membranes is similar in both euthy- 
roid and hypothyroid  rats. 

DISCUSSION 

It  has been shown that  administration of PTU to rats 
reduces the circulating thyroid hormone concentration by 
about 90% (6). To clarify the influence of the thyroid state 
on lipid components of plasma and erythrocyte membranes, 

TABLE 1 

Effect of Propylthiouracil Administration on Cholesterol and Phospholipid Content in Rat Plasma 

Increase Esterified Increase Decrease 
Animals Free cholesterol a (%) cholesterol a (%) Phospholipids a (%) 

Euthyroid 0.82 +_ 0.12 -- 1.85 _ 0.30 -- 1.35 _ 0.22 -- 
Hypothyroid 1.33 +_ 0.14 b 62.2 3.06 +_ 0.24 b 65.4 0.75 -4-_ 0.17b 44.4 
Treated-hypothyroid 0.85 _ 0.14 -- 1.90 - 0.29 -- 1.30 +- 0.20 -- 

aEach value represents the mean --4-_ S.E. obtained for 6 experiments with 5 rats each. Free and esterified cholesterol are expressed as 
t~mol/ml; phospholipids are expressed as ~mol lipid Pi/ml. P values vs euthyroid rats were calculated by Student's t-test. 
bp < 0.01. 

TABLE 2 

Cholesterol and Phospholipid Content in Erythrocyte Membranes 

Decrease Decrease Ratio cholesterol/ 
Animals Cholesterol a (%) Phospholipids a (%) phospholipids 

Euthyroid 750 +__ 55 -- 860 _ 70 -- 0.87 -4-- 0.10 
Hypothyroid 585 _ 62 b 22.0 602 + 48 b 30.0 0.97 +_ 0.09 
Treated-hypothroid 735 _ 48 -- 839 +_ 51 -- 0.88 - 0.11 

The amounts of proteins are similar for both types of rats {4.7-5.0 mg/ml erythrocytes). 
aEach value represents the mean -!-_ S.E. obtained for 6 experiments with 5 rats each. Cholesterol are expressed as nmol/mg proteins; 
phospholipids are expressed as nmol lipid Pi/mg proteins. 
bp < 0.01. 
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TABLE 3 

Phospholipid Composition in Plasma and in Erythrocyte Membranes 
as Determined by High Performance Liquid Chromatography 

Distribution {mol %)a 

Plasma Erythrocyte membranes 

Phospholipid b Euthyroid Hypothyroid Euthyroid Hypothyroid 

PC + LPC 88.8 • 2.4 88.0 • 3.0 47.3 • 2.5 44.9 • 2.5 
PE 4.5 • 0.5 5.3 • 0.7 35.0 • 2.5 34.8 • 1.3 
SPH 6.7 • 0.9 6.7 • 0.7 10.5 • 0.9 11.6 • 0.7 
PS -- -- 7.2 • 0.8 8.7 • 0.5 

aEach value represents the mean obtained for 6 experiments of 5 rats each • S.E. 
bpc, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phosphatidylethanolamine; 
SPH, sphingomyelin; PS, phosphatidylserine. 

TABLE 4 

Pattern of Fatty Acids in Plasma and in Erythrocyte Membranes from Euthyroid 
and Hypothyroid Rats as Determined by High Performance Liquid Chromatography 

Distribution (mol %)a 

Plasma Erythrocyte membranes 

Fatty acid Euthyroid Hypothyroid Euthyroid Hypothyroid 

16:0 22.0 • 1.8 21.4 • 1.4 31.0 • 2.0 32.2 • 1.5 
16:1 2.8 • 0.3 2.0 • 0.3 2.0 • 0.2 2.3 • 0.15 
18:0 11.2 • 0.8 12.4 • 0.9 13.2 • 0.8 12.4 • 1.0 
18:1 19.8 • 1.0 20.7 • 1.3 14.1 • 1.3 13.4 _ 1.0 
18:2 26.2 • 2.2 27.0 • 1.9 12.7 • 0.9 13.0 • 1.1 
20:4 18:0 • 1.1 16.5 • 1.2 27.0 • 1.6 26.7 • 1.3 

aResults are expressed in tool % of the major fatty acids. Values given are means • S.E. 
for 6 experiments with 5 rats each. 

euthyroid, hypothyroid  and t reated-hypothyroid rats  
have been used. In  agreement with other authors {6,7), 
we have found tha t  PTU-induced hypothyroid ism 
enhances rat plasma cholesterol content. On the contrary, 
in erythrocyte  membranes of the same animals, there is 
a significant decrease of both cholesterol and phospholipid 
contents. As is well known, the exchange of cholesterol 
between Hpoproteins and erythrocytes is very active both 
in vivo and in vitro (2,18). Recently we have reported that  
following T3 administration to rats, a major cholesterol 
transfer from plasma to erythrocytes  takes place {9). The 
results reported here confirm our previous hypothesis 
tha t  the rate of cholesterol transfer from plasma to 
erythrocytes  could depend on, among other factors, cir- 
culating thyroid hormone level, i.e., it increases in hyper- 
thyroid rats but is inhibited in the PTU-treated ones. Cor- 
rection of this cholesterol transfer following two days of 
thyroid hormone therapy adds further support  to this 
hypothesis. 

Another  interesting result tha t  emerges from the pre- 
sent work is the decrease in phospholipid content  ob- 
served both in plasma and in erythrocyte  membranes of 
hypothyroid rats (see Tables 1 and 2). This could probably 

be at t r ibuted to a reduced availability of fa t ty  acids to 
their decreased hepatic synthesis {19}, as well as to an 
association between the regulation of phospholipid syn- 
thesis and the assembly and release of lipoproteins from 
the liver {20}. These data  further confirm our earlier 
studies (9) showing a divergence in the metabolic response 
to thyro id  hormones  between phosphol ipids  and 
cholesterol. A similar difference between plasma choles- 
terol and triglycerides has also been observed in hypo- 
thyroid rats  and was found to be connected to a decrease 
in plasma very low density lipoproteins (VLDL) and to 
an increase of low density lipoproteins (LDL) and high 
density lipoproteins (HDL), while intermediate density 
lipoproteins (IDL) remain constant.  Since plasma and 
erythrocyte  phospholipids are in equilibrium, due to the 
active exchange between the two pools of compounds {22}, 
the lower erythrocyte  phospholipid content  of hypothy- 
roid rats depends on their reduced plasma concentration. 

Distribution of cholesterol within the various lipopro- 
tein classes has been reported by Dory and Roheim (6). 
These authors have found the greatest  increase in 
cholesterol concentrations in LDL and HDL, al though 
VLDL and IDL also contained higher concentrations, 
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w h e r e a s  t he  dec rease  in p l a s m a  p h o s p h o l i p i d  concen t r a -  
t i ons  is  p r i m a r i l y  due  to  a dec rea se  of  p h o s p h o l i p i d s  in 
H D L  f r ac t i on  {data  n o t  repor ted) .  

F ina l ly ,  our  r e s u l t s  show t h a t  an  a l t e r ed  c i r c u l a t i n g  
t h y r o i d  h o r m o n e  level  induces  on ly  q u a n t i t a t i v e  c ha nge s  
in t he  l ip ids  of  r a t  b lood.  These  c h a n g e s  i m p l y  t h a t  
t h y r o i d  ho rmones ,  or  a l ack  of them,  af fec t  b o t h  t he  
m e t a b o l i s m  p roces s  a n d  the  l ip id  d i s t r i b u t i o n .  
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Role of the Lymphatic System in the Transport of Absorbed 
7,12-Dimethylbenzanthracene in the Rat 

J.M. Laher and J.A. Barrowman* 
Faculty of Medicine, Memorial University of Newfoundland, St. John's, Newfoundland, Canada AIB 3V6 

To determine the role of the intestinal lymphatic system 
in the absorption of a polycyclic aromatic hydrocarbon, 
7,12-dimethylbenzanthracene, a radiolabeled preparation 
of the compound was given by intraduodenal infusion to 
rats in doses of 10 pg, 10 mg and 20 mg in olive oil solu- 
tion. The hydrocarbon appeared to be absorbed from the 
intestine in a fractional manner, ca. 20% of the admin- 
istered radioactivity being recovered totally in bile and 
intestinal lymph in 24 hr at all three dose levels. Biliary 
radiolabel accounted for 75-82% of combined recovery 
of radioactivity in bile and lymph with all three doses. 
The recovery of significant amounts of radiolabel in bile 
before the appearance of isotope in lymph, together with 
the fact that the biliary radiolabel greatly exceeded at 
all times the lymphatic recovery of isotope, suggests that 
an alternative pathway, presumably the portal venous 
route, is of major importance in the transport of the ab- 
sorbed hydrocarbon. 
Lipids 22, 152-155 (1987). 

Polycyclic aromatic hydrocarbons (PAH), composed of 
three or more fused benzene rings, form a class of highly 
lipophilic substances of considerable toxicological inter- 
est. Among the members of this class are several com- 
pounds such as benzo(a)pyrene, 3-methylcholanthrene and 
7,12-dimethylbenzanthracene, which on metabolic conver- 
sion become potent carcinogens. These compounds are 
found in significant amounts in certain foods, such as 
smoked meats and fish (1,2). They are readily absorbed 
by the gastrointestinal tract, metabolized by phase I and 
II reactions and excreted mainly by the biliary route as 
water-soluble forms (3-7). These biliary metabolites are 
substantially reabsorbed in the intestine and re-excreted; 
thus, there is a considerable enterohepatic circulation of 
the metabolites of absorbed PAH (6-8). Because of their 
high lipophilicity and their administration in lipid meals 
in studies of absorption in animals, it has been considered 
that a major route for their transport is as solutes in the 
liquid triglyceride core of lymph chylomicrons (9-14). 
However, since the 1960s, the intestine has been known 
to have a considerable capacity for metabolism of PAH 
(15), and metabolites formed during the absorptive step 
are known to be transported in the portal vein (16). 

The relative importance of the two routes of transport, 
portal venous vs lymphatic, for PAH absorbed from the 
intestine is not known, nor is it known whether the pro- 
portions of the absorbed compound transported by these 
routes vary with the load of compound presented for ab- 
sorption. The route of transport may be important in the 
ultimate disposition of these compounds in the body since 
lymphatic transport affords access to the systemic cir- 
culation bypassing the liver. 

The present study was undertaken to examine the im- 
portance of the lymphatic route in the absorption of 

*To whom correspondence should be addressed. 

7,12-dimethylbenzanthracene (DMBA) and to determine 
whether a fixed or variable proportion of the absorbed 
PAH is transported by the lymphatic route. 

MATERIALS AND METHODS 

Preparation of test meals. DMBA (98% pure) was ob- 
tained from Sigma Chemical (St. Louis, Missouri). (G-3H) - 
DMBA (43 Ci/mmol; 92.4% pure by thin layer chroma- 
tography) was purchased from Amersham Corp. (Oak- 
ville, Ontario, Canada). Olive oil, obtained from Diamond 
Brand Manufacturers (St. John's, Newfoundland, Can- 
ada), was found by gas liquid chromatography to be com- 
posed primarily of glycerides of oleic (80%), linoleic (9%) 
and palmitic acids (10%). 

Toluene solutions of 3H-DMBA and DMBA were com- 
bined in glass vials protected from light and were evapo- 
rated to dryness under nitrogen. Olive oil was added to 
DMBA preparations to achieve final DMBA concentra- 
tions of 10 ~g {12.5 ~Ci 3H), 10 mg (12.5 ~Ci 3H) or 20 mg 
(12.5 ~Ci 3H) per ml of oil. Olive oil was chosen as the vehi- 
cle since this carrier triglyceride preparation had been 
used in our previous studies of DMBA absorption (8). The 
solutions were kept in the dark for 18 hr and examined 
visually for undissolved hydrocarbon, then were combined 
with pooled rat bile to yield a final oil to bile ratio of 2:1 
(v/v). These mixtures were vortexed to emulsify the prep- 
arations, and aliquots of each were taken for liquid scin- 
tillation counting. Volumes of 1.5 ml were drawn up into 
syringes that were weighed prior to and following test 
meal administration. 

Animal surgery. Male Sprague-Dawley rats (275-325 g) 
were purchased from Charles River Breeding Labora- 
tories (St. Constant, Quebec, Canada) and maintained 
with free access to food (Purina Rat Chow} and water 
under standard light and temperature conditions. 

After a ventral midline abdominal incision was made 
under ether anesthesia, the main mesenteric lymphatic 
duct was exposed and cannulated with vinyl tubing 
(Dural Plastics and Engineering, Dural N.S.W., Australia; 
external diameter 0.80 mm, internal diameter 0.50 ram) 
by the method of Turner and Barrowman (17). The ac- 
cessory intestinal lymph vessel was obliterated by cut- 
ting and application of cyanoacrylate glue to ensure com- 
plete collection of intestinal lymph. The common bile duct 
was cannulated above its confluence with the pancreatic 
ducts using polyethylene tubing (Clay Adams, Parsip- 
pany, New Jersey; PE-10, external diameter 0.61 mm, in- 
ternal diameter 0.28 mm) and was secured with ligatures 
of 4 X 0 surgical silk as previously described (8). A saline- 
filled premature infant nasogastric feeding tube {size 5F, 
C.R. Bard Ltd., Mississauga, Ontario, Canada) was used 
to cannulate the duodenum by the method of Laher et al. 
(8). The lymphatic and biliary catheters were exteriorized 
through stab wounds in the right flank, while the duo- 
denal catheter was exteriorized through the abdominal 
wound. The incision was then closed in two layers with 
silk sutures. 
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Immediately following surgery, the animals were placed 
in restraining cages in a warm room (23 C) for overnight 
recovery. During this time they were infused intraduo- 
denally with 0.9% NaC1 at 2.5 ml/hr. Bile was collected 
during the first 5 hr and kept under refrigeration. If nor- 
mal bile and lymph flow, as judged from values obtained 
in a large series of animals, were not achieved by the end 
of the 20-hr recovery period, an animal was rejected from 
the study. Normal flows for lymph and bile were con- 
sidered to be approximately 1 ml/hr and 0.4 ml/hr, 
respectively. 

Experimental procedure. Thirty-min control samples of 
bile and lymph were collected into preweighed vials (those 
for lymph contained sodium citrate to prevent clot forma- 
tion). Each animal then received a 1.5-ml test meal (con- 
taining 10 ~g, 10 mg or 20 mg DMBA and 12.5 ~Ci 3H- 
DMBA) by intraduodenal infusion at a rate of 1.5 ml/hr. 
The residual mixture in the catheter was flushed in with 
a pulse of 0.5 ml bile and followed by an infusion of bile/ 
saline (1:5, v/v) over the next 6 hr at a rate of 4.8 ml/hr. 
From the beginning of the control period, bile and lymph 
vials were changed every 30 rain, weighed and analyzed 
for radioactivity. Over the following 17 hr, one collection 
was performed, during which time an intraduodenal saline 
infusion of 2.5 ml/hr was given. Following one additional 
30-min collection period, the animals were killed by an 
anesthetic overdose and examined for patency of catheters. 

Sample analysis. The volumes of lymph and bile ob- 
tained were calculated from their weight using a specific 
gravity of 1.00 for each. Duplicate 50-bd aliquots of both 
fluids were mixed with 10 ml Aquasol-2 scintillation 
cocktail (New England Nuclear, Lachine, Quebec, Canada) 
and counted in a Beckman LS8100 liquid scintillation 
counter. Quench was corrected using an external standard. 

After removal of samples for analysis, the initial 7-hr 
lymph collections were pooled from two rats that  had re- 
ceived the 20-mg dose of DMBA. The samples were di- 
luted 3:1 with normal saline, and aliquots were removed 
for scintillation counting. The mixtures were then ultra- 
centrifuged for 30 rain in a Beckman 75Ti rotor at 
30,000 rpm in a Beckman L2-65B ultracentrifuge. Follow- 

ing gentle aspiration of the creamy lipid layer, samples 
of the clear infranatant were taken for liquid scintillation 
counting. 

To determine the proportion of radiolabel in the super- 
natant lipid layer, recovery of hydrocarbon was assessed 
by liquid scintillation with no differentiation between 
DMBA or its metabolites. 

Statistical analyses were performed using an ANOVA 
and also Student's t-test for unpaired values where ap- 
propriate with significance established to be p < 0.05. 

RESULTS 

Figure i shows the appearance of radiolabel in lymph and 
bile for a 7-hr period following intraduodenal administra- 
tion of a lipid test meal containing 12.5 ~Ci 3H-DMBA 
and 10 ~g, 10 mg or 20 mg of DMBA. Little radiolabel 
could be detected in lymph within 60 rain of administra- 
tion, in contrast to a significant presence of isotope in bile 
during the same time period. The figure shows the re- 
coveries of radiolabel for each 30-min collection period. 
In the three groups, bile and lymph flows were similar 
(results not shown}. By 2 hr post-administration, lym- 
phatic radiolabel concentrations increased rapidly, al- 
though actual recoveries never exceeded those of bile for 
any dose of hydrocarbon. The 2-hr lag time in the appear- 
ance of significant lymphatic radiolabel coincides with the 
appreciable appearance of lipid-laden chylomicrons and 
an increase in lymph volume that follows the administra- 
tion of fat. Lymphatic transport of tritium began to de- 
cline before peak biliary radiolabel was attained with the 
two smaller doses (Fig. 1). Peak radiolabel concentrations 
following 10 ~g, 10 mg or 20 mg DMBA correspond to 
32 _ 6 ng/ml, 36 4- ~g/ml and 49 +_ 16 ~g DMBA equiva- 
lents per ml of lymph, respectively, while respective peak 
biliary radiolabel values represent 271 _ 62 ng/ml, 164 _ 
22 ~g/ml and 370 4- 80 ~g DMBA equivalents per ml of 
bile. 

Figure 2 illustrates the cumulative recovery of radio- 
label in lymph and bile from all three doses. The rates of 
recovery from the lymph (given as a percentage of the 
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administered dose} were nearly identical for all time points 
throughout the 7-hr study period. Radiolabel appeared 
in the bile at an approximately constant rate for each 
dose. These rates exceeded the corresponding lymphatic 
rates of transport of DMBA. The highest fractional rate 
of biliary radiolabel recovery occurred with the 10-gg 
DMBA dose. 

The total biliary and lymphatic recovery of radiolabel 
in the 24 hr following test meal administration are given 

in Figure 3. Total percentage recoveries were not signifi- 
cantly different among the three doses by analysis of 
variance (p > 0.05}, although recovery from the 10-mg 
dose as compared to the 10-~g and 20-mg doses was 
somewhat less (p < 0.01). Biliary radiolabel accounted for 
the greatest proportion of retrieved radiolabel, yielding 
bile to lymph ratios of 4.85 _ 0.75, 3.05 +_ 0.22 and 
3.53 _ 0.43 for the 10-~g, 10-mg and 20-mg dosages, 
respectively. The 10-gg dose exhibited a significantly 
higher bile to lymph ratio and percentage of recovered 
dose present in the bile than did the 10-mg dose of DMBA 
(p < 0.05}, whereas values obtained from the 20-mg dose 
were not significantly different from either the 10-~g or 
10-mg test meals of hydrocarbon (p > 0.05}. 

Significant levels of lymph radioactivity were only ob- 
tained once the lymph became turbid with particulate 
lipid. Following removal of this lipid from pooled lymph 
by ultracentrifugation, only 14.0 _ 1.3% of the original 
radiolabel remained in the infranatant. 

D I S C U S S I O N  

PAH are lipophilic compounds with very low aqueous 
solubilities; for example, DMBA has a water solubility 
of 0.061 mg/1 (18}. PAH are relatively well absorbed from 
the gastrointestinal tract when presented in solution in 
nutrient lipids {9-14} or a solvent such as ethanol (16}. 
Following absorption, DMBA is metabolized in the liver, 
excreted chiefly in the bile as glucuronide-conjugated 
metabolites (4,5} and ultimately eliminated in the feces. 
From the intestine, the compound is partially reabsorbed 
and reexcreted by the liver (8) in an enterohepatic circula- 
tion, which delays its elimination from the body. 

There is evidence that  following intestinal absorption, 
PAH are transported in both portal venous blood and 
lymph, but the proportions of the compounds carried by 
these two routes are not known. In one recent study of 
benzo(a)pyrene absorption in sheep, it was shown that the 
amounts of the compound appearing in systemic blood 
following intragastric administration in corn oil solution 
were negligible in animals with intestinal lymph fistulae; 
this was taken to indicate that  lymph is of paramount 
importance in the transport of absorbed benzo(a)pyrene 
{14). However, systemic blood concentrations may be an 
unreliable index of absorption by the portal venous route 
if hepatic extraction of the compound or its metabolites 
is efficient. There are many studies that document the 
appearance of absorbed PAH in intestinal lymph (9-14}, 
and the portal venous transport of metabolites of ab- 
sorbed PAH is well established. For example, Bock et al. 
(16}, using rat jejunum in situ, found that within 30 rain 
of intraluminal instillation of benzo(a)pyrene dissolved in 
ethanol, portal blood contained 40% of administered radio- 
activity; more than 90% was in the form of metabolites. 

It is of some importance to know the proportions of the 
compounds transported via the lymphatic route, since 
this affords access of the substance to the systemic circu- 
lation and extrahepatic tissues. Furthermore, it has been 
suggested that important interactions may occur between 
absorbed PAH and lymphoid cells during the passage of 
these compounds through the lymph and lymph nodes 
{14}. Of interest also is the ultimate disposition of PAH 
that reach the systemic circulation via the lymph. These 
compounds might be deposited in peripheral tissues 
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during lipolysis of chylomicron triglyceride or might  be 
t r anspor ted  to the liver for metabol i sm and excretion. 

The present  s tudy was designed to determine what  p r o  
port ion of absorbed D M B A  is t r anspor ted  in lymph and 
whether this is a fixed proportion or is variable and depen- 
dent  on the mass  of compound presented for absorption.  
The model used is an indirect means  of assess ing por ta l  
venous vs  lymphat ic  t r anspor t  and takes  biliary excre- 
t ion of metabol i tes  in the presence of complete intest inal  
lymph diversion as a rough index of por ta l  venous trans- 
port .  This approach has  been used to determine the rela- 
tive importance of portal  venous and lymphatic  t ranspor t  
of absorbed nut r ient  lipids such as retinol in ra t s  (19). 

Our da ta  show tha t  over  a 2000-fold range of dose of 
DMBA,  the proport ions of the compound (or its metabo-  
lites) leaving the intest ine by  the lymphat ic  route  are 
relatively cons tant  at  about  20% of the to ta l  amount  
recovered in lymph and bile. Thus  another  pa thway,  
p resumably  por ta l  venous t ranspor t ,  appears  to be more 
impor tant .  A recent s tudy  has come to a similar conclu- 
sion for absorbed benzo(a)pyrene (20). The factors  deter- 
mining the par t i t ion between lymph and por ta l  venous 
blood are presently unknown. I t  has long been known tha t  
the intest inal  epithelium can metabolize P A H  and tha t  
the resulting metabolites are t ransported in portal  venous 
blood (15,16). In intest inal  lymph, the parent  compound,  
DMBA, can be demonst ra ted  as a solute in chylomicrons 
(unpublished results). The present  s tudy,  however, has 
not a t t empted  to determine the chemical form of D M B A  
or its der ivat ives  in por ta l  venous blood or lymph. 

I f  the predominant  form of D M B A  in lymph were 
parent  compound and in por ta l  venous blood were in the 
form of more polar metaboli tes,  one migh t  have expected 
the compound ' s  par t i t ion  between por ta l  venous blood 
and lymph to alter with increasing D M B A  loads as the 
metabolic  capaci ty  of the enterocyte  was exceeded, but  
such an effect was not  observed in the present  experi- 
ments .  The situation, however, m a y  be very  complex, 
since it is possible t ha t  during the hours absorpt ion was 
being studied the hydrocarbon m a y  have induced the 
metabolizing enzymes of the enterocyte (21). Another  fac- 
tor  remaining to be inves t iga ted  is the role of the mass  
of carrier triglyceride, fixed at  1 ml in the present  s tudy,  
in determining the par t i t ion of D M B A  between lymph 
and por ta l  venous blood. 

Results  in the present  s tudy  sugges t  tha t  the absorp- 
tion of D M B A  over the large dosage range may  be of frac- 
t ional character ,  ~20% of the adminis tered radioactiv- 
i ty being recovered in bile and lymph over  24 hr. I t  is 
presumed tha t  the 80% unaccounted for represents  unab- 

sorbed material .  Fract ional  absorpt ion is observed with 
certain other lipids, such as sterols. Sylven and Borg- 
s t rSm (22) found tha t  an a lmost  cons tan t  fraction (about 
0.4) of various cholesterol doses, ranging  f rom a t race to 
100 wnol, is recovered in thoracic duct lymph, fl-Sitosterol 
is absorbed in a similar fractional fashion (23). The ex- 
planat ion for this type  of absorpt ion is not  present ly  
known. 
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Nonenzymatic Hydrolysis of Phosphatidylcholine 
Prepared as Liposomes and Mixed Micelles 
Rodney J.Y. Ho*, Mark Schmetz and David W. Deamer 
Department of Zoology, University of California, Davis, CA 95616 

Nonenzymatic hydrolysis of phosphatidylcholine was in- 
vestigated at several pH ranges in liposomes and mixed 
micelles. Phosphatidylcholine was stable to hydrolysis 
for 140 hr at pH 4, 7 and 10, but slowly hydrolyzed at 
pH 1 with a half-time of 50 hr. We conclude that phos- 
phatidylcholine is not significantly degraded by hydroly- 
sis under conditions typical for liposome preparation 
methods. 
Lipids 22, 156-158 (1987). 

Although liposomes are increasingly used as model mem- 
brane systems in basic and applied research, relatively 
little is known about their chemical stability. Noncata- 
lyzed hydrolysis of ester bonds linking fatty acyl groups 
to glycerol would be expected to be fairly slow, yet at least 
two earlier reports (1,2) have noted a rapid degradation 
of lipids upon exposure to ultrasonic irradiation. Further- 
more, no systematic study has been done to determine 
long-term chemical stability of liposome in buffered 
solutions. 

Products of degraded lipids such as fatty acids and 
lysophosphatides can increase bilayer permeability (3). 
Such alterations may be particularly important for 
clinical testing of liposome-based therapy (4) and immuno- 
assays, since successful storage of encapsulated material 
is likely to depend on the stability of lipid. 

It is generally agreed that liposomes are sufficiently 
stable to hydrolysis at neutral pH ranges, so that for most 
purposes the amount of hydrolysis occurring during 
preparation and storage times of several hours is negligi- 
ble. However, in some procedures, lipid may be exposed 
to aqueous solutions for more than 24-48 hr, for instance, 
during preparation of liposomes by detergent dialysis 
(5,6). In other experiments, lipids in the form of planar 
lipid membranes (7) or liposomes (8) have been exposed 
to pH values ranging from 1 to 10 for periods of a few 
minutes to several days. 

It is clearly important to know the relative extent of 
lipid hydrolysis under normal and extreme conditions. To 
address this question, we have exposed lipid in several 
physical states (small and large unilamellar liposomes, 
and mixed micelles in octylglucoside) to different pH 
ranges and monitored the appearance of hydrolysis prod- 
ucts over time. We chose 1-palmitoyl-oleoyl-sn-glycero- 
phosphorylcholine as the lipid because phosphatidylcho- 
line is a commonly used lipid in model membrane systems. 
Furthermore, the presence of specific acyl groups per- 
mitted an estimate of the relative rates of hydrolysis at 
the 1- and 2-positions. Conditions of pH were chosen to 
represent the extreme values in the literature and in- 
cluded ranges near 1, 4, 7 and 10. 

EXPERIMENTAL METHODS 

Liposomepreparation. 1-Palmitoyl 2-oleoyl phosphatidyl- 
choline (POPC) was purchased from Avanti (Birmingham, 

*To whom correspondence should be sent at the Department of 
Biochemistry, University of Tennessee, Knoxville, TN 37996-0840. 

Alabama). Large unilamellar vesicles (LUV) were pre- 
pared by the methods of Mimms et al. (5). In a typical 
experiment, 10 ~mol POPC was solubilized with 100 gmol 
octylglucoside in the buffer to a final volume of 10 ml, 
then passed through a Bio Gel P6 column. Vesicles 
prepared by this method range around 0.1 ~ in diameter. 
To prepare SUV, the LUV were sonicated in a bath 
sonicator for 10 rain. For lipid in the form of mixed 
micelles, 10 ~mol POPC was solubilized with 100 ~mol 
octylglucoside in the appropriate buffer to a final volume 
of 10 ml. 

We chose to use potassium phosphate solutions for the 
buffer, because phosphate has useful buffer capacity in 
the pH ranges used in the study. Stock solutions of the 
buffer were produced by appropriate mixtures of 0.1 M 
K2HPO4 and phosphoric acid. This provided the same ini- 
tial conditions for extraction of all samples and placed 
free fat ty acids in their acid (neutral) form to aid extrac- 
tion. The samples were immediately extracted with 2 ml 
chloroform/methanol (2:1, v/v) containing myristic acid 
(50 ~g/ml) as an internal standard. The samples were 
stirred by vortexing, followed by centrifugation (5 min, 
1000 • g) to separate the chloroform phase. The upper 
aqueous phase was carefully removed and discarded, and 
the chloroform extract was stored at - 10 C until analysis. 

Before methylation of the free fatty acids, phospholipid 
was removed from the chloroform extract by filtration 
through small silicic acid columns (HiFloSil, BioRad) 
prepared in Pasteur pipettes. The fatty acids were eluted 
by passing two volumes of chloroform/methanol (1 ml 
each) through the column, and the eluates were taken to 
dryness under nitrogen. Methylation was carried out with 
boron trifluoride/methanol. Methyl esters were extracted 
from the methylation mixture with 2 ml diethyl ether. One 
ml of the ether extract was taken to dryness under 
nitrogen, and 100 ~l of carbon disulfide was added to 
dissolve the esters. One-tA aliquots of the carbon disulfide 
solution were analyzed by gas liquid chromatography us- 
ing a 10% SP-2330 Chromosorb column. The amount of 
each fat ty acid present was determined from the ratio of 
peak areas to the internal standard peak area, followed 
by comparison with predetermined values to known peak 
ratios of the fat ty acids. 

One experimental series was designed to measure ap- 
pearance of lysophosphatidylcholine (LPC) as a hydrolysis 
product. In this, POPC liposomes were prepared in 0.1 
M K2SO4 by octylglucoside dialysis (5), then adjusted to 
pH 1.0 with 0.1 M phosphate buffer to a final lipid con- 
centration of 1.0 mM. At increasing time intervals, 1-ml 
aliquots of the suspension were extracted with 2 ml of 
chloroform/methanol (2:1, v/v), and the chloroform layer 
was taken to dryness under nitrogen. The lipid was then 
dissolved in 150 ~1 of chloroform, and 2 ~1 was applied 
to a Chromarod, developed in chloroform/methanol/water 
(65:25:4, v/v/v) and analyzed with an Iatroscan instru- 
ment (9). The amounts of the separated lipid species were 
determined by comparison of integrated peak areas with 
known standards of POPC, LPC and fat ty acids. 
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RESULTS A N D  DISCUSSION 

Effect of pH  and physical state on hydrolysis rates. The 
lipid dispersions were surprisingly stable to hydrolysis 
in the pH range of 4-10. At the start of the incubation 
period, ca. 1% of the total fat ty acid was present as free 
fat ty acid, and after 140 hr this figure had not signifi- 
cantly increased (Fig. 1). However, significant hydrolysis 
was observed at pH 1, and about 20% of the total fat ty 
acid ester had been hydrolyzed after 140 hr. The physical 
state of the lipid did not markedly affect the hydrolysis 
rate, although there was a trend for lipid dispersed as 
micelles to be hydrolyzed at a slightly faster rate. Similar 
hydrolysis rates were also observed at pH 10 with egg 
phosphatidylethanolamine and bovine brain phospha- 
tidylserine in the form of mixed micelles, LUV and SUV. 

Effect of acyl chain position on hydrolysis rates. Fig- 
ure 2 shows results for relative hydrolysis rates of acyl 
chains at the sn-1 and sn-2 positions. Within experimen- 
tal error, we were unable to distinguish any differences 
in relative lability to hydrolysis at the two positions. It 
was possible that LPC was more labile to acid hydrolysis 
than POPC and that the lack of specificity of hydrolysis 
rate with respect to acyl chain position was simply due 
to rapid hydrolysis of LPC to glycerophosphorylcholine. 
Therefore, the accumulation of LPC at pH 1 was also 
monitored as described in Methods. We found that  as 
POPC was hydrolyzed, both LPC and fatty acid ac- 
cumulated at approximately equal rates (Fig. 3). We con- 
cluded that the appearance of fatty acid from the sn-1 and 
sn-2 positions did, in fact, reflect a nonspecific hydrolysis 
mechanism. 

Comparison with earlier investigations. This report has 
established that POPC liposomes are reasonably stable 
to hydrolysis within pH ranges and incubation times (up 
to six days) used by other investigators. Only near pH 
i was significant hydrolysis observed, and this occurred 
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FIG. 1. Dependence of hydrolysis  rate on pH. Phosphatidylcholine 
was  dispersed as mixed mieelles in octylglucoside and as small  and 
large unilamellar liposomes, as described in Methods. The disper- 
sions were incubated at pH ranges near 1, 4, 7 and 10 for periods 
up to 140 hr, and hydrolysis  was monitored by the appearance of 
free palmitic and oleic acid in the medium. Since there were no signifi- 
cant differences for hydrolysis  rates of lipid in different physical  
states,  the data are summed and presented as mean -t- S.D. Little 
hydrolysis  was  observed between pH 4 and 10 (lower fine). At pH 
1, significant hydrolysis  occurred, and about 16% of the the total  
fat ty  acid was hydrolyzed after 140 hr incubation. 
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FIG. 2. Hydrolys is  rates of palmitic and oleic acid from POPC. 
Figure shows summed data for palmitic and oleic acid present as 
mixed micelles of phosphatidylcholine, large unilamellar l iposomes 
and small  unilamellar l iposomes at pH 1. There were no significant 
differences for hydrolysis rates of palmitic and oleic acid in the sn-1 
and sn-2 positions, respectively, nor for physical  state of the 
phosphatidylcholine, so each data point represents the mean -- S.D. 
of s ix different experiments. The data is presented as percentage 
of hydrolysis  of each fat ty  acid, rather than as percentage of total  
fat ty  acid, as in Fig. 1. 
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FIG. 3. Rates of POPC disappearance and appearance of LPCFA. 
In one experiment, both phosphatidylcholine and hydrolysis products 
were monitored during hydrolysis  at pH 1. As  phosphatidylcholine 
was  hydrolyzed, fat ty  acids and iysophosphatidylcholine (LPC) ap- 
peared in the medium at approximately 1:1 stoichiometries, sug- 
gest ing that LPC was not significantly more labile to hydrolysis  
than phosphatidylcholine. 

randomly at the sn-1 and sn-2 positions. The hydrolysis 
rate was not markedly affected by the physical state of 
the lipid at this pH, and small and large unilamellar 
vesicles, as well as lipid dispersed as mixed micelles in 
octylglucoside, underwent hydrolysis at similar rates. 

Two earlier studies reported results for nonenzymatic 
hydrolysis of phospholipid. These were not directed at 
establishing chemical stability of lipid dispersions, but 
rather to study reaction mechanisms. For instance, Wells 
(10) and Kensil and Dennis (11) used highly alkaline 
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conditions to s tudy the effect of aggregation s ta te  on 
hydrolysis rates. In the lat ter  report,  lipid was dispersed 
as monomers, small and large unilameUar vesicles, multi- 
lamellar vesicles and mixed micelles in Tri ton X-100. The 
lipids were then subjected to alkaline hydrolysis near pH 
12.7 (0.132 M NaOH) and the hydrolysis products  were 
analyzed by thin layer chromatography.  Possible posi- 
tional specificity of hydrolysis was also determined by 
using dipalmitoyl phosphatidylcholine labeled with 14C- 
acyl chains in the sn-2 position. Acid hydrolysis of phos- 
pholipid has also been reported {for a review see ref. 12). 

Our results for acyl position hydrolysis agree with those 
of Kensil and Dennis, who observed no significant dif- 
ferences in rates  of hydrolysis at  the sn-1 and sn-2 posi- 
tions. These invest igators  did find tha t  the alkaline 
hydrolysis rate in lipid dispersed as micelles was seven- 
to 11-fold faster  than in vesicles, whereas our results for 
acid hydrolysis did not  show this effect. Finally, the rate  
constants  for alkaline hydrolysis were much higher than 
those for acid hydrolysis in the pH 1 range. For instance, 
Kensil and Dennis reported K, = 1.4 X 10-3s-'M -', for 
hydrolysis of egg PC in vesicles at  pH 12.7, while our 
results for hydrolysis of POPC in the range of pH 1 is 
5.3 >< 10 -6, about  300-fold slower. 

In summary,  we conclude tha t  phosphatidylcholine is 
sufficiently stable in the pH range of 4-10 so tha t  
liposome preparat ions and experiments carried out  over 
t ime intervals of a few hours to several days should not  
produce significant hydrolyt ic  degradation. At  extreme 

pH ranges in the range of 1 and 12, hydrolysis can occur 
a t  significant rates,  with half-times from 20 re_in (Kensil 
and Dennis} to 50 hr (this report}. I t  is possible tha t  other 
phospholipids have different hydrolysis rates under cer- 
tain conditions; this remains to be tested. 
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Platelet Changes after a Saturated Fat Meal and Their Prevention 
by Dazmegrel, a Thromboxane Synthetase Inhibitor 
J.J.F. Belch*, A.R. Saniabadi, K. McLaughlin and C.D. Forbes 
University Department of Medicine, Royal Infirmary, 10 Alexandra Parade, Glasgow G31 2ER, Scotland 

A saturated fat meal was given to 10 normal males both 
before and after pretreatment with UK38,485, a throm- 
boxane synthetase inhibitor (Dazmegrel, Pfizer Central 
Research, Sandwich, Kent, United Kingdom). Following 
the fat meal at 2 and 4 hr there was laboratory evidence 
of platelet activation. Dazmegrel lowered baseline platelet 
activity and lessened platelet activation following the fat 
meal. This drug should be investigated further as a poten- 
tial antithrombotic agent. 
Lipids 22, 159-162 {1987). 

Epidemiological studies (1,2) indicate that a diet rich in 
saturated fats has a distinct negative influence on cor- 

o n a r y  artery disease, whereas a polyunsaturated diet 
might have protective effects {3). In other conditions 
associated with thrombosis and arterial disease, platelet 
behavior is influenced by alterations in dietary lipids {4), 
and it has been well documented that alimentary hyper- 
lipidemia alone may create platelet activation (5-7). That 
this may be linked to clinical disease is suggested by the 
work of Regan et al. (8) and Kuo and Joyner (9), who 
demonstrated decreased oxygen delivery to the myocar- 
dium and an increased frequency of angina attacks in fat- 
fed patients with ischemic heart disease. The mechanism 
by which a saturated fat diet produces this platelet 
activation is thought to be related to an alteration in 
prostanoid production, in particular an increase in pro- 
duction of thromboxane A2 (TxA2), the potent platelet ag- 
gregant and vasoconstrictor (10). If the effects on plate- 
lets are mediated through an increase in TxA2, it might 
be reasonable to suggest that its selective inhibition 
might be an alternative for normalizing platelet behavior 
in these hyperlipidemic patients. 

Dazmegrel (Pfizer Central Research, Sandwich, Kent, 
United Kingdom) is an imidazole derivative that has been 
shown to inhibit thromboxane synthetase (11). In addi- 
tion, this drug may preserve prostacyclin (PGI~) produc- 
tion (11,12), whose antiplatelet vasodilator effects should 
further protect against thrombosis. 

The aim of our study was to investigate the effects of 
a saturated fat meal on platelet behavior before and after 
pretreatment with Dazmegrel. As there is also some work 
suggesting that  acute fat feeding may decrease blood 
fibrinolysis (13,14), this was also studied. 

SUBJECTS AND METHODS 

Ten healthy male volunteers (mean age 28 _+ 8 yr) were 
enrolled after informed consent was obtained. Permission 
for the study was obtained from the regional Ethical Com- 
mittee. Subjects were fasted for 12 hr overnight and, after 
baseline blood samples had been taken, ingested 150 ml 
of double cream (fatty acid content g/100 g cream, shown 
in Table 1). Further blood tests were taken by separate 
venipuncture 2 and 4 hr later and after an over- 

*To whom correspondence should be addressed. 

TABLE 1 

Fatty Acid Composition of Double Cream 

Saturated 
Monounsaturated 
Polyunsaturated 

28.8 g/100 g cream 
15.4 g/100 g cream 
1.3 g/100 g cream 

Reference 6. 

night fast, at 24 hr. Following a one-month washout 
period, the procedure was repeated. On each occasion, the 
subjects were pretreated with either placebo or 100 mg 
of Dazmegrel at 24, 12 and 1 hr prior to the ingestion of 
cream. The dose of Dazmegrel used has been shown to 
decrease significantly thromboxane production (12). 

Blood tests: platelet aggregation (PA). Nine ml of blood 
was anticoagulated with 1 ml {3.8%) trisodium citrate, 
and PA was carried out using the conventional aggregat- 
ing agents adenosine 5'-diphosphate (ADP) and collagen. 
Two techniques were used: in the first, PA in platelet-rich 
plasma (PRP) to 2 gin ADP and 2 ~g/ml collagen was mea- 
sured using the established turbidometric technique (15) 
(Malins photometric aggregometer). Plasma becomes tur- 
bid after a fat meal; as this interferes with the light trans- 
mission used with PRP aggregation, studies at 2 and 4 
hr using this method were not carried out. In the second, 
PA in whole blood at 37 C was estimated using the Ultra- 
flo 100 Whole Blood Platelet Counter (Clay Adams). To 
estimate whole blood PA the single platelet count is 
measured prior to the addition of the aggregating agents 
(2 ~m ADP and 0.5 ~g/ml collagen) and again at peak fall 
in platelet count (1 min for collagen, 3 min for ADP). The 
initial platelet count will fall as the platelets aggregate. 
This can be recorded as a percentage of baseline. If the 
drug protects the platelets against the aggregating 
agents, then the percentage fall from baseline is less. 

Platelet count and volume, white cell count. The Ultra- 
flo whole blood platelet counter was used to measure the 
number of single platelets. Counts were carried out im- 
mediately, the sample was rotated for 5 rain at 37 C and 
the count was repeated. This measures the rate of spon- 
taneous aggregation of platelets with time. A Coulter S 
Plus was used to measure platelet volume and white cell 
numbers. 

Fibrinogen and fibrinolysis. Nine ml of blood was anti- 
coagulated with 1 ml of 3.8 trisodium citrate. Measure- 
ments were made of plasma fibrinogen (16), plasminogen 
(17) and plasminogen activator (fibrin plate) (18}. 

Cholesterol and triglyceride. Serum lipids were mea- 
sured in the routine biochemistry laboratory. 

RESULTS 

Baseline. When one looks at the two fasting baseline 
results, the first without pretreatment with Dazmegrel 
and the second after 100 mg • 3, it can be seen that PA 
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in whole blood af ter  addi t ion  of  b o t h  A D P  and  collagen 
is s ignif icant ly  decreased af ter  p r e t r e a t m e n t  wi th  Daz- 
megrel ,  a l t hough  there  is no change  in the  P A  in P R P  
{Table 2). Nei ther  is there  a ny  a l te ra t ion  in the  platelet  
count ,  a l t hough  the  d r u g  does appear  to  p ro t ec t  the  
pla te le ts  aga ins t  spon taneous  a gg re ga t i on  over  5 min. 
There  is no effect  on p l a sma  f ibr inogen or  fibrinolysis.  

Post-fat feeding. W h e n  one looks at  the  effects of fa t  
feeding on the  tests ,  i t  can  be seen t h a t  there  is a signifi- 
can t  increase in t r ig lycer ide  at  2 and  4 hr  (Table 3) bu t  
no change  in P A  in whole blood. There  is a s ignif icant  
decrease  in platelet  coun t  at  2 hr  t h a t  is no t  seen af ter  
p r e t r ea tmen t  wi th  Dazmegrel .  In teres t ingly ,  the platelet  
count  s ignif icant ly  increases again  by  4 hr, a change  also 
abol ished by  Dazmegrel .  There  is also a s ignif icant  in- 
crease in platelet volume and total  white cell count  at  bo th  
2 and 4 hr, changes  t h a t  again are no t  seen after pretreat-  
m e n t  wi th  the  d r u g  (Table 4). 

P lasma fibrinogen and plasminogen were unchanged  by  
the fat  meal, a l though plasminogen act ivator  act ivi ty  was 
s igni f icant ly  increased at  2 and 4 hr  wi th  and  w i th o u t  
Dazmegre l .  

DISCUSSION 

In  this  s t u d y  we have  shown t h a t  t r e a t m e n t  wi th  
Dazmegre l  s igni f icant ly  p ro t ec t s  the  p la te le ts  aga ins t  
spon t aneous  P A  and  aga ins t  P A  induced by  A D P  and  
collagen in whole blood. P A  to  A D P  and collagen in PRP,  
however, was no t  altered by  Dazmegrel .  I t  is possible t ha t  
there is an increase in product ion of an t i aggrega to ry  pros- 
taglandins  f rom the  white  blood cells present  in the whole 
blood agg rega t i on  s y s t e m  (12). This  m a y  explain the  
d i sc repancy  between whole blood aggrega t ion  and P A  in 
P R P .  Othe r  t h r o m b o x a n e  s y n t h e t a s e  d rugs  have also 
failed to  lower d ramat i ca l ly  baseline P R P  agg re g a t i o n  

TABLE 2 

Platelet Aggregation Pre-Fat Meal and 2, 4 and 24 Hr Post-Fat Meal, Both Before and After Treatment with Dazmegrel (Meal _ SD) 

Pre~meal 2 Hr post-meal 4 Hr post-meal 24 Hr post-meal 

Whole blood (%) 

PA ADP 
-UK38,485 43 +_ 32 51 • 35 52 • 30 38 • 23 
+UK38,485 74 _+ 14" 78 _ 21 66 • 28 69 • 22 

PA collagen 
-UK38,485 13 • 3 15 • 11 22 • 20 25 • 14t 
+UK38,485 19 _+ 6 t t  15 • 7 23 • 14 32 • 28 

PRP {% change optical density/sec) 

PA ADP 
--UK38,485 20 ----- 6 -- --  19 ----- 5 
+UK38,485 21 _ 4 -- -- 19 • 4 

PA collagen 
-UK38,485 23 _+_ 7 -- -- 24 ---+ 7 
+UK38,485 24 -- 13 -- -- 19 +-- 6 

Spontaneous PA (%) 

-UK38,485 86 • 9 87 • i i  89 ___ 17 88 - 12 
+UK38,485 95 _+ 4* 96 • i0 95 • 5 92 • 9 

PA, platelet aggregation; ADP, adenosine 5'-diphosphate; PRP, platelet-rich plasma. *, p < 0.04; **, p < 0.03; t, P < 0.02; tr P < 0.007 
(Student's t-test, paired t-test). 

TABLE 3 

Serum Triglyceride and Cholesterol, Pre-Fat Meal and 2, 4 and 24 Hr Post-Fat Meal, 
Both Before and After Treatment with Dazmegrel (Mean _ SD) 

Pre-meal 2 Hr post-meal 4 Hr post-meal 24 Hr post-meal 

Triglyceride (mmol/1) 

-UK38,485 
+UK38,485 

Cholesterol (mmol/1) 

-UK38,485 
+UK38,485 

1.1 + 0.1 2.0 + 0.1" 2.7 • 1.6" 1.0 +- 0.1 
1.1 • 0.1 2.0 +_ 0.1" 3.1 • 1.9" 1.0 • 0.1 

5.9 __ 1.0 5.8 _ 1.0" 5.8 +_ 1.0" 5.7 +- 1.3 
5.9 _ 1.3 6.0 • 1.3" 6.0 • 1.4" 5.8 • 1.3 

*, p < 0.001 (paired t-test). 
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TABLE 4 

Platelet Count and Volume, White Cell Count and Plasminogen Activator Activity Pre-Fat Meal 
and 2, 4 and 24 Hr Post-Fat Meal, Both Before and After Treatment with Dazmegrel {Mean ___ SD} 

Pre-meal 2 Hr post-meal 4 Hr post-meal 24 Hr post-meal 

Platelet count {X 109/1) 
-UK38,485 225 -!-_ 52 201 + 46 248 + 38* 206 _+ 59 
+UK38,485 257 • 50 256 • 50 252 • 53 261 • 38 

Platelet volume (fl) 
-UK38,485 8.7 • 0.8 8.9 • 1.0"* 9.0 • 1.0"* 8.8 • 0.9 
+UK38,485 8.7 • 0.8 8.8 + 0.9 8.9 • 1.0 8.9 • 1.1 

WBC (• 109/1) 
--UK38,485 5.4 • 0.9 5.8 +-- 0.8* 6.2 • 0.8t 5.1 + 0.8 
-t-UK38,485 5.7 • 0.8 5.9 • 0.6 5.6 • 1.4 5.4 • 1.0 

Plasminogen activator activity (%) 
-UK38,485 75 • 17 85 • 24* 85 • 17"* 72 • 16 
+UK38,485 66 • 10 82 • 21t 94 • 16t 72 • 9 

*, p < 0.05; **, p < 0.03; t, p < 0.007 (paired t-tests). 

(19), and it may  be that  the antiplatelet effects of a drug 
may not be fully appreciated if work is carried out only 
in PRP. 

Dazmegrel in the dose given does not appear to affect 
fibrinogen or the measurements of fibrinolysis carried out 
in this study. 

When one looks at the effects of fat feeding on the 
platelets it can be seen that  there is a degree of activa- 
tion as shown by the fall in platelet count {6) and the in- 
crease in platelet volume (7). These changes, however, did 
not  occur after pretreatment  with Dazmegrel, demon- 
s t ra t ing further protection by the drug. 

I t  was interesting that,  despite a fall in platelet count 
and an increase in platelet volume, PA was unchanged. 
However, this does agree with the work of Moolten et al. 
{20) and Bohl et al. (21), who also looked at normal 
volunteers. In previous work suggest ing platelet activa- 
tion in normal volunteers after a fat meal, two groups 
used circulating platelet aggregates  as their measure of 
activation (5,6) and platelet stickiness to glass beads (20), 
and these may be more sensitive tests  in this situation. 
Only animal studies have shown an increase in rate of PA 
but  larger equivalent doses of fat were used in these ex- 
periments (22). 

We have also shown in this s tudy a significant increase 
in white blood cell count 2 and 4 hr pos t - f a t  meal. The 
reason for this is not  clear, as ingestion of 1.2 1 of milk 
failed to increase either total  or differential counts in 
humans (23). That  it could be due to stress is a possibili- 
ty; however, the subjects experienced no discomfort 
following the meal. In a previous experiment in our 
laboratory (24), in subjects smoking three cigarettes in 
20 min, which certainly appeared more stressful, the white 
cell count did not change. Obviously more work is re- 
quired in this field to determine what types of cell increase 
and if their behavior is altered. This is of interest, as it 
is becoming generally accepted tha t  white cells may be 
more important  in the process of thrombosis  than was 
previously thought.  Interestingly, whatever the mecha- 

nism of the increased white cell count, it seems to have 
been inhibited by pretreatment  with Dazmegrel. 

Finally,  we could demons t r a t e  no decrease in 
fibrinolysis using the tests  described in this study. This 
is in contrast  to the work of Dubber et al. (13), who 
studied Europeans,  but  agrees with Ferguson et al. (14), 
who looked at an African population. Indeed we detected 
an increase in plasminogen activator activity, which prob- 
ably reflects a change from the fasting to nonfast ing 
state. Again it may  be of interest to investigate the role 
of the white cell in this context. However, to assess ac- 
curately the effects of fat on fibrinolysis, a nonfat  meal 
should be given as control. 
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The net rates of uptake of the natural (2R,4'R,8'R) 
diastereoisomer of a-tocopherol (a-T) and the biodiscrim- 
ination relative to its 2S-epimer (2S,4'R,8'R) have been 
measured, in two experiments, for the blood and 21 
tissues of male Sprague-Dawley rats fed over a period of 
several months diets containing deuterium-substituted 
forms of the a-T acetates. Gas chromatography-mass 
spectrometry was used to measure the amount of deu- 
terated tocopherols taken up relative to the amount of 
nondeuterated tocopherol remaining. The measurements 
were performed at different times after the rats, placed 
for one month on a basal diet containing nondeuterated, 
natural a-T acetate, were switched to a diet containing 
the same total quantity of deuterated forms of either 
natural a-T acetate or a mixture of the acetates of the 
2R- and 2S-epimers (i.e., ambo-a-T acetate). In experiment 
1 the source of vitamin E in the replacement diet was 
trideuterio-2R, 4"R, 8'R-a-T acetate. The data obtained pro- 
vide the first direct measure of the rate at which natural 
vitamin E is replaced and augmented in the tissues of 
growing animals under normal laboratory dietary condi- 
tions. There are dramatic differences in the tissue kinet- 
ics; for example, the apparent half-life of vitamin E, i.e., 
the time at which the total amount of ingested trideuterio- 
a-T taken up is the same as the amount of nondeuterated 
a-T remaining, varies from ca. 1 wk for the lung to ca. 
I I  wk for the spinal cord. In experiment 2 the vitamin 
E in the replacement diet was an equimolar mixture of 
trideuterio-2S, 4'R,8" R- and hexadeuterio-2R, 4" R,8" R-a-T 
acetates. The results show that there is a preferential up- 
take of the natural diastereoisomer of a-T by all tissues 
(except the liver during the first month). Examination of 
fecal material reveals that  the biodiscrimination begins 
in the gut; the incomplete hydrolysis of the acetates 
shows clearly that  this reaction proceeds to a greater ex- 
tent with the natural diastereoisomer. The greatest 
discrimination of all the tissues examined was found to 
occur in the brain. After five months, the level of the 
deuterated natural diastereoisomer was more than five 
times that of the deuterated 2S-epimer. These results 
have potential implications for human nutrition. 
Lipids 22, 163-172 (1987). 

Vitamin E appears to owe its bioactivity mainly or en- 
tirely to its ability to inhibit lipid peroxidation in vivo 
(1). This it does by "trapping" the chain-carrying lipid 
peroxyl radicals, thus "breaking" the free-radical chain 
process (for concise reviews of the mechanism of lipid 
peroxidation and its prevention by antioxidants, see refs. 
2 and 3). The major component of natural vitamin E, 
2R,4"R,8"R-a-T (RRR-a-T; Scheme 1) has long been known 
to show in various animal bioassays a greater activity 
than synthetic 2RS, 4"RS, 8"RS-a-T (all-rac-a-T), which is 
an equimolar mixture of all of the eight possible stereo- 
isomers (1). 

More recently, it has been shown that the acetates of 
each of the eight diastereoisomers of a-T all have different 
activities in the rat fetal gestation-resorption assay, with 
the natural diastereoisomer, i.e., RRR-a-T, being the most 
active form (4). The differences in biopotencies of the a-T 
diastereoisomers appear to originate largely from the dif- 
ference in the chirality at carbon atom 2 (5-10). Thus, the 
four diastereoisomers with the 2R configuration are gen- 
erally more active than their corresponding 2S epimers 
(in which the CH3 group and C~6H33 phytyl group at posi- 
tion 2 are interchanged). Also, single dose experiments 
in which radioactively labeled 2R,4'RS,8'RS-a-T and 
2S, 4'RS, 8 "RS-a-T (or RRR-a-T and 2S, 4 'R, 8 'R-a-T [SRR- 
a-T]) have been administered to rats (11,12) and chicks 
(13,14) show that  the uptake of the 2R-diastereoisomers 
into tissues is greater than for the 2S compounds, 
strongly suggesting that  this is the reason for their 
greater bioactivity. 

We have conducted the first experiments that measure 
the long-term uptake under normal laboratory dietary 
conditions of deuterium-substituted RRR-a-T and SRR- 
a-T into rat tissues, either singly (RRR-a-T only) or com- 
petitively (i.e., RRR-a-T vs SRR-a-T), using diets in which 
the acetates of these compounds were the only source of 
vitamin E. 

MATERIALS AND METHODS 

Materials. [5-CD3]-2R, 4'R, 8'R-a-T (d~-RRR-a-T) and [5,7- 
(CD3)2]-2R,4"R,8'R-a-T (d~-RRR-a-T) were prepared by the 
SnC12-catalyzed deuteriomethylation with perdeutero- 

CH s 

H O ~ c H ~  

H3C CH s ~ CHs CHs 

SCHEME 1 
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paraformaldehyde of natural (2R,4'R, 8'R) ),- and 6-tocoph- 
erols, respectively (15). [5-CD3]-2S, 4'R, 8'R-a-T (d3-SRR- 
a-T) was obtained after repeated recrystallization of an 
approximate 80:20 mixture of SRR- and RRR-[5-CDs]-a- 
T-p-phenylazobenzoates produced by the ZnC12-catalyzed 
cyclization of [5-CDs]-a-T quinol (16). The quinol was ob- 
tained by the NaBH4 reduction of [5-CD~]-a-T quinone, 
which in turn was obtained by the FeCl~-catalyzed oxida- 
tion (17) of deuteriomethylated 2R,4'R,8'R-),-T (15). 
Natural ),-T and 6-T were obtained from soybean oil con- 
centrate. The chiral purity of the deuterated RRR- and 
SRR-tocopherols was confirmed by measurement of the 
optical rotation of the potassium ferricyanide oxidation 
product mixture (16). Tocopherol acetates were prepared 
by reaction with sodium acetate in acetic anhydride. 

Methods. Two experiments were conducted. In both ex- 
periments, nine 3-wk-old male Sprague-Dawley rats bred 
at the NRCC specific pathogen-free facility and housed 
in individual wire cages were placed for four weeks on a 
standard AIN-76 diet (major components: 50% sucrose, 
20% casein, 15% cornstarch and 5% tocopherol-stripped 
corn oil) (18) that contained extra menadione [10 times 
the level in the original diet (19,20)] and 36 mg of 
2R,4'R,8"R-a-T acetate ido-RRR-a-T-Ac) per kg of diet. 
After four weeks, the rats were switched to diets in which 
the (nondeuterated) a-T was replaced by a nominally 
equivalent amount of either 36 mg of ds-RRR-a-T acetate 
(d~-RRR-a-T-Ac; experiment 1) or a combination of 18 mg 
of d~-RRR-a-T acetate (d6-RRR-a-T-Ac) and 18 mg of 
d3-SRR-a-T acetate (d~-SRR-a-T-Ac) per kg of diet (experi- 
ment 2; this combination of diastereoisomers is known 
as ambo-a-T). (All three diets were prepared at NRCC and 
the tocopherols were incorporated--along with the recom- 
mended amount [18] of butylated hydroxytoluene--into 
each diet after dissolving them in tocopherol-stripped 
corn oil.) 

Blood samples and tissues were obtained from animals 
after 1, 2, 4, 8, 16, 31-32 and 64-65 days (and 154 days 
in experiment 2) on the diets containing the deuterated 
tocopherols. 

The blood samples (1 ml), obtained by heart puncture 
with animals under halothane anesthesia, were withdrawn 
from one to seven animals (fasted for at least 4 hr) on each 
of the specified days. The blood was placed in microcen- 
trifuge tubes coated with disodium ethylenediaminetetra- 
acetate and spun at 2000 rpm for 3/4 min in an Eppen- 
dorf microcentrifuge. The plasma was removed and stored 
frozen at - 5 0  C. The red blood cells (RBC) were washed 
by resuspending them in ice-cold phosphate-buffered 
saline (5 mM, pH 8.0), spinning for 30 sec, removing the 
supernatant and repeating the whole procedure twice. The 
washed RBC were resuspended in the same buffer con- 
raining fresh sodium ascorbate (1 mg per ml of buffer) and 
stored frozen at - 50 C. (The ascorbate was added to pro- 
tect the a-T from oxidation by hemoglobin-derived iron 
during storage, thawing and extraction.) 

Rapid extractions of a-T into heptane were performed 
on the plasma immediately after thawing by the usual 
ethanol/heptane procedure (21,22). Typically, 200 ~1 of 
ethanol was added to and mixed with 200 ~l of plasma 
followed by 250 ~l of heptane. The heptane extracts were 
stored at - 5 0  C as 2 • 100 ~1 samples for the purpose 
of performing replicate analyses. 

RBC were extracted using a modified version of the 

sodium dodecyl sulfate (SDS) method (22). Although 
volumes and hematocrits varied with each sample, the 
average volume of RBC suspension in the phosphate/ 
saline/ascorbate buffer used in each extraction was 700 ~, 
and the average hematocrit was 25% (i.e., 175 ~l of packed 
RBC). The following is an example of a typical extraction: 
the RBC suspension (700 y]), thawed in ice water, was 
transferred to a 30-ml glass centrifuge tube. The vial that 
contained the frozen cells was rinsed with 300 ~l of the 
phosphate/saline/ascorbate buffer, and the rinsings were 
added to the RBC suspension in the centrifuge tube. SDS 
(0.1 M; 1.8 ml; 10 X volume of packed RBC) was added 
to the RBC and mixed briefly on a vortex stirrer, followed 
by absolute ethanol (2.8 ml, equal to the total aqueous 
volume), which was also briefly vortex-stirred, n-Heptane 
(1.0 ml) was added, and the mixture was vortex-stirred 
for 1 min and centrifuged for 1-2 min. A large fraction 
(0.8 ml) of the heptane extract was carefully removed and 
concentrated down under a stream of nitrogen to a 
volume of less than 200 ~l. 

Tissues were obtained from rats that  had been killed 
either by decapitation (experiment 1) or by perfusion of 
saline into the anesthetized animals (experiment 2). The 
effect of perfusion of the tissues upon the measured ratios 
of deuterated and nondeuterated tocopherols was deter- 
mined by using both methods on the two rats that were 
killed on day 4 in each experiment. All tissues were stored 
a t -  50 C. Vitamin E was extracted from aqueous homo- 
genates of the tissues using the SDS method (22}. The 
concentration of the SDS solution used was 0.1 M unless 
noted otherwise. 

All extracts (including those from plasma and RBC) 
were purified, and the total a-T was quantitated by high 
performance liquid chromatography (HPLC) (Varian 
model 5000) using a Lichrosorb Si 60 column (5 ~; Merck, 
Darmstadt, Federal Republic of Germany) eluted with 
hexane/t-butylmethyl ether (3%)/2-propanol (0.05%) at 
2 ml min -1. 2,2,5,7,8-Pentamethyl-6-hydroxychroman was 
used as the internal standard (22). Often, the collected 
fraction containing the a-T was purified further by a 
second "pass" through the HPLC after being concen- 
trated under a stream of nitrogen. Some modifications 
of the extraction and purification procedures were neces- 
sary depending on the type and amount of the particular 
tissue. 

Liver, lung, kidney, heart, brain, testes, small intestine 
(duodenum), biceps femoris (1-2 g of each) and spleen (ca. 
0.75 g) were homogenized in 6 ml of water (2 • 15 sec 
using a Brinkmann/Kinematic Polytron PT 10/35 
equipped with an anaerobic generator). (In light of the 
known differences in uptake of vitamin E by different 
regions of the rat brain [23], the whole brain was 
homogenized.) A carefully measured volume (2.0 ml) of 
the homogenate was placed in a 30-ml glass centrifuge 
tube. SDS (2.0 ml), ethanol (4.0 ml) and n-heptane (2.5 ml) 
were each added to the homogenate in succession and 
vortex-mixed briefly (except n-heptane, which was mixed 
for 1 rain). The mixture was centrifuged (1-2 min), and 
2 • 1.0 ml of the heptane extract was carefully removed 
and placed in separate vials. One sample was concen- 
trated to ca. 200 ~l under a stream of nitrogen and in- 
jected onto the HPLC column after the addition of the 
internal standard. The other sample was stored at - 5 0  C 
for a rc.plicate analysis later, if desired. 
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Epididymal, inguinal and retroperitoneal white adipose 
tissue (1-2 g of each} were homogenized in a mixture of 
water (5.5 ml) and SDS (0.5 ml). SDS (1.5 ml}, ethanol 
(6.0 ml) and n-heptane (2.5 ml) were each added in suc- 
cession to the homogenate {4.5 ml) with vortex-mixing in 
the manner already described. The heptane extract was 
divided into two 1.0 ml samples. Preliminary HPLC 
analysis indicated a lot of interference in the region of the 
a-T peak. Therefore, the sample was subjected to an 
alkaline hydrolysis to reduce the possibility of interfer- 
ence by ion fragments from other species in the subse- 
quent gas chromatography-mass spectrometry {GC-MS) 
analysis of the isotopically substituted tocopherols. The 
sample (1.0 ml} was placed in a 15-ml glass tube equipped 
with a teflon-lined screw cap, blown down to dryness 
under a stream of nitrogen and redissolved in ethanol 
(2 ml) containing sodium ascorbate {1%}. Anhydrous 
sodium methoxide (0.5 M, 4 ml) was then added and the 
mixture heated at 80 C for 20 rain. After the mixture 
cooled, glacial acetic acid (200 ~l} was added followed by 
water (6 ml) and n-heptane (2.5 ml). The mixture was then 
vortex-stirred for 1 min. A portion (2.0 ml) of the heptane 
extract was removed, concentrated down to 200 ~l under 
a stream of nitrogen and injected onto the HPLC column. 
The a-T fraction was collected and blown down, and the 
residue was subjected to a second alkaline hydrolysis. 
Again, the heptane extract was passed through the HPLC 
column and the a-T fraction collected and concentrated. 

Interscapular brown adipose tissue (0.4 g) was treated 
essentially in the same manner as white adipose tissue. 
Homogenization was performed in water {4 ml), and the 
entire homogenate was extracted with SDS {2 ml), ethanol 
(6 ml} and n-heptane (2.5 ml). The extract {1 ml) was 
hydrolyzed and purified twice by HPLC using the method 
already described. 

Diaphragm, soleus, tensor fascia latae and tibialis 
anterior muscle tissues {0.2-0.6 g) were cut into small 
pieces with scissors, homogenized in a mixture of water 
(3 ml) and SDS (0.5 ml, 20 sec} and extracted in the usual 
manner by adding a further amount of SDS (0.5 ml} 
followed by ethanol (4 ml) and n-heptane {2.5 ml). A por- 
tion (1 ml) of the recovered heptane extract {2.0 ml) was 
purified by  HPLC in the usual way. 

Aorta {40 mg} was homogenized with a mixture of water 
{0.5 ml} and SDS {0.2 ml}. The probe/generator of the 
homogenizer was rinsed with water (ca. 1.3 ml) to bring 
the final aqueous volume to 2 ml. The entire homogenate 
was treated in the usual way with ethanol {2 ml) and n- 
heptane {2 ml), and the heptane extract {1.8 ml) was 
purified by HPLC in the normal manner. 

Skin {0.4-0.7 g) was cut into small pieces and converted 
to a powder by cooling with liquid nitrogen and grinding 
the mixture in a stainless steel mortar and pestle. The 
powder was homogenized first with water {5 ml, 10 sec) 
and then with added SDS (0.5 ml, 10 sec}. The entire 
homogenate was extracted in the usual way by adding 
more SDS (0.5 ml) followed by ethanol {6 ml) and n- 
heptane (2.5 ml}. A fraction {1.0 ml) of the recovered ex- 
tract (2.0 ml) was purified by HPLC. 

Fecal pellets {ca. 0.5 g}, recovered from the lower part 
of the large intestine, were homogenized with water (4 ml}. 
A sample of the homogenate {2 ml) was extracted with 
SDS (2 ml), ethanol (4 ml) and n-heptane {2.5 ml). A por- 
tion {1.0 ml) of the recovered extract (2.0 ml} was injected 

onto the HPLC column. The a-T fraction was collected 
as well as an earlier eluting fraction containing a-T 
acetate. The latter fraction was blown down to dryness 
under a stream of nitrogen and the a-T acetate hydrolyzed 
by heating the residue at 70 C for 30 min with sodium 
methoxide (0.5 M) in methanol {2 ml) plus methanol {1 ml) 
containing sodium ascorbate {1%}. Glacial acetic acid 
{100 ~1) was added to the cooled mixture followed by SDS 
(2 ml} and n-heptane (2 ml), which were vortex-mixed. The 
heptane extract recovered after centrifugation was in- 
jected onto the HPLC column and the a-T fraction was 
recovered. 

The content and composition of a-T acetate in each diet 
were checked after saponification of the food to extract 
the a-T. The diet (0.5 g) was made into a slurry with water 
(0.5 ml) and warmed at 70 C for 2 min, with a 2% solu- 
tion of sodium ascorbate in ethanol {2 ml). Saturated 
aqueous potassium hydroxide {1 ml) and ethanol {1.5 ml) 
were added, and the mixture was heated at 70 C for 40 
rain. Water (2 ml) and hexane (6 ml) were added to the 
cooled mixture and vortex-stirred. A sample {1 ml) of the 
hexane layer that separated after centrifugation of the 
mixture for 2 min was removed and concentrated down 
to 200 ~l under a stream of nitrogen {after the addition 
of an internal standard}. The a-T in the concentrated sam- 
ple was then simultaneously quantitated and purified for 
GC-MS by the usual HPLC method. 

The relative proportions of do-, d3- and d6-a-Ts were 
determined by GC-MS of their trimethylsilyl ethers {24}. 
Although the free tocopherols could be successfully 
analyzed by GC-MS, the trimethylsilyl ether derivatives 
were used because there was no "tailing" of the peaks. 
This feature was considered desirable for obtaining more 
accurate peak area integrations. 

The tocopherol trimethylsilyl ethers were prepared by 
evaporating the purified extracts of a-T in heptane down 
to dryness under a stream of nitrogen, adding pyridine 
(100 ~l) and N,O-bis{trimethylsilyl)trifluoroacetamide 
(BSTFA) with 1% trimethylchlorosilane (TMCS} {50 ~1; 
Pierce, Rockford, Illinois} and heating at 65 C for 15 rain. 
After cooling, the mixture was blown down to a small 
volume (ca. 20 ~l). A sample (2 ~l) was injected onto a 
Hewlett Packard Ultra 1 fused silica capillary column 
(10 m • 0.2 mm ID, OV-101 type, cross-linked, bonded 
phase} maintained at 275 C in a Hewlett Packard 5790A 
Series GC, which was connected to a Hewlett Packard 
5970A Series Mass Selective Detector set up to monitor 
continuously the 502 (do}, 505 (d3) and 508 (d6} molecular 
ions. The peak area data for the 505 and 508 ions were 
corrected for the contribution {2.37%) from the M+3 ions 
originating from do-a-T and d3-a-T, respectively. 

RESULTS 
Table 1 indicates the high degree of purity of the 
deuterium-substituted a-T. It is clear that by using three 
mass units separation to distinguish the different a-Ts, 
the M + 3 contributions to the next highest molecular ion 
are very small and in good agreement with the contribu- 
tion {2.37%) expected from natural abundance isotopes. 

GC-MS analysis of a-T extracted from the saponified 
diets containing deuterated tocopherols confirmed the 
absence of the nondeuterated form in each diet and 
verified that the d~-RRR-a-T-Ac/d~-SRR-a-T-Ac ratio was 
1.0 in the diet used in experiment 2. 
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TABLE 1 

Relative Ion Intensities, Measured as Peak Areas by Single Ion 
Monitoring, of the 502, 505 and 508 Ions Obtained from the Gas 
Chromatography-Mass Spectrometry of the Trimethylsilyi Ethers 
of d0-a-T, d3-RRR-a-T, d3-SRR-a-T and d+-RRR-a-T a 

Compound 502 505 508 

do-RRR-a-T 100.00 2.25 <0.01 
d+-RRR-a-T 1.30 100.00 2.17 
d3-SRR-a-T 0.26 100.00 2.22 
d+-RRR-a-T 0.13 1.70 100.00 

aThe ion intensities for each compound are expressed as a percen- 
tage of the parent molecular ion, which is arbitrarily set at 100%. 

TABLE 2 

Body Weights (g) of Rats at Time of Death for Tissue Analysis 

Day a Experiment 1 Experiment 2 

1 260 264 
2 293 250 
4 281 277 
4 282 279 
8 308 292 

16 365 336 
31 417 -- 
32 -- 347 
64 - -  480 

65 485 -- 
65 459 -- 

154 -- 499 

aNumber of days after 7-wk-old rats were switched to diet contain- 
ing deuterated a-tocopherol acetate. 

Table 2 shows for each exper iment  the weights  of the 
ra t s  at  the t ime they were killed for t issue analysis.  

We will use the symbol  0 to describe the rat io  of to ta l  
deutera ted  a-T [E(d~-a-T); x -- 3,6] to nondeutera ted  a-T, 
i.e., ~ = Z(d+-a-T}/(do-a-T), which is d3-RRR-a-T/do-RRR- 
a-T in exper iment  1 and (d+-RRR-a-T + d~-SRR-a-T)/do- 
RRR-a-T in exper iment  2. The complete set  of da ta  are 
presented in Table 3. {Note t ha t  the da ta  presented for 
p la sma  and RBC are average  values.} A compar ison of 
the resul ts  f rom animals t ha t  were per fused with saline 
with those t ha t  were not  (day 4 in bo th  experiments} in- 
dicates tha t  the results  were not  affected by  the presence 
of blood in the tissue. 

In  bo th  experiments ,  plots  of ~ vs  t ime were linear for 
a lmost  all tissues. This result  was not  ant ic ipated and 
seems remarkable  considering the fact  tha t  each point in 
the plots  was obtained f rom a different animal. Some ex- 
amples  of these plots  are shown in Figure 1. 

In  view of the demons t ra ted  l inearity of ~ with time, 
the da ta  were f i t ted by  the method of least  squares  to 
the equat ion 0 = kt, where t is t ime and k is a propor- 
t ionali ty constant ,  the value of which depends on the 
tissue, diet, etc. The resul ts  are shown in Table 4. 

The two k values obtained for each tissue in experiment 
2 {i.e., with or wi thout  inclusion of the final point for day 

154) are in sa t i s fac tory  agreement  except  in the case of 
lung. I f  this  t issue is excluded f rom consideration, with 
only one or two exceptions the k values derived f rom ex- 
per iment  2 are somewhat  lower than  the k values derived 
f rom exper iment  1. This means  t ha t  the ra te  of up take  
of a-T by  the ra ts  is smaller when the v i tamin is provided 
as the mixture  of two stereoisomers in experiment  2 than  
when it is provided as the natural  stereoisomer in experi- 
ment  1. 

The reciprocal of each k value listed for exper iment  1 
in Table 4 yields the apparent  half-life, t ,n,  in days  for 
na tura l  RRR-a-T in each tissue; t in is the t ime it takes  
for the net amount  of ingested deuterated RRR-a-T taken 
up by  a t issue to equal the amount  of the nondeutera ted  
RRR-a-T remaining. This t ime is shor tes t  for the lung 
( t ,n = 7 days, experiment 1), liver and small intestine and 
is longest  for the brain, tes tes  ( t , ,  = 30 days, experiment  
1) and spinal cord (t,/~ = 76 days,  exper iment  1}. 

Figure 2 shows the time dependence of the discrimina- 
tion in the net uptake of d~-RRR-a-T vs d3-SRR-a-T in 
plasma, RBC, liver and brain of rats  fed the diet contain- 
ing equal amounts of the acetates of these diastereoisomers 
{experiment 2). After a single day there is a 1.4-fold enrich- 
ment  of d~-RRR-a-T in the plasma, the enrichment increas- 
ing to ca. 2.5 over the 5-mo duration of this experiment. 
The RBC consistently show a higher enrichment in d~-RRR- 
a-T than  the p lasma  throughout  the experiment;  the en- 
r ichment  ratio, i.e., (RRR/SRR)rJ(RRR/SRR)p~ .... has a 
mean value of 1.35 • 0.13 {standard deviation for 30 
values}. 

Three remarkable  resul ts  are also shown in Figure 2. 
First,  the liver, in contras t  to all the other tissues, shows 
an initial excess, by  a factor  of two, of d3-SRR-a-T. This 
lasts  for ca. 3 wk until eventually the liver begins to show 
a slight excess of d+-RRR-a-T. The initial excess of the 
SRR-epimer is similar to the result  repor ted f rom an ear- 
ly exper iment  by  Weber  et al. {12}, in which fas ted ra t s  
received single doses of either 2S,4'RS,8'RS-a-T or 
2R,4'RS,8'RS-a-T radioact ively labeled acetates.  In  t ha t  
experiment ,  the average  level of the 2S-diastereoisomers 
found in the liver half an hour af ter  the doses were orally 
adminis tered was approximate ly  twice tha t  of their 2R- 
epimers {12}. However,  after  two hours the si tuation was 
reversed and the 2R-diastereoisomers exceeded their 2S 
counterpar ts  by  a small margin.  Although in our own ex- 
per iment  the ra t s  were deprived of food for a t  least  four 
hours before their  livers were removed,  it is very  likely 
t ha t  some food was still present  in the gut  a t  the t ime 
they were killed. There will, therefore, have been a con- 
t inuing infusion of v i tamin  E into the animals. This m a y  
explain why our liver da ta  appear  to be similar to the 
t rends  noted in the very  early s tages  of the single dose 
exper iment  (12}. 

Second, the brain shows an extraordinary,  progressive 
discrimination in favor  of na tura l  RRR-a-T, especially 
af ter  one month,  with the RRR/SRR rat io  exceeding a 
value of five af ter  five months  and showing no sign of 
leveling off. This result  has been confirmed in subsequent  
related experiments .  In  one experiment,  two ra t s  were 
placed on the diet used in exper iment  2 {i.e., 1:1 d6-RRR- 
a-T/d3-SRR-a-T acetates} immediate ly  after  weaning and 
were found to have in their  brains  d6-RRR-a-T/d~-SRR- 
a-T rat ios  of 5.7 and 4.8 after  120 and 128 days,  respec- 
tively. In a second experiment in which two weanling ra ts  
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Time-Dependence of O (Ratio of [Total] Deuterated a-T to Nondeuterated a-T) for Blood and Tissues in Experiments 1 and 2 a 
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Day 

Tissue Expt.  1 2 4 4 8 16 31 32 64 65 65 154 

Lung 1 0.08 0.17 0.53 0.40 0.80 1.80 3.30 10.20 6.90 
2 0.08 0.14 0.40 0.31 0.86 1.60 2.00 2.80 25.00 

Liver 1 0.16 0.35 0.79 0.65 1.00 1.90 3.40 6.30 7.20 
2 0.32 0.47 0.96 0.90 1.70 2.30 3.10 5.60 17.00 

Small intestine 1 0.06 0.37 1.30 0.51 0.78 1.90 3.70 6.30 6.40 
2 0.08 0.19 0.43 0.42 0.94 1.80 2.90 4.50 11.00 

Plasma b 1 0.50 0.50 0.77 1.00 2.00 3.40 6.10 
2 0.15 0.33 0.65 1.00 1.70 2.50 3.80 12.00 

Kidney 1 0.05 0.09 0.27 0.25 0.49 1.30 2.70 5.60 5.80 
2 0.04 0.08 0.20 0.22 0.73 1.20 2.10 3.20 9.30 

Red blood cells b 1 0.15 0.35 0.73 1.30 1.90 3.20 5.20 
2 0.14 0.26 0.65 1.10 1.70 2.40 3.70 9.60 

Heart  1 0.02 0.13 0.13 0.11 0.28 0.88 2.30 4.70 4.80 
2 0.01 0.03 0.10 0.13 0.28 0.81 1.10 3.10 12.00 

Thymus 1 0.03 0.07 0.30 0.36 0.55 1.29 1.62 4.50 4.67 
2 0.03 0.06 0.31 0.31 0.75 1.39 2.18 3.93 8.46 

Muscle (biceps femoris) 1 0.02 0.04 0.11 0.09 0.20 0.67 1.70 4.70 3.80 
2 0.02 0.03 0.08 0.09 0.22 0.56 1.20 3.50 9.70 

Muscle (tibialis anterior) 1 0.01 0.03 0.09 0.10 0.21 0.62 1.33 4.89 3.61 
2 0.01 0.02 0.06 0.06 0.19 0.54 1.42 2.66 12.35 

Muscle (soleus) 1 0.02 0.04 0.10 0.12 0.26 0.68 1.47 3.92 4.19 
2 0.02 0.04 0.09 0.10 0.25 0.64 1.21 2.99 10.12 

Spleen 1 0.13 0.48 0.74 0.66 0.98 2.00 3.20 6.40 1.80 
2 0.11 0.21 0.53 0.53 0.99 1.20 2.20 4.10 11.00 

Muscle (tensor fascia latae) 1 0.02 0.03 0.10 0.10 0.24 0.74 1.58 2.98 4.50 
2 0.02 0.04 0.09 0.10 0.24 0.60 1.21 3.44 9.84 

White adipose tissue (retroperitoneal) 1 0.03 0.03 0.04 0.08 0.21 0.46 1.30 3.40 3.20 
2 0.02 0.02 0.10 0.12 0.26 0.52 ND c 3.50 5.50 

Aorta 1 0.02 0.07 0.10 0.10 0.28 0.64 1.31 2.83 2.95 
2 0.03 0.05 0.11 0.10 0.22 0.56 0.95 2.25 5.40 

Brown adipose tissue (interscapular) 1 0.01 0.02 0.07 0.08 0.14 0.43 1.17 2.56 3.06 
2 0.01 0.01 0.06 0.07 0.17 0.46 0.98 2.46 8.71 

Diaphragm 1 0.02 0.03 0.09 0.12 0.22 0.59 1.41 2.00 3.51 
2 0.02 0.02 0.09 0.09 0.21 0.57 1.17 2.72 8.49 

Skin 1 0.02 0.04 0.12 0.10 0.25 0.79 1.37 2.72 2.75 
2 0.02 0.04 0.11 0.11 0.27 0.65 1.29 2.30 6.98 

White adipose tissue (inguinal} 1 0.01 0.02 0.07 0.08 0.17 0.45 0.98 2.26 2.26 
2 0.01 0.02 0.07 0.08 0.19 0.53 0.94 2.12 5.95 

Brain 1 <0.01 0.02 0.06 0.03 0.06 0.21 0.64 1.50 2.80 
2 <0.01 0.01 0.04 0.03 0.10 0.25 0.51 1.20 4.10 

Testes 1 0.01 0.04 0.14 0.12 0.21 0.31 0.79 1.90 2.00 
2 0.02 0.03 0.08 0.08 0.20 0.56 0.61 1.70 7.10 

White adipose tissue (epididymal) 1 <0.01 0.01 0.03 0.07 0.16 0.32 0.84 1.70 1.94 
2 <0.01 0.02 0.01 0.01 0.17 0.36 0.70 1.56 4.02 

Spinal cord 1 0.01 0.02 0.04 0.04 0.07 0.15 0.39 0.90 0.78 
2 0.01 0.01 0.04 0.05 0.10 0.15 0.28 0.54 1.56 

aRatios of the deuterated to nondeuterated forms, d3-RRR-a-Tldo-RRR-a-T (experiment 1) and (d6-RRR-a-T + d3-SRR-a-T)Ido-RRR-a-T 
{experiment 2), respectively, are given for various times after switching the rats to the diets containing the deuterated a-tocopherols. 
In experiment 1, only the animal corresponding to the data for the first set of day 4 results was perfused with saline. In experiment 
2, all animals were perfused except the animal corresponding to the second set of day 4 results. 
bMean values for blood drawn from several rats {except day 154}: number of rats (day no.)--4 (1), 7 (2), 6 (4), 4 (8), 3 (16), 2 (31), 2 (32), 
2 (64), 2 (65). Single values for day 111 (experiment 2 only) were 5.94 and 10.35 for plasma and red blood cells, respectively. 
CND, not determined. 
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FIG. 1. Plots of O [ratio of the total amount of deuterated to nondeuterated a-tocopherols, Z(dx-a-T)l(do-a-T) ] vs time for fiver, plasma, 
red blood cells, small intestine, heart, muscle (soleus), brain and testes. Each graph includes data points from experiment 1 (d3-RRR-a- 
Tldo-RRR-a-T; solid line} and experiment 2 [(d6-RRR-a-T + d3-SRR-a-T)Ido-RRR-a-T; broken line}]. Lines were obtained by a least squares 
fit of the data collected over a 64-65 day period for each experiment. The data ponts  are from single rats (9 and 8 points for each tissue 
in experiments 1 and 2, respectively, and 30 data points for plasma and red blood cells in both experiments}. 

TABLE 4 

Values of k and Apparent  Half-Lives, t~n, of a-T in Tissues and Blood a 

Experiment 1 Experiment  2 

Tissue k (Day 65) b k (Day 64)b, c k (Day 154) b t ,2 d 

Lung 0.132 • 0.011 0.045 + 0.006 0.151 • 0.017 7.6 
Liver 0.102 _+ 0.003 0.082 • 0.006 0.105 • 0.004 9.8 
Small intestine 0.096 _ 0.004 0.072 _ 0.005 0.070 • 0.002 10.4 
Plasma 0.091 • 0.003 0.059 • 0.004 0.067 _+ 0.003 10.9 
Kidney 0.089 • 0.001 0.052 + 0.004 0.059 + 0.002 11.2 
Red blood cells 0.080 • 0.004 0.057 • 0.004 0.068 • 0.003 12.5 
Heart  0.075 • 0.002 0.047 • 0.003 0.076 • 0.005 13.3 
Thymus 0.070 • 0.003 0.062 • 0.003 0.055 • 0.002 14.4 
Muscle (biceps femoris) 0.067 • 0.004 0.053 • 0.003 0.063 • 0.002 14.9 
Muscle (tibialis anterior) 0.066 • 0.005 0.043 • 0.001 0.078 • 0.006 15.1 
Muscle (soleus) 0.063 • 0.002 0.046 • 0.002 0.065 • 0.003 15.8 
Spleen 0.060 • 0.016 0.062 • 0.003 0.070 • 0.002 16.6 
Muscle (tensor fascia latae) 0.059 • 0.005 0.053 • 0.003 0.064 • 0.002 17.0 
White adipose tissue (retroperitoneal) 0.052 • 0.002 0.056 • 0.002 0.038 • 0.003 19.3 
Aorta 0.045 • 0.001 0.035 • 0.001 0.035 • 0.000 22.2 
Brown adipose tissue (interscapular) 0.044 • 0.002 0.038 • 0.002 0.056 • 0.003 22.6 
Diaphragm 0.043 • 0.005 0.043 • 0.001 0.054 • 0.002 23.0 
Skin 0.043 • 0.001 0.037 • 0.001 0.045 _+ 0.001 23.4 
White adipose tissue (inguinal) 0.035 • 0.001 0.033 • 0.001 0.038 • 0.001 28.2 
Brain 0.034 • 0.005 0.019 • 0.001 0.026 _+ 0.001 29.4 
Testes 0.030 • 0.001 0.026 • 0.002 0.044 • 0.003 33.3 
White adipose tissue (epididymal) 0.029 • 0.001 0.025 • 0.001 0.026 • 0.000 34.8 
Spinal cord 0.013 • 0.001 0.008 • 0.000 0.010 • 0.000 76.3 

aObtained by least squares analysis of data fit to the equation ~ = kt, where ~ is the ratio of (total) deuterated to nondeuterated a- 
tocopherols and t is time in days. Units are day -1 i-e_ s tandard deviation) for k and days for t,2. 
bDuration of experiment. 
CResults obtained by excluding the one additional data point for day 154. 
dCalculated from the reciprocal of the k values from experiment 1. 
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FIG. 2. Time-dependence of the discrimination in the net uptake of 
deuterated RRR- and SRR-a-tocopherols (d6-RRR-a-T/d3-SRR-a-T) 
into plasma, red blood cells, liver and brain of male rats fed a diet 
containing equal amounts of the corresponding tocopherol acetates 
(experiment 2). Points for plasma and red blood cells represent mean 
values from two or more animals {except for day 154). The points 
for liver and brain are from single animals. The bar at 154 days 
represents the full range in the RRR/SRR ratio found at 154 days 
for all of the other t issues examined (see Table 4). 

were placed on a diet with a d~-RRR-a-T/d3-SRR-a-T 
acetate ratio of 0.5, the d~-RRR-a-T/d3-SRR-a-T ratios in 
the rats' brains were 2.2 and 2.5 after 64 days; that is, 
relative to the dietary ratio, the enrichments of d~-RRR- 
a-T to d3-SRR-a-T were 4.4 and 5.0, respectively. 

Third, all the other tissues examined (except brain, 
RBC, liver and spinal cord; see Table 5 for complete data} 
show discriminations that  after one month lie between 
that  of plasma on one hand and liver on the other (see 
bar at day 154 in Fig. 1). 

Analysis of fecal material from the large intestine 
(Table 6) reveals that the hydrolysis of the dietary tocoph- 
erol acetates in the gut was incomplete, particularly in 
experiment 2. It  is also very clear that RRR-a-T-Ac under- 
went hydrolysis to a greater extent than SRR-a-T-Ac. 
This latter observation is probably the reason why the 
amount of fecal d~-RRR-a-T was generally larger than the 
amount of d3-SRR-a-T, and the ratio of a-T-Ac to a-T was 
generally higher in experiment 2 than in experiment 1. 

The data in Table 6 also show that  the original, non- 
deuterated tocopherol persists in the gut longer than 
would be expected after switching the animals to a diet 
containing 100% deuterated tocopherol. From the GC-MS 
data provided in Table 1, the apparent limiting ratio of 
d~-RRR-a-T to do-RRR-a-T in experiment 1 can be cal- 
culated to be 100/1.3 -- 76.9. Similarly, the apparent 
limiting ratio in experiment 2 (i.e., for a 1:1 mixture of 

TABLE 5 

The Dependence with Time of the Discrimination in the Uptake of Deuterated RRR- and SRR-a-Tocopherols in Experiment 2 a 

Day 

Tissue 1 2 4 4 8 16 32 64 154 

Lung 1.40 1.30 1.30 1.40 �9 1.20 1.50 1.90 1.90 2.60 
Liver 0.49 0.49 0.47 0.62 0.67 0.89 1.20 1.20 1.20 
Small intestine 1.30 1.30 1.20 1.20 1.10 1.40 1.50 1.70 1.80 
Plasma b 1.40 1.40 1.50 1.60 1.90 2.30 2.70 2.40 
Kidney 1.60 1.50 1.30 1.40 1.30 1.50 1.80 1.20 1.80 
Red blood cells b 1.70 2.10 2.00 2.00 2.50 3.10 3.50 3.60 
Heart  0.96 0.99 1.00 1.40 0.88 1.20 0.99 1.40 1.90 
Thymus 1.60 1.44 1.32 1.40 1.25 1.61 1.81 1.84 1.58 
Muscle (biceps femoris) 1.40 1.40 1.30 1.40 1.30 1.40 1.70 1.90 1.70 
Muscle (tibialis anterior) _ c  _ c  1.33 1.39 1.37 1.74 2.22 1.99 2.12 
Muscle (soleus) _ c  1.49 1.38 1.47 1.31 1.64 1.92 2.12 2.22 
Spleen 1.40 1.40 1.10 1.20 0.97 1.50 1.80 1.30 2.10 
Muscle (tensor fascia latae) _ c  1.51 1.26 1.42 1.23 " 1.53 1.69 2.02 1.65 
White adipose tissue (retroperitoneal) 1.40 1.30 1.40 1.40 1.20 1.50 _ d  2.10 1.90 
Aorta 1.54 1.25 1.16 1.34 1.20 1.41 1.73 1.70 1.68 
Brown adipose tissue {interscapular) _ c  _ c  1.66 1.61 1.42 1.55 1.57 1.40 1.19 
Diaphragm _ c  1.04 1.40 1.40 1.36 1.66 1.92 2.07 2.22 
Skin 1.04 1.00 1.14 1.22 1.09 1.33 1.26 1.44 1.39 
White adipose tissue (inguinal} _ c  1.65 1.56 1.52 1.28 1.52 1.60 1.61 1.55 
Brain _ c  _ c  1.50 1.30 1.40 2.30 3.20 4.00 5.30 
Testes 1.60 1.40 1.40 1.40 1.30 1.70 1.80 1.90 2.00 
White adipose tissue (epididymal) _ c  _ e  _ c  _ c  1.33 1.99 1.89 2.25 2.14 
Spinal cord _ c  _ c  1.34 1.31 1.24 1.70 2.40 2.89 3.69 

aValues of the ratio d6-RRR-a-T/d3-SRR-a-T are given for various times after switching the rats to the diet containing equal amounts 
of the two deuterated a-tocopherols. 
bMean values for blood drawn from several rats (except day 154): number of rats  (day no.)--4 (1), 7 (2), 6 (4), 4 (8), 3 (16), 2 (32}, 2 (64}. 
Single values for day 111 were 2.66 and 4.17 for plasma and red blood cells, respectively. 
CInsufficient deuterated tocopherols available to determine ratio accurately. 
dNot determined. 
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TABLE 6 

Absolute Concentrations of a-T and a-T Acetate (per Wet Wt) and Ratios d3-RRR-a-T/do-RRR-a-T (Experiment 1), d6-RRR-a-T/d3-SRR-a-T 
and {d6-RRR-a.T + d3-SRR-a-T)/do-RRR-a-T {Experiment 2) in Fecal Material Recovered from Large Intestine 

Experiment 1 Experiment 2 

a-Tocopherol a-Tocopherol acetate a-Tocopherol 
a-T-Ac d3-RRR/ d6-RRR/ d6-RRR/ (d6-RRR + d3-SRR)/ 

Day (nmol /g)  nmol/g do-RRR Day nmol/g d 3 - S R R  nmol/g d3-SRR do-RRR 

1 10 87 3.66 1 36 0.22 99 1.34 4.23 
2 8 71 10.55 2 19 0.43 99 0.97 6.53 
4 18 95 20.98 4 7 0.74 76 0.95 8.76 
4 19 75 17.04 4 42 0.45 109 1.06 12.64 
8 17 83 20.06 8 33 0.26 95 1.08 25.41 

16 16 95 24.91 16 90 0.21 108 1.95 31.90 
31 41 67 36.08 32 33 0.29 99 1.20 12.25 
65 34 84 69.91 64 137 0.33 66 2.59 58.74 
65 8 78 33.20 154 36 0.42 51 1.13 44.48 

d3-SRR-a-T and d6-RRR-a-T) can be calculated to be 
(100 + 100)/(0.26 + 0.13} -- 513. I t  is evident tha t  these 
limits are not at tained in either experiment.  

DISCUSSION 

The advantage of using deuterium-labeled a-T in conjunc- 
tion with GC-MS for studies of relatively long-term up- 
take and discrimination of vi tamin E is evident from the 
present  results. Our two experiments have yielded 
remarkably consistent results for the net rates of uptake 
of deuterated a-T by various tissues. The plots of O vs 
t ime for the tissues and blood show an unexpected and 
surprising degree of linearity. Even though there is a 
s teady influx of vi tamin E from the diet, this fact  alone 
is not sufficient to explain the linearity. Nevertheless, the 
empirically observed linearity of O has allowed us to ob- 
tain the first comprehensive picture of the biokinetics in 
the tissues and blood of a-T acquired under normal dietary 
conditions. Part icularly notewor thy  is the large range in 
the rates of net uptake of deuterated a-T into different 
tissues. This is dramatically i l lustrated by  the a-T half- 
lives (tl/2), which range from 8 days in the lung to 76 days 
in the spinal cord (see Table 4). Of course, the animals 
underwent  significant growth during the experiment (see 
Table 2) and therefore the total  quant i ty  of tocopherol 
was increasing in many organs and tissues because the 
size of the organs and tissues was increasing. Growing 
tissue would be expected to take up more tocopherol than 
it loses, and the new cells would be expected to contain 
mainly the deuterated (i.e., new) a-T. Growth would there- 
fore have the effect of increasing the ~ values compared 
to the values tha t  might  be obtained in mature  animals 
of stable weight. In growing tissues, the t,12 values will 
therefore tend to underestimate somewhat the actual time 
for a 50% turnover  of a-T. 

I t  is interest ing to note tha t  the ~ values were higher 
in lung, liver and small intestine than in plasma. This is 
easy to unders tand for the small intestine, since it is here 
tha t  the new (deuterated) a-T is being absorbed from food 
containing only deuterated a-T. We suggest  tha t  the 0 
values for the other two organs are higher than in plasma 

because uptake of a-T occurs most  rapidly soon after  
feeding, when both  the total  a-T concentrat ion and the 
0 ratio in the plasma are temporari ly elevated (25). This 
enhanced rate  of absorption at elevated a-T levels in 
plasma may be combined with a fairly rapid cell turnover 
in these tissues (i.e., the death of old cells with "old" 
do-RRR-a-T and the bir th of new cells with "new" 
dx-a-T). 

For organs whose weights remained essentially the 
same or increased only marginally during the experiment 
(e.g., brain, testes  and heart), t ,n  must  correspond quite 
closely to the t ime it took for 50% of the natural  a-T to 
be lost from a tissue by all chemical and physical pro- 
cesses. I t  remains to be seen to what  extent  the rate of 
turnover is determined by chemical consumption (by, for 
example, oxidation of a-T by lipid peroxyl radicals, which 
is not repaired by ascorbate or other water-soluble reduc- 
ing agents [2; 26 and references cited therein]) and by 
physical loss (e.g., cell death, exchange into plasma or 
lymph). 

A second major aspect of this work is tha t  it provides 
direct information regarding the pa t te rn  of tissue dis- 
crimination between two of the eight diastereoisomers of 
a-T. This gives us new insights into the reasons for the 
different bioactivities of individual stereoisomers, in- 
cluding, for example, the difference between natural  and 
all-rac-a-T. 

The results obtained from fecal material  suggest  tha t  
discrimination in favor of the natural  compound begins 
with the hydrolysis of the a-T acetates in the gut, i.e., 
before there has even been any absorption of the free 
phenol into the lymph. The simplest explanation for this 
would be tha t  RRR-a-T-Ac is more rapidly hydrolyzed 
than SRR-a-T-Ac, presumably because of the chirality of 
the active enzymes in the pancreatic juice (e.g., carboxyl  
ester  hydrolase) or the bile salts tha t  are necessary for 
hydrolysis to occur (25,27) or to both. However,  this ex- 
planation is not  consistent  with the result  obtained by 
Weber et al. (12), which showed tha t  the 2S-diastereoiso- 
mers are absorbed more rapidly within the first half-hour 
after  dosing. A possible explanation tha t  reconciles the 
results from both  experiments is tha t  the hydrolysis of 
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the 2S-diastereoisomers is faster  but  is more susceptible 
to inhibition by free tocopherol. The effects of inhibition 
and chiral discrimination upon the in vitro enzymic 
hydrolysis of a-T acetates are current ly  being investi- 
gated. 

Our discovery tha t  a small percentage of the a-T pres- 
ent in the fecal material is undeuterated after two months 
(experiments 1 and 2) and even after five months (experi- 
ment  2; see Table 5) suggests  tha t  a-T is " re tu rned"  to 
the gut  from at  least some tissues in the body of the rat.  
We presume tha t  this re turn  occurs by  t ranspor t  in the 
plasma and lymph with eventual excretion in the bile (ex- 
periments underway}. 

RBC exhibit  a moderate  chiral selectivity, relative 
to plasma, in favor of R R R - a - T  [(RRR}/(SRR}~J(RRR)/  
(SRR)pl .... -- 1.35, see Fig. 2]. We presume tha t  chiral 
discrimination by  the (chiral) phospholipids, cholesterol, 
proteins, etc., will be accentuated by the more s t ructured 
lipid environment of the RBC membranes compared with 
the more "re laxed"  environment  of the plasma lipopro- 
reins. In this regard, a t t empts  to measure chiral effects 
in model phospholipid vesicles by various nuclear mag- 
netic resonance methods have not  been successful {28}. 

The unique behavior of the liver, in which there is an 
initial discrimination in favor of the unnatura l  SRR-a-T  
for ca. 3 wk, suggests tha t  it possesses a mechanism by 
which SRR-a-T  is selectively extracted from the lymph 
(25) and/or a mechanism tha t  selectively "expor t s"  R R R -  
a-T into lipoproteins tha t  enter the blood plasma. Lipid 
"expor t "  from the liver is known to involve the very low 
density lipoproteins (VLDL) and is likely to be accom- 
panied by  vi tamin E "expor t . "  Indeed, an a-T t ranspor t  
protein, which is present  in ra t  liver cytosol but  not  in 
other  tissues {29-32}, has been identified and shown to 
be fairly specific for the natural  stereoisomer (31}. We 
therefore suggest  tha t  this protein is active in transport-  
ing RRR-a-T  into the lipoproteins synthesized in the liver, 
i.e., RRR-a -T  is selectively "exported."  There is, presum- 
ably, also some mechanism for the removal of SRR-a-T  
from the liver. However, it appears to take some weeks 
to become fully activated. 

The very  s t rong long-term discrimination by ra t  brain 
in favor of (natural} R R R - a - T  and the very  slow uptake  
of a-T into spinal cord have potential  consequences for 
human nutr i t ion and the t rea tment  of neurological 
diseases associated with vitamin E deficiency {33,34}. The 
high degree of discrimination implies tha t  the rat  brain 
will take up less of the ambo-a-T t h a n R R R - a - T  from diets 
that  contain the same amount of both. The biokinetic data  
support  this. The difference between the k values for ex- 
periments 1 and 2 is most  marked for the brain (see 
Table 4). This result  s t rongly suggests  tha t  a diet (dose} 
of natural  a-T will be significantly more "available" to 
the brain than  an equivalent diet {dose} of synthet ic  
all-rac-a-T. 

I t  seems likely tha t  the high discrimination shown by 
the brain and to a lesser extent  by the spinal cord is a 
result  of the "blood-brain barrier." Possibly, a-T enters 
these tissues by passive diffusion across several mem- 
branes. This would be slow, and by  analogy to the RBC, 
would tend to favor the natural  stereoisomer. 

The other  tissues show no enhancement  of the R R R /  
S R R  ratio relative to plasma. This is probably because 
a-T uptake by tissue occurs in conjunction with the 

uptake of other  lipidic material, there being, therefore, 
little chance of chiral discrimination at the point of entry 
of the tocopherol into the cell. Thus, a-T is known to be 
present  in all lipoprotein fractions, and two mechanisms 
have been identified by which a-T is t ransferred from 
human lipoproteins to tissue. First,  the specific, high af- 
finity, low density lipoprotein (LDL) receptor mechanism 
(35} has been shown to be involved in the delivery of 
vi tamin E from human LDL to human fibroblast cells 
{36,37}. Second, a-T present  in human chylomicrons has 
been shown to t ransfer  to human erythrocytes  and fibro- 
blasts during the hydrolysis of triglycerides by  lipopro- 
tein lipase, and for this t ransfer  to occur the lipase must  
itself bind to the cell membrane (38}. The second of these 
two mechanisms is probably the more impor tant  in the 
rat  (39}; the R R R / S R R  ratio in most  tissue should at least 
parallel the R R R / S R R  ratio in the plasma. The mecha- 
nism by which a-T is t ransferred to or from tissue by the 
high density lipoproteins (HDL) has not apparently been 
identified, al though a-T in human H D L has been shown 
to t ransfer  readily to human ery throcytes  (40}. 

Finally, our results raise serious questions regarding 
the validity of and reliance upon current animal bioassays 
for evaluating the biopotencies of different tocopherols. 
As far as the stereoisomers of a-T are concerned, it would 
seem tha t  both  the durat ion of the tes t  period and the 
tissue(s) tha t  give the observed symptoms of deficiency 
and cure could affect the derived biopotency. 
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The high mortality rate from coronary heart disease 
(CHD} among Indians compared to Negroes in Trinidad 
led us to test  plasma lipid profiles to see whether dietary 
or genetic factors might be involved. There were no inter- 
racial differences in the composition of plasma cholesterol 
ester fatty acids of the tested women and neonates.  This 
finding suggests  that dietary fat does not account for the 
interracial difference in CHD, nor does the cause appear 
to be due to genetic differences in lipid profiles, as there 
was no significant difference between values for plasma 
triglycerides, total  cholesterol, high density lipoprotein 
{HDL} cholesterol, apo-I, ap~II,  apo B or cholesterol ester 
fatty  acids in the cord blood of each racial group. 

Blood samples were collected from 69 nonpregnant and 
71 postpartum, fasted Negro and Indian women. Also 
taken were 71 umbilical cord blood samples. The mean 
triglyceride level was significantly lower in the Negro 
nonpregnant and postpartum women than in the Indians. 
HDL cholesterol and apo-I values were lower in the 
Indian women. There were no significant differences in 
the total  cholesterol and apo B measurements.  The tri- 
glyceride values for postpartum women were higher than 
those of the nonpregnant Negroes and Indians (75% and 
47%, respectively}, whereas the total cholesterol and HDL 
cholesterol, apo A-I and apo A-II ranged from 9% to 29% 
higher in the postpartum women. Apo B was about 40% 
higher postpartum in both ethnic groups. 

The high CHD rate of Indians in Trinidad cannot be 
explained by dietary factors, plasma total  cholesterol or 
fatty acid composition. However, the lower level of HDL 
cholesterol and plasma A-I could play a role in the higher 
CHD rate in Indians. 
Lipids 22, 173-177 (1987). 

Coronary heart disease (CHD} risk increases with increas- 
ing concentration of total or low density lipoprotein (LDL) 
cholesterol and decreases with an increased high density 
lipoprotein (HDL) cholesterol concentration (1,2). Ele- 
vated plasma triglycerides and very low density lipopro- 
tein (VLDL) levels have also been associated with an in- 
creased CHD risk, but this association may be related to 
the effect of other lipoproteins, such as the reduction of 
HDL (3-5). However, a reduced level of HDL cholesterol 
is found in some populations where the incidence of 
ischemic heart disease is rare (6,7). It has been suggested 
that  the prediction for CHD risk could be improved by 
simultaneous determination of lipoproteins and apopro- 
reins (8). 

*To whom correspondence should be addressed at Northwest Lipid 
Research Clinic, 396 Ninth Ave., Rm. 465, Seattle, WA 98104. 

CHD is the highest single cause of mortality in Trinidad 
{9). The difference between the rates of CHD for the Negro 
and Indian populations has been attributed to the high 
prevalence of diabetes mellitus and to the elevated con- 
centrations of serum cholesterol evident in Indians in 
Trinidad and elsewhere I10,11}. A 1982 study by Miller 
et al. (12) confirmed that Indian men in Trinidad have an 
unfavorable lipoprotein profile, with an elevation of 
VLDL and LDL triglycerides and cholesterol and a reduc- 
tion in HDL cholesterol. But Miller's 1985 study {13) on 
serum HDL subclasses, testosterone and sex-hormone- 
binding globulin did not offer any explanation for a lower 
serum HDL level in Indians compared with Negroes in 
Trinidad. 

Dietary and genetic factors may explain the differences 
in mortality rate from CHD between these two racial 
groups. The quantity and composition of dietary fat af- 
fect serum lipids and lipoproteins. One usually associates 
a high serum cholesterol level with populations consum- 
ing high dietary fat {14). However, the only food survey 
{15) carried out in Trinidad showed that Indians purchase 
more cereals, grains, vegetables and fish and less milk, 
dairy products, oil and fat than other racial groups in 
Trinidad. To date, these data have not been substantiated 
with detailed studies of dietary consumption. Analysis 
of the fatty acid composition of plasma cholesterol esters 
provides a limited assessment of both the composition 
(16) and quantity {17) of consumed dietary fat. Reduced 
concentration of dienoic fat ty acid in plasma cholesterol 
esters has also been associated with development of 
myocardial infarction (18). 

This study investigates the differences in plasma lipids, 
lipoproteins, apoproteins and fat ty acid composition of 
plasma cholesterol ester in normal women of Negro and 
Indian descent in Trinidad. The comparative study was 
extended to include plasma from cord blood and from 
women after delivery, to see if there were differences in 
lipid profile at birth. While marked differences in the fatty 
acid composition of cholesterol esters of maternal and 
cord blood samples have been found within races (19), the 
difference between races has not been studied. 

SUBJECTS AND METHODS 
The postpartum subjects for this study were all women 
who came for delivery during the month of April 1984 
at the Sangre Grande County General Hospital, Trinidad. 
This hospital serves the entire St. Andrews area, where 
the major ethnic groups are Negroes and Indians. The 
ethnicity of each participant was defined by the race of 
the subjects' grandparents ("Indian" or "Negro" if three 
of four grandparents were purely of that race). The study 
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had the permission of the Government Chief Medical Of- 
ficer, and participants gave informed consent to all 
procedures. 

Participants were free of gestational complications, and 
delivery occurred between 37 and 40 wk. Patients fasted 
from 10 to 13 hr prior to delivery, and blood was collected 
by antecubital venipuncture within 15 min postpartum. 
Cord blood was drained from the placental end of the um- 
bilical cord immediately after transection. The blood sam- 
ples were anticoagulated with EDTA {1 mg/ml} and kept 
on ice until plasma could be separated by a 15-rain cen- 
trifugation at 1500 X g. This was accomplished within 
an hour of collection, after which samples were kept frozen 
at - 2 0  C and shipped to participating laboratories. 

Blood was also obtained from fasted nonpregnant 
women who were attending the Family Planning Clinic 
at Sangre Grande, after the purpose of the study had been 
explained to them. They were not on any contraceptive 
pill at the time of the study. 

All subjects were interviewed, and details of age, oc- 
cupation of spouse, dietary habits, sources and amounts 
of dietary fat, alcohol use, tobacco use, reproductive his- 
tory and gestational history were recorded on a standard 
questionnaire. Physical parameters recorded included 
adult height and weight {antepartum of mothers} and 
neonatal weight, sex, length and head circumference. 

Determination of total HDL cholesterol and triglycer- 
ides. The procedure used was that described in the Lipid 
Research Clinics Program Manual {20}. For HDL choles- 
terol determination, 0.15 ml of 1 M MnC12 and 0.12 ml 
of 35 mg/ml heparin IRiker Laboratories, Northbridge, 
California} were added to a 3-ml aliquot of plasma. 

Cholesterol of the supernatant fraction and the plasma 
triglyceride was analyzed with a Technicon Auto Ana- 
lyzer II fTechnicon Instruments Corp., Terrytown, New 
York} {20}. For cholesterol analysis, the coefficient of 
variation was 2%. For triglyceride analysis, they were 3% 
and 4%, respectively. 

Determination of apo A-I  and A-II. The method used 
was as described by Albers et al. {21} and Cheung and 
Albers {22}. Plasma aliquots were diluted with an equal 
volume of 8.4 M, 1,1,3,3-tetramethylurea {TMU} and 
mixed. The TMU plasma mixture was diluted with Tris- 
Urea and incubated at room temperature. Agarose radial 
immunodiffusion plates were prepared as described 123}. 
From each sample, 0.4 ~l was drawn and added to 
duplicate wells chosen in different quadrants of the plates. 
The plates were placed in a humid chamber at 37 C until 
the precipitate rings attained their final size, which was 
usually after 48 hr. The precipitate rings were measured 
and, using the square of the diameter of the precipitate 
ring and the concentration of the standard, the values for 
apo A-I and apo A-II for each sample were computed. The 
coefficient of variation for the assay was 7% for apo A-I 
and 6-10% for apo-II. 

Determination of apo B. Apo B was quantified by the 
double antibody immunoassay technique described by 
Albers et al. 124}. Briefly, 10 ~l of plasma was diluted with 
90 ~1 of RIA buffer t20 mM borate, 150 mM NaC1, 1 mM 
disodium EDTA, 6% bovine serum albumin, pH 8.0} fol- 
lowed, in order, by addition of 100 ~1 of "~I-LDL {65 ~g/ml} 
and 100 ~1 of anti-LDL {about 1:240 dilution}. The mix- 
ture was incubated for 24 hr at 4 C. Then, 100 ~1 of diluted 
{about 1:50} normal rabbit serum and 300 ~l of 

sheep anti-rabbit IgG were added to each tube, mixed, 
and incubated for 14-18 hr at 4 C. The samples were cen- 
trifuged, the supernatant was decanted and the precipi- 
tate was washed twice with RIA buffer. A set of stan- 
dards and quality control samples were also included in 
the assay. Radioactivity in all tubes was determined. The 
percentage '2~I-LDL bound was calculated, and the rela- 
tionship between antigen bound and log dose was linear- 
ized by unweighted least square regression of the logit 
of the percentage antigen bound vs log dose. 

Fatty acid determination. The fatty acid composition 
of five samples of dietary oil, collected from the city of 
Sangre Grande, as well as cholesterol esters from 33 pairs 
of maternal and cord sera were determined. Lipids were 
extracted by the method of Folch et al. {25) and separated 
by thin layer chromatography on 0.5-mm silica gel H 
plates IE. Merck, Darmstadt, Federal Republic of Ger- 
many}; the solvent system comprised petroleum ether 
IB.P. 40-60 C}, diethyl ether and glacial acetic acid {160: 
30:5, v/v/v}. Lipid fractions were localized with rhodamine 
G, scraped into extraction tubes and extracted into 
chloroform. Cholesterol esters were hydrolyzed, and the 
fatty acids were methylated with BF3 in methanol. After 
extraction with petroleum ether, the fatty acid methyl 
esters were separated using a gas chromatograph {Model 
427, Packard Instruments International, Talstrasse 39, 
Zurich, Switzerland} with a flame ionization detector. The 
chromatograph was fitted with 180 cm X 2 cm glass col- 
umn packed with Chromabsorb W-AW {100-120 mesh} 
coated with 10% lw3w} Silar 5 CP. The proportions of the 
six principal fat ty acids IC16:0, C16:1, C18:0, C18:1, 
C18:2, C20:4} were calculated on the basis of the mass of 
their methyl esters. Accuracy of estimation of an internal 
standard ranged from 0.33% to 1.5% for major fatty acids 
{C16:0, C18:1, C18:2} and from 1.9% to 3.3% for minor 
fat ty acids. 

Statistical analysis. Mean and standard deviation of 
mean were calculated by standard methods. Because the 
distributions of values for plasma triglycerides and HDL 
cholesterol were skewed, a logarithmic transformation 
was carried out before statistical analysis. Linear regres- 
sion coefficients were calculated and used to determine 
relationships between the parameters. Student's t-test 
was used to compare the mean values, and values with 
p < 0.05 were regarded as significant. 

RESULTS 

As shown in Table 1, there were no significant interracial 
differences in the mean value of plasma cholesterol for 
postpartum women, nonpregnant women or neonates. 
The transformed mean values for the plasma triglyceride 
for both nonpregnant and postpartum women were sig- 
nificantly higher IP < 0.005} in the Indians than in the 
Negroes. However, there was no significant difference in 
triglycerides between Negro and Indian neonates. 

The geometric mean values for the HDL cholesterol 
were significantly lower {p < 0.001} in the nonpregnant 
Indian women than in their Negro counterparts, but the 
difference in these levels in the postpartum women did 
not reach statistical significance. There was no difference 
in the values for the neonates. The ratio of HDL choles- 
terol to total cholesterol for the neonates was almost dou- 
ble the value for the women. There were no significant 
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TABLE 1 

Plasma Lipids and Lipoprotein Concentrations in Negro and Indian Women and Neonates (Mean +_- SD) 

Total Antilog Log 
Subjects Weight Height chol. Log triglyc ~ HDL 
(number) Age (yrs} (kg) (cm) (mg/100 ml} triglyc (mg/100 ml)T chol 

Antilog 
HDL chol 

(mg/lO0 ml) 

HDL chol 

Total chol 

Nonpregnant 
Negroes (36) 26.8 • 6.2 65.0 • 14 162 • 7 188 • 40 1.91 • 0.17 81 1.64 • 0.11 
Indians (33) 25.5 + 5.4 60.8 • 16 155 • 5 188 • 53 2.09 • 0.25 123 1.54 • 0.12 

Mothers 
Negroes (37) 24.9 +_ 5.6 66.4 • 13 163 • 7 216 • 33 2.15 • 0.13 142 1.68 • 0.11 
Indians (34) 25.2 _ 5.5 65.1 • 13 159 • 6 210 • 38 2.25 • 0.13 178 1.64 • 0.11 

Neonates 
Negroes (37) -- 3.3 • 0.4 50 • 4 62 • 15 1.53 • 0.19 34 1.39 • 0.10 
Indians (34) - -  3.0 ---- 0.4 48 • 3 60 • 12 1.52 + 0.18 33 1.37 • 0.10 

44 
35 

48 
44 

25 
23 

0.25 • 0.07 
0.22 • 0.07 

0.24 • 0.05 
0.23 • 0.06 

0.44 • 0.08 
0.42 • 0.07 

HDL, high density lipoproteins; chol, cholesterol; triglyc, triglycerides. 
tGeometric mean: antilog of the mean of the log values. 

TABLE 2 

Plasma Apoprotein Concentrations in Negro and Indian Women and Neonates (Mean • SD) 

HDL chol 
Apo A-I Apo A-II Apo B Apo A-I Apo A-I + Total chol 

Subjects (number) Age (yrs) (mg/100 ml) (mg/100 ml) (mg/100 ml) Apo A-II Apo A-II Apo B 

Nonpregnant 
Negroes (36) 26.8 + 6.2 138 • 28 27 +_ 5 98 +- 28 
Indians (33) 25.5 • 5.4 119 • 28 25 + 5 100 + 33 

Mothers 
Negroes (37) 24.9 • 5.6 153 • 27 32 • 5 136 + 35 
Indians {34) 25.2 _+ 5.5 154 • 26 32 • 6 141 • 41 

Neonates 
Negroes (37) -- 96 • 18 23 _+ 4 32 • 9 
Indians (34) -- 91 • 17 22 • 4 33 • 9 

5.10 + 0.89 0.25 - 0.05 1.96 + 0.26 
4.80 • 0.83 0.24 + 0.04 1.87 • 0.22 

4.83 • 0.77 0.24 + 0.06 1.73 • 0.25 
4.84 + 0.95 0.22 + 0.06 1.55 • 0.19 

4.35 +_ 0.72 0.21 __ 0.05 2.02 +_ 0.35 
4.31 • 0.77 0.21 • 0.05 2.04 • 0.37 

HDL, high density lipoproteins; chol, cholesterol. 

differences in  the  va lues  of the  ra t io  be tween  the  adu l t s  
of the  two e thn ic  groups .  

The m e a n  apo A-I  va lue  for the  n o n p r e g n a n t  Negro  
women  was s igni f icant ly  higher  {p < 0.005} t h a n  the  mean  
for the  n o n p r e g n a n t  I n d i a n  women  {Table 2}. This  differ- 
ence was  a b s e n t  in  the  p o s t p a r t u m  w o m e n  and  the  
neona tes .  There  were no  s ign i f i can t  differences in  the  
va lue  of apo A - I I  for the  pa i red  g roups  of n o n p r e g n a n t  
women,  p o s t p a r t u m  women  or neonates .  Similarly,  there  
were no s ign i f i can t  differences in  the  m e a n  va lue  of apo 
B for each of the  pa i red  groups.  The  ra t io  of apo A-I  to 
apo A- I I  was no t  s ign i f i can t ly  d i f ferent  in  the  nonpreg-  
n a n t  and  p o s t p a r t u m  women,  b u t  th is  ra t io  was  signifi- 
can t ly  lower for the neona tes  t h a n  the values  for the adul t  
Negro  and  I n d i a n  w o m e n  {P < 0.025}. Similar ly ,  the  ra t io  
of H D L  cholesterol  to  apo A-I  + apo A - I I  was  no t  sig- 
n i f i can t ly  di f ferent  in  the  Negroes  and  I n d i a n  nonpreg-  
n a n t  and  p o s t p a r t u m  women.  The va lue  of th is  ra t io  for 
the  n e o n a t e s  was  s ign i f i can t ly  smal ler  compared  wi th  
va lues  for n o n p r e g n a n t  and  p o s t p a r t u m  Negro w ome n  (p 
< 0.02} and  for n o n p r e g n a n t  I n d i a n  women  (p < 0.025}. 

The  differences in  the  to ta l  cholesterol  to apo B ra t io  be- 
tween  the  Negroes  a nd  I n d i a n s  in  each g roup  were no t  
s igni f icant ,  b u t  the  m e a n  ra t ios  for n o n p r e g n a n t  women  
were h igher  t h a n  the  va lues  for p o s t p a r t u m  women.  The  
differences in  th is  ra t io  be tween  p o s t p a r t u m  w omen  and  
n e o n a t e s  were s ign i f i can t  (p < 0.001). 

A l t h o u g h  d ie t a ry  descr ip t ion  was  no t  suff ic ient  to 
t yp i fy  the  d i e t a ry  hab i t s  of the  d i f ferent  racial  groups ,  
ana lys i s  of the  five types  of cooking oil used,  as recorded 
on ques t ionna i re s ,  revealed  t h a t  the  oils were near ly  
ident ica l  in compos i t i on  a nd  had  P/S ra t ios  be tween  3.8 
a nd  4.5. 

DISCUSSION 

Nonpregnant  women. In  the  p r e se n t  s tudy ,  i t  has  been  
conf i rmed  t h a t  in T r i n i d a d  n o n p r e g n a n t  I n d i a n  women  
in the  age g roup  of 20 to  30 yr  have  high p l a s m a  tri- 
glycerides and  low H D L  compared  wi th  va lues  for Negro 
w ome n  of the  same age. U n t i l  now, p l a s m a  apopro te ins  
and  cholesterol ester  fa t ty  acid composi t ion have not  been 
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investigated in Indians and Negroes. Indian nonpregnant 
women had a geometric mean plasma triglyceride value 
about 50% higher than Negroes, a lower HDL cholesterol 
geometric mean and lower plasma apo A-I and apo A-II 
levels. The mean plasma total cholesterol and apo B 
values were not significantly different. Mean values of 
81 mg/100 ml for plasma triglycerides and 44 mg/100 ml 
for HDL cholesterol in the nonpregnant Negro women in 
the present study were not significantly different from 
the values found by Miller and Gibson (26) for Negroes 
in rural Caribbean communities. Our value of 135 +_ 
28 mg/100 ml for apo A-I in the nonpregnant Negro 
women is significantly higher than the value of 119 +_ 
28 mg/100 ml for the Indian nonpregnant women. 

In agreement with other studies (21,22,27,28) the apo 
A-I was significantly correlated with HDL cholesterol in 
both Negroes and Indians, but the correlation between 
total cholesterol and apo B was only significant for the 
nonpregnant women. The values of apo B, 98 + 28 mg/ 
100 ml and 100 _ 35 mg/100 ml for the nonpregnant 
Negroes and Indians, respectively, are similar to the 
Lowry protein value of 100 _+ 23 mg/100 ml obtained for 
apo B for Caucasian women of the age range 20-29 years 
(24). The ratio of HDL cholesterol/total cholesterol that 
has been suggested to be a useful factor in assessing risk 
of atherosclerosis (29,30} was recently shown to be related 
to age, sex, race and gonadal hormone use (30). In the 
present study, there were no significant differences in this 
ratio for the two ethnic groups; however, the value of this 
ratio was much lower than the value obtained for African 
women in a similar study (31). 

Postpartum women. The hypertriglyceridemic and 
hypercholesterolemic effect of pregnancy is a well-known 
characteristic (32,33), but there appears to be some varia- 
tion in the degree of hyperlipidemia in different com- 
munities. In the present study, the maindifferences be- 
tween nonpregnant Negro and Indian women persisted 
in pregnancy, although to a lesser extent when the ab- 
solute values of triglycerides and HDL cholesterol were 
considered. The most prominent change in pregnancy was 
in the plasma triglyceride geometric value, with an in- 
crease of 75% and 45% over the values for nonpregnant 
Negroes and Indians, respectively, while the increase in 
total cholesterol, HDL cholesterol, apo A-I and apo A-II 
was from 9% to 29%. In a similar study (31) of African 
women of the same income status, a much higher increase 
in triglycerides, total cholesterol and HDL cholesterol 
was observed. The ratios of HDL cholesterol/total 
cholesterol, apo A-I/apo-II and HDL cholesterol/(apo A-I 
+ apo A-II) for both pregnant and nonpregnant women 
were not significantly different, which suggests similar- 
ity in HDL composition. This finding confirms an earlier 
report of Hillman et al. (34). 

The hypertriglyceridemia in pregnancy is due to an 
enhanced entry of triglyceride-rich lipoproteins into the 
circulation rather than to a diminished removal (35). This 
physiological adaptation would serve to make triglyceride 
fat ty acid available to all tissue, including the placenta 
and the fetus. Although there is evidence to support the 
hormonal basis for the hyperlipidemia of pregnancy, a re- 
cent study has shown that the hypercholesterolemia in 
pregnancy could be ameliorated with a reduction in 
dietary cholesterol intake (36}. A comparison of values 
obtained for plasma total cholesterol and triglycerides in 

two previous studies among Nigerian women showed a 
further increase in their levels during delivery compared 
with the value for the third trimester of pregnancy {37}. 
This increase could be due to the effect of stress of labor 
during delivery. 

Neonates. The cord blood samples were studied to 
detect any interracial differences that might exist at 
birth. Any such findings might suggest genetic rather 
than environmental causes for the differences between 
races. No significant differences were observed in plasma 
values of triglycerides, total cholesterol, HDL cholesterol, 
apo A-I, apo A-II or apo B, but their concentrations were 
below the values for the nonpregnant women. The total 
cholesterol values were similar to those reported by 
Glueck et al. (38} in their study of 1800 babies. A reported 
range of 54-66% of the adult apo A-I concentration in 
neonates {17,36} was slightly below the 71% and 76% ob- 
tained in the present study. The mean plasma HDL 
cholesterol in neonates was more than 50% of the non- 
pregnant mean, and it constituted more than 40% of the 
plasma total cholesterol of the neonates. 

So far, there are few reports on the composition of 
lipoprotein classes in the cord blood. It has been shown 
that the composition of LDL and HDL of human um- 
bilical cord serum is similar to that of the adult, but that 
the VLDL of cord blood is lower in triglyceride and higher 
in protein content than that from adults {39,40}. It has 
also been shown that the composition of VLDL has no 
simple correlation with birth weight, sex or gestational 
age (40). While it is reported that the distribution of 
lipoproteins is different in cord blood compared with that 
of the adult (41), the significance of the high ratio of HDL 
cholesterol to total cholesterol and its decline to the adult 
level has not been fully investigated. It is of interest to 
note that the value of this ratio obtained in the present 
study is not different from that  obtained by Taylor et al. 
(31) in a similar study of Africans. In the present study, 
the ratios of HDL to apo A-I + apo A-II and apo A-I to 
apo A-II for the neonates were significantly different from 
the values for adults, with the relative percentages of 
these ratios ranging from 80% to 90% of the values for 
the nonpregnant women. 

The high prevalence of diabetes mellitus among Indians 
compared to Europeans (42), Negroes (10) and Africans 
(43) has been suggested to be the main predisposing fac- 
tor in explaining the high mortality rate of CHD among 
Indians. However, it has been reported that  diabetes 
mellitus was less common among Indians before the age 
of 25 (42) and that juvenile diabetes was also rare among 
Indians (43). The mean age of the Indian subjects in the 
present study is about 25. It  is therefore probably not 
likely that the high prevalence of diabetes meUitus among 
the Indians could explain the lipid profile of this group 
of subjects. Moreover, no specific factor has been found 
to explain the high prevalence of diabetes meUitus among 
Indians. 

In an attempt to exclude dietary factors, the plasma 
lipids, lipoprotein, apoprotein and cholesterol ester fatty 
acid composition of maternal and cord were studied, but 
the results did not provide any evidence of differences in 
lipid profile of Indians and Negroes at birth (Table 3). 
Thus, it appears that, as in a recent study of diet and 
CHD in Asian residents of London (44), the high CHD 
rate of the Indians in Trinidad cannot be explained by 
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TABLE 3 

Plasma Cholesterol Ester Fatty Acid Composition in Two Racial Groups in Trinidad 

Maternal Cord 

Negroes Indians Negroes Indians 
Fatty acids (n = 11) (n = 9) (n = 11) (n -- 9) 

C14:0 1.0 + 0.9 0.8 + 0.6 1.52 + 2.3 a 0.9 + 1.1 
C16:0 12.1 • 1.6 12.8 + 2.0 16.9 • 3.5 16.7 +_ 2.9 
C16:1 4.0 __ 1.6 4.0 • 1.5 6.3 • 2.1 7.3 • 1.9 
C18:0 1.1 • 1.2 1.5 • 1.5 5.1 • 1.5 4.7 + 1.3 
C18:1 17.9 • 3.3 16.1 • 1.2 26.3 • 4.0 28.5 • 7.0 
C18:2 51.0 • 7.8 52.7 + 5.0 23.3 • 7.6 23.1 + 5.8 
C20:4 8.7 • 2.9 7.8 • 2.8 18.3 • 3.9 12.7 • 4.4 
Saturated 14.2 +_ 1.3 15.2 + 1.5 23.5 • 2.5 22.2 • 1.9 
Monosaturated 21.9 • 2.6 20.1 + 1.4 32.5 • 3.2 35.8 + 5.4 
Polyunsaturated 59.7 • 5.6 60.5 • 4.1 41.6 + 6.1 40.8 • 5.2 

aMean (%) • SD. 

dietary factors, p l a sma  tota l  cholesterol or fa t ty  acid com- 
posit ion. However,  the lower level of H D L  cholesterol and  
p l a s m a  apo A-I  could p lay  a role in  the  h igher  CHD  ra te  
in  the  Ind ians .  
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Membrane Fatty Acid Modification in Tumor Cells: 
A Potential Therapeutic Adjunct 1 
C. Patrick Burns and Arthur A. Spector* 
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The fatty acid compositions of several tumors have been 
modified sufficiently to alter some of their properties and 
functions. These modifications were produced in culture 
by adding specific fatty acids to the growth medium or 
by feeding fat-supplemented diets to tumor-bearing mice. 
The phospholipid fatty acid composition of the plasma 
membrane was modified, but there were no changes in 
membrane phospholipid or cholesterol content or in 
phospholipid head group composition. Each of the most 
abundant membrane phosphoglyceride fractions ex- 
hibited some degree of fatty acid modification. Electron 
spin resonance measurements with nitroxystearate spin 
probes indicated that the fatty acid modifications were 
sufficient to alter the physical properties of the plasma 
membrane. The K: for methotrexate uptake was reduced 
when the L1210 leukemia cells were enriched in linoleic 
acid. Even when the kinetics of uptake at 37 C were not 
altered, such as for melphalan and phenylalanine uptake, 
the temperature transition of transport was modified, in- 
dicating that these transport systems also are responsive 
to the membrane fatty acid modifications. Enrichment 
with highly polyunsaturated fatty acid did not affect 
either the growth rate or radiosensitivity of the L1210 
leukemia. However, the sensitivity of the L1210 cells to 
the cytotoxic effects of Adriamycin and hyperthermia 
was increased. These findings suggest the possibility that 
fatty acid modification of tumors may be a useful adjunct 
to certain currently available therapeutic modalities. 
Lipids 22, 178-184 (1987). 

The fa t ty  acid composition of cultured cells can be 
modified extensively by changing the type and amount  
of lipid contained in the growth medium (1). This is due 
to the fact tha t  when fa t ty  acids are available in the ex- 
tracellular fluid, they are utilized preferentially, and de 
novo fa t ty  acid synthesis is suppressed (2). Tumors also 
derive most of their fa t ty  acid from the extracellular fluid 
when an adequate supply of lipid is available (3). There- 
fore, as in the case of nonmalignant cells, it seemed likely 
tha t  the membrane fa t ty  acid composition of tumor  cells 
also might be susceptible to fairly extensive modification. 
We have explored this approach because of the possibil- 
i ty  tha t  certain lipid modifications might  make a tumor  
more sensitive to clinically useful therapeutic modalities. 
This review summarizes the types of lipid modifications 
tha t  we have been able to produce, both in culture and 
in the tumor-bearing host, and the effects of these manip- 
ulations on the properties and function of the tumor cells. 

EXPERIMENTAL METHODS 

The L1210 murine leukemia was grown in male DBA mice 
(4), and the Ehrlich ascites tumor was grown in male CBA 
mice (5). In the dietary modification studies, the mice were 

'Presented at the symposium on Lipids and Cancer held during the 
joint meeting of the AOCS-JOCS in Honolulu, May 1986. 
*To whom correspondence should be addressed at the Department 
of Biochemistry, University of Iowa, Iowa City, IA 52242. 

given a basal fat-deficient mixture  supplemented with 
either 16% coconut oil {saturated fat) or 16% sunflower- 
seed oil {polyunsaturated fat). These diets were fed to the 
mice for 4 wk prior to intraperi toneal  inoculation of the 
tumor,  and the diet was continued during tumor  growth 
{4,5}. The L1210 leukemia and Ehrlich ascites carcinoma 
cells also were maintained in culture {6,7). Additional 
studies were done with cultured Y-79 retinoblastoma cells 
{8), Friend erythroleukemia cells (9) and hepatoma 7777 
cells (10). 

Transpor t  studies were done with intact  cells using 
radioactive isotopes and rapid separation procedures for 
removing the incubation medium {4,5,8}. Growth rate was 
measured by counting the cells or following the incorpora- 
tion of [3H]thymidine {11). Electron spin resonance was 
assayed with either the 12- or 5-ni troxystearate  probes 
incorporated into isolated plasma membrane fractions 
prepared from the L1210 or Ehrlich ascites cells {4,7}. 
Phospholipids were separated by thin layer chromatog- 
raphy, and fa t ty  acids were assayed by gas liquid chro- 
matography  after t ransmethyla t ion  (5). In the radiation 
sensit ivity study, cells were irradiated at room tempera- 
ture with a GE Maxitron x-ray machine at 250 kVp and 
20 mA. The hyper thermia  studies were done using a cir- 
culating water  ba th  in which the tempera ture  was main- 
tained within ___0.02 C {12). Cell survival was assessed 
with a soft agar clonogenic assay at  37 C for 1 wk in a 
medium containing 20% horse serum {12). 

RESULTS AND DISCUSSION 

Membrane fatty acid modifications. Considerable changes 
in the fa t ty  acid composition of tumor  cells can be 
achieved, either by growth of the tumor  in animals fed 
different fat-supplemented diets {13,14) or in culture by 
varying the lipids added to the medium (7,8,1~J. Table 1 
summarizes the changes tha t  occur in the plasma mem- 
brane of L 1210 murine leukemia cells and E hrlich ascite s 
carcinoma cells when they are grown in mice fed a diet 
rich in sa tura ted  fat, as compared with polyunsatura ted  
fat. When exposed to saturated fat, the L1210 membrane 
contained twice as much monoenoic, but  only half as 
much polyenoic, fa t ty  acid. The saturated fa t ty  acid con- 
tent  was essentially unchanged. These changes were asso- 
ciated with a large increase in oleic acid (18:1; number  of 
carbon atoms:number of double bonds) and a large de- 
crease in linoleic acid (18:2). There was little or no change 
in the content  of the other major membrane fa t ty  acids-- 
palmitic {16:0), stearic (18:0) or arachidonic (20:4). Similar 
f a t ty  acid modifications were produced in the plasma 
membranes of Ehrlich ascites carcinoma cells grown in 
mice fed these diets. In both cases, the effects were con- 
fined to the membrane fa t ty  acid composition, and there 
was no change in membrane phospholipid content,  
cholesterol content  or phospholipid head group composi- 
tion {4,15}. Therefore, what occurs is a substitution of fat- 
ty  acyl groups within the same phospholipid framework 
of the membrane. 
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TABLE 1 

Fatty  Acid Composition of Plasma Membrane Obtained from Tumor Cells 
Grown in Mice Fed Diets Rich in Saturated or Polyunsaturated Fat a 

Fatty acid 

Membrane composition (%}b 

Ehrlich ascites carcinoma L1210 leukemia 

Saturated fat c Polyunsaturated fat Saturated fat Polyunsaturated fat 

16:0 14.5 • 0.5 14.0 • 1.6 18.2 • 0.2 18.9 • 1.4 
16:1 3.4 • 0.8 2.3 • 0.5 3.1 • 0.3 tr d 
18:0 23.3 • 0.8 23.2 + 1.0 14.4 • 0.9 20.0 • 1.3 
18:1 24.3 • 2.4 11.0 • 1.7 33.1 • 0.6 17.2 • 1.0 
18:2 8.1 • 1.2 17.6 • 1.6 7.7 • 0.4 22.9 • 1.1 
20:4 8.7 • 3.1 9.1 • 2.2 6.6 • 0.2 7.6 • 0.9 
22:4 0.6 • 0.3 2.2 • 0.2 1.2 • 0.1 2.8 • 0.7 
22:5 3.6 +_ 1.0 3.5 _ 0.2 0.8 -- 0.2 0.8 • 0.4 
22:6 1.1 • 0.3 2.9 • 0.1 0.6 • 0.1 1.2 • 0.2 

aCells were grown in mice fed the semipurified diet supplemented with either 16% coconut oil (saturated 
fat) or 16% sunflowerseed oil (polyunsaturated fat). Each value is the mean • SE of results from three separate 
membrane preparations. 
bThese values do not add up to 100% because only the most prevalent fatty acids are listed. 
CRefers to the fat contained in the diet fed to the tumor-bearing mice. 
dTrace, <0.2%. 

TABLE 2 

Fatty  Acid Composition of Membranes Obtained from Tumor Cells Grown in Culture 

Membrane composition (%}a 

L1210 leukemia b Y-79 retinoblastoma c 

Fatty acid Control d Docosahexaenoic acid e Oleic acidf Arachidonic acidf Docosahexaenoic acidf 

16:0 13.4 • 1.8 20.0 + 3.0 19.7 25.3 24.2 
16:1 4.8 • 0.9 3.4 • 1.4 4.9 7.9 6.6 
18:0 14.0 • 0.4 16.7 • 0.4 15.0 12.1 16.3 
18:1 56.3 _ 1.7 25.2 • 1.2 36.9 22.7 25.0 
18:2 3.2 • 1.2 2.3 • 0.2 0.1 0.8 0.5 
20:4 3.2 • 1.4 1.7 • 0.7 8.1 14.0 6.6 
22:6 0.3 • 0.2 23.4 • 3.7 4.0 3.2 14.8 

aValues do not add up to 100% because only the most prevalent fatty acids are listed. 
bThe growth medium contained 5% fetal bovine serum, RPMI 1640 and 40 ~g/ml gentamicin sulfate. Each value is the mean + SE of 
results obtained from three separate membrane preparations, each obtained from different cultures. 
CThe growth medium contained 10% fetal bovine serum, RPMI 1640, 294 ~g/ml glutamine, 100 U/ml penicillin and 100 ~g/ml streptomycin. 
Each value is the average of two determinations that differed by less than 15%. 
dNo fatty acid supplement was added to the growth medium. 
eGrowth medium was supplemented with 32/~M 22:6 for 48 hr before the cells were harvested. 
fGrowth medium was supplemented with 30 ~M of these fatty acids for 72 hr before the cells were harvested. 

All  of the  major  phosphol ip ids  con ta ined  in the  Ehr l ich  
cell p lasma  m e m b r a n e  were modified, a l though the ex ten t  
of the modif ica t ion was different  in each fract ion (15). The 
f a t t y  acid compos i t ions  of the  Ehr l i ch  cell nuc lea r  mem- 
b r ane  and  endop lasmic  r e t i cu lum also were modif ied us- 
i ng  th is  approach  (16,17}. S imi la r  to these  f ind ings  wi th  
ascites tumors ,  changes  in  d ie ta ry  fat  in take  also produce 
a l t e ra t ions  in  the  m e m b r a n e  l ipid compos i t ion  of solid 
m a m m a r y  t u m o r s  (18-21). 

Ex tens ive  changes  in m e m b r a n e  fa t ty  acid composi t ion 
of t u m o r  cells also can be produced by  supp lemen t ing  the  

med ium with specific fa t ty  acids dur ing  growth in culture 
(Table 2). When  the medium of one set of L1210 leukemia 
cultures was supplemented  wi th  32 ~M docosahexaenoic 
acid (22:6), there was a 250% elevation in the polyenoic fat ty 
acid conten t  of the membrane,  accounted for pr imari ly  by  
an increase in the 22:6 content .  Tl~s was compensated  for 
by a 57% decrease in monoenoic fa t ty  acids, primarily 18:1. 
En r i chmen t  wi th  22:6 also was associated wi th  a 35% in- 
crease in the membrane  sa tu ra ted  fa t ty  acid content .  

Similar modifications in membrane fat ty acid composition 
have been produced in cultured huma n  Y-79 ret inoblastoma 
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cells (1,8). Table 2 illustrates the differences in membrane 
fat ty acid composition that  occurred when the medium 
in which the Y-79 cells are grown was supplemented with 
30 ~M of oleic, arachidonic or docosahexaenoic acid. As 
noted in the L1210 membranes, the saturated fat ty acid 
content of the membranes increased to a small extent 
when the Y-79 cells were enriched with the polyun- 
saturated fatty acids. Compared to membranes from cells 
supplemented with oleic acid, those grown in the medium 
supplemented with arachidonic acid contained consider- 
ably less 18:1 and 73% more 20:4. Likewise, the mem- 
branes from cells supplemented with docosahexaenoic 
acid contained less 18:1 and 270% more 22:6 than those 
from the cells supplemented with oleic acid. 

These types of membrane fatty acid modifications also 
have been produced in cultured Ehrlich ascites carcinoma 
cells (7), Friend erythroleukemia cells (9) and hepatoma 
7777 cells (10). The advantage of this method, as opposed 
to the use of fat-supplemented diets, is the enrichment 
with the higher polyunsaturates such as 20:4 and 22:6 
that  can be produced in culture. 

Membrane physical properties. Using electron spin 
resonance with fatty acid spin probes, we find that  the 
physical properties of the plasma membrane lipids are 
altered by these kinds of phospholipid fat ty acid replace- 
ments. Arrhenius plots of temperature dependence of the 
approximate rotational correlation time with nitroxy- 
stearate spin probes indicated that the membranes have 
two major temperature transitions, one at about 20 C and 
the other at 31.5 C. Results obtained with L1210 leukemia 
and Ehrlich ascites carcinoma plasma membranes are 
consistent (4,7,22). Changes in the fatty acid composition 
of the plasma membrane had essentially no influence on 
the 31.5 C transition, but they caused the lower transi- 
tion to vary from 18.5-22 C in the L1210 plasma mem- 
brane and from 19-24.5 C in the Ehrlich membrane when 
the modifications were produced by feeding different fats 
to the tumor-bearing mice {4,22). In agreement with these 
findings, fatty acid substitutions in culture caused the 
lower transition in the Ehrlich ascites cell plasma mem- 
brane to vary between 20.5 C and 26 C (7). Enrichment 
with polyenoic fat ty acids lowered this transition tem- 
perature, while higher values were obtained with satu- 
rated fatty acids. 

The electron spin resonance order parameter, S, also 
was influenced by membrane fatty acid modifications pro- 
duced either by diet or in culture (4,7,22). This parameter 
is a measure of phospholipid fat ty acyl chain mobility; 
hence, the packing of these hydrocarbon chains in the 
lipid bilayer. The effect of fatty acid modification of the 
L1210 plasma membrane was similar with both the 5- and 
12-nitroxystearate probes (Fig. 1). The value of S was 
lower at each temperature when the cells were grown in 
the mice fed the diet rich in polyunsaturated fat, which 
increased the polyenoic fat ty acid content of the L1210 
membrane phospholipids. Decreases in the plasma mem- 
brane S values also were noted when Ehrlich ascites car- 
cinoma and L1210 leukemia cells were enriched with 
polyunsaturated fatty acids in culture (7,12,22). Further 
work indicated that the changes in S values were not due 
to the trapping of cytoplasmic lipid droplets in these 
membrane preparations (23). 

Throughout the temperature range tested, the value of 
S was always higher with the 5-nitroxystearate compared 
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FIG. I. Effect  of changes in plasma membrane saturation of LI210 
leukemia cells on the order parameter (S) measured by electron spin 
resonance. One group of cells was  grown in mice fed the saturated 
diet, the other the polyunsaturated fat  diet. After the plasma mem- 
brane fraction was isolated from the cell homogenate, the spin label 
was incorporated into the membrane by incubation with a solution 
containing 5% serum albumin. The abbreviations refer to the spin 
probes that were incorporated into the membranes: 5-NS, 5-nitroxy- 
stearate; 12-NS, 12-nitroxystearate. 

to the 12-nitroxystearate probe (Fig. 1). It is assumed that 
these fat ty acid spin probes enter the membrane lipid 
bilayer and are oriented parallel to the phospholipid fatty 
acid chains. In such orientation, the fat ty acid carboxyl 
group would be at the surface of the phosphohpid bilayer 
in the same plane as the polar head groups of the phos- 
pholipids, and the 5-nitroxide group would be located 
closer to the membrane surface than the 12-nitroxide 
group. The higher S value with the 5-nitroxystearate 
probe suggests that fat ty acyl chain motion is more 
restricted closer to the membrane surface, near the ester 
linkage with the phospholipid head group, than deeper 
with the hydrocarbon phase. 

These findings suggest that the lipid modifications pro- 
duced in the intact tumor cell are sufficient to alter the 
physical properties of the plasma membrane lipid bilayer, 
i.e., to produce a membrane fluidity change. Since neither 
the cholesterol nor phospholipid content of the membrane 
changes, the fluidity effect results entirely from the fat- 
ty acid modifications. Because the differences in the 
values of S at 37 C are very small, the physiologic effects 
of the fluidity changes probably are fairly limited. 

Carrier-mediated transport. To determine whether the 
lipid modifications actually can have an effect on mem- 
brane function, we investigated the uptake of a number 
of substances that  are transported by carrier-mediated 
processes. As shown in Table 3, changes were noted in 
the K" of high-affinity uptake in several cases. The K:  
for the uptake of methotrexate, a chemotherapeutic drug, 
was reduced by 30% at 37 C when L1210 leukemia cells 
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TABLE 3 

Effect  of Fat ty  Acid Modification on the K~ 
for High-affinity Transport a 

K'~ ~/aM) 

Saturated Polyunsaturated 
Compound Cell fat fat 

Methotrexate L1210 4.1 • 0.1 2.9 • 0.4 
Melphalan L1210 0.9 • 1.8 1.2 • 0.5 
a-Aminoisobutyrate Ehrlich 2300 • 200 900 • 200 
Phenylalanine Ehrlich 120 • 30 140 • 100 
Choline Y-79 2.2 • 0.1 1.1 • 0.2 
Taurine Y-79 37 • 6 20 _+ 1 
Glycine Y-79 34 • 3 136 • 27 
Glutamate Y-79 27 +_ 1 28 • 6 
Leucine Y-79 95 • 19 72 • 8 

aThe murine L1210 leukemia cells and the Ehrlich ascites carcinoma 
cells were modified by diet as indicated in Table 1. The human Y-79 
retinoblastoma cells were modified in culture using a growth medium 
containing 10% fetal bovine serum. No fatty acid supplement was 
added to the growth medium of the Y-79 cultures for the column 
headed "saturated fat." In the case of the column headed "polyun- 
saturated fat," the growth medium of the Y-79 cultures was sup- 
plemented with 30 ~M 22:6. Each value is the mean • SE of results 
obtained from at least four separate experiments. 

were enriched with po lyunsa tura ted  f a t ty  acid by  prop- 
agation in mice fed the diet supplemented with sunflower- 
seed oil (4). In Ehrlich cells, enrichment with polyunsatu- 
ra ted  f a t t y  acid in this way resul ted in a 60% reduction 
in the K :  for Na*-dependent a-aminoisobutyra te  up take  
at  37 C (5). When human  Y-79 re t inoblas toma cells were 
enriched with polyunsa tura ted  f a t ty  acids in culture, the 
K :  for choline and taurine t r anspor t  at  37 C also was 
lowered {8,24), bu t  t ha t  for glycine was increased {25}. 
Table 3 shows the results for the Y-79 cells enriched with 
22:6; qual i ta t ively similar changes were obtained when 
the cells were enriched in culture with other polyun- 
sa tu ra ted  f a t ty  acids {8,24,25). 

As opposed to these posi t ive findings, no s ta t is t ical ly  
significant change in the high-affinity K:, at  37 C was ob- 
served with melphalan (a phenylalanine m us t a rd  alkyl- 
a t ing agent} in L1210 cells {26}, phenylalanine in E hrlich 
cells {27) or g lu tamate  and leucine in Y-79 cells (8). In two 
of these cases, however, melphalan in L1210 cells and 
phenylalanine in Ehrlich cells, the transit ion tempera ture  
of the t r anspor t  sy s t em  was lower when the cells were 
enriched with po lyunsa tura ted  f a t ty  acid {26,27}. 

No s tat is t ical ly  significant change in V:~  occurred in 
those  cases where the K :  for t r anspor t  a t  37 C was re- 
duced--methot rexa te  in L1210 cells {4), a-aminoisobutyr- 
ate  in Ehrlich cells {5) or choline and taurine in Y-79 
re t inoblas toma cells {8,24}. By contrast ,  the V~ax for 
glycine t r anspor t  was increased three- to fivefold when 
the Y-79 re t inoblas toma cells were enriched with polyun- 
sa tu ra ted  f a t t y  acids {25). 

These findings indicate tha t  a number  of carrier- 
mediated t r anspor t  sys t ems  in several  kinds of t umor  
cells, including a human  tumor,  are affected by  the types  
of membrane  f a t ty  acid modifications tha t  can be pro- 
duced in the in tact  cell. Since the K~, of the t r anspor t  
process is altered, the mechanism probably  involves lipid 

s t ructura l  effects on the conformat ion of the membrane  
carrier  tha t  are sufficient to influence the binding of the 
subst ra te .  The effects on t r anspor t  kinetics at  37 C, 
however, are not  uniform for all substances,  sugges t ing  
t ha t  the mechanism is more complex than  a general 
response to changes in bulk membrane  fluidity. Even  in 
those cases in which no kinetic changes are evident  at 
37 C, the carrier appears  to be sensitive to the membrane  
lipid microenvironment ,  as evidenced by  the changes in 
the t ransi t ion tempera ture .  

Growth rate. Studies with the L1210 leukemia indicate 
tha t  the growth of the tumor  is not  changed significantly 
when the cells are enriched with po lyunsa tu ra ted  fa t  in 
vivo, as compared  to sa tu ra ted  fat  riD. Cell counts ob- 
tained on days  5, 6 and 7 following intraperi toneal  in- 
oculation of the tumor  were not  different in the two 
dietary conditions. Likewise, [3H]thymidine incorporation 
by  the cells was unchanged. Consistent with our findings, 
dietary fat  modifications also had no effect on the growth 
of the MT-W9B ra t  m a m m a r y  tumor  {28}. These resul ts  
sugges t  tha t  there is unlikely to be any direct beneficial 
effect of these types  of lipid modifications on tumor  
growth. Therefore, we directed our at tent ion to the possi- 
bility tha t  the lipid modifications m a y  facili tate other  
t r ea tmen t  modalities. 

Adriamycin cytotoxicity. Studies on lipid composit ion 
of Adriamycin-res is tant  P388 cells (P388/Adr) have 
revealed a decrease in the phosphatidylcholine to sphingo- 
myelin rat io {29) and a higher degree of membrane  lipid 
s t ructura l  order {30}. Similarly, studies on a series of 
sublines of Sarcoma 180 with different degrees of sen- 
sitivity to Adriamycin showed a correlation between drug 
resistance and membrane fluidity {31}. These observations 
sugges t  tha t  membrane  lipids may  have impor tan t  im- 
plications regarding Adr iamycin  therapy.  Therefore, we 
examined the effects of lipid modifications on the sen- 
s i t ivi ty  of the L1210 and P388/Adr tumor  cell lines to 
Adr iamycin  cytotoxici ty .  

L1210 cell survival  in cul ture af ter  t r e a t m e n t  with 
Adr iamycin  was reduced when the cells were enriched 
with po lyunsa tu ra ted  f a t ty  acids {6). Most  of this work 
was done with 22:6 enr ichment  to maximize the increase 
in polyunsatura t ion.  Increased cytotoxic i ty  occurred at  
all of the Adr iamycin  concentrat ions tes ted  {Fig. 2). In  
this s tudy  the cells were grown for 48 hr in ei ther control 
medium or a medium supplemented  with 32 ~M 22:6. 
After  removal  of this medium, the cultures were exposed 
to various concentrat ions of Adriamycin for 2 hr, and the 
percentage of surviving cells was determined by  a 
clonogenic assay  based on colony format ion in soft  agar  
{6). Addit ional  studies indicated tha t  the amount  of 
Adr iamycin  cy to toxic i ty  increased as increasing quan- 
tities of 22:6 were incorporated into the cell lipids (6). The 
clonogenic assay  measures  the abili ty of single cells to 
generate  daughter  cells for more than  2-3 mitot ic  divi- 
sions. This is an appropr ia te  measure  of the cytotoxic  ef- 
fect of an antineoplastic therapy,  since it is the reproduc- 
t ion of surviving cells tha t  perpe tua tes  the tumor.  

The augmented  cyto toxic i ty  is due to an enhanced ef- 
fect of Adr iamycin  toward  22:6-enriched L1210 cells and 
is not simply the result of greater  polyunsaturat ion alone. 
We have previously demons t ra ted  tha t  the culture dou- 
bling t ime for L1210 cells grown in 22:6-supplemented 
medium is 10.0 _ 0.3 hr, which is not  different f rom tha t  
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FIG. 2. Effect of phospholipid fatty acid saturation on the cytotoxicity of Adriamycin 
in L1210 leukemia cells. The growth medium contained RPMI 1640 and 5% fetal bovine 
serum. In one set of cultures, the medium was supplemented for 48 hr with 32 pM 22:6. 
Each point is the mean _ SE of 4 determinations. 

of L1210 cells grown in unsupplemented medium, 9.2 _ 
0.9 hr (6). Likewise, the soft agar cloning efficiency of cells 
enriched in 22:6 is not different (6). 

The enhanced cytotoxicity was associated with an in- 
crease in the accumulation of Adriamycin in the L1210 
cells (32). No difference in Adriamycin release from the 
cells occurred, however, indicating that  the greater ac- 
cumulation did not result from an inhibition of Adria- 
mycin efflux. Binding and lipid partitioning studies also 
indicated that the greater intracellular accumulation is 
not due to increased Adriamycin adsorption to the poly- 
unsaturated fatty acid-enriched membranes. At present, 
the mechanism responsible for the greater accumulation 
is unknown. 

We have also investigated whether polyunsaturated 
fatty acid enrichment would confer Adriamycin sensitiv- 
ity to a tumor that normally was resistant to this drug, 
the murine P388/Adr lymphoma. P388/Adr cells were 
enriched in culture with either 32 ~M 18:1 or 22:6 and then 
exposed to 0.4 ~M Adriamycin for up to 4 hr (Fig. 3). No 
cytotoxicity differences were observed in a subsequent 
assay, indicating that a large increase in polyunsatura- 
tion will not cause an otherwise resistant tumor cell to 
become Adriamycin-sensitive. 

Radiation sensitivity. Polyunsaturated fatty acid 
enrichment did not affect the sensitivity of the L1210 
leukemia cells to ionizing radiation (33). L1210 cells grown 
in mice fed the diets rich in either saturated or polyun- 
saturated fat were irradiated with increasing doses of 
x-rays, and cytotoxicity was assessed subsequently with 
a soft agar clonogenic assay. No difference in cytotoxici- 
ty was observed (Fig. 4). A similar negative result was 
obtained when the polyunsaturation of the human Y-79 
retinoblastoma cell line was raised in culture by sup- 
plementation of the medium with 22:6. 

Sensitivity to hyperthermia. There is considerable 
evidence documenting the cytotoxic effect of elevated 
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FIG. 3. Effect of changes in phospholipid fatty acid saturation on 
the cytotoxicity of Adriamycin in P3881Adr lymphoma cells. The 
growth medium of the cultures was enriched with either 18:1 or 22:6. 

temperatures on tumors in vitro (34) and in vivo (35). In 
our studies, the thermosensitivity of the L1210 leukemia 
increased when the cells were enriched with polyun- 
saturated fatty acid (Fig. 5). In this study, the cultures 
were grown in media containing 40 ~M of the supplemen- 
tal fat ty acid for 10 days, removed from this medium and 
then heated at the designated temperatures. Cytotoxicity 
was assessed by a soft agar clonogenic assay (12). At 
42 C, the Do values (minutes of heating required to reduce 
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FIG. 4. Effect of changes in phospholipid fatty acid saturation on 
the cytotoxicity of x-ray exposure in L1210 leukemia cells. The cells 
were grown in mice fed either the saturated or polyunsaturated fat 
diets. Each point is the mean _+ SE of 3 determinations. 
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FIG. 5. Effect of changes in phospholipid fatty acid saturation on 
the thermosensitivity of L1210 leukemia cells. The growth medium 
of the cultures contained 5% fetal bovine serum and was sup- 
plemented with either 40 pM 18:1 or 22:6. Each bar is the mean • 
SE of 4 determinations. Cells were heated for 90 min at the 
temperatures of 41.0-42.5 C. At  43 C, no cell survival was  detected 
at 90 min; the study therefore was done at 30 miu. 

cell survival on the exponential portion of the curve by 
63%) for cells enriched with 18:1 and 22:6 were 46.2 +_ 
1.6 min and 18.7 _+ 0.4 min, respectively. Additional 
studies in which the cultures were heated for 2 hr at 42 C 

indicated that thermosensitivity increased as the 22:6 
content of the cell lipids was raised (12). Therefore, 
changes in fatty acid saturation cause the L1210 cell to 
respond differently to various kinds of radiation. Al- 
though the response to ionizing radiation is not affected, 
the sensitivity to thermal radiation becomes enhanced. 

Conclusions. These findings demonstrate that it is 
possible to change the fatty acid composition of an in- 
tact tumor cell sufficiently to alter the physical proper- 
ties of the plasma membrane and to affect certain cellular 
responses. The growth rate of the tumor in viva is not 
affected by these changes. This suggests that if such lipid 
modifications have any therapeutic benefit, it probably 
is as an adjunct to other treatment modalities rather than 
as an independent form of treatment. Since functionally 
significant lipid modifications can occur as the result of 
changing the dietary fat intake of a tumor-bearing host, 
the possibility of applying this approach to humans is 
feasible. Moreover, for localized tumors, it may be possi- 
ble to produce specific fatty acid modifications such as 
those that have been achieved in cell culture by using a 
localized perfusion technique. 

The diets that were used alter the lipid composition of 
many organs in the mouse (36). Therefore, the changes 
are not tumor-specific, raising the possibility that this ap- 
proach may also increase the toxicity of some therapeutic 
modalities. Another concern is that high fat diets, par- 
ticularly those that are rich in essential polyunsaturated 
fatty acids, enhance the development of certain tumors 
(37-43), apparently by facilitating tumor promotion 
(44-46). While these concerns must be considered, the 
strikingly positive responses obtained with Adriamycin 
and hyperthermia suggest that the approach of utilizing 
membrane lipid modification in conjunction with existing 
forms of therapy merits further exploration. 

ACKNOWLEDGMENT 
These studies were supported by grants CA17283, CA31526 and 
DK28516 from the National Institutes of Health. 

REFERENCES 
1. Spector, A.A., 

2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12, 

13. 

and Yorek, M.A. (1985)J. Lipid Res. 26, 
1015-1035. 
Spector, A.A., Mathur, S.N., Kaduce, T.L., and Hyman, B.T, 
(1981) Prog. Lipid Res. 19, 155-186. 
Spector, A.A. (1975) Prog. Biochem. Pharm. 10, 42-75. 
Burns, C.P., Luttenegger, D.G., Dudley, D.T., Buettner, G.R., 
and Spector, A.A. (1979) Cancer Res. 39, 1726-1732. 
Kaduce, T.L., Awad, A.B., Fontenelle, L.J., and Spector, A.A. 
(1977) J. Biol. Chem. 252, 6624-6630. 
Guffy, M.M., North, J.A., and Burns, C.P. (1984) CancerRes. 
44, 1863-1866. 
King, M.E., and Spector, A.A. (1978) J. Biol. Chem. 253, 
6493-6501. 
Yorek, M.A., Strom, D.K., and Spector, A.A. {1984) J. 
Neuroehem. 42, 254-261. 
Simon, I., Mathur, S.N., Lokesh, B.R., and Spector, A.A. (1984} 
Biochlm. Biophys. Acta 804, 245-252. 
Yoo, T.-J., Chiu, H.C., Spector, A.A., Whiteaker, R.S., Denning, 
G.M., and Lee, N.F. (1980) Cancer Res. 40, I084-1090. 
Burns, C.P., Luttenegger, D.G., and Spector, A.A. (1978} J. NatL 
Cancer Inst. 61, 513-515. 
Gully, M.M., Roscnberger, J.A., Simon, I., and Burns, C.P. 
(1982} Cancer Res. 42, 3625-3630. 
Liepkalns, V.A., and Spector, A.A. (1975} Biochem. Biophys. 
Res. Commun. 63, 1043-1047. 

LIPID& Vol. 22, No, 3 (1987) 



184 

C.P. BURNS AND A.A. SPECTOR 

14. Burns, C.P., Luttenegger, D.G., Wei, S.-P.L., and Spector, A.A. 
{1977} Lipids 12, 747-752. 

15. Awad, A.B., and Spector, A.A. (1976) Biochim. Biophys. Acta 
426, 723-731. 

16. Awad, A.B., and Spector, A.A. (1976} Biochim. Biophys. Acta 
450, 239-251. 

17. Brenneman, D.E., Kaduce, T.L., and Spector, A.A. (1977)J. Lipid 
Res. 18, 582-591. 

18. Abraham, S., and HiUyard, L.A. (1983}J. Natl. Cancer Inst. 71, 
601-605. 

19. Cave, W.T., and Jurkowski, J.J. (1984)J. Natl. Cancer Inst. 73, 
185-191. 

20. Jurkowski, J.J., and Cave, W.T. {1985)J. Natl. Cancerlnst. 74, 
1145-1150. 

21. Karmali, R.A., Marsh, J., and Fuchs, C. (1984) J. Natl. Cancer 
Inst. 73, 457-461. 

22. King, M.E., Stavens, B.W., and Spector, A.A. 11977) 
Biochemistry 16, 5280-5285. 

23. Simon, I., Burns, C.P., and Spector, A.A. (1982} CancerRes. 42, 
2715-2721. 

24. Hyman, B.T., and Spector, A.A. {1982) J. Neurochem. 38, 
650-656. 

25. Yorek, M.A., Hyman, B.T., and Spector, A.A. (1983} J. 
Neurochem. 40, 70-78. 

26. Burns, C.P., and Dudley, D.T. (1982} Biochern. Pharmaeol. 31, 
2116-2119. 

27. Im, W.B., Duetchler, J.T., and Spector, A.A. (1979) Lipids 14, 
1003-1009. 

28. Ip, M.M., and Ip, C. (1981) Nutr. Cancer 3, 27-34. 
29. Ramu, A., Glaubiger, D., and Weintranb, H. (1984) Cancer Treat. 

Rep. 68, 637-641. 

30. Ramu, A., Glaubiger, D., Magrath I.T., and Joshi, A. {1983} 
Cancer Res. 43, 5533-5537. 

31. Siegfried, J.A., Kennedy, K.A., Sartorelli, A.C., and Tritton, T.R. 
{1983} J. Biol. Chem. 258, 339-343. 

32. Burns, C.P., and North, J.A. {1986} Biochim. Biophys. Acta 888, 
10-17. 

33. Gully, M.M., Oberley, L.W., and Burns, C.P. {1981} Proc. Amer. 
Assoc. Cancer Res. 22, 64 {abstr.}. 

34. Bhuyan, B.K. {1979} Cancer Res. 39, 2277-2284. 
35. GiovaneUa, B.C., Stehlin, J.S., Shepard, R.C., and Williams, L.J. 

{1979} Cancer Res. 39, 2236-2241. 
36. Burns, C.P., Rosenberger, J.A., and Luttenegger, D.G. 11983} 

Ann. Nutr. Metab. 27, 268-277. 
37. Carroll, K.K., and Khor, H.T. {1971} Lipids 6, 415-420. 
38. Carroll, K.K., and Hopkins, G.J. {1979} Lipids 14, 155-158. 
39. Welsch, C.W., and Aylsworth, C.F. {1983}J. Natl. Cancerlnst. 

70, 215-221. 
40. Ip, C., Carter, C.A., and Ip, M.M. {1985} Cancer Res. 45, 

1997-2001. 
41. Rogers, A.E., Conner, B., Boulanger, C., and Lee, S. {1986} Lipids 

21, 257-280. 
42. Roebuck, B.D. {1986} Lipids 21, 281-284. 
43. Braden, L.M., and Carroll, K.K. I1986} Lipids 21, 258-288. 
44. Ip, C., Yip, P., and Bernardis, L.L. {1980} Cancer Res. 40, 

374-378. 
45. Ip, C. {1980} Cancer Res. 40, 2785-2789. 
46. Aylsworth, C.F., Jone, C., Trosko, J.E., Meites, J., and Welsch, 

C.W. {1984} Cancer Res. 72, 637-645. 

[Received December  5, 1986] 

LIPIDS, Vol. 22, No, 3 (1987) 



Biochemical Characterization of Acetyl-CoA:1-Alkyl- 
2-Lyso-sn-Glycero-3-Phosphocholine Acetyltransferase 
in Rat Spleen Microsomes 
Kuniaki Seyama and Teruo Ishibashi* 
Department of Biochemistry, Hokkaido University School of Medicine, Sapporo 060, Japan 

185 

Acetyl-CoA:l-alkyl-2-1yso-sn-glycero-3-phosphocholine 
(lyso-PAF) ultrasonic disruption in the presence of 25% 
glycerol from rat spleen microsomes. About 26% of the 
enzymatic activity was recovered in the 225,000 X g 
supernatant by this treatment, although the specific ac- 
tivity was slightly decreased compared with the original 
microsomes. The solubilized enzyme was remarkably 
susceptible to various kinds of metal ions. Sulfhydryl 
reagents such as p-chloromercuribenzoate and N-ethyl- 
maleimide significantly inhibited the enzyme reaction, 
suggesting that the enzyme is an SH enzyme. Based on 
the sedimentation pattern in sucrose density centrifuga- 
tion, the isoelectric point, the kinetic characteristics and 
the sensitivity to tryptie digestion of microsomes, it ap- 
pears that acetyl-CoA:lyso-PAF acetyltransferase does 
not differ from the acetyltransferase responsible for the 
transfer of acetate from acetyl-CoA to 1-acyl-2-1yso-sn- 
glycero-3-phosphocholine. 
Lipids 22, 185-189 (1987). 

Platelet-activating factor (PAF) is a potent phospholipid 
mediator capable of promoting numerous biological ef- 
fects, including platelet activation, hypotension and bron- 
choconstriction (1,2). Neither the 1-acyl-linked analog nor 
the nonacetylated analog was active at comparable doses 
of PAF (3-5). Specific enzymatic reactions involved in the 
biosynthesis of PAF have been documented in recent 
reports. These reactions include an acetyl-CoA:l-alkyl- 
2-1yso-sn-glycero-3-phosphocholine (lyso-PAF) acetyl- 
transferase (EC 2.3.1.67} (6-8) and a CDP-choline:l-alkyl- 
2-acetyl-glycerol cholinephosphotransferase (9). Both en- 
zymatic activities are present in various rat tissues (6,9), 
human polymorphonuclear leucocytes (8,10), murine 
macrophages (11-13) and rabbit platelets (14). However, 
the activity of acetyltransferase is induced up to 10-fold 
when polymorphonuclear leucocytes are treated with op- 
sonized zymosan {10). Under these conditions, the activity 
of cholinephosphotransferase is not affected (10). Further- 
more, modulation of acetyltransferase activity by treat- 
ment of various cell types with different factors is accom- 
panied by a parallel change in the amount of PAF released 
into the media (11,13,15). These results suggest that 
acetyltransferase is an important regulatory enzyme in 
the biosynthesis of PAF. It is not yet known how various 
stimuli regulate the biosynthesis of PAF. 

Wykle et al. (6) found that a significant amount of 
acetyltransferase activity occurred in the microsomal 
fraction of the rat spleen. However, actual attempts to 
remove the enzyme from its membrane environment have 
not been performed. This paper describes for the first time 
an effective procedure for solubilization and partial 
characterization of acetyltransferase. In addition, we have 
investigated whether the enzyme reactions introducing 

*To whom correspondence should be addressed. 

the acetyl moiety into the c-2 position of lyso-PAF and 
1-acyl-2-1yso-sn-glycero-3-phosphocholine (LPC} are cata- 
lyzed by the same enzyme. 

MATERIALS AND METHODS 

Chemicals. Chemicals were obtained from the following 
commercial sources: acetyl-CoA, p-chloromercuribenzene 
sulfonic acid (p-CMBS}, phenylmethylsulfonic acid 
(PMSF), trypsin (bovine pancreas}, trypsin inhibitor Isoy- 
bean} and phospholipase C (Bacillus cereus) were from 
Sigma tSt. Louis, Missouri}; diisopropyl fluorophosphate 
(DIPF} was from Fluka (Tokyo, Japan}; lyso-PAF (l-O- 
hexadecyl-2-1yso-sn-glycero-3-phosphocholine} was from 
Bachem Feinchemikalien (Budendorf, Switzerland}; and 
LPC (1-palmitoyl-2-1ysc~sn-glycero-3-phosphocholine} was 
from Nippon Shoji (Osaka, Japan}. PAF was prepared 
semisynthetically from rat fish (Hydrolagus colliei) liver 
oil as described previously (16}. The chemical 1-O-hexa- 
decyl-2-acetyl-rac-glycerol was synthesized starting from 
1-O-hexadecyl-rac-glycerol (chimyl alcohol} (17,18}. N- 
ethylmaleimide (NEM} was obtained from Wako tTokyo, 
Japan}; carrier Ampholite (pH 3.5-10} was from LKB 
(Uppsala, Sweden}; and [1-~4C]acetyl-CoA {55 Ci/mol} was 
from Amersham (Arlington Heights, Illinois}. The specific 
activity was adjusted to 2.5 Ci/mol by the addition of 
unlabeled acetyl-CoA. All other chemicals were reagent 
grade. 

Preparation of microsomes. Spleens were excised from 
Wistar rats (200-300 g) after they were killed by decapita- 
tion. Microsomal fractions were prepared according to the 
procedure described by Lenihan and Lee 119} and were 
suspended in 0.25 M sucrose/20 mM Tris-HC1 buffer (pH 
7.4}/1 mM dithiothreitol (10-15 mg of protein/mD. 

Enzyme assay. Acetyl-CoA:lyso-PAF acetyltransferase 
activity was determined by the method described by 
Wykle et al. 16}, with several modifications. The incuba- 
tion mixture consisted of 100 ~M [1-14C]acetyl-CoA, 
30 ~M lyso-PAF or LPC, 0.1 M potassium phosphate 
buffer (pH 6.9} and enzyme protein (20-100 ~g} in a final 
volume of 0.25 ml. After incubation for 10 min at 37 C, 
the enzymatic reaction products were extracted by the 
method of Bligh and Dyer (20}. The radioactivity was 
measured by liquid scintillation counting. Results were 
collected with backgrounds without added lyso-PAF or 
LPC. 

Analytical methods. Protein was determined by either 
the method of Bensadoun and Weinstein (21} or the Bio- 
Rad protein assay kit, using bovine serum albumin as a 
standard. 

RESULTS 

Solubilization of acetyltransferase. In an effort to 
solubilize acetyltransferase from rat spleen microsomes, 
we first tried various detergents, including Triton X-100, 
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TABLE 1 

Solubilization and Partial Purification of Acetyltransferases  from Rat Spleen Microsomes 

Total activity Specific activity 
(nmol/min) (nmo[/min/mg) 

Protein 
Procedure (mg) Lyso-PAF LPC Lyso-PAF LPC 

Yield 
(%) 

Lyso-PAF LPC 

Microsomes 23.8 38.5 35.6 1.62 1.50 100 100 
Solubilization 8.8 10.2 6.3 1.16 0.72 26.5 17.7 
Sepharose 6B 3.0 8.3 5.9 2.74 1.96 21.6 16.6 

Lyso-PAF, 1-alkyl-2-1yso-sn-glycerc~3-phosphocholine; LPC, 1-acyl-2-1yso-sn-glycer~3-phosphocholine. 

Tween 80, octylglucoside, Lubrol, Briji, Miranol HM2 and 
cholate derivatives. However,  the enzyme activi ty was 
remarkably inhibited by these detergents in spite of their 
low concentrat ion {below 0.2%}. Finally, we were able to 
solubilize the enzyme using the following steps: Glycerol 
(a final concentrat ion of 25%) was added to the micro- 
somal suspension, and the mixture  was subjected to an 
ultrasonic disruption in a Branson sonifier equipped with 
a microtip at 0 C for three 1.5-min periods. The mixture  
was centrifuged at 225,000 X g for 1 hr, and the result- 
ant supernatant  was the source of the solubilized enzyme, 
in which ca. 26% of the acetyl transferase act ivi ty was 
recovered (Table 1). Then the solubilized enzyme was ap- 
plied to a Sepharose 6B column (1.5 • 75 cm} previously 
equilibrated with 0.25 M sucrose/10 mM potassium phos- 
phate  buffer (pH 7.4}/1 mM dithiothreitol/10% glycerol. 
The active fractions eluting near the void volume were 
pooled and used in all the subsequent experiments as par- 
tially purified enzymes. Enzymes were partially purified 
ca. 1.7-fold with a 21% yield. The final enzyme prepara- 
tion was extremely labile, and ca. 50% of the activity was 
lost after  24 hr at  4 C. 

On the other hand, ra t  spleen microsomes also cata- 
lyzed the transfer of acetate to LPC. The LPC acetyltrans- 
ferase act ivi ty was solubilized and part ial ly purified by 
the same procedures used for Iys~PAF acetyltransferase. 
The results were similar to those obtained with lyso-PAF 
acetyltransferase.  

Enzymatic properties of lyso-PAF acetyltransferase 
and LPC acetyltransferase: sucrose density gradient cen- 
trifugation. Both lyso-PAF and LPC acetyl transferases 
appeared in almost the same fraction near the top of the 
centrifuge tube, although lyso-PAF acetyltransferase ac- 
t ivi ty  showed a shoulder on the right-hand side (Fig. 1). 

Isoelectric focusing. The isoelectric point of lyso-PAF 
and LPC acetyl transferase was a single peak at pH 4.25 
(Fig. 2). 

Effect of various chemicals. As shown in Table 2, there 
was no significant difference in the effects of various 
reagents on either form of acetyltransferase. Both ED TA  
and EGTA inhibited the enzyme activities, but  the inhibi- 
tion did not appear related to a divalent metal ion require- 
ment. Divalent cations inhibited the act ivi ty of both  
forms of t ransferase to various degrees. Mn 2. showed an 
especially striking inhibition. On the other hand, p-CMBS 
and NEM remarkably inhibited the enzyme activity, in- 
dicating tha t  the enzymes are SH enzymes. D I P F  and 
PMSF, however, had no effect. 
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FIG. 1. Sucrose density gradient centrifugatioa. The solubilized en- 
zyme (4.8 mg of protein) was  applied to the top of a linear sucrose 
gradient (0-20%} in a 50-mM potassium phosphate buffer (pH 7.4}tl 
mM dithiothreitol/10% glycerol that was prepared in a 10-ml cen- 
trifuge tube and centrifuged at 11,700 X g for 14 hr at 4 C using 
a Hitachi RPS-40T rotor. After centrifugation, fractions of 555 ~1 
each were collected from the bottom of the tube. The protein was  
determined in 10 pl of an aliquot using the Bi(~Rad protein assay 
kit. $ ,  Lysc,  P A F  acetyltransferase; O, LPC acetyltransferase; b ,  
protein. Sucrose concentrat ions  {[~} were measured by a 
refractometer. 

Kinetics. The transferase act ivi ty was linear with pro- 
tein concentrat ions up to 50 ~g and throughout  25 min 
of incubation {data not  shown}. The opt imum concentra- 
tions of both  lyso-PAF and LPC were ca. 50 ~M (Fig. 3). 
Lyso-PAF or LPC concentrat ions above 50 ~M reduced 
t h e  enzyme reactions strikingly, possibly due to the 
detergent effects of lysophospholipids {6,23}. An apparent 
Km value for acetyl-CoA was the same (196/~M) with both 
lyso-PAF and LPC acetyltransferase.  

Effect of tryptic digestion of microsomes. The enzyme 
activity in the intact microsomes was susceptible to tryp- 
tic digestion, and lyso-PAF and LPC acetyl transferase 
act ivi ty were inact ivated in a parallel manner  in relation 
to incubation t ime {Fig. 4). 
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FIG. 2. Isoclectric focusing. The solubilized enzyme (2.8 mg of protein) was  subjected 
to a column { l l 0  m]) containing 1% Ampholine carrier ampholyte  solution, over a pH 
range of  3.5-10, with a step-wise sucrose gradient at 500 V for 48 hr, according to the 
method of Vesterberg 122). The column content was collected separately in 1-ml fractions 
each at a flow rate of 80 ml/hr. The pH of fractions was  measured in an ice-cold bath. 
Protein was determined in 10 pl of an aliquot using the Bio-Rad protein assay kit. e ,  
Lyso-PAF acetyltransferase; O, LPC acetyltransferase; A, protein. 
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FIG. 3. Kinetic studies. Enzymatic  activity was determined as described in Materials 
and Methods, except that the substrates were changed as indicated and 24 ~g of protein 
was used. A, Effect  of lysophospholipid concentration; B, effect of  acetyl-CoA concen- 
tration; e ,  lyso-PAF acetyltransferase; O, LPC acetyltransferase.  

Product identification. The following steps were carried 
out  to identify the reaction product:  (a) The reaction 
product  was hydrolyzed with phospholipase C and acety- 
lated with acetic anhydride. The chemically modified 
radioactive product  was chromatographed by  TLC. The 
reaction product  had exact ly the same mobili ty as tha t  
of authentic 1-alkyl-2,3-diacetyl glycerol when lyso-PAF 
was used as a substrate  (Fig. 5). When LPC was used as a 

substrate,  on the other  hand, 1-acyl-2,3-diacetyl glycerol 
was the major reaction product. However, a small amount 
of reaction product  was detected even though lysophos- 
pholipids were not  added exogenously, which suggests  
tha t  either endogenous lyso-PAF or LPC may be used as 
an acetyl acceptor. (b) The reaction product  elicited a sig- 
nificant platelet aggregation in a dose-dependent manner 
when lyso-PAF was added as a subs t ra te  {Fig. 6). 
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TABLE 2 

Effect of Various Reagents on Acetyltransferase Activities 

Relative activity (%) 
Reagents Concentration 
added (mM) Lyso-PAF LPC 

None -- 100 100 
EDTA 1 14 12 
EGTA 1 28 22 
CaC12 10 42 44 
MgCl~ 10 76 76 
MnC12 10 4 6 
NaC1 200 29 36 
KC1 200 26 33 
p-CMBS 0.5 0 0 
NEM 1 11 14 
DIPF 1 96 117 
PMSF 5 116 92 

Lyso-PAF, 1-alkyl-2-1yso-sn-glycero-3-phosphocholine; LPC, 
1-acyl-2-1yso-sn-glycero-3-phosphocholine; p-CMBS, p-chloromercuri- FIG. 5. Thin layer chromatographic identification of the reaction 
benzene sulfonic acid; NEM, N-ethylmaleimide; DIPF, diisopropyl product. The enzymatic reaction products of several incubations with 
fluorophosphate; PMSF, phenylmethylsulfonyl fluoride, identical substrates were pooled and applied to thin layer plate 

developing with chloroform/methanol/acetic acid/water (50:25:8:4, 
v/v/v/v). Radioactive products with the same mobility as authentic 
PAF were extracted and hydrolyzed with phospholipase C (28), 

�9 -. , . . . .  followed by acetylation with acetic anhydride (29). The reaction prod- 
$ 0 ~ "  uct was chromatographed on a thin layer plate, which first was 

10 ~ I ~=~ developed 7 cm from the origin with hexane/ethyl ether/acetic acid 
" ~ - -  - 159~ (50:50:1, v/v/v) and then 15 cm from the origin with toluene. The sifica 

e,~ ~ ~ ~ - ~ ~ ~ gel plate was scraped in 2-mm sections, and the radioactivity was 
~ ~-_ . determined by liquid scintillation counting, e, Lyso-PAF acetyl- 

~ ~ : : I  ~ ~ 60  " ' ' ' - - - ' - ' "  " ' ' ' ~ "  ~ '5"~  ~..N~ transferase; O, LPC acetyltransferase; A, no lysophospholipid added, p |00 

i ~ 1 ~  1 min 

0 10 20 30 40 50 60 60 

Time (min) ~- " 

FIG" 4" Effect ~ tryptic digesti~ ~ rat spleen micr~176 i i ! ~ ~ . _ _ . _ ~ p , ~ , . ~  _ 
Microsomes (10 mg of protein) were digested with trypsin (5 mg) at 
30 C, and the reaction was stopped at the indicated time by adding 
a trypsin inhibitor (7.5 mg). The trypsin-treated microsomes were 
isolated by centrifugation at 105,000 X g for 1 hr. e,  Lyso-PAF 
acetyltransferase; O, LPC acetyltransferase; ~, protein solubilized. 
Dotted line represents an untreated control. 

However, the reaction product  showed no platelet ag- 
gregation when LPC was used as a substrate.  

DISCUSSION 
Solubilization of membrane-bound enzymes without  loss 
of act ivi ty has been achieved in the past  by the use of 
nondenatura t ing detergents  such as Tri ton X-100. The 
acetyltransferase under investigation here, however, was 
completely inactivated by these detergents.  One possible 
explanation for such inactivation is tha t  the detergents  
replace membrane-phospholipids and that  the association 

FIG. 6. Platelet aggregation by the enzyme reaction product. The 
radioactive product was pooled as described in Fig. 5, and the 
biological activity was assessed by platelet aggregation (30). Human 
venous blood was drawn from healthy volunteers and added to 1/10 
volumes of 3.8% citrate anticoagulant. Platelet-rich plasma (PRP, 
5 X 105/mm 3) was prepared by centrifugation at 250 X g for 15 min. 
Platelet aggregation was measured by the turbid/metric method 
using an aggregometer (31). The reaction was started by the addi- 
tion of the sample to 200 ~1 of PRP maintained at 37 C with con- 
tinuous stirring. The radioactive product was prepared from an in- 
cubation mixture containing the following lysophospholipids as 
substrates: None (a), LPC 476 nM (b), lyso-PAF 48 nM (c), 91 nM 
(d), 176 nM (e) and 244 nM (f). 
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of these membrane-phosphol ipids  with the enzyme m a y  
be essential  for enzyme activity.  In these experiments ,  
we were able to solubilize effectively the acetyltransferase 
f rom ra t  spleen microsomes by  ul t rasonic disrupt ion in 
the presence of 25% glycerol. However,  it is possible tha t  
the act ivi ty  is still associated with small membrane  
vesicles tha t  failed to sediment.  By  a similar procedure, 
phosphat idylglycerol  phospha tase  (EC 3.1.3.27) was 
solubilized f rom ra t  liver mitochondria  {32}. 

Wykle  et al. (6) reported the presence of an acetyl trans-  
ferase act ivi ty  in ra t  spleen microsomes.  The product  of 
the reaction was identified by  TLC, but  its biological 
potency  in platelet  aggregat ion  tes t s  was not  docu- 
mented. Satouchi et al. (33) reported tha t  acyl-type PAF, 
1-acyl-2-acetyl-sn-glycer~3-phosphocholine, was produced 
concomitant ly  with P A F  by  s t imulated rabbi t  polymor- 
phonuclear  neutrophiles.  This correlation m a y  sugges t  
tha t  the enzymes involved in the steps of deacylation and 
acetylation in PAF synthesis  (34) do not have strict  selec- 
t iv i ty  for l inkage a t  the sn-1 posit ion of choline phospho- 
glyceride. In fact, an acyl analog of lyso-PAF, LPC, can 
serve as a subs t ra te  (6). In addition, Mueller et al. (35) 
detected the synthesis  of acyl- type P A F  {13.0-25.7%) 
when polymorphonuclear leucocytes were incubated with 
[3H]acetate in the presence of various stimuli. Therefore, 
acetyltransferase may  contribute to the formation of acyl- 
type PAF in the cells. These results suggest  tha t  the same 
acetyl transferase was responsible for the t ransfer  of [3H]- 
acetate  from [~H]acetyl-CoA to lyso-PAF or LPC, respec- 
tively. Therefore, the availabil i ty of lyso-PAF and LPC 
in vivo m a y  exert  a regula tory  influence on the produc- 
t ion of PAF.  An interest ing problem for future  s tudy  is 
whether the acyl-type PAF has a different role from PAF. 

Recently, Lee et al. (36) demonstrated that  microsomal 
ra t  spleen preparations can synthesize alkyl-acetyl-glycerol 
by  an acetyl -CoA:alkyl- lyso-sn-glycero-3-phosphate  
acetyltransferase and that  this intermediate is subsequently 
dephosphorylated by an alkyl-acetyl-sn-glycer~3-phosphate 
phosphohydrolase to generate alkyl-acetyl-glycerol. Further- 
more, they found that  the acetyltransferase differs from the 
ace ty l t ransferase  responsible for the t ransfer  of aceta te  
f rom acetyl-CoA to lyso-PAF. The biosynthesis  of these 
unique diglyceride analogs tha t  possess a short  chain acyl 
group at  the sn-2 position could have impor tan t  ramifica- 
tions other  than  jus t  in the format ion of PAF,  since in 
some sys tems oleoyl-acetyl-glycerols (37) and alkyl-acetyl- 
glycerols (38) can exert  po ten t  biological effects, such as 
the act ivat ion of protein kinase C and the induction of 
cellular differentiation, respectively. However,  no defini- 
t ive conclusion can be reached until  the enzymes are 
purified and the propert ies  s tud ied)  
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Two New Icosapentaenoic Acids from the Temperate Red Seaweed 
Ptilota filicina J. Agardh 
Albert Lopez and William H. Gerwick* 
College of Pharmacy, Oregon State University, Corvallis, OR 97331 

Two new fat ty  acid metabolites ,  5{Z),7(E),9(E),14(Z),17{Z)- 
icosapentaenoic acid and 5{E),7(E),9(E),14(Z),17(Z)-icosa- 
pentaenoic acid, have  been isolated from the temperate  
red marine alga, Ptilota filicina (Ceramiales, Rhodophyta). 
The structures of  these new compounds,  isolated as their 
methyl ester derivatives, have been deduced from detailed 
'H nuclear magnet ic  resonance (NMR), 13C NMR and 2D- 
NMR analyses  as well  as comparisons  to  known com- 
pounds. 
Lipids 22, 190-194 (1987). 

The widespread occurrence of o~3 fat ty acids in marine 
organisms is a unique feature of marine-derived lipids 
with considerable health and economic consequences 
(1-6). Further, relatively simple biochemical modifications 
of arachidonic and icosapentaenoic acids results in mol- 
ecules possessing important hormonal and bioregulatory 
functions in mammalian systems {7-9}. Hence, we have 
been interested in examining metabolites of fat ty acid 
origin from Oregon coastal seaweeds as part of our evalu- 
ation of the biomedicinal potential of these marine plants. 
The lipid extract of Ptilota filicina was identified in our 
survey efforts as strongly antimicrobiai to gram-positive 
and -negative bacteria and possessed several unique sec- 
ondary metabolites by thin layer chromatographic {TLC) 
analysis. A series of subsequent large-scale recollections 
have yielded, following extensive purification work, several 
new and uniquely functionalized 20 carbon fatty acids. The 
structures of two of these--5{Z),7(E},91E),14(Z),17(Z)-icosa- 
pentaenoic acid (1) and 5(E},71E),91E),14(Z),17(Z)-icosapenta- 
enoic acid (3)--are reported here {Scheme 1). 

Other species of the genus Ptilota from elsewhere in the 
world have been examined previously for new biomedici- 
nal agents. From P. pectinata collected from Norway, the 
amino acid taurine was identified (10); from P. plumosa 
from the coast of Great Britain, a potent hemagglutinin 
activity with human B cells has been described {11-13}. 
P. filicina from the Soviet Union has been examined as 
a possible food source due to reported high concentrations 
of essential amino acids {14}. However, Oregon coastal 
seaweeds have not been previously examined in detail, 
presumably due to the combination of adverse collection 
conditions and fewer reports of unique terpenoid natural 
products from temperate zone algae. Hence, the natural 
products of P. filicina from Oregon were unstudied prior 
to this work. 

EXPERIMENTAL METHODS 

Ultraviolet spectra were recorded on an Aminco DW-2a 
UV-Vis spectrophotometer and infrared spectra IIR} on 
a Perkin-Elmer 727 spectrophotometer. Nuclear magnetic 
resonance {NMR) spectra were recorded on Varian EM 
360, FT-80A and Bruker AM 400 NMR spectrometers, 
and all shifts are reported relative to an internal TMS 

*To whom correspondence should be addressed. 
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standard. Low resolution mass spectra {LRMS} were ob- 
tained on a Varian MAT CH7 spectrometer, while high 
resolution mass spectra (HRMS) were obtained on a 
Kratos MS 50 TC. High performance liquid chroma- 
tography {HPLC} was done using a Waters M-6000 pump, 
U6K injector and R 401 differential refractometer, while 
thin layer chromatograms were made using Merck 
aluminum-backed TLC sheets tsilica gel 60 F2s4). All 
solvents were distilled from glass prior to use. 

P. filicina was collected from exposed intertidal pools 
{-0.5 to +0.5 m) at Marine Gardens on the Oregon coast 
in June 1985. Voucher specimens are on deposit at the 
Department of Botany Herbarium at Oregon State Uni- 
versity. The seaweed was preserved by freezing until 
workup, at which time the defrosted alga {1.522 kg dry 
weight} was homogenized in warm CHCL/MeOH (2:1, v/v). 
The mixture was filtered and the solvents were removed 
in vacuo to yield a residue that  was partitioned between 
CHC13 and H~O. The CHC13 was dried over MgSO,, 
filtered and reduced in vacuo to yield 17.3 g of a dark 
green tar. The crude extract was fractionated by silica 
gel chromatography in the vacuum mode (10 cm • 9 cm, 
Merck TLC-grade Kieselgel), and metabolites were 
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progress ive ly  eluted wi th  increas ingly  polar  mix tu res  of 
isooctane and EtOAc.  Those eluting with 25-45% EtOAc/  
isooctane yielded a mixture  of f a t ty  acids containing com- 
pounds  1 and 3. T r e a t m e n t  of  a por t ion  of  these  f rac t ions  
with CH2N2 afforded a mixture  of me thy l  esters  (696 mg), 
which was  subsequen t ly  c h r o m a t o g r a p h e d  on a g rav i ty -  
driven silica gel column (2.5 cm • 55 cm, Woelm Kieselgel 
70-230  mesh} us ing  isocrat ic  condi t ions  (EtOAc/isooc-  
tane,  1:9, v/v). This yielded a simplified mix tu re  of 2 and  
4 (296 mg} f rom which each could be isola ted by  no rma l  
phase  H P L C  (Alltech Si Gel column, 25 cm • 10 mm,  
2.0% EtOAc/ i sooc tane)  to  give 71.5 m g  of 2 and 44.3 m g  
of 4, b o t h  as colorless oils. 

Methyl  5(Z}, 7(E),9(E},14(Z},17(Z}-icosapentaenoate (2}. 
Compound  2 was  a colorless mobile oil showing the follow- 
ing: UV (MeOH) ~ .... 253, 262, 273 n m  (e = 56,880; 
74,570; 56,370}; I R  (CHCI3) v 3010, 2925-2875, 1735, 1450, 
1000, 920 cm -1. For  1H N M R  and  ~3C N M R  data ,  see 
Table  1. 

Methyl  5(E), 7(E),9(E),14(Z), 17(Z}-icosapentaenoate (4}. 
C o m p o u n d  4 was  also isola ted as a colorless mobile oil 
and  showed UV (MeOH} ~m= 258, 268, 279 (~ = 45,000; 
57,000; 44,000}; I R  (CHCI~) v 3015, 2930-2870, 1735, 1440, 
1000 cm-L For  ' H  N M R  and  ~3C N M R  data ,  see Table  1. 

N-Icosa-5(E), 7(E},9(E),14(Z}, 17(Z)-pentaenoyl pyrrolidine 
(5}. The pyrrol id ide  der iva t ive  5 was  ob ta ined  via  the  
fol lowing l i te ra ture  p rocedure  (15}: A t  0 C, f reshly dis- 
tilled pyrrolidine (1 ml) was  added to  a part ial ly pure sam- 
ple of 4 (12.2 mg}, glacial  acetic acid (0.1 ml) was  added  
and  the  solut ion was  main ta ined  at  20 C. Af te r  24 hr, the 
reac t ion  was  t e rmina t ed  b y  quench ing  wi th  water ,  and  
the  p roduc t s  were repet i t ively ex t rac ted  with CHCl~ (3 X 
25 ml}. The CHCl~ layer  was  first  washed  wi th  1 M HC1 
(3 X 25 ml) and  then  wi th  H20  (3 X 25 ml}; i t  t hen  was  
evapo ra t ed  in vacuo  to  ob ta in  9.2 m g  of crude product .  
Final purification of compound  5 (ca. 1.8 rag) was  achieved 
us ing  H P L C  (Waters  ~-Porasil  8 m m  X 50 cm, 40% 
E t O A c  in isooctane) and showed the  following: ~H N M R  
(bz-d-6) 60.91 (3H, t, J = 7 . 7  Hz}, 1.21 (4H, m, N-CH2CH2), 
1.39 (2H, p, J = 7 . 4  Hz}, 1.93 (4H, m), 2.03 (4H, q, J = 7 . 2  
Hz), 2.16 (2H, q, J = 6 . 9  Hz}, 2.65 (2H, t, J = 6 . 5  Hz, 
N-CH2), 2.79 (2H, bt ,  J : 6 . 3  Hz), 3.38 (2H, t, J = 6 . 4 ,  
N-CH~), 5.45 (4H, m), 5.60 (2H, m), 6.18 (4H, m). Low 
resolution electron impac t  mass  spec t romet ry  (LR E I M S )  
m/z (rel. intensity}: 356 (M*)+H (1.7), 355 (M § (6.7), 340 
(0.2), 326 (0.3), 312 (0.4), 300 (0.3), 286 (1.8}, 272 (0.5}, 260 
(0.3), 246 (1.4}, 232 (1.0}, 218 (1.1), 2.04 (0.6), 192 (0.6}, 178 
(0.6}, 166 (1.4), 152 (2.4}, 140 (1.8), 126 (5.9), 113 (100), 98 
(19.3), 70 (26.2}, 55 (46.1}; H R  E I M S  m/z, obs. 356.2969 
(M+)+H, C24H3sNO requires  356.2955. 

RESULTS AND DISCUSSION 

The red seaweed P. filicina (Ceramiales) grows abundan t ly  
in the  mid- inter t idal  zone a long the  cent ra l  Oregon  coas t  
(16). Based  on the  resul ts  of our  survey  for biomedicinals  
f rom Oregon  seaweeds,  a large recollect ion was  made  in 
J u n e  1985 and  ma in ta ined  frozen unt i l  ex t r ac ted  for i ts  
lipids us ing  s t a n d a r d  me thodo logy .  Convent iona l  silica 
gel v a c u u m  c h r o m a t o g r a p h y  of this  da rk  green oily ta r  
gave  several  f rac t ions  con ta in ing  a b rown  charr ing,  UV 
active compound.  By  infrared (IR) and ~3C N M R  analyses, 
these  f rac t ions  were a mix tu re  of  carboxyl ic  acids t h a t  
were rendered  separable  fol lowing der iva t ion  to  the  

co r re spond ing  m e t h y l  es ters  (CH2N2). Final  pur i f ica t ion 
of  these  der iva t ives  was  achieved us ing  silica gel co lumn 
c h r o m a t o g r a p h y  followed by  H P L C  and yielded two 
uns tab le  colorless oils (2 and  4), the  s t ruc tu r e s  of  which  
were deduced f rom spect roscopic  da t a  as out l ined below. 

I t  was  recognized early in the  s t ruc ture  elucidatior~pro- 
cess t ha t  2 and 4 were geometrical  isomers of one another,  
due to  the  s imi lar i ty  in spec t roscopic  proper t ies  of the  
two molecules  and the  spon taneous  room t e m p e r a t u r e  
convers ion  of  2 and 4, mon i to red  by  H P L C .  Fur ther ,  the  
charac te r i s t i c  u l t ravio le t  absorp t ions  for  a c, t, t t r iene 
func t iona l i ty  (~m~ ---- 253, 262, 273) in 2 were replaced in 
the  absorp t ion  spec t ra  of 4 wi th  those  charac te r i s t ic  for 
a t, t, t-triene {Am~ = 258, 268, 279) (17). Hence,  the  
g rea te r  ins tabi l i ty  of 2 was  explained by  its p ropens i ty  
to  double bond  isomerizat ion as well as au tox ida t ion  and  
p r e s u m e d  po lymer iza t ion  {18-20}. 

As  nei ther  2 nor  4 gave  mean ingfu l  m a s s  spect ra l  in- 
format ion  (electron impact,  chemical  ionization}, the  more  
s table  metabol i t e  der ivat ive,  4, was  conve r t ed  into the  
co r re spond ing  pyrrol id ide  (5) (21}. Der iva t ive  5 was  
charac te r ized  by  L R  E I M S  (obs. M § 355 [6.7%]) and  
H R  E IM S (obs. [M § + H) to  yield a molecular  fo rmula  of  
C24H37NO. Hence,  the  co r re spond ing  molecular  fo rmula  

TABLE 1 

NMR Data for the Methyl Ester Derivatives of Two Icosapentaenoic 
Acid Natural Products from P .  f i l i c i n a  a 

Compound 2 Compound 4 

'H '3cb 'H '3C c 
C 

No. 6 m J(Hz) 6 6 m J(Hz) 6 

1 -- 174.01 174.01 
2 2.33 t 7.5 33.36 2.31 t 7.4 33.35 
3 1.73 p 7.5 24.82 1.73 p 7.4 24.51 
4 2.23 q 7.5 27.08 2.09 m -- 32.08 
5 5.33 m -- 130.78 d 5.57 dt 14.4,7.2 132.64 d 
6 6.04 bt 11.4 129.76 d 6.08 m -- 131.34 d 
7 6.35 dd 13.9,11.4 125.75 d 6.08 m -- 130.66 d 
8 6.15 m -- 130.78 d 6.08 m -- 131.46 d 
9 6.10 m -- 130.15 d 6.08 m -- 130.57 d 

10 5.71 dt 14.4,7.2 135.07 d 5.63 dt 14.4,7.2 134.35 d 
11 2.09 m -- 32.37 2.09 m -- 32.34 
12 1.46 p 7.5 29.21 1.46 p 7.4 29.25 
13 2.09 m -- 26.69 2.09 m -- 26.68 
14 5.33 m -- 129.59 5.33 m -- 129.62 
15 5.33 m -- 128.46 5.33 m -- 128.49 
16 2.77 bt 6.1 25.56 2.77 bt 6.0 25.56 
17 5.33 m -- 127.30 5.33 m -- 127.31 
18 5.33 m -- 131.82 5.33 m -- 131.86 
19 2.09 m -- 20.55 2.09 m -- 20.55 
20 0.97 t 7.6 14.29 0.97 t 7.6 14.29 
1' 3.66 s -- 51.49 3.66 s -- 51.48 

aChemical shift values in ppm relative to TMS as an internal stan- 
dard operating at 9.398 T. All spectra obtained in CDC13. 
bAssignments by comparison with values determined for 4 and with 
several model compounds (24,25,27). 
CAssignments from a IH-'3C heteronuclear 2D shift correlation spec- 
troscopy experiment and by comparisons with model compounds 
{24,25,27). 
dCarbons assigned by comparison to model c, t, t and t, t, t conjugated 
trienes (27}. 
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for both natural products (1 and 3) was C~oH3oO~, yielding 
six degrees of unsaturation. 

Further structure elucidation efforts were conducted 
with derivative 2, principally because most of its protons 
were clearly resolved in its high field 'H NMR spectrum 
(Table 1). The '3C NMR spectrum of 2 showed one ester 
carbonyl, confirmed by a characteristic stretch at 
1735 cm -' in the IR, and 10 olefinic carbon atoms, thus 
accounting for all six degrees of unsaturation. Other than 
these olefin and ester carbons, the '3C NMR spectrum was 
composed of one methyl ester carbon, one aliphatic 
methyl carbon and eight methylene carbons. Hence, 2 was 
deduced to be a methyl ester derivative of an icosapen- 
taenoic acid containing a conjugated c, t, t triene as well 
as two nonconjugated double bonds. 

The linear array of these methylene and olefinic groups 
in 2 was conveniently given by a ' H J H  2D shift correla- 
tion spectroscopy (COSY} experiment (Fig. 1) (22). The 
C-2 protons, identified by their characteristic chemical 
shift (d2.33) and triplet multiplicity (23), were correlated 
to a 2H signal at 61.73 (H2-3), which was further cor- 
related to another 2H signal appearing at 62.23 (H2-4). 
The allylic nature of these latter protons was indicated 
by both their chemical shift and a clear correlation to an 
olefin proton at 65.33. As this latter signal overlapped 

four other protons at this chemical shift, observation of 
the continuity of this linearly related spin system was af- 
forded by detection of allylic coupling between H2-4 and 
H-6 (66.04). The H-6 proton was correlated both to the 
H-5 proton at 65.33 and the H-7 proton at 66.35. The H-7 
signal was, in turn, correlated to H-8 (66.15), H-8 to H-9 
(66.10) and H-9 to H-10 (65.71). Coupling constant 
analysis (Table 1) of this C-5 to C-10 olefin constellation 
reconfirmed the c, t, t nature of the triene, as well as fix- 
ing its orientation relative to the carboxyl group. 

A correlation between H-10 and two protons of a 6H 
multiplet at 62.09 identified the allylic protons at C-11. 
This latter multiplet was coupled in the upfield region 
only to the terminal methyl group and a 2H signal at 
61.46. This latter signal must, therefore, be H~-12. In turn, 
these C-12 protons were coupled exclusively to the 6H 
multiplet at 62.09, and therefore, H-13 must also be 
allylic. Further, since the 6H multiplet was only coupled 
in the olefin region to one proton at d5.71 (H-10) and to 
two of five overlapping protons at 65.33, H-14 must be 
located in this latter multiplet. 

At the other end, the terminal methyl group (60.97) was 
correlated to the 6H multiplet of overlapping allylic pro- 
tons at 62.09 and thus must contain, in addition to H~-ll 
and H2-13, H2-19. In analogy to the reasoning used to 
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FIG. 1. 'H-~H correlation spectroscopy (22) of methyl 5(Z),7(E),9(E),14(Z),17(Z)- 
icosapentaenoate (2) showing correlations between coupled protons (ca. 7 mg of 2 in 0.4 
ml CDCI+ with 0.3% TMS, 5-mm tube, 400 MHz). 
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FIG. 2. 1H-13C heteronuclear 2D shift correlation spectroscopy (22) of methyl 5(E),7(E},9(E),14(Z),17(Z)-icosapentaenoate (4) showing one 
bond coupling ('J) correlations between carbons and their respective protons (ca. 20 mg of 4 in 0.4 ml CDCI~ with 0.3% TMS, 5-mm tube; 
LH NMR at 400 MHz, '3C NMR at 100 MHzL 

identify the H-14 chemical shift, the H-18 proton must  
also be in the 5H multiplet at  65.33. 

A third partial structure for derivative 2 was identified 
beginning with a bisallylic methylene, identified as such 
by its characteristic chemical shift (62.77} and multiplicity 
(t, J=6 .1  Hz) {23}. In the COSY experiment, these pro- 
tons were exclusively correlated to two of the five olefin 
protons occurring as an multiplet at  65.33. By a 'H-13C 
heteronuclear 2D shift correlation spectroscopy experi- 
ment (Fig. 2) (22}, the carbon shift of the bisallylic 
methylene was identified as 625.56; hence, via comparison 
with all four geometrical isomers of the model compound, 
methyl-12,15-octadecadienoate, both olefins were of the 
Z geometry {24}. 

Consideration of these three partial structures with 
regards to the molecular formula and number of olefins 
in 2 required two of the olefins to be duplications. With 
two connections to be made between these three partial 
structures, and with the middle fragment being sym- 
metrical, only one structure, 2, was possible. 

The structure of derivative 4 was developed by compari- 
son of its spectroscopic properties with those of derivative 
2 (Table 1). In most respects, the major structural features 

present in 2 were also present in 4, as was suggested by 
the facile conversion of 2 into 4. The major difference was 
tha t  the c, t, t triene in 2 was replaced in 4 by a t, t, t triene. 
This was evidenced by UV (see experimental}, 'H NMR 
(J5-6 = 14.4 Hz, J9-1o = 14.4 Hz) and 13C NMR data  (6 
olefin carbon signals greater than 130 ppm) (25). 

I t  is likely tha t  both natural  products 1 and 3 are de- 
rived by isomerization of the C8_9 and C,_~ olefins in 
5(Z},8(Z),l l(Z),14(Z),17(Z)-icosapentaenoic acid to the C, s 
and C9-1o positions. Metabolites 1 and 3 were shown to 
be true natural  products of P. filicina by nearly identical 
TLCs for the lipid extracts obtained by standard extrac- 
tion methodology and by a procedure described to inhibit 
extraction artifacts resulting from enzyme-catalyzed 
degradation of complex lipids (26). 

ACKNOWLEDGMENTS 
Harry Phinney of the Department of Botany at Oregon State Univer- 
sity helped in the collection and identification of the Ptilota filicina. 
Roger Kohnert assisted in obtaining NMR data on the OSU Depart- 
ment of Chemistry's Bruker AM 400 spectrometer, purchased in part 
through grants from the National Science Foundation (CHE- 
8216190} and the M. J. Murdock Charitable Trust. Brian Arbogast 

LtPIDS, Vol. 22, No. 3 (1987) 



194 

A. LOPEZ AND W.H. GERWICK 

and Don Griffin helped with the low and high resolution mass spec- 
tra through the mass spectral facility in the OSU College of 
Agricultural Chemistry. The high resolution instrument, a Kratos 
MS 50 TC, was purchased with grants from the National Institutes 
of Health Division of Resources (DRR 1S10RR01409}. The reviewers 
of this manuscript gave constructive comments. This work was SUl> 
ported by the Oregon Sea Grant Program (R/PD-47). 

REFERENCES 

1. Ackman, R.G., and McLachlan, J. (1977} Proc. NS Inst. Sci. 28, 
47-64. 

2. Lands, W.E.M. {1982} in NutritionalEvaluation of Long Chain 
Fatty Acids in Fish Oil (Barlow, S.M., and Stansby, M.E., eds.) 
pp. 25-88, Academic Press, London. 

3. Kromhout, D., Bosschieter, E.B., and De Lezenne Coulander, 
C. {1985} N. Engl. J. MecL 312, 1205-1209. 

4. Phillipson, B.E., Rothrock, D.W., Connor, W.E., Harris, W.S., 
and Illingworth, D.R. (1985} N. Engl. J. Med. 312, 1210-1216. 

5. Lee, T.E., Hoover, R.L., Williams, J.D., Sperling, R.I., Ravalese, 
J. III, Spur, B.W., Robinson, D.R., Corey, E.J., Lewis, R.A., 
and Austen, K.A. {1985) N. Engl. J. Med. 312, 1217-1224. 

6. Lands, W.E.M. (1986} in Fish and Human Health, Academic 
Press, Orlando. 

7. Gibson, K.H. {1982} in Prostaglandins and Thromboxanes 
{Newton, R.F., and Roberts, S.M., eds.} pp. 4-16, Butterworths 
Scientific, London. 

8. Lai, S.M.F., and Manley, P.W. (1984} Natural Products Rep. 1, 
409-441. 

9. Borgeat, P. (1986} in The Leukotrienes: Their Biological 
Significance (Piper, P.J., ed.) pp. 1-14, Raven Press, New York. 

10. Lindberg, B. {1955} Acta Chem. Scand. 9, 1323-1326. 
11. Blunden, C., Rogers, D.J., and Farnham, W.F. {1978} Syst. 

Assoc. Spec. 10, 21-45. 
12. Morisaki, M., Kidooka, S., and Ikekawa, N. {1976} Chem. Phar. 

Bull. 24, 3214-3216. 

13. Idler, D.R., and Wiseman, P. {1970} Comp. Biochem. PhysioL 
35, 679-687. 

14. Zimina, L.S., Aminina, N.M., and Shmel'kova, L.P. (1985)Rastit. 
Resur. 21, 482-485. 

15. Tulloch, A.P. {1985} Lipids 20, 652-663. 
16. Phinney, H.K. {1978} in The Marine Biomass of the Pacific North- 

west Coast (Krauss, R., ed.) pp. 93-115, Oregon State Univer- 
sity Press, Corvallis. 

17. Pitt, G.A.J., and Morton, R.A. {1957} Prog. Chem. Fats Other 
Lipids 4, 227-278. 

18. Johnson, R.W., and Pryde, E.H. (1979) in Fatty Acids (Pryde, 
E.H., ed.} pp. 319-342, American Oil Chemists' Society, Cham- 
paign, IL. 

19. Frankel, E.N. {1979} in Fatty Acids (Pryde, E.H., ed.) 
pp. 353-378, American Oil Chemists' Society, Champaign, IL. 

20. Johnson, R W. {1979} in Fatty Acids (Pryde, E.H., ed.) 
pp. 342-352, American Oil Chemists' Society, Champaign, IL. 

21. Andersson, B.A. {1978} Prog. Chem. Fats Other Lipids 16, 
279-308. 

22. Nagayama, K. {1986} in Applications of NMR Spectroscopy to 
Problems in Stereochemistry and Conformational Analysis 
(Takeuchi, Y., and Marchand, A.P., eds.) Vol. 6, pp. 155-177, 
VCH Publishers, Deerfield Beach, FL. 

23. Frost, D.J. {1974} in The Structural Analysis of Fatty Acids and 
Esters by NMR, pp. 28-65, Unilever Research, 
Vlaardingen/Duiven. 

24. Rakoff, H., and Emken, E.A. (1983} J. Am. Oil Chem. Soc. 60, 
546-552. 

25. Tulloch, A.P. {1982} Lipids 17, 544-549. 
26. Phillips, F.C., and Privett, O.S. {1979) Lipids 14, 949-952. 
27. Bergter, L., and Seidl, P.R. {1984} Lipids 19, 44-47. 

[Received N o v e m b e r  7, 1986] 

LIPIDS, Vol, 22, No, 3 (1987) 



195 

M E T H O D S  I I 

Analysis of Volatile Fatty Acids in Biological Specimens by Capillary 
Column Gas Chromatography 
S.E. F lem ing  I, H. Trait |er* a n d  B. Koellreuter 
Nestle Research Department, Nestec Ltd., 18OO-Vevey, Switzerland 

A method was developed to analyze and quantify volatile 
fatty  acids {VFA} such as acetic, propionic, butyric, iso- 
butyric, valeric and isovaleric acids in biological speci- 
mens. To obtain good sample transfer into the chromato- 
graphic system an organic solvent had to be used together 
with an aqueous milieu, thus  improving wett ing proper- 
ties of the liquid sample plug introduced into the column. 
Sample preparation was carried out  under alkaline con- 
ditions in order to exclude or minimize sample losses due 
to sample transfer during the extraction and work-up pro- 
cedure. A cold on-column injection was applied to avoid 
irregular discrimination of the various acids due to sam- 
ple splitt ing and an automatic injection technique was 
used to accommodate the large number of samples gener- 
ated from biological origin. Connection of a pre-column 
of wide internal diameter {0.53 mm} to the analytical col- 
umn t0.32 m) was optimized and adapted to the nature of 
the injection solvent mixture consist ing of acetonitrile, 
water and hydrochloric acid. To obtain well-separated and 
correctly quantifiable gas chromatographic peaks, it was 
essential to perform the chromatography under acidic 
aqueous conditions. Standard resolution conditions and 
response factors were evaluated. The chromatographic 
results of applying this  method to biological specimens 
from both rats and humans are provided. 
Lipids 22, 195-200 {1987}. 

Volatile fatty acids (VFA) include components such as 
acetate, propionate, butyrate, isobutyrate, valerate and 
isovalerate. These components are described as being 
volatile since they can be steam distilled under acidic con- 
ditions, but they are also classified as short chain fatty 
acids due to their low molecular weights. Some of these 
compounds are produced during the normal metabolic 
processes, while all of them are produced in the large in- 
testines of mammals, including humans, via fermentation 
pathways. It is this latter route of production that in- 
cludes our research interest. VFA are produced when 
dietary components such as fibers, a-galactosides and 
unabsorbed starch and sugars are fermented. Recent 
evidence indicates that there are several potentially 
beneficial physiological effects of VFA production and ab- 
sorption. These include their abilities to serve as an 
energy source (1,2) and their influence on the differentia- 
tion and growth of colonic epithelial cells (3,4). To study 
these effects, it is necessary to have a rapid, sensitive and 
accurate method for analyzing these constituents in 
biological specimens such as intestinal tissues, plasma 
and saliva. 

~Current address: Department of Nutritional Sciences, University 
of California, Berkeley, CA 94720. 
*To whom correspondence should be addressed. 

Separation, identification and quantification of these 
volatile fatty acids have most commonly been done using 
gas liquid chromatography. However, the stationary 
phase of columns must be sufficiently polar to separate 
the acids without exhibiting excessive retention of the 
constituents, and it must also be efficient at low tempera- 
tures so that pyrolysis and decomposition of the constitu- 
ents or of the stationary phases do not occur (5). A 
primary difficulty with this method of analysis, in the 
case of packed columns, has been the interaction between 
the acids and the column packing, which results in tail- 
ing of peaks (reversible adsorption) and retention of the 
acids on the column (irreversible adsorption). With subse- 
quent injections, these constituents may be released, and 
this phenomenon has been referred to as "ghosting" or 
"memory effect." This type of absorption has been re- 
duced by using glass columns in preference to stainless 
steel columns (5), by incorporating phosphoric acid into 
the packing materials (5) and by incorporating formic acid 
into the carrier gas stream (6). To some extent, these prob- 
lems have been overcome by using capillary column 
chromatography (6). Recently, these constituents were 
reported to be separable by employing a fused silica 
capillary column coated with OV-351, which is a Car- 
bowax nitroterephthalic acid polymer, and a split injec- 
tion mode chromatography procedure (6). A similar 
technique has been used by others to analyze these con- 
stituents in human urine (7). Other workers (8) reported 
quantifying both volatile and nonvolatile organic acids 
as the t-butyldimethylsilyl derivatives following capillary 
chromatography using OV-17, a coating material of in- 
termediate polarity. 

A cold, on-column mode injection system and an im- 
mobilized phase composed of polar coating material were 
used in developing an alternate procedure for separating 
and quantifying VFA using capillary column chromatog- 
raphy. With this procedure, accurate and reproducible 
analyses of VFA were performed in extracts prepared 
from biological samples including plasma, saliva, in- 
testinal contents and intestinal tissues. 

MATERIALS AND METHODS 

Materials. Routine separations of the acids were made 
using a standard mixture containing acetic, n-propionic, 
isopropionic, n-butyric, isobutyric, n-valeric and isovaleric 
acids (WFA-2, Supelco, Gland, Switzerland). Isocaproic 
acid (Fluka AG, Switzerland) was added to this mixture 
and served as an internal standard for purposes of quan- 
tification. Acetonitrile (Romil Chem., Shepshed, England; 
HPLC grade) was used without further purification, and 
it was necessary to use a high-purity grade solvent so that 
there was no measurable contamination with acetic acid. 
Hydrochloric acid, methanol, acetone, hexane (all from 
Merck, Darmstadt, Federal Republic of Germany), 
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tridecane (Fluka) and sodium chloride {Merck} were used 
as supplied. Water was deionized and distilled. 

Apparatus. A fused-silica capillary column (25 m X 0.32 
mm ID) was coated with Carbowax 20M {Applied Science 
Labs., State College, Pennsylvania) using a procedure 
fully described elsewhere (9), and a desired film thickness 
was 0.30 gm. A fused-silica (1 m • 0.53 mm ID) pre- 
column was also utilized after applying a procedure in 
which it was washed, using suction, with a solution of 5% 
(w/v)),-glycidoxypropyltrimethoxysilane {Union Carbide, 
New York, New York) in methanol. The Carlo Erba Mega 
HRGC 5160 chromatograph used was equipped with an 
automatic liquid on-column injector (Carlo Erba AS-550). 
Data were generated and acquired using a Spectra- 
Physics 4700 integration system. 

In general, the chromatography was conducted using 
hydrogen as carrier gas at a flow of 2.5 ml/min and a 
pressure of 0.6 kPa. The precolumn was connected to the 
analytical column by means of a purged-butt connector 
that facilitated entrance of hydrogen as a make-up or aux- 
iliary gas to flush the union, and the analytical column 
was inserted into the precolumn by at least 1 mm. The 
flame ionization detector was operated at 300 C with gas 
flows of 300 ml/min for air and 30 ml/min for hydrogen. 
Nitrogen (ca. 20 ml/min) was used as make-up gas. The 
injector block was air-cooled and was equipped with a 
secondary cooling system. The injection was made di- 
rectly into the column at the point that it entered the 
o v e n .  

Use of a precolumn was found to be necessary to ex- 
tend the lifetime of the analytical column. This fused silica 
precolumn was of 0.53 mm id and was treated prior to 
being installed with a silane monomer (9) followed by 
washing with ca. 10 ml of the acidic/aqueous/organic sol- 
vent mixture. Furthermore, we were able to intermit- 
tently remove the precolumn from the chromatograph, 
and to flush the precolumn with this solvent mixture so 
that accumulated impurities and salts could be removed. 
This precolumn and its treatment significantly extended 
the lifetime of the analytical column. 

Sample preparation and assay procedure. Standard 
curves were derived by the addition of analytes and in- 
ternal standard (isocaproic acid} to the solution composed 
of the desired solvent:water/HCl ratio. The calibration 
ranges were from 0-800 nmol/ml for each acid. The ratios 
of the integrated areas for the seven VFA were calculated 
as a percentage of the integrated areas for 400 nmol of 
internal standard, and these ratios were plotted against 
concentration of the analyte to generate the standard 
curves. Linear regression analysis was then used to deter- 
mine the quantity of VFA in a sample to which had been 
added 400 nmol of internal standard. The extractions of 
VFA from biological specimens were performed using the 
alcoholic extraction procedure of Remesy and Demigne 
(5), except that  KOH was used to alkalinize the extracts 
in place of NaOH, and the ratio of ethanol:water was in- 
creased from 5:1 to 8:1. 

RESULTS 

Fused silica columns coated with Carbowax 20M to 
desired film thicknesses ranging from 0.20-0.50 ~m were 
prepared. Those columns with film thicknesses of 

0.20-0.30 ~m were found to give the best separations of 
the six VFA and the internal standard (isocaproic acid), 
and the peak shapes tended to be sharper, which allowed 
more accurate quantification. In our experience, better 
resolution of these seven components was achieved with 
immobilized Carbowax 20M as a coating material than 
with OV-351. 

The choice of solvent had a significant effect on the 
general appearance of the solvent front and baseline as 
well as the resolution of the compounds. Six solvents-- 
acetone, acetonitrile, hexane, methanol, tridecane and 
water--were evaluated. None provided acceptable results 
when used in a single solvent system. Solvent peaks 
tended to be broad for methanol and acetone, and this 
interfered with elution of the components of interest. 
However, when a solvent/water mixture was used, the 
characteristics of the solvent peak were tremendously 
improved. 

Solvent. Water mixtures of 8:2 were generally found to 
produce the most desirable results. Of the six solvent 
systems evaluated, acetone/water and acetonitrile/water 
were found to be the most favorable, since they provided 
excellent characteristics in showing a rapid return to 
baseline following the elution of the solvent, and the seven 
compounds were fully resolved. By contrast, resolution 
of the components was poor when methanol/water was 
used as solvent; the immiscibility of some of these sol- 
vents with water precluded their use. When water was 
used as the sole solvent, the peak shapes of the acids were 
generally poor. 

The degree of acidification had a marked effect on the 
chromatography of the acids. Without adequate acidifica- 
tion, the compounds failed to elute as distinct, quan- 
tifiable peaks. Additionally, ghosting, or the appearance 
of components from one injection during subsequent in- 
jections, and retention time shifts were serious problems. 
These problems were overcome by adjusting the acidity 
so that the peaks were discrete and unchanged by fur- 
ther addition of acid. In general, we found that using 1 N 
HC1 in the presence of 80% of the other organic solvent 
provided excellent results. Nonetheless, it was necessary 
to add additional HCI if samples were stored for more 
than 18 hr prior to their analyses. It  should be em- 
phasized, however, that there were no observable undesir- 
able consequences of "overacidifying" since no further 
changes were detected in peak shape or area ratios of the 
acids to internal standard once the critical, but minimum, 
quantity of acid had been added. 

Temperature programming was used in all analyses. We 
found that the characteristics of the solvent peaks were 
best when initial temperatures of 60-75 C were used. At 
higher starting temperatures, the solvent peak was ex- 
cessively large. Following a time lag of 2 min at the ini- 
tial temperature, a constant increase at 8 C/min was 
found to provide optimum resolution of the components. 
Under these conditions, the compound of highest molecu- 
lar weight, isocaproic acid, was eluted within 10-12 min. 
Nonetheless, continuous high quality resolution was only 
achieved if the oven temperature was cycled to 180-200 C 
and held at that temperature for at least 5 rain. 

A typical chromatogram showing the separation of the 
six VFA and isocaproic acid as internal standard is pro- 
vided in Figure 1. The seven components are distinctly 
separable. Reproducibility of duplicate injections were 
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FIG. 1. Chromatogram of standard VFA {WSFA-2, Supeleo Inc.} 
with isocaproic acid as internal standard. Peak identifications: 
1, acetic acid; 2, propionic acid; 3, isobutyric acid; 4, n-butyric acid; 
5, isovaleric acid; 6, n-valeric acid; 7, isocaproic acid. Solvent: aceto- 
nitrile/H20; temp. prog: 65-145 C; injector: cold, on-column; detec- 
tor: FID, 300 C. 

found to be within 5%, when the area ratios of the 
VFA:internal standard were calculated. Additionally, the 
response was found to be linear between the range of at 

least 0-800 nmol/ml when a 1 ~l injection was made 
(Fig. 2), and this linearity may have continued although 
higher concentrations were not evaluated. We estimate 
that the lower limits of detection were in the range of 
20 nmol/ml and that  the lower limits for quantification 
were in the range of 50 nmol/ml. The identity of the com- 
ponent that  corresponded to the sharp peak that eluted 
before peak 1 (Fig. 1) was not determined but, since the 
purity of the WSFA-2 solution was not indicated, it is 
likely that this peak could have been formic acid. 

The reproducibility with which we could analyze VFA 
in biological specimens closely approximated the repro- 
ducibility of our standards. In particular, the coefficients 
of variation of replicate injections for standard VFA, 
which had not undergone any of the routine extraction 
procedures necessary as part of the analytical procedure 
used to quantify VFA in biological specimens, ranged 
from 2-5%. When these same standards were subjected 
to the alcoholic extraction procedure, the coefficients of 
variation were unchanged. When biological specimens 
were similarly extracted and repeat injections made, the 
coefficients of variation ranged from 3-6% for specimens 
including plasma, cecal contents and cecal tissue of rats, 
and plasma and saliva from humans. Typical chromato- 
grams of extracts prepared from these biological speci- 
mens are shown in Figure 3. It is worth noting that in 
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FIG. 2. Area ratio of VFA: internal standard peaks vs weight ratio 
of VFA: internal standard. Values were determined at 4 weight ratios 
for each of 4 standard VFA. Triplicate analyses were made on three 
days using newly prepared solutions. 
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FIG. 3. Chromatograms of V F A  in alcoholic extractions of biological specimens including human plasma, 300 mg {A}; human saliva, 100 mg 
(B); rat portal plasma, 200 ~1 (C); rat cecal contents, 100 ~1, 1:10 dilution {D}; and rat cecal tissue, 100 U, 1:10 dilution {E). Each chromatogram 
is shown in the presence of ca. 400 nmol of isocaproic acid as internal standard. 

some of these biological specimens some higher molecular 
weight constituents were observed, but these did not in- 
terfere with further chromatographic analyses. 

D I S C U S S I O N  

The objective of this research was to develop a capillary 
chromatography system to analyze volatile fat ty acids 
in large numbers of biological specimens. Thus, we needed 
to have readily quantifiable chromatograms and columns 
that would remain functional during many analyses. Ad- 
ditionally, it was necessary to be able to perform each 
analysis quickly and with a minimum of preparation. To 
meet these objectives, we wished to avoid derivatization. 
This necessitated performing the chromatography in a 
solvent matrix consisting of water/hydrochloric acid to- 
gether with an organic solvent. 

Although other workers have reported using a polar 
phase such as OV-351 to separate the volatile fatty acids 
and their isomeric constituents (6), we found that  these 
constituents were better resolved on a stationary phase 
of the polyethylene glycol type. Previously, we have 
reported using immobilized Carbowax 20M columns for 
the analyses of such lipids as methyl esters of long chain 
fatty acids and prostanoids (10-12). To prepare these col- 
umns, we used a technique in which silane monomers are 
grafted onto the polymer chains followed by cross-linking 
between the grafted units, which effected phase im- 
mobilization as previously reported (9). This polymer was 
found to be sufficiently stable to withstand repeated loads 
of the acidic/aqueous/organic solvent mixture used in the 
solubilization of underivatized volatile fatty acids, and 
it could also withstand large sample volumes of up to 
10 ~l without phase stripping effects. Additionally, this 

phase proved to be efficient and durable, since we were 
able to make more than 1000 analyses on a single column 
over a period of ca. 3 months using an automatic injec- 
tion mode. 

Due to the volatile nature of these acids, consideration 
was given to the nature of the injection system. An on- 
column injection mode was thought to be desirable since 
it avoids the discrimination of constituents, which may 
occur with the split-injection technique and a septum 
purge. Additionally, the on-column injection mode re- 
duces the potential for degradation of the highly polar 
compounds, which may occur in an acidic medium if a 
flash evaporation technique is used such as occurs in a 
heated injector. 

Given the desirability of using a direct injection system 
and a precolumn, it was necessary to use a precolumn that 
had a larger diameter {0.53 mm) than that of the analyti- 
cal column {0.32} to accommodate the injection needle (ca. 
0.4 mm). The precolumn had another positive side effect. 
Creating, by definition, a retention gap (13,14), this helped 
to avoid possible peak splitting, which otherwise could 
have occurred. The two columns were connected via a 
purged butt  connector, using a technique that  avoided 
dead volumes and backflush. In addition to the usual con- 
nection mode, a restricting valve can be installed in this 
gas line for precisely adjusting the auxiliary gas flow 
relative to the precolumn length. The conformation of the 
system is diagrammatically presented in Figure 4. The 
degree to which the pressure is restricted by this valve 
distinctly influences gas chromatographic performance, 
and this can most easily be observed by monitoring the 
elution shape of the solvent, as is shown by the examples 
of an incorrectly and a correctly purged butt  connector 
{Fig. 5). Efficient flushing of this connector is also 
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FIG. 4. Physical conformation of the analytical column, precolumn 
and carrier gas streams. A, analytical column; B, butt connector; 
C, carrier gas inlet; D, detector; I, injector; P, precolumn; R, restric- 
tion; V,, carrier gas valve; V~, fine metering valve. 

essential in order to avoid the deposition or accumulation 
of noneluted and partially degraded compounds on the 
column. This would lead to rapid deterioration of column 
performance. 

The optimum initial oven temperature for resolution of 
the VFA contained within this solvent system was found 
to be between 60-75 C. At these temperatures, peak 
resolutions were excellent, acetic acid was clearly sepa- 
rated from the solvent peak system and the overall speed 
of analysis was acceptable. At higher initial temperatures 
of ~80 C, an excessively large solvent peak was observed, 
and this interfered with the quantification of VFA; at 
lower initial temperatures of ~50 C, the speed of analyses 
was unnecessarily slow. The initial temperature was main- 
tained for 1-2 min to allow elution of the solvent peaks, 
and this was followed by temperature programming at 
8 C/min to 140 C. At this temperature, all VFA were 
eluted, but the column was still found to contain im- 
purities that could be eluted by more rapidly heating the 
column to 200 C and maintaining this temperature for at 
least 5 min. Thus, the column was "purged" prior to the 
next injection, and the impurities were not allowed to ac- 
cumulate. Nonetheless, we found that impurities collected 
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FIG. 5. Influence of proper purging of the butt connector on the elution shapes of the 
solvent peaks. Left chromatogram unpurged; right chromatogram purged. Peaks corre ~ 
spond to fatty acid methyl esters C8-C17. 
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in the precolumn over time, and this necessi tated clean- 
ing by cut t ing away an initial section or by  rinsing with 
the injection solvent mix. These cleaning procedures were 
repeated roughly every 100 injections, and the total  
number  of injections which could be made on one length 
of precolumn varied from 400-500. By caring in this way 
for the precolumn, we were able to make more than  1000 
injections on a single analytical column. Thus, our ex- 
periences showed tha t  the immobilized Carbowax col- 
umns were highly resis tant  against  water, acid and sol- 
vent  stripping. 

Various solvent systems were evaluated, and the choice 
was based on extract ion of VFA from biological speci- 
mens and consideration of the underivatized character  of 
the acids. Thus it  was necessary to avoid solvents tha t  
would favor dissociation of the acids tha t  would cause 
peak broadening and reduce the accuracy of quantifica- 
tion. Water  as the sole solvent was found to cause ex- 
cessively broad peaks, and it appeared to cause the for- 
mation of an intermediate pseudo-stat ionary film tha t  
interacted in the chromatographic  process. Thus, since 
water  could not  be used alone as solvent for the analyses 
of the underivatized acids, it was necessary to use sol- 
vents  tha t  could function as a co-solvent with this 
aqueous phase. Thus, water  served as the pr imary sol- 
vent  for the free acids, and the organic phase had primary 
importance in sample transfer and in determining chroma- 
tographic resolution. VFA would not  disperse in hexane 
or ether, and the immiscibility of these solvents with the 
acidified aqueous phase precluded their use. When metha- 
nol was used as solvent, we observed a remarkably low 
response. Acetone or acetonitrile, in combination with an 
acidified aqueous phase, provided excellent resolution of 
the VFA, high responses and identical chromatographic  
performance. However, acetone could not  be found in an 
absolutely acetic acid-free quality, and since the degree 
of contaminat ion was not  constant ,  quantif ication of 
acetic acid in biological specimens was impeded. Thus, 
acetic acid-free acetonitrile was taken as the preferred 

solvent. However, since acetic acid or a co-eluting com- 
ponent  was found to be generated within this solvent 
sys tem over long periods of time, it was necessary to 
simultaneously prepare and analyze calibration standards 
and samples so that  this change could be eliminated from 
the calculated results. When this was done, the quantifica- 
tion of acetic acid in biological specimens was found to 
be constant  over at least a 3-day storage period. Thus, 
the final composition of the injection sample consisted 
of acetonitrile, water  and aqueous hydrochloric acid in 
proport ions tha t  could be variable within the limits 
previously described. Samples injected in such a medium 
gave sharp, quantifiable peaks {Fig. 3) with highly 
reproducible results. 
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The Use of Iodine Staining for the Quantitative Analysis of Lipids 
Separated by Thin Layer Chromatography 
G i u s e p p e  P a l u m b o *  and Fulvio Zul lo 
Catteclra di Chimica Fisiologica, Facolta' di Medicina e Chirurgia, Universita' degli Studi di Reggio Calabria, Via S. Brunone di 
Colonia, Catanzaro and Centro di Endocrinologia ed Oncologia Sperimentale del C.N.R., Via S. Pansini, 5 80131 Naples, Italy 

The method described for quantitative estimation of 
lipids separated on thin layer chromatography plates ex- 
ploits the observation that most lipids can be stained by 
iodine vapor and that, in "controlled" conditions, the in- 
tensity of this staining is proportional to the actual 
amount of lipid in the spot. The method consists of i} ex- 
posing the developed plate to iodine vapor; ii) spraying 
it with a suitable solvent to prevent halogen evaporation; 
iii} collecting the stained lipids by scraping the spots off 
the plate; and iv} determining by a rate-sensing method 
the absorbed iodine. The final determination is performed 
by measuring spectrophotometrically tat 410 nm} the rate 
of decolorization of a solution of CetIV) by As(liD in 
strong acidic conditions. The reaction rate, which is posi- 
tively related to the concentration of iodine, is derived 
from the slope of the absorbance change plotted vs time. 

Providing that standards and samples are stained 
simultaneously, a quantitative estimation of lipid compo- 
nents of a mixture is possible in a reasonable time with 
excellent accuracy and reproducibility. In our hands, the 
method has been successfully applied to several common 
phospholipids, long chain fatty acids, cholesterol and de- 
oxycholate, and triacylglycerols, in the range of 5-60 ~g. 
Lipids 22, 201-205 11987}. 

Quantitation of lipid spots on thin layer chromatography 
(TLC) plates involves two steps: visualization of lipids and 
quantitative (chemical or densitometric) analysis. 

One of the most widely used visualization procedures 
is the exposure of the developed plate to iodine vapor {1). 
Due to the hydrophobic character of both the halogen and 
lipids, samples adsorb iodine and readily appear on plates 
as brownish spots. 

Early observations and our present experience (1,2) in- 
dicated that molecules as phospholipids, long chain fatty 
acids, triacylglycerols and cholesterol derivatives adsorb 
iodine proportionally to the amount of lipid material (up 
to 60 ~g) on the TLC plate. This is true, however, only 
if iodine evaporation from the plate is immediately 
blocked and the exposure of plates is not exceedingly 
long. Under these conditions, a staining procedure widely 
used for qualitative purposes may become useful also for 
quantitative determinations. 

It must be pointed out that the method described here 
allows a significant time savings, since it requires less 
than 30 rain of effective work and uses common labora- 
tory equipment and reagents. 

This method has not been tailored for routine chromato- 
graphic measurements or for very specialized laboratories 
devoted to lipid chemistry. Rather, this procedure is pro- 
posed for investigators who might have occasional need 
of a rapid and suitable quantitative analysis of lipids. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Egg yolk sphingomyelin {containing primarily palmitic 
acid}, cardiolipin (pig heart}, phosphatidylinositol {contain- 
ing primarily linoleic and palmitic acids}, dipalmitoylphos- 
phatidylserine, linoleic, oleic and elaidic acids, cholesterol 
and sodium deoxycholate were purchased from Sigma tSt. 
Louis, Missouri}; triolein {glycerol trioleate) was from BDH 
(Deventer, The Netherlands}. All these substances were used 
without further purification and were solubilized or diluted 
in chloroform or chloroform]methanol 12:2, v/v) to give final 
concentrations {gravimetricaUy assessed} of 2.5 mg/ml. 

Precoated silica gel 60 TLC plates with or without 
fluorescent indicator {0.2 mm thick} were obtained from 
Merck {Darmstadt, Federal Republic of Germany}. The 
spotting solvent was chloroform or chloroform/methanol 
{2:1, v/v). 

Equipment consisted of an Eppendorf microfuge, a chro- 
matographic tank {22 • 10 X 22 cm} and a Beckman UV 
5230 spectrophotometer with a built-in strip-chart recorder. 
Readings were taken at 410 nm. Normally, full scale was 
set at O.D. 2 and the chart speed at 2 inches/rain. 

For the arsenious acid reagent, sodium arsenite {Baker, 
Poole, England} was dissolved {with heating and stirring} 
in 0.15 M sulfuric acid to give a final concentration of 
0.01 M. After cooling, the solution was divided into small 
aliquots and stored in the refrigerator. These solutions 
are stable for long periods. Before analysis the arsenite 
reagent was diluted 20-fold with 0.15 M sulfuric acid; this 
solution is hereafter referred to as  solution A. 

For the ceric-ammonium sulfate reagent, ceric sulfate 
and ammonium sulfate IBaker} were dissolved {with 
heating and stirring} together in 2.8 M sulfuric acid to 
give final concentrations of 0.05 and 0.15 M, respectively. 
The solution was centrifuged and the clear deep yellow 
supernatant decanted and divided into small aliquots. 
These solutions {referred to as solution B} are stable for 
several months at room temperature. 

Commercial TLC plates are available with or without 
fluorescent indicators and may contain several other sub- 
stances as binders or salts. Because it cannot be assumed 
that  all these substances do not affect the reactions 
described below, plates, different in type and source, 
should not be considered necessarily interchangeable. 

Preliminary experiments should be performed to assess 
the possibility of using the various types of commercially 
available plates. Most of our studies were performed on 
Merck Silica gel 60 plates 120 • 20 cm} with or without 
fluorescent indicator. However, a few experiments car- 
ried out with similar plates from different commercial 
sources gave essentially the same results. 

Lipids were dissolved in suitable solvents {chloroform 
or chloroform/methanol). Amounts ranging from 5 to 
60 ~g were spotted on TLC plates with the aid of a small 
glass syringe with a Teflon tip fitted with a micrometric 
device (Radiometer SBU1A). Any device for precise and 
reproducible delivery of solutions on plates may be used. 
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Iodine crystals were placed in a round plastic dessic- 
cator and allowed to vaporize at room temperature until 
the jar was saturated with iodine vapor. The plate was 
quickly put in the dessiccator horizontally with its four 
corners based on the inner round edge of the container. 
The gel side was toward the transparent cover of the jar 
to allow a rapid inspection of the staining. 

Several durations of exposure of the plates to iodine 
vapors were tried, but 90 sec was found to be satisfac- 
tory for most of the tested substances. Some lipids (e.g. 
phosphat idyl inosi tol ,  phosphatidylethanolamine),  
however, required a longer exposure (120 sec), especially 
at minimal concentrations of lipids. The lipids appear as 
brown spots on a white background (after longer exposure 
the background tends to become yellowish). 

Densitometric measurements were performed using a 
Shimadzu CS 920 densitometer. 

The principle of the assay method has been discussed 
extensively in a previous paper (3). In brief, the assay is 
based on the ability of iodine to act as catalyst in the ceric 
arsenite reaction (4). Since the formation of the reaction 
product (CeIII) results in a dramatic decrease in the ab- 
sorption of the solution at 410 nm, the kinetics of this 
process may be easily measured by monitoring the rate 
of decolorization. The change in absorption at 410 nm 
follows zero order kinetics and may be conveniently 
monitored spectrophotometrically (the use of a stripchart 
recorder is advisable). The initial velocity (initial reaction 
rate) is proportional to iodine concentration, which is, in 
turn, proportional to the amount of lipid in the spot. The 
lipid concentration in an unknown sample may be easily 
estimated by comparison with a standard curve prepared 
simultaneously with the same material. In a typical assay, 
a mixture of lipids (the amount of each component should 

not exceed 60 ~g) is spotted on the left corner (ca. 2 cm 
from the bottom) of a chromatographic plate and devel- 
oped as needed. At the end of the run, the plate is removed 
from the tank and let to dry at room temperature. With 
the aid of a micrometric device, scalar volumes of stan- 
dards are regularly placed on the large area of the plate 
that  has not been used for the chromatographic separa- 
tion. After drying, the plate is moved into a jar contain- 
ing iodine crystals and stained by exposure (normally 
90 sec) to iodine vapor (Fig. 1). The plate is removed and 
immediately sprayed with glacial acetic acid. All the 
round brown areas are marked with a glass tip, carefully 
scraped off the plate and transferred into plastic Eppen- 
dorf vials (1.5 ml). After addition of I ml of 1.8 M sulfuric 
acid, the samples are vigorously shaken on a vortex (1-2 
min) and, finally, centrifuged on a microfuge (5 min). 
Blanks consisting of background areas (having approx- 
imately the size of the broader sample spot) are similarly 
treated. The supernatants (0.8 ml) are collected in small 
capped tubes, where they can be stored for 48 hr or more. 
In fact, iodine determinations performed at various times 
on the same samples gave essentially similar results after 
a few minutes to up to 60 hr (Fig. 2). To perform the final 
iodine quantitation, the samples (e.g., 50 ~l) are diluted 
fivefold with 1 M sulfuric acid. This dilution diminishes 
the chances of accidental transfer of silica gel particles 
in the optical cuvette, thus preventing possible artifac- 
tual interferences. Furthermore, if the lipid amount in the 
sample is rather small, the dilution step may be skipped 
or proportionally reduced. Two-hundred-and-fifty ~1 of 
this diluted solution is transferred directly to a cuvette 
(plastic disposable cuvettes are convenient to use). 

FIG. 1. An example of quantitative assay of a simple lipid mixture. 
Left side: linoleic acid, 25 pg (A, topl, pig heart cardiolipin, 25 pg 
(B, middlel and egg yolk sphingomyelin (containing primarily 
palmitic acid), 30 ~g (C, bottoml, after their chromatographic separa- 
tion on a silica gel 60 plate (chloroform/methanol/water [67:25:3, 
v/v/v]). Right side: Scalar amounts of each of the above substances. 
Arrows indicate the relative quantities. Standards have been loaded 
on the gel immediately after the sample separation and before the 
exposure to iodine vapor. By this procedure, staining of samples and 
standards is accomplished simultaneously under identical conditions. 
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FIG. 2. Acetic acid prevents evaporation of iodine from stained 
plates. Quantitative determinations of dipalmitoyllecithin performed 
at various intervals of time (I0 rain-60 hr) after spraying the iodine- 
stained plate. Essentially the same reaction rate is observed in all 
determinations. 
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FIG. 3. Standard curves (in the range 5-60 ~g) obtained with various lipids: a, egg yolk 
sphingomyelin (containing primarily palmitic acid}; b, cardiolipin (from pig heart); c, 
phosphat idy l inos i to l  {containing primarily l inoleic and palmit ic  acids); d, 
dipalmitoyllecithin; e, dipalmitoylphosphatidylserine; f, linoleic acid; g, oleic acid; h, elaidic 
acid; i, triolein (glycerol trioleate); l, sodium deoxycholate; m, cholesterol. 

Six-hundred gl of solution A (arsenite) and 60 ~l of solu- 
t ion B {ceric-ammonium sulfate) are then  sequential ly 
poured in the same cuvette.  After  rapid mixing by  inver- 
sion, the cuvet te  is placed in the spect rophotometer ,  set 
a t  410 nm for reading. The calibration curve is obtained 
by  plo t t ing  the initial ra te  (i.e., the slope of the change 
in absorbance vs time) expressed as hA/min vs the lipid 
(iodine) content  of s tandards .  The actual  amount  of lipid 
in a mixture  is readily obtained by  reading the values off 
this curve, the amount  corresponding to the measured  
ra te  (hA/min). 

Figure 3 shows several  s tandard  curves obtained using 
different types  of lipid molecules. I t  seems clear tha t  the 
response is correlated to lipid sa tura t ion  (linoleic acid > 
oleic acid > elaidic acid). Specific details are given in the 
figure legend. 

Precision of the assay  was evaluated as between-day 
or day-to-day precision using lipid extracts  from three am- 
niotic fluids containing increasing amounts  of lecithin 
(palmitoyl lecithin was used as s tandard) for a period of 
15 days  (Table 1). The procedure for lipid ext rac t ion and 
separat ion was t ha t  of Gluck et  al. (5}. 

TABLE 1 

Precision of Assay 

~g of lecithin 

Sample 1 2 3 

Precision between day 18.0 • 1.2 31.1 • 1.8 46.2 • 1.7 
Precision day to day 17.2 • 1.4 31.5 +_ 2.0 46.9 • 2.4 

Precision has been assessed over a period of 15 days. Samples 1, 
2 and 3 are three amniotic fluids containing three different levels 
of lecithin. The extraction of lecithin and its separation has been 
performed according to Gluck et al. (5). 

The same three amniotic fluids used for determining 
precision were used for accuracy. I t  was assessed by  com- 
par ing our procedure with a well accepted method (6). In 
this case, the rat io  of lecithin to sphingomyelin (~g/~g) 
was densitometricaUy measured according to the original 
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TABLE 2 

Accuracy 

Sample 1 2 3 

R, (ug/t~g) 1.2 2.3 2.8 
R~ (ug/~g) 1.4 2.5 2.7 

R1 indicates the ratio of lecithin to sphingomyelin in three amniotic 
fluids determined by means of our method; R~ is the same ratio den- 
sitometricaUy determined according to Gluck et al. (6). 

paper (5) and compared with the ratio obtained by making 
use of our method {Table 2). 

DISCUSSION 

A variety of methods for the quantitative estimation of 
lipids separated by TLC are today available. The lipids 
are usually visualized and subsequently quantitated by 
either charring or staining, followed by either direct den- 
sitometric (or planimetric) measurement or by scraping 
the spots off the plate for chemical wet analysis. 

Charring simply involves spraying the TLC plate with 
sulfuric acid or with sulfuric acid containing a strong ox- 
idizing agent, followed by heating at high temperature 
for various times. Although this method appears to be 
generally suitable, nevertheless it is known that staining 
by charring is sensitive to lipid saturation, is influenced 
by the silica gel and is dependent on the time and 
temperature of heating. Moreover, when present, the ox- 
idizing agent may affect the result because of the possi- 
ble loss of carbon by conversion to C02. 

Dye staining, a nondestructive method, usually allows 
recovery of material from the plates, so that scraped spots 
may be used for further analysis. Different types of stain- 
ing have been proposed over the years. Some have general 
application (2,7-10), while others make use of more 
specific reagents and are used when the lipid molecules 
contain phosphorus, choline, sialic acid or other groups 
of particular reactivity (11-16). Even in these instances, 
however, there are frequent problems with background 
discoloration or fading of spot colors, especially when the 
spots have to be read by densitometry or directly 
evaluated by planimetry. 

Various other problems have been described after 
spraying plates with ammonium sulfate, bismuth sub- 
nitrates (6,17), etc. 

Another widely applied method of staining lipid 
molecules on TLC chromatographic plates is the exposure 
of the plate to iodine vapor in a sealed tank. This method 
is extremely simple, sufficiently sensitive and almost 
universally applicable. Also in this case, however, stain- 
ing is dependent on the nature of the lipid molecule (i.e., 
some molecules stain more than others) and is dependent 
on the time of exposure to the halogen vapor. Further- 
more, once the plate is removed from the container, the 
brown spots begin to fade within a few minutes and more 
or less rapidly tend to disappear. 

The method presented in this paper makes use of iodine 
staining by introducing a simple procedure to hinder the 
evaporation of the halogen. Under controlled conditions 

and within a relatively wide range of concentrations, it 
appears that  the amount of trapped iodine is linearly 
related to the amount of adsorbing lipid. The subsequent 
estimation of iodine is performed by exploiting a rate- 
sensing method developed in our laboratory a few years 
ago (3): by this technique we have successfully applied 
the procedure to various lipid molecules, by making use 
of appropriate calibration curves, prepared from stan- 
dards placed on the same plate where the chromato- 
graphic separation has taken place. 

The method has proved to be largely reliable and 
reproducible with several test substances, providing that 
evaporation of iodine from the plates is effectively 
hindered. After several attempts, we have found that 
uniform spraying with acetic acid, a solvent in which 
iodine is highly soluble, is the most effective treatment 
for this purpose. 

The observation that various lipid molecules, even in 
the same quantity, stain quite differently, does not repre ~ 
sent a serious problem. To circumvent this obstacle, in 
fact, it is possible to reduce up to fivefold the preliminary 
dilution (see Methods} of the sample before the final spec- 
trophotometric measurement. The assay is performed in 
a reasonable time, is not particularly cumbersome, does 
not require special attention or skills and, most impor- 
tant, is highly reproducible. Another important advan- 
tage comes from the fact that the assay is a rate-sensing 
method: the superior accuracy of true kinetic methods 
over others is generally recognized and, in regard to iodine 
determination, has been extensively discussed in a 
previous paper {3). 

It must be emphasized that since the response (the 
change in the absorption of cerium) is correlated with the 
lipid saturation (see standard curves of Fig. 3), the quan- 
titation of unknown samples is impossible unless the 
same material is available for calibration curves. How- 
ever, the linearity of the response observed with synthetic 
and natural mixtures of lipids indicates the possibility 
of using such mixtures as standards of a total lipid in 
tissue or biological fluid extracts, providing that the ap- 
proximate lipid composition is known. 

Bearing in mind such restrictions, the present method 
may be conveniently used when the occasional need of 
lipid analysis does not justify the acquisition of dedicated 
optical devices, such as densitometers, and when turn- 
around time may be critical for the immediate prosecu- 
tion of the research work. 

REFERENCES 
1. Marinetti, G.V. {1964} in New Biochemical Separations, Van 

Nostrand, Princeton, N J, p. 339. 
2. Mangold, H.K., and Malins, D.C. {1960}J. Am. Oil Chem. Soc. 

37, 576-578. 
3. Palumbo, G., Tecce, M.F., and Ambrosio, G. {1982} Anal. 

Biochem. 123, 183-189. 
4. Sandell, E.B., and Kolthoff, I.M. {1937} Mikrochim. Acta 1, 9-25. 
5. Gluck, L., Kulovitch, M.V., Borer, R.C. Jr., Brenner, P.H., 

Anderson, G.G., and SpeUacy, W.N. (1971)Am. J. Obstet. Gynec. 
109, 440-445. 

6. Gluck, L., Kulovich, M.V., and Brady, S.J. {1966} J. Lipid Res. 
7, 570-574. 

7. Privett, O.S., and Blank, M.L. {1964} Off Dig. J. Paint Technol. 
Eng. 36, 454-463. 

8. Blank, M.L., Schmit, J.A., and Privett, O.S. {1964} J. Am. Oil 
Chem. Soc. 41, 371-376. 

LIPIDS, VoL 22, No. 3 (1987) 



METHODS 

205 

9. Wagner, H., Horhammer, L., and Wolff, P. (1961) Biochern. Z. 
334, 175-184. 

10. Jatzkewitz, H., and Mhel, E. {1960) Z. Physiol. Chem. 320, 
251-257. 

11. Ditmer, J.C., and Lester, L.R. (1964)J. Lipid Res. 5, 126-127. 
12. Kundu, S.K., Chakravorty, S., Bhaduzi, N., and Saha, H.K. 

{1977) J. Lipid Res. 18, 128-130. 
13. Bischel, M.D., and Austin, J.H. (1963) Biochim. Biophys. Acta 

70, 598-600. 

14. Skipsky, V.P., Smolowe, A.F., and Barclay, M. (1967) J. Lipid 
Res. 8, 295-299. 

15. Schneider, P.B. {1966} J. Lipid Res. 7, 169-170. 
16. Williams, J.N. Jr., Anderson, C.E., and Jasik, A.D. (1962) J. 

Lipid Res. 3, 378-381. 
17. Coch, E., Meyer, J.S., Goldman, G., and Kessler, G.A. (1973) 

Clin. Chem. 19, 967-972. 

[Rece ived  M a y  12, 1986] 

LIPIDS, Vol. 22, No. 3 (1987) 



206  

Measurement of Lipid Peroxidation In Vivo: 
A Comparison of Different Procedures 
Alfonso Pompella, Emilia Maellaro, Alessandro F. Casini, Marco Ferrali, Lucia Ciccoli 
a n d  Mario Comporti* 
Istituto di Patologia Generale deil'Universit~ di Siena, Via Laterino 8, 53100 Siena, Italy 

A study was undertaken to investigate whether some of 
the methods commonly used to detect lipid peroxidation 
of cellular membranes in vivo correlate with each other. 
The study was performed with the livers of bromoben- 
zene-intoxicated mice, in which lipid peroxidation devel- 
ops when the depletion of glutathione (GSH) reaches a 
threshold value. The methods tested and compared were 
the following: i) measurement of the malondialdehyde 
(MDA) content of the fiver; ii) detection of diene conjuga- 
tion absorption in liver phospholipids; iii) measurement 
of the loss of polyunsaturated fatty acids in liver phos- 
phofipids; and iv) determination of carbonyl functions 
formed in acyl residues of membrane phospholipids as a 
result of the peroxidative breakdown of phospholipid fat- 
ty acids. Correlations among the values obtained with 
these methods showed high statistical significances, in- 
dicating that the procedures measure lipid pcroxidation 
in vivo with comparable reliability. Analogously, the four 
methods appeared also to correlate when applied to in 
vitro microsomal lipid peroxidation. 
Lipids 22, 206-211 (1987). 

During the past 30 years, a great deal of experimental 
evidence has accumulated suggesting that lipid peroxida- 
tion in cellular membranes is implicated in a variety of 
pathological conditions. These include liver cell injury by 
a number of toxins (CCL and other halogenated hydrocar- 
bons [1-6]; the effect of bromobenzene and other aryl 
halides acting as glutathione [GSH] depleting agents 
[7-9], injury due to other hepatotoxins, probably in- 
cluding ethanol [10]); lung damage after exposure to 
nitrogen dioxide (11) and ozone (12) or intoxication with 
the herbicide paraquat (13); increased red blood cell 
permeability and hemolysis associated with vitamin E 
deficiency (14); retrolental fibroplasia (15); paroxysmal 
nocturnal hemoglobinuria (16); abetalipoproteinemia (17); 
cell damage caused by ionizing radiation (18); and several 
aspects of oxygen toxicity (19). 

Because of the growing importance of lipid peroxida- 
tion in the biomedical field, an increasing need for reliable 
methods to detect these processes has been perceived. 
Many methods are available to measure the extent of lipid 
peroxidation, but most are based upon the measurement 
of the products originating from the process at different 
stages. These methods include (20) i) the classic thiobar- 
bituric acid (TBA) reaction to measure malondialdehyde 
(MDA) (21); ii) detection of the UV absorption character- 
istic of conjugated dienes (22); iii) fluorescent analysis of 
lipid peroxidation products (23); iv) measurement of 
ethane and pentane formation (24,25); v) detection of 
chemiluminescence (26); vi) measurement of oxygen up- 
take (27); vii) measurement of the loss of polyunsaturated 
fatty acids in membrane phospholipids (28); viii) the detec- 
tion of lipid hydroperoxides {29); and ix) measurement of 
specific aldehydes such as alkenals (30). 

*To whom correspondence should be addressed. 

The detection of lipid peroxidation in biological systems 
in vitro is relatively simple since, when the reaction has 
been blocked, it is conceivable that  the measurement of 
a certain product in the sample represents a reliable esti- 
mation. On the other hand, when detection of lipid perox- 
idation in vivo is attempted, many problems arise: the 
oxidation product may be rapidly metabolized or removed 
from the tissue under study; it may have interacted with 
different cellular substances so that it cannot be found 
in the free form; or it may be formed as an artifact dur- 
ing sampling of the tissue and other technical procedures. 
For these reasons, the detection of lipid peroxidation in 
vivo has often puzzled the biochemical pathologist who 
is primarily concerned with understanding the in vivo 
events. The present work was undertaken to determine 
whether the methods more commonly used in various 
laboratories to detect lipid peroxidation in vivo correlate 
and to test the reliability of each individual method. The 
study was performed with the livers of bromobenzene- 
intoxicated mice, in which lipid peroxidation develops 
when the depletion of GSH reaches a threshold value (9). 
Bromobenzene hepatotoxicity represents a good model 
for the study of in vivo lipid peroxidation, since in this 
experimental condition the level of detectable lipid perox- 
idation is far greater than in the case of CCL or BrCC13 
hepatotoxicity (9,31). 

The following methods were compared: i) measurement 
of the MDA content of the liver; ii) detection of diene con- 
jugation absorption in liver phospholipids; iii) measure- 
ment of the loss of polyunsaturated fat ty acids in liver 
phospholipids; and iv) measurement of the carbonyl func- 
tions formed in the acyl residues of membrane phos- 
pholipids as a result of the peroxidative breakdown of 
phospholipid fatty acids. The latter method was recently 
developed in our laboratory (32). 

MATERIALS AND METHODS 

Male NMRI albino mice (Ivanovas GmbH, Federal Re- 
public of Germany) weighing 20-30 g and maintained on 
a pellet diet (Altromin-Rieper, Bolzano, Italy) were used. 

In vivo experiments. The animals were fed a liquid 
glucose (20%) diet for two days before intoxication, ac- 
cording to the protocol of Wendel et al. (33), to decrease 
the hepatic GSH content. This regimen decreased hepatic 
GSH by about 50% as compared to laboratory chow-fed 
animals and increased the frequency of occurrence of lipid 
peroxidation in liver phospholipids. 

Bromobenzene (C. Erba, Milano, Italy) mixed with two 
volumes of mineral oil was administered intragastrically 
under light ether anesthesia, at a dose of 15 mmol/kg body 
weight. Control mice received mineral oil alone. All 
animals were fasted after intoxication. 

Eighteen hr after intoxication, the animals were killed 
by exsanguination under ether anesthesia, and the livers 
were quickly removed, rinsed in ice-cold saline, weighed, 
and divided into two portions. The first portion was 
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extracted with 24 vol of chloroform/methanol (2:1, v/v) 
according to the method of Folch et al. (34), and the ex- 
tract was used for i) detection of diene conjugation absorp- 
tion in liver phospholipids; ii) determination of the amount 
of carbonyl functions in liver phospholipids; and iii) deter- 
ruination of the fat ty acid pattern of phospholipids. 

The diene conjugation absorption of liver phospholipids 
was measured as described by Casini and Farber (35), 
after precipitation of the phospholipids with acetone ac- 
cording to Borgstr6m (36). Typical UV spectra and the 
difference spectrum (intoxicated - control animal) are 
reported in Figures 1A and 1B, respectively. 

The amount of carbonyl functions originating from the 
peroxidative breakdown of unsaturated fatty acids in cel- 
lular phospholipids was measured according to Benedetti 
et al. (32). Briefly, carbonyl functions were detected after 
derivatization with 2,4-dinitrophenylhydrazine (DNPH) 
and separation of phospholipids from neutral lipids and 
unreacted DNPH. The absorption spectrum of DNPH 
derivatives of liver phospholipids from the intoxicated 
animals is similar to that  obtained with a mixture of 
dinitrophenylhydrazones of standard aldehydes (Fig. 1D, 
dashed line). Figure 1C shows the typical absorption spec- 
tra of DNPH-treated liver phospholipids from control and 
bromobenzene-treated animals 18 hr after poisoning. 
From the difference spectrum (intoxicated - control 
animals) obtained (see Fig. 1D, solid line), the content of 
carbonyl functions in liver phospholipids can be estimated 
using an average molar extinction coefficient of 25500 
(37-39). 

The decrease of polyunsaturated fat ty acids (arachi- 
donic and docosahexaenoic acids) was measured by 
determining the whole fat ty acid pattern of acetone- 
precipitated liver phospholipids (36). Fat ty  acid methyl 
esters were prepared and purified as reported by 
Benedetti et al. (40). They were analyzed by gas liquid 
chromatography in a Fractovap apparatus Model GI (C. 
Erba) using a spiral glass column (2 m X 2 mm internal 
diameter) packed with 20% diethyleneglycol succinate on 
Chromosorb W. Other conditions were as reported pre- 
viously by Benedetti et al. (41). 

The second portion of each liver was used for determina- 
tion of the tissue content of MDA, which was measured 
as follows: tissue samples were homogenized in ice-cold 
trichloroacetic acid (TCA) (1 g tissue + 1 ml 10%, w/v, 
TCA, plus 8 ml 5%, w/v, TCA, or equivalent amounts) 
in an Ultra Turrax homogenizer. After centrifugation, a 
volume of the supernatant was added to an equal volume 
of 0.6%, w/v, TBA, and the mixture was heated to 100 C 
for 10 min. The absorption spectrum was then recorded 
over the range of 480-600 nm. As can be seen in Figure 1, 
the spectra obtained (Figs. 1E and 1F, solid lines) were 
quite similar to that obtained with a MDA standard pro- 
duced by acid hydrolysis of 1,1,3,3-tetraethoxypropane 
and run under the same conditions. The MDA concentra- 
tion was calculated from the absorption at 532 nm 
(absorption maximum) of the difference spectrum (intoxi- 
cated - control animals) using a molar extinction coeffi- 
cient of 1.56 X 105, as reported by Jordan and Schenkman 
(28); this was also recalculated from our own standards. 
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FIG. 1. A: Diene conjugation absorption in liver phospholipids derived from a control and a bromobenzene- 
poisoned mouse. The mice were killed 18 hr after intoxication (15 mmol/kg body weight, by mouth). Phospholipid 
concentration = 0.5 mg/ml in cyclohexane. B: Difference spectrum calculated from the spectra of panel A 
by subtracting the spectrum of the control sample from the one of the sample of the intoxicated animal. 
C: Absorption spectra of DNPH-treated liver phospholipids derived from a control and a bromobeuzene- 
poisoned mouse (same animals as in A). The phospholipid concentration of the sample in chloroform was 
0.5 mg/ml. The spectra of DNPH-treated samples were recorded against  the corresponding blank samples 
in the reference cuvette. The blank samples contained the same phospholipid concentration, but were not 
treated with DNPH.  See text  and Benedetti  et ai. (32) for additional explanations. D: Solid line, difference 
spectrum calculated from the spectra of panel C by subtracting the spectrum of the control sample from 
the spectrum of the sample of the intoxicated animal. Dashed line, absorption spectrum obtained with a 
mixture of 2,4-dinitrophenylhydrazones of various aldehydes (4~hydroxynonenal, hexadecanal and decyl 
aldehyde, 20 nmol/ml for each aldehyde). E: Absorption spectra of the chromogen derived from the reaction 
of TBA with the TCA extracts  of the livers derived from a control and a bromobenzene-poisoned mouse 
(same animals as in A). See text  for additional explanations. F: Solid line, difference spectrum calculated 
from the spectra of panel E by subtracting the spectrum of the control sample from the spectrum of the 
sample of the intoxicated animal. Dashed line, absorption spectrum of the reaction product of T B A  with 
standard M D A  in TCA (6 nmol/ml). 
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The same TCA homogenate was also used for the deter- 
mination of the tissue content of GSH according to 
Sedlak and Lindsay (42). 

In vitro experiments. Mice were fasted overnight before 
use. The preparation of the microsomal fraction and the 
incubation of the microsomes were carried out as de- 
scribed by Benedetti et al. (32). The concentration of 
FeSO4 in the incubation mixture was 60 ~M. At the end 
of each incubation time, aliquots were drawn and divided 
into two portions: one was used for detection of the MDA 
formed as previously described (43); the other was ex- 
tracted with 24 vol of chloroform/methanol (2:1, v/v) ac- 
cording to the method of Folch et al. (34}. The lipid ex- 
tract was then used for the detection of diene conjuga- 
tion absorption, for the measurement of carbonyl func- 
tions in phospholipids and for the determination of the 
fat ty acid pattern. 

Other procedures. Protein content was determined 
according to the method of Lowry et al. (44). Serum 
glutamate-pyruvate transaminase (SGPT) activity was 
determined by an optimized UV enzymatic method (C. 
Erba). 

RESULTS AND DISCUSSION 

Table I shows the hepatic GSH depletion, liver necrosis 
(as assessed by the SGPT levels) and lipid peroxidation 
(measured by the hepatic MDA content, the diene con- 
jugation absorption, the amount of carbonyl functions 
and the loss of polyunsaturated fat ty acids in liver phos- 
pholipids) in the bromobenzene-intoxicated animals used 
in the present study. As was noted in previous studies 
(9), a large variation was observed in the sensitivity of 
individual animals to bromobenzene. There was, however, 
a readily evident relationship between the different 
parameters of the response to bromobenzene when the 
values for the individual animals were graphed together. 
As shown in Figure 2, a good correlation (P < 0.001) was 
found between the log of SGPT and the log of carbonyl 
functions, indicating that in each intoxicated animal lipid 
peroxidation is associated strictly with liver necrosis. The 
fact that 18 hr after the intoxication some animals showed 
high levels of lipid peroxidation while others revealed only 
minor values gave us the opportunity to study the rela- 
tionships among the different methods for detecting lipid 
peroxidation in vivo. Figure 3 shows the correlations 

between (A) the hepatic content of MDA and the amount 
of carbonyl functions in liver phospholipids; (B) the 
hepatic content of MDA and the absorption of conjugated 
dienes in liver phospholipids; (C) the amount of carbonyl 
functions and the absorption of conjugated dienes in liver 
phospholipids; and (D) the hepatic content of MDA and 
the loss of polyunsaturated fatty acids (arachidonic and 
docosahexaenoic acids). All correlations showed high 
statistical significance, indicating that the methods 
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FIG.  2. Correlation between lipid peroxidation (as measured by the 
amount of carbonyl functions in liver phospholipids) and liver 
necrosis (as measured by S G P T  levels). The parameters were ex- 
p r e s s e d  as log of the values obtained 18 hr after bromobenzene 
poisoning (15 mmoltkg body weight). 

T A B L E  1 

Hepatic GSH Depletion, Liver Damage (SGPT Levels) and Lipid Peroxidation in Bromobenzene-Poisoned Mice a 

GSH M DA 
(nmol/mg SGPT (pmol/mg 
protein} (U/l) protein} 

Diene conjugat ion Carbonyl  funct ions P U F A  {relative %) 
absorpt ion b (nmol/mg 

(AA~s3 ,m) phospholipids) 20:4 22:6 

Control 30.3+_3.1 (8) 7+_3 (6} - -  - -  --  19.0+_0.7 (7) 10.1---0.4 (7) 
Bromobenzene- 

t reated 1.8+-0.2 (36) 1709+451 (36) 518.7_+173.8 (23) 0.341+-0.076 (30) 24.2+-5.1 (43) 16.3_+0.6 c (32) 8.9-+0.2 c (32) 

Values reported are means  +- SEM. The number  of animals  is given in parentheses .  Control values for MDA, diene conjugat ion absorpt ion and 
carbonyl funct ions were subt rac ted  from those  of the  intoxicated animals.  

a M D A  content  of the  liver, diene conjugation absorption, carbonyl functions and loss of polyunsa tura ted  fa t ty  acids {PUFA) in liver phospholipids. 

bphospholipid concentration: 1 mg/ml  in cyclohexane. 

cSignificantly different from control, P < 0.05. 
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FIG. 3. In mice intoxicated with bromobenzene (15 mmollkg body weight, by mouth}, correlations between: 
A, hepatic content of MDA and carbonyl functions in liver phospholipids (PL); B, hepatic content of MDA 
and absorption of conjugated dienes in liver PL; C, carbonyl functions and absorption of conjugated dienes 
in liver PL. D, correlation between hepatic content of MDA and relative percentage of arachidonic (O) and 
docosahexaenoic (A) acids in liver PL from control mice (closed symbols) and mice intoxicated with 
bromobenzene (open symbols; same conditions as in panel A). 
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TABLE 2 

MDA Release, Diene Conjugation Absorption, Amotmt of Carbouyl Functions and Decrease in Arachidonic and Docosahexaenoic Acids 
in Phosphoiiplds of Liver Microsomes Incubated in an NADPI-I-Fe2*-Dependent System 

Time of 
incubation MDA Diene conjugation absorption Carbonyl functions 

(min} (nmol/mg protein} (AA . . . . .  )a {nmol]mg phospholipids} 
Arachidonic acid Docosahexaenoic acid 

(nmol]mg phospholipids) (nmol/mg phospholipids) 

0 - -  - -  - -  375 +-- 49 189 "4- 28 
5 2.83 +-- 0.97 0.158 +__ 0.070 36.8 -- 1.8 323 +-- 59 160 +-- 31 

15 7.48 ---- 1.04 0.400 ____ 0.035 43.1 --+ 6.2 302 + 32 143 --+ 9 
30 10.21 __+ 0.50 0.817 __+ 0.216 72.6 --+ 14.2 237 +-- 23 120 --+ 14 

Values reported are means _ SEM of 3 experiments. Control values {0 min of incubation} for MDA, diene conjugation absorption and carbonyl 
functions were subtracted from values for later times of incubation. Correlations among the parameters were as follows: MDA and diene conjuga- 
tion absorption, r = .967, P < 0.01; MDA and carbonyl functions, r = .940, P < 0.01; carbonyl functions and diene conjugation absorption, r 
= .941, P < 0.01; MDA and loss of arachidonic acid, r -- -.959, P < 0.01; MDA and toss of docosahexaenoic acid, r = -.981, P < 0.001. 
aphospholipid concentration: 1 mg/ml in cyclohexane. 

measu re  l ipid pe rox ida t ion  in  v ivo wi th  comparab le  reli- 
abi l i ty.  However ,  the  p o l y u n s a t u r a t e d  f a t t y  acid levels, 
due to their  large dispersion, give somewhat  less sensi t ive  
measu re s  of l ipid pe rox ida t ion  in  i nd iv idua l  an imals .  

Table  2 shows the  r e su l t s  of an  in  v i t ro  s t u d y  of l ipid 
pe rox ida t ion  of l iver mic rosomes  i n c u b a t e d  in  the  
N A D P H - F e  dependent  system.  These experiments ,  essen- 
t ia l ly  s imi lar  to those  repor ted  b y  several  o ther  inves t i -  
ga to r s  (45-48}, were pe r fo rmed  to  examine ,  in an  in  v i t ro  
sys tem,  the  r e l a t ionsh ips  a m o n g  the  a fo rement ioned  
me thods  to  de tec t  l ipid peroxida t ion .  As  can  be seen in  
Tab le  2, the  cor re la t ions  a m o n g  the  four me th ods  ex- 
a m i n e d  showed high s t a t i s t i ca l  s ignif icances,  as in  the  
case of in  v ivo  lipid peroxida t ion .  

The good agreement  among  the resul t s  ob ta ined  by  the 
different  me thods  to detect  l ipid peroxida t ion  in v ivo and  
in v i t ro  no t  only  assures  good reproducib i l i ty ,  b u t  also 
reaff i rms confidence in each of the  procedures.  However,  
caut ion  is needed in us ing  the decrease of arachidonic acid 
as the  sole index of l ipid peroxidat ion,  because condi t ions  
exis t  unde r  which loss of p o l y u n s a t u r a t e d  f a t t y  acids is 
u n r e l a t e d  to l ipid peroxida t ion ,  such  as i nh ib i t i on  of the  
chain e longat ion-desa tura t ion  system,  essent ial  f a t ty  acid 
deficiency and  o ther  d i e t a ry  changes .  
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We have examined hepatic lipid profiles in a mouse model 
for Reye's Syndrome (RS) in which young animals are ex- 
posed to nontoxic doses of an industrial pesticide emulsi- 
fier and subsequently  are infected with sublethal doses 
of mouse-adapted human Influenza B (Lee) virus (FluB). 
The purpose of this study was to determine whether fiver 
lipid content was altered in the mice, the time course of 
any changes, and whether lipid changes were consistent 
with liver pathology.  Neonatal  mice exposed dermally to 
the emulsifier, Toximul MP8 (Tox), had significantly 
elevated levels of hepatic cholesterol, with otherwise nor- 
mal lipid composition. Subsequent inoculation of the mice 
with FluB significantly increased mortality rate. The 
combined Tox + FluB treatment had several significant 
effects on liver lipids, including a transient increase in 
phosphofipid (PL) content,  a reduction in neutral glyc- 
erides and persistently high cholesterol levels. Abnor- 
mafities in fatty acid profiles included an apparent eleva- 
tion in medium chain fatty  acids and increased ratios of 
PL arachidonic to docosahexaenoic acids. Histologically,  
there was no evidence of fat accumulation in the fiver; 
however, hepatic mitochondria had severe structural ab- 
normalities characteristic of RS. These studies demon- 
strate that  chemical-dependent enhancement of viral 
virulence is associated with significant alterations of 
hepatic lipids. We believe that  these abnormalities are 
related to mitochondrial structural damage in RS despite 
the absence of hepatic steatosis.  
Lipids 22, 217-223 (1987). 

Reye's Syndrome {RS} is a potentially fatal disease of 
children that is characterized by abnormal serum lipid 
profiles {1-3), fatty infiltration of the liver {4-7), hepatic 
mitochondrial damage {8), hyperammonemia {9} and brain 
edema {9}. Abnormalities in serum and hepatic lipids are 
believed to reflect the key metabolic defects in RS; how- 
ever, the factors that lead to and perpetuate these abnor- 
malities are not known. It has not been possible to study 
the time courses of development of lipid and other abnor- 
malities in RS patients, since these changes occur either 
before and/or during an associated prodromal viral-like 
illness. Accordingly, it has become necessary to examine 
these changes using appropriate animal models. 

We have demonstrated previously that suckling mice 
exposed dermally to nontoxic doses of an industrial 
pesticide emulsifier, Toximul MP8 {Tox), and subsequent- 
ly infected with encephalomyocarditis virus (EMC} (10) 
or mouse-adapted human Influenza B {Lee} virus {FluB} 
{11} developed many of the features characteristic of RS, 
including hyperammonemia, abnormal urea-cycle enzyme 
activities and abnormal hepatic mitochondrial structure 

*To whom correspondence should be addressed at the Department 
of Pharmacology, Sir Charles Tupper Medical Building, Dalhousie 
University, Halifax, N.S., Canada B3H 4H7. 

and function {Table 1}. Recently we reported that com- 
bined Tox/FluB treatment also induced abnormal serum 
lipid profiles in the mice {12), which were manifested as 
hypopanlipidemia (including hypocholesterolemia), a fea- 
ture of human RS. However, unlike in RS, the mice did 
not exhibit serum freefattyacidemia. 

The purpose of this study was to examine hepatic lipid 
profiles in the mouse model to determine {i} whether there 
were quantitative and/or qualitative changes associated 
with the different treatment modalities (emulsifier alone, 
virus alone, emulsifier plus virus}, and, if so, whether they 
were similar to those seen in patients with RS; {ii) the time 
course of evolution of these changes; and {iii) whether any 
abnormalities determined analytically were consistent 
with histological changes in the mouse livers. 

EXPERIMENTAL PROCEDURES 
Chemical~viral mouse model. Details regarding the 
chemical/viral mouse model for RS have been described 
previously {11,12}. Briefly, newborn Swiss white CFW 
mice lbred from animals obtained from Canadian 
Biobreeding Farms, St. Constant, Quebec, Canada} were 
pooled at 24 hr of age and randomly assigned to nursing 
females (7 pups/mother}. Each mother and her pups were 
housed in a separate cage. Twenty-four hr later, half of 
the animals received abdominal applications of the in- 
dustrial emulsifier Tox {Charles Tennant Co., Toronto, 
Canada; lot #9-30162} in corn off (Tox/corn oil, 1:100, v/v); 
the control animals received corn oil alone. This applica- 
tion was continued daily for 10 days. For the first five 
days, 8.6 _ 2.6 mg of Tox {in solution} was painted on 
each mouse with a small brush; during the last five days 
the dose was increased to 25.8 _ 9.0 mg per animal. 
Forty-eight hr following discontinuation of dermal ap- 
plication (experimental day 13), half of each experimen- 
tal group received intranasal inoculations of FluB under 
light ether anesthesia. The remaining animals received 
anesthetic alone. Deaths were recorded each morning 
throughout the experiment. On days 8, 12 Cone day before 
viral infection}, 15, 16 and 17, six live animals were re- 
moved from each of the four groups (control, Tox, virus, 
Tox + virus} for liver lipid analysis and morphological 
examination. Immediately after the animals were killed 
by decapitation, the livers were excised, wrapped in 
acetone-rinsed aluminum foil and flash-frozen for lipid 
studies. Samples for histological examination were pre- 
pared as described below. Each sample was coded, and 
samples were analyzed at random before being decoded. 

Lipid extraction and analysis. Livers were homogenized 
and lipids extracted according to Folch et al. (13} with 
chloroform/methanol {C/M, 2:1, v/v} containing the antiox- 
idant butylated hydroxytoluene (5 ~g/ml}. Lower phases 
were washed with 0.25 volumes of 0.88% KC1 and then 
with methanol/H20 {1:1, v/v). The lower organic phases 
were filtered, dried under a gentle stream of N2 and 
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TABLE 1 

Comparison of the Metabolic Abnormalities in Human Reye's Syndrome 
and in the Chemical/Viral Mouse Model 

Human 
Reye's 

Syndrome 

Mouse model 

Encephalomyocarditis Influenza B (Lee} 
v i r u s  {mouse-adapted} virus 

Liver fat ~{--} ~ -- 
necrosis -- - - 

Mitochondrial enzyme 
activities ~ ~ 

Abnormal mitochondrial 
structure + + + 

Serum free fatty acids t ND a -- 
hypopanlipidemia + ND + 

Serum ammonia levels t t t 

Intracranial pressure ~ ND t 

Noradrenaline ~ ND 
Interferon ~ ~ ND 

aND, not determined. 

reconstituted in I ml C/M {2:1, v/v). Aliquots were taken 
for determination of phospholipid phosphorous (14) and 
cholesterol (Sigma Kit #351}. The remains were dried 
under N2, reconstituted in a small volume of solvent and 
spotted on a sheet of silicic acid-impregnated glass fiber 
paper (Gelman Scientific Co., Montreal, Ontario, Canada). 
Lipid classes were separated by instant thin layer chro- 
matography (ITLC) using petroleum ether/diethyl ether/ 
glacial acetic acid {90:10:1, v/v/v} as the solvent system. 
After drying, the paper was sprayed with 2',7'-dichloro- 
fluorescein (0.1%, by vol, in ethanol}, and spots were iden- 
tified under ultraviolet light by comparison with authen- 
tic standards. Areas corresponding to triglyceride (TG}, 
free fat ty acid (FFA) and phospholipid (PL) were ex- 
tracted from the papers with chloroform, chloroform and 
C/M (2:1, v/v), respectively, with a recovery rate greater 
than 95%. A known amount of heptadecanoic acid (17:0} 
was added as the internal standard, and the samples were 
transmethylated with 10% BF3 in methanol at 100 C for 
45 min (15}. Fat ty  acid methyl esters {FAME} were ex- 
tracted with petroleum ether, extracts were dried under 
N~ and the residues were reconstituted in small volumes 
of iso-octane (2,2,4-trimethylpentane). FAME were sepa- 
rated on a Sigma 3B gas liquid chromatograph (Perkin- 
Elmer, Ottawa, Ontario, Canada} equipped with a 30-m 
SP 2330 fused silica capillary column {Supelco Canada, 
Oakville, Ontario, Canada). The initial oven temperature 
(110 C for 3 rain} was increased to 210 C at 3 C/rain. Final 
temperature was held for 10 min. FAME were identified 
by comparison with authentic standards and quantitated 
by comparison with the internal standard, using an LCI 
100 Laboratory Computing Integrator {Perkin-Elmer}. 

Fat ty  acid standards were purchased from Supelco 
Canada Ltd., Sigma Chemical Co. (St. Louis, Missouri} 
or Serdary Research Laboratories {London, Ontario, 
Canada}. All solvents were high performance liquid chro- 
matography grade. 

Statistical analysis. Data represent the means of values 
obtained from a minimum of three animals. Data were 
analyzed using an analysis of variance (ANOVA} and dif- 
ferences were judged to be significant when p < 0.05. 

Histological examination. Morphological examination 
was carried out on livers from control, Tox-, FluB- and 
Tox + FluB-treated animals to determine whether 
hepatic structure was consistent with the biochemical 
findings. We also examined the relationship between 
hepatic morphology and fat accumulation and the nature 
of the infecting virus, by comparing the morphological 
features seen with FluB with those determined in earlier 
studies with EMC {previously unpublished}. The pro- 
cedures used for oil-Red-O fat staining and electron 
microscopic analysis were described previously ill). 

RESULTS 

The animals were breastfed throughout the experiment, 
and milk was present in the stomachs of all at the time 
of death. There were no significant differences in body 
weights between the four experimental groups. As we 
have demonstrated previously {11), the group of neonatal 
mice given topical applications of Tox for 10 days and 
subsequently inoculated with FIuB had a significantly 
higher mortality rate than did the other three experimen- 
tal groups (Table 2). The reason for the deaths of four of 
the 33 control animals on day 16 is not known, as there 
are usually no deaths in either this group or the group 
that  receives Tox alone. {Some deaths occur as a result 
of ether anesthesia; however, these are confined to the 
24-hr period immediately following anesthetic administra- 
tion.} Differences in mortality rates between the different 
experimental groups first became apparent on day 17 of 
the experiment, and by day 18, few animals had survived 
combined exposure to Tox + virus. 
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Total lipid content of the mouse livers (Fig. 1) was 
calculated as the sum of the PL and neutral lipid (TG, 
FFA, total cholesterol} fractions. Values obtained from 
day 12 of the experiment indicated that abdominal ap- 
plication of Tox for 10 days did not alter appreciably the 
total lipid content of the livers. On day 15, values for total 
lipid in the animals given Tox, FluB and Tox + FluB were 
significantly increased relative to control animals; how- 
ever, the values obtained for the controls had fallen be- 
tween days 12 and 15. This difference between control and 
treatment groups did not persist through day 17, the time 
when differences in mortality first became apparent 
{Table 2). 

On day 15 of the experiment (48 hr after FluB and/or 
anesthetic), only those livers from mice treated with Tox 
alone exhibited increased levels of TG and FFA, and these 
values had returned to normal by day 17 (Fig. 2). Animals 
inoculated with virus alone did not have altered levels of 

T A B L E  2 

Cumulative Mortality Rates in Neonatal  Mice Exposed to Tox 
and/or Infected with Mouse-adapted Influenza B (Lee) Virus 
and in Control Mice that Received Anesthet ic  Alone 

Experimental  day (% survival) a 

Trea tment  group (N) 15 16 17 18 

Control (33) 100 88 88 88 
Tox (50) 100 100 100 100 
Virus (47) 100 91 57 51 
Tox + Virus (49) 100 96 37 12 

aData  represent  the percentage of animals in each group alive on 
the experimental  day indicated, relative to the number  (N) tha t  sur- 
vive the  24-hr period following virus inoculation and]or anesthesia. 

these liver lipid components. However, the TG content 
of livers from mice that received combined Tox + FluB 
treatment was significantly lower than that of either con- 
trol or Tox-treated animals at day 15. The reduction per- 
sisted to day 17, when values for TG in the combined 
treatment animals were significantly lower than all other 
treatment groups. Hepatic FFA content was not alterec. 
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FIG. 1. Effects  of Tox and/or FIuB on liver total lipid content (mg/g 
wet weight) in the mouse model for Reye's Syndrome. Neonatal mice 
were given dermal applications of Tox (T) or corn oil (C) dally from 
experimental days 2 to 11. On day 13, half of the mice from each 
group received FIuB under light ether anesthesia (V, T -{- V), and 
the other half received anesthetic alone. The animals were killed at 
the t imes indicated; livers were excised and lipids extracted and 
analyzed as described in the text.  Data for total  lipid are the sum 
of values obtained for the phospholipid, triglyceride, free fatty  acid 
and cholesterol fractions. *, p < 0.05 relative to control animals. 
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FIG. 2. Developmental  changes in lipid class profiles in the mouse model for Reye's  Syn- 
drome. The experimental paradigm was as described in the legend to Fig. 1. Animals were 
killed on the days indicated, and livers from each of the four treatment groups were ex- 
tracted. Triglyeeride and free fat ty  acid fractions were separated and quantitated by gas 
liquid chromatography as described in the text.  *, p < 0.05, relative to control animals; 
t, p < 0.05, relative to Toxotreated animals; ~ ,  p < 0.05, relative to FluB-infected animals. 
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in FIuB- or Tox  + F l u B - t r e a t e d  mice on any  of the  days  
examined .  

PL cons t i tu ted  the major  propor t ion  (>85%) of the  to ta l  
l ipid of l ivers  f rom all four an ima l  g roups  a t  each t ime  
po in t  analyzed (Fig. 3). The only  PL differences observed  
were increases  a t  day  15 in  l ivers  f rom the  three  experi- 
m e n t a l  groups;  va lues  had  r e t u r n e d  to n o r m a l  by  day  17. 

Ten  days '  abdomina l  appl ica t ion  of Tox  resu l t ed  in  a 
s ignif icant  increase in  the to ta l  cholesterol con ten t  of neo- 
n a t a l  mouse  l ivers (Fig. 4). Values  for cholesterol  gradu-  
ally re tu rned  to normal  in those animals  t ha t  had received 
only  Tox; however,  levels were e leva ted  on b o t h  days  15 
and  17 in an imals  t ha t  received FluB,  whether  or no t  they  
had  been  preexposed  to  Tox. 

We examined  fa t ty  acid composi t ion  of the PL, TG and  
F F A  f rac t ions  of the  mouse  l ivers to  de t e rmine  whe the r  
shor te r  cha in  f a t t y  acids (<C~2) accumula t ed  u n d e r  a ny  
of the  expe r imen ta l  cond i t ions  and/or  whe ther  there  was  
any  evidence  of abnorma l i t i e s  in the  m e t a b o l i s m  of he- 
pa t i c  p o l y u n s a t u r a t e d  f a t t y  acids. As  shown in  Tab le  3, 
there  were a p p a r e n t  increases  in  the  m e d i u m  cha in  f a t t y  
acids in the  T G  and  F F A  fract ions of l ivers from the  Tox, 
v i rus  and  Tox + v i rus  groups,  wi th  the  g rea tes t  increase  
observed  in  the  c o m b i n e d - t r e a t m e n t  animals .  They  were 
no t  seen in  all animals ,  which precluded s ta t i s t i ca l  analy-  
sis. This  p robab ly  reflects the fact t h a t  the  analy t ica l  con- 
d i t ions  were no t  op t imized  for q u a n t i t a t i v e  recovery  of 
these  acyl cons t i t uen t s .  Shor te r  cha in  f a t t y  acids were 
no t  de tec ted  in  the  PL  f rac t ion  of any  animals .  

E x a m i n a t i o n  of the  f a t t y  acid compos i t ion  of the  l iver 
P L  revealed  s igni f icant ,  t ime -dependen t  increases  in  the  
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FIG, 3. The effect  of  chemical /viral  t rea tment  on l iver phosphol ip id  
{PL) content  in the  m o u s e  model .  The  exper iment  w a s  carried out  
as described in the legend to Fig. 1. On the days indicated, livers 
were extracted and analyzed for PL phosphorus as described in Ex- 
perimental Procedures. *, p < 0.05 relative to control animals. 

TABLE 3 

Fatty Acid Profiles of Hepat i c  Lipids in the  Mouse  Model 

Animal treatment group 
Fatty acids C Tox V 

Triacylglycerols 
8:0 -- 6.1 6.8 

10:0 - -  1.5 4.2 
12:0 1.7 1.9 2.1 + 0.5 
14:0 4.5 + 0.7 5.4 4.8 
16:0 35.2 + 1.1 30.9 • 1.3 35.1 • 2.1 
16:1n-7 2.8 • 0.7 2.4 • 1.0 3.8 • 1.5 
18:0 8.1 • 3.2 5.5 • 0.7 6.5 • 0.7 
18:1n-9 22.2 • 2.1 27.2 + 3.9 23.4 • 4.0 
18:2n-6 17.0 • 2.7 18.3 • 2.1 20.6 • 3.9 
20:3n-6 0.9 - -  - -  

20:4n-6 1.9 • 0.2 1.35 1.4 • 0.2 
20:5n-3 -- -- -- 
22:6n-3 3.2 • 0.9 1.8 • 0,2 3.1 • 0.4 

Free fatty acids 
8:0 -- 5.7 4.8 

10:0 - -  - -  - -  

12:0 1.4 • 0.6 1.1 • 0.2 1.7 • 0.3 
14:0 2.8 3.4 • 0.1 3.3 
16:0 24.6 • 2.2 24.4 • 0.6 26.5 • 3.0 
16:1n-7 4.0 • 1.0 2.2 + 0.1 1.7 
18:0 6.1 • 0.6 5.6 • 0.8 6.5 • 0.6 
18:1n-9 18.7 • 2.9 24.8 • 5.8 19.9 • 2.6 
18:2n-6 18.3 • 0.4 17.6 • 2.3 19.2 • 2.9 
20:3n-6 1.2 1.0 1.0 
20:4n-6 5.8 + 0.2 4.0 • 0.7 6.3 • 0.4 
20:5n-3 1.6 + 0,4 - -  1,5 
22:6n-3 4.8 • 0.7 3.7 +-- 0.5 5.8 +-- 0.3 

T o x  + V 

6.4 
7.4 
1.4 

3.8 + 1.4 
31.8 • 3.5 

6.3 
8.0 + 1.9 

22.4 + 1.0 
14.5 + 1.0 

1.6 + 0.4 

2.3 +_ 0.5 

8,5 

2.0 
4.0 

27.9 • 3.8 
2.6 

8.4 + 2.3 
22.9 + 1.5 
15.8 + 1.3 

1.3 
6.0 • 0.6 

1.9 
5.6 • 1.9 
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FIG. 4. Changes in fiver cholesterol content in the mouse model. The 
experimental protocol is described in the legend to Fig. 1. Aliquots  
of the liver lipid extract were analyzed for cholesterol content as 
described in Experimental Procedures. *, p < 0.05, relative to con- 
trol animals; ~, p < 0.05, relative to Tox-treated animals. 
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FIG. 5. Ratios of hepatic phosphofipid (PL) arachidonic (20:4n-6) to 
docosahexaenoic (22:6n-3) acids in the mouse model for Reye's  Syn- 
drome. The experiment was carried out as described in the legend 
to Fig. 1. Lipid was extracted from livers from each of the four treat- 
ment groups ( o ,  control; x, Tox; D, FIuB; A, Tox + FIuB) and the 
lipid classes were separated by instant thin layer chromatography. 
PL were transmethylated and fatty  acid methyl  esters were 
separated and identified by capillary gas liquid chromatography as 
described in the text.  The data represent the means (___ SEM) of the 
ratios of proportions of arachidonic (20:4n-6) to docosahexaenoic 
(22:6n-3) acids in the PL fraction. *, p < 0.05, relative to control 
animals, ?, p < 0.05, relative to Tox-treated animals; ~ ,  p < 0.05, 
relative to FluB-infeeted animals. 

relative proport ions of arachidonic (20:4n-6) to docosa- 
hexaenoic (22:6n-3) acids in the animals tha t  received 
either FluB alone or Tox + FluB (Fig. 5). The altered 
ratios reflected increases in 20:4 and a decreased 22:6 con- 
tent .  By day 18 of the experiment,  when few animals in 
the combined-treatment  groups remained alive, the 
hepatic 20:4n-6/22:6n-3 ratio in these animals was signifi- 
cantly higher than tha t  of any other group. 

Light  microscopic examinations were performed on 10 
livers from each of the four t rea tment  groups on day 17 
of the experiment. Routine hematoxylin and eosin (H&E) 
stains revealed no evidence of necrosis, and oil-red-O 
staining showed no evidence of microvesicular fat  ac- 
cumulation (Table 4). This was in marked contrast  to our 
earlier experiments in which t rea tment  with the Tox and 
the natural  mouse pathogen EMC resulted in panlobar 
hepatic microvesicular steatosis in 30-40% of the animals 
(Table 4). 

Electron microscopic analysis of four livers from each 
group indicated that  mice t reated with Tox + FluB had 
severe hepatic mitochondrial structural  abnormalities, in- 
cluding increases in the number and size of the mitochon- 
dria, with flocculation and focal rarefaction of their 
matrices (Fig. 6B). The mitochondrial cristae were de- 
tached and degenerated, with only a few recognizable ab- 
normal cristae present. Similar mitochondrial  abnor- 
malities had been observed in our earlier studies with Tox 
+ EMC exposure. The hepatocytic mitochondria of mice 
infected with FluB only or exposed to Tox only (Fig. 6A), 
showed mild pleomorphism, but  there was no evidence 
of damage to their cristae or matrices. FluB was not  
detected in the livers of infected animals, and there was 
no evidence of cell inflammation or necrosis. 

TABLE 4 

Histologic  Evaluation of Liver Tissue in the Mouse Model 
for Reye's  Syndrome (Experimental Day 171 

Group Fatty change a Mitochondrial damage 

FluB only 0 b 0 
Tox + FluB 0 3+ 
EMC virus only 0 0 
Tox + EMC 0 to 3+ (40%) 3+ 

aAssessed with Oil-Red-O and electron microscopy. 
b0, Absent; 3+, Severe. 

DISCUSSION 

Children who develop RS exhibit  several prominent  ab- 
normalities in hepatic lipid metabolism, including in- 
creases in TG levels (4,5,17) generally accompanied by an 
apparent  reduction in PL content  (4,5,17). Reports  of ef- 
fects of the disease on hepatic F F A  and cholesterol levels 
are inconsistent. 

In our animal model for RS, suckling mice exposed to 
the industrial emulsifier Tox and subsequently infected 
with Influenza B virus showed no evidence of fa t ty  in- 
fi l tration of the liver by  either chemical analysis (Fig. 1) 
or morphological examination (Fig. 6) at  the t ime when 
the morta l i ty  ra te  in this group began to increase (Table 
2). There are several possible explanations for the ap- 
parent  lack of hepatic steatosis in the mouse. First, fat  
production may require specific virus-species interactions, 
and although FluB is one of the most  common viruses 
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A 

B 

FIG. 6. The effects of chemical/viral treatment on the mitochondrial 
structure of neonatal mouse fiver. On day 17 of the experiment (see 
legend to Fig. 1), livers were processed for electron microscopy as 
described in Experimental Procedures. The photomicrographs are 
of livers from animals that received (A) Tox or (13) Tox -t- FIuB treat- 
ment. The liver from the combined treatment group shows marked 
swelling of mitochondria with extensive disintegration of the cristae. 
A few detached but still  recognizable cristae are present. Focal 
rarefaction of the mitochoudrial matrices and loss of dense bodies 
are evident. The micrographs show normal peroxisomes and no ap- 
parent lipid accumulation (30,000X magnification). 

associated with development of RS in humans, it may not 
be appropriate for inducing fat ty liver in animal models 
when the virus is not native to the species. This possibility 
is supported by the fact that  hepatic steatosis did occur 
in our earlier studies with the mouse model, when the in- 
fecting pathogen was the native mouse virus EMC (10; 
Table 4). The constituents of the hepatic lipid obtained 
with Tox + EMC were not determined. A second possi- 

ble explanation for lack of hepatic steatosis in our pres- 
ent model is that by taking samples for analysis 48 hr 
after viral infection, we may have missed a narrow time 
span during which levels were elevated. Our observation 
that hepatic lipid in the Tox, FluB and Tox + FluB 
groups were significantly higher (relative to control 
animals) in the samples analyzed at 48 hr (experimental 
day 15) suggest that levels may have been even higher 
in the first 24 hr following infection. However, TG levels 
were not elevated at any of the times tested, which is in 
contrast to the apparent increase in this fraction in pa- 
tients with RS. Interestingly, several investigators have 
questioned the essentiality of a fatty liver in the patho- 
genesis of human RS (18,19}; to our knowledge this ques- 
tion has not been fully resolved. 

Perhaps one of the most important features of this 
study is the observation that, regardless of whether there 
was fat accumulation in animals given combined chemi- 
cal/virus treatment, severe mitochondrial degeneration 
was seen consistently in this treatment group. Human 
RS is widely accepted to involve mitochondrial injury 
specifically, as reflected in morphological and biochemical 
anomalies of the liver and changes in blood chemistry 
(20}. As is the case in humans, the mechanisms involved 
in mitochondrial injury in the Tox + FIuB mice are 
unknown. 

The mechanisms by which exposure to Tox and]or FluB 
altered PL, TG and cholesterol content in the neonatal 
mice are matters of conjecture at present. There have been 
few coordinated studies of the effects of viral infections 
on lipid metabolism in mammals, and the results of these 
have been complex and frequently contradictory in 
nature. Reports have documented inhibition (21-23} as 
well as stimulation (23,24) of lipid synthesis subsequent 
to viral infections. This probably reflects variations in the 
type of virus and the species infected; furthermore, 
changes can be transient in nature, with the result that 
data obtained may depend upon the duration of the in- 
fection (25). Clearly, liver lipid status at any given time 
reflects the net result of availability of precursors, relative 
synthetic and catabolic activities and intraorgan trans- 
port. For example, it has been suggested but not con- 
firmed that decreased transport of TG from the liver due 
to impaired production of very low density lipoprotein is 
responsible for hepatic steatosis in RS patients (4). Our 
next goals are to determine whether enzymes involved 
in TG and cholesterol metabolism are altered as a result 
of the different treatment regimes and whether transport 
functions of the various lipid classes are abnormal in the 
model. 

In addition to changes in lipid classes in the mouse 
livers, we observed distinct changes in fatty acid profiles 
(Table 3, Fig. 5}. Other investigators have described virus- 
specific increases in the content of saturated (26,27} or 
unsaturated (28) fatty acids in host lipids. Changes in the 
proportions of these constituents may have deleterious 
effects on cell structure and dynamic properties, including 
the host's immune status (29}. One consistent fatty acid 
modification that we observed was a significant time- 
dependent increase in the ratio of PL arachidonic (20:4n-6) 
to docosahexaenoic (22:6n-3) acids in the animals given 
combined Tox + FIuB treatment (Fig. 5). Arachidonate 
is a precursor of the diene series of prostaglandins and 
leukotrienes, and increases in its proportions could alter 
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the synthesis and availability of these physiologically and 
pharmacological ly  active compounds,  and as well, al ter 
the concomitant  production of superoxide anions. Abnor- 
malit ies in arachidonic acid metabol i sm have been sug- 
gested to be involved in the pathogenesis  of RS (3); 
however, whether  these occur dur ing the viral  enhance- 
ment  phase in the mouse model remains to be determined. 

The apparen t  increase in the medium chain sa tu ra ted  
f a t t y  acids in the TG and F F A  fract ions of livers f rom 
the exper imental  animals  is difficult to interpret ,  since 
they  were not  sufficiently consis tent  to allow stat is t ical  
analysis.  Nevertheless,  their  apparen t  increase could 
reflect impaired mitochondrial/~-oxidation, which may  be 
related closely to specific disorganizat ion and dysfunc- 
tion of this organelle (7). 

One of the major  quest ions raised by  this s tudy  is 
whether there is a relationship between changes in cellular 
lipid content  and viral enhancement.  In the mice, the only 
significant effect of 10 days '  exposure  to Tox was an in- 
crease in hepatic cholesterol levels (Fig. 4), which was 
associated with a concomitant  decrease in se rum choles- 
terol (12). Repor ts  of clinical studies have sugges ted  
generally tha t  hepatic  to ta l  cholesterol is not  al tered in 
pa t ien ts  with RS, a l though examinat ion of the da ta  in 
at least one report  indicated tha t  levels were elevated (17). 
Fur thermore ,  serum cholesterol content  is significantly 
reduced in RS (2), as it is in the mice. Interest ingly,  sev- 
eral groups of invest igators  have demonst ra ted  tha t  sus- 
ceptibil i ty to infection by  and the  virulence of several  
viruses, including Coxsackie~virus (30), Semliki Forest  (31) 
and Sindbis (32) viruses increase with increasing mem- 
brane cholesterol content. Since we have not  yet  been able 
to isolate virus f rom the mouse livers, an association 
between Tox-dependent  elevations in cholesterol and 
hepatic viral  penetra t ion appears  unlikely. However,  as 
sugges ted  by Campbell  et  al. (30), i t  is possible tha t  
elevated cholesterol is re lated indirectly to defects in the 
nonspecific immune response, which are of p r imary  im- 
portance in determining resistance to an invading patho- 
gen. We have shown previously t ha t  interferon produc- 
tion is significantly reduced in mice exposed to the emulsi- 
fying agent  (33}. 

In summary ,  we have found tha t  neonatal  mice given 
nontoxic topical applications of an industrial  su r fac tan t  
and subsequent ly  infected with sublethal  doses of virus 
develop a severe metabolic disease accompanied by  an in- 
creased mortal i ty  rate and abnormal hepatic lipid m e t a b ~  
lism. We have demons t ra ted  a surfactant -dependent  
increase in hepatic  cholesterol content,  which m a y  be 
related to increased susceptibi l i ty to viral  infection 
(30-32). Once the animals  are infected, there are dist inct  
changes in liver lipid content,  and depending upon the 
nature  of the virus, there may  be fat  accumulation. 
However,  even in the absence of hepatic steatosis,  com- 
bined chemical/viral t r ea tmen t  of the young mice pro- 
duces dramat ic  mitochondrial  abnormali t ies  t ha t  we 
believe to be closely related to the increased mor ta l i ty  
associated with viral  enhancement .  
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The picolinyl ester derivatives of the complete series of 
isomeric octadecenoates, methylene-interrupted octadeca- 
dienoates, and of octadec-9-ynoate have been subjected 
to gas chromatography-mass spectrometry. A fused-silica 
capillary column, coated with a cross-linked methyl  sili- 
cone, was used for the separation. Electron impact spec- 
tra were determined at 70 eV. Earlier observations with 
a limited series of model compounds were confirmed, and 
it was shown that  the picolinyl ester derivatives were of 
almost universal value in the location of double bonds 
in such isomers. Difficulties of interpretation arose 
mainly when the double bonds were close to the carboxyl 
group. 
Lipids 22, 224-228 (1987). 

Analysts have approached the problem of the location of 
double bonds in fat ty acids by means of mass spec- 
trometry {MS) in two ways {reviewed comprehensively 
elsewhere [1,2]): either the double bonds are fixed by add- 
ing some form of substituent group that gives a 
characteristic fragmentation pattern, or certain amide or 
related derivatives of the carboxyl group are prepared 
that appear to stabilize in the mass spectrometer the ions 
containing double bonds. The latter method is inherently 
more elegant and convenient, when it can be applied. 
Harvey, for example, showed that  the picolinyl ester 
der iva t ives  of cer ta in  model f a t t y  acids gave 
characteristic spectra, which permitted unambiguous 
determination of the positions of double bonds {3-5). 
Derivatives of this kind, prepared from natural samples 
such as cod liver oil and pig testis lipids, were readily 
separated by gas chromatography (GC) on fused-silica 
capillary columns coated with nonpolar methyl silicone 
phases {6). GC-MS identification was accomplished for all 
components that were resolved and in sufficient abun- 
dance {>0.5% of the total fat ty acids). However, the in- 
terpretations were based on a set of simple rules derived 
from spectra of a relatively limited number of model com- 
pounds in which the double bonds tended to be located 
in central positions in the fat ty acyl chains. I t  is uncer- 
tain how applicable these rules are when double bonds 
are located at the proximal or terminal ends of the mole- 
cule. The electron impact mass spectra of the picolinyl 
ester derivatives of the complete series of isomeric cis- 
octadecenoic acids and of methylene-interruped cis, cis- 
octadecadienoic acids were therefore obtained, and they 
are described below. 

MATERIALS AND METHODS 

Most of the isomeric cis-octadecenoic acids, octadec-9- 
ynoic acid (7) and the isomeric methylene-interrupted 
cis, cis-octadecenoic acids r had been prepared earlier by 
total synthesis. 2-Trans-octadecenoic acid was a gift from 
F. D. Gunstone (Department of Chemistry, The Univer- 

*To whom correspondence should be addressed. 

sity of St. Andrews, Scotland}. The picolinyl ester deriva- 
tives were prepared as described previously (i.e., by reac- 
tion of the mixed anhydride of trifluoroacetic acid and 
the fatty acid with 3-(hydroxymethyl}-pyridine [6]}. The 
GC-MS conditions were also as described previously (6}. 
In brief, a fused-silica capillary column (25 m • 0.2 mm) 
coated with a cross-linked methyl silicone, with helium 
as carrier gas, was temperature-programmed from 60 C 
to 220 C at 50 C/rain, then to 260 C at 1 C/rain. The col- 
umn outlet was connected directly to the ion source of 
a Hewlett-Packard 5970 mass selective detector, operated 
at an ionization energy of 70 eV. 

RESULTS AND DISCUSSION 

Picolinyl octadecenoates. Most of the fat ty acids were 
more than 95% pure as judged by the total ion current 
trace from the mass spectrometer, and spectra were taken 
of the component eluting at the center of each peak, so 
the spectra should be representative. The spectra for each 
of the isomeric picolinyl octadecenoates are obviously 
distinctive; data for some of the ions of diagnostic value 
are listed in Table 1. The spectra for the 9- and 11-isomers 
resemble closely those published by Harvey, although his 
were obtained at an ionization potential of 25 eV, which 
was claimed to give better results (3). A definitive ex- 
planation for the discrepancy is not possible, but it may 
be related to differences in instrumentation. In each in- 
stance, a substantial molecular ion {M, m/z -- 373) was 
observed, and the magnitude of the (M-l) + ion increased 
with the distance of the double bond from the carboxyl 
group. The base peak was generally at m/z = 92, but oc- 
casionally was at m/z = 93, representing an ion contain- 
ing the pyridine ring and its methylene group. Other ions 
containing the pyridine ring at m/z = 108, 151 {cleavage 
between C2 and C3 of the aliphatic chain} and 164 
(cleavage between C3 and C4 of the aliphatic chain} are 
almost always prominent. For example, the magnitude 
of the ion at m]z = 108 tends to increase with the distance 
of the double bond from the carboxyl group. The excep- 
tion is the 2-isomer, where this ion is the base peak. 
Although this is the 2-trans isomer, none of the cis isomer 
being available, the configuration of the double bond is 
unlikely to affect the spectrum; certainly no difference 
was found between configurational isomers of the 9- and 
11-octadecenoates {data not shown}. The ion at m]z : 151 
containing the picolinyl moiety is the base peak for the 
4-isomer, and that at m/z = 164 is abundant for all but 
those isomers where the double bond is close to the car- 
boxyl group. 

In all the spectra, there are ions diagnostic for the posi- 
tions of the double bonds. The points where characteristic 
fragmentations occur are shown for picolinyl octadec-9- 
enoate in Figure la. Doublets of prominent ions 14 atomic 
mass units {amu) apart representing cleavage on the distal 
side of the double bond were earlier found to be of special 
value in the identification of unknown fat ty acids {6). In 
the spectrum of the t0-isomer illustrated in Figure 2 {as 
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TABLE 1 

Relative Abundances a of the Molecular Ion and of Ions Characteristic of the Picoliny[ Moiety, and m/z Values b and Relative Abundances 
of Ions Characteristic of Double Bond Posit ions in Mass  Spectra of Picolinyl Octadecenoates 

Double 
bond 
position 

Doublet Gap of 26 amu Gap of 40 ainu 

m/z = 92 m/z = 108 m/z = 151 m/z = 164 M M-1 A c B C D E (to C) 

2 79 100 27 4 26 8 45(190) 40(177) 
3 100(93) 43 19 10 31 4 15(204) 8(190) 
4 84(93) 53 100 3 30 3 9(218)  2(204) 
5 100(93) 43 8 21 31 2 21(232) 4(218) 3(204) 1(178) 21(164) 
6 100(93) 54 22 19 29 3 32(246) 5(232) 7(218) 1(192) 4(178} 
7 100 70 16 52 52 8 43(260) 17(246) 4(232) 8(206) 5(192} 
8 100 73 20 67 48 11 37(274) 28(260) 5(246) 10(220) 7(206) 
9 100 75 22 61 37 7 35(288} 30(274~ 10(260} 4(234} 10(220} 

10 100 75 30 41 46 10 37(302) 39(288) 9(274) 2(248) 8(234) 
11 100 72 36 46 43 9 32(316) 43(302) 10(288) 4(262) 7(248) 
12 100 72 28 47 53 10 41(330) 49(316} 13(302) 4(276) 12(262) 
13 100 67 28 50 50 10 33(344) 48(330) 13(316) 2(290) 11(276) 
14 100 76 29 42 54 12 10(358) 52(344) 12(330) 3(304) 15(290) 
15 100 88 38 59 54 12 12(372) 14(358) 18(344) 3(318} 17(304) 
16 100 90 35 58 50 17 17(372) 5(358) 5(332) 28(318) 
17 100 74 29 44 35 20 20(372) 1(346) 37(332) 

aExpressed as a percentage of the base ion. 
bin parentheses. 
cpoints of cleavage of ions A to E can be seen by reference to Figure la. 

a A S C O E 

r [ f  
CH3(CH2)5CH2CH2CH =CHCH2(CH2) 6 C O O C H 2 ~  

b A B G D E 
[ FF 

CH3(C H2)4C H = C HC H2CH =CHC H2(C H2)6COOCH2-' ~ 

FIG. 1. The bonds where characteristic mass spectrometric fragmen- 
tation occurs for (a} picoUnyl octadec-9-enoate and {b) picolinyl 
octadeca-9,12-dienoate. 

noted above, spectra for the 9- and l 1-isomers have 
already been published [3]}, these ions are at m]z = 302 
and 288. They were rationalized in terms of initial abstrac- 
tion of allylic hydrogens on either side of the double bond 
with formation of a relatively stable conjugated diene 
system {3). These peaks are easily picked out in the mass 
spectra of most  of the isomers. They are not, of course, 
seen in the spectra of those isomers where the double bond 
is close to the terminal methyl  group, as shown in Fig- 
ure 3, in which the spectrum of the 16-isomer is illus- 
trated, because the proposed mechanism cannot operate 
here. The doublet is particularly pronounced with the 
2-isomer, where a conjugated dienoic ion would also inter- 
act with the carbonyl function, but  it is less prominent  
with the 3- and 4-isomers, as is evident from Figure 4, 
which illustrates the spectrum of picolinyl 3-octadeceno- 
ate. I t  is recognizable even with the latter isomers, how- 
ever, as it is in regions of the spectrum where other ions 
are less abundant.  

Distinctive fragmentat ion at the double bond is also 
apparent  for each isomer. For example, to consider the 
10-isomer {Fig. 2) once more, a regular series of ions 14 
amu apart  is seen in the high mass region, corresponding 
to fragmentat ions between each of the successive 
methylene groups, i.e., at m/z = 358 (M-CH3), 344, 330, 
316, 302, 288 and 274. There is then a gap of 26 amu to 
m/z = 248 (at points C and D on Fig. la), for the double 
bond carbons, followed by a further series of ions 14 amu 
apart  at m/z = 234 (ion E in Fig. la), 220, 206, 192, 178 
and 164. For some of the isomers, the gap of 26 amu is 
not always immediately obvious, but  the gap of 40 amu 
between ions C and E is almost always readily iden- 
tifiable. In addition to the other diagnostic ions, ions 
representing cleavage at C, D and E are evident in the 
spectra of the 5- to 17-isomers, as were the series of ions 
14 amu apart  tha t  originate from either side of the dou- 
ble bond (other than from the 17-isomer, of course}. The 
exceptions are the 2-, 3- and 4-isomers. With these, the 
fact tha t  the double bond must  be close to the carboxyl 
group can be recognized from the fact tha t  only a single 
regular series of ions 14 ainu apart  is evident from the 
molecular ion downward, the doublet ions (A and B in 
Fig. la) being diagnostic and standing out from the sur- 
rounding ions. The 4-isomer can also be recognized be- 
cause its base peak is at m/z = 151 rather than at m/z = 
92, in addition to the doublet peaks (A and B). 

Picolinyl octadec-9-ynoate. The spectrum of a single 
monoacetylenic ester was obtained, i.e., for picolinyl 
octadec-9-ynoate ("stearolate"). This resembled the spec- 
t rum of the corresponding monoene, in tha t  there was a 
prominent  doublet on the distal side of the triple bond 
(at m/z = 272 I45%] and 286 [46%]}, and a gap of 24 amu 
from m/z = 258 {14%} to 234 {25%} for fragmentat ions 
on either side of the triple bond. The doublet ions may 
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FIG.  2. The mass  spectrum of picolinyl octadeol0-enoate.  Ions A to E correspond to 
cleavage a t  the corresponding points  relative to the double bond in Fig. la.  
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FIG.  3. The mass  spectrum of picolinyl octade~16-enoate. Ions B to E correspond to 
cleavage at  the  corresponding points  relative to the double bond in Fig. la.  
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FIG.  4. The mass  spectrum of picoliny| octadec-3-eneate. Ions A and B correspond to 
cleavage at  the  corresponding points  relative to the double bond in Fig. la.  
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TABLE 2 

Relative Abundances a of the Molecular Ion and of Ions Characteristic of the Picolinyl Moiety, and m/z Values b and Relative Abundances 
of Ions Characteristic of Double Bond Posit ions in Mass  Spectra of Picolinyl Octadecadienoates 

Double 
bond 
positions m/z = 92 

Gap of 26 amu 
(terminal bond) 

Gap of 26 ainu 
(proximal bond) Gap of 40 amu 

m/z = 108 m]z = 151 m/z = 164 M M-1 A c B C D E (to C) 

2.5 100 75 34 3 72 1(202) 
3,6 100(93) 40 46 3 54 4 2 (216)  48(190) 4(176)  46(151) 
4,7 100 74 53 12 59 5 2 (230 )  11(204) 1(190)  12(164) 53(151) 
5,8 100(93) 49 13 17 58 6 2 ( 2 4 4 )  8 ( 2 1 8 )  2 (204 )  2(178) 17(164) 
6,9 100 50 17 21 37 4 2 ( 2 5 8 )  8 ( 2 3 2 )  3 ( 2 1 8 )  3(192) 2(178) 
7,10 100 55 15 43 66 8 8 (272 )  13(246) 9 (232 )  5(206) 4(192) 
8,11 100 51 14 47 62 9 7 (286)  12(260) 8 (246 )  5(220) 7(206) 
9,12 100 58 15 39 47 7 5 (300 )  11(274) 11(260) 3(234) 6(220) 

10,13 100 58 24 42 55 10 10(314) 14(288) 27(274) 4(248} 9(234) 
11,14 100 59 20 41 57 13 9{328)  14(302) 32(288) 4(262) 10(248} 
12,15 100 68 24 48 55 15 13(342) 13(316) 42(302) 5(276) 14(262) 
13,16 100 67 22 48 31 10 2 ( 3 5 6 )  4(330)  32(316) 3(290) 13(276) 
14,17 i00 58 20 41 39 18 18(370) 1(344) 46~330} 2(304} 23(290) 

aExpressed as a percentage of the base ion. 
bin parentheses. 
cpoints of cleavage of ions A to E can be seen by reference to Figure lb. 

b 

c 

100 92 

8O 

60 108 

40 

o ,I l.. , I~L,., 

50 100 

picolinyl octadeca-11,14-dienoate 

164 C 

151, 248 i I 
3 2 8  

262 
., ,1 , . ,  ., ,, , , I , , L ,  L 

i i r i i 

150 ;ZOO ~ 3O0  350 

r n / z  

M 

FIG. 5. The mass  spectrum of picolinyl octadeca-ll ,14-dienoate. Ions A to E correspond 
to cleavage at the corresponding points relative to the double bond in Fig. lb.  

have  a r i sen  b y  a b s t r a c t i o n  of  a l ly l ic  h y d r o g e n s  w i th  for- 
m a t i o n  of a c o n j u g a t e d  doub le  b o n d  s y s t e m ,  as  w i th  t he  
m o n o e n e s  (3). The  ions  c h a r a c t e r i s t i c  of  t he  p ico l iny l  
m o i e t y  a r e  a s  expec t ed .  G e n e r a l  ru l e s  on  f r a g m e n t a t i o n  
c a n n o t  be  d e r i v e d  f rom a s ingle  i somer ,  a n d  t h e  d a t a  a re  
d e s c r i b e d  s i m p l y  as  a gu ide  for f u tu r e  work .  

Picolinyl octadecadienoates. The  ions  in the  m a s s  spec- 
t r a  of t he  p ico l iny l  2,5- to  14 ,17 -oc t adecad ienoa t e s  of  
v a l u e  for  i d e n t i f i c a t i o n  p u r p o s e s  a re  l i s t ed  in Tab le  2. A 
s u b s t a n t i a l  molecular  ion (M) is a lways  found {m/z = 371), 
a n d  once m o r e  the  a b u n d a n c e  of  t h e  ion  a t  (M-l)  + t e n d e d  
to  inc rease  w i th  t he  p r o x i m i t y  of t h e  doub le  b o n d s  to  t h e  

t e r m i n a l  m e t h y l  group.  A s  for m o s t  o the r  p icol ina tes ,  the  
b a s e  p e a k  is a t  m/z - 92 (or 93), and  the  ions  a t  m/z --  
108, 151 and  164 are  p a r t i c u l a r l y  p romine n t .  On ly  for the  
2,5- and  3,6-isomers is t he  ion a t  mJz = 164 less  abundan t .  

The re  are  a lso  a n u m b e r  of ions  t h a t  a re  d i a g n o s t i c  of 
t h e  p o s i t i o n s  of t he  doub le  bonds ,  and  the  p o s i t i o n s  of  
t h e s e  are  i l l u s t r a t e d  w i th  re fe rence  to  t he  n a t u r a l l y  
occu r r i ng  9 ,12- i somer  in F i g u r e  l b .  A s  the  s p e c t r u m  of 
t h i s  c o m p o u n d  has  been  p u b l i s h e d  (5), t h a t  of t he  11,14- 
i somer ,  which  is a lso  f o u n d  in na tu re ,  is r e p r o d u c e d  here  
in F i g u r e  5 as  an  e x a m p l e  of an  i somer  w i t h  c e n t r a l l y  
l o c a t e d  doub le  bonds .  W i t h  t h e  l a t t e r ,  a se r ies  of ions  
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cleavage at the corresponding point relative to the double bond in Fig. lb. 

14 amu apar t  is seen represent ing cleavage between suc- 
cessive methylene groups from the methyl  end (at m/z = 
356, 342 and 328 [ion A]). There is then a gap of 26 amu 
for the terminal  double bond to m/z -- 302 (ion B), fol- 
lowed by  one of a fur ther  14 amu to m/z = 288 (ion C) 
and a gap of 26 once more for the proximal  double bond 
to m/z = 262 (ion D). As for the spect ra  of the monoenes,  
gaps  of 40 amu between m/z 328 and 288 and between 
m/z = 288 and 248 (ion E) are usually easier to pick out  
than  the gaps  of 26 amu. A second series of relat ively 
abundant  ions 14 amu apar t  commences at m]z -- 248 and 
continues until  the carboxyl  group is reached. Analogous 
ions to these are seen in the spectra  of the picolinyl esters 
of the 3,6- to the 14,17-isomers, and ions A to E especially 
can be used to identify immediate ly  the posi t ions of the 
double bonds (as detailed in Table 2). 

Only the spec t rum of the 2,5-isomer defied immedia te  
in terpre ta t ion  in these terms.  I t  was  remarkab ly  devoid 
of ions in the high mass  region, apar t  f rom the molecular 
ion itself, which is relatively more abundant  than  for any 
of the other isomers. There is an additional abundant  ion 
at  m/z = 230 (17%), which p resumably  represents  cleav- 
age between carbons 8 and 9 in the chain, a l though why 
such a f ragmenta t ion  should be favored is not  immedi- 
ately obvious. The spec t rum of this compound is illus- 
t r a t ed  in Figure 6 for reference purposes.  

Conclusions.  All the picolinyl es ters  were successfully 
chromatographed  on a column of fused silica coated with 
a cross-linked methyl  silicone phase. The retention t imes 
were determined over  a period of several  weeks, when 
small  var ia t ions  in the elution conditions could have  oc- 
curred, so the da ta  are not  recorded here. On the other 
hand, it was apparen t  tha t  for each series, the retent ion 
t imes follow a broadly sinusoidal relationship, very  
similar to tha t  repor ted  earlier for the methy l  ester  
derivat ives (9,10). I somers  with double bonds located ap- 
proximate ly  centrally are generally separable when these 
are 2 carbons apar t  (e.g., the 7-, 9- and 11-octadecenoates 

could be resolved). Such isomers are often found together  
in na tura l  samples,  as in those f rac t ionated earlier (6). 
When the double bonds are near  either end of the 
molecule, adjacent  isomers  are separable.  

I t  is confirmed tha t  the picolinyl es ters  of mono- and 
dienoic f a t ty  acids are a lmost  universal ly useful for 
locating double bonds. Problems arise in the interpreta-  
t ion of the mass  spectra  in t e rms  of the posit ions of the 
double bonds only when they are close to the carboxyl  
group. Our experience has been tha t  these derivatives are 
of equal value for polyunsatura ted components,  and fa t ty  
acids with up to six double bonds, methy l  branches  and 
as m a n y  as 24 carbon a toms  have been separa ted  and 
identified in this way. 
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Feline omental lipid extracts, previously reported to be 
angiogenic in the cornea of rabbits, were fractionated and 
the major lipid components characterized. Approximately 
97% of the chloroform/methanol extract consisted of 
triglycerides containing primarily 16:0, 18:0, 18:1 and 18:2 
fatty acids. Trace quantities of free fatty acids, choles- 
terol, di- and monoglycerides were also detected. The 
phospholipid fraction, obtained by solvent partition and 
Unisil column chromatography and characterized by high 
performance liquid chromatography (HPLC)-mass spec- 
trometry, was found to consist of phosphatidylcholine, 
sphingomyelin, phosphatidylethanolamine and phospha- 
tidylserine. The neutral glycolipids, isolated by solvent 
partition and Unisil column chromatography and iden- 
tified by high performance thin layer chromatography 
and HPLC of their perbenzoylated derivatives, were 
found to consist of glucosyl- and galactosylceramides, 
galabiosylceramide, lactosylceramide, globotriaosylcer- 
amide and globotetraosylceramide. The complex glyco- 
lipid fraction, obtained from Folch upper phase solvent 
partition, was found to consist primarily of Forssman 
glycolipid and gangliosides GM3 and GD3. Smaller 
amounts of GM, and other unidentified gangliosides were 
also present. 
Lipids 22, 229-235 (1987). 

A lipid extract of feline omentum has been shown (1-6) 
to produce excellent angiogenic activity after a single in- 
jection into the central cornea of rabbits and to produce 
increased perfusion in a standardized wound as measured 
by in vivo nuclear imaging techniques with Technetium- 
labeled erythrocytes (7). Angiogenesis and chemical fac- 
tors that mediate or inhibit the angiogenic processes have 
important implications in major diseases, and polypep- 
tide and small molecular weight angiogenic factors have 
been purified from various pathological sources and from 
normal tissue in small quantities (9-18). Thus, tissues 
available in large quantities that contain angiogenic ac- 
tivity provide opportunities for isolation, structural 
analysis and extensive animal and clinical studies. 

The lipid composition of omental tissue has received 
little attention. Rabinowitz et al. (19) reported on the lipid 
composition of human omental tissue, but only nonpolar 
lipids and phospholipids were studied. Neutral glyco- 
sphingolipids and particularly gangliosides have recently 
been shown to be associated with a variety of cellular 

*To whom correspondence should be addressed at E. K. Shriver 
Center, 200 Trapelo Rd., Waltham, MA 02254. 
The abbreviations and nomenclature used for glycosphingolipids are 
those recommended by IUPAC (1976), Lipids 12, 455-468: GlcCer, 
glucosylceramide; GalCer, galactosylceramide; LacCer, lactosylcer- 
amide; GaOse2Cer, galabiglycosylceramide, Gal(al-4)Gal(fll-1)Cer; 
GbOse3Cer, globotriglycosylceramide, Gal(al-4)Gal(/31-4)Glc(fll-1)Cer; 
GbOse4Cer, globotetraglycosylceramide, GalNAcI/31-3)Galqal-4)- 
Gal(fll-4)Glc(/31-1)Cer; GalNAcGbOse4Cer, Forssman glycolipid. The 
ganglioside nomenclature is according to the system of Svennerholm 
(J. Neurochem. 10, 613-623, 1963). 

responses and to modulate the activity of several growth 
factor receptors (20). The purpose of this study has been 
to determine the lipid composition of feline omentum and 
to assess the angiogenic activity of the lipid fractions with 
the chick embryo chorioallantoic membrane (CAM) assay. 
The CAM activity data will be presented elsewhere. 

MATERIALS AND ANALYTICAL PROCEDURES 

Materials. High performance liquid chromatography 
{HPLC) grade methanol and other reagent grade solvents 
and chemicals were obtained from Fisher Chemical Scien- 
tific (Fairlawn, New Jersey); Iatrobeads 6RS-8060 and 
6RS-8010 were from Iatron Industries (Tokyo, Japan); 
DEAE-Sephadex (A-25) was from Pharmacia Fine Chemi- 
cals (Piscataway, New Jersey); Unisil was from Clarkson 
Chemical Co. (Williamsport, Pennsylvania); and high per- 
formance thin layer chromatography (HPTLC) plates 
were obtained from E. Merck (Darmstadt, Federal Repub- 
lic of Germany). BondElut C18 reversed phase cartridges 
were obtained from Analytichem International (Harbor 
City, California). Ganglioside and glycolipid standards 
were prepared as previously described (21,22). Vibrio 
cholerae neuraminidase was obtained from Sigma Chemi- 
cal Co. (St. Louis, Missouri). 

Neuraminidase treatment of gangliosides. Purified 
gangliosides were dried under nitrogen, and 300 ~l of 0.05 
M sodium acetate buffer, pH 5.5, containing 0.025% 
CaCI~ was added. Vibrio cholerae neuraminidase (100 ~1, 
0.1 units) was added and the sample was incubated for 
3 hr at 37 C. The reaction was stopped by the addition 
of 2 ml of chloroform/methanol (C/M) (2:1, v/v); the mix- 
ture was placed over a C18 reversed phase cartridge 
(BondElut) and the nonlipid components were eluted with 
water. Any remaining gangliosides and lipid reaction 
products were eluted with methanol and C/M and ex- 
amined by HPTLC. 

Sugar and fatty acid analysis. For sugar and fatty acid 
analysis, the glycolipids were subjected to methanolysis 
in anhydrous 0.75 N HCI in methanol as described (23,24). 
The fatty acid methyl esters were analyzed by gas liquid 
chromatography (GLC) on an 8 ft X 2 mm ID coiled col- 
umn packed with 3% OV-1 on 80-100 mesh Supelcoport 
with a Hewlett-Packard model chromatograph equipped 
with a flame ionization detector. The column oven was 
programmed from 160-250 C at 2 C/min. The methyl 
glycosides were analyzed as their trimethylsilyl deriva- 
tives on the same OV-1 column as described (25,26). For 
HPLC analysis of the lower phase neutral glycolipids, the 
fraction was perbenzoylated with benzoyl chloride in 
pyridine, and the benzoylated glycosphingolipids were 
separated and quantitated by HPLC on a column packed 
with Zipax with gradient elution and 230 nm detection 
as previously described (21). For direct probe mass spec- 
trometry, glycolipid or ganglioside samples (5-50 ~g) were 
trimethylsilylated by heating at 80 C for 60 min in 
25 ~l of pyridine/hexamethyldisilane/trimethylchlorosilane/ 
N,O-bistrimethylsilyl/trifluoroacetamide (4:2:1:1:1, 
v/v/v/v/v). One to 5 ~l of the sample was placed in a sample 
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cup, and the probe was heated from 100 to 440 C at a rate 
of 30 C/min. The mass spectra were obtained with a Fin- 
nigan model 4500 quadrupole mass spectrometer  equip- 
ped with Teknivent,  model 56K da ta  system. I t  was 
operated with an ionizing current  of 0.5 ma and an ioniz- 
ing voltage of 70 eV. The ionizer tempera ture  was 150 C. 
Repetit ive scans of the mass range from 100 m]e to 950 
m/e were acquired at 17-sec intervals. 

Immunochromatography. Glycolipids were chromato- 
graphed on aluminum-backed HPTLC plates (Merck) with 
C/M/water (60:35:8, v/v/v), dried, then dipped in 0.05% 
polyisobutyl  methacryla te  in hexane as described by  
Brockhaus et  al. (27). The plates were then soaked in 
phosphate-buffered saline (PBS) containing 1% bovine 
serum albumin for 2 hr before similar exposure to anti- 
body for 2 hr at 4 C. The plate of upper phase neutral  
glycolipid was t reated with Forssman monoclonal anti- 
body IgM, purchased from American Tissue Culture Col- 
lection T1B 121. The TLC plates of the disialoganglioside 
fraction were t reated with GD3 monoclonal antibody IgM 
prepared in this laboratory.  After  washing in PBS, the 
plates were exposed to goat  anti-mouse IgM conjugated 
to horseradish peroxidase for 2 hr at 4 C. After  washing 
in PBS, the plates were developed with 33 mM 4-chloro- 
naphthol  in 0.02 M Tris-HCl buffer containing 20% 
methanol and 0.025% H202. 

HPLC-mass spectrometry (LC-MS) of phospholipids. 
LC-MS of phospholipids was performed by methods 
developed in this laboratory (28). Briefly, HPLC was per- 
formed with a Spectra Physics (model 8700) gradient 
pump and a Brownlee cartridge, 6 cm • 2.0 mm ID, 
spherical silica (5 ~rn) column. The column was eluted with 
a linear gradient of solvent A, dichloromethane/methanol/ 
water  (93:6.5:0.5, v/v/v) and solvent B, dichloromethane/ 
methanol/water/15 M NH4OH (65:31:4:0.2, v/v/v/v), from 
12% B to 45% B in 10 rain and programming to 100% B 
in 2 min, at a flow rate  of 0.5 ml/min. The sample to be 
injected was dissolved in dichloromethane/methanol]15M 
ammonia {1:1:0.01, v/v/v) at a concentration of about 1 ~g 
phospholipid per 1 ~1. The HPLC eluant was applied as 
a fine s t ream to the moving belt of a Finnigan LC-MS 
interface to achieve an even coating. The sample evapora- 
tor  heater  was at 330 C, and the cleanup heater  was set 
at 210 C. A Finnigan model 4500 mass spectrometer was 
used with ammonia (0.75 torr) as the chemical ionization 
(CI) reagent  gas. The ion source was at  150 C. Positive 
ion spectra were obtained by the sys tem under the con- 
trol of a Teknivent  model 56K MS data  system. MS data  
were collected from in]z 100-900 with 7-sec scans. 

FRACTIONATION METHODS AND RESULTS 

Fractionation of ornentum extracts. Omentum from adult 
female cats were excised and minced as previously 
reported (6). The omentum preparations were homoge- 
nized in cold PBS and centrifuged at 4 C for 20 min in 
2150-ml plastic bottles at 1,600 • g. After centrifugation, 
the lipid cake was removed and homogenized in 20 vol 
C/M (2:1, v/v). The ex t rac t  was centrifuged at  200 X g 
for 10 min to remove part iculate  mat ter ,  and the clear 
supernatant  was evaporated to dryness in vacuo to ob- 
tain the C/M fraction (CMFr), which was fur ther  frac- 
t ionated as shown in Figure 1. 

CHLORO~ m4~4ETHANOL FRACTION 
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cc.c13/~,o./%o~ 

I 
gPPER PHASE I LOWER FdASE 

I ,I 
I I 

C18 e a r t r l d g v  O n l s l l  eolmnn 
: t 

M e t h ~ o l  [ 50~ Hethanol CflCI~ [ aQetone/MeOH Methanol 
I I I - ~ - - - I  ......... I 
I I I I I 

OP~LIPr~S NOM-LIPIDS NEUTRAL GLYCOLIPIDS PHOSPHOLIPIDS 
p L I  PIDS 

I EJE  
Sephadox  

I 
I /mson~.tm 

I I 
UP- ~ T I ~ K .  GANQLIOSIDs 
GLYCOLI PIDS 

FIG. 1. Flow diagram for the fractionation of feline omentum 
chloroform/methanol extract. 

TABLE 1 

Weight Percent Distribution of Fractions from Feline Omentum 
Chloroform/Methanol Fraction (CMFr) 

Percent of 
Fraction Percent of CMFr ethanol phase 

CMFr 100 
Hexane 85 
Ethanol 15 100 

Folch lower phase 13 86 

Unisil column 
Neutral lipids 12 80 
Glycolipids 0.03 0.17 
Phospholipids 0.09 0.61 

Folch upper phase 2 14 
Nonlipid 0.27 1.9 
Lipid 

Neutral glycolipids 0.18 1.25 
Gangliosides 

Monosialo 0.007 0.05 
Disialo 0.002 0.01 
Polysialo 0.003 0.02 

The CMFr was dissolved in hexane (ca. 60 roll10 g of 
extract),  and 0.66 vol of 95% ethanol was added. The 
phases were thoroughly mixed and allowed to separate. 
The lower phase was removed and the upper phase (hex- 
ane layer) reextracted with 95% ethanol. The lower phases 
were combined and reextracted with a fresh volume of 
hexane, and the hexane phases were combined. The 
phases were then taken to dryness in vacuo to obtain hex- 
ane upper phase material  (hexane-UP) and ethanol lower 
phase material  (ethanol-LP). 

The hexane phase contained ca. 85 % of the material  in 
the CMFr and was shown to consist  primarily of triglyc- 
erides as determined by H P TLC (weight distribution of 
the fractions from the omentum C/M extrac t  is shown in 
Table 1). Alkaline methanolysis and gas chromatography 
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(GC)/MS analysis of the resulting fatty acid methyl esters 
revealed that 14:0 {1%}, 16:0 (20%), 17:0 (1%}, 18:0 {24%), 
18:1 {44%} and 18:2 (10%) were the major triglyceride 
fatty acids. Small quantities of material migrating on 
HPTLC as free fatty acids, cholesterol, diglycerides and 
monoglycerides were also present in the hexane phase. 

The ethanol-LP material was dissolved in C/M (2:1, v/v) 
(20 ml/g); 0.2 vol of water was added and phases were 
thoroughly mixed and allowed to separate as described 
by Folch et al. (29). The upper phase was removed, and 
the lower phase was washed with 0.4 vol of methanol/ 
water (1:1, v/v). The upper phases were combined and both 
phases were taken to dryness in vacuo to obtain Folch- 
UP and Folch-LP material. 

Folch-LP material was dissolved in chloroform and sub- 
jected to chromatography on a silicic acid (Unisil) column 
(30). The Unisil column was eluted successively with 20 
column volumes of chloroform, acetone/methanol (9:1, v/v) 
and methanol to obtain the neutral lipid, glycolipid and 
phospholipid fractions, respectively. The neutral lipid 
fraction recovered from the Unisil column also consisted 
primarily of triglycerides, and small amounts of free fatty 
acids, cholesterol, di- and monoglyceride were detected 
by TLC analysis. The acetone/methanol glycolipid frac- 
tion was examined by TLC; components migrating as 
monohexosylceramides, lactosylceramide, globotriaosyl- 
ceramide and globoside were present. Quantitative analy- 
sis of these glycolipids by HPLC is described below. The 
methanol phospholipid fraction was examined by TLC; 
components migrating as phosphatidylethanolamine, 
phosphatidylserine, phosphatidylcholine and sphingo- 
myelin were present. Further characterization of phosphc~ 
lipids by LC-MS is described below. 

HPLC analysis of the lower phase glycolipids. The 
lower phase glycolipids were examined by HPTLC with 
C/M/water (60:35:8, v/v/v) as the developing solvent and 
visualized with the orcinol spray reagent (31). They were 
also benzoylated with benzoyl chloride in pyridine, and 
the perbenzoylated derivatives were analyzed by HPLC 
with 230 nm detection as previously reported (32). The 
results are shown in Figure 2. These data show that the 
percent distribution of glycolipids in this fraction as 
GlcCer (Nfa), 26%; GalCer (Nfa), 9.6%; GlcCer {Hfa) + 
GalCer (Hfa) + GaOse~Cer (Nfa), 12%; LacCer, 11%; 
GbOse3Cer, 10%; GbOse4Cer, 26%. 

LC-MS analysis ofphospholipids. Aliquots of the phos- 
pholipid fraction were analyzed by LC-MS (28). Briefly, 
an aliquot containing at least 5 ~g of each major phos- 
pholipid, was injected onto a column packed with 
spherical silica as described in Materials and Analytical 
Procedures. The column was eluted with a solvent gra- 
dient consisting of dichloromethane/methanol/ammonia 
with increasing concentrations of methanol and ammoni& 
The column effluent was applied to the Finnigan moving 
belt interface, solvent was removed under vacuum, and 
the chromatographic components were transported into 
the vaporization chamber and the lipids were volatilized 
into the ion source of the mass spectrometer. Positive ion  
mass spectra were continuously collected in the CI mode, 
with ammonia as the reagent gas. Figure 3 shows the 
total ion current chromatogram and selected ion plots 
specific for the phospholipid bases: serine (m/z 105), 
phosphoethanolamine (m/z 141) and phosphocholine (m/z 
142). These data provide definitive identification and 
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FIG. 2. High performance liquid chromatography of perbenzoylated 
neutral glycosphingolipids from feline omentum. A Zipax column 
with detection at 230 nm was used with a 13-rain linear gradient of 
1-20% dioxane in hexane at a flow rate of 2 ml/min. Peak num- 
bers-3: GIcCer-NFA, glucosylceramide; 4: GalCer-NFA, galactosyl- 
ceramide; 6: CMH-HFA, ceramide monohexoside with HFA (GlcCer 
aud GalCer with hydroxyl fatty acids); 7" galabiosylceramide; 
8: Lac-Cer, lactosylceramide; 9: CTH, ceramide trihexoside (globo- 
triaosylceramide); 10: globotetraosylceramide (globoside). 

relative concentrations along with information on the 
fatty acid or ceramide composition of the different phos- 
pholipids. In order of decreasing concentrations, the 
following phospholipids were identified; phosphatidyl- 
choline, sphingomyelin, phosphatidylethanolamine and 
phosphatidylserine. Trace quantities of phosphatidyl- 
inositol were also observed. 

Folch-UP material. Approximately 20% by weight of 
the ethanol-phase material was recovered in the Folch- 
UP. The Folch-UP was made 0.1 M with respect to KC1 
and applied to a C18 reversed phase cartridge (BondEluU 
133), which was then washed with 4 vol of methanol/water 
(1:1, v/v) followed by elution with 4 vol of C/M (2:1, v/v). 

LIPIDS, Vol. 22, No. 4 (19871 



232 

R.H. McCLUER ET AL. 

PC 

PE / / \ 
Ps 

1~t Specific Ion for Serine 

j \_ 

1~t ~ Specific Ion for Phosphoethanolamine 

5 IG 15 

1~, t ~Spec,f,c Ion for Phosphocholine 

5 10 15 28  

Minutes 
FIG. 3. Reconstructed plots of total  ion current (a) and various 
specific ions monitored after high performance liquid chromatog- 
raphy (HPLC)-chemical ionization mass spectrometry (CIMS) of 
feline omentum phospholipids. An aliquot of the omentum phospho- 
lipid fraction equivalent to about 25/~g of total  phospholipid was 
injected on a Brownlee silica gel (5 t~m) cartridge HPLC column and 
eluted as described in the text.  The eluate was applied to the moving 
belt of a Finnigan HPLC-MS interface. The solvent was removed 
under vacuum and the phospholipids were transported into the 
vaporization chamber and volatilized into the ion source (150 C) of 
the mass spectrometer. Posit ive ion mass spectra from m/z 100-900 
were continuously collected every 7 seconds in the CI mode with 
ammonia as the reagent gas. The multiplication factor (*) for each 
plot is provided under each panel. 

The two washes were separately collected and evaporated 
to dryness in vacuo to obtain nonlipid-UP material and 
lipid-UP material, respectively. 

Nonlipid material. The nonlipid-UP fraction was taken 
to dryness and extracted with methanol. The majority of 
material was not methanol-soluble, and the suspension 
was centrifuged and the supernatant removed. The 
methanol-insoluble material was readily soluble in water. 
These fractions were examined by TLC, and the water- 
soluble fraction showed only one ninhydrin positive band. 
The bulk of this water-soluble material appeared to be 
salt. The methanol-soluble material contained at least six 
orcinol and ninhydrin positive components; GC/MS 
analysis, after trimethylsilylation, indicated this material 
was a complex mixture of sugars, amino acids, peptides 
and glycopeptides. 

Lipid-UP. The lipid-UP material was dissolved in 
methanol and applied to a DEAE-Sephadex (acetate} col- 
umn (31). The column was eluted with 10 vol of the same 
solvent to obtain the neutral lipid-UP fraction and then 
with 0.5 M ammonium acetate in methanol to obtain the 

FIG. 4. High performance thin layer chromatography of feline omen- 
tum ganglioside and neutral lipid upper phase glycolipid fraction. 
Plate A was developed with chloroform/methanol/water (60:35:8, 
v/v/v}, and the spots  were visualized with orcinol spray reagent. The 
component migrating just above Forssman glycolipid is unidentified 
but migrates like paragloboside (nLcOse4Cer}. Plate B was developed 
with chloroform/methanol/0.25% CaCI~ (55:45:10, v/v/v), and the spots 
were visualized with resorcinol spray reagents. 

ganglioside fraction. The fractions were evaporated to 
dryness in vacuo. The ganglioside fraction was desalted 
with a C18 reversed phase cartridge (BondElut) as 
described above. 

Characterization of UP complex neutral glycolipids. The 
neutral lipid-UP fraction was found to constitute 40% of 
the lipid-UP material. Upon examination by HPTLC, this 
fraction was seen to consist primarily of an orcinol posi- 
tive material migrating slightly slower than the globoside 
standard and small amounts of 3-4 more polar orcinol 
positive components (see Fig. 4). Immunoblotting with 
Forssman and SSEA-1 antibody indicated the major com- 
ponent was Forssman positive, and no SSEA-1 positive 
components were present. The major component was fur- 
ther purified by chromatography on an Iatrobead column 
(1 • 50 cm, 60 ~) eluted with hexane/isopropanol/water 
mixtures (23,26} and subjected to methanolysis and com- 
ponent analysis by GC/MS. Hexose ratios were found to 
be Glc/Gal/GalNAc (1.0:1.9:1.9). The fat ty acids present 
were primarily 16:0, 18:0, 20:0, 22:0 and 24:0 with small 
amounts of the monounsaturated analogs, as shown in 
Table 2. The purified Forssman glycolipid appeared as 
four distinguishable bands when examined by HPTLC; 
these bands were isolated by preparative HPTLC and 
shown to contain different fat ty acids, with the lowest 
band containing almost exclusively 16:0 and 18:0 fat ty 
acids. The intact glycolipid was also silylated and ex- 
amined by direct probe mass spectrometry. The spectra, 
shown in Figure 5, indicated the presence of terminal 
hexosamine, internal hexose residues, the presence of C18 
sphingosine and fat ty acids consistent with the data 
shown in Table 2. Taken together, these data indicate that 
the glycolipid is the Forssman pentaglycosylceramide 
(GalNAcGbOse4Cer). Although position and configura- 
tion of linkages have not been directly determined, the 
antibody reactivity and glycolipid analytical data 
strongly support this structure. 
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FIG. 5. Direct probe mass  spectra of si lylated pentaglycosylceramide from cat omentum extract. The signal at m/z 420 indicates the 
presence of terminal hexosamine while m/z 361 indicates internal hexose residues. The absence of an ion at m/z 451 indicates that no 
terminal neutral hexose is present, and the ion at m/z 767 is indicative of  a terminal disaccharide consisting of two N-acetylhexosamine 
residues. These data are consistent with the presence of three neutral hexose and two hexosamine residues as in Forssman glycolipid 
(GalNAcGbOse4Cer). The presence of C-18 sphingosine is indicated by the m/z 311 ion. Ions at m]z 592, 620 and 648 are indicative of 16:0, 
18:0 and 20:0 fatty acid containing ceramides, respectively. These data are consistent with the fatty acid composition obtained by methanolysis 
and gas chromatography/mass spectrometry analysis  of the methyl  esters, as shown in Table 2. 

TABLE 2 

Percent Distribution of Fatty Acids in the Major Giycosphingolipids 
from Feline Omentum 

Fatty acids Forssman glycolipid GM3 GD3 

16:0 25.5 14.0 12.9 
18:1 11.8 6.3 8.5 
18:0 11.2 11.8 5.9 
20:0 9.4 17.1 3.4 
22:0 8.0 13.9 6.9 
23:0 5.0 9.5 -- 
24:1 9.6 14.0 46.0 
24:0 10.2 12.6 16.4 

Only fatty acids present at concentrations greater than 2% are 
reported. 

Characterization of omentum gangliosides. Examina- 
tion of the ganglioside fraction by HPTLC revealed the 
presence of resorcinol positive components  migrat ing as 
GM3, GD3 and minor amounts  of GM~, GD,o and other 
polysialoganglioside components  (see Fig. 4). The 
ganglioside fraction was t reated with 0.25 N sodium 
hydroxide in methanol for 2 hrs at 37 C, neutralized with 
glacial acetic acid and desalted with a C18 reversed phase 
cartridge (Bond Elut). The alkali-treated ganghoside frac- 
tion was then subjected to chromatography on a DEAE-  
Sephadex column and eluted with 0.02 M, 0.08 M and 0.5 
M ammonium acetate in methanol to obtain mono-, di- 
and polysialoganglioside fractions, respectively (24). The 
ganglioside fractions were separated into individual com- 
ponents by chromatography on a 0.4 • 50 cm, 10 ~M par- 
ticle, Ia t robead column eluted with C/M/water (65:35:8, 

v/v/v). Fractions of 1.2 ml were collected, aliquots were 
examined by HPTLC and fractions containing single com- 
ponents  were appropriately pooled. 

The monosialoganglioside fraction was shown by 
HPTLC to consist primarily of components migrating as 
a triplet of bands corresponding to the mobility of the 
G M 3  standard and a small amount  of material migrating 
as G M ,  The monosialoganglioside fraction was further  
purified by chromatography on an Iatrobead column, and 
the fractions containing only components  migrat ing as 
GM3 were pooled. This material was t reated with neur- 
aminidase, and the lipid product  was characterized as lac- 
tosylceramide by H P TLC and direct probe MS. The 
liberated sialic acid was shown by GC to consist only of 
N-acetylneuraminic acid. The intact ganglioside was sub- 
jected to methanolysis,  and the sugars and f a t ty  acids 
were examined by GC. The ratio of Glc/Gal was found to 
be 1.0:0.96; the fa t ty  acids consisted primarily of 16:0, 
18:0, 18:1, 20:0, 22:0, 23:0, 24:0 and 24:1, as shown in 
Table 2. The preparat ion was also examined by direct 
probe MS as the tr imethylsi lyl  ether  derivative. A mass 
spectra similar to tha t  given by  ganglioside GM3 stan- 
dard, sialyl(a2-3)galactosyl(f31-4)glucosyl(/31-1)ceramide, 
was obtained. 

The disialoganglioside fraction was shown by HPTLC 
to consist  primarily of a component  migrat ing as GD~. 
This material was further purified by chromatography on 
an Iatrobead column, and the fractions containing only 
a single component  migrat ing as GD3 were pooled. The 
preparation was subjected to methanolysis,  and the 
methyl  glycosides and fa t ty  acid methyl  esters were ex- 
amined by GC/MS. The ratio of Glc/Gal was found to be 
1.0:1.0, and the major f a t ty  acid components  were 16:0, 
18:0, 18:1, 24:0 and 24:1, as shown in Table 2. The 
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mater ia l  was t rea ted  with neuraminidase,  and the lipid 
product  was identified as lactosylceramide by  H P T L C  
and direct probe MS. The liberated sialic acid was shown 
to consist only of N-acetylneuraminic by  GC. Direct probe 
MS of the TMS derivat ive gave  spec t ra  consis tent  with 
GD3. The mater ia l  was also shown by  immunoblo t t ing  
to react  with a monoclonal ant ibody prepared in this 
labora tory  wi th  demons t ra ted  react iv i ty  with GD3. 

The polysialoganglioside fraction was shown to contain 
components  migra t ing  on H P T L C  as ganglioside GD,o, 
GTI~, but  insufficient quantities were obtained for further 
analysis.  

DISCUSSION 

Omental  t issue consists to a large extent  of white adipose 
fa t  cells embedded in an extracellular ma t r ix  of collagen 
and elastin. According to Hodel {34), the fa t  droplets  of 
the omenta l  fa t  cells can reach diameters  of I00 ~m in 
well-fed animals. Quanti t ies  of macrophages  are also 
usually present ,  somet imes  visible grossly as "mi lky  
spots"  (34-36). The cell types  found in the om en tum and 
especially in milky spots  include fibroblasts,  ret icular 
cells, mesenchymal  cells, hist iocytes,  macrophages,  lym- 
phocytes, p lasma cells, mas t  cells, eosinophilic leukocytes 
and polymorphonuclear  leukocytes {37). The t issue has 
long been known to be highly responsive to injury and 
infection (38,39). The studies by  Rabinowitz et al. {19) on 
the lipid composition of human omentum showed tha t  pa- 
t ients under caloric restriction showed a reduction in their 
to ta l  tr iglyceride content,  a reduction in the content  of 
unsa tu ra ted  f a t t y  acyl groups and a relative increase in 
phospholipid contents .  Other  factors  such as injury and 
infection m u s t  also affect  the lipid composi t ion of this 
tissue. Species differences also exist, as we have shown 
in studies to be repor ted  elsewhere, t ha t  the complex 
neutral glycolipids and gangliosides of porcine and bovine 
omentum are distinctly different f rom those found in this 
s tudy  of feline omentum.  

The da ta  repor ted here are the first  on feline omenta l  
lipids and omental  glycolipids. The triglyceride fa t ty  acid 
composi t ion of feline omen tum resembled tha t  repor ted  
by  Rabinowitz et  al. (19) for their  control  human  omen- 
tal  tissue, except  for the higher content  of stearic acid. 
The phospholipid species found and their relative concen- 
t ra t ions  in the feline t issue also closely paralleled those 
repor ted for human  tissue. The significant amounts  of 
glycolipids found in the feline omenta l  t issue are of in- 
terest .  The presence of mono- and diglycosylceramides 
and globoseries glycolipids as well as gangliosides could 
possibly relate to the biological act iv i ty  observed for the 
lipid extracts .  Al though some glycolipids m a y  be char- 
acterist ic of omentum,  it is clear f rom ongoing studies 
of porcine and bovine t ha t  the glycolipid pa t t e rns  are 
species-specific. I t  is ant ic ipated t h a t  the identification 
of the lipid species repor ted here will be useful in char- 
acterizing the biologically active components .  Recently 
Niinikoski et al. {401 reported tha t  a hexosylceramide frac- 
t ion f rom calf blood exerted an accelerating effect on 
wound-healing angiogenesis,  and Gullino 141) reviewed 
repor ts  on factors  tha t  can t r igger  angiogenesis and pro- 
vided evidence tha t  heparin, fibronectin and gangliosides 
are involved in the mobilization of capillary endothelium. 
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Phospholipid Studies of Marine Organisms: 
of the Sponge Tethya auran f ia  1 

G l e n n  M.  Smi th  a n d  C o r l  D jerossi"  
Department of Chemistry, Stanford University, Stanford, CA 94305 

14. Ether Lipids 

The novel  unesterif ied alkyl  glycerol  monoethers ,  (2S)-I- 
(hexadecyloxy)-2,3-propanediol (1), (2SM-(16-methylhepta- 
decyloxy}-2,3-propanediol (2) and (2S)-l-(15-methylhepta- 
decyloxy)-2,3-propanediol (3) were isolated from the 
marine sponge  Tethya aurantia and were characterized 
by spectroscopic  methods .  These  three saturated ethers 
as well as a series of alk-l'-enyl glycerol monoethers  were 
also encountered in the phospholipids of  the same sponge 
after reduction with LiAIH~. Incorporation experiments  
with dissociated cells of T. aurantia indicated that [1-'4C] - 
hexadecanol was  incorporated into the unesterified alkyl 
glycerol  monoethers .  
Lipids 22, 236-240 (1987). 

Sponges are the most primitive of the multicellular 
animals and have been found to be rich sources of many 
unusual compounds (1,2}, including lipids (3). Recently, 
a number of reports have appeared on the direct isolation 
of alkyl and alk-l'-enyl glycerol monoethers from marine 
sponges (4-7). To date, such compounds have only been 
isolated in the unesterified form from marine sponges, 
although glycerol ethers in the esterified form are com- 
monly encountered in a wide variety of organisms (8). 

Our interest in Tethya aurantia stems from studies cur- 
rently underway in this laboratory concerning the biosyn- 
thesis of unusual fatty acids found in this sponge (9). Here 
we report the direct isolation of novel alkyl glycerol 
monoethers from T. aurantia without any prior hydroly- 
sis. Alkyl and alk-l'-enyl glycerol monoethers were also 
found in the phospholipids of T. aurantia after reduction 
with LiA1H4. Incorporation experiments utilizing [1-14C]- 
hexadecanol were carried out to establish whether the 
glycerol monoethers were of dietary origin or were biosyn- 
thesized in the sponge. The possible role of the unesteri- 
fled alkyl glycerol monoethers is also discussed. 

MATERIALS AND METHODS 

Materials. [1-~4C]Hexadecanoic acid was obtained from 
Amersham Corp. (Arlington Heights, Illinois) and 1-O- 
hexadecyl-glycerol from Sigraa Chemical Co. (St. Louis, 
Missouri). 

General methods. T aurantia was collected from Carmel 
River Beach, Carmel, California, in February and April, 
1986, at depths of 5 to 10 m. After freeze-drying, the 
sponges were extracted by the method of Folch et al. (10), 
and the resulting lipid extract was fractionated by flash 
chromatography (11) by elution with hexane/ether mix- 
tures, acetone and methanol. The unesterified alkyl 
glycerol monoethers, which were eluted in the ether frac- 
tion by flash chromatography, were purified further by 
normal phase high performance liquid chromatography 
(HPLC), which was performed on a Waters Associates 

~For preceding paper, see Ayanoglu, E., Diizgfines, N., Wijekoon, 
W.M.D., and Djerassi, C. (1986) Biochim. Biophys. Acta 863, 
110-114. 
*To whom correspondence should be addressed. 

HPLC system (M-45 pump, R-401 differential refrac- 
tometer) using an Altex Ultrasil-Si column (25 cm • 
10 mm ID) with hexane/ether (3:7, v/v) as the mobile 
phase at 2 ml/min. The methanol-eluting fraction from 
flash chromatography, containing the phospholipids, was 
reduced with LiA1H4 as described previously (12). The 
resulting mixture, which consisted predominantly of fatty 
alcohols and glycerol ethers, was separated by normal 
phase HPLC as described above. 

'H nuclear magnetic resonance (NMR) spectra were 
recorded on a Nicolet NT 300 WB (300 MHz) spectrome- 
ter using 5 mm ID spinning sample tubes. All samples 
were recorded in CDC13 and are expressed as ppm down- 
field from tetramethylsilane (TMS), the primary reference 
being chloroform, which resonates at 7.26 ppm relative 
to TMS. 

Gas chromatography/mass spectrometry (GC/MS) 
analyses were performed with either a Ribermag R10-10 
quadrupole mass spectrometer connected to a Carlo Erba 
series 4160 Fractovap chromatograph or a Hewlett 
Packard 5970 quadrupole mass spectrometer coupled to 
a Hewlett Packard 5890 gas chromatograph. 

The identity of the alkyl glycerol ether hydrocarbon 
side chains (Fig. 1) was determined by GC/MS of both the 
nitrile and the pyrrolidide derivatives generated from the 
corresponding alkyl iodides after cleavage of the ether 
linkage. The cleavage was accomplished by refluxing the 
alkyl glycerol ethers with concentrated hydriodic acid for 
3 hr (13) and by converting the resulting iodides to the 
nitriles by heating for 30 min at 90 C with NaCN in 
dimethylsulfoxide (14). The nitriles were hydrolyzed by 
refluxing in 6% KOH/ethanol for 16 hr, and the resulting 
acids were transformed into the methyl esters by reflux- 
ing with HCl]methanol for 30 min. The pyrrolidides were 
then synthesized by heating the methyl esters with pyr- 
rolidine/acetic acid (10:1, v/v) at 100 C for 30 min (15). 

The identity of the hydrocarbon side chains of the 
alk-l'-enyl glycerol monoethers (Fig. 2) was established 
by GC/MS of the resulting pyrrolidide derivatives after 
hydrolysis of the alk-l'-enyl ether linkage and deriva- 
tization. The vinyl ether linkage was hydrolyzed with 

3 1 I t 

1 R = 15:0 

2 R = 16:0 iso 
m 

3 R = 16:0 anteiso 

FIG. 1. Structures of the alkyl glycerol monoethers isolated from 
T. aurantia. 
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4 R = 14:0 
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7 R = 16:2 

FIG. 2. Structures of the alk-l'-enyl glycerol monoethers isolated 
after reduction of T. aurant ia  phospholipids. 

concentrated HC1 for 2 min (16), and the resulting alde- 
hydes were oxidized to the corresponding acids with 
Jones reagent {17). The methyl esters and pyrrolidides 
were synthesized from the resulting acids as described 
above. 

Gas liquid chromatography (GLC) was carried out 
using a Hewlett Packard (HP) 5790 Series gas chromato- 
graph equipped with an HP Ultra 2 (5% Ph Me Silicone) 
capillary column (25 m • 0.2 mm), temperature-pro- 
grammed from 170 to 300 C at 5 C/min. Peak areas were 
calculated using an HP 3392A integrator. 

Infrared spectra were recorded on a Perkin-Elmer 1310 
infrared spectrophotometer. 

Incorporation experiments. [1-~4C]Hexadecanol was 
synthesized byLiA1H, reduction of [1-'*C]hexadecanoic 
acid. Biosynthetic incorporation experiments were car- 
ried out using both intact sponges and dissociated sponge 
cells. [1-~*C]Hexadecanol (10 ~Ci in 0.25 m195% ethanol) 
was incorporated into intact sponges (ca. 6 cm in diame- 
ter) by injection and aquarium incubation in a minimum 
volume (ca. 200 ml) of seawater with aeration for 24 hr. 
The aquarium was then flushed continually with filtered 
seawater, with aeration, for a further 6 or 16 days, after 
which time the sponge was processed. 

Dissociated sponge cells were produced by initially cut- 
ting the sponge into small pieces (ca. 1 cm • 1 cm), which 
were then pressed through a fine nylon cloth. To the 
filtrate {ca. 75 ml) was added [1J~C]hexadecanol (10 ~Ci 
in 0.25 ml 95% ethanol}, and the cell suspension was in- 
cubated in a 250-ml flask closed with a cotton plug, with 
shaking at 15 C for 16 hr. Isolation and analysis of the 
glycerol ethers were carried out as described above. Small 
aliquots (usually 1/100 or 1/50) of the '4C samples were 
dissolved in 10 ml of organic counting scintillant, and the  
radioactivity was measured with a Beckman LS 7500 
liquid scintillation counter. All results were corrected for 
background radiation and calculated as dpm by using a 
'4C standard solution. 

Identification of compounds: unesterified alkyl glycerol 
monoethers (Fig. 1). 'H NMR (300 MHz, CDC13) of the  
alkyl glycerol ethers (s, d, t and m indicate singlet, 
doublet, triplet and multiplet): d/ppm: 3.84 (1H, m, H-2), 
3.70 (1H, dd, J = 3.5 Hz, J = 11 Hz, H-3a), 3.63 (1H, dd, 

J : 5 Hz, J : 11 Hz, H-3b), 3.50 (2H, t, J = 3.5 Hz, 
H-la, lb), 3.44 (2H, dr, J = 1 Hz, J -- 6 Hz, H-I'), 1.55 
(2H, m, CH2CH3), 1.23 (s, CH~), 0.85 (m, CH3). 

Mass spectra (GC/MS) of the nitrile derivatives of the 
hydrocarbon side chains: m/z [CH~(CH~},sCN]: 251 {M*, 
1%), 236 {9%}, 222 {36%), 208 (44%}, 194 (31%), 180 (24%), 
166 {24%}, 152 (24%), 138 (35%), 124 {58%), 110 
(83%), 96 (78%), 82 (56%}, 68 (14%), 55 (100%); m/z 
[(CH3)2CH(CH2)I4CN]: 265 (M § 1%), 250 {23%), 236 (3%}, 
222 {40%), 208 {19%), 194 (18%), 180 (18%}, 166 (18%), 
152 (21%), 138 (24%), 124 {41%), 110 {70%}, 96 (55%), 82 
(42%), 68 (10%), 55 (100%); m/z [CH3CH2CH(CH3)- 
(CH2),~CN]: 265 (M § 1%), 250 (7%), 236 (51%), 222 {5%), 
208 (15%), 194 {16%), 180 (29%), 166 (33%), 152 {32%), 
138 (32%}, 124 (34%}, 110 {42%}, 96 (40%}, 82 (33%), 68 
(10%), 55 (100%). 

Mass spectra (GC/MS) of the pyrrolidide derivatives of 
the hydrocarbon side chains: m/z [CH3(CH~)IsCONC4Hs]: 
323 (M § 2%), 308 (1%), 294 (1%), 280 (1%), 266 (1%), 252 
(1%), 238 (1%), 224 (1%), 210 (1%), 196 (1%), 182 (2%), 
168 (3%), 154 (1%), 140 (3%), 126 (19%), 113 (100%); m/z 
[(CH3)~CH(CH2)14CONC~Hs]: 337 {M*, 2%), 322 (2%), 308 
(<1%), 294 (2%}, 280 (1%), 266 (1%), 252 {1%), 238 (1%}, 
224 {1%), 210 (1%), 196 (1%), 182 (2%}, 168 (3%), 154 (1%), 
140 (3%), 126 (20%), 113 (100%); m/z [CH~CH~(CH3)- 
CH(CH2),3CONC4Hs]: 337 (M § 2%), 322 (1%), 308 (2%), 
294 (<1%), 280 (2%), 266 (<1%), 252 (<1%), 238 (1%}, 224 
(1%), 210 {1%), 196 (1%), 182 (2%), 168 (3%), 154 (2%), 
140 (3%), 126 (19%), 113 (100%). 

IR (CCL) of the alkyl glycerol ethers: Vma~ = 3400, 
2920, 2860, 1460, 1380, 1120, 1060. 

[a]~9 + 2.9 ~ (C, 0.01 in CHCI~). 
Alk-l"-enyl glycerol monoethers (Fig. 2). 'H NMR (300 

MHz, CDCI~) of the alk-l'-enyl glycerol monoethers de- 
rived after reduction of phospholipids with LiA1H~: 
d/ppm: 5.94 (1H, d, J -- 6 Hz, H-I'), 5.39 (t, J = 5 Hz, 
CH=CH), 4.41 (1H, q, J = 6 Hz, J = 10 Hz, H-2'), 3.92 
(1H, m, H-2), 3.80 (2H, dd, J = 2 Hz, J = 5 Hz, H-la, lb), 
3.74 (1H, q, J -- 3 Hz, J - 12 Hz, H-3a), 3.66 {1H, q, J 
- 6 Hz, J -- 12 Hz, H-3b), 2.02 (m, CH~CH=CHCH2), 
1.27 (s, CH2), 0.88 (3H, t, J = 6 Hz, CH3). 

Mass spectra (GC/MS) of the pyrrolidide derivatives of 
the hydrocarbon side chains: m/z [CH3(CH~),4CONC4H~]: 
309 (M § 1%), 294 (1%), 280 (1%), 266 (1%), 252 (1%), 238 
{1%), 224 {1%), 210 (1%), 196 (1%}, 182 (1%}, 168 
(2%), 154 (1%), 140 (3%), 126 (20%), 113 (100%); m/z 
[CH3(CH2h6CONC~Hs]: 337 (M § 2%), 308 (1%), 294 (1%), 
266 (1%), 252 {1%), 238 (1%), 224 (1%), 210 (1%), 196 (1%), 
182 (2%), 168 (3%), 154 {2%), 140 (3%), 126 (19%), 113 
(100%); m/z [CH~(CH2)TCH=CH(CH2)7CONC,Hs]: 335 
(M § 2%), 278 (1%), 264 (1%), 250 (1%}, 236 (2%), 222 (1%), 
208 (1%), 196 (1%), 182 (2%), 168 (1%), 154 (1%}, 140 (3%), 
126 (70%), 113 (100%); m/z [CH3(CH2)2CH=CH(CH~),CH 
=CH(CH~)6CONC~Hs]: 333 (M § 2%), 276 (1%), 264 (1%), 
250 (1%), 236 (1%), 222 (1%), 208 (1%), 194 (1%), 182 (1%), 
168 (1%), 154 (1%), 140 (2%), 126 (60%), 113 (100%). 

IR (CCL) of the alk-l'-enyl glycerol ethers: vm~ = 3400, 
2920, 2860, 1660, 1460, 1120. 

RESULTS A N D  DISCUSSION 

Alkyl glycerol monoethers were isolated after flash 
chromatography and HPLC of total lipid extracts of T. 
aurantia, without any prior derivatization or hydrolysis 
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steps, and represented 2% of the total lipid and 0.02% 
of the sponge dry weight. 

The free alkyl glycerol monoethers were identified by 
a combination of 'H NMR, GC/MS and chemical deriva- 
tization. 1H NMR experiments indicated the presence of 
the glycerol monoether moiety (see Fig. 1). A multiplet 
at 3.84 ppm assignable to the H-2 proton was coupled to 
two double doublets at 3.70 and 3.63 ppm that are 
assignable to the two H-3 protons and also to a triplet 
at 3.50 ppm assignable to the H-1 protons. A double 
triplet at 3.44 ppm assignable to the H-I' protons was 
coupled to the methylene resonance at 1.55 ppm. The 'H 
NMR spectrum was consistent with the 'H NMR spec- 
trum of commercial 1-0-hexadecylglycerol and with earlier 
literature data {18). The 'H NMR methyl resonance was 
observed as a complex multiplet, which was suggestive 
of methyl branch points on the hydrocarbon side chain. 

Mass spectroscopy {direct insertion) of the intact alkyl 
glycerol monoethers and GC/MS of the isopropylidene 
derivatives identified three species of glycerol ethers with 
hydrocarbon chains corresponding to 16:0 11) and 17:0 {2 
and 3). The mass spectra of the isopropylidene derivatives 
gave a characteristic base peak at m]z 101, which is sup- 
portive of the glycerol monoether structure (19). The mass 
spectra, however, did not give any information on the 
existence or position of any methyl branching in the 
hydrocarbon side chain. 

To establish the position of methyl branching, the ether 
linkage was cleaved and the resulting alkyl iodide was 
derivatized to the pyrrolidide derivative for mass spec- 
tral determination of the branch position(s). N-Acylpyr- 
rolidides have been shown to be suitable derivatives for 
the mass spectral localization of methyl branches and un- 
saturation in fatty acids {15,20). GC/MS of both the nitrile 
and the pyrrolidide derivatives produced diagnostic frag- 
ments indicating the presence and position of the methyl 
branching. The three hydrocarbon chains were identified 
as 17:0, 18:0 iso and 18:0 anteiso, an extra carbon atom 
having been added during the transformation via the 
nitrile derivative. Thus, the hydrocarbon side chains of 
compounds 1, 2 and 3 correspond to 16:0, 17:0 iso and 17:0 
anteiso, respectively {Fig. 1). The position of the methyl 

branch was indicated by fragments of higher intensity 
14 amu above and below a low intensity fragment. The 
mass spectra of the nitrile derivatives, however, proved 
to be superior to those of the pyrrolidides, showing 
significantly larger intensity differences between the 
diagnostic fragments. For example, the 17:0 iso nitrile 
derivative gave fragments of mass 250 {23%1, 236 (3%) 
and 222 (40%), while the pyrrolidide derivative showed 
322 (2%), 308 (0.05%} and 294 {2%}. The mass spectra of 
aliphatic nitrile compounds have been described previ- 
ously 1211. 

Quantification of the individual species was achieved 
by GLC of the isopropylidene derivatives of compounds 
1, 2 and 3; the results are shown in Table 1. 

The specific rotation, [a]~~ + 2.9 ~ of the alkyl glycerol 
monoether mixture is in numerical agreement with that 
found for other natural glycerol monoethers (4,22,231, all 
of which possess the (2S)-absolute configuration. 

The reduction of phospholipids with LiAIH4 or 
NaAIH2(OCH2OCH3h has been suggested (24) as an effi- 
cient method of isolating alkyl and alk-l'-enyl glycerol 
monoethers from complex lipids. In view of the presence 
of the unesterified glycerol monoethers in T. aurantia, it 
was of interest to examine the presence of glycerol ethers 
in the phospholipids of this sponge. 

Reduction of T. aurantia phospholipids with LiAIH4 
allowed the isolation of both alkyl and alk-l'-enyl glycerol 
monoethers, which were identified by 'H NMR, GC/MS 
and chemical derivatization. The compositions of the alkyl 
glycerol monoethers derived from the phospholipids were 
found to be identical to the unesterified alkyl glycerol 
monoethers. The proportion of the three species, however, 
was markedly different, as shown in Table 1. 

The alk-l'-enyl glycerol ether moiety (see Fig. 2) was 
identified by 'H NMR {23). A doublet at 5.94 ppm was 
assigned to the H-I' proton and a quartet at 4.41 ppm 
to the H-2' proton. The chemical shift and coupling con- 
stant of the H-I' are consistent with the cis isomer and 
similar to other naturally occurring alk-l'-enyl glycerol 
ethers {25). The resonances between 4.0 ppm and 3.6 ppm 
were assignable to the protons of the glycerol moiety. 
Specifically, a multiplet at 3.92 ppm was assigned to the 

TABLE 1 

Composition of Glycerol Ethers Isolated from 7'. a u r a n t i a  

Alkyl glycerol Alk-l'-enyl glycerol 
monoethers monoethers 

Hydrocarbon 
side c h a i n  Unesterified a Phospholipidsb, c Phospholipidsb, d 

16:0 44 92 52 
17:0 iso 32 6 -- 
17:0 anteiso 24 2 -- 
18:0 -- -- 30 
18:1 - -  - -  I 0  

1 8 : 2  - -  - -  8 

aIsolated directly without any prior chemical step. Represent 2% of the total lipids of 
the sponge. 
bIsolated after reduction of phospholipids {40% of total lipids of the sponge} with LiA1H4. 
CRepresent 32% of T. aurantia phospholipids. 
dRepresent 26% of T. aurantia phospholipids. 
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H-2 proton, the double doublets at 3.80 ppm were as- 
signed to the H-1 protons and the two quartets at 3.74 
and 3.68 ppm were assigned to the H-3 protons. Assign- 
ment of the glycerol protons was confirmed by acetyla- 
tion of the mixture, which resulted in a downfield shift 
of ca. 1 ppm of the proton resonance(s) attached to the 
O-acetylated carbons. A triplet at 5.39 ppm indicated 
additional unsaturation in the alk-l'-enyl hydrocarbon 
side chain, while the methyl resonance was a clean triplet 
indicating no detectable methyl branching. 

From the quantities of the compounds isolated, the pro- 
portions of the three species of phospholipid--diacyl, 
monoalkylacyl and monoalk-l'-enylacyl glycerides--were 
42%, 32% and 26%, respectively. Thus, about half of the 
phospholipids in T. aurantia, which represent 40% of the 
total lipids extracted, contain an ether linkage. 

To establish the identities of the hydrocarbon side 
chains of the alk-l'-enyl glycerol ethers, the ether bond 
was hydrolyzed with HC1 to yield aldehydes and glycerol 
(16}. The aldehydes were then oxidized to the correspond- 
ing acids and subsequently transformed into pyrrolidides. 
GC/MS of the pyrrolidide derivatives and GLC of the 
methyl esters enabled identification and quantification 
of the hydrocarbon side chains as 16:0, 18:0, 18:1 and 18:2 
(see Fig. 2 and Table 1). The positions of unsaturation 
were identified by GC/MS by an interval of 12 amu in the 
fragmentation instead of the regular 14 amu spacing and 
suggested the unsaturation positions to be A9-18:1 and 
A8"4-18:2. For example, A9-18:1 showed characteristic 
fragments at m/z 222, 208, 196 and 182, while the 
AS"~-18:2 acid displayed characteristic fragments at m/z 
276, 264 and 250 and at 208, 194, 182 and 168. The sug- 
gested unsaturation positions at M,'~-18:2 are to our 
knowledge previously unknown. Insufficient material was 
available to provide more secure evidence for the location 
of these double bonds. 

Incorporation experiments were carried out with T. 
aurantia using both intact sponges and dissociated 
sponge cells. Different incorporation results were ob- 
tained using [1-'4C]hexadecanol with the two systems. 
Significant incorporation (1.1% of the total activity 
added} into the unesterified alkyl glycerol monoethers was 
obtained with dissociated sponge cells, whereas the 
esterified (i.e., phospholipid-derived) alkyl and alk-l'-enyl 
glycerol ethers contained essentially no radioactivity 
(<0.03% of the total activity added}. 

The incorporation experiments with intact sponges 
resulted primarily in the oxidation of the [1-"C]hexa - 
decanol to the acid and incorporation of the acid into the 
phospholipids; thus 1.7% and 1.1% of the total activity 
added was recovered, after 7 and 17 days, respectively, 
as fatty alcohols after reduction of the phospholipids. The 
incorporation of fatty alcohols primarily into complex 
lipids after being oxidized has also been observed for 
various mammalian tissues (26}. The glycerol ether frac- 
tions contained essentially no radioactivity (<0.08% of 
the total activity added}. 

Screening a number of marine sponges of the class 
Demospongiae--Aplysina fistularis (Order Verongida), 
Microciona prolifera (0. Poecibsclerida), Pseudaxinyssa 
sp., Australian Museum Specimen #Z4988 (O. Axinellida) 
and Reneira sp. (O. Haplosclerida)--did not uncover any 
detectable level of unesterified alkyl glycerol monoethers, 
thus showing that this type of ether lipid is not widely 

distributed among sponges. No evidence of any di- or 
triglycerides of any form was obtained. 

The unesterified alkyl glycerol monoethers 2 and 3, 
isolated from T aurantia, are novel compounds. The ether 
1, although previously reported, so far has not been en- 
countered in unesterified form. Their biosynthesis can be 
explained on the basis of known enzymatic pathways (27) 
and represents a branch of the usual biosynthetic 
pathway to esterified glycerol ethers. The hydrocarbon 
side chains of the alkyl glycerol ethers, especially the 17:0 
iso and anteiso chains, and possibly 16:0, are probably 
of bacterial origin, being either assimilated from dietary 
sources, which consist largely of bacteria (28}, and/or con- 
tributed from the presumably symbiotic microorganisms 
residing in the sponge matrix. (T. aurantia contains 
numerous microorganisms as shown by electron micros- 
copy; unpublished results.} Recently it has been shown 
that short-chain straight and branched fatty acids are 
elongated and desaturated by the sponges Jaspis 
steUifera (29) and Aplys ina  fistularis (30}. The '4C incor- 
poration experiment with dissociated sponge cells sug- 
gests that the unesterified alkyl glycerol monoethers are, 
however, biosynthesized by T aurantia and are not of 
dietary origin. The difference between the hydrocarbon 
side chain composition of the esterified alkyl and alk-l'- 
enyl glycerol monoethers (see Table 1) is surprising in 
view of the fact that alkyl glycerol ethers are considered 
(26) to be the precursors of the alk-l'-enyl glycerol ethers. 

Alkyl glycerol monoethers have been found to possess 
potent antimicrobial activity, affecting both glycerolipid 
and lipoteichoic acid biosynthesis in Streptococcus 
mutans (31}. Thus, it is possible that the alkyl glycerol 
monoethers isolated from T. aurantia may play a defen- 
sive role as antimicrobial agents. 
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Composition Influence of Environmental Medium on Fatty Acid 
of Human Cells: Leukocytes and Fibroblasts 
B. De lp lanque  and B. Jaco to t  
Unit~ de Recherches sur les Dyslipid~mies et l'Ath@roscl~rose, INSERM U 32 HSpital Henri-Mondor, F 94010 Cr~teU Cedex, France 

Fibroblasts in culture and leukocytes have been widely 
used to study fatty acid and lipoprotein cellular metabo- 
lism. The present investigations were designed to study 
the role of nutritional and environmental factors on lipid 
metabolism in these two types of cells. Leukocytes 
freshly isolated from human blood and fibroblasts cul- 
tured in media enriched in human serum (HS) have 
relatively similar fatty acid distributions. However, more 
important differences are observed in fibroblasts cultured 
in media enriched with HS  or with fetal bovine serum 
(FBS). It is obvious that the quantity and quality of fatty 
acids are very different in FBS and HS, but intracellular 
regulation ensures relative homogeneity  of saturated 
(SFA) and monounsaturated fatty acids (MUFA) in the 
cells, particularly in phospholipids. 

The first modifications induced by different media 
(FBS or HS) are detected on cellular growth; the dif- 
ferences seem to be due more to the fatty acid (FA) quan- 
t itative supply than to the FA quality of each culture 
medium. The major modifications in FA composition in- 
duced by different culture media concern the polyunsatu- 
rated fatty acids (PUFA) of phospholipids, especially the 
n-6 family. The intracellular linoleic acid level depends 
on the level in the medium, but intracellular n-6 metabo- 
l-ite levels depend both on the level in the medium and 
on the grbwth state of the cells. The n-3 family seems to 
be less affected by the quality of the medium in our ex- 
periment, and the cells maintain a stable docosahexaenoic 
acid (22:6n-3) level. A higher content of the n-3 family in 
the medium induces a higher level of eicosa- or docosapen- 
taenoic acid, rather than docosahexaenoic acid itself. 

Finally, the FA quality of the medium influences the 
cellular P U F A  content but, with a low FA quantitative 
supply, the FA quality of the medium has less influence 
on the cellular P U F A  quality, and apparently has no ef- 
fect on the S F A  content of phospholipids.  Modification 
of the quantitative supply of the medium and of the qual- 
i ty of the cells (strain and growing state) are more im- 
portant for the distribution of SFA and M U F A  in the 
neutral lipids of the cells. 
Lipids 22, 241-249 (1987). 

Fibroblasts in culture and leukocytes have been widely 
used to study the cellular metabolism of fatty acids and 
lipoproteins. Recently, such systems have furthered the 
understanding of the mechanism of dyslipoproteinemias 
and diseases induced by lipid metabolism disturbances 
(1-3). 

Cell cultures have provided a good system for study- 
ing lipid metabolism; indeed, in vivo studies on whole 
animals are often too complex or give conflicting results. 
However, in vitro cell studies are infrequently used to 
evaluate the role of dyslipidemic situations or various 
nutritional states on the cellular fat ty acid metabolism 
(4,5). 

Two major problems were encountered using cell 
cultures to study fatty acid (FA) metabolism: First, by 

comparing the results obtained in other laboratories, it 
became evident that single, minor modifications in the 
quality and the quantity of the medium can induce major 
differences in the results. For example, endothelial cells 
only express h5 and h6 FA desaturase activities in a 
poorly enriched serum medium (5,6). Second, because 
many experiments performed with massive amounts of 
a single free fat ty acid (FFA) added to the medium have 
resulted in accumulation of toxic phenomena, which 
would probably never be encountered in whole organisms 
(7,8), it seems important to reproduce these physiological 
conditions as closely as possible. Valuable information 
can be gained from studies on the possible FA modifica- 
tions obtained with culture media resembling human 
serum or interstitial fluid. 

Another suitable tissue for lipid metabolic analysis is 
the leukocyte, because of its accessibility. It has been 
found to reflect a wide range of metabolic disturbances 
observed in numerous diseases affecting carbohydrate 
and lipid metabolism (1,9). In comparison with in vitro 
cultured cells, leukocytes, like fibroblasts, could be con- 
sidered to represent an ex vivo steady state. 

The present study was designed to examine whether, 
by using intact leukocytes as experimental tissue, it was 
possible to demonstrate the in vivo state of cellular FA 
composition, and whether this model could be related to 
the FA composition of fibroblasts cultured in vitro with 
human serum (HS)-enriched medium, instead of the fetal 
bovine serum {FBS)-enriched medium conventionally 
used. The importance of nutritional conditions in relation 
to cellular type and culture conditions on cellular FA com- 
position is discussed. 

MATERIALS AND METHODS 

Materials. Human blood samples, leukocytes and skin 
fibroblasts were obtained from healthy female and male 
normolipemic subjects between 25 and 35 years of age, 
with total cholesterol between 180 and 220 mg/dl and 
triglycerides between 80 and 150 mg/dl. For culture 
medium, FBS was purchased from Eurobio (Paris, 
France); for in vitro isolation of leukocytes, Ficoll-paque 
was obtained from Pharmacia (Bois d'Arcy, France). The 
different FA used as standards for gas chromatography 
(GC) were obtained from Sigma (St. Louis, Missouri) and 
NuChek Prep (Elysian, Minnesota). 

Cell cultures. Stock cultures of fibroblasts were main- 
tained in 75 cm ~ flasks containing 30 ml of RPMI 16/40 
supplemented with penicillin (100 gg/ml), streptomycin 
(100 ~g/ml), Fungizone (5 ~g/ml), 1% (v/v) L-glutamine 
(200 raM) and 10% (v/v) FBS. 

Cells were maintained at 37 C in a humidified atmo- 
sphere of air/COs (95:5). For all experiments, cells between 
five and 13 passages and 7-day cultures in 25 cm 2 flasks 
containing 10 ml of RPMI generally supplemented with 
10% FBS or 10% HS were used. 

A single batch of FBS was used in all experiments, 
and seven different human sera were tested. The FA 
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percentage  composi t ions  of F B S  and  HS  were es tabl ished 
{Table 1}, as well as e s t i m a t i o n s  of F A  q u a n t i t i e s  {~g/mi 
medium} to de te rmine  the  relat ive F A  values  of 10% F B S  
and  HS  cu l tu re  media.  W h e n  modif ied s e rum concent ra-  
t ions  and  cu l tu re  d u r a t i o n s  were tes ted ,  th i s  was  indi- 
ca ted  in the  t ex t  and  the  tables .  

Leukocyte preparation. Blood ob ta ined  by  ven ipunc tu re  
(35 ml} was  an t i coagu la t ed  wi th  hepar in  f rom f a s t i ng  
heal thy donors  {four female and  one male}, and  leukocytes 
were i so la ted  u s i n g  the  classical  FicoU-paque i so la t ion  
procedure {10). Leukocyte  prepara t ions  were washed three 
t imes  wi th  Puck  E D T A  so lu t ion  {8 g NaC1, 0.4 G KCI, 
1 g glucose, 0.35 g NaHCO~, and  0.2 g E D T A  per  liter}. 
E a c h  e x p e r i m e n t  was per formed on 3 • 106 cells (the 
smal les t  n u m b e r  of cells p e r m i t t i n g  F A  analysis}. 

GC in glass capillary column. Methy l  esters  of F A  from 
to ta l  l ipids,  phosphol ip ids  {PL}, F F A ,  t r ig lycer ides  {TG} 
and  choles tery l  es ters  {CE} of each f rac t ion  were t r ea t ed  
wi th  methanol /benzene /su l fur ic  acid (100:0.2:2, v/v/v) for 

3 hr  a t  80 C. The  m e t h y l  es te rs  were ag i t a t ed  for 1 m i n  
w i th  a m i x t u r e  of hep tane /wa te r  (v/v}, a nd  the  hep t ane  
phase  was  r emoved  a nd  evapora ted .  

F A  ana lys i s  was  per formed  on  a H e w l e t t - P a c k a r d  gas  
c h r o m a t o g r a p h  5880 A f i t t ed  wi th  a h y d r o g e n  f lame 
ion iza t ion  de tec tor  and  a 25-m glass  co lumn  of b u t a n e  
diol -succinate  (BDS} p rov ided  by  the  Society  Lesieur-  
CoteUe. The oven  was  p r o g r a m m e d  f rom an  in i t i a l  phase  
of 4 rain a t  160-190 C for 17 m i n  wi th  a p rogress ion  ra te  
of 2 C/rain. The  peaks  were ident i f ied  by  compar i son  of 
the r e t en t ion  t imes  wi th  those of know n  s tandards .  Quan- 
t i t a t i o n  was  per formed u s i n g  heptadodecanoic  acid {17:0} 
as an  i n t e r n a l  s t a n d a r d  in t roduced  before t r a n s m e t h y l a -  
t ion,  a nd  re la t ive  q u a n t i t i e s  of i nd iv idua l  F A  were ex- 
pressed as a percentage of the  to ta l  by  compar ison of peak 
areas  u s i n g  a H e w l e t t - P a c ka r d  3380 A in tegra to r .  

FA extraction and quantitatior~ Monolayer  cell cul tures  
were washed  three  t imes  wi th  Dulbecco phospha t e  buf- 
fered sal ine {pH 7.2) a nd  covered for several  m i n u t e s  a t  

TABLE 1 

Fatty Acid Composition of the Culture Media a 

~g FA/ml medium 
10% enriched in 

FBS {%} HS {%) FBS HS 
Fatty acids {n = 3) {n -- 7} {n = 3} {n = 7} 

Total FA % 100 100 
~g FA/mg proteins 1.4 3.2 

Total SFA 42.58 31.86 23.48 77.81 
14:0 2.85 +_ 1.25 1.15 + 0.36 1.57 2.81 
16:0 23.84 + 1.61 21.03 +_ 1.53 13.15 51.36 
18:0 13.67 + 1.78 8.11 • 0.96 7.54 19.81 
20:0 0.66 • 0.16 0.28 • 0.08 0.36 0.68 
22:0 0.97 +_ 0.26 0.71 +_ 0.12 0.54 1.73 
24:0 0.59 +_ 0.26 0.58 • 0.08 0.32 1.42 

Total MUFA 32.11 21.53 17.70 52.92 
16:1 6.12 +_ 0.35 2.36 + 0.65 3.37 5.76 
18:1 24.01 • 2.67 18.11 • 2.38 13.24 44.23 
20:1 0.40 • 0.13 0.24 • 0.08 0.22 0.59 
24:1 1.58 • 0.43 0.82 • 0.08 0.87 2.34 

Total PUFA 22.47 45.89 12.40 112.11 
Total n-6 14.79 42.07 8.16 102.78 
18:2n-6 met 10.01 9.97 5.52 24.38 
18:3n-6 met 8.12 9.07 5.52 23.89 
18:2 4.78 • 1.03 32.10 • 3.83 2.64 78.40 
18:3 1.89 +_ 1.44 0.70 • 0.16 1.04 1.71 
20:2 -- 0.20 • 0.05 -- 0.49 
20:3 1.47 • 0.09 1.26 • 0.27 0.81 3.08 
20:4 6.49 • 1.15 7.53 + 0.82 3.58 18.39 
22:4 0.16 + 0.06 0.14 • 0.07 0.09 0.34 
22:5 -- 0.14 • 0.03 -- 0.37 
Total n-3 7.68 3.82 4.24 9.33 
18:3n-3 met 7.14 3.41 3.94 8.33 
18:3 0.54 • 0.34 0.41 • 0.10 0.30 1.00 
20:5 1.23 +_ 0.32 0.70 • 0.32 0.68 1.71 
22:5 2.29 • 0.13 0.46 • 0.03 1.26 1.12 
22:6 3.62 +_ 0.43 2.25 +_ 0.53 2.00 5.50 
n-6/n-3 1.93 11.01 
18:2n-6 met/18:3n-3 met 1.40 2.92 
18:3n-6 met/18:3n-3 met 1.14 2.66 

aFA, fatty acid; FBS, fetal bovine serum; HS, human serum; SFA, saturated FA; MUFA, 
monounsaturated FA; PUFA, polyunsaturated FA; met, metabolites, n, Number of serum 
tested or number of analyses of the same lot of fibroblasts. Each experiment was done 
in triplicate. Total FA were quantified using heptadecanoic acid {17:0) as a standard. 
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37 C by a t ryps in  film {0.05%) in Puck E D T A  solution 
until  de tachment  of the cells occurred. The f ibroblasts  
were then isolated f rom the suspension by  sedimentat ion 
a t  1200 G for 5 min, and the pellet was  resuspended in 
2 ml of distilled water  before being disrupted by  seven 
freeze-thaw cycles; 0.5 ml was removed for protein deter- 
minat ion by  the method  of Lowry  et  al. (11), and 2.7 ml 
of chloroform/methanol  {2:1) was added to the remaining 
prepara t ion  (1.5 ml) for lipid extract ion by  the procedure 
of Folch et ai. 02). Two other  ext rac t ions  of the aqueous SFA 
phase were performed under the same conditions, and the 14:0 
pooled organic phases  were evapora ted  to dryness  under  16:0 
a s t r eam of nitrogen. 18:0 

20:0 
Burs t ing  and ext ract ion of leukocytes were performed 22:0 

in the same manner  f rom a suspension of 3 X 106 cells/ml 24:0 
of distilled water.  MUFA 

For  thin layer chromatography,  the ext rac ted material  16:1 
was resuspended in 50 ~1 of chloroform and spo t ted  on 18:1 
methanol  prewashed Silica Gel G pla tes  (250/~m thick; 20:1 

22:1 
1505/LS 254 f rom Schleicher-Schul), and then developed 24:1 
in pet roleum ether/diethyl ether/acetic acid (90:30:1, PUFA 
v/v/v). Lipid spots  were visualized by  vaporizat ion of a n-6 family 
rhodamine 6G solution in ethanol  {0.05%) and identified 18:2n-6 met 
by  compar ison with known s tandards .  Each  lipid class 18:3n-6 met 
was scraped off with silica gel before t ransmethyla t ion .  18:2n-6 

18:3 
Results  were expressed as percentages  to evaluate  the 20:2 

variations in the FA distribution and in nanograms of FA 20:3 
per unit  of cellular protein (/~g) to appreciate the absolute 20:4 
quan t i t a t ive  differences or similarities in the cell FA for 22:4 
each type  of culture. The amount  of protein in each flask n-3 family 

18:3n-3 met was closely related to the number  of cells, bu t  there were 18:3n-3 
different coefficients for different cell types  (leukocytes 20:5 
or fibroblasts). Analyses  were performed in tr ipl icate on 22:5 
3 • 106 leukocytes or 25 cm 3 flask culture for f ibroblasts  22:6 
and on 50 ~1 of HS  and FBS. n-6/n-3 

18:2n-6 met/18:3n-3 met 
18:3n-6 met/18:3n-3 met 
/~g FA/protein unit (~g) RESULTS 

FA composition of fibroblasts cultured in HS-enriched 
medium and of freshly isolated human leukocytes. The 
FA composit ion of freshly isolated leukocytes {expressed 
in percentage  of to ta l  FA) was quite similar to the com- 
position of fibroblasts cultured for seven days in 10% HS- 
enriched medium. Analysis  of the two essential  P U F A  
families, n-6 and n-3, showed some minor quant i t a t ive  
var ia t ions in these two cell types.  The higher levels of n-6 
FA in leukocytes compared to fibroblasts seems to be due 
to 18:2 FA metabolites (essentially arachidonic acid) more 
than  to linoleic acid itself, unlike the n-3 family, which 
showed a decrease in the las t  metabol i te  (22:6n-3 
docosahexaenoic acid). 

These differences were demonstrated by  calculating the 
n-6/n-3 rat io and 18:2n-6 metabolites/18:3n-3 metaboli tes  
ratio, which were increased in leukocytes  compared  to 
f ibroblasts  cultured in HS. No other major  differences in 
FFA,  TG, CE or PL were observed between leukocytes 
and fibroblasts cultured in HS  {Tables 2 and 3). However, 
the arachidonic acid level was slightly higher in leukocyte 
neutral  lipids than  in fibroblasts.  

FA composition of fibroblasts cultured in FBS or H S  
(Tables 2 and 3). Cells cultured over the same t ime period 
in a medium enriched with 10% HS or 10% FBS showed 
differences in po lyunsa tu ra ted  f a t t y  acids (PUFA). Cells 
cultured in FBS showed a considerable reduction of 

TABLE 2 

Fatty Acid Composition of Freshly Isolated Human Leukocytes 
and Cultured Fibroblasts with FBS and HS 10% Enriched Media a 

Fibroblasts 

FBS HS Leukocytes 
Fatty acids (%) (n=6) (n=7) (n=5) 

2.20• 1.22• 1.73• 
20.83• 21.64• 20.78• 
9.97• 17.38• 20.64• 
0.81• 0.40+_0.15 0.80• 
1.08___0.20 0.82+_0.15 1.45+_0.34 
1.52• 1.14_+0.25 0.97• 

4.50• 2.94• 2.64• 
19.65• 18.52_+1.70 13.00• 
0.61• 0.39_+0.10 1.70• 
0.37+_0.06 0.25+_0.10 0.53+_0.04 
1.16• 1.19+_0.12 0.87• 

13.50 27.02 29.51 
10.74 17.49 21.34 
8.37 15.76 t8.97 

2.76• 9.53_+1.87 8.17• 
2.37+_0.79 1.05+_0.34 1.87• 

- -  0.68+_0.28 0.50• 
0.81_+0.23 0.92_+0.14 2.62• 
6.15• 11.18_+1.02 14.78• 
1.41+_0.57 3.66• 1.57• 

6.80 4.61 4.39 
6.44 4.46 3.41 

0.36• 0.15• 0.98• 
0.96• 0.20_+0.03 0.30• 
2.34• 1.42+_0.38 1.40___0.38 
3.14• 2.84• 1.71• 

1.99 5.86 6.72 
1.67 3.92 6.26 
1.30 3.53 5.56 
273 258 137 

aFBS, fetal bovine serum; HS, human serum; SFA, saturated fatty 
acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated 
fatty acid; met, metabolites, n, Number of determinations. Each ex- 
periment was performed in triplicate. Total FA were quantified us- 
ing heptodecanoic acid (17:0) as a standard. Since some of the FA 
were positively identified, the values for FA classes do not add up 
to 100%. 

PUFA; the most  marked differences were in the n-6 family 
with a decrease of 50% and a corresponding increase of 
30% in the n-3 family (the difference being more impor- 
t an t  for 22:5n-3 than  for 22:6n-3). However, each member  
of the n-6 family was not  altered to the same extent ,  and 
the discrepancies observed for each metaboli te  of 18:2n-6 
were not  as impor tan t  as for 18:2 itself, which was three 
t imes less (p < 0.01) in FBS-cul tured fibroblasts.  On the 
other  hand, 18:3n-6 derived f rom h6-desaturat ion of 
18:2n-6 was increased by  a factor  of 2.5. The next  link 
of this metabolic chain, 20:3n-6, was equally represented, 
but  arachidonic acid (20:4n-6) was also reduced in FBS- 
cultured fibroblasts, together  with 22:4n-6 (p < 0.05). The 
n-6/n-3 ratio reflected these differences, as the n-6/n-3 ratio 
was twice as high in cells cultured in HS than  in FBS- 
cultured cells. 

Al though the distr ibution of FA differed to a certain 
ex ten t  in FBS- and HS-cul tured fibroblasts,  it mus t  be 
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TABLE 3 

Fatty Acid Distribution in Lipid Classes of Freshly Isolated Human Leukocytes 
and Cultured Fibroblasts with FBS and HS 10% Enriched Media 

Fatty acids (%) 

Phospho~pidFA Free 

Fibroblasts Fibroblasts 

FBS HS Leukocytes FBS HS 
(4) a (6) (3) (4) ~6) 

FA Triglyceride FA 

Fibroblasts 

Leukocytes FBS HS Leukocytes 
(5) (4) (6) (5) 

Cholesteryl esters FA 

Fibroblasts 

FBS HS Leukocytes 
(4) (6) (5) 

Total SFA 52.63 46.99 48.99 77.30 75.64 
14:0 3.37 0.79 0.96 8.88 8.29 
16:0 25.61 23.52 20.45 39.70 40.90 
18:0 19.56 19.84 23.95 25 .81  24.59 
20:0 0.77 0.46 0.77 0.80 0.80 
22:0 1.72 1.02 1.61 1.11 1.06 
24:0 1.60 1.36 1.25 1.00 -- 

Total MUFA 26.90 23.08 17.75 13.40 13.49 
16:1 5.60 2.62 1.64 4.72 4.35 
18:1 20.74 19.27 13.93 7.62 8.60 
20:1 0.55 0.36 0.46 1.06 0.54 
2 2 : 1  . . . . .  
24:1 -- 0.83 1.72 -- -- 

Total PUFA 20.28 29.92 33.23 9.32 10.49 
Total n-6 family 12.90 24.80 28.21 7.29 9.34 
18:2n-6 met 8.11 15 .76  20.80 3.08 5.19 
18:3n-6 met 6.58 15.03 20.19 1.19 2.72 
18:2 4.79 9.04 7.41 4.21 4.15 
18:3 1.53 0.73 0.61 1.89 2.47 
20:2 -- 0.75 0.56 -- -- 
20:3 0.96 0.91 1.20 0.44 0.42 
20:4 4.28 10.25 16.52 0.75 1.66 
22:4 1.33 3.12 1.91 -- 0.64 
22:5 . . . . .  
Total n-3 family 7.38 5.10 5.02 2.03 1.15 
18:3n-3 met 6.84 4.74 3.86 -- -- 
18:3 0.54 0.36 1.16 2.03 1.50 
20:5 0.84 0.23 0.41 -- -- 
22:5 2.93 1.66 1.33 -- -- 
22:6 3.06 2.85 2.12 -- -- 
n-6/n-3 1.75 4.86 5.75 3.59 9.12 
18:2n-6 met/18:2n-3 met 1 . 1 9  3.32 5.39 -- -- 
18:3n-6 met/18:3n-3 met 0.96 3.17 5.23 -- -- 

76.80 64.00 70.30 68.56 71.80 75.70 64.31 
12.11 9.33 10.23 12.75 25.44 33.22 12.16 
36.07 37.50 39.36 35.92 28.96 27.80 33.93 
25.59 15.08 18 .73  16.10 15.19 12 .93  14.60 
1.11 0.91 0.82 1.10 0.92 1.02 1.77 
0.93 1.18 1.16 1.03 1.29 0.73 1.85 
0.99 -- -- 1.66 -- -- -- 

11.35 22.86 17.98 15.73 14.24 11.85 16.06 
4.09 7.68 6.77 5.72 5.62 5.20 7.13 
4.62 13.11 9.66 7.15 6.16 5.08 7.22 
1.49 2.07 1.55 1.39 1.90 1.36 1.71 
1.15 -- -- 1.47 0.56 0.21 -- 

11.55 12.71 11.70 15.17 13.19 11.69 18.81 
7.19 9.17 8.76 10.36 8.37 6.98 11.23 
4.40 4.43 3.75 5.61 4.26 3.93 7.63 
1.97 0.60 0.62 2.06 0.81 0.85 3.02 
2.79 4.74 5.01 4.75 4.11 3.05 3.60 
2.43 3.83 3.13 3.55 3.45 3.08 4.61 

0.39 0.60 0.62 0.55 0.81 0.85 1.32 
1.58 -- -- 1.51 -- -- 1.70 

4.36 3.54 2.94 4.81 4.83 4.71 7.58 
1.97 0.26 -- 0.65 0.35 0.35 0.91 
2.39 3.28 2.94 4.16 4.48 4.36 6.67 
0.43 0.26 -- 0.65 0.35 0.35 0.91 

1.54 . . . . . .  
1.65 2.59 2.98 2.15 1.73 1.48 1.48 
2.23 . . . . . .  
1 . 0 0  . . . . . .  

FA, fatty acid; FBS, fetal bovine serum; 
FA; met, metabolites. 
a(n), Number of determinations. 

HS, human serum; SFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated 

no t ed  t h a t  t he  cell g r o w t h  was  also d i f fe ren t  a f t e r  s even  
days  of  cul ture ,  be ing  half  w i t h  F B S  c o m p a r e d  to  H S  
cu l tu re s  l e s t i m a t e d  by  the  p rocedure  of L o w r y  e t  al.). 
Lower  g r o w t h  was  genera l ly  a c c o m p a n i e d  by  a smal l  in- 
c rease  in t he  ra t io  of  t o t a l  F A  per  un i t  of  ce l lu lar  p ro t e in  
r e l a t ed  to the  F A  t r i g lyce r ide  c o n t e n t  140 to  75% more}. 

Analys i s  of the  F A  pa t t e rn  in lipid classes (PL, TG,  CE, 
F F A )  of t he  two  fo rms  of cu l t u r ed  f ib rob la s t s  {Table 3) 
showed  no s t r ik ing  d i f ferences  in neu t r a l  l ipids, which  
were  essen t i a l ly  90% s a t u r a t e d  or  m o n o u n s a t u r a t e d  
chains .  

FA pattern of culture medium and fibroblast FA com- 
position. The  F A  compos i t i ons  of H S  and F B S  were  
s tud ied  to  exp la in  d i f ferences  o b s e r v e d  in the  F A  com- 
pos i t ion  of  f ib rob las t s  cu l t u r ed  in m e d i a  enr iched  by  dif- 
f e ren t  addi t ives .  

Tab le  1 shows  the  d i s t r i bu t i on  of F A  e x p r e s s e d  as a 
p e r c e n t a g e  and  also an  e s t i m a t i o n  of F A  q u a n t i t i e s  

p r o v i d e d  to  the  cells  a t  t he  b e g i n n i n g  of  t he  cu l tu re  (in 
~g F A / m l  of  m e d i u m  enr iched  w i t h  10% F B S  or HS). I t  
is obv ious  t h a t  the  q u a l i t y  and q u a n t i t y  of F A  is v e r y  
d i f fe ren t  in F B S  and  HS.  Q u a l i t a t i v e l y  H S  is poorer  in 
s a t u r a t e d  f a t t y  acids (SFA) and  m o n o u n s a t u r a t e d  f a t t y  
acids  (MUFA} and  r icher  in P U F A ,  b u t  t he  d i s t r i bu t i on  
of n-6 and n-3 famil ies  is qu i te  different ,  i.e. 18:2n-6 is well  
r e p r e s e n t e d  in H S  and 18:2n-6 m e t a b o l i t e s  are equa l ly  
r ep resen ted .  The  n-3 fami ly  in H S  is one-half  of t h a t  of 
F B S ,  which  re su l t s  in a v e r y  d i f fe ren t  n-6/n-3, b u t  t he  
n-6/n-3 metabo l i t e  ra t io  does no t  differ to the  same extent .  

Moreove r ,  q u a n t i t a t i v e l y ,  i t  m u s t  be n o t e d  t h a t  F B S  
has  one-half  t he  p ro te in  c o n t e n t  of H S  and  4 -5  t i m e s  
lower to t a l  F A  content .  A p a r t  f rom differences due to  the  
d i s t r i bu t ion  of  FA,  th is  r e su l t s  in d i f ferent  con t r ibu t ions  
of cu l tu re  med ia  usua l ly  enr iched  w i t h  10% H S  or F B S .  
W h e n  10% H S  is u sed  i n s t ead  of 10% F B S ,  t he  cu l tu red  
cells b a t h e  in a m e d i u m  con ta in ing  30 t imes  more  18:2n-6 
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and four times more 18:2n-6 metabolites (with apparently 
the same percentage in FBS and HS) and twice as much 
n-3 (with apparently half the quant i ty  expressed in %). 

Medium sera concentrations and FA pattern of fibro- 
blasts. As described above, culture in 10% FBS or HS 
does not provide the same FA qualitative and quan- 
t i tat ive supply to cells. To determine how the serum FA 
level introduced into the culture medium can modify the 
quality of cellular FA, we added FBS or HS at different 
concentrations to the medium, in order to give approx- 
imately iso FA quanti tat ive supply to the cells with each 
kind of serum (20% FBS and 5% HS, or 10% FBS and 
2.5% HS) (Table 4). 

Results show that  the cellular PUFA increased with the 
HS content  of the medium and remained stable with the 
FBS medium. Moreover, a global enrichment of the 
medium with the same serum, without changing the qual- 
i ty of FA ~unchanged n-6/n-3 ratio), induces a selective 
modification of the cellular P U F A  quality. HS-enriched 
culture showed more n-6 metabolites (+50%), more 
18:2n-6 (+20%) and a blockade of h6 ( - 7 5 %  18:3n-6), but  
minor modifications in the n-3. In FBS-cultured cells we 
observed similar findings, but  to a lesser degree. These 
modifications in P U F A  of total FA are corroborated by 
the analysis of cellular phospholipids, which showed 
minor modifications of SFA or MUFA. Finally, an iden- 
ticai FA quanti tat ive supply, even with different FA 
quality for medium enrichment (using FBS or HS), 
reduces the differences in P U F A  quality of cultured cells, 
especially with low quanti tat ive supply (compare FBS 
20% and HS 5% or FBS 10% and HS 2.5%). Differences 
in P U F A  result mainly in a greater cellular enrichment 
of 18:2n-6, related to its concentration in the medium. 

I t  must  be noted that  cell growth is related to FA quan- 
t i tat ive supply, independent of the serum type (compare 
iso FA supply, FBS 10% and HS 2.5%). Doubling each 
serum concentration in the medium induces a 60-100% 

increase in the quant i ty  of cellular protein for a 7-day 
culture. Reciprocally, the level of fa t ty  acids per unit of 
protein was reduced, and this was linked to a loss of 
neutral lipids (essentially triglycerides in FBS cultured 
cells), leading to a reduction in SFA and MUFA. Modifi- 
cations were not  as clear or as systematically observed 
in FBS as in HS cultured cells. 

Cellular growth and FA pattern of fibroblasts cultured 
in FBS and HS (Table 5). To verify whether the differences 
previously observed were simply related to growth state, 
the FA compositions of fibroblasts at different culture 
times were compared at days 4 and 6 in 10% FBS or HS. 
For the cells obtained in FBS, due to the lower supply 
contribution of the medium, growth was already stabi- 
lized at day 4 Imeasured by the protein content); for cells 
cultured in HS, the growth increased by 75% between day 
4 and day 6 and then stabilized. Here also, the growth 
appeared related to a decrease in SFA and M U F A  (20% 
in the cells cultured in HS). 

We noticed that,  using these two different media, only 
minor differences in n-6 and n-3 metabolites were found, 
with more enrichment in n-3 for FBS cultures (75%) and 
in n-6 for HS cultures (+33% for 20:4n-6); major dif- 
ferences in cellular P U F A  were still due to the 18:2n-6 
levels related to the composition of the medium. 

Stability of cells cultured successively in different 
media. After seven days of culture, the medium was 
removed and cells were refed with the same type of 
medium (HS or FBS) and were harvested five days later. 
We observed that  cellular protein did not change, but that  
the cells continued to be enriched in n-6 metabolites, 
essentially in 20:4n-6, without  appreciable differences in 
the n-3 family. 

In another experiment, after seven days of culture in 
10% FBS or HS, the medium was changed with replace- 
ment of FBS by HS medium and vice versa. Five days 
later, FA modifications were almost complete for FBS 

TABLE 4 

Fatty Acid Analysis of Fibroblasts Cultured in Media Enriched with Different Concentrations of FBS and HS 

FBS (~g FA/~g proteins} HS (~g FA/~g proteins} 

10% In = 6) 20% in = 6) 2.5% in = 3) 5% in = 3) 10% In = 3) 

Cellular proteins (t~g/flask) 90 - 4 150 + 1 88 --- 2 132 • 8 190 • 6 
Total FA 341 • 30 274 • 14 455 • 20 336 • 7 287 • 7 
SFA 198 • 18 146 • 11 245 • 16 162 • 5 119 • 3 
MUFA 77 • 8 63 • 1 117 • 15 82 • 1 71 • 2 
PUFA 65 • 5 65 • 3 83 • 3 91 • 2 97 • 1 

Totaln-6family 45 • 5 47 • 4 69 • 3 74 • 2 80 • 1 
18:2n-6 7.5 • 2.0 6.0 • 0.7 26.5 • 2.9 29.9 • 2.1 30.9 • 0.7 
18:3 11.8 • 3.1 11.0 • 4.2 15.2 • 2.3 6.4 • 2.1 4.3 • 1.0 
20:2 -- -- -- 1.8 • 0.1 2.3 • 0.1 
20:3 2.2 • 0.2 2.1 • 0.2 2.2 • 0.1 3.1 • 0.1 3.1 • 0.1 
20:4 19.9 • 0.1 22.9 • 0.9 20.5 • 2.1 25.6 • 1.8 29.9 • 0.7 
22:4 3.5 +-- 0.2 5.1 • 0.5 4.1 • 0.5 6.3 • 0.3 8.7 • 0.1 
18:3n-3 family met 19 • 1 16.8 • 0.6 10 • 0.5 15 • 1 16 • 0.6 
20:5 2.7 • 0.3 1.7 • 0.2 0.7 • 0.1 0.7 • 0.1 0.6 • 0.1 
22:5 6.6 • 0.9 5.8 • 0.5 2.1 • 0.1 4.1 • 0.3 4.2 • 0.2 
22:6 9.3 • 0.1 8.5 • 0.5 7.4 • 0.4 10.1 • 0.8 11.2 • 0.3 

FBS, fetal bovine serum; HS, human serum; FA, fatty acid; SFA, saturated FA; MUFA, monounsaturated FA. PUFA, polyunsaturated 
FA; met, metabolites. 
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TABLE 5 

Cellular Growth and Fatty Acid Analysis of Fibroblasts 

FBS 10% HS 10% 

D 4 ( n =  3) D 6 ( n =  4) D ~ ( n =  3) D 6 ( n =  6) 

Cellular proteins 
~g/Flask 90 • 2 9 8 •  2 132 • 21 208 • 7 
~g FA/~g proteins 269 • 11 275 • 3 300 • 35 243 +_ 45 

Saturated FA 132 • 3 117 • 3 147 +_ 28 110 • 12 
Monounsaturated FA 77 • 5 84 • 2 75 • 10 60 • 5 
Polyunsaturated FA 60 • 3 73 • 7 78 • 10 74 • 7 

Total n-6 FA family 46.4 • 2.3 51.3 • 4.5 66.9 • 7.8 65.2 • 5.8 
18:2 5.4 • 0.1 6.4 +_ 1.1 16.3 • 1.2 15.7 • 1.7 
18:3 6.1 • 0.9 9.2 • 3 12.1 • 1.3 3.6 • 0.6 
20:3 1.8 _ 0.1 1.8 • 0.1 2.0 • 0.2 2.2 • 0.2 
20:4 27.2 • 1.2 29.5 • 0.6 25.7 • 4.9 34.5 • 2.6 
22:4 5.9 • 0.2 4.4 • 0.3 9.6 • 1.1 8.5 • 0.7 
n-3 FA met 11.5 • 1.4 18.6 • 0.5 8.7 • 2.3 9.1 • 0.4 
20:5 1.5 • 0.1 3.6 • 0.3 -- -- 
22:5 3.9 • 0,2 6.2 • 0.4 3.1 • 1.0 2.9 +_ 0.1 
22:6 6.1 • 0,2 8.8 • 0.2 5.5 • 1.0 6.2 • 0.4 

FBS, fetal bovine serum; HS, human serum; D4, 4 days' culture time; D6, 6 days' culture 
time; FA, fatty acid; met, metabolites. 

TABLE 6 

Fatty Acid Analysis of Fibroblasts Cultured Successively in Different Media 

Culture medium a 

A ( n =  3) B ( n =  3) C~n--- 3) D ( n =  3) 

Cellular growth 
(~g protein/flask) 147 • 2 495 • 7 500 • 10 590 • 10 

FA (~g/~g Protein) 
n-6 family 27 49.9 62.1 65.0 
18:2 4.5 +_ 0.5 12.5 • 0.9 19.6 • 2.0 22.6 • 0.7 
20:4 16.4 • 0.9 28.7 • 1.0 30.2 • 0.7 30.1 • 0.7 
22:4 4.3 • 0.5 6.2 • 0.5 8.3 • 0.5 9.6 • 0.5 
18:3n-3 met 17.0 15.5 12.7 9.6 
20:5 1.7 • 0.2 1.0 _ 0.1 0.3 • 0.1 -- 
22:5 8.3 • 0.6 6,2 +-- 0.5 5.2 • 0.3 3.0 • 0.2 
22:6 7.0 • 0.5 8,2 • 0.8 7.2 • 0.8 6.6 • 0.4 

aA, 7 days fetal bovine serum (FBS); B, 7 days human serum (HS) + 5 days FBS; 
C, 7 days FBS + 5 days HS; D, 7 days HS. FA, fatty acid; met, metabolites. After a 
seven-day culture in 10% FBS (A) or HS (B), the medium is changed with inversion of 
FBS for HS culture (C) and vice versa (B). FA analysis is compared to normal culture 
in HS (D) or FBS (A). 

cu l tu re  secondar i ly  b a t h i n g  in H S  (Table 6; A,C,D) ex- 
cep t  for 22:5n-3, which  did no t  reach  va lues  genera l ly  ob- 
t a ined  in cu l tures  in H S  (about one-third of i ts  ini t ial  level  
in FBS) .  Mod i f i ca t i ons  o b t a i n e d  in cells  f i r s t  c u l t u r e d  in 
H S  and  t h e n  in F B S  were  no t  as comple te ,  and  inter-  
m e d i a r y  levels  of F A  were  genera l ly  o b t a i n e d  w h e n  com- 
pa red  to  cells cu l t u r ed  for seven  days  in F B S  (Table 6; 
D,B,A).  W i t h  each  cu l tu re  type ,  for t he  n-3 fami ly ,  t he r e  
were  no mod i f i ca t ions  in the  l a s t  m e t a b o l i t e  22:6n-3. 

Influence of fibroblast strains and individual HS on FA 
distribution in fibroblasts. In  all exper iments ,  apa r t  f rom 
the  f ib rob las t  s t ra ins ,  ce r t a in  v a r i a t i o n s  were  o b s e r v e d  

in the  d i s t r ibu t ion  of F A  in di f ferent  cellular l ipid classes,  
show ing  h igher  levels  of cel lular  n e u t r a l  l ipids w i t h  a 
lower  cel lular  p ro t e in  c o n t e n t  in the  7-day cu l tu re  
(Table 7). 

A s  expec ted ,  t he  use  of ind iv idua l  con t ro l  H S  w i t h  dif- 
ferent  F A  composi t ion  for cul ture  med ium led to different  
d i s t r i b u t i o n s  of cel lular  F A ,  espec ia l ly  of P U F A .  Fo r  ex- 
ample  (Table 8), two  con t ro l  sera  d i f fe r ing  only in some  
n-6 and  n-3 f a t t y  acids  were  used  to  cu l tu re  t he  s a m e  
f ibroblas t  s t ra in  in 10% HS-enr iched medium.  The  cellular 
level  of each F A  was  re la ted  to  i ts  level  in the  se rum used. 
However ,  the  cel lular  22:6n-3 was  more  s tab le  r ega rd less  
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TABLE 7 

Influence of Different Control Fibroblast Strains on Cellular Growth 
and Fat ty  Acid Distribution in Lipid Classes 

Fetal bovine serum Human serum 

Strain D Strain R Strain D Strain R Strain L 
(n ----- 4) (n = 2) (n = 6) (n = 5) (n = 4) 

Cellular growth 
(~g protein/flask} 63 + 10 146 • 20 320 • 17 464 -+ 37 400 • 30 

Fatty acid distribution 
in lipid classes (%) 

Phospholipids 30 + 4 77 • 4 49 _+ 5 80 -+ 4 72 +- 4 
Neutrallipids 70 +_ 4 23 +_ 4 51 +_ 5 20 +- 4 28 +- 4 

T A B L E  8 

Influence of P U F A  Quality of Human Serum-Enriched Medium 
on P U F A  Distribution in Cultured Fibroblasts 

Control serum a 

Fatty acid A {%) B (%) B vs A (%) 

Cultured fibroblasts in human serum 

A B B vs A (%) 

n-6 Family 
18:2 35.2 40.4 -14 
20:4 6.0 9.7 +61 
22:4 0.2 0.3 

n-3 Family 
20:5 0.6 0.3 --50 
22:5 0.6 0.3 -50 
22:6 2.4 1.6 --33 

(~g FA/~g cellular protein} 

26.4 • 2.4 22.6 + 0.7 -14 
18.1 +-- 2.0 30.1 • 0.7 +66 
5.4 +- 1.1 9.6 • 0.1 +77 

_ m 

4.2 +-- 0.2 3.1 • 0.2 --26 
7.3 • 0.7 6.6 +-- 0.3 --9 

aControl serum A: cholesterol, 240 mgtdl; triglycerides, 0.90 mg/dl. Control serum B: cholesterol, 240 mg/dl; 
triglycerides, 1.10 mg/dl. Total FA analyses were performed in triplicate with serum sample and on three 
different flasks for each fibroblast total FA analysis, and three other different flasks for each fibroblast 
phospholipid FA analysis (not reported here). 

of the level of this FA in the serum used in the culture 
medium. These observations were most  marked in PL. 

D I S C U S S I O N  

The present investigations were designed to s tudy the 
role of nutritional and environmental  factors on lipid 
metabolism in two cell types: cultured fibroblasts and 
fresh leukocytes, Although all cells can synthetize FA de 
novo, this synthesis is inhibited when FA are present in 
the culture medium (13); thus the cells preferentially u s e  
preformed FA from the medium (14,15). In addition, FA 
generally incorporated in cells are not  altered (16), and 
elongation and desaturat ion rates are rather slow com- 
pared to the esterification rate (17). This was extensively 
reviewed by Spector et al. (18). 

The analysis of freshly isolated cells such as leukocytes 
compared with fibroblasts shows that  the culture medium 
greatly influences the FA composition of cells. Many 
studies have been performed on leukemic cells (9,19,20} 
and on FA of control leukocytes or lymphocytes,  but  
generally under immune stimulation (21-25). However, 
our results are in good agreement with their control 
cellular PL FA analysis. 

As a mat te r  of fact, leukocytes freshly isolated from 
human blood and fibroblasts cultured in medium enriched 
in HS present a relatively similar FA distribution, even 
when the drastic difference in their lipid/protein ratios is 
unexplained. The former contain only slightly more 
arachidonic acid in their PL. I t  is obvious that  this par- 
ticular FA composition of cells bathing in similar media 
but  isolated from different tissues can be related to in vivo 
cellular functions; arachidonic acid can be related to pros- 
taglandin precursors, present in large amounts in immune 
cells, as this was also observed in endothelial cells richer 
in arachidonic acid (26). 

However, more important  differences are obtained in 
normal fibroblasts cultured in medium enriched in HS or 
FBS. The same observation was reported with endothelial 
cells (27), which differed widely in FA composition when 
cultured in FBS or freshly isolated from the human urn- 
bflical cord. I t  is obvious that  the quant i ty  and quality 
of FA are very different in FBS and HS, i.e., compared 
to HS, FBS has half as much protein and five times less 
FA, and it contains less linoleic acid and n-6 metabolites, 
but  is enriched in the n-3 family, SFA and MUFA. 

However, even with a different medium, intracellular 
regulation results in a similar distribution of SFA and 
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MUFA in the cells and essentially in PL. This is also 
verified for PUFA, which present some qualitative dif- 
ferences, but a great stability of the n-3 family. This 
cellular regulation allows a modulation of the incorpora- 
tion of FA present in the medium, in that cells always 
present a higher level of SFA than in the medium (FBS 
or HS), even if the medium contains different concentra- 
tions. Cells also always incorporate less linoleic acid than 
the quantity present in the medium, but inversely they 
in some way "concentrate" n-6 metabolites. However, the 
cells essentially reproduce the quantitative and qualita- 
tive variations of the medium. 

First of all, the modifications induced by different 
media are detectable on cellular growth, i.e., growth is 
different following enrichment of the medium with 10% 
HS or FBS. This should be related first to the HS enrich- 
ment in PUFA, which influences the fluidity of cellular 
membranes and the ability of culture to develop. How- 
ever, in our study, the difference seems to be due more 
to the quantity of FA supply than the FA quality of each 
culture medium. This was demonstrated by comparing 
cells cultured with iso FA quantity supply (given by HS 
or FBS) and by analyzing the changes of cultured cells 
after different periods of growth. Differences observed in 
the level of FA per unit of cellular protein also seem to 
be due to the growth state of the cells, since less FA were 
found in rapidly growing cells, and much less SFA and 
MUFA. The decrease is detected in neutral lipids, essen- 
tially triglycerides. The relative stability of phospholipids 
in quality and quantity of SFA and MUFA, when the 
medium is largely modified, has also been observed by 
other authors, the modification always being more 
marked in neutral lipids (16,28-31). From the correlative 
enrichment of cells in FA triglycerides with lower growth 
(at the beginning of the culture or with medium poorly 
enriched in serum), it can be hypothesized that this is 
linked to a rapid uptake of lipid from the medium and that 
these cells should accumulate in TG pool. This can be 
secondarily reconverted in another lipid class (in PL) as 
shown by others (32). The extent of this conversion 
depends on the cell requirement for growth or different 
metabolism. TG- or CE-rich lipid droplets were observed 
in cells cultured with hyperlipemic sera-enriched medium 
(33-35) or with an excess of FFA or very low density 
lipoproteins (VLDL) (16,36). As for us, we never found 
this form of lipid accumulation in our cells cultured with 
normolipemic sera, even when the medium was 20% 
enriched. Although quantitative lipid modifications of the 
medium influence the cellular growth, the growth state 
of the culture does not influence the capacity of cells to 
be modified in their FA composition by the medium, since 
confluent fibroblasts and rapidly growing cells can be 
modified in the same way (Table 6) when the medium is 
changed. This suggests a rapid but incomplete FA turn- 
over as shown by other authors on leukemic cells (37,38), 
fibroblasts (39) and endothelial cells (7). 

The major modifications in FA composition induced by 
different culture media occur in PUFA of PL and essen- 
tially in the n-6 family. The n-3 family seems to be less 
modified by the quality of the medium, and the cells main- 
tain a stable level of docosahexaenoic acid (22:6n-3). A 
higher ratio of the n-3 family in the medium induces a 
higher level of eicosa- or docosapentaenoic acid rather 
than docosahexaenoic acid itself, and vice versa. This was 

clearly shown by our inversion of the medium on con- 
fluent culture cells (Table 6) and by others in the case of 
essential FA deficiency (40) or FA metabolism analysis 
of astroblasts (41). This can be related to a blockade of 
•4-desaturase. 

Concerning the n-6 family, linoleic acid must be isolated, 
because its intracellular level depends on the level in the 
medium, but intracellular n-6 metabolite levels depend on 
both the level in the medium and the growth state of the 
cells. Cells show higher levels of n-6 metabolites when 
grown in media rich in n-6 metabolites and also with a 
longer bathing in these media. We observed at the same 
state of growth a relative stability of arachidonic acid 
levels, regardless of the level in the medium (HS or FBS). 
But FA resulting from elongation and desaturation of 
arachidonic acid, docosatetraenoic (22:4n-6) and doco- 
sapentaenoic (22:5n-6) acids show levels directly related 
to their levels in the medium and to the growth state of 
the culture. The relative stability of cellular arachidonic 
acid level correlated with the higher level of elongation 
product (22:4n-6) when the medium was enriched in 
arachidonic acid was also reported under different culture 
conditions (16). Since human fibroblasts contain elonga- 
tion enzymes, it was postulated that some FA taken up 
from the medium can be elongated when higher levels are 
available (42). We also observed that the blockade of 
A6-desaturase (lower level of cellular },-linolenic acid) 
related to a higher level of linoleic acid induces an elonga- 
tion process conducing to an enrichment of 20:2n-6 in cells 
bathing in HS medium. Similar results were obtained with 
endothelial cells (43) or fibroblasts (16) supplemented with 
individual FA. These cells apparently express a very low 
A6-desaturase activity when grown in a lipid-rich medium 
(5,6). 

Finally, the quality of FA in the medium influences the 
cellular PUFA content but, with a low FA quantitative 
supply, the quality of FA in the medium has a lesser in- 
fluence on cellular PUFA quality and apparently no in- 
fluence on SFA content of PL, the major part being 
located in cellular membranes, which remain very stable 
under these conditions. Modification of the quantity of 
FA supply of the medium and also of the cell qualities 
(strain and growing state) are more important for the 
distribution of SFA and MUFA in the neutral lipids of 
cells. 

ACKNOWLEDGMENTS 
M. Burtin gave technical assistance and T, Ghembaza provided 
secretarial assistance. 

REFERENCES 
1. Burns, C.P., Welshman, I.R., and Spector, A.A. {1975} J. Lab. 

Clin. Meal 85, 598-609. 
2. Bailey, S.M. (1966) Biochim. Biophys. Acta 125, 226-236. 
3. Brown, M.S., and Goldstein, J.L. {1976} Science 191, 150-154. 
4. Waite, M., Kucera, L., and Crosland, J. (1977} Lipids 1~ 698-706. 
5. Spector, A., Kaduce, N.L., Hoak, J.C., and Fry, G.L. ~1981) J. 

Clin. Invest. 68, 1003-1011. 
6. Rosenthal, M.D., and Whitehurst, M.C. {1983} Biochim. Biophys. 

Acta 750, 490-496. 
7. Denning, G.M., Figard, P.M., Kaduce, T.L., and Spector, A.A. 

(1983) Or. Lipid Res. 24, 993-1001. 
8. Rosenthal, M.D. {1981} Lipids 16, 173-182. 
9. Burns, C.P., Welshman, I.R., and Spector, A.A. {1977) Cancer 

Res. 37, 1323-1327. 

LIPtDS, Vol. 22, No. 4 (1987) 



ENVIRONMENTAL INFLUENCES ON LEUKOCYTES AND FIBROBLASTS 

249 

10. Fotino, M., Merson, E.J., and Allen, F.H. {1971)Ann. Clin. Lab. 
Sci. 1, 131-133. 

11. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, J. {1951} 
J. Biol. Chem. 193, 265. 

12. Folch, G.L., Lees, M., and Sloane-Stanley, G.H. {1957} J. Biol. 
Chem. 226, 497-509. 

13. Jacobs, R.A., and Majerus, P.W. (1973} J. Biol. Chem. 248, 
8392-8401. 

14. Bailey, J.M., Howard, B.V., Dunbar, L.M., and Tillman, S.F. 
{1971} Lipids 7, 125-134. 

15. Howard, B.V. {1977} J. Lipid Res. 18, 561-571. 
16. Spector, A.A., Kiser, R.E., Denning, G.A., Koh, S.W.B., and 

Debault, L.E. (1979} J. Lipid Res. 20, 536-547. 
17. Maziere, C., Maziere, J.C., Mora, L., and Polonovski, J. {1982} 

Biochim. Blophys. Acta 712, 712-715. 
18. Spector, A.A., Mathur, S.N., Kaduce, T.L., and Hyman, B.T. 

(1981} Prog. Lipid Res. 19, 155-186. 
19. Dawson, G., and Colomb, H.M. (1979} Clin. Chim~ Acta 96, 85-90. 
20. Burns, C.P., Luttenegger, D.G., Wei, S.P.L., and Spector, A.A. 

(1977} Lipids 12, 747-752. 
21. Rice, C., Hudig, D., Newton, R.S., and Mendelsohn, J. {1981} 

Clin. ImmunoL Immunopathol. 20, 389-401. 
22. Ferber, E., De Pasquale, G.G., and Resch, K. (1975} Biochim. 

Biophys. Acta 398, 364-376. 
23. Erickson, K.L., Adams, D.A., and McNeill, C.J. (1983) Lipids 

18, 468-474. 
24. Buttke, T.M. {1984} Immunology 53, 235-242. 
25. Goppelt, M., Kbhler, L., and Resh, K. {1985} Biochim. Biophys. 

Acta 833, 463-472. 
26. Macarak, E.J., De la Llera, M., Kefalides, N.A., and Howard, 

B.V. (1979} In Vitro 15, 936-940. 
27. Lagarde, M., Sicard, B., Guichardant, M., Felisi, O., and 

Dechavanne, M. (1984} In Vitro 20, 33-37. 

28. Fishman, P.H., Bradley, R.M., Brown, M.S., Faust, J.R., and 
Goldstein, J.L. {1978} J. Lipid Res. 19, 304-308. 

29. Wood, R. {1973} Lipids 8, 690-701. 
30. Mahoney, E.M., Hamill, A.L., Scott, W.A., and Cohn, Z.A. {1977} 

Proc. NatL Acad Sci. USA 74, 4895-4899. 
31. Kaduce, T.L., Awad, A.B., Fontenelle, L.J., and Spector, A.A. 

{1977} J. Biol. Chem. 252, 6624-6630. 
32. Bailey, J.M., Howard, B.N., and Tfllman, S.F. {1973} J. Biol. 

Chem. 248, 1240-1247. 
33. Brown, B.G., Mahley, R., and Assman, G. {1976} Circ. Res. 39, 

415-424. 
34. Brown, M.S., Faust, J.R., and Goldstein, J.L. (1975) J. Clin. In- 

vest. 55, 783-793. 
35. Rothblat, G.H., Arbogast, L., Kritchevsky, D., and Naftulin, 

M. {1976} Lipids 11, 97-108. 
36. De la Llera, M., Rothblat, G., and Howard, B. {1979} Biochim. 

Biophys. Acta 574, 414-422. 
37. Spector, A.A., Hoak, J.C., Fry, G.L., Denning, G.M., Stollin, 

L.L., and Smith, J.B. {1980} J. Clin. Invest. 65, 1003-1112. 
38. Bums, C.P., Luttenegger, D.G., and Dudley, D.T./1980) J. NatL 

Cancer Inst. 65, 987-991. 
39. Spector, A.A., Denning, G.M., and Stoll, L.L. (1980} In Vitro 

16, 932-940. 
40. Coniglio, J.G., and Harris, D.G. {1977} Lipids 12, 741-746. 
41. Robert, J., Rebel, G., and Mandel, P. {1977} Biochimie 59, 

417-423. 
42. Dunbar, L.M., and Bailey, J.M. {1975} J. Biol. Chem. 250, 

1152-1153. 
43. Spector, A.A., and Yoreck, M. (1985)J. LipidRes. 26, 1015-1035. 

[Rece ived  M a y  23, 1986] 

LIPIDS, Vol. 22, No, 4 (1987) 



250 

Short-term Biological Reproducibility of Serum Fatty Acid 
Composition in Children 
Teemu Mol lanen 
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To assess the biological day-to-day reproducibility of the 
fatty acid composition in serum lipid fractions in children 
on their habitual diets, fasting serum specimens were col- 
lected from healthy 8- to 9-year-old boys at 2-day (n = 
21) or 7-day {n = 19} intervals. Percentage compositions 
of fatty acids in serum cholesteryl esters ICE}, triglycer- 
ides {TG}, free fatty acids {FFA} and phospholipids (PL) 
were analyzed by gas chromatography. The reproducibil- 
ity was estimated by calculating linear correlation coef- 
ficients between the values obtained at the two time- 
points. Generally the correlations were higher in CE and 
PL than in TG and FFA. In CE the 7-day correlations 
of major fatty acids were only slightly lower than the 
2-day ones. In PL the impairment of correlations was 
somewhat greater than in CE, but in TG and FFA there 
was a marked drop in reproducibility from 2- to 7-day in- 
tervals. The 2-day correlation coefficients of the percent- 
ages of linoleate, dihomo-),-linolenate, arachidonate and 
eicosapentaenoate in CE were 0.95, 0.84, 0.91 and 0.92, 
respectively. In PL, the respective values were 0.86, 0.82, 
0.95 and 0.90. The present results indicate high short-term 
biological reproducibility of fatty acid composition in 
serum CE and PL and clearly lower in those of TG and 
FFA. 
Lipids 22, 250-252 {1987}. 

Dietary survey methods applicable to large population 
studies generally do not produce data accurate at the in- 
dividual level, because of inaccuracy of these methods and 
a large day-to-day variation in dietary intake of most free~ 
living individuals {1,2}. To overcome these problems, anal- 
yses of the fatty acid {FA) composition of adipose tissue 
{3,4}, serum or plasma lipids {5), red cell membrane {6) and 
even cheek cell phospholipids {PL} {7) have been used for 
estimation of the average FA composition of the diet. The 
composition of FA in serum lipid fractions is altered when 
the FA composition of dietary fats is changed in interven- 
tion studies {8-10), and it has also been found to correlate 
with the composition of dietary fat in cross-sectional 
population surveys {11,12). A change in the ratio of 
polyunsaturated to saturated FA {P/S ratio) of dietary 
fats induces rapid alterations in the composition of FA 
in triglycerides (TG} and free fatty acids {FFA}, whereas 
changes in cholesteryl esters iCE} and PL occur more 
slowly {13-17). 

When using single determinations of FA composition 
as estimates of the composition of dietary fats in free- 
living subjects or as a measure of adherence to given in- 
structions in dietary interventions {18,19}, it is of interest 
to know the biological day-to-day variation in the FA 
composition of different serum lipid fractions. In the pres- 
ent work, the FA compositions in serum CE, TG, FFA 
and PL were analyzed at 2- or 7-day intervals in children 
on their habitual diets. 

SUBJECTS AND METHODS 

Venous blood samples were drawn from antecubital vein 
into Vacutainer tubes from healthy 8- to 9-year-old 
schoolboys after an overnight fast (12 hr). The sampling 
was repeated in 21 subjects after a 2-day interval and in 
19 subjects after a 7-day interval. After clotting at room 
temperature, serum was separated, and the aliquots were 
stored at - 7 0  C until analyzed. 

The serum specimens were collected in Turku, Finland, 
as an extension of the Finnish Multicenter Study on 
Atherosclerosis Precursors in Children {see ref. 20). The 
study protocol was approved by the local school board, 
and an informed consent was obtained from the parents. 
No dietary advice was given. 

Analysis ofFA. Lipids were extracted from 0.5-ml ali- 
quots of serum with chloroform/methanol and purified 
{21}. The extract was fractionated on 0.25-mm Silica Gel 
G thin layer chromatography (TLC} plates using n- 
hexane/ethyl ether/acetic acid {85:15:1, v/v/v) as develop- 
ing solvent. The fraction corresponding to PL was located 
in UV-light, scraped off and transesterified immediately. 
After removal of PL, the TLC plates were stained with 
Rhodamin 6-G, and the fractions corresponding to FFA, 
TG and CE were scraped off. CE were saponified with 
KOH/ethanol at 85 C for 1 hr, and the FA in all four lipid 
fractions were esterified with H2SOJmethanol at 85 C for 
2hr.  

The methyl esters of FA were analyzed in an HP-5880 
gas chromatograph using an OV-351 fused silica open 
tubular capillary column (Nordion Instruments, Helsinki, 
Finland} and two-step temperature programming from 
100 to 240 C. The temperature in the injector and detec- 
tor was 270 C. A splitless injection technique was used. 
The results were expressed as percentages of the total 
area of identified FA from 14:0 to 22:6. Methodological 
reproducibility was measured by extracting duplicate ali- 
quots of serum and running them through the entire 
analysis in different batches. The coefficients of variation 
for individual FA in CE and PL ranged between 0.8% and 
10% for most FA {Table 1). In TG and FFA, the coeffi- 
cients of variation were poorer, and varied between 3% 
and 20% for most of the fatty acids {Table 2}. 

RESULTS 

The mean percentage compositions of FA in all serum 
lipid fractions in the total study population of 40 subjects 
at day 0 are shown in Tables 1 and 2. The mean composi- 
tions remained unchanged during the 2- and 7-day inter- 
vals (data not shown). The biological reproducibilities of 
FA percentages were estimated as correlation coefficients 
between the values measured at the two time-points. 

Correlations between the time-points were highest for 
polyunsaturated and most saturated FA in serum CE and 
PL {Table 3}. In CE the correlations of the major FA 
decreased only slightly from 2- through 7-day intervals. 
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TABLE 1 

Percentage Compositions and Methodological Reproducibilities 
of Fatty Acids in Serum Cholesterol Esters and Phospholipids 

Cholesteryl esters Phospholipids 
Fatty 
acid Mean S.D. C.V. a Mean S.D. C.V. a 

14:0 0.82 0.24 16.0 0.47 0.13 22.5 
16:0 10.55 0.87 3.5 26.94 1.50 3.1 
16:1 3.34 1.05 4.3 0.74 0.20 10.7 
18:0 1.08 0.23 4.6 15.47 0.94 1.7 
18:1 21.47 2.72 1.6 13.20 1.54 1.4 
18:2w6 52.84 5.13 0.8 22.37 3.16 1.3 
18:3w6 0.83 0.41 3.8 n.d b 
18:3w3 0.80 0.22 2.8 0.34 0.10 6.5 
20:3w6 0.66 0.11 3.4 3.23 0.50 2.9 
20:4oJ6 5.41 0.93 5.1 8.99 1.29 3.4 
20:5w3 1.05 0.33 7.1 1.20 0.34 4.5 
22:5r n.d. 1.19 0.19 6.2 
22:6w3 0.64 0.17 9.3 4.71 1.05 7.3 

n -- 40 20 40 20 

aMethodological reproducibility of fatty acid analyses measured as 
coefficient of variation (C.V.) between 20 duplicate samples. 
bn.d., Not determined. 

TABLE 3 

Reproducibilities of the Percentage Composition 
of Fatty Acids in Serum Cholesteryl Esters 
and Phospholipids at 2- and 7-Day Intervals 

Cholesteryl esters Phospholipids 
Fatty 
acid 2 Days 7 Days 2 Days 7 Days 

14:0 0.71"** 0.44 0.34 0.65** 
16:0 0.69*** 0.67** 0.84*** 0.50* 
16:1 0.89*** 0.71"** 0.57** 0.19 
18:0 0.81"** 0.72*** 0.73*** 0.76*** 
18:1 0.91"** 0.82*** 0.55** 0.78*** 
18:2w6 0.95*** 0.80*** 0.86*** 0.61"* 
18:3w6 0.85*** 0.59** n.d. 
18:3w3 0.91"** 0.87*** 0.81"** 0.60** 
20:3~6 0.84*** 0.85*** 0.82*** 0.67** 
20:4~6 0.91"** 0.90*** 0.95*** 0.83*** 
20:5w3 0.92*** 0.59** 0.90*** 0.55* 
22:5w3 n.d. 0.85*** 0.65** 
22:6w3 0.92*** 0.79*** 0.93*** 0.80*** 

n = 21 19 21 19 

Statistical significance of the correlation coefficient: *, p < 0.05; **, 
p < 0.01; ***, p < 0.001. n.d., Not determined. 

TABLE 2 

Percentage Compositions and Methodological Reproducibilities 
of Fatty Acids in Serum Triglycerides and Free Fatty Acids 

Triglycerides Free fatty acids 
Fatty 
acid Mean S.D. C.V. a Mean S.D. C.V. a 

14:0 1.56 0.96 30.8 1.89 0.79 30.4 
16:0 24.48 3.23 4.6 22.89 2.42 8.8 
16:1 4.25 1.23 9.0 3.96 1.21 10.0 
18:0 4.91 1.08 6.8 13.49 3.88 7.7 
18:1 45.29 2.69 2.7 41.13 4.04 3.8 
18:2r 13.19 4.61 3.8 11.40 2.80 6.0 
18:3w3 1.01 0.32 12.6 1.17 0.36 19.0 
20:4w6 1.30 0.47 10.2 1.22 0.41 12.0 
22:6w3 1.06 0.44 21.2 0.94 0.34 27.6 

n = 40 20 40 20 

aMethodological reproducibility of fatty acid analyses measured as 
coefficient of variation (C.V.) between 20 duplicate samples. 

TABLE 4 

Reproducibilities of the Percentage Composition of Fatty Acids in 
Serum Triglycerides and Free Fatty Acids at 2- and 7-Day Intervals 

Triglycerides Free fatty acids 
Fatty 
acid 2 Days 7 Days 2 Days 7 Days 

14:0 0.71"** 0.26 0.16 0.42 
16:0 0.68*** 0.52* 0.51" 0.76*** 
16:1 0.57** 0.34 0.61"* 0.31 
18:0 0.25 0.50 0.53* 0.35 
18:1 0.41 0.73*** 0.60** 0.43 
18:2w6 0.87*** 0.48 0.91"** 0.74*** 
18:3o~3 0.75*** 0.47* 0.36 0.64** 
20:4w6 0.82*** 0.59** 0.28 0.09 
22:6r 0.88*** 0.71"** 0.41 0.36 

n = 21 19 21 19 

Statistical significance of the correlation coefficient: *, p < 0.05; **, 
p < 0.01; ***, p < 0.001. 

The decrease was somewhat  greater  in PL, a l though mos t  
of the  r -values  r ema ined  h ighly  s ign i f i can t  even  at  the  
7-day in terva l .  The cor re la t ion  coeff icients  for l inoleic 
(18:2) and  arachidonic  (20:4) acids in  CE were 0.95 and  
0.91 a t  the  2-day and  0.80 and  0.90 a t  the  7-day in te rva l ,  
respect ively .  The respec t ive  va lues  for 18:2 and  20:4 in  
PL were 0.86 and  0.95 a t  the  2-day and  0.61 and  0.83 a t  
the  7-day in terva l .  There  was  a t r e n d  toward  lower cor- 
re la t ions  in  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  acids 
in  compar i son  to p o l y u n s a t u r a t e d  f a t t y  acids; the  lowest  
reproducib i l i t ies  were for 14:0, 16:0 and  16:1. 

The  2-day cor re la t ions  of p o l y u n s a t u r a t e d  F A  in T G  
were on ly  s l igh t ly  lower t h a n  those  in  CE or PL, b u t  
decl ined more  wi th  t ime  f rom the  2- to the  7-day per iod 

(Table 4). The reproducibi l i t ies  of s a t u r a t e d  and  monoun-  
s a t u r a t e d  F A  in  T G  were genera l ly  low and,  especial ly  
a t  the  7-day interval ,  mos t ly  s t a t i s t i ca l ly  nons ign i f ican t .  
W i t h  the  except ion  of the 18:2 percentage ,  m o s t  of the  
cor re la t ions  of the  f a t t y  acids in  the  F F A  f rac t ion  were 
poor a l ready at  the 2-day in te rva l  and  showed no consist-  
e n t  cor re la t ions  f rom 2 t h r o u g h  7 days  (Table 4). 

DISCUSSION 

A l t h o u g h  the  compos i t ion  of F A  is d i f ferent  in  each of 
the  four l ipid f rac t ions  in serum, d u r i n g  c o n s t a n t  d ie ta ry  
i n t a k e  of fa t s  the  p ropor t ion  of a g iven  F A  in  one frac- 
t ion  is in ce r ta in  equ i l i b r ium wi th  i t s  p ropor t ion  in  o ther  
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fract ions and in other t issues as well. This is demon- 
s t ra ted  by  high correlations of the percentages  of FA in 
serum CE with the same FA in other lipid fract ions in 
serum (11,22) or platelet lipids (23). In free-living subjects, 
however, the diet is never constant .  For instance, the P/S 
ratio of the diet may  range from 0.05 to 1.30 between days 
in an individual 's  diet during a one-week period (24). 

The present  results  show tha t  the day-to-day var ia t ion 
of FA composi t ion is fairly small in serum CE and PL, 
but  substant ia l ly  higher in TG and FFA.  According to 
dietary intervention studies, a change in dietary P/S ratio 
can be demons t ra ted  in serum TG and F F A  fa t t y  acids 
within a few days,  whereas the al terat ions in CE and PL 
fa t ty  acids occur slowly over a period of one to two weeks 
(13-17). Thus a subs tant ia l  pa r t  of the observed dif- 
ferences in reproducibil i ty between the lipid classes may  
be at tr ibutable to the insensitivity of CE and PL FA com- 
posit ion to the daily f luctuat ion in die tary  fat  intake. 

The methodological  reproducibil i ty of FA analyses in 
TG and F F A  was poorer than  in CE and PL and cor- 
responds to resul ts  of other  authors  (25). Even  though 
the coefficients of var ia t ion for the major  FA in TG and 
F F A  were sat isfactory,  the reproducibilit ies of these FA 
were of the same general magni tude  as the other  f a t t y  
acids in these fractions, and it seems unlikely tha t  the 
present  low correlations in TG and F F A  were due to 
methodological  errors. The concentrat ions as well as the 
FA composi t ions in serum TG and F F A  are known to be 
affected by  fasting- vs nonfas t ing-s ta te  differences 
(26,27). In  the present  s tudy  the subjects  fas ted for 12 
hr before each sampling,  bu t  it cannot  be ruled out  tha t  
f a s t i n g - s t a t e  differences  con t r ibu t ed  to the  poor  
reproducibil i ty in TG and FFA. 

The shor t - term reproducibilities of CE FA percentages  
in the present  s tudy fit well with da ta  from earlier studies 
on their long-term tracking.  The corresponding correla- 
t ions for 18:2 and 20:4 in CE measured  f rom 18 individ- 
uals at  a 5-mo interval  were 0.76 and 0.74 (22), and the 
correlations f rom 805 children and adolescents measured 
a t  a 3-year interval  were 0.59 and 0.61 (5), respectively.  

The respect ive shor t - te rm reproducibilit ies of serum 
to ta l  cholesterol and TG concentrat ions in the present  
s tudy  populat ion (n -- 54) were 0.82 and 0.47 (28). Thus 
the reproducibilit ies of CE FA were of the same magni-  
tude as those of their parent  lipid. The slightly bet ter  cor- 
relations for FA composition than  for total  concentration 
of TG are probably  caused by  the expression of the com- 
posit ion of FA as percentages,  which is insensit ive to 
al terat ions in absolute concentrat ions.  

The present  resul ts  show a fairly high shor t - te rm 
reproducibil i ty of FA composi t ions in serum CE and PL 
and a markedly  lower one in TG and FFA.  The be t te r  
reproducibil i ty in CE and PL sugges ts  tha t  these lipid 
fract ions should be preferred when single FA determina- 
tions are used as indicators of the composit ion of dietary 
fa ts  in free-living subjects  or in die tary  interventions.  

ACKNOWLEDGMENTS 

The technical assistance of Markku Passinen and the secretarial help 
of Eija Kyrblfi are acknowledged. T. Nikkari and J. Viikari provided 
criticism of the manuscript. 

REFERENCES 
1. Liu, K., Stamler, J., Dyer, A., McKeever, J., and McKeever, P. 

(1978) J. Chron. Dis. 31, 399-418. 
2. Beaton, G.H., Milner, J., Corey, P., McGuire, V., Cousins, M., 

Stewart, E., de Ramos, M., Hewitt, D., Grambsch, P.V., Kassim, 
N., and Little, J.A. (1979) Am. J. Clin. Nutr. 32, 2546-2559. 

3. Plakke, T., Berkel, J., Beynen, A.C., Hermus, R.J.J., and Katan, 
M.B. (1983) Hum. Nutr.: Appl. Nutr. 37A, 365-372. 

4. van Staveren, W.A., Deurenberg, P., Katan, M.B., Burema, J., 
de Groot, L.C.P.G.M., and Hoffmans, M.D.A.F. (1986) Am. J. 
Epidemiol. 123, 455-463. 

5. Nikkari, T. (1986) Prog. Lipid Res. 25, 437-470. 
6. Angelico, F., Arca, M., Calvieri, A., Cantafora, A., Guccione, 

P., Monini, P., Montali, A., and Ricci, G. (1983) Prev. Med. 12, 
124-127. 

7. McMurchie, E.-J., Margetts, B.M., Berlin, L.J., Croft, K.D., Van- 
dongen, R., and Armstrong, B.K. (1984) Am. J. Clin. Nutr. 39, 
975-980. 

8. Thomasson, H.J., de Boer, J., and de Iongh, H. (1967) Path. 
Microbiol. 30, 629-647. 

9. Arvidson, G., and Malmros, H. (19721 Zeit. Erndhr. Wiss. 11, 
105-119. 

10. Vessby, B., LitheU, H., Gustafsson, I.-B., and Boberg, J. (1980) 
A therosclerosis 35, 51-65. 

11. Nikkari, T., Riisiinen, L., Viikari, J., •kerblom, H.K., Vuori, I., 
Py0rfil~i, K., Uhari, M., Dahl, M., Lfihde, P.-L., Pesonen, E., and 
Suoninen, P. (1983) Am. J. Clin. Nutr. 37, 848-854. 

12. Moilanen, T., R~isiinen, L., Viikari, J., ~,kerblom, H.K., Ahola, 
M., Uhari, M., Pasanen, M., and Nikkari, T. (1985) Am. J. Clin. 
Nutr. 42, 708-713. 

13. Fleischman, A.I., Hayton, T., and Bierenbaum, M.L. (1964)Am. 
J. Clin. Nutr. 15, 299-302. 

14. Boberg, J., Gustafsson, I.-B., Karlstrbm, B., Lithell, H., Vessby, 
B., and Werner, I. (1978) Rheinisch-Westfdlische AkacL 
Wissenschaft. 63, 81-87. 

15. Durrington, P.N., Bolton, C.H., Hartog, M., Angelinetta, R., Em- 
mett, P., and Furniss, S. (1977) Atherosclerosis 27, 465-475. 

16. Vessby, B., Gustafsson, I.-B., Boberg, J., Karlstr0m, B., Lithell, 
H., and Werner, I. (1980) Eur. J. Clin. Invest. 10, 193-202. 

17. Nikkari, T., and Salo, M. (1984) in Proceedings of the 12th Scan- 
dinavian Symposium on Lipids (Marcuse, R., ed.) pp. 80-86, 
Lipidforum, G6teborg, Sweden. 

18. Kuusi, T., Ehnholm, C., Huttunen, J.K., Kostiainen, E., Pietinen, 
P., Leino, U., Uusitalo, U., Nikkari, T., Iacono, J.M., and Puska, 
P. (1985)J. Lipid Res. 26, 360-367. 

19. Tremoli, E., Petroni, A., Socini, A., Maderna, P., Colli, S., Paolet- 
ti, R., Galli, C., Ferr~Luzzi, A., Strazzulo, P., Mancini, M., 
Puska, P., Iacono, J.M., and Dougherty, R. (1986) 
A therosclerosis 59, 101-111. 
)i, kerblom, H.K., Viikari, J., Uhari, M., R~is~inen, L., Byckling, 
T., Louhivuori, K., Pesonen, E., Suoninen, P., Pietikfiinen, M., 
Lfihde, P.-L., Dahl, M., Aromaa, A., Sarna, S., and Py6rfil~i, K. 
(1985) Acta  Paediatr. ScandL, Suppl. 318, 49-63. 
Moilanen, T., and Nikkari, T. (1981) Clin. Chim. Acta 114, 
111-116. 
Nikkari, T., Salo, M., Maatela, J., and Aromaa, A. (1983) 
Atherosclerosis 49, 139-148. 
Salo, M.K., Vartiainen, E., Puska, P., and Nikkari, T. (1985) 
Thromb. Haemostas. 54, 563-569. 
van den Reek, M.M., Craig-Schmidt, M.C., Weete, J.D., and 
Clark, A.J. (1986) Am. J. Clin. Nutr. 43, 530-537. 
H6ckel, M., Dunges, W., Holzer, A., Brockerhoff, P., and 
Rathgen, G.H. (1980) J. Chromatogr. 221, 205-214. 
Kayden, H.J., Karmen, A., and Dumont, A. (1963) J. Clin. In- 
vest. 42, 1373-1381. 
Jurand, J., and Oliver, M.F. (1970)Atherosclerosis 11, 141-155. 
Viikari, J. (1986) in Atherosclerosis VII. Proceedings of the 7th 
International Symposium on Atherosclerosis, Melbourne 1985 
IFidge, N.H., and Nestel, P.J, eds.) pp. 29-32, Elsevier Science 
Publishers, Amsterdam. 

[Received September  29, 1986] 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 
28. 

LIPIDS, Vol. 22, No. 4 (1987) 



253 

Effects of Aging on the Composition and Metabolism 
of Docosahexaenoate-Containing Lipids of Retina 
N.P. Rotstein, M.G. l l incheta de Boschero, N.M. Giusto and M.I. Aveldafio* 
Instituto de Investigaciones Bioqui'micas, Universidad Nacional del Sur and Consejo Nacional de Investigaciones Cientfficas y 
T@cnicas, 8 0 0 0  Bahia Blanca, Argentina 

The amount of doeosahexaenoate (22:6n-3)-eontaining 
phospholipid species decreases with aging in the rat 
retina. Most lipids, but especially choline and serine 
glyeerophospholipids, show a significant fall in 22:6n-3, 
which is not compensated by increases in other polyenoic 
fatty acids. The decrease not only affects 22:6 but also 
various very long chain n-3 hexaenoic fatty acids which, 
in phosphatidylcholine, have up to 36 carbon atoms, and 
which are probably synthesized by successive elongations 
of 22:6n-3. The in vitro incorporation of [2-3H]glycerol into 
retinal lipids indicates that the de novo biosynthetic path- 
ways are not impaired by aging. The incorporation of 
[1-14C]docosahexaenoate is significantly stimulated into 
all lipids of aged retinas, but to the largest extent in those 
showing the largest decreases in 22:6, especially in choline 
glycerophospholipids. The results indicate that the de- 
creased levels of 22:6 with aging are due not to an im- 
paired activity of the enzymes involved in the synthesis 
and turnover of phospholipids but to a decreased avail- 
ability of this polyene in the retina. It is suggested that 
this may stem from a defect in some of the enzymatic 
steps that lead to the synthesis of 22:6n-3, probably that 
catalyzed by A4 desaturase, the effect on longer hexaenes 
being secondary to the decreased synthesis of 22:6. 
Lipids 22, 253-260 (1987). 

Alterations of the ratios between phospholipid headgroup 
classes as well as in the quality and proportions of their 
fat ty acyl moieties are known to bring about dramatic 
changes in the physicochemical properties of biological 
membranes, along with many of their functions (1). Quali- 
tative or quantitative changes of this type, affecting 
lipids, may play an important role among the biochemical 
causes of the insidious deterioration that many cell func- 
tions undergo during the process of aging, since lipids 
make the matrix where a variety of enzymes, receptors 
and transport systems work. Polyunsaturated fat ty 
acid-containing lipids are especially likely to be involved, 
since the synthesis of their polar and nonpolar moieties-- 
particularly that of long chain polyenoic fat ty acids-- 
needs the concurrence of, and delicate equilibrium be- 
tween, many enzymatic activities. The retina is an excel- 
lent model to study these problems in mammals because 
its lipids are characterized by a high proportion of such 
polyunsaturates. The most abundant fatty acids in visual 
cells of vertebrates are polyenes of the n-3 series, the 
major representative being 4,7,10,13,16,19-docosahexa- 
enoate (22:6n-3). The retina also contains a whole varie- 
ty  of tetra-, penta- and hexaenoic fat ty acids along with 
22:6. These include familiar polyenes like 20:4n-6 or 
22:5n-3 and various polyenes whose chain lengths range 
from 24 to 36 carbon atoms (2,3). The latter are highly 
concentrated in dipolyunsaturated molecular species of 

*To whom correspondence should be addressed at Instituto de In- 
vestigaciones Bioquimicas, Gorriti 43, 8000 Bahia Blanca, Argentina~ 

phospholipids of photoreceptor membranes, specifically 
in phosphatidylcholine (PC) (2). This paper is concerned 
with the effects of aging on compositional and metabolic 
aspects of retina phospholipids. I t  is shown that the levels 
of docosahexaenoate as well as of other n-3 hexaenes are 
decreased in aged retina glycerophospholipids, especially 
in those of choline and serine. The in vitro labeling of 
retina lipids with [2-3H]glycerol and [1-~C]docosahexa- 
enoate is also compared in young and aged animals. The 
incorporation of this polyenoic fatty acid is shown to 
be markedly stimulated with aging in most retina lipid 
classes, but especially in those showing the largest 
decreases in 22:6 levels. 

MATERIALS AND METHODS 

Wistar rats kept under constant environmental condi- 
tions and fed for various generations the same pelleted 
standard chow diet were used for the present experi- 
ments. No sex-related differences were found in the ef- 
fect of aging on lipids. Rats aged 2-3 and 26-27 mo were 
killed by decapitation, their eyes were rapidly enucleated, 
and their retinas were dissected under a magnifying glass. 
Some of the retinas were immediately homogenized with 
chloroform]methanol and were destined to lipid and fatty 
acid composition analysis. Others were incubated with 
[2-3H]glycerol and 4,7,10,13,16,19-[1-~4C]docosahexaenoic 
acid (['4C]22:6) to determine the labeling of their lipids 
with these precursors. For this purpose, the retinas were 
preincubated for 5 min at 37 C in 0.8 ml of a bicarbonate ~ 
based ionic medium, pH 7.4, containing 2 mg/ml of 
glucose (4), after which 0.2 ml of the same medium con- 
taining the precursors (5 nmo1114C]22:6 and 0.16 nmol 
[~H]glycerol) was added, and incubations (37 C) proceed- 
ed for the periods indicated in Results. At the end of in- 
cubations, 9 ml of ice-cold medium was added and the 
tubes containing the retinas were centrifuged (10 min at 
10,000 rpm). After supernatants were discarded, the 
pellets were extracted with chloroform]methanol. Protein 
was determined according to the method of Lowry et al. 
(5). 

The extracts from labeled and unlabeled samples were 
partitioned and washed according to Folch et al. (6), and 
the lipids were resolved by means of thin layer chroma- 
tography (TLC) (7). After development, the lipid spots 
were located by exposing the plates to I2 vapors and sub- 
jected to phosphorus analysis (7). The spots containing 
[3H]- and ['4C]-labeled lipids were scraped from TLC plates 
and transferred to vials containing 0.4 ml water. Ten ml 
of a solution containing 0.4% Omnifluor (New England 
Nuclear, Boston, Massachusetts) and 20% Triton X-100 
in toluene was then added, and radioactivity was mea- 
sured by liquid scintillation counting. The [2-3H]glycerol 
used (sp act 10 Ci/mmol) was from New England Nuclear, 
and the (1-'4C]docosahexaenoate (sp act 40 ~Ci/~mol) was 
provided by H. Sprecher, Ohio State University {Colum- 
bus, Ohio). 
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For f a t t y  acid analyses,  the lipids were isolated as 
before, the spots  were located under UV light after  spray- 
ing with dichlorofluorescein, and methy l  es ters  were 
prepared  {under N2} by  BF3-catalyzed methanolys is  {8}. 
The la t ter  were analyzed by  gas  liquid ch roma tog raphy  
(GLC). Two glass columns (2 m • 2 mmid}  packed with 
15% OV-275 on 80-120 Chromosorb W A W  (Varian, 
Sunnyvale, California} were connected to two flame ioniza- 
t ion detectors  operated in the dual-differential mode. A 
linear (5 C/min) t empera tu re  program,  s ta r t ing  at  160 C 
and ending at  220 C, was used, and the injector and detec- 
tor  t empera tu res  were 220 C and 230 C, respectively.  To 
obtain the da ta  in Table 3, af ter  reaching 220 C the oven 
t empera tu re  was held cons tan t  a t  t ha t  value for 45 min 
to permit  the analysis of very  long chain polyenoic f a t t y  
acids (2}. 

RESULTS 

Effects of aging on retina phospholipids. The concentra- 
t ion of phospholipids,  expressed as the amount  of lipid 
phosphorus  per mg  of ret ina protein, was  lower by  a fac- 
tor  of about  20% in re t inas  f rom aged ra t s  than  in those 
f rom young animals  {Table 1). Such a difference in to ta l  
lipid content was not significant statistically, as when the 
levels of individual phospholipids were considered. The 
average  amounts  of protein were 0.70 +_ 0.11 and 0.64 +_ 
0.11 m g  per  ret ina in samples  f rom young and aged 
retinas, respectively,  while those of to ta l  phosphorus  in 
lipid ex t rac t s  f rom the same samples  were 250 + 34 and 
189 ___ 25 nmol, respectively.  While the average  decrease 
of 8% in protein was not  s ta t is t ical ly  significant, t ha t  of 
24% in lipid phosphorus  was P < 0.05. Hence, the con- 
tents  expressed as lipid/protein rat ios in Table 1 show no 
large differences in lipid concentrat ion because bo th  p r o  
tein and lipid are affected by  aging, but  it is apparen t  
f rom the above resul ts  tha t  lipids tend to be decreased 
relat ively more than  proteins.  When the phospholipid 
composi t ion {%) was analyzed, again no significant dif- 
ferences due to aging were readily apparen t  {Table 1). 

However, some interesting trends were observed by 
calculating the ratios between individual phospholipids. 
Most of the age-related differences in total phospholipid 
concentration were contributed by decreases in the three 
major phospholipids: phosphatidylcholine, ethanolamine 
glycerophospholipids (EGP) and phosphatidylserine (PS), 
which resulted in changes of certain phospholipid ratios. 
Among choline phospholipids, for instance, the amount 
of PC was decreased to a larger extent than that of sphin- 
gomyelin (Sph, unchanged}, giving rise to a significantly 
lower PC/Sph ratio in aged retinas. Among acidic phos- 
pholipids, PS was more decreased than phosphatidyl- 
inositol {PI}, which also resulted in a significant difference 
in the PS/PI  rat io  with age. The PC/PS rat io  was similar 
in control and aged retinas, indicating tha t  both  were 
diminished to the same extent, and the PC/EGP ratio was 
increased. The f a t t y  acid composi t ion of re t ina  glycerc~ 
phospholipids was next  examined in search for the possi- 
ble involvement  of polyenoic f a t t y  acids in these effects, 
since it was apparen t  t ha t  the larges t  decreases affected 
those lipids t ha t  contr ibute  the largest  amounts  of the 
mos t  highly unsa tu ra ted  f a t t y  acids to retinal mem- 
branes.  

Fatty acids of retina glycerophospholipids. The mos t  
conspicuous effect of aging on the f a t ty  acid composit ion 
of lipids was a general tendency to a decreased propor- 
t ion of 22:6n-3 {Table 2}. I t s  percentage was about  30%, 
10% and 13% lower in PC, E G P  and PS, respectively,  in 
aged than  in young  animals. If  one considers tha t  the 
amounts  of these phospholipids were also lower {Table 1), 
i t  m a y  be es t imated  t ha t  the amount  of 22:6 per m g  of 
protein decreased by  about  42%, 31% and 30% as a con- 
sequence of the changes in such lipids {Table 4}. I t  is evi- 
dent  f rom Tables  2-4 tha t  no f a t t y  acid was synthesized 
in retina to compensate for this decrease in 22:6, the slight 
increases observed in the percentages of some fa t ty  acids 
being only relat ive to this diminution. The average un- 
sa turat ion of lipids tended to decrease (Table 2}, the mos t  
significant effect {P < 0.05} being observed for PC and PS. 

The fa t ty  acid composition of PC is expanded in Table 3 

TABLE 1 

Content and Composition of Phospholipids in Rat Retina 

Controls Aged Controls/aged 

PC 159.1 + 21.8 {45.7 • 0.9} 131.7 + 20.2 {45.3 _+ 0.6} 
EGP 315 • 47 115.1 • 15.2 {33.1 • 0.7} 254 • 39 89.1 _+ 14.3 (31.6 -I-_ 1.4} 
PS 40.8 • 6.1 (11.6 + 0.5} 32.8 • 3.9 (11.3 • 0.4} 

PI 16.7 • 3.3 {4.8 • 0.2} 16.2 • 0.9 (5.7 • 0.5} 
PA 32 • 7 5.6 • 1.5 (1.6 • 0.2) 34 • 6 5.2 • 1.6 {1.6 • 0.4) 
Sph 5.7 • 1.9 {1.6 • 0.2} 7.8 _+ 0.6 {2.6 • 0.4} 
DPG 4.6 _+ 3.0 {1.3 • 0.5) 5.3 • 4.0 {1.7 • 0.7) 

Total phospholipid 350.0 • 52.0 289.0 • 47.0 
= 

PC/EGP 1.38 • 0.04 1.48 • 0.02* 
PS/PI 2.46 • 0.20 2.01 +- 0.20* 
PC/Sph 29.40 • 6.50 16.95 -+ 2.24* 

0.83 
0.77 
0.80 

0.97 
0.91 

1.37 
1.15 

PC, phosphatidylcholine; EGP, ethanolamine glycerophospholipids; PS, phosphatidylserine; PI, phosphatidylinositol; PA, phosphatidic 
acid; Sph, sphingomyelin; DPG, diphosphatidylglycerol. The figures depict the amount of phospholipid as nmol/mg protein. The percent- 
age composition is given in parentheses. Both are presented as mean values • S.D. from 4 samples (each containing 6-8 retinas} from 
control (2.5 too) and aged {26.5 too) rats. Lipids were separated by tw~dirnensional thin layer chromatography. The ratios between lipids 
were calculated for individual samples and then averaged. *, Significant differences with respect to controls (P < 0.05 or lower). 
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TABLE 2 

Fatty Acid Composition (Mol%) of Rat Retina Glycerophospholipids 

Ethanolamine Phosphatidic 
Phosphatidylcholine glycerophospholipids Phosphatidylserine Phosphatidylinositol acid 

2.5 mo 26.5 mo 2.5 mo 26.5 mo 2.5 mo 26.5 mo 2.5 mo 26.5 mo 2.5 mo 26.5 mo 

14:0 0.3 • 0.1 0.4 + 0.1 0.7 + 0.8 0.6 __ 0.6 0.1 _ 0.1 0.2 • 0.2 0.2 • 0.2 2.0 • 1.9 0.7 1.0 
15:0 0.3 • 0.0 0.6 • 0.1 0.9 • 1.0 0.4 +_ 0.4 0.1 • 0.1 0.2 +- 0.2 -- 0.2 • 0.2 0.5 0.6 
16:0 34.3 • 0.7 35.7 +_ 1.0 6.8 • 1.0 8.6 • 0.5 0.9 _+ 0.3 1.9 +- 1.4 8.9 • 1.5 10.7 • 3.3 13.4 19.2 
17:0 1.9 • 0.2 1.6 • 0.1 -- -- 0.2 _+ 0.1 0.9 -+ 0.9 -- 1.1 • 0.6 2.6 2.9 
18:0 18.5 • 2.3 18.3 • 1.6 30.3 • 2.8 32.1 • 1.3 37.2 +_ 2.9 40.8 • 2.4 35.3 • 0.6 36.0 • 1.4 33.3 32.4 
18:1 18.3 • 0.4 22.2 • 1.5" 4.8 • 0.4 5.4 • 0.5 2.1 • 0.3 3.8 • 1.0" 4.3 • 0.3 4.8 • 1.4 11.4 11.7 
18:2n-6 0.9 +_ 0.1 1.1 +_ 0.6 0.4 + 0.1 0.4 • 0.3 0.1 +_ 0.04 0.2 +- 0.1 0.2 _+ 0.5 0.2 • 0.2 0.7 0.5 
20:1 0.4 +- 0.1 0.3 • 0.01 0.1 • 0.1 0.1 +_ 0.03 0.1 • 0.02 0.2 • 0.2 0.1 • 0.05 0.1 • 0.1 0.2 0.2 

20:3n-6 0.1 • 0.05 0.1 • 0.05 0.2 • 0.03 0.1 • 0.04 0.1 • 0.03 0.2 • 0.2 0.1 • 0.1 0.1 • 0.1 0.3 0.3 
20:4n-6 5.4 +_ 0.6 5.7 +- 0.5 10.7 • 0.9 12.0 • 1.6 3.8 • 0.2 4.6 • 0.3 46.7 +_ 1.7 40.6 • 2.4* 10.8 18.5 
20:5n-3 0.02 • 0.01 0.1 • 0.01 0.1 • 0.05 0.2 • 0.04 0,1 • 0.1 0.1 • 0.02 0.5 • 0.3 0.8 • 0.2 0.4 0.3 
22:4n-6 0.4 • 0.04 0.5 • 0.1 2.3 • 0.2 2.0 • 0.1 3.4 • 0.4 2.6 • 0.1 0.3 • 0.1 0.3 • 0.2 1.7 0.8 
22:5n-6 0.4 • 0.1 0.1 • 0.04* 1.2 • 0.2 0.4 • 0.1" 2.0 + 0.2 0.6 • 0.2* 0.3 +_ 0.2 --* 0.5 0.5 
22:5n-3 0.2 • 0.03 0.3 • 0.01 0.5 • 0.1 0.7 • 0.1 1.0 +_ 0.1 1.1 • 0.2 0.1 • 0.1 0.7 0.2 
22:6n-3 17.0 +_ 1.5 11.9 • 0.9* 40.3 • 1.7 36.0 +_ 2.0* 45.3 +_ 1.8 39.3 • 2.4* 3.1 • 1.3 2.9 • 0.2 22.2 10.3 
24:5n-3 0.1 • 0.1 0.1 • 0.1 0.3 • 0.2 0.7 • 0.2 1.6 • 0.2 1.6 • 0.2 -- -- 0.6 0.4 
24:6n-3 0.3 + 0.1 0.1 • 0.02* 0.5 • 0.2 0.4 + 0.4 2,2 • 0.3 1.6 +- 0.2* -- -- 0.6 0.3 
C,~-C3~ PUFA 1.2 0.7 . . . . . . . .  

Average 
unsaturation 1.6 • 0.1 1.3 • 0.05* 3.0 • 0.2 2.9 • 0.2 3.4 • 0.1 3.0 • 0.1" 2.2 • 0.1 1.9 • 0.1 2.1 1.6 

Lipids were preparatively isolated by means of thin layer chromatography and their fatty acid composition was analyzed by gas liquid chromatography 
of fatty acid methyl esters. Results are presented as mean values + S.D. from 3 samples, each containing 6-8 retinas. Average unsaturation 
represents the average number of double bonds in fatty acids per mole of lipid. *, Signiaficant effects of aging (P < 0.05 or less}. Phosphatidic 
acid was analyzed after combining the three samples of each group. 

TABLE 3 

Tetra-, Penta- and Hexaenoic Fatty Acids 
of Rat Retina Phosphatidylcholine 

Fatty acid Controls (mol% • 10) Aged (mol% X 10) 

Up to 20:4n-6 750.75 804.40 
20:4n-6 54.00 56.70 
20:5n-3 0.20 1.40 
22:4n-6 4.10 4.90 
22:5n-6 3.50 1.30 
22:5n-3 1.80 2.50 
22:6n-3 a 170.10 118.90 
24:5n-3 1.20 1.10 
24:6n-3 b 2.70 1.40 
26:5n-3 0.06 0.15 
26:6n-3 c 0.40 0.30 
28:5n-3 0.06 0.06 
28:6n-3 0.21 0.15 
30:4n-6 0.02 0.01 
30:5n-3 0.06 0.06 
30:6no3 0.06 0.02 
32:4n-6 0.08 0.10 
32:5n-3 1.10 0.80 
32:6n-3 5.00 3.20 
34:4n-6 0.20 0.20 
34:5n-3 0.70 0.60 
34:6n-3 2.90 1.70 
36:4n-6 0.01 0.01 
36:5 + 36:6n-3 0.08 0.06 

Total VLCPUFA 
Mol% 1.56 0.99 
Wt% 2.41 1.53 

VLCPUFA, very long chain polyunsaturated fatty acid. Methyl esters 
from the phosphatidylcholine samples whose composition is shown in 
Table 2 were combined and injected in a concentrated form to facilitate 
detection and quantitation of VLCPUFA. Total VLCPUFA is the sum 
of C24 to C3~ polyenes. 
a,b, cCoelute with minor amounts of 24:4n-6, 26:4n-6 and 28:4n-6, 
respectively. 

t o  s h o w  t h e  s e r i e s  of  v e r y  l o n g  c h a i n  p o l y e n o i c  f a t t y  a c i d s  
t h a t  e l u t e  a f t e r  22:6 {2). C2,-C36 p o l y e n o i c  f a t t y  ac ids  m a d e  
u p  2 .4% o f  t h e  f a t t y  a c i d  w e i g h t  o f  P C  f r o m  r a t  r e t i n a .  
T h i s  m a y  s e e m  a m i n o r  p r o p o r t i o n ,  b u t  s u c h  v e r y  l o n g  
c h a i n  p o l y e n e s  a r e  s p e c i f i c a l l y  e s t e r i f i e d  t o  s o m e  of  t h e  
P C s  {the d i p o l y u n s a t u r a t e d  m o l e c u l a r  s p ec i e s  of  t h e  p h o s -  
p h o l i p i d )  p r e s e n t  in  p h o t o r e c e p t o r  m e m b r a n e s  ( w h i c h  in  
t u r n  a r e  a s m a l l  f r a c t i o n  o f  t h e  t o t a l  m e m b r a n e s  of  en-  
t i r e  r e t i n a )  (2). H e n c e ,  t h e  p r o p o r t i o n  of  v e r y  l o n g  c h a i n  
p o l y e n e s  in  t h e  e n t i r e  r e t i n a  P C  is  s m a l l  b e c a u s e  t h e y  a re  
" d i l u t e d "  w i t h  t h e  P C s  f r o m  m a n y  cel l  m e m b r a n e s  t h a t  
do  n o t  c o n t a i n  s u c h  f a t t y  ac ids .  E v e n  so,  s o m e  v e r y  l o n g  
c h a i n  p o l y e n e s ,  l ike  32:6 a n d  34:6, o c c u r  in  h i g h e r  p ro -  
p o r t i o n s  t h a n  s o m e  of  t h e  p o l y e n e s  l i s t e d  b e t w e e n  20:4n-6 
a n d  22:6n-3  s h o w n  in  T a b l e  3. 

T h e  s u m  of  v e r y  l o n g  c h a i n  p o l y e n o i c  f a t t y  a c i d s  o f  P C  
d e c r e a s e d  in  a g e d  r e t i n a s ,  b u t  s o m e  of  t h e m  c o n t r i b u t e d  
m o r e  t h a n  o t h e r s  t o  t h i s  e f f e c t  (Tab le  3). T h u s ,  c o n s i s t -  
e n t  w i t h  t h e  e f f e c t  o b s e r v e d  fo r  t h e  " s h o r t e s t "  h e x a e n e  
(22:6n-3),  all  l o n g e r  n-3 h e x a e n e s  w e r e  a l so  d e c r e a s e d .  
V e r y  l o n g  c h a i n  (n-3) p e n t a e n e s  a n d  {n-6) t e t r a e n e s  w e r e  
l e s s  a f f e c t e d ,  a s  w a s  a l so  t h e  c a s e  fo r  t h e  s h o r t e s t  po ly -  
e n e s  o f  t h e  r e s p e c t i v e  se r i e s ,  s u c h  a s  20:5n-3 a n d  20:4n-6.  
T h i s  f i t s  i n t o  t h e  g e n e r a l  t e n d e n c y  o b s e r v e d  fo r  t h e  
p o l y e n o i c  f a t t y  a c i d s  of  all  r e t i n a l  g l y c e r o p h o s p h o l i p i d s ,  
w h i c h  a re  s u m m a r i z e d  in  T a b l e  4: a) t h e  r a t i o  b e t w e e n  n-3 
a n d  n-6 p o l y e n e s  d e c r e a s e d  w i t h  age ,  n o t  d u e  t o  a n  in- 
c r e a s e  in  n-6,  b u t  t o  a d e c r e a s e  in  n-3 p o l y e n e s ;  b) a m o n g  
n-3 p o l y e n e s ,  t h e  n-3 h e x a e n e / p e n t a e n e  r a t i o  d e c r e a s e d  
w i t h  age ,  d u e  p r i m a r i l y  t o  a d e c r e a s e  in  n-3 h e x a e n e s ;  
c) t h e  a b s o l u t e  a m o u n t s  of  t o t a l  p o l y e n e s  as  we l l  a s  t h e i r  
p e r c e n t a g e s  in  l i p i d s  d e c r e a s e d  w i t h  age ,  s h o w i n g  t h a t  
n o  p o l y e n e  w a s  s y n t h e s i z e d  to  s u b s t i t u t e  fo r  t h e  d e p l e t e d  
22:6; d) t h e  e f f e c t  on  p o l y e n e s  m a i n l y  a c c o u n t e d  fo r  t h e  
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TABLE 4 

Summary of the Effects of Aging on Polyenoic Fatty Acids of Retina Glycerophospholipids 

PC (mol%) EGP (tool%) PS (mol%) PI (mol%) PA (mol%) 

2.5 mo 26.5 mo 2.5 mo 26.5 mo 2.5 mo 26.5 mo 2.5 mo 26.5 mo 2.5 mo 26.5 mo 

Total polyenes 26.0 20.8* 55.8 52.9 59.6 51.9" 51.2 45.0* 38.5 32.1 

n-6 Polyenes 7.3 7.5 14.1 14.9 9.4 8.2* 47.6 41.2" 14.0 20.6 
n-3 Polyenes 18.7 13.3" 41.7 38.0 50.2 43.7* 3.6 3.8 24.5 11.5 
n-3/n-6 Polyenes 2.6 1.8" 3.0 2.6 5.3 5.3 0.1 0.1 1.8 0.6 

n-3 Pentaenes 0.5 0.7 0.9 1.6" 2.7 2.8 0.5 0.9 1.7 0.9 
n-3 Hexaenes 18.2 12.6" 40.8 36.4 47.5 40.9* 3.1 2.9 22.8 10.6 
n-3 Hexa/pentaenes 36.4 18.0" 45.3 22.8* 17.6 14.6" 6.2 3.2 13.4 11.8 

Total polyenes 
(nmol/mg protein) a 20.7 13.7" 32.1 23.6 12.2 8.5* 4.3 3.6 1.1 0.8 

22:6n-3 
(nmol/mg protein) a 13.5 7.8* 23.2 16.0" 9.2 6.4* 0.3 0.2 0.6 0.3 

PC, phosphatidylcholine; EGP, ethanolamine glycerophospholipids; PS, phosphatidylserine; PI, phosphatidylinositol; PA, phosphatidic 
acid. Total polyenes is the sum (mol%) of all polyenes detected in fatty acid composition analyses. The fatty acids were grouped as in- 
dicated to calculate the ratios. *, Significant effects of aging (P < 0.05 or less). 
aAmounts estimated as (nmol fatty acid(s)/nmol lipid) X (nmol lipid/mg protein). 

tendency shown by  the major  phospholipids to decrease 
their concentrat ions in aged ret inas (Table 1), since other 
f a t ty  acids were affected to lower extents.  The incorpora- 
t ion of [1-'4C]docosahexaenoate in re t ina  lipids was then 
studied to determine whether  the age-dependent  defect 
in 22:6 was due to an impairment  of the enzymes involved 
in the turnover  of their  22:6-containing species and was 
compared  to tha t  of [2-3H]glycerol in search for possible 
effects of aging on the de novo synthesis  of such lipids. 

General features of the incorporation of [3H]glycerol and 
[ '4C]docosahexaenoate in retina lipids. After  incubat ing 
ret inas  with these precursors,  the incorporat ion of 
[~4C]22:6 was fas ter  and more efficient than  tha t  of 
[3H]glycerol (Table 5). One of the impor tant  factors deter- 
mining this result  was t ha t  the f a t t y  acid was likely to 
be present  in much  larger concentrat ions in the t issue 
than  glycerol, s imply because it is relat ively more "solu- 
ble" in the retinal lipid membranes  than  in the medium, 
as opposed to the water-soluble precursor.  In the present  
experiments ,  the concentrat ion of free [~C]22:6 in the in- 
cubation medium was indeed higher than  tha t  of glycerol 
(5 vs 0.16 nmol, respectively,  were offered to the tissue). 
To account  for this difference in the concentrat ion of 
precursors,  the amount  of incorporated glycerol was in 
all cases multiplied by  a factor  of 31.25, but  even af ter  
this correction the 14C/3H ratios were always greater  than  
1 (Tables 5-7). Such correction, of course, cannot  level off 
the possible differences in intracellular concentrations at- 
tained (which are ignored) nor the possible differences in 
compar tmenta t ion .  

The incorporat ion of [~H]glycerol into ra t  re t ina  lipids 
followed the general routes  th rough  which the de novo 
synthesis  of glycerol-containing lipids occurs in mos t  
ve r t eb ra te  tissues. Thus,  a t  early incubation t imes (10 
min), phospha t ida te  was the lipid concentra t ing mos t  of 
the label, followed by  diacylglycerols and phosphat idyl-  
inositol (PI) (Table 6). While PI  rapidly attained a plateau, 
the synthesis  of PC continued throughout  the incubation 
interval, this lipid being the predominant  product  at  long 

~~ PA 

'~ o] ' ' 

o 2o ~'o 

Pl PS EGP PCf,,/~ DG T6 

Pl PS EGP ~ DO TG 

zo ~o zo ~o 2o ~o 20 4o 2o ~o 2o 4o 
incubation time (rain) 

FIG. 1. Comparison of the time-course of the distribution of [3H]- 
glycerol and [14C]docosahexaenoate among lipids of control (circles) 
and aged (triangles) retinas. Results are percentages of the total in- 
corporated activity in each case, calculated from the mean values 
in Tables 5 and 6. PA, phosphatidic acid; PI, phosphatidylinositol; 
PS, phosphatidylserine; EGP, ethanolamine glycerophospholipids; 
DG, diacylglycerols; TG, triacylglycerois. 

incubation times. Most  of the difference in to ta l  [3H]- 
glycerol incorporated between 20- and 50-min incubations 
(Table 5) was accounted for by the labeling of PC {Table 6). 
The relat ionships between the various lipids are readily 
apparent  when represented on a relative basis (Fig. 1). The 
contr ibut ion of phospha t ida te  and diacylglycerols to the 
to ta l  label in lipids decreased with time, in favor  of the 
final products .  

A large proport ion of the to ta l  free ['4C]22:6 added to 
the media was recovered in the {comparatively very small 
volume of) t issue af ter  incubations (Table 5). The esteri- 
fication of free 22:6 by  the ret ina was highly efficient, as 
indicated by  the fact  tha t  a large proport ion of the to ta l  
label in the tissue was recovered in lipids (Table 5). In  con- 
t r a s t  to the redis t r ibut ions observed for the [3HI label 
among  lipids (Fig. 1), [14C]22:6 was predominant ly  incor- 
pora ted  in PC at  all incubation t imes analyzed (40-50% 
of the esterified label). This indicates t ha t  mos t  of the 
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TABLE 5 

Effect of Aging on the In Vitro Incorporation of [1-14ClDocosahexaenoate and [2-3H]Glycerol in Rat Retinal Lipids 

[1-'~C]Docosahexaenoate 
Incubat ion 
time (rain) Free Esterified Total ['4C]22:6a Esterified/free [2-~H]Glycerol "CPHb 

Control ra ts  10 952 • 125 45 • 20 0.05 9 • 1 5.0 
20 914 • 135 205 • 15 1038 • 70 0.22 78 • 8 2.6 
50 769 • 202 229 • 20 0.29 106 • 8 2.2 

Aged ra ts  10 972 • 100 117 • 11 0.12 20 • 7 5.9 
20 746 • 120 352 • 13 1087 • 12 0.47 79 • 17 3.3 
50 7 0 7 •  174 369 • 26 0.52 110 • 14 3.3 

The incorporations are expressed as pmol ['4C]22:6 or [3H]glycerol in lipids/mg of retinal protein (mean values • S.D. from 3 samples, 
each containing the two ret inas  of a rat). Control and aged ret inas were 2.5 and 26.5 months  old, respectively. The ret inas were incubated 
for the specified intervals  with  bo th  precursors, added simultaneously. The amount  of incorporated [2-~H]glycerol was multiplied by a 
factor of 31.25 to account for the  difference in the  amounts  of I14C]22:6 and ~3H]glycerol added to the incubation media (5 and 0.16 nmol, 
respectively). 
aFree + esterified. 
bEsterified [1-14C]docosahexaenoate/[2-3H ]glycerol. 

TABLE 6 

Labeling of Retina Lipids by [2-3H]Glycerol and [1-'4C]Docosahexaenoate 

[2-3H]Glycerol [1-'4C]Docosahexaenoate 

10 min 20 rain 50 min 10 min 20 min 50 rain 

Control ra ts  
Phosphatidylcholine 1.1 -+ 0.1 19.2 ___ 1.6 43.2 __ 3.7 17.3 • 0.9 92.3 -- 10.9 109.2 __- 1.3 
Ethanolamine glycerophospholipids 0.7 • 0.1 9.4 • 0.5 17.2 _+ 3.7 8.4 __ 1.0 41.2 • 3.0 43.2 __- 3.2 
Phosphatidylserine 0.5 • 0.5 7.1 • 3.3 10.2 • 1.1 2.9 __ 0.9 13.7 _+ 5.7 25.5 _+ 3.0 

Phosphatidylinosi tol  1.3 ___ 0.5 7.8 _+ 2.8 9.1 _ 0.4 3.1 _+ 1.7 12.5 • 2.3 14.6 ___ 4.8 
Phosphat idic  acid 2.7 • 0.2 17.0 • 2.9 15.3 __ 2.0 7.5 + 1.0 27.7 -- 8.8 26.8 • 4.1 

Diacylglycerols 2.2 • 0.6 14.9 ___ 0.1 8.5 __ 0.6 4.2 • 3.1 12.3 ___ 0.6 7.1 __- 0.4 
Triacylglycerols 1.0 • 1.0 3.2 • 1.2 2.8 _+ 2.6 1.9 -- 0.6 5.1 - 2.3 2.7 • 2.3 

PC/EGP ratio 1.5 • 0.1 2.0 __ 0.5 2.5 __ 0.8 2.1 • 0.3 2.3 -- 0.3 2.5 __- 0.2 

Aged ra ts  
Phosphatidylcholine 3.6 -- 0.2 24.1 • 0.7 41.5 • 0.4 47.7 • 4.5 164.5 • 20.4 182.4 • 4.4 
Ethanolamine glycerophospholipids 0.9 --- 0.2 7.1 • 0.1 12.0 • 0.8 12.0 + 4.0 52.8 • 7.8 52.8 • 4.3 
Phosphatidylserine 2.8 • 0.1 10.0 __ 2.0 14.5 • 2.3 10.4 __ 0.9 37.7 • 7.4 40.2 • 9.2 

Phosphatidyl inosi tol  2.7 • 0.8 8.3 __ 2.5 8.8 • 2.1 10.6 -- 3.4 18.7 • 2.5 14.0 __- 4.4 
Phosphat idic  acid 5.6 • 0.4 11.6 • 2.9 13.4 • 2.3 15.1 __ 1.0 38.8 • 6.0 35.0 +_ 2.2 

Diacylglycerols 2.9 + 1.2 10.9 • 0.4 13.0 • 3.6 12.2 • 4.8 20.1 + 6.0 22.8 + 8.8 
Triacylglycerols 1.5 --- 1.1 4.8 • 4.7 7.1 __ 3.6 6.8 + 6.9 20.1 • 21.0 21.7 __- 13.6 

PC/EGP ratio 3.9 +- 0.5 3.4 _+ 0.03 3.5 +_ 0.5 4.0 -'!- 1.8 3.2 • 0.8 3.1 +_ 0.2 

Lipids labeled in the re t ina with bo th  radioactive precursors were separated by thin layer chromatography.  The figures represent  the 
incorporation into each lipid class {pmol/mg retinal protein}. Details as in Table 5. 

a v a i l a b l e  22 :6  w a s  i n c o r p o r a t e d  d i r e c t l y  i n t o  p r e e x i s t i n g  
P C  m o l e c u l e s  t h r o u g h  a c y l  e x c h a n g e  r e a c t i o n s ,  r a t h e r  
t h a n  t h r o u g h  t h e  s l o w e r  n e o b i o s y n t h e t i c  r e a c t i o n s .  H o w -  
e v e r ,  l a b e l  f r o m  t h e  f a t t y  a c i d  w a s  i n  a l l  g l y c e r o l i p i d s ,  in-  
c l u d i n g  p h o s p h a t i d a t e  {PA) a n d  d i a c y l g l y c e r o l ,  f o r  p a r t  
o f  t h e  l a b e l  i n  m a j o r  p h o s p h o l i p i d s ,  p a r t i c u l a r l y  a t  l o n g  
i n c u b a t i o n  t i m e s ,  m a y  b e  c o n t r i b u t e d  b y  { the  i n c o r p o r a -  
t i o n  of} t h e s e  l a b e l e d  i n t e r m e d i a t e s .  T h e  s p e c i f i c  r a d i o -  

a c t i v i t y  o f  P A  w a s  t h e  h i g h e s t  a m o n g  p h o s p h o l i p i d s  w i t h  
e i t h e r  g l y c e r o l  o r  22 :6  {Tab le  7), w h i c h  s u p p o r t s  t h i s  
p o s s i b i l i t y .  

T h e  d i f f e r e n c e s  in  r a t e s  of  i n c o r p o r a t i o n  of  b o t h  p r e c u r -  
s o r s  b e c o m e  e v e n  l a r g e r  i n  f a v o r  of  22 :6  i f  o n e  t a k e s  i n t o  

a c c o u n t  t h a t  w h i l e  [ ~ H ] g l y c e r o l  i s  i n t r o d u c e d  in  t h e  
s k e l e t o n  of  a l l  k i n d s  of  l i p i d  m o l e c u l a r  s p e c i e s  f r o m  
d i s a t u r a t e d  t o  d i p o l y u n s a t u r a t e d / 9 } ,  [14C]22:6 o n l y  l a b e l s  
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TABLE 7 

Aging Effects on Average Specific Radioactivities of Retina Glycerophospholipids 

[2-3H]Glycerol [1-1'C]Docosahexaenoate [1-14C]Docosahexaenoate 
Incubation 
time(rain) PC a EGP PS PI PA PC EGP PS PI PA PC EGP PS PIX10 -~ PA• -3 

(fmol ~H or l~C/nmol lipid p)b (fraol [14C]22:6/nmol 22:6) c 

Contr~ rats 10 7 6 12 78 474 109 73 171 185 1316 320 90 80 3.0 3.0 
20 121 82 174 470 2980 608 360 335 750 4860 1790 450 370 12.1 11.0 
50 272 149 250 545 2680 720 374 625 870 4700 2120 465 690 14.0 10.6 

Aged rats 10 27 10 85 167 1077 362 134 317 650 2904 1520 185 405 11.2 14.1 
20 185 80 305 512 2230 1250 593 1150 1150 7460 5250 825 1465 19.9 36.2 
50 315 135 442 543 2580 1500 660 1225 864 6730 6300 915 1560 14.9 32.7 

Agedrats/ 10 3.9 1.7 7.0 2.1 2.3 3.3 1.8 4.5 3.5 2.2 4.8 2.1 5.0 3.7 4.7 
con~olrats 20 1.5 1.0 1.8 1.1 0.7 2.1 1.6 3.4 1.5 1.5 2.9 1.8 2.3 1.6 3.3 

50 1.2 0.9 1.8 1.0 1.0 2.1 1.8 2.0 1.0 1.4 3.0 2.0 2.3 1.1 3.1 

apc, phosphatidylcholine; EGP, ethanolamine glycerophospholipids; PS, phosphatidylserine; PI, phosphatidylinositol; PA, phosphatidic acid. 
bThe specific radioactivity of each lipid class was calculated as (fmol 3H or 14C in lipid/mg protein)/(amount of lipid/mg protein). 
cSpecific radioactivities of 22:6-containing species within each lipid class, calculated as (fmol ['4C]22:6/nmol lipid [fmol 3H or 14C in lipid/rag 
protein])/(nmol of 22:6/nmol lipid). 

the 22:6-containing species of each retinal lipid (namely 
hexaenoic and dipolyunsaturated species [10]). The high- 
est  specific radioactivit ies,  whether  expressed per mole 
of lipid or per mole of 22:6 in lipid {Table 7), were at tained 
by  PA and P I  with bo th  precursors.  Among  the three 
major  membrane  phospholipids (PC, E G P  and PS), the 
highest turnover rates of 22:6 (i.e., the exchange of labeled 
for unlabeled f a t ty  acid} were a t ta ined by  docosahexa- 
enoat~containing species of PC. This is noteworthy, since 
bo th  PS and E G P  are richer in 22:6 than  PC {Table 2). 

Effects of aging on retinal lipid labeling with [3HI- 
glycerol and [~'C]22:6. In  the presence of equal amounts  
of free [~4C]22:6, re t inas  f rom aged ra t s  incorporated 
about  twice as much f a t ty  acid in their  lipids than  those 
f rom young animals (Table 5). The labeling of all lipids 
by  the f a t ty  acid was s t imulated {Tables 6 and 7), bu t  PC 
and PS showed the largest  increases in relation to other 
lipids (Fig. 1). 

The incorporat ion of [3H]glycerol was much  less af- 
fected by  aging than  tha t  of [~'C]22:6 (Table 5). No signifi- 
cant  differences were observed in the total  glycerol incor- 
pora ted  after  20- and 50-min incubation, even though a 
s t imulat ion was apparen t  at  short  incubation t imes (10 
min). This may  have been provoked by  the presence of 
unesterif ied [1"C]22:6 in the t issue since, coincidentally, 
the lipids whose labeling with [3H]glycerol was mos t  
s t imula ted  {especially early on) were also PC and PS 
(Table 6, Fig. 1). Of the two zwitterionic phospholipids,  
synthesis of PC was relatively more st imulated than  tha t  
of E G P  (see the PC/EGP rat ios  in Table 6). Similarly, of 
the two acidic phospholipids, labeling of PS increased 
more than  tha t  of PI  (note tha t  the labeled PS/PI  rat ios  
were 0.4, 0.9 and 1.1 for controls and 1.0, 1.2 and 1.6 for 
aged retinas after 10-, 20- and 50-rain incubations, respec- 
tively, with glycerol}. Such changes were not  due to a 
depressed synthesis  of E G P  or P I  (Tables 6 and 7) but  
to a relat ively fas ter  format ion of PC and PS. 

The specific radioactivi t ies  of [l~C]22:6-1abeled lipids 
were in all cases larger in the ret inas  f rom the aged ra t  

group {Table 7). The selective st imulat ion of the turnover  
of 22:6 in PC and PS became even more apparen t  when 
the specific radioact ivi t ies  were expressed as fmol [14C]- 
22:6 incorporated per mole of 22:6 in each lipid {Table 7), 
since the la t ter  tended to decrease in all lipids of aged 
ret inas (Table 2) but  especially in these two phospholipid 
classes. 

DISCUSSION 

A marked  decrease in the levels of 22:6n-3 along with 
other polyenoic f a t ty  acids occurs in the glycerophospho- 
lipids of re t ina as a consequence of aging {Table 4). The 
phospholipids containing the largest  percentages  of 
docosahexaenoate  (PC, E G P  and PS) are those tha t  ex- 
hibit  the largest  quant i ta t ive  decreases of this f a t ty  acid 
{Tables 2-4}. This is apparent ly  not  compensa ted  by  in- 
creases in other f a t t y  acids and is manifes ted  in the 
tendency these phospholipids show to decrease their con- 
centra t ions  when they  are expressed as nmol lipid/mg of 
retinal protein (Table 1). Phospholipids like P I  and DPG,  
which contain much lower levels of 22:6 and other n-3 
polyenoic f a t t y  acids, are vir tual ly  unchanged,  as is also 
the case with Sph (Table 1), which does not  contain any 
polyenes. I t  is apparen t  t ha t  aging decreases the ability 
of retina to make 22:6-containing species of phospholipids. 
When retinas are incubated with [1-14C]docosahexaenoate, 
however, it is observed tha t  the esterif ication of the fat- 
ty  acid into lipids is markedly  s t imulated with aging 
{Table 5). The lipids whose labeling is mos t  s t imulated 
are PC and PS {Tables 6 and 7), precisely the classes 
undergoing the larges t  decreases in 22:6n-3, as well as in 
longer n-3 hexaenoic f a t ty  acids {Tables 2 and 3). 

The incorporat ion of [3H]glycerol and [14C]22:6 into 
lipids shows tha t  the de novo biosynthet ic  machinery as 
well as the enzymat ic  mechanisms involved in the turn- 
over of 22:6 in preexist ing phospholipid molecules are not 
responsible for the observed decreases in docosahex- 
aenoate. On the contrary,  aged ret inas  seem to work as 
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though they were more "avid" for 22:6 than their younger 
counterparts (Tables 5-7), i.e., as though they had devel- 
oped a higher affinity for the fatty acid. The results allow 
us to conclude that the levels of 22:6-containing species 
of lipids are decreased during aging simply because there 
is less 22:6 available in the retina, since when the fat ty 
acid is provided such enzymes work to attain, and even 
surpass, their fullest capacity. 

That the decrease of 22:6 in lipids is not due to phos- 
pholipase As activation during aging is supported by the 
fact that the levels of free fatty acids did not differ be- 
tween young and aged retinas. The total free fat ty acid 
pool size in the retinas whose composition is shown in 
Tables 1 and 2 was 16.2 _+ 3.1 and 17.9 ___ 3.7 nmol/mg 
of protein, respectively, of which only 1.8 __+ 0.2% and 
2.3 +_ 1.1% was 22:6n-3, and 4.3 ___ 1.4% and 1.7 _+ 0.4% 
was 20:4n-6, respectively (mol% of the total unesterified 
fat ty acids). Even when these are not strictly "endoge- 
nous" levels and percentages of free fatty acids, since 
these are known to be quickly released from excitable 
tissue lipids due to postdecapitation ischemia (ll), no 
significant effect of age was observed, i.e., no accumula- 
tion of polyunsaturated fatty acids occurs in aged retinas, 
which may account for the decreases observed in phos- 
pholipids. Therefore, neither the synthetic nor the degra- 
dative processes of phospholipids themselves are respon- 
sible for the decreased levels of polyenoic fat ty acids 
displayed in their composition. 

There are at least two possibilities to explain the de- 
creased levels of polyenoic fatty acids in lipids of aged 
retinas: either they are destroyed at higher rates, or they 
are synthesized less efficiently. Concerning the first alter- 
native, reactions leading to the formation of several 
peroxidation products and free radicals from polyun- 
saturated fat ty acids may be involved. In fact, these 
deleterious products do accumulate in senescent tissues, 
and a debilitation of the defense mechanisms of cells to 
dispose of them has been proposed to be an important 
factor contributing to the process of aging (12-14). The 
susceptibility of lipids to peroxidation runs parallel to 
their content in polyenoic fatty acids, which makes brain, 
and especially retina, lipids particularly prone to such 
damaging reactions. Docosahexaenoate is highly labile, 
since the larger the number of double bonds, the larger 
the number of possible hydroperoxides that may be pro- 
duced, and the greater the rate constants of the reactions 
leading to free radical formation (15). Products of lipid 
peroxidation in turn may react with many cell molecules 
(13,16), giving rise to lipid-lipid, lipid-protein and protein- 
protein crosslinking. Such crosslinked products may con- 
tribute to the decrease in fluidity observed in many cell 
membranes during aging (17,18}. Interestingly, the micr(~ 
viscosity of synaptosomal cortex membranes increases 
with age, the increase being higher for the hydrophobic 
than the hydrophilic region of the membrane, which sup- 
ports this possibility (19}. It is obvious at present that 
many chemical processes of completely differing natures 
may contribute during aging, with effects that  are all 
translated as a change in this bulk physical property of 
membranes, including increases in cholesterol content, 
decreases in unsaturated fat ty acids, alterations in 
phospholipid headgroup ratios, formation of crosslinked 
products and others. 

Concerning the second possibility, i.e., that decreased 

levels of polyenoic fatty acids in retinal lipids may result 
from a decreased rate of synthesis of these highly un- 
saturated acyl moieties, two possibilities may be con- 
sidered: first, that the enzymes that synthesize them 
(from essential fatty acids of the n-3 and n-6 series) work 
normally, but lower amounts of such precursors are 
available, and second, that such precursors are available, 
but some of the enzymatic steps involved in their further 
conversions are impaired. It is well established that 
the synthesis of 22:6n-3 follows the route 18:3n-3 
18:4n-3 ~ 20:4n-3s 20:5n-3 ~ 22:5n-3~ 22:6n-3. Simi- 
larly, the synthesis of 22:5n-6 follows the route 18:2n-6 

18:3n-6 ~ 20:3n-6 ~ 20:4n-6 ~ 22:4n-6 ~ 22:5n-6. 
Steps 1, 2 and 3 are catalyzed by A6, As and A4 desaturase 
systems, respectively, the other reactions being elonga- 
tions. Much more is known on the regulation of & and 
A5 than of s desaturases (20}, but there is strong evidence 
that the desaturations rather than the elongations are 
rate-limiting steps in the sequences (21,22}. 

[1-'4C]20:5n-3 is readily transformed into ['4C]22:5n-3 
and this into ['"C]22:6n-3 in the retina in vivo a few 
minutes after the injection of the precursor into the eye 
(23). This indicates that the retina does not rely on other 
organs (e.g., the liver} for the supply of 22:6, but is able 
to synthesize its own 22:6 from other (n-3} fat ty acids 
(which, of course, must be available}. The levels of n-3 pen- 
taenes in retina lipids were much less affected by aging 
than n-3 hexaenes (Table 4), indicating that there was no 
defect in the availability of essential n-3 fatty acid precur- 
sors like 18:3n-3. Moreover, there is an important differ- 
ence between the effect of aging shown here and that of 
essential fatty acid deficiency (24}. Thus, during 18:2n-6 
deficiency, 20:4n-6 is decreased in tissue lipids, but re- 
placed by 20:3n-9 (made from oleate). During 18:3n-3 defi- 
ciency, 22:6n-3 decreases in lipids, being replaced by 
22:5n-6 (made from linoleate). None of these compen- 
satory mechanisms was observed in the aged retina. 
Moreover, the retina is known for the tenacity with which 
it holds 22:6 in its lipids, since generations of n-3 fatty 
acid precursor-deficient diets must elapse before a signifi- 
cant decrease of 22:6 can be observed in retina, as opposed 
to the rapid "adaptation" of liver, kidney and brain (25, 
26). When the deficiency is eventually achieved, however 
(after at least two generations}, the decreased 22:6n-3 is 
quantitatively replaced by 22:5n-6 (26-28}. This is not the 
case with the aged retina, where both 22:6n-3 and 22:5n-6 
decrease (Tables 2 and 3). It is quite coincidental that the 
two fatty acids whose synthesis is catalyzed by A, 
desaturase are the ones that undergo the most significant 
and consistent decreases, as illustrated in Table 8 by the 
ratios between the amounts (in nmol/mg protein} present 
in aged vs control retinas, as calculated from the data in 
Tables 1 and 2. This strongly suggests that, rather than 
a decreased availability of 18:3n-3 (and 18:2n-6) in the 
retina, an impairment of the/~ desaturase system is prob- 
ably responsible for the decreased levels of 22:6n-3 (and 
22:5n-6) observed in retina lipids as a consequence of 
aging. 

It is noteworthy that, in addition to 22:6n-3, other n-3 
hexaenoic fat ty acids are also decreased in aged retinas. 
This is clearly evident for PS (24:6n-3, Table 2) and for 
PC (Table 3), which contains a whole series of polyenoic 
fatty acids ranging from 24 to 36 carbons. The very long 
chain polyenes of PC fit into the general tendency observed 
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TABLE 8 

Ratios Between Amounts {in nmol/mg Protein} of Fatty Acids 
in Aged vs Control Retinas (Calculated from Data in Tables I and 2) 

PC EGP PS PI 

20:4n-6 0.9 0.9 1.0 0.8 
22:4n-6 1.0 0.7 0.6 1.0 
22:5n-6 0.4 0.3 0.2 <0.1 
20:5n-3 4.1 1.5 0.8 1.5 
22:5n-3 1.2 1.1 0.9 >1.6 
22:6n-3 0.6 0.7 0.7 0.9 

PC, phosphatidylcholine; EGP, ethanolamine glycerophospholipids; 
PS, phosphatidylserine; PI, phosphatidylinositol. 

for other polyenes, namely, tha t  n-3 hexaenes (as 22:6n-3) 
decrease, and tha t  they  do so to a larger extent  than  n-3 
pentaenes (as 20:5 and 22:5n-3) and n-6 te t raenes {as 20:4 
or 22:4n-6). Very long chain tetraenes of ver tebra te  ret ina 
belong to the n-6 series and hexaenes to the n-3 series, 
and there are very  long chain pentaenes  f rom both  the 
n-3 and n-6 families (2,3}. The la t ter  are in negligible 
amounts  in ra t  re t ina but  occur in larger proport ions  in 
rabb i t  and chicken re t ina  PC (2). In  chickens, it was  
observed tha t  very  long chain (n-6) pentaenes  increase 
while very  long chain In-3) hexaenes decrease under 
die tary  conditions t ha t  lead to an increased 22:5n-6/ 
22:6n-3 rat io  (2). The concomitant  decrease of very  long 
chain hexaenes and 22:6 observed here in ra t  re t ina  PC 
is consis tent  with the idea tha t  less 22:6 is produced 
during aging, since the impact  is felt in the " s h o r t e s t "  
hexaene as well as in the subsequent ly  longer hexaenes 
t ha t  are synthesized by  successive elongations of 22:6 
(Rotstein, N.P., and Aveldafio, M.I., unpublished work). 
This fits into what  is known on the synthesis of polyenoic 
f a t ty  acids, i.e., t ha t  the rate-l imiting s teps are those 
cata lyzed by  desaturases ,  ra ther  than  those involving 
elongations, which mainly  depend on the  avai labi l i ty of 
the respect ive precursors  (21), in this case 22:6. I f  the 
decrease in polyenes were exclusively due to increased 
ra tes  of peroxidat ion dur ing aging, one would probably  
not  observe such t rends  of selectivity toward hexaenes 
and, especially, there would be no apparen t  reason for a 
decrease in 22:5n-6 much larger than tha t  of 22:5n-3, since 
bo th  f a t t y  acids have  identical number  of carbons and 
double bonds. 

I t  is evident  f rom the ["C]22:6 incorporat ion ex- 
per iments  t ha t  if docosahexaenoate  is available, it is ef- 
ficiently t aken  up by  the aged retina, and it is mos t  ac- 
t ively introduced into the phospholipid classes tha t  show 
the larges t  decreases, not  only of 22:6n-3 bu t  of longer 
n-3 hexaenes. These observat ions  are interest ing f rom a 
functional point  of view, since there is evidence t ha t  n-3 
polyunsa tura ted  f a t ty  acids are necessary for the normal  
electrical response in visual  excitation. Thus,  a decrease 
of ret ina 22:6n-3 at tained by  dietary manipulation results 
in a change of the component  of the e lec t ro re t inogram 
tha t  is generated by  photoreceptors  (27). Docosahex- 
aenoate  (27) as well as very  long chain polyenoic f a t ty  

acids (2) are highly concent ra ted  in the lipids of 
photoreceptor  membranes .  Therefore, a decrease in these 
f a t ty  acids, which is observed even when the lipids of the 
entire ret ina are analyzed, mus t  p lay an impor tan t  role 
among  the causes of vision impairment ,  which a lmost  in- 
var iably  accompanies senescence. The avidness with 
which aged ret inas  incorporate  [14C]22:6 in their  22:6- 
depleted lipids sugges ts  the excit ing possibil i ty tha t  an 
adequate  supply of this f a t ty  acid in the diet {rather than  
of its precursors) might  help prevent ,  or a t  least  delay, 
one of the m a n y  biochemical a l terat ions t ha t  set  in with 
aging. 
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Calmodulin Antagonists Suppress Cholesterol Synthesis 
by Inhibiting Sterol h 24 R e d u c t a s e  
Ivan Filipovic* and |ckhar t  Buddecke 
Institute of Physiological Chemistry, University of Muenster, Waldeyerstrasse 15, D-44OO Muenster, Federal Republic of Germany 

Preincubation of hepatoma cells and human skin fibro- 
blasts in the presence of the calmodulin antagonists 
trifluoperazine and N-(6-aminohexyl)-5-chlor(~l-naphtha- 
lene sulfonamide resulted in a dose-dependent suppres- 
sion of [14C]mevalonolactone incorporation into choles- 
terol. At a calmodulin antagonist concentration of 25 
~mol, the incorporation of [~4C]mevalonolactone into cel- 
lular cholesterol was suppressed to about 30% (hepatoma 
cells) and 10% (human skin fibroblasts) of control values. 
When the total nonsaponifiable [~4C]lipids were separated 
and analyzed by two-dimensional thin layer chromatog- 
raphy, an accumulation of [~4C]desmosterol was observed 
along with reduced formation of [~4C]cholesterol. How- 
ever, when cells were preincuhated in the presence of 
[~4C]dihydrolanosterol, [~4C]cholesterol formation was not 
inhibited by the calmodulin antagonists. About 25% of 
the cell-associated dihydrolanosterol radioactivity was 
converted to cholesterol in both control and calmodulin 
antagonist-pretreated cells. The data suggest that cal- 
modulin antagonists prevent the conversion of desmo- 
sterol into cholesterol by inhibiting sterol h 24 reductase 
and that the enzymes catalyzing sterol ring modifications 
are not affected by the inhibitors. 
Lipids 22, 261-265 (1987). 

Inhibitors of cholesterol biosynthesis are valuable tools 
for studying the regulation of cholesterol metabolism in 
cultured ceils. Compactin (1), 3/3- [2-(diethylamino)ethoxyl]- 
androst-5-en-17-one hydrochloride (U18666 A) (2,3), 
4, 4,10[~-trimethyl-trans-decal-3[~-ol (TMD)(4) and 1-[p-(f~- 
diethylaminoethoxy)-phenyl]-l-(p-tolyl)-2-(p-chlorophenyl)- 
ethanol (MER 29, Triparanol) (5) have been found to in- 
hibit cholesterol biosynthesis by acting at the level of 
3-hydroxy-methylglutaryl coenzyme A (HMG CoA; EC 
1.1.1.34) reductase (1-3), 2,3-oxidosqualene cyclase (EC 
5.4.99.7) (2,4) and sterol h 24 reductase (desmosterol reduc- 
tase, EC 1.3.1.?) (5), respectively. The results obtained 
with these inhibitors suggest that oxysterols derived from 
squalene 2,3:22,23 dioxide may also act as physiological 
regulators of HMG CoA reductase (3). 

Recently, the specific calmodulin antagonists N-(6- 
aminohexyl)-5-chloro-l-naphthalene sulfonamide (W-7) 
and trifluoperazine have been shown to suppress the cho- 
lesterol synthesis in human skin fibroblasts. A concomi- 
tant stimulation of low density lipoprotein receptor syn- 
thesis was found to be an independent effect (6). The pres- 
ent investigation describes the inhibitory effect of the 
calmodulln antagonists W-7 and trifluoperazine on the 
cholesterol synthesis in hepatoma cells and human skin 
fibroblasts. An analysis of the intermediates of choles- 
terol synthesis accumulated under the influence of cal- 
modulln antagonists gives evidence for a preferential in- 
hibition of the conversion of desmosterol to cholesterol 
by blocking sterol h ~4 reductase. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

W-7 was obtained from Seikagaku Kogyo Co. (Tokyo, 
Japan). Trifluoperazine was purchased from Sigma (Tauf- 
kitchen, Federal Republic of Germany). 25-Hydroxycho- 
lesterol was obtained from Steraloids Inc. (Wilton, New 
Hampshire). Lanosterol, cholesterol, squalene and desmo- 
sterol were products of Sigma. Lanosterol was purified 
from contaminating dihydrolanosterol according to ref. 8. 
[2-x4C]Mevalonic acid lactone and [26,27JH]25-hydroxy- 
cholesterol were purchased from NEN (Dreieich, Federal 
Republic of Germany). All other chemicals and organic 
solvents were from reputable sources and of analytical 
grade. 

Squalene-2,3-oxide and squalene-2,3:22,23-dioxide were 
synthesized according to Chang et al. (4) and Field and 
Holmlund (7). ['4C]Dihydrolanosterol was synthesized en- 
zymatically from ['4C]mevalonolactone according to the 
procedure described by Gibbons and Mitropoulos (8). 
Products of synthesis were acetylated and purified by 
thin layer chromatography (TLC) on silver nitrate-im- 
pregnated silica gel plates and visualized by radiofluorog- 
raphy. Acetyldihydrolanosterol was saponified, and the 
resulting dihydrolanosterol was extracted with hexane 
and purified by TLC. [~H]Desmosterol was synthesized 
from [3H]25-hydroxycholesterol according to the method 
of Svoboda and Thompson (9). 

Cells. Human fibroblasts from skin explants of healthy 
donors were cultured as described elsewhere (6). Hepa- 
toma cell line HepG2 was a gift of A. Schwarz, Depart- 
ment of Pediatrics, Harvard University (Boston, Massa- 
chusetts). Cells were grown in minimal essential medium 
supplemented with essential amino acids and 10-20% 
fetal calf serum. All experiments were performed with 
cells grown to confluency (2.5-3.0 X 106 cells/25 cm 2 
flask). 

Incubation conditions. Cells were preincubated for 24 
hr in lipoprotein-deficient medium and 12 hr in the pres- 
ence of the calmodulin antagonists prior to the addition 
of the radioactive metabolic precursors [~4C]mevalono- 
lactone or [14C]dihydrolanosterol in absolute alcohol (0.1% 
by vol). The incubation was stopped by extensive wash- 
ing of cell layers with ice-cold buffered saline. Ceils were 
scraped from the culture vessels with a rubber policeman 
and harvested by centrifugation. 

Total lipids were obtained by three cycles of vortexing 
the cells in chloroform/methanol (2:1, v/v), extracted for 
8 hr and saponified at 80 C for 30 rain with 1 M KOH 
in methanol/benzene (4:1, v/v). Water was added, and the 
nonsaponifiable lipids were extracted with hexane. The 
solvent was evaporated using a stream of N2. Lipids were 
solubflized in small volumes of chloroform/methanol (2:1, 
v/v) and submitted to two-dimensional TLC as described 
by Sexton et al. (2). Radioactive lipid (-containing) spots 
were visualized by radiofluorography, scraped into vials 
containing scintillation fluid and counted for radioactiv- 
ity. When individual lipid fractions were further analyzed 
by TLC, the radioactive spots were scraped into vials 

LIPIDS, Vol. 22, No. 4 (1987) 



262 

I. FILIPOVIC AND E. BUDDECKE 

containing chloroform/methanol (2:1, v/v) and extracted. 
Synthetic products were tentatively identified by cochro- 
matography using known nonradioactive reference sub- 
stances. The positions of the lipids were ascertained by 
radiofluorography followed by spraying the plates with 
concentrated sulfuric acid and incubation at 120 C. To 
establish unequivocally the identity of individual sterol 
fractions, the radioactive lipids were acetylated 18) and 
cochromatographed together with correspondingly acety- 
lated reference substances on 10% silver nitrate-impreg- 
nated silica gel plates in hexane/benzene (50:50, v/v). 

In vitro assay of  sterol h 24 reductase. Microsomes and 
postmicrosomal fractions were prepared from rat liver 
homogenates according to the method described by 
Dempsey (10). Microsomal pellets were washed twice with 
0.1 M potassium phosphate buffer, pH 7.3, and recen- 
trifuged for 30 min at 105,000 • g. Incubation mixtures 
contained 1 ml of microsomes (about 10 mg protein} 
suspended in 0.1 M potassium phosphate buffer, pH 8.3, 
2.5 ml (18 mg/ml) of 105,000 X g supernatant and 85 X 
103 cpm (1.5 ~g) of [3H]desmosterol in 150 ~1 of propylene 
glycol. Following the addition of 1 ~l/ml of 25 mM 
trifluoperazine or W-7 in dimethylsulfoxide (1 ~l/ml), the 
mixture was incubated for 15 min at 37 C. The enzymatic 
reaction was started by adding NADPH in a small 
volume of incubation buffer to a final concentration of 
0.45 mM. The incubation was terminated after 2 hr by 
adding 15 ml chloroform/methanol (2:1, v/v) and extrac- 
tion of lipids. The extraction procedure was repeated three 
times. The lipid extracts were pooled and the organic 
solvents were evaporated under vacuum. The total lipids 
were acetylated (8) and extracted in hexane, and aliquots 
were submitted to separation on 10% silver nitrate- 
impregnated silica gel plates in hexane/benzene (50:50, 
v/v). Radioactive spots were visualized by radiofluorog- 
raphy, scraped into scintillation fluid-containing vials 
and counted for radioactivity. 

RESULTS 

Calmodulin antagonists  W-7 and trifluoperazine preven t  
conversion of  desmosterol to cholesterol. Hepatoma cells 
incorporated ~4C radioactivity from [2-'4C]mevalonic acid 
lactone during a 6-hr pulse period preferentially into 
cholesterol. Intermediates of cholesterol synthesis (lano- 
sterol, dihydrolanosterol and desmosterol) were detect- 
able as minor components, which were, however, con- 
verted to cholesterol during an 18-hr chase period 
(Fig. 1A). 

Preincubation of the cells in 25 ~M W-7 or trifluo- 
perazine led to an accumulation of [~C]desmosterol {spot 
no. 6 of Figs. 1B and 1C). In addition, squalene 2,3-oxide 
and 2,3:22,23 squalene dioxide, an oxygenated by-product 
of sterol synthesis, accumulated within nonsaponifiable 
lipids. In a pulse-chase experiment, W-7 and trifluo- 
perazine partially or almost completely prevented the con- 
version of desmosterol to cholesterol {Figs. 1B and 1C). 

Desmosterol and cholesterol {spot numbers 6 and 5 of 
Fig. 1) were identified as acetyl derivatives. To do this, 
spots 6 and 5 were recovered from TLC plates, acetylated 
with acetic anhydride and cocrystallized with authentic 
acetyl derivatives of cholesterol and desmosterol in 
various solvent systems. In all systems, radioactive, 
acetylated material from the spots cochromatographed 

FIG. I. Effect  of N-(f~aminohexyl)-5-chloro-l-naphthalene sulfon- 
amide (W-7) and trifluoperazine on sterol synthesis  in HepG2 cells. 
Cells were preineubated for 12 hr in the presence of 25 ~M W-7 or 
trifluoperazine prior to addition of 5 ~Ci/ml of [2-14C]mevalonolac - 
tone, and the incubation continued for 6 hr. In pulse-chase ex- 
periments the incubation in the presence of the radioactivity was 
terminated after 3 hr by discarding the radioactive medium. Cell 
layers were washed three t imes with fresh nonradioactive medium 
and then maintained for 18 hr either in the presence or absence of 
the indicated concentrations of the calmodulin antagonists.  Total  
lipids of harvested cells were extracted with chloroform/methanol 
{2:1, v/v) several t imes and processed as described in Materials and 
Methods. The nonsaponifiable lipids were submitted to separation 
on silica gel plates by two-dimensionai thin layer chroamtography 
as described in Materials and Methods.  Radioactive spots  were 
identified by radiofluorography. Identified lipids are as follows: 
I, squalene-2,3-oxide; 2, squalene-2,3:22,23-dioxide; 3, dihydrolano- 
sterol; 4, lanosterol; 5, cholesterol; 6, desmosterol. 

with reference acetyl derivatives. Figure 2 shows fluoro- 
grams of [~4C]acetylcholesterol and [~4C]acetyldesmo- 
sterol, which were found in positions virtually identical 
to those of the nonradioactive reference substances made 
visible with concentrated sulfphuric acid (not shown}. 

Quantitative data on the effect of W-7 and trifluo- 
perazine on cholesterol synthesis in hepatoma cells and 
skin fibroblasts are given in Table 1. While the synthesis 
of total nonsaponifiable lipids in hepatoma cells was sup- 
pressed by calmodulin antagonists to only 75-80% of 
control values, the ratio of cholesterol to desmosterol de- 
creased from 29.6 (control) to 0.54 (W-7) and 0.33 
Itrifluoperazine) under the influence of these agents. As 
demonstrated in Figure 3, the inhibition of cholesterol 
synthesis by trifluoperazine is dose-dependent. 

Analogous results were obtained for human skin fibro- 
blasts {Table 1). The 14C radioactivity incorporated into 
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TABLE 1 

Effect of the Calmodulin Antagonists W-7 and Trifluoperazine on Cholesterol Synthesis 
from [~4C]Mevalonolactone in HepG2 Cells and Human Skin Fibroblasts 

HepG2 cells: [2-~4C]mevalonolactone 
incorporation (cpm X 10-3/mg cell protein) 

Fibroblasts: [2-'4C]mevalonolactone 
incorporation (cpm X 10-S/mg cell protein) 

Final Total Total 
concentration nonsaponifiable nonsaponifiable 

Additions (~M) lipids Desmosterol Cholesterol lipids Desmosterol Cholesterol 

None -- 9.6 0.3 8.9 3.7 -- 3.4 
W-7 25 7.8 4.6 2.5 3.4 3.1 0.2 
Trifluoperazine 25 7.2 5.1 1.7 3.1 2.7 0.1 

W-7, N-(6-aminohexyl)-5-chloro-l-naphthalene sulfonamide. Cells grown to confluency were preincubated for 24 hr in lipoprotein-deficient 
medium and 12 hr in the presence of the indicated concentrations of the calmodulin antagonists prior to the addition of 5 pCi/ml (HepG2 
cells} and 10 ~Ci/ml (fibroblasts) of [2-~'C]mevalonic acid lactone. Incubation with the radioactive precursor was terminated after 6 hr 
by removing the medium and by extensive washing of the cell layers with Hank's solution. Fresh lipoprotein-deficient medium was then 
added, and the cells were scraped off the culture vessels and collected by centrifugation 18 hr later. Extraction, saponification and separa- 
tion of radioactive sterols were as described in Materials and Methods. Values are means of two experiments made in duplicate. 

FIG. 2. Identification of synthetic products accumulated in HepG2 
cells during a pulse-chase experiment in the presence of trifluo- 
perazine. Radioactive spots designated 5 and 6 in Fig. 1 from pulse- 
chased and trifluoperazine*pretreated cells were scraped off into vials 
containing chloroform/methanol (2:1, v/v). The extracted lipids were 
acetylated and chromatographed on silver nitrate-impregnated silica 
gel G plates (Materials and Methods). Nonradioactive acetylcholes- 
terol and acetyldesmosterol were cochromatographed. The positions 
of lipids on developed plates were determined by radiofluorography 
and by spraying the plates with concentrated sulphuric acid. 

the total nonsaponifiable lipids of fibroblasts was two to 
three times less than that incorporated into the lipids of 
hepatoma cells. Furthermore, the shift in the ratio of ch~ 
lesterol to desmosterol under the influence of calmodulin 
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FIG. 3. Inhibition of sterol synthesis in HepG2 cells relative to 
trifluoperazine concentration. Cells were preincubated for 24 hr in 
lipoprotein-deficient medium and 12 hr in the presence  of the in- 
dicated concentrations of trifluoperazine. Following incubation for 
3 hr with 5 ~Ci/ml [2-14C]mevalonolactone, the lipids were extracted 
from the cells as described in Materials and Methods and Fig. 1. 
Lipids were separated by twwdimensional thin layer chromatog- 
raphy. Total sterol synthesis was estimated by counting an aliquot 
of nonsaponifiahle lipids. 

antagonists was remarkable; the formation of ['4C]choles- 
terol dropped from 100% {control} to 3-6% (calmodulin 
antagonists}, which caused desmosterol to accumulate. 

Calmodul in  a n t a g o n i s t s  inh ib i t  s tero l  M 4 reductase.  
The  conve r s ion  of d e s m o s t e r o l  to  cho les te ro l  is  c a t a l y z e d  
b y  s t e ro l  h ~' r educ t a se .  Th i s  e n z y m e  h a s  been  r e p o r t e d  
to  be  p r e sen t  in va r ious  cho les te ro l -p roduc ing  t i s sues  and  
to  r e s ide  in  t he  m i c r o s o m a l  f r ac t i on  (11), b u t  h a s  n o t  y e t  
been  c h a r a c t e r i z e d  in de ta i l .  R a t  l iver  m i c r o s o m e s  were  
u s e d  to  s t u d y  the  ef fec t  of W-7 and  t r i f l uope raz ine  on 
s t e ro l  h ~4 r e d u c t a s e  a c t i v i t y  in v i t ro .  The  d a t a  g iven  in 
Tab le  2 d e m o n s t r a t e  t h a t  in con t ro l  e x p e r i m e n t s  a b o u t  
60% of  t h e  [3H]desmos te ro l  is c o n v e r t e d  w i th in  2 hr  to  
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TABLE 2 

In Vitro Effect  of W-7 and Trifluoperazine on Sterol A 24 Reductase 
of Isolated Rat Liver Microsomes 

Additions ~M 

~H radioactivity 
% of 

Desmosterol Cholesterol Substrate 
(cpm) (cpm) converted 

11240 18760 62.5 
24150 5980 19.8 
25860 5320 17.0 

None 
W-7 25 
Trifluoperazine 25 

W-7, N-(6-aminohexyl)-5-chlorc~l-naphthalene sulfonamide. ['"C]- 
Desmosterol (1.5 ~g = 85 • 103 cprrdassay) was used as substrate. 
Incubation conditions, lipid extraction, separation and acetylation 
are described in Materials and Methods. Comparable amounts of 
radioactivity (about 30,000 cpm) of acetylated total [~H]lipids were 
submitted to thin layer chromatography. All experiments were per- 
formed in duplicate. 

T A B L E  3 

Effect  of W-7 and Trifluoperazine on Cholesterol Synthesis  
from [~4C]Dihydrolanosterol in HepG2 Cells 

'4C radioactivity 
Final 

concentration Dihydrolanosterol Cholesterol 
Additions (~M) (cpm : 103) (cpm X 10 ~) 

None -- 36.1 9.1 
W-7 25 35.3 7.5 
Trifluoperazine 25 37.2 6.9 

W-7, N-(6-aminohexyl)-5-chloro-l-naphthalene sulfonamide. Cells were 
preincubated for 24 hr in lipoprotein-deficient medium and 12 hr in 
the presence of 25 ~M W-7 or trifluoperazine. Then ['4C]dihydrolan~ 
sterol (2.5 • l0 s cpm/ml) in absolute alcohol (10 ~l/ml) was added, 
and incubation was continued for 6 hr. After extensive washing with 
buffered saline the cells were scraped from the culture vessels and 
harvested by centrifugation. Lipids were extracted, and aliquots with 
equal amounts of radioactivity were submitted to separation on 
paraffin oil-impregnated silica gel G plates using acetone/water satu- 
rated with paraffin {85:15, v/v) as solvent. Radioactive lipids were 
detected by fluorography, recovered and counted. The identity of 
lipid fractions was ascertained by comparison with cochromato- 
graphed nonradioactive dihydrolanosterol and cholesterol. Values 
are means of two experiments made in duplicate. 

[3H]cholesterol by rat  liver microsomes in the presence 
of NADPH.  Under these conditions, W-7 and trifluo- 
perazine significantly inhibited the enzymatic reduction 
of desmosterol to cholesterol {30% of control values}. 

Enzymatic conversion of dihydrolanosterol to choles- 
terol is not inhibited by calmodulin antagonists. The en- 
zymatic conversion of lanosterol to cholesterol is com- 
prised of several reactions: reduction of the A ~ double 
bond, removal of three methyl  groups and shift of the 
nuclear double bond from the h s to the A s position. 
Calmodulin antagonists inhibit predominantly the reduc- 
tion of the A 24 double bond, because when cells were in- 
cubated in the presence of ["C]dihydrolanosterol, nearly 
equal amounts  of '4C radioactivity were incorporated 

Lanosterol 

(4,4,14a-t r i  me thy I - 
cholesta-8,24-dien-3B-ol ) 

Dihydrolanosterol z~ 24 side chain 
(4,4, la~-tr imethyl - i ntermedi ates 
choles ta-8-en- 3B-ol ) 

{ 

saturated side 
chain intermediates 

Cholesterol 
(cholesta-Sen-3B-ol) 

~ A 24 reductase{ i 

Desmosterol 
(cholesta- 5,24-di en- 3B-ol ) 

reductase 

SCHEME 1 

into cholesterol in both control and calmodulin antago- 
nist-pretreated HepG2 cells {Table 3). Dihydrolanosterol 
has been found to be a sterol intermediate in the biosyn- 
thesis of cholesterol and to be convertible to cholesterol 
(12,13}. However, the reaction sequence dihydrolano- 
sterol --" cholesterol seems to be bypassed in HepG2 cells; 
only 25% of the internalized ['~C]dihydrolanosterol was 
converted to cholesterol by these cells. 

DISCUSSION 

The present s tudy indicates tha t  the calmodulin an- 
tagonis ts  W-7 and trifluoperazine suppress the biosyn- 
thesis of cholesterol by blocking sterol A 24 reductase. The 
enzymatic reduction of the A 24 double bond is one of the 
necessary reactions during cholesterol synthesis. Reduc- 
tion of the bond may occur at any of several points dur- 
ing t ransformation of lanosterol to cholesterol. Thus, 
sterol A 2" reductase may catalyze an initial conversion of 
lanosterol to 24,25-dihydrolanosterol, which has been 
found to be convertible to cholesterol {13}. An alternative 
metabolic pa thway leads via a series of a ~4 side chain in- 
termediates from lanosterol to desmosterol, which is 
finally converted to cholesterol by sterol A 24 reductase (see 
Scheme 1). The finding that  the calmodulin antagonists  
used in this s tudy do not inhibit the conversion of 
['~C]24,25-dihydrolanosterol to cholesterol (Table 3), but  
cause an accumulation of desmosterol {Table 1), suggest  
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a) tha t  calmodulin antagonist- induced inhibition of sterol 
h 24 reductase is relatively specific and b) tha t  the enzymes 
cata lyzing sterol r ing modifications are not  affected by  
the inhibitors. 

Calmodulin an tagonis t s  are repor ted to be poten t  and 
specific inhibitors of calmodulin-mediated react ions and 
calmodulin-dependent enzyme activities (14). Such inhibi- 
t ion appears  to result  f rom conformational  restr ict ions 
conferred upon calmodulin by  the bond an tagonis t  (15). 
Our results,  however, do not  allow any conclusion as to 
whether  sterol 524 reductase is a calcium calmodulin-  
regulated enzyme. In  this regard,  the conversion of [3H]- 
desmosterol  to [3H]cholesterol by isolated ra t  liver micro- 
somes under in vi tro conditions was found to be inhibited 
by  the calmodulin an tagonis t s  (Table 2), bu t  the calcium 
calmodulin concentrat ion of the microsomal fraction was 
not determined. Furthermore,  no information is available 
to indicate whether  the act ivi ty  of sterol h 24 reductase is 
controlled by  calcium calmodul in-dependent  protein- 
kinases  or by  phosphoprote in  phosphatases .  In  view of 
the previously repor ted inhibition of sterol 624 reductase  
by U18666 A (2,3). TMD (4) and t r iparanol  (16), the en- 
zyme seems to be highly sensit ive to agents  with dis- 
para te  chemical s tructure.  
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Liver Parenchymal Cells Differ from the Fat-storing Cells 
in Their Lipid Composition 
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A. Margree! de Leeuwa and Dick L. Knooko 
aTNO Institute for Experimental Gerontology, Rijswijk, The Netherlands and bTNO Gaubius Institute, Leiden, The Netherlands 

The neutral lipid and phospholipid compositions of 
purified sinusoidal fiat-storing, endothelial and Kupffer} 
cells, parenchymal cells and liver homogenates were 
determined by thin layer chromatography. In addition, 
the retinoid content of the same purified cell populations 
was determined by high performance liquid chromatog- 
raphy. From each cell type, both a lipid droplet fraction 
and a pellet fraction (containing the majority of the re- 
maining cell organelles) were prepared by differential cen- 
trifugation. Electron microscopic analysis showed that 
lipid droplets isolated from fat-storing cells were larger 
(up to 8 ~m} than those isolated from parenchymal cells 
(up to 2.5 pm). Moreover, the parenchymal lipid droplets 
seemed to be surrounded by a membranous structure, 
while the fat-storing lipid droplets seemed not to be. Both 
fat-storing and parenchymal cells contained high concen- 
trations of neutral lipids, 57.9 ~g and 71.0 pg/106 cells, 
respectively, while endothelial and Kupffer cells con- 
tained only 8.6 ~g and 13.8 ~g/1O 6 cells of neutral fipids, 
respectively. Sixty-five percent of fat-storing cell lipid 
droplet fractions comprised esters of retinol and choles- 
terol. This combined ester fraction contained mainly 
retinyl esters. In addition, considerable quantities {20%} 
of triglycerides were present. Parenchymal cell lipid drop- 
let fractions comprised triglycerides (62%} and cholesteryl 
esters (up to 30%}. The pellet fractions prepared from all 
four cell types consisted mainly of cholesterol (41-67%} 
and free fatty acids (20-28%}. The phospholipid content 
was much higher in parenchymal cells than in the sinus- 
oidal fiver cell types. The relative proportions of the four 
major phosphofipid classes were comparable in all liver 
cell types analyzed. It is concluded that parenchymal cell 
lipid droplets comprised mainly triglycerides and choles- 
teryl esters, which is in agreement with the function of 
parenchymal cells in lipid metabolism. Fat-storing cell 
lipid droplets consisted of retinyl esters and triglycerides, 
which correlates well with their function in retinoid 
storage and metabolism. 
Lipids 22, 266-273 (1987). 

Lipids found in liver cells are located mainly in mem- 
branes or in lipid droplets. Liver lipid droplets are almost 
exclusively observed in two different liver cell types, 
parenchymal and fat-storing cells. Fat-storing cells con- 
tribute considerably to the total lipid droplet volume in 
the liver (1,2). 

It is well established that liver parenchymal cells have 
a function in triglyceride and cholesterol synthesis and 
metabolism (3). Fat-storing cells, on the other hand, have 
been shown to be important in retinoid storage (4,5) and 
metabolism (6). It is unknown whether these different 
functions in lipid metabolism are reflected in the cellular 
lipid composition. Limited information is available on 
some details of the lipid content of two of the liver cell 
types (7,8). In this study, neutral lipids and phospholipids 

*To whom correspondence should be addressed. 

present in a total liver homogenate and in isolated paren- 
chymal and fat-storing cells, as well as in two other major 
fiver cell populations, Kupffer and endothelial, were deter- 
mined. Neutral lipids were also determined in the lipid 
droplets prepared from these cell types. 

MATERIALS AND METHODS 

Animals. Female Brown Norway/Billingham Rijswijk 
{BN/BiRij) rats aged 12 mo and weighing 180 +__ 10 g were 
used. All rats were fed standard laboratory chow ad 
hbitum {Diet AM II, Hope Farms, Woerden, The Nether- 
lands) and were not fasted before the experiment. The 
chow contained 5.5 mg retinyl acetate and 72 g fat per 
kg diet, of which 17 g was derived from animal fats. 
Specific pathogen-free derived rats were maintained under 
"clean conventional conditions" {9}. The status of this 
strain of rats has previously been characterized with 
regard to liver vitamin A status and serum concentra- 
tions of triglycerides, cholesteryl esters and retinoids {4}. 

Chemicals and solvents. All chemicals and solvents 
were of reagent grade or high performance liquid chro- 
matography {HPLC} grade, if required. The solvents of 
reagent grade used for the extraction and chromatog- 
raphy of fipids were distilled twice to exclude any fat ty 
contamination. Vitamins D2, D3 and E, cholestenon, 
cholestane*3~,6a-diol, cholesterol, cholestane-3~,5a,6~-triol 
and bovine serum albumin were purchased from Sigma 
(St. Louis, Missouri}. 

Isolation of liver cells and lipid droplets. Nonparen- 
chymal cell suspensions were prepared by perfusion and 
incubation of the liver with pronase and collagenase as 
described previously {10). Kupffer, endothelial and fat- 
storing cells were purified by density centrifugation (4) 
and centrifugal elutriation {11). Parenchymal cell suspen- 
sions were prepared at 37 C by perfusion and incubation 
of the liver with collagenase (4} and were further purified 
by centrifugal elutriation {4). 

Lipid droplet fractions were prepared from the various 
isolated cell preparations by freeze-thawing followed by 
ultrasonification using an MSE 150 Watt  Ultrasonic dis- 
integrator. Sonification was continued until more than 
95% of the cells were homogenized, as judged by light 
microscopy. Cell homogenates were centrifuged in a 
0.25 M sucrose solution for 7.9 • 106 g,/2.min. The top 
layer (containing the lipid droplets) was separated from 
the pellet by cutting the centrifuge tube in a tube-slicing 
apparatus. 

Cell counts were performed for the yield of the cell frac- 
tion. The purity of the cell preparations and the lipid 
droplet fractions was determined by electron microscopy 
{12). Cells were fixed for electron microscopy using a 2% 
glutaraldehyde solution in 0.15 M cacodylate buffer {pH 
7.4) (6), while lipid droplets were fixed using a freshly 
mixed 0.7% glutaraldehyde and 1% osmium tetroxide 
solution in 0.15 M cacodylate buffer {pH 7.4) and 
processed for electron microscopy as for isolated.cells. 
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Protein content of the isolated cell preparations was 
determined by the method of Lowry et al. (13) with bovine 
serum albumin as a standard. 

The total liver homogenate was prepared from a liver 
perfused in situ with Gey's balanced salt solution for 
several minutes at a flow rate of 10 ml/min. After perfu- 
sion, the liver was weighed and cut into small pieces of 
about 1 mm 3 with razor blades. 

Analysis of lipids and re tinoids. Lipids were extracted 
from liver homogenates, cell preparations and isolated 
lipid droplets as described by Bligh and Dyer {14). Neutral 
lipids were separated using thin layer chromatography 
(TLC). Internal standards cholestane-3~,6a-diol and cho- 
lestane-3fl,5a,6fl-triol were added to allow the quantita- 
tion of neutral lipids and phospholipids, respectively. 
Lipid extracts were spotted on glass microscope slides 
coated with a layer of • mm of Silica DO (Camag, 
Switzerland} in a thin line at a concentration of 2 mg/ml 
in chloroform. The slides were developed in small chroma- 
tography cylinders {height 100 mm, diameter 45 mm). 

Neutral lipids were chromatographed using chloroform] 
methanol (95:5, v/v) up to half of the height of the slide. 
The slides were then dried and lipids were further devel- 
oped using hexane/chloroform (60:25, v/v) up to the top 
of the slide (15). 

Phospholipids were separated on the same type of 
slides, developed with methanol/chloroform/water (75: 
25:4, v/v/v) up to the top of the slide and dried. The slides 
were then developed for a further 10 min in the same solu- 
tion and dried again. 

Both neutral lipids and phospholipids were visualized 
by wetting the slides with sulphuric acid {10%, v/v) and 
charring by a two-step heating procedure. The first 
heating at 100 C allows the identification of cholesterol 
and cholesteryl esters by the red color of their bands. 
Retinyl esters were already charred at 100 C. The second 
heating at 200 C for 15 rain charred all lipids and resulted 
in black bands. The intensity of the charred lipids was 
quantified after the second heating by photodensitometry 
and the use of a Shimadzu data module (CS 910}. As the 
number of densitometric units per ~g lipid is dependent 
on the percentage of carbon in a lipid class, densitometric 
values of each lipid class were multiplied by a correction 
factor {15}. Correction factors for cholesterol and retinol 
were the same as were those for cholesteryl esters and 
retinyl esters. 

Equivalent volumes of cell-free medium were run as 
blanks and subtracted as background values. Background 
values never made up more than 2% of the total amount 
of lipid detected. Free retinol and free cholesterol cochro- 
matographed in the TLC system. Retinyl esters and 
cholesteryl esters could not be calculated as separate 
classes using densitometry due to an incomplete separa- 
tion. The two-step heating procedure did, however, allow 
the identification of these two lipid classes. Moreover, the 
major constituent present within each specific band 
{either as retinyl esters or as cholesteryl esters} could be 
estimated because retinyl esters were quantified sepa- 
rately in each cell preparation by HPLC {see below}. Phos- 
phatidylserine and phosphatidylinositol cochromato- 
graphed with phosphatidylcholine. 

Peak identification of both neutral and phospholipids 
was achieved using normal rat serum as a standard in a 
parallel run. All materials that would be in contact with 

the extracted lipids were rinsed twice before use with 
distilled chloroform to wash off contaminating lipids. 

Retinoids, including retinol, retinyl oleate, retinyl 
palmitate and retinyl stearate, were analyzed and quan- 
tified by reverse phase HPLC using retinyl acetate as an 
internal standard as described previously (4). Retinoids 
were analyzed in liver homogenates and cell preparations 
after lyophilization and overnight extraction at 4 C with 
methanol/diisopropylether/water (31.7:63.3:5, v/v/v) con- 
taining 50 mM ethylenediaminetetraacetic acid and 
butylated hydroxytoluene {50 ~g/ml) (4). 

The extraction procedures for TLC {14) and HPLC {4) 
were evaluated by quantitating the lipid classes by TLC. 
The quantities of neutral lipids determined in a liver 
homogenate were significantly higher when the extrac- 
tion method described by Bligh and Dyer (14) was used 
(25.0 + 2.6 mg/g wet weight [n = 4] and 12.1 • 1.0 mg/g 
wet weight [n - 2] for TLC and HPLC extraction pro- 
cedures, respectively}. The only exception was the com- 
bined retinyl ester/cholesteryl ester fraction, which was 
equally well extracted in the two extraction procedures 
~2.6 • 0.0 mg/g wet weight In = 2] and 2.5 --4-- 0.2 mg/g 
wet weight [n = 4], respectively}. 

Extraction and separation of lipids and retinoids were 
performed under an atmosphere of nitrogen to prevent 
lipid oxidation. Since retinoids are photosensitive, all pro- 
cedures were performed in reduced {red} light or, when 
possible, in the dark. 

RESULTS 

Characteristics of isolated cells and lipid droplets. Iso- 
lated parenchymal, Kupffer, endothelial and fat-storing 
cells were obtained with good viability (80-90%). The 
purity of all cell preparations was determined by electron 
microscopy; the average purity varied from 72% for fat- 
storing cells to 98% for parenchymal cells {Table 1). 

Lipid droplets were isolated from each cell preparation. 
Representative micrographs of lipid droplets from fat- 
storing cells and parenchymal cells are shown in Fig- 
ures la and lb. Lipid droplets isolated from parenchymal 
cells had diameters up to 2.5 ~m. Lipid droplets from fat- 
storing cells tended to be larger than parenchymal cell 
lipid droplets; their sizes varied up to 8 ~m. Isolated lipid 
droplets from parenchymal cells seemed to be surrounded 
by a limiting membrane {Fig. lb, inset}. Fat-storing cell 
lipid droplets were surrounded by a thin thread of cyto- 
plasm, but not by a limiting membrane (Fig. la, inset}. 

TABLE 1 

Characterization of Cell Preparations Used for Lipid Analysis a 

Protein Total 
Cell Purity c o n t e n t  retinoids 
fraction n (%) (ug/10 ~ cells) (~g/106 cells) 

Fat-storing cells 5 72 • 7 96 • 7 85.6 • 14.8 
Endothelial cells 5 80 -+ 3 50 + 4 2.2 • 1.2 
Kupffer cells 5 80 • 2 106 + 6 1.1 + 0.4 
Parenchymal cells 3 98 • 1 1267 • 280 2.2 • 1.2 

aValues represent the mean • SEM. 
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FIG. 1. Transmission electron micrograph of representative lipid droplet fractions. (a) Fat- 
storing cell-derived lipid droplet fraction. Lipid droplets of homogenous density and of 
variable diameter are shown (3,925X). Lipid droplets are surrounded by a thin thread of 
cytoplasm (arrows} but not by a limiting membrane {inset, 41,420X). {b) Parenchymai cell- 
derived lipid droplet fraction. Lipid droplets of variable density and size are shown {3,925X). 
Lipid droplets seem to be surrounded by a unilamellar membrane {inset, 93,740X}. 
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FIG. 2. TLC of extracts of fat-storing cell preparations. Ca} Separa- 
tion of neutral lipids. Peak identification: 1, sample origin contain- 
ing phospholipids and cholestane-3f3,5a,6/~-triol; 2, cholestane-3~,6a- 
diol; 3, free fatty acids; 4, cholesterol/retinol; 5, ?; 6, triglycerides; 
7, retinyl esters/cholesteryl esters. (b) Separation of phospholipids. 
Peak identification: 1, sample origin; 2, lysophosphatidylcholine; 
3, sphingomyelin; 4, phosphatidylcholine, including phospha- 
tidylserine and phosphatidylinositol; 5, phosphatidylethanolamine; 
6, cholestane-3/3,5a,6/3-triol; 7, cholestane-3/3,6a-diol; 8, neutral lipids. 

All lipid droplet preparations were slightly contaminated 
with structures derived from mitochondria, lysosomes 
and ribosomes. 

The yield and purity of the lipid droplet fractions de- 
rived from preparations of Kupffer and endothelial cells 
were low. 

The pellet fractions of the cell lysates obtained after 
ultracentrifugation contained hardly any lipid droplets 
(results not shown}. These pellets consisted mainly of cell 
organelles and a few intact cells. 

Identification of lipid classes by TLC. Neutral lipids and 
phospholipids were separated using TLC. A representa- 
tive chromatogram of neutral lipids present in a fat- 
storing cell preparation is shown in Figure 2a. 

The main neutral lipid classes identified were free fatty 
acids, free cholesterol, triglycerides and esters of both 
cholesterol and retinol. Preparations of all isolated liver 
cell types, as well as the total liver homogenate, contained 
all these lipid classes. Vitamin E cochromatographed with 
the triglycerides, and vitamins D2 and D3 cochromato- 
graphed with cholesterol (not shown}. The peaks that 
could be identified accounted for more than 80% of the 
total peak area, from which the phospholipids, carbo- 
hydrates and internal standards had been excluded. Other 
minor unidentified peaks were present, e.g., peak 5 
{Fig. 2a). Peak 5 was detected in all cell fractions, but 
higher concentrations were found in fat-storing {Fig. 2a) 
and Kupffer cell preparations (not shown}. In both cases, 
it accounted for 10-12% of the total peak area, again ex- 
cluding phospholipids, carbohydrates and internal 
standards. 

A representative chromatogram of the phospholipids 
present in isolated fat-storing cells is shown in Figure 2b. 
The main phospholipid classes identified in liver homo- 
genates and in the four cell preparations were phospha- 
tidylcholine, including phosphatidylserine and phospha- 
tidylinositol, phosphatidylethanolamine, sphingomyelin 
and lysophosphatidylcholine. Together, these lipids ac- 
counted for more than 90% of the total phospholipids 
present. 

LIPIDS, Vol. 22, No. 4 (1987) 



LIPID COMPOSITION OF LIVER CELLS 

TABLE 2 

Concentrations of Neutral Lipids and Retinoids in Serum and Total Liver Homogenates 
of BNIBiRij Rats Determined by TLC and HPLC, Respectively a 

269 

TLC HPLC 

Sample n Free fatty acids Cholesterol/retinol Triglycerides Cholesteryl/retinyl esters Total Retinoids 

Serum b 5 23.9 • 1.9 25.5 • 4.2 32.3 • 6.2 107.9 _ 4.2 189.5 • 9.8 0.017 _+ 0.002 
Liver c 4 8.1 • 1.1 3.6 -+_ 0.1 10.9 • 2.0 2.5 • 0.2 25.0 _ 2.6 2.3 • 0.4 

aBN/BiRij, Brown Norway/Billingham Rijswijk; TLC, thin layer chromatography; HPLC, high performance liquid chromatography. Values 
represent the mean • SEM. 
bmg/100 ml. 
Cmg/g wet weight. 

TABLE 3 

Concentrations of Neutral Lipids in Isolated Fat-storing, Endothelial, Kupffer and Parenchymal Cells by TLC a 

Cell fraction n Free fatty acids Free cholesterol Triglycerides Retinyl/cholesteryl esters Total neutral lipid 

Fat-storing cells 5 6.0 ___ 0.8 e,k 10.2 _ 1.3 e 11.0 _ 3.0e, P 30.7 _ 4.6e, k,P 57.9 _ 6.4e, k 
Endothelial cells 5 1.0 _ 0.2f 4.7 _ 0.6fP 1.3 --_ 0.2fk, P 1.6 _ 0.5fP 8.6 _ 1.1fk, P 
Kupffer cells 5 1.3 _ 0.3f 6.3 + 0.2P 3.9 • 0.3e, P 2.3 +- 0.2fP 13.8 +_ 0.7fe, P 
Parenchymal cells 3 4.3 • 2.1 16.9 • 2.2e, k 43.7 • 8.1f e,k 6.1 • 1.of e,k 71.0 • ll.7e, k 

aTLC, thin layer chromatography. Values are expressed as gg lipid per 106 cells and represent the mean • SEM. Values differ signifi- 
cantly (p < 0.01) from values for f fat-storing cells; e, endothelial cells; k, Kupffer cells; and p, parenchymal cells. Values were tested 
for significance using the unpaired t-test (two-tall). 

Neutral  lipid content o f  serum and total liver. Using the 
TLC method described above, the neutral  lipid contents  
of serum and liver homogenate  were determined to assess 
the lipid s t a tus  of the ra t s  used in this s tudy  (Table 2). 
Serum and to ta l  liver contained concentrat ions of tri- 
glycerides and free f a t t y  acids, which were on the same 
order of magni tude  as those previously repor ted in the 
l i terature (16-20; Table 2). 

H P L C  analysis  of serum retinoids showed them to be 
almost  exclusively retinol. Retinyl esters were not detect- 
able or were present  in very  low concentrat ions.  Conse- 
quently,  the cholesteryl/retinyl ester  fraction in serum 
detected by  TLC consisted of cholesteryl  es ters  only. 

H P L C  analysis  of liver retinoids showed tha t  retinol 
was present  in a concentrat ion of only 50.3 _ 1.9 gg/g 
wet weight (data not shown). The majori ty of the retinoids 
present  in a liver homogenate  were ret inyl  es ters  (97%; 
see Table 2). Therefore, a major  contr ibution of retinol 
to the cholesterol/retinol peak detected by  TLC could be 
ruled out. On the other hand, re t inyl  es ters  were a major  
pa r t  of the to ta l  cholesteryl/retinyl ester  fract ion of the 
liver. 

Neutral  lipid composit ion of  isolated cell preparations. 
TLC analysis  showed tha t  parenchymal  cells contained 
high amounts  of neutral  lipid per 106 cells, as did fat- 
s tor ing cells (Table 3). Kupffer  and endothelial cells, 
however, contained low amounts  of neutral  lipids. Kupf- 
fer cell fractions contained significantly more neutral lipid 
than  endothelial cells. When calculated per mg  cell pro- 
tein (Tables 1 and 3), fa t-s tor ing cells contained signifi- 
cantly more neutral  lipid {603 t~g/mg protein) than  paren- 
chymal  cells (56 ~g/mg protein). 

Free fa t ty  acids were present  in relatively high concen- 
t ra t ions  in both  fa t -s tor ing cells and parenchymal  cells 
as compared  to Kupffer  and endothelial cells (Table 3). 
In all cell types,  free fa t ty  acids accounted for only about  
10% of the to ta l  neutral  lipids present  (Fig. 3). The per- 
centage of free f a t t y  acids present  in liver homogenates  
(32%) was considerably higher than  tha t  in any of the 
isolated cell fract ions (6-12%). 

Very small amounts  of retinol were present  in fat- 
s tor ing cell p repara t ions  (0.1 -- 0.0 t~g/106 cells) as deter- 
mined by  HPLC. Thus, retinol did not make a major  con- 
t r ibut ion to the cholesterol/retinol fraction. 

The concentrat ion of cholesterol, a major  component  
of cell membranes ,  was significantly higher in the paren- 
chymal  cells (Table 3) than  in the three other  cell types.  
Fat-s tor ing cells contained significantly more free choles- 
terol than  did endothelial or Kupffer  cells. Cholesterol 
made up a major  par t  of the neutral  lipids present  in both  
endothelial cells and Kupffer  cells (Fig. 3). 

Parenchymal  cells contained the highest  concentrat ion 
of triglycerides (Table 3). Triglycerides accounted for 62% 
of the total  amount  of neutral  lipids present  in the paren- 
chymal  cell fractions, which is higher than  the percent- 
ages present  in the other cell types  (Fig. 3). 

Es te r s  of cholesterol and retinol were present  in high 
concentrat ions in fat-s tor ing cells (Table 3). These two 
classes of esters together accounted for most  of the lipids 
in the fat-storing cells (51%; Fig. 3). The two-step heating 
procedure showed that  the esters already charred at 100 C, 
indicating that  the majority of these esters were retinoids, 
which was confirmed by HPLC analysis (Table 1). 

The concentrat ion of cholesteryl and retinyl esters  was 
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FIG. 3. Diagrams showing the neutral lipid composition of fat-storing, endothelial, Kupffer 
and parenchymal cells and liver homogenates, expressed as percentage of the total amount 
of neutral lipids determined. Neutral lipid classes identified and included are free fatty 
acids, cholesterol, triglycerides and esters of cholesterol and retinol. The number of ex- 
periments is indicated in Table 3. 

TABLE 4 

Estimated Distribution of Neutral Lipids in Fat-storing, Endothelial, Kupffer and Parenchymal Cells 
Calculated on the Basis of Data Determined by TLC and HPLC a 

Cell fraction 

TLC HPLC 

Free fatty acids Free cholesterol Triglycerides Retinyl/cholesteryl esters Total neutral lipid Retinyl esters 

Fat-storing cells 15 8 3 37 10 83 
Endothelial cells 3 4 1 3 2 2 
Kupffer cells 2 3 1 2 1 1 
Parenchymal cells 80 85 95 58 87 14 

aTLC, thin layer chromatography; HPLC, high performance liquid chromatography. Values represent the estimated percentage distribu- 
tion of the total amount of each component in each of the four types of isolated liver cells/g liver (or in the total liver). Values were tested 
for significance using the unpaired t-test (two-tail). 

significantly lower in parenchymal  cells and even more 
so in Kupffer  and endothelial cells (Table 3 and Fig. 3). 
In all these cell types ret inyl  esters were only a minor 
component  (Table 1). 

The best estimates for the number of each cell type pre- 
sent per gram of liver in 12-mo-old female BN/BiRij ra ts  
are 108 • 106 parenchymal  cells, 16 • 106 fat-storing 
cells, 19 X 106 endothelial cells and 9 X 106 Kupffer  cells 
(4,6). On the basis of these data, it was calculated tha t  
the recoveries of the neutral  lipid classes after cell isola- 
tion varied between 44% (for triglycerides and esters of 
retinol and cholesterol) and 58% (for free cholesterol). The 
recovery of retinoids determined by HPLC was calculated 
to be 74%. All these calculated recoveries are in agree- 
ment  with the recoveries reported on other substances 
using the same isolation procedure. The one exception was 
the recovery of free f a t ty  acids, which was 7% only. This 
discrepancy is possibly caused by  the metabolism of free 
f a t ty  acids during the isolation procedure or the genera- 
tion of free f a t ty  acids during liver homogenization. 
Similar calculations showed tha t  parenchymal  cells con- 
tained 80% of the free f a t ty  acids, 85% of the free cho- 
lesterol, 95% of the triglycerides and 58% of the esters 
of retinol and cholesterol present  in the liver (Table 4). 
While Kupffer and endothelial cells contributed very little 

to the total  neutral  lipids in the liver, fat-storing cells ac- 
counted for 15% of the free f a t ty  acids and 37% of the 
cholesteryl and ret inyl  esters. On the basis of the HPLC 
data, the distribution of retinoids over the different liver 
cell types was calculated to be the following: parenchymal 
cells, 14%; fat-storing cells, 83%; endothelial cells, 2%; 
Kupffer  cells, 1% (Table 4). 

Phospholipid composition of isolated cell preparations. 
A pilot experiment showed tha t  parenchymal  cells con- 
tained 10 times more phospholipid (160 ~g/10 s cells, n --- 
2) than did sinusoidal cells (13-17 ~g/106 cells, n = 5). A 
similar ratio was observed for the protein contents of the 
two cell type populations {Table 1). The phospholipid com- 
position of the different liver cell types was very  similar, 
i.e., phosphatidylcholine, 48-59%; phosphatidylethanol- 
amine, 27-33%; sphingomyelin, 9-16%; and lysophospha- 
tidylcholine, 2-7% (Fig. 4). 

The recoveries of phospholipids calculated on the basis 
of the cellular composition of the liver were on the same 
order of magni tude as the recovery of neutral  lipids, 
namely, 38, 44, 35 and 26% for phosphatidylcholine, phos- 
phatidylethanolamine,  sphingomyelin and lysophospha- 
tidylcholine, respectively. 

Neutral lipid composition of lipid droplets. The neutral  
lipid composition of both lipid droplet fractions and pellet 
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FIG. 4. Diagrams showing the phosphofipid composition of fat-storing, endothelial, Kupffer 
and parenchymal cells and fiver homogenates, expressed as percentage of the total amount 
of phospholipid determined. Phospholipid classes identified and included are phospha- 
tidylcholine, phosphatidylethanolamine, sphingomyelin and lysophosphatidylcholine. 

Fat-storing cells Endothelial cells Kupffer cells Parenchymal cells 

65% 

2O% 9% 

l i p i d  d r o p l e t  f r a c t i o n  

31~ 39~ 30% 

32 
32% 62~ 

% 

6% 

p e l l e t  f r a c t i o n  

9% 7~ 2~ 

G 
a% 

q7g 67% 

S% 

57~ 

37~ 

2~ 

~I~ 

~---~ Retiny! esters/cholesterol esters 

Free fatty acids 

Free cholesterol 

I Triglycerides 

FIG. 5. Diagrams showing the neutral lipid composition of lipid droplet and pellet frac- 
tions obtained from fat-storing, endothelial Kupffer and parenchymai cells, expressed 
as percentage of the total amount of neutral lipid determined. Neutral lipid classes iden- 
tified and included are free fatty acids, cholesterol, triglycerides and esters of cholesterol 
and retinol. 

fractions derived from the various purified cell types is 
given in Figure 5. The total neutral lipids recovered in 
both fractions represent 74% of the neutral lipids present 
in endothelial, Kupffer and parenchymal cells and 54% 
in fat-storing cells. The 54% recovery from fat-storing cell 
preparations is mainly due to a low recovery of esters 
{36%}. 

The pellet fractions of the four cell types were enriched 
in free fatty acids and free cholesterol but not in triglyc- 
erides and esters of retinol and cholesterol. Since the 
pellets consisted of the remaining cell organelles, it im- 
plies that these organelles contain mainly free fatty acids 
and cholesterol, while lipid droplets comprise triglycerides 
and esters of retinol and cholesterol {Fig. 5). 

Lipid droplet fractions from both isolated endothelial 
cells and Kupffer cells contained hardly any lipid droplets. 
Most of the lipid present in these cells was recovered in 
their pellet fractions. Lipid droplets from parenchymai 

cells comprised triglycerides for 62%, contrary to fat- 
storing cell lipid droplets, which contained mainly retinyl 
and cholesteryl esters (65%). These results strengthen the 
data obtained in total cell fractions, showing that paren- 
chymal cells mainly store triglycerides and some choles- 
teryl esters. 

DISCUSSION 

This report deals with the lipid composition of total liver, 
all major liver cell types and their lipid droplets. 

The contents of free and esterified cholesterol in the 
serum of the rats used are in the same range as reported 
previously for age-matched rats {16,21). In the literature, 
considerable variation has been reported in serum tri- 
glyceride levels, and this relates to differences in the time 
of sampling and the rat strain used {16-19}. Compared 
to these data, triglyceride levels of serum determined in 

LIPIDS, Vol. 22, No, 4 (1987) 



272 

H.F.J. HENDRIKS ET AL. 

the rat strain used in this study were on the same order 
of magnitude. 

The contents of total cholesterol, triglycerides and 
phospholipids in total liver homogenates were also com- 
parable to those reported for age-matched rats (18-20}. 
The retinyl ester content of the 12-mo-old rat livers used 
in this study is in the same range as values reported in 
the literature using modern HPLC techniques 14,22,231. 
Plasma retinol and retinyl ester levels were normal (24}. 

Lipid droplets were isolated from cell homogenates in 
a single centrifugation step. The sizes of isolated paren- 
chymal cell lipid droplets were similar to those reported 
for isolated hepatic (25} and parenchymal cell lipid drop- 
lets (26). Isolated parenchymal cell lipid droplets showed 
an electron dense rim, which could be indicative of the 
presence of a unilamellar membrane (26}. Fat-storing cell 
lipid droplets were more translucent. A thin electron- 
dense layer was often observed on the periphery, which 
was sometimes associated with residual cytoplasm. These 
droplets were larger than those observed in vivo (27,281, 
in cultured cells (29} and in freshly isolated fat-storing 
cells (30). Large droplets might have been generated by 
fusion of smaller droplets during the isolation procedure, 
since no limiting membrane was observed. Wake {5,27} 
reported the presence of membrane-bound (type I} and 
nonmembrane-bound (type II} lipid droplets in rat fat- 
storing cells. Type I lipid droplets correspond to lipid 
droplets surrounded by lysosomes {31,321. The type I lipid 
droplets are thought to play a role in the generation (30} 
or digestion (31) of fat-storing cell lipid droplets. The 
digestion of lipid droplets was mainly observed in hyper- 
vitaminosis A (31). Since no limiting membrane was 
observed to surround the lipid droplets in our studies, it 
seems most likely that  the neutral lipid composition of 
these lipid droplet fractions represents the storage con- 
ditions for retinoids in normal rats. 

The data presented here showed a similar distribution 
of the major phospholipids for all cell types tested. These 
data are in good agreement with those reported by 
Gabellec et al. (7} on the phospholipid composition of 
parenchymal, Kupffer and endothelial cells. 

Fat-storing cells are comparable to endothelial and 
Kupffer cells in both size and protein content. Fat-storing 
cells, however, contain significantly more free cholesterol 
than do endothelial cells. These data indicate either that 
fat-storing cells also contain cholesterol as a lipid droplet 
constituent or that these cells contain considerably more 
cell membranes. A significant but small portion of this 
free cholesterol is indeed still present in the lipid droplet 
fractions obtained from these cells (8). Electron micro- 
scopic observations in humans ~33} and rats 134) show that 
fat-storing cells possess numerous large extensions that 
allow extensive contacts with all liver cell types and the 
space of Disse. Blouin et al. (1) showed that both fat- 
storing cells and endothelial cells indeed contained (as a 
percentage) more plasma membranes than did Kupffer 
cells. 

The results presented in this paper provide additional 
data on some aspects of the functions of different cell 
types in the liver. As shown in this and previous papers 
(4,6), fat-storing cells are the main retinoid storage sites 
in the liver. The two cell types most important in handl- 
ing the vitamin are parenchymal and fat-storing cells 14,6). 
Parenchymal cells take up chylomicron remnant particles, 

which transport dietary retinoids mainly as retinyl esters 
135). The parenchymal cells are also able to hydrolyze 
these esters by retinyl palmitate hydrolase activity and 
to transport retinol within the cell by the cellular retinol 
binding protein {6,36). Moreover, parenchymal cells syn- 
thesize and secrete the retinol binding protein that  
transports retinol in the blood (37,38). Fat-storing cells 
store the vitamin as retinyl esters and are also able to 
hydrolyze retinol from these stores by retinyl palmitate 
hydrolase activity and to transport retinol within the cell 
by the cellular retinol binding protein (6). Blomhoff et al. 
136) showed that the fat-storing cells and parenchymal 
cells of rat liver also contain the acyl CoA:retinol 
acyltransferase activity, which is necessary to esterify 
retinol with a free fatty acid. These data indicate that 
both cell types are able to generate and utilize free fat ty 
acids for handling the vitamin. It is shown in this paper 
that  the majority of the neutral lipids present in fat- 
storing cells consists of retinyl esters (8}, but substantial 
amounts of triglycerides are also present. It is tempting 
to speculate that  these triglycerides serve as a storage 
site for the free fat ty acids needed for the esterification 
of retinol. 

The majority of neutral lipids in parenchymal cells con- 
sisted of triglycerides; this is related to the liver's impor- 
tant  function in formation and secretion of very low 
density lipoproteins (39-41). Cholesteryl esters are also 
present in the parenchymal cell lipid droplet fractions as 
a consequence of the parenchymal cell's role in cholesterol 
synthesis and lipoprotein uptake. 

Lipid droplet fractions isolated from endothelial and 
Kupffer cells contained minor amounts of neutral lipids. 
Most neutral lipids were recovered in the pellet fraction 
mainly as cholesterol and free fat ty acids. Sinusoidal en- 
dothelial and Kupffer cells were reported to play a signifi- 
cant role in the uptake and metabolism of several lipopro- 
teins (42,43). Lipids probably are not stored but degraded 
by means of lysosomal enzymes present in these cells 
(43-45). 

Data presented in this study show that the cell types 
present in liver differ considerably in their neutral lipid 
composition. These differences are more apparent in the 
specific lipid storage organelle, the lipid droplet. It is con- 
cluded that the differences in neutral lipid composition 
described in this paper correlate well with the functions 
of the various cell types in liver lipid metabolism. 
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M E T H O D S  I 

Two Procedures to Remove Polar Contaminants from a Crude 
Brain Lipid Extract by Using Prepacked Reversed-phase Columns 
Titus Kyrklund 
Institute of Neurobiology, University of Goteborg, POB 33031, S-4OO 33 Goteborg, Sweden 

Two procedures were developed using prepacked, re- 
versed-phase columns (Bond Elut) for the separation of 
Hpids from water-soluble contaminants.  A crude lipid ex- 
tract from brain t issue was diluted stepwise with a 
methanol/water (method 1) or a methanol/saline (method 
2) mixture and, with each step, was passed through the 
column. As  the polarity of the solvent was increased, all 
lipids became bound to the column, while the water- 
soluble compounds remained in the eluate. After three 
subsequent dilutions and column elutions, the eluate con- 
taining the more polar contaminants  was discarded. The 
bound lipids were then eluted with a small volume of 
chloroform/methanol {1:2, v/v). Alternatively two frac- 
tions were eluted, the first fraction eluted with methanol/ 
water (12:1, v/v), contained gangliosides, phosphatidyl- 
serine, phosphatidylinositol,  phosphatidic acid and sulfa- 
tides. The second fraction, eluted with chloroform/ 
methanol {1:2, v/v), contained all remaining phospholipids, 
cerebrosides and cholesterol. For both methods a quan- 
titative recovery of cholesterol and phosphoUpids was ob- 
tained. In method 2, when water was replaced by saline 
in the dilution solvent mixture, gangliosides were also 
bound and quantitatively recovered. 
Lipids 22, 274-277 (1987). 

For the extraction of lipids from various tissues, chloro- 
form/methanol solvent mixtures are most commonly used 
(1,2). The crude extracts obtained contain small amounts 
of nonlipid substances that can interfere with the subse- 
quent quantitative determination of the various lipids. 
Removal of the nonlipid contaminants is often done either 
by partitioning against a salt solution (1) or by using 
chromatography on a dextran gel column (3). These 
methods become quite elaborate when numerous samples 
are to be run with several solvent evaporations. 

Recently, reversed-phase columns have been shown use- 
ful for isolation and purification of gangliosides from the 
upper phase obtained after partitioning (4). They have 
also been used for separation of radioactive lipid precur- 
sors from product complex lipids in a microsomal prepara- 
tion, where the entire reaction mixture was poured onto 
the column without a previous extraction of the lipids (5). 
In both methods, the solvent composition was that  of a 
theoretical upper phase (TUP) (chloroform/methanol/ 
aqueous salt solution, 3:48:47, v/v/v). Such a polar solvent 
dissolves gangliosides readily, but not other lipids. 

The present report starts with a standard chloroform/ 
methanol total lipid extract. Two methods were developed 
according to the same general principle. By a stepwise 
dilution of the crude extract with a methanol/water 
{method 1) or methanol/saline (method 2) mixture followed 
by elution through a C-18 reversed-phase column, the 
complete lipid sample can be bound to the column while 

polar contaminants remain in the eluate. The lipid sam- 
ple can then be easily eluted with a less polar solvent. The 
simplified procedure {method 1) results in a purified lipid 
sample, similar to the lower phase of Folch et al. (1). In 
the second method (method 2), where water was substi- 
tuted with saline {4), gangliosides also were completely 
bound to the column. Two fractions were eluted in method 
2, similar to those obtained after ion-exchange chromatog- 
raphy (13}. 

MATERIALS AND METHODS 

Chemicals. All chemicals and solvents were of reagent 
grade. C-18 Bond Elut columns (2.8 ml, 500 mg sorbent) 
were from Analytichem International {Harbor City, Cali- 
fornia} and 0.25-mm thin layer chromatography (TLC) 
plates, Silica Gel 60, were from Merck {Darmstadt, 
Federal Republic of Germany}. [3H/Glucose and [14C]- 
dipalmitoyl phosphatidylcholine were purchased from 
Amersham {Buckinghamshire, England}. The elution ap- 
paratus was similar to that previously described (6). Stan- 
dard luer-lock stopcocks were attached to the lid of the 
apparatus. 

Tissue preparation. Lipids were extracted from the 
tissue with chloroform/methanol. Approximately 2 g 
frozen brain was homogenized in 20 ml methanol, to which 
10 ml chloroform was added. The homogenate was cen- 
trifuged at 1000 • g for 10 min, and the pellet was then 
reextracted by the same procedure. All steps were car- 
ried out at 0-4 C. 

Method 1. To 6 ml of the crude extract, corresponding 
to about 200 mg fresh brain, 8 ml of methanol/water (1:1, 
v/v} was added and mixed to homogeneity. If the lipid con- 
tent of the samples was high, the mixture became slightly 
turbid at the first dilution. This did not affect the re- 
covery. The whole mixture was poured onto a C-18 Bond 
Elut column equipped with a 50-ml reservoir. The column 
was preequilibrated with 2 ml methanol. New columns 
were washed with 6 ml chloroform/methanol (1:2, v/v) 
before use. Column elution was carried out under a con- 
stant gentle vacuum with an elution speed of 1-2 ml/min. 
Another 8 ml of methanol/water (1:1, v/v} was added to 
the eluate, mixed and passed through the same column. 
The resulting eluate was once again mixed with 8 ml of 
methanol/water and passed through the column as before. 
As soon as all liquid had passed the columns, the stop- 
cocks were closed, to keep elution volumes reasonably 
constant and to avoid changing the column properties by 
allowing the columns to dry. The last eluate was normally 
discarded before elution of the bound lipids. A 5-ml con- 
tainer was mounted on top of the column, and the lipids 
were eluted at a moderate rate with two portions of 4.0 ml 
chloroform/methanol (1:2, v/v). This final eluate was used 
for quantitative analyses of lipid classes. The final elu- 
tion from the column was also done with 4 • 2-ml 
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portions to verify the completeness of the elution. The 
columns could be reused 3-5 times without any ap- 
preciable decrease in column flow. The elution speed was 
drastically decreased if the columns were overloaded; thus 
sample breakthrough hardly occurred. 

Bidirectional qualitative TLC was done on the purified 
extract (9}. In the first direction, chloroform/methanol/ 
water was used in the proportions 65:25:4 and in the 
second direction chloroform/methanol/acetone/acetic acid/ 
water (10:2:4:2:1, v/v/v/v/v} was used. The plates were ex- 
posed to hydrochloric acid vapors for 2 rain between the 
first and second directions. Lipid spots were visualized 
by charring with a cupric sulfate reagent { 10}. Identifica- 
tion of the various lipid spots was done by comparing 
with appropriate standard mixtures and by their char- 
acteristic fat ty acid patterns upon gas-chromatographic 
analysis. In addition, ninhydrin spray reagent {Merck} 
was used to detect nonlipid material. 

A reference method was compared to method 1. From 
the same crude extract as used for method 1, 6-ml samples 
were purified by partitioning in principle according to 
Folch et al. (1}. These samples were first taken to dryness 
by rotary evaporation and then redissolved in chloroform/ 
methanol (2:1, v/v). To the resulting extracts, 0.2 volumes 
of 0.9% NaC1 in water were added, and the tubes were 
vortexed and centrifuged at 2000 • g for 10 min. The 
upper phase was removed by aspiration, and the lower 
phase was taken to dryness and then redissolved in 8 ml 
chloroform/methanol (1:2, v/v). 

Cholesterol was determined on the extracts from 
method 1 and from the reference methods according to 
Franley and Amador (7). Their phosphorus contents were 
also determined (8). 

An experiment to study the recovery of a labeled lipid 
and a water-soluble residue was carried out by adding 
[3H]labeled glucose (50 ~Ci) and ['4C]labeled dipalmitoyl 
phosphatidylcholine (5 ~Ci) to a 60-ml sample of crude 
brain-lipid extract. Six-ml aliquots of the extract were 
diluted and passed through the Bond Elut columns ac- 
cording to the procedure described above. Radioactivity 
was determined in both the crude lipid extract and in the 
lipid fraction eluted from the column using double label 
liquid scintillation counting. 

Method  2. Method 2 was a slight modification of 
method 1. After a first dilution of the crude extract with 
methanol/water (1:1, v/v) and a column elution step iden- 
tical to method 1, the second and third dilutions and col- 
umn elution steps were carried out with methanol/0.9% 
saline (1:1, v/v). The column was then washed with 2 ml 
water to remove salt before elution of the lipids. The lipids 
were then eluted in two fractions, the first (D with two 
4-ml portions of methanol/water {12:1, v/v) and the second 
(II) with two 4-ml portions of chloroform/methanol {1:2, 
v/v). 

The reference partitioning method was performed as 
described above for method 1, except that after aspira- 
tion of the upper phase the surface was rinsed with two 
1-ml portions of TUP. The combined upper phases were 
diluted with methanol to 8 mi. 

Unidirectional TLC was done on all fractions in method 
2 and reference methods. The plate was developed in 
chloroform/methanol/water {65:25:4, v/v/v) and visualized 
by charring (10). The ganglioside-containing fractions 
were also developed in chloroform/methanoY0.25% CaCI~ 

{60:35:8, v/v/v). Identification of the individual lipid bands 
was done as for method 1. To separate phosphatidylserine 
and phosphatidylinositol, the same bidirectional TLC was 
performed as described for method 1. Gangliosides were 
identified by development of blue color after charring with 
a modified reagent, which also contained 1 ml 3% resor- 
cinol solution added to 100 ml of the original reagent (10) 
used in method 1. Individual gangliosides were identified 
tentatively. 

Phospholipids and cholesterol were determined on frac- 
tions I and II of method 2 and on the lower phase of the 
reference method as described above. Sialic acid was ana- 
lyzed, without a prior dialysis, by the method of Svenner- 
holm (11), modified by Miettinen and Takki-Luukkainen 
{12}. A slight modification was made in adding 1-butanol 
to the samples prior to color development. Thus, samples 
that also contained lipids other than gangliosides were 
completely dissolved in the reaction mixture. Aliquots of 
the lipid extracts were sampled into narrow 10-ml screw 
cap tubes and evaporated to dryness in a stream of 
nitrogen. To the dried samples, 0.38 ml 1-butanol was 
added, and the tubes were vortexed. Then 1.2 ml water 
or sialic acid standard solution in water, containing 7.5, 
15.0 and 22.5 ~g sialic acid, followed by 1.2 ml resorcinol 
reagent was added, and the tubes were vortexed again. 
The butanol was completely dissolved in the reaction mix- 
ture. The tubes were heated in a boiling water bath for 
30 rain. To the tubes, when they had cooled, 2.13 ml butyl 
acetate was added. The tubes were vortexed and then cen- 
trifuged at 2000 • g for 5 rain. The clear upper layer was 
read on a spectrophotometer at 580 nm. Since a slight 
discoloring was observed in the crude extract samples, 
sample blanks of the corresponding amount  of 
ganglioside-free brain lipids were run throughout the pro- 
cedure. The sample blank readings were subtracted from 
the sample readings. 

RESULTS 

The simplified reversed-phase column procedure {method 
1) presented in this report and the reference partitioning 
method resulted in almost the same quantitative recovery 
of cholesterol and phospholipids. {Total phospholipids 
[mg +_ S.D.]: method 1, 12.4 _ 0.28; reference method, 
12.0 _ 0.13. Cholesterol: method 1, 4.83 + 0.14; reference 
method, 4.76 +_ 0.06.} The recovery of radioactive phos- 
phatidylcholine was high and the added [3H]labeled 
glucose was effectively washed away from the column 
{Table 1). Almost all the bound lipid {>99%} was eluted 

TABLE 1 

Recovery of ["C]Phosphatidylcholine and [~H]Glucose 
from Aliquots of a Crude Brain Lipid Extract Purified 
with 3-ml Bond Elut Columns (Method 1) 

['4C]dpm +_ S.D. [~H]dpm __ S.D. 
{25-~I sample) % (25-~I sample) % 

Crude extract 
{n -- 2) 3400 --- 71.6 100 34035 _+ 467 100 

Method 1 
(n ---- 4) 3514 +-- 47.3 103 --189 ---- 13.1 a --0.6 

aNegative value because of a slight overcompensation of spillover 
from the high energy isotope. 
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TABLE 2 

Lipid Content of a Rat Brain Lipid Aliquot Purified with 3-ml 
C-18 Bond Elut Columns (Method 2) or by Partitioning 

Total 
phospholipids Cholesterol Sialic acid 
(rag _+ S.D.) (rag • S.D.) (ug • S.D.) 

Reference method 
(n = 4) 

Lower phase 
Upper phase 

Method 2 (n = 4) 
Fraction I 
Fraction II 

Crude extract 

13.6 • 0.11 5.78 • 0.19 14.2 • 5.77 
- - 170.4 • 16.43 

3.2 + 0.06 0.18 _ 0.03 197.1 • 1.95 
10.5 • 0.44 5.56 • 0.09 0.0 • 2.41 

207.4 

with the first  two port ions of chloroform/methanol  (1:2, 
v/v), and the final port ion eluted contained no detectable  
lipid. However,  the eluate of method 1 was more con- 
t amina ted  by  gangliosides than  the lower phase  of the 
par t i t ioning method  (about 20% of the to ta l  sialic acid 
content). Ninhydrin posi t ive spots  were not  observed 
af ter  TLC other  than  for serine and ethanolamine phos- 
phoglycerides (data not  shown). 

Besides a high recovery of cholesterol and phospho- 
lipids in method 2, a high recovery and a low var ia t ion 
between samples was obtained for the gangliosides in this 
method  (Table 2). As indicated in Figures  1 and 2, two 
well-characterized fractions were eluted in method 2. Frac- 
tion I contained gangliosides, acidic phospholipids (phos- 
phatidylserine,  phosphatidylinosi tol ,  phosphat idic  acid} 
and sulfatides, and fract ion I I  neutra l  phospholipids 
(ethanolamine and choline phospholipids, sphingomyelin 
and cerebrosides). In  fract ion I I ,  97% of the cholesterol 
w a s  eluted; 3% of the cholesterol or cholesterol deriva- 
t ives  was eluted with fract ion I. No contaminat ion of 
gangliosides could be observed in fraction I I  (Table 2 and 
Fig. 2). However,  in the reference method there was a 
lower recovery of the bands corresponding to GM, and GM3 
gangliosides compared  to method 2 (Figs. 1 and 2). 

DISCUSSION 

Using the common par t i t ioning method according to 
Folch et  al. (1), the lipids and the con taminan ts  exist  in 
two liquid phases  of about  equal volume. Therefore, after  
aspiration of the upper layer, the surface of the lower layer 
has to be washed repeatedly to ensure dilution of residual 
contaminants .  In  so doing, there is a lways the possibil- 
i ty  of removing  some of the lower phase  or interracial 
fluff. However, with the reversed-phase column methods, 
the lipids become bound to the column and occupy a very  

FIG. 1. A unidirectional thin layer chromatograph of a brain lipid 
extract purified with method 2 on C-18 Bond Eiut reversed-phase 
columns and of a reference method. The plate was developed in 
chloroform/methanol/water (65:25:4, vfvlv) and visualized by char- 
ring. Lane 1, fraction I; lane 2, fraction II; lane 3, lower phase of 
reference method; lane 4, upper phase of reference method; C, 
cholesterol and neutral lipids; Cer, cerebrosides; Sulf, sulfatides; 
EPG, ethanolamine phosphoglycerides; PC, choline phosphoglyc- 
erides; PA, phosphatidic acid; PI, phosphatidylinositol; PS, phos- 
phatidylserine; Sph, sphingomyelin; Gg, gangfiosides. 

FIG. 2. A unidirectional thin layer chromatograph of a brain lipid 
extract purified with method 2 on C-18 Bond Elut reversed-phase 
columns and of a reference method. The plate was developed in 
chloroform/methanol/0.25% CaCI~ (60:35:8, v/v/v) and visualized by 
charring. Lane I, fraction I; lane 2, upper phase of reference method; 
Surf, sulfatides; PA, phosphatidie acid; PI, phosphatidylinositol; PS, 
phosphatidylserine; gangliosides GM3, GMI, GDI a, GDI b and G T 
(nomenclature by Svennerholm). 
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small volume. The polar contaminants  remain in solution 
in the very  diluted aqueous phase. The bound lipids can 
then be directly eluted with a known volume of a less polar 
solvent and quant i ta t ive ly  determined. 

The principle for the presented methods  was to s t a r t  
with a lipid ex t rac t  in a less polar solvent and, by  step- 
wise dilution, to obtain a successively more polar solvent  
without phase separation. However, phase separation will 
occur if the water  content  or the salt  concentrat ion is fur- 
ther  increased. As a consequence, the first  dilution of the 
ex t rac t  cannot  be done with saline or with a higher water  
content .  

A successful purification of the lipid ex t rac t  by  the 
reversed-phase column methods  was evident  from the 
complete  removal  of added labeled glucose and the 
absence of ninhydrin positive spots other than lipids after 
TLC. The presented methods were also as accurate as the 
reference method for quant i ta t ive  lipid determinat ions.  
For  gangliosides, method 2 had an even be t te r  recovery 
than the reference method. An advantage of the presented 
methods  was tha t  they take  less time, since several  
samples  can be run in parallel and no solvent  evapora- 
t ions are necessary (max. 90 min f rom crude to purified 
and/or fract ionated extract).  Furthermore,  there is an ob- 
vious advan tage  in the direct separat ion of the com- 
ponents  in the two fract ions I and II .  Thus a separa te  
ion-exchange step to separa te  acidic f rom neutral  phos- 
pholipids (13) is unnecessary.  We feel tha t  the methods  
presented here for the purification and part ia l  fractiona- 
t ion of crude lipid ex t rac t s  have several  applicat ions for 
routine lipid analytical  work and tha t  they are very  
sui table for automat ion.  
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Fate of 7,12-Dimethylbenz(a)anthracene Absorbed from the Rat 
Intestine and Transported in Chylomicrons 
Mats B. Lindstrom*, James  A. Barrowman I and Bengt Borgstrom 
Deportment of Physiological Chemistry, University of Lund, PO Box 94, S-221 O0 Lund, Sweden 

Chylomicrons obtained from the thoracic duct of rats fed 
[3H]7,12-dimethylbenz(a)anthracene (DMBA), a polycyclic 
aromatic hydrocarbon, were infused intravenously into 
rats with bile fistulas. Over 17 hr, 55.9 +__ 3.2% {mean 
• SEM) of the radioactivity was recovered in bile and 
6.7 +__ 0.5% in urine. Minor amounts were deposited in 
liver, kidneys and epididymal fat pads. Injection of 
DMBA in ethanolic solution gave a similar pattern, while 
biliary DMBA metabolites resulted in higher recovery in 
urine and lower recovery in fat. In conclusion, the major 
part of chylomicron DMBA is rapidly excreted via the 
biliary route, while a fraction is probably retained in 
adipose tissue. 
Lipids 22, 278-281 (1987). 

Polycyclic aromatic hydrocarbons (PAH), which con- 
stitute a major class of lipophilic xenobiotics of environ- 
mental and toxicological importance, are formed during 
incomplete combustion of fossil fuels and as a result of 
food processing (1). This group of nonpolar compounds 
contains several well-recognized carcinogens, such as 
benzo(a)pyrene, 3-methylcholanthrene and 7,12-dimethyl- 
benz(a)anthracene (DMBA). DMBA is a potent mammary 
carcinogen, extensively used in experimental studies in 
rodents (2). It is readily absorbed from the gastrointesti- 
nal tract when presented as a solute in dietary lipid (3). 
The major proportion of DMBA taken up by the entero- 
cyte is metabolized and transported to the liver via the 
portal venous blood (4), which is followed by biliary ex- 
cretion and enterohepatic circulation of the metabolites. 
However, some of the absorbed DMBA passes through 
the enterocyte unmetabolized and is transported by the 
lymph as a solute of the triglyceride core of chylomicrons 
(5). The fate of DMBA that  escapes metabolism in the 
enterocyte is of interest, since the compound has the op- 
portunity to reach peripheral tissues. The aim of this in- 
vestigation was to examine the fate of DMBA reaching 
the systemic circulation as a chylomicron solute. 

MATERIALS AND METHODS 

Chemicals. [G-3H]7,12-dimethylbenz(a)anthracene (Amer- 
sham, Little Chalfont, United Kingdom) was 97.8% pure 
according to the manufacturer. Unlabeled DMBA was ob- 
tained from Sigma (St. Louis, Missouri). 

Preparation of chylomicrons containing [3H]DMBA 
from "donor" rats. Male Sprague-Dawley rats (ALAB, 
Stockholm, Sweden) weighing 250-350 g and fed a stan- 
dard pellet diet were used for the study. On the day before 
surgery, solid food was withdrawn, and rats were allowed 
to drink ad libitum a glucose-saline solution containing 

*To whom correspondence should be addressed. 
1Present add~'ess: Faculty of Medicine, Memorial University of New- 
foundland, St. John's, Newfoundland, Canada A1B 3V6. 

2.5% glucose, 0.5% NaCl and 0.05% KC1 (w/v). Under 
ether anesthesia, the infradiaphragmatic portion of the 
thoracic duct was cannulated with clear vinyl tubing (SV 
31, id 0.50 mm, od 0.80 mm; Dural Plastics and Engineer- 
ing, Dural, N.S.W., Australia). A duodenal catheter of the 
same tubing was introduced through the antrum of the 
stomach. It  was secured with a purse-string suture in the 
stomach wall, and the tip was located about 2 cm distal 
to the pyloric sphincter. Both catheters were led out 
through stab wounds in the flank. Postoperatively, the 
animals were kept in restraining cages at 30 C and 
infused intraduodenally with the glucose-saline solution 
at 1.8 ml/hr. Approximately 24 hr after surgery, the rats 
received over one hour an intraduodenal infusion of 1 ml 
corn oil containing 5 nmol [3H]DMBA (sp act 50 t~Ci/ 
nmol). Lymph was collected in 30-rain samples, and the 
samples containing the highest amounts of radioactivity 
(about 2-4 hr after start  of the [3H]DMBA-corn oil infu- 
sion} were pooled. The lymph was diluted with a solution 
containing 1.1% NaC1 and was centrifuged in a 6 • 14 ml 
swing-out rotor for 2 hr at 10 C in polycarbonate tubes 
at 25,000 rpm (g,v -- 75,000) in an MSE prepspin 50 cen- 
trifuge. The supernatant layer containing the chylo- 
microns was harvested after tube slicing. Thin layer 
chromatography (TLC) of chylomicrons was carried out 
on silicic acid plates (Kieselgel 60 on alumina; Merck, 
Darmstadt, Federal Republic of Germany) to determine 
the identity of the 3H activity. Aliquots of the chylo- 
micron fraction were put directly on the plates, which 
were developed with ether/hexane (5:95, v/v). Unlabeled 
DMBA used as reference was visualized with iodine 
vapor, and the corresponding area containing [3H]DMBA 
was cut out and radioactivity was measured after addi- 
tion of 10 ml of Emulsifier Scintillator 299 (Packard In- 
struments Co., Downers Grove, Illinois). 

Intravenous infusion of chylomicrons containing 
[3H]DMBA into "recipient" rats. Recipient rats were 
treated in the same way as donor rats before surgery. 
Under ether anesthesia, the bile duct was cannulated near 
the hilum of the liver with a 5-mm-long polyethylene 
tubing (PP 10; 0.28 mm id, 0.61 mm od; Portex, Hithe, 
United Kingdom) connected to an SV 31 clear vinyl 
tubing, which was led out through a stab wound in the 
flank. An intravenous infusion was set up through a tail 
vein by passing a PP 10 catheter through an 18-gauge 
hypodermic needle (Yale no. 5196; Becton Dickinson, 
Mississauga, Ontario, Canada) and securing the catheter 
with a drop of cyanoacrylate glue. After surgery, the rats 
were kept in restraining cages at 30 C, and during the 
whole experiment (except when radiolabeled infusates 
were administered) were given an intravenous infusion of 
145 mM NaC1 and 5 mM KCI at 0.6 ml/hr. The day after 
surgery the recipient rats received a tail vein infusion 
at a rate of 0.6 ml/hr over 1.5 hr of radiolabeled chylo- 
microns (containing ca. 10 pmol DMBA; chylomicrons 

LtPID$, VoL 22, No. 4 (1987) 



COMMUNICATIONS 

279 

were prepared from lymph of 1- 3 donor rats) resuspended 
in a solution containing 145 mM NaC1 and 5 mM KC1 (this 
infusate is denoted as DMBA-CM in the following). Bile 
samples were continuously collected before, during and 
after this infusion. Urine was also continuously collected 
from the start  of the chylomicron infusion. For com- 
parison, a group of rats with biliary fistulas and intra- 
venous tail vein catheters received over 1.5 hr an infu- 
sion of rat  serum to which had been added an ethanolic 
solution of [3H]DMBA (ca. 5 nmol [3H]DMBA in 50 ~l 
ethanol + rat serum to a total volume of 1 ml [DMBA- 
ES infusate]). Bile, urine and tissue samples were col- 
lected as described above. An additional group of rats 
received over 1.5 hr an intravenous infusion of bile 
(DMBA-BM infusate; containing ca. 200 pmol of DMBA 
metabolites) collected from the DMBA-ES rats. Conse- 
quently this bile (collected during the first 7 hr after start 
of the DMBA-ES infusion) contained biliary metabolites 
of [3H]DMBA. After 22 hr, the DMBA-ES and DMBA- 
BM rats were killed. The liver, kidneys and epididymal 
fat pads were excised and weighed, and samples were 
taken for radioactivity counting. For practical reasons, 
due to the time needed for preparation of fresh chylo- 
microns, the DMBA-CM rats were killed after 17 hr in- 
stead of 22 hr. 

Radioactivity measurements. Aliquots of lymph, bile 
and urine were brought to a total volume of 1 ml by ad- 
dition of distilled water and were mixed with 10 ml 
Emulsifier Scintillator 299 (Packard) for liquid scintilla- 
tion counting in a Packard Tri-Carb 4530. Aliquots of 
tissue (ca. 100 mg) were dissolved at 55 C overnight in 
1 ml of Soluene 350 (Packard) before addition of 10 ml 
Dimilume-30 (Packard). 

Statistics. Data are expressed as mean ___ standard 
error of the mean (SEM). Statistical analyses were per- 
formed using Student's t-test. 

RESULTS 

TLC showed that  pract ical ly all the radiolabel (>99%} was 
present as the nat ive compound in the chylomicrons ob- 
tained from rats with lymph fistulas that were fed 
[3H]DMBA. 

When DMBA-CM (chylomicrons containing DMBA) 
were infused intravenously, the radiolabel rapidly ap- 
peared in bile, as is shown in Figure 1A. The major part 
of the total amount recovered in bile was secreted within 
4 hr after start  of the infusion. During the following 
period of the experiment, the biliary secretion rate was 
constantly low. 

A similar pattern of biliary radiolabel secretion was ob- 
tained when DMBA-ES (DMBA dispersed in ethanol and 
serum) (Fig. 1B) and DMBA-BM (biliary metabolites of 
DMBA) were infused (Fig. 1C). Figure 2 shows the 
cumulative recovery of radiolabel during the first 3 hr, 
which was higher for DMBA-BM than for DMBA-CM 3 
hr after the start  of infusion (p < 0.05). The difference in 
recovery after 3 hr between DMBA-CM and DMBA-ES 
was not significant. 

Table 1 shows the recovery of ~H activity in bile, urine 
and some tissues after intravenous infusion of DMBA-CM, 
DMBA-ES or DMBA-BM. In the case of DMBA-CM, the 
major amount was recovered in the bile (55.9 __ 3.2%), 
whereas a minor portion was found in the urine (6.7 • 

20- 

15. 

t= ~o. 
0 .  

~ 5 I 

~ o 

~ 15- 
I 

1"  

co lO- 

c- 
o 5 .  

~ o 

m 20: 
J~ 

a: lO 

5 

o i 
o 

~ a ~ . i . . l ~ . . . l l . . _ i i . . . a  i �9 �9 � 9 1 4 9 1 4 9  �9 
. . . .  ~ - T  , v 

A 

& 

4 6 8 10 12 14 16 18 20 22 

Time after start of infusion (hr) 

FIG. 1. Rate of biliary secretion of 3H activity as a function of time 
after start of a 1.5-hr intravenous infusion of [3H]DMBA-labeled 
chylomicrons (A}, of [3H]DMBA in ethanol solution mixed with rat 
serum (B) or of billary [3H]DMBA metabolites in bile (C) to rats with 
bile fistulas. Secretion rate is expressed as % recovery/hr of the total 
dose infused. Points represent mean ___ SEM of values obtained from 
6 (A and C) or 7 (B) rats. 

0.5%). Similar results were obtained when DMBA-ES was 
infused, whereas the urinary recovery of radiolabel in rats 
receiving DMBA-BM was considerably greater than in 
animals receiving DMBA-CM. However, the major ex- 
cretory route was bile in all three groups. 

D I S C U S S I O N  

The present study shows that a proportion of DMBA ab- 
sorbed from the small intestine is transported unmetabo- 
lized as a chylomicron solute. The major proportion of 
DMBA injected intravenously as chylomicron solutes in 
this study was recovered in bile, and the pattern of 
recovery was close to that obtained when the compound 
was given by intravenous injection as an ethanolic solu- 
tion in serum. The necessity of metabolic transformation 
of DMBA by the liver prior to biliary excretion could ac- 
count for the fact that 3H activity appeared at a slower 
rate after infusion of DMBA-CM or DMBA-ES compared 
to DMBA-BM. Relatively little radioactivity appeared in 
the urine when DMBA-CM or DMBA-ES was infused; 
this is presumably derived from polar metabolites of 
DMBA that have entered the systemic circulation. Tissue 
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FIG. 2. Cumulative recovery of 3H activity in bile as a function of 
time after start of a 1.~hr intravenous infusion of [3H]DMBA-labeled 
chylomicrons (B), of [3H]DMBA in ethanol solution mixed with rat 
serum (A), or of biliary [3H]DMBA metabolites in bile (V) to rats 
with bile fistulas. Points represent mean +__ SEM of values obtain- 
ed from 6 (B and T) or 7 (A) rats. 

TABLE 1 

Recovery of ~H Activity 17 Hr (DMBA-CM) or 22 Hr 
{DMBA-ES and DMBA-BM) After Start of a 1.5-Hr 
Intravenous Infusion of [3H]DMBA or Biliary 
[3H]DMBA Metabolites to Rats with Bile Fistulas a 

DMBA-CM DMBA-ES DMBA-BM 
(n = 6) (n = 7) (n = 6) 

Bile 55.86 + 3.21 40.85 • 4 .85  58.40 • 1.03 
Urine 6.73 • 0.52 3.42 • 0.59 22.87 • 1.06 
Liver 3.73 +_ 0.45 1.04 • 0.04 2.39 +_ 0.05 
Kidneys 1.04 • 0.17 0.20 • 0.04 2.94 • 0.11 
Epididymal 

fat pads 0.55 • 0.05 0.13 • 0.04 0.03 • 0.01 

Total 
recovery 67.91 • 4.03 45.64 • 4.94 86.63 • 1.85 

aData are expressed as mean • SEM. DMBA-CM, [3H]DMBA- 
labeled chylomicrons obtained from thoracic duct lymph from rats 
given an intraduodenal infusion of [3H]DMBA as a solute in corn 
oil; DMBA-ES, [3H]DMBA in ethanol solution mixed with rat serum 
before the intravenous infusion; DMBA-BM, bitiary metabolites of 
I~H]DMBA obtained from rats with bile fistulas that were given an 
intravenous infusion of [~H]DMBA in ethanol solution mixed with 
rat serum. 

levels at  17 hr were low; there was, however, a small  
deposition of D M B A  in epididymal adipose tissue, which 
was greater  than  tha t  observed when the compound was 
given in ethanolic solution. Only t race  amounts  of radio- 
label were recovered in fat  tissue when the biliary m e t a b ~  
lites of D M B A  were given. From Figure 1 it is evident  
tha t  after  ca. 12 hr the difference in biliary secretion ra te  

of 3H act ivi ty  between the three exper imenta l  groups is 
negligible. Consequently, the fact tha t  the ra ts  were killed 
after  17 or 22 hr does not  affect the resul ts  of the experi- 
ment ,  since no significant changes in t issue distr ibution 
occur between 17 and 22 hr. 

There is a subs tan t ia l  proport ion of adminis tered 
radiolabel t ha t  was not  accounted for. This was pre- 
sumably  dis t r ibuted among  other  tissues. With  the 
assumpt ion tha t  D M B A  is handled similarly by  all forms 
of adipose tissue, which consti tutes 7.08% of body weight 
(6), the total  recovery of 3H act ivi ty in adipose t issue has 
been es t imated  to be 15.7 +_ 4.4% 17 hr af ter  infusion of 
DMBA-CM. One t issue not  examined tha t  migh t  have  
contained appreciable amounts  of the compound is lung, 
since a s tudy of benzo(a)pyrene disposition after  intrave- 
nous injection of chylomicrons mixed with  the radio- 
labeled hydrocarbon showed tha t  lung contained higher 
amounts  of radioact iv i ty  per uni t  weight  of t issue than  
liver, kidneys,  brain, muscle, fa t  or ovaries (7). Another  
possibil i ty not  examined was fecal excretion as a result  
of t rans in tes t ina l  secretion. 

Many  nutr ient  and non-nutr ient  lipid-soluble com- 
pounds in the diet t ravel  in lymph as core solutes in 
chylomicrons. These include fat-soluble vi tamins,  choles- 
teryl  esters, D D T  (8) and P A H  (9). The major  pa r t  of 
chylomicron triglyceride is taken up in extrahepatic  t issue 
as a resul t  of l ipoprotein lipase activity;  >80% of the 
cholesteryl  es ters  of chylomicrons are taken  up by the 
liver via chylomicron remnants  (10). Vitamin A esters are 
a relatively nonexchangeable component  of chylomicrons 
and their  r emnan t s  and are taken  up quant i ta t ive ly  by  
the liver with the remnan t s  (11). By  contrast ,  significant 
amounts  of v i tamin D3 are t ransferred from chylomicrons 
to other  p la sma  fract ions (12). Whether  D M B A  remains  
with chylomicron r emnan t s  like v i t amin  A esters  or ex- 
changes with other  p la sma  lipoprotein fract ions is not  
known. Benzo(a)pyrene has been reported to transfer from 
chylomicrons to the low densi ty  l ipoprotein (LDL) and 
the high densi ty  l ipoprotein (HDL) fract ions (7,13). 

The present results suggest  tha t  D M B A  in chylomicron 
tr iglyceride is largely available for liver metabol i sm 
followed by  biliary excretion, but  t ha t  deposit ion of the 
compound in adipose and other t issues also has to be con- 
sidered. However,  several  aspects  of t ransfer  of D M B A  
between l ipoprotein classes as well as up take  into and 
elimination f rom different organs  remain  to be in- 
ves t iga ted  before the principles determining the fate  of 
this P A H  can be established. 
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Effect of Environmental Temperature Changes on Liver A6 and A5 Fatty 
Acid Desaturases Depressed by Hyperglycidic Diet on Male Rats 
A n a  V e s  Losada  a n d  Ra61 O. Peluffo* 
Instituto de Investigaciones Bioquimicas de La Plata (INIBIOLP), CONICET-UNLP, Facultad de Ciencias M6dicas, calles 60 y 120, (19OO) 
La Plata, Argentina 

Male rats maintained on a control diet at 24 C and shifted 
to  12 C for five days showed no modif icat ion in A6 or 45 
desaturase activity. When A6 and 45 desaturase activities 
were diminished by a hyperglycidic diet, shift ing to cold 
increased both enzymatic  activities. In general, modifica- 
t ions observed in liver microsomal  fat ty  acid composit ion 
are cons is tent  with  those  associated with  the enzymat ic  
desaturation activity.  
Lipids 22, 282-284 (1987}. 

A response of poikilotherms to environmental tempera- 
ture changes is the alteration of membrane lipid composi- 
tion associated with the degree of unsaturation of fat ty 
acids {1,2}. 

While the metabolic basis for increasing unsaturation 
is not entirely clear, there is evidence that cold-adapted 
organisms show higher rates of production of unsaturated 
acids than do warm-adapted organisms {3-5). Thus, 
enhanced rates of desaturation may account for some of 
the fat ty acid composition changes that accompany cold 
adaptation. In eucaryotic organisms, the endoplasmic 
reticulum could constitute a kind of self-regulated system 
for maintaining an optimal physical state by means of 
activation or deactivation of desaturation reactions. 

The effect of temperature on membrane fluidity is not 
as obvious in homeothermic animals as in poikilotherms. 
In previous studies done in this laboratory (6) in which 
female rats were adapted to warm temperature {30-32 C) 
for 20-25 days and then shifted to colder temperature 
{13-15 C) for different periods of time, A6 and A5 desatu- 
rase activities increased 24 hr after cold exposure. Male 
rats adapted under the same conditions did not show 
significant changes in A6 desaturase activity. 

Since a hyperglycidic diet (HD) depressed 46 desaturase 
activity, it was thought that, starting from decreased en- 
zymatic activity levels, it would be possible to observe 
in male rats an increase of this enzyme due to cold 
temperature. 

For this purpose, male rats were fed on HD and shifted 
to different temperatures. Activities of A6 and A5 
desaturase and hepatic microsomal fat ty acid composi- 
tion were determined. 

MATERIALS AND METHODS 

[1-'4C]Linoleic acid {54.7 mCi/mmol, 98.5% radiochemi- 
cally pure, 1% trans isomer} and [1-'~C]eicosa-8,11,14 - 
trienoic acid {54.9 mCi/mmol, 99% radiochemically pure, 
<3% trans isomer} were purchased from New England 
Nuclear (Boston, Massachusetts}. Cofactors used for the 
enzymatic reactions were provided by Sigma Chemical 
Co. (St. Louis, Missouri} and all unlabeled fatty acids were 

*To whom correspondence should be addressed. Member of the Car- 
rera del Investigador Cientifico, Consejo Nacional de Investigaciones 
Cientificas y T6cnicas. 
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from Nu-Chek Prep {Elysian, Minnesota}. All chemicals 
and solvents were of analytical grade. 

Animals and their treatment. White male Wistar rats, 
60-75 days old and weighing 190-220 g, were maintained 
on Cargill rat chow and housed individually in tempera- 
ture-controlled rooms at 24 + 1 C. All animals were sub- 
jected daily to 12 hr light and 12 hr darkness, with mid- 
night being the midpoint of the dark period. 

The animals were divided into two groups of 15 animals, 
fed different isocaloric diets (4.4 cal/g food} and main- 
tained for two days at 24 _ 1 C. Food and tap water were 
given ad libitum. One group received a control diet (CD) 
and the other HD. After this period, each group was sub- 
divided into three groups of five animals, each with the 
same dietary conditions. One group from each diet was 
shifted to a cold room at 12 + 1 C {group I [CD] and group 
II [HD]); two other groups were maintained at the same 
temperature {group III [CD] and group IV [HD]) and the 
last two groups transferred to a warmed room at 31 +_ 
1 C {group V [CD] and group VI [HD]). After five days 
under these conditions, the animals were killed at 8 a.m. 
to avoid circadian effects (7), and liver microsomes were 
isolated as described previously (6). 

The diets contained equal amounts of salts and 
vitamins (8), casein, maize oil, glucose and starch, which 
were used as sources of protein, fat and carbohydrate, 
respectively. In the CD, 55, 20 and 25% of the calories 
were supplied as carbohydrate {100% starch}, protein and 
fat. The distribution of calories in the HD was as follows: 
69% carbohydrate (62% starch and 38% glucose}, 6% pro- 
tein and 25% fat. 

Enzymatic assays. Reactions were initiated by the ad- 
dition of microsomal protein to preincubated flasks con- 
taining 0.25 M sucrose, 0.15 M KC1, 0.04 M potassium 
phosphate buffer (pH 7.2}, 1.41 mM N-acetyl cysteine, 
0.04 M KF, 1.3 mM ATP, 0.06 mM CoA, 0.87 mM 
NADH, 5 mM MgC12, 5 nmol [1-'4C]labeled acid and 45 
nmol unlabeled acid in a final volume of 1.6 ml. For A6 
desaturase assays, linoleic acid was used as substrate and 
3 mg of protein; for/~5 desaturase assays, the substrate 
was eicosa-8,11,14-trienoic acid and 2 mg of microsomal 
protein. Reaction mixtures were incubated with constant 
shaking at 36 C for 15 min. 

The protein was determined by the Lowry procedure 
using crystalline bovine serum albumin as standard (9). 
The desaturation reaction was stopped by addition of 2 
ml of 10% KOH in ethanol. The fatty acids were recovered 
by saponification of the incubation mixture (45 min at 
82 C), acidification and extraction with petroleum ether 
(bp 30-40 C}. The fat ty acids were esterified with 
methanolic 3 M HC1 {1 hr at 64 C). 

The analyses were carried out by gas liquid radiochro- 
matography in a Model 893 Packard apparatus equipped 
with a proportional counter using GP 10% SP 2330 on 
Chromosorb WAW {100-120 mesh} (10). 

The relative radioactivity in [1-'4C]substrate and 
[1-'4C]product was determined by measuring the area of 
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the  coun te r  o u t p u t  peaks  by  t r i a n g u l a t i o n  in  the  radio- 
ch roma tog rams .  

F a t t y  acid analysis. Tota l  mic rosomal  l ipids were ex- 
t r ac t ed  u s i n g  the  m e t h o d  of Folch et  al. (11), and  m e t h y l  
es ters  were p repared  and  ana lyzed  by  gas  l iquid  chroma-  
t o g r a p h y  in  a Hewle t t -Packa rd  model  5840-A chromato-  
g r aph  equ ipped  wi th  the  5840-A 6C t e r m i n a l  an d  u s i n g  
a 6-ft co lumn  filled wi th  10% SP 2330 on 100/200 mesh  
Chromosorb  W A W .  

Statis t ical  analysis. D a t a  were analyzed by  the two-way 
ana lys i s  of va r i ance  and  D u n c a n ' s  Mul t ip le  Range  test .  

RESULTS AND DISCUSSION 
i 

oi 
The effect of env i ronmen ta l  t empera tu re  observed in r a t s  E 
feeding on CD and  H D  on  A6 and  h5 desa tu rase  act iv i t ies  ~ 
is shown in  F igure  1. .~ 

The  e n z y m a t i c  ac t iv i ty  of A6 desa tu r a se  was  no t  
modif ied in those  r a t s  on a CD adap t ed  to t e m p e r a t u r e s  
of 31 and  12 C when compared  to those  a t  24 C (Fig. 1). _= 
These resul ts  agree wi th  those of Gonz~lez et al. (6), which 
showed no s ign i f ican t  differences in/16 d e s a t u r a s e  activ- 
i t y  in male  r a t s  p rev ious ly  w a r m - a d a p t e d  (20-25 days  a t  ,~ 
31 C) and  t h e n  shi f ted  to 14 C for 5 days.  However ,  in  | 
female ra ts ,  an  increase  in  the  ac t iv i ty  of A6 desa tu r a se  
was  observed,  and  th i s  change  was  re la ted  to  es t rad io l  
levels (12). 

On the  con t ra ry ,  a decrease of the  e n v i r o n m e n t a l  
t e m p e r a t u r e  to  12 C evoked an  increase  of the  A6 desa tu-  
rase ac t iv i ty  in  those ra t s  fed a diet  rich in ca rbohydra tes  
compared  to  an ima l s  m a i n t a i n e d  a t  24 a n d  31 C. 

Peluffo and  B r e n n e r  {13) found  t h a t  A6 desa tu r a se  en- 
zymat ic  ac t iv i ty  in  r a t s  kept  at  24 C is no t  modified when  
isocaloric die ts  are g iven  in  which 5, 15 or 25% of the  
calories is suppl ied  b y  prote ins .  On the  o ther  hand,  die ts  
wi th  a h igh c a r b o h y d r a t e  c o n t e n t  (15,19) decrease A6 
d e s a t u r a s e  enzyma t i c  ac t iv i ty .  We m a y  suppose,  there- 
fore, t h a t  the  decrease observed  in A6 desa tu r a se  

enzymat ic  ac t iv i ty  a t  24 and  31 C as a consequence of the  
hyperglycidic  diet  (Fig. 1) is due to i ts  high ca rbohydra t e  
a nd  no t  i ts  low p ro t e in  con ten t .  However ,  t he  decrease  
evoked at  12 C was no t  s ignif icant ,  sugges t ing  t ha t  some 
factors  c oun t e r ba l a nc e d  the  depres s ing  effect of the  
h y p e r c a r b o h y d r a t e  diet.  

A n  increase in A5 desa turase  ac t iv i ty  was observed bo th  
in  ra t s  on a CD and those on a HD kept  a t  12 C compared  
to  those  a t  31 C {Fig. 1). There  was  an  increase  in  A5 
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0.20 

A6- Desaturase 

12 24 31 

a5 -Desaturase 

a' ,d 

b , g  

e,f 

12 24 

Environmental Temperature (C) 

C �9 

31 

FIG. 1. Effect of environmental temperature on liver microsomal 
56 and 55 desaturase activities in male rats fed control (open bars) 
and hyperglycidic (shaded bars} diets. Desaturase enzyme assays 
were carried out as described in Materials and Methods for the six 
groups of animals described in the text. Results are shown as the 
mean of 5 rats ___ S.E. The type of group is shown within the col- 
umns. Letters above the bars indicate significant differences at 1%: 
a, group I vs group II; b, III vs IV; c, V vs VI; d, I vs V; e, II vs 
IV; f, II vs VI; and g, III vs  V; a', c', e' and f' indicate significant 
differences at 5%. 

TABLE 1 

Effect of Environmental Temperature on Liver Microsomal Fatty Acid Composition in Rats Fed Control (CD) and Hyperglycidic (HD) Diets 

12 C 24 C 31 C 

Fatty acid CD HD CD HD CD HD 
(%) Group I Group II Group III  Group IV Group V Group VI 

16:0 15.44 -- 0.27 d 15.48 + 0.09g' 17.31 • 0.43f 17.02 • 0.29 18.84 • 0.41 e 18.22 • 0.66 h 
16:1 0.24 • 0.15 d 0.42 • 0.17 0.62 • 0.22 b' 1.24 • 0.13 i 1.60 _+ 0.22 e 1.64 • 0.14 h 
18:0 24.08 • 0.34 24.82 + 0.29 22.25 • 0.96 23.16 • 0.60 i 20.52 _+ 1.02 e 19.64 + 0.78 h 
18:1 8.66 • 0.23 9.12 • 0.25 9.88 • 0.24 10.20 • 0.37 9.86 • 0.63 11.12 ___ 0.60 h, 
18:2n-6 13.42 • 0.47 a' 15.20 • 0.33 13.78 • 0.54 b 15.58 • 0.21 13.90 • 0.43 15.94 • 0.71 c 
20:3n-6 0.78 • 0.04 a' 1.20 + 0.05 1.05 • 0.09b,/ 1.50 • 0.07 i' 1.58 • 0.11 e 1.86 • 0.22 h 
20:4n-6 31.72 • 0.41 a 28.15 • 0.41g 31.82 • 1.20b, f 26.64 • 0.33 i 28.54 • 0.49 e 26.44 • 0.63c) h 
22:5n-3 0.98 • 0.10 a' 1.36 • 0.13 1.10 • 0.11 1.36 • 0.11 0.90 + 0.08 1.28 • 0.10 c 
22:6n-3 4.58 • 0.29 4.18 • 0.07g 4.55 • 0.16 b' 3.24 • 0.31 i' 3.60 • 0.33 3.84 +__ 0.26 
20:4n-6/18:2n-6 2.364 ___ 0.113 a 1.852 • 0.067 2.309 • 0.178b, f 1.710 • 0.044 2.053 • 0.099 e 1.659 • 0.113 c' 
Unsaturation 

index 1.866 • 0.013 a 1.788 • 0.010g 1.864 • 0.014b, f 1.697 • 0.015 i 1.764 • 0.012 e 1.752 • 0.014 h' 

Fatty acid composition was determined by gas liquid chromatography as described in Materials and Methods for the 6 groups of animals 
described in the text. Only main fatty acids were considered. Results are shown as mean of 5 rats _ S.E. Letters indicate significant 
differences at 1%: a, group I vs group If; b, III vs IV; c, V vs VI; d, I vs III; e, I vs V; f, III vs V; g, II vs IV; h, II vs VI;/, IV vs 
VI; a', b', c, f, g', h" and i" indicate significant differences at 5%. 
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desaturase activity only in HD rats  kept at 12 C com- 
pared to those at 24 C. The highest activity was observed 
in the animals kept at the lowest temperatures.  

The A5 desaturase enzymatic activi ty decreased in 
animals on a HD compared to rats  on a CD, irrespective 
of environmental temperature. 

Al though we do not know the mechanism of the HD 
effect, we do know that  epinephrine {16,17) and cAMP 
(17) evoke a decrease of fa t ty  acid desaturase activity. 
Moreover, glucocorticoids also induce a decrease of 
desaturase activity (18). However, Jeffcoat and James  
(19) were unable to detect a decrease of A5 desaturase ac- 
t ivity when feeding rats  a diet rich in sucrose. 

Fa t ty  acid composition of lipids was also studied, since 
changes in microsomal desaturation can be detected in 
microsomal lipids (20). In this respect, animals fed a HD 
and kept at 12 C show a higher unsaturat ion index than 
animals kept at 24 and 31 C. This could be related to an 
increase of A6 and A5 desaturation. The effect of the HD 
is shown in Table 1. In all animals, the decrease in the 
20:4n-6/18:2n-6 ratio is in accord with a decrease of A6 
and A5 desaturase activities {Fig. 1). However, in those 
rats  kept at 12 C, no modification in A6 desaturase ac- 
t ivi ty was observed. 

Rats kept on CD and HD at 12 C showed a decrease 
in 20:3n-6 and an increase in 20:4n-6 compared to those 
groups at higher temperatures;  these changes could be 
attributed to the increase of A5 desaturase activity caused 
by low temperature. 

In conclusion, results suggest  tha t  cold evokes an in- 
crease of A6 and A5 desaturase activities when these en- 
zymes are suppressed by dietary factors, such as a 
hyperglycidic diet. 
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from Stimulated 1-Acyl-2-acetyl-sn-glycero-3-phosphocholine 
Human Polymorphonuclear Leukocytes 
Kiyoshi Satouchia, Makoto Odab and Kunihiko Saitoa 
aDepartment of Medical Chemistry and bThe First Department of Internal Medicine, Kansai Medical School, Mofiguchi Osaka 570, Japan 

1-Acyl-2-acetyl-sn-glycerw~phosphocholine (1-acyl-2-acetyl 
GPC} was found in the fraction of platelet-activating 
factor obtained from stimulated human polymorpho- 
nuclear leukocytes (PMN}. The amount of 1-acyl-2-acetyl 
GPC obtained from I X 107 PMN stimulated with iono- 
phore A23187 at 37 C for 15 min ranged from 8 to 56 pmol 
(32 • 10 pmol, mean • standard error; n = 4}. The main 
species was 16:0 palmitoyl (17 ___ 5 pmol), followed by 18:0 
stearoyl (8 • 3 pmol} and 18:1 oleoyl (7 • 3 pmol}. 

Although the physiological significance is unknown, 
1-acyl-2-acetyl GPC was always detected when 1-alkyl-2- 
acetyl GPC was detected. 
Lipids 22, 285-287 (1987). 

The platelet-activating factor (PAF} generated by human 
polymorphonuclear leukocytes (PMN} was identified by 
selected ion monitoring ISIM} and fast atom bombard- 
ment mass spectrometry (FAB-MS} as 1-alkyl-2-acetyl- 
sn-glycero-3-phosphocholine {1-alkyl-2-acetyl GPC}, com- 
posed mainly of 16:0 1-hexadecy|-2-acety| species fl-3}. 
[The abbreviation PAF refers to biological activity. To 
avoid confusion, each molecular species of 1-alkyl-2-acetyl 
GPC is termed by its systematic name and each species 
of 1-acyl-2-acetyl GPC by its trivial name.] At the same 
time, it was shown by mass spectrometry that  1-acyl-2- 
acetyl-sn-glycero-3-phosphocholine (1-acyl-2-acetyl GPC}, 
in which a fatty acyl group is substituted for a long chain 
alcohol at the sn-1 position, is generated by stimulated 
rabbit PMN and that its predominant species was 16:0 
palmitoyl, followed by 18:1 oleoyl and 18:0 stearoyl (4}. 

A well-known potential of 1-acyl-2-acetyl GPC is its 
ability to compete with 1-alkyl-2-acetyl GPC for acetyl- 
hydrolase (5,6}. Recently, cell-associated PAF generated 
by PMN stimulated with formyl-methionyl-leucyl-phenyl- 
alanine (FMLP} was shown to act as a feedback inhibitor 
of PAF biosynthesis (7). 

In this work, we extended our previous studies (4} by 
SIM examination to the PAF fraction from stimulated 
human PMN, and we also examined the potential role of 
1-acyl-2-acetyl GPC. 

MATSRIALS AND METHODS 

Chemicals. The chemotactic peptide FMLP was pur- 
chased from the Protein Research Foundation (Osaka, 
Japan}. Calcium ionophore A23187 was obtained from 
Calbiochem-Behring (San Diego, California}. 1-Acyl-2- 
acetyl GPC, a mixture of the palmitoyl and stearoyl 
species {2:1, w/w}, was synthesized by mixing acetic 
anhydride and the respective lysocholine phosphoglycer- 
ides (4}. Sources of other chemicals were as described in 
our recent publications (4,8,9}. 

Isolation o fPMN andplatelets. The procedure for isola- 
tion of human PMN, involving dextran sedimentation, 
FicoU-paque gradient centrifugation and hypotonic treat- 

ment to lyse erythrocytes, was described previously (8}. 
Preparation of washed rabbit platelets essentially follow- 
ing the method of Pinckard et al. (10} has been described 
previously in further detail {9). Human platelet-rich 
plasma (PRP) was prepared by centrifuging citrated blood 
at 225 X g for 15 min at 25 C. 

SIM analysis of molecular species. Human PMN from 
100 ml of citrated blood were resuspended at a concen- 
tration of 6 X 106 cells/ml in Tyrode's solution contain- 
ing 0.25% bovine serum albumin fBSA} and 1.3 mM 
CaCI2. The procedures used to activate PMN and to ex- 
tract, isolate and derivatize 1-alkyl-2-acetyl GPC and 
1-acyl-2-acetyl GPC were as described previously (4}. In 
the extraction step, 200 ng of 1-hexadecyl-2-acetyl-d3 GPC 
and 100 ng of 1-heptadecanoyl-2-acetyl-d3 GPC were 
added as internal standards. Lipids of interest were 
located from their positions relative to the standards, 
which were located by the rhodamine method (4). Three 
types of ions, (CH~CO+74}*, (alkyl+130} § and (M-57) § 
were monitored. Other conditions for SIM were as 
described previously (1}. 

Effect of l-acyl-2-acetyt GPC on the production of PAF 
by PMN. Samples of 5 ml of human PMN (5 • 106 PMN/ 
ml Tyrode's gelatin solution, pH 7.2, containing 1.3 mM 
CaC12} were preincubated with 1 X 10 -1~ M 1-acyl-2-acetyl 
GPC for 1 rain at 37 C and then were stimulated with 1 X 
10 -6 M FMLP for 2.5 min. The reaction mixtures were 
transferred to other glass tubes, and total lipids were ex- 
tracted by the systems of Bligh and Dyer (11}. The lipid 
extract was suspended in 2.5 mg BSA/ml saline. The 
amount of PAF equivalents generated by PMN was mea- 
sured as described (12} by aggregation of washed rabbit 
platelets, except for no addition of cycloxygenase in- 
hibitor and ADP scavenger. 1-Hexadecyl-2-acetyl GPC 
was used as a standard, because human PMN produce 
this species predominantly (1-3). 

RESULTS AND DISCUSSION 

Simultaneous presence of l-alkyl-2-acetyl GPC and 1-acyl- 
2-acetyl GPC. The presence of both 1-alkyl-2-acetyl GPC 
and 1-acyl-2-acetyl GPC in stimulated human PMN was 
demonstrated by SIM analysis of PAF samples before 
separation of the two types by thin layer chromatography 
(TLC}. Upon monitoring at m/z 117, six peaks were re- 
corded with retention times of 0'53", 1'05", 1'20", 1'38", 
2'06" and 2'36" (Fig. 1}. From comparison of their reten- 
tion times with those of standards, as well as monitor- 
ing at m/z (M-57} § six molecular species were identified 
in the four main peaks: 1-hexadecyl-2-acetyl GPC (m/z 
415, 1'05"), 1-palmitoyl-2-acetyl GPC (rrgz 429, 1'20"), 
1-octadecenyl-2-acetyl GPC (ndz 441, 1'36"}, 1-octadecyl- 
2-acetyl GPC (m/z 443, 1'43"}, 1-oleoyl-2-acetyl GPC {m]z 
455, 2'00"} and 1-stearoyl-2-acetyl GPC (m/z 457, 2'05"}, 
in order of their elutions. However, as stressed previously 
(4}, it is necessary to consider the presence of odd- 
numbered 1-alkyl-2-acetyl GPC on the analysis of even- 
numbered 1-acyl-2-acetyl GPC. To this end, the spot 
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m/z 
CH3C0+74 

C D :O+ 74 

M-57'  

117 

120 

4 1 5  

4 1 8  

4 2 9  
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4 4 3  

4 4 6  

4 5 5  

4 5 7  

8 9  

A: 
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I 2 3 
T l ine ( ra in )  

FIG. 1. Selected ion monitoring (SIM) trace of platelet-activating 
factor (PAF) sample from stimulated human polymorphonuclear 
leukocytes (PMN). Human P M N  (1.2 X 10 s cells) were challenged 
with 2.5 X 10 -4 M ionophore A23187. The P A F  fraction was purified 
from the cells plus medium and derivatized. SIM analyses were per- 
formed separately for the acetyl  group and groups with molecular 
weights  of the 1-alkyl-2-acetyl and 1-acyl-2-acetyl GPCs. The signals 
at m/z 418 and m/z 446 were those of ions of internal standards. Peak 
areas are shown on the right of each peak. 

corresponding to 1-alkyl-2-acetyl-3-tert-butyldimethylsilyl 
(t-BDMS) glycerol was purified by TLC in hexane/diethyl- 
ether (9:1, v/v) (1). By monitoring at m/z 117, the peaks 
at 1'20" and 2'06" almost disappeared, leading to the con- 
clusion that  the quantities of odd-numbered 1-aikyl-2- 
acetyl GPC are minute. Accordingly, simultaneous quan- 
titations were performed using calibration curves of the 
(M-57) § ion of 1-alkyl-2-acetyl GPC (1,9} and 1-acyl-2-acetyl 
GPC (4). The amounts of 1-alkyl-2-acetyl GPC in 1 • 107 
PMN (n -- 4) were 94 -!-_ 36 pmol {mean -4- standard error} 
of 1-hexadecyl-2-acetyl GPC, 37 + 13 pmol of 1-octa- 

decenyl-2-acetyl GPC and 29 +_ 12 pmol of 1-octadecyl-2- 
acetyl GPC. In contrast, one-fifth of this amount of 
1-acyl-2-acetyl GPC was detected. The main species was 
1-palmitoyl-2-acetyl GPC (17 _ 5 pmol), followed by 
1-stearoyl-2-acetyl GPC (8 +_ 3 pmol) and 1-oleoyl-2-acetyl 
GPC (7 +_ 3 pmol). A close correlation was found between 
the amounts of 1-alkyl-2-acetyl GPC and 1-acyl-2-acetyl 
GPC. In many experiments, including the present one, 
PAF was detected with iodine vapor. This procedure was 
found to affect the quantitation of unsaturated species 
of both types (4), so saturated species were represented. 
The amounts of 1-hexadecyl- (71 +_ 19 pmol) plus 1-octa- 
decyl-2-acetyl GPC (21 + 7 pmol) per 1 • 107 PMN were 
plotted on the x-axis and those of 1-palmitoyl- (15 +_ 
3 pmol) plus 1-stearoyl-2-acetyl GPC (5 + 2 pmol) on t h e  
y-axis. PAF fractions 4 to 8 were detected by the iodine 
method and quantitated with 1-palmitoyl-2-acetyl-d3-GPC 
as an internal standard. The regression equation was Y -- 
0.17 X + 4.91 with a correlation coefficient of r -- 0.989 
(n = 8). This is quite in contrast to the regression equa- 
tion of rabbit PMN, Y -- 0.66 X + 11.61, r = 0.940 (4). 

There is no direct method available for measurements 
of 1-acyl-2-acetyl GPC and 1-alkyl-2-acetyl GPC in mix- 
tures of the two. The peak of intact 1-palmitoyl-2-acetyl 
GPC overlapped that of 1-pentadecyl-2-acetyl GPC on 
high performance liquid chromatography (HPLC) (13}, 
and peaks of derivatives of 1-paimitoyl-2-acetyl species 
overlapped those of 1-heptadecyl-2-acetyl species on GC 
with packed column (4). In fact, Weintraub detected 
1-palmitoyl-2-acetyl GPC by FAB-MS as one component 
in the peak separated by reversed-phase HPLC, in which 
1-pentadecyl, 1-hexadecenyl and 1-octadidecenyl-2-acetyl 
GPC were also detected (14}. So, it is necessary to sepa- 
rate these types of PAF before analyses of molecular 
species. Ramesha and Pickett analyzed the molecular 
species of PAF from ionophore A23187-stimulated rat 
peritoneal PMN without their separation (15}. They used 
capillary GC/negative ion chemical ionization mass spec- 
trometry of the molecular ion, (M)-, for PAF determina- 
tion (16}, and detected three isometric peaks of 1-hepta- 
decyl-2-acetyl GPC and also 1-nonadecyl-2-acetyl GPC. 
Judging from the retention times and mass numbers of 
these fractions, they could have contained 1-acyl-2-acetyl 
GPC in addition to odd-numbered 1-alkyl-2-acetyl GPC. 
Assuming that  these fractions consisted entirely of 
1-acyl-2-acetyl GPC, the percentage of this type was at 
most 2.2%, as calculated simply as the sum of the peak 
areas. Thus the contribution of 1-acyl-2-acetyl GPC seems 
to be minute in rat PMN. 

Biological effect of l-acyl-2-acetyl GPC. The biological 
activity of 1-acyl-2-acetyl GPC was assessed by measur- 
ing its ability to elicit platelet aggregation or to inhibit 
aggregation of human PRP induced by 1-alkyl-2-acetyl 
GPC in an aggregometer (Nikko Hematracer, PAT-4A). 
The platelets were stirred at 1000 rpm, and changes in 
light transmission were recorded with time. Experiments 
were completed within 1 hr after PRP preparation (17}. 
1-Acyl-2-acetyl GPC is a weak agonist to human PRP, 
as it is to washed rabbit platelets {18}. Even at 2 • 10 -6 M, 
it induced a very weak primary aggregating response. In 
contrast, 1-alkyl-2-acetyl GPC elicited an immediate and 
irreversible aggregating response of human PRP at a 
concentration of 1 • 10 -7 M. At a concentration of 6 • 
10 -8 M, it caused biphasic aggregation, and at a lower 
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concentration, it caused no secondary aggregation, re- 
versible aggregation only being noted. Preincubation of 
1-acyl-2-acetyl GPC with PRP  or simultaneous addition 
of 1-acyl-2-acetyl GPC at a final concentration of 2 • 
10 -6 M with 6 X 10 -8 M 1-alkyl-2-acetyl GPC had no in- 
hibitory or s t imulatory effect on biphasic aggregation 
elicited by the latter. 

We have demonstrated that  most of the 1-alkyl-2-acetyl 
GPC generated by ionophore A23187-stimulated PMN 
remained cell-associated (1,8), and this was also observed 
when opsonized zymosan or FMLP was employed as a 
stimulus (19}. We found that  1-acyl-2-acetyl GPC was also 
mainly cell-associated. When PMN treated with iono- 
phore A23187 were separated by rapid centrifugation, 
31 _ 8 pmol (n -- 2) saturated 1-acyl-2-acetyl GPC per 
1 • 107 PMN remained in a cell-associated form, while 
4 __ 2 pmol (n -- 3) was detected in the supernatant.  At  
the same time, 77 +_ 40 pmol tn = 2) of sa turated 
1-alkyl-2-acetyl GPC was recovered in the cell pellet and 
10 +_ 4 pmol (n = 3) in the supernatant  fraction. Ludwig 
et al. demonstrated recently that  this cell-associated PAF 
acts as a feedback inhibitor of PAF  biosynthesis (7). Ac- 
cordingly, we examined the possible role of 1-acyl-2-acetyl 
GPC as an inhibitor of the PAF  synthesis by PMN. 

PAF production, measured 2.5 min after stimulation, 
was greatest  on stimulation with 1 • 10 -6 M FMLP. The 
amount  of P A F  produced by 5 • 106 PMN was 356 -!-_ 
121 fmol with a range of 140 to 700 fmol (n = 5). The high 
degree of variability of PAF  production by human PMN 
was also observed by Ludwig et al. (20). Assuming tha t  
one-fifth of this amount  is acyl type and 90% of this is 
cell-associated, it is calculated to be 60 fmol per 5 • 
106 PMN. Next, about 10-20% of exogenously added 
PAF  associated with PMN (21}. Accordingly, we prein- 
cubated PMN with 1 • 10 -'~ M 1-acyl-2-acetyl GPC for 
1 min. Roughly, 10-20 fmol is expected to be associated 
with 5 • 106 PMN. They were stimulated with 1 • 10 -6 M 
F M L P  for 2.5 rain. The amount  of P A F  produced by 5 X 
10 ~ PMN was 324 +_ 105 fmol with a range of 80 to 
620 fmol (n = 5). So preincubation of PMN with 1-acyl-2- 
acetyl GPC was inhibitory, but  a special role of acyl-type 
PAF as feedback inhibitor would be ruled out at the initial 
phase of PAF biosynthesis. 

Finally, the physiological significance of 1-acyl-2-acetyl 
GPC is still obscure. However, as stressed by Hanahan  
in a recent review (22), it does not mean that  this type 
of PAF  is not  metabolically important.  
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Acyltransferases in Subcellular Fractions of Developing Seeds 
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Acyltransferase activities responsible for the transfer of 
oleoyl moieties from oleoyl-CoA to various lipids have 
been examined in subcellular fractions of developing 
seeds of rape, Brassica napus L. In the absence of 
exogenous acyl acceptors, the microsomal and oil body 
fractions transferred oleoyl moieties mostly to phospha- 
tidylcholines and phosphatidic acids, although there was 
substantial incorporation of the oleoyl moieties into 
monoacylglycerols, diacylglycerols and triacylglycerols. 
The soluble (150,000-g supernatant) fraction incorporated 
oleoyl moieties mainly into the neutral lipids (monoacyl- 
glycerols and diacylglycerols) and also exhibited a rela- 
tively high acyl-CoA hydrolase activity. In the presence 
of the exogenous acyl acceptors, lysophosphatidylcholine 
and lysophosphatidic acid, both microsomal and oil body 
fractions transferred most of the oleoyl moieties to phos- 
phatidylcholines and phosphatidic acids, respectively. 
Other lysophospholipids, such as lysophosphatidyletha- 
nolamine and lysophosphatidylinositol, were not very ef- 
fective as acyl acceptors, nor were glycerol-3-phosphate, 
monoacylglycerols or diacylglycerols. In contrast, the 
soluble fraction showed little or no stimulation of acyl- 
transfer in the presence of exogenous lysophospholipids 
but was able to utilize, to some extent, exogenous mono- 
acylglycerols and diacylglycerols as acyl acceptors. 
Lipids 22, 293-298 (1987). 

Triacylglycerol biosynthesis is believed to occur in oil- 
seeds via the Kennedy pathway (1~, as in animal tissues. 
In many oilseeds, however, acyl groups are also channeled 
toward a phosphatidylcholine pool, which is probably the 
substrate for the desaturase(s) involved in the formation 
of polyunsaturated acyl moieties (2,3). The polyunsatu- 
rated acyl moieties then return to the Kennedy pathway 
as diacylglycerols (4-6) and/or acyl-CoA derivatives (6-8). 
The relative rates of the following reactions in oilseeds 
remain to be determined, and the involvement of these 
pathways in the formation of triacylglycerols is the sub- 
ject of some controversy (3-6,9,10): 

Acyl-CoA + Lysophosphatidylcholine ~- Phosphatidylcholine + CoASH 
1,2-Diacylglycerol + CDP-choline ~- Phosphatidylcholine + CMP 

Equally unclear is the subcellular localization of the 
various enzymes involved in triacylglycerol biosynthesis. 
Most studies have previously been concentrated on the 
so-called "microsomal" fraction, i.e., the membrane frac- 
tion sedimenting between 10,000 and 100,000 g. This 
membrane fraction contains most of the enzymes in- 
volved in triacylglycerol biosynthesis, but it may not be 
the only, or even the major, site of each of the constituent 
enzymes involved. The oil body fraction has been reported 
as a major site of triacylglycerol formation in seeds of 
cramb~ Ill), mustard t12) and castor (13) and of wax ester 

*To whom correspondence should be addressed. 

formation in jojoba seeds (14). The high (19%, w/w) pro- 
tein content reported for cramb6 oil bodies (11) contrasts 
with that for oil bodies from peanut (0.2%, w/w) and from 
linseed and safflower (2.5%, w/w) (15). The finding that 
linseed and safflower oil bodies contain only four major 
polypeptides of 14-18 kDa casts some doubt on the 
biosynthetic capacity of these organelles (3). The biosyn- 
thetic capacity of the soluble fraction from developing 
oilseeds has hitherto been neglected. Recently, however, 
a soluble glycerol-3-phosphate acyltransferase has been 
purified from cocoa seeds (16), and developing mustard 
seeds have been shown to exhibit soluble acyltransferase 
activities (12). 

In the present study, the acyltransferase activities 
leading to triacylglycerol biosynthesis were examined in 
developing seeds of oilseed rape, which is a major oilseed 
crop in northern Europe, Asia and Canada. The subcel- 
lular distribution of acyltransferases has been examined 
in microsomal, oil body and soluble fractions obtained 
from the seed homogenate. 

MATERIALS AND METHODS 

Materials. Developing seeds of rape, var. Jet Neuf, were 
harvested at a period of high triacylglycerol formation, 
i.e., 4-5 weeks after flowering, and immediately frozen 
to - 80 C. The seeds used in the present study were a gift 
of A. R. Slabas (Unilever Research, Sharnbrook, Welwyn, 
Bedfordshire, United Kingdom). [1-'4C]Oleoyl-CoA (2.068 
KBq.nmo1-1} was purchased from Amersham-Buchler 
(Braunschweig, Federal Republic of Germany). Oleoyl- 
CoA, glycerol-3-phosphate, 1-oleoylglycerol, dioleoyl- 
glycerols (85% sn-l,3 and 15% sn-1,212,3] isomers), 
1-acyllysophospholipids {oleoyllysophosphatidylcholine, 
oleoyllysophosphatidic acid, palmitoyllysophosphatidyl- 
ethanolamine and lysophosphatidylinositol [from soy- 
bean]), and CoASH were obtained from Sigma-Chemie 
(Muenchen, Federal Republic of Germany). All other 
reagents and adsorbents were from E. Merck (Darmstadt, 
Federal Republic of Germany). Lipid standards for thin 
layer chromatography (TLC) were either from Sigma- 
Chemie or Applied Science Laboratories (State College, 
Pennsylvania). 

Isolation of subcellular fractions. All operations were 
carried out at 4 C. Frozen seeds (10 g) were ground in a 
mortar in a total of 40 ml isolation buffer consisting of 
50 mM HEPES-KOH, pH 7.4, 1 mM EDTA, 1 mM DTT 
and 0.5 M sucrose. The brei was filtered through one layer 
of Miracloth to yield the homogenate fraction, which was 
centrifuged at 12,000 • g for 20 min to yield floating oil 
body (O,), supernatant (S~) and pellet (P,) fractions. MgCl2 
was added to the supernatant to a final concentration of 
50 mM to precipitate the microsomal membranes. The 
microsomal fraction was then sedimented at 20,000 • g 
for 15 min. The resulting supernatant (S~) was subjected 
to further centrifugation at 150,000 • g for 2 hr to obtain 
a soluble protein fraction. O, was dispersed in isolation 
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buffer by gentle passage through a ground-glass homoge- 
nizer and centrifuged at 20,000 X g for 15 min to yield 
a washed oil body fraction. This procedure was repeated 
three times until no further membranous material sedi- 
mented and a thick creamy washed oil body fraction was 
obtained. The washed oil body and the microsomal frac- 
tions were resuspended in a medium consisting of 50 mM 
HEPES-KOH, pH 7.4, 1 mM DTT and 10 mM MgCl~. 

Incubations. Aliquots of subcellular fractions corre- 
sponding to 0.2-0.4 mg protein were incubated in a total 
volume of 500 t4 of a medium consisting of 50 mM 
HEPES-KOH, pH 7.4, 1 mM ATP, 0.3 mM CoASH, 
5 mM MgCl~ and 1 mM 2-mercaptoethanol. Incubations 
were started by adding 3.7 KBq [1-'~C]oleoyl-CoA at a 
final concentration of 20 nmol oleoyl-CoA per assay. 
When lysophospholipids or mixtures of mono- and di- 
acylglycerols were used as exogenous acyl acceptors, 
100 nmol of these lipids were added as sonicated disper- 
sions as described elsewhere (17). Incubations were car- 
ried out at 23 C in open glass tubes with shaking and were 
terminated by the addition of 10 ml chloroform/methanol 
(2:1, v/v) to produce a monophasic extract. To this extract 
was added 2 ml of an aqueous solution of 0.1% acetic acid 
containing 0.7% NaC1, which resulted in partitioning of 
all water-soluble constituents, including acyl-CoA deriva- 
tives, into the upper aqueous phase. The lower phase con- 
taining the chloroform-soluble lipids was recovered and 
analyzed. 

Lipid and protein analysis. Methods for analysis of 
chloroform-soluble lipids and detection of acyl-CoA in the 
aqueous phase after partitioning of the lipids were iden- 
tical to those described previously (17,18). In addition, 
the following systems for TLC were employed. 

To detect monoacylglycerols, the total lipids were ap- 
plied to layers of Silica Gel H, and the chromatoplates 
were developed twice with diethyl ether to a height of 
2 cm from the origin. Upon subsequent development of 
the chromatoplates up to the top with hexane/diethyl 
ether/acetic acid (70:30:1, v/v/v), the monoacylglycerols, 
diacylglycerols, unesterified fatty acids and triacylglyc- 
erols were separated from each other and from the mix- 
ture of phospholipids and glycolipids that remained at 
the origin. 

The identity of individual classes of phospholipids 
and glycolipids was established by TLC on Silica Gel H 
using two different solvent systems, i.e., chloroform]ace- 
tone/methanol/acetic acid/water (10:4:2:2:1, v/v/v/v/v) and 
chloroform]methanol]concentrated ammonium hydroxide 
(65:35:5, v/v/v). Monoacylglycerols were also separated 
on boric acid-impregnated Silica Gel H chromatoplates 
for the purpose of positional analysis of acyl groups (19). 

Protein content of the subcellular fractions was deter- 
mined according to an established method (20). 

RESULTS AND DISCUSSION 

The time course of metabolism of [1-"C]oleoyl-CoA by 
microsomal, oil body and soluble fractions from develop- 
ing rapeseed are shown in Figure 1. All of these incuba- 
tions were performed in the absence of exogenous acyl 
acceptors. As previously shown for safflower (21-23), 
sunflower (7,24), cramb6 (11) and other oilseeds (8,25) the 
microsomal fraction rapidly incorporated oleoyl moieties 
into phosphatidylcholines (Fig. 1). The oil body fraction 
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FIG. 1. Time course of incorporation of oleoyl moieties into lipids 
upon incubation of subcellular fractions of developing rapeseed with 
[1-'4C]oleoyl-CoA. Microsomes, oil body and a soluble fraction from 
developing rapeseed were incubated for different periods with 3.7 
KBq [l-"C]oleoyl-CoA (20 nmol) and the incorporation of oleoyl 
moieties (nmol.mg-' protein) into various lipids was determined as 
described in the text: e ,  monoacylglycerols; D, diacylglyeerols; O, 
triacylglycerols; , ,  unesterified fat ty  acids; A, phosphatidic acids; 
A, phosphatidylcholines.  All values are means of at  least  two in- 
dependent  experiments. 
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also incorporated mos t  of the oleoyl moieties into phos- 
phatidylcholines,  a l though there was a rapid incorpora- 
tion of oleoyl moieties into phosphat idic  acids as well 
(Fig. 1). This cont ras ts  with mus ta rd  oil bodies, which in- 
corporated three t imes as much of the oleoyl moieties 
f rom oleoyl-CoA into phosphat idic  acids than  into phos- 
phatidylcholines in one hour (12). The soluble fraction in- 
corporated relatively little of the oleoyl moieties into any 
of the polar  lipids (Fig. 1}. None of the subcellular frac- 
tions of developing rapeseed incorporated significant 
amounts  of oleoyl moieties into the glycolipids. 

The relat ively high level of incorporat ion of oleoyl 
moieties into mono- and diacylglycerols by all subcellular 
fract ions (Fig. 1) was somewhat  surprising. I t  has  been 
repor ted tha t  monoacylglycerols  were labeled f rom 
[U-'4C]glycerol in crambd oil bodies (11) and from [1-'~C] - 
glycerol-3-phosphate in microsomes f rom safflower {26) 
and avocado (27) and in cucumber cotyledon homogenates 
(28), but  in mos t  cases the extent  of labeling was relatively 
low. In a recent s tudy,  however, relat ively high propor- 
t ions of labeled monoacylglycerols  were formed from 
[1-"C]oleoyl-CoA in homogenate ,  oil body and soluble 
fractions from developing mus ta rd  seeds (12). Monoacyl- 
glycerols migra te  only a short  distance f rom the origin 
of the ch roma tog ram s  in mos t  commonly  used solvent  
sys tems for TLC of neutral lipids, and are therefore poorly 
resolved from the polar lipid band remaining at the origin. 
In the present  study, the monoacylglycerols were allowed 
to migra te  2 cm from the origin together  with the other  
neutral  lipids by  double development  with diethyl ether, 
which was followed by  fract ionat ion of the neutral  lipids 
with hexane/diethyl ether/acetic acid (70:30:1, v/v/v). The 
monoacylglycerols  were fur ther  analyzed by  chromatog-  
raphy  on boric ac id - impregna ted  thin layer plates. This 

showed tha t  essentially all of the oleoyl moieties were in- 
corporated into the sn-l(3) position of monoacylglycerols. 

The nature  of the diacylglycerols labeled with [1-'4C]- 
oleoyl moieties tha t  were formed in the various fract ions 
was determined by  TLC on Silica Gel H. The rat io of 
labeled 1,2-(2,3) diacylglycerols to 1,3-diacylglycerols 
ranged from 1:2 to 2:1 in microsomes,  1:1 to 3:1 in oil 
bodies and 2:1 to 3:1 in the soluble fraction. 

In  addition to actively incorporat ing oleoyl moieties 
into mono- and diacylglycerols, the soluble fraction con- 
tained a considerable thioesterase activity,  as evidenced 
by  the large propor t ion of radioact ive oleic acid formed 
(Fig. 1). Similar observations have been reported for solu- 
ble fract ions from developing seeds of safflower {21) and 
mus t a rd  (12). Thioesterase activit ies were also found in 
the microsomal  and oil body fractions in the present  
s tudy,  but  these were at  much lower levels than  tha t  of 
the soluble fraction (data not  shown). 

Since all three subcellular fract ions of developing 
rapeseed were able to efficiently t ransfer  oleoyl moieties 
onto endogenous complex lipids, it was of interest  to in- 
ves t iga te  their  capaci ty  to utilize exogenous acyl accep- 
tors  in the presence of oleoyl-CoA. In Table 1, the effect 
of a wide range of acyl acceptors  on the incorporation of 
oleoyl moieties f rom oleoyl-CoA is shown for each sub- 
cellular fraction. In the case of the microsomal  and oil 
body fractions, the mos t  d ramat ic  resul ts  were obtained 
with lysophosphatidylcholine and lysophosphatidic acid, 
both  of which caused a great ly  increased uptake  of oleoyl 
moieties f rom oleoyl-CoA and also the specific channel- 
ling of these moieties into the corresponding diacyl- 
phospholipids.  This was not the case with the other  two 
exogenous lysophospholipids used here, i.e., lysophospha- 
tidylethanolamine and lysophosphatidylinositol. Therefore, 

TABLE 1 

Effect of Exogenous Acyl Acceptors on the Incorporation of [1-14C]Oleoyl-CoA by Subcellular Fractions of Developing Rapeseed 

Incorporation of oleoyl moieties into acyl Iipids (nmol.mg-' protein) a 

Fraction Acyl acceptor MG DG TG PA b PC b PE b PI 

Microsomes None 2.0 2.3 1.0 1.2 5.6 0.3 0.3 
Lysophosphatidylcholine 0.3 0.4 0.4 0.3 24.2 0.2 0.1 
Lysophosphatidylethanolamine 1.7 2.0 0.6 2.9 3.7 2.2 0.2 
Lysophosphatidylinositol 1.9 1.6 0.5 1.1 2.8 0.6 0.2 
Lysophosphatidic acid 2.1 3.3 0.5 11.8 4.7 4.6 0.2 
Glycerol-3-phosphate 1.8 2.0 0.5 1.7 2.9 0.5 0.2 

Oil bodies None 2.0 1.9 1.4 2.7 5.5 2.0 0.7 
Lysophosphatidylcholine 1.7 2.0 2.2 8.5 17.4 3.6 0.8 
Lysophosphatidylethanolamine 1.7 1.8 0.4 2.7 4.8 2.7 0.8 
Lysophosphatidylinositol 2.2 2.1 0.6 2.3 4.8 1.3 1.0 
Lysophosphatidic acid 1.8 3.0 2.5 12.3 2.6 5.9 0.4 
Glycerol-3-phosphate 3.2 1.9 1.5 4.5 3.4 0.5 0.5 
Mono- + diacylglycerols 3.0 2.3 1.7 3.8 4.2 0.4 0.6 

Soluble None 3.5 4.8 tr c 0.9 0.3 0.1 tr 
fraction Lysophosphatidic acid 4.5 6.3 tr 0.5 0.6 tr tr 

Glycerol-3-phosphate 5.7 5.6 tr 0.8 0.2 0.1 tr 
Mono- + diacylglycerols 5.5 5.7 tr 0.4 0.6 tr tr 

MG, monoacylglycerols; DG, diacylglycerols; TG, triacylglycerols; PA, phosphatidic acids; PC, phosphatidylcholines; PE, phosphatidyl- 
ethanolamines; PI, phosphatidylinositols. 
aMicrosomes, off bodies and a soluble fraction from developing rapeseed were incubated for 20 rain with 3.7 KBq [1-"C]oleoyl-CoA (20 nmol} 
in the presence of various acyl acceptors and the incorporation of oleoyl moieties into various lipids determined as described in Materials 
and Methods. Values are the means of at least two independent experiments. 
bIncluding the corresponding lysophospholipids. 
CTraces. 
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the acyltransferase(s) responsible for transfer of oleoyl 
moieties to phosphatidylcholines and phosphatidic acids 
in microsomes and oil bodies of rapeseed appear to have 
a far greater degree of specificity for acyl acceptors than 
those present in microsomes from safflower seeds (29). 

The addition of either glycerol-3-phosphate or a mix- 
ture of mono- and diacylglycerols was expected to result 
in an increase in the flow of intermediates through the 
Kennedy pathway (1) and therefore to increase [1-14C] - 
oleoyl-CoA incorporation, as has been observed in other 
oilseeds (7,10,12,30). In the case of microsomes and oil 
bodies from rapeseed, however, these exogenous acyl ac- 
ceptors caused a slight but definite decrease in incorpora- 
tion of oleoyl moieties (Table 1). Despite the overall 
decrease in incorporation, the microsomes from rapeseed 
incorporated more oleoyl moieties into phosphatidic acids 
in the presence of glycerol-3-phosphate, while the incor- 
poration into phosphatidylcholines was halved (Table 1). 
This is consistent with an increased flux through the 
earlier part of the Kennedy pathway and an associated 
decrease in acyl transfer to phosphatidylcholines, but 
there was no evidence of increased synthesis of di- or 
triacylglycerols in the presence of exogenous glycerol-3- 
phosphate. This implies that there was no increase in the 
flow of acyl groups through the later part of the Kennedy 
pathway. 

As compared to microsomes, the oil bodies from rape- 
seed incorporated higher proportions of oleoyl moieties 
into neutral lipids in the presence of exogenous glycerol- 
3-phosphate (Table 1). There was also a sizeable increase 
in the incorporation of oleoyl moieties into phosphatidic 
acids. Therefore, the oil body fraction from developing 
rapeseed represents a better source (on a mg-' protein 
basis) of Kennedy pathway activities as a whole than does 
the microsomal fraction. 

The soluble fraction was deficient in lysophospholipid 
acyltransferase(s) and in diacylglycerol acyltransferase 
(Table 1). Thus, even when diacylglycerol formation was 
stimulated by exogenous acyl acceptors, such as lyso- 
phosphatidic acid and mono- plus diacylglycerols, no more 
than trace amounts of triacylglycerols were detected. Con- 
comitant with the stimulation of incorporation of oleoyl 
moieties into diacylglycerols, an increase in monoacyl- 
glycerol labeling was observed {Table 1). The latter could 
have been formed by two possible reactions, i.e., acyl 
hydrolysis of diacylglycerols or cleavage of the phosphate 
group by a lysophosphatidic acid phosphatase. Germi- 
nating rapeseed is a good source of acylhydrolase activ- 
ity (31), which has been localized in both the microsomal 
(32) and oil body (33) fractions, but it is not known 
whether developing seeds, such as those used in the pre- 
sent study, contain any of this activity. Acyl hydrolysis 
by nonspecific hydrolase(s) is another possibility, and the 
soluble fraction from rapeseed did contain an acyl-CoA 
hydrolase activity (Fig. 1), which may be due to such a 
nonspecific hydrolase. If the monoacylglycerols were gen- 
erated instead by a lysophosphatidic acid phosphatase, 
this could have been due to overlapping specificity of 
phosphatidic acid phosphatase, which is a Kennedy path- 
way enzyme responsible for the formation of diacylglycer- 
ols. This latter activity has been detected in both micro- 
somal and soluble fractions from castor bean endosperm 
(34). A monoacylglycerol kinase, which catalyzes the 
reaction 

monoacylglycerol + ATP ~ lysophosphatidic acid + ADP 

has been found in soluble fractions from pig brain (35,36) 
and rat liver (37). In all these cases, the activity was 
closely associated with a diacylglycerol kinase activity. 
A lysophosphatidic acid phosphatase activity has been 
found in microsomes from avocado mesocarp, where 
monoacylglycerols were a major product of incubation 
with '4C-glycerol or '4C-glycerol-3-phosphate (27). It may, 
therefore, be a reversible monoacylglycerol/diacylglycerol 
kinase/phosphatase activity that is responsible for the ac- 
cumulation of mono- and diacylglycerols in soluble frac- 
tions of developing rapeseed. 

While microsomes and oil bodies from developing 
rapeseed rapidly incorporated oleoyl moieties from oleoyl- 
CoA into phosphatidic acids and phosphatidylcholines, 
relatively little triacylglycerol was formed as compared 
to microsomes from sunflower (7) or safflower (38). In 
other cases, however, the extent of incorporation of oleoyl 
moieties into triacylglycerols was close to that found in 
the present study, e.g., in safflower (21), sunflower (24}, 
linseed (8) and mustard (12). It has been reported that, 
in the absence of glycerol-3-phosphate, phosphatidylcho- 
line is mainly labeled by direct transfer of oleoyl moieties 
from oleoyl-CoA to lysophosphatidylcholine (10,22,24,29). 
In the presence of unlabeled glycerol-3-phosphate and a 
working Kennedy pathway, the equilibrium between 
phosphatidylcholines and diacylglycerols will result in the 
efflux of label from phosphatidylcholines and toward 
triacylglycerols (7,10). 

In an attempt to stimulate the flow of oleoyl moieties 
from phosphatidylcholines toward triacylglycerols, a 
pulse-chase experiment was performed. Microsomal and 
oil body fractions of rapeseed were preincubated for 
30 min with 20 nmol [1-'4C]oleoyl-CoA in the presence of 
100 nmol lysophosphatidylcholine (Table 2). This ensured 
that the vast majority of oleoyl moieties incorporated 
were transferred to phosphatidylcholines. A large excess 
of unlabeled oleoyl-CoA (100 nmol) plus 100 nmol each 
of lysophosphatidic acid and glycerol-3-phosphate was 
then added to each incubation mixture, which were in- 
cubated for up to another two hours. Despite the large 
dilution of [1-'"C]oleoyl-CoA at 30 min, there was a fur- 
ther substantial incorporation of '"C-oleoyl moieties upon 
the addition of lysophosphatidic acid and glycerol-3- 
phosphate, as shown in Table 2. No evidence of an efflux 
of l'C-oleoyl moieties from phosphatidylcholines was 
observed, even after a further 2-hr incubation under con- 
ditions of active phosphatidic acid synthesis. The results 
from microsomal and oil body fractions were essentially 
similar. Oil bodies incorporated much more of the oleoyl 
moieties into phosphatidic acids in the absence of lyso- 
phosphatidic acid and responded to its presence with a 
50% increase in this incorporation. Microsomes incor- 
porated negligible proportions of oleoyl moieties into 
phosphatidic acids in the absence of lysophosphatidic acid 
(and the presence of lysophosphatidylcholine), but in- 
creased this incorporation 60-fold in the presence of lyso- 
phosphatidic acid. In both subcellular fractions, however, 
there was no increase in the labeling of any of the neutral 
lipids and no decrease in the labeling of phosphatidyl- 
cholines. 

These results imply that  the major activities present 
in both oil body and microsomal fractions of rapeseed 
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TABLE 2 

Pulse Labeling of Lipids in the Subcellular Fractions of Developing Rapeseed 
with [1-'4C]Oleoyl-CoA Followed by Chase of Label upon the Addition 
of Glycerol-3-phosphate and Lysophosphatidic Acid 

Incorporation of oleoyl moieties into lipids 
(nmol. mg-' protein) a 

Fraction Time (min) PC PA Other PL TG Other neutral lipids 

Microsomes 

Oil bodies 

30 + 0 26.0 0.4 0.3 0.4 0.7 
30 + 30 27.3 17.2 0.3 0.5 1.1 
30 + 60 26.4 24.3 0.2 0.6 1.2 
30 -F 120 25.1 24.5 0.3 0.4 0.9 

30 -F 0 18.6 9.1 4.0 2.3 3.1 
30 + 30 19.9 13.9 2.1 2.5 1.8 
30 -F 60 19.9 14.0 2.0 2.6 2.9 
30 -F 120 20.0 14.1 1.8 2.5 3.0 

PC, phosphatidylcholines; PA, phosphatidic acids; PL, phospholipids; TG, triacylglycerols. 
aMicrosomes and oil bodies from developing rapeseed were incubated for 30 rain with 
3.7 KBq [1-'~C]oleoyl-CoA (20 nmol) in the presence of 100 nmol lysophosphatidylcholine. 
Thereafter, 100 nmol each of unlabeled oleoyl-CoA, glycerol-3-phosphate and lysophos- 
phatidic acid were added and the incubations were continued for various periods. Incor- 
poration of oleoyl moieties into various lipids was determined. Values are the means of 
at [east two independent experiments. 

were the lysophospholipid acyltransferases leading to the 
formation of phosphatidic acids and phosphatidylcho- 
lines. These activities were almost entirely absent  from 
the soluble fraction. In the presence of appropriate acyl 
acceptors, these activities dwarfed the other acyltrans- 
ferases and channeled as much as 95% of the oleoyl 
moieties from the added oleoyl-CoA onto a part icular  
phospholipid. Although both fractions, and part icularly 
the oil bodies, were capable of modest rates of triacylglyc- 
erol synthesis,  the huge increase in the labeling of phos- 
phatidic acids in the presence of exogenous lysophospha- 
tidic acid did not lead to correspondingly large increases 
in triacylglycerol (or even diacylglycerol) formation 
(Table 2}. This could possibly be explained by the rela- 
tively large endogenous diacylglycerol pool in the develolw 
ing rapeseed fractions used in the present  study. If the 
two reactions tha t  are believed to channel acyl moieties 
into the diacylglycerol pool are t ruly equilibrium reac- 
tions, i.e., 

CMP CDP-choline 

phosphatidylcholine ~ ~ - ~  diacylglycerol 

CMP CDP-choline 

phosphatidic acid + ADP ) diacylglycerol + ATP 

then the presence of a large diacylglycerol pool would ef- 
fectively prevent  any large-scale flow of labeled oleoyl 
moieties toward triacylglycerols. The soluble fraction, 
which contained no detectable endogenous diacylglycer- 
ols, actively incorporated oleoyl moieties into diacylglyc- 
erols, but  apparent ly lacked the fur ther  acyl transferase 
responsible for triacylglycerol formation. Such a diacyl- 
glycerol acyltransferase from a particulate fraction from 
safflower seeds has recently been described (38). 

The effect on metabolism of oleoyl-CoA of incubating 
mixtures  of the various subcellular fractions is shown in 
Table 3. I t  is clear tha t  in each case the various fractions 
exhibited their characterist ic pat terns  of metabolism of 
oleoyl-CoA with the result  tha t  an average labeling pat- 
tern was obtained. For example, when the microsomal and 
soluble fractions were incubated together,  the labeling 
pat tern  was approximately the same as if an average had 
been taken of each fraction's  individual labeling pat tern.  
The total  incorporation of '"C-oleoyl moieties was greatly 
reduced in the combined fractions compared to the sum 
of the individual fractions. 

In one experiment,  the oil bodies from rapeseed were 
delipidated by three gentle extractions with pentane. This 
led to removal of most  of the storage oil without denatur- 
ing the proteins associated with the oil bodies, since the 
oleate incorporation activities were similar both before 
and after  the delipidation (Table 3). Therefore, the lipid- 
synthesizing enzymes present  in the oil body fraction of 
rapeseed can function in the absence of most  of the oil. 

To summarize, it was found tha t  microsomal, oil body 
and soluble fractions of developing rapeseed were all 
capable of high rates of metabolism of oleoyl-CoA. The 
microsomal and oil body fractions possessed all the ac- 
tivities of the Kennedy pa thway for triacylglycerol bio- 
synthesis. The major activities in these fractions were the 
lysophospholipid acyltransferases responsible for the for- 
mation of phosphatidic acids and phosphatidytcholines. 
At  present  it is not  clear whether  these are separate en- 
zymes, but  the lack of acyltransferase in the presence 
of lysophosphatidylethanolamine and lysophosphatidyl- 
inositol rules out a single, completely nonspecific lyso- 
phospholipid acyltransferase able to utilize any lysophos- 
pholipid substrate.  The flow of acyl groups further along 
the Kennedy pa thway toward triacylglycerols may have 
been inhibited by the presence of a large endogenous 
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TABLE 3 

Incorporation of Oleoyl Moieties into Lipids of Subcellular Fractions of Developing 
Rapeseed and Their Mixtures upon Incubation with [1-~4C]Oleoyl-CoA 

Incorporation of oleoyl moieties into lipids 
(nmol. mg-' protein) a 

Fraction MG DG TG PA PC Other PL 

Microsomes 2.0 2.3 1.0 1.2 5.6 0.6 
Oil bodies 2.0 1.9 1.4 2.7 5.5 2.7 
Soluble fraction 5.2 10.3 tr 0.9 0.3 0.1 
Microsomes + soluble 

fraction 2.5 3.0 0.3 0.4 3.0 0.3 
Oil bodies + soluble fraction 2.1 1.8 0.7 1.8 2.3 1.6 
Microsomes + oil bodies + 

soluble fraction 3.0 3.2 0.2 0.7 2.0 0.6 
Oil bodies (delipidated) 1.4 2.2 1.6 1.0 6.8 1.9 

MG, monoacylglycerols; DG, diacylglycerols; TG, triacylglycerols; PA, phosphatidic acids; 
PC, phosphatidylcholines; PL, phospholipids; tr, traces. 
aMicrosomes, oil bodies, delipidated oil bodies and soluble fraction from developing 
rapeseed and their mixtures were incubated with 3.7 KBq [1-'4C]oleoyl-CoA (20 nmol), 
and the incorporation of oleoyl moieties into various lipids was determined. Values are 
the means of at least two independent experiments. 

d i acy lg lyce ro l  pool  in t hese  f rac t ions ,  i.e., b y  keep ing  the  
e q u i l i b r i u m  b e t w e e n  p h o s p h a t i d i c  ac ids  and  d iacy lg lyc -  
erols  v e r y  m u c h  t o w a r d  the  former .  In  con t r a s t ,  the  solu- 
b le  f rac t ion ,  which  h a d  no e n d o g e n o u s  d i acy lg lyce ro l s ,  
m a i n l y  f o r m e d  mono-  and  d i acy lg lyce ro l s .  Th i s  f r ac t i on  
was,  however,  unable  to  fo rm t r i acy lg lyce ro l s  or  phospha-  
t idy lcho l ines  in any  s ign i f i can t  quan t i t y ,  b u t  was  capab le  
of some phospha t id i c  acid  s y n t h e s i s - - a l t h o u g h ,  unl ike  t he  
o t h e r  f r ac t ions ,  t he  l a t t e r  a c t i v i t y  was  n o t  s t i m u l a t e d  in 
t he  p resence  of l y s o p h o s p h a t i d i c  acid. The  a p p a r e n t  pres-  
ence  of  g l y c e r o l - 3 - p h o s p h a t e  a c y l t r a n s f e r a s e  a c t i v i t y  in 
all  t h r ee  subce l lu l a r  f r ac t i ons  of r a p e s e e d  is of i n t e r e s t  
c o n s i d e r i n g  r ecen t  r e p o r t s  on the  p r o p e r t i e s  of t h i s  en- 
zyme  in b o t h  mic rosomes  of saff lower seed (26) and  a solu- 
b le  f r ac t i on  f rom cocoa  seed  {16}. 

I t  is also c lear  f rom the  p r e sen t  s t u d y  t h a t  t he  enzymes  
respons ib le  for the  b i o s y n t h e s i s  of t r i acy lg lyce ro l s  a re  b y  
no  m e a n s  exc lu s ive ly  or  even  m o s t l y  loca l ized  in t h e  
m i c r o s o m a l  f rac t ion ,  as  has  been  o f t en  a s s u m e d  h i the r to .  
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The Kinetics of the Autoxidation of Polyunsaturated Fatty Acids 
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The kinetics of the autoxidation of a series of polyun- 
saturated fatty  acids (PUFA} with increasing degrees of 
unsaturation and the mono-, di- and triglycerides of lino- 
leate have been studied in homogeneous  chlorobenzene 
solution at 37 C under 760 torr of oxygen. The autoxida- 
t ions were initiated by thermal decomposition of azo ini- 
tiators and followed by measuring the rate of oxygen up- 
take. The rate of chain initiation was determined by the 
induction period method using a-tocopherol as the chain- 
breaking antioxidant. The measured oxidizabilities of the 
PUFA are linearly dependent on the number of doubly 
allylic posit ions present in the molecule. Thus, the ox- 
idizability of linoleate is 2.03 X 10 -2 M -1/2 sec -'2, and the 
value for docosahexaenoate is five t imes greater, 10.15 
X 10 -2 M -t/2 sec -'2. The rate of autoxidation for all PUFA 
studied and for the mono- and diglyceride is proportional 
to the substrate concentration and to the square root of 
the rate of chain initiation, implying that  the autoxida- 
tion of these compounds follows the usual kinetic rate 
law. The autoxidation of the triglyceride is more complex 
and does not appear to follow the same rate law at all 
substrate concentrations. This deviation from the usual 
kinetic rate expression may be due to lipid aggregation 
at low concentrations of the triglyceride. 
Lipids 22, 299-304 (1987}. 

The autoxidation of polyunsaturated fatty acids IPUFA) 
has received much attention due to its involvement in 
food spoilage and the relevance of lipid peroxidation in 
vivo to membrane damage, aging, heart disease and 
cancer (1-3). Many workers have studied the quantitative 
aspects of autoxidation to better understand the kinetics 
and mechanisms of these important reactions (4-6). 
However, these workers have concentrated on linoleate 
(18:2} and linolenate (18:3). The previous very early work 
(7) on the relative rate of oxygen uptake by the more 
highly unsaturated PUFA did not control the rates of 
radical initiation. Therefore, we have reinvestigated this 
important area of current interest. 

This paper presents the first quantitative kinetics study 
of the more highly unsaturated PUFA, arachidonate 
(20:4) and docosahexaenoate (22:6) as well as comparative 
data on 18:2 and 18:3 and the mono-, di- and triglycerides 
of 18:2. These results should be useful in the quantitative 
evaluation of the autoxidation of mixtures of PUFA in 
biological systems. 

The autoxidation of many organic materials is known 
to be a free radical chain process which, in homogeneous 
solution at sufficient oxygen pressures, proceeds by the 
mechanism shown (Scheme 1) (8,9). RH represents the 
organic substrate, in this case a PUFA molecule, and R. 
is the carbon-centered radical formed by abstraction of 
a doubly allylic hydrogen atom. The carbon-centered 
radical, R' ,  rapidly reacts with molecular oxygen to give 
the chain-carrying peroxyl radical, ROO- [2] (10). In the 
steady-state analysis of this reaction scheme, the rate of 
oxygen consumption is giver, by equation 5, where k~ and 

*To whom correspondence should be addressed. 

INITIATION: 
RH --- R" 

PROPAGATION: 

RATE = R, [1] 

ko 
R" + 02 "RO0" 

ROO. + RH k ~  ROOH + R. 

TERMINATION: 

2kt 
2RO0. * NONRADICAL PRODUCTS + 02 

SCHEME 1 

[2] 

[3] 

[4] 

kt are the rate constants for the rate-controlling propaga- 
tion step [3] and chain termination step [4], respectively. 
The ratio of these rate constants, kJ(2k,)", is referred to 
as oxidizability and is a measure of the ease with which 
the substrate will undergo autoxidation. 

-d[O2]/dt = {kp/(2kt)"2}[RH]RY 2 [5] 

To allow quantitative studies on the kinetics of autoxi- 
dation, the rate of chain initiation, R,, must be controlled 
and measurable. This is generally achieved by using ther- 
mally labile azo initiators, which decompose to give two 
radicals at a known and constant rate, as shown in equa- 
tion 6, where I. is any organic molecular fragment. 

I - N = N -  I k-X 2I" + N 2  [6] 

I. + O2 R_H IOOH + R. [7] 

The rate of initiation, R, is governed by the rate con- 
stant for the rate of decomposition of the initiator, kd, as 
well as by the efficiency of the primordial radicals, I-, 
initiating equation 7 rather than recombining in the sol- 
vent cage in which they are formed. The value of R, is 
generally measured by the induction period method {11), 
using equation 8, where ArOH is a phenolic antioxidant. 

R, = n[ArOH]/T [8] 

Determination of the time, T, that the rate of oxygen up- 
take is inhibited allows the calculation of R, if n, the 
stoichiometric factor, is known. {The factor n is defined 
as the number of radicals trapped by each molecule of 
antioxidant.) a-Tocopherol is known to have an n value 
of 2 and is also one of the best phenolic antioxidants 
known {12}. Once R, is known, the initiator efficiency, e-- 
the number of initiator radicals that initiate--can be 
calculated using equation 9. The kinetic chain length, 
KCL, is the number of substrate molecules oxidized per 
initiating radical, and can be obtained from equation 10. 

e = RJ2k~[In] [9] 

KCL = {-d[O2]ldt}lR, [10] 
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Values of k J ( 2 k J "  and the KCL for the autoxidation 
of PUFA can readily be obtained using the above kinetic 
expressions. 

MATERIALS AND METHODS 

Materials. Methyl linoleate (18:2) and ethyl linolenate 
(18:3), 99%, were obtained from Sigraa Chemical Co. 
(St. Louis, Missouri}. Methyl arachidonate (20:4), methyl 
docosahexaenoate (22:6} and the mono-, di- and triglyc- 
erides of 18:2, all greater than 99% pure, were obtained 
from Nu-Chek-Prep (Elysian, Minnesota). The diglyceride 
was a mixture of the 1,2- and 1,3-isomers. 2,2'-Azobis(2- 
methylpropionitrile) (AIBN) was obtained from Kodak 
Chemical (Rochester, New York). 2,2'-Azobis(2,4-di- 
methylvaleronitrile) (DMVN) was obtained from Poly- 
sciences (Warrington, Pennsylvania). Di-tert-butyl hypo- 
nitrite (DBHN) was prepared by published procedure (13). 
Chlorobenzene, HPLC grade, was obtained from Aldrich 
Chemical Co. (Milwaukee, Wisconsin} and stored over 
molecular sieves. D-a-Tocopherol (a-T) was obtained from 
Henkel Corp. (Minneapolis, Minnesota}. All chemicals 
were used as received. 

Autoxidation procedures. All oxidations were carried 
out at 37 C under 760 torr of O5 in an automatic record- 
ing gas absorption apparatus similar to those described 
elsewhere (14,15). The apparatus consists of a calibrated 
Validyne DP 15-30 pressure transducer (• 1.25 psi) and 
CD-12 transducer indicator connected to a strip chart 
recorder. Both the transducer and reaction vessel were 
thermostatted at 37 C (_+0.05 C). 

In a typical experiment, a known volume of a chloro- 
benzene solution of the appropriate PUFA was put in the 
reaction vessel. The vessel and solution were saturated 
with oxygen by passing a stream of the gas over the 
rapidly stirred solution for 15 to 20 min. After sufficient 
time was allowed for the solution to come to thermal 
equilibrium (10-15 min}, a known volume of initiator in 
chlorobenzene was added using a long-needle microliter 
syringe. Oxygen uptake by the autoxidizing PUFA began 
immediately upon addition of the initiator. Rates of 
oxygen uptake by the solution were calculated from the 
slope of the linear recorder trace after correcting for nitro- 
gen evolution and oxygen uptake by the initiator radicals 
and oxygen evolved by the termination reaction (4). 

The rate of chain initiation, R,, was determined by the 
induction period method (11). Known amounts of a chloro- 
benzene solution of a-tocopherol were added to the autoxi- 
dizing PUFA. Using n - 2 for a-T (12} and the length of 
time, T, that  the oxygen uptake is inhibited, R~ was 
calculated from equation 8, by plotting 2[a-T] against T 
and calculating the slope. The oxidizability, kJ(2k,} `n, of 
the PUFA was determined by measuring the rate of ox- 
ygen uptake in several runs where the rate of initiation 
and the PUFA concentration had both been varied. From 
equation 5, the oxidizability is equal to the slope of a line 
obtained by plotting the rate of oxygen uptake against 
[PUFA]R,".  The reproducibility of this method is quite 
good, 1 or 2% based on the errors in the slopes, and the 
absolute oxidizability values reported here are estimated 
to be accurate to • 

The rate constants for the decomposition of the ini- 
tiators, k~, were determined by measuring the rate of 
nitrogen evolution from a chlorobenzene solution of the 

initiator in the same apparatus used for the autoxidations 
(16}. The initiator solutions were deoxygenated by bub- 
bling with nitrogen in the apparatus for 15 to 20 min prior 
to the start  of the experiment. 

RESULTS 

A typical trace representing the oxygen uptake of an 
autoxidizing solution of PUFA is shown in Figure 1 for 
20:4, and includes both the uninhibited and the a- 
tocopherol-inhibited reactions. It  should be noted that 
the rate of oxygen uptake is the same before and after 
the inhibition period. The length of the induction period, 
T, together with the concentration of a-T, can be used to 
calculate the rate of chain initiation, R,, from equation 
8. A number of injections of a-T were made, with care 
taken that the rate returned to the uninhibited value 
before the next injection of a-T was made. By measuring 
T for various concentrations of a-T, a plot was constructed 
based on equation 8. The slope of the resulting straight 
line is equal to Ri for that particular kinetic run, as shown 
in Figure 2. 

The data shown in Table 1 for the various PUFA were 
obtained by varying the concentrations of both the PUFA 
and the initiator and determining R, as described above. 
Then, if equation 5 is obeyed, a plot of the rate of oxygen 
uptake vs [PUFA]R, '~2 should give a straight line with 
the slope equal to the oxidizability for that particular 
PUFA. Figure 3 shows the data in Table 1 plotted for all 
PUFA studied. The oxidizabilities (in units of M -'2 sec -'/2) 
obtained from these lines are 18:2, 2.03 X 10-2; 18:3, 
4.07 X 10-2; 20:4, 5.75 X 10-2; and 22:6, 10.15 X 10 -2. 

The average e for AIBN in all the runs in Table 1 was 
66 • 7%. This is in good agreement with data on this 
initiator in other systems (17,18). The efficiency of DMVN 
was higher but also more variable, with an average of 78 
• 15%. It should be noted, however, that the oxidizability 
of the PUFA is independent of the initiator employed. 
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FIG.  1. The uninhibited (curve 1) autoxidation of 46.5 m M  20:4 in 
chlorobenzene initiated wi th  5.70 m M  2,2'-azobis(2,4-dimethyl-  
valeronitrile) a t  37 C. Curve  2 is the  s a m e  react ion wi th  1.71 X 10 -s M 
a-tocopherol added. 
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TABLE 1 

Autoxidation of P U F A  at 37 C under 760 torr 02 

Initiator PUFA 108 R, -- 106d[O~]/dt 10'kJ(2k,) ''2 
(mM) (M) (M see-') (M sec-') a (M .... see-'") KCL  

18:2 24.5 b .0545 0.936 0.106 2.01 11 
4.05 c .2099 1.99 0.600 2.03 30 

62.1 b .6469 2.07 1.82 1.95 88 
63.9 b .8985 2.29 2.66 1.96 117 

8.90 c 1.038 3.43 3.88 2.02 113 
4.49 c 1.867 1.65 4.90 2.04 297 

18:3 19.6 b .0934 0.856 0.336 3.89 39 
43.7 b .1868 2.02 1.05 3.96 52 
49.6 b .3735 1.95 2.26 4.33 116 

3.69 c .0815 1.40 3.91 4.12 279 
119.0 b .747 4.47 6.65 4.21 149 
205.0 b .747 7.55 8.24 4.02 109 

20:4 5.70 c .0465 1.41 0.297 5.38 21 
56.0 b .0830 2.36 0.663 5.18 28 
49.9 b .166 2.00 1.32 5.62 66 
49.3 b .332 1.86 2.53 5.58 136 

107.0 b .332 4.38 3.93 5.65 90 
80.9 c .332 31.7 10.7 5.72 34 

22:6 17.7 b .0525 0.881 0.504 10.23 58 
24.4 b .0867 1.12 0.934 10.17 83 
93.2 b .145 3.56 2.78 10.18 78 
56.0 b .260 2.31 3.88 9.82 168 
95.6 b .289 3.72 5.72 10.27 154 

PUFA, polyunsaturated fatty acid; KCL, kinetic chain length. 
aRate corrected for N2 given off and O2 taken up by initiator and O2 given off by ter- 
mination reaction. 
b2,2'-Azobis(2-methylpropionityrile); k, = 3.05 • 10 -7 sec-'. 
c2,2"-Azobis(2,4-dimethylvaleronitrile); k, = 2.43 • 10 -6 secL 
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FIG. 2. Plot of 2[a-T] vs  T for the autoxidation of  0.332 M 20:4 in 
chlorobenzene initiated with .1072 M 2,2-azobis(2-methy[propio- 
nitrile). Slope of the line equals R,. 

The  k ine t ic  cha in  l eng th s  (KCL) in these  r eac t ions  were  
long, r a n g i n g  f rom 10 to  abou t  300. The  long  cha in  
l e ng th s  t o g e t h e r  w i th  t he  h igh  eff iciencies cause  the  cor- 
r ec t ion  due  to  n i t r o g e n  evo lu t ion  and  o x y g e n  u p t a k e  by  
the  in i t i a to r s  to  be qu i t e  small ,  genera l ly  less t h a n  5% 
of the  m e a s u r e d  r a t e  of  o x y g e n  up take .  
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FIG. 3. Plots of d[Oz]/dt vs [PUFA]R/n for the four polyunsaturated 
fatty  acids (PUFA) studied. Data taken from Table 1. O, 18:2; O, 
18:3; A, 20:4; e ,  22:6. The slope of the line equals the oxidizability 
of that PUFA.  

To inves t iga t e  the  effects  of more  than  one u n s a t u r a t e d  
f a t t y  acid chain in the  same lipid molecule,  the  oxidizabil- 
i t ies  of the  mono-, di- and t r ig lyce r ides  of  18:2 were  
measured .  These  d e t e r m i n a t i o n s  were  done  in the  same  
m a n n e r  as  descr ibed for the individual  P U F A ;  the  resu l t s  
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TABLE 2 

Autoxidation of Linoleoyl Glycerides at 37 C under 760 torr of O2 

Initiator PUFA 108 R, - 107d[O2]/dt 102kp/(2kJ ~'2 
(mM) (mM) (M sec "') (M sec") a (M .... X sec -'~2) KCL 

Monoglyceride 1.21b 18.5 1.31 0.588 2.77 5 
5.95 c 29.1 2.04 1.12 2.70 6 
12.7 c 58.3 4.84 4.05 3.16 8 
10.1 c 146 3.68 7.42 2.66 20 
7.69 b 118 8.99 9.40 2.66 11 
7.24 c 291 1.90 11.0 2.74 58 
7.69 b 235 8.89 19.0 2.71 21 

Diglyceride 

Triglyceride 

1.23 c 9.75 0.534 0.441 6.19 9 
2.29 c 9.27 1.07 0.575 6.00 5 
1.33 c 18,5 0.586 0.782 5.51 13 
2.42 c 19.5 1.06 1.28 6.37 12 
2.23 b 25.0 2.40 2.21 5.70 9 

10.1 b 56.8 11.0 10.9 5.80 10 
38.6 c 185. 14.5 40.0 5.89 17 

7.37 d 5.07 0.302 0.441 15.8 15 
2.29 c 6.23 1.09 0.863 13.3 8 
1.65 b 4.79 2.46 1.17 15.6 5 

15.3 d 10.7 0.615 1.25 14.9 20 
2.42 c 13.1 1.17 1.69 11.9 14 
2.77 b 10.1 3.13 2.75 15.4 9 
5.19 c 23.5 2.53 2.84 7.59 11 

47.9 d 32.1 2.05 4.22 9.17 21 
73.1 d 48.2 3.04 6.854 8.15 23 
10.7 b 58.0 5.25 10.0 7.52 19 
15.0 b 43.6 17.4 18.8 10.3 11 
20.8 c 87.1 10.2 21.6 7.77 21 
21.9 b 111. 25.3 44.9 8.05 18 

PUFA, polyunsaturated fatty acid; KCL, kinetic chain length. 
aRate corrected for N~ given off and O2 taken up by initiator and O~ given off by termination reaction. 
bDi-tert-butyl hyponitrile; k~ = 8.57 • 10 -6 sec-', forms butoxyl radical upon decomposition, which does 
not react with oxygen. 
c2,2'-Azobis(2,4-dimethylvaleronitrile); k~ = 2.43 • 10 -6 sec-'. 
d2,2'-Azobis(2-methylpropionitrile); k~ = 3.05 • 10-' sec-'. 

a re  s h o w n  in Tab le  2. T h e  d a t a  for t he  m o n o g l y c e r i d e  of 
18:2 g ive  an  ox id i zab i l i t y  of 2.68 • 10 -2 M - ' "  sec -' '2. Th i s  
va lue  is s o m e w h a t  h ighe r  t h a n  t h a t  o b t a i n e d  for  t he  
m e t h y l  e s t e r  of  18:2. The  a v e r a g e  eff ic iencies  for  D M V N  
and  D B H N  in th i s  s y s t e m  were  73 • 13% a n d  66 • 3%, 
r e spec t i ve ly .  The  v a l u e  for  D M V N  is s imi l a r  to  t h e  effi- 
c i ency  r e p o r t e d  for  t h e  i n d i v i d u a l  P U F A ,  whi le  t he  effi- 
c iency for D B H N  was  the  s ame  as  t h a t  r e p o r t e d  for o the r  
s y s t e m s  (4). 

The  d ig lyce r ide  of 18:2 h a d  a g r e a t e r  ox id i zab i l i t y  t h a n  
t h e  monog lyce r ide ,  t he  va lue  b e i n g  5.89 • 10 .2 M - "  
sec -~ ' .  W h i l e  t he  ef f ic iency w i th  which  D B H N  i n i t i a t e d  
r ad i ca l  cha ins  was  a b o u t  t he  e x p e c t e d  value ,  63% (4), the  
ef f ic iency of D M V N  was  88 • 9%. Th i s  va lue  is g r e a t e r  
t h a n  the  ef f ic iency found  w i th  t h e  o t h e r  s u b s t r a t e s  
s tud ied .  

The  d a t a  on the  t r i g l y c e r i d e  of 18:2, shown in T a b l e  2, 
a p p e a r  s o m e w h a t  more  complex .  The  l e a s t  s q u a r e s  l ine 
of the  p lo t  of d[O2]/dt vs  [ P U F A ] R ,  ~n g ives  t he  oxidizabi l -  
i t y  for  t he  t r i g l y c e r i d e  as  7.98 X 10 -2 M - ' n  sec -' '2. Th is  
va lue  is t h r e e  t i m e s  t h a t  d e t e r m i n e d  for  t he  monog lyc -  
e r ide  of 18:2. Howeve r ,  t he  o x i d i z a b i l i t y  is n o t  c o n s t a n t  
as  t he  c o n c e n t r a t i o n  of t h e  e s t e r  is  increased ,  as  i t  is  w i th  

t he  o the r  s u b s t r a t e s  s tudied .  B o t h  A I B N  and  D B H N  had  
a b o u t  t he  e x p e c t e d  eff iciency when  used  wi th  t he  t r ig lyc-  
er ide:  68 • 2% a n d  72 • 10%, r e spec t i ve ly .  Howeve r ,  
t he  D M V N  g a v e  an  a v e r a g e  ef f ic iency of 100 • 2% w i t h  
th i s  s u b s t r a t e .  

DISCUSSION 

The  a u t o x i d a t i o n  of m a n y  o rga n i c  s u b s t a n c e s  is a free 
r a d i c a l  cha in  p roc e s s  t h a t  o b e y s  t he  k ine t i c  e x p r e s s i o n  
in e q u a t i o n  5 (8,9). B y  con t ro l  of t he  v a r i a b l e s  in t h a t  ex- 
p res s ion ,  i t  is  p o s s i b l e  to  o b t a i n  a q u a n t i t a t i v e  m e a s u r e  
of  t he  s u s c e p t i b i l i t y  of a s u b s t r a t e  to  u n d e r g o  a u t o x i d a -  
t ion,  kp/(2k,) 1'2. P r e v i o u s  w o r k  on the  r a t e s  of o x i d a t i o n  
of  P U F A  r e p o r t e d  t h a t  t he  r e l a t i v e  m a x i m u m  r a t e s  of 
a u t o x i d a t i o n  a t  37 C were  in t he  r a t i o s  1 : 2 : 4 : - : 8  as  t he  
n u m b e r  of d o u b l y  a l lyl ic  p o s i t i o n s  i n c r e a s e d  f rom 1 to  5 
(7,19). However ,  t h a t  w o r k  was  done  b y  m e a s u r i n g  the  
r a t e  of o x y g e n  u p t a k e  b y  s p o n t a n e o u s l y  a u t o x i d i z i n g  
s a m p l e s  of pu re  P U F A ,  a n d  no a t t e m p t  was  m a d e  to  
c on t ro l  or  even  m e a s u r e  the  Ri. U s i n g  t h e r m a l l y  lab i le  
azo i n i t i a t o r s  to  c on t ro l  Ri a n d  the  i n d u c t i o n  p e r i o d  
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method to accurately measure R,, we have determined the 
oxidizabilities of a number of PUFA. 

The linear correlations, shown in Figure 3, and the con- 
s tancy of the data  given in Table 1 imply tha t  all P U F A  
obey the kinetic expression given by equation 5. We deter- 
mined the values of kJ(2k,} '/2 for 18:2 and 18:3 to be 
2.03 X 10 -2 M - 'n sec -in and 4.07 X 10 -2 M - 'n sec -1/2 at 
37 C; these values compare quite well with the values of 
2.1 • 10 -2 M -1/2 sec -~/2 and 3.9 • 10 -2 M -'/2 sec - '2 at 30 C 
measured by Howard and Ingold (20). Our results on the 
more highly unsaturated PUFA, 20:4 and 22:6, are 5.75 • 
10 -2 and 10.15 • 10 -2 M -'/2 sec -1/2, respectively, and are 
among the highest substra te  oxidizabilities reported at 
37 C, demonst ra t ing the susceptibility of highly unsatu- 
ra ted compounds to autoxidation. 

Our data  for the oxidizability of PUFA indicate tha t  
these values are linearly related to the number  of doubly 
allylic positions present  in the molecule. As the number 
of doubly allylic positions increases in the series from 
1:2:3:-:5, the ratio of the oxidizabilities increases to 
1:2:3:-:5. At  equal concentrations of PUFA and equal 
rates  of initiation, the rate  of oxygen uptake follows this 
same ratio. The previously reported ratio of oxidizabilities 
for the P UF A series from 18:2 to 22:6 of 1:2:4:-:8, 
therefore, is not correct. 

The linear relationship between ease of autoxidation 
and the number of doubly allylic positions predicts an ox- 
idizability of about 2.0 • 10 -2 M - '2 sec -1/2 per act ivated 
methylene group at 37 C. This relationship allows us to 
speculate on the oxidizability of docosapentaenoate (22:5), 
which we did not  study. (This compound is not  readily 
available commercially in sufficient quant i ty  and pur i ty  
to allow accurate kinetic studies.) Based on an oxidizabil- 
i ty of 2.0 X 10 -2 M - 'n sec -'/2 per doubly allylic position, 
22:5 with four active methylene groups, should have an 
oxidizability of about  8.0 • 10 -2 M - 'n sec -~n. The large 
oxidizability values for the highly unsa tura ted  PUFA, 
22:5 and 22:6, can quanti tat ively explain why tissues rich 
in these substances, such as the retina, are so suscepti- 
ble to free radical damage (21,22). 

The use of the mono-, di- and triglycerides of 18:2 allows 
us to investigate the effect of more than one unsatura ted  
chain contained in the same molecule. The oxidizability 
for the monoglyceride of 18:2 was determined to be 
2.68 X 10 ~ M -"~ sec -~/2. As with the other  PUFA esters, 
the measured oxidizability for the monoglyceride was 
linearly dependent on the substrate concentration and on 
the square root of the rate of initiation and also independ- 
ent of the type  of initiator used. With the PUFA and the 
monoglyceride, DMVN was the most  efficient initiator, 
with an average of about  75 _.+ 14%, similar to tha t  
reported in previous work in homogeneous solution (23). 
The DB HN and AIBN behaved as expected with all the 
P U F A  and the monoglyceride. The average efficiencies 
are in agreement with those reported in the li terature for 
other  systems: 66 +__ 7% for AIBN (17,18) and 66 _+ 3% 
for DB HN (4). 

The difference in oxidizability between the monoglyc- 
eride and the methyl  ester  of 18:2, al though small, is of 
interest.  The oxidizability should be dependent  on the 
number of act ivated methylene groups in the fa t ty  acid 
carbon chain and should be independent of the ester func- 
tionality, and the methyl  ester and the monoglyceride 
would be expected to have the same oxidizability. The 

small difference between the oxidizability of 18:2 and the 
monoglyceride is possibly due to the more polar nature  
of the latter. The chain-carrying peroxyl  radicals have 
some polar character  in the ground s ta te  tha t  is lost in 
the termination reaction (24,25). The polar nature  of the 
ester  functionali ty in the monoglyceride may serve to in- 
hibit the termination reaction slightly, decreasing 2k, and 
resulting in a larger value of kp/(2kJ '~2 for the mono- 
glyceride. 

On the basis of doubly allylic positions per molecule, 
the oxidizability of the diglyceride should be twice that  
of the monoglyceride. However, for a molecule with two 
separate oxidizable side chains held close to one another 
in space, kp could be increased relative to two individual 
molecules. This would imply tha t  the diglyceride would 
have a larger oxidizability than predicted on the basis of 
the number of doubly allylic positions present in the mole- 
cule. We determined the oxidizability of the diglyceride 
to be 5.89 • 10 .2 M -'/2 sec -'/2 and found tha t  this com- 
pound also obeyed the kinetics represented by equation 
5 in the concentrat ion ranges studied. This value is more 
than twice the value found for the monoglyceride, but  
when one considers the errors involved in these measure- 
ments, the "significance of the difference is questionable. 
However, the diglyceride was a mixture  of the 1,2- and 
1,3-isomers of diliuoleoyl glycerol. To fully investigate the 
effect of the relative positions of the two linoleate chains 
in a diglyceride, it would be interest ing to determine the 
oxidizability of the pure 1,2- and 1,3-isomers. 

The determinat ion of the oxidizability of the triglyc- 
eride of 18:2 was of interest  because this compound has 
three linoleate chains held in close proximity  to one 
another. However, the kinetics of the autoxidation of the 
triglyceride seem more complex than for the other 
substrates  studied. The plot of d[O2]/dt vs [PUFA]R, 1/2 
gives a slope of 7.98 X 10 -2 M -1/2 sec -'~2, exact ly three 
times the value found for the monoglyceride. However, 
based on the present  data, the triglyceride does not ap- 
pear to follow classical autoxidat ion kinetics. The ox- 
idizability decreases by about a factor of 2 as the concen- 
t rat ion of triglyceride is increased at constant  Ri (i.e., see 
lines 3 and 7 for triglyceride in Table 2). For  a compound 
tha t  obeys equation 5, the overall order of the reaction 
with respect to [PUFA]RI '~2 should be 1.0. In fact, for all 
substrates  studied, except  the triglyceride, the average 
overall order is 1.002 __ .014, in excellent agreement with 
the theoretical value. However, for the triglyceride, the 
overall order is about  0.84. While the absolute value of 
this number  is not  significant, the fact tha t  it is not  1.0 
indicates tha t  the triglyceride does not  obey the kinetic 
expression given in equation 5. This deviation from the 
standard kinetics appears greatest  at low triglyceride con- 
centrations. The data  show that  as the concentrat ion of 
triglyceride increases, the overall order of the reaction 
with respect to [PUFA]R//2 approaches 1.0. This change 
in reaction order may be due to lipid aggregation at low 
concentrations of the triglyceride. I t  has been shown that  
phospholipids in homogeneous organic solution do not  
follow the classical autoxidation kinetics, reportedly due 
to lipid aggregation (26). While aggregation may be oc- 
curring with the triglyceride, it seems likely tha t  the 
mono- and diglyceride would also form aggregates. How- 
ever, aggregate formation may occur at different concen- 
t rat ions for the three glycerides and a wider range of 
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s u b s t r a t e  concen t ra t ions  n~eds to  be s tud ied  to  p robe  th i s  
point .  Since equa t ion  5 is no t  fol lowed for the  t r i g lyce r ide  
of  18:2, t h e  r e p o r t e d  o x i d i z a b i l i t y  is  of l i t t l e  s igni f icance ,  
and  th i s  s u b s t a n c e  will  r equ i r e  a more  t h o r o u g h  inves t i -  
ga t ion .  

The  t r i g l y c e r i d e  a lso  a p p e a r s  to  g ive  a n o m a l o u s  e 
v a l u e s  for  one of t he  i n i t i a to r s .  U s i n g  P U F A  a n d  t h e  
m o n o g l y c e r i d e  as  s u b s t r a t e s ,  A I B N  and  D B H N  g a v e  e 
equa l  to  a b o u t  66% a n d  D M V N  a b o u t  75%, va lue s  ex- 
p e c t e d  f rom prev ious  work.  B o t h  D B H N  and  A I B N  were 
well behaved  wi th  the  di- and  t r ig lycer ide ,  g iv ing  the  s ame  
e va lue  as  r e p o r t e d  above .  F o r  D M V N ,  however ,  e in- 
c r ea sed  to  88 +__ 9% for t h e  d i g l y c e r i d e  and  to  100 _ 2% 
for the  t r ig lyce r ide .  W e  are  no t  ab le  to  exp l a in  t h e s e  in- 
c r ea ses  in e, b u t  t h e y  are  n o t  due  to  an  inc rease  in kd for 
D M V N  in the  p re sence  of t h e  di- or  t r i g lyce r ide .  Th i s  im- 
pl ies  t h a t  these  two g lycer ides  somehow a l te r  the  so lven t  
cage  a r o u n d  the  i n i t i a t o r  molecules ,  a l lowing  m o r e  radi-  
ca ls  to  e scape  the  cage.  W h y  th i s  w o u l d  occur  on ly  for 
D M V N  and  n o t  D B H N  or  A I B N  is n o t  clear .  

In  conclus ion ,  we have  shown  t h a t  t he  o x i d i z a b i l i t y  of 
s imple  P U F A  e s t e r s  is  d i r e c t l y  r e l a t e d  to  t he  n u m b e r  of 
d o u b l y  al lyl ic  pos i t i ons  p r e s e n t  in t he  molecule.  This  rela- 
t i o n s h i p  does  n o t  a p p e a r  to  a p p l y  to  t he  mono-,  di- and  
t r i g l y c e r i d e s  of 18:2, however .  In  fact ,  t he  t r i g l y c e r i d e  
does  n o t  fol low the  c l a s s i ca l  a u t o x i d a t i o n  k ine t i c s ,  and  
more  w o r k  is r e q u i r e d  to  e luc ida t e  t he  k ine t i c s  and  
m e c h a n i s m s  of i t s  a u t o x i d a t i o n .  
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Net Lipid Transfer Between Lipoproteins in Fish-Eye Disease Plasma 
Supplemented with Normal High Density Lipoproteins 
Leif Holmquist* and Lars A. Carlson 
King Gustaf V Research Institute and the Department of Internal Medicine, Karolinska Institute and Karolinska Hospital, Stockholm, Sweden 

Native fish-eye disease plasma, which is deficient of both 
high density lipoproteins (HDL) and lecithin-cholesterol 
acyltransferase activity (a-LCAT), processing the free 
cholesterol of these lipoproteins, has been supplemented 
with normal isolated HDL2 or HDL3 and incubated in 
vitro at 37 C. After incubation for 0, 7.5 and 24 hr the very 
low density (VLDL) and low density (LDL) lipoproteins 
as well as HDL were isolated, and their contents  of 
triglycerides, phospholipids and free, esterified and total  
cholesterol were quantified. The resulting net mass 
transfer of the different lipids revealed a functioning 
transfer of cholesteryl esters and all other analyzed lipids 
between the lipoproteins, although no de novo esterifica- 
tion of the HDL cholesterol by LCAT in this plasma oc- 
curred. In accordance with previous findings there was 
a functioning esterification process of the free cholesterol 
of the combined VLDL and LDL of fish-eye disease 
plasma. The present results make it reasonable to con- 
clude that  the lack of HDL cholesterol esterification in 
this disease is not a result of a deficiency of cholesteryl 
ester transfer or lipid transfer activities. 
Lipids 22, 305-311 (1987). 

Fish-eye disease (FED) is a familial dyslipoproteinemia 
(1,2), characterized by hypoalphalipoproteinemia 
associated with a specific deficiency of high density 
lipoprotein lecithin-cholesterol acyltransferase activity 
(a-LCAT) in plasma (3), but having a normally function- 
ing cholesterol esterification activity acting on the com- 
bined very low density (VLDL) and low density (LDL) 
lipoproteins (fl-LCAT) (3,4). Of several possible defects 
that  might cause deficiency of a-LCAT, one would be a 
defective or deficient lipid transfer protein acting together 
with a postulated complex composed of LCAT and 
apolipoproteins forming a "cholesteryl ester transfer com- 
plex" (5) that could both synthesize and distribute 
cholesteryl esters to acceptor lipoproteins. 

It has previously been demonstrated (6) that gross lipid 
transfer protein activities were normal when estimated 
in lipoprotein-depleted FED plasma. However, in light of 
the recently formulated hypothesis of a- and/3-LCAT ac- 
tivities in plasma (3), the deficiency of a-LCAT activity 
in FED might be associated with or caused by a malfunc- 
tioning lipid transfer protein specific for high density 
lipoprotein (HDL) cholesteryl esters. 

Determination of the flux of the cholesteryl esters of 
FED HDL in whole plasma is, however, hampered by the 
fact that the plasma cholesterol concentration level and 
the cholesteryl ester percentage of this lipoprotein are 
reduced by 90% and 75%, respectively, compared to 
normal plasma (7), 

In the present investigation we have studied the in vitro 
incubation-induced changes of the lipid compositions of 
VLDL, LDL and HDL of FED plasma supplemented with 

*To whom correspondence should be addressed at King Gustaf V. 
Research Institute, Box 60004, S-104 01 Stockholm, Sweden. 

normal HDL subfractions, with and without LCAT in- 
hibitor, in order to evaluate the quality of the cholesteryl 
ester transfer activity in such plasma. The results are 
reported herein. 

EXPERIMENTAL PROCEDURES 

The FED patient no. 1 (S.R.) has been described in detail 
previously (1,2). Venous blood was taken from the patient 
in the mornings after overnight fast into vacutalner 
plastic tubes containing disodium EDTA. The tubes were 
immediately placed into crushed ice. Plasma was re- 
covered within 30 rain by low speed centrifugation at 2 C 
and was stored in crushed ice. Merthiolate | normally 
added to plasma in our work with lipoproteins was 
omitted. Free cholesterol and cholesteryl esters were 
quantified enzymatically in duplicate, directly on aliquots 
of plasma and on the lipoprotein fractions obtained after 
ultracentrifugation, by means of Merck kits 14106, 14107 
and 14108 (Darmstadt, Federal Republic of Germany). 
The lipids of the plasma lipoproteins VLDL, LDL and 
HDL were extracted with chloroform/methanol (v/v) (8}. 
Phospholipids and triglyceride concentrations were esti- 
mated in triplicate and duplicate, respectively, on aliquots 
of the chloroform phase as previously described (9,10). 
The coefficients of variation (number of estimates in 
parentheses) were 2.7% (75), 3.5% (57), 3.1% (57) and 1.1% 
(36) for between-run reproducibility of determinations of 
triglycerides, free cholesterol, esterified cholesterol and 
phospholipids, respectively. Concentrated normal HDL2 
and HDL3 were defined as HDL subfractions (11) with 
density regions between 1.070 and 1.125 kg/1 and 1.125 
and 1.210 kg/1, respectively, and were isolated by prepara- 
tive ultracentrifugation and dialyzed against 0.15 tool/1 
sodium chloride as described previously (Holmquist, L., 
and Carlson, L.A., submitted for publication). As a test 
for possible contamination of isolated normal HDL 
preparations by LCAT activity, preparations were mixed 
with a solution of essentially fatty acid-free bovine serum 
albumin, 5% final concentration, and incubated for 24 hr 
at 0 and 37 C. Estimations of free cholesterol and cho- 
lesteryl ester contents of the incubation mixtures showed 
that less than 14% of the free cholesterol was converted 
to cholesteryl esters after 24 hr of incubation (96% was 
obtained on incubations with autologous lipoprotein- 
depleted plasma), and no change of particle size could be 
detected. This indicates that HDL-associated LCAT ac- 
tivity is negligible in the HDL preparations obtained by 
the present method of preparation (11). Polyacrylamide 
gradient gel electrophoresis was performed as previously 
reported (2). Isolations of plasma lipoproteins (VLDL [d < 
1.006 kg/1], LDL [d = 1.006-1.063 kg/1] and HDL [d = 
1.063-1.21 kg/1]) after the incubation experiments were 
made by preparative ultracentrifugation at 1 C on a 
routine basis (12) using a Beckman L8-55 ultracentrifuge 
equipped with a type 50.3 Ti rotor and Quick-Seal Ultra- 
Clear tubes (6 ml) (Beckman Instruments, Palo Alto, 
California). 
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Incubation experiments. Ice-cold FED plasma (11.0 and 
9.50 ml for HDL2 and HDL3 experiments,  respectively) 
obtained as described above was mixed with concentrated 
HDL2 {0.70 ml) or HDL~ (1.90 ml) preparat ions (11). In 
experiments with LCAT inhibitor, 0.12-0.14 ml of phos- 
phate-buffered 100 mmol/1 disodium 5,5'-dithiobis- 
(2-nitrobenzoate) (DTNB), pH 7.4, was added to the 
plasma mixtures to 1 mmol/1 final concentration. By ad- 
dition of 0.15 mol/l sodium chloride solution, the final 
volumes of the incubation mixtures were adjusted to 13.3 
and 11.5 ml for experiments with HDL2 and H D L ,  
respectively, result ing in 17% dilution of the original 
plasma. In experiments with native FED plasma, 
0.15 mol/1 sodium chloride solution was added to give the 
same final dilution as above, thus maintaining the LCAT 
and transfer  protein concentrat ions equal in all incuba- 
tion experiments.  

The final concentrations of free cholesterol originating 
from HDL2 or HDL~ in the incubation mixtures were 
equimolar and adjusted to yield values representat ive of 
their average abundance in normal plasma. 

Table 1 shows the compositions and cholesterol concen- 
t ra t ions for the different incubation mixtures. Incuba- 
tions were performed at 37 C in the dark under N~ 
atmosphere.  

RESULTS 

Table 2 shows the concentration values for triglycerides, 
total, free and esterified cholesterol, cholesteryl ester  
percentage and phospholipids in VLDL, LDL and H D L 
fractions, es t imated at 0, 7.5 and 24 hr of incubation of 
mixtures of FED plasma, alone or supplemented with nor- 
mal isolated HDL2 or HDL3. The corresponding values 
obtained at  incubation experiments of the same designs 
as above but  performed in the presence of the LCAT in- 
hibitor DTNB, run in parallel, are shown in Table 3. 

Triglycerides. The triglycerides of the VLDL fraction 
of the different incubation mixtures decreased by  0.4- 
0.5 mmol/1, independently if p-LCAT was active or in- 
hibited by  DTNB. There was a concomitant  increase in 
LDL triglycerides corresponding to about  0.4 mmol/l in 
native F ED plasma and in such plasma supplemented 
with HDL~. The increase in LDL triglycerides in plasma 
supplemented with HDL~ was somewhat lower, about 0.3 
mmol/1; however, this was associated with a correspond- 
ingly higher increase in triglycerides, 0.1 mmol/l, of the 

HDL fraction of the HDL3-supplemented plasma com- 
pared to the 0.06 mmol/1 triglyceride increase in the HDL 
fraction in experiments with HDL2. The triglyceride con- 
centrat ions of H D L in native F ED  plasma were too low 
to est imate accurately. The observed increase in triglyc- 
erides of LDL and HDL2 or HDL3 were of the same order 
whether LCAT was active or inhibited. Thus the decrease 
in VLDL triglyceride concentrations in all incubation ex- 
periments was completely balanced by the sum of the in- 
crease in triglycerides of the matching LDL and HDL 
fractions. 

Cholesteryl esters. In the presence of the LCAT in- 
hibitor DTNB, the cholesteryl ester  concentrat ion of 
VLDL of all three incubation mixtures increased by about 
0.4 mmol/1 on incubation. This increase in VLDL choles- 
teryl esters of the native FED plasma reflected a decrease 
in cholesteryl ester  content  by about 0.3 mmol/1 of the 
LDL fraction of this plasma. The decrease in cholesteryl 
ester  concentrat ion of FED H D L was not  possible to 
est imate accurately as its concentrat ion was too low. 

The decrease in cholesteryl ester  content  of LDL in 
plasma supplemented with HDL~ or HDL3 was 0.06 and 
0.08 mmol/l lower, respectively, than tha t  for LDL in 
native FED plasma. This reduced decrease in cholesteryl 
esters of such LDL compared to native plasma LDL was 
matched, however, by a decrease in cholesteryl ester con- 
centrat ion of 0.12 and 0.23 mmol/1 in HDL~ and HDL~, 
respectively, in corresponding incubation experiments 
with these lipoproteins. Thus the molar increase in cho- 
lesteryl esters of the VLDL fractions corresponded in all 
experiments to the sum of the decrease in these lipids of 
LDL and HDL lipoproteins. In none of these experiments 
with LCAT inhibitor was there any de novo synthesis  of 
whole plasma cholesteryl esters in 24 hr of incubation. 

In the corresponding incubation experiments without 
LCAT inhibitor, the cholesteryl ester  content  of VLDL 
increased by 0.3-0.4 mmol/l. In LDL of incubated native 
FED plasma, a rise (0.06 mmol/1) of cholesteryl esters 
could also be observed. In the HDL fraction of this 
plasma, which had an extremely low cholesteryl ester con- 
tent, no change of this lipid could be observed. In the LDL 
fractions of the HDL~- and HDL~-supplemented plasmas 
there were 0.34 and 0.33 mmol/1 increases of the choles- 
teryl  ester  content,  respectively, while the cholesteryl 
ester content  of the HDL2 and HDL3 fractions decreased 
by about 0.1 and 0.2 mmol/1, respectively. 

In the LCAT-active incubation mixtures of native FED 

TABLE 1 

Origin and Final Concentrations (mmol/l) of Free and Esterifled Cholesterol in Incubation Mixtures of Fish-Eye Disease Plasma 
and Isolated Normal HDL2 or HDL3 Fractions at Start of Incubation at 37 C 

Originating From added From added 
from plasma HDL2 HDL3 

Total in mixture of plasma 
and HDL2 or HDL3 

FC CE FC CE FC CE FC CE TC 

Plasma + NaC1 2.37 2 . 9 0  . . . .  2.37 2.90 5.27 
Plasma + HDL2 2.37 2.90 0.12 0.26 -- -- 2.49 3.16 5.63 
Plasma + HDL3 2.37 2.90 -- -- 0.12 0.47 2.49 3.37 5.86 

Same values for experiments with disodium 5,5'-dithiobis-(2-nitrobenzoate). HDL, high density lipoprotein; FC, free cholesterol; CE, esterified 
cholesterol; TC, sum of free and esterified cholesterol. 
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TABLE2 

Concentrations of Triglycerides (TG), Phospholipids (PL), Free (FC), Esterified (EC) and Total Cholesterol (TC) (mmol/l Incubation Mixture) 
and Cholesteryl Ester Percentage (%t of the VLDL, LDL and HDL Fractious of Native Fish-Eye Disease Plasma and Such Plasma 
Supplemented with Normal Isolated HDL2 or HDL3, Estimated at Different Times of Incubation at 37 C 

VLDL LDL HDL 
Composition 
of mixture TG PL FC CE TC CE (%) TG PL FC CE TC CE {%) TG PL FC CE TC CE (%) 

Plasma + NaC1 
0 hr 1.62 0.64 0.47 0,48 0.95 51 2.09 2.03 1.83 2.41 4.24 57 0.02 0.16 0.07 0.01 0.08 -- 
7.5 hr 1.32 0.57 0.45 0,68 1.13 60 2.36 1.97 1.59 2,46 4.05 61 0.03 0,07 0.02 0.01 0.02 -- 
24 hr 1.10 0.49 0.41 0.80 1.21 66 2.47 1.83 1.33 2,47 3,80 65 0.02 0.04 0.00 0.01 0.01 -- 

Plasma + HDL~ 
0 hr 1.63 0.67 0.47 0.48 0.95 51 1.96 2.03 1.79 2.37 4.16 57 0.07 0.39 0,18 0.24 0.42 57 
7.5 hr 1.31 0.58 0.47 0.71 1.18 60 2.21 1.98 1.60 2.51 4.11 61 0.13 0.32 0,10 0.16 0.26 62 
24 hr 1.11 0.52 0.47 0.84 1.31 64 2.49 1.99 1.54 2.71 4.25 64 0.13 0.27 0,07 0.15 0.22 68 

Plasma + HDL3 
0 hr 1.66 0.65 0.50 0.47 0.97 48 2.09 2.12 1.92 2.49 4.41 56 0.09 0.63 0,20 0.42 0.62 68 
7.5 hr 1,31 0.52 0.51 0.69 1.29 58 2,23 1.98 1.82 2,62 4.44 59 0,21 0,61 0.15 0,29 0.44 66 
24 hr 1.18 0.51 0.47 0.83 1.30 64 2,41 1.97 1.62 2.82 4.44 64 0.18 0,47 0.11 0.23 0.34 68 

TC, Total cholesterol as sum of free and esterified cholesterol; VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high 
density lipoprotein. 

TABLE 3 

Concentrations of Triglycerides (TG), Phospholipids (PL), Free (FC), Esterified iCE) and Total Cholesterol (TC) (mmol/l Incubation Mixture) 
and Cholesteryl Ester Percentage (%) of the VLDL, LDL and HDL Fractions of Native Fish-Eye Disease Plasma and Such Plasma Supplemented 
with Normal Isolated HDL2 or HDL3, Estimated at Different Times of Incubation in the Presence of the LCAT Inhibitor DTNB at 37 C 

VLDL LDL HDL 
Composition 
of mixture TG PL FC CE TC CE (%1 TG PL FC CE TC CE (%) TG PL FC CE TC CE (%} 

Plasma + NaC1 + DTNB 
0 hr 1.68 0.64 0.50 0.47 0.97 48 2.06 2.05 1.91 2.42 4.33 56 0.04 0.21 0.10 0.01 0.11 -- 
7.5 hr 1.48 0.64 0.55 0.70 1.27 55 2.26 2.10 1.85 2.22 4.07 55 0.03 0.13 0.06 0.01 0.07 -- 
24 hr 1.28 0.59 0.56 0.83 1.39 60 2.49 2.22 1.84 2.11 3.95 53 0.03 0.09 0.04 0.01 0.05 -- 

Plasma + HDL~ + DTNB 
0 hr 1.70 0.65 0.50 0.48 0.98 49 2.02 2.10 1.93 2.48 4.41 56 0.07 0.40 0.19 0.24 0.43 56 
7.5 hr 1.43 0.61 0.56 0.74 1.30 57 2.24 2.15 1.88 2.37 4.25 56 0.12 0.39 0.16 0.14 0.30 47 
24 hr 1.31 0.64 0.62 0.90 1.52 59 2.42 2.18 1.85 2.23 4.08 55 0.12 0.36 0.14 0.12 0.26 46 

Plasma + HDL3 + DTNB 
0 hr 1.66 0.65 0.50 0.48 0.98 49 2.02 2.08 1.89 2.46 4.35 57 0.10 0.65 0.19 0.42 0.65 69 
7.5 hr 1.41 0.61 0.55 0.73 1.28 57 2.09 1.90 1.72 2.27 3.99 57 0.22 0.76 0.20 0.30 0.50 60 
24 hr 1.27 0.62 0.59 0.88 1.47 60 2.35 2.02 1.77 2.35 4.12 57 0.18 0.61 0.16 0.22 0.38 58 

TC, Total cholesterol as sum of free and esterified cholesterol; DTNB, disodium 5,5'-dithiobis-(2-nitrobenzoate). 

p l a s m a  a n d  o f  s u c h  p l a s m a  s u p p l e m e n t e d  w i t h  H D L 2  
o r  H D L 3 ,  t h e r e  w a s  d e  n o v o  s y n t h e s i s  o f  0.4,  0 .6  a n d  
0 .5  mmol /1 ,  r e s p e c t i v e l y ,  of  c h o l e s t e r y l  e s t e r s  a f t e r  24  h r  
o f  i n c u b a t i o n .  

Free cholesterol. I n  L C A T - i n h i b i t e d  i n c u b a t i o n  ex-  
p e r i m e n t s  t h e r e  w a s  a s l i g h t  i n c r e a s e  in  t h e  f r ee  
c h o l e s t e r o l  c o n t e n t  of  V L D L  b y  a b o u t  0.1 mmol /1 ,  cor-  
r e s p o n d i n g  t o  a d e c r e a s e  i n  f r e e  c h o l e s t e r o l  o f  L D L  a n d  
H D L .  T h e  m o s t  p r e d o m i n a n t  d e c r e a s e  of  f r ee  c h o l e s t e r o l  
w a s  f o u n d  i n  t h e  H D L  of  n a t i v e  F E D  p l a s m a ,  w h i c h  w a s  
r e d u c e d  b y  6 0 %  of i t s  t o t a l  f ree  c h o l e s t e r o l .  T h e  d e c r e a s e s  
in  f r ee  c h o l e s t e r o l  c o n t e n t  of  t h e  H D L ~  a n d  H D L 3  l i pop ro -  
t e i n  f r a c t i o n s  i n  c o r r e s p o n d i n g  i n c u b a t i o n s  w e r e  o n l y  

a b o u t  2 0 % ,  b u t  t h e  a b s o l u t e  d e c r e a s e  w a s  s i m i l a r  t o  t h e  
d e c r e a s e  i n  f r e e  c h o l e s t e r o l  o f  t h e  H D L  o r i g i n a t i n g  f r o m  
F E D  p l a s m a .  W i t h i n  t h e  e r r o r  of  e s t i m a t i o n ,  t h e  i n c r e a s e s  
i n  t h e  f r ee  c h o l e s t e r o l  c o n t e n t  of  V L D L  r o u g h l y  co r r e -  
s p o n d e d  t o  t h e  t o t a l  d e c r e a s e  in  t h i s  l i p i d  of  t h e  L D L  a n d  
H D L  f r a c t i o n s .  

T h e  r e c o v e r y  of  f ree  c h o l e s t e r o l  i n  t o t a l  i s o l a t e d  l ipopro-  
t e i n s  a f t e r  24  h r  o f  i n c u b a t i o n  i n  t h e  p r e s e n c e  o f  L C A T  
i n h i b i t o r  r a n g e d  f r o m  9 6 %  t o  1 0 3 %  fo r  a l l  t h r e e  i n c u b a -  
t i o n  m i x t u r e s ,  r e l a t e d  t o  t h e  f r e e  c h o l e s t e r o l  c o n c e n t r a -  
t i o n s  e s t i m a t e d  a t  s t a r t  o f  t h e  d i f f e r e n t  i n c u b a t i o n s .  

I n  L C A T - a c t i v e  i n c u b a t i o n s  t h e r e  w a s  a s l i g h t  i n c r e a s e  
{0.08 mmol /1)  in  f r ee  c h o l e s t e r o l  o f  t h e  V L D L  of  n a t i v e  
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FED plasma. Such plasma, however, demonstrated a 
large decrease (0.50 mmol/1) in free cholesterol content of 
its LDL fraction. 

In incubation experiments with active LCAT and HDL~ 
or HDL3, no change in free cholesterol of VLDL was 
found. The decrease in this lipid of the corresponding LDL 
fractions was about 0.3 mmol/1. 

In all experiments, there was a decrease in the free cho- 
lesterol concentration of the HDL fractions. The relative 
reductions of free cholesterol of the HDL fractions of 
native, HDL~- and HDL3-supplemented FED plasma were 
about 100%, 50% and 50%, respectively. 

Altogether, free cholesterol decreased in native FED 
plasma and the plasma supplemented with HDL~ or 
HDL3 by 0.6, 0.4 and 0.4 mmol/1, respectively, after 24 hr 
incubation when LCAT was active. The decrease in free 
cholesterol of these plasmas was mainly associated with 
a decrease in this lipid of LDL and HDL. 

Total cholesterol. In experiments with LCAT inhibitor, 
the total cholesterol content of VLDL of all different in- 
cubations increased by 0.4-0.5 mmol/1. There was a con- 
comitant 0.2-0.4 mmol/1 decrease in total LDL choles- 
terol. Also, total cholesterol decreased in HDL of the dif- 
ferent mixtures. The total cholesterol of the FED HDL 
decreased by 0.06 mmol/1, corresponding to a reduction 
of about 50% of total cholesterol initially present. In in- 
cubations with HDL~ this fraction lost 0.17 mmol/1 of 
total cholesterol, whereas in experiments with HDL3 the 
loss increased to 0.23 mmol/1, both values representing 
total HDL cholesterol reduction by 40%. In all LCAT- 
inhibited experiments, the increases in total cholesterol 
of VLDL were balanced by the sum of the decreases in 
this lipid of LDL and HDL. 

In LCAT-active incubations there was also an increase 
in VLDL total cholesterol of about 0.3-0.4 mmol/1; that  
value is somewhat smaller than that  obtained when the 
enzyme was inhibited. In LDL of native FED plasma 
there was a corresponding decrease (0.4 mmol/l) in total 
LDL cholesterol, but a higher reduction (0.09 mmol/1) of 
its total HDL cholesterol than was seen with LCAT in- 
hibitor. This figure, however, which has a large error of 
estimation due to the low cholesterol concentration, corre- 
sponds to an 87% reduction of total HDL cholesterol. 

In the incubations with HDL2 and HDL~ the decreases 
in total cholesterol of these fractions were 0.20 and 
0.28 mmol/1, respectively, yielding almost the same values 
as obtained for these lipoprotein fractions in the presence 
of the LCAT inhibitor DTNB. The decrease in total cho- 
lesterol content of HDL~ and HDL3 balanced the increase 
in total VLDL cholesterol in LCAT-active incubations, 
whereas the total cholesterol contents of the correspond- 
ing LDL fractions were essentially unchanged. The re- 
covery of total cholesterol after 24 hr of incubation, 
estimated in total lipoproteins, as compared to concen- 
trations at start of incubation ranged from 95% to 106% 
in all experiments with and without LCAT inhibitor. 

Cholesteryl ester percentage. The cholesteryl ester 
percentage increased from 50% to 60% in VLDL of all 
incubation mixtures when LCAT inhibitor was present. 
However, in the corresponding LDL fractions there were 
virtually no changes of the relative amounts of cholesteryl 
ester showing a value of ca. 56%. 

The cholesteryl ester percentages of FED HDL, nor- 
mal HDL2 and HDL3 are close to 20%, 70% and 80%, 

respectively. It  was not possible to accurately estimate 
changes of the cholesteryl ester percentage of HDL in in- 
cubation experiments with native FED plasmas. How- 
ever, there was a tendency toward increase in relative 
cholesteryl ester content (to about 50%) due to a decrease 
in free cholesterol of the FED HDL, which was not 
associated with an increase in cholesteryl ester content. 
In the HDL fractions of the plasmas supplemented with 
HDL2 or HDL3, the cholesteryl ester percentage de- 
creased from 56% to 46% and 69% to 58%, respectively, 
upon incubation with LCAT inhibitor. 

When LCAT was active the cholesteryl ester percent- 
age of VLDL also increased in all experiments from about 
50% to 65%, which is a little greater increase than that 
obtained in the corresponding incubation with LCAT 
inhibitor. 

In incubation mixtures with active LCAT, there was 
also an increase in the cholesteryl ester percentage of the 
LDL lipoproteins from about 55% to 65%. 

At the start of incubation of FED plasma supplemented 
with normal HDL2, the mean cholesteryl ester percentage 
of the combined HDL2 and FED HDL originally present 
in such plasma was 57%. After a 24-hr reaction this 
percentage increased to 68%, which is the normal value 
for native HDL2. 

In incubation experiments with active LCAT and 
HDL3, there was no change of the cholesteryl ester per- 
centage, showing a starting value of 68%, representing 
a mean of the added HDL3 and of autologous FED HDL. 

Phospholipids. When whole native FED plasma and 
such plasma supplemented with normal isolated HDL~ 
or HDL3 was incubated with the LCAT inhibitor DTNB, 
followed by isolation of VLDL, LDL and HDL and esti- 
mation of their phospholipid contents, these lipids were 
recovered in 96% to 104% yields, calculated from the 
phospholipid concentrations at start of the incubations. 

In these three LCAT-inhibited plasma mixtures, the 
phospholipid contents of their VLDL fractions virtually 
did not change on incubation for 24 hr. In experiments 
with native plasma the phospholipid content of LDL 
increased by 0.17 mmol/1, which corresponded to a 
0.12 mmol/1 decrease in the plasma HDL phospholipid 
content, the latter decrease representing a reduction by 
52% of the initial HDL phospholipid concentration. 

HDL2-supplemented FED plasma demonstrated a 
slight increase in phospholipid content of LDL corre- 
sponding to a possible slight decrease in this lipid of the 
HDL fraction, in the presence of LCAT inhibitor. In 
HDL~-supplemented plasma, similar slight changes of 
phospholipids of LDL and HDL occurred on incubation 
with LCAT inhibitor. 

The concentration of phospholipids decreased by ap- 
proximately 0.15 mmol/1 in each of the VLDL, LDL and 
HDL fractions of all three incubation mixtures after a 
24-hr incubation under conditions where LCAT was 
active. The total loss of phospholipids estimated in total 
lipoproteins isolated from each incubation mixture after 
24 hr of incubation with active LCAT was about 
0.45 mmol/l. 

Particle size pattern of HDL. The HDL fractions of all 
incubation mixtures were isolated at 0 hr and after 7.5 
and 24 hr of incubation, and their particle size patterns 
were analyzed by polyacrylamide gradient gel elec- 
trophoresis and staining for proteins. The results are 
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FIG. 1. Electrophoretogram of polyacrylamide gradient gel elec- 
trophoresis of the high density lipoprotein (HDLI fraction (d = 
1.063-1.21 kg/l} isolated after 0, 7.5 and 24 hr of incubation at 37 C 
of native fish-eye disease (FED) plasma and such plasma sup- 
plemented with isolated normal HDL2 or HDLs. Zones are stained 
by Coomassie Brilliant Blue. 1-3, Native FED plasma incubated for 
0, 7.5 and 24 hr, respectively; 4-6, FED plasma supplemented with 
HDL2 incubated for 0, 7.5 and 24 hr, respectively; 7-9, FED plasma 
supplemented with HDLs incubated for 0, 7.5 and 24 hr, respectively; 
s, molecular mass markers same as in ref. 7; Kd, kilodalton. 

FIG. 2. This figure represents the same incubation experiments as 
in Fig. I, but performed in the presence of the LCAT inhibitor 
disodlum 5,5'-dithiobis42-nitrobenzoateL 

shown in Figures i and 2. These figures demonstrate that 
the native FED plasma HDL and this HDL in plasma 
supplemented with HDL~ almost disappeared after 24 hr 
of incubation with active LCAT. At supplementation of 
plasma with HDL3, however, FED HDL seemed less 

affected by incubation or its position on the electro- 
phoretogram might be superimposed by small HDL par- 
ticles produced from the added isolated HDL3 particles 
as a result of the incubation process. 

In the corresponding incubations with LCAT inhibitor, 
FED HDL did not seem to be affected by the incubation 
process. The small FED HDL particles did not seem to 
fuse with the added normal HDL~ or HDL~, but remained 
as homogenous particle populations. In all experiments 
with and without LCAT inhibitor there was an incuba- 
tion-induced increase of the size of the HDL3 particles 
related to the added HDL~ preparation. By contrast, after 
24 hr of incubation the HDL2 fraction was unaffected or 
slightly reduced in particle size. 

DISCUSSION 

It has been postulated that plasma cholesteryl esters are 
primarily formed in HDL3 or in a subfraction of these 
lipoproteins by the action of LCAT on the free cholesterol 
at the HDL particle surface. Formed esters are subse- 
quently distributed to acceptor lipoproteins of lower den- 
sities {13) by active lipid transfer proteins exchanging 
lipids between VLDL, LDL and HDL (for review see 
14-16). 

However, evidence has been presented that in FED 
plasma almost all cholesteryl esters are synthesized 
within the 3-1ipoproteins (VLDL and LDL) by the direct 
action of LCAT activity (/3-LCAT) (3,4). This plasma vir- 
tually lacks the property to esterify the free cholesterol 
of isolated normal HDL3 as well as that of the very small, 
but spherical, free cholesterol-rich HDL particles present 
in both FED and LCAT-deficient plasma (2,7,17). These 
latter lipoproteins have been demonstrated to be excellent 
substrates for normal LCAT (3,17,18). As/3-LCAT also 
could be demonstrated in HDL-depleted normal plasma 
to esterify the free cholesterol of both autologous and 
homologous combined VLDL and LDL (4), we introduced 
the hypothesis that there normally exist two LCAT ac- 
tivities denoted a- and/3-LCAT in normal plasma, specific 
for HDL and combined VLDL and LDL, respectively (3). 
According to this concept fish-eye disease is an a-LCAT 
deficiency syndrome. The apparent deficiency of the HDL 
cholesterol esterifying activity (a-LCAT) might be ex- 
plained in several ways. One obvious possibility is that 
one of two isoenzymes of LCAT, which according to our 
hypothesis is present in normal plasma, is lacking in FED 
plasma. A second possibility would be that FED 3-LCAT 
is a mutant of a normal LCAT, resulting in an enzyme 
lacking activity for HDL cholesterol but with a function- 
ing 3-hpoprotein esterifying activity. In the present study 
a possible role of a lacking or impaired cholesteryl ester 
transfer or lipid transfer activity has been considered as 
yet another cause for the apparent lack of a-LCAT. 

It has been suggested that LCAT exists in plasma in 
a complex with apolipoprotein A-I, which is qualitatively 
normal in fish-eye disease (19), and apolipoprotein D, 
which has been ascribed the role of a cholesteryl ester 
transfer protein residing in HDL (5). The observed prefer- 
ence of normal LCAT for HDL~ in incubations in vitro 
with isolated lipoproteins was suggested to be an artifact 
induced by the ultracentrifugation isolation technique I5). 
It was proposed that instead of acting directly on lipopro- 
tein particles, LCAT esterifies free cholesterol present in 
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an LCAT-apo A-I-apo D complex and that all major 
lipoprotein fractions of plasma could act as recipients of 
the enzymatically synthesized cholesteryl esters (5). 

Evidently combined VLDL and LDL functions as 
substrate for an active LCAT (/3-LCAT) in FED plasma. 
It has also previously been demonstrated that cholesteryl 
ester transfer activity in lipoprotein-depleted FED 
plasma is normal (6) and that this plasma contains nor- 
mal apolipoproteins A-I and D, although in strongly 
reduced concentrations compared to normal plasma (2,19). 
Thus the basic qualitative requirements for a function- 
ing cholesterol-esterifying complex (5) as described above 
seem fulfilled in fish-eye disease. 

However, as FED HDL total cholesterol and relative 
amount of cholesteryl esters are reduced by 90% and 75%, 
respectively, in plasma, relative to what is normal, it has 
not been possible to confirm in vitro with autologous lipo- 
proteins a normal cholesteryl ester transfer from HDL 
to VLDL or LDL. 

Thus this transfer activity together with triglyceride 
and phospholipid transfer activities were measured in the 
present study as net mass lipid transfer between VLDL, 
LDL and HDL in whole FED plasma supplemented with 
normal isolated HDL2 or HDL3. The addition of normal 
HDL fractions to such plasma would favor the formation 
of a postulated LCAT-cholesteryl ester transfer protein 
complex, normalizing the plasma concentrations of both 
apolipoprotein A-I and D and other unknown potentially 
important apolipoprotein cofactors. Also subfractions of 
normal HDL3 would have a favorable structure for initia- 
tion of cholesterol esterification (14,15) by the LCAT pres- 
ent in FED plasma, possibly induced by isolation of HDL3 
by preparative ultracentrifugation (5,16) as discussed 
above. In addition the increase in the cholesteryl ester 
content of the plasma HDL2 or HDL3 fraction to a nor- 
mal level made it possible to study its change with time 
of incubation. The results from the present experiments 
with FED plasma supplemented with isolated normal 
HDL2 or HDL3 and incubated in the presence of the 
LCAT inhibitor DTNB clearly demonstrate a net mass 
reduction of the cholesteryl ester contents of both HDL2 
and HDL3 and of LDL accompanied by an increase in 
these lipids in VLDL. There was a concomitant decrease 
in the triglyceride content of VLDL associated with an 
increase in this lipid in HDL2 or HDL~ and in LDL. This 
indicates a functioning cholesteryl ester transfer from 
HDL to lipoproteins of lower densities, in agreement with 
what has been observed to occur in normal plasma 
( 13-16,  20). From the values for cholesteryl ester content 
of the HDL fraction of FED plasma supplemented with 
HDL~ or HDL~ at 0 hr and after incubation for 7.5 hr in 
the presence of DTNB, which inhibits LCAT (Table 3), 
a cholesteryl ester transfer rate of 16 ~mol cholesteryl 
ester • hour -1 • liter plasma -1 may be calculated for the 
direction HDL to lipoproteins of lower densities. This 
figure is well within the range of the corresponding 
cholesteryl ester transfer rates obtained with whole 
plasma of normolipidemic subjects, which ranged from 
12 to 40 (mean of 24) ~mol cholesteryl ester • hour -1 • 
liter plasma -1, and higher than those of hypertriglyc- 
eridemic subjects with documented vascular disease, 
whose rates varied within 0 to 15 (mean of 9) ~mol • 
hour -~ • liter plasma -~, as reported by Fielding et al. (21). 

The concentrations of free cholesterol and phospholipids 

of the FED HDL decreased in incubations with LCAT 
inhibitor and native FED plasma. The quantitative yields 
of the lipids of whole plasma after incubation, however, 
indicate that this lipoprotein partly fuses or is taken up 
by the other lipoproteins in the plasma. 

Also in LCAT-active incubations there was an evident 
cholesteryl ester transfer between added HDL2 or HDL3, 
and the other lipoproteins in the incubation mixtures 
balanced by triglyceride transferred in an expected 
counterflow direction as described above. An increase in 
total cholesteryl ester content was observed in such 
plasma mixtures that  were of the same order of magni- 
tude as previously reported for native FED plasma (2). 
Concomitantly the total phospholipid content of the 
plasma mixture decreased stoichometrically with the syn- 
thesis of new cholesteryl esters. The decrease of free cho- 
lesterol was most apparent in the LDL fraction, whereas 
it remained practically unchanged in VLDL. Phospho- 
lipids decreased in both VLDL and LDL and in added 
HDL2 or HDL3 by approximately the same molar amount 
when LCAT was active. In native FED plasma the 
degradation of its small HDL particles was pronounced, 
as estimated by a decrease in major lipid components. In 
addition polyacrylamide gradient gel electrophoresis 
showed a fading of the stain of the zone corresponding 
to the FED HDL particle population in LCAT-active in- 
cubations with native FED plasma and in such plasma 
supplemented with HDL2. There was no degradation of 
FED HDL detectable by gradient gel electrophoresis in 
experiments with HDL3 or when incubations were per- 
formed with LCAT inhibitor. However, both HDL~ and 
HDL~ have been demonstrated to have an inhibitory ef- 
fect on/?-LCAT, with the latter HDL subfraction being 
the strongest inhibitor of the fish-eye disease enzyme 
(Holmquist, L., and Carlson, L.A., submitted for publi- 
cation). 

The added HDL3 particles were enlarged on incubation 
when LCAT was either active or inhibited, whereas the 
HDL2 fraction was less affected; this is in agreement with 
previous findings from the effect of incubation on normal 
plasma HDL particle size (22). There also seemed to be an 
increase in the amount of small particles accompanying the 
enlargement of the added HDL3 particles on incubation 
(Fig. 1), which is consonant with the results reported by 
Nichols et al. (23) for incubation experiments with HDL 
studied by polyacrylamide gradient gel electrophoresis. 

De novo synthesis of cholesteryl esters in the HDL frac- 
tions could not be detected in any incubation experiment, 
although both/3-LCAT and cholesteryl ester transfer ac- 
tivities of FED plasma were active, resulting in an in- 
crease in the plasma cholesteryl ester content of about 
0.5 mmol/l. On incubation, the cholesteryl ester content 
of added normal HDL2 or HDL~ decreased with the same 
value whether LCAT was active or inhibited. The poly- 
acrylamide gradient gel electrophoresis experiments in- 
dicate that the small-sized FED HDL particles in the 
incubation mixture did not increase in particle size, in con- 
trast to what they do when acted upon by normal LCAT, 
which concomitantly increased their relative cholesteryl 
ester content from about 20% to 100% (3). 

The zone on the polyacrylamide gradient gel elec- 
trophoretogram corresponding to FED HDL almost 
disappeared after 24 hr of incubation in experiments with 
native FED plasma and such plasma supplemented with 
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normal HDL~, This phenomenon was observed earlier but 
was less pronounced in undiluted FED plasma (3), which 
had a somewhat higher amount  of HDL than plasma in 
the present experiments. The fading of HDL-stainable 
material thus does not seem to be an artifact of the elec- 
trophoresis, but  might  be a result of reduction of HDL 
particle size or increase in density following particle lipid 
degradation (Table 2). This should give rise to loss of HDL 
in the 1.063-1.21 kg/l fraction on ultracentrifugation. 

All the results of this s tudy indicate tha t  esterification 
of cholesterol in FED plasma occurs in combined VLDL 
and LDL, as previously suggested by an active fl-LCAT 
(3), even during conditions tha t  would favor pr imary 
esterification of the free cholesterol in normal HDL 
subfractions. 

These results also favor the hypothesis that  there might 
exist a- and/~-LCAT activities with different substrate  
specificities, the a-LCAT being deficient in fish-eye 
disease. 

Recent experiments have further demonstrated that  
FED HDL particles are normalized in respect to both par- 
ticle size and cholesteryl ester content by total lipopro- 
tein-depleted pig plasma (24) which is deficient of 
cholesteryl ester transfer activity {16). This further sup- 
ports  the view that  the abnormally small-sized and 
cholesteryl es ter-poor  FED HDL are the result of a 
specific lack of an LCAT enzyme activity rather than im- 
paired lipid transfer activities or lipid acceptor proper- 
ties of the plasma lipoproteins. 
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Periodate-lnduced Lipid Oxidation of Ewthrocyte 
Masatoshi Beppu and Kiyomi Kikugawa* 
Tokyo College of Pharmacy, 1432-I Horinouchi, Hachioji, Tokyo 192-03, Japan 

Membranes 

Exposure of human erythrocyte ghosts to 0.2-5 mM 
periodate at 0 C for 15 min resulted in an increase of 
thiobarbituric acid-reactive substances and fluorescent 
materials in the membrane. This increase was suppressed 
by radical scavengers, butylated hydroxytoluene and 
thiourea, indicating that periodate caused Hpid oxidation 
of ghosts. A role of hemoglobin in the periodate-induced 
lipid oxidation of ghosts was suggested by the fact that 
the oxidation was augmented by hemoglobin and in- 
hibited by an iron chelator, desferrioxamine. Treatment 
of ghosts with periodate caused membrane protein cross- 
linking with and without disulfide bridge. Erythrocytes 
were also susceptible to lipid oxidation by periodate, but 
only disulfide-mediated protein cross-linking was ob- 
served. Erythrocytes treated with neuraminidase or tryp- 
sin were less susceptible, but those treated with neur- 
aminidase along with galactose oxidase were nearly as 
susceptible as untreated cells. The effect of galactose ox- 
idase was diminished by reduction of the enzyme-treated 
cells with borohydride. These results indicate that the 
aldehyde moieties generated by periodate at the sialyl 
residues or those generated by galactose oxidase at the 
terminal galactosyl or N-acetyl galactosaminyl residues 
of the membrane glycoconjugates play a stimulating role 
in the periodate-induced membrane lipid oxidation. 
Lipids 22, 312-317 (1987). 

It has been demonstrated that periodate treatment of 
lymphocytes (1-4), macrophages (2) and erythrocytes 
(4-6) induces a variety of functional changes in these cells. 
For example, periodate treatment of erythrocytes renders 
them susceptible to macrophage recognition (5) and cytol- 
ysis by lymphocytes (4). It has been known that the sialyl 
residues of glycoproteins of the cell membranes are 
readily oxidized to the aldehyde-bearing derivatives by 
periodate (7,8), and most of the functional alterations of 
the cell membranes have been ascribed to the oxidation 
of the sialyl residues. Protein is also susceptible to periodate 
and affords cross-linked proteins with disulfide bridge 
(6,9}. Reversible formation of aqueous channels or pores 
in the erythrocyte membrane by periodate is regarded as 
a consequence of the disulfide bridge formation (6). 

In view of a possible involvement of lipid oxidation in 
the periodate-induced damage and functional changes of 
the cell membranes, it is important to clarify the charac- 
teristic nature of lipid oxidation of the cell membranes 
by periodate. We have investigated the reaction of human 
erythrocytes and ghosts with periodate. We will demon- 
strate here that extensive lipid oxidation takes place both 
in erythrocytes and in ghosts and will show that  sialyl 
residues of the membrane glycoconjugates affect the 
periodate-induced lipid oxidation of the membrane. 

MATERIALS AND METHODS 

Materials. Sodium metaperiodate, thiobarbituric acid (TBA) 
and thiourea were obtained from Wako Pure Chemical In- 
dustries. Butylated hydroxytoluene (BHT) and desferriox- 

*To whom correspondence should be addressed. 

amine (Desferal) were from Nikki Universal Company and 
Ciba-Geigy, respectively. Linoleic acid and methyl lino- 
leate were from Nippon Oil and Fats Company. Oleic acid 
and methyl linolenate were from Nakarai Chemicals. 
),-Linolenic acid was from Sigma Chemical Co. Neur- 
minidase (E.C.3.2.1.18, Vibrio cholerae) was from Behr- 
ingerke AG. N-Acetylneuraminic acid (NANA, type VI) 
and soybean trypsin inhibitor were from Sigma. Trypsin 
(bovine pancreas) and galactose oxidase (E.C.1.1.3.9, 
Dactylium dendroides) were from Worthington Diag- 
nostic Systems. Hemoglobin was purified from the human 
erythrocyte lysate by CM Sephadex C-50 ion exchange 
column chromatography as described elsewhere (10). 

Erythrocytes and ghosts. Human venous blood was col- 
lected from a healthy donor using citrate-phosphate- 
dextrose as an anticoagulant and was stored at 4 C for 
use within a few days. The blood was centrifuged to 
remove plasma and buffy coats. Erythrocytes were 
washed 4 times with isotonic saline and resuspended in 
Dulbecco's phosphate-buffered saline (DPBS, pH 7.2}. 
Erythrocyte ghosts were isolated according to the method 
of Dodge et al. (ll) and were stored at - 2 0  C in aliquots 
for use. Hemoglobin content in the ghosts was usually 
1-3% of the total proteins as determined by the method 
reported (11). Protein concentrations were determined by 
the method of Lowry et al. (12). 

Measurement ofsialic acid. Free sialic acids were deter- 
mined by the method of Warren (13). To a sample solu- 
tion (0.2 ml) was added 0.1 ml of 0.2 M sodium meta- 
periodate in 9 M phosphoric acid, and the solution was 
kept at 22 C for 20 rain. After destroying an excess 
amount of periodate by addition of 1.0 ml of 10% sodium 
arsenite solution in 0.05 M sulfuric acid-0.5 M sodium 
sulfate, the mixture was heated with 3.0 ml of 0.6% TBA 
in 0.5 M sodium sulfate at 100 C for 15 rain. After cool- 
ing, the mixture was extracted with 4.3 ml of cyclohex- 
anone, and the absorbance at 549 nm of the extract was 
recorded. The standard NANA solution was similarly 
treated as a control. For the determination of the total 
sialic acid contents of intact erythrocytes and ghosts, the 
cells were heated in 0.05 M sulfuric acid at 80 C for 1 hr, 
and the released sialic acid was purified by successive 
passing through Dowex 50 (H +) and Dowex 1 (formate) 
columns (13). 

To estimate the amounts of the unoxidized sialic acid 
residues in the periodate-treated ghosts, the control and 
the oxidized ghosts (1-3 mg protein]ml) were treated with 
neuraminidase (25 mU/ml) at 37 C for 30 min, and the 
released sialic acid in the supernatant was determined. 

For measurement of the amounts of sialic acid residues 
released from the neuraminidase~treated erythrocytes, the 
supernatant was directly subjected to sialic acid deter- 
mination. The supernatant of the trypsin-treated erythr~ 
cytes was successively incubated with neuraminidase 
(25 mU/ml) at 37 C for 3 hr to release free sialic acid for 
assay. 

Measurement of lipid oxidation. (a) Formation of TBA- 
reactive substances. Lipid oxidation of the membranes 
was assessed by measuring TBA-reactive substances 
(TBA-RS) according to the method of Buege and Aust 
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(14). Briefly, 1.0 ml of a membrane suspension (2-3 mg 
protein/ml) was mixed with 2.0 ml of a solution of 0.375% 
TBA-trichloroacetic acid (TCA)-0.25 N HC1 containing 
0.01% BHT, and the mixture was heated at 100 C for 15 
min. After cooling, the mixture was centrifuged, and the 
absorbance at 532 nm of the supernatant was measured. 
The amount of TBA-RS was expressed as the absorbance 
at 532 nm for the membrane specimen containing 2 mg 
protein. 

Measurement of TBA-RS of fat ty acids and their 
methyl esters was carried out as follows. The sample was 
heated in a mixture of 1.0 ml of 0.5% TBA and 2.9 ml 
of 0.5% TCA at 60 C for 90 rain under anaerobic condi- 
tions. After cooling, the mixture was extracted with 
3.0 ml of chloroform to give a clear aqueous phase. The 
absorbance at 532 nm of the aqueous phase was recorded. 

(b) Formation of fluorescence. Formation of fluorescent 
substances in the membranes was assessed as an index 
of lipid oxidation (15). For this purpose, the membranes 
were solubilized in 5% sodium dodecyl sulfate (SDS)- 
10 mM sodium phosphate buffer (pH 7.0). Fluorescence 
intensities were measured at an excitation maximum of 
354 nm and an emission maximum of 437 nm. Relative 
fluorescence intensity of the solubilized membrane 
against 0.1 ~M quinine sulfate was expressed for the pro- 
tein concentration of 10 mg/ml. 

SDS polyacrylamide gel electrophoresis. SDS gel elec- 
trophoresis was performed by the method of Laemmli (16) 
in a 7.5% gel. Ghosts were solubilized in the Laemmli 
sample buffer. For preparation of nonreduced samples, 
2-mercaptoethanol was omitted from the sample buffer. 
Sample containing 40 ~g protein was loaded for each lane. 
Protein bands were visualized by staining with Coomassie 
Brilliant Blue R-250. Major protein bands of erythrocyte 
membrane are numbered according to Steck (17). 

Treatment of erythrocytes and ghosts with periodate. 
A suspension of intact or enzyme-treated erythrocytes 
(hematocrit value 20%) was mixed with an equal volume 
of freshly prepared 0.4-10 mM sodium metaperiodate 
solution in DPBS. The reaction was performed at 0 C for 
15 rain in the dark with occasional mixing. The cells were 
recovered by washing four times with DPBS at 0-4 C. 
The ghosts were prepared by hypotonic hemolysis using 
standard procedures (11) and were resuspended in 10 mM 
phosphate buffer (pH 7.0) for subsequent analysis. 

Reaction of ghosts, intact or from the enzyme-treated 
erythrocytes, with periodate was carried out by mixing 
the ghost suspension (5 mg protein/ml) in 10 mM 
phosphate buffer (pH 7.0) with an equal volume of the 
periodate solution. After incubation at 0 C for 15 rain in 
the dark, the ghosts were recovered by centrifugation 
(15,000 • g, 20 rain) and washed four times with 10 mM 
phosphate buffer (pH 7.0) at 0-4 C. The recovered ghosts 
were resuspended in the same buffer for subsequent 
analysis. 

Treatment of erythrocytes with enzymes. An erythro- 
cyte suspension (hematocrit value 50%) in DPBS was 
incubated with neuraminidase (25 mU/ml), trypsin 
(0.1 mg/ml) or neuraminidase (25 mU/ml) plus galactose 
oxidase (10 U/ml) at 37 C for 30 min. The trypsinized cell 
suspension was incubated for a further 3 vain with tryp- 
sin inhibitor (0.2 mg/ml). The cells and the supernatant 
were separated by centrifugation. The supernatant was 
subjected to sialic acid determination. The cell pellet was 

washed three times with DPBS to give the enzyme- 
treated erythrocytes. The ghosts were prepared by using 
standard procedures (11). 

RESULTS 

Human erythrocyte ghosts were treated with 5 mM 
periodate at 0 C for 15 min. Loss of the sialic acid residues 
was assessed by TBA reagent according to the method 
of Warren (13) (Fig. 1A). Sialic acid that can be released 
from untreated ghosts by neuraminidase (90% of the total 
sialic acid) formed the color with a maximum absorption 
at 549 nm, which was identical with that of the standard 
NANA. The supernatant of the enzyme digest of the 
periodate-treated ghosts exhibited an absorbance at 
549 nm, as low as 5% of that of the untreated ghosts. 
Thus, most of the sialic acid residues on the ghosts were 
lost by the periodate treatment. They were oxidized prob- 
ably to 8- or 7-carbon analogues bearing aldehyde moieties 
(7,8). 

TBA-RS of the ghosts were measured as an index of 
lipid oxidation (14) (Fig. 1B). Untreated ghosts produced 
a color with a maximum absorption at 532 nm, which was 
identical with that of the standard malonaldehyde. The 
periodate-treated ghosts revealed much higher absorb- 
ance at 532 nm, indicating that formation of TBA-RS was 
accelerated by the treatment. This substantial increase 
in TBA-RS may be due to lipid oxidation of the ghosts. 

To examine the ability of periodate to oxidize un- 
saturated fatty acids and their methyl esters, emulsified 
fat ty acids were incubated with periodate. While incuba- 
tion of methyl linoleate with 5 mM periodate at 0 C for 
15 rain under aerobic conditions showed no significant in- 
crease in TBA-RS, incubation of linoleic acid, methyl 
linoleate, ),-linolenic acid and methyl linolenate with 50 
mM periodate at 37 C for 48 hr resulted in a substantial 
increase in TBA-RS (Table 1). Periodate at the relatively 
high concentration can accelerate oxidation of the un- 
saturated fatty acids. 

Ghosts were treated with various concentrations of 
periodate at 0 C for 15 min. TBA-RS accumulated in the 
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FIG. 1. Absorption spectra of thiobarbituric acid (TBA) color in sialic 
acid measurement (A) and TBA-reactive substances (RS) (B) of the 
periodate-treated ghosts. A: Spectra of TBA color from the sialic 
acid residues released from the ghosts by neuraminidase. B: Spec- 
tra of TBA-RS due to lipid oxidation in the ghosts. Absorbance 
obtained for the ghosts containing 2 mg protein was presented. 
a) Ghosts (2.5 mg protein/ml) treated with 5 mM periodate at 0 C 
for 15 min. b) Untreated ghosts, which contained 30 ~g total sialic 
acid/mg protein and released 27 pg sialic acid by neuraminidase 
digestion. 
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TABLE 1 

Oxidation of Unsaturated Fatty Acids by Periodate a 

Thiobarbituric acid-reactive substances 
(A532 nm) b 

Incubated Incubated 
Unsaturated No without with 
fatty acid incubation periodate periodate 

Oleic acid 0.000 0.000 0.000 
Linoleic acid 0.009 0.053 0.088 
Methyl linoleate 0.019 0.044 0.279 
),-Linolerdc acid 0.491 0.579 0.665 
Methyl linolenate 1.93 14.0 33.3 

aAn emulsified mixture (10 ml) of an unsaturated fatty acid or its 
methyl ester {20 mM) and periodate (50 mM) was incubated at 37 C 
for 48 hr in the dark in a loosely capped tube. At the end of the in- 
cubation, 1.7 ml of a solution of 10% sodium arsenite-0.05 M sulfuric 
acid-0.5 M sodium sulfate was added to destroy the residual 
periodate, and the mixture was extracted with 1.5 vol chloroform. 
Each 2 ml of the chloroform layer was evaporated to dryness to deter- 
mine thiobarbituric acid-reactive substances. 
bValues derived from 20 ~mol of each unsaturated fatty acid are 
shown. 
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FIG. 2. Formation of thiobarbituric acid-reactive substances {A) and 
fluorescence {B) in the periodate-treated ghosts and erythroeytes. 
o ,  Suspension of ghosts (2.5 mg proteinlml) in periodate solution 
at the indicated concentration was incubated at 0 C for 15 min. O, 
Erythrocyte suspension ~10%) in periodate solution at the indicated 
concentration was incubated at 0 C for 15 min. The ghosts were 
prepared by hypotonic hemolysis for the assay. A532 nm is expressed 
for the amount of ghosts containing 2 mg protein. 

membranes  at the periodate concentrations above 0.2 mM 
(Fig. 2A). Format ion  of fluorescence was examined as 
another  index of lipid oxidation (15). The m a x i m u m  
wavelengths of the fluorescence spectra of the membranes  
were 354 (excitation) and 437 nm (emission), similar to 
those of the e ry throcyte  membranes  oxidized by  organic 
hydroperoxides  (18) and 13-1inoleic acid hydroperoxide 
(19). The fluorescent substances accumulated in the mem- 
branes  at  the periodate concentrat ions above 0.2 mM 
(Fig. 2B). The fluorescent substances dis tr ibuted in both  

TABLE 2 

Inhibition of Periodate-lnduced Thiobarbituric Acid-Reactive 
Substances (TBA-RSI and Fluorescence Formation in Ghosts a 

Treatment of ghosts 

TBA-RS b Relative 
(Asa2 nm/ fluorescence 

2 mg protein) intensity b 

Control (no treatment} 0.029 (10) 0.88 (23) 
Periodate 0.286 (100) 3.83 {100} 
Periodate in the presence of 

Butylated hydroxytoluene 
(0.1 mM) 0.142 (50) 1.11 (29) 

Thiourea (30 mM) 0.032 (11) 0.90 (23) 
Desferrioxamine (0.5 mM) 0.042 (15) 0.92 (24) 

aGhosts (2.5 mg protein/ml) were treated with 1 mM periodate at 
0 C for 15 min in the presence or absence of the indicated compounds. 
bNumbers in parentheses are TBA values or fluorescence intensities 
expressed as percentage of the values of the ghosts treated with 
periodate alone. 

lipid and protein fractions (data not shown). The per iodate  
induced TBA-RS format ion in ghosts  was inhibited par- 
tially by  B H T  and completely by  thiourea and desferriox- 
amine (Table 2). Format ion  of fluorescence was inhibited 
completely  by  these reagents  (Table 2). These inhibi tory 
effects are probably  due to specific propert ies  of the com- 
pounds - i . e . ,  B H T  is an ant ioxidant  of lipid oxidation, 
thiourea a hydroxyl  radical scavenger  and desferriox- 
amine a potent  iron chelator (18,20)--and not to a nonspe- 
cific reaction between these compounds  with  periodate. 
This is suppor ted  by  the fact  tha t  the periodate concen- 
t ra t ion  is 10-fold tha t  of B H T  (Table 2), whereas in the 
case of thiourea and desferrioxamine, it was observed tha t  
urea, an analogous compound of thiourea, and desferriox- 
amine saturated with Fe 3§ were ineffective under the same 
conditions. These resul ts  indicate tha t  the radical reac- 
tions are involved in the periodate-induced TBA-RS and 
fluorescence formation and subs tan t ia te  tha t  lipid oxida- 
t ion is induced in ghosts  by  periodate.  Inhibi t ion of the 
periodate~induced lipid oxidation of ghosts  by  desferriox- 
amine sugges ts  an essential  role for hemoglobin in the 
react ions (21,22). The periodate-induced TBA-RS and 
fluorescence format ion in ghosts  increased with the con- 
centrat ions of exogenously added hemoglobin (Fig. 3). In 
this case, hemoglobin alone did not induce lipid oxidation. 
I t  is evident tha t  the periodate-induced lipid oxidation 
of ghosts  was catalyt ical ly  accelerated by  hemoglobin. 

Cross-linking of the membrane  proteins was analyzed 
by  SDS gel electrophoresis in the presence or absence of 
2-mercaptoethanol (Fig. 4). Under nonreducing conditions 
(Fig. 4A), bands  1, 2, 3, 4.1, 4.2 and 5 diminished as the 
periodate concentrat ion increased (lanes 2-4). At  5 mM 
periodate,  these bands  total ly  d isappeared (lane 4). As 
these bands diminished, higher molecular weight proteins 
appeared near  the top of the gel (lanes 2-4}. There were 
no remarkable  differences in the protein band  pa t t e rns  
before (Fig. 4A) and after  (Fig. 4B) reduction with 2- 
mercaptoethanol .  Hence, extensive protein cross-links 
other than disulfide bridges were formed by  the periodate 
t reatment .  Effects of BHT,  thiourea and desferrioxamine 
on the protein cross-linking were analyzed under reducing 
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FIG. 3. Effect of hemoglobin on periodateHnduced thiobarbituric 
acid-reactive substances (A) and fluorescence (B) formation in the 
ghosts. Ghosts (2.5 mg protein/ml) were treated with ( �9 ) or without 
(O) 1 mM periodate in the presence of increasing amounts of 
hemoglobin at 0 C for 15 min. The ghost preparation originally con- 
tained hemoglobin (2.7% of the total protein), which corresponded 
to | gM under the reaction condition. A532 nm is expressed for the 
amount of ghosts containing 2 mg protein. 
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FIG. 5. Effects of neuraminidase and trypsin treatment of erythro- 
cytes on the periodate-induced thiobarbituric acid-reactive sub- 
stances formation in erythrocytes (A) and ghosts (B). An erythrocyte 
suspension (50%) was preincubated with neuraminidase (N), tryp- 
sin (T) or without the enzymes (C), as described in Materials and 
Methods. The neuraminidase (N)- and trypsin (TFtreated cells con- 
tained 40% and 64% of the original sialic acid contents, respectively. 
The enzyme-treated cell suspensions (1(}%) in periodate solution at 
the indicated concentrations were incubated at 0 C for 15 min. The 
ghosts (2.5 mg protein/ml) prepared from the preincubated erythro- 
cytes were similarly treated with periodate. A532 nm is expressed for 
the amount of ghosts containing 2 mg protein. 

FIG. 4. SDS polyacrylamide gel electrophoresis of the periodate- 
treated ghosts. Electrophoresis was performed under nonreducing 
(A) and reducing (B) conditions. Control ghosts, lanes 1 and 5; ghosts 
treated with 0.2 mM periodate, lanes 2 and 6; ] mM periodate, lanes 
3 and 7; and 5 mM periodate, lanes 4 and 8. Treatment  of ghosts 
with periodate was performed as described in the legend to Fig. 2. 

conditions. All of these agents inhibited the periodate- 
induced loss of the protein bands and the appearance of 
the high molecular weight proteins, suggesting that the 
nonreducible cross-linking of the ghost proteins was due 
to lipid oxidation. 

Erythrocytes were treated with periodate at 0 C for 15 
rain, and the modified ghosts isolated were analyzed for 
TBA-RS and fluorescence formation. Accumulation of 
TBA-RS and fluorescence increased at the periodate con- 
centrations above 0.2 mM (Fig. 2). On an SDS electro- 
phoresis gel under nonreducing conditions, the membrane 
specimen from the cells treated with 5 mM periodate 
indicated partial disappearance of bands 1 and 2 and 

concomitant appearance of the higher molecular weight pro- 
teins. Under reducing conditions, however, all the bands 
remained intact. The results indicate that the periodate- 
induced membrane protein cross-linking in erythrocytes 
was due to only disulfide bridge formation. 

To assess the effect of oxidation of the cell surface sialyl 
residues, the sialyl residues were removed by neuramini- 
dase and trypsin before exposure to periodate. Treatment 
with neuraminidase and trypsin removed 60% and 36% 
of the total sialic acid of the erythrocyte surface, respec- 
tively. The enzyme-treated erythrocytes were exposed to 
periodate. As shown in Figure 5A, the periodate (1 mM)- 
induced increase of TBA-RS of the neuraminidase-treated 
cells was much less than that of the untreated control 
cells. The periodate-induced increase of TBA-RS of the 
trypsin-treated cells was also lower than that of the c o n -  

trol cells. Similar effect of the enzyme treatment was 
observed when these cells were exposed to 5 mM 
periodate. Suppression of TBA-RS formation by the en- 
zyme treatment was also observed when the ghosts 
isolated from the enzyme-treated erythrocytes were ex- 
posed to periodate (Fig. 5B). These results indicate that 
the removal of the sialyl residues from the membranes 
reduced the susceptibility of erythrocytes to the 
periodate-induced lipid oxidation. 

The aldehyde moieties produced by periodate in the sialyl 
residues may be responsible for the stimulatory effect in 
the periodate-induced lipid oxidation. The effect of aldehyde 
moieties produced enzymatically at the galactosyl and N- 
acetyl galactosaminyl residues of the desialylated cell 
surface was examined. Erythrocytes were treated with 
neuraminidase along with galactose oxidase, an enzyme 
that generates aldehyde moieties at the terminal galac- 
tosyl and N-acetyl galactosaminyl residues of the carbo- 
hydrate chains (23,24). The enzyme-treated cells were then 
exposed to periodate. As shown in Table 3, the periodate- 
induced TBA~ formation of the neuraminidase-treated 
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TABLE 3 

Effect of Galactose Oxidase Treatment of Desialylated Erythrocytes on the Periodate- 
Induced Thiobarbituric Acid-Reactive Substances {TBA-RS) Formation 

TBA-RS IA532 nm/2 mg protein} 
Increase in 

Without With TBA-RS 
Pretreatment a periodateb 5 mM periodate b (% of control} 

Control 

Neuraminidase 

Neuraminidase + 
galactose oxidase 

Neuraminidase + 
galactose oxidase, 
then NaBH4 

NaBH4 

0.039 • 0.001 c 0.184 • 0.023 c 100 c 
0.058 • 0.002 d 0.177 • 0.010 d 100 d 

0.035 • 0.001 c 0.086 • 0.013 c 35 c 

0.042 • 0.002 c 0.141 • 0.004 c 68 c 
0.047 • 0.010 d 0.142 • 0.018 d 80 d 

0.044 ___ 0.010 d 0.089 _ 0.013 d 38 d 

0.046 • 0.002 d 0.156 + 0.007 d 92 d 

aAn erythrocyte suspension (50%) was preincubated with neuraminidase or neuraminidase 
plus galactose oxidase or without the enzymes, as described in Materials and Methods. 
The residual sialic acid on the cells treated with neuraminidase and neuraminidase plus 
galactose oxidase were 28% and 34% of the original sialic acid contents, respectively. 
In experiment 2, the enzyme-treated or untreated erythrocyte suspensions (20%) were 
incubated with or without 5 mM NaBH4 in 50 mM phosphate buffer containing 0.11 M 
NaC1 (pH 7.5} followed by washing three times with Dulbecco's phosphate-buffered saline. 
bThe pretreated cell suspensions (10%) were incubated at 0 C for 15 min with or without 
5 mM periodate. Values shown are mean __ SD of triplicate incubations. 
CExperiment 1. 
dExperiment 2. 

cells was as low as 35% of tha t  of untreated cells, whereas 
tha t  of the cells t rea ted  with neuraminidase along with 
galactose oxidase was 68% and 80%. Although galactose 
oxidase generates  hydrogen peroxide during the oxida- 
t ion of the subs t ra tes  (23}, the peroxide genera ted under 
these conditions did not cause lipid oxidation because the 
enzyme t r ea tmen t  alone did not  result  in the increase in 
TBA-RS formation. Thus, galactose oxidase substantially 
compensa ted  the loss of susceptibil i ty of the desialylated 
cells to periodate.  Reduction of the neuraminidase  and 
galactose oxidase- t reated cells with borohydride substan- 
tially suppressed the recovered susceptibil i ty of the cells 
to periodate,  while reduction of the un t rea ted  cells af- 
fected their  susceptibi l i ty only slightly, indicating in- 
vo lvement  of the aldehyde moieties generated by  galac- 
tose oxidase in i ts  effect. These  resul ts  sugges t  tha t  
generat ion of aldehyde moieties at  the terminal  carbo- 
hydra te  residues of the e ry throcy te  surface glycocon- 
jugates  renders the cells susceptible to periodate-induced 
lipid oxidation. 

DISCUSSION 

Per ioda t e - t r ea t ed  e r y t h r o c y t e s  are suscept ib le  to 
macrophage recognition {5) and cytolysis by lymphocytes  
(4}. To elucidate the mechanism of periodate-induced 
changes in biological responses, it is impor tan t  to clarify 
the chemical changes of the membrane  const i tuents .  
Per iodate  cleaves vicinal a-glycols (25), and sialic acid 
residues of the cell surface ca rbohydra te  chains are 
preferential ly oxidized at  the low concentrat ions (8). The 

oxidized form of the sialyl residues, 8- and 7-carbon 
analogues, contains an aldehyde moiety  at the 8 and 7 
positions of the residues, respectively (7,8}. Periodate also 
oxidizes proteins.  Oxidat ion of tyrosine and cysteine 
residues of isolated spectrin by periodate at  22 C was 
reported (9}. Heller et al. (6) reported tha t  methionine was 
oxidized by the periodate t r ea tmen t  of e ry throcytes  at  
0 C and tha t  thiol groups of the membrane  proteins were 
oxidized to disulfides, which caused an increase in mem- 
brane  permeabil i ty.  

In this report ,  we have verified the lipid oxidation of 
e ry throcy te  membranes  by  periodate and showed the 
character is t ic  na ture  of the reaction. The conversion of 
sialyl residues to the oxidized forms was confirmed by  
measurement  of intact  sialyl residues on the periodate- 
t rea ted  ghosts.  Invo lvement  of radical react ions was 
shown by  the inhibition of TBA-RS and fluorescence for- 
mat ion by  B H T  and thiourea. Inhibit ion by  desferriox- 
amine sugges ted  tha t  a certain iron species was essen- 
tial for the periodate-induced lipid oxidation of ghosts.  
The iron species in ghosts  is likely to be originated f rom 
hemoglobin. We have previously demons t ra ted  t ha t  
hemoglobin st imulated the 13-1inoleic acid hydroperoxide- 
induced lipid oxidation of ghosts  and tha t  this was in- 
hibited by  desferr ioxamine {21}. Gut ter idge (22) also has 
repor ted tha t  desferr ioxamine inhibited the methemo- 
globin-st imulated lipid oxidation of liposomes. The cata- 
lytic action of hemoglobin appeared to be mediated by  
some iron complexes released from the protein upon inter- 
action with lipid hydroperoxide. Oxidation of unsaturated 
f a t t y  acids by  periodate required higher concentrat ions 
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of periodate, higher t empera tu re  and longer exposure 
than  tha t  of the e ry throcyte  membranes .  The presence 
of hemoglobin in ghosts  may  be one of the factors  for the 
higher susceptibil i ty of ghosts  to periodate-induced lipid 
oxidation. 

SDS gel electrophoresis analysis  of the periodate- 
t rea ted  ghosts  sugges ted  tha t  there were two types  of 
membrane  protein cross-linking, with and without  disul- 
fide bridge. The protein cross-linking wi thout  disulfide 
bridge may  be formed as a consequence of lipid oxidation. 
The protein cross-linking with disulfide bridge m a y  be 
formed by  a direct action of periodate to the proteins or 
by  an indirect action via lipid oxidation. SDS gel elec- 
t rophoresis  of the ghosts  f rom the per iodate- t reated 
e ry throcytes  sugges ted  tha t  mos t  membrane  protein 
cross-links were due to disulfide bridges, which was con- 
s is tent  with the observat ion of Heller et  al. (6}. This m a y  
indicate tha t  erythrocytes  are less susceptible to lipid ox- 
idation than  ghosts.  Cytoplasmic enzymes protect ive  
aga ins t  oxidation m a y  be involved t26). A high content  
of cytoplasmic  hemoglobin m a y  also pro tec t  the mem- 
brane since the high concentration of hemoglobin appears  
to behave as a lipid radical scavenger  {21,27). 

I t  is in teres t ing to note tha t  the aldehyde groups 
formed in the sialyl residues by periodate oxidation seem 
to play a s t imula t ing  role in the periodate-induced lipid 
oxidation. Susceptibility of erythrocytes  to the periodate- 
induced lipid oxidation decreased when cell surface sialyl 
residues were removed. The removed sialyl residues may  
be most ly  those of glycophorin, considering its high sialic 
acid content  {28) and susceptibi l i ty  to t ryps in  (29). The 
aldehyde moieties genera ted by  galactose oxidase at  the 
terminal  galactose or N-acetyl  ga lac tosamine of the 
desialylated cell surface ca rbohydra te  chains were also 
effective in s t imula t ing  the lipid oxidation. I t  is not  
known at  present  how the aldehyde moieties of the cell 
surface carbohydrate  chains render the membrane suscep- 
tible to lipod oxidation by  periodate.  Conversion of the 
hydroxyl groups at  the termini of the carbohydrate  chains 
of membrane glycoproteins to aldehydes might  cause con- 
formational  changes of the glycoproteins or membrane  
per turbat ions ,  resul t ing in an increased accessibili ty of 
or a decreased cellular protect ive  function against  
periodate.  
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Comparison of the Clearances of Serum Chylomicron Triglycerides 
Enriched with Eicosapentaenoic Acid or Oleic Acid 
Isabel S. Chena.*, Truc Leb, Satchithanandam Subramanianc, Marie M. Cassidyb, Alan J. Shepparda 
onO George V. Vahounyc,' 
aDivision of Nutrition, Food and Drug Administration, Washington, DC 20204, and the Departments of bphysiology and CBiochemistry, 
George Washington University School of Medicine, Washington, DC 20037 

Rat mesenteric lymph chylomicrons containing triglyc- 
erides enriched with either [14C]oleic acid (OA) or ['~C]- 
eieosapentaenoic acid (EPA) were prepared by ultracen- 
trifugation of lymph samples collected for 6 hr after a 
single duodenal infusion of an emulsion containing either 
fatty acid. These chylomicrons were injected into the 
jugular vein of recipient rats and, at various time inter- 
vals, blood was drawn and serum was assayed for radioac- 
tivity. In separate animals, serum lipoprotein fractions 
were separated by ultracentrifugation, and the redistribu- 
tion of labeled fatty acid among circulating lipoproteins 
was determined by liquid scintillation spectrometry. 
When the early disappearance rates (10 min) of either 
total serum radioactivity or specifically the chylomicron 
fraction were compared, there were no differences be- 
tween the groups receiving OA- or EPA-enriched chylo- 
microns. However, disappearance rates of EPA-enriched 
chylomicrons were slower than those of OA-enriched 
ehylomicrons from 25 to 90 min. The small but signifi- 
cant differences in the disappearance rates for the longer 
time periods cannot be ascertained without further 
studies. At 5 min after injection of either type of chylo- 
micron, the d < 1.006 g/ml lipoprotein fraction of serum 
chylomicrons and very low density lipoproteins contained 
almost 90% of the original radioactivity. By 240 min, 
when less than 2% of the radioactivity remained, this 
radioactivity in the d < 1.006 g/ml fraction was 43-46%, 
with concomitant increases in the low and high density 
lipoprotein fractions and in the lipoprotein-free serum. 
Lipids 22, 318-321 (1987). 

Relatively large amounts of dietary fish oil containing the 
co-3 fatty acids eicosapentaenoic acid (EPA) and docosa- 
hexaenoic acid may reduce plasma triglyceride and cho- 
lesterol levels in humans and experimental animals (1-7}, 
may alter hepatic lipoprotein production {8-10) and may 
modify prostaglandin metabolism {11-13). These re- 
sponses may explain, at least in part, the lower incidence 
of ischemic heart disease and thrombosis in Greenland 
Eskimos {14}, Japanese who live in fishing villages (15) 
and coastal-dwelling Turks (16}. 

Harris and Connor (17) observed that  the plasma tri- 
glyceride elevation was smaller after a single dose of 
salmon oil than after a control {corn oil} fat dose; they 
suggested that  this was due to a more rapid serum clear- 
ance of the co-3 fatty acid-containing chylomicrons. How- 
ever, Brockerhoff et al. (18) and Bottino et al. [19) sug- 
gested that fish oils may not be digested as efficiently 
as triglycerides containing more conventional fatty acids 
{e.g., co-6 and co-9 types}, which could also explain the 
lower plasma triglyceride responses to dietary fish oils. 
We have found that cardiac lipoprotein lipase activity on 

*To whom correspondence should be addressed. 
~Deceased. 

chylomicron triglycerides enriched with EPA is com- 
parable to that on chylomicron triglycerides enriched with 
oleate during recirculating rat heart perfusion (20}. 

The purposes of the present study were a} to compare 
the serum clearance of chylomicron triglycerides enriched 
with either ['4C]EPA or ['4C]oleic acid (OA) and b} to com- 
pare the rates and degrees of redistribution of ['4C]EPA 
and ['4C]OA from chylomicrons among serum lipopro- 
teins. 

MATERIALS AND METHODS 
Bovine serum albumin fraction V (fatty acid-poor), 
sodium taurocholate and nonradioactive OA and EPA 
were obtained from Sigma Chemical Co. (St. Louis, 
Missouri}. Isotopic fatty acids, labeled in the carboxyl 
position, were obtained from New England Nuclear 
(Boston, Massachusetts}. Other chemicals and solvents 
were of the highest purity. 

The test emulsions used for intraduodenal administra- 
tion were prepared as described earlier (21) and included 
(per 1.5 ml physiological saline} 25 mg bovine serum 
albumin, 86 mg sodium taurocholate and 0.3 mmol OA 
or EPA. In addition, each emulsion contained 10 ~Ci of 
the respective [1-'4C]labeled fatty acid. The emulsions 
were prepared immediately before use and rehomogenized 
before each administration. 

Adult male albino rats of the Wistar strain (Charles 
River Laboratories, Wilmington, Massachusetts), ca. 
250 g, were allowed food {Purina Rat Chow, Ralston 
Purina Co., St. Louis, Missouri} and water ad libitum 
before use. Each group had four rats. The animals, under 
sodium pentobarbital anesthesia, were subjected to can- 
nulation of the mesenteric lymphatic duct, and an indwell- 
ing catheter was placed in the duodenum for continuous 
administration of physiological saline-5 % glucose (3 ml/ 
hr). After the rats were fasted overnight, the saline- 
glucose infusion was interrupted, 1.5 ml of the appro- 
priate test emulsion was infused via the duodenal cathe- 
ter, and the saline-glucose infusion was reestablished. 
Lymph was collected on ice for 6 hr and was subjected 
to ultracentrifugation at d < 1.006 g/ml (3 X 106 g min) 
to obtain chylomicrons (21), which were purified by flota- 
tion under the same conditions. Then the distribution of 
chylomicron lipid fractions was determined as described 
previously {22}. 

After recipient rats were anesthetized by intraperito- 
heal injection with sodium pentobarbital, an indwelling 
catheter was inserted in the jugular vein. The chylomicron 
suspension ( 1.0-1.2 ml containing 0.012 mmol fatty acid 
equivalents; ca. 1 • 106 dpm) was injected and the 
catheter was rinsed with 1 ml saline. At 0, 2, 5, 10, 25, 
60 and 90 min, 0.3 ml of blood was drawn and allowed 
to clot. Serum was separated by centrifugation (100 • 
g) and counted by liquid scintillation spectrometry. The 
weights of the recipient animals for all studies were not 
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statistically different. For the serum clearance study, rats 
given OA-enriched chylomicrons weighed 283 _ 8.4 g, 
and those given EPA-enriched chylomicrons weighed 
287 __ 5.5 g. Each group comprised eight or nine rats.  

Clearance of chylomicrons and redistr ibution of the 
labeled E P A  or OA among the serum lipoproteins were 
pe r fo rmed  by  us ing  similar  bolus  in jec t ions  of 
chylomicrons, prepared as above, into the anesthetized 
recipient rats .  Four ra ts  were used for each t ime period 
and each group. Their body weights varied from 262 __+ 
7.5 g to 276 _ 10.0 g. At  either 0, 5, 30, 90 or 240 min, 
animals were killed by cardiac puncture.  Serum was 
separated by centrifugation (100 • g), and aliquots were 
subjected to ultracentrifugation to separate major lymph 
lipoproteins as described by Havel et al. (23). These in- 
cluded chylomicrons (d < 1.006 g/ml, 3 • 106 g rain), very 
low density lipoproteins (VLDL, d < 1.006 g/m1, 1 • 108 g 
min), intermediate density lipoproteins (IDL, d = 
1.006-1.019 g/ml, 1 X 108 g rain), low density lipoproteins 
(LDL, d = 1.1019-1.063 g/ml, 1.3 • 10 s g min) high 
densi ty lipoproteins (HDL, d = 1.063-1.21 g/ml, 1.7 • 
108 g re_in) and infranatant  fraction (d > 1.21 g/ml, 1.7 • 
10 ~ g min). Aliquots (100-250 td) of each lipoprotein frac- 
tion were taken for liquid scintillation spectrometry. Stu- 
dent ' s  t- test  was used to analyze the data. 

RESULTS 

As reported earlier (22), about  three-quarters of the ab- 
sorbed OA or EP A was recovered as lymph chylomicrons 
(62.5% for OA and 75.8% for EPA), and the majori ty of 
the remainder was recovered with the d < 1.006 g/ml 
VLDL fraction. Analyses of these chylomicron lipids from 
donor ra t  lymph (Table 1) showed that  almost 90% of the 
OA and nearly 87% of the E P A  were associated with the 
chylomicron triglycerides. These distributions are also 
comparable to those reported earlier (22}. 

Figure 1 shows the clearance of total  radioactivity from 
serum over 90 min after a single bolus of either OA- or 
EPA-enriched chylomicrons. During the first 2 min after 
infusion, the disappearance rates of radioactivity for OA 
and EP A were similar and represented 44-50% clearance 
of these lipids from the circulation. At  periods of 25 rain 
up to 90 min, there were small but  significant differences 
(P < 0.05) between the residual radioactivities in the 
serum for the E P A  and OA groups. 

The specific clearance curves for chylomicron radioac- 
t ivity are summarized in Figure 2. For these studies, four 

TABLE 1 

Distribution of Radiolabeled Oleic Acid or Eicosapentaenoic Acid 
among the Lymph Chylomicron Lipids 

Chylomicron lipids (% distribution) 
Administered 
fatty acid TG MG-DG PL UFA CE 

Oleic 90.5 1.3 2.0 2.8 3.4 
Eicosapentaenoic 86.8 3.0 3.9 2.1 4.2 

Treatment of animals, collection of lymph and separation of lymph 
lipoproteins and lipids are described in Materials and Methods. TG, 
triglycerides; MG-DG, mono- and diglycerides; PL, phospholipids; 
UFA, unesterified fatty acids; CE, cholesteryl esters. 

rats  were killed at each of the four time periods for each 
bolus infusion, and chylomicrons were assayed in each 
serum sample. Again the disappearance rate  of chylo- 
micron radioactivity was comparable for the two recipient 
groups, and except for the 90-min analysis, showed no 
statistical differences. Thus, approximately 60% of chylo- 
micron radioactivi ty was cleared from serum by 5 min, 
92-95% by 30 min and 96-98% by 90 min, and less than 
2% chylomicron radioact ivi ty remained by 240 min. 
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FIG. 1. Clearance of '4C-labeled fatty acids in serum after a single 
bolus injection of oleic acid- or eicosapentaenoic acid-enriched 
chylomicrons. Each point is the mean + S.E. of values from eight 
or nine rats. *, p < 0.05. 
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The distributions of the serum radioactivity among 
various lipoprotein fractions at periods up to 240 min 
after infusion are shown in Figures 3 and 4. With OA- 
enriched chylomicrons (Fig. 3), after 5 min, when total 
serum radioactivity had decreased to about 60% of that 
infused, almost 90% was recovered as d < 1.006 g/ml 
lipoproteins, with almost equal amounts in the remain- 
ing lipoprotein and lipoprotein-free serum fractions. By 
30 rain, there were increases in the percentage of remain- 
ing radioactivity in d > 1.006 g/ml lipoproteins. By 240 
min, when serum radioactivity represented less than 2% 
of the injected dose, d > 1.006 g/ml fraction radioactiv- 
ity had increased to over half (55%) of the total, with t h e  
largest increases in the higher density lipoproteins (d > 
1.019 g/ml LDL and HDL) and the lipoprotein-free 
fraction. 

Similar temporal redistributions of radioactivity were 
evident when rats were given EPA-enriched chylomicrons 
(Fig. 4). 

DISCUSSION 

The present study was designed to assess whether chylo- 
micron triglycerides enriched in EPA were lipolyzed ef- 
ficiently by membrane-supported lipoprotein lipase of t h e  
capillary vessels and subsequently cleared efficiently from 
the circulation. This experimental design was based on 
a variety of earlier reports concerning the poor digestibil- 
ity of triglycerides containing eicosapentaenoate (18,19) 
due to steric hindrance by EPA and the suggestion that 
absorbed salmon oil was cleared more rapidly from 
plasma after absorption from the intestine (17). We have 
demonstrated that the unesterified EPA is absorbed as 
efficiently as oleic or arachidonic acids into the thoracic 
duct and that  the subsequent lymphatic transport and 
lipoprotein distribution of the absorbed EPA is compara- 
ble to that  of other fat ty acids (22). We also found that  
the initial peripheral degradation of EPA-enriched chylo- 
micron triglycerides by membrane-supported lipoprotein 
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lipase in the hear t  muscle is similar to tha t  with chylo- 
microns enriched with oleate (20). Our present  s tudy  
demons t ra tes  tha t  the overall  clearances of the EPA-  
enriched and oleate-enriched chylomicrons f rom the cir- 
culation are essential ly the same. The small differences 
observed between the residual radioact ivi t ies  of the in- 
jected f a t ty  acids in the se rum at  the later  t ime periods 
(Fig. 1) cannot  be ascertained. Further  studies are needed 
to clarify this point. 

Unlike intest inal  pmlcreat ic  lipase, the membrane-  
suppor ted  l ipoprotein lipase apparent ly  shows little dis- 
crimination in the hydrolysis  of tr iglycerides enriched 
with either E P A  or OA. This was also observed during 
recirculat ing hear t  perfusion in vi t ro  (20}. Thus,  there is 
no evidence of steric hindrance, as appears  to be the case 
for pancreat ic  lipase in hydrolysis  of fish oil triglycerides 
containing E P A  (18,19). 

The redis t r ibut ion of labeled f a t ty  acid among  serum 
lipoproteins during chylomicron metabol i sm was com- 
parable  for the two f a t t y  acids. However,  the distribu- 
tion of each f a t ty  acid among  the major  esterified lipid 
fract ions in each ul t racentr i fugal  fract ion was not  deter- 
mined. Based on other studies (24}, it is likely tha t  the 
subsequent  metabol i sm of EPA-enriched chylomicrons 
resul ts  in incorporat ion of E P A  largely into the 
phospholipid fract ion of t issue membranes  and lipopro- 
teins, in con t ras t  to the distr ibution of oleate. 
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Much work has been reported on the volatile oxidative 
products of fats and their impact on flavor deterioration, 
cellular damage and the decrease in safety of fat- 
containing foods. However, relatively little information 
is available on the mechanism of hydroperoxide decom- 
position. Pure methyl linolenate hydroperoxides were 
decomposed thermally at 150 C and catalytically with fer- 
ric chloride-ascorbic acid at room temperature. The 
volatile decomposition products were collected on porous 
polymer (Tenax) traps and concentrated by gel permea- 
tion chromatography. The total volatile products showed 
significant differences in composition by capillary gas 
chromatography-mass spectrometry (GC-MS). Thermal 
decomposition produced much more methyl octanoate 
(60.1%) and less 2,4-heptadienal (0.5%) than catalytic 
decomposition (13.2 and 60.8%, respectively). The volatiles 
from the ferric chloride-ascorbic acid system also con- 
tained unique products tentatively identified by GC-MS 
as isomers of chloromethyl butene. These results may 
have important implications in evaluating precursors of 
flavor deterioration in vegetable oils containing linolenate 
and in understanding better the biological significance 
of lipid peroxidation. 
Lipids 22, 322-327 (1987). 

Foods containing polyunsaturated fats and vegetable oils 
develop flavor problems when subjected to prolonged 
storage (1), when heated at the elevated temperatures of 
cooking and frying {2,3) and when exposed to light (4). 
Despite the considerable information now available on the 
oxidative deterioration of fats (5-8}, the mechanism of 
this oxidatively derived flavor deterioration is still not 
well understood. The association of volatile oxidation 
products with cellular damage (9,10) and with a decrease 
in safety of fat-containing foods (5) is also not well sup- 
ported by direct evidence. 

The 9- and 13-isomers of linoleic and linolenic acid 
hydroperoxides prepared by lipoxygenase were previously 
decomposed in the presence of metals and reducing 
agents, and the aldehydes formed were identified as the 
2,4-dinitrophenyl hydrazone (DNPH) derivatives (11,12). 
In other studies the isomeric mixtures of hydroperoxides 
formed by autoxidation and photosensitized oxidation 
were decomposed thermally, and the volatile products 
were investigated by gas chromatography-mass spec- 
trometry (GC-MS) (13). This technique permits identifica- 
tion of a wide variety of hydrocarbons, aldehydes, 
alcohols, esters, aldehyde esters, furans, ketones and lac- 
tones. The mechanisms of decomposition of different fatty 
ester hydroperoxides (13,14) and secondary lipid oxida- 
tion products (15,16) were clarified by GC-MS analyses 
of volatile decomposition products. 

Primary and secondary products of lipid oxidation were 
shown to react with DNA by determining the fluorescence 
formed in the presence of metals and ascorbic acid (17). 

*To whom correspondence should be addressed. 

The same oxidation products were tested by the Ames 
reversion assay and found to be weakly mutagenic in 
Salmonella typhimurium strains TA 97 and/or TA 100 
(18). In previous work (19), we used GC-MS to study the 
thermal and acid decomposition products of linoleate and 
linolenate hydroperoxides and secondary products. In this 
paper we compare the volatile products obtained from 
pure methyl linolenate hydroperoxides decomposed ther- 
mally at 150 C and catalytically in the presence of ferric 
chloride and ascorbic acid at room temperature. The 
volatiles, trapped in a porous polymer (Tenax) column and 
concentrated by gel permeation chromatography {GPC), 
were analyzed by capillary GC and GC-MS. 

EXPERIMENTAL PROCEDURES 

Preparations. Pure hydroperoxides were prepared by 
silicic acid column chromatography from methyl linolen- 
ate autoxidized at 40 C (20). The purity of the hydro- 
peroxides was checked by thin layer chromatography 
(TLC) and by peroxide value (6100 me/kg) determination. 
Analysis of isomers by high pressure liquid chroma- 
tography of the hydroxystearate derivatives (21} gave the 
following composition: 31% 9-, 12% 12-, 12% 13-and 45% 
16-hydroperoxides. For the isolation of volatile decom- 
position products it was essential to remove the antioxi- 
dant BHT used as preservative in diethyl ether. Redis- 
tilled reagent-grade diethyl ether was chromatographed 
in 50-ml portions through a short column containing 10 g 
silicic acid previously activated at 120 C. The resulting 
ether was stored at 0 C and checked for peroxide 
iodometrically before use. 

Tenax {Anspec Co., Ann Arbor, Michigan) used to trap 
volatiles was activated by washing 3-g portions placed 
in a chromatographic column with 50 ml distilled and 
chromatographed diethyl ether. The column was then 
purged with dry nitrogen for 30 min at room temperature 
until the ether was removed and at 150 C overnight. 

Decomposition. Methyl linolenate hydroperoxides were 
decomposed either thermally at 150 C or catalytically 
with ferric chloride and ascorbic acid at room temperature 
in a reaction flask attached to a trap containing 500 mg 
activated Tenax porous polymer. Reactions were con- 
tinued until the hydroperoxides were almost completely 
decomposed as indicated by TLC (20). 

For thermal decomposition, 500 mg of methyl linolenate 
hydroperoxides was purged with air, which was purified 
through a drying tube (sodium sulfate) and a short Tenax 
trap, and heated at 150 C for 30 min. After cooling to 
room temperature, the Tenax trap was weighed and then 
washed with 5 ml chromatographed diethyl ether. The 
amount of volatiles trapped was determined by reweigh- 
ing the Tenax after removing the solvent and drying. An 
aliquot of the Tenax ether eluate was analyzed directly 
by capillary GC. The decomposition mixture was dis- 
solved in methylene chloride and separated by GPC. The 
low molecular weight fraction was made up to 5.0 ml with 
methylene chloride, and the weight of decomposition 
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products was determined from an aliquot by gently 
removing the solvent at 0 C. 

Conditions for the catalytic decomposition with ferric 
chloride and ascorbic acid were similar to those used pre- 
viously for fluorescence formation in the presence of DNA 
(17}. Methyl linolenate hydroperoxides (500 rag) were 
stirred in 1.8 ml buffer solution at pH 6.1 (100 ml 0.1 M 
KH2PO4 and 14 ml 0.1 M NaOH) containing 0.06 ml 
Tween-20 and 1.2 ml ascorbic acid (2.76 g per 25 ml water). 
The reaction flask was attached to a Tenax trap. The iron 
catalyst (1.3 ml of a solution containing 3.83 g FeC13 in 
25 ml water) was then added, and the reaction mixture 
was purged with purified air and stirred magnetically for 
4 hr at room temperature. The Tenax trap was eluted with 
diethyl ether as above. The residual emulsion was trans- 
ferred with water and extracted with chromatographed 
diethyl ether. The ether extract was concentrated by 
gently sweeping with nitrogen, and the product was 
separated by GPC. 

GPC. A DuPont high performance liquid chromato- 
graph (DuPont Instruments, Wilmington, Delaware) was 
used with two glass columns (9 • 1000 mm) connected 
in series and packed with Bio-Beads S-X2 (Bio-Rad Labs, 
Richmond, California). Methylene chloride was used as 
mobile phase at a flow rate of 0.5-1 ml/min and pressure 
of 16-19 bars. Samples of 30 mg dissolved in methylene 
chloride were injected, and the separation was followed 
with refractive index (Waters Assoc., Milford, Massachu- 
setts) and ultraviolet detectors (DuPont at 274 nm). 
Molecular weights of recovered fractions were determined 
by vapor pressure osmometry using benzene as solvent. 

GLC. Volatile decomposition products recovered from 
the Tenax and GPC eluates were analyzed by GLC with 
a Perkin-Elmer instrument (Model Sigma 300, Norwalk, 
Connecticut), equipped with a capillary column (DB 1701, 
J & W Scientific Co., Rancho Cordova, California) cooled 
to - 20 C with liquid nitrogen. Column temperature was 
programmed to 260 C at 5 C per rain with a final hold of 
10 min. The integrated relative peak areas were calculated 
as weight percent. Methyl hexanoate was used as inter- 
hal standard. Volatile decomposition products were iden- 
tified like before (13,22) by matching mass spectra with 
those of our reference library and by confirming GC reten- 
tion data with known reference compounds. 

RESULTS 

Previous studies on the aldehyde decomposition products 
of oxidized fats were based mainly on analyses of suitable 
DNPH derivatives (23), which are difficult to prepare and 
to regenerate from polyunsaturated carbonyl compounds. 
GC and GC-MS methodologies have provided a signifi- 
cant improvement by affording direct analyses of volatile 
aldehyde and nonaldehyde products formed by lipid oxi- 
dation. In the present study, improved techniques, such 
as Tenax trapping and GPC, were used together with 
capillary GC and GC-MS to investigate the volatile oxi- 
dation products generated from linolenate hydroperox- 
ides at room temperature. 

The porous polymer Tenax (poly[2,6-diphenyl-p-phenyl- 
ene oxide]) is considered one of the best adsorbents for 
concentration of organic volatile compounds, with many 
applications in flavor, atmospheric pollution and head- 
space analyses of biochemical samples (24,25). In this 

work, volatile products formed during the decomposition 
of linolenate hydroperoxide were trapped in a Tenax col- 
umn. While the recovery of hydrocarbons and simple 
alcohols and ethers was reported to be in the 75-90% 
range, some of the simple alcohols were retained poorly 
with Tenax (25). 

GPC has been used to separate and analyze high molec- 
ular weight products in heated fats (26) and oxidized 
methyl linoleate (27) and linolenate (28). In this study, we 
used a similar GPC system to separate low molecular 
weight volatile compounds from decomposed methyl 
linolenate hydroperoxides. The GPC system used con- 
sisted of polystyrene divinyl benzene beads and methyl- 
ene chloride as solvent. The separation was followed by 
refractive index and UV detection (Fig. 1). In the top 
chromatograms, obtained with the sample decomposed 
with ferric chloride-ascorbic acid, the refractive index 
curve shows a major peak due to oligomer with a molecu- 
lar weight of 625, representing 73% (by weight) of the 
total. The UV curve shows greater absorption at 274 nm 
in the monomer than in the oligomer peak. The third peak 
is due to low molecular weight volatile decomposition 
products, which are not detected by refractive index. The 

Oligomer 
( ~  625) 

Column: SX-2 Bio-Beads 
Solvent: Methylene chloride 
Flew: 0.5 ml/rnin. 
Pressure: 18 Bar 

Monomer 

High M. W. Volatiles 

1,2 
15o ~ / A  U \ 

15o CRI j "-- 

I I I I I I 
110 120 130 140 150 160 

Time, rain. 

FIG. 1. Gel permeation chromatography of decomposition products 
of methyl linolenate hydroperoxides. Top curves: Fe/ASA, ferric 
chloride-ascorbic acid; bottom curves, thermal at 150 C. (UV, 
ultraviolet detection at 274 nm; RI, refractive index detection.) 
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bottom chromatograms, obtained with the hydroperox- 
ides decomposed at 150 C, show the same relationship. 
The refractive index curve shows a major oligomer peak, 
representing 62% by weight, with a molecular weight of 
834. The UV curve shows a significant peak after the 
monomer peak, due to the high molecular weight volatile 
decomposition products. 

The monomeric GPC-2 fractions were examined by TLC 
and spectrophotometry. The absence of unreacted hydro- 
peroxides was confirmed by TLC (20). The monomers 
from samples decomposed with ferric chloride-ascorbic 
acid gave more intense UV absorption at 275 nm, due to 
conjugated keto dienes (29), than the monomers from 
thermally decomposed hydroperoxides. Weak infrared 
bands, due to conjugated carbonyls, were also obtained 
at 1639 cm -1 with the thermally decomposed sample, and 
at 1633 and 1687 cm -' with the catalytically decomposed 
sample. Although TLC indicated the absence of hydro- 
peroxides, weak UV absorption obtained at 231 nm may 
indicate the presence of epoxy or epidioxy compounds 
with diene conjugation. Further structural studies on the 
oligomer and monomer GPC fractions (GPC-1 and GPC-2) 
are reported elsewhere (28). 

The relative weight compositions of the volatiles re- 
covered by Tenax trapping and GPC are summarized in 
Table 1. Total volatiles, including the Tenax eluate and 
GPC low molecular weight fraction, represented 7.43% 
in the linolenate hydroperoxides decomposed at 150 C and 
only 2.1% in the sample decomposed with ferric chloride 
and ascorbic acid. Although these volatile products repre- 
sent a small portion of the total decomposition materials, 
they probably have an important impact on flavor and 
biological effects of lipid oxidation (14). 

Capillary GC analyses showed that  the aldehydes and 
other volatile compounds recovered on the Tenax trap 
were of lower molecular weight than the volatiles obtained 
by GPC. Tenax volatiles produced by thermal decomposi- 
tion included significant amounts of propanal, 1-penten- 
3-ol, 2-pentenal, 2,4-heptadienal and methyl octanoate and 
small amounts of butanal, ethyl furan, 2-butenal, 1- 
penten-3-one and methyl heptanoate (Table 2). On the 
other hand, the Tenax volatiles produced by decomposition 

with ferric chloride and ascorbic acid included signifi- 
cantly higher relative concentrations of propanal, butanal 
and 2,4-heptadienal, much less methyl octanoate and no 
ethyl furan, 1-penten-3-one, 1-penten-3-ol or 2-pentenal. 

In addition, GC-MS indicated major amounts of chloro- 
methyl butenes in the Tenax volatiles from the sample 
decomposed with ferric chloride-ascorbic acid. The mass 
spectra obtained for these unusual components in the 
chromatograms were in good agreement with library spec- 
tra for 1-, 2- or 3-(chloromethyl)l-butene, with major 
masses at m/z 41, 53, 55, 69, 89 and 104, due to the 
molecular ion for the elemental formula CsHgCI. Although 
the matches were good, this identification is only tenta- 
tive because the authentic compounds were not available. 
The origin of these chlorinated compounds is unknown. 

The volatiles separated from the reaction mixtures by 
GPC were of higher molecular weight than the Tenax 
volatiles. The GPC volatiles produced by thermal decom- 
position included a significant amount of methyl octano- 
ate, smaller amounts of 2,4-heptadienal, 2,4,7-decatrienal 
and methyl 9-oxo-nonanoate and minor amounts of 
methyl heptanoate and methyl 8-oxo-octanoate (Table 2). 
In comparison, the GPC volatiles produced by decomposi- 
tion with ferric chloride-ascorbic acid included much 
larger amounts of 2,4-heptadienal and smaller amounts 
of methyl octanoate and 2,4,7-decatrienal. 

The weight percent compositions of both Tenax and 
GPC fractions were used to calculate the total volatile 
composition. The total volatiles recovered after thermal 
decomposition included major amounts of methyl octa- 
noate and smaller amounts of 2,4-heptadienal, 2,4,7- 
decatrienal and methyl 9-oxo-nonanoate (Table 2). On the 
other hand, the total volatiles recovered after decomposi- 
tion with ferric chloride-ascorbic acid included major 
amounts of 2,4-heptadienal and smaller amounts of 
methyl octanoate and 9-oxo-nonanoate. 

DISCUSSION 

Working with autoxidized methyl linolenate, Kimoto and 
Gaddis (30) found no difference in the distribution of 
monocarbonyls, identified as DNPH derivatives, after 

TABLE 1 

Relative Weight Composition of Volatile Fractions from the Decomposition 
of Methyl Linolenate Hydroperoxides 

Thermal (150 C) Fe-ascorbate 

Fractions a Oxidation products Wt (rag) Rel % Wt (mg) Rel % 

Tenax Low mol wt volatiles 3.5 0.7 1.0 0.2 
GPC-1 Oligomer 320.3 61.6 368.4 72.7 
GPC-2 Monomer 161.2 31.0 128.0 25.3 
GPC-3 High mol wt volatiles 35.1 6.7 9.6 1.9 
Total 520.0 100.0 507.0 100.0 
Total volatiles b 38.6 7.4 10.6 2.1 

aTenax fractions include low mol wt volatiles {propanal, butanal, ethyl furan, 2-butenal, 
1-penten-3-one, 1-pentene-3-ol, 2-pentenal, methyl heptanoate, 2,4-heptadienal and methyl 
octanoate; see Table 2). GPC-3 fractions {see Fig. 1) include higher mol wt volatiles {methyl 
heptanoate, 2,4-heptadienal, methyl octanoate, 2,4,7-decatrienal and methyl 9-oxo- 
nonanoate; see Table 2). 
bTotal volatiles = Tenax + GPC-3 fractions. 
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TABLE 2 

Volatile Decomposition Products  of Methyl Linolenate Hydroperoxides (Relative Weight Percentage a) 

Thermal (150 C) Fe-ascorbate 

Tenax GPC-3 Total Tenax b GPC-3 Total 
Volatile products fractions fractions volatiles c fractions fractions volatiles c 

Propanal 10.6 0.0 1.0 24.7 0.0 2.3 
Butanal 1.4 0.0 0.1 18.8 0.0 1.8 
Et  furan 3.4 0.0 0.3 0.0 0.0 0.0 
2-Butenal 5.4 0.0 0.5 8.6 0.0 0.8 
1-Penten-3-one d 6.8 0.0 0.6 0.0 0.0 0.0 
1-Penten-3-ol 17.4 0.0 1.6 0.0 0.0 0.0 
2-Pentenal 14.9 0.0 1.5 0.0 0.0 0.0 
Me heptanoate 2.3 1.0 1.1 2.7 2.2 2.2 
2,4-Heptadienal 9.6 10.7 10.5 41.0 62.9 60.8 
Me octanoate 28.2 63.5 60.1 4.2 14.2 13.2 
2,4,7-Decatrienal 0.0 13.2 12.0 0.0 7.4 6.7 
Me 8-oxo-octanoate 0.0 3.0 2.7 0.0 2.2 2.0 
Me 9-oxo-nonanoate 0.0 8.9 8.1 0.0 11.2 10.2 
Total volatiles 91.1 89.4 100.0 30.0 93.6 100.0 
Unknowns 8.9 10.6 --  70.0 b 6.4 --  

aBased on concentration of methyl hexanoate used as internal standard. 
bTenax volatiles include major amounts of chloromethyl butenes tentatively identified by GC-MS (see text). 
CTenax + GPC-3 fractions weighted according to percentage of each fraction (see Table 1). 
dIncludes formic acid. 

decomposition by heat (165 C) and by ferrous chloride, 
cupric stearate and hematin. They observed major 
amounts of propanal and 2,4-heptadienal and smaller 
amounts of 2-pentenal and what was believed to be 
trienals. Later, Grosch (12) also identified the monocar- 
bonyls (as DNPH derivatives) formed from pure linolen- 
ate hydroperoxides decomposed with trace metals in the 
presence of ascorbic acid. He reported major amounts of 
propanal and 2-hexenal from the 9-hydroperoxide isomer 
and 2-pentenal and 2-hexenal from the 13-hydroperoxide 
isomer. 

When we analyzed by GC-MS the thermal decomposi- 
tion products from the mixture of 9-, 12-, 13- and 16- 
hydroperoxides formed by autoxidation of linolenate (13), 
the major volatiles included ethane, 2,4-heptadienal, 
methyl octanoate, decatrienal and methyl 9-oxo-nonano- 
ate. The mechanism advanced to explain the major 
volatile decomposition products (14) involves homolytic 
cleavage on either side of the hydroperoxide groups 
(Fig. 2). Significant differences were also observed be- 
tween thermal and acid decomposition products from 
monohydroperoxides and secondary oxidation products 
(19). The differences in volatile decomposition patterns 
were explained by assuming that thermal decomposition 
proceeds by homolytic/~-scission on both sides of the 
hydroperoxide group, whereas acid decomposition in- 
volves selective heterolytic splitting between the hydro- 
peroxide group and the allylic double bond. On theoretical 
grounds, a "mixed" homolytic-heterolytic type mecha- 
nism was also invoked for the thermal decomposition of 
hydroperoxides (19). 

In the present work, significant qualitative and quan- 
titative differences were found in the volatiles products 
obtained by decomposing linolenate hydroperoxides by 

Me 9-Oxononanoate 
OOH 

R (31%) 

2,4,7-Decatrienal ~ Me Octanoate 

OOH 

2,4-Heptadienal " ~  

(12%) 

HO0 
(12%) 

HO0 
{45%) 

B 
Prop 

FIG. 2. Main cleavage mechanism recognized for linolenate hydro- 
peroxides. Percentages given on the right are the weight composi- 
tion found for the hydroperoxides of methyl linolenate. R -- 
--(CH2)7-COOCH3. 
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TABLE3 

Origin of Major Volatile Products from Decomposition 
of Methyl Linolenute Hydroperoxides 

Thermal (150 C) Fe-ascorbate Origin Cleavage 
Major volatiles (Rel %) (Rel %) (Ln-OOH a) type ~ 

2,4-Heptadienal 10.5 60.8 12-OOH Homolytic 
Methyl octanoate 60.1 13.2 9-OOH Homolytic 
2,4,7-Decatrienal 12.0 6.7 9-OOH Homolytic 
Methyl 9-oxo-nonanoate 8.1 10.2 9-OOH Heterolytic 
1-Penten-3-ol 1.6 0.0 13-OOH Homolytic 
2-Pentenal 1.5 0.0 13-OOH Heterolytic 
Propanal 1.0 2.3 16-OOH Heterolytic 

aLinolenate hydroperoxide isomers, based on scheme in Fig. 2. 
bBased on scheme in ref. 19: homolytic cleavage occurs on both sides of the hydroperox- 
ide group; heterolytic cleavage occurs selectively on one side between the hydroperoxide 
group and the allylic double bond. 

heat ing at  150 C or by  t rea t ing  with ferric chloride- 
ascorbic acid at  room tempera ture .  Thermal  decomposi- 
t ion produced more volatiles (7.4%), which were domi- 
na ted  by  methyl  octanoate.  Decomposi t ion with ferric 
chloride-ascorbic  acid produced less volati les (2.1%), 
which were dominated by  2,4-heptadienal. Table 3 sum- 
marizes the major  volatiles, their  probable  hydroperox- 
ide origin and the cleavage types,  which account for their 
formation. Although 2,4-heptadienal is the major  decom- 
posit ion product  observed with ferric chloride-ascorbic  
acid, it is derived f rom the 12-hydroperoxide isomer, 
which cons t i tu tes  only 12% of the hydroperoxides in 
autoxidized methyl  linolenate (Fig. 2) (6). On the other 
hand, the major  thermal  decomposi t ion product,  methyl  
octanoate,  originates f rom the 9-hydroperoxide isomer, 
which const i tu tes  31% of the linolenate hydroperoxides.  
2,4,7-Decatrienal and methyl  9-oxononanoate,  formed in 
smaller amounts  under both  thermal  and metal-catalyzed 
decomposit ion,  also originate f rom the 9-hydroperoxide 
isomer. 

The differences in volatile profiles obtained between 
decomposi t ion by  heat  and by  ferric chloride-ascorbic 
acid cannot  be a t t r ibu ted  to different cleavage mecha- 
nisms because the main volatile products  obtained under 
bo th  conditions can be formed by homolyt ic  cleavage of 
either the 9- or 12-hydroperoxide isomers (Fig. 2). How- 
ever, the minor volatile compounds  including butanal ,  
ethyl furan, penten-3-one, 1-penten-3-ol, 2-pentenal, methyl 
octanoate  and 8-oxo-octanoate, cannot  be explained by  
the homolyt ic  cleavage mechanism in Figure 2. A more 
complex mixture  of minor compounds  was produced by  
heat  than  by  decomposit ion with ferric chloride-ascorbic 
acid. Unique thermal  decomposi t ion products  included 
ethyl  furan, penten-3-one, 1-penten-3-ol and 2-pentenal 
(Table 2). 1-Penten-3-ol can be explained by  the same 
mechanism suggested previously for 1-octen-3-ol (14), in- 
volving the reaction of a hydroxyl  radical with the 
2-pentene radical formed by  homolyt ic  cleavage of the  
13-1inolenate hydroperoxide.  However,  the origin of the 
other  volatiles is unclear. The differences in the volatile 
profiles observed in this s tudy  sugges t  tha t  heat  treat-  
ments  of oils and metal  contamination may  have different 
effects on the flavor deteriorat ion of oils containing 
linolenate. 

Other  significant decomposit ion products  of linolenate 
hydroperoxides  include oligomers and monomeric  secon- 
dary  oxidation products .  The oligomer fract ion isolated 
by  GPC (Fig. 1) was found to be a rich source of volatiles 
(28). Like monohydroperoxides  and secondary oxidation 
products,  these high molecular weight volatile precursors 
may  have an impor tan t  impact  on flavor deterioration in 
unsa tu ra ted  fats. 
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Efficacy of Linoleic Acid Administered Rectally as Monoglyceride 
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The potential of the rectal route for administration of 
essential fatty  acids (EFA) as monoglyceride {MG) was 
investigated. EFA-deficient rats were supplemented with 
14 mg linoleic acid/day for 3 days. Supplementation was 
either by oral administration as corn oil, orally as corn 
oil-derived MG or rectally as MG. The patterns of poly- 
unsaturated fatty acids (PUFA) in fiver and serum fipids, 
characteristic of EFA deficiency, were altered in the direc- 
tion of normalcy in similar magnitude by all modes of sup- 
plementation, indicating that  the rectal route may be 
useful for administration of EFA. The amounts  of phos- 
pholipids (PL} and free fatty acids (FFAI in fiver changed 
by all modes of administration. The magnitude of change 
of total  PL and of F F A  in liver depended upon the 
chemical form in which linoleic acid was administered and 
the route of administration, indicating that these factors 
affect lipid metabolism. 
Lipids 22, 328-332 (19871. 

Patients with partial loss of the small intestine cannot 
absorb orally fed fats, and eventually develop EFA defi- 
ciency (1). Intravenous fat alimentation may provoke 
signs of intolerance (2), thus limiting this treatment for 
EFA deficiency (1,3), and alternative routes for providing 
EFA may be of value. Dermal application of oils {4-6) or 
of fat ty acid mixtures (7) rich in EFA have been tried, 
with variable results. In humans (8), rabbits (9) and dogs 
(10), medium chain triglycerides (TG) are taken up when 
administered rectally. In rabbits, saturated long chain TG 
administered rectally are absorbed, but unsaturated long 
chain TG are not (10). In man, small doses of linoleic acid 
administered in suppositories as sodium linoleate (11) are 
absorbed. MG have physico-chemical properties con- 
sidered favorable for rectal uptake (12} and have been 
useful in introducing fat orally in instances of impaired 
digestion and transport (13,14). The purpose of this study 
was to explore the potential of the rectal route for the ad- 
ministration of linoleic acid MG to relieve the biochemical 
indicators of EFA deficiency, and changes in lipid levels 
were measured quantitatively. The short-term effects of 
rectal administration of a suboptimal dose of linoleic acid 
MG, equal to one-third of the estimated minimum dally 
requirement, were measured. The results were compared 
with those obtained after oral administration of the same 
amount of linoleic acid either as MG or TG. 

MATERIALS AND METHODS 

Experimental animals. EFA deficiency was induced by 
feeding male Sprague-Dawley weanling rats a fat-free 
semipurified diet for 4 weeks {15). The diet consisted of 
25.5% vitamin-free casein, 65% sucrose, 4% cellulose 
{alphacel, NBCo Biochemicals, Division of ICN 
Biochemicals, Cleveland, Ohio), 3.5% Williams-Briggs 
salt mix (ICN) and vitamins (3). The diet was provided 

'Present address: Department of Biochemistry, Wiess School of 
Natural Sciences, Rice University, Houston, TX 77251. 
*To whom correspondence should be addressed. 

ad libitum, and the animals had free access to water. Male 
Sprague~Dawley rats fed from weaning the same diet with 
corn oil added {2.7:100) served as normal controls on an 
adequate intake of EFA. Rats were kept individually in 
an environmentally controlled laboratory animal facility 
{50-60% relative humidity, 22-24 C, 12-hr light/dark 
cycle, laminar flow ventilation) in cages with wire floors 
to minimize coprophagy. The average weight of the EFA- 
deficient rats was 185 g at age 7 wk. An isomeric 
equilibrium mixture of MG prepared from corn oil was 
obtained from Eastman Kodak (Myverol | type 18-92; 
Rochester, New York). Diet containing MG and diet con- 
taining corn oil were prepared by mixing 2.7 g MG or 
2.5 g corn oil, respectively, dissolved in 300 ml acetone 
and 100 g fat-free diet and evaporating the acetone under 
vacuum at a temperature not exceeding 35 C. These diets, 
which contained 14 mg linoleic acid/g, were stored under 
N2 at 4 C and given dally for 3 days. The fat ty acid com- 
positions of corn oil and corn oil-derived MG were, respec- 
tively, 16:0, 6.2 and 6.6%; 18:0, 4.6 and 4.2%; 18:1r 16.4 
and 16.4%; 18:2r 63.4 and 65.6%; 18:3r 0.1 and 0.1%; 
20:3w3, 0.4 and 0.3%. 

Experimental protocol. The EFA-deficient rats were 
divided into four groups of five animals each. The first 
group continued to receive the fat-free diet ad libitum. 
The second group received the fat-free diet ad libitum, 
but each evening for three days, 27 mg of the linoleic acid- 
rich MG containing 14 mg linoleic acid was given rectally. 
The MG was molten (melting point 41 C) and was 
delivered with a Gilson pipet with a prewarmed plastic 
disposable tip from which the point was cut. The plastic 
tip was inserted about 1.5 cm into the rectum. Usually, 
the rats' being handled provoked defecation, after which 
the MG was delivered. No leakage of MG was observed, 
and the treatment did not result in diarrhea. The third 
and fourth groups received the fat-free diet ad libitum 
only during the day. Each day for three days this food 
was removed in the evening and replaced by 1 g of diet 
containing MG or corn oil for the oral MG and oral TG 
groups, respectively. In this way, all the rats ate the 
predetermined amount of linoleic acid (14 mg/day). After 
three days' administration of linoleic acid to the second, 
third and fourth groups, all rats were killed by decapita- 
tion and their blood and livers were collected. 

Liver and serum lipids were extracted with chloroform/ 
methanol {2:1, v/v) as described previously (16,17). The 
extract was dried under vacuum, the amount of total lipid 
was determined gravimetrically and the residue was 
redissolved in chloroform {1 ml/10 mg of lipid). One ml 
of chloroform solution containing 1 mg of dihepta- 
decanoyl sn-3 phosphatidylcholine (Sigma Chemical, St. 
Louis, Missouri), 80 ~g pentadecanoic acid, 750 ~g tri- 
heptadecanoate and 300 ~g cholesteryl heptadecanoate 
{all from Nu-Chek Prep, Elysian, Minnesota) was added 
to 1 ml of the liver lipid extract. Liver PL, FFA, TG and 
cholesteryl esters {CE), with their respective internal stan- 
dards, were isolated by thin layer chromatography (15) 
and converted into methyl esters by treatment with 14% 
BF3 in methanol for 90 min at 75 C. The same lipid classes 
from serum were separated by silicic acid-impregnated 
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paper (ITLC paper, Gelman Instruments  Co., Ann Arbor, 
Michigan} (16) and converted into methyl  esters by the 
same method. The methyl  esters were analyzed by gas 
chromatography  using a 50 m • 0.2 mm i.d. wall-coated 
open tubular capillary column loaded with F F A P  (Scien- 
tific Glass Engineering, Austin, Texas} with an He col- 
umn flow of 0.45 ml/min and a split ratio of 1:70, 
temperature-programmed from 190-220 C at 2 C/min and 
held for 18 rain at 220 C. Peak identification was made 
by comparison with known methyl  ester s tandards 
(Nu-Chek-Prep). The internal s tandards enabled quan- 
tification of the fa t ty  acids of liver PL, FFA, TG and CE. 
The analytical data were entered into a PDP-12 computer 
(Digital Equipment Corp., Maynard, Massachusetts) and 
appropriate FOCAL programs were used {16) to calculate 
the parameters,  which have proven useful to evaluate 
changes in the pat tern of fa t ty  acids (3). Significances be- 
tween different groups were calculated using Student ' s  
t-test for comparison of the means. For the rats  on the 
fat-free diet that  were or were not given MG rectally, 50 ~l 
of the total liver extract  was fractionated to estimate the 
amount of total PL and their subfractions by phosphorus 
content  (18}. 

RESULTS 

The fatty acid compositions of the liver PL of rats of the 
four groups were measured, and the percentages and stan- 
dard errors of the means of fat ty acids in liver PL are in- 
cluded in Table 1. The rats on the fat-free diet had a much 
higher level of 20:3co9 and much lower levels of 18:2r and 
20:4r in their liver PL than did the rats on the EFA- 
adequate diet (results not shown}, indicating EFA defidency 
in the former group. Similar analyses of liver CE, TG and 
FFA and of serum PL, CE, TG and FFA confirmed E F A  
deficiency in the fat-free group {data not shown). 

Table 1 shows that  each mode of linoleic acid adminis- 
trat ion significantly affected the fa t ty  acid composition 
of liver PL, partially correcting the E FA deficiency. The 
data  show that  rectal linoleic acid administration as MG 
was equivalent to supplementation by mouth  either as 
MG or TG, as judged by its effect on the fa t ty  acid com- 
position of liver PL. Comparisons of the fa t ty  acid com- 
positions of liver FFA, TG and CE led to the same con- 
clusion. For almost all parameters measured {Tables 1 and 
2), the effect of linoleic acid administration, either rectally 
as MG or orally as MG or TG, was qualitatively the same 
on liver lipid fa t ty  acid compositions. Quantitatively, dif- 
ferences between oral or rectal administration were minor. 
In liver, the rectal administration of linoleic acid-rich MG 
for three days decreased the percentage of 20:3r in all 
lipid classes {Tables 1 and 2). This decrease was signifi- 
cant  in all lipid classes except CE, in which 20:3o~9 was 
a minor component {1.8% in the fat-free group}. Linoleic 
acid-rich MG administered rectally significantly in- 
creased the percentage of 18:2r in all lipids {Tables 1 
and 2) except the TG, in which 18:2w6 was low even in 
the EFA-adequate  group (2.6%). 

In the rectally supplemented group, the amount  of PL 
in the liver measured by its fa t ty  acid content  (Table 3) 
or by its phosphorus content  (190 _+ 96 vs 310 • 
93 ~mol]liver; p < 0.025} was significantly lower than in 
the nonsupplemented group. The amount  of FFA was 
significantly higher in the rectally supplemented group 
than in the nonsupplemented group (Table 3). Liver 
weights themselves were not significantly different. Ef- 
fects of oral supplementation on the amount  of PL and 
FFA in liver were in the same direction but  were less pro- 
nounced than the effects of rectal supplementation 
(Table 3). Because the amount  of phospholipid in EFA- 
deficient rat  liver was lowered by supplementation with 
linoleate, the amount of arachidonate decreased in the PL 

TABLE 1 

Fatty  Acid Composition a of Liver Phospholipids of Rats on a Fat-Free Diet With or Without Linoleic Acid Supplementation 

Linoleic acid supplementation Significance expressed as p values b 

Parameter None (1) Rectal MG (2) Oral MG {3) Oral TG (4} 2 vs 1 3 vs 1 4 vs 1 2 vs 4 

14:0 0.2 • 0.15 0.2 __ 0.01 0.1 + 0.01 0.1 • 0.02 
16:0 14.9 • 0.30 15.5 • 0.29 15.1 • 0.22 15.9 • 0.38 
16:1r 3.9 • 0.16 4.2 • 0.35 4.5 _+ 0.27 4.3 • 0.40 
18:0 B c 0.2 • 0.01 0.3 • 0.04 0.3 • 0.03 0.3 • 0.04 
18:0 22.8 • 0.39 20.0 • 0.54 20.5 • 0.26 19.3 • 1.14 
18:1w9 12.5 • 0.57 13.9 • 0.88 15.0 • 0.50 13.2 • 0.97 
18:1~7 4.0 • 0.16 5.2 • 0.46 5.5 • 0.35 5.9 • 0.26 
18:2w6 1.4 • 0.31 3.5 • 0.46 2.6 • 0.06 3.4 • 0.19 
18:3r 0.4 • 0.10 0.3 • 0.03 0.4 • 0.06 0.3 • 0.05 
20:3w9 17.8 • 0.58 13.6 • 1.17 16.0 • 0.75 14.8 • 0.48 
20:3r 0.4 _+_ 0.06 0.9 • 0.08 0.8 • 0.05 0.9 • 0.11 
20:4r 11.8 + 0.36 12.3 • 1.27 10.4 + 0.81 11.9 • 0.75 
22:5r 1.6 • 0.08 1.9 • 0.31 1.4 • 0.26 1.7 • 0.08 
22:6r 2.3 • 0.07 2.8 • 0.36 2.1 • 0.14 2.3 • 0.19 
24:1 0.2 • 0.02 0.3 • 0.03 0.2 __+ 0.02 0.2 • 0.28 

<0.001 
<0.01 <0.001 <0.05 

<0.01 
<0.05 <0.01 <0.001 
<0.01 <0.01 <0.001 

<0.01 <0.01 
<0.001 <0.001 <0.01 

<0.05 <0.01 

MG, monoglyceride; TG, triglyceride. 
aWeight percentage • standard error of the mean. 
bExpressed as p values. No significant differences were observed in comparisons of 2 vs 3 or 3 vs 4. 
CBranched chain 18:0. 
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TABLE 2 

Selected a Fatty  Acids in Liver FFA, TG and CE of Rats on a Fat-Free Diet, Supplemented or Not With Linoleic Acid 

Linoleic acid supplementat ion Significance expressed as p values 
Lipid class/ 
fa t ty  acid group Fat-free (1) Rectal MG (2) Oral MG (3) Oral TG (4) 2 vs  1 2 vs  3 2 vs  4 

FFA 
17:0 0.6 • 0.09 0.2 • 0.06 0.2 -!-_ 0.01 0.4 • 0.03 <0.01 <0.001 <0.05 
18:0 11.3 • 0.40 8.8 • 0.56 6.2 • 0.39 7.6 • 1.19 <0.01 NS b NS 
18:1r 1.1 • 0.04 0.7 • 0.03 0.7 _ 0.05 1.0 • 0.08 <0.001 NS <0.01 
18:2~6 1.3 • 0.17 2.4 • 0.23 1.8 • 0.13 2.2 • 0.25 <0.01 <0.05 NS 
18:3(o6 0.5 • 0.06 0.3 • 0.02 0.3 • 0.04 0.3 • 0.06 <0.01 NS NS 
20:3(o9 8.9 • 0.59 5.6 +- 0.36 4.4 • 0.59 4.8 • 0.53 <0.001 <0.05 NS 
22:4o~6 0.5 • 0.04 0.3 • 0.04 0.2 • 0.02 0.3 • 0.03 <0.01 NS NS 

TG 
14:0 0.8 • 0.04 0.3 • 0.11 0.5 • 0.04 0.6 • 0.06 <0.01 NS NS 
16:0 28.1 • 0.91 37.1 • 2.21 33.5 • 2.61 31.1 • 1.28 <0.01 NS <0.05 
16:1 8.7 • 0.12 6.3 • 0.44 8.4 • 0.80 8.6 • 0.66 <0.001 <0.05 <0.05 
18:1r 0.7 • 0.05 0.2 +- 0.12 0.4 • 0.06 0.5 • 0.04 <0.01 NS <0.05 
20:3(o9 1.9 • 0.25 0.3 • 0.18 1.0 • 0.79 1.1 • 0.52 <0.01 NS NS 
20:4(o6 0.5 • 0.08 0.1 • 0.02 0.6 • 0.54 0.5 • 0.35 <0.01 NS NS 

CE 
18:1co9 63.2 • 1.03 58.1 • 1.77 63.3 • 1.46 60.9 • 1.23 <0.05 <0.05 NS 
18:1r 1.2 • 0.06 0.9 • 0.05 1.0 • 0.14 1.1 • 0.12 <0.01 NS NS 
18:2co6 0.2 • 0.05 1.0 • 0.19 0.7 • 0.19 0.9 • 0.20 <0.001 NS NS 

FFA, free fa t ty  acid; TG, triglyceride; CE, cholesteryl ester; MG, monoglyceride. 
aOnly those fa t ty  acids are given (in percentage • s tandard  error of the mean) where there is a significant difference between fat-free 
and rectal  MG-supplemented groups. 
bNS, not  significant at  the 0.05 level. 

TABLE 3 

Effect of Mode of Administration of Linoleic Acid to EFA-Deficient Rats on Fatty Acids 
Indicative of E F A  Status in Phospholipids and in Free Fatty Acids of Liver a 

Linoleic acid adminis t ra t ion 

Fat-free Rectal MG b Oral MGb, c Oral TG b 

Liver phospholipids 
18:2(o6 8.3 • 4.0 16.1 • 3*** 13.5 + 1.0"** 
20:3r 102.0 • 7.0 60.0 • 8*** 94.0 • 8.0t  
20:40)6 68.0 • 6.0 53.0 • 6* 59.0 • 6.0 
Total fa t ty  acids in PL 613.0 • 30.0 464.0 • 17"** 528.0 • 39.0t 

Liver free fa t ty  acids 
18:2r 0.6 +_ 1.2 6.9 • 2*** 1.3 • 0.9r 
20:3r 4.2 • 1.2 15.0 • 3** 6.0 • 1.4t 
20:4r 3.1 • 1.1 18.0 • 3** 4.4 • 1.3 
Total fa t ty  acids in FFA  50.0 • 11.0 286.0 • 46*** 71.0 • 14.0t 

18.8 • 1.0"** 
76.0 • 3.0** 
61.0 • 3.0 

557.0 • 29.0 

1.4 • 0.3 
2.9 • 0.5 
2.5 • 0.5 

65.0 • 13.0 

EFA, essential  fa t ty  acids; MG, monoglycerides; TG, triglycerides; PL, phospholipids; FFA, free fa t ty  acids. 
aValues are ~mol/liver • s tandard  error of the mean. 
bSignificance of difference from fat-free groups is indicated by ***, p < 0.001; **, p < 0.01; *, p < 0.05. 
cSignificance of difference from rectal  MG group is indicated by t ,  P < 0.001. 

f r a c t i o n ,  a l t h o u g h  i t s  p r o p o r t i o n  d i d  n o t  c h a n g e .  T h e r e  
w a s  a l s o  a d e c r e a s e  i n  t h e  a m o u n t  o f  20:3r b u t  a n  in-  
c r e a s e  i n  t h e  a m o u n t  of  18 :2w6.  T h e  d e c r e a s e  i n  t h e  
a m o u n t  o f  P L  w a s  a c c o m p a n i e d  b y  a n  i n c r e a s e  i n  t h e  
a m o u n t  o f  F F A ,  w h i c h  w a s  m o s t  p r o n o u n c e d  i n  t h e  rec-  
t a l l y  s u p p l e m e n t e d  g r o u p .  A s  a c o n s e q u e n c e  of  t h e  
e l e v a t e d  F F A ,  t h e  r e d u c e d  p e r c e n t a g e  of  20:3o~9 w a s  a n  
i n c r e a s e d  a m o u n t .  

T h e  r e d u c t i o n  in  t h e  a m o u n t  of  P L  i n d u c e d  b y  r e c t a l  
a d m i n i s t r a t i o n  of  l i no l e i c  a c i d - r i c h  M G  w a s  d u e  t o  
d e c r e a s e s  i n  c a r d i o l i p i n  ( 5 0 %  of  p r e t r e a t m e n t  c o n c e n t r a -  
t ion) ,  p h o s p h a t i d y l c h o l i n e  (55%),  p h o s p h a t i d y l e t h a n o l -  
a m i n e  (69%),  p h o s p h a t i d y l s e r i n e  (67%),  s p h i n g o m y e l i n  
(73%)  a n d  p h o s p h a t i d y l i n o s i t o l  (77%)  a s  m e a s u r e d  b y  
t h e i r  p h o s p h o r u s  c o n t e n t s .  L y s o p h o s p h o l i p i d  c o n t e n t  
( 1 0 4 % )  w a s  u n c h a n g e d .  
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The three modes of adminis ter ing linoleate each af- 
fected the f a t ty  acid composi t ions of the serum lipid 
classes. Within each lipid class, the changes induced by  
linoleate supplementa t ion  were generally in the same 
direction, but  differed somewhat  in magni tude  {results 
not  shown). 

DISCUSSION 

The MG derivat ive was chosen for rectal  adminis t ra t ion 
of linoleic acid because it is nonionic, fat-soluble yet  quite 
polar, and its physical properties are considered favorable 
for rectal  up take  (12). MG form very  viscous nonoily 
phases in contact  with water  {19), which mediates against  
leakage and rapid expulsion from the rectum. The impor- 
t an t  issue was to measure  whether  rectal  absorpt ion of 
linoleic acid occurred when adminis tered as MG; this ef- 
fect was measurable after a very short te rm of supplemen- 
tation. A logical control is adminis t ra t ion of linoleic acid 
as TG by mouth,  because it is the natura l  route  for E F A  
supplementa t ion  and is thoroughly  documented  in the 
E FA-deficient rat .  Most  of the voluminous l i terature on 
nutritional effects of E F A  describes studies in which E F A  
were provided in the form of TG; this l i terature has been 
reviewed (3,20,21,22). Because unsa tu ra ted  TG were 
reported not to be absorbed from the rectum (10), this con- 
trol was not included in the study. A control group given 
oral MG was included to confirm the efficiency of the MG 
util ization when adminis tered orally. The ra t s  used for 
this s tudy  were fed the fat-free diet for four weeks. They 
were clearly E F A  deficient, as judged from the low 18:2co6 
and 20:4co6 and high 20:3c09 acid contents  of their  liver 
PL, compared to the ra t s  on the EFA-adequa te  diet. 

A three-day adminis t ra t ion of E F A  was chosen to tes t  
whether short- term rectal administrat ion of linoleic acid- 
rich MG is feasible and effective, and because changes 
in the f a t t y  acid composi t ion of liver lipids of EFA-  
deficient ra t s  were already apparen t  within 24 hr af ter  
linoleic acid adminis t ra t ion (23). Full recovery including 
restorat ion of 20:4oJ6 to normal  values would have taken 
much longer (24). The amount  of linoleic acid administered 
represents  about  0.32% of the calories, and the 7-wk-old 
EFA-deficient  ra t s  consumed about  11 g of fat-free diet 
per  day. This dose is 32% of the min imum daily require- 
ment ,  is high enough to induce significant increases in 
P U F A  in liver lipids and is in the linear port ion of the 
dose-response curve, (25) where i ts  effect is mos t  easily 
detected and measured.  Differences due to modes of ad- 
minis t ra t ion should be maximal ly  measurable  in this 
range. 

Oral adminis t ra t ion  of linoleic acid as corn oil induced 
changes in the f a t ty  acid composit ion of liver and serum 
lipids tha t  are character is t ic  of early recovery of E F A  
deficiency (26). Rectal administrat ion of linoleic acid-rich 
MG induced several  significant changes in f a t ty  acid 
parameters ,  which in mos t  instances  were very  similar 
in magni tude  to the effects induced by  the same amount  
of linoleic acid given orally as corn oil or as corn oil- 
derived MG. This indicates tha t  linoleic acid was effi- 
ciently absorbed when adminis tered rectally as linoleic 
acid-r ich MG. 

Some of the linoleic acid adminis tered rectal ly as MG 
m a y  have been taken in orally due to the r a t ' s  habi ts  
of coprophagy and rectal  preening. Coprophagy was 

minimized by housing ra ts  individually in cages with wire 
bo t toms  {'/~" mesh). Defecation was induced by the r a t ' s  
being handled prior to dosing, and the small dose (27 mg) 
of viscous MG was introduced 1.5 cm into the e m p t y  
rectum, minimizing the possibil i ty of leakage to the ex- 
terior. The significant differences in the amounts  of PL 
and FFA in liver after administrat ion of MG either orally 
or rectally indicates oral up take  of rectally adminis tered 
MG mus t  be small, if there is any. 

Rectal  adminis t ra t ion of linoleic acid-r ich MG was 
more efficient in reducing the amount  of PL fa t ty  acids 
and in increasing the amount  of F F A  in liver than  was 
oral adminis t ra t ion of linoleate (Table 3). This finding 
demonstrates  tha t  the route of administration of linoleate 
m a y  have an effect on lipid metabol ism.  

Almost  all changes in f a t ty  acid composi t ion tha t  
assess  early recovery from E F A  deficiency (26) were 
found to be significantly and equally res tored by  rectal  
linoleic acid-r ich MG and by  oral adminis t ra t ion of 
linoleic acid either as TG or MG. These resul ts  indicate 
t ha t  the rectal route  m a y  have  potent ia l  for administra-  
tion of EFA.  Differences in physiology of absorption from 
the lower gas t ro in tes t ina l  t rac t  are known to exist  be- 
tween rats  and man. Studies in primates may  be advisable 
before a t t emp t ing  rectal  adminis t ra t ion  of E F A  as MG 
to supplement  s t ressed humans  unable to take food by  
mouth.  
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The present study showed that platelet-activating factor 
{1-O-hexadecyl-2-acetyl-sn-glycero-3-phosphocholine, 
PAF), but not lysoPAF fl-O-hexadecyl-sn-glycero-3-phos- 
phocholine} rapidly (within 15 sec} stimulated the incor- 
poration of both [1-14C]arachidonate and [1-14C]docosa- 
hexaenoate into phosphatidylinositol (PI} and phospha- 
tidylcholine (PC} in human neutrophils. Concomitantly, 
it inhibited the formation of labeled phosphatidic acid 
from both fatty acids. The magnitude of stimulation 
{percentage of control} was greater in PI than in PC for 
the incorporation of arachidonate and vice versa for the 
incorporation of docosahexaenoate. It reached a maxi- 
mum at 10 -7 M and started to decline at 10 -6 M. Extra- 
cellular Ca ~+ was not essential for the action of PAF on 
phospholipid acylation. The distribution of labeled ara- 
chidonate in the molecular species of PC was not altered 
by PAF after 1 min incubation, suggesting that the in- 
creased formation of arachidonyl-PC during the early 
stage of neutrophil-PAF interaction was not originated 
from the added PAF. No measurable changes in the mass 
of each phospholipid were detected in neutrophils chal- 
lenged by PAF from 15 sec to 2 min. The data suggest 
that the increased incorporation of extracellular fatty 
acids into P |  and PC elicited by PAF may be secondary 
to increased deacylation of these phospholipids, and the 
magnitude of stimulation reflects the specificity of acyl- 
transferase catalyzing the acylation of lysoPI and lysoPC 
by fatty acyl-CoA. 
Lipids 22, 333-337 {1987). 

Platelet-activating factor {1-O-alkyl-2-acetyl-sn-glycero- 
3-phosphocholine, PAF) is a bioactive phospholipid with 
multiple biological effects {1-4}. At nanomolar concentra- 
tions PAF stimulates human neutrophil chemotactic 
migration, superoxide production, aggregation, cytochal- 
asin B-dependent exocytosis of azurophilic and specific 
lysosomal granules {5,6}. It enhances human neutrophil 
superoxide generation in response to chemotactic peptide 
N-formyl-methionyl-leucyl-phenylalanine ffMet-Leu-Phe} 
(7). This bioactive phospholipid also modulates the 
metabolism of other phospholipids in neutrophils. It  
enhances the activity of polyphosphoinositide-specific 
phospholipase C in rabbit peritoneal neutrophils {8}, the 
release of arachidonate from phosphatidylinositol {PI} and 
phosphatidylcholine (PC} by the action of phospholipase 
A2 and the production of 5-hydroxyeicosatetraenoate 
(5-HETE} and 5,12-dihydroxyeicosatetraenoate or leuko- 
triene B~ (LTB4) in cytochalasin B-treated rabbit peri- 
toneal neutrophils {9). It also promotes arachidonate in- 
corporation into PI and PC in neutrophils from guinea 
pig peritoneal exudates riO}. Since neutrophils from 
human blood differ from elicited neutrophils in a number 
of respects (11-13}, it is important to examine whether 
the increased incorporation of arachidonate into PI and 
PC occurs in human neutrophils in response to PAF. 

Recently docosahexaenoate was found to be incorpo- 
rated into PC and phosphatidylethanolamine {PE} 
by human neutrophils (14}. This n-3 fat ty acid was a 

relatively poor substrate for incorporation into PI com- 
pared to arachidonate and eicosapentaenoate {14}. It is 
thus important to examine whether the incorporation of 
docosahexaenoate into phospholipids in these cells is 
responsive to PAF. The present study has demonstrated 
that PAF rapidly increases {within 15 sec} the incorpora- 
tion of both arachidonate and docosahexaenoate into PI 
and PC by human neutrophils. 

MATERIALS AND METHODS 

Preparation of human neutrophils. Human blood was ob- 
tained from healthy donors who had received no medica- 
tion in the previous two weeks. Neutrophils were isolated 
according to the method of Lee et al. (15}. Thirty-ml por- 
tions of venous blood were each mixed with 4 ml of 0.15 M 
sodium citrate, pH 5.2, and 5 ml of 5% dextran T500 
{Pharmacia Fine Chemicals, Piscataway, New Jersey} in 
0.15 M NaC1 and were allowed to sediment at room 
temperature for 30 min. The supernatants containing 
leukocyte-rich plasma were removed and centrifuged at 
250 • g for 10 min at 20 C. After hypotonic lysis of con- 
taminating erythrocytes, leukocytes were washed once 
and resuspended in a modified Krebs-Ringer HEPES 
{N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid} 
buffer {118 mM NaC1, 4.74 mM KC1, 1.19 mM MgSO4, 
5 mM glucose, 16.3 mM HEPES, pH 7.4) at 20 X 106 
cells/ml. Six-ml cell suspensions were layered on 6-ml 
Ficoll-Hypaque {Pharmacia} cushions and centrifuged at 
400 • g for 20 min at 20 C to yield a neutrophil pellet, 
which was washed twice and suspended at a concentra- 
tion of 20 • 106 cells/ml in the same buffer. Cell counts 
were made in a hemocytometer, and cell viability was 
measured by trypan blue exclusion and by lactate de- 
hydrogenase release into the incubation medium as 
described previously {16}. Cell preparations contained 
more than 95% neutrophils. 

Incubation of cells. [1-14C]Arachidonic acid {54.5 Ci/mol, 
New England Nuclear Corp., Boston, Massachusetts} 
or [1-'~C]docosahexaenoate {55.0 Ci/mol, New England 
Nuclear} was dissolved in 0.9% NaC1 containing fatty 
acid-free bovine serum albumin (Miles Laboratories, Elk- 
hart, Indiana; 4 mg/ml}. PAF {1-O-hexadecyl-2-acetyl- 
sn-glycero-3-phosphocholine, Novabiochem, L~iufelfingen, 
Switzerland}, lysoPAF {1-O-hexadecyl-sn-glycero-3-phos- 
phocholine, Novabiochem} or lysoPC {1-acyl-sn-glycero-3- 
phosphocholine, Applied Science Laboratories, State Col- 
lege, Pennsylvania} was dissolved in 0.9% NaC1 contain- 
ing fat ty acid-free bovine serum albumin {2.5 mg/ml}. In 
a final volume of 2 ml, each tube contained 3.4 • l0 s dpm 
{1.4 ~M) [1-'4C]arachidonic acid or 3.6 X l0 s dpm {1.5 ~M} 
[1-'~C]docosahexaenoic acid, 1 mM CaC12, 0-10 -6 M PAF 
{or 10 -7 M lysoPAF or lysoPC) and 20 • 106 cells in 
1.92 ml Krebs-Ringer HEPES buffer. In control tubes, 
an equivalent volume of 0.9% NaC1 containing bovine 
serum albumin (2.5 mg/ml} was included. Incubations 
were initiated by the addition of 20 X 106 cells to each 
tube and were performed at 37 C. 
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Lipid extraction and analysis. Incubations were ter- 
minated by the addition of 5 ml methanol to each tube. 
Lipids were extracted according to the method of Bligh 
and Dyer (17) and dissolved in chloroform]methanol (2:1, 
v/v) containing 0.01% butylated hydroxytoluene. Individ- 
ual phospholipids were resolved and analyzed as described 
previously (13). Since the phosphorus content of phos- 
phatidic acid (PA) cannot be accurately measured, the 
radioactivity of individual phospholipids is expressed as 
dpm/6 X 106 cells. 

The distribution of ['4C]arachidonate in the molecular 
species of PC was analyzed as described previously (14). 

R E S U L T S  

Figure 1 shows the time course of the effect of PAF on 
the incorporation of [1-"C]arachidonate into phospho- 
lipids in human neutrophils. PAF stimulated the incor- 
poration of [1-'~C]arachidonate into PI and PC at all time 
intervals (15 sec to 2 min). Concomitantly, it inhibited the 
formation of [1-'4C]arachidonoyl-PA. The magnitude of 
stimulation (percentage of control) varied widely with 
cells from individual donors, but an increased acylation 
of labeled arachidonate into PI and PC was consistently 
demonstrated after 15 sec incubation of cells with PAF. 
In two separate experiments, PAF at 10 .7 M caused an 
increase in the radioactivity of PI and PC to 1278% and 
287% of control, respectively, at 15 sec; and the radioac- 
tivity of PI and PC became 1888% and 1283% of control, 
respectively, at 1 min. The magnitude of stimulation on 
the formation of labeled PI and PC induced by PAF 
started to decline at 2 min incubation. The incorporation 
of arachidonate into PE was less responsive to the pres- 
ence of PAF. An increased radioactivity of PE was 
observed only after 2 min incubation of neutrophils with 
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FIG. 1. Time course of the effect of P A F  on the acylation of 
[1-'4C]arachidonate [20:4(n-6}] into phosphol ipids  in human 
neutrophils. Neutrophiis (20 X 106) were incubated at the indicated 
.period of time (15 see-2 min) with 3.4 X 10 s dpm [1J4C]arachidonate 
m the presence ( � 9  or absence (O) of 10 -7 M PAF.  Each point 
represents the average value of duplicate incubations from two 
separate neutrophil preparations. 

PAF. Analysis of phospholipid classes by phosphorus 
determination showed no measurable changes in phos- 
pholipid composition during the neutrophil-PAF interac- 
tion. At all time intervals (15 sec to 2 min), the lipid 
phosphorus (~g) from 6 • 106 cells in the presence or 
absence of PAF (10 .7 M) was 0.803 for PC; 0.580 for PE; 
0.197 for phosphatidylserine (PS); 0.125 for PI; and 0.295 
for sphingomyelin. 

Figure 2 demonstrates the time course of the effect of 
PAF on the incorporation of [1-'4C]docosahexaenoate into 
phospholipids. PAF inhibited the incorporation of [1-'4C] - 
docosahexaenoate into PA, but it enhanced the incorpora- 
tion of this n-3 fatty acid into PI and PC. In two separate 
experiments, the average radioactivities of PI and PC 
were increased to 403% and 880% of control, respectively, 
after 15 sec incubation and to 432% and 2118% of con- 
trol, respectively, after 1 min incubation. The magnitude 
of stimulation by PAF on the formation of labeled PC but 
not PI started to decline after 2 min incubation. 

PAF in a range of 10-'~ -6 M elicited significant 
changes in the incorporation of [1-'4C]arachidonate into 
phospholipids after 1 re_in incubation (Fig. 3). Maximal 
incorporation of [1-'~C]arachidonate into PI and PC was 
observed at 10 -7 M, and a decline in the stimulation of 
the acylation of both phospholipids occurred at 10 -6 M. 
At the concentrations tested (10-9-10 -6 M), PAF de- 
creased the formation of ['4C]arachidonoyl-PA. 

PAF has been shown to promote Ca ~§ uptake from ex- 
tracellular medium by rabbit platelets (18) and rabbit 
peritoneal neutrophils (8). A requirement for extracellular 
Ca ~§ has been demonstrated for the stimulatory effect of 
PAF on degranulation (8), but not on polyphospho- 
inositides-specific phospholipase C (8) or superoxide gen- 
eration (19). To test if extracellular Ca ~§ is required for 
the action of PAF on phospholipid acylation by polyun- 
saturated fatty acids, the incorporation of [1-'~C]arachi - 
donate into phospholipids in cells incubated in the 
presence of 1 mM Ca 2. was compared with that in cells 
incubated in the presence of 1 mM EGTA [ethyleneglycol- 
bis-(~-aminoethylether)N,N'-tetracetic acid]. Table 1 shows 
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FIG. 2. Time course of  the effect of P A F  on the acylation of  
[1-'4C]docosahexaenote [22:6(n-3)] into phospholipids in human 
neutrophils. Neutrophils (20 X 106) were incubated at the indicated 
period of t ime (15 sec-2  rain) with 3.6 X 105 dpm [1-"C]docosahex- 
aenote in the presence ( �9 ) or absence (O) of 10 -7 M PAF.  Each point 
represents the average value of duplicate incubations from two 
separate neutrophil preparations. 
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FIG. 3. Dose response to P A F  for acylation of [1-"C]arachidonate 
[20:4(n-6)] into phospholipids in human neutrophils. Neutrophils (20 X 
106) were incubated for 1 min at 37 C with 3.4 X 10 s dpm [1-"C]- 
arachidonate and 0-10 -6 M PAF. Each point represents the average 
value of duplicate incubations from two separate neutrophil 
preparations. 

T A B L E  1 

Effect  of External Ca 2. on [1-~4ClArachldonate Incorporation 
into Phospholipids in Human Neutrophils in Response to P A F  a 

Radioactivity b 
('~C dpm) 

Lipid Control PAF 

Mean % of control 
in the presence 

of PAF c 

With Ca ~§ PA 2357 1146 57 • 11 
PI 496 4558 1188 • 377 
PC 383 2038 574 • 122 

Without Ca ~ PA 1626 1184 66 • 10 
PI 274 2676 1207 • 350 
PC 296 1283 533 • 152 

PAF, platelet-activating factor; PA, phosphatidic acid; PI, phospha- 
tidylinositol; PC, phosphatidylcholine. 
aHuman neutrophils [20 • 106 cells) were incubated for 1 min at 
37 C with [1-'4C]arachidonic acid (3.4 • 10 s dpm, 1.4 ~M), Ca 2~ 
(1.0 mM) or EGTA (1 mM), and PAF (10-' M). In control incuba- 
tions, PAF was replaced by an equivalent volume of bovine serum 
albumin (2.5 mg/ml in 0.9% NaC1). 
bThe results from a typical experiment. The radioactivity is ex- 
pressed as dpm from 6 • 10 ~ cells. 
CMean values • S.D. from three experiments. 

t h a t  ext racel lu lar  Ca 2§ was  no t  essent ia l  for the  increased 
incorporat ion of [1-'4C]arachidonate into P I  or PC induced 
by  10 .7 M P A F  after 1 m in  incubat ion.  Al though  the basa l  
r ad ioac t i v i t y  of phosphol ip ids  was less in the presence  
of 1 m M  E G T A  t h a n  t h a t  in  the  presence  of 1 mM Ca ~§ 
P A F  evoked a s imi lar  m a g n i t u d e  of s t i m u l a t i o n  in bo th  
sys tems .  

The  poss ib i l i ty  t h a t  the  increased  r ad ioac t iv i t y  of PC 
was o r ig ina ted  f rom the  added P A F  was examined .  
[ '~C]Arachidonoyl-PC was t r ea ted  wi th  phosphol ipase  C, 

TABLE 2 

Effect  of Platelet-Activating Factor (PAF) on the Distribution 
of [1-'4C]Arachidonate in Diacyl-, Alkylacyl-  and Alkenylacyl-  
phosphatidyicholine a 

% of Total [1-'4]arachidonate 
in phosphatidylcholine 

Diacyl Alkylacyl Alkenylacyl 

Control 84.7 14.1 1.20 
PAF (10 -7 M) 82.9 15.7 1.40 

aHuman neutrophils (20 • 106 cells) were incubated for 1 min at 
37 C with [1-'4C]arachidonic acid (3.4 X 10 S dpm, 1.4 ~M), Ca 2§ (1.0 
mM) and PAF (10 .7 M). In control incubations, PAF was replaced 
by an equivalent volume of bovine serum albumin (2.5 mg/ml in 0.9% 
NaCI}. Each phosphatidylchoiine preparation was purified from 40 X 
106 neutrophils and was treated with phospholipase C as described 
in Materials and Methods. The amount of radioactivity in each class 
of resulting diglyceride acetates is the average value from two 
separate experiments and is expressed as a percentage of the total 
radioactivity recovered from the thin layer plate. 

TABLE 3 

Effect  of L y s o P A F  and LysoPC on the Incorporation 
of [1-'4CJArachidonate into PI and PC by Human Neutrophils a 

'4C dpm (% of control) 

PA PI PC 

Control 100 100 100 
PAF (10 -7 M) 50 • 12 1200 • 391 650 • 182 
LysoPAF (10 -7 M) 100 • 2.7 100 • 0.7 101 • 2.2 
LysoPC (10 -7 M) 78 • 6.5 99 • 3.2 140 • 14 

apAF, platelet-activating factor; PC, phosphatidylcholine; PI, 
phosphatidylinositol; PA, phosphatidic acid. Human neutrophils 
(20 • 106) suspended in Krebs-Ringer HEPES buffer were incubated 
for I min at 37 C with [1-'4C]arachidonic acid {3.4 X 10 s dpm, 1.4 ~M); 
Ca 2. (1.0 mM); and PAF (10 .7 M) or lysoPAF (10-' M) or lysoPC 
(10 -7 M). In control incubations, PAF was replaced by an equivalent 
volume of bovine serum albumin (2.5 mg/ml in 0.9% NaCI). Data 
represent the average value • S.D. from four separate neutrophil 
preparations. 

and  the re su l t ing  1-radyl-2-acylglycerols were acetylated.  
The 1-radyl-2-acyl-3-acetylglycerols  formed were t hen  
resolved in to  1-alkenyl-2-acyl-3-acetylglycerol ,  1-alkyl-2- 
acyl-3-acetylglycerol  a nd  1,2-diacyl-3-acetylglycerol,  and  
the  r ad ioac t iv i t y  in  each f rac t ion  was measu red  as 
descr ibed  p rev ious ly  {14). Af te r  1 m i n  incuba t ion ,  more  
t h a n  80% of the to ta l  r ad ioac t iv i ty  appeared  in the  1,2- 
diacyl-3-acetylglycerol  f rac t ion  from bo th  cont ro l  cells 
and  cells exposed to P A F  {Table 2), s u g g e s t i n g  t h a t  the  
increased [ '4C]arachidonoyl-PC was no t  der ived from the  
added  P A F  unde r  the  expe r imen ta l  condi t ions .  Ex- 
ogenous  l y s o P A F  (10 -7 M) had no effect on the  fo rmat ion  
of [14C]arachidonoyl-PC after a 1-min incubat ion ,  whereas 
exogenous  lysoPC (10 _7 M) increased  the  fo rma t ion  of 
[ '~C]arachidonoyl-PC and  c o n c o m i t a n t l y  decreased the  
fo rmat ion  of labeled P A  {Table 3). On  the other  hand,  the  
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presence of lysoPC in the incubation medium exhibited 
no influence on the incorporation of [1-~4C]arachidonate 
into PI. 

DISCUSSION 

Increased incorporation of arachidonate into PI has been 
shown to occur in neutrophils in response to fMet-Leu- 
Phe in the presence of cytochalasin B t20), calcium 
ionophore A23187 {20}, phorbol myristate acetate {21} and 
phagocytosis of inert particles 121}. However, the present 
study demonstrated a rapid onset {within 15 sec} of in- 
creased incorporation of both [1-'~C]arachidonate and 
[1-'~C]docosahexaenoate into PI and PC during human 
neutrophil-PAF interaction. It also demonstrated that 
PAF inhibited the formation of labeled PA from both 
fatty acids. These findings suggest that the increased for- 
mation of labeled PI and PC was not brought about by 
de novo synthesis but by increased acylation of lysoPI 
and lysoPC. They also suggest that in the presence of 
PAF, cellular arachidonate and docosahexaenoate were 
shunted to the acylation of lysoPI and lysoPC from the 
acylation of lysoPA. It remains to be determined whether 
the labeled PA participates in the formation of PI and 
PC in control neutrophils, as an arachidonate- or docosa- 
hexaenoate-labeled cytidine diphosphodiacylglycerol has 
not been identified, and previous studies have shown only 
a low level of ["C]docosahexaenoyl-l,2-diacylglycerol in 
intact human neutrophils {14). The formation of docosa- 
hexaenoyl-PA does not seem to be unique in intact 
neutrophils; it has been demonstrated in bovine retinal 
microsomes {22}. 

The magnitude of stimulation by PAF on the forma- 
tion of labeled PI and PC appears to be a reflection of 
the specificity of the acyltransferase catalyzing the acyla- 
tion of lysoPI and lysoPC by fat ty acyl-CoA. It was 
greater in PI than in PC for the incorporation of arachi- 
donate and vice versa for the incorporation of docosahexa- 
enoate. In human neutrophils, arachidonate was a better 
substrate for incorporation into PI than into PC {9,13,23, 
24}, whereas docosahexaenoate was a relatively poor 
substrate for incorporation into PI as compared to 
arachidonate 114}. 

A concentration-dependent stimulation by PAF of the 
incorporation of arachidonate into PI and PC demon- 
strated in the present study was also observed in guinea 
pig peritoneal neutrophils I10) and in lysosomal enzyme 
secretion by human neutrophils {5). The decreased respon- 
siveness at PAF concentrations above 10 -6 M does not 
appear to be caused by damage of cell membranes, as no 
increase in the release of lactate dehydrogenase was 
detected in the incubation medium. It could be caused by 
a rapid neutrophil desensitization for limiting the overall 
cellular response. 

Extracellular Ca ~§ was not found to be essential for the 
increased incorporation of [1-~'C]arachidonate into PI and 
PC induced by PAF in human neutrophils under the 
experimental conditions. It was required, however, for the 
stimulation by PAF of the formation of arachidonoyl- 
PC but not arachidonoyl-PI in neutrophils from guinea 
pig peritoneal exudates {10}. The discrepancy in the 
sensitivity toward external Ca s§ for the increased forma- 
tion of arachidonoyl-PC induced by PAF in cells from dif- 
ferent species is not clear. It may reflect different Ca 2§ 

sensitivity of acyltransferase and/or phospholipase A2 
from different cells, as the combined activities of these 
enzymes control the levels of lysoPC. Human neutrophils 
have a higher content of alkylacyl-PC than guinea pig 
peritoneal neutrophils {13,25}, and a CaS§ 
phospholipase A2 specific for alkylacyl-PC is present in 
human amniotic fluid 126}. It remains to be studied 
whether a similar Ca~§ phospholipase As is 
present in human neutrophils besides the Ca~*-dependent 
phospholipase A~ {27}. 

PAF in human neutrophils 128}, rabbit peritoneal 
neutrophils {29} and rabbit platelets {30,31} is metabolized 
to 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholine after a 
deacetylation-reacylation cycle. Although added PAF 
caused no measurable changes in the distribution of 
labeled arachidonate in the diacyl-, alkylacyl- and 
alkenylacyl-PC after 1 min incubation, the acylation of 
lysoPAF derived from added PAF would contribute to 
the increased radioactivity of PC after a longer period of 
incubation. LysoPC but not lysoPAF was shown to be 
rapidly acylated by [1-14C]arachidonate to form labeled 
PC. This finding is in accord with the study demon- 
strating that extracellular arachidonate was incorporated 
into diacyl-linked PC more rapidly than into the ether- 
linked class 113,24,32}. An undetectable acylation of ex- 
ogenous lysoPAF after 1 min incubation could also be due 
to a slower rate of lysoPAF uptake by neutrophils, as 
demonstrated in rabbit platelets {31}. An acylation of exo- 
genous lysoPC into cellular PC was also demonstrated 
in rabbit peritoneal neutrophils {33} and in human mixed 
leukocytes from patients with chronic myelogenous 
leukemia {34}. 

The increased incorporation of fatty acids into PI and 
PC during the neutrophil-PAF interaction may be second- 
ary to increased deacylation of these phospholipids by the 
action of phospholipase As, because no measurable 
changes in the mass of each phospholipid were detected 
under the experimental conditions. It remains to be deter- 
mined whether the activity of the acyltransferase{s} was 
increased during the neutrophil-PAF interaction in view 
of the rapid onset of increased formation of labeled PI 
and PC. An increased acylation of lysoPI and lysoPC by 
exogenous fatty acids in neutrophils in response to PAF 
may serve to replenish these phospholipids following 
deacylation. This may also divert exogenous arachidonate 
from the 5-1ipoxygenase pathway, thereby attenuating 
the formation of LTB4 and 5-HETE, both of which are 
mediators of inflammation {35,36}. 
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The Influence of Dietary Fat on the Lipogenic Activity and Fatty Acid 
Composition of Rat White Adipose Tissue 
Gary J. Nelson*, Darshan S. Kelley, Perla C. Schmidt and Claire M. Serrato 
Biochemistry Research Unit, Western Human Nutrition Research Center, Agricultural Research Service, U.S. Department of Agriculture, 
P.O. Box 29997, Presidio of San Francisco, CA 94129 

The in vivo fat ty acid synthesis rate, selected enzyme ac- 
tivities and fat ty acid composition of rat white adipose 
tissue from animals fed semisynthetic diets of differing 
fat type and content were studied. All animals were 
starved for 48 hr and then refed a fat-free (FF) diet for 
48 hr. They were then divided into three groups. One 
group was continued on the FF diet for 48 hr. Another 
group was fed a diet containing 44% of calories from corn 
oil (CO). The final group was fed a diet containing 44% 
of calories from completely hydrogenated soybean oil 
{HSO). The animals on the FF diet had a marked increase 
in adipose tissue fat ty acid synthesis during the 96-hr 
feeding period {as measured by 3H incorporation into 
adipose fat ty acids). Addition of either CO or HSO to the 
diets did not significantly inhibit fat ty acid synthesis in 
dorsal or epididymal adipose tissue. The activities of the 
enzymes' fat ty acid synthetase, ATP-citrate lyase and 
glucose-Gphosphate dehydrogenase increased on the FF 
diet and generally were not inhibited significantly by the 
addition of either fat to the diets. Linoleie acid was the 
major polyunsaturated fat ty acid Ica. 22%) in adipose 
tissue. Monounsaturated fat ty acids (palmitoleic, oleic, 
cis-vaccenie) made up ca. 38% of the total adipose fat ty 
acids, while saturated fat ty acids accounted for about 
32% {myristic, palmitic and stearic). White adipose tissue 
in mature male rats was a major depot for n-3 fatty acids. 
There were differences in the fat ty acid composition of 
epididymal and dorsal adipose tissue, particularly in their 
content of long chain, polyunsaturated fat ty acids with 
epididymal tissue containing more of these compounds 
than dorsal fat. The fat ty acid composition of the white 
adipose tissue did not change significantly during fasting 
or 96 hr of refeeding the FF diets. The addition of HSO 
to the diet for 48 hr had little influence on the adipose 
tissue fat ty acid composition, but the addition of CO to 
the diet caused a 7% increase in the dorsal adipose tissue 
linoleate content {as percentage of total dorsal adipose 
tissue fat ty acids) within 48 hr compared to animals fed 
the stock diet and those starved for 48 hr. The fat ty acid 
synthesis data indicated that adipose tissue in the rat can 
continue to be a source of de novo fatty acid synthesis  
in animals consuming high-fat diets. 
Lipids 22, 338-344 (1987}. 

Adipose tissue is a major site of fat ty acid synthesis in 
rats (1-4} as well as other mammalian species (5-8). 
However, the regulation of fatty acid synthesis in adipose 
tissue is extremely complex as it is influenced by many 
intrinsic and extrinsic factors, such as diet {3,4,5,9-12), 
age (13,14), hormones (15-17) and heredity (18). There is 
uncertainty about the role of dietary fat on the suppres- 
sion of fatty acid synthesis in adipose tissue (19-21). 

The fat ty acid synthetic rates in white adipose tissue 
have been measured using various fat ty acid precursors 

*To whom correspondence should be addressed. 

such as '4C-glucose (22,23), '4C-acetate (24) and tritiated 
water I25,26). This latter substance has become the label 
of choice to measure fatty acid synthesis because it avoids 
the confounding influence of the various metabolic pools 
and the recycling phenomenon of the carbon precursors 
(27,28). Nevertheless, when studying fatty acid synthesis 
in the whole animal, one encounters the problem that 
adipose tissue, while actively synthesizing fatty acids, is 
a repository for fatty acids synthesized de novo in the 
liver (29) as well as for fat ty acids of exogeneous origin. 
Some investigators have attempted to resolve this mat- 
ter by suppressing liver fatty acid synthesis by diet (24) 
or drugs (29), or by using short incubation periods (25). 

In rats fed stock diets ad libitum, six major fatty acids 
t30)--palmitic, palmitoleic, stearic, oleic, cis-vaccenic and 
linoleic--constitute about 90% of the total fatty acids 
present in white adipose tissue. Linoleic acid is the major 
polyunsaturated fatty acid of rat white adipose tissue 
(31). Under appropriate conditions dietary fatty acids can 
influence the fatty acid composition of adipose tissue 
(32-34). 

We have previously reported the effect of feeding fat- 
free (FF) and fat-containing diets on liver and plasma 
fatty acid composition (35), as well as the activity of liver 
lipogenic enzymes in rats fed these diets (36). The objec- 
tive of this research was to investigate some of the 
parameters affecting the regulation of white adipose 
tissue fatty acid metabolism by dietary fat in mature rats 
fed a semisynthetic diet. Here we present data on the syn- 
thetic rate, some enzymes of the fat ty acid synthetic 
pathway and the fatty acid composition of epididymal 
and dorsal adipose tissue as a function of time on the FF 
and high-fat diets. Under the conditions used in this study 
it was found that high-fat diets, both saturated and 
polyunsaturated, did not suppress fat ty acid synthesis 
in adipose tissue. 

MATERIALS AND METHODS 

Materials, animals and diets. Male, Sprague-Dawley rats, 
100 to 150 g, were purchased from Bantin and Kingman 
{Fremont, California). They were fed a stock diet from 
Ralston-Purina (Richmond, Indiana) until they had grown 
to 400 to 500 g in weight and were 120 to 140 days old. 
The animals were then segregated into three groups of 
12 to 22 rats each, starved for 48 hr and then refed a FF 
diet 175% of calories from carbohydrates) for 48 hr. After 
that, one group was continued on the FF diet for another 
48 hr. A second group was placed on a synthetic diet in 
which 44% of the calories was supplied by corn oil {CO). 
The remaining group was fed a diet in which 44% of the 
calories was supplied by completely hydrogenated soy- 
bean oil (HSO), a gift of Durkee Foods ~Cleveland, Ohio) 
for 48 hr. The composition of the three diets has been 
reported previously (35). The fatty acid composition of 
the diet is listed in Table 1. Animals had access to the 
diets ad libitum, except that initially the animals were 
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TABLE 1 

Fatty Acid Composition of Experimental Diets 
(Wt % of Total Fatty Acids) 

Hydrogenated 
Fatty acid a Corn oil soybean oil 

14:0 0.12 0.12 
16:0 11.23 10.72 
16:1(n-7) 0.10 -- 
17:0 0.14 0.25 
18:0 2.06 86.37 
18:1(n-9) 25.55 0.32 
18:1(n-7) 1.04 -- 
18:2(n-6} 55.02 -- 
18:3(n-3) 0.42 -- 
20:0 0.46 0.55 
20:1(n-9) 0.25 -- 
20:4(n-6) 0.09 -- 
2 2 : 0  0 . 1 6  - -  

24:0 -- 0.11 
Sum of trace 

component s 2.96 1.21 

aFatty acids are designated by carbon chain length, number of double 
bonds and position of the first double bond from the methylene end 
of the molecule. 

given approximately 3 ml of each diet by stomach tube. 
All animals consumed approximately the same number 
of calories regardless of diet group and appeared to find 
the diets palatable. 

The animals were killed at 0, 24, 48, 72 and 96 hr after 
refeeding was begun. All animals received intraperito- 
neally tritiated H20 (0.5 mCi/100 g body weight) one hr 
before they were killed. The tissues were removed and 
handled as previously described (37). 

All organic solvents were obtained from Burdick and 
Jackson (Muskegon, Michigan). Purified fatty acid 
methyl ester reference standards were purchased from 
Nu-Chek Prep (Elysian, Minnesota). 

Lipid extraction. Hydroquinone was added to all sam- 
ples during processing. Three adipose tissue samples from 
each dietary group were extracted using CHC13-MeOH 
(2:1, v/v) by the procedures described previously (37) after 
being lyophilized to remove all traces of free tritiated 
water. This procedure was used to determine the percent- 
age of fat present in the tissue based on the wet weight 
of the tissue. The total lipid extracts (TLE) were either 
prepared for transmethylation immediately or stored 
under nitrogen at - 20 C until further processing. The re- 
maining samples, which were the bulk, were lyophilized 
and transmethylated directly as dried tissue samples as 
described below. 

Transmethylation. The transmethylations of the TLE 
to obtain the fat ty acid methyl esters (FAME) were car- 
ried out using methanolic HC1 (7%, w/w) (371 as previously 
described. For the direct transmethylation of the freeze- 
dried adipose tissue sample, the following procedure was 
used: Ca. 25 to 50 mg of dry tissue was placed directly 
in a 30-ml screw-capped culture tube to which a reflux con- 
denser and drying tube were attached. Methanolic HC1 
(5 ml) was then added to the vial, and it was heated under 
reflux at 85 C for 2 hr. It  was cooled to room temperature 

and processed similarly to the transmethylation of an ali- 
quot of the TLE (37). 

After transmethylation the FAME were extracted into 
hexane, purified and diluted in hexane to an appropriate 
concentration as described previously (37). They were 
then stored under N2 at - 2 0  C until analyzed by gas 
liquid chromatography (GLC) or by liquid scintillation 
count of the 3H in the fatty acid moiety. 

GLC of FAME. The FAME samples were analyzed as 
described previously (37) on fused-silica capillary columns 
coated with SP-2340 (Supelco, Bellefonte, Pennsylvania). 
Samples were chromatographed on a Perkin-Elmer Sigma 
2000 coupled to a P-E 7500 computer loaded with a 
Chrom 3 data analysis program. 

The quantitative accuracy of the GLC procedures was 
evaluated by using either purified single FAME or refer- 
ence mixtures selected to cover the range of FAME pres- 
ent in tl~e experimental samples. Accuracy of the analysis 
was estimated to be within 5 % for the major components 
(greater than 10% of the total FAME in the sample) and 
within 10% for the minor components in the samples. 

The cholesterol extracted into the hexane washes of the 
transmethylation procedure was not separated from 
FAME prior to injection of the samples in the chromato- 
graph. However, cholesterol is largely decomposed dur- 
ing acidic transmethylation (38), and free cholesterol does 
not elute as a discrete peak from an SP-2340 column 
under the conditions used in this work (37). 

The compositions (wt %) of the FAME in the rat sam- 
ples were derived from the area percentages of the 
chromatograms as described previously (37). A chromato- 
gram had between 30 and 50 discrete FAME peaks. Most 
minor peaks individually contributed less than 0.1% to 
the total area and were not identified with confidence. The 
major identified components usually comprised 97% to 
99% of the total FAME present in the sample. For con- 
venience, only selected major fat ty acids are listed in the 
tables. The minor fat ty acids are collectively presented 
as "sum of trace components," which varies from 4-6% 
of the total fat ty acids present in the samples. Both iden- 
tified and unidentified components are grouped together 
in this category. 

Enzyme analysis. Adipose tissue samples were homoge- 
nized at 0 C in 4 volumes of HEPES (0.2 M)/EDTA 
(0.1 mM)/2-mercaptoethanol (10 mM) buffer, pH 7.4. The 
homogenates were centrifuged at 20,000 X g for 1 hr at 
4 C. Supernatants recovered after this centrifugation 
were used for enzyme and protein determinations. Ac- 
tivities of fat ty acid synthetase {FAS) were determined 
as previously reported (39}. A unit of FAS is taken as the 
activity of enzyme required to synthesize 1 nmol of 
palmitic acid (equivalent to the oxidation of 14 nmol of 
NADPH)/min at 30 C. The activity of ATP-acid citrate 
lyase (ACL) was determined by the method of Linnet  al. 
(40). One unit is defined as the activity necessary to 
catalyze the oxidation of 1 ~mol NADH/min. Glucose 
6-phosphate dehydrogenase (G6PDH) activity was deter- 
mined by the procedures described previously (39). One 
unit of G6PDH represents the activity of enzyme 
necessary for the production of 1 ~mol NADPH/min at 
30 C. Activities of all enzymes are expressed as mU/mg 
protein. 

Protein contents of tissue homogenates were deter- 
mined by the method of Lowry et al. (41). All statistical 
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analysis of the data were done using the two-tailed stu- 
dent's t-test. 

RESULTS 

Starving the animals for 48 hr suppressed fatty acid syn- 
thesis and lipogenic enzyme activities in white adipose 
tissue compared to the animals fed the stock diet ad 
libitum, but had no influence on the fatty acid composi- 
tion of the adipose tissue. Refeeding a FF diet stimulated 
adipose tissue lipogenic activity markedly by 48 hr to 
levels above that found in rats fed the stock diet and again 
without influencing the fatty acid composition of this 
tissue. Figure 1 presents the time course of fatty acid syn- 
thesis in rat dorsal adipose tissue. The animals on the FF 
diet exhibited an almost linear increase in fatty acid syn- 
thesis during the course of the study. No significant 
change in the rate of synthesis in the dorsal fat was 
detected when either corn oil or hydrogenated soybean 
oil was added to the diet at 48 hr. However, the variance 
in the experimental values was much larger in the groups 
receiving the high-fat diets. Nevertheless, there were no 
significant differences between the means of the fatty acid 
synthesis rates among any of the three diet groups at 72 
or 96 hr. 

Figures 2, 3 and 4 show the level of activity of the three 
enzymes measured in dorsal adipose tissue for the same 
time points as in Figure 1. Again, while individual varia- 
tions were large, generally no significant differences were 
detected between the three dietary groups at 72 and 96 
hr with the exception that animals on the HSO diet had 
suppressed FAS activity at 96 hr compared to animals 
on the FF and CO diets. All three enzymes showed in- 
creased activity after refeeding a FF diet compared to 
animals on the stock diet or those starved for 48 hr. 

Epididymal adipose tissue enzymes were also investi- 
gated and showed approximately the same pattern as 
found in the dorsal tissue except that the activity levels 
were somewhat lower than those observed in the dorsal 
fat. The incorporation of ~H into the fatty acids of epi- 
didymal fat was also about 50% lower than that observed 
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FIG. 2. Effect of different diets on the fatty acid synthetase activ- 
ity in rat dorsal adipose tissue as a function of time on the diets. 
Symbols are the same as those in Fig. 1. The only difference that 
was statistically significant from the fat-free diet group was the 9~hr 
point for the hydrogenated soybean oil fed group, where p < 0.01. 
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FIG. 3. Effect of different diets on ATP-citrate lyase activity in rat 
dorsal adipose tissue as a function of time on the diets. Symbols  
are as given in Fig. 1. Trends did not reach statistical significance 
during the 96-hr feeding period. 
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FIG. 1. Time course of fatty acid synthesis rate in dorsal adipose 
tissue from rats fed the three experimental diets. Symbols used are 
� 9  stock diet; O, fat-free diet; [~, corn oil diet; A, hydrogenated soy- 
bean oil. Points are the means +__ S.E.M. for groups of four to six 
animals. No statistically significant differences were detected be- 
tween synthetic activities in animals on the fat-free diet and those 
on either the corn oil or hydrogenated soybean oil diets. 
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FIG. 4. Effect of different diets on the glucose-6-phosphate 
dehydrogenase activities in rat dorsal adipose tissue as a function 
of time on the diets. Symbols are the same as given in Fig. 1. No 
significant differences in the levels of enzyme activity were found 
among the tissues from animals in the three dietary groups. 
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in dorsal fat at equivalent time points. Actual data for 
the epididymal fat are not shown. 

Table 2 gives the fat ty acid composition of rat dorsal 
fat as a function of time and type of diet. There is rela- 
tively little change in the fatty acid composition between 
the animals starved for 48 hr and those refed a FF diet 
for 96 hr. There is a trend toward a reduction in the pro- 
portion of linoleate in adipose tissue after 96 hr on the 
FF diet, but this trend did not reach statistical signifi- 
cance. The only statistically significant change in any of 
the fatty acids in dorsal fat between the control animals 
and those on the FF diet was the 0.7% increase in cis- 
vaccenic acid at 96 hr. 

When corn oil was added to the animals' diet after 48 
hr on the FF diet, there was a statistically significant in- 
crease in the proportion of linoleate in dorsal fat. After 
96 hr (48 hr on the CO diet) the linoleate level was 9% 
above that observed in the dorsal fat of the animals on 
the FF diet and 7% above the level in the dorsal fat of 
the animals starved for 48 hr. Other fat ty acids showed 
statistically significant changes at 48 hr on the CO diet 
as well (see Table 2}. Conversely, when saturated fat was 
added to the diet, there was tittle or no change in the fatty 
acid composition of the dorsal fat. Slight increases in the 
mean values for stearate, oleate and cis-vaccenic acids 
were noted in the dorsal fat of the animals fed saturated 
fat compared to animals on the stock diet or those starved 
for 48 hr. However, except for cis-vaccenic acid, the values 
were not significantly different at 96 hr. 

It can also be observed from Table 2 that adipose tissue 
in the rat contains less than 1% arachidonic acid. Indeed, 
there is generally less arachidonic acid in adipose tissue 
than 22:6(n-3}. 

Table 3 lists the fatty acid composition of epididymal 
fat as a function of time and type of diet. Epididymal 
adipose tissue contains significantly larger proportion of 
polyunsaturated fat ty acids than dorsal fat. In animals 
fed stock diets, the ratio of archidonic acid to the sum 
of n-3 20 and 22-carbon fat ty acids is 0.34, while in 
epididymal fat this ratio is 0.25. Thus, there is almost 
30% more n-3 fat ty acids in epididymal fat proportion- 
ally to arachidonic acid than in dorsal fat. 

DISCUSSION 

It is generally agreed that dietary linoleic acid suppresses 
liver fat ty acid synthesis (1,4,9,42-45), but several 
previous reports suggest that saturated fat does not sup- 
press liver fat ty acid synthesis (9,10,21,43,45-47}. We 
recently reported (36) that in starved refed rats, high 
saturated-fat diets suppressed liver fat ty acid synthesis 
equivalent to linoleate-containing diets. Some investiga- 
tors, using various feeding periods (9,48), have suggested 
that fatty acid synthesis in adipose tissue is not inhibited 
by dietary fat. Reports on the enzymes of fatty acid syn- 
thesis indicate that rat adipose tissue fatty acid synthetic 
enzymes {usually measured in the epididymal fat pad} are 
not suppressed by dietary fat (5,10,17,21,49), although 
these studies used feeding periods and animals of ages 
different from those in this work. No consistent suppres- 
sion of fat ty acid synthesis was noted here in either dor- 
sal or epididymal adipose tissue, even though linoleic acid 
was found to be rapidly incorporated into adipose fat. 
This suggests that other modulators of fatty acid 

synthesis, such as blood glucose levels, may play an im- 
portant role in triggering fatty acid synthesis in adipose 
tissue. 

Recently Gandemer et al. I25), using tritiated water and 
short incubation times to minimize the contribution from 
fat ty acids synthesized de novo by the liver, indicated 
that in rats on a low-fat diet (0.3%) only 27% of the total 
fatty acids was synthesized in total body adipose tissue, 
whereas 42% of the fatty acid synthesis took place in the 
liver. Earlier work by Clarke and coworkers (4,9) and 
Romsos and Leveille (19) in meal-fed rats suggested that 
as much as 70% of the de novo fat ty acid synthesis in 
the rat took place in the adipose tissue. High levels of 
dietary fat almost totally suppress liver fatty acid syn- 
thesis (9,21,36,46,50}, and there is little if any transport 
of de novo synthesized fat ty acids in the circulation by 
this time (35). Thus, the contribution of fatty acids syn- 
thesized in the liver to adipose tissue fat ty acid stores 
should be minimal in rats on a high-fat diet. 

It may be that a fat-fed animal synthesizes fat ty acids 
primarily in the adipose tissue while those on a very low 
or fat-free diet synthesize fatty acids primarily in the liver 
with, perhaps, a substantial synthetic contribution from 
the adipose tissue. Factors including diet, age, sex, strain 
and caloric intake probably all affect the site of fatty acid 
synthesis, so considerable caution must be exercised in 
assigning the relative contribution of the liver or adipose 
tissue to de novo fat ty acid synthesis in the rat. Meal 
feeding vs ad libitum feeding will also affect this ratio (48). 

The fat ty acid compositional data shown in Tables 2 
and 3 were obtained by direct transmethylation of the 
lyophilized tissue. No compositional differences in the 
adipose fatty acid data could be detected between por- 
tions of the same adipose tissue sample processed by 
direct transesterification of the lyophilized tissue or by 
transesterification of the TLE from that tissue. The direct 
method was simple and quantitative, and saved con- 
siderable time and effort by avoiding the initial extrac- 
tion step using CHCI/MeOH. This method works well for 
adipose tissue probably because adipose tissue is about 
90% triglyceride and, hence, there are few proteins, car- 
bohydrates or other nonlipoidal substances present to in- 
terfere with the reaction. Other investigators have also 
recently proposed one-step transesterification procedures 
(51,52} applicable to a variety of tissues. However, no at- 
tempt was made in this work to determine if this method 
was applicable to other tissues. 

Palmitic, palmitoleic, stearic, oleic, cis-vaccenic and 
linoleic acids constitute almost 90% of total fatty acids 
{30,32,53} in adipose tissue. This may be true regardless of 
diet (30,31,54}, which suggests that there are regulatory 
mechanisms controlling the fatty acid composition of this 
tissue other than the fatty acid composition of the diet. By 
comparing Tables 2 and 3 one can find subtle differences 
between the fatty acid compositions of the dorsal and epi- 
didymal fat. They may be due to differences in the amounts 
of phospholipids present in the two tissues, but any physio- 
logical significance of these differences remains obscure. 

While dietary linoleic acid causes a rapid increase in the 
linoleic acid content of white adipose tissue, a high level 
of stearic acid in the diet has little influence on the con- 
tent of this fatty acid in adipose tissue. The stearic acid 
level in adipose tissue is low, presumably due to the active 
A-9 dehydrogenase present in adipose tissue (33,54}. 

LIPIDS, Vol. 22, No. 5 (1987) 



342 

G.J. NELSON ET AL. 

< 

1= 

0 ~.~ 0 0 0 0  ~.-~ 0 0 0 '  " " " 0 0  

+1 +1 +1 +1 +l +1 +1 +1 +1 +l +1 +1 

o,1 co  o,1 

~ . ~ m . ~ . ~ . ~ . o . ~ .  o o . . . . ~  
0 "-~ 0 0  ~-~ 0 r 0 0 0 0 0  

+1 +1 -H +1 +1 +1 +1 +1 +1 +1 +1 +1 

o-~ c o  o,1 

o ~ ,-.~ o o o "~ o d d d d  
+1 +1 +1 +1 +l +l +1 +l +{ +t +l +l 

, - . ; ~ ' ~ o ~ 5 ~ 5  o o "  " " " o o  
o~ o,1 o,1 

~ . ~ . ~ . ~ . ~ . ~ .  ~ . . . . o o ~  
0 ,-'-~ 0 0  ~-~ 0 C'q 0 0 0 0 0  

+1 +1 +1 +1 +l +1 +1 +1 +l +1 -H +1 

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

~........~~174 N~co~. ~'~ 

~ . . . . . . . ~ 0 o ~ o ~  ~ 

+1 +1 +1 +1 +l +1 +1 +1 +1 +1 +1 +1 

+1 

~5 
+1 

+~ 

co  ,-~ 

+~ 

LO ,.., 

+~ o 

�9 - ~  V 

2~ 

. ~  

~ . . . . . . . . ~ o ~ g  ~ o ~  

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

~........~go~ooo~0~ o ~ , ~  

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

N..... . . .;~,~",,~ ~ , ~  

~ . . . . . . . . ~ o 0 ~ o ,  ~,~ o ~ o ~  
o o o o , ~ o o o  o o~5  ~5 
+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

, ~ e m e ~ c o ~  d d d d  

~ . . . . . . . . ~ ' ~ ' ~  = . . . . o ~  

i 

O 

i 

i 

00 

A 

~11 

.< 

o~.~0.......~"~ ~ . ~  
0 0 0 0 0 0 , - . ~  0 0 0 0 0  

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 
~-| ~ . ~  

iiiiiiii iiii 
.4D 

O O O O ,,-,~ O ,,~ O O O "  " " " O O  

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +l +1 

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

0 

+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

r o,1 

A 

O 

+1 ..~ 

E 

,~ - ~ v  

~ "*"0 u"~O 

+~ ~ 

Ip 

LIPID& Vot. 22, NO. 5 (1987) 



EFFECT OF DIETARY FAT ON ADIPOSE TISSUE LIPOGENESIS 

343 

I t  is possible tha t  poor intestinal absorption of stearic 
acid is the reason that  the hydrogenated fat diet had little 
influence on the fa t ty  acid composition of the adipose 
tissue. However, all the animals in this s tudy  consumed 
approximately the same number of calories and gained 
about the same amount  of weight. Additionally, 40% of 
the calories consumed in the hydrogenated fat diet were 
in the form of stearic acid, so tha t  even a relatively poor 
absorption rate for this compound would still provide a 
significant amount  of stearic acid for metabolic use as 
reported by Clarke et al. (9). 

Most  previous reports on the fa t ty  acid composition of 
adipose tissue have not included data  on the 20- and 
22-carbon polyunsaturated fa t ty  acids present in this 
tissue (30,34,55). In this work we observed significant 
amounts  of 20:4(n-6), 22:5(n-3) and 22:6(n-3), and small, 
but  measurable, amounts  of 20:5(n-3) in both dorsal and 
epididymal fat. Indeed, the 22-carbon, n-3 polyunsatu- 
rated fa t ty  acids consti tute more of the adipose tissue 
fa t ty  acids than arachidonic acid, an unusual circum- 
stance in the rat, whose tissues usually contain relatively 
large amounts  of arachidonic acid (35,56,57). 

Adipose tissue is a major reservoir of fa t ty  acids in the 
mature rat (22,57); indeed, the adipose tissue pool of fa t ty  
acids may be larger than all other carcass fa t ty  acid pools 
combined (14,22,58). If  all the individual long chain n-3 
fa t ty  acids in rat  adipose tissue are summed, they repre- 
sent between 3% and 4% of the total adipose fa t ty  acids. 
This is in contrast  to the arachidonic acid pool which, 
al though much larger than the n-3 pool in rats, is con- 
centrated in more physiologically active tissue, such as 
heart  muscle (57,59), liver (35,37,60), nerve (61) and 
various others (53,57,61,62). The accumulation of n-3 fat ty 
acids by adipose tissue may be an aging phenomenon as 
the 22-carbon, n-3 fa t ty  acids are not precursors of 
physiologically active eicosanoids (63) and may accumu- 
late in the adipose tissue with age. 

There was no inhibition of the lipogenic enzymes, 
measured in white adipose tissue during the refeeding 
period of this study. When we fed corn oil to the animals, 
linoleic acid levels rose markedly in the adipose tissue 
within 48 hr, whereas feeding saturated fat had no in- 
fluence on the fat ty acid composition of the adipose tissue 
in the same time period. Feeding these two types of fat 
for longer periods could clarify whether these differences 
were due to slower absorption and/or t ranspor t  of 
saturated fat or to different pathways for the metabolism 
of saturated versus polyunsaturated fat ty acids in the rat, 
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Effect of Age and Dietary Fat (Fish, Corn and Coconut Oils) 
on Tocopherol Status of C57BL/6Nia Mice 
Simin Nikbin Meydani', Alice C. Shapiro, Mohsen Meydani, John B. Macauley and Jeffrey B. Blumberg 
USDA Human Nutrition Research Center on Aging at Tufts University, 711 Washington St., Boston, MA O2111 

The effect of age and dietary fat type on tocopherol 
status was investigated using young and old C57BL/6Nia 
mice fed semipurified diets containing 5% (by weight) 
fish, corn or coconut oils and supplemented with 30, 100 
or 500 ppm dl-a-tocopheryl acetate for 6 wk. Tocopherol 
levels in the diets, plasma, liver, kidney and lung were 
measured by high performance liquid chromatography 
following appropriate extractions. The results indicate 
that mice fed fish oil maintain lower plasma and tissue 
tocopherol concentrations than those fed corn and coco- 
nut oils (fish < corn oil < coconut oil). The difference was 
not due to a loss of tocopherol prior to consumption, but 
rather appeared to occur during the absorption process. 
Old mice had lower plasma and liver tocopherol concen- 
trations than young mice. Old mice fed fish oil, however, 
maintained plasma tocopherol levels better than young 
mice fed fish oil, presumably due to their larger tocoph- 
erol pool. No age effect was detected on kidney and lung 
tocopherol levels. It is concluded that tocopherol status 
is affected by age and dietary fat type, especially fish oil. 
Lipids 22, 345-350 (1987). 

The dependency of tocopherol requirements on the level 
of polyunsaturated fats in the diet has been established 
(1-5). Most previous work, however, has concentrated on 
unsaturated oils of plant origin. Interaction of tocopherol 
with the polyunsaturated fatty acids of marine oils having 
higher degrees of unsaturation than those in plant oils 
has not been well studied. Data is especially lacking for 
aged animals, which possess more lipid peroxides (6,7) and 
might therefore be more susceptible to changes in anti- 
oxidant defense mechanisms such as tocopherol status. 

The lower incidence of coronary heart disease in Green- 
land Eskimos (8) has been attributed to their high con- 
sumption of marine oils and their fatty acid components, 
especially eicosapentaenoic acid. Eicosapentaenoic acid 
is a precursor for the 3-series of prostaglandins and the 
5-series of leukotrienes, which have been shown to have 
less potent aggregatory and inflammatory properties 
than the corresponding arachidonic acid metabolites (9, 
10). These findings have renewed interest in fish oil and 
its potential use in the prevention and]or therapy of cer- 
tain chronic cardiovascular and inflammatory diseases. 
However, over 50 years ago, Goettsch and Pappenheimer 
(11) reported extensive muscle lesions produced in rabbits 
fed diets supplemented with cod liver oil. Subsequently, 
Madsen et al. (12) showed that addition of cod liver oil 
to synthetic and natural food diets produced muscle 
lesions in rabbits, guinea pigs, goats and sheep. McKenzie 
et al. (13) later showed that this toxic effect of cod liver 
oil could be prevented by the administration of vitamin E. 

The effect of fish oils on tocopherol status, which could 
influence some of the observed beneficial and toxic effects, 
has been mostly overlooked. In studies comparing the 
biological effects of fish oil with those of other dietary 

*To whom correspondence should be addressed. 

oils in mice, we noticed that serum tocopherol levels were 
different among different dietary groups, making inter- 
pretation of the data difficult. Therefore, the present 
study was conducted to compare the effect of fish oil on 
tocopherol status with that of corn and coconut oils in 
young and old mice. 

MATERIALS AND METHODS 
Animals  and diets. Three-month (young) or 24-month (old) 
specific pathogen-free male C57BL/6Nia mice were pur- 
chased from the National Institute of Aging colonies at 
the Charles River Breeding Laboratories (Wilmington, 
Massachusetts) and were fed semipurified diets contain- 
ing 5 % (by weight) fat as either tocopherol-stripped corn 
oil, nonhydrogenated coconut oil (Tekland, Madison, 
Wisconsin) or fish oil (MAXEPA, a gift from R.P. Scherer 
Co., Troy, Michigan) and supplemented with 30, 100 or 
500 ppm dl-a-tocopheryl acetate (Tekland) for 4 wk. The 
overall design of the study is shown in Figure 1; composi- 
tion of the basal diet is shown in Table 1. Fresh diets were 
given daily just before the dark cycle (so that food did 
not sit in the jars for a long time before being consumed). 
Leftover food was discarded. The bulk of the diets, with- 
out oil, in powder form was prepared and stored at 4 C. 
Oils were mixed in smaller batches. Following addition 
of the oils, the diets were flushed with nitrogen and kept 
frozen. Samples of each diet were kept for tocopherol 
analysis. 

Mice were housed individually in plastic cages with 
water and diets provided ad libitum. Weekly weights were 
obtained, and animals were checked daily for general 
health status. 

Mice were anesthetized with nembutal (60 mg/kg BW) 
(Anthony Products Co., Arcadia, California). Blood was 
collected by heart puncture and plasma separated by cold 
centrifugation. Livers and kidneys were snap-frozen with 

3 month old mice 24 month old mice 
(N=90) (N=90) 

Coconut oil Fish oil 
(N=30) (N=30) (N=30) 

30 ppm vii E I00 ppm vii E 500 ppm vii E 
(N=IO) (N=iO) (N=lO) 

FIG. 1. Experimental design. 
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TABLE 1 

Composition of Basal  Diet 

Ingredient % by Weight 

Vitamin-free casein 18.00 
Fat  a 5.00 
Corn starch 31.55 
Sucrose 31.55 
Cellulose 5.00 
D-L methionine 0.30 
Choline chloride 0.10 
Salt mix 
(AIN-76) b 3.50 
Vitamin mix c 1.00 

aSee text. 
bThe salt mix was supplemented with 0.0023 mg/kg diet of Na 
fluoride. 
cComposition/kg vitamin mix: 150,000 IU vitamin A acetate; 15,000 
IU vitamin D; 3,000 IU dl-a-tocopheryl acetate; 20 mg vitamin K 
(menadione); 20 mg biotin; 200 mg folacin; 2380 mg inositol; 3,000 
mg niacin; 1,600 mg Ca pantothenate; 700 mg riboflavin; 600 mg 
thiamin; 700 mg vitamin B-6; 1 mg vitamin B-12; and up to 1 kg 
corn starch. 

l iqu id  n i t rogen .  Al l  s a m p l e s  were  k e p t  a t  - 7 0  C for  a- 
t ocophe ro l  ana lys i s .  

a-Tocopherol analysis, a -Tocophero l  c o n t e n t  of d ie t s ,  
p l a s m a  a n d  t i s sue s  was  m e a s u r e d  b y  t h e  mod i f i ed  h igh  
p e r f o r m a n c e  l iqu id  c h r o m a t o g r a p h y  (HPLC) m e t h o d  of 
Bier i  e t  al. (14). P l a s m a  s a m p l e s  were  d e p r o t e i n i z e d  w i th  
e thano l  con ta in ing  0.01% BHT.  a-Tocopheryl  ace ta t e  was  
used  as  an in te rna l  s t a n d a r d .  A f t e r  cen t r i fuga t ion ,  super-  
n a t a n t  was  e x t r a c t e d  wi th  5 vol  hexane.  The  hexane  l aye r  
was  r e m o v e d ,  d r i ed  and  r e d i s s o l v e d  in e thano l .  T i s sue  
s a m p l e s  (ca. 50 rag) were  h o m o g e n i z e d  twice  w i th  5 ml  
ace tone .  The  ace tone  l a y e r s  were  pooled,  e v a p o r a t e d  
u n d e r  n i t r o g e n  and  r e d i s s o l v e d  in e thano l .  Tocophe ro l  in 
food s a m p l e s  e x p o s e d  to  a i r  for 0, 6 a n d  24 hr  was  ana-  
lyzed  fol lowing saponi f ica t ion  in the  presence of  excess ive  
a m o u n t s  of  a sco rb i c  ac id  fo l lowed b y  h e x a n e  e x t r a c t i o n  
as  d e s c r i b e d  b y  T a y l o r  (15). a -Tocophero l  in t h e  e x t r a c t s  
was  s e p a r a t e d  u s i n g  a 15-cm H P L C  co lumn  p a c k e d  w i t h  
5 ~ C18 p a r t i c l e s  deve loped  wi th  100% methano l .  E l u t i o n  
s p e c t r a  were  d e t e c t e d  a t  292 n m  e x c i t a t i o n  and  340 emis-  
s ion w i t h  s p e c t r o f l u o r o m e t e r .  

Statistical analysis. R e s u l t s  were  a n a l y z e d  b y  three-  
w a y  ana lys i s  of va r i ance  and  were  c o m p a r e d  u s i n g  s ta t i s -  
t i ca l  a n a l y s i s  s y s t e m  (SAS),  l e a s t  s q u a r e  m e a n  compar i -  
son  for  t he  ef fec ts  of  age,  f a t  t y p e  and  v i t a m i n  E level  
on p l a s m a  and  t i s s u e  a - tocophe ro l  levels .  T h e y  are  re- 
co rded  as  m e a n  • s t a n d a r d  e r ro r  (SE). 

RESULTS 

T a b l e  2 shows  the  b o d y  w e i g h t s  of  y o u n g  and  o ld  mice  
fed d i f f e ren t  d ie ts .  T h e r e  w a s  no s i gn i f i c an t  e f fec t  of  f a t  
t y p e  or  v i t a m i n  E level  on b o d y  weigh t .  

Tab le  3 shows  the  t ocophe ro l  c o n c e n t r a t i o n  m e a s u r e d  
in d i f fe ren t  d ie ts ,  f r e sh  a n d  fo l lowing  6 or  24 h r  e x p o s u r e  
to  air  a t  r o o m  t e m p e r a t u r e ,  to  a ccoun t  for losses  t h a t  
m i g h t  occur  p r io r  to  c o n s u m p t i o n .  E a c h  s a m p l e  was  a 
m i x t u r e  of top,  m i d d l e  and  b o t t o m  sec t ions  of t he  food 

T A B L E  2 

Body Weights  of 3-Month- and 24-Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E 
level {ppm)  Coconut oil {g) Corn oil (g) Fish oil {g) 

Young 
30 27 __ 1 25 _ 1 27 +__ 1 

100 26 • 2 28 + 1 29 • 2 
500 27 +_ 1 27 + 1 28 _ 1 

Old 
30 32 • 2 35 -- 2 33 +_ 1 

100 33 • 2 34 • 1 39_+ 1 
500 32 • 1 33 • 1 35 • 2 

Mean -- SE, n = 10. 

T A B L E  3 

dl-a-Tocopheryl Acetate  Concentration in Corn Oil, 
Coconut Oil and Fish Oil Diets 

dl-a-Tocopheryl acetate a 
dl-a-Tocopheryl measured in diet {ppm) 
acetate added 

Dietary fat to diet {ppm) 0 hr 6 hr 24 hr 

Coconut oil 30 27 + 3 36 +_ 9 26 + 4 
Coconut oil 500 538 • 17 {476) b 562 • 18 
Corn oil 30 34 • 3 28 • 8 26 • 5 
Corn oil 500 529 +_ 5 521 • 45 547 +_ 69 
Fish oil 30 69 • 5 (58) b 70 • 1 
Fish oil 500 538 + 17 524 • 20 512 • 39 

Mean__ S E ; n =  3 fo r0hr ,  n =  2 for 6 and 24 hr. 
aValues have been calculated from a-tocopherol values obtained in 
extracted samples {after saponification of dl-a-tocopheryl acetate in 
the diet} multiplied by a correction factor calculated by dividing a- 
tocopherol MW/dl-a-tocopheryl acetate MW. 
bSingle measurement. 

conta iner .  Two or  th ree  s amples  were e x t r a c t e d  f rom each 
con ta ine r .  The re  was  no s t a t i s t i c a l l y  s ign i f i can t  loss  of  
d l - a - t ocophe ry l  a c e t a t e  in t he  d ie t  due  to  t y p e  of fa t  or  
t ime  of exposure  to  room t empera tu re .  The  h igher  tocoph- 
erol  c on t e n t  in the  f ish oil d ie t  con ta in ing  30 p p m  v i t a m i n  
E is due to  tocophero l  a d d e d  b y  the  manufac tu re r .  Ana ly -  
sis  of  M A X E P A  fish oil r e v e a l e d  600 m g  t o c o p h e r o l / k g  
f ish  oil, wh ich  c o n t r i b u t e s  ca. 30 p p m  to  t he  diet .  

T a b l e s  4 and  5 show the  p l a s m a  t oc ophe ro l  concen t ra -  
t ion  in y o u n g  and  old mice fed d i f ferent  diets .  Y o u n g  mice 
fed f ish  oil h a d  a lower  p l a s m a  tocophero l  level  c o m p a r e d  
to  mice  fed corn  and  c oc onu t  oi ls  a t  all  t h r e e  leve ls  of  
t oc ophe ro l  (P < 0.0001 for  overa l l  f a t  effect}. I n c r e a s i n g  
t h e  t ocophe ro l  level  to  100 a n d  500 p p m  in coconu t  oil 
a n d  corn  oil d i e t s  i nc r ea sed  p l a s m a  t oc ophe ro l  level  over  
100%, whi le  on ly  a 39% inc rease  in p l a s m a  a - tocophe ro l  
was  o b s e r v e d  a f t e r  i n c r e a s i n g  t oc ophe ro l  levels  to  
500 p p m  in t he  f ish oil diet .  A s imi la r  t r e n d  was  o b s e r v e d  
in o ld  mice {Table 5), e x c e p t  t he  d i f fe rences  were  n o t  as  
m a r k e d ,  e spec ia l ly  in mice  fed 30 p p m  v i t a m i n  E.  In  

LIPIDS, Vol. 22, No. 5 (1987) 
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T A B L E 4  

Plasma Tocopherol Concentration in 3-Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level {ppm) {gg/dl) (gg/dl} (gg/dl) 

30 311 • 25 227 • 27 208 • 17 b P < 0 . 0 7  
(n = 10) (n = 9} {n = 8} 

100 476 • 2 a 450 • 35 a 237 • 18 b P < 0 . 0 0 0 1  
{n = 9) {n = 9) {n = 10) 

500 756 • 54 a 592 • 54a, c 291 • 42 b P < 0 . 0 0 0 1  
(n = 10) (n = 10 {n = 7) 

P < 0.002 P < 0.0001 NS 

Mean • SE. NS, not significant. 
asignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bsignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 
cSignificantly different from mice fed fish oil at P < 0.0001 and from 
mice fed coconut oil at P < 0.02. 

T A B L E 6  

Liver Tocopherol Concentration in 3-Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil, or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level (ppm) {~g/g) (~g/g} {~g/g) 

30 38 • 3 11 • 2 b 7 • 1 b P < 0 . 0 5  
(n = 10) In = 9) {n = 8) 

100 120 • 15 a 70 • 12 a,b,c 18 • 2 b P < 0 . 0 0 9  
{n = 10) (n = 9) (n = 10) 

500 310 • 28 a 109 • 14 a,b,c 23 • 3 b P<0 .0001  
{n = 10) (n = 10) {n = 7) 

P < 0.0001 P < 0.002 NS 

Mean ___ SE. NS, not significant. 
aSignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bSignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 
cSignificantly different from mice fed fish oil. 

T A B L E  5 

Plasma Tocopherol Concentration in 24-Month-Old C57BL/Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level (ppm) tt~g/dl) (t~g/dl) (~g/dl) 

30 294 • 57 254 • 11 285 • 27 NS 
(n = 9) (n = 8) (n = 8) 

100 388 • 48 327 • 26 313 ---+ 21 NS 
{n --- 8) (n = 7) (n = 7) 

500 472 • 67 a 470 • 29 a 329 • 17 b P < 0 . 0 2  
(n = to )  (n = 10j (n = 7) 

P < 0.002 P < 0.0002 NS 

Mean • SE. NS, not significant. 
aSignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bSignificantly different from mice fed coconut and corn oils at P value 
indicated in last column of each row. 

TABLE 7 

Liver Tocopheroi Concentration in 24-Month~)ld C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level {ppm) {gg/g) (gg/g) (~g/g) 

30 26 • 7 11 • 1 13 • 1 NS 
( n =  8) (n = 5) (n = 6) 

100 49 • 8 20 • 3 17 • 3 NS 
( n =  7) (n = 7) ( n =  7) 

500 99 • 25 a 69 • 31 a 28 • 3 b P <0.004 
{n = 10) {n = 4) (n = 4) 

P < 0.0003 P < 0.05 NS 

Mean __ SE. NS, not significant. 
aSignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bSignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 

g e n e r a l ,  o ld  m i c e  f ed  c o r n  a n d  c o c o n u t  oi ls  h a d  l o w e r  
p l a s m a  t o c o p h e r o l  l e v e l s  t h a n  y o u n g  m i c e  f ed  s i m i l a r  
d i e t s  (P < 0 .05 fo r  o v e r a l l  a g e  effect) .  T h i s  w a s  n o t  t r u e  
fo r  o ld  m i c e  f e d  f i sh  oil.  P l a s m a  t o c o p h e r o l  l e v e l s  in  o ld  
m i c e  fed  f i sh  oil, h o w e v e r ,  w e r e  l ower  t h a n  t h o s e  in y o u n g  
m i c e  f ed  c o r n  o r  c o c o n u t  oi ls .  C o r r e l a t i o n  c o e f f i c i e n t s  (r) 
b e t w e e n  d i e t a r y  a n d  p l a s m a  t o c o p h e r o l  l e v e l s  in  y o u n g  
m i c e  w e r e  0.84,  0 .73 a n d  0 .39  a n d  in  o ld  m i c e  w e r e  0.40,  
0.80 a n d  0.27 for  d i e t s  c o n t a i n i n g  c o c o n u t  oil, c o r n  oil  a n d  
f i s h  oil,  r e s p e c t i v e l y .  

S i n c e  t h e  d i f f e r ence  in p l a s m a  t o c o p h e r o l  l eve l s  in  m i c e  
f e d  d i f f e r e n t  d i e t a r y  f a t s  w a s  n o t  d u e  t o  a l o s s  o f  t o c o p h -  
e ro l  in  d i e t  (see T a b l e  3), t i s s u e  t o c o p h e r o l  c o n c e n t r a t i o n  
w a s  e x a m i n e d  as  an  i n d i c a t o r  o f  d i f f e r e n c e s  in  t h e  

a b s o r p t i o n  and]o r  u t i l i z a t i o n  of  t o c o p h e r o l  d u e  t o  d i e t a r y  
f a t  t y p e .  Y o u n g  a n d  o ld  m i c e  f e d  f i sh  o r  c o r n  oi ls  h a d  
l o w e r  l i v e r  t o c o p h e r o l  c o n c e n t r a t i o n s  t h a n  t h o s e  fed  
c o c o n u t  oil  (P < 0 .0001 fo r  o v e r a l l  f a t  effect) .  T h e  f a t  ef- 
f e c t  w a s  m o r e  p r o n o u n c e d  in m i c e  fed  100 a n d  500 p p m  
t o c o p h e r o l  (Tab l e s  6 a n d  7). 

I n  y o u n g  m i c e  f ed  c o c o n u t  a n d  c o r n  oils ,  i n c r e a s i n g  t h e  
t o c o p h e r o l  l eve l  f r o m  30 to  500 p p m  in t h e  d i e t  i n c r e a s e d  
l i ve r  t o c o p h e r o l  c o n c e n t r a t i o n  a l m o s t  10-fold  (P < 0 .0001 
a n d  0.0002, r e spec t ive ly ) ,  w h e r e a s  mice  fed  f i sh  oil s h o w e d  
o n l y  a t h r e e f o l d  i n c r e a s e  (P > 0.8). L i v e r s  f r o m  o ld  mice ,  
l ike  p l a s m a ,  h a d  a l o w e r  t o c o p h e r o l  c o n c e n t r a t i o n  t h a n  
t h o s e  o f  y o u n g  mice ,  e x c e p t  for  o ld  m i c e  f ed  f i sh  oil  (P 
< 0 .0001 for  o v e r a l l  a g e  effect) .  S i m i l a r  t o  y o u n g  mice ,  
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old mice fed coconut or corn oils showed a significant 
increase in liver tocopherol concentration when dietary 
tocopherol was increased. No significant rise in liver 
tocopherol concentration was observed in mice fed fish 
oil. There was a significant overall effect of fat on liver 
tocopherol concentration, which was more pronounced at 
the higher tocopherol concentrations. In young mice, 
there was a significant correlation between plasma and 
liver tocopherol concentrations (r -- 0.82, 0.76 and 0.41 
for mice fed coconut oil, corn oil and fish oil, respectively). 
Plasma and liver tocopherol in the old mice were not 
significantly correlated. 

Tables 8 and 9 show the tocopherol concentration of 
kidneys in young and old mice, respectively. Old mice had 
similar or slightly higher tocopherol concentrations than 
young mice. A significant fat effect was observed in 
young and old mice only at 500 ppm dietary vi tamin E. 
There was a significant increase of kidney vitamin E con- 
centration in young and old mice fed corn and coconut 
oils with increased dietary tocopherol. No significant rise 
of kidney tocopherol concentration in young mice fed fish 
oil was observed (Table 8). In old mice, a significant in- 
crease in kidney vitamin E concentration was observed 
regardless of the type of fat; however, the increase was 
less in mice fed fish oil. The fat effect on tocopherol con- 
centration in kidney was significant only when dietary 
tocopherol was 500 ppm, at which level mice fed fish and 
corn oils had lower kidney tocopherol concentrations than 
mice fed coconut oil (Tables 8 and 9). Plasma tocopherol 
level was correlated with kidney tocopherol in mice fed 
coconut oil {r = 0.79 in young  mice; r = 0.72 in old mice). 
A weaker correlation was observed in mice fed corn oil 
(r = 0.46 for young mice; r - 0.44 for old mice). In mice 
fed fish oil, plasma tocopherol did not correlate with 
kidney levels (r = 0.13), al though a weak correlation was 
observed in old mice (r -- 0.51). The same situation held 
for correlations between plasma and lung tocopherol 
levels (r = 0.17 in young mice; r -- 0.58 in old mice). 

Tables 10 and 11 show the concentration of tocopherol 
in lungs of young and old mice, respectively. Tocopherol 
concentrations in lung were very close to those of kidney; 
the values for young and old mice were also similar, with 
the old mice having slightly lower concentrations. Simi- 
larly, a significant increase in lung tocopherol concentra- 
tion was observed only in young mice fed coconut and 
corn oils supplemented with 100 or 500 ppm tocopherol. 
Mice fed fish oil had a significantly lower lung tocopherol 
concentration than mice fed coconut oil (Tables 10 and 11). 

DISCUSSION 

Even before the role of vitamin E in preventing nutri- 
tional muscular dys t rophy  was fully recognized, the 
ability of cod liver oil to precipitate this lesion, particu- 
larly in herbivores, was well established (12). Later, it was 
demonstrated that  vitamin E can antagonize the ten- 
dency of cod liver oil to induce muscular dystrophy.  
MacKenzie et al. (13), however, showed that  vitamin E 
could not prevent muscular dys t rophy  if administered 
orally in cod liver oil. This effect of cod liver oil was at- 
t r ibuted to its content of highly unsatura ted  fa t ty  acids. 
Furthermore, since aging is associated with increased 
lipid peroxidation, and senescent rodents may have a 
higher requirement for tocopherol (16,17), we studied the 

TABLE 8 

Kidney Tocopherol Concentration in 3-Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil, or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level (ppm) (~g/g) (~g/g) (~g/g) 

30 11 _+ 1 9 • 2 11 +_ 1 NS 
(n= 9) (n = 9) (n= 7) 

100 12 • 1 12 _ 1 11 • 1 NS 
(n = 10) (n = 8) (n = 10) 

500 23 • 2 a 16 • I a,b 12 • i b P<0.002 
(n = 9) (n = 10) (n = 7) 

P < 0.0001 P < 0.004 NS 

Mean • SE. NS, not significant. 
asignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bsignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 

TABLE 9 

Kidney Tocopherol Concentration in 24-Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets  Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level (ppm) (~g/g) (~g/g) (~g/g) 

30 11 _ 2 12 • 1 14 • 1 NS 
(n = 9) (n = 8) (n = 10) 

100 22 • 3 a 18 • 2 a 17 • 3 NS 
(n = 7) (n = 7) (n = 6) 

500 25 • 3 a 21 • 2 a,b 20•  a,b P<0.03 

P < 0.0001 P < 0.02 P < 0.04 

Mean __ SE. NS, not significant. 
aSignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bSignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 

effect of a low level (5%), short-term (6-wk) diet of fish 
oil, corn oil or coconut oil on the vitamin E s ta tus  of 
young and old mice fed adequate or high levels of 
tocopherol. 

The results indicate that  young  mice fed fish oil have 
significantly lower plasma tocopherol levels than those 
fed corn and coconut oils at all three levels of dietary 
tocopherol tested (30, 100 and 500 ppm). Mice fed corn 
oil tended to have lower tocopherol levels than mice fed 
coconut oil, but  differences were significant only at 500 
ppm dietary tocopherol. Mice fed coconut and corn oils 
showed significant increases in plasma tocopherol as 
dietary tocopherol increased. No significant increase in 
plasma tocopherol concentration was observed in mice fed 
fish oil. The lower plasma tocopherol level and lack of re- 
sponse to an increase in dietary tocopherol in mice fed 
fish oil was not  due to oxidative loss of tocopherol in the 
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TABLE 10 

Lung Tocopherol Concentration in 24~Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level (ppm) (~g/g) (ug/g) (og/g) 

30 9 • 1 9 • 4 11 • 0.4 NS 
(n= 6} (n = 2} (n= 2} 

100 16 • 1 a 16 • 2 12 • 1 b NS 
(n = 6) (n = 4) (n = 8) 

500 23 • 2 a 18 • 3 b NA P <: 0.009 
(n= 10) (n= 9) 

P < 0.0008 P < 0.01 NS 

Mean • SE. NS, not significant. NA, data not available. 
aSignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 
bsignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 

TABLE 11 

Lung Tocopherol Concentration in 3-Month-Old C57BL/6Nia Mice 
Fed Coconut Oil, Corn Oil or Fish Oil Diets Supplemented 
with Different Levels of Vitamin E 

Vitamin E Coconut oil Corn oil Fish oil 
level (ppm) (~g/g) (~g/g) (~g/g) 

30 i i  • 1 9 • 1 II  • 1 NS 
(n = 5) (n = 2) (n = 3) 

100 16 • 1 10 • 2 a 11 • 2 a P < 0.053 
(n = 6) (n = 4) (n = 5} 

500 18 • 1 b 22 • 1 b NA NS 
(n = 6) (n = 4) 

P < 0.0002 P < 0.0001 NS 

Mean • SE. NS, not significant. NA, data not available. 
asignificantly different from mice fed coconut oil at P values in- 
dicated in the last column of each row. 
bSignificantly different from mice fed 30 ppm vitamin E at P values 
indicated in the last row of each column. 

diet {Table 3). The lower plasma tocopherol level in mice 
fed fish oil can be due either to an interaction of fish oil 
and tocopherol at the gut  level, as suggested by others 
(13,18,19), or to enhanced postabsorpt ive utilization of 
tocopherol compared to mice fed coconut and corn oils. 
Further  studies are needed to clarify the mechanism of 
action. 

In mice fed corn oil, the liver tocopherol concentration 
was lower than that  of mice fed coconut oil and higher 
than that  of those fed fish oil, which correlates well with 
the differences in degree of unsaturation between corn and 
fish otis. I t  is worth noting that  only mice fed fish oil sup- 
plemented with 500 ppm vitamin E had plasma and liver 

tocopherol levels comparable to those fed coconut oil with 
30 ppm vitamin E. This agrees with previous reports (13) 
that  concurrent administration of fish oil and tocopherol 
did not alleviate signs of tocopherol deficiency. Old mice 
had lower plasma tocopherol levels than young mice, ex- 
cept those fed fish oil (see also 16). The higher plasma 
tocopherol level of old mice compared to tha t  of young 
mice fed fish oil may be due to the larger pool of available 
tocopherol in old mice. 

The effect of fat type and tocopherol supplementation 
on liver tocopherol concentration was similar in young 
and old mice. Mice fed fish and corn oils had lower 
tocopherol concentrations than those fed coconut oil. In- 
creasing tocopherol concentration in mice fed fish oil did 
not increase liver tocopherol concentration. No age effect 
was apparent  when old mice were compared to young  
mice fed fish oil; when plasma and liver tocopherol con- 
centrations in old mice fed fish oil were compared to those 
of young mice fed other fats, a significant age effect was 
observed. The lower plasma tocopherol concentration in 
the aged mice may be due to decreased absorption and/or 
increased uptake and utilization of vitamin E by other 
tissues. This mechanism could be determined by measur- 
ing the postabsorpt ion level of a-tocopherol in the lym- 
phatic duct and unabsorbed tocopherol in the feces. Since 
kidney and lung tocopherol concentrations in old mice 
were equal to or slightly higher than those in young mice, 
the lower plasma concentration may be due to decreased 
absorption. If  lower plasma and liver tocopherol content 
in old mice were due to increased catabolism, the age ef- 
fect should have been exaggerated rather than abolished 
in mice fed fish oil. 

The dietary fat effect on tocopherol concentrations of 
kidney and lung was significant only at the higher dietary 
vitamin E concentrations. This was in contrast  to plasma 
and liver tocopherol concentrations, but  in agreement 
with other reports (21,22). Studies in guinea pigs and rats 
(21,22) indicate tha t  the depletion of tocopherol from 
plasma and liver is rapid relative to other organs. There- 
fore, a 6-wk dietary t rea tment  might  not have been long 
enough to reduce the tocopherol content  of kidney and 
lung in mice fed fish oil. No significant rise in kidney and 
lung concentrations of tocopherol was observed in young 
mice fed fish oil, reflecting the observations in plasma and 
liver. 

In conclusion, even after a short-term dietary regimen, 
animals fed fish oil maintain a lower tocopherol s tatus 
than those fed corn or coconut oils. This effect should be 
taken into consideration when designing and interpreting 
experiments where the biological effects of fish oil are 
compared to those of other oils. Furthermore, plasma and 
liver levels of tocopherol are influenced by age in mice, 
whereas kidney and lung tocopherol do not appear to be 
altered by age when the diet contains 30 ppm or more 
vitamin E. The consequences of inadequate vitamin E in- 
take by young and old individuals consuming different 
dietary fats should be examined. 
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Sphingomyelin synthesis was studied in cultured 
Novikoff rat hepatoma cells by following transfer of 
['~C]choline label into sphingomyelin (SPH). The study 
was facilitated by the fact that prelabeling of the cells 
with [methyl-14C]choline resulted in rapid accumulation 
of essentially all the label (~95%) in phosphatidylcholine 
(PC). The redistribution of PC label during a 15-hr chase 
was dependent upon the extracellular choline concentra- 
tion. Under conditions of free choline diffusion (500 taM 
choline), loss of label from PC was most pronounced, and 
the percentage of total radioactivity that became trapped 
in the extracellular water-soluble choline pool was an 
order of magnitude greater than in low choline medium 
(27 taM choline). Despite the significant loss of water- 
soluble label from the cells in high choline medium, SPH 
labeling proceeded at essentially the same rate at either 
choline concentration. During the label chase in 500 taM 
choline, the specific radioactivity of PC decreased, but 
the specific radioactivity of SPH continued to increase 
for 9-12 hr until it reached the specific radioactivity of 
PC. In the presence of 300 ~M neophenoxine (NPO), 
transfer of label from PC into SPH was stimulated. NPO 
also decreased the specific radioactivity of PC to about 
the same extent as that of SPH was increased. Because 
transfer of choline label from PC to SPH was not affected 
by loss or dilution of water-soluble precursors, and 
because the specific radioactivity of PC and SPH, in the 
absence or presence of NPO, responded in a characteristic 
precursor product fashion, we conclude that sphingo- 
myelin synthesis in Novikoff cells circumvents the water- 
soluble choline pool and that phosphatidylcholine serves 
as the immediate choline source. All our data support the 
phosphatidy]choline:ceramide cholinephosphotransferase 
pathway of sphiugomyelin synthesis. 
Lipids 22, 351-357 (1987). 

Sphingomyelin (SPH) synthesis has been studied for 
almost three decades, with several pathways being estab- 
lished, and challenged thereafter. Early in vitro studies 
with particulate fractions from chicken liver hinted that  
SPH is synthesized by phosphocholine transfer from 
cytidine 5'-diphosphocholine (CDPcholine) to ceramide 
{2-4) quite in analogy to de novo phosphatidylcholine (PC) 
synthesis (5). In vivo experiments in rat brain showed 
that ceramide serves as SPH precursor (6). Evidence also 
emerged that  sphingosylphosphocholine can be acylated 
with acyl-CoA by rat brain microsomes {7,8}, yet the 
biosynthesis of sphingosylphosphocholine itself (9) re- 
mained uncertain (10AD. 

Studies with SV-40 transformed mouse fibroblasts pro  
vided a first clue that  the phosphocholine donor in SPH 

'Presented in part at the annual meeting of the Federation of 
American Societies for Experimental Biology, Anaheim, April 1985 
(1). 
2Present address: American Cyanamid Co., P.O. Box 400, Princeton, 
NJ 08540. 
*To whom correspondence should be addressed. 

synthesis may be not CDPcholine but phosphatidylcholine 
(12-15), and ceramide was shown to serve as phosphocholine 
acceptor in this reaction (16). The PC:ceramide cholinephos- 
photransferase pathway was also demonstrated in lyophi- 
lized microsomes from mouse liver (17); however, in rat liver 
microsomes, CDPcholine and not PC appeared to be the 
phosphocholine donor (10). More recent studies on the 
cellular and subcellular level have provided additional evi- 
dence for the phosphatidylcholine:ceramide cholinephos- 
photransferase pathway in sphingomyelin synthesis (11, 
18-22). 

In the present study, we have examined the routes of 
SPH synthesis in cultured Novikoff rat hepatoma cells. 
Three characteristics of these cells proved particularly 
useful. First, we observed that when Novikoff cells are 
pulsed with [14C]choline in spent medium, they rapidly in- 
corporate essentially all the label into PC (~95%). This 
simplified following the flux of the label during the chase 
and facilitated interpretation of label chase kinetics. Second, 
Novikoff cells are known to take up choline by two different 
mechanisms {23). At low extracellular choline levels (<20 
taM), active transport prevails, and the rate of choline 
transport is actually the rate-limiting step in choline 
phosphorylation. At higher choline concentrations, simple 
diffusion at a rate three times higher than active transport 
is the principal mode. These distinct modes of choline up- 
take permitted us to modulate the water-soluble choline pool 
and to evaluate its contribution to SPH synthesis. Third, 
we found that neophenoxine (NPO; 24} stimulates SPH syn- 
thesis in Novikoff cells at the expense of PC labeling. This 
made it possible to also modulate the flux of label through 
the lipid-associated choline pool and to assess the effect of 
such modulation on sphingomyelin synthesis. 

EXPERIMENTAL PROCEDURES 
Materials. $2,o medium was obtained from Grand Island 
Biological Co. (Gibco, Grand Island, New York). $210 con- 
sists of Swim's 67G medium supplemented with succinic 
acid (75 mg/1) and sodium succinate (100 rag/l). Choline 
chloride was from Aldrich Chemical Co. (Milwaukee, 
Wisconsin) and [methyl-'4C]choline chloride from New 
England Nuclear {Boston, Massachusetts). Lysophospha- 
tidylcholine {lysoPC) was prepared from egg yolk PC by 
phospholipase A2 hydrolysis (25) using Ophiophagus 
hannah venom (Miami Serpentarium, Miami, Florida). 
NPO, p-chlorophenoxyethyl N,N-dimethylaminoethyl 
ether, was synthesized as we described previously {24). 

Cell system. Novikoff rat hepatoma cells, subline 
N1S1-67 (26), were grown in shaker culture (110 rpm) at 
37 C in $21o medium (pH 7.4) supplemented with meat 
peptone {2 g/l), penicillin (10 s units/l), streptomycin 
(100 mg/1) and 5% newborn calf serum (K.C. Biologicals, 
Kansas City, Missouri). Cells were subcultured twice per 
week from a starting density of 3.5 • l0 s cells/mi using 
fresh medium. Cell growth was monitored by cell count- 
ing and by following the rate of [3H]thymidine incorpora- 
tion. Thymidine incorporation was measured by incu- 
bating 2-ml samples of cell suspension with 0.5 taCi of 
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[3H]thymidine (New England Nuclear; sp act 2 Ci/mmol) 
for 1 hr (27); the cells were washed three times with 2 ml 
of phosphate-buffered saline, and cell-associated and/or 
TCA precipitate-associated radioactivity (cpm]mg pro- 
tein} was determined by scintillation counting. Protein 
was assayed according to Lowry et al. (28). Cell viability 
was routinely monitored by the trypan blue exclusion 
test. Cells used for experiments were taken from their 
logarithmic phase of growth (48 hr); in all experiments 
described, cell viability exceeded 95%. 

Label chase in low and high choline media. Two-day- 
old Novikoff hepatoma cell cultures, averaging 2 • 106 
cells/ml, were incubated, without changing the medium, 
with 1.5 t~Ci of [methyl-'~C]choline chloride (sp act 
53.5 mCi/mmol) per 107 cells for 1.5 hr under standard 
growth conditions. After pulse labeling, the cells were 
washed twice with fresh growth medium and then were 
resuspended at a density of 1.5 • 106 cells/ml in one of 
three chase media: (a) the basal growth medium contain- 
ing 27 ~M choline (low choline medium); (b) the basal 
growth medium supplemented with choline chloride to a 
final concentration of 500 ~M choline (high choline 
medium); and (c) the high choline medium (500 ~ choline) 
supplemented with 300 ~M NPO. Choline in the basal 
growth medium originated from choline bitartrate (15 ~Y[) 
present in $2,o medium and the choline in pluronic (7 uM), 
calf serum (5 ~M), and meat peptone (<0.1 ~M). Choline 
was assayed according to Gibson et al. (29). Chase incuba- 
tions were carried out on triplicate cultures under stan- 
dard growth conditions. At given intervals (3, 6, 9, 12 and 
15 hr) in the 15-hr chase, 2.5-ml aliquots were removed 
from each culture and the samples were quickly chilled 
in ice. The cells were sedimented at 500 • g for 5 min, 
washed once with cold growth medium and analyzed. The 
supernatants were combined and kept frozen until 
analyzed. 

Effect of choline concentration on ['4C]choline incor- 
poration. Two-day-old cells were washed with fresh 
growth medium and then resuspended at 1.5 • 106 cells/ 
ml in either low choline (27 ~M) or high choline (500 ~M) 
medium, each containing 54,000 cpm]ml of [methyl-"C]- 
choline. The cells were incubated for 15 hr under standard 
growth conditions, and 2.5-ml aliquots were taken at 
given intervals. The cells were sedimented at 500 • g for 
5 min and washed with cold growth medium, and 
phospholipid-associated label and water-soluble label in 
the cells were measured. 

Analyses. Cells and culture media were extracted ac- 
cording to Bligh and Dyer (30). LysoPC was usually 
added to the extract to serve as carrier. Lipids were frac- 
tionated by thin-layer (0.5 mm) chromatography (TLC) 
on Silica Gel H (Merck, Darmstadt, West Germany) using 
chloroform/methanol/water (65:35:8, v/v/v) as developing 
solvent (solvent A). Fractions were made visible by brief 
exposure to iodine vapors. Individual fractions were 
assigned by comparing their migration rates with those 
of standards. In analytical TLC, choline phospholipids 
were also identified by spraying with a choline-specific 
molybdenum reagent (31). In preparative TLC (solvent 
A), bands corresponding to PC (Rf 0.43), SPH (Rf 0.33) 
and lysoPC (Rf 0.22) were scraped off, and the phospho- 
lipids were recovered by three successive elutions with 
chloroform/methanol/water (50:40:10, v/v/v, once; then 
60:30:5, v/v/v, twice). Rechromatography of the PC and 

the SPH fractions on Silica Gel H layers, with chloroform] 
methanol/conc, aqueous ammonia (65:25:5, v/v/v; solvent 
B) as developing solvent (32) showed that in each case 
more than 90% of the radioactivity was associated with 
PC (Rf 0.27) and SPH (Rf 0.13). The SPH fraction proved 
resistant to hydrolysis in 1 N sodium hydroxide (33). 

The water-soluble components of the upper Bligh-Dyer 
phase from cells and media were fractionated by TLC on 
Silica Gel H in the presence of carriers using 1-propanol/ 
conc. aqueous ammonia (1:1, v/v) as developing solvent 
(15). Fractions were made visible by exposure to iodine 
vapors. The fractions comigrating with choline (Rf 0.04), 
phosphocholine (Rf 0.17), glycerophosphocholine (Rf 0.31) 
and CDPcholine (Rf 0.38) were isolated, and their radioac- 
tivities were measured after elution with methanol/water 
(1:2, v/v). 

Radioactivity was counted on aliquots of the samples 
(400-20,000 cpm) using 10 ml of scintillation fluid. 
Scintillation fluid was prepared from 12 g of Omnifluor 
(New England Nuclear), Triton X-100 (1 l) and toluene 
(2 1). Phospholipid radioactivities given are those deter- 
mined after TLC fractionation using solvent A. The 
specific radioactivity of PC and SPH was determined 
after repurification of the samples using solvent B. Phos- 
pholipid phosphorus was measured according to Bart- 
lett (34). 

RESULTS 

The study was designed to compare the participation of 
the water-soluble and the lipid-associated choline pools 
in the transfer of ['4C]choline to SPH. Short-term expo- 
sure (90 min) of two-day-old Novikoff cells to ['4C]chohne 
in spent medium resulted in the rapid accumulation of 
92 to 98% of the total cell label in PC (Fig. 1}. Only small 
amounts of label were initially associated with SPH (<3%) 
or water-soluble choline components. 

Label chase in low and high choline media. Label was 
chased over 15-hr periods in either normal growth 
medium containing 27 t~M choline or high choline medium 
containing 500 ~M choline. Cells chased in either medium 
remained morphologically identical; showed identical 
growth rates as judged by cen count, protein content and 
rate of [3H]thymidine incorporation (27); and maintained 
identical rates of phospholipid synthesis. During the en- 
tire chase, cell numbers typically increased 1.8-fold, and 
phospholipid content increased 2.5-fold in either culture. 

Figure 1 compares the redistribution of label originally 
concentrated in PC within the 15-hr chase at low and high 
choline levels. It is apparent that in 27 t~M choline there 
was less loss of label from PC (from 95 to 80% of total 
label) than in 500 ~M choline (from 95 to 55%). Under con- 
ditions of free choline diffusion, loss of PC label was quite 
pronounced. 

Figure 1 furthermore shows that at the low choline con- 
centration, the proportion of water-soluble label in the 
medium remained rather constant (2-3%). At the high 
choline concentration, by contrast, the substantial loss 
of label from cell PC was reflected in an increased release 
of water-soluble label into the medium. The percentage 
of total radioactivity that  finally appeared in the water- 
soluble choline pool of the high choline medium was about 
10 times greater (23% of total) than that  released into 
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FIG. 1. Redistribution of ['4C]choline label in cultured Novikoff  
hepatoma cells during label chase in low and high choline media. 
Cells {2.25 X 107 cells/15 ml} were prelabeled with [methyl-'4C]choline 
for 1.5 hr, and the label was  chased for 15 hr in media containing 
either 27 ~M ( o )  or 500 ~M IO) choline. Redistribution of label be- 
tween cell PC (-- --), cell S P H ( - - }  and the water-soluble components 
released into the medium (.....) is shown as percentage of total label 
recovered at various intervals from 2.~ml  aliquots of culture 
(1.3-1.7 X 105 cpm). The data represent means of three triplicate ex- 
periments +_ standard errors (n = 9L 

the low choline medium (Fig. 1). TLC showed that about 
90% of the label in high choline medium was actually 
associated with free chohne. Progressive accumulation of 
['4C]choline in the high choline medium suggests that 
label entering the medium was trapped there. Obviously, 
labeled choline could not effectively re-enter the cells and 
participate in phospholipid synthesis because of dilution 
with the very large excess of unlabeled choline in the 
medium. 

The most significant finding that emerged from these 
experiments was that even though cells chased for 15 hr 
in high choline medium irretrievably lost most of the 
water-soluble label released from PC into the medium, 
they transferred label to SPH with essentially the same 
efficiency as did low choline cells. The radioactivity 
associated with cell SPH increased essentially at the same 
rate and reached about the same level (14% of total label) 
at either choline concentration (Fig. 1). Because transfer 
of choline label to SPH was not affected by loss or dilu- 
tion of water-soluble precursors, these data strongly sug- 
gested that SPH synthesis in Novikoff cells circumvents 
the water-soluble choline pool and instead utilizes lipid- 
associated choline as precursor. 

To assess the contribution of lipid-associated and water- 
soluble choline precursors to SPH synthesis in a more 
quantitative fashion, we compare in Table 1 label chase 

data of a representative experiment similar to the one 
described above (Fig. 1). Table 1 shows that initial PC label- 
hug was high (153,000 cpm} and that only small amounts 
of radioactivity were initially associated with lysoPC 
(2,500 cpm), SPH ~4,500 cpm) and the water-soluble choline 
components (7,500 cpm) of the cells. Throughout the chase, 
lysoPC labeling remained constant in low choline medium, 
but decreased in high choline medium (Table 1; NPO data 
are discussed below). Lipid-associated radioactivity released 
into the medium (largely as lysoPC) was quite independent 
of the extracellular choline concentration. The amount of 
water-soluble label in the cells grown in either medium was 
substantial (7,500-13,000 cpm) and was shown to be associ- 
ated with phosphocholine (58-63%), glycerophosphocholine 
(28-33%), CDPcholine (5-9%) and free choline (1-3%). There 
was little change in this percentage distribution in the 
course of the chase. Total water-soluble label increased 
significantly during the chase in high choline cells (from 
7,500 to 13,000 cpm). The relatively low level of water- 
soluble label (8,500 cpm) that remained in the cells after 15 
hr in low choline medium is likely to reflect recycling of 
water-soluble label into choline phospholipids because of a 
general depletion of water-soluble precursors. This explana- 
tion is consistent with the fact that after 15 hr the amount 
of water-soluble label in the medium was also quite low 
(4,000 cpm). After 15 hr in high choline medium, by con- 
trast, water-soluble label released into the medium reached 
a level about 10 times higher (41,000 cpm) than in low 
choline medium. The latter vividly illustrates the suscep- 
tibility of the Novikoff cell system to choline modulation. 

Table 1 also shows that during the 15-hr chase in low 
choline medum, PC suffered only a relatively moderate 
loss of label (from 153,000 to 127,500 cpm); however, in 
high choline medium, loss of label from PC was substan- 
tial (from 153,000 to 91,000 cpm). The cells chased in 
500 ~M choline lost almost 2.5 times as much label 
(62,000 cpm) from PC as those chased in 27 ~M choline 
(25,500 cpm); most of the difference (36,500 cpm) was ac- 
counted for by the increase of label in the water-soluble 
choline pool of the medium (41,000 cpm). During the 
same time, also, SPH labeling increased from 4,500 to 
18,500 cpm in high choline cells and to 23,500 cpm in low 
choline cells. If one would presuppose that PC is the 
precursor of SPH, the somewhat lower level of SPH label- 
ing in high choline cells could simply reflect the lower 
levels of PC label available in these cells. This is also con- 
sistent with the observation that the ratios of label 
associated with cell SPH vs cell PC (SPH/PC ratios) at 
9 hr were essentially identical for cells grown in low (0.16) 
or high (0.15) choline medium, and the same held true at 
15 hr 10.18 and 0.20, respectively). We therefore can con- 
clude that SPH labeling is closely linked to PC labeling 
and is independent of the size of the water-soluble choline 
pool. 

To further scrutinize the apparent metabolic relation- 
ship between PC and SPH, we followed their specific 
radioactivities during the label chase in high choline 
medium (Fig. 2; NPO data are discussed below). The plot 
illustrates that the specific radioactivity of PC declined 
throughout the entire 15-hr chase. By contrast, the spe- 
cific radioactivity of SPH increased and then peaked at 
9-12 hr when the specific radioactivity of SPH equaled 
the specific radioactivity of PC. This specific radioactivity 
pattern corresponds to the mathematical description of 
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TABLE 1 

Redistribution of ['4C]Choline Label in Novikoff Hepatoma Cells During Label Chase 
in Low and High Choline Media and the Effect of Neophenoxine Supplementation a 

Distribution of radioactivity, cpm {% of total) 

9 hr 15 hr 

27 tAM 500 ~M 500 ~M choline 27 t~M 500 ~M 500 uM choline 
Fractions 0 hr choline choline 300 ~M NPO choline choline 300 t~M NPO 

Cells 
Lysophosphatidylcholine 2,336 2,429 1,437 2,533 2,279 1,140 2,528 

(1.3} (1.4) (0.9) (1.5) (1.3) (0.7} (1.5) 
Sphingomyelin 4,440 20,465 16,140 23,420 23,390 18,580 23,615 

(2.7} (11.9) (9.6) (14.2) (13.6) (10.9) (13.9} 
Phosphatidylcholine 153,286 1 2 7 , 3 4 5  110,665 88,015 127,700 91,235 75,500 

{91.5} (74.2) (65.5) (53.6} {74.3} (53.8) (44.4} 
Water-soluble b 7,473 12,390 10,395 13,458 8,470 12,880 16,905 

(4.5} (7.2) (6.2) (8.2) (4.9} (7.6} (10.0) 
Culture medium 

Phospholipids -- 4,875 4,282 10,943 6,123 4,801 12,340 
(2.9) (2.5) (6.7) (3.6) (2.8) (7.3} 

Water-soluble -- 4,092 25,916 25,872 3,960 40,964 38,940 
(2.4) (15.3) {15.8) (2.3) {24.2} (22.9) 

Total radioactivity 167,535 1 7 1 , 5 9 6  168,835 164,261 171,922 169,600 169,828 
(lOO) (ioo) (lOO) (IOO) (lOO) (IOO) (IOO) 

aNovikoff cells {2.25 X 107 cells/15 ml) were prelabeled with ['4C]choline for 1.5 hr and the label was chased for up to 15 hr in media 
containing 27 ~M choline, or 500 gM choline in the absence or presence of 300 ~M neophenoxine. The distribution of radioactivity {cpm) 
at various time points was determined on 2.5-ml aliquots of culture. Typical counting efficiency was >90%. Values given are averages 
of three incubations; average differences from the mean were less than -+5%. 
bWater-soluble choline label in the cells was associated with phosphocholine (58-63%), glycerophosphocholine (28-33%), CDPcholine {5-9%} 
and free choline {1-3%}. 

a direct precursor-product  relationship (35) and serves as 
additional, s t rong evidence tha t  PC is the direct precur- 
sor of SPH.  

Effect of choline concentration on ['4C]choline incor* 
poration. The label chase exper iments  described above 
demonstrated that  the redistribution of PC label was very 
dependent  on the extracellular choline concentration.  To 
ascertain tha t  cells chased in high choline medium indeed 
took up enough unlabeled choline to account  for the ap- 
parent  dilution and subsequent  depletion of intracellular, 
water-soluble choline label released f rom PC, choline up- 
take  and intracellular redis t r ibut ion of phospholipid and 
water-soluble label was followed at  bo th  choline concen- 
trat ions.  The exper imenta l  protocol  was essential ly t ha t  
of the pulse label studies, except  tha t  the cells were car- 
ried th rough  the "pre label ing"  phase  in the absence of 
radiolabel and th rough  the "15-hr chase"  phase  in the 
presence of identical amounts  (dpm) of radiolabel in 27 ~M 
or in 500 gM choline (for details, see Exper imenta l  
Procedures}. 

A compar ison of [14C]choline incorporat ion into the 
phospholipids of Novikoff  cells grown in low {Fig. 3A) or 
high {Fig. 3B} choline medium shows tha t  final incorpora- 
tion of label into total  choline phospholipids of low choline 
cells {118,000 cpm) was about  18.2-fold greater  than  in- 
corporat ion of label into choline phospholipids of high 
choline cells (6,500 cpm). This rat io  of choline phospho- 
lipid label in low vs high choline cells is essentially the 
same as the ratio (18.5:1) of the respective specific radioac- 
t ivit ies of the extracellular choline provided in the two 

media. This is what  one would expect of cells having equal 
rates  of phospholipid synthesis but  precursor pools of dif- 
ferent specific radioactivit ies.  These da ta  fur thermore  
imply tha t  complete equilibration between intracellular 
and extracellular water-soluble choline label mus t  have 
been a t ta ined within the t ime f rame of the present  
experiment.  

During the 15-hr experiment,  choline labeling of the in- 
tracellular water-soluble pool followed a pa t te rn  quite dif- 
ferent f rom tha t  of choline phospholipids.  Whereas  cells 
grown in 500 gM choline kept  accumulat ing water-soluble 
label at  an essential ly cons tan t  ra te  over the entire 15 hr 
growth  period {Fig. 3B), the water-soluble label in cells 
grown in 27 gM choline {Fig. 3A) peaked at  about  9 hr 
and then showed a rapid decline, reflecting choline deple- 
t ion of the cultures. 

Figure 3C depicts changes in the rat ios of water-soluble 
vs phospholipid-associated cell label during the 15-hr 
growth phase  in the two media. The da ta  demons t ra te  
tha t  at  the end of the experiment,  the rat io  of water- 
soluble vs phospholipid-associated label was about  14 
t imes greater  in high choline cells than  it was in low 
choline cells. As we had shown tha t  the ra tes  of phospho- 
lipid synthesis  were identical in bo th  cells, the increased 
rat ios  of water-soluble vs phospholipid-associated label 
in high choline cells do directly reflect increased choline 
uptake.  

Stimulation of SPH synthesis by NPO. We had 
previously shown (24,36} tha t  hypolipidemic drugs of the 
clofibrate type, as well as their s t ruc tura l  analogs 
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FIG. 2. Specif ic  radioact iv i ty  of phosphat idyichol ine  and 
sphingomyelin in Novikoff  cells during label chase in high choline 
medium. Cells were prelabeled with [methyl-'~C]choline, and the label 
was  chased for up to 15 In" in media containing 500 ~M choline {O} 
or 500 /~M choline plus 300 /~M neophenoxine IX}. The specific 
radioactivity of PC (-- ----}  and SPH I - - }  was determined on pooled 
triplicate samples lexperiments Table 1} that had been repurified 
by TLC ideveloping solvent B}. 

centrophenoxine and neophenoxine, inhibit both enzymes 
of microsomal PC synthesis, namely CDPcholine:diacyl- 
glycerol cholinephosphotransferase and particularly acyl- 
CoA:lysolecithin acyltransferase (LLAT). In the present 
study, NPO was used to modulate the flux of label 
through the lipid-associated choline pool and to follow the 
effect of such modulation on SPH synthesis. 

Table 1 shows the effect of 300 ~M NPO during the 
15-hr label chase in high choline (500 wM) medium. At this 
concentration, NPO did not affect cell growth. However, 
NPO led to a substantial loss in PC labeling (15,500 cpm). 
NPO, a potent inhibitor of lysoPC reacylation (24}, also 
caused, as expected, an increase in cell lysoPC labeling 
(from 1,000 to 2,500 cpm). Moreover, there was a substan- 
tial increase (7,500 cpm) in the amount of phospholipid 
label found in the medium, and we could show that essen- 
tially all additional phospholipid label secreted by the cells 
was associated with lysoPC. The water-soluble pools, by 
contrast, were only little affected by NPO. However, NPO 
caused a significant stimulation of SPH synthesis 
(by 5,000 to 7,000 cpm) at the expense of PC labeling 
(Table 1). 

Stimulated flux of label from PC to SPH due to NPO 
also became apparent when the specific radioactivities of 
PC and SPH were followed throughout the 15-hr chase. 
Figure 2 illustrates that the decrease in the specific 
radioactivity of PC due to NPO was mirrored in a con- 
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FIG. 3. Effect  of choline concentration on [methyl-~'C]choline in- 
corporation into the phospholipid and water-soluble cholines of 
Novikoff  cells. Cells {2.25 X 107 cells/15 ml} were incubated for up 
to 15 hr with [~'C]choline 154,000 cpm/mlj in media containing either 
27 I~M ( �9 } or 500 pM ~O) choline. The distribution of label between 
the phospholipid I - - t  and water-soluble I.....} fractions of the cells 
from 2.5-ml aliquots of culture was followed in low IA} and high {B} 
choline medium. Changes in the ratios of water-soluble vs lipid- 
associated cell label I - - - - }  at the two choline concentrations are 
shown in C. The data represent means +__ deviations (n -- 3}. 

comitant increase of similar magnitude in the specific 
radioactivity of SPH. In the presence of NPO, the specific 
radioactivity of PC and SPH again showed the familiar 
precursor-product pattern. 

Inhibition of SPH synthesis by p-chloromercuribenzo- 
ate (p-CMB). As a sulfhydryl reagent that is not readily 
internalized by cells, p-CMB has been used to inhibit en- 
zymes located near the cell surface (37). Our inhibition 
studies with p-CMB were carried out following the pro- 
tocol of the label chase experiments in low choline 
medium, except that p-CMB was added at time 0 and the 
chase was continued for only 5 hr to minimize the toxic 
effects of the agent. We observed that 0.025 mM p-CMB 
did not affect SPH labeling, but that 0.5 mM p-CMB 
proved highly toxic to the cells. At 0.10-0.15 mM, p-CMB 
did not cause cell death Iviability > 90%). However, at 
these p-CMB concentrations transfer of label from PC to 
SPH was completely inhibited. 

LIPIDS, Vol. 22, No. 5 (1987) 



356 

C.M. EPPLER ET AL. 

DISCUSSION 

The discovery of the pathway of de novo phosphatidyl- 
choline synthesis from diacylglycerol and CDPcholine 30 
years ago (5) ranks as one of the milestones in lipid bio- 
chemistry. In the wake of this breakthrough, a route of 
SPH synthesis from ceramide and CDPcholine appeared 
equally attractive. Early in vitro studies with short chain 
(N-acetyl), isomeric ceramides and with CDPcholine as 
water-soluble phosphocholine donor were indeed encour- 
aging {2,3}. Yet questions remained, because the CDPcho- 
line:ceramide cholinephosphotransferase required 
ceramides with an N-acetyl function instead of the 
natural, long chain N-acyl group, and it also showed a pro- 
nounced preference for threo ceramides, although natural 
sphingolipids possess the erythro configuration {38-40}. 
Numerous attempts were made over the years to correct 
or rationalize these inconsistencies {4,41-43}, and it was 
only a few years ago that  reasonable evidence emerged 
that rat liver microsomes may be able to transfer phos- 
phocholine from CDPcholine to N-palmitoyl-erythro- 
sphingenine (10). 

For some time, the possibility was also considered that 
SPH may be synthesized by acylation of sphingosylphos- 
phocholine. Studies with rat brain microsomes suggested 
that  the acyl-CoA transacylase preferred erythro-sphin- 
gosylphosphocholine over its threo isomer {7,8); however, 
this pathway could not be confirmed in rat liver micro- 
somes {10). Also, the synthesis of sphingosylphospho- 
choline from sphingenine, which was first observed in a 
particulate fraction from chicken liver (9), could not be 
reproduced in other systems (10,11}. 

In vivo experiments in rat brain had early shown that 
ceramide is readily converted to SPH {6). Also, the syn- 
thesis of ceramide from sphingenine and acyl-CoA became 
firmly established {10,44,45}. A first indication that SPH 
synthesis from ceramide may utilize not water-soluble 
CDPcholine but the phospholipid pool as phosphocholine 
source emerged from studies with cultured SV-40 trans- 
formed mouse fibroblasts. By following the label chase 
kinetics of phosphate incorporation into individual phos- 
pholipid classes of these cells, it became apparent that 
phospholipid labeling generally reached constant rates 
within one hr, but that in the case of SPH a 6-hr lag phase 
did occur {12,14}. Pulse labeling studies with ['P]phos- 
phate and [3H]choline demonstrated that the 3H/'P ratio 
of PC and SPH remained quite constant throughout the 
chase and that PC labeling peaked at 3 hr, whereas SPH 
labeling increased for 20 hr {13}, suggesting that PC and 
SPH use different precursor pools. Results of experiments 
with cell-free systems from SV-40 transformed mouse 
fibroblasts furthermore indicated that SPH labeling is not 
directly affected by choline, phosphocholine or CDP- 
choline, and that ceramide serves as phosphocholine ac- 
ceptor in SPH synthesis {15,16}. At about the same time, 
Ullman and Radin (17) demonstrated that lyophilized 
mouse liver microsomes can catalyze SPH synthesis from 
erythro-ceramide and that PC, but not CDPcholine, can 
serve as phosphocholine donor (18). However, rat liver 
microsomes were not able to utilize PC as phosphocholine 
donor, but CDPcholine was effective (10). 

Evidence for a PC-dependent but CDPcholine-indepen- 
dent mode of SPH synthesis has also emerged from 
studies on a temperature-sensitive mutant of Chinese 

hamster ovary cells with a primary defect in CDPcholine 
synthetase activity {46). This mutant, when shifted to the 
restrictive temperature (40 C), showed an immediate 
decline in CDPcholine and PC labeling, where SPH syn- 
thesis remained stimulated for another 20 hr {47}. 

Labeling studies with cultured baby hamster kidney 
{BHKF21 cells also provided rather strong evidence that 
CDPcholine could be excluded as the immediate source 
of the phosphocholine moiety of SPH and that PC was 
likely the in vivo phosphocholine donor {21). These 
conclusions were drawn by comparing the kinetics of 
[methyl-3H]choline incorporation into CDPcholine and 
SPH and by following the transfer of [methyl-3H]methio - 
nine-derived PC label to SPH. In the former experiment 
the primary evidence was that labeling of phosphocholine 
and CDPcholine rapidly declined during the chase while 
PC synthesis increased at a somewhat reduced rate dur- 
ing the first 2 hr and then declined; however, SPH syn- 
thesis proceeded at a nearly linear rate for at least 6 hr 
into the chase. The methionine labeling studies suggested 
a flux of label from PC to SPH without substantial 
CDPcholine labeling. However, the label chase experi- 
ments in the BHK system were somewhat hampered by 
the fact that at the onset of the [3H]choline chase, nearly 
twice as much label was associated with phosphocholine 
as with phosphatidylcholine. It is also well known that 
the PC produced by the methylation pathway usually con- 
stitutes only a very small portion of total PC synthesis 
I48,49). This would still leave the possibility that parallel 
mechanisms of SPH synthesis do exist, with one pathway 
being dependent on the PC formed by the methylation 
route. 

The experimental model we had on hand for the pres- 
ent study has clear advantages over those previously 
used. Prelabeling of cultured Novikoff rat hepatoma cells 
with [methyl-'4C]choline in spent medium resulted in the 
rapid accumulation of essentially all the label {~95%) in 
PC. This greatly facilitated following the flux of label dur- 
ing the chase. At 500 ~M choline under conditions of free 
choline diffusion, loss of label from PC was much more 
pronounced than at 27 ~M choline. In fact, the amount 
of water-soluble choline label trapped in high choline 
medium was an order of magnitude greater than in low 
choline medium. Yet despite the 10-fold dilution of water- 
soluble choline precursors in cells grown in high choline 
medium, SPH synthesis proceeded at essentially the same 
rate at both choline concentrations {Fig. 1 and Table 1). 
Because transfer of choline label from PC to SPH was not 
affected by loss or dilution of water-soluble precursors, 
we concluded that SPH synthesis in Novikoff hepatoma 
cells circumvents the water-soluble choline pool and that 
PC is the likely choline source for SPH synthesis. 

Direct transfer of choline label from PC to SPH is also 
consistent with the changes in specific radioactivities that 
we observed for PC and SPH during the 15-hr chase. In 
a typical precursor-product fashion, the specific radioac- 
tivity of PC decreased while the specific radioactivity of 
SPH increased until SPH activity equaled PC activity 
tFig. 2}. 

We furthermore found that NPO stimulated the transfer 
of label from PC to SPH. This made it possible to also 
modulate the flux of label through the lipid-associated cho- 
line pool and to follow specific radioactivity and precursor- 
product patterns under NPO-modulated conditions. The 
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m e c h a n i s m  b y  which  N P O  s t i m u l a t e s  S P H  s y n t h e s i s  
f rom PC is p r e s e n t l y  n o t  known;  however ,  i t  is  in t r igu-  
ing  to  no t e  t h a t  c e r t a i n  g lucocor t i co ids ,  such  as  dexa-  
methasone ,  have  also been shown to  s t i m u l a t e  l y soPC and  
S P H  s y n t h e s i s  in H e L a  S3G cells  (50) and  to  enhance  
S P H  s y n t h e s i s  in 3T3-L1 f i b r o b l a s t s  (51). In  t he  p r e s e n t  
c o n t e x t ,  t he  ef fec t  of N P O  on PC a n d  S P H  l abe l ing  in 
N o v i k o f f  cel ls  r e e m p h a s i z e s  t h e  c lose  m e t a b o l i c  re la t ion-  
sh ip  be tween  t h e s e  two  chol ine  p h o s p h o l i p i d s .  

I t  is well  e s t a b l i s h e d  t h a t  l i t t l e  S P H  is p r e s e n t  in t he  
e n d o p l a s m i c  r e t i cu lum,  b u t  t h a t  S P H  occurs  a t  s u b s t a n -  
t ia l  levels  in Golg i  (12%) and  p a r t i c u l a r l y  in p l a s m a  mem- 
b r a n e  (19 %, ref. 52). Conv inc ing  ev idence  has  e m e r g e d  in 
recen t  yea r s  t h a t  S P H  syn thes i s  is localized in t he  p l a s m a  
m e m b r a n e  (11,19-22,51), and  our  d a t a  are  cons i s t en t  wi th  
th i s  o b s e r v a t i o n .  

In  s u m m a r y ,  i t  a p p e a r s  t h a t  S P H  s y n t h e s i s  f rom 
c e r a m i d e  a n d  CDPcho l ine  can  be b r o u g h t  a b o u t  in cer- 
t a i n  i n s t ances ,  p a r t i c u l a r l y  u n d e r  in v i t r o  cond i t ions .  On 
t h e  ce l lu la r  level,  however ,  S P H  s y n t h e s i s  is c l ea r ly  in- 
d e p e n d e n t  of t he  cy toso l i c  chol ine pool.  Cons ide r ing  t h a t  
t h e  s i te  of s p h i n g o m y e l i n  s y n t h e s i s  is  n e a r  t he  cell sur-  
face, use  of  a m e m b r a n e - b o u n d  p h o s p h o c h o l i n e  donor ,  
such  as  p h o s p h a t i d y l c h o l i n e ,  m a y  indeed  be  a necess i ty .  
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Rapid Analysis of Jojoba Wax Fatty Acids and Alcohols 
After Derivatization Using Grignard Reagents 
M. Pina, D. Pioch and J. Graille* 
Division Chimie des Corps Gras, Departement Oieagineux (IRHO), Centre de Cooperation Internationale en Recherche 
Agronornique pour le Developpement (CIRAD), Montpellier, France 

This method, based on the action of Grignard reagents, 
is an original approach to wax derivatization and differs 
from the methods previously described, which were essen- 
tially based on wax alcoholysis. Grignard reagents, espe- 
cially magnesium ethyl bromide, react on ester functions 
to turn the wax constituents into primary and tertiary 
alcohols, the latter being the fatty acid derivatives. The 
mixture of these alcohols is analyzed by a single gas 
chromatographic injection. The overall time, about 1.5 hr, 
makes this method suitable for routine analysis. It could 
be also considered for analyzing low carbon condensation 
organic acid esters. 
Lipids 22, 358-361 (1987). 

The development of jojoba farming (Simmondsia 
chinensis) throughout the world and the many applica- 
tions of its wax led us to seek rapid methods of analyz- 
ing its principal constituents that would be suitable for 
a large number of samples. First, we developed a method 
involving the rapid derivatization of fat ty acids and 
alcohols into ethyl esters and acetates, respectively, 
followed by a single gas chromatographic (GC) analysis 
(1). A simplified method, which is a variation of the one 
above, has recently been proposed, i.e., reduction in the 
time taken for fat ty acid ethanolysis, elimination of the 
fatty alcohol esterification step, injection of the fatty acid 
ethyl esters and free fatty alcohols mixture (2). These two 
methods avoid the major inconveniences of methods 
previously proposed by Miwa (3-6) and others (7,8), 
namely, prohibitive length of derivatization procedure 
and/or the need for two GC analyses. 

This work, which further reduces analysis time, in- 
volves an original derivatization method using the reac- 
tion of organo-magnesium compounds on ester functions, 
to turn the constituents of the wax into primary and ter- 
tiary alcohols, the latter being the fatty acid derivatives. 
The mixture containing these alcohols undergoes a single 
GC analysis, as before. 

MATERIALS AND METHODS 

Reagents. Anhydrous ethanol, benzene and diethyl ether 
were analytical grade solvents (Prolabo, Paris, France). 
The ethyl ether was dried over CaCI~, then distilled over 
sodium, stored on CaCl~ and filtered before use. The 
organo-magnesium compounds used (Aldrich Chimie, 
Strasbourg, France) are supplied in 3 M solution in ethyl 

*To whom correspondence should be addressed at Division Chimie 
des Corps Gras, D~partement Ol~agineux {IRHO), Centre de 
Cooperation Internationale en Recherche Agronomique pour le 
D~veloppement (CIRAD), Avenue du Val de Monferrand, BP 5035, 
34032 Montpellier Cedex, France. 

ether. The jojoba wax was supplied by the CEA (Mar- 
coule, France); its acidity was 0.3%. 

Thin layer chromatography (TLC). These analytical or 
preparative techniques have been described previously (1). 
In the present method, the solvent is a hexane/ethyl ether 
mixture (90:10, v/v), and the Rf of the wax is then 0.65. 

Derivatization with magnesium ethyl bromide. Each 
sample is treated in three perfectly dry 30-ml test tubes. 
Wax derivatization is carried out in tube no. 1 with a 
ground neck fitted with a CaC12 trap. 

Four drops of jojoba wax are introduced from a Pasteur 
pipette, along with 4 ml of anhydrous ethyl ether and 
1.5 ml of the 3 M ethereal magnesium ethyl bromide solu- 
tion. The mixture is placed on a vibrating stirrer for 
10 rain at room temperature; the excess reagent and the 
magnesium complexes are destroyed by adding 1 ml of 
N aqueous HCI and shaking for 1 rain; 10 ml of distilled 
water is added and stirring is continued for a further 
10 rain; the upper ethereal phase is transferred to tube 
no. 2 containing 10 ml of a 2% aqueous NaHCO3 solu- 
tion and stirred for 10 sec on a vortex; the upper ethereal 
phase is filtered over anhydrous sodium sulfate into tube 
no. 3; the ethereal phase is evaporated till dry in a stream 
of nitrogen and the ethyl ether is replaced by 4 ml of hex- 
ane; one ~1 of the hexane solution containing the tertiary 
and primary alcohols is analyzed by GC. 

Reference derivatization. This method involves two 
steps: ethanolysis of the wax (derivatization of fatty acids 
into ethyl esters) and extraction of the ethyl esters and 
free fatty alcohols. Each sample is treated in two 30-ml 
test tubes. 

Ethanolysis takes place in tube no. 1 equipped with an 
air condenser fitted with a CaC12 trap. Four drops of 
jojoba wax are introduced from a Pasteur pipette, along 
with 0.1 ml of benzene and 1 ml of 5 N ethanolic HCI solu- 
tion obtained by bubbling gaseous HC1 through anhy- 
drous ethanol; the mixture is refluxed for 25 min in an 
oil bath at 95 C. 

The derivatives are extracted as follows: the solvents 
and HCI are evaporated in a stream of nitrogen for 10 
min at room temperature; 6 ml of demineralized water and 
4 ml of hexane are added, and this is stirred on a vortex 
for 10 sec; the supernatant is transferred by syringe into 
tube no. 2 containing anhydrous sodium sulfate. One ~1 
of the hexane solution containing the mixture of fatty acid 
ethyl esters and free fatty alcohols is injected directly into 
the chromatograph. 

GC analysis of wax derivatives. The solutions contain- 
ing the wax derivatives (either ethyl esters and free fatty 
alcohols in the reference method or primary and tertiary 
fatty alcohols where derivatization uses organo-mag- 
nesium compounds) are analyzed on a Carlo Erba 4160 
chromatograph equipped with a flame ionization detector, 
connected to a Delsi Enica 10 integrator. The constituents 
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are separated on a DB Wax 30 W (J-W) fused silica 
capillary coIumn with the foIIowing characteristics: length 
30 m; internal diameter 0.317 mm; phase, Carbowax 20 
M; film thickness 0.25 ~m; injector-splitter at 250 C, 
detector at 275 C and oven 200 C except for mixture con- 
raining aromatic tertiary alcohols (220 C}; carrier gas, 
helium; flow rate, 3 ml/min; splitting ratio 1/50. 

RESULTS AND DISCUSSION 

Derivatization reaction. The reactivity of Grignard rea- 
gents with respect to ester functions and their application 
in organic synthesis has been known for a long time; how- 
ever, their use in organic analysis is very rare. Brocker- 
hoff (9) astutely used magnesium methyl bromide to 
study the stereospecific distribution of triglyceride fatty 
acids in oils. This method consists in partly breaking 
down the triglycerides into partial glycerides, with the 
fat ty acids being converted into tertiary fatty alcohols 
as shown on Scheme 1. 

According to the reaction in Scheme 1, two organo- 
magnesium molecules are required to transform one wax 
ester molecule. The reaction takes place in an anhydrous 
medium, hence particular care must be taken when dry- 
ing the solvent. The complexes formed during the first 
step, along with the excess reagent, are instantaneously 
hydrolyzed in an acidic medium during the second step. 
The primary and tertiary alcohol series obtained con- 
stitute the wax derivatives. In practice, there must be a 
large amount of excess reagent in the reaction medium 
to ensure a complete reaction and trap any traces of 
water, which destroy this reagent; we established condi- 
tions leading to a quantitative reaction. In the case of 
ethyl magnesium bromide, when starting from a jojoba 
wax sample in the range of 1 g, we noted that the recovery 
of the products after the extraction step is quantitative. 
Moreover, the analysis of the extracted compounds by 
quantitative TLC (1) shows that  the amount of products 
located in the three spots detected on the plate (residual 
wax, primary and tertiary alcohols) corresponds to the 
weight really deposited, using deposits of known amounts 
of standard (jojoba wax and pure derived alcohols). 

Choice of the organo-magnesium reagent. It should be 
noted regarding the tertiary fatty alcohols that the nature 
of R", the organo-magnesium compound radical, directly 
affects their molecular weights and, consequently, their 

chromatographic retention times. In effect, the carbon 
condensation of a derived tertiary alcohol is increased by 
twice the condensation of R', compared with that of the 
corresponding fat ty acid. Given this, particularly, the 
choice of R" must be guided by the carbon condensation, 
but also the reactivity of the organo-magnesium com- 
pound and, possibly, by its commercial price and avail- 
ability, although preparation of the reagent in the labora- 
tory is no problem. Of the reagents tested, magnesium 
ethyl bromide was chosen because it gives the best results 
(no side products, fast reaction). With n-butyl and benzyl 
magnesium bromides, the reaction times are increased too 
much; by contrast, the reaction of methyl magnesium 
bromide is very fast, but gives side products. 

Optimization of the reaction time was undertaken at 
room temperature with 1.5 equivalents of ethyl magne- 
sium bromide. The time course study of reaction shows 
that  wax conversion is complete after 10 rain (Table 1). 

GC analysis of derivatives. The GC analysis of jojoba 
wax derivatives obtained with magnesium ethyl bromide 
was carried out directly with a single injection on a com- 
mercially available fused silica capillary column (see 
Materials and Methods). 

First, the study required the preparation of the 2 series 
of fat ty alcohols by preparative TLC. The fact that the 
Rf values of the primary and tertiary alcohols are clearly 
distinct (0.10 and 0.40, respectively) makes it possible to 
apply large quantities while avoiding the reciprocal 

T A B L E  1 

Time Course Study of Derivatization Reaction for Several Grignard 
Reagents  {R"MgBr): Wt% of Residual Wax Determined 
by Quantitative TLC 

Reaction time (mini 

R" 5 10 30 60 120 

Methyl tr a 
Ethyl 5 tr a 
n-Butyl 60 20 5 1 
Benzyl 35 10 2 tr a 

R": hydrocarbon radical of Grignard reagent. 
atr: <1% residual wax. 

R" 

I 
R--C--O--MgBr 

I 
R ~ R" 

11 Et~O 2} H~O/HC1 I 
R--C--OCH2R' + 2 R"MgBr -~ + -~ R--C--OH 

II I 
O R'CH20--MgBr R" 

wax esters Grignard intermediate tertiary 
reagent complexes alcohols 

+ R'CH,OH 

primary 
alcohols 

where R = fatty acid chain, R'CH, = fatty alcohol chain and R" = hydrocarbon radical of Grignard reagent. 

S C H E M E  1 
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contamination of fractions. Hence, the separation of the 
two families, followed by GC analysis, presents no prob- 
lem whatsoever. Identification of the GC peaks obtained 
is simple; regarding the series of primary alcohols, refer- 
ence should be made to the previous work (2} in which 
the wax was derivatized to yield fatty acid ethyl esters 
and free fatty alcohols. Chromatographic analysis of the 
primary alcohols is not, therefore, modified by the choice 
of organo-magnesium compound, although this is not the 
case, of course, with tertiary alcohols. 

The chromatogram of the diethyl alkyl carbinols {ter- 
tiary alcohols} is similar to that of the ethyl esters deriva- 
tized from the same fatty acids, to within the retention 
times. Identification was completed by referring to the 
chromatograms of diethyl alkyl carbinols obtained 
through similar treatment with a mixture of known tri- 
glycerides (the standard mixture composed of coconut, 
palm, rapeseed and peanut oils contains the main fatty 
acids of jojoba wax}. In this respect, it should be noted 
that derivatization using magnesium ethyl bromide could 
constitute a new analysis method for determining the 
fatty acid composition of oils. 

A comparative study of the separate chromatograms 
for the two categories of alcohols with that obtained for 

FIG. 1. Gas chromatograms of derived jojoba wax samples (DB Wax 
30W}. 1A, reference procedure (fatty acid ethyl esters + primary 
fatty alcohols}; 1B, primary fatty alcohols; 1C, tertiary fatty alcohols; 
1D, primary and tertiary fatty alcohols. Chart: 5 mm/min from 0 
+ 1000 sec and 1 mm/min after 1000 sec. Labeled peaks: E, fatty 
acid ethyl esters; P, primary fatty alcohols; T, tertiary fatty alcohols. 

derivatized jojoba wax reveals that peak resolution is 
highly satisfactory IFig. 1}. For fatty acid derivatives, it 
should be noted that ethyl ester retention times are lower 
than those for the corresponding diethyl alkyl carhinols; 
they are delayed compared to primary alcohols, unlike in 
the reference method {Fig. 1}. In effect, the difference in 
carbon condensation between a primary alcohol and the 
corresponding tertiary alcohol is equal to 2 n, where n is 
the number of carbon atoms of the magnesium alkyl or 
aryl compound. In the case of magnesium ethyl bromide, 
the difference equal to 4 carbon atoms explains why the 
chromatographic retention of the diethyl alkyl carbinol 
is greater than that of the corresponding primary fatty 
alcohol and, all the more so, than that of the ethyl ester. 

It would have been more satisfactory to have obtained 
chromatograms in which the series of primary alcohols 
was completely eluted before that of the tertiary alcohols. 
The n-butyl and benzyl magnesium bromides were tested 
in light of this aim. The n-butyl radical, which adds 8 car- 
bon atoms, brings to 24 the carbon condensation of the 
shortest tertiary alcohol derivatized from the C16 acid. 
Therefore, 24 is the carbon condensation of the heaviest 
primary alcohol. Although the branched structure lowers 
retention time compared to a linear homologue, we were 
unable to achieve this objective. In addition, the time 
taken for analysis would have been considerably longer. 
In aliphatic series, the R" > n-butyl homologues were not 
tested because of the low reactivity of the corresponding 
bromo magnesium compounds. 

The reactivity of the magnesium benzyl bromide is com- 
parable to that of the n-butyl reagent (Table 1}, but it adds 
14 carbon atoms to the derivatized fatty acids; further, 
elution of this series of tertiary alcohols requires that the 
time taken for GC analysis be doubled, despite the high 
temperature, which is almost the limit for the stationary 
phase {oven temperature of 220 C, instead of the usual 
200 C}. In spite of the prohibitive length of the analysis 
time ~more than 2 hrt, the two groups of wax derivatives 
are still not totally separated. Consequently, derivatiza- 
tion using magnesium ethyl bromide is the quickest and 
most effective method from both a reactivity and chro- 
matographic analysis point of view. Even if analysis time 
is slightly increased compared to the reference method 
{fatty acid ethyl esters}, this method offers incomparable 
simplicity. 

Jojoba wax composition was calculated from the 
average of five derivatizations and two GC analyses for 
each derivatization {Table 2}. Derivatization of the wax 
constituents was also carried out according to the refer- 
ence method (2}. The compositions found from each of the 
methods are identical within the limits of unavoidable ex- 
perimental error. 

To conclude, the method proposed, based on the action 
of Grignard reagents, is an original approach to the 
derivatization of waxes and differs from the methods 
previously described, which were essentially based on wax 
alcoholysis. It also offers several advantages compared 
to the method we recently put forward: use of relatively 
cheap commercially available reagents, a single deriva- 
tization step and almost immediate reaction; operations 
carried out at room temperature, not even requiring a 
thermostatically controlled bath; very simple glassware 
adapted to the analysis of numerous samples. Complete 
sample analysis can be done in about 1.5 hr, enabling an 
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TABLE 2 

Composition of Primary and Tertiary Fatty Alcohols Derived from Jojoba Wax 

Reference method {2) a Derivatization by Et Mg Br b 

Acids 
16:0 1.8 1.5 
16:1 0.3 0.3 
17:0 -- 0.1 
18:0 0.I 0.I 
18:1 c 13.9 13.0 
18:2 0.4 0.5 
18:3 0.1 0.1 
20:0 0.1 0.2 
20:1 70.4 70.8 
22:0 0.2 0.2 
22:1 11.3 11.8 
24:0 0.1 0.1 
24:1 0.9 1.0 
Others 0.4 0.3 

Alcohols 
16:0 0.2 0.2 
17:1 tr d 0.1 
18:0 0.2 0.2 
18:1 1.1 1.0 
18:2 tr tr 
20:0 0.3 0.3 
20:1 51.1 51.2 
22:0 1.0 1.1 
22:1 39.1 38.5 
24:0 0.2 0.2 
24:1 6.1 6.2 
Others 0.7 1.0 

awt% of fatty acid ethyl esters and primary fatty alcohols determined by gas 
chromatography, DB wax 30 W. 
bwt% of primary fatty alcohols and tertiary alcohols derived from fatty acids. Mean of 
5 replicate runs (2 gas chromatographic analyses for each}. 
cSum of isomers n-9 and n-7. 
dtr: trace amounts <0.05%. 

organized opera tor  to t r ea t  several  samples  per day. Fur-  
thermore ,  th i s  m e t h o d  could be cons idered  for a n a l y z i n g  
low ca rbon  c o n d e n s a t i o n  organic  acid esters ,  s ince the  
choice of a su i t ab le  m a g n e s i u m  c o m p o u n d  would  make  
i t  poss ib le  to o b t a i n  a heavier  t e r t i a ry  alcohol, t hus  
avo id ing  losses; for those abso rb ing  in  UV, high p ressure  
l iquid  ch roma tog raph ic  ana lys i s  should  be easy. 
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High Performance Liquid Chromatographic Analysis 
of 1-Alkyl-2-acyl- and 1-Alkyl-3-acyl-sn-glycerolsl 
Thomas A. Fogliaa,*, P.D. Vaila and Takashi lwamab 
aEastern Regional Research Center, Philadelphia, Pennsylvania, and bNippon Oil and Fats Co., Amagasaki,  Japan 

A high performance liquid chromatographic (HPLC) 
method is described for separation and quantitation of 
1-alkyl-3-acyl- and 1-alkyl-2-acyl-sn-glycerol, products of 
the detritylation reaction of 1-alkyl-2-acyl-3-trityl-sn- 
glycerol. The alkyl glycerides were separated on a 25 cm 
X 4.6 mm ID column packed with ~5-6  ~n  silica and 
eluted isocratically with isooctane/isopropanol (98:2, v/v) 
as mobile phase. The good separation and linear refrac- 
tive index (RI) detector responses using cholesterol as 
an internal standard indicated the applicability of the 
method not only for the quantitative determination of the 
alkylglycerols but also for their semipreparative isolation. 
This HPLC method shows excellent reproducibility and 
accuracy and is applicable to other types of glycerides 
such as mono- and diacylglycerols. 
Lipids 22, 362-365 (1987). 

Common precursors for the stereospecific synthesis of 
1-alkyl- neutral and phospholipids are 1-alkyl-2-acyl-3- 
trityl-sn-glycerols in which the trityl group is used to pro- 
tect the hydroxyl group at the 3-position of glycerol (1,2). 
The next step in the synthetic sequence is removal of the 
trityl protecting group, under general acid catalysis, 
to yield 1-alkyl-2-acyl-sn-glycerols as key intermediates 
(Scheme 1). Acylation or phosphorylation of the latter 
glycerides gives the desired 1-alkyl- neutral or phospho- 
glyceride, respectively. Quite often, however, removal of 
the trityl protecting group is complicated by the concomi- 
tant migration of the 2-acyl moiety to yield the isomeric 
1-alkyl-3-acyl-sn-glycerol derivative (3-6). As a conse- 
quence of this acyl rearrangement, it is necessary to 
separate and quantify these isomeric alkyl glycerides 
prior to further modification. A number of analytical 
methods, including column chromatography (7), thin layer 
chromatography (TLC) (8,9), high performance liquid 
chromatography (HPLC) (10,11) and gas liquid chroma- 
tography (GLC) (12) have been reported for separation 
and quantitative determination of mixtures of mono-, di- 
and triacylglycerols. For the isolation of glycerides for 
subsequent chemical manipulation, however, HPLC 
methods are more advantageous than other analytical 
methods because of their nondestructive nature, greater 
range of sample capacity and ease or rapidity of opera- 

I'~O-ALKI) TrCi F--O-ALK [--O-ALK _~O-ALK 
HO-~oH 2)~ACYL'O--!--O Tr " ACYL-O---L-OH + _ HO ~ O'-ACYL 

1,2 - Isomer 1,3- Isomer 

SCHEME 1 

'Presented in part at the AOCS annual meeting, Honolulu, Hawaii, 
May 1986. 
*To whom correspondence should be addressed at the Eastern 
Regional Research Center, U.S. Department of Agriculture, 600 E. 
Mermaid Ln., Philadelphia, PA 19118. 

tion. Moreover, HPLC has the potential not only for 
isolating partial glycerides from reaction mixtures but 
also for their subsequent purification. This paper de- 
scribes the separation and quantitative determination of 
mixtures of various 1-alkyl-2-acyl- and 1-alkyl-3-acyl-sn- 
glycerols as well as their semipreparative isolation by nor- 
mal phase HPLC with isocratic elution. 

MATERIALS AND METHODS 

Materials. 1-Alkyl-2-acyl-3-trityl-sn-glycerols were syn- 
thesized in our laboratory starting with D-mannitol (99%) 
obtained from Aldrich Chemical Co. (Milwaukee, Wiscon- 
sin). Oleic acid (>99.6%) used for the synthesis of oleoyl 
chloride (12) for acylation of the secondary hydroxyl 
group of glycerol was from Nippon Oil and Fats Co. 
(Amagasaki, Japan). Acetyl chloride (98.5%) was obtained 
from J.T. Baker Chemical Co. (Philipsburg, New Jersey); 
palmitoyl chloride (98%) and benzoyl chloride (99%} were 
obtained from Aldrich. Stearoyl chloride was synthesized 
in our laboratory. Triphenylmethanol used for the syn- 
thesis of triphenylchloromethane for tritylation of the 
primary hydroxyl group of glycerol was obtained from 
Eastman Organic Chemicals (Rochester, New York). The 
detritylation catalyst, boron trifluoride etherate, was ob- 
tained from Eastman Kodak Co. (Rochester, New York) 
and distilled prior to use. Isooctane and isopropanol used 
for HPLC separations were obtained from American 
Burdick & Jackson (Muskegon, Michigan). Cholesterol 
standard (>98%) was obtained from NuChek Prep (Ely- 
sian, Minnesota). 

Analytical system. (a) Chromatograph: The solvent 
delivery system consisted of a Beckman Model l l 0A sol- 
vent delivery module equipped with a Waters Differen- 
tial Refractometer Model R401 detector (Waters Associ- 
ates, Milford, Massachusetts) and an Altex 210 injector. 
(b) Analytical HPLC column: Zorbax SIL, 4.6 mm ID X 
25 cm (~5-6 ~m, DuPont Co., Wilmington, Delaware). 
Sepralyte Diol, 4.6 mm ID • 25 cm (5 ~m, Analytichem 
International, Harbor City, California). Semipreparative 
HPLC column: Dynamax Prepacked Silica Column, 
10 mm ID • 25 cm (8 ~m, Rainin Instrument Co., 
Woburn, Massachusetts). (c) Integrator and recorder: 
Chromatopac C-R3A (Shimadzu Co., Columbia, Mary- 
land). (d) HPLC conditions: The samples were eluted 
isocratically with 98% isooctane/2% isopropanol (v/v) at 
a flow rate of 1 ml/min (analytical HPLC) or 3 ml/min 
(semipreparative HPLC). Injection volumes were 20 ~I 
(analytical HPLC) or 100 ~1 (preparative HPLC), and the 
samples were injected via loop injectors. 

Syntheses. 1,2-Isopropylidene-sn-glycerol was prepared 
from D-mannitol via the lead tetraacetate cleavage of 
1,2,5,6-diisopropylidene-D-mannitol to 1,2-isopropylidene- 
sn-glyceraldehdyde and subsequent reduction of the 
aldehyde with sodium borohydride according to the pro- 
cedure established by Eibl (14). [a]~ ~ + 14.5 ~ (0.169 mg/ml, 
CH3OH). Infrared spectrum: 3425 cm-' (OH), 1378 and 
1368 cm-' (isopropyl). 
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3-Hexadecyl-sn-glycerol was prepared from 1,2-isopro- 
pylidene-sn-glycerol by reaction with sodium hydride in 
dimethylformamide followed by alkylation with hexa- 
decylbromide, mp 64.9-67.0 C, lit. mp 65-67 C (13). In- 
frared spectrum 3405, 3326 and 3240 cm -1 (OH), 1127 cm -1 
(c-o-c). 

3-Hexadecyl-sn-glycerol was converted to its enantio- 
mer, 1-hexadecyl-sn-glycerol, according to the method of 
Chacko and Hanahan (15). Reaction of 3-hexadecyl-sn- 
glycerol with p-toluene-sulfonyl chloride yielded the 
ditosylate derivative, which underwent SN2 displacement 
with acetate anion to give 1-hexadecyl-2,3-diacetoxy-sn- 
glycerol. Alkaline hydrolysis of the diacetate gave the 
desired 1-hexadecyl-sn-glycerol, mp 64.4-66.0 C, lit. mp 
65-67 C (15). Infrared spectrum: 3405, 3333 and 3240 cm -~ 
(OH), 1130 cm -~ (C-O-C). 

1-Hexadecyl-2-oleoyl-3-trityl-sn-glycerol was synthe- 
sized by tritylation at the 3-position of 1-hexadecyl-sn- 
glycerol followed by acylation at the 2-position of the 
resultant 1-hexadecyl-3-trityl-sn-glycerol (16). Infrared 
spectrum: 3085, 3055 and 3020 cm -~ (triphenylmethyl), 
3000 cm -1 (-CH=CH-), 1733 cm-' (-C=O). Other 1-hexa- 
decyl-2-acyl-3-trityl-sn-glycerols were prepared in a simi- 
lar manner. 

Detritylation reaction. The detritylation reaction was 
carried out using a modification of Hermetter and 
Pattauf 's method (16). 1-Hexadecyl-2-oleoyl-3-trityl-sn- 
glycerol (40 i~mol), BF3-CH3OH catalyst (40 ~mol) and 
methylene chloride (2 ml) were placed into a 4-ml glass 
vial equipped with a magnetic stirrer. After the vial was 
sealed with a viton seal under nitrogen, the mixture was 
stirred for ~30-60 min at 22 C. Similar reactions were 
performed with other 1-hexadecyl-2-acyl-3-trityl-sn-glyc- 
erols having various acyl groups at the 2-position 
(Table 2). The corresponding detritylation products, 1- 
hexadecyl-2-acyl-sn-glycerol and 1-hexadecyl-3-acyl-sn- 
glycerol were isolated by semipreparative HPLC de- 
scribed above. 

Internal standard calibration. Standards containing 10 
to 40 ~mol of 1-hexadecyl-2-oleoyl-3-trityl-sn-glycerol, 
1-hexadecyl-2-oleoyl-sn-glycerol, 1-hexadecyl-3-oleoyl-sn- 
glycerol and cholesterol (internal standard) were prepared 
in 1 ml of isooctane/isopropanol (98:2, v/v). The diradyl 
glycerol solution and standard cholesterol solutions were 
mixed 1~50-200 ~l) and analyzed by analytical HPLC. 
The weight ratios (w/w) of the alkyl glycerol (W) to the 
internal standard (WS) were varied between 0.1 and 1.4. 
Similar analyses were performed for the other diradyl 
glycerols having different acyl groups at the 2-position 
(Table 2). 

RESULTS AND DISCUSSION 

1-Alkyl-2-acyl glycerols are one of the more important 
classes of intermediates for the syntheses of 1-alkyl 
phospholipids. Much effort has been given to the syn- 
thesis and characterization of this class of lipid since 
migration of the 2-acyl unit to more thermodynamically 
stable 1,3-isomer is very facile. It is well known that the 
isomerization of the 1,2-isomer to 1,3-isomer is subject 
to general acid or base catalysis (17). As a result of this 
rearrangement, rapid methods are needed for analysis and 
purification of these partial glycerides. In this study, we 

have established an excellent separation method for this 
class of alkyl glycerol by normal phase HPLC. 

HPLC and internal standard. HPLC separations of a 
test mixture consisting of (a) 1-hexadecyl-2-oleoyl-3-trityl- 
sn-glycerol, (b) triphenylmethyl alcohol, (c) 1-hexadecyl- 
3-oleoyl-sn-glycerol, (d) 1-hexadecyl-2-oleoyl-sn-glycerol 
and (e) cholesterol (IS) are shown in Figure 1. As the 
chromatograms indicate, some differences can be seen in 
the separations between the silica column and the diol col- 
umn used in this study. The difference in retention times 
between the 1,3- and 1,2-isomers found in the HPLC on 
silica was larger than on the diol column, and no peaks 
for detritylation reaction products were found after elu- 
tion of the 1,2-isomer. The data suggested the possibil- 
ity of using a silica HPLC separation for the quantitative 
analysis of detritylation reaction mixtures and for pre- 
parative HPLC. Cholesterol is a suitable internal stan- 
dard for quantitation. 

Figure 2 shows the effect of solvent strength on the 
separation of a test mixture. As the results indicate, a 
better resolution of the five components in the test mix- 
ture was obtained with an increase in the amount of isooc- 
tane in the solvent system. However, it should be noted 
that the decreased solubility of triphenylmethanol with 
this mobile phase composition caused deterioration of the 
HPLC column and interfered with the HPLC analysis. 
The efficiency of the column was restored after washing 
it with 90:10 isooctanelisopropanol. Accordingly, it seems 
that a solvent system of isooctane/isopropanol of 98:2 
composition is the preferred solvent system. 

Figure 3 gives the RI detector responses of (a) 1-hexa- 
decyl-2-oleoyl-sn-glycerol, (b) 1-hexadecyl-3-oleoyl-sn-glyc- 
erol and (c) 1-hexadecyl-2-oleoyl-3-trityl-sn-glycerol. The 

I I I I I I I | I I I I I I I 

0 2 4 6 8 I0 12 14 16 0 2 4 6 8 10 12 14 
MIN MIN 

FIG. 1. HPLC chromatograms of a test mixture. Panel A, silica 
column; panel B, diol column. Compounds separated: D 1-hexadecyl- 
2~)leyl-3-trityl-sn-glycerol, 2) triphenylmethanol, 3) 1-hexadecyl-3- 
oleoyl-sn-glycerol, 4) 1-hexadecyl-2-oleoyl-sn-glycerol and 5) cho- 
lesterol. 
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data are plotted as weight ratio of the alkylglycerol to 
the internal standard (W/W,s) along the ordinate and 
HPLC area ratios (A/A,s) along the abscissa. In the case 
of the RI detector, good linear relation and sensitivity 
were obtained in the weight ratio range of 0 to 1.2 
(alkylglycerol/standard). Detector response factors were 
calculated from the slope of each line, and the standard 
deviations obtained for the four different test mixtures 
(Table 1) (A, 1.7%; B, 1.3%; C, 1.4%, respectively) indicate 
that  the method has good reproducibility and accuracy 
for the quantitative analysis of alkylglycerols. 

In the quantitative analysis of the detritylation reac- 
tion, the mole fraction of each material was calculated 
from the following equation, where each weight ratio was 
obtained from each HPLC area ratio using the response 
factors given in Figure 3. 

2 
I 2.345 

I I L 
6 8 I0 
MIN 

t | I I I 

0 2 4 12 14 0 2 4 6 8 I0 12 
MIN 

FIG. 2. Effect of solvent on the separation of a test mixture. A) Isc, 
octane/isopropanol, 98:2 (v/v); B) isooctane/isopropanol, 95:5 (v/v). 
1) 1-Hexadecyl-2-oleoyl-3-trityl-sn-glycerol, 2) triphenylmethanol, 
3) 1-hexadecyl-3-oleoyl-sn-glycerol, (4) 1-hexadecyl-2~)leoyl-sn-glycerol 
and 5) cholesterol. 

TABLE 1 

Quantitative Analyses of Alkylacylglycerols 

F A 

WA/WIS 
MA 

WA/WIS WB/WIS WC/WIS + - -  + 
MA MB MC 

where F is the mole fraction of the alkylglycerol in the 
reaction mixture. WA/WIS, WB/WIS and WC/WIS are 
the weight ratios of materials A, B and C, respectively. 
MA, MB and MC are the molecular weights of materials 
A, B and C, respectively. 

Retention time of alkylglycerols. The retention times 
obtained using the conditions given in Materials and 
Methods for 1-hexadecyl-2-acyl-3-trityl-, 1-hexadecyl-3- 
and 1-hexadecyl-2-acyl-sn-glycerols containing various 
fatty acyl chains are given in Table 2. As the data show, 
the retention times of the alkylglycerols increased with 
a decrease of the carbon chain length of the fatty acyl 
residue due to an increase of its polarity. Separation of 
mixtures of various molecular species for each lipid class 

1.2 
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~ 0.6 

,'n, 0.4 

0 I 1 [ I 
0 I.~ 14 

0.2 

A B C ///  
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HPLC PEAK AREA RATIO AIAZS) 

FIG. 3. Internal standard calibrations for A) 1-hexadecyl-2-oleoyl- 
sn-glycerol, B) 1-hexadecyl-3-oleoyl-sn-glycerol and C) 1-hexadecyl- 
2-oleoyi-3-trityl-sn-gly cerol. 

A: 1,2-(MF)a B: 1,3-(MF} 
Standard  
mixture Found b Actual  c Ratio Found Actual  Ratio 

C: 1,2,3-(MF) 

Found Actual  Ratio 

Sample A 0.394 0.387 1.018 0.378 0.381 0.992 
Sample B 0.445 0.438 1.016 0.428 0.430 0.995 
Sample C 0.483 0.479 1.008 0.232 0.235 0.987 
Sample D 0.234 0.240 0.975 0.482 0.472 1.021 

Mean +_ S.D. 
• 0.014 1.004 • 0.017 0.999 • 0.013 

0.229 0.232 0.987 
0.126 0.131 0.962 
0.286 0.286 1.000 
0.285 0.288 0.990 

0.985 

aMF, mole fraction. Average of three observations.  A, 1-Hexadecyl-2-oleoyl-sn-glycerol; 
1-hexadecyl-2-oleoyl-3-trityl-sn-glycerol. 
bMole fraction determined by semipreparat ive HPLC isolation. 
CMole fraction determined by analytical HPLC using response factors given in Fig. 3. 

B, 1-hexadecyl-3-oleoyl-sn-glycerol; C, 

LIPIDS, Vol. 22, No. 5 (1987) 



METHODS 

365 

TABLE 2 

HPLC Retention Times of Glycerides Containing Various Fatty Acids 

Retention time (min) a 
Fatty acid 
at 2-position 1,2,3 b 1,3 c 1,2 d 

Acetic 3.94 18.04 27.84 
Benzoic 3.58 9.38 14.22 
Palmitic 3.19 6.85 10.92 
Stearic 3.16 6.50 10.16 
Oleic 3.17 6.56 10,21 
Oleic e 3.37 9.08 13.28 

aAverage of three observations--analytical HPLC silica column: 98:2 (v/v) isooctane/ 
isopropanol, flow rate of 1 ml/min. 
b 1-Hexadecyl-2-acyl-3-trityl-sn-glycerol. 
Cl-Hexadecyl-3-acyl-sn-glycerol. 
d 1-Hexadecyl-2-acyl-sn-glycerol. 
el,2,3-, triolein; 1,3- and 1,2-, diolein. 
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FIG. 4. HPLC chromatograms of detritylation reaction product. 
A} Analytical HPLC silica column--98.2 (v/v} isooctane/isopropanol, 
flow of 1,0 mlJmin; B) semipreparative HPLC silica column--98:2 
Iv/v) isooctane]isopropanol, flow of 3 ml/min. 1) 1-Hexadecyl-2~leoyl- 
3-trityl-sn-glycerol, 2) methyl triphenylmethyl ether, 3) tripheny|- 
menthanol, 4} 1-hexadecyl-3-oleoyl-sn-glyceroi and 5} 1-hexadecyl-2- 
oleoyl-sn-glycerol. 

was not  always possible with the H P L C  conditions used. 
However,  a complete  separat ion of individual isomeric 
lipid species, 1,2,3-, 1,3- and 1,2-glycerols, was obtained 
under  the conditions. The separat ion among  these three 
derivat ives increased with a decrease in the carbon chain 
of f a t t y  acid acyl residue, with the larges t  separa t ions  
obtained with the acetyl  derivatives.  The last  en t ry  in 
Table 2 shows tha t  the method is also applicable to the 
separat ion of mono-, di- and triacylglycerols,  giving the 
same order of elution as observed with the alkylacylglyc- 
erols. However,  subs t i tu t ion  of an acyl residue for alkyl 
increases retention t imes for all three acyl glycerides. This 
indicates the decreased polar i ty  of an alkoxy group com- 
pared  to an acyloxy subst i tuent .  

Prepara t i ve  H P L C  application.  To obtain information 
o n  the utility of preparative column HPLC for the isola- 

tion of the 1,2- and 1,3-alkylacyl isomers, both  the 
analytical and preparat ive HPLC columns were compared 
a t  different sample loadings (Fig. 4). The sample used for 
these ch roma tog rams  was obtained by  the detr i ty la t ion 
reaction of 1-hexadecyl-2-oleoyl-3-trityl-sn-glycerol at  a 
reaction t empera tu re  of 22 C, in methylene chloride sol- 
vent ,  BF3-CH3OH to glyceride molar  rat io  of 1:1 and a 
reaction t ime of 5 min. As the da ta  show, a comparable  
separat ion and sensi t ivi ty  was obtained on the semi- 
prepara t ive  silica column as with the analytical  silica 
column. This resul t  sugges ted  the fur ther  possibil i ty of 
using H P L C  for the semipreparat ive  isolation and purifi- 
cation of the isomeric 1-alkyl-2-acyl and 1-alkyl-3-acyl-sn- 
glycerols listed in Table 2. 

A t  the present  s tage  of the study,  only the semipre- 
para t ive  column was used for this purpose. In the future, 
we are planning to use prepara t ive  columns with larger 
ID for isolation of larger amoun t s  of synthe t ic  mixed 
alkylacylglycerol isomers. 
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Quantitation of Baboon Lipoproteins by High Performance 
Gel Exclusion Chromatography 
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High performance liquid chromatography with gel exclu- 
sion co lumns  was  used for quanti tat ive  measurement  of 
plasma lipoproteins. A combination of columns TKS 4000 
P W  and 3000 PW gave good separation of very low 
(VLDL), low {LDL) and high {HDL) densi ty  lipoproteins. 
The area under each lipoprotein peak detected by absorb- 
ance at 280 nm was  measured by digitizing and was  ex- 
pressed as cm ~. Purified l ipoprotein standards isolated 
by ultracentrifugation were also chromatographed in in- 
creasing concentrations.  The area under the l ipoprotein 
standard peak was  linearly related to the amount  of total  
protein over a wide range. The areas of m o s t  of  the mea- 
sured p lasma l ipoproteins were within the linear range. 
The relationship between the area and the amount  of pro- 
tein for each standard was  used to quantitate the amount  
of protein and was  expressed as mg/dl plasma. This tech- 
nique is s imple and requires a small  amount  of plasma.  
The val idated technique was  applied to a large popula- 
t ion of pedigreed baboons.  An  average p lasma lipopro- 
tein profile of  feral baboons  on the chow diet was  char- 
acterized by a high level of  H D L  (90.9 _ 30.7 mg/dl) with  
a lesser amount  of LDL (29.1 + 13.2 mg/dl). VLDL was  
present in much lower concentrat ion {8.6 -- 2.6 mg/dl). 
Feeding a high cholesterol and high saturated fat (HCHF) 
diet raised both LDL (1.5-fold) and H D L  levels  (1.3-fold) 
without  changing VLDL levels. Progeny of sires with low 
response  to dietary cholesterol  increased their H D L  pro- 
tein when challenged with H C H F  diet wi thout  any 
change in their LDL or VLDL.  Progeny  of high-respond- 
ing sires, however,  had increases in both their H D L  and 
LDL levels when challenged with H C H F  diet. The survey 
of l ipoprotein profiles of  the pedigreed baboon colony 
disclosed a number of animals  with interest ing and 
unusual  l ipoprotein patterns.  
Lipids 22, 366-374 (1987). 

Plasma concentrat ions of l ipoproteins are affected by 
both  genetic and environmental  factors. Because p lasma 
lipoproteins are involved in the pathogenesis  of athero- 
sclerosis, m a n y  efforts have been devoted to determin- 
ing the factors  tha t  control their concentrat ion and com- 
position, bo th  in humans  and in animal models. Non- 
human  pr imates  have been widely used because of their 
close phylogenetic relationship to man. We have used the 
baboon (Papio sp.) because its lipid and lipoprotein 
metabol i sm is similar in m a n y  ways  to  t ha t  of humans,  
and because it exhibits  a wide var ie ty  of p lasma lipopro- 
tein profiles (phenotypes) tha t  are presumed to be of 
genetic origin. Since 1973, we have developed, by  selec- 
t ive breeding and posi t ive assor ta t ive  mating,  families 
of baboons with dist inctive l ipoprotein phenotypes .  
Genetic analyses have shown tha t  some phenotypes  are 

*To whom correspondence should be addressed at the Southwest 
Foundation for Biomedical Research, P.O. Box 28147, San Antonio, 
TX 78284. 

heri table (1) and are due to the effects of major  genes (2). 
Most  of these phenotypes  are modula ted by  diet as well 
as by breeding. 

The sys temat ic  s tudy  of bo th  genetic and dietary ef- 
fects on these lipoprotein phenotypes  required a rapid 
quant i ta t ive  method to measure concentrat ions of major  
lipoprotein classes in plasma. We used high performance 
gel exclusion liquid ch romatography  (HPLC), which has 
been shown to separa te  l ipoproteins (3-5). A previous 
report  described the quali tat ive validation of the method 
(6). This repor t  describes quant i ta t ive  val idat ion of the 
method and its application to the measurement  of lipopro- 
teins in several  families of pedigreed baboons  with nor- 
mal  and abnormal  l ipoprotein phenotypes.  

METHODS 

Subjects. About  500 pedigreed baboons,  the result  of 10 
years  of selective breeding, were available for the survey 
of p lasma lipoprotein phenotypes .  For this analysis  of 
results  obtained by HPLC,  we selected 96 feral animals 
and 97 progeny of 21 sires and 86 dams.  Sires were 
selected on the basis  of the response of their p lasma 
cholesterol concentrat ions to an atherogenic diet rich in 
cholesterol and sa tu ra ted  fat. One group of sires (n -- 7) 
had low responses,  and a second group (n -- 8) had high 
responses to the challenge diet. The third group (n = 6), 
called the control group, was selected randomly. The feral 
animals  ranged f rom nine to 20 years  in age at  the t ime 
of sampling. Progeny were between three and five years  
old at  the t ime of analysis.  Blood was drawn while 
animals were consuming monkey  chow, and again after  
consuming a diet enriched in cholesterol and sa tu ra ted  
fa t  for seven weeks. The composi t ions of these diets are 
given in Table 1. 

Isolation of plasma lipoproteins for HPLC. Animals 
fas ted for 16 to 20 hr were immobilized with ketamine 
(10 mg/kg) and bled to obtain 3 ml of blood in tubes  con- 
ta ining E D T A  (1 mg/ml). The p lasma was obtained by  

TABLE 1 

Compositions of Chow and High-Cholesterol, High-Fat (HCHF) Diets 

Nutrients Chow diet HCHF diet a 

Carbohydrates (% cal) 62 40 
Protein (% cal) 28 20 
Fat {% cal) 10 40 
Energy {kcal per 100 g diet) 329 377 
Cholesterol (mg/kcal) 0.03 1.7 

aHCHF diet was prepared by mixing 81.4% {dry weight basis) of 
Purina monkey meal 5-5045-6 (a special mix with no added fat, 
dehydrated alfalfa, sodium chloride, ascorbic acid or retinyl acetatet 
with lard (16.5%), sodium chloride {1.1%), retinyl acetate {0.005%), 
ascorbic acetate {0.2%) and cholesterol (0.74%). 
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centrifuging the blood in a low-speed centrifuge (TJ6B, 
Beckman Co., Palo Alto, California) at 3000 rpm (1900 • 
g) for 30 min at 6 C. Plasma (1.0 ml) was adjusted to a 
density of 1.21 g/ml by adding solid potassium bromide 
and was ultracentrifuged (Beckman L5-50 and L3-50) in 
a 50 Ti rotor at a speed of 45,000 rpm for 24 hr at 6 C. 
After ultracentrifugation, lipoproteins were harvested by 
pipetting the upper 3.0 ml. These lipoproteins were used 
for the characterization and quantitation of lipoprotein 
profiles by HPLC. 

Separation of lipoproteins by HPLC. Plasma lipopro- 
teins were separated by HPLC by using gel exclusion col- 
umns as reported previously (6). A Waters HPLC Model 
204 with 6000A pump and UV detector (Model 440) 
(Waters Assoc., Milford, Massachusetts) was used. The 
lipoprotein peaks were detected by monitoring absorb- 
ance at 280 nm with a Perkin-Elmer Sigma 15 recorder- 
integrator (Perkin-Elmer Corp., Norwalk, Connecticut). 
Separation in Tris acetate buffer, 0.2 M, pH 7.0, was 
achieved by a combination of gel permeation columns, a 
guard column TSK GP WPC (100 X 7.5 mm), a TSK 4000 
PW (600 • 7.5 mm) and a TSK 3000 PW (600 • 7.5 mm, 
Kratos, Westwood, New Jersey). A flow rate of 0.2 ml/min 
was used with a recorder speed of 0.1 cm/min. Each sam- 
ple was injected in a volume of 300 ~1 (equal to 100 t~l of 
plasma) by a Waters WISP maintained at 5 C in a 
refrigerated chromatography chamber (Powers, Hatboro, 
Pennsylvania). When fractions were collected, a Foxy 
fraction collector (ISCO, Lincoln, Nebraska) maintained 
at 5 C in a chromatography chamber was used. 

Separation of lipoproteins by density gradient ultracen- 
trifugation. Lipoproteins were separated by density gra- 
dient ultracentrifugation using a modified method of 
Redgrave et al. (7). Plasma samples (2.0 ml) were pipetted 
into polyallomer centrifuge tubes, and plasma was ad- 
justed to d 1.30 g/ml by adding solid potassium bromide 
(0.430 g/ml). A discontinuous gradient was formed by 
layering 1.5 ml of d 1.21 g/ml KBr solution, followed by 
1.5 ml of d 1.125 g/ml, 1.5 ml of d 1.070 g/re_l, 2.0 ml of 
d 1.063 g/ml and 1.5 ml of d 1.019 g/ml KBr solutions. 
Finally, the contents were layered with 1.2 ml of saline 
solution (d 1.006 g/ml). The salt solutions were layered 
using a 22-gauge hypodermic needle attached to a syringe 
with the piston removed as described by Redgrave et al. 
(7). The samples were centrifuged for 24 hr at 39,000 rpm 
using an SW 41 Ti rotor at 6 C in a Beckman ultracen- 
trifuge model L8-70 (Beckman). 

After centrifugation, the tube was placed on a gradient 
tube fractionator (FS 101, Hoefer Scientific Instruments, 
San Francisco, California) and punctured in the side close 
to the bottom. Fluorinert FC-40 (Sigma Chemical Co., St. 
Louis, Missouri) was then pumped and the sample placed 
through an optical density monitor attached to a recorder 
(ISCO) using a peristaltic pump (Gibson Medical Elec- 
tronics, Middleton, Michigan) and 0.4-ml fractions were 
collected. The fractions corresponding to different lipopro- 
tein peaks, as monitored by absorbance, were pooled. 

Isolation and chromatography of lipoprotein standards. 
Lipoprotein standards for identification and quantifica- 
tion of lipoprotein peaks separated by HPLC were 
separated by sequential ultracentrifugation as described 
previously (6). Very low density lipoproteins (VLDL), 
LDL and high density lipoprotein (HDL) were isolated 
at d 1.006 g/ml, d 1.019-1.063 g/ml and d 1.063-1.21 g/ml, 

respectively. An abnormal lipoprotein between LDL and 
HDL (HDL,) was isolated from an animal positive for this 
lipoprotein at d 1.045-1.070 g/ml. Lipoproteins were 
floated at least two times at their respective densities by 
ultracentrifugation. The pure lipoprotein fractions used 
as standards gave single bands corresponding to their 
characteristic electrophoretic mobility on 1% agarose gel 
electrophoresis t8). Likewise, on HPLC, a single peak was 
obtained (6}. The protein concentrations of lipoprotein 
standards were measured by the method of Lowry et al. 
(9}. We then chromatographed standards by HPLC in 
varying concentrations and kept the conditions for HPLC 
similar to those used for plasma lipoprotein separation. 

Quantitation of cholesterol in lipoproteins separated by 
density gradient ultracentrifugation and HPLC. To com- 
pare the recovery of cholesterol in lipoproteins separated 
by density gradient ultracentrifugation and HPLC, blood 
was obtained from seven animals (four on chow and three 
on HCHF diet) after an overnight fast. Plasma lipopro- 
teins were fractionated by density gradient ultracentri- 
fugation and HPLC as described earlier. Lipoproteins 
separated by both methods were assayed for cholesterol 
by an enzymatic method at a sensitivity of 1 ~g choles- 
terol with a precision of +_ 4% using a cholesterol measure- 
ment kit (Sigma). 

Quantitation of lipoprotein profiles. Lipoprotein profiles 
obtained after HPLC separation were digitized, and the 
area under each peak was expressed as cm 2. Initially the 
areas were measured by using a sonic digitizer (Science 
Accessories, Southport, Connecticut) attached to a mini- 
computer (Zobex, San Diego, California) with a video 
display unit (ADMS 3A+ Dumb terminal, Lear Siegler, 
Anaheim, California). The program was designed locally 
and integrated the area under the curve between any two 
arbitrary points plotted by digitizer. Later, the areas were 
measured by using the digital Paintbrush system (The 
Computer Colorworks, Sausalito, California) attached to 
an IBM PC computer (IBM, Boca Raton, Florida). 

Standard lipoproteins separated by HPLC were digi- 
tized in a similar way, and the area under the peak was 
expressed as cm ~. This value of the peak was plotted 
against the Lowry protein values to determine the linear 
range of proteins in various lipoproteins. The relationship 
between the area and the amount of protein in each stan- 
dard curve was used to quantitate the lipoprotein in cor- 
responding peaks of the animal's lipoprotein profile 
separated by HPLC. 

Statistical analysis. The data for densitometric areas 
and protein concentrations for each lipoprotein standard 
gave a straight line when fitted by the criterion of least 
squares. The correlation coefficients for these regression 
lines were highly significant (P < 0.01). These equations 
for straight lines were then used to calculate the lipopro- 
tein concentrations in the plasma by using the densito- 
metric areas. The data for lipoprotein cholesterol or pro- 
tein measured by two methods were compared by using 
two-way analysis of variance (ANOVA) considering the 
two methods as two blocks and repeated measurements 
or animals as treatments. Similarly, the lipoprotein data 
for the chow and HCHF diet within each group were com- 
pared using two-way ANOVA considering lipoprotein 
protein concentration as two blocks and animals as treat- 
ments. Lipoprotein protein concentrations for groups 
were compared by one way ANOVA. After detection of 
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significant differences by ANOVA, individual means were 
compared using Duncan 's  New Multiple Range Test to 
see which pairs of means were different. The recovery of 
cholesterol in lipoproteins by two methods was compared 
using one-way ANOVA. 

RESULTS 

Identification of lipoproteins separated by HPLC. The 
lipoprotein peaks separated by HPLC were identified by 
comparing their retention times with those of purified 
lipoprotein s tandards and apoprotein composition as 
described previously (6). The lipoprotein pat terns  sepa- 
rated by HPLC and the cholesterol distribution among 
the fractions separated resembled those of density gra- 
dient ultracentrifugation (Fig. 1). As described previously 
(6), the first peak, which eluted at 82-90 min, corre- 
sponded to VLDL. I t  was followed by LDL with a reten- 
tion time of 95-109 min and HDL with a retention time 
of 115-130 min. Albumin was eluted at 140 min; however, 
it was not present in any detectable amounts  in these 
samples. In some cases a peak corresponding to in- 
termediate density lipoproteins (IDL) was eluted at 91-93 
min. Usually there was no detectable material between 
LDL and H D L  peaks. However, if there was a peak or 
a shoulder to an HDL peak between 100-115 min, the 
area was digitized and expressed as HDL,. In cases where 
the LDL peak was not symmetrical  and had a shoulder 
peak between 90-95 rain, the area was digitized as Lp(a). 

The recovery of cholesterol in VLDL + LDL by HPLC 
method was 42 _ 13% as compared to 37 +- 14% by den- 
sity gradient ul tracentrifugation (Table 2). The recovery 
of VLDL + LDL cholesterol was significantly higher by 
HPLC than by density gradient ultracentrifugation. The 
total recovery of cholesterol (91 _ 8% by HPLC vs 90 _ 

8% by density gradient ultracentrifugation) or the re- 
covery of cholesterol in HDL (49 +_ 10% by HPLC vs 
53 _ 9% by density gradient ultracentrifugation) were 
not significantly different by the two methods. It  is possi- 
ble tha t  the larger volume collected by density gradient 
ultracentrifugation for the VLDL + LDL fraction may 
have decreased the sensitivity of the cholesterol, resulting 
in lower recovery. The apoproteins separated by 3.5% and 
10% polyacrylamide sodium dodecyl sulfate gels (10) from 
these peaks, as described previously (6), were character- 
istic of these lipoproteins. 

Quantitation of plasma lipoprotein profiles. Most 
plasma lipoproteins were separated by HPLC into three 
peaks corresponding to VLDL, LDL and HDL as in the 
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FIG. 1. Distribution of cholesterol (------) and protein ( ) in 
lipoproteins separated by density gradient ultracentrifugation (A) 
and by high performance liquid chromatography using a combina- 
tion of PW4000 and PW3000 columns (B). Lipoproteins were iden- 
tified by using standards, density, and apolipoprotein composition. 
Peaks are labeled 1, very low density lipoproteins; 2, low density 
lipoproteins; 3, high density lipoproteins. Cholesterol in fractions 
was measured by the enzymatic method (AS00 nm), and proteins were 
monitored at A280 nm. 

TABLE 2 

Recovery of Cholesterol in Lipoproteins Separated by Density Gradient Ultracentrifugation 
and High Performance Liquid Chromatography (HPLC) 

Percent recovery in fractions 

Separated by density gradient Separated 
Plasma ultracentrifugation by HPLC 

cholesterol 
Animal a (mg/dl) VLDL + LDLb, c HDL d Total d VLDL + LDL b HDL d Totald 

1 73 30 59 89 33 51 84 
2 96 30 61 91 41 45 86 
3 57 23 54 77 28 58 86 
4 78 22 64 86 30 56 86 
5 189 58 45 103 62 33 95 
6 214 52 43 95 54 42 95 
7 199 43 46 89 46 60 106 

Mean 129 37 53 90 42 49 91 
+_S.D. +-68 +-14 +_9 +8 +-13 +_10 +-8 

VLDL, very low density lipoproteins; LDL, low density lipoproteins; HDL, high density lipoproteins. 
aAnimals 1-4 fed the chow diet and 5-7 were fed a high-cholesterol, high-saturated fat diet. 
bRecoveries of cholesterol in fractions represent percent of plasma cholesterol. 
CRecovery of cholesterol in VLDL + LDL separated by I-IPLC was significantly higher (P < 0.01) than that by density gradient 
ultracentrifugation. 
dRecoveries of cholesterol were not significantly different by the two methods. 
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case of densi ty  gradient  u l t racentr i fugat ion (Fig. 1}. An 
albumin peak was somet imes  seen af ter  the H D L  peak. 
As shown in Figure 2, the areas under the l ipoprotein 
peaks  were linearly related to the amount  of to ta l  pro- 
tein in l ipoprotein s tandards  over  a wide range. Areas  of 
mos t  of the lipoprotein peaks  in l ipoprotein profiles were 
within the linear range  for each lipoprotein. The relation- 
ship between the area and the amount  of protein in each 
s tandard  was used to quant i t a te  the amount  of protein 
and expressed as mg/dl plasma.  

The protein values measured  by  this method in LDL 
and H D L  were compared  to those measured  by  the 
method of Lowry et al. (9). P lasma  samples  f rom four 
animals  fed a chow diet and four animals  fed the H C H F  
diet were separa ted  by  H P L C  and the fract ions corre- 
sponding to L D L  and H D L  were pooled. The protein 

711 430 

E 

g o -.= 
o o g ,b o ~D 22 

g c o 

0 3 5  7 0 14~5 2'9 

Area (cm 2) 

FIG. 2. Relationship between protein concentration and area for 
lipoprotein standards: A, very low density lipoprotein (VLDL); 
B, low density lipoprotein ILDL); C, HDL, (the unusual lipoprotein 
separated between LDL and high density lipoprotein [HDL]); and 
D, HDL. Lines for the standards were drawn by fitting the data by 
the method of least squares. Correlation coefficients for regression 
lines for VLDL, LDL, HDL1 and HDL were 0.984 (P < 0.01), 0.968 
(P < 0.01}, 0.990 (P < 0.01) and 0.996 (P < 0.01}, respectively. 

contents  were measured  by  the Lowry method (9) and 
compared  with those measured by  digitizing. As shown 
in Table 3, the protein values measured by  the two 
methods  were similar. 

Lipoprotein profiles of feral baboons. The concentra- 
tions of protein in p lasma lipoproteins of 96 feral baboons 
is shown in Table 4. An average  p l a sma  lipoprotein pro- 
tein profile of baboons on the chow diet is characterized 
by  a high concentrat ion of H D L  protein {90.9 _ 30.7 mg! 
dl) with a lesser amount  of LDL protein {29.1 +__ 13.2 mg! 
dl) {Table 4). VLDL protein was present  in much lower 
concentrat ions (8.6 +_ 2.6 mg/dl). Smaller concentrat ions 
of IDL occasionally seen were not quanti tated.  These col- 
umns  did not resolve HDL2 and HDL3 completely; how- 
ever, as repor ted earlier {6), the major  peak of H D L  cor- 
responded to HDL2. Feeding the H C H F  diet increased 
bo th  LDL protein {43.1 ___ 21.4 mg/dl) and H D L  protein 
{112.4 ___ 34.7 mg/dl) significantly {Table 4). There was no 
increase in VLDL protein. The distr ibution of LDL and 
H D L  protein levels in the p lasma  of the 96 feral baboons 
consuming chow and also consuming the H C H F  diet is 
given in Figure 3. The LDL protein values varied f rom 
9.2 to 80.1 mg/di on the chow diet and 11.8 to 121.8 mg/dl 
on the H C H F  diet (Fig. 3). The values for p la sma  H D L  
protein varied from 28.8 to 161.92 mg/dl on the chow diet 
and 29,7 to 194.5 mg/dl on the H C H F  diet {Fig. 3). 

Plasma lipoprotein profiles of progeny from selected 
sires. Ninety-seven progeny from three different sire 
groups were divided on the basis  of the responses  of the 
sires'  serum cholesterol concentra ton to an H C H F  diet. 
The first  group of sires had a low response to the H C H F  
diet (low responders). The second group of sires had a high 
response to the H C H F  (high responders). The third group 
was a randomly selected group of control sires. Progeny 
from the control sire group had lipoprotein profiles similar 
to those in the feral group {Table 4). Progeny of low 
responders had low levels of H D L  on the chow diet {Table 
4); however, these values were not  significantly different 
f rom other groups. There was an increase in their p lasma 
H D L  protein upon feeding the H C H F  diet {78.4 +_ 16.9 
mg/di on chow vs  114.3 +_ 31.9 mg/dl on the H C H F  diet}. 

TABLE 3 

Comparison of Plasma Lipoprotein Values, Measured by High Performance Liquid 
Chromatography (HPLC) and Lowry Method, on Chow and High-Cholesterol, 
High Fat (HCHF) Diets 

LDL (mg/dl plasma) HDL (mg/dl plasma) 

Diet Animals H PLC a Lowry H PLC b Lowry 

Chow 

HCHF 

Mean 

Mean 

1 21 27 117 108 
2 17 20 112 110 
3 31 33 106 121 
4 19 23 135 152 
• S.D. 22.0 • 6.2 25.8 • 5.6 117.5 • 12.5 122.8 • 20.3 

1 51 46 199 199 
2 23 23 190 198 
3 37 39 140 130 
4 46 53 186 191 
• S.D. 39.3 • 12.3 40.3 • 12.8 178.8 • 26.4 179.5 • 33.1 

LDL, low density lipoproteins; HDL, high density lipoproteins. 
aValues for LDL by HPLC and Lowry are not significantly different (P > 0.05). 
bValues for HDL by HPLC and Lowry are not significantly different {P > 0.05). 
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TABLE 4 

Lipoprotein Protein Values of Baboons on Chow and High-Cholesterol, High-Fat (HCHFI Diet a 

Chow diet HCHF diet 

Group (n} VLDL LDL HDL VLDL LDL HDL 

1. Feral (96) 8.6 +_ 2.6 b 29.1 __ 13.2 90.9 +_ 30.7 8.7 • 6.2 43.1 +- 21.4 e 112.4 +_ 34.7 e 
2. Progeny of low-responding 

sires (22} 7.9 +_ 1.5 29.6 _ 9.0 78.4 -• 16.9 7.5 • 1.0 31.5 +- 15.2g 114.3 • 31.9 e 
3. Progeny of high-responding 

sires (55) 7.7 +_ 1.5 30.3 - 9.9 99.3 +- 31.6 8.3 +_ 2.8 57.0 • 28.3 e 127.6 • 39.5 e 
4. Progeny of control 

sires (21) 8.1 _+ 0.8 36.0 - 15.4 90.1 • 26.3 7.6 • 1.2 44.4 _ 18.7 e 128.7 • 35.2 e 
5. Animals with high 5.2 +_ 3.9 30.5 • 13.4 96.3 - 27.9 6.8 _ 3.4 61.4 • 32.3 e 113.3 • 37.3 

HDL1 (18) (6.8 - 3.4} d (44.1 • 12.2) d,e 
6. Animals with 6.1 +_ 2.5 31.1 +- 7.9 77.4 +_ 26.8 5.4 +_ 3.7 48.3 +_ 27.7 e 127.9 • 48.1 e 

Lp(a) (17) (4.8 +- 2.4) c (5.2 _ 2.5) c 
7. Animals with high 

VLDL (15) 8.2 • 1.5 33.4 +- 12.2 88.4 +- 18.9 17.1 __ ll.5e, f 48.7 _ 24.5 e 102.3 • 40.3 e 

VLDL, very low density lipoproteins; LDL, low density lipoproteins; HDL, high density lipoproteins. 
aLipoproteins were measured after separation by HPLC. 
bValues have been expressed as mg/dl plasma, mean • S.D. 
CValues in parentheses are for Lp(a). 
dValues in parentheses are for Hs 
eValues for lipoproteins are significantly greater (P < 0.05} than in those on the chow diet within the same group. 
fValues for lipoproteins are significantly greater IP < 0.05} than those for other groups on the same diet. 
gValues for LDL on HCHF diet in group 2 are significantly different from those of groups 3, 5, 6 and 7 on the same diet. LDL values 
on HCHF diet for groups 1 and 4 are significantly different from those of group 5 on the same diet. 
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FIG. 3. The distribution of low density lipoprotein (LDL} protein 
{A) and high density lipoprotein (HDL} protein {B} levels in the 
plasma of feral baboons in -- 96) on the chow ( I and the high 
cholesterol high saturated fat  diet ( - - - - - - ) .  

However,  there was very  l i t t le change  in their  LDL levels 
{29.6 +__ 9.0 mg/dl  on chow vs  31.5 +_ 15.2 mg/dl  on H C H F  
diet). On the  o ther  hand,  p r oge ny  of high responders  
had  s ign i f i can t  increases  in bo th  LD L and  H D L  levels 
{Table 4). 

The d i s t r ibu t ions  of LDL prote in  in p rogeny  of low and  
high r e sponder s  were s imi lar  when  they  were c o n s u m i n g  
the  chow diet  {Fig. 4). However ,  upon  feeding the  H C H F  
diet,  LDL d i s t r i b u t i o n  c ha nge d  cons iderably .  The high 
r e s p o n d i n g  g roup  had a wider  d i s t r i b u t i o n  of LDL pro- 
t e in  (Fig. 4). H D L  pro te in  in  these  an ima l s  was  also dis- 
t r i bu ted  over a wide range  on bo th  chow and  H C H F  diets  
{Fig. 5). LDL prote in  values for the high-responding group 
were s ign i f i can t ly  higher  t h a n  for the  low-responding  
g roup  on H C H F  diet.  However ,  on the  chow diet  the  
va lues  were no t  different.  H D L  pro te in  va lues  in the  low- 
r e spond ing  group were lower t h a n  in the h igh-responding 
group  178.4 _ 16.9 mg/dl  in low responder s  group  vs  
99.3 +_ 31.6 mg/dl  in  h igh  responders};  however,  these  
va lues  were no t  s ign i f i can t ly  different .  U p o n  feeding the  
H C H F  diet,  H D L  was ra ised in b o t h  groups ,  and  the  
va lues  be tween  these  g roups  were no t  s ign i f i can t ly  dif- 
ferent .  The cont ro l  g roup  had  a d i s t r i b u t i o n  s imi lar  to 
t h a t  for the  feral group.  

A few an ima l s  wi th  low LD L levels showed ve ry  l i t t le  
change  in their  LD L levels when  chal lenged wi th  H C H F  
diet. I n  con t ras t ,  some an ima l s  wi th  h igh LD L pro te in  
levels on  the  chow diet,  when  cha l lenged  wi th  the  H C H F  
diet, raised their LDL protein level considerably, and those 
values s tayed at  the higher par t  of the dis tr ibut ion.  The 
l ipoprotein profiles of these animals  are given in Figure  6. 
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Animals with high and low levels of HDL protein were 
also identified. Lipoprotein patterns of high and low HDL 
animals are shown in Figure 7. 

Unusual lipoprotein patterns. Progeny of a few sires 
had unusual lipoprotein patterns, with a peak between 
LDL and HDL (Fig. 7). This lipoprotein was originally 
described as F~ 2o 9-28 lipoprotein based on its flotation 
characteristics by analytical ultracentrifugation (11). 
Because its physical characteristics and composition are 
similar to what has been called HDL,, we have used that 
term for it (12). This lipoprotein was separated either as 
a distinct peak between LDL and HDL or as a shoulder 
to the HDL peak (6). It is seen principally in the plasma 
of animals consuming the HCHF diet (Fig. 7). The 
average protein concentration of HDL, in animals with 
this lipoprotein on the HCHF diet was 44.1 +_ 12.2 mg/dl. 
Occasionally this lipoprotein was seen on the chow diet; 
however, the protein content was very low (Table 4). 

Some animals had a lipoprotein pattern in which a small 
peak preceded the main regular peak of LDL (Fig. 8). 
Upon density gradient ultracentrifugation, a small peak 
followed the regular LDL peak (Fig. 8). It  appears, 
therefore, that the small peak detected by HPLC had a 
higher density but a larger size than LDL. This peak 
seems to represent Lp(a) {13). The concentration of Lp(a) 
protein in animals with this lipoprotein peak was 
estimated to be 4.8 _ 2.4 mg/dl on the chow diet. 
Cholesterol and saturated fat feeding did not affect the 
concentration of this lipoprotein. This lipoprotein pattern 
occurred mainly in the progeny of two sires. 
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very low density lipoprotein (VLDL), low density lipoprotein {LDL), HDL, and high den- 
sity lipoprotein (HDL), respectively. Phenotypes A, B, C and D correspond to low HDL, 
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high performance liquid 
chromatography (HPLC) (A) and density gradient ultracentrifuga- 
tion {B}. Numbers 1, 2 and 3 correspond to very low density, low den- 
sity (LDL) and high density lipoproteins. On separation by HPLC, 
LDL has a shoulder peak (elution time 90-95 rain, denoted with ar- 
row) with larger particles than regular LDL. On separation by den- 
sity gradient, the second peak of LDL (denoted with arrow) has 
higher density. 

A few animals accumulated relatively high levels of 
VLDL {Fig. 7) in their plasma when challenged with the 
HCHF diet {Table 4). The VLDL protein values on the 
HCHF diet for this group were significantly higher than 
for other groups. Our studies were not able to determine 
whether the VLDL was rich in cholesterol or had ~- 
mobility on agarose gel electrophoresis. 

DISCUSSION 

Comparison with other methods. A number of methods 
exist for measuring plasma lipoproteins. Most are labori- 
ous and time-consuming and require ultracentrifugation 
17,13-17), column chromatography (18) or electrophoresis 
(19-21). The most extensively used technique is that stan- 
dardized by the Lipid Research Clinics Program {15). Ac- 
cording to this method, plasma lipoprotein cholesterol is 
measured following separation of lipoproteins by ultracen- 
trifugation and precipitation with heparin-manganese 
chloride. Most of the other methods also measure lipopr~ 
tein cholesterol or lipids. Recent studies suggest that 
apolipoproteins may be better discriminators of athero- 
genesis than lipids (22-25}. The HPLC technique for apo- 
lipoproteins is simple, measures total protein {although 
not individual apolipoproteins) and is convenient for 
screening a large population. Smaller plasma samples are 
required, and therefore the technique can be used for the 
quantification of infant plasma lipoproteins. The tech- 
nique was validated and applied in a large population of 
pedigreed baboons. A number of abnormal lipoprotein 
phenotypes or dyslipoproteinemias were demonstrated. 

The recovery of lipoproteins as indicated by total 
cholesterol in llpoproteins was greater than 90%. The area 
under the lipoprotein peak detected by absorbance at 280 
nm was linearly related to the amount of total protein in 
each lipoprotein standard over a wide range. Areas under 
the lipoprotein peaks separated from 50-100 ~1 plasma 
were well within this range. Thus, the protein concentra- 
tions of lipoproteins were measured accurately, and the 
protein measured by this method gave values similar to 
those given by the Lowry method {9) after pooling the 
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fractions. Using a combinat ion of these columns, the 
major  lipoproteins were resolved; however, the H D L  sub- 
fract ions could not be resolved well. 

Appl i ca t ion  to survey  o f  l ipoprotein phenotypes .  The 
lipoprotein profiles of more than  500 pedigreed baboons 
on two diets {chow and HCHF) were characterized by  this 
method. The lipoprotein phenotype of 96 feral, unselected 
baboons  {the " a v e r a g e "  baboon} was characterized by  a 
high concentrat ion of H D L  with va ry ing  amounts  of 
LDL. VLDL was present  in detectable amounts  but  much 
less than  tha t  in normal  human  subjects  {26}. In mos t  
cases in termediate  densi ty  l ipoprotein was not  detected 
in p lasma  lipoproteins. Feeding a diet enriched in 
cholesterol and sa tu ra ted  fa t  increased bo th  LDL and 
HDL,  but  the increase varied among  individuals. Thus,  
the response to cholesterol diet in baboons  seems to be 
similar to tha t  in humans  127}, where both  apo-B and apo- 
A-I  were significantly increased by  feeding a fat- and 
cholesterol-rich diet. 

This technique was also applied to survey  the lipopro- 
tein profiles of pedigreed baboon progeny in three dif- 
ferent  sire groups.  These progeny  groups  were selected 
on the basis  of the response of sires to the H C H F  diet. 
The groups were low-responding, high-responding and 
control {unselected). Lipoprotein levels were similar in all 
three groups on the chow diet. However,  response to 
H C H F  diet was different among  these groups.  Response 
to H C H F  diet in control and high-responding progeny 
groups  was similar to tha t  in the feral group except  t ha t  
the high-responding group had high LDL levels. The low- 
responding group did not have any increase in LDL levels. 
All the groups, however, had significant increases in H D L  
levels. Thus the high- and low-responding groups differed 
in L D L  levels on the H C H F  diet, sugges t ing  tha t  there 
was a modulat ion of die tary  response by  the genetic 
make-up of these animals. Among  these groups a few 
animals showed very little or no change in their  L D L  
when challenged with the H C H F  diet. These animals  did 
have  a significant increase in their  H D L  and were called 
low LDL animals. In contrast ,  some animals with high 
LDL on the chow diet had ext reme response to H C H F  
diet in their LDL levels. These animals, like low LDL 
animals, had increases in their H D L  and thus were called 
high L D L  animals. Similarly, animals  with high and low 
H D L  without  a difference in LDL levels in response to 
the H C H F  diet were also recognized. These genetic 
animals  can be used to s tudy  the metabolic  differences 
responsible for differing levels of LDL and HDL.  

Several interesting and unusual  lipoprotein phenotypes 
were detected by  this HPLC survey of l ipoproteins in the 
pedigreed progeny of the colony. These dyslipopro- 
teinemic pa t t e rns  differed f rom the average  l ipoprotein 
pa t t e rn  in several  respects.  One of the dyslipopro- 
teinemias was character ized by  the presence of lipopro- 
reins intermediate  to LDL and HDL.  These were induced 
mainly by  feeding a diet rich in cholesterol and sa tura ted  
fat  {12) and contained most ly  apoproteins A-I and E. They 
are different from Lp(a) as they do not contain apo-B Ill) .  
These lipoproteins are similar to HDLc {28}, but  since pro- 
geny of only two sires showed HDL,  on a fat  and 
cholesterol diet, and since in some cases they were pres- 
ent on the chow diet {6), it is unlikely tha t  they are iden- 
t ica l  to  HDLc .  O t h e r  d y s l i p o p r o t e i n e m i a s  were  
characterized by  the presence of either high or low levels 

of LDL and H D L  without  affect ing the levels of other 
lipoproteins. In some animals a distinct peak of Lp{a} was 
detected. Progeny and sires had similar lipoprotein pheno- 
types,  a finding consis tent  with the sire effects on serum 
cholesterol observed by  Mot t  et al. 129} and major  gene 
effects on lipoprotein phenotypes observed by VandeBerg 
et al. (2). 

ACKNOWLEDGMENTS 
This work was supported by National Heart, Lung and Blood Insti- 
tute grants HL-25874 and HL-34982 and a contract No. HV-53030. 
Gifts from Betty Roberts Kelso and the Richard Spencer Lewis 
Memorial Foundation were used for the purchase of some of the 
equipment used for these studies. 

REFERENCES 
1. Flow, B.L., Cartwright, T.C., Kuehl, T.J., Mott, G.E., Kraemer, 

D.C., Kruski, A.W., Williams, J.D., and McGill, H.C. Jr. {1985} 
J. Hered~ 72, 97-103. 

2. VandeBerg, J.L., Cheng, M.-L., Kammerer, C.M., MacCluer, 
J.W., and McGill, H.C. Jr. {1985} in 4th International Sym- 
posium, Proceedings {Hauss, W.H., ed.), Mtmster. 

3. Okazaki, M., Ohno, Y., and Hara, I. {1981) J. Biochem. 89, 
879-887. 

4. Carroll, R.M., and Rudel, L.L. {1983}J. LipidRes. 24, 200-207. 
5. Vercaemst, R., and Rosseneu, M. {1983} J. Chromatogr. 276, 

174-181. 
6. Williams, M.C., Kelley, J.L., and Kushwaha, R.S. ~1984} J. 

Chromatogr. 308, 101-109. 
7. Redgrave, T.G., Roberts, D.C.K., and West, C.E. {1975} Anal. 

Biochem. 65, 42-49. 
8. Bachorik, P.S. {1980} in CRC Hand Book of Electrophoresis 

{Lewis, L.A. and Opplt, J.J., eds.) Vol. II, pp. 7-23, CRC Press, 
Boca Raton. 

9. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. 
{1951} J. Biol. Chem. 193, 265-269. 

10. Weber, K., and Osborn, M. {1969}J. BioL Chem. 244, 4406-4412. 
11. Babiak, J., Gong, E.L., Nichols, A.V., Forte, T.M., Kuehl, T.J., 

and McGill, H.C. Jr. {1984) Atherosclerosis 52, 27-45. 
12. McGill, H.C. Jr., McMahan, C.A., Kushwaha, R.S., Mott, G.E., 

and Carey, K.D. {1986} Arteriosclerosis 6, 651-663. 
13. Albers, J.A., Cabana, V.G., Warnic, G.R., and Hazzard, W.R. 

{1975) Metabolism 24, 1047-1054. 
14. Havel, R.J., Eder, H.A., and Bragdon, J.H. ~1955) J. Clin. In- 

vest. 34, 1345-1353. 
15. "Lipid and Lipoprotein Analysis," in Manual of Laboratory 

Operations {1974} Lipid Research Clinics Program, IDHEW 
Publication No. {NIH}75-628, Centers for Disease Control, At- 
lanta, Georgia. 

16. Chung, B.H., Wilkinson, T., Gear, J.C., and Segrest, J.P. {1980} 
J. Lipid Res. 21, 284-291. 

17. Bronzert, T.J., and Brewer, H.B. Jr. {1977} Clin. Chem. 23, 
2089-2098. 

18. Rudel, L.L., Lee, J.A., Morris, M.D., and Felts, J.M. {19741 
Biochem. J. 139, 89-95. 

19. Hatch, F.T., Lindgren, F.T., and Adamson, G.L. ~1973}J. Lab. 
Clin. Med. 81, 946-952. 

20. Neubeck, W., Wieland, H., Habenicht, A., Muller, P., Baggio, 
G., and Seidel, D. {1977} Clin. Chem. 23, 1296-1300. 

21. Mahley, R.W., and Weisgraber, K.H. {1974} Biochemistry 13, 
1964-1969. 

22. Sniderman, A.D., and Kwiterovich, P.O. Jr. {1984} in Latent 
Dyslipoproteinemias and Atherosclerosis {de Gennes, J.L., 
Polonovski, J., and Paoletti, R., eds.} pp. 135-145, Raven Press, 
New York. 

23. Avogaro, P., Cazzolato, G., Bittolo Bon, G., and Quinci, G.B. 
{1979} Lancet I, 901-903. 

24. Sniderman, A., Shapiro, S., Marpole, D., Skinner, B., Teng, B., 
and Kwiterowich, P.O. {1980} Proc. Natl. Acad. Sci. USA 77, 
604-608. 

LIPIDS, Vol. 22, No. 5 (1987) 



374 

METHODS 

25. Riesen, W.F., Mordasini, R., Salzmarm, C., Theler, A., and Gurt- 
net, H.P. ~1980} Atherosclerosis 37, 157-162. 

26. Kushwaha, R.S., Hazzard, W.R., Gagne, C., Chait, A., and 
Albers, J.J. 11977} Ann. Intern. Med. 87, 517-525. 

27. Applebaum-Bowden, D., Hazzard, W.R., Cain, J., Cheung, M.C., 
Kushwaha, R.S., and Albers, J.A. ~1979} Atherosclerosis 33, 
385-396. 

28. Mahley, R.W. {1982} Med. Clin. North Am. 66, 375-402. 
29. Mott, G.E., McMahan, C.A., and McGill, H.C. Jr. (1978} Circ. 

Res. 43, 364-371. 

[Rece ived  S e p t e m b e r  2, 1986] 

LIPIDS, Vol, 22, No. 5 (1987) 



381 

Plasma and Lipoprotein Fatty Acid Composition 
in Glycogen Storage Disease Type I 
Emile Levy*,o,b, Jacques Letarteb, Guy Lepageb, Louise Thibaultb and Claude C. Royb 
aDepartment of Pediatrics and Gastroenterology, Shaare Zedek Hospital, Jerusalem, Israel, and bCentre de Recherche, HSpital 
Sainte-Justine, Department of Pediatrics, Universit~ de Montreal, Quebec, Canada 

Nocturnal intragastric feeding has been shown to be an 
effective means to improve clinical and biochemical 
features in glycogen storage disease type I (GSD-I). In 
this study, we investigated the fatty acid patterns in a 
whole plasma and in circulating lipoproteins in patients 
on this therapy. The results demonstrated massive con- 
centration of total fatty acids coupled with higher levels 
of triglycerides, free cholesterol, cholesterol ester and 
phospholipids. This hyperlipidemia involved all fatty 
acids without distinction of carbon or bond numbers. 
However, the increase was more pronounced for saturated 
than polyunsaturated fatty acids, as was demonstrated 
by the ratios of both oleic acid to linoleic acid (1.91 • 0.40 
vs 0.80 + 0.09 in controls} and of o~3 -t- c06 to co9 fatty 
acid families {0.92 ___ 0.11 vs 1.66 • 0.08 in controls). The 
fatty acid patterns in very low (VLDL), low ILDL) and 
high (HDL) density lipoprotein showed substantial dif- 
ferences in composition, reflecting an association between 
an abnormal lipoprotein pattern and essential fatty acid 
deficiency. Furthermore, GSD-I patients exhibited a 
significant increase in VLDL (17 • 2 vs 47 • 7 mg/dl) 
and LDL cholesterol {124 • 7 vs 206 • 24 mg/dl), coupled 
with a decrease in HDL cholesterol (49 _ 4 vs 28 • 
3 mg/dl). These data documenting high LDL cholesterol 
and low HDL cholesterol associated with an increased 
concentration and proportion of saturated fatty acids 
suggest that GSD-I patients on nocturnal intragastric 
feeding are at high risk for atherosclerosis and its 
complications. 
Lipids 22, 381-385 {1987}. 

Von Gierke's disease {glycogen storage disease type I 
[GSD-I]) is caused by an inherited defect of glucose-6- 
phosphatase that leads to glycogen accumulation in liver, 
muscles and kidneys {1). In addition to hepatomegaly, 
hypoglycemia and failure to thrive, varying degrees of 
hyperlipidemia and hypercholesterolemia are present in 
patients with this disorder {2-5). 

It has been shown that nocturnal and continuous infu- 
sion of glucose and amino acids is helpful and markedly 
improves metabolic complications and growth {6,7}. 
Although beneficial, the treatment has a limited capacity 
to return plasma lipids and lipoproteins toward normal. 
In a previous study, increased very low (VLDL) and low 
(LDL) density lipoprotein cholesterol and low levels of 
high density lipoprotein {HDL) cholesterol have remained 
troublesome features in view of their correlation to car- 
diovascular disease (8). 

On the other hand, this form of treatment could lead 
to essential fatty acid (EFA) deficiency, because require- 
ments are calculated as a percentage of total energy {9). 
A similar situation has already been documented in pa- 
tients with protein-calorie malnutrition treated with 

*To whom correspondence should be addressed at Centre de Recher- 
che, HSpital Sainte-Justine, 3175 Ste-Catherine Road, Montreal, 
Quebec H3T 1C5. 

hypertonic glucose and amino acids {10-12}. Because of 
elevated pyruvate concentration generated by glycolysis, 
the synthesis of saturated fat ty acids is increased. The 
strong correlation between saturated fatty acids and the 
incidence of coronary heart disease calls for careful con- 
sideration, in view of our previously documented findings 
in the same patients (8) and because saturated fat appears 
to have an effect on cholesterol levels (13) and LDL {14}. 

The present study was designed to investigate the fatty 
acid composition in whole plasma and in the major 
lipoprotein classes. The results could be useful in 
understanding the metabolic and biochemical alterations 
in GSD-I patients. Furthermore, the findings could be 
useful for designing strategies for intervention adapted 
to both short- and long-term outcomes of GSD-I patients. 

MATERIALS AND METHODS 
Patients. Six patients {four females and two males, ages 
between 10 and 22 years} with biopsy-proven GSD-I com- 
prised the subjects. All patients were hospitalized at the 
time of investigation and had been receiving nocturnal 
intragastric feeding for 5-6 years. The infusion consisted 
of one-third of estimated caloric requirements as Vivonex 
HN from Norwich Eaton {Cambridge, Ontario, Canada}, 
which contains (per liter} 211 g carbohydrate, 43.3 g 
crystalline amino acids and 0.87 g fat in the form of saf- 
flower (75% of polyunsaturated fatty acids [PUFA]}. The 
diurnal diet provided a caloric proportion of 60-70% car- 
bohydrate, 15-20% protein and the rest fat. The follow- 
up showed an improvement in clinical growth and bio- 
chemical parameters {blood glucose levels, lactate, 
pyruvate, uric acid and SGOT). A substantial decrease 
was also found in the levels of triglyceride (TG, 45%) and 
total cholesterol (TC, 29%}. Six healthy subjects, matched 
for age and sex and having ideal body weights, served 
as controls. Blood was collected on EDTA (1 mg/ml) and 
sodium azide (0.05%) 4 hr after cessation of nocturnal in- 
tragastric feeding. 

Isolation of lipoproteins. Lipoprotein fractions were 
isolated by sequential ultracentrifugation according to 
Havel et al. (15) with a Ti-50 rotor in a Beckman Model 
L5-65 ultracentrifuge. VLDL and LDL were prepared at 
1.006 g/ml and 1.063 g/ml, respectively, following cen- 
trifugation at 100,000 • g for 18 hr at 5 C. The HDL frac- 
tion was obtained by adjusting the LDL infranatant to 
1.21 g/ml and by centrifuging for 48 hr. Lipoproteins were 
washed by one additional spin at their respective densities 
and dialyzed exhaustively against 0.15 M NaCt, 0.001 M 
EDTA, pH 7.0. 

Lipid and lipoprotein determinations. The whole plasma 
was assayed for TG, TC and free cholesterol {FC) using 
commercial kits {Boehringer Mannheim, Montreal, 
Canada}. Esterified cholesterol was calculated as the dif- 
ference between TC and FC. Phospholipids were deter- 
mined by the method of Bartlett {16}. HDL cholesterol 
was measured after precipitation of VLDL and LDL with 
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phosphotungst ic  acid (17). The assay for LDL cholesterol 
was per formed using polyvinylsulphate  (Boehringer 
Mannheim) (18). V L D L  cholesterol was calculated f rom 
the difference between cholesterol in the polyvinylsul- 
phate  supernatant  and H D L  cholesterol. Electron micros- 
copy of VLDL particles was performed on a Zeiss EM-10 
microscope, using negat ive  s taining with 1% phospho- 
tungs t ic  acid (pH 7.2), as described previously (19). The 
d iameter  of 500-800 particles was then determined. 

Gas liquid chromatography analyses. F a t t y  acids in 
whole p lasma  and in the different l ipoprotein fract ions 
were assayed  by  an improved method recently described 
by  this labora tory  (20). Briefly, each sample  to be ana- 
lyzed underwent  direct t ransester i f icat ion or specific 
methy la t ion  of free f a t ty  acid {FFA), followed by injec- 
tion into a H P  5880 gas  ch romatograph  using a 30-m 
fused silica column wall coated with SP 2330. 

Statistical analysis. All da ta  were expressed as mean 
• SEM. Stat ist ical  differences were assessed by  the Stu- 
dent ' s  two-tall  t-test.  Any  s ta t is t ical  significance less 
than  P < 0.05 was admissible. 

RESULTS 

D a t a  in the six GSD-I  pa t ien ts  compared  to the six age- 
matched controls showed persistent hypertriglyceridemia 
(768 + 190 vs 64 +_ 3 mg/dl), hypercholesterolemia {282 • 
32 vs 183 _+ 10 mg/di) and hyperphospholipidemia (472 _ 
40 vs 184 __ 5) despite 5-6 yr of nocturnal  in t ragas t r ic  
feeding (Table 1) and a general improvement  of some of 
the clinical and metabolic manifes ta t ions  of the disease. 
V L D L  particles were larger (401 _ 17 vs  308 _ l lA ,  P < 
0.05) and contained a higher concentrat ion of TG than  
controls (625 +_ 196 vs  31 + 4 mg/dl, P < 0.01). Choles- 
terol content  of VLDL (47 ___ 7 vs 17 _+ 2 mg/di} as well 
as tha t  of LDL (206 • 24 vs 124 • 7 mg/dl) was increased, 
while t ha t  of H D L  (28 • 3 vs 49 • 4 mg/dl) was de- 
creased. When measured,  the percentage  of cholesterol 
ester (CE) was found to be lower in GSD-! (62 • 3%) than  
in heal thy controls (74 ___ 1%). 

Table 2 shows tha t  to ta l  p l a sma  f a t t y  acids were 
grea t ly  increased in pa t ien ts  compared  to controls. The 
to ta l  increase was close to fourfold and affected all f a t t y  
acids. However,  the proport ion of sa tu ra ted  f a t ty  acids 
was higher and tha t  of essential  unsa tu ra tes  (linoleic, 
arachidonic and docosahexaenoic acids) was lower. The 

relat ive drop in unsa tu ra tes  affected the co3 and co6 
families and led to a decrease in the 18:1co9/18:2co6 rat io  
as well as an increase in the co3 and co6 over the co9 f a t ty  
acid family. The 18:2co6/20:4co6 rat io  also was signifi- 
cant ly  lower when compared to controls. 

When the f a t ty  acid composi t ion of individual lipopro- 
tein fract ions was analyzed, it was different f rom tha t  of 
controls (Table 3). VLDL and LDL showed a comparable  
increase of myristic,  palmitic and palmitoleic acids along 
with a proport ionate drop in linoleic and docosahexaenoic 
acids. The H D L  fraction showed only a decline in the 
la t ter  two f a t t y  acids. The 18:1co9/18:2co6 rat io was 
significantly increased in the LDL and H D L  fractions. 
However,  only a t rend in the same direction appeared in 
the case of the VLDL, which showed a decrease of oleic 
acid. The 18:2(o6/20:4co6 rat ios of all l ipoprotein classes 
were decreased. 

DISCUSSION 

Increased levels of p la sma  lipids and VLDL and L D L  
cholesterol with a decline in percentages  of both  CE and 
H D L  cholesterol have previously been repor ted in pa- 
t ients  with GSD-I  following nocturnal  in t ragas t r ic  feed- 
ing (8t. The present  s tudy  confirms these findings but pro- 
vides additional information on the profile of p lasma and 
lipoprotein fa t ty  acids. P lasma fa t ty  acids were distinctly 
increased. However, the pa t te rn  of f a t ty  acids was abnor- 
mal, in tha t  relative to the sa tu ra tes  and monounsatu-  
ra tes  the P U F A  were decreased. I t  should be noted tha t  
in the GSD-I  pa t ien ts  about  10% of total  calories was 
derived from fat. I t  is therefore likely tha t  their  daily in- 
take of P U F A  was below the 5 -6% tota l  kcal generally 
considered desirable (21). 

However,  these changes  could also be due to the well- 
known increase in lipogenesis from carbohydrates ,  which 
cons t i tu te  the predominant  source of calories in GSD-I  
pa t ien ts  on nocturnal  in t ragas t r ic  feeding. This is con- 
sonant  with the demonst ra t ion  tha t  liver homogenates  
f rom individuals with glucose-6-phosphatase deficiency 
conver t  c i t ra te  to f a t ty  acids (22). A fur ther  a rgument  
comes f rom the observat ions  by  Sadeghi-Nijad et  al. (23) 
sugges t ing  tha t  excess hepatic glycolysis causes an in- 
crease in hepatic content  of N A D H ,  N A D P H  and acetyl  
CoA, three compounds  impor tan t  in f a t ty  acid and 
cholesterol synthesis  (1). Therefore, it is likely tha t  an 

TABLE 1 

Plasma Lipids and Lipoprotein Cholesterol 

Plasma Cholesterol 

TG PL TC FC CE as % of TC VLDL LDL HDL 

Controls 64 • 3 184 • 5 183 • 10 48 • 3 74 • 1 17 • 2 124 • 7 49 • 4 
GSD-I 768 • 190 a 472 • 40 a 282 • 32 b 109 • 19 b 62 _+ 3 c 47 • 7 a 206 • 24 b 28 • 3 a 

Values are mean • and expressed as mg/dl of plasma. TG, triglyceride; PL, phospholipid; TC, total cholesterol; FC, free cholesterol; 
CE, cholesterol ester; VLDL, very low density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein; GSD-I, glycogen 
storage disease type I. 
ap < 0.005. 
bp < 0.O2. 
Cp < 0.01. 
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T AB LE 2 

Plasma Fa t ty  Acid Concentrations and Percentage Composition in Glycogen Storage Disease Type I (GSD-I) Patients and Healthy Subjects 

Fa t ty  acid concentrat ions (~,g/ml) Fa t t y  acid percentage 

Fa t t y  acid Controls GSD-I Controls GSD-I 

14:0 
15:0 
16:0 
16:1w7 
18:0 
18:1r 
18:2r 
20:3r 
20:4r 
22:6o~3 
24:1o~9 
Total 
Family 

w3 
r 
r 

Ratio 
18:1~9/18:2r 
18:2r 
(w3 + c~6)/co9 

Nonsa tu ra ted  

23.0 • 1.8 248.0 • 63.8 a 1.0 • 0.1 2.5 • 0.2 b 
8.4 • 0.6 0.4 • 0.1 

510.3 • 24.0 3066.0 • 642.2 c 21.4 • 0.5 32.5 • 0.8 b 
33.3 • 7.5 667.5 • 146.5 c 1.4 • 0.3 7.3 • 0.9 b 

184.2 • 9.6 572.1 • 116.7 a 7.7 • 0.1 6.2 • 0.3 a 
584.2 • 27.4 2434.2 • 468.6 a 24.6 • 0.9 26.2 • 1.4 
734.1 • 41.4 1505.9 • 398.0 30.8 • 0.7 16.0 • 2.3 b 

35.4 • 2.6 145.1 • 21.5 c 1.5 • 0.1 1.7 • 0.2 
203.8 • 18.4 482.3 _ 108.1 d 8.5 • 0.5 5.3 • 0.5 c 

42.9 • 7.5 63.5 _ 8.1 1.8 • 0.2 0.9 • 0.1 a 
19.4 • 1.4 58.1 • 34.3 0.8 • 0.1 0.5 • 0.2 

2381.5 • 109.8 9377.4 • 1893.8 c 

1.8 • 0.2 1.1 • 0.1 d 
40.8 • 0.6 22.9 • 2.7 b 
25.4 • 0.9 27.2 • 1.6 

0,80 • 0.04 1.91 • 0.40 d 
3.71 _+ 0.35 2.65 • 0.24 d 
1.66 • 0.08 0.92 • 0.11 a 
69.4 • 0.4 58.5 • 1.2 b 

GSD-I group consisted of six pa t ien ts  who were compared with a group of six heal thy controls. Fa t ty  acid percentage is expressed as 
percentage of the total  amount  of fa t ty  acids present.  Fa t ty  acids contr ibut ing less than  0.2% of the total have been omi t ted  from the 
table. S tuden t ' s  t - test  (two-tailed) was used to compare differences between means.  
ap < 0.01. 
bp < 0.001. 
Cp < 0.005. 
dp < 0.05. 

T A B L E 3  

Fatty Acid CompositionofLipoprotein FractionsExpressedasaPercentageofEach Fraction 

VLDL LDL HDL 

Fa t ty  acid Control GSD-I Control GSD-I Control GSD-I 

14:0 1.7 • 0.2 3.5 • 0.3 a 0.8 + 0.1 2.7 +- 0.7 a 0.6 • 0.1 1.4 • 0.1 b 
15:0 0.5 • 0.1 0.3 • 0.1 0.3 • 0.1 
16:0 25.8 ___ 0.9 36.1 • 0.9 b 18.7 • 0.4 29.4 • 0.9 b 20.4 • 0.5 28.8 • 0.7 b 
16:1r 2.9 • 0.3 7.8 • 0.9 b 1.6 • 0.2 7.0 • 0.8 b 1.4 • 0.1 4.8 + 1.0 a 
18:0 5.4 __ 0.4 5.6 • 0.3 6.0 • 0.1 6.4 • 0.3 8.7 • 0.1 9.0 • 0.1 
18:1co9 39.2 • 1.0 28.4 • 1.7 b 23.0 • 0.8 23.9 • 1.8 18.5 • 0.7 19.3 • 1.1 
18:2o~6 18.9 __ 0.8 13.2 • 2.3 a 35.7 • 0.8 17.9 • 1.4 b 31.0 -- 0.7 20.3 • 2.2 c 
18:3r 0.4 • 0.1 0.3 
20:0 0.3 • 0.1 2.0 0.3 • 0.1 0.2 
20:3o~6 1.3 • 0.1 1.8 + 0.1 a 2.0 • 0.1 3.6 • 0.3 b 
20:4w6 3.2 • 0.2 3.5 • 0.3 8.0 • 0.7 6.5 • 0.5 10.9 • 0.7 9.9 • 0.3 
22:1w9 0.5 • 0.1 0.4 
22:6r 1.4 • 0.2 0.7 • 0.1 a 1.8 • 0.2 0.7 • 0.1 d 3.1 • 0.4 1.5 • 0.2 c 
24:1w9 0.8 • 0.1 0.7 1.7 • 0.1 1.3 + 0.6 1.8 • 0.1 0.6 • 0.1 b 
Family 

w3 1.8 _+ 0.4 0.9 • 0.2 2.2 • 0.3 0.8 • 0.1 b 3.3 • 0.4 2.3 • 0.4 
r 22.1 • 0.8 17.8 • 2.5 44.9 • 0.3 25.9 • 1.7 b 44.0 • 0.4 33.8 • 2.4 c 
r 39.8 • 0.9 28.5 + 1.6 b 25.2 • 0.7 26.4 • 1.0 21.0 • 0.6 19.9 • 1.1 

Ratio 
18:1o~9/18:2o~6 2.09 • 0.11 2.60 • 0.56 0.64 • 0.02 1.36 _ 0.16 c 0.60 • 0.01 1.02 • 0.15 a 
18:2w6/20:4o~6 6.12 • 0.55 3.69 • 0.52 d 4.67 • 0.56 2.84 • 0.49 d 2.92 • 0.29 2.06 • 0.21 a 
(co3 + w6)/w9 0.60 • 0.03 0.68 • 0.13 1.88 • 0.08 1.02 • 0.08 b 2.38 • 0.14 1.89 • 0.27 c 

Nonsa tura ted  66.6 • 0.9 54.7 • 1.5 b 73.9 • 0.3 60.2 • 1.8 b 69.7 • 0.4 60.8 • 0.7 b 

VLDL, very low densi ty  lipoprotein; LDL, low densi ty lipoprotein; HDL, high densi ty  lipoprotein; GSD-I, glycogen storage disase type 
I. Individual p lasma lipoprotein classes were isolated by sequential  ul tracentrifugation.  VLDL was separated at 1.006 g/ml, LDL at  1.063 
/ml and HDL at 1.21 g/ml. The fractions were washed and dialyzed before gas  liquid chromatographic analyses.  The pur i ty  of the dif- 
rent lipoprotein classes was checked by agarose gel electrophoresis. Fa t ty  acias contributing less than  0.2% of the total have been omitted 

from the table. 
ap < 0.05. 
bp < .001. 
Cp < .005. 
dp < 0.01. 
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increase in glycerol and acetyl CoA generated from the 
glycolytic pathway,  together  with high levels of reduced 
cofactors, could sustain an increased rate  of TG and 
lipoprotein synthesis.  Thus de novo synthesis  results  in 
an increased concentrat ion of sa turates  and monoun- 
saturates  relative to the polyunsaturates  which cannot  
be produced endogenously. The biochemical criteria for 
E F A  deficiency, i.e., increased 18:1/18:2 ratio coupled 
with an increase in the co3 and co6/w9 families, are well 
established. The pat ients  studied met  these criteria for 
E F A  deficiency, as the ratios observed were comparable 
to those previously reported (24-26). 

Even though there was no clinical evidence of EF A  defi- 
ciency, the relative decrease in P U F A  could be responsi- 
ble for some of the anomalies observed in lipid profiles 
of these patients:  i) The imbalance reflected by the ab- 
normal ratio of nonessential/essential f a t ty  acids could 
affect the composition, interconversion and clearance of 
the major lipoprotein fractions. For instance, the lipopro- 
tein Iipase (LPL) substra te  interaction could be prejudic- 
ed in view of observations showing a high affinity of LPL 
for TG made up of PUFA (27). In our previous investiga- 
tion {8), we demonst ra ted  tha t  the catabolism of plasma 
TG is impaired in this disorder. LPL activi ty was also 
substant ial ly reduced in patients.  Whether  the mecha- 
nism of hypertr iglyceridemia in these pat ients  is related 
to an inhibitory factor or to the excessive amount  of 
sa tura ted  fa t ty  acids remains to be investigated. 

ii) The recovery of TG-derived fa t ty  acids in peripheral 
tissues as mirrored by the FFA fraction shows a 
predominance of saturated fa t ty  acids because tissues in 
GSD-I pat ients  probably contain an inordinate propor- 
tion of saturates  and monounsaturates .  Had membrane 
composition been examined, it is possible tha t  a relative 
deficiency of E F A  could have been documented,  since 
there is ample evidence tha t  E FA deficiency may lead to 
alterations in P UF A profile of tissue lipids {28,29). More 
impor tant  is the fact tha t  such changes are known to be 
associated with alterations of s tructure and function (30). 

iii) Lecithin cholesterol acyltransferase (LCAT), the 
second lipoprotein-related enzyme, uses mainly HDL as 
a substrate,  t ranslocat ing linoleic acid at the 2-position 
of lecithin to FC. Regarding the normal main product  of 
the LCAT reaction in plasma, cholesteryl hnoleate is the 
most  abundant  (31}. LCAT also necessi tates apo A-I as 
a cofactor for its activity (31). Since the lat ter  apoprotein 
was found to be normal in concentration (8), we therefore 
suggest  tha t  E F A  may be a limiting factor for the cho- 
lesterol esterification in view of its low level (Table 1). 
Therefore, CE transfer  from HDL to VLDL and to LDL 
might  be also affected because of the reduced capaci ty 
of these pat ients  to esterify (8). 

I t  is well known that  unsa tura ted  fa t ty  acids are 
desatura ted and elongated in endoplasmic ret iculum 
membranes of many tissues (32). The reactions ending in 
20:4 from 18:2 are 9,12-18:2 ~ 6,9,12-18:3 ~ 20:3 As-, 20:4 
and involve A6 and h5-desaturases. The first enzyme in 
the chain has a key position and a regulatory function. 
Brenner  has demonst ra ted  tha t  its act ivi ty can be 
modified by dietary and hormonal changes {32). For  in- 
stance, glucose refeeding, a hyperprotein diet and insulin 
administrat ion react ivate  the enzyme (32). Thus, in our 
patients,  the possible relationship between nocturnal  in- 
t ragast r ic  feeding combined with frequent  dayt ime 

feeding and a6-desaturase activity could explain the lower 
ratio of 18:2co6/20:4co6, which provides an est imate for 
elongation and desaturat ion steps. Thus, the much lower 
values observed suggest  tha t  the elongation and desatu- 
ration processes are increased in GSD-I patients.  A de- 
creased growth rate is one of the clinical features 
associated with E F A  deficiency (33} and, according to 
Holman, a decrease in growth could postpone the ap- 
pearance of deficiency (34). Accordingly, this suggests  
tha t  the impaired growth of GSD-I patients could be due 
in par t  to a relative degree of E F A  deficiency. On the 
basis of our observations, it is suggested that  the ad- 
ministration of PUFA to these subjects might lead to im- 
proved growth. 

Hyperlipidemia, as seen in GSD-I patients,  may be an 
impor tant  risk factor  for heart  disease. At  this time, we 
have not  detected any clinical indications of coronary 
ar tery  disease in our young patients.  Atherosclerotic 
changes have, however, been observed in arteries of young 
asymptomatic children growing up in industrialized coun- 
tries {35). Therefore, particular at tention should be given 
to all children with hyperlipidemia. Recently, the Ameri- 
can Hear t  Association Committee recommended a "pru- 
dent  modification of diet" even for healthy children and 
adolescents as a means of influencing the plasma lipids. 
Numerous reports  have confirmed the effectiveness of 
P U F A  diets in lowering hyperlipidemia (36-38). All 
studies were uniform in report ing a favorable t rend 
toward decreased LDL cholesterol. Other studies de- 
scribed a fall in the plasma TG (39) and an increase of 
P U F A  percentage associated with lipoproteins (40,41). 
Since there is a well-known association of saturated fa t ty  
acids {42), increased LDL {43), elevated plasma TG {44) 
and a low HDL level {43) with increased prevalence of cor- 
onary heart  disease, it  seems appropriate to t reat  our pa- 
t ients who also present  these biochemical risk factors 
with a diet enriched in polyunsatura ted  fat. 
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Growth Support and Metabolism of Phytosterols 
in Paramecium tetraurelia 
Bruce D. Whitaker' and David L. Nelson* 
Department of Biochemistry, Universh~/of Wisco~in-Mc~on, C o i ~  of Agflcultural and Life Sciences, Madison, Wl 53706 

The basis of the growth requirement of P~ramecium for 
one of several structurally similar phytoster~ls  is not 
known. Previous research has indicated that  selective 
esterification of only growth-promoting sterols may be 
a key. In this study,  it was found that  under certain t~n- 
ditions sterols that  fail to support growth {e.g., choles- 
terol) can be esterified in large amounts  in Parctmevium. 
We found no compelling er to support the hypotl~-  
sis that  steryl esters serve a specialized role in the fat ty  
acid metabolism of tbe cell. Octadecenoir acid, ~ s e n t i a i  
for cell growth, was the major fatty  acid in both steryl 
esters and triglycerides. It was also shown that  P. 
tetraurelia can dehydrogenate h ~ and A 7, a s  well as hs-3j~ - 
hydroxy sterols, to yleid the conjugated 5 , 7 ~ e  deriva- 
tive. These results indicate the presence of a ti s, in 
tion to a h 7, desatura~  of the s t e ~ l  sucleus in this ciimte. 
Two C24 a-ethyl sterois, b22-stigmastenol (h 2~) ami st igma~ 
tanol (h~ were a h ~ n  for tbe first time to promote 
growth. Finally, we f~mBd that  ~a-growth-promot ing  
sterols may c o m p o ~  a Jligh ~ of tide free 
of the surface me ld~ane  without advqm~y ~ff~dng r 
growth or viability. These data support the coaclusion 
that  the growth requirement for select phytosterols  in 
Paramecium does not involve the structural or fmlctionai 
role of "bulk" sterols in cell membranes. 
Lipids 22, 386-396 {1987). 

The growth requirement for a phytosterol in the ciliated 
protozoan Paramecium aurelia was determined 30 years 
ago by Conner et al. {1,2). This sterol requirement was 
subsequently shown to be highly specific. Only a small 
group of structurally similar phytosterols was found to 
support growth of this organism in an axenic medium (3). 
Alkyl substitution (usually ethylation) at C-24 of the 
sterol side chain was shown to be essential for nutritional 
activity, and desaturation at C-22,23 of the side chain was 
shown to enhance activity. Epimerization of the ethyl 
group at C-24 had no effect. 

The basis of auxotrophy for select phytosterols in 
Paramecium is unknown. One hypothesis, forwarded by 
Conner et al. (4), is that  sterol esterification is somehow 
requisite for cell growth. This proposal was based on a 
study comparing the metabolism of the growth- 
promoting sterol stigmasterol with that of the non- 
growth-promoting sterol cholesterol in P. aurelia. It was 
shown that although both of these A 5 sterols were 
dehydrogenated at the 7,8 position to yield their 5,7-diene 
derivatives, no cholesterol or 7-dehydrocholesterol was 
incorporated into the steryl ester (SE) pool. Thus, the data 
indicated that only growth-promoting 3~-hydroxy sterols 
are esterified to fatty acids. 

'Present address: USDA-ARS BARC-W, Horticultural Crops Qual- 
ity Lab, Bldg. 002, Rm. 202, Bettsville, MD 20705. 
*To whom correspondence should he addressed. 
Abbreviations: FAME, fatty acyl methyl ester; GLC, gas liquid 
chromatography; MOPS, 3-(N-morpholino~propanesulfonic acid; SE, 
steryl ester; TG, triglyceride; TLC, thin layer chromatography. 

In this study, we have expanded the scope of the 
investigation by Conner et al. {4) to encompass the pro- 
motion of growth by and metabolism of a variety of 
phytosterols in P. tetraurelia in both monoxenic and 
axenic culture. The monoxenic medium used in these ex- 
periments was devised to eliminate the problem of con- 
taminant sterols in the crude axenic and monoxenic 
cerophyl media customarily used for culture of 
Paramecium {5). The axenic medium used in this study 
was essentially the same as that used by Conner et al. 
{4), with the exception that cholesterol present in the 1-a- 
cephalin component was removed in only select series of 
experiments. Several dramatic quant i ta t ive  and 
qualitative differences were found in the growth support 
and metabolism of phytosterols in monoxenic vs axenic 
cultures of P. tetraurelia, which prompted us to report 
results with both types of media. 

We have tested the hypothesis linking sterol esterifica- 
tion with growth support by comparing the sterol com- 
position of SE from axenic cultures of Paramecium with 
or without cholesterol and supplemented with one of six 
growth-promoting phytosterols. In addition, the fat ty 
acid composition of SE and triglycerides {TG) has been 
compared for P. tetraurelia cultures supplemented with 
different phytosterols. This segment of the study was car- 
ried out to pursue the possibility that SE perform some 
specialized function in the fat ty acid metabolism of 
Paramecium, rather than serving merely as a nontoxic 
reserve of sterols and free fatty acids. Also, the question 
of why the 3-keto steroid a4.'-stigmastadienone supports 
growth of Paramecium (3), particularly in light of the 
sterol esterification hypothesis, has been addressed. 
Finally, several experiments were performed to determine 
the extent to which non-growth-promoting sterols can 
replace stigmasterol and 7-dehydrostigmasterol in the 
ciliary membrane of Paramecium. 

MATERIALS AND METHODS 

Monoxenic cultures. Initial studies of sterol growth sup- 
port, uptake and metabolism in Paramecium were per- 
formed by adding the appropriate sterol(s), sterol 
derivative or keto-steroid in an ethanolic solution to 3-(N- 
morpholino)propanesulfonic acid {MOPS} basal medium, 
autoclaving for 40 min and subsequently adding a dense 
suspension of Escherichia coli B prior to inoculation with 
Paramecium {6). (The concentration of phytosterols added 
to monoxenic cultures in these experiments, ~1-5 ~g/ml, 
was well above their solubility in water. Sterols added in 
ethanolic solution to room temperature MOPS basal 
medium in this concentration range immediately precipi- 
tated, forming large particulate aggregates. Upon auto- 
claving, the sterols were dispersed as a suspension of fine 
particles.) MOPS medium consisted of the following: 
15 mM MOPS, 3 mM KC1, 1 mM CaCI~, KOH to pH 6.2 
plus NaOH to pH 6.5. E. coli cultures were grown in 0.4% 
minimal glucose medium {6) {potassium phosphates plus 
salts and 20% glucose solutions autoclaved separately). 
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Flask cultures (11 total volume} were started with a 0.5% 
v/v inoculum and grown to early stationary phase {20-24 
hr; A65o n~ ~ 1.8) on a gyratory shaker at 28 C. Bacteria 
were harvested by centrifugation for 5 min at 6,500 • 
g in sterilized Corex bottles, washed once in cold sterile 
MOPS, recentrifuged and resuspended in a few milliliters 
of sterile MOPS medium. The dense E. coli suspension 
derived from 1 1 of medium was evenly distributed in 
flasks containing sterile MOPS medium plus sterol (2 1 
total volume}, which were then inoculated at 100-200 
cells/ml with P. tetraurelia wild-type 51S from an early 
stationary phase MOPS plus E. coli culture {5 t~g/ml 
stigmasterol) and incubated at 25 C. 

Control experiments were carried out to determine if 
steroids added to MOPS basal medium were altered dur- 
ing autoclaving or metabolized by E. coli. Stigmasterol, 
stigmasteryl acetate, stigmastadienone, cholesterol or 
cholesteryl myristate was added to 5 t~g/ml to two sets 
of 250-ml flasks containing 40 ml of MOPS medium. After 
autoclaving, one set of flasks was immediately extracted 
with hexane/ether (1:1, v/v). A dense suspension of E. coli 
was added to the second set of flasks and allowed to in- 
cubate at 28 C for 24 hr. Following incubation, the 
bacteria were harvested by centrifugation and extracted 
with CHCI3-MeOH (2:1, v/v). The MOPS medium super- 
natant was also extracted with hexane/ether (1:1, v/v}. The 
following briefly summarizes the results: There was no 
evidence of metabolism of any of the steroid supplements 
by E. coli. Neither stigmasteryl acetate nor cholesteryl 
myristate was hydrolyzed during autoclaving or during 
incubation with the bacteria. However, 20-50% of the 
recovered steroid was associated with the bacterial pellet, 
even after washing and recentrifugation. This suggests 
that a substantial fraction of the steroid supplemented 
to the medium was taken up by, or adsorbed to, E. coll. 
Also, impurities detected by gas liquid chromatography 
(GLC) indicated that  for both cholesterol and stigmasta- 
dienone, ~-10-20% of the added steroid was degraded 
{perhaps oxygenated} during autoclaving. 

Axenic cultures. In the second study of growth support 
and metabolism of phytosterols in P. tetraurelia, the wild- 
type strain 51S was cultured in Soldo's crude axenic 
medium (7). This is a proteose and trypticase peptone plus 
yeast nucleic acid-based medium, rich in added vitamins 
and high in free fat ty acids (~45 ~g/ml), and includes 
phosphatidylethanolamine (1-a-cephalin) of high poly- 
unsaturated fat ty acid content. Sterol was added at 
2-5 ~g/ml in an ethanolic solution {final [ethanol]< 0.1%) 
prior to autoclaving. This medium contained >/2 t~g/ml 
cholesterol, a contaminant of the 1-a-cephalin component 
(4) {Sigma Chemical Co., St. Louis, Missouri}. In the final 
series of experiments, the 1-a-cephalin was purified (>90% 
of the cholesterol removed} by silicic acid column 
chromatography {8,9} prior to addition to the axenic 
medium. Axenic cultures were inoculated at ~-100 cells/ml 
from a mid-log phase culture supplemented with 5 ~g/ml 
stigmasterol (inoculum ~< 2% total culture volume} and 
incubated at 25 C. 

Cell harvest, deciliation and lipid extraction. Mono- 
xenic and axenic cultures of P. tetraurelia (51S) were 
harvested by centrifugation in pear-shaped oil-testing cen- 
trifuge tubes at 250 • g for 2 rain. Monoxenic cultures 
were harvested at early stationary phase {70-80 hr 
growth; nearly cleared of E. coli; 0.9-1.2 • 104 cells/ml), 

while axenic cultures were harvested at mid-log phase 
{70-80 hr growth; 6-8 • 103 cells/ml). The cell pellet was 
washed twice with MOPS basal medium (25 C) prior to 
deciliation or lipid extraction of whole cells. Cells from 
monoxenic cultures were deciliated by the calcium shock 
procedure described by Adoutte et al. (10), except that 
MOPS basal medium was used in place of Dryl's salt solu- 
tion. Total lipid was extracted from whole cells or cilia 
by the method of Folch et al. (11). The chloroform/ 
methanol (2:1, v/v) extraction was carried out in screw 
cap centrifuge tubes under N~, in dim light. Butylated 
hydroxytoluene was added to the solvent mixture at 
15 ~g/ml to limit oxidation of lipids. All organic solvents 
were redistilled in glass. 

Lipid fractionation and analysis. Total lipids extracted 
from Paramecium grown in either monoxenic or axenic 
culture were fractionated by silicic acid column 
chromatography in two steps: (i) A 1.5-ml slurry of 
100-200 mesh Bio-Sil A (Bio-Rad, Richmond, California} 
in CHC13 was loaded into a 53// Pasteur pipet column 
plugged with glass wool. The column was washed with 
5 ml of CHC13, and the lipid extract was applied in 0.5 
ml CHC13. Neutral lipids were eluted with 6 ml CHC13, 
dried under a stream of N2 and redissolved in 0.5 ml hex- 
ane (8,9}. (ii) A second Pasteur pipet column was loaded 
with a 1.5-ml slurry of silicic acid in hexane. Neutral lipids 
were applied to the column and fractionated with a step 
gradient of hexane/diethyl ether {8,9}. Hydrocarbons and 
steryl esters were eluted with 100% hexane (3 ml), tri- 
glycerides with hexane/ether (99:1, v/v) (6 ml), and fatty 
acids and alcohols with hexane/ether (95:5, v/v) (4 ml}. The 
column was then stripped with CHCl~ (5 ml} to yield the 
free sterol fraction (plus small amounts of mono- and 
diglycerides}. The lipid composition of the step-gradient 
column fractions was examined by thin layer chroma- 
tography (TLC) on 250 ~ silica gel 60, 20 • 20 cm glass 
TLC plates {Merck, Rahway, New Jersey) developed in 
hexane/diethyl ether/formic acid (80:20:2, v/v/v) and 
visualized with FeCl~ spray reagent (9,12}. Lipid fractions 
were dissolved in CHCl~ and stored at - 2 0  C under N2 
for no more than one week prior to sterol and fatty acid 
analysis. 

The free sterol content of Paramecium from both 
monoxenic and axenic cultures was generally in the range 
of 40-80 t~g per 106 cells. Free sterols and other steroids 
from the neutral lipids of Paramecium were tentatively 
identified by their GLC retention times relative to known 
standards. The instruments used for this analysis were 
a Varian 3700 gas chromatograph in tandem with a 
CDS-111 integrator. Sterols were separated on a 3 ft, 
2 mm id glass coil column packed with 3% OV 17 on 
100/120 mesh Supelcoport (Supelco, Bellefonte, Pennsyl- 
vania}. The N2 flow rate was 20 cc/min, the oven tempera- 
ture was 260 C (isothermal) and the injector and detec- 
tor temperatures were 320 C and 350 C, respectively. 

More rigorous identification of sterol metabolites from 
Paramecium entailed the following: conversion of 3/3- 
hydroxy sterols to steryl acetates with acetic anhydride 
{13}; GLC analysis of steryl acetates (GLC retention times 
increased relative to free sterols); separation of steryl 
acetates according to the number of double bonds in the 
ring system and alkyl side chain by elution from a col- 
umn of silicic acid impregnated with 20% AgNO~ (w/w) 
using a step gradient of hexane/benzene (14}; GLC 
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analysis of steryl  acetates in the column fractions; and 
UV absorbance and mass spectra of steryl acetates and]or 
free sterols using a Gilford UV-VIS microprocessor- 
controlled Sys tem 2600 spectrophotometer  and an AE I 
Model MS9 mass spectrometer,  respectively. UV spec- 
t ra  were indicative of the presence or absence of con- 
jugated double bonds in the B ring at the 5,6 and 7,8 
positions. The h 5,' sterols have characteristic absorbance 
maxima in the UV at 271,281.5 and 293 nm (15). Iden- 
tification of sterols and steryl  acetates by mass spec- 
t romet ry  was based on the M § ion (or M+-60 for steryl  
acetates), as well as a comparison of the mass numbers  
and proportions of the major mass fragments with values 
reported in the liter ature (16,17 ). A combination of these 
methods (argentation column chromatography, UV spec- 
t rophotometry  and mass spectrometry) was used to help 
determine the sterol composition of a given free or 
esterified sterol fraction whenever GLC alone was inade- 
quate. For  example, spinasterol (h ',22) and 7-dehydro- 
st igmasterol  (h 5.7~=) had very  close GLC retent ion times, 
but  UV absorbance and mass spectra clearly showed that  
most of the former was dehydrogenated to yield the latter 
in both axenic and monoxenic cultures. 

F a t t y  acids of s teryl  esters and triglycerides were 
transesterif ied to f a t ty  acyl methyl  esters (FAME) for 
GLC analysis by reacting with 0.5 N sodium methoxide 
in dry methanol as described by Luddy et al. (18}. This 
reaction also l iberated free sterols from steryl  esters, 
which could then be analyzed by GLC. Gas chromatog- 
raphy of FAME was carried out on a 6 ft, 2 mm id glass 

coil column packed with 10% SP2330 on 100/120 mesh 
Chromosorb (Supelco). The N2 flow rate  was 20 cc/min, 
the column oven temperature  was 190 C (isothermal) and 
the injector and detector  temperatures  were 250 C and 
300 C, respectively. Identification of FAME from SE and 
TG of Paramecium was based on comparison of GLC 
retention times with those of known standards purchased 
from Sigma and Supelco and generated from total  lipids 
of E. coli B. Identification was substantiated or expanded 
using two methods. The first was separation of subclasses 
of FAME according to the number  of double bonds on 
10% (w/w) AgNO3-impregnated TLC plates (250 ~ silica 
gel 60, 5 • 20 cm) developed with hexane/diethyl ether  
(90:10, v/v) (to separate saturated,  mono- and dienoic) or 
40:60 {v/v) (to separate tri- and tetraenoic) (9). The FAME 
subclasses were then scraped from the TLC plates, eluted 
from the silica gel and analyzed by GLC. The second 
method was saturat ion of all double bonds by vortexing 
a hexane solution of FAME sealed under an atmosphere 
of H2 in the presence of 5% paladium cata lys t  on char- 
coal (Amend Drug and Chemical, New York, New York), 
followed by GLC analysis (9). These two methods gave 
a good est imation of the ratio of 16, 18 and 20 carbon 
fa t ty  acids, and resolved the FAME pairs 17:cyc/16:2 and 
19:cyc/18:2, which otherwise were not separated by GLC. 
(The 17- and 19-carbon cyclopropane fa t ty  acids were 
derived from E. coli [19], and thus were present  only in 
monoxenic cultures of Paramecium.) 

Commercial and natural sources of  sterols, sterol 
derivatives and steroids. Table 1 lists the source and 

TABLE 1 

Sterols, Steryl Acetates, Steryl Esters and Steroids: Sources and Purity 

Source Purity a {%) Major contaminant 

Sterols 
Campesterol [(24R)-ergost-5-en-3/~-ol] 
Cholesterol [cholest-5-en-3/3-ol] 
Lanosterol [lanosta-8,24-dien-3/3-ol] 
Stigmastanol 
Stigmasterol I [stigmasta-5,22E-dien-3/3-ol] 
Stigmasterol II 
Sitosterol [stigmast-5-en-3/3-ol] 
Fucosterol [(24E)-stigmasta-5,24(28)-dien-3/3-ol] 
Ergosterol [ergosta-5,7,22E-trien-3~-ol] 
h22-Stigmastenol [stigmast-22E-en-3fl-ol] 
Spinasterol [stigmasta-7,22E-dien-3/3-ol] 
Brassicasterol [ergosta-5, 22E-dien-3/3-ol] 

Steryl acetates 
Stigmasteryl acetate 
Ergosteryl acetate 

Steryl esters 
Cholesteryl myristate 
Cholesteryl oleate 

Keto-steroid 
h4"~2-Stigmastadienone [stigmasta-4,22E-dien-3-one] 

Triterpenoid 
TetrahymanolC 

Sigma Chem. Co. 99 None 
Sigma Chem. Co. 99 None 
Sigma Chem. Co. ~70 Unknown 
Sigma Chem. Co. 70 Campestanol (30%) 
Sigma Chem. Co. 92 Sitosterol (5%) 
Applied Science Labs 98 None 
Applied Science Labs 97 Campesterol (2%) 
Steraloids, Inc. 99 None 
Aldrich Chem. Co. 98 None 
Dictyostelium discoideum 92 Stigmastanol (8%} 
Spinach leaves 70 h'-Stigmastenol {20%) 
Brassica rapa seed 94 Sitosterol (4%) 

Sigma Chem. Co. b 96 Sitosteryl acetate {3%) 
Aldrich Chem. Co. b 99 None 

Sigma Chem. Co. 99 None 
Sigma Chem. Co. 99 None 

Sigma Chem. Co. 96 

Tetrahymena pyriforrnis 

Unknown (4%) 

99 None 

apurity determined by gas liquid chromatography. 
bFree sterol acetylated via reaction with acetic anhydride. 
c4,4'-Dimethyl pentacyclic triterpenoid alcohol. 
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purity of the various sterols, steryl esters, steryl acetates 
and the 3-keto steroid used in this study. Commercially 
acquired sterols were recrystallized twice from 100% 
ethanol. Puri ty was determined by GLC. The 5-dihydro 
derivative of stigmasterol, h ' -s t igmastenol ,  and the pen- 
tacyclic triterpenoid alcohol te t rahymanol  were isolated 
from amoebae of Dictyos te l ium discoideum (20) and cells 
of Te t rahymenapyr i formis  (21), respectively. These two 
compounds were purified by the following series of pro- 
cedures. (i) Total lipids were extracted from washed cell 
pellets with chloroform/methanol (2:1, v/v) (11). (ii) The 
neutral lipid fraction was eluted from a silicic acid col- 
umn with five column volumes of CHCI~. (iii) After dry- 
ing on a rotary evaporator, neutral lipids were saponified 
in 1 N KOH (95% ethanol) in'a sealed culture tube under 
N~ at 80 C for 2 hr, and the nonsaponifiables were ex- 
tracted twice with hexane (9). (iv) The hexane extract was 
dried on a rotary evaporator  and the sterols or triter- 
penoids were recrystallized twice from hot ethanol. 

The phytosterols spinasterol (hm~-stigmastadienol) and 
brassicasterol were isolated from spinach leaves and seed 
of Brassica rapa (rapeseed), respectively. Neutral  lipids 
from these two plant sources were fractionated and 
saponified as described above in procedures i-iii. The 
dried nonsaponifiables were dissolved in ethanol and the 
3/~-hydroxy sterols precipitated with digitonin (13) 
(Sigma). The washed digitonides were refluxed in acetic 
anhydride to form steryl acetates (13), which recrystal- 
lized upon cooling. A second recrystallization was then 
performed from hot  acetone/ethanol (1:1, v/vl. 

Without  further purification, the steryl acetates from 
spinach were dissolved in benzene and hydrolyzed with 
0.5 N sodium methoxide in dry methanol {18) to yield free 
sterols (---70% spinasterol). As brassicasterol composed 
only ~ 10% of the phytosterols  from rapeseed oil, further 
purification was required. This was accomplished through 
argentat ion column chromatography (14) (four repeti- 
tions) followed by argentat ion TLC (22). The brassica- 
steryl acetate obtained by these procedures was 94% pure 
as determined by GLC and was hydrolyzed to the free 
sterol as described above for the spinach steryl acetates. 

RESULTS 

Growth-promot ing phytosterols .  Eleven 3/3-hydroxy 
sterols, two steryl esters, two steryl acetates, one keto 
steroid and one pentacyclic triterpenoid alcohol were 
tested for the ability to support  growth of P. tetraurelia 
in monoxenic culture when supplied at 5 ~g/ml (Table 2). 
Six C~ phytosterols (stigmasterol, sitosterol, spinasterol, 
stigmastanol,  A' -s t igmastenol  and fucosterol), one C~, 
phytosterol  {brassicasterol) and the C~ 3-keto steroid 
h~. '-st igmastadienone were found to support  growth, 
enabling >/5 cell divisions with complete clearing of the 
E. coli suspension. All of these steroids, with the excep- 
tion of fucosterol, which was not tested, were found to 
promote growth in axenic culture as well (Table 2). 
St igmastanol  and h ' -s t igmastenol ,  both C~9 with a 
saturated ring system, were shown for the first time to 
be growth-promoting sterols. As reported previously (3}, 

TABLE 2 

Uptake and Growth Support of Steroids in Monoxenic (M) and Axenic {A) Cultures of P. tetraurelia 

Uptake Growth 

Steroid/triterpenoid Carbon no. Unsaturation R at C-24 M A M A 

Stigrnasterol C29 a ~-22 a-C~Hs + + + + 
Sitosterol C29 4 s a-C~Hs + + + + 
h22-Stigmastenol C29 h ~ a-C2Hs + + + + 
Stigmastanol C29 h ~ a-C~Hs + + + + 
Spinasterol C29 A 7 a-C~Hs + + + + 
Fucosterol C~9 ti sr~4(28~ -C2H4 + N.D. a + N.D. 
Brassicasterol C28 h ~-" fl-CH~ + + + + 
Campestanol C~ h ~ a-CH~ + + N.D. N.D. 
Campesterol C2s A s a-CH3 + + 0 0 
Ergosterol C~ h ~.m~ /3-CH~ + + 0 0 
Cholesterol C2~ h ~ - H + + 0 0 
Lanosterol C~o b a ~,~ - H + N.D. 0 N.D. 
Stigrnasteryl acetate C~ c h s." a-C2Hs + + 0 + 
Ergosteryl acetate C~ c a ~.~," /3-CH~ + N.D. 0 N.D. 
Cholesteryl myristate C2~ c h ~ - H  + N.D. 0 N.D. 
Cholesteryl oleate C2~ c A s - H  + N.D. 0 N.D. 
Stigrnastadienone C29 h ~," a-C2H~ + + + + 
Tetrahymanol C~od ho -- + N.D. 0 N.D. 

Uptake of the listed steroids in monoxenic and axenic cultures was determined by coretention with standards on gas liquid chromatography 
(GLC) following extraction and column fractionation of lipids from washed whole ceils (see Materials and Methods). In the case of cholesteryl 
ester supplementation, the steryl ester column fraction was subjected to alkaline methanolysis followed by GLC analysis of the free sterols 
yielded by this procedure. The criterion set for growth support {+} by a given steroid in both monoxenic and axenic cultures was comple- 
tion of >-5 cell divisions 72-96 hr postinoculation. For monoxenic cultures, this also entailed complete clearing of the E. coli suspension. 
(Note the exception to the criterion set for growth support by campesterol and ergosterol in monoxenic cultures cited in Results.) 
aN.D, No data. 
b4,4',14-Trimethyl. 
CFree sterol C#. 
d4,4'-Dimethylpentacyclic triterpenoid alcohol. 
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st igmasteryl  acetate supported growth of Paramecium 
in axenic culture. However, in monoxenic culture this 
compound repeatedly failed to promote growth. 

Uptake and metabolism of non-grow th-promoting ster- 
oids and triterpenoids. P. tetraurelia in monoxenic cul- 
tures supplemented with 1 ~g/ml stigmasterol was tested 
for the ability to take up and metabolize the sterols, sterol 
derivatives and the pentacyclic triterpenoid tetrahymanol 
(added at 5 ~g/ml), which were found not  to support  
growth (Table 2). These data  were not tabulated, but  are 
summarized in the following two paragraphs.  

Each of the free sterols, the two steryl acetates and 
te t rahymanol  were taken up readily; they comprised 
50-90% of the total steroid/triterpenoid pool. Cholesteryl 
esters were taken up freely, and cholesterol plus 
7-dehydrocholesterol comprised >50% of the free sterol 
fraction. Also, at the time of harvest  ~30% of the ester 
in the medium had been hydrolyzed. As cholesteryl esters 
were not hydrolyzed during autoclaving or during incuba- 
tion with E. coli alone (see Materials and Methods), we 
assume tha t  the deesterification was performed by 
Paramecium. Ergosteryl  acetate was not deacylated, and 
st igmasteryl  acetate was not dehydrogenated to the 
7-dehydro derivative. 

Non-growth-promoting sterols included cholesterol (C27, 
As), lanosterol (C3o, h s'24, 4,4',14-trimethyl), campesterol 
(C28, h s) and ergosterol (C~8, hs'7'2~). The latter two C2s 
sterols initially appeared to support growth in monoxenic 
culture, but  failed to do so in subsequent subcultures. 
Also, in axenic culture these two sterols clearly failed to 
promote growth. Campestanol (C~8, h~ a 30% contami- 
nant  of the Sigma stigmastanol preparation, is presumed 
not  to support  growth, based on the data  for related C~8 
sterols (Table 2 and ref. 3). Cholesterol, campesterol and 
campestanol were dehydrogenated to yield the h~.~-diene 
derivatives. Lanosterol and ergosterol were not further 
dehydrogenated. 

Metabolism of growth-promoting phytosterols in mono- 
xenic cultures. Monoxenic cultures of P. tetraurelia sup- 
plemented with the phytosterols listed in Table 3 were 
harvested at early stationary phase and analyzed for de- 
hydrogenation and esterification of the supplemental 
sterols. The h s sterols stigmasterol, sitosterol, fucosterol and 
brassicasterol were dehydrogenated at the 7,8 position of 
the B ring, yielding 7-dehydrostigmasterol, 7-dehydrosito- 
sterol, 7-dehydrofucosterol and ergosterol, respectively. 
Spinasterol, the h ~ analog of stigmasterol, was dehydro- 
genated at the 5,6 position, yielding 7-dehydrostigmasterol. 

TABLE 3 

Metabolism of Growth-Promoting Phytosterols: Monoxenie Cultures 

Sterol Conc. Major metabolites-- 
supplement (gg/ml) free sterol %a Esterified sterols % FS:SE b 

Stigmasterol 5.0 7-Dehydrostigraasterol 24 7-Dehydrostigmasterol 85 20:1 
Unknown A 5 Stigmasterol 15 

h22-Stigmastenol 5.0 7-Dehydrostigmasterol 24 h2~-Stigmastenol 75 >~200:1 
Unknown A 10 Cholesterol? 15 

Stigmastanol 5.0 7-Dehydrostigmasterol 17 Campestanol 81 >~100:1 
+ Campestanol 2.5 7-Dehydrocampesterol 9 Stigmastanol 15 

Unknown B 3 

Fucosterol 5.0 7-Dehydrofucosterol 24 No data No data 
Unknown B 5 

Stigmastadienone 5.0 7-Dehydrostigmasterol 38 7-Dehydrostigmasterol 80 10:1 
(M22-3-one) Unknown A 15 h22-Stigmasterol 20 

h~-Stigmastenol 8 

Sitosterol 5.0 7-Dehydrositosterol 26 Stigmasterol 57 >~200:1 
Unknown B 10 Sitosterol 28 

Cholesterol? 12 

Spinasterol 2.0 7-Dehydrostigrnasterol 73 None detected >200:1 
(70%) Unknown A 8 

Brassicasterol 4.0 Ergosterol 38 None detected >200:1 

Monoxenic cultures were supplemented at the indicated concentrations with phytosterols shown to support growth in the previous series 
of experiments (Table 2). Cultures were harvested at early stationary phase {70-80 hr growth; nearly cleared of E. coli, 0.9-1.2 X 104 
cells/ml). Lipids were extracted from washed whole cells and fractionated by silicic acid column chromatography prior to analysis of the 
FS and SE fractions. "Major metabolites" column presents the percentage of the total FS fraction represented by dehydrogenated and 
de-ethylated derivatives of the phytosterol(s) supplemented to the culture medium. "Esterified sterols" column presents the percentage 
of the total SE fraction represented by fatty acyl esters of both metabolized and unmetabolized phytosterols. Percentages of the various 
sterols included in the FS and SE fractions were determined by gas liquid chromatography (GLC) aided by mass spectrometry. SE were 
cleaved by alkaline methanolysis prior to GLC analysis of the sterol composition of this fraction. The total sterol mass in both the FS 
and SE fractions was quantified by integration of GLC peak areas followed by comparison of these with the peak area of a stigmasterol 
standard solution of known concentration (1.0 mg/ral in 2,2,4-trimethylpentane). The FS to SE mass ratio was then calculated from the 
values obtained by this method. (See Materials and Methods for details of culturing and lipid analysis.) 
apercentage of the total free sterol fraction {i.e., both metabolized and unmetabolized sterols). 
bFS:SE, free sterol to steryl ester mass ratio. 
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The two C29 sterols with a sa tu ra ted  ring system,  
h22-stigmastenol and st igmastanol,  were dehydrogenated 
a t  bo th  the 5,6 and 7,8 posi t ions of the B ring, yielding 
7-dehydrost igmasterol  and 7-dehydrositosterol,  respec- 
tively. The 3-keto steroid /14,~-stigmastadienone was 
reduced at  the 3 position and hydrogena ted  a t  h 4 to yield 
A22-stigmastenol. The ident i ty  of this metabol i te  was 
establ ished by  GLC retent ion t ime and by  the very  close 
ma tch  of its mass  spec t rum with tha t  of/122-stigmasten- 
3/3-ol isolated f rom Dictyostelium. As indicated above, 
s t igmastenol  was further desaturated at  both  the 5,6 and 
7,8 positions, yielding 7-dehydrost igmasterol .  

In monoxenic cultures supplemented with ei ther stig- 
masterol,  h2~-stigmastenol, fucosterol, s t igmastanol  plus 
campes tanol  or sitosterol,  5,7-diene sterols composed 
---25% of the free sterol pool. The percentage of h ~.7 sterols 
in the free sterol fraction was somewhat  higher (~38%) 
in cultures supplemented with ei ther brassicasterol  or 
s t igraastadienone.  In the la t ter  case, the ketone com- 
prised ~40% of the total  steroids, excluding SE. Cultures 
supplemented with spinasterol  had an exceptionally high 
percentage (>80%) of 5,7-diene sterols, principally 7- 
dehydrost igmasterol ,  in the free sterol  pool. 

In addition to the 5,7-diene sterols produced via 
dehydrogenat ion of the h ~ A s or/V phytos tero ls  supplied 
in the medium, the free sterol pool of cultures sup- 
p lemented with any of the C29 phytos te ro ls  included one 
of two unknowns (designated as unknowns A and B) in 
the range  of 5-15% of the total. Results  of a rgenta t ion  
column chromatographic  fract ionat ion plus GLC and 
mass  spectral  analysis of these unknowns s t rongly  sug- 
ges t  their  identification as h~.'.~-cholestatrien-3/~-ol 
{unknown A) and 7-dehydrocholesterol {unknown B). 

These sterols p robably  are formed via deethylat ion a t  
C-24 of 7-dehydrost igmasterol  and 7-dehydrositosterol,  
respectively.  

The s teryl  ester  fraction f rom s ta t ionary  phase  mono- 
xenic cultures of P. tetraurelia in general comprised a 
small percentage  (between 0.5 and 10%) of the to ta l  
cellular sterols. The SE pool was largest  in cultures sup- 
plemented with either s t igmasterol  or st igmastadienone,  
where 7-dehydrost igmasterol  cons t i tu ted  80-85% of the 
esterified sterol and s t igmasterol  or h~2-stigmastenol the 
remaining 15-20%. In cultures supplemented with h 22- 
s t i g m a s t e n o l ,  s t i g m a s t a n o l  p lus  c a m p e s t a n o l  or 
sitosterol,  the SE pool was 10-20 t imes smaller. The SE 
fract ions f rom these cultures contained vir tual ly no 
5,7-diene sterols, in cont ras t  to SE of cells grown on 
s t igmasterol  or s t igmastadienone.  In cells grown on 
brassicasterol  (4 ~g/ml) or spinasterol  (2 ~g/ml), SE were 
negligible. Monoxenic cultures supplemented with fuco- 
sterol were not analyzed for SE content.  The apparen t  
presence of cholesterol (based solely on GLC retent ion 
time) in the SE fraction of cultures supplemented with 
either h2~-stigmastenol or sitosterol is puzzling, but  could 
be the result of contamination of the supplemental sterols. 

Effect of exogenous sterol supplement on the free sterol 
composition of whole cells and cilia from monoxenic 
cultures. Table 4 presents the distribution of both growth- 
p romot ing  and non-growth-promot ing sterols (and their  
7-dehydro derivatives) in whole cells and cilia f rom 
monoxenic cultures. When one of the three phytos te ro ls  
s t igmasterol ,  fucosterol or campesterol  was added alone 
to the medium, the rat io of the added hS-sterol to its 
7-dehydro der ivat ive  was -~3:1 in whole cells compared  
to ~1:3 in cilia. Thus, as indicated in a previous s tudy (5), 

TABLE 4 

Effect of Exogenous Sterol Supplement on the Free Sterol Composition of Whole Cells and Cilia: Monoxenic Cultures 

Sterol Conc. Major free sterols Major free sterots 
supplement {t~g/ml) of whole cells %a of cilia %a 

Stigmasterol 5.0 Stigmasterol 74 Stigmasterol 22 
7-Dehydrostigmasterol 19 7-Dehydrostigmasterol 72 

Fucosterol 5.0 Fucosterol 71 Fucosterol 17 
7-Dehydrofucosterol 24 7-Dehydrofucosterol 63 

Campesterol b 2.5 Campesterol 72 Campesterol 20 
7-Dehydrocampesterol 27 7-Dehydrocampesterol 74 

Cholesterol 1.0 Cholesterol 38 Cholesterol 4 
+ 7-Dehydrocholesterol 29 7-Dehydrocholesterol 73 

stigmasterol 0 . 2 5  Stigmasterol 23 Stigmasterol 2 
7-Dehydrostigmasterol 10 7-Dehydrostigmasterol 22 

Ergosterol 5.0 Ergosterol 78 Ergosterol 75 
+ Stigmasterol 10 Stigmasterol 5 

stigmasterol 0 . 2 5  7-Dehydrostigmasterol 5 7-Dehydrostigmasterol 8 
Tetrahymanol 5.0 Tetrahymanol 77 Tetrahymanol 43 

+ Stigmasterol 19 Stigmasterol 5 
stigrnasterol 0.5 7-Dehydrostigmasterol 4 7-Dehydrostigmasterol 52 

Monoxenic cultures were supplemented with either a high concentration of a growth-promoting phytosterol alone, or a high concentra- 
tion of a non-growth-promoting sterol plus a low concentration of stigmasterol. Cultures were harvested at early stationary phase, and 
the washed cells were deciliated by a calcium shock procedure modified from that of Adoutte et al. (9). Cell bodies and cilia were analyzed 
for their free sterol composition by gas liquid chromatography. 
aData are intended to show relative proportions of the major sterols. Minor sterols comprise remaining percentages. 
bCampesterol alone does not promote growth {Table 2), but did support growth well on the first subculture with stigmasterol-grown cells. 
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hs'7-sterols appear to be preferentially introduced into the 
ciliary membrane. 

In experiments in which a "high" concentration of a 
non-growth-promoting sterol/triterpenoid was included in 
the medium (cholesterol, ergosterol or tetrahymanol), a 
low concentration of stigmasterol was also included as 
the growth-promoting sterol. Under these conditions, the 
non-growth-promoting compound constituted >i70% of 
the free "sterol" pool of whole cells, and in the cases of 
ergosterol and cholesterol plus 7-dehydrocholesterol, 
>175% of the ciliary sterols. In contrast, tetrahymanol 
replaced less than half of the ciliary sterols (43%), despite 
a 10-fold excess over stigmasterol in the medium. This 
result was not surprising in light of the structural dif- 
ferences of tetrahymanol from the C2~, C~8 and C~9 sterols 
and the apparent preferential incorporation of hs.'-sterols 
into the ciliary membrane. 

As we have found previously (5), only free sterols, and 
not steryl esters, are found in cilia of both monoxenic cells 
(Table 4) and axenic cells (data not shown) ofP. tetraurelia 
51S. 

Metabolism of growth-promoting phytosterols in 
axenic cultures. Axenic cultures of P. tetraurelia with or 
without cholesterol (see Materials and Methods) sup- 
plemented with the phytosterols listed in Table 5 were 
harvested at mid-log phase and analyzed for dehydrogena- 
tion and esterification of the supplemental sterols. As ex- 
pected, the level of cholesterol and its 7-dehydro deriva- 
tive was higher in the free sterol pool of cultures grown 
on axenic medium containing the higher concentration of 
cholesterol. Regardless of the cholesterol level or the 
phytosterol supplement, 5,7-dienes constituted >/70% of 
the free sterols in axenic cultures. This was generally 2-3 
times higher than the percentage of As 7-sterols in com- 
parable monoxenic cultures. The level of h ~,7-sterols was 
exceptionally high (>/95%) in axenic cultures supple- 
mented with spinasterol. This was also observed in 
monoxenic cultures. For each of the eight growth- 
promoting steroids, the major metabolites were the same 
in axenic and monoxenic cultures. Thus, hS-sterols were 
7-dehydrogenated, hT-sterol was 5-dehydrogenated, h ~ or 
h~-sterols were 5,7-dehydrogenated,/P'~-stigmastadien- 
3-one was converted to h2~-stigmastenol and in turn to 
7-dehydrostigmasterol, and there was evidence of de- 
ethylation of 7-dehydrostigmasterol to yield AS ~ ~-choles- 
tatrien-3/3-ol. 

The SE pool of axenic cultures was far larger than that 
of equivalent monoxenic cultures, regardless of the phyto- 
sterol supplement or cholesterol level. The percentage of 
total sterols (free plus esterified) in the SE fraction varied 
with the growth-promoting sterol supplement and the 
cholesterol level. Cholesterol appeared to promote esteri- 
fication with some supplements (brassicasterol and 
spinasterol), but had the opposite effect with others 
(h22-stigmastenol, stigmastanol plus campestanol, and 
sitosterol). Only in cultures supplemented with stigmas- 
terol was the sterol composition of the SE fraction unaf- 
fected by the presence of cholesterol in the axenic 
medium; 7-dehydrostigmasterol and stigmasterol in a 
ratio of >/2-3:1 comprised >90% of the esterified sterol. 
For all other phytosterol supplements, axenic cultures 
grown on high cholesterol medium included this sterol and 
its 7-dehydro derivative as major constituents of the SE 
pool, ranging from 44-95% of the esterified sterol. The 

sterol composition of SE from cultures grown on low 
cholesterol axenic medium generally resembled the com- 
position of the free sterol pool when the supplements were 
stigmasterot, A~-stigmastenol, sitosterol or stigmasta- 
dienone. With either stigmastanol plus campestanol or 
spinasterol supplementation, the SE fraction of low 
cholesterol axenic cultures was greatly enriched in 
unmetabolized (i.e., not dehydrogenated) sterols. This cor- 
related with a high percentage (u30%) of phytosterot con- 
taminants (mainly campestanol or hT-stigmastenol) in 
these two sterol supplements. In low cholesterol axenic 
cultures supplemented with 2 ~g/ml brassicasterol, 
cholesterol was the major esterified sterol in the relatively 
small steryl ester pool. 

Fatty acids of steryl esters vs triglycerides from 
monoxenic and axenic cultures. A comparison was made 
of the fatty acid profiles of SE vs TG from both mono- 
xenic and axenic cultures with several different phyto- 
sterol supplements. In the case of monoxenic cultures 
(Table 6), the only supplements yielding sufficient SE for 
a reliable analysis of the fat ty acid profile were stig- 
masterol and stigmastadienone. Analyses of TG fatty 
acids from monoxenic cul tures  supplied with 
h~2-stigmastenol, stigmastanol plus campestanol, or 
sitosterol were also performed. The SE and TG fatty acids 
were compared for axenic cultures supplemented with 
stigmasterol, sitosterol, spinasterol or brassicasterol. In 
the case of the latter two phytosterol supplements, 
analyses were performed for axenic cultures both with 
and without cholesterol, while for stigmasterol and 
sitosterol supplements only cultures including cholesterol 
were analyzed (Table 7). 

The major differences in the FAME profiles of SE vs 
TG from monoxenic cultures (Table 6) were the ratio 
of the two cyclopropane fat ty acids of E. coli (9,10- 
methylene-hexadecanoic acid and 11,12-methyleneocta- 
decanoic acid) (19), and the proportion of palmitate (16:0) 
and palmitoleate (16:1). The 17:cyc to 19:cyc ratio was 
u1:5 for SE FAME and -1.6:1 for TG FAME in mono- 
xenic cultures supplemented with either stigmasterol or 
stigmastadienone. Also, the proportion of 16:0 plus 16:1 
was twofold higher in triglycerides than in steryl esters. 
In both SE and TG, cis-vaccenate (cis-11-octadecenoic 
acid) was the major fatty acid, ranging from ~35-48%. 
The percentage of 18:1(11) in SE vs TG was slightly 
higher in monoxenic cultures supplemented with 
stigmasterol and significantly higher in stigmasta- 
dienone-supplemented cultures. 

As was the case for monoxenic cultures, the percentage 
of 16:0 was considerably higher (two- to threefold) in TG 
compared with SE from axenic cultures, regardless of the 
cholesterol concentration in the medium or the phyto- 
sterol supplement (Table 7). Comparable with the data 
for monoxenic cultures, cis-9-octadecenoic acid (oleic acid) 
was the major fat ty acid in both SE and TG of all axenic 
cultures, ranging from 38 to 57%. For axenic cultures in 
which cholesterol constituted a large percentage of the 
esterified sterol, the amount of 18:1(9) was significantly 
greater in SE vs TG. In contrast, axenic cultures, which 
included a large percentage of 7-dehydrostigmasterol in 
the steryl ester pool, had equal levels of 18:1(9) in SE and 
TG, but also had a significantly greater proportion of 
polyunsaturated 20-carbon fatty acids in SE, particularly 
arachidonate (20:4). Thus, there appears to be some 
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TABLE 5 

Metabolism of Growth-Promoting Phytosterols: Axenic Cultures With and Without Cholesterol {~2 og/ml) 

Sterol Conc. Major metabolites 
supplement {~g/ml) {free sterol) %a Esterified sterols % FS:SE b 

With cholesterol 
Stigmasterol 

h~2-Stigmastenol 

Stigmastanol+ 
campestanol 

Stigmastadienone 
(h'.22-3-one) 

Sitosterol 

Spinasterol {70%) 

Brassicasterol 

Without cholesterol 
Stigmasterol 

h2~-Stigraastenol 

Stigmastanol + 
campestanol 

5.0 7-Dehydrostigmasterol 67 
7-Dehydrocholesterol 17 

3.0 7-Dehydrostigmasterol 62 
7-Dehydrocholesterol 25 

3.4 
1.6 

5.0 

4.0 

2.0 

2.0 

5.0 

5.0 

3.4 
1.6 

7-Dehydrositosterol 49 
7-Dehydrocampesterol 15 
7-Dehydrocholesterol 13 
7-Dehydrostigmasterol 54 
7-Dehydrocholesterol 20 
h2~-Stigmastenol 10 

7-Dehydrositosterol 60 
7-Dehydrocholesterol 7 

7-Dehydrostigmasterol 64 
7-Dehydrocholesterol 25 

Ergosterol 76 

7-Dehydrostigmasterol 61 
7-Dehydrocholesterol 9 
Unknown A 7 

7-Dehydrostigmasterol 66 
Unknown A 19 
7-Dehydrocholesterol 8 

7-Dehydrositosterol 59 
7-Dehydrocampesterol 18 

Stigmastadienone 5.0 7-Dehydrostigmasterol 54 
(h4'22-3-one) 7-Dehydrocholesterol 20 

h~2-Stigmastenol 10 

Sitosterol 5.0 7-Dehydrositosterol 62 
7-Dehydrocholesterol 10 

Spinasterol (70%) 2.0 7-Dehydrostigmasterol 71 
7-Dehydrocholesterol 25 

Brassicasterol 2.0 Ergosterol 66 

7-Dehydrostigmasterol 63 25:75 
Stigmasterol 35 

Cholesterol 93 80:20 
h22-Stigmastenol 3 
7-Dehydrostigmasterol 2 
7-Dehydrocholesterol 2 

Cholesterol 68 40:60 
7-Dehydrocholesterol 24 
Campestanol 5 
Cholesterol 52 30:70 
7-Dehydrocholesterol 26 
7-Dehydrostigmasterol 14 
h22-Stigmasterol 7 

Cholesterol 37 60:40 
7-Dehydrositosterol 37 
Sitosterol 18 
7-Dehydrocholesterol 7 

Cholesterol 40 50:50 
7-Dehydrocholesterol 23 
Spinasterol + 15 

7-dehydrostigmasterol 
hTStigmasten~ + 17 

7-dehydrositosterol 

Cholesterol 66 30:70 
Brassicasterol 20 
Ergosterol 13 

7-Dehydrostigmasterol 69 30:70 
Stigmasterol 24 
Unknown A 5 

7 -Dehydrostigmasterol 61 40:60 
h~2-Stigmastenol 36 
Unknown A 3 

Campestanol 41 15:85 
Stigmastanol 30 
7-Dehydrositosterol 20 

7-Dehydrostigmasterol 71 40:60 
h2~-Stigmastenol 27 

7-Dehydrositosterol 63 30:70 
Sitosterol 11 
7-Dehydrocholesterol 9 

7-Dehydrostigmasterol 28 75:25 
SpinasteroI 23 
7-Dehydrositosterol 14 
~'-Stigmastenol 14 
7-Dehydrocholesterol 9 
Cholesterol 9 

Cholesterol 59 90:10 
Brassicasterol 29 
Ergosterol 10 

Cells were grown in Soldo's crude axenic medium supplemented with growth-promoting phytosterols (see Table 2) at the indicated con- 
centrations. One series of cultures contained >/2 ~g/ml cholesterol as a contaminant of the medium {with cholesterol), while in a second 
series >/90% of the cholesterol was removed {without cholesterol). Axenic cultures were harvested at mid-log phase {70-80 hr growth; 
6-8 • 103 cells/ml). Lipids were extracted from the washed cells and fractionated by silicic acid column chromatography. The sterol com- 
position of the free sterol and steryl ester fractions was analyzed by gas liquid chromatography and mass spectrometry. "Major metabolites" 
presents the percentage of the total free sterol fraction represented by dehydrogenated and deethylated derivatives of the sterol(s) pres- 
ent in the culture medium, while "Esterified sterol" includes fatty acyl esters of both metabolized and unmetabolized sterols. The ratio 
of free sterols to steryl esters was derived as described in the legend to Table 3. 
apercentage of the total free sterol fraction {i.e., both metabolized and unmetabolized sterols). 
bFree sterol to steryl ester mass ratio. 
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specificity in the chain length and degree of unsaturation 
of fa t ty  acids esterified to different sterols in Paramecium. 

DISCUSSION 

Although a number  of free-living ciliated protozoans show 
an enhancement  of growth  when supplementa ry  sterols 
are available (23-27), the genus Paramecium appears  to 
be unique in the absolute requirement of phytos terols  for 
growth  (1-3,28). Species of the related genus Tetra- 
hymena are capable of synthesizing the pentacyclic 
t r i terpenoid te t rahymanol ,  which in the absence of sup- 
p lements  fulfills the s t ructural / funct ional  role of sterols 
in this organism (29,30). A wide var ie ty  of 3/~-hydroxy 
sterols and their  aceta tes  or f a t t y  acyl es ters  can be uti- 
lized by  species of Tetrahymena, and their  inclusion in 
the nutrient  medium generally both enhances growth and 
suppresses  synthesis  of t e t r ahymano l  (24-27,31-36). In 
contrast ,  the phytos tero l  requirement  in Paramecium is 
highly specific with respect  to molecular s t ruc ture  (3,4). 
I t  is the basis  of this s t ructura l  specificity of growth- 
p romot ing  phytos tero ls  in Paramecium t ha t  we seek to 
determine. 

The resul ts  presented here and elsewhere (4,5} show 
clearly tha t  selective up take  is not  the explanat ion for 
growth  suppor t  by  certain phytos te ro ls  in P. tetraurelia. 
A second possible explanat ion for the sterol specificity 
is a vi tal  interact ion with other membrane  components  
t ha t  is critically dependent  on molecular s tructure.  For 
the p lasma  membrane,  at  least, this  does not  appear  to 
be the case. In  appropr ia te ly  supplemented cultures of 
Paramecium, >/75% of the sterol in the ciliary (plasma) 
membrane  can be replaced by  cholesterol and its 
7-dehydro derivative, or ergosterol  {Table 4), with no 

obvious deleterious effects on cell growth or morphology 
(5; unpublished observation}. The possibility remains tha t  
some other subcellular organelle membrane  is res t r ic ted 
to include only growth-promot ing  phytosterols .  

A third hypothet ical  explanation for the sterol require- 
ment  of Paramecium is tha t  some metabolic  product  of 
growth-promot ing  phytos tero ls  is essential  for growth 
and/or cell division. Previously,  the two well-established 
metabolic products  of 3/3-hydroxy sterols in P. aurelia 
were the 7-dehydro derivatives of A s sterols and fa t ty  acyl 
esters.  Da ta  presented in this s tudy  indicate tha t  
Paramecium possesses a A s steroid ring desaturase  in ad- 
dition to the A 7 desaturase,  thus  enabling the double de- 
sa tura t ion  of sa tu ra ted  ring phytos te ro ls  (e.g., s t igmas-  
tanol, campestanol  and A22-stigmastenol). The act ivi ty  of 
these two desa turases  resul ts  in the efficient product ion 
of As'7-sterols via dehydrogenat ion of both  growth- 
promoting and non-growth-promoting A ~ A 7 and A s precur- 
sors. Although As '-sterols are preferentially incorporated 
into the ciliary membrane  of P. tetraurelia (32) (Table 4), 
and therefore are apparent ly  opt imal  to fulfill the struc- 
tural  requirements of the cell membrane,  their production 
m a y  not  be linked with the promot ion of growth by  
phytosterols.  A pivotal  question in this regard is whether 
brassicasterol (As.2~; C-24/3-CH3) can truly support  growth, 
as its 7-dehydro derivative, ergosterol, clearly cannot. At  
present,  it seems likely tha t  the apparent  promot ion of 
growth by  brass icas terol  is due to low level contamina-  
tion with sitosterol,  and tha t  only C-24 a-ethyl or 
ethylidene sterols are able to promote  growth  (4). 

The second establ ished metabolic  pa thway  of 3/3- 
hydroxy sterols in Paramecium, fa t ty  acyl esterification, 
has been sugges ted  by  Conner et al. (4} to be linked with 
the promotion of growth by  phytosterols.  This conclusion 

TABLE 6 

Fatty Acyl Methyl Ester (FAME) from Steryl Esters (SE) and Triglycerides (TG): Monoxenic Cultures 

Added sterol (5.0 ~g/ml) 
Stigmastanol plus 

Stigmasterol Stigmastadienone Sitosterol Stigmastenol campestanol (2:1) 

FAME SE TG SE TG TG TG TG 

16:0 13.9 21.9 15.2 21.8 21.8 20.6 21.4 
16:1 1.3 6.8 1.7 9.4 6.1 5.3 5.6 
16:2 1.1 0.8 0.8 0.6 0.9 1.1 1.1 
17:~c 4.2 16.8 4.0 15.5 18.2 18.1 17.6 

18:0 4.4 1.9 3.2 2.1 1.7 2.1 2.0 
18:1{11) 39.6 35.2 47.7 36.8 34.0 32.9 35.0 
18:2 4.8 1.4 2.8 1.0 1.9 2.7 2.1 
19:~c 22.8 11.1 18.4 8.7 11.3 14.1 13.0 
18:3 2.6 0.5 0.7 0.3 0.6 0.4 0.6 

20:2 0.6 0.2 1.6 0.2 0.3 0.2 0.2 
20:3 2.3 0.1 1.7 0.2 0.2 0.1 0.1 
20:4 1.2 0.1 0.8 0.1 0.2 0.1 0.1 

Data indicate the relative percentage of total fatty acids in SE or TG. The fatty acid composition of steryl esters and triglycerides was 
compared for early stationary phase cells from monoxenic cultures supplemented with either stigmasterol or stigmastadienone at 5.0 
~g/ml. These were the only steroid supplements yielding sufficient steryl esters for an accurate analysis of fatty acid composition. For 
the sake of comparison, the fatty acid composition of triglycerides from monoxenic cultures supplemented with several other phytosterols 
was also analyzed. The SE and TG fractions were isolated from neutral lipids of whole cells by silicic acid column chromatography. Fatty 
acids acylated to either sterols or glycerol were transesterified with sodium methoxide to yield FAME for gas liquid chromatographic 
analysis. (See Materials and Methods for details of lipid analysis.} 

LIPIDS, Vol, 22, No. 6 (1987) 



$ 

o ~  

r~ 

.r. 

~  

r ~  

% 

'~o 

.~ o 

iA 

395 

PHYTOSTEROL METABOLISM IN PARAMECIUM 

was based on the results of a study comparing the 
metabolism of stigmasterol and cholesterol in P. aurelia. 
Growth-promoting stigmasterol and 7-dehydrostigmas- 
terol were esterified, while non-growth-promoting choles- 
terol and 7-dehydrocholesterol were not. We have con- 
firmed this result for axenic cultures of P. tetraurelia, but 
have also shown that in cultures supplied with cholesterol 
and a growth-promoting phytosterol other than stigmas- 
terol, fatty acyl esters of cholesterol and 7-dehydrocholes- 
terol can compose >90% of the SE pool. Thus, selective 
esterification of only growth-promoting phytosterols does 
not occur. Furthermore, the fatty acid profiles of choles- 
teryl and stigmasteryl esters from axenic cells were 
similar, both predominated by the essential fatty acid 
18:1(9}. Although it appears unlikely at present, it is still 
possible that  fatty acyl esters of growth-promoting 
phytosterols perform some specialized, vital role in the 
fatty acid metabolism of Paramecium. It seems more 
probable, based on the data presented here, that steryl 
esters in Paramecium may serve the threefold purpose 
of storing growth-promoting sterols when they are abun- 
dant in the medium, storing essential or useful fat ty 
acids in a nontoxic form and sequestering non-growth- 
promoting sterols when they are abundant relative to 
growth-promoting sterols. The last of these functions has 
been described in the yeast Saccharomyces cerevisiae 
{37,38}. The detection of SE in the ciliary membrane of 
P. tetraurelia has recently been reported by Kaneshiro 
et al. {39). We were unable to confirm this, finding only 
free sterols as we reported previously {5). 

In addition to fatty acyl esterification and 5,6 and/or 
7,8 dehydrogenation of 3~-hydroxy sterols, two other 
facets of sterol metabolism in Paramecium were indicated 
in the course of this work. Data supporting the conclu- 
sion that 7-dehydrostigmasterol and 7-dehydrositosterol 
can be deethylated by P. tetraurelia to yield A s'7'~2- 
cholestatriene and 7-dehydrocholesterol, respectively, 
were obtained by GLC, ultraviolet and mass spectro- 
metric analyses (data not shown}. Deethylation of phyto- 
sterols at C-24 has been demonstrated previously in 
Tetrahymena (40,41}, which preferentially incorporates 
As,m2-cholestatriene into the ciliary membrane {42}. How- 
ever, the role of this metabolic pathway in Paramecium 
is uncertain, as it results in the conversion of growth- 
promoting precursors to non-growth-promoting products 
(4). The anomalous growth support of P. tetraurelia by 
A'.22-stigmastadien-3-one has been explained with the 
demonstrated conversion of this 3-keto steroid to A ~2- 
stigmastenol, which necessarily entails the reduction of 
the 3-keto to 3~-hydroxy group and the saturation of the 
4,5 double bond. Similar metabolism of a A4,3-keto steroid 
has been demonstrated in Tetrahymena furgasoni {43}. 

In summary, the basis of the growth requirement for 
specific phytosterols in Paramecium does not appear to 
be related to the structural/functional role of sterols in 
cell membranes. Nor is there any evidence to suggest a 
link between the major metabolites of sterols in 
Paramecium (i.e., fat ty acyl esters and dehydrogenated 
or deethylated derivatives} and the ability of their precur- 
sors to support growth. Recent experiments in this 
laboratory have shown that cholesterol can spare the re- 
quirement for stigmasterol in P. tetraurelia if one supplies 
the latter at a subsupportive concentration {manuscript 
to be submitted} (Table 4). When cholesterol is provided 
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at 1.0 ~g/ml, the required threshold level of st igmasterol  
is ~0.015-0.020 ~g/ml in both axenic and monoxenic 
cul tures  (manuscr ip t  to be submitted}. In cells 
grown to s tat ionary phase with this ratio of cholesterol 
to stigmasterol, there is virtually no st igmasterol  or 
7-dehydrostigmasterol in the ciliary membrane. Thus, the 
"bulk"  sterol requirement for membrane biosynthesis 
in Paramec ium can be satisfied by the non-growth- 
promoting sterol cholesterol and its 7-dehydro derivative. 
Similar results have recently been reported in Saccharo- 
myces  cerevisiae for both sterol-deficient mutants  (44) and 
anaerobic wild-type cultures treated with an inhibitor of 
sterol biosynthesis (45,46}. An absolute requirement for 
traces of a/is; C-24,/]-methyl; 3~-hydroxy sterol has been 
demonstrated for this yeast,  al though a wide variety of 
sterols can fulfill the "bulk" membrane requirement 
(44-46). Finally, Guyer and Bloch (27) have recently found 
that  ergosterol can stimulate growth of Te t rahy m e na  
setosa at a concentration well below that  required to in- 
hibit synthesis of tetrahymanol.  They conclude tha t  the 
trace amounts  of sterol needed by T. setosa do not serve 
to replace te t rahymanol  in membranes, but  function in 
some other manner, perhaps metabolic. 

In light of these data, it appears that  in Saccharomyces, 
Paramec ium and Te t rahymena  setosa there are at  least 
two roles for cellular sterols. The first of these is the struc- 
tural/functional role in cell membranes, which is quite 
nonspecific. The second, perhaps "hormonal ,"  role is 
much more specific with regard to molecular s tructure 
and requires a relatively small amount. I t  remains to be 
determined exactly what  function this minor sterol com- 
ponent serves and whether it is the growth-promoting 
sterol per se, or some minor metabolite as yet  undetected, 
tha t  carries out this function. 
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Electron Microscopic Cytochemistry of Cyclopropenoids 
in C o t t o n s e e d  (Gossypium hirsutum L.) Tissues 
LI~ Yatsu ;a a n d  H.W. Kircher t,o 
aSouthern Reglonai Research Center, New Orleans, Louisiana, and bOeportment of Agricultural Chemistry, University of Arizona, Tucson, 
Arizona 

An electron microscopic cytochemical procedure for 
locating cyclopropenoids (CYP) in oilseeds is pro- 
posed. The procedure is based on the fact that metal- 
lic silver is produced when  AgNOa reacts with CYP. 
Since so many other compounds react with AgNO3, 
we treated specimens that do and do not contain 
CYP with AgNO 3 and looked for electron-dense 
stains that were unique to CYP( + ) seeds. Virtually 
everything in all seed specimens,  regardless of  the 
presence or absence of  CYP, was stained. However, 
cottonseeds contained two additional staining con- 
stituents not found in controls: (i) certain large, intra- 
cellular droplets, and (ii) the cuticles, both occurring 
exclusively in the axial organs. Extraction of the 
specimens with ether abolished the stainability of  
the droplets but did not affect cuticles. Arguments 
for the validity of  the test are presented. 
Lipids 22, 397-400 (1987). 

Cottonseeds contain 30-35% oil, 0.6-1.1% of which is 
cyclopropenoid fatty acids (1). This small quant i ty  ofcyclo- 
propenoid (CYP), however, can cause highly deleterious 
and undesirable results if ingested by animals. For in- 
stance, lard from pigs becomes hard (2), but ter  from cows 
becomes sticky and its melt ing point is raised higher  
than  normal (3) and whites of chicken eggs turn  pink in 
storage (4). CYP also causes elevated plasma and liver 
cholesterol levels in laboratory animals and a higher  in- 
cidence of aortic atherosclerosis than  normal (5). It  causes 
growth to be stunted when fed in moderate amounts  and 
death when fed in higher  amounts (6). CYP acts as a 
synergist for the carcinogen aflatoxin (7) and has proved 
to be a carcinogen itself (8). Therefore, al though the level 
of CYP in commercial cottonseed oil is not toxic to hu- 
mans, and there are many methods of destroying or re- 
moving it (9), interest  in all aspects of this compound 
continues. One of the things cottonseed processors have 
wanted to know is where in the seed CYP is stored. 

Fisher and Cherry (10) conducted a histochemical study 
of cottonseed to find where CYP are stored. They excised 
various parts  of the seeds, extracted the parts with ether  
and analyzed the e ther  extracts by gas liquid chromatog- 
raphy. They found the bulk of the ether-extractable cyclo- 
propenoid fat ty acids of cottonseed in the axial organs and 
very little in the cotyledons. More recently, Wood (11) 
stated tha t  cyclopropenoid fatty acids of cottonseed are 
located almost exclusively, if  not totally, in the hypocotyls. 

Our task was to find the cytological location of CYP. 
The procedure that  we devised was based on the fact tha t  
AgNO3 reacts with CYP to produce metallic silver. Our 
strategy was to stain both CYP(+) and C Y P ( - )  seeds 
with AgNO3, then to search for electron dense deposits 
in CYP(+)  seeds tha t  were not in CYP( - ) control seeds. 
*To whom correspondence should be addressed at Southern Regional 
Research Center, 1100 Robert E. Lee Blvd., EO. Box 19687, New 
Orleans, LA 70179. 
1Deceased. 

Two AgNOa-staining sites were found in cottonseed (both 
in the axial organs) tha t  were absent from control seeds. 
They were (i) certain large intracellular  droplets and (ii) 
the cuticle of the epidermal cells. The droplets did not 
stain after specimens were extracted with ether, but  cuti- 
cle stainabili ty persisted. We do not yet know the chemis- 
t ry  of the cuticular mater ia l  but  conclude that  AgNO3- 
reactive lipids are stored in the droplets. 

MATERIALS AND METHODS 

Cottonseeds were soaked in 2% glutaraldehyde/0.05 M 
cacodylate buffer, pH 7.0, until  soft and pliable; axial 
organs and cotyledon tissues were excised. The excised 
specimens were fixed in fresh fixative overnight and se- 
rially dehydrated in aqueous ethanols to the 80% ethanol 
level. Two sets of controls were used: seeds that  do not 
have CYP (e.g., peanut  and squash) and cottonseed tissue 
tha t  was extracted with ether. 

Artificial "spherosomes" were prepared as before (12). 
Briefly, vegetable oils and phospholipids were emulsified 
in water  with a Branson sonicator. A 2% solution of agar  
was boiled, cooled to 45-40 C and mixed with an equal 
volume of emulsion (warmed to 40--45 C), then cen- 
trifuged. The cream layers on the tops of the centrifuge 
tubes, immobilized in agar, were cut into specimen-sized 
pieces and dehydrated serially to 80% alcohol. Sterculia 
foetida oil (13) was used to make CYP-containing sphero- 
somes and peanut  and soy oils were used to make control 
spherosomes. 

Spherosomes were harvested from cottonseed axial or- 
gans and cotyledon tissues. Cottonseeds were soaked in 
water  briefly (until so l ' ned ) ,  and respective organs were 
excised. Each sample was ground in a mortar  and pestle 
with water  and fine sand. The homogenates were cen- 
trifuged, and the fatty layers were collected for study. (In 
later  studies, the entire operation was conducted at ice 
temperatures  to slow metabolism (14) and to thicken the 
triglycerides, in hopes of preserving the fat droplets.) 
Samples for light microscopy were placed on a slide and 
viewed as is. Specimens to be viewed in an electron micro- 
scope were t reated in the same manner  as with artificial 
spherosomes above. 

CYP cytochemistry was conducted on specimens se- 
rially dehydrated to 80% ethanol. The samples were 
placed into a staining solution of 80% saturated AgNO 3 
dissolved in 95% ethanol and incubated at 65 C for 4 hr. 
A i ~ r  incubation, specimens were rinsed thoroughly with 
95% ethanol, transferred to acetone and embedded in 
Spurr's epoxy resin. Thin sections were cut on a Porter- 
Blum MT-2 ultramicrotome with a diamond knife and 
viewed in a Philips EM-200 electron microscope. We re- 
frained from using metallic fixatives or stains to avoid 
confusion with stains imparted by AgNO 3. Control tissues 
were t reated in the same manner. 

RESULTS AND DISCUSSION 

Almost a hundred years ago it was noted tha t  cottonseed 
oil reacts with AgNO3. This information was used as the 
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basis for a test  to detect cottonseed oil adul terat ion of 
olive oil (15). More recently, Kircher  (16) showed tha t  
brown spots tha t  developed on his lipid chromatograms 
when sprayed with alcoholic AgNO3 were due to the reac- 
tion between AgNO3 and the CYP moiety of sterculic 
acid. Oxidation of CYP was coupled to the reduction of 
AgNO3 to form metall ic silver. We wondered if this reac- 
tion would take place in situ in biological tissues; if  so, 
could AgNO3 serve as an electron microscopic cytochem- 
ical s tain for CYP? 

Because neutra l  lipids extracted from cottonseed meals  
contain CYP (1,10,11,17) and the storage site of neutra l  
lipids in cottonseed is in intracel lular  fat droplets, or 
spherosomes (18), our first guess was tha t  the CYP fat ty 
acids would be found in spherosomes. In a pre l iminary  
feasibility test, artificial spherosomes (emulsion droplets) 
were stained with alcoholic AgNO3 and examined in an 
electron microscope. Triglyceride droplets main ta ined  
their  integr i ty  in a 95% ethanolic stain carrier. No elec- 
tron-dense stains were observed within or upon peanut  
or soy oil droplets (which do not have CYP), but  myriad 
of electron-dense particles were seen on the surfaces of 
Sterculia foetida oil droplets (which do have CYP). AgNO3 
is hydrophilic and CYP-triglyceride is hydrophobic, so 
the reaction took place where the two phases  m e e t - - a t  
the surface of the droplets. 

Cottonseed specimens, which were a l ight cream color, 
turned to various shades of brown, depending on the 

FIG. 2. A port ion  o f  Fig. 1 at  h i g h e r  magni f i ca t ion .  Not ice  that  
the  dark  fr inge  a r o u n d  the  drople t  is  ac tua l ly  a m a s s  o f  fine, 
e l e c t r o n - d e n s e  specks .  A l t h o u g h  the  d i a m e t e r  o f  the large  
drople t  is o n l y  3 to 10 t imes  that  o f  o r d i n a r y  s p h e r o s o m e s ,  
the  v o l u m e  is on the  order  o f  27 to 1000 t imes .  Ba r  i n d i c a t e s  
0.5 ~. 

FIG. 1. Low m a g n i f i c a t i o n  e l ec tron  m i c r o g r a p h  s h o w i n g  a por- 
t ion  o f  a c o t t o n s e e d  ax ia l  o r g a n  cel l  s ta ined  w i t h  AgNO 3. Note  
the  large  drople t  in the  u p p e r  l e f t -hand c o r n e r  o f  the  cel l  w i th  
a dark fringe (large arrow); the  large  drop le t s  are 3 to 10 times 
as  large  as o r d i n a r y  s p h e r o s o m e s .  This  type  o f  drople t  a n d  
the  cut i c l e s  s ta ined  in  c o t t o n s e e d s  but  no t  in controls .  A n o t h e r  
h e a v i l y  s ta in ing  s i t e - - t h e  g l o b o i d s  in the  prote in  b o d i e s - - i s  
a l so  v is ib le .  G l o b o i d s  are no t  e x c l u s i v e  to c o t t o n s e e d s .  Bar  
i n d i c a t e s  2 ~. 

FIG. 3. Lo w  m a g n i f i c a t i o n  e l ec t ron  m i c r o g r a p h  of  s o m e  epi-  
dermal  ce l l s  on a c o t t o n s e e d  axia l  organ.  Note  the  d e n s e  
d e p o s i t i o n  o f  s i lver  on  the cut ic l e  ( large arrow).  O r g a n e l l e s  
are dif f icult  to d iscern.  The  n u c l e o l u s  a n d  chromat in  mater ia l  
o f  the  nuc le i  a n d  the a l eurone  gra ins  t end  to be  s l ight ly  darker  
than  the  g r o u n d p l a s m  of  the  cell .  S o m e  a l e u r o n e  gra ins  have  
h o l e s  at  s i tes  former ly  o c c u p i e d  by g l o b o i d s  (see  Fig. 1). Bar  
i n d i c a t e s  5 ~L. 
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organ, when immersed in alcoholic AgNO 3. Axial organs 
turned brown quickly (within minutes), with colors rang- 
ing from light to very dark brown. The radicular region 
generally stained darkest; the tips (root caps) oi~en re- 
mained much lighter. Interestingly, the outer surfaces of 
the axial organs often acquired a metallic sheen after 
AgNO3 treatment. Cotyledons remained a light cream 
color for a long time, but eventually turned light tan. 

Because silver nitrate reacts with most biologically 
important compounds (19-22), the strategy used in this 
study was to treat seeds that do and do not contain CYP 
with AgNO3 and to look in CYP(+) seeds for electron- 
dense stains that were absent from CYP( - ) seeds. Virtu- 
ally all cytoplasmic elements were stained by alcoholic 
AgNO3, regardless of the presence or absence of CYP. The 
cytoplasmic ground substance in all seeds examined was 
lightly stained with silver (Figs. 1-3); aleurone grains 
stained slightly darker. Nuclear ground plasma was 
weakly stained, with the nucleolus and chromatin mater- 
ial staining somewhat stronger. Ordinary spherosomes 
(in contrast to the large droplets discussed below) were 
electron lucent with no electron-dense stains within or 
upon the droplet surfaces. Cell walls were essentially 
unstained. Globoids, a notable exception, were stained 
very heavily (the chelation product of silver by phytic 
acid). Membranes were not stained by AgNO3 (as they 
are with OsO4 or permanganate); in fact, they oi~en ap- 
peared in negative contrast. Consequently, organelles 
were difficult to discern (Figs. 1 and 3). We tried the 
AgNO3 test on OsO4-fixed cottonseed tissue but it did not 
work satisfactorily. OsO4 not only caused the unsaturated 
lipids to turn black and smeary but, more importantly, 
caused numerous extraneous electron-dense deposits to 
appear when poststained with AgNO3. 

Three AgNO3-staining sites were found in cottonseeds 
that were not present in control seeds. One site, the pig- 
ment gland, has already been eliminated as a site of CYP 
storage in cottonseeds (23). The stains in the glands were 
due to the reaction of silver ions with gossypol and/or 
related polyphenolic compounds (24). The other two sites, 
both in the axial organs, were (i) certain intracellular 
droplets and (ii) the cuticles of the epidermal cells. Drop- 
lets that stained with AgNO3 had the same electron-den- 
sity as ordinary spherosomes but were much larger, and 
tended to be embedded in or associated with cytoplasmic 
ground substance (Fig. 1). Silver particles that deposited 
on the surfaces of these large droplets were very small 
and fine compared to the large and coarse particles seen 
on the surfaces of S. foetida oil droplets. This may have 
been due to the fact that emulsion droplets have no mem- 
branes, whereas spherosomes are bounded by a "half unit 
membrane" (25), or perhaps because S. foetida oil has 
such a high concentration of CYP (13). Morphologically 
similar droplets in the axial organs of ether-extracted 
cottonseeds did not stain with AgNO3, suggesting that a 
AgNO3-reactive neutral lipid was extracted from the 
droplets. 

Authentic spherosomes extracted from cottonseed axial 
organs turned yellow-brown when treated with AgNO3, 
but spherosomes extracted from cottonseed cotyledons 
remained white. Light microscopic examination of 
AgNO3-treated axial organ spherosomes showed patches 
of yellow-brown scattered about in the field, indicating 
that AgNO3 reactivity was not uniformly distributed 
among all the fat droplets. We did not find the large 

droplets (seen in situ) in the isolated spherosome prepa- 
rations. Instead, the size of the droplets varied widely 
and electron-dense grains, which were not on all droplets, 
were large and course (like those seen in the Sterculia 
foetida emulsions). We believe that the large droplets in 
the axial organs were broken during homogenization. 
The use of sand or cold temperatures did not seem to help 
preserve the integrity of the large droplets. 

The outer surfaces of the epidermal cell walls (cuticles) 
were stained heavily with silver. Unlike with the droplets, 
ether extraction did not abolish the stainability of the 
cuticular material. We do not yet know the chemical com- 
position of the AgNO3-reactive substance, but because of 
its insolubility in hexane and apparent insolubility in 
CHC13/methanol, it cannot be a neutral lipid and is prob- 
ably not a phospholipid (26,27). The copious deposits of 
metallic silver on the surfaces of the axial organs explain 
the metallic sheen we observed on the surfaces of AgNO3- 
treated cottonseed axial organs. 

Considerable evidence, albeit circumstantial, has been 
amassed in this study to indicate that CYP-neutral lipids 
of cottonseeds are located in certain large-sized droplets 
found in cells of the axial organs. Firstly, vegetable oils 
that react with AgNO3 to produce a yellow-brown pigment 
and metallic silver are highly unusual (the only ones we 
are aware of are CYP lipids). These reactions took place 
in spherosome fractions extracted from cottonseed axial 
organs but not in those isolated from CYP(-)  control 
seeds. Certain droplets that were most numerous in the 
radicular regions of the axial organs (in the same general 
area of the seeds where Fisher and Cherry [10] found the 
highest concentration of ether-extractable cyctopro- 
penoid fatty acids) stained with alcoholic AgNO3. Ex- 
traction of the tissues with ether abolished the stainabil- 
ity of the droplets. Therefore, we believe that the CYP 
lipids of cottonseeds are located in the large droplets in 
seed axial organs. 

The results of this study also suggest that a heterogene- 
ous population of lipid droplets exists in cottonseeds (one 
group that reacts with AgNO3, the other that does not). 
However, if lipids are synthesized in a central location, 
e.g., plastids (28), and subsequently are dispersed to fat 
droplets, it seems reasonable to expect the lipid comple- 
ment of the various droplets to be rather homogeneous. 
Because this does not seem to be the case in cottonseeds, 
CYP lipids must have special synthetic (not necessarily 
de novo) and storage processes. We wonder whether un- 
usual lipids in other plants are also housed in special 
droplets. The sequestration of CYP lipids in special drop- 
lets answers how cottonseeds are able to synthesize un- 
saturated fatty acids in spite of the presence of CYP, a 
fatty acid synthetase inhibitor (29). 

To recapitulate, we showed that a silver precipitate 
(not found in non-CYP seeds) occurred in certain large 
droplets and cuticles of cottonseed axial organs aider al- 
coholic AgNO3 treatment. The highest incidence of silver- 
reactive droplets was found in the same location where 
Fisher and Cherry (10) found the highest concentration 
of ether-soluble CYP. We found no evidence for such de- 
posits in the cotyledons. Fisher and Cherry (10) found 
very little CYP in cotyledons, and Wood (11) suggested 
that there is no CYP in cotyledons. We show that AgNO3 
can be a useful tool in cytochemical studies of CYP; how- 
ever, because reaction with AgNO3 is not the exclusive 
domain of CYP, caution should be exercised in interpret- 
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ing  such tes ts .  We do no t  ye t  know the  chemica l  n a t u r e  
of  t he  AgNO3-reac t ive  subs t ance  in  t h e  cut ic les ,  b u t  as  
H a l l o i n  (30) sugges ted ,  one of  t he  func t ions  of  CYP in 
co t tonseeds  m a y  be pro tec t ive ,  a n d  we canno t  ru l e  out  
t h e  pos s ib i l i t y  t h a t  t he  AgNO3-reac t ive  subs t ance  in  t he  
cut ic les  m i g h t  be a cyclopropenoid.  I t  wi l l  be  r eca l l ed  
t h a t  h i g h  concen t r a t i ons  of  CYP have  a lso  been  r e p o r t e d  
in  t he  a x i a l  o rgans  of  t h e  d u r i a n  seed  (31) a n d  in  t he  
seeds  a n d  roots  (but  no t  in  t h e  o t h e r  pa r t s ,  such as  leaves,  
s t ems  or  t r u n k  wood) of  Ceiba pentandra  a n d  S. foetida 
(32). 
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Lipid Peroxidation in Erythrocyte Membranes: Cholesterol 
Product Analysis in Photosensitized and Xanthine 
Oxidase-Catalyzed Reactions 
Albert W. Girotti*, Gary J. Bachowski and John E. Jordan 
Department of Biochemistry, Medical College of Wisconsin, Milwaukee, Wl 53226 

The effects of singlet oxygen- and  oxygen radical- in-  
duced  lipid peroxidation on cell membrane  integrity 
were compared,  using the human erythrocyte ghost 
as a model system. Resealed ghosts underwent  lipid 
peroxidation and lysis (release of trapped glucose-6- 
P) when i r radia ted  in the presence of uroporphyr in  
(UP) or when incubated  with xanthine (X), xanthine 
oxidase (XO) and  iron. The UP-sensitized process 
was inhibited by azide but not by phenolic antioxi- 
dants, consistent with singlet oxygen (nonradical) in- 
volvement. This was confirmed by showing that the 
predominant  photoproduct  of membrane choles- 
terol was the 5~-hydroperoxide. Total hydroperoxide 
(LOOH) content in UP-photooxidized ghosts in- 
creased l inearly dur ing the prelytic lag and  through- 
out the period of rapid lysis. Unlike the photoreac- 
tion, X/XO/iron-deperident peroxidation and lysis 
was inhibited by catalase, superoxide dismutase and 
phenolic antioxidants, indicating O2-/H20 2 inter- 
mediacy and  a free radical  mechanism. Correspond- 
ingly, only radical  reaction products  of cholesterol 
were formed, notably the 7~-,7~-hydroperoxide pair. 
Membrane lysis had a distinct lag as in photooxida- 
tion; however, the LOOH profile was more complex, 
with an initial lag followed by a sharp  increase and  
then slow decline. X/XO/iron-induced lysis com- 
menced when  LOOH levels were 2--3 times higher  
than in photosensitized lysis, suggesting that the 
pathways of membrane lesion formation are differ- 
ent in the two systems. In low concentrat ions,  ascor- 
bate exacerbated  the damaging  effects of photo- 
peroxidation, switching the reaction from primari ly  
singled oxygen- to oxygen radical--dependence, as 
indicated by cholesterol product  analysis. 
Lipids 22, 401-408 {1987). 

Peroxidative degradation of unsaturated phospholipids 
and cholesterol in biological membranes is known to be 
deleterious to membrane structure and function. Lipid 
peroxidation can be triggered by partially reduced oxygen 
species (superoxide, 02-;  hydrogen peroxide, H202; or 
hydroxyl radical, OH') generated by oxidase-catalyzed 
reactions, autoxidation of electron donors (e.g., ascorbate 
and thiols), ionizing radiation and various other proces- 
ses. Redox metals often play a role in initiating this 
type of peroxidation, which is then propagated by al- 
koxyl or peroxyl radical intermediates (1,2). Singlet 

*To whom correspondence should be addressed. 
Abbreviations--PBS: phosphate-buffered saline 125 mM sodium 
phosphate, 125 mM NaC1, pH 7.4); LOOH: lipid hydroperoxide; BHT: 
butylated hydroxytoluene (2,6-di-t-butyl-4-methylphenol); DTP: 
2,6-di-t-butylphenol; 5a-OOH: 3/~-hydroxy-5a-cholest-6-ene-4-hydro- 
peroxide; 5a-OH: 5a-cholest-6-ene-3/3,5-diol; 7a-OOH: 3/3-hydroxy- 
cholest-5-en-7a-hydroperoxide; 7/3-OOH: 3/3-hydroxycholest-5-en-7/3- 
hydroperoxide; 7a-OH: cholest-5-en-3/~,7a-diol; 7/3-OH: cholest-5- 
en-3/3,7~-diol; G6P: glucose-6-phosphate; TMPD: N,N,N',N'- 
tetramethyl-p-phenylenediamine; AH-: ascorbate; UP: uroporphyrin 
I; PP: protoporphyrin IX. 

molecular oxygen (102), typically generated by energy 
transfer from excited state dyes or pigments, also 
oxidizes unsaturated lipids. However, 102 attacks di- 
rectly via the "ene" mechanism, and free radical inter- 
mediates are not necessarily involved (3). Although 
both types of lipid peroxidation have been studied exten- 
sively in various model and natural  systems, little is 
known about their relative damaging effects on any 
particular target membrane. Using resealed erythro- 
cyte ghosts as a test system, we investigated this by 
tracking degree oflysis as a function of peroxide content 
in ghosts exposed to xanthine/xanthine oxidase as a 
source of oxygen radicals and to photoexcited uropor- 
phyrin as a source of 102. Definitive evidence for the 
involvement of these species was obtained by identify- 
ing specific oxidation products of cholesterol. Choles- 
terol product analysis was also used for probing 
mechanistic changes that  occur during photooxidation 
of ghosts in the presence of ascorbate (4). 

MATERIALS AND METHODS 

Materials. Freshly drawn human blood was obtained 
from the Blood Center of Southeastern Wisconsin (Mil- 
waukee, WI) and used within two weeks. Uroporphyrin 
I (UP) and protoporphyrin IX (PP) were purchased from 
Porphyrin Products (Logan, UT); absorption spectral 
characteristics agreed with those previously reported 
for these porphyrins (5). Xanthine oxidase (grade III), 
glucose-6-phosphate (G6P) dehydrogenase (type VII), 
thymol-free catalase and Cu/Zn-superoxide dismutase 
were obtained from Sigma Chemical Co. (St. Louis, 
MO), as were xanthine, NADP, D-G6P, butylated hydro- 
xytoluene (BHT), cholesterol, 3[3-hydroxycholest-6-en- 
7-one (7-ketocholesterol) and egg yolk phosphatidyl- 
choline. N,N,N~N:tetramethyl-p-phenylenediamine 
(TMPD), 2,6-di-t-butylphenol (DTP) and 2-thiobar- 
bituric acid (TBA) were from Aldrich Chemical Co. (Mil- 
waukee, WI), and sodium ascorbate (>98%) was from 
BDH Chemicals (Poole, England). All other chemicals 
were of highest purity available, and all aqueous solu- 
tions were prepared with deionized, glass-distilled 
water. 

Resealed erythrocyte ghosts containing G6P as an 
encapsulated marker of membrane integrity were pre- 
pared as described previously (6). Unsealed ghosts were 
prepared by conventional hypotonic lysis, followed by 
washing and concentration in a Millipore-Pellicon 
tangential flow system (7). Stock membrane suspen- 
sions were blanketed with N 2 during storage at 4 C and 
typically were used within one week. Membrane protein 
was determined by the method of Lowry et al. (8). 

Experimental conditions. Irraditions were carried out 
in matched, thermostated beakers (45-mm inner diame- 
ter) or in vials (20-mm diameter) inserted into 4-place 
Stirrer Baths (Yellow Springs Instruments, Yellow 
Springs, OH). Stirred suspensions of well-washed mem- 
branes, typically 1.8 x 10 9 ghosts (1 mg protein)/ml in 
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FIG. 1. Uroporphyr in  (UP) photosens i t i zed  l ipid peroxidat ion and  lys is  o f  resealed ghosts .  Ghosts  (l .0 m g  protein]ml in  P B S  
at 37 C) were irradiated cont inuous ly  in the presence  o f  2~M UP (El) and 10 ~M UP (�9 The f luence  rate at the suspens ion  
surfaces  was  20 mW/cm 2. The dark controls  conta ined  2 ~M UP ( + ) and 10 ~M UP ( x ). (A) Membrane  lysis ,  as measured  by 
release of  trapped g lucose-6-phosphate  (G6P); (B) Lipid peroxidation,  measured  in terms of  total hydroperoxide  (LOOH) 
content.  Error bars s h o w  m e a n s  _+ deviat ions  of  va lues  from dupl icate  determinat ions .  LOOH level at approximate  t ime  of  
inc ip ient  lys is  is ind icated  by dotted arrow for 2 ~M UP and  sol id arrow for 10 ~LM UP. 

phosphate buffered saline (PBS; 25 mM sodium phos- 
phate, 125 mM NaC1, pH 7.4), were sensitized with UP 
or PP and irradiated with broad band blue light as 
described previously (4). Fluence rate near the suspen- 
sion surfaces was measured with a Yellow Springs 
radiometer. Unless indicated otherwise, reactions were 
run at 37 C. Enzymatic oxidations in the presence of 
xanthine, xanthine oxidase and iron were carried out 
as specified earlier (6). Azide was typically included to 
inactivate any residual catalase in the membranes; it 
was omitted when catalase was added diagnostically. 
Samples were removed periodically from reaction mix- 
tures to assess lipid peroxidation (see below) and mem- 
brane lysis. Reactions were terminated by adding al- 
lopurinol to xanthine oxidase-containing samples and 
by keeping irradiated samples in the dark. Lysis of re- 
sealed ghosts was measured in terms of enhanced G6P 
efflux (6). Following rapid centrifugation (1-3 min after 
sampling), the marker was determined by coupling its 
G6P dehydrogenase-catalyzed oxidation to the reduc- 
tion of NADP (A~4o). 

Quantitation of lipid peroxidation. Total lipid hydro- 
peroxide content in oxidized membranes was deter- 
mined iodometrically, using cumene hydroperoxide as 
the standard (9). Peroxidation of unsaturated lipids (ex- 
cept cholesterol) was also assessed by TBA assay in 
which malonaldehyde and other carbonyl by-products 
of peroxide decomposition react with TBA to produce 
colored adducts absorbing maximally at 532 nm. BHT 

was included to minimize autoxidation of unreacted 
lipids during the assay. Other details were as described 
earlier (6). 

Chromatography of cholesterol oxidation products. 
Cholesterol products in photooxidized and xanthine/ 
xanthine oxidase-treated membranes were analyzed by 
thin layer chromatography (TLC). The approach was 
adapted from previously published methods (10,11). 
Aliquots of 0.5 ml (0.45 mg total lipid) from reaction 
mixtures were mixed with 5 ~1 of 20 mM EDTA and 
extracted with 0.8 ml of chloroform/methanol (2:1, v/v) 
in polypropylene microfuge tubes. Retention of chelated 
iron in the aqueous phase minimized the possibility of 
hydroperoxide degradation during isolation. (Manipu- 
lations were done in subdued light when photosensitiz- 
ers were present.) After centrifugation, 0.4 ml of the 
organic phase was transferred to a second microfuge 
tube. Reduction of the hydroperoxides to their relatively 
stable alcohols was accomplished by adding 25 Ixl of 40 
m M  NaBH4 in methanol/10 mM NaOH. Aider 15 min 
incubation at room temperature, the solvent was evapo- 
rated by heating at 50 C under nitrogen. Up to three 
identical 0.4-ml samples (ca. 0.24 mg cholesterol) were 
combined during this step and stored at -20 C until 
analyzed. Borohydride reduction of 7-ketocholesterol 
yielded the epimeric 7~- and 7~-alcohols, which were 
used as standards. Each residue was dissolved in 10 Ixl 
of chloroform/methanol, applied to a Silica Gel-60 plate 
(EM Science, Cherry Hill, NJ) and chromatographed, 
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using heptane/ethyl acetate (1:1, v/v) as the solvent 
system. A single irrigation gave a satisfactory separa- 
tion of the 5~-, 7~- and 7~-alcohols. Phospholipids re- 
mained at the origin in this system and therefore did 
not interfere with cholesterol product identification. 
After chromatography, plates were sprayed with 50% 
sulfuric acid and warmed briefly at 100 C to accelerate 
color development. In addition to cholesterol diols, par- 
tially separated hydroperoxide precursors (in non- 
reduced samples) could be detected; however, TMPD 
proved a more sensitive indicator for the latter. Im- 
mediately after color development, plates were photo- 
graphed and in some instances scanned densitometri- 
cally, using a Hoefer instrument set in the reflectance 
mode. 

R E S U L T S  

Photosensitized vs axidase-catalyzed lipid peroxidation 
and lysis. Resealed erythrocyte ghosts were studied as a 
model system for comparing the membrane-damaging 
effects of lipid peroxidation due to singlet oxygen and 
oxygen radical attack. Photoactivated UP was used as a 
source of 102 (4), while xanthine oxidase acting on xan- 
thine in the presence of iron was used as a source of 
02-  , H202 and other forms of partially reduced oxygen 
(6). Neither UP nor xanthine oxidase interact with the 
membrane, so that  reactive species are initially gener- 
ated in the medium rather than in the membrane per 
se. Time courses of lipid peroxidation (total lipid hydro- 
peroxide [LOOH] formation) and lysis (accelerated re- 

lease of G6P marker) were compared. Previous studies 
showed that  increased G6P permeability under condi- 
tions of oxidative stress is correlated with lipid peroxi- 
dation damage (6,9,11). As shown in Figure 1A, continu- 
ous irradiation of UP-sensitized ghosts caused lysis 
after a lag period, the length of which depended on the 
porphyrin concentration. Dark or light controls contain- 
ing or lacking porphyrin, respectively, released marker 
at the basal rate (5-10% per hr). LOOH content in- 
creased linearly throughout photooxidation, with no 
apparent lag (Fig. 1B). The threefold increase in rate 
upon going from 2 to 10 }xM UP is approximately equal 
to the decrease in lag time to incipient lysis. At both 
concentrations of UP, lysis began when the LOOH level 
reached 11-13 nmol/mg protein (12-14 nmol/mg lipid). 

The situation with xanthine/xanthine oxidase was 
more complex. Lysis commenced after a 2-hr lag, which 
could be shortened by adding H202 (0.1 mM) at the 
outset (Fig. 2A). Previous studies showed that  lytic ef- 
fects in this system are stimulated by iron and pre- 
vented by superoxide dismutase, catalase and chelators 
(e.g., EDTA, desferrioxamine), signifying 02-  and 
H202 involvement via the iron-catalyzed Haber-Weiss 
cycle (6). On the other hand, photosensitized lysis by 
UP or PP showed no significant iron dependency and 
was not inhibited by catalase or superoxide dismutase 
(4,9). In contrast to photosensitized lipid peroxidation 
(Fig. 1B), xanthine/xanthine oxidase/iron-driven perox- 
idation showed a definite lag, which was shortened by 
supplementing with H202 (Fig. 2B). LOOH only began 
to accumulate after 30-60 min; a maximum level was 
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FIG. 2. Lipid peroxidation and lysis of  resealed ghosts treated with xanthine, xanthine oxidase and iron. Membranes (1.0 mg 
protein/ml in PBS at 37 C) were incubated in the presence of  xanthine oxidase (0.01 unit/ml), xanthine (1.0 raM), NaN3 (0.1 mM) 
and FeNH4(SO4) 2 (0.1 mM) in the absence (O) and presence (A) of  added H202 (0.1 raM). A control lacking oxidase and H202 
was run alongside (x) .  (A) Membrane lysis (glucose-6-phosphate [G6P] release); (B) lipid hydroperoxide (LOOH) formation. 
Error bars show means  • deviations of  values from duplicate determinations. Approximate time of incipient lysis is indicated 
by dotted arrow for H202 supplemented system and solid arrow for nonsupplemented system. 
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reached a t  about  the  t ime  of lysis (150 min), followed 
by a decline. The LOOH content  a t  inc ipient  lysis (non- 
supp lemen ted  and  H202-supplemented  sys tem) was 
29-33 nmol /mg prote in  (32-36 nmol /mg lipid), i.e. 2 -3  
t imes  h igher  t h a n  t h a t  observed in the  photoreact ions.  

To ga in  addi t ional  ins ights  into the  mechan i sms  of 
photosensi t ized vs oxidase-cata lyzed lipid peroxida-  
t ion ,  we carr ied out these  react ions  in the  presence  of 
the  phenolic  an t iox idan ts  BHT and DTP. Both of these  
compounds  are  known to be excel lent  free radical  t raps.  
However, B H T  may  also react  wi th  or quench 10 2 in 
compet i t ion  wi th  cholesterol and u n s a t u r a t e d  fa t ty  acyl 
groups (3). DTP on the  o ther  hand,  is a re la t ive ly  in- 
efficient 10 2 interceptor,  m a k i n g  its use as a rad ica l  
t r ap  in the  pho todynamic  sys tem less problemat ic  (3). 
As shown in Table 1, BHT a t  10 }xM (1-2 mol% of mem-  
b rane  phosphol ipid or cholesterol) s t rongly inhib i ted  
TBA-detectable  lipid peroxidat ion in the  xan th ine /  
xan th ine  oxidase sys tem and  (not shown) prevented  the  
format ion  of free radical  oxidation products  of choles- 
terol  (see below). In contrast ,  50 ~M BHT failed to in- 
h ibi t  UP-sensi t ized peroxidat ion,  but  caused a small ,  
a lbe i t  s ignif icant ,  decrease in the  PP-sensi t ized reac- 
tion. DTP also inhibi ted  the PP react ion (e.g., 35% a t  
2 hr), a rgu ing  in favor of  radical  (as opposed to 102) 
t rapping .  Based on these  results ,  a rad ica l -media ted  
component  (type I process) is appa ren t  in the  PP reac- 
tion, which may  be favored by the  abi l i ty  of  th is  rela-  
t ively  hydrophobic porphyr in  to in te rac t  wi th  the  mem-  
b rane  (4). On the  o ther  hand,  no free radical  chemis t ry  
is appa ren t  in the case of UP, which does not  in te rac t  
due to i ts  h igh  nega t ive  charge. Ea r l i e r  s tudies  (4) 
showed t h a t  azide inhibi ts  UP- as well as PP-sensi t ized 

peroxidat ion,  sugges t ing  subs tan t i a l  10 2 in t e rmed iacy  
in each case. 

Cholesterol  oxidation products .  Definitive evidence re- 
garding oxidative mechanisms was sought by studying 
cholesterol oxidation. Cholesterol is converted to discrete 
products, the identification of which may allow 10 2 and 
oxygen radical involvement in any given reaction to be 
distinguished (14). The obvious advantage is tha t  this 
ma rke r  is an endogenous membrane  lipid. As shown by 
the TLC results in Figure 3, xanthine/xanthine  oxidase 
t r ea tmen t  of ghosts gave two cholesterol hydroperoxides 
whose borohydride reduction products comigrated with 
cholest-5~en-3~,7~-diol (7~-OH; Rf 0.15) and cholest-5-en- 
3~,7~-diol Rf 0.20), the epimeric pair  associated with free 
radical oxidation (13,14). (Authentic 7~-OH; and 7~-OH 
were generated from 7-ketocholesterol and were distin- 
guished from each other by the preponderance of the 7~- 
component.) No reaction occurred in the absence of xan- 
thine oxidase or xanthine.  The yield of 7~-OH and 7B-OH 
increased between 1 and 2 hr  of incubation, slightly more 
of the la t ter  being present  at  each t ime point. Densitomet- 
ric comparison with known amounts  of 7-OH indicated 
tha t  <1% of the cholesterol was converted to these prod- 
ucts. An additional component  (1~ 0.37) has not yet been 
assigned. Catalase  and superoxide dismutase  prevented 
formation of these products when added individually to 
xanthine/xanthine  oxidase reaction mixtures  (Fig. 3). 
Thus, cholesterol oxidation is O~'- and H202-dependent,  
as previously reported for phospholipid peroxidation in 
this system (6). 

The resu l t s  of PP-sensi t ized photoxidat ion are also 
shown in Figure  3 for the  sake of comparison.  In th is  
case a unique product  of 10~- a t t ack  on cholesterol was 

TABLE 1 

Effects of  Phenolic Antioxidants on Photodynamic and Xanthine Oxidase-  
Catalyzed Lipid Peroxidation a 

A A 5 3 2  

System a Additions 15 min 30 min 60 min 90 min 120 min 

UP None 0.016 0.045 0.104 0.140 
BHT, 50 ~M 0.016 0.046 0.103 0.110 

PP None 0.037 0.073 0.143 0.192 
• -+0.010 

BHT, 50 ~M 0.028 0.056 0.112 0.146 
DTP, 50 ~M 0.022 0.045 0.091 0.125 

X/XO/Fe None - -  0.144 0.282 0.362 
-+0.003 -+0.004 • 

BHT, 10 ~tM - -  0.009 0.021 0.032 
BHT, 50 ~M - -  0.005 0.011 0.014 

i 

0.364 
---0.019 

0.043 
0.016 

aUnsealed membranes were treated with xanthine (X)/xanthine oxidase (XO)/iron or 
irradiated in the presence of uroporphyrin (UP) or protoporphyrin (PP). Membrane pro- 
tein concentration was 1 mg/ml, corresponding to ca. 0.7 mM pbospholipid or 0.6 mM 
cholesterol in the bulk suspension. Other details are as indicated in Figures 1 and 2. 
Compensatory amounts of ethanol, the solvent used for BHT and DTP, were added to 
the reaction mixtures lacking these antioxidants. Lipid peroxidation was monitored in 
terms of TBA reactivity. Absorbance readings are corrected for zero-time values of con- 
trols not exposed to photooxidation or XO. (AA values for controls were 0.01 after 2 hr.) 
Experiments with PP (1 ~M) were run at 10 C and with UP (10 }xM) at 37 C. --,  Not 
determined. Numbers with error limits are means -+ deviation of values for duplicate 
determinations. 
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4 0 5  

FIG. 3. Thin layer chromatography of cholesterol oxidation 
products from xanthine/xanthine oxidase/iron-treated ghosts. 
Extracted lipid hydroperoxides were reduced with NaBH 4. 
The standard reaction mixture (Std) was prepared as specified 
in Fig. 2. Lane a, Std - oxidase (120 min); b, Std (60 rain); c, 
Std (120 min); d, Std + superoxide dismutase, 25 ~g/ml (120 
min); e, Std + catalase, 50 ~g/ml (120 min); h, products of 
PP-sensitized photooxidation (cf Fig. 5). Sample loads (as start- 
ing cholesterol), 114 ~g. Lanes f and g represent 7~-OH/7~-OH 
from 7-ketocholesterol, 0.8 ~g and 8.0 ~g respectively. Spots 
developed with 50% H2SO4 had the following colors: blue (5~- 
OH, 7~-OH, 7~-OH); magenta (Ch); gray (component between 
5~-OH and Ch). Cholesterol 7~- and 7[~-hydroperoxides in non- 
reduced samples were detected with N,N,N;N;-tetramethyl-p- 
phenylenediamine on a separate plate run alongside (posi- 
tions shown with arrows). O, origin; F, solvent front. 

genera ted ,  namely,  3~-hydroxy-5~-cholest-6-ene-5-hy- 
droperoxide (5~-OOH). A major  component  af ter  
borohydride reduct ion was more  mobile  (Rf 0.25) t h a n  
the  7-OH epimers .  I t  comigra ted  wi th  ma te r i a l  gener-  
a ted by rose bengal ,  a wel l -known 102 sensi t izer  (data  
not shown), and on this  basis  was identified as 5a-OH. 
The absence  of 5~-OH in xan th ine  ox idase - t r ea t ed  
ghosts  rules  out any  102 in t e rmed iacy  in th is  react ion.  

Addit ional  evidence for the  invo lvement  of 102 in 
photochemical  peroxidat ion is provided in Figure  4, 
which shows dens i tomet r ic  scans  of cholesterol products  
f rom PP- and  UP-sensi t ized react ions.  A signif icant  5ct- 
OH peak  was observed wi th  each porphyr in ,  a long wi th  
sma l l e r  amoun t s  of the  7-OH ep imers  (7a-OH pre- 
dominat ing) .  The l a t t e r  m igh t  have a r i sen  via  the  con- 
t r ibu t ions  of (i) type I (radical) photochemist ry;  (ii) gen- 
eral  t h e r m a l  decomposi t ion of accumula t ing  type  I I  hy- 
droperoxides;  (iii) al lylic decay of 5~-OOH to the  more  
s table  7-OOH pa i r  (15); or some combina t ion  of these  
pa thways .  The inabi l i ty  of BHT to protect  aga ins t  UP- 
sensi t ized phosphol ipid peroxidat ion (Table 1) a rgues  
aga ins t  the  first two possibi l i t ies  in the  case of th is  
porphyr in .  With PP, but  not wi th  UP, a component  of 
s imi la r  color (gray) and  mobi l i ty  (Rf 0.35-0.37) to one 
seen wi th  xan th ine  oxidase was observed (cf Fig. 3), 
and on this  basis  is ascr ibed to free radical  react ions.  
(The component  was shown not  to be PP i tse l f  or 
oxidized PP.) This  evidence, coupled wi th  the  pa r t i a l  
inhibi t ion of PP-dr iven lipid peroxidat ion by BHT or 
DTP (Table 1), suppor ts  our a r g u m e n t  t h a t  PP photo- 
oxidizes pa r t i a l ly  via  a type  I mechan i sm.  

To fu r the r  clar ify any type I contr ibut ion,  we ir- 

FIG. 4. Uroporphyrin- and protoporphyrin-sensitized photo- 
oxidation of membrane cholesterol. Thin layer chromato- 
graphic analysis was carried out  after  i rradiat ing  unsealed 
g h o s t s  (1 mg prote in/ml  in phosphate-buffered saline at 37 C) 
for 1 hr in the  presence of 5 ~M PP (lane B) and 3 hr in the 
presence of 25 ~tM UP (lane C). Fluence rate, 20 mW/cm 2. Lane 
D s h o w s  a dark  contro l  (3 hr, no  porphyr in)  a n d  lane  A the  
7-OH epimers from 7-ketocholesterol. Samples were reduced 
with borohydride before applying. The plate w a s  s c a n n e d  
densitometrically immediately after developing. Rf values are 
as fol lows: 7~-OH, 0.13; 7~-OH, 0.19; 5~-OH, 0.23; Ch, 0.61. Ch 
peaks are deceptively small relative to diol peaks due to differ- 
ent  co lor  a n d  lower  a b s o r p t i v i t y  o f  Ch. 

rad ia ted  PP-sensi t ized ghosts  a t  10 C ins tead of 37 C 
in an  effort to min imize  t h e r m a l l y  dr iven r ea r range-  
m e n t  of 5~-OOH (cfref .  15). As shown in Figure 5 (lane 
c), 7a -OH and 7~-OH were still observed under  these  
condit ions af ter  reduct ion of the hydroperoxides.  Photo- 
oxidation in the  presence of BHT s t rongly  inhib i ted  
format ion  of the  7-OH ep imers  while  not affect ing 5a- 
cholest-6-ene-3D,5-diol (5~-OH) (lane d), as would be ex- 
pected if the LOOH precursors are generated as described. 
The persistent  spot of slightly grea ter  mobili ty than  
cholesterol (lanes c and d) may represent  dehydrat ion 
product(s) of init ially formed 102 adduct (16). 

Cholesterol photooxidation in the presence of ascor- 
bate. As shown recent ly  (4) and confirmed here  (Table 
2), peroxidat ion of po lyunsa tu r a t ed  lipids in photosen-  
si t ized ghosts  is amplif ied marked ly  when  i r rad ia t ion  
is car r ied  out in the  presence  of ascorbate  ( A H - ) ,  a 
wel l -known electron donor. This  is a new example  of 
how A H -  (usual ly  considered an  ant ioxidant )  can, 
unde r  su i tab le  conditions, act  as a prooxidant .  When  
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present  at  a low concentrat ion (0.4 mM) at the s tar t  of 
a PP-sensitized reaction (Table 2), A H -  produced after 
1 hr  a near ly  10-fold increase in TBA react ivi ty  over 
tha t  observed wi thout  A H - .  Peroxidation was rela- 
t ively insignificant in dark  controls (minus or plus 
A H - ) .  EDTA abolished A H - - s t i m u l a t e d  peroxidation, 
probably by removing membrane-bound iron tha t  is re- 
quired for redox cycling (4,9). BHT also inhibited the 
reaction, more so than  it did basal  photoperoxidation 
(Table 1); this is a t t r ibuted main ly  to quenching of al- 
koxyl radicals involved in propagat ion reactions (1,2). 
S t imula t ion was minimal  at  high concentrat ions of 
A H -  (e.g., 10 mM), presumably  because ant ioxidant  
effects become more important .  

To gain addit ional insights  into the reaction 
mechanisms involved in these effects, we tracked choles- 
terol oxidation in the experiments  described in Table 
2. Samples were analyzed directly (Fig. 6A) or after 
borohydride reduction (Fig. 6B). As shown in Figure 
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FIG. 5. Protoporphyrin (PP) - sens i t i zed  p h o t o o x i d a t i o n  o f  
cholesterol: effect of butylated hydroxytoluene (BHT). Mem- 
branes were sensitized with 5 ~LM PP and irradiated for 2 hr 
at 10 C in the  a b s e n c e  ( lanes  b a n d  c) and  presence (lanes a 
a n d  d) o f  B H T  (50 t~M). The  contro l  mix ture  w a s  ad jus ted  to 
the  same final concentration of ethanol (25 ~LM) that  w a s  intro- 
d u c e d  with BHT. Samples c and d were reduced with borohy- 
dride before chromatographing, while a and b were not re- 
duced. 

6A, 0.4 mM A H -  caused s t r iking changes, both qual i ta-  
tive and quant i ta t ive,  in the cholesterol product profile 
of i r radiated ghosts. Note tha t  the major hydroperoxides 
appear ing as a faint, poorly resolved doublet after 1 hr  
(lane d) are intensified with A H -  (lane f) and tha t  the 
7-OH epimers (undetectable in lane d) are now present  
in large amounts .  Barely any 5a-OH is observed. In the 
presence of 10 mM A H - ,  no hydroperoxides and much 
less of the 7-OH epimers are seen (lane h), which is 
consistent with the TBA results. Overall  product yield 
was also less when BHT (lane i) or EDTA (lane j) was 
included along with 0.4 mM A H - .  In both cases 
peroxides were again apparent ,  and with EDTA no diols 
were seen. Borohydride reduction provided addit ional 
information (Fig. 6B). It  is clear tha t  102-driven perox- 
idation in the absence of A H -  shifted predominant ly  
to free rad ica l -media ted  peroxidation in the presence 
of this reduc tan t  (compare lanes f and d). Moreover, 
inhibit ion of the A H - - s t i m u l a t e d  reaction by BHT or 
EDTA was reflected in decreased amounts  of 7a-OH/7~- 
OH and an increased amount  of 5~-OH, the p r imary  
102-derived product (compare lanes f, i and j). Ascorbate 
may have diminished the yield of 10 2 in this system, 
for example, by competing with ground state oxygen 
for PP  tr iplet  (17). Clearly, however, it could not have 
abo l i shed 'O2 formation, since considerable 5a-OH was 
detected when EDTA or BHT was present.  

DISCUSSION 

The cholesterol product analyses described in this work 
have provided important  information about oxidative 
mechanisms in situ. Although cholesterol oxidation has 
been studied extensively in organic solvents and artificial 
membranes (14,18,19), very little has been done in natural  
membrane systems. The major obstacles encountered are 
limited material  and low reaction rates. For example, 
10 2 reacts slowly with cholesterol ( k - 7  • 10 4 M -  1 sec-  1) 
compared with histidine ( k - 5  x 10 v M-1  sec-1) (3,20). 
This makes product detection difficult and often requires 

TABLE 2 

Effec t s  o f  A s c o r b a t e  on  P r o t o p o r p h y r i n - P h o t o s e n s i t i z e d  
Lipid  P e r o x i d a t i o n  ~ 

A532 

Reaction system 10 min 30 rain 60 min 

Control ( - AH-) - -  - -  0.055 
Control ( + 0.4 AH - ) - -  0.050 0.058 
Standard 0.048 0.068 0.114 

+ 0.4AH- 0.075 0.293 0.615 
+ 0.4 AH-/EDTA 0.027 0.036 0.051 
+ 0.4 AH-/BHT 0.054 0.090 0.181 
+ 10AH- 0.049 0.083 0.126 

aThe standard reaction mixture consisted of unsealed ghosts (1.0 
mg protein/rnl), FeC13 (25 IzM) and PP (5 ~zM) is PBS at 37 C. 
Additional components in different experiments were as follows: 
AH (0.4 mM or 10 mM, as indicated); EDTA (0.1 mM); and BHT 
(0.03 mM). Suspensions were irradiated continuously (fluence rate 
7.5 mW/cm2), and samples were drawn for TBA assay at the indi- 
cated times. Nonirradiated controls (standard mixtures minus or 
plus AH-) were run alongside. Zero-time A532 w a s  0.049 (0.025 
for EDTA-containing system). --, Not determined. 
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the use of radiolabeled sterol (21). By analyzing large 
amounts of easily obtained material, we were able to 
determine cholesterol products directly, without having 
to resort to radiolabeling. Although the results are 
mainly qualitative, they demonstrate for the first time, 
for example, that a reductant like AH- can switch 102-de- 
pendent peroxidation to a free radical-dominated process, 
which greatly enhances the damaging effects oflO2 alone. 
In addition, the free radical nature of xanthine oxidase- 
catalyzed lipid peroxidation in cell membranes (6) has 
been verified by showing that 7c~-OH and 7~-OH are 
formed. Recent evidence (22) that 102 is not among the 
damaging oxidants produced by this enzyme was corrobo- 
rated, ruling out earlier suggestions to the contrary. 

By examining cholesterol products and the effects of 
phenolic antioxidants, we conclude that highly polar UP, 
which does not bind to the membrane, photosensitizes 
lipid peroxidation and lysis by a type II mechanism (reac- 
tions 1 and 2, where 3Up is triplet excited state porphyrin 
and LH is unsaturated lipid). 

3UP + 02 ---) UP "f" 1 0  2 [1] 

LH + 102 "--) LOOH [2] 

Although PP-sensitized photooxidation also involves 102, 
a small part appears to be type I (radical) in nature. The 
reaction pathway in this case could be as follows: 

3pp + LH --* PP-" + H § + L" [3] 

L" + 02 --* LOO" [4] 

LOO" + LH --* LOOH + L" [5] 

Reaction 3 depicts initiation of peroxidation via electron 
transfer, and reactions 4 and 5 show propagation. Autox- 
idation of PP-" might also contribute to initiation by 
generating partially reduced oxygen species (17). 
Whether other relatively hydrophobic sensitizers will 
behave similarly in this membrane system remains to 
be established. 

The results shown in Table 2 and Figure 2 suggest 
that  in vivo phototoxic effects of lipid peroxidation 
might be influenced by AH- or other cellular reduc- 
tants. The following mechanism can be envisaged. 

AH-  + Fe(III) --~ A-" + H + + Fe(II) [6] 

LOOH + Fe(II) --* LO" + OH- + Fe(III) [7] 

Cholesterol or phospholipid hydroperoxides generated by 
102 attack (reaction 2) undergo iron-catalyzed reduction 
to alkoxyl radicals (reactions 6 and 7), which then trigger 
rounds of free radical peroxidation (1,2,4). Thus, AH- 
amplifies lipid peroxidation via 1-electron reduction of 
nascent photoperoxides. Molecular oxygen probably com- 
petes with LOOH for Fe(II) in reaction 7, in which case 
H202-dependent (Fenton) formation of strongly oxidizing 
OH" might occur. We have found, however, that catalase 
not only fails to inhibit AH--stimulated peroxidation 
(UP-sensitized), but consistently stimulates it (unpub- 
lished observation), indicating that the effect is not H202- 
dependent. Since LO" is necessarily generated in the lipid 
matrix, it would not be surprising to find that this radical 

FIG. 6. Effects  o f  a s c o r b a t e  on  p r o t o p o r p h y r i n - s e n s i t i z e d  
p h o t o o x i d a t i o n  o f  choles terol .  Lip id  ex trac t s  from the exper i -  
m e n t s  d e s c r i b e d  in Table 2 were  a n a l y z e d  by th in  layer  
c h r o m a t o g r a p h y  before  (A) a n d  after  (B) b o r o h y d r i d e  reduc-  
t ion.  S a m p l e s  (0.16 mg in s tart ing  choles terol )  were  a n a l y z e d  
after  l0  min a n d  60 min o f  irradiat ion:  s tandard  reac t ion  mix-  
ture (Std), 10 min (c) a n d  60 rain (d); Std  + 0.4 mM A H - ,  10 
rain (e) a n d  60 min  (f); Std  § 10 mM A H - ,  10 min  (g) and  60 
rain (h); Std  + 0.4 mM A H - / 0 . 0 3  mM BHT, 60 min (i); Std  + 
0.4 mM A H  /0.1 mM EDTA, 60 min  (j). A 60-rain dark  contro l  
is s h o w n  in l ane  b a n d  a u t h e n t i c  7~-OH, 7~-OH from 7- 
ke tocho le s tero l  in lane  a. 

is a better initiator of peroxidation than hydroxyl. 
It is interesting that resealed ghosts treated with 

xanthine/xanthine oxidase/iron began to lyse (release 
G6P more rapidly) when their LOOH content was more 
than twice that of UP-photooxidized ghosts (Figs. 1 and 
2). Therefore, the structural damage necessary to produce 
a marker-releasing pore appeared to be greater with the 
xanthine oxidase system. There is a qualitative difference 
in some of the hydroperoxides produced in systems of this 
type (Fig. 3; refs. 14,24,25), and it is possible that at any 
given LOOH level, enzymatically generated peroxides 
perturbed the bilayer less than photogenerated peroxides. 
Another possibility is suggested by our findings (unpub- 
lished) that xanthine oxidase treatment causes mem- 
brane aminolipids to be cross-linked, whereas photooxida- 
tion does not. Crosslinking could impede marker efflux, 
making it necessary for a greater fraction of lipid to be 
oxidized before net efflux occurs. 
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Implications 

In a s s a y s  o f  3 -hydroxy-3-methylg lutary l  c o e n z y m e  
A (HMG-CoA) r e d u c t a s e  activity,  p r e i n c u b a t i o n  o f  
i so la ted  w a s h e d  m i c r o s o m e s  w i t h  N A D P H  led  to a 
t ime- a n d  prote in  c o n c e n t r a t i o n - d e p e n d e n t  loss  o f  
e n z y m e  activity.  This  o c c u r r e d  desp i te  the  p r e s e n c e  
o f  an  N A D P H  regenera t ing  sys tem.  Addi t ion  o f  fresh 
NADP, g l u c o s e  6 - p h o s p h a t e  a n d  g l u c o s e  6-phos-  
p h a t e  d e h y d r o g e n a s e  res tored  activity.  Of  the  indi- 
v idua l  c o m p o n e n t s ,  o n l y  N A D P  was  effective.  Errors  
du e  to loss  o f  N A D P H  are m o s t  p r o n o u n c e d  in a s s a y s  
u s i n g  h i g h  m i c r o s o m a l  protein,  l o w  N A D P H  levels  
an d  p r e i n c u b a t i o n  wi th  N A D P H  a nd  w h e n  gluta- 
t h i o n e  ra ther  t h a n  d i t h i o t h r e i t o l  is present .  To 
m i n i m i z e  the  e f fec t s  o f  N A D P H  d e p l e t i o n ,  it is  re- 
c o m m e n d e d  that  (i) N A D P  a n d  N A D P H  n o t  be  pre- 
s e n t  d u r i n g  the  p r e i n c u b a t i o n  per iod;  (ii) i n c u b a -  
t ion  p e r i o d s  be  re la t ive ly  short;  (iii) m i c r o s o m a l  
p r o t e i n  c o n c e n t r a t i o n s  be  l e s s  t h a n  1 mg; a n d  (iv) 
N A D P H  c o n c e n t r a t i o n s  be  1 to  2 mM. 
Lipids 22, 409-412 (1987). 

With the recognition tha t  purified preparat ions  of 3-hy- 
droxy-3-methylglutaryl  coenzyme A (HMG-CoA) reduc- 
tase represented a proteolytic f ragment  containing the 
active site ra ther  than  the intact  enzyme (1), a shift back 
to s tudying the reductase within the microsomal mem- 
brane has occurred (2,3). Assay conditions, however, were 
developed to maximize the act ivi ty of the proteolytically 
modified form of the enzyme. For example,  it has  become 
standard practice to preincubate for 20 min  with NADPH 
to react ivate  this cold-sensitive enzyme (4). The native 
form of HMG-CoA reductase is not cold-liable (5). I t  also 
has  been common to use 2-5 mM NADPH and 10 mM 
dithiothreitol in HMG-CoA reductase assays. However, 
it recently has  been demonstra ted tha t  HMG-CoA reduc- 
tase displays allosteric kinetics with respect to NADPH 
concentrations (3) and tha t  the enzyme exists in both a 
disulfide-linked dimer  and a free sulfhydryl monomer  (2). 
Addition of 10 mM dithiothreitol can convert d imer  to 
monomer  (2). In view of these observations, reductase 
assays using lower NADPH concentrations and thiol con- 
ditions more closely approximat ing those found in vivo 
are desirable. 

In an effort to identify a specific degradative system 
for HMG-CoA reductase, l iver microsomes from rats  fed 
colestipol were incubated with those from fasted rats. 
Although a marked  decrease in mevalonate  formation 
occurred, this did not result  from inactivation of the reduc- 
tase. Rather, as the da ta  presented in this report  show, 
a loss of NADPH occurred. The consequences of NADPH 

*To whom correspondence should be addressed. 
Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme 
A; TLCK, Na-p-tosyl L-lysine chloromethyl ketone; TLC, thin layer 
chromatography; EGTA, ethylene glycol bis (~-aminoethyl ether) 
N,N,N',N'-tetracetic acid; G6P, glucose 6-phosphate; G6PD, glucose 
6-phosphate dehydrogenase. 
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FIG. 1. Effect of adding hepatic microsomal protein from a 
fasted rat to HMG-CoA reductase reactions containing micro- 
somes from a colestipol-fed rat. Reaction mixtures were either 
preincubated (0) or not ( . )  for 20 min at 37 C. All reactions 
contained 100 mM potassium phosphate buffer, pH 7.1; 200 
mM potassium chloride; 5 mM reduced giutathione; 4 mM 
glucose 6-phosphate; 500 ~M NADP § 0.5 units of glucose 6- 
phosphate dehydrogenase 70 ~LM RS[14C]HMG-CoA (3,700 
cpm/nmol) and 0.24 ~ g  of liver microsomal protein from a 
colestipol-fed rat. Reaction mixture volumes were 300 ~LI. Reac- 
tions were started by the addition of HMG-CoA (0) or by add- 
ing microsomes that had been warmed to 37 C (I). Incubation 
was carried out at 37 C for 10 min. Reactions were stopped 
by the addition of 30 ~1 of 2.4 N HCI. Reductase activity is 
given as umol of mevalonate formed for duplicate determina- 
tions. 

depletion and approaches to minimize its effects are ad- 
dressed. 

MAIIIERIALS AND METHODS 

Male Sprague-Dawley ra ts  weighing 125 to 150 g were 
purchased from Har land  Industr ies  (Madison, WI). Ani- 
ma l s  were m a i n t a i n e d  on 2% cholesterol or 2% coles- 
t ipol and  0.04% mevinol in  or were fasted 48 hr  pr ior  to 
be ing ki l led a t  the  d iurna l  h igh  point  of the  dai ly cycle 
(6). Lysosome-free microsomes  were p repared  in 0.25 
M sucrose as previously  described (6). HMG-CoA reduc- 
tase  ac t iv i ty  was assayed by the radiochemical  method  
us ing  th in  layer  ch romatography  (TLC) for isolat ion of 
the  lactonized product  (7). Colestipol and  mevinol in  
were gii~s f rom Upjohn (Kalamazoo,  MI) and  Merck 
(Rahway, NJ),  respectively. 

RESULTS AND DISCUSSION 

As shown in Figure 1, addi t ion  of increas ing  a m o u n t s  
of  fasted microsomes  decreased HMG-CoA reductase  
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act iv i ty  in microsomes  from colestipol-fed animals .  
This  was most  pronounced in the  series where  micro- 
somes were pre incubated .  I t  is also appa ren t  t h a t  prein-  
cubat ion  of microsomes  f rom colestipol-fed a n i m a l s  
wi thou t  adding microsomes  from fasted ra t s  signifi- 
cant ly  reduced reductase  activity.  Addition of var ious  
pro te inase  inhibi tors ,  such as leupept in ,  e thylene  glycol 
bis (~-aminoethyl  e ther)  (EGTA) and N~-p-tosyl  L- 
lysine chloromethyl  ke tone  (TLCK) failed to prevent  
the  decrease in reductase  activity,  sugges t ing  t h a t  a 
p ro te inase  migh t  not  be responsible  for the  loss of activ- 
ity. 

The possibi l i ty  t h a t  the observed loss of reductase  
ac t iv i ty  migh t  not  be unique  to fasted microsomes  was 
examined  in the  expe r imen t  depicted in Figure  2. Add- 
ing increas ing  amoun t s  of l iver  microsomes  from coles- 
tipol-fed ra t s  also resul ted  in a decline in reductase  
ac t iv i ty  t h a t  was dependent  on pre incuba t ion  t ime  and 
a m o u n t  of microsomal  prote in  added. 

Table 1 i l lus t ra tes  t h a t  the  loss in reductase  ac t iv i ty  
t h a t  occurs dur ing  pre incuba t ion  resu l t s  from a loss in 
the  NADPH regene ra t ing  system. Adding fresh NADP, 
glucose 6-phosphate  (G6P) and glucose 6-phosphate  de- 
hydrogenase  (G6PD) (complete system) a t  the  end of 
the  p re incuba t ion  period restored reductase  activity.  
However, th is  ac t iv i ty  is somewhat  less t h a n  t h a t  seen 
in react ions  s ta r ted  by adding both NADPH and HMG- 
CoA. P re incuba t ion  of microsomes  for 20 min  wi thout  
NADPH does not  inact ivate ,  bu t  r a t h e r  s t imu la t e s  re- 
duc tase  activity.  Inc reas ing  the  a m o u n t  of  NADPH in 
the  pre incuba t ion  mix tu re  twofold does not  offset the  
problem. As shown in Table 2, the  complete  NADPH 
regene ra t i ng  sys tem was more  effective t h a t  any  single 
component  in res to r ing  reductase  activity.  Of  the  indi- 
v idual  components ,  only NADP was effective. The da ta  
indicate  a nea r ly  complete  loss of  NADP and a par t i a l  
loss of G6P occurred dur ing  pre incubat ion.  These  losses 
could not  be prevented  by addi t ion of EDTA, l iver 
cytosol or microsomal  phospha ta se  inhibi tors  (8) 
fluoride or bovine se rum a lbumin .  Presumably ,  loss of 
NADPH would not occur in vivo. I t  is of  in teres t  t h a t  
the  loss of NADPH is not  nea r ly  as ser ious in react ions  
in which 10 mM di th iothre i to l  was used r a t h e r  t h a n  5 
mM glu ta th ione  (Fig. 3). 

Deplet ion of NADPH dur ing  pre incuba t ion  and  l ikely 
dur ing  the  incubat ion  period would be expected to have 
profound effects on s tudies  of HMG-CoA reductase  ac- 
tivity. As shown in Figure  4, p re incuba t ion  wi th  
NADPH can resul t  in ser ious errors  in de t e rmina t ion  
of the  al loster ic  k inet ics  of HMG-CoA reductase.  I t  is 
possible t h a t  the  previously  repor ted  (3,7) al losteric  
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FIG. 2. Ef fec t  o f  m i c r o s o m a l  prote in  c o n c e n t r a t i o n  on loss  o f  
HMG-CoA reductase activity during preincubation with 
N A D P H .  I n c r e a s i n g  amounts (0.15 m g  [A], 0.30 [[~], 0.50 [R], 
0.70 [O] and 0.90 [0]) of  m i c r o s o m a l  pro te in  from a colest ipolo 
fed rat were preincubated for the i n d i c a t e d  t imes  in reaction 
mixtures as described in the  l e g e n d  to Fig. 1. Reactions were 
started by the  add i t i on  o f  RS[X4C]HMG-CoA a n d  i n c u b a t e d  
for  10 rain at  37 C. Reductase activity is e x p r e s s e d  as  a percent -  
a g e  o f  that  at  zero min  o f  p r e i n c u b a t i o n  for each  ser ies .  Reduc-  
ta se  ac t iv i t i e s  in terms of nmol of m e v a l o n a t e  formed for the  
n o n - p r e i n c u b a t e d  contro l s  are  2.44 (A), 4.15 (D), 5.08 (m), 5.71 
(O) and 6.12 (0). 

TABLE 1 

D e c r e a s e  in HMG-CoA Reductase Activity During P r e i n c u b a t i o n ,  A p p a r e n t l y  
R e s u l t i n g  from Loss of the NADPH Regenerating System 

Additions at Additions at Reductase activity 
0 min 20 min (nmol/min/mg) 

Microsomes, NADPH a HMG-CoA 0.01 
Microsomes, NADPH NADPH, HMG-CoA 0.63 

Microsomes, NADPH, HMG-CoA 0.66 
Microsomes 2 x NADPH, HMG-CoA 1.52 
Microsomes NADPH, HMG-CoA 0.94 
Microsomes, 2 x NADPH HMG-CoA 0.01 

All reactions were preincubated for 20 min and incubated for 5 min at 37 C. Reaction 
mixtures contained I mg of microsomal protein from a colestipol-fed rat and components 
listed in the legend to Fig. 1. Values are the averages of duplicate determinations. 
aNADPH refers to addition of NADP, glucose 6-phosphate and glucose 6-phosphate 
dehydrogenase. 
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TABLE 2 

Effect of Individual Components o f  the  N A D P H  Regenerating 
S y s t e m  on  R e s t o r a t i o n  o f  H M G - C o A  Reductase Activity Lost 
D u r i n g  Preincubation 

Reductase activity 
Additions (nmol/min/mg) 

None 0.02 
Complete 0.95 
NADP 0.55 
G6P 0.04 
G6PD 0.07 
NADP + G6P 0.73 
NADP + G6PD 0.53 

G6P, glucose 6-phosphate; G6PD, glucose 6-phosphate dehy- 
drogenase. All reactions were preincubated for 18 min at 37 C and 
contained 0.9 mg of microsomal protein from a colestipol-fed rat 
and all the components listed in the legend to Fig. 1, including the 
NADPH regenerating system. Additions at 18 min were NADP, 
0.5 mM; G6P, 4 mM and G6PD, 0.5 units (complete) or the indicated 
components. Two min later the reactions were started by addition 
of RS[14C] HMG-CoA and incubated for 5 min. Values are the av- 
erages of duplicate determinations. 
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FIG. 3. Ef fec t  o f  th io l  on  l o s s  o f  N A D P H  d u r i n g  preincubation. 
Microsomes (2.3 mg from a colestipol-fed rat) were preincu- 
bated for the  indicated times with 5 mM g l u t a t h i o n e  (0) or 
10 mM dithiothreitol (11) with the complete NADPH system 
described in the legend to Fig. 1 (500 ~LM NADPH). Reactions 
were started by the addition of [*4C]HMG-CoA. Reactions were 
stopped after 5 min. Reductase activity is  g iven  as nmol/min/ 
mg. 

NADPH-dependent  kinetics (3,7) are ei ther  ent irely 
due to NADPH depletion or are markedly  affected by 
this problem. It  is not possible to dis t inguish between 
these possibilities because of the need to use low 
NADPH concentrat ions and the lack of l inear i ty  with 
t ime at  such levels. 

One approach to the problem of NADPH depletion is 
simply to increase its concentrat ion in reaction mix- 
tures. However, substrate  inhibi t ion at high concentra- 
t ions of NADPH has been reported for HMG-CoA reduc- 
tase (9). We confirmed this. Generally, inhibit ion was 
observed at  NADPH concentrat ions above 4 mM. In 
microsomes from rats  fed mevinolin and colestipol, in- 
hibit ion was apparent  at  1 mM. The NADPH concentra- 
tion at  which inhibi t ion occurred was decreased by in- 
cubation with h igher  concentrat ions of thiols, i.e., 10 
mM dithiothreitol .  

Recognition of the NADPH depletion problem allows 
formulat ion of more appropriate  conditions for assaying 
nat ive microsomal HMG-CoA reductase,  as shown in 
Figure 5. Central  to these conditions are deletion of a 
preincubat ion step, low microsomal protein concentra- 
tions, short  incubat ion t imes and adequate  NADPH 
concentration.  Under  these conditions, good l inear i ty  
with t ime can be demonstra ted even with 5 mM 
gluta th ione as the thiol present.  

Over the years, numerous  potential  pitfalls in assay- 
ing HMG-CoA reductase act ivi ty have been identified. 
These include the nonspecificity of the anion exchange 
assay (10); presence of interfer ing activities, such as 
HMG-CoA lyase (11,12) and mevalonate  kinase (13); 
proteolysis (1); and inhibi t ion by R HMG-CoA (14). To 
this list, we now add microsomal depletion of NADPH. 

I t  would appear  tha t  the NADPH-deplet ing act ivi ty 
is a consti tutive microsomal activity. When high con- 
centrat ions  of microsomal protein are used to assay 
HMG-CoA reductase activi ty in conditions where the 
level of enzyme is low, an underes t imat ion  of act ivi ty 
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FIG. 4. Effect of preincubation on the allosteric kinetics of 
HMG-CoA reductase. Microsomes (0.22 mg) from a colestipol- 
fed rat were either preincubated for 10 min (0) or not (O) with 
the  c o m p l e t e  N A D P H  sys tem.  The reactions were started by 
the  add i t i on  o f  []4 C]HMG-CoA. Reductase activity is  g iven  as 
a percentage o f  the  maximal activity, 1.43 (O) and 0.92 (O) 
nmol/min/mg, respectively. The Hill coefficients (n) and S0.5 
values obtained from Hill plots are given. Reaction mixture 
c o m p o n e n t s  are as described in the legend to Fig. 1 except 
that  the  g l u c o s e  6 - p h o s p h a t e  c o n c e n t r a t i o n  w a s  20 mM. 

can readily result.  This could lead to erroneous conclu- 
sions concerning changes in enzyme levels caused by 
die tary and hormonal  agents  or in correlations with 
changes in rates  of cholesterol synthesis.  

More accurate determinat ions  of microsomal HMG- 
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FIG. 5. Linear i ty  of microsomal HMG-CoA reductase  activity 
with incubat ion time. Reaction mixture components  were as 
listed in the legend to Fig. 1 except that the concentrat ion of 

+ ~*V " " NADP as 1.5 mM, and 0.20 mg of nncrosomal protein  from 
a ra t  fed colestipol was present  in each react ion mixture. The 
microsomes were warmed at  37 C with glutathione,  potass ium 
phosphate  buffer and potass ium chloride for 10 min. The reac- 
tions were s tar ted by adding  a mixture containing the NADP § 
glucose 6-phosphate,  glucose 6-phosphate dehydrogenase,  
RS[14C]HMG-CoA and 2 mM potass ium phosphate  buffer, 
which was warmed at  37 C for 5 min pr ior  to addit ion.  Reduc- 
tase activity is given as  nmol of mevalonate formed. 

CoA r e d u c t a s e  a c t i v i t y  s h o u l d  a i d  in  d e t e r m i n i n g  
w h e t h e r  c h a n g e s  in  r a t e s  of  s y n t h e s i s  a n d  d e g r a d a t i o n  
o f  H M G - C o A  r e d u c t a s e  m R N A  a n d  p r o t e i n  (15-18)  or  
in  t h e  e x t e n t  of  p o s t t r a n s l a t i o n  m o d i f i c a t i o n s  such  a s  
p h o s p h o r y l a t i o n  (19) or  s u l f h y d r y l  s t a t u s  (20) can  to-  
t a l l y  a c c o u n t  for  a g i v e n  c h a n g e  in  e n z y m e  ac t iv i t y .  
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Analysis of Lipids Containing Hydroxy Fatty Acids 
Fasih Ahmada', Ren6 Maierb,2, Kurnar D. Mukherjeeo,* and Helmut K. Mangoldb,~ 
aBundesanstalt fuer Fettforschung, Institut fuer Biochemie und Technologie, H.P. Kaufmann-lnstitut, Piusailee 68, D-4400 Muenster, 
Federal Republic of Germany and bUniversity of Minnesota, The Hormel institute, Austin, Minnesota 

Lipids containing hydroxy fatty acids or hydroxyacyl 
moieties are acetylated with [1-14C]acetic anhydride or 
[3H]acetic anhydride, and the content of hydroxy fatty 
acids or hydroxyacyl moieties is estimated from the spe- 
cific radioactivity of the acetylated products with respect 
to that of radioactive standards, such as radioacetylated 
ricinoleic acid or triricinoleoylglycerol. Mixtures of tri- 
acylglycerols containing one, two and three hydroxyl 
groups per molecule are derivatized in a similar manner, 
and the resulting acetates are fractionated by thin layer 
chromatography according to the number of acetate 
groups per molecule. The relative proportion of each type 
of triacylglycerols in the mixture is estimated from the 
distribution of radioactivity in the various fractions. Ap- 
plications of these techniques are demonstrated by the 
analysis of several seed lipids. 
Lipids 22, 413-416 {1987). 

Lipids containing hydroxy fat ty acids occur widely in 
animals, plants and microorganisms {1,2). Several analyti- 
cal techniques have been developed for the qualitative and 
quantitative analysis of hydroxy fat ty acids and lipids 
containing hydroxyacyl moieties {3,4}. Among these tech- 
niques, gas liquid chromatography (GLC) has been used 
most extensively. However, quantitative GLC of methyl 
esters of hydroxy fatty acids poses several problems, such 
as long retention times of these substances and relative 
instability at high temperatures (3). The quantitative 
analysis of lipids containing hydroxy fatty acids becomes 
especially difficult when highly reactive acids, such as 
dimorphecolic or kamlolenic acids, are present. Some of 
these problems can be partially solved by derivatization 
of the hydroxyl groups (3). 

In the present communication, we describe procedures 
for the analysis of lipids containing hydroxy fat ty acids 
or hydroxyacyl moieties. These procedures are based on 
isotopic derivative techniques, partly in conjunction with 
thin layer chromatography (TLC}. 

MATERIALS AND METHODS 

Castor (Ricinus communis) beans were obtained from the 
Department of Botany, Aligarh Muslim University, 
Aligarh, India. Wrightia tinctoria seeds were supplied by 
the National Botanical Research Institute, Lucknow, 
India. Grevillea decora seeds were a gift from R. Kleiman, 
U.S. Department of Agriculture-Agricultural Research 
Service, Peoria, Illinois. Seeds of Mallotus philippinen- 
sis, Onguekoa gore, Dimorphotheca aurantiaca, Arternisia 
absinthium and Strophanthus kombe were provided by 

'Permanent address: Section of Oils and Fats, Department of 
Chemistry, Aligarh Muslim University, Aligarh-20200, India. 
2Present address: Ciba-Geigy, A.G., CH-4000 Basel, Switzerland. 
*To whom correspondence should be addressed. 
3Present address: Bundesanstalt fuer Fettforschung, D-4400 
Muenster, Federal Republic of Germany. 

L. J. Morris, now at Unilever Research, Colworth House, 
Sharnbrook, Bedfordshire, England. 

All reagents, solvents and adsorbents were products 
of E. Merck A.G. [Darmstadt, Federal Republic of Ger- 
many}. Solvents were distilled before use. [1-'4C]Acetic 
anhydride (2 mCi]mmol) and [3H]acetic anhydride (50 mCi/ 
mmol) were purchased from NEN Chemicals GmbH 
(Dreieich, Federal Republic of Germany}. TLC was car- 
ded out on glass plates (20 • 20 cm) coated with a 0.3-mm 
layer of Silica Gel H. 

Thin layer chromatograms were assayed for radioac- 
tivity by means of a Berthold scanner LB 2760 (BF- 
Vertriebsgesellschaft, Wildbad, Federal Republic of Ger- 
many}. The radioactivity of silica gel scrapings and lipid 
samples was determined using a Packard Tri-Carb C 2405 
liquid scintillation spectrometer (Packard Instruments 
Co., Downers Grove, Illinois} using 14C- or 3H-labeled 
hexadecane as internal standard. 

Lipids were extracted under nitrogen from finely 
ground seeds either with hexane at room temperature or 
with chloroform]methanol {2:1, v/v) as described elsewhere 
(5). Castor bean lipids were fractionated by TLC using 
hexane/diethyl ether/acetic acid (50:50:1, v/v/v) to isolate 
diricinoleoylacylglycerols and triricinoleoylglycerol. 
Saponification of lipids, removal of nonsaponifiable 
matter and liberation of fat ty acids were carried out ac- 
cording to established procedures (6). Ricinoleic acid was 
isolated from the total fatty acids derived from castor 
bean lipids by TLC using hexane/diethyl ether/acetic acid 
(50:50:1, v/v/v) as developing solvent. 

Radioactive acetic anhydride, diluted to desired specific 
radioactivity and dissolved in twice its volume of anhy- 
drous pyridine, was used for acetylation. Lipid samples 
[50-100 mg) were reacted under nitrogen in screw-capped 
tubes with 1 ml of the acetylating mixture at room 
temperature overnight or at 50-60 C for 2 hr. After cool- 
ing to room temperature, the reaction mixture was diluted 
with 5 ml water, and the acetylated lipids were extracted 
three times with 3 ml each of hexane. The combined hex- 
ane extracts were washed three times each with 3 ml of 
10% sulfuric acid, 3 ml of 10% aqueous sodium bicarbon- 
ate and finally with water. The solvent was evaporated, 
and residual traces of water were removed azeotropicaUy 
with benzene/chloroform]methanol {1:1:1, v/v/v). The 
samples were weighed and dissolved in a known volume 
of hexane, and the radioactivity in aliquots was measured 
by liquid scintillation counting in Econofluor (NEN 
Chemicals}. 

An aliquot [10-20 mg) of the acetylated castor bean 
lipids was applied as a streak on a chromatoplate, which 
was then developed with hexane/diethyl ether/acetic acid 
(60:40:1, v/v/v). The lipid fractions were stained with 
iodine vapor and identified by cochromatography with 
unlabeled standards. The radioactively labeled fractions 
were located by scanning and scraped off. To the silica 
gel scraping, 100 ~1 water and 10 ml Aquasol-2 {NEN 
Chemicals} were added, and radioactivity was measured 
by liquid scintillation counting. All data reported are 
means of triplicate determinations. 
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RESULTS AND DISCUSSION 

The methods reported here involve acetylation of lipids 
with radioactive reagents, such as [ 1-14C] acetic anhydride 
or [3H]acetic anhydride, followed by determination of the 
specific radioactivity of the acetylated products. The con- 
tent of hydroxy fatty acids and/or hydroxyacyl moieties 
in the lipids is estimated by comparison of the specific 
radioactivity of the acetylated products with those of the 
corresponding isotopically labeled acetates of pure 
hydroxy fatty acids or their esters. Furthermore, radioac- 
tively labeled acetates derived from mixtures of lipids 
containing free hydroxyl groups are resolved by TLC into 
fractions differing by the number of acetate (correspond- 
ing to hydroxyl) groups per molecule. The distribution 
of radioactivity in the various fractions is determined to 
estimate the composition of such lipid mixtures. 

Initially some standard samples containing known pro 
portions of hydroxy fatty acids or hydroxyacyl moieties 
were acetylated with '4C- or 3H-labeled acetic anhydride. 
A blank of pure oleic acid was also treated with radioac- 
tive acetic anhydride to check whether traces of 
radioactivity remained in the samples after removal of 
excess reagent. The percentage of hydroxy fat ty acid or 
hydroxyacyl moieties was estimated from the specific 
radioactivities of the corresponding acetates derived from 
ricinoleic acid and triricinoleoylglycerol, respectively. The 
data show a close agreement between the known values 
and those found experimentally (Table 1). 

The hydroxy fatty acid content of a few selected seed 
lipids was determined by acetylation of the total lipids 
with [1-14C]acetic anhydride/pyridine reagent of different 
specific activities. The content of hydroxy fatty acids plus 
hydroxyacyl moieties was calculated from the specific 
radioactivities of the acetylated products with reference 
to the specific radioactivity of the acetate derived from 
triricinoleoylglycerol as standard. It was found that es- 
sentially similar results are obtained with acetic an- 
hydride reagents of various specific radioactivities. How- 
ever, the sensitivity of the method increases with 
increasing specific radioactivity of the reagent (Table 2). 

The percentage of hydroxy fatty acids plus hydroxyacyl 
moieties determined by radioacetylation of the total lipids 
of several seeds and the values reported in the literature 
are compared in Table 2. A good agreement is observed 
between these values in several cases. 

In the lipids of M. ph i l i pp inens i s  the value observed 
is much lower than that reported, most likely because 
large proportions of the hydroxyl groups of kamlolenic 
(18-hydroxyoctadeca-9,11,13-trienoic) acid present in 
these lipids are esterified as estolides (8). The lipids of D. 
aurant iaca contain a conjugated dienol, i.e., 9-hydroxy- 
octadeca-10,12-dienoic acid. Because of the reactive 
nature of the conjugated dienol structure, the percentage 
of this hydroxy fatty acid plus hydroxyacyl moieties in 
the total lipids has been determined by countercurrent 
distribution of the methyl esters of the total fat ty acids 
(9). The percentage of hydroxy fat ty acid obtained by 

TABLE 1 

Quantitative Estimation of Hydroxy Fatty Acids or Hydroxyacyl Moieties in Standard 
Mixtures Prepared from Ricinoleic and Oieic Acids and in Triacylglycerois 

Specific activity Hydroxy fatty acids/ 
Reagent/lipids (dpm/mg) hydroxyacyl moieties (%) 

[1-'4C]Acetic anhydride 1,493 
Ricinoleic acid (20%) + oleic acid (80%) 187 
Ricinoleic acid (10%) + oleic acid (90%) 91 
Ricinoleic acid (standard) 899 
Oleic acid (blank) 0 
[3H]Acetic anhydride 33,293 
Diricinoleoylacylglycerols 4,350 
Triricinoleoylglycer ol (standard) 6,549 

20.8 
10.1 

100 
0 

66.4 
100 

TABLE 2 

Estimation of Hydroxy Fatty Acids (HFA) in Seed Lipids by Acetylation with [1-'4C]Acetic Anhydride of Different Specific Activities 

Reagent/lipids 

Sp act of reagent/ Sp act of reagent/ Sp act of reagent/ HFA (%) reported 
acetylated lipids HFA acetylated lipids HFA acetylated lipids HFA in literature 

(dpm/mg) (%) (dpm/mg) (%) (dpm/mg) (%) (rei) 

[1-'4C]Acetic anhydride 547,000 
Ricinus communis 72,082 
Mallotus philippinensis 19,367 
Dirnorphotheca aurantiaca 54,863 
Onguekoa gore 41,651 
Artemisia absinthium 38,769 
Strophanthus Kornbe 18,487 

49,326 2,858 
85.6 6,364 85.6 365 85.6 89 (7) 
23.0 1.899 25.5 105 24.8 72 (8) 
65.1 4,953 66.6 276 65.2 65 (9) 
49.4 3,813 51.3 226 53.3 36 (10) 
45.7 3,505 47.1 201 47.5 7 (11) 
22.0 1,753 23.6 99 23.5 14 (12} 
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TABLE 3 

Estimation of Hydroxy Fatty Acids in Mixtures of Fatty Acids 
Obtained by Saponification of Seed Lipids 

Hydroxy fatty acids (%) 

Specific activity Reported in 
Reagent/lipids {dpm]mg) Observed literature {ref) 

[1-"C/Acetic anhydride 1,493 
Ricinus communis 1,458 85.4 89 {7} 
Wrightia tinctoria 1,173 68.7 70 {13) 
Grevillea deeora 207 12.1 ~10 (14} 
Ricinoleic acid Istandard) 1,708 100 

TABLE 4 

Analysis of Triaeylglycerols of Castor Bean Lipids Containing One, 
Two and Three Hydroxyl Groups per Molecule 

dpm 

Lipids Total Corrected a 

Composition {%) 

Observed 
Reported in 

literature (ref. 7) 

Triricinoleoylglycerol 265.8 88.6 
Diricinoleoylacylglycerols 60.7 30.35 
Monoricinoleoyldiacylglycerols 2.38 2.38 
Dihydroxystearoylricinoleoylglycerols 19.1 6.39 

69.3 
23.7 

1.8 
5.0 

68.2 
23.1 

2.9 
4.9 

aCalculations were made considering the number of hydroxyl groups per molecule. 

radioacetylat ion {Table 2) is in close agreement  with the 
l i terature  value {9). In  the seed lipids of A.  abs in th ium,  
the value of hydroxy  f a t ty  acids plus hydroxyacyl  
moieties found is much  higher than  repor ted in the 
l i terature {11}. This is obviously due to the presence of 
23% epoxyacyl  moieties (11}, which react  with acetic 
anhydride as well. 

I t  is evident  tha t  the isotopic der ivat ive technique 
described here is not  a reliable method if pa r t  of the 
hydroxy  f a t t y  acids occur as estolides or if epoxides are 
present .  Moreover,  the presence of other hydroxy  com- 
pounds,  such as sterols, monoacylglycerols  and diacyl- 
glycerols, which also react  with acetic anhydride, can af- 
fect the results.  Most  of these problems were overcome 
by  saponifying the seed lipids to cleave the estolide 
l inkages and removing  the unsaponifiable mat te r .  The 
result ing mixed f a t ty  acids were subjected to radioacety- 
lation, and the hydroxy fa t ty  acid content was determined 
f rom the specific radioact iv i ty  of the resul t ing ace ta tes  
with reference to the specific radioact ivi ty  of the aceta te  
derived f rom ricinoleic acid as s tandard.  The resul ts  ob- 
tained with  the lipids f rom three seed species show close 
agreement with values reported in the literature {Table 3}. 

The procedures described here also permit  the analysis 
of mix tures  of t r iacylglycerols  containing different 
numbers  of hydroxyl  groups per molecule. The resul ts  of 
an analysis  of the lipids of cas tor  (R. c o m m u n i s )  bean are 
presented to demons t ra te  the potent ia l  of the isotopic 
der ivat ive technique in conjunction with TLC. Lipids of 
cas tor  bean were reacted with [1-'4C/acetic anhydride/ 
pyridine reagent,  and the result ing acetylated lipids were 

f ract ionated by  TLC. The relative proport ions  of the 
various lipid classes in the total  mixture were determined 
f rom the rat io of radioact ivi t ies  in these fractions, cor- 
rected in t e rms  of the number  of hydroxyl  groups per 
molecule. The resul ts  shown in Table 4 agree well with 
those repor ted  in the l i terature (7). 

Isotopic  der ivat ive  techniques have  so far received 
limited attention for the analysis of lipid mixtures {15-20}. 
High sensi t ivi ty  and simplici ty of these methods  make 
them ideally suited for the analysis  of lipids containing 
hydroxyl  groups.  
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Specialty Lipids and Their Biofunctionality 
Symposium held at the 76th AOCS Annual Meeting in Philadelphia, Pennsylvania, May 1985 

III I |  

Medium Chain Triglycerides and Structured Lipids 
Vigen K. Babayan 
New England Deaconess Hospital, Harvard Medical School, Boston, MA 02215 

Lipids are an essential component of our body composi- 
t ion and necessary in our daily food intake. Conventional 
fats and oils are composed of glycerides of long chain 
fatty acids and are designated as long chain triglycerides 
(LCT). Body fat as well as the fats and oils in our daily 
intake fall into this category. In enteral and parenteral 
hyperalimentation, we can identify such LCT fats and 
oils. Soy, corn, safflower and sunflowerseed oils are 
typical of the LCT oils. 

In the search for alternative noncarbohydrate fuels, 
medium chain triglycerides (MCT) are unique and have 
established themselves in the areas of malabsorption syn- 
drome cases and infant care and as a high energy, rapidly 
available fuel. Structure lipids with a MCT backbone and 
linoleic acid built into the triglyceride molecule have been 
developed to optimize the triglyceride structure that  is 
best for patients, particularly the critically ill. Structured 
lipids with built-in essential fatty  acid components  or 
other polyunsaturated fatty acids promise greater flexi- 
bility in patient care and nitrogen support. 
Lipids 22, 417-420 (1987). 

Recent  years  have b rought  a renewed interest  in lipids 
and their  role in the metabolic  and dietetic applicat ions 
in health care of hospitalized pat ients  as well as the public 
at  large (1-33; Shah, N.M., and Iber,  F.L., pr iva te  com- 
munication}. 

This sympos ium focuses on a specific, unique segment  
of the lipid picture: the medium chain triglycerides (MCT) 
and s t ruc ture  lipids prepared f rom them. 

A review and s u m m a r y  is presented here to lay the 
groundwork for the papers  t ha t  follow. Each  presenta-  
tion supplements  the broad picture tha t  is evolving from 
the animal and human  research t ha t  is progress ing  at  
var ious universi t ies and laboratories.  

absorbed via the lymphat ic  sy s t em and are carnitine- 
dependent for chylomicron formation and transport ,  MCT 
are absorbed via  the por ta l  sys tem,  are not  carnitine- 
dependent and do not require chylomicron formation. The 
metabolic pa thways  of the MCT and LCT distinguish the 
unique aspects  of the MCT (Tables 3 and 4; Fig. 1). 

Aside f rom the t ranspor t  difference, MCT demonst ra te  
certain additional character is t ics  of considerable advan- 
tage.  Whereas  lipids generally are slowly absorbed and 
metabolized and energy is expended to oxidize and utilize 
them as fuel or building blocks, MCT are absorbed and 

TABLE 1 

Typical Long Chain Triglyceride Oils 

Type of oil 

Fatty acid Corn Peanut Safflower Soybean Sunflowerseed 

Lauric 0.5 
Myristic 0.1 0.1 0.1 0.2 
Palmitic 12.2 11.6 6.5 11.0 6.8 
Palmitoleic 0.1 0.2 0.1 0.1 
Margaric 0.1 
Stearic 2.2 3.1 2.4 4.0 4.7 
Oleic 27.5 46.5 13.1 23.4 18.6 
Linoleic 57.0 31.4 77.7 53.2 68.2 
Linolenic 0.9 7.8 0.5 
Arachidic 0.1 1.5 0.2 0.3 0.4 
Gadoleic 1.4 
Eicosadienoic 0.1 
Behenic 3.0 0.1 
Lignoceric 1.0 

REVIEW AND DISCUSSION 

Fats  and oils of animal, vegetable and marine origin have 
a fa t ty  acid spectrum tha t  ranges from C2-C24, with varia- 
tions in not only physical and chemical characteristics but  
also in isomers and positional structure in the triglyceride 
molecule. Mos t  fa ts  and oils are composed of long chain 
f a t ty  acids and are termed long chain triglycerides (LCT). Caproic 0.4 

Caprylic 5.3 
Dairy  fat, mea t  fa t  and vegetable  oils fall into this Capric 5.9 
ca tegory  (Table 1). Undecanoic 

The lauric fats, however, are composed pr imari ly  of Lauric 44.2 
f a t t y  acids of C14 chain length and shorter.  Coconut  and Myristic 15.8 
pa lm kernel oils are typical  of this class of lauric fats.  Palmitic 8.6 

Stearic 2.9 
They represent  the main source of the C8-Clo acids re- Oleic 15.1 
quired for synthesis  of MCT (Table 2). Linoleic 1.7 

MCT are different f rom all of the fa ts  and oils we con- Arachidic 0.1 
vent ional ly  use. Where  conventional  fa ts  and oils are 

TABLE 2 

Typical Lauric Fats and Oils 

Type of oil 

Fatty acid Babassu Coconut Cohune Palm kernel Tacum 

0.5 0.3 0.3 0.2 
8.0 8.7 3.9 2.9 
6.4 7.2 4.0 2.3 

0.1 
48.5 47.3 49.6 51.8 
17.6 16.2 16.0 22.0 
8.4 7.7 8.0 6.8 
2.5 3.2 2.4 2.3 
6.5 8.3 13.7 9.3 
1.5 1.0 2.0 2.4 
0.1 0.1 
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TABLE 3 

Medium Chain Triglyceride Oil Specifications 

Free fatty acids (as oleic) 
Saponification value 
Iodine value (Wijs} 
Acetyl value 
Setting point 
Color (Lovibond} 
Unsaponifiables 

Fatty acid composition 
C6 1-2% 
Cs 65-75% 
Clo 25-35% 
C12 2% max 

0.05% max 
345-355 
1.0 max 
5.0 max 
- 5 C  
10 yellow/1.0 red 
0.5 max 

metabol ized as rapidly as glucose while having be t te r  
than  twice the caloric densi ty  of protein and carbo- 
hydrate.  They are easily oxidized and utilized as fuel and 
energy, with little tendency to deposit  as body fat.  For 
a quick, high energy source, MCT are outs tanding.  

These unique features  of MCT have been recognized 
and utilized over  the years.  Oral supplementa t ions  and 
enteral  feeding formulas  of MCT products  are available 
for use in a var ie ty  of areas, including care of infants,  
epileptic children and cyst ic  fibrosis pa t ien ts  and for in- 
tes t inal  resection (35-37). For  such establ ished areas of 
MCT use, the practice has been to physically mix 15-20% 
of a highly polyunsatura ted vegetable oil (to insure essen- 
tial f a t ty  acid requirements)  with the MCT oil (38). 

In the area of parenteral  nutrition, we have been limited 
for m a n y  years  to lipid emulsions based  on soybean oil 
and now safflower oil (Table 5). Both  are LCT types  of 
lipid and pose a number  of problems.  

The current  pract ice of us ing lipid emulsion in a to ta l  
parenteral  nutri t ion (TPN) regimen has been based on the 
need for a noncarbohydrate  source for fuel and energy and 
the need to sa t is fy  essential  f a t ty  acid requirements  
and/or deficiencies. LCT supply caloric needs and alleviate 
essential  f a t t y  acid deficiency. They have, however, 
shown a tendency to deposit  as fa t  (a large proport ion 
of the infused lipid) ra ther  than  to sat isfy immediate  fuel 
requirements .  LCT lipid emulsions also are too slow in 
clearing f rom the blood and oxidize too slowly to supply  
fuel and energy. 

A t  present,  there is cont roversy  over  the op t imum 
feeding regimen for the critically ill pat ient .  An all- 
carbohydra te  T P N  sys tem m a y  promote  visceral protein 
a t t ract ion and obligatory hepatic lipogenesis. There is no 
consensus,  however, t ha t  lipid emulsions composed of 
LCT are optimal.  There is concern tha t  these emulsions 
are less than  ideal because of a relative carnitine deficien- 
cy tha t  occurs in sepsis, which blocks their entry  into the 
mitochondria  for /~-oxidation. Numerous  additional 
studies have shown reduced clearance of these emulsions 
in the critically ill pa t ien t  and increased potent ia l  for 
elongation, desa tura t ion  and deposit ion in the liver and 
other  organs.  

In contrast ,  MCT have been shown to have a carnitine- 
independent  en t ry  into the mitochondria,  to have a 
more rapid/3-oxidation and to be less likely to undergo 
elongation and deposit ion (39-42). Emuls ions  composed 

TABLE 4 

Rationale for Use of Medium Chain Triglycerides (MCT) 

Physicochemical characteristics Physiologic considerations Potential therapeutic applications 

MCT present more interfacial surface for 
enzyme action/unit time 

Greater water solubility of MCT 
hydrolysis products 

Smaller molecular size of MCT vs LCT 

Shorter chain length of fatty acids derived 
from MCT 

Small molecular size and lower pK of fatty 
acids derived from MCT 

Greater water solubility of MCFA 

Intraluminal enzymatic hydrolysis of 
AMCT is more rapid and complete than 
LCT 

Bile salts are not required for dispersion 
in water 

Small amounts of MCT may enter intestinal 
cell without prior hydrolysis 

More efficient penetration of diseased 
mucosal surface 

Intramucosal metabolism of MCFA 
different from LCFA: 
Decreased affinity for esterifying 

enzymes 
Decreased affinity for activating enzymes 
Minimal reesterification of MCFA to 

MCT 
No chylomicron formation 

Different routes of transport of MCT 
vs LCT: 
Portal transport of MCT (as MCFA) 
Lymphatic transport of LCT (as 

chylomicrons) 

Decreased intraluminal concentrations of 
pancreatic hpase {pancreatic insuffi- 
ciency, cystic fibrosis} 

Decreased small-bowel absorptive surface 
{intestinal resection} 

Decreased intraluminal concentrations of 
bile salts {intrahepatic and extra- 
hepatic biliary-tract obstruction, chronic 
parenchymal liver disease} 

Pancreatic insufficiency 

Nontropical sprue, tropical sprue 

Abeta-lipoproteinemia 
Hypobeta-lipoproteinemia 

Lymphatic obstruction (lymphomas} 
Intestinal lymphangiectasia 
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FIG. 1. Transport of medium and long chain triglycerides. 

TABLE 5 C~ 

Fatty  Acid Composition of Oils for Parenteral Emulsions Cs 

Type of oil 

Fatty  acid Soybean Safflower MCT 

6:0 -- -- <2 
8:0 -- -- 70 

I0:0 --  - -  30 
12:0 -- -- <2 
14:0 0.I 0.I -- 
16:0 10.5 6.7 -- 
18:0 3.2 2.7 -- 
18:1 22.3 12.9 -- 
18:2 54.5 77.5 -- 
18:3 8.5 tr -- 
20:0 0.2 0.5 -- 
20:1 0.9 0.5 -- 

principally of MCT m a y  offer a unique and readily 
available fuel for the injured and s t ressed pat ient  (43). 
Also, since MCT readily undergo f~-oxidation, ke tonemia  
is usually much more pronounced than  with LCT emul- 
sions. Skeletal muscle can readily burn ketone bodies for 
fuel and may  spare the oxidation of branched chain amino 
acids and reduce skeletal  protein ca tabol ism {44-52). 

In  an effort  to develop the op t i m um  lipid s t ruc ture  for 
parentera l  use, we considered s t ruc tured  lipids using 
MCT and LCT having linoleic and/or linolenic fa t ty  acids. 
The result ing rearranged triglycerides have both  medium 
chain fa t ty  acids and a polyunsa tura ted  fa t ty  acid on the 

+ 
C~s = C~ C,~ = 

C,8 C8 C,~ = 

Mixture 
(nonrandom distribution) 

C8 C8 C. C,. = Ec. Ec. Ec.= 
C~ C18 = C,~ = C,e = 

Rearranged mixture 
(random distribution) 

FIG. 2. Physical  mix vs rearrangement. 

same glycerine molecule. Based upon the molar  ra t ios  of 
the MCT and the LCT with a high unsatura ted  fa t ty  acid, 
one can obtain the s t ruc tured  lipid of the desired com- 
binat ions (Fig. 2). We have considered fur ther  the struc- 
tured lipids wi th  an MCT backbone by  adding the  essen- 
tial f a t ty  acid (linoleic acid} into the triglyceride molecule 
a t  various levels (45,46). 

I f  LCT emulsions are too slow in clearing and suffer 
f rom other  drawbacks,  and MCT emulsions m a y  be too 
rapid in clearing and suffer from the absence of essential  
f a t t y  acids, then the s t ruc tured  lipid with sufficient 
linoleic acid to sat isfy essential  f a t ty  acid needs will also 
serve to slow down the clearance of the MCT backbone 
to a more acceptable level (Table 6). A s t ruc tured  lipid 
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TABLE 6 

Approximate Composition of Glycerides 

Captex 810 series 
structured lipids I%} 

A B C 

I MCT (3 short} 62 39 15 3 
II MCT (2 short, 1 long} 32 43 40 20 

II I  MCT (1 short, 2 long} 6 16 27 44 
IV LCT (3 long} <1 2 3 34 

h a v i n g  a b o u t  25% l inoleic  ac id  (Cap tex  810B} a p p e a r s  to  
be  s u i t a b l e  for such  p a r e n t e r a l  l ip id  emul s ion  use.  Pre-  
c l in ica l  and  c l in ica l  t e s t i n g  r e m a i n s  to  s u p p l y  the  needed  
d a t a  to  v a l i d a t e  th i s  concep t .  The  a n i m a l  s t u d i e s  to  d a t e  
a re  e n c o u r a g i n g  and  show ce r t a i n  a d d i t i o n a l  bene f i t s  for 
t he  use  of such  s t r u c t u r e d  l ip ids  in h y p e r a l i m e n t a t i o n .  
F u r t h e r  i n v e s t i g a t i o n  is w a r r a n t e d .  

The  r a t i o n a l e  for  and  concep t  of p r e p a r i n g  s t r u c t u r e d  
l ip ids  a re  g a i n i n g  s u p p o r t  of r e sea rch  l abora to r i e s .  I t  ap- 
p e a r s  feas ib le  t h a t  t r i g l y c e r i d e s  where  a t  l e a s t  one f a t t y  
ac id  is  a p o l y u n s a t u r a t e d  f a t t y  ac id  and  a t  l e a s t  one is 
a m e d i u m  cha in  f a t t y  ac id  can  be  o b t a i n e d  in g lyce r ide  
otis. The  ac tua l  f o r m a t  and  c o m b i n a t i o n  of the  f a t t y  ac ids  
on the  g lyce r ine  molecu le  will  h a v e  to  be i n v e s t i g a t e d .  
W h e t h e r  we shal l  require  specific s t ruc tu re s  of  h igh  p u r i t y  
or  can  t a k e  a d v a n t a g e  of  mo lecu l a r  r e a r r a n g e m e n t  to  
y ie ld  a m i x t u r e  of s t r u c t u r e s  will  be  d e t e r m i n e d  b y  the  
f u n c t i o n a l i t y  of such  compos i t i ons .  I t  a p p e a r s  h igh ly  
probable ,  however,  t h a t  l ipid compos i t ions  of m e d i u m  and  
long  chain  g lycer ides  will advance  our  app l i ca t ion  of  such  
l ip ids ,  b o t h  for  t he  t r e a t m e n t  of p a t i e n t s  and  the  gene ra l  
we l fa re  of  t he  publ ic .  
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This brief review will discuss recent work concerning new 
intravenous  lipid emuls ions  for future use in clinical pa- 
tients. Intravenous lipid emulsions currently available in 
the United  States  are derived from soybean or saff lower 
oils and serve as sources of  nonglucose,  nitrogen-sparing 
calories and the essential  fat ty  acid linoleic acid. Because  
of  concerns that  much  of the infused long chain triglyc- 
eride is not  oxidized readily and that  there m a y  be some 
immune  s y s t e m  impairment,  newer emuls ions  util izing 
medium chain triglycerides have  been developed. 
Lipids 22, 421-423 (1987). 

Long chain triglycerides. Intravenous feeding of hospital- 
ized patients has evolved rapidly. Before the availability 
of lipid emulsions suitable for intravenous use, glucose 
was the only nonprotein source of calories. Meeting the 
full caloric needs of the patient with glucose often led to 
hepatic lipogenesis and increased respiratory work to ex- 
pire the excessive carbon dioxide produced during lipo- 
genesis (1). Because intravenous fat emulsions made from 
soy or safflower oils contain linoleic acid, an essential 
fatty acid, their use was implemented. These long chain 
triglycerides (LCT) serve as ~, nonglucose fuel that pro- 
vides energy so that the body can use amino acids as pr~ 
tein and not as a caloric source (2). Since fat burns at a 
lower respiratory quotient than glucose--that is, it pro- 
duces less carbon dioxide for the same amount of oxygen 
uptake--this is a benefit for patients with pulmonary 
compromise having problems expiring all the CO2 they 
are producing. In addition, long chain fat ty acids will in- 
hibit lipogenesis from carbohydrate, thereby decreasing 
fatty livers. In the diabetic patient, lipid calories decrease 
insulin requirements if substituted for glucose calories. 

Essential fatty acids. The requirement for linoleic acid 
is met by supplying 4% of calories as the essential fat ty 
acid. Since soybean oil is slightly more than one-half 
linoleic acid, supplying 10% of total calories as a soybean 
oil lipid emulsion easily meets essential fat ty acid re- 
quirements. The issue of a-linolenic acid being essential 
has recently been raised by anecdotal reports as well as 
work by Neuringer et al. (3). Based on this work, it seems 
that  long chain o~3 fat ty acids, found in high concentra- 
tions in the brain and retina, are essential fatty acids. The 
primate work emphasizes their essentiality for infants but 
not necessarily for adults. Unlike safflower oil, soybean 
oil contains 7 or 8% a-linolenic acid, and since the cur- 
rent commercial lipid emulsions are derived from soybean 
oil in whole or in part, supplying these emulsions would 
probably meet requirements for both linoleic and a- 
linolenic fat ty acids. 

Immune system effects. Fischer et al. gave mice intra- 
peritoneal Intralipid | and then followed that with the 
administration of intraperitoneal Streptococcus (4). In the 
lipid-treated group, there were significantly increased 
mortality and bacteremia and decreased neutrophil 
chemotaxis. Shaw and Wolfe were developing an 
Escherichia coli sepsis dog model and reported 100% 

mortality in the animals when 10% lipid was infused for 
1 or 2 hr prior to intravenous injection of bacteria (5). The 
dose in these studies was ca. 115 mg per kg body weight 
per hr, a clinically relevant dose. Fraser and colleagues 
showed decreased chemotaxis of monocytes in patients 
as well as in normal subjects after the intravenous ad- 
ministration of 100 g of fat over 8 hr (6). The reticulo- 
endothelial system (RES) is that collection of cells in the 
body concerned with phagocytosis of particulate matter 
in the bloodstream. It consists primarily of macrophages 
in the liver, spleen and bone marrow. A fourth study 
highlighting the clinical significance of a well-functioning 
RES was done by Rimola et al. (7). They studied 41 
cirrhotic patients with routine clinical and laboratory 
parameters as well as liver-spleen scans and technetium- 
99 sulfur colloid clearance from the blood. They found 
that  the only parameters that predicted mortality or the 
development of bacteremia were the tests of RES func- 
tion such as the liver-spleen scans and technetium-99 
sulfur colloid clearance rates. All other clinical and 
laboratory parameters were insufficiently sensitive to 
detect clinically vital outcomes such as the incidences of 
bacteremia and mortality. 

A problem with LCT emulsions is slow clearance of the 
infused triglyceride from the bloodstream. Also, clearance 
is not synonymous with oxidation of the fatty acids, a 
primary purpose for using the emulsion. For these 
reasons, as well as the fact that medium chain fatty acids 
are rapidly cleared from the blood and are rapidly oxidized 
independent of carnitine transport and poorly stored in 
adipose tissue, medium chain triglyceride (MCT) emul- 
sions were looked to for clinical intravenous use i8-10). 

Medium chain fatty acid preparations. MCT oil consists 
essentially of octanoic and decanoic acids (8 and 10 car- 
bons long, respectively), whereas soybean and safflower 
oil consist almost exclusively of fatty acids of 16 and 18 
carbon chain length (Table 1). The fat ty acids exist as 
triglycerides. In soybean and safflower oils, the fat ty 
acids on the triglyceride are long chain; in MCT, they are 

TABLE 1 

Fatty Acid Composition of Selected Oils 
~As Percent of Total Fatty Acids) 

Fatty acid Soybean Safflower MCT 

6:0 
8:0 
10:0 
12:0 
14:0 
16:0 
18:0 
18:1r 
18:2w6 
18:3r 

0.1 0.1 
10.5 6.7 
3.2 2.7 

22.3 12.9 
54.5 77.5 
8.5 

,<2 
70 
30 
<2 
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FIG. 1. Organ uptake of radiolabeled Pseudomonas following long chain triglyceride (LCT). 
Group 1, 100% glucose; group 2, 25% LCT/75% glucose; group 3, 50% LCT/50% glucose; 
group 4, 75% lipid/25% glucose; group 5, 100% LCT (ref. 11). 

medium chain. A third group of triglycerides that has 
been investigated is that  of structured lipids. These lipid 
molecules are triglycerides but are made from reesterified 
mixtures of MCT and LCT. The mixtures are hydrolyzed 
and allowed to reesterify randomly, thereby forming a 
triglyceride molecule of both medium and long chain fatty 
acids. As such, they are chemically distinct from physical 
mixtures of MCT and LCT. 

Animal experiments. Our laboratory has recently pub- 
lished three experiments done on laboratory animals 
where these lipid emulsions were investigat~l. In the first 
experiment, rats were fed a total parenteral nutrition 
(TPN) regimen for three days (11). The rats had been given 
a 30% scald burn while anesthesized. At the end of three 
days, the animals were given a radiolabeled intravenous 
bacteremia; the clearance of this bacteremia into organs 
was measured. Rats were divided into groups that dif- 
fered by the amount of fat (as LCT only} and glucose 
calories they received. It was shown that as the propor- 
tion of carbohydrate calories fell and that  of lipid calories 
increased (the groups were equicaloric) there was a shift 
in the organ uptake of bacteria. Liver uptake decreased 
slowly with increasing lipid doses, whereas lung uptake 
of the radiolabeled bacteria increased markedly (Fig. 1). 
Next, different types of triglycerides at the same caloric 
proportions were given. The three lipids that were con- 
trasted were LCT, MCT and structured lipid. LCT emul- 
sions gave statistically increased lung uptake of the 
radiolabeled bacteria over that of the MCT and structured 
lipid groups (Fig. 2). Total caloric intake and proportion 
from fat calories were similar for these groups. This study 
emphasizes the fact that LCT blocks RES function 
whereas medium chain fat ty acid-based lipid emulsions 
do not. 

A second study was done by Hamawy et al. (12). Here, 
rats were given bilateral septic femoral fractures with the 
implantation of gauze containing E. coli. The animals 
were placed on TPN for four days and then studied. At 
the end of four days of TPN with septic fractures, blood 
was withdrawn and cultured to assess any bacteremia 
from the fractures. The group that  received amino acids 
and dextrose but no lipid showed 103 bacteria/ml, as did 
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FIG. 2. Organ uptake of radiolabeled Pseudomonas following long 
chain (LCT), or medium chain triglyceride (MCT) or structured lipid. 
Group 1, IXYr; group 2, MCT; group 3, structured triglyceride Iref. 11). 

the group receiving one-third of its calories as LCT. The 
third group received a physical mixture of 75% MCT and 
25% LCT as one-third of calories and showed no 
bacteremia (Fig. 3). Second, like in the experiment by 
Sobrado et al. described above, radiolabeled E. coli were 
injected into the blood. A statistically significant decrease 
in liver uptake of the E. coli bacteremia was seen in the 
LCT group compared with the 75% MCT and 25% LCT 
physical mixture group (Fig. 4). Inversely, in the lung, 
the MCT/LCT physical mixture group had a statistically 
significant lower uptake of bacteria compared with either 
the long chain or amino acid/dextrose TPN groups 
(Fig. 5). This study again highlights the significant dif- 
ference in RES interference from intravenous lipid emul- 
sions, with beneficial effects seen in the MCT/LCT 
physical mixture group. 
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FIG. 3. Baseline baeteremia following septic fracture. AA + D, 
amino acids and dextrose; LCT, long chain triglyceride; MCT, 
medium chain triglyceride (ref. 12). 
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FIG. 4. Uptake of radiolabeled E. coli by the liver. AA + D, amino 
acids and dextrose; LCT, long chain triglyceride; MCT, medium chain 
triglyceride (ref. 12). 
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FIG. 5. Uptake of radiolabeled E. coli by the lung. AA + D, amino 
acids and dextrose; LCT, long chain triglyceride; MCT, medium chain 
triglyceride {ref. 12). 

In the third s tudy,  by  Mok et  al. (13), r a t s  also were 
given three days of TPN following a 25% scald burn done 
under  anesthesia.  The animals were divided into five 
groups according to T P N  regimen. Group 1 was fed 200 

calories per kg body weight per day as amino acids and 
dextrose and no lipid. Group 2 was fed ca. 300 calories/ 
day, again consist ing solely of amino acids and dextrose. 
Groups  3, 4 and 5 were fed ca. 300 calories/day with one- 
third of nonprotein calories as either LCT, MCT or struc- 
tured lipid, respectively.  The hypocaloric 200-kcal group 
and the MCT group lost weight  during the experiment ,  
whereas the other  groups gained weight. This highlights 
the somewhat  increased thermogenesis of MCT compared 
to other lipid fuels. Ni t rogen balance did not  differ 
significantly among  the groups,  bu t  tended to show a 
higher balance in the s t ruc tured  lipid group. Albumin 
levels were measured and shown to be remarkably  higher 
in the s t ruc tured  lipid group. This exper iment  shows the 
potent ia l  n i t rogen-spar ing benefits  of s t ruc tured  lipid 
emulsions compared  to other types  of in t ravenous lipid. 

Clinical date.  We have begun to investigate intravenous 
MCT as a 75% MCT/25% LCT physical  mixture  in hos- 
pitalized patients.  Preliminary analysis of the da ta  shows 
tha t  the fuels are safe and, as measured by  serum triglyc- 
eride and free f a t t y  acid analysis,  are hydrolyzed and 
cleared rapidly. In addition, thermogenesis is noted in pa- 
t ients,  bu t  this  was not  accompanied by  increased body 
temperature  (14,15}. European studies have shown similar 
results;  they have had a 50/50 physical  mixture  of MCT 
and LCT available commercial ly for two years  {16}. 

Studies to date  suppor t  the notion tha t  supplying all 
lipid calories in a TPN regimen as LCT is not  the bes t  
nutr i t ional  care for pat ients .  Giving a large proport ion 
of these lipid calories as medium chain fa t ty  acids, either 
as physical mixtures  of MCT or as s t ructured lipids, pro- 
vides more readily oxidizable fuels with less interference 
of the reticuloendothelial component  of the immune 
system.  
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Patients with cystic fibrosis (CF) and pancreatic insuffi- 
ciency usually have decreased linoleic and increased oleic, 
palmitoleic and eicosatrienoic (20:3o~9) acids compared to 
normal values of blood and tissue lipids. These changes 
are consistent with early essential fatty acid deficiency 
and are observed despite the regular use of exogenous 
pancreatic enzyme supplementation. As part of a study 
to determine the relative role of malabsorption as the 
etiology for the altered fatty acid status, the change in 
total plasma fatty acids and in area percent of plasma 
linoleic acid was determined in CF patients and control 
subjects following the ingestion of various lipid sup- 
plements, including two safflower oil preparations and 
two structured lipid preparations. Fasting subjects con- 
sumed 36 g of lipid in a milkshake containing 15 g of pro- 
tein and 45 g of carbohydrate. Plasma samples obtained 
0, 2, 4, 6 and 8 hr after the meal showed that the CF pa- 
tients absorbed all preparations when administered with 
their regular dose of pancreatic enzyme supplement. Com- 
parison of the patterns of increase for total plasma fatty 
acids and area percent of plasma linoleic acid following 
the administration of the different lipid supplements in 
CF patients and control subjects suggests that Ca) malab- 
sorption alone is not the cause of the abnormal fatty acid 
composition in the lipids of CF patients and that in- 
creased caloric intake along with consumption of ade- 
quate amounts of linoleic acid should improve the linoleic 
acid status of CF patients; (b) there may be selectively 
increased metabolism of certain fatty acids from the in- 
gested lipids in the relatively malnourished CF patient 
compared to control subjects; and (c) conditions favoring 
the persistence of nonpancreatic lipases seem also to 
favor absorption and utilization of the structured lipid 
preparation containing medium chain length fatty acids 
and linoleic acid in CF patients compared to control 
subjects. 
Lipids 22, 424-428 (1987). 

It has been recognized by many investigators that pa- 
tients with cystic fibrosis (CF} and pancreatic insuffi- 
ciency have changes in the fatty acid composition of their 
blood and tissue lipids consistent with early essential 
fat ty acid deficiency, despite regular pancreatic enzyme 
supplementation (1-7). More recently, CF patients with- 
out clinical symptoms of exocrine pancreatic insufficiency 
have been reported to have altered fat ty acid composi- 
tions (8-11}. These patients usually have decreased 
linoleic {18:2o~6} and increased oleic, palmitoleic and 
eicosatrienoic (20:3r acids relative to normal values. 

The decrease in plasma and tissue linoleic acid levels 
generally has been attributed to the malabsorption asso- 

'Presented at the symposium on "Specialty Lipids and Their Biofunc- 
tionality" at the annual meeting of the American Oil Chemists' 
Society, Philadelphia, May 1985. 
*To whom correspondence should be addressed. 

ciated with exocrine pancreatic insufficiency observed in 
85-90% of CF patients. Altered hepatic fatty acid metab- 
olism, including a decrease in desaturase activity, also has 
been suggested (1,7,12,13}. In addition, decreased linoleic 
acid levels could be due, in part, to a restriction of dietary 
intake or an increased metabolic requirement for linoleic 
acid in CF patients with inadequate caloric intake. De- 
creased caloric intake in association with increased caloric 
needs in CF patients {14-17} could lead to metabolism of 
linoleic acid to meet immediate energy needs and conse- 
quently decrease the amount available as an essential 
fat ty acid for elongation to arachidonic acid, prosta- 
glandin biosynthesis, incorporation into membrane phos- 
pholipids and other functions (3,18-20}. 

Previous investigations of long-term supplementation 
of linoleic acid derived from a variety of sources have had 
inconsistent results (3,7,21-23}. Studies in which major 
emphasis was placed on compliance and awareness of 
total caloric intake have demonstrated a possible benefit 
{24-26}. As part of a study to understand and estimate 
the relative role of malabsorption as the cause of the fatty 
acid alterations in CF patients and to evaluate the ef- 
ficacy of linoleic acid supplementation, the increase in 
plasma total fatty acids and percent linoleic acid content 
was determined after ingestion of test meals containing 
various lipid supplements. The test was somewhat analo- 
gous to a glucose tolerance test. The results of linoleic 
acid absorption from these test meals have been reported 
previously (13}. This report presents new data regarding 
the absorption of total fat ty acids from the preparations 
and compares this data with previously reported linoleic 
acid absorption patterns observed in CF patients and con- 
trol subjects for each of the lipid preparations studied. 

MATERIALS AND METHODS 

Subjects. Nine CF patients with exocrine pancreatic in- 
sufficiency {four female, five male, aged 14-38 years} and 
seven control subjects (one female, six male, aged 19-37 
years} were studied. The CF patients had a medical 
history and clinical evaluation indicative of CF diagnosis 
and a positive sweat test. Exocrine pancreatic insuffi- 
ciency had been determined previously for each of the CF 
patients. CF patients were taking multivitamin supple- 
ments, exogenous pancreatic enzymes and oral antibiotics 
(dicloxacillin, tetracycline or trimethoprim-sulfamethox- 
azole}. All CF subjects were clinically stable during the 
time of the study and had an NIH clinical score (27} be- 
tween 50 and 90. Control subjects were volunteers 
without history or symptoms of malabsorption and no 
other known clinical illness. The studies were approved 
by the institute's clinical research subpanel, and informed 
consent was obtained from all subjects (and parents, 
where applicable}. 

Dietary lipid supplements. The supplements used 
for the linoleic acid absorption test were commercial 
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safflower oil (Hain Pure Food Co., Los Angeles, Califor- 
nia; with 74% of fatty acids as 18:2o~6), Microlipid, a 50% 
emulsion of safflower oil (Organon, West Orange, New 
Jersey; with 74% of fat ty acids as 18:2~o6); and Captex 
810B and Captex 810D (Capitol City Products Co., Co- 
lumbus, Ohio; with 25% and 40% of fatty acids as 18:2oJ6, 
respectively}. Captex 810B and 810D are experimental 
otis made of synthetic triglyceride molecules that contain 
both medium chain and long chain fatty acids randomly 
esterified to glycerol. These products are made by mix- 
ing fractionated coconut oil (medium chain triglyceride 
[MCT]) with sunflower oil in specific proportions, hydro- 
lyzing all of the triglycerides and allowing random 
reesterification of the fat ty acids present into composite 
triglyceride molecules that contain fatty acids from both 
of the starting oils (28-30}. The linoleic acid content of 
the final products was determined by varying the propor- 
tions of the starting MCT and sunflower otis. Some pa- 
tients were not able to participate in the full study 
because of the length of the hospital stay involved. When 
patients were unable to participate in the full study, every 
effort was made to insure that the individuals were given 
safflower oil, Microlipid and Captex 810D in a random 
order as mentioned below. Captex 810B was omitted since 
it differed from the Captex 810D only in linoleic acid 
content. 

Test procedure. The different lipid supplements were 
provided to the CF patients and normal subjects in a ran- 
dom order. Fasting subjects consumed 36 g of lipid mixed 
in 300 ml of a modified Lundh test meal (31) composed 
of an instant breakfast drink (Carnation Instant Break- 
fast} containing 15 g of protein, 45 g of carbohydrate, 
<0.5 g of fat and <0.1 g of linoleic acid, mixed with a fat- 
free skim milk. Since Microlipid was a 50% emulsion, it 
was necessary to add 72 g of this product to obtain the 
36 g of lipid dose. CF patients took their usual dosage 
of oral pancreatic enzymes with the meal. Blood was ob- 
tained from all subjects at 0, 2, 4, 6 and 8 hr after receiv- 
ing the meal and was placed on ice. Blood samples were 
centrifuged to obtain plasma, which was transferred to 
a Teflon-lined screw-top culture tube, and stored frozen 
at - 20 C under nitrogen until analysis. Absorption tests 
with different lipid preparations on any individual patient 
or control subject were performed at least three days 
apart. Both CF and control subjects were given a fat-free 
meal after their blood had been withdrawn at the 6-hr time 
point. 

Analytical methods. Duplicate samples of 1 ml plasma 
were added to an equal volume of ethanol containing 
50 mg of ascorbic acid as an antioxidant and saponified 
with potassium hydroxide, under nitrogen at 65-70 C, 
neutralized with concentrated hydrochloric acid to release 
fatty acids, and extracted two times with hexane. Hexane 
extracts were transferred quantitatively to preweighed 
beakers, the hexane was evaporated, and the beakers were 
desiccated for 2 hr prior to reweighing to determine the 
total fatty acids gravimetricaUy. Samples were extracted, 
and fat ty acid methyl esters were prepared with boron 
trifluoride as previously described (32}. Fatty acid methyl 
esters were resuspended in a small volume (50 td) of isooc- 
tane, stored under nitrogen at 4 C, and analyzed by gas 
chromatography within 24 hr of methylation. Fat ty  acid 
methyl esters were separated on an Ultrapak 15% silar 
10C on gas chrom R column (Applied Science, Deerfield, 

Illinois}, temperature programmed from 185 C at 6 C/min 
to a final temperature of 225 C on a Finnigan 9500 (Fin- 
nigan, San Jose, California} gas chromatograph (GC) or 
a Hewlett-Packard 3800 GC (Hewlett-Packard, Palo Alto, 
California} with an HP 3380A integrator. Individual fatty 
acids were identified by comparison of retention times 
to pure standards (Supelco, Bellefonte, Pennsylvania}. 
Levels of linoleic acid were expressed as area percent of 
the total amount of fat ty acids present. Results were ex- 
pressed as increase in area percent of linoleic acid or in- 
crease in mg/dl of total plasma fat ty acids, compared to 
zero time levels. Results were analyzed for significance 
using Student's t-test (33}. 

RESULTS 

All subjects demonstrated the ability to absorb the fatty 
a c i d s  contained in the various lipid supplements. How- 
ever, there was a tendency to have greater variability in 
absorption, both for linoleic acid and total fat ty acids, 
among the CF patients. 

The change in total plasma fatty acids in CF patients 
and control subjects following the administration of the 
liquid meal containing safflower oil is shown in Figure 1. 
The increase of total plasma fatty acids following the ad- 
ministration of safflower oil in both control subjects and 
CF patients was essentially identical, suggesting equal 
absorption rates for this oil. In control subjects, the in- 
crease in area percent of plasma linoleic acid shows a 
similar pattern to that  of the increase in total plasma 
fatty acids (Fig. 2). However, there was an apparent delay 
in the increase in area percent of plasma linoleic acid com- 
pared to the increase in total plasma fatty acids in CF 
patients after ingestion of the safflower oil test meals 
(Fig. 3). The mean peak increase observed in area percent 
of plasma linoleic acid level in CF patients was not 
significantly different from that of controls (9.36% vs 
10.95%, respectively}. The absorption patterns for total 
plasma fatty acids and area percent of plasma linoleic acid 
levels following administration of Microlipid (data not 
shown} in both CF and control subjects were similar to 
that seen with unemulsified safflower oil. 
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FIG.  1. Mean ___ S E M  increase in total  p lasma fa t ty  acids over zero 
time values in control subjects (n = 7, O) and cystic fibrosis patients  
(n = 9, �9 ) after ingest ion of the 36-g dose of saff lower oil in a tes t  
meal.  Total  p lasma fa t ty  acids were determined as  described in 
Materials  and Methods.  

LIPIDS, VoL 22, No, 6 (1987) 



426 

V.S. H U B B A R D  A N D  M.C. M C K E N N A  

" 

o E  
z_a 
if)< 

2 4 6 8 

TIME(HR) 

5 
lo z 

# 

m 
Z 

2 

FIG. 2. Mean increase in total  plasma fat ty  acids (solid line) and 
mean area percent increase of plasma linoleic acid (18:2) levels (dashed 
line) over zero time values in control subjects (n = 7) after inges- 
tion of safflower oil. Plasma linoleic acid was determined as described 
in Materials and Methods. 
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FIG. 3. Mean increase in total  plasma fat ty  acids (solid line) and 
mean area percent increase of plasma linoleic acid (18:2) levels (dashed 
line) over zero time values in cyst ic  fibrosis patients (n = 9) after 
ingestion of safflower oil. Note the delayed increase in percent Unoleic 
acid relative to the increase of total  plasma fat ty  acids. 

The pattern of increase in total plasma fatty acids 
following administration of Captex 810D also was similar 
for both CF and control subjects (Fig. 4). There appears 
to be a slight tendency for the CF patients to show a 
smaller increase in total plasma fatty acids relative to con- 
trol subjects; however, no significant differences were 
found. In the control subjects, the increase in area per- 
cent of plasma linoleic acid occurred concurrently with 
the increase in total plasma fatty acids (Fig. 5}, as it had 
with the safflower off. However, the magnitude of change 
in area percent of plasma linoleic acid was less than that 
observed with the safflower oil preparation, since linoleic 
acid accounted for only 40% of the total fatty acids pres- 
ent in Captex 810D compared to 74% of the total fatty 
acids present in safflower oil. When Captex 810D was 
given to CF patients, the increase in area percent of 
linoleic acid occurred without a delay (Fig. 6), in contrast 
to the delayed increase following the ingestion of saf- 
flower oil (Fig. 3). In fact, with Captex 810D the peak 
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FIG. 4. Mean ___ SEM increase in total  plasma fat ty  acids over zero 
time values in control subjects (n = 7, O) and cystic fibrosis patients 
in = 6, l )  after ingestion of the 36-g dose of Captex 810D in a test  
meal. 

o E  

z _ o  60 

"~>" 40 

z~,~ 
20 

2 4 6 8 

TIMEIHR) 

12 m ~ 

nl 
lo z 

s 

m 

6 

2 

FIG. 5. Mean increase in total  plasma fatty  acids (solid line) and 
mean area percent increase of plasma iinoleie acid (18:2) levels (dashed 
line} over zero time values in control subjects (n = 7) after inges- 
tion of Captex 810D. 
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FIG. 6. Mean increase in total  plasma fat ty  acids (solid line) and 
mean area percent increase of plasma linoleic acid (18:2) levels (dashed 
line) over zero time values in cyst ic  fibrosis patients (n -- 6) after 
ingestion of Captex 810D. Note the rapid rise in percent increase 
in 18:2 relative to the slower increase in total  plasma fat ty  acids. 
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increase in area percent of plasma linoleic acid in CF 
patients was greater than the corresponding increase 
observed in control subjects (p < 0.02). When Captex 
810B was given, the patterns of increase in total plasma 
fat ty acids and area percent of plasma linoleic acid (data 
not shown) were similar to those observed with Captex 
810D. However, the magnitude of the changes in area per- 
cent of plasma linoleic acid was smaller since linoleic acid 
accounted for only 25% of the total fat ty acid content in 
Captex 810B. 

DISCUSSION 

The problem of marginal or inadequate linoleic acid status 
in CF patients has practical importance. Although altered 
fat ty acid composition of blood and tissue lipids in the 
majority of CF patients may not be related to the basic 
defect, which is still unknown, there are data that sug- 
gest that altered lipid composition may potentiate some 
of the clinical manifestations of the disease (5,18,34). 

Several types of lipid supplementation have been at- 
tempted in CF patients in an effort to correct the marginal 
essential fatty acid deficiency as well as to increase caloric 
intake (3,7,21-26). When MCT have been provided as the 
primary source of fat in the diet, alterations of fatty acid 
composition observed in lipids from CF patients became 
more abnormal (2). Long-term oral supplementation trials 
using corn oil or safflower oil have shown minimal or no 
improvement of linoleic acid status of CF patients 
(7,22,23). A problem with absorption of these oils has been 
proposed as one of the reasons for the failure to normalize 
linoleic acid status in these patients. However, it also has 
been suggested that underconsumption of calories related 
to their caloric needs (11,13) contributes to the marginal 
essential fat ty acid status in CF patients. In this situa- 
tion, the subject would utilize any ingested linoleic acid 
as a fuel for immediate energy needs rather than to meet 
essential fat ty acid requirements. 

Our data should help clarify the etiology of the abnor- 
malities of fat ty acid composition in CF patients. First, 
we have demonstrated that the magnitude of the increase 
in area percent of plasma linoleic acid and in total plasma 
fatty acids after ingestion of safflower oil is similar for 
both control subjects and CF patients as long as the CF 
patients are taking exogenous pancreatic enzymes at the 
time of the meal. Therefore, lack of absorption of the lipid 
supplement does not appear to be an adequate explana- 
tion of the altered fatty acid composition found in CF pa- 
tients or of the lack of response to lipid supplementation 
trials. Second, the fact that the pattern of increase in total 
plasma fatty acids and corresponding increase in area per- 
cent of plasma linoleic acid after ingestion of the different 
lipid supplements investigated is different in the CF and 
control subjects supports the concept that the metabo- 
lism of the available dietary lipids is not the same in CF 
and control subjects. 

In our previous work (13), it was not known whether 
the delay (relative to control subjects) in the increase in 
area percent of plasma linoleic acid observed in CF pa- 
tients given the safflower oil test meal (Fig. 3) was due 
to differences in absorption of the ingested oil or a dif- 
ference in metabolism of the absorbed products. However, 
the nearly identical pattern of change for total plasma 
fat ty acids following the safflower oil test meal (Fig. 1) 

observed for both CF and control subjects suggests that  
a difference in absorption of the safflower oil in the two 
groups of subjects was unlikely. Thus, the delayed in- 
crease in area percent of plasma linoleic acid may be a 
consequence of increased metabolism of this unsaturated 
fatty acid in the relatively undernourished CF patients. 
CF patients with abnormal lipid fat ty acid compositions 
also can be considered fat-deficient relative to control sub- 
jects. Consequently, our interpretation of the data is con- 
sistent with earlier studies in animals that demonstrated 
an increased rate of metabolism of orally fed linoleic acid 
to carbon dioxide in fat-deficient compared to normal 
mice (35). 

The results observed following the administration of 
Captex 810D (Figs. 4-6) also support our hypothesis of 
selectively increased metabolism of certain fatty acids 
from the ingested lipids in the relatively malnourished 
CF patients compared to control subjects. Medium chain 
length fatty acids in the structured-lipid preparations 
provide a more preferable substrate for oxidative metabo- 
lism than long chain fatty acids (30,36,37). Thus, if these 
medium chain fatty acids are being more rapidly metabo- 
lized, the absorbed linoleic acid would appear as a larger 
proportion of the remaining plasma fatty acid pool. 

The possibility of a more rapid absorption of Captex 
810D compared to safflower oil in CF patients can be sup- 
ported by the contribution of nonpancreatic lipases to the 
overall lipid digestion in these subjects (38). The pre- 
duodenal lipases are responsible for hydrolysis of dietary 
fat in the stomach. In earlier investigations with CF pa- 
tients (38), this nonpancreatic lipolytic activity was at- 
tributed to lingual lipase, an enzyme secreted by the 
glands on the posterior aspects of the tongue. However, 
more recent studies have indicated that there is a gastric 
lipase that also contributes to intragastric lipolysis (39, 
40). These preduodenal lipases have similar physical 
characteristics, including a low pH optimum and lack of 
dependence upon bile salts and co-lipase activity, that dif- 
fer markedly from those characteristics of pancreatic 
lipase. The low duodenal pH (pH 4-5) and the relatively 
decreased levels of intraluminal bile salts in CF patients 
allow the persistence of lipolytic activity of these enzymes 
in the upper small intestine of CF subjects (38,40-42). 
Lingual lipase and presumably gastric lipase act preferen- 
tially on shorter chain triglycerides (43) such as those 
present in the Captex products, which would favor the 
utilization of these products compared to those contain- 
ing long chain triglycerides such as safflower oil. 

The data presented suggest that the structured-lipid 
preparations investigated provide efficient vehicles for 
the supplementation of linoleic acid to the CF patient. Our 
results indicate that malabsorption alone cannot account 
for the inadequate or marginal essential fatty acid status 
of CF patients, and that long-term consumption of sup- 
plemental linoleic acid in addition to adequate caloric 
intake should improve the linoleic acid status of most, 
if not all, CF patients. The interpretation of our data is 
consistent with observations reported by others (24-26). 
Randomly esterified synthetic triglycerides such as the 
structured lipids used in this study offer the advantage 
of providing shorter chain length fat ty acids as a source 
of immediate energy through oxidative metabolism at the 
same time as providing essential fatty acids for repletion 
and maintenance of tissue stores. Such products would 
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seem e spec i a l l y  we l l - su i t ed  to  C F  p a t i e n t s  s ince  t he  
p r e s e n c e  of s h o r t e r  cha in  l e n g t h  f a t t y  ac ids  a p p e a r s  to  
enhance  the i r  u t i l i z a t i o n  in t h i s  p o p u l a t i o n  of sub jec t s .  
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Effects of feeding early in life a diet high in either long 
chain (LCT) or medium chain triglyceride (MCT) were 
studied on the development of adipose tissue in post- 
weanling rats. The diets were similar in calorie distribu- 
tion and identical in nutrients except for type of fat. The 
caloric distribution of the two diets by percent was LCT 
(corn oil)tproteintcarbohydrate, 70t18112 and MCT/corn 
oil/protein/carbohydrate, 66/4/18/12. Male littermates with 
less than 5% weight difference were pair-fed the two diets 
randomly at age 18-20 days. One-fourth of the rats were 
killed at 10, 16, 22 and 28 weeks of age and analyzed for 
adipose depots and adipose tissue cellularity. Results 
showed that the LCT-fed rats were significantly heavier, 
with larger epididymal, retroperitoneal, omental and sul~ 
cutaneous fat pads than the respective pair-fed MCT rats. 
Also, LCT-fed rats had larger size and number of adipo- 
cytes than MCT-fed littermates. I t  is concluded that  the 
type of fat in the diet, namely LCT or MCT, when fed 
early in life can influence the development of adipose 
tissue. MCT appears less Upogenic than LCT. The mecha- 
nism for the diminished adiposity of MCT-fed rats is 
related to extensive oxidation of MCT and its enhance- 
ment of thermogenesis leading to lessened energy effi- 
ciency. 
Lipids 22, 429-434 (1987). 

Tailormade medium chain triglycerides (MCT) for human 
consumption have been investigated and in use for over 
25 years. Several reviews have dealt with their absorp- 
tion, transport, metabolism and clinical uses (1-3). In the 
United States, the available MCT preparations are 
triglycerides whose constituent medium chain fatty acids 
(MCFA) are octanoic acid, 8:0 (65-70%); decanoic acid, 
10:0 (20-35%); hexanoic acid, 6"0 (1-2%); and dodecanoic 
acid, 12:0 (1-2%). In Europe, MCT preparations tend to 
contain lower proportions of 8:0 and higher proportions 
of 10:0, at times in equal amounts, with trace quantities 
of 6:0 and 12:0. Although MCFA do appear in naturally 
occurring mixed triglycerides, pure edible MCT are de- 
rived semisynthetically from coconut oil or milk fat. For 
example, the fatty acids of coconut oil are hydrolyzed and 
molecularly distilled to yield three fractions: MCFA, 
relatively pure 12:0 and long chain fat ty acids. MCFA 
are purified prior to reesterification with glycerol to form 
MCT (4). The final product (MCT) is a clear, light yellow 
oil with a melting point of - 5  C, made up entirely of 
saturated MCFA ranging in length from 6:0 to 12:0. 

Recently, studies of digestion, absorption and transport 
of MCT have been reviewed (3). It is clear that  MCT is 
hydrolyzed efficiently in the lumen of the small intestine 
under conditions adverse to the hydrolysis of LCT 

'Presented at the symposium on "Specialty Lipids and Their Bioiunc- 
tionality" at the annual meeting of the American Oil Chemists' 
Society, Philadelphia, May 1985. 
*To whom correspondence should be addressed. 

(Fig. 1). Unlike LCT, in the absence of pancreatic lipase 
MCT is absorbed into the mucosa of the intestine, where 
it is hydrolyzed by a mucosal lipase into MCFA, which 
traverse the capillaries and are transported via the portal 
vein into the liver. In the liver, MCFA are extensively 
oxidized and, for this reason, are not incorporated into 
lipid ester moieties of lipoproteins. Also, less than 3% of 
ingested MCT are transported as chylomicrons. In view 
of the efficiency of their absorption and the uniqueness 
of their mode of transport, MCT have been used in the 
treatment of a variety of malabsorption syndromes, in- 
cluding long chain fat malabsorption in premature infants 
(5-7). 

Infants and adults fed MCT as a major proportion of 
calories do not incorporate MCFA into adipose tissue. 
Feeding MCT to premature infants as 80% of dietary fat 
in formula diets deriving 50% of calories from fat has been 
shown to improve fat absorption and nitrogen retention 
(5,6). The growth curve of the MCT-fed infants did not 
differ significantly from that of the LCT-fed infants. 
However, the MCT-fed infants appeared more lean and 
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FIG. 1. Digestion, absorption and transport of long chain (LCT) and 
medium chain triglycerides (MCT). FFA, free fatty acid. 
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less fat clinically than the LCT-fed infants. Unfortunately, 
studies of body composition were not  done on these in- 
fants. However, it was possible to s tudy the effect of MCT 
on fat deposition in the ra t  (8). Three groups of ra ts  were 
fed either a low fat diet, a diet containing 55% (by energy) 
MCT and 5% corn oil, or a diet containing 60% LCT in 
the form of corn oil. The results showed that,  unlike LCT, 
MCT had a reductive effect on fat  depots and, like LCT, 
had a depressive effect on lipogenesis. In contrast ,  the 
low fat, high carbohydrate  diet had an enhancing effect 
on lipogenesis. In another  s tudy (9) in which food intake 
was precisely controlled by  gas t ros tomy,  body composi- 
tion was measured in ra ts  overfed with MCT- or LCT- 
containing diets tha t  provided 50% calories in excess of 
normal consumption. The MCT-fed rats  showed signifi- 
cant ly smaller fat  depots and adipocyte size than the 
LCT-fed controls. In a similar study, the mechanism of 
the reductive effect of MCT on fat depots was related in 
par t  to increased metabolic rate and enhanced thermo- 
genesis (10). 

The mass of adipose tissue in man and animals is depen- 
dent  upon the number  and size of its adipocytes. I t  is 
therefore conceivable to modify the ul t imate dimension 
of the adipose depot in the body by factors tha t  affect 
adipocyte replication and/or adipocyte size. In man and 
rat,  the number  of adipocytes has been reported as fixed 
at a certain age (11-13). During the postnatal  period of 
growth, adipocyte proliferation continues until  a max- 
imum is attained, whereas further  growth of adipose 
tissue occurs primarily as a result  of adipocyte enlarge- 
ment  and not  cell division (11). However, it has been 
reported tha t  the adipocyte number can be increased in 
adult  ra ts  by feeding a diet high in long chain fat  (14). 
Similarly, in the Osborne-Mendel rat, a high fat  diet 
markedly increased the adipose tissue mass without  
significantly altering water, protein or ash content  (15). 
The average human newborn infant has 500 g of fat  in 
4 billion adipocytes, each containing 0.12 #g of fa t  (16). 
In contrast ,  the normal nonobese adult  has 30 billion 
adipocytes with 0.5 ~g of fat per cell, while the obese adult 
may  harbor 1 trillion adipocytes, each containing 0.6 to 
1.2 t~g of fat  (17). Thus, a considerable increase in 
adipocyte number must  occur from infancy to adulthood. 
Lit t le  is known about  the regulatory mechanisms tha t  
control the growth of adipose tissue. Nutri t ion appears 
to be important .  Preweaning undernutr i t ion has been 
shown to result  in an ul t imate reduction in the cell 
number  of the epididymal fat  body of the rat  (18). While 
undernutr i t ion can result  in a reduction of adipocyte 
number  (and size), such a manipulation also can produce 
appreciable reduction in the cell number of the central ner- 
vous sys tem (19). I t  is postulated tha t  MCT feeding in 
early life will reduce adipose tissue mass with concurrent 
preservat ion of adequate nutrit ion. I t  is also postulated 
tha t  chylomicrons resulting from the ingestion of LCT 
and not MCT are important  stimuli for growth of adipose 
tissue. As LCT digestion and absorption improve post- 
natally, there is rapid accumulation of fat, associated with 
enhanced cellularity of the adipose tissue. 

MATERIALS AND METHODS 

Pregnant  Sprague-Dawley rats  fed a s tandard stock diet 
were allowed to deliver and nurse their pups in our 

laboratory.  At  weaning (18-20 days), male l i t termates  
from the same dam with weight difference of 5% or less 
were pair-fed and divided into two groups, to be fed an 
LCT or MCT diet. MCT was provided by Capital City 
Products  Co. (Columbus, Ohio). The diets were identical 
in nutr ients  except  for the type of fat  and were similar 
in energy distribution. The LCT diet derived 70% of total 
energy from corn oil; the MCT derived 66% of total  
energy from MCT and 4% from corn oil (to supply essen- 
tial f a t ty  acid). Both  diets contained 18% of total  energy 
as protein and 12% as sucrose. Each diet yielded 3.9 
kcal/g. The composition of the diets is shown in Table 1. 
Diet was placed in a cup anchored to the cage and covered 
with a screen mass and a broad funnel-hke lid. In this way 
spillage was negligible. The animals were pair-fed their 
respective diets from weaning until they were killed. The 
animal tha t  ate the least (usually the MCT rat) was al- 
lowed to eat ad libitum. The exact amount  of food eaten 
by this ra t  was then given to the other ra t  of the pair at  
the next  feeding. The amount  of diet consumed was 
weighed and calculated three times per week. One-fourth 
of the rats  were killed at 10, 12, 22 and 28 weeks of age. 
Various fat  pads were removed as follows: A ventral  
midline vertical incision was cut toward the head. Two 
cuts  were made laterally from the midline incision about  
1 cm above the hip. Each epididymal pad was exposed 
and cut at the base of the epididymis toward the epidid- 
ymal vessels. The cut then followed the vessels until the 
whole epididymal pad was freed. The left epididymal pad 
was used to determine number and size of the adipocytes. 
The retroperi toneal  fat  was removed by cut t ing its apex 

TABLE 1 

Composition of Diets Containing Either Long Chain (LCT) 
or Medium Chain Triglyeeride {MCT) 

LCT (wt %) MCT (wt %) 

Casein 17.6 17.6 
Sucrose 11.4 11.4 
Corn oil 30.4 1.7 
MCT 31.1 
Alphacel 35.8 33.4 
Salt mixture a 3.8 3.8 
Vitamin mixture b 1.0 1.0 
Caloric density (kcal/g) 3.9 3.9 
Caloric distribution (%) 

Protein 18 18 
Fat 70 70 
Carbohydrate 12 12 

aUSP XIV salt mixture from ICN Nutritional Biochemicals. Con- 
tains (g/100 g mixture): cupric sulfate, 0.007; ferric ammonium 
citrate, 1.53; manganese sulfate, 0.02; ammonium alum, 0.009; 
potassium iodide, 0.004; sodium fluoride, 0.051; calcium carbonate, 
6.86; calcium citrate, 30.83; calcium biphosphate, 11.28; magnesium 
carbonate, 3.52; magnesium sulfate, 3.83; potassium chloride, 12.47; 
potassium phosphate diabasic, 21.88; sodium chloride, 7.71; zinc car- 
bonate, 0.0024. 
bVitamin diet fortification mixture from ICN Nutritional Biochemi- 
cals. Contains {g/100 g mixture): retinyl acetate (200,000 units/g), 
2.95; cholecalciferol ~400,000 units/g), 0.16; tocopherol, 3.30; choline 
chloride, 49.20; menadione, 1.47; p-aminobenzoic acid, 3.18; niacin, 
3.18; riboflavin, 0.66; pyridoxine hydrochloride, 0.66; thiamin hydro- 
chloride, 0.66; calcium pantothenate, 1.97; biotin, 13.1 mg; folic acid, 
59.0 mg; vitamin B,2, 0.9 mg. 

LIPIDS, Vol. 22, No. 6 (1987) 



MCT FEEDING AND GROWTH OF ADIPOSE TISSUE 

431 

at  about  the midinguinal  point  and at  the medial  border  
of the psoas  muscle. The cut  then followed the medial  
border  of the psoas muscle until  i t  reached jus t  below the 
lower pole of the k idney and followed the la tera l  border  
of the k idney as far as possible  toward  the d iaphragm.  
The re t roper i tonea l  fa t  was freed from the under ly ing  
muscle and weighed. The left retroperi toneal  fat  was used 
to  de termine  number  and size of the adipocytes .  The 
dorsal  fat  is a rec tangula r  pad. The ver t ical  lines ran 
th rough  the shoulder  from a point  1 cm above the hip to 
the neck. The caudal  horizontal  line ran from one vert ical  
line to  the other, 1 cm above the hip. The skin was care- 
fully d issec ted  out  free of fat. Then this  dorsa l  fat  pad  
was carefully removed free of muscle and brown fat. I t  
was weighed and used to determine cell number  and size. 
The remain ing  subcutaneous  fat  was then dissected  out  
and weighed; the omental  fat  was s t r ipped off easily from 
the a l imenta ry  t ract .  Thus, the to ta l  fa t  was comprised 
of all the fat  pads: r ight  and left epididymal  fat, r ight  and 
left re t roperi toneal  fat, dorsal  fat  and remaining subcuta- 
neous fat. 

The cell count was determined by  the method of Hirsch 
and Gall ian (20) as follows: A cer ta in  amount  of adipose 
t i ssue  (one sample each from the left  ep id idymal  and 
re t roper i toneal  and two from the dorsa l  fat) weighing 
about  80 mg in several  small  pieces from different  s i tes  
was weighed on a t a red  nylon mesh (200 ~) and placed in 
a polyethylene vial containing 15 ml of 2% osmium tetrox- 
ide in 0.05 M collidin buffer, pH 7.4. The t i ssue  was in- 
cubated  at  37 C for 48 hr. I t  was thoroughly  washed, and 
the freed adipocytes  were counted in a Coulter counter.  
The to ta l  adipocytes  per piece of adipose t issue of known 
weight  were thus  calculated.  

The cell size was determined as follows: One piece each 
of left epididymal ,  left  re t roper i tonea l  and dorsal  fat  
(about 150 mg) were placed in separate  50-ml ground-glass 
s toppered  tubes,  followed by  20 ml of redis t i l led chloro- 
form and 10 ml of redis t i l led methanol.  The tube was 

allowed to s t and  in a cold room for 48 hr. Dis t i l led  wa te r  
was added to the tube, which was shaken gent ly  and 
allowed to s tand  for separat ion of the solution in the tube 
into two phases.  The upper  aqueous phase  was removed.  
Abou t  10-15 g of anhydrous  sodium sulfate  was added 
to the chloroform phase  and shaken gent ly.  Then 5 ml 
of the l ipid phase  was p ipe t t ed  into a t a red  dish. The 
chloroform was allowed to evapora te  completely,  and the 
remaining  l ipid in the dish was weighed. Thus, the l ipid 
content of the adipose t issue of known weight was divided 
by  the number of cells, and in this way converted into cell 
size, expressed as ~g of lipid Imalnly triglyceride) per  cell. 

RESULTS 

Body weight  and weights  of both  epididymal,  both  retro- 
peri toneal ,  to ta l  subcutaneous  and omenta l  fat  pads  of 
the two groups  of r a t s  a t  ages 10, 16, 22 and 28 wk are 
shown in Table 2. The LCT-fed r a t s  were subs tan t i a l ly  
heavier than  their  pair-fed MCT counterpar t s  a t  all ages. 
The increment  in body weight  in the LCT over the MCT 
ra t s  increases wi th  age from 3.7% at  age 10 wk to 8.5% 
at  age 16 wk to 15% at  ages 22 and 28 wk. All  fat  pads  
in the LCT group were s ignif icant ly  heavier  than  those 
of the pair-fed MCT ra t s  at  all ages. The increases in the 
weights  of the epididymal ,  re t roper i toneal  and omenta l  
fat  pads  in the LCT group over those of the MCT group 
were 30-35% at  age 10 wk and approx imate ly  50% at  
ages 16, 22 and 28 wk. The subcutaneous  fat, the la rges t  
dissect ible  fat  pad  in the rat ,  was 18-30% heavier  in the 
LCT than in the MCT group at  all ages. The to ta l  dissect- 
ible fat  wi thout  the omenta l  pad  (so computed  because 
the weights  for the omenta l  fat  pads  were not  ob ta ined  
at  22 and 28 wi) was 27-36% heavier  in the LCT than  in 
the MCT group at  all ages. 

The to ta l  lipid content  of the left epididymal,  left retro- 
per i toneal  and in te rscapular  (dorsal) subcutaneous  fat  
pads  of the LCT and MCT groups  at  ages 10, 16, 22 and 

T A B L E  2 

Body Weight and Weights  of Various Fat  Pads of Rats  Pair-Fed Diets of Either 70% LCT or 70% MCT at Ages  10, 16, 22 and 28 Wk 

10Wk 16Wk 22Wk 28Wk 

LCT MCT LCT MCT LCT MCT LCT MCT 

No. of rats 8 8 8 
Body weight 269 ,+ 13 a 259 +_ 11 390 _+ 15 c 
Total epididymal 

pads 3.17 b .+ 0.43 2.10 .+ 0.19 5.95 d -+ 0.46 
Total 

retroperitoneal 
pads 3.79 c .+ 0.55 2.47 .+ 0.40 9.82 c .+ 1.05 

Subcutaneous 
pad 22.27 a -+ 2.81 16.86 .+ 1.44 35.14 c .+ 2.43 

Omental 
pad 5.27 c .+ 0.55 3.78 .+ 0.36 10.42 d .+ 0.59 

Total fat without 
omental pad 29.24 a .+ 3.73 21.43 .+ 1.98 50.50 d .+ 3.73 

8 
357 _+ 14 

3.12 .+ 0.30 

4.57 + 0.61 

24.74 + 1.81 

5.32 + 0.42 

32.45 .+ 2.48 

8 8 9 9 
472 .+ 21 c 407 .+ 18 480 .+ 15 d 418 .+ 14 

7.24 c _+ 0.89 3.87 -+ 0.42 6.72 d .+ 0.48 3.69 .+ 0.37 

12.44 c -+ 1.92 5.91 _+ 0.79 

41.83 b + 4.45 30.57 _ 2.60 

61.51 c -+ 6.99 40.35 -+ 3.71 

11.64 c _+ 1.77 5.58 + 0.85 

37.25 c -+ 3.06 30.41 ___ 2.78 

55.61 d + 5.04 38.68 + 3.93 

Values represent mean _+ SE, g. 
aSignificantly different from MCT rats at the same age: p < .025. 
bSignificantly different from MCT rats at the same age: p < .01. 
cSignificantly different from MCT rats at the same age: p < .005. 
dSignificantly different from MCT rats at the same age: p < .001. 
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28 w k  is shown in Tab le  3. The  LCT r a t s  h a d  s ign i f i can t ly  
more  l ip id  pe r  un i t  w e i g h t  of  the  t h ree  fa t  p a d s  t h a n  the i r  
r e s p e c t i v e  pa i r - fed  M C T  r a t s ,  e x c e p t  for  t he  d o r s a l  p a d  
a t  28 wk. 

The  fa t  cell  s ize of t h e  lef t  e p i d i d y m a l ,  r e t r o p e r i t o n e a l  
and  i n t e r s c a p u l a r  (dorsal)  s u b c u t a n e o u s  fa t  p a d s  of t he  
two  g r o u p s  a t  all  ages  is shown  in Tab le  4. The  LCT r a t s  
h a d  s i g n i f i c a n t l y  l a r g e r  a d i p o c y t e s  in al l  d e p o t  fa t  p a d s  
t h a n  t h e  M C T  r a t s  a t  al l  ages ,  e x c e p t  for  t he  e p i d i d y m a l  
f a t  p a d  a t  age  10 w k  a n d  the  d o r s a l  f a t  p a d  a t  28 wk. 

The  f a t  cell  n u m b e r  of t h e  le f t  e p i d i d y m a l ,  r e t r o p e r i t o -  
nea l  a n d  i n t e r s c a p u l a r  (dorsal)  s u b c u t a n e o u s  fa t  p a d s  of  
t he  two  g r o u p s  of r a t s  a t  all  ages  is shown  in T a b l e  5. 
F o r  t h e  e p i d i d y m a l  fa t  pad ,  t he  LCT r a t s  t e n d e d  to  have  
a l a rge r  a d i p o c y t e  n u m b e r  t h a n  the  M C T  r a t s  a t  all  ages ,  
b u t  t h e  d i f fe rence  was  s ign i f i can t  on ly  a t  28 wk. F o r  t h e  
r e t r o p e r i t o n e a l  f a t  pad ,  t he  LCT r a t s  h a d  s i g n i f i c a n t l y  
m o r e  a d i p o c y t e s  a t  al l  ages .  In  c o n t r a s t ,  t he  n u m b e r  of 
f a t  cel ls  in t h e  d o r s a l  p a d  d id  n o t  d i f fer  s i g n i f i c a n t l y  be- 
t w e e n  the  LCT and  t h e  M C T  g roups .  

DISCUSSION 

The  d a t a  show t h a t  t he  LCT-fed  r a t s  were  s i g n i f i c a n t l y  
heav ie r  t h a n  the  r e spe c t i ve  pa i r - fed  M C T  r a t s  a t  all  ages .  
Also ,  t he  v a r i o u s  a d ipose  d e p o t s  w e i g h e d  on an  a v e r a g e  
30% to  50% more  in t he  LCT- t h a n  in t he  MCT-fed  r a t s .  
I t  is  n o t e w o r t h y  t h a t  b o t h  g r o u p s  of a n i m a l s  c o n s u m e d  
t h e  s a m e  a m o u n t  of ca lor ies ,  a n d  the i r  d ie t s ,  e x c e p t  for 
q u a l i t y  of  f a t  con t en t ,  were  i den t i ca l  in  ca lor ic  d i s t r i bu -  
t i on  and  dens i t y .  U n d e r  t h e  c ond i t i ons  of pa i r - feed ing ,  
r a t s  in t he  LCT g r o u p  t e n d e d  to  f in ish  t he i r  food, whi le  
t h o s e  in the  M C T  g r o u p  u s u a l l y  h a d  food ava i l ab l e  
t h r o u g h o u t  t he  24 hr. Thus ,  t he  LCT-fed  r a t s  t e n d e d  to  
be  h u n g r y  and  the re fo re  m o r e  ac t i ve  t h a n  the  MCT-fed  
r a t s .  I f  t he  a c t i v i t y  of b o t h  g r o u p s  h a d  been  s imi lar ,  t he  
LCT-fed  r a t s  wou ld  have  been  heav ie r  and  the i r  ad ipose  
d e p o t s  l a rger ,  a n d  the  d i f fe rence  in t he  p a r a m e t e r s  be- 
t w e e n  t h e  two  g r o u p s  wou ld  have  been  more  p ronounced .  
A p o s s i b l e  e x p l a n a t i o n  for  t h e  d i m i n i s h e d  s p o n t a n e o u s  
food i n t a k e  of r a t s  fed M C T  in c o m p a r i s o n  w i t h  an ima l s  

T A B L E  3 

Total  Lipid Content of Left Epididymal, Left Retroperitoneal and Dorsal Fat  Pads of Rats  Pair-Fed Diets  
of Either 70% LCT or 70% MCT at Ages  10, 16, 22 and 28 Wk 

Left epididymal pad Left retroperitoneal pad 
Age  
(wk) No. of rats LCT MCT LCT MCT 

Dorsal pad 

LCT MCT 

10 8,8 84.4 e • 1.4 79.6 • 0.9 82.2 c • 3.1 77.1 • 2.9 
16 8,8 89.5 e • 0.8 83.1 • 1.1 90.0 e • 0.6 83.2 • 0.8 
22 8,8 88.2 d • 1.3 81.1 • 0.7 86.4 a • 1.6 81.9 • 0.9 
28 9,9 83.9 d • 0.4 70.9 • 0.9 85.2 d • 0.9 81.0 • 1.2 

79.1 b • 3.2 
84.1 d • 1.2 
77.5 e + 1.6 
74.2 • 1.0 

69.8 • 1.0 
70.2 • 1.9 
68.8 • 1.3 
71.2 • 1.6 

Values represent mean • SE, % w/w. 
aSignificantly different from MCT rats at the same age: p < .05. 
bSignificantly different from MCT rats at the same age: p < .025. 
cSignificantly different from MCT rats at the same age: p < .01. 
dSignificantly different from MCT rats at the same age: p < .005. 
eSignificantly different from MCT rats at the same age: p < .001. 

TABLE 4 

Fat  Cell Size of Left Epididymal, Left  Retroperitoneal and Dorsal Fat  Pads of Rats  Pair-Fed Diets  
of Either 70% LCT or 70% MCT at Ages  10, 16, 22 and 28 Wk 

Left epididymal pad Left retroperitoneal pad 
Age  
(wk) No. of rats LCT MCT LCT MCT 

Dorsal pad 

LCT MCT 

10 8,8 0.285 • 0.030 0.221 • 0.022 0.384 a • 0.048 0.298 • 0.033 
16 8,8 0.656 b • 0.066 0.381 • 0.081 0.720 c • 0.042 0.391 • 0.056 
22 8,8 0.481 d • 0.024 0.280 • 0.026 0.670 c • 0.055 0.429 • 0.036 
28 9,9 0.435c• 0.285 •  0.672 d • 0.046 0.429 • 0.041 

0.229 a • 0.028 0.158 • 0.010 
0.342 d • 0.014 0.188 • 0.017 
0.297 b • 0.022 0.188 • 0.014 
0.285 • 0.022 0.231 • 0.040 

Values represent mean 
aSignificantly different 
bSignificantly different 
cSignificantly different 
dSignificantly different 

- SE, ~g lipid per fat cell. 
from MCT rats at the same age: p < .05. 
from MCT rats at the same age: p < .025. 
from MCT rats at the same age: p < .005. 
from MCT rats at the same age: p < .001. 
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TABLE 5 

Fat Cell Number of Left Epididymal, Left Retroperitoneal and Dorsal Fat Pads of Rats  Pair-Fed Diets  
of Either 70% LCT or 70% MCT at Ages  10, 16, 22 and 28 Wk 

Left epididymal pad Left retroperitoneal pad 
Age 
(wk) No. of rats LCT MCT LCT MCT 

Dorsal pad 

LCT MCT 

10 8,8 4.821 • 0.488 3.892 • 0.306 4.266 d • 0.342 3.204 • 0.371 
16 8,8 4.372 • 0.566 4.203 • 0.618 6.231 • 0.510 5.244 • 0.526 
22 8,8 6.306 • 0.534 5.746 • 0.308 7.613 b • 0.946 5.465 • 0.421 
28 9,9 6.534 a • 0.386 5.366 • 7.581 c • 0.793 5.264 • 0.404 

8.589 • 0.703 6.598 • 0.467 
9.617 • 0.676 10.898 • 1.248 

12.620 • 1.676 12.081 • 1.144 
10.270 • 0.609 10.606 • 1.029 

Values represent mean __ SE, X 106. 
aSignificantly different from MCT rats at the same age: p < .05. 
bSignificantly different from MCT rats at the same age: p < .025. 
cSignificantly different from MCT rats at the same age: p < .01. 
dSignificantly different from MCT rats at the same age: p < .001. 

fed LCT ad libitum is the development of hyperketonemia 
during MCT feeding (2,21,22). For this reason, the pres- 
ent  s tudy  used pair-feeding to ensure similari ty in food 
intake in bo th  groups of animals. Ra ts  fed ad l ibi tum a 
diet containing 20% lard were reported to be heavier than 
animals  fed a diet containing 20% MCT and had larger 
epididymal  fat  pads.  The energy requirement  for weight  
maintenance  was higher in ra ts  fed MCT than  in those 
fed lard (23). Pigs fed a 10% MCT diet exhibited weight  
gain and feed efficiency at  a rate  considerably lower than  
t ha t  of animals  fed a 10% LCT diet (24). P rematu re  in- 
fants  fed a formula containing 40% of total  calories from 
MCT gained less weight than  infants  fed an identical for- 
mula  containing 50% of total  energy from LCT {corn oil), 
despite  the fact  tha t  the groups had the same calorie in- 
take and tha t  the MCT-fed infants absorbed more fat, pro- 
tein, calcium and magnes ium than  the LCT-fed group 
(5,6). 

This s tudy  suppor t s  the hypothes is  t ha t  MCT feeding 
early in life resul ts  in diminished fat  deposition and 
adipose t issue cellularity. The mechanism whereby MCT 
feeding results  in diminished adiposi ty compared to LCT 
feeding m a y  be related to vas t  differences in the modes 
of digestion, absorpt ion and metabol i sm of the two tri- 
glycerides. In  con t ras t  to LCT, which appear  in the 
sys temic  circulation as chylomicrons,  the MCT-derived 
f a t t y  acids are t r anspor ted  via the por ta l  vein (25) to the 
liver, where they are extensively oxidized into CO2 and 
other water-soluble metabolites,  such as ketones, and are 
not incorporated into hepatic lipids to any appreciable ex- 
t en t  (1,2). In  the rat ,  the cumulat ive  oxidation of labeled 
MCT over a period of 48 hr was about  twice t ha t  of LCT 
(26). In  bo th  man and animals, the oxidation of MCT- 
derived f a t ty  acids is not  appreciably affected by  the 
nutri t ional  state.  In contrast ,  feeding drastically reduces 
the oxidation of LCT-derived f a t ty  acids (27). Thus, it ap- 
pears tha t  MCT mus t  undergo obligatory oxidation in the 
liver af ter  absorpt ion and t ranspor t .  The oxidat ive 
aqueous products  other  than  CO2 reach the sys temic  cir- 
culation and are utilized by  various organs, including the 
adipose tissue. Theoretically the adipose t issue can syn- 
thesize long chain fa t ty  acids from MCT-derived oxidative 
products.  However,  studies have shown tha t  the adipose 

tissue in fact contains very little medium chain fa t ty  acid 
(3). In  contrast ,  the LCT moieties of chylomicrons are 
hydrolyzed, picked up and readily reesterified into 
tr iglycerides by the adipose tissue. Thus, the metabolic 
s teps  tha t  lead to format ion of tr iglycerides in adipose 
t issue are much simpler for LCT than  for MCT. In the 
in tact  animal and in man, evidence sugges ts  tha t  MCT 
feeding is associated with enhanced thermogenesis,  thus 
favoring diminished energy efficiency and reduced deposi- 
tion of fat  {10,28). 

LCT-fed ra t s  had not  only larger fa t  depots  but  also 
higher lipid content  per unit  weight  than  MCT-fed rats.  
The weight  increase of var ious fat  depots  in the LCT-fed 
ra t s  was due to adipocytes  being bigger and more 
numerous  than  in the MCT-fed rats.  I t  is not  known 
whether  the increase in adipocyte number  in the LCT 
group is due to actual  proliferation or to fa t ten ing  up of 
exis t ing pre-adipocytes.  

In virtually all mammalian species, the m a m m a r y  gland 
synthesizes  LCT and vary ing  propor t ions  of MCT {29). 
In rabbit  milk, the predominant fat  is MCT, reaching 80% 
of the milk fat. Smaller proport ions  of MCT in milk fa t  
occur in the ra t  {30%), in the mouse (8%) and in man  
{12%}. I t  appears  tha t  the m a m m a r y  gland begins to syn- 
thesize MCT during pregnancy  and mainta ins  such syn- 
thesis during lactat ion through a remarkable  mechanism 
involving an enzyme (thioesterase II) tha t  segments  long 
chain f a t ty  acids (LCFA) into MCFA for incorporat ion 
into milk tr iglycerides {30}. The f a t t y  acid distr ibution 
on the triglyceride appears  to favor digestion and absorp- 
tion of the milk fat  by  the neonate in tha t  the LCFA tend 
to occupy the 1 and 2 positions, while the 3 posit ion is 
occupied by  the MCFA {31,32}. The net effect of this 
presenta t ion  of milk fa t  to the neonate  is ease of 
hydrolysis  and subsequent  elaborat ion of MCFA, LCFA 
and long chain monoglycerides for enhanced intestinal ab- 
sorption. Studies in man  sugges t  a twofold increase in 
MCFA in b reas t  milk of mothers  at  p rematu re  delivery 
and tha t  the p remature  infant, when ingest ing its own 
mother ' s  milk for three months,  receives 17% of total  fat  
as MCFA, in contras t  to 10% for the full-term infant {33}. 
By increasing the proport ion of die tary  MCFA from 
MCT, it m a y  be possible to c i rcumvent  the diminished 
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a b i l i t y  of t he  p r e m a t u r e  in fan t  to  d i g e s t  and  a b s o r b  LCT 
a n d  c o n c u r r e n t l y  to  offer  an  ea s i l y  ox id i zab le  fat .  The  ef- 
fec t  of  s t a r t i n g  M C T  feed ing  in t he  n e o n a t a l  p e r i o d  on 
t h e  d e v e l o p m e n t  of  ad ipose  t i s s u e  ce l l u l a r i t y  a w a i t s  fur- 
t he r  inves t iga t ion .  Our  s t u d y  d e m o n s t r a t e s  t h a t  the  t y p e  
of  fa t  in t he  d i e t  in t he  p o s t w e a n i n g  p e r i o d  can  inf luence  
t h e  d e v e l o p m e n t  of ad ipose  t i s s u e  ce l lu la r i ty .  M C T  
feed ing  ea r ly  in life m a y  offer  a p o t e n t i a l  m e a s u r e  for 
p r e v e n t i o n  and  con t ro l  of h u m a n  obes i ty .  
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Studies have been performed to assess the effects, in vivo 
and in vitro, of lipid emulsions on human adipose tissue 
prostaglandin production. Subcutaneous adipose tissue 
obtained either during elective surgery or by needle 
aspiration was studied in tissue culture or by using a peri- 
fusion apparatus. Physical mixtures of emulsions of long 
chain triglyceride (LCT) and/or medium chain triglyceride 
{MCT) were added to the tissue culture medium so that 
the final concentration was 400 mg/dl. After a 3-day in- 
cubation period the tissue was harvested, placed in buf- 
fer and used to determine in vitro production of pros- 
taglandin E2, prostacyclin I~ (measured as its stable end 
product 6-keto PGF1,) and thromboxane A2 (measured as 
TXB2) by radioimmunoassay. The results demonstrated 
that  samples incubated in 100% MCT had the most 
significant increase in prostaglandin production, while 
those incubated in 100% LCT had the most significant 
decrease in activity of the three prostaglandins assayed. 
The addition of LCT to MCT caused a stepwise decrease 
in adipose tissue prostaglandin production. The data sug- 
gest a pharmacological rather than a physiological effect 
of lipid emulsions containing MCT and/or LCT on adipose 
tissue prostaglandin production. In vivo effects of a 20% 
safflower oil emulsion, containing high levels of the essen- 
tial fa t ty  acid linoleate, were assessed in five pediatric 
patients. Adipose tissue was obtained before and after 
two and four weeks of treatment. Fat ty  acid profiles and 
prostaglandin production were determined. The results 
demonstrated that intravenous fat infusion increased the 
concentrations of linoleic and arachidonic acids found in 
adipose tissue within a short interval. The effect of intra- 
venous fat infusion on human adipose tissue prostagian- 
din production was less predictable and may have been 
a function of the patients' disease and subsequent clinical 
course. These findings suggest that lipid emulsions 
should not be viewed solely as a source of intravenous 
energy, because they may have the potential to elicit 
changes in prostaglandin production as demonstrated by 
a human adipose tissue model. 
Lipids 22, 435-441 (1987). 

Adipose tissue is a dynamic organ central in maintain- 
ing caloric balance; it is capable of responding to a variety 
of metabolic, hormonal and nutritional influences. The 
structure and function of adipose tissue have generally 
been studied in the context of overnutrition as seen in 
the obese. The possible role of adipose tissue in the re- 
covering, malnourished, hospitalized patient has largely 
been ignored. 

The 10% and 20% lipid emulsions have been widely 
used as a source of intravenous energy or as a means for 
preventing or ameliorating essential fat ty acid (EFA) 

1Presented in part at the symposium on" Specialty Lipids and Their 
Biofunctionality," at the annual meeting of the American Oil 
Chemists' Society, Philadelphia, May 1985. 
*To whom correspondence should be addressed. 

deficiency in malnourished patients. The emulsions cur- 
rently used contain 54% to 77% linoleic acid, an EFA. 
Linoleic acid is the biosynthetic precursor for another 
EFA, arachidonic acid. Further modification of this fatty 
acid yields a family of bioactive metabolites, commonly 
called the eicosanoids. These products include the prosta- 
glandins, leukotrienes and hydroperoxy-arachidonate 
derivatives. It  has been hypothesized that the high levels 
of linoleic acid delivered as part of a total parenteral nutri- 
tion (TPN) regimen may affect endogenous prostaglan- 
din production. It  has been demonstrated that fat emul- 
sions are principally removed from the bloodstream by 
skeletal muscle and adipose tissue (1) and that adipose 
tissue produces prostaglandins (2-5); it thus was of in- 
terest to determine the effect of this nutriment on fat 
tissue metabolism. 

MATERIALS AND METHODS 

Experiments in our laboratory have been performed to 
assess the effect in vivo and in vitro of various lipids, 
triglycerides and fatty acids on the ability of human 
adipose tissue to make prostaglandins. To perform these 
experiments, we modified the perifusion apparatus (PA) 
of Allen et al. (6) to study the tissue under more physio- 
logical conditions. The PA is a glass water-jacketed col- 
umn in which fat tissue is suspended and kept at a con- 
stant 37 C. Krebs-Ringer bicarbonate buffer (pH 7.4) is 
pumped through the top at a constant rate and auto- 
matically collected at the bottom using a fraction collec- 
tor. At various intervals, any combination of substrates 
or drugs can be infused by a series of pumps. During the 
experiments described below, two PA were run simul- 
taneously. One column functioned as a control, i.e., only 
buffer was pumped through, while the other was used for 
the experimental manipulation. The advantage of this 
system compared to the more traditional tissue culture 
is that, with the constant turnover of buffer through the 
PA, there are no metabolic end products in the chamber 
that may affect the response of the tissue under study. 
In the first series of experiments, adipose tissue was ob- 
tained from four obese subjects by needle aspiration using 
the method of Hirsch and Goldrick (7). The tissue was 
washed in cold 0.9% sterile saline and split into equal por- 
tions of 200-300 mg. The tissue was then suspended in 
the two PA and allowed to equilibrate for 5 min. The buf- 
fer used contained fatty acid-free albumin (5 mg/dl) and 
glucose (100 mg/di) and was pumped at a rate sufficient 
to clear the volume of the column every 5 min. After a 
baseline period of 20 rain, arachidonic acid that had been 
previously bound to albumin (8) at a concentration of 
0.3-0.5 ~mol/ml was infused into the experimental column 
for the duration of the experiment. Fractions were col- 
lected every 5 rain and analyzed by radioimmunoassay 
(RIA) for prostaglandin E2 (PGE2), prostacyclin I2 (mea- 
sured as the stable metabolite 6-keto PGF1,) and throm- 
boxane A2 (measured as the stable metabolite TXB~) 
(9-14). 
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In vitro effects of lipid emulsions on adipose tissue. In 
this investigation, physical mixtures of lipid emulsions 
containing 20% long chain triglyceride (LCT) from soy- 
bean oil and/or medium chain triglyceride (MCT) were 
made to assess the effect of concentrations of linoleic acid 
ranging from 0 to 54% (Katz, D.P., and Knittle, J.L., sub- 
mitted for publication}. 

Subcutaneous human adipose tissue was obtained dur- 
ing elective abdominal surgery and resected from pieces 
that would otherwise have been discarded. All subsequent 
manipulations of the tissue were performed in a laminar 
flow hood. The tissue was washed in 0.9% sterile saline 
and then placed in tissue culture for 24 hr to equilibrate 
at 37 C in defined culture medium, RPMI 1640 with 20% 
fetal calf serum (Gibco Laboratories, Grand Island, New 
York). The defined culture medium with fetal calf serum 
contained less than 0.01% of the essential fat ty acids, 
linoleic and arachidonic. At the end of the 24-hr period 
the tissue was harvested and washed in multiple volumes 
of 0.9% sterile saline. The tissue was then divided into 
portions of 200-300 mg each and placed into seven 
duplicate tissue culture flasks. To each flask 10 ml of the 
medium described above was added. At this time a 
physical mix of the different lipid emulsions to be tested 
was added to the duplicate flasks so that the final 
triglyceride concentration was 400 mg/dl. The flasks were 
then placed in a 37 C CO~ incubator on a rocker platform 
(Bellco Glass, Vineland, New Jersey) to insure proper mix- 
ing. The tissue remained in culture for 3 days and was 
fed each day, as above, after the old medium was re- 
moved. At the end of the 3-day period the tissue was 
harvested and washed in 0.9% sterile saline. The samples 
were then used in experiments to measure in vitro prosta- 
glandin production. 

T h e  tissue was separated into equal portions and placed 
in duplicate tissue culture flasks with Krebs-Ringer bicar- 
bonate buffer (pH 7.4) containing fat ty acid-free bovine 
serum albumin (5 mg/dl) (Sigma Chemical Co., St. Louis, 
Missouri) as prepared by the method of Chen (15) and 
glucose (1 mg/ml). It was then placed back into the CO~ 
incubator on the rocker platform for 60 min. At the end 
of this incubation period the buffer was recovered and ali- 
quoted for the determination of prostaglandins. T h e  
samples were analyzed in duplicate for prostacyclin I2 
{measured as the stable metabolite 6-keto PGF~,), 
thromboxane A2 (measured as TXB2) and PGE2 by RIA 
{9-14). Determinations of fat cell size were made in each 
set of experiments so the data could be standardized (16). 

In vivo effects of a lipid emulsion on human adipose 
tissue. Preliminary studies of the in vivo effect of an in- 
travenous fat emulsion on adipose tissue prostaglandin 
metabolism have been performed in pediatric patients. 
A 20% safflower oil emulsion was administered to five 
subjects ranging in age from 4 to 12 years. These patients 
required TPN for a variety of reasons. After informed con- 
sent was obtained, adipose tissue samples were taken 
from the subjects before and two and four weeks after 
treatment. The subjects received the standard TPN regi- 
men with a 20% intravenous fat emulsion for the dura- 
tion of the study. The doses of lipid ranged from 0.5 to 
2 g/kg body weight. Adipose tissue was used to determine 
fatty acid profiles and in in vitro experiments to measure 
prostaglandin production in a perifusion apparatus as 
described above. Samples were extracted overnight at 4 C 

in chloroform/methanol {2:1, v/v) {Fisher Scientific, Pitts- 
burgh, Pennsylvania). Solvents had been previously 
redistilled. The resultant samples were methylated using 
a modification of Glass's method (17). Samples were then 
analyzed using a Hewlett Packard 5750 Gas Chromato- 
graph equipped with a Hewlett Packard 3390A Report- 
ing Integrator (Avondale, Pennsylvania). A modification 
of the temperature programming method of Mahadevan 
and Zieve was used (18). 

R E S U L T S  

T h e  results depicted in Figure 1 demonstrate the produc- 
tion of PGE2, 6-keto PGF~, and TXB~ by human adipose 
tissue. There was no significant difference in prostaglan- 
din production between the two columns during the 
baseline period. The infusion of arachidonic acid bound 
to albumin caused an immediate, significant increase in 
the production of PGE~, which remained elevated 
throughout the balance of the experiment (800-1950% 
change). The percent increases in production of both 
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FIG. 1. Effect  of arachidoaic acid bound to albumin on human 
adipose tissue prostaglandin production. Adipose t issue was 
suspended in two identical perifusion apparatuses, and after a 2~min 
baseline period arachidonie acid bound to albumin was infused. The 
collected fractions were analyzed for PGE2, 6-keto PGFI~ and TXB2 
by radioimmunoassay. Data was standardized and compared to zero 
by t-test. Results  indicate that human adipose t issue obtained by 
needle aspiration can rapidly convert arachidonic acid to PGEz, 6-keto 
PGF1,  and TXB2. Each data point represents a mean level of the 
specific prostaglandin assayed. Standard error bars were omitted 
for clarity. *, p < .05; t, p < .01; and ~t, p < .001. 
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FIG. 2. Effect of physical mixtures of 20% lipid emulsions contain- 
ing medium (MCT) and/or long chain (LCT) triglyceride on the pro- 
duction of thromboxane (TXB2) by human adipose tissue. The 
percentage of MCT and/or LCT varied from 0% to 100%. This altered 
the concentration of linoleic acid in the incubation media from 0% 
to 54%. Data was standardized to percent change in activity com- 
pared to the control to account for individual variation within each 
experiment In --- 4). Data are expressed as means +_- SEM and were 
compared by analysis of variance with post-hoc comparisons by Dun- 
can's multiple range test. Means with different letters are statisti- 
cally different from one another at p < .05. 

6-keto PGFt~ and TXB~, although not as immediate or 
dramatic, were also statistically significant (55-209% 
change). The results demonstrated that human adipose 
tissue produced the prostaglandins PGE2, 6-keto PGF1, 
and TXB~ in vitro in significant quantities and could alter 
their production in response to the exogenous EFA 
arachidonate. This observation led us to investigate other 
possible uses of this model that would have direct implica- 
tions on the nutrition of hospitalized patients. 

In vitro effects of lipid emulsions on adipose tissue. To 
control for individual variation in basal production of 
prostaglandins in each experiment, the data was trans- 
formed to reflect the percent change in activity relative 
to the control flasks, which had no lipid added. The follow- 
ing formula was used: % change = (experimental-control)/ 
control • 100. Comparisons of these data were made by 
analysis of variance using post-hoc comparisons by Dun- 
can's multiple range test (19) and are summarized in 
Figures 2-4. The effect of MCT and]or LCT physical mix- 
tures of lipid emulsions on the production of TXB~ 
(Fig. 2), 6-keto PGF1, (Fig. 3) and PGE~ (Fig. 4) by 
human adipose tissue yielded similar results. Tissue 
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FIG. 3. Effect of physical mixtures of 20% lipid emulsions contain- 
ing medium {MCT) and/or long chain (LCT) triglyceride on the pro- 
duction of prostacyclin (6-keto PGFlo) by human adipose tissue. 
The percentage of MCT and/or LCT varied from 0% to 100%. This 
altered the concentration of linoleic acid in the incubation media from 
0% to 54%. Data was standardized to percent change in activity com- 
pared to the control to account for the individual variation within 
each experiment In = 4). Data are expressed as means _ SEM and 
were compared by analysis of variance with post-hoc comparisons 
by Duncan's multiple range test. Means with different letters are 
statistically different from one another at p < .05. 

incubated with MCT alone demonstrated a percent in- 
crease in the three prostaglandins assayed relative to the 
control. The addition of LCT, thereby increasing the per- 
centage of linoleic acid, yielded a significant percent de- 
crease in prostaglandin production compared to the con- 
trol. Therefore, increasing the percentage of LCT (linoleic 
acid) in the incubation media caused stepwise percent 
decreases in the production of TXB2, 6-keto PGFI~ and 
PGE~. 

In vivo effects of a lipid emulsion on human adipose 
tissue. Subjects 1, 4 and 5 had malnutrition secondary 
to a more serious disease process. Subjects 2 and 3 had 
existing inflammatory gastrointestinal disease that had 
progressed to the point that withholding enteral feedings 
was indicated. However, subject 2 was relatively well 
nourished compared to the other individuals studied. The 
effect of intravenous fat administration on fat cell size 
is illustrated in Figure 5. All five subjects demonstrated 
an increase in fat cell size after two and four weeks of 
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FIG. 4. Effect of physical mixtures of 20% lipid emulsions contain- 
ing medium (MCT) and/or long chain (LCT) triglyceride on the pro- 
duction of prostaglandin E2 by human adipose tissue. The percent- 
age of MCT and/or LCT varied from 0% to 100%. This altered the 
concentration of linoleic acid in the incubation media from 0% to 
54%. Data were standardized to percent change in activity compared 
to the control to account for the individual variation within each 
experiment (n = 4). Data are expressed as means • SEM and were 
compared by analysis of variance with post-hoc comparisons by Dun- 
can's multiple range test. Means with different letters are statisti- 
cally different from one another at p < .05. 

treatment. Although this observation must be linked with 
the fact that patients were gaining weight while receiv- 
ing TPN, it is of interest that  there was a significant in- 
crease in their fat cell size. The effect of intravenous fat 
administration can also be observed on the distribution 
of fat ty acids found in the fat depot. The distribution of 
fat ty acids is expressed as area percent. The upper half 
of Figure 6 illustrates the changes in linoleic acid levels 
during treatment. Pretreatment levels in the fat tissue 
ranged from 8% to 28%. These levels seemed to increase 
after two and four weeks of treatment. As illustrated in 
the lower half of Figure 6, the levels of arachidonic acid 
seemed to increase concomitant with the changes in 
linoleic acid levels. Therefore, intravenous fat administra- 
tion with an emulsion high in linoleic acid increased the 
enrichment of EFA found in the adipose tissue depot in 
a relatively short time. 

The effect of this fat emulsion on adipose tissue prosta- 
glandin production is illustrated in Figure 7. Baseline pro- 
duction of 6-keto PGFI~ ranged from 4 to 272 pg/20 mini 
106 fat cell, whereas the levels of TXB2 ranged from 323 to 
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FIG. 5. Effect of intravenous fat administration on fat cell size in 
five pediatric subjects receiving total parenteral nutrition. Adipose 
tissue was  obtained from the patients by needle aspiration before 
and after 2 and 4 weeks of treatment. Mean fat cell size (expressed 
as ~g lipid/cell) increased as subjects gained weight over the course 
of treatment. 

4125 pg/20 min/106 fat cells. Effects of the infusion of lipid 
emulsion were variable depending on the subjects. Sub- 
jects 1 and 3 demonstrated significant increases in the 
production of both 6-keto PGFI~ and TXB2 after two 
and four weeks of treatment. Subjects 2 and 4 demon- 
strated significant decreases in the production of both 
6-keto PGF1o and TXB2 after two and four weeks of 
treatment. The production of 6-keto PGFI~ by subject 5 
increased after two weeks, but significantly decreased 
after four weeks. The production of TXB~ by subject 5 
significantly decreased after 2 and 4 weeks of treatment. 
The results demonstrate that the production of the pros- 
taglandins 6-keto PGFlo and TXB~ by adipose tissue in 
patients receiving intravenous fat emulsions can be 
variable and may be affected by the patients' disease and 
subsequent clinical course. 

D I S C U S S I O N  

Adipose tissue once was considered an inert tissue 
reserve, where lipid droplets could cluster between con- 
nective tissue. Functionally, it was considered to be solely 
a means of body protection and thermal insulation. The 
pioneering studies of Wertheimer and Shapiro (20) demon- 
strated that the tissue had high levels of metabolic 
activity and played a central role in carbohydrate metab- 
olism. Furthermore, they demonstrated that  the tissue 
responded to a wide variety of humoral, hormonal, neural 
and nutritional factors (21). 

The function of adipose tissue is the storage of meta- 
bolic fuel as triglyceride during times of caloric plenty, 
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FIG. 6. Effect of infusion of an intravenous fat emulsion high in 
linoleic acid (77%) on the essential fatty acid profile found in adipose 
tissue. Five pediatric subjects received a 20% safflower oil lipid emul- 
sion as part of a total parenterai nutrition regimen. Levels of linoleic 
and arachidonic acids found in adipose tissue are expressed as an 
area percent of all fatty acids analyzed. Adipose tissue samples were 
obtained before and after 2 and 4 weeks of treatment. Results 
demonstrate that intravenous fat infusions significantly increased 
the percentages of linoleic and arachidonic acids found in adipose 
tissue. 

a n d  the  re lease  of t h a t  ene rgy  when  requi red .  In  humans ,  
t r i g l y c e r i d e s  r e p r e s e n t  t h e  m a j o r  ca lor ic  r e s e r v o i r  of  t h e  
b o d y  c o m p a r e d  to  t he  o t h e r  p o t e n t i a l  b o d y  fuel  com- 
p o n e n t s ,  i.e., g l y c o g e n  and  lean  b o d y  mass .  Cahi l l  s t a t e s  
in his  c lass ic  rev iew on s t a r v a t i o n  (22) in man,  " L i p i d  syn- 
thes i s  and  s t o r a g e  are  p r e r equ i s i t e s  to  s u r v i v a l  in species  
in which  m o b i l i t y  is  c r i t i ca l . "  Therefore ,  t he  success fu l  
o r g a n i s m  m u s t  be  able  to  t i g h t l y  r e g u l a t e  t he  u p t a k e  and  
re l ease  of  l ip id  d e p e n d i n g  on e x o g e n o u s  a n d  e n d o g e n o u s  
ca lor ic  r equ i r emen t s .  The  s t o r a g e  and  mob i l i za t i on  of fa t  

I000 

80O 

60O 

j 4 0 0  
W 

2 o o  

o 
c 

o ~  

E 
0 4 0 0 0  

5 0 0 0  

2 0 0 0  

I000 

0 

1 I I 

6 -  KETO PGF Io~ 

patient: _ 

- - 

- O ~ - 

- 0 I - 

4 A  

5 a  - 

! 

_ TXB 2 

2 �9 patient: 

o l  
5 n  a 

_ A, ~ 3  

3 

4 

_ 2 

t o  
I I 9 

PRE- 2WKS 4WKS 
INFUSION POST-INFUSION 

I 

I 

FIG. 7. Effect of infusion of an intravenous fat emulsion high in 
linoleie acid (77%} on adipose tissue prostaglandin production in five 
pediatric subjects who received a 20% safflower oil lipid emulsion 
as part of a total parenteral regimen for 4 weeks. Adipose tissue 
samples were obtained by needle aspiration before and after 2 and 
4 weeks of treatment. The samples were suspended in a perifusion 
apparatus, and the resulting perfusate was analyzed for the prosta- 
glandins prostacyclin I2 (measured as 6-keto PGFI~) and thrombox- 
ane A2 {measured as TXB2). Results demonstrate that intravenous 
fat administration has an unpredictable effect on production of 
prostaglandins by adipose tissue. This may reflect the condition and 
clinical course of the patients studied. 

b y  a d ipose  t i s s u e  is a p roc e s s  t h a t  i s . ca re fu l ly  r e g u l a t e d  
b y  seve ra l  m e t a b o l i c  p rocesses ,  i nc lud ing  de  novo  f a t t y  
ac id  s y n t h e s i s  of  l ip ids ,  e s t e r i f i c a t i o n  of  long  cha in  f a t t y  
ac ids  to  a c t i v a t e d  g lyce ro l  and  h o r m o n e - s t i m u l a t e d  
l ipo lys i s .  A d i p o s e  t i s sue  can  s y n t h e s i z e  l ong  cha in  f a t t y  
ac ids  f rom g lucose  and  can  e s t e r i f y  t h e s e  f a t t y  acids ,  as  
well  as  t h o s e  de r i ve d  f rom the  d ie t  in chy lomic rons ,  to  
a - g l y c e r o p h o s p h a t e  to  fo rm t r ig lyce r ide .  Th is  a c t i v i t y  is  
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stimulated by availability of substrate and to a certain 
degree is regulated by circulating insulin levels. Insulin 
plays an anabolic role in relation to adipose tissue and 
can stimulate glucose oxidation, de novo fatty acid syn- 
thesis and triglyceride biosynthesis and can inhibit fatty 
acid breakdown (reviewed in ref. 23). 

Lipolysis in adipose tissue consists of the breakdown 
of stored triglyceride by specific hormone-sensitive lipases 
and subsequent release of glycerol and free fatty acids 
(FFA) into the plasma. There is virtually no recycling of 
glycerol in adipose tissue because the enzyme glycerol- 
kinase is absent. However, FFA may or may not be re- 
cycled (23). Virtually every hormone except insulin has 
been shown in in vitro models to stimulate lipolysis. 

The balance between triglyceride storage and mobiliza- 
tion, and therefore the size of the adipose tissue depot, 
is a function of the overall supply of calories to the 
organism relative to its energy requirements. During 
periods of starvation, adipose tissue releases fat in the 
form of FFA. This is evident from the fact that plasma 
FFA levels are high in blood vessels draining areas rich 
in adipose tissue (24). Furthermore, plasma glycerol con- 
centrations increase proportionally to changes in plasma 
FFA levels, suggesting complete hydrolysis of adipose 
tissue triglyceride prior to its mobilization (25-27). Dur- 
ing feeding or refeeding in starved organisms, there is a 
rapid fall in plasma FFA levels due to a decrease in 
llpolysis. Therefore, during periods in which energy 
balance is positive, there is an increase in deposition of 
fatty acids as triglyceride in the depot. 

The triacylglycerol stores in adipose tissue are con- 
tinually undergoing lipolysis and reesterification. The net 
effect is that there is a continuous turnover of fatty acids 
in the neutral lipid pool. Therefore, the composition of the 
stored triglyceride is sensitive to changes in dietary fat 
intake. The intake of dietary fat leads to modification of 
the profile of fatty acids found in the adipose tissue depot. 
This modification begins the first time a newborn is fed 
(28) and continues throughout the life cycle. A number 
of investigators have demonstrated that adipose tissue 
fatty acid composition generally reflects an overall pat- 
tern of the long-term intake of dietary fatty acids {28-31). 
Adults fed diets high in linoleic acid double their propor- 
tion of this fat ty acid found in their adipose tissue (from 
11% to 22%) in at least three years (31). Similarly, if one 
feeds an odd chain fatty acid to animals, there is an in- 
creased enrichment of this fat ty acid in adipose tissue 
over time (32-34). Therefore, one can modify the adipose 
tissue fatty acid profile by modifying enterai fat intake. 
This observation concerning the effect of the enteral fat 
intake led us to consider the possible effects of parenter- 
ally administered lipid. 

The investigation of the effects of lipids, delivered in 
vivo or in vitro, on human adipose tissue, has demon- 
strated that fat ty acid chain length and unsaturation 
have a direct effect on its metabolism. These effects in- 
clude alterations in prostaglandin production, cell size and 
fatty acid profile. A number of investigators have pre- 
viously demonstrated that dietary fats can mediate pros- 
taglandin synthesis. Diets high in linoleic acid or with an 
increased polyunsaturated to saturated ratio generally 
yield an increase in prostaglandin production (35-40). 
This is in contrast to studies in which animals have been 
made EFA-deficient. In these experiments prostaglandin 

synthesis decreases overall because of decreased precur- 
sor availability and the competitive inhibition of the en- 
zymes responsible for their synthesis (41,42). In addition, 
the abnormal fatty acid that accumulates during EFA 
deficiency, 5,8,11-eicosatrienoate (20:3o~9), cannot be used 
as a substrate for prostaglandin production (43,44) and 
has been shown to be an allosteric inhibitor {45}. 

Studies in which human volunteers received infusions 
of intravenous lipid preparations (safflower oil) demon- 
strated a significant increase in the production of urinary 
PGE2 and PGI2 compared to controls receiving saline (46). 
Therefore, in healthy volunteers, it is apparent that in- 
creased levels of linoleic acid generally increase the pro- 
duction of endogenous prostaglandins. The effect of in- 
travenous fat on human adipose tissue prostaglandin pro- 
duction is less clear. Indeed, in our population there were 
obvious changes in cell size and fatty acid profile of the 
adipose tissue in the subjects studied. This is evidence 
that intravenous fat was indeed being taken up by the 
adipose tissue. This is supported by the findings of 
Rossner (1), who demonstrated that fat emulsions are 
principally removed from the bloodstream by adipose 
tissue and skeletal muscle. The reasons for the variabil- 
ity in adipose tissue prostaglandin production by these 
subjects, before and after treatment, are less clear and 
require further elucidation. 

The inhibitory action of the high levels of linoleic acid 
found in the LCT emulsions is not unexpected. Jeremy 
et ai. (47), using aortic rings from rats, tested whether 
the type and amount of fatty acids affected the conver- 
sion of arachidonic acid to prostacyclin I2 (measured as 
6-keto PGF~o). Generally, an increase in the fatty acid 
concentration caused a dose-dependent inhibition of pros- 
tacyclin synthesis. Linoleic and linolenic acids were the 
most inhibitory and palmitic the least. Although when 
linoleic acid is given orally or parenterally it appears to 
stimulate prostaglandin synthesis, its presence in incuba- 
tion experiments at concentrations of 0.5 to 3.0 mmol/1 
is strikingly inhibitory. It can be postulated that its 
similar structure to arachidonic acid may cause a com- 
petitive inhibition of the cyclooxygenase, thereby cans- 
ing a net decrease in prostaglandin production. Therefore, 
in this model system the triglyceride mixtures highest 
in linoleic acid may exert a pharmacological rather than 
a physiological effect. 

The currently available fat emulsions provide linoleic 
acid (18:2o~6), an EFA, in concentrations that range from 
54-77%. These levels far exceed the recommendation of 
the Food and Nutrition Board of the National Academy 
of Sciences that at least 3% of total energy be provided 
as polyunsaturated fat (48). Furthermore, in the in- 
travenous fat routinely administered, the amount of 
linoleic acid is above the recognized average intake. This 
is approximately 6% of total energy intake (48). This 
observation prompted us to look at the in vitro and in 
vivo consequence of varying concentrations of linoleic 
acid on the production of prostaglandins by human 
adipose tissue. 

Therapeutically, lipid emulsions have been viewed as 
a source of energy or a means of preventing or amelio- 
rating EFA deficiency. However, the potential effect that 
this substrate, high in linoleic acid, has on endogenous 
prostaglandin metabolism has been ignored. Adipose 
tissue, which plays a key role in the regulation of whole 

LIPIDS, Vol. 22, No. 6 (1987) 



EFFECT OF MCT AND LCT ON HUMAN ADIPOSE TISSUE 

441 

b o d y  lipid metabol i sm,  m a y  represent  a useful  model  in 
elucidating this information.  I t  is evident  f rom the studies 
descr ibed t h a t  the  t y p e  of fat  calorie delivered, i.e., the  
chain length  and degree of saturat ion,  m a y  have a dist inct  
pharmacological  ac t iv i ty  elicited t h rough  the  prostaglan-  
din p a t h w a y .  Theoret ical ly ,  one could design lipid emul- 
sions wi th  a desired pharmacologica l  ac t iv i ty  to be given 
t o  pa t i en t s  wi th  specific disease enti t ies.  A l t h o u g h  it is 
a rguab le  t h a t  a fa t  calorie is a lways  a fat  calorie, it is ap- 
pa ren t  t h a t  these  subs t r a t e s  can cause  changes  in bioac- 
t iv i ty  when adipose t issue is used as a t a rge t  organ. There 
is g rea t  potent ia l  for  developing a new genera t ion  of lipid 
emuls ions  with desired pharmacologica l  ac t iv i ty  to  t rea t  
hospi ta l ized pa t ients ,  and  h u m a n  adipose t i ssue  m a y  
represent  a useful model  in determining their bioact ivi ty.  
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Role of Brown Adipose Tissue in Thermogenesis Induced 
by Overfeeding a Diet Containing Medium Chain Triglyceride' 
Nahla Baba 2, E. Filippo Bracco and Sami A. Hashim* 
Department of Medicine, St. Luke's-Roosevelt Hospital Center and Institute of Human Nutrition, Columbia University College 
of Physicians and Surgeons, New York, NY 10025 

The role of brown adipose t issue in the mechanism of 
medium chain triglyceride (MCT}-induced thermogenesis 
was investigated. Under anesthesia, the interscapular 
brown adipose tissue (IBAT} was excised in male Sprague- 
Dawley rats, and the animals were fitted with gastros- 
tomy tubes. After a 10-day recovery period, the animals 
were divided into two groups: one group received a diet 
containing MCT as 50% of calories, and the other group 
received an isocaloric diet containing long chain triglyc- 
eride (LCT}. The diets were fed for 6 wk at a level of 
calorie intake that  was 150% of the ad libitum intake of 
a parallel control group. During the last week of the 
study, resting and norepinephrine {NE}-stimulated O2 con- 
sumption and CO2 production were measured in a Noyons 
diaferometer. At  the end of 6 wk, the animals were 
weighed and killed. The individual fat pads were dissected 
and weighed, and an aliquot of the right retroperitoneal 
fat pad was used to measure adipocyte size and number. 
The results showed that  body weight and adipocyte size 
{but not adipocyte number) were significantly smaller in 
the MCT-fed compared to the LCT-fed animals. Rest ing 
as well as maximal NE-stimulated oxygen consumption 
values were significantly higher in the MCT-fed than the 
LCT-fed rats. It is concluded that  the enhanced thermo- 
genesis  induced by MCT persists despite the absence of 
IBAT and that  the phenomenon is likely related to more 
extensive oxidation of MCT- in contrast to LCT-derived 
fatty  acids, thus leading to increased oxygen consump- 
tion, enhanced dissipation of energy as heat and dimin- 
ished efficiency of weight gain and deposition of body fat. 
Lipids 22, 442-444 (1987). 

Brown adipose tissue (BAT} is currently implicated in the 
regulation of energy balance. In cold-adapted rats, hyper- 
t rophy  and hyperplas ia  of B A T  occur. Basal  and 
norepinephrine {NE)-stimulated oxygen up takes  of cold- 
adapted  ra t s  increase to a grea t  ex ten t  above the values 
for warm-accl imated control {1,2). This dramat ic  increase 
in nonshivering thermogenesis has been a t t r ibuted to the 
ac t iv i ty  of B A T  and its unique capaci ty  to uncouple ox- 
idat ive phosphoryla t ion  leading to product ion of energy 
as heat  ra ther  than  as A T P  {3}. The evidence for BAT as 
the site for nonshivering thermogenesis  is very s t rong in 
rodents,  a l though exceptions have been repor ted f rom 
studies on Djungarr ian  hamsters ,  where extensive exci- 
sion of B A T  had no significant effect on the resp i ra tory  
response of the animal to infusion with NE {4). Recently, 
close similarities were reported to exist  between the ther- 
mogenic response of cold-adapted and "cafeteria-fed" ra ts  

'Presented at the symposium on" Specialty Lipids and Their Biofunc- 
tionality" at the annual meeting of the American Oil Chemists' 
Society, Philadelphia, May 1985. 
2Visiting scientist, American University of Beirut, FTN Dept., 
Beirut, Lebanon. 
*To whom correspondence should be addressed. 

(5). Voluntary  overfeeding of a highly pala table  "cafe- 
ter ia"  diet was shown to be associated with an increase 
in the wet weight of interscapular BAT, enhanced oxygen 
consumpt ion  capaci ty  and improved response to NE, 
leading to a lower efficiency of weight  gain as compared  
to normal  ad l ibitum feeding. The increase in oxygen con- 
sumption has been at t r ibuted to the increase in BAT con- 
tent  and activi ty (2,6,7). The role of BAT in this observed 
diet-induced thermogenesis is still a mat te r  of controversy 
(8,9). Previous studies carried out in our labora tory  have 
demons t ra ted  tha t  overfeeding adult  r a t s  50% above 
maintenance  with a diet containing medium chain tri- 
glyceride (MCT) leads to a higher basal  as well as NE- 
st imulated oxygen consumption as compared to overfeed- 
ing an isocaloric diet containing long chain triglyceride 
(LCT). This increase in metabolic  ra te  in MCT-fed ra t s  
was accompanied by  less deposition of body fat  in the 
MCT-fed than in the LCT-fed ra ts  (10). The present  s tudy 
explores the possibili ty tha t  interscapular  brown adipose 
t issue {IBAT) may  be involved as a media tor  in curtail- 
ing fat  deposition and in the thermogenic  effect leading 
to diminished weight  gain in ra ts  in response to MCT 
feeding. 

METHODS AND MATERIALS 

Ten male Sprague Dawley ra t s  were anesthesized with 
chloral hydrate.  I B A T  was excised, and the animals were 
then fit ted with g a s t r o s t o m y  tubes. The ra t s  were left to 
recover for a period of 10 days  with ad l ibi tum feeding 
and free access to water.  Af ter  recovery, the ra t s  were 
divided into two groups and fed via g a s t r o s t o m y  tube: 
one group received the MCT diet providing 4 kcallml, and 
the other  group an isocaloric diet containing LCT. The 
composition of the two diets is shown in Table 1. The diets 
were fed twice daily for 6 wk at  a level of calorie intake 
tha t  was 150% of the intake of a parallel control group 
of six addit ional animals  fed ad libitum. Dur ing the las t  

TABLE 1 

Composition of the Diets 

MCT diet LCT diet 

% Wt % Cai % Wt % Cal 

MCT 25.0 45.0 
LCT (corn oil) 2.5 5.0 26.0 
Casein 15.2 13.5 15.7 
Sucrose 42.0 36.6 43.0 
Cellulose 12.0 12.0 
Salt mixture 3.0 3.0 
Vitamin 
mixture 0.3 0.3 

50.0 
13.4 
36.6 

MCT, medium chain triglyceride; LCT, long chain triglyceride. 
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week of the study, res t ing and NE (25 t~g/100 g)- 
s t imula ted  02 consumpt ion  and CO2 product ion were 
measured  using a Noyons  diaferometer  (Model MG4, 
724E, Kipp and Zonen, Delft, Holland). The tempera ture  
within the metabolic  chamber  was 22.5 C. The res t ing 
metabol ic  ra te  (RMR) was measured  over a 2-hr period 
s t a r t ing  2 hr af ter  the morning feeding. NE was injected 
subcutaneously  immediate ly  af ter  RMR measurements  
were obtained. The metabolic  ra te  was calculated f rom 
the O2 consumpt ion and C02 product ion da ta  genera ted 
f rom the diaferometer.  The caloric equivalent  of the 
oxygen consumed in 24 hr was derived f rom s tandard  
tables, corrected for the respi ra tory  quotient.  A t  the end 
of 6 wk, the animals were weighed and killed by  decapita- 
tion. Individual  fat  pads  were dissected out and weighed 
from epididymal, retroperitoneal,  omental  and dorsal fat  
depots  according to the method of Johnson  and Hirsch  
{11). Total  dissectible fa t  was computed  by  adding the 
weights  of the individual fat  pads.  Fa t  cell size and 
number  were measured  f rom a sample  of the r ight  retro- 
peri toneal  fat  pad  using the photomicrographic  method 
of Lavau  et al. (12). The da ta  were analyzed s tat is t ical ly  
by  the independent  t - tes t  for two means.  

RESULTS 

At  the end of the 6-wk feeding period, the body weight  
(mean _ SE) of the MCT-fed group was 422.4 +_ 4.7 g 
and tha t  of the LCT-fed group was 439.5 _ 5.1 g. Body 
weight gain was significantly lower (p < .025) in the MCT- 
fed ra t s  (152.4 +_ 5.1 g), compared  to those fed the LCT 
diet (169.5 +_ 4.9 g). 

Adiposity. Table 2 shows tha t  all fat  depots were signif- 
icantly smaller in ra ts  fed the MCT diet compared to ra ts  

fed the LCT diet. Total  dissectible fat  measured as the 
combined weights  of all four depots  was 25% less (p < 
.001) in the ra ts  fed MCT (30.2 g +__ 0.55) than  in those 
fed LCT (37.2 g +_ 0.65). Fa t  cell size values were 
significantly reduced in the MCT-fed rats,  bu t  fa t  cell 
number  was not  altered. 

Thermogenesis. Rest ing oxygen consumption in MCT- 
fed ra t s  was significantly higher than  tha t  of the LCT- 
fed group (9.5 +_ 0.7 vs 7.2 +_ 0.7; p < .05). Under  max- 
imal NE st imulation,  oxygen consumpt ion rose signifi- 
cant ly  above respect ive res t ing values in bo th  MCT- 
(44%) and LCT (52%)-fed rats. However,  despite maximal  
NE stimulation,  the MCT-fed ra ts  showed significantly 
higher oxygen consumpt ion than  the LCT-fed group 
(13.7 +_ 0.5 vs 11.1 _ 0.4; p < .05), as shown in Table 3. 

DISCUSSION 

The present  s tudy  confirms the thermogenic  effect of 
overfeeding a MCT diet in rats ,  which we previously 
repor ted (10). I t  fur ther  demons t ra tes  tha t  the MCT- 
enhanced thermogenesis  pers is ts  even af ter  excision of 
IBAT.  The thermogenic  effect of MCT agrees with 
reports  in the literature on the thermogenic effect of other 
dietary i tems such as carbohydrates  {13,14), proteins (15) 
and fa ts  {16). Die tary  fa ts  were repor ted recently to dif- 
fer in their thermogenic response. A diet with unsaturated 
f a t ty  acids contr ibut ing 10% of dietary energy exhibited 
higher thermogenic response compared to a diet contain- 
ing equal amounts  of sa tu ra ted  f a t t y  acids (17). Excess  
po lyunsa tu ra ted  f a t ty  acid feeding (corn oil) exhibited 
lower efficiency of weight gain as compared to beef tallow 
(18). The above-mentioned studies and our present  da ta  
suggest  tha t  increase in thermogenesis can be effectuated 

T A B L E 2  

Mean Fat Cell Size and Mean Weight q--+_ SE) of Four Main Fat Depots Dissected 
from Rats with Interscapular Brown Adipose Tissue Excised and Overfed ~50% Above 
Maintenance) for 6 Wk Diets Containing 50% of Calories Either as MCT or LCT 

Fat cell size Epididymal Perirenal Omental Dorsal 
Diet {ug/ceU) {g) ig) lg) Ig) 

LCT 0.52 • 0.010 8.33 • 0.9 9.33 • 0.45 4.78 • 0 .15 14.74 _ 1.1 
MCT 0.30 • 0.012 6.51 • 0.6 7.82 • 0.24 3.75 • 0.14 12.1 • 1.2 
p <0.001 <0.05 <0.05 <0.05 <0.05 

MCT, medium chain triglyceride; LCT, long chain triglyceride. 

T A B L E 3  

Resting and Norepinephrine (NE)-Stimulated Oxygen Consumption (Mean +-- SE) in Two 
Groups of Rats with Interscapular Brown Adipose Tissue Excised and Overfed (50% 
Above Maintenance) for 6 Wk Diets Containing 50% of Calories Either as LCT or MCT 

Resting Maximal NE- 
Body wt Wt gain O2 uptake stimulated uptake 

Diet N (g) (g} (ml/min/W ~ (ml/min/W ~  

LCT 6 439.5 _ 5.1 169.5 • 4.9 7.2 • 0.7 11.1 • 0.4 
MCT 4 422.4 • 4.7 152.4 ___ 5.1 9.5 • 0.7 13.7 • 0.5 
p <0.05 <0.025 <0.05 <0.05 

MCT, medium chain triglyceride; LCT, long chain triglyceride. 
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by  including a thermogenic  die tary  component  despite 
equicaloric feeding. 

Diet-induced thermogenesis  (DIT) repor ted so far in 
ra t s  has been a t t r ibu ted  to BAT act ivi ty  or, more 
specifically, to I B A T  activity.  The a rgument  tha t  brown 
fa t  is ac t iva ted  in overfed animals  s t ems  f rom the obser- 
vat ion tha t  D I T  has similar manifesta t ions to nonshiver- 
ing thermogenesis  observed in cold-adapted rodents.  The 
weight  increases of I B A T  after  "cafe ter ia"  feeding and 
af ter  exposure to cold were among  the criteria on which 
such a resemblance was based. The present  s tudy  shows 
tha t  enhanced thermogenesis  and decreased body fat  
deposit ion occur in the absence of I B A T  activity.  This 
agrees with m a n y  repor ts  in the l i terature quest ioning 
the role of I B A T  in D I T  (19,20}. In comparison with 
"cafeter ia  feeding," the increments  in oxygen consump- 
tion over the res t ing values were similar in bo th  MCT- 
and LCT-fed rats.  However,  the absolute values of NE- 
s t imulated oxygen consumpt ion  for MCT were signifi- 
cant ly  higher than  those for LCT. Thus, the higher RMR 
values of MCT-fed ra t s  compared  to LCT-fed ra t s  were 
mainta ined af ter  NE st imulation,  confirming the effect 
of the MCT diet on RMR values. 

Thus, MCT overfeeding leads to a decrease in body 
weight  gain and body fa t  compared  to LCT overfeeding 
in ra ts  with I B A T  excised. The decrease seems to be due 
to increased oxygen consumption in MCT-fed rats.  I B A T  
removal  did not seem to influence the increased ther- 
mogenic response to MCT overfeeding. 

NE st imulat ion of oxygen consumpt ion  above basal  
values did not  differ among  the MCT- and LCT-overfed 
rats.  This result  agrees with the repor ts  by  Rothwell and 
Stock and others {5,6,21} showing tha t  cafeteria feeding 
in ra ts  is accompanied by  more increased responsiveness 
to NE st imulat ion than  can be entirely accounted for by 
increased B A T  activity.  In  this s tudy,  the IBAT,  which 
const i tutes  over one-third of the total  BAT of the ra t  {22}, 
was absent,  and hence increased responsiveness  to NE 
was not  observed. However,  absolute values for NE 
st imulat ion of oxygen consumption in MCT-overfed ra ts  
remained higher than  those for LCT-overfed rats,  in- 
dicat ing an independent  effect of MCT diet on RMR and 
demons t ra t ing  tha t  higher NE-s t imula ted  oxygen con- 
sumpt ion values cannot  be a t t r ibuted always to BAT ac- 
t ivity.  The recent repor ts  in the l i terature and the resul ts  
of the present  s tudy  sugges t  that ,  in compar ing  ther- 
mogenic effects of diets, two criteria should be taken into 
consideration: the caloric content  of the diet and the bio- 
chemical na ture  of i ts  components .  Both  seem to affect 
the thermogenic response of the animal. Feeding different 
dietary i tems while maintaining caloric content  seems to 
affect oxygen consumption,  the mechanism of which ap- 
pears related to the distinct metabolic pa thways  followed 
by  these dietary components.  This thermogenic effect ap- 
pears to be independent of I B A T  activity. However, com- 
par ing overfeeding with ad l ibi tum feeding may  show an 
effect on increased responsiveness  to NE st imulation,  a 
phenomenon already proven to be accounted for by BAT 
act ivi ty  {21}. Whether  this increased responsiveness  to 
NE st imulat ion in cafeteria-fed ra t s  is due to either the 
higher caloric content  of the cafeteria diet or to the con- 
siderable differences between the components  of the 
cafeteria and the labora tory  chow diets needs fur ther  
investigation.  

The question remains: Wha t  mechanism is responsible 
for the increase in oxygen consumption in MCT-fed ra ts?  
Following digestion and absorption,  MCT-derived free 
f a t t y  acids bound to albumin are t r anspor ted  directly to 
the liver via the por ta l  vein (23}. In  the liver, they are ox- 
idized rapidly, resul t ing in enhanced ketogenesis  as well 
as CO2 and A T P  product ion (24}. The thermogenic  con- 
sequences of f a t ty  acid-der ived ketogenesis  have been 
demonst ra ted  in isolated ra t  hepatocytes  (25,26}. In a re- 
cent s tudy  in man, the ingestion of MCT, in cont ras t  to 
L C T - c o n t a i n i n g  mea l s ,  w a s  a s s o c i a t e d  w i t h  
hyperketonemia  and increased oxygen consumption {27}. 
The increased synthesis  of ketones f rom acetyl  CoA in 
the liver provides for an additional mechanism for rapid 
disposal of f a t ty  acids tha t  is not coupled directly to ATP  
formation,  but  ra ther  to a " reversed  electron t ransfer"  
sys t em causing s t imulat ion of hepatic  oxygen consump- 
tion (26}. 
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Dietary llpids, in particular unsaturated fat, promote the 
development of many experimental tumors. However, no 
mechanisms to fully explain these effects have been 
elucidated. Recent reports, which we summarize here, sug- 
gest a role for gap junction-mediated intercellular com- 
munication in the process of tumor promotion. We also 
review tumor-promoting effects of dietary fat on ex- 
perimental, particularly mammary, carcinogenesis. Our 
main focus is to review recent data examining the in- 
hibitory effects of unsaturated fatty acids on metabolic 
cooperation in Chinese hamster V79 cells. These data sug- 
gest that inhibition of junctional communication may be 
involved mechanistically in the promotion of tumors by 
high levels of dietary unsaturated fat. Finally, potential 
mechanisms by which unsaturated fatty acids inhibit 
metabolic cooperation are examined. 
Lipids 22, 445-454 {1987). 

I t  has been suggested tha t  environmental factors and con- 
ditions m a y  be causally related to m a n y  cancers in 
humans  (1,2). In  recent years  the nutr i t ional  aspects  of 
cancer causation have been one of the most  intriguing and 
extensively examined environmental  factor(s) in cancer 
research. Epidemiological evidence has indicated tha t  the 
incidence of b reas t  cancer among  women is related to 
m a n y  nutri t ional components,  in part icular  the intake of 
dietary fat.  S t rong  posi t ive correlations between tota l  
dietary fat  consumption and breas t  cancer incidence and 
dea th  ra tes  have  been repor ted (3-11). Other  types  of 
cancers also have been related to the intake of dietary fat  
(3,4,6,8,11). 

Such epidemiological evidence has  been subs tan t i a t ed  
by  widespread repor ts  tha t  high levels of d ie tary  fat  
s t imulate  tumor  development  in m a n y  exper imenta l  
cancer sys tems  {for reviews, see refs. 6,12,13). The tumor- 
p romot ing  capaci ty  of high fat  diets has been examined 
extensively.  However,  any mechanisms to explain these 
effects remains  controversial .  Recently, it has  been sug- 
gested tha t  unsaturated fa t ty  acids may  directly influence 
tumor  cell g rowth  processes by  inhibit ing gap junct ion-  
mediated intercellular communicat ion {14). In our report,  
tumor-promot ing  effects of d ie tary  fat  on exper imenta l  
cancer are reviewed. In  addition, the effects of f a t ty  acids 
on metabol ic  cooperation are reviewed, and the possible 
role inhibition of gap junct ion-mediated intercellular com- 
municat ion in high fat  d ie t - induced tumor  promot ion is 
addressed. 

EXPERIMENTAL MAMMARY TUMOR 
PROMOTION BY DIETARY FAT 

The tumor-promoting effects of dietary fat have been well 
documented  using m a n y  exper imenta l  m a m m a r y  tumor  

'Presented at the symposium on "Specialty Lipids and Their Biofunc- 
tionality" at the annual meeting of the American Oil Chemists' 
Society, Philadelphia, May 1985. 
*To whom correspondence should be addressed. 

systems.  In  1942, Tannenbaum first  described a relation- 
ship between die tary  fat  and the development  of spon- 
taneous m a m m a r y  tumors  in mice (15). In  the 1960s and 
1970s, many  laboratories confirmed and extended his ini- 
tial observat ion using m a n y  different murine m a m m a r y  
tumor  models. E leva ted  levels of dietary fat  consistent ly 
and significantly s t imulate  the development  of spon- 
taneous,  carcinogen-induced and t ransp lan tab le  mam- 
mary  cancers (Table 1; for reviews, see refs. 6,12,13). In 
general, animals  fed high levels of d ie tary  fat  (20% by  
weight) develop more tumors  (increased tumor  multiplic- 
ity) at a higher frequency (increased tumor  incidence) and 
more rapidly (reduced latency period for tumor  appear- 
ance) than  animals  fed a modera te  (5%) or low (0.5%) fat  
diet. The tumorigenesis  of vir tual ly  every m a m m a r y  
tumor  model examined is enhanced by  consumpt ion of 
elevated die tary  fat. 

TABLE 1 

Experimental Mammary Tumor Models That Are Stimulated 
by Elevated Levels of Dietary Fat a 

Spontaneous mammary tumors 

Mice 
Mammary carcinomas in DBA mice 
Mammary carcinomas in C3HJ mice 
Mammary carcinomas in C3H/St mice 
Mammary carcinomas in C3H/Crgl mice 
Mammary carcinomas in TM mice 
Mammary carcinomas in obese [gold auro thio-glucose-treated) 

C3H/Crgl mice 

Rats 
Mammary fibroadenomas in Sprague-Dawley rats 
Mammary carcinomas in Sprague-Dawley rats 

Carcinogen-induced mammary tumors 

Mice 
DMBA-induced mammary carcinomas in C3H-AVyfB mice 

Rats 
DES-induced mammary carcinomas in AxC rats 
DMBA-induced mammary fibroadenomas in Sprague-Dawley 

rats 
DMBA-induced mammary carcinomas in Sprague-Dawley rats 
NMU-induced mammary carcinomas in Sprague-Dawley rats 
NMU-induced mammary carcinomas in Fischer rats 
NMU-induced mammary carcinomas in Long-Evans rats 
AAF-induced mammary carcinomas in AES rats 
X-ray-induced mammary carcinomas in Sprague-Dawley rats 

Transplantable mammary tumors 

Mice 
BALB/c mammary carcinomas 
C3H/Crgl mammary carcinomas 
C3H-AVYfB mammary carcinomas 

Rats 
DMBA-induced mammary carcinomas in Wistar/Furth rats 
R3230AC mammary carcinomas in Fischer rats 

aCompiled from refs. 6, 12 and 13. 
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The promotion of cancer by high levels of dietary fat is 
not restricted to, nor specific for, mammary cancer. Devel- 
opment of other experimental cancers is also enhanced 
by high fat diets. High dietary fat enhances rat colon car- 
cinogenesis induced by 7,12-dimethylbenzla}anthracene 
(DMBA}, dimethyl hydrazine {DMH} and other carcino- 
gens t16-19}. Diets with high levels of polyunsaturated 
fat stimulate rat pancreatic carcinogenesis induced by 
azaserine {20) as well as the growth of AK3T3 sarcoma 
cell line tumors in mice 121}. Mouse tumors of the integu- 
ment {22}, lymphatic system {23}, lung (23) and central 
nervous system {24} are also promoted by dietary fat. 

Most reports suggest that dietary fat enhances mam- 
mary tumor development by acting at the promotional 
stage of the tumorigenic process. The level of fat intake 
after carcinogen administration t"initiation"} is more im- 
portant in enhancing mammary tumorigenesis than the 
level before {7,25}. Dietary fat exhibits many characteris- 
tics of classic tumor promoters as defined by Berenblum 
{26}, including dose-response relationships and reversibil- 
ity {14,27-29}. Also, when high fat dietary treatment is 
delayed up to 20 wk after carcinogen (DMBA} administra- 
tion, increased mammary tumor development is still 
observed in rats fed a high fat diet 130}. Treatment of rats 
with a high dietary fat regimen for equal {3-wk} time 
periods similarly promotes mammary tumor develop- 
ment, whether the dietary treatment is initiated 0, 2 or 
4 wk after DMBA administration {14}. Furthermore, Ip 
and Sinha {31), using explanted mammary glands treated 
with DMBA, demonstrated that the fat level in recipient 
rats' diet was more important in subsequent mammary 
tumor development than that in donor rats' diet. The 
growth enhancement of many transplantable murine 
mammary tumors {i.e., already transformed} by high 
levels of dietary fat also suggests that dietary fat acts 
at the growth promotional phase of tumorigenesis. 

The type of dietary fat is important for the enhance- 
ment of mammary tumorigenesis by high fat diets. In 
general, diets high in polyunsaturated fat appear to pro- 
mote experimental murine mammary tumor development 
more than diets high in saturated fat 132-35}. Because 
linoleic acid was the major component of most polyun- 
saturated fats and oils in these studies, it has been sug- 
gested that the role of linoleate itself may be important. 
Spontaneous mammary tumorigenesis in C3H/St mice is 
enhanced by increasing the level of linoleic acid at the 
expense of other fatty acids in the diet 136}. Also, linoleic 
and linolenic, but not oleic, acids appear to be important 
in the stimulation of DMBA-induced rat mammary 
tumorigenesis {37}. However, Carroll reported that 
DMBA-induced rat mammary tumorigenesis was similar 
for rats fed 20% high fat diets containing primarily either 
oleic acid {olive oil} or linoleic acid {sunflowerseed oil} (7}. 
Also, Dayton et al. {38} found no marked differences in 
the ability of diets containing high-oleic and high-linoleic 
safflower oil to promote DMBA-induced rat mammary 
tumorigenesis. The importance of unsaturation in the pro- 
motion of mammary tumorigenesis by dietary fat may 
be limited, since it appears that once a minimum require- 
ment for unsaturated {essential} fatty acids is met, the 
total amount of fat, whether saturated or unsaturated, 
is what determines the influence of high fat levels 17}. 
However, in vitro studies by KidweU and colleagues have 
shown that unsaturated fatty acids enhance, whereas 

saturated fatty acids inhibit, the growth of normal and 
neoplastic rat mammary epithelium in cell culture {39-41}. 
Also, addition of oleic, linoleic and arachidonic acids 
stimulates the growth of X563.5 mouse melanoma cells 
in vitro ~42). Preliminary results from our laboratory also 
indicate that linoleic acid stimulates the growth of V79 
Chinese hamster cells in vitro {unpublished data}. 

The orientation of the double bond as well as the chain 
length have recently been shown to have an influence on 
in vivo mammary tumor promotion by dietary fat. Diets 
with trans-unsaturated and with saturated fatty acids are 
similar in their mammary tumor-promoting capacities 
{43}. Also, a report by Cohen et al. (44} suggests that the 
mammary tumor-promoting effect of high dietary fat is 
diminished by substitution of medium chain triglycerides 
for the more common long chain unsaturated triglycerides. 

While the promotion of mammary tumorigenesis by 
high levels of dietary fat is well documented, any mecha- 
nism by which dietary fat promotes mammary tumori- 
genesis is unclear. Some investigators have suggested 
that indirect endocrine-related mechanisms (i.e., increased 
secretion of prolactin and/or estrogen} are involved 
{45-49}. This concept has been reviewed and evaluated 
{12,13}. Reports that consumption of a high fat diet alters 
circulating levels of prolactin and/or estrogen during cer- 
tain stages of the estrous cycle have been inconsistent: 
both increased {47-51} and unchanged {52-55} levels have 
been reported. In many of these studies, hormone levels 
were assessed using single-point determinations during 
different stages of the estrous cycle as well as potentially 
stressful blood sampling techniques that may have in- 
fluenced circulating prolactin levels. Also, the small sam- 
ple size in many reports makes interpretation of observed 
differences difficult. Aylsworth et al. {55}, using in-dwell- 
ing right atrial cannulas and repeated blood sampling 
techniques from "unstressed" animals during the entire 
estrous cycle, found no difference in circulating prolac- 
tin levels in rats fed a high {20%} or moderate 14.5%) fat 
diet. Indirect endocrine-related mechanisms cannot ac- 
count for the promotion of mammary tumorigenesis by 
dietary fat for additional reasons: The development and 
growth of hormone {pituitary and ovarian)-unresponsive 
or independent mammary tumors is enhanced by high 
dietary fat {56-59}. Also, the development and growth of 
many experimental tumors that do not appear to be in- 
fluenced by the endocrine system are enhanced by high 
dietary fat {17-21}, suggesting that similar mechanisms 
are involved that do not include the endocrine system. 
In addition, when circulating levels of estrogen and pro- 
lactin are controlled by endocrine and drug manipula- 
tions, high fat diets still promote mammary tumori- 
genesis 160}. Also, when serum prolactin levels are simi- 
larly elevated in hypothalamic median eminence lesioned 
rats, mammary tumor development is still enhanced in 
animals fed a high fat diet {51}. 

Another proposed mechanism is an increased mam- 
motrophic hormone responsiveness in incipient mammary 
gland tumor tissue. Cave and Erickson-Lucas {61} have 
reported that prolactin receptors in NMU-induced mam- 
mary tumors are increased in rats fed a 20.0% {high} fat 
diet compared to a 0.5% {low} fat diet. However, these 
differences could reflect reduced hormone receptor levels 
in rats fed the low fat diet, which may be marginally defi- 
cient in essential fat ty acids. In fact, no differences are 
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observed in prolactin receptor levels of DMBA- or NMU- 
induced mammary tumors in rats fed a 20.0% high fat 
diet or a 4.5% control fat diet (62,63). Ip and Ip (64) 
reported that estrogen receptor levels in mammary 
tumors were the same in rats fed moderate (5.0%} and 
high (20.0%) levels of dietary fat but were reduced in rats 
fed a low (0.5%) fat diet. Also, progesterone receptor 
levels were unaffected by dietary fat. Thus, while dietary 
fat consumption may subtly influence endocrine secretion 
and/or the responsiveness of incipient mammary tumor 
tissue to mammotrophic hormones, the processes do not 
appear to be influenced sufficiently to affect the genesis 
and/or growth of murine mammary tumors (12,13). 

The immune system plays an integral role in the 
tumorigenic process (65) and has been implicated in 
mediating the effects of high dietary fat in mammary 
tumorigenesis. Diets high in polyunsaturated fats sup- 
press immune function (66). Diets high in polyunsaturated 
fatty acids have been reported to prolong skin allografts 
in rodents (67), to enhance immunosuppressive therapy 
following renal transplantation (68), to decrease macro- 
phage activity (69) and to reduce peripheral lymphocyte 
concentrations (70). However, other reports show no ef- 
fects on immune activity (71-74). Thus, while mediation 
of the promotion of mammary tumorigenesis by high 
levels of dietary fat through immunosuppression is an at- 
tractive concept, the complexities of this system and the 
inconsistencies of the data prevent an adequate assess- 
ment of the hypothesis. 

Prostaglandins also have been implicated in the pro- 
motion of mammary tumorigenesis by dietary fat. Since 
linoleic and linolenic acids are precursors in the biosyn- 
thesis of certain prostaglandins, diets with elevated levels 
of these fatty acids may provide the substrate for in- 
creased synthesis of those prostaglandins. Dupont et al. 
(75) reported a positive relationship between dietary levels 
of linoleate and prostaglandin biosynthesis. Also, indo- 
methacin, an inhibitor of prostaglandin biosynthesis (76), 
can block the stimulatory effects of high dietary fat on 
mammary tumorigenesis (77,78). 

Because certain unsaturated fatty acids stimulate, 
whereas saturated fatty acids inhibit, the growth of cell 
cultures of normal and neoplastic rat mammary glands 
(39-41), dietary lipids may directly stimulate mammary 
tumor development and growth. The lipid composition 
of mammary tumors reflects qualitatively and quantita- 
tively the fatty acid content of the diet (78-80). Changes 
in fatty acid composition of cell membranes may influence 
cellular biophysical phenomenon, including membrane 
fluidity, macromolecular mobility, receptor availability, 
enzyme activation, cyclic nucleotide and prostaglandin 
biosynthesis and amino acid and carbohydrate transport 
processes. These changes may provide conditions favor- 
able to inducing cell division or may interfere with the 
processes that control cell division. Thus, the mitogenic 
signal that ultimately results in increased mammary 
tumor development and growth may be the alteration of 
the lipid composition of the cellular membrane itself. 

INTERCELLULAR COMMUNICATION 
AND TUMOR PROMOTION 

The development of many experimental tumors follow- 
ing application of a carcinogen (initiator) at subthreshold 

levels depends upon subsequent treatment with a "non- 
carcinogenic" tumor promoter. Classically, when DMBA 
or another carcinogen is applied to mouse skin at sub- 
threshold doses, a high incidence of local tumors is ob- 
served only in animals subsequently treated with a tumor 
promoter that is noncarcinogenic when applied alone 
(81,82}. This observation has been expanded and adapted 
to include tumor promotion in other tissues. For exam- 
ple, in mammary carcinogenesis, development of tumors 
following DMBA or NMU treatment is dependent upon 
subsequent exposure to mammotrophic hormones {83,84). 
Removal of pituitary or ovarian influences results in 
nearly complete suppression of mammary tumor develop- 
ment (85,86). An understanding of how the growth of 
these initiated, potentially tumorigenic cells is suppressed 
or, conversely, how tumor promoters are able to reverse 
this suppression and allow for development of the tumor, 
would contribute to understanding the tumorigenic 
process. 

One theory to explain suppression of the proliferation 
of initiated, latent tumor cells is that normal cells sur- 
rounding the transformed or initiated loci exert a growth 
inhibitory influence. Indeed, growth of transformed 
C3H10T1/2 cells is inhibited when they are cocultured 
with nontumorigenic "normal" cells in vitro (87,88). This 
effect is overcome when tumor promoter 12-0-tetradeca- 
noyl-phorbol-13-acetate (TPA) is added to the culture 
medium {89,90). 

Intercellular communication is thought to be involved 
in a wide variety of developmental processes and in con- 
trol of cellular growth and differentiation (91-93). Re- 
cently it was suggested that intercellular communication 
may also have a role in tumor promotion (94). A specific 
type of intercellular communication, metabolic coopera- 
tion, involves the passage of low molecular weight and 
possibly growth-regulating molecules through membrane 
structures called gap junctions. In 1979, Yotti et al. (95) 
and Murray and Fitzgerald (96) independently reported 
that metabolic cooperation between cells in culture is 
blocked by the classical tumor promoter TPA. Since these 
initial reports, many other tumor-promoting compounds 
have been shown to inhibit metabolic cooperation 
(94,97-107). Table 2 lists compounds that inhibit gap 
junction-mediated intercellular communication. A 
diverse range is listed, including naturally occurring 
compounds, environmental toxicants and/or pollutants, 
drugs, food additives and nutritionally related com- 
pounds. Thus, inhibition of intercellular communication 
by tumor promoters is not limited to related compounds, 
nor is it specific to a certain class of compounds. Also, 
correlations linking the efficacy of these compounds as 
tumor promoters to their ability to block metabolic 
cooperation in vitro have been described (94,107). Accord- 
ingly, a hypothesis has evolved whereby the enhanced 
proliferation of "initiated" cells and subsequent tumor 
development induced by tumor promoters (e.g., TPA) is 
caused by inhibiting intercellular communication, result- 
ing in a blockade of the transfer of growth inhibitory 
signals via gap junctions. Increased proliferation of ini- 
tiated cells in the presence of tumor promoters allows 
these cells to gain a selective growth advantage and in- 
creases the probability for further mutational events, 
resulting in autonomous, promoter-independent growth 
(i.e., tumor progression). 
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TABLE 2 

Tumor Promoters That Inhibit Intercellular Communication a 

Tumor-promoted tissue 

Naturally occurring compounds 
TPA (and other tumor-promoting 

phorbol esters} Skin 
Teleocidin Skin 
Bile acids (deoxycholic, 

lithocholic acids} Colon 
T-2 toxin Esophagus 
Aplasiatoxin Skin 

Environmental toxicants and/or pollutants 
2,4,5,2',4',5' Hexabromobiphenyl Liver 
2,4,5,2',4',5' Hexachlorobiphenyl Liver 
Benzoyl peroxide Skin 
Anthralin Skin 
Di-(2-ethyrexyl)-phthalate Liver 
Chlordane Liver 
Cigarette smoke condensates Skin 
Lindane Liver 
2,4-Dinitrofluorobenzene Skin 
DDT-(1.1.1-trichloro-2,2-bis 

p-chlorophenyl ethane} Liver 
Kepone Liver 
Aldrin Liver 
Dieldrin Liver 
Mirex Liver 
NTA-(trisodium nitrilotriacetate 

monohydrate) Kidney 
Drugs, food additives 

Phenobarbitol Liver 
Chlorpromazine Liver 
BHT (butylated hydroxytoluene) Liver 

Nutritionally related compounds 
Saccharin 
Cyclamates 
Unsaturated fatty acids 
Retinoic acid {high 

concentrations} Skin 

Urinary bladder 
Urinary bladder 
Mammary gland, others 

aTaken in part from ref. 94. 

IN VITRO METABOLIC COOPERATION ASSAY SYSTEM 

An in vi tro assay system to examine the influence of 
various environmental  compounds on intercellular com- 
munication and to s tudy the mechanisms of tumor  pro- 
motion was developed by Trosko and colleagues (108,109). 
Gaudin et al. (110) observed tha t  TPA enhanced the 
recovery of ultraviolet  (UV) l ight- induced 6-thioguanine 
(hypoxan th ine  guanine phosphoribosyl- t ransferase-  
deficient [HG-PRT-])-resistant Chinese hamster  cells in 
culture. I t  was subsequently shown by Yotti  et al. (95) 
tha t  the enhancement  of recovery of 6-thioguanine 
(6-TG)-resistant mutan t  cells was due to a blockade of 
metabolic cooperation by TPA. 

Metabolic cooperation, on which our in vi tro assay is 
based, is the phenomenon in which low molecular weight 
and possibly growth-regulating molecules are passed from 
the cytoplasm of one cell to an adjacent cell via membrane 
s tructures  called gap junctions. The phenomenon is sche- 
matically i l lustrated in Figure 1. HG-PRT is an enzyme 
involved in the purine salvage pathway.  Normal wild- 
type  V79 Chinese hamster  cells tha t  contain HG-PRT 

O3POCH O INOSIN[ 

\ / \ / \ #l / \ "." 
ONA q~ / ~ HYPOXANTHINE X = M / 

WILD TYPE (HG-PRT + ) MUTANT (HG-PRT'~ 

FIG. 1. Diagram illustrating the principle of the V79 Chinese hamster 
cell metabolic cooperation assay to measure gap junction-mediated 
intercellular communication (ref. 94). 

(HG-PRT+), grown in vitro in culture medium containing 
6-TG, take up 6-TG, phosphoribosylate it to a lethal 
metabolite (6-thioguanosine monophosphate), are unable 
to proliferate and die. However, V79 Chinese hamster  
cells that  have been mutated by x-irradiation or UV radia- 
tion and lack HG-PRT (HG-PRT-} are unable to metabo- 
lize 6-TG and therefore continue to proliferate in medium 
containing 6-TG. (Because HG-PRT is a nonessential en- 
zyme, metabolism of these cells is otherwise normal.) 
When wild-type (HG-PRT § V79 cells are cocult ivated 
with mutan t  (HG-PRT-) V79 cells in medium containing 
6-TG, the HG-PRT § cells take up the 6-TG, phosphori- 
bosylate it and transfer the lethal metabolite (6-TG m o n a  
phosphate) via gap junctions to the mutan t  HG-PRT- 
cells if they are in physical contact.  Transfer  of 6-TG 
monophosphate  is dependent  upon the presence and 
proper  functioning of gap junctions. Sufficient t ransfer  
of 6-TG monophosphate  will kill the HG-PRT- cells. 
Therefore, recovery of the mutan t  HG-PRT- V79 cells is 
inversely related to the amount  of metabolic cooperation 
between HG-PRT § 6-TG-sensitive (6-TG s) and HG-PRT- 
6-TG-res is tant  (6-TG R) cells (i.e., increased recovery of 
HG-PRT- 6-TG R cells indicates decreased metabolic 
cooperation}. Addition to the culture medium of chemicals 
tha t  decrease metabolic cooperation will result  in in- 
creased recovery of 6-TG a cells. As s ta ted previously, a 
number  of known tumor  promoters  inhibit the t ransfer  
of 6-TG monophosphate  from 6-TG s to 6-TG a V79 
Chinese hamster  cells and increase the recovery of 
HG-PRT- cells (i.e., inhibit metabolic cooperation). 

Figure 2 summarizes the experimental  protocol of the 
V79 metabolic cooperation assay system. Details of the 
procedure have been published elsewhere (108,109); they 
are summarized as follows: Cytotoxicity is initially tested 
by examining the effect of various fa t ty  acid doses on the 
colony-forming ability of 100 V79 Chinese hamster  cells 
in 6-cm tissue culture dishes. All fa t ty  acids are dissolved 
and diluted in 100% ethanol and are added to the cultures 
about  3 hr after  the cells are seeded. Dilutions are made 
such tha t  the final concentration of ethanol in the culture 
medium is less than 0.5%. Cultures are incubated in 
humidified air with 5% CO2 at 37 C until  colonies have 
grown big enough to be scored visually (usually 7-9 days), 
with medium changes after  three and six days. The 
culture medium is a modified Eagle 's  minimal essential 
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FIG. 2. Diagram describing the experimental protocol of V79 cell 
metabolic cooperation assay (ref. 94). 

medium with Earle 's  salts, supplemented with 100% in- 
crease of all nonessential  amino acids, 50% increase in 
all vi tamins and essential amino acids except glutamine, 
1.0 mM sodium pyruvate,  antibiotics (100 IU penicillin 
and 100 IU s t reptomycin  per ml medium} and 3% fetal 
bovine serum. Colonies are rinsed with 0.85% saline, fixed 
and stained with crystal  violet and scored visually. 

Once appropriate noncytotoxic  dose ranges are estab- 
fished, the effect of various fa t ty  acids on metabolic 
cooperation is assessed. Wild-type HG-PRT + 6-TG s cells 
are seeded in 6-cm dishes (4 X 10 ~ cells per plate) with 
100 HG-PRT- 6-TG a cells in 5 ml of culture medium. 
After  3-4 hr, various doses of the tes t  f a t ty  acids are 
added. Ethanol  is added (final concentrat ion of 0.5%} to 
a series of plates as a solvent control. TPA (1-2 ng/ml) 
is added to another  series of plates as a positive control. 
After  tes t  chemicals have been added, 6-TG (10 ~g/ml) is 
added to all plates. Cells are cultured for three days, after 
which the culture medium is changed and replaced with 
selective culture medium containing only 6-TG (10 ~g/ml}. 
Culture medium is changed once again on day 6. Cytotox- 
icity is confirmed by tes t ing the effect of the same con- 
centrat ions of f a t ty  acids on the colony-forming ability 
of 100 6 -TG R metabolic cooperation-deficient  (MC-) 
mutan ts  (111) cocultured with 4 X 105 6-TG s cells in 
6-cm tissue culture dishes in the presence of 6-TG 
(10 ~g/ml). This method allows for more accurate assess- 
ment  of cytotoxici ty  since, unlike the previous cytotox- 
icity evaluation (i.e., 100 6-TG R cells cultured alone), the 
cell density conditions are identical to those used in the 
metabolic cooperation determinations.  

FATTY ACID EFFECT ON METABOLIC COOPERATION 

In view of the promotion of mammary  tumorigenesis by 
high fat  diets and the possible role of inhibition of gap 
junct ion-mediated intercellular communication in tumor 
promotion, a series of experiments was conducted to 
assess the influence of f a t ty  acids on metabolic coopera- 
tion (14,112). I t  is apparent  from the data  presented in 
Figures 3-5 tha t  unsa tura ted  fa t ty  acids inhibit meta- 
bolic cooperation at noncytotoxic concentrations, whereas 
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FIG. 3. Effect of linoleic acid (18:2) and stearic acid (18:0) on cytotox- 
icity (% survival) and on metabolic cooperation (% recovery) between 
Chinese hamster V79 cells. Negative (solvent) and positive (TPA- 
treated) controls shown in shaded areas with SEM (Ref. 112). 
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FIG. 4. Effect of palmitoleic acid (16:1) and palmitic acid (16:0) on 
cytotoxicity (% survival) and metabolic cooperation (% recovery) be- 
tween Chinese hamster V79 cells (ref. 112). 
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FIG. 5. Effect  of myristoleic acid (14:D and myristic acid (14:0) on 
cytotoxici ty  (% survival) and on metabolic cooperation I% recoveryl 
between Chinese hamster V79 cells (ref. 112). 
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FIG. 6. Importance of the degree of unsaturation on the inhibition 
of metabolic cooperation by unsaturated fatty adds.  Effects of oleic 
(18:11, linoleic {18:2) and linolenic acids {18:31 on cytotoxic i ty  {% sur- 
vival) and metabolic cooperation (% recoveryl between Chinese 
hamster V79 cells {ref. 112). 

saturated fat ty acids fail to do so at any concentration. 
The unsaturated fat ty acids--linoleic {18:2; Fig. 3), 
palmitoleic (16:1; Fig. 4) and myristoleic (14:1; Fig. 5)-- 
significantly increase the recovery of 6-TG R cells 
cocultured with 6-TG s cells in a concentration-dependent 
manner at noncytotoxic concentrations. However, the 
saturated fatty acids--stearic (18:0; Fig. 3), palmitic (16:0; 
Fig. 4) and myristic (14:0; Fig. 5)--failed to significantly 
influence the recovery of 6-TG a cells at noncytotoxic 
concentrations. Other unsaturated 18-carbon fatty acids, 
linolenic (18:3) and oleic (18:1), also inhibit metabolic 
cooperation, resulting in increased recovery of 6-TG R 
cells (Fig. 6). 

To assess the importance of the degree of unsaturation 
in inhibiting metabolic cooperation by unsaturated fatty 
acids, the abilities of 18:1, 18:2 and 18:3 to increase 
6-TG R cell recovery were evaluated. Figure 6 shows that 
no relationship exists between degree of unsaturation and 
inhibition of metabolic cooperation. Oleic acid (18:1) ap- 
pears slightly more efficacious than linoleic (18:2) or 
linolenic (18:3) acids, which are about equal, in inhibiting 
metabolic cooperation. 

There is an apparent association between the ability of 
unsaturated fat ty acids to inhibit metabolic cooperation 
and the carbon chain length. When fatty acids with the 
same degree of unsaturation (i.e., one double bond} but 
different chain lengths are compared, those with longer 
chain lengths inhibit metabolic cooperation more than 
those with shorter chain lengths. Figure 7 shows that 
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oleic acid (18:1) inhibits metabolic cooperation more than 
palmitoleic (16:1) or myristoleic (14:1) acids. Palmitoleic 
acid (16:1) appears to inhibit metabolic cooperation 
slightly more than myristoleic acid (14:1). 

Geometric isomerism also appears important in deter- 
mining the effect of unsaturated fatty acids on metabolic 
cooperation. Fat ty  acids with the cis-double bond orien- 
tation are more efficacious than the corresponding trans- 
oriented fatty acids. Cis-oleic acid (cis 18:1) is much more 
effective than elaidic acid (trans 18:1) (Fig. 8), and cis- 
palmitoleic acid (cis 16:1) is more effective than 
palmitelaidic acid (trans 16:1) (Fig. 9). However, the dif- 
ferences between cis and trans 16:1 are much less 
dramatic than those between cis and trans 18:1. These 
data thus suggest that  the cis double bond orientation 
appears important in the inhibition of metabolic coopera- 
tion by certain unsaturated fat ty acids, but less impor- 
tant  for other fat ty acids. 

To further examine the influence of fatty acids on inter- 
cellular communication, the effect of medium (11-carbon} 
and short (6-carbon) chain fat ty acids on metabolic 
cooperation was assessed. Both undecanoic ill:0) and 
undecylenic i l l : l )  acids significantly inhibit metabolic 
cooperation (Fig. 10}. However, compared with oleic acid 
(18:1), the inhibition of metabolic cooperation by 11:0 and 
11:1 is apparent only at much higher concentrations. Hex- 
anoic (6:0) and sorbic (6:2) acids do not influence metabolic 
cooperation at concentrations up to 100 ~g/ml (Fig. 11) 
or 200 ~g/ml (data not shown}. Thus, it appears that the 
importance of unsaturation and the ability of fat ty acids 
to inhibit metabolic cooperation is reduced in medium and 
short chain fat ty acids. 

CONCLUSIONS 

High levels of dietary fat clearly promote many types of 
experimental cancers and are implicated in the etiology 
of some human cancers. Many mechanisms, including 
endocrine-related and immune-mediated ones, have been 
proposed to explain the promoting influence of high 
polyunsaturated fat diets on mammary tumorigenesis. A 
review of available information indicates that a direct in- 
fluence of dietary fat promoting growth of incipient mam- 
mary tumor tissue is the most likely interpretation. One 
way in which unsaturated fatty acids may directly in- 
fluence the growth regulation of mammary tumor tissue, 
and thereby promote tumor development, is by inhibiting 
gap junction-mediated intercellular communication. This 
inhibition is associated with many known tumor pro- 
moters. Indeed, unsaturated fatty acids such as oleic, 
linoleic, linolenic, palmitoleic and myristoleic inhibit 
metabolic cooperation, a process that depends on gap 
junction-mediated intercellular communication. While 
there is no apparent relationship between the degree of 
unsaturation of fat ty acids and their ability to inhibit 
metabolic cooperation, long chain unsaturated fatty acids 
(i.e., C18) are more effective than medium (Cll) or short 
(C6) chain ones. The cis double bond orientation is impor- 
tant  for certain fat ty acids to inhibit metabolic coopera- 
tion. Also, unsaturation is less important in medium and 
short chain fat ty acids than in longer (>~C14) chain ones. 

The mechanism by which unsaturated fat ty acids in- 
hibit metabolic cooperation is unclear. Incorporation of 
unsaturated fat ty acids into cell membranes may alter 

I 00  

80 

60 

40 

20 

_ _~s_:=; ; -  - - ] ~ : . { - 7 -  - t - - Q - - {  troos 18:, 
~'cis 18:1 

Cytotoxicily 
I I I I I I I I I I 

/ I00 I- ~ c i s  i8:1 

9o~/ / / / / / / / / / / / //§ / z~A(,.o~m,~/ / 
8 0 -  // 
7 0 -  

w 6 0 -  
> 
o 5 0 -  
LIJ  oo_ /! } { 

3 0  / / i {  . . . .  / / f l ~ " ~  Irons 18:1 

I O; / / / / / / /CONTROL/ 1 
Metabol ic  Coopera t ion  

2 6 8 I0  12 14 16 I 20  2 
CONCENTRATION (t, c g / m l )  

FIG. 8. Importance of cis-double bond orientation on the inhibition 
of metabolic cooperation by unsaturated fatty acids. Effects of c/s- 
oleic acid (c/s 18:D and elaidic acid (trans 18:1) on cytotoxicity (% 
survival) and metabolic cooperation (% recovery) between Chinese 
hamster V79 cells (ref. 112). 

'N,l, 
6 0  Irons 

tr  

~n 4 0  

2O 
I I I I ,CY'~176 I I I I 

16:1 

I / / / /  / 

90 I -  / {  cis 16: i 

80 I- J , { - Q  irons ,6:, 
,oF ,-" 

T/ /  ', 
o 5o F \ 

4 / = / /  " 
0 ~ , ~ ( ~ /  / , CONTROL'z / z , 

I 0 I'- Metabol ic  Cooperohon 
I I I I I i f I i I I J 

2 4 6 8 ~0 ~2 I4 16 t8 20 20 
CONCENTRATION ( l~9 /ml )  

FIG. 9. Importance of c/s-double bond orientation on the inhibition 
of metabolic cooperation by unsaturated fatty acids. Effects of c/s- 
palmitoleic acid (c/s 16:1) and palmitelaidic acid (trans 16:1) on 
cytotoxicity (% survival) and metabolic cooperation (% recovery) b~  
tween Chinese hamster V79 cells (ref. 112). 

LIPID& Vol.  22, No. 6 (1987) 



452 

C.F. AYLSWORTH ET AL. 

r 
_> I 0 0 ~  18:1 ~ " 0  

~> 75 t ~ 5o 

25 CYTOTOXICITY 

~oo r 

9o~- TPA C~.~/ml~ 
S . ~ / / / / / / / / / / / / / / / / / / / / / / / / / /  

::F r 
50 i ! I I :O . , , , , . .D 

I 
I 0 F METABOLIC COOPERATION 

/ [ I 
,0 210 3~) 40 ,510 6'0 

CONCENTRATION (IXg/rnl) 

FIG, 10. Effect of undecanoie acid (11.0) and undecylenic acid (11:1) 
on cytotoxicity (% recovery) and metabolic cooperation (% recovery) 
between Chinese hamster V79 cells. 

150 f 

_> IOOi~--II t8 : I - 
> 
ix ?5  
(,9 50 

25 CYTOTOXICITY 

>- 
ix 

o 

~176 f 9O 
TPA (2ng /m l )  

so , , , / / / / / / / / / / / , / / / / / / / / / / / /  

70 
60  ~18:1 

I " ~ : ~ ' ~  6 : 0  CONTROL 

l o t  I I METIA BOLl C ICOOPE RI ATION 
20 4 0  60  80  I00  

CONCENTRATION ( i x g / m l )  

FIG. 11. Effect of hexanoic acid (6:0) and sorbic acid (6:2) on cytotox- 
icity (% survival) and metabolic cooperation (% recovery) between 
Chinese hamster V79 cells. 

many biophysical properties of the membrane, including 
membrane fluidity, receptor and macromolecular avail- 
ability and transport mechanisms. Since gap junctions 
are membrane structures, changes in the membrane 

microenvironment could alter their functional capacity. 
Incorporation of unsaturated fat ty acids into the mem- 
brane increases fluidity {80}, which could result in a 
destabilization of gap junction structure and thereby 
cause a decrease in gap junction-mediated intercellular 
communication {i.e., metabolic cooperation}. However, 
since no greater inhibitory effects were observed with 
more unsaturated fat ty acids (i.e., 18:1, 18:2, 18:3), such 
mechanisms involving membrane fluidity are unlikely. 

Unsaturated lipid may also inhibit intercellular com- 
munication by altering enzyme activity, in particular, the 
Ca~+-activated, phospholipid-dependent, diacylglycerol- 
sensitive protein kinase C. Protein kinase C is a widely 
distributed cyclic AMP-independent protein kinase (or 
group of kinases) recently implicated in mediating many 
cellular processes, including tumor promotion, in normal 
and neoplastic tissues (113,114). Its activity is increased 
by tumor promoters that inhibit intercellular communica- 
tion (such as TPA) and by diacylglycerol compounds that 
contain unsaturated fatty acids ( 113,115-118). Recently, 
Gainer and Murray {119) and Aylsworth et al. {112) 
reported that  unsaturated diacylglycerol compounds in- 
hibit metabolic cooperation, suggesting a role for protein 
kinase C in the control of intercellular communication. 

Linoleic and linolenic acids may influence the biosyn- 
thesis of certain prostaglandins and thereby affect a 
variety of cellular processes, including intercellular com- 
munication {120). However, the inhibition of metabolic 
cooperation by other unsaturated fatty acids thought to 
be not involved in prostaglandin biosynthesis {oleic, 
palmitoleic, and myristoleic acids) suggests that  altered 
prostaglandin biosynthesis is not involved in mediating 
these effects. 

Finally, lipid peroxidation products may also have a 
role in mediating the inhibitory effects of unsaturated 
fatty acids on metabolic cooperation. Oxygen free radicals 
generated by peroxidation of unsaturated fatty acids may 
cause dysfunction of gap junction structures, thereby 
reducing gap junction-mediated intercellular communica- 
tion. However, mechanisms involving lipid peroxidation 
also are unlikely, because no increased inhibition of 
metabolic cooperation was observed with fatty acids con- 
taining increasing degrees of unsaturation. 
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The Influence of Dietary Medium Chain Triglycerides 
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L.A. C o h e n *  a n d  D.O. T h o m p s o n  2 
Division of Nutrition and Endocrinology, American Health Foundation, Naylor Dana Institute for Disease Prevention, Dana Road, Valhalla, 
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The N-nitrosomethylurea rat mammary  tumor model was  
used to  compare the tumor-promoting ef fects  of  a high- 
fat  {HF) diet containing a 3:1 mixture  of medium chain 
triglycerides (MCT} and corn oil with that  of  a H F  and 
a low-fat (LF) corn oil diet. The serum and tumor lipid 
content  and fat ty  acid (FA) compos i t ion  were also deter- 
mined in the three dietary groups. It was  found that  the 
MCT-containing diet failed to  promote  tumor develop- 
ment  compared with  the H F  corn oil group. Tumor  in- 
cidence in the HF-MCT group was  similar to  that  of  the 
LF corn oil group (5% fat, w/w}, but  s ignif icantly de- 
creased compared to  the H F  corn oil group. Total  serum 
cholesterol  levels were significantly depressed in the H F  
corn oil group compared to  the HF-MCT and LF corn oil 
groups.  Analys i s  of  serum and tumor F A  profiles in- 
dicated that  the H F  corn oil group exhibited approxi- 
mate ly  twice the amount  of linoleic acid (LA} as the other 
two  treatment  groups.  Differences  among  the three 
groups in the major F A  metabol i te  of  LA, arachidonic 
acid, were minimal.  These results  are consistent  with the 
hypothes i s  that  tumor  promot ion by dietary fat  is more 
a funct ion of the type  than the amount  of fat  ingested.  
In addition, they indicate that  MCT, due at least  in part 
to  their unique structural  and physiological  properties, 
exert markedly  different effects  on m a m m a r y  tumor 
deve lopment  than convent ional  long chain unsaturated 
fat ty  acids. 
Lipids 22, 455-461 (1987). 

Numerous epidemiological and experimental studies sug- 
gest that  dietary fat is an important determinant of 
breast cancer risk {1,2}. Studies in laboratory animals 
have shown that the influence of dietary fat is exerted 
primarily on the promotion stage of mammary car- 
cinogenesis {3), a finding that may be reflected in the fact 
that the association between fat intake and increased risk 
is most pronounced in women over 40 {2). 

Moreover, experimental studies by us {4), Carroll et al. 
{3,5-7} and others {8-15} have shown that the kind and 
amount of fat ingested determine the rate of development 
of chemically induced and transplantable mammary 
tumors. In these studies, it was shown that a certain pro- 
portion of essential polyunsaturated fatty acids {PUFA) 
appears to be required for optimal tumor-enhancing ef- 
fects, and that high-fat {HF) diets containing coconut oil, 
which consists primarily of short and medium chain 
saturated fat ty acids and a small quantity {<2%} of 
linoleic acid {LA), lack the ability to promote mammary 
tumor development compared to HF diets rich in PUFA. 

As the above evidence suggests, the degree of satura- 
tion and possibly the chain length of constituent fatty 

'Presented at the symposium on "Specialty Lipids and Their Biofunc- 
tionality" at the annual meeting of the American Oil Chemists' 
Society, Philadelphia, May 1985. 
*To whom correspondence should be addressed. 
~Current address: Department of Chemistry, State University of New 
York, Purchase, NY 10577. 

acids can modify the effect of HF diets. Hence, it 
appeared appropriate to test the effects of a specifically 
designed diet containing high levels of medium chain 
triglycerides {MCT) on the development of chemically in- 
duced mammary tumors. {Medium chain fat ty acids 
[MCFA] are obtained by hydrolysis of coconut oil--6:0 
[<2%], 8:0 [7%], 10:0 [6%], 12:0 [50%], 14:0 [20%], 16:0 
[8%], 18:0 [2%], 18:1 [5%], 18:2 [0.8%]--followed by frac- 
tional distillation of the resulting fat ty acid mixture to 
obtain a mixture of 6:0 [1-2%], 8:0 [65-75%], 10:0 
[25-3B%], 12:0 [1-2%] fat ty acids. The MCFA are then 
esterified to glycerol in the presence of a Zn catalyst to 
generate the triglyceride [17].} 

In the present study, the N-nitrosomethylurea {NMU)- 
induced rat mammary tumor model was used to compare 
the tumor-promoting effects of diets containing low and 
high levels of corn oil with a HF diet containing a 3:1 mix- 
ture of MCT and corn oil. Since dietary MCT have been 
reported to alter circulating serum lipid levels {16,17} and 
to modify the metabolism of linoleic acid {18,19}, serum 
total cholesterol and triglycerides and serum and tumor 
fat ty acid profiles were also assessed. 

MATERIALS AND METHODS 

Tumor induction. Ninety inbred virgin female F344 rats, 
aged 28 days {Charles River Breeding Laboratories, North 
Wilmington, Massachusetts} were maintained on the 
standard NIH-07 diet {Zeigler Bros., Gardners, Penn- 
sylvania} {20) until 50 days of age. All animals were then 
randomized into three groups of 30 animals each by 
recognized procedures {21) to equalize initial mean 
weights. On day 50 of age, all animals received a single 
dose of NMU {50 mg/kg body wt} by tail vein injection. 
The NMU {Ash Stevens Inc., Detroit, Michigan} was 
dissolved in a few drops of 3% acetic acid, and NMU was 
brought up to volume in distilled H~O, yielding a stock 
solution of 10 mg/ml administered within 2 hr of formula- 
tion {22}. Two days after carcinogen administration, 
animals were transferred to experimental diets and re- 
mained on them for the duration of the experiment. 

At weekly intervals beginning four weeks after NMU 
injection, each rat was weighed, and the position and date 
of appearance of palpable tumors were recorded. 

HF and low-fat (LF) diets. The adjusted HF diet used 
in these experiments is based on the recommendations 
of the Committee on Laboratory Animal Diets of the Na- 
tional Academy of Sciences {23-25}, with slight 
modifications. 

It has been found in our laboratory and those of others 
that rats adjust food intake so that similar energy intake 
is maintained, despite the fact that  diets may differ 
substantially in energy density. Hence, animals will eat 
quantitatively less of a HF than LF diet. Consequently, 
unless the proportions of the other components in the diet 
are adjusted, animals fed a HF diet will take in substan- 
tially less protein, fiber, vitamins, minerals, etc., than 
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those fed a LF diet. The adjustment recommended by the 
Committee on Laboratory Animal Diets was incorporated 
into our experimental protocol. The adjusted diet formula- 
tion ensured tha t  animals fed a HF  diet took in the same 
amount  of vitamins, minerals and fiber as in the LF diet 
and that  adequate antioxidant activity was present in the 
form of vi tamin E, Se (as a cofactor of glutathione perox- 
idase) and vi tamin A in each dietary group. The increase 
in fat  in the HF  diet was compensated for by a decrease 
in the amount  of starch-dextrose (26) {Table 1). The H F  
and LF diets consisted of 23% and 5.0% corn oil. These 
percentages were designed to mimic the American (high 
risk) diet (40-45% of total  calories as fat) and the 
Japanese  (low risk) diet {16% of total  calories as fat  dur- 
ing the years 1957-1959) (2~. 

The LF diet was designed to provide ca. 5-6 cal/day of 
fat, based on an est imated consumption of 45-50 cal/day, 
{27) or ca. 12% of total. The HF diet, on the other hand, 
provided ca. 20-21 cal/day as fat, or 45% of total  calories. 
All dietary ingredients were obtained from Dyets  Inc. 
(Bethlehem, Pennsylvania) and were mixed in-house in our 
diet kitchen. Diets were formulated in 4-kg lots and stored 
in plastic bags at 4 C in the dark until  used. 

Animals were housed three to a cage in plastic cages 
covered with filter tops in a room controlled for tempera- 
ture  (24 C __ 2 C), fight (12-hr cycle) and humidity (50%) 
and were administered diets (in powdered form) and tap 
water  ad libitum. 

Histopathology. Approximately  22 wk after  NMU ad- 
ministration, all ra ts  were killed by decapitation, and 
serum was collected following centr ifugation of whole 
blood. Serum was stored at - 20 C until assayed. Palpable 
tumors  were excised and cut into two pieces--one of 
which was stored in liquid N~ for f a t ty  acid analysis and 
the other  fixed in buffered formafin--blocked in paraffin 
and then sectioned and stained with hemotoxylin and 
eosin. Histological diagnosis of mammary  tumors  was 
based on the criteria outlined by Young and Hallowes {28). 

Statistical evaluation of tumor data. Differences in 
tumor-free survival t ime among the three t rea tment  
groups were analyzed by the Kaplan-Meier Product Limit 

Method using a For t ran program provided by G. G. Gar t  
and colleagues {29}. Differences in tumor  incidence were 
assessed by Fisher 's  Exac t  tes t  (one-tail) and in tumor  
multiplicity by analysis of variance (ANOVA) after  log 
t ransformat ion of the tumor  count  data. Overall, weight 
gains among the three t rea tment  groups were compared 
by a two factor (diet and time) ANOVA with repeated 
measures (30). 

Biochemistry. Nonfast ing serum total  cholesterol and 
triglycerides were determined by the use of a Gilford 3500 
computer-directed auto analyzer by standard procedures 
{31,32). 

Serum fa t ty  acid analysis was carried out as described 
previously (4,33). Essentially, pooled serum samples {five/ 
group) were extracted by a modified Radin (34) technique 
using hexane-isopropanol as the extract ion solvent. The 
extracted lipid was then t ransmethyla ted  using BF3 (35), 
and the methyl  esters of the fa t ty  acids were separated 
by GLC. For tumor lipid analysis, frozen tumor tissue was 
pulverized under liquid N2 in a mortar  and pestle and then 
ext rac ted  in a similar manner as serum. The total  lipid 
extract  was then separated into neutral and phospholipid 
fractions using a silica gel column (4,36). The column was 
eluted first with chloroform (neutral lipid) and then a 
chloroform/methanol/water (65:26:4, v/v/v) mixture (phos- 
pholipid). The efficiency of extraction and separation was 
94% for neutral  lipids and 97% for phospholipids. 

RESULTS 

Tumor incidence, latency and multiplicity. Animals fed 
the MCT-containing diet exhibited a significantly lower 
total  mammary  tumor  incidence when compared to 
animals fed a HF:corn oil diet (60% vs 87%, p < 0.03} 
{Table 2). However, when palpable adenocarcinomas alone 
were counted, the difference in incidence failed to a t ta in  
stat ist ical  significance (57% vs 77%, p < 0.08}. Likewise, 
when HF corn oil and LF corn oil-fed animals were com- 
pared in terms of total  palpable mammary  tumors,  
stat ist ical  significance was barely missed {66% vs 87%, 
p < 0.06); however, when only palpable adenocarcinomas 

TABLE 1 

Composition of Defined, Semipurified Diets (AIM-76A) 

Low fat diet Adjusted high fat diets 

Ingredient Corn off a {g) Corn oila (g) MCT a (g) 

Casein 20.0 23.5 23.5 
Cornstarch 52 32.9 32.9 
Dextrose 13 8.30 8.30 
Fat 

Corn oil 5 23.52 5.88 
Medium chain triglyceride 17.64 

DL-Methionine 0.3 0.35 0.35 
Choline bitartrate 0.2 0.24 0.24 
Alphacel 5 5.9 5.9 
(AIN-76) Vitamin mix 1.0 1.18 1.18 
(AIN-76) Mineral mix 3.5 4.11 4.11 
Total 100.0 100.00 100.00 
Energy value (cal/g) 3.89 4.73 4.73 

aFive percent corn oil is added to assure adequate amounts of essential fatty acids. 
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were counted,  differences in t umor  incidence did no t  reach 
the  level of s ta t i s t ica l  s ignif icance (60% vs 77%, p > 0.10). 

Ana lys i s  of t ime-to-f i rs t - tumor curves  (Fig. 1) indica ted  
clearly t h a t  m a m m a r y  t u m o r s  appeared  more  rap id ly  in 
the  H F  corn  oil g roup  t h a n  in  the  H F - M C T  and  LF-corn  
oil groups.  The s tepwise  surv iva l  curves  exhib i ted  by  the 
l a t t e r  two groups  were ind i s t ingu i shab le ,  whereas  there  
was  a s ign i f i can t  delay in t u m o r  appearance  in  these  
g roups  when  compared  to the  HF-co rn  oil curve.  The  
m e d i a n  t imes  to f i rs t  t u m o r  in  the  HF-co rn  oil, H F - M C T  

and  LF-corn  oil groups  were 90, 120 and  120, respect ively 
(Table 3). T u m o r  mul t ip l i c i ty  was  s imi lar  in  each g roup  
(Table 4), a nd  no difference in  t u m o r  size was  seen in the  
di f ferent  t r e a t m e n t  g roups  {data no t  shown}. 

Biochemistry. W i t h  regard  to s e r um lipid concent ra-  
t ions,  m e a n  n o n f a s t i n g  choles terol  levels were signifi- 
c a n t l y  lower in an ima l s  fed 23% corn  oil compared  to 
those  fed e i ther  5% corn oil or the  corn  o i l - M C T  diet.  No 
s ign i f i can t  differences were found  in  se rum t r ig lycer ides  
for a ny  of the  three  t r e a t m e n t  g roups  (Table 5). 

TABLE 2 

Influence of Medium Chain Triglycerides on the Incidence of NMU-Induced Mammary Tumors a 

Dietary fat % Fat N b Adenocarcinoma Fibroadenoma Total tumors 

Corn 23 30 77 c 10 c 87 c 
(23/30) d (3/30) d (26/30) d 

Corn 5 30 60 6 66 
(18/30) (2/30) (20/30) 

Corn 6 30 57 3 60 
(17/30) (1/30) (18/30) 

+ Medium chain triglyceride 18 

All adenocarcinoma comparisons NS. Total tumors: 23% corn vs 5% corn = .062; 23% corn vs corn + MCT = 0.03; 5% corn vs corn 
+ MCT = NS. 
apalpable tumors only. 
bNo. animals at risk. 
CTumor incidence (%). 
dNumber of tumor-bearing animals/number of animals at risk. 

TABLE 3 

Influence of Medium Chain Triglycerides on the Latent Period of NMU-Induced Mammary Tumors 

Mean latent period Median latent period 
Dietary fat % Fat N a (days postinduction) (days) 

Corn 23 30 86 • 23 b 90 
Corn 5 30 117 • 36 120 
Corn 6 30 122 • 40 120 
+Mediumchain  triglyceride 18 

aNumber of animals at risk. 
bMean days to first tumor/+SD. 

TABLE 4 

Influence of Medium Chain Triglycerides on the Latent Period of NMU-Induced Mammary Tumors 

No. adenocarcinoma/total animals 
Dietary fat % Fat with 1 or more adenocarcinomas 

Corn 23 0.48 • 48 a,c 
(1.61) c 

Corn 5 0.43 +_ .56 
(1.53) 

Corn 6 0.58 --- 61 
(1.78) 

+ Medium chain triglyceride 18 

aLeast square mean (loge)-SD. 
bAll pairwise comparisons NS {by one-way analysis of variance). 
CAnti-toge. 
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FIG. 1. Kaplan-Meier life tables curves for cumulative mammary 
tumor incidence. 0, 18% MCT + 6% corn oil; 1, 23% corn oil; 2, 5% 
corn oil; X, overlapping lines. Tests for overall trend: see ref. 9. Cox's 
test for adjusted trends, p < 0.0035. Pairwise comparisons: Cox's 
Test {conservative). 23% corn vs 5% corn, p < 0.0099; 23% corn vs 
MCT, p < 0.00861; 5% corn vs MCT, p < 0.9. 

The f a t t y  acid profi les  of s e rum l ip ids  differed p r imar i l y  
in t he  q u a n t i t y  of  l inoleic ac id  (18:2) p re sen t .  A n i m a l s  fed 
23% corn  oil d i e t s  e x h i b i t e d  twice  t he  a m o u n t  of L A  as  
t h o s e  fed 5% corn  oil or  M C T - c o n t a i n i n g  d ie t s .  Dif- 
ferences  in 14:0, 16:0, 16:1, 18:3 and  20:4 f a t t y  ac ids  were  
a lso  n o t e d  (Table  6), t h o u g h  t h e s e  were  of a lower  deg ree  
of  m a g n i t u d e .  

C o m p a r i s o n  o f  t h e  f a t t y  ac id  p rof i l es  in t u m o r  n e u t r a l  
l ip ids  (Table  7) i n d i c a t e d  t h a t  t he  s p e c t r u m  of f a t t y  ac ids  
c lose ly  re f lec ted  t h a t  of t he  diet ,  p a r t i c u l a r l y  w i t h  r e g a r d  
to  t he  e s s e n t i a l  f a t t y  ac id  l inole ic  ac id  (18:2n-6); 10:0 and  
12:0 f a t t y  ac ids  were  d e t e c t e d  on ly  in the  M C T  g roup  and  
a t  v e r y  low levels .  

Compar i son  of phospho l ip id  f a t t y  acid  profi les  (Table 8) 
in N M U - i n d u c e d  t u m o r s  r e v e a l e d  a m a r k e d  d i f fe rence  
c o m p a r e d  to  n e u t r a l  l ip id  prof i les .  In  genera l ,  A A  levels  
were  h ighe r  t h a n  L A  levels  in t he  p h o s p h o l i p i d  f rac t ion .  
W h e n  the  p h o s p h o l i p i d  p rof i l es  of t he  t h r e e  t r e a t m e n t  
g r o u p s  were  c o m p a r e d ,  i t  cou ld  be  seen  t h a t  L A  s t i l l  ex- 
h ib i t e d  h igher  levels  c o m p a r e d  to  the  L F-c o rn  oil and  the  
H F - M C T  g roups .  No  d i f fe rences  were  seen  in A A  levels ,  
which  t e n d e d  to  be  h i g h l y  v a r i a b l e  b o t h  w i th in  and  be- 
t w e e n  g roups .  

A n i m a l  w e i g h t  g a i n s  were  s imi l a r  in each  g r o u p  
(Table 9), i nd i ca t i ng  t h a t  differences in t y p e  or  q u a n t i t y  of  

TABLE 5 

Influence of Various Dietary Fats on Serum Lipid Concentrations 

Dietary fat % Fat N a Cholesterol Triglycerides 

Corn 23 30 80 _+ 16 b,e 117 -+ 43f 
(81) c (1161 

(53-137) d (38-199) 
Corn 5 30 108 -+ 15 112 -+ 46 

(107) (98) 
(81-146~ (63-303) 

Corn 6 30 107 _ 15 142 "+ 83 
+ Medium chain triglyceride 18 (109} (117) 

(66-131) (65-420) 

aNumber of animals at risk. 
bArithmetic mean "+ SD (mg/100 ml}. 
CMedian. 
dRange. 
eCorn (23) vs MCT P < .0001. Corn (23) vs corn (5} P < .0001. 
fa l l  pairwise comparisons NS (by one-way analysis of variance}. 

TABLE 6 

Comparison of Serum Lipid Fatty  Acid Profiles in Animals  Fed Diets Varying in Type and Amount of Fat 

Fatty acid percentages 

Fat  (%) 10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4 

Corn (23) _ a  _ _ 18.4 b -- 19.1 9.8 28.5 -- 23.5 
{'+0.9} ('+1.5) ('+1.2) {'+1.7} {'+2.2} 

Corn (5} -- --  0.5 22.9 1.2 17.6 15.1 13.2 0.5 29.1 
('+0.1) (-+0.7) {'+0.2} (+3.9) (-+1.8) (-+1.3} (--0.3) (+4.4) 

Corn (6} -- -- 0.7 24.5 1.1 19.4 11.4 13.3 -- 28.2 
+ MCT (18) (-+0.2) (+5.0} (-+0.3} (-+1.4) ('+2.6) ('+2.7) {'+0.9) 

a_ ,  Not detectable. 
bpercentage of total fatty acids; mean -+ SD {five pooled samples/group). 
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TABLE 7 

Tumor Neutral Lipid Fatty  Acid Profile a 

Fat ty  acid percentages 

Fa t  ~%} 10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4 

Corn (23) --  --  1.4 c 19 1 4.6 28 43 1.0 2.3 
(n = 9) (+0.79) (+-2.2) (+-0.26) (+_1.2) (+-1.5) (+-6.5) (+-0.9) (+_2,2) 

Corn (5} 2 26 4.8 3.7 33 28 1.5 
(n = 8} (+_0.58) {+_1.9) (+1.9) (+-1.4) (+-3.9} (+_4.7) (+_2.2) 

Corn ~6} 1.0 0.4 2.5 29 3.0 7 34 19 0.8 5.3 
+ MCT (18} (+_0.7) (+_0.1) (+_.79) 1+_2.8) (+_0.8} (+_2.8) (+_2.9} (+_6.3) I- .67) (+-4.8} 
(n = 11) 

apercentage of total fat ty acids. 
b_ ,  Not detectable. 
CMean +- SD. 

TABLE 8 

Tumor Phospholipid Fa t ty  Acid Profile 

Fat ty  acid percentages 

Fat  (%) 10:0 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:4 

Corn {23) _ a  1.5 34 b 1.0 18 19 11 c --  17 
(n = 8} (+_2.2} (+2.2) (+-0.1) (+_6.7) (+4.8} (+-7.4) (+-9) 

Corn (5) 1.0 33 1.3 16 21 4 - -  24 
(n = 10) (+_0.6) {+_2.8} (+_0.6) {+_1.8} (+3.9} (+_1.7) (+_6.5) 

Corn (6) - -  1.2 33 2 16 26 5 1 17 
+ MCT (18 (+0.6} (+_8.2} (+_0.9} (+_5.7) (+_5.6} (+_2.4) (+_0.6) (+_8.6) 
(n = 10} 

a _ ,  Not detectable. 
bpercentage of total fat ty acids; mean __ SD. 
CLA content: corn (23) vs corn (5}, p < 0.02; corn (231 vs MCT, p < 0.034; corn (5} vs MCT, NS (all by two-tailed t-test). 

TABLE 9 

Cumulative Mean Animal Weights (g) 

Experimental  group 
Weight (weeks 
postinduction) Corn (23%} Corn (18%) + MCT 16%} Corn (5%} 

0 100 + 4 100 +_ 4 101 - 3 
4 137 +_ 6 a 137 +_ 7 135 +- 6 
8 163 +- 9 161 +_ 9 159 -- 7 

12 169 + 10 166 +_ 10 165 +- 6 
16 175 +_ 10 176 +_ 10 171 +- 8 
20 176 +- 10 178 +_ 12 175 +- 9 
22 178 +_ 11 178 +_ 14 176 +- 10 

Not significant by analysis of variance. 

aArithmetic mean + SD; all comparisons of weight curves. 
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dietary fat did not  alter food consumption pat terns.  
Direct measurement  of food consumption confirmed this 
finding: LF-fed animals consumed 11-12 g/day while HF- 
fed animals consumed 8-10 g/day. 

DISCUSSION 

This s tudy indicates that  a HF diet containing high levels 
of MCFA does not enhance the development of mammary 
tumors, in contrast  to a HF diet containing the more com- 
mon long chain fa t ty  acids. Possible mechanisms underly- 
ing the observed effects of the MCT-containing diet may  
be either direct or indirect. A direct mechanism can be 
envisaged based on the unique physicochemical and 
biological properties of MCT. Although lipid in nature,  
MCT are absorbed and transported by the body in a man- 
ner more characterist ic of carbohydrates  than lipids. In 
contras t  to long chain fa t ty  acids, MCT do not  enter  
lymph or chylomicrons, are not incorporated into mem- 
branes and are rapidly oxidized by the mitochondria via 
a carnitine-independent, ra ther  than a carnltine-depen- 
dent, mechanism (16,17,37). The presence of only small 
amounts  of MCFA in serum or tumor  lipids of MCT-fed 
animals indicates tha t  MCFA are rapidly absorbed and 
oxidized ra ther  than stored in tissues. Hence, because of 
the unique physiological properties of MCT, the HF-MCT 
diet may  exert  biological effects more like those of a LF 
than  a HF  diet. 

MCT may also act via indirect mechanisms involving 
actions at hormone receptors and/or essential f a t ty  acid 
metabolism. With regard to the former, it has been shown 
by Knazek et al. (38) and Cave and Erickson-Lucas (39) 
tha t  feeding MCT to rats  lowered the number of prolac- 
tin receptors in both hepatic tissue and mammary tumors. 
Since prolactin is a recognized promoting substance in 
mammary  tumorigenesis (40,41), its tumor  growth-  
promoting effects could be a t tenuated  by limiting, via 
dietary means, the number  of receptors in the ta rge t  
organ available for activation by circulating prolactin. 
With regard to the latter, there have been several reports 
tha t  MCT influence essential f a t ty  acid metabolism 
(18,19). They have been shown, for example, to exert  a 
sparing effect on the LA requirement for relief of the 
symptoms of essential f a t ty  acid deficiency. These find- 
ings are of part icular  interest  since essential fa t ty  acids 
and their metabolism to prostaglandins appear to play 
a role in both  the HF effect and the essential fa t ty  acid 
deficiency syndrome (10,42,43-45). 

Differences in serum and tumor  fa t ty  acid profiles in 
the three t rea tment  groups were seen mainly in the LA 
content, which was significantly elevated in the HF-corn 
oil group. Of all the major f a t ty  acids, only LA was 
elevated in the 23% corn oil animals. This fact is probably 
a reflection of its s ta tus  as an essential f a t ty  ac id- - tha t  
is, it cannot  be synthesized de novo or from dietary 
precursors by the body, and therefore must  be performed 
in the diet (43). Since A6-desaturase (the rate-limiting en- 
zyme in the pa thway from LA to arachidonic acid [AA] 
and ultimately the whole range of prostaglandins), is sub- 
ject  to inhibition by long chain fa t ty  acids (46), consump- 
tion of a HF-corn oil diet may  suppress the activities of 
the fa t ty  acid desaturases and/or chain-elongating en- 
zymes and thereby slow the conversion of LA to its 
various metabolites. However, in the absence of any 

direct da ta  on the fa t ty  acid desaturases,  one can only 
speculate on the metabolic basis for the observed dif- 
ferences in fa t ty  acid pat terns  reported in the present  
study. 

The fact tha t  AA levels in tumor  phospholipids (the 
pr imary precursor for intracellular prostaglandins) were 
similar in all three groups, despite the observed dif- 
ferences in tumor yield, casts doubt on the possibility that  
mammary  tumor  promotion may be regulated by the 
amount  of AA available in membrane phospholipids for 
conversion to prostaglandins (43,47,48), and also on the 
possibility tha t  dietary MCT modulate the metabolism 
of LA to AA in mammary  tumors.  

The intake of MCT has been associated with reductions 
in tissue and serum cholesterol (16). In this study, animals 
receiving the MCT-containing HF diet exhibited signifi- 
cant ly higher, ra ther  than lower, serum cholesterol com- 
pared to animals receiving 23% corn oil. The reason for 
this is uncertain. I t  may be because MCT limit cholesterol 
deposition in tissues (4) and the observed high serum 
cholesterol levels may  therefore be due to a reapportion- 
ment of cholesterol from the tissue to the serum compart- 
ments. The suppression of serum cholesterol levels by 
diets high in polyunsatura ted  fat, such as corn oil, is a 
well-established phenomenon, al though the mechanism 
by which this occurs is uncertain (49,50). 

In conclusion, this s tudy emphasizes the importance 
of viewing dietary lipids not  only in terms of their 
physicochemical characteristics, i.e., chain length, degree 
of saturation and levels of isomerization, but  also in terms 
of their specific physiological roles in body metabolism. 
In this regard, MCT, which are unique among triglycer- 
ides in their mode of absorption and transport,  should pro- 
vide a valuable tool for fur ther  exploration of the role of 
dietary fat in breast  cancer development. 
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ERRATUM 

ERRATUM 

Ava to  et al., Lipids 22, 11 11987}, have requested a correction to the 
title of their  paper  as follows: 

Epicuticular Waxes of Maize as Affected by the Interaction of Mutant 
g18 with g12, g13, g14 and g115 
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Chiral Discrimination in the Exchange of =-Tocopherol Stereoisomers 
Between Plasma and Red Blood Cells 
S.C. Cheng a, G.W. Budono, K.U. Ingolda,* and D.O. Fosterb 
Divisions of aChemistry and bBiological Sciences, National Research Council Canada, 1OO Sussex Dr., Ottawa, Canada, KIA OR6 

The transport of 2R,4'R,8'R-a-tocopherol and 2S,4'R,8'R- 
a-tocopherol from plasma into rat red blood cell mem- 
branes occurs with essentially no chiral discrimination. 
The previously demonstrated (10) preference of red blood 
cell membranes favoring 2/~4'R, 8'R-a-tocopherol over the 
2S,4'R,8'R stereoisomer is shown to be due to better 
retention of the former compound, i.e., to preferential 
retention of natural vitamin E. 
Lipids 22, 469-473 (1987). 

It is generally accepted that  vitamin E owes its bioac- 
tivity to its ability to inhibit lipid peroxidation in vivo 
(1). The major component of natural vitamin E, 
2R, 4'R, 8'R-a-tocopherol (RRR-a-T), has long been known 
to show a greater activity in various animal bioassays 
than synthetic 2RS, 4'RS,8"RS-a-tocopherol (aU-rac-a- T) 
(1). Each of the eight diastereoisomers of a-T has been 
shown to have a different activity in the rat fetal 
gestation-resorption assay, with the natural stereoisomer, 
RRR-a-T, being the most active (2). However, the range 
in bioactivities is not large. Thus, although the major dif- 
ferences in the biopotencies of the a-T stereoisomers ap- 
pear to originate in the chirality of carbon atom 2 (3-8), 
2S,4"P~8'R-a-tocopherol (SRR-a-T) still has ca. 30% of the 
activity of RRR-a-T (2). 

There appear to have been no real attempts to explain 
or explore the origin of the different bioactivities of the 
a-T stereoisomers. To us, the magnitude of the RRR-a- 
T/SRR-a-T difference appeared far too small to be due 
to some enzyme~ or protein-med;ated chemical or physical 
(e.g., transport) process (9). We therefore undertook and 
have recently reported the results of an in vivo "com- 
petitive" experiment involving these two stereoisomers 
(10). Three, week-old male rats were raised on a standard 
vitamin E-free diet to which we had added 36 mg of RRR- 
a-T acetate per kg of chow. After four weeks, the diet 
was changed to one based on the same chow but with the 
natural a-T acetate replaced by 18 mg 5,7-(CD3)2-RRR- 
a-T -b 18 nag 5-CD3-SRR-a-T acetates per kg of chow. 
Analyses of blood and tissue samples taken at various 
times yielded the ratio d~-RRR-a-T/d3-SRR-a-T, which 
gives a measure of the discrimination in favor of the 
natural isomer, RRR-a-T/SRR-a-T, in the sample. One 
of the more interesting results from this study related to 
the degree of chiral selectivity in blood plasma and red 
blood cells (RBC). Both the plasma and the RBC 
discriminated in favor of natural a-T, and the RRR-a- 
T/SRR-a-T ratio increased with time. However, the RBC 
membranes were more selective than the plasma lipopro- 
teins at all times: the ratio, [(RRR-a-T)/(SRR-a-T)]RBC/ 
[(RRR-a-T)/(SRR-a-T)]pI~, was equal to 1.35 _+ 0.13 
throughout the five months of the experiment (10). The 
observed greater chiral selectivity of RBC membranes 
compared with plasma might arise from a variety of 
kinetic phenomena, including (i) RRR-a-T is preferentially 

*To whom correspondence should be addressed. 

transferred from plasma to RBC; (ii) SRR-a-T is preferen- 
tially transferred from RBC to plasma; and (iii) both (i) 
and (ii) occur. In this paper, we report the results of ex- 
periments designed to distinguish among these three 
possibilities. 

MATERIALS AND METHODS 
Materials. The syntheses of the deuterium-labeled a- 
tocopherols have been described previously (10). 

Methods. Three groups of experiments were conducted. 
In all experiments 3-wk-old male Sprague-Dawley rats 
bred at the NRCC specific pathogen-free facility were 
weaned and placed on a standard AIN-76 diet [major com- 
ponents: sucrose, 50%; casein, 20%; corn starch, 15%; 
tocopherol-stripped corn oil, 5% (11)] that contained extra 
menadione [10 times the level in the original diet (12,13)] 
and 36 mg a-T acetate (a-T-Ac) per kg of diet. The con- 
trol diet contained 36 mg of unlabeled RRR-a-T-Ac per 
kg (diet 0). For the first experiment, a diet was used that 
contained 36 mg of 5-CD3-RRR-a-T-Ac (d3-RRR-a-T-Ac) 
per kg (diet 1). For the second experiment, a diet was used 
that  contained 18 mg of 5,7-(CD3h.RRR-a-T-Ac (~-RRR- 
a-T-Ac) plus 18 mg of 5-CD3-SRR-a-T-Ac (d3-SRR-a.T- 
Ac) per kg (diet 2). For the third experiment, the diet con- 
tained 12 mg of d~-RRR-a-T-Ac plus 24 mg of d~-SRR-a- 
T-Ac per kg (diet 3). 

Typically, one rat raised on the control diet (diet 0) and 
one rat of identical age raised on one of the deuterium- 
labeled a-T-Ac diets were used in each experiment. Blood 
(~10 ml), obtained from nonfasted animals by heart punc- 
ture under halothane anesthesia, was collected over 200 
~1 of phosphate  buffer conta in ing  disodium 
ethylenediaminetetraacetate (10 mg) and immediately 
placed in a bucket of ice. Equal volumes of blood from 
the two animals were placed in centrifuge tubes and spun 
at 12,000 • g for 10 min at 4C. The plasma was 
separated and to it was added 1.67 mg glucose/ml plasma 
(an amount approximately equivalent to 1 mg/ml of 
reconstituted blood). The red blood cells were washed by 
resuspension in ice-cold phosphate-buffered saline (5 mM, 
pH 7.4}, spinning at 270 • g for 10 min, removal of the 
supernatant and repetition of the whole procedure twice. 
At the end of the last wash, the red blood cells were 
packed by centrifugation at 12,000 • g for 10 min, The 
temperature of the plasma and packed RBC was then 
raised to 37 C by shaking in a water bath for 15 min. The 
RBC from one rat were then mixed with the plasma from 
the other rat (total volume ca. 10 ml; hematocrit 37 +_ 
1%) with the temperature being maintained at 37 C. 
Samples (1 ml each) were withdrawn at intervals and cen- 
trifuged, the plasma (~0.4 ml) was collected and the RBC 
were washed three times with phosphate-buffered saline 
as described above (the period of centrifugation after each 
wash was reduced to 5 min). Lipid was extracted from 
the plasma by the usual ethanol/heptane procedure 
(10,14,15) and from the RBC by the sodium dodecyl 
sulfate (SDS) method (10,15). The direct extraction of lipid 
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f rom the RBC was performed by  first  adding sodium 
ascorbate  (ca. 100 mg) to the packed  RBC followed by  
SDS (0.1 M, 4 ml), ethanol (5 ml) and n-heptane (2 ml). 
The heptane  ex t rac t  was passed  th rough  an analytical  
high performance liquid ch romatograph  (15), and the 
eluent containing the a-T fraction was collected. The a -Ts  
were then  conver ted  to their  t r imethyls i lyl  e ther  deriva- 
t ives  prior to analyses for do-, d3- and d~-a-T by  gas  
ch romatography /mass  spect rometry .  These s teps  were 
per formed as described previously (10). 

We note t ha t  to ta l  concentrat ions of the a - T s  in the 
p lasma  and RBC used in an exper iment  are not  required 
in the calculation of the discrimination factors  for the 
relative ra tes  of t ransfer  of RRR-a-T vs SRR-a-T (see 
below). 

RESULTS 

Our initial exper iment  on ~-T  exchange was chosen to 
compare our procedure us ing deuterium-labeled a - T  with 
l i terature da ta  of Bjornson et al. (16}, who used a tr i t ium- 
labeled a -T .  P lasma  and RBC f rom a ra t  fed for 64 days  
after weaning on diet 1 (d3-RRR-a-T-Ac) were mixed with 
RBC and plasma,  respectively,  f rom a ra t  fed diet 0 
(do-RRR-a-T-Ac) for the same length of time. Following 
the procedure of Bjornson et al. (16), we plot ted ex- 
perimental  values of log {([d3],-[d3]~o)/([d3]o-[d3]oo)} against  
time, where Ida] represents  the concentrat ion of d3-RRR- 
a - T  and the subscr ip ts  t, 0 and 0o refer to t imes t, the 
s ta r t  of the experiment  and the t ime at  which equilibrium 
had been reached (ca. 12 hr}, respectively. The concentra- 
tion of d3-RRR-a-T was measured  in bo th  RBC and 
plasma.  The RBC contain a smaller  "pool"  of a-T than  
the p lasma  (ca. 30-50% of the p l a sma  "pool"  in blood 
f rom fas ted  ra t s  (17,18) but  typical ly ca. 20% in the 
reconst i tu ted  blood f rom the nonfas ted  ra t s  used in our 
experiments).  There was therefore a correspondingly 
greater  change in the  relat ive concentra t ion of RBC 
d3-RRR-a-T than  p lasma  d3-RRR-a-T, and thus the RBC 
yielded more  reliable kinetic data.  For  the t r ans fe r  of 
d3-RRR-a-T from labeled p lasma into unlabeled RBC, the 
semilog plot for d3 uptake  by  RBC had a slope of 0.31 hr- '  

(loss from plasma gave a slope of 0.25 hr-l). The RBC slope 
yields a half-life for exchange (toward equilibrium) of 
RRR-a-T between p lasma  and RBC, ~ln, of 0.69/0.31 = 
2.2 hr. These resul ts  are in perfect  agreement  with those 
of Bjornson et al. (16) for their p lasma ~ RBC experiment, 
namely,  slope = 0.31 hr- ' ,  T~/2 = 2.2 hr. Similarly, for the 
t ransfer  of d3-RRR-a-T f rom labeled RBC into unlabeled 
plasma, the semilog plot of d3 loss by  the cells had a slope 
of 0.28 hr- '  (uptake by  p l a sma  gave  a slope of 0.20 hr-') 
corresponding to T~/2 = 2.5 hr. For their  RBC ~ p l a sma  
experiment ,  Bjornson et  al. (16) give slope = 0.32 hr- ' ,  
T~n = 2.2 hr. The excellent agreement  between our results 
and theirs gave  us confidence in the reliability of our 
exper imenta l  procedures.  

For  the compet i t ive  exper iments  involving d~-RRR- 
a-T and d3-SRR-a-T, we measured  only the initial ra tes  
of up take  (or loss) of these two tocopherols  (i.e., for the  
first  5-10% at  the overall approach to equilibrium}. This 
made it  possible to determine separa te ly  the stereoiso- 
meric discrimination occurring upon t ransfer  of a-T from 
p lasma to RBC and vice-versa (see Appendix). Typically, 
measu remen t s  of  the  relative concentrat ions of d~-RRR- 
a-T and d3-SRR-a-T (and, of course, do-RRR-a-T) in the 
p lasma  and RBC were taken  every 10 min for 1 to 1.5 hr. 
Because of the preference of blood for the na tura l  
s tereoisomer of a - T  (10), there was about  twice as much  
d~-RRR-a-T as d3-SRR-a-T in the p lasma and RBC of the 
ra ts  raised on diet 2 ([d6-RR~-a-T-Ac]/[d3-SRR-a-T-Ac] = 
1.0). However,  for the ra t s  on diet 3 ([d6-RRR-a-T-Ac]/ 
[d3-SRR-a-T-Ac] = 0.5}, the p lasma  and RBC contained 
quant i t ies  of these two s tereoisomers  tha t  were more 
nearly equal. For example, a ra t  raised for 38 days  on diet 
3 had  [d~-RRR-a-T]/[d3-SRR-a-T] ra t ios  of 0.96 and 1.49 
in i ts  p l a sma  and RBC, respectively.  [The differential 
selectivity favoring the natura l  stereoisomer in the RBC, 
i.e., 1.49/0.96 -- 1.55 is within the range found previously 
for ra t s  consuming diet 2 (10),] The percentage concen- 
t ra t ions  of d~-RRR-a-T and d~-SRR-a-T in p l a sma  and 
RBC following the mixing of p la sma  and RBC f rom this 
ra t  with the RBC and plasma,  respectively,  f rom a ra t  
raised for 38 days  on diet 0 (do-RRR-a-T-Ac) are given 
in Table 1. These da ta  are quite typical.  

TABLE 1 

Concentrations of d~.RRR-a.T and d3-SRR-a-T as a Percentage of the Total a-T in Plasma and RBC Before and at Various Times 
After Mixing Plasma and RBC from a Rat Raised 38 Days on Diet 3 and a Rat Raised 38 Days on Diet 0 

Time (min) 

0 10 20 30 40 50 60 70 8 0  90 100 

(d~ + d~)-RBC + do-plasma 
d,-RRR-a-T in RBC 55.2 52.3 49.0 46.3 43.8 41.7 39.4 37.4 35.9 33.7 30.8 
d3-SRR-a-T in RBC 37.0 34.2 31.6 29.3 27.2 25:0 23.1 21.9 20.4 18.9 16.4 
(DR~C*~) ~Bc 0.71 0.77 0.78 0.78 0.76 0.76 0.79 0.78 0.80 0.79 
d6-RRR-a-T in plasma 0 0.33 0.71 1.06 1.38 1.77 2.11 2.40 2.68 3.20 3.35 
d3-SRR-a-T in plasma 0 0.25 0.62 0.95 1.21 1.58 1.90 2.15 2.36 2.76 2.90 
(D~C§ p 0.89 0.77 0.78 0.74 0.75 0.74 0.75 0.77 0.78 0.78 

(d~ + d3)-Plasma + do-RBC 
d~-RRR-a-T in RBC 0 1.15 2.47 3.08 4.07 5.08 5.88 6.60 7.50 8.65 9.51 
d3-SRR-a-T in RBC 0 0.98 2.62 2.89 4.02 5.00 5.33 5.98 6.47 7.31 7.99 
(DP*RBc) RBc 1.22 0.98 1.11 1.05 1.06 1.15 1.15 1.21 1.23 1.24 
d~-RRR-a-T in plasma 45.8 45.3 44.5 43.9 43.5 - 42.8 42.3 41.6 41.3 40.6 40.4 
d3-SRR-a-T in plasma 47.7 47.0 46.5 45.8 45.2 44.8 44.3 43.9 43.4 42.9 42.6 
(DP*Rac) p 0.82 1.08 1.01 0.93 1.07 1.06 1.13 1.08 1.11 1.11 

RRR-a-T, 2P~4'R,8"R-a-tocopherol; SRR-a-T, 2S,4"R,8"R-a-tocopherol; RBC, red blood cells. 
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Let us consider first RBC containing d6-RRR-a-T and 
d~-SRR-a-T {plus some do-RRR-a-T), which are mixed 
with plasma containing only do-RRR-a-T. We define a 
quanti ty,  D ~c§ that  represents the time-independent 
degree of discrimination {if any) in favor of t ranspor t  of 
d~-RRR-a-T over tha t  of t ranspor t  of d~-SRR-a:T from 
the RBC to  the plasma (RBC-~P). If  we are monitoring 
the loss of the two stereoisomers from the RBC, we can 
write {see Appendix): 

o {sRR) d Ij R)o_j [1] 

In this equation, RRR and SRR refer to percentage con- 
centrations of d~-RRR-a- T and d3-SRR-a- T, respectively, 
subscripts refer to the time of the measurement (0 = start  
of the experiment) and the  superscript RBC reminds us 
tha t  these are measurements  on RBC. (Initial concentra- 
tions can be used because the run is carried on to only 
5 or 10% of final equilibration:) Values of (DRBC*~) ~Bc cal- 
culated from each individual measurement are given in 
Table 1. 

On the other hand, if we are monitoring the gain of the 
two stereoisomers by the plasma, we write: 

I ; S - ~  _{R---~oJ = (D'C§ ~" [2] 

where the superscript P reminds us tha t  these are mea- 
surements on the plasma. Individual values of {DRBC*P) ~ 
are given in Table 1. The mean values of {D~'C*~) RBc and 
(DRBC'~F should, of course, be equal. For the RBC to 
plasma transfer  experiments t h e a g r e e m e n t  between 

these two independently derived quantities is generally 
rather good {see Table 2), because it is relatively easy to 
measure the gain of the two stereoisomers by the plasma 
since their initial concentration in the plasma is 0. The 
measurement of (D~'C*~) ~'c is also fairly reliable because 
the total "pool" of a-T in RBC {in the reconstituted blood) 
is lower than in the plasma (17,18). The decrease in the 
quantities of deuterated a-tocopherols can therefore be 
determined fairly reliably. 

For the companion pairs of experiments in which 
plasma containing the deuterated a-tocopherols was 
mixed with RBC containing only do-RRR-a-T, we can 
define a quanti ty,  D ~*RBc, tha t  represents the time in- 
dependent degree of discrimination {if any) in favor of 
transport  of d~-RR~-a-T over that  of transport  of d~-SRR- 
a -T  from plasma to RBC. If  we are monitoring the gain 
of the two stereoisomers by RBC, we write: 

-{RRR),-] ~ . c  -{SRR)o-]"= (DP*"'c) ~"c 

1JSRR), J IJRRR)oJ [3] 

while for the loss of the stereoisomers by the plasma, we 
write: 

~ - {RRR)~.-~ '~ ~SRR)o-~= (D~.RBc)p 
.  RRR)oJ 

[4] 

Values for these two quantities for each individual 
measurement  are given in Table 1. 

Once again, the mean values for (D~§ RBc and {D~*~cF 
should be equal. However, in this type of experiment, 
generally only {DP*~Bc) RBc can be fairly reliably determined. 
There is relatively little change in the concentrations of 

TABLE 2 

Summary of Initial a-T Isotopic Compositions as a Percentage of the Total a-T in the Labeled Blood Fraction and of Calculated 
Discrimination Factors Favoring Transport of d6.RRR-a-T over Transport of d3-SRR-a-T from RBC to Plasma and from Plasma to BBC 

Diet number 

2 2 2 3 3 3 

101 121 129 22 38 64 Days on diet 

{do + do)-RBC + do-plasma 
do-(RRR}o in RBC (%) 65.8 75.0 70.9 48.8 55.2 54.4 
do-(SSR)o in RBC (%) 19.3 23.1 22.0 39.8 37.0 30.1 
[d~-{RRR)o/d3-(SRR)o] RBc 3.42 3.26 3.22 1.23 1.49 1.81 
No. of data points 4 5 6 7 10 8 
(DRBC*~) Rsc • S.D. a 0.87 • 0.09 0.79 • 0.03 0.83 + 0.09 0.71 • 0:05 0.77 • 0.02 0.73 + 0.09 
{DRBC~) ~ + S.D. a 0.76 • 0.08 0.87 • 0.02 0.76 • 0.03 0.71 + 0.02 0.78 • 0.04 0.77 + 0.04 

(do + do)-plasma + do-RBC 
do-(RRR)o in plasma {%) 67.4 70.5 67.5 41.4 45.8 52.1 
do-{SRR)o in plasma (%) ,28.6 27.9 31.0 50.5 47.7 42.6 
[d6-{RR~)o/do-{SRR)o] ~ 2.35 2.53 2.18 0.82 0.96 1.22 
No. of data points 5 5 8 6 10 6 
{DP~RRc) RBc -- S.D. a 1.08 • 0.09 0.72 -- 0.38 0.99 • 0.07 1.11 • 0.14 1.15 • 0.06 1.16 --- 0.07 
{DP*RBc) p • S.D. a 1.03 • 0.09 1.05 • 0.05 0.94 • 0.19 1.02 • 0.15 1.04 • 0.09 1.13 • 0.11 

a-T, a-tocopherol; RBC, red blood cells. 
aMean values for the six experiments + S.E. of this mean are (DRBC~P} RBc = 0.78 • 0.05; (DRBC*P) p = 0.78 + 0.05; (D~*R~c) ~8c = 1.04 ---- 
0.15; {D~*RBr ~ = 1.04 • 0.06. 
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d6-RRR-a-T  and d3-SRR-a-T  in the  plasma,  so the 
measuremen t  of (D~*~BcF is usually subject  to somewhat  
larger errors. 

Results of our six d~-RRR-a-T/d3-SRR-a-T competi t ive 
kinetic expe r imen t s  are summar ized  in Table  2. 

DISCUSSION 

As ment ioned in the  introduction, we have previously 
shown tha t  in vivo the R R R - a - T / S R R - a - T  rat io is higher 
in RBC than  in the surrounding p lasma (10). Our present  
resul ts  identify the major  kinetic reason for the RBC 
biodiscrimination: RBC preferential ly retain the na tura l  
stereoisomer.  Tha t  is, S R R - a - T  is t r anspor ted  f rom the 
RBC to the p lasma  more rapidly than  R R R - a - T :  
{DRBC*P) RBc = {DRBc*P) ~ = 0.78 • 0.05 (mean of the six ex- 
per imental  resul ts  • S.E. of mean). I f  there is any  bio- 
d iscr iminat ion in the  t r anspor t  f rom p lasma  to RBC, it  
appears  to favor  very slightly the t r anspor t  of  R R R - a - T :  
(D~*~Bc) R~c ---- 1.04 _ 0.15, (D~*~'c) ~ = 1.04 • 0.06 
(mean of the six exper imenta l  resul ts  +__ S.E. of mean, see 
Table 2). However,  this  preference for en t ry  of R R R - a - T  
into RBC is well within our exper imenta l  error. Were 
biodlscrimination by  RBC due solely to preferential  
re tent ion of R R R - a - T ,  our earlier in vivo resul ts  would 
require t ha t  D ~Bc*P = 0.74 • 0.07. This value is consist- 
ent with our present  direct measurement  of this quanti ty,  
0.78 • 0.05. 

The preferential retention of (natural) RRR-a-  T by  RBC 
m u s t  not  be  t aken  as providing suppor t ing  evidence for 
the  existence of specific binding sites for R R R - a - T  in 
these cells, as sugges ted  by  Kitabchi  and Wimalasena  
(19). Af ter  all, the degree of biodiscrimination is ra ther  
small. We believe it  to be of a magni tude  cons is tent  with 
the degree of chiral discrimination tha t  might  be exerted 
as a "so lvent  effect"  by  the chiral molecules t ha t  go to 
make up the RBC membrane  (phospholipids, cholesterol, 
proteins,  etc.). Tha t  is, the chirali ty " sensed"  by  tocoph- 
erol in the more structured environment of the RBC mem- 
brane is greater  than  in the lipid milieu of the low densi ty  
lipoprotein. An a t t e m p t  to check on this point  by  parti-  
t ioning the deutera ted  tocopherols  between a silanized 
glass surface (16,20) and RBC suspended in phosphate-  
buffered saline was unsuccessful. No transfer  between the 
surface and the RBC could be observed.  

Finally, there was no indication in the exchange ex- 
per iments  t h a t  the a - T  located on the inside of the RBC 
exchanged more slowly than  the a - T  on the outside of 
the  cell. Specifically, there was no indication of biphasic 
kinetics or of the existence of a pool of nonexchanging 
a -T .  This implies t ha t  the half-life, t,/2, for movemen t  of 
a - T  f rom the inside monolayer  of the RBC membrane  to 
the outside monolayer  is less than  104 sec and probably  
is less than  103 sec. We have previously shown tha t  
motion of a - T  between the inside and outside monolayers 
of unilamellar phospholipid vesicles is slow on the nuclear 
magnet ic  resonance t ime scale (21}. Assuming  a - T  
behaves similarly in RBC and liposomes, we conclude tha t  
10 -3 sec < t ,2  < 103 sec. The very  broad  limits on the  ra te  
of a - T  "flip-flop" reflect the current  s t a te  of knowledge 
concerning the dynamics  of a - T  in membranes .  
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APPENDIX: 
DERIVATION OF THE DISCRIMINATION PARAMETER, D 

When deuterium-labeled R R R -  and S R R - s t e r e o i s o m e r s  
are present  initially either entirely in RBC or entirely in 
plasma,  the initial ra te  of loss of each s tereoisomer f rom 
the labeled blood component  can be wri t ten as 

d(RRR)  

dt 
- -  -- - k R ( R R R ) o  [5] 

d(SRR)  

dt 
- - k s  (SRR)o [6] 

where k~ and ks are ra te  cons tan ts  for loss of the R R R -  
and S R R - s t e r e o i s o m e r s ,  respectively. The discrimination 
parameter ,  D, is defined as 

kR 
D = k-~ [7] 
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Subst i tu t ing  for kR and ks in [7], 

d(RRR) 
dt  

D - - -  
d(SRR) 

dt  

�9 ( S R R ) o  

(RRR)o 

For a small t ime interval, At, 

D ~ - ~  

A(RRR) 
At 

A(SRR) 
At 

(SRR)o 
(RRR)o 

(RRR)o - (RRR), (SRR)o 
i.e,, D - [8] 

(SRR)o- (SRR), (RRR)o 

Similarly, an equation can be wri t ten corresponding to 
the discrimination in the gain of the two stereoisomers 
by the unlabeled blood component.  
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Effects of Phorbol Esters, A23187 and Vasopressin on Oleate 
Metabolism in Isolated Rat Hepatocytes 
Takahide Nomura*, Masakatsu Tachibana, Hiroko Nomura, Masaru Chihara and Yasumichi Hagino 
Department of Pharmacology, Fujita-Gakuen Health University, School of Medicine, Kutsukake-cho, Toyoake, Aichi 470-11, Japan 

Studies were conducted to compare the metabolic effects 
of vasopressin, 4~-phorbol-12-myristate-13-acetate (PMA) 
and A23187 on ketogenesis and oleate metabolism in 
isolated hepatocytes from fed rats. Vasopressin inhibited 
the formation of acid-soluble products from [1-~4C]oleate 
(0.25 mM, 0.5 mM and I mM), the inhibition being most 
marked at low t0.25 mM) concentration of oleate. Conver- 
sion of [1-'~C]oleate into 14CO2 and esterified products was 
stimulated by vasopressin. The stimulatory effect of this 
hormone on 14CO2 production was most marked at high 
(1 mM) concentration of oleate, whereas that on [1-~4C]- 
oleate esterification was most marked at low {0.25 mM) 
concentration of oleate. These vasopressin actions were 
abolished when hepatocytes were incubated in the 
absence of calcium in the medium. Our results strongly 
suggest that both increase in esterification and increase 
in oxidation to CO2 contribute to the anti-ketogenic ac- 
tion of vas0pressin when oleate is added as substrate, 
although the relative extent of their contribution varies 
according to the oleate concentration. The anti-ketogenic 
action of vasopressin was mimicked by PMA but not by 
A23187. PMA also caused a stimulation of [1-'4C]oleate 
esterification although the effect was diminished at I mM 
[1-~4C]oleate. A23187 failed to affect [1-~4C]oleate 
esterification. The metabolic effects of PMA were elicited 
in the absence of extracellular calcium, too. Conversion 
of [1-~4C]oleate into ~4CO2 was only slightly increased by 
both PMA and A23187 when 1 mM [1-1~C]oleate was 
added as substrate. The marked stimulatory effect of 
vasopressin on ~CO2 production from [1-~4C]oleate was 
not reproduced even by the combination of PMA and 
A23187. The possible involvement of protein kinase C and 
calcium mobilization in the regulation of oleate 
metabolism is discussed. 
Lipids 22, 474-479 (1987). 

Vasopressin has been demonstrated not to change the 
hepatic level of cyclic AMP (1) but to act through the 
hydrolysis of phosphatidylinositol 4,5-bis-phosphate 
{2-4}. Indeed, evidence is accumulating that  vasopressin 
increases inositol trisphosphate {5,6} as well as 
diacylglycerol {7-9} in isolated rat hepatocytes. Inositol 
trisphosphate is a second messenger for intracellnlar Ca** 
mobilization {5,6,10,11), whereas diacylglycerol acts as a 
second messenger to activate calcium-activated, 
phospholipid-dependent protein kinase, protein kinase C 
{12,13}. The calcium ionophore A23187 can cause Ca §247 
mobilization in hepatocytes {14}. The tumor-promoting 
phorbol esters such as 4~-phorbol-12-myristate~13-acetate 
(PMA) can activate protein kinase C by substituting for 
diacylglycerol {13,15}. These two compounds, therefore, 
appear to be good probes for investigating the possible 

*To whom correspondence should be addressed. 
Abbreviations: EGTA, ethyleneglycol-bis-(~-aminoethyl ether)N,N'- 
tetraacetic acid; PMA, 4~-phorbol-12-myristate-13-acetate; 4a-PDD, 
4a-phorbol-12,13-didecanoate; 4~-PDD, 4~-phorbol-12,13-didecanoate. 

role of a bifurcated transducing mechanism in the action 
of vasopressin. 

Vasopressin affects oleate metabolism in isolated 
hepatocytes of fed rats, i.e., it inhibits ketogenesis from 
oleate {16,17}, stimulates the conversion of [1-'4C]oleate 
into ~4CO2 (18) and increases [1-~C]oleate esterification 
(16}. However, no general consensus exists as to which 
transducing mechanism is responsible for each of these 
vasopressin actions. Furthermore, it remains controver- 
sial as to how these metabolic effects are interrelated. The 
present study was, therefore, designed to compare the ef- 
fects of vasopressin, phorbol esters and A23187 on 
ketogenesis and oleate metabolism in isolated hepato- 
cytes of fed rats and to gain further insight into the hor- 
monal regulation of oleate metabolism. 

MATERIALS AND METHODS 

Animals. Male Wistar rats (300-400 g) were used. All 
animals were subjected to a 12-hr light/12-hr dark cycle, 
with the light period starting at 7:00 a.m., for at least 7 
days prior to the experiment. The rats were allowed free 
access to water and standard laboratory food (Oriental 
Yeast Co., Tokyo, Japan}. 

Isolation and incubation of hepatocytes. Preparation 
of hepatocytes commenced between 9:00 and 10:00 a.m. 
by the method of Berry and Friend (19) with the modifica- 
tions described by Harris {20}. Calcium-depleted cells were 
prepared by omitting CaCI2 from the Krebs-Henseleit buf- 
fer used for washing. They were incubated in Krebs- 
Henseleit buffer containing 1 mM ethyleneglycol-bis-(~- 
aminoethyl ether)N,N'-tetraacetic acid (EGTA} but no 
calcium. Phorbol esters and calcium ionophore A23187 
were dissolved in dimethyl sulfoxide. The concentration 
of dimethyl sulfoxide in the incubation medium was 
always 1% (v/v). Incubations were carried out at 37 C for 
30 min with 70-90 mg wet weight of hepatocytes in 25-ml 
Erlenmeyer flasks in a final volume of 2 ml of incubation 
medium and were terminated with HC104. 

Analytical methods. Metabolite assays were conducted 
on KOH-neutralized HC104 extracts. The following 
metabolites were determined spectrophotometrically by 
standard enzymatic methods: glucose (21}, lactate and 
pyruvate {22}, and acetoacetate and ~-hydroxybutyrate 
{23}. Ketogenesis was expressed in terms of an accumula- 
tion of total ketone bodies (acetoacetate plus ~-hydroxy- 
butyrate). The measurements of '4CO2 production and the 
formation of radioactive acid-soluble products {mainly 
ketone bodies} were performed essentially as described 
by Christiansen et al. (24) and Yount and Harris {25}. The 
extent of [1-14C]oleate esterification was determined as 
described by McCune et al. {26}. 

Materials. [1-1~C]Oleate was obtained from New 
England Nuclear (Boston, MA). Collagenase (Type II) was 
obtained from Worthington Biochemical Corp. {Freehold, 
NJ}. [Arginine]vasopressin was purchased from Peptide 
Institute (Minoh, Japan}. Phorbol esters were obtained 
from Sigma Chemical Co. (St. Louis, MO}. A23187 was 
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f rom Calb iochem (San Diego, CA). Nucleot ides ,  c a  
enzymes  and  c rys ta l l ine  enzymes  were ob t a ined  f rom 
Boehr inger  M a n n h e i m  (Mannheim,  FRG)  or f rom Sigma.  

Statistical analysis. The resul ts  are expressed as means  
+_ SEM.  S ta t i s t i ca l  eva lua t i on  of the  d a t a  was  made  by  
m e a n s  of S t u d e n t ' s  t - t e s t  for pa i red  data .  

RESULTS 

Effects of vasopressin, PMA and A23187 on glucose 
release, glycolysis and ketogenesis in the presence of 
0.5 mM oleate. Metabol ic  effects of 10 -7 M vasopress in ,  
10 -6 M P M A  and  10 -s M A23187 in  the  presence  of 
0.5 mM oleate are s u m m a r i z e d  in Tab le  1. Vasopress in  
s t i m u l a t e d  glucose release and  l ac ta t e  and  p y r u v a t e  ac- 
c u m u l a t i o n  in  the  presence  of 0.5 m M  oleate. The  ra t io  
of l ac t a t e /py ruva te ,  an  index  of the  N A D  § redox s t a t e  in 
the  cy top lasm,  was  s ign i f i can t ly  decreased (more oxi- 
dized} by  vasopress in .  P roduc t i on  of to ta l  ke tone  bodies  
was  suppressed  by  th i s  hormone.  A l o n g  wi th  the  inhibi-  
t ion  of ketogenesis ,  the  rat io of ~hydroxybu ty ra t e / ace to -  
acetate ,  an  index  of the  N A D  § redox s t a t e  in  the  mito-  

chondria,  was also decreased (more oxidized). The p resen t  
resu l t s  are in good a g r e e me n t  wi th  the  vasop re s s in  ac- 
t ions  p rev ious ly  observed  in  the  presence  of 1 m M  oleate 
(16,17). A23187 produced  a marked  increase  in glucose 
release like vasopress in ,  whereas  P M A  caused  only  a 
s l ight  increase  in it. La c t a t e  and  p y r u v a t e  a c c u m u l a t i o n  
was  s t i m u l a t e d  by  b o t h  P M A  a nd  A23187, a l though  the  
effect of the la t te r  was more potent .  A23187 s igni f icant ly  
decreased the ra t io  of l ac t a t e /py ruva te ,  while P M A  did 
no t  affect it. Ke togenes i s  f rom oleate was  inh ib i t ed  by  
P M A  b u t  no t  affected by  A23187. Fu r the rmore ,  P M A  
caused  a decrease in the  ra t io  of /3-hydroxybutyra te /  
acetoaceta te .  The c o m b i n a t i o n  of PM A a nd  A 23187 pro- 
duced an  addi t ive  s t i mu l a t i on  of l ac ta te  and  p y r u v a t e  ac- 
cumula t ion .  Inc rease  in  glucose release by  A23187 and  
inh ib i t i on  of ke togenes i s  by  P M A  were no t  affected by  
the  add i t ion  of P M A  and  A23187,  respect ively .  

Effects of vasopressin, PMA and A23187 on glucose 
release, glycolysis and ketogenesis in the absence of 
oleate. Metabol ic  effects of 10 -7 M vasopress in ,  10 -6 M 
P M A  and  10 -5 M A23187 in the absence of oleate are sum- 
mar ized  in  Table  2. The  effect of va sop r e s s i n  on glucose 

T A B L E  1 

Effects  of 4~Phorbol-12-myristate-13-acetate (PMA), A23187 and Vasopressin on Glucose Release, 
Glycolysis  and Ketogenesis  in the Presence of 0.5 mM Oleate a 

Metabolic PMA A23187 PMA (10 -6 M) Vasopressin 
parameter Control (10 -6 M) (10 -5 M) + A23187 (10 -s M) (10 -7 M) 

Glucose release b 55.9 +__ 4.1 60.6 __ 4.5* 69.4 __ 5.5* 70.5 +_- 5.7* 70.7 _+ 6.0* 
{108) (124) (126) {126) 

Lactate plus pyruvate b 8.0 +_ 1.7 13.1 + 2.9* 18.6 _+ 3.0* 22.2 +__ 3.8* 15.2 __ 3.3* 
(164) (233) (278) (190) 

Lactate/pyruvate ratio 3.9 -- 0.3 3.5 +- 0.4 2.8 _ 0.1" 2.6 _ 0.2* 2.7 _+ 0.1" 
(90) (72) (67) (69) 

Acetoacetate plus 10.0 +__ 1.0 7.8 +_ 0.9* 10.1 _ 0.8 7.6 _ 0.8* 6.8 -- 0.7* 
/3-hydroxybutyrate b (78) (101) (76) (68) 

~Hydroxybutyrate/ 0.73 _ 0.05 0.50 +__ 0.03* 0.64 _ 0.04 0.52 +__ 0.04* 0.58 _ 0.07* 
acetoacetate ratio (68) (88) (71) (79) 

aIncubations were conducted for 30 min. Results are expressed as the mean +_ SEM for five hepatocyte preparations from fed rats. Values 
in parentheses are percent of control. *, P < 0.05, compared with control incubations. 
bResults are expressed as/~nol/30 mirdg wet wt. 

TABLE 2 

Effects  of 4~-Phorbol-12-myristate~13-acetate (PMA), A23187 and Vasopressin on Glucose Release, 
Glycolysis  and Ketogenesls  in the Absence of Oleate a 

Metabolic PMA A23187 PMA (10 -6 M) Vasopressin 
parameter Control (10-' M) (10 -~ M) + A23187 (10 -5 M) (10 -7 M) 

Glucose release 51.1 +_ 3.9 55.5 + 4.4* 67.2 _+ 5.8* 68.2 __ 8.5* 65.5 -4-- 6.0* 
(i09) (132) (133) {128) 

Lactate plus pyruvate 24.1 + 2.8 28.9 + 3.4* 25.5 +_ 2.8 29.4 __ 3.6* 25.1 +_ 2.6 
(120) (106) (122) (104) 

Acetoacetate plus 1.7 + 0.1 1.6 _+ 0.2 4.9 +_ 0.5* 4.5 _ 0.4* 1.7 _ 0.2 
~hydroxybutyrate (94) (288) (265) (100) 

aIncubations were conducted for 30 min. Results are expressed as the mean +_ SEM for five hepatocyte preparations from fed rats (~nold30 
min/g wet wt). Values in parentheses are percent of control. *, P < 0.05, compared with control incubations. 
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release was mimicked by A23187. PMA slightly increased 
glucose release. Corvera and Garcia-S~inz (27) reported 
that A23187 but not PMA stimulated glucose release in 
isolated hepatocytes of fed rats. The slight increase in 
glucose release by PMA observed in the present study 
may reflect the inactivation of glycogen synthase by 
PMA (28,29). Vasopressin and A23187 exerted no effect 
on lactate and pyruvate accumulation in the absence of 
oleate. In contrast, PMA caused a significant increase in 
lactate and pyruvate accumulation in the absence of 
oleate, also. The lactate/pyruvate ratio was significantly 
(P < 0.05) increased (more reduced) by A23187 (control; 
2.7 __ 0.1, A23187; 4.3 • 0.3, N = 5), whereas neither 
PMA nor vasopressin affected it (data not shown). En- 
dogenous ketogenesis (i.e., in the absence of exogenous 
oleate) was not affected by vasopressin or PMA. 
However, A23187 produced a marked stimulation of en- 
dogenous ketogenesis. The combination of PMA and 
A23187 did not modify the metabolic effects induced by 
PMA or A23187 alone. 

Dose response of PMA on ketogenesis and glycolysis 
in the presence of oleate. Increasing concentrations of 
PMA caused a progressive inhibition of both ketogenesis 
from 0.5 mM oleate and the formation of acid-soluble 
products from 0.5 mM [1-14C]oleate (Fig. 1). The maximal 
effect was seen at 10 -6 M and was equivalent to 26% in- 
hibition for ketogenesis and 21% inhibition for the for- 
mation of acid-soluble products. In accordance with these 
effects, PMA produced a marked stimulation of lactate 
and pyruvate accumulation. The maximal effect was seen 
at 3 • 10-' M and was equivalent to a 65% increase. In 
contrast with PMA, the inactive phorbol ester 4a o 
phorbol-12,13-didecanoate {4a-PDD; 10 -5 M) did not af- 
fect these metabolic processes (Fig. 1). 

Effects of vasopressin, PMA and A23187 on the oxida- 
tion and esterification of different concentrations of 
[1J4C]oleate in isolated hepatocytes. The hormonal 
response of hepatocytes is known to be modified accord- 
ing to the concentrations of added oleate (30). Thus we 
decided to investigate the effects of agents on the 
metabolism of various concentrations of [1-'4C]oleate, i.e., 
0.25 mM, 0.5 mM and 1 mM. The results are summarized 
in Table 3. Vasopressin (10 -7 M) inhibited the formation 
of acid-soluble products from [1-'4C]oleate at all three 
oleate concentrations. Furthermore, the lower the concen- 
tration of [1-~4C]oleate, the stronger the inhibition, on the 
basis of percent of control. Vasopressin caused a signifi- 
cant stimulation of ~4CO2 production from 0.5 mM and 
1 mM [1J'C]oleate. The most striking stimulation was 
observed at 1 mM [1-~'C]oleate, whereas vasopressin did 
not affect x4C02 production at 0.25 mM [1-~4C]oleate. 
Oleate esterification was significantly increased by 
vasopressin. This action of vasopressin became more 
marked the lower the oleate concentration. PMA (10 -6 M) 
mimicked the inhibitory effect of vasopressin on the for- 
mation of acid-soluble products from [1-'4C]oleate. The in- 
hibition by PMA also became more marked the lower the 
concentration of oleate. The esterification of 0.25 mM and 
0.5 mM [1J'C]oleate was increased by PMA. The 
stimulatory effect of PMA on [1-'4C]oleate esterification 
was attenuated with increased concentration of oleate. 
No significant stimulation of esterification was observed 
at 1 mM [1-~4C]oleate. PMA modestly increased ~4CO~ 
production from 1 mM [1-~4C]oleate, while it slightly 

decreased that  from 0.25 mM [1-14C]oleate. A23187 (10 -s 
M) exerted only a small effect on [1-'4C]oleate metabolism, 
i.e., a slight decrease in the formation of acid-soluble prod- 
ucts from 0.25 mM and 0.5 mM [1-~4C]oleate and a slight 
increase in "C02 formation from 1 mM [1J4C]oleate. 

Metabolic effects of PMA and vasopressin in calcium- 
depleted hepatocytes. The metabolic actions of 
vasopressin--i.e., increase in glucose release, stimulation 
of lactate and pyruvate accumulation, inhibition of 
ketogenesis, decrease in the formation of acid-soluble pro- 
ducts from [1-14C]oleate (0.25 mM) and the stimulation 
of [1-14C]oleate (0.25 mM) esterification (Tables 1 and 3)-- 
were abolished when hepatocytes were incubated in 
Krebs-Henseleit buffer containing 1 mM EGTA but no 
calcium (Table 4). We observed that  the effects of 
vasopressin on 0.5 mM [1-'4C]oleate metabolism (Table 3) 
were also abolished by calcium depletion (data not shown). 
In contrast with vasopressin, PMA elicited the meta- 
bolic actions even in the absence of Ca**, although 
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FIG. 1. Effects  of phorbol esters on total  ketone bodies, acid-soluble 
products and lactate plus pyruvate. Oleate was 0.5 raM. [1-'4C]Oleate 
was added for the measurement of acid-soluble radioactive products. 
Incubations were conducted for 30 min. A: effects  of  4~- 
phorbol-12-myristate-13-acetate (PMA, O) and 4a-phorbol-12,13- 
didecanoate {4a-PDD, A) on total  ketone bodies; effects of P M A  ( � 9  
and 4a-PDD (A) on acid-soluble products. B: effects  of P M A  (D) and 
4a-PDD ( ~ } on lactate plus pyruvate. Each point represents the 
mean • SEM of 3-4 hepatocyte preparations. *, P < 0.05, compared 
with control incubations. 
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t h e  e f f e c t s  on  k e t o g e n e s i s  a n d  on  t h e  f o r m a t i o n  of  ac id-  
s o l u b l e  p r o d u c t s  w e r e  s o m e w h a t  a t t e n u a t e d  ( T a b l e  4}. 
S t i m u l a t i o n  of  g l u c o s e  r e l ea se  b y  A 2 3 1 8 7  w a s  c o m p l e t e l y  
e l i m i n a t e d  b y  Ca** d e p l e t i o n ,  w h e r e a s  t h a t  o f  l a c t a t e  a n d  
p y r u v a t e  a c c u m u l a t i o n  w a s  p a r t i a l l y  e l i m i n a t e d  (Table  4). 

DISCUSSION 

T h e  u n d e r l y i n g  m e c h a n i s m  of  t h e  a n t i - k e t o g e n i c  a c t i o n  
o f  v a s o p r e s s i n  is  n o t  y e t  u n d e r s t o o d .  S u g d e n  e t  al. (18) 
d o c u m e n t e d  t h a t  t h e  i n h i b i t i o n  o f  k e t o g e n e s i s  b y  

T A B L E  3 

Effects  of 4/~-Phorbol-12-myristate-13-acetate {PMA), A23187 and Vasopressin on the Oxidation 
and Esterification of Different Concentrations of [1-"C]Oleate in Isolated Hepatocytes  a 

Metabolic Oleate PMA A23187 PMA (10 -6 M) Vasopressin 
parameter (raM) Control (10 -6 M) {10 -~ M) + A23187 {10 -~ M) (10 -7 M) 

Acid-soluble products 0.25 0.67 • 0.09 0.49 • 0.07* 0.58 • 0.08* 0.43 • 0.07* 0.43 • 0.07* 
(73) {87) {64) (64) 

0.5 2.05 • 0.32 1.55 • 0.20* 1.78 • 0.24* 1.42 • 0.16" 1.44 • 0.12" 
(76) (87) {69) (70) 

1 4.51 • 0.37 3.96 • 0.31" 4.26 • 0.36 3.64 • 0.31" 3.69 • 0.23* 
(88) (94) (81) (82) 

'4CO, production 0.25 0.45 • 0.05 0.40 • 0.06* 0.49 • 0.07 0.43 • 0.07 0.51 • 0.08 
(89) (109) (96) (113) 

0.5 0.77 • 0.10 0.81 • 0.12 0.85 • 0.14 0.87 • 0.15 1.00 • 0.15" 
{105) (110) (113} (130) 

1 0.82 • 0.08 0.94 • 0.09* 0.92 • 0.10" 1.02 • 0.09* 1.24 • 0.14" 
(115) (112) (124) {151) 

Esterification 0.25 0.54 • 0.07 0.71 • 0.08* 0.61 • 0.08 0.71 • 0.08* 0.71 • 0.07* 
(131) (113) (131) {131) 

0.5 1.37 • 0.19 1.69 • 0.19" 1.48 • 0.16 1.69 • 0.17" 1.73 • 0.20* 
(123) {108) {123) (126) 

1 2.73 • 0.14 2.91 • 0.22 2.97 • 0.20 3.04 • 0.30 3.14 • 0.19" 
(107) (109) ( l l D  (115) 

aIncubations were conducted for 30 min. Results are expressed as ~nol oleate utilized]30 min/g wet wt {the mean • SEM of four hepatocyte 
preparations). Values in parentheses are percent of control. *, P < 0.05, compared with control incubations. 

TABLE 4 

Effects  of 4~Phorbol-12-myristate-13-acetate {PMA), A23187 and Vasopressin on Oleate Metabolism in the Absence of Calcium a 

Metabolic PMA A23187 Vasopressin 
parameter Control {10 -~ M) {10 -s M) {10-' M) 

Glucose release b 32.8 + 4.1 _ d  31.7 ___ 3.9 30.5 • 3.9 
{97) {93) 

Lactate plus pyruvate b 4.8 • 1.4 8.4 • 2.1" 8.4 ___ 1.8" 4.7 + 1.3 
{175) {175) {98) 

Acetoacetate plus 8.4 • 0.6 7.1 • 0.4* _ d  8.0 _ 0.6 
~-hydroxybutyrate b {85) (95) 

Acid-soluble products c 0.68 _ 0.09 0.56 __- 0.09* _ d  0.64 +__ 0.08 
(82) (94) 

Esterification c 0.48 _ 0.06 0.68 ___ 0.07* _ d  0.49 • 0.04 
{142) (102) 

aCalcium-depleted hepatocytes were prepared as descirbed in Materials and Methods. They were incubated for 30 rain in Krebs-Henseleit 
buffer containing i mM EGTA but no calcium. Results are expressed as the mean • SEM for four or five hepatocyte preparations from 
fed rats. Values in parentheses are percent of control. *, P < 0.05, compared with control incubations. 

bOleate was 0.5 raM. Results are expressed as ~mol/30 min/g wet wt. 

cSince the effects of vasopressin and PMA on these parameters in the presence of calcium were found to be most marked at 0.25 mM 
II-'4C]oleate (Table 3), the effect of calcium depletion was studied under this concentration. Results are expressed as pmol oleate utilized/ 
30 min/g wet wt. 

dSince the agents produced less marked or no effects in the presence of calcium (Tables i and 3), effects of calcium depletion were not studied. 
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vasopressin is not a consequence of an increased rate of 
esterification but is related to increased oxidation of 
oleate to CO2. Their conclusion was based on the obser- 
vation that the increase in esterification of [1-x4C]oleate 
was not dependent on the presence of Ca §247 , whereas the 
other effects of vasopressin were. Here, however, we em- 
phasize the involvement of the enhancement of oleate 
esterification as well as the stimulation of COs produc- 
tion from oleate in the anti-ketogenic action of 
vasopressin for the following lines of reasoning: First, the 
suppression by vasopressin of the formation of acid- 
soluble products from 0.25 mM [1-x4C]oleate occurred 
without any change in 14CO2 production but with the 
stimulation of esterification (Table 3). Second, the data 
given in Table 3 indicate that  the decreased rate of pro- 
duction of acid-soluble products from [1-14C]oleate 
(0.5 mM and 1 mM) in response to vasopressin can be ex- 
plained by the sum of the increased rates of ~4CO2 forma- 
tion and [1-'~C]oleate esterification. Third, it is clear in 
the present study that the effects of vasopressin on 
[1-'4C]oleate metabolism are all dependent on the presence 
of Ca §247 (Table 4). Our previous results (17) demonstrated 
that vasopressin failed to affect the esterification of 1 mM 
[1-'4C]oleate and with our present results indicate that  
the role of [1-~4C]oleate esterification in the anti-ketogenic 
action of vasopressin gradually tends to diminish, 
whereas that of oxidation of [1-14C]oleate to '4CO2 in- 
creases as the concentration of [1-'4C]oleate increases. I t  
has been reported that increased 1"CO2 production is 
caused as a consequence of decreased E-oxidation of 
[1-'4C]oleate (31,32). Therefore, increased '4CO2 formation 
from 0.5 mM and 1 mM [1-~4C]oleate in response to 
vasopressin may be not the cause but the result of inhibi- 
tion of ketogenesis by this hormone. 

Our results clearly show that PMA mimicks the effects 
of vasopressin on oleate metabolism, i.e., inhibition of 
ketogenesis from oleate, suppression of the formation of 
acid-soluble products from [1-~4C]oleate and stimulation 
of [1-~4C]oleate esterification. We found that  another ac- 
tive tumor promotor, 4~-phorbol-12,13-didecanoate (4/~- 
PDD; 10 -6 M), also significantly inhibited (P < 0.05) the 
formation of acid-soluble products (control; 1.67 +_ 
0.21 j~mol/30 min/g wet wt, 4~-PDD; 1.30 + 0.15 ~mol] 
30 mirdg wet wt, n -- 3) and stimulated (P < 0.05) 
esterification (control; 1.24 + 0.32 ~mol/30 min/g wet wt, 
4/3-PDD; 1.61 +_ 0.21 ~anol]30 min/g wet wt, n = 3}, when 
0.5 mM [1-"C]oleate was added as substrate. The inac- 
tive phorbol ester 4a-PDD failed to affect ketogenesis 
from oleate (Fig. 1). These findings, therefore, strongly 
suggest that  protein kinase C plays an important role in 
vasopressin actions. Vaartjes and de Haas (33) reported 
a similar inhibition of ketogenesis from oleate and 
stimulation of oleate esterification in response to PMA. 
Kojima et al. (34), on the other hand, documented that  
PMA alone did not affect the formation of acid-soluble 
products from [U-~4C]palmitate. At this time, we can offer 
no explanations for the discrepancy between our results 
and those of Kojima et al. (34). Table 3 shows that  the 
inhibition of the formation of acid-soluble products from 
0.25 mM [1-'4C]oleate in response to PMA can be at- 
tributed to the stimulation of [1-~4C]oleate esterification. 
However, at high concentrations (0.5 mM and 1 mM) of 
[1-~4C]oleate, the contribution of oleate esterification and 
CO2 production to the anti-ketogenic action of PMA is 

less marked than that of vasopressin. We observed that 
PMA caused a significant inhibition of '4CO2 formation 
from 0.25 mM [1-14C]oleate (Table 3). Vaartjes and 
de Haas (33) observed similar inhibition with 0.5 mM 
[1-14C]oleate. We suspect that  the decreased CO2 produc- 
tion as well as suppressed formation of acid-soluble prod- 
ucts may be balanced by the accelerated oleate esterifica- 
tion at low concentration of oleate. 

In contrast with PMA, A23187 had little effect either 
on ketogenesis from oleate (Table 1) or on [1-~4C]oleate 
metabolism (Table 3). This suggests that intracellular 
calcium mobilization is not likely to affect oleate 
metabolism. Acceleration of endogenous ketogenesis by 
A23187 (Table 2) was abolished by calcium depletion (data 
not shown). Calcium mobilization may therefore be in- 
volved in the mechanism. Further elucidation of the 
substrate for the ketone bodies is required. 

Neither A23187 nor PMA mimicked the marked 
stimulatory effect of vasopressin on ~4CO2 production 
(Table 3). I t  remains to be seen whether or not other 
mediatorIs), such as cyclooxygenase product(s), are in- 
volved in the regulation. 

All three agents stimulated lactate and pyruvate ac- 
cumulation in the presence of oleate {Table 1). Lactate and 
pyruvate are known to have an anti-ketogenic action I35). 
Nevertheless, A23187 failed to affect ketogenesis from 
oleate. Our data therefore suggest that the stimulated ac- 
cumulation of lactate and pyruvate does not necessarily 
lead to a suppression of ketogenesis. Alm~is et al. (36) 
reported that the anti-ketogenic action of vasopressin was 
not the result of increased lactate production. Recently, 
it has been reported that  PMA {33,37) and vasopressin 
(17,38,391 stimulate fatty acid synthesis but A23187 does 
not affect it {39}. Part of the inhibition of ketogenesis by 
PMA and vasopressin may be related to the increased 
fat ty acid synthesis, i.e., the elevation of malonyl-CoA 
levels (40). 

We stress that  the ability of PMA to affect oleate 
metabolism was observed even in the absence of ex- 
tracellular calcium {Table 4). This suggests that PMA 
stimulates protein kinase C, which has a low requirement 
for Ca++ 115}. In contrast to PMA, the effects of 
vasopressin on oleate metabolism were eliminated by 
calcium depletion {Table 4). However, if the effects of 
vasopressin on [1-'4C]oleate metabolism (except for 14CO~ 
production} were mediated through the activation of pro- 
tein kinase C (discussed above), why were these 
vasopressin actions all abolished by calcium depletion? 
Bocckino et al. (9) documented that Ca §247 depletion 
decreases the ability of vasopressin to increase 
diacylglycerol. Therefore, Ca §247 probably mediates some 
effects of vasopressin on diacylglycerol accumulation. I t  
is also suggested that the involvement of a Ca§247 
kinase(s) is required to elicit vasopressin actions in oleate 
metabolism. 
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Fast atom bombardment (FAB) of  phosphati- 
dylinositol, phosphat idyle thanolamine ,  cardiolipin,  
phosphatidic acid and phosphatidylglycerol pro- 
duces a limited n u m b e r  of  very  infomative negative 
ions. Especially significant is the formation of  
( M -  H)  ions and ions that correspond to the carbox- 
ylate portions of  these molecules. FAB desorption! 
in combinat ion  with collisional activation allows f o r  
character izat ion of  f ragmenta t ion  and  de te rmina-  
tion of  s t ructural  features.  Collisional activation ofi 
the carboxylate anion from complex lipids is espe- 
cially informative. S t ructura l  character izat ion of  the 
fatty acids can be achieved as the re leased sa tu ra ted  
carboxyla te  anions undergo  highly specific charge 
remote fragmentations that are entirely consistent 
with the chemistry of  carboxyla te  anions desorbed 
from free fat ty acids. This permits  both identifica- 
tion of  the modification and assignment of  its loca- 
t ion on the acid chain. FAB-desorbed nil~yl aeetyl  
g lycerophosphochol ines  (platelet-activating factor) 
do not produce ( M - H )  ions. However, significant 
high mass ions are formed, and these can be colli- 
sionally activated for s t ructural  characterizat ion.  
Lipids 22, 480-489 (1987). 

A variety of mass spectrometry methods has proven use- 
ful to analyze phospholipid compounds (1). One method 
recently shown to be quite useful is fast atom bombard- 
ment (FAB) in combination with tandem mass spec- 
trometry (MS/MS) (1-5). We first reported the use of FAB 
and MS/MS for analysis of phospatidylcholine (2,3) and 
in subsequent work explored its use for phosphatidyl- 
serine (1) and phosphatidylinositol (4). The present work 
continues the study of phosphatidylinositol and extends 
these studies to other complex lipids. 

Since its development in the early 1980s by Barber et 
al. (6), FAB has proven to be a very useful desorption 
method for many labile biomolecules. A number of work- 
ers have used FAB for desorbing phospholipid cations 
(7-16). It was found that (M + H) + ions of substantial 
abundance are formed by this method. Although the posi- 
tive ion mode is used more commonly, FAB mass spectra 
of negative phospholipid ions also have been studied (1- 
5,11,17). Phosphatidylcholine typically desorbs to give 
three high mass anions formed by losses of various por- 
tions of the choline moiety and two low mass ions that 
are the free fatty acid carboxytates from the original com- 
plex lipid (1--4). Phosphatidylserine (1,4) and phos- 
phatidylinositol (4,5,17) yield abundant (M - H)" ions and 
carboxylate ions corresponding to the two fatty acid com- 
ponents. 

Although MS/MS has proven successful for both struc- 
tural characterization and mixture analysis of a wide 
range of compounds, reports of its use for phospholipid 
analysis have been limited (1-5,18). Batrakov et al. (18) 
used MS/MS methods with electron ionization (EI) to 
study phospholipids. Typically, molecular ions are either 

stable or not formed under EI conditions; however, certain 
high mass ions that are suitable for mixture characteri- 
zation are produced (18). In addition to our work with 
FAB MS/MS for analysis of phosphatidylcholines and 
phosphatidylserine (1-3), both our group (4) and Sher- 
man et al. (5) reported the application of such methods 
to the study of phosphatidylinositol. The relatively abun- 
dant (M-  H)" ions generated by FAB desorption of phos- 
phatidylserine and phosphatidylinositol are well suited 
to this analysis method. Sherman et al. (5) demonstrated 
that the fatty acid composition of isomeric phos- 
phatidylinositols can be determined by analyzing the 
daughter ion spectra even if the constituent fatty acids 
are similar (e.g., two constituents could be either 18:1 
and 18:1, or 18:0 and 18:2). The determination can be 
made ifMS-II has approximately unit resolution, as was 
demonstrated by using a BEB triple sector MS/MS instru- 
ment. 

MS/MS methods offer obvious advantages in mixture 
analysis or for samples of questionable purity. Analysis 
of spectra of negative daughter ions provides information 
that is complementary to positive ion analysis. Additional 
advantages pertain to negative ions because (i) they usu- 
ally desorb to yield simpler spectra than do positive ions; 
(ii) they more readily yield ions in the molecular ion 
region [e.g., (M-H)-  for some compounds, such as phos- 
phatidylserine]; and (iii) they produce abundant carbox- 
ylate fragments from complex lipids having esterified 
acid substituents. Selection and collisional activation of 
the carboxylate anions is particularly informative. We 
showed that the identity of the acid, the presence of struc- 
tural modifications on the acid chain and the identity 
and location of such modifications may be readily deter- 
mined from the collisionally activated decomposition 
(CAD) spectra of carboxylate anions (2,3,19-23). 

In this work, we extend previous investigations ofphos- 
phatidylinositol and investigate the application of nega- 
tive ion FAB MS/MS methods to the study of phospha- 
tidylethanolamine, phosphatidylglycerol, cardiolipin, 
phosphatidic acid and platelet-activating factor (PAF) 
and its analogs. PAF is an especially interesting phos- 
pholipid because it is biologically active. 

EXPERIMENTAL PROCEDURES 

The Kratos MS-50 triple sector mass spectrometer used 
in this study is described elsewhere (24). This instrument 
is equipped with a standard Kratos FAB source and an 
Ion Tech gun and was operated as described previously 
for negative ion FAB and CAD analysis (4). 

Materials. 1-O-(9-Octadecenyl)-2-O-acetyl-sn-glycero- 
3-phosphocholine was obtained from Bachem (Bubendorf, 
Switzerland). Other phospholipids were from Sigma 
Chemical Co. (St. Louis, Missouri). 1-O-Hexadecyl-2-O- 
acetyl-sn-glycero-3-phosphocholine (PAF), dipalmitoyl 
N,N-dimethyl-phosphatidylethanolamine, dipalmitoyl 
phosphatidylethanolamine, dipalmitoyl phosphatidic 
acid, distearoyt phosphatidic acid and dipalmitoyl phos- 
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phatidylglycerol were obtained as characterized com- 
pounds. Fatty acid compositions ofphosphatidylinositol 
from soybean and cardiolipin from bovine heart were 
not specified by the commercial source. 

Triethanolamine, dithiothreitol and dithioerythreitol 
were obtained from Aldrich (Milwaukee, Wisconsin). 
Triethanolamine was used as a matrix as supplied. 
Dithiothreitol and dithioerythritol were mixed in a 5:1 
ratio to form the DT matrix. 

RESULTS AND DISCUSSION 

Negative ions were chosen for this study for several 
reasons. First, collisionally activated fatty acid frag- 
ments produced from complex lipids should yield the 
same highly distinctive structural information as do 
the free fatty acid carboxylates desorbed by using FAB. 
Second, in the positive ion mode, relatively abundant 
(M - H) + ions are generated along with (M + H) + ions 
of fatty acids, and the former will overlap with other 
fatty acid fragments containing one or more sites of 
unsaturation (11). Third, less fragmentation is often 
observed for negative ions, and hence the process of 
selecting ions for collisional activation is facilitated. 

MS/MS offers the opportunity to study mixtures of 
both fatty acids and more complex lipids, which is espe- 
cially useful for samples of questionable purity. 

Phosphatidylinositol. The spectra of typical negative 
phosphatidylinositol ions (A) desorbed by FAB have 
abundant (M - H)" anions and ions corresponding to the 
constituent fatty acid carboxylates in the original com- 
plex lipid. 
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As the spectrum in Figure 1A shows, phosphatidyl- 
inositel from soybeans is a mixture. The principal com- 
ponents are those phosphatidylinositols that  give 
(M - H)" ions of m/z 833 and 857. However, species tha t  
give (M-H)" ions of m/z 831, 859 and 861 are also 
present. 

Structural characterization of these mixture compo- 
nents as phosphatidylinositols is achieved by selecting 
and collisionally activating each ion. The principal 
daughter ions formed from the (M-  H)" ion are carbox- 
ylates from the acyl chains, the m/z 241 ion (inositol 
phosphate-H20), the m/z 299 ion formed by loss of both 
acyl chains (structure B), the m/z 297 ion (formally the 
ion m/z 299-2H), ions formed by the loss of R1CH2COOH 
or R2CH2COOH and ions formed by the loss of R1CHCO 
and R2CHCO. The formulas of the ions of m/z 299 and 
297 were established as C9H1609P and C9H1409 P, re- 
spectively, by high resolution peak matching. 

IH2 

CH 0 OH OH 
| II 

HNI.~/OH 
OH 

13 
The spectrum of the (M-H)" ion m/z 833 shown in 

Figure 1B is representative. Daughter ions of m/z 255 
and 279 (labeled b and c in the figure) are carboxylate 
anions of the 16:0 and 18:2 acid chains, respectively; 
the m/z 553 ion (e) results from the loss of the 18:2 acid, 
and the m/z 577 ion (the principal component of peak 
f) results from the loss of the 16:0 acid. The peak labeled 
f in the CAD spectrum is broadened considerably, indi- 
cating that  it may represent multiple ions. The ion m/z 
571 is present in the FAB spectrum and hence may be 
a lesser component of the peak f. This ion is formed by 
the loss of C16H29CHCO from the (M-  H)- ion. The ion 
of m/z 595 is the result of the loss of C14H29CHCO from 
the (M-H)" ion. Daughter ions of m/z 241 (a) and of 
m/z 299/297 (d), as noted above, are formed for all phos- 
phatidylinositols and must arise from the glycerol inos- 
itolphosphate portion of the molecule. Unfortunately, 
the resolution of MS-II is not sufficient to resolve doub- 
lets spaced by 2 I~. However, the broadened nature of 
the peaks coupled with the fact that  both the m/z 297 
and 299 ions are found in the FAB mass spectrum sup- 
port the existence of a doublet. 

Selection by using MS-I and collisional activation of 
the ions formed by ketene loss and those formed by acid 
loss from the (M - H)" ion reveal an important difference 
in fragmentation behavior. The ions formed by ketene 
loss fragment to yield a significantly abundant ion of 
m/z 315 (C3H50 + inositol phosphate). The ions formed 
by loss of RCH2COOH from the (M-H)" ion yield no 
appreciable m/z 315 ion, but rather the ion ofm/z 297. 

In a similar manner, ions of m/z 831 and 857 in the 
mixture were characterized as phosphatidylinositols 
composed of acid chains 16:0, 18:3 and 18:2, 18:2, respec- 
tively. Those giving (M-  H)- ions of m/z 859 fragment 
to produce broadened peaks for the carboxylate daugh- 
ter ions, which indicates that  two species are involved, 
one with 18:2, 18:1 and the other with 18:3, 18:0 acid 
chains. Similarly, the (M-H)- ions of m/z 861 appear 
to include both 18:2, 18:0 and 18:1, 18:1 species. Clearly, 
an MS/MS instrument having unit  resolution for MS-II 
would be a significant advantage in studying these 
phosphatidylinositols. 

In addition to the daughter ions described above, a 
series of high mass daughter ions is present. The frag- 
mentation that  produces the ion series appears to be 
yet another example of the phenomenon we have de- 
scribed as remote-charge-site fragmentation (19-23). 
Upon collisional activation, closed-shell species that  
bear long alkyl chains yield a series of fragments aris- 
ing by losses of the elements of CnH2n + 2 from the alkyl 
terminus remote from the charge site. These charge-re- 
mote fragmentations appear to occur via a highly 
specific 1,4 elimination of n 2, as was previously de- 
scribed (20). The presence of a structural modification 

LIPIDS, Vol. 22, No. 7 (1987) 



4 8 2  

N.J. JENSEN ET AL. 

(U 
u 
C 
O 

'10 r 

,oo- 1 
9o "t 
80 

'~ ! 
Q 0  

4 0  - 

~Q 

I0  

100 

(A) P H O S P H A T I D Y L I N O S I T O L  

f $$ ! TI t l  

j . . . . . . . . .  . . . . . . . . . .  , . . . .  . . . . ' :  . . . . . . . . .  I l l  I i . . . . . . . . .  ~1~ t' ih II 

,~.~o ,100 .~50 i00 I.~0 tOO 150 
H /Z  

qU 
U 
t -  
O 

C:: 
::) 

,X3 
<~ 

(u 
> 

I 1 :  

(B)  P H O S P H A T I D Y L I N O S I T O L  M / Z  83:3 

I I I ! I I  I 1 | I 1 1 1 1  I l l l  I I I  I 

100 200  

b 

O, 

I I |  I I l l F I I l l l l l l l l l l l l  I | | | 1 1  

300  400  500  

Remote 

I l l l l l l l l l l l l l l  I I I I I I I  I I I  I I  

600  ?00 800  

( C )  P H O S P H A T I D Y L I N O S I T O L  M / Z  2 7 9  
U 
C 
O 

C 

' ' ' '  ' ' , , ,  I ~ , ,  , , , , ' , , i , ,  , ,  , , ,  , , i , , , , , , , , ,  i , , , ,  , , ,  , ' ,  i , , ,  
50 100 150 200  250  

(D) L I N O L E I C  ACID  M / Z  2 7 9  
U 

C 
:3 

.r 
<t 

b 
o 

, , , i | , , , , , , , , , i , , r  , ,  , , , i , ~ , , , , , , ,  i , , , , , , ~ - ,  | , , - . ,  , 

50 ! O0 150 200  250  
M/Z 

FIG. 1. (A) Mass spectrum of the negative ions produced by fast atom bombardment  desorption 
of  a mixture of  phosphatdy l inos i to l s  from soybeans.  Ions in the region m/z 830-865 are (M - H)- 
ions of  the inositols.  (B) Spectrum of the daughter ions produced by col l is ional ly  activating the 
(M - H)- ion, m/z 833. (C) Spectrum of  the daughter ions produced by col l is ional ly  activating the 
fragment ion of mJz 279. (D) Spectrum of  the daughter ions produced by col l is ionai ly  activating 
the (M - H)- ion, m_/z 279, of  a u t h e n t c  l inoleic  acid. 
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such as branching or a double bond alters the fragmen- 
tation pattern. For example, carboxylate anions having 
a double bond do not transfer a vinylic hydrogen and 
the double bond is not cleaved. Hence, the fragmenta- 
tion is interrupted at the site of the double bond. 

If only one long alkyl chain is present in the ion of 
interest, this type of fragmentation provides for highly 
specific structural characterization of the alkyl chain. 
Unfortunately, the (M-H)" anions of phosphatidyl- 
inositol contain two long alkyl chains. The remote- 
charge-site fragmentation of the (M-H)- ion is of 
diminished analytical value because it involves the 
fragmentation of one alkyl chain in competition with 
the parallel fragmentation of the other. 

However, if the carboxylate anion fragments formed 
as a result of FAB desorption of phosphatidylinositol 
are selected and collisionally activated, they undergo 
the expected remote-charge-site fragmentations that  
allow for specific structural characterization of the acid 
chain. For example, collisional activation of the ion of 
m/z 279 (Fig. 1C) and comparison with an authentic 
sample of linoleic acid (M-  H)" anion of m/z 279 (Fig. 
1D) permits identification of the 18:2 acid as linoleic 
acid. The only notable difference between the two 
spectra is more abundant water loss for the fragment 
ion than for the linoleate ion desorbed from the pure 
acid. The abundant water loss is not unique to this 
sample, as it is observed typically for collisionally acti- 
vated linoleate fragment ions. Collisional activation of 
the ions ofm/z 255,281 and 283 verified their structures 
as palmitic, oleic and stearic acid carboxylates, respec- 
tively. The abundances of the daughter ions formed by 
water loss are not significantly different than those 
from the (M-  H)" of the pure acids. 

The reason that  the water loss is enhanced for the 
more highly unsaturated fragment ion but not for the 
others is not understood. However, water loss is a 
metastable process for carboxylate anions, whereas the 
remote-charge-site fragmentation is a high energy pro- 
cess seen only under conditions ofcollisional activation 
(20). Because the two processes are distinct, perhaps 
energy differences between the carboxylate desorbed 
from a free fatty acid and the ion generated as a frag- 
ment from a complex lipid are significant. 

Characterization of the acid chains of a specific phos- 
phatidylinositol in a mixture by MS/MS is straightfor- 
ward if isomeric species (e.g., oleic and vaccenic) are 
not present. Collisional activation of the (M - H)- anion 
yields abundant daughter ions that  reflect the masses 
of each of the two carboxylate chains. Carboxylate an- 
ions may then be selected for specific characterizations. 
If, however, two isomeric acid carboxylates are liberated 
from two different phosphatidylinositols, three stages 
of tandem mass spectrometry, MS/MS/MS (25), would 
be necessary to characterize the acid chain for each 
specific intact lipid. 

The FAB MS/MS method offers several advantages 
over conventional methods in terms of specificity of 
structural information that  may be obtained, especially 
with regard to the identities of the fatty acids. Because 
a phosphatidylinositol mixture was analyzed and au- 
thentic pure samples were not available, it was not 
possible to draw conclusions regarding the position of 
attachment of the acid chains on the phos- 

phatidylinositol. However, on the basis of our previous 
work with phosphatidylcholine, it is very likely that  
relative abundances of selected daughter ions of the 
(M - H)- ion may indeed reveal such information (1-4). 

Although the emphasis of this work is to explore the 
use of FAB MS/MS methods for qualitative identifica- 
tion and structural characterization of phospholipids, 
some consideration of quantification was made. For the 
soybean phosphatidylinositol mixture that  was 
analyzed wi thou t  prior separation or derivatization, 
ions corresponding to ca. 95% of the inositol components 
identified by Myher and Kuksis (26) were observed. Fur- 
thermore, the entire FAB MS/MS analysis of the major 
components of the mixture including collisional activa- 
tion of the (M-  H)- ions of various inositols was com- 
pleted in an afternoon. This procedure is much more 
rapid than conventional methods that  involve thin layer 
chromatographic, enzymatic hydrolysis, separation of 
hydrolysis products, derivatization of component fatty 
acids, preparation of trimethylsilyl derivatives of 
diacylglycerols and then analysis by gas chromatog- 
raphy (26). 

Quantification of lipids with FAB MS/MS is not a 
straightforward process. In previous work with bile 
salts (27) and fatty acids (23), we found that  desorption 
and/or response may vary considerably between two 
closely related species [i.e., a 1:1 mixture of two fatty 
acids may not show (M-H)- ion abundance in a 1:1 
ratio]. However, quantification is possible if an approp- 
riate set of standards is used (27). It is likely that  this 
approach would be necessary for quantification of phos- 
phatidylinositols. Although the relative abundances of 
the phosphatidylinositol (M-H)" ions remain rela- 
tively constant over the lifetime of the samples, we find 
that  the ion ofm/z 833 (the most abundant ion) is - 35% 
of the ions having a mass above m/z 830 (assuming 
equal response). Myher and Kuksis however report that  
the component giving this ion is - 60% (26). 

Thus, although ca. 95% of the expected ions are ob- 
served, the distribution of the inositols calculated from 
the FAB data appears to be different from the reported 
values (26). This does not negate the value of the FAB 
MS data, but does underscore the need for caution in 
quantitative interpretation of the FAB spectrum and 
the need for use of a series of standards. 

Phosphatidylglycerol. Dipalmitoyl phosphatidylglyc- 
erol (structure C) is representative of phospholipids in 
which the phosphate is linked with a second unsubsti- 
tuted glycerol as the head group. 
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The negative ion mass spectrum is similar to that  of 
phosphatidylinositol because abundant (M-H)-  ion 
and ions attributed to the carboxylate fragments are 
the principal ions observed for both (Fig. 2A). Ions of 
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FIG. 2. (A) Mass spectrum of negative ions produced by fast atom bombardment  desorption of 
dipalmitoyl  phosphatidylglycerol .  (B) Spectrum of daughter ions produced by col l is ional ly  ac- 
tivating the ( M -  H)- ion, m/z 721. 

m/z 148 and m]z 297 are from the tr iethanolamine mat- 
rix. 

Collisional activation of the ( M -  H)- ion of m/z 721 
yields several informative daughter  ions (Fig. 2B). The 
fragment of m/z 647 is formed by loss of C3H602, pre- 
sumably involving the loss of the unsubsti tuted glycerol 
portion of the molecule with H-transfer to the phos- 
phate oxygen; another of m/z 465 is formed by loss of 
RCH2COOH; the ion of m/z 483 is formed by the loss 
of RCHCO; and another of m/z 255 is at tr ibuted to the 
carboxylate anion. The formulas of the ions of m/z 465 
and 483 were established as C22H42OsP and C22H4409P 
by high resolution peak matching. Remote-charge-site 
fragmentation is also seen to produce a series of high 
mass daughter  ions formed by losses of C,H2n + 2. Be- 
cause the constituent acids are the same, the pattern 

is simple and reflects the saturated nature of each acid. 
However, as noted for the phosphatidylinositols, re- 
mote-charge-site fragmentation of the collisionally ac- 
tivated ( M - H )  anion is of more limited structural 
value when the acids are different because the fragmen- 
tations occurring from the two acyl portions of the 
molecule are competitive. 

The acid chain is best characterized by collisionally 
activating the carboxylate fragment; for example, the 
ion ofm/z 255 for dipalmitoyl phosphatidylglycerol. The 
ion undergoes remote-charge-site fragmentation to lose 
a series of C,H2. + 2 fragments and to give a pattern of 
daughter ions that is characteristic of the palmitic acid 
(M - H)- ion. 
Cardiolipin. Cardiolipin (structure D) is a more com- 

plex relative of phosphatidylglycerol. 
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Significant ions in the FAB mass spectrum of one exam- 
ple (Fig. 3A) are those of m/z 1448, 833, 695, 415 and 
279. Two points should be noted with regard to these 
data. First, the highest mass ion observed approaches 
the mass limit of routine scans on the instrument used. 
Hence, verification that  this was indeed the highest 
mass ion and that  the nominal mass is 1448 u was 
accomplished using high mass calibration with CsI (the 
mass of the monoisotopic ion is 1447 u). Second, the 
spectrum shown is for the second sample of cardiolipin 
studied. The first sample that  we obtained from a com- 
mercial source showed these ions as well as sodium 
adduct ions. The sodium contamination is not a major 
problem for spectral interpretation because the pre- 

sence of Na + is readily identified by ions spaced by 22 
u. However, high sodium ion levels disperse the ioniza- 
tion and reaise the detection limits. 

Selection and collisional activation of the principal 
ions permit further characterization of the compound. 
The (M-  H)" ion, m/z 1448, fragments to yield ions of 
m/z 833, 895, 415 and 279, the major ions of the FA]3 
mass spectrum (Fig. 3]3). Because the specific composi- 
tion of the cardiolipin sample was not known, the CAD 
spectrum provides strong evidence that  the sample is 
indeed a single compound. Formation of the ion of m/z 
833 may be attributed to loss of the acyl glycerol portion 
of one phosphatidic acid group to give daughter ions of 
structure E. 
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FIG. 3. (A) Mass spectrum of negative ions produced by fast atom bombardment desorption of 
cardioHpin. (B) Spectrum of t h e  d a u g h t e r  ions produced by collisionally activating the (M- H)- 
ion, m/z 1448. (C) Spectrum of the daughter ions produced by eollisionally activating the fragment 
i o n  of m/z 279. 
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Ions of m/z 695 and m/z 415 may be accounted for as a 
phosphatidic acid ion (structure F) and a (phosphatidic 
acid - RCH2COOH) ion, respectively. 
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.. I 
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OH 
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n 

For complex lipids, daughter ions in the mass range 
of m/z 255 to 311 can usually be attributed to carboxy- 
la te  anions. The decomposition of the (M-  H) ~ ion pro- 
duces only the m/z 279 ion in this mass range. Thus, 
it is implied that  all four acid groups of the cardiolipin 
are 18:2 acids. Characterization of the ion m/z 279 as 
the carboxylate anion of linoleic acid is achieved by 
comparing the collisionally activated decomposition of 
this ion with that  of authentic linoleic acid (compare 
Pigs. 3C and 1D). As for the decomposition product of 
m/z 279 from the phosphatidylinositol, the water loss 
is more abundant for the fragment ion than for the 
fatty acid carboxylate desorbed from the free acid (see 
above). However, all other fragmentations are compar- 
able. 

Collisional activation of the m/z 695 and 415 ions 
provides further information regarding their struc- 
tures. The ion ofm/z 695, presumably phosphatidic acid, 
fragments to yield the daughter ions m/z 443 (phos- 
patidic acid - RCHCO), m/z 415 (phosphatidic acid - 
RCHsCOOH)- and m/z 279 (RCH2COO)'. The only major 
daughter ion formed by collisionally activating the ion 
m/z 415 ion is the ion of m/z 279, which is assigned as 
the carboxylate anion. 

Phosphatidic acid. Phosphatidic acids are the 
simplest type of phosphoglycerides. They have a 
glycerol backbone that  is esterified with fatty acids at 
two of the hydroxy groups and a phosphate at the third 
(see structure F). Their fragmentation behavior would 
be expected to parallel that  of the phosphatidic acid 
portion of the more complex cardiolipin (ion of m/z 695 
discussed above). The FAB mass spectra of the di- 
stearoyl and dipalmitoyl phosphatidic acids show prom- 
inent (M-  H)', (M-  H -  RCHCO)- and carboxylate 
anion daughter ions. These are ions ofm/z 647,409 and 
255 for dipalmitoyl phosphatidic acid and ions of m/z 
703, 437 and 283 for distearoyl phosphatidic acid. 

Collisional activation of the (M-  H)- ions of dipalm- 
itoyl phosphatidic acid causes formation of three daugh- 
ter ions that  correspond to those formed from the phos- 
phatidic acid portion of the cardiolipin molecule (m/z 
695 ion). The most abundant daughter ion is the carbox- 
ylate anion. The other two daughter ions result from 

the losses of RCHCO and RCH2COOH, and the latter 
loss is slightly favored. For dipalmitoyl phosphatidic 
acid, these ions are ofm/z 255,409 and 391, respectively. 
Collisional activation of m/z 409 yields an ion of m/z 
153, which arises from the loss of RCH2COOH from the 
m/z 409 parent ion, ( M - H -  RCHCO)-. The acid con- 
stituent is determined to be palmitic acid on the basis 
of collisional activation of the m/z 255 ion, which under- 
goes the remote-charge-site fragmentation characteris- 
tic of a sixteen-carbon saturated acid. Collisional acti- 
vation of the three distearoyl phosphatidic acid ions 
yields corresponding results. 

Phosphatidylethanolamine. Dipalmitoyl phosphati- 
dylethanolamine and dipalmitoyl N~N-dimethyl-phos- 
phatidylethanolamine are examples of phosphoglyc- 
erides in which ethanolamine is esterified to the phos- 
phate to form the polar head group (structure G). 

0 
II 

RI--CH2--C--O--CH 2 
o I 

Rz-CH 2--C--O--CH 0 

H2 C--O-- P-- O-- C Hp_-C H2-NH 2 
OH 

G 

The FAB mass spectrum of dipalmitoyl ethanolamine 
in triethanolamine matrix is characterized by ions of 
m/z 732, 716, 690, 647 and 255 (Fig. 4A). The latter 
three ions may be accounted for as the (M-H)- ion, 
(M - H - C2HsN)- ion and the carboxylate anion, respec- 
tively. The two higher mass ions appear to be adducts 
between the ethanolamine head group and the matrix. 
This assumption is supported by three pieces of evi- 
dence. First, these ions are not present if the sample is 
placed in DT matrix (see Fig. 4A inset). Second, if the 
two high mass ions are collisionally activated, the 
daughter ions associated with the carboxylate chains 
of the ions are identical to those produced by collisional 
activation of the (M - H)" ion. Third, the FAB mass spec- 
trum of dipalmitoyl N,N-dimethyl phosphatidylethan- 
olamine in triethanolamine matrix is characterized by 
only ions of m/z 718,  647 and 255; (M-H)-, 
(M - H - C4H9 N) and the carboxylate anion, respectively. 
No high mass adduct ions corresponding to those of m/z 
732 and m/z 716 are seen for the N~N-dimethyl compound. 
The absence of adduct ions suggests that m a t r i x  
molecules are H-bonded via the NH hydrogen atoms. Al- 
though the matrix problem with triethanolamine and 
the unsubstituted ethanolamine does not limit selection 
and collisional activation of the ions of interest, the ad- 
duct ions may be confusing in the analysis of an unknown 
mixture. 

The collisionally activated (M-  H)" ion of m/z 690 of 
dipalmitoyl phosphatidylethanolamine fragments to 
yield daughter ions of m/z 452, (M-  H-RCHCO)-; m/z 
434, (M-H-RCH2COOH)' ;  m/z 255, (the carboxylate 
anion); and a series of high mass daughter ions (see Fig. 
4B). The series of high mass daughter ions is that pro- 
duced by remote-charge-site fragmentation. The high 
energy requirement for producing remote-charge-site de- 
compositions is again verified by the absence of these 
ions in the conventional FAB mass spectrum. The ion of 
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FIG. 4. (A) Mass spectrum of negative ions produced by fast atom bomba r dme n t  of dipalmitoyl 
phosphat idyle thanolamine.  Inse t  shows spectrum in the mass range m/z 630-750 for sample in  
DT matrix. (B) Spectrum of the daughter  ions produced by collisionally act ivat ing the (M - H)- 
ion, m/z 690. (C) Spectrum of the daughter  ions produced by collisionally activating the fragment 
ion of m/z 647. 
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FIG.  5. S p e c t r u m  of the daughter ions produced by collisionally activating the fragment ions 
of (A) m/z  377 of hexadecyl PAF and (B) m/z  403 of the 9-octadecenyl platelet-activating factor 
analog. 

m/z 647 from phosphatidylethanolamine fragments upon 
collisional activation to yield the same principal daugh- 
ter ions as does the (M - H)- ion (Fig. 4C), but the relative 
abundances of these ions are altered. For the (M-H)" 
ion, the formation of the carboxylate anion is favored, 
but the abundance of the acid carboxylate relative to ions 
formed by the losses of RCHCO and RCH2COOH is sub- 
stantially diminished for the (M - H - C4H9N)" ion. Fur- 
thermore, the loss of RCH2COOH is favored over the loss 
of RCHCO by a factor of 3:2 for the (M-  H -  C4HgN)- ion, 
whereas these ions are produced in nearly equal abun- 
dance from the (M - H)" ion. The ion ofngz 255 is readily 
characterized as the palmitate anion as it undergoes the 
typical remote-charge-site fragmentation of the long 
chain, unbranched, saturated acid. The collisionally acti- 
vated fragmentations of the principal ions of dipalmiteyl 
NzVdimethyl-phosphatidylethanolamine parallel those 
of the unsubstituted phosphatidylethanolamine. 

Platelet-activating factor and its analogs. 1-O-Hexade- 
cyl-2-O-acetyl-sn-glycero-3-phosphocholine (PAF; struc- 
ture H) and 1-O-(9=octadecenyl)-2-O-acetyl-sn-glycero-3- 
phosphocholine (structure I) differ from the more common 
phosphatidylcholines because the long aliphatic chain at 
the one position is attached by an ether rather than an 
ester linkage. Five major ions are seen in the FAB mass 
spectra of these compounds. These ions are of m/z 508, 

463, 437, 377 and 153 for the hexadecyl PAF and of m/z 
534, 489, 463, 403 and 153 for the 9-octadecenyl analog. 
These ions may be accounted for as (M - CH3 +)', [M - HN 

C H ~ O - - C ~  CH 3 

] o § 
CH2.-O-- ~--O--CH 2- CH 2- N (CH3) 3 

O-  
H 

C H 20 CH'~ A ~  % j ~ l ~ ~ j ~  
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(CHs) 3 + ]', (M - CsH12N +)-, [M - (CsH12N + 
+ CHsCOOH)]- and CsH6POs-. The three highest  mass  
ions are analogous to those previously observed for phos- 
phatidylcholines for which the fa t ty  acid chains are es- 
terified to glycerol (1-3). However, there are no signifi- 
cant ly  abundan t  ions tha t  may  be directly a t t r ibuted  to 
only the alkyl  e ther  portion of the molecule. This is in 
sharp  contrast  to the f ragmenta t ion  of the phospholipids 
for which the long chain is esterified to the glycerol back- 
bone. Cleavage of the ester  l inkage and formation of the 
carboxylate anion are often the principal  f ragmenta t ions  
of these molecules (1-3). 

PAF and its analogs, in a m anne r  s imilar  to phos- 
phat idyle thanolamine,  form adduct ions with the 
t r i e t h a n o l a m i n e  mat r ix .  The adduct  ion, (M + 62), is 
very abundan t .  Hence,  DT was used ins tead  of 
t r i e t h a n o l a m i n e  as the  m a t r i x  for the  analysis .  

Collisional activation of the three highest  mass  ions 
(i.e., the ions of m/z 508, 463 and 437) of the hexadecyl 
PAF yields the same fragmentat ion.  All f ragment  to give 
two daughter  ions by the loss of the acetyl moiety. One 
ion is formed by the loss of CH3CHCO and the other  by 
the loss of CH3COOH. The 9-octadecenyl high mass  ions 
f ragment  in the same moderate ly  informative fashion. 

However, collisional activation of the 
[ M - ( C s H m N  + +CHaCOOH)]- ion, the ions of m/z 377 
and 403 for hexadecyl PAF and the 9-octadecenyl PAF 
analog, respectively, causes remote-charge-si te f ragmen-  
tation, which permits  specific characterizat ion of the 
alkyl  chain (Fig. 5). For the sa tura ted  hexadecyl ion, the 
entire series of CnH2n+ 2 losses for the  sixteen-carbon 
chain (Fig. 5A) is observed, a l though relat ive abundances 
are decreased as the e ther  l inkage is approached. The 
presence and position of a double bond in the octadecenyl 
chain are identified by the very low abundance of three 
daughter  ions (see Fig. 5B) (19,20). The position of the 
double bond in the ClS chain is readily assigned to be 
eight  carbons from the alkyl  t e rminus  by correlat ing the 
daughte r  ions of the series with the  carbon a toms of the 
alkyl  chain s tar t ing  with  the highest  mass  daugh te r  ion 
and the te rmina l  carbon of the  chain. 

In summary,  the combination of FAB for producing 
negat ive ions and MS/MS for collisionally act ivat ing 
them is useful for de termining phospholipids and the i r  
fa t ty  acid components.  This is demonstra ted  by the re- 
sults in this paper  as well as those in our previous publi- 
cations on phospholipids (1-3) and other  complex lipids 
(28). The method is par t icular ly  useful for characterizing 
fa t ty  acid components directly from the complex lipid 
wi thout  a prior degradat ion or derivatization. As de- 
monst ra ted  for the phosphatidylinositol,  the method is 
applicable to mixtures,  and sample pur i ty  is not critical. 
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Fatty Acid Composition of Seeds from the Australian Acacia Species 
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Presented are the lipid content and fatty acid com- 
position of  20 species of  edible Australian Acacia 
seeds. Aborigines reportedly have used at least 18 
of  these as foods. Seed lipid content ranged from 3% 
to 22%, with an average of 11% on a dry weight basis. 
Linoleic (12-71%), oleic (12-56%) and palmitic (7- 
35%) acids were the major fatty acids. Smaller pro- 
portions of  behenic,  stearic and vaccenic acids were 
detected. Seventeen of  the 20 species  were found to 
have polyunsaturated to saturated (P/S) fatty acid 
ratios greater than 1, with four species having ratios 
in excess  of  4. The persistent arils attached to the 
seeds of  certain Australian Acacias and containing 
a portion of  the total lipid were associated with a 
significantly reduced proportion of  l inoleic acid in 
the total seed material. This observation was 
explained by the aril lipid possess ing a markedly 
different fatty acid composit ion from that of  the seed 
lipid. For comparison, seeds from two non-Austra- 
lian Acacia species  (A. farnesiana and A. cavenia) 
were analyzed. Australian and non-Australian were 
found to exhibit markedly different fatty acid 
profiles. 
Lipids 22, 490-494 (1987}. 

The leguminous plant family Mimosaceae contains over 
1,000 Acacia species. Acacia is a genus of mainly shrubs 
or small trees found in many parts of the tropics and 
southern temperate regions (1). Acacia species have been 
put to many uses, notably for dyes, soaps, perfumes, 
timber, forage and soil conditioning. For instance, the 
highly scented flowers of A. farnesiana are used in the 
south of France for perfume manufacture (2). The thorns 
of A. farnesiana have been used by some aboriginal 
peoples to deaden the pain of snakebite (3). The nitrogen- 
fixing capability ofA. holosericea has been found useful 
in land rehabilitation after mining in the Northern Ter- 
ritory of Australia (4), and the foliage and pods of some 
species (A. aneura, A. farnesiana, A. victoriae) are valu- 
able supplements to stock feed (1,2). In addition, milled 
seeds from A. coriacea have been used to supplement 
wheat flour in the production of a palatable bread (5). 

The seeds of some Australian Acacias used as food by 
aborigines have been assessed for gross nutritional com- 
position (6-8) and have been shown to contain significant 
amounts of lipid. Yet seeds from only four species, not 
recorded as edible, have been analyzed for fatty acids 
(9,10). This study reports the fatty acid composition of 
seeds from 20 Australian Acacia species. For comparison, 
two nonindigenous species were also analyzed. 

concurrens and A. crassicarpa, not reported as edible, 
were included to compare with the "edible" species. Two 
non-Australian Acacia species were also analyzed: A. far- 
nesiana, collected in India, and A. cavenia, a Chilean 
species grown in the Royal Botanic Gardens, Sydney, Aus- 
tralia. Seeds from the remaining species were collected 
throughout Australia, mostly in the Northern Territory 
(Fig. 1). Some seeds were collected with the help of local 
aborigines as part of the bush food analysis program of 
the University of Sydney; others were supplied by CSIRO 
Division of Forest Research (Canberra, Australian Capi- 
tal Territory) and by M.L. Farrar Pty Ltd (Nowra, New 
South Wales). 

Sample storage and handling. Seeds were stored at 
ambient temperature for up to 6 weeks before milling in 
a Fritsch Pulverisette food mill (John Morris Scientific 
Pty Ltd, Sydney, Australia). The flours were freeze-dried 
and stored at - 15  C. 

Lipid extraction. Lipids were extracted from varying 
amounts (2 to 5 g) of the milled, freeze-dried samples 
using chloroform/methanol (2:1, v/v) and a wash accord- 
ing to the method of Folch et al. (12,13). After removal of 
solvent, the lipids were dissolved in petroleum ether (bp 
40-60 C, 2 x 10 ml) and transferred to a tared flask, the 
solvent was evaporated under reduced pressure and the 
lipids were quantified gravimetrically. The lipids were 
redissolved in petroleum ether and stored in glass vials 
under nitrogen at - 15 C. 

Preparation of fatty acid methyl esters. Replicate sam- 
ples of the lipid (10 to 100 mg) were saponified, and the 
fatty acids were methylated using a method based on 
that of Oulaghan and Wills (14). If not analyzed im- 
mediately, the fatty acid methyl esters in CH2C12 were 
stored under nitrogen at - 15 C. 

Gas chromatography. The esters were analyzed by flame 
ionization gas chromatography (Hewlett Packard HP 
5890A capillary gas chromatograph), using a BP10 capil- 
lary column (12.5 m x 0.22 mm id) with hydrogen as 
carrier gas (flow rate 2.8 ml/min; oven temp 180 C; injector 
temp 250 C; detector temp 300 C). 

Mean percentage fatty acid composition was calculated 
after integration (HP 3392A integrator) by using re- 
sponse factors derived from results with standard mix- 
tures of known composition run on the same column 
under identical conditions. The standard fatty acid mix- 
tures were obtained from Supelco (Bellefonte, Pennsyl- 
vania). 

Using a methyl silicone fluid column at an oven temper- 
ature of 160 C, vaccenic acid (18:1n-7; RRTls:o = 0.892) 
was resolved from oleic acid (18:1n-9; RRTls:o = 0.880) 
and identified by cochromatographing with standard cis- 
vaccenic acid methyl ester (Sigma, St. Louis, Missouri). 

MATERIALS AND METHODS 

Seed collection. Seeds from all but two of the Australian 
Acacia species analyzed were selected on the basis of 
their reported use as aboriginal foods (11). Seeds from A. 

1Some of this work published as short report in Proc. Nutr. Soc. 
Aust. 10, 209-212 (1985). 

RESULTS AND DISCUSSION 

The Acacia seeds analyzed contained between 3% (A. cras- 
sicarpa) and 22% (A. adsurgens, A. tetragonophylla) lipid 
on a dry weight basis (Table 1), with an average lipid 
content of 11 + 5% (mean + SD, n = 20). 

The polyunsaturated to saturated (P/S) fatty acid ratios 
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FIG. 1. Collection sites for the Australian Acacia seeds; n --- 23 
(species are listed in Table 2). 

ranged from 0.3 to 4.9. Seventeen of the 20 Australian 
Acacia species had P/S ratios greater  than  1; four had 
ratios in excess of 4. The polyunsaturated fat ty acids 
comprised almost exclusively linoleic acid (18:2n-6), with 
linolenic acid (18:3n-3) accounting for less than  2% of the 
total fat ty acids (Table 1). 

In 14 of the Acacia seed lipids analyzed, linoleic acid 
was the major fat ty acid (41-71%), with oleic acid and 
its isomer, vaccenic acid (13-35%), and palmitic acid (7- 
16%) being most of the remaining fat ty acids. Behenic 
acid (22:0) was also present (2-7%), a phenomenon often 
associated with Leguminosae seeds (15). 

The fat ty acid profiles for these 14 Acacia seed lipids 
were in general agreement  with those found by other 
workers. In particular, they were similar to the profiles 
obtained by Rivett et al. (10) for seeds from three other 

Australian Acacias (A. alata, A. dealbata, A. drummon- 
dii). A. cyclops, a native Austral ian plant  introduced to 
South Africa as an anchorage for the windswept soil of 
Cape Flats, contained similarly high proportions of 
linoleic acid (68%) with oleic and palmitic acids being 
the other major components (10% and 6%, respectively) 
(10). 

The remaining six Australian species (A. adsurgens, 
A. coriacea, A. cowleana, A. crassicarpa, A. ligulata, A. 
tetragonophylla) analyzed in our study differed from the 
general trend. They contained significantly lower propor- 
tions of linoleic acid (12-36%), significantly higher  prop- 
ortions of oleic acid and its n-7 isomer, vaccenic acid (41- 
61%), and higher  proportions of palmitic acid (16-35%). 
The slight variations in latitude, al t i tude and other  grow- 
ing conditions should not cause such differences, since 
the collection sites were quite similar (Fig. 1). In addition, 
two samples of A. holosericea analyzed from different 
collection sites (Alice Springs in the Northern Territory 
and Mt. Isa in Queensland) (Fig. 1) had almost identical 
fat ty acid compositions. A similar si tuation resulted for 
the two different samples ofA. victoriae analyzed (Table 
1), indicating that  factors such as lati tude are unlikely 
to be responsible for this difference. 

Effect of arils on composition. An aril, elaiosome or 
funicle is the short stalk at taching the seed to the pod; 
in some Acacia species, it remains with the seed. Several 
Acacia species were noted to possess large arils relative 
to the seed, and in these, aril lipid contributed greatly 
to the total lipid of the seed material  (99% for A. cras- 
sicarpa) (Table 1). O'Dowd and Gill (16) have measured 
the lipid content (but not fat ty acid composition) of arils 
and seeds from five of the species (A. aneura, A. cowleana, 
A. ligulata, A. longifolia and A. tetragonophylla) reported 
here. In their  results, the percentage of aril lipid in the 
total seed lipid ranged from 5% (A. aneura) to 76% (A. 
tetragonophylla). 

TABLE 2 

Total  Lipid  (% Wet Wt) and  % Proport ion  of  Fatty Ac ids  for Ari ls  from four 
Austra l ian  Acacia Spec ie s  

A. adsurgens A. coriacea A. cowleana A. tenuissima 

Total lipid 37 31 50 52 
Fatty acid 

14:0 --~ tr b tr - -  
16:0 23 24 35 27 
18:0 3 5 2 3 
20:0 tr tr tr tr 
22:0 tr - -  - -  - -  
Saturates (S) 27 30 37 30 
16:1 3 tr 4 4 
18:1 62,5 c 61,2 49,3 57,5 
20:1 tr tr tr - -  
Monoenes 69 64 56 66 
18:2 4 4 6 2 
18:3 1 1 1 1 
Polyenes (P) 4 5 7 3 

P]S d 0.2 0.2 0.2 0.1 

a__, Not detected. 
btr, Trace proportion (less than 0.5%) 
c% proportion of oleic acid (n-9), % proportion of vaccenic acid (n-7). 
dpolyunsaturated to saturated fatty acid ratio. 
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FIG. 2. Linear relationship between the finoleic acid proportion and 
the extent to which the aril contributes to the total seed lipid for 
Australian Acacia species, n = 23; equation of fine: y(%) = 62 -- 
0.53x, r = --0.840, p < 0.01. 

In  the  ar i l  fa t ty  acids of four Acacia species (A. ad- 
surgens, A, coriacea, A. cowleana andA.  tenuissima), oleic 
acid and its isomer (18:1n-7) consti tuted over 50% of the 
total  fa t ty  acids; palmit ic  acid was the other major  con- 
s t i tuent  (23-35%) (Table 2). Linoleic acid was present  
only in small  proportions (2-6%), and there was litt le or 
no behenic acid. Black et al. (9) reported s imilar  propor- 
tions for the aril  lipid composition of A. cyclops. 

In  th i s  study, a significant negat ive correlation (r = 
-0 .840 ,  p < 0.01) was found between the linoleic acid 
proportion and the extent  to which ari l  lipid contributed 
to total  seed lipid (Fig. 2). With an increasing contribution 
from the arils  to the total  lipid content of the seed mater-  
ial, there  is a decrease in the linoleic acid proportion and 
a corresponding increase in palmitic and oleic acids. In 
support  of this, A. cowleana seeds analyzed without  ari ls  
were found to be richer in linoleic acid than  the ar i l la te  
sample  and correspondingly lower in oleic and palmit ic  
acids (Table 1). 

Australian vs non-Australian Acacia species. We 
analyzed the non-ari l late  seeds from a Chilean Acacia 
(A. cavenia) grown in Sydney, Australia.  I t  contained 54% 
linoleic acid, which is lower than  would be expected for 
non-ari l late  Austral ian species (Fig. 2, intercept  62%). 
A. farnesiana seeds collected from India were also 
analyzed. I ts  seeds, like A. cavenia, were non-ari l late  
and, like this  Chilean species, the Indian sample  con- 
ta ined only 54% linoleic acid. 

Fat ty acid analyses  of seeds from seven African Acacia 
species have been reported. Six were from northern Sudan 
(17), and the seventh was a South African nat ive (18). By 
comparison, Austral ian species of Acacia general ly have 
higher  proportions of linoleic acid and correspondingly 
lower proportions of oleic and palmitic acids t han  the i r  
African counterparts .  We find no ment ion of persis tent  
ari ls  in the African species analyzed; hence, genetic fac- 
tors seem a more probable cause for the differences ob- 
served. In support  of this contention, we note tha t  A. 
cyclops (9), an  Austral ian nat ive introduced to South Af- 
rica, exhibits  a characterist ically "Australian" fa t ty  acid 
profile. 

These data  subs tant ia te  the suggestion (19) tha t  the 

TABLE 3 

Total  Lipid (% Dry Wt) and % Proport ion  of  Fat ty  A c i d s  for 
Seeds  from T w o  Non-Aus tra l i an  Acacia Spec ie s  

A. cavenia a A. farnesiana b 

Total lipid 3 3 

Fatty acid 
14:0 tr c tr 
16:0 14 14 
18:0 6 5 
20:0 1 2 
22:0 tr 3 
24:0 _d  1 
Saturates (S) 21 24 
16:1 tr tr 
18:1 24,1 e 19,1 
20:1 tr tr 

~: Monoenes 25 20 
18:2 54 54 
18:3 tr 1 
Polyenes (P) 54 55 

P/S f 2.7 2.3 

aA Chilean native grown in the Royal Botanic Gardens, Sydney, 
Australia. 
bCollected from India. 
Ctr, Trace proportion (less than 0.5%). 
d__, Not detected. 
e% proportion ofoleic acid (n-9), % proportion ofvaccenic acid (n-7). 
fPolyunsaturated to saturated fatty acid ratio. 

Austral ian Acacia may be taxonomical ly distinct from 
Acacias originat ing elsewhere in the world. 
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Metabolism in Humans of cis-12,trans-15-Octadecadienoic Acid 
Relative to Palmitic, Stearic, Oleic and Linoleic Acids 
E.A. E m k e n a ,  W.K. R o h w e d d e r  a, R.O. Adlof  a, H. Rakof fa  a n d  R.M. Gul ley  b 
aNorthem Regional Research Center, Agricultural Research Service, U.S. Department of Agriculture, Peoria, Illinois and bst. Francis Medical 
Center, Peoria, lllinois 

Mixtures of  triglycerides containing deuterium- 
labeled hexadecanoic  acid (16:0), octadecanoic  acid 
(18:0), cis-9-octadecenoic acid (9c-18:1), cis-9,cis-12- 
octadecadienoic  acid (9c, 12c-18:2) and cis-12,trans- 
15-octadecadienoic acid (12c,15t-18:2) were fed to two 
young-adult  males.  P lasma  lipid c lasses  were iso- 
lated from samples  collected periodical ly over 48 hr. 
Incorporat ion and turnover of  the deuterium- 
labeled fats in p lasma lipids were followed by gas 
chromatography-mass  spectrometry (GC-MS) 
analysis  of  the methyl ester derivatives. Absorption 
of  the deuterated fats was followed by GC-MS 
analysis  of  chylomicron triglycerides isolated by ul- 
tracentrifugation. 

Results  were the following: (i) e n d o g e n o u s  fat con- 
tributed about  40% of  the total fat incorporated into 
chylomicron triglycerides; (ii) e longation,  desatura- 
tion and chain-shortened products  from the deuter- 
ated fats were not  detected; (iii) the polyunsaturated 
isomer 12c,15t-18:2 was  metabolical ly  more similar 
to saturated and 9c-18:1 fatty acids than to 9c,12c- 
18:2; (iv) relative incorporation of  9c,12c-18:2 into 
phosphol ip ids  did not  increase proportionally with 
an increase of  9c,12c-18:2 in the mixture of  deuter- 
ated fats fed; (v) absorpt ion of  16:0, 18:0, 9c-18:1, 
9c,12c-18:2 and 12c,15t-18:2 were similar; and (vi) data 
for the 1- and 2-acyl posi t ions  of  phosphatidyl-  
choline and for cholesteryl ester fractions reflected 
the known high specificity of  phosphat idylchol ine  
acyltransferase and lecithin:cholesteryl acyl- 
transferase for 9c,12c-18:2. 

These results illustrate that incorporation of  di- 
etary fatty acids into h u m a n  plasma lipid c lasses  is 
selectively controlled and that incorporation of  di- 
etary 9c,12c-18:2 is limited. These results suggest  that 
nutrit ional benefits of  diets high in 9c,12c-18:2 may 
be of  little value to normal  subjects  and that the 
12c,15t-18:2 isomer in hydrogenated fat is not  a nu- 
tritional liability at the present dietary level. 
Lipids 22, 495-504 {1987). 

Hydrogenated vegetable oil, which is used for the produc- 
tion of margarines, cooking oils and shortenings, contains 
a variety of mono- and polyunsaturated fatty acid iso- 
mers. In a recent report prepared for the Food and Drug 
Administration, per capita consumption in the U.S. of 
trans fatty acids from hydrogenated vegetable oils was 
estimated at about 8 g/day or ca. 6% of total fat (1). 
Results summarized in various review articles indicate 
that previous studies with specific isomeric fatty acids 
have investigated mainly the metabolism of the trans 
and cis positional isomers of octadecenoic acid and 
trans,trans-octadecadienoic acid isomers (1--4). Rela- 
tively few studies have investigated the cis,trans- and 
trans,cis-octadecadienoic acid isomers. No human nutri- 

*To whom correspondence should be addressed at the Northern Re- 
gional Research Center, 1815 N. University St., Peoria, IL 61604. 

tional or metabolic data are available for the geometrical 
isomers of 12,15-octadecadienoic acid, which are formed 
from linolenic acid during partial catalytic hydrogena- 
tion (5). 

An objective of this study was to compare in humans 
the relative absorption and incorporation of cis-12,trans- 
15-octadecadienoic acid (12c,15t-18:2) to hexadecanoic 
acid (16:0), octadecanoic acid (18:0), cis-9-octadecenoic 
acid (9c-18:1) and cis-9,cis-12:octadecadienoic acid 
(9c,12c-18:2). The study also provided an opportunity to 
determine the extent to which deuterium-labeled fatty 
acids can be used to follow their conversion to other fatty 
acids and to investigate the biological control exerted on 
the utilization of deuterium-labeled 9c,12c-18:2, 16:0, 
18:0, 9c-18:1 and 12c,15t-18:2. 

EXPERIMENTAL PROCEDURES 

Protocol. The two subjects were male Caucasians, ages 
24 and 25. Medical histories indicated no congenital ail- 
ments or recent medical problems. The subjects had not 
taken any medication for at least three weeks before 
the deuterated fats were fed. Weight/height ratios were 
24.5 and 23.6 kg/m 2 . Blood pressure (120/80 and 117/73), 
serum cholesterol (145 and 166 mg/dl) and fasting tri- 
glyceride (TG) (52 and 58 mg/dl) data were within nor- 
mal ranges, as were all other clinical blood profile data. 
This information and a general physical examination 
confirmed that  each subject was in excellent health, 
that  neither suffered from metabolic abnormalities, 
and that  both were representative of the normal popu- 
lation. In addition to these data, the fatty acid compo- 
sitions of individual phospholipid classes were similar 
to published values (6-8), and the concentrations of 
phosphatidylcholine (PC) (1.7 and 1.4 mg/ml) and free 
fatty acid (0.09 and 0.06 mg/ml) were consistent with 
reported data (7,9). 

Subjects were requested to follow the standard diet 
recommended for diabetics for one week prior to feeding 
the mixture of deuterium-labeled fats to aid them in 
selecting a diet of ca. 40% percent fat, 40% carbohydrate 
and 20% protein. Dietary histories confirmed that  food 
selection was typical of American diets as reported in 
the Hanes and USDA surveys (10,11). No detectable 
changes in the subjects' weights were observed during 
this period, which indicated a stable energy balance. 
The subjects were fasted for 10 hr before eating the 
meals containing the mixture of deuterium-labeled TG. 

The weight, identity and location of the deuterium 
labels for the six deuterium-labeled fatty acids in the 
TG mixtures are listed in Table 1. The synthesis and 
purification of these fats have been described previously 
(12-15). Mixtures of the deuterium-labeled TG were 
heated to ca. 65 C. A blender was used to emulsify the 
triglycerides with 30 g calcium caseinate, 30 g dextrose 
and 15 g sucrose in 200 ml of water, which had been 
warmed to 65 C. This mixture was fed at 8 a.m. in place 
of the subjects' normal breakfast. A light lunch at 12:30 
p.m. (subject 1) and at 11:45 a.m. (subject 2) and a 
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normal  evening mea l  a t  6:30 p.m. were consumed.  
Blood samples  (ca. 20 ml  each) for p l a s m a  lipid class 

fa t ty  acid ana lys i s  were obta ined by ven ipunc tu re  a t  
0, 2, 4, 6, 8, 12, 15, 24 and 48 hr. Se rum samples  (ca. 
15 ml  each) were collected a t  2, 4, 6, 8, 12 and  15 hr  for 

isolat ion of chylomicron TG. The chylomicron TG frac- 
t ions (SF 400) were isolated a t  23 C from the se rum 
samples  b~, cen t r i fuga t ion  a t  25,000 r p m  for 74 min  
(5.74 • 10~g-min) in a Beckman  SW41 swinging  bucket  
rotor  as described previously  (16). 

TABLE 1 

Composition of Triglyceride Mixtures F e d  

Deuterium-labeled 
fatty acid 

Subject 1 

Wt(g) Percent 

Subject 2 

Wt(g) Percent 

16:0-9,10-2H2 
18:0-9,10,13,13,14,14-2H6 
18:0-9,9,10,10-2H4 
9c-18:1-14,14,15,15,17,18-2H6 
9c,12c-18:2-15,15,16,16-2H4 
12c,15t-18:2-9,10o2H2 
Total weight 

Ratios of deuterium-labeled 
fatty acids in mixtures 

12c,15t-18:2/16:0 
12c,15t-18:2/18:0 
12c,15t-18:2/9c-18:1 
12c,15t-18:2/9c,12c-18:2 

5.30 13.96 
4.96 13.06 

4.71 12.40 
14.39 37.87 
8.63 22.70 

37.99 

1.62 
1.73 
1.83 
0.60 

6.32 23,40 

3.83 14.18 
5.46 20.23 
4.96 18.36 
6.45 23.88 

27.02 

1.02 
1.68 
1.18 
1.30 

16:0 
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FIG. 1. Gas chromatography (GC)-mass spectrometry chromatogram of a standard mixture containing deuterated and nondeuterated 
fat ty  esters. The 30 m X 0.32 mm Supelcowax 10 fused silica GC column was  programmed from 165 C to 265 C at 5 CJmin. The Finnigan 
quadrupo|e mass  spectrometer used isobutane to provide chemical ionization mass  spectra. 
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FIG. 2. Incorporation and turnover of deuterium-labeled 16:0, 18:0, 9c-18:1, 9c,12c-18:2 
and 12c,15t-18:2 into chylomicron triglycerides. Data for subject I are plotted as percent 
isotopic enrichment of the total fatty acids. Data for subject 2 are plotted as micrograms 
of deuterated fatty acid per ml of plasma. 
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TABLE 2 

Composition of Chylomicron Triglyceride Samples Containing Maximum 
Percent Isotopic Enrichment 

Subject 1 Subject 2 

Deuterium-labeled 4-hr Fed 6-hr Fed 
fatty acid sample (%) mixture (%) sample (%) mixture (%) 

16:0-ZH2 14.5 13.96 20.0 23.40 
18:0-2H6 11.7 13.06 - -  - -  
18:0-2H~ - -  - -  17.0 14.18 
9c-18:1o~H6 14.9 12.40 22.6 20.23 
9c,12c-18:2-2H4 35.5 37.87 18.1 18.36 
12c,15t-18:2-2H2 23.5 22.70 22.4 23.88 

apercentages of deuterated fatty acids in chylomicron triglycerides are normalized to 
100% for comparison with fed mixture percentages. 

Lipid isolation, derivatization and analysis. Total 
lipids were ex t rac ted  wi th  2:1 chloroform/methanol  
(17), and  known weights  of t r ihep tadecanoin ,  choles- 
te ry l  hep tadecanoa te ,  heptadecanoic  acid (17:0) and  di- 
hep tadecanyl -L-a-phospha t idy lcho l ine  were added as 
in te rna l  s t andards  to the  to ta l  lipid ex t rac t  to aid in 
de termining  actual  concentrations (mg/ml) of  the deu~ 
tera ted fat ty  acids in these p lasma lipid classes. The free 
acid of 17:0 was added to the other p lasma lipid classes 
ai%er their  isolation by thin  layer chromatography (TLC). 
In ternal  s tandards  were not added to the chylomicron 
extracts  from subject 1. 

Prepara t ive  TLC was used for isolation of TG, choles- 
teryl  ester (CE), free fat ty  acid, phosphat idylethanola-  
mine (PE), PC and phosphat idylser ine (PS) lipids (18,19). 

Methyl esters of the isolated lipids were prepared by heat-  
ing with a 5% HCl-methanol  solution (20). In order to 
determine the distribution of the deuter ium-labeled fat ty  
acids in the 1- and 2-acyl position of PC, a portion of the 
isolated PC was t reated with phospholipase A2 (21), and 
the reaction products were separated by TLC and es- 
terified. The methyl  esters of these lipid classes were 
analyzed by gas chromatography (GC) and gas chromatog- 
raphy-mass  spectrometry (GC-MS). A Varian model 3400 
gas chromatograph,  equipped with a 100 m • 0.25 m m  
SP2560 fused silica capil lary column (Supelco, Belle- 
fonte, Pennsylvania)  and a flame ionization detector, was 
used to analyze many  of the samples  to confirm the quan- 
t i ta t ion of the methyl  ester da ta  obtained by GC-MS. 
Operat ing conditions were split  ratio, 1:100; l inear  veloc- 
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i ty of hel ium, 21 cm/sec; detector and injection tempera-  
ture,  235 C. The column oven t empera tu re  was l inear ly  
programmed from 165 to 220 C at  3 C/min with an in i t ia l  
hold of 15 min and a final hold of 30 min. 

Fa t ty  acid percentages  and concentrat ions for both 
labeled and unlabeled  fat ty  acid esters were obtained by 
GC-MS ana lys i s  with a F inn igan  model 4500 quadrupole  
mass  spectrometer  operated in a chemical ionization 
mode with isobutane as the  ionization reagent  (22). The 
gas chromatograph-mass  spectrometer  was equipped 
with  a Supelcowax 10 fused sil ica column (30 m • 0.32 
mm; Supelco) and was t empera tu re  programmed from 
165 C to 265 C at  5 C/min with  a 20-min final hold. A 
GC-MS chromatogram of a s tandard  mix ture  is shown in 
Figure 1. This figure i l lus t ra tes  the  monitored ions and 
the re la t ive  re tent ion  of the  deutera ted  and nondeuter-  
a ted fat ty  acid methyl  esters. Fa t ty  acid methyl  ester  
da ta  for chain lengths  shorter  t han  16 and longer t han  
20 carbons were not collected, so as to minimize GC-MS 
da ta  collection and procession t ime. The methyl  ester  
peaks  were identified by comparison to GC re tent ion  
t imes  for known s tandards  and from molecular  weight  
data .  Analyses  of mixtures  of known composition were 
used to de termine  the accuracy of the GC-MS data .  
Analyses  of various mixtures  of known composition tha t  
contained deuter ium-labeled  and nonlabeled fat ty  esters 
were used to s imula te  the composition of the actual  sam- 
ples. A 5% rela t ive  s tandard  deviat ion was obtained when 
each of the deuter ium-labeled  fat ty esters was present  a t  
1% of the  total  sample. 

Calculation of selectivity ratio data. Select ivi ty  ra t ios  
are calculated according to the  following equation: selec- 
t iv i ty  rat io  = exper imenta l  ratio/fed ratio,  wher  e experi-  
menta l  ra t io  equals  the rat io  for two deuter ium-labe led  
fats in a l ipid fraction, and the fed rat io  equals  the rat io  
for the  same two deute r ium- labe led  fats in the fed mix- 
ture. If  the value for the select ivi ty ra t io  is less than  1.0, 
the reciprocal is calculated and the value is given a nega-  
t ive sign. 

A select ivi ty  rat io  wi th  negat ive  sign denotes discrimi- 
na t ion  agains t  incorporat ion of the deute r ium- labe led  
fat ty  acid in the numerator ,  while a positive select ivi ty 
rat io  indicates  preferent ia l  incorporation. The use of the 
reciprocal for negat ive  select ivi ty ra t ios  avoids the prob- 
lem of compressing negat ive values between 0.0 and 1.0 
while al lowing the positive select ivi ty  ra t ios  to have a 
range between 1.0 and infinity. Thus a select ivi ty ra t io  
of _+ 1.0 indicates  no difference between the rat io  of the 
fats in the  sample  compared to the rat io in the fed mix- 
tures.  Dividing the exper imenta l  rat io by the fed rat io  
adjusts  the value of the exper imenta l  ra t io  for unequal  
amounts  of deu te r ium- labe led  fats used in the fed mix- 
tures.  This calculat ion faci l i ta tes  da ta  comparison from 
subjects fed mixtures  of deu te r ium- labe led  fats contain- 
ing different ratios.  

RESULTS 

Absorption of deuterium-labeled saturated and unsatu- 
rated fatty acids. The chylomicron TG da ta  in Figure 2 

TABLE 3 

Comparison of the Relative Incorporation of Deuterium-Labeled Fatty Acids into Human Plasma 
Lipid Classes 

Selectivity ratios 

Plasma 
Fatty acid Subject Chylo 
ratio no. TG TG CE FFA PE PS PC P C - 1  PC-2 

c,t18:2/16:0 1 1.0 1.2 NV a 1.4 1.8 1.5 -1.5 -1.6 3.0 
2 1.1 1.2 NV -1.4 2.2 1.2 -1.8 1.1 2.4 

c,t18:2/18:0 1 1.2 1.6 NV 1.1 -2.5 -6.1 -2.1 -2.3 4.4 
2 -1.1 1.2 NV -1.6 -3.6 -8.0 -3.2 -2.9 1.6 

c,t18:2/18:1 1 -1.2 -1.3 NV 1.1 -1.2 -1.3 2.4 3.1 1.4 
2 -1.2 1.1 NV 1.2 -1.4 -1.7 -2.7 6.7 1.6 

c,t18:2/18:2 1 1.1 -1.3 NV 1.4 -3.5 -2.1 -4.0 4.5 -6.3 
2 -1.1 1.1 NV 1.2 -3.5 -2.5 -6.3 8.8 -6.5 

18:2/16:0 1 1.1 1.2 7.0 -1.1 3.0 2.7 1.7 -10.5 15.0 
2 1.2 1.4 20.1 1.7 5.5 3.7 3.5 -15.0 20.0 

18:2/18:0 1 1.1 1.7 NV 1.3 -1.4 -1.9 1.2 -15.0 27.0 
2 -1.0 1.5 NV -2.0 -1.3 -2.8 2.0 -25.0 15.0 

18:2/18:1 1 -1.2 -1.1 8.7 -1.4 1.6 1.5 5.1 -2.3 9.5 
2 1.1 -1.2 11.9 -1.1 2.4 1.5 15.0 -2.8 11.5 

18:1/16:0 1 1.1 1.7 -1.2 1.4 1.9 1.5 -3.8 -4.6 1.6 
2 1.2 1.4 1.7 -1.5 2.3 2.5 -4.8 -5.5 1.5 

18:1/18:0 1 1.1 1.8 NV 1.1 -2.4 -4.5 -4.4 -6.6 2.8 
2 1.1 1.5 NV -1.7 -3.1 -4.2 -8.6 -18.3 1.0 

18:0/16:0 1 -1.1 -1.1 NV 1.3 4.5 7.0 1.2 1.4 -1.5 
2 1.2 -1.1 NV 1.2 7.1 10.2 1.8 3.3 1.5 

aNV: no value, because deuterated 12c,15t-18:2 or 18:0 was not detected. TG, triglyceride; 
CE, cholesteryl ester; FFA, free fatty acid; PE, phosphatidylethanolamine; PS, phosphatidylserine; PC, 
phosphatidylcholine. 
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FIG. 3. Uptake  and disappearance of deuterium-labeled 16:0, 18:0, 9r 9c,12~18:2 and 
12c,15t-18-2 into human  plasma triglyceride and cholesteryl ester, Micrograms per ml  refer 
to micrograms of deuterated fa t ty  acid per ml  of  plasma.  Percent of total  fat ty  acids 
indicates  percent isotopic enrichment in the total  fat ty  acids. 

are plotted as the percentage of deuterium-labeled fatty 
acid in the total sample for subject 1 and as micrograms 
of deuterated fat per ml of plasma for subject 2. The 
composition of the deuterium-labeled fatty acids in the 
chylomicron TG samples containing the maximum per- 
cent enrichment were normalized to 100% and compared 
to the composition of the fed mixture in Table 2. Selectiv- 
i t y  ratios are given in Table 3 and are based on the total 
areas under the curves shown in Figure 2. These data 
are used to reflect preferential removal of one fatty acid 
relative to another. 

The major difference between the chylomicron TG data 
for the two subjects was the maximum total enrichment. 
This difference is 23% (61% in subject 1 vs 38% in subject 
2). Since previous data for 10 subjects fed various amounts  
of deuterium-labeled fatty acids (23-27) indicated - 6 0 %  

maximum total enrichment in chylomicron TG samples, 
this difference is probably due not to the difference in 
total amount  of deuterium-labeled fatty acid fed but 
rather  to the dilution of deuterated fats in the 6-hr 
chylomicron sample from subject 2 by fat present in the 
meal he consumed at 11:45 a.m. 

The overall similarity of the curve shapes, combined 
with the selectivity ratios in Table 3 and the deuterium- 
labeled fatty acid composition data in Table 2 provides 
good evidence that  absorptions of the various deuterium- 
labeled fatty acids were essentially equal. 

Incorporation of saturated and unsaturated fatty acids 
into plasma lipids. Plasma TG, CE, PE and PC data are 
plotted in Figures 3 and 4. These data provide a compari- 
son of the relative incorporation and removal of deuter- 
ated 16:0, 18:0, 9c-18:1, 9c,12c-18:2 and 12c,15t-18:2. 
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Examples of both mg/ml and percent enrichment data 
for incorporation of deuterium-labeled fatty acids are in- 
cluded. These data show that the relative rate of clearance 
of 12c,15t-18:2 is similar to other fats commonly present 
in the diet. Variations in percentages and amounts of the 
individual deuterium-labeled fatty acids incorporated 
into the same lipid class for the different subjects are due 
largely to the difference in percentages of deuterated fats 
in the fed mixtures. The differences between the various 
lipid classes from the same subject are due to differences 
in the selectivity of the enzyme systems involved with 
the metabolism of these fatty acids. 

The selectivity ratios summarized in Table 3 have been 
adjusted for differences in composition of the fed mix- 
tures. These data reflect the relative incorporation of 
deuterated fats into the various plasma lipids. The selec- 
tivity ratios for 12c,15t-18:2 are plotted in Figure 5 to 
illustrate the differences between incorporation of this 
fatty acid relative to 16:0, 18:0, 9c-18:1 "and 9c,12c-18:2. 
From these data and the data in Figures 3 and 4, a number 
of interrelationships are apparent: 

(i) Differences between the selectivity ratios in Figure 
5 for the deuterium-labeled fatty acids incorporated into 
plasma TG and free fatty acid samples are small com- 
pared to the differences for the phospholipid fractions. 
The selectivity ratios for the TG and free fatty acid frac- 
tions indicate less than a 1.5-fold difference in the uptake 
and removal of 12c,15t-18:2 compared to 16:0, 18:0, 9c-18:1 
and 9c,12c-18:2. These selectivity ratios indicate that 
those enzymes involved in metabolism of TG and free 
fatty acids are relatively insensitive to fatty acid struc- 
ture and have a minor role in regulation of lipid class 
fatty acid composition. 

(ii) The ~lasma CE results were unexpected; only 
9c,12c-18:2-~H was incorporated to an appreciable extent, 
and neither 18:0-2H nor 12c,15t-18:2-2H were detected. 
The enrichment of 9c-18:1-2H and t6:0-2H was also low 
(0.1-0.2%), as shown in Figure 3. Thus, the selectivity 
ratios for 18:0-2H and 12c,15t-18:2-2H cannot be calcu- 
lated, and the selectivity ratios that involve 9c-18:1 and 
16:0 have large relative standard errors because of the 
difficulty of accurately quantitating percent enrichment 
at the 0.1% level. 

(iii) The isotopic enrichment data for 12c,15t-18:2 in 
Figure 4 and the selectivity ratios plotted in Figure 5 for 
PE indicate about a two-fold preference for incorporation 
of 12c,15t-18:2-2H relative to 16:0-2H and an obvious dis- 
crimination against 12c,15t-18:2-2H incorporation rela- 
tive to 18:0-2H and 9c,12c-18:2-2H. Preferential incorpora- 
tion of 18:0-2H and 9c,12c-18:2-2H into PE is also evident 
from the selectivity ratios for 9c,12c-18:2 in Table 3 and 
the isotopic enrichment data in Figure 4. 

(iv) The major feature of the PS data is the six- to 
tenfold preferential incorporation of deuterated 18:0 rela- 
tive to 12c,15t-18:2. Preferential incorporation of 18:0-2H 
is reflected by the selectivity ratios in Figure 5 for 18:0-2H 
vs deuterated 16:0, 9c-18:1 and 9c,12c-18:2. This strong 
preferential incorporation for 18:0 is the major reason 
why the 12c,15t-18:2 selectivity ratio for plasma PS is 
intermediate between 16:0 and 9c-18:1 and clearly differ- 
ent from 18:0. 

(v) PC was the only lipid class that appeared to pref- 
erentially incorporate 12c,15t-18:2 relative to 9c-18:1. 
Comparison of the actual isotopic enrichment data in 

Figure 4 for the various deuterated fatty acids indicate 
that this positive selectivity ratio for 12c,15t-18:2 vs 9c- 
18:1 was due to the low incorporation of 9c-18:1 into PC 
rather than to a selective incorporation of 12c,15t-18:2. 
The 12c,15t-18:2 vs 9,12c-18:2 selectivity ratio indicates 
a four- to sixfold preference for incorporation of 9c,12c- 
18:2. These data are evidence that 12c,15t-18:2 is a poor 
substrate relative to 9c,12c-18:2 for acylation of PC. The 
fact that the 12c,15t-18:2 isomer has a methylene-inter- 
rupted diene structure but a trans double bond in the 15 
position (omega-3) further demonstrates the preference 
of PC acyltransferase for all cis polyunsaturated fatty 
acid structures. 

(vi) The small negative selectivity ratios in Table 3 and 
Figure 5 for 12c,15t-18:2 vs 16:0 and 18:0 indicate that 
the specificity of PC acyltransferase for 12c,15t-18:2 and 
saturated fatty acids is similar. The three- to sixfold pref- 
erential incorporation of 12c,15t-18:2 relative to 9c-18:1 
and 9c,12c-18:2 into the 1-acyl position of PC is similar 
to the reported differences for saturated and unsaturated 
fatty acids (28). 

(vii) The selectivity ratios in Table 3 and Figure 5 for 
2-acylPC reflect the well-known preference for incorpora- 
tion of 9c,12c-18:2 and exclusion of saturated fatty acids 
(28). From these selectivity ratios, the specificity of PC 
acyltransferase for 12c,15t-18:2-2H was closest to 9c-18:1. 
Comparison of the differences in the various selectivity 
ratios for the 1- and 2-acylPC positions indicates the 
possibility of two PC acyltransferases, as suggested by 
others based on differences in Km values for 1- and 2- 
acylPC (29,30). 

Of interest is the fact that the relative percentages of 
the deuterium-labeled fatty acid incorporated were not 
closely related to the overall fatty acid composition of the 
PC samples. For example, the PC samples contained 24- 
27% 16:0, 12-14% 18:0, 12-13% 9c-18:1, 29-31% 9c,12c- 
18:2 and 12-15% 20:4. In comparison, percentages for the 
deuterium-labeled fats in the PC samples were 10-14% 
16:0, 10-19% 18:0, 2-5% 9c-18:1, 50-60% 9c,12c-18:2 and 
14-17% 12c,15t-18:2. These data indicate that 9c,12c-18:2 
located at the 2-acyl position of PC is exchanged more 
rapidly than fatty acids at the i-acyl position of PC by 
a deacylation-reacylation mechanism, but the overall 
fatty acid composition is not greatly altered. 

The data in Table 3 allow a comparison of all the pos- 
sible combinations of selectivity ratios for the various 
fatty acids in the fed mixtures. Since the selectivity ratios 
are corrected for differences in the fatty acid content of 
the fed mixtures, they should be the same. Thus, differ- 
ences in the selectivity ratios for lipid fractions from sub- 
ject 1 and subject 2 may provide insight into how the 
ratio of the various fatty acids in the diet influences the 
relative incorporation of each of the fatty acids. Support 
for this suggestion is provided by the relatively close 
agreement of the TG selectivity ratios for the two subjects 
and the large differences for many of the phospholipid 
selectivity ratios. Small differences of -+ 0.4, such as those 
for the plasma TG ratios, can be attributed to accumula- 
tion of experimental or analytical errors. Differences 
larger than -+ 0.4 reflect differences that could be due to 
the composition of the deuterated fat mixture. The 9c,12c- 
18:2/16:0 selectivity ratios for PE and PC indicate incor- 
poration of about twice as much 9c,12c-18:2 as 16:0 for 
subject 2, who received the low 18:2 diet. Similarly, the 
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9c,12c-18:2/9c-18:1 ratio is three times higher for plasma 
PC from subject 2, and the 18:2/16:0 and 18:2/9c-18:1 
ratios are beth much higher for the CE fraction from 
subject 2. These data suggest tha t  9c,12c-18:2 is incorpo- 
rated more selectively when 9c,12c-18:2 is present at 
lower concentrations in dietary fat. However, the validity 
of this suggestion remains to be confirmed because avail- 
able data is limited. 

A similar trend is noted for the 12c,15t-18:2 selectivity 
ratios plotted in Figure 5; the ratios for the phospholipid 
classes were generally more extreme for the subject fed 
the mixture containing the lower amount  of 9c,12c-18:2. 
Subject 1 received 2.9 times more deuterium-labeled 
9c,12c-18:2 on a weight basis than  subject 2, but the 
amount of 9c,12c-18:2 incorporated into PC and PE sam- 
ples from subject 1 was 20-100% less than  expected corn- 

pared to the PC and PE data for subject 2. Thus, for the 
subject receiving the mixture with the higher deuterium- 
labeled 9c,12c-18:2 content, relatively less deuterium- 
labeled 9c,12c-18:2 was incorporated compared to 
deuterium-labeled 12c,15t-18:2. 

These data are consistent with animal data that indi- 
cate if the diet is high in 9c,12c-18:2, there are control 
mechanisms that increase the ~-oxidation rates for 
9c,12c-18:2 (31) and limit incorporation of 9c,12c-18:2 into 
phospholipids (32-34). These mechanisms are apparently 
available to control phospholipid fatty acid composition 
within relatively narrow ranges in the presence of dietary 
fat with wide variation in fatty acid composition. The 
important implication of these data is that a diet with a 
high polyunsaturate/saturate ratio will increase the 
9c,12c-18:2 content of phospholipids less than would be 
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expected compared to a diet with a low polyunsaturate/ 
saturate ratio. 

Conversion of deuterium-labeled fats. The major fatty 
acids present in the plasma lipid classes were examined 
for the presence of deuterium-labeled fatty acids other 
than those in the fed mixtures. None of the lipid classes 
contained detectable amounts (above .01% enrichment) 
of deuterium-labeled fatty acid other than those fed. 

DISCUSSION 

Since only two subjects were studied, the data cannot be 
statistically evaluated as  representative of the normal 
population. However, based on clinical data and medical 
histories, we believe the metabolism of these deuterated 
fatty acids is typical for young-adult males. This conclu- 
sion is supported by plasma cholesterol, TG and phos- 
pholipid concentrations and by fatty acid composition 
data (not shown) for the various lipid classes. 

Our experimental design allows each subject to serve 
as his own control. This permits direct comparison of the 
incorporation of each of the five deuterated fatty acids in 
individual subjects. This design also negates many of the 
confounding problems of biological variation. 

Absorption. The chylomicron TG data in Figure 2 and 
Table 2 are evidence that the relative absorptions of the 
deuterium-labeled fatty acids were similar. The only dif- 
ference was a slight skew of the saturated vs unsaturated 
fatty acid curves, which suggests a slightly more rapid 
absorption of 16:0 and 18:0. The chylomicron TG data are 
plotted in Figure 2 as percentage of each deuterated fatty 
acid in the total fatty acids for subject 1 and as micro- 
grams of each deuterated fatty acid per ml of serum for 
subject 2. These data show that either form of represent- 

ing the data provides plots that are suitable for assessing 
the relative absorption of the deuterated fatty acids. Plot- 
ting the data as micrograms of deuterated fatty acid per 
ml of plasma yields sharper curves because the amount 
of non-deuterium-labeled endogenous TG in the chylomi- 
crons increases as the deuterated fatty acids are being 
absorbed. 

Absorption of the deuterium-labeled 18:0 and unsatu- 
rated fatty acids was similar, which was unexpected be- 
cause other studies have reported that trioctadecanoin is 
poorly absorbed (35-37). The only explanation we can 
propose for the difference between these data and previ- 
ous results is that care was taken to ensure that the 
deuterium-labeled trioctadecanoin, which melts above 
body temperature, was well emulsified by mixing at tem- 
peratures above the melting point of trioctadecanoin, 
which permits even distribution on to the caseinate. This 
procedure would be expected to prevent formation of crys- 
talline particles of trioctadecanoin, which would be resis- 
tant to hydrolysis by pancreatic lipase. 

The presence of non-deuterium-labeled fatty acids in 
the chylomicron TG samples is attributed to incorporation 
of endogenous TG during formation of the chylomicron 
particles. The value of about 40% non-deuterium-labeled 
fatty acid in the 4- to 6-hr chylomicron TG samples has 
been a consistent feature of all of our previous chylomi- 
cron TG data (23-27). It is also in agreement with rat 
data, which indicated that as much as 50% of the fat 
incorporated into chylomicron TG is from an endogenous 
source (38). 

The mixing of dietary and stored or endogenous fat 
alters the ratio of fatty acids in the chylomicron TG prior 
to their subsequent metabolism. The implication is that 
this process may be an important step in the modulation 
of dietary fatty acid composition and is a mechanism by 
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which the body partly compensates for wide variation in 
dietary fatty acid composition. 

Interconversion. In this study, interconversion products 
such as deuterium-labeled 16:1, 18:0, 18:1, 20:3 and 20:4, 
were not detected in any of the lipid classes. The GC-MS 
methodology was capable of qualitatively detecting these 
deuterium-labeled fatty acids at a 0.04% enrichment 
level. The PC samples were, in particular, carefully 
analyzed for 20:4 because deuterium-labeled 20:4 should 
be concentrated in PC. The percentage of 20:4 in the PC 
samples from these subjects varied between 10 and 13% 
and the concentration of PC was between 1.4 and 1.7 
mg/ml. Since the concentration of 20:4 in PC is ca. 0.15 
mg/ml, we calculate that, if a concentration of ca. 60 
ng/ml of deuterium-labeled 20:4 were present in the PC 
samples, we would have been able to detect it. Based on 
a total blood volume of ca. 3000 ml, only 0.18 mg of the 
15 g (subject 1) and 5 g (subject 2) of 18:2-2H4 fed would 
have needed to be converted to 20:4-2H4 to be detected. 
This amount corresponds to a conversion of 0.0012% (sub- 
ject 1) and 0.0036% (subject 3) of the 18:2-2H4 fed. The 
absence of detectable levels of 20:4 indicates that the rate 
of conversion of 18:2-2H4 to 20:4-2H4 is extremely low in 
normal subjects. 

From these data, it appears that if various deuterium- 
labeled fatty acids and their precursors are fed in the 
same mixture, interconversions of one deuterated fatty 
acid to another will not cause a major problem with the 
quantitation of the deuterated fatty acids in the fed mix- 
ture. For example, if 20:4-2H4 and 18:2-2H4 are both fed, 
the conversion of 18:2-2H4 to 20:4-2H4 is so small that 
the endogenously formed 20:4-2H4 will not cause an error 
in the measurement of exogenous 20:4-2H4 incorporated 
into plasma lipids. In a similar manner, these data indi- 
cate that the rates of conversion of exogenous deuterated 
18:0 to 9c-18:1 and of deuterated 16:0 to 18:0 and c-16:1 
are low. These results indicate that fatty acid interconver- 
sion rates are generally too low to be followed by this 
particular experimental approach, although in earlier 
human studies with deuterium-labeled 18:1 isomers, con- 
version of 16:1 was observed (26,27). The reason for the 
lack of detectable deuterium-labeled fatty acid intercon- 
version products may be a combination of low elongation 
and desaturation rates and a slow, gradual release of the 
products from the liver into the plasma. 

Turnover and incorporation of deuterium-labeled fatty 
acids in plasma lipids. The plots in Figures 3 and 4 for 
TG, CE, PC and PE graphically show that turnovers of 
all of the deuterated fatty acids were similar, irrespective 
of whether a specific fatty acid was selectively incorpo- 
rated. The data indicate that differences in the selectivity 
ratios plotted in Figure 5 are due mainly to enzyme selec- 
tivities associated with incorporation rather than to dif- 
ferences in turnover rates. The times at which maximum 
isotopic enrichment occurred in the various lipid classes 
were consistent for lipid classes from both subjects. The 
examples given are for data plotted as micrograms of 
each deuterated fatty acid per ml of plasma and as per- 
centage of each deuterated fatty acid present in the total 
fatty acids. Examples of both types of plots are shown to 
demonstrate that the variation in levels of isotopic enrich- 
ment in these fractions is reflected on both a percentage 
and a concentration basis. The similarity between the 
data from the two subjects was generally good. However, 
note that almost three times more 9c,12c-18:2-2H was fed 
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to subject I than to subject 2 and that the 18:2 selectivity 
ratios for PC and PC-1 in Figure 5 for subject 1 are lower 
than for subject 2. This difference suggests that the com- 
position of the dietary fatty acids has some influence on 
the amount of each individual fatty acid incorporated. 
The influence of the dietary fatty acids is most obvious 
if the low isotopic enrichment (ca. 0.5%) for 9c-18:1-2H6 
in the PC fraction shown in Figure 4 is compared to PC 
data from previous studies where 9c-18:1 was fed with 
the cis and trans isomers of 10- and 11-18:1 (26,27). In 
these studies, three to four times as much (1.5-2.0%) 
9c-18:1-2H was incorporated. 

The importance of dietary 9c,12c-18:2 is evident from 
the plasma CE data in Figure 3. The proportions of deu- 
terated 9c,12-18:2, 9c-18:1 and 16:0 incorporated into the 
plasma CE fraction are much different than the fatty 
composition normally reported for CE. This suggests that 
dietary 9c,12c-18:2 is utilized preferentially relative to 
endogenous 9c,12c-18:2 for esterification of cholesterol. 

Plasma lipid selectivity ratios. The selectivity ratios 
are calculated from the areas under the curves after the 
data are plotted, as shown in the examples in Figure 3 
and 4. The selectivity ratios are thus, in effect, weighted 
averages of several data points. Overall, the selectivity 
ratios depicted in Table 3 and Figure 5 indicate a strong 
biological control of fatty acid utilization in healthy males 
and a general discrimination against incorporation of 
12c,15t-18:2 into plasma phospholipids. For example, the 
incorporation of 12c,15t-18:2 into total PE, PS and PC is 
decidedly discriminated against compared to 9c,12c-18:2 
and 18:0, but 12c,15t-18:2 is preferentially incorporated 
into PE and PS relative to 16:0. Most of the selectivity 
ratios for the phospholipids are negative, and there are 
no large positive values for the neutral lipids, suggesting 
that the 12c,15t-18:2 isomer was utilized mainly for 
energy. The lack of any large positive selectivity ratio for 
12c,15t-18:2 was consistent with the failure to detect this 
isomer in human tissue lipid extracts (39). Thus, based 
on these selectivity ratios and previous tissue fatty acid 
composition data, it appears unlikely that 12c,15t-18:2 
has any significant impact on cell membrane function or 
on cell enzyme activities at the low levels present in 
hydrogenated fats. 

In addition, the selectivity ratio and isotopic enrich- 
ment data imply that for a high intake of dietary 9c,12c- 
18:2, excess 9c,12c-18:2 is diverted into either storage or 
G-oxidation pathways, and the influence of a diet high in 
9c,12c-18:2 on the 9c,12c-18:2 content ofphospholipids is 
not linear with the increase in the polyunsaturate/satu- 
rate ratio once cell and membrane requirements for 
9c,12c-18:2 are met. 

As 

Lynne Copes and Sandy Duval provided technical assistance, and 
D.J. Wolf provided computer programming for data collection and 
processing. 
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Tamoxifen-lnduced Modification of Serum Lipoprotein Phospholipids 
in the Cockerel 
W. Cad Breckenridge* and C.B. lazier 
Department of Biochemistry, Dalhousle University, Halifax, Nova Scotia, Canada 

The adminis trat ion  of  tamoxi fen  (Tam), a 
nons tero ida l  ant ies trogen ,  or of  a d iphenyl -  
m e t h a n e  derivat ive of  Tam that  does  not  b ind  to 
the  es trogen  receptor  (DPPE) of  cockerels  results  
in a marked decrease  in the  c o n c e n t r a t i o n  of  serum 
l ipoprote in  cons t i tuent s  wi th  an apparent  altera- 
t ion in p h o s p h o l i p i d  compos i t i on .  To es tabl i sh  the  
nature  of  c h a n g e s  in p h o s p h o l i p i d s ,  the molecu lar  
spec ies  of  p h o s p h a t i d y l c h o l i n e  (PC) and sphin-  
gomyel in  (Sph) were i so la ted  and  character ized.  
B e t w e e n  9 and  18 hr  fo l lowing  the  adminis trat ion  
of  Tam or DPPE,  there  was  a marked  decrease  in 
the  proport ion  of  mo lecu lar  spec ies  of  serum PC 
c o n t a i n i n g  C16 and C18 fatty acids,  but  there  was  
an increase  in the  proport ion  of  mo lecu lar  spec ies  
c o n t a i n i n g  C20 and C22 p o l y u n s a t u r a t e d  fatty 
acids.  Fatty acid ana ly se s  revealed that  this  c h a n g e  
was  due  to an increase  in arach idonic  and  
d o c o s a h e x a e n o i c  ac ids  at the  e x p e n s e  of  o le ic  and  
l inole ic  acids.  These  proport iona l  c h a n g e s  were 
due  to an abso lu te  decrease  in serum of  PC molecu-  
lar spec ies  c o n t a i n i n g  palmit ic  and  stearic  ac ids  
in a s s o c i a t i o n  wi th  oleic  and l inole ic  ac ids  wi th  
very little c h an ge  in the  abso lu te  c o n c e n t r a t i o n  of  
m o l ec u lar  spec ies  c o n t a i n i n g  arach idonic  a n d  
d o c o s a h e x a e n o i c  acids.  By contrast ,  the  compos i -  
t ion of  Sph,  wh ich  c o n t a i n e d  palmit ic  acid as  the  
major fatty acid,  was  no t  al tered dur ing  treatment .  
It is c o n c l u d e d  that  the  short-term effect of  Tam 
and  D P P E  on  p lasma  p h o s p h o l i p i d s  of  the  coc- 
kerel is due  to a select ive  conserva t ion  of  PC con-  
ta in ing  l o n g  chain  p o l y u n s a t u r a t e d  fatty acids.  
Lipids 22, 505-512 (1987). 

Phospholipids constitute a major lipid class in plasma, 
where they function to package neutral lipids in the 
lipoproteins (1) and to maintain amphipathic helices 
in apoproteins (2,3), which function as activators of 
key enzymes in lipoprotein metabolism or as cellular 
receptor recognition sites (4) for removal oflipoproteins 
from the circulation. A wide diversity of molecular 
species of phospholipids is found in plasma lipoproteins 
(5-7). Although it is generally considered that  ex- 
change/transfer proteins promote the equilibration of 
phospholipid molecular species among lipoproteins (8), 
there is clear evidence that  sphingomyelin (Sph) does 
not equilibrate completely among lipoproteins (9), 
while there is a tendency for the more polyunsaturated 
phosphatidylcholines (PC) to be preferentially as- 
sociated with high density lipoproteins (HDL) (7,10,11). 
There is little information concerning the importance 

*To whom correspondence should be addressed at Department of 
Biochemistry, Dalhousie University, Halifax, Nova Scotia, B3H 4H7 
Canada. 
Abbreviations: Tam, tamoxifen; DPPE, N,N-diethyl-2[(4-phenyl- 
methyl)-phenoxy]ethanamine; PC, phosphatidylcholine; Sph, 
sphingomyelin; VLDL, very low density lipoproteins; LDL, low 
density lipoproteins; HDL, high density lipoproteins; PE, phos- 
phatidylethanolamine. 
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FIG. 1. Gas liquid chromatographic profile of trimethyl. 
silylethers of diacylglycerols from phosphatidylcholine of 
cockerel serum. (A) Control birds fed ad libitum and injected 
with propyleneglycol. (B) Birds fed ad libitum and injected 
with Tam 9 hr prior to blood sampling. Carbon numbers are 
representative of the retention time equivalent to 
triacylglycerol with the respective number of acyl carbon 
atoms. 

of specific phospholipid molecular species in influencing 
the biological activity of apolipoproteins. Indeed, most 
studies of apolipoprotein function have been conducted 
with relatively saturated phospholipids (2-4), which 
may confer biophysical characteristics on the apolipo- 
protein structure that  are distinct from those of phos- 
pholipids containing polyunsaturated fatty acids. 

The turnover of plasma phospholipids among plasma 
lipoproteins has not been extensively studied due to 
the rapid equilibration of label among lipoproteins. It 
is generally believed that  a major portion of the phos- 
pholipids enters the plasma compartment with 
chylomicrons and very low density lipoproteins (VLDL). 
During lipolysis of triacylglycerols, a portion of the 
phospholipid is shed to HDL while another portion, 
which is relatively enriched in Sph, moves with apo B 
to low density lipoproteins (LDL) (12-14). The 
mechanisms for control of the molecular species compo- 
sition of plasma PC are poorly understood, but dietary 
fatty acids (7,15) and selective metabolic pathways for 
PC biosynthesis in the liver (1) may play a role. 

As part of an investigation into the effects of 
nonsteroidal antiestrogen agents on cockerel serum 
lipoproteins, we noted a rapid alteration in the pattern 
of phospholipid molecular species of lipoproteins 
(Lazier, C.B, and Breckenridge, W.C., submitted for pub- 
lication). The present investigation was undertaken in 
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order to determine the exact effect of these agents on 
t h e  composition of plasma lipoprotein phospholipids. 

MATERIALS AND METHODS 

Animals and injections. Male chickens (White Leghorn, 
500-600 g) were hatched in local facilities and kept in 
quarters lighted for 12 hr daily. Food (standard chicken 
chow) and water were given ad libitum, except as noted 
in the text. 

Tamoxifen (Tam) and N,N-diethyl-2[(4-phenyl- 
methyl)-phenyoxy]ethanamine (DPPE) HC1 were pre- 
pared at a concentration of 25 mg/ml in propyleneglycol. 
Tam (as the citrate) was obtained from Sigma Chemical 
Co. (St. Louis, MO). DPPE was a gift from Dr. Lorne 
Brandes (University of Manitoa, Winnipeg, Manitoba, 
Canada), who prepared it by the procedure given in ref. 
16. The birds were injected at a dose of 100 mg/kg body 
weight. Controls or fasting birds were injected with 
propyleneglycol. 

Injections of Tam citrate and DPPE in propylene- 
glycol or of the vehicle alone were given into the breast 
muscle. For the 9-hr treatment, the injections were 
made at 08:00 and the animals were killed at 17:00. 
For the 18-hr treatment,  injections were routinely given 
at 16:00, and the animals were killed at 10:00 the next 
day. The lights were turned off from 19:00 to 07:00. For 
initial studies at 4 hr and 48 hr, the animals were in- 
jected at 10:30 and 16:00, respectively. 

Preparation of serum and lipoprotein fractions. Serum 
was prepared from trunk blood, which was allowed to 
clot for 1 hr at 2 C and then was centrifuged for 20 min 
at 15,000 • g. Lipoproteins were isolated for 3-5 ml of 
serum by ultracentrifugation (17) in a Beckman 50:3 
rotor under the following conditions: (a) VLDL at a 
density of 1.006 g/ml at 40,000 rpm for 18 hr; (b) LDL 
between a density of 1.006 and 1.063 g/ml at 40,000 
rpm for 20 hr; (c) HDL between a density of 1.063 and 
1.21 g/ml at 40,000 for 24 hr. The lipoprotein fractions 
were collected in 1-2 ml portions, dialyzed against 
saline and analyzed for lipid composition. 

Analysis of lipids. The lipids in the lipoprotein frac- 
tions were quantitated by gas liquid chromatography 
of total lipid profiles as described elsewhere (8). In brief, 
phospholipase C, which converts PC, lysoPC and Sph 
to diglyceride, monoglycerides and ceramides, respec- 
tively, was added to aliquots of serum lipoproteins con- 
ta in ing 50-300 mg of lipid along with the Tris buffer 
(pH 7), calcium chloride (1.2 ml of 10% solution) and 
ethyl ether (1 ml). After digestion under vigorous agi- 
tation, an internal standard (tridecanoin) was added in 
chloroform, and the lipids were partitioned in 
chloroform/methanol according to the method of Folch 
et al. (19). The choloroform was evaporated, and the 
lipid residue was treated with Trisil BSA Formula P 
(50-300 ml) to silylate hydroxyl groups. The lipid 
profiles were analyzed in an automated Hewlett-Pack- 
ard 5840 gas chromatograph using nickel columns (1/8 
x 20 in.) packed with 3% OV-1 on Gas Chrom Q (Applied 
Sciences Lab). The columns were programmed from 170 
to 350 C. Response factors were established for each 
component by analysis of standards. For analysis of 
molecular species, PC and Sph were purified by thin 
layer chromatography, converted to diacylglycerols and 

ceramides, respectively, by digestion and phospholipase 
C and then analyzed as trimethylsilyl ethers (9,13). The 
fatty acids of isolated PC and Sph were analyzed by gas 
liquid chromatography of the methyl esters following 
transmethylation of the phospholipid with 6% w/v 
H2SO4 in anhydrous methanol (9). The analysis was 
completed on a 15-m fused silica column containing 
DB-225 as the liquid phase at a film thickness of 1 ~L. 
Conditions of operation were column temperature, 195 
C; injection temperature, 225 C; detector temperature, 
250 C; and carrier gas N 2 at 10 ml/min, H 2 at 15 ml/min, 
and air at 250 ml/min. Peaks were identified by reten- 
tion time based on chromatography with standard fatty 
acids or for minor peaks by plots of relative retention 
times. 

RESULTS 

Tam has been used extensively as an antiestrogen agent 
because of its ability to bind competitively to the estro- 
gen receptor. In addition to this characteristic, it also 
binds with high affinity to a poorly characterized site 
in microsomal membranes of liver (antiestrogen bind- 
ing sites). Recent studies (Lazier, C.B., and Brecken- 
ridge, W.C., submitted for publication) showed that  Tam 
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FIG. 2. G a s  l iqu id  c h r o m a t o g r a p h i c  prof i le  o f  trimethylsilyl 
e thers  o f  c e r a m i d e s  from S p h  o f  cockere l  serum,  C a r b o n  num-  
bers  are representa t ive  o f  the  re t en t ion  t ime  e q u i v a l e n t  to  
t r iacy lg lycero l  w i t h  th e  re spec t ive  n u m b e r  o f  a c y l  c a r b o n  
a toms .  
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FIG. 3. Absolute concentrations of phospholipid molecular 
species in cockerel serum. A and B are 9 and 18 hr, respectively, 
after injection of propyleneglycol with fasting (open column); 
propyleneglycol with ad libitum feeding (dotted column); Tam 
with ad libitum feeding (hatched column); and DPPE with ad 
libitum feeding (solid column), a, Significantly different (p 
<0.01) from propyleneglycol control, fed ad libitum, b, Signifi- 
cantly different (p <0.01) from fasted control. 

and a derivative of Tam (DPPE), which does not bind 
to the estrogen receptor but binds to the antiestrogen 
binding site, lower plasma cholesterol, triacylglycerol 
and phospholipid concentrations. As shown in Table 1, 
the administration of Tam and DPPE to cockerels re- 
sults in a marked suppression of LDL and HDL lipid 
mass at 9 hr. Although the Tam also suppresses lipid 
mass at 18 hr, the effect of DPPE disappears by this 
time. Neither drug gave an effect at 4 hr, while the 
effect of Tam disappears by 48 hr (data not shown). 
Although fasting and Tam and DPPE t reatment  all re- 
duce VLDL, there is little influence of fasting on LDL 
and HDL concentrations. DPPE but not Tam causes a 
small reduction in food consumption by the birds at 9 
hr (Lazier, C.B., and Breckenridge, W.C., submitted for 
publication). 

Although there is a large decrease in lipoprotein 
mass, there is a relatively slight change in lipoprotein 
composition. After 9 hr of t reatment  with Tam and 
DPPE, LDL was slightly richer in cholesteryl ester at 
the expense of triacylglycerol compared to the control 
(propyleneglycol) or fasting (Table 2). At 18 hr this effect 
was absent. The proportion of free cholesterol to phos- 
pholipid is lower in fasted samples (9 hr, 0.220; 18 hr, 
0.241) than in samples from propyleneglycol (0.336 and 
0.321), Tam (0.336 and 0.382) and DPPE (0.411 and 
0.371) treatment.  There is a slight increase in choles- 
teryl ester at the expense of triacylglycerol in HDL 
from Tam or DPPE t reatment  at 9 hr compared to con- 
trols (Table 3). The relative concentration of phos- 
pholipid is slightly lower in the fasted samples com- 
pared with the other treatments,  while the cholesterol/ 
phospholipid ratio of HDL was slightly lower (0.059- 
0.069) for the fasted birds than for the other three treat- 
ment groups (0.074-0.091). Thus, these data indicate 
that  a large decrease i n  plasma triacylglycerol influ- 
ences the triacylglycerol content in LDL as well as 
HDL. The alteration in the cholesterol/phospholipid 
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FIG. 4. Absolute concentrations of phospholipid molecular 
species in cockerel serum very low density lipoprotein. A and 
B are 9 and 18 hr, respectively, after injection of propylene- 
glycol with fasting (open column); propyleneglycol with ad 
libitum feeding (dotted column); Tam with ad libitum feeding 
(hatched column); and DPPE with ad libitum feeding (solid 
column), a, Significantly different (p <0.01) from propylcnc- 
glycol control, fed ad libitum, b, Significantly different (p < 
0.01) from fasted control. 

ratio appears to be influenced by fasting more than by 
the other treatments.  

Previous studies had suggested a change in the 
molecular species composition of the phospholipids 
(Lazier, C.B., and Breckenridge, W.C., submitted for 
publication). To investigate this aspect in more detail, 
PC and Sph were resolved by thin layer chromatography 
and analyzed for molecular species composition. Qual- 
itative assessment of the thin layer plates revealed that  
PC and Sph were the major phospholipids, with small 
amounts of lysoPC and phosphatidylethanolamine 
(PE). The latter two phospholipid classes were not investi- 
gated further. The molecular species of PC are re- 
solved (Fig. 1) into five carbon number groups consisting 
of C34 (16,16 fatty acid composition), C36 (16,18), C38 
(18,18 and 16,20), C40 (18,20 and 16,22) and C42 (17,21). 
The carbon number identifies the retention time of the 
trimethylsilyl ethers in relation to tricylglycerols with 
the designated number of total acyl carbon atoms. 
There is a substantial increase in peaks 40 and 42 rela- 
tive to 36 and 38 in the PC from Tam-treated birds 
compared with the propyleneglycol treatment.  The 
proportion of C40 and C42 in HDL is higher in Tam- 
or DPPE-treated birds than in propyleneglycol controls 
(Table 4). The proportion of long chain molecular 
species is also higher in fasting conditions. It is impor- 
tant  to note that  the molecular species in LDL and 
HDL from propyleneglycol-treated birds are very simi- 
lar in LDL and HDL. However, in fasting conditions 
and in t reatment  with Tam and DPPE, the HDL have 
larger proportions of C40 and C42 than LDL. The in- 
crease in the long chain molecular species is associated 
primarily with an increase in the proportion of 
arachidonic and docosahexaenoic acids (Table 5) at the 
expense of oleic and linoleic acids. The amount of pal- 
mitic and stearic acids is a relatively constant in all 
samples. 

Sph molecular species (Fig. 2) contain C34 as the 
major component (60-70%), with C42 as the other sig- 
nificant constituent. The carbon number distribution 
in control animals for LDL is C34 (73%), C36 (8.8%), 
C38 (1.2%), C40 (2.8%) and C42 (14.2%), while HDL 
has C34 (59.2%), C36 (10.2%), C38 (3.9%), C40 (4.3%) 
and C42 (22.0%). This distribution is due to a high 
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content of palmitic (60-70%) and lignoceric acids (10- 
20%), with minor amounts of stearic, oleic, arachidic 
and behenic acids accounting for the other fatty acids. 
There is no extensive change in the Sph composition 
during treatment.  

The results clearly show a marked change in the com- 
position of the molecular species of PC, in which C36 
and C38 are decreased in relation to C40 and C42. To 
assess whether the change in these proportions was due 
to a decrease in the absolute amounts of C36 and C38, 
the total amount of phospholipid molecular species was 
determined from the total lipid profiles for serum (Fig. 
3), VLDL (Fig. 4), LDL (Fig. 5) and HDL (Fig. 6) for 
each t reatment  group (5-9 birds per t reatment  or time). 
Each peak is the sum of the mass of diacylglycerol and 
ceramides for the respective carbon number. For exam- 
ple, C34 represents the palmitoyl ceramide peak of Sph 
and cochromatographs with C34 diacylglycerol from 
PC. The makeup of each peak was estimated from the 
analysis of the ceramides from Sph and diacylglycerols 
from PC (Figs. 1 and 2, Tables 4 and 5) and distribution 
of these components in relation to the composition of 
the phospholipid in the total lipid profile. In the total 
lipid profile it was calculated that  C34 was derived 
largely from ceramide (80%), while peaks C36, C38 and 
C40 were 90%, 97% and 95% diacylglycerol, respec- 
tively. C42 is a mixture of ceramide and diacylglycerols. 
Thus the changes in the absolute amounts of C36, C38 
and C40 in the total lipid profile are a good estimate 
of changes in the absolute amounts of PC with these 
carbon numbers. 

Nine hr following t reatment  with Tam or DPPE, there 
was a 40-50% decrease in the absolute mass of serum 
phospholipids (Fig. 3) of the molecular species C36 and 
C38 compared to the propyleneglycol controls or fasting 
birds. There is a small decrease in C40 and no change 
in C42. This effect persists for Tam at 18 hr but has 
disappeared for DPPE. Thus the enrichment in long 
chain molecular species of serum PC noted in Table 3 
is due to a selective decrease in the absolute amount 
of molecular species containing C 16 and C 18 fatty acids. 
On the basis of the fatty acid composition and the 
molecular species profile, it is concluded that  this loss 
is due to a decrease of molecular species containing 
palmitic or stearic acid in combination with oleic or 
linoleic acid. 

The content of all molecular species in VLDL is ex- 
tremely low due to the virtual elimination of VLDL by 
Tam or DPPE (Fig. 4). There is about a 50% reduction 
in C34, C36, C38 and C40 molecular species in LDL at 
9 hr  for both DPPE and Tam (Fig. 5). Thus, there is a 
general reduction in all phospholipid classes in keeping 
with a reduction in LDL mass. While the DPPE effect 
disappears by 18 hr, the Tam effect persists at 18 hr for 
C34, C36 and C38 but is eliminated by 48 hr (data not 
shown). Tam and DPPE t reatment  cause a pronounced 
decrease of C36 and C38 of HDL in comparison to prop- 
yleneglycol-treated controls (Fig. 6). Fasting tends to 
cause an increase in C40 compared with all other treat- 
ment groups. The effect of Tam and DPPE is apparent 
at 9 and 18 hr. Since HDL comprises a much larger 
portion of the total plasma phospholipid than LDL, it 
essentially determines the overall composition noted 
for total serum. The concentration of HDL phos- 
pholipids is higher in fasting compared to the other 
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FIG. 5. Absolute concentrations of phospholipid molecular 
species in low density lipoprotein. A and B are 9 and 18 hr, 
respectively, after injection of propyleneglycol with fasting 
(open column); propyleneglycol with ad libitum feeding (dot- 
ted column); ~ with ad libitum feeding (hatched column); 
and DPPE with ad libitum feeding (solid column), a, Signifi- 
cantly diiferent (p <0.01) from propyleneglycol control, fed ad 
libitum, b, Significantly different (p <0.01) from fasted control. 8olA 
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FIG. 6. Absolute concentrations of phospholipid molecular 
species in high density lipoprotein. A and B are 9 and 18 hr, 
respectively, after injection of  propyleneglycol with fasting 
(open column); propyleneglycol with ad libitum feeding (dot- 
ted column); Tam with ad Hbitmn feeding (hatched column); 
and DPPE with ad libitum feeding (solid column), a, Signifi- 
cantiy different (p <0.01) from propyleneglycol control, fed ad 
libitum, b, Significantly different (p <0.01) from fasted control. 

t reatments for all the major molecular species at 9 hr. 
At 18 hr the absolute amounts tend to be lower than 
the propyleneglycol control and similar to Tam and 
DPPE. 

These results show that  Tam and DPPE have two 
important effects tha t  differ from the effect of fasting. 
Although fasting and Tam and DPPE t reatment  reduce 
plasma triacylglycerols and VLDL mass, only Tam and 
DPPE cause a reduction in LDL and HDL phospholipid 
mass in comparison to the propyleneglycol control. The 
decrease is due largely to a selective decrease in molecu- 
lar species containing palmitic or stearic acid in combi- 
nation with oleic or linoleic acid, with very little change 
in the absolute amount of molecular species containing 
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arachidonic and docosahexaenoic acids. A comparable 
effect with fasting is achieved only after an 18-hr fast. 
The data are consistent with retention of long chain 
polyunsaturated phospholipids through selective syn- 
thetic or catabolic processes. 

T A B L E  1 

L i p o p r o t e i n  T o t a l  L i p i d  M a s s  i n  C o c k e r e l  S e r u m  

Lipoprotein b (mg/100 ml) 

DISCUSSION Treatment a LDL H D L  

The mechanisms controlling serum lipoprotein phos- 
pholipid concentration and composition in humans or 
experimental animal models are only partially under- 
stood (1). Studies of lipoprotein and phospholipid syn- 
thesis in choline deficiency (20,22), in dietary choles- 
terol loading (22) or during hormonal modulation with 
estrogen in the chick (23-25) suggest that the synthesis 
of many of the lipoprotein constituents is coordinated 
and that phospholipid synthesis is required for release 
of lipoproteins. Very little is known about the regulation 
of molecular species composition other than an obvious 
dietary effect of unsaturated fatty acids (7,15). The coc- 
kerel represents a convenient model for the study of 
lipoprotein metabolism because the lipoprotein classes 
and apolipoproteins have many similarities to those of 
the human (26), except that exogeneous lipid absorbed 
in the gut is transported via the portal vein as portomi- 
crons (27). Furthermore, the unusual lipoproteins as- 
sociated with the egg-laying cycle in the female are 
absent, but can be induced in cockerel by the adminis- 
tration of estrogen (26). 

The marked changes in the composition oflipoprotein 
phospholipids of the cockerel within 9 hr of treatment 
with Tam or DPPE provide an interesting model to as- 
sess the effect on lipoprotein composition of rapid 
changes in the molecular species composition of phos- 
pholipids. The lipid composition of lipoproteins of cock- 
erels injected with propyleneglycol vehicle but fed ad 
libitum compare well with other investigations 
(23,26,28). The lower content of triacylglycerol in LDL 
and HDL in Tam and DPPE treatment compared with 
the propyleneglycol control is probably due to the 
marked decrease in plasma triacylglycerol and VLDL 
concentrations during treatment. Cholesterol tends to 
decrease or increase the order parameters for fatty acyl 

9 H r  
F a s t ( 5 )  86.6 • 8.3 359.6 • 15.7 
PG(8)  89.5 ~- 6.0 283.7 • 13.7 
T a m ( 7 )  36.3 • 7 .4" , t  221.2 • 22.5"*,T 
D P P E  (6) 43.0 • 4 .4" , t  238.6 • 17.5"*, t  

18 H r  
Fas t (5 )  84.9 • 8.8 315.6 • 15.9 
PG(8)  94.9 • 9.0 314.5 • 13.6 
T a m ( 8 )  53.2 • l l . 7 * * , t t  222.1 • 13.4" , t  
D P P E  (5) 81.5 • 11.8" 294.9 • 35.2 

a9 Hr and 18 hr refer to the length of time between treatment and 
blood collection. Fast, propyleneglycol injected control fasting; PG, 
fed propyleneglycol-injected control; Tam, treated with tamoxifen 
(100 mg/kg body weight) in propyleneglycol; DPPE, treated with 
N-N-diethyl-2-[(4-phenylmethyl)-phenoxy]ethanamine. HCL, 100 
mg/kg body weight) in propyleneglycol. The cockerels were allowed 
access to food and water for the propyleneglycol, Tam and DPPE 
treatment. Numbers in parentheses indicate numbers of birds. 
bResults are mean • standard deviation. LDL, low density lipo- 
protein; HDL, high density lipoprotein. 
*Significantly different from propyleneglycol, p<0.01. 
tSignificantly different from fasting, p<0.01. 
**Significantly different from propylene glycol, p<0.05. 
ttSignificantly different from fasting, p<0.05. 

chains of bilayer phospholipids in the gel or the liquid 
crystalline state, respectively, while increasing unsat- 
uration of the fatty acid chains tends to decrease the 
order parameters (29). Furthermore, a change in the 
amount of unsaturated fatty acids in cell membranes 
is balanced by an increase in the cholesterol content in 
order to maintain the order parameters of the fatty acyl 
chains (30). Although there is a rather dramatic alter- 
ation in the molecular species of PC, there is no clear 
trend in the ratio of cholesterol to phospholipid in the 

T A B L E  2 

C o m p o s i t i o n  o f  L o w  D e n s i t y  L i p o p r o t e i n  i n  C o c k e r e l  S e r u m  

Lipid b (wt %) 

Treatment ~ FC CE PL TAG FC/PL 

9 H r  
F a s t  7.6 • 0.6 48.7 +_ 3.6 31.5 • 2.6 12.1 • 3.4 .241 
P G 9.3 • 1.9 45.6 _+_ 4.5 27.7 • 3.1 14.3 • 3.6 .336 
T a m  9.3 - 4.0 53.2 • 7.4 27.7 • 3.1 8.1 -+ 3.2 .336 
D P P E  11.5 -+ 1.2 50.4 - 3.4 28.0 • 2.1 9.5 • 3.4 .411 

1 8 H r  
F a s t  6.9 • 0.5 55.2 • 1.6 31.0 • 2.1 7.9 • 3.5 .220 
P G 10.2 • 2.7 47.1 • 4.1 31.8 • 2.2 10.8 • 2.7 .321 
T a m  12.4 • 4.3 40.4 • 6.4 32.5 • 3.4 14.6 • 10.0 .382 
D P P E  11.8 • 1.6 44.6 • 3.7 31.8 • 3.4 11.1 • 2.6 .371 

aTreatment conditions as described in Table 1. 
bFC, free cholesterol; CE, cholestoryl ester; PL, phospholipids; TAG, triacylglycerol. 
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TABLE 3 

Composition of  High Density Lipoprotein in Cockerel  Serum 

Lipid b (wt %) 

Treatment ~ FC CE PL TAG FC/PL 

9Hr 
Fast 3.0 --+ 0.3 45.6 • 0.9 43.7 _+ 0.8 7.6 • 1.2 .069 
PG 3.6 • 0.6 40.2 +- 4.1 47.9 • 3.1 8.3 • 2.2 .077 
Tam 3.8 • 0.8 45.1 • 4.0 46.2 • 3.3 3.9 -- 1.2 .082 
DPPE 3.9 • 0.9 46.1 • 1.5 46.5 • 2.5 3.5 -- 1.4 .084 

18Hr 
Fast 2.5 • 0.2 47.2 • 1.9 42.2 • 0.5 8.8 • 1.7 .059 
PG 3.8 • 0.7 38.7 -+ 3.3 51.2 • 4.3 4.6 • 0.9 .074 
Tam 4.7 • 0.9 40.3 • 3.1 51.5 • 1.6 4.2 • 3.5 .091 
DPPE 4.5 --- 0.7 39.3 • 2.9 51.9 • 2.7 4.3 • 1.3 .087 

aTreatment conditions as described in Table 1. 
bFC, free cholesterol; CE, cholesteryl ester;, PL, phospholipids; TAG, triacylglycerol. 

TABLE 4 

Composition of Molecular Species of Phosphatidylcholine (PC) from Serum Lipoproteins Following 
Treatment  

Sample time a i~r  treatment b 

9Hr(wt%) 18Hr(wt%) 

Molecular 
species a Fast PG Tam DPPE Fast PG Tam DPPE 

HDL 
C34 1.8 0.7 0.3 0.1 0.3 2.1 0.2 
C36 20.4 30.0 21.5 21.0 15.8 26.5 22.2 27.6 
C38 31.6 38.4 30.5 29.6 27.0 35.5 29.9 29.6 
C40 35.8 23.8 34.9 36.1 48.5 29.8 36.4 31.7 
C42 10.4 7.1 12.9 13.2 8.7 7.8 10.3 10.8 

LDL 
C34 4.5 3.1 3.7 6.9 5.8 3.9 6.5 4.6 
C36 25.2 36.3 32.9 27.0 21.9 30.3 31.3 36.3 
C38 32.1 36.7 34.7 28.1 27.3 33.3 30.0 25.1 
C40 30.2 23.8 24.8 33.3 39.0 28.4 24.7 25.6 
C42 8.0 0.5 3.7 4.8 5.9 3.9 6.5 8.5 

aHDL, high density lipoprotein; LDL, low density ]ipoprotein. Molecular species of diacylglycerols of PC 
are identified on the basis of their retention time equivalent to triacylglycorols. Each carbon number species 
of diacylglycerol contains a total acyl carbon number that is 2 less than the present designation (i.e., C34 
contains a total of 32 acyl carbon atoms.) 

bConditions and abbreviations are as given in Table 1. Results are from the analyses of pooled lipoproteins 
from 5--8 birds in each treatment group. Estimates of absolute amounts for individual birds are given in 
Figures 3-6. 

l i popro te ins .  W h i l e  f a s t i n g  and  T a m  and  D P P E  t r e a t -  
m e n t  a l l  i n c r e a s e  t h e  r e l a t i v e  a m o u n t  o f  p o l y u n s a t u -  
r a t e d  f a t t y  ac id  in  t h e  PC,  f a s t i n g  s a m p l e s  h a v e  t h e  
lowes t  r a t i o  o f  cho les t e ro l  to phospho l ip id ,  w h i l e  T a m  
and  D P P E  t r e a t m e n t  h a v e  t h e  h i g h e s t  va lues .  T h u s  i t  
is u n c l e a r  w h e t h e r  t h e  i n c r e a s e d  f lu id i ty  i m p a r t e d  
t o t h e  l i p o p r o t e i n s  by t h e  i n c r e a s e  in  t h e  p o l y u n s a t u -  
r a t e d  fatty acids is balanced by an increase in the con- 
tent of unesterified cholesterol. 

Although the mechanism for the modulation of the 
molecular species of PC in this model is not clear from 
these studies, a number of possibilities may be consid- 

ered. As discussed elsewhere (Lazier, C.B., and Breck- 
enridge, W.C., submitted for publication), Tam com- 
petes with estrogen for the estrogen receptor. Estrogen 
action is very low in the cockerel. Futhermore, DPPE 
does not compete for the estrogen receptor (16), but 
induces the same effect on lipoproteins as Tam. Thus 
it is probable that the influence of both compounds on 
lipeproteins may not be via the estrogen receptor and 
inhibition of the estrogen effect on lipoprotein synthe- 
sis, but by some other mechanism, possibly involving 
other high affinity sites (antiestrogen binding sites) in 
the liver, or other sites such as protein kinase C, which 
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Sample time after treatment b 

9Hr(wt%) 18Hr(wt%) 

Fatty 
acid a Fast PG Tam DPPE Fast PG Tam DPPE 

LDL N.D. N.D. 
16:0 24.7 25.3 26.5 19.8 22.1 25.6 
16:1 0.5 0.8 0.4 0.9 0.7 0.3 
18:0 29.3 27.5 30.5 29.0 29.4 23.3 
18:1 12.6 16.3 14.1 12.0 16.3 14.9 
18:2 11.9 15.7 7.7 10.2 16.6 12.8 
20:3 0.6 1.0 1.7 0.7 0.3 0.6 
20:4 11.9 6.7 10.3 14.2 11.3 11.2 
20:5 0.6 0.5 0.3 1.0 0.2 0.4 
22:5 5.2 2.6 1.3 5.2 3.1 2.8 
22:6 5.3 3.4 7.5 6.9 6.2 7.9 

HDL 
16:0 21.7 26.1 23.2 23.5 22.3 23.9 26.0 26.3 
16:1 0.8 0.6 0.5 0.1 0.3 0.1 0.1 0.2 
18:0 18.0 25.8 26.5 25.3 27.9 25.0 23.2 27.6 
18:1 18.2 17.3 12.3 11.0 11.1 12.0 10.0 9.2 
18:2 18.9 16.5 10.7 10.7 10.3 15.3 12.0 12.4 
20:3 0.1 1.1 2.1 0.7 0.1 1.9 1.4 0.4 
20:4 12.2 7.1 15.2 16.6 16.4 11.7 14.8 15.0 
20:5 0.8 0.4 0.8 1.7 1.0 1.6 1.1 1.5 
22:5 1.3 2.0 1.7 1.0 2.6 0.9 1.1 1.2 
22:6 8.6 2.7 6.9 9.5 7.8 7.6 10.2 11.2 

aLDL, low density lipoprotein; HDL, high density lipoprotein. Fatty acid identified by number of acyl carbon 
atoms and double bonds. 
bTreatment as described in Table 1. N.D., not done--sample lost. 

is inhibited by Tam with a Ki in the micromolar  range 
(31). 

Tam inhibits  the estrogen-induced synthesis  of VLDL 
ape B (32), but  has  no effect on general  protein synthesis  
in cockerel liver. The low levels of LDL and HDL dur ing  
t r ea tment  may be due to decreased formation of LDL 
and HDL through  lipolysis of VLDL. I t  is unl ikely tha t  
an  a l terat ion in molecular  species of HDL phos- 
pholipids t ha t  is associated with an overall decrease in 
lipoprotein mass would be due to a selective removal 
of l ipoproteins of specific phospholipid composition. A 
general  reduction in the synthesis  of HDL precursor  
phospholipids is a more plausible explanation.  Reports 
of direct synthesis  of HDL precursor lipids and apolipo- 
proteins by chick liver (33) have also shown tha t  the 
HDL in the Golgi are largely spherical  s t ructures  and 
have many  similari t ies to p lasma HDL. Recent investi- 
gat ions (1) in cul tured rat  hepatocytes  indicate t ha t  PC 
is synthesized by the CDP-choline diacylglycerol path-  
way as well as by methyla t ion  of PE, which is formed 
by CDP-ethanolamine diacylglycerol pa thway or from 
decarboxylat ion of phosphatidylserine.  However, PC 
tha t  is destined for lipoproteins appears to arise pr imar-  
ily from pools ofphospholipids synthesized by the CDP- 
choline pathway and from methyla t ion  of PE tha t  is 
derived from decarboxylation of  phosphat idylser ine.  
Ear ly  in vivo data  for phospholipid metabol ism 
suggested (34) tha t  rat  liver and plasma PC, which 

contained linoleic acid, were formed by the CDP-choline 
pathway, whereas PC-conta in ing polyunsa tura ted  fa t ty  
acids were formed via methyla t ion  of PE. Fur ther  
studies of phospholipid biosynthesis  in this model will 
be required to resolve whether  Tam and DPPE inhibi t  
selectively cer tain pathways of phospholipid biosyn- 
thesis in order to produce the a l tera t ion in molecular  
species. 
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Effect of Cholestyramine on Bile Acid Metabolism in Conventional Rats 
Yasuharu Imai*,% Sumio Kawataa, Masami Inadaa, Shio Mlyoshi% Yuzo Mlnamia, YuJl Matsuzawa% 
Kiyohisa Uchidab and Seiichiro Tarula 
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Osaka, Japan 

Effects of  cholestyramine on biliary secretion of  
cholesterol, phospholipids and bile acids and fecal 
excretion of  sterols and bile acids were examined in 
Wistar male rats. Six rats were fed a basal diet, and 
the other six were fed a basal diet supplemented 
with 5% cholestyrandne for eight days. Bile flow and 
biliary secretion of  bile acids and phospholipids 
(per hour per rat) decreased with cholestyramine 
treatment, while  biliary cholesterol secretion (per 
hour per rat) remained unchanged. In the biliary 
bile acid composition, a marked increase of  
chenodeoxycholic acid with a concomitant decrease 
of  ~.muricholic acid was observed in choles- 
tyr~mine-treated rats. Fecal excretion of  total sterols 
and bile acids increased about three- and four-fold, 
respectively, after cholestyramine treatment. The in- 
crease of  fecal bile acids derived from cholic acid 
was more predominant than that derived from 
chenodeoxylcholic acid, resulting in an increase of  
the cholic acid group/chenodeoxycholic acid group 
ratio. 
Lipids 22, 513-516 (1987). 

Cholestyramine is a nonabsorbable bile acid-binding 
anion exchange resin, and its administration brings 
about interruption of the enterohepatic circulation of bile 
acids (1). Clinically, cholestyramine is widely used as a 
hypocholesterolemic agent in man (2,3). 

Gustafsson et al. (4) reported that cholestyramine treat- 
ment stimulated HMG CoA reductase and cholesterol 
7a-hydroxylase, the rate-limiting enzymes in cholesterol 
and bile acid synthesis, in germ-free rats. They also 
examined fecal bile acid compositions and found that 
cholic acid synthesis was stimulated to a greater extent 
than chenodeoxycholic acid synthesis. In contrast to the 
results in the germ-free rats, Huff et al. reported that 
the fecal excretion of cholic acid was unchanged, whereas 
that of dihydrexy bile acids were increased several times 
by cholestyramine feeding in conventional rats (5). 

It has been reported that biliary secretion of bile acids 
and phospholipids decreased while biliary cholesterol se- 
cretion remained unaltered by cholestyramine treatment 
in baboons and hamsters (6,7). In guinea pigs, choles- 
tyramine treatment has been shown to lower the ratio of 
bile acid to cholesterol in the bile and to induce gallstones 
(8). However, the effects ofcholestyramine on biliary lipid 
secretion in rats are controversial (9,10). Turley et al. 
reported that  cholestyramine treatment had no effect on 
biliary lipid secretion (9). On the other hand, Innis re- 
ported that biliary bile acid secretion increased, but that 
biliary secretion of cholesterol and phospholipids was un- 
changed (10). 

To clarify the effect of cholestyramine on bile acid 
metabolism in conventional rats, we analyzed biliary 

*To whom correspondence should be addressed at The Second De- 
partment of Internal Medicine, Osaka University Medical School, 
Fukushima-ku, Osaka, Japan 553. 

lipid secretion and fecal excretion ofsterols and bile acids, 
with special reference to bile acid compositions of bile 
and feces in conventional rats fed cholestyramine diets. 
The results indicated that biliary secretion of bile acids 
and phospholipids decreased, while biliary cholesterol 
secretion was unchanged, and that cholic acid synthesis 
increased to a greater extent than did chenodeoxycholic 
acid synthesis in cholestyramine-treated conventional 
rats. In addition, we discuss the conversion of 
chenodeoxycholic acid to (3-muricholic acid during the 
enterohepatic circulation on the basis of the changes of 
the bile acid compositions induced by cholestyramine 
treatment. 

MATERIALS AND MLqflH~D$ 

Animals. Male Wistar rats weighing about 220 g were 
used. They were maintained in an air-conditioned room 
(25 - 1 C, 50-60% humidity) with free access to water. 
Six control rats were fed a basal diet (Type MF, Oriental 
Yeast Co., Tokyo, Japan), and the other six were fed a 
basal diet supplemented with 5% cholestyramine. The 
composition of the basal diet was as follows: 24.0% pro- 
tein, 5.1% lipids, 54.5% carbohydrate, 3.2% fiber, 6.2% 
ash and 7.0% water. The content of cholesterol was 0.09%. 
Rats were individually caged and given the diet for eight 
days. Feces were collected for two days before rats were 
killed. On the ninth day rats were anesthetized by intra- 
peritoneal sodium pentebarbital injection (50 mg/kg), 
and the bile duct was cannulated with PE-10 polyethylene 
tubing (Clay Adams, Franklin Lakes, New Jersey) to col- 
lect bile for 2 hr. 

Biliary lipid determination. Biliary bile acids, choles- 
terol and phospholipids were determined as reported pre- 
viously (11-13). Bile was extracted with ethanol; one vol- 
ume of bile was poured into 20 vol of ethanol, boiled about 
5 min and filtered after cooling down to room tempera- 
ture. An aliquot of the filtrate was evaporated to dryness 
under a stream of nitrogen, and the residue was hydro- 
lyzed in 3 ml of 1.25 N NaOH for 6 hr at 120 C. Cholesterol 
was extracted with diethyl ether; bile acids were then 
extracted with diethyl ether after acidification with 2 N 
HC1. Cholesterol was determined by gas liquid 
chromatography (GLC) on a 1% SE-30 column. Bile acids 
were converted to methyl ester trifluoroacetate deriva- 
tives and determined by GLC using 1.5% QF-1 and 1.5% 
AN-600 columns. Phospholipids were determined by the 
method of Gomori (14). Lithogenic index was calculated 
by the formula of Thomas and Hofmann (15). 

Fecal sterol and bile acid determination. Fecal sterols 
and bile acids were determined as described previously 
with a slight modification (11-13). Feces were 
homogenized in water; an aliquot was extracted with 15 
ml of ethanol at 90 C for 1 hr three times and with 5 ml 
of petroleum ether twice at room temperature. Extracts 
were filtered, combined and evaporated to dryness under 
reduced pressure. The residue was hydrolyzed in 4 ml of 
1.25 N NaOH at 120 C for 6 hr. ARer extraction ofsterols 
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with 3 vol of diethyl e ther  three t imes,  the hydrolysate 
was acidified to pH 1-2 with 2 N HC1 and bile acids were 
extracted with 3 vol of diethyl e ther  three times. The 
sterols and bile acids were quantified by GLC. Absorption 
efficiency was calculated as follows: 100 • (1-daily fecal 
bile acid excretion/daily bil iary bile acid secretion) (16). 

Statistical analysis. The resul ts  are expressed as mean  
+- SEM. Student 's  t- test  was used to determine statistical 
significance. 

g~$UIJ-$ 

Table 1 shows the effects of cholestyramine on body 
weight, bile flow, bil iary secretion of cholesterol, phos- 
pholipids and bile acids and the lithogenic index. Body 
weight  gains were not different between the two groups. 
The bile flow and bil iary secretion of phospholipids and 
bile acids decreased in the cholestyramine-fed ra ts  when 
they were expressed in te rms  of ml or mg per  hr  per  rat.  
The concentration of bile acids decreased, but  those of 
cholesterol and phospholipids remained unchanged. The 
lithogenic index increased in the t reated rats. Bil iary 
bile acid compositions are compared in Table 2. The 
bil iary bile acids in the control ra ts  consisted of cholic 
acid (50.2%), B-muricholic acid (17.8%), chenodeoxycholic 
acid (6.5%), hyodeoxycholic acid (6.3%), ursodeoxychoic 
acid (5.8%), deoxycholic acid (4.9%), a-muricholic acid 
(2.2%) and small  amounts  of the other bile acids. In the 
cholestyramine-fed rats,  chenedeoxycholic acid markedly  
increased (25.9%), [3-muricholic acid decreased (5.3%), 
a-muricholic acid increased (5.7%) and hydeoxycholic acid 
a lmost  disappeared. The rat io ofcholic acid and its related 
bile acids to chenodeoxycholic acid and its related bile 
acids (CA group/CDCA group ratio) remained unchanged. 

The fecal excretion ofsterols  increased about  three-fold 
(Table 3) and tha t  of bile acids about  four-fold (Table 4) 
a i ~ r  cholestyramine t rea tment .  ~Murichol ic  acid 
(31.2%), hyodeoxycholic acid (21.1%), deoxycholic acid 
(17.6%) and lithocholic acid (9.6%) were the major  compo- 
nents  in the fecal bile acids of the control rats. Choles- 
ty ramine  t r ea tmen t  increased deoxycholic acid (46.0%) 
and lithocholic acid (29.9%) and decreased ~mur icho l i c  
acid (3.9%) and hydeoxycholic acid (2.4%), resul t ing in a 
marked  increase of CA group/CDCA group ratio. The ab- 
sorption efficiency (the rat io of daily intest inal  bile acid 
absorption to daily bil iary bile acid secretion) was re- 
duced to a grea t  extent  in cholestyramine-t reated rats. 

Choles tyramine had no effect on bil iary lipid composition 
in obese subjects or pat ients  with gallstones and showed 
lithogenic effect in normal  subjects, while it decreased 
cholesterol sa tura t ion in pat ients  with p r imary  hyper- 
l ipoproteinemia (17-20). In rats, Turley et al. (9,21) re- 
ported no changes in bile flow or bil iary lipid secretion 
in the ra ts  fed 2% cholestyramine diets for two weeks. 
Innis  (10) reported tha t  bi l iary bile acid secretion was 
increased in the ra ts  fed 3% cholestyramine diets for 
about  three  weeks, but  bile flow and bil iary secretion of 
cholesterol and phospholipids were unchanged. These 
studies were done with female Sprague-Dawley rats. In 
contrast,  our  present  study with male  Wistar  ra ts  showed 
tha t  bile flow and bil iary secretion of bile acids and phos- 

ET AL. 

pholipids decreased but  bil iary cholesterol secretion re- 
mained  unchanged when ra ts  were fed 5% cholestyramine 
diets for eight days. Similar  results  have been reported 
in baboons and hamsters  (6,7). These conflicting results  
in ra ts  might  be due to the difference in sex or in dose 
and durat ion of cholestyramine t rea tment .  

In the present  study, the fecal excretion of bile acids 
and neutra l  sterols increased significantly by choles- 
ty ramine  t rea tment ,  which is in agreement  with other 
reports (4,5,22). The increase of the CA group/CDCA 

TABLE 1 

Effects of CholestyrRmlne on Bile Flow, Biliary Cholesterol, 
Phospholipids and Bile Acids and Lithogenic Index in Rats 

Control Cholestyramine 
(n = 6) (n = 6) 

Initial body weight (g) 225.5 _+ 4.5 a 220.8 _+ 5.8 
Final body weight (g) 285.5 _+ 4.6 272.2 _+ 10.0 

Bileflow(ml/hr) 1.00 _+0.12 0.68 • 0.04 b 

Cholesterol(mg/hr/rat) 0.141 _+ 0.013 0.126 -~ 0.029 
Phospholipids(mg/hr/rat) 1.52 -+0.27 0.80 • 0.15 b 
Bile acids (mg/hr/rat) 7.29 • 2.51 _+ 0.23 b 

Cholesterol (mg/ml) 0.144 _+ 0.007 0.188 • 0.047 
Phospholipids(mg/ml) 1.51 _+0.19 1.17 _+ 0.20 
Bile acids (mg/ml) 7.40 _+0.72 3.67 • 0.27 b 

Lithogenicindex 0.229 _+ 0.013 0.459 -+ 0.081 b 

aMean _+ SE. 
bstatistically significant compared to control value (p < 0.05). 

TABLE 2 

Effects of Cholestyrnmine on Biliary Bile Acid Composition 
in Rats 

Control Cholestyramine 
(n = 6) (n = 6) 

Cholic acid group (%) 55.5 -+ 1.4 a 54.5 -+3.8 
Cholicacid 50.2 -+ 1.5 52.3 -+ 3.7 
Deoxycholicacid 4.9 • 1.0 1.8 ---0.2 b 
3a,12a-Dihydroxy-7-oxo- 0.4 -+ 0.03 0.4 _+ 0.1 

Chenodeoxycholic acid group 41.7 -+ 1.4 43.0 -+ 3.9 
Chenodeoxycholic acid 6.5 • 0.5 25.9 -+ 2.9 b 
Ursedeoxycholicacid 5.8 -+ 0.2 4.5 -+ 0.9 
a-Muricholicacid 2.2 • 0.1 5.7 -+ 0.8 b 
[3-Muricholicacid 17.8 -+ 0.8 5.3 -- 0.7 b 
Hyedeoxycholic acid 6.3 _+0.7 n.d. c 
3a-Hydroxy-6-oxo- 1.6 _+ 0.2 0.2 _+ 0.04b 
3a-Hydroxy-7-oxo- 1.1 _+ 0.03 0.8 -+ 0.1 
Lithocholicacid 0.4 -+ 0.1 0.6 -+ 0.1 

Othersd 2.8 --- 0.3 2.5 -- 0.3 

CA group/CDCA group ratio 1.34 _+ 0.08 1.40 _+ 0.25 

aMean _+ SE. 
bStatistically significant compared to control value (p < 0.05). 
CNot detectable. 
dOthers comprise unidentified peaks with relative retention times 
of 0.74 and 0.85. 
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group  r a t i o  in  feces of  t h e  cho l e s ty r amine - f ed  r a t s  is  com- 
p a t i b l e  w i t h  t h e  r e s u l t  in  ge rm-f ree  r a t s  (4). In  m a n ,  
s y n t h e s i s  of  cholic ac id  a lso  i nc r ea sed  to a g r e a t e r  e x t e n t  
t h a n  t h a t  of  chenodeoxychol ic  ac id  by c h o l e s t y r a m i n e  
t r e a t m e n t  (23). P rov ided  t h a t  b i le  ac id  m e t a b o l i s m  of  r a t s  
fed c h o l e s t y r a m i n e  is in  a s t e a d y  s t a t e  a f t e r  e i g h t  days ,  
t he  i nc rea se  of  t h e  CA group /CDCA group  r a t i o  imp l i e s  
much  more  i nc rea se  of  cholic ac id  s y n t h e s i s  t h a n  
chenodeoxychol ic  ac id  syn thes i s .  These  r e su l t s  a g r e e  w i t h  
t he  concept  t h a t  cholic ac id  is fo rmed from newly  syn the -  
s ized choles tero l  to a g r e a t e r  e x t e n t  t h a n  
chenedeoxychol ic  ac id  (11,24,25). The  di f ference of  b ind-  
i ng  a f f in i ty  of  va r ious  b i l e  ac ids  to c h o l e s t y r a m i n e  m i g h t  
no t  be  r e spons ib le  for t h e  i nc rea se  of  t he  CA group /CDCA 
group  r a t i o  in  feces because  c h o l e s t y r a m i n e  h a s  been  re- 
po r t ed  to b ind  t au rocho l i c  ac id  less  ef fect ively  t h a n  t au ro -  
chenedeoxy  cholic ac id  (26). 

T h e r e  was  no di f ference be tween  t h e  CA group /CDCA 
group  r a t i o s  in  t h e  b i l e  of  cont ro l  a n d  c h o l e s t y r a m i n e -  
t r e a t e d  ra t s .  A s  p rev ious ly  r epo r t ed  (13), t h e  r a t i o  in  t he  
b i l e  is  h i g h e r  t h a n  t h a t  in  feces in  u n t r e a t e d  ra t s ,  prob-  
a b l y  due  to more  eff ic ient  ac t ive  t r a n s p o r t  of cholic ac id  
t h a n  of  chenodeoxychol ic  ac id  in t he  lower i l e u m  (27). 
Abso rp t ion  eff iciencies  in  control  a n d  c h o l e s t y r a m i n e -  
t r e a t e d  r a t s  were  95% a n d  38%, r e spec t ive ly  (Table 4). 
The  CA group /CDCA group  r a t i o  in  t h e  b i l e  was  s i m i l a r  
to t h a t  in  t h e  feces of  c h o l e s t y r a m i n e - t r e a t e d  r a t s  (1.40 
vs  1.05), wh i l e  t he  r a t io s  in  control  r a t s  were  much  differ-  
e n t  (1.34 vs  0.39). These  d a t a  sugges t  t h a t  ab so rp t i on  of  
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bi le  acids ,  e spec ia l ly  cholic acid,  was  p r e v e n t e d  by choles- 
t y r a m i n e .  The  b i l i a r y  excre t ion  of  b i le  ac ids  in  t he  r a t s  
w i t h  b i l i a r y  d r a i n a g e  for e i g h t  days  was  a r o u n d  2 m g / h r  
( u n p u b l i s h e d  da ta ) ;  t h e  va lue  was  s i m i l a r  to t h a t  found 
in t h e  p r e s e n t  e x p e r i m e n t s  w i th  c h o l e s t y r a m i n e  g iven  
for e i g h t  days ,  s u g g e s t i n g  t h a t  a m a j o r  p a r t  of  b i l i a r y  
b i le  ac ids  was  composed  of  newly  s y n t h e s i z e d  b i le  ac ids  
in  t he  c h o l e s t y r a m i n e - t r e a t e d  ra t s .  

Chenodeoxychol ic  ac id  m a r k e d l y  i n c r e a s e d  and  ~- 
mur icho l i c  ac id  dec reased  in  t he  b i l i a r y  b i l e  ac id  compo- 
s i t ion  a i ~ r  c h o l e s t y r a m i n e  t r e a t m e n t .  Th i s  r e s u l t  in  con- 
ven t i ona l  r a t s  cor responds  wel l  to t h e  i nc rea se  of  
chenodeoxychol ic  ac id  in  t h e  feces in  c h o l e s t y r a m i n e -  

T A B L E  3 

Ef fec t s  o f  Cho le s tyrAmlne  on  F e c a l  E x c r e t i o n  
o f  S tero l s  in Rat s  

Control 
(mg/day per rat; n = 6) 

Cholestyramine 
(mg/day per rat; n = 6) 

Total sterols 14.11 - 1.12 a 40.26 +- 3.12 b 
Coprostanol 7.37 -+ 0.46 25.11 - 1.70 b 
Cholesterol 6.74 -+ 0.95 15.15 +- 1.76 b 

aMean _+ SE. 
bStatistically significant compared to control value (p < 0.05). 

TABLE 4 

Effec t s  o f  Cho les tyrRmlne  on  F e c a l  E x c r e t i o n  o f  Bi le  A c i d s  in  Rat s  

Control Cholestyramine 
(mg/day per rat; n = 6) (mg/day per rat; n = 6) 

Totalbile acids 8.83 -+ 0.34 a 38.26 -+ 3.46 b 

Cholic acid group 2.38 -+ 0.15 (27.1) 17.94 _+ 1.52 b (47.3) 
Deoxycholicacid 1.55 -+ 0.13 (17.6) 17.42 _+ 1.56 b (46.0) 
Cholicacid 0.42 -+ 0.06(4.7) 0.09 - 0.06b(0.2) 
3 ~, 12a-Dihydroxy-7-oxo- 0.29 _+ 0.06 (3.4) 0.17 -+ 0.08 (0.4) 
7~-Cholic acid 0.12 _+ 0.01 (1.4) 0.27 -+ 0.16(0.7) 

Chenodeoxycholic acid group 6.31 -+ 0.35 (71.3) 18.10 -+ 2.04 b (46.9) 
Lithocholic acid 0.84 _+ 0.04 (9.6) 11.58 -+ 1.37b(29.9) 
Hyodeoxycholic acid 1.86 __ 0.34(21.1) 0.91 -- 0.32b(2.4) 
Chenodeoxycholic acid < 0.01 0.94 § 0.23 (2.4) 
Ursedeoxycholic acid < 0.01 0.70 -+ 0.15 b (1.9) 
a-Muricholic acid 0.25 -+ 0.02(2.8) 1.14 -- 0.17b(3.0) 
~-Muricholic acid 0.19 _+ 0.04 (2.2) 0.96 -- 0.14 b (2.4) 
o~-Muricholic acid 2.79 _+ 0.46 (31.2) 1.48 _+ 0.23 b (3.9) 
3~-Hydroxy-6-oxo- 0.28 +_ 0.03 (3.2) 0.29 -+ 0.18 (0.8) 
3a-Hydroxy-7-oxo- 0.10 -+ 0.04 (1.2) 0.08 -+ 0.04 (0.2) 

Others c 0.14 _+ 0.01 (1.6) 2.22 -+ 0.28b(5.8) 

CA group/CDCA group ratio 0.39 +- 0.04 

Abserption efficiency (%) 94.5 _+ 0.1 

1.05 -+ 0.13 b 

37.6 +- 8.0 b 

aMean _+ SE. Values in parentheses represent % of the total bile acids. 
/)Statistically significant compared to control value (p < 0.05). 
cOthers comprise unidentified peaks with relative retention times of 0.74 and 0.85. 
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t reated germ-free ra ts  (4). Chenodeoxycholic acid has  
been reported to be t ransformed into ~-muricholic acid 
through a-muricholic acid in bile fistula ra ts  (28,29) and 
isolated hepatocytes (30,31). The first step of this conver- 
sion is 6~-hydroxylation of chenodeoxycholic acid. An in 
vitro study on the 6~-hydroxylase system using micro- 
somes obtained from cholestyramine-t reated and un- 
t reated ra ts  showed tha t  cholestyramine t r ea tmen t  
exerted little influence on the act ivi ty (32,33). As men- 
tioned above, a major  par t  of bil iary bile acids was newly 
synthesized bile acids in cholestyramine-treated rats,  so 
it seems likely tha t  newly synthesized chenodeoxycholic 
acid is not utilized as a substra te  of chenodeoxycholic 
acid 6~-hydroxylase before its first secretion into bile. 
Botham and Boyd (30) demonstra ted tha t  when ra ts  were 
total ly bil iary drained for 44 hr, chenodeoxycholic acid 
content of the bile showed a rapid fall in the first 10 hr  
and then a rise beginning aider 24 hr, whereas  [3- 
muricholic acid content of the bile also fell rapidly dur ing 
the first 10 hr  but  showed no significant rise afterward. 
These resul ts  in bile fistula ra ts  agree with our resul ts  
in cholestyramine-t reated rats. 

In the bil iary bile acid composition of the present  exper- 
iments,  a-muricholic acid increased in addition to the 
marked  increase of chenodeoxycholic acid and the de- 
crease of ~-muricholic acid by interrupt ion of enterohepa- 
tic circulation of bile acids due to cholestyramine treat-  
ment.  a-Muricholic acid has  been reported to be converted 
to ~-muricholic acid through a 7-keto in termedia te  
(34,35). Therefore, it is conceivable tha t  ~-muricholic acid 
is formed from chenodeoxycholic acid and even from a- 
muricholic acid during the enterehepat ic  circulation in 
normal  rats. 

In conclusion, bi l iary secretion of bile acids and 
phopholipids decreased, while tha t  of cholesterol re- 
mained unchanged in conventional ra t s  fed choles- 
ty ramine  diets. Choles tyramine t r ea tmen t  also brought  
about  an increase of fecal excretion of sterels and bile 
acids and an increase of CA greup/CDCA group rat io in 
the fecal bile acid composition, which implies much more 
increase of cholic acid synthesis  than  chenodeoxycholic 
acid synthesis.  There was a marked  increase of 
chenodeoxycholic acid wi th  a concomitant  decrease of ~- 
muricholic acid in the bile ofcholes tyramine- t rea ted  rats,  
suggest ing the formation of ~-muricholic acid from 
chenodeoxycholic acid dur ing the enterohepat ic  circula- 
tion. 
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Rats  were  f ed  l a r d - e n r i c h e d  (17%) o r  c o r n  o i l - en-  
r i c h e d  (17%) d ie t s  a n d  were  c o m p a r e d  wi th  r a t s  fed  
a low fa t  (4.5%) diet .  C a r d i a c  p ro te in ,  DNA, phos-  
pho l i p id  (PL) a n d  f a t ty  ac id  (FA) c o m p o s i t i o n s  were  
ana lyz e d .  Neu t r a l  p h o s p h o l i p a s e  A, l y sophos -  
p h o l i p a s e  a n d  c r e a t i n e  k i n a s e  ac t iv i t i es  in  the  mem-  
b r a n e  a n d  cy toso l i c  c o m p a r t m e n t s  we re  also inves-  
t iga ted .  

No s ign i f i can t  mod i f i c a t i on  o f  c a r d i a c  p ro t e in ,  
DNA n o r  P L  was  o b s e r v e d  a m o n g  the  t h r e e  g roups .  
S o m e  a l t e r a t i o n s  a p p e a r e d  in t he  FA compos i t i on .  
A l a r d - e n r i c h e d  d ie t  i n d u c e d  a s ign i f i can t  i n c r e a s e  
o f  22:5n-3 a n d  22.~n-3 in  h e a r t  p h o s p h a t i d y l c h o l i n e  
(PC) 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), w h e r e a s  
a l inole ic  a c i d - r i c h  d i e t  i n d u c e d  a specif ic  i n c r e a s e  
o f  22:4n-6 a n d  22:5n-6 in  t he se  two m a j o r  PL .  

C o m p a r e d  to  r a t s  fed  t he  low fa t  diet ,  m e m b r a n e -  
a s s o c i a t e d  p h o s p h o l i p a s e  A act ivi ty ,  m e a s u r e d  b y  
e n d o g e n o u s  h y d r o l y s i s  o f  m e m b r a n e  PC a n d  P E ,  
s h o w e d  a s ign i f i can t  i n c r e a s e  ( + 45%) for  b o t h  P L  in 
r a t s  fed  c o r n  off. However ,  t he  ac t iv i ty  o f  m e m b r a n e -  
a s s o c i a t e d  p h o s p h o l i p a s e s ,  m e a s u r e d  wi th  exoge-  
n o u s  [1-14C]dioleoyl PC,  was  n o t  d i f f e ren t  a m o n g  t h e  
t h r e e  g r o u p s  o f  ra ts .  C y t o p l a s m i c  ac t iv i ty  was  de- 
c r e a s e d  in  r a t s  fed  c o r n  off, a n d  l y s o p h o s p h o l i p a s e  
a n d  c r e a t i n e  p h o s p h a t e  i d n a s e  ac t iv i t i es  we re  n o t  
s ign i f ican t ly  a f f ec t ed  by  diet .  

FA mod i f i c a t i on  o f  t he  l ong  c h , i n  n-6 FA i n d u c e d  
by  c o r n  oil m a y  be  r e s p o n s i b l e  fo r  the  o b s e r v e d  in.  
c r e a s e  in  p h o s p h o l i p a s e  act ivi ty .  Phys io log i ca l  im- 
p l i ca t i ons  a r e  s u g g e s t e d  in  t e r m s  o f  m e m b r a n e  deg-  
r a d a t i o n  a n d  p r o s t a g l a n d i n  p r o d u c t i o n .  
Lipids 22, 517-522 (1987). 

position of cardiac membranes or the polyunsaturated/  
saturated (P/S) ratio of FA. However, significant altera- 
tions were observed in PUFA of the n-3 and n-6 series. 
In general,  a diet enriched in 18:2n-6 induced an elevation 
of the n-6/n-3 ratio, whereas a diet enriched in 18:3n-3 
had the opposite effect (4-8). A significant decrease of 
this ratio was also observed when rats  were fed menhaden 
or tuna  oils, which contain substantial  amounts  of n-3 
PUFA (10,11). 

These modifications can have physiological conse- 
quences. It  is known tha t  membrane-bound enzyme activ- 
i ty can be influenced by the nature  of lipids in the proxi- 
mal micro-environment of the protein (12,13). This is prob- 
ably related to the degree of unsatura t ion of FA, which 
determines, in part,  the membrane fluidity and allows 
the motion of the enzyme in the lipid bilayer (13). Mam- 
mal studies have shown tha t  dietary lipid manipulat ion 
could modify the activities of some membrane-associated 
enzymes, such as cation-transporting ATPase (13). 

Another  important  group of membrane-bound enzymes 
is phospholipase A. Its activity has been described in ra t  
(14-17) and hamster  (18) hear ts  in the membranous sys- 
tems of the cell (14-17). In addition, a cytosolic phos- 
pholipase A (19) and C (20) have been partially charac- 
terized in heart. Attention is focused on these enzymes 
because it is thought that in ischemic heart the observed 
increase of membrane PL degradation (21,22) could result 
from activation of intracellular cardiac phospholipases 

TABLE 1 

Composition of Experimental Diets (g/100g) 

Low fat Lard Corn oil 

Cellular membranes  act not only as a biological barr ier  
but  also as a finely tuned system tha t  controls ion permea- 
bility, membrane-associated enzymes, receptors and 
eicosanoid production. Any alterat ion of membrane lipid 
composition may lead to cellular metabolic disorders. In 
normRUy functioning membranes,  phospholipid (PL) as 
well as fat ty acid (FA) composition are perfectly regu- 
lated. However, it  is possible by dietary manipulat ions 
to al ter  the membrane  FA composition. The hear t  is a 
tissue responsive to lipid modification of the diet. Polyun- 
saturated oils have a beneficial effect on the cardiovascu- 
lar  system (1--3). This had led several researchers to study 
the effect of poly~msaturated fat of e i ther  vegetable (4--8) 
or fish (9--11) origin on hear t  lipid composition. It  was 
observed tha t  a diet enriched in polyunsaturated fat ty 
acids (PUFA) (18:2n-6, 18:3n-3) did not affect the PL com- 

1prosented in part at the International Symposium on Lipid 
Metabolism in the Normoxic and Ischemic Heart, Rotterdam, The 
Netherlands, September 1986. 
*To whom correspondence should be addressed at INSERM U-130, 
10 avenue Viton, 13009, MarseiUe, France. 

Casein" 27.3 27.3 27.3 
Lard" 2.2 14.8 --  
Corn oil b 2.2 2.2 17.0 
Starch" 34.0 26.9 26.9 
Glucose a 23.5 18.0 18.0 
Minerals c 5.0 5.0 5.0 
V i t a m i n s  d 1.0 1.0 1.0 
Cellulose" 4.8 4.8 4.8 

aFrom Unit~ Alimentation Reationnelle (UAR) (Villemoisson, 
France). 
bFrom CPC Europe Consumer Products (Heilbronn, Federal Repub- 
lic of Germany). 
C 4 From UAR. Mineral mixture (stated in the Kg mixture): CaHPO , 
430; KCI, 100; NaC1, 100; MgSO 4, 50; FeSO47H2 O, 5; Fe2Os, 3; 
MnSO4 H20, 2.45; CuSO4 5H20, 0.5; COSO4 7H20, 4 • 103; 
ZnSO4 7H20, 2; stabilized KI, 8 • 10 -3 and NaF, 0.25. 
dFrom UAR. Vitamin mixture (stated in Kg mixture except as 
noted): retinol, 1980 IU; calciferol, 600 IU; thiamin, 2; riboflavin, 
1.5; vitamin Bs, 3.5; pyridoxine, 1; carnitine, 15; cyanocobalamin, 
5 rag; ascorbic acid, 80; alpha-tocopherol, 17; menadi0ne, 4; 
nicotinic acid, 10; choline, 136; pteroylmonoglutamic acid, 0.5 
mg; p-aminobenzoic acid, 5; and biotin, 0.03. 
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(23,24). This event, associated with an increase oflysoPL, 
could further induce an excess of calcium in the cytosol, 
leading to electrophysiological disorders (25). Almost no 
information is available on the regulation of these ac- 
tivities in heart. The natural substrate of cellular phos- 
pholipase A is essentially membrane PL, and any chem- 
ical modification of these lipids may affect their activities. 
For example, it has been shown in vitro that phos- 
pholipase A activity of a homogenate of hamster heart 
is considerably increased by the level of uusaturation of 
FA esterified in the sn-2 position (18). This was the case 
also for the erythrocyte phospholipase A (26). Our pur- 
pose in this work was to study the effect of a PUFA-rich 
or PUFA-poor diet on the phospholipase A activities in 
rat  heart in relation to PL and FA composition. 

MA~IL~Is AND METHODS 

Animals, diets and feeding procedures. Three groups of 
15 male Wistar rats (IFFA-CREDO, UArbresle, France) 
weighing 190-210 g were used. Each group was divided 
into five cages of three rats. One group was fed a low fat 
diet containing 4.5% (w/w) fat consisting of a lard and 
corn oil mixture, giving a P/S ratio of 1.2. A second group 
received a lard diet (14.8%, w/w) enriched with corn oil 
(2.2%, w/w), which served as a source of essential FA; the 
P/S ratio was 0.4. The third group was fed corn oil (17%, 
w/w); the P/S ratio was 5. The composition of the diets 
and their FA compositions are given in Tables 1 and 2, 
respectively. The rats were fed ad libitum for 8 wk and 
had free access to water. 

Heart tissue treatment. After the feeding period, the 
rats were weighed and guillotined, and their hearts were 
excised quickly. The hearts were extensively rinsed at 4 
C in Tris HC1 buffer, 20 mM (pH 7.5), containing 0.22 M 
mannitol and 70 mM sucrose. Extraventricular tissues 
and vessels were removed. Hearts were weighed and 
pooled by three with respect to the cage distribution. 
They were finely minced; one-third was reserved for 
homogenization and the rest was subjected to lipid extrac- 
tion. 

The homogenization was performed at 4 C in mannitol 
buffer (10%, w/w) using a polytren (Kinematica-PT 10) 
for 2 sec at a rheostat setting of 6. The homogenate was 
centrifuged at 100,000 • g for I hr at 4 C to separate all 
the membrane fractions (M) from the cytosolic fraction. 
All fractious were immediately stored at - 6 0  C. The 
lipids were extracted from fresh tissue at 4 C according 
to the method of Tam et al. (18). Lipids were extracted 
in the presence of 0.01 N HC1 to minimize loss of lysoPL 
and 0.05% butylated hydroxytoluene as an antioxidant. 
Lipids were stored at - 2 0  C under nitrogen until high 
performance liquid chromatographic (HPLC) and gas liq- 
uid chromatographic (GLC) analyses. 

HPLC and GLC. Choline and ethanolamine containing 
PL were separated by HPLC using a Waters-Associate 
liquid chromatographic system (Milford, Massachusetts). 
PL were separated as previously described (27). The 
analysis was performed on an NH2-Lichrosorb 10 ~m 
(Merck, Darmstadt, Federal Republic of Germany using 
a mixture of n-hexane, isopropanol, methanol and water 
as solvent system. The elution order was phosphatidyl- 
choline (PC), sphingomyelin (SPH), lysophosphatidylcho- 
line (LPC), phosphatidylethanolamine (PE) and 

TABLE 2 

Fatty Acid Composition of Diets 

Fatty acid Low fat Lard Corn oil 

16:0 20.24 26.7 11.6 
16:1 0.27 2.37 -- 
18:0 8.04 12.5 0.18 
18:1n-9 35.09 41.3 26.8 
18:2n-6 33.58 14.8 60.0 
18:3n-3 0.73 0.66 0.85 
20:0 0.29 0.21 0.41 
20:1 0.46 0.8 -- 
20:2 0.20 0.3 -- 
Saturated 28.57 39.4 12.2 
Unsaturated 70.33 60.2 87.6 
P/S a 1.21 0.40 5.0 

apolyunsaturated to saturated fatty acid ratio. 

lysophosphatidylethanolamine (LPE); the separation 
was achieved in 45 rain. PL were quantified by phosphorus 
determination (28). 

Fatty acid methyl esters (FAME) of PC and PE were 
prepared by 5% sulfuric acid in methanol at 50 C under 
N 2 for 3 hr. FAME were extracted twice with n-hexane 
and analyzed by 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). Injector and 
detecter temperatures were set at 220 C, and the oven 
was temperature programmed (5 rain at 180 C, 1 C/min 
to 205 C and 25 rain at 205 C). FAME were identified by 
comparison to retention time of standards (Interchim, 
Paris, France). 

Phospholipase and lysophospholipase assays. Phos- 
pholipase activity on endogenous PL was assayed as re- 
cently described (29). Briefly, the membrane fraction (M) 
(800 ~l), obtained from ultracentrifugation at 
100,000 • g, was incubated at 37 C at pH 8.4 with 8 mM 
calcium for 1 hr. Reaction was stopped by adding 
chloroform/methanol (2:1, v/v), and lipids were extracted 
according to the method of Folch et al. (30). All extraction 
steps were performed at 4 C to avoid chemical autolysis 
of PL. The extracts were submitted to HPLC analysis. 
Activity was calculated by measuring the decrease of 
lipid phosphorus in the PC and PE. The contribution of 
thermal degradation of endogenous PL in measurement 
of phospholipase A activity was considered. Extracted 
cardiac PL were resuspended in the buffer and dispersed 
by sonication. They were incubated at 37 C for 1 hr, ex- 
tracted and separated on HPLC as described above. Com- 
pared with a sample at 4 C, no significant thermal degra- 
dation of PC and PE was observed, indicating that no 
nonenzymic hydrolysis occurred during the phos- 
pholipase assay. 

Due to the very low concentration of PL in the cyto- 
plasm, labeled exogenous substrate was needed to mea- 
sure the cytoplasmic phospholipase A activity. Mem- 
brane-bound phospholipase A activity was also measured 
using labeled exogenous PC. The assay with exogenous 
PC was performed as previously described (17) at pH 8.4 
using [1-14C]dioleoylPC (N.E.N., Paris, France) with a 
specific activity of 6.35 Bq/nmol. The substrate was dis- 
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persed by sonication in the form ofunilamellar lipesemes. 
All the enzymatic measurements were linear with respect 
to protein concentration and time. A sample without pro- 
tein served as a blank. 

Lysophospholipase was assayed at pH 8.0 as previously 
described (17) using [1-14C]lysepalmitoylPC (N.E.N.) 
(14.7 Bq/nmol LPC). Creatine phosphate kinase activity 
aRer activation with N-acotyl L-cystein was performed 
as described by Szasz et al. (31). Assays were measured 
using an automatic Multistat III (Instrumentation Labor- 
atory, Spokane, Washington) at 30 C. 

Miscellaneous. Cholesterol was determined with the 
cholesterol esterase-cholesterol oxidase kit (Boehringer 
Mannheim GmbH, Mannheim, FRG) using a two-point 
kinetic method (32). Assays were performed with an au- 
tomatic Multistat HI at 30 C. Proteins were determined 
according to the method of Lowry et al. (33). De- 
sexyribonucleic acid content was measured as described 
by Volkin and Cohn (34). 

DioleoylPC, lysopalmiteylPC and all PL standards 
were obtained from Sigma (99% pure) (Coger, Paris, 
France). Solvents were of HPLC grade and were filtered 
through 0.2 ~Lm Millipore filter before use. 

Statistical analysis. Results presented in the tables are 
means _ SEM of five groups of three pooled rat hearts. 
Statistical significance of mean differences between diet- 
ary groups was investigated by analysis of variance. 

n$0tT$ 

Over the 8-wk feeding period, there was no significant 
difference (p>0.05) in body (402 _+ 11 g) and heart (1.1 
_+ 0.1 g) weights between rats on the low fat diet and 
those on fat-enriched diets. 

Table 3 shows the effect of diets on the protein]DNA 
ratio, total lipid phosphorus and cholesterol content. No 
significant variation was observed in any of these 
parameters among the three groups of rats. 

The PC and PE compositions are shown in Table 3. 
Neither the lard-enriched nor the corn oil-enriched diet 
produced changes in PL composition, which agrees with 
previous studies performed with other types of fat (7,8,10). 
The FA compositions of PC and PE are given in Table 4. 

The saturated FA were resistant to dietary manipulation 
both in PC and PE inasmuch as the percentages ofpalmit- 
ic and stearic acid were not significantly altered by the 
diets. The same observation goes for the P/S ratio, which 
confirms recent data obtained with rats fed other vegeta- 
ble oils (4,6,7). 

Significant alterations in the PUFA, however, were in- 
duced by the diets. In the PC, linoleic acid (18:2n-6) was 
significantly reduced in rats fed the linoleic acid-poor 
diet (lard). By contrast, the metabolic products of this 
acid, formed by elongation and desaturation (20:4n-6, 
22:4n-6 and 22:5n-6), were not significantly modified by 
the lard-rich diet. This supports the idea that, in PC, 
linoleic acid is efficiently converted into C20 and C22 n-6 
PUFA, to maintain their concentrations in the normal 
coll. The same suggestion can be made for PE, where a 
2.4-fold reduction of 18:2n-6 (compared to the low fat 
group) was observed with the lard-enriched diet. Except 
for a slight decrease of the 20:4n-6 (20%), the C22 n-6 
species were maintained at levels comparable to those of 
the low fat diet. In the same way, a linoleic acid-rich diet 
(corn oil) produced a significant increase of the C22 n-6 
PUFA in PC and PE, which supports an efficient conver- 
sion oflinoleic acid into C22 n-6 PUFA. Feeding a lard-en- 
riched diet resulted in a dramatic increase of the PUFA 
n-3 family in both PC and PE. In the PC, this increase 
is about threefold compared to the low fat group and 
twofold in the PE. 

Phospholipase, lysephospholipase and creatine phos- 
phate kinase activities were measured in the total cardiac 
membrane fraction (Table 5) and in the cytoplasm. The 
endogenous hydrolysis of membrane PL showed that PE 
was better hydrolyzed than PC independent of the diet 
given. The specific activity, expressed per mg of DNA, 
was about 30% higher for PE compared to PC in rats fed 
low fat and corn oil diets, and 70% higher in rats fed the 
lard diets. When comparing the specific activity of the 
phospholipase A among the three diet groups, the corn 
oil-enriched diet induced a significant increase in phos- 
pholipase A activity compared to that of the low fat diet. 
The hydrolysis of PC was about 48% higher in rats fed 
corn oil compared to that of the low fat diet. Similarly, 
the hydrolysis of PE was increased by 42% compared to 

TABLE 3 

Protein, DNA, Cholesterol, PC and PE Composition of Hearts from Rats fed 
Various Diets 

Low fat Lard Corn oil 

mgProtein/mgDNA 55.4 +-2.4 67.3 --+2.6 57.0 +-4.9 
ttmol 
Lipidphosphorus/gofheart 22.2 +-0.9 21.6 ---1.4 22.6 +-1.3 
~mol Cholesterol/gofheart 1.73 +- 0.25 2.2 - 0.25 2.32 +- 0.18 
PC 52.2 +- 0.9 53.0 +- 0.6 52.8 - 1.3 
LPC 1.05 +- 0.06 1.08 +- 0.02 1.09 +- 0.05 
PE 41.9 +-1.0 41.0 -+0.6 41.5 -+ 1.2 
LPE 1.16 +- 0.39 1.04 +- 0.12 0.96 +- 0.21 
Sph 3.7 -+ 0.1 3.9 +- 0.04 3.7 -+ 0.14 

PC, phosphatidylcholine; LPC, lysophosphatidylcholine; PE, phosphatidylethanolamine; 
LPE, lysophosphatidylethanolarnine; Sph, sphingomyelin. Values are means +- SEM; n 
= 5 for each group. Each n represents the pool of three rat hearts. Phospholipid values 
are expressed as molar percentage. 
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T A B L E  4 

Fatty Acid Composition of Phosphatidylcholine and Phosphatidylethano]nmlne of Heart from Rats Fed Various Diets 

Phosphatidylcholine Phosphatidylethanolamine 

Fatty acid Low fat Lard Corn oil Low fat Lard Corn oil 

16:0 19.1 -+ 1.8 15.0 +- 0.4 17.3 +- 1.0 8.0 -+ 0.4 8.3 +- 0.4 7.5 +-0.4 
18:0 34.9 +-3.1 34.9 -+0.5 34.3 +-0.8 29.4 -+0.8 30.2 -+ 1.2 30.0 +-0.9 
18:1n-9 5.1 +-0.32 a** 3.7 • 0.225** 3.5 +-0.125** 4.6 -+ 0.2 a* 3.9 +-0.2 5. 4.3 +- 0.15"* 
18:2n-6 8.0 -+1.6 "* 3.6 - + 0 . 1 2  b* 8.6 +-0.4 a* 4.5 -+0.4 a* 1.9 -+0.05 b* 6.6 +-0.4 r 
20:0 0.26 -+ 0.04 0.1 -+ 0.03 0.25 -+ 0.04 0.33 +- 0.05 0.12 -+ 0.05 0.22 -+ 0.02 
20:1 0.15-+ 0.03 <0.1 0.1 -+ 0.03 <0.1  <0.1  <0.1  
20:2 <0.1  <0.1 0.3 +- 0.04 <0.1  <0.1  0.28 +- 0.02 
20:4n-6 28.9 -+3.5 36.1 ---0.7 31.0 -+ 1.4 29.7 +-0.6 "* 24.0 -+0.9 5. 22.4 -+0.8 5. 
22:4n-6 0.62 +- 0.06 "** 0.8 -+ 0.03 a** 1.26-+ 0.1 5-* 2.6 -+ 1.3 a** 2.4 -+ 0.12 ~** 4.1 +- 0.2 5-* 
22:5n-6 0.63 -+ 0.07 a** 0.64 +- 0.06 ~** 1.14 • 0 . 1 4  b** 6.2 -+ 0.6 a** 4.6 -+ 0.4 a** 10.0 +- 0.3 b** 
22:5n-3 0.4 -+ 0.05 a** 1.3 +- 0.05 b** 0.47 +- 0.02 ~** 1.3 +- 0.01 ~** 2.9 +- 0.1 b** 1.27 +- 0.05 ~** 
22:6n-3 1.3 +- 0.18 ~** 3.3 -+ 0.08 b** 1.6 +- 0.1 ~** 12.9 --+ 0.8 ~** 22.6 +- 1.0 b** 12.9 +- 0.4 ~** 
S a t u r a t e d  54.2 +-4.9 49.9 -+0.8 51.8 -+1.8 37.7 +-0.9 38.6 +- 1.5 37.7 -+1.0 
M o n o u n s a t u r a t e d  5.2 +- 0.2 ~* 3.7 +- 0.2 5- 3.6 -+ 0.1 b* 4.7 +-- 0.2 ~* 3.94 -- 0.2 b* 

4.4 +-0.1 b~* 

P o l y u n s a t u r a t e d  39.8 +-0.7 45.8 -+0.7 44.3 +- 1.9 57.3 +- 1.0 58.4 +-2.2 57.5 +- 1.0 
n-6 38.1 +-5.5 41.1 +-0.8 42.0 +- 2.1 43.0 -+ 0.7 ~** 32.9 - 1.7 b** 42.3 +- 1.4 a** 
n-3 1.65 +- 0.3 ~** 4.62 +- 0 . 0 7  b** 2.07 +- 0.01 a** 14.2 -+ 0.9 a** 25.44 +- 1.2 5. 14.15 -+ 0.4 a* 

Values are means +- SEM; n = 5 for each group, and each n represents a pool of three rat hearts. Differences in horizontal means in a 
class of phospholipids without a common superscript are statistically significant (*, p <0.05; **, p <0.01). If no superscript appear in a 
row, the differences of the roans are not statistically significant (p>0.05). 

that of the low fat diet. Consequently, the sum of the 
hydrolysis of PC and PE was increased by 45%, and the 
total activity (nmol PL hydrolyzed/hr/g heart) was signifi- 
cantly increased (P<0.01) by 58% (3,054 in rats fed corn 
oil vs 1,931 in rats fed low fat diet). In general, rats fed 
lard diets tended toward a slight increase of enzyme activ- 
ity, but this increase was not significant (p>0.05) com- 
pared to rats fed a low fat diet. The total activity per g 
of heart was 2,226 nmol PL hydrolyzed/hr in the group 
fed the lard diet and was significantly different (p<0.01) 
from the corn oil group. 

The phospholipase activity of the membrane fraction 
using exogenous [1-14C]dioleoylPC is given in Table 5. 
For all three diets, the measured specific activity was 
seven- to ninefold lower than that obtained with the en- 
dogenous method, confirming recent data obtained with 
rat heart homogenates (29). However, with the exogenous 
substrate, no significant diet modifications of phos- 
pholipase specific activity were observed. Therefore, in 
this kind of study, the use of endogenous substrate al- 
lowed observation of changes in enzyme activity induced 
by diet. 

The phospholipase activity in the cytoplasm was inves- 
tigated in the three groups of animals. Compared to the 
low fat group, a significant decrease of 35% in the specific 
activity (per mg of DNA) was induced by the corn oil diet, 
while the decrease in total activity (per g of heart) was 
30%. The lard diet did not alter significantly cytoplasmic 
phospholipase A activity. Lysophospholipase activity was 
investigated both in the total membrane fraction (Table 
5) and in the cytoplasm. Lard and corn oil diets did not 
significantly modify the membrane-bound lysophos- 
pholipase specific activity nor the cytoplasmic lysophos- 
pholipase activity. 

Creatine phosphate kinase was chosen as an as- 
sociated-membrane enzyme not involved in lipid 
metabolism. Although its activity tended to increase with 
high fat diets (Table 5), it was not significant (p>0.05). 

Diet-induced changes in FA composition of heart PL have 
been investigated recently, and the data show that oils 
of vegetable or fish origin induce alterations in the pro- 
portions of the n-3 and n-6 families in PUFA (4-10). Such 
modifications in heart lipids might be responsible for 
some alterations in membrane function, such as 
mitochondrial ATPase activity (35) or sarcolemma-bound 
enzyme activity (36). The purpose of this study was to 
investigate the possible influence of two different kinds 
of fat, lard and corn oil, on lipolytic cardiac enzymes 
involved in PL catabolism. 

Both lard- and corn oil--enriched diets induced no mod- 
ification in the content of protein, DNA, total PL and 
cholesterol. In addition, the distribution between the PC 
and PE remained unchanged. This agrees with previous 
data obtained with other edible oils (4,6,7,10) and em- 
phasized the ability of heart tissue to regulate its protein 
and lipid membrane composition even under diet lipid 
manipulation. 

However, diet-induced FA modifications were evident 
in the proportion of PUFA in the PC and PE. A linoleic 
acid--poor diet (lard) induced a marked increase in the 
n-3 PUFA family (22:5n-3 and 22:6n-3) both in PC and 
PE, probably because the FA desaturase system has a 
better affinity for n-3 than n-6 FA (37). Consequently, in 
t h e  p r e s e n c e  o f  a l a r d - e n r i c h e d  d i e t ,  t h e  n - 6 / n - 3  r a t i o  w a s  

r e d u c e d  b y  a f a c t o r  o f  m o r e  t h a n  2 b o t h  i n  P C  a n d  P E .  
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TABLE 5 

M e m b r a n e - A s s o c i a t e d  P h o s p h o l i p a s e  A, L y s o p h o s p h o l i p a s e  and  Creat ine  P h o s p h a t e  Kinase  Activities in Hearts from Rats  
fed Var ious  Diets  
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Phospholipase (endogenous method) 
Phospholipase, Creatine phosphate 

nmol PC/hr/ nmol PE/hr/ nmol PE + PC/hr exogenous method Lysophospholipase, kinase 
mg DNA mg DNA mg DNA nmol FA/hr/mg DNA nmol FA/hr/mg DNA units/mg DNA 

Low fat 356.7 -+ 54.0 a* 483.7 -+ 33.0 ~* 840.4 -+ 65.1 a** 120.5 -+ 9.1 915.0 +- 42.0 5857 -+ 558 
Lard 365.8 -+ 14.0 ~* 634.4 --+ 3 0 . 5  ab 1000.0 -+ 32.6 ~* 138.8 -+ 6.5 1155.1 -+ 61.9 7052 -+ 310 
Cornoil 529.9 -+ 4 7 . 5  b* 686.6 --+ 7 0 . 0  b* 1215.0 • 7 3 . 0  b* 133.6 + 8.5 1081.9 -+ 101.0 7072 -+ 637 

Values are means -+ SEM; n = 5 for each group (except n = 4 for lysophospholipase assay in the control), and each n represents the 
pool of three rat hearts. Symbols of significance are identical to those of Table 4. Phospholipase activity is expressed as nmol ofphospholipid 
hydro l~7~l (endogenous method) and as nmol of [1-~4C]oleic acid liberated (exogenous method). Lysophospholipase is expressed as nmoi 
of [1-~4C]oleic acid liberated. For creatine kinase one unit corresponds to a ~mol of creatine phosphate hydrolyzed/min. 

This decrease has  also been obtained with  ra ts  fed sheep 
kidney fat  (6,7) or low erucic acid rapeseed oil (4), which 
are rich in e i ther  palmit ic  or oleic acid, respectively, like 
lard. 

A decrease in linoleic acid in PC and PE could also be 
explained by the fact tha t  the levels of 22:4n-6 and 22:5n-6 
(metabolic products of 18:2n-6) were main ta ined  a t  levels 
comparable to tha t  of the control. In the same way, ra ts  
fed a linoleic acid-r ich diet showed significantly in- 
creased levels of 22:4n-6 and 22:5n-6, associated in PE 
with a sl ight decrease of 20:4n-6. Other  authors  also have 
reported high increases of 22:4n-6 and 22:5n-6 (4,38) and 
almost  no change in 20:4n-6 (4,7,38) in ra ts  fed linoleic 
acid-r ich oil. These data  suggest tha t  22:4n-6 and 22:5n-6 
could have some physiological function in the heart ,  espe- 
cially in PE, which would just ify main ta in ing  these high 
levels. 

Exper imenta l  evidence suggests tha t  membrane  FA 
al terat ion in various t issues might  modify the act ivi ty 
of some membrane-bound enzymes (13). We have investi- 
gated this possibility with cardiac phospholipases and 
lysophospholipases. I t  is interest ing to note tha t  in each 
group of ra t  hearts ,  PE is be t ter  hydrolyzed than  PC. 
This  could be explained by the higher  content of PUFA 
in PE and the preference of cardiac phospholipases for 
grea ter  unsa tura t ion  (18). This would be supported by 
the general  observation tha t  corn oil induced a significant 
rise in phospholipase act ivi ty in the membrane-bound 
fraction for beth  PC (+  48%) and PE (+  42%). This rise 
in activity does not appear  to be the result  of an increase 
in enzyme synthesis  since the activity, measured  on 
exogenous [1-14C]dioleoyl PC, was not increased in ra ts  
fed corn oil. Interestingly, the use of endogenous mem-  
brane  PL as substrate,  permit ted measu remen t  of in- 
creased phospholipase activity. This migh t  indicate tha t  
the enzyme was more active, because corn oil induced 
some specific a l terat ions in the physicochemical proper- 
t ies of membrane  PL. 

In  ra ts  fed corn oil, the observed increase of 22:4n-6 
a n d  22:5n-6 in both PC and PE and the increase of 18:2n-6 
in PE may influence the phospholipase act ivi ty in two 
manners .  First, it is known tha t  small  changes in the 
unsa tura t ion  of membrane  PL may produce a modifica- 
tion in the enzyme conformation or motion, inducing in 
some cases a higher  Vmax.  This phenomenon has  been 

observed for hear t  membrane-bound  enzymes (36,37) and 
some other enzymes (12,13), such as the microsomal acyl 
CoA:cholesterol acyl t ransferase in liver (39). In  this way, 
phospholipase A-suscept ible  domains have been prop- 
osed in platelet  membranes  (40,41). These domains would 
be preferential ly at tacked by phospholipase A and could 
be created by modification of FA unsaturat ion.  Second, 
membrane  PL are also the substra te  of membrane-bound 
phospholipases. Since their  unsa tura t ion  may influence 
hear t  phospholipase activity (17,18), i t  is possible tha t  
the diet-induced changes provide a bet ter  enzyme activi ty 
on the substrate.  

In conclusion, we suggest t ha t  specific al terat ions in- 
duced by corn oil in some FA of the n-6 family lead to an 
increase of membrane-associa ted phospholipase activity. 
At this stage of investigation, i t  is impossible to predict 
if  this  increase of act ivi ty migh t  be responsible for some 
membrane-associa ted electrophysiological disorders. In- 
deed, even if lysoPL are produced in higher  proportions, 
lysophospholipases are probably sufficiently active to 
rapidly remove these compounds (17). This is confirmed 
by the fact tha t  lysoPC and lysePE contents of hear t  did 
not change under  the various diet conditions. 

On the other  hand, the observed increase of phos- 
pholipase A activi ty in ra ts  fed corn oil may have 
physiological consequences in hear t  prostaglandin pro- 
duction. The content  of arachidonic acid in hear t  PL was 
not increased even when ra ts  were fed a linoleic acid-r ich 
diet. Such a result  can be achieved by an increased conver- 
sion to longer chain fat ty  acids, as discussed above, and 
a grea ter  l iberation of arachidonic acid, the precursor of 
prostaglandins,  by a more active phospholipase. The re- 
sults presented here should be considered in l ight  of other  
studies showing tha t  manipula t ion  of die tary  lipids af- 
fects hear t  prostaglandin synthesis  (42--44), in par t icular  
prostacyclin (PGI 2) production, which increases in a 
linoleic acid-r ich diet (43,44). The rise in PGI2 may have 
a beneficial effect on hear t  function (45--47). 
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Effects on Plasma Lipids and FattyAcid Composition of Very Low Fat 
Diets Enriched with Fish Or Kangaroo Meat 
Andrew J. Slnclalra,, Kerin O'Deab, Graeme Dunstana, Paul D. Irelandb and Maggie Nlallb 
aDepartment of Applied Biology, Royal Melbourne Institute of Technology, Melbourne, Vic, Australia and bDepartment of Medlclne 
[University of Melbourne], Royal Melbourne Hospital, Vic, Australia 

The effects of  very low fat diets (<7% energy) en- 
riched with different sources of  long chain (C20 and 
C22) polyunsaturated fatty acids (PUFA) on plasma 
lipid levels and plasma fatty acid composit ion were 
studied in 13 healthy volunteers. Three diets pro- 
vided 500 g/day of  tropical Australian fish (rich in 
arachidonic acid and docosahexaenoic  acid), south- 
ern Australian fish (rich in docosahexaenoic  acid) 
or kangaroo meat (rich in linoleic and arachidonic 
acids). The fourth diet was vegetarian, similarly low 
in fat but containing no 20- and 22-carbon PUFA. 
Subjects ate their normal or usual diets on weeks 1 
and 4 and the very low fat diets in weeks 2 and 3. 
Weighed food i n , b e  records were kept, and weeks  
2, 3 and 4 were designed to be isoenergetic with 
week 1. 

Plasma cholesterol levels fell significantly on all 
diets within one week. There were reductions in both 
low density (LDL) and high density lipoprotein 
(HDL) cholesterol levels, with effects on HDL choles- 
terol being more consistent. There were no consis- 
tent or significant effects on total triglyceride levels 
despite the high carbohydrate content of  the diets. 
On all diets the percentage of  l inoleic acid fell in the 
plasma phospholipid and cholesteryl ester frac- 
tions, while  the percentage of  pnlmitic acid in the 
phospholipids and cholesteryl esters and pal- 
mitoleic acid in the cholesteryl ester fraction rose 
on all diets. The percentage of  arachidonic acid rose 
in the phospholipid and cholesteryl esters on the 
two diets that were good sources of  this fatty acid 
(tropical fish and kangaroo meat). The percentage 
of  docosahexaenoic  acid also rose on the two diets 
that were the richest sources of  this fatty acid (the 
fish diets), and the percentage of  e icosapentaenoic  
acid rose in the phospholipid and cholesteryl esters 
in proportion to the dietary level of  this fatty acid 
(southern fish > kangaroo > tropical fish). The 
changes in fatty acid composit ion were almost com- 
pletely reversed within seven days of  returning to 
the usual higher fat diets. 
Lipids 22, 523-529 (1987}. 

We have previously shown that two types of diets tra- 
ditionally eaten by aborigines from the northern coastal 
regions of Australia are associated with a threefold in- 
crease in the proportion of arachidonic acid in plasma 
lipids (1,2). The first was a diet derived almost exclusively 
from tropical seafood (1), which we have subsequently 
analyzed and found to be a rich source of arachidonic acid 
(1,3). The second diet was one in which kangaroo meat 
and freshwater fish (linoleic and arachidonic acid-rich) 

*To whom correspondence should be addressed at the Department 
of Applied Biology, G.P.O. Box 2476V, Melbourne 3001, Victoria, 
Australia. 
Abbreviations: PUFA, polyunsaturated fatty acids; VLDL, very low 
density lipoprotein; LDL, low density lipoprotein; HDL, high density 
lipoprotein. 

were the major sources of fat (2). Both diets were very 
low in fat despite being rich in fish and red meat (2,4). 
Plasma triglycerides fell on both diets, and bleeding time 
increased (1,2). Plasma cholesterol levels, which were not 
high initially, were not significantly affected by the diets, 
even when they were rich in lean red meat. 

The aim of the present study was to follow up these 
original observations by examining under controlled con- 
ditions the effects on plasma lipoprotein lipids and 
plasma fatty acid composition of four diets similarly low 
in fat but containing quite different polyunsaturated 
fatty acids (PUFA): three contained either 500 g/day of 
tropical fish (rich in arachidonic and docosahexaenoic 
acids), southern Australian fish (rich in docosahexaenoic 
acid) or kangaroo meat (rich in linoleic and arachidonic 
acids). The fourth diet was vegetarian, with a similarly 
low fat content and polyunsaturated/saturated ratio but 
containing no long chain (>20 carbon) PUFA. 

M L ~ I ) $  

Thirteen healthy, weight-stable subjects (seven women 
and six men) participated in these studies. They had a 
mean age of 31.3 _+ 2.8 ~vears and a mean body mass 
index of 21.2 _+ 0.5 kg/m z. Each subject participated in 
1--4 diet studies with a break of at least three months 
between diets. The protocol was approved by the Ethics 
Committee of the Royal Melbourne Hospital, Victoria, 
Australia. 

Diets. The four experimental diets were designed to 
meet two objectives, namely, to provide a minimum of fat 
(<7% of total energy intake) and to be isoenergetic such 
that no loss of body weight occurred over the 2-wk period. 
An experienced research dietitian instructed each subject 
individually to eat a wide variety of suitable foods to 
ensure the nutritional adequacy and maximize the 
palatability of each diet. Subjects were familiar with all 
food items apart from the fish and kangaroo meat that 
were supplied. An extensive list of recipes was provided 
with each diet. Allowable foods included skim milk and 
other nonfat dairy products. Grains and cereal products 
such as bread and pasta were encouraged. All vegetables 
and fruits except avocado and olives were allowed. 
Legumes, except soybeans, were also encouraged. Sugars, 
jams, sot~ drinks and candies were used as a source of 
energy. Fats, oils, nuts, meat and fish (other than those 
supplied) as well as commercial foods with added fat were 
excluded from the diet. Due to the high bulk and low 
energy density of the experimental diets, subjects with 
a high basal energy requirement (>2500 kcal/day) found 
it difficult to maintain their energy intake. In an attempt 
to overcome this problem, high energy supplementary 
drinks (high carbohydrate, no fat, 250 kcal each) were 
recommended. Subjects were advised to have one drink 
aider breakfast and another before retiring at night. 
Every subject was provided with a set of kitchen scales 
and standard food-record sheets. All food and beverages 
consumed over each 2-wk diet period plus the pre- and 
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TABLE 1 

Sample 2000-kcal Low Fat Menus 

A.J. SINCLAIR ET AL. 

3 Sample breakfasts (common to all four diets) 

300 g oatmeal porridge 
100 ml skim milk 
2 tsp sugar 
2 medium peaches 
1 slice wholemeal toast 
10 g marmalade jam 

200 ml skim milk 
200 g baked beans (homemade) 
2 slices wholemeal toast 

200 ml orange juice 
60 g very low fat muesli (homemade) 
150 ml skim milk 
2 slices wholemeal toast 
15 g nonfat cottage cheese 
10 g yeast extract 

Tropical fish Southern fish Kangaroo Vegetarian 

Midday meal 

250 g Barramundi, poached with 
green peppercorns, capers 
and Dijon mustard 

150 g tossed salad (lettuce, onion, 
tomato, cucumber, radishes, 
peppers, large pear) 

Evening meal 

250 g Barramundi, chow-mein 
style (1 T. sherry, 1 T. soy sauce) 

150 g mixed vegetables 
200 g rice noodles 

250 g Rock Ling, poached 
in mango sauce with dry white 
wine and nonfat yogurt 

150 g baked potato 
70 g pumpkin, steamed 
60 g spinach, steamed 

250 g Nanagai, grilled with 
lemon juice 

250 ml split pea soup 
i wholemeal bread roll 
tossed salad (oil-free dressing) 

Snacks (in addition to above meals three snacks were eaten each day) 

(e.g.) 2 slices of bread small banana 
or plus 

I crumpet with jam or honey 200 ml nonfat yogurt 

250 g Kangaroo in 
curry sauce (no oil) 

100 g nonfat yogurt 
200 g steamed rice 
I/2 cantaloupe 

250 g kangaroo shasliks 
100 g steamed potato 
70 g broccoli 
60 g carrot 
200 g fruit salad 
100 g nonfat yogurt 

400 ml carbonated soR drink 
o r  

250 ml high energy 
supplement drink 

4 slices wholemeal bread 
2 tsp prepared mustard 
80 g salad 
vegetables (tomato, mung beans, 

grated carrot, beetroot) 
1 medium banana 

1 bowl minestrone soup (no oil) 
2 cups cooked spaghetti 
180 g tomato and vegetable sauce 
150 g tossed salad, no dressing 

2 Rye Vita crackers with 20 g 
nonfat cottage cheese 

30 g tomato 
plus 

40 g dried apricots 

postcontrol weeks were recorded. Typical 2000-kcal 
menus  for each diets are presented in Table 1. The break- 
fasts  and most  snacks  were in te rchangeable .  D ie ta ry  
ana lyses  were per formed us ing  the  Microdiet  C ompu te r  
Soi~ware package  based on the  Br i t i sh  Food Tables  (5). 
The fat  content  of  the  t ropical  fish, sou thern  fish and  
kangaroo  m e a t  was de te rmined  by ana lys i s  in our  lab- 
ora tory  (3,6). 

The dai ly  in take  of s a tu ra t ed  and m o n o u n s a t u r a t e d  
fa t ty  acids and linoleic acid were ca lcula ted  us ing  the  
Microdiet  da ta  base.  The levels of the  20- and 22-carbon 
PUFA were calcula ted from our  own da ta  of the  to ta l  
l ipid content  and  fa t ty  acid composi t ion of a va r ie ty  of 
foods. 

Experimental protocol. Each diet s tudy ran for four 
weeks. Fasting blood samples  were taken  before the study 
began and a t  weekly intervals  a t ter  for the measu remen t  
of p lasma lipoprotein lipi d and fat ty acid compositions. 
Dur ing the first week the subjects remained on their  
usual  diets, weighing and recording food intake.  They 
began the exper imenta l  diets dur ing the second and third 
weeks and re turned to thei r  usual  diets for the  fourth 
week. Weighed food-intake records were main ta ined  
throughout  the four weeks. Body weights were also mon- 
itored regularly. 

Lipoprotein lipid analysis. Concentrat ions of choles- 

terol and triglyceride in fast ing p lasma were measured  
enzymatical ly  a i te r  enzymatic  hydrolysis on a Cobas-B10 
Centr i fugal  Analyser  using commercial ly available kits  
(Cholesterol Enzymat ic  Merckotest, E. Merck, 
Darmstadt ,  FRG; Triglyceride Rapid Test, Roche, Basle, 
Switzerland). The normal  range  for cholesterol concentra- 
tions in fasting p lasma is 3.5-6.0 mmol/1 and for trigly- 
cerides is 0.5-2.0 mmol/l .  Very low densi ty  l ipoproteins 
(VLDL) were separa ted  by 16-hr ul t racentr i fugat ion of 
p la sma  at  40,000 rev/min in a Beckman L-50 Ultracen- 
trifuge. High density lipoproteins (HDL) were separated 
within 2 hr  of blood collection from other p lasma lipopro- 
teins t ha t  had been precipitated by hepar in-manganese  
chloride. Lipids in low density lipoproteins (LDL) were 
calculated from the difference between whole p lasma  and 
VLDL and HDL (7). Cholesterol concentrations were de- 
te rmined for all three lipoprotein fractions. Triglyceride 
concentrations were measured  in whole p lasma and 
VLDL only. 

Plasma fatty acid analysis. Fasting blood samples  were 
collected in heparinized tubes, and the lipids were ex- 
t racted from the p lasma by chloroform/methanol extrac- 
tion (8). In terna l  s tandards  of cholesterol heptadecanoate  
(Nu-Chek-Prep, Elysian,  MN) and di-hepta-decanoyl- 
phosphatidylcholine (Sigma Chemical  Co., St. Louis, MO) 
were added to the p lasma  samples  prior  to lipid extrac- 
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tion.  The  l ipid ex t rac t s  were  s epa ra t ed  by t h i n  layer  
c h r o m a t o g r a p h y  (1,2), and  the  fa t ty  acid m e t h y l  es ters  of  
t he  choles tery l  es te r  and  phosphol ip id  f rac t ions  were  
formed as descr ibed prev ious ly  (9). The  fa t ty  acid m e t h y l  
es te rs  were  s epa ra t ed  u s i n g  an 8 m x 0.22 m m  ID fused 
s i l ica  bonded  phase  (BP-20) cap i l l a ry  c o l u m n  (SGE, Mel-  
bourne ,  Aust ra l ia ) .  The  gas  l iqu id  c h r o m a t o g r a p h  was  
e q u i p p e d  w i t h  f l ame  i o n i z a t i o n  d e t e c t o r s  and  was  pro- 
g r a m m e d  f rom 100 to 190 C a t  8 C / m i n  w i t h  a h e l i u m  
ca r r i e r  gas  flow r a t e  of  50 cm/sec. S t a n d a r d  m e t h y l  es ters  
(Nu-Chek-Prep)  were  rou t ine ly  c h r o m a t o g r a p h e d  to de- 
t e r m i n e  the  i den t i t y  of  t he  fa t ty  acid m e t h y l  es ters  and  
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to d e t e r m i n e  the  de tec to r  response  to t he  d i f ferent  esters.  
Q u a n t i t a t i v e  r e sponse  fac tors  w e r e  d e t e r m i n e d  (u s ing  
N u - C h e k - P r e p  s t anda rds )  and  were  used  in  t h e  ca lcu la -  
t i o n  of  t h e  da ta .  T h e  c a p i l l a r y  c o l u m n  p rov ided  
a d e q u a t e  s e p a r a t i o n  of  t h e  fo l lowing  c r i t i c a l  m e t h y l  
es te rs :  18:3n-3 f rom 20:0 and  20:1; 20:5n-3 f rom 22:0 
a n d  22:1; 20:4n-6 f rom 20:3n-6  and  20:3n-3.  

Statistical analyses. The  pa i red  t - tes t  was  used  to com- 
pare  r e su l t s  w i t h i n  a study, and  the  u n p a i r e d  t - tes t  to 
compare  r e su l t s  be tw een  s tudies .  All  r e su l t s  a re  ex- 
pressed  as m e a n  _+ SEM;  s igni f icance  was t a k e n  as p < 
0.05. 

TABLE 2 

Dietary Composition Before, During and After the Four Experimental  Diets (Mean • SEM) 

% of total energy 

Energy Carbo- Dietary 
Diet (KJ) Protein hydrate Fat Ethanol fiber (g) 

Cholesterol 
(mg) 

P/S 
ratio a 

Baseline 9188• 14.7• 43.5• 36.3• 5.5• 24.7• 277_+13 
Southern 

fmh(10) 7871• 27.9-+1.3 *** 59.2• 5.9• 7.0• 31.7• 266• 
Tropical 

f i sh( l l )  7512-+431"* 29.9-+1.3"** 56.3-+1.7"** 7.2• 6.6-+1.0 28.4-+2.2 263• 
KAngaroo 

meat(10) 8651• 28.7-+1.2"** 57.8• 6.9• 6.6• 34.6• 299• 
Vegetarian 

(7) 7553• 15.0• 71.3• 6.6-+0.6 7.1• 43.4• 13• 
Postdiet 9632• 14.5• 44.5• 35.7• 5.3• 23.4• 325• 

0.45 _+ 0.04 

1.78 • 0.06*** 

1.18 • 0.07*** 

1.33 _+ 0.08*** 

1.42 • 0.18"** 
0.42 • 0.03 

Paired t-test comparing baseline diet 1 with the other five diets. *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
ap/s: polyunsaturated/saturated. 

TABLE 3 

Cholesterol Concentration in Fasting Whole Plasma and in Lipoprotein Fractions During the 
Dietary Studies (mmol/1, mean • SEM) 

Baseline Diet Diet Post diet 
Diet (day 0) (day 7) (day 14) (day 21) 

Total plAm~a cholesterol 
Southern fish (10) 4.54 + 0.22 3.83 • 0.12"** 3.51 • 0.12"** 4.20 • 0.12 
Tropical fish (11) 4.75 • 0.27 4.08 -- 0.19" 3.86 _+ 0.22* 4.13 • 0.16 
Kangaroo (10) 5.22 _+ 0.43 4.42 • 0.41"* 4.17 • 0.42** 4.86 +- 0.37 
Vegetarian (7) 4.54 • 0.32 3.59 • 0.25 3.44 • 0.27** 4.12 • 0.36 

VLDL cholesterol 
Southern fish (10) 0.12 _+ 0.02 0.09 • 0.05 0.11 • 0.04 0.10 _+ 0.03 
Tropical fish (11) 0.17 • 0.03 0.18 • 0.03 0.14 • 0.03 0.17 • 0.03 
Kangaroo (8) 0.23 • 0.05 0.31 • 0.09 0.27 • 0.09 0.22 • 0.06 
Vegetarian (7) 0.16 • 0.03 0.21 • 0.05 0.17 • 0.03 0.13 • 0.05 

LDL cholesterol 
Southern fish (10) 3.17 • 0.21 2.79 • 0.12"** 2.50 • 0.15"** 3.00 • 0.13 
Tropical fish (8) 3.13 _+ 0.24 2.75 • 0.14 2.57 • 0.22 2.60 • 0.14" 
Kangaroo (8) 3.63 • 0.51 3.07 • 0.39* 3.05 • 0.43** 3.22 • 0.25 
Vegetarian (7) 2.91 • 0.28 2.29 • 0.22 2.38 • 0.26 2.88 • 0.34 

HDL cholesterol 
Southern fish (10) 1.26 • 0.13 0.98 • 0.10"** 0.93 • 0.08** 1.16 _+ 0.08 
Tropical fish (8) 1.53 -+ 0.14 1.20 -+ 0.14"* 1.21 • 0.19" 1.42 • 0.13 
Kangaroo (8) 1.48 • 0.09 1.21 • 0.08* 1.19 • 0.06* 1.58 • 0.20 
Vegetarian (7) 1.35 -+ 0.13 1.08 • 0.13"* 0.89 -+ 0.12"** 1.11 • 0.10 

Statistically significant differences from baseline day 0: *, p < 0.05; **, p < 0.01; ***, p < 0.001. 
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TABLE 4 

Ratio of  Cholesterol in Low Density to High DensiW Lipoprotein Lipid Fractions During the Dietary 
Studies (Mean • SEM) 

Diet Day 0 Day 7 Day 14 Day 21 

Southern fish (10) 2.78 • 0.32 3.19 • 0.45 2.96 • 0.49 2.75 • 0.31 
Tropical fish (8) 2.21 -- 0.21 2.40 • 0.17 2.22 • 0.34 1.96 +_ 0.19 
Kangaroo (8) 2.38 • 0.25 2.55 • 0.30 2.54 • 0.26 2.15 • 0.18 
Vegetarian (7) 2.35 • 0.29 2.39 • 0.41 3.09 • 0.71 2.73 • 0.44 

HSUt~ 

The changes in dietary composition during the dietary 
studies are shown in Table 2. Although there was a trend 
for energy intake to fall on all four diets, it was not statis- 
tically significant. However, on all diets except the kan- 
garoo diet, energy intake increased significantly when 
the baseline diet was resumed, although there were no 
significant differences between the two baseline periods 
(weeks 1 and 4). The marked fall in proportion of energy 
derived from fat on all diets was compensated for by in- 
creased carbohydrate intake in the vegetarian diet and 
increased protein and carbohydrate intakes on the other 
three diets containing lean meat or fish. Cholesterol in- 
take was extremely low on the vegetarian diet, but un- 
changed on the other three diets relative to the baseline 
periods. Dietary fiber increased on all diets, the effect 
being most marked with the vegetarian diet. The P/S 
ratio increased from 0.4 on the baseline diet to over I on 
the vegetarian, tropical fish and kangaroo diets and to 
almost 2 on the southern fish diet. 

Fasting cholesterol fell 19-24% over the 2-wk period, 
with the most pronounced fall occurring in the first week 
of the diet (Table 3). The effect of the diets on cholesterol 
levels appeared to be equally rapidly reversible on all 
diets, and levels had risen significantly within one week 
of resuming the baseline diet for all diets except tropical 
fish. The fall in total cholesterol on these diets was due 
to reductions in both HDL and LDL cholesterol, with 
effects on HDL cholesterol being more consistent. The 
HDL-cholesterol levels fell significantly on all four diets 

a n d  rose  s i gn i f i c an t l y  w i t h i n  one week  of  r e s u m i n g  t h e  
b a s e l i n e  diet .  LDL-choles te ro l  levels  behaved  in a s i m i l a r  
f a sh ion  for a l l  d i e t s  except  t rop ica l  fish, w h e r e  t h e  fa l l  
on t h e  d i e t  was  less  p ronounc e d  (and  no t  s t a t i s t i c a l l y  
s ign i f ican t )  a n d  more  a t t e n u a t e d  in  t h a t  i t  r e m a i n e d  low 
one week  a f t e r  r e s u m i n g  t h e  b a s e l i n e  die t .  The  r a t i o s  of  
L D L / H D L  choles terol  over  t h e  s t u d y  pe r iod  a r e  shown in  
Table  4. A l t h o u g h  t h e r e  was  a t r e n d  to h i g h e r  r a t i o s  
d u r i n g  a l l  four  d ie ts ,  t h e r e  were  no s t a t i s t i c a l l y  s ignif i -  
c a n t  effects. 

T r ig lyce r ide  levels  in  f a s t ing  p l a s m a  a n d  V L D L  were 
no t  affected by the  d ie t s  (Table 5). T h e r e  were  t r e n d s  
t oward  h i g h e r  t r i g lyc e r i de  levels  on a l l  d ie ts ;  however, 
t hey  were  no t  s t a t i s t i c a l l y  s ign i f ican t .  The  excep t ion  was  
on t h e  t rop ica l  fish d ie t ,  w h e r e  t h e r e  was  a s ign i f i can t  
i nc rea se  in  t r i g l y c e r i d e  levels  aRe r  one week  t h a t  d i sap-  
p e a r e d  by  two weeks .  

The  f a t t y  ac id  compos i t ion  of  t h e  foods used  in  supple-  
m e n t i n g  t h e  low fa t  d ie t s  is  g iven  in  Table  6. K a n g a r o o  
m e a t  a n d  t rop ica l  a n d  s o u t h e r n  A u s t r a l i a n  fish a r e  a l l  
low in  fa t  w i th  a h igh  p ropor t ion  of  P U F A .  K a n g a r o o  
m e a t  con t a in s  p r e d o m i n a n t l y  n-6 P U F A ,  w i t h  l inole ic  
a n d  a rach idon ic  ac ids  b e i n g  t h e  mos t  a b u n d a n t .  However,  
i t  is  i m p o r t a n t  to note  t h a t  k a n g a r o o  m e a t  c o n t a i n s  sig- 
n i f i can t  a m o u n t s  of  n-3 P U F A  ( l inolenic  ac id  a n d  i ts  more  
p o l y u n s a t u r a t e d  der iva t ives ) .  Tropica l  fish a r e  r ich in  
b o t h  t h e  n-6  a n d  n-3 P U F A ,  w i t h  a r a c h i d o n i c  a n d  
d o c o s a h e x a e n o i c  a c i d s  b e i n g  t h e  m o s t  a b u n d a n t .  S o u t h -  
e rn  A u s t r a l i a n  fish, in  con t ras t ,  c on t a in  p r e d o m i n a n t l y  
t h e  n-3 P U F A ,  w i th  docosahexaeno ic  ac id  b e i n g  t h e  mos t  
a b u n d a n t .  

TABLE 5 

Triglyceride Concentrat ions in Fas t ing Total Plasma and VLDL During the Dietary Studies 
( re tool / l ,  m e a n  • SEM) 

Baseline Diet Diet Postdiet 
Diet (day 0) (day 7) (day 14) (day 21) 

Total plasma triglycerides 
Southern fish (10) 0.72 • 0.04 0.71 • 0.06 0.76 • 0.04 0.62 • 0.05 
Tropical fish (11) 0.77 • 0.10 0.89 • 0.07" 0.84 • 0.05 0.74 • 0.05 
Kangaroo (10) 0.85 • 0.10 1.21 _+ 0.24 1.16 • 0.24 0.96 • 0.13 
Vegetarian (7) 0.75 • 0.10 0.92 • 0.10 0.94 -- 0.13 0.81 • 0.13 

VLDL triglycerides 
Southern fish (10) 0.16 • 0.02 0.14 • 0.05 0.16 __ 0.07 0.14 +_ 0.02 
Tropical fish (10) 0.25 ___ 0.04 0.31 --- 0.04 0.20 --- 0.03 0.25 • 0.04 
Kangaroo (10) 0.31 -- 0.07 0.52 • 0.17 0.46 • 0.16 0.43 • 0.09 
Vegetarian (7) 0.24 • 0.06 0.32 • 0.05 0.33 • 0.06 0.27 • 0.05 

* p < 0.05 (paired t-test comparing baseline diet with the other diets). 
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The es t imated daily dietary intake of sa turated,  
monounsa tura ted  and the different PUFA is shown in 
Table 7. In  the baseline periods, the in take of saturated,  
monounsa tura ted  and linoleic acids was 31, 30 and 13 
g/day, respectively. In all exper imenta l  periods, the levels 
of each of these three groups of fat ty  acids declined to 
about  2-3 g/day. The basel ine diet contained 20- and 22- 
carbon PUFA of beth the n-6 and n-3 types with 
arachidonic and docosahexaenoic being the most signifi- 
cant. The vegetar ian  diet contained no 20- and 22-carben 
PUFA, whereas  the other  three low fat  diets were particu- 
lar ly  enriched in the long chain PUFA derived from the 
main  foods characterist ic of each diet; southern fish with 
eicosapentaenoic and docosahexaenoic acids, tropical fish 
with arachidonic and docosahexaenoic acids and kan- 
garoo mea t  wi th  arachidonic, eicosapentaenoic and 
docosapentaenoic acids. 

The changes in fat ty  acid composition of p lasma phos- 
pholipids and cholesteryl esters aRer  two weeks on the 
four exper imenta l  diets is presented in Table 8. Some 
changes appeared to be in response to the low fat diet 
per  se, since they occurred in all four diets, while other  
changes (part icularly those per ta in ing  to the long chain 
PUFA) were quite diet-specific. In beth  phospholipids and 
cholesteryl esters, the proportion of linoleic acid fell, 
while tha t  of palmit ic  and palmitoleic acid rose dur ing 
all diets and re turned to baseline values wi thin  one week 
of resuming  the normal  diet. The changes observed in 
the C20 and C22 PUFA reflected the fa t ty  acid composi- 
tion of the major dietary components; the proportion of 
arachidonic acid increased on the two diets tha t  were 
good sources of this PUFA (tropical fish and kangaroo 
meat);  the proportion of docosahexaenoic acid rose in beth  
p lasma lipid fractions on the two diets tha t  were good 
sources of this PUFA (southern fish and tropical fish); 
and eicosapentaenoic acid increased most markedly  on 
the southern fish diet. The quant i ta t ively  largest  changes 
in fat ty  acid composition were the fall in linoleic acid 
and the increases in arachidonic and docosahexaenoic 
acids. The fa t ty  acid changes from day 0 to day 14 were 
almost  completely reversed within 7 days af ter  subjects 
resumed their  normal  diets. 

m m O N  

In this s tudy of the effects on lipoprotein lipids and fat ty  
acid composition in fasting p lasma dur ing four very low 

TABLE 6 

Fatty  Acid Composition of the Major Sources of Long Chain 
Polyunsaturated Fatty Acids in the Low Fat  Diets  (% Total 
Fatty  A c i d s  of  the  Fresh,  Raw Food) 

Southern 
Kangaroo Tropical Australian 

meat fish fish 

14:0 1 a 2 b 2 c 
16:0 15 22 18 
16:1 2 4 3 
18:0 12 9 6 
18:1 22 15 13 
18:2n-6 17 5 1 
18:3n-3 5 1 -- 

20:1 - -  - -  2 
20:3n-6 1 1 1 
20:4n-6 7 11 4 
20:5n-3 2 2 7 
22:4n-6 - -  2 1 
22:5n-6 - -  3 1 
22:5n-3 2 2 2 
22:6n-3 1 10 31 

Total lipid 1.4% 1.0% 0.7% 

aOther components include 16- and 18-carbon aldehydes, 17:0, 17:1, 
20:2, 22:4. 
bOther components include 16- and 18-carbon aldehydes, 15:0,17:0, 
20:1, 20:2, 22:0. 
cOther components include 15:0, 17:0, 17:1, 18:3, 18:4, 20:2. 

fat  diets enriched with different long chain PUFA, some 
effects (consistently observed on all four diets) appeared 
to be simply a t t r ibutable  to the low dietary fat, while 
others (specific to the different diets) were a t t r ibutable  
to differences in long chain PUFA composition. 

The changes in lipoprotein composition in response to 
all four diets were similar. There was a rapid reduction 
in total  cholesterol within one week and a slower re turn  
toward baseline values one week af ter  resuming  the nor- 
mal  diet. The fall in total  cholesterol was due to falls in 
beth LDL- and HDL-cholesterol levels, with the effects 
being more consistent on HDL cholesterol. Indeed, there 
was a trend to increased LDL/HDL cholesterol rat ios on 
all four diets, a l though it was not stat ist ically significant. 
These results  are consistent with the observations of 

TABLE 7 

Estimated Fatty  Ac id  In takes  (g/day) of  B as e l ine  a n d  L o w  Fat  Diets  

Diet Saturated 

Polyunsaturated 

Monounsaturated 18:2n-6 18:3n-3 20:4n-6 20:5n-3 22:6n-3 

Baseline diet 30.7 a 29.5 11.42 0.86 0.07 b 0.04 0.09 
Southern fish 2.1 2.4 2.64 0.24 0.14 0.25 1.08 
Tropical fish 2.5 2.3 2.40 0.26 0.56 0.11 0.51 
Kangaroo meat 3.2 3.7 3.55 0.58 0.49 0.14 0.07 
Vegetarian 2.2 2.4 3.14 0.37 0 0 0 

aValues from the baseline and postdiet periods (weeks 1 and 4). 
bValues for the 20- and 22-carbon polyunsaturated fatty acids calculated from total lipid content and fatty 
acid composition of foods used in this study. 
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others showing reductions in both LDL and HDL choles- 
terol on diets tha t  e i ther  are low in fat  (10) or have a 
high P/S ratio (11). I t  appears  tha t  monounsa tura ted  fat ty  
acids (oleic acid as in olive oil) are unique in specifically 
lowering LDL cholesterol while leaving HDL cholesterol 
relat ively unaffected (12). In the present  study, consistent 
reductions in p lasma cholesterol occurred rapidly in 
normo-cholesterolemic subjects consuming low fat diets 
with quite different cholesterol in takes  (11-316 mg/day) 
and appear  to be explained entirely by the very low fat 
contents. 

High carbohydrate intakes are associated with in- 
creased triglyceride and reduced HDL-cholesterol concen- 
trations (13). In the present study, all diets were as- 
sociated with consistent falls in HDL-cholesterol, but 
there were no significant effects on triglycerides. In view 
of the well-documented triglyceride-lowering effect offish 
and n-3 PUFA (14), it may be significant that the greatest 
trends toward increased triglycerides (not statistically 
significant) were observed on the two diets that did not 
contain fish (kangaroo and vegetarian). The relatively 
high dietary fiber intake (from fruit and vegetables) may 
have also helped prevent the rise in triglycerides (15). 

Another consistent finding on all diets was the substan- 
tial reduction in the percentage of linoleic acid in both 
the cholesteryl ester and phospholipid fractions and the 
increase in the palmitic acid percentage in the phos- 
pholipid and cholesteryl ester fractions and palmitoleic 
acid percentage in the cholesteryl ester fraction. The re- 
ductions in linoleate were evident in all subjects within 
seven days of starting the low fat diets and were even 
more marked by 14 days. Following the resumption of the 
normal high fat diets the percentage oflinoleate returned 
to the prediet values. The linoleic acid content of all the 
low fat diets was considerably reduced compared with 
the normal high fat diet values, and this presumably 
acounts for the reduction in the percentage of linoleic 
acid in the plasma lipids. Some workers have estimated 
that the dietary requirements of linoleic acid in man are 
greater than the values found on the present low fat diets 
(16); however, there was no evidence of any significant 
amounts of 20:3n-9 in the plasma in these studies. 
There were other changes in plasma lipid fatty acid 

profiles in this study that were quite diet-dependent. The 
three diets containing 20- and 22-carben PUFA showed 
a marked alteration of fatty acid profiles, with an obvious 
positive relationship between the presence of particular 
dietary 20- and 22-carbon PUFA and the increase in the 
percentage of those PUFA in the phospholipid and choles- 
teryl ester fractions. There was no change in the percent- 
age of 20- and 22-carbon PUFA on the vegetarian diet, 
suggesting that the increase of these PUFA in the plasma 
lipids on the other low fat diets was due to their presence 
in the diet. 

Despite very low levels of the dietary 20- and 22-carbon 
PUFA (0.3-1.1 g per day), there was a significant increase 
in the proportion of these fatty acids in the plasma lipids. 
The data also show that there is a marked difference in 
the incorporation of dietary 18-carben PUFA and dietary 
20-and 22-carbon PUFA in man. This is particularly evi- 
dent on the kangaroo diet, where the level of 18:2n-6 was 
twice that of 20:4n-6 in the meat, yet the percentage of 
20:4n-6 rose and that of 18:2n-6 fell in the plasma lipids. 
This difference has been noted previously in our field 
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studies (2). Differences between the incorporation of di- 
e tary  20:4n-6 and 22:6n-3 relat ive to thei r  respective 18- 
carbon precursors have been noted previously in experi- 
menta l  an imals  (17-20) and also more recently in man  
for 20:5n-3 and 22:6n-3 compared with 18:3n-3 (21). 

Since the predominant  PUFA in the Western diet are 
18-carbon PUFA (22), it has  been assumed tha t  most  of 
the tissue 20- and 22-carben PUFA originate from the 
conversion of the 18-carbon EFA in the liver. However, 
there has  been some discussion as to the relative impor- 
tance of die tary  long chain PUFA, since it has  been ar- 
gued tha t  the conversion process of 18- to 22-carbon PUFA 
in m a n  is an inefficient process (23-25). The present  re- 
sults using very low fat  diets show tha t  small  amounts  
of dietary 20- and 22-carbon PUFA (0.3-1.1 g/day) can 
have a significant effect on the p lasma fa t ty  acid compos- 
ition in man.  
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Effect of Choline, Ethanolamine and Serine Supplementation on the 
Membrane Properties of Microsporum gypseum 
It- Pandey, R.S. Verma ~ and G.K. Khuller* 
Department of Biochemlstry, Postgraduate Institute of Medical Education and Research, Chandlgarh-160012, India 

P h o s p h o l i p i d  b a s e s ,  choline and  ethanolamine,  
when  supplemented in the growth medium of  Micro-  
s p o r u m  g y p s e u m  r e s u l t e d  in  a n  increase in the cor-  
r e s p o n d i n g  p h o s p h o l i p i d  a n d  to ta l  p h o s p h o l i p i d  
c o n t e n t .  However ,  w h e n  serine was supplemented,  
marginal  changes were observed. The fat ty  a c i d  
profile of phosphol ipids  remained almost un- 
changed.  The uptake of lysine, leucine and  aspart ic  
a c i d  in the spheroplasts  o f  cho l ine -  a n d  
ethanolamine-grown cells was higher  as compared  
to  the  contro l .  1 - A n i l l n o n a p h a t h a l e n e - 8 - s u l f o n a t e  
(ANS) binding to  t h e  s p h e r o p l a s t  m e m b r a n e ,  a s  cal- 
culated from Scatchard plots, demonst ra ted  an in- 
crease in  t h e  n u m b e r  o f  b i n d i n g  sites in choline- a n d  
ethanolamine-grown cells, while a decrease w a s  ob-  
s e r v e d  in the ser ine-supplemented cells. The results 
are discussed in terms o f  t h e  e f fec t  o f  p h o s p h o l i p i d  
polar  head  group c o m p o s i t i o n  o n  t h e  membrane  
s t r u c t u r e  a n d  f u n c t i o n  o f  this fungus.  
Lipids 22, 530-534 (1987). 

Several factors, such as growth, temperature and compo- 
sition of the medium, have previously been utilized to 
modulate the phospholipid composition of the membranes 
of various microorganisms (1). I~ss attention has been 
focused on determining the exact role of lipids and phos- 
pholipids in the structure and function of dermatophyte 
membranes. Dermatophytes, a group of filamentous, 
pathogenic fungi, have been studied extensively for their 
lipid composition and lipid-metabolizing enzymes and 
phospholipid metabolism (2). Several antifungal drugs 
are known to bind the membrane components, namely, 
fatty acids, sterols and phospholipids (1,3,4); hence, it 
becomes essential to study the role of phospholipids in 
the structure and function of dermatophyte membranes. 
While information is available on the role of lipids in 
amino acid accumulation in dermatophytes, no attention 
has been given to the structural aspects of the membranes 
(5,6) as influenced by lipid content. In this study, different 
nitrogenous phospholipid bases (choline, ethanolamine 
and serine) have been used to modulate the phospholipid 
composition of a dermatophyte, Microsporum gypseum. 
These compounds have been known to enrich the cell 
membrane with corresponding phospholipids (phos- 
phatidylcholine and phosphatidylethanolamine) in Sac- 
charomyces cerevisiae and Candida albicans (7,8). 
Further attempts have been made to correlate the alter- 
ations produced in phospholipids with the structural and 
functional changes in the membranes. 

MATERIALS AND METHODS 

Materials. Labeled amino acids, [U-14C]L-lysine (sp act 

1Present address: Department of Medicine, Indiana University Med- 
ical Center, Indianapolis, IN. 
*To whom correspondence should be addressed. 
Abbreviations: ANS, 1-anilinonaphthalene-8-sulfonate; PS, phos- 
phatidylserine; PI, phosphatidylinositol; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine. 
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FIG. 1. Effect of supplementation of nitrogenous bases on the 
total (TPL) and individual corresponding phospholipid levels. 
(a) Effect of choline supplementation on TPL (solid column) 
and phosphatidylcholine (hatched column) levels; (b) effect of 
serine supplementation on TPL (solid column) and phos- 
phatidylserine + phosphatidylinositol (PS + PI; hatched col- 
umn) levels; and (c) effect of  ethanolamine supplementation 
on TPL (solid column) and phosphatidylethanolamine (PE; 
hatched column) levels. 

126 mCi/mmol), [U-14C]L-leucine (sp act 62 mCi/mmol) 
and [U-14C]L-aspartic acid (sp act 152 mCi]mmol), were 
obtained from BARC (Bombay, India). Lysine, leucine and 
aspartic acids were purchased from Sigma Chemical Co. 
(St. Louis, MO). Novozyme 234 was from M/S Novo Indus- 
tries (Bagsvaerd, Denmark). Ficoll-paque was purchased 
from Pharmacia Fine Chemicals Co. (Uppsala, Sweden). 
1-Anilinonaphthalene-8-sulfonate (ANS), Mg salt, was 
obtained from Fluka (Buchs, Switzerland). Membrane 
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filters (0.45 }zM) and a 12-place sampl ing manifold used 
for the amino acid accumulat ion exper iment  were ob- 
ta ined from W h a t m a n  Inc. (London, U.K.) and Millipere 
Inc. (Bedford, MA), respectively. All other chemicals used 
were of the highest  pur i ty  available. 

Growth of culture. M. gypseum, obtained from the 
Mycological Reference Laboratory, School of Hygiene  and 
Tropical Medicine, (London, U.K.) was main ta ined  on 
Sabouraud's  dextrose agar  slants. I t  was grown for experi- 
men ta l  purposes in Sabouraud's  broth (4% glucose, 1% 
peptone, pH 5.4--5.6) a t  27 C as surface cultures. Choline, 
e thanolamine  and serine were supplemented in the 
medium at  different concentrations. The cells were har-  
vested 16 days after  inoculation in mid-log phase and 
processed for lipid extraction and membrane  studies by 
the following methodology. 

Quantitation of phospholipids. The lipids were ex- 
t racted from the cells by Folch's extract ion procedure (9). 
Total phospholipids were quant i ta ted  by the method of 
Bart let t ,  as modified by Marinet t i  (10). The individual 
phospholipids were separated by single dimension thin  
layer chromatography using the solvent system 
chloreform/methanol/7N N H  3 (65"25:4,v/v/v). Total phos- 
pholipids separated from the neutra l  lipids were used for 
fa t ty  acid analysis.  Fat ty acids were converted into their  
methyl  esters by transesterif icat ion with  methanol  in the 
presence of thionyl chloride, as described ear l ier  (11). The 
methyl  esters were separated on a Pye Unicam Model 
104 Gas Chromatograph,  using a f lame ionization detec- 
tor and column containing 10% diethylene glycol succi- 
na te  on CAW (100-200 mesh) with ni t rogen as a carr ier  
gas a t  a flow rate  of 40 ml/min. The fat ty  acids were 
quant i ta ted  by t r iangulat ion.  

Preparation of spheroplasts. Spheroplasts  were pre- 
pared by the procedure of Larroya et al. (12) with some 
modification. Log phase  cells were incubated under  
sterile conditions with Novozyme 234 (30 mg/g wet wt of 
mycelium) in a conical flask in 10 mM citrate phosphate  
buffer (pH 6.5) containing 145 mM NaC1 for 12-15 hr  in 
a shaker  a t  30 C. Formation of sphereplasts  was moni- 
tored microscopically. The incubation mixture  was re- 
moved by centr ifugation a t  1000 g for 10 rain to recover 
the  cells. The pellet  was washed twice with ci trate phos- 
pha te  buffer as ment ioned above. The spheroplasts  were 
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FIG. $. Effect of  supplementation of  nitrogenous bases (at 
optimum concentration) on the growth pattern ofM. gypseum.  

purified by centrifugation on a Ficoll-paque density gra- 
dient  a t  400 g for 15 min. The spheroplast  fraction, free 
of cell debris, was used for fur ther  studies (amino acid 
uptake  and s tructural  studies with fluorescent probe 
ANS). 

Amino acid uptake studies. Amino acid uptake  by 
spheroplast was examined according to a method standard- 
ized in our laboratory. In brief, spheroplasts  containing 
100-150 tLg protein were incubated at  27 C for 7 min 
(opt imum time) in 10 mM citrate  phosphate  buffer (pH 
6.5) containing 145 mM NaC1; 800 nmol of labeled amino 
acid (sp act  0.2 tLCi/t~mol) was added to br ing the total  
assay volume to 200 }~l. The Kt  values for ]ysine, leucine 
and aspart ic  acid were found to be 2.0, 2.3 and 2.8 raM, 
respectively. The reaction was s tar ted by the addition of 
respective amino acid, stopped by the addition of chilled 
buffer and rapidly filtered through 0.45 t~M membrane  
filters. The filter paper  was washed twice, dried and 
counted for radioactivi ty in a toluene-based fluid in a 
Packard  Tricarb Liquid Scint i l la t ion Counter.  Pro te in  
was e s t ima ted  by the  method  of Lowry et  al. (13). 

Structural studies with ANS. ANS was used to s tudy 
the s t ructural  changes in the spheroplast  membr an e  pre- 

TABLE 1 

Effect of Nitrogenous Bases (at Optimum Coneentration) on the Phospholipids of  M. f y p s e u m  

Nitrogenous base supplemented (mg/g dry wt of cells) 

None Choline Serine Ethanolamine 
(control) (15 mM) (10 raM) (40 mM) 

TL 103.80 • 7.50 135.90 • 4.60* 126.00 • 15.10t 89.00 _+ 6.66t 
TPL 11.15 • 0.60 13.80 • 0.60* 10.48 _ 0.40t 14.50 +_ 0.45** 
LPC 2.05 + 0.30 1.60 _+ 0.20t 1.85 • 0.24t 2.64 _ 0.22t 
PS+PI 4.25 - 0.40 5.90 • 0.50t 4.65 • 0.31t 4.87 • 0.21t 
PC 1.96 • 0.17 2.92 • 0.20* 2.01 • 0.18t 3.10 • 0.35** 
PE 1.36 • 0.12 1.89 • 0.40t 0.82 _+ 0.08* 2.25 • 0.11"* 
UnidentifiedPL 1.61 • 0.19 1.48 _+ 0.30t 1.78 • 0~33t 1.63 • 0.13t 
LPC + PC + PE/(PS + PI) 1.26 1.10 1.01 1.64 

Mean +_ S.E. of four independent batches in duplicate. *, p < 0.05; **, p < .01; t, nonsignificant. TL, total lipid; TPL, total phospholipid; . 
LPC, lysophesphatidylcholine; PC, phosphatidylcholine; PE, phosphatidyiethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol. 
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TABLE 2 

Effect of Nitrogenous Bases (at Optimum Concentration) on the Fatty Acid Composition 
of M. gypseum Phospholipids (Relative Percentage) 

Fatty acids 

Nitrogenousbase 
supplemented 14:0 14:1 16:0 18:0 18:1 18:2 U/S 

None 8.66 1.06 24.90 11.70 18.70 35:54 1.20 
(control) -+ 2.06 -+ 0.21 -+ 3.21 -+ 2.53 -+ 2.05 -+ 2.98 
Choline 11.69t - -  28.29t 11.29t 11.10" 37.63t 0.95 
(15raM) -+1.74 -+2.98 _+2.05 -+1.91 -+1.47 
Serine 7.65t 1.78t 30.50t 8.72t 16.09t 35.20t 1.13 
(10raM) -+1.48 -+0.22 -+1.71 -+0.98 -+1.53 -+2.85 
Ethanolamine 8.48t tr 27.73t 12.54t 11.93"* 40.50t 1.10 
(40 raM) -+ 1.87 -+ 1.99 -+ 2.38 +- 1.05 -+ 2.62 

Mean _+ SE of four batches in duplicate. *, p<0.05; **, p <0.01; t, nonsignificant; U, unsaturated; S, saturated; 
tr, trace. 

TABLE 3 

Effect of Nitrogenous Base Supplementation (at Optimum Concentration) on the 
Uptake of Amino Acids in Spheroplasts Prepared from M. gypseum Cells 

Amino acid uptake 

Base L-Lysine L-Leucine L-Aspartic acid 

None 6.12 _+ 1.83 6.50 -+ 1.72 18.76 + 1.79 
(control) 
Choline 13.06 _+ 2.66*** 10.99 -+ 3.75** 26.70 -+ 2.73*** 
(15 raM) 
Serine 7.48 _+ 1.68t 8.08 - 2.04t 19.92 -!-- 2.54t 
(10 raM) 
Ethanolamine 13.16 -+ 3.40** 10.94 -+ 4.20** 24.93 -+ 1.39"** 
(40raM) 

Uptake in nmol/mg proteirg7 min. Mean -+ S.D. of 8-11 independent observations. **, 
p<0.01; ***, p<0.001; t, nonsignificant. 

pared  from variously grown M. gypseum cells. The basic 
assay mixture  consisted of a total  volume of 1 ml in 10 
mM citrate phosphate  buffer (pH 6.5) containing 145 mM 
NaC1, 50 ~LM ANS and spheroplast  protein ranging  from 
20-250 ~g. The readings were taken  as an emission spec- 
t rum in a Shimadzu RF-540 spectrofluorimeter with a 
recorder. Quartz  cuvettes of 1.5 ml capacity and 0.5 cm 
light pa th  were used for the study. Zero correction and 
spectrum correction were applied and the number  of bind- 
ing sites were calculated from the Scatchard plots (14) 
drawn as described elsewhere (15). 

RESULTS AND DISCUSSION 

Phospholipids of the cell are a lmost  exclusively present  
in the cellular membranes  in most  microorganisms. Any 
change in the growth medium or conditions is likely to 
resul t  in al terat ions in the  normal  s tructure and function 
of the membrane .  The phospholipid composition can be 
al tered in vivo, e i ther  (i) by inclusion of fat ty acids and 
other  additives in the medium,  which resul ts  in an al tered 
fat ty  acyl chain composition or (ii) by including the pre- 
cursors of phospholipid polar  head groups in the growth 
medium (16). In this investigation, we have followed the 

la t ter  approach to examine the influence of polar  head 
groups of phospholipids on the membrane  functions in 
M. gypseum cells, as the first approach has  already been 
adapted for this fungus (17). 

Phosphat idylser ine (PS) plus phosphatidylinositol  (PI), 
phosphatidylcholine (PC) and phosphatidylethanol-  
amine  (PE) were found to be the  major  phosphol ipids  
in M. gypseum; th is  differed from our  ear l i e r  repor ts  
(5,6) because  of age of the  cul ture ,  separa t ion  
techniques  and composi t ion of the  med ium.  O p t i m u m  
concent ra t ions  for the  supp l emen ta t i on  of the  ni t rogen-  
ous phosphol ipid bases,  namely,  choline, ser ine  and  
e thano lamine ,  were de te rmined  by m e a s u r i n g  the  
levels of to ta l  and corresponding phospholipids.  As PI  
was a minor  component  wi th  mobi l i ty  close to PS, they 
were pooled. Figure  1 shows t h a t  15, 10 and  40 mM 
concent ra t ions  of choline, ser ine  and e thano lamine ,  re- 
spectively, were found to be o p t i m u m  concentra t ions ,  
as to ta l  phosphol ipid and corresponding phosphol ipid 
content  has  m a x i m u m  a l te ra t ions  a t  these  concentra-  
t ions vs the  control where  no addi t ive was supple- 
men ted  in the  medium.  However, the  increase  in PS + 
PI  on ser ine  supp lemen ta t ion  w a s  marg ina l .  The M. 
gypseum cul tures  grown in the  med ium supp lemen ted  
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with nitrogenous bases did not demonstrate any differ- 
ence in the growth pattern (Fig. 2), as observed earlier 
with S. cerevisiae (7). Hence, cells were harvested in 
the mid-log phase aider 16 days of growth. Supplemen- 
tation of the choline analogues like N,N-dimethyleth- 
anolamine, N-monomethylethanolamine and ethanol- 
amine also did not significantly affect the growth of C6 
glial cells in culture (16). 

Total phospholipid levels increased significantly with 
choline and ethanolamine, but no significant change was 
observed with serine (Table 1). Supplementation of 
choline and ethanolamine has also been demonstrated to 
enhance the total phospholipid content in S. cerevisiae 
(7). The levels of PC and PE increased significantly on 
ethanolamine supplementation, although only PC con- 
tent increased when choline was supplemented. The 
levels of other phospholipids were not altered signifi- 
cantly under these conditions. The increase in the PS + 
PI fraction on serine supplementation was not significant, 
but PE levels decreased significantly. In C, albicans and 
S. cerevisiae, choline and ethanolamine supplementation 
altered the PC and PE content, respectively (1,8), identi- 
cal to our observations with M. gypseum. 

The fatty acid profile, as well as the ratio of unsaturated 
to saturated (U/S) fatty acids, did not change significantly 
with supplementation of these nitrogenous bases (Table 
2). However, a significant decrease (40%) was observed 
in oleic acid content with supplementation of choline and 
ethanolamine. The insignificant changes observed in 
phospholipid fatty acids provide a system to study the 
functional role of phospholipid polar head groups in mem- 
branes of M. gypseum. Similar observations have been 
reported with C6 glial cells (16) where supplementation 
of polar head groups resulted in alteration in the phos- 
pholipids, but no change was seen in the fatty composi- 
tion. In the absence of any major change in fatty acid 
composition and enrichment of methylated phospholipids 
like PC, it is expected that  choline- and ethanolamine- 
supplemented cells will have more permeable membranes 
(18,19). 

The functional properties of the membranes in response 
to changes in phospholipid composition were studied by 
measuring the uptake of a basic, neutral and acidic amino 
acid under optimal conditions. The uptake of all three 
amino acids (lysine, leucine and aspartic acid) increased 
in the spheroplasts prepared from choline- and 
ethanolamine-grown cells about 1.5- to 2-fold, while in 
serine-supplemented cells, it did not change significantly 
(Table 3). There have been various reports on the func- 
tional aspects of polar head group-induced alterations 
in the phospholipids and the rigidifying or fluidizing ef- 
fects on the membrane have been demonstrated. In C. 
albicans and S. cerevisiae, choline and ethanolamine sup- 
plementation modulates the phospholipid composition in 
such a way that the amino acid uptake is inhibited in 
supplemented cells, irrespective of the variations in the 
PC/PE ratio (8). The amino acid uptake alters with a 
change in the carbon source, addition of ethanol or alter- 
ation of growth temperature (6). Although the PC/PE 
ratio plays a crucial role in the functioning of the mem- 
brane, there are various other components such as pro- 
teins, glycoproteins and sterols that have an overall com- 
bined effect on the membrane structure and functions. 

Changes in the phospholipid composition and function 

have not been correlated with the structural organization 
of the membranes. There have been reports on the effect 
of supplementation of the media with choline and 
ethanolamine, but no information is available with 
serine. The Scatchard plot analysis shows increased bind- 
ing sites in spheroplasts prepared from choline- and 
ethanolamine-supplemented cells (Fig. 3). Trivedi et al. 
(8) have demonstrated a decrease in the number of bind- 
ing sites with choline and ethanolamine supplementation 
in two different strains of S. cerevisiae, but our results 
showed an increase in M. gypseum, although the number 
in serine-grown cells was lower vs unsupplemented cells. 
As is apparent from the phospholipid composition of vari- 

TABLE 4 

Effect of Supplementation of Phospholipid Bases 
on the Number of  Binding Sites for ANS" 
on M. g y p s e u m  Spheroplasts 

Type of cells 
(base supplemented) 

No. of binding sites 
(nmol/mg protein) 

None (control) 180 
Choline (15 mM) 240 
Serine (10 mM) 152 
Ethanolamine (40 raM) 198 

aANS, 1-anilinonaphthalene-8-sulfonate. 
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FIG. 3. Scatchard plots of  1-snilinonaphthalene-8-sulfonate 
binding w i t h  M. g y p s e u m  spheroplasts (based on experiments 
carried out in duplicate) of (a) control cells; (b) choline-grown 
cells; (c) serine-grown cells; and (d) ethanolamine-grown cells. 

LIPIDS, Vol. 22, No. 7 (1987) 



534 

R. PANDEY ET AL. 

ously grown cells (Table 1), the levels of PC increased in 
choline-supplemented cells and both PC and PE increased 
in ethanolamine-grown cells, but  PE decreased in serine- 
supplemented cells. At physiological pH, PE is slightly 
negatively charged compared to PC, which is neutra l  and 
exists in zwitterionic form (20). Hence, the binding of 
ANS, which itself is anionic at  neutral  pH, would be 
increased in membranes having more PC than  PE. Thus, 
high PC content in choline- and ethanolamine-grown 
cells may be responsible for the increase in the number  
of binding sites in these cells vs unsupplemented cells. 
Similarly, the decrease in the number  of binding sites in 
serine-grown cells may be due to another  anionic compo- 
nent,  PS + PI, which has a role in the overall membrane  
surface charge. Lower phospholipid content in serine-sup- 
plemented cells of M. gypseurn may also be the reason 
for the observed decrease in the number  of binding sites 
in these cells. The changes observed in the ANS binding 
pat tern  may also be due to e i ther  the changed hydro- 
phobic environment  around the embedded dye or the al- 
tered hydrophobic environment  around the integral  mem- 
brane proteins (21,22). It  has been shown tha t  ANS does 
not enter  the cell interior and is mainly bound to the 
membrane  surface (23); hence, the observed changes 
demons t ra te  a role of phospholipids and proteins  in cell 
membrane .  

In brief, it  can be concluded from this study tha t  sup- 
plementat ion of phospholipid bases results in the enrich- 
ment  of PC or PE in the membranes ofM. gypseurn with- 
out  inducing any significant al terat ion in the fat ty  acid 
composition of phospholipids. Functional and structural  
changes could be correlated with the phospholipid polar 
head group composition. 
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The sciatic nerve o f  r a t s  f ed  s u n f l o w e r  oil (6 m g  18:3- 
n-3/100 g o f  diet)  p r e s e n t e d  d r a m a t i c  a l t e r a t i o n s  in  
the long c h a i n  p o l y u n s a t u r a t e d  f a t t y  a c i d s  in  com-  
p a r i s o n  w i t h  t h o s e  fed  soy  oil (130 m g  18:3n-3/100 g 
o f  diet). I n  b o t h  15-day-old a n d  60-day-old  a n i m a l s  
fed s u n f l o w e r  oil, 22:6n-3 (ce rvon ic  ac id)  w a s  four -  
fo ld  less, 22:5n-6 was 10-fold greater; adrenic acid 
(22:4n-6) was sl ightly greater and arachidonic acid 
(20:4n-6) w a s  c lose  to that in rats fed soy oil. The 
percentage  d i s t r i b u t i o n  o f  t o t a l  polyunsaturated  
fatty a c i d s  as  well  a s  t he  i n d i v i d u a l  saturated and  
monounsaturated  fatty acids were the same in both  
g r o u p s .  

W h e n  t h e  s u n f l o w e r  o i l - f ed  a n i m a l s  w e r e  s w i t c h e d  
to  a soy  o i l - -con ta in ing  d ie t  for either 15 o r  60 days ,  
the  percentage  distribution of 22:6n-3 increased 
s lowly  to  r e a c h  the  c o n t r o l  va lue  2.5 m o n t h s  la ter .  
Conversely 22:5n-6 decreased slowly. The decay of  
22:5n-6 was more rapid than the increase  of  22:6n-3. 
Lipids 22, 535-538 I19871. 

The fluidity of the lipid envi ronment  appears  to modulate  
the act ivi ty of membrane-bound enzymes; this  fluidity is 
controlled by essential  polyunsatura ted  fat ty  acids 
(PUFA). Increased PUFA, par t icular ly  arachidonic acid, 
were found in endoneurial  phosphat idyle thanolamine of 
both developing and regenera t ing  ra t  sciatic nerve, 
suggest ing a close association between PUFA and 
per ipheral  nerve myelinat ion (1). Alterat ions of PUFA 
dur ing damage  paralleled changes in phospholipid fa t ty  
acid composition (2). 

The effect of essential  fa t ty  acid (EFA) deficiency on 
ra t  per ipheral  nerve myelin has  been previously analyzed 
(3). After 8 mo on the deficient diet, 20:3n-9 was found 
in the major myelin phospholipids. The level of 18:1n-9 
was increased and the levels of 18:2n-6 (linoleic acid), 
20:4n-6 (arachidonic acid) and 22:4n-6 (adrenic acid) were 
decreased. The ratio of 20:4n-6 to 20:3n-9 was clearly 
depressed by an EFA deficiency (3). 

No significant differences in morphology, histology, ra te  
of  axonal t ranspor t  or conduction velocity of per ipheral  
nerve were demonstra ted between EFA deficient and con- 
trol ra t s  (4). Therefore, i t  would appear  tha t  dietary EFA 
deficiency in postweaned ra ts  can induce fa t ty  acid alter- 
at ions in per ipheral  nerve myelin wi thout  resul t ing in 
detectable changes in function or structure. An excellent 
review of the lipid composition of normal  and degenerat-  
ing nerve has  been recently published (5). 

The essent ial i ty  of PUFA for the central  nervous sys- 
t em has  been extensively studied (6-14). The specific role 
of n-3 fa t ty  acids has  been recently reexamined.  Interest-  
ingly, a pathogenesis  of deficiency in linolenic acid has  

*To whom correspondence should be sent at INSERM Unite 26, 
Hopital Fernand Widal, 200, rue du Faubourg St-Denis, 75475 Paris 
Cedex 10, France. 

TABLE 1 

Diet Composition (g/kg) 

Soy oil Sunflower oil 
diet diet 

Casein delipidated a 220 220 
DL-methionine 1.6 1.6 
Cellulose 20 20 
Starch 459.7 463.4 
Saccharose 230 230 
Oil 18.7 15.0 
Vitamin mixture a 10 10 
Mineral mixture b 40 40 

aUnited States Biochemical Corp. (Cleveland, OH). The vitamin 
mixture used is the vitamin diet for fortification mixture. 
bComposition of the mineral mixture/100 g: CaHPO4, 2 H20, 38.0: 
K2HPO4, 24.0; CaCO3, 18.1; NaC1, 7.0; MgO, 2.0; MgSO4, 7 H20, 
9; FeSO4, 7 H20, 0.7; ZnSO4, 7 H20, 0.5; MnSO4, H20, 0.5; CuSO4, 
5 H20, 0.1; NaF, 0.1; A12(SO4) 3 K2SO4, 24 H20, 0.02; KI, 0.008; 
COCO3, 0.008; Na2SeO 3, 5 H20, 0.001. 

TABLE 2 

Fatty Acid Composition (mg %) of Dietary Lipids 

Sunflower oil Soy oil 
Fatty acids diet diet 

14:0 0.3 0.3 
16:0 6.4 10.1 
17:0 tr 0.2 
18:0 3.9 5.6 
20:0 0.3 0.4 
22:0 0.7 0.5 

Total saturated 11.6 17.2 

16:1 0.2 tr 
18:1 21.4 21.4 
20:1 0.2 0.3 

Total monounsaturated 21.6 21.7 

18:2 n-6 66.4 53.5 
18:3 n-3 0.4 7.4 

Fatty acids (rag/1 O0 g) of diet 

18:2 n-6 936.0 940.0 
18:3 n-3 6.0 130.0 
n-3/n-6 0.006 0.14 

tr, Traces. Dietary lipid fatty acid composition was analyzed by gas 
chromatography of methyl esters under the following conditions: 
Packard model 427 gas chromatograph; glass capillary column; 
stationary phase FFAP; gas pressure vector H2, 0.6 bar; tempera- 
ture, 190 C; detection by flame ionization. 
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been  desc r ibed  in  t h e  m o n k e y  (15) a n d  in  m a n  (16). A 
s y n d r o m e  of  m o d e r n  soc ie ty  h a s  been  p u t  fo rward  as  a 
def ic iency in  ac ids  of  t h e  n-3 se r i e s  (17). 

O u r  p rev ious  s tud i e s  have  shown t h a t  a d i e t  l a c k i n g  
in  c~-linolenic ac id  (sunf lower  or  p e a n u t  oil) can  mod i fy  
t h e  P U F A  compos i t ion  in  a l l  t he  c e l l u l a r  a n d  s u b c e l l u l a r  
f r ac t ions  of  b r a i n  l ip ids  examined .  The  p e r c e n t a g e  d i s t r i -  
b u t i o n  of  t o t a l  P U F A  r e m a i n s  unchanged ,  t h e  s h a r p  drop  
in  22:6n-3 b e i n g  c o u n t e r b a l a n c e d  by a n  i nc rea se  in  22:5n- 
6 (18,19). W i t h  a change  f rom a d i e t  c o n t a i n i n g  sunf lower  
oil  to one c o n t a i n i n g  soy oil ,  t h e  u p t a k e  of  n-3 f a t t y  ac ids  
is  r e m a r k a b l y  slow, e.g.,  i t  t a k e s  seve ra l  m o n t h s  before 
t h e  ce reb ra l  o rgane l l e s  recover  a n o r m a l  q u a n t i t y  of  cer- 
vonic  ac id  (22:6n-3) (20). 

However,  l i t t l e  a t t e n t i o n  h a s  been  p a i d  to n-3 P U F A  

in  t h e  p e r i p h e r a l  nerve .  Th i s  work  was  u n d e r t a k e n  to 
d e t e r m i n e  (i) t he  specific a l t e r a t i o n s  of  p e r i p h e r a l  ne rve  
f a t t y  ac ids  in  r a t s  fed a d ie t  r i ch  in  n-6 f a t t y  ac ids  b u t  
de f ic ien t  in  n-3 f a t t y  ac ids  a n d  (ii) to a s se s s  t he  speed  of  
t h e  recovery  of  t he  n-3 f a t t y  ac id  compos i t ion  induced  
w h e n  a d i e t  c o n t a i n i n g  n-3 f a t t y  ac ids  is  r e in t roduced .  

O u r  p r e l i m i n a r y  r e s u l t s  have  shown t h a t  w h e n  r a t s  
a r e  fed a d i e t  de f ic ien t  in n-3 f a t t y  ac ids  ( p e a n u t  or  sun-  
flower oil), bo th  p e r i p h e r a l  ne rve  and  m u s c l e  c on t a in  re-  
duced  a m o u n t s  of  n-3 f a t t y  acids;  more  specif ical ly,  22:6n- 
3 is  r ep l aced  by 22:5n-6 (21). 

MATERIALS AND METHODS 

Animals. D u r i n g  th roe  g e n e r a t i o n s ,  f ema le  W i s t a r  r a t s  

TABLE 3 

Fatty Acid Percentage Distribution (mg %) of  Sciatic Nerve from Young and 
Adult  Rats Fed a Diet Cont ,  lniug Either Soy Oil or Sunflower Oil 

Sunflower oil Soy oil 

Fatty acid 15 days 60 days 15 days 60 days 

Saturated 46.0 40.5 45.3 40.8 
14:0 4.0 0.9 4.0 1.5 
15:0 0.1 0.1 0.1 0.2 
16:0 28.2 23.1 27.1 27.8 
17:0 0.2 0.2 0.2 0.2 
18:0 8.4 8.2 8.4 6.3 
20:0 0.9 1.5 0.9 0.8 
22:0 1.8 3.2 1.8 1.9 
23:0 0.3 0.4 0.3 0.2 
24:0 2.0 2.6 2.2 1.7 
25:0 0.1 0.3 0.3 0.2 

Monounsaturated 37.6 47.6 39.0 49.0 
16:1n-9 0.8 0.8 0.8 0.4 
16:1n-7 2.0 3.2 2.1 8.4 
18:1n-9 26.1 32.2 28.0 33.1 
18:1n-7 2.7 3.1 2.7 3.1 
20:1n-9 0.6 0.8 0.6 0.4 
20:1n-7 0.7 1.0 0.8 0.8 
22:1n-9 0.3 0.5 0.3 0.2 
22:1n-7 0.3 0.4 0.2 0.2 
24:1n-9 3.7 5.0 3.6 2.2 
24:1n-7 0.4 0.6 0.4 0.2 

n-9 31.5 39.3 33.8 36.3 
n-7 6.1 8.3 6.2 12.7 

Polyunsaturated 14.7 11.4 15.1 10.0 
18:2n-6 2.9 2.8 3.0 5.0 
20:3n-6 0.9 0.4 0.9 0.4 
20:4n-6 6.8 3.8 6.5 2.0 
22:4n-6 2.2 2.3 1.5 0.7 
22:5n-6 1.1 1.0 0.2 0.1 
24:4n-6 0.1 0.2 0.2 0.1 
24:5n-6 0.3 0.4 0.2 tr 

n-6 14.3 10.9 12.5 8.3 

18:3n-3 tr 0.2 0.2 0.4 
22:5n-3 tr  0.5 0.2 
22:6n-3 0.4 0.3 1.4 1.1 
n-3 0.4 0.5 2.1 1.7 
n-3/n-6 0.03 0.05 0.17 0.21 

In each experiment, fatty acid determination was performed in triplicate on 8 pooled 
nerves. At least 3 experiments were performed. 
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were fed with a semisynthetic diet containing 1.5% sun- 
flower oil (6 mg % a-linolenic acid). Two weeks before 
mating, one group (2/3 of the animals) was continued on 
tha t  diet, while the other group was changed to a diet in 
which sunflower oil was replaced by 1.9% soy oil (130 mg 
% a-linolenic acid). Both oils and diets contained ca. 940 
mg n-6 fat ty acids. Since animals  fed ei ther  diet ate simi- 
lar  amounts  of food, they ate the same amount  of n-6 
fat ty acids. Soy oil-fed rats  received ca. 22 t imes more 
n-3 fat ty acids than  animals fed sunflower oil. The com- 
position of the oils and the diets is shown in Tables I and 
2. Under these experimental  conditions, the ~-linolenic 
acid deficiency (sunflower oil-fed rats) had no effect on 
fecundity (% of pregnant  females), fertil i ty (number of 
pups/litter), pup bir th weight, food intake and weight of 
pregnant  or lactat ing females, or pup growth during suck- 
ling. However, this deficiency did cause abnormally high 
rates of per inatal  mortal i ty  from bir th to postpartum day 
3 (22). Three days after delivery the litters (fourth gener- 
ation) were adjusted to 10 animals. After weaning, the 
young rats  received the same diet as thei r  mother. At 15 
days of age, ha l f  the animals  fed sunflower oil were fed 
soy oil from then on. In these animals, the n-3-deficient 
diet was therefore substi tuted by an n-3-normal  diet. The 
same procedure was performed on other  animals at  60 
days. Thus, we determined the speed of recovery of fat ty 
acid composition in young and in adult  animals. Only 
male animals were used throughout.  The sciatic nerves 
were very carefully dissected to avoid any contamination 
by adipose tissue. 

Analytical methodology. The sciatic nerve was dissected 
outward, and lipids were extracted by sonication in 
chloroform]methanol (2:1, v/v) (23,24) and methylated 
(25). Fat ty acid methyl  esters were separated by gas liquid 
chromatography (GLC) on an open tubular  capillary col- 
umn coated with FFAP (0.30 mm in diameter, 45 m long), 
using a flame ionization detector. Identification of fat ty 
acids was performed with commercial standards by the 
means  of relative retent ion times. Areas were calculated 
with an ICAP integrator  (LTT, Paris, France). 

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

Fatty acid analysis (Table 3). The sciatic nerve of sun- 
flower oil-fed animals (6 mg % n-3 fat ty acids) presented 
dramatic al terations in the very long chain polyunsatu- 
rated fat ty acids in comparison to soy oil-fed (130 mg % 
n-3 fatty acids) animals. The n-3/n-6 ratio was six- and 
four-fold less in 15- and 60-day-old animals  fed sunflower 
oil. In both 15-day-old and 60-day-old animals,  22:6n-3 
was ca. five- and four-fold less, respectively; conversely, 
22:5n-6 was 10-fold greater  in sunflower oil-fed animals 
(22:4n-6 was greater;  20:4n-6 was close to normal). The 
percentage distribution of PUFA to total fat ty acids was 
normal in sunflower oil-fed animals,  as were individual 
saturated and monounsaturated fat ty acids. 

In agreement  with Yao (30), we found tha t  during de- 
velopment 20:4n-6 and 22:6n-3 decreased and 18:1n-9 
increased. The values we obtained compared favorably 
with previously published results (26-32). 

A control group was obtained by feeding animals with 
regular  diet (standard chow). No significant difference 
was found between this group and animals fed with soy 
oil. 

This study was performed on whole nerve, and contami- 
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FIG. 1. Recovery of fatty acid composition (mg %) as measured 
by the amount of cervonic acid (22:6n-3) in animals fed soy 
oil, sunflower oil or soy oil replacing sunflower oil in either 
15-day-old or 60-day-old rats. Dietary lipid fatty acid compo- 
sition was analyzed by gas chromatography of methyl esters 
under the following conditions: Packard model 427 gas 
chromatograph; glass capillary co]zzmn; stationary phase 
FFAP; gas pressure vector H2, 0.6 bar; temperature, 190 C; 
detection by flame ionization. Solid squares, soy-fed animals; 
triangles, sunflower-fed animals; open squares, animals ini. 
tialiy fed sunflower oil, then fed soy oil when 15 days old; 
hatched squares, animals initially fed sunflower oil, then fed 
soy oil when 60 days old. *, p < 0.05; **, p < 0.005; ***, p 
0.001; 552 animals were used. Values at each time point repre- 
sent mean for at least 4 samples. Each sample consisted of 
sciatic nerves from 4 rats. 
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FIG. 2. Recovery of  fatty acid composition (rag %) as deter- 
mined by the amount of 22:5n-6 in animals fed soy oil, sun- 
flower oil or soy off replacing sunflower oil in either 15-day-old 
or 60-day-old rats. Dietary lipid fatty acid composition was 
analyzed by gas chromatography of methyl esters under the 
following conditions: Packard model 427 gas chromatograph; 
glass capillary column; stationary phase FFAP; gas pressure 
vector H2, 0.6 bar; temperature, 190 C; detection by flame ioni- 
zation. Solid squares, soy-fed animals; triangles, sunflower-fed 
animals; open squares, animals initially fed sunflower oil, then 
fed soy oil when 15 days old; hatched squares, animals initially 
fed sunflower off, then fed soy oil when 60 days old. *, p < 
0.05; **, p < 0.005; ***, p < 0.001; 552 animals were used. Values 
at each time point represent mean for at least 4 samples. Each 
sample consisted of sciatic nerve from 4 rats. 
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nat ion by adipose t issue was carefully eliminated. How- 
ever, endoneurium, per ineur ium and epineur ium were 
not separated.  Thus, specific a l terat ion in one of these 
e lements  is not excluded as they present  differences in 
lipid composition (5,32). 

Recovery o f  al tered fat ty  acid composi t ion.  Figure 1 
shows changes for 22:6n-3 and Figure 2 for 22:5n-6 after  
changing the dietary oil from sunflower to soy oil. As no 
significant differences were found for the other fa t ty  acids, 
the curves are not shown. However, 22:4n-6 was found to 
be increased in sunflower oil-fed animals ,  and the recov- 
ery af ter  s tar t ing  soy oil was slow in 60-day-old animals .  
In the 15-day-old animals ,  the decrease was hardly  signifi- 
cant, and thus the recovery was difficult to est imate.  The 
high level of 22:4n-6 in sciatic nerve in comparison with 
brain is to be noted. Sciatic nerves of adul t  an imals  fed 
sunflower oil contained a slightly increased percentage 
distr ibution of sa tura ted  and monounsa tura ted  very long 
chain fat ty  acids. When the sunflower oil-fed an imals  
received a diet containing soy oil at  e i ther  15 or 60 days, 
the percentage distribution of 22:6n-3 increased slowly 
to reach the control value af ter  2.5 months  (Fig. 1). Con- 
versely, 22:5n-6 decreased slowly throughout  (Fig. 2). In- 
terestingly, in adult  animals ,  the recovery did not s ta r t  
from the day on which the diet was changed, but  there  
was a delay of 20 days. In contrast,  in young animals ,  
the recovery star ted from a few days after  changing the 
diet, but  the recovery was stat ist ically significant only 
af ter  14 days. I t  is interest ing to note tha t  the recovery 
as measured  by the decay of 22:5n-6 was more rapid than  
with increase of 22:6n-3. This very low speed of recovery 
of PUFA composition of sciatic nerve af ter  deprivation of 
n-3 fat ty  acids was unexpected. We have previously shown 
(20) tha t  all brain subfractions (myelin, synaptosomes,  
mitochondria and microsomes) recover very slowly but  
all at  the same speed. Thus, the per ipheral  nervous sys- 
t em responds to dietary fat ty  acid changes in a m a n n e r  
s imilar  to the central  nervous system. 

The slow recovery could be due to the slow turnover of 
major membranes  in the peripheral  nervous system. 
Another  explanat ion could be tha t  the ra te- l imit ing fac- 
tor  is the reduced in si tu synthesis  of n-3 fat ty  acid syn- 
thesis from r acid due to low desaturase  activity. 

In addition, nervous t issue contains a very minute  
amount  of a-linolenic acid, and studies of brain  cells in 
culture have suggested tha t  the only t ru ly  essential  fa t ty  
acid for these cells is probably 22:6n-3 (33). Thus, another  
explanat ion for the low recovery of fat ty  acid composition 
could be ei ther  a l imited t ranspor t  through the blood- 
nerve bar r ie r  or a restricted synthesis  of 22:6n-3 by the 
l iver  or  reduced die tary  origin. 
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An Improved Method for the Colorimetric Assay of Lipase Activity 
Using an Optically Clear Medium 
G. Renarda, J. Grimauda, A. El Zantb, M. Pinab and J. GraUleb,* 
aLaboratoire de Genie Enzymatique, ENSCM, Montpellier Cedex, France, and bDivision Chimie des Corps Gras, IRHO/CIRAD, 
Montpellier Cedex, France 

Lipase act ivity can be spectrophometrical ly  measured in 
an optical ly clear medium using long chain fa t ty  thio- 
esters of 1-mercaptc~2,3-propanediol or 2-mercaptoethanol 
as  substrates.  With hexamethylphosphoric  triamide solu- 
t ions  of  these  thiosubstrates ,  the Micha~lis-Menten con- 
s tants  of  lipase from Rhizopus arrhizus were determined. 
The ef fects  of  calcium chloride and of bovine serum 
albumin on the enzyme  act iv i ty  were established.  
Lipids 22, 539-541 {1987). 

A surprisingly large number of different procedures has 
been reported for determining the activity of various 
lipase preparations {see recent review by Jensen [1]}. This 
could imply that many of the present methods are not 
entirely satisfactory. 

The most frequently used procedures are based on 
titrimetric determination of the acids liberated by the ac- 
tion of the enzyme, using either water-soluble or water- 
insoluble esters as substrates (2-5}. Higher sensitivity 
than that of the titrimetric assay can be obtained using 
radioactively labeled substrates (6,7}, but  these proce~ 
dures, of course, require the availability of labeled 
compounds. 

A very interesting method for measuring lipases and 
phospholipases uses the bioluminescent assay {8}. This 
method, however, involves a second enzymatic reaction 
{luciferase), the pH dependence of which is quite different 
from that of the lipase assay. 

The colorimetric assay based on the development of the 
characteristic color of p-nitrophenol due to hydrolysis of 
its colorless esters provides a sensitive test of esterase 
activity (9). However, because of the low solubility of long 
chain fatty acid esters, the method is preferably ap- 
plicable to esterase. The use of thioesters (Fig. 1) of fat ty 
acids, associated with Ellman's reagent {10), has been in- 
vestigated (11,12}. Unfortunately, these thioesters are 
water-insoluble and require dispersing agents and special 
treatment before the colorimetric analysis (13,14}. 

We report here on an improved method using an op- 
tically clear medium for the colorimetric assay of lipase 
activity with long chain fatty acid thioesters. 

MATERIALS AND METHODS 

Reagents. Lipase of Rhizopus arrhizus was purchased 
from Gist-Brocades (Seclin, France} and used without 
further purification. Hexamethylphosphoric triamide 
{HMPA) and 5,5'-dithio-bis(2-nitrobenzoic} acids (DTNB} 
were obtained from Aldrich France (Strasbourg, France}. 

*To whom correspondence should be addressed at Division Chimie 
des Corps Gras, Departement Ol6agineux {IRHO), Centre de 
Coop6ration Internationale en Recherche Agronomique pour le 
D6veloppement {CIRAD), Avenue du Val de Montferrand, BP 5035, 
34032 Montpellier Cedex, France. 

All other chemicals were reagent grade, obtained from 
commercial sources. 

Palmitoyl chloride. One hundred g (0.39 mol} of palmitic 
acid and 100 g (0.84 tool) of thionyl chloride were refluxed 
overnight. After removing the excess thionyl chloride 
under vacuum, the residue was distilled to give 93.8 g 
{0.35 mol) of colorless liquid (bp 18, 150 C). 

Thioglycerol S-palmitate (1). 1-Mercapto-2,3-propane- 
diol (10.8 g, 0.1 mol) and dry pyridine (5 g, 0.06 mol) were 
dissolved in 100 ml of anhydrous diethyl ether. The solu- 
tion was cooled to 0 C, and 7 g (0.025 mol) of palmitoyl 
chloride in 30 ml of anhydrous diethyl ether was added 
dropwise. The mixture was left to stir at room tempera- 
ture for 2 hr, then was washed four times with 50 ml of 
cold water and dried over sodium sulfate. Fifteen g of 
crude product containing a mixture of different acylated 
compounds were chromatographed on silica gel 60 
(Merck, Darmstadt, Federal Republic of Germany; petro- 
leum ether/diethyl ether, 90:10, v/v). The pure thioester 
obtained has physical properties identical to those 
described previously {11): IR (CHC13) 3400 (broad}, 2940, 
2870, 1700, 1460, 1080 cm-'; mp, 78 C. 

Mercaptoethanol S-palmitate (2). Dry pyridine (5 g, 
0.06 mol) was added to a solution of 2-mercaptoethanol 
(8 g, 0.1 mol) in 100 ml of dry diethyl ether. Palmitoyl 
chloride {7 g, 0.025 mol) in 300 ml of dry diethyl ether 
was added dropwise at 0 C. The reaction mixture was left 
to stir at room temperature, then was washed four times 
with 50 ml of water and dried over sodium sulfate. Ten 
g of crude material was obtained after removing the 
organic solvent under vacuum. After being chromato- 
graphed on silica gel 60 (Merck; petroleum ether/diethyl 
ether, 90:10, v/v), 3.2 g {9.7 mmol) of pure product were 
isolated. IR (CHC13) 3490 (broad), 2950, 2860, 1690, 1460, 
1110 cm-', mp, 55 C. 

Enzyme activity assay. The measuring cuvette con- 
tained 100 ~l of a HMPA thiosubstrate solution, 100 ~I 
of a DTNB solution (initial concentration, 20 mg/ml in 
HMPA}, 300 ~1 of HMPA and 2.4 ml of Tris buffer (ini- 
tial concentration, 0.05 M; pH 8). The reaction mixture 
was kept at 37 C, and 100 ~1 of aqueous lipase solution 
was added. The absorbance was recorded immediately at 
412 nm (e ---- 14.8 103 l.mol-'.cm -I) for 2 to 3 rain. A linear 
increase of the absorbance was observed during this 
recording time. 

CH2--SCO(CH2)14--CHa CH2--SCO(CH2),,--CH3 

I I 
CH--OH CH~OH 

CH2--OH 

1 2 
FIG. 1. Thioesters used as substrates. 

LIPIDS, Vol. 22, No. 7 (1987) 



Units 
~mole/min/~g 

METHODS 

RESULTS 

Due to their insolubility in water, compounds 1 and 2 can- 
not be used directly in the assay medium. In the past, 
this problem was overcome through use of a biphasic 
system and emulsifiers (14). In our approach, we searched 
for hydrophilic organic solvents. It  is known that  lipases 
can function in an aqueous medium containing up to 20% 
of organic solvent, and recently Zaks and Klibanov 
reported that lipases can maintain their activity also in 
anhydrous organic solvents (16). HMPA solutions of com- 
pounds 1 and 2 give an optically clear medium and 
develop a yellow color in the presence of lipase activity. 

We studied the influence of different amounts of 
HMPA in the assay solution. As can be seen in Figure 2, 
maximum activity was obtained for 15% (v/v) HMPA. At 
this concentration, the medium remained optically clear. 

We recorded the initial velocity obtained for thioesters 
1 and 2 when the substrate concentration was greater 
than that  of the enzyme. In Figure 3, the data are 

0.5 

L 

%HMPA 10 20 30 

Log v 

FIG. 2, Effect  of hexamethylphosphoric triamide (HMPA) concen- 
tration on lipase activity.  Experiments were carried out with con- 
centration of compounds I ([3) and 2 (A) of 3.5 X 10 -4 M and concen- 
tration of enzyme of 6 • 10 -4 g/l. 

Loq [~3 

540  

4 

'3 

.2 

,1 

0 

~-2 

I I I 

-15 -10 -5  

1/v 
min.mg.~mole -I 

FIG. 3. Effect  of increasing enzyme concentration depending on in- 
itial velocity with compound 1 (D) and compound 2 (&). The reac- 
tion is linear with enzyme concentration up to 1.2 X 10 -4 g/l for com- 
pound 1 and 1.6 X 10 -4 g/l for compound 2. 

recorded in a log/log scale because of the large amplitude 
of the enzyme concentration. Both thioesters show a 
straight line obeying the equation 

log v -- log [E] + B 

whereB = l o g K : v =  K[E]  

Based on kinetic measurements with these compounds, 
Micha~lis-Menten constants were determined (Table 1 
and Fig. 4). 

When one compares the Km values, the substrate 
recognition appears to be the same for both products 1 
and 2, while the greatest Vmax value is obtained with 
compound 2. 

The molarity of Tris buffer is an important factor. As 
can be seen in Figure 5, maximum velocity was obtained 
at 0.05 M concentration. 

Calcium ions have been shown to enhance the activity 
of certain lipases (17), although their mode of involvement 
is not definitely known. Calcium could directly modify the 
behavior of the enzyme (18), but it also modifies the 
solubilization of the free fat ty acid formed during 
hydrolysis (1). The same has been proposed for the effect 
of bovine serum albumin (BSA). The effects of calcium 
chloride and BSA were, therefore, taken into account in 
our method. As can be seen in Figure 5, no noticeable 

TABLE 1 

Micha~lis-Menten Constants of Lipase from Rhizopus  arrhizus  a 

Substrate 

Thioglycerol S 2-Mercaptoethanol 
palmitate (1) S palmitate (2) 

K,,mol/l 5.94 10 -5 9 10 -5 
Vmax banol]min/mg 0.246 0.713 
Relative Vmax 1 3 

aExperiments were carried out using commercial lipase from Gist- 
Brocades, France. 

10 

5, [3 

FIG. 4. Mieha~lis-Menten treatment of kinetic data for compound 
1 ([3) and compound 2 (A). 
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FIG. 5. Effect of buffer molarity (&), amount of bovine serum 
albumin (BSA) (O) and calcium chloride molarity (A) on enzyme ac~ 
tivity using compound 2. 

effect was detected. The observed phenomenon is not suf- 
ficiently significant to  jus t i fy  the  sys temat ic  use of 
calcium chloride or BSA for improving the sensi t ivi ty  of 
the assay.  

DISCUSSION 

The use  of acyl thioesters  of mercaptoglycerol  in the 
presence of D T N B  has previously been repor ted  (11,14). 
These authors  showed tha t  the resul ts  obtained are t ruly  
representa t ive  of lipase act ivi ty.  A Japanese  pa t en t  has 
recently been regis tered (19}. None of the procedures  
described, however, is single-step; all require a separat ion 
step before lipase act ivi ty is measured. With  the optically 
clear medium obtained through using H M P A  as the cosol- 
vent  of f a t ty  acid thioesters, we eliminated this disadvan- 
tage, making  it possible to record enzyme act ivi ty within 
2 min. To compare the sensitivity of this new method with 
t h a t  of the t radi t ional  t i t r imetr ic  assay,  we took  kinetic 
measu remen t s  of commercial  l ipase according to the 
known assay  {18). The specific act iv i ty  t ha t  was  deter- 
mined by  the t i t r imetr ic  assay  is expressed by  a higher 
number  than  the one for the improved spectrophotometric 
method.  This  m a y  be due to the different types  of 
subs t r a t e s  used {olive oil vs thioesters).  However,  the  
spectrophotometr ic  assay is more sensitive. I t  is possible 

TABLE 2 

Comparison of the Minimum Amount of Lipase 
Detected by Different Methods 

Substrate 

Olive oil Compound 1 Compound 2 

Vmax units/mg 30 0.246 0.713 
Minimum amount 

of lipase (mg/ml) 1 0.075 0.032 

to detect  l ipase act ivi ty  at  levels 10 to 30 t imes lower 
when using compounds  1 and 2, respect ively (Table 2). 

In  conclusion, with the improved spect rophometr ic  
method, small amounts  of lipase activity can be measured 
and more assays  can be carried out  within a shor t  period 
of time. 
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COMMUNICATIONS i 
Lack of Regression of Preestablished Gallstones in Mice 
Anton C. Beynen* 
Department of LaboratoryAnimal Science, State University, Utrecht, and Department of Human Nutrition,Agricultural University, Wageningen, 
The Netherlands 

Feeding a high cholesterol, high cholic acid diet to 
mice for 28 days caused increased concentrations 
of  plasma and liver cholesterol and formation of  
gallstones. Removal of  cholesterol and cholic acid 
from the diet led to normalization of  plasma and 
liver cholesterol within 28 days. Regression of  the 
preestablished gallstones did not occur within 107 
days. 
Lipids 22, 542-543 (1987). 

In various animal models, such as hamsters (1-4), prairie 
dogs (5) and mice (6,7), selective dietary manipulation 
causes gallstone formation. In hamsters, gallstones previ- 
ously induced by feeding a lipid-free diet containing su- 
crose and casein are solubilized when casein is replaced 
by soybean protein (3). Gallstone dissolution also oc- 
curred when part of the sucrose component was replaced 
by pectin (4). In prairie dogs, dietary cholesterol-induced 
gallstones were found to disappear after removal of choles- 
terol from the diet (5). It thus appears that in these animal 
models regression of preestablished gallstones will occur 
after proper dietary change. In the studies mentioned 
(3-5), regression was seen within seven weeks after in- 
stitution of the litholytic diet. 

In a study in which a high cholesterol, high cholic acid 
diet was fed to seven inbred strains of mice (8), we fortui- 
tously found the C57BL/U strain to be the only one that 
developed gallstones. The objective of the present study 
was to see whether preestablished gallstones in these 
inbred mice disappear when cholesterol and cholic acid 
are removed from the diet. 

MATERIALS AND METHODS 

Female and male mice, aged 7 to 38 weeks, of the C57BL/ 
U strain were used. The strain is fully inbred; it is main- 
tained at the Department of Laboratory Animal Science, 
Utrecht, The Netherlands. The mice were kept in wire- 
topped, polycarbonate cages (2 to 14 animals per cage) 
with a layer of sawdust as bedding. The cages were located 
in a room with controlled lighting (light, 06.00-20.00 hr; 
dark, 20.00-06.00 hr), constant temperature (18--20 C) 
and constant relative humidity (55-65%). 

All mice had been fed a commercial pelleted mouse 
diet (RMH-B | Hope Farms, Woerden, The Netherlands). 
On day 0 of the experiment, the mice of each sex were 
divided into a control and a test group with similar age 
distributions. The control mice (24 males, 37 females) 
were fed the commercial diet. The test groups (37 males, 
23 females) were fed a pelleted lithogenic diet consisting 
of the commercial diet (92.5%, w/w), olive oil (5%), choles- 
terol (2%) and cholic acid (0.5%). Food and water were 
provided ad libitum. 

On days 22, 23, and 27, mice were examined by vet- 
erinarians to assess possible discomfort; results have been 

*To whom correspondence should be addressed at the Department 
of Laboratory Animal Science, State University, P.O. Box 80.166, 
3508 TD Utrecht, The Netherlands 

published elsewhere (9). On day 28, 12 mice of each sex 
and diet group were chosen randomly for blood sampling 
and gallbladder examination. Blood samples were taken 
in the nonfasting state (between 09.00 and 13.00 hr) by 
orbital puncture into heparinized tubes under light 
diethyl ether anesthesia. Then, the anesthetized animals 
were killed by cervical dislocation, and the livers were 
removed. The gallbladder was examined visually for the 
presence of gallstones. 

From day 28 on, the remaining control mice continued 
to receive the control diet for another 107 days. On day 
135, they underwent the procedure described above. Mice 
that had been fed the lithogenic diet were transferred to 
the control diet. Six or seven animals were chosen for 
autopsy at days 56, 70, 93 and 135 of the experiment. 

Plasma total cholesterol was determined enzymatically 
using a kit (Monotest | supplied by Boehringer Mann- 
heim GmbH (Mannheim, FRG). Liver cholesterol was ex- 
tracted and analyzed according to the procedure of Abell 
et al. (10). 

RESULTS AND DISCUSSION 

Table I shows that feeding the lithogenic diet for 28 days 
caused increases in plasma cholesterol concentrations of 
44 and 82% in male and female mice, respectively. Liver 
cholesterol had increased dramatically. There was a 20- 
fold increase in both males and females. The lithogenic 
diet increased liver weight. Hepatomegaly, expressed as 
percentage increase in liver wet weight, was about 50%. 
The enlarged livers showed a grey-white appearance. 

A/~r  28 days, the lithogenic diet significantly induced 
the formation of gallstones in male and female mice, the 
incidences being 11 and 8 out of 12 animals, respectively 
(Table 1). The gallstones within the gallbladder could be 
observed by the naked eye; they were present as spherical 
aggregates with diameters ranging between 0.1 and 0.8 
ram. The gallbladders of the mice fed the lithogenic diet 
were markedly expanded by the accumulation of bile 
fluid. The stones moved freely within the bladder. Ebihara 
and Kiriyama (7), also using a high cholesterol, high 
cholic acid diet, reported similar observations in male 
ICR mice, and the gallstones were found to be typical 
cholesterol gallstones. 

Table 1 also shows data of mice placed on the control 
diet after 28 days on the lithogenic diet. After another 
28 days (day 56 of the experiment) on the control diet, 
plasma cholesterol had fallen toward control values in 
female mice, but was still somewhat increased (by about 
10%) in the males. This increase in the male mice per- 
sisted throughout the experiment; it was not due to a 
time effect because plasma cholesterol concentrations re- 
mained constant in the mice fed the control diet during 
the entire experiment. 

Within 28 days on the control diet (day 56) following 
the lithogenic diet, liver cholesterol concentrations had 
already dropped to values seen in animals fed the control 
diet all the time. Liver weight probably returned to con- 
trol values, although at certain days (70 and 93), liver 
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Influence of  Control and Lithogenic Diet on P l a s m a  a n d  Liver  Cholesterol and Incidence of  
Gallstones 
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Body wt Plasma cholesterol Liver wt Liver cholesterol Gallstone 
Day Sex n (g) (mmol/1) (g) (~mol/g) incidence 

Control diet 
28 M 12 26.5 • 1.1 1.99 • 1.6 • 6.8 • 0.6 0/12 
28 F 12 22.0 • 1.3 2.30 _+ 0.33 1.3 • 0.1 8.3 • 1.1 0/12 

135 M 12 28.4 • 2.2 1.94 +_ 0.21 1.9 • 0.2 7.6 +- 0.6 0/12 
135 F 11 22.7 • 1.6 2.14 • 0.20 1.4 • 0.2 8.9 • 0.7 0/11 

Lithogenic diet 
28 M 12 26.8-+ 0.9 2.87 • 0.44 2.6 • 0.2 144.4 • 24.1 11/12 
28 F 12 19.6 • 4.5 4.18 • 1.77 2.2 • 0.3 179.0 +_ 33.5 8/12 

Lithogenic diet--* Control diet 
56 M 6 28.8 • 1.6 2.11 • 0.40 1.8 • 0.3 7.0 • 0.5 6/6 
56 F 6 23.6 • 1.4 2.26 • 0.20 1.6 • 0.2 7.9 _+ 2.8 3/6 
70 M 6 31.2 • 2.4 2.18 • 0.17 2.1 • 0.3 7.2 • 1.1 6/6 
70 F 6 24.4 • 2.3 2.49 • 0.22 1.4 • 0.4 8.3 • 0.5 6/6 
93 M 6 28.6 • 1.8 2.35 • 0.18 2.1 • 0.3 6.5 • 1.1 4/6 
93 F 6 22.8 • 5.3 2.26 • 0.19 1.4 • 0.4 9.5 • 0.7 6/6 

135 M 6 27.9 • 1.7 2.21 • 0.11 1.9 • 0.1 7.5 • 0.9 4/6 
135 F 7 25.0 • 3.1 2.23 • 0.29 1.5 • 0.2 8.9 • 1.1 6/7 

Results expressed as means • SD. On day 0, mice were divided into two groups per gender. Control mice 
(24 males, 23 females) remained on the commercial (control) diet; the other groups (37 males, 37 females) 
were transferred to the lithogenic diet. On day 28, some mice on both control and lithogenic diets were 
autopsied. The remaining mice were either maintained longer on the control diet or transferred from the 
lithogenic to the control diet for another period of up to 107 days. On day 23, one male mouse in the group 
on the lithogenic diet died. 

weight may .still have been somewhat increased in the 
males. 

Table 1 shows that despite normalization of plasma 
and liver cholesterol concentrations, there was no regres- 
sion of gallstones. Even after a period of 107 days (day 
135) on the control diet the animals invariably displayed 
gallstones. Within 28 days (day 56) on the control diet, 
gallbladders were no longer expanded, and gallstones 
were packed together in the bladder. 

It is unfortunate that we do not have information about 
the composition and concentration of biliary lipids. In 
any event, it is very difficult to obtain samples of bile 
fluid from mice fed the control diet, irrespective of 
whether these animals bear gallstones or not, because 
the total volume of bile fluid is extremely small. The 
inbred mice used in this study show a relatively small 
serum cholesterol response to a high cholesterol diet (8). 
Six inbred strains (8) that were more susceptible to choles- 
terol feeding were found not to develop gallstones. Possi- 
bly, susceptibility to cholesterol-induced hypercholes- 
t e r o l e m i a  and  ga l l s tone  fo rma t ion  are  inve r se ly  r e l a t ed  
to some ex ten t .  

I t  is c lea r  f rom th i s  s tudy  u s ing  mice  t h a t  ga l l s tones  
p rev ious ly  induced  by feed ing  h i g h  a m o u n t s  of  choles terol  
and  cholic acid do no t  disappear ,  a t  l eas t  not  w i t h i n  107 
days, w h e n  choles terol  and  cholic acid a re  r emoved  f rom 
the  diet .  In  contras t ,  e a r l i e r  work  u s ing  p ra i r i e  dogs (5) 
and  h a m s t e r s  (3,4) has  sugges ted  t h a t  p rees t ab l i shed  
ga l l s tones  m a y  dissolve w i t h i n  seven weeks  a f te r  feed ing  
a l i tho ly t i c  diet .  Th is  d i sc repancy  m a y  be r e l a t ed  to t h e  

use  of  d i f ferent  a n i m a l  species and/or  d i f ferent  l i thogen ic  
and  l i tho ly t ic  diets .  
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Purification of High Affinity Fatty Acid Receptors 
in Rat Myocardial Sarcolemmal Membranes 
Satoshi Fujii, Hideaki Kawaguchi  and Hisakazu Yasuda* 
Department at Cardiovascular Medicine, Hokkaido University School of Medicine, Sapporo, Japan 

High affinity receptors for fatty acid were purified from 
rat cardiac sarcolemmal membrane using gel filtration, 
DEAE-cellulose chromatography and affinity chroma- 
tography. The purified protein was homogeneous on 
polyacrylamide gel electrophoresis with the molecular 
weight of 60 kDa. Binding studies revealed the presence 
of a single class of high affinity binding sites with an ap- 
parent dissociation constant of 1.0 ~M and a maximal 
binding capacity of 12.1 pmol/~g protein. 
Lipids 22, 544-546 (1987}. 

Cytosolic proteins, which are capable of binding fatty 
acids, have been identified in various tissues, e.g., in- 
testinal mucosa, liver and myocardium (1-3}; these are 
called fatty acid binding proteins (FABP). These cytosolic 
proteins are considered to aid fat ty acid distribution to 
various pools and pathways, affecting many enzyme 
reactions. 

Fat ty  acid incorporation through the membrane 
phospholipid bilayer has been considered to be a simple 
diffusion process (4,5). However, Escherichia coli is 
reported to have a transport system for fatty acids (6), 
and kinetic studies suggested that  at least a portion of 
the cellular fatty acid uptake is carrier-mediated (7). Fur- 
thermore, membrane receptors responsible for fatty acid 
binding are isolated in rat liver plasma membrane (8) and 
kidney basolateral membrane (9}. These studies indicate 
that  fatty acid transport across membrane is at least 
partly a carrier-mediated process. We report here data 
that  have led us to conclude that rat heart sarcolemmal 
membranes contain a single class of high affinity recep- 
t o r s  for fat ty acids, which was purified to apparent 
homogeneity. 

MATERIALS AND METHODS 

Materials. [~4C]Palmitic acid (58 mCi/mmol) was obtained 
from Amersham International (Arlington Heights, IL); 
biochemicals were from Sigma (St. Louis, MO); salts and 
solvents were from Wako (Tokyo, Japan); Sephadex G-75 
and Sepharose 4B were from Pharmacia (Uppsala, 
Sweden); DE-52 was from Whatman (Springfield, U.K.); 
Lipidex-1000 was from Packard (Downers, Grove, IL) and 
Bio-Beads SM-2 were from Bio-Rad (Richmond, CA). 

Preparation of sarcolemmal vesicles. Rats were 
anesthetized with ether and hearts were excised and 
cooled in ice-cold saline; the tissue samples were finely 
minced with scissors and homogenized in sucrose (0.3 M) 
containing MgSO4 (5 mM) buffered with imidazole-HC1 
(10 mM, pH 7.0). Sarcolemmal vesicles were purified by 
a method analogous to the one described by Reeves and 
Sutko (10). The yield of the membrane vesicles, starting 
with ventricular tissue from 20 rats, was 20-30 mg of pro- 
tein. They showed a sevenfold increase over the crude 

*To whom correspondence should be addressed. 
Abbreviation: FABP, fatty acid binding protein. 

homogenate in the activity of ouabain-sensitive (Na § + 
K§ Mg 2§ dependent ATPase (E.C. 3.6.1.3}, 
widely considered to be the marker for sarcolemmal mem- 
branes, and a very low enrichment of cytochrome c ox- 
idase and Ca~+ATPase, the markers for mitochondria and 
sarcoplasmic reticulum. 

Binding of [~4C]fatty acids. ['4C]Fatty acid binding was 
determined by the method of Glatz and Veerkamp Ill}. 
Unless otherwise stated, incubation mixtures consisted 
of 1 ~M [~4C]palmitate, Pi/KC1 (0.1 M KC1/0.05 M potas- 
sium phosphate, pH 7.5) and protein in a total volume 
of 0.45 ml. Nonspecific binding was evaluated in parallel 
incubations of FABP denatured by prior incubations for 
4 hr at 70 C. To obtain specific binding, this value was 
always subtracted from the initial value. All incubations 
were carried out at 37 C for 15 min. The reactions were 
stopped by adding 0.05 ml of Lipidex suspension (0.1 g 
dry Lipidex/ml 0.05 M potassium phosphate}, which ad- 
sorbs unbound fat ty acids. Following vigorous mixing 
and centrifugation, 0.4 ml of the supernatant was 
withdrawn and the radioactivity was measured. Before 
precise FABP activity assay, detergent was removed by 
Bio-Beads SM-2. 

Purification of FABP. Sarcolemmal vesicles were 
solubilized with 1% iv/v) Triton X-100. After centrifuga- 
tion at 100,000 • g for 60 min, the Triton-extracted 
supernatant was delipidated on a Lipidex column (2.6 • 
16 cm} riO} and gel-filtered through a Sephadex G-75 col- 
umn {2.6 X 70 cm) with buffer A (Pi/KC1/0.25% Triton 
X-100). FABP-rich fractions were pooled and applied to 
a DE-52 column {2.1 • 15 cm} equilibrated with buffer 
A. After being washed with buffer A, the column was 
developed with a linear gradient of 0.1 M--0,6 M KC1 in 
buffer A {200 ml). FABP-rich fractions were pooled and 
applied to a Bio-Beads SM-2 column {1.5 X 5 cm} 
equilibrated with Pi/KC1 to remove Triton X-100. The 
sample was then applied to an oleate-Sepharose 4B col- 
umn {1.5 X 6 cm} prepared by the method of Peters et al. 
{12) and equilibrated with Pi/KCI. Then the column was 
washed with the same buffer; no FABP activity was 
eluted. The column was then developed with Pi/KC1 con- 
taining 0.5% Triton X-100. Detergent was removed by 
Bio-Beads SM-2, and the FABP-rich samples were pooled 
and concentrated by ultrafiltration (UK-10, Toyo, Tokyo, 
Japan} and used as final FABP. 

Other methods. Protein was determined by the method 
of Sedmak and Grossberg {13}, and polyacrylamide gel 
electrophoresis was carried out using the system of Maizel 
(14}. 

RESULTS 

Purification of FABP. The results of purification are sum- 
marized in Table 1. Of the total protein in the membrane 
fractions, ca. 89% was recovered after solubilization. The 
final recovery of FABP was 17.2% of the total activity, 
and its specific activity was 10.4 pmol/~g protein. SDS- 
polyacrylamide gel electrophoresis patterns from the 
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TABLE 1 

Purification of FABP from Rat Myocardial Sarcolemmni Membrane 

Total protein Total activity Specific activity Yield Purification 
Steps (mg) (pmol) (pmol/~g protein) a (%) (-fold) 

Membrane 27.0 6750 0.25 100 1 
Triton extract 13.1 6008 0.46 89 1.8 
Sephadex G-75 2.07 3578 1.73 53.0 6.9 
DE-52 chromatography 0.69 2093 3.05 31.8 12.2 
Oleate-AH Sepharose 4B 0.11 1161 10.4 17.2 41.6 

aMeasured with 1 gM ['4C]palmitate at 37 C. 
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FIG. 2. Time-(A), temperature-{B) and pH-(C) dependence of FABP 
activity. FABP activity was measured with modifications given 
below. (A) Incubation for varying time at 37 C with 5 ~g FABP (pH 
7.6). (B) Incubation at varying temperature for 15 min with 5 pg 
FABP (pH 7.6). (C) Incubation at varying pH and 37 C for 15 min 
with 5 ~g FABP. Identical pH was observed in potassium-and 
sodium-phosphate buffers. 

FIG. 1. Electruphoresis of 10 pg of FABP on 0.1% SDS-10% 
polyacrylamide gel. Proteins of known subunit molecular weight used 
to calibrate in the gel system included lysozyme (14.4 kDa), soybean 
trypsin inhibitor (21.5 kDa), carbonic anhydrase (31 kDa), ovalbumin 
(45 kDa), bovine serum albumin (66.2 kDa) and phosphorylase B (92.5 
kDa). 

solubilized proteins revealed multiple bands. In contrast ,  
the final eluate from the Sepharose 4B column contained, 
after reduction, only a single band of est imated molecular 
weight of 60 kDa (Fig. 1). Purified F A B P  was stored at  
- 7 0  C and was stable for up to 4 wk. 

Amphiphilicity of FABP. On gel f i l tration th rough  
Sephadex G-75, purified FABP was eluted in a single peak 
in the presence of Tri ton X-100, but  in several peaks scat- 
tered in the absence of the detergent  (data not  shown), 
indicated purified FABP forms aggregates in the absence 
of the detergent.  On polyacrylamide gel electrophoresis, 
purified F A B P  did not  enter  the gel in the absence of 
0.25% Tri ton X-100 containing electrode buffer (data not  
shown). Purified F A B P  was completely adsorbed to the 
oleate-Sepharose 4B column in the absence of the 
detergent,  and eluted with 0.5% Tri ton containing buf- 
fer. These results indicate the amphiphilic nature  of the 
purified FABP.  

10 

C 

10 
PALMITATE ADDED (pM) 

FIG. 3. Binding of paimitate by FABP. Results of a representative 
experiment is shown. Purified FABP samples (8 ~g) were incubated 
with various concentrations (0.2-8.4 ~M) of ['4C]palmitate; n = 7. 
Inset: Scatchard analysis of the binding of palmitate by FABP. The 
ratio of bound to free ['4C]paimitate against the concentration of 
bound [14C]palmitate is shown. Kd = 1.0 ~M, Bmax = 12.1 pmol/~g 
protein. 

Fatty acid binding properties. Several characterist ics 
of the fa t ty  acid binding capacity were investigated. 
F A B P  showed rapid and complete binding until  10 min 
of incubation and optimal binding act ivi ty at  37 C and 
pH 7.6 (Fig. 2). The binding was linear in the range of 
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TABLE 2 

Inhibition by Unlabeled Ligands for [~4C]Palmitate Binding to FABP 

Inhibitor Inhibition (%} 

Palmitate 25.5 
Stearate 14.8 
Oleate 20.0 
Arachidonate 19.3 
Palmitoyl CoA 30.3 
CoA 3.5 
Cholesterol 2.1 
Phosphatidylcholine 3.8 

Purified FABP (5 ~g} was preincubated for 15 min at 37 C with 
unlabeled ligands (5 ~M in all cases} prior to the addition of 
['4C]palmitate (1 ~M). Inhibition (6/o} is the ratio to the binding ac- 
tivity without unlabeled ligand. 

5-50  ~g of the  protein.  Equi l ibr ium binding of 
[14C]palmitate to F A B P  was saturable, and Scatchard 
analysis revealed the presence of a single class of high 
affinity binding sites for F A B P  (Fig. 3). An apparent  
dissociation constant  (Kd) of 1.0 ram and a maximal bind- 
ing capacity of 12.1 pmol/~g protein were determined. 
Thus, the purified F A B P  showed a high affinity for 
palmitate.  The ability of various unlabeled fa t ty  acids, 
their CoA derivatives, cholesterol and phosphatidyl- 
choline to displace [14C]palmitate from FABP was studied 
(Table 2). FABP showed a high affinity for palmitoyl CoA 
but  not  for free CoA. Various fa t ty  acids showed con- 
siderable inhibition, bu t  cholesterol or phosphatidyl-  
choline showed no inhibition at all. 

DISCUSSION 

These studies demonst ra te  tha t  ra t  sarcolemmal mem- 
brane has a single protein with a high affinity for f a t ty  
acid, which has a molecular weight of 60 kDa and a single 
class of high affinity binding sites. Based on its molecular 
weight and the binding capacity, this protein is clearly 
distinguished from the protein responsible for f a t ty  acid 
binding shown in rat  liver plasma membranes (8), which 
has a molecular weight of 40 kDa and binding capaci ty 
of 3.2 pmol/~g membrane protein for oleate, or the re- 
cently reported partially purified F A B P  in E. coli mem- 
branes, which has a molecular weight of 26.5 kDa and 
binding capaci ty of 3.0 pmol/~g membrane protein for 
palmitate  (15). The results  show also tha t  this protein is 

different from the cytosolic cardiac F A B P  (16,17), which 
is a soluble protein with a molecular weight of ca. 14 kDa 
and large binding capacity for various fa t ty  acids. The 
affinity of this sarcolemmal F A B P  for f a t ty  acids has 
many propert ies expected of physiologically impor tant  
binding proteins. The existence of an apparent  saturable 
heat-sensitive binding site with a high affinity for f a t ty  
acids is compatible with the appealing hypothesis  tha t  
f a t t y  acids cross the sarcolemmal membrane by a 
membrane~associated carrier-mediated t ranspor t  sys tem 
and then bind to the soluble cytosolic cardiac F A B P  
previously described. Fur ther  studies will be required to 
determine the role of sarcolemmal F A B P  in the regula- 
t ion of myocardial  lipid metabolism. 

ACKNOWLEDGMENTS 
We thank Dr. Setsuro Hazama {Department of Pharmacology, Hok- 
kaido University School of Medicine; Head: Morio Kanno) for 
assistance and helpful comments. This work is supported by Grant- 
in-Aid for Scientific Research 62624501 from the Ministry of Educa- 
tion, Science and Culture of Japan. 

REFERENCES 
1. Ockner, P.K., Manning, J.A., Poppenhausen, R.B., and Ho, 

W.K.L. {1972} Science 177, 56-58. 
2. Mishkin, S., and Turcotte, R. {1974} Biochem. Biophys. Res. 

Commun. 60, 376-381. 
3. Said, B., and Schulz, H. {1984) J. Biol. Chem. 259, 1155-1159. 
4. DeGrella, R.F., and Light, R.J. {1980} J. BioL Chem. 255, 

9739-9745. 
5. Scow, R.O., Blanchette-Mackie, E.J., and Smith, L.C. {1980} Fed. 

Proc. 39, 2610-2617. 
6. Klein, K., Steinberg, R., Fiethen, B., and Overath, P. {1971} Eur. 

J. Biochem. 19, 442-450. 
7. Nunn, W.D., and Simmons, R.W. (1978) Proc. NatL Acad. Sci. 

USA 75, 3377-3381. 
8. Stremmel, W., Strohmeyer, G., Borchard, F., Kochwa, S., and 

Berk, P.P. (1985) Proc. Natl. Acad. Scs USA 82, 4-8. 
9. Fujii, S., Kawaguchi, H., and Yasuda, H. {1987}s Biochem. 101, 

679-684. 
10. Reeves, J.P., and Sutko, J.L. {1979} Proc. NatL Acad. Sci. USA 

76 590-594. 
11. Glatz, J.F.C., and Veerkamp, J.H. {1983} Anal. Biochem. 132, 

89-95. 
12. Peters, T. Jr., Taniuchi, H., and Anfinsen, C.B. Jr. {1973}s BioL 

Chem. 248~ 2447-2451. 
13. Sedmak, J.J., and Grossberg, S.E. {1977} Anal. Biochem. 79, 

544-552. 
14. Maize], J.V. {1971} Methods Virol. 5, 179-246. 
15. Kameda, K. (1986)Biochem. Int. 13, 343-350. 
16. Glatz, J.F.C., Janssen, A.M., Baerwaldt, C.C.F., and Veerkamp, 

J.H. (1985) Biochim. Biophys. Acta 837, 57-66. 
17. Offner, G.D., Troxler, R.F., and Brecher, P. (1986)J. Biol. Chem. 

261, 5584-5589. 

[Received Janua ry  26, 1987] 

LIPIDS, Vol. 22, No. 7 (1987) 



In Vivo Incorporation of Labeled 
After Oral Administration 
J. Leyton, P.J. Drury and M.A. Crawford 
Nutritional Biochemistry Unit, The Institute of Zoology, Regent's Park, 

Striking differences were found in the compartment- 
alization of  fatty acids into liver lipid fractions. The 
saturated fatty acids--lauric,  myristic, palmitic and 
stearic--were incorporated into phosphoglycerides 
at faster rates with increasing chain lengths, while  
triglyceride incorporation was almost uniform. The 
degree of incorporation of  the unsaturated fatty 
acids into phosphoglycerides (structural) compared 
to triglyceride (storage and energy) was the converse 
of their oxidation rates. The incorporation of oleic, 
l inoleic and ~-linolenic acids was mainly into tri- 
glyceride, whereas  dihomo-~/-linolenic acid and 
arachidonic acid were preferentially incorporated 
into phosphoglycerides.  The data suggest that distri- 
bution of each fatty acid is different depending on 
its destination for structural or energy function. 
Lipids 22, 553-558 t1987). 

Investigations on comparative metabolism of fatty 
acids in whole body systems (1,2), perfused organs (3) 
and myocardial preparations (4,5) indicate that  cellular 
uptake and oxidation of fatty acids varied with degree 
of unsaturation and chain length. Studies carried out 
in this laboratory have shown that  the different fatty 
acids are oxidized at different rates in weanling rats. 
Since part of the nonoxidized fatty acids taken up from 
the circulation is converted to tissue structural lipids 
(6,7), it is important to know how the fatty acids are 
distributed in the different lipid fractions. 

Animal membrane lipids consist basically of choles- 
terol and phosphoglycerides, which are the determi- 
nants of membrane fluidity (8). The contribution of the 
phosphoglycerides to the fluidity of membrane depends 
on the balance between individual phosphoglycerides 
and the nature of the fatty acyl groups. The fatty acyl- 
CoA structure (length, unsaturation, double bond posi- 
tion, configuration of bond lengths) plays a significant 
role in governing the properties of membranes (9,10), 
lipoprotein complex formation (11) and activities of en- 
zymes. The neutral  lipids store fatty acids for energy, 
but a proportion may also be transferred to structural 
pools. Sinclair (12) showed that  in suckling rats aged 
1-15 days, about 25% of the liver triglycerides consists 
of long chain polyunsaturated fatty acids, compared to 
less than 8% in adult rats. However, a higher proportion 
of arachidonic and docosahexaenoic acids was incorpo- 
rated into liver phosphoglycerides than into tri- 
glycerides in suckling rat pups. 

The study reported here examined further the incor- 
poration and compartmentalization of fatty acids into 
individual phosphoglycerides and neutral  lipids, after 
the main oxidative phase, 24 hr following oral adminis- 
tration of labeled lauric (12:0), myristic (14:0), palmitic 

Abbreviations: CPG,  choline phosphoglycerides; EPG, 
ethanolamine phosphoglycerides; SPG, serine phosphoglycerides; 
IPG, inositol phosphoglycerides; RSA, relative specific activity; 
MCT, medium chain triglycerides. 

Fatty Acids in Rat Liver Lipids 

553 

London N.WA 4RY, England 

(16:0), stearic (18:0), oleic (18:1n-9), (~-linolenic (18:3- 
n-3), linoleic (18:2n-6), ~-linolenic (18:3n-6), dihomo-~- 
linolenic (20:3n-6) and arachidonic acids (20:4n-6). 

MATERIALS AND METHODS 

Animals. For the early part of the experiment, Sprague- 
Dawley female rats of the CFY strain were bred in the 
Institute of Zoology; after weaning at 21 days, they were 
used for the metabolic experiments. However, at a later 
date, weanling rats of the same genetic strain were 
obtained from Benton and Kingman (Yorkshire, U.K.). 

The rats were kept under controlled conditions with 
a 12-hr light-dark cycle, a temperature range of 19-23 
C and relative humidity of ca. 55%. Animals were fed 
a special low calorie RM3 breeding diet obtained from 
the Special Diet Service (Witham, Essex, U.K.) contain- 
ing 3.2% fatty acids, whose composition was 12:0 
(0.05%), 14:0 (0.19%), 14:1 (0.1%), 16:0 (0.3%), 16:1 
(0.1%), 18:0 (0.1%), 18:1 (1.0%), 18:2n-6 (1.0%), 18:3n-3 
(0.16%) and 20:4n-6 (0.16%). 

Weaned rats, 23-26 days old and weighing 60-80 g, 
were used in these experiments. All experiments within 
a series were performed at the same time of day to avoid 
diurnal variations. Animals were kept in the metabolic 
chamber for 24 hr and had free access to food and water. 
Labeled [1-14C]lauric acid (26 mCi/mmol), [1-14C]pal- 
mitic acid (58 mCi/mmol), [1-14C]stearic acid (60 mCi/ 
mmol), [1-14C]oleic acid (57 mCi/mmol), [1-14C] linoleic 
acid (57 mCi/mmol), [1-1nC](~-linolenic acid (50 mCi/ 
mmol) and [1-14C]arachidonic acid (50 mCi/mmol) were 
purchased from Amersham International Ltd. (Amer- 
sham, Bucks, U.K.). [1-14C]Myristic acid (54.5 mCi/ 
mmol) was obtained from Fluorochem Ltd. (Gosport, 
U.K.). [1-14C]~-Linolenic acid (55 mCi/mmol) and [1- 
14C]dihomo-~-linolenic acid (55 mCi/mmol) were ob- 
tained from Roche Product Ltds. (Hert, U.K.). All were 
judged 98% pure by radio gas liquid chromatography 
except linoleic (96%) and dihomo-~]-linolenic (99%) 
acids. Radiolabeled fatty acid (6 ~Ci) was introduced 
into a vial containing 0.2 ml olive oil, and the solvent 
was evaporated under a stream of N2. The oil and isotope 
mixture was then administered orally to the rat  
through a Jackson catheter (Arnold, Veterinary Product 
Ltd., Reading, U.K.). 

Preparation of the metabolic chamber. After oral ad- 
ministration of the labeled fatty acid, the rat was im- 
mediately placed in the "metabolic chamber" (Jencon 
Ltd., Berk, U.K.). A current of dry carbon dioxide-free 
air was pumped through the metabolic chamber by a 
Hyflo Technical Model C pump (Scientific Suppliers, 
London), carrying with it the expired 14CO2 from the 
rat. The expired 14CO2 was dried by being passed 
through concentrated sulphuric acid and trapped in two 
collection columns containing a mixture of 
methoxyethanolamine/ethanolamine (2:1, v/v), 500 ml 
in the first column and 300 ml in the second column. 

In vivo recovery of ~C02. From the first collection 
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TABLE 1 

Percentage of Labeled Fat ty  Acid Expired as '~CO2 in Rats 24 Hours After Oral Administration a 

[14C] Fatty acids 

Time (hr) 12:0 14:0 16:0 18:0 18 :1  18:2n-6 18:3n-6 18:3n-3 20:3n-6 20:n-6 

1 9.9+3.9 3.1• 0.5+_0.1 0.3+_0.2 4.4+_1.9 8.9• 
(n 9) (n = 8) (n = 8) (n = 8) (n = 5) (n = 5) 

3 20.8+_6.1 15.3+_4.2 6.1+_2.0 5.6+_2.8 37.0+_3.1 13.0• 
(n = 6) (n = 4) (n = 6) (n = 4) (n = 5) (n = 5) 

7 46.0+_6.7 30.0+_6.7 15.0+_3.9 17.0+_1.8 49.0+_1.9 28.0+_5.8 
(n = 6) (n = 4) (n - 6) (n = 4) (n = 5) (n = 5) 

24 63.0-+7.7 40.0• 32.0+_3.2 25.0+_2.8 57.0+_2.1 48.0• 
(n = 9) (n = 8) (n = 8) (n = 8) (n = 8) (n = 9) 

5.0+1.0 2.9_+1.8 1.0+_0.5 0.8+_0.4 
(n = 8) (n = 8) (n = 8) (n = 7) 

5.5• 21.0+_8.9 2.0_+0.5 2.6+_1.1 
(n = 8) (n = 4) (n = 8) (n = 3) 

13.0+_1.5 43.0+_1.5 5.0+_1.5 5.7+_1.3 
(n = 8) (n = 4) (n = 8) (n = 3) 

27.0+_3.0 64.0+_2.9 14.0• 14.0+_7.3 
(n = 8) (n = 8) (n = 8) (n = 7) 

Results are expressed as mean • SEM. 
aExpressed as percentage of the administered dose. 

c o l umn ,  10-ml a l i q u o t s  of  t r a p p i n g  a g e n t  were  r e m o v e d  
a t  1, 3, 7 a n d  24 hr. A t  24 hr, 10 m l  was  a lso  r e m o v e d  
f rom t h e  second  c o l u m n  to a c c o u n t  for a n y  overf low of  
l a b e l e d  CO2 f rom t h e  f i rs t  co lumn .  F r o m  each  s a m p l e ,  
four  2 -ml  a l i q u o t s  were  r e m o v e d  a n d  a d d e d  to s c i n t i l l a -  
t i o n  v i a l s  c o n t a i n i n g  10 ml  s c i n t i l l a t i o n  f lu id  (0.81 g 
S c i n t i m i x  2, [25% PPO,  5% d i m e t h y l  P O P O P ] ,  d i s s o l v e d  
in  a 180-ml  m i x t u r e  of  t o l u e n e / m e t h o x y e t h a n o l a m i n e /  
e t h a n o l a m i n e  [100:70:10, v/v/v])  a n d  coun ted .  

Lipid extraction. Af te r  24 hr, t he  r a t s  were  k i l l e d  by 
decap i t a t i on ,  and  the  l ivers  were  removed,  washed  in  ice- 
cold sa l ine ,  b lo t t ed  dry, and  t h e n  weighed .  L ip ids  were  
e x t r a c t e d  u s i n g  the  m e t h o d  of  Folch e t  al.  (13). The  l iver  
was  homogen ized  w i th  a 20-fold vo lume  of  chloroform/ 
m e t h a n o l  (2:1, v/v) c o n t a i n i n g  10 m g  of b u t y l a t e d  hydro-  
x y t o l u e n e  (BHT)/1 as  a n  a n t i o x i d a n t ,  wh ich  was  t h e n  
f lushed w i th  n i t r o g e n  and  lei~ to e x t r a c t  ove rn igh t  a t  4 
C. The  h o m o g e n a t e  was  f i l t e red  t h r o u g h  W h a t m a n  No. 
1 f i l te r  paper ,  and  t h e  r e s idue  was  w a s h e d  w i th  a n  addi -  
t i ona l  10 ml  of ch lo ro fo rm/methano l  (2:1, v/v). The  f i l t r a t e  
was  t r a n s f e r r e d  to s e p a r a t i o n  funne l  a n d  d i l u t ed  to 100 
ml  w i t h  ch lo ro fo rm/me thano l  (2:1, v/v), m i x e d  w i t h  20 
ml  of 0.85% sod ium chlor ide  (v/v), s h a k e n  a n d  lef t  to 
p a r t i t i o n  ove rn igh t  a t  4 C. The  lower o rgan ic  p h a s e  was  
t r a n s f e r r e d  to a r o u n d - b o t t o m  f lask  a n d  e v a p o r a t e d  w i th  
N2 in a Rotavap-R (Buchi,  Orme  Scient if ic ,  Midd le ton ,  
Manches te r ,  U.K.), u n d e r  r educed  p r e s s u r e  a t  37 C. The  
l ip id  e x t r a c t  was red i s so lved  in  20 ml  of chloroform, 
f lushed  w i t h  N 2 a n d  s tored  a t  4 C. Two 2-ml  a l iquo t s  were  
r emoved  from the  l ip id  ex t r ac t  a n d  t r a n s f e r r e d  to sc in t i l -  
l a t i on  via ls .  The  so lven t  was  e v a p o r a t e d  u n d e r  N2, 10 ml  
s c i n t i l l a t i o n  f luid (Unisolve 1, Koch-Ligh t  Labo ra to r i e s ,  
B u c k i n g h a m s h i r e ,  U.K.) was  added  a n d  t h e  s a m p l e s  were  
counted.  

Thin layer chromatography. The  l ip id  c lasses  were  sepa-  
r a t e d  by  t h i n  layer  c h r o m a t o g r a p h y  u s i n g  S i l i ca  Ge l  G 
for n e u t r a l  l i p id  a n d  S i l i ca  Gel  H for phosphog lyce r ide  
s epa ra t ion .  A 2.5-ml a l i quo t  of l iver  l ip id  ex t r ac t  con ta in -  
i ng  ca. 10 m g  of  l ip id  was  e v a p o r a t e d  to d rynes s  u n d e r  
N2, r ed i s so lved  in a s m a l l  vo lume  of  chloroform (10 ~l) 
and  app l i ed  to t he  p l a t e  as  a na r row  b a n d  u s i n g  a capi l -  
l a r y  tube .  

The  so lven ts  used  for phosphog lyce r ide  s e p a r a t i o n  were  
ch l o ro fo rm/me thano l / n -p ropano l /me thy l ace t a t e /0 .25%  
p o t a s s i u m  chlor ide  (25:10:25:25:9, v/v/v/v/v). The  so lvents  

used  for the  s e p a r a t i o n  of  n e u t r a l  l ip ids  were  p e t r o l e u m  
sp i r i t / d i e thy l  e t h e r / g l a c i a l  acet ic  a c i d / m e t h a n o l  
(85:15:2.5:1, v/v/v/v). S a m p l e s  were a lways  r u n  w i th  
k n o w n  s t a nda rds .  The  phosphog lyce r ide  f rac t ions  were  
iden t i f i ed  by p l a c i n g  the  p l a t e  in  a t a n k  of  iod ine  vapor  
in  which  t h e y  a p p e a r e d  as  b rown bands .  The  n e u t r a l  
l ip ids  p l a t e  was  sprayed  w i t h  a m e t h a n o l i c  so lu t ion  of 
d ichlorof luorsce in  (0.2%, v/v), a n d  the  l ip id  f r ac t ion  was  
iden t i f i ed  u n d e r  U V  l ight .  The  s e p a r a t e d  l ip id  c lasses  
were  t h e n  sc raped  in to  s c i n t i l l a t i o n  v ia ls .  Ten ml  of  sci- 
n t i l l a t i o n  f luid (Unisolve 1) was  added ,  a n d  the  s a m p l e s  
were  counted.  

R a d i o a c t i v i t y  was  m e a s u r e d  by s c i n t i l l a t i o n  coun t ing  
u s i n g  a Model  SL30 l iqu id  s c i n t i l l a t i o n  coun te r  ( In ter -  
t echnique ,  P la is i r ,  France) .  The  coun t ing  efficiency for 
t he  l ip id  and  t r a p p i n g  a g e n t  was n o r m a l l y  abou t  85% 
a n d  was  d e t e r m i n e d  by a d d i t i o n  of  a n  i n t e r n a l  s t a n d a r d  
[1-14C]hexadecane a n d  by  e x t e r n a l  s t a n d a r d  channe l  
r a t i o  mode.  U s i n g  th i s  me thod ,  t he  recovery  of  r ad ioac t iv -  
i ty  from the  p l a t e s  was  g r e a t e r  t h a n  90% for each  f a t t y  
acid.  

0"3- 

0-2" 
?, 

0.1- 

2'4 A 7'2 

Time (hr) 

FIG. 1. Velocity time curves for the oxidation of  [14C]linoleic 
acid (A) and [14C]myristic acid (A) were measured by plotting 
the gradient of  the percentage of  expired 14C02 curve against 
time. 
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RESULTS 

Oxidation of labeled fatty acids. The oxidation of the 
labeled fatty acids was determined from the expired 14CO2 
over a 24-hr period after oral administration. The results 
shown in Table 1 are the cumulative amounts  of expired 
14CO2 recovered as a function of t ime and expressed as 
a percentage of the administered dose. In the saturated 
fatty acid group, lauric and myristic acids were oxidized 
to a greater  extent  than  palmitic and stearic acids (P < 
0.01). Of the unsa tura ted  fat ty acids, a-linolenic acid and 
oleic acid were both preferential ly oxidized over linoleic 
acid (P < 0.01). Desaturat ion oflinoleic acid to ~/-linolenic 
acid resulted in a significant reduction (P < 0.01) of oxi- 
dation of the lat ter  to 27%. All the Cls fat ty acids were 
preferentially oxidized (P < 0.01) over the 20 carbon chain 
length except ~/-linolenic acid (P < 0.05). 

In a plot of the gradient  of the percentage of expired 
CO2 curve against  t ime, max imum velocity was reached 
at  6 hr  for linoleic acid and myrist ic  acid and fell to a 
low level by 24 hr. The resul t  (Fig. 1) shows the ra te  of 
CO2 expired per uni t  of t ime, indicat ing most of the  
oxidation of fa t ty  acids was completed by 24 hr. 

Liver phosphoglyceride fraction. The profile of the 
labeled fat ty acids in the four phosphoglyceride classes 
obtained from the liver is shown in Figure 2. A significant 
amount  of the radioactivity (P < 0.001) was found to be 
associated with choline phosphoglycerides (CPG) and 
ethanolamine phosphoglycerides (EPG) compared to the 
serine phosphoglycerides (SPG) and inositol phospho- 
glycerides (IPG). In the CPG and EPG fractions, the satu- 
rated fat ty acids were incorporated in this order: stearic 
acid > palmitic acid > myristic acid > lauric acid. For 
the unsatura ted  fatty acids, the order was arachidonic 
acid > dihomo-~/-linolenic acid > ~-linolenic acid > 
linoleic acid > a-linolenic acid > oleic acid into phospho- 
glycerides. Increasing desaturat ion and elongation of the 
fat ty acids paralleled increasing incorporation into phos- 
phoglycerides and also reflected their  oxidation rates. For 
example, arachidonic acid, which was oxidized the least 
(13.9% in 24 hr), was incorporated the most into phospho- 
glycerides, whereas lauric acid, which was oxidized the 
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FIG. 2. The  in  v ivo  i n c o r p o r a t i o n  o f  l a b e l e d  fat ty  ac ids  into  
rat l iver  p h o s p h o g l y c e r i d e s  24 hr  after  oral  adminis trat ion .  
P h o s p h o g l y c e r i d e s  were  s e p a r a t e d  by  th in  layer  chromatog-  
r a p h y  a n d  rad ioac t iv i ty  i n c o r p o r a t e d  into  the  p h o s p h o -  
g lycer ide  frac t ions  m e a s u r e d  by  sc in t i l la t ion  count ing .  The  
resu l t s  o f  each  frac t ion  are e x p r e s s e d  as  a p e r c e n t a g e  o f  the  
tota l  ac t iv i ty  recovered.  Vert ical  bars  g ive  the  S EM  for a to ta l  
o f  8 t i s s u e s  a n a l y z e d  for each  fat ty  acid.  

most (63.0% in 24 hr), was incorporated the least (P > 
0.001). 

Liver neutral lipids. Figure 3 shows the incorporat ion 
of labeled fa t ty  acids into t r iglycerides and total  phos- 
phoglycerides. Oleic acid was most significantly incor- 
porated (P < 0.001) into tr iglyceride (63.4%), compared 
to its incorporat ion into total  phosphoglycerides 
(34.0%). Of the n-6 family of fa t ty  acids, l inoleic acid 
was preferent ia l ly  incorporated into t r iglycerides com- 
pared to its long chain derivatives.  By contrast ,  the  
sa tura ted  fa t ty  acids (C12 , C14 , C16 and Cls) showed 
almost uniform dis t r ibut ion into tr iglycerides.  

Incorporation into liver phosphoglycerides in terms of 
relative specific activity (RSA). Table 2 compares the incor- 
poration of labeled fat ty acids into phosphoglycerides and 
triglycerides, relative to the actual amounts  of phospho- 
glycerides present in the rat  liver (percentage activity 
recovered divided by percentage distribution in rat  liver 

FIG. 3. The  in v ivo i n c o r p o r a t i o n  o f  l a b e l e d  fat ty  ac ids  into  rat l iver  l ip ids  24 hr  
after  oral  adminis trat ion .  Total  p h o s p h o g l y c e r i d e s  were  c a l c u l a t e d  by  a d d i n g  up  
the  i n d i v i d u a l  p h o s p h o g l y c e r i d e  fract ions .  Liver t r ig lycer ides  were  o b t a i n e d  by 
neutra l  l ip id  s e p a r a t i o n  on  th in  layer  chromatography .  The  resu l t s  are e x p r e s s e d  
as a p e r c e n t a g e  o f  the  tota l  ac t iv i ty  recovered.  Vert ical  bars  g ive  the S EM  for a 
to ta l  o f  8 t i s s u e s  a n a l y z e d  for each  fat ty  acid.  
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TABLE 2 

Relative Specific Activity of Labeled Fat ty  Acids Incorporated into Rat Liver 24 Hours after Oral Administration a 

[14C] Fatty acids 

Phosphoglycerides b 12:0 14:0 16:0 18:0 18 :1  18:2n-6 18:3n-6 18:3n-3 20:3n-6 20:4n-6 

SPH 0.1 1.4 1.2 0.8 0.8 0.3 - -  0.2 - -  0.4 
(n=6) (n -8)  (n 10) (n=8) (n 12) (n=7) (n=8) (n=8) 

CPG 1.2 1.6 1.8 1.7 1.5 1.6 2.3 1.4 2.9 2.2 
(n=6) (n 8) (n=lO) (n=8) (n=12) (n 9) (n=8) ( n - 8  (n=8) (n=8) 

SPG 32 5.0 5.2 4.3 1.6 2.8 - -  1.4 - -  1.5 
(n=67 (n=8) (n 10) (n=8) (n 12) (n=9) (n=8) (n=8) 

IPG 2.9 2.6 2.4 6.7 0.6 1.5 - -  0.9 - -  4.6 
(n=6) (n -8)  (n=10) (n=8) (n=12) (n 9) (n 8) (n=8) 

EPG 4.7 1.6 1.8 2.3 1.0 1.4 1.8 2.3 1.8 2.7 
(n = 6) (n - 8) (n = 10) (n = 8) (n = 12) ( n -  9) (n = 8) (n = 8) (n = 8) (n = 8) 

TG 0.4 0.3 0.5 0.2 1.5 0.8 0.4 0.7 0.3 0.1 
(n = 6) (n 8) (n = 10) (n = 8) (n - 12) (n -  9) (n = 8) (n 8) (n = 8) (n = 8) 

aValues are expressed as percent activity recovered divided by the percentage distribution of phosphoglycerides and triglyceride present 
in the rat liver (per g of tissue). 
bSPH, sphingomyelin; CPG, SPG, IPG and EPG are choline, serine, inositol and ethanolamine phosphoglycerides, respectively; TG, 
triglyceride. 

phosphoglycer ides ) .  A l t h o u g h  the  C P G  f rac t ion  con- 
t a i n e d  the  l a rges t  a m o u n t s  of a c t i v i t y  in  the  phosphog-  
lycer ides ,  the  RSA d a t a  sugges t ed  t h a t  t he  S P G  f rac t ion  
was e spec ia l ly  ac t ive  for t he  s a t u r a t e d  f a t t y  acids,  
w h e r e a s  t he  I P G  f rac t ion  was se lec t ive ly  r ich in 
a r ach idon ic  acid. The  RSA for l inole ic  ac id  was found to 
be s u b s t a n t i a l  in t he  S P G  fract ion.  The  RSA for t he  f a t t y  
acid  compos i t ion  in  C P G  a n d  E P G  f rac t ions  were  s imi lar .  
The re  was very  l i t t l e  cho les te ry l  e s t e r  in  t he  r a t  l iver  
l ip ids;  the  d a t a  a re  not  r epo r t ed  because  t he  counts  were 
too low for confidence.  

DISCUSSION 

Oxidation of fatty acids. W h e t h e r  d i e t a r y  f a t t y  ac ids  
a r e  ox id i zed  for e n e r g y  or  u sed  in  s t r u c t u r a l  l i p i d s  de- 
p e n d s  on v a r i o u s  fac tors ,  w h i c h  m a y  i n c l u d e  s e l ec t i ve  
m e c h a n i s m s ,  t y p e  of  f a t t y  ac id  a n d  t h e  m e t a b o l i c  ac t iv -  
i t y  a n d  h o r m o n a l  a n d  n u t r i t i o n a l  s t a t u s  of  t h e  a n i m a l .  
S t u d y i n g  c h a n g e s  in  f a t t y  ac id  i n c o r p o r a t i o n  in to  l i p i d s  
is a l so  c o m p l i c a t e d  k i n e t i c a l l y  in  vivo,  s ince  l a b e l e d  
f a t t y  ac ids  a r e  s u b s e q u e n t l y  d i l u t e d  by  e n d o g e n o u s  
f a t t y  ac ids .  However ,  in ou r  e x p e r i m e n t s ,  we were  dea l -  
i n g  w i t h  g r o w i n g  a n i m a l s  in a n o r m a l  m e t a b o l i c  condi -  
t i on  in  w h i c h  c o m p a r i s o n s  were  b e i n g  m a d e  b e t w e e n  
t h e  b e h a v i o r  of  d i f f e r e n t  f a t t y  ac ids  u n d e r  t h e  s a m e  
d i e t a r y  cond i t i ons .  

The  o x i d a t i o n  r a t e s  of t h e  l a b e l e d  a d m i n i s t e r e d  f a t t y  
ac ids  a r e  u n l i k e l y  to have  b e e n  i n f l u e n c e d  by t h e  d i e t a r y  
f a t t y  a c i d s  for s eve ra l  r e a s o n s :  (i) T h e  a n i m a l s  we re  fed 
a low fa t  d i e t  (3.2% of  t h e  d ie t ) .  (ii) The  d i e t  c o n t e n t s  
of  m y r i s t i c  (0.2%), ~ - l i n o l e n i c  (0.2%) a n d  a r a c h i d o n i c  
ac ids  (0.2%) were  s i m i l a r ,  b u t  t h e  o x i d a t i o n  r a t e s  of  t h e  
f a t t y  ac ids  were  q u i t e  d i f f e ren t ,  w i t h  [14C]~-l inolenic  
ac id  b e i n g  c a t a b o l i z e d  a t  a s u b s t a n t i a l l y  h i g h e r  r a t e  
t h a n  20:4n-6.  (ii i)  Ole ic  a n d  l i no l e i c  ac ids  bo th  were  
p r e s e n t  in  t h e  d i e t  a t  1.0%. However ,  t h e i r  l a b e l e d  coun-  
t e r p a r t s  showed  a s i g n i f i c a n t  d i f f e rence  in  o x i d a t i o n  
r a t e s ,  w i t h  ole ic  ac id  b e i n g  ox id ized  m u c h  f a s t e r  t h a n  

l i n o l e i c  acid.  (iv) P a l m i t i c  ac id  was  p r e s e n t  in  t h e  d i e t  
in  h i g h e r  a m o u n t s  (0.3%) t h a n  s t e a r i c  a c id  (0.1%). H a d  
t h e  f a t t y  a c i d s  p r e s e n t  in  t h e  d i e t  a c t e d  to d i l u t e  t h e  
l abe l ,  t h e n  one  wou ld  have  e x p e c t e d  p a l m i t i c  ac id  to be  
d i l u t e d  a n d  ox id i zed  a t  a s lower  r a t e  t h e n  s t e a r i c  ac id ,  
b u t  t h e  conve r se  was  t r u e ,  w i t h  s t e a r i c  a c id  b e i n g  
ox id i zed  a t  t h e  s lowes t  r a t e  of  t h e  s a t u r a t e d  f a t t y  ac ids .  
The  d i f f e r e n t i a l  m e t a b o l i s m  of  t h e  f a t t y  a c i d s  was  due  
to t h e i r  i n h e r e n t  p r o p e r t i e s .  T h e r e  was  s i m p l y  no con- 
s i s t e n c y  w i t h  t h e  s m a l l  a m o u n t s  of  f a t t y  ac ids  in  t h e  
d i e t  a n d  t h e  r a t e s  of  o x i d a t i o n .  T h e  d i f f e r e n t  r a t e s  of  
f a t t y  ac id  o x i d a t i o n  were  a l so  c o n s i s t e n t  w i t h  t h e  d i f fer -  
e n t  i n c o r p o r a t i o n  in to  s t o r a g e  ( t r i g l y c e r i d e s )  a n d  s t ruc -  
t u r a l  ( p h o s p h o g l y c e r i d e s ) .  

The  a m o u n t  of  l a b e l e d  f a t t y  ac id  e x c r e t e d  in  t h e  feces  
was  ve ry  low (1% of  t h e  a d m i n i s t e r e d  l a b e l e d  f a t t y  
ac ids)  a f t e r  24 h r  a n d  s e rves  on ly  as  a p a r t i a l  i n d e x  of  
f a t t y  ac id  a b s o r p t i o n  by t h e  gu t .  H i g h e r  a c t i v i t y  m a y  
be p r e s e n t  in  t h e  i n t e s t i n e  a n d  colon: however ,  t h i s  was  
no t  m e a s u r e d .  The  a c t i v i t y  e x c r e t e d  in  t h e  u r i n e  was  
s l i g h t l y  h i g h e r  ( a b o u t  3% of  t h e  a d m i n i s t e r e d  dose) .  

Compartmentalization. The  r e s u l t s  o b t a i n e d  for t h e  
i n c o r p o r a t i o n  of  f a t t y  ac ids  in to  r a t  l i v e r  l i p i d s  a r e  pre-  
s e n t e d  w i t h  t h e  r e a l i z a t i o n  t h a t  a t i m e - c o u r s e  s t u d y  
w o u l d  have  m a d e  c l e a r  t h e  i n t e r p r e t a t i o n  of  f a t t y  ac id  
c o m p a r t m e n t a l i z a t i o n .  However ,  g i v e n  t h e  l og i s t i c s  a n d  
t h e  t i m e  invo lved  in  t h e  a n a l y t i c a l  p r o c e d u r e  a n d  be-  
c a u s e  mos t  of  t h e  f a t t y  a c i d s  r e a c h e d  t h e i r  s lowes t  r a t e  
of  o x i d a t i o n  a t  24 hr, we de c ide d  to m e a s u r e  t h e  incor-  
p o r a t i o n  a t  t h i s  t i m e  po in t .  

The  d a t a  d e s c r i b i n g  t h e  i n c o r p o r a t i o n  of  f a t t y  ac ids  
in to  l i v e r  p h o s p h o g l y c e r i d e s  were  e x p r e s s e d  in  p e r c e n t -  
ages .  The  r e s u l t s  show t h a t  a s t r o n g l y  s e l ec t ive  
m e c h a n i s m  e x i s t s  to d i r e c t  f a t t y  ac ids  in to  d i f f e r en t  
l i p i d  pools .  E x a m i n a t i o n  of  l a b e l e d  f a t t y  ac id  prof i les  
in  t h e  p h o s p h o g l y c e r i d e  f r a c t i o n s  showed  t h a t  l i v e r  
C P G  a n d  E P G  c o n t a i n e d  m u c h  h i g h e r  p e r c e n t a g e s  of  
l a b e l e d  f a t t y  ac ids  t h a n  S P G  a n d  IPG.  

Relative specific activity (RSA). Since  t h e  l i p i d  f rac-  
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tions are present in different amounts in the liver, the 
data representing the distribution of fatty acids de- 
scribes only how much of an individual fatty acid has 
been incorporated in a specific direction. But since SPG 
and IPG are present in only small amounts, they may 
be taking up a fatty acid more actively and thus have 
a high activity per unit. This type of information can 
be obtained by expressing the radioactivity per mole, 
or RSA. 

Saturated fatty acids. The RSA data indicated a high 
incorporation of activity into the SPG and IPG fraction, 
especially for the saturated fatty acids. The high RSA 
in SPG and IPG suggests different turnover rates for 
the individual phosphoglyerides. The results from this 
study showed that  stearic and palmitic acids were incor- 
porated into SPG in preference to the medium chain 
triglyceride (MCT) fatty acids. Coots (1), who measured 
the oxidation of stearic acid, found that  a significant 
amount was incorporated into lymph phospho- 
glycerides. The preferential incorporation ofstearic and 
palmitic acids into phosphoglycerides (2) might also 
explain the slower oxidation for the long chain satu- 
rated fatty acids. 

Polyunsaturated fatty acids. Linoleic acid was found 
to be preferentially incorporated into triglycerides com- 
pared to its long chain derivatives, 20:3n-6 and 20:4n-6, 
which were incorporated mainly into phospho- 
glycerides. Sinclair (12) also found that  in suckling rats, 
linoleic acid was incorporated into triglyceride, and 
much of it was derived from the dam's milk. The high 
turnover rate for triglyceride (14) may well account for 
the rapid rate of oxidation for 18:2n-6. ~-Linolenic acid 
was also found to be incorporated into triglycerides and 
is consistent with the observations that  the high oxida- 
tion rates of the Cls is associated with the triglyceride. 

The special place of  oleic acid. The results from this 
study showed that  oleic acid was preferentially incorpo- 
rated into triglycerides. Similar findings have also been 
reported in the perfused heart  (15), where oleic acid 
was incorporated more into phosphatidic acid, suggest- 
ing substrate specificity for diacylglycerol acyl- 
transferase (16). Yan and Sun (17) injected labeled oleic 
acid intracerebrally and found that  it was initially in- 
corporated into triglyceride. However, after 80 min, the 
activity in phosphoglycerides gradually increased with 
simultaneous reduction in the triglycerides. 

Oleic acid is an important monounsaturated fatty 
acid in the developing human fetal brain (18). It also 
accounts for the major fatty acid in human milk (19), 
ranging from 30 to 40% (20). Both 18:1n-9 and its 
metabolic product, nervonic acid (24:1n-9), are major 
fatty acids found in mature myelin, which appears in 
the nervous system in the later stages of brain develop- 
ment. These observations suggest that  oleic acid can 
perform two different functional roles. It can serve first 
as an energy source, as indicated by the high oxidation 
rate, and second as a substrate for cell growth and de- 
velopment. 

Compartmentalization of the C2o fatty acids. Unlike the 
Cls fatty acids, the C2o long chain PUFA showed preferen- 
tial incorporation into phosphoglycerides. The RSA data 
showed that IPG was selectively rich in arachidonic acid, 
indicating a faster rate of uptake and turnover of this 
phosphoglyceride fraction. The slow oxidation and high 

rate of incorporation of arachidonic acid into structural 
lipids also imply a long half-life. Evidently, the turnover 
rate for the different fatty acids will be different for the 
different fatty acids. 

Hassam and Crawford (21) found that  up to a third 
of the radioactivity recovered from the liver and plasma 
lipid fractions 24 hr after dosing with labeled dihomo-~/- 
linolenic acid (DHLA) was still present as DHLA. 
Therefore, besides being metabolized to arachidonic 
acid and the 22-carbon chain length derivatives, it is 
also available for incorporation as DHLA into tissue 
lipids. 

Similar data have been reported for the compart- 
mentalization of linolenic and arachidonic acids and 
other PUFA in cultured rabbit-aorta smooth muscle 
cell (22). The CPG fraction incorporated the highest 
proportion of the fatty acids. These investigators did 
not calculate specific activity data, but had they done 
so, it is likely their  IPG and SPG incorporation would 
have been similar to ours. Morisaki and coworkers (22) 
found no evidence of desaturation of ~/-linolenic acid. 
While eicosapentaenoic acid was elongated to 
docosapentaenoic acid, it was not desaturated further 
to docosahexaenoic acid. Their data on a specific cell 
type are similar to our observation of the differential 
compartmentalization of the essential fatty acids in 
rats and human leukocytes (23) and human placenta 
(24), suggesting that  our in vivo data reflect a general 
phenomenon at a cellular level. 

The fundamental observation made in this work and 
in other studies is that  compartmentalization of fatty 
acids profoundly influences the metabolic direction and 
use to which a fatty acid is put. The evidence gained 
for specificity in compartmentalization and, indeed, the 
converse evidence for use in energy suggests that  the 
individual fatty acids may need to be considered as 
separate individuals. 

It has been popular to use MCT clinically in treat ing 
patients recovering from surgery and trauma, and 
where there is a need for cell repair and growth, in both 
enteral and parenteral nutrition. However, our data 
imply that  the MCT fatty acids, while being useful for 
energy, may not be so for cell structural repair, and 
consequently can only have limited value. By contrast, 
oleic acid is oxidized as fast as the fatty acids of MCT, 
but can also be used for phosphoglycerides and for cell 
structures. It should be possible to use a lipid, such as 
olive oil (which is high in oleic, palmitic, stearic and 
linoleic acids), to satisfy the need for energy as well as 
cell growth and to repair  simultaneously. 
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An extracellular lipase, a glycoprotein, produced by 
fermentation with a selected strain ofMucor miehei 
has been partially purified in two forms, A and B. 
The two forms have a high degree of antigenic iden- 
tity and have similar pH-activity profiles with 
tributyroylglycerol as a substrate with optima at pH 
7. They differ as follows: A, in contrast to B, requires 
activation at alkaline pH before analysis; A binds 
with concanavalin-A more completely than B; the 
net charges are slightly different at pH 8; and the 
isoelectric points are different. Our results indicate 
that the B lipase is formed by partial deglycosylation 
of  the A lipase and that this influences the activity 
toward emulsions. 

In addition, the two enzymes have been im- 
mobilized by adsorption. These preparations and 
the soluble forms were highly specific for primary 
esters of  triacylglycerols (TG); they usually hydro- 
lyzed TG of 12:0, 14:0, 16:0, and 18:1 more rapidly 
than those of 4:0, 6:0, and 8:0 and 10:0 in mixtures 
of monoacid TG (4:0 to 18:1); and they were not 
stereospecific for TG. Immobilization altered the 
specificity of  the preparations somewhat,  in that 
slightly more 14:0 and 16:0 were released. 
Lipids 22, 559-565 (1987). 

Enzymatic modification of foods and other materials  has 
occurred ei ther  spontaneously or deliberately for genera- 
tions. The relatively recent availability of large quan- 
tities of enzyme preparations has broadened the search 
for industrial applications of enzymes and simultane- 
ously for enzymes with desirable characteristics such as 
thermostabil i ty and certain specificities. For several 
reasons, including relative ease of production, many of 
these enzymes are obtained from microbial fermenta- 
tions. These aspects, with emphasis on lipases, have re- 
cently been discussed by Kilara (1). 

During our search for microbial lipases with industrial  
applications, we selected a strain ofM. miehei for fur ther  
study. This mold produces an active extracellular  lipase 
(2). Results from prel iminary experiments suggested that  
there were at least two different forms of the enzyme. In 
this paper, we report the partial  purification of two of 
these soluble forms. These were immobilized, and the 
four preparations were part ial ly characterized. The purifi- 
cations and immobilizations were done in Denmark and 
the specificity studies in Connecticut. Prel iminary data 

1Scientific Contribution No. 1192, Storrs Agricultural Experiment 
Station, University of Connecticut, Storrs, Connecticut. 
*To whom correspondence should be addressed at Novo Industri 
A/S, DK-2880, Bagsvaerd, Denmark, or the Department of Nutri- 
tional Sciences, University of Connecticut, Storrs, CT 06268. 
Abbreviations: TG, triacylglycerol; DG, diacylglycerol; MG, 
monoacylglycerol; conA, concanavalin A; TLC, thin layer chromatog- 
raphy; GLC, gas liquid chromatography; LU, lipase unit; NLU, Nova 
lipase unit; pI, isoelectric point; SDS-PAGE, sodium dodecyl sul- 
phate-polyacrylamide gel electrophoresis; IEF, isoelectric focusing; 
CIE, crossed immunoelectrophoresis; CIAE, crossed immunoaffinity 
electrophoresis. 

on use in industrial  applications and some characteriza- 
tion of the lipase have been presented (3,4). We believe 
that  this is among the few reports (5,6) on the characteris- 
tics of immobilized lipases and the first on the A and B 
forms of M. miehei lipases. 

MATERIALS AND METHODS 

Purification: materials and determinations. DE-cellulose 
52 was purchased from Whatman Chemical Separation 
Ltd. (Kent, England); DEAE-Sepharose, Phenyl- 
Sepharose, concanavalin A (ConA)-Sepharose and 
Sepharose 4B were obtained from Pharmacia  Fine 
Chemicals (Piscataway, NJ). 

Lipase activity was measured with pH-stat  essentially 
as described by Brockman (7) except tha t  0.5% polyvinyl- 
pyrrolidone was used as an emulsion stabilizer. Sub- 
strates were tributyroylglycerol (Novo method AF95.1/3- 
GB) and olive oil (method AF182.2/3-GB). (These des- 
ignations are given for those who may use the Novo 
methods; otherwise they are very similar to [7].) Units 
of activity are 1 LU (lipase unit), the amount  of enzyme 
tha t  l iberates I ~mol of t i t ra table  4:0/min under  standard 
conditions, and 1 NLU (Novo lipase unit), the amount  of 
enzyme that  l iberates 1 ~mol of t r i t ra table  fat ty acid 
from olive oil/min under  standard conditions. Note that  
these Novo methods require tha t  the Mucor lipase be 
diluted in alkaline buffer (pH 10.5) prior to analysis. This 
buffer did not interfere with subsequent analyses. Protein 
determinat ion was performed according to Lowry et al. 
(8) with bovine serum albumin as a standard. 

Purification of lipase A. (All steps were carried out at  
5 C.) The supernatant  from the culture broth of a selected 
strain of M. miehei, with mycelia and low molecular 
weight substances removed, was used for production of a 
crude powder. (a) Step 1: anion exchange chromatography. 
A solution (200 ml) of 5% of the crude powder was made 
up with deionized water, adjusted to pH 7 with NaOH 
and applied to a column (2.5 • 40 cm) of DE-cellulose 
52 previously equilibrated with 0.5 M Tris-HC1 buffer 
(pH 7.0). After the unbound proteins were washed out 
with the buffer, the bound proteins, including lipase, were 
eluted with a gradient of decreasing pH (initial buffer 
pH 7.0 to 0.1 M maleate,  pH 3.5). The main lipolytic 
fraction obtained (pH 5.4) was adjusted to pH 7.0 and 
concentrated to 1/5 volume by ultrafi l tration prior to 
lyophilization. Ultrafi l trat ion was done with an Amicon 
UF cell using a membrane with a nominal molecular 
weight cutoff of 10,000. 

(b) Step 2: affinity chromatography. A 250-mg volume 
of powder from the DE-cellulose chromatography was di- 
luted in 2 ml 0.02 M Tris-HC1 buffer, pH 7.4, containing 
0.3 M NaC1, 2 mM CaC12 and 1 mM MgC12, and was 
applied to a column of conA-Sepharose (1.6 • 20 cm) 
equilibrated with the buffer. The column was washed with 
the initial buffer for unbound proteins, and the bound 
lipase eluted with a gradient of 0 to 0.5 M ~-D-methyl 
mannoside in the buffer (400 ml). The flow rate was 20 
ml/hr, and fractions of 5 ml were collected. The pooled 
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TABLE 1 

Purification of Lipase A from M u c o r  m i e h e i  

Specific activity 

Yield, % based Protein LU/mg LU/mg NLU/mg b NLU/mg 
Purification steps on LU values a content (%) preparation protein preparation protein 

Crude powder 100 42 157 374 100 238 

DE-cellulose 52 
chromatography 77 67 1700 2540 1073 1601 

ConA-Sepharose 
chromatography 57 66 3590 5440 2300 3500 

aLU (lipase unit) is the amount of enzyme that liberates 1 ~Lmo1 of 4:0/min (see text). 
bNLU (Novo lipase unit) is the amount of enzyme that liberates 1 ~LmO1 of fatty acid from olive oil/min (see 
text). 

TABLE 2 

Purif icat ion of  L ipase  B from M u c o r  m i e h e i  a 

Specific activity 

Yield, % based Protein LU/mg LU/mg NLU/mg c NLU/mg 
Purification steps on LU values b content (%) preparation protein preparation protein 

Crude powder 100 42 157 374 100 238 

DEAE-Sepharose 
chromatography 72 80 945 1180 600 750 

Phenyl-Sepharose 
chromatography 32 100 3000 3000 1900 1900 

aLipase B is formed by partial deglycosylation of lipase A (see Table 1 and text). 
bLU (lipase unit) is the amount of enzyme that liberates 1 txmol of 4:0/min (see text). 
CNLU (Novo lipase unit) is the amount of enzyme that liberates 1 ~Lmo1 of fatty acid from olive oil/min (see 
text). 

lipase fractions were desalted and concentrated to a 1/10 
volume by ultrafiltration prior to lyophilization. 

Purification of lipase B. (All steps were carried out at 
5 C, except for the pretreatment in step 2.) (a) Step 1: 
anion exchange chromatography. This was performed as 
described for lipase A, but with the following modifica- 
tions: The column (2.5 • 40 cm) was DEAE-Sepharose, 
the final buffer was 0.1 M glycine-HC1 pH 3.0 and the 
low pH (4.5) of the lipase fraction obtained was not ad- 
justed prior to ultrafiltration. (b) Step 2: hydrophobic in- 
teraction chromatography. A solution (50 ml) containing 
2% of the DEAE Sepharose purified powder in 0.2 M 
ammonium acetate, pH 4.7, was stirred for 30 min at 3 
C. Sufficient ammonium acetate was then added to bring 
the concentration to 0.8 M. This solution, cooled to 5 C, 
was applied to a column (2.5 x 40 cm) of Phenyl- 
Sepharose equlibrated with 0.8 M ammonium acetate 
buffer, pH 5.1. The unbound proteins were washed out 
with the buffer prior to elution of the column with 
deionized water. The eluted lipase fraction (pH not ad- 
justed) was concentrated to a 1/10 volume by ultrafiltra- 
tion prior to lyophilization. 

Sodium dodecyl sulphate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE). This was performed as de- 
scribed in Bio-Rad's manual  (9) for the Laemmli system, 

using Bio-Rad vertical slab gel cell model 220. The 
separating gel was a gradient of 7-20% polyacrylamide. 
The mercaptoethanol-treated samples were boiled for 2 
min before application to the gel. As reference proteins, 
the electrophoresis calibration kit for molecular weight 
determination of low molecular weight proteins from 
Pharmacia  was used. 

Isoelectric focusing (IEF). This was performed on LKB's 
Multiphore apparatus using ready-made polyacrylamide 
gels as described in LKB's manual  (10). The IEF calibra- 
tion kit from Pharmacia  was used for reference proteins. 

Crossed immunoelectrophoresis (CIE). CIE was per- 
formed as described by Hojby and Axelsen (11) using 0.02 
M barbital buffer, pH 8.0. The polyspecific antibodies were 
produced in rabbits against the crude enzyme powder. 
Tandem-CIE was performed as described by Kroll (12), 
using 0.02 M barbital buffer pH 8.0. 

Crossed immunoaffinity electrophoresis (CIAE). This 
was performed by modification of the CIE method as fol- 
lows: The buffer used was 0.01 M Tris-maieate, pH 7.4. 
An intermediate gel (1 cm broad) was interposed between 
the first-dimensional gel and the antibody-containing gel. 
This intermediate gel contained 25 ~1 conA-Sepharose/ 
cm 2 on the test plate. The control plate had the conA- 
Sepharose replaced by Sepharose 4B. Before use, the 
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FIG. 1. SDS-PAGE of  l ipase  p r e p a r a t i o n s  o b t a i n e d  from the  
var ious  pur i f i ca t ion  steps.  (1) a n d  (7), respect ive ly ,  18 bLg o f  
the  tota l  re ference  prote ins;  (2) 25 ~Lg o f  the  c o n A - S e p h a r o s e  
pur i f i ed  l ipase  A preparat ion;  (3) 63 bLg o f  the  D E - c e l l u l o s e  52 
pur i f ied  l ipase  A preparat ion;  (4) 375 ~g o f  the  crude  powder;  
(5) 63 ~Lg of  the D E A E - S e p h a r o s e  pur i f ied  l ipase  (A/B) prepa-  
rat ion;  (6) 25 ~Lg o f  the  P h e n y l - S e p h a r o s e  p u r i f i e d  l i p a s e  B 
p r e p a r a t i o n .  P r o t e i n s  w e r e  s t a i n e d  w i t h  C o o m a s s i e  B r i l l i a n t  
B lue .  

conA-Sepharose as well as the Sepharose 4B were equili- 
bra ted with the buffer containing 1 mM MgC12 and 1 
mM CaC12 and then  were added as a 50% slurry to the 
agarose gel. 

Overlayer technique for detection of lipase activity. 
Bands and precipitates in IEF and CIE/CIAE, which con- 
tained lipases, were detected as follows: Immedia te ly  
after the electrophoretic run, the plate was incubated 
with -1 .5  m m  overlayer gel (1% agarose) containing a 
tributyroylglycerol emulsion at a final concentration of 
1% tributyroylglycerol.  The overlayer gel buffer was 0.1 
M Tris-HC1, pH 7.5. Incubat ion t ime varied from 2-6  hr 
at 45 C. Binding of antibodies did not interfere wi th  ac- 
tivity. Lipase activity appeared as cleared zones. In the 
figures, the cleared zones appear  as dark  areas,  because 
a dark  background was used during photography. Other- 
wise, the zones cannot be visualized. 

Preparation of immobilized lipase A and B. Each of the 
lipases A (from the conA-Sepharose chromatography) and 
B (from the Phenyl-Sepharose chromatography) was im- 
mobilized on Duolite ES 562 resin (Rohm and Haas,  
Philadelphia,  PA) according to pa ten t  application No. 
0 140 542. The conditions used for the immobil izat ion 
were pH 6.0 and 2 hr  at 5 C. The intent ion was to im- 
mobilize 14 mg of lipase A prepara t ion and 18 mg of 
lipase B preparat ion on I g ram carr ier  each. Direct 
specific act ivi ty determinat ions  on these immobilized 
preparat ions were not possible. Indirect  determinat ions 
were done. 

Determination ofspecificities. Positional specificity was 
determined by thin layer chromatographic (TLC) separa- 
tion and then visualization of extracts  from digestions of 
trioleoylglycerol. In these, the relative amounts  of 1(3) 

FIG. 2. C r o s s e d  i m m u n o e l e c t r o p h o r e s i s  (CIE) o f  p u r i f i c a t i o n  
s t e p s  o f  l i p a s e  A. a, b a n d  c are C I E - s t a i n e d  w i t h  C o o m a s s i e  
B r i l l i a n t  Blue .  Th e  a r r o w  i n d i c a t e s  the  l i p a s e - c o n t a i n i n g  im- 
m u n o p r e c i p i t a t e ,  d e t e c t e d  as  d e s c r i b e d  for  d. Par t  d is  the  
d u p l i c a t e  CIE o f  b b u t  w i t h  t r i b u t y r o y l g l y c e r o l  overlayer,  
w h e r e  the  l i p a s e  p e a k  s h o w s  as  a c l e a r i n g  zone .  T h e  a n t i g e n s  
a p p l i e d  w e r e  as  fo l lows:  a, 100 ~Lg o f  c r u d e  p o w d e r ;  b a n d  d, 
r e s p e c t i v e l y ,  10 ~g  o f  D E - c e l l u l o s e  52 p u r i f i e d  l i p a s e  A prep-  
arat ion;  c, 5 bLg o f  c o n A - S e p h a r o s e  p u r i f i e d  l i p a s e  A prepa-  
rat ion .  500 ~l  o f  the  p o l y s p e c i f i c  a n t i b o d i e s  w e r e  a p p l i e d  on  
e a c h  CIE. In  the  f igures ,  c l e a r e d  z o n e s  a p p e a r  as d a r k  a r e a s  
b e c a u s e  a d a r k  b a c k g r o u n d  w a s  u s e d  d u r i n g  p h o t o g r a p h y .  
O t h e r w i s e ,  the  z o n e s  c a n n o t  b e  v i s u a l i z e d .  

FIG. 3. C r o s s e d  i m m u n o e l e c t r o p h o r e s i s  (CIE) o f  p u r i f i c a t i o n  
s t e p s  o f  l i p a s e  B. Th e  a n t i g e n s  a p p l i e d  w e r e  as  fo l lows:  a, 
100 ~Lg o f  c r u d e  p o w d e r ;  b, 20 ~g  o f  D E A E - S e p h a r o s e  p u r i f i e d  
l i p a s e  (A/B) p r e p a r a t i o n ;  c, 4.4 }xg o f  p h e n y l - S e p h a r o s e  
p u r i f i e d  l i p a s e  B p r e p a r a t i o n .  500 ~L1 o f  the  p o l y s p e c i f i c  ant i -  
b o d i e s  w e r e  a p p l i e d  on  e a c h  CIE. Th e  CIE were  s t a i n e d  w i t h  
C o o m a s s i e  B r i l l i a n t  B lue .  The  arrow i n d i c a t e s  the  l i p a s e  
c o n t a i n i n g  i m m u n o p r e c i p i t a t e ,  d e t e c t e d  as d e s c r i b e d  in  Fig.  
2. 
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TABLE 3 

A c ~ v a t o n  Factors  a of  L ipase  P r e p a r a t i o n s  B a s e d  on  LU 
Values  b 

Lipase preparations 

Purification steps A B 

Crude powder 6.3 6.3 

Anion-exchange 
chromatography 6.3 1.7 

Affinity chromatography 5.6 1.1 

aActivation factor refers to ratio of activities of the enzyme when 
diluted in glycine buffer, pH 10.5, and in water, respectively, prior 
to analysis. 
bLU (lipase unit) is the amount of enzyme that liberates 1 ~mol 
of 4:0/rain (see text). 

and 2-monooleoylglycerol and 1,2-(2,3) and 1,3- 
dioleoylglycerol were ascertained by inspection and the 
real amounts  by gas liquid chromatography (GLC) after  
recovery and conversion to methyl  18:1 with methyl  15:0 
as an internal  s tandard (13). 

Confirmation was obtained by digestion of the synthetic 
triacylglycerol (TG), 1,3-dioleoyl-2-palmitoyl glycerol 
(18:1-16:0-18:1) and 1,3-dipalmitoyl-2-oleoylglycerol 
(16:0-18:1-16:0). The fa t ty  acids were recovered and iden- 
tified by GLC (13,14). Fat ty acid specificity was deter- 
mined as described by Wang et al. (15). Equimolar  mix- 
tures of the monoacid TG (20 ~mol each) of 4:0, 6:0, 8:0, 
10:0, 12:0, 14:0, 16:0 and 18:1 were hydrolyzed. The re- 
sidual TG were recovered and separated by tempera ture-  
p rogrammed GLC (155 to 350 C) and an 1/8" • 18" SS 
column containing 100/120 mesh Chromosorb coated with 
1.0% Dexsil (Supelco, Bellefonte, PA). On-column injec- 
tion and a cold injector port were required. Nonenzymatic 
b lanks  were used to check recoveries of the TG. 

For stereospecificity, the specific rotat ion of the entire 
extract  of a trioleoylglycerol digestion was determined in 
hexane with a Perkin-Elmer  polar imeter  sensitive to 
1/10000 ~ In the absence of unequal  amounts  of optically 
active 1,2- or 2,3-sn-diacylglycerols and with adequate  
amounts  of both, there should be no rotation, hence no 
stereospecificity (13,16). 

Digestions of the substrates  were done for the specified 
t imes at  40 C. Amounts  of enzyme prepara t ions  and 
lengths of incubation were used tha t  would provide 20-  
60% digestion with t imes of 1-10 min. For 50 mg of 18:1- 
18:1-18:1, 16:0-18:1-16:0 and 18:1-16:0-18:1, the following 
amounts  of enzymes were used: soluble A, 88 LU or 58 
NLU; soluble B, 94 LU or 59 NLU; immobilized A, 10 
mg equivalent  to 0.14 mg of Soluble A; immobilized B, 10 
mg equivalent  to 0.18 mg of soluble B. The buffer was 
0.25 M Tris (pH 8.0) containing 1.0% gum arabic. The sub- 
strates were emulsified, after being mel ted when neces- 
sary, with a Branson sonicator. The substrates  18:1-16:0- 
18:1 and 16:0-18:1-16:0 were synthesized as described by 
Jensen  and Pitas (17). Analyses with pancreat ic  lipase 
have shown tha t  TG synthesized by these methods are 
98-99% positionally correct. The monoacid TG of 4:0, 6:0, 
8:0, 10:0, 12:0, 14:0, 16:0 and 18:1 were purchased from 
Sigma Chemical  Co. (St. Louis, MO), and pur i ty  was de- 
te rmined by TLC (17). 

FIG. 4. C r o s s e d  i m m u n o a f f i n i t y  e l e c t r o p h o r e s i s  (CIAE),  
w i t h  t r i b u t y r o y l g l y c e r o l  over layers .  L i p a s e  p e a k s  s h o w  as  
c l e a r i n g  z o n e s .  Th e  i n t e r m e d i a t e  g e l  ( ~ )  w a s  w i t h o u t  c o n A -  
S e p h a r o s e  in  a a n d  c o n t a i n e d  c o n A - S e p h a r o s e  in  b. A p p l i e d  
a n t i g e n  w a s  100 ~tg o f  c r u d e  p o w d e r  on  e a c h  CIAE.  A p p l i e d  
a n t i b o d i e s  as  in  Figs .  2 a n d  3. A t y p i c a l  C I A E  o f  l i p a s e  A (a 
s i mi l a r  p a t t e r n  is  s e e n  for  the  c o n A - S e p h a r o s e  p u r i f i e d  
l i p a s e  p r e p a r a t i o n ) .  

FIG. 5. C r o s s e d  i m m u n o a f f i n i t y  e l e c t r o p h o r e s i s  (CIAE),  
s t a i n e d  w i t h  C o o m a s s i e  B r i l l i a n t  B lue .  Th e  a r r o w  i n d i c a t e s  
the  l i p a s e  c o n t a i n i n g  i m m u n o p r e c i p i t a t e ,  d e t e c t e d  as  de-  
s c r i b e d  in Fig.  2. Th e  a n t i g e n s  a p p l i e d  w e r e  as  fo l lows:  a 
a n d  b, r e s p e c t i v e l y ,  20 ~g  o f  D E A E - S e p h a r o s e  p u r i f i e d  l i p a s e  
A/B p r e p a r a t i o n ;  c a n d  d, r e s p e c t i v e l y ,  4.4 ~Lg o f  p h e n y l -  
S e p h a r o s e  p u r i f i e d  l i p a s e  B p r e p a r a t i o n .  A p p l i e d  a n t i b o d i e s  
as  Figs .  2 a n d  3. T h e  i n t e r m e d i a t e  g e l s  (~t) w e r e  w i t h o u t  
c o n A - S e p h a r o s e  in  a a n d  c a n d  c o n t a i n e d  c o n A - S e p h a r o s e  
in  b a n d  d. Th i s  f igure  t o g e t h e r  w i t h  Fig.  4 s h o w s  d e c r e a s i n g  
a f f in i ty  to c o n A - S e p h a r o s e  o f  l ipase ,  w h e n  it  is  c o n v e r t e d  
f rom the  A form to the  B form. 

RESULTS AND DISCUSSION 

Conversion of the lipase from the A form to the B form 
was done by keeping the lipase fractions obtained from 
purification steps 1 and 2 at  low pH during recovery and 
by t rea t ing  the enzyme at  low pH at  an elevated temper-  
a ture  prior to step 2 as described previously. Lipase activ- 
ity bands and peaks  in IEF and CIE/CIAE, respectively, 
were identified by performing duplicates of the elec- 
trophoretic runs. These duplicates were used for the sub- 
s t rate  overlayers and compared with the Coomassie- 
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FIG. 7. Effect  of  pH on activity on tributyroylglycerol,  30 C, 
ptt-stat method (7) us ing  the appropriate analys is  pH 
values.  (m) Lipase A, conA-Sepharose  purif ied preparation. 
(e) Lipase B, phenyl-Sepharose  purif ied preparation. 

FIG. 6. Isoelectric focusing (IEF) o f  l ipase A and B, stained 
wi th  Coomass ie  Bril l iant Blue. Lanes 1 and 4, respectively,  
about  65 ~g of  the total reference proteins.  Lane 2, about 40 
~g of  the phenyl-Sepharose  purif ied l ipase B preparation; 
lane 3 about  40 ~Lg of  the conA-Sepharose purif ied l ipase A 
preparation. Double  arrow: main  l ipase activity band; single 
arrow: weak l ipase activity band,  as detected by means  of  
tributyroylglycerol overlayer on a dupl icate  IEF. The isoelec- 
tric points  (pI) of  these bands  were est imated on the basis  
of  the reference proteins.  

stained plates. The purifications were followed by activity 
measurements  on both 4:0-4:0-4:0 and olive oil as well 
as by the electrophoretic methods SDS-PAGE and CIE. 
Tables 1 and 2 summarize the purification steps and 
yields of lipases A and B, respectively. Figures 1, 2 and 
3 show the successive purifications of lipase from the 
multiprotein mixture  in the crude powder with removal 
of many nonlipase proteins in the start ing material .  In 
Figure 3c, the antigenically different protein is not a 
lipase. Since the conversion of A to B was incomplete, 
the intermediate A/B appears as a broad peak in Figure 
3b. 

The differences in lipolytic and molecular behavior of 
the lipases were investigated by determining activities 
on water  dilutions of the enzyme preparations as well as 
by CIAE. In Table 3 we present  data  on differences be- 
tween lipases A and B in activity ratios when they are 
diluted in glycine buffer, pH 10.5, and in water, respec- 
tively, prior to analysis. It  is obvious that  lipase B needs 
no "activation" at high pH, whereas lipase A does. In 
Figures 4 and 5 we show the relative affinities of lipases 
A and B toward conA-Sepharose. A typical CIAE oflipase 
A, which had a high degree of affinity to conA-Sepharose, 
indicating that  the lipase is a glycoprotein, is shown in 
Figure 4. The marked decreasing affinity to conA- 
Sepharose, when the lipase is converted from A form to 
the B form (A/B) due to part ial  deglycosylation, is given 
in Figure 5. 

In Figure 5 (IEF), we depict the different isoelectric 
points (pI) of lipases A and B. The pI of the main lipase 
band in the lipase A preparation is 3.9, whereas it is 4.3 
in the lipase B preparation. The more distinct band in B 

FIG. 8. Tandem-crossed immunoelectrophores is ,  stained 
with  Coomass ie  Bril l iant Blue. Arrows indicate  l ipases,  de- 
tected as descr ibed in Fig. 2. Appl ied  antibodies  as in Fig. 
2. (a) Well 1, 5 ~g of  conA-Sepharose purified l ipase A prep- 
aration. (b) Well 1 and wel l  2, reverse order of  (a). 

has a pI of 4.0, but  does not have lipase activity. These 
results, combined with the findings of the slightly differ- 
ent net  charges at pH 8 (cf. Fig. 8), indicate tha t  the 
t i t rat ion curves of the two lipases cross each other  some- 
where between pH 8.0 and 4.3. 

Effect of pH on activities of lipase A and B on 
tributyroylglycerol was also investigated using the ap- 
propriate analysis pH-values in Novo method AF 95.1/3 
GB. Figure 7 shows similar pH-activity profiles of the 
two lipases, both having optima at pH 7.0. Only a minor 
difference is seen at pH 8.0, where lipase B has slightly 
lower activity than  lipase A. 

Figure 8 (tandem-CIE) clearly shows a high degree of 
antigenic identi ty between lipases A and B, as defined 
in ref. 12. Their  immunoprecipitates fuse into a double 
peak, practically without any spurs. A difference in the 
morphology of the immunoprecipitates is seen, though. 
The reverse orders of the well positions of lipase A and 
B in the first dimension gel also visualize the greater  
anodic mobility of B. 

The results indicate tha t  the B-form of the lipase is 
derived by part ial  deglycosylation of the A-form and that  
this influences the activity mode on emulsions. Lipase B 
is the "activated" form, but  by the recovery yields in Ta- 
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TABLE 4 

Composition of  Fatty Acids Produced by Digestion of  18:1-16:0-18:1 a and 
16:0-18:1-16:0 with Several Preparations of M u c o r  mie he i  Lipase b 

Lipase preparation 

Substrate and 
composition of Soluble Immobilized Soluble Immobilized 
fatty acids (mol%) A A B B 

18:1-16:0-18:1 
16:0 17.7 17.9 20.3 17.2 
18:1 82.3 83.1 79.7 82.8 

16:0-18:1-16:0 
16:0 90.9 93.2 91.5 94.7 
18:1 9.1 6.8 8.5 5.3 

aAverage of 5 determinations. 
b18:1-16:0-18:1 is 1,3-dioleoyl-2-palmitoyl-glycerol. 

TABLE 5 

Digestion (%) of Equimolar Mixtures of  Monoacid Triacylglycerols by Lipase Preparations from 
M u c o r  miehe i  

Monoacid triacylglycerol, % digested 

Length of 
digestion (rain) 4:0 6:0 8:0 10:0 12:0 14:0 16:0 18:1 

Soluble A 
1 35.6 38.2 43.4 40.1 47.4 47.1 45.3 50.0 
2 42.4 46.5 52.8 48.9 54.9 53.8 50.7 53.7 
3 54.2 61.1 65.4 61.0 65.7 64.7 62.7 62.2 
5 61.0 66.7 73.6 70.3 76.6 75.6 76.6 74.5 

Soluble B 
1 27.6 33.4 40.7 40.7 44.3 45.8 39.4 38.0 
2 32.1 49.2 51.4 57.7 63.1 63.4 62.4 56.7 
3 74.6 73.1 78.8 78.8 81.8 51.5 80.7 78.9 
5 87.5 86.5 81.4 89.3 92.8 92.1 91.7 90.9 

Immobilized A 
1 31.8 30.6 35.6 39.3 42.8 57.4 52.3 43.8 
2 43.9 42.0 49.5 54.8 54.6 61.5 63.2 55.7 
3 - -  43.3 52.1 56.0 57.7 64.3 65.4 56.6 
5 65.2 65.6 72.9 74.6 76.4 79.7 82.7 75.8 

Immobilized B 
1 25.4 17.5 18.3 14.2 21.2 18.7 21.2 10.4 
2 36.6 28.5 26.9 20.9 22.9 37.5 36.0 29.8 
3 39.7 39.7 47.0 44.2 52.9 57.5 55.9 57.8 
5 42.9 45.3 51.2 47.2 57.7 61.9 59.2 59.9 

bles 1 and  2 i t  seems to be less s table  t h a n  l ipase A. We 
pos tu la te  t h a t  th is  pa r t i a l  deglycosyla t ion a t  low pH of 
the  o r ig ina l  l ipase is due to enzymat i c  react ions.  

All  p repa ra t ions  were h igh ly  specific for the  p r i m a r y  
posi t ions of 18:1-18:1-18:1 as ind ica ted  by the  absence of 
l (3)-monoacylglycerols  (MG) and  1,3-diacylglycerols 
(DG) in  boric acid-TLC pla tes  of extracts  from short  diges- 
t ions  of 10 min .  The profiles of d iges t ion products  were 
s imi l a r  for all  p repara t ions ;  rapid appearance  of free fat ty 
acids and  1,2(2,3)-DG accompanied  by d i sappearance  of 
TG at  4 and  8 min .  Not much  MG was produced at  4 min ,  

bu t  the  a m o u n t s  increased  d r ama t i ca l l y  a t  8 min ,  reflect- 
i ng  the  a c c u m u l a t i o n  of 2-MG. These wil l  convert  to I -MG 
by acyl m i g r a t i o n  and  wil l  even tua l l y  be hydrolyzed, re- 
s u l t i n g  in  glycerol, which we did no t  de te rmine .  By 8 
min ,  30-50% of the  TG was gone a nd  by 12 m i n  the  
a m o u n t s  were less t h a n  10%. 

Conf i rmat ion  of specificity for the  p r i m a r y  posi t ions of 
TG was ob ta ined  by ana lyses  of the  fa t ty  acids l ibera ted  
by the  l ipolyses of 18:1-16:0-18:1 and  16:0-18:1-16:0 (Table 
4). In  both cases, al l  p repa ra t ions  re leased much  grea te r  
a m o u n t s  (79.7-94.7 mol%) of the  acids in  the  p r i m a r y  
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positions than 67 mol%, the quanti ty tha t  would be pro- 
duced by a nonspecific lipase (13). Interestingly, there 
was a slight preference for 16:0 as compared to 18:1 in 
the pr imary positions. 

We analyzed the whole extracts of digestions of 18:1- 
18:1-18:1 with a sensitive polarimeter but found no devia- 
tions from zero specific rotation (13). We used this 
technique in our study on human lingual lipase (16), 
finding a rotation denoting the presence of sn-l,2-DG. It 
is possible that  enantiomeric MG as well as DG could be 
responsible for rotation, but since we observed no rota- 
tion, further investigation was not needed. 

In contrast to Wang et al., who found specificity by a 
breast milk lipoprotein lipase (15) and a bile sal t-st imu- 
lated lipase (18) for the shorter fatty acids in mixtures 
of monoacid TG ranging from 4:0 to 18:1, we observed the 
opposite. The percent digestions of the 4:0, 6:0, 8:0 and 
10:0 TG were almost always lower than  those of 12:0, 
14:0, 16:0 and 18:1 with all preparations except Sol B. 
These data are presented in Table 5. In contrast to soluble 
A, immobilized A released more 14:0 and 16:0 than the 
other acids, including 18:1. This also occurred with the 
B preparations, but to a lesser extent. It is possible that  
the enzymes showed some preference for 14:0 and 16:0. 
This is supported by the results from the digestions of 
16:0-18:1-16:0 and 18:1-16:0-18:1, previously mentioned 
and also in Table 4. 

In summary, there are distinct differences in some 
characteristics including specificity for fatty acids among 
the several preparations. Neither deglycosylation of M. 
miehei lipase A to produce B nor immobilization of either 
preparation altered other specificities studied. 
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Effects ofTriton WR 1339 and OroticAcid on Lipid Metabolism in Rats 
Nozomu Takeuchi*,% Mitsuharu Murase a, Yasuharu Nomura b, Haruto Takase b and Kiyohisa Uchidab 
aThe Central Laboratory, Ehime University Hospital, Shigenobu-cho, Ehime 791-02, Japan, and bShionogi Research Laboratories, 
Fukushimo-ku, Osaka 553, Japan 

In order  to inves t iga te  the  effect  o f  h e p a t i c  choles-  
terol  f lux on  b i l iary  bi le  acids ,  Tri ton WR 1339 and  
orot ic  ac id  were admin i s t ered  to rats,  a n d  the  b i l iary  
choles tero l ,  p h o s p h o l i p i d s  a n d  bi le  ac ids  were 
a n a l y z e d  t o g e t h e r  w i t h  serum l i p o p r o t e i n s  and  
h e p a t i c  l ipids .  Triton,  w h i c h  ra i sed  s erum very  low 
d e n s i t y  l ipopro te in  and  l ipid levels  a n d  d e c r e a s e d  
serum h i g h  dens i ty  l ipopro te in  l iver l ipid levels,  in- 
crease  the  b i l iary  chol ic  ac id  group /  
c h e n o d e o x y c h o l i c  ac id  group  ratio (CA/CDCA) in the  
bi le  w i t h o u t  af fect ing  the  total  a m o u n t  o f  bi le  ac ids  
a n d  the  o ther  b i l iary  l ipids.  Orotic  acid,  w h i c h  de- 
creased  serum l ip id  a n d  l i p o p r o t e i n  c o n c e n t r a t i o n s  
a n d  i n c r e a s e d  l iver l ip id  levels,  i n c r e a s e d  the  b i l iary  
excre t ion  o f  cho les tero l  a n d  p h o s p h o l i p i d s ,  bu t  pro- 
d u c e d  no  s ign i f i cant  c h a n g e  in the  tota l  a m o u n t  of  
bi le  ac ids  a n d  in the  CA/CDCA ratio in bile.  
Lipids 22, 566-571 (1987). 

The  l iver  p lays  a c en t r a l  role in  t he  r e g u l a t i o n  of the  
choles terol  m e t a b o l i s m .  A cons ide rab le  por t ion  of  choles- 
te ro l  in  t he  body pool is s y n t h e s i z e d  in  t he  l iver  and  
r e l e a s e d  into  the  blood s e r u m  in t he  form of  ve ry  low 
d e n s i t y  (VLDL) and  h i g h  d e n s i t y  (HDL) l ipopro te in .  The  
liver, on the  o the r  hand ,  t a k e s  up choles tero l  f rom p l a s m a ,  
m e t a b o l i z e s  i t  to b i le  ac ids  and  secre tes  t hese  in to  bi le .  
Th is  choles tero l  f lux f rom the  l ive r  a n d  p l a s m a  is consid-  
e red  to inf luence  choles terol  d e g r a d a t i o n  and  syn thes i s .  
I nc r ea sed  efflux of  choles terol  f rom the  l ive r  e n h a n c e s  
h e p a t i c  choles terol  syn thes i s ,  wh i l e  i nc r ea sed  inf lux  in- 
h ib i t s  i t  (1,2). 

P r ecu r so r  choles terol  for b i l i a r y  choles terol  and  b i le  
ac ids  is  supp l i ed  f rom a t  l ea s t  t h r e e  sources:  newly  syn the -  
s ized choles terol  in  t he  liver, s to red  choles terol  in  the  
l iver  and  choles terol  de r ived  f rom p l a s m a  l ipopro te ins .  

I t  ha s  been  sugges t ed  t h a t  newly  s y n t h e s i z e d  h e p a t i c  
choles terol  is a p re fe r r ed  source for b i le  ac ids  (3-5).  How- 
ever, 10-20% of b i l i a r y  choles terol  is e s t i m a t e d  to a r i s e  
f rom the  newly  s y n t h e s i z e d  pool of choles tero l  (6,7), al-  
t h o u g h  l a r g e r  a m o u n t s  of  choles terol  a n d  b i le  ac ids  have 
been  der ived  f rom the  newly  s y n t h e s i z e d  choles terol  a f te r  
p ro longed  b i le  d r a i n a g e  (6-8).  Therefore ,  some m a n i p u l a -  
t ion  of choles terol  and  b i le  ac id  m e t a b o l i s m ,  such as  
cholesterol  feed ing  (9,10), a d m i n i s t r a t i o n  of b i le  acid  
s e q u e s t e r i n g  r e s ins  (11-14) or  b i l e  d r a i n a g e  (6,8), shou ld  
change  the  c o n t r i b u t i o n  of  n e w l y  s y n t h e s i z e d  choles terol  
to b i l i a r y  choles terol  a n d  b i le  acids.  

Tr i ton  W R  1339 is k n o w n  to reduce  the  in f lux  of p l a s m a  
choles terol  in to  t he  l iver  (15-19), a n d  orot ic  ac id  is k n o w n  
to i n h i b i t  t he  efflux of h e p a t i c  choles terol  (20,21). These  
changes  in  t he  choles terol  f lux be tw e e n  l iver  and  p l a s m a  
affect b i le  ac id  m e t a b o l i s m .  Therefore ,  in  t h e  p r e s e n t  ex- 
p e r i m e n t s ,  we a d m i n i s t e r e d  Tr i ton  W R  1339 a n d  orot ic  
ac id  to r a t s  and  e x a m i n e d  the  changes  in  b i l i a r y  choles- 
terol ,  phospho l ip id s  a n d  b i le  ac ids  a s  wel l  a s  in s e r u m  
l ipop ro t e in  and  l iver  l ip id  levels.  

MATERIALS AND METHODS 

M a l e  S p r a g u e - D a w l e y  r a t s  w e i g h i n g  abou t  250 g were  
housed  in  a n  a i r - cond i t i oned  room u n d e r  a r t i f i c i a l  l i g h t  
f rom 7 a.m. to 7 p.m. a n d  were  g iven  a b a l a n c e d  r e g u l a r  
s tock d ie t  (Type MF, O r i e n t a l  Kobo Co., Tokyo). T r i ton  
W R  1339 a t  40 mg/100 g body  we igh t  was  d isso lved  in  
0.5 m l  s a l i ne  and  in jec ted  i n t r a p e r i t o n e a l l y  (ip) to in t e r -  
r u p t  choles terol  inf lux  in to  t he  liver. Cont ro l  r a t s  rece ived  
the  s a m e  vo lume  of  sa l ine  ip. Af t e r  20-hr  fas t ing ,  t he  
r a t s  were used  for t he  e x p e r i m e n t s .  

In  a n o t h e r  set  of  e x p e r i m e n t s ,  15 g of  powdered  r e g u l a r  
d ie t  s u p p l e m e n t e d  w i t h  2% orot ic  ac id  was g iven  to r a t s  
d a i l y  for 7 days  to i n h i b i t  t h e  choles tero l  efflux f rom the  

TABLE 1 

Serum Lipid Concentrations of Rats Treated with Triton WR 1339 and with Orotic 
Acid 

Control Triton Control Orotic acid 
Serum lipids (13) a (15) (10) (5) 

Total cholesterol 68.1 _+ 2.42 b 423.7 _+ 27.76 c 56.4 _+ 2.32 21.9 _+ 4.02 c 
Free cholesterol 10.2 _+ 0.86 320.8 _+ 15.04 c 11.2 _+ 0.64 5.3 _+ 0.76 c 
Esterified cholesterol 57.8 -+ 2.86 102.9 + 9.52 c 45.2 _+ 2.43 16.6 _+ 3.32 c 
HDL cholesterol 47.5 _+ 3.88 4.3 _+ 0.25 c'* 36.8 _+ 1.69 18.2 -+ 2.51 c 
Triglycerides 196.2 _+ 25.21 2857 _+ 204.7 c 183.9 _+ 13.61 33.6 _+ 5.84 c 
Phospholipids 120.8 _+ 6.23 627.1 _+ 51.48 c 89.0 +_ 4.93 31.0 _+ 5.89 c 

aNumber of rats. 
bMean _+ S.E.M. (mg/100 ml). 
cSignificant difference: p < 0.001. 
*n = 10, because HDL cholesterol could not be separated in five cases. 

*To whom correspondence should be addressed. 
Abbreviations: VLDL, very low density lipoprotein; LDL, low den- 
sity lipoprotein; HDL, high density lipoprotein; CA, cholic acid; 
CDCA, chenodeoxycholic acid; LCAT, cholesteryl acyltransferase. 
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Control Triton Control Orotic acid 
Lipoproteins (13) a (15) (10) (5) 

VLDL 224.2 • 35.68 b 3760.5_+299.02 c 203.1• 21.6• c 
Protein 18.6 • 1.15 120.0 _+ 3.69 c 20.9 • 1.55 1.6 • 0.50 ~ 
Free cholesterol 7.0 • 1.05 193.1 _+ 13.69 c 4.6 + 0.54 0.2 _+ 0.12 c 
Esterified cholesterol 6.3 • 0.57 79.7 -+ 17.01 ~ 3.1 • 0.35 0.2 • 0.08 c 
Triglycerides 157.0 • 28.29 2819.2 _+ 25.00 c 147.2 • 13.60 17.1 • 2.44 c 
Phospholipids 34.3 • 4.37 548.5 _+ 39.79 ~ 27.4 • 2.72 2.6 + 2.72 ~ 

LDL 56.5 • 3.70 108.3 § 8.04 c 42.7 • 0.93 9.6 -- 1.82 C 
Protein 15.6 • 0.57 26.9 _+ 1.28 C 12.9 • 1.74 2.5 + 0.65 C 
Free cholesterol 2.2 • 0.24 11.0 -+ 0.91 c 1.3 • 0.12 0.3 • 0.13 c 
Esterified cholesterol 13.6 • 0.29 19.7 -+ 2.11 c 7.3 + 0.30 1.1 + 0.39 ~ 
Triglycerides 9.9 _+ 1.76 20.0 _+ 1.87 ~ 9.5 • 0.32 3.9 § 0.36 c 
Phospholipids 15.2 + 0.92 30.7 • 1.87 c 11.7 _+ 0.47 1.8 _+ 0.34 c 

HDL 198.8 • 5.29 41.1 _+ 8.53 c 179.7 • 6.49 88.9 • 9.63 c 
Protein 97.9 + 3.94 20.9 § 4.17 c 95.6 -+ 3.06 51.6 • 4.31 c 
Free cholesterol 3.5 • 0.07 1.6 _+ 0.35 d 2.7 • 0.19 2.3 • 0.39 
Esterified cholesterol 39.8 _+ 1.38 4.9 _+ 1.47 c 33.2 _+ 1.88 17.7 • 2.62 c 
Triglycerides 8.8 • 0.67 6.7 -+ 0.44 c 8.1 • 0.53 3.5 • 0.15 c 
Phospholipids 49.0 + 2.13 6.9 • 2.46 c 40.2 • 3.31 13.8 • 2.62 ~ 

aNumber of rats. 
bMean • S.E.M. (rag/100 ml). 
cSignificant difference: p < 0.001. 
dSignificant difference: p < 0.01. 

liver. Contro l  ra t s  were  fed the  same a m o u n t  of r e g u l a r  
d ie t  w i thou t  orotic acid. On the  las t  day, 15 g of the  die t  
con t a in ing  2% orotic acid or the  control  d ie t  was g iven  
to the  ra ts  12 h r  pr ior  to the  expe r imen t .  

Bi le  was col lected by b i l i a ry  d r a inage  for 30 m i n  u n d e r  
sod ium pen toba rb i t a l  a n e s t h e s i a  (50 mg/kg,  ip) (9), and  
t h e n  blood was d rawn f rom the  a b d o m i n a l  ao r t a  by 
syr inge.  The  l ive r  was removed  i m m e d i a t e l y  af ter  perfu-  
sion w i t h  10 ml  of  cold sa l ine  t h r o u g h  the  por ta l  vein.  

S e r u m  to ta l  and free choles terol  (22), t r ig lycer ides  (23) 
and phosphol ip ids  (24) were  d e t e r m i n e d  by e n z y m a t i c  
co lor imet r ic  tests ,  and  H D L  cholesterol  was e s t i m a t e d  by 
an e n z y m a t i c  m e t h o d  af ter  r emova l  and V L D L  and  low 
dens i ty  l ipopro te in  (LDL) by the  add i t ion  of phos- 
pho tungs t i c  acid and  MgC12 (25). 

S e r u m  l ipoprote ins  were  sepa ra t ed  by u l t r a c e n t r i f u g a -  
t ion  as descr ibed by H a t c h  and Lees (26). V L D L  was 
ob ta ined  by f lo ta t ion  of  h a l f  the  vo lume  of the  s e r u m  
sample .  For th is  purpose,  NaC1 solu t ion  w i t h  a dens i ty  
of 1.006 g/100 ml  was layered on top of the  s e r u m  and  
cen t r i fuged  a t  100,000 x g for 16 h r  in  a Hi t ach i  65P 
u l t r acen t r i fuge .  H a l f  the  vo lume  of t he  NaC1 solu t ion  on 
top of  the  s e r u m  was removed  as the  V L D L  fract ion.  LDL 
was sepa ra t ed  by cen t r i f uga t i on  a t  100,000 x g for 20 
h r  a f te r  ad jus t ing  the  dens i ty  to 1.064 by add i t ion  of  K B r  
so lu t ion  w i t h  a dens i ty  of  1.182. H D L  was ob ta ined  af te r  
c en t r i f uga t i on  a t  100,000 x g for 40 h r  f rom the  s e r u m  
adjus ted  to a dens i ty  of 1.21 by addi t ion  of  K B r  so lu t ion  
w i t h  a dens i ty  of 1.478. In  the  case of the  T r i t on - t r ea t ed  
rats ,  V L D L  separa t ions  were  r epea ted  t h r ee  t imes  to ob- 
t a i n  the  V L D L  f rac t ion  completely.  Lipid concen t ra t ions  
in  the  l ipopro te in  f ract ions  were  d e t e r m i n e d  by e n z y m a t i c  

co lor imet r ic  assays (22-24),  and  apopro te in  concent ra-  
t ions  were  m e a s u r e d  by the  Lowry m e t h o d  (27). 

Choles te ro l  and  bi le  acids in the  bi le  were  ana lyzed  by 
gas l iqu id  ch roma tog raphy  (28), and  phosphol ip ids  were 
d e t e r m i n e d  by the  me thod  of  Hae f lmyar  and  Fr ied  (29) 
a f te r  ex t r ac t ion  w i t h  hot  e thanol .  L i thogen ic  indices  of  
the  bi les  were  ca lcu la ted  by the  me thods  of  A d m i r a n d  
and S m a l l  (30) and Holzbach et  al. (31). L iver  l ipids were  
ex t r ac t ed  by the  Folch procedure  (32); to ta l  l ipids, to ta l  
cholesterol ,  t r ig lycer ides  and phosphol ip ids  were  deter-  
m i n e d  as repor ted  p rev ious ly  (33). S ta t i s t i ca l  ana lyses  
were  ca r r i ed  out  us ing  S tuden t ' s  t - test .  

RESULTS 

Table 1 shows the  s e rum l ipid concen t ra t ions  of  the  ra ts  
t r e a t ed  w i t h  Tr i ton  and w i t h  orotic acid. The  s e r u m  tr i -  
g lycer ide  concen t ra t ion  in the  T r i t on - t r ea t ed  ra t s  in- 
creased to about  15 t i m e s  t h a t  of  the  control  ra ts ,  and 
the  to ta l  cholesterol  and phosphol ip ids  inc reased  6.2 and  
5.2 t imes ,  respect ively.  By contrast ,  the  H D L  choles terol  
decreased  to about  one - t en th  of  t h a t  of  the  control,  
s ugges t i ng  t h a t  t he  s e r u m  choles terol  was con ta ined  ex- 
c lus ively  in  the  V L D L  and  LDL frac t ions  a f te r  the  t rea t -  
m e n t  w i th  Tri ton.  As the  se rum-f ree  cholesterol  concen- 
t r a t i on  was e leva ted  to 31.5-fold t h a t  of the  control ,  t he  
pe rcen t age  of the  es ter i f ied  cholesterol  decreased  to 
24.3%, whi l e  the  control  showed a va lue  of  84.9%. 

On the  o the r  hand ,  orotic acid m a r k e d l y  decreased  the  
s e rum l ipid levels.  The  to ta l  cholesterol ,  t r ig lycer ides  and 
phosphol ip ids  showed va lues  of  38.8, 18.3 and 34.8% of 
those  of  the  control  rats ,  respect ively.  The  H D L  choles- 
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TABLE 3 

Percentages  of  Lipoprotein Composi t ions  f rom Rats  Trea ted  wi th  Tr i ton  WR 1339 a n d  wi th  Orotie 
Acid 

Control Triton Control Orotic acid 
Lipoproteins (13)a (15) (10) (5) 

VLDL 
Protein 8.3 • 0.71 b 3.2 • 0.12 c 10.3 • 0.50 7.4 _+ 1.124 
Free cholesterol 3.1 § 0.67 5.1 • 0.18 c 2.3 • 0.13 0.9 -+ 0.11 c 
Esterified cholesterol 2.8 • 0.23 2.1 • 0.07 1.5 • 0.14 0.9 • 0.23 e 
Triglycerides 70.0• 1.12 75.0 •  d 72.5 • 79.2 • 1.41 ~ 
Phospholipids 15.3 • 0.30 14.6 • 0.20 13.5 • 0.38 12.0 _+ 0.37 ~ 

LDL 
Protein 27.6 • 0.69 24.8 • 0.58 e 30.2 • 1.61 26.0 • 1.97 
Free cholesterol 3.9 • 0.17 10.2 • 0.25 c 3.0 • 0.23 3.1 • 0.64 
Esterified cholesterol 24.1 _+ 0.61 18.2 • 0.58 c 17.1 § 0.40 11.5 • 1.72 d 
Triglycerides 17.5 • 0.99 18.5 • 1.07 22.2 • 0.87 40.6 • 4.39 c 
Phospholipids 26.9 • 0.26 28.3 • 0.58 27.4 • 0.98 18.8 • 1.47 e 

HDL 
Protein 49.2 • 1.03 50.9 • 1.51 53.2 • 1.28 58.0 _+ 1.56 e 
Free cholesterol 1.8 • 0.44 3.9 + 0.324 1.5 • 0.07 2.6 § 0.264 
Esterified cholesterol 20.0 • 0.54 11.9 • 1.29 c 18.5 • 1.28 19.9 • 0.97 
Triglycerides 4.4 • 0.43 16.3 _+ 2.16 c 4.5 • 0.42 3.9 • 0.39 
Phospholipids 24.6 • 0.74 16.8 • 2.03 c 22.4 • 1.37 15.5 • 1.59 e 

aNumber of rats. 
bMean • S.E.M. (mg/100 ml). 
cSignificant difference: p < 0.001. 
dSignificant difference: p < 0.01. 
eSignificant difference: p < 0.05. 

TABLE 4 

Hepat ic  Lipid Concentrat ions from Rats Treated with Triton WR 1339 and with  Orotic Acid 

Control Triton Control Orotic acid 
(8) ~ (12) (10) (5) 

Liver weight 5.06 _+ 0.11 b 4.46 • 0.13 e 4.84 • 0.11 5.87 _+ 0.17 e 
Triglycerides 4.90 § 0.59 c 3.48 § 0.33 e 6.53 § 1.19 24.26 • 0.644 
Cholesterol 1.64 • 0.12 ~ 1.49 § 0.08 1.96 • 0.10 2.70 • 0.19 e 
Phospholipids 22.46 • 1.78 c 22.17 • 1.44 26.86 • 1.19 30.42 _+ 1.65 
Total lipids 34.23 • 1.81 c 28.10 • 1.47 e 38.02 • 0.91 63.50 _+ 4.264 

aNumber of rats. 
bMean • S.E.M. (g/100 g body weight). 
CMean • S.E.M. (mg/g wet tissue). 
dSignificant difference: p < 0.001. 
eSignificant difference: p < 0.01. 

t e r o l  w a s  a l so  d e c r e a s e d  to  49 .4% o f  t h e  con t ro l ,  s u g g e s t -  
i n g  t h a t  t h e  c h o l e s t e r o l  i n  V L D L  a n d  L D L  d e c r e a s e d  to  
a b o u t  o n e - f i f t h  of  t h a t  o f  t h e  con t ro l .  T h e  p e r c e n t a g e  of  
t h e  e s t e r i f i e d  c h o l e s t e r o l  v s  t o t a l  c h o l e s t e r o l  w a s  n o t  af- 
f e c t e d  by  o ro t i c  ac id  a d m i n i s t r a t i o n .  

T h e  e f fec t  o f  T r i t o n  on  a p o p r o t e i n s  a n d  l i p i d s  i n  s e r u m  
l i p o p r o t e i n s  is  s h o w n  i n  T a b l e s  2 a n d  3. T h e  V L D L  c o n c e n -  
t r a t i o n  in  t h e  t r e a t e d  r a t s  i n c r e a s e  16.8-fold ove r  t h e  con-  
t ro l ,  a n d  t h e  p e r c e n t a g e s  of  f r e e  c h o l e s t e r o l  a n d  t r i -  
g l y c e r i d e s  i n  V L D L  i n c r e a s e d  w h i l e  t h a t  o f  a p o p r o t e i n s  
d e c r e a s e d .  T h e  L D L  c o n c e n t r a t i o n  a n d  f r ee  c h o l e s t e r o l  

i n c r e a s e d ,  b u t  a p o p r o t e i n s  a n d  e s t e r i f i e d  c h o l e s t e r o l  de-  
c r e a s e d .  T h e  H D L  c o n c e n t r a t i o n ,  on  t h e  c o n t r a r y ,  m a r k -  
e d l y  d e c r e a s e d  to  a b o u t  o n e - f i f t h  o f  t h a t  o f  t h e  con t ro l .  
F r e e  c h o l e s t e r o l  a n d  t r i g l y c e r i d e s  i n  H D L  i n c r e a s e d ,  t h o s e  
of  e s t e r i f i e d  c h o l e s t e r o l  a n d  p h o s p h o l i p i d s  d e c r e a s e d ,  a n d  
t h a t  o f  a p o p r o t e i n s  r e m a i n e d  u n c h a n g e d .  

T h e  V L D L  c o n c e n t r a t i o n  i n  t h e  r a t s  f~d o ro t i c  a c i d  
d e c r e a s e d  to  o n e - t e n t h  o f  t h a t  o f  t h e  co n t ro l ,  as  s h o w n  
in  T a b l e  2, w h e r e  t h e  c o m p o s i t i o n  r a t i o s  o f  t h e  s u r f a c e  
c o m p o n e n t s  s u c h  a s  a p o p r o t e i n s ,  f r ee  c h o l e s t e r o l  a n d  e v e n  
p h o s p h o l i p i d s  d e c r e a s e d  b u t  t h a t  o f  t r i g l y c e r i d e s  in -  

LIPIDS, Vol, 22, No. 8 (1987) 



569 

TRITON AND OROTIC ACID EFFECT ON LIPID METABOLISM 

creased (Table 3). The LDL concentration also decreased 
with the reduction in the composition ratios of esterified 
cholesterol and phospholipids and with an increase in 
the triglycerides. The HDL concentration decreased to 
about half  of the control; the percentage of free cholesterol 
increased but tha t  of phospholipids decreased. 

The liver weight of the Triton-treated rats decreased 
to 9.5 _+ 0.27 g from 11.1 _+ 0.29 g in the control (p < 
0.01), but tha t  of the orotic acid-treated rats increased 
to 16.3 _+ 0.78 g from 14.1 _+ 0.36 g in the control (p < 
0.01). Triton decreased the total lipid level in the liver, 
but orotic acid markedly increased it (Table 4). Although 
only the triglyceride concentration decreased in the liver 
of Triton-treated rats, both the triglyceride and total 
cholesterol concentrations in the orotic acid-treated rats 
increased markedly. 

Table 5 shows the changes in bile flow and levels of 
cholesterol, phospholipid and bile acid in the Triton- and 
orotic acid-  treated rats. Triton induced no change in the 
bile flow and biliary cholesterol, phospholipid and bile 
acid levels, but orotic acid increased the bile flow and 
biliary secretion of cholesterol and phospholipids. The 
bile acid secretion in the orotic acid-treated rats showed 
a tendency to increase, but the change was statistically 
insignificant. 

Lithogenic indices calculated by the methods of Ad- 
mirand and Small (30) and Holzbach et al. (31) were not 
affected in the Triton treatment.  In the orotic acid-  
treated rats, maximal cholesterol solubilities estimated 
by both methods tended to increase. Lithogenic indices 
therefore were not altered significantly by orotic acid ad- 
ministration despite the tendency to increase. 

The biliary bile acid composition in these rats is given 
in Table 6. In the Triton-treated rats, 3a,12~-dihydroxy-7- 
oxo-5~-cholanoic acid increased and ~-muricholic acid de- 
creased, resulting in an increase of the cholic acid (CA) 
group and a decrease of the chenodeoxycholic acid (CDCA) 
group. The increase of cholic acid and deoxycholic acid 
and the decrease of chenodeoxycholic acid were statisti- 
cally insignificant, but  the ratio of the CA/CDCA group 
increased in the Triton-treated rats (2.19 vs. 1.54, p < 
0.05). On the other hand, orotic acid caused no significant 
change in the biliary bile acid composition. 

DISCUSSION 

Both Triton WR 1339 and orotic acid affect the distribu- 
tion of lipids between plasma and liver. Triton reduced 
the hepatic uptake of lipids from plasma lipoproteins by 
inhibiting the interaction between VLDL and lipoprotein 

TABLE 5 

Ef fects  o f  Triton WR 1339 and  Orot ic  Ac id  on  B i l i ary  Lip ids  

Control Triton Control Orotic acid 
(9) a (6) (7) (5) 

Bile flow 
ml/hr 1.10_+0.06 b 1 .10-+0.11 1.53+_0.09 1.92-+0.15 c 

Cholesterol 
%g/ml 232-+21.5 2 3 2 - + 2 9 . 9  123_+13.7 156_+13.5 
%g/hr 251 _+ 30.5 263 _+ 30.8 192 § 27.1 301 +_ 42.6 c 

Phospholipids 
~g/ml 2.58-+0.17 2 .69-+0 .34  2.56_+0.24 2.85_+0.22 
~g/hr 2.92_+0.22 3.19+_0.29 3.94_+0.45 5.39-+0.51 c 

Bile acids 
~g/ml 8.92 +- 0.85 9.01 -+ 1.23 8.49 _+ 1.01 7.42 _+ 0.51 
~g/hr 8.99 +_ 0.33 9.02_+ 1.29 12.9-+ 1.64 14.00-+ 0.29 

Molar percent 
Cholesterol 2.3-+0.23 2 . 3 - + 0 . 2 6  1 .3 -+0 .20  1.9-+0.21 
Phospholipids 1 3 . 9 - + 1 . 3 4  14 .6 -+2 .02  13.9_+1.60 16.9_+1.01 
Bile acids 83.8 _+ 1.54 83.0 _+ 2.23 84.8 -+ 1.80 81.3 +_ 1.14 
PL/IPL + BA) 0.142-+0.013 0.149-+0.018 0.147-+0.015 0.172-+0.010 

Admirand and Small's 
method 

MCS 8.78_+0.279 8.84-+0.402 8.43-+0.406 9.30-+0.160 
LI 0.261+_0.023 0.257-+0.024 0.171+_0.016 0.201+_0.021 

Holbach et al. method 
MCS 4.79-+0.260 4.98-+0.385 4.87-+0.294 5.37-+0.226 
LI 0.477+_0.032 0.462-+0.039 0.276-+0.023 0.359-+0.033 

MSC, Maximal cholesterol solubility; LI, lithogenic index. 
aNumber of rats. 
bMean _+ S.E.M. 
cSignificant difference: p < 0.05. 
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TABLE 6 

Ef fects  o f  Triton WR 1339 a n d  Orot ic  Ac id  on  C o m p o s i t i o n  o f  Bi l iary  Bi le  A c i d s  

Control Trinton Control Orotic acid 
(9) a (6) (7) (5) 

CA group 52.1-+1.94 b 60.7-+2.17 c 51.2-+2.39 54.7-+2.41 
Deoxycholic 2.9-+0.34 4 . 3 - + 0 . 6 6  2 .7 -+0 .38  1.5+0.30 
Cholic 46.1-+2.47 48.3-+2.62 46.2-+2.32 50.6-+2.26 
3~,12~,7=0 3.0-+0.88 8.0-+2.05 c 2 .7 -+0 .79  2.6-+0.64 

CDCA group 33.81-+1.15 27.7+-1.67 c 35.4-+1.84 31.6-+1.32 
Lithocholic 0.4+0.03 0.4+0.09 0 .4 -+0 .05  0.5-+0.07 
Chenodeoxycholic 6 .0 -+0 .65  5 . 1 - + 1 . 2 5  5.4-+0.71 4.7- + 1.54 
Hyodeoxycholic 1.4-+0.29 1 . 6 - + 0 . 3 7  2 . 6 - + 0 . 1 4  1.8-+0.25 
Ursodeoxycholic 2.8-+ 0 . 3 4  2 . 2 - + 0 . 2 3  2.2-+0.41 1.5-+ 0.09 
~-Muricholic 2.9-+0.29 2 . 8 - + 0 . 7 5  2.8+0.41 3.6-+0.46 
~-Muricholic 13.6-+1.01 9.2+-1.01 c 16.2-+1.83 12.3-+0.61 
r 1.1-+0.12 1.3-+0.15 1.8-+0.13 1.5-+0.25 
3~,6=0 5.6-+0.74 5 . 1 - + 0 . 4 2  4 . 0 - + 0 . 6 4  5.6-+0.44 

Others 14.2-+1.16 11.8-+1.58 11.5-+1.39 12.5-+0.94 
CA/CDCA ratio 1.54-+0.12 2.19-+0.23 c 1.48-+0.15 1.73-+0.14 

aNumber of rats. 
bMean § S.E.M. (%). 
cSignificant difference: p < 0.05. 

lipase (15-17) or between HDL and lecithin: cholesterol 
acyltransferase (LCAT) (18,19). 

Elevation of the percentages oftriglycerides and choles- 
terol in the VLDL fraction indicate an increase of large- 
sized VLDL, from which lipid moieties are not eliminated 
by lipoprotein lipase. The marked increase of VLDL 
causes some VLDL contamination of other lipoprotein 
fractions. Despite repeated separation of VLDL, a rela- 
tively triglyceride-rich HDL is obtained, because some 
triglyceride appears to be transferred from VLDL to HDL 
(34-36). It also will generate LDL particles in which es- 
terified cholesterol in the core portion is substituted for 
triglyceride. 

The decreased percentage of esterified cholesterol in 
serum indicates an impairment of LCAT activity, but  the 
decrease of HDL concentration brought about by the re- 
duction of HDL formation from VLDL (37-39) is also 
responsible for the reduction of the LCAT effect, because 
cholesterol is esterified on HDL surfaces (35,40,41). Since 
cholesterol is transferred from HDL to VLDL and LDL 
(34-36), the reduction of the esterified cholesterol content 
in HDL should lead to a decrease in the percentage of 
esterified cholesterol in VLDL and LDL. 

It is not clear why the content of triglyceride in VLDL 
and LDL was elevated but those of protein and lipid were 
decreased by orotic acid administration. Orotic acid is 
known to specifically inhibit the release of VLDL from 
liver, but does not affect the intestinal relaease ofchylomi- 
crons and VLDL (42,43). Since chylomicron production 
in the intestine may be negligible after 12-hr fasting of 
rats and LDL may not be transformed from chylomicron, 
intestinal lipoproteins may not have participated in such 
compositional changes in VLDL and LDL in the present 
experiment. Therefore, the metabolism of triglyceride- 
rich ]ipoproteins from the liver should be affected i n d i -  
r e c t l y  by orotic acid. 

Since Triton t reatment  inhibits cholesterol uptake by 
the liver from plasma without interfering with VLDL 

secretion from the liver (44,45), the hepatic cholesterol 
content is reduced, which in turn stimulates cholesterol 
synthesis in the liver. Actually, hepatic lipid synthesis 
was shown to be enhanced by Triton administration 
(15,46,47), al though some reports have shown that  the 
lipid synthesis was not affected (16,48,49). More recently, 
Fears and Umpleby (50) reported that  hepatic cholesterol 
synthesis was stimulated, but the triglyceride synthesis 
remained unchanged after Triton treatment.  In the pres- 
ent experiment, liver triglyceride decreased after the 
t reatment  but cholesterol did not, suggesting that  the 
compensatory synthesis of cholesterol is more sensitive 
than that  of triglyceride. Since phospholipids, which are 
an important  membrane constituent of cells, are con- 
tained in VLDL far less than  triglycerides, the effect of 
Triton t reatment  on phospholipids will be less significant 
than that  on triglycerides. Consequently, newly synthe- 
sized or stored cholesterol in the liver will become the 
preferred precursor for bile acid synthesis. In addition, 
it has been reported that  newly synthesized cholesterol 
in the liver is preferably metabolized to CA rather  than 
to CDCA (3,51,52). Glucose feeding after fasting (53), oral 
administration of bile acid sequesting resin (11,14) or 
phytosterol (54), and bile drainage (6,8) stimulate bile 
acid, especially CA, synthesis. In the present experiment, 
the CA/CDCA ratio of the biliary bile acids was increased 
by Triton administration, suggesting that  the CA syn- 
thetic pathway is stimulated by the compensatory in- 
crease of cholesterol synthesis. 

On the other hand, orotic acid is considered to inhibit 
the glycosylation of apolipoproteins in the liver (20) and 
to decrease the release of VLDL into the circulation, in- 
ducing fatty liver and hypolipidemia in rats (20,21). 
VLDL and HDL are formed in both the liver and intestine, 
but  VLDL secretion from the liver is five to eight times 
faster than that  from the intestine (55), while a consider- 
ably larger amount  of HDL is secreted from the intestine 
(56). Therefore, the decrease in serum VLDL should be 
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more  m a r k e d  t h a n  t h a t  of  H D L  in t he  orot ic  a c i d - t r e a t e d  
ra t s .  In  add i t ion ,  H D L  fo rma t ion  f rom V L D L  shou ld  be  
r educed  w h e n  t h e  s e r u m  V L D L  level  is low. This  m a y  
cause  a dec rease  of  s e r u m  H D L  a f t e r  orot ic  ac id  t r e a t -  
men t .  

I n  t h e  p r e s e n t  e x p e r i m e n t ,  t he  b i l i a r y  b i l e  ac id  secre- 
t ion  and  CA/CDCA ra t io  were  no t  in f luenced  by  orot ic  
acid,  b u t  t h e  sec re t ions  of  choles terol  a n d  phospho l ip ids  
increased .  Choles te ro l  f eed ing  in  excess to r a t s  also causes  
a c c u m u l a t i o n  of  choles terol  and  t r i g lyce r i de s  in  t he  l iver  
a n d  inc reases  b i l i a r y  sec re t ions  of  b i l e  ac ids  a n d  choles-  
t e ro l  (9,10). Thus ,  choles terol  a c c u m u l a t i o n  in  t he  l iver  
p r o b a b l y  e n h a n c e s  t h e  excre t ion  of  b i l i a r y  cholesterol .  
As  for t he  b i le  ac id  composi t ion ,  choles terol  f eed ing  s t imu-  
l a t e s  t he  CDCA s y n t h e t i c  p a t h w a y  a n d  l e a d s  to dec rease  
in  t he  CA/CDCA ra t io  of  t he  b i le  (9,10). In  t h e  p r e s e n t  
e x p e r i m e n t ,  t h e  CA/CDCA ra t io  as  wel l  as  t h e  t o t a l  
a m o u n t s  of  exc re ted  b i le  ac ids  were  no t  affected s ignif i -  
c a n t l y  in  orot ic  a c i d - t r e a t e d  ra t s .  A l t h o u g h  a c c u m u l a t i o n  
of  choles tero l  in  t he  l ive r  is caused  by  e i t h e r  a n  i nc rea se  
of  choles tero l  inf lux  or a dec rease  of choles terol  outf lux,  
a n d  the  b i le  ac id  m e t a b o l i s m  is in f luenced  by the  i nc rea se  
of  l iver  cholesterol ,  t he  change  of b i le  ac id  m e t a b o l i s m  
produced  by  t h e  i nc rea se  of  choles terol  in f lux  m i g h t  be  
d i f fe ren t  f rom t h a t  i nduced  by  the  dec rease  of  choles tero l  
efflux. However,  T o k m a k j i a n  a n d  H a i n e s  (57) r e c e n t l y  
r e p o r t e d  t h a t  orot ic  ac id  s t i m u l a t e d  h e p a t i c  choles tero l  
syn thes i s .  A l t h o u g h  we expec ted  t h a t  t h e  CA/CDCA ra t io  
would  dec rease  in  t he  orot ic  a c i d - t r e a t e d  ra t s ,  our  r e su l t s  
d id  no t  show th is .  I f  orot ic  ac id  does i nc rea se  t h e  choles-  
t e ro l  s y n t h e s i s  in  t he  liver, as  t h e y  have  shown,  th i s  m i g h t  
have  cance l l ed  t h e  dec rease  in  t he  CA/CDCA ra t io .  
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Alteration of Hepatic Phospholipids in Rats and Mice by Feeding 
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Effec t s  o f  d i - (2 - e thy lhexy l )ad ipa te  (DOA) a n d  di-(2- 
e t h y l h e x y l ) p h t h a l a t e  (DEHP) ,  p l a s t i c i z e r s  for  
p o l y v i n y l c h l o r i d e  p r o d u c t s ,  o n  c o n c e n t r a t i o n s  a n d  
c o m p o s i t i o n s  o f  h e p a t i c  p h o s p h o l i p i d s  w e r e  s t u d i e d  
in rats.  W h e n  a d m i n i s t e r e d  to  rats  at  a 2% level  for  
2 w k ,  b o t h  D O A  a n d  D E H P  c a u s e d  a h e p a t o m e g a l y ,  
a n  i n c r e a s e  in h e p a t i c  p h o s p h o l i p i d s  a n d  a d e c r e a s e  
in  the  rat io  o f  p h o s p h a t i d y l c h o l i n e  (PC) to  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).  In  t h e  c o m p a r a b l e  
s t u d y  w i t h  mice ,  the  a l k y l  m o i e t y  o f  D O A  w a s  f o u n d  
to  be  r e s p o n s i b l e  for  t h e s e  a l t e r a t i o n s .  D O A  a n d  
D E H P  spec i f i ca l l y  a l t ered  fat ty  a c i d  c o m p o s i t i o n s  
o f  PC a n d  PE: there  w a s  an  i n c r e a s e  in  o l e i c  a n d  
p a l m i t i c  a c i d s  a n d  a d e c r e a s e  in  s t ear i c  a n d  
d o c o s a h e x a e n o i c  a c i d s  in  PC a n d  a n  i n c r e a s e  in 
a r a c h i d o n i c  ac id  at the  e x p e n s e  o f  d o c o s a h e x a e n o i c  
a c i d  in P E .  In  add i t ion ,  DOA c a u s e d  a n  i n c r e a s e  in 
the  t r i eno i c  a n d  t e t r a e n o i c  m o l e c u l a r  s p e c i e s  in  P C  
a n d  a n  i n c r e a s e  in  the  1 - p a l m i t o y l - 2 - a r a c h i d o n y l  
(16:0//20:4) s p e c i e s  in  PE.  Thus ,  the  e f fec t s  o f  D O A  
o n  t h e  l ip id  d y n a m i c s  r e s e m b l e d  t h o s e  o b s e r v e d  
w i t h  DEHP,  a l t h o u g h  the  m a g n i t u d e  w a s  s l ight ly  
m o d e r a t e d .  
Lipids 22, 572-577  (1987). 

TABLE 1 

D i - ( 2 - e t h y l h e x y l ) p h t h a l a t e  ( D E H P )  is a c h e m i c a l  add i -  
t i v e  c o m m o n l y  u s e d  in  t h e  m a n u f a c t u r e  o f  p l a s t i c  prod-  
uc ts .  T h e  w i d e s p r e a d  d i s t r i b u t i o n  o f  t h i s  c o m p o u n d  in  
t h e  e n v i r o n m e n t  a n d  in  a n i m a l  t i s s u e s  h a s  a t t r a c t e d  a t -  
t e n t i o n  to i t s  pos s ib l e  tox ic  ef fec t  (1). R e c e n t l y  D E H P  h a s  
b e e n  r e p o r t e d  to c a u s e  h e p a t i c  p e r o x i s o m a l  p r o l i f e r a t i o n  
a n d  h e p a t i c  t u m o r s  in  r a t s  (2,3). A l t e r a t i o n  o f  l i p id  
m e t a b o l i s m  (4-8)  a n d  i n h i b i t i o n  of  v a r i o u s  e n z y m e s  (9,10) 
in  a n i m a l  m o d e l s  h a v e  a l so  b e e n  r e p o r t e d .  I n  v i e w  of  
t h e s e  u n t o w a r d  effects ,  l e ss  tox ic  s u b s t i t u t e s  for D E H P  
h a v e  b e e n  a p p l i e d  in  p r o d u c t s  such  as  p o l y v i n y l c h l o r i d e  
p l a s t i c  m e d i c a l  a p p l i a n c e s .  D i : ( 2 - e t h y l h e x y l ) a d i p a t e  
(DOA) is  one  such  s u b s t i t u t e .  

S i n c e  D E H P  m o d i f i e s  s e v e r a l  a s p e c t s  o f  l i p id  
m e t a b o l i s m  in  r a t s  (4 -8 ,11 -14 )  a n d  r a b b i t s  (7), i t  s e e m s  
i m p o r t a n t  to c l a r i f y  t h e  e f fec t s  t h a t  D O A  e x e r t s  on  l i p id  
m e t a b o l i s m  in  t h e  e x p e r i m e n t a l  a n i m a l  m o d e l .  Be l l  (15) 
r e c e n t l y  s h o w e d  t h a t  D O A  w o r k s  as  a n  i n h i b i t o r  of  h e p a t -  
ic c h o l e s t e r o g e n e s i s  a n d  t h u s  e x h i b i t s  p l a s m a  choles-  
t e r o l - l o w e r i n g  ac t iv i ty .  

T h e  p r e s e n t  s t u d y  w a s  u n d e r t a k e n  to e x a m i n e  t h e  ef- 
fec ts  of  D O A  on  t h e  p rof i l es  o f  h e p a t i c  a n d  p l a s m a  l ip ids ,  
a n d  t h e  r e s u l t s  w e r e  c o m p a r e d  w i t h  t h o s e  p r o d u c e d  by 
D E H R  T h e  ef fec ts  o f  a d i p a t e  a n d  2 - e t h y l h e x a n o l ,  t h e  con- 
s t i t u e n t s  o f  DOA,  w e r e  a l so  e x a m i n e d .  

Effects of DOA and DEHP on Growth Parameters' Serum and Liver Components 
and Liver Catalase Activity in Rats (Experiment 1) 

Groups Control DOA D E H P  

Initial weight (g) 156 • 3 a 156 • 4 a 156 • 3 a 
Weight gain (g/2 wk) 74 _+ 4 a 57 _ 4 a 31 +_ 12 c 
Food intake (g/day) 17.7 • 0.4 a 16.8 • 0.8 a 13.6 • 0.9 b 
Liver weight (g) 12.3 • 0.5 a 13.7 -!-_ 0.6 a 13.6 • 0.9 a 
Liver weight (g/100 g body wt) 5.3 • 0.1 a 6.5 +- 0.2 b 7.9 • 0.2 c 

Liver components (mg/g liver) 
Phospholipids 17.6 • 0.7 a 23.0 • 0.7 b 26.7 • 0.9 c 
Triglyceride 5.8 • 0.3 a 6.3 • 0.1 a 4.8 • 0.3 b 
Cholesterol 2.1 • 0.1 a 2.0 • 0.1 a 2.0 • 0.2 a 
Protein 149 • 8 a 179 • 5 b 183 • 7 b 
Glycogen 88 • 11 a 54 +_ 4 b 39 • 5 c 

Catalase activity 
(units/mg protein) 30.7 • 1.6 a 59.4 +_ 4.6 b ND 
(units • 10/liver/100 g body wt) 23.3 67.5 ND 

Plasma lipids (mg/dl) 
Phospholipids 128 _ 18 a 106 • 4 a 100 • 9 a 
Triglyceride 143 -k 15 a 123 _ 7 a 85 • 5 b 
Cholesterol 69 • 2 a 75 _ 6 a 62 + 5 a 

DOA, di-(2-ethylhexyl)adipate; DEHP, di-(2-ethylhexyl)phthalate; ND, not determined. 
Male rats were fed ad libitum semipurified diets supplemented with either 2% DOA or 
D E H P  for 2 wk. Values are the means • SE of 5 rats. Values not sharing the same 
superscript letter within the same row are significantly different at p < 0.05. 

*To whom correspondence should be addressed. 
Abbreviations: DOA, di-(2-ethylhexyl)adipate; DEHP, di-(2- 
ethylhexyl)phthalate; PC, phosphatidylcholine; PE, phos- 
phatidylethanolamine; GLC, gas liquid chromatography; TLC, thin 
layer chromatography. 
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MATERIALS AND METHODS 

Animal experiments. Exper iment  1: Six-week-old male  
Wistar rats  (Kyudo Co., Saga, Japan) ,  weighing ca. 156 
g, were fed ad l ibi tum the purified basal  diet (5) or the 
basal  diet supplemented ei ther  with 2% DOA or DEHP. 
The basal  diet consisted (in percent) of vi tamin-free ca- 
sein, 20.0; corn oil, 5.0; cellulose, 4.0; minera l  mixture,  
4.0; v i t amin  mixture,  1.0; choline chloride, 0.15 and suc- 
rose to 100. Mineral  and v i t amin  mixtures  according to 
Harpe r  (16) were purchased from Oriental  Yeast Co. 
(Tokyo). DOA and DEHP were from Wako Pure Chemical  
Industr ies  (Osaka), and the pur i ty  was checked by gas 
liquid chromatography (GLC) with an electron capture 
detector using a OV-1 column (4); only one peak  was 
detected for both chemicals. Food intake and body weight 
were measured every day. After 2 wk of feeding, ra ts  were 
killed by decapitation; livers were excised, rinsed with 
physiological saline and weighed. 

Exper iment  2: To assess the effects of the const i tuents  
of DOA on liver phospholipid metabolism, 5-week-old ddy 
mice (Kyudo Co.) weighing ca. 31 g were fed a 20% casein 
(basal) diet containing ei ther  adipate, 2-ethylhexanol 
(ethylhexanol), a mixture  of adipate and ethylhexanol  or 
DOA for 1 wk. The dietary level of these supplements  
was equivalent  to 1% DOA on the molar  basis. 

Lipid analysis. Liver and serum lipids were extracted 
and purified by the procedures of Folch et al. (17) and 
Bligh and Dyer (18), respectively, and were analyzed for 
phospholipid and triglyceride as reported elsewhere (4,5). 
Cholesterol was analyzed by the enzymatic  method 
(Cholesterol C-Test, Wako Pure Chemical  Industries,  
Osaka). For separat ion of individual phospholipids of the 
liver, total  lipid extracts  were init ially developed on 0.25- 
m m  thick Silica Gel H plates containing i mM NaHCO3 
under  argon in a solvent system of acetone/diethylether 
(1:3, v/v) to separate  neut ra l  lipids from phospholipids, 
and then  were developed in a solvent system of 
chloroform/methanol/acetic acid/water (25:15:4:2, v/v/v/v) 
containing 0.02% butyla ted  hydroxytoluene as an anti- 
oxidant. After a br ief  exposure to iodine vapor, the spots 
corresponding to phosphatidylcholine (PC), phos- 
pha t idy le thanolamine  (PE), phosphatidylinositol  + 
phosphatidylserine,  sphingomyelin, lysoPC and phos- 
phatidic acid were scraped off for the analysis  of phos- 
phorus and fa t ty  acid composition (5). 

Analysis of molecular species of phospholipids and fatty 
acid composition. The PC and PE extracted from the 
plates by the mixture  of chloroform~methanol~acetic acid/ 
water  (50:39:4:2, v/v/v/v) were hydrolyzed by phos- 
pholipase C, and resul t ing diglycerides were immedia te ly  
acetylated with acetic anhydrous in pyridine (19,20). The 
monoacetyldiglycerides were fract ionated into molecular  
species according to the degree of unsa tura t ion  by two- 
step argentat ion thin  layer chromatography (TLC) 
(19,20). The efficiency of the fractionation was checked 
by GLC after  t ransmethyla t ion .  Pentadecanoic acid was 
used as an internal  standard. Fat ty acid compositions of 
methyl  esters from various lipid fractions were deter- 
mined by GLC on 10% DEGS coated on Chromosorb W 
(3 m m  • 2 m, Gasukuro Kogyo Inc., Tokyo) using a 
Shimadzu Gas Chromatograph  GC-8A. The C-R3A data  
processor (Shimadzu) was used to da ta  processing. The 
retent ion t ime of each methyl  ester was compared with 
those of the known standards  (16:0, 18:0, 18:1, 18:2, 20:4 

and 22:6). Based on the relative abundance of molecular  
species, fa t ty  acid composition of each fraction and the 
positional distr ibution of the acyl group, the molecular  
species compositions were estimated.  

Measurement of protein and glycogen. Protein was de- 
te rmined by the method of Lowry et al. (21) using bovine 
serum albumin as a standard. Liver glycogen was mea- 
sured as reported previously (5). 

Assay of catalase activity. Catalase  [EC.1.11.1.6] activ- 
ity of the liver homogenate  was determined spectrometri-  
cally (22) at  20 C. 

Statistical analysis. Results were shown as the means  
_+ s tandard error. Comparisons between groups were 
made by Student 's  t- test  (23). 

RESULTS 

Effects of DOA and DEHP on growth parameter and liver 
weight (Experiment 1). Feeding diets containing 2% DOA 
or D E H P  for 2 wk resulted in growth re tardat ion  (Table 
1). Food intake was also reduced by DEHP but  not by 
DOA. Relative liver weight was increased by feeding plas- 
ticizers, in par t icular  DEHP. A marked  en la rgement  of 
liver by DEHP has  been reported previously (4-9). 

Effects of DOA and DEHP on the contents of liver lipids, 
glycogen and protein and on catalase activity (Experiment 
1). Feeding DOA resulted in a significant increase in the 
content of phospholipids and a significant decrease in 
tha t  of glycogen in the liver (Table 1). The hepatic phos- 
pholipids of ra ts  fed DOA increased to 130% of the control 
value. The increase was a t t r ibuted main ly  to tha t  in PC 
and PE, which together  comprised 75% of the total  phos- 
pholipids; changes in other components being margina l  
i f  any (Table 2). However, the percentage composition of 
phospholipids was less influenced by the t rea tment ,  al- 
though the ratio of PC to PE decreased significantly due 

TABLE 2 

Effects of DOA and DEHP on Hepatic Phospholipid Compositions 
of Rats (Experiment 1) 

Control DOA DEHP 
Phospholipid (mg/g liver) (mg/g liver) (mg/g liver) 

LPC + SPH 0.4 +_ 0.0 a 0.5 + 0.1 a 0.8 + 0.1 a 
(2.4) (2.2) (3.0} 

PC 9.3 +_ 0.3 a 11.9 _+ 0.2 b 12.3 ___ 3.5 b 
(53.0) (51.7) (46.3) 

PI + PS 2.5 _+ 0.1 a 2.8 +_ 0.1 b 3.5 +_ 0.1 c 
(14.1) (12.2) (13.0) 

PE 4.1 +_ 0.1 a 6.1 +_ 0.3 b 8.3 +-- 0.5 c 
(23.4) (26.4) (30.9) 

PA 1.3 -+ 0.1 a 1.7 +_ 0.1 b 1.8 -+ 0.1 b 
(7.2) (7.5) (6.9) 

Phospholipids were separated by thin layer chromatography and 
determined as described in Materials and Methods. Values are the 
means +_ SE of 5 rats. Values not sharing the same superscript letter 
within the same row are significantly different at p < 0.05. DOA, 
di-(2-ethylhexyl)adipate; DEHP, di-(2-ethylhexyl)phthalate; PC, 
phosphatidylcholine; LPC, lysoPC; SPH, sphingomyelin; PI, phos- 
phatidylinositol; PS, phosphatidylserine; PE, phosphatidylethanol- 
amine; PA, phosphatidic acid. 
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TABLE 3 TABLE 4 

Effects of DOA and DEHP on the Fatty Acid Compositions of Liver 
Phosphatidylcholine and Phosphatidylethanolamine of Rats 
(Experiment 1) 

Effects  of DOA and D E H P  on the Molar Relative Abundance 
of Liver Phosphatidylcholine and Phosphatidylethanolamine of Rats 
(Experiment 1} 

Fatty acid Control DOA DEHP Molecular classes Control DOA DEHP 

Phosphatidylcholine 
16:0 28.0 +_ 1.7 a 33.6 + 1.0 b 36.1 • 
16:1 2.7 • 0.5 a 3.2 • 0.1 a tr 
18:0 19.8 +_ 1.2 a 15.2 • 0.6 b 12.8 • 
18:1 8.5 • 0.4 a 10.2 • 0.3 b 15.1 + 
18:2 11.6 • 0.6 a 11.5 +_ 1.1 a 12.1 • 
20:4 23.0 • 1.3 a 22.9 • 1.4 a 21.0 • 
22:6 6.2 • 0.4 a 3.3 • 0.3 b 2.0 _+ 

Phosphatidylethanolamine 
16:0 23.6 • 1.7 a 24.2 • 2.2 a 17.3 • 0.7 b 
16:1 tr tr tr 
18:0 23.4 • 1.3 a 27.2 • 1.3 a 26.1 • 1.1 a 
18:1 6.8 • 0.4 a 6.3 +-0.3 a 7.6 + 0.7 a 
18:2 4.1 • 0.3 a 4.1 • 0.3 a 4.9 • 0.2 a 
20:4 26.1 • 0.9 a 28.7 • 1.3 a 36.0 + 0.5 a 
22:6 15.8 • 1.2 a 9.5 • 1.0 b 8.1 _+ 0.5 b 

Phosphatidylcholine 
1.3 b Saturated 3.7 • 0.3 a 1.8 • 0.1 b 1.5 • 0.2 c 

Monoenoic 13.4 + 1.8 a 16.0 +_ 0.3 a 22.8 • 0.4 b 
1.3 b Dienoic 17.0 • 0.4 a 16.6 • 0.4 a 16.4 + 0.3 a 
0.5 c Trienoic 3.2 • 0.2 a 6.2 __ 0.2 b 6.6 • 0.2 b 
0.5 a Tetraenoic 47.0 __ 0.1 a 50.1 • 0.6 b 49.2 ___ 0.5 b 
1.3 a Hexaenoic 14.6 • 1.5 a 10.4 • 0.5 b 7.0 • 0.4 c 

0"2c Phosphatidylethanolamine 

Saturated 0.5 • 0.1 a 0.5 +_ 0.2 a 0.4 + 0.0 a 
Monoenoic 2.2 +_ 0.5 a 3.2 • 0.3a, b 3.6 • 0.3 b 
Dienoic 7.1 + 0.3 a 6.3 • 0.9 a 6.4 _+ 0.4 a 
Trienoic 2.3 • 0.3 a 3.2 • 0.1 a 2.4 • 0.3 a 
Tetraenoic 51.4 • 1.9 a 58.3 • 2.0 b 66.5 • 1.6 c 
Hexaenoic 33.4 • 1.7 a 24.3 • 1.9 b 16.5 • 1.1 c 

See Tables 1 and 2. DOA, di-(2-ethylhexyl}adipate; DEHP, di- 
(2-ethylhexyl}phthalate; tr, trace. Liver phosphatidylcholine and 
phosphatidylethanolamine were separated as described in Materials 
and Methods. Minor fatty acids (less than 1% of the total fatty acids 
detected} were excluded from the table. Values are the means • SE 
of 5 rats. Values not sharing the same superscript letter within the 
same row are significantly different at p < 0.05. 

to a reciprocal  change  in these  phospholipids .  A s i m i l a r  
bu t  more  profound response  was observed in ra t s  g iven  
DEHP, cons i s ten t  w i th  repor ted  da t a  (5,6,12). No demon-  
s t rab le  difference due to DOA was observed in the  hepa t i c  
t r ig lycer ide  level. The  p las t ic izers  caused  a s l igh t  bu t  
s ign i f ican t  inc rease  in the  concen t ra t ion  of  l iver  protein .  
Hepa t i c  ca ta l a se  ac t iv i ty  in ra t s  fed DOA increased,  
sugges t i ng  an induc t ion  of peroxisomes.  The  induc t ion  
of  th is  enzyme  has  a l r eady  been  repor ted  for DEHP, mono- 
e t h y l h e x y l p h t h a l a t e  and e thy lhexano l  (14,24). 

Effects of DOA and DEHP on plasma lipids (Experiment 
/ ) . T h e  p l a s m a  concen t ra t ions  of phosphol ip ids  and  t r ig-  
lyceride t ended  to decrease  af ter  feed ing  D E H P  or DOA 
compared  wi th  the  controls  (Table 1). The  m a g n i t u d e  of  
t he  decrease  was more  p r o m i n e n t  in  the  D E H P  t h a n  in 
the  DOA groups.  The re  was no s igni f icant  difference in 
the  cholesterol  level  a m o n g  the  th ree  groups.  

Effects of DOA and DEHP on the fatty acid composition 
of liver PC and PE (Experiment 1). Table 3 s u m m a r i z e s  
t he  effects of DOA and  D E H P  on the  fa t ty  acid composi-  
t ions  of  hepa t ic  PC and  PE. A d m i n i s t r a t i o n  of DOA and 
D E H P  a l t e red  the  fa t ty  acid composi t ions  of these  phos- 
pholipids,  in pa r t i cu l a r  in the  la t te r ;  in the  PC fract ion,  
the  propor t ion  of  oleic and  palm• acids inc reased  a t  
t he  expense  of  s tear ic  and  docosahexaenoic  acids. In  the  
PE  fract ion,  D E H P  caused  an  increase  in the  propor t ion  
of  a rachidonic  acid and a decrease  in  palm• and  
docosahexaenoic  acids. The  DOA effect on PE was less 
clear, and decreased  propor t ion  of docosahexaenoic  acid 
was the  sole var iab le .  A s im i l a r  change  in the  fa t ty  acid 
composi t ion  of  phosphol ip ids  has  also been  observed in 
the  hepa t ic  mic rosomes  and  mi tochondr i a  (Yanagita ,  T., 
u n p u b l i s h e d  data).  

See Tables 1 to 3. DOA, di-(2-ethylhexyl)adipate; DEHP, di- 
(2-ethylhexyl}phthalate. Each molecular class was isolated by argen- 
tat• thin layer chromatography, and the percentage concentration 
was determined by the internal standard {pentadecanoic acid} 
method. Values are the means • SE (n = 4-5}. Values not sharing 
the same superscript letter within the same row are significantly 
different at p < 0.05. 

Effects of DOA and DEHP on the molecular species of 
liver PC and PE (Experiment 1). Table 4 g ives  the  propor- 
t ion  of  m o l e c u l a r  species of  hepa t i c  PC and  PE.  Six differ- 
en t  groups of  ace ty ld iacy lg lycero l  de r iva t ives  wi th  differ- 
en t  degrees  of u n s a t u r a t i o n  were  obta ined ,  i.e. s a tu ra ted ,  
monoenoic ,  dienoic,  t r ienoic ,  t e t r aeno ic  and  hexaeno ic  
species. The  fa t ty  acid profiles ind ica te  t h a t  the  mos t  
s t r i k ing  change  induced  by D E H P  in the  m o l e c u l a r  
c l a s s e s  of PC was an  inc rease  in the  monoenoic  and 
t r ienoic  classes and a decrease  in hexaeno ic  classes, 
w he rea s  in PE the  monoenoic  and  t e t r aeno ic  classes in- 
creased and the  hexaeno ic  class decreased.  DOA also al- 
t e red  the  m o l e c u l a r  species composi t ions  of  these  phos- 
phol ip ids  s imilar ly ,  bu t  to a lesser  ex ten t .  

Based  on the  r e l a t ive  a b u n d a n c e  of  m o l e c u l a r  species 
(Table 4), the  fa t ty  acid composi t ion  of  each f rac t ion  and 
the  pos i t iona l  d i s t r ibu t ion  of  the  acyl group,  the  molecu-  
la r  species composi t ion  was  e s t i m a t e d  (Tables 5 and 6). 
F i f teen  major  (more t h a n  2% of to ta l  PC and PE popula-  
t ions) m o l e c u l a r  species were  found. The  re l a t ive  abun-  
dance  of the  m o l e c u l a r  species of PC in the  l iver  of t he  
control  r a t s  was  comparab le  w i t h  t h a t  r epor ted  by o the r  
workers  (19,25). 

The  D E H P  t r e a t m e n t  in gene ra l  r e su l t ed  in an  increase  
in the  PC m o l e c u l a r  species con ta in ing  palm• acid and  
a decrease  in those  con t a in ing  s tear ic  acid. In  addi t ion,  
t he r e  was a p red ic tab le  decrease  in  the  m o l e c u l a r  species 
con t a in ing  docosahexaenoic  acid, i r respec t ive  of  t he  par t -  
ne r  fa t ty  acids, palm• or s tear ic  acids. 

A l t e r a t i o n  of  t he  m o l e c u l a r  species compos i t ion  of  PC 
by DOA was comparab le  w i t h  those  produced by DEHP, 
a l t h o u g h  the  m a g n i t u d e  of  a l t e r a t i on  was cons iderab ly  
lOW. 

Both  plas t ic izers  also induced  the  change  in the  molecu-  
l a r  species composi t ion  of  hepa t i c  PE (Table 6). A m a r k e d  
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change  by the  D E H P  t r e a t m e n t  was a n  increased  propor- 
t ion  of the t e t raenoic  species, pa r t i cu l a r ly  the  (18:0//20:4) 
PE and  the  decreased proport ion of hexaenoic  species, 
pa r t i cu l a r l y  the  (16:0//22:6) PE. Thus ,  D E H P  a l te red  the  
(18:0//20:4) species in  the  PC and  PE fract ions  in  a differ- 
en t  manne r ,  a decrease in  the  former and  a n  increase  in  
the  latter.  The effect of DOA on the  PE species was r a t h e r  
modera te  and  was a g a i n  most  obvious in  the  hexaenoic  
species. 

Effects of adipate and ethylhexanol on liver phos- 
pkolipids (Experiment2). There  were no s ign i f ican t  differ- 
ences in  body weight  ga in  and  food in t ake  in  all  groups. 
The increase  in  the  concen t ra t ion  of hepat ic  phos- 
phol ipids  by DOA was a g a i n  detected in  mice. The in-  
creased concen t ra t ion  of hepat ic  phosphol ipids  was also 
found in  mice fed e i the r  e thy lhexano l  or a m ix t u r e  of 
ad ipa te  and  e thy lhexanol ,  whereas  the  effect of ad ipa te  
did no t  appear  (Table 7). These resu l t s  t hus  ind ica te  t h a t  
the  a lky l  moie ty  of the ad ipa te  ester  is responsib le  for 
the  effect of DOA. A s imi l a r  resu l t  has  been  ob ta ined  in  
the  corresponding s tudy wi th  D E H P  (6). 

DISCUSSION 

In  the  p resen t  study, both DOA and  D E H P  induced  qua n -  
t i t a t ive  and  qua l i t a t i ve  a l t e ra t ions  of the  hepat ic  phos- 
pholipids: an  increase  in  the concen t ra t ion  of phos- 
pholipids and  a change  in  the  proport ion of i nd iv idua l  
phospholipids.  The modif icat ion of the  phosphol ipid pat-  
t e rn  by D E H P  corresponded to t h a t  reported for l iver  
microsomes and  mi tochondr ia  (5). The a l t e r a t i on  of the  
PC to PE rat io  induced by DOA and  D E H P  is a t  leas t  
i n t e rp re t ed  as the  resu l t s  of the  increased  syn thes i s  of 
PC and  PE from diglyceride accompany ing  the  decreased 
conversion of PE to PC. In  fact, the  incorpora t ion  of 

TABLE 5 

[3H]glycerol in  vivo a nd  in  vi t ro a nd  of [14C]acetate in  
vi t ro in to  l iver  phosphol ipids  increased  af ter  feeding 
D E H P  or DOA (Yanagita ,  T., et al., in  prepara t ion) .  The 
act iv i t ies  of glycerol-3-phosphate acy l t ransferase  and  
CTP:phosphochol ine  cy t idyl t ransferase ,  the  ra te - l imi t -  
ing  enzymes  of glycerophospholipid b iosyn thes i s  (25-28),  
in  l iver  microsomes were also s i m u l t a n e o u s l y  induced  in  
ra ts  t r ea ted  wi th  D E H P  (39). The poss ibi l i ty  of the  de- 
creased conversion of PE to PC r e m a i n s  to be confirmed. 

Both plast icizers  also caused a n  a l t e r a t i on  of the  pro- 
por t ion  of pa lmi t a t e / s t ea r a t e  a nd  o lea te /s teara te  of phos- 
pholipids.  I t  is l ikely  t h a t  DOA a nd  D E H P  could induce  
the  s t i m u l a t i o n  of the fa t ty  acid syn thes i s  (13), a l t hough  
th is  is controversial  (7,15). D E H P  also p r e s u m a b l y  in-  
creases the  ac t iv i ty  of s tearoyl-CoA desa tu rase  of l iver  
microsomes (14), t hus  r e su l t i ng  in  the  increase  in  the  
percen tage  ofoleic  acid a nd  the  decrease in  t h a t  of s tearic  
acid (Table 3). Other  character is t ic  changes  in  the  fa t ty  
acid composi t ions  were an  increase  in  arachidonic  acid 
in  PE from ra ts  fed D E H P  a nd  a decrease in  
docosahexaenoic acid in  PC a nd  PE from ra ts  fed D E H P  
or DOA. 

The fa t ty  acid composi t ion ind ica tes  t h a t  these  plas- 
t icizers caused the  a l t e r a t i on  of the  profile of the  molecu- 
la r  species of l iver  PC and  PE (Tables 5 and  6). W h e n  a n  
increase  in  the  concen t ra t ion  of PC and  PE is t a k e n  in to  
account,  the  changes  in  the  species of the (16:0//18:1) PC, 
the (16:0//18:2) PC, the  (16:0//20:4) PC and  the  (16:0//20:4) 
PE were fu r the r  accentua ted .  Al te rna t ive ly ,  a change in  
the propor t ion of the  (18:0//20:4) PC and  the  (18:0//18:2) 
PC disappeared.  

For format ion  of the  monoenoic  a nd  dienoic species of 
l iver  PC and  PE, a de novo syn thes i s  appears  responsib le  
(26), whi le  the t e t raenoic  species are synthes ized  m a i n l y  
from 1-acyl-lyso der iva t ives  (29,30). The hexaenoic  
species of hepat ic  PC appears  to be derived m a i n l y  from 
PE by successive m e t h y l a t i o n  (31,32). In  fact, the  changes  
caused by the  plast icizers  are re la ted  to both the  enhance-  

Effects of DOA and DEHP on the Molecular Association of Fatty  
Acids in Liver Phosphatidylcholine of Rats IExperiment 1) TABLE 6 

Fatty acids 
Control DOA DEHP 

Pos. 1 Pos. 2 (mol %) (mol %) (tool %) 

Disaturated 3.2 .+ 0.3 a 2.1 .+ 0.2 a 1.9 .+ 0.1 b 
16:0 16:1 1.5 .+ 0.0 a ].4 .+ 0.1 a 0.2 .+ 0.0 b 
16:0 18:1 10.3 .+ 1.2 a 12.6 .+ 0.6 a 19.2 .+ 0.1 b 
18:0 18:1 1.9 .+ 0.4 a 1.8 • 0.2 a 2.4 .+ 0.1 a 
16:0 18:2 9.4 • 0.5 a 11.0 .+ 0.5 a 10.8 .+ 0.4 a 
18:0 18:2 7.2 .+ 0.4 a 5.6 • 0.2 b 5.2 .+ 0.1 b 
16:0 20:3 0.7 .+ 0.1 a 1.9 .+ 0.2 b 2.6 .+ 0.2 b 
18:0 20:3 0.8 .+ 0.1 a 1.3 .+ 0.1 b 1.6 • 0.1 c 
18:1 18:2 2.7 • 0.3 a 3.3 .+ 0.2 a 2.9 4- 0.2 a 
16:0 20:4 20.6 .+ 0.2 a 27.1 --4-_ 0.4 b 28.0 • 0.3 b 
18:0 20:4 21.5 • 0.3 a 18.0 .+ 0.7 b 16.2 .+ 0.2 c 
18:1 20:3 1.1 .+ 0.1 a 1.6 .+ 0.3 a 1.1 .+ 0.2 a 
16:0 22:6 9.5 .+ 0.0 a 6.1 .+ 0.3 b 3.9 _ 0.2 c 
18:0 22:6 6.0 .+ 0.1 a 2.9 ,+ 0.2 b 2.0 .+ 0.1 c 

Effects of DOA and DEHP on the Molecular Association of Fatty  
Acids in Liver Phosphatidylethanolamine of Rats (Experiment 1) 

Fatty acids 
Control DOA DEHP 

Pos. 1 Pos. 2 (mol %) (mol %) (mol %) 

Disaturated 0.5 + 0.2 a 0.2 • 0.3 a 0.2 +_ 0.1 a 
16:0 18:1 0.3 -+ 0.0 a 0.2 .+ 0.1 a 0.1 _+ 0.0 a 
18:0 18:1 0.7 -!-_ 0.1 a 1.5 • 0.1 b 1.5 .+ 0.1 b 
16:0 18:2 3.8 .+ 0.6 a 4.0 .+ 0.2 a 2.9 .+ 0.2 b 
18:0 18:2 3.7 • 0.5 a 4.0 .+ 0.1 a 3.7 .+ 0.3 a 
18:1 t8:2 3.1 .+ 0.3 a 1.9 .+ 0.4 a 2.5 • 0.5 a 
16:0 20:4 15.2 .+ 0.2 a 18.0 .+ 0.6 b 19.0 -!-_ 0.5 b 
18:0 20:4 31.0 _+ 0.9 a 32.9 .+ 1.1 a 38.2 .+ 1.2 b 
18:1 20:4 5.8 .+ 1.5 a 7.8 .+ 0.6 a 7.8 .+ 1.2 a 
16:0 22:6 19.6 .+ 0.6 a 14.5 .+ 0.9 b 9.2 .+ 0.2 c 
18:0 22:6 11.8 +_ 0.6 a 9.1 .+ 0.4 b 8.6 ,+ 0.3 b 

See Tables 3 and 4. DOA, di-(2-ethylhexyi)adipate; DEHP, 
dil(2-ethylhexyl)phthalate. The molecular species of liver 
phosphatidylcholine was calculated as described in Materials and 
Methods. Values are the means -+ SE of 5 separate determinants 
from 5 rats. Values not sharing the same superscript letter within 
the same row are significantly different at p < 0.01. 

See Tables 3 and 4. DOA, di-(2-ethylhexyl)adipate; DEHP, di- 
(2-ethylhexyl)phthalate. The molecular species composition of liver 
phosphatidylethanolamine was calculated as described in Materials 
and Methods. Values are the means _+ SE of 5 separate determinaats 
from 5 rats. Values not sharing the same superscript letter within 
the same row are significantly different at p < 0.01. 
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TABLE 7 

Effects  of DOA and Its Components on Liver Weight and Liver Phospholipids in Mice {Experiment 2) 

Body weight, initial Relative 
gain liver weight 

Food intake (g/100 g 
Groups (g) (g/7 days} {g/day} body weight) 

Liver phospholipids 

{mg/g) {mg/relative liver weight} 

Control 31 __ 1 a 3 + I a 5.1 _+ 0.7 a 4.6 + 0.14 a 26.7 + 1.1 a 123 + 5 a 
DOA 31 + I a 1 -!-_ 1 a 4.2 _+ 0.5 a 7.1 • 0.32 a 30.4 • 0.6 b 215 • 5 b 
Adipate 31 + 1 a 2 + 1 a 4.8 • 0.3 a 4.8 • 0.03 a 26.8 + 0.3 a 128 + 3 a 
Ethylhexanol 31 _+ 0 a 0 + 1 a 4.0 _+ 0.5 a 6.4 _+ 0.11 b 32.1 +_ 0.9 b 205 _+ 7 b 
Adipate + ethylhexanol 31 _+ 1 a 1 +_ 1 a 4.3 +_ 0.4 a 6.0 • 0.19 b 33.9 _+ 0.9 b 203 _ 6 b 

DOA, di-(2-ethylhexyl}adipate. Male mice were fed each diet for 1 week. Each chemical added to the basal diet was adjusted to be quivalent 
to 1% DOA on the molecular basis. Values are the means +_ SE of 6 mice. Values not sharing the same superscript letter within the 
same column are significantly different at p < 0.05. 

m e n t  of de novo syn thes i s  (39) and  the  induc t ion  ofmicro-  
somal  1-acylglycerophosphorylcholine acy l t ransferase  
(33). Thus ,  the  observed a l t e r a t ions  of hepat ic  phos- 
phol ipids  could resu l t  from the complex in t e rp lay  of a 
n u m b e r  of enzymat ic  sys tems involved in  phosphol ipid 
syn thes i s  a n d  the  pool size and  the  metabol ic  t u rnove r  
of the i nd iv idua l  components .  

Phosphol ip ids  are the  in teg ra l  components  of the 
biological  m e m b r a n e s  and  inf luence  the  func t ion  of the 
m e m b r a n e s ,  as shown by the i r  role i n  the  hepat ic  micro- 
somal  d rug -me tabo l i z ing  sys tems (34) or in  the  act iv i t ies  
of microsomal  UDP-g lucurony l t r ans fe ra se  and  glucose-6- 
phospha tase  (35,36). However, we have found t h a t  m a n -  
nose-6-phosphatase ,  an  enzyme located to the  l u m e n a l  
face of microsomal  m e m b r a n e s ,  is h igh ly  l a t e n t  in  l iver  
microsomes from both DEHP-fed a n d  control rats ,  due  to 
a h i n d r a n c e  of the  subs t r a t e  to the  site of hydrolysis  (37). 
An  a s y m m e t r i c  d i s t r i bu t ion  of phosphol ipids  in  l iver  
microsomal  m e m b r a n e s  wi th  PC p r e d o m i n a n t l y  in  the  
cytoplasmic face and  a s l ight  excess of PE in  the  l u m e n a l  
face appears  to r e m a i n  appa ren t l y  unchanged ,  even af ter  
t r e a t m e n t  wi th  D E H P  (39). 

In  conclusion,  the  p resen t  s tudy showed t h a t  DOA or 
D E H P  induced  the  q u a n t i t a t i v e  and  qua l i t a t i ve  a l tera-  
t ion  of hepat ic  phospholipids.  These changes  were less 
p r o m i n e n t  in  ra ts  t r ea ted  wi th  DOA t h a n  in those t rea ted  
wi th  DEHP. The difference in  the  hydrolyt ic  ra te  and/or  
the  diverse effect of me tabo l i t e s  of DOA and  D E H P  (38) 
m igh t  imply  these  differences. The effect of DOA was 
e s sen t i a l ly  a t t r i b u t a b l e  to i ts  a lky l  moiety, e thy lhexano l  
bu t  no t  ad ipa te  as in  the  case of D E H P  (6). 
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Derivatization of Keto Fatty Acids, X: Synthesis of Thiazanones 
Amjadul lah  Khana, I, S. Rafat Husaina,*, F. Ahrnada,  M.S. Siddiquia and W. Pimlottb 
aDepartment of Chemistry, Aligarh Muslim University, Aligarh-202 OO1, India, and bDepartment of Medicinal Biochemistry, Faculty 
of Medicine, University of Goteborg, Sweden 

The synthes i s  of  alkyl  cha in-subst i tuted  th iazanones  
from oxo fat ty  esters  and a long chain aldehyde is re- 
ported. Four oxo compounds- -methyl  10-oxoundecanoate, 
methy l  9-oxooctadecanoate ,  m e t h y l  9,10-dioxoocta- 
decanoate  and octadecanal - -were  al lowed to  react with  
p-mercaptopropionic acid in the presence of ammonium 
carbonate in benzene to give the corresponding 4-m- 
thiazanones  in high yields. The structures of these  com- 
pounds were confirmed by combust ion and spectral data. 
Lipids 22, 578-582 {1987). 

Thiazanones are six-membered heterocyclic compounds 
containing one nitrogen and one sulphur atom with a car- 
bonyl  funct ion.  F a t t y  acids possess ing  a chain- 
subst i tu ted thiazanone ring have not  yet  been reported 
in the literature. Only a few methods are available for the 
synthesis  of thiazanones:  2-amino(imino)-4-oxo-5,6- 
dihydro-l,3-thiazinium bromide was prepared by heating 
p-bromopropionyl chloride [Br(CH~hCOC1] and am- 
monium thiocyanate  followed by reaction with ammonia 
(1), 2-p-chlorophenyl-3-alkyl-4-m-thiazanones were ob- 
tained by t rea tment  of mercaptals  with p-chlorobenz- 
aldehyde (2), and benzothiazinones were synthesized by 
condensat ion of o-mercaptobenzamide with methyl  
acetylenedicarboxylate  (3). A number  of 1,3- and 
1,4-benzothiazinones have been evaluated for their cen- 
tral nervous system (CNS) depressant activity (4). Incor- 
poration of the thiazanone ring in f a t ty  acid chain is ex- 
pected to enhance the application of these derivatives. 
Recently, we have reported the synthesis of f a t ty  chain- 
subst i tu ted 4-thiazolidinones (5). In continuation of our 
work on derivatization of keto fa t ty  acids (6), we syn- 
thesized chain-substituted thiazanone derivatives by con- 
densing keto fa t ty  esters and a long chain aldehyde with 
~-mercaptopropionic acid in the presence of ammonium 
carbonate. 

Long chain oxo compounds, having a carbonyl function 
at penult imate (methyl 10-oxoundecanoate, I), internal 
(methyl 9-oxooctadecanoate, II), vicinal dioxo (9,10- 
dioxooctadecanoate, III) and terminal (1-octadecanal, IV) 
positions were used for the synthesis of thiazanone 
derivatives. 

MATERIALS AND METHODS 

All mp were observed on Koffler apparatus  and were un- 
corrected. The spectroscopic and chromatographic  
methods were the same as detailed in our previous paper 
(5) except where specified. Li thium aluminium hydride 
(LiA1H,, >98%), chromic anhydride, methylene chloride 
and pyridine were supplied by E. Merck (Darmstadt,  
FRG) and p-mercaptopropionic acid by Sigma Chemical 

*To whom correspondence should be addressed at Laboratoire de 
Botanique et Biologie cellulaire, UER M6dicament, Avenue du Pr. 
L~on-Bernard, 35043 Rennes Cedex, France. 
' Present address: Department of Chemistry, Gandhi Faiz-e-Am (P.G.) 
College, Shahajahanpur-242 001, India. 

Co. (St. Louis, MO). The methyl  esters of long chain oxo 
acids were prepared by refluxing them with absolute 
methanol and a few drops of sulphuric acid. The abbrevia- 
tions s, t, m, and br denote singlet, triplet, multiplet and 
broad, respectively. Petroleum ether refers to a fraction 
of bp 40-60 C, and ether refers to diethyl ether. 

Preparation of oxo fatty acids (I-III). 10-Oxoundecanoic 
(I, mp 58-59 C) and 9,10-dioxooctadecanoic (III, mp 86 C) 
acids were prepared according to the methods discussed 
in an earlier paper (5). 9-Oxooctadecanoic acid (II) was ob- 
tained from pure Wrightia tinctoria seed oil (7) using 
Gunstone 's  part i t ioning procedure (8). 9-Hydroxy-12- 
octadecenoic acid isolated from this seed oil was hydro- 
genated by palladium on charcoal in ethyl  acetate to give 
9-hydroxyoctadecanoic acid (mp 80-81 C) which, on 
Jones' oxidation (10), afforded 9-oxooctadecanoic acid [mp 
79-80 C; lit. (8) 79.5 C]. IR (CCL): 1710 (acid carbonyl), 
1720 cm-' (chain carbonyl). 

Preparation ofoctadecanal (IV). Methyl  s tearate  (10 g) 
was dissolved in dry ether (500 ml) and slowly added to 
a stirred suspension of LiA1H4 (2 g) in dry ether (200 ml). 
After stirring for a further  10 min at room temperature,  
excess of LiA1H4 was destroyed by the cautious addition 
of wet ether and then water. Dilute H2SO~ (2 l, 2M) was 
subsequently added and the octadecanol was isolated. On 
crystallization from petroleum ether this gave a white 
solid in 90% yield mp 58-58.5 C [lit. (11), 59 C]. 

Octadecanol was oxidized to octadecanal by chromic 
anhydride (12). To a st irred mixture  of pyridine (9.65 ml, 
0.12 mol) and methylene chloride (150 ml), chromic 
anhydride (6 g, 0.06 mol) was added, and the temperature 
was kept  below 25 C using an ice bath. After  15 min, the 
mixture cleared to a dark red solution. Octadecanol (2.6 g, 
0.01 mol) in methylene chloride (15 ml) was added in por- 
tions, and the mixture  turned dark brown. After  30 min, 
the solvent was removed in vacuo, and the residue was 
extracted with ether. The ethereal layer was washed suc- 
cessively with 10% aqueous NaOH, 10% HC1, sat. 
NaHCO3 solution and water  and dried to give 98% octa- 
decanal (IV) mp 37-38 C [lit. (11) 38 C]. IR (CCL): 2715 
(aldehydic C-H stretch), 1735 cm -1 (CHO); 1H NMR 
(CDC13): 6 0.88 (3, t, CH~), 1.3 (30, br s, chain methylene), 
3.6 (2, m, CH2CHO), 9.6 (1, br m, CHO). 

Conversion of oxo fatty esters to thiazanones. The 
thiazanones (Ia-IVa) were synthesized from their cor- 
responding oxo fa t ty  esters (I-IV). A mixture  of dry 
benzene (50 ml) and/3-mercaptopropionic acid (6.45 g) was 
refluxed in a round-bot tom flask using a Dean Stark  
separator  for 3 hr. Excess of ]3-mercaptopropionic acid 
was used to obtain I I I a  from III.  Oxo fa t ty  acid ester  
(1.0 g) and ammonium carbonate  (11.0 g) were added to 
the cooled mixture  (5). A vigorous reaction took place. 
The contents were refluxed, and the progress of reaction 
was monitored by thin layer chromatography (TLC). At  
the end of the reaction, the solvent was removed under 
reduced pressure. The residue was ext rac ted  with ether, 
washed with 10% NaHCO~ solution and dried over 
anhydrous sodium sulphate. The product  thus obtained 
was crystallized from petroleum ether/benzene (4:1, v/v). 
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TABLE 1 

Experimental and Spectral Data of Thiazanones 

FATTY THIAZANONES 

579 

Rxn time Yield m.p. 'H NMR in C D C I 3  Combustion analysis 
Thiazanone (hr) (%) (~ IR (Cm-') (6,ppm) (%) 

Ia 24 48 53 (CCL): 3170,1735,1660, 1.30,1.55,1.75,2.30, calcd, for C,sH~703NS: 
1405,1225,720,670 2.55,2.85,3.68,8.60 C,59.81;H,9.04;N,4.65 

found:C,59.79;H,8.96;N,4.70 

IIa 30 86 -- (film):3170,1730,1665, 0.88,1.30,1.65,2.30, calcd, for C22H4~O3NS: 
1225,710,690,1410 2.60,2.82,3.65,8.50 C,66.06;H, 10.33;N,3.50 

found:C,66.15;H,10.27;N,3.48 

IIIa 50 96 -- (film):3185,1740,1715, 0.88,1.30,1.65,2.27 calcd, for C22H3904NS: 
1660,1405,1230,770,640 2.57,2.88,3.70,8.40 C,63.89;H,9.51;N,3.39 

found:C,63.92;H,9.49;N,3.38 

IVa 10 91 67 (CCL):3160,1670,1410, 0.88,1.30,1.80,2.53, calcd, for C2,H4,ONS: 
1230,780,690 2.82,4.52,8.50 C,70.80;H,11.61;N,3.94 

found:C,70.90;H,11.59;N,3.90 

The exper imental  and spectral  da ta  of respect ive thiaza- 
nones are summarized  in Table 1. 

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

The oxo compounds  ( I - IV)  on t r ea tmen t  with fP 
mercaptopropionic acid in the presence of ammonium car- 
bonate following the procedure of Paryzek et al. (13) yield- 
ed the corresponding 4-m-thiazanones ( Ia- IVa)  as shown 
in Scheme 1. 

The IR spect rum of Ia  {Table 1) revealed characterist ic  
bands  at 3170 (NH stretching), 1735 and 1660 {ester and 
lac tam carbonyl), 1405 (C-N stretch), 1225 (C-S wagging), 
720 (NH wag.) and 670 cm -1 (C-S stretch). These values 
are in agreement  with the s t ruc ture  of Ia. The 1H N M R  
spec t rum of Ia  exhibited two sharp singlets at  6 1.55 for 
terminal  w-methyl protons  and at  6 3.68 for ester  methyl  
protons.  The ring protons  gave  triplet  signals at  6 2.85 
(CH2-S) and 2.55 (CH~CONH) while N H  proton appeared 
at  6 8.6 as a broad singlet. The methylene protons  alpha 
to ring and ester  carbonyl  appeared at 6 1.75 and 2.30, 
respectively.  The chain methylene protons  absorbed at 
6 1.30 as a broad singlet. On the basis  of these data, the 
product  Ia  was formulated as 2-8 '-carbomethoxyoctyl-  
2-methyl-4-m-thiazanone. 

Thiazanone I I a  gave  similar IR  and 1H N M R  char- 
acterist ics as Ia  except  for the appearance of terminal  
methy l  and four methylene protons  Ca- to ring) at  6 0.88 
and 1.65, respectively. The product  I I a  was characterized 
as 2-7'-carbomethoxyheptyl-2-nonyl-4-m-thiazanone. 

Similarly, the thiazanone (IVa) located at  a terminal  
posit ion displayed a lmost  the same diagnostic peaks  in 
IR and ' H  N M R  spectra  as observed in Ia  and I Ia .  The 
only character is t ic  ' H  N M R  peak observed was at  6 4.52 
for the methine proton a t tached to C-2 posit ion of the 
ring. The product  IVa  was identified as 2-heptadecyl-4- 
m-thiazanone. 

The thiazanone (IIIa)  obtained f rom the vicinal dioxo 
ester  (III} exhibited a clear single spot  on the TLC plate. 
I t  showed IR absorption bands at 3185 (NH stretch), 1740 
and 1660 (ester and lac tam carbonyl), 1405 (C-N stretch), 
770 (NH Wag.) 1230 and 640 (C-S wag. and stretch), along 

(i), Oi) 

R--C--R' ~, R--C--R" 
II / \ 
0 S NH 

L. o 

I, II, IV la, I la,  IVa 

I, la 

II ,  I ta 

IV, lYe 

R = CH 3 R' = (CH2)sCOOCH 3 

R = CH3(CH2) 8 R' = (CH2)7COOCH 3 

R=CH3(CH2)16, R'= N 

(i), (ii) 

R-- ICI -- C--IR' 
, 

11 II /\ / \  II 
0 0 0 S NH 4- HN S 0 

Ill Ilia 

Ill, I l ia : RfCH3(CH2) 7 ; R'= (CH2)7COOCH 3 

(i)= SHCH2CN2COOH, (ii) = (NH4)2C03 / benzene 

SCHEME 1. Synthesis of fatty thiazanones, 

with a free carbonyl band at  1715 cm-L The 1H NMR spec- 
t r um exhibited a mult iplet  at 6 2.27 in tegra t ing  for four 
methylene protons  a- to chain and ester  carbonyls.  The 
two methylene protons  alpha to the ring appeared at  6 
1.65 along with other usual peaks observed for IIa.  These 
da ta  clearly confirmed tha t  one of the two carbonyl  
groups of I I I a  has not taken par t  in the reaction even on 
prolongat ion of reaction t ime and use of excess of the 
reagent.  On the basis  of these data,  product  I I I a  was 
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characterized as an isomeric mixture of 2-T-carbo- 
methoxyheptyl-2-1'-oxononyl-4-m-thiazanone/2-(8'-carbo- 
methoxyl-l'-oxooctyl)-2-octyl-4-m-thiazanone. From the 
foregoing discussion, it can be inferred that  only one car- 
bonyl group participates in the reaction. Since both the 
carbonyl functions are in the middle of the chain, an 
isomeric mixture of products was expected that  could not 
be resolved by chromatographic methods. I t  appeared 
that  steric hindrance (5) caused by the introduction of one 
thiazanone ring made the adjacent carbonyl function 
unable to undergo further at tack by the reagent. 

Mass fragmentation of thiazanones. Very few reports 
are available for the detailed mass spectral studies of 
thiazanones. Russian workers (14) have studied the mass 
fragmentat ion of 2-anilino-5,6-dihydro-4H-1,3-thiazin-5- 
one and observed tha t  the cleavage mainly occurs at the 
C-N bond. We also recently studied the basic fragmenta- 
tion of thiazolidinones derivatives of fa t ty  acids (5). We 
now discuss the mass spectra (MS) of thiazanones (Ia- 
IVa), which were found not to be much different from 
thiazolidinones (5) except for one more methylene group 
in the ring. The compositions of fragment ions were sup- 
ported by accurate mass measurement studies. The com- 
position and relative intensi ty of fragment ions are in- 
dicated in parentheses. 

MS of Ia (Fig. 1): m/z 301 (M*,C~H270~NS, 59.6), 286 
(M-CH3, 26.8), 270 (M-OCH3, 98.3) 268 (M-SH, 37.0), 229 
(M-CH2CH2CONH~, 9.8}, 214 (M-COCH2CHS, 99.1), 212 
(M-COCH2CH2SH, 99.1), 196 (M-C3H:ONS, 98.7), 183 
(214-OCH3, 49.5), 182 (214-CH3OH, 95.0), 158 (M-CsH,~O2, 
57.0), 131 (A+I,  97.0), 130 (A, base peak), 112 (A-CO, 59.8) 
and 89 (COCH2CH2SH, 44.7). 

A 

C H3 ~ C ~ I - -  (CH2)8 C O0 C H 3 
S NH 

MS of I Ia  (Fig. 2): m/z 399 (M § C~:H4,0~NS, 6.7), 368 
(M-OCH3, 7.0), 366 (M-SH, 4.7), 351 (M-CH3SH, 5.6), 338 
(M-C2HsS, 6.5), 327 (M-CH2CH2CONH2, 10.7), 324 (M- 
COCH2SH, 3.8), 312 (M-COCH2CHS, 35.2), 310 (M- 
COCH2CH2SH, 8.6), 295 (M-C3H6NOS, 4.6), 272 (C, 9.0), 
242 (B, 10.5), 240 (C-CH3OH, 4.0), 239 (C-SH, 4.8), 200 
(B-CHaCO, 65.7), 185 (B-NHCOCH2, 29.5), 170 (B- 
NH2COCH2CH2, 52.3), 71 (C3HsON, 80.0) and 55 (CaH30, 
base peak). 

C B  

C H3(CH2) 8--~/C '~-- (CH2)7COOCH3 
S NH 

Ia 

MS of I I I a  (Fig. 3): m/z 413 (M*, C22H3904NS, 10.0), 382 
(M-OCH~, 5.4), 380 (M-SH, 3.9), 353 (M-CH2CH=S, 2.2), 
341 (M-CH2CH2CONH2, 9.7), 326 (M-COCH2CHS, 3.6), 
324 (M-COCH=CH2SH, 9.0), 315 (McLafferty, 4.5), 309 (M- 
C~H6ONS, 4.3), 300 (M-CsH,7, 8.5), 273 (D+H,  11.7), 272 
(D, 35.1), 271 (McLafferty, 80.1), 240 (D-32, 34.2), 229 
(F+H,  3.7), 228 (F, base peak), 185 (G, 21.6), 153 (G-32, 
3.9) and 141 (E, 23.4). 

R~oi _ /  ~----R" R ~R" 
O ~ NH HN/ 

L, o 

8 0 "  

IIIa 

1 0 0 -  ~o6 

6 0  

4 0  

5 8 0  

2 0 -  

130 196 212 214 

o !111 ,[ 
70 90  110 130 170 190 210 

! !  
150 

,1 
m/z 

254 

l rl i !,!h 
2 3 0  2"50 

FIG. 1. Mass spectrum of 2-8"-carbomethoxyoctyl-2-methyl-4-m-thiazanone (Ia). 
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FIG. 2. Mass spectrum of 2-7'-cm'bomethoxyheptyl-2-nonyl-4-m-thiazanone ( I Ia) .  
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FIG. 3. Mass spectrum of 2J'-carbomethoxyheptyl-2-1'oxononyl-4-m-thiazanone/218'-carbomethoxyl-l'-oxo- 
octyl)-2-octyl-4-m-thlazanone (Ilia). 
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MS of IVa (Fig. 4): m/z 355 (M § C2~H4~ONS, 99.0), 340 
(M-NH, 5.1), 323 (M-32, 99.1), 322 (M-SH, 99.5), 312 (M- 
NHCO, 12.2), 298 (M-NHCOCH2, 9.1), 294 (M-C~HsS, 
84.6), 283 (M-CH2CH2CONH2, 20.4), 268 (M-COCH2CHS, 
98.1), 266 (M-COCH~CH~SH, 75.5), 251 (M-C3H6ONS, 
10.2), 117 (M-C17Hz4, 98.8), 116 (H, base peak), 103 
(C3H4ONS, 37.7) and 89 (CzHsOS, 42.8). 

H 

CH3(CH 2)16 S-S-s~C~NH 

IVa 

These MS studies revealed that  cleavage alpha to the 
heterocyclic ring and toward the ester carbonyl gave the 
base peak in the case of Ia  and I I Ia .  The compound IVa 
gave a base peak by alpha cleavage on the alkyl chain side 
of the ring. M-COCH2CH~SH appears to be the diagnostic 
peak of thiazanones, which arises by the cleavages of the 
1,2 and 3,4 bonds. The cleavages at  the 2,3 and 1,6 bonds 
afforded another characteristic peak, M-CH~CH~CONH~, 
of lower intensity. These two peaks are tr iggered by the 
loss of two methylene groups, a carbonyl function 
together  with either SH or NH2 from the molecular ion 
and thus confirm the structure of the thiazanone ring. 
Other peaks of interest were M-SH and M-COCH2CHS. 

The thiazanones synthesized here may be evaluated for 
CNS depressant effect. The lipophilization of thiazanone 
ring may enhance their activity. 

ET AL. 

ACKNOWLEDGMENTS 
The authors thank W. Rahman for providing facilities, S.M. Osman 
for general guidance and University Grants Commission for finan- 
cial aid to AUK. This work was financed in part by a grant from 
the U.S. Department of Agriculture, Office of International Coopera- 
tion and Development, New Delhi, India (PL-480 Research Project). 

REFERENCES 
1. Smolanka, I.V., Migalina, Y.V., and Staninets, V.I. (1966) Ukr. 

Khim. Zh. 32, 610-613; Chem. Abstr. 65, 12199 (1966). 
2. Nagakura, I., Saito, M., and Matsuda, T. 11976) Chem. Abstr. 

85, 94383g. 
3. Heindel, N.D., and Ho ko, C.C. (1970) J. Heterocycl. Chem. 7, 

1007-1010. 
4. Heindel, N.D., Reid, J.E., and Willis, J.R. (1971}J. Med. Chem. 

14, 453-456. 
5. Nasirullah, Ahmad, F., Osman, S.M., and Pimlott, W. (1982)J. 

Am. Oil Chem. Soc. 59, 411-414. 
6. Husain, S.R., Ahmad, F., and Ahmad, M. (1985) Acta Chim. 

Hungarica 120, 29-38. 
7. Ansari, F.H., Qazi, G.A, Osman, S.M., and Subbaram, M.R. 

(1971) Ind. J. Appl. Chem. 34, 157-161. 
8. Gunstone, F.D. (1954)J. Chem. Soc., 1611-1614. 
9. Gunstone, F.D. {1952)J. Chem. Soc., 1274-1277. 

10. Bowden, K., Heilbron, I.M., Jones, E.R.H., and Weedon, B.C.L. 
(1946) J. Chem. Soc., 39-44. 

11. Gunstone, F.D., and Inglis, R.P. (1973) Chem. Phys. Lipids 10, 
105-113. 

12. Valieenti, A.J., and Holman, R.T. (1976) Chem. Phys. Lipids 17, 
389-392. 

13. Paryzek, Z., and Kielczewski, M. (1975) Bull. Acad Pol. Sci. Set. 
Sci. Chim. 23, 9-17. 

14. Lebedev, A.T., Sharbatyan, P.A., Sipyagin, A.M., Kartsev, V.G., 
and Petrosyan, V.S. (1983) Khim. Geterotsikl. Soedin., 473-480; 
Chem. Abstr. 99, 37876k (1983). 

[Received November 12, 1986] 

LIPIDS, Vol. 22, No, 8 (1987) 



583 

Effect of Cold Environment on Hepatic Microsomal h6 
and h9 Desaturase Activity of Male Rats 
Aria Ves Losada* and Raul O. Peluffo' 
lnstituto de Investigaciones Bioquimicas de La Plata (INIBIOLP), CONICET-UNLP, Facultad de Ciencias Medicas, Calles 60 y 120, (19OO) 
La PLata, Argentina 

Male rats maintained at 24 C and then shifted to 5 C for 
5 days increased food intake and decreased in growth rate 
and food conversion. No modification was observed in h6 
desaturase activity, while h9 desaturase activi ty de- 
creased after this period of time. These results were con- 
firmed by liver microsomal and mitochondriai fatty acid 
composition. The phospholipid composition of liver 
microsomes was unaltered, whereas in mitochondria, 
phosphatidylcholine and sphingomyelin decreased and 
phosphatidylethanolamine increased due to the cold en- 
vironment. The influence of food intake and weight 
changes on fatty acid metabolism was studied using (i) 
rats maintained at 5 C with restricted food intake to 
match the food intake of those kept at 24 C with food ad 
libitum and (ii) rats maintained at 24 C whose food intake 
was also restricted so that their growth rate would be the 
same as that of rats maintained at 5 C with food ad 
libitum, respectively. These results indicate that the 
negative metabolic balance state of these cold conditions 
is not an active factor modifier of A6 desaturase activ- 
ity, whereas it decreases A9 desaturase activity, reflect- 
ing the lipogenic characteristics of the latter enzyme. 
Lipids 22, 583-588 (1987). 

Different types of organisms from microorganisms to 
higher plants and poikilotherm animals respond to altera- 
tions in environmental  tempera ture  by modifying fa t ty  
acid composition and, thus, the physicochemical proper- 
ties of their membranes.  In some microorganisms, such 
as Candida utilis (1,2), Bacillus megaterium (3) and 
Tetrahymena (4), and in higher plants (5), polyunsaturated 
fa t ty  acid synthesis is increased in response to a decrease 
in the environmental  temperature.  

I t  has also been demonst ra ted  that  the A6 desaturase 
act ivi ty of fish (Pimelodus maculatus) liver microsomes 
is greater  in animals adapted to lower tempera ture  (6). 
The effect of tempera ture  on membrane fluidity is not as 
obvious in homeothermic animals as it is in poikilotherms. 

Previous laboratory studies (7) in which female ra ts  
were adapted to warm tempera ture  (30-32 C) for 20-25 
days and then shifted to cooler temperature  (13-15 C) for 
different periods of time showed tha t  h9 desaturase ac- 
t ivi ty  decreased after  24 hr of cold exposure, while 56 
desaturase act ivi ty was increased after this period of 
time. Male rats  adapted to the same conditions did not 
show significant changes either in 56 or A9 desaturase. 

Taking into account these results, it was thought  tha t  
differences in h6 and A9 desaturase activity might appear 
in male ra ts  by means of a change in the environment  at 
temperatures  lower than 12 C. In addition, we attemp- 
ted to determine if the food intake and/or decreased 
weight gain of the animals kept  in the cold environment  

*To whom correspondence should be addressed. 
'Member of the Carrera del Investigador Cientifico, Consejo Nacional 
de Investigaciones Cientificas y T6cnicas, Argentina. 

might contribute to the changes in lipid desaturation and 
composition. For this purpose, male rats  were transfer- 
red from 24 C to 5 C, and A6 and h9 desaturase activities 
and lipid composition of microsomes and mitochondria 
were determined. 

MATERIALS AND METHODS 

Materials. [1-'4C]Palmitic acid (53.8 mCi/mmol, 99% 
radiochemically pure), [1-~4C]stearic acid (56.0 mCi/mmol, 
99% radiochemically pure) and [1-'~C]linoleic acid (54.7 
mCi/mmol, 98.5% radiochemically pure, 1% trans isomer) 
were purchased from New England Nuclear (Boston, 
MA). Cofactors used for the enzymatic reactions were pro- 
vided by Sigma Chemical Co. (St. Louis, MO), and all 
unlabeled fa t ty  acids were from Nu-Chek-Prep Inc. 
(Elysian, MN). Silica Gel H (Kiesege160H) was purchased 
from Merck (Darmstadt,  FRG). All chemicals and 
solvents were analytical grade. 

Animal treatment. Male Wistar  rats  of 60-70 days of 
age weighing 180-200 g were maintained on a commer- 
cial s tandard pellet diet (Nutrimento rat  chow 3, Escobar, 
Argentina) and tap water  ad libitum and were housed in 
individual cages unless indicated otherwise. The fa t ty  
acid composition of the diet was as follows: 16.7% 16:0 
(palmitic acid), 0.8% 16:1 (palmitoleic acid), 4.9% 18:0 
(stearic acid), 21.8% 18:1 (oleic acid), 52.4% 18:2n-6 
(linoleic acid) and 4.3% 18:3n-3 (linolenic acid). 

When the influence of body weight changes and food 
intake on fa t ty  acid metabolism was studied, experiments 
were carried out using four groups of four ra ts  each 
monitoring daily weights and food intake. Group I com- 
prised rats  maintained at 22-24 C fed ad libitum (control 
ad libitum); group II  was rats  maintained in a cold 
temperature-controlled room at 5-6 C fed ad libitum tcold 
ad libitum); group III  was rats maintained at 5-6 C whose 
food intake was restr icted to match the food intake of 
group I (cold pair-fed to group I); and group IV was rats  
maintained at 24 C whose food intake was restr icted so 
tha t  their growth  rate  would match the growth rate of 
group II  {control pair-weighed to group II). Food- 
restr icted rats  maintained at 5-6 C in group I I I  were 
studied to determine whether changes in desaturat ion or 
lipid composit ion in rats  maintained at the cold 
tempera ture  might be due to increased food intake. 

Since rats  maintained in a cold environment  have 
relative hyperphagia  but  gain less weight than those at 
24 C, the food-restricted rats  at 24 C (group IV) were 
studied to determine if changes in desaturat ion or lipid 
composition in rats  maintained at cold temperatures  
might be due to their decreased growth rate and relatively 
increased fat mobilization. All animals were subjected to 
a daily photoperiod of 12 hr light and 12 hr darkness (mid- 
night being the midpoint  of the dark period). After  five 
days under these conditions, animals were killed at 8 a.m. 
to equalize circadian effects (8), and liver microsomes and 
mitochondria were isolated. 
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Fractionating procedures: preparation of microsomes. 
Microsomes were prepared  f rom ra t s  killed by  decapita- 
tion. Livers were rapidly removed and homogenized in a 
cold solution (3:1, v/w) containing 0.25 M sucrose, 0.15 M 
KC1, 62 mM potass ium phospha te  buffer (pH 7.4}, 5 mM 
MgCI~ and 1.4 mM N-acetyl-L-cysteine. The homogenate  
was centr ifuged at  10,000 • g for 20 min; the pellet was 
discarded and the result ing superna tant  was centrifuged 
at  100,000 • g for 60 min to obtain the microsomai pellet. 
The microsomal  fract ion was resuspended in the same 
homogenizing solution to an appropr ia te  protein concen- 
tration. In some instances, pellets were frozen and stored 
at  - 8 0  C for several  weeks before use. All microsomal  
prepara t ions  were carried out at  0-4  C. When frozen in 
concentra ted form (15 mg  of microsomal  protein/ml of 
homogenizing solution}, enzyme activities were stable for 
up to a month.  All subsequent  assays  and composi t ion 
analyses used these microsomal  membrane  fractions. 

Preparation ofmitochondria. A portion of the liver was 
chilled immediately after removal by  immersion in 0.25 M 
sucrose and 10 mM potass ium phospha te  buffer (pH 7.4} 
and was homogenized at  0-4  C {9:1, v/w}. Liver mitochon- 
dria were prepared by  differential centr i fugat ion accord- 
ing to the method of Hogeboom t9}. 

Enzymatic assays. The 59 {16:0 -~ 16:1 and 18:0 ~ 18:1} 
and A6 (18:2n-6 ~ 18:3n-6) desaturase enzyme assays were 
carried out by  measur ing  the conversion ra te  of the 
[1-14C]labeled fa t ty  acid subs t ra te  into the corresponding 
[1-14C]labeled f a t ty  acid product.  Only the exogenous 
substra te  added to the incubation mixture was considered 
for calculation of the enzymatic activity, since the amount  
of endogenous subs t ra te  (<7 nmol; only 1.5% [w/w] of 
microsomal  lipids in all groups was free f a t ty  acids} was 
negligible compared  to the 50 nmol of exogenous sub- 
strate.  Reactions were init iated by  adding microsomal  
protein to preincubated flasks containing 0.25 M sucrose, 
0.15 M KC1, 0.04 M potass ium phosphate  buffer {pH 7.2), 
1.41 mM N-acetyl cysteine, 0.04 M KF, 1.3 mM ATP, 
0.06 mM CoA, 0.87 mM NADH,  5 mM MgCI~, 5 nmol of 
[1-14C]labeled and 45 nmol of unlabeled acid in a final 
volume of 1.6 ml. For 59 desa turase  assay,  palmitic and 
stearic acids were used as subs t ra tes  with 1.5 and 2 mg  
of microsomal  protein. The subs t ra te  for 56 desa turase  
assays  was linoleic acid and 3 mg  of microsomal  protein 
was used. The protein was determined by  the Lowry pro- 
cedure using crystall ine bovine serum albumin as stan- 
dard (10}. The reaction mixture  was incubated with con- 
s tan t  shaking at 36 C for 15 min. The desa tura t ion  reac- 
tion was s topped by  adding 2 ml of 10% KOH in ethanol. 
The f a t t y  acids were recovered by  saponification of the 
incubation mixture  (45 min at 82 C), acidification and ex- 
t ract ion with pet roleum ether (bp 30-40 C}. The f a t ty  
acids were esterified with methanolic 3 M HC1 (1 hr at 
64 C). The analyses were carried out by  gas  liquid 
radiochromatography in a Packard apparatus,  Model 893, 
equipped with a proport ional  counter  using 6P 10% 
SP-2330 on Chromosorb W A W  (100-120 mesh} (11}. A 
control assay  without  the addition of microsomes was 
done and no desa tura t ion  was observed. 

Microsomal and mitochondrial lipid composition. Total 
microsomal  and mitochondrial  lipids were ex t rac ted  us- 
ing the method of Folch et ai. (12}, and methyl  esters were 
prepared and analyzed by  gas liquid ch romatography  
{GLC) as previously described {13} in a Hewle t t -Packard  

model 5840-A chromatograph,  equipped with the 5840-A 
6C terminal  and using a 6-ft column filled with 10% SP 
2330 on 100-200 mesh Chromosorb WAW. Peaks  were 
identified by  compar ison of re tent ion t imes with 
s tandards .  

Phospholipids were separa ted  by  two-step thin layer 
ch roma tog raphy  (TLC} procedure us ing Silica Gel H 
plates  {14). After  the plate  was exposed to iodine vapors,  
the phospholipid fractions were scraped off for quantifica- 
tion by colorimetric determinat ion of phosphorus  (15). 

Statistical analysis. All resul ts  were t es ted  for 
statistical significance by Student ' s  t- test  for paired com- 
parison with control. 

RESULTS 

Food intake, growth rate, food conversion and liver 
weight in animals in a cold environment. Table 1 sum- 
marizes the daily food intake, growth ra te  and liver 
weight  in the four groups. Al though the ra t s  kept  at  5 C 
with food ad libitum (group II} showed an increase of 25% 
in food intake, they had a decrease in growth ra te  and 
food conversion of 74% and 86%, respectively,  as a con- 
sequence of an increase in catabolism. In the cold environ- 
ment,  food calories are preferential ly used mainta in ing 
body tempera ture .  

Group I I I ,  animals mainta ined at  5 C with the same 
food intake as animals at  24 C, showed a decrease in the 
growth rate, food conversion and liver weight  of 142%, 
162% and 32%, respectively.  The negat ive  metabolic  
balance due to cold was even greater  in this group as a 
consequence of the decrease in calories provided by  the 
restr ic ted food intake. 

Rats  of group IV, animals at  24 C and with food intake 
restr ic ted to ma tch  the group-I  growth rate,  showed a 
decrease in food conversion and liver weight of 126% and 
30%, respectively, since the restriction in food intake pro- 
voked an increase in the catabol ism of endogenous 
substrates.  The increased catabolism of groups II ,  I I I  and 
IV mus t  have been accompanied by  increased lipolysis. 

Influence of cold, temperature, food intake and growth 
rate on desaturation. The effect of cold and food restric- 
tion on the f a t ty  acid desa turase  activit ies is shown in 
Figure 1. 

The enzymat ic  act ivi ty  of 56 desa turase  was not  
modified in the group at  5 C with food ad libitum, while 
it increased when food intake was restr icted either at 5 C 
(group I I I )  or at  24 C {group IV}. Animals  on the diet 
given ad l ibi tum at  5 C (group II} showed a marked  
decrease not  only in food conversion but  also in the en- 
zymat ic  act ivi ty  of 59 desaturase.  

I t  is hardly probable  tha t  the increase in food intake 
of rats  kept at low temperatures  should cause the changes 
observed in the enzymatic activity of h9 desaturase, since 
the restriction in food intake at  5 C {group III} emphasiz- 
ed ra ther  than  annulled the changes. On the other hand, 
the decrease in the growth rate  of ra ts  in the cold environ- 
ment  would be an impor tan t  factor, since in ra t s  kept  at 
24 C with a similar growth ra te  {group IV), a decrease in 
A9 desaturase  enzymat ic  act ivi ty  was also observed. 

Groups showing a marked  decrease in food conversion 
tII ,  I I I  and IV} also had decreased A9 desaturase activity. 

When ra ts  were kept  a t  5 C for 15 days  instead of five 
with food ad libitum, a behavior  similar to tha t  shown 
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EFFECT OF COLD ON DESATURATION 

TABLE 1 

Effect of Temperature and Food Restriction on Food Intake, Growth Rate, Food Conversion and Liver Weight 

585 

Group I, Group II, Group III, Group IV, 
control ad libitum cold ad libitum cold pair-fed to group I control pair-weighed 

(n : 10) (n = 10) (n = 4) to group II  (n = 4) 

Starting weight (g) 197.0 • 15.1 174.8 • 14.4 192.5 • 13.1 176.8 • 16.0 
Food intake (g/g) 0.108 • 0.003 0.135 • 0.004* 0.100 • 0.004 0,064 • 0.004* 
Growth rate (g/day) 6.38 • 0.36 1.68 +_ 0.51" -2.70 _ 0.30* 0.95 • 0.70* 
Food conversion 54.02 • 5.03 7.48 • 4.58* -32.4 • 4.4* -13.7 • 8.0* 
Liver weight (g) 9.92 + 0.80 8.44 • 0.90 6.70 • 0.35** 6.90 • 0.42** 

Food intake (daily food intake/body weight); growth rate (daily increase in body weight); food conversion (growth rate/food intake X 100) 
and liver weight. Animal treatments are described in Materials and Methods. Results are the mean • S.E. n, represents the number 
of animals for each group. Significant differences from control: *, p < 0.001; **, p < 0.01. 
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FIG. 1. Effect of environmental temperature and food restriction 
on hepatic microsomal fatty acid desaturase activity. Desaturase 
enzyme assays were carried out as described in Materials and 
Methods. Group I, control ad libitum; group II, cold ad libitum; group 
III, cold pair-fed to group I; group IV, control palr-weighed to group 
II. Results are shown as mean • S.E. The number of animals in 
each group is shown in the first set of bars. Significantly different 
from controls: *, p < 0.001; **, p < 0.01; ***, p < 0.05. 

in F i g u r e  1 was  o b s e r v e d  in t he  e n z y m a t i c  a c t i v i t y  of h9 
and  A6 d e s a t u r a s e s  ( resu l t s  no t  shown).  

Microsomal and mitochondrial lipid composition. 
Tab le s  2 and  3 show the  l ip id  f a t t y  ac id  c o m p o s i t i o n  of 
h e p a t i c  m i c r o s o m e s  and  m i t o c h o n d r i a ,  r e spec t i ve ly .  The  
m o d i f i c a t i o n s  o b s e r v e d  in f a t t y  ac id  c o m p o s i t i o n  of l iver  
m i c r o s o m e s  and  m i t o c h o n d r i a  were  g e n e r a l l y  s imi lar .  

The  r a t s  a t  5 C w i th  food ad  l i b i t u m  (group II )  s h o w e d  
in b o t h  f r ac t i ons  i nc r ea sed  p e r c e n t a g e  of 18:0 and  de- 
c r ea sed  18:1. On ly  in m i t o c h o n d r i a  d id  t he  p e r c e n t a g e  of 
16:1 dec rease  s ign i f i can t ly ,  and  so d id  t he  u n s a t u r a t i o n  
index  in mic rosomes .  T h e s e  c h a n g e s  ag ree  w i t h  t h e  
dec rease  found  in m i c r o s o m a l  59 d e s a t u r a s e  e n z y m a t i c  
a c t i v i t y  in t h e  s a m e  group .  

In  g roup  I I I ,  the  s ame  modi f ica t ions  as  in g roup  I I  were 
obse rved  in the  pe rcen tages  of 16:1, 18:0 and  18:1 in l ipids  

of l iver  m i c r o s o m e s  and  m i t o c h o n d r i a .  A s  in g r o u p  I I ,  
t he se  c h a n g e s  are  t he  c onse que nc e s  of a d e c r e a s e  in t he  
e n z y m a t i c  a c t i v i t y  of A9 d e s a t u r a s e  shown b y  g r o u p  I I I .  
On ly  the  m i c r o s o m e s  h a d  an inc rease  in t he  p e r c e n t a g e  
of 20:4n-6, which  a g r e e d  w i t h  t he  one o b s e r v e d  in t he  en- 
z y m a t i c  a c t i v i t y  of 56 d e s a t u r a s e  ( r e g u l a t o r y  e n z y m e  in 
the  b i o s y n t h e s i s  of  p o l y u n s a t u r a t e d  acids) (16). 

Group  IV p re sen ted  an increased  pe rcen tage  of 18:0 and 
decreased  16:1 bo th  in mic rosomes  and  mi tochondr ia .  The  
p e r c e n t a g e  of 18:1 dec reased  on ly  in mi tochondr i a .  These  
c h a n g e s  are  t he  consequences  of t he  dec rea se  o b s e r v e d  
in h9 d e s a t u r a s e  e n z y m a t i c  ac t i v i t y .  Bes ides ,  b o t h  frac- 
t ions  showed an  increase  in t he  pe r c e n t a ge  of 20:4n-6 t h a t  
cou ld  be  a t t r i b u t e d  to  an inc rease  o b s e r v e d  in t he  h6 
d e s a t u r a s e  e n z y m a t i c  ac t i v i t y .  

Tab le  4 shows  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 hepa t i c  
m i c r o s o m e s  and  m i t o c h o n d r i a  of r a t s  k e p t  a t  24 C (group 
I) and  5 C (group II )  on food ad  l ib i tum.  No m o d i f i c a t i o n  
was  o b s e r v e d  in t he  p h o s p h o l i p i d  c o m p o s i t i o n  of l iver  
mic rosomes ,  w he re a s  in m i t o c h o n d r i a  the  p e r c e n t a g e s  of 
p h o s p h a t i d y l c h o l i n e  (PC) and  s p h i n g o m y e l i n  (SM) de- 
c r e a se d  a n d  t h a t  of 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) in- 
c reased  in r a t s  k e p t  in t he  cold env i ronment .  The  changes  
found  in l iver  m i t o c h o n d r i a  of r a t s  k e p t  a t  5 C r e s e m b l e d  
t h o s e  found  in m i t o c h o n d r i a  of b r o w n  a d ipose  t i s s u e  of 
r a t s  k e p t  a t  4 C (17). 

DISCUSSION 

W h e n  a r a t  is  e x p o s e d  to  a cold  e n v i r o n m e n t ,  a d a p t a t i o n  
p roces ses  are  i n i t i a t e d  c h a r a c t e r i z e d  b y  sh ive r ing  or non- 
s h i v e r i n g  t h e r m o g e n e s i s ,  d e p e n d i n g  on the  c ond i t i ons  
(18), t e n d i n g  to  lower  hea t  loss  and  to  i nc rea se  i t s  pro-  
duc t ion .  There  is an  i nc rea se  in t h e r m o g e n e s i s  (19), and  
the  s u p p l y  of s u b s t r a t e s  comes  f rom an i nc rea se  in f a t t y  
acid  mobi l i za t ion  (by l ipo lys i s  of whi t e  and  b r o w n  ad ipose  
t i ssue)  (20-22) a n d  f rom g lucose  (by l iver  g l y c o g e n o l y s i s  
and  g luconeogenes i s )  (23,24). I n  th i s  s u b s t r a t e  mobi l iza-  
t ion,  t he  s y m p a t h e t i c  n e r v o u s  s y s t e m  t a k e s  p a r t  v i a  
c a t e c h o l a m i n e s  (18). T o g e t h e r  w i t h  e n d o g e n o u s  sub- 
s t r a t e s ,  t he  exogenous  ones  c o m i n g  f rom i n c r e a s e d  food 
i n t a k e  a lso  c o n t r i b u t e  to  t h e r m o g e n e s i s .  Th is  is t he  
r e a s o n  t h a t  when  ma le  r a t s  a re  e x p o s e d  to  cold  for f ive 
days ,  food i n t a k e  inc reases  and  g r o w t h  r a t e  and  food con- 
v e r s i o n  decrease ,  s ince  ca lor ies  a re  p r e f e r e n t i a l l y  u sed  in 
hea t  p r o d u c t i o n  to  keep  b o d y  t e m p e r a t u r e .  
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T A B L E  2 

E f f ec t  of  E n v i r o n m e n t a l  T e m p e r a t u r e  and Food Restriction on Liver  Mic ro soma l  F a t t y  Acid  Compos i t i on  in Male  R a t s  

Group  IV, 
Group  I, G roup  II,  G roup  III ,  cont ro l  pa i r -weighed 

F a t t y  acid (%) control  ad  lib• cold ad lib• cold pair-fed to g roup  I to g roup  II  

16:0 21.4 • 0.1 20.7 • 0.4 20.2 • 0.2** 18.9 • 0.4* 
16:1 2.1 • 0.09 2.2 • 0.20 1.5 • 0.50 0.7 • 0 .40*** 
18:0 20.7 • 0.2 23.5 _+ 0.3* 23.8 _+ 0.4* 24.3 • 0.5* 
18:1 10.2 • 0.2 8.3 • 0.3** 8.2 • 0.4** 8.2 +-- 1.7 
18:2n-6 15.1 • 0.4 15.3 • 0.3 15.2 _+ 0.5 14.7 • 0.6 
20:3n-6 2.5 _+ 0.20 1.8 • 0 .20*** 1.4 _+ 0.09** 1.7 • 0 .20*** 
20:4n-6 21.0 • 0.3 21.0 • 0.6 22.8 • 0.2** 25.5 • 1.2"* 
22:5n-3 2.5 • 0.20 2.1 • 0.10 1.6 • 0.08** 1.4 • 0.20** 
22:6n-3 4.6 • 0.2 5.2 _+ 0.3 5.3 • 0.3 4.5 • 0.4 

U n s a t u r a t i o n  index  a 1.62 • 0.01 1.58 • 0 .01"** 1.62 _+ 0.01 1.67 • 0.03 

F a t t y  acid composi t ion  was  de te rmined  by  ga s  liquid c h r o m a t o g r a p h y  as descr ibed in Mater ia l s  and  Me thods  for the  four  g roups  of an imals  
descr ibed  in the  text .  Only  ma jo r  f a t t y  ac ids  were considered.  R e s u l t s  are s h o w n  as the  m e a n  of 4 r a t s  • S.E. 

a U n s a t u r a t i o n  index  -- 2 n u m b e r  u n s a t u r a t e d  mol  X n u m b e r  double  bonds /~  n u m b e r  to ta l  mol. S ign i f i can t  d i f ferences  f rom control:  
*, p < 0.001; **, p < 0.01, ***, p < 0.5. 

T A B L E  3 

Ef fec t  of  E n v i r o n m e n t a l  T e m p e r a t u r e  and Food Res t r i c t i on  on Liver  Mitochondrial Fatty Acid Composition in Male  R a t s  

Group  IV, 
Group  I, G roup  II,  Group  III ,  cont ro l  pa i r -weighed  

F a t t y  acid (%) control  ad  l i b i tum cold ad lib• cold pair-fed to g roup  I to g roup  II  

16:0 20.0 • 0.2 20.3 • 0.5 17.8 • 0.5** 17.3 • 0.4* 
16:1 2.0 • 0.10 1.6 • 0 .10"** 1.4 _+ 0.08** 1.4 • 0.06** 
18:0 18.0 _+ 0.3 20.7 +_ 0.3* 21.3 • 0.3* 21.1 -- 0.2* 
18:1 10.9 • 0.06 9.0 • 0.30* 9.1 • 0.20* 8.5 _+ 0.20* 
18:2n-6 21.7 _+ 0.4 22.3 +_ 0.2 22.0 • 0.3 22.7 _+ 0.7 
20:3n-6 1.9 • 0.10 1.3 _+ 0.09** 1.5 • 0.30 1.2 • 0.08** 
20:4n-6 19.7 _+ 0.4 18.8 • 0.3 20.8 • 0.3 23.2 • 0 .9*** 
22:5n-3 2.1 • 0.3 1.9 _+ 0.2 1.9 • 0.3 1.0 • 0 .1"* 
22:6n-3 3.7 _+ 0.3 4.1 • 0.2 4.2 • 0.3 3.6 • 0.3 

U n s a t u r a t i o n  index  a 1.59 • 0.01 1.54 • 0.02 1.66 • 0.03 1.70 _+ 0.03 

F a t t y  acid compos i t ion  was  de te rmined  by  ga s  liquid c h r o m a t o g r a p h y  as descr ibed in Mater ia l s  and  Me thods  for the  four  g roups  
descr ibed  in the  text .  Only  ma jo r  f a t t y  ac ids  were considered.  R e s u l t s  are s h o w n  as  the  m e a n  of 4 r a t s  • S.E. 

a U n s a t u r a t i o n  index  is exp la ined  in Table  2. S ign i f ican t  d i f ferences  f rom control:  *, p < 0.001; **, p < 0.01; ***, p < 0.05. 

of an imals  

T A B L E  4 

Ef fec t  of  Cold E n v i r o n m e n t  on Phospholipid Composition of Microsomal and Mitochondrial Frac t ions  % Phospho l ip id  (gg/mg Total Lipid) 

M i c r o s o m e s  Mi tochondr i a  

Group  I, G roup  II,  G roup  I, G ro u p  II, 
cont ro l  ad  l i b i tum cold ad lib• control  ad  lib• cold ad lib• 

PC 59.3 _+ 7.3 66.4 • 3.1 52.1 • 0.1 43.9 • 0.5* 
PE  21.2 _+ 1.3 16.8 • 0.9 22.5 • 0.8 36.4 • 1.1" 
CL - -  - -  15.2 • 1.1 13.5 • 0.8 
P I  13.8 • 4.0 11.6 • 2.2 6.5 • 0.5 5.4 • 0.9 
SM 3.1 • 1.8 2.8 • 1.1 1.8 • 0.1 0.7 • 0.2** 
PS  2.6 • 0.2 2.5 • 1.3 1.9 • 1.1 0.10 • 0.02 

PC, phospha t idy lcho l ine ;  PE,  p h o s p h a t i d y l e t h a n o l a m i n e ;  CL, cardiolipin; PI,  phospha t idy l inos i to l ;  SM, sph ingomye l in ;  PS, 
phospha t i dy l s e r i ne .  Phospho l ip ids  were s e p a r a t e d  as desc r ibed  in Ma te r i a l s  and  Me thods .  R e s u l t s  are e x p r e s s e d  as t he  m e a n  _+ S.E. 
The  n u m b e r  of s a m p l e s  ana lyzed  is 3 for m i c ro soma l  and  5 for mi tochondr i a l  fract ion:  S ign i f ican t  d i f ferences  f rom control:  *, p < 0.001; 
**, p < 0.01. 
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h6 D e s a t u r a s e  a c t i v i t y .  Concerning the effect of en- 
vironmental temperature on desaturat ing activity, no 
modification due to cold was observed either in A6 
desaturase activity or in the percentage of linoleic acid 
in liver microsomal and mitochondrial lipids of male rats  
fed ad libitum. Hughes and York also observed no 
changes in the A6 desaturase enzymatic activity due to 
temperature in the lean mouse (25). These results also 
agree with those found by GonzAlez et al. (7} when male 
rats were shifted from 30-32 C (adapted to tha t  
temperature for 20 days} to 12 C for five days, since in 
this case no modifications in the A6 desaturase were 
observed either. These results indicate tha t  metabolic 
changes induced by an environmental temperature 
decrease expressed by a thermogenesis increase are not 
active factor modifiers of A6 desaturase activity. 
However, in female rats  adapted to the same conditions, 
an increase in the enzymatic activity of h6 desaturase due 
to cold was observed and, in this change, estradiol levels 
would be involved (26}. On the other hand, when the en- 
zymatic  activity in male rats was depressed by a hyper- 
glycidic diet and animals were shifted from 24 C to 12 C, 
an increase was observed in 56 desaturase enzymatic ac- 
t ivity due to cold environment {27}. 

The increase in A6 desaturase enzymatic activity 
observed in animals on a restricted diet, both at 5 C and 
at 24 C, was unexpected, and it was difficult to elucidate 
since fasting inhibits enzymatic activity (28,29). These 
results, as has been pointed out by Faas and Carter, em- 
phasize the importance of food intake as another factor 
to be taken into account for the complex control of the 
desaturat ing system (30,31). 

A9 D e s a t u r a s e  a c t i v i t y .  GonzAlez et al. found that  A9 
desaturase enzymatic activity was not modified when 
male rats  were shifted to 13-15 C after being previously 
adapted to 30-32 C, whereas in female rats  adapted to 
the same conditions, they observed a decrease in tha t  
desaturat ing activity (7). We have observed, however, 
tha t  when male rats  were kept at 5 C on food ad libitum 
(group II), the A9 desaturase activity decreased. This 
lowering was confirmed by a decrease in the percentages 
of 16:1 and 18:1 and an increase in 18:0 in the fa t ty  acid 
composition of both liver microsomes and mitochondria. 
In rats  kept at 5 C on a restricted diet (group III), the 
decrease in the A9 desaturase enzymatic activity was even 
more marked than at 5 C on food ad libitum. Moreover, 
a decrease in 59 desaturase activity was also detected in 
animals on a restricted food intake at 24 C (group IV). 

In group II, there was a negative metabolic balance 
(decreased food conversion} and an increase in food intake 
to provide substrates for the thermogenesis process, 
which was increased by the cold temperature.  In group 
I I I ,  the negative metabolic balance was even greater than 
in group II,  since there was increased catabolism of en- 
dogenous substrates in the thermogenesis process due to 
the restriction imposed on food intake. Finally, group IV 
rats also had a negative metabolic balance to counter- 
balance food intake restriction enhancing the use of en- 
dogenous substrates.  

In groups II, I I I  and IV, characterized by a negative 
metabolic balance, the 59 desaturase enzymatic activity 
was diminished. I t  is known that  A9 desaturase is very 
sensit ive to nutr i t ional  (29,32-36) and hormonal  
(30,31,37,38) factors. Moreover, it is considered a 
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lipogenic enzyme, since during fasting, when there is a 
negative metabolic balance and lipolysis is increased, its 
enzyme activity is decreased (29}. In addition, lipogenic 
diets are the most  efficient ones in increasing the above- 
mentioned activity (29,36}. Lipogenesis and 59 enzymatic 
activity respond in the same way to regulatory factors 
(39). 

Therefore, it can be considered that  the decrease ob- 
served in the A9 desaturase enzymatic activity in male 
rats at 5 C is the consequence of the negative metabolic 
balance state set off by these conditions. 
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The incorporation of various labeled precursors into 
alkenylaeyl, alkylaeyl and diaeyl phospholipids in rabbit 
alveolar maerophages was studied. The incorporation 
rates of the individual precursors were shown to be quite 
different among the three subclasses of phospholipids. 
[ZH]Glyeerol, ['~C]16:0, [1~C]18:1, ['4C]18:2 and ['P]- 
ortbophosphate were preferentially incorporated into 
choline glycerophospholipids {CGP), especially into diacyl 
glycerophosphoeholine {(]PC), indicating that the de novo 
synthesis  of diaeyl GPC is extremely high. Considerable 
portions of the radioaetivities of ['~ ['4C]18:1, 
[~4C]18:2 and [32p]orthophosphate were also found in 
alkylacyl (]PC, the ineorporation being higher than or 
comparable to that  in the ease of diaeyl glyeero- 
phosphoethanolamine (GPE). We then examined the 
activities of eholinephosphotransferase and ethanol- 
aminephosphotransferase, and found that the activity of 
eholinephosphotransferase was remarkably high in 
macrophage mierosomes compared with that  in micro- 
somes from several other tissues. This suggests  that 
diradylglyeerols were preferentially utilized by eholine- 
phosphotransferase, which is consistent with the results 
obtained for intact cells. We confirmed that a consider- 
ably higher amount of diaeyl GPC as well as alkylaeyl 
GPC was formed through this enzyme reaction with 
macrophage mierosomes than with brain mierosomes. 
The high formation of alkylacyl (]PC could be responsi- 
ble, at least in part, for the accumulation of this unique 
ether phospholipid, a stored precursor form of platelet- 
activating factor in maerophages. 
Lipids 22, 589-595 (1987). 

Recently, it has been shown that considerable amounts 
of alkenyl and alkyl ether phospholipids are present in 
several types of inflammatory and immunological cells, 
such as macrophages, polymorphonuclear leukocytes, 
tymphocytes and platelets {reviewed in ref. 1). The occur- 
rence of high amounts of alkylacyl GPC in these cells is 
particularly noteworthy, since the levels of alkylacyl GPC 
in other mammalian tissues are generally very low (1). The 
results of recent studies have revealed that this unique 
alkyl ether phospholipid is a stored precursor form of a 
potent lipid mediator, platelet-activating factor {PAF), 
and a degradation product of PAF in various types of cells 
{reviewed in ref. 2}. Furthermore, alkenyl and alkyl ether 
phospholipids contain several times higher amounts of 
C2o and C22 polyunsaturated fat ty acids than .diacyl 

*To whom correspondence should be addressed. 
Abbreviations: CGP, choline glycerophospholipids; EGP, ethanol- 
amine glycerophospholipids; IGP, inositol glycerophospholipids; 
SGP, serine glycerophospholipids; Sph, sphingomyelin; lyso-bis-PA, 
lyso-bis-phosphatidic acid; CL, cardiolipin; GPC, glycero-3-phos- 
phocholine; GPE, glycero-3-phosphoethanolamine; PAF, platelet- 
activating factor; BSA, bovine serum albumin; TLC, thin layer 
chromatography; GLC, gas liquid chromatography. Fatty chains are 
designated in terms of number of carbon atoms:number of double 
bonds, e.g., 18:1 for oleic acid. 

species in certain cell types (1). Ether phospholipids could 
be important pools of these polyunsaturated fat ty acids 
in cells. In fact, large amounts of 20:4 were released from 
both diacyl and ether phospholipids in various types of 
cells upon stimulation {3-7}. 

Although the significance of alkylacyl GPC in inflam- 
matory and immunological cells has recently received 
much attention, little information is yet available on the 
metabolism of alkylacyl GPC in these types of cells. In 
particular, very little is known about the de novo syn- 
thesis of this unique alkyl ether lipid, abundant in white 
blood cells and platelets. Moreover, previous studies on 
the metabolism of alkenylacyl, alkylacyl and diacyl phos- 
pholipids were mainly performed on the phospholipids in 
nervous tissues and tumor cells, and there has so far been 
no precise comparative study on the metabolism of diacyl 
and ether phospholipids in inflammatory and immuno- 
logical cells. 

In this study, we investigated the incorporation of 
various labeled precursors for the glycerol backbone, fatty 
acyl residues and polar head groups into alkenylacyl, 
alkylacyl and diacyl phospholipids in rabbit alveolar 
macrophages. The activities of the de novo synthetic en- 
zymes, cholinephosphotransferase and ethanolaminephos- 
photransferase, were also examined using endogenous or 
exogenous diradylglycerols. The active formation of 
diacyl and ether-containing CGP was discussed. 

MATERIALS AND METHODS 
Chemicals. All chemicals were of analytical grade, and 
solvents were distilled before use. The precoated silica gel 
plates were purchased from Merck {Darmstadt, FRG). 
[l(3}-3H]Glycerol (3 Ci/mmol}, [1-'4C]palmitic acid t58 mCi/ 
mmol}, [1-14C]stearic acid {60 mCi/mmol}, [1-'4C]oleic acid 
{57 mCi/mmol}, [1-1~C]linoleic acid I57 mCi/mmol), 
[5,6,8,9,11,12,14,15-3H]arachidonic acid {100 Ci/mmol), 
[methyl-~C]choline chloride {50.5 mCi/mmol} and 
[1-3H]ethanolamine hydrochloride {23 Ci/mmol) were pur- 
chased from Amersham (Amersham, UK). [U-'4C]Docosa - 
hexaenoic acid (160 mCi/mmol), CDP-[methyl-~C]choline 
{42.35 mCi/mmol) and CDP-[2-~4C]ethanolamine (27 mCi/ 
mmol} were from New England Nuclear {Boston, MA}. 
"P-Orthophosphate (carrier-free) was from the Japan 
Isotope Center {Tokyo, Japan}. Selachylalcohol 
{1-monooleyl glycerylether} was purchased from Serdary 
Research Lab. {Ontario, Canada}. Docosahexaenoic acid 
I22:6) was from Nu-Chek-Prep {Elysian, MN). HEPES 
was obtained from Wako Pure Chemical Industry {Tokyo, 
Japan}. Eagle's minimal essential medium {MEM) was ob- 
tained from Nissui Seiyaku Co. {Tokyo, Japan}. Oleic acid 
(18:1}, arachidonic acid (20:4}, oleic anhydride, 1,2-dioleoyl- 
sn-glycerol, essentially fatty acid-free bovine serum 
albumin {BSA}, CDP-choline and CDP-ethanolamine were 
obtained from Sigma {St. Louis, MO). 1-Alkyl(18:l}-2- 
oleoyl-sn-glycerol was prepared as follows: selachylalcohol 
was acylated with oleic anhydride in pyridine/ 
chloroform {1:5, v/v) at room temperature for 12 hr. The 
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resultant l-alkyl-2,3-diacylglycerol was purified by thin 
layer chromatography {TLC) with development with 
petroleum ether/ethyl ether/acetic acid {90:10:1, v/v/v), 
and then hydrolyzed with Rhizopus delemar lipase 
{Seikagaku Kougyo Co., Tokyo, Japan) to remove the 
fatty acid at the 3-position, as described previously {8}. 
The 1-alkyl-2-acyl compound was purified by TLC with 
development with petroleum ether/ethyl ether/acetic acid 
/60:40:1, v/v/v), and then extracted from the silica gel with 
chloroform/methanol (1:1, v/v}. The quantities of 
diradylglycerols were determined from the fat ty acyl 
moieties as fat ty acid methyl esters by gas liquid 
chromatography {GLC) {8,9). 

Cells. Macrophages were prepared from healthy female 
rabbits iNew Zealand white, 2.5-3 kg) as described 
previously t9). The macrophages were washed three times 
with saline after the removal of contaminating erythro- 
cytes by means of osmotic lysis. The purity of the cells 
was above 95%, as judged on microscopic examination. 

Incorporation of labeled precursors. Macrophages were 
suspended in 20 mM HEPES-MEM medium {pH 7.2} at 
106 cells/ml. [3H]20:4, [~C]22:6 and [3H]ethanolamine were 
diluted with the respective nonradiolabeled fatty acid at 
50 mCi/mmol prior to use. The labeled fatty acids 11 t~Ci) 
were dissolved in 250 t~l of 0.2% BSA-containing saline, 
and [3H]glycerol (5 gCi), p~P]orthophosphate (100 ~Ci), 
['4C]choline {1 gCi) and [3H]ethanolamine {1 ~Ci} were 
dissolved in 250 ~l of saline. Each labeled compound 
1250 ~1) was added to 5 ml of cell suspension. The incuba- 
tion was carried out at 37 C for 60 min and terminated 
by adding 20 ml of chloroform/methanol (1:2, v/v). 

Lipid analyses. Total lipids were extracted by the 
method of Bligh and Dyer {10}. Individual phospholipids 
were separated by two-dimensional TLC with develop- 
ment with chloroform/methanol/28% NH4OH 165:35:5, 
v/v/v) for the first dimension and chloroform/acetone/ 
methanol/acetic acid/water 15:2:1:1.3:0.5, v/v/v/v/v} for the 
second dimension. Neutral lipids were separated by TLC 
with development with petroleum ether/ethyl ether/acetic 
acid {80:20:1, v/v/v}. The alkenylacyl, alkylacyl and diacyl 
lipid classes were separated as 1,2-diradyl-3-acetylglycerol 
derivatives as described elsewhere (7,8}. In brief, CGP and 
EGP were first hydrolyzed with phospholipase C (Bacillus 
cereus) to remove the polar groups. The resultant 
diradylglycerols were further acetylated with acetic 
anhydride and pyridine. The 1,2-diradyl-3-acetylglycerols 
were separated into the alkenylacyl, alkylacyl and diacyl 
classes by TLC with development with petroleum 
ether/ethyl ether/acetic acid {90:10:1, v/v/v} and then with 
toluene. The lipid spots were visualized under ultraviolet 
l ight after spraying with 0.001% primuline in 
acetone/water {4:1, v/v) and then were scraped off from 
the silica gel plate into counting vials. The radioactivity 
was estimated with a scintillation counter {Aloka, Model 
LSC 903} using a scintillation fluid, as described earlier 
ill). In some experiments, the successive mild alkaline 
and acid hydrolysis method was used to determine the 
radioactivities of alkenylacyl, alkylacyl and diacyl com- 
pounds. Lipid phosphorus was estimated by the method 
of Rouser et al. {12}. 

Preparation of microsomal fraction. Microsomal frac- 
tion was prepared from various tissues and cells. Rabbit 
alveolar macrophages were prepared from rabbits that 
had been injected with 1.0 ml of Freund's complete 

adjuvant 3 wk prior to sacrifice. Pig lymphocytes were 
prepared from pig mesenteric lymph nodes as described 
previously (8}. Both types of cells were washed three times 
with saline. Various tissues and cells were homogenized 
in a Potter-Elvejhem homogenizer with a Teflon pestle 
in 0.25 M sucrose-0.1 M Tris-HC1 buffer IpH 7.4) con- 
taining 1 mM EDTA. The homogenate was centrifuged 
at 10,000 X g for 20 min twice. The supernatant was col- 
lected and ultracentrifuged at 105,000 X g for 60 min. 
The pellet was resuspended in 0.1 M Tris-HC1 buffer {pH 
7.4} containing 1 mM EDTA and then washed once at 
105,000 X g for 60 min. The pellet (microsomal fraction) 
was resuspended in the same buffer and stored at - 20 C. 
The protein content was estimated by the method of 
Lowry et al. (13). 

Enzyme assays. The activities of cholinephosphotrans- 
ferase and ethanolaminephosphotransferase were deter- 
mined by the modified method of Lee et al. {14}. The in- 
cubation mixture contained CDP-[methyl-'~C]choline or 
CDP-[2-'~C]ethanolamine (0.5 mM, 0.025 ~Ci), MgCI2 
{8 mM}, BSA {0.5 mg}, EGTA {0.5 mM) and microsomes 
{0.5 mg protein} in 0.5 ml of 0.1 M Tris-HC1 buffer IpH 
8.0), with endogenous diradylglycerols as the substrates. 
When exogenous diradylglycerols were used as the sub- 
strates, the incubation mixture consisted of CDP-[methyl- 
l~C]choline or CDP-[2-'4C]ethanolamine {0.02 mM-0.2 
mM), MgC12 {8 mM), BSA 10.5 mg), EGTA {0.5 mM), 
l-alkyl-2-acylglycerol or 1,2-diacylglycerol {4 raM} and 
microsomes {0.1 mg protein) in 0.5 ml of 0.1 M Tris-HC1 
buffer (pH 8.0). The alkylacylglycerol or diacylglycerol 
was sonicated in 0.04% Tween 20 in water with a Bran- 
son sonifier ifour periods of 10 sec each) immediately 
before use. The incubation was performed at 37 C for 30 
min and terminated by adding chloroform/methanol ( 1: 2, 
v/v). The lipids were extracted and then separated by TLC 
with development with chloroform/methanol/water 
{65:25:4, v/v/v). The radioactivities in the CGP and EGP 
fractions were estimated as described above. Portions of 
CGP and EGP were further fractionated by means of the 
successive mild alkaline and acid hydrolysis method (15} 
to determine the radioactivities of alkenylacyl, alkylacyl 
and diacyl compounds. 

RESULTS AND DISCUSSION 

Incorporation of various labeled precursors into individual 
phospholipids. Table 1 shows the incorporation rates into 
the cellular phospholipid fraction of various fatty acids. 
[3H]20:4 and [14C]22:6 were incorporated very rapidly in- 
to the cellular lipid fractions during the incubation. On 
the other hand, the incorporation rates of ['4C]16:0, 
['~C]18:0, [1~C]18:1 and ['4C]18:2 were relatively slow. 

Table 2 shows the distribution of the radioactivities of 
labeled precursors among individual phospholipids. 
[3H]Glycerol, [~P]orthophosphate, ['4C]16:0, ['~C]18:1 and 
[1~C]18:2 were preferentially incorporated into CGP. 
Radioactivities other than those in CGP were low, except 
for that of ['4C]18:2 in lyso-bis-phosphatidic acid Ilyso- 
bis-PAI. Large portions of the radioactivities of [3H]20:4, 
['~C]22:6 and ['~C]18:0 were also distributed in CGP, 
although considerable radioactivities were found as well 
in EGP {[~H]20:4, ['~C]22:6 and [~C]18:0), lyso-bis-PA 
I[~H]20:4 and ["C]22:6) and IGP {[~H]20:4 and ['~C]18:0}. 
These observations indicate that the formation of CGP, 
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TABLE 1 

Incorporation Rates of Various Labeled Fatty  Acids 
into Cellular Phospholipid Fraction a 

Fatty acids % nmol 

[~4C]16:0 7.5 • 0.7 0.26 
['~C]18:0 8.9 • 0.4 0.30 
['4C]18:1 7.6 + 0.3 0.27 
[~C]18:2 15.9 • 0.5 0.56 
[~H]20:4 54.9 • 0.5 2.20 
['4C]22:6 79.9 • 1.2 3.20 

aMacrophages (10 ~ cells/ml) were incubated with various labeled fatty 
acids (0.2 t~Ci/ml) at 37 C for 60 min as described in Materials and 
Methods. The values represented the incorporation rates (% and 
nmol/106 cells} of exogenously added labeled fatty acids into cellular 
phospholipid fraction. The mean percentages • SD were calculated 
for three determinations. 

par t icu la r ly  t h a t  v ia  the  de novo  pa thway ,  is ve ry  act ive  
c o m p a r e d  wi th  t h a t  of o ther  phosphol ip ids  in this  t y p e  
of cell. The  re la t ive ly  h igh incorpora t ion  of [~H]20:4 and 
['~C]18:0 into E G P  and I G P  could be closely re la ted to  
the  fact  t h a t  these  phosphol ip ids  conta in  h igh a m o u n t s  
of 18:0, especial ly at  the  1-position, and 20:4, at  the  
2-position. I n  con t ras t ,  the  level of the  18:0 acid in C G P  
has been shown to  be ve ry  low in this t ype  of cell (9). 
Alber t  and Snyde r  (5) have  a l ready shown the  preferen- 
tial labeling of CGP  with ['4C]16:0, ['~C]18:1, [14C]18:2 and 
['~C]20:4 in compar i son  wi th  o ther  phosphol ip ids  in r a t  
alveolar  macrophages .  

Incorporation of various labeled precursors into 
subclasses of CGP and EGP. No precise da ta  are available 
on the  incorporat ion of var ious  labeled precursors,  except  
for 20:4 and 22:6 into alkenylacyl ,  a lkylacyl  and diacyl  
phosphol ip ids  in i n f l a m m a t o r y  and immunologica l  cells. 
Table  2 shows the  d is t r ibu t ion  of the  radioact iv i t ies  of 
var ious  p recursors  a m o n g  the  alkenylacyl ,  a lkylacyl  and 
diacyl  classes of C G P  and E G P .  The p ropor t ions  of 
alkenylacyl ,  a lkylacyl  and  diacyl  c o m p o u n d s  were 5.6%, 
32.5% and 61.9% for  CGP, and  61.2%, 8.1% and 30.7% 
for E G P ,  respect ively,  as repor ted  prev ious ly  (9). I t  

should be noted t h a t  the  incorporat ion ra tes  of individual 
p recursors  were qui te  different  be tween  the  subclasses  
of C G P  and  E G P .  M o s t  of the  radioact iv i t ies  of [3HI- 
glycerol,  [~4C]16:0, [~4C]18:0, [~4C]18:1, [~4C]18:2, [32p]. 
o r t h o p h o s p h a t e  and [~4C] choline were found in diacyl  
species in CGP,  ind ica t ing  t h a t  the  de novo  syn thes i s  of 
diacyl  G P C  is ex t remely  high for this  t y p e  of cell. The 
rad ioac t iv i ty  in diacyl  G P E  was  also h ighes t  a m o n g  the  
subclasses  of E G P  labeled wi th  [3H]glycerol, [~4C]16:0, 
[14C]18:0, [~C]18:1 and [14C]18:2. Interest ingly,  significant 
por t ions  of the  radioact ivi t ies  of var ious  precursors  were 
found  in alkylacyl  GPC,  which is a s tored  precursor  form 
of P A F .  For  instance,  6.1% ([~4C]16:0), 2.6% ([1~C]18:1), 
1.6% ([1~C]18:2) and 2.5% ([~2P]orthophosphate) of the  
respect ive  radioact iv i t ies  in to ta l  phosphol ip ids  were 
d i s t r ibu ted  in a lkylacyl  GPC (Tables 2 and 3). The  incor- 
pora t ion  ra te  of [1~C]18:1 into a lkylacyl  G P C  was  
calcula ted to  be a lmos t  comparab le  to  t h a t  in to  diacyl  
G PE  (2.2% of the  radioact iv i t ies  in to ta l  phospholipids) .  
These  obse rva t ions  sugges t  t h a t  s ignif icant  a m o u n t s  of 
alkylacyl GPC are formed via  the  de novo p a t h w a y  in this 
t ype  of cell. I n  the  case of [~H]glycerol, however ,  i t  is 
necessa ry  to  take  into account  the  fact  t h a t  e ther  
phosphol ip ids  are only syn thes ized  via  the  d ihydroxy-  
acetone phosphate  pa thway  (2). This m a y  explain, at  least 
in par t ,  the  general ly  low incorpora t ion  of [~H]glycerol 
into e ther -conta in ing  compounds .  Fur the rmore ,  the  low 
specific ac t iv i ty  of a lkenylacyl  G P E  labeled wi th  
[~H]glycerol could be due to  the fact  t ha t  alkenylacyl G P E  
is fo rmed f rom alkylacyl  G P E  t h r o u g h  desa tu r a t i on  of 
the  alkyl  chain. 

I t  is n o t e w o r t h y  t h a t  the  d is t r ibut ions  of the  radioac- 
t ivi t ies of [~P]o r thophospha t e  and [~C]e thanolamine  in 
e ther -conta in ing  E G P  were somewha t  higher  t h a n  those  
of [3H]glycerol, [~4C]16:0, [~4C]18:0, [~4C]18:1 and ['4C]18:2 
(Table 3). These observat ions  sugges t  t h a t  the  polar head 
g roup  of e ther -conta in ing  E G P  is t u rned  over  rapidly  
compared  wi th  t h a t  of diacyl species. The exchange  of the 
phosphory l  base moie ty  ra ther  t han  the base group could 
solely take  place, since high label ing was  obse rved  wi th  
b o t h  [~P]o r thophospha t e  and [3H]ethanolamine.  This is 
also the case for a lkenylacyl  G P C  labeled wi th  [3~PJ- 
o r thophospha t e  and ['4C]choline. The backward  act ion of 

TABLE 2 

Distribution of the Radioactivities of Various Labeled Precursors among Phospholipids in Rabbit Alveolar Maerophages a 

CGP EGP IGP SGP Sph Lyso-bis- CL PA 
Precursors (%) (%) (%) (%) (%) PA (%) (%) (%) 

[~H]Glycerol 93.2 • 1.6 3.4 - 1.0 1.1 • 0.2 0.2 • 0.1 0.5 • 0.3 1.2 • 0.4 0.2 • 0.2 0.2 + 0.0 
[~4C]16:0 93.1 • 1.6 2.8 • 0.4 1.7 • 0.6 0.3 • 0.1 0.9 • 0.3 1.0 • 0.6 0.0 • 0.0 0.2 • 0.1 
[~4C]18:0 47.5 • 1.1 18.1 • 0.2 27.9 • 1.0 5.0 • 0.1 0.3 • 0.0 0.7 • 0.0 0.4 • 0.1 0.1 +_ 0.0 
[~4C]18:1 85.9 +_ 2.4 2.8 • 0.8 3.2 • 0.3 1.1 -!-_ 0.3 0.5 • 0.1 6.2 • 1.5 0.1 • 0.0 0.2 • 0.0 
[~4C]18:2 71.4 • 1.8 2.8 • 0.4 0.9 • 0.4 0.6 • 0.1 0.1 • 0.0 23.8 • 1.2 0.2 • 0.0 0.2 • 0.1 
[~H]20:4 58.4 • 3.3 18.6 +_ 3.5 11.5 • 1.6 0.8 • 0.0 0.9 • 0.7 9.6 • 1.6 0.1 + 0.0 0.1 • 0.0 
[14C]22:6 44.0 • 1.8 35.8 • 3.0 0.4 • 0.0 0.6 + 0.2 0.3 • 0.0 18.7 +_ 1.5 0.1 • 0.0 0.1 • 0.0 
[32p]Orthophosphate 90.7 • 2.2 0.8 • 0.0 1.1 • 0.0 0.2 +_ 0.1 0.4 • 0.0 0.0 • 0.0 0.0 • 0.0 6.8 • 2.0 

CGP, EGP, IGP and SGP: choline, ethanolamine, inositol and serine glycerophospholipids, respectively; Sph, sphingomyelin; lyso-bis- 
PA, lyso-bis-phosphatidic acid; CL, cardiolipin; PA, phosphatidic acid. 
aMacrophages (10 ~ cells/ml) were incubated with various labeled precursors (0.2 t~Ci/ml for fatty acids, 0.2 ~Ci/ml for [3H]glycerol and 
20 t~Ci/ml for [32P]orthophosphate) at 37 C for 60 min. The incubation was terminated by adding chloroform/methanol (1:2, v/v), and then 
the total lipids were extracted by the method of Bligh and Dyer (10}. Individual phospholipids were separated by two-dimensional thin 
layer chromatography as described in Materials and Methods. The mean percentages • SD were calculated for three determinations. 
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TABLE 3 

Distribution of the Radioactivities of Various Labeled Precursors in Subclasses of Choline (CGP) 
and Ethanolamine (EGP) Glycerophospholipids a 

CGP (%) EGP (%) 

Precursors Alkenylacyl Alkylacyl Diacyl Alkenylacyl Alkylacyl Diacyl 

pH]Glycerol 0.04 • 0.01 0.06 • 0.01 99.90 • 0.02 2.0 • 0.5 1.6 • 0.2 96.4 • 0.7 
(0.007) {0.002} (1.61) (0.03} (0.20) (3.14) 

['4C]16:0 0.3 • 0.1 6.6 • 0.8 93.1 _ 0.8 11.5 • 2.5 11.0 • 1.1 77.5 • 3.0 
(0.05} (0.20) (1.50} (0.19} {1.36} {2.52} 

['~C]18:0 0.2 • 0.0 1.4 • 0.0 98.4 • 0.1 0.4 • 0.0 0.2 • 0.1 99.4 • 0.1 
(0.04) {0.04) (1.59) (0.01) (0.02) {3.24} 

['4C]18:1 0.2 • 0.1 3.0 • 0.1 96.8 • 0.1 18.3 • 1.4 1.6 • 0.2 80.1 • 1.6 
(0.04) (0.09) (1.56) (0.30) t0.20) 12.61) 

['4C]18:2 0.3 • 0.1 2.3 • 0.1 97.4 • 0.2 6.1 • 0.6 1.9 • 0.5 92.0 • 0.1 
(0.05) (0.07) (1.57) (0.10) (0.23) (3.00) 

[3H]20:4 1.8 • 0.2 47.0 • 1.2 51.2 • 1.2 56.4 • 1.3 6.3 • 1.6 37.3 • 1.3 
(0.32) (1.45) (0.83) (0.92) (0.78) (1.21) 

[~4C]22:6 1.5 • 0.2 33.8 • 1.3 64.7 • 1.4 44.5 • 1.4 8.8 • 0.6 46.7 • 0.6 
(0.27) (1.04) (1.05) (0.73) (1.09) (1.52) 

[32P]Orthophosphate 1.5 • 0.2 2.8 • 1.0 95.7 • 1.0 41.6 • 5.2 22.2 • 4.5 36.2 • 5.2 
(0.27) (0.09) (1.55) (0.68) (2.74) (1.18) 

['~C]Choline or 5.7 • 1.7 9.1 • 3.0 85.2 • 3.4 21.6 • 0.6 12.3 • 2.6 66.1 • 2.2 
[3H]ethanolamine b (1.02) (0.28) (1.38) (0.35) (1.52) (2.15) 

aMacrophages (106 cells/ml) were incubated with various labeled precursors at 37 C for 60 min. The alkenylacyl, alkylacyl and diacyl subclasses 
of CGP and EGP were separated as described in Materials and Methods. The mean percentages +_ SD were calculated for three deter- 
minations. The values in parentheses are the relative specific activities (cpm %/wt %) of three subclasses of CGP and EGP, respectively. 
b['4C]Choline for CGP and [3H]ethanolamine for EGP. 

phospho t r ans f e r a se s  or phosphol ipase  C could be in- 
volved  in the  tu rnove r  of polar  head  g roups  in ether- 
con ta in ing  compounds .  The  re la t ively  high t u rnove r  of 
phospha te  in ether-containing phospholipids has also been 
repor ted  for Ehr l ich  asci tes  t u m o r  cells {16}, Krebs  I I  
asci tes  cells (17) and rabb i t  neurona l  or glial cells (18}. 
However ,  the  biological  s ignif icance and the  precise 
m e c h a n i s m  of these  f indings still r emain  to  be clarified. 

C o n t r a r y  to  the  case for o ther  labeled f a t t y  acids, con- 
siderable labeling of alkylacyl  GPC and a lkenylacyl  G P E  
was  observed  wi th  [3H]20:4 and [14C]22:6 {Table 3}. This 
sugges t s  t h a t  the  incorpora t ion  m e c h a n i s m  for [3H]20:4 
and [1~C]22:6 is qui te  different  f rom those  in the  case of 
other  labeled f a t ty  acids. In  fact, the percent  distr ibutions 
of the  radioact iv i t ies  of ['~C]18:2 a m o n g  alkenylacyl ,  
a lkylacyl  and diacyl  G P C  and G P E  did no t  ser iously 
change  up to  120 min {data no t  shown}, whereas  t h a t  of 
[3H]20:4 changed markedly  dur ing the  incubat ion ~Fig. 1). 
The r ad ioac t iv i ty  in diacyl  GPC decreased af ter  15 min, 
a l though  25% of the  r ad ioac t iv i ty  remained  in the  fo rm 
of free [~H]20:4. The radioact iv i t ies  in a lkenylacyl  G P E  
and a lkylacyl  G P C  cont inued  to  g radua l ly  increase. 
Similar incorpora t ion  profiles were observed  for 22:6 in 
rabb i t  alveolar  mac rophages  (data  no t  shown}. 

The a l te ra t ion  in the  d i s t r ibu t ion  of the  radioact iv i t ies  
a m o n g  diacyl and ether  phospholipids could be due to the 
t r an sacy l a t i on  of p o l y u n s a t u r a t e d  f a t t y  acids be tween  
phosphol ip ids  (19-30). I t  is likely t h a t  large por t ions  of 
20:4 and 22:6 in e ther  phosphol ipids  are incorpora ted  via  

the  t r ansacy l a t i on  p a t h w a y  in addi t ion  to the  Lands  
pa thway .  We have a l ready shown t h a t  m a c r o p h a g e  
microsomes  conta in  a h igh t r ansacy la se  ac t iv i ty ,  which  
was  a l m o s t  c o m p a r a b l e  to  the  a c t i v i t y  of  acyl-  
CoA:I -a lkyl -GPC acyl t ransferase  (30}. The m o s t  effective 
acyl  donor  in the  t r an sacy l a t i on  s y s t e m  was  diacyl  GPC 
(30} and so the  ve ry  ac t ive  fo rma t ion  of diacyl  GPC 
{Tables 2 and 3 and Fig. 1} m a y  be coupled wi th  the  
t r a n s f e r  of p o l y u n s a t u r a t e d  f a t t y  acids  to  e the r  
lysophosphol ip ids  t h r o u g h  the  t r ansacy l a t i on  reaction.  
However,  the possibili ty cannot  be ruled out  t ha t  port ions 
of p o l y u n s a t u r a t e d  f a t t y  acids, especial ly 22:6, were 
esterified to e ther  phosphol ipids  t h rough  the  de novo syn- 
the t ic  pa thway ,  since b o t h  20:4-COA and 22:6-COA were 
effective subs t r a t e s  for the  acy la t ion  of 1-alkyl-sn- 
g lycero-3-phosphate  (31}. In  addit ion,  it is evident  t h a t  
22:6-containing d i radylg lycero ls  were preferent ia l ly  uti- 
lized in the  fo rma t ion  of E G P  b y  e thano laminephospho-  
t rans fe rase  {32,33}. These  22:6-containing diradylglyc-  
erols could be fo rmed via  the  de novo  pa thway .  In  fact,  
ve ry  rapid and t rans ient  labeling of diradylglycerols  with 
[14C]22:6 has  been obse rved  in this cell (27}. 

Formation of CGP and EGP by choline- and ethanol- 
aminephosphotransferases. As demons t r a t ed  in Tables  2 
and 3, var ious  precursors  were ve ry  rapidly  incorpora ted  
into CGP, par t i cu la r ly  the  diacyl  subclass ,  in rabb i t  
alveolar  macrophages .  This  obse rva t ion  p r o m p t e d  us to  
fur ther  inves t iga te  the  e n z y m e  ac t iv i ty  involved  in the  
de novo  syn thes i s  of CGP,  and  to  compare  it to  t h a t  in 
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FIG. 1. The incorporation of [3H]20:4 into the alkenylacyl, alkylacyl 
and diacyl subclasses of choline glycerophospholipid (a} and 
ethanolamine glycerophospholipid (b). Macrophages (106 cells/ml) 
were incubated with [3H]20:4 (0.2 t~Ci/ml) at 37 C. Lipids were ex- 
tracted and then fractionated as described and in Materials and 
Methods. The data are representative of three separate experiments. 
Alkenylacyl (A), alkylacyl (o) and diacyl (O) subclasses. 
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FIG. 2. The formation of choline and ethanolamine glycerophos- 
pholipids by cholinephosphotrausferase (CPT) and ethanolamine- 
phosphotransferase (EPT) in microsomes prepared from various 
rabbit tissues and pig lymphocytes. Endogenous microsomal 
diradylglycerols were used as substrates as described in Materials 
and Methods. The mean values .T_+ SD were calculated for three deter- 
minations. The values in parentheses are the ratios of the activity 
of CPT to that of EPT. 

other tissues. First,  we examined the activit ies of 
chol inephosphotransferase  and ethanolaminephospho-  
t ransferase,  which catalyze the final step of the de novo 
synthesis  of CGP and EGP,  respectively,  with en- 
dogenous microsomal diradylglycerols as substrates .  The 
format ion of [14C]labeled CGP and E G P  from CDP- 
['4C]choline and CDP-[~4C]ethanolamine was proportional  
to the amounts  of protein added to 5 m g  (in the absence 
of exogenous diradylglycerols) and 0.1 mg (in the presence 
of diradylglycerols) (data not shown). The reaction was 
also linear with t ime up to 30 min when 0.5 mg  (in the 
absence of exogenous diradylglycerols) and 0.1 mg (in the 
presence of diradylglycerols) of microsomal  protein was 
employed. Hence, the microsomal protein and the incuba- 
tion t ime were l imited to 0.5 m g  (without exogenous 
diradylglycerol) and 0.1 mg  (with exogenous diradyl- 
glycerol) and 30 min, respectively,  in the following 
experiments .  

Figure 2 shows the activit ies of the choline- and 
ethanolaminephosphotransferases in microsomal fraction 
from several rabbi t  t issues and cells and pig lymphocytes  
with endogenous diradylglycerols as subst ra tes .  Com- 
parable  activit ies of chol inephosphotransferase  were 
observed for microsomal  fractions from the brain, lung 
and kidney. The activity in liver was somewhat  lower than 
those in these three tissues. On the other hand, 
macrophage  microsomal  fraction exhibited remarkab ly  
higher cholinephosphotransferase activity. The formation 
of labeled CGP by  macrophage  microsomes was ca. 3-6 
t imes higher than  tha t  by  microsomes f rom brain, liver, 
lung and kidney. Similar high act ivi ty  was detected for 
pig lymphocyte  microsomal  fraction. As for ethanol- 
aminephosphotransferase,  the differences in the activities 
were not so pronounced between macrophage microsomal 
fract ion and those f rom other t issues as in the case of 
cholinephosphotransferase.  The activit ies were ra ther  
similar for the liver, kidney and lung microsomal  frac- 
tions. The macrophage microsomal fraction and the brain 
and pig l ymphocy te  microsomal  f rac t ions  exhibi t  
e thanolaminephosphot ransferase  act ivi ty  only ca. two 
t imes higher compared  with these three tissues. 

Al though the levels of diradylglycerols available in the 
microsomal  fraction m a y  affect the rates  of format ion of 
CGP and EGP,  the limited quantit ies of membrane  lipids 
did not allow for accurate  measurement  of the amounts  
of endogenous diradylglycerols.  Nevertheless,  we con- 
firmed tha t  macrophage microsomal fraction exhibits con- 
siderably higher cholinephosphotransferase act ivi ty than 
brain microsomal  fract ion with 4 mM exogenous diacyl- 
glycerol or alkylacylglycerol.  The Vmax  of cholinephos- 
photransferase were 16.6 nmol/min/mg (macrophages) and 
3.3 nmol/min/mg (brain) with diacylglycerol and 14.3 
nmol/min/mg (macrophages) and 4.0 nmol/min/mg (brain) 
with alkylacylglycerol,  respectively.  The apparen t  K m  
values for CDP-choline were 41.2 t~M (macrophages) and 
36.6 ~M (brain) wi th  diacylglycerol  and 51.3 t~M 
(macrophages) and 40.0 ~M (brain) with alkylacylglycerol, 
respectively.  

T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  e n d o g e n o u s  
diradylglycerols were preferential ly utilized by  choline- 
phosphot ransferase  ra ther  than  ethanolaminephospho-  
t ransferase  in rabbi t  alveolar macrophages .  This is in 
good agreement  with the resul ts  shown in Table 2 show- 
ing tha t  various labeled precursors  were preferential ly 
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TABLE 4 

Formation of the Alkenylacyl, Alkylacyl and Diaeyl Subclasses 
of CGP and EGP by Phosphotransferases a 

Macrophages Brain 
(pmol/min/mg) (pmol/min/mg) 

CPT EPT CPT EPT 

Alkenylacyl 121 • 28 60 • 6 116 _+ 20 109 _+ 11 
Alkylacyl 195 • 33 92 +_ 16 27 +- 7 32 • 5 
Diacyl 1253 +_ 181 168 -!-_ 33 315 -- 55 238 _+ 30 

CGP, choline glycerophospholipid; EGP, ethanolamine glycero- 
phospholipid; CPT, cholinephosphotransferase; EPT, ethanolamine- 
phosphotransferase. 
aThe formation of the subclasses of CGP and EGP by microsomes 
was examined with endogenous diradylglycerols as substrates. The 
alkenylacyl, alkylacyl and diacyl phospholipids were separated as 
described in Materials and Methods. The mean values • SD were 
calculated for three determinations. 

incorporated into CGP. Pig lymphocytes  also exhibit 
higher chol inephosphotransferase  act ivi ty  and the 
preferential labeling of CGP with various labeled precur- 
sors {Sugiura, T., unpublished results}. Furthermore,  cer- 
tain types of white blood cells have been shown to syn- 
thesize CGP actively {34-38}. I t  seems possible tha t  the 
high turnover  of CGP in these cells is related to some 
biological function. 

Format ion  of  alkenylacyl, alkylacyl  and diacyl 
subclasses of  CGP and E G P  by phosphotransferases. 
Then we separated CGP and EGP,  newly formed through 
the action of the phosphotransferases  with endogenous 
diradylglycerols, into the alkenylacyl, alkylacyl and diacyl 
subclasses. Table 4 shows the formation of the three 
subclasses of CGP and E G P  by macrophage and brain 
microsomal fraction. Marked formation of diacyl GPC 
was observed with macrophage microsomes. Although a 
considerable amount  of alkylacyl GPC was synthesized 
by macrophage microsomes, the formation was lower with 
brain microsomes. The ratio of the formation of alkylacyl 
GPC with macrophage microsomal fraction versus tha t  
with brain microsomal fraction was 7.2. On the other 
hand, the ratios of the synthesis of diacyl, alkylacyl and 
alkenylacyl GPE with macrophage microsomal fraction 
to those with brain microsomal fraction were 0.7, 2.9 and 
0.6, respectively. 

The activities of cholinephosphotransferase and etha- 
nolaminephosphotransferase toward endogenous and ex- 
ogenous diacylglycerol and alkylacylglycerol have been 
studied by several invest igators  {14,39-47}. Freysz et al. 
(47) demonstrated the relatively higher affinity of ethanol- 
aminephosphotransferase for CDP-ethanolamine than 
that  of cholinephosphotransferase for CDP-choline, in the 
presence of alkylacylglycerol in chicken brain. They sug- 
gested tha t  alkylacylglycerol was preferentially utilized 
by ethanolaminephosphotransferase to yield alkylacyl 
GPE,  followed by desaturation to form alkenylacyl GPE, 
differing from the case of diacylglycerol. In fact, it is well 
known tha t  brain tissues contain high amounts  of ether- 
containing compounds only in E G P  (1}. We showed here 
tha t  endogenous alkylacylglycerol  was effectively 

utilized by both  cholinephosphotransferase and ethanol- 
aminephosphotransferase in macrophage microsomal 
fraction. The relatively high synthet ic  rates  of alkylacyl 
GPC could be closely related to the remarkably high 
cholinephosphotransferase act ivi ty in macrophages.  I t  
has already been assumed that  the same enzyme catalyzes 
the transfer of CDP-choline to either alkylacylglycerol or 
diacylglycerol {14,39-43,45,47}. Furthermore,  it seems 
possible tha t  the active formation of alkylacyl GPC 
(Tables 2-4) could be responsible, at least in part,  for the 
high abundance of this phospholipid in macrophages,  
al though the degradation of alkylacyl GPC in these cells 
has not yet  been examined. Pig lymphocytes also contain 
high amounts  of alkylacyl GPC {8) and exhibit high 
cholinephosphotransferase act ivi ty {Fig. 2}. Alkylacyl- 
glycerol could be utilized not  only for the synthesis  of 
ether-containing E G P  but  also for tha t  of alkylacyl GPC 
in these types of cells. 

In any case, the high synthesis and accumulation of 
alkylacyl GPC in macrophages is of part icular  impor- 
tance, since alkylacyl GPC is regarded as the stored 
precursor form of PAF, which is now considered to be an 
important  lipid mediator  in inflammation and hypersen- 
sitivity. Several investigators have pointed out the possi- 
ble involvement of PAF in the pathogenesis of as thma 
{48-51). Alveolar macrophages have been presumed to be 
the impor tant  source of PAF in asthmatic  subjects (48}. 
Thus, the metabolic regulation of alkylacyl GPC in 
alveolar macrophages under physiological or pathological 
conditions seems to be an impor tant  point in connection 
with the biosynthesis and release of PAF. It  has been con- 
sidered tha t  PAF is synthesized from alkylacyl GPC 
deposited in inf lammatory and immunological cells 
through a deacylation-acetylation reaction (2). On the 
other hand, several investigators have demonstrated that  
1-alkyl-2-acetyl-3-sn-glycerol  was me tabo l i zed  by  
cholinephosphotransferase to form P A F  in microsomes 
from various rat  tissues (52) and intact  platelets {53,54). 
The  high c h o l i n e p h o s p h o t r a n s f e r a s e  a c t i v i t y  in 
macrophages seems also to be effective for the synthesis 
of PAF through the phosphotransferase pathway,  
al though the enzymes catalyzing the t ransfer  of CDP- 
choline to 1-alkyL2-acetylglycerol and 1-alkyl-2-acyl(long 
chain} glycerol, respectively, were shown to be different 
in their sensit ivity to dithiothreitol  {14,52}. 

Taken together,  it has been shown tha t  both  de novo 
synthesis and the remodeling of the fa t ty  acids of either 
diacyl or alkylacyl GPC were very active in rabbit alveolar 
macrophages. The high cholinephosphotransferase activ- 
i ty and t ransacylat ion act ivi ty could account, at least in 
part,  for the high formation of these phospholipids. The 
accumulation of arachidonic acid-containing alkylacyl 
GPC seems to be favorable for providing sufficient 
amounts  of arachidonic acid and 1-alkyl-GPC (lyso PAF) 
for lipid mediator  synthesis in this type  of cell upon 
stimulation {3-7}. 
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M E T H O D S  I 

Rapid Separations of Diacyl- and Dialkylglycerol Enantiomers by High 
Performance Liquid Chromatography on a Chiral Stationaw Phase 
Toru Takagi* and Yutaka Itabashi 
Department of Chemistry, Faculty of Fisheries, Hokkaido University, Hakodate 041, Japan 

Rapid and practical separations of 1,2- and 2,3-diacyl- and 
dialkyl-sn-glycerol enantiomers as their 3,~dinitrophenyl- 
urethane derivatives were carried out by normal-phase 
high performance liquid chromatography on a chiral sta- 
tionary phase, N-(R)-l-(a-naphthyl)ethylaminocarbonyl-(S)- 
valine chemically bonded to y-aminopropyl silanized silica. 
Complete separations of the racemates into enantiomers 
were achieved for both of the diacyl- and dialkylglycerols 
within 10 min using a stainless steel column (25 cm long) 
packed with the 5-~ particles, an isocratic elution with a 
mixture of hexane/ethylene dichloride/ethanol as a mobile 
phase and a U u  detector.  The sn-l,2-enantiomers were 
eluted ahead of the corresponding sn-2,3-enantiomers. 
Satisfactory separation of the sn-l,3-diacylglycerols from 
the corresponding enantiomers and the separation of the 
homologues differing in acyl and alkyl groups were also 
observed. The formations of hydrogen bonding and 
charge transfer complex between the urethane derivatives 
and the stationary phase may contribute to the enan- 
tiomer separations. 
Lipids 22, 596-600 (1987). 

A few studies have been published on identification and 
resolution of enantiomeric diacylglycerols. Bus et al. have 
resolved the signals from ester groups at the center of 
chirality of diacylglycerol acetates and butyra tes  by pro- 
ton magnetic resonance spectroscopy in combination with 
a chiral reagent  (1). Myher  and Kuksis have resolved 
enantiomeric diacylglycerols via X-phosphatidylcholines 
and phospholipase C and have identified the individual 
molecular species of each enantiomer type  by capillary 
gas liquid chromatography on a polar liquid phase (2). Op- 
tical ro ta tory  dispersion and circular dichroism have also 
been commonly used for the analysis of enantiomeric acyl- 
and alkylglycerols (3,4). These techniques are powerful 
tools for the investigation on stereochemistry of acyl- 
and alkylglycerols, but  are not simple or practical for ob- 
taining the enantiomer composition of a mixture. Thus, 
there is considerable interest in chromatographic methods 
for the de te rmina t ion  of enant iomer ic  acyl- and 
alkylglycerols I5}. 

The recent development of chiral stat ionary phases and 
chiral reagents for chromatography has permitted separa- 
t ions of various enantiomers (6}. Michelsen et al. have 
reported the complete separations of mono- and dialkyl- 
glycerols and partial separation of diacylglycerols as their 
diastereomeric 1-(1-naphthyl}ethylurethane derivatives by 
high performance liquid chromatography (HPLC} on an 
achiral s ta t ionary phase (7}. The incompletely separated 
diacylglycerol peaks could not be identified with optically 
pure samples. We have recently reported the enantiomer 
separations of long-chain monoacyl- (8), monoalkyl- (9} and 
diacylglycerols (10) as their 3,5-dinitrophenylurethane 
derivatives by HPLC on a chiral s ta t ionary phase, N- 
{S)-2-(4-chlorophenyl)isovaleroyl-D-phenylglycine bonded 

*To whom correspondence should be addressed. 

to silica gel. Although complete separations for monoacyl- 
and monoalkylglycerols were obtained within 15 min on 
the 25-cm long column, a longer column (75 cm long} and 
extremely long elution times (several hr} were required 
to obtain clear-cut separation for diacylglycerols on the 
same s ta t ionary phase. 

0 i  and Ki tahara  have developed various chiral sta- 
t ionary phases for HPLC, which showed characterist ic 
enantioselectivity for derivatives of amino acids, amines, 
carboxylic acids and alcohol enantiomers ill}. We have 
found tha t  some of these chiral phases also have enan- 
t ioselectivity for diacyl- and dialkylglycerols as their 
3,5-dinitrophenylurethane derivatives. This paper pre- 
sents a rapid and practical HPLC method for the enan- 
t iomer separations of the long chain diacyl- and 
dialkylglycerol derivatives on a chiral s ta t ionary phase, 
N-(R)- l-(a-naphthyl)ethylaminocarbonyl-(S}-valine bonded 
to silica gel ill}. 

MATERIALS AND METHODS 

Samples. Synthet ic  1,2-diacyl-rac-, 1,3-diacyl-sn- and 
1,2-dialkyl-rac-glycerols used in this s tudy (Table 1) were 
obtained from Sigma (St. Louis, MO), P.L. Biochemicals 
(Milwaukee, WI) and Bachem AG (Bubendorf, Switzer- 
land}, respectively. Prior to use, only 1,2-diacyl-rac- 
glycerol samples were purified by thin layer chromatog- 
raphy (TLC} on borate t reated silica gel/12}. Optically ac- 
tive 1,2- and 2,3-diacyl-sn-glycerols synthesized in our 
laboratory on the basis of the method of Howe and Malkin 
were also used (13}. 

The 3,5-dinitrophenylurethane derivatives were pre- 
pared by reaction of the samples of less than 1 mg with 
3,5-dinitrophenyl isocyanate {Sumitomo Chemical Co., 
Osaka, Japan} of about 2 mg in dry toluene (4 ml) in the 
presence of dry pyridine (40 t4} at ambient tempera ture  
for 1 hr. The crude urethane derivatives of diacyl- and 
dialkylglycerols were purified by TLC on Silica Gel GF 
plates (20 X 20 cm, 0.25-mm thick, Analtech Inc., 
Newark, DE) using hexane/ethylene dichloride/ethanol 
(40:10:3, v/v/v and 40:10:1, v/v/v, respectively}. Prior to 
use, the plates were act ivated at 110-120 C for 2 hr. 

HPLC. HPLC separation was carried out with a 
Shimadzu LC-6A ins t rument  equipped with a SCL-6A 
system cont ro l le r /Shimadzu Co., Kyoto,  Japan) and a 
chiral column (stainless steel, 25 cm X 4 mm i.d.} packed 
with 5-~ particles of N-(R)-l-(a-naphthyl)ethylaminocar- 
bonyl-(S}-valine chemically bonded to y-aminopropyl 
silanized silica, Sumipax OA-4100 (Sumitomo Chemical}. 
A Guard-pac precolumn module with a silica insert  
(Millipore Co., Milford, MA} was at tached to the inlet of 
the chiral column. The analysis was done isocratically 
using a mixture  of hexane/ethylene dichloride/ethanol 
(80:20:1,150:20:1 or 250:20:1, v/v/v) as the mobile phase 
at a constant  flow rate of 1 ml/min, which produced a 
pump pressure of about 500 psi. Prior to use, the mobile 
phase was filtered with a 2-~ P TF E  membrane filter 
(Millipore}. Usually, 1 ~1 of the samples dissolved in 
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TABLE 1 

Chromatographic Data of Diacyl- and Dialkylglycerols as Their 3,5-Dinitrophenylurethane Derivatives on a Chiral Column, OA-4100 

Mobile phase (hexane/ethylene dichloride/ethanol, v/v/v) 

Acyl or alkyl 80:20:1 (A) 150:20:1 (B) 250:20:1 (C) 

Group Position Vr a a b Rs c Vr a Rs Vr a Rs 

Dilauroyl sn-l,3 7.06 24.55 65.77 
1.07 0.72 1.07 0.89 1.10 2.31 

sn-l,2 7.57 26.24 72.53 
1.15 2.16 1.15 2.33 1.12 1.91 

sn-2,3 8.70 30.13 81.39 

Dimyristoyl sn-l,3 6.37 22.24 60.53 
1.07 0.93 1.07 1.00 1.10 2.14 

sn-l,2 6.82 23.77 66.68 
1.15 2.08 1.15 2.28 1.12 2.01 

sn-2,3 7.85 27.29 74.96 

Dipalmitoyl sn-l,3 5.81 20.41 56.30 
1.07 0.88 1.07 1.15 1.10 2.06 

sn-l,2 6.22 21.83 62.14 
1.15 1.91 1.15 2.25 1.12 2.08 

sn-2,3 7.15 25.00 69.80 

Distearoyl sn-l,3 5.37 18.94 52.84 
1.07 0.84 1.06 1.12 1.10 2.03 

sn-l,2 5.74 20.14 58.26 
1.15 1.89 1.15 2.25 1.13 2.04 

sn-2,3 6.61 23.12 65.95 

Dioleoyl sn-l,3 5.99 21.30 56.64 
1.04 0.60 1.02 0.60 1.11 2.00 

sn-l,2 6.24 21.76 63.01 
1.15 2.02 1.17 2.23 1.12 1.92 

sn-2,3 7.18 25.36 70.40 

Dihexadecyl sn-l,2 4.24 13.24 33.42 
1.28 3.10 1.29 4.18 1.26 4.32 

sn-2,3 5.43 17.10 42.07 

Dioctadecyl sn-l,2 3.90 12.27 35.73 
1.28 2.84 1.29 3.98 1.26 4.39 

sn-2,3 4.99 15.60 44.98 

aVr, retention volume Iml) corrected by subtracting the column void volume {2.68 ml). 
ba, Separation factor (the ratio of the capacity ratios}. 
CRs, peak resolution. Rs : 2(t, - t2~/(W, + W2), where t : retention time (min) and w = peak width (min). 

ch l o ro fo rm  was  i n j ec t ed  in to  t he  co lumn  t h r o u g h  a 
R h e o d y n e  M o d e l  7125 loop (20 ~1} in jec tor .  P e a k s  were  
m o n i t o r e d  a t  0.02 A U F S  w i t h  a S h i m a d z u  S P D - 6 A  
v a r i a b l e  w a v e l e n g t h  {195-350 nm} UV d e t e c t o r  h a v i n g  
an  8-t~l f low cell. C h r o m a t o g r a m s ,  p e a k  a r ea  p e r c e n t a g e s  
and  r e t e n t i o n  t i m e s  were  o b t a i n e d  w i th  a C h r o m a t o p a c  
C-R3A (Shimadzu}. The  co lumn  vo id  v o l u m e  was  de ter -  
mined  b y  m e a s u r i n g  the  r e t en t ion  vo lume of pen tane  wi th  
a R I  de tec to r ,  S h o d e x  Mode l  SE-51 (Showa D e n k o  Co., 
Tokyo ,  Japan}.  

RESULTS AND DISCUSSION 

Der iva t i ve s .  D i a c y l g l y c e r o l s  r e a c t  r e ad i l y  w i t h  3,5- 
d i n i t r o p h e n y l  i s o c y a n a t e  w i t h o u t  acy l  m i g r a t i o n  in 
t o luene  so lu t i on  in t he  p re sence  of p y r i d i n e  a t  a m b i e n t  
t e m p e r a t u r e .  The  r e s u l t i n g  u r e t h a n e  d e r i v a t i v e s  have  a 
suf f ic ien t  a b s o r p t i o n  for H P L C  d e t e c t i o n  over  a wide  
r a n g e  of UV w a v e l e n g t h s  {8,10}. The  r e a c t i o n  of t he  
d i a l k y l g l y c e r o l s  w i t h  t h e  i s o c y a n a t e  a lso  p roceeds  quan-  
t i t a t i v e l y  u n d e r  t he  s a m e  cond i t ions .  The  u r e t h a n e s  (Rf 

0.63 for 1,2-dioctadecyl-rac-glycerol} were  s e p a r a t e d  
c lea r ly  f rom b y - p r o d u c t s  (Rf 0 and  0.13), u s i n g  hex- 
ane /e thy lene  d ich lor ide /e thanol  (40:10:1, v/v/v} as  solvent .  
The  b y - p r o d u c t s  of Rf 0.13 a p p e a r e d  as  a ye l low b a n d  
w i t h o u t  UV i r r a d i a t i on .  The  Rf  v a l u e  of t h e  co r r e spond-  
ing  d i a c y l g l y c e r o l  u r e t h a n e  d e r i v a t i v e s  in t h e  s a m e  sol- 
v e n t  s y s t e m  was  s o m e w h a t  lower - -0 .52 .  The  f a s t e r  
m o b i l i t y  of d i a l k y l g l y c e r o l s  w i t h o u t  d e r i v a t i z a t i o n  was  
also o b s e r v e d  on Si l ica  Gel  TLC (5). 

Separat ion.  F i g u r e  1 shows  the  H P L C  c h r o m a t o g r a m s  
of op t i ca l l y  ac t ive  and  inac t i ve  d i a c y l g l y c e r o l s  as  the i r  
3 ,5 -d in i t ropheny lu re thane  de r iva t i ve s  on a chi ra l  column,  
OA-4100.  On ly  the  c h r o m a t o g r a m  of t he  r a c e m a t e  g a v e  
two  c lea r ly  s e p a r a t e d  p e a k s  w i th  a 1:1 p e a k  a r ea  r a t i o  
IFig.  1A). The  r e t e n t i o n  t i m e s  of t he  fo rmer  and  l a t e r  
peaks  (Fig. 1A} were in ag reemen t  wi th  those  of the  sn-l ,2- 
and  sn -2 ,3 -enan t iomers  {Figs. 1B and  1C}, r e spec t i ve ly .  
The  i d e n t i f i c a t i o n  of t he  p e a k  c o m p o n e n t s  was  a lso  car-  
r ied  ou t  b y  the i r  c o m p l e t e  o v e r l a p p i n g  in co- in jec t ion  of  
the  r a c e m a t e  w i t h  each  e n a n t i o m e r .  S imi l a r  s e p a r a t i o n  
p a t t e r n s  were  a lso  o b s e r v e d  for o t h e r  r acemic  diacyl-  
g lyce ro l s  used .  
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FIG. 1. Separation of diacylglycerol isomers as 3,5-dinitrophenyl- 
urethane derivatives on a chiral column, OA-4100. A, 1,2-dipalmitoyl- 
rac-glycerol; B, 1,2-dipalmitoyl-sn-glycerol; C, 2,3-dlpalmitoyl-sn- 
glycerol; D, 1,3-dipalmitoyl-sn-glycerol. Mobile phase, hexanef 
ethylene dichloride/ethanol (80:20:1, v/v/v). Detection, 254 nm UV. 

As with diacylglycerol enantiomers,  dialkylglycerol 
enant iomers  were also separa ted  completely with be t te r  
resolution in a shorter  elution t ime under  the same con- 
ditions (Fig. 2). The fas ter  elution of the dialkylglycerol 
ure thane  der ivat ives  on the chiral silica column is prob- 
ably due to their lesser polarity.  The higher resolution of 
the dialkylglycerol  enant iomers  was also repor ted  
previously in the HPLC separat ion of the diastereomeric 
1-(1-naphthyl)ethylurethane derivat ives on an achiral 
silica column (7). By UV detection, each enant iomer  of 
the racemic diacyl- and dialkylglycerols separa ted  on 
OA-4100 showed a 1:1 peak area rat io at  different 
wavelengths,  which suppor ts  the effective separat ions of 
the racemic diacyl- and dialkylgtycerols into their  enan- 
t iomers wi thout  isomerization during the derivat izat ion 
procedures and the H P L C  analysis. Almos t  single peaks  
for 1,2-, 2,3- and 1,3-diacyl-sn-glycerols (Figs. 1B-1D) also 
support  the absence of isomerization between the isomers. 

C 

D 
A 

7 8 9 I0  min 

FIG. 2. Separations of dialkyl- and diacylglycerol enant iomers  as 
3,5-dinitrophenylurethane derivatives on a chiral  co lumn,  OA-4100. 
A, 1,2-dioctadecyl-sn-glycerol; B, 2,3-dioctadecyl-sn-glycerol; C, 1,2- 
distearoyl-sn-glycerol; D, 2,3-distearoyl-sn-glycerol. Mobile phase, 
hexane/ethylene dichloride/ethanol (80:20:1, v/v/v). Detection, 254 nm 
UV. 

Thus, the chromatograms {Figs. 1 and 2) are characterized 
by  complete separat ions of the racemates  into the enan- 
t iomers within 10 min, with sharp and symmetr ical  peaks 
and faster  elutions of sn- l ,2-enant iomers  than  the cor- 
responding sn-2,3-enantiomers. The faster  elutions of the 
sn-l ,2-enant iomers sugges t  s t ronger  diastereomeric in- 
teract ions with the s ta t ionary  phase. In this study, a 
0.2-0.5 nmol amount  of the ure thane der ivat ives  was 
usually introduced into the column and was detected at  
254 nm, a fixed wavelength  in universal  UV detectors.  
The detection at near 230 nm approximate ly  doubled the 
sensit ivity,  bu t  the peaks  f rom the solvent  chloroform, 
which appeared near  2.8 min, increased greatly.  

The sn-l ,3-isomers eluted jus t  before the sn-l,2- 
enant iomers  with par t ia l  separat ion {Fig. 1D) under the 
conditions used. This separat ion was improved by 
lengthening the elution time, which was obtained by  
reducing the mobile phase polari ty {Fig. 3). The faster  elu- 
tion of the sn-l ,3 isomer on the chiral silica column is 
mainly due to the lower polarity, because a similar obser- 
vat ion for diacylglycerols was obtained in TLC on silica 
gel (5). The ure thane der ivat ives  of 2-monoacyl-sn- 
glycerols also showed a fas ter  elution than  those of 
l-monoacyl-rac-glycerols on a chiral silica column, 
OA-2100 (8). The OA-4100 column used in this s tudy  
showed 7,500 theoretical  plates  for the 2,3-dipalmitoyl- 
sn-glycerol peak. This value was reduced to 6,800 after  
100 injections, but  the enant iomers  were still separa ted  
completely within 10 min. 

Table  1 gives the H P L C  data  for isomeric diacyl- and 
dia lkylglycerols  as their  3 ,5-d in i t rophenylure thane  
derivat ives on OA-4100. The separat ions  were examined 
using three mobile phases,  hexane/ethylene dichloride/ 
ethanol [(A) 80:20:1, (B) 180:20:1 and (C) 250:20:1, v/v/v], 
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FIG. 3. Separation of 1,3-diacyl-sn-glycerols and the enantiomers as 
3,5-dinitrophenylurethane derivatives on OA-4100. A, 1,3-dipalmitoyl- 
sn-glycerol; B, 1,2-dipalmitoyl-sn-glycerol; C, 2,3-dipalmitoyl-sn- 
glycerol. Mobile phase, hexane/ethylene dichloride/ethanol (150:20:1, 
v/v/v). Detection, 254 nm UV. 

which gave progressively longer elution times in order of 
A, B and C. In general, the elution times decrease with 
increasing polarity of the mobile phase in the normal- 
phase HPLC on the chiral silica columns. Of these mobile 
phases, mobile phase B gave the highest peak resolution 
for diacylglycerol enantiomers, as indicated by Rs values 
2.2-2.3. On the other hand, mobile phase C gave the best 
separations for dialkylglycerol enantiomers (Rs 4.3-4.4) 
and for isomeric sn-l,3- and sn-l,2-diacylglycerols (Rs 
2.0-2.3). Rapid and complete enantiomer separations for 
both of diacyl- and dialkylglycerols were achieved using 
mobile phase A. 

In addition to the enantiomer separation, the OA-4100 
column gives the carbon number separation of the acyl 
and alkyl groups and the separation of saturated and un- 
saturated species, which will be also caused by the silica 
gel support. Figure 4 shows the carbon number separa- 
tion of the enantiomer homologues of dialkylglycerols on 
OA-4100 using mobile phase A. Apparently, the resolu- 
tion of the peaks of the homologues differing by four alkyl 
carbons (Rs 1.1, not given in Table 1) is low compared 
with the resolution of the enantiomer peaks (Rs 2.8-3.1). 
The separation factor of the homologues differing by four 
alkyl carbons was 1.09 in each sn-l,2- and sn-2,3-enantio- 
mer, as calculated from the data in Table 1. Almost equal 
values (1.08-1.11) were also obtained for those of the 
diacylglycerol homologues. Figure 5 shows the separation 
of saturated and unsaturated diacylglycerol enantiomers 
on OA-4100. As with the saturated diacylglycerols, the 
dioleoylglycerol racemate was also separated completely 
within 10 min into the enantiomers with almost equal 
separation factor 1.15 and peak resolution 2.0, using 
mobile phase A. The separation factors 1.09-1.11 of the 
diacylglycerols differing by two double bonds, that is, 
distearoyl- and dioleoylglycerols, are almost equal to 
those 1.08-1.11 of the diacylglycerols differing by four 

0 
0 

J 

i 

6 7 8 min 

FIG. 4. Carbon number separation of dialkylglycerol enantiomers 
as 3,5-dinitrophenylurethane derivatives on a chiral column, OA-4100. 
A, 1,2-dioctadecyl-sn-glycerol; B, 1,2-dihexadecyl-sn-glycerol; C, 2,3- 
dioctadecyl-sn-glycerol; D, 2,3-dihexadecyl-sn-glycerol. Mobil e phase, 
hexane/ethylene dlchloride/ethanol (80:20:1, v/v/v). Detection, 254 nm 
UV. 
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FIG. 5. Separation of saturated and unsaturated diacylglycerol enan- 
tiomers as 3,5-dinitrophenylurethane derivatives on OA-4100. 
A, 1,2-distearoyl-sn-glycerol; B, 1,2-dioleoyl-sn-glycerol; C, 2,3- 
distearoyl-sn-glycerol; D, 2,3-dioleoyl-sn-glycerol. Mobile phase, hex- 
ane/ethylene dichloride/ethanol (80:20:1, v/v/v). Detection, 254 nm UV. 

acyl carbons, such as dipalmitoyl- and distearoylglycerols. 
Thus, the HPLC of a mixture of saturated and un- 
saturated diacylglycerols on the chiral column gives com- 
plex chromatograms. Therefore, preliminary separations 
by reversed-phase HPLC, argentation TLC and others are 
necessary to obtain a~curate enantiomer composition of 
a mixture of saturated and unsaturated species. 

LIPIDS, Vol. 22, No, 8 (1987) 



6 0 0  

METHODS 

!~_~ 0 (S) 0 (R) 
O N I II . II . 
O /  S i - - (CH2)3 - -N- -C- -CH- -N- -C- -N- -CH- -  

H f H H [ 
CH CH 3 

/ \  
CH 3 CH 3 

FIG. 6. Chemical structure of the OA-4100 stationary phase. 

Figure 6 shows the structure of the OA-4100 stationary 
phase. This phase contains a chiral urea group and a chiral 
1-ta-naphthyl)ethyl group, which have the abilities to 
serve either as a donor or an acceptor in hydrogen bond- 
ing and to serve as a n-donor, respectively Ill). Thus, the 
diastereomeric hydrogen bonding association and n-~ 
donor-acceptor interaction between the stat ionary phase 
and the solutes may contribute to the enantiomer separa- 
tions of diacyl- and dialkylglycerols. In comparison with 
OA-2100 used previously (8-10), OA-4100 has two more 
NH groups in the molecule, which may facilitate the 
hydrogen bonding association with the carbonyl groups 
in the solutes. The introduction of an NH group as the 
urethane derivatives into diacyl- and dialkylglycerols may 
also contribute to the excellent enantiomer separations. 
In addition, the naphthyl  group in OA-4100 may form 
more easily the charge transfer complex with the 3,5- 
dinitrophenyl group in the urethane derivatives than the 
chlorophenyl group in OA-2100. 
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Lipid Composition and Amino Acid Transport in a Nystatin-Resistant 
Mutant of Aspergillus niger 
Chitra Mazumder, Manikuntala Kundu, Joyoti Basu and Parul Chakrabarti* 
Department of Chemistry, Bose Institute, Calcutta, India 

A nystatin-resistant mutant  of Aspergillus niger has been 
isolated and used as a model  s y s t e m  to s tudy the effect  
of  altered sterol levels  on lipid composit ion,  transport  
behavior and physical  properties of membrane  lipids. 
There is a decrease in the sterol to  phospholipid ratio in 
the mutant  compared to the wild type. A l though  there 
is no qualitative change in phospholipid composit ion,  the 
mutant  contains a higher amount  of phosphatidylcholine 
and a lower amount  of phosphat idy le thanolamine  com- 
pared to the wild type. The m o s t  s ignif icant change is 
the elevated level of linoleic acid in the mutant ,  concomi- 
tant  with a decreased level of oleic acid. These adaptive 
changes  to  nystat in  resistance are mani fes ted  in the 
altered thermotropic  behavior of membrane lipids as 
studied by the s teady-state  f luorescence polarization 
technique. These changes are also associated with altered 
membrane  permeabil i ty as evidenced by the change in 
Vm~ x values  for uptake of some amino acids in the mu- 
tant  compared to the wild type. 
Lipids 22, 609-612 {1987). 

Polyene antibiotics have been shown to interact  with 
membrane sterols of fungal cells {1,2}. Various polyene 
antibiotics such as nys ta t in  and amphotericin B have 
been used to get resistant strains of fungi containing low 
levels of sterols {3,4}. However, detailed studies on the 
interrelationships among altered sterol content,  overall 
lipid composition, physical properties of membranes and 
t ranspor t  phenomena in fungi remain to be carried out. 
In the present  study, a nystat in-resis tant  mutan t  of 
Aspergillus niger has been isolated and used as a model 
system to s tudy some of the effects of altered sterol level 
on lipid composition, physical properties and functions 
of membranes. The results of our present studies with this 
mutan t  suggest  that,  concomitant  with altered sterol 
level, there is overall modulation in the phospholipid and 
fa t ty  acid composition of the mutant .  These alterations 
in membrane lipids may be responsible for the altered 
rates of uptake of various amino acids in the mutant  com- 
pared to the wild type A. niger. 

MATERIALS AND METHODS 

Materials. Nystatin,  1,6,diphenyl-l,3,5-hexatriene (DPH) 
and standard lipids were purchased from Sigma Chemical 
Co. (St. Louis, MO). Standard  fa t ty  acid methyl  esters 
were purchased from Nu-Chek-Prep {Elysian, MN); Silica 
Gel G and Silica Gel H were from E. Merck (Darmstadt,  
FRG); and 1,6-ditertiarybutyl-p-cresol was from Aldrich 
Chemicals {Milwaukee, WI). All l~C-labeled amino acids 

*To whom correspondence should be addressed at Department of 
Chemistry, Bose Institute, 93/1, Acharya Prafulla Chandra Road, 
Calcutta 700 009, India. 
Abbreviations: DPH, 1,6-diphenyl-l,3,5-hexatriene; TLC, thin layer 
chromatography; PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PS, phosphatidylserine; PI, phosphatidylinositol; CL, 
cardiolipin. 

were obtained from the Bhaba Atomic Research Centre, 
Trombay,  India. All other solvents and reagents used 
were of analytical grade. 

Growth of organism. Wild-type A. niger V35 was col- 
lected from the stock culture of the Depar tment  of 
Microbiology of the Bose Insti tute.  Stock cultures of V35 
were grown at 28 C on solid agar slants of Czapek-Dox 
medium (5) containing the following (g/1 of distilled water}: 
glucose, 40.0; NAN03, 2.0; KH2PO4, 1.0; MgSO4.7H20, 
0.5; KC1, 0.5; FeSO~. 7H~O, 0.01; and ZnSO~" 7H~O, 0.01. 
Media for slants were solidified with 2% {w/v} agar. 

Isolation of a nystatin-resistant mutant. Nystatin- 
resis tant  cells were obtained according to the method of 
Nobre et al. (6), where cells were grown in the presence 
of increasing concentrat ions of nystat in .  The inoculum 
was a suspension of conidia at a concentrat ion of 107 
cells/ml. Resistance was induced by serial t ransfer  at the 
following drug concentrat ions (U/ml): 11, 22, 44, 88, 176, 
352, 704, 1408, 2816, 5632 and 8550. The minimum in- 
hibitory concentrations of the wild type and the nystatin- 
resistant mutant  were found to be 17 U/ml and 8550 U/ml, 
respectively. A mutan t  500-fold more resis tant  to 
nys ta t in  than the wild type was obtained. 

Isolation of conidia. Conidial cell suspensions were 
prepared by harvesting conidia into sterile distilled water 
and filtering through glass-wool to remove mycelial 
fragments.  The cell suspensions were then centrifuged at 
30,000 • g to pellet down the conidia, which were washed 
thoroughly with excess distilled water  and lyophilized. 

Extraction oflipids. Lipids were extracted from washed 
and freeze-dried cells following the method of Folch et al. 
(7). Antioxidant 2,6-ditertiary butyl-p-cresol (50 mg/1) was 
added to the solvents to prevent  oxidation. Lipids were 
stored in chloroform at - 20 C in the presence of nitrogen. 

Lipid analysis. Neutral  and polar lipid fractions were 
separated by preparat ive thin layer chromatography 
(TLC) using Silica Gel G and acetone as developing sol- 
vent.  Individual phospholipids were separated by 
preparative TLC on Silica Gel H according to the method 
of Skipski et al. (8) using the solvent sys tem chloroform/ 
methanol/acetic acid/water (25:15:4:2, v/v/v/v}. Individual 
components  were ext rac ted  and the phosphorus content  
was est imated according to the method of Ames and 
Dubin (9). Neutral lipid extracts were fractionated by TLC 
as described previously (10} using the solvent sys tem 
petroleum ether/diethyl ether/acetic acid {90:10:1, v/v/v}. 
Free sterol was eluted with chloroform/methanol {4:1, v/v} 
and es t imated colorimetrically by  the method of Mac- 
In tyre  and Ralston (l l) using ergosterol as standard. 

Fatty acid analyses. F a t t y  acids isolated from 
phospholipids obtained from the conidia of both  the wild 
type  and the mutan t  were analyzed by gas liquid 
chromatography.  Phospholipids were hydrolyzed, and 
methyl  esters were prepared from the liberated free fa t ty  
acids by the method of Luddy et al. (14}. These were iden- 
tified against appropriate s tandards and quant i ta ted  by 
electronic integrat ion on a 15% diethylene glycol suc- 
cinate column {3 mm id • 1.5 m), using nitrogen at a flow 
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rate of 50 ml/min at an operating temperature of 170 C 
on a Shimadzu(GCRIA) gas chromatograph fitted with 
a dual flame ionization detector and an automatic data  
processor RPRG1. 

Liposome preparation. Phospholipids and sterols ex- 
t racted from the different systems were mixed in the 
molar ratio in which they were present in each of these 
systems. Desired lipid mixtures and DPH were dissolved 
in chloroform at a lipid to probe ratio of 750:1. A thin film 
was made under nitrogen and then dried under vacuum 
for 4 hr. The mixture was resuspended in 10 mM 
phosphate buffer, pH 6.0, and sonicated in a water-bath 
sonicator (12). The final D P H  concentration was 1 ~M. 

Steady-state fluorescence pllarization. Fluorescence 
polarization was measured in a Perkin-Elmer fluorescence 
spectrophotometer (excitation wavelength, 360 nm; emis- 
sion wavelength, 430 nm). Polarization values (P) were 
determined according to ref. 13: 

p = I l l -  I• 

Ill + I• 

where Ill and I• are the intensities of parallel and perpen- 
dicular polarized light, respectively. These were calculated 
according to the above relation. The s tandard deviation 
of each polarization value was 0.002. Temperatures were 
maintained within _+ 0.5 C. Since the contribution due to 
scattering determined using lipid samples of identical 
composition without D P H  was found to be less than 2% 
of total emitted light at 430 nm, no correctons were made. 

Transport assay. Cells were grown in solid Czapek-Dox 
medium as described before. Conidia were isolated, 
washed and suspended in 1 ml of 10 mM phosphate buf- 
fer (pH 6.0) at concentration of 4 X 107 cells/ml. Uptake 
was started by the addition of different concentrations 
of ~4C-labeled amino acid (50 t~Ci/t~mol) and stopped after 
2 min by adding 10 ml of ice-cold water. Two min were 
found to be within the linear range of uptake. The diluted 
suspension was rapidly filtered through 0.45 ~M Millipore 
filter (HAWP 025 00), and the filter was dried and counted 
in an LKB liquid scintillation counter (Mini Beta 1211) 
using a toluene-based scintillation fluid. 

Statistical analysis. Student 's  t-test was used to assess 
levels of significance. Values of P < 0.01 were considered 
to be significant. 

RESULTS 

Lipid analyses. Since phospholipids and sterols are the 
major lipid components  modulat ing the properties of 
biomembranes, these were analyzed in the conidia of both 
the wild type and the nystat in-resistant  mutan t  of A. 
niger. The free sterol contents were found to be 5.6% and 
3.6% of the total lipid of the wild type and the mutant ,  
respectively. There was no qualitative change in phos- 
pholipid composition in the conidial lipids of the mutant  
compared to the wild type. However, the amount  of 
phosphatidylethanolamine (PE) was found to decrease in 
the mutant,  concomitant  with an increase in phospha- 
tidylcholine (PC) (Table 1). Phosphatidylinositol (PI) and 
phosphatidylserine (PS) could not be separated using the 
solvent system described. 

Analysis of the fa t ty  acid of the total phospholipid of 
the mutan t  and the wild type revealed significant altera- 
tion of fa t ty  acid composition. The phospholipids of the 
mutan t  were found to contain elevated levels of linoleic 
acid (18:2) compared to the wild type. The level of oleic 
acid (18:1) was, on the other hand, lower in the mutan t  
than in the wild type (Table 2). 

Fluorescence polarization studies. These were carried 
out with liposomes prepared from isolated conidial 
phospholipids and sterols of both the mutant  and the wild 
type. A discontinuity in the fluorescence polarization 
plots was observed at 18 C in the case of the mutant ,  
while no discontinuities were observed in the case of the 
wild type (Fig. 11. 

Amino acid transport. In the present study, uptake of 
the amino acids leucine, lysine, glutamic acid and aspar- 
tic acid was studied in the wild type and the nystatin- 
resistant  mutan t  of A. niger. From the Lineweaver-Burk 
plots, a comparison of the Km values for the uptake of a 
particular amino acid showed no significant differences 
between the mutant  and the wild type (0.16 mM for aspar- 
tic acid, 0.2 mM for glutamic acid, 0.2 mM for lysine and 
0.13 mM for leucine) (Fig. 2). However, Vmax values for 
the uptake of some amino acids showed differences be- 
tween the two types of cells. The Vm~x values for uptake 
of aspartic acid, lysine and leucine were higher in the mu- 
tant  than the wild type (Table 3), while there was no 
significant change in the Vmax values for glutamic acid 
uptake. 

TABLE 1 

Lipid Composition of the Conidia of Wild Type A. niger and Its Nystatin-Resistant Mutant 

Phospholipid (~g/g dry weight) 
PC/PE Sterol/phospholipid 

Strain PC PE CL PI + PS (ratio) (~mol/vmol) 

Wild 2.5 _ 0.12 2.92 _+ 0.16 0.42 +_ 0.21 0.75 -+ 0.32 0.86 0.83 
Mutant 2.85 _ 0.21 1.76 _+ 0.13 0.26 -!-_ 0.11 0.64 - 0.26 1.62 0.6 

PC, phosphatidylcholine; PE, phosphatidylethanolamine; CL, cardiolipin; PI, phosphatidylinositol; PS, phosphatidylserine. Determina- 
tions of lipid phosphorus and identification of different phospholipids were performed as described in Materials and Methods. Phosphorus 
contents were multiplied by 25 to obtain content of the total phospholipids. In the case of cardiolipin, this value was further divided 
by 2. Values are mean _+ S.D. of five different sets of determinations. 
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% of total 

TABLE 2 

Fatty  Acid Composition of Phospholipids of the Conidia 
of Wild Type and Nystatin-Resistant Aspergillus niger 

0.7 

Fatty acid Wild Mutant 

16:0 25.72 • 0.52 25.45 • 0.43 
18:0 3.35 • 0.29 3.38 • 0.32 
18:1 31.85 • 0.39* 25.69 • 0.31" 
18:2 31.57 • 0.51"* 37.64 +_ 0.46** 
18:3 1.04 • 0.37 1.97 • 0.35 

Fatty acid analysis was performed as described in Materials and 
Methods. Individual fatty acids present in amounts less than 1% 
of the total fatty acids have not been shown. Values are mean • 
S.D. of five sets of determinations. *, P < 0.001; **, P < 0.001. 
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FIG. 1. Fluorescence polarization plots of liposomal membranes of 
A. niger: (a) wild type, (b) nystatin-resistant mutant. Fluorescence 
polarization measurements were carried out as described in Materials 
and Methods. 

DISCUSSION 

Stero ls  have long  been recognized as i m p o r t a n t  mem- 
brane const i tuents  responsible for modulat ing the func- 
tions of eukaryotic membranes (15,16). However, the 
precise way in which they regulate the physical proper- 
ties and biochemical functions of cell membranes still re- 
mains to be understood. In the present case, a nystatin- 
resistant  mutan t  of A. niger was isolated. The sterol/ 
phospholipid molar ratio is lower for the conidial lipids 
of the mutan t  compared to the wild type. Some of the ef- 
fects of altered sterol content have been reported here. 
The overall phospholipid composition suggests  tha t  the 
mutant  adapts to a certain extent to changes in the sterol 
content by altering levels of individual phospholipid 
species. The observed increase in PC content and 
simultaneous decrease in PE content in the mutan t  com- 
pared to the wild type is one of the responses of A. niger 
to adaptation to growth in the presence of nystatin. Even 
more significant than the change in phospholipid composi- 
tion is the altered fa t ty  acid composition of the mutant .  
Studies with the yeast  Saccharomyces cerevisiae have 
also shown that exogenous sterol modulates yeast plasma 
membrane phospholipid and fa t ty  acid composition (17). 
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FIG. 2. Various concentrations of each amino acid were prepared 
using a specific activity of 50 t~Ci/~mol. Transport assay was car- 
ried out as described in Materials and Methods. Transport rates have 
been expressed per mg dry weight of cells for the wild type (O) and 
the nystation-resistant mutant (o). 

TABLE 3 

Vma X Values for Uptake of Some Amino Acids in A. niger V~5 
and Its Nystatin-Resistant Mutant 

Vma x (nmol/min/mg) 

Amino acid Wild Mutant 

Leucine 4.16 • 0.25* 5 • 0.16" 
Lysine 6.25 • 0.32* 10 • 0.21" 
Glutamic acid 20 • 0.32 Ns 20 • 0.22 Ns 
Aspartic acid 12.5 • 0.12" 16.5 • 0.16" 

Transport assay was carried out as described in Fig. 2. Values are 
mean • S.D. of five independent determinations. NS, Nonsignifi- 
cant; *, P < 0.01. 

The nature of the fa t ty  acyl chain of phospholipids is 
one of the most  important  factors modulating membrane 
fluidity and integrity. The polarization values decreased 
with increasing temperature, indicating an increase in 
probe mobility with increasing temperature. The slopes 
of the plots show that  the rate of this decrease with 
temperature was higher in the case of the mutant ,  
suggest ing increased relative mobilities of lipids (Fig. 1). 
This is consistent with the increased level of unsatura- 
tion and decreased level of sterol in the mutant  compared 
to the wild type. Liposomes of the wild type show no 
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discontinuity in plots of fluorescence polarization. How- 
ever, liposomes of the mutan t  show physical changes in 
membrane lipids characterized by a discontinuity in 
fluorescence polarization plots, suggest ing a gel-liquid 
crystalline transition. Compensatory changes in the fat ty 
acyl chains of phospholipids, associated with sterol deple- 
tion, have been shown in LM-cell sterol mutants  (18). Such 
depletion leads to decrease in the high melting phospho- 
lipids in the plasma membrane of LM-cells. Our findings 
suggest that  such an adaptation is necessary in the pres- 
ent case also to preserve essential membrane functions 
and growth of the organism. I t  will also be interesting 
to see whether changes in fa t ty  acid composition are 
related to any qualitative changes in sterols in the 
nystat in-resis tant  mutant .  The effects of supplementing 
LM-cell mouse fibroblasts with different cholesterol 
analogues have shown that  secondary changes in fa t ty  
acid composition occur, probably to prevent phase separa- 
tion, since different sterols parti t ion to varying extents 
among different phospholipid domains (19-21). However, 
it appears from the present results tha t  there is a coor- 
dinated regulation of sterol, phospholipid and fa t ty  acid 
composition in A .  n iger  that  is reflected in the altered 
physical properties of the conidial lipids of the nystatin- 
resistant  mutant .  

A preliminary effort to explore the effect of altered lipid 
composition as a result of sterol depletion on the 
biochemical functions of the mutant  was made by study- 
ing the t ransport  of two acidic, one neutral and one basic 
amino acid in both the wild type and the mutant .  Our 
results show that  the t ranspor t  of different amino acids 
is affected to different extents by altered sterol content  
and overall changes in lipid composition associated with 
nystatin-resistance in A .  niger. Since different permeases 
are known to be responsible for uptake of different amino 
acids in A s p e r g i l l u s  species 122-24), results of the present 
s tudy suggest  that  these permeases, by virtue of occu- 
pying different microenvironments in the lipid bilayer, are 
affected to different extents by changes in lipid composi- 
tion. However, in general, there is a change in membrane 
permeabil i ty as evidenced from the increased Vmax 
values for uptake of lysine, leucine and aspartic acid in 
the mutan t  as compared to the wild type. These results 
agree with the findings of several workers with both ar- 
tificial and natural cellular membranes that  altered sterol 
levels lead to a change in membrane permeability and in 
membrane-associated functions such as the activities of 
membrane-bound enzymes (25-29). 
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Interaction of (n-3) and (n-6) Fatty Acids in Desaturation and Chain 
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Recent research in various biological sys tems  has revived 
interest  in interactions between the (n-6) and In-31 essen- 
tial fa t ty  acids. We have  util ized cultured gl ioma cells 
to show that linolenic acid, 18:3(n-3), is rapidly desaturated 
and chain elongated; 20:5(n-3) is the major product  and 
accumulates  a lmost  exclusively in phospholipids.  We ex- 
amined effects  of  various (n-6), (n-3), (n-9) and (n-7) fat ty  
acids at 40 ~M concentrat ion on desaturation and chain 
e longat ion processes  using [1-14C]18:3(n-3) as substrate.  
In general, monoenoic  fa t ty  acids were wi thout  effect. 
The (n-6) fa t ty  acids (18:2, 18:3, 20:3, 20:4 and 22:4) had 
little effect  on total  product formed. There was  a shift  
of  labeled product to  triacylglycerol ,  and in phospho- 
lipids, s l ightly enhanced conversion of 20:5 to 22:5 was 
evident.  In contrast ,  22:6(n-3) was inhibitory, whereas  
20:3(n-3) and 20:5(n-3) had much less effect. At  concentra- 
t ions <75 ~M, all acids were inhibitory. Most  products  
were esterified to phosphatidylcholine,  but phosphatidyl- 
e thanolamine  also contained a major portion of 20:5 and 
22:5. We provide a condensed overview of how the (n-6) 
and (n-3) fa t ty  acids interact to modi fy  relative rates of 
desaturation and chain elongation,  depending on the 
essential  fat ty  acid precursor. Thus,  the balance between 
these  dietary acids can markedly  influence enzymes  pro- 
viding crucial membrane components  and substrates  for 
biologically act ive oxygenated  derivatives.  
Lipids 22:613-619 (1987). 

In recent years, there has been a renewed interest in 
linolenic acid [18:3(n-3)] and its metabolites and in the in- 
teractions between the (n-3) and (n-6) families of fatty 
acids in various biological systems (1-3). In particular, 
the (n-3) fatty acids that constitute a major portion of the 
polyunsaturated fat ty acids in fish oils have been shown 
to have potential influences on lowering levels of cir- 
culating lipids (1-7), on platelet aggregation (4,8,9) and 
on the cardiovascular system in general (1,4,10). Much 
of this interest has arisen from studies with Greenland 
Eskimos, in which a correlation has been indicated be- 
tween a lower incidence of coronary heart disease and 
longer bleeding times and their relatively high consump- 
tion of (n-3) fatty acids from marine sources compared to 
control populations (3,11,12). Recent evidence supports 
potential interaction of (n-3) acids with (n-6) fatty acids 
influencing the immune system (1,13) and tumor incidence 
and growth (14-16). 

The relatively high levels of (n-3) acyl chains in the cen- 
tral nervous system, retina and testes (17) support a 
specific role for these acids in such specialized tissues. 
The (n-3) are less effective than (n-6) fatty acids in alter- 
ing classical signs of essential fat ty acid deficiency (1,2), 

*To whom correspondence should be addressed at Atlantic Research 
Centre for Mental Retardation, Room CR-2, Clinical Research Cen- 
tre, 5849 University Ave., Dalhousie University, Halifax, Nova 
Scotia, B3H 4H7, Canada. 

indicating that they are not equivalent in their actions. 
A human case ascribed to deficiency of 18:3(n-3) has been 
reported (19), although concern has been expressed as to 
whether this was specific to the (n-3) acids (20,21). 

On both nutritional and metabolic levels, much atten- 
tion has focused on competition between the (n-3) and (n-6) 
families and resulting alterations in the products formed 
from them. Competition between (n-3) and (n-6) fatty acids 
for desaturation and chain elongation steps has been 
described in in vivo (22-25) and in vitro (25-30) ex- 
periments. The (n-3) acids, particularly eicosapentaenoic 
acid [20:5(n-3)], can compete with 20:4(n-6) in eicosanoid 
(e.g., prostaglandin and thromboxane) formation (31,32), 
can form products with different biological properties 
(e.g., leukotrienes) (33), or can produce products (e.g., pros- 
tacyclin I3) with similar activating properties (10). 

In previous studies, we used neuroblastoma and glioma 
cells in culture to examine the metabolism and interac- 
tion of (n-3) and (n-6) fatty acids in an experimental model 
system that can be carefully modulated and controlled. 
Both cell lines have the capacity for 56 and 55 desatura- 
tion and the alternating chain elongation steps involved 
in metabolism of these acids. With 18:2(n-6), the major 
products are 20:3(n-6) and 20:4(n-6), and with 18:3(n-3) the 
major product is 20:5(n-3), with lesser amounts of 20:4(n-3) 
and 22:5(n-3). No 22:6(n-3) (docosahexaenoic acid) is 
formed due to an absence of A4 desaturase in these trans- 
formed cells. We have described the relative metabolism 
and distribution of the substrates and products in in- 
tracellular lipids (34), major differences in the alteration 
of 18:2(n-6) metabolism by various unlabeled fatty acids 
(35), some aspects of the mechanism of activation of 
18:2(n-6) metabolism (36) and the kinetics of the sub- 
cellular distribution and turnover of 18:2(n-6) (37). 

In the present study, we examined desaturation, chain 
elongation and esterification of 18:3(n-3) and its deriva- 
tives and the effects of a variety of monoenoic, (n-3) and 
(n-6) fatty acids on these processes. These results have 
been combined with previous observations to provide a 
condensed overview of the complex interactions between 
these two families of essential fatty acids. 

MATERIALS AND METHODS 

Materials. All chemicals and reagents used were of the 
finest grade obtained from commercial suppliers. [1-14C]- 
18:3(n-3) (55 mCi/mmol) and [1J4C]18:2(n-6)(59 mCi/mmol) 
were purchased from DuPont Canada Inc. (NEN Prod- 
ucts, Lachine, Quebec). Purity of these acids, determined 
by several analytical procedures described previously (38), 
was >97%. Nonradioactive fatty acids, lysophosphatidyl- 
choline and other lipid standards were purchased from 
Serdary Research Laboratories (London, ON), Sigma 
Chemical Co. (St. Louis, MO) and Supelco (Bellefonte, 
PA). [3H-Methyl]lysophosphatidylcholine, obtained as a 
by-product of synthesis of [3H-methyl]sphingomyelin, was 
purified and characterized (>97.5% pure) using replicate 
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thin layer chromatographic (TLC) development as pre- 
viously described (39). Fa t t y  acid solutions (20 mg/ml) 
were maintained under N2, and puri ty was monitored by 
gas liquid chromatography (GLC) of methyl  esters. All 
solvents were high performance liquid chromatography 
grade from Fisher. 

Glioma cell cultures. C-6 glioma cell lines were main- 
tained in 150-cm 2 flasks (Corning Glass Works, Corning, 
NY) in 45 ml Dulbecco's modified Eagle 's  medium con- 
taining 10% fetal bovine serum (Gibco Canada Ltd., Burl- 
ington, ON) and penicillin: s t reptomycin solution (100 
units and 100 t~g/ml, respectively) (35). Cells were main- 
tained at 37 C in a humidified atmosphere of 95% air/5% 
CO2 and were subcultured every 5-7 days. For incorpora- 
tion and metabolism studies, cells were transferred to 
60-mm diameter dishes at a density of 0.5-1.0 X 106 cells 
in 5 ml medium. After 72 hr the medium was removed 
and replaced with 2.0 ml Dulbecco's modified Eagle 's  
medium without fetal bovine serum. After another 24 hr, 
mixtures of [1-'~C]fatty acids and unlabeled fa t ty  acid 
suspended by sonication at 37 C in sterile 5% bovine 
serum albumin were added in a 100-tA volume to give a 
final fa t ty  acid concentration of 2 ~M (2 X 106 dpm) for 
the [1-'~C]fatty acid and 40 ~M for the unlabeled fa t ty  
acids (unless otherwise specified). Cells were incubated 
for 2 o r 4 h r  at 37C. 

Extraction and analysis of lipids. Details of the extrac- 
tion and analyses procedures have been published 
previously {35,37,40,41). In brief, after incubation the cells 
were harvested, washed with phosphate-buffered saline 
and centrifuged. An aliquot was removed for analysis of 
protein by the method of Lowry et al. (42) with bovine 
serum albumin as standard; an aliquot of medium and cell 
washes were counted for total medium radioactivity. The 
cell pellet was extracted and radioactivity in an aliquot 
of extract  quant i ta ted by liquid scintillation counting. 
The lipid extract  was separated into neutral lipid and 
phospholipid fractions by silicic acid chromatography and 
further resolved by TLC (41). Fa t t y  acyl methyl  esters 
were separated and quant i ta ted using radio-GLC and a 
radioactivity flow monitor as described (35,43). 

RESULTS 

Effects of various fat ty  acids on 18:3(n-3) metabolism. 
When C-6 glioma cells were incubated with 2 t~M 
[1-'4C]18:3{n-3), the labeled fa t ty  acid was rapidly incor- 
porated into the cell; uptake within 2 and 4 hr was 69% 
and 81% of total incubated fa t ty  acid, respectively. In 
the neutral lipid fraction, >95% of the label was in 
triacylglycerol, and free fa t ty  acid accounted for <2% of 
the label. As previous studies with [1-'4C]18:2(n-6) as 
substrate  (35,36) had shown that  40 t~M of s t imulatory 
fa t ty  acids gave maximal increase in desaturation, chain 
elongation and esterification, fa t ty  acids were examined 
at 40 t~M for their effect on metabolism of [1-'~C]18:3(n-3). 
Unlabeled fa t ty  acid reduced total uptake of label by 
5-20% at 2 hr, but by 4 hr consistently gave <10% reduc- 
tion. All unlabeled fa t ty  acids produced a greater incor- 
poration into the neutral lipid fraction. 

When competing unlabeled fa t ty  acids were grouped 
[i.e., (n-6) acids compared to (n-3) acids], distinctly dif- 
ferent effects on the metabolism of [1-'~C]18:3(n-3) were 
noted (summation of all products  in Figs. 1 and 2). The 
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FIG. 1. Influence of various unlabeled (n-6) fatty acids on the for- 
mation of individual products by desaturation and chain elongation 
of [1-~4C]18:3(n-3) in cultured glioma cells. Cells were incubated for 
2 hr with 0.5 t~Ci [1-14C]18:3(n-3) and 40 t~M unlabeled fatty acid as 
indicated under each bar along the horizontal axis. For controls no 
exogenous unlabeled fatty acid was added. Cells were extracted and 
lipids were fractionated on silicic acid columns. Neutral lipid and 
phospholipid fractions were transesterified and fatty acid methyl 
esters were analyzed by radio gas liquid chromatography. (A) Label 
in 20:3; (B) label in 20:4; (C) label in 20:5; (D) label in 22:5. Solid bar, 
neutral lipid; shaded bar, phospholipid. Values are the mean for the 
following replicate experiments: control (none), n = 14; 20:4(n-6), n : 
10; 18:2(n-6), n = 8; all others, n = 4. In the fatty acid abbreviations, 
the number before the colon designates the number of carbon atoms 
in the acyl chain and the number following the colon indicates the 
number of double bonds. The (n-X) nomenclature designates the posi- 
tion of the first double bond from the methyl end (for more details 
see ref. 44); t indicates trans double bonds; all others are cis double 
bonds. 

(n-6) fa t ty  acids gave very little change in total product  
formed, al though there was ~reater esterification to 
triacylglycerol. An exception was the trans, trans-isomer 
of 18:2(n-6), which reduced product  formation and 
esterification to phospholipid by >30%. Of the (n-3) acids 
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FIG.  2. Influence of various (n-3) and monoenoic  fa t ty  acids on the 
formation of individual products by desaturation and chain elonga- 
tion of [1-~4C]18:3(n-3). F a t t y  acid methy l  esters were obtained and 
analyzed as  described for Fig.  1. CA) Label  in 20:3; (B) label in 20:4; 
(C) label in 20:5; (D) label in 22:5. Solid bar, neutral lipid; shaded bar, 
phospholipid.  Values  are the mean for the fo l lowing replicate ex- 
periments: control (none), n = 14; 18:3(n-3) and 22:6(n-3), n = 6; all 
others, n -- 4. 

tested, 18:3(n-3) and 22:6(n-3} gave the greatest reduction. 
[For comparison, unlabeled 18:3(n-3) has been t rea ted  as 
any other competitor, a l though"subst ra te  or isotope dilu- 
t ion" is primarily responsible for the greater  esterifica- 
tion of unaltered labeled subst ra te  to neutral  lipid and 
an overall reduction in product  formation.] The 20:3(n-3) 
and 20:5(n-3) fa t ty  acids were less inhibitory to product  
formation, but  did reduce the amount of product esterified 
to phospholipid by >25%. The amount  of product  
esterified to triacylglycerol was less in the presence of 
(n-3) acids than with (n-6) acids. 18-Carbon monoenoic 
isomers [oleic acid, 18:1{n-9), and cis-vaccenic acid, 
18:1(n-7)] had very  little influence on product  formation 
and relative esterification. 

The effects of various unlabeled fa t ty  acids on the ac- 
cumulation and esterification of individual products from 
[1-14C]18:3(n-3) are shown in Figure 1 [unlabeled (n-6) fa t ty  
acids] and Figure 2 [unlabeled (n-3) fa t ty  acids, 18:1(n-9) 
and 18:1(n-7)]. Labeled 20:5(n-3) accounted for >85% of 
the product  formed in control incubations and even for 
the most  altered condition accounted for >50% of total  
product.  This major product  was esterified almost ex- 
clusively to phospholipid. All (n-6) and (n-3) competi tor  
acids reduced accumulation of labeled 20:5(n-3); excep- 
tions were the two monoenoic isomers. The second most  
abundant  labeled product  was 22:5 formed by chain 
elongation of labeled 20:5. Except  for trans, trans- 
18:2(n-6), which was markedly inhibitory to labeled 22:5 
formation, all (n-6) acids increased formation of 22:5 and 
its esterification to both  phospholipid and neutral  lipid, 
part icularly the latter. Accumulation of other labeled 
products  (20:3 and 20:4) was altered variably. Labeled 
20:3 was increased by all (n-6) acids, but  at maximal 
stimulation this accounted for <4% of total  labeled prod- 
uct. Unlabeled 20:3(n-6) gave a major increase in the ac- 
cumulation of labeled 20:4 in the neutral  lipid fraction. 

The unlabeled (n-3) acids all reduced accumulation of 
labeled 20:5 in phospholipids {Fig. 2). Formation and 
esterification of labeled 22:5 to neutral  lipid increased 
with all unlabeled (n-3) acids. All (n-3) acids gave increased 
levels of labeled 20:3 and 20:4, particularly in the neutral 
lipid fraction. In most  of these studies, 18:4 was not  well 
resolved from the [1-'4C]18:3(n-3) substrate  peak in radio- 
GLC analyses, appearing as a shoulder tha t  was not  
reliably quanti tated.  At  most, labeled 18:4 accounted for 
<4% of the product. Only with unlabeled 20:3{n-6) or 
20:3(n-3) was there evidence of increased accumulation of 
labeled 18:4 in phospholipid (twofold} and neutral  lipid 
{four- to sixfold). 

Effects of varying the concentration of fatty acids on 
[1-'4C]18:3(n-3) and [1-14C]18:2(n-6) metabolism. Several 
unlabeled fa t ty  acids were examined over a concentration 
range of 10-200 ~M for effects on [1-'~C]18:3(n-3) 
metabolism. All unlabeled acids decreased product  for- 
mation and esterification to phospholipid in a concentra- 
tion dependent manner. The most  inhibitory was the 
22:6(n-3), producing >85 % inhibition of total  product  for- 
mation at 200 t~M. In contrast ,  20:3(n-3) was least in- 
hibitory over the concentrat ion range tested. Unlabeled 
20:4(n-6) gave a dramatic shift of total  product  to the 
neutral  lipid fraction but  altered total  product  formation 
by <15%. Other unlabeled acids all exhibited their 
pr imary effect on neutral  lipid labeling at 40 t~M or less. 
When individual labeled products  in the phospholipids 
were examined (Fig. 3), a concentrat ion-dependent 
decrease in labeled 20:5 was seen. The enhanced forma- 
tion of labeled 22:5 seen with unlabeled 18:3(n-6) or 
20:4(n-6) decreased at concentrat ions >40 ~M. 

In previous studies (35,36), the influence of a wide 
variety of fa t ty  acids on the metabolism of [1-'~C]18:2(n-6) 
was tested, but  in those studies 20:5(n-3) was not  ex- 
amined. In the present  study, markedly different effects 
of varying concentrations of the two unlabeled fa t ty  
acids, 20:3(n-3) and 20:5(n-3), were observed when the 
metabolisms of [1-'4C]18:3(n-3) and [1-'~C]18:2(n-6) were 
compared {Fig. 4). Alterat ion of labeled 18:2(n-6) 
metabolism required >40 t~M concentrations of these two 
unlabeled acids, whereas inhibition of [1-'4C]18:3(n-3) 
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FIG. 3. Influence of varying concentrations of fatty acids on the 
formation of individual products from [1-'4C]18:3(n-3) and their 
esterification to phospholipid. Glioma cells were incubated for 2 hr 
with 1 ~Ci [1J4C]18:3(n-3) and various concentrations of unlabeled 
fatty acids. Lipid extracts were separated on silicic acid columns. 
Fatty  acid methyl esters obtained from the neutral lipid and 
phospholipid fractions were analyzed by radio gas liquid 
chromatography. (A) Unlabeled 18:3(n-6) as competitor; (B) 20:4(n-6) 
as competitor; (C) 22:6tn-3) as competitor. Label in 20:4, -- �9 --; label 
in 20:5, - . -+ . - . ;  label in 22:5, - - , - - .  

m e t a b o l i s m  was observed  even  at  the  lowest  concent ra-  
t ion  tes ted.  

Product distribution in individual lipids and the in- 
fluence of lysophosphatidylcholine. W h e n  d i s t r i b u t i o n  of 
p roduc t s  in  ind iv idua l  l ipids was  examined  (Fig. 5), m o s t  
of the  label  was  found  in  phospha t idy lcho l ine ;  th is  was  
s l igh t ly  reduced in the  presence  of un labe led  20:4(n-6). 
Phospha t idy le thano lamine  also conta ined  a large por t ion  
of the  product ,  pa r t i cu la r ly  22:5. Tr iacylg lycero l  Ipanel 
E) conta ined  similar  a m o u n t s  of each of the products ,  and  
es te r i f ica t ion  to t r iacylg lycero l  was increased  in the  
presence  of 40 ~M 20:4{n-6). W i t h  40 ~M [3H]lysoDhos- 
pha t idy lchol ine  in the incuba t ion ,  9 -13% of the  [3H]label 
f rom lysophospha t idy lcho l ine  was  incorpora ted  in to  the  
cell l ipid ext rac t ;  of this,  >87% was in phospha t idy l -  
choline. The presence  of l y sophospha t idy lcho l ine  had  
re la t ive ly  l i t t le  inf luence on the  fo rmat ion  and  esterifica- 
t ion  of p roducts ;  there  was  a s l ight  increase  (6-16%) in  

label  ester i f ied to phospha t idy lcho l ine ,  wi th  correspond-  
ing  s l ight  decrease in label  in p h o s p h a t i d y l e t h a n o l a m i n e  
a nd  t r iacylglycerol .  

DISCUSSION 

Complex in te rac t ions  be tween  f a t t y  acids of the (n-3} and  
In-6} p o l y u n s a t u r a t e d  families have been  shown in the  
desatura t ion,  chain e longat ion and  esterif ication react ions 
in our  cu l tu red  g l ioma cells. Condensed  summar i e s  of the 
r e su l t s  of th is  and  our p rev ious  s tud ies  I35,36) are 
presented in Table 1 {incorporation into phospholipid) and 
Table  2 l incorpora t ion  in to  ne u t r a l  lipid). P rev ious ly  we 

TABLE 1 

Effects of Fatty Acid Competitors: Total Phospholipid 

18:2(n-6) Metabolism 18:3(n-3) Metabolism 
Fatty acid 
competitor Total 20:3 20:4 Total 20:4 20:5 22:5 

Saturates and 
monoenes . . . . . . .  

18:2(n-6) t t  -- t t  ~ ~ ~ t t  
18:3(n-6) t t  t t  t $ t ~ t t  
20:3(n-6) t t  -- t t  ~ -- ~$ t t  
20:4(n-6) t t  ~ t t  ~ ~ ~$ t t  
18:2(n-6)tt ~ 4 ~ $~ t ~ ~$ 

18:3(n-3) ~ ~ ~ ~$ ~ ~ $1 
20:3(n-3) - -  - -  - -  ~ t ~ 15 
20:5(n-3) -- -- -- ~ ~ $ -- 
22:6(n-3) ~$ ~1 ~ ~$ ~ ~ ~$ 

Control levels 
(pmol/mg protein) 260 150 110 765 38 664 52 

Results are shown for 40 ~M competitor fatty acid. Control values 
are for 4 hr incubations with 18:2(n-6) as substrate and for 2 hr in- 
cubation with 18:3(n-3). --, No change (<-+10%); t, 1.1- to 1.5-fold 
increase; tt, >1.5-fold increase; ~, 10-30% decrease; $4, 30-95% 
decrease. 

TABLE 2 

Effects of Fatty Acid Competitors: Total Neutral Lipid 

18:2(n-6) Metabolism 18:3(n-3) Metabolism 
Fatty acid 
competitor Total 20:3 20:4 Total 20:4 20:5 22:5 

Saturates and 
monoenes . . . . . . .  

18:2{n-6) t t  t t  t t  t t  t t  t t  t t  
18:3(n-6) t t  t t  - -  t t  t t  t t  t t  
20:3(n-6) t t  t t  ~ t t  t t  ~ t t  
20:41n-61 t t  t t  - -  t t  t t  t t  t t  
18:2(n-6)tt ~$ ~ ~ -- t ~ ~ 

18:3(n-3) ~ -- $ t t  t t  t t  
20:3(n-3) t f ~ t t  t t  - -  t t  
20:5(n-3) t t ~ t t  t t  ~ t t  
22:6(n-3) ~ $~ ~ t t  t t  - t 

Control levels 
(pmol/mg protein) 26 14 12 32 13 9 7 

Results are shown for 40 ~M competitor fatty acid. Control values 
are for 4 hr incubations with 18:2(n-6) as substrate and for 2 hr in- 
cubation with 18:3(n-3). --, No change (<--+10%); t, 1.1- to 1.5-fold 
increase; tt, >l.5-fold increase; $, 10-30% decrease; $4, 30-95% 
decrease. 
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invest igated potential  mechanisms behind the marked 
stimulation of 18:2(n-6) metabolism by (n-6) f a t ty  acids 
(36). We concluded tha t  only par t  of the interaction may 
relate to the relative availability of phospholipid and 
neutral  lipid acceptors and competit ion for these accep- 
tors by a mixture  of fa t ty  acid isomers. Triacylglycerol 
appears to serve as a preferred donor of acyl chains for 
further  desaturat ion and chain elongation. However, we 
also concluded tha t  there must  also be a highly specific 
effect of certain individual fa t ty  acid isomers on the func- 
tional desaturat ion-chain elongation-esterification com- 
plex; some fa t ty  acids with similar specificities for 
esterification to phospholipid and neutral  lipid [e.g., 
20:3(n-6) and 20:3(n-3)] have markedly different effects on 
the desaturat ion and chain elongation of 18:2{n-6). 

In this study, we concentrated on the metabolism of 
18:3(n-3). The major product  of desaturat ion and chain 
elongation of 18:3(n-3) in glioma cells was 20:5, which was 
almost exclusively esterified to phospholipids, even when 
the distribution of other products  markedly shifted to 
triacylglycerol. On a quant i ta t ive  basis, 20:5 showed the 
largest change in the presence of other fa t ty  acids, 
al though in some instances greater  changes relative to 
control values were seen with the minor products.  The 
(n-6) fa t ty  acids had little effect on total  product  forma- 
tion but  appeared to be bet ter  competi tors  for a limited 
phospholipid pool, diverting products  from phospholipid 
to triacylglycerol. There was an increased accumulation 
of 22:5 with an approximately corresponding decrease in 
20:5. The 20:3(n-6) appeared to have somewhat special 
properties as a competi tor  acid in tha t  it markedly 

lowered 20:5 accumulation and enhanced 20:3, 20:4 and 
22:5 accumulation, the lat ter  to levels almost equivalent 
to 20:5. Accordingly, even within families, fa t ty  acids dif- 
feting only by the number of double bonds had markedly 
different effects. 

The effects of individual acids seemed even more 
specific to the (n-3) fa t ty  acids. Primarily by isotope or 
substrate dilution, exogenous 18:3(n-3) reduced accumula- 
tion of products  in phospholipid with some increase in 
esterification of 20:3, 20:4 and 20:5 to triacylglycerol. 
[This is in distinct contrast  to the marked substra te  
st imulation seen with 18:2(n-6) metabolism, where addi- 
tion of 40 ~M unlabeled 18:2(n-6) gave a three- to sixfold 
stimulation; 35,36.] The 20:3(n-3) decreased product  for- 
mation from 18:3(n-3) but  caused some accumulation of 
20:4 in both phospholipid and neutral  lipid, unlike its 
distinctive lack of effect on 18:2{n-6) metabolism. The 
20:5{n-3) slightly decreased all of the products of 18:3(n-3) 
metabolism except for 22:5. 

The most  highly unsa tura ted  fa t ty  acid tha t  ac- 
cumulates from 18:3(n-3) metabolism in most tissues (but 
not  in our t ransformed glioma cells} is 22:6(n-3). When 
supplied in the culture medium, this fa t ty  acid was in- 
hibitory at all concentrations tested. This inhibition, seen 
in other studies {33), represents a dramatic  example of 
end-product feedback in the case with 18:3(n-3) as 
substrate,  but  also represents general inhibition as seen 
with 18:2{n-6) as substrate.  (Special precautions were 
taken to avoid oxidation of this f a t ty  acid, and three dif- 
ferent commercial preparations were tes ted with similar 
results.} 
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FIG. 5. Influence of lysophosphatidylcholine and 20:4(n-6) on the 
metabolism of [1-~4C]18:3(n-3) and distribution in various lipid frac- 
tions in glioma cells. Cells were incubated for 2 hr with 1 ~Ci 
[1-~4C]18:3(n-3) with the following additions to the medium: solid bar, 
control--no lysophosphatidylcholine or 20:4(n-6) added; hatched bar, 
40 pM [3H-methyl]lysophosphatidylcholine (2.5 ~Ci); dotted bar, 
40 ~M 20:4(n-6); open bar, 40 ~M [3H-methyl]lysophosphatidylcholine 
and 40 ~M 20:4(n-6). Lysophosphatidylcholine and 20:4(n-6) were 
suspended in bovine serum albumin as described in Materials and 
Methods. Lipids were extracted and an aliquot was transesterified. 
The remainder was separated on thin layer chromatography; in- 
dividual lipids were transesterified and methyl esters were analyzed 
on radio gas liquid chromatography. Labeled products are shown 
on the X-axis. (A) Label in total lipid; (B) label in phosphatidylcholine; 
(C) label in phosphatidylinositol; (D) label in phosphatidylethanol- 
amine; (E) label in triacylglycerol. 

Studies in experimental animals have indicated tha t  the 
relative proportion of (n-6) and (n-3) fa t ty  acids influences 
p lasma and tissue lipid composit ion not  only directly, by  
providing acyl chains for esterification to complex lipids, 
bu t  also by  altering the relative ra tes  of conversion of 
f a t t y  acids of the other family by desa tura t ion  and/or 
chain elongation. For example,  an inverse relat ionship 
between 20:5(n-3) [but not  22:6(n-3)] and the rat io of 

20:4(n-6) to 20:3(n-6) in p lasma  and liver lipids has been 
reported {23}; the authors  proposed tha t  it is the 20:5(n-3) 
bu t  not  the 22:6(n-3) in fish oil t ha t  exerts  an inhibi tory 
effect on the conversion of 20:3(n-6) to 20:4(n-6). Such does 
not  appear  to be the case in our cells; 22:6(n-3) was 
s t rongly inhibi tory and 20:5(n-3) had little effect on 
18:2(n-6) conversion. 

I t  is difficult to assign p r imary  effects of compet i t ive 
f a t ty  acids specifically to an individual step in the 
desa tura t ion-cha in  elongat ion-ester i f icat ion sequence 
when a concerted action of these enzymes {35,36} may  be 
involved. I t  appears  tha t  with 18:3(n-3) as substra te ,  an 
influence may  occur at  the 55 desaturat ion step result ing 
in a reduction in accumulat ion of 20:5, normal ly  the ma- 
jor product, but  enhanced chain elongation of 20:5 to 22:5 
also contr ibutes  to this reduction. This cont ras t s  with 
18:2(n-6) metabol ism,  where overall product  format ion 
was enhanced as much as 10-fold (35) and h5 desatura-  
tion appeared to be stimulated. However, specific studies 
with [1-14C]20:3{n-6) as subs t ra te  (35) did not directly sup- 
por t  this; compet i tor  acids had little effect compared  to 
their  major  influences on the overall conversion of 
18:2(n-6) to 20:4(n-6). On the other hand, accumulation of 
individual products  seems to be great ly  enhanced by  the 
presence of exogenous precursors,  sugges t ing  tha t  in 
some instances a part icular  s tep m a y  be modulated.  In 
the case of an end-product,  such as 22:6(n-3), accumula- 
tion of each product  or in termediate  is reduced. Overall, 
the individual f a t ty  acids seem to have greater  influence 
than  the availabil i ty of potent ia l  glyceride acceptors  of 
the acyl chain products (such as lysophosphatidylcholine), 
al though it may  be tha t  in the lat ter  case the intracellular 
location of the appropr ia te  form of the acyl chain accep- 
tor  may  determine its effectiveness in al tering 18:2(n-6) 
~36) or 18:3(n-3) metabolism. 

In conclusion, our studies using radiolabeled substrates  
and unlabeled f a t t y  acid compet i tors  in in tact  cells have 
shown tha t  the two families of (n-6) and (n-3) f a t t y  acids 
interact  differently to influence accumulation of different 
products  or in termediates  of desatura t ion and chain 
elongation, depending on the essential  f a t ty  acid precur- 
sor. Accordingly, the balance of these dietary fa t ty  acids 
can markedly  influence enzymes providing crucial mem- 
brane components  and subs t ra tes  for a var ie ty  of oxy- 
genated, biologically active derivatives.  
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Labe led  Oxidat ion Products from [1-'4C], [U-14C] a n d  [16-14C] - 
Palmitate in Hepatocytes and Mitochondria 
Chris Chatz idakisa and David A. Ottoa,b,* 
aGraduate Program in Nutrition, Rutgers, The State University of New Jersey, New Brunswick, New Jersey and bDepartment of Medical 
Education, Division of Research, The Baptist Medical Centers, Birmingham, Alabama 

When [1-~4C], [U-~'C], and [16-14C]palmitate were oxidized 
by isolated rat hepatocytes, there was a differential 
distribution of label as a percent of total oxidized prod- 
ucts, such that '4CO2 from [1-~4C] > [U-'~C] > [16-'4C] - 
palmitate and acid-soluble radioactivity from [16-~4C] > 
[U-~4C] > [1-~4C]palmitate. The oxidation of [2,3-'~C]suc - 
cinate to '4CO~ by isolated hepatocytes was only 9.1% of 
that from [1,4-~'C]succinate, demonstrat ing that the dif- 
ferences in distribution of labeled products are in part 
due to less '4CO2 production from label in the even car- 
bon positions entering the citric acid cycle. Apparent total 
ketone body production from [16-14C]palmitate was 
markedly higher than [1-14C] and [U-~4C]palmitate. In ad- 
dition, the ~4C-acetone:'~CO2 ratio derived from decarboxy- 
lation of labeled acetoacetate from [l-"C]palmitate was 
less  than 1 and positively correlated to the rate of fa t ty  
acid oxidation in hepatocytes. These findings indicate 
that the known preferential incorporation of the omega- 
C2 unit of fat ty acids into ~C-ketone bodies also con- 
tributed to the differential distribution of labeled prod- 
ucts and that this contribution was greatest at the lower 
rates of fat ty acid oxidation. In isolated mitochondria, 
the distribution of label to ~4CO~ and acid-soluble radioac- 
tivity from [1-'4C], [U-~'C] and [16-~4C]palmitate was 
qualitatively similar to that seen with hepatocytes. The 
distribution of label from [l-~4C]acetylcarnitine to ~4CO2 
and ~4C-ketone bodies by mitochondria was identical to 
that observed from [1-14C]palmitate, indicating that the 
higher rates of 14CO2 production from [1-~4C]palmitate 
cannot be explained by a preferential oxidation in the 
citric acid cycle of either extramitochondrial acetyl-CoA 
(generated in peroxisomes) or the carboxyl terminal of the 
fat ty  acid. As shown by others in cell-free systems, we 
observed that the total  oxidation of [16-~C]palmitate by 
hepatocytes and mitochondria was significantly less than 
[1-~4C] and [U-~4C]palmitate, suggesting either incomplete 
mitochondrial p-oxidation or incomplete degradation of 
peroxisomal oxidation products. The data indicate that 
this  incomplete oxidation does not, however, contribute 
to the differential distribution of label to oxidized 
products.  
Lipids 22, 620-626 (1987). 

Fat ty  acids labeled in different carbon positions are com- 
monly used to study the distribution of labeled oxidation 
products. In a preliminary study IlL we observed major 
differences in the distribution of label into CO~ and acid- 
soluble products when [1-14C], [U-14C] and [16-'~C]palmi - 
tate were incubated with isolated hepatocytes and 
mitochondria from rat liver. From these experiments, it 
was clear that different conclusions regarding the rate of 
fatty acid utilization might be reached, depending on the 

*To whom correspondence should be addressed at Department of 
Medical Education, Division of Research, Baptist Medical Centers, 
701 Princeton Ave., Birmingham, AL 35211. 

position of label in the fatty acid. This is particularly rele- 
vant to studies quantitating the rate of fat ty acid oxida- 
tion through the accumulation of a single product, such 
as ~CO2 or '4C-ketone bodies. To understand our pre- 
liminary observations, we conducted a more detailed 
study of this phenomenon. 

Observations similar to those made in our preliminary 
study have been made by others in whole homogenates, 
postnuclear and mitochondrial fractions of various tissues 
(2) and isolated rat hepatocytes (3,4}. In 1954, Brown et al. 
(5), using palmitic acid labeled in various carbon positions, 
indicated that an odd carbon of palmitic acid produced 
more '~CO2 than did an even carbon in rat liver slices. 
Other laboratories (3,4,6,7} confirmed these findings. Ad- 
ditionally, Weinman et al. (8) found that more ~CO2 is 
generated by the citric acid cycle from [1-'4C]acetyl-CoA 
than from [2-'~C]acetyl-CoA, which would be derived from 
odd and even labeled fatty acid carbons, respectively. 

An alternate pathway in the liver for fatty acid-derived 
acetyl-CoA is toward acetoacetate synthesis. In 1944, 
Weinhouse et al. (9) reported that the incubation of 
[1-1~C]octanoate with rat liver slices produced aceto- 
acetate labeled equally in the carboxyl and carbonyl car- 
bons. Crandall et al. (10) showed that octanoate labeled 
in different carbon atoms gives rise to two different types 
of C2 units. It was proposed that all C~ units derived from 
a fatty acid chain, except the terminal C~ units from the 
methyl end, are metabolically equivalent (11). Subsequent 
studies (12-17) demonstrated that the omega-terminal C~ 
unit of fat ty acids labeled in odd and even numbered car- 
bons and of different chain lengths are preferentially in- 
corporated into ketone bodies. 

In the present investigation, we have looked in a single 
combined study at previously, but separately, studied 
phenomena to determine the contribution of each to the 
unequal distribution of labeled oxidation products from 
differentially labeled fatty acids. Additionally, these ex- 
periments bring to focus potential problems in the proper 
interpretation of data from labeled fatty acids in studies 
of fatty acid oxidation. These are problems that can lead 
to erroneous conclusions if the limitations of the method- 
ology are not understood. Our studies also allow us to 
comment on the suitability of differentially labeled fatty 
acids for the study of fat ty acid oxidation. 

MATERIALS AND METHODS 

Materials. ATP, NAD § coenzyme A, 3-hydroxybutyrate 
dehydrogenase, carnitine acetyl-transferase, malic de- 
hydrogenase, DTT (dithiothreitoll, MES [2-(N-morpho- 
linol ethanesulfonic acid], palmitic acid and Tris (trizma 
base} were purchased from Sigma Chemical Co. (St. Louis, 
MO). [1-'4C], [U-'4C], [16-14C]palmitate, [l-14C]octanoate 
and [1,4-1"C], [2,3-1~C]succinic acid were purchased from 
New England Nuclear (Boston, MA). [l-'4C]acetyl-CoA 
was purchased from ICN Biochemicals {Irvine, CA). 
Bovine albumin (CRG-7, fat ty acid-free) was from 
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Armour Pharmaceutical Co. (Tarrytown, NY). L-carnitine 
was generously provided by Dr. Yuzo Kawashima of the 
Otsuka  Pharmaceut ica l  Factory,  Inc. (Tokushima, 
Japan). Hydrofluor  was purchased from National Diag- 
nostics (Somerville, NJ). All other chemicals were reagent 
grade. 

Animals. Male Wistar rats (Charles River, Wilmington, 
MA) weighing 200-250 g at the time of use were main- 
tained on Purina Rat  Chow with free access to food and 
water. All animals were housed in rooms with controlled 
temperature and a 12 hr/12 hr, light/dark cycle (light from 
7 a.m. to 7 p.m.). 

Isolation and incubations of hepatocytes. Hepatocytes  
were prepared by the method of Berry  and Friend (18), 
modified as described by others (19,20). To determine 
whether hepatocytes  satisfied the criteria defined by 
Krebs et al. (20) for intact, metabolically active hepato- 
cytes, ATP was measured (21) on the cell preparations.  
Hepatocytes  (80-100 mg wet weight) were preincubated 
in a total  volume of 1.5 ml for 45 min at 37 C in Krebs- 
Henseleit  medium (22) containing 13.3 mM glucose, 
13.3 mM lactate, 2.7 mM pyruva te  and 1.3 mM L- 
carnitine under an atmosphere of 95% 02/5% CO2. Follow- 
ing preincubation, 0.5 ml of "C-palmitate/albumin com- 
plex in Krebs-Henseleit medium was added to a final con- 
centrat ion of 1.5 mM/4% (except where noted), bringing 
the final volume to 2.0 ml. Incubations after the addition 
of fa t ty  acid were carried out for 15 min. Previous studies 
have indicated tha t  this incubation sys tem yields linear 
rates of fa t ty  acid oxidation over the entire 15-min incuba- 
tion period (23). 

Isolation and incubation of liver mitochondria. Rat liver 
mitochondria were isolated from ad libitum-fed rats  as 
previously described (24,25). The final pellet was resus- 
pended in 0.25 M sucrose, 3 mM Tris/HC1 (pH 7.4 at 4 C) 
to provide a concentrat ion of ca. 20 mg of mitochondrial 
protein/ml. All mitochondrial preparations had a respira- 
tory  control ratio (26) above 5 with the substrates  5 mM 
glutamate  plus 5 mM malate. 

Mitochondria (ca. 5 mg of protein) were incubated at 
37 C in a sys tem of 94 mM sucrose, 60 mM KC1, 10 mM 
potassium phosphate,  5 mM Mg C12, 3 mM ATP, 20 t~M 
CoA, 1 mM DTT, 0.4 mM L-carnitine and 0.5 mM 
palmitate/1.5% albumin in a total  volume of 2 ml at a pH 
of 7.1-7.2. Incubations were carried out for 15 min, dur- 
ing which t ime rates of f a t ty  acid oxidation were linear 
(data not  shown). Protein was measured according to 
Lowry et al. (27) with modifications (28). 

Measurement of ~4C0~. Hepatocytes  and mitochondria 
were incubated with the respective labeled substra tes  in 
sealed flasks tha t  were fi t ted with centerwells contain- 
ing folded filter paper. After incubations were terminated 
by the injection of 0.2 ml of cold 62.5% citric acid, 0.2 ml 
of 20% KOH was injected into the center wells (29). The 
sealed flasks were incubated at 37 C for an additional 1 hr 
to trap '4CO~. The center wells were then removed and 
placed into scintillation vials containing I ml of H20 and 
10 ml of hydrofluor and were counted for radioact ivi ty 
in a liquid scintillation counter. 

Measurement of acid-soluble radioactivity and ~4C- 
ketone bodies. For the measurement  of acid-soluble 
radioactivi ty and ~C-ketone bodies, the reactions were 
terminated with 0.3 ml of cold 60% perchloric acid 
(HC10~). Acid-soluble radioactivi ty was determined on 
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hexane-washed perchloric acid extracts.  After  0.5 ml of 
the HC104 extracts  was removed for ~4C-ketone body 
determination, the remaining extracts  were washed with 
5 ml of hexane by vigorous shaking in t ight ly  capped 
culture tubes and were centrifuged at 500 • g for 10 min. 
The top hexane layer was carefully aspirated and dis- 
carded. The ext rac t  was then washed for a second time 
following the same procedure. Hexane extraction removes 
any remaining '~C-fatty acids. Aliquots of the washed ex- 
t rac t  were taken and counted for radioactivity.  Total  ox- 
idized products  refers to the sum of ~*CO2 plus the acid- 
soluble radioactivity.  

The determination of '~C radioactivity in ketone bodies 
was performed on neutralized (pH 6.0-6.5 with 4 M KOH, 
0.25 M MES) perchloric acid extracts  exactly by the 
method of Mewes et al. (30). This method allows for direct 
determination of radioactivity in the acetone and carboxyl 
moieties of acetoacetate after convert ing 3-hydroxy- 
bu ty ra te  to acetoacetate in the presence of NAD § and 
3-hydroxybutyrate dehydrogenase. After terminating the 
reaction with 5 N H~SO~, the acetoacetate formed was 
decarboxylated in sealed reaction vessels by heating to 
100 C. The released ~C-acetone and '4CO~ were t rapped 
in 1.5 ml of hydrazine lactate solution [10 ml of 90% DL- 
lactic acid + 4 ml of 100% hydrazine hydrate,  pH 5-5.5 
(30)] and 0.2 ml of 20% KOH, respectively, and counted 
for radioactivity. Statistical significance was determined 
using Student ' s  t- test  for unpaired data. 

RESULTS AND DISCUSSION 

The data in Table 1 demonstrate the differential distribu- 
tion of label between '4CO2 and acid-soluble radioactiv- 
i ty when isolated hepatocytes were incubated with [1-'4C], 
[U-'~C] and [16-~*C]palmitate. When expressed as a per- 
cent of total  oxidized products,  '~C02 production from 
[1-'~C] > [U-'4C] > [16-'~C]palmitate and the acid-soluble 
radioactivi ty from [16-'4C] > [U-'4C] > [1-'4C]palmitate. 
The total  recoveries of label in products  (14CO2 + acid 
soluble radioactivity) from [1-'~C] and [U-i~C]palmitate 
were not significantly different, indicating that  both were 
oxidized at the same rate, but  with different distribution 
of labeled carbon. Since ~4C-ketone body production from 
these fa t ty  acids was also the same, these data  suggest  
the difference was in the oxidation of labeled carbon enter- 
ing the citric acid cycle. An experiment was conducted 
to determine if the difference in label distribution to '~C02 
was the result  of a lag in the rate  of appearance of label 
in the even vs the odd carbon positions. We noted tha t  
the rate  of appearance of '~C02 from [1-14C] and 
[U-'~C]palmitate was linear throughout  a 10-min incuba- 
tion period, and the difference between the two labels (as 
observed in Table 1) was apparent  from the earliest t ime 
point {0.5 min) to the end of the incubation period (data 
not  shown). Therefore there is no lag in the appearance 
of label in the even vs the odd carbon positions, but  these 
data  do indicate tha t  the system was in isotopic s teady 
state. A single time point was measured in all subsequent 
experiments.  

The apparent rate of total oxidation of [16-1~C]palmitate 
was significantly less than [1-~C] and [U-'~C]palmitate, 
suggesting incompletely oxidation of the fa t ty  acids. This 
is in contrast  to earlier reports  (3,4) where the total  
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TABLE 1 

Distribution of Labeled Products from the Oxidation of [1-~C], [U'I4C] and [16-~C]Palmitate by Isolated Rat Hepatocytes 

Apparent rates of product production 
{nmol of '4C-fatty acid converted to products/min/g cells} 

'4C-Ketone bodies 
Acid-soluble Total 

Substrate '~C02 radioactivity oxidized products Total production '4C-Acetone:'4CO2 

1.5 mM [1-'4C]palmitate/4% albumin 

1.5 mM [U-'4C]palmitate/4% albumin 

1.5 mM [16-'4C]palmitate/4% albumin 

38.2 +_ 0.4 207.3 +_ 13.6 245.5 • 13.6 118.9 • 11.7 0.81 +_ 0.08 
(15.6 +__ 0.9%} {84.4 • 0.9%} {48.4 -4- 6.3%} 

15.6 • 0.7 217.3 • 15.5 232.9 +_ 15.5 a 115.3 _+ 0.1 a 2.91 • 0.12 
(6.7 + 0.5%} {93.3 _+ 0.5%) {49.2 • 4.4%} 

1.4 _+ 0.3 199.9 +_ 13.0 201.2 +_ 12.8 b,c 154.7 _+ 21.0b, c -- 
(0.7 +_ 0.2%} {99.3 +_ 0.2%} {76.9 _+ 9.7%} 

Values are the mean of at least three separate hepatocyte preparations • standard deviation. Values in parentheses represent the percent- 
age of total oxidized products. Following a 45-min preincubation, heptocytes were incubated for 15 min at 37 C with the indicated fatty 
acid substrate as described in Materials and Methods, 
aNot significantly different compared to [1-'4C]palmitate. 
bSignificantly different compared to [1-14C]palmitate; p < 0.01. 
cSignificantly different compared to [U-'4C]palmitate; p < 0.05. 

oxidation rates between [16-'~C] and [1-'4C]palmitate in 
isolated hepatocytes were found to be the same. A possi- 
ble explanation for this discrepancy is tha t  our incuba- 
tion conditions and cell concentration differed from those 
used in these earlier studies. 

Apparent  total  ketone body production from [16-'~C] - 
palmitate was much higher than that  of [1-'~C] and 
[U-'4C]palmitate. These findings are consistent with 
earlier reports {12-17} that  the last two carbons of fa t ty  
acids do not enter the acetyl-CoA pool but  rather go 
preferentially to ketone body production. If the last two 
carbons of the fa t ty  acid were preferentially incorporated 
into ketone bodies, these carbons would reside in the ter- 
minal methyl and carbonyl carbons of acetoacetate. That  
this occurs is supported by our observation that, in the 
presence of [1-'~C]palmitate, the '~C-acetone:l~CO~ ratio 
(the ratio of '4C-acetone:'~CO~ in the case of [1-'4C] - 
palmitate represents the distribution of label in the car- 
bonyl vs the carboxyl carbons of acetoacetate} was less 
than 1 (0.81}, suggesting a dilution of label in the carbonyl 
carbon of acetoacetate. The fact that  the'4C-acetone:"CO2 
ratio with [U-~4C]palmitate was approximately equal to 
the theoretical ratio of 3 provides support  for the valid- 
ity of this method in the present s tudy (see also Table 4). 

The data  of Table 1 also emphasize an important  con- 
sideration when using fa t ty  acids labeled in different car- 
bon positions to measure rates of fa t ty  acid oxidation. 
The calculation of true product  production rates from 
labeled fa t ty  acids requires that  three basic assumptions 
be met: (i} that  the labeled fa t ty  acids {with the excep- 
tion of those uniformly labeled} be completely oxidized; 
(ii} that  all the labeled carbon undergoing p-oxidation 
enter a common acetyl-CoA pool before utilization (again, 
not  a requirement of [U-'4C]palmitate}, and {iii) tha t  all 
labeled carbon, regardless of position, demonstrate  the 
same distribution in the various products. Our data  
clearly show that  these assumptions are not completely 
satisfied for any of the fa t ty  acids used in these studies. 
Therefore, this must  be considered when measuring rates 

of production of the individual products. In reference to 
this consideration, we have termed product  production 
rates as "apparent"  (see Tables 1 and 4}. Since the data  
with [16-'4C]palmitate indicate tha t  the oxidation is not 
complete, we have chosen to compare the distribution of 
labeled carbon between the differentially labeled fa t ty  
acids as a percent of total oxidized products (parentheses 
in Tables 1 and 4}. 

The experiments of Table 2 were conducted to deter- 
mine whether the distribution of labeled products as 
shown in Table 1 could be explained, in part, by the posi- 
tion of the label in the fa t ty  acid. We observed that  '4CO2 
production from [2,3-'4C]succinate was only 9.1% of tha t  
from [1,4-'4C]succinate, a value that  compares very 
favorably with tha t  reported by Bessman et al. {31}. I t  
is known that  several turns through the citric acid cycle 
would be required to convert  all the label in [2,3-'4C]suc - 
cinate to "CO2, compared to one turn for [1,4-'4C]suc- 
cinate. In addition, Zaidise et al. (32} showed that  about 
95% of succinate utilized by hepatocytes does not com- 
plete one full turn through the citric acid cycle. Since 
[2,3-~4C]succinate would be derived from labeled carbon 
in the even position of the fa t ty  acid ([U-14C] and 
[16-14C]palmitate) and [1,4-~4C]succinate from labeled car- 
bon in the odd position ([1-'~C] and [U-'4C]palmitate}, 
these data support  the conclusion that  the differences in 
the label distribution between [1-1~C], [U-'~C] and 
[16-14C]palmitate are at least partially due to less 14CO2 
production from label in the even carbon positions of the 
fa t ty  acid, with consequently more label remaining in the 
acid-soluble fraction. 

However, if this were the only explanation, then based 
on the labeled succinate data one would expect ~C02 from 
[U-~4C] and [16-'~C]palmitate to be ca. 55% (50% + 0.5 X 
9.1%} and 9.1%, respectively, of tha t  from [1-'4C]palmi - 
tate {expressing ~CO~ as a percentage of total  oxidized 
products}. '~CO~ production from these fa t ty  acids was 
less than expected (42.9% and 4.4%, respectively}, in- 
dicating that  other factors are involved in determining 

LIP~DS, VoL. 22, No, 9 (1987) 



LABELED PRODUCTS FROM ['~C]PALMITATE OXIDATION 

623 

TABLE 2 

Comparison of "CO~ Production from Labeled Fatty Acid and Succinate by Isolated Hepatocytes 

Substrate 

'4CO~ as 
percentage of total DPM recovered 
oxidized products b as '~CO~ 

'~CO~ production as % of ~4CO~ a 

From [L'"C]palmitate From [1,4-'~C]succinate 

1.5 mM [1-''C]palmitate/4% albumin 
1.5 mM [U-'"C]palmitate/4% albumin 
1.5 mM [16-'"C]palmitate/4% albumin 
1.5 mM palmitate/4% albumin and 

trace [1,4-'~C]succinate c 
1.5 mM palmitate/4% albumin and 

trace [2,3-~C]succinate c 

15.6 +_ 0.7% -- 100 -- 
6.7 _+ 0.5% -- 42.9 -- 
0.7 _+ 0.2% -- 4.4 -- 

-- 90,167 ___ 8,798 -- 100 

-- 8,214 _+ 298 -- 9.1 

Values from succinate experiments are the average of two experiments _+ the range. Each experiment was conducted with triplicate in- 
cubations utilizing the same hepatocyte preparations of Table 1. Following a 45-rain preincubation, hepatocytes were incubated for 15 
min at 37 C with the indicated fatty acid and succinate substrate as described in Materials and Methods. 
aCalculations were based upon the values for '4CO~ from [l-'4C]palmitate and [1,4-'4C]succinate of columns one and two, respectively. 
bData taken from Table 1. 
cSpecific activities of [1,4-'4C] and [2,3-'~C]succinate were identical. 

the distr ibution of labeled products  between ~4CO~ and 
the acid-soluble pool. Taken together  with the da ta  of 
Table 1, it seems likely tha t  the preferential  use of the 
omega- terminal  C~ unit  for ketone body synthesis  pro- 
vides an additional explanat ion for the differential 
distr ibution of labeled products .  

H u t h  et al. {33) demons t ra ted  tha t  the [14C]carbonyl/ 
[~C]carboxyl ratio of acetoacetate from [1-'~C] fa t ty  acids 
was highest  {approaching 1.0) in animals  with metabolic  
s ta tes  characterized by high rates  of ketone body produc- 
tion. They indicated tha t  changes in this rat io were 
posit ively correlated to changes in the act ivi ty  of 
acetoacetyl-CoA thiolase in the reverse reaction. In other 
words, under metabolic s tates yielding low rates of ketone 
body production, the activity of acetoacetyl-CoA thiolase 
would be tow and unable to equil ibrate acetoacetyl-CoA 
{generated in g-oxidation from the last  four carbons of the 
fa t ty  acid) with the acetyl-CoA pool, and thus there would 
be direct use of the omega- terminal  C4 unit  of the f a t t y  
acid for acetoaceta te  synthesis .  With  [1-"C]palmitate,  
this would result  in the unlabeled omega-terminal  C~ unit  
being incorporated into the carbonyl  carbon of aceto- 
aceta te  wi thout  first  enter ing the common acetyl-CoA 
pool, causing a lower "C-acetone:~4CO~ ratio. 

To determine if this rat io would va ry  with respect  to 
ra tes  of f a t ty  acid oxidation in isolated hepatocytes  from 
animals in a single metabolic  state,  bu t  incubated under 
different conditions {high f a t ty  acid concentrat ion +_ 
gtucagon and low fa t ty  acid concentration}, the ex- 
per iments  repor ted in Table 3 were conducted. In agree- 
ment  with the observat ions of Hu th  et al. {33), these da ta  
show tha t  the ra te  of f a t ty  acid oxidation in hepatocytes  
is posit ively correlated with the 14C-acetone:14CO~ rat io 
of acetoacetate.  Even  though this relat ionship is not  
s ta t is t ical ly  significant with the small sample size, there 
is clearly a t rend for a decreasing rat io with a decrease 
in oxidation rate. These da ta  provide additional evidence 
tha t  the ~*C-acetone:'~CO2 rat io reflects the degree of 
preferential  incorporat ion of the omega- terminal  C2 unit  
of the f a t t y  acid into ketone bodies. 

The da ta  in Table 4 show the distr ibution of labeled 
products from the oxidation of [1-14C], [U-~'C] and [16-~4C] - 
pa lmi ta te  in isolated ra t  liver mitochondria.  The '4CO2 
from 14C-palmitate was much less, as a percentage of the 
total  oxidized products, than tha t  seen in isolated hepato- 
cytes {Table 1), indicating tha t  acetyl-CoA generated from 
fa t ty  acid oxidation in the absence of other subs t ra tes  
is directed principally toward ketone body synthesis.  
However,  as seen with hepatocytes  ITable 1), 1~CO2 from 
[1-'~C]palmitate is grea ter  than  tha t  from [U-"C] and 
[16-~C]palmitate. Unlike hepatocytes ,  '4C-ketone body 
synthesis, as a percent of total  oxidized products, was not 
grea ter  with [16-'~C]palmitate. This could be explained 
by the fact tha t  the majori ty  of label in these experiments  
is directed to ketone body synthesis,  whether  from the 
acetyl-CoA pool or the terminal  C2 unit  of the f a t t y  acid. 
The '4C-acetone:'~CO~ rat io of 0.79 for [1-'~C]palmitate 
does, however, suppor t  preferential  use of the omega- 
terminal  C2 unit. 

In  isolated mitochondria  {Table 4), both  the to ta l  ox- 
idation of [U-~4C]palmitate and [16-'4C]palmitate were 
significantly less than  tha t  of [1-'4C]palmitate. The da ta  
indicate tha t  21% of the f a t t y  acid carbon enter ing g- 
oxidation was not completely oxidized to CO~ or acid- 
soluble f ragments  {1 - {total oxidized products  f rom 
[U-'4C]palmitate/total oxidized products  f rom [1-~4C] - 
palmitate)}. Additionally, it can be calculated tha t  45% 
of the f a t ty  acids entering/~-oxidation were incompletely 
oxidized down to acid-insoluble f ragments  containing car- 
bon 16 {1 - (total oxidized products  f rom [16-'4C]palmi - 
ta te / to ta l  oxidized products  from [1-'~C]palmitate)}. Con- 
sidering these two points  together,  it can be s ta ted  tha t  
at  the end of the incubation, 21% of the f a t ty  acid car- 
bon s ta r t ing  ~-oxidation remained in acid-insoluble 
f ragments  containing 45 % of the s ta r t ing  carbon 16. The 
average  length of these acid insoluble f ragments  can be 
calculated f rom the relationship, 0.21 = 0.45x, where x 
is the average  fractional length of the f ragment ,  or ca. 
0.5. Therefore, for a 16 carbon fa t ty  acid, the average frag- 
ment  length would be 8. 
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TABLE 3 

Influence of the Rate of Fat ty  Acid Oxidation on the Ketone Body Acetone:CO~ Ratio in Isolated Hepatocytes  

nmol [1-'~C]Palmitate converted to Ketone body 
Substrate total oxidized products/min/g cells '~C-acetone:~CO~ ratio a 

1.5 mM [1-'~C]Palmitate/b 
4% albumin + 2 gM glucagon 292.5 • 51.0 0.92 • 0.05 

1.5 mM [1-'~C]Palmitate/c 
4% albumin 245.5 • 13.6 0.81 + 0.08 

0.5 mM [1-"C]Palmitate/d 
4% albumin 50.7 _ 8.8 0.74 • 0.11 

Values are expressed as the mean of at least three separate hepatocyte preparations • standard deviation. 
aA correlation coefficient of 0.889 was determined by linear regression analysis of the data, indicating the influence of the rate of total 
oxidation on the ketone body '4C-acetone:'4CO2 ratio. 
bFollowing a 45-min preincubation in the presence of 1 ~M glucagon and 1.33 mM L-carnitine, hepatocytes were incubated for 15 min 
at 37 C with 1.5 mM [l-'~C]palmitate plus an additional 1 t~M glucagon. 
CData taken from Table 1. 
dFollowing a 45-min preincubation in the presence of glucose, lactate, pyruvate, and carnitine, as described in Materials and Methods, 
hepatocytes were incubated for 15 min at 37 C with 0.5 mM [l-'~C]palmitate. 

TABLE 4 

Distribution of Labeled Products from the Oxidation of [1-'4C], [U-14C] and [16-'~C]Palmitate in Isolated Rat Liver Mitochondria 

Apparent rates of product production 
(nmol converted to products/min/mg mitochondrial protein) 

'4C-Ketone bodies 
Acid-soluble Total 

Substrate '4CO2 radioactivity oxidized products Total production '4C-Acetone:'4CO~ 

0.5 mM [1-'4C]Palmitate/1.5% albumin 

0.5 mM [U-'~C]Palmitate/1.5% albumin 

0.5 mM [16-'4C]Palmitate/1.5% albumin 

0.07 • 0.01 5.38 • 0.41 5.45 • 0.41 3.45 • 0.28 0.79 • 0.10 
(1.3 • 0.0%) {98.8 • 0.1%) (63.4 • 5.6%) 

0.03 • 0.01 4.30 • 0.34 4.33 • 0.34 a 2.86 +_ 0.49 3.06 • 0.49 
(0.7 • 0.1%} (99.4 • 0.1%) {66.0 _ 6.0%} b 

0.01 • 0.00 2.97 • 0.42 2.98 • 0.42c, d 1.86 • 0.23 
(0.3 • 0.1%) (99.7 • 0.0%) (62.4 • 4.7%) b 

Values are the mean of three separate mitochondrial isolations • standard deviation. Values in parentheses represent the percent of total 
oxidized products. Mitochondria were incubated for 15 min at 37 C with the indicated fatty acid substrate as described in Materials and 
Methods. 
aSignificantly different compared to [1-'~C]palmitate; p < 0.05. 
bNot significantly different compared to [1-'4C]palmitate. 
cSignificantly different compared to [1-'4C]palmitate; p < 0.01. 
dSignificantly different compared to IU-'~C]palmitate; p < 0.05. 

I t  is i n t e r e s t i n g  to no te  t h a t  oc tanoic  acid and  i ts  CoA 
and  ca rn i t ine  es ters  have  been  repor ted  to be only  par- 
t ia l ly  acid-soluble (34). We have found  t h a t  hexane  
wash ing  of perchloric acid ext rac ts ,  unde r  our  condi t ions  
for p r epa r ing  the  acid soluble fract ion,  r esu l t ed  in  a loss 
of ca. 90% of labeled oc tanoa te  {data no t  shown). Thus ,  
f a t t y  acid f r a g m e n t s  of 8 or more ca rbons  would  no t  be 
de tec ted  in  the acid-soluble fract ion.  Since perox isomal  
p-oxidat ion would  specifically genera te  8 ca rbon  frag- 
m e n t s  (acyl moiet ies  of 8 or fewer ca rbon  a toms  are no t  
oxidized by  peroxisomes [35]), our da t a  is cons i s t en t  wi th  
the  sugges t i on  t h a t  incomple te  ox ida t ion  of p a l m i t a t e  
obse rved  in  our  s tud ies  was caused,  a t  l eas t  to some ex- 
tent ,  by  an i n a d e q u a t e  mi tochondr i a l  deg rada t i on  of 

perox isomal  ox ida t ion  products .  Vee rkamp has made  
s imi lar  conclus ions  based  u p o n  work in cell-free s y s t e m s  
(2}. As we observed  in Tab les  1 and  4, one m i g h t  expect  
f rom the  above d i scuss ion  t h a t  the  differences be tween  
to ta l  ox ida t ion  of [1-'4C], [U-'4C] and  [16- '*C]palmitate 
would  be grea te r  in  i so la ted  mi tochondr i a  t h a n  in 
hepatocytes ,  since the  abi l i ty  to t r ans fe r  peroxisomal  ox- 
ida t ion  p roduc t s  to m i t o c h o n d r i a  should be d imin i shed  
in  the  mi tochondr i a l  sys tem.  However,  f rom our  data ,  i t  
c anno t  be ruled out  t h a t  some, if no t  all, of the differences 
be tween to ta l  oxidat ion of differentially labeled pa lmi ta te  
were due to incomple te  mi tochondi ra l /~-oxida t ion .  

The d a t a  in  Tab le  5 show the  d i s t r i b u t i o n  of labeled 
p roduc t s  from the oxida t ion  of [1- '*C]acetylcarnit ine and  
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TABLE 5 

Distribution of Labeled Products from the Oxidation of ]l-'~C]Acetylcarnitine and [1-'4C]Palmitate in Isolated Rat Liver Mitochondria 

DPMs recovered as products 

Substrate '4CO2 '4C-Ketone bodies '4CO2:'4C-Ketone bodies 

0.5 mM Palmitate/1.5% albumin 
and trace [1-'4C]acetyl-CoA 
plus 5.3 units of carnitine 
acetyltransferase [EC 2.3.1.7] 

0.5 mM [1-14C]Palmitate/1.5% albumin 
plus 5,3 units of carnitine 
acetyltransferase 

440 • 13 16,404 • 6,049 0.027 • 0.012 

1,010 • 6 43,642 • 4,087 0.023 • 0.002 

Values are the mean of three replicates • standard deviation from a representative experiment. Mitochondria were incubated for 15 min 
at 37 C with the indicated substrates. [1-14C]Acetylcarnitine was produced during the incubation by the addition of [1-14C]acetyl-CoA 
and carnitine acetyltransferase. 0.25 gCi of [l-'4C]acetyl-CoA was added. 

[1-'4C]palmitate in isolated ra t  liver mitochondria.  By  
measuring label appearing in '*CO~ and '*C-ketone bodies, 
we were able to determine whether  acetyl-CoA generated 
extramitochondrially by peroxisomal oxidation and trans- 
por ted into the mitochondria  enters  the common acetyl- 
CoA pool or is preferential ly directed toward  the citric 
acid cycle. The la t ter  possibili ty could offer an additional 
explanation for the higher rates  of ~CO~ production f rom 
[1-'~C] relative to [U-14C] and [16-'*C]palmitate and f rom 
[U-~C] relative to [16-~*C]palmitate. The da ta  show, how- 
ever, tha t  both  intra- and extramitochondrial ly generated 
acetyl-CoA are used equivalently,  as indicated by  the 
l'CO~:'4C-ketone body ratios. This is in support  of a single 
common acetyl-CoA pool. Even though the da ta  of Table 
4 sugges t  some contr ibut ion of peroxisomal  oxidation to 
the overall rate,  this does not  appear  to be involved in 
explaining the differential dis tr ibution of labeled oxida- 
tion products. These da ta  also argue against  the preferen- 
tial use of acetyl  uni ts  f rom the Carboxyl terminal  of 
[1-'~C]palmitate in the citric acid cycle. 

CONCLUSIONS 

The differential distr ibution of labeled products  between 
[1-'4C], [U-I~C] and [16-1~C]palmitate in isolated ra t  
hepatocytes  and liver mitochondria  can be explained 
(i) for the mos t  par t  by  the difference in ~4CO~ production 
f rom label in the odd or even carbon posit ions of f a t t y  
acid-derved acetyl-CoA entering the citric acid cycle and 
{ii} by the preferential incorporation of the omega-terminal 
C~ unit of fa t ty  acids into ketone bodies, tiii) The data  sup- 
por t  a single common mitochondrial  acetyl-CoA pool 
regardless of whether the acetyl units are produced intra- 
or extramitochondrially.  Therefore, the da ta  are not con- 
s is tent  with an involvement  of peroxisomal  oxidation in 
the differential dis tr ibution of labeled products .  

F rom these exper iments  we are also able to comment  
on the use of differentially labeled f a t t y  acids for the 
s tudy  of f a t t y  acid oxidation: {i} The use of [U-'4C]fatty 
acids gives the mos t  accurate  measurement  of both  the 
overall ra te  and extent  of ~-oxidation, part icular ly in 
mitochondrial  and other cell-free sys tems  in which oxida- 
t ion may  not  be complete. I t  also bes t  reflects incorpora- 
t ion of carbon into ketone bodies. However,  citric acid 

cycle involvement  would be underes t imated.  {ii} Use of 
[1-14C]palmitate in our hepatocyte sys tem gave data quite 
similar to [U-'4C]palmitate and more closely reflects citric 
acid cycle activity.  IHowever,  since cycle in termedia tes  
are continuously removed in a cellular system,  it is un- 
likely tha t  '*CO~ product ion ever quant i ta t ive ly  reflects 
flux through this pathway.} Therefore, f rom a pract ical  
point  of view, based on expense and availability, 
[1-'~C]fatty acids would be a be t te r  choice for studies of 
fa t ty  acid oxidation in cells. In cell-free systems,  however, 
one mus t  consider the fact  tha t  f a t ty  acid oxidation is 
p robably  not  complete. I t  is clear f rom our da ta  and tha t  
of others (2) that ,  regardless of the sys tem or t issue used, 
one should always measure  bo th  1'CO~ and acid-soluble 
radioact iv i ty  to determine accurate  ra tes  of total  f a t t y  
acid oxidation, liii) The use of [16-'~C]palmitate, or other 
omega-terminal labeled fa t ty  acids for measuring the rate  
of f a t ty  acid oxidation, is inappropr ia te  due to the in- 
complete  oxidation of f a t ty  acids, especially in cell-free 
systems.  I t s  use would also grossly underes t imate  '4CO~ 
production and overest imate  l~C-ketone body production. 
However,  combined with da ta  obtained f rom [1-'~C] and 
[U-14C]fatty acids, useful informat ion on the degree of 
complete oxidation may  be obtained, as i l lustrated in 
discussions above. 
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Cholesterol Autoxidation in Phospholipid Membrane Bilayers 
Alex  Sevanian* and Laurie L. McLeod 
Institute for Toxicology and Department of Pathology, University of Southern California, School of Pharmacy, Los Angeles, California 

Lipid peroxidation in unilamellar liposomes of known 
cholesterol-phospholipid composition was monitored 
under conditions of autoxidation or as induced by a super- 
oxide radical generating system, ),-irradiation or cumene 
hydroperoxide. Formation of cholesterol oxidation prod- 
ucts was indexed to the level of lipid peroxidation. The 
major cholesterol oxidation products identified were 7- 
keto-cholesterol, isomeric cholesterol 5,6-epoxides, iso- 
meric 7-hydroperoxides and isomeric 3,7-cholestane diols. 
Other commonly encountered products included 3,5- 
cholestadiene-7-one and cholestane-3p,5a,6/~-triol.  
Superoxide-dependent peroxidation required iron and pro- 
duced a gradual increase in 7-keto-cholesterol and choles- 
terol epoxides. Cholesterol oxidation was greatest in 
liposomes containing high proportions of unsaturated 
phospholipid to cholesterol (4:1 molar ratio}, intermediate 
with low phospholipid to cholesterol ratios (2:1} and least 
in liposomes prepared with dipalmitoylphosphatidyl- 
choline and cholesterol. This relationship held regardless 
of the oxidizing conditions used. Cumene hydroperoxide- 
dependent lipid peroxidation and/or more prolonged ox- 
idations with other oxidizing systems yielded a variety 
of products where cholesterol-5/L6p-epoxide, 7-ketocho- 
lesterol and the 7-hydroperoxides were most consistently 
elevated. Oxyradical initiation of lipid peroxidation pro- 
duced a pattern of cholesterol oxidation products dis- 
t inguishable from the pattern derived by eumene 
hydroperoxide-dependent peroxidation. Our findings in- 
dicate that cholesterol autoxidation in biological mem- 
branes is modeled by the peroxide-induced oxidation of 
liposomes bearing unsaturated fatty acids and suggest 
that a number of cholesterol oxidation products are de- 
rived from peroxide-dependent propagation reactions oc- 
curring in biomembranes. 
Lipids 22, 627-636 (1987). 

The oxidation of cholesterol in biological systems has 
received considerable a t tent ion for many years. There is 
general agreement tha t  cholesterol oxidation in cells can 
result  from enzymatic  processes, as well as from free 
radical-mediated membrane lipid peroxidation (1,2}. The 
7a-hydroxylation of cholesterol during bile acid synthesis 
(3) is an example of microsomal cytochrome P-450 cata- 
lyzed oxidation. In the presence of its cofactors N A D P H  
and O2, cytochrome P-450 monooxygenase catalyzes 
peroxidation of microsomal lipids {4-6}. This lipid perox- 
idation is accompanied by cholesterol autoxidation with 

*To whom correspondence should be addressed at the Institute for 
Toxicology, University of Southern California, School of Pharmacy, 
1985 Zonal Ave., Los Angeles, CA 90033. 
Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; TBAR, thiobarbituric acid-reacting products; CuOOH, 
cumene hydroperoxide; HX, hypoxanthine; ADP, adenosine 
diphosphate; XO, xanthine oxidase; SOD, superoxide dismutase; 
TLC, thin layer chromatography; 7-keto, cholest-5-ene-3f#ol-7-one; 
3,5-diene, 3,5-cholestadiene-7-one; a-CE, cholestan-5a,6a-epoxy-3f3- 
ol; CT, 5a-6f3-triol; 7-OOH, 3f~-hydroxycholest-5-ene-7a-hydroperoxide; 
g-CE, cholestan-5fL6~-epoxy-3/~-ol; HPLC, high pressure liquid 
chromatography; DPPC, dipalmitoylphosphatidylcholine; PI, peroxo 
idizability index. 

the formation of several products, including the isomeric 
cholest-5-ene-3fL7f3- and cholest-5-ene-3/L7a-diols (3,7-diols) 
{4,5}, with the lat ter  contr ibuting to the enzymatical ly 
derived cholest-5-ene-3~,7a-diol (3). 

Free radical oxidation of cholesterol yields several prod- 
ucts tha t  are commonly encountered in tissues and 
microsomal preparations. The radical species responsible 
for cholesterol oxidation appear to derive from activated 
oxygen. Accordingly, specific radical generating systems, 
or defined dioxygen species, have been employed in 
cholesterol oxidation studies using membraneous and 
nonmembraneous preparations {7-12}. Moreover, acti- 
va ted  oxygen appears to be generated by cytochrome 
P-450 monoxygenase {13,14} with the induction of lipid 
peroxidation (14) and cholesterol oxidation {15}. 

A quali tat ive similarity is apparent  among cholesterol 
oxidation products  formed in several artificial systems 
as well as those isolated from peroxidized biomembranes. 
In many cases, the nature  of oxidizing species remains 
ill defined, or in those instances where defined species 
were utilized, the matr ix  within which cholesterol oxida- 
tion took place differed from the organized state  of lipids 
in biomembranes. A thorough review of cholesterol ox- 
idation products  formed in aqueous colloidal solutions vs 
products  isolated from natural  sources is presented by 
Smith (16}. 

Oxidation of cholesterol in model membranes has 
recently been described for iron-catalyzed {10,11} and 
hydrogen peroxide- or ultraviolet  l ight- induced autox- 
idations (17). These studies employed long periods of im- 
posed oxidation {up to 24 hr) and utilized phospholipids 
containing varying degrees of unsaturat ion.  The model 
membranes were in the form of large multilamellar 
vesicles in two reports  {10AD and small unilamellar 
vesicles in the other {17}. In the former studies the mem- 
brane arrangement  likely permit ted direct access of 
oxidants  generated in the aqueous phase to only a small 
proport ion of lipids. The later s tudy was concerned 
primarily with the stabil i ty of cholesterol and the effect 
of antioxidants,  whereas little a t tent ion was given to 
product  formation. 

In this report  the identities of the major detectable ox- 
idation products  of cholesterol in unilamellar vesicles 
{liposomes) are described. In addition, specific free radical 
generating systems have been used to induce lipid perox- 
idation with subsequent  examination of cholesterol ox- 
idation products.  These liposomes afford a reasonably 
exact formulation of lipid composition permit t ing a 
measure of control over the mode and extent  of perox- 
idation, conditions tha t  are not readily achieved using 
membranes from cells. 

MATERIALS AND METHODS 

Chemicals and reagents. Bovine liver phosphatidylcholine 
{PC) and phosphatidylethanolamine (PE) were purchased 
from Sigma {St. Louis, MO), and the solvents in which 
they were delivered were evaporated under a s t ream of 
argon. These lipids were then stored in methylene chloride 
at a concentrat ion 5 mg/ml under argon at - 8 0  C. 
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Various batches of these phospholipids were assayed for 
their content of thiobarbituric acid-reacting products 
(TBAR), and only samples containing no TBAR were used 
to prepare liposomes. Cumene hydroperoxide (CuOOH) 
and hypoxanthine (HX) were obtained from Aldrich 
(Milwaukee, WI); and cholesterol, adenosine diphosphate 
(ADP), xanthine oxidase (XO), bovine erythrocyte super- 
oxide dismutase (SOD) and hematin were purchased from 
Sigma. 4['4C]-Cholesterol was obtained from Amersham 
(Arlington Heights, IL) and repurified on a monthly basis 
by thin layer chromatography (TLC) as previously 
reported (18) to remove cholesterol oxidation products. 
A similar procedure was used to purify unlabeled choles- 
terol obtained from Sigma. The absence of cholesterol ox- 
idation products was confirmed by gas and thin layer 
chromatography (19). The levels of cholesterol oxidation 
products were typically below our limits of detection. 

Authentic cholesterol oxidation products: 3,7-diols, 
cholest-5-ene-3p-ol-7-one (7-keto), 3,5-cholestadiene-7-one 
(3,5-diene), cholestan-5a,6a-epoxy-3p-ol (a-CE) and 
25-hydroxycholesterol were obtained from Sterloids 
(Wilson, NH). a-CE was found to be contaminated with 
1% and 3% cholestan-3p,5a,6p-triol (CT) and cholesterol, 
respectively, and was further purified as described 
previously (20). CT was purchased from Sigma and was 
chromatographically pure. 3~-hydroxy-5a-cholest-6-ene- 
5a-hydroperoxide and 3/3-hydroxycholest-5-ene-7a- 
hydroperoxide (7-OOH) were provided by Dr. Leland 
Smith. Cholestan-5p,6p-epoxy-3/~-ol (/3-CE) was prepared 
by reaction of cholesterol with metachloroperoxybenzoic 
acid in ether, as described previously (20). This reaction 
produces ca. 75% and 25% of the a- and/3-CE diastereo- 
mers, respectively, requiring purification of/3-CE by high 
pressure liquid chromatography (HPLC) (20). 

Liposome preparation. Three different phospholipid for- 
mulations were used for preparing liposomes. These for- 
mulations were based on the type or proportions of 
phospholipids and consisted of either pure dipalmitoyl- 
phosphatidylcholine (DPPC), bovine liver PC or a mix- 
ture of PC and bovine liver PE in a molar ratio of 4:1. 
The phospholipids were mixed with cholesterol as 
methylene chloride solutions in quantities sufficient to 
achieve final desired molar ratios of phospholipid to 
cholesterol of either 2:1 or 4:1. At this point, a total of 
8 ~Ci (at 56 ~Ci/~mol) of radiolabeled cholesterol was 
added to the sample. For a typical experiment, a total of 
35 mg of lipid was mixed, and the solvent was evaporated 
under a stream of argon. The resulting film was sus- 
pended by vigorous mixing for 1 min in 2.4 ml of cold 
argon-saturated 10 mM Tris buffer containing 150 mM 
KC1 at pH 7.4. The suspension was then transferred under 
an atmosphere of argon to a screw-cap polycarbonate 
tube. The lipid suspension was sonicated for 10-15 min 
in a cup-horn using a Heat Systems-Ultrasonics W-225R 
sonifier at a power setting of 20. The temperature 
throughout this period was maintained at 30 C (with the 
exception of DPPC liposomes, which were maintained at 
38 C) using a circulator bath. The sample was then cen- 
trifuged for 30 min at 65,000 • g at 4 C. The superna- 
tant was recovered for further use. All procedures were 
carried out under subdued light. The amount of phospho- 
lipid in each preparation was assayed by phosphorus 
determination (21}. Confirmation of the ratio of PC and 
PE was accomplished by extraction and resolution of the 

phospholipids via TLC (22), recovery of phospholipids and 
measurement by phosphorus analysis (21). Cholesterol 
content was verified by HPLC as detailed. 

Peroxidation of liposomes. The three types of liposomal 
preparations described were incubated in the presence of 
one of the four oxidizing systems described here. Incuba- 
tions under these oxidizing conditions were carried out 
using 2.5 mg of lipid per sample suspended in a total 
volume of 1.0 ml Tris buffer. 

(i) Autoxidation of the liposomes involved dispersing 
aliquots into aerated Tris buffer followed by incubation 
in a shaking water bath (80 oscillations/min) for intervals 
up t o 4 h r  at 37C. 

(ii) A standard enzymatic O;-generating system was 
used. This involved additions of ADP-Fe § (prepared by 
premixing ADP and FeSO, in water at a ratio of 12:1), 
where the final concentrations were 120 and 10 t~M, 
respectively. The ADP-Fe § complex is known to autox- 
idize rapidly in water yielding ADP-Fe § (23,24). Incuba- 
tions were begun by successive additions of 0.50 units 
XO and 500 t~M HX (final concentration). Incubations of 
these and all other samples were as described for the 
autoxidation experiments noted above. Under these con- 
ditions, Oi generation, as measured via cytochrome C 
reduction (25), remained linear for 15 rain at a rate of 
1.9 ~mol/min and subsided by 20 min. Prolonged incuba- 
tions (i.e., intervals as long as 3 hr) are presumed to repre- 
sent oxidations other than those induced by enzymat- 
ically generated oxyradicals. The dependence of lipid 
peroxidation on O~ formation was confirmed in 
preliminary experiments in which >85% of lipid perox- 
idation was prevented by the addition of 50 ~g of SOD. 
Inhibition of lipid peroxidation by SOD indicates that O~ 
is fulfilling the dual role of maintaining iron in its reduc- 
ed and catalytically active state and yielding secondary 
oxidizing species (26). 

(iii) Cumene hydroperoxide (200 ~M) and 50 ~M 
hematin, prepared as described previously (27), were 
added to the liposome suspensions. Incubations were ini- 
tiated by addition of a 100 ~l sonicated solution of 
CuOOH in Tris buffer. 

(iv) Irradiation using a 6~ source was carried out by 
adding 200 ~l samples of liposomes to 800 tA of distilled 
water (pH 7.0) in borosilicate screw-cap test tubes. The 
tubes were sealed under air or N20 (20-min purging of 
samples in a glove bag) prior to subjecting the samples 
to ),-irradiation. The dose rate of our radiation source was 
4.87 Gy/min, and samples were irradiated for set inter- 
vals up to 120 min. 

Analysis of cholesterol oxidation products. At fixed 
time intervals, the incubations were terminated by remov- 
ing 100 t~l aliquots for determination of TBAR (28) and 
immediately thereafter adding 7 vol of chloroform/meth- 
anol (2:1, v/v) to the remaining sample. The mixture was 
briefly centrifuged to separate the organic phase, which 
was collected and saved. The upper aqueous phase was 
reextracted as above, and the organic phases were pooled 
and evaporated under nitrogen. Using this method, >98% 
of the radioactivity in all samples was extracted. 

The dried lipids were suspended in 1.0 ml argon 
saturated toluene/ethyl acetate (3:2, v/v) and applied to 
3-ml solid phase "Diol" extraction columns (Analytichem 
Corp., Harbor City, CA) conditioned with the same sol- 
vent. Eluents were collected under mild vacuum suction, 
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and the columns were washed with another 2 ml of 
toluene/ethyl acetate. The combined eluents were immedi- 
ately evaporated under nitrogen and saved in hexane/ 
benzene (95:5, v/v) under argon at - 8 0  C. Using this tech- 
nique, >99% of the radioactivity associated with cholesterol 
or its oxidation products was recovered. The columns were 
subsequently eluted with methanol to collect the phospho- 
lipids. No radioactivity was present in this fraction. 

In some experiments,  an aliquot of the toluene/ethyl 
acetate eluent Icholesterol fraction) was removed for TLC 
as described previously (18). This was done to isolate 
cholesterol and CT, the lat ter  not being suitably resolved 
by the HPLC method described below. The identi ty of 
CT was confirmed using an authentic nonradiolabeled 
s tandard applied along with each sample. The details for 
recovering and measuring CT by TLC are presented 
elsewhere (18}. The radioactive zones corresponding to 
cholesterol and CT were scraped from the plates, and the 
level of radioact ivi ty in each sample was determined by 
liquid scintillation spectrometry.  

The remainder of each cholesterol fraction was reduced 
to a 100-t~l volume, of which 20 ~l was subjected to HPLC. 
HPLC of cholesterol and its oxidation products  was per- 
formed with a Perkin Elmer Series 4 liquid chromato- 
graph fi t ted with two 3-t~ particle size 100 • 4.6 mm col- 
umns tChromanetics, Inc., Jessup, MD) in series that  were 
eluted isocratically with hexane/isopropanol (95.8:4.2, v/v) 
at a flow rate of 1.5 ml/min. Detect ion of peaks was ac- 
complished with an Erma  Instruments  differential refrac- 
tometer. The eluent was subsequently delivered to a frac- 
tion collector set at 15-sec sampling intervals. The col- 
lected samples were then measured for radioact ivi ty by 
liquid scintillation spectrometry.  Using this approach, a 
radioact ivi ty chromatogram was superimposed on the 
refractive index chromatogram of authentic cholesterol 
oxidation s tandards added to the samples prior to injec- 
tion. A representat ive refractive index chromatogram of 
cholesterol and several oxidation products  is shown in 
Figure 1. 

The cholesterol content in each sample was determined 
following the chromatographic run using an external stan- 
dard method. Corrections for variations in recovery were 
based on the radioactive counts in the original sample and 
the total radioactivity measured after HPLC {i.e., the sum 
of the radioact ivi ty in all collected fractions}. Recoveries 
ranged from 86 to 96%. The extent  of cholesterol oxida- 
tion and the amounts  of each oxidation product  were 
est imated from the level of radioactivity associated with 
each peak. Calculations of the amount  of each oxidation 
product  were based on the radioactive counts associated 
with that  product  expressed as a percentage of the 
original cholesterol radioactivity. The cholesterol content 
in each sample was then multipled by the calculated per- 
cent for each oxidation product identified yielding a value, 
in micrograms, for each product  formed. This method of 
calculation assumes tha t  the specific activities of choles- 
terol and its oxidation products  are equal. Verification 
of each oxidation product identified during the chromato- 
graphic run was made by "spiking" radioactive peaks 
with known amounts of authentic cholesterol oxide stan- 
dards. The detection limit for most  oxidation products  
by ref rac tometry  was 0.5 ~g, whereas the limit for peak 
resolution measured via radioactivi ty was 3 times back- 
ground {i.e., 36 dpm}. 

l 

f 

c~ 

FIG. 1. A high pressure liquid chromatograph of cholesterol ox- 
idation standards. The chromatographic conditions are described 
in the text. The eluent was monitored by differential refrac- 
tometry and the integrator response was set at A : 128 for the 
tracing shown. The oxidation products are indicated by their 
retention times and are as follows: 2.10, 3,5 diene; 3.20, 
cholesterol; 5.72, 25-hydroxycholesterol; 6.93, a-CE; 7.69, ~-CE; 
11.42, 7-keto; 12.56, 7a-OOH; 23.06, 7a-diol. 

The extent  of cholesterol oxidation was indexed to the 
level of lipid peroxidation, as measured by TBAR. The 
level of lipid peroxidation and cholesterol oxidation was 
determined in all liposome preparat ions prior to and at 
various time intervals af ter  the imposed oxidizing condi- 
tions already described. All samples were analyzed in 
duplicate, and values are expressed as the mean and stan- 
dard deviation calculated from three to four independent 
experiments for each oxidizing condition described. 

RESULTS 

The incorporation of cholesterol into liposomes yielded 
small unilamellar vesicles with characterist ics tha t  have 
been described previously {29,30}. The ratio of cholesterol 
to phospholipid varied no more than 15% from the 
prescribed ratios at the time of preparation. Furthermore, 
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TABLE 1 

Effect of 6~ Irradiation under N20 on Cholesterol Oxidation in 1:4 Cholesterol-Phospholipid Liposomes 

Products (in ~gt 
Duration gmol 

(min) o-CE /POE 7-OOH 7-keto 3,7-diol 3,5-diene CT TBAR a 

0 0.072 0.125 0.022 0.147 0.069 0.117 0.102 b 0.30 
_+0.009 _+0.015 • _+0.025 _+0.012 _+0.030 • 

30 0.074 0.152 0.029 0.153 0.069 0.081 ND 0.40 
• +0.025 • -+0.003 +_0.008 • • 

60 0.085 0.126 0.024 0.148 0.065 0.084 0.166 b 0.50 
-+0.005 -+0.014 • • -+0.005 _+0.015 • 

90 0.110 0.160 0.028 0.137 0.064 0.108 0.198 b 0.49 
• +0.025 • • _+0.010 _+0.055 • 

ND, Not determined. Inadequate chromatography or insufficient numbers of samples prevented accurate determinations of products and 
quantitation. 
aThe levels of TBAR are expressed as equivalents of malonaldehyde and are calculated from the optical densities measured at 532 nm 
using a molar extinction coefficient of 1.56 • 104. 
bStandard deviations not calculated as value represents the average of two measurements. 

the type of phospholipid used had no effect on cholesterol 
assimilation, and the resul t ing l iposomes were stable for 
the durat ion of the exper iments  described. In  these ex- 
periments,  we used either a 1:2 or 1:4 rat io of cholesterol 
to phospholipid, such tha t  the liposomes differed in te rms  
of the mole percent of cholesterol and degree of unsatura-  
tion. The fa t ty  acyl composition of these PC/PE liposomes 
is described elsewhere (30). 

Table 1 shows the major cholesterol oxidation products  
detected following y-irradiation of l iposomes consist ing 
of a 1:4 molar  rat io of cholesterol/phospholipid under  an 
a tmosphere  of N20. In the absence of oxygen, the pre- 
dominant  radical species derived by  },-irradiation of water  
is ' O H  (31). Several oxidation products  were measured  
following irradiation periods as long as 90 min, however, 
mos t  of these products  were present  in the original 
samples (0 rain control) and were presumably  formed dur- 
ing liposome preparat ion.  This appeared to be the case 
for all l iposome prepara t ions  in this report .  Cholesterol 
oxidation was unavoidable during the preparat ive  sonica- 
tion of liposomes. The levels of oxidation products  were 
low, however, there was some var iabi l i ty  in content  and 
propor t ions  of p roducts  among  different l iposome 
batches.  The tota l  amount  of cholesterol oxides at  zero 
t ime were generally less than 0.1% of the total  cholesterol 
content. Accordingly, these products  would be undetect- 
able by conventional  H P L C  methods,  and the samples  
could mistakenly be assumed to be free of oxidized lipids. 
The only oxidation products  to accumulate  during y- 
irradiation were a-CE and CT. Other  cholesterol oxida- 
tion products either did not accumulate, or in some cases, 
decreased below the original levels during the course of 
irradiation. I t  should be noted tha t  no T B A R  were 
formed, and levels of 7-OOH remained unchanged over  
the course of irradiation. 

A comparison of lipid peroxidat ion and cholesterol ox- 
idation in the three l iposomal formulat ions is presented 
in Table 2 for samples  subjected to ),-irradiation under  
aerobic conditions. Under  these conditions, the major  

oxidizing species formed are O~ via the e-aq, �9 OH and 
H202 derived from O;. All the cholesterol oxides were 
found to accumulate  in each of the liposomal sys t ems  ex- 
amined. The extent  of lipid peroxidat ion was g rea tes t  in 
the mos t  unsa tu ra ted  samples  (1:4, cholesterol/phospho- 
lipid) where the levels of mos t  cholesterol oxidation prod- 
ucts  and T B A R  were as high at  20 min as those formed 
in 1:2 cholesterol/phospholipid after 60 min of irradiation. 
Cholesterol oxidation in the cholesterol:DPPC liposomes 
was least  among the three sys t ems  studied; however, 
there was a distinct accumulat ion of 7-OOH tha t  was not  
found in the more unsa tu ra ted  systems.  The principal 
products  in all cases were a-CE,/3-CE, 7-keto and 3,7-diol. 
Both  a-CE and //-CE were produced in approximate ly  
equal proport ions during oxidation of cholesterol /DPPC 
liposomes, whereas the format ion of fl-CE was favored in 
liposomes bearing a higher degree of unsaturation.  Based 
on the limited number  of lipid peroxidat ion products  
analyzed in this study, it appears  tha t  product  complex- 
i ty increases during oxidations in the presence of air and, 
to a lesser extent,  as the lipid sys t em becomes more 
unsatura ted .  

Subsequent experiments were then conducted using the 
chemical oxidizing sys tems.  The O~ generat ing system, 
XO + H X  + ADP-Fe  *~, is thought  to produce a va r ie ty  
of oxidizing species capable of ini t iat ing lipid peroxida- 
tion (26). The exact species responsible for membrane lipid 
peroxidation has yet  to be determined, al though �9 OH and 
perferryl  radical are widely viewed as the likely agents.  
Use of CuOOH plus hemat in  is representa t ive  of lipid 
peroxide-induced lipid peroxidation. These reactions com- 
prise the propagat ion  s tage of lipid peroxidat ion (14). 

Table 3 presents  a compilat ion of da ta  found in 
Tables 4, 5 and 6, but  for the sake of brevi ty,  two oxidiz- 
ing conditions are selected for comparison. The extent  of 
cholesterol oxidation was found to be influenced by its 
content  in l iposomes and by  the peroxidizabil i ty index 
(PI) of the component  lipids (32). In DPPC/cholesterol  
liposomes, the only double bonds present  are those of 

LIPIDS, Vol, 22, No. 9 (1987) 



MEMBRANE CHOLESTEROL AUTOXIDATION 

631 

TABLE 2 

Effect  of Aerobic ~~ Irradiation on Cholesterol Oxidation in Various Cholesterol-Phospholipid Liposomes 

Products (in ~g) 
Lipid ratio/ ~mol 
duration a-CE ~-CE 7-OOH 7-keto 3,7-diol 3,5-diene CT TBAR a 

Chol/PL (1:2) 
0 min 0.10 0.10 0.06 0.05 0.18 0.08 0.04 b 0.51 

+_0.04 +_0.03 • +_0.01 +_0.03 +0.01 +0.50 

2 min 0.26 0.33 0.13 0.10 0.45 0.23 ND 7.96 
+_0.08 ___0.06 • +_0.03 +_0.11 +_0.04 +_1.29 

20 min 0.28 0.38 0.24 0.22 0.50 0.27 ND 10.72 
_+0.04 _+0.07 • +_0.02 _+0.12 +__0.02 +_2.16 

60 min 0.30 0.56 nil 0.37 ND ND 0.10 32.32 
+_0.05 +_0.15 +_0.02 _+0.02 +_2.87 

120 min 0.44 0.65 nil 0.55 0.58 0.29 ND 29.11 
-4- 0.06 • 0.09 4-_ 0.10 __ 0.09 --4-_ 0.03 4- 4.97 

Chol/PL (1:4) 
0 min 0.22 0.25 nil 0.04 0.23 nil 0.06 b 1.46 

+-0.02 +_0.09 -- +_0.06 +_0.36 

2 min 0.32 0.59 ND 0.12 0.50 0.04 ND 22.97 
• +_0.08 +--0.01 4-0.10 +_0.02 _+4.99 

20 min 0.40 0.76 0.08 0.24 0.51 0.12 0.09 b 33.22 
+_0.04 +_0.02 • 0.04 • +_0.02 +_8.05 

60 rain 0.40 0.79 0.17 0.60 0.88 b 0.30 ND 46.66 
+_0.06 +_0.04 • +_0.07 • +_2.96 

Chol/DPPC (1:4) 
0 min 0.13 0.08 nil 0.04 0.21 0.01 

+_0.02 -+0.03 --  +_0.05 -- 

60 rain 0.36 0.34 0.20 0.39 0.45 0.12 
0.06 +_0.06 • +_0.14 +_0.13 4-0.01 

120 rain 0.50 0.50 0.25 0.54 0.55 0.23 
+_0.11 +_0.06 • +_0.10 • +_0.05 

ND, not determined (see Table 1 for explanation}. 
aThe levels of TBAR are expressed as equivalents of malonaldehyde and are calculated from the optical densities measured at 532 nm 
using a molar extinction coefficient of 1.56 X 104. 
bStandard deviations not calculated as value represents the average of time measurements. 

TABLE 3 

Relationship of Cholesterol Oxidation to Lipid Peroxidation in Liposomes of Differing Unsaturated Fatty Acid Content 

Chol/DPPC (1:4) Chol/PC:PE (1:2) Chol/PC:PE (1:4) 

gmol Total chol. Total chol. ~mol Total chol. 
Conditions oxidized b oxidized b TBAR a oxidized b TBAR a 

Atuox. 
60 min 0.13 0.20 12.82 0.41 15.30 
90c/120 d min 0.27 0.24 14.74 0.59 23.00 

ADP-Fe .3 + XO 
60 min 0.43 ND ND 0.73 42.94 
90e/120f min 0.62 0.53 46.75 1.02 49.09 

ND, not determined. Inadequate chromatography prevented confirmation of species or accurate measurement and quantitation. 
aThe levels of TBAR are expressed as molar equivalents of malonaldehyde and are calculated from the optical densities measured at 
532 nm using a molar extinction coefficient of 1.56 • 104. The values shown are the net formation of TBAR obtained by subtracting 
the levels measured in the s tar t ing (unincubated) liposomal preparations from the levels measured at the time intervals indicated. 
bValues are expressed as percent of cholesterol in the original sample and are the sum of all oxidation products detected. 
c90-Min incubations were used instead of 120 min for (1:4) Chol/PC:PE liposomes. 
dl20-Min incubations were used for (1:2) Chol/PC:PE and Chol/DPPC liposomes. 
e90-Min incubations were used for (1:2) and (1:4) Chol/PC:PE liposomes. 
fl20-Min incubations were used for Cho1/DPPC liposomes. 
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TABLE 4 

Major Oxidat ion Product s  of Cholesterol  in Phosphol ip id  L i p o s o m e s  {1:2 Molar Rat io  of Cholesterol  to  Phosphol ipid}  

Products (in t~g} 
Conditions t~mol 
(mint a-CE /~-CE 7-OOH 7-keto 3,7-diol 3,5-diene TBAR* 

Control 
0 0.08 0.09 nil 0.05 

_+0.03 _+0.02 _+0.02 

Autox. 
10 0.25 0.25 nil 0.14 

�9 +0.09 _+0.05 _+0.03 

30 0.23 0.31 ND 0.14 
_+0.07 _+0.10 _+0.03 

60 0.26 0.26 0.01 0.23 
_+0.05 _+0.06 -- _+0.04 

90 0.18 0.23 0.05 0.31 
+_0.05 _+0.05 +_0.01 +0.11 

120 0.29 0.32 ND 0.35 
�9 +0.04 _+0.07 _+0.05 

ADP-Fe ~3 + XO 
10 0,38 0.31 0.26 nil 

�9 +0.07 _+0.03 _+0.07 

30 0,44 0.49 0.76 0.14 
�9 +0,12 _+0.12 _+0.25 _+0.03 

90 0.44 0.43 0.35 0.41 
_+0.10 +_0.17 _+0.20 _+0.11 

CuOOH + hematin 
10 0.20 0.32 0.08 0.13 

_+0.02 _+0.07 _+0.02 _+0.04 

30 0.18 0.36 0.24 0.30 
�9 +0.05 _+0.09 +_0.17 _+0.05 

60 0.16 0.29 0.30 0.54 
�9 +0.05 _+0.07 _+0.12 _+0.17 

90 0.20 0.37 0.30 0.59 
_+0.04 _+0.09 _+0.20 _+0.09 

180 0.28 0.44 ND 0.60 
_+0.04 +_0.11 _+0.09 

0.04 0.01 0.45 
-+0.01 - -  -+0.11 

0.24 nil 1.05 
�9 +0.07 +_0.57 

0.24 0.02 4.86 
�9 +0.06 +_0.006 -+1.40 

ND ND 13.25 
-+4.80 

0.24 0.06 11.97 
�9 +0.05 _+0.02 _+6.90 

0.23 ND 15.15 
+_0.06 +_5.99 

0.24 nil 15.15 
+_0.03 -+0.90 

0.21 nil 20.23 
�9 +0.06 -+8.90 

0.33 0.03 47.20 
_+0.06 _+0.009 _+15.01 

0.24 nil 6.86 
_+0.06 _+0.66 

0.33 0.05 22.24 
�9 +0.06 _+0.005 _+4.56 

0.36 0.11 28.84 
�9 +0.13 _+0.02 ___3.97 

0.37 0.15 33.78 
_0.11 +0.03 +_12.97 

ND ND 35.70 
-+14.66 

ND, not determined {see Table 1 for explanation}. 
*, See Table I for explanation. 

cholesterol,  and  the  P I  is accord ingly  ca lcu la ted  as 0.50. 
The  1:2 choles tero l /phosphol ip id  l iposomes have a P I  of 
41.1, while the  1:4 choles terol /phosphol ip id  l iposomes 
have  a P I  of 65.9. The  va lues  shown in Tab le  3 are ex- 
pressed as the percentage of to ta l  cholesterol oxidized and  
are e s t i m a t e d  f rom the  s u m  of all cholesterol  ox ida t ion  
p roduc t s  measured .  As  in Tables  1 and  2, the  e x t e n t  of 
cholesterol  ox ida t ion  was  leas t  in  the  D P P C  and  g rea tes t  
in the 1:4 cholesterol /phospholipid liposomes. Cholesterol 
had a suppressive effect on lipid peroxidation,  which could 
be pred ic ted  from the slow induc t i on  ra tes  for au toxida-  
t ion  {33). Doub l ing  the  p ropor t ion  of cholesterol  t1:2 com- 
pa red  to 1:4 liposomes} reduced the level of l ipid perox- 
ida t ion  (TBAR} by  ca. 20%. A l t h o u g h  a lower percen tage  
of cholesterol  was oxidized in  the  1:2 l iposomes,  the  ac- 
tua l  a m o u n t s  of cholesterol  ox ida t ion  p roduc t s  were 
s imi lar  to t h a t  p roduced  fol lowing ox ida t ion  of 1:4 
l iposomes.  Thus ,  the  dcrease in T B A R  fo rma t ion  in  the  

1:2 cholesterol /phospholipid l iposomes was accompanied  
by  an  increase  in the  a m o u n t s  of cholesterol  oxidized. I t  
should  be no t e d  t h a t  a s imi lar  e x t e n t  of cholesterol  ox- 
ida t ion  was achieved fol lowing 60-min t r e a t m e n t s  wi th  
A D P - F e  +3 + XO and  60 mi n  of y- i r radia t ion in  air. 

The product  profiles for the O~-dependent a nd  CuOOH- 
induced  pe rox ida t ions  are shown in  Tables  4 t h r o u g h  6. 
D u r i n g  the  in i t ia l  per iods of ox ida t ion  {<30 min), these  
oxidiz ing s y s t e m s  yielded r e m a r k a b l y  di f ferent  propor- 
t ions of cholesterol oxidat ion products ,  however, wi th  pro- 
longed incubat ions  the profile of oxidat ion products  began  
to resemble  each other, a-CE and/3-CE were formed in ap- 
p r ox i ma t e l y  equal  a m o u n t s  d u r i n g  the  ear ly  in t e rva l s  of 
oxidat ion.  As the  i n c u b a t i o n  per iod progressed,  the  
relat ive amoun t s  of ~-CE increased, and  it  became a major  
product ,  pa r t i cu la r ly  in  u n s a t u r a t e d  l ipid sys tems .  In  
l iposomes be a r i ng  u n s a t u r a t e d  f a t t y  acids, 7-OOH was 
an  ear ly  ox ida t ion  p roduc t  t h a t  g r adua l ly  accumula ted .  
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T A B L E  5 

Majo r  Ox ida t ion  P r o d u c t s  of  Choles te ro l  in P hospho l i p id  L i p o s o m e s  (1:4 Mola r  Ra t io  of  Choles te ro l  to Phosphol ip id)  

P r o d u c t s  lin ~g} 
Condi t ions  ~ m o l  

(min) a-CE fl-CE 7-OOH 7-keto 3,7-diol 3,5-diene CT TB A R *  

Cont ro l  
0 0.08 0.10 0.03 0.04 0.08 0.02 0.06 1.09 

�9 +0 .01  -+0.03 - -  -+0.01 _+0.02 - -  _+0.01 _+0.47 

Au tox .  
10 0.25 0.25 0.05 0.05 0.28 ND ND 8.50 

+ 0 . 0 5  -+0.03 _+0.01 _+0.01 _+0.09 _+1.38 

30 0.26 0.27 0.05 0.15 0.33 0.04 N D  11.70 
_+0.07 _+0.06 _+0.01 _+0.05 _+0.05 _+0.01 +_2.12 

60 0.28 0.28 0.06 0.18 0.29 0.06 0.10 17.47 
�9 + 0 . 0 4  -+0.06 -+0.02 -+0.04 _+0.07 _+0.02 _+0.07 _+ 5.79 

90 0.36 0.49 ND 0.18 0.35 0.09 0.15 25.16 
�9 +0 .06  + 0 . 0 6  -+ 0.02 -+ 0.06 -+ 0.03 -+0.05 _+ 11.00 

A D P - F e  § + XO 
10 0.26 0.26 0.20 0.19 0.25 ND ND 18.17 

�9 + 0 . 0 4  _+0.03 _+0.08 _+0.02 _+0.06 _+ 1.03 

30 0.27 0.36 0.19 0.19 0.34 0.13 0.09 39,62 
+ 0.09 _+ 0.09 _+ 0.06 +_ 0.05 _+ 0.03 _+ 0.04 _+ 0.02 _+ 9,42 

60 0.31 0.57 0.23 0.34 0.35 0.10 0.09 45.03 
+ 0 . 0 9  _+0.13 _+0.02 _+0.07 _+0.12 _+0.04 _+0.01 _+12,96 

90 0.33 0.62 0.19 0.43 0.34 0.14 ND 51.18 
�9 + 0 . 0 6  _+0.08 +_0.08 _+0.08 +_0.05 _+0.04 _+14.27 

C u O O H  + h e m a t i n  
10 0.16 0.26 0.18 0.25 0.40 0.04 ND 25.16 

_+0.02 _+0.03 _+0.07 +0 .03  -+0.06 0.01 -+6.01 

30 0.27 0.59 0.23 0.72 0.73 0.08 0.24 59.69 
�9 + 0 . 0 8  -+0.14 _+0.05 _+0.16 _+0.15 _+0.02 _+0.06 •  

60 0.44 0.79 0.22 0.94 0.88 0.16 0.46 76.96 
•  _+0.19 _+0.05 _+0.26 _+0.16 •  _+0.04 _+16.97 

ND, no t  d e t e r m i n e d  Isee Table  1 for explanat ion) .  

*, See Table  1 for exp lana t ion .  

T A B L E  6 

Majo r  Ox ida t ion  P r o d u c t s  of Choles te ro l  in P hospho l i p i d  L i p o s o m e s  (1:4 Mola r  Ra t io  of  Choles te ro l  to  D ipa lmi toy lphospha t idy l cho l ine )  

P r o d u c t s  (in ~g) 

Condi t ions  a-CE /~-CE 7-OOH 7-keto 3,7-diol 3,5-diene CT 

Cont ro l  
0 m i n  0.03 nil 0.05 0.03 0.10 nil nil  

- -  _+0.01 _+0.005 ___0.04 

Au tox .  
60 m i n  nil  nil  0.09 ND 0.31 nil nil 

�9 + 0 . 0 2  -+0.13 

120 min  0.08 0.10 0.09 0.12 0.32 ND ND 
�9 + 0 . 0 4  _+0.04 _+0.02 _+0.03 _+0.07 

A D P - F e  § + XO 
60 min  0.11 0.14 0.15 0.20 0.26 0.11 0.09 

_+0.04 _+0.05 _+0.05 +0 .03  -+0.12 -+0.02 _+0.03 

120 min  0.13 0.16 0.25 0.28 0.35 0.18 0.09 
+_0.02 _+0.05 _+0.02 _+0.07 +_0.07 + 0 . 0 4  -+0.04 
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In saturated liposomes, the extent of 7-OOH accumula- 
tion was as great as any of the other products measured. 
Under virtually all conditions, 7-keto and, to a lesser ex- 
tent, 3,7-diol were major products that formed with pro- 
longed incubations. Small but consistently detectable 
amounts of 3,5-diene were found under these conditions, 
however, its content relative to other products was 
greatest in the DPPC/cholesterol liposomes. 

The relative proportions of cholest-5-ene-3/3,7/3-diol and 
cholest-5-ene-3/3,7a-diol (the 3,7-diols) and the correspond- 
ing 7a- and 7/3-hydroperoxides (7-OOH) could not be 
established with certainty due to the limited resolution 
of these isomers by HPLC. Approximation of the levels 
of radioactivity associated with each peak indicated that 
equal amounts of each isomer were formed under all cir- 
cumstances. These approximations are subject to error 
of 25 to 35% due to peak overlap. We also note the 
absence of 25-hydroxycholesterol formation under all the 
oxidizing conditions studied. 

DISCUSSION 
The characterization of cholesterol oxidation products 
following free radical-induced membrane lipid peroxida- 
tion was studied using unilamellar liposomes. These ar- 
tificial membranes permitted the manipulation of lipid 
composition which in this study involved the formulation 
of discrete proportions of unsaturated phospholipids and 
cholesterol. Based upon total lipid content the amount 
of cholesterol added to the liposomes was similar to the 
proportions found in cell membranes. For example, the 
plasma membrane of hepatocytes contains ca. 12.9% 
cholesterol by weight {34,35), while this percentage is 
lower in endoplasmic reticulum (3.3%) {35) and mitochon- 
dria {1.5%) (36). In some cases, the proportions of choles- 
terol may be even higher than those cited above {37). 

It is possible to subdivide the cholesterol oxidation pro- 
ducts identified in this study into two categories based 
on whether lipid peroxidation was mediated by 
oxyradical-dependent initiation reactions or by lipid 
peroxide-dependent propagation reactions. Liposomes 
subjected to anaerobic y-irradiation represented one ex- 
treme, where cholesterol is probably oxidized by �9 OH at- 
tack and the likelihood for lipid peroxidation chain reac- 
tions is low. Under these conditions the only products to 
accumulate were a-CE and CT (Table 1). y-Irradiation in 
the presence of air {or O;" generation via xanthine ox- 
idase) yields a more complex array of oxyradicals, 
however, the principal oxidants are likely to be �9 OH {or 
a perferyl radical) and H202, since O~" has been shown 
to be incapable of directly oxidizing cholesterol {38). The 
presence of oxygen also permits oxidations to proceed via 
propagation reactions. The degree of propagation reac- 
tions may be limited either by short incubation intervals 
or more effectively by minimizing the degree of lipid un- 
saturation. The variety and amounts of cholesterol ox- 
ides formed are also increased with either prolonged ir- 
radiation or increased lipid unsaturation. Under these con- 
ditions, propagation reactions largely contribute to the 
accumulation of lipid peroxidation products, measured as 
TBAR and a host of cholesterol oxides. A comparison of 
data from Tables 1 and 2 indicates that in the absence 
of lipid peroxidation the yields of cholesterol oxidation 
products are low, where net formation of only two prod- 
ucts is seen. By contrast, provision of oxygen permits 

considerable lipid peroxidation and an increased number 
of cholesterol oxidation products. 

The free radical reactions involved in lipid peroxidation 
appear to be reflected by the types of cholesterol oxida- 
tion products. For example, in the absence of 7-OOH most 
of the other oxidation products are not encountered. 
There is, however, one important exception to this, i.e., 
a-CE formation after anaerobic ),-irradiation occurs in the 
absence of other products {Table 1}. This indicates that 
7-OOH are not produced under anaerobic conditions via 
�9 OH, and, accordingly, no derived products are en- 
countered. The absence of peroxidative chain reactions 
is expected during anaerobic irradiation and should be 
suppressed in a largely saturated lipid matrix such as the 
DPPC/cholesterol liposomes. However, a variety of cho- 
lesterol oxidation products are found after aerobic oxida- 
tion of DPPC/cholesterol liposomes, indicating the in- 
volvement of oxyradical initiation reactions. We note that 
in saturated liposomes subjected to aerobic oxidations, 
7-OOH accumulates as a significant product {Tables 2 and 
6), in agreement with the findings of Muto et al. (11). It  
is plausible that 7-OOH is more stable in saturated lipids 
where its decomposition is determined largely by interac- 
tions with other cholesterol molecules. Products such as 
7-keto, 3,7-diol and the isomeric cholesterol epoxides may 
arise by reactions of 7-OOH with itself (39) or with O~ 
where both 7-OOH and O~ are generated by the aerobic 
oxidations described. 

Lipid peroxidation via CuOOH plus hematin can be con- 
trasted from the initiation-type reactions discussed 
above. Peroxidation was rapidly induced following addi- 
tion of CuOOH, and the profile of cholesterol oxidation 
products after short incubation intervals {~<30 min) 
resembled those obtained after longer incubations {>~60 
min) with the O;.-generating system. Under otherwise 
similar conditions, peroxide-dependent (CuOOH) oxida- 
tions produce a more rapid accumulation of TBAR, 
7-OOH and derived products 7-keto and 3,7-diol, than 
O~-dependent oxidations. During the first 10 min of 
O~-dependent oxidation {Table 4 and 5), less oxidation 
products form, and with the exception of the 3,5-diene, 
approximately equal amounts of each product are 
detected. Beyond 30 min {when O~ is no longer being 
generated}, the pattern of oxidation changes considerably 
and the cholesterol epoxides, 7-keto and 3,7-diols pre- 
dominate. The oxidation profile resembles that obtained 
by autoxidation (although the amounts of each product 
are greater under these conditions of imposed oxidation}, 
suggesting that lipid peroxidation is proceeding via 
autoxidation at these later incubation periods. 

The yields of the a- vs/3-CE are indicative of the prevail- 
ing process of cholesterol oxidation. Both isomers form 
under limited oxyradical-induced peroxidation. It appears 
that y-irradiation under aerobic conditions or peroxida- 
tion via O~" give rise to similar levels of epoxide isomers. 
Extensive peroxidation, assessed by high TBAR levels, 
clearly favors/3-CE formation. In this respect, peroxyl 
species have been shown to mediate cholesterol oxidation 
by lipoxygenase (40} with marked /3-stereoselectivity 
toward the cholesterol hydroperoxide and epoxide prod- 
ucts. Gumulka et al. (41) proposed that the proportions 
of a- and/3-CE provide a clue to the processes involved 
in cholesterol oxidation. They observed a predominance 
of 3-CE following autoxidation, lipid peroxidation and 
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ozonization, whereas a-CE was preferentially formed by 
one-atom oxidants such as epoxidases and peracids. This 
contention is verified by our observations, and al though 
the ratios of a- to/~-CE in this s tudy are lower than those 
reported previously {8,39,41,42), the directions of change 
are similar. 

The formation of the isomeric epoxides by oxidation of 
cholesterol with H~O~ and other organic peroxo-com- 
pounds has been reported (8). Cholesterol epoxidation by 
reaction with hydroperoxides has been documented in 
organic solvents, aqueous dispersions (11,39,43), and con- 
siderable epoxidation also takes place when cholesterol 
is added to dispersions of lipid hydroperoxides isolated 
h'om hepatic microsomes {44}. I n  each of these cases ri- 
CE formation was predominant.  Membranes consisting 
of only sa tura ted  fa t ty  acids {Tables 2 and 6) may sup- 
port  cholesterol oxidation via oxyradicals, but  cannot ef- 
fectively produce lipid peroxides and sustain propagation 
reactions. The oxidation reactions are, therefore, limited 
to direct a t tack by oxyradicals (as in O;-dependent initia- 
t ion of lipid peroxidation) or to interactions between ox- 
idized cholesterol radicals. This results in a much reduced 
level of cholesterol oxidation and is accompanied by the 
formation of equal amounts  of a- and fl-CE, y-Irradiation 
under anaerobic conditions {Table 1), or irradiation of 
DPPC/cholesterol liposomes in the presence of oxygen 
{Table 2), also yield equal amounts  of a- and/3-CE. 

Based on these findings, we submit  tha t  oxyradical- 
induced cholesterol oxidation resembles the one-atom ox- 
idants previously noted. These " ini t ia t ion" reactions 
likely proceed by radical at tack of the a-surface of choles- 
terol, while a t tack by  peroxo-compounds {e.g., f a t ty  acid 
hydroperoxides of phospholipids) preferentially involves 
the fl surface, as originally proposed by Teng and Smith 
(2). The isomeric selectivity of oxyradicals vs peroxyl- 
mediated epoxidations may be explained on the basis of 
cholesterol orientation in membranes.  According to 
Vandenheuval {45), cholesterol is embedded into the mem- 
brane bilayer with its a surface facing and at a 5-6 
distance from the glycerol-phosphate backbone of an ad- 
jacent phospholipid. This places the a surface of the 5,6 
double bond in relative proximity to oxyradicals gener- 
ated in the aqueous phase, however, the radical species 
responsible for epoxidation remains to be identified. The 
/3 surface, on the other hand, is oriented toward adjacent 
f a t t y  acyl groups facing the membrane interior. At tack  
by oxyradicals would be hindered by the proximate C-19 
methyl group of cholesterol and the hydrophobic environ- 
ment  surrounding the/3 surface of the 5,6 double bond. 
In this arrangement  the double bond is es t imated to be 
4-5 A from an ~-3 double bond of a neighboring polyun- 
sa tura ted  fa t ty  acid. Lipid peroxidation involving these 
polyunsaturated fa t ty  acids would thus favor reaction of 
the peroxides with the p surface of cholesterol. 

In addition to cholesterol epoxide formation, con- 
siderable amounts of CT and 3,5-diene were detected. The 
only known source for CT is the isomeric cholesterol epox- 
ides, and under the conditions used in this study, CT 
could only be formed by spontaneous hydrolysis of the 
epoxides. However, the previously reported rates for 
spontaneous hydrolysis of either epoxide isomer (18,46) 
appear to be too slow to produce the amounts  of CT 
detected. Nevertheless, an accumulation of CT would be 
consistent  with cholesterol oxidation in the wake of lipid 

peroxidation and cholesterol epoxide formation. Forma- 
tion of 3,5-diene has been proposed to derive from 7-OOH 
via dehydrat ion of 7-keto (47). I t  appears tha t  accumula- 
tion of 3,5-diene, relative to other products,  is favored 
under conditions where 7-OOH can undergo decomposi- 
tion without  part icipat ing in fur ther  chain reactions. 
These conditions prevail in a sa tura ted  lipid matr ix  
{Table 6} or under anaerobic conditions {Table 1). 

Our findings are in general accordance with those of 
Terao et al, (10) and Muto et al. (11). They concluded that  
cholesterol was cooxidized with unsa tura ted  fa t ty  acids 
and tha t  peroxyl and alkoxyl radicals derived from un- 
sa tura ted  fa t ty  acids were largely responsible for the 
generation of the cholesterol oxides. The 7-keto and 
3,7-diol products,  also found as major products  in these 
earlier studies, were proposed to derive from thermolytic 
decomposition of 7-OOH. The other major products were 
the isomeric cholesterol epoxides, which were proposed 
to arise from alkoxyl and peroxyl-radical at tack of choles- 
terol in a process showing marked fl-stereoselectivity (11). 

Lipid peroxidation in tissues is expected to be mini- 
mized by a plethora of antioxidants and scavengers tha t  
prevent  both  radical initiation and chain reactions. The 
detection of low levels of lipid peroxidation products  in 
living systems may be considered proof for low-level free 
radical reactions. If this is indeed the case, then the 
cholesterol oxidation profile from biological systems 
should resemble the oxyradical profiles described in this 
report. Based on cholesterol epoxide content, in vivo lipid 
peroxidation should be accompanied by approximately 
equal p- vs a-CE ratios. Available evidence, though sparse 
{19,48,49), supports  this hypothesis.  I t  may  be possible 
to examine the course of lipid peroxidation in more com- 
plex systems containing cholesterol by "finger-printing" 
the oxidation products  in a manner similar to tha t  
described in this report.  
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Liver Subcellular Fatty Acid Profiles of Chicks Fed Diets Containing 
Hydrogenated Fats and Varying Linoleate Levels I 
A.M. Rogel and BJ~. Watkins 
Department of Animal Sciences, Washington State University, Pullman, WA 99'164-6320 

Day-old male broiler chickens were fed semipurified 
diets containing 5% lipid from one of  four different 
lipid sources: corn oil (CO), partially hydrogenated 
soybean off (HSBO), a spent restaurant grease (SRG) 
and a purified mixture of  triolein, tripalmitin and 
tristearin (OPS). Diets CO and HSBO contained 
adequate amounts of  l inoleic acid, but diets SRG 
and OPS were deficient in linoleate. In addition, 
SRG and HSBO contained trans isomers of  16:1 and 
18:1. The diets were fed for 3 wk  to determine the 
effects of  low linoleate levels and trans isomers on 
fatty acid profiles in liver microsomes,  mitochondria 
and cytosol.  Chicks fed HSBO had the highest body 
weights, while  those fed SRG and OPS had the low- 
est. The incidence and severity of  dermatitis were 
similar for all treatments. The proportions of  
linoleate and arachidonate in lipids from liver sub- 
cellular fractions were reduced significantly in 
chicks fed OPS and SRG; however, levels of  20:3~9 
were not increased. Feeding HSBO, which is high in 
both linoleate and linolenate, resulted in higher 
levels of  18:3~3 and 20:5r in liver subcellular frac- 
tions and lower levels of  20:4~6 than those seen in 
chicks fed CO. The isomeric forms of  18:1 present in 
the partially hydrogenated fats (HSBO and SRG) ap- 
peared to be incorporated into the lipids of  liver 
fractions. The results of  this study show that dietary 
lipids influence fatty acid profiles of  chick liver 
microsomes,  mitochondria and cytosol. Decreases  
in linoleate and arachidonate in these organelles 
occur before overt essential  fatty acid (EFA) defi- 
c iency signs in chicks fed EFA-deficient diets. 
Lipids 22, 637-642 (1987). 

Hydrogenation of vegetable and marine  oils to increase 
plasticity and improve shelf  life results in a decrease in 
polyunsaturated fat ty acids (PUFA) and the formation 
of positional and geometric isomers, part icularly of oc- 
tadecenoic acid (1). As much as 20% of the fatty acids in 
hydrogenated vegetable oils are trans isomers of oc- 
tadecenoic acid, while approximately 25% are cis isomers 
with the double bond located at the C4 to C16 positions 
(2,3). 

Feed-grade blended fats make up near ly  ha l f  of the 8 
x l0 s kg of fats fed to food animals. In 1985, near ly  40% 
of the blended fats were res taurant  greases (Rouse Mar- 
keting, personal communication). These fat sources con- 
tain large amounts  of cis/trans positional isomers of 18:1 
and lesser amounts  of 18:2 isomers, which may be incor- 

*To whom correspondence should be addressed at Department of 
Poultry Science, Virginia Polytechnic Institute and State University, 
Blacksburg, VA 24061. 
1Published as Scientific Paper No. 7512, College of Agriculture and 
Home Economics Research Center, Project No. 4723, Washington 
State University, Pullman, WA. 
Abbreviations: EFA, essential fatty acid; OPS, mixture oftriolein, 
tripalmitin and tristearin used as dietary fat source; CO, corn oil; 
SRG, spent restaurant grease; HSBO, partially hydrogenated soy- 
bean oil; PUFA, polyunsaturated fatty acids. 

porated into animal  products. 
The composition of dietary lipids can influence not only 

the depot fat in adipose tissue (4), but  also the phospho- 
lipids of intracellular  organelles of various tissues (5). 
Many studies have shown that  positional and geometric 
isomers of octadecenoic acid are readily absorbed and 
incorporated into tissue lipids of rats and humans  
(1,2,6,7). Trans isomers are incorporated into phos- 
pholipids (3,8) and may interfere with the biosynthesis 
of PUFA in rat  liver microsomes by inhibiting 59, A6 
and A5 desaturase enzymes (9,10). Certain cis isomers of 
octadecenoic acid are preferentially incorporated into 
phospholipids and may interfere with desaturat ion and 
elongation of fat ty acids (2,3). 

When fed in conjunction with essential fat ty acid 
(EFA)-deficient diets, partially hydrogenated vegetable 
oils intensify the deficiency symptoms of poor growth and 
dermati t is  in rats (10). In vitro studies on the inhibition 
of liver microsomal desaturases from EFA-deficient rats 
by positional and geometric isomers of octadecenoic acid 
show tha t  the degree of inhibition is influenced by the 
position of the double bond (9,11). 

Though many studies on the effects of hydrogenated 
oils on lipid metabolism in the presence and/or absence 
of EFA deficiency have been done in the rat,  none have 
been found using the chicken. The present  study was 
under taken to determine the effects of feeding part ial ly 
hydrogenated fats and/or diets deficient in EFA on the 
composition of lipids in liver subcellular organelles of 
young growing chicks. 

MATERIALS AND METHODS 

Four experimental  diets were prepared from the basal 
diet described in Table 1. Each diet contained 50 g/kg of 
one of the following lipid sources: corn oil (CO), spent 
res taurant  grease (SRG), part ial ly hydrogenated soybean 
oil (HSBO) and a triglyceride mixture  containing 30% 
triolein, 30% tr ipalmit in and 40% tr is tear in (OPS). SRG, 
obtained from a local restaurant ,  was composed of 80% 
prime tallow and 20% hydrogenated cottonseed oil. 
Fur ther  hydrogenation and isomerization was expected 
as a result  of heating. HSBO (a margarine) contained a 
mixture  of liquid soybean oil and part ial ly hydrogenated 
soybean oil with added lecithin and mono- and diglyc- 
erides. Purified triglycerides were purchased from United 
States Biochemical Corp. (Cleveland, OH). 

Day-old male broiler chicks (Hubbard strain) were ran- 
domly assigned to the four experimental  diets. Each diet- 
ary t rea tment  contained two replicate pens of eight 
chicks. The chicks were mainta ined in Petersime batteries 
and exposed to a cycle of 18 hr  light and 6 hr  dark for 
the durat ion of the 21-day experiment.  Feed and water  
were provided ad libitum throughout  the study. Total feed 
consumption and body weight gains were determined at  
the completion of the experiment  for calculation of feed 
conversion (total feed/total gain). 

On day 21, chicks were weighed and scored for perosis 
and dermatit is  on a scale of 0 to 4 (12). Four chicks from 

LIPIDS, Vol, 22, No, 9 (1987) 



638 

A.M. ROGEL AND B.A. WATKINS 

TABLE 1 

Composition of Basal Diet 

Ingredient Amount (g/kg diet) 

Isolated soy protein a 250.0 
Corn starch 561.0 
Fat  b 50.0 
Dried egg albumen c 30.0 
Mineral mix d 30.0 
Cellulose 30.0 
CaHPO4.H20 25.0 
CaCO3 15.0 
Vitamin premix e 5.0 
DL-Methionine 4.0 
Calculated nutrient analysis 

Metabolizable energy 3400 kcal/kg 
Crude protein 246.5 g/kg 

aRp 101, crude protein, 90%, Ralston Purina Co., Richmond, IN. 
bOne of the following fat sources: corn oil (CO), spent restaurant 
grease (SRG), hydrogenated soybean oil (HSBO) or triolein, tripal- 
mitin, tristearin mix (OPS). 
CDried egg albumen, Henningsen Foods, 14334 Industrial Rd., 
Omaha, NE. 
dContains (in mg/kg of diet) CoCl2.6H20, 5; CuSO4.5H20 , 60; 
FeSO4.7H20, 500; KC1,1500; K2HPO4, 6000; KIO3, 6; MgSO4.7H20, 
6000; Na2SeO3, 0.43; ZnO, 90. 
eContains (per kg of diet) vitamin A, 4500 IU; vitamin D3, 4500 
ICU; vitamin E, 50 IU; vitamin K, 1.5 mg; thiamin, 15 mg; ribofla- 
vin, 15 mg; calcium pantothenate, 15 mg; niacin, 50 mg; pyridoxine, 
6 mg; folic acid, 6 mg; vitamin B12 , 0.02 mg; biotin, 200 p.g; choline, 
l g .  

gas  a t  a flow r a t e  of  3.4 ml /min .  The  oven t e m p e r a t u r e  
was  m a i n t a i n e d  a t  200 C for t h e  f irst  15 m i n  of  t he  r u n  
a n d  inc reased  a t  a r a t e  of  0.8 C p e r  m i n  to a f ina l  t empe r -  
a t u r e  of  218 C. Tota l  a n a l y s i s  t i m e  pe r  s a m p l e  was  55 
min .  Bo th  in jec tor  po r t  a n d  de t ec to r  were  se t  a t  250 C. 

F a t t y  acid  s t a n d a r d s  for gas  c h r o m a t o g r a p h y  were  
p u r c h a s e d  f rom Nu-Chek -P rep ,  (E lys ian ,  MN). Propor-  
t ions  of  f a t t y  ac ids  p r e s e n t  in  each s a m p l e  were  de te r -  
m i n e d  as  a r e a  percen t .  

F a t t y  ac id  a n a l y s i s  was  also done for each  d i e t a r y  l ip id  
source,  and  the  r a t io s  of  cis to trans i somers  of  16:1 a n d  
18:1 in  SRG a n d  H S B O  were  d e t e r m i n e d  in  t r i p l i c a t e  by 
combined  a r g e n t a t i o n  (16) and  gas  ch romatography .  
S i lve r  n i t r a t e - i m p r e g n a t e d  t h i n  layer  c h r o m a t o g r a p h y  
(TLC) p l a t e s  were  p r e p a r e d  by  i m m e r s i n g  p r ecoa t ed  TLC 
p l a t e s  (Si l ica  Gel  G) in to  a s a t u r a t e d  m e t h a n o l i c  so lu t ion  
ofAgNO3.  M e t h y l a t e d  s a m p l e s  of  each  l ip id  were  app l ied ,  
and  the  p l a t e s  were  deve loped  twice  in  h e x a n e / d i e t h y l  
e t he r / g l a c i a l  ace t ic  ac id  (94:4:2, v/v/v). M e t h y l  non-  
a d e c a n o a t e  was  a d d e d  as  a n  i n t e r n a l  s t a n d a r d  to t h e  
recovered f rac t ions ,  which  were  t h e n  a n a l y z e d  by gas  
c h r o m a t o g r a p h y  as  desc r ibed  above. 

D a t a  were  a n a l y z e d  s t a t i s t i c a l l y  by a n a l y s i s  of  var i -  
ance.  W h e n  s a m p l e  sizes were  equa l  Tukey 's  pos t -p r io r i  
t e s t  was  used,  a n d  w h e n  s a m p l e  sizes were  u n e q u a l  Bon- 
ferroni ' s  m u l t i p l e  c ompa r i son  pos t -p r io r i  t e s t  was  em-  
p loyed (17). Va r i a t i on  b e t w e e n  m e a n s  was  exp re s sed  as  a 
pooled S E M  for f a t t y  ac id  d a t a  w h e n  group  s a m p l e  s izes  
were  equal .  A pooled SD was  used  w h e n  s a m p l e  sizes 
were  unequa l .  

RESULTS 

each e x p e r i m e n t a l  t r e a t m e n t  (two p e r  pen)  were  k i l l e d  
by cerv ica l  d i s loca t ion ,  a n d  t h e  l ivers  were  qu ick ly  re- 
moved.  A 3-g s a m p l e  of  each  l iver  was  t a k e n  for subce l lu -  
l a r  f r a c t i ona t i on  a n d  p laced  in  a b e a k e r  c o n t a i n i n g  ca. 
10 ml  chi l led  0.25 M sucrose.  

L ivers  were  homogen ized  in  t h e  0.25 M sucrose  so lu t ion  
w i t h  a K i n e m a t i c a  Po ly t ron  (Luzern,  Swi tze r l and) ,  a n d  
s u b c e l l u l a r  f rac t ions  were  i so la ted  by m o d i f y i n g  the  
m e t h o d  of  M a y n e  a n d  P a r k e r  (13). The  h o m o g e n a t e  was  
cen t r i f uged  a t  750 • g for 10 m i n  to  remove  c e l l u l a r  
deb r i s  a n d  nuclei .  The  s u p e r n a t a n t  was  cen t r i f uged  a t  
10,000 • g for 10 m i n  to o b t a i n  a m i t o c h o n d r i a l  pe l l e t ,  
wh ich  was w a s h e d  w i t h  0.25 M sucrose,  r e s u s p e n d e d  by  
h o m o g e n a t i o n  and  recovered  a f t e r  a second cen t r i fuga -  
t ion  a t  10,000 • g. The  s u p e r n a t a n t  c o n t a i n i n g  cytosol  
a n d  mic rosomes  was  cen t r i f uged  a t  100,000 • g for 60 
m i n  to s e p a r a t e  t hese  components .  A l l  c e n t r i f u g a t i o n s  
were  pe r fo rmed  a t  0 C, a n d  s a m p l e s  were  kep t  on ice 
be t ween  cen t r i fuga t ions .  Mi tochond r i a l  a n d  mic ro soma l  
pe l le t s ,  as  wel l  as  s a m p l e s  of cytosol ,  were  frozen ( - 2 0  
C) u n t i l  n e e d e d  for f a t t y  ac id  ana lys i s .  

Tota l  l ip ids  f rom s u b c e l l u l a r  f rac t ions  were  e x t r a c t e d  
in  ch lo ro fo rm/me thano l  (2:1, v/v) by  t h e  m e t h o d  of  B l i g h  
a n d  Dyer  (14). M e t h y l  es te rs  were  p r e p a r e d  aider saponif i -  
ca t ion  u s i n g  boron t r i f luo r ide  (15). The  m e t h y l  es te rs  were  
e x t r a c t e d  in  i sooc tane  for c h r o m a t o g r a p h i c  a n a l y s i s  u s i n g  
a H P  5890 gas  c h r o m a t o g r a p h  equ ipped  w i t h  a f l ame  
ion i za t i on  de t ec to r  a n d  a Nelson  A n a l y t i c a l  D a t a  S y s t e m  
(Hewle t t  P a c k a r d  Co., Sunnyva l e ,  CA). A DB225 (25% 
cyanopropy lpheny l )  fused  s i l i ca  m e g a b o r e  co lumn  (30 m 
• 0.53 m m  ID) p u r c h a s e d  f rom J & W Scient i f ic  Co. 
(Rancho Cordova,  CA) was  used  w i th  h e l i u m  as  a c a r r i e r  

The  ma jo r  f a t t y  ac ids  found in  t h e  four d i e t a r y  l ip ids  a r e  
g iven  in  Table  2. The  t r i g lyc e r i de s  u sed  in  t h e  OPS mix-  
t u r e  were  no t  pure ;  t he  t r i o l e i n  s a m p l e  con t a ined  69.0% 

TABLE 2 

Fatty Acid Composition (Area %) of Dietary Lipids 

Fatty acid Dietary lipid source ~ 

CO SRG OPS HSBO 

14:0 3.32 4.13 5.47 0.00 
14:1 0.00 0.72 0.27 0.00 
15:0 0.00 0.69 0.10 0.00 
16:0 12.53 28.15 31.55 11.42 
16:1 t 0.00 0.18" 0.00 0.00 
16:1 c 0.11 2.76* 1.60 0.00 
17:0 0.08 1.60 0.05 0.12 
18:0 2.34 16.77 35.10 8.04 
18:1 t 0.00 6.37* 0.00 17.16" 
18:1 c 26.37 30.05* 20.68 23.53* 
18:2r tt 0.00 0.36 0.10 1.01 
18:2r cc 53.29 3.64 2.18 31.67 
18:3~o6 0.05 0.03 0.03 0.13 
18:3o~3 0.84 0.13 0.02 4.19 
20:0 0.43 0.14 0.25 0.31 
% kcal of ME 
as linoleate 
in diets 7.04 0.48 0.28 4.18 

aco ,  corn oil; SRG, spent restaurant grease; OPS, triolein, tripal- 
mitin and tristearin; HSBO, partially hydrogenated soybean oil. 
*Contains positional isomers. 
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TABLE 3 

Body Weights (at 21 days), Perosis and Dermatitis Scores and Feed Conversions 
of  Chicks Fed the Experimental  Diets 

Average 
Fat source n body weight* (g) Perosis Dermatitis F/G# 

CO 13 469 ~'5 0.62 0.27 1.26 c 
SRG 15 400 b'c 0.00 0.37 1.33 b 
OPS 15 385 c 0.13 0.40 1.41 a 
HSBO 16 510 a 0.06 0.38 1.315 
Pooled SD 72.6 0.68 0.57 0.01 

*CO, Corn oil; SRG, spent restaurant grease; OPS, triolein, tripalmitin and tristearin; 
HSBO, partially hydrogenated soybean oil. Different superscripts denote significant 
differences between group means as determined by Bonferroni's multiple comparison 
post-priori test, p < 0.05. 

tTotal feed/total gain. Different superscripts denote significant differences between group 
means (two pens/treatment) as determined by Tukey's post-priori test, p < 0.05. 
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TABLE 4 

Liver Microsomal Fatty Acids (Area %) of Chicks Fed the Experimental  Diets 

Dietary lipid 

Fatty acid CO SRG OPS HSBO Pooled SEM 

16:0 24.54 24.61 26.37 24.37 1.05 
16:1 3.13 b 7.84 a 7 . 1 0  a'b 5 . 4 0  a'b 1.07 
18:0 20.06 16.17 17.28 18.51 1.06 
18:1 21.635 30.77 a 29.17 a 27.01 a'b 1.64 
18:2006 13.77 a 7.83 b 7.955 12.39 a 0.66 
18:3r 0.25 a 0.25 a 0.13 b 0.20 a'b 0.03 
18:3003 0.095 0.155 0.135 0.26 a 0.02 
20:2006 0.97 b 1.67 a,5 2.12 a 1.035 0.24 
20:3009 0.25 a 0,145 0.19 a'b 0.18 a'5 0.02 
20:3006 2.18 1.61 1.62 1.99 0.18 
20:4006 7.61 ~ 3.40 b 4.075 4.425 0.54 
20:5003 0.09 c 0.395 0.295 0.52 a 0.03 
22:4006 1.06 0.24 0.24 0.19 0.22 
22:5r 1.18 ~ 0 . 2 0  b 0.21 b 0.11 b 0.16 
22:5r 0.00 0.00 0.04 0.15 0.05 
22:6003 0.52 0.66 0.38 0.97 0.21 
Total 003 0.715 1.20 a,b 0.845 1.90 ~ 0.22 
Total 006 27.03 ~ 15.195 16.345 20.335 1.55 

006/003 38.35 13.11 25.27 11.01 
18:2/20:4 1.86 2.33 1.98 2.81 

CO, corn oil; SRG, spent restaurant grease; OPS, triolein, tripalmitin, tristearin; HSBO, 
partially hydrogenated soybean oil. Different superscripts within a row indicate signif- 
icant differences between group means (p < 0.05). 

o lea te  ( sma l l e r  a m o u n t s  of  14:0, 16:0, 16:1 and 18:2) wh i l e  
the  t r i p a l m i t i n  and  t r i s t e a r i n  samples  were  99.7% 16:0 
and 86.7% 18:0, respect ively.  Both  the  OPS and SRG diets  
were  def ic ient  in  l inole ic  acid. The  OPS  die t  provided 1.09 
g l i no lea te /kg  diet ,  and  the  SRG diet  provided  1.82 g 
l i no l ea t e /kg  diet.  Th is  is far  below the  10 g/kg recom- 
m e n d e d  by the  Na t iona l  Academy of Science (18). In  con- 
t ras t ,  the  H S B O  and  CO die ts  provided more  t h a n  15 g 
l inole ic  acid/kg diet.  

Body we igh t s  a t  21 days were  s ign i f i can t ly  inf luenced  
by d i e t a ry  fat  source (Table 3). Chicks  fed CO and  H S B O  

were  h e a v i e r  (p < 0.05) t h a n  those  fed OPS,  wh i l e  we igh t s  
of  chicks fed SRG were  not  d i f ferent  f rom those  of chicks 
fed CO or OPS. The  poorest  feed convers ion  was observed 
in chicks fed OPS,  and  the  best  was seen  in  those  fed CO. 
Perosis  and  d e r m a t i t i s  were  observed in chicks f rom each 
t r e a t m e n t ,  bu t  no s igni f icant  effects due to EFA deficiency 
were  noted.  

The  fa t ty  acid profiles for microsomes ,  mi tochondr i a  
and  cytosol  are  p re sen ted  in  Tables  4-6 .  The  DB225 me- 
gabore  co lumn used  for ch roma tog raph ic  ana lys i s  of  fa t ty  
acids in  th is  e x p e r i m e n t  p e r m i t t e d  base l ine  s epa ra t i on  

LIPIDS, Vol, 22, No, 9 (1987) 



64.0 

A.M. R O G E L  A N D  B.A.  W A T K I N S  

T A B L E  5 

L i v e r  M i t o c h o n d r i a l  F a t t y  A c i d s  ( A r e a  %) o f  C h i c k s  F e d  t h e  E x p e r i m e n t a l  D i e t s  

D i e t a r y  l ipid 

F a t t y  acid CO SRG OPS H S B O  Pooled SEM 

16:0 27.43 26.12 29.70 27.62 1.35 
16:1 3.44 b 9.16 a 7.84 a,b 6.23 a,b 1.12 
18:0 18.44 a 14.88 a'5 14.06 b 16.09 a'b 0.97 
18:1 20.545 29.23 ~ 30.91 a 26.82 ~ 1.12 
18:2o~6 14.97 ~ 8.32 b 7.38 b 12.24 a 0.91 
18:3~o6 0.34 a 0.26 a'b 0.12 b 0.20 a'5 0.04 
18:3~o3 0.15 0.18 0.20 0.20 0.07 
20:2r 0.79 0.97 1.26 0.75 0.15 
20:3r 0.32 a 0.055 0.09 b 0 .08  b 0.04 
20:30~6 1.58 a 0.865 0 .98  a'b 1.27 a'b 0.16 
20:4r 6.79 a 3.12 b 2.985 4.10 b 0.63 
20:50~3 0.07 c 0.38 a'b 0.205"c 0.44 a 0.05 
22:40J6 0.38 0.07 0.13 0.10 0.08 
22:5r 0.67 ~ 0.15 b 0.175 0.085 0.06 
22:5r 0.02 0.07 0.02 0.08 0.04 
22:6r 0.27 0.51 0.40 0.60 0.12 
Tota l  r 0.515 1.14 a'b 0.82 a'b 1.32 ~ 0.18 
Tota l  r 25.53 ~ 13.75 b 13.03 b 18.73 b 1.55 

~o6/r 72.74 13.03 15.84 15.51 
18:2/20:4 2.28 3.01 2.51 3.02 

CO, corn oil; SRG, s p e n t  r e s t a u r a n t  g rease ;  OPS,  t r iolein ,  t r i p a l m i t i n ,  t r i s t ea r in ;  HSBO,  
pa r t i a l l y  h y d r o g e n a t e d  s o y b e a n  oil. D i f fe ren t  supe r sc r ip t s  w i t h i n  a row indica te  s igni f -  
i can t  d i f ferences  b e t w e e n  group  m e a n s  (p < 0.05). 

T A B L E  6 

L i v e r  C y t o s o l  F a t t y  A c i d s  ( A r e a  %) o f  C h i c k s  F e d  t h e  E x p e r i m e n t a l  D i e t s  

D i e t a r y l i p i d  

F a t t y  acid CO SRG OPS HSBO Pooled SEM 

16:0 34.64 28.31 33.02 30.46 1.88 
16:1 5.66 9.60 8.74 7.81 1.44 
18:0 14.14 11.56 10.75 11.43 1.04 
18:1 29.52 b 38.72 a 36.17 a,5 35.505 1.51 
18:2r 9.55 a 4.97 b'c 4.41 c 7.31 a'b 0.62 
18:3o~6 0.16 0.10 0.12 0.13 0.04 
18:3r 0.06 b 0.10 a'5 0.06 b 0.28 a 0.04 
20:2r 0.305 0.94 a 0.83 a,5 0.47 a'5 0.15 
20:3o~9 0.02 0.00 0.04 0.04 0.02 
20:3r 0.86 0.81 0.57 0.81 0.12 
20:4oJ6 2.98 a 1.74 a'b 1.395 1.79 a'b 0.36 
20:5r 0 ,00  b 0.16 a 0.11 a'b 0.24 a 0.03 
22:4oJ6 0.07 0.02 0.02 0.11 0.04 
22:5to6 0.08 0.05 0.04 0.04 0.05 
22:5~03 0.13 0.08 0.02 0.10 0.08 
22:6~o3 0.21 0.31 0.20 0.40 0.10 
Tota l  r 0.40 0.64 0.39 1.01 0.20 
Tota l  o)6 14.00 ~ 8.645 7.375 10.67 a'5 1.10 

o~6ho3 41.56 13.07 19.50 10.66 
18:2/20:4 3.38 3.02 3.23 4.12 

CO, corn  oil; SRG, s p e n t  r e s t a u r a n t  g rease ;  OPS, t r iolein ,  t r i pa lmi t i n ,  t r i s t ea r in ;  HSBO,  
pa r t i a l l y  h y d r o g e n a t e d  s o y b e a n  oil. D i f fe ren t  supe r sc r i p t s  w i t h i n  a row indica te  s ignif-  
i can t  d i f fe rences  b e t w e e n  group  m e a n s  (p < 0.05). 
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of 18:2oo6 cis and trans isomers and near-baseline resolu- 
tion of 18:1oo9 cis and trans isomers. However, the many 
positional isomers of 18:1 in SRG and HSBO could not 
be separated, and only one large nonsymmetrical peak 
and a small incompletely resolved peak after the major 
18:1 peak were eluted. The areas of these two peaks were 
combined for statistical analysis. Although isomeric sep- 
aration was incomplete, the shape of the 18:1 peaks found 
in liver subcellular components mimicked the shape of 
the 18:1 peaks found in the dietary fat source, suggesting 
that dietary 18:1 isomers were incorporated into liver 
cells. Unresolved positional isomers were present in both 
the cis and trans 18:1 fractions of SRG and HSBO sepa- 
rated by argentation chromatography. 

Feeding EFA-deficient diets (SRG and OPS) led to a 
significant increase in the proportions of 18:1 and 20:2oo6 
in microsomes (Table 4) and a decrease in the proportion 
of 18:2oo6, 18:3oo6 and 22:5oo6 when compared to the CO 
control. Chicks fed HSBO had increased proportions of 
18:3oo3 and 20:5oo3 and decreased proportions of 20:4oo6 
and 22:5oo6. Feeding a partially hydrogenated EFA- 
deficient diet (SRG) resulted in a microsomal fatty acid 
profile similar to that observed by feeding the unhydroge- 
nated EFA-deficient diet (OPS). 

Feeding an EFA-deficient diet led to a significant in- 
crease in the proportion of 18:1 and a significant decrease 
in the proportions of 18:0, 18:2oo6, 18:3oo6, 20:3oo9, 20:4oo6 
and 22:5oo6 in mitochondria (Table 5). Feeding HSBO 
resulted in an increase in 18:1 and 20:5r and a decrease 
in 20:3oo9, and 20:4oo6 and 22:5oo6. Chicks fed SRG had 
mitochondrial fatty acid profiles similar to those fed OPS. 

Both linoleic acid and arachidonic acid were decreased 
in cytosol (Table 6) by feeding the EFA-deficient diet, and 
18:3oo3 and 20:5oo3 were increased by feeding HSBO. No 
differences were seen in the cytosolic fatty acid profiles 
of chicks fed SRG and OPS. 

DISCUSSION 

The only overt sign of EFA deficiency in the chicks of this 
experiment after three weeks of experimental feeding 
was a significantly lower mean body weight in chicks fed 
OPS and SRG compared to that of chicks fed HSBO and 
CO. Chicks fed OPS had a poorer feed conversion than 
those fed other dietary lipids. This may be due to the 
highly saturated nature of the lipid source, as well as to 
the low levels of linoleic acid in the diet. Earlier inves- 
tigators have reported that fatty acids from saturated 
fats such as lard and tallow are poorly absorbed by young 
growing chicks and turkey poults compared to fatty acids 
from vegetable oils (19,20). 

The failure of chicks to develop severe EFA deficiency 
symptoms after 3 wk of feeding low linoleate diets is not 
surprising. Holman (21), in his review of EFA deficiency, 
discusses early studies in which day-old chicks grew nor- 
mally for 6-8 wk on fat-free diets. Biochemical changes 
would be expected earlier, however, and changes in fatty 
acid profiles were observed herein. 

EFA deficiency in rats and chicks is classically accom- 
panied by decreased tissue levels of linoleic acid and 
arachidonic acid and by increased levels of de novo synthe- 
sized r fatty acids, oleic acid and its elongation 
product, 20:3oo9 (21,22). In the present work, feeding 
chicks the EFA-deficient OPS diet for 3 wk led to a signifi- 

cant reduction in 18:2oo6 and 20:4oo6 in all three liver 
subcellular fractions. Similarly, significant reductions in 
linoleic and arachidonic acids were seen in liver micro- 
somes and mitochondria of chicks fed SRG. The lowered 
linoleic acid levels in cytosol were significant for SRG-fed 
chicks, but the arachidonic acid levels were not. The 
profiles of microsomal and mitochondrial lipids appeared 
to be more severely affected by feeding EFA-deficient diets 
than were the fatty acid profiles of cytosol lipids. Inter- 
mediates in the oo6 desaturation pathway were lowered 
in membrane lipids, as was the elongation product, 
22:5oo6. The results from this experiment support the 
findings of Haeffner and Privett (23) that rats fed hydro- 
genated coconut oil (deficient in EFA) had decreased 
linoleic and arachidonic acid levels in mitochondrial phos- 
pholipids. 

Increased levels of 20:3oo9 in tissue lipids have been 
used as a criteria for assessing EFA deficiency. This fatty 
acid is formed when the rate-limiting desaturation of 
18:1o09 is no longer inhibited by the presence of the more 
preferred substrates for the A6 desaturase, 18:3oo3 and 
18:2oo6 (4). In the present experiment, however, levels of 
20:3oo9 were depressed in chicks fed SRG, OPS and HSBO 
compared to the controls fed CO. 

In rats, feeding certain hydrogenated fats can depress 
desaturation in the oo9 series. Thomassen et al. (1) re- 
ported that EFA deficiency in rats caused by feeding par- 
tially hydrogenated vegetable oil with virtually no 
linoleic acid was accompanied by elevated 20:3oo9 levels 
and a triene-to-tetraene ratio above 0.4. The elevated 
20:3oo9 was less dramatic, however, when partially hydro- 
genated marine oils low in 18:2oo6 were fed. In a study 
by Hill et al. (10), the effect of EFA deficiency on triene-to- 
tetraene ratios also varied with dietary lipid source. AI- 
though levels of 20:3oo9 were elevated as a result of EFA 
deficiency, levels of 20:3oo9 were lower and precursor 
20:2oJ9 levels higher in liver phospholipids of rats fed 
partially hydrogenated soybean oil for 31 wk than in 
those fed hydrogenated coconut oil or low-fat corn oil 
diets. This effect was probably caused by impaired A5 
desaturase activity by 18:1 isomers present in the par- 
tially hydrogenated soybean oil. 

The source of dietary carbohydrate can also influence 
the response of experimental animals to the feeding of 
EFA-deficient diets. Trugnan et al. (24) reported that rats 
fed EFA-deficient diets containing hydrogenated coconut 
oil and sucrose developed the characteristic feature of 
EFA deficiency (reduced weight gain and decreased 
linoleic and arachidonic acid levels and increased 20:3oo9 
levels in plasma phospholipids). When starch was fed in 
place of sucrose, however, the EFA deficiency symptoms 
were noticeably reduced. 

Increased levels of 20:3oo9 in liver and heart phos- 
pholipids from EFA-deficient chicks fed diets containing 
isolated soy protein, corn starch and triolein for 3 wk 
have been demonstrated by Watkins (25). Possibly the 
types of dietary fat sources are responsible for the differ- 
ing effects of EFA deficiency on r desaturation in the 
present experiment. The fatty acid profile of each tissue 
is influenced in part by the dietary lipid source and by 
de novo synthesis of fatty acids. In addition, alteration 
of dietary fatty acids in liver microsomes by desaturation 
and elongation, rates of fatty acid oxidation and selective 
incorporation of certain fatty acids into specific lipid 
classes contribute to the tissue fatty acid profile (4). 
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A decrease in 20:4~6 by isomers of 18:1 other than  
18:1r was reported in rats (11) and examined more 
closely by Lawson et al. (3) using concentrates of cis and 
trans isomers. Trans 18:1 isomers suppressed 20:4r and 
20:3r levels and increased 18:2r and 20:5r levels in 
rat  liver phosphatidylcholine and phosphatidyletha- 
nolamine. Cis 18:1 isomers suppressed 20:4~o6 levels in 
phosphatidylcholine, 20:5r in phosphatidylcholine and 
phosphatidylethanolamine and 18:2~6 in phosphatidyl- 
choline, but  increased levels of 20:4r in phos- 
phatidylethanolamine and 20:3r in phosphatidyl- 
choline and phosphatidylethanolamine. Mahfouz et al. 
(11) suggested that  A6 desaturation of fatty acids was 
inhibited by 18:1 isomers in rats. Possibly the same 
mechanism is effective in chicks, since levels of 18:2~o6 
were similar in liver fractions from chicks fed HSBO and 
CO, but levels of arachidonic acid were significantly lower 
in microsomes and mitochondria when HSBO was fed. 

In the present experiment with chicks, feeding par- 
tially hydrogenated soybean oil also led to an increase 
in ~o3 fatty acids. This increase may partially be due to 
the higher level of linolenic acid in the HSBO diet. (All 
other lipid sources in this experiment contained much 
lower levels of 18:3r 

In summary, the dietary lipids fed in this study had a 
significant effect on the fatty acid profiles of chick liver 
microsomes, mitochondria and cytosol. Feeding day-old 
chicks diets deficient in linoleate for 3 wk led to signifi- 
cant reductions in both linoleate and arachidonate. Feed- 
ing HSBO that  had adequate levels oflinoleate and linole- 
nate also resulted in lowered arachidonate levels in liver 
fractions, suggesting that  the 18:1 isomers present in the 
dietary lipid inhibited A6 desaturase activity. The effects 
of feeding a partially hydrogenated fat with low linoleate 
levels (SRG) were similar to the effects of feeding OPS. 
Thus, under the conditions of our experiment, the effects 
of feeding EFA-deficient diets and hydrogenated fats were 
not additive. 

Further  studies, to determine the effects of hydrogen- 
ated fats on linoleate metabolism aider prolonged feeding 
in chickens are warranted. Such studies are important  
because blended fats containing cis/ trans isomers of un- 
saturated fatty acids are used in poultry rations, and the 
expected accumulation of cis/ trans isomers in poultry 
products would contribute to the total intake of these 
fatty acids in the diets of humans.  
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Response of Urinary Malondialdehyde to Factors that Stimulate Lipid 
Peroxidation In Vivo 
S.N. Dhanakotiland H.H. Draper* 
Department of Nutritional Sciences, University of Guelph, Guelph, Ontario, Canada NIG 2WI 

M a l o n d i a l d e h y d e  (MDA) de r iva t ives  o c c u r  as  nor -  
ma l  c o n s t i t u e n t s  o f  r a t  a n d  h u m a n  ur ine .  In  a previ- 
ous study,  it  was  f o u n d  t ha t  MDA e x c r e t i o n  in rats 
is responsive to MDA intake and to certain factors 
that increase lipid peroxidation in vivo: vitamin E 
def ic iency,  iron administration and a high c o n c e n -  
t r a t i o n  o f  c od  l iver  oil (CLO) f a t ty  ac ids  in the  t i ssues .  
In  the  p r e s e n t  s tudy,  the  ef fec t  on  MDA exc re t i o n  o f  
severa l  a d d i t i o n a l  d i e t a r y  a n d  e n d o g e n o u s  f ac to r s  
was  eva lua ted .  

T he  c o m p o s i t i o n  of  d i e t a r y  fa t ty  ac ids  h a d  a major 
i n f luence  on  MDA exc re t i on  in fed animals, being 
highest for an ima l s  fed  n-3 fatty acids (20:5 and 22:6) 
from CLO, intermediate for  t hose  fed n-6 (18:2) ac ids  
from c o r n  oil (CO) a n d  lowes t  fo r  t hose  fed  s a t u r a t e d  
ac ids  f r o m  h y d r o g e n a t e d  c o c o n u t  oil (HCO). Diet 
was  the  m a i n  sou rce  of  u r i n a r y  MDA in all g roups .  
Fasting p r o d u c e d  a m a r k e d  i n c r e a s e  in  u r i n a r y  
MDA, wh ic h  t e n d e d  to  b e  h i g h e r  in  r a t s  p r e v i o u s l y  
fed CLO. Fas t ing  MDA exc re t i on  was  no t  a f f ec t ed  by  
the level o f  CO in the  d ie t  (5, 10 o r  15%), indicating 
that feeding n-6 ac ids  does  no t  i n c r e a s e  lipid perox- 
idation in  vivo. A d r e n o c o r t i c o t r o p i c  h o r m o n e  a n d  
epinephrine administration increased urinary 
MDA, f u r t h e r  i n d i c a t i n g  t h a t  l ipolysis  e i t h e r  re- 
l eases  f a t ty  ac id  p e r o x i d e s  f r o m  t h e  t i s sues  o r  in- 
c r ea se s  the  suscep t ib i l i t y  o f  mob i l i zed  fa t ty  ac ids  to  
peroxidation. A decrease in fasting MDA e x c r e t i o n  
was  o b s e r v e d  in r a t s  p r ev ious ly  fed  a h igh  level o f  
antioxidants (vitamin E + BHT + vitamin C) vs a 
n o r m a l  level of  v i t a m i n  E. MDA exc re t i on  i n c r e a s e d  
fo l lowing  a d r i a m y c i n  a n d  CC14 admin i s t r a t i on .  No 
i n c r e a s e  was  o b s e r v e d  fo l lowing  s h o r t - t e r m  feeding 
of  a choline-methionine-deficient diet, which  h a s  
b e e n  r e p o r t e d  to i n c r e a s e  p e r o x i d a t i o n  o f  r a t  l iver  
n u c l e a r  lipids. 

This  s t u d y  p r ov ide s  f u r t h e r  e v i d e n c e  t h a t  u r i n a r y  
MDA c a n  serve  as  a u se fu l  i n d i c a t o r  of  l ip id  pe rox-  
i da t i on  in  vivo w h e n  p e r o x i d a t i o n  o f  dietary lipids 
is p r e c l u d e d .  
Lipids 22, 643-646 {19871. 

Derivatives of malondialdehyde (MDA), a major carbonyl 
product of lipid peroxidation arising mainly from polyun- 
saturated fat ty acids (PUFA), are normal constituents of 
ra t  and human  urine. In a previous study (1), endogenous 
MDA excretion in the rat  was found to increase in re- 
sponse to certain factors tha t  enhance lipid peroxidation 
in vivo: v i tamin E deficiency, iron ni tr i lotr iacetate admin- 
istration and a high PUFA intake from cod liver oil. In 

*To whom correspondence should be addressed. 
1This research was performed in partial fulfillment of the require- 
ments for the M.Sc. degree in Nutritional Sciences. 
Abbreviations: MDA, malondialdehyde; PUFA, polyunsaturated 
fatty acids; ACTH, adrenocorticotropic hormone; EP, epinephrine; 
HCO, hydrogenated corn oil; CO, corn oil; CLO, cod liver oil; HPLC, 
high performance liquid chromatography; FFA, free fatty acids; 
CMD, choline-methionine-deficient; EFA, essential fatty acids. 

the present study, the effect of several additional factors 
on lipid peroxidation in vivo was evaluated using ur inary  
MDA as an indicator: feeding saturated vs n-6 vs n-3 
fatty acids; a high level of dietary antioxidants; adminis- 
t ra t ion of adrenocorticotropic hormone (ACTH), epineph- 
r ine (EP), adriamycin or CC14; and short- term choline- 
methionine deficiency. 

METHODS 

Experiment 1. The effect of feeding diets containing satu- 
ra ted vs n-6 (18:2) vs n-3 (20:5 and 22:6) fat ty acids on 
lipid peroxidation in vivo was assessed in rats  by the 
ur inary  MDA method. The composition of the diets is 
given elsewhere (1). The fat sources were as follows: 15% 
hydrogenated coconut oil (HCO); 5% corn oil (CO) + 10% 
HCO; 10% CO + 5% HCO; 15% CO; 5% CO + 5% HCO 
+ 5% cod liver oil (CLO). All diets contained 30 IU vita- 
min E/kg as DL-a-tocopheryl acetate and were stored at  
4 C. They were fed to five groups of eight male weanling 
Wistar rats (Woodlyn Laboratories, Guelph, Ontario). 
Body weights were determined weekly. After 10 wk, 24-hr 
urine samples were collected from fed rats and analyzed 
for total  MDA by the high performance liquid chromatog- 
raphy (HPLC) method of Bird et al. (2) as modified for 
urine by Draper  et al. (1). To determine the endogenous 
contribution to ur inary  MDA, the animals then  were fed 
the PUFA-free 15% HCO diet for 48 hr, and ur inary  MDA 
was measured during the second 24-hr period. Finally, 
the animals were fasted for 48 hr, and MDA excretion 
was determined during the second 24 hr. 

Experiment 2. After it was found in Exper iment  1 tha t  
fasting increased MDA excretion, the effect of the lipolytic 
agents EP and ACTH on MDA excretion was investigated. 
These hormones were administered to groups of six adult  
male Wistar rats  tha t  had been fed a high-PUFA (10% 
CO + 5% CLO) diet for 4 wk. To eliminate the effect of 
dietary MDA on MDA excretion, the animals were fed a 
PUFA-free (15% HCO) diet for 48 hr, and basal MDA 
excretion was determined for the second 24 hr. Then they 
were injected intraperi toneal ly with saline (0.9%), ACTH 
(40 OU kg) or EP (1 mg/kg) and fed the 15% HCO diet 
for an additional 24 hr, during which t ime MDA excretion 
was again determined. 

Blood samples were collected from the orbital sinus 
into tubes containing heparinized 0.9% saline (25 IU 
heparin/dl) prior to and 4 hr  following administrat ion of 
saline, ACTH or epinephrine. Samples also were collected 
from a group of six adult  male rats  (365 _+ 10.5 g) fed 
Rodent Chow | prior to and following a 48-hr fast. Free 
fatty acids (FFA) in the plasma were determined by the 
method ofFalholt  et al. (3) as modified by Lee and cowork- 
ers (4). 

Experiment 3. The effect of dietary antioxidants on uri- 
nary  MDA was investigated. Diets containing n-6 (10% 
CO) or a mixture  of n-6 and n-3 (10% CO + 5% CLO) 
fatty acids were fed for 4 and 6 wk, respectively, in con- 
junction with a mixture  of antioxidants (300 IU DL-a-to- 
copheryl acetate/kg + 0.5% BHT + 0.5% vi tamin C) or 
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a normal level of v i tamin E (30 IU DL-a-tocopheryl ace- 
tate/kg). Fat and antioxidant additions were made at the 
expense of cornstarch (1). Final 24-hr urine samples were 
collected in the fed state for MDA analysis. The 10% CO 
groups then  were fasted for 48 hr, and endogenous MDA 
excretion during the final 24 hr  was measured. The 10% 
CO + 5% CLO groups were fed a PUFA-free (15% HCO) 
diet for 48 hr, and MDA excretion was determined during 
the final 24 hr. They then  were fasted for 48 hr, and 
fasting MDA excretion during the final 24 hr  was again 
determined. 

Experiment 4. The toxicity ofCC14 has been a t t r ibuted 
to peroxidation of hepatic lipids. Its effect on ur inary  
MDA was investigated in two groups of eight adult  male 
Wistar rats  ( - 3 0 0  g) fed a PUFA-free (15% HCO) diet. 
MDA excretion during the 24 hr  before t rea tment  and 
during two 24-hr periods following intubat ion with CC14 
(100 i~1/100 g) or saline (0.9%) was determined. MDA 
excretion also was assessed in saline-treated rats given 
8.0 g food (the amount  consumed by the CC14-treated 
animals 0-24 hr  following intubation) to test the possibil- 
i ty tha t  the response to CC14 was affected by a depressed 
intake of food relative to tha t  of the controls (21.0 g). 

Experiment 5. Adriamycin (doxorubicin), an ant i tumor  
antibiotic (5,6), causes cardiac toxicity associated with 
lipid peroxidation (7). Exper iment  5 was designed to de- 
termine whether  this effect could be detected in terms of 
increased MDA excretion. Two groups of eight male Wis- 
ta r  rats ( - 425  g) were fed for 3 days a 5% HCO diet 
(Dyets Inc., Bethlehem, PA) containing no detectable 
MDA (<0.1 I~g/g). On day 4, the animals were injected 
intraperi toneal ly with ei ther  saline (0.9%) or adriamycin 
hydrochloride (5 mg/kg) in saline. Food consumption and 
MDA excretion were monitored for 48 hr  post-administra- 
tion. 

Experiment 6. Based on the appearance of diene conju- 
gates absorbing at  232 nm in the liver nuclei of rats  fed 
a choline-methionine-deficient (CMD) diet, Rushmore et 
al. (8) proposed that  lipid peroxidation was involved in 
the subsequent development of a high incidence of hepatic 
tumors. Through the courtesy of Dr. A. K. Ghoshal (Dept. 
of Pathology, University of Toronto, Ontario), urine sam- 
ples from CMD animals collected at the peak concentra- 
tion of diene conjugates (48-72 hr) and from controls 
were obtained for MDA analysis. 

Statistical analysis. The significance of differences in 
weight, food consumption and MDA excretion was deter- 
mined using Student's t-test, except tha t  in Exper iment  
1, differences in MDA excretion were evaluated using 
Duncan's multiple-range test. Significance was tested at 
the 5% and 1% levels of probability. 

RESULTS AND DISCUSSION 

PUFA intake and MDA excretion. Figure I i l lustrates the 
effects of feeding diets high in saturated,  n-6 and n-3 
fat ty acids on MDA excretion. The composition of dietary 
fat ty acids had a major influence on MDA excretion in 
fed rats, being highest for those fed n-3 acids from CLO, 
intermediate for those fed n-6 acids from CO and lowest 
for those fed saturated acids from HCO. There were no 
significant differences (p > 0.05) in MDA excretion be- 
tween groups fed different levels of corn oil (5, 10 or 15%). 
Switching the CLO and CO groups to the PUFA-free 15% 
HCO diet resulted in a major decrease (p < 0.01) in MDA 

AND H.H. D R A P E R  

excretion and eliminated t rea tment  differences. This 
observation indicates that ,  as reported previously (1), diet 
was the main source of ur inary  MDA in these groups. 
The rats fed the essential fat ty acid (EFA)-deficient 15% 
HCO diet for 10 wk had a significantly (p < 0.01) lower 
body weight than  the other groups (data not shown). 

A 24-48 hr  fast produced a marked increase (p < 0.01) 
in MDA excretion in all groups. This increase was highest 
in the rats previously fed CLO, but  the difference was 
significant (p < 0.01) only with reference to those fed 
15% CO or 15% HCO. A significant increase in fasting 
MDA excretion in animals fed a diet containing cod liver 
oil was seen in an earlier  study (1). These increases pre- 
sumably reflect an enhanced peroxidation of tissue lipids. 
Reddy et al. (9) observed tha t  the adipose tissue of ani- 
mals fed CLO had three t imes the fluorescence of tissue 
from animals fed corn oil. Ir i tani  et al. (10) found tha t  
chemiluminescence emission associated with NADPH- 
dependent lipid peroxidation in liver microsomes was 
greater  in rats fed 5% vs 0.5% CO but  not 10% vs 5% CO. 

There were no significant differences in fasting MDA 
excretion among groups fed different levels of corn oil. 
Lack of a dose response to CO intake may be due to the 
fact tha t  the conversion of l inoleate to arachidonic acid 
(the presumed main source of MDA from peroxidation of 
n-6 acids) does not increase in proportion to the level of 
linoleate in the diet. The more peroxidizable pentaenoic 
and hexaenoic acids of the n-3 series, on the other  hand, 
are readily deposited in the tissues of animals fed CLO, 
though not extensively in adipose tissue (1). The results 
indicate tha t  high intakes of oils containing dienoic n-6 
acids do not enhance peroxidation of PUFA in vivo. 

It  is noteworthy tha t  ur inary  MDA also increased in 
fasting rats fed the HCO diet. This increase, which was 
comparable to tha t  of rats fed the CO diets, may have 
been due to peroxidation of 5,8,11-eicosatrienoic acid, 
which accumulates in plasma and tissue phospholipids 
in EFA deficiency. 

Effect of ACTH and EP. After 4 wk, MDA excretion on 
the high-PUFA diet averaged 3.1-3.6 ixg/24 hr  (p > 0.05) 
(Table 1). These values decreased to 1.1-1.3 Ixg/24 hr  on 
the PUFA-free diet. Small but  significant (p < 0.05) in- 
creases in MDA excretion over tha t  of the control group 
were observed during the 24 hr  following ACTH or EP 
administration. 

Plasma FFA levels were 36.5% and 57.7% above control 
values 4 hr  following EP and ACTH administration, re- 
spectively (Table 2). In animals fasted for 48 hr, FFA 
levels increased by 78.0% (362 _+ 4.8 vs 203 _+ 2.2 txmol/ 
dl). The smaller  increments in MDA excretion observed 

T A B L E  1 

Effect  of  ACTH and  E p i n e p h r i n e  (EP)  Admin i s t ra t ion  on 
U r i n a r y  M D A *  

Pre in jec t ion  Pos t in jec t ion  

Sa l ine  (0.9%) 1.2 -+ 0.2 a 2.0 -+ 0.2 a 
A C T H  (40 U/kg)  1.3 -+ 0.3 a 3.7 -+ 0.35 
E P ( 1  mg/kg)  1.1 -+ 0.2 a 3.6 -+ 0.25 

*t~g/24hr, m e a n  -+ SEM, n = 6. C o l u m n  m e a n s  w i t h  d i f fe rent  
supe r sc r ip t s  a re  s ign i f i can t ly  d i f fe rent  (p < 0.01). 
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TABLE 2 

P l a s m a  Free  F a t t y  A c i d  (FFA) Leve l s  F o l l o w i n g  A n d r e n o c o r -  
t i co trop ic  H o r m o n e  (ACTH) a n d  E p i n e p h r i n e  (EP) A d m i n i s -  
trat ion* 

Treatment FFA (~Lmol/dl) 

Preinjection Postinjection % Change 

Saline (0.9%) 160.0 - 1.5 ~ 164.0 -+ 1.7 a 2.5 - 0.2 ~ 
EP (1 mg/kg) 145.0 -+ 2.6 a 198.0 -+ 3.15 36.5 -+ 1.25 
ACTH (40 U/kg) 168.0 -+ 3.0 ~ 265.0 -+ 4.1 c 57.7- + 2.1 c 

*Mean -+ SEM, n = 6. Column means with different superscripts 
are significantly different (p < 0.01). 

fo l lowing ACTH or  E P  a d m i n i s t r a t i o n  t h a n  those  ob- 
se rved  a f t e r  f a s t i ng  (Fig. 1) m a y  have  been  due  to a l e s se r  
l i po ly t i c  response .  

The  i nc rea se  in  MDA exc re t ion  fo l lowing f a s t i ng  or  
a d m i n i s t r a t i o n  of  l ipo ly t i c  h o r m o n e s  m a y  ref lect  a mobi l i -  
za t ion  of  f a t t y  ac id  pe rox ides  f rom t h e  t i s sues .  A l t e r n a -  
t ively ,  i t  is  poss ib le  t h a t  mob i l i zed  P U F A  a re  sub jec t  to 
p e r o x i d a t i o n  c a t a l y z e d  by  h e m e  p r o t e i n s  or  t r a n s i t i o n  
m e t a l s  d u r i n g  t r a n s p o r t  in  t he  se rum.  This  ques t i on  is  
wor thy  of  f u r t h e r  i nves t i ga t i on .  

Antioxidant effect. F e e d i n g  a h i g h  level  of  a n t i o x i d a n t s  
was  a s soc i a t ed  w i t h  r educ t i ons  of  37% a n d  32% in  f a s t i ng  
MDA exc re t ion  r e l a t i v e  to t h a t  seen  in  cont ro l s  fed a 
m o d e r a t e  level  of  v i t a m i n  E (p < 0.01) (Table 3). As  t h e  
u r i n e  s a m p l e s  were  col lec ted  2 4 - 4 8  h r  a f t e r  t h e  b e g i n n i n g  
of  a fast ,  t h e s e  r educ t i ons  p r e s u m a b l y  ref lect  a n  i nh ib i -  
t ion  of  in  vivo l ip id  pe rox ida t ion .  Th i s  conc lus ion  is  sup-  
po r t ed  by  t h e  fact  t h a t  t h e  r e d u c t i o n  pe r s i s t ed  in  fas ted  
a n i m a l s  a f t e r  i n t e r i m  feed ing  of a peroxide- f ree  diet .  A 
s i m i l a r  effect was  seen  p rev ious ly  in  fas ted  r a t s  fed 100 
I U  or  30 I U  v i t a m i n  E / K g  d ie t  vs  no a n t i o x i d a n t  (1). 
A l t h o u g h  t h e  a b s o l u t e  dec rease  in  MDA exc re t ion  as-  
soc ia ted  w i t h  t h e  h i g h  a n t i o x i d a n t  i n t a k e  was  sma l l ,  u r i -  
n a r y  MDA p r o b a b l y  r e p r e s e n t s  on ly  a s m a l l  f r ac t ion  of  
t h e  t o t a l  MDA formed  in  vivo. 14C-MDA a d m i n i s t e r e d  
o r a l l y  to r a t s  is  e x t e n s i v e l y  oxidized to 14CO2, w i t h  on ly  
10% of  t h e  r a d i o a c t i v i t y  a p p e a r i n g  in  t h e  u r i n e  (11). On- 
go ing  e x p e r i m e n t s  have  i n d i c a t e d  t h a t  u r i n a r y  MDA con- 
s i s t s  m a i n l y  of  l y s ine  d e r i v a t i v e s  ( u n p u b l i s h e d  resu l t s ) .  

MDA Excretion By Rats Fed Different Fats (Mean' I 'sEM,N=8) 

DIETS(IOWK) " ~ 157.HCO ~ 57, CO-I- 10% HCO 

,o c o  + o ..co m , , , c o  

I 570CLO'P 57o CO'l" 570 HCO 

DIETS(48HR) [ ]  15 7. HCO [ ]  FAST 

2 0 -  

16 

o 

bc 

bc bc f b , 
FIG. 1. M D A  e x c r e t i o n  b y  rats  f e d  d i f f erent  s o u r c e s  o f  fat.  
M e a n  _+ SEM, n = 8. Bars  w i t h  d i f f erent  l e t ters  are  s ignif i -  
c a n t l y  d i f f erent  (p < 0.01). 

A s  observed  p rev ious ly  (1), CLO m a r k e d l y  i n c r e a s e d  
MDA excre t ion ,  a n  effect a t t r i b u t a b l e  m a i n l y  to e n h a n c e d  
p e r o x i d a t i o n  of  d i e t a r y  l i p ids  (a - tocophero l  was  p r e s e n t  
a s  t h e  ace ta te ) .  Body  w e i g h t  g a i n  was  r e duc ed  in  t h e  
h i g h  a n t i o x i d a n t  group,  p r o b a b l y  as  a r e s u l t  of  t he  pres-  
ence  of  BHT, wh ich  is k n o w n  to depress  g r o w t h  a t  h i g h  
concen t ra t ions .  The  e l eva t i on  in  u r i n a r y  MDA a s soc i a t ed  
w i t h  f a s t i ng  was  a g a i n  e v ide n t  in  th i s  e x p e r i m e n t .  

CCI4 experiment. MDA exc re t ion  i n c r e a s e d  (p < 0.01) 
d u r i n g  the  24 h r  fo l lowing CC14 a d m i n i s t r a t i o n  (Table 
4), r e f l ec t ing  a s t i m u l a t o r y  effect on in  vivo l ip id  peroxi -  
da t ion .  However,  t h e r e  was  a lso  a s ign i f i can t  dec rease  in  
food i n t a k e  by t h e  CC14-treated r a t s  (8.0 • 0.9 g vs  21.0 
• 2.6 g) d u r i n g  t h e  s a m e  per iod ,  r a i s i n g  t h e  pos s ib l i t y  
t h a t  t h e  i nc rea se  was  due  to i na n i t i on .  R e s t r i c t i n g  t h e  
cont ro l  r a t s  to 8.0 g d ie t  (which was  e a t e n  e a r l y  in  t h e  
24-hr  per iod)  r a i s e d  t h e i r  MDA exc re t ion  to 2.4 • 0.2 
~g/24 h r  (p < 0.01). Th i s  i n c r e a s e  was  s i gn i f i c an t l y  lower  

TABLE 3 

Effec t  o f  D i e t a r y  A n t i o x i d a n t s  on  M D A  E x c r e t i o n *  

Group 10% CO 10% CO + 5% CLO 

Status Fed Fasted Fed Fed 15% HCO Fasted 
Time 6 wk 48 hr 4 wk 48 hr 48 hr 

Low antioxidantt 2.1 -+ 0.3 a 4.1 -+ 0.4 a 6.4 -+ 0.5 a 2.7 -+ 0.2 a 5.6 -+ 0.6 a 
High antioxidant** 2.1 -+ 0.2 a 2.6 --+ 0 . 2  b 6.1 -+ 0.4 a 2.6 • 0.3 a 3.8 --+ 0 , 2  b 

*Final 24 hr of each time period (~g); n = 8. Column means with different superscripts are significantly 
different (p < 0.01). 
t30 IU DL-a-tocopheryl acetate/kg diet. 
**300 IU DL-a-tocopheryl acetate + 0.5% BHT + 0.5% vitamin C/kg diet. 
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TABLE 4 

Stimulation of Urinary MDA by C C l  4 Intubation* 

Treatmentt CC14 Saline 

Before dose (24 hr) 1.4 -+ 0.2 a 1.3 -+ 0.3 ~ 
After dose (0-24 hr) 3.8 -+ 0.2 a 1.6 - 0.15 b 
After dose (24-48 hr) 3.0 -+ 0.25 a 2.0 -+ 0.2 a 

~g MDA/24 hr, mean -+ SEM, n = 8. Row means with different 
superscripts are significantly different (p < 0.01). 
tlO0 ~1/100 g; 15% HCO diet. 

(p < 0.01) t h a n  t h a t  of  the  ra ts  i n tuba ted  wi th  CC14 (3.8 
_ 0.2 ~g/24 hr). Hence,  the  increase in  MDA excret ion 
following the  CC14 dose does not  appear  to have been  due 
ent i re ly  to lipolysis a r i s ing  from a coincident  decrease 
in food consumpt ion.  Fai lure  to observe an  effect of  CC14 
on u r i n a r y  MDA in a previous s tudy  (1) was  probably  
due to a decrease in MDA intake  f rom the  diet  (Rodent  
Chow | by the  CC14-treated animals .  Thus,  tests  for lipid 
peroxidat ion in vivo us ing  MDA excret ion as a cr i ter ion 
should  be carr ied out  us ing  an  MDA-free diet. 

Adr iamyc in  experiment.  A smal l  bu t  s ignif icant  (p < 
0.05) increase  in  u r i n a r y  MDA was  observed f rom 0 to 
24 hr, bu t  not  f rom 24 to 48 hr, following adr iamycin  
admin i s t r a t ion  (Table 5). There  was also a smal l  reduc- 
t ion  in food consumpt ion  following its admin i s t r a t ion  
(17.5 _+ 1.2 g vs 15.9 _+ 1.4 g). The t enuous  increase  in 
u r i n a r y  MDA may  be due to the  organ  specificity of  this  
compound.  

Effect o f  chol ine-methionine deficiency. There  was no 
s ignif icant  change  in MDA excret ion caused  by short-  
t e rm feeding of  a CMD diet  (4.0 _+ 0.5 ~Lg/24 h r  in the  

TABLE 5 

Effect of Adriamycin on Urinary MDA* 

Time after administration 

Treatmentt 0 -  24 hr 24-  48 hr 

Saline (0.9%) 0.9 -- 0.1 a 1.7 --+- 0.3 a 
Adriamycin (5 mg/kg) 1.5 -+ 0.1 b 1.7 -+ 0.4 a 

*~g MDA, mean -+ SEM, n : 8. Column means with different 
superscripts are significantly different (p < 0.05). 
tAnimals fed PUFA-free 15% HCO diet. 

CMD group vs 3.5 -+ 0.8 ~g/24 h r  in controls). Lipid 
peroxidat ion caused by shor t - t e rm feeding of  the  CMD 
diet  is repor tedly  confined to hepat ic  nuclei  (8); any  in- 
crease in MDA product ion at  this  site, therefore,  ma y  
have a negligible effect on to ta l  MDA excretion. 

Forms o f  MDA in urine. Anion  exchange chromatog-  
r aphy  of  ra t  and  h u m a n  ur ine  has  been used to separa te  
several  discrete MDA derivatives.  In  addi t ion to N-acetyl-  
e-propenal  lysine (12), a cyclized form ofe-propenal  lysine,  
enamina l s  of  the  phospholipid bases  ser ine and  
e thano l amine  and,  in some samples ,  a smal l  a m o u n t  of  
free MDA have been  identif ied (Hadley, M., and  Draper,  
H.H.,  unpub l i shed  results).  Together,  these  compounds  
represent  a large f ract ion of  the  tota l  MDA in mos t  u r ine  
samples.  The ident i ty  of several m ino r  MDA-yielding 
compounds  is u n d e r  invest igat ion,  inc luding  the  possibil- 
i ty  t h a t  there  m a y  be lipids in  u r ine  f rom which  MDA is 
formed as an  ar t i fact  dur ing  the  procedure  described for 
its es t imat ion.  

General  conclusion. T h e  resu l t s  of  this  s tudy  provide 
fu r the r  evidence t h a t  u r i n a r y  MDA is useful  as  an  indi- 
ca tor  of  in vivo lipid peroxidat ion when  peroxidat ion of  
d ie ta ry  lipids is precluded.  
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To c lar i fy  t h e  e f fec t s  o f  e i c o s a p e n t a e n o i c  a c i d  (EPA) 
a n d  d o c o s a h e x a e n o i c  a c i d  (DHA)  o n  p r o s t a g l a n d i n  
b i o s y n t h e s i s ,  d i e t s  s u p p l e m e n t e d  w i t h  o i l s  r ich  in  
o n e  fat ty  a c i d  or  the  o t h e r  w e r e  fed  to  rats  over  a 
4 - w k  per iod .  A n i m a l s  fed  t h e  M a x  EPA diet  s h o w e d  
a s i g n i f i c a n t  d e c r e a s e  in  p l a s m a  a n d  t i s s u e  p h o s -  
p h o l i p i d  a r a c h i d o n i c  a c i d  c o n t e n t .  Whi le  p l a s m a  
leve l s  o f  D H A  i n c r e a s e d  o n  a s h a r k  l iver  oi l  d ie t  
e n r i c h e d  in  D H A ,  the  l iver  a n d  k i d n e y  p h o s p h o l i p i d  
c o n t e n t s  o f  D H A  w e r e  n o t  a l tered .  In  add i i t ion ,  t h e  
D H A - e n r i c h e d  diet  d id  n o t  d e c r e a s e  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  o f  e i t h e r  l iver  or  k i d n e y  p h o s p h o l i p i d s .  
W h o l e  b l o o d  t h r o m b o x a n e  a n d  v a s c u l a r  p r o s t a c y c -  
l in  s y n t h e s i s  w e r e  d e c r e a s e d  by  65% a n d  36%, r e s p e c -  
t ively,  in  a n i m a l s  fed  t h e  M a x  EPA diet .  N o  s u c h  
d e c r e a s e  w a s  s e e n  in t h e  rats  fed  D H A - e n r i c h e d  
diets .  We c o n c l u d e  f r o m  t h e s e  re su l t s  tha t  in  t h e  rat  
D H A  is n o t  l ike ly  to  h a v e  a s i g n i f i c a n t  e f fec t  o n  pros -  
t a g l a n d i n  s y n t h e s i s  w h e n  g i v e n  as  a d i e t a r y  supp le -  
m e n t .  
Lipids 22, 647-650 (1987). 

Dietary  fish oils are general ly thought  to have a cardiovas- 
cular protective effect, which is a t t r ibuted main ly  to their  
abil i ty to modify prostaglandin and lipid synthesis  (1-4). 
While fish oils invar iably  contain a mixture  of fat ty  acids, 
including eicosapentaenoic acid (EPA, 20:5o03) and 
docosahexaenoic acid (DHA, 22:6o03), most  biological ac- 
t ivi ty  has  been ascribed to EPA. For example,  dietary 
EPA can depress the production of thromboxane A2 
(TXA 2) by reducing platelet  phospholipid arachidonic 
acid stores and by competi t ively inhibi t ing cyclooxy- 
genase (5,6). However, at least  one in vitro study has  
shown tha t  DHA is also a strong inhibi tor  ofpros taglan-  
din biosynthesis  (7). Von Schacky and Weber (8) supple- 
mented the h u m a n  diet separate ly  with purified EPA and 
DHA, and a l though thromboxane formation was unal- 
tered, DHA reduced platelet  responsiveness, indicat ing 
tha t  it may  contribute to the ant i thrombotic  effects of 
dietary fish oils. 

We have carried out detailed studies on the effects of 
dietary fish oils on phospholipid fat ty  acid composition 
and prostaglandin synthesis  in the ra t  (9,10) using com- 
mercial ly available cod liver oil and Max EPA, which are 
richer in EPA than  in DHA. I t  is known tha t  Austra l ian 
fish species have a different fat ty  acid composition com- 
pared to Northern Hemisphere  species commonly used 
in commercial  oil production (11). A local fish liver oil 
was found to be highly enriched in DHA, with relat ively 
small  amounts  of EPA and arachidonic acid, while the 
total  o03 fa t ty  acid content was s imilar  to Max EPA oil. 
To elucidate fur ther  the effectiveness of EPA and DHA 
as prostaglandin inhibitors, diets supplemented with oils 

*To whom correspondence should be addressed. 
Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahexaenoic 
acid; TXA2, thromboxane A2; TXB2, thromboxane B2; RIA, radioim- 
munoassay. 

enriched in one fat ty  acid or the other were fed to ra ts  
over a 4-wk period. Changes in p lasma and tissue phos- 
pholipid fa t ty  acid composition and prostanoid production 
were compared among Max EPA oil, a local shark  liver 
oil and a control diet of coconut oil/3% safflower oil. 

MATERIALS AND METHODS 

Animals and dietary treatment. Thir ty male  Sprague- 
Dawley ra ts  (150-200 g) were randomly allocated to three 
groups of 10 and placed on a synthetic  diet preparat ion.  
The synthetic  diet consisted of (by weight) casein, 20%; 
macro-minerals ,  2%; v i t amin  and trace minera l  mix, 
0.75%; cellulose, 7%; choline chloride, 0.25%; corn flour, 
45%; sucrose, 15%; and fat, 10%. The dry components of 
the feed were prepared by Milne Stock Feed (Welshpool, 
Western Australia), and the oils were added in our labo- 
ra tory before feed was baked  into small  biscuits. Fat ty 
acid composition was not al tered during the bak ing  pro- 
cess, and fresh food was prepared each week. The fat  
component  contributed 20% of the caloric content of the 
diet and was ei ther  Max EPA fish oil (R.P. Sherer  P ty  
Ltd, Melbourne, Victoria, Australia), hydrogenated 
coconut oil containing 3% safflower oil, or a locally pre- 
pared shark  liver oil. The major fat ty  acid composition 
of these oils (analyzed by gas chromatography) is outlined 
in Table 1. Body weights were measured  weekly, and at  
the end of the 4-wk t r ea tmen t  period ra ts  were placed in 
metabolic cages for 24-hr urine collection. Animals  were 
anaesthet ized with sodium pentobarbi tone and killed. 
Approximately 10 ml of aortic blood was obtained to- 
gether  with samples  of kidney and liver t issues and a 
strip of thoracic aorta. 

Fatty acid analysis. Total lipids were extracted from 
p lasma (100~1) with I ml of e ther /methanol  (5:1, v/v); 1% 
KC1 solution (150 ~1) was added to aid phase separation. 
Homogenized kidney and liver t issue were extracted with 
choloroform/methanol (2:1, v/v) and filtered. All extracts  

TABLE 1 

Fatty Acid Composition (%) of the Dietary Oils Used to 
Supplement the Synthetic Feed 

Fatty acid Coconut/safflower oil Max EPA Sharkliver oil 

14:0 73.0 a 7.4 2.6 
16:0 12.0 16.9 17.6 
16:1 - -  9.9 5.9 
18:0 11.0 3.5 4.4 
18:1 1.2 14.4 20.4 
18:2 2.3 1.2 1.1 
20:1 - -  1.9 4.8 
20:4 - -  0.9 2.6 
20:5 - -  17.5 5.2 
22:6 - -  11.9 20.2 

aIncluding < 14:0. 
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were  evapo ra t ed  to d rynes s  u n d e r  n i t rogen .  Al l  e x t r a c t i n g  
so lven ts  con t a ined  b u t y l a t e d  hydroxy  t o luene  as  an t iox id -  
ant .  Total  phospho l ip ids  were  i so la ted  from crude  l ip id  
e x t r a c t s  by t h i n  layer  c h r o m a t o g r a p h y  (Si l ica  Gel  60 F254, 
Merck,  D a r m s t a d t ,  FRG)  u s i n g  a so lven t  s y s t e m  of  
h e x a n e / e t h e r / a c e t i c  acid/  m e t h a n o l  (170:40:4:4, v/v/v/v) 
(9). A n a l y s i s  of  a c y l a t e d  f a t t y  ac ids  in  t o t a l  l ip ids  a n d  
phospho l ip id s  was  ca r r i ed  ou t  by gas  c h r o m a t o g r a p h y  of 
t h e i r  co r r e spond ing  m e t h y l  es ters .  M e t h y l  es te rs  were  
p r e p a r e d  by  t r e a t m e n t  of ex t r ac t s  su spended  in e t h e r  
(200 txl) w i th  one drop of  t e t r a m e t h y l  a m m o n i u m  hydro-  
x ide  so lu t ion  (20% in m e t h a n o l )  a t  room t e m p e r a t u r e  for 
30 min .  Af t e r  se t t l ing ,  t h e  u p p e r  l aye r  was  t r a n s f e r r e d  
to a n o t h e r  v ia l  and  evapo ra t ed  u n d e r  n i t rogen .  The  re-  
s idue  was  red i s so lved  in  cyc lohexane  a n d  a n a l y z e d  u s i n g  
a H e w l e t t  Packa rd  5890 gas  c h r o m a t o g r a p h  f i t ted  w i t h  
a 25-m m e t h y l  s i l icone c a p i l l a r y  co lumn (0.2 m m  id), 
H e w l e t t  P a c k a r d  type  19091A-102, w i t h  h y d r o g e n  c a r i e r  
gas  a t  80 kPa.  The  oven was t e m p e r a t u r e - p r o g r a m m e d  
as  follows: 217 C for 14.5 min ,  7 C pe r  m i n  to 252 C, t h e n  
25 C per  m i n u t e  to 340 C wi th  a f inal  hold  of 3.5 min .  
P e a k s  were  iden t i f i ed  by compar i son  to a u t h e n t i c  s t an -  
dards ,  and  p e a k  a r e a s  were  ca l cu l a t ed  a u t o m a t i c a l l y  
u s i n g  a P a c k a r d  604 r eco rd ing  d a t a  processor.  

Serum thromboxane B2 (TXB2) analysis. Fol lowing  col- 
lect ion,  blood s a m p l e s  were  a l lowed to clot  by i n c u b a t i o n  
for 1 h r  a t  37 C. S e r u m  was  removed  a f te r  c e n t r i f u g a t i o n  
and  s tored  a t  - 2 0  C. S a m p l e s  were  d i l u t ed  1:500 in 
r a d i o i m m u n o a s s a y  (RIA) buffer  p r io r  to d i rec t  a n a l y s i s  
for TXB 2 as  p rev ious ly  desc r ibed  (12). The  v a l i d i t y  and  
r e l i a b i l i t y  of  t h e s e  a s says  have  been  e s t a b l i s h e d  in  de t a i l  
(13). 

Aortic prostacyclin synthesis. The  thorac ic  po r t i on  of  
t he  a o r t a  was  c l ea red  of a d h e r i n g  t i s sue  a n d  w a s h e d  in  
ice-cold sa l ine .  One cm sec t ions  were  cu t  in to  r i n g s  and  
i n c u b a t e d  in K r e b s - H e n s e l e i t  buffer  a t  37 C for 30 min.  
The  aor t ic  s e g m e n t s  were  t h e n  removed,  b lo t t ed  d ry  a n d  
weighed.  The  i n c u b a t e s  were  s tored  a t  - 20 C for a n a l y s i s  
of  t h e  s t ab le  p ros tacyc l in  hyd ro lys i s  p roduc t  6-keto PGFI~  
by RIA (12,13). 

Urine prostaglandin analysis. The vo lume  of  24-hr  
u r i n e  col lec t ions  was recorded,  and  s a m p l e s  were  s tored  
frozen a t  - 2 0  C. PGE2 a n d  6-keto  PGFa~ were  a s sayed  
in  u r i n e  s a m p l e s  by RIA a f t e r  o rgan ic  e x t r a c t i o n  and  
t h i n  layer  c h r o m a t o g r a p h y  as  p r ev ious ly  desc r ibed  (9). 

Statistics. Resu l t s  a re  expres sed  as  t he  m e a n  a n d  s tan-  
d a r d  e r ror  of  t he  m e a n  (SEM). One-way  a n a l y s i s  of  var i -  
ance  was used  to t e s t  for s ign i f i can t  d i f ferences  be tw e e n  
a l l  d i e t a r y  groups .  Differences  be tween  any  two d i e t a r y  
groups  were  e s t a b l i s h e d  by modi f ied  t s t a t i s t i c s  u s i n g  
Fischer ' s  l e a s t  s ign i f icance  tes t .  

TABLE 2 

Fatty Acid Composition of Plasma Total Lipids 

Fatty acid HCO EPA SLO 

16:0 26.5 + 1.4 a 25.9 • 1.4 26.6 • 1.6 
16:1 3.2 • 0.2 3.7 • 0.2 2.7 -+ 0.1 
18:0 16.3 -+ 0.6 12.1 • 0.8* 13.1 • 0.9* 
18:1 26.8 • 1.7 28.2 • 2.6 28.0 • 2.4 
18:2 8.5 • 1.0 7.6 • 0.8 6.5 • 0.4 
20:4 10.8 • 1.1 6.9 • 1.0" 13.3 +- 1.3" 
20:5 1.9 -+ 0.4 6.4 -+ 0.9** 2.0 -+ 0.2 
22:6 5.0 +- 0.8 6.3 -+ 0.7 7.2 -+ 0.7* 

HCO, hydrogenated coconut oil + 3% safflower oil; EPA, Max EPA 
oil; SLO, shark liver oil. 
aMean • SEM, percent of total fatty acids, n = 10 for each group. 
* and **, Significant differences (P < 0.01 and P < 0.001, respec- 
tively) between the HCO control and other dietary groups. 

coconut  oil control  group.  Th i s  lower 20:4 level  was  accom- 
p a n i e d  by  a level more  t h a n  th ree- fo ld  h i g h e r  of  20:5 a n d  
a s l i g h t l y  h i g h e r  22:6 level  in  p l a s m a  l ipids .  The  a n i m a l s  
fed s h a r k  oil showed a h i g h e r  (P < 0.01) 20:4 con ten t  in  
p l a s m a  l ip ids  t o g e t h e r  w i th  a s l i g h t l y  h i g h e r  level  of 22:6 
(P < 0.01). The  20:5 con ten t  of p l a s m a  l ip ids  d id  no t  differ  
f rom those  of t he  cont ro l  group.  

Resu l t s  of  t he  f a t t y  ac id  a n a l y s i s  of l ive r  phospho l ip id s  
a f te r  the  4-wk feed ing  pe r iod  a re  shown in  Table  3. The  
most  p ronounced  changes  occurred  in  t he  r a t s  fed M a x  
EPA whose  levels  of" 20:4 were  lower by 33% (P < 0.001) 
and  of 20:5 were  six-fold h igher .  In  cont ras t ,  a n i m a l s  on 
the  s h a r k  oil d ie t  showed 28% h i g h e r  20:4 a n d  no change  
in 20:5. These  changes  were  a s soc i a t ed  w i t h  s m a l l  de- 
c reases  in  18:0, 18:2 a n d  22:6 in  t h e  s h a r k  oil g roup  com- 
p a r e d  to the  coconut  oil group.  The  f a t t y  ac id  compos i t ion  
of  k i d n e y  phospho l ip ids  (Table 4) showed s i m i l a r  t r e n d s  
to those  observed  for l ive r  phosphol ip ids .  In  pa r t i cu l a r ,  
t he  M a x  EPA group  showed lower 20:4 a n d  a s u b s t a n t i a l l y  
h i g h e r  20:5 c o m p a r e d  to t h e  coconut  oil control .  However, 
in  con t r a s t  to t he  r e su l t s  o b t a i n e d  in  t he  liver, the  r a t s  
fed s h a r k  oil h a d  s l i g h t l y  lower 20:4 and  a modes t  r i se  
in  20:5 (P < 0.001) in  k i d n e y  phosphol ip ids .  Aga in ,  22:6 
levels  were  no t  s i gn i f i c an t l y  h i g h e r  on the  s h a r k  oil d ie t ,  

TABLE 3 

Fatty Acid Composition of Liver Phospholipids 

Fatty acid HCO EPA SLO 

RESULTS 

A l l  a n i m a l s  h a d  a s a t i s f ac to ry  we igh t  g a i n  over t h e  4-wk 
t r e a t m e n t  per iod.  F i n a l  we igh t s  for each  of  t he  g roups  
were  as  follows: h y d r o g e n a t e d  coconut  oil  c o n t a i n i n g  3% 
safflower oil, 223 _+ 8 g; M a x  EPA oil, 246 _ 5 g; and  
s h a r k  l ive r  oil,  250 _+ 8 g. 

Plasma and tissue fatty composition. The  f a t t y  ac id  com- 
pos i t i on  of  t o t a l  p l a s m a  l ip ids  of r a t s  fed for 4 w k  on the  
s y n t h e t i c  d ie t s  c o n t a i n i n g  10% (by weight )  oil supp le -  
m e n t s  is g iven  in  Table  2. A n i m a l s  fed the  M a x  EPA d ie t  
showed 36% lower  (P < 0.01) 20:4 levels  c o m p a r e d  to t he  

16:0 19.7 -+ 0.5 a 24.1 • 1.3" 20.0 • 0.6 
16:1 2.5 • 0.1 2.8 • 0.3 2.5 -+ 0.2 
18:0 24.9 _+ 0.4 25.9 • 1.3 23.2 • 0.6 
18:1 7.8 -+ 0.6 8.8 • 0.5 7.7 • 0.3 
18:2 8.4 • 0.8 6.5 • 0.5* 5.8 • 0.2** 
20:4 22.5 • 0.6 15.0 -+ 0.6** 28.9 -+ 0.8** 
20:5 1.2 • 0.2 7.5 • 0.6** 1.3 • 0.2 
22:6 13.2 • 0.8 13.7 • 1.0 11.7 -+ 0.4 

HCO, hydrogenated coconut oil + 3% safflower oil; EPA, Max EPA 
oil; SLO, shark liver oil. 
aMean • SEM, percent of total fatty acids, n = 10 for each group. 
* and **, Significant differences (P < 0.01 and P < 0.001, respec- 
tively) between the HCO control and other dietary groups. 
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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  o f  K i d n e y  P h o s p h o l i p i d s  

(a) 
3 0 0 1 -  

Fatty acid HCO EPA SLO 250  - 

16:0 19.1 • 1.3 a 20.2 • 1.6 22.9 • 1.3 E 
"" 2 0 0 -  16:1 1.7 • 0.1 2.1 • 0.1 1.9 • 0.1 

18:0 22.8 • 0.8 22.3 • 1.1 24.9 • 1.2 ,~  
18:1 12.9 -+ 0.7 12.5 • 0.5 13.3 • 0.8 
18:2 11.1 • 1.0 7.7 • 0.8* 6.1 • 0.3** ~ 150 - 
20:4 27.2 • 1.3 20.2 • 0.9** 25.2 • 1.2 X 
20:5 - -  7.9 --- 0.6** 2.0 • 0.2** I-- 
22:6 3.0 • 0.2 4.5 • 0.3* 3.6 • 0.4 

1 0 0 -  rr  
HCO, hydrogenated coconut oil + 3% safflower oil; EPA, Max EPA UJ 
oil; SLO, shark liver oil. fD 
aMean _+ SEM, percent of total fatty acids, n = 10 for each group. 
* and **, Significant differences (P < 0.01 and P < 0.001, respec- 
tively) between the HCO control and other dietary groups. 

desp i t e  t he  l a rge  a m o u n t s  of  t h a t  f a t t y  ac id  in  s h a r k  l iver  
oil. The  18:2 con ten t  of  k i d n e y  phospho l ip ids  was lower  
on bo th  of t he  fish oil  d i e t s  c o m p a r e d  to t he  coconut  oil 
g roup  (P < 0.01). 

Prostaglandin synthesis. The whole  blood p roduc t ion  
of TXB2 (ng/ml  se rum)  for each of t he  d i e t a r y  groups  is 
i l l u s t r a t e d  in  F igu re  l a .  The re  was a 65% reduc t ion  (P 
< 0.001) in  TXB 2 s y n t h e s i s  from a n i m a l s  fed the  M a x  
EPA d ie t  c o m p a r e d  to t he  coconut  oil cont ro l  group.  The  
a n i m a l s  fed s h a r k  oil showed no s ign i f i can t  d i f ference in  
t h r o m b o x a n e  p roduc t ion  c o m p a r e d  to t h e  cont ro l  group.  

P ros tacyc l in  p roduc t ion  in i n c u b a t e d  s e g m e n t s  of a o r t a  
was  a s ses sed  by m e a s u r e m e n t  of  t he  s t ab le  hyd ro ly s i s  
p roduc t  6 -ke to-PGFl~ .  The  p roduc t ion  of 6 -ke to -PGF1 ,  
for each  d i e t a r y  group is i l l u s t r a t e d  in  F igu re  l b .  These  
r e s u l t s  show s i m i l a r  b u t  less  p ronounced  effects as  those  
seen  for s e r u m  th romboxane .  The  a n i m a l s  fed M a x  EPA 
were 36% lower  (P < 0.02) in  aor t ic  p ros tacyc l in  produc-  
t ion  c o m p a r e d  to t he  group  fed coconut  oil wh i l e  produc-  
t ion  in  t he  a n i m a l s  fed s h a r k  oil was  no t  s ign i f i can t ly  
d i f ferent  f rom controls .  

The re  was  no s ign i f i can t  d i f ference in  u r i n a r y  excre t ion  
of  PGE2 or 6 -ke to -PGF1 ,  a m o n g  t h e  d i e t a r y  groups.  The  
u r i n a r y  exc re t ions  of  PGE2 and  6 - k e t o - P G F l , ,  respec-  
t ively,  were  as  follows: coconut  oil,  12.5 +_ 1.8 and  14.1 
_+ 1.9 ng/24 hr;  M a x  EPA, 12.1 +_ 1.8 a n d  17.1 _+ 1.6 
ng/24 hr;  s h a r k  oil, 12.4 _+ 1.6 and  17.9 -+ ng/24 hr. T h e r e  
was no s ign i f i can t  d i f ferences  in  24-hr  u r i n e  vo lume 
a m o n g  the  d i e t a r y  groups .  
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FIG. 1, The effects of d i e t a r y  t r e a t m e n t  w i t h  h y d r o g e n a t e d  
coconut  oil containing 3% safflower oil (HCO), Max EPA fish 
oil (Max EPA) or  s h a r k  l i ver  o i l  (SLO) o n  (a) s e r u m  TXB 2 gen- 
erat ion a n d  (b) p r o d u c t i o n  of 6-keto-PGFl~ by incubated  seg- 
ments of aorta.  *, p < 0.001 and **, p < 0.02 for d i f f e r e n c e s  
between the HCO c o n t r o l  g r o u p s  a n d  o t h e r  d i e t a r y  g r o u p s .  

DISCUSSION 

In  th i s  s tudy,  we have c o m p a r e d  effects of  d i e t a r y  fish 
oi ls  en r i ched  w i th  e i t h e r  EPA or  D H A  on t i s sue  f a t t y  ac id  
compos i t ion  and  p r o s t a g l a n d i n  s y n t h e s i s  in  t he  ra t .  We 
have  found the  d i e t a r y  D H A  is very  poor ly  i nco rpo ra t e d  
in to  t i s sue  phospho l ip id s  and  exe r t s  a m i n i m a l  in f luence  
on p ro s t ano id  syn thes i s .  

The  f a t t y  ac id  compos i t ion  of  p l a s m a  l ip ids  re f lec ted  
the  d i e t a r y  f a t t y  ac id  in t ake .  Ra t s  on the  M a x  EPA d ie t  
showed h i g h e r  levels  of  EPA a n d  D H A  and  lower a m o u n t s  
of  a r ach idon ic  acid.  Those  a n i m a l s  fed t h e  s h a r k  oil  d i e t  
showed a modes t  r i se  in  D H A  a n d  a rach idon ic  ac id  b u t  
no change  in  EPA c o m p a r e d  to controls .  P r e s u m a b l y  the  

i n c r e a s e d  levels  of a rach idon ic  ac id  in  p l a s m a  l ip ids  a r e  
a r e s u l t  of  t he  h i g h e r  level  (2.6%) of  a rach idon ic  ac id  in  
s h a r k  l iver  oil  c o m p a r e d  to M a x  EPA ( <  1%) or  t he  cont ro l  
diet .  

In  con t r a s t  to p l a s m a  l ip ids ,  D H A  was  no t  h i g h e r  in  
e i t h e r  l iver  or  k i d n e y  phospho l ip id s  f rom a n i m a l s  fed the  
s h a r k  oil diet .  EPA was no t  i nc reased  in  t i s sue  phos-  
pho l ip ids  on th i s  d ie t ,  wh i l e  a rach idon ic  ac id  was  e l eva t ed  
in  l iver  phospho l ip id s  b u t  no t  in  t h e  kidney.  These  r e su l t s  
a r e  in  con t r a s t  to o t h e r  s tud ies  w h e r e  r a t  p l a t e l e t  t o t a l  
phospho l ip id s  h a d  a h i g h e r  con ten t  of  D H A  w h e n  d i e t a r y  
D H A  was  i nc r ea sed  f rom 0.8% to 1.6% of  t h e  t o t a l  d i e t a r y  
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fatty acids (14). The lack of incorporation of DHA into 
tissue phospholipids is also in contrast to human studies 
where significant increases in platelet and leukocyte 
phospholipid DHA have been observed following diets 
enriched with DHA (8,15). 

Rats fed the Max EPA diet showed a large rise in EPA 
content of both liver and renal phospholipids together 
with significantly lower arachidonic acid compared to the 
control group. These results are consistent with our pre- 
vious studies (9,10) and those of others who fed fish oil 
diets to rats (16). The ability of EPA to be readily incor- 
porated into tissue phospholipids at the expense of 
arachidonic acid is also indicated by its effectiveness at 
lowering prostanoid synthesis. Both whole blood throm- 
boxane and vascular prostacyclin synthesis were lower 
in animals fed Max EPA. In previous experiments we 
have found that  alterations in platelet phospholipid fatty 
acid composition after dietary Max EPA closely correlated 
with changes in plasma fatty acids and that  these changes 
explain the observed effects on thromboxane production 
(10). No such decrease was seen in the rats fed shark oil 
which is not surprising in view of the lack of incorporation 
of DHA and EPA and the maintenance of arachidonic 
acid levels. The small but significant amount  of 
arachidonic acid in the shark oil diet may compensate 
for the presence of EPA and DHA. This suggestion is 
supported by in vitro studies using human endothelial 
cells where DHA was incorporated into total phos- 
pholipids with a consequent reduction in arachidonic acid 
content; however, when cells were incubated with DHA 
and arachidonic acid together, the reduction in 
arachidonic acid was abolished and the uptake of DHA 
reduced (17). 

Urinary excretion of PGE2 and 6-keto-PGFl~ was not 
significantly different among the dietary groups. Al- 
though in previous experiments with large numbers of 
animals, 6-keto-PGFl~ excretion has been depressed by 
an EPA diet, results for PGE2 have been less consistent 
(9,10). In man, ur inary excretion of the major prostacyclin 
metabolites does not decrease on an EPA-enriched diet, 
al though an increase in the 3-series prostanoids can be 
detected by gas chromatography-mass  spectrometry (18). 
Our analytical procedure is unable to distinguish be- 
tween the 2- and 3-series metabolites. 

In vitro experiments using exogenous DHA indicate 
that  this fatty acid is an inhibitor of prostanoid synthesis 
in ram seminal vesicles (7). This study shows, however, 
tha t  in the rat  DHA is not likely to have a significant 
effect on prostanoid synthesis when given as a dietary 
supplement due to its lack of incorporation into tissue 
phospholipids, particularly in the presence of small 
amounts of arachidonic acid. Even when DHA has been 
incorporated into platelet phospholipids, it is not released 
to any significant extent upon thrombin stimulation and 
can exert only minimal effects upon the arachidonic acid 

cascade (15). In a study similar to ours, Bruckner and 
coworkers (19) found that  platelet DHA levels and serum 
TXB2 were not altered in rats fed a DHA-enriched diet, 
while those fed an EPA-rich diet had significantly de- 
creased TXB 2 levels. They conclude that  EPA and not 
DHA is responsible for the alterations in platelet prostag- 
landin biosynthesis. Despite this, it cannot be ruled out 
that, at least in man, ingestion of DHA may influence 
platelet behavior by modifying plasma fatty acid compos- 
ition (8). 
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Lipid Composition of Cultured B16 Melanoma 
Different Lung-colonizing Potential 
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Cell Variants with 
651 

Lipid c omp on e nt s  inf luence several cell surface 
properties that  are critical in different stages of  the  
metastatic  process.  In this study, we examined 
whether  the different lung-coloniz ing  potent ia l  of  
B16-F1 and B16-F10 melanoma cells could  be related 
to a characteristic l ipid profile. The lipid analyses ,  
carried out  on  the same cell  cultures used  for the 
assay of  lung-co loniz ing  potential ,  revealed charac- 
teristics in the lipid compos i t ion  of  both  B16-F1 and 
B16-F10 melanoma cells that  are common to other 
systems of  mal ignant  cells: a h igh  level of  18:1 as- 
sociated with  low proport ions  of  po lyunsaturated  
fatty acids in phosphol ip ids ,  accumulat ion  of  ether- 
l inked l ipids and absence  of  complex  gangl ios ides .  
The two B16 melanoma variants differed signifi- 
cant ly  only  with  respect  to ether-l inked lipids, due  
to a h igher  level of  alkyl-PC in B16-F10 than in B16- 
F1. 
Lipids 22, 651-656 (1987). 

The cell surface is known to be involved in the mechanism 
of metastat ic diffusion of tumor cells (1). Indeed, it is 
through its cell surface tha t  an invading mal ignant  cell 
successfully interacts with a number  of the host homeos- 
tatic mechanisms through several stages, ending with 
the occurrence of a secondary tumor  at  a distant  site 
(2,3). Much information on biological and molecular 
changes of the cell surface of mal ignant  cells has been 
accumulated over the last few years (4); data, however, 
are still lacking on which of these changes are relevant 
to the metastat ic  behavior of mal ignant  cells. Those re- 
lated to lipid structure (5,6) appear to be of part icular  
importance. Specific lipid components might  influence 
the metastat ic potential  of tumor  cells through thei r  ef- 
fect on cell surface properties---permeability (7), adhe- 
siveness (8), agglutinabil i ty (9), antigenicity (10), 
receptorial (11,12) or enzymatic (13) ac t iv i ty - - tha t  may 
be critical for metastastic diffusion. 

The availability of tumor  cell variants  with different 
metastat ic potential  (14) has greatly improved our capac- 
i ty to study the role of cell surface molecular characteris- 
tics in the metastat ic process. From B 16 melanoma, Fidler 
(15) selected B16-F1 cells, whose lung-colonizing poten- 
tial is low, after one in vivo-in vitro cycle, and B16-F10 
cells, with high lung-colonizing potential,  after 10 in 
vivo-vitro cycles. 

*To whom correspondence should be addressed at Istituto di 
Patologia Generale, Universit~ degli Studi di Firenze, Viale G.B. 
Morgagni 50, 50134, Firenze, Italy. 
Abbreviations: PBS, phosphate-buffered saline; TLC, thin layer 
chromatography; GLC, gas liquid chromatography; FAME, fatty 
acid methyl esters; DPG, diphosphatidylglycerol; PE, phos- 
phatidylethanolamine; PC, phosphatidylcholine; SP, sphin- 
gomyelin; PA, phosphatidic acid; PI, phosphatidylinositol; PS, phos- 
phatidylserine; GL1, glucosyl-ceramide; GL2, lactosyl-ceramide; 
GL3, galactosyl-galactosyl-glucosyl-ceramide. 

In the present study, we analyzed the various lipid 
components of F1 and F10 melanoma cells in order to 
investigate whether  the different lung-colonizing poten- 
t ials of the two variants  may be correlated with a specific 
lipid pattern.  

Some aspects of the lipid composition of F1 and F10 
cells have recently been described by Schroeder and Gar- 
diner (16), while Yogeeswaran et al. (17) and Raz et al. 
(18) have published data on their  glycolipid structure. 

MATERIALS AND METHODS 

Cells and culture conditions. F1 and F10 variants  of B16 
melanoma were supplied by Dr. I. Fidler (Department of 
Cell Biology, University of Texas System Cancer Center, 
Houston). Upon arrival  in our laboratory, the cells were 
cultured for a few passages and then  frozen in liquid 
nitrogen. 

For each experiment,  cells were first thawed and then  
propagated for a few passages to obtain a sufficient 
number  of cells to enable us to determine at  the same 
t ime both thei r  lung-colonizing potential  and their  vari- 
ous lipid components. Cells were seeded at  0.8 x 106 cells 
per dish (10-mm Falcon plastic culture dishes) and grown 
for 4 days at 37 C in antibiotic-free Eagle's minimal  essen- 
tial medium with a fourfold concentration of vi tamins 
and essential amino acids (Flow Laboratories, Irvine, 
CA) supplemented with 10% fetal calf serum (Flow Labs ) 
in a humidified atmosphere containing 5% CO2. Cell cul- 
tures were passed at subconfluence by incubation at  37 
C for 1 min with a 0.25% trypsin solution in phosphate- 
buffered saline (PBS). We monitored cultures periodically 
for mycoplasma contamination using Chen's fluoroc- 
hrome test (19). 

Determination of lung-colonizing potential. Cell cul- 
tures of F1 and F10 cells were harvested at  the exponen- 
t ial  growth phase by 1 min of trypsinization with 0.25% 
trypsin in PBS. Cells were washed by centrifugation fol- 
lowed by resuspension in PBS and then were counted by 
an automatic cell counter  (Coulter Electronic, Luton, En- 
gland). Only cells whose viabili ty was greater  than  95%, 
as demonstrated by Trypan blue exclusion test, were used. 
After adjusting cell concentration to 2.5 • 105/ml, 0.2 
ml of single-cell suspensions was injected into the tail 
veins of six- to eight-week old C57B1/6 mice (Charles 
River Italia, Calco, Italy). Each assay was performed on 
30 animals,  which were killed 21 days after  injection. 
Nodules on the lung surface were counted with the aid 
of a dissecting microscope. In three separate experiments,  
the mean  number  of lung nodules per animal  inoculated 
with F1 and F10 cells was 3 (range 0-12) and 55 (range 
15-136), respectively. 

Lipid extraction and analysis. Cell cultures for lipid 
analyses were harvested by incubation at  37 C with a 
0.5 mM EGTA solution in PBS. The EGTA-detached cells 
were washed twice by centrifugation followed by resus- 
pension in PBS. Cells were counted and then  sonicated 
with a Labsonic sonicator model 1510 (Braun, Melsungen, 
FRG). Total lipids were extracted from the sonicated cell 
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suspensions with chloroform/methanol (2:1, v/v) following 
the method ofFolch et al. (20), and then were fractionated 
into neutral lipids and phospholipids by silicic acid col- 
umn chromatography. 

Neutral lipids were sequentially separated into choles- 
teryl esters, alkyldiacylglycerols, triacylglycerols, free 
fatty acids and free cholesterol by thin layer chromatog- 
raphy (~LC) on 0.25 mm Silica Gel H precoated plates 
(Merck, Darmstadt, FRG), using hexane/diethyl ether/ 

~tic acid! ~85:15:1, v/v/v). 
~e;~terol was determined in the total lipid extract 

a n c . ,  the free and esterified cholesterol fractions by 
quantitative gas liquid chromatography (GLC) with cop- 
rostanol as an internal standard. 

Triacylglycerols and free fatty acids were evaluated 
from quantitative GLC of their fatty acid methyl esters 
(FAME), which were obtained by acid-catalyzed 
methanolysis in the presence of an arachidic acid internal 
standard. 

Alkyldiacylglycerols were converted into al- 
kylglycerols by hydrogenolysis with sodium-bis(2- 
methoxy-ethoxy)aluminum hydride (Aldrich Chemical 
Co., Steinheim, FRG) in the presence of pen- 
tadecylglycerol as an internal standard (21) and were 
quantitatively assayed as isopropylidene derivatives by 
GLC. 

Phospholipids in lmg amounts were applied to 0.25 
mm Silica Gel H precoated plates, activated at 110 C for 
2 hr before use, and were chromatographed bi-dimension- 
ally with chloroform/methanol/ammonia (95:45:11, v/v/v) 
followed by chloroform/methanol/acetic acid/water 
(90:40:12:2, v/v/v/v). Under these conditions, phos- 
pholipids were fractionated into diphosphatidylglycerol 
(DPG), phosphatidylethanolamine (PE), phosphatidyl- 
choline (PC), sphingomyelin (SP) and phosphatidic acid 
(PA); phosphatidylinositol (PI) and phosphatidylserine 
(PS) were combined for analyses since they could not 
always be easily separated. After the plates were sprayed 
with 0.1% dichlorofluorescein in ethanol, the phos- 
pholipid fractions were localized under ultraviolet light 
and scraped into vials for phosphorus determination (22) 
after digestion with sulfuric acid/perchloric acid (3:2, v/v). 
PE and PC were submitted to ether-lipid analysis follow- 
ing Su and Schmid's procedure (21), in which the alkenyl- 
linked subfractions were converted into cyclic acetals in 
the presence of dimethoxytetradecane and the alkyl- 
linked subfractions were converted into alkylglycerols 
with pentadecylglycerol as its internal standard. 

Glycolipids were determined radiometrically by 
measuring their radioactivity after exposing cells for 48 
hr to growth media containing 1.0 ~Ci/ml of 3H-galactose 
(NEN Research Products, Dreieich, FRG). Neutral 
glycolipids and gangliosides were isolated from total 
lipids by Siakotos and Rouser's chromatographic proce- 
dure (23). Neutral glycolipids were then freed from the 
contaminating phospholipids and neutral lipids by acety- 
lation followed by Florisil column chromatography ac- 
cording to Saito and Hakomori (24). Gangliosides and 
deacetylated neutral glycolipids were fractionated by 
TLC on high performance TLC plates (Merck) using 
chloroform/methanol/0.25% CaC12 (55:40:9, v/v/v) and 
chloroform/methanol/water (65:25:4, v/v/v), respectively. 
The labeled glycolipid fractions were revealed by fluorog- 
raphy and counted in scintillation vials. Glucosyl- 

ceramide (GL1), lactosyl-ceramide (GL2) and GM3 were 
identified by the carbohydrate group analysis, as we have 
previously described (25). GM2, GM1 and GDla were 
identified by comparing their migration rates on TLC to 
those of authentic standards. The TLC of neutral 
glycolipids of F1 and F10 cells also revealed the presence 
of a more complex glycolipid, tentatively identified as 
galactosyl-galactosyl-glucosyl-ceramide (GL3) based on 
the similarity of its migration rate to that of an authentic 
standard. The oligosaccharide chain was not chemically 
characterized. 

Gas chromatographic analyses. FAME were prepared 
from triacylglycerols, free fatty acids, cholesteryl esters 
and phospholipid classes by heating the sample at 80 C 
for 12 hr in a solution of 5% H2SO4 in methanol/benzene 
(25:1, v/v). FAME were extracted into hexane, concen- 
trated under a stream of nitrogen and then analyzed by 
GLC in a Perkin Elmer Gas Chromatograph model 3920 
equipped with hydrogen flame detectors. FAME were 
analyzed isothermally at 185 C on 6-ft glass columns 
packed with 10% EGSS-X on Gas-Chrom P 100-120 mesh 
(Supelco, Bellefonte, PA). FAME were identified by their 
retention times relative to those of standard methyl ester 
mixtures (Supelco). 

The cyclic acetal derivatives of alkenyl groups and isop- 
ropylidene derivatives (26) of alkylglycerols were quan- 
titatively analyzed at 195 C on 6-ft glass columns packed 
with 10% EGSS-X on Gas Chrom P 100/120 mesh. 

Cholesterol was measured at 265 C on 6-ft glass col- 
umns packed with 3% OV 17 on Supelcoport 80/100 mesh 
(Supelco). 

The methylglycoside products of the acid-catalyzed 
methanolysis of the glycolipids were analyzed as 
trimethylsilyl derivatives on 6-ft glass columns packed 
with 3% OV-17 on Supelcoport 80/100 mesh (Supelco) at 
a programmed temperature ranging from 120 C to 230 
C (2 C/min). 

Peak areas were measured with a Perkin-Elmer Sigma 
10 integrator. 

Statistical tests. Student's t-test was used to assess the 
statistical significance of the differences between F1 and 
F10 cells. 

Lipid standards. We synthesized the standard of pen- 
tadecyl-glycerol (27). Dimethoxytetradecane, coprostanol 
and arachidic acid were supplied by Supelco. 

RESULTS AND DISCUSSION 

As shown in Table 1, the low metastatic F1 and the highly 
metastatic F10 melanoma cells contained comparable 
concentrations of total phospholipids and cholesterol, es- 
terified cholesterol, triacylglycerols, alkyldiacylglycerols 
and free fatty acids. Schroeder and Gardiner, instead, 
reported a lower level of cholesterol in F10 than in F1 
cells (16). 

The two variants of B16 melanoma did not differ in 
their phospholipid composition (Table 2). 

In both F1 and F10 cells, an appreciable proportion of 
PE was composed of alkenyl-linked molecules, while 
small percentages of alkyl-linked molecules were as- 
sociated with PC (Table 3). This pattern is reminiscent 
of that found in different types of normal and malignant 
cells (29-41). Under our experimental conditions, alkyl- 
linked PE and alkenyl-linked PC were not detectable in 

LIPIDS, Vol, 22, No. 9 (1987) 



653 

LIPIDS OF B16 MELANOMA CELL VARIANTS 

TABLE 1 

Lipid  C o m p o s i t i o n  o f  B16-F1 a n d  B16-F10 M e l a n o m a  Cell  
L ines  a 

Lipid Class B16-F1 B16-F10 

Total phospholipids b 49.6 +- 1.7 45.4 -+ 2.4 
Total cholesterol 6.8 -+ 0.4 7.1 -+ 0.7 
Esterified cholesterol c 0.2 -+ 0.1 0.2 -+ 0.1 
Triacylglycerols d 1.0 +- 0.1 1.1 • 0.4 
Alkyldiacylglycerols e 0.5 -+ 0.2 0.6 -+ 0.1 
Free fatty acids 0.4 +- 0 0.4 -+ 0 

a Values, expressed as ~g/106cells, are means +- SE of three separate 
experiments. 
bAs calculated by multiplying by 25 lipid phosphorus assayed on 
total lipids (22) after digestion with sulfuric acid/perchloric acid 
(3:2, v/v). 
c Calculated from the gas chromatographic data of cholesteryl ester 
and free cholesterol thin layer chromatographic fractions and tak- 
ing into account the value of total cholesterol in the total lipid 
extracts. 
dTriacylglycerols (TG) were evaluated from the quantitative gas 
liquid chromatographic analysis of their fatty acid methyl esters 
using the following formula: (mol TG fatty acids/3) • molecular 
weight of TG. TG molecular weight was calculated on the basis of 
the fatty acid composition. 
e Evaluated by the quantitative gas liquid chromatographic 
analysis of the isopropylidene derivatives of alkylglycerols using a 
850 molecular weight as determined in the basis of the alkyl and 
acyl group composition. 

TABLE 2 

P h o s p h o l i p i d  C o m p o s i t i o n  o f  B16-F1 a n d  B16-F10 M e l a n o m a  
Cell Lines  a 

Phospholipid class B16-F1 B16-F10 

Diphosphatidylglycerol 5.1 -+ 0.5 4.9 -+ 0.4 
Phosphatidylethanolamine 22.2 -+ 0.8 23.4 -+ 0.5 
Phosphatidylcholine 54.9 -+ 0.7 55.6 - 1.6 
Phosphatidylinositol + 11.3 • 0.1 10.2 +- 1.0 

phosphatidylserine 
Sphingomyelin 3.8 -+ 0.2 3.9 +- 0.9 
Phosphatidic acid 2.2 • 0.1 1.7 -+ 0.1 

aValues, expressed as percentages of total phospholipid phosphorus 
(22), are means • SE of three separate experiments. 

either cell lines. The combined content of ether-linked 
lipids in F1 and F10 cells, calculated as a percentage of 
total lipids, yields values which are the lowest for the in 
vitro cell systems examined to date (39-41). Comparison 
of the ether-linked phospholipids of the two B16 
melanoma variants revealed that  F10 cells have a higher 
level of alkyl-PC than  F1 cells, a difference analogous to 
tha t  found by Friedberg et al. (42) between high- and 
low-metastatic mammary  carcinomas. 

Neutral glycolipids of F1 and F10 cells were composed 
primari ly of glucosyl-ceramide and to a lesser extent of 
lactosyl-ceramide and of a fraction with a migration rate 
on TLC corresponding to tha t  of a trihexosyl-ceramide 
standard (Table 4). GM3 accounts for 95% of total 
gangliosides of both F1 and F10 cells, the remainder 
being represented by GM2, GM1 and GDla.  GM3 was 

TABLE 3 

P e r c e n t a g e s  o f  E th e r - l i n k e d  S u b f r a c t i o n s  o f  P~io~,~- 
p h a t i d y l e t h a n o l a m i n e  (PE) a n d  P h o s p h a t i d y l c h o l i n e  (P~'~ 
f rom B16-F1 a n d  B16-F10 M e l a n o n a  Cel l  L i n e s  

P e r c e n t a g e  o f  to ta l  p h o s p h o l i p i d  c la s s  ~ 

Subfraction B16-F1 B16-F10 

Diacyl PE 87.0 -+ 6.1 87.2 - 4.9 
Alkenyl-linked PE 13.0 +- 0.8 12.8 -+ 1.3 
Alkyl-linked PE N.D. b N.D.b 
Diacyl PC 97.5 - 8.9 95.3 -+ 9.8 
Alkenyl-linked PC N.D. b N.D. b 
Alkyl-linked PC 2.5 -+ 0.4 4.7 -+ 0.6 c 

apercentages of the various subfractions were calculated as previ- 
ously described (41). Values are means -+ SE of five separate exper- 
iments. 
bN.D., not detectable under the analytical conditions used. 
cSignificantly different from B16-F1 at P < 0.02. 

the only ganglioside in the study by Yogeeswaran et al. 
(17), while Raz et al. (18) found minor amounts  of GM2 
and GM1 together with GM3 in these cell lines. These 
discrepancies may be related to differences, even in the 
same transformed cells, in the expression of the block in 
ganglioside biosynthesis (11). The proportion of the vari- 
ous neutral  glycolipids and gangliosides did not differ 
significantly between the two variants of melanoma cells. 

The fatty acid compositions of the individual lipid 
classes from F1 and F10 cells are reported in Tables 5-7. 
In both cell lines, the fatty acid profile of CE and of TG 
was characterized by a high proportion of 18:1 followed 
by 16:0, while FFA were composed mainly of 16:0 followed 
by 18:1 (Table 5). Fle. :ells showed a higher level of 18:0 
in TG and FFA than  F1 cells. 

In both F1 and F10 cells, the overall pat tern of fatty 
acid profiles of the individual glycerophospholipids (Table 
6) and of sphingomyelin (Table 7) was similar to tha t  
found in other types of cells grown in tissue culture 
(39,43-45). Moreover, the various glycerophospholipids 
of F1 and F10 cells showed elevated proportions of 18:1 
and very low levels of 20:4, 22:5 and 22:6 fatty acids, a 
characteristic common to several systems of mal ignant  
cells (36,43-51). On the whole, the fatty acid compositions 
of the various glycerophospholipids and of sphingomyelin 
did not differ significantly for the two cell lines. This 
observation is at variance with Schroeder and Gardiner's 
finding of a lower content of C20 and C22 polyunsaturated 
fatty acids in the phospholipids of F10 than in those of 
F1 cells (16). 

The alkyl chain composition of alkyl-linked PC was 
characterized in both F1 and F10 cells by a high propor- 
tion of 16:0 followed by 18:1, 18:0 and 16:1 (Table 8), a 
pat tern comparable to tha t  found in L-M cells (39) and 
in untransformed and SV40-transformed Balb/c 3T3 cells 
(41). The alkenyl chain profile of alkenyl-linked PE was 
similar to tha t  of PC alkyl chains, al though this lat ter  
had a lower level of 16:0. There were no significant differ- 
ences in the alkenyl and alkyl chain compositions be- 
tween F1 and F10 cells. 

The following conclusions can be drawn from the results 
of the present investigation: (a) both F1 and F10 cells 
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TABLE 4 

Neutral Glycolipid and Ganglloside Composit ion of  B16-F1 and B16-F10 Melanoma Cell Lines a 

Neutral glycolipids b Gangliosides c 

Cellline GL1 GL2 GL3 GM3 GM2 GM1 GDla 

B16-F1 77.1•  15.2•  7 .6•  95 .1•  1 .6•  1 .5•  1 .9•  
B16-F10 87.7•  8 .8•  3 .3•  96.0•  0 .9•  0 .7•  2 .3•  

aValues are percentages of the total neutral  glycolipid or ganglioside-associated radioactivity. "Total" refers to the sum of the radioac- 
tivities of individual glycolipids fractionated by thin layer chromatography. Each value represents the mean • SE of three separate 
experiments. 

bGL1, glucosyl-ceramide; GL2, lactesyl-ceramide; GL3, galactesyl-galactesyl-glucosyl-ceramide. 
CGangliosides are indicated according to the nomenclature of Svennerholm (28). 

TABLE 5 

Fatty Acid Composit ion of  Cholesteryl Esters, Triacylglycerols and Free Fatty Acids from B16-F1 
and B16-F10 Melanoma Cell Lines a 

Cholesteryl esters Triacylglycerols Free fatty acids 

Fatty B16-F1 B16-F10 B16-F1 B16-F10 B16-F1 B16-F10 
acid 

14:0 10.6•  11.2•  4 .9•  6 .6•  5 .0•  5 .6•  
16:0 28.2•  23.4•  36.5•  31.3•  43.7•  39.2•  
16:1 8 .0•  11.6•  6 .2•  6 .4•  4 .0•  5 .5•  
18:0 11.6• 7 .3•  9 .0•  5 .9•  d 21.5•  16.0• d 
18:1 40.0•  42.6•  41.2•  47.1•  17.0•  26.0•  
18:2 1 .1•  1 .9•  1 .1•  2 .1•  2 .7•  4 .0•  
20:4 1 .4•  1 .6•  N.D. b N.D. b 3 .1•  1.7•  
22:5 N.D. b N.D. b 0 .2•  0 .2•  0.1• 0 .1•  
22:6 N.D. b N.D. b tr. c 0 .1•  1 .1•  1 .1•  

aValues, expressed as % of total fatty acids, are means • SE of three separate experiments. 
bN.D., not detectable under the analytical conditions used. 
Ctr, trace amount lower than  0.1%. 
dSignificantly different from B16-F1 at P < 0.05. 

TABLE 6 

Fatty Acid Composit ion of  Glycerophospholipids from B16-F1 and B16-F10 Melanoma Cell Lines a 

Diphosphatidylglycerol 

Fat ty acid B16-F1 B16-F10 

Phosphatidylcholine Phosphatidylethanolamine 
Phosphatidylinositol + 

phosphatidylserine 

B16-F1 B16-F10 B16-F1 B16-F10 B16-F1 B16-F10 

16:0 21.0•  19.8•  40.6•  41 .3•  25.6•  26.2•  13.3•  10.4•  
16:1 18.2•  18.8•  7 .1•  8 .2•  4 .6•  4 .9•  2 .7•  3 .1•  
18:0 8 .9•  8 .2•  6 .3•  4 .3 •  16.1• 16.4• 41.9•  40.7•  
18:1 41.2•  40.9•  43.6•  ~ . 4 •  ~ . 8 •  46.6•  36.2•  38.3•  
18:2 4 .4•  5 .8•  0 .8•  0 .9•  0 .8•  0 .8•  0 .5•  0 .7•  
20:4 6 .7 •  6 .6•  0 .6•  0 .4•  4 .5•  3 .1•  4 .8•  5 .7•  
22:5 N.D. b N.D. b 0 .1•  0 .1•  1.8•  1 .0•  0 .3•  0 .3•  
22:6 N.D. b N.D. b 0 .1•  0 .2•  1 .5•  0 .9•  0 .3•  0 .3•  

aValues, expressed as % of total fatty acids, are means • SE of three separate experiments. 
bN.D., not detectable under the analytical conditions used. 
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TABLE 7 

Fatty Acid Composit ion of  Sphingomyel in  from B16-F1 and 
B16-F10 Melanoma Cell Lines a 

Fatty acid B16-F1 B16-F10 

16:0 48.3• 50.0• 
16:1 0.3• 0.4• 
18:0 22.2• 23.4• 
18:1 5.5• 6.0• 
22:0 5.0• 4.6• 
22:1 3.2• 2.7• 
23:0 1.7• 2.1• 
23:1 N.D. b N.D. b 
24:0 7.8• 6.7• 
24:1 7.6• 5.9• 

showed c h a r a c t e r i s t i c s  in  t h e i r  p h o s p h o l i p i d  f a t t y  ac id  
compos i t ions ,  e t h e r - l i n k e d  l ip id  con ten t s  a n d  g lycol ip id  
p a t t e r n s  t h a t  a r e  c o m m o n  to severa l  s y s t e m s  of  t r a n s -  
fo rmed  cells;  (b) de sp i t e  t h e  d i f ferences  in  t h e i r  lung-col -  
on iz ing  p o t e n t i a l ,  t h e  two B16 m e l a n o m a  v a r i a n t s  d id  
no t  differ  in  t e r m s  of  t h e i r  m a j o r  l ip id  c omponen t s  a n d  
p h o s p h o l i p i d  f a t t y  ac id  profi les ,  a r e s u l t  t h a t  r a i s e s  t h e  
i s sue  of  w h e t h e r  p r e v ious ly  r e p o r t e d  d i f ferences  (16) in  
t h e  choles te ro l  c on t e n t  a n d  in  t h e  p o l y u n s a t u r a t e d  f a t t y  
ac id  level  o f  t h e  two B16 m e l a n o m a  v a r i a n t s  m i g h t  no t  
be  a t t r i b u t a b l e  to b io log ica l  fac tors  o t h e r  t h a n  m e t a s t a t i c  
po t e n t i a l ;  (c) t h e  h i g h  a l k y l - P C  level  in  F10 cells,  wh ich  
h a s  a lso  been  found  in  h i g h - m e t a s t a t i c  m a m m a r y  car-  
c inorna  cel ls  (42), is  t h e  on ly  l i p id  c h a r a c t e r i s t i c  t h a t  c a n  
be  r e l a t e d  to a h i g h  m e t a s t a t i c  po t en t i a l .  

aValues, expressed as % of total fatty acids, are means • SE of 
three separate experiments. 
bN.D., not detectable under the analytical conditions used. 

TABLE 8 

Composit ion of  Alkenyl  and Alkyl Chains of  Ether-linked Subfractions of  
Phosphatidylethanolamine (PE) and Phosphatidylchol ine  (PC) from B16-F1 and 
B16-F10 Melanoma Cell Lines ~ 

AlkenyI-linked PE A/kyl-linked PC 

Alkenyl or 
alkyl chain B16-F1 B16-F10 B16-F1 B16-F10 

16:0 48.6• 45.5• 58.1• 54.9• 
16:1 5.3• 4.8• 3.6• 3.2• 
18:0 12.4• 12.0• 8.9• 8.0• 
18:1 33.7• 37.7• 29.4• 33.8• 

aValues, expressed as mol % of total alkenyl and alkyl chains, are means • SE of five 
separate experiments. 
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[3H]Cholesterol Transfer from Microemulsion Particles of Different Sizes 
to Human Fibroblasts 
Stlg Elanan 
Department of Biochemistry and Pharmacy, ~oo Akademl, SF-20500 Turku, Finland 

A new technique for preparing microemulsion parti- 
cles of  well-defined sizes and composit ions is pre- 
sented. Utilization of  these microemulsions is advo- 
cated as l ipoprotein models  in studies of  lipid trans- 
port and metabolism, rather than the currently used 
phospholipid-cholesterol vesicles. The emulsion par- 
ticles consisted of  egg phosphatidylcholine and 
cholesterol as surface lipids and cholesteryl oleate 
as core lipid. They were prepared by a combined 
injection and sonication technique and size-sepa- 
rated by a two-step procedure of  gel filtration 
chromatography and density gradient centrifuga- 
tion. By varying the ratios of  core and surface mat- 
erial, particles covering a size range of 20-200 nm 
in d iameter  could be produced.  The adequacy of  
these microemulsions as l ipoprotein models  was 
tested by studying the transfer of [3H]cholesterol and  
[14C]cholesterol oleate from the particles to cul tured 
h u m a n  fibroblasts. Up to a particle size of 100 nm, 
there was a slight increase of  [3H]cholesterol trans- 
fer. The transfer of [14C]cholesteryl oleate was very 
slow, yet measurable.  Studies of  the exchangeability 
of  cholesterol between the microemulsion core and  
surface phases  indicated tha t  all cholesterol can be 
transferred from microemulsions to cul tured cells 
as a single pool. 
Lipids 22, 657-663 (1987). 

Surface transfer of free cholesterol between lipoproteins 
or lipoprotein-like structures and cellular plasma mem- 
branes has been the subject of intensive studies for many 
years (for reviews, see 1 and 2). This transfer or exchange 
process can both deliver and remove cellular cholesterol 
(3), and it has been suggested that it could play an impor- 
tant role in the regulation of cellular cholesterol content 
(4,5). Investigations of the flux of free cholesterol between 
a large variety of acceptor and donor structures, including 
liposomes (6-8), membranes (9-11), lipoproteins (12-14) 
and protein-lipid complexes (15), have shown a rapid ex- 
change of cholesterol between these structures. 

When studying the specific case of surface transfer from 
lipoproteins to cellular membranes, the situation gets 
more complex as protein effects have to be eliminated to 
produce pure transfer data. Specific receptor-mediated 
cell uptake via the low density lipoprotein (LDL) receptor 
has been abolished by using receptor-negative cells (16- 
18) or by modifying the protein part of the lipoprotein to 
prevent it from being recognized by the receptor (19-23). 
This, however, does not necessarily eliminate nonspecific 
protein-mediated uptake (24). To ensure abolishment of 
protein effects, donors that lack proteins should be used. 

Abbreviations: egg PC, egg yolk phosphatidylcholine; LDL, low den- 
sity lipoprotein; HDL, high density lipoprotein; VLDL, very low 
density lipoprotein. 

The protein-lacking donors most extensively used in 
studies of surface transfer of cholesterol to cells are vesi- 
cles consisting of phospholipids and cholesterol. Vesicles 
are, however, essentially membrane models and therefore 
are less useful as lipoprotein models. Lipoproteins are 
composed of a surface monolayer of polar constituents 
(phospholipids, cholesterol and apoproteins) surrounding 
a hydrophobic core of nonpolar lipids, predominately 
cholesteryl esters and triglycerides (25). Thus microemul- 
sions, i.e., particles with a central core ofnonpolar lipids 
stabilized by a surface monolayer of polar lipids, appear 
to be a justifiable choice when looking for good protein- 
free lipoprotein models (26,27). In addition to the results 
obtainable with vesicles, microemulsions enable us also 
to examine how the transfer and metabolism of lipopro- 
tein lipids are affected by the composition of the hydro- 
phobic core and by the particle size (different ratios of 
core and surface lipids). 

In this report, the preparation and characterization of 
well-defined and homogenous-sized microemulsion parti- 
cles containing cholesteryl oleate as core lipid and choles- 
terol and egg yolk phosphatidylcholine (egg PC) as sur- 
face lipids are described. A size series of these microemul- 
sions was prepared, and the relationship between the size 
of the microemulsion particles and the rate of cholesterol 
transfer to cultured cells was investigated. 

MATERIALS AND METHODS 

Cell culture. Human lung fibroblasts were used. The cells 
were cultured in Dulbecco's modified Eagle medium sup- 
plemented with 10% (v/v) newborn calf serum, 0.1 mM 
nonessential amino acid solution, 2 mM L-glutamine, 20 
mM HEPES, 0.08% (w/v) sodium bicarbonate and 10 ~g/ 
ml of gentamicin in a humidifed atmosphere of 95% air 
and 5% CO 2. The fibroblasts were nontransformed and 
diploid and were used for experiments between the 8th 
and 15th passages. 

Incubation medium. When it was observed that  the 
microemulsions were unstable in ordinary cell culture 
media, possibly as a result of their high salt concentra- 
tions, a special incubation medium was composed. This 
medium contained only 1/10 of the amount of NaC1 and 
1/5 of the amount of KC1 originally proposed by Eagle in 
basal media for cultivation of mammalian cells (28). The 
concentration of other salts, amino acids and vitamins 
was in accordance with Eagle's minimum essential 
medium (29), with the exception that  the amount of 
sodium bicarbonate was 0.80 g/1 and that this medium 
was supplemented with 15 mM HEPES, 10 ~g/ml gen- 
tamicin and glucose to produce an osmolarity of 300 mOs- 
mol/kg. The osmolarity was determined with a Osmomat 
030 osmometer (Gonotec GmbH, Berlin, FRG). 

Incubation procedures. For the experiments, cells were 
seeded in 50-ram diameter Petri dishes and grown to near 
confluency (200-300 ~g cell protein/dish) in 5-7 days. 
On the day of the experiment, the growth medium was 
removed, the cell layer was washed once with 3 ml phos- 
phate-buffered saline, and 2 ml incubation medium was 
added. Aider a 30-min preincubation at the incubation 
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temperatures (37 C or 4 C), the labeled microemulsion 
or LDL preparation was added. At the end of the incuba- 
tion, the medium was collected and the cell layer was 
washed twice with cold phosphate-buffered saline con- 
taining 0.2% albumin and three times with phosphate- 
buffered saline without albumin. The cells were then de- 
tached by gentle scraping and sedimented by a low-speed 
centrifugation. The cell pellet was suspended and dis- 
rupted in 1 ml distilled H20 by a short sonication. 
Aliquots of this suspension were taken for determinations 
of protein and radioactivity. 

Preparation of microemulsions and [3H]labeled LDL. 
The lipids used for preparation of microemulsions were 
egg PC, cholesterol and cholesteryl oleate. Stock solutions 
containing 10 mg/ml of these lipids were prepared in ben- 
zene and stored at - 2 0  C. Trace amounts of [all]choles- 
terol and [14C]cholesteryl oleate or 1-palmitoyl-2- 
[14C]oleoyl-phosphatidylcholine were added to these solu- 
tions shortly before starting the preparation of micro- 
emulsion. Specific activities used were usually about 
10,000 CPM/jxg for cholesterol, 1,500 CPM/~g for choles- 
teryl oleate and 200 CPM/Ixg for egg lecithin. 

When calculating the relative amounts oflipids needed 
to give microemulsion particles of specific sizes, it was 
assumed that the microemulsions were spherical droplets 
composed of two distinct phases: a hydrophobic core con- 
sisting mainly of cholesteryl oleate stabilized by a surface 
monolayer 2.0 nm thick (30) composed of PC and choles- 
terol. The somewhat different densities of the lipids - -  
1.016 g/ml for PC (31), 1.045 g/ml for cholesterol (32) and 
0.96 g/ml for cholesteryl oleate (33) (at 23 C and 1 atm 
of pressure)--were also considered in these calculations. 
Since a constant amount of cholesterol (1 mg) and a con- 
stant molar ratio of egg lecithin and cholesterol (1:1) were 
used in the different preparations, it was essential to 
vary the amount of cholesteryl oleate according to the 
desired size of the microemulsion particles as indicated 
in Table 1. 

Aliquots of the lipid stock solutions producing the ap- 
propriate amount of lipids were pipetted into glass vials. 
The solvent was evaporated under a stream of nitrogen, 
and the vials were placed in a vacuum desiccator over- 
night. 

The lipid mixtures were resuspended in 400 #~l ethanol/ 
diethyl ether (2:1, v/v). Three hundred ~l of this solution 
was slowly injected into 4 ml, 10 mM Tris/HC1 buffer, pH 
9.0, through the bottom of a sonication vessel thermo- 
stated at 55 C under simultaneous ultrasonic irradiation 
from an MSE sonifier equipped with a titanium probe 
(100 watts output). The apparatus used for the sonication 
is described in greater detail by Lundberg and Suominen 
(34). The sonication time was varied as follows depending 
on the type of microemulsion under preparation: 200 nm, 
2 min; 150 nm, 5 min; 100 nm, 10 min; 50 nm, 20 rain; 
20 nm, 35 min. 

The crude mixture of microemulsion particles thus ob- 
tained was separated according to size in two steps. The 
first step was a density gradient centrifugation using 
linear sucrose gradients in Tris buffer. The density of the 
microemulsion solution was raised using sucrose; 350-~1 
samples were layered under the gradients (3.5 ml), and 
centrifugation was performed in a Beckman SW 60 Ti 
rotor. The centrifugation force, duration and density gra- 
dient range differed for the different types of microemul- 

sion, ranging from 10,000 g, 5 min and 0-10% (w/v) suc- 
rose for 200-nm microemulsion particles to 95,000 g, 30 
min and 0-30% when preparing 20-nm particles. At the 
end of the centrifugation, the bottoms of the tubes were 
punctured and 8-drop fractions were collected. The frac- 
tions containing lipids in the appropriate ratios were 
pooled for the second step of separation, gel filtration. 

Ascending gel filtration chromatography was per- 
formed on a Sephacryl S-1000 Superfine column (1.6 • 
32 cm) at 25 C and with a flow rate of 30 ml/hr using 
Tris buffer, pH 9.0, as eluent. The samples were applied 
in volumes of - 2 ml, and fractions of 1.45 ml were col- 
lected. The void volume Vo was determined using killed 
Serratia marcescens bacteria, and Y~v was calculated 
from the equation K,v = (V e - Vo)/(Vt - Vo), where Ve 
is the volume of elution and Vt is the total bed volume. 

LDL was isolated from fresh pooled human serum by 
preparative density gradient ultracentrifugation and 
labeled with [3H]cholesterol using the exchange proce- 
dure described previously (18). 

Electron microscopy. Microemulsion particles were 
negatively stained with 2% potassium phosphotungstate, 
pH 7.4, containing 200 ~g/ml bacitracin on Formvar- 
coated copper grids. The grids were air-dried and 
examined in a Zeiss EM 109 electron microscope, cali- 
brated with a grating replica. 

Solubility. Twenty or 40 mg [3H]cholesterol was added 
to 200 mg [14C]cholesteryl oleate. This mixture was 
heated to 55 C and suspended in 3 ml of 10 mM Tris/HC1 
buffer, pH 9, in 4-ml ultracentrifugation tubes. The tubes 
were sealed under N2 gas and incubated for four days 
under continuous shaking and repeated heating and cool- 
ing between 37 C and 55 C. The cholesterol-saturated 
cholesteryl oleate oil phase was flotated by ultracentrifu- 
gation (37 C, 100,000 g, 60 min) in a Beckman SW rotor, 
and the solubility of cholesterol was determined by 
radiochemical assay of the floating oil. 

Analyticalprocedures. Cell and LDL protein were deter- 
mined by the Lowry method as modified by Markwell et 
al. (35) and lipid phosphorus according to the method of 
Bartlett (36). Radioactivity was determined with a liquid 
scintillation counter (1210 Ultrobeta, LKB-Wallac, 
Turku, Finland) using Lumagel as scintillation fluid. To 
study the possible exchange of free cholesterol between 
the microemulsion core and surface phases, a modifica- 
tion of the cholesterol oxidase--phospholipase C method 
described by Moore et al. (37) was used. Briefly, micro- 
emulsion samples containing 10-20 ~g free cholesterol 
were diluted to 1 ml with distilled H20 , and 1 ml 50 mM 
potassium phosphate buffer, pH 7.7, containing 0.2 U 
phospholipase C and 1.3 mM CaC12 was added. This mix- 
ture was incubated at 37 C for 90 min. Then, 0.2 U choles- 
terol oxidase in 1 ml phosphate buffer was added, and 
the incubation was continued for 30 rain. The incubation 
was stepped by adding 2 ml of cold methanol and the 
produced cholest-4-en-3-one was assayed spectrophoto- 
metrically at 240 nm against the reagent blank. The 
standard curve was constructed using 0-50 ~g choles- 
tenone in reagent solution. Total free cholesterol was as- 
sayed in the same way with the exception that 1% sodium 
taurocholate was added to the phosphate buffer to disrupt 
the microemulsion and solubilize free cholesterol. ~Ib de- 
termine the possible vesicle contamination of the micro- 
emulsion preparation, the 6-carboxyfluorescein method 
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FIG. 1. Density gradient centrifugation of egg PC-choles- 
terol-cholesteryl oleate microemulsions. Preparation of 
particles: (A) 20 nm, (B) 50 nm and (C) 100 nm in diameter. 
Centr i fugat ion  was performed in a Beckman SW 60 Ti rotor. 
Sample volume was 0.35 ml and gradient volume 3.5 ml. 
Centr i fugat ion  conditions were (A) 30 min, 95,000 g, 0-30% 
(w/v) sucrose; (B) 15 min, 65,000 g, 0-20% (w/v) sucrose; (C) 
5 min, 25,000 g, 0-15% (w/v) sucrose  gradient .  Fract ions  of  
180 ~l were collected; fractions taken for further experi- 
ments are indicated by horizontal bars. B, Total amount of  
l ipid in the fractions; �9 egg  PC/free cholesterol (FC) weight 
ratio; e, cholesteryl oleate (CE)/egg PC weight ratio. 

of Weinstein et al. (38) as modified by Lundberg and 
Suominen (34) was utilized. 

Materials. L-3-phosphatidylcholine, 1-palmitoyl-2-[1- 
14C]oleoyl (57 mCi/mmol) and [7(n)-3H]cholesterol (9.6 
Ci/mmol) were purchased from Amersham, (Buckingham- 
shire, UK). [4-14C]Cholesteryl oleate (59.4 mCi/mmol) 
was from New England Nuclear (Boston, MA). The 
radiochemical purities of cholesterol and cholesteryl 
oleate were found to be >98.5% by thin layer chromatog- 
raphy. Cholesterol and cholesteryl oleate were obtained 
from Merck (Darmstadt, FRG) and used after recrystalli- 
zation from 1,2-dichlorethane (cholesterol) or acetone 
(cholesteryl oleate). Egg L-a phosphatidylcholine, phos- 
pholipase C (from Clostridium perfringens), and choles- 
terol oxidase (from Pseudomonas) were purchased from 
Sigma Chemical Co. (St. Louis, MO). Cell growth 
medium and supplements were obtained from Gibco 
Europe (Uxbridge, UK) and 4-cholesten-3-on from Fluka 
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AG (Buchs, Switzerland). The Sephadex G-50 and Sephac- 
ryl S-1000 Superfine gel media were purchased from Phar- 
macia Fine Chemicals AB (Uppsala, Sweden), and the 
Serratia marcescens bacteria was a gift from the same 
firm, Lumagel was obtained from Lumac B.V. (Landgraaf, 
Holland). 

RESULTS 

Ultracentrifugation. The distributions of radiolabeled 
microemulsion particles in the centrifugation tubes after 
representative centrifugations are shown in Figure 1. 
Fraction 1 represents the bottom of the tube and fraction 
22 the top. As the density of the microemulsion particles 
was less than unity because of their high content of choles- 
terol oleate, they had to be layered under the gradient 
and hence migrated upwards during the centrifugation. 
The largest (most cholesteryl oleate-rich) particles mig- 
rated fastest and the smallest (most dense) migrated 
slowest. Conditions were chosen to give only a minor mig- 
ration of the peak of lipid material (see figure). A more 
effective centrifugation or a steeper gradient rapidly re- 
sulted in a creaming of most of the lipid material at the 
surface of the gradient with risk of coalescence of emul- 
sion droplets. The fractions (indicated in figure) contain- 
ing lipids in approximately correct ratios (Table 1) to give 
microemulsions of desired sizes were collected and sub- 
jected to gel filtration. 

Gel filtration chromatography. Typical gel filtration pat- 
terns of preparations aimed at producing microemulsion 
particles 20 nm, 50 nm and 100 nm in diameter are illus- 
trated in Figure 2. The column elution profile is quite 
symmetrical for the 20-nm preparation but less so for 
the 50-nm and 100-nm preparations. The figure also 
shows that the amount of egg PC relative to that of choles- 
terol is fairly high both in fractions near Vo and Vt. This 
may be a result of the presence of egg PC-rich large 
multilamellar vesicles eluting near Vo and small un- 
ilamellar vesicles eluting near V t. 

Gel filtration experiments with microemulsions where 
cholesteryl oleate and cholesterol were radiolabeled 
showed that the ratio of cholesteryl ester to free choles- 
terol was very high in fractions near Vo (data not shown). 
This indicates the presence of large microemulsions with 
much core material in these fractions (in addition to the 
multilamellar liposomes). Regardless, the total amount 
oflipids in such less desirable lipid complexes was rather 
small. The major part of the lipids coeluted in the main 
peak, and the lipid composition throughout this peak 
elution region was rather homogeneous and in remarka- 
bly good agreement with the required (starting) compos- 
ition (Table 1). Because only a few (2-3) of the peak 
fractions were collected for incubation experiments, a 
narrow distribution of microemulsion particle size could 
be expected. This was confirmed by negative stain elec- 
tron microscopy showing circular structures (indicating 
spherical particles) of fairly uniform sizes. Counting 40 
particles from a 20-nm preparation gave a size distribu- 
tion of 23 _+ 3 nm (mean +- SD), range 20-27 nm. I~  v 
for the fractions taken for incubations (indicated in Fig. 
2) were as follows: 20 nm preparation, 0.48; 50 nm, 0.33; 
100 nm, 0.19; 150 nm, 0.13; 200 nm, 0.08. The presence 
of vesicles in a pooled 20-nm preparation was determined 
by the 6-carboxyfluorescein method and found to be less 
than 2%. 
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FIG. 2. Gel filtration chromatography of egg PC-choles- 
terol-cholesteryl oleate microemulsions. Preparat ion of 
particles:(A) 20 nm, (B) 50 nm and (C) 100 nm in diameter. 
After ultracentrifugation and concentration the samples 
were applied in volumes of - 2 ml to a column (1.6 • 32 cm) 
with Sephacryl S-1000 Superfine gel. The lipid material was 
eluted with Tris buffer, pH 9.0. Each collected fraction con- 
tained 1.45 ml. Fractions pooled for incubations with cells 
are indicated by horizontal bars. Inserted in (A) is a negative 
stain electron micrograph of a pooled sample, m, Total 
amount of lipid in the fractions; o, egg PC/free cholesterol 
(FC) weight ratio; e, cholesteryl oleate (CE)/egg PC weight 
ratio. 

Cell incubations. When init ial  incubations of h u m a n  
fibroblasts wi th  microemulsions were performed, an  unex- 
pectedly great  and  rapid decrease of [~H]cholesterol activ- 
i ty in the med ium was observed. When this phenomenon 
was examined further, it appeared to occur also in the  
absence of cells. The [3H]cholesterol tha t  had disappeared 
from the med ium was found firmly adsorbed to the walls 
and bot toms of the petr i  dishes (see figure). The obvious 
reason for this  was a low microemulsion stabil i ty in this 
type of incubat ion med ium (Dulbecco's modified Eagle  
medium). In an  a t t empt  to increase the s tabi l i ty  of the  
microemulsions,  an  incubation med ium with  most  of the 
sodium and potass ium salts  replaced by glucose was com- 
posed. In this medium,  the microemulsion stabil i ty ap- 

peared to be sat isfactory (Fig. 3B). Whether  the increase 
in microemulsion stabil i ty was due to the decrease in 
sal t  concentrat ion or the increase in glucose concentra- 
tion was not fur ther  examined. This a l tera t ion of the 
incubation med ium composition, however, raised a new 
question. Do fibroblasts cultured in such a sugar-rich 
med ium deal wi th  lipoproteins and lipoprotoin models in 
the  same way as fibroblasts growing under  normal  condi- 
tions? To examine this, an  exper iment  was carried out 
in which the t ransfer  of [3H]cholesterol from LDL to 
fibroblasts growing in serum-free cell culture med ium of 
ordinary composition (Dulbecco's MEM) was compared to 
t ransfer  to fibroblasts cultured in the specially composed 
sugar-rich incubation medium.  For the exper iment  
[3H]cholesterol LDL at  a concentration of 25 ~g LDL 
protein/ml med ium was added to petr i  dishes containing 
150-200 ~g cell protein/dish. The amounts  of t ransferred 
[3H]cholesterol given as ~g/mg cell protein were 3.6 --- 
0.2 after  4.5 hr  of incubation in Dulbecco's MEM and 3.7 
-+ 0.3 in the sugar-rich medium.  After  9 hr  of incubation 
the amounts  were 5.3 +- 0.3 and  5.9 +- 0.5, respectively. 
(The values are means  --- SD from five dish pairs  [37 C 
- 4 C]). Thus the differences in the ra tes  of [3H]choles- 
terol t ransfer  from the different media  were not statisti- 
cally significant. 

Figure 4 compares the t ransfer  of [3H]cholesterol from 
microemulsion part icles of different sizes to cultured 
h u m a n  fibroblasts. The t ransfer  ra tes  have been corrected 
for passive cell surface adsorption by subtract ion of t rans-  
fer ra tes  obtained at  4 C from those a t  37 C. The ra te  of 
[3H]cholesterol t ransfer  increased with the d iamete r  of 
the microemulsion particles in the range  of 20 to 100 nm. 
For particles larger  t han  100 n m  in diameter,  no fur ther  
increase in t ransfer  ra te  was noted. (The curve for 150-nm 
particles was also determined,  but  being superimposable  
with the curves for 100-nm and 200-nm particles, it was 
not included in Figure 4 for the sake of clarity.) 

To elucidate fur ther  the mechan ism of the t ransfer  pro- 
cess, an  exper iment  wi th  different-sized microemulsions 
doubly labeled with  [3H]cholesterol and [14C]cholesteryl 
oleate was carried out. The t ransfer  ra tes  of the labeled 
lipids differed greatly. This shows tha t  [SH]cholesterol 
and [14C]cholesteryl oleate were t ransferred separa te ly  
and independent ly  from the microemulsions to the cul- 
tured cells. The resul ts  in Table 2 also indicate tha t  the 
t ransfer  of [14C]cholesteryl oleate is directly dependent  
on the concentrat ion of this  liquid in the incubation 
medium. 

Localization and exchangeability of cholesterol in micro- 
emulsion. Because cholesterol is sl ightly soluble in choles- 
teryl  esters (39-41), a certain proportion of the free choles- 
terol may  be anchored in the  hydrophobic core of the  
microemulsion inaccessible for exchange with  cell choles- 
terol. To tes t  this  possibility, the  solubility of cholesterol 
in cholesteryl oleate in the presence of an aqueous phase  
a t  37 C was first determined.  The solubility of cholesterol 
in the oily cholesteryl ester  phase  was 7.5 --- 0.5% by 
weight  (mean _+ SD, n = 4). This implies tha t  a consid- 
erable proportion of the microemulsion cholesterol may  
be localized in the microemulsion core, a l though solubil- 
i ty in such a microsystem is, due to steric hindrance,  not 
necessari ly exactly equal  to the solubility in the bull~ 
sys tem examined. Next  an effort to establish the  propor- 
t ion of cholesterol tha t  is located in or has  access to the  
surface monolayer of the microemulsions was made.  This  

LIPIDS, Vol, 22, No. 9 (~987) 



CHOLESTEROL T R A N S F E R  FROM MICROEMULSIONS 

T A B L E  1 

C o m p o s i t i o n  of  L ip id  M i x t u r e  U s e d  for  P r e p a r a t i o n  of  Di f fe ren t - s i zed  M i c r o e m u l s i o n  P a r t i c l e s  

661 

Required micro- Cholesteryl Egg PC/ 
emulsion particle Cholesteryl oleate oleate/egg PC cholesterol 
d iameter  (nm) Egg PC (rag) Cholesterol (mg) (mg) weight  rat io weight  rat io 

20 1.94 1.0 3.15 1.62 1.94 
50 1.94 1.0 10.60 5.46 1.94 

100 1.94 1.0 23.00 11.9 1.94 
150 1.94 1.0 35.40 18.2 1.94 
200 1.94 1.0 48.00 24.7 1.94 

T A B L E  2 

T r a n s f e r  of  [3H] Cho l e s t e r o l  a n d  [14C] C h o l e s t e r y l  Olea te  f r o m  D o u b l y  L a b e l e d  M i c r o e m u l s i o n  P a r t i c l e s  ca.  20 o r  1 0 0  n m  in  
d i a m e t e r  to  C u l t u r e d  H u m a n  F i b r o b l a s t s  a. 

Transfer  ofFC b Transfer  of CO b 
(nmol/mgprotein (nmo]/mgprotein CO/FC t ransfer  CO/FCmolar  rat io 

Size of ME (nm in ~) 5 hr.) 5 hr.) rat io i n  ME 

Conc. rat io of CO in 
Ratio of CO transfer  medium (= conc. 

(100 n m  ME/20 rat io in  100 nm]20 
nm ME) nm ME) 

20 1.16 -+ 0.12 0.14 -+ 0.04 0.12 1.85 

100 1.47 -+ 0.17 1.25 -+ 0.27 0.86 14.1 

0.86 = 7.2 14.1 = 7.6 
0.12 1.85 

ME, microemulsion particle; FC, free cholesterol; CO, cho]esteryl oleate. 

a Cells a t  a concentration of 200 - 300 ~g cell protein/petri  dish were incubated in 2 ml incubation medium (see Mater ia ls  and Methods) 
containing 5 ~Lg (13 nmol) microemulsion-[3H]cholesterol/ml for 5 h r  a t  37 C and 4 C. 
bCalculated from the  differences in  cell-associated [3H]cholesterol and [14C] cholesteryl oleate radioactivity in cells cul tured a t  37 C and  
4 C. Each t ransfer  value represents  the  mean  +- SD from four dish pairs. 
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FIG.  3. T h e  e f fec t  of  i n c u b a t i o n  m e d i u m  c o m p o s i t i o n  o n  t h e  
s t a b i l i t y  of  m i c r o e m u l s i o n s .  M i c r o e m u l s i o n  p a r t i c l e s  ca.  100 
n m  in  d i a m e t e r  c o n t a i n i n g  2 ~g [3H]cho les t e ro l  w e r e  i ncu -  
b a t e d  in  2 ml  o f  cel l  c u l t u r e  m e d i u m .  I n  (A) t h e  m e d i u m  w a s  
D u l b e c c o ' s  m o d i f i e d  E a g l e  m e d i u m ;  in  (B) i t  w a s  t h e  i n c u b a -  
t i o n  m e d i u m  g e n e r a l l y  u s e d  in  t h i s  i n v e s t i g a t i o n .  T h i s  incu-  
b a t i o n  m e d i u m  w a s  b a s e d  o n  E a g l e ' s  m i n i m u m  e s s e n t i a l  
m e d i u m ,  w h e r e  9/10 of  t h e  NaC1 a n d  4/5 of  t h e  KCI w e r e  
r e p l a c e d  w i t h  g lucose .  B o t h  m e d i a  w e r e  s u l ~ p l e m e n t e d  as  
d e s c r i b e d  in  M a t e r i a l s  a n d  M e t h o d s .  D, [~H]cho les t e ro l  
r a d i o a c t i v i t y  (CPM) r e m a i n i n g  in  m e d i u m .  A ,  [3H]choles-  
t e r o l  a c t i v i t y  t h a t  c o u l d  b e  r e m o v e d  f r o m  t h e  d i s h e s  b y  
w a s h i n g  t w i c e  w i t h  2.5 ml  p h o s p h a t e - b u f f e r e d  sa l ine .  A ,  
[3H]cho les t e ro l  a c t i v i t y  t h a t  h a d  to b e  e x t r a c t e d  f r o m  t h e  
wa l l s  a n d  b o t t o m s  of  t h e  d i s h e s  w i t h  2.5 ml  m e t h a n o l /  
c h l o r o f o r m  (2:1, v/v). V a l u e s  a r e  a v e r a g e s  f r o m  t w o  d e t e r m i -  
n a t i o n s .  

A - - A  20 nm 

[ ~ - - ~  50 nm J= 

i i i 
3 6 9 

INCUBATION TIME (h) 

FIG.  4. T h e  e f fec t  of  m i c r o e m u l s i o n  p a r t i c l e  s izes  o n  t h e  
t r a n s f e r  of  [3H]cho le s t e ro l  f r o m  egg  P C - c h o l e s t e r o l - c h o l e s -  
t e r y l  o l e a t e  m i c r o e m u l s i o n s  to c u l t u r e d  h u m a n  f i b r o b l a s t s .  
E a c h  p e t r i  d i s h  c o n t a i n e d  200-300 ~Lg cel l  p r o t e i 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 a n d  4 C in  2 ml  of  i n c u b a t i o n  m e d i u m  
(see M a t e r i a l s  a n d  M e t h o d s )  c o n t a i n i n g  1 ~Lg (2.6 n m o l )  
m i c r o e m u l s i o n - [ 3 H ] c h o l e s t e r o l / m l .  T h e  a m o u n t  of  t r a n s f e r -  
r e d  [3H]cho le s t e ro l  is c a l c u l a t e d  f r o m  t h e  d i f f e r e n c e  in  cel l  
a s s o c i a t i o n  o f  r a d i o l a b e l e d  c h o l e s t e r o l  a t  37 C a n d  a t  4 C. 
E r r o r  b a r s  r e p r e s e n t  SD fo r  6 d e t e r m i n a t i o n s .  P a r t i c l e s  
w e r e  ca.  200 n m  (o), 100 n m  (e), 50 n m  (o), a n d  20 n m ( &  ) in  
d i a m e t e r .  
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was done by measuring the susceptibility of cholesterol 
to oxidation with cholesterol oxidase aider the phosphoryl- 
choline head group had been cleaved off with phos- 
pholipase C. That phospholipase C action did not cause 
a disruption of the microemulsion particles was confirmed 
by the gel filtration elution profile of the microemulsion, 
which was unchanged after enzymatic treatment. 

It was found that the amount of cholesterol oxidized in 
intact 100-nm microemulsion particles was the same as 
the amount oxidized in microemulsions disrupted in 
taurocholate. The values for "surface" cholesterol was 17 
+_ 2 ~g/0.5 ml (mean _+ SD, n = 5) and for total cholesterol 
was 18 _+ 3 ~g/0.5 ml (mean _+ SD, n = 5). This indicates 
that the core pool of cholesterol in microemulsions can 
exchange with the surface pool and is thus available for 
surface transfer to accepter structures. 

DISCUSSION 
These experiment were designed to prepare protein-free 
lipoprotein models (microemulsions) suited for studies of 
lipid transfer. For the preparation of microemulsions, a 
combination of ultrasonic irradiation and injection 
techniques was used. With such a combined technique 
two ways of varying the particle or droplet size are avail- 
able: (i) The size of the particles will vary with the concen- 
tration of material in the injected solution. Lower concen- 
trations produce smaller particles. (ii) The size will vary 
with the time and efficiency of the sonication. Longer 
and/or more effective sonication produces smaller parti- 
cles. 

The produced microemulsion particles were separated 
with respect to particle size in two steps: density gradient 
centrifugation and gel filtration chromatography. The 
polar surface lipids and hydrophobic core lipids remained 
associated during these fractionating procedures, which 
shows that real microemulsions had been produced. That 
the microemulsion particles in the different-sized prepa- 
rations were fairly homogenous in size could be verified 
by electron microscopy. If the partition coefficients, I ~ ,  
for the fractions selected from the different preparations 
are plotted against the logarithms of the desired particle 
volumes, a linear relationship is obtained. This confirms 
that  a size series of the desired type was produced. Chem- 
ical and radiochemical assay methods verified that the 
microemulsion particles had the required lipid composi- 
tions. When the results obtained by this combined 
technique are compared with results obtained utilizing 
only injection (27) or only sonication (26), it seems as if 
the combined method gave more homogenous particle 
sizes than sole injection technique and that the sonication 
time could be kept shorter than when using sonication 
technique alone. 

The adequacy of these microemulsions as lipoprotein 
models in studies of physiological transfer processes was 
tested by incubating them with cultured human fibrob- 
lasts. Since different classes oflipoproteins vary consider- 
ably in size, an attempt to examine the size effect on 
transfer rates was made. In the utilization of these types 
of microemulsion preparations for incubation with cul- 
tured cells, a disadvantage that immediately became ob- 
vious was their low stability in the cell culture medium. 
This problem could be solved by decreasing the salt con- 
centration in the medium while at the same time increas- 
ing the glucose concentration to maintain iso-osmolarity. 

This change in medium composition did not have any 
effect on the uptake of LDL in the cultured cells during 
an incubation period of 9 hr. It seems, therefore, reason- 
able that  it will not affect the transfer rate of cholesterol 
either. 

The transfer rates obtained in this experiment were 
0.09-0.14 nmol cholesterol/mg protein and hour, at a con- 
centration of 1 ~g (2.6 nmol) cholesterol/ml incubation 
medium (Fig. 3). These rates are in good agreement with 
those previously obtained in this laboratory (23) for recep- 
tor-independent cholesterol transfer from HDL and LDL 
to human lung fibroblasts. The transfer rate of 
radiolabeled cholesterol from microemulsion prepara- 
tions to cultured cells increased with the size of the emul- 
sion particles in the range of 20-100 nm diameter. This 
agrees with results shown previously by Kovanen and 
Nikkilti (42), who determined relative transfer rates of 
free cholesterol from different lipoproteins to adipocytes. 
They found that the rate of exchange decreased with de- 
creasing particle size. Contradictory results have been 
obtained for surface transfer of cholesterol between vesi- 
cles (8,43), showing faster transfer from small vesicles. 
This indicates that microemulsions may be more approp- 
riate than vesicles as lipoprotein models in studies of 
lipid transfer. Support for this notion was found in recent 
studies (Ekman, S., and Lundberg, B., to be published in 
Biochim. Biophys. Acta) where the maximal [all]choles- 
terol transfer rates were about the same from LDL and 
microemulsions, but vesicles gave transfer approximately 
twice as fast. 

The mechanism for the exchange process has been a 
matter of much debate. Results supporting both a 
mechanism involving collisions between the structures 
in question (1,44,45) and free diffusion of cholesterol 
through the aqueous phase (6,10,13) have been presented. 
The results in Table 2 support to some extent the aqueous 
diffusion mechanism insofar as they show that different 
components of the microemulsions are transferred to cells 
at different rates. The transfer rate for the more water-sol- 
uble cholesterol was much higher than that of the very 
unpolar cholesteryl oleate molecule. The results in Table 
2 also show that the accumulated [3H]cholesterol activity 
in the cultured cells was due neither to unspecific adher- 
ence of microemulsions to the cell surfaces nor to en- 
docytosis of intact microemulsion particles. In these 
cases, the ratios of radiolabeled cholesterol and choles- 
teryl oleate recovered in or with the cells after the incu- 
bations would have been approximately the same as the 
ratios in the incubation medium. Some endocytosis natur- 
ally occurs in metabolically active fibroblasts. The fluid 
phase endocytosis in cultured fibreblasts at 37 C has been 
determined in this laboratory to ca. 190 nl per mg cell 
protein and hr (46). A comparison of this value with the 
transfer data in Table 2 shows that endocytosis may ac- 
count for only - 1% of the cell accumulation of[3H]choles - 
terol observed in this study. 

This paper presents only the influence of microemul- 
sion particle size on cholesterol transfer, but the influence 
of different core compositions has also been investigated 
and will be presented elsewhere (Ekman, S., and 

Lundberg, B., Biochim. Biophys. Acta, in press). Micro- 
emulsions of the present type have also been used in 
studies of factors affecting the lysis of the lipoprotein-like 
particles in lysosomes (47). 
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Mass Spectra of the PicolinyI Ester Derivatives of Some 
Non-Methylene-Interrupted Octadecadienoic Acids 
W.W. Christie*,a, E.Y. Brechanya, F.D. Gunstoneb, M.S.F. Lie Ken JieC and R.T. Holmand 
aThe Hannah Research Institute, Ayr, Scotland KA6 5HL, bChemistry Department, The University, St. Andrews, Scotland, CChemistw 
Department, University of Hong Kong, Pokfulam Rd., Hong Kong and dThe Hormel Institute, Austin, MN 55912. 

The electron-impact mass spectra of the picolinyl ester 
derivatives of 5,12-, 6,12-, 7,12-, 8,12-, 6,10- and 6,11-octa- 
decadienoic acids were obtained. There are features in 
each that are diagnostic of the position of the terminal 
double bond, although doubt could exist, with unknown 
compounds, about the position of the proximal double 
bond if authentic spectra were not available for com- 
parison purposes. There appear to he features in the spec- 
tra of isomers with two and three methylene groups be- 
tween double bonds that are of value for characterization 
purposes. 
Lipids 22, 664-666 (1987). 

One of the  more  convenien t  approaches  to  the  locat ion 
of double bonds  in a fa t ty  acid molecule consis ts  in prepar- 
ing  a der iva t ive  such  as the  pyrrol id ides  11) or picol inyl  
esters (2-4), because these give distinctive f ragmenta t ions  
t h a t  are general ly  charac te r i s t i c  of the  double bond  posi- 
t ions. These  and a l te rna t ive  procedures  for loca t ing  dou- 
ble bonds  in u n s a t u r a t e d  f a t t y  acids have  been reviewed 
comprehens ive ly  elsewhere (5,6). 

The  picolinyl es ter  der iva t ives  are especial ly useful,  
because  they  give u n a m b i g u o u s  spec t ra  even for polyun- 
s a t u r a t e d  f a t t y  acids. Mass  spec t ra  of picolinyl es ters  
have been used to good effect for the identif icat ion of un- 
sa tura ted  f a t ty  acids in complex samples of na tura l  origin 
(7-10). Recen t ly  (11) the  e lec t ron- impact  m a s s  spec t ra  of 

the  picolinyl es ter  der iva t ives  of the  comple te  series of 
isomeric  oc tadecenoa tes  and methy lene- in te r rup ted  oc- 
tadecadienoates  were described. Only  when double bonds  
were at  the  ext remit ies  of the  molecule were difficulties 
experienced in deducing the posit ions of the double bonds. 
In  con t inua t ion  of these  studies,  the  m a s s  spec t ra  of 
picolinyl es ters  of some oc tadecad ienoa tes  wi th  two or 
more  methy lene  g roups  be tween  the  double  bonds  are 
descr ibed here. F a t t y  acids of this  t ype  are known  to  
occur  in the  lipids of mar ine  organisms,  especial ly in- 
ve r t eb ra t e s  (12,13). 

MATERIALS AND METHODS 

The  all-cis 5,12-,  6,12-,  7,12-,  8,12-,  6 ,10- a n d  
6 ,11-octadecadienotes  were p repa red  b y  to ta l  syn thes i s  
(i.e., f rom low molecular  we igh t  precursors)  t14). They  
were conver t ed  to  the  picolinyl es ter  der iva t ives  by  an 
improved  procedure  descr ibed elsewhere (9); in brief, the  
mixed  anhydr ide  of each f a t t y  acid wi th  t r i f luoroacet ic  
acid was reacted with 3-(hydroxymethyl}-pyridine (10-fold 
molar  excess} in the presence of 4-dimethylaminopyr idine  
(1.2 mola r  propor t ion)  as ca ta lys t .  The  der iva t ives  were 
s u b m i t t e d  to  gas  c h r o m a t o g r a p h y - m a s s  s p e c t r o m e t r y  
(GC-MS) as descr ibed earlier (except t h a t  the  upper  
t empe ra tu r e  of the  co lumn was  10 C lower}, i.e., a fused- 
silica capi l lary co lumn (25 m >< 0.2 m m  i.d.), coa ted  wi th  
a cross-l inked (5% phenyl  methyl)  silicone (Hewlet t  

TABLE 1 

Relative Abundances (%) of the Molecular Ion and Ions Characteristic of the Picolinyl Moiety and the Positions and Relative 
Abundances of Ions of Value in Locating Double Bonds in Picolinyl Octadecadienoates {Non-Methylene-Interrupted) 

Ions characteristic of the picolinyl moiety (%} 
Molecular 

Isomer ion (%) m/z = 92 m/z -- 108 m/z -- 151 m/z = 164 Ions of value in locating double bonds 

5,12- 41 100 75 21 26 356 (2%), 342 (4), 328 {18}, 314 (15}, 300 (6), 274 (2}, 
260 (8}, 246 (4), 232 {16}, 218 (5), 204 (2), 178 (2) 

6,12- 18 100 51 19 22 356 (1%), 342 (4), 328 {9), 314 (9), 300 (8), 274 (1), 
260 (5), 246 {14}, 232 (4}, 218 (9}, 192 (2}, 178 (3} 

7,12- 21 100 49 12 27 356 (1%), 342 {6), 328 (9), 314 {12}, 300 {9), 274 (1), 
260 (72}, 246 {5), [247 {16}], 232 (1), 206 (7), 192 (4), 
178 (4) 

8,12- 20 100 41 11 28 356 (1%), 342 {3), 328 (6), 314 {10), 300 (13), 274 (6), 
260 {36}, 246 (1), 220 {7), 206 (6), 192 (2}, 178 (3} 

6,10- 15 100 53 19 19 356 (1%), 342 (3}, 328 (2), 314 {2), 286 {12}, 272 (11}, 
246 (6), 232 (11), [and 233 (21}], 218 (2), 192 (3), 
178 {5) 

6,11- 15 I00 48 19 21 342 (3%), 328 (3}, 314 (4}, 300 (Ii}, 286 (5}, 260 ~i), 
246 (42), 232 (3) [and 233 (13)], 218 (3), 192 (3}, 178 (4) 

*To whom correspondence should be addressed. 
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Packard Ltd., Wokingham, Berks), with helium as car- 
rier gas, was temperature-programmed from 60 C to 
220 C at 50 C/min then to 250 C at 1 C/min (7,9,10). The 
column outlet was connected directly into the source of 
a Hewlett  Packard 5970 Mass Selective Detector, 
operated at an ionization energy of 70 eV. 

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

Each of the f a t t y  acids was greater  than  95% pure as 
judged f rom the to ta l  ion current  t race of the picolinyl 
esters  in the GC-MS experiment ,  and spect ra  were t aken  
of mater ial  eluting at  the centre of each chromatographic  
peak. The spect ra  of each of the isomeric picolinyl 

octadecadienoates  are distinctive, and da ta  for some of 
the ions of diagnostic value are listed in Table 1. The spec- 
t r a  of the picolinyl 5,12- and 8,12-octadecadienoates are 
i l lustrated in Figure 1 as examples.  

Each  isomer gives upon electron impac t  a prominent  
molecular ion (at m/z -- 371) and abundant  ions charac- 
terist ic  of picolinyl es ters  at  m/z = 92 (the base  ion in 
each, as for mos t  picolinyl es ters  examined to date}, 108, 
151 and 164. 

In the spec t rum of the 5,12-isomer (Fig. 1, top}, there 
are significant ions at m/z = 356 {M-CH3}, then with gaps  
of 14 atomic mass  units  (amu} separa t ing  the ions a t  
m/z -- 342, 328, 314 and 300, represent ing cleavage at  
successive methylene groups, followed by  a gap of 26 amu 
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for the terminal  double bond to m/z = 274. A feature  of 
this kind has been found to be diagnostic for double bond 
positions in a large number  of picolinyl esters (2,4-9). Con- 
tinuing, there are further ions 14 amu apar t  at m/z -- 260, 
246, 232, 218 and 204, followed by  another  gap of 26 amu 
to 178 for the proximal double bond. Unfortunately,  there 
are also ions present  tha t  could lead, if the s tructure were 
not  known, to a suggest ion tha t  the double bond might  
be in posit ion 6. 

With  the spec t rum of the 6,12-isomer, the ions f rom 
m/z -- 356 to 218 are present  as in the previous isomer, 
so tha t  the posit ion of the terminal  double bond is easily 
located. There are again ions character is t ic  of a double 
bond in posit ion 6, a l though a priori  it is possible to sug- 
gest  tha t  the proximal  double bond is in posit ion 7. 

The dist inctive feature of the spec t rum of the 7,12- 
isomer ~three methylene groups between the double bond) 
is a par t icular ly  abundant  ion at  m/z = 260 {72%}, 
represent ing cleavage between carbons 10 and 11 (cf the 
6,11-isomer, where there is a prominent  ion at  m/z -- 246}. 
Again the terminal  double bond is easily identified, but  
without  access to s tandards,  the position of the proximal  
double bond might  be less easy  to determine. 

The spectrum of the 8,12-isomer (two methylene groups 
between the double bonds} also has an abundant  ion at  
m/z = 260, but  in this instance as pa r t  of a doublet  with 
an ion at m/z = 261 {Fig. 1, bottom}. Similarly, the dou- 
ble bond in posit ion 10 of the 6,10-isomer should prove 
easy  to locate f rom the rules developed earlier, whereas 
a prominent  doublet at  m/z = 232/233 appears  to confirm 
tha t  this feature is characteristic of components  with two 
methylene groups between the double bonds. 

In  summary ,  the posit ion of the terminal  double bond 
in picolinyl es ters  of dienes with two or more methylene 
groups between the double bonds should be easy to iden- 
t i fy by  employing the principles found to be of value for 
other unsa tura ted  esters. On the other hand, the position 

of the proximal double bond could be misidentified as one 
carbon fur ther  f rom the carboxyl  group than  is in fact  
correct. On the other hand, access to spect ra  of authen- 
tic compounds will reduce the chance of error when 
unknowns are examined by  this means.  (Several f a t t y  
acids of this type have already been identified in the form 
of the picolinyl ester  der ivat ives  in the lipids of inverte- 
bra tes  f rom the Black Sea [Christie, W. W., Brechany,  
E. Y., and Stefanov, K., unpublished].} Al though it m a y  
be misleading to draw general conclusions f rom only two 
examples of each, there appear  to be features in the spec- 
t ra  of isomers with two and three methylene groups be- 
tween the double bonds tha t  m a y  serve to remove any 
dubiety.  
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The factor(s) responsible for the unexplained atherogen- 
icity of peanut oil remain to be elucidated. To this end, 
we developed a technique to determine if lectin was pres- 
ent in the oil and to quantitate its concentration. This 
technique was applied to other vegetable oils including 
corn, soybean, and sunflower. Crude, unprocessed corn 
and soybean oils were also analyzed for lectin content. 
The crude oils contained f rom 858 to 2983 t~g lectin per 
kg, while the refined oils contained 24 to 55 t~g/kg of 
biologically active lectin. The identit ies of the isolated 
lectins were confirmed by electrophoresis on SDS- 
polyaerylamide gels. The biological significance of the 
presence of leetin in these oils remains to be determined. 
Lipids 22, 667-668 (1987}. 

Peanut  oil is more atherogenic than  other vegetable  oils 
when fed to labora tory  animals as par t  of a cholesterol- 
rich or a cholesterol-free diet (1-3). In  addition, the 
atherosclerotic lesions induced are f ibromuscular  ra ther  
than fatty,  foam-cell lesions. Studies of alterations in lipid 
metabol i sm in animals fed peanut  oil have revealed few, 
if any, significant differences tha t  migh t  account  for the 
increased atherosclerosis observed in animals (4). 

Lectins are proteins isolated in significant quan t i ty  
from crops tha t  provide edible oils. The proteins have po- 
tent  biological effects mediated via high-affinity binding 
to specific carbohydra te  residues. The presence of lectins 
in a var ie ty  of foods, such as vegetables,  fruits, nuts  and 
cereals, has been determined (5) but,  to our knowledge, 
there are no repor ts  of edible oils surveyed for lectin 
content.  

The present  invest igat ion was under taken  to develop 
a technique to extract  lectins from vegetable oils, to deter- 
mine percentage recovery, to ver i fy the ident i ty of the 
lectins and to quant i t a te  the isolated lectins. We have 
found lectins present  in detectable amounts  in processed 
oils, bu t  these levels are only a few percent  of the con- 
tent  found in unprocessed oils. 

MATERIALS AND METHODS 

The oils used were crude corn, crude soybean, two com- 
mercially available brands  of processed soybean oil, one 
processed corn oil, one processed sunfiowerseed oil, two 
processed peanut  oils, two peanut  oils f rom special 
cultivars and randomized (autointeresterified) peanut  oil. 
The densi ty  of the oils was determined, and 500-g bat- 
ches were mixed with 300 ml of pe t ro leum ether  in a 
separa to ry  funnel. One hundred ml of 0.15 M phosphate-  
buffered saline (PBS) (pH 7.4) was added and mixed well. 
The phases  were allowed to separate,  and the aqueous 
phase  was removed and refrigerated.  This was repeated 

*To whom correspondence should be addressed at The Wistar In- 
stitute, 36th St. at Spruce, Philadelphia, PA 19104. 
Abbreviations: PBS, phosphate-buffered saline. 

four times, and the PBS was pooled. The PBS ex t rac t s  
were concentrated at 4 C using an Amicon ultrafi l t rat ion 
chamber  containing a 10,000 MW filter. Protein in the 
concentra ted ex t rac t s  was quan t i t a ted  using the Brad- 
ford dye binding reagent  (Bio-Rad Laboratories ,  Rich- 
mond, CA} (6). 

Biological act ivi ty of the lectins was determined follow- 
ing the method of Lo tan  et al. (7}, in which human  
erythrocytes were agglutinated by various concentrations 
of the PBS extracts .  Samples were mixed in cuvet tes  and 
left undis turbed for 2.5 hr, and the optical densi ty was 
measured  at  620 nm. Peanut  and soybean lectins, used 
as s tandards ,  were purchased from Sigma Chemical Co. 
(St. Louis, MO). For detection of peanut  lectin, the 
ery throcytes  were t rea ted  with neuraminidase to remove 
sialic acid residues (7). 

The presence of lectins in oils was verified using 10% 
acrylamide gels containing sodium lauryl  sulfate (8). 
Samples  were electrophoresed under bo th  reducing and 
nonreducing conditions a t  6 mA/gel  for 4 hr. Gels were 
fixed and stained with Coomasie Blue R-250. 

Recovery efficiency was measured by dissolving peanut  
or soybean lectins in their  respect ive oils at  1 mg/100 g 
by  sonication in an ul trasonic bath.  The oils were then 
subjected to the extract ion procedure described above, 
and the biological act iv i ty  was quan t i t a ted  at  multiple 
dilutions. 

RESULTS 

All of the oils t es ted  contained detectable  amounts  of 
lectin-like act ivi ty.  The dye-binding protein assay  gave  
relatively high concentrat ions compared  to the bioassay,  
suggest ing the presence of other proteins as well as lec- 
t ins (Table 1). One of the samples  of processed soybean 

TABLE 1 

Quantitation of Total Protein and Lectin-like Activity 
in Crude and Processed Vegetable Oils (~g/kg) 

Oil Total protein Lectin-like activity 

Crude corn 9379 2983 
Crude soybean 1926 858 
Corn 190 24 
Soybean 720 45 
Sunflowerseed 849 44 
Peanut a 580 55 
Randomized peanut 204 35 
Peanut b 120 30 
Peanut c 154 26 
Peanut d 206 28 

aGrown in United States. 
b Jenkins Jumbo cultivar. 
CIndia White cultivar. 
dGrown in Senegal. 
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oil contained Tween 80 and gave a very  s t rong  color for 
protein. I t  was determined tha t  Tween 80 at  concentra- 
t ions as low as 0.0001% reacts  in this assay.  The other 
oils were wi thout  additives. Almost  one-third of the pro- 
tein in crude corn oil had lectin-like activity,  bu t  this was 
reduced by  greater  than  99% in the refined product.  
Analysis  of the refined oils by  colorimetric protein assay  
yielded values in the 200-850 t~g/kg range, while the 
b ioassay  resul ts  for lectin gave  resul ts  in the range of 24 
to 45 t~g/kg. 

Recovery efficiency was determined to be 10%, with a 
range  of replicate exper iments  from 9.4% to 10.1%. This 
figure represents  recovery of biological activity,  not  
merely extract ion efficiency. Factors  tha t  may  interfere 
with recovery of biological activity include addition of the 
solvent to the oils, which facil i tated phase  separat ion,  or 
instabi l i ty  of the lectins during the extract ion and con- 
centrat ion procedures.  

Gel electrophoresis of the PBS extracts  revealed bands 
in the samples f rom peanut,  soybean and corn oils, which 
corresponded to published molecular weights  of lectins 
f rom these plants  {9-11}. I t  is unclear why no protein 
bands  were found upon electrophoresis of sunflowerseed 
oil, since the protein recovred by  extract ion was similar 
to tha t  f rom the other oils. 

DISCUSSION 

The presence of lectins in vegetable  oils was previously 
unsuspected  and m a y  have impor tan t  biological conse- 
quences, since lectins are ext remely poten t  compounds.  
For example,  ricin D lectin derived f rom the cas tor  bean 
is lethal in mice at  0.001 t~g of nitrogen per g body weight; 
this is several  hundred t imes more toxic than  hydrogen 
cyanide ~12). Therefore, the finding of mic rogram quan- 
tit ies of lectins in these oils m a y  not be inconsequential  
in the intestine and other organs if they are absorbed from 
the gut. The presence of soy protein, but  not lectin, in 
lecithin, margar ine  and oil has been repor ted (13}. 

Lectins f rom peanut,  wheat  germ and jack bean bind 
to rabbi t  aortic smooth  muscle cells in vi t ro {14}; several  
lectins bind to the endothel ium of ra t  cerebral  arterioles, 
but  prior neuraminidase t rea tment  is necessary to expose 
peanut  lectin binding sites and accentuates  soybean lec- 
t in binding sites {15}. The lack of neuraminidase  treat-  
ment  may  explain why peanut  lectin does not consistently 
s tain cellular s t ruc tures  in atherosclerotic arteries {16}. 

I t  is impor tan t  to realize t ha t  lectins have specific af- 
finities for sugar  residues. Peanut  lectin has specificity 
for D-galactose residues and preferential ly for the a-D- 
Gal(1-03}-D-Gal NAc sequence, which is shared only by  
the lectin from the mushroom A g a r i c u s  bisporus.  This se- 
quence is expressed in GM1 ganglioside found in 
myoblas t s  f rom ra ts  and chicks (17,18}. The presence of 
GM1 on arterial smooth muscle cells may  be a reason tha t  
peanut  oil induces fibromuscular arterial lesions when fed 
in a hypercholesterolemic diet in contrast  to other polyun- 
sa tura ted  fats  tha t  induce f a t ty  lesions. This leads to the 
hypothesis  tha t  small amounts  of peanut  lectin, in the 
presence of hypercholesterolemia, could enhance prolifera- 
tion of arterial  smooth  muscle cells. Lectins also bind to 
various cellular components  of the immune system. Since 
macrophages  are a major  cell type  in f a t ty  s t reaks  of ex- 
per imental  animals  and humans  {19,20}, and these cells 

are scant  in lesions induced by  feeding peanut  oil, the 
possibili ty exists tha t  peanut  lectin inhibits macrophage  
recrui tment  to the arterial  wall during atherogenesis.  

Among  the peanut  oils studied, the mos t  atherogenic 
var ie ty  I1, unpublished results) contains the mos t  lectin, 
and when it is randomized the lectin concentrat ion is 
reduced by  half. Randomizat ion  of peanut  oil reduces its 
a therogenici ty to t ha t  of corn oil (2}. This sugges ts  t ha t  
the lectin content  of peanut  oil correlates with its 
atherogenic potential.  

Al though it is unlikely t ha t  lectins in the quant i t ies  
found in these edible oils are of de t r iment  in the  human  
diet, it is possible tha t  when the oils are fed as the sole 
fat  source to exper imenta l  animals, the lectin content  
plays a role in some pathophysiologic  effects. Fur ther  
work is in progress  in our l abora tory  to s tudy  the role 
of lectins in atherosclerosis.  
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Fecal bile acids in germ-free rats were analyzed after 
inoculation with Bacteroides vulgatus, Bif idobacter ium 
longum, Escherichia coli or Clostridium ramosum. B. 
vulgatus preferentially deconjugated tauro-3-muricholic 
acid and B. longum taurocholic acid. C. ramosum decon- 
jugated both bile acids, but E. coli deconjugated neither. 
7a-Dehydroxylation of bile acids was negligible even after 
18 days of inoculation, but a small amount of 7-oxo-bile 
acids, less than 5%, was formed. Fecal excretion of bile 
acids increased after inoculation with B. vulgatus, B. 
longum and C. ramosum, but not with E. coll. 
Lipids  22, 669-671 (1987}. 

Biotransformation of bile acids by intestinal bacteria in- 
cludes deconjugation, desulfation, dehydroxylat ion,  
oxidation-reduction and epimerization {1-3). Of these, 
deconjugation act ivi ty is the most  commonly observed 
(4), but  it is not  yet  known whether the reaction is com- 
mon to different bile acids. The present paper reports that  
deconjugation act ivi ty differs not  only with the strain of 
bacteria but  also with the s t ructure  of the bile acid. 

MATERIALS AND METHODS 

Germ-free Wistar  male ra ts  (20-37 wk old) bred in our 
laboratory were housed under germ-free conditions and 
inoculated orally with four organisms, Bacteroides 
vulgatus, Bif idobacterium longum, Escherichia coli and 
Clostridium ramosum, originally isolated from normal 
human feces, in which these organisms represented the 
predominant  strain of each group. Each organism was 
cultured for 72 hr at 37 C in GAM semifluid media (Nissui 
Co., Tokyo, Japan}; after thorough mixing, a 1-ml aliquot 
was administered to each rat. 

All ra ts  were fed a commercially available chow diet 
(Oriental CMF diet, Oriental Kobo Co., Tokyo, Japan) 
sterilized by radiation. Feces from each rat  were collected 
at 2-day intervals, and a portion was utilized to determine 
bacterial  concentrat ions (5). The remaining feces were 
dired to a constant  weight and utilized for bile acid 
analysis. 

Feces were ground, and a portion (usually 1 g) was ex- 
t racted three times with 20 ml of absolute ethanol for 1 
hr at 90 C (6,7). The ex t rac t  was filtered and evaporated 
to dryness under a s t ream of nitrogen. The residue was 
dissolved in 10 ml of 90% ethanol, and a portion of this 
solution (usually 1 ml) was subjected to PHP-LH-20 col- 
umn chromatography to separate bile acids into their free 
and three conjugate forms--glycine conjugates, taurine 
conjugates and sulfates (8). The conjugate fractions were 
hydrolyzed by solvolysis and/or alkaline hydrolysis, and 
the bile acids in the hydrolysates  were extracted with 
diethylether  after  acidification with hydrochloric acid 
solution. The bile acids were methyla ted  with freshly 

*To whom correspondence should be addressed at Shionogi Research 
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prepared diazomethane and then tr i f luoroacethylated 
with trifluoroacetic anhydride. The bile acid derivatives 
were quantified by gas liquid chromatography utilizing 
a Shimadzu gas chromatograph Model GC-7A {Shimadzu 
Co., Kyoto, Japan} equipped with a flame ionization detec- 
tor. A glass column (1.6 m • 3 mm i.d.) packed with 1.5% 
QF-1 or 1.5% AN-600 on 80-100 mesh Gas Chrom Q was 
used. The operation tempera tures  were 235 C and 210 C 
for the 1.5% QF-1 and 1.5% AN-600 columns, respec- 
tively, and 290 C for the detector  (6,7). 

RESULTS 
Table I shows fecal bacterial concentrations in gnotobiote 
ra ts  examined on days 7 and 14 after inoculation. The 
number was around 10 '~ in all groups. The total  amounts  
of fecal bile acids excreted in a day and the percentages 
of free forms and conjugates are given in Table 2. All the 
bile acids in germ-free rats were conjugated with taurine, 
and neither glycine conjugates nor sulfates were detected. 
B. vuIgatus, B. longum and C rarnosum formed free bile 
acids to some extent,  but  E. coli did not. 

The fecal bile acid composition is given in Table 3. Ma- 
jor bile acids in germ-free rats were cholic and 3-muricholic 
acids; they comprised about  90% of the total  bile acids. 
Chenodeoxycholic acid was present  at about  5%. In 
gnotobiote rats,  the values for cholic and fPmuricholic 
acids were not changed markedly, but some oxo-bile acids, 
such as 3a,12a-dihydroxy-7-oxo- and 3a-hydroxy-7-oxo-5p- 
cholanoic acids, were detected in amounts  of less than 
6-7%. The total  amounts  of bile acids in feces increased 
in ra ts  inoculated with B. vulgatus, B. longum and C. 
ramosum, but  not in those with E. coll. 

Table 4 shows the percentages of the free forms of each 
cholic acid and/3-muricholic acid in the feces collected 
before (day 0) and after inoculation of bacteria on days 
3-4, days 9-10 and days 17-18. B. vulgatus formed only 
3.8% free cholic acid on days 3-4, but  markedly decon- 
jugated  tauro-3-muricholic acid, giving a value of 91.7 %. 
These values were almost the same in the other deter- 
minations on days 9-10 and days 17-18, though they did 

TABLE 1 

Fecal Bacterial Concentrations in Gnotobiote Rats 

Bacterial counts {10 N) 

Day 7 Day 14 

B. vulgatus (1088) 10.5 10.6 
B. longum (1086} 9.5 10.3 
E. coli (109") 10.0 9.6 
C. ramosum (10 sg} 9.4 10.3 

Numerals in parentheses represent the number of bacteria inoculated. 

LIPIDS, Vol. 22, No. 9 (1987) 



670 

C O M M U N I C A T I O N S  

T A B L E  2 

Free and Conjugated Bile Acids in Feces of Gnotobiotic Rats 

Tota l  a m o u n t s  

D a y  0 a D a y s  9 -10  b 
(mg/day)  (mg/day) 

Free fo rm 
(%) 

Compos i t i on  (days  9-10)  

Taur ine  
(%) 

Glycine  
(%) 

Sul fa te  
(%) 

B. vulgatus 1.59 • 0.20 c 3.51 • 0.44* 34.66 • 1.79 65.34 • 1.79 
B. longum 1.24 • 0.18 1.98 • 0.38* 47.88 • 3.81 52.12 • 3.81 
E. col• 1.67 • 0.16 1.49 • 0.30 0 100 
C. ramosum 1.09 • 0.16 1.79 • 0.18" 58.56 -+ 3.56 41,44 • 3.56 

aBefore  inoculat ion.  All  bile ac ids  were t au r ine  con juga t e s .  
bAr t e r  inoculat ion.  

CMean • S .E.M.  in 5 ra t s .  

*S ta t i s t i ca l ly  s ign i f i can t  c o m p a r e d  to day  0 (p < 0.05). 

T A B L E  3 

Feca l  Bile Acid  Compos i t i on  in Germ-Free and Gnotobiotic Rats  (Days  9-10} 

Germ-f ree  B. vulgatus B. longum E. col• C. ramosum 

Tota l  bile ac ids  (mg/day)  1.59 • 0.20 a 3.51 __ 0.44 1.98 • 0.38 1.49 • 0.30 1.79 • 0.18 

Cholic acid g roup  (%) 
3a 12a n.d. n.d. 2.0 _ 1.50 n.d. 1.3 • 0.84 
3a 7a 12a 63.0 -!-- 2.76 b 63.3 • 3.02 65.5 -!-_ 3.37 61.0 +- 4.88 67.3 • 3.61 
3a 12a 7 : O  n.d. 4.8 • 2.68 2.1 • 1.46 6.7 • 2.03 2.8 • 1.78 

Chenodeoxycho l ic  acid g roup  (%) 
3~ n.d.  n.d.  n.d.  n.d.  n.d.  
3~ 63 7a n.d. 1.2 • 0.24 1.2 • 0.39 n.d. 1.8 • 1.08 
3a 7a 6.1 • 0.64 3.8 • 0.57 4.8 • 0.83 5.1 - 0.39 4.7 • 0.99 
3~ 6a n.d. n.d. n.d. n.d. n.d. 
3a 6/~ 7/3 31.0 • 2.48 22.7 • 2.18 22.7 • 5.06 23.6 • 5.29 22.1 • 5.29 
3a 6a  7f3 n.d. n.d. n.d. n.d.  n.d. 
3a 7 - - 0  n.d. 3.8 • 1.56 1.8 • 0.93 3.4 • 2.81 n.d. 

a M e a n  • S .E.M.  in 5 ra t s .  n.d.,  No t  detectable .  

bCombined  va lue s  of free and  t au r ine  f rac t ions .  

T A B L E  4 

Percentages of Free  F o r m  of Cholic (CA) and/3-Murichol ic  (/3-MCA) Ac ids  

Af t e r  inocu la t ion  

Before  inocu la t ion  D a y s  3 - 4  D a y s  9 - 1 0  D a y s  17 -18  

CA 3-MCA CA f3-MCA CA /3-MCA CA fl-MCA 

B. vulgatus 0 0 3.8 • 1.0 a 91.7 _ 2.1 2.8 _ 1.3 80.4 • 6.4 12.6 __ 0.8 90.8 • 3.6 
B. longum 0 0 79.5 • 4.0 5.3 • 0.7 64.2 • 6.5 5.0 • 0.6 57.7 • 4.6 7.1 • 0.4 
E. col• 0 0 0 0 0 0 0 0 
C. ramosum 0 0 52.9 • 5.4 30.4 • 3.6 57.9 • 2.6 43.1 • 4.5 58.8 • 7.0 54.6 _+ 13.8 

a M e a n  • S .E.M. in 5 ra t s .  T he  va l ue s  indica te  t he  p e r c e n t a g e s  of the  free f o rm  of each  CA or 3-MCA. 
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vary  somewhat. On the contrary, B. longum mostly 
deconjugated taurocholic acid and a little tauro-/~- 
muricholic acid. C. ramosum deconjugated both bile acids, 
but  E. coli deconjugated neither. 

DISCUSSION 

Deconjugation activity for conjugated bile acids is found 
in many species of intestinal bacteria (2,3). Among them, 
Bacteroides, Streptococcus, Lactobacillus, Eubacterium 
and some aerobic bacteria deconjugate both taurine and 
glycine conjugates of bile acids {9-11), but  Kobashi et al. 
(12) demonstrated tha t  Peptos t rep tococcus  in termedius  
deconjugated taurocholic acid, while LactobaciUus brevis 
and S t r e p t o c o c c u s  faeca l i s  I I -136  d e c o n j u g a t e d  
glycocholic acid predominantly in vitro. They isolated 
enzymes that  hydrolyzed taurine- or glycine-conjugated 
bile acids specifically from these bacteria. 

The present experiment demonstrated that  both B. 
vulgatus and B. longum deconjugated taurine-conjugated 
bile acids, but  the former deconjugated tauro-/3-muricholic 
acid in preference to taurocholic acid while the latter 
deconjugated taurocholic acid preferentially. In addition, 
C. ramosum deconjugated both bile acids, but  E. coli 
deconjugated neither. Al though it is not known whether 
these bacteria contain enzymes that  hydrolyze tauro-/~- 
muricholic acid or taurocholic acid specifically, these 
taurine-conjugated bile acids are deconjugated by dif- 
ferent intestinal bacteria in vivo, at least in rats. 

The total amounts of bile acids in feces increased in rats 
inoculated with bacteria having the ability to deconjugate 
bile acids. The fecal bile acid excretion of germ-free rats  
is lower than {almost half} tha t  of conventional rats  (13), 
due to lack of biotransformation of bile acids by intestinal 
microflora. Al though Kellogg et al. (14) concluded that  
only deconjugation does not cause an increase in fecal ex- 
cretion of bile acids, our data suggest that  it does increase 
fecal excretion. We speculate tha t  free bile acids are ex- 
creted more rapidly than the conjugates, and adhesion 
of free bile acids to bacteria or dietary fibers would be 
a cause for larger excretion of bile acids. We also observed 
that  the cecum was bigger in germ-free rats  than in 

conventional rats, and the size was decreased in rats mo- 
noinfected with B. vulgatus,  B. longum or C. ramosum 
but  not with E. coli. Although absorption of bile acids 
from the cecum is considered to be less effective than that  
from the small intestine, the cecum may play a role in bile 
acid absorption to some extent in germ-free or E. coli 
gnotobiote rats. 
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Phosphocholine Phosphatase and Alkaline Phosphatase Are Different 
Enzymes in Hamster Heart 
Grant M. Hatch and Patrick C. Choy* 
Department of Biochemistry, Faculty of Medicine, University of Manitoba, Winnipeg, Manitoba, Canada R3E OW3 

The CDP-choline pathway is the major pathway for 
the synthesis of  phosphatidylcholine in the hamster 
heart. The formation of  phosphochol ine from 
choline was regarded as the first committed reaction 
in this pathway. We demonstrated earlier that the 
phosphochol ine pool in the heart was substantially 
less than that found in other tissues, and we ob- 
served that a substantial amount of  the phos- 
phocholine was hydrolyzed back to choline by a 
phosphatase.  This phosphatase was located in the 
microsomal fraction of  the heart, and unlike alkaline 
phosphatase,  it was not inhibited by amino acids. 
The pH optima and heat sensitivity of  phos- 
phocholine phosphatase were also found to differ 
from alkaline phosphatase.  Phosphochol ine  did not 
inhibit the hydrolysis of  p-nitrophenylphosphate, 
but a "mixed type" inhibition of  the hydrolysis of  
phosphochol ine was observed in the presence of  p- 
nltrophenylphosphate.  Our data support the 
hypothesis  that these two activities originate from 
separate and distinct enzymes, and we postulate 
that the cardiac phosphocholine phosphatase may 
play a role in the regulation of  the phosphochol ine 
pool size in the hamster heart. 
Lipids 22, 672-676 (1987). 

Phosphatidylcholine is the major phospholipid in mam- 
malian tissues, and its biosynthetic pathway via CDP- 
choline was elucidated by Kennedy (1). In hamster heart 
the majority of phosphatidylcholine biosynthesis pro- 
ceeds via the CDP-choline pathway (2). Choline is actively 
taken up by the hamster heart and is rapidly phosphory- 
lated to phosphocholine by choline kinase (2,3). Phos- 
phocholine is converted to CDP-choline by CTP:phos- 
phocholine cytidylyltransferase, the rate-limiting en- 
zyme of the CDP-choline pathway (2,4). CDP-choline is 
condensed with 1,2-diacylglycerol to form phosphatidyl- 
choline (2,4). 

In rat liver, the formation of phosphocholine appears 
to be the first committed step for the formation of phos- 
phatidylcholine (5). The reaction catalyzed by choline 
kinase is essentially irreversible, and a relatively large 
and constant pool of phosphocholine is maintained (5). 
Moreover, pulse-chase studies in rat liver have clearly 
demonstrated that CDP-choline is the obligatory product 
of phosphocholine (6). In the hamster heart, the reaction 
catalyzed by choline kinase is also irreversible, but the 
phosphocholine pool is much lower than that found in 
the liver (2,3). Our earlier work suggests that some of 
the phosphocholine formed in the heart may be hydro- 
lyzed back to choline by a yet undefined phosphatase (2). 

*To whom correspondence should be addressed at Department of 
Biochemistry, Faculty of Medicine, University of Manitoba, 770 Ban- 
natyne Ave., Winnipeg, Manitoba, Canada, R3E OW3. 

Due to the relatively small pool size of phosphocholine 
in the hamster heart, alteration of this pool may play a 
regulatory role in phosphatidylcholine biosynthesis. 
Hence, the control ofphosphocholine hydrolysis by a phos- 
phatase, in addition to the phosphorylation reaction 
catalyzed by choline kinase, may be important in the 
maintenance of the phosphocholine pool in the heart. In 
this study, we provide strong evidence that the hydrolysis 
of phosphocholine is catalyzed by a specific phosphatase 
that is different from the cardiac alkaline phosphatase. 

MATERIALS AND METHODS 

Phosphocholine, p-nitrophenyl-phosphate and alanine 
were purchased from Sigma Chemical Co. (St. Louis, MO). 
[Methyl-3H]choline was obtained from New England Nu- 
clear (Boston, MA). AGI-X8 anion exchange resin was 
purchased from Bio-Rad. Aqueous counting scintillant 
was obtained from Amersham (Ontario, Canada). Phos- 
pho[methyl-3H]choline was synthesized enzymatically 
from [methyl-3H]choline by the procedure of Paddon and 
Vance (7). All other biochemicals were of analytical grade 
and were purchased from Fisher Scientific Chemical Co. 
(Winnipeg, Manitoba). 

Male Syrian golden hamsters of 100 _ 15 g were used 
throughout the study. The hamsters were maintained on 
Purina hamster chow and tap water, ad libitum, in a 
temperature- and light-controlled room. 

Hamster hearts were homogenized in 10% 0.25 M suc- 
rose, 10 mM Tris-HC1, 1 mM EDTA, pH 7.4. Subcellular 
fractions were prepared from the homogenate as de- 
scribed previously (8). In brief, the homogenate was cen- 
trifuged at 1,000 • g for 10 min, and the supernatant 
was centrifuged at 12,500 x g for 15 rain. The pellet, 
designated as mitochondrial fraction, was washed with 
buffer A, recentrifuged and resuspended in buffer B. The 
supernatant was centrifuged at 100,000 x g for 60 min. 
The resultant pellet, designated as microsomal fraction, 
was washed with buffer A, reeentrifuged and resuspended 
in buffer B. Buffer A contained 0.15 M Tris-HC1, pH 8.0, 
and buffer B contained 0.25 M sucrose, 10 mM Tris-HC1, 
pH 7.4. The purities of the mitochondrial and microsomal 
fractions were analyzed by marker enzymes. The 
mitochondrial fraction was contaminated with 10% of 
microsomal material and the microsomal fraction con- 
tained 5% mitochondrial particles (8). Protein was deter- 
mined by the method of Lowry et al. (9). 

Alkaline phosphatase activity was determined by a 
modified procedure of Cox and Griffin (10). The assay 
mixture contained 0.4 M Tris-HC1, pH 10, 1 mM MgC12, 
10 mM p-nitrephenyl-phosphate and 10 ~1 of the micro- 
somal fraction in a total volume of 0.5 ml. The reaction 
mixture was incubated at 37 C for 30 min, and the reac- 
tion was terminated by addition of 1 ml 0.25 N NaOH. 
The amount of p-nitrophenol formed was determined by 
absorbance at 410 nm, with the aid ofp-nitrophenol stan- 
dards. The reaction mixture without the addition of micro- 
somal fraction was used as control. 
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Phosphocholine phosphatase activity was determined 4.0 
by the formation of labeled choline from labeled phos- 
phocholine (7). The reaction mixture contained 0.1 M 
Tris-HC1 (pH 9.0), 10 mM MgC12, 10 mM phospho- 
[methyl-3H]choline and 30 pL1 microsomal fraction in a 
total volume of 0.1 ml. The reaction mixture was incu- 
bated at 37 C for 30 rain, and the reaction was terminated .~ 
by boiling the tubes for 2 rain. The reaction mixture with- 2.0 
out the addition ofmicrosomes was used as control. At~r  ~" 
the termination of the reaction, 1 ml of water was added 
to the assay mixture, and the entire mixture was applied o 
to a AGI-X8 anion exchange column (1.0 ml bed volume), z 
Choline in the reaction mixture was washed from the 
column with 10 ml of water, and the radioactivity in a 0 
2-ml aliquot of the eluant was determined. Radioactivity 
in the sample was determined by liquid scintillation 
counting using channels' ratio calibration method. 

Results in this study are depicted as mean +- S.D. 
(number of experiments). A two-tailed Students' t-test 
was used for determination of significance. The level of 
significance was defined as P < 0.05. Results of kinetic 
inhibition of phosphocholine phosphatase and alkaline 
phosphatase are depicted as the mean of two separate 
experiments. Kinetic data were depicted on the basis of 
least squares analysis of data points. 

RESULTS 

The majority of alkaline phosphatase (68%) and phos- 
phocholine phosphatase (72%) activities were found to be 
located in the microsomal fraction of the hamster heart, 
with the remainder in the mitochondrial fraction. As pre- 
viously indicated (11), the pH optimum for microsomal 
alkaline phosphatase was found to be between 9.75 and 
10.25, depending on the substrate concentration. In the 
presence of 10 mM p-nitrophenyl phosphate, the enzyme 
depicted a pH optimum of 10.0 (Fig. 1). The pH optimum 
for phosphocholine phosphatase was 9.0 and remained 
unchanged at different substrate concentrations (Fig. 1). 

To discern the possible difference between these two 
activities in the hamster heart, the effects of L- 
phenylalanine and L-alanine on alkaline phosphatase 
and phosphocholine phosphatase activities were investi- 
gated. L-Phenylalanine (10-25 mM) inhibited both ac- 
tivities, but a higher degree of inhibition was obtained 
with alkaline phosphatase than that of phosphocholine 
phosphatase (Table 1). L-Alanine at 25 and 50 mM caused 
significant inhibition of alkaline phosphatase activity, 
but did not inhibit phosphocholine phosphatase (Table 
2). The nature of inhibition of alkaline phosphatase by 
L-alanine was further investigated. The activities of the 
enzyme at different substrate levels in the absence and 
presence of 25 and 50 mM L-alanine were determined, 
and the results are depicted in a double-reciprocal plot. 
The kinetic studies revealed that  the inhibition by L- 
alanine was essentially uncompetitive (Fig. 2). 

The possibility of the two activities sharing the same 
catalytic site was studied by a kinetic approach. In the 
presence of phosphocholine (1-50 mM), alkaline phos- 
phatase activities were not affected (Table 3). However, 
the presence of p-nitrophenylphosphate (1-50 mM) 
caused significant inhibition of phosphocholine phos- 
phatase activities (Table 3). In the presence of 0.1 and 
0.2 mM p,nitrophenylphosphate, a "mixed-type" ofinhib- 
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FIG. 1. The pH profiles of  phosphochol ine phosphatase and 
alkaline phosphatase.  The pH profiles of  phosphochol ine 
phosphatase (e) and alkaline phosphatase (o) were determined 
in the presence of  10 mM concentration of  phospho-[Me-3H] - 
choline and p-nitrophenyl-phosphate, respectively. The points 
represent the mean values obtained from two separate sets 
of  experiments,  each of  which was assayed in duplicate. 
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FIG. 2. The inhibition of  alkaline phosphatase  activity by L- 
alanine. The hydrolysis  o f  p-nitrophenyl-phosphate in the ab- 
sence (e) and the presence of  25 mM (A) and 50 mM (a) L- 
alan!he were determined. The assays were performed as de- 
scribed in Materials and Methods, and 10 id of  microsomal  
preparation (0.02 mg protein) was used in each assay. The 
points  represent the mean values obtained from two separate 
sets of  experiments,  each of  which was assayed in duplicate.  
The l ines depicted were obtained from least squares analysis. 
The correlation coefficient was 0.99 for each line. 

ition on phosphocholine phosphatase activity was ob- 
served (Fig. 3). 

The effect of temperature on the activities of alkaline 
phosphatase and phosphocholine phosphatase in hamster 
heart microsomes was studied. Microsemal preparations 
were incubated at 55 C for different time periods, and 
the enzyme activities were subsequently determined. As 
shown in Figure 4, treatment at 55 C caused a differential 
loss of activities between these two enzymes. Incubation 
of the microsomal preparation for 5 rain caused a 30% 
loss of phosphocholine phosphatase activity, whereas a 
10% loss of alkaline phosphatase activity was observed. 
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TABLE 1 TABLE 2 

Effect  of  L-Pheny la lan ine  on Phosphocho l ine  P h o s p h a t a s e  
a n d  Alkal ine  P h o s p h a t a s e  Act ivi t ies  a 

Effect  of  L-Alanine on Phosphocho l ine  P h o s p h a t a s e  a n d  
Alkal ine  P h o s p h a t a s e  Activi t ies  a 

Phosphocholine Alkaline Phosphocholine Alkaline 
L-phenylalanine phosphatase phosphatase L-alanine phosphatase phosphatase 

concentrations (mM) (nmol/min/mg) (~mol/min/mg) concentrations (mM) (nmol/min/mg) (~mol/min/mg) 

0 (control) 3.95 • 0.06 (3) 2.17 • 0.21 (3) 
1 3.82 • 0.07 (3) 2.11 • 0.10 (3) 
5 3.34 • 0.02 (3) b 1.71 • 0.14 (3) 5 

10 3.32 • 0.09 (3) 5 1.22 _+ 0.08 (3) 5 
25 2.51 • 0.19 (3) 5 0.94 • 0.04 (3) 5 

aThe hydrolysis of phospho-[Me-3H]choline (10 mM) and p-nit- 
rophenylphosphate (10 mM) by hamster heart microsomal prepara- 
tion in the presence of L-phenylalanine was determined. The results 
are depicted as mean • S.D. (number of experiments). 

bp < 0.05. 

0 (control) 3.95 +- 0.06 (3) 2.17 • 0.21 (3) 
1 3.99 • 0.23 (3) 2.12 • 0.39 (3) 
5 3.97 • 0.11 (3) 2.16 -+ 0.18 (3) 

10 3.81 • 0.35 (3) 2.13 • 0.10 (3) 
25 4.05 • 0.28 (3) 1.71 • 0.04 (3) 5 
50 3.92 -+ 0.22 (3) 1.65 • 0.13 (3) 5 

aThe activities of phosphocholine phosphatase and alkaline phos- 
phatase were determined as described in Table 1 in the presence 
and absence of L-alanine. 
bp < 0.05. 
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FIG. 3. The  inhib i t ion  of  p h o s p h o c h o l i n e  p h o s p h a t a s e  ac t iv i ty  
313H p-n i t rophenyl -phospha te .  The  hydrolys is  of  phosphoo[Me-  

]chol ine  w a s  d e t e r m i n e d  in  the  a b s e n c e  (e) a n d  p r e s e n c e  
of  0.1 m M  ($) a n d  0.2 mM ( ' )  p -n i t rophenyl -phospha te .  The  
a s s a y s  were  p e r f o r m e d  as  d e s c r i b e d  in  Mater ia l s  a n d  
M e t h o d s ,  a n d  30 ~1 o f  m i c r o s o m a l  p r e p a r a t i o n  (0.06 m g  pro-  
te in)  was used  in e a c h  assay .  The  poin ts  r e p r e s e n t  the  m e a n  
va lues  ob ta ined  f rom two sepa ra t e  sets of  e x p e r i m e n t s ,  each  
of  which  w a s  a s s a y e d  in dupl icate .  The  l ines dep ic ted  w e r e  
ob ta ined  f rom l eas t  s q u a r e s  ana lys i s ,  a n d  the  corre la t ion  
coe f f i c i en t  w a s  0.99 for each  l ine. 
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FIG. 4. The  effect of  i ncuba t ion  at 55 C on  p h o s p h o c h o l i n e  
p h o s p h a t a s e  and  a lkal ine  p h o s p h a t a s e  act iv i t ies .  M i c r o s o m a l  
p r e p a r a t i o n s  were  i n c u b a t e d  at  55 C for 0-10 min.  The  abi l i ty  
of  the  i n c u b a t e d  mic rosoma l  p r e p a r a t i o n  to hydrolyze  p-nit- 
ropheny l -phospha te  (o) and  phospho-[Me-3H]choline (e) w a s  
de termined .  The  a s s a y  c o n d i t i o n s  were  as  d e s c r i b e d  in Figs. 
2 and  3. The  poin ts  r e p r e s e n t  the  m e a n  v a l u e  o f  t w o  s e p a r a t e  
se ts  o f  e x p e r i m e n t s ,  e a c h  o f  w h i c h  w a s  a s s a y e d  in dupl i ca te .  

D I S C U S S I O N  

T h e  ob j ec t i ve  o f  t h i s  s t u d y  w a s  to  e x a m i n e  w h e t h e r  phos -  
p h o c h o l i n e  p h o s p h a t a s e  a n d  a l k a l i n e  p h o s p h a t a s e  a r e  t h e  
s a m e  e n z y m e  in  h a m s t e r  h e a r t  a n d  to  d e t e r m i n e  w h e t h e r  
t h e s e  two  a c t i v i t i e s  w e r e  s u b j e c t e d  to  t h e  s a m e  m e t a b o l i c  
r e g u l a t i o n .  I t  is  c l e a r  f r o m  o u r  s t u d y  t h a t  t h e  two  ac- 

t i v i t i e s  i n  t h e  h a m s t e r  h e a r t  m i c r o s o m e s  a r e  m o d u l a t e d  
d i f f e r e n t l y  i n  v i t ro .  T h e  d i f f e r e n c e  i n  p H  pro f i l e s  a n d  re-  
s p o n s e s  to  h e a t  t r e a t m e n t  a n d  to  v a r i o u s  i n h i b i t o r s  a l l  
s u g g e s t  t h a t  t h e  two  a c t i v i t i e s  o r i g i n a t e  f r o m  two  sepa -  
r a t e  a n d  d i s t i n c t  e n z y m e s .  

A l k a l i n e  p h o s p h a t a s e  f r o m  m a m m a l i a n  s o u r c e s  e x i s t s  
in  t h r e e  d i s t i n c t  c a t e g o r i e s :  t h e  p l a c e n t a  t ype ,  t h e  i n t e s -  
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TABLE 3 

Effect of p - N i t r o p h e n y l p h o s p h a t e  o n  P h o s p h o c h o l i n e  P h o s p h a t a s e  a n d  
P h o s p h o c h o l i n e  o n  A l k a l i n e  P h o s p h a t a s e  A c t i v i t i e s  a 

Phosphocholine Alkaline 
p-Nitrophenylphosphate Phosphocholine pbosphatase phosphatase 

(mM) ( m M )  (nmol/min/mg) (~mol/min/mg) 

0 (control) 0 3.95 -+ 0.06 (3) 
1 - -  1.07 _+ 0.26 (3) 5 
5 - -  0.51 -+ 0.06 (3) 5 

10 - -  0.52 -+ 0.20 (3) 5 
25 - -  0.23 _+ 0.09 (3) b 
- -  1 
- -  5 
- -  1 0  
- -  2 5  
- -  5 0  

2.17 -+ 0.21 (3) 

2.44 -+ 0.12 (3) 
2.33 -+ 0.31 (3) 
2.41 -+ 0.10 (3) 
2.40 -+ 0.11 (3) 
2.30 -+ 0.04 (3) 

aThe hydrolysis of phospho-[Me-3H]choline in the presence of p-nitrophenylphosphate 
and the hydrolysis of p-nitrophenylphosphate in the presence of phosphocholine were 
determined. Assay conditions were the same as described in Materials and Methods. 
bp < 0.05. 
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t inal  type and the liver-bone-kidney type (11). They are 
different from each other by the i r  responses to uncompeti-  
rive inhibit ion by specific amino acids, hea t  stabil i ty and 
pH opt ima at  specific substra te  concentrations. Previous 
studies have clearly demonstra ted  tha t  the cardiac al- 
kal ine phosphatase  belongs to the liver-bone-kidney type 
(12,13). I t  has  also been reported tha t  the liver-bone-kid- 
ney type in the hear t  may exist in mult iple  molecular  
forms, and these forms may  have different propert ies (11- 
13). Hence, it can be argued tha t  the observed differences 
between phosphocholine phosphatase  and alkal ine phos- 
phatase  in this  s tudy may  resul t  from a broad specificity 
of one specific form of cardiac alkal ine phosphatase.  How- 
ever, this  a rgument  is not supported by the kinetic da ta  
of phosphocholine phosphatase  in the presence of p-nit- 
rophenylphosphate.  Fur ther  evidence agains t  this  sup- 
position was obtained from the inhibit ion studies of al- 
kal ine  phosphatase  by phosphocholine. 

Since the conversion of phosphocholine to CDP-choline 
is the ra te- l imit ing step in the CDP-choline pathway 
(2,14), the main tenance  of the phosphocholine pool is im- 
por tant  to facil i tate the ra te- l imit ing role of the 
CTP:phosphocholine cytidylyltransferase.  In the hams te r  
hear t ,  the observed turnover  of phosphocholine by dephos- 
phorylat ion (2) implies tha t  phosphocholine phosphatase  
may  play a significant role in the control ofphosphat idyl-  
choline biosynthesis  v ia  the regulat ion of the phos- 
phocholine pool. I f  phosphocholine phosphatase  indeed 
contributes to the regulat ion of phosphatidylcholine 
biosynthesis,  its modulat ion and metabol ism should be 
distinct from the alkal ine phosphatase.  Our  study reveals 
that ,  unlike alkal ine phosphatase  (15), phosphocholine 
phosphatase  in the hear t  may not be subjected to modula- 
t ion by alanine and other  amino acids (Hatch, G.M. and 
Choy, PC., unpubl ished results). The abili ty to hydrolyze 
phosphocholine in vitro had  also been reported in the 
liver (16), intest inal  cells (17) and HeLa  cells (7), but  such 
reaction was postulated to be of l imited importance in 

the regulat ion of phosphocholine pool or phosphatidyl-  
choline biosynthesis in these t issues (7). However, the 
pool of phosphocholine in the hear t  (0.24 mM) is much 
lower t han  tha t  found in the liver (1.3 mM) or HeLa  cells 
(1.8 mM) (14). In the heart ,  the diminished pool size of 
phosphocholine implies tha t  the metabol ism of this  im- 
por tan t  metabol i te  of the CDP-choline pa thway may  be 
regulated differently. At present,  the ra t ionale  for a rela- 
t ively small  pool of phosphocholine pool in the hear t  is 
not explained. I t  is also not clear if  the small  phos- 
phocholine pool in the  hea r t  can be a t t r i bu ted  to the  
funct ional  role of the cardiac phosphocholine phos- 
pha tase .  In  view of the  fact t h a t  the  appa ren t  K m  (0.56 
raM) of the  enzyme for phosphocholine (Fig. 3) is much  
g rea te r  t h a n  the  pool of phosphocholine in the  hear t ,  
it is possible t h a t  one of the  major  'functions of the  
cardiac phosphocholine phospha ta se  is to prevent  the  
accumula t ion  of a large phosphocholine pool. 
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The Activity and Properties of a Hepatic Acid Cholesteryl Ester 
Hydrolase Obtained from Rats of Different Age Groups 
Mitsuo Tanaka*, Toshihiro lio and Toshikazu Tabata  
Showa College of Pharmaceutical Sciences, I-8, Tsurumaki-5-Chome, Setagaya-Ku, Tokyo, Japan 

T h e  ac t i v i ty  o f  l y s o s o m a l  a c i d  c h o l e s t e r y l  e s t er  hy- 
d r o l a s e  (ac id  CEH,  EC 3.1.1.13) in  rat  l iver  w a s  deter-  
m i n e d  at 3, 5, 7, 10 a n d  20 w k  f o l l o w i n g  birth.  T h e  
leve l s  o f  a c i d  C E H  ac t iv i ty  s h o w e d  a m a r k e d  de- 
c r e a s e  as  rats  g r e w  older ,  w h e r e a s  t h o s e  o f  o t h e r  
l y s o s o m a l  m a r k e r  e n z y m e s ,  s u c h  as  a c i d  p h o s -  
p h a t a s e ,  ~ - g l u c u r o n i d a s e  a n d  c a t h e p s i n  B a n d  D, 
s h o w e d  o n l y  a s l ight  d e c r e a s e .  O n  the  o t h e r  h a n d ,  
a c i d  C E H  ac t iv i ty  w a s  d e t e c t e d  in all  s u b c e l l u l a r  
f r a c t i o n s  o b t a i n e d  f r o m  rat  liver, b u t  t h e  e n z y m e  
ac t i v i ty  in  t h e s e  f r a c t i o n s  d id  n o t  s h o w  the  age-re-  
l a t e d  d e c r e a s e  o b s e r v e d  in t h e  l y s o s o m a l  f rac t ion .  
T h e  re su l t s  p r e s e n t e d  h e r e  s u g g e s t  tha t  the  m a r k e d  
a l t e r a t i o n  o f  l y s o s o m a l  a c i d  C E H  ac t iv i ty  tha t  ac-  
c o m p a n i e s  a g i n g  m a y  be  r e l a t e d  to  its p o s s i b l e  in- 
v o l v e m e n t  in t h e  r e g u l a t i o n  o f  c h o l e s t e r o l  c o n c e n t r a -  
t i o n  in  rat  l iver. 
Lipids 22, 677-679 (1987). 

It is well known tha t  hepatic lysosomal acid cholesteryl 
ester hydrolase (acid CEH) plays an important  role in 
the metabolism of exogenous cholesteryl esters intro- 
duced into cells as lipoproteins (1). The activity of the 
enzyme is lowered under  several conditions, such as fast- 
ing (2), Wolman's disease (3), thyroidectomy (4) and Triton 
WR-1339 t rea tment  (5). It has also been reported tha t  
acid CEH activity may be an important  factor in the 
accumulation of cholesteryl esters such as tha t  occurring 
in atherosclerosis (6). 

We have recently shown tha t  acid CEH activity varies 
according to a diurnal rhy thm (2). In addition, we have 
found tha t  a cytosolic protein in rat  liver has an inhibitory 
effect on lysosomal acid CEH activity (7). However, the 
mechanisms involved in the regulation of lysosomal acid 
CEH are as yet unknown. 

On the other hand, age-related changes in the activities 
of HMG-CoA reductase (8) and 7~-hydroxylase (9) and 
in the absorption (10) and turnover (11) levels during 
cholesterol metabolism have been reported. In the present 
experiment,  we studied the relationship between aging 
and changes in lysosomal acid CEH activity in rat  liver. 

Preparation of subceUular fractions. For the prepara-  
t ion of subcel lular  fractions from ra t  liver, the method 
of Brecher  et al. (12) was employed. Rats were kil led 
by decapitat ion,  and livers were perfused wi th  ice-cold 
1.15% KC1 solution at  4 C. The t issues were 
homogenized in 8 vol of ice-cold 0.25 M sucrose/1 mM 
EDTA/0.01 M Tris-HC1 buffer (pH 7.5). The homogenate  
was centr i fuged at  1,000 x g for 10 min, and the result-  
ing supe rna tan t  was centr i fuged at 3,300 x g for 20 
min. The 3,300 x g supe rna tan t  solution was then  cen- 
t r i fuged at  12,000 x g for 35 min. The resul t ing  pel let  
was rehomogenized in 0.25 M sucrose solution and re- 
centr i fuged at  12,000 • g for 20 min. The original  
12,000 x g supe rna tan t  solution was recentr i fuged at  
105,000 x g for 60 min. 

Acid cholesteryl ester hydrolase assay. The act ivi ty  of 
acid CEH was measured  by the method of Brecher  et  
al. (12). Prepara t ion  of the subst ra te  was performed as 
described previously (7). 

Assay of lysosomal marker enzymes. Cathepsin  D was 
assayed by the method of Hirado et al. (13), and the 
amount  of react ion products was assayed by the method 
of Lowry et al. (14). Cathepsin  B was assayed by the 
method of Lenney et al. (15), using BANA as the sub- 
strate.  {~-Glucuronidase was assayed us ing phenol- 
ph tha le in  glucuronide as the  substrate .  Phenolphtha-  
lein l iberated from the substra te  was measured  by the 
method of Gianet to  et al. (16). Acid phosphatase  was 
measured  using phenylphosphate  as the substra te  es- 
sent ia l ly  as described previously (17). Prote in  concen- 
t ra t ion  was assayed by the method of Lowry et al. (14). 

RESULTS AND DISCUSSION 

Changes  in the act iv i ty  of lysosomal acid CEH in ra t  
l iver were studied over a period ex tending  from 3 to 20 
wk af ter  bir th.  The acid CEH act ivi ty  showed a gradual  
reduct ion as ra ts  grew older, t ha t  is, the  act ivi ty  in 
lysosomes from 20-wk-old rats  was decreased to about  
one-half  of the level in 3-wk-rats (Fig. 1). 

2" 
c~ 

MATERIALS AND METHODS 

Chemicals and radiochemicals. Cholesteryl [1J4C]oleate ~ ~ ~ 
o 

(sp act 58.6 mCi/mmol) was purchased from New England ~ 
Nuclear Corp. (Boston, MA). Phenolphthalein glucu- ~ 
ronide, phenylphosphate ,  hemoglobin and ~-N-benzoyl- .~ 
DL-argin ine-2-naphthylamide  hydrochloride (BANA) < 
were purchased from Sigma Chemical  Co. (St. Louis, ~x 
MO). 

Animals. Male Sprague-Dawley rats  were purchased 
from Ja pa n  Clea Corp. (Tokyo). Rats were housed under  
controlled l ight ing (lights on from 06:00 to 18:00) and 
were given food and water  ad l ibitum. 

*To whom correspondence should be addressed. 
Abbreviations: CEH, cholesteryl ester hydrolase; BANA, a-N-ben- 
zoyl-DL-arginine-2-naphthylamide hydrochloride. 
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FIG. 1. Acid cholesteryl ester hydrolase (acid CEH) activity 
during liver development. Standard assay conditions were 
used as described in Materials and Methods. Values are given 
as mean -+ SEM of six rats. 
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0.04 On the other  hand,  the levels of o ther  lysosomal 
marke r  enzymes,  such as acid phosphatase,  [3- 
glucuronidase and cathepsin B and D, showed l i t t le  
change as ra ts  grew older, and the i r  activit ies in 20-wk- 
old rats  were about  101%, 86%, 91% and 93%, respec- 
tively, of those of 3-wk-old-rats. 

It  is genera l ly  accepted tha t  acid CEH is found in all 
subcel lular  fractions from ra t  l iver and tha t  the major 
proportion of the enzyme act ivi ty  appears  to be as- 
sociated wi th  lysosomes. We therefore  compared the 
age-re la ted changes occurring in acid CEH act ivi ty  in 
various subcel lular  fractions obtained from both 3- and 
20-wk-old ra ts  (Fig. 2). The dis t r ibut ion profile of acid 
CEH in 3-wk-old rats  was s imilar  to t ha t  obtained from 
20-wk-old rats  except for an age-dependent  decrease in 
acid CEH act ivi ty  observed in the lysosomal fraction. 
These resul ts  suggest  t ha t  the decrease in acid CEH 
act ivi ty  as ra ts  grew older is markedly  dependent  upon 
the lysosomal fract ion in ra t  l iver and tha t  lysosomal 
acid CEH may be re la ted to the regula t ion  ofcholesteryl  
ester  hydrolysis  in l iver cells. 

Brooks et al. (18) recent ly  reported tha t  the act ivi ty  
of acid tr iacylglycerol  lipase from ra t  lung was signifi- 
cant ly  low in the fetus, bu t  increased at  bir th,  and la te r  
showed a decline in adulthood. In te rms of such an age- 
re la ted  decrease of acid lipolysis in rats,  our  present  
resul ts  seem to be s imilar  to da ta  on the propert ies  of 
acid tr iacylglycerol  lipase from ra t  lung. 

It  is genera l ly  known tha t  the levels of biosynthesis  
(19) and biodegradat ion of cholesterol (9,11) are reduced 
wi th  aging. However, Kr i tchevsky et al. (20) have re- 
ported tha t  the lipolytic act ivi ty of ra t  aor ta  increases 
with aging and tha t  the phenomenon may be par t  of a 
protective mechanism against  the accumulat ion  of 
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FIG. 2. Subce l lu lar  d is tr ibut ion of  ac id  cholesteryl  ester hydro- 
lase  (acid CEH) act ivi t ies  in livers of  3- or 20-wk-old rats. 
Resul ts  are expres sed  as  specif ic  act ivi t ies  vs  cumulat ive  per- 
centage  of  total  recovered prote in  and  are the  m e a n  of  s ix 
exper iments .  Total recovery of  prote in  w a s  90%. - - ,  3- 
wk-o ld  rats; . . . .  , 2 0 - w k - o l d  rats. Fractions:  N, nuclear;  Mt, 
mitochondrial ;  L, lysosomal;  Mc, microsomal;  S, supernatant .  
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FIG. 3. Lineweaver-Burk plots  of  ac id  cholesteryl  ester hydro- 
lase .  o, Young rats (3 wk);  e, old rats  (20 wk) .  S t a n d a r d  a s s a y  
cond i t ions  were  u s e d  as  descr ibed  in Materials  a n d  Methods .  

cholesteryl  esters with aging. In contrast ,  Brown et al. 
(1) have reported tha t  the  in t race l lu la r  enzymes located 
in lysosomes may play a role in regula t ion  of the serum 
cholesterol level. In our invest igat ions in changes as 
ra ts  grew older, it is noteworthy tha t  the levels of acid 
CEH act ivi ty were markedly  decreased as ra ts  grew 
older, whereas  those of o ther  lysosomal marke r  en- 
zymes were unaffected by different age groups. This 
finding suggests t ha t  an age-dependent  increase in 
serum and liver cholesterol levels may be par t ly  re la ted  
to the observed decrease of lysosomal  acid CEH act ivi ty  
as ra ts  grew older. In order  to confirm this possibility, 
however, fu r the r  studies will be required.  

On the other  hand,  several authors  have reported tha t  
changes in lysosomal acid CEH act ivi ty  in 
atherosclerosis  could be caused by a l tera t ions  in the  
lipid composition and other  propert ies  of the substrate  
vehicle or by substra te  di lut ion at  the interface (12,21), 
t ha t  is, enzyme-subst ra te  in teract ion might  be impor- 
t an t  for the hydrolyt ic  act ivi ty  of acid CEH. Accord- 
ingly, the kinet ic  paramete rs  of lysosomal acid CEH, 
given in Figure 3 as Lineweaver-Burk plots, showed 
apparen t  Km values of 10 IxM and 9.1 ~M and Vmax 
values of 0.33 nmol and 0.16 nmol in 3- and 20-wk-old 
rats,  respectively. Our resul ts  thus  showed tha t  the affi- 
n i ty  of acid CEH, as indicated by the s imi la r i ty  in the 
apparent  Km, did not  change as ra ts  grew older. 
Moreover, protein synthesis  is decreased in old animals ,  
as shown by Von H ah n  (22) and Mainwar ing  (23). Fur- 
thermore ,  Yamamoto and Yamamura  (10) have reported 
tha t  decreased protein synthesis  in aging animals  may 
cause decreased format ion of enzymes involved in lipid 
synthesis.  From these reports,  our resul t  suggests t ha t  
the age-dependent  decrease in acid CEH act ivi ty  may 
be due to a reduced capacity for de novo enzyme synthe-  
sis wi th  aging. 
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ERRATUM 

ERRATUM 

In the paper "Partial Purification and Characterization of Free and Immobilized Lipases from Mucor miehei" by 
Birgitte Huge-Jensen, Donna Rubano Galluzzo and Robert G. Jensen, Vol. 22, No. 8, pp. 559-565, there were two 
typographical errors, one giving an incorrect temperature and the second omitting part of a figure legend. 

In the Materials and Methods section, the sentence start- The legend for Fig. 8 should have read: 
ing on line 10, page 560, should have read: 

(b) Step 2: hydrophobic interaction chromatography. A 
solution (50 ml) containing 2% of the DEAE Sepharose 
purified powder in 0.2 M ammonium acetate, pH 4.7, was 
stirred for 30 rain at 30 C. 

FIG. 8. Tandem-crossed immunoelectrophoresis, stained with 
Coomassie Brilliant Blue. Arrows indicate lipases, detected as 
described in Fig. 2. Applied antibodies as in Fig. 2. (a) Well 1, 5 ~g 
of conA-Sepharose purified lipase A preparation. ~b) Well 2, 4.4 ~g 
of phenyl-Sepharose purified lipase B preparation.. 
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An International Conference on 
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May 22-26, 1988 
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The views, and counterviews, of specialists from a wide range of disciplines 
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membranology--will refocus attention on the role of nutrition in the preven- 
tion, management and treatment of human cancer. Full participation, by 
a maximum of 300 registrants, will be actively encouraged through a wide 
range of presentation styles--lectures, discussions, debates, posters. 

Sponsored by: 
Australian Biochemical Society 
Australian Cancer Society 
American Oil Chemists' Society 
Japanese Oil Chemists' Society 
International Union of Biochemistry 

For further information contact the Chairman of the Organizing Committee: 
Dr. John R. Sabine 

\University of Adelaide 
Waite Agricultural Research Institute 
Glen Osmond, S.A. 5064 Australia 
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Monohydroperoxides of Linoleic Acid in Endoplasmic Lipids of Rats 
Exposed to Tetrachloromethane 
Hartmut Frank', Manfred Wiegand, Manfred Strecker and Dietmar Thiel 
lnstitut fuer Toxikologie tier Universitaet Tuebingen, Withelmstrasse 56, D-7400 Tuebingen '1, Federal Republic of Germany 

An accurate method for the quantitative determination 
of hydroperoxy and hydroxy fatty acids in liver micro- 
somes is presented which involves the use of 1sO-labeled 
internal standards. The method is employed for the deter- 
mination of hydroperoxides in rat liver microsomes after 
aerobic incubation with Fe2+/ADP and in microsomes 
from animals exposed to 75 mg tetrachloromethane/kg 
body weight. The amounts found after artificial micmsomal 
"lipid peroxidation" are almost two orders of magnitude 
larger than those in microsomes from tetrachloromethane- 
exposed animals. 
Lipids 22, 689-697 (1987). 

The radical-initiated oxidative degradation of polyun- 
saturated fatty acids of membrane tipids, commonly 
referred to as "lipid peroxidation," has been suggested as 
the underlying mechanism in the toxicity of various 
xenobiotics such as tetrachloromethane (1 }, acetamino- 
phen, adriamycin, alcohol, nitrogen oxides, ozone (2}, 
cadmium (3} and 2,3,7,8-tetrachlorodibenzodioxin (4}. It 
has also been discussed as being involved in atherosclero- 
sis t2}, hemolytic anemia (5), the pathogenicity of zinc 
deficiency (6), cancerogenesis and aging (2). 

Lipid peroxidation is viewed as the biochemical coun- 
terpart to autoxidation of fats. The latter is a process 
characterized by formation of unpleasant flavors and leads 
to drying of fats and oils via autocatalytic oxidative 
degradation and polymerization of polyunsaturated fatty 
acids {7). More detailed investigations of the reactions 
and structures involved have recently been initiated (8,9). 

The suggestion that lipid peroxidation participates in 
a pathogenic process is usually based upon the presence 
of substances in membrane lipids forming with thio- 
barbituric acid a chromophore with an extinction maxi- 
mum of 535 nm (10}. Other phenomena associated with 
lipid peroxidation are an increase in the extinction of 
lipids at 235 nm ( 11 }, formation of fluorescent products of 
undefined structure 112}, loss of polyunsaturated fatty 
acids ~13) and expiration of alkanes by animals exposed 
to lipoperoxidative xenobiotics or conditions {14}. Fur- 
ther methods to monitor lipid peroxidation are electron- 
spin resonance spectroscopy (15} or spectrophotometric 
detection of chemiluminescence (16}. These reflect vari- 
ous side reactions or side products that are usually 
observed when polyunsaturated fatty acids are subjected 
to oxidation. Their correlation to pathophysiological 
derangements is not surprising when lipid membranes 
are damaged. 

Aerobic microsomal incubations usually serve as in 
vitro models for lipid peroxidation. Such a model can be 
regarded as a valid analog when similarity in quantita- 
tive terms to the effects elicited by an assumed lipoperoxi- 

*To whom correspondence should be addressed. 
Abbreviations: GC/MS, gas chromatography/mass spectroscopy; 
ADP, adenosine 5'-diphosphate disodium salt; NADP, nicotin- 
amide adenine dinucleotide phosphate; PTFE, polytetrafluoro- 
ethylene; HPLC, high performance liquid chromatography. 

dative xenobiotic in vivo is found. Tetrachloromethane is 
regarded as a prime example for such a chemical. Indeed, 
small amounts of alkanes are invariably exhaled by ani- 
mals exposed to this compound. However, other parame- 
ters of lipid peroxidation are often not correlated (17,18 }. 

Formation of fatty acid hydroperoxides is the primary 
stage in reaction schemes invoked in lipid peroxidation. 
The purpose of the present work is the identification and 
quantitative determination of hydroperoxides in micro- 
somal lipids of CC14-intoxicated animals. Hydroperoxides 
decompose rapidly during work-up. Therefore, for quanti- 
tative determination they are usually reduced to the 
corresponding hydroxy derivatives (19,20}. This, on the 
other hand, hampers the individual determination of 
hydroperoxides and hydroxides. Liquid chromatographic 
analysis in principle does not require reduction (21,22} 
but is not sufficiently selective and sensitive to allow the 
reliable determination of hydroperoxides in complex bio- 
logical matrices 123-25 }. 

We used gas chromatography and mass spectrometry 
(GC/MSt with suitable 1sO-labeled internal standards. 
This allows differentiation between hydroperoxy and 
hydroxy fatty acids and their quantitative determination 
in vivo. Hydroperoxides in microsomes from a typical in 
vitro lipid peroxidation experiment and in microsomes from 
rats exposed to tetrachloromethane have been determined. 

MATERIALS AND METHODS 
Chemicals. Chemicals were obtained from suppliers as 
indicated: adenosine 5'-diphosphate disodium salt (ADP), 
isocitrate dehydrogenase 2U/mg and nicotinamide ade- 
nine dinucleotide phosphate (NADP) from Boehringer- 
Mannheim (Mannheim, FRG}; 18-oxygen from MSD, 
(Montreal, Ontario}; hydroxy octadecanoic acid from Nu- 
Chek-Prep (Copenhagen, Denmark}; D,L-isocitric acid 
sodium salt dihydrate, phospholipase A 2 (Naja naja, 553 
U/rag} and soybean lipoxygenase I ~EC 1.13.1.13.} from 
Sigma Chemical {St. Louis, MO); platinum IV oxide 
from Ventron (Karlsruhe, FRG}; trimethylchlorosilane 
from Pierce (Rotterdam, The Netherlands}; and acetic acid, 
bis-trimethylsilyl-acetamide, calcium chloride dihydrate, 
citric acid monohydrate, diethylether, ethylenediamine 
tetraacetic acid, hexane, iron {II) sulfate heptahydrate, 
isopropanol, linoleic acid, magnesium chloride hexahydrate, 
methanol, phenobarbital sodium, potassium chloride, 
potassium hydroxide, pyridine, saccharose, silica gel Si-60, 
sodium borohydride, anhydrous sodium sulfate, disodium 
tetraborate decahydrate, toluene, triphenylphosphine 
and tris-hydroxymethyl-amino methane from Merck 
( Darmstadt, FRG }. 

In vitro experiments: pretreatment of animals and 
preparation of microsomes. Male Sprague-Dawley rats 
weighing 300-400 g were purchased from Ivanovas (Kiss- 
legg, FRG ). Before the experiments, they were kept for 1 
wk at a constant day-night cycle of 24 hr for acclimatiza- 
tion, with free access to food (Altromin, Lage, FRG) and 
water. 
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For induction of drug-metabolizing enzymes, the ani- 
mals received one intraperitoneal injection of 80 mg 
phenobarbital /kg body weight dissolved in 1 ml distilled 
water and for the following 5 days 0.1% phenobarbital in 
the drinking water. After starvation for 24 hr, they were 
killed by decapitation. The livers were removed, cut into 
small pieces, rinsed twice with cold saline and homoge- 
nized in Tris/KC1 buffer (Tris/HC1, pH 7.4, 50 mmol/1; 
KC1, 120 mmol/1) containing 250 mmol/1 saccharose and 
1 mmol/1 EDTA-sodium salt. Microsomes were prepared 
by fractionated centrifugation (261. The pellet was sus- 
pended in Tris/KC1 buffer, and the microsomes were 
sedimented again and resuspended to a protein concentra- 
tion of 10 mg/ml.  The following experiments were per- 
formed immediately afterwards. 

Protein determination. Protein was determined accord- 
ing to Peterson's method (27). A calibration curve was 
constructed with bovine sermn albumin. Cytochrome P-450 
was determined according to Omura and Sato (28), with 
aliquots diluted to a concentration of 2 mg microsomal 
protein/ml. 

Aerobic incubation of microsomes with Fe2+/ADP. 
Microsomal suspension, 0.8 ml, corresponding to 8 mg 
microsomal protein was incubated at 37 C for 5 min in the 
presence of 0.4 ml sodium isocitrate solution {80 mmol/1 }, 
0.8 units isocitrate dehydrogenase, 1.6 ml Tris/KC1 buffer 
(pH 7.4, as above} and 0.4 ml magnesium chloride solu- 
tion {33 mmol/ll.  After addition of 0.4 ml of a solution of 
NADP (10 mmol/1 in Tris/KC1 buffer) and 0.4 ml of a 
mixture of FeSO 4 (0.2 mmol/1) and ADP {20 mmol/l), the 
microsomes were incubated for another 15 min. The reac- 
tion is stopped by adding I ml sodium-EDTA {50 mmol/1) 
and cooling to 0 C. Aliquots of 1 ml are removed for 
quanti tat ive determination of hydroperoxy- and hydroxy- 
octadecadienoic acid as described below. 

Exposure of rats to tetrachloromethane. The rats re- 
ceived a dose of 75 mg/kg  tetrachloromethane by in- 
halation (29). After 6 hr, the animals were killed and 
microsomes were prepared. 

Preparation of isotope-substituted standards: [ i802]hy- 
droperoxyoctadecadienoic acid. The equipment used is 
shown in Figure 1. The volume of the reaction vessel was 
150 ml. The two standard ground joints were equipped 
with screw-cap adapters (a,b) with silicone-rubber seals 
laminated with polytetrafluoroethylene (PTFE). A pointed 
glass rod of 6 mm diameter (c) and the [lsO2] gas ampoule 
were inserted as shown. The adapter  (e}, fused directly to 
the vessel, was closed with a PTFE-laminated silicon 
septum. A dropping funnel (g), 250 ml volume, was con- 
nected with polyethylene tubing (4 mm idl to the stop- 
cock (fl of the incubation vessel. Linoleic acid {0.8 mmol) 
was suspended by sonication for 5 min in 120 ml borate 
buffer (125 mmol/1, pH 9), filled into the dropping funnel 
and purged with a stream of argon for 30 min. 

Both stop-cocks (f and hl were opened and the vessel 
was gently filled, the adapter  (b) being lifted to let the air 
escape. The stop-cock (h) of the dropping funnel was 
closed, and the funnel was rinsed with 20 ml borate 
buffer. After replacement of oxygen for argon, the stop- 
cock was opened again, and the buffer was transferred to 
the vessel as described before. This was repeated. Any 
residual air entrapped in adapter  (b) was removed by 
turning the vessel; slight tapping let the air escape via 
the dropping funnel. The funnel was filled again with 

A f  

f 

/ 

Q 

C 

g 

h 

FIG. 1. Vessel :[or preparation of 13-[1802]hydroperoxy 9,11- 
octadecadienoic acid by lipoxygenase-catalyzed oxygenation of 
linoleic acid with 1802. Description see experimental part. 

borate buffer corresponding to the volume of the [1802] 
ampoule; both stop-cocks were then left open. Soybean 
lipoxygenase I (2 mg in 50 ill borate buffer) was injected 
through the adapter  (e). The seal of the ampoule was 
broken by pushing the glass rod in; the rod was pulled 
back, and the suspension of linoleic acid and the oxygen 
gas were equally distributed between vessel and ampoule 
by turning and shaking the whole apparatus. Every 15 
rain, 2 mg lipoxygenase were added and each time the 
contents were thoroughly mixed. The progress of the 
reaction was checked by UV analysis at 235 nm. The 
reaction was complete after about 90 min. Aqueous citric 
acid (3%, 20 ml) was used to fill the dropping funnel and 
60 ml was injected through the septum (e). Argon was 
introduced through a needle inserted into the septum. 
During this procedure the vessel was positioned as shown 
in Figure 1, with the ampoule pulled back as far as 
possible. Argon was admitted to make up for the volume 
of consumed oxygen. The ampoule could then be resealed 
to save most  of the residual 1so 2, however diluted. 

The reaction mixture was extracted three times with 
50 ml of ether. The combined extracts were dried over 
anhydrous sodium sulfate, concentrated on a rotary  
evaporator to about 10 ml and transferred to a silica gel 
column (200 mm • 8 mm, Si-60). The hydroperoxide was 
eluted with to luene/methanol /ace t ic  acid (98.7:1:0.3, 
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v/v/v).  The fractions with elution volumes between 100 
and 130 ml were combined, diluted with methanol and con- 
centrated under reduced pressure at a temperature of 15 C. 
Toluene and acetic acid were removed by repeated azeo- 
tropic distillation with methanol. The [lsO2]hydroperoxy 
octadecadienoic acid was stored in methanolic solution at 
-18 C. A small aliquot was reduced, derivatized and 
analyzed by GC/MS as described below, showing an 
isotopic purity of 91% and an isomeric composition of 
95% 13-isomer and 5% 9-isomer. The yield, based upon 
UV analysis, was 32%. 

[180]Hydroxy octadecadienoic acid. [lSO]Hydroxy 
octadecadienoic acid was prepared by reduction of [lsO2]hy- 
droperoxide (30). Sodium borohydride was preferred over 
other reducing agents; triphenylphosphine oxide, for 
instance, was more difficult to remove during chromato- 
graphic purification. 

Hydroxy octadecanoic [2H3]methyl esters. Hydroxy 
octadecanoic acid, obtained from a commercial supplier 
and containing all isomers hydroxylated between the 6- 
and 15-positions, was esterified by heating to 110 C with 
hydrogen chloride (3 mol/1) in [2Hn]methanol. After 30 
rain, excess reagent was evaporated under a stream of 
nitrogen, the residue was dried in vacuo over potassium 
hydroxide and dissolved in hexane/isopropanol (99.75:0.25, 
v/v). The isomers were separated by micropreparative 
high performance liquid chromatography (HPLC) (31} on 
a silica gel column (25 cm • 0.4 mm, Lichrosorb Si 60, 10 
gm, Merck} with hexane/isopropanol (99.75:0.25, v/v) as 
mobile phase at a flow rate of 1.5 ml/min. Fractions 
containing the 9-, 10-, 12- and 13-hydroxy octadecanoic 
[2H3]methyl esters were collected. The relative and abso- 
lute amounts were determined by gas chromatography 
on a glass capillary (25 m • 0.25 mm) deactivated by 
silanization (32) and coated with OV-101, film thickness 
0.1 gm, and UV analysis at 206 nm. 

Quantitative determination of 13-hydroperoxy and 
13-hydroxy 9,11-octadecadienoic acid: sample preparation 
and derivatization. For determination of 13-hydroperoxy 
and 13-hydroxy 9,11-octadecadienoic acid formed upon 
aerobic incubation of microsomes with Fe2+/ADP, 3 pg 
of [lsO2]hydmperoxy octadecadienoic acid/mg microsomal 
protein were added as internal standard. When samples 
from untreated animals or from animals exposed to tetra- 
chloromethane were analyzed, 50 ng/mg protein was added 
to microsomes and 10 ng/mg protein to liver homogenate. 
For determination of 13-hydroxy 9,11-octadecadienoic acid, 
[lsO]hydroxy octadecadienoic acid served as internal 
standard. 

Triphenylphosphine, 200 t~g in 10 ml ether per mg 
protein, was added, and the mixture was stirred at 0 C; 
reduction was omitted when hydroxy acid alone was to be 
determined. After 1 hr, the ether was evaporated, the 
residue was dissolved in 15 ml chloroform/methanol (2:1, 
v/v) and the solution was filtered through a glass-fiber 
filter (No. 6, Schleicher and Schuell, FRG). The volume 
was reduced to 0.5 ml on a rotary evaporator, and the 
concentrated extract was transferred to a culture tube (10 
cm • 1 cm). Phospholipase A2--20 t~g in 1 ml borate 
buffer, 125 mmol/1, pH 9.0, containing 0.1 mg calcium 
chloride--was added and the mixture was shaken vig- 
orously. After 90 min, it was adjusted to pH 5 with 
aqueous citric acid (3%) and the ether layer was trans- 
ferred to another culture tube and brought to dryness 

under a stream of nitrogen. The residue was dissolved in 
1 ml ether/methanol (2:1, v/v), and diazomethane was 
bubbled into the solution for 5 rain. After 30 min at 
room temperature, the sample was brought to dryness 
and the residue dissolved in 25 gl of bis-trimethylsilyl- 
trifluoroacetamide, 25 ~1 pyridine and 10 tll trimethyl- 
chlorosilane. The sample was ready for GC/MS after 20 
min at room temperature. 

Determination of positional isomers. For determina- 
tion of the isomeric composition, the extracted lipids 
were reduced with triphenylphosphine and treated with 
phospholipase A2. PtQ-catalyzed hydrogenation yielded 
the corresponding hydroxy octadecanoic acid isomers, 
which were esterified with diazomethane. The 9-, 10-, 12- 
and 13-isomers of hydroxy octadecanoic [2H3]methyl ester 
were added as internal standards in amounts as expected 
to be present in the sample. After trimethylsilylation, the 
samples are analyzed by GC/MS. 

GC/MS. The instrument is a Finnigan 4021 with an 
Incos data system. For GC, aliquots containing 1-50 ng 
hydroxy fatty acid derivatives were injected onto a silanized 
glass capillary coated with OV-101. The injector tempera- 
ture was 280 C; the silanized glass insert of the injection 
port was replaced after every five injections. Injections 
were done in the splitless mode at an initial oven tempera- 
ture of 60 C. Half a minute later, the split valve was opened 
and the following temperature program was started: 0.5 
min isothermal, 40 C/min to 180 C, 4 C/min to 300 C. 
The carrier gas was helium with an inlet pressure of 100 
kPa. The GC/MS interface was a silanized fused-silica 
capillary (40 cm • 0.1 mm). The interface temperature 
was 300 C. 

For MS, the ion source temperature was 290 C, ioniz- 
ing voltage was 35 eV, scan speed from m/z 50 to 550 was 
one second and secondary electron multiplier voltage was 
1.6 kV. When analyzing in vitro samples, the mass spec- 
trometer was scanned over the total mass range and 
reconstructed mass fragmentograms were generated; for 
in vivo samples, multiple ion detection was preferred. 

RESULTS AND DISCUSSION 

Tetrachloromethane is thought to cause lipid peroxidation 
by hydrogen abstraction from polyunsaturated fatty acids. 
This is initiated by trichloromethyl radicals that are formed 
via cytochrome P-450-dependent reduction (33,34). For 
other xenobiotics, generation of hydroxyl radicals has 
been invoked (35}. The next stage in this hypothetical 
sequence is addition of oxygen to yield peroxy radicals 
and, by abstraction of hydrogen atoms from other polyun- 
saturated fatty acids, monohydroperoxides. 

Monohydroperoxides of linoleic and arachidonic acid 
are detectable in rat liver microsomes after aerobic incu- 
bation with Fe2+/ADP (20). Hydroperoxides derived from 
linoleic acid are present in highest concentrations; the 9-, 
10-, 12- and 13-isomers have been found. Those of arachi- 
donic and docosahexaenoic acid are present in much smaller 
amounts. It is likely that the latter undergo secondary 
reactions faster than the linoleic acid derivatives due to 
their greater number of double bonds. We therefore concen- 
trated upon determination of the linoleic acid derivatives. 

The method used for determination of 13-hydroperoxy 
and 13-hydroxy 9,11-octadecadienoic acid in microsomal 
lipids after in vitro and in vivo experiments involves 
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FIG.  2. (a) Mass  spectrum of 13-trimethylsi loxy 9,11-octadecadienoic methy l  ester; 
(b) selected ion-current profiles of m/z 311 and m/z 313 (internal standard) in mierosomes 
from a control animal.  

internal standardization with [lsO2]hydroperoxy 9,11- 
octadecadienoic acid, reduction to the corresponding 
hydroxy fatty acid and derivatization to yield 13-trimethyl- 
siloxy 9,11-octadecadienoic acid methyl ester. The samples 
are analyzed by gas chromatography and mass spectro- 
metry monitoring the abundant a-fragments, m/z 311 
and 225 for the endogenous hydroperoxide and m/z 313 
and 227 for the 1sO-labeled standard (Fig. 2). It  is impor- 
tant to verify the respective retention times with authen- 
tic standards, as several oxygen-containing derivatives 
of arachidonic or docosahexaenoic acid yield ions with 

the same masses. The quantity of 13-hydroperoxy plus 
13-hydroxy 9,11-octadecadienoic acid is calculated from 
the ratios of the peak areas of the ion chromatograms of 
m/z 311 vs 313 and 225 vs 227, taking the percentages of 
isotopic and isomeric purity of the internal standard into 
account. 

Isotopic dilution analysis with two different internal 
standards, i.e., [lsO2]hydroperoxy and [lSO]hydroxy 
fatty acid, allows differential analysis for hydroperoxy 
and hydroxy fatty acids. The sum of hydroperoxy and 
hydroxy fatty acids is determined with [ 1802]hydroperoxy 
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TABLE 1 

Amount of 13-Hydroperoxy Plus 13-Hydroxy 9,11-octadecadienoic acid [HO] Determined by Isotopic 
Dilution Analysis in 1 ml of Rat Liver Homogenate (33.6 mg protein/ml) with Different Amounts of 
[1802-IS] (a) or [180-IS] (b) as Internal Standard and [I602-HO] Spiked (c). 

693 

1802-IS 180-IS 1602-HO spiked HO found HO Mean :~ S.D. 
(nmol) (nmol) (nmol) (nmol) (pmol/mg proteinl (pmol/mg protein} 

(a) 3.00 -- -- 0.28 8.3 
1.50 -- -- 0.41 12.2 
0.75 -- -- 0.36 10,7 10.7 :e 1.7 
0.38 -- -- 0.40 11.9 

(b) -- 1.50 -- 0.34 11.5 
-- 3.00 -- 0.44 13.2 13.3 :e 1.8 
-- 3.00 -- 0.54 15.2 

(c) 6.08 -- 6.76 7.27 15.25 
6.08 -- 3.38 3.77 11.65 
6.08 -- 1.69 2.15 13.75 14.0 =~ 1.8 
6.08 -- 0.68 1.20 15.55 

a[1802-IS], 13-[1802]hydroperoxy 9,11-octadecadienoic acid; [180-IS], 13-[1802]hydroxy 9,11-octade- 
cadienoic acid; [1602-HO ] spiked, nonlabeled synthetic 13-hydroperoxide. In series (b), triphenylphosphine 
reduction has been omitted. 
bValues calculated after subtraction of spiked amounts of 13-hydroperoxy 9,11-octadecadienoic acid. 

TABLE 2 

13-Hydroperoxy 9,11-octadecadienoic Acid and 13-Hydroxy 9,11-octadecadienoic 
Acid in Rat Liver Microsomes After Typical Fe2+/ADP-induced Lipid Peroxidations 

13-Hydroperoxy + 13-hydroxy 
9,11-octadecadienoic acid 

(n mol/mg protein} 

13-Hydroxy 9,11- 
octadecadienoic acid 
(n mol/mg protein} 

13-Hydroperoxy 9,11- 
octadecadienoic acid 
(n mol/mg protein} 

7.9 1.0 6.9 
6.7 0.7 6.0 
5.4 o.7 4.7 
7.9 1.4 6.6 
6.7 1.1 5.6 

~ S . D . = 6 . 9 ~ 1 . 1  ~ •  1.0• ~ • 1 7 7  

fatty acid as internal standard. A second aliquot with 
[lsO]hydroxy fat ty acid as internal standard serves for 
determination of hydroxy fatty acid alone. The difference 
between both represents hydroperoxy fat ty  acid. 

Internal standards labeled with 180 in the hydroperoxy 
moiety have been used to s tudy the rearrangement of 
linoleic acid hydroperoxides (36). Hydroperoxy fatty acids 
1sO-labeled in the carboxyl group (37) are not suitable, 
since the internal standard should not only serve for 
correction of volumetric errors and as reference for calcu- 
lation of response factors, but  also for compensation of 
chemical losses. Also, 1sO-labeling of the carboxyl group 
is difficult to achieve with high isotopic yield, and under 
our conditions of sample pretreatment and derivatization, 
exchange of oxygen took place. 

Nonspecific formation of hydroxy fat ty  acids from 
hydroperoxides may falsify the results from samples not 
reduced with triphenylphosphine. Hydroperoxides may 
nonspecifically form hydroxy acids, e.g., via reactions as 
proposed by Russel (38). I ts  significance was investigated 
by adding increasing amounts of synthetic nonlabeled 
13-hydroperoxy 9,11-octadecadienoic acid to aliquots of a 

microsomal sample. Nonspecific conversion of about 5% of 
added hydroperoxide to the corresponding hydroxide took 
place. This was accounted for when endogenous hydroxy 
fat ty acids were determined in nonreduced samples. 

The accuracy of the method was tested with liver 
homogenate from untreated Sprague-Dawley rats. In a 
first series of analyses (Table 1, series a), increasing 
amounts of 13-[ lsO2]hydropemxy 9,11-octadecadienoic acid 
were added. The precision of determination was about 
+ 15%, sufficient to monitor the trends in the following in 
vitro and in vivo experiments. In  a second series (Table 
1, series b), reduction of the samples with triphenyl- 
phosphine was omitted to determine 13-hydroxy 9,11- 
octadecadienoic acid alone; the quant i ty  found was not 
different from the values obtained in series a, showing 
that  all of linoleic acid oxidized in position 13 was present 
as hydroxide. I ts  level in microsomes from untreated 
animals was in the range of 10 to 14 pmol /mg protein. 
Whether this was an in vivo constituent or an artifact 
formed during preparation cannot be decided. 

In one series (not shown), samples were spiked with 
synthetic nonlabeled 13-hydroperoxide and kept at 0 C 
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FIG. 3. (a) Mass spectrum of 9-trimethylsiloxy octadecanoic methyl ester; (b) selected 
ion-current profiles of a sample from an aerobic microsomal incubation with Fe2+/ADP; 
m/z 259 = endogenous 9-hydroxy octadecanoic methyl ester; m/z 262 -- 2H3-1abeled inter- 
nal standard. 

for 1 hr before the 1sO-labeled internal standard was 
added. In this case, only 24% of the spiked amount was 
recovered, showing the importance of rapid work-up. 

The amounts of 13-hydroperoxy and 13-hydroxy 9,11- 
octadecadienoic acid found after 15 min of aerobic incuba- 
tion of microsomes with Fe2+/ADP are shown in Table 2. 
Hydroperoxide was formed in large amounts; apparently, 
some of it was reduced to the hydroxide. 

For determination of the relative amounts of the iso- 
mers of oxidized octadecadienoic acid, they were hydro- 
genated to the hydroxy octadecanoic acid isomers. The 

9-, 10-, 12- and 13-hydroxy octadecanoic [2H3]methyl esters 
were added as internal standards. Quantitative determi- 
nation was done by GC/MS monitoring the C-terminal 
a-fragments {Fig. 3, Table 3). The isomeric composition 
after aerobic incubation of microsomes with Fe2+/ADP is 
shown in the last column of Table 3. The relative values 
are in good agreement with previous results {20). The 
9-isomer predominated, in contrast to the even isomer 
distribution after homogeneous autoxidation {31}. The 
mason for this peculiar pattern is unknown. Small amounts 
of 10- and 12-isomers were found, which are probably 
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TABLE 3 

Fragment  Ions  in the EI  M a s s  Spectra of 9-, 10-, 12- 
and 13-Trimethylsi loxy octadecanoic Methy l  Esters,  Resul t ing  
from Cleavage of the Bond of the Trimethyls i loxy-carbon 
Proximal  (aw) or Dista l  (a c) to the Carboxyl  Terminal. 
In the second column (%) the lower number of each row 
corresponds to the [2H3]-methyl ester. The last  column shows  
the relative percentage of each isomer found after aerobic 
incubat ion of microsomes  wi th  F e 2 + / A D P  (n - 4). 

aco a c Relative amountin% 
Isomer (m/z) (m/z) (mean • S.D.) 

9 229(75) 259 262 (100) 56 • 2 

10 215(100) 273 276 (85) 5 • 2 

12 187(100) 301 304 (30) 5 • 2 

13 173(100) 315 318 (60) 33 _L:3 

Relative abundances indicated in parentheses. 

"ene" reaction products  of singlet oxygen. Nc hydroxy 
octadecanoic acids other than the 9-, 10-, 12- and 13dsomers 
were detected. 

The absolute values determined previously without  
internal s tandardizat ion have been about  10-fold lower 
(20). Obviously, when the decomposition of hydroperoxides 
during sample preparation is not accounted for, reliable 
quant i ta t ive determination is not feasible. 

The amounts  of 13-hydroperoxy and 13-hydroxy 9,11- 
octadecadienoic acid in liver homogena te  and micro- 
somes from untreated rats  and animals exposed to tetra- 
chloromethane are shown in Table 4. The sum of 13- 
hydroperoxide and 13-hydroxide found in liver homogenate 
or microsomes of control animals was similar to the 
contents in 13-hydroxide. Consequently, only very little 
can be present  as hydroperoxide. Treatment  of rats  with 
75 mg  te t rachloromethane/kg body weight, which causes 
massive centrilobular necrosis (39), entailed a small, insig- 
nificant increase of the sum of hydroperoxide and hydrox- 
ide in the homogenate.  In  microsomes,  a significant 

increase of the sum of hydroperoxide and hydroxide was 
found, but  not of hydroxide alone. 13-Hydroperoxy 9,11- 
octadecadienoic acid was increased by about 140 pmol /mg 
microsomal protein, which is considerably less than after 
a typical microsomal lipid peroxidation in vitro. 

In comparison to the values reported for hydroxy- 
eicosatetraenoic acid isomers, which have been obtained 
without internal standardization, and not differentiating 
between hydroperoxy and hydroxy derivatives (40), the 
s tandard deviations for hydroxy-octadecadienoic acid iso- 
mers were considerably larger between individual animals, 
in spite of the small  relative s tandard  deviat ion of 
the analytical method (15%). In  contrast  to hydroxy- 
eicosatetraenoic acid (40), no significant increase of oxi- 
dized octadecadienoic acid was found in liver homogenate 
from rats treated with tetrachloromethane. I t  is not known 
whether this may  be due to the much larger dose of 
tetrachloromethane administered in that  s tudy (3.2 g/kg). 
However, the effective dose is difficult to assess when the 
animals are kept in open cages, as mos t  of it is exhaled 
unchanged (41). 

The low levels of hydroperoxides found after tetrachlo- 
romethane exposure in vivo suggest tha t  either formation 
of oxidized fa t ty  acids was slow or their  detoxifica- 
tion efficient. Preliminary experiments  showed tha t  the 
amounts  of oxidized linoleic acid increased during expo- 
sure to tetrachloromethane in the course of several hours. 
Apparently,  not only the extent  but  also the rate of 
oxidation is different between aerobic microsomal incuba- 
tions and tetrachloromethane exposure in vivo. While in 
the former case the critical reactions took place within a 
quarter  of an hour, metabol ism of tetrachloromethane in 
vivo and the consecutive fa t ty  acid oxidation proceeded 
within several hours. 

Admittedly, additional aspects must  be addressed before 
definite conclusions can be drawn. Thus, it mus t  be con- 
sidered tha t  the liver tissue is damaged by tetrachloro- 
methane  in a focal pat tern ,  and tha t  the procedures 
employed for isolation of microsomes do not discriminate 
between affected and nonaffected regions. Also, the labeled 
fa t ty  acid hydroperoxides employed as internal s tandards 
may  differ in their chemical and biochemical properties 
from phospholipid hydroperoxides. Therefore, the abso- 
lute values determined by the method presented here 
may  still deviate from the true values. Nevertheless, for a 
comparative study as undertaken here, only relative values 
are needed. 

TABLE 4 

13-Hydroperoxy 9,11-octadecadienoic  Acid and 13-Hydroxy  9,11-octadecadienoic 
Acid in Liver Homogenate  and Microsomes from Untreated and Tetrachlommethane- 
exposed  Male Sprague-Dawley  Rats  {means • S.D., n = 3) 

13-Hydroperoxide + hydroxide 13-Hydroxide 
(pmol/mg protein) (pmol/mg protein) 

Controls 
Homogenate 19 ~- 7 20 • 7 
Microsomes 87 • 28 102 • 33 

CC14-treated 
Homogenate 27 • 10 17 • 9 
Microsomes 230 • 40 118 • 17 
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Mic rosoma l  l ip id  pe rox ida t ion ,  induced  b y  hyd rogen  
pe rox ide -p roduc ing  enzymes  {421 in the  presence of i ron 
and  oxygen  in h igh  concen t ra t ions ,  does  no t  para l le l  the  
f o r m a t i o n  of ox id ized  f a t t y  ac ids  e l ic i ted  in v ivo  b y  
t e t r ach lo rome thane .  Th is  m u s t  be v iewed in con t ex t  wi th  
o the r  evidence.  Severa l  ce l lu lar  defense l ines can  p reven t  
l ipoperoxidat ive damage  to membranes ,  which m a y  explain  
why  in vivo the  levels of hydroperox ides  are low. E n z y m e s  
scaveng ing  reac t ive  oxygen  species  and  o the r  p ro t ec t ive  
mechanisms  are operat ive in vivo. I t  is known tha t  oxygen- 
modi f ied  f a t t y  acid  res idues  in p h o s p h o l i p i d s  are  r a p id ly  
exc ised  b y  p h o s p h o l i p a s e s  (43} a n d / o r  are  r educed  to  
h y d r o x y  f a t t y  ac ids  {44,45). G l u t a t h i o n e - d e p e n d e n t  pro- 
cesses  a n d  var ious  a n t i o x i d a n t s  afford fu r the r  p ro t ec t ion  
a g a i n s t  ox ida t ive  d a m a g e  (46,47 }. 

I t  is l ikely t h a t  a u t o x i d a t i o n  proceeds  re la t ive ly  rap- 
id ly  when all t hese  m e c h a n i s m s  are  absen t ,  as  is t yp i c a l  
for aerobic  mic rosoma l  incuba t ions .  However ,  the  com- 
p lex  ques t ion  a b o u t  i nvo lvemen t  or  s igni f icance  of l ip id  
pe r ox ida t i on  in p a t h o g e n i c i t y  in v ivo  is no t  a qua l i t a t i ve  
one, b u t  r a the r  needs  to  be answered  in q u a n t i t a t i v e  
t e rms .  F r o m  th i s  po in t  of view, i t  is ques t ionab le  w he the r  
in v i t ro  e x p e r i m e n t s  invo lv ing  mass ive  ox ida t ive  break- 
down  of p o l y u n s a t u r a t e d  f a t t y  ac ids ,  s o m e t i m e s  unde r  
add i t i on  of nonbio log ica l  hyd rope rox ides  and  pe r fo rmed  
in the  absence  of all ce l lu lar  defense s y s t e m s  t h a t  are 
u sua l ly  opera t ive ,  m a y  y ie ld  useful  i n fo rma t ion  for under-  
s t a n d i n g  the  p rocesses  involved  in vivo.  The  s igni f icance  
of l ipid pe rox ida t i on  m u s t  be recons idered ,  and  a c learer  
def in i t ion  of the  t e rm  is necessary .  F u r t h e r  d e v e l o p m e n t  
of sui table analyt ica l  me thods  is required to clarify whether  
i t  is more  t h a n  an  in v i t ro  phenomenon .  

The  resu l t s  lend l i t t le  s u p p o r t  to  the  view t h a t  peroxi-  
da t i ve  p rocesses  are causa l l y  re la ted  to  t e t r ach lo rome th -  
ane toxic i ty .  O t h e r  effects such as  cova len t  modi f i ca t ion  
and  c ross - l ink ing  of p o l y u n s a t u r a t e d  f a t t y  ac ids  {481 and  
the  e n s u i n g  i n a c t i v a t i o n  of a n a b o l i c  e n z y m e s  of t he  
endop la smic  re t i cu lum are  p r o b a b l y  more  s ign i f i can t  as  
p r i m a r y  les ions  {49}. 
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Lipid Composition of Bacillus megaterium Spores 
and Spore Membranes 
M. N i k o l o p o u l o u  and  J.C. Vary" 
Department of Biological Chemistry, University of Illinois at Chicago, Chicago, IL 606t2 

Bacillus megaterium QM B1551 spore lipids were extracted 
by an improved technique, and the phospholipid and 
fatty acid compositions were determined. Phospholipids 
accounted for 65% of the total fatty acids; the neutral 
lipid fraction contained 15% and the remaining fatty 
acids were in the interphase, aqueous phase and pellet 
from the lipid extraction. Each phospholipid had similar 
fatty acid compositions as did the delipidated pellet. 
However, the aqueous phase and, to some extent, the 
interphase had unique fatty acid compositions. Also, 
fatty acids were found acylated to proteins, which was 
observed by electrophoresis of delipidated proteins from 
spores grown in [1-14C]palmitate. Therefore, spores con- 
tain unique non-phosphatide fatty acid components that 
can now be analyzed. 
Lipids 22, 698-703 (1987). 

Bacilli are relatively unique in containing a large proportion 
of branched chain fatty acids (1). We and others have 
determined the fatty acid and phospholipid composition 
of Bacillus megaterium QM B1551 spores (2-4). Curiously, 
about 50% of the spore fatty acids have been reported to 
be in a non-phosphatide fraction (3). In an attempt to 
better define the lipid composition of spores, we have 
found that previous measurements have significantly 
underestimated both the fatty acid and phospholipid 
contents. In addition, we found previously unreported 
fatty acids, another phospholipid and diacylglycerols. We 
attribute these new findings to better lipid extractions 
and improved chromatographic procedures. 

These data are important because they provided the 
basis for our identification of a unique class of phos- 
pholipids associated with protein in spore membranes 
(Nikolopoulou, M., and Vary, J.C., in preparation), the 
occurrence of spore proteins with covalently bound fatty 
acids (reported here) and the presence of diacylglycerol 
that stimulates a protein kinase for protein phosphoryla- 
tion during sporulation (unpublished). 

MATERIALS AND METHODS 

Materials. Organic solvents were ACS grade or better 
from Fisher Scientific (Chicago, IL). Fatty acid standards 
were from Supelco Inc. (Bellefonte, PA). Silica Gel H was 
from E.M. Reagents (EM Laboratories, Cincinnati, OH), 
and other chemicals were from Sigma Chemical Co. (St. 
Louis, MO) or CalBiochem (La Jolla, CA). Radioactive 
precursors were from ICN Biomedicals (Irvine, CA). 

Preparation of spores and homogenates. Spores of B. 
megaterium QM B1551 were grown in supplemented 
nutrient broth, washed and extracted with SDS-DTT to 
make them lysozyme-sensitive (5,6). Spore homogenates 
and membranes were prepared by lysis and sonication as 

*To whom correspondence should be directed. 
Abbreviations: DTT, dithiothreitol; GLC, gas liquid chroma- 
tography; SDS-DTT, sodium dodecylsulfate-dithiothreitol; 
SPS, single phase solvent; TLC, thin layer chromatography. 

previously described (7,8). In some cases, spores were 
grown with [1-14C]palmitate (sp act 58 mCi/mmol), which 
was added to late exponential phase cells at a final 
concentration of 10 ~Ci/ml. All references to spore weights 
are on a dry weight basis. 

Lipids were extracted from disrupted spores by two 
methods. In method A, spores were extracted with SPS 
as described by Bligh and Dyer (9) and were modified (2). 
In method B, spores were incubated in SPS at room 
temperature for 1 hr with periodic vortexing. The sus- 
pension was centrifuged at 6,000 • g for 10 min, and the 
pellet was extracted four more times with 10 min of 
incubation in SPS and vigorous vortexing. The combined 
supernatant fractions were separated into aqueous and 
organic solvent phases as described (2). The lower organic 
phase was collected, and the aqueous phase extracted 
four more times with fresh lower phase. The organic 
fractions were combined, washed once with 20% volume 
of fresh upper phase, dried under N2 and resuspended in 
CHC1Jmethanol 12:1, v/v). The aqueous phase was 
centrifuged once at 6,000 • g for 5 min, and the super- 
natant fraction was separated from the white interphase. 
Finally, the interphase was dissolved in CHC1Jmethanol 
(2:1, v/v). 

Phospholipids were separated by TLC on Silica Gel 
H plates that were prerun in methanol and activated 
at 110 C for 30 min. The solvent was chloroform/ 
methanol/acetic acid/H20 (60:20:8:0.5, v /v /v /v) ,  and 
spots were visualized by 12 vapor, molybdate spray or 
autoradiography on Kodak X-Omat AR film. Quantita- 
tion was by scraping and phosphate assay (10) or by 
measuring radioactivity (5). 

To determine the fatty acid composition of different 
lipid fractions, 2 ml of 4% sulfuric acid in methanol and 
50 nmol of nonadecanoic acid were added, and the samples 
were transesterified for 60 min at 70 C. Upon cooling, 1.0 
ml of H20 was added, and the methyl esters were extracted 
with 2 ml of petroleum ether. Total spore fatty acids were 
determined by direct transesterification of intact spores 
(20 mg) in 2.0 ml of 4% sulfuric acid in methanol. Strong 
acid is known to completely disrupt spores, called "acid 
popping" (11,12), making all fractions of the spore ac- 
cessible to methylation. To separate the fatty acid methyl 
esters from any contaminants, the petroleum ether extract 
was applied on activated Silica Gel H plates and chromo- 
tographed in hexane/diethyl ether/acetic acid (70:30:1, 
v/v/v).  After development, the area corresponding to 
standard methyl esters (Rf = 0.7) was scraped and eluted 
with petroleum ether. The petroleum ether extract was 
dried with a stream of N 2, and the methyl ester residue 
was dissolved in 20-30/A of distilled CS2 and analyzed 
by GLC. 

Methyl esters were separated on a Varian model 3700 
chromatograph equipped with a 2 m • 2 mm id stainless 
steel column packed with GP 10% DEGS-PS on 80/100 
Supelcoport. The cotumn oven was programmed to main- 
tain 135 C for 10 rain, then to increase to 160 C at 3 
C/min and finally to maintain at 160 C for 10 min. The 
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injection port  and the detector were at  200 C and 250 C, 
respectively. The carrier gas was N2 at  a flow rate of 30 
ml/min.  

Quanti tat ion of the fa t ty  acids in each sample was 
achieved by  comparing the peak areas relative to the 
s tandard nonadecanoic acid with the aid of an integrator. 
The fa t ty  acid methyl esters were identified by comparing 
their equivalent chain length with s tandards  and were 
confirmed by  mass  spectrometry  on a Finnigan 4510 
spectrometer  equipped with a 30 m • 0.25 m m  id fused 
silica capillary column coated with SP-2330. The spectro- 
meter  was operated with electron multiplier a t  70 kV, 
emission current -0 .25 mA and an electron energy of 70 
eV. The carrier gas was helium at  a pressure of 22 psi. 

In all cases, blanks (no sample) were run through the 
same extraction procedures and analyzed by GLC, as 
were all solvents. The experiments  reported here had 
blanks close to background, and all values were corrected 
for the blanks. Also, all glassware used for lipid analyses 
was rinsed with methanol.  By using these precautions 
and methylat ion procedures, we discovered an art ifact  in 
our previously published fa t ty  acid composit ions (4). The 
diethyl ether used previously contained an ant• 
butylated hydroxytoluene, which appeared as n-C14 by 
retention t ime in GLC. Therefore, the values for fa t ty  
acids reported here represent a correction and, as noted 
above, the identi ty of each fa t ty  acid was confirmed by 
mass  spectrometry.  

Electrophoresis. The disrupted spores were delipidated 
as described above and electrophoresed in 13% poly- 
acrylamide gels by the method of O'Farrell (13), except 
no dithiothreitol (DTT) was added unless indicated. After 
staining and destaining, the gels were enhanced and 
subjected to fluorography. Hydroxylamine t rea tment  of 
delipidated protein before or after electrophoresis was 
performed exactly as described previously (14). 

RESULTS AND DISCUSSION 

Fatty acid content. The total  fa t ty  acid content of B. 
megaterium spores was determined by direct transesteri-  
fication of intact  spores. For one batch of spores, 44.4 
/lmol of fa t ty  acids/g of spores was found, and this same 
batch was used for all of the studies described below. 
Other spore batches had different values, with an average 
of 48 • 10 pmo l /g  of spores (•  s tandard deviation, n = 
5), which was higher than the value of 39 that  we calculated 
from previous results (3). However, we wish to note tha t  
the absolute values are probably not significant and direct 
comparisons between the fa t ty  acid contents of different 
spore batches should not be made. Not only were different 
spore batches variable, but  different lots of nutrient broth 
produced spores with different total  fa t ty  acid contents.  
Finally, it may  be noted tha t  S DS -DTT "coat-str ipped" 
spores were used in all studies, but  when nonstr ipped 
spores were used, the fat ty  acid content was 53 • 6/~mol/g 
of spore (•  s tandard deviation, n = 3), which shows 
tha t  within experimental  error, S D S - D T T  extracted and 
nonextracted spores had the same fa t ty  acid content. 
This last  observation agrees with our previous results 
on the similarity of phospholipid content  between ex- 
t racted and nonextracted spores, suggest ing tha t  it is 
unlikely tha t  these spores contain an intact  functional 

outer membrane  (7), which would have been removed 
by SDS-DTT. 

Lipid extraction. To investigate the lipids, we mechan- 
ically disrupted the B. megaterium spores and extracted 
the lipids by method A of Bligh and Dyer, which has 
been routinely used (2,4,7,15) for analysis of bacillus 
lipids. Only 68% of the total  spore fa t ty  acids were in the 
organic phase of the lipid extract  (Table 1), and the 
remainder was distr ibuted in other fractions. Method B 
recovered an additional 5.2 /~mol of fa t ty  acid in the 
organic phase of the lipid extract,  which came mainly 
from the pellet, since the interphase and aqueous phase 
remained about  the same. Further  extract ions of the 

del ip idated pellets failed to recover any significant addi- 
tional amounts  of fa t ty  acid ( < 1%). Note tha t  the sum of 
the fa t ty  acid contents of the various lipid fractions was 
the same as found by  transesterification of whole spores. 

Similarly, from spore homogenates,  methods A and B 
extracted 11 • 1 and 14 • 2 /~mol of phospholipid 
phospha te /g  of spore (•  s tandard deviation, n - 4), 
respectively. Several other methods of extraction were 
tested exactly as described by  Cohen et al. (16), Folch 
and Lees (17) and Rose and Oklander (18), and all gave 
values that  ranged from i0 to 13/zmol of phospholipid 
phospha te /g  of spore. 

Fatty acids. The fa t ty  acid composition of each fraction 
in Table 1 was determined by GLC, and the identi ty of 
each f a t ty  acid was ass igned by  retent ion t ime and 
confirmed by mass  spectrometry  (Table 2). For total  
spore fa t ty  acids, the major  species were i-C14, i-C15 and 
a-C15, which represented a lmost  80% of all species. The 
C18 species were previously not reported because C17 or 
C18 was used as an internal s tandard (3,4); in a separate 
experiment,  we determined tha t  spores had no C19 fa t ty  
acids, which is why we used tha t  as our internal standard. 

When the lipids were extracted from spore homogenates, 
the fat ty  acid composition of the organic phase was similar 
to tha t  of the whole spores, except for more i-C16 and less 
i-C15 and a-C15 in the former. However, the interphase 
was enriched for all C16 and C18 species, and the aqueous 
phase was enriched for i-C16 and i-C18. The delipidated 
pellet was similar (within experimental error) to the whole 
spores and probably represents unbroken spores. 

T A B L E  1 

Fatty  Acid  Content  of Spore H o m o g e n a t e  Lipid Extrac t  a 

Extractable fatty acids/g of spore 

Method A Method B 

Fraction /~mol % gmol % 

Organic phase 30.0 68 35.2 80 
Interphase 3.5 8 2.6 6 
Aqueous phase 4.0 9 3.5 8 
Delipidated pellet 6.8 15 2.7 6 
Total 44.3 100 44.0 100 

aThe fatty acid content of single phase solvent-extracted spore 
homogenates was determined as described in the text. Values 
are from one batch of spores which, by direct transesterification 
of whole spores, contained 44.4/1tool of fatty acid/g of spore. 
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TABLE 2 

Fatty  Acid  Composi t ion  of the Spore Fract ions a 

Whole Organic Delipidated 
Fatty acid spores phase Interphase Aqueous phase pellet 

i-C14 17.3 • 0.4 19.9 • 2.0 19.7 • 4.5 11.8 • 2.8 14.1 • 1.1 
n-C14 1.9 :e 0.7 1.7 • 0.4 3.1 • 2.2 1.2 • 0.7 1.7 • 0.3 
i-C15 26.1 • 0.5 21.8 • 1.3 14.4 • 2.0 12.4 • 2.3 24.3 • 2.7 
a-C15 35.2 • 0.5 29.7 • 1.6 19.1 • 2.9 14.9 • 3.2 32.7 • 3.5 
n-C15 1.9 • 0.2 1.4 • 0.2 1.1 • i.i 0.9 • 0.6 1.5 • 0.3 

i-C16 4.0 • 0.3 10.2 • 0.5 13.2 • 2.3 32.5 • 4.9 4.3 • 0.3 
n-C16 4.0 • 1.6 3.9 • 0.4 8.4 • 1.9 5.5 • 1.3 5.4 • 1.1 
i-C17 1.2 • 0.8 2.0 • 0.1 b 2.4 • 2.0 3.1 • 1.7 
a-Cl7 3.4 :~ 0.6 2.7 • 1.3 -- I.i • 0.8 3.1 • 0.5 

i-Cl8 1.3 • 0.5 3.5 • 0.6 9.5 • 0.8 15.2 • 2.0 3.7 • 2.5 

n-Cl8 1.8 • 0.7 2.1 • 1.2 6.6 • 1.3 1.3 • 0.7 2.7 • 1.1 

n-Cl8:l 1.9 • 0.6 I.I • 0.3 5.0 • 1.6 0.9 • 0.4 3.4 • 0.3 

aThe fatty acid composition of each fraction from Table 1 
described in the text. Values are mol % representing the mean • 
n - 4 .  
bNot detectable. 

was determined as 
standard deviations, 

TABLE 3 

Phosphol ipid  Composi t ion  a 

Phospholipid Homogenate Membranes 

Phosphatidylglycerol 
Diphosphatidylglycerol 
Phosphatidylethanolamine 
Glucosaminylphosphatidylglycerol 
X (unidentified phospholipid) 

36.7 • 2.7 42.1 • 3.5 
26.8 • 2.8 20.2 • 1.1 
17.2 • 2.6 16.5 • 1.0 
14.5 • 0.6 14.9 =e 0.9 
4.7 • 1.0 6.3 :L 2.3 

aSpore homogenates or membranes were extracted by method B, and the organic 
phases were separated by thin layer chromatography as described in the text. 
Values are tool % representing the mean • standard deviations, n - 4 for homogenates 
and n - 3 for membranes. 

Phospholipids. The organic phases  of the lipid ex t rac t  
f rom spore h o m o g e n a t e s  and,  for compar i son ,  spore 
m e m b r a n e s  were separa ted  by  TLC and  q u a n t i t a t e d  by  
phosphate assays. The results {Table 3) show a dis t r ibut ion 
s imilar  to previous da ta  {2,3} with the except ion of an  
addi t iona l  minor  phosphol ipid  "X" t h a t  has no t  been 
identified.  This  phosphol ip id  X was no t  seen by  previous 
inves t iga tors  because  their  TLC solvent  sys t em did no t  
separate X from diphosphatidylglycerol (DPG). The possi- 
bil i ty of any  other unknown phospholipids was invest igated 
by two-dimensional TLC of lipid extracts from 3epO4-grown 
spores as previous ly  described (19}. In  addi t ion  to the 
five spots reported here, there were some barely detectable 
spots  represent ing common phospholipid metabol ic  inter- 
media tes  like phosphat id ic  acid and  CDP-diacylglycerol,  
b u t  these represented less t h a n  1% of the total .  There was 
no rad ioac t iv i ty  where phospha t idy l se r ine  or inos i to l  
phosphol ipids  would migrate ,  and  we could have detected 
t hem at  the level of <1% {data no t  shown}. Therefore, 
all of the l ipid phospha te  could be accounted  for as 
phospholipid.  

Fatty acid composition of phospholipids. The fa t ty  
acid composit ion of each phospholipid class was determined 
for bo th  homogena tes  and  purif ied m e m b r a n e s  (Table 4). 

The phosphol ipids  in the homogena te  and  purif ied mem- 
branes  had  very s imilar  fa t ty  acid composi t ions ,  and  the 
different phosphol ipids  were also s imilar  to each other  in  
fa t ty  acid composi t ion.  In  all cases, the phosphol ip ids  
were rich in i-C14, i-C15 and  a-C15 like whole spores, and  
mos t  var ia t ions  were wi th in  exper imenta l  error with the 
exception of a few, e.g., i-C15. There were no phospholipids 
with un ique  fa t ty  acid composi t ions .  All f a t ty  acids were 
linked to the glycerol moiet ies  by  ester  bonds,  since no 
plasmalogens  were detected when assayed by  the methods  
of Owens (20) (data  no t  shown}. 

Neutral lipids. W h e n  lipid ext rac ts  {method B} were 
separa ted  by TLC in hexane /d i e thy l  e ther /ace t ic  acid 
( 70:30:1, v /v /v ) ,  the phospholipids remained at  the origin 
while free fa t ty  acids and  diacylglycerol had approx imate  
Rf values  of 0.3 and  0.5, respectively, cor responding  to 
the Rf values  of comro~ercial s t andards .  Similar  resul ts  
were found with benzene/die thyl  e ther /e thanol /acet ic  acid 
(50:40:20:0.2, v / v / v / v }  as a TLC solvent.  The diacyl- 
glycerol spot contained two subspecies of 1,2-diacylglycerol 
and  1,3-diacylglycerol t ha t  were no t  complete ly  resolved 
and were, therefore, t rea ted  as one component .  No spots  
corresponding to monoacylglycerol,  triacylglycerol, choles- 
terol or cholesteryl  esters were observed. The fa t ty  acid 
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TABLE 4 

Fatty  Acid Composit ion of Spore Phospholipids a 

H o m o g e n a t e  
Fa t t y  acid D P G  PG GlcNPG PE X 

i-C14 16.1 • 2.4 18.9 • 0.5 11.6 • 2.3 13.9 • 1.5 19.5 • 1.4 
n-C14 2.5 • 0.4 2.0 • 0.5 3.9 • 1.1 3.9 • 1.3 4.0 • 1.7 
i-C15 19.1 • 1.7 24.1 • 2.3 18.5 • 1.1 18.1 • 0.9 15.6 • 1.7 
a-C15 25.2 • 2.9 30.6 • 3.1 28.8 • 2.0 27.7 • 2.9 19.2 • 1.5 
n-C15 1.8 -~ 0.5 1.6 • 0.3 1.8 • 0.7 1.5 • 0.7 2.2 • 0.7 
i-C16 8.7 • 1.5 3.9 • 2.6 4.1 • 0.1 3.5 • 0.5 8.7 • 3.2 
n-C16 7.3 • 2.5 5.6 • 1.5 9.0 • 1.4 8.5 • 2.0 11.1 • 2.8 
i-C17 2.5 • 1.4 3.3 • 1.5 b 5.4 • 1.9 3.1 • 2.4 
a-C17 2.7 • 1.3 2.6 • 2.0 5.7 • 3.0 2.9 • 1.2 - -  
i-C18 5.6 • 1.8 2.2 • 1.3 2.8 • 1.8 4.6 • 3.2 5.0 • 0.8 
n-C18 4.3 • 2.0 2.0 • 1.0 7.2 ~ 4.6 4.8 • 0.5 5.1 • 1.7 
n-C18:1 4.3 • 2.0 3.2 • 2.0 6.5 • 1.4 5.2 • 1.O 6.4 • 1.0 

M e m b r a n e s  

i-C14 17.7 • 0.8 18.4 • 2.6 15.3 • 2.0 13.1 • 3.0 13.8 • 1.8 
n-C14 1.5 • 0.2 1.6 • 0.3 3.9 • 0.7 4.1 • 1.0 1.8 • 0.3 
i-C15 25.6 • 0.5 23.6 • 1.3 20.2 • 1.9 17.0 • 2.0 19.6 • 1.7 
a-C15 33.1 • 0.7 30.6 • 1.6 31.7 • 2.4 27.1 • 2.6 25.8 • 4.9 
n-C15 1.6 • 0.2 1.5 • 0.3 1.9 • 0.7 1.4 • 0.5 3.0 • 1.7 
i-C16 5.4 • 0.5 5.1 • 0.9 3.8 • 0.6 4.9 • 0.4 3.9 • 2.6 
n-C16 4.3 • 0.5 4.5 • 1.0 8.9 • 1.2 10.8 • 2.0 9.8 • 2.9 
i-C17 2.0 • 0.6 2.2 • 0.5 3.7 • 2.4 4.7 • 1.7 2.8 • 1.8 
a-C17 3.6 • 0.7 3.2 • 0.6 2.7 • 1.1 3.4 • 0.3 2.7 • 1.1 
i-C18 1.9 • 0.8 3.7 • 1.9 1.5 • 0.9 2.8 • 1.0 1.4 • 1.6 
n-C18 1.6 • 0.5 2.4 • 1.0 3.4 • 0.6 4.9 • 1.4 9.6 • 2.7 
n-C18:1 1.8 • 0.6 3.1 • 1.1 2.9 • 0.2 5.6 • 1.3 5.8 • 2.1 

DPG,  diphosphat idylglycerol ;  PG, phosphat idylglycerol ;  GlcNPG,  g lucosaminyl-  
phosphatidylglycerol;  PE, phosphat idyle thomolamino;  X, unidentified phospholipid. 
aphospho l ip ids  were isolated as descr ibed in Table 3, and  the  f a t ty  acid compos i t ion  
was de te rmined  as descr ibed in the  text .  Values are mol % represen t ing  the  m e a n  • 
s t a n d a r d  deviat ion,  n = 4 in each case. 
bNot detectable.  

TABLE 5 

Phosphol ipids  and Neutral Lipids in Spore Homogenates  and Membranes a 

Phospho l ip ids  Diacylglycerol  b Free fa t ty  acid 

H o m o g e n a t e  80.9 i 5.3 15.0 • 4.4 4.2 -~ 1.8 
M e m b r a n e s  83.2 • 5.5 12.6 J: 2.8 4.3 • 2.8 

aLipids were ex t rac ted  from spore h o m o g e n a t e s  and  m e m b r a n e s ,  separa ted  by th in  
layer ch roma tography ,  t ranses te r i f ied  and the  f a t ty  acids were m e a s u r e d  by gas  
liquid c h r o m a t o g r a p h y  as descr ibed in the  text .  Values are fa t ty  acid tool % 
represen t ing  the  m e a n  i s t a n d a r d  deviat ion,  n - 3 in each case. 
bDiacylglycerol conta ined  bo th  1,2-diacylglycerol and  1,3-diacylglycerol species.  
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c o n t e n t s  of  t h e  n e u t r a l  l ip id  f r a c t i o n s  a n d  p h o s p h o l i p i d s  
f r o m  b o t h  h o m o g e n a t e s  a n d  m e m b r a n e s  a re  s h o w n  in  
T a b l e  5. T h e  b u l k  of t h e  f a t t y  a c i d s  were  in  p h o s p h o l i p i d s  
a s  e x p e c t e d  w i t h  a s m a l l  a m o u n t  of  f ree  f a t t y  a c i d s ,  b u t  
t h e  a m o u n t s  of  d i a c y l g l y c e r o l s  we re  s u r p r i s i n g l y  h i g h .  
S u c h  h i g h  l e v e l s  of  d i a c y l g l y c e r o l  c o u l d  r e s u l t  f r o m  
i m p r o p e r  h a n d l i n g  t h a t  a l l o w e d  c o n s i d e r a b l e  p h o s p h o l i p i d  
d e g r a d a t i o n .  

W e  k n o w  s p o r e s  c o n t a i n  a C a + + - d e p e n d e n t  p h o s p h o -  
l i p a s e  C a c t i v i t y  ( u n p u b l i s h e d ) ,  w h i c h  c o u l d  p r o d u c e  
d i a c y l g l y c e r o l .  H o w e v e r ,  we  t h i n k  t h a t  t h e s e  n e u t r a l  
f r a c t i o n s  m a y  be  m o r e  i m p o r t a n t  t h a n  m e r e l y  s a m p l e  
d e g r a d a t i o n  for  t h e  f o l l o w i n g  r e a s o n s .  F i r s t ,  t h e  a m o u n t s  

of  d i a c y l g l y c e r o l s  were  s i m i l a r  in  h o m o g e n a t e s  a n d  p u r i f i e d  
m e m b r a n e s ,  b u t  p r e p a r a t i o n  t i m e s  for  t h o s e  f r a c t i o n s  a re  
q u i t e  d i f f e r e n t :  20 r a in  a n d  18 hr ,  r e s p e c t i v e l y .  S e c o n d ,  
t h e  a d d i t i o n  of 1 m M  E D T A  d u r i n g  t h e  e n t i r e  i s o l a t i o n  
p r o c e d u r e  d i d  n o t  a l t e r  t h e  r e s u l t s .  T h i r d ,  in  a d d i t i o n  
t o  1 , 2 - d i a c y l g l y c e r o l ,  w h i c h  c o u l d  be  t h e  p r o d u c t  of  
p h o s p h o l i p a s e  C, 1 , 3 - d i a c y l g l y c e r o l  w a s  a l s o  p r e s e n t  i n  
a l m o s t  e q u a l  a m o u n t s .  T h e  f a t t y  c o m p o s i t i o n s  of b o t h  
t h e  1 ,3-d iacylg lycerol  a n d  free f a t t y  a c i d s  were  s i g n i f i c a n t l y  
d i f f e r e n t  f r o m  t h e  1 , 2 - d i a c y l g l y c e r o l  a n d  p h o s p h o l i p i d s  
( t h e  l a t t e r  t w o  were  s i m i l a r  t o  e a c h  o t h e r ) .  T h e r e f o r e ,  i t  i s  
l ike ly  t h a t  1 , 3 -d i a c y lg lyc e ro l  a n d  f ree  f a t t y  a c i d s  r e p r e s e n t  
u n i q u e  l ip id  f r a c t i o n s  ( u n p u b l i s h e d ) .  H o w e v e r ,  for  t h e  
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purposes of this report, we have now accounted for all of 
the spore fat ty  acids; from the results in Tables 1 and 5 
about 65% of the total spore fa t ty  acids were in phospho- 
lipid, 15% in neutral lipids containing diacylglycerols and 
free fat ty  acids and the remaining 20% in other fractions 
in Table 1. In these other fractions, there were at least 
two classes of substances that  contained fa t ty  acids. One 
was a unique pool of phospholipids high in i-C14, i-C16 
and i-C18 that  was resistant to lipid solvent extraction 
(Nikolopoulou, M., and Vary, J.C., in preparation), which 
accounted for almost half of the fa t ty  acids in the delipi- 
dated pellet. Another class was proteins with acylated 
fa t ty  acids as described below. 

Acylat ion of  proteins with fa t ty  acids. When delipidated 
spore membranes were separated by SDS-PAGE, phos- 
pholipids were found in the molecular weight positions 
between 6 and 15 kDa, but  no phospholipids were found 
above 15 kDa (Nikolopoulou, M., and Vary, J.C., in 
preparation). However, the protein above 15 kDa did 
contain fa t ty  acids tha t  were found after eluting the 
proteins from the gel followed by dialysis, transesteri- 
fication and GLC analysis. Most  of the fa t ty  acids 
(>50%) were n-C14, n-C16 and n-C18, but  the amounts  
were too low to accurately quanti tate.  To determine 
what proteins contained fa t ty  acids, spores were grown 

in [1-14C]palmitate (10 pCi/ml). With spores grown in 
[14C]palmitate, delipidated proteins were prepared and 
separated by SDS-PAGE followed by autoradiography 
(Fig. 1). Panel A, lane 1, shows several bands that  were 
radioactive, suggesting that proteins might have palmitate 
attached, and lane 2 was the same except the proteins 
were boiled in sample buffer containing DTT before 
electrophoresis. Since the banding patterns were the same, 
the fa t ty  acids were not at tached by thioester bonds such 
as through a glycerol moiety. Shown in panel B, lanes 1, 2 
and 3, are a control and the results of t reat ing the 
delipidated membrane proteins with hyroxylamine by pub- 
lished methods (14). Almost all of the bands were gone, or 
at least significantly reduced, after NH20H at pH 10, 
suggesting that  the palmitate was in ester linkage to 
suggesting that  the palmitate was in ester linkage to 
proteins and very little in amide or ether linkage. None of 
the above treatments changed the Coomassie blue staining 
patterns of the gel. Direct transesterification of delipidated 
membrane proteins completely eliminated all radioactivity 
(which was soluble in CHC13/CH3OH) and shows that  
the radioactively labeled bands were not a result of 
metabolism of palmitate to amino acids. These data are 
the first to show direct acylation of fat ty acids to proteins 
in bacilli. As in eukaryotes, the function of these post- 
translational modifications is unknown, but  the hydro- 
phobic fa t ty  acids could serve as membrane anchors or 
even regulate catalytic activity. 

In summary, we have accounted for the fa t ty  acids 
previously reported to be >50% in non-phosphatide 
fractions (3). By improved lipid extraction, 65% of the 
fat ty  acids were in phospholipids and 15% in neutral 
lipids. The remainder were in the aqueous phase (6%) and 
interphase (8%) of the lipid extraction and 6% was in the 
delipidated pellet. The phospholipids were quanti tated 
and analyzed for fa t ty  acid composition, and no phos- 
pholipid contained a unique composition. Finally, fa t ty  
acids were also found in the delipidated pellet that  were 
acylated to proteins. 
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FIG.  1. Fat ty  acylated  spore proteins.  Spore were grown with  
[1-14C]palmitate and disrupted,  and the homogenate  was  delipi- 
dated by method B. The del ipidated proteins  (200 pg} were 
separated by S D S - P A G E  followed by autoradiography.  Panel  
A,  prior to electrophoresis ,  samples  were boiled wi thout  dithio- 
threitol  (DTT) {lane 1) or wi th  1 mM DTT {lane 2); panel  B, 
samples  were treated with  H 2 0  (lane 1), 1 M N H 2 O H  at p H  7 
(lane 2) or 1 M N H 2 O H  at pH 10 {lane 3) as described (14}, 
followed by electrophoresis  and autoradiography as described 
in the text .  
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Abnormal Metabolism of Polyunsaturated Fatty Acids 
and Phospholipids in Diabetic Glomeruli 
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Studies were done on changes in phospholipid content 
and fatty acid composit ion of phospholipids and on the 
role of the acylation pathway in synthesis  of phospholipids 
in the development of abnormal fatty acid composit ion in 
the glomeruli of rats 2 and l0 mo after induction of 
diabetes with streptozotocin.  The proportions of individ- 
ual phospholipids in the glomeruli of rats were not changed 
2 mo after induction of diabetes, but the proportion of 
phosphatidylethanolamine (PE) decreased and that of 
sphingomyelin increased l0 mo after induction of diabetes. 
In contrast,  in liver the proportion of PE was increased 
and that of phosphatidylcholine was decreased. These 
results showed that changes of individual phospholipids 
in glomeruli were tlme-dependent and tissue-specific. Two 
mo after induction of diabetes, the main change in the 
phospholipid fatty acid composit ion of diabetic glomeruli 
was a decrease in arachidonic acid (AA); the main change 
in serum free fatty acids (FFA) was an increase in linoleic 
acid (LA) and a decrease in AA. Ten mo after induction 
of diabetes, the main changes in the phospholipid fatty 
acid composit ion of glomeruli were an increase in LA and 
a decrease in AA; the main change of the serum FFA 
composit ion was a decrease in AA. Thus, the fatty acid 
composit ion of glomerular phospholipids was not directly 
correlated to that of the serum in diabetic rats. Acyl-CoA 
synthetase and acyltransferase activities increased in dia- 
betic glomeruli with either A A  or LA as substrate, but 
activity toward LA increased more at 2 mo after induc- 
tion of diabetes. Acyl-CoA synthetase  activity increased 
in diabetic glomeruli with LA as substrate,  but that did 
not  change with A A  as substrate at l0 mo after induction 
of diabetes. Furthermore, acyltransferase act ivity de- 
creased in diabetic glomeruli  with A A  as substrate,  
although that did not change with LA as substrate at l0 
mo after induction of diabetes. 
Lipids 22, 704-710 {1987). 

The content of arachidonic acid (AA) in phospholipids of 
the serum and several tissues is reported to decrease, but  
linoleic acid (LA) increases in experimental  diabetes 
mellitus (1-6). Holman et al. (3) reported that  one cause of 
these changes was a decrease in insulin-dependent de- 
saturase activity for polyunsaturated fat ty  acids (PUFA). 
However, factors in individual tissues may also be impor- 
tant  in changes of these fa t ty  acid levels, because heart, 
liver, skin, testis, aorta and kidney may differ from each 
ether and from serum (3,4). These findings indicate tha t  
glomerular metabolism of PUFA is important  for develop- 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; LA, linoleic acid; PUFA, 
polyunsaturated fatty acids; FFA, free fatty acids; lysoPL, 
l-acylglycerophospholipid; PE, phosphatidylethanolamine; PC, 
phosphatidylcholine; lysoPE, l-acylglycerophosphorylethanola- 
mine; ATP, adenosine triphosphate; CoA-SH, coenzyme A ;  
TLC, thin layer chromatography; PI, phosphatidylinositol; PS, 
phosphatidylserine; Sph, sphingomyelin; PA, palmitic acid; OA, 
oleic acid; SA, stearic acid. 

ment of an abnormal fat ty acid composition in experimen- 
tal diabetes mellitus. 

Serum PUFA such as AA are incorporated into tissue 
phospholipids mainly through Lands' pathway in the 
liver (7). This pathway consists of 2 steps: first, activation 
of free fa t ty  acids {FFA) to acyl-CoAs by  acyl-CoA syn- 
thetase and then incorporation of the acyl-CoAs into phos- 
pholipids by acyl-CoA: l-acylglycerophospholipid ( lysoPL ) 
acyltransferase. In this work, we investigated whether 
Lands' pathway contributes to changes in fa t ty  acid con- 
tents of glomeruli in experimental diabetes mellitus. 

The proportion of phosphatidylethanolamine (PE) is 
reported to be increased with a decrease in tha t  of 
phosphatidylcholine (PC) in the liver of diabetic rats (8). 
These changes were at t r ibuted to decreased methylation 
of PE to PC (9). But  Clark et al. (5) reported that  the 
contents of PE and PC are not changed in renal cortex, 
renal plasma membranes or glomeruli of diabetic rats. 
These data on changes in the composition in the glomeruli 
and the liver were obtained in the early stage of diabetes 
mellitus, when diabetic nephropathy was still not clear 
( 10,11 ) ( 3-6 wk after the streptozotocin injection ). Thick- 
ening of the glomerular mesangial matr ix was seen 6 me 
after induction of diabetes mellitus (12). Thus, there may 
be two stages of metabolism. The second aim of this work 
was to compare metabolism in an advanced stage of 
diabetic nephropathy with that  in the early stage. In this 
work, we compared the metabolism of fa t ty  acids and 
phospholipids in rats 2 mo and 10 mo after induction of 
diabetes mellitus. The results indicated the importance 
of tissue metabolism and the time dependence in develop- 
ment of the abnormalities seen in diabetic glomeruli. 

MATERIALS AND METHODS 

Chemicals. LA and AA were obtained from Nu-Chek- 
Prep (Elysian, MN). l-Acylglycemphosphorylethanolamine 
(lysoPE) was obtained from Serdary Research Laborato- 
ries {Ontario, Canada). Adenosine triphosphate (ATP) 
and coenzyme A (CoA-SH) were from Sigma Chemical 
Co. (St. Louis, MO). Glutathione and Triton X-100 
were from Wako Pure Chemical Industries Ltd. (Tokyo). 
[1-14C]LA ~52.6 mCi/mmol) and [1-14C]AA {52.0 mCi/ 
mmol) were from New England Nuclear (Boston, MA). 

Induction of diabetes. Male Wistar rats, 2 mo old, 
weighing about 250 g, were given an injection through a 
tail vein of streptozotocin (60 mg/kg)  in saline and were 
maintained on standard chow (Oriental Cobo Co., Tokyo) 
for 2 or 10 mo. Control rats were given standard chow for 
the same period. 

Preparation ofglomeruli. Kidneys were quickly removed 
from anesthetized rats and washed with ice-cold saline, 
and glomeruli were prepared by the method of Wakashin 
et al. (13). 

Preparation of enzyme solution. Glomeruli from two 
kidneys were homogenized with 2 ml of ice-cold 0.25 M 
sucrose-5 mM Tris-HC1 buffer (pH 7.4) in a teflon-glass 
homogenizer (10 strokes). The homogenate was centrifuged 
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at 800 • g for 5 min, and the supernatant  was used for 
enzyme assay. 

Measurement of acyl-CoA synthetase activity. Acyl- 
CoA synthetase  act ivi ty was assayed as described pre- 
viously (14). The character izat ion of this enzyme in 
glomeruli has been reported elsewhere (15). 

Measurement of lysoPE acyltransferase activity. 
LysoPE acyltransferase activity was measured by a slight 
modification of the method of Kramer  and Deykin (16). 
The mixture  for assay of lysoPE acyltransferase con- 
tained 20 mM ATP, 200 pM CoA-SH, 50 mM MgCI> 
150 mM Tris-HC1 buffer (pH 7.4), 250 / IM lysoPE, 200 
pM FFA, 0.1 t~Ci [1-14C]FFA and 0.1-0.3 mg protein of 
glomerular enzyme solution in a final volume of 0.25 ml. 
The reaction mixture was incubated for 45 min at  37 C. 
The reaction was stopped by addition of 4 ml of Folch's 
solution (chloroform/methanol,  2:1, v /v) .  Lipid was ex- 
tracted by the method of Folch et al. (17) and PE was 
separated by  thin layer chromatography (TLC, Merck, 
Darmstadt ,  FRG) (18). Radioactivi ty of PE was counted, 
and acyltransferase act ivi ty was calculated from the spe- 
cific activity. Enzyme activi ty increased linearly with the 
amount  of enzyme protein up to 800 g g  and with the 
incubation period for up to 90 min. 

Fatty acid compositions of serum FFA and glomerular 
phospholipids. Serum FFA was separated by  TLC (first 
with isopropylether/acetic acid, 96:4, v /v ;  second with 
petroleum ether/diethylether/acet ic  acid, 90:10:1, v / v / v )  
(18). Glomerular lipids were extracted by  the method of 
Folch et al., and then phospholipid was separated by 
unicil column chromatography.  In  some experiments ,  
phospholipids were isolated by TLC (chloroform/methanol/ 
petroleum ether/acetic acid/boric acid, 80:60:40:20:3.6, 
v /v /v /v /w)(19) .  This method does not resolve phospha- 
tidylinositol ( PI  ) from phosphatidylserine (PS). 

The extracts  were then evaporated under N 2 gas. Meth- 
ylation of serum FFA was achieved by incubating the 
extracts  with 0.2 ml of boron trifluoride methanol  com- 
plex for 2 min at  100 C, and the methyla ted  fa t ty  acids 
were extracted with 2 ml of hexane. Hydrolysis  of phos- 
pholipids and methylat ion of the fa t ty  acids of glomeruli 
were achieved by incubating the extracts  with 1 ml of 0.6 
N NaOH in 100% methanol  for 30 min at  room tempera- 

ture. After  incubation, the mixture was neutralized with 
6 N HC1, and the methylated fa t ty  acids were extracted 
with 2 ml of hexane. 

The fa t ty  acid composition of serum FFA and glomeru- 
lar phospholipids was analyzed by gas chromatography 
in a GC 7-A model appara tus  (Shimadzu Co., Kyoto) 
equipped with a 2 m x 2 m m  id glass column packed with 
15% D E G S  and with a flame ionization detector. The 
column temperature  was 190 C. Nitrogen was used as 
carrier gas, and the flow rate was 50 ml/min.  Peaks were 
identified by comparison with s tandards (Nu-Chek-Prep}. 
The peak area was calculated electronically with a com- 
put ing integrator  (Chromatopac CRIA;  Shimadzu Co., 
Kyoto). The values reported in Tables 3, 4 and 5 are mean 
area %. 

Lipid analysis of glomeruli and liver. Before lipids were 
extracted,  cholesterol acetate was added as an internal 
s tandard.  Then lipids were extracted by  the method 
of Folch et al. and analyzed with TLC and a flame 
ionization detector (20,21) using an Ia t roscan  TH-10 
TLC/f lame ionization analyzer (Diatron, Tokyo). Lipids 
were separated with the solvent sys tem of hexane/e ther !  
formic acid (54:5:0.05, v / v / v )  for neutral  lipids and 
chloroform/methanol /water  (60:2:2, v / v / v )  for phospho- 
lipid subfractions. 

Measurement of protein. Protein was measured by the 
method of Lowry et al. (22). 

Statistics. The significance of differences in mean values 
was evaluated by Student ' s  t-test.  

RESULTS 

Animal conditions (Table 1 ). The body weights of dia- 
betic rats  were markedly less than those of controls 2 and 
10 mo after injection of streptozotocin. The kidney weights 
of diabetic rats were not significantly different from those 
of controls. 

The serum glucose levels of diabetic rats  were mark- 
edly increased 2 and 10 mo after injection of streptozotocin. 
However, the glucose levels were higher after 2 mo than 
after 10 mo. The total  cholesterol levels of diabetic rats  
were significantly higher after 2 mo, but  lower after 10 
mo than  those of controls. The mean triglyceride levels of 

TABLE 1 

D a t a  on  C o n t r o l  a n d  D i a b e t i c  R a t s  

2 Months a 10 Months a 

Control (n = 5) Diabetic (n = 5) Control (n = 5) Diabetic (n = 5) 

Weight (g) 
Whole body 448 :e 24.1 b 
Kidney 2.5 ~: 0.1 

Serum ( mg/dl ) 
Glucose 110 • 4.4 
Total eholesterol 121 :k 8.0 
Triglyceride 111 • 7.1 
Phospholipid 180 == 10.7 

1 9 6  • 1 4 . 7  c 5 4 7  • 2 9 . 9  1 7 2  • 7 . 6  c 

2 . 6  • 0 . 1  3 . 0  • 0 . 1  2 . 4  d- 0 . 1  

9 0 5  • 4 2 A  c 1 3 6  • 5 . 3  5 8 3  • 1 5 . 6  c 
1 4 5  • 4 . 9  d 1 4 7  ~ 5 . 8  1 1 7  • 4 . 0  d 

2 2 2  • 5 1 . 8  2 8 7  • 2 9 . 9  2 2 6  ~= 2 1 . 9  
2 5 9  • 8 . 0  d - -  - -  

a T i m e  a f t e r  i n d u c t i o n  o f  d i a b e t e s .  
b V a l u e s  a r e  m e a n s  ~ S E M .  
Cp < 0 . 0 1 .  

dp < 0 . 0 5 .  
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TABLE 2 

Lipid Contents  of Glomeruli  from Control and Diabet ic  Rats  

2 Months  a 10 Months  a 

Control (n = 5) Diabetic (n = 4) Control (n = 5) Diabetic (n = 5) 

p g / m g  glomerular protein 
Triglyceride 5.2 • 0 . 5  b 8.0 • 0 . 9  d 3.0 • 0.1 5.0 • 0.8 
Cholesterol es ter  10.7 • 0.6 9.9 • 3.9 4.0 • 0.4 4.0 • 0.8 
Free cholesterol 65.2 • 10.3 56.5 • 4.9 46.0 • 2.6 48.0 • 3.1 
Phosphol ipids  322 • 30.7 337 • 35.0 234 • 24.1 240 • 17.4 

PC 38.8 • 1.1 e 40.6 • 1.5 42.7 • 2.3 42.6 • 2.3 
PI  + PS 8.7 • 1.4 8 . 6 •  1.5 8.4 • 1.3 6 . 8 •  1.3 
PE 30.3 • 1.7 26.5 • 1.3 24.6 • 1.6 12.8 • 1.3 c 
Sph 23.2 • 2.2 24.1 • 1.9 25.1 • 2.1 40.8 • 2.2 c 

PC, phosphatidylcholine;  PI,  phosphatidylinosi tol ;  PS, phosphatidylserine;  PE,  phosphatidylethanola-  
mine; Sph, sphingomyelin.  
aT• after induct ion of diabetes.  
bValues are means  ~: SEM. 
Cp < 0.001. 
dp < 0.05. 
e% of total  phospholipid pool. 

TABLE 3 

Fatty  Acid  Compos i t ion  of Serum Free Fat ty  Ac ids  in Control and Diabet ic  Rats  

2 Months  a 10 Months  a 

Fa t ty  acid Control In = 51 Diabetic tn = 51 ControlIn = 5) Diabetic (n = 4} 

16:0 22.2 • 1.2 b 17.4 • 1.2 e 14.9 • 0.2 17.1 • 0.8 e 
18:0 8.0 • 0.8 7.9 "- 0.9 8.2 • 0.2 8.7 • 0.4 
16:1(n-7) 2.2 • 0.3 nd 4.4 • 0.3 4.8 • 1.3 
18:1(n-9) 14.9 • 1.4 10.1 • 0.6 e 12.7 • 0.7 12.9 • 0.3 
18:2(n-6) 24.8 • 0.5 35.0 • 2.2 d 16.2 • 1.4 19.1 • 1.8 
20:3(n-6) 0.2 • 0.1 0.8 • 0.2 0.2 • 0.1 0.5 • 0.1 
20:4(n-6) 10.5 • 0.3 7.5 • 0.3 d 27.2 • 1.7 19.3 • 1.5 e 
22:4(n-6) 0.7 • 0.1 0.5 • 0.3 1.2 • 0.6 0.7 • 0.6 
20:5(n-3) 0.5 • 0.1 0.4 • 0.1 nd nd 
22:5(n-3) 0.7 • 0.1 0.5 • 0.1 0.4 • 0.2 0.5 • 0.1 
22:6(n-3) 3.7 • 0.1 5.5 • 0.1 c 3.1 • 0.2 3.9 • 0.3 

nd, Not detectable.  
aT• after induct ion of diabetes.  
bValues are area %, means  • SEM. 
Cp < 0.001. 
d p <  0.01. 
ep < 0.05. 

d i a b e t i c  r a t s  were  a l so  h i g h e r  a f t e r  2 m o  a n d  lower  a f t e r  
10 m o  t h a n  t h o s e  of c o n t r o l s .  T h e  s e r u m  l ip id  leve l s  of 
c o n t r o l s  were  s l i gh t l y ,  b u t  s i g n i f i c a n t l y ,  h i g h e r  a f t e r  10 
m o  t h a n  a f t e r  2 mo .  

Lipid contents of glomeruli from control and diabetic 
rats (Table 2). T h e  m a j o r  l i p id s  of g l o m e r u l i  we re  f ree  
c h o l e s t e r o l  a n d  p h o s p h o l i p i d s .  T h e r e  were  no  s i g n i f i c a n t  
d i f f e r e n c e s  in  t h e i r  c o n t e n t s  ( / l g / m g  g l o m e r u l a r  p r o t e i n )  
in c o n t r o l  a n d  d i a b e t i c  r a t s  a f t e r  e i t h e r  2 or  10 mo .  T h e  
r e l a t i v e  a m o u n t s  of P C  a n d  P I  p l u s  P S  were  a l so  s i m i l a r  
in  n o r m a l  a n d  d i a b e t i c  r a t s  a t  b o t h  t i m e s .  I n  d i a b e t i c  r a t s  
a f t e r  10 mo ,  t h e  r e l a t i ve  a m o u n t  of P E  w a s  s i g n i f i c a n t l y  
d e c r e a s e d  a n d  t h a t  of s p h i n g o m y e l i n  (Sph}  w a s  s igni f i -  
c a n t l y  i n c r e a s e d ,  a l t h o u g h  t h e s e  c h a n g e s  were  n o t  c l ea r  
a f t e r  2 mo .  S e r u m  l i p id s  were  n o t  c o r r e l a t e d  w i t h  t i s s u e  

l i p id s  (Table  1). T h e  c o n t e n t s  of f ree  c h o l e s t e r o l  a n d  
p h o s p h o l i p i d s  on  t h e  b a s i s  of  g l o m e r u l a r  p r o t e i n  were  
lower  a f t e r  10 m o  t h a n  a f t e r  2 m o .  

Serum FFA in diabetic rats ( Table 3 ). S e r u m  F F A  were  
a n a l y z e d  to  see  w h e t h e r  t h e i r  c o m p o s i t i o n  r e f l e c t e d  t h a t  
in  t h e  g l o m e r u l i .  T h e  m a i n  s a t u r a t e d  F F A  in t h e  s e r u m  
w a s  pa lm•  ac id  (PA),  t h e  m a i n  m o n o e n e  w a s  oleic ac id  
(OA) a n d  t h e  m a i n  P U F A  were  L A  a n d  A A  (Tab le  3, 
con t ro l ) .  D i a b e t i c  r a t  s e r u m  c o n t a i n e d  m o r e  L A  b u t  l e s s  
A A  t h a n  c o n t r o l s  a t  e i t h e r  2 or  10 mo ,  b u t  t h e  i n c r e a s e  in  
L A  a n d  t h e  d e c r e a s e  in  A A  were  m o s t  p r o f o u n d  a t  2 m o  
a n d  t h e  d e c r e a s e  in  A A  w a s  m o s t  p r o m i n e n t  a t  10 m o .  A 
s l i g h t  i n c r e a s e  in  d o c o s a h e x a e n o i c  ac id  w a s  o b s e r v e d  a t  
b o t h  t i m e s .  

Cont ro l  a n i m a l s  s h o w e d  a g e - d e p e n d e n t  c h a n g e s  in  s e r u m  

LIPIDS, Vol. 22, No. 10 (1987) 
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TABLE 4 

Fatty Acid Composition of Glomerular Phospholipids from Control and Diabetic 
Rats 

2 Months a 10 Months a 

Fatty acid Control (n = 5) Diabetic (n = 4) Control (n = 5) Diabetic (n = 5) 

16:0 16.0 • I.I b 16.2 • 1.0 19.6 • 0.3 19.3 • 1.3 
18:0 20.7 • 0.4 19.0 :~ 0.3 20.9 • 0.8 22.1 • 0.5 
16:1(n-7) 0.8 • 0.I 0.7 :~ 0.2 1.6 • 0.4 0.6 • 0.I 
18:1(n-9) 9.2 • 0.8 9.0 • 1.0 10.4 • 0.2 i0.0 • 0.9 
18:2(n-6) 10.6 • 0.i 15.4 ~: 0.8 d 11.7 • 0.4 19.5 • 0.4 c 
20:3(n-6) i.I • 0.2 1.9 • 0.3 nd nd 
20:4(n-6) 25.9 • 0.4 14.9 • 1.2 c 22.4 • 0.4 13.9 • 0.8 c 
20:5(n-3) nd nd 0.2 • 0 0.3 • 0.I 
22:5(n-3} 1.1 • 0.1 2.0 • 0.5 1.6 • 0.2 1.4 • 0.1 
22:6(n-3) 2.1 • 0.5 1.8 • 0.3 2.4 • 0.1 2.5 • 0.1 

nd, Not detectable. 
aTime after induction of diabetes. 
bValues are area %, means • SEM. 
Cp < 0.001. 
dp < 0.01. 
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TABLE 5 

Fatty Acid Composition of Individual Phospholipids of Glomeruli from Control and Diabetic Rats 
at 10 Months 

PC PE PI + PS 

Control Diabetic Control Diabetic Control Diabetic 
Fatty acid (n = 3) (n = 3) (n = 31 (n = 3) (n = 3) (n = 3) 

16:0 36.3 • 1.9 a 28.6 • 1.3 b 9.7 • 0.3 6.5 • 1.0 b 6.3 • 1.5 7.8 • 2.5 
18:0 8.2 • 1.7 10.2 • 0.7 21.4 • 0.7 17.3 • 2.7 30.0 • 0.4 30.6 • 2.5 
16:11n-7) 1.5 ~: 0.2 1.4 • 0.3 0.7 • 0.2 0.7 • 0.I 1.3 • 0.6 0.8 • 0.i 
18:1(n-9) 10.9 =~ 0.2 10.2 • 0.6 8.5 • 0.4 11.1 • 3.8 11.7 • 2.4 10.3 • 2.6 
18:2(n-6) 12.4 • 0.4 24.7 • 3.1 b 5.1 • 0.4 12.3 • 3.0 8.6 • 1.0 10.7 • 2.4 
20:3(n-6) 0.3 • 0.I 0.9 • 0.i b 0.7 • 0.3 0.7 • 0.3 0.8 • 0.i 2.0 • 0.9 
20:4(n-6) 13.0 • 2.1 10.3 • 0.9 37.2 • 0.2 25.0 :e 3.0 b 20.0 • i.I 21.4 • 4.0 
22:4(n-6) 0.4 • 0.3 0.3 • 0.i 3.5 • 0.8 1.9 • 0.i 2.4 • 0.7 1.8 • 0.I 
22:5(n-3) 0.2 • 0.i 0.5 • 0.I b 0.9 • 0.4 0.9 • 0.5 0.9 • 0.I I.I • 0.2 
22:6(n-3) 1.5 • 0.5 2.2 • 0.1 4.4 • 0.1 3.9 • 0.5 2.1 • 0.1 2.4 • 0.6 

PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI, 
phosphatidylserine. 
aValues are area %, means - SEM. 
bp < 0.05. 

phosphatidylinositol; PS, 

FFA.  A A  con ten t  increased a lmos t  three-fold be tween  2 
and 10 mo, while L A  and PA con ten t  decreased to a 
lesser  degree.  

Fatty acid composition of glomerular phospholipids 
from diabetic rats {Table 4 ). The  main  s a tu ra t ed  f a t t y  
acids were PA and s tear ic  acid (SA), the  ma in  monoene  
was OA and  the  ma in  polyenes  were L A  and A A .  The 
relative amounts  of fa t ty  acids in glomerular  phosphohpids 
were different f rom those  in serum FFA.  Diabetes  lowered 
A A  and increased L A  in g lomerul i  a t  2 or 10 mo. No 
age-dependen t  changes  in free f a t ty  acids in g lomerul i  
were observed  in controls .  

Fatty acid composition of individual phospholipids of 
glomeruli from diabetic rats after 10 mo I Table 5 }. The  
f a t ty  acid compos i t ion  of ind iv idua l  phosphol ip ids  was 

analyzed to de te rmine  in which subfract ion these  changes  
occurred.  LA was ma in ly  p resen t  in PC and A A  ma in ly  
in PE.  In  d iabe tes  mel l i tus ,  L A  was increased in PC, and 
the  mean  level of L A  in P E  was also increased sl ightly,  
bu t  no t  s ignif icant ly.  A A  decreased only in P E  and did 
no t  change  s ign i f ican t ly  in o ther  f ract ions.  PA was sig- 
n i f icant ly  decreased in PC and PE.  There  was no signifi- 
can t  difference in the  con ten t s  of P I  + P S  in control  and 
diabet ic  glomeruli .  

Acyl-CoA synthetase and lysoPE acyltransferase activi- 
ties of glomeruli from diabetic rats. As  changes  of bo th  
LA and A A  were observed in PE,  the  pa thway  for synthe-  
sis of P E  from F F A  was inves t iga ted .  L A  and A A  were 
used  as subs t r a t e s  because  the  con ten t s  of b o t h  in P E  
changed. In diabetic  ra ts  a t  2 mo, the acyl-CoA synthe tase  
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F I G .  1. A c y l - C o A  s y n t h e t a s e  and  l y s o P E  aey l t rans ferase  act ivi-  
t i e s  of g lomeru l i  from contro l  a n d  d iabe t i c  ra t s  a t  2 too.  R e s u l t s  
are s h o w n  as  m e a n s  J: S E M  for f ive a n i m a l s .  A s t e r i s k s  a b o v e  
bars  ind icate  s i g n i f i c a n t  d i f ferences  from contro l  va lues :  *, p < 
0 .01;  **, p < 0 .05.  L A ,  l inole ic  acid;  A A ,  arach idon ic  acid;  P E ,  
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FIG. 2. AcyI-CoA synthetase and l y s o P E  acy l t rans ferase  act iv i -  
t i e s  of  g l omeru l i  from contro l  ra t s  a n d  d i abe t i c  ra t s  af ter  l 0  too.  
R e s u l t s  are m e a n s  • S E M  for f ive  a n i m a l s .  T h e  a s t e r i s k s  a b o v e  
bars  ind ica te  s i g n i f i c a n t  d i f ferences  from contro l  va l ues :  *, p < 
0.01; **, p < 0.05; [Z, contro l  rats;  m, d i abe t i c  rats .  

activities with LA and AA as substrates were signifi- 
cantly higher than  those in control rats, but  the ratio of 
arachidonyl-CoA synthesis/linoleyl-CoA synthesis  was 
not significantly different in control and diabetic rats  
(Fig. 1). In diabetic rats  after  10 mo, the acyl-CoA 
synthetase activity with LA as substrate was significantly 
increased but  that  with AA as substrate was not changed, 
and so the ratio of arachidonyl-CoA synthesis/linoleyl- 
CoA synthesis was decreased (1.04 vs 0.70} (Fig. 2). In 
diabetic rats  after 2 mo, lysoPE acyltransferase act ivi ty 
with LA as substra te  was increased significantly, but  
tha t  with AA as substra te  was increased only slightly; 
consequently the ratio of PE synthesis  from A A / P E  
synthesis from LA was decreased (2.17 vs 1.51) (Fig. 1). 
In diabetic rats  after 10 mo, lysoPE acyltransferase activ- 
i ty with LA as substrate  was not changed but  tha t  with 
AA as substra te  was decreased significantly, and so the 
ratio of PE synthesis from A A / P E  synthesis from LA 
was decreased (2.17 vs 1.47) (Fig. 2). 

Phospholipid content of the liver of diabetic rats after 
10 months (Fig. 3 ). Liver phospholipids 10 months  after 
induction of diabetes were examined to determine whether 
changes in glomeruli are tissue-specific. The proportion 

of PE was increased with reciprocal decrease in the pro- 
portion of PC in the liver of diabetic rats  after 10 mo. 

DISCUSSION 

We found that  the proportions of individual phospholipids 
in the glomeruli of diabetic rats  were not changed after 2 
mo, in agreement with Clark et al. (5), but  tha t  the 
proportion of PE was decreased and tha t  of Sph was 
increased reciprocally after 10 mo (Table 2). Therefore, 
the changes of individual phospholipids in the glomeruli 
of diabetic rats  were time-dependent.  Fass and Carter (8) 
reported that  PE increases in rat  liver 3 wk after  induc- 
tion of diabetes. We observed an increase in PE and a 
decrease in PC in livers of 10-mo diabetics. These results 
indicate t ha t  changes of individual  phospholipids  in 
glomeruli were tissue-specific. The enzyme methyla t ing 
PE to form PC is thought  to be present  in the liver and to 
show reduced act ivi ty  in diabetes mellitus (9). I t  is 
unknown whether this enzyme exists in glomeruli and 
whether the methylat ion pathway is impor tant  for syn- 
thesis of PC in glomeruli. Our results suggest  tha t  this 
pathway is not so impor tant  for the synthesis of PC in 
the glomeruli as in the liver. The reason tha t  the propor- 
tion of PE decreased and tha t  of Sph increased in the 
glomeruli in the later stage of diabetes is not clear. The 
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FIG. 3. Phospholipid content of the liver of diabetic ra t s  a f ter  
10 too.  R e s u l t s  are m e a n s  Jr SEM for five rats. The a s t e r i s k s  
a b o v e  t h e  bar  i n d i c a t e  s i g n i f i c a n t  d i f ferences  f r o m  t h e  c o n t r o l  
value: *, p < 0.05. PC, phosphatidylcholine; PI + PS, phos- 
phatidylinositol + phosphatidylserine; PE, phosphatidyletha- 
nolarnine; Sph, spbingomyelin. [3, c o n t r o l  rats ;  I ,  d ia b e t i c  
rats .  

diabetic state might l i )  inhibit de novo PE synthesis and 
(if) either stimulate Sph synthesis or inhibit sphingo- 
myelinase, or both. However, the precise effects of diabe- 
tes mellitus on these pathways are not known. Another 
possibility is tha t  Sph-rich and PE-poor cell populations 
increased in the glomeruli of diabetic rats. Glomeruli 
prepared by the method used in this work could contain 
endothelial, mesangial and epithelial cells. Mesangial cells 
may proliferate in the diabetic state (23). 

The fa t ty  acid composition of phospholipids depends 
on the balance of their synthesis and degradation. The 
deacylation-reacylation cycle is especially important  for 
PUFA (7). In this work, we examined the synthetic path- 
way (acylation). Our results showed that  in diabetes 
mellitus there was an imbalance of utilization of PUFA in 
the acyl-CoA synthetase-lysoPE acyltransferase system: 
incorporation of LA into PE was preferential to tha t  of 
AA in diabetic glomeruli both at 2 and 10 mo {Figs. I and 
2). Our results indicate tha t  this abnormal metabolism 
could contribute to the abnormal fa t ty  acid composition 
of phospholipids in both early and late stages of diabetes 
mellitus. An AA-specific acyl-CoA synthetase was reported 
to be present in platelets (24), and its presence explains 
the high and selective incorporation of AA into phospho- 
lipids in platelets in spite of the low serum AA concen- 
tration. However, we could not detect an AA-specific 
acyl-CoA synthetase in glomeruli (15}, and Clark et al. 
reported that  acyl-CoA synthetase activities have little 
difference between LA and AA as substrates in normal or 

diabetic renal homogenates {25}. On the contrary, the 
Michaelis coefficient (Km) of acyl-CoA synthetase for 
LA was lower and maximum velocity (Vmax) was higher 
than those for AA (Kin for LA, 12.8/aM; Km for AA, 
19.3/~M; Vmax for LA, 152 nmol/mg protein/10 min; 
Vmax for AA, 115 nmol/mg protein/10 min) (15). Thus, 
LA is a better  substrate than AA for glomerular acyl- 
CoA synthetase. This and the imbalance in the acyl-CoA 
synthetase-lysoPE :acyltransferase system in the diabetic 
state indicate that  glomeruli cannot counteract the abnor- 
mal FFA composition in diabetic serum at the level of 
uptake of FFA into the tissue and in fact may make it 
worse. 

The mechanism of the imbalance in PE synthesis is 
not clear. In preliminary experiments, we found that  the 
PE and Sph contents affect the enzyme activities in 
different ways with different substrate fa t ty  acids. Pos- 
sibly microenvironments of the enzyme and substrates 
may be important;  we are now examining this possibility. 

The changes observed in the phospholipids of diabetic 
glomeruli could affect either membrane functions or 
eicosanoid metabolism. The decrease in the proportion of 
PE, the increase in tha t  of Sph and the decrease in double 
bonds of fa t ty  acids in phospholipids could all result in 
decreased fluidity of glomerular cell membranes {5,26,27). 
Mead (28) reported that  membrane proteins are easily 
released from membranes in these conditions, with conse- 
quent decrease in integrity of the membranes. 

AA released from phospholipids was reported to be 
metabolized through the cyclooxygenase and lipooxy- 
genase pathways in glomeruli (29-31}. The syntheses of 
prostaglandins are affected not only by enzymes such as 
phospholipase and cyclooxygenase, but  also by the AA 
content of phospholipids (32). Although several roles of 
prostaglandins in glomeruli, such as inhibition of platelet 
aggregation in glomerulonephritis (33) and regulation of 
angiotensin metabolism (34), have been proposed, little is 
known about the roles of these metabolites in formation 
of diabetic nephropathy. Rogers and Larkins (35) reported 
that  the productions of PGI  2 and PGE2 from endogenous 
AA were not decreased in the glomeruli of diabetic rats 
after 5 wk, in spite of a decrease in AA in phospholipids 
(5). I t  is not known whether PG synthesis decreases in 
the late stage. The decrease in AA in diabetic glomeruli 
was mainly in tha t  of PE at 10 mo {]'able 5). The origin of 
AA is not known; if PC is the main source of AA, no 
changes of PG may occur, but  if PE is the main source of 
AA, then PG production may decrease. The glomeruli 
used in this work could contain various cell populations, 
such as endothelial, mesangial and epithelial cells. If AA 
in phospholipids and the release of AA from phospholipids 
were decreased in endothelial cells, the production of 
PGI2 should decrease, thus facilitating thrombus forma- 
tion {36). Further  investigations are needed to correlate 
our data with results on diabetic nephropathy. 
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After administering the equivalent of 1 g of eicosapen- 
taenoic acid (EPA) in four different chemical forms, the 
kinetics of EPA incorporation into plasma triglycerides 
(TG) were compared by gas liquid chromatography on a 
capillary column following separation of the lipid fraction 
by thin layer chromatography. 

EPA incorporation into plasma TG was markedly smaller 
and later when EPA was administered as an ethyl ester 
rather than as EPA free fatty acid, EPA arginine salt or 
1,3-dioctanoyl-2-eicosapentaenoyl glycerol (2-EPA}. Our 
results and the data in the literature are compatible with 
the hypothesis  that 2-EPA is absorbed with minimum 
hydrolysis and escapes random distribution between the 
other positions of the glycerol molecule during the absorp- 
tion process. 
Lipids 22, 711-714 (1987). 

Dietary fat modification is now considered to be an effec- 
tive tool for modifying the phospholipid fatty acid compo- 
sition of cell membranes, especially in blood platelets. 
The effect of dietary manipulation and the metabolism of 
polyunsaturated fatty acids (PUFA) have been extensively 
studied in the aim of influencing the physiological re- 
sponses mediated by the oxygenated metabolites of the 
eicosapolyenoic acid cascade. 

Several studies have been devoted to the action and 
metabolism of eicosapentaenoic acid (EPA) in animals or 
in man, especially its antithrombotic effect (1-7). Owing 
to the greater stability of esterified PUFA vs free fatty 
acids, and to the potential toxicity of methanol released 
by methyl ester hydrolysis, many of the studies concern- 
ing dietary manipulation with EPA have used the ethyl 
ester of this acid, as in a recent study by Tamura et al. 
(8). However, some data in the literature raise questions 
about the relative difficulty of its hydrolysis by pancre- 
atic lipase (9-11); this difficulty could result in some 
impairment of its subsequent intestinal absorption. 

For this reason, we compared in this study the kinetics 
of EPA incorporation into plasma triglycerides (TG) in 
man after ingestion of four chemical forms of EPA: ethyl 
ester, free fatty acid, arginine salt and triglyceride (1,3- 
dioctanoyl-2-eicosapentaenoyl glycerol [2-EPA]). The kinet- 
ics of this incorporation after EPA ethyl ester ingestion 
differed strikingly from the kinetics following ingestion 
of the three other forms. 

MATERIALS AND METHODS 

Reagents. Free fatty acid, arginine salt, ethyl ester of 
EPA and 2-EPA of pure analytical grade were generously 

*To whom correspondence should be addressed at Laboratoire 
de Biochimie A, Institut de Biologie, Bd Henri IV, 34000 
Montpellier, l%ance. 
Abbreviations: PUFA, polyunsaturated fatty acids; AA, arachi- 
donic acid; EPA, eicosapentaenoic acid; 2-EPA, 1,3-dioctanoyl- 
2-eicosapentaenoyl glycerol; EP, eicosapentaenoate; TG, tri- 
glyceride. 

provided by Roussel-Uclaf Laboratories (Romainville, 
France). 

The purity of the chemical forms was checked by gas 
chromatography-mass spectrometry; when useful, this 
was completed by NMR spectroscopy. 

Organic solvents, hexane (Uvasol), chloroform, metha- 
nol, inorganic compounds and 2',7'-dichlorofluorescein 
were from E. Merck (Darmstadt, FRG). The lipid and 
fatty acid standards were from Fluka (Buchs, Switzerland) 
or Sigma Chemical Co. (St. Louis, MO). 

Experimental protocol. Eight normal volunteers, 25-29 
years of age, were given the equivalent of 1 g of EPA per 
os at 8 a.m. after an overnight fast; immediately after- 
ward they ate a light lipid-free breakfast. Under the same 
conditions, four of the subjects received the four chemical 
forms of EPA, each form taken at subsequent 1-wk 
intervals. The other four received only two forms, the free 
fatty acid and 2-EPA. 

Blood samples (7 ml on ethylene diamine tetraacetate) 
were taken 0, 1, 2, 3, 4, 5, 6, 9, 12 and 24 hr after EPA 
ingestion. At 6 and 12 hr the samples were taken just 
before meals of low lipid content, and at 0 and 24 hr after 
an overnight fast. 

Analytical methods. Plasma lipids were extracted by 
chloroform/methanol according to the method of Folch et 
al. (12). The lipid classes were separated by thin layer 
chromatography on Kieselgel 60 F 254 (Merck) using 
hexane/diethyl ether/acetic acid (80:20:1, v/v/v) as the 
developer. The lipid fractions were detected under UV light 
after spraying the plates with 2',7'-dichlorofluorescein. 
The TG fraction was scraped from the plates and transes- 
terification was performed for 30 min at 80 C in methanol/ 
sulfuric acid (19:1, v/v) without extraction from the gel. 
The methyl esters extracted with hexane were analyzed 
by gas liquid chromatography using a Fractovap 2900 
(Erba Science) chromatograph, FFAP capillary columns 
(25 m • 0.32 mm) and a flame ionization detector at 250 
C. The injection temperature was 230 C, and the oven 

E P A I A A  x 1 0 0  

150 

O 1 2 3 4 5 6 7 8 g 10 11 12 24 Hr. 

Fig. 1. EPA/AA x 100 ratio variation in plasma TG; mean 
value (• SEM) after ingestion of 1 g of EPA in the form of 
2-EPA (�9 free EPA (&), arginine EP (e) and ethyl EP (A). 
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was p rog rammed  to increase the t empera tu re  10 C / m i n  
from 50 C to 150 C, and  then  2 C / m i n  from 150 C to 200 
C. The esters were ident if ied by  their  re ten t ion  t imes  
with respect  to pure f a t ty  acid s t anda rds .  The rela- 
t ive p ropor t ions  of EPA and  a rach idonic  acid (AA) 
were evaluated  us ing  a digi ta l  in tegra to r  (I .C.A.P-5 or 
Spectra-physics  ). 

RESULTS 

After  I g EPA was ingested,  i ts  absorp t ion  was followed 
by  subs t an t i a l  incorpora t ion  in to  p l a sma  TG character- 
ized by  a rise in the rat io of EPA to A A  in the p lasma 
lipid fraction. The different absorp t ion  rates  of EPA as 
given in the four different chemical  forms were es t ima ted  
from the cor responding  var ia t ions  of the ratio of EPA to 
A A  in p l a sma  TG. 

Figure 1 compares  the var ia t ion  of the mean  values  of 
the ratio of EPA to A A  in p lasma TG after  inges t ion  of 
the four different chemical  forms. There is a s t r ik ing  
difference a m o n g  the kinet ics  observed af ter  admin is t ra -  
t ion  of EPA as ethyl  ester  and  the three other  chemical  
forms. W h e n  admin i s te red  as ethyl  ester, the rise of EPA 
in  p l a sma  TG was abou t  three t imes  less and  occurred a t  
least  3 hr la ter  t h a n  with the three other  chemical  forms. 

The difference between EPA ethyl  ester  and  the other  
forms is s ta t i s t ica l ly  s igni f icant  (p < 0.05 a t  5 and  6 hr), 
as is the increase in E P A / A A  after  ethyl  ester  inges t ion  
(p < 0.05 a t  5, 6 and  9 hr. vs control  a t  0 hr). 

Tables 1-4 detai l  the ind iv idua l  var ia t ions  of the rat io 
of EPA to A A  in p lasma TG after  inges t ion  of the four 
different chemical  forms of EPA. 

After  inges t ion  of an a m o u n t  of the TG 2-EPA equiva- 
lent  to 1 g of EPA, the ratio of EPA to A A  increased in all 
e ight  subjec ts  (Table 1 ). The m a x i m u m  (3 to 10 t imes  the 
basa l  value) was observed 4 or 5 hr after  inges t ion  of TG. 
The m a x i m u m  of the mean  values  (four to five t imes  the 
mean  basa l  value) was observed between 4 a nd  5 hr. 

W h e n  the subjec ts  were g iven 1 g of free EPA (Table 
2), the increase in the rat io of EPA to A A  was rapid;  the 
m a x i m u m  occurred a t  3 hr and  reached 5 to 12 t imes  the 
ini t ia l  value (mean value 5.5). 

The var ia t ion  of the ratio of EPA to A A  after  inges t ion  
of an  equiva len t  of 1 g of EPA as arg in ine  sal t  was s imilar  
to t ha t  of 2-EPA; the m a x i m u m  of the m e a n  value is five 
t imes the basal  value and  occurred a t  5 hr. 

Af ter  inges t ion  of the e thyl  ester  of EPA, the rat io of 
EPA to AA in p l a sma  TG rose slowly, and  the m a x i m u m  
of the mean  value was only  two t imes higher  t h a n  the 
basal  value and  was delayed un t i l  9 hr. 

T A B L E  1 

E P A / A A  x 100 Rat io  Variation in P lasma TG After Inges t ion  of 
in the Form of 2 -EPA (X • S E M )  

1 g of E P A  

Time (hr) Subjects Mean • SEM 

2 3 4 5 6 7 8 X 

0 15 22 20 15 15 10 10 12 15 • 1,5 
2 37 15 15 12 25 21 • 4,6 
3 42 50 15 10 25 28,5 • 7,7 
4 50 48 150 27 65 50 25 25 55 • 14,5 
5 100 140 72 60 50 65 30 30 68 • 13 
6 60 85 56 32 40 70 30 35 51 • 7 
9 90 55 45 50 40 25 15 46 • 9 

12 45 70 60 30 20 20 20 15 35 • 7,4 
24 30 22 15 35 10 25 15 12 21 • 3 

T A B L E  2 

E P A / A A  x 100 Ratio  Variation in P lasma TG After  Inges t ion  of 1 g of free E P A  
tX • S E M )  

Time (hr) Subjects Mean • SEM 

2 3 4 5 6 7 8 X 

0 22 22 20 22 20 22 12 9 17,4 • 2 
2 20 41 45 25 17 30 • 5,6 
3 172 140 131 100 65 25 30 95 • 21 
4 52 250 62 68 65 145 35 37 89 • 26 
5 57 170 56 77 65 95 46 46 76 • 15 
6 107 110 36 47 60 85 55 70 71 • 9,6 
9 83 75 46 50 45 95 50 20 58 • 8,6 

12 55 62 46 50 20 30 20 15 37 • 6 
24 32 52 22 15 10 25 15 12 22 • 3 
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DISCUSSION 

The percentage of AA in plasma TG can be considered 
constant  over the 24-hr period studied here, since this 
fa t ty  acid was not supplied by  food during this period. 
Under these conditions, the kinetics of EPA absorption 
can be est imated from the variation of the ratio of EPA to 
AA in p lasma TG. This method has been used success- 
fully by others (13}. Our results show significant modifi- 
cations of the ratio of EPA to AA in p lasma TG after 
ingestion of the equivalent of 1 g of EPA in different 
chemical forms. 

In spite of several individual variations, common char- 
acteristics clearly appeared, e.g., there was a 5- to 12-fold 
rise in the ratio of EPA to AA in 19 of the 20 experiments  
in which EPA was ingested as TG (2-EPA), free fa t ty  acid 
and arginine salt. However, after ingestion of EPA ethyl 
ester, the ratio of EPA to AA increased only 1.5- to 3-fold 
over the basal  value. This indicates tha t  EPA was less 
incorporated into plasma TG after ingestion of the ethyl 
ester than after  ingestion of the three other forms, but  it 
does not imply tha t  EPA ethyl ester is an ineffective 
therapeutic agent. The rise in the EP A/ AA ratio is statis- 
tically significant at  5, 6 and 9 hr vs control at  0 hr. EPA 
ethyl ester has, in fact, been shown to be able to modify 
platelet function. The results obtained here with EPA 

TABLE 3 

E P A / A A  x 100 Ratio Variation in P lasma T_G After Ingest ion 
of 1 g of E P A  in the Form of Arginine E P  (X • SEM) 

Time (hr) Subjects 

1 2 3 4 

Mean • SEM 

0 22 17 13 15 17 • 2 
2 60 82 71 • 11 
3 70 40 132 81 • 27 
4 60 130 70 76 82,5 • 16 
5 160 90 35 70 89 • 26 
6 85 32 60 75 63 • 11 
9 75 32 45 70 56 • 10 

12 40 20 20 27 • 6,7 
24 21 32 20 23 24 • 2,7 

TABLE 4 

E P A / A A  x 100 Ratio Variation in P lasma TG After Ingest ion 
of 1 g of E P A  in the Form of Ethyl  Ester (X • SEM) 

Time (hr) Subjects 

1 2 3 4 

Mean • SEM 

X 

0 16 16 12 12 14 • 
2 . . . . .  
3 . . . . .  
4 22 21 15 22 20 • 
5 35 32 14 36 28 • 
6 35 30 20 26 28 • 
9 38 32 17 38 31 • 

12 30 25 20 25 • 
24 30 20 18 20 22 • 

1,2 

ethyl ester are in agreement  with data in the literature 
(14), e.g., a twofold rise above the basal level was obtained 
by Nagakawa et al. (5) even after  repeated administrat ion 
and by  Tamura  et al. (14} even after administrat ion of a 
higher dose (3.5 g/day}. 

EPA was less readily incorporated into p lasma TG 
after ingestion of ethyl ester than after ingestion of the 
TG (2 EPA}, free fa t ty  acid or arginine salt. The differ- 
ence could result from impairments  at  the EPA ethyl 
ester hydrolysis step, at  the EPA absorption step or from 
interference with some unknown process involved in the 
PUFA absorpt ion mechanism. EPA is well absorbed 
when given as free fa t ty  acid or arginine salt. The differ- 
ence is possibly the result of poor hydrolysis of EPA 
ethyl ester by pancreatic lipase and a subsequent decrease 
in the incorporation of EPA ethyl ester into the mixed 
micelle. This resistance could result from both the EPA 
and the ethyl components  of the molecule. An unusual  
resistance of the ethyl esters was in fact reported in 1958, 
i.e., the hydrolysis of ethyl oleate was found to be less 
than the hydrolysis of triolein (9), and the hydrolysis of 
ethyl esters was generally less than  the hydrolysis of the 
homologous methyl  esters {10,11). EPA structure is also 
involved in the relatively low susceptibili ty of EPA esters 
to hydrolysis by pancreatic lipase. Hydrolysis of eicosapen- 
taenoyl or docosahexaenoyl glycerides is less than hydroly- 
sis of oleyl glycerides (15,16} even when these fa t ty  acids 
are si tuated at positions 1 and 3 on the triglyceride 
molecule, which are known to be the preferential sites of 
pancreatic lipase action (17}. This resistance has been 
related to the proximity of the first double bond to the 
carboxyl group {17,18). Although the EPA glyceryl or 
docosahexaenoyl glycerol esters are resistant  to hydroly- 
sis by  pancreatic lipase even a t  positions I and 3, the n-3 
docosapentaenoyl glycerol is not {19}. In the last  com- 
pound, five methylene groups separate the ester function 
from the nearest  double bond vs only two or three in the 
other molecules. Thus, A4 and A5 polyunsaturated fa t ty  
acids such as docosahexaenoic, eicosapentaenoic (and 
probably arachidonic) acids are scarcely released from 
their glyceride combinations by  pancreatic lipase. On the 
other hand, A7 fa t ty  acids such as n-3 docosapentaenoic 
acid are readily released by this enzyme and more easily 
available for further  metabolism. A steric hindrance by  
the co methyl  group has also been suggested {16,19} to be 
the cause for the resistance of esters of the other fa t ty  
acids. 

I f  such a resistance to the digestive enzymatic  process 
impairs EPA ethyl ester hydrolysis, the same mus t  hold 
for 2-EPA, especially when the ester bond is a t  position 2, 
which is resistant  to pancreatic lipase. However, in all of 
the subjects studied, EPA incorporation into plasma TG 
was much greater  after ingestion of 2-EPA than of ethyl 
ester. I t  is possible tha t  the absorption of the ethyl ester 
takes place without  prior enzymat ic  hydrolysis. This 
hypothesis  is now under investigation. 
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Sterol and Phospholipid Acyl Chain Alterations in Saccharomyces 
cerevisiae Secretion Mutants as a Function of Temperature Stress 
Christopher Low and Leo W. Parks* 
Department of Microbiology, North Carolina State University, Raleigh, NC 

Analyses  of free sterol, steryl  ester and fat ty  acid com- 
ponents  from yeast  secretion mutants  indicated that free 
and esterified sterol remained relatively constant  over a 
growth range of 24 C to 34 C. The saturated fat ty  acid 
components  {16:0 and 18:0) increased while the un- 
saturated fa t ty  acids (16:1 and 18:1) decreased as the 
growth temperature increased. In secretory mutants ,  
fatty acid composit ion changes are more pronounced than 
in the wild-type strain. A shift toward increased saturated 
and decreased unsaturated fatty acid was  observed when 
cells were subjected to a 2-hr temperature upshift  to 37 C. 
Steady-state  f luorescence anisotropy data indicated that 
modif icat ions  to the lipid component  of yeast  p lasma 
membrane produced lipid thermotropic  transit ions that  
were 3 C to 6 C higher in yeast  cells subjected to thermal 
stress.  
Lip ids  22, 715-720 {1987). 

The yeas t  Saccharomyces  cerevisiae synthesizes and in- 
corporates  ergosterol  and a mixture  of phospholipids 
(sphingolipids, cardiolipin [CL], phosphatidylserine [PS], 
phosphat idyle thanolamine  [PE], phosphatidylcholine 
[PC] and phosphat idyl inosi tol  [PI] into membranes  (1). 
The membrane  lipid composit ion in this yeas t  has been 
shown to be dependent  upon temperature ,  carbon source 
and lipid precursor supplement {1). By using a yeast  sterol 
auxotroph, we have demonst ra ted  coordinated regulation 
of f a t ty  acid and phospholipid composit ion of the yeas t  
p lasma membrane  {2) as a function of exogenous sterol. 
Maintenance of membrane  integr i ty  and stabi l i ty  under  
adverse environmental  s t ress  has been a t t r ibu ted  to the 
presence of sterols in the p lasma membrane  {1,3). The 
stabi l i ty  of membranes  during interact ions with other 
membranes  is impor tan t  to the unders tanding  of the 
mechanisms of membrane  adhesion, fusion, cell division 
and de tachment  (4). 

A body of evidence sugges ts  a common eukaryot ic  pro- 
tein secretory pa thway  tha t  is mediated by membrane-  
bound s t ruc tures  (5,6). The isolation of tempera ture-  
sensit ive secretory {sec} yeas t  m u t an t s  has shown tha t  
synthesis  and secretion of extracellular and periplasmic 
protein are t ight ly  coupled and appears  to follow the 
typical  eukaryot ic  secretory pa thway  {7-9). Yeast  secre- 
tion mu tan t s  are conditionally res t r ic ted in expansion of 
p la sma  membrane.  Restr ic t ion of p lasma membrane  

*To whom correspondence should be addressed at Department of 
Microbiology, Box 7615, North Carolina State University, Raleigh, 
NC 27695. 
Abbreviations: CL, cardiolipin; PS, phosphatidylserine; PE, phos- 
phatidylethanolamine; PC, phosphatidylcholine; PI, phosphatidyl- 
inositol; YNBD, medium containing 0.67% nitrogen base and 2% 
dextrose; DMSO, dimethylsulfoxide; TLC, thin layer chromatog- 
raphy; GLC, gas liquid chromatography; DPH, 1,6-diphenyl-l,3,5- 
hexatriene; FS, free sterol; SE, steryl ester. 

expansion cannot be a t t r ibuted to a cessation of phospho- 
lipid synthesis  or altered phospholipid headgroup com- 
position (10). Since the principal functional role for sterols 
in the p lasma membrane  appears  to be structural ,  it 
seemed appropriate to determine whether any differences 
in sterol metabol i sm as a function of t empera tu re  s t ress  
mediated the defect in membrane  formation.  

MATERIALS AND METHODS 

Strains  and medium.  The s trains  used in this s tudy  
{Table 1) were derived f rom the wild-type s t ra ins  
X2180-1A and X2180-1B (7-9,11). The cells were grown 
on medium containing 0.67% yeas t  nitrogen base and 2% 
dextrose (YNBD); growth was followed turbidimetrical-  
ly using a Kle t t -Summerson  photoelectric colorimeter 
equipped with a green filter. Lipid extracts  from wild-type 
and m u t a n t  yeas t s  cultured without  shif t ing to the 
restr ict ive tempera ture  (37 C) were compared to ext rac ts  
f rom cells tha t  had been incubated for 2 hr at  the restric- 
t ive temperature .  Based on differences in the sterol pat- 
terns found in these strains, a representative set of strains 
displaying the appropr ia te  organelle phenotype  (vesicle, 
Golgi, endoplasmic reticulum and no organelle accumula- 
tion) {8) upon tempera ture  upshif t  was chosen for further 
analysis.  

TABLE 1 

Strain List 

Strains Genotype and organelle accumulated a 

X2180-1A a, CUP1, SUC2, mal, gal2, secretion wild-type, 
temperature-sensitive wild-type and parental for 
HMSF strains 
a, CUP1, SUC2, mal, gal2, secretion wild-type, 
temperature-sensitive wild-type and parental for 
HMSF strains 

X2180-1B 

HMSF1 b secl-1 
HMSF134 sec5-24 
HMSF136 sec6-4 
HMSF143 sec9-4 
HMSF154 seal1-7 
HMSF169 see14-3 
HMSF171 sec15-1 
HMSF175 sec17-1 
HMSF178 sec19-1 

vesicles 
HMSF179 sec2~l 
HMSF180 sec21-1 
HMSF183 sec22-3 
HMSF190 sec23ol 

vesicles c 
vesicles 
vesicles 
vesicles and Berkeley bodies d 
none 
Berkeley bodies and vesicles (10), Golgi (11) 
vesicles 
endoplasmic reticulum and small vesicles e 
endoplasmic reticulum, Berkeley bodies, 
and small vesicles 
endoplasmic reticulum 
endoplasmic reticulum 
endoplasmic reticulum and small vesicles 
endoplasmic reticulum 

aIntracellular membrane bound organelle (6-9,11). 
bGenotype of all HMSF strains except for secretory mutation is a, 
CUP1, SUC2, mal, gal2 (7,8,11). 
cVesicles 80-100 um diameter. 
dBerkeley bodies--membrane-enclosed toroids or cup-shaped struc- 
tures and may be an altered Golgi body (19). 
eVesicles 40-60 nm diameter. 
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Growth conditions. In  t e m p e r a t u r e  upsh i f t  ex- 
periments,  cultures of X2180-1A, HMSF134,  HMSF154,  
HMSF169 and HMSF190 were grown at  24 C to mid-log 
(100 Klet t  units) and the cultures divided in half. One- 
half of each culture was reincubated at 24 C and the other 
half at 37 C for 2 hr. For the 37 C- incubated  cultures, a 
New Brunswick gyrotory water-bath shaker {Model G76) 
{water ba th  preset to 37 C) was used. Thermal equilibrium 
between the yeast  culture medium and the water ba th  was 
reached within 15 min of placing the cultures in this water  
bath.  At  the end of 2 hr, yeas t  cells from the 24 C and 
37-39 C cultures and from stat ionary phase cells cultured 
at  24 C were harves ted  and quantified by  dry weight  for 
lipid analyses and by  wet  weight  for p lasma membrane  
preparat ions.  Tempera ture  profile exper iments  from 
26-40 C were carried out using a gradient  incubator  
(Scientific Industries).  The cells were cultured to sta- 
t ionary phase  on YNBD over a t empera tu re  range  of 
26-40 C, and duplicate 10-ml samples were harves ted  for 
lipid analyses. 

Lipid analyses. For lipid analysis, the cells were 
lyophilized and then either s teamed in the presence of 
dimethylsulfoxide (DMSO) or subjected to alkaline 
saponification (12). In all cases, total  cellular lipids were 
extracted using the procedure of Parks et al. (12). The thin 
layer ch romatography  (TLC) solvent sys t em of Skipski 
and Barclay (13) was used to separate  the extracted lipid 
components.  The free sterols and sterol from steryl esters 
(saponified with 6% KOH in methanol,  2 hr, 80 C, and 
hexane extracted) were quan t i t a ted  by  gas liquid 
chromatography  (GLC) [Applied Science Labs (Deerfield, 
IL), 3% SE-30, 235 C, N2 carrier gas flow rate  of 20 ml 
min-'] (12). Phospholipids were extracted from TLC plates 
with chloroform/methanol  (1:1, v/v) and rechromato-  
graphed using a two-dimensional TLC sys t em (14). The 
fa t ty  acid components  of each phospholipid species were 
conver ted to their  methyl  ester  equivalents  (15,16) and 
then separa ted  by GLC (Supelco 10% DEGS,  175 C, N2 
carrier gas flow rate  of 20 ml min-'). 

Fluorescence anisotropy. For s teady s ta te  fluorescence 
anisotropy studies, p l a sma  membranes  f rom yeas t  cul- 
tures were prepared using the Oerskovia xanthineolytica 
lyt icase enzyme as described by B o t t em a  et al. (17). 
S teady-s ta te  fluorescence anisot ropy changes were 
measured with an SLM ins t rument  series 8000 spectro- 
f luorimeter us ing the lipophilic probe 1,6-diphenyl-l,3,5- 
hexatriene (DPH) (18). The s teady-s ta te  polarization was 
calculated from the equat ion P = (R - 1)/(R + 1), and 
by subst i tut ion of R = I1,/I, into r~ = (1,, - I,)/(I,, + 2I,) 
the s teady-sta te  fluorescence anisotropy was determined. 
Here, I,, and I, are the intensities of parallel and perpen- 
dicular polarized light, respectively. At  each tempera ture  
point, triplicate measurements  of the total  photon counts 
were taken (>2 • 10 ~ photons  counted per da ta  point  
measurement  for stat is t ical  relevance). Tempera ture  was 
determined within +0.5  C and absorbance (460 nm} was 
less than  0.40 for all samples  tha t  contained D P H  at a 
concentrat ion of I t~M in 10 mM Tris, 1 mM E D T A  bur- 
fer, at  pH 6.8. A linear least squares fit was used in deter- 
mining the fluorescence anisotropy plot discontinuities. 

Materials. D P H  was purchased from Sigma Chemical 
Co. (St. Louis, MO). Solvents were from Fisher Scientific 
(Springfield, N J) and were redistilled prior to use. Culture 
media and supplies were f rom Difco (Detroit, MI). A 

Varian 2700, a Hewle t t -Packard  5890A gas-liquid chro- 
m a t o g r a p h  and a Beckman  model 332 gradient  liquid 
chromatograph  were coupled to an IBM CS-9000 labora- 
tory instruments computer and used for all GLC and high 
performance liquid ch romatography  (HPLC} analyses. 

RESULTS 

Screening of secretion mutants for altered sterol 
metabolism. Growth  exper iments  (Fig. 1) showed tha t  
t empera tu re  sensi t ivi ty  was detectable  in the mu tan t s  
after  2 hr of incubation at  37 C. The s t rains  were in- 
oculated into fresh medium and allowed to grow at 24 C 
until  they reached 100 Klet t  units. At  tha t  time, each 
culture was shifted to 37 C for 2 hr, and the t empera tu re  
was returned to 24 C. All of the mu tan t s  showed growth 
ra te  reductions following t empera tu re  upshift .  By con- 
ducting the temperature  downshift (37 C to 24 C}, we were 
able to determine tha t  these cells did not recover f rom 
thermal  s t ress  by  re turning to the original log phase  
growth ra te  in the same ba tch  culture. 

In one strain (HMSF134}, it was noted that  intracellular 
free sterol (FS) and s teryl  ester  (SE) levels were com- 
parable  to tha t  found in the wild-type (X2180-1A) when 
this s t ra in was grown to s t a t ionary  phase  at 24 C. In- 
tracellular SE (detected by  GLC sterol analysis  of the 
saponified SE fraction) did not accumulate  under  condi- 
t ions of a t empera tu re  upshif t  as did the other represen- 
ta t ive  strains, as evidenced by  the high FS to SE rat io 
(FS/SE} (Table 2). Other secretion mutants ,  like the wild- 
type,  began to accumulate  SE after  t empera tu re  upshif t  
to 37 C. There were no large interstrain differences in total  
sterol between wild-type and the secretion mutan t  strains 
tes ted when cultured under the same t empera tu re  
regimen (Table 3}. For cells grown to s ta t ionary  phase, 
the range of to ta l  sterol was 0.4 to 0.6 ~g 108 cells-' 
{Table 3). A two- to fivefold increase in to ta l  sterol con- 
t en t  was found in s t ra ins  X2180-1A, HMSF154,  
HMSF169 and HMSF190 cultured to midexponent ial  
phase  without  t empera tu re  upshif t  compared  to to ta l  
sterol values for conditions of t empera ture  upshif t  (37 C) 

500 

200 
" v  

100 

X2180-1A a ~1:34 m I-IMSI=I~ /A + 

+ HtCTISg ~ I~SFI90 " ~ J = i "  

Time [Hrs) 
FIG. 1. Dual temperature shift growth of secretion mutants.  Cells 
were cultured on yeast  nitrogen base with dextrose to 100 KLett 
units at 24 C, then shifted to 37 C for 2 hr. The time period of the 
temperature upshift for each strain starts at 100 Klett units. 
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(Tab le  3). I n  ce l l s  s u b j e c t e d  t o  t e m p e r a t u r e  u p s h i f t ,  t h e  
t o t a l  s t e r o l  c o n t e n t  r a n g e d  f r o m  0.4 to  0 .9  ~g  108 ce l l s - ' ,  
an  a m o u n t  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  ce l l s  g r o w n  
to  s t a t i o n a r y  p h a s e  (Tab le  3}. 

W h e n  s t e r o l s  w e r e  c o m p a r e d  b y  cel l  n u m b e r  (t~g s t e r o l  
108 cells),  t h e  d a t a  for  H M S F 1 3 4  s h o w e d  F S / S E  r a t i o s  
of  9 a n d  12 in  m i d - l o g  t e m p e r a t u r e - u p s h i f t e d  a n d  non-  
t e m p e r a t u r e - s h i f t e d  cu l tu r e s ,  r e s p e c t i v e l y  (Table  2). Cells  
q u a n t i t a t e d  b y  d r y  w e i g h t  s h o w e d  F S / S E  r a t i o s  of  10 a n d  
12.5 w h e n  c u l t u r e d  u n d e r  t h e  s a m e  c o n d i t i o n s  ( d a t a  
n o t  shown) .  T h e  F S / S E  r a t i o s  (mid- log,  t e m p e r a t u r e  
u p s h i f t e d )  for  X 2 1 8 0 - 1 A ,  H M S F 1 5 4 ,  H M S F 1 6 9  a n d  
H M S F 1 9 0  r a n g e d  f r o m  0.7 t o  3.0 a n d  w e r e  a t  l e a s t  
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t h r e e f o l d  l o w e r  t h a n  t h a t  for  H M S F 1 3 4  (Table  2). S i m i l a r  
v a l u e s  of  F S / S E  w e r e  o b t a i n e d  w h e n  d r y  w e i g h t  d e t e r -  
m i n a t i o n s  w e r e  u sed ,  0.6 to  2.7 fo r  all  t e s t e d  s t r a i n s  ex-  
c e p t  H M S F 1 3 4 ,  w h i c h  h a d  an  F S / S E  r a t i o  of  10 (da ta  n o t  
shown) .  

Temperature profile of secretion mutant lipids. A n a l y s i s  
of  t h e  F S  a n d  S E  b y  G L C  r e v e a l e d  t h a t  w h e n  t h e s e  
s t r a i n s  w e r e  c u l t u r e d  b e t w e e n  2 6 - 3 4  C, t h e  ce l ls  h a d  
m e a s u r a b l e  l e v e l s  of  S E  a n d  F S  (Tab le  4). T h e  m a x i m u m  
v a l u e s  for  f ree  s t e r o l  (2.8, 1.0, 0.9, 1.1 a n d  0.8 ~g r ag - '  d r y  
wt)  o c c u r r e d  b e t w e e n  30 C a n d  34 C a n d  w e r e  fo r  
X 2 1 8 0 - 1 A ,  H M S F 1 3 4 ,  H M S F 1 5 4 ,  H M S F 1 6 9  a n d  
H M S F 1 9 0 ,  r e s p e c t i v e l y .  T h e  F S / S E  r a t i o  for  H M S F 1 3 4  

TABLE 2 

Secretion Mutants  and Parental Wild-Type Free 
and Esterified Sterol 

Free sterol (t~g sterol 1 X l0 s cells ') 

Wild-type Vesicles a None a Golgi a ER a 
X2180-1A HMSF134 HMSF154 HMSF169 HMSF190 

Ratio free sterol {FS) to steryl ester (SE) (FS/SE) 

sta nts b 1.3 2.0 2.0 2.0 1.5 
ml nts c 14.0 12.0 3.5 2.8 3.3 
ml ts d 0.7 9.0 0.8 3.0 0.7 

These cells were lyophilized and steamed in 100% dimethylsulfox- 
ide. The results are from triplicate samples with less than 5 % error. 
aAccumulated structures on temperature upshift. 
bsta nts--Stat ionary phase, no temperature shift. 
Cml nts--Mid-exponential growth phase, no temperature shift. 
dml ts--Mid-exponential growth phase, temperature shift to 37 C. 

TABLE 3 

Total  Sterol in Secretion Mutants  and the Parental Wild-Type 

t~g sterol 1 X 108 cells ml-' 

Wild-type Vesicles a None a Golgi a ER a 
X2180-1A HMSF134 HMSF154 HMSF169 HMSF190 

sta nts b 0.4 0.4 0.6 0.5 0.5 
ml nts c 1.6 1.3 2.0 2.0 1.1 
ml ts d 0.5 0.9 0.6 0.4 0.5 

Total sterols from different classes of secretion mutants (~g sterol 
1 X 10 s cells-') obtained by alkaline pyrogallol saponification (12). 
The results are from triplicate samples with less than 4% error. 
aAccumulated structures on temperature upshift. 
bsta nts--Stat ionary phase, no temperature shift. 
Cml nts--Mid-exponential growth phase, no temperature shift. 
dml ts--Mid-exponential growth phase, temperature shift to 37 C. 

TABLE 4 

Sterol Temperature Profile for Secretion Mutants  and Parental Wild-Type 

Temperature (C) 

26 28 30 32 34 36 38 40 

Strain X • SD X •  SD X • SD X • SD X +_ SD X • SD X • SD X • SD 

Free sterol (t~g sterol mg-' dry weight} 

X2t80-1A 1.7 0.5 2.3 0.1 2.8 0.1 3.2 0.4 2.3 0.1 1.4 0.1 1.0 0.1 0.5 0.1 
HMSF134 0.6 0.1 0.6 0.1 0.6 0.3 0.7 0.2 1.0 0.1 nd a nd nd nd nd nd 
HMSF154 0.8 0.1 0.8 0.1 0.9 0.1 0.9 0.1 nd nd nd nd nd nd nd nd 
HMSF169 0.8 0.1 0.9 0.1 1.1 0.1 0.8 0.1 0.3 0.1 0.3 0.1 nd nd nd nd 
HMSF190 0.7 0.1 0.7 0.1 0.8 0.1 0.4 0.1 nd nd nd nd nd nd nd nd 

Steryl ester (t~g sterol mg-' dry weight) 

X2180-1A 0.4 0.1 0.5 0.2 0.5 0.1 0.3 0.1 0.2 0.1 nde nde b nde nde nde nde 
HMSF134 0.6 0.1 0.9 0.1 0.8 0.1 1.3 0.4 1.1 0.2 nd nd nd nd nd nd 
HMSF154 0.7 0.1 0.7 0.2 1.0 0.2 1.2 0.1 nd nd nd nd nd nd nd nd 
HMSF169 0.6 0.1 1.4 0.1 1.3 0.1 1.1 0.1 0.4 0.1 nde nde nd nd nd nd 
HMSF190 2.0 0.1 2.3 0.1 2.1 0.1 1.3 0.1 nd nd nd nd nd nd nd nd 

Each strain was incubated in individual cultures over the temperature range of 26-40 C and harvested at 24 hr into stationary phase. 
Above the strain-specific restrictive temperature, these strains did not grow (nd). In the case of X2180-1A, free sterol was measured for 
the entire range of 26-40 C; however, steryl ester was not detected by GLC above 36 C (nde). 
and: Not determined--cells did not grow at these temperatures. 
bnde: No detectable ester. 
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observed under these conditions ranged from 1.0 to 0.9 
for growth between 26 and 34 C, respectively. Analysis 
of total fat ty acids from cells cultured to stationary (no 
temperature shift), mid-log (no temperature shift) and 
mid-log (with subsequent temperature shift) did not reveal 
any significant interstrain differences (data not shown), 
Comparative analyses of the fatty acids from cultures 
grown to stationary phase at different temperatures 
showed modifications to saturated and unsaturated fatty 
acid components (Figs. 2A-D). As the temperature in- 
creased (Figs. 2A and B), the content of 16:0 (except for 
HMSF190) and 18:0 (except in the wild-type) increased 
until a growth temperature just less than the restrictive 
temperature was reached. When the temperature was 
restrictive, there was a two- to threefold increase in the 
amount of 16:0 in the secretion mutant and wild-type 
(grew at 40 C) strains (Figs. 2A and B). For the 18:0 com- 
ponent, the increase was not as pronounced except for 
HMSF134. The 16:1 and 18:1 (except HMSF190) com- 
ponents decreased as the growth temperature increased, 
and when a growth temperature just below the restric- 
tive temperature was reached, there was a large decrease 

in the amount of 16:1 and 18:1 (Figs. 2C and D). In each 
case, the sensitivity of the secretory mutants to 
temperature upshift was more pronounced than the 
wild-type. 

Effect of temperature on secretion mutant  plasma mem- 
branes. Analysis of the steady-state fluorescence 
anisotropy for plasma membrane preparations showed 
that in each strain--X2180-1A (wild-type parental), 
HMSF134, HMSF154, HMSF169 and HMSF190--there 
was a discontinuity in the plots for strains not subjected 
to a temperature upshift (Fig. 3). However, under condi- 
tions of temperature upshift, HMSF134 plasma mem- 
brane preparations showed no discontinuity, while the 
plots for X2180-1A, HMSF154,  HMSF169 and 
HMSF190 displayed a discontinuity similar to that for 
non-temperature-upshifted cells (Fig. 4). In each case, ex- 
cept for HMSF134, the temperature at which the discon- 
tinuity in the fluorescence anisotropy plot appears is at 
a high temperature (3-6 C) for plasma membrane isolated 
from temperature-upshifted cells compared to plasma 
membrane from cells cultured at 24 C. The temperature 
at which these discontinuities appear (33-36 C in non- 

A 55 

45 

o 
t -  

25 

m 15 
n 

I(] 
24 

:x.212 :=2 /~ 

/ o 
2P-" o/ 

Growth Temperoture (C) 

55 
B 
-Sm 
O 
a: 45 

LL 

35 

2 3o 

O 

O_ 

o X2180-IR A I-MSFI34 

�9 HI4SFI~ * 1414SI=I~ 

o H I ~ I ~  

Growth Temperoture  (C) 

C 
45 

G 

m 
LL 

25 

o Z0 

o 
| 5 

O- 

o • ,, ~134 ,, u ~154 

I-INSFI89 + 1-14SFI~ / 
i 

/ 

D 
55 

o X2180-1A ,'. HMSFI34 [] HMSFI54 

5 
a: 45 

LL 

p-. 

0 
k_ 
m 15 

I0 
24 

I 14149=181) + I'IM~clgO 

\ 

Growth Temperature (C) Growth Temperature (C) 

FIG. 2. Fatty acids in secretion mutants and the parental wild-type. Individual cultures were grown to stationary phase on yeast nitrogen 
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STEROL AND ACYL CHAIN 

temperature-shifted cells, and 36-42 C in temperature-  
upshifted cells) is above the optimal growth temperature  
range of 28-32 C for S. cerevisiae. 

D I S C U S S I O N  

In yeast  cells wild-type for ergosterol and sterol biosyn- 
thesis but  conditionally defective for secretion properties, 
no large increase or decrease in total  sterol content  was 
observed in cells cultured to s ta t ionary phase {Table 3). 
There was, however, an increase followed by  a decrease 
in intracellular FS and SE mg-'  dry wt {Table 4) as the 
growth tempera ture  increased to 32 C. The observation 
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FIG. 3. Fluorescence  an isotropy  of p la sma  membrane  from secre- 
t ion m u t a n t s  (24 C). Plasma m e m b r a n e s  were  i so lated  from secre- 
t ion m u t a n t s  cultured at 24 C to mid-log phase. The wi l d type  
(X2180-1A) is shown for comparison  over the  range  of 12 to 42 C. 
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FIG. 4. Fluorescence  an isotropy  of p la sma  membrane  from secre- 
tion m u t a n t s  (37 C). Plasma membranes were  i so lated  from secre- 
tion m u t a n t s  cul tured at 24 C to mid-log phase, then temperature  
upshifted to 37 C for 2 hr before harvesting. The wild-type (X2180-1A) 
is shown for comparison over the range of 12 to 42 C. For HMSF134, 
HMSF154, HMSF169 and HMSF190, the data  points  nearest  the  
ordinal axis  are a lmos t  coincident.  
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ALTERATIONS IN YEAST 

tha t  these maxima for FS and SE content  occur at dif- 
ferent temperatures  in different strains may  indicate a 
strain-related specificity for optimal lipid content  as a 
function of growth temperature.  Ramirez et al. have 
shown that  under conditions of temperature  stress, the 
yeas t  secretion mutan ts  do not appreciably alter the 
phospholipid head group composition (10). Instead, we 
found tha t  these yeasts  modify the fa t ty  acids at tached 
to the membrane phospholipids. These changes in fa t ty  
acids reflect the increased sensit ivity of the secretory 
mutants  to thermal stress. The predominant changes ap- 
peared to be the fa t ty  acids {Figs. 2A-D). The saturated 
fa t ty  acids {16:0 and 18:0) increased while the unsaturated 
fa t ty  acids either decreased {16:1) or remained unchanged 
(18:1). However, analyses of total  fa t ty  acids by chain 
length and unsturat ion showed larger fluctuations at a 
tempera ture  jus t  below the restrict ive temperature  in 
each different class of secretion mutan t  as well as the 
wild-type (X2180-1A). This may reflect cellular loss of 
regulatory function for membrane composition at tha t  
particular temperature. Based on the data presented here, 
modifying the fa t ty  acid chain length and unsaturat ion 
appears to be the preferred method of maintaining plasma 
membrane integrity for growth at different temperatures 
when the sterol s t ructure  is fixed {yeasts wild-type for 
sterol synthesize only ergosterol as a normal end product). 
Comparing the total fa t ty  acids {data not shown) with the 
sterol analyses {Table 4) indicated tha t  the secretion 
mutants  tested do not have an altered sterol biosynthetic 
metabolism that  produces the membrane synthesis defect 
{cessation of membrane growth). Conceptually, this 
means tha t  even when the yeast  secretion mutants  are 
conditionally blocked from new plasma membrane syn- 
thesis, they still produce lipid components that  can poten- 
tially modify the plasma membrane for growth under 
temperature stress. These new plasma membrane precur- 
sors are not incorporated into existing plasma membrane 
when thermal  stress is applied and the cell membrane 
ceases to grow. Therefore, when the plasma membrane 
preparations from temperature-stressed cells were ex- 
amined, they reflected an increase in the tempera ture  at 
which the discontinuity occurred. This is due to the in- 
herent mixing of the existing plasma membrane and 
potential  new membrane lipid components.  This also 
would occur in the non-temperature-shifted cells, but since 
these cells were not temperature-stressed,  the potential  
new membrane lipid components  would not contain 
subunits optimal for growth at a higher temperature  and 
would thus have a fluorescence anisotropy discontinuity 
at a lower tempera ture  {Fig. 3). 

In the fluorescence anisotropy plot {Fig. 4), no discon- 
t inui ty  for HMSF134 was observed when the plasma 
membrane sample was from temperature-stressed cells, 
while in HMSF134 which had not  been temperature-  
stressed, there was an observed discontinuity. The fact 
tha t  no discontinuity was observed may be due to main- 
tenance of a large FS pool ra ther  than shunt ing FS into 
SE during temperature stress in this HMSF134 (Table 2). 
The vesicle membranes accumulated in HMSF134 may 
be enriched in FS tha t  is not  shunted into SE. Sterol 
enrichment of vesicle membrane {nascent plasma mem- 
brane at the permissive temperature} may produce larger 
f luctuations in f a t ty  acid species to compensate for FS 
enrichment of nascent membrane. Inherent in the plasma 
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m e m b r a n e  p r e p a r a t i o n  procedure  is mix ing  of p re -ex i s t ing  
and  nascen t  {vesicle} p l a s m a  membrane .  This  m i x i n g  m a y  
p r o d u c e  a mod i f i ed  p l a s m a  m e m b r a n e  in which  we 
obse rve  the  s t r a i g h t  l ine p lo t  for  H M S F 1 3 4 .  The  m i x i n g  
of p r e - e x i s t i n g  and  n a s c e n t  m e m b r a n e  is a c t u a l l y  an  ad- 
v a n t a g e  b e c a u s e  i t  g ives  an overa l l  d i s t i n c t i o n  b e t w e e n  
pre-ex is t ing  p l a s m a  m e m b r a n e  and  na scen t  m e m b r a n e  op- 
t i m i z e d  for g r o w t h  a t  t he  p e r m i s s i v e  t e m p e r a t u r e ,  com- 
p a r e d  to  p r e e x i s t i n g  p l a s m a  m e m b r a n e  Iop t imized  for 
g r o w t h  a t  24 C) m i x e d  w i t h  n a s c e n t  p l a s m a  m e m b r a n e  
op t imized  for the  r e s t r i c t i ve  t empe ra tu r e .  H M S F 1 3 4 ,  l ike 
t he  o the r  s t r a i n s  t e s t ed ,  modi f i e s  t he  f a t t y  ac id  c o n t e n t  
of i t s  se t  of p h o s p h o l i p i d s  iFig.  2A-D}.  D u r i n g  a 
t e m p e r a t u r e  upsh i f t ,  t he  a l t e r ed  f a t t y  ac id  c o m p o s i t i o n  
and  a d d i t i o n a l  F S  ava i l ab l e  m a y  be  suf f ic ien t  to  p r e v e n t  
loss  of m e m b r a n e  i n t e g r i t y  m e a s u r e d  as  a d i s c o n t i n u i t y  
in t he  f luorescence  a n i s o t r o p y  plot .  The  o b s e r v e d  discon- 
t i nu i t i e s  in the  f luorescence  a n i s o t r o p y  p lo t s  {Figs. 3 and  
4) were  d e t e r m i n e d  b y  a l e a s t  squa re s  f i t  of t he  ap- 
p r o p r i a t e  d a t a  p o i n t s  so t h a t  the  c a l c u l a t e d  g o o d n e s s  of 
f i t  va lue  (r) was  >0.99. 
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Cyclic Fatty Esters: Hydroperoxides from Autoxidation 
of Methyl 9-(6-Propyl-3-Cyclohexenyl)-(Z)8-Nonenoate 
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Autoxidat ion  of the cyclic fa t ty  acid ester, methy l  
9-(6-propyl-3-cyclohexenyl)-(Z)8-nonenoate (I) was investi- 
gated to characterize the hydroperoxide isomers formed 
and to provide basic information on their chemistry,  
detection and effect  on the quality of polyunsaturated  
cooking oils. Oxidation at 60 C with 1% hydroperoxide 
initiator produced a monohydroperoxide fraction contain- 
ing five positional isomers (7-, 11-, 12-, 13- and 14-OOH), 
resolved by high performance liquid chromatography,  as 
their allylic hydroxy  esters. Their structures were 
establ ished by 1H- and 13C-NMR spectroscopy and by 
capillary gas c h r o m a t o g r a p h y - m a s s  spectrometry  (GC- 
MS) as tr imethyls i ly l  ether derivatives.  Two additional 
i somers  (8- and 9-OOH) were detected by GC-MS in only 
trace (<1%) quantities.  Capillary GC resolved some 
geometric  and stereoisomers,  as well  as posit ional  
isomers. Compared to photosensitized oxidation, two ad- 
ditional positional isomers (11- and 14-OOH) were pro- 
duced by autoxidation.  More stereoisomers were formed, 
and oxidation of the ring double bond was  favored 8:1 
over that of the side chain. This select ivi ty  m a y  be at- 
tributed to greater steric hindrance for oxygen  at tack at 
the side-chain double bond. A free radical mechanism is 
proposed to explain the greater isomeric complexity of 
the hydroperoxide products compared to photosensit ized 
oxidation. 
Lipids 22, 721-730 (1987). 

Research on the autoxidation of fats is of worldwide in- 
terest because of nutritional, safety, storage and other 
economic problems resulting from the oxidative deteriora- 
tion of fats, particularly those high in polyunsaturated 
fatty acids. Current understanding of the chemistry of 
autoxidation of fats has been reviewed recently in detail 
(1,2). When unsaturated fatty acids in vegetable oils 
undergo thermal oxidation in air, the primary oxidation 
products, monohydroperoxides, are formed relatively 
rapidly, and then react further to yield a variety of polar, 
secondary oxidation products, including dimers, poly- 
mers, volatile and nonvolatile degradation products (3,4). 

One aspect of lipid research that has not received much 
attention is the oxidation of cyclic fat ty acids ICFA). 
Methods are still needed to detect and characterize 
specific CFA and their reaction products. Previously, we 
synthesized and characterized a homologous series of 
CFA of known structures expected in heat-abused fats 
(5). We later prepared and characterized methyl 9-(6- 
propyl-3-cyclohexenylHZ)8-nonenoate lI) and its hydro- 
genated derivatives t6), selected triglycerides (7) and 

*To whom correspondence should be addressed. 
Abbreviations: GC-MS, gas chromatography-mass spectrometry; 
CFA, cyclic fatty acids; CFAME, cyclic fatty acid methyl ester; 
NMR, nuclear magnetic resonance; HPLC, high performance liquid 
chromatography; COSY, correlated spectroscopy; TLC, thin layer 
chromatography; TMS, trimethylsilyl ether; DEPT, distortionless 
enhancement by polarization transfer; EI, electron impact; IS, 
hydrogenated, saturated isomers of I. 

primary photosensitized oxidation products (8). In this 
paper we report the isolation and characterization of the 
hydroperoxides formed by free radical autoxidation of the 
cyclic ester I. 

MATERIALS AND METHODS 

The preparation of cyclic fatty acid methyl ester 
(CFAME} I, the spectroscopic, nuclear magnetic reso- 
nance {NMR) and the chromatographic methods were 
essentially the same as described previously (8), except 
for the conditions for high performance liquid chroma- 
tography (HPLC), capillary GC, and GC-MS described 
below. Where necessary the NMR techniques of cor- 
related spectroscopy (COSY) and selective homonuclear 
decoupling spectra were used to confirm structural 
assignments. COSY is a two-dimensional NMR technique 
used to acquire, in a single spectrum, information on those 
protons that are mutually coupled 19}. 

Autoxidation of I. CFAME I (2.0 g) was oxidized by 
heating isothermally at 60 or 80 C in a test tube with oxy- 
gen bubbling at a moderate rate from a capillary inlet 
tube. To initiate the autoxidation at 60 C it was necessary 
to add 1% of a hydroperoxide fraction previously isolated 
from the oxidation of CFAME at 80 C. Samples were 
analyzed periodically by thin layer chromatography (TLC} 
to follow oxidation. Autoxidized I was then fractionated 
by silicic acid chromatography (8), and the monohydro- 
peroxides were further separated by preparative HPLC 
(10). 

Silicic acid chromatography and HPLC of allylic 
hydroxy esters. The allylic hydroxy derivatives, produced 
by isolating the hydroperoxide fraction by silicic acid 
chromatography and reducing with NaBH4, were 
separated by HPLC under the following conditions: 
Zorbax Sil preparative column (25 • 2.12 cm, i.d.; 6 t~ 
silica); mobile phase, hexane/CH~C1/CH3CN 5:3:0.25 by 
volume; flow, 4.0 ml/min at 1800 psi; infrared detector; 
sample injections, ca. 50-60 ~1 neat. Further separations 
were achieved by successive HPLC with Partisil M9 
preparative column (100 • 0.94 cm, i.d.; 10 ~ silica); 
mobile phase, hexane/CH2C1/EtOAc, 7:4:1 by vol; flow, 
3.0 ml/min at 1100 psi; refractive index detector; sample 
injection, 16 mg/60 tA CHiCle. Further separations by 
HPLC were obtained by changing the mobile phase com- 
position to 7:5:2, by reducing the flow to 1.5 ml/min and 
by using a Zorbax Sil analytical column (25 • 0.46 cm, 
i.d.; 5 t~ particle size); mobile phase, hexane/CH~C1/EtOAc 
7:4:1; flow, 2.0 ml/min at 600 psi; refractive index 
detector. 

Capillary GC and GC-MS. Capillary GC was performed 
with a Perkin Elmer Sigma 3B gas chromatograph. 
Operating conditions were as follows: fused silica column 
(30 m • 0.24 mm i.d.) of SP2330 (0.2 ~m film}; linear gas 
velocity (He), 22.1 cm/sec; split ratio, 80/1; injector, 225 C; 
detector, 225 C. Column was heated isothermally at 170 C 
for 22 min and programmed at 10 C/min to 250 C. For 
GC-MS, a Finnigan MAT 1020/OWA system was used, 
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scanning 23 AMU to 450 AMU in 2.0 sec, with the same 
conditions as used for analytical capillary GC. 

RESULTS 
Hydroperoxidation. When cyclic ester I was exposed to 
oxygen at 40 C, no oxidation was observed after 120 hr 
(see Table 1). At  60 C, oxidation produced only traces of 
hydroperoxides after 150 hr. However, in the presence of 
1% hydroperoxide mixture isolated chromatographically 
from I as an initiator, autoxidation at 60 C resulted in 
30% oxidation products  after 80 hr. At  80 C, 18% oxida- 
tion occurred after 24 hr and 75% oxidation after 48 hr. 

Hydroperoxides expected by the free radical autoxida- 
tion of cyclic ester I are shown in Figure 1. The 7-, 11-, 
12-, 13- and 14-hydroperoxides were identified in signifi- 
cant amounts (normalized values: 4.2 to 38%) and the 8- 
and 9-hydroperoxides in minor amounts (0.4 to 1.9%}. As 
in previous papers (5-8), we designate "cis" and "trans" 
for the relative geometry of the ring substituents (hl0,15) 
of diene I or its derivatives, and "Z" and " E "  for the 
relative geometry of subst i tuents  at  double bonds of the 
side chain. Because diene I is initially a mixture of cis and 

trans isomers (ca. 25% and 75%, respectively), all 
hydroperoxides except the 8-OOH isomer consist of both 
cis and trans isomers. Because the 8-OOH isomer has a 
double bond between C-9 and C-10, there can no longer 
be any cis/trans relationship between substituents at C-10 
and C-15. The allylic hydroxy esters formed by reducing 

TABLE 1 

Composition of Oxidation Products of Cyclic Diene I a 
by Silicic Acid Chromatography 

Oxidation Weight percent 

Temp Time Polar 
(C) (hr) Hydroperoxides products 

Unreacted 
diene I 

40 120 0 0 100 
60 150 tr tr 100 
60 b 80 b 17.5 11.9 70.6 
80 24 14.0 3.7 82.2 
80 48 28.7 45.8 25.5 

aSee Figure 1. 
bplus 1% hydroperoxide fraction from autoxidized diene I. 

9 8 9 8 
1 2 ~ R  + 1 2 ~  R 

I (7B ) cis I (2B ) 

H .  

R 8  11 9 8 R R 
12 ~ + 12 ~ + + 12 

14 
A B C D 

(b) I + 302,Ho 

OOH OOH OOH 
12 R + 12 R + 12 ~ ~ /R + H O O ~ R  

,3 ,3 13 

14 
7-OOH (8.9%) 8-OOH (1.9%) 11-00H (4.2%) 12-00H (37.8%) 

+ OOH + + + OOH 

+ ~ + l/ T v 9 8  

9-OOH (0.4~) IO-OOH (0%)? 13-00H (32.5%) OOH 14-00H (14.3S) 

0 

Where R: 5 ~ ~ . ~ ~  OCH 3 

FIG. 1. Proposed free radical mechanism for hydroperoxlde isomers formed by autoxidation of methyl 9-(6-propyl-3-cyclohexenyl)- 
{Z)8-nonenoate (I). 
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the hydroperoxides with NaBH4 are designated as the 7-, 
8-, 9-, 11-, 12-, 13- and 14-OH isomers. The sa tura ted  
trimethylsilyl ether (TMS) derivatives formed by catalytic 
hydrogenat ion and silylation of the hydroperoxides or 
allylic hydroxy esters are designated as 7-, 8-, 9-, 11-, 12-, 
13- and 14-TMS, respectively. 

High performance liquid chromatography. The hydro- 
peroxide fraction obtained by silicic acid chromatography 
of autoxidized cyclic ester I, proved to be a complex mix- 
ture of isomeric products that  was too difficult to separate 
directly by HPLC. The HPLC separation was improved 
by reducing the hydroperoxides with NaBH4 (Fig. 2). 
Major fractions 6-13 were shown by 'H NMR to consist 
mainly of allylic hydroxy esters. Minor fractions 1-5 were 
mixtures of other components.  Fract ions 8 and 13 were 
further  separated by HPLC under slightly different 
conditions (Figs. 3A and 4A). Fraction 8-2 was separated 
by HPLC into two more fractions, 8-2-1 and 8-2-2 
(Fig. 3B), shown to consist of pure isomers by 1H NMR. 
Fraction 13 (Fig. 3) was similarly resolved into additional 
components 13-1 and 13-2. Fraction 13-2 was resolved fur- 
ther into fractions 13-2-1, and 13-2-2 (Fig. 4), and they 
were characterized by 'H and '~C NMR, GC-MS, and 
capillary GC. 

Nuclear magnetic resonance. Hydroperoxide compo- 
nents  in main HPLC fractions (Figs. 2-4) were assigned 
one of the s tructures  in Figure 1 (Tables 2 and 3) on the 
basis of 'H, '~C and distortionless-enhancement-by- 
polarization-transfer (DEPT) NMR spectra (see Tables 2 
and 3). D E P T  is a useful, t ime-saving technique for 
editing '~C spectra into separate spectra for CH~, CH~ and 
CH groups (9). The '~C NMR spectra provided additional 
information to identify specific isomers in Figure 1 with 
individual HPLC fractions. NMR spectra of the 7-, 9-, 12- 
and 13-OOH stereoisomers (Fig. 1) and their 9-, 12- and 

Minor HPLC Fractions 

d3  

D 

l t - t  H - -~  H H 
�9 - I I I I I I 

0 i0 20 30 40 50 
Time, rain 

Major HPLC Fractions 

I I I I I I I I 

l I l L L 
60 70 80 90 100 

Time, rain 
1 i0 

FIG. 2. Microporous silica high performance liquid chromatogram 
of NaBH4-reduced hydroperoxides from autoxidation of cyclic ester 
I at 60 C for 80 hr. Preparative column: 25 X 2.12 cm, i.d.; Zorbax 
Sil, 6 ~; mobile phase, hexane/CH~CI/CH3CN, 5:3:0.25 by vol; flow, 
4.0 ml/min at 1800 psi. 

13-OH allylic derivatives agreed with those reported 
previously t8). There was no evidence for any 8-OH or the 
10-OH isomer in our NMR spectra of the major HPLC 
fractions 6-13. 

A 
"7 
CO 

x 
___= 
> 

2 
A 

50 6'0 7'0 

O3 
I 

OO 

(k ]  
I ( M  
I 

(30 

15 20 25 30 8'0 do 16o 11o 
Time, min 

FIG. 3. Separation of NaBH4-reduced hydroperoxides of fraction 8 
(Fig. 2) by successive high performance liquid chromatography 
(HPLC). (A) Preparative column: 100 X 0.94 cm, i.d.; Partisil M9, 
10 #; mobile phase, hexane/CH2Cl2/EtOAc, 7:4:1, by vol; flow, 
3.0 ml/min at 1100 psi. (B) Separation of fraction 8-2 by HPLC: mobile 
phase, hexane/CH2C12/EtOAc, 7:5:2 by vol as mobile phase; flow, 
1.5 ml/min. 

A For If'"' ! Recycle 

13-1 
13-2 

J 

X 

r 
( 3  

2 q- -  
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B 
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I I I I 

13-2-I~ 

1'0 io 3'0 40 so 60 
Time, min 

FIG. 4. Separation of components of fraction 13 (Fig. 2) by successive 
high performance liquid chromatography. (A) Same column and 
mobile phase as Fig. 3A. (B) Separation of fraction 13-2. Analytical 
column (25 X 0.46 cm, i.d.): Zorbax Sil, 5 ~; mobile phase, hex- 
ane/CH2CIJEtOAc 7:4:1; flow, 2.0 ml/min at 600 psi. 
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TABLE 3 

~C NMR Data (75MHz; CDC13) of HPLC Fraetions a of Allylic Hydroxy Derivatives of Hydroperoxides b 
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HPLC fractions (assigned structures} 
Carbon 
number 7(7-OH) 11(7~OH) 8-3(11-OH) 9(12-OH) 10(13-OH) 12(13-OH) 13-1{13-OH} 6{14-OH} 8-1{14-OH) 8-2-2(14-OH) 

C-6 37.5t 37.5t 29.0t 28.9t 29.0t 29.0t 29.0t 29.0t 29.0t 29.0t 
C-7 68.0d 67.9d 27.8t 27.5t 27.6t 27.6t 27.6t 27.4t 27.5t 27.5t 
C-8 132.1d 1 3 2 . 0 d  127.2d d 1 3 0 . 3 d  131.1d 127.4d d 130.5d d 130.1d d 129.9d d 129.5d 
C-9 136.8d 1 3 7 . 2 d  126.7d d 1 2 7 . 7 d  128.1d 126.6d d 127.7d 128.6d 128.0d 128.4d 
C-IO 38.1d 38.0d 42.8d 36.6d 34.0d 31.4d 35.6d 32.1d 35.6d 31.2d 
C-11 30.5t 30.5t 69.3d 38.1t 135.2d 134.6d 132.2d 30.8t 32.3t e 30.5t 
C-12 126.7d d 126.6d d 131.5d e 63.9d 132.5d 131.3d 130.8d d 1 3 3 . 4 d  133.0d 131.1d d 
C-13 125.5d d 125.5d d 133.1d e 133.9d 64.2d 64.6d 68.4d 1 3 0 . 6 d d  130.9d d 130.8d d 
C-14 25.2t 25.2t 35.1t 135.0d 35.7t d 35.3t 35.9t 64.5d 71.0d 68.9d 
C-15 37.2d 37.4d 31.8d 41.2d 40.7d 36.9d 36.7d 43.1d 46.3d 45.6d 
C-16 32.4t 32.4d 35.1t 35.1t 35.8t d 33.8t 34.8t 35.6t 32.6t e 31.2t 

Values expressed as ppm. NMR, nuclear magnetic resonance; HPLC, high performance liquid chromatography. 
aSee Figures 2-4. 
bSee Figure 1. 
CMultipliciaties as follows: q, quartet; t, triplet; d, doublet; s, singlet. Resonances common to all samples were: 6174.3 • 0.1(s) for C-l, 
534.1 • 0.1(t) for C-2, 524.8 • 0.2(t} for C-3, 514.4 • 0.1(q} for C-18 and 551.5 • 0.1(q) for OCH3. Resonances varied between isomers 
over a small range for C-4, 528.6-29.7(t); C-5, d25.0-29.4(t); C-16, 529.5-35.5(t); and C-17, 519.6-21.2(t). 
dThese assignments may be reversed. 
eThese assignments may be reversed. 

Fractions 7 and 11 were shown to have a hydroxyl  
group at C-7 position, because coupling was observed be- 
tween the proton on the hydroxyl-bearing carbon and the 
olefinic protons on carbons 8 and 9 (Table 2). For frac- 
tion 8-3, a hydroxyl group in the C-11 position was shown 
by 2D COSY and selective homonuclear decoupling ex- 
periments. The proton on the hydroxyl-bearing carbon 
was shown to be coupled to H-10, which in turn is coupled 
to H-9 and H-15 (see Table 2). Components of fractions 
6, 8-1 and 8-2-2 were found to have the hydroxyl substit- 
uent on C-14. H-14 was coupled to the olefinic protons 
in the cyclohexene ring but not to H-10 (Table 2). 

Slight variations in the proton chemical shifts for the 
same positional isomers in HPLC fractions of different 
retention volumes were considered as good evidence of 
stereoisomerism. For example, the H-10 shifts for the 
14-OH isomer varied, from 62.53 in fraction 6, 62.50 in 
fraction 8-1 and 62.91 in fraction 8-2-2 (Table 2), 
presumably due to the cis  and t r a n s  configuration of side 
chains. Likewise, for the 13-OH stereoisomers of fractions 
10, 12 and 13-1, the H-10 shifts were at 62.67, 63.09 and 
63.05, respectively. However, no variation of H-10 shifts 
(or H-12 or H-13) was observed between 7-OH 
stereoisomers of fractions 7 and 11, apparently because 
the OH substi tuent  is relatively less influenced by con- 
fignrational and conformational differences of the 
cyclohexene moiety in the 7-OH isomer than in the 11-, 
12-, 13- and 14-OH isomers. A comparison of the chemical 
shifts for carbons as well as protons showed that  frac- 
tions 10 and 12 (Table 2) correspond to the same 13-OH 
stereoisomers as previously obtained by photosensitized 
oxidation of I (8). However, fraction 13-1 corresponds to 
a different 13-OH stereoisomer. Also, when the 12-OH 
stereoisomer of fraction 9 (Table 2) was compared with 
the 12-OH stereoisomer isolated from photosensitized 
oxidation (8), no differences in these chemical shifts or 

coupling constants  were detected, indicating that  the 
same 12-OH stereoisomer was present in both sources. 

Because all of the olefinic protons listed in Table 2 ex- 
hibited a vicinal coupling constant  of less than 12 Hz, all 
isomers isolated and identified here by NMR have only 
Z-double bonds. However, the 7-0H isomer isolated 
previously from the photosensitized oxidation of I con- 
tained an E-double bond at C-8, as evidenced by its 
coupling constant  J~,s : 15.5 Hz (8). 

The 13C NMR data  (Table 3) were consistent with the 
'H NMR data (Table 2) in support ing the structures for 
the hydroperoxide components, based on previously 
established assignments (8). Multiplicities of signals were 
determined by D E P T  experiments, and the expected 
resonances for the side chain propyl and methyl ester 
groups were observed. Al though resonances at tr ibuted 
to C4-6 and C-17 varied between isomers, they were not 
especially helpful in distinguishing between isomers. 
Variations in shifts of C-15 and C-16 were due to either 
c is  or t r a n s  ring substitutions. ~3C NMR assignments for 
the olefinic, methinyl and hydroxyl-bearing carbons (C-7 
to C-14; Table 3) were most  helpful in determining posi- 
tional isomers. Slight variations in the chemical shifts of 
C7-14 were observed between stereoisomers in spectra of 
HPLC fractions 10, 12 and 13-1. Fraction 10 had the same 
~3C chemical shifts as the previously reported 13-OH 
stereoisomer (8). 

G C - M S  c h a r a c t e r i z a t i o n s .  Characteristic MS and inter- 
pretations of~the electron-impact (EI) MS fragmentations 
for the positional isomers 7-, 8-, 9-, 12- and 13-TMS were 
reported in our previous investigation of the photooxida- 
tion of cyclic ester I (8). The 11- and 14-TMS isomers were 
characterized by MS because they are derived from 
unique hydroperoxides of the autoxidation of I (Fig. 1). 
The cyclohexanol cleavage mechanism was previously in- 
voked to explain the fragmentat ion of isomers 13-TMS 
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+ + + + 

TMS-Oo-~ O-TMS O-TMS O-TMS 

R2 (favored) R2 C~/~.~R 2 (m/z = 129) " 

Where either: 

or 
R 1 :-(CH2)sCOOMe ond R2:C3H 7-  

R~ = -C3H 7 and R2:-(CH2)aCOOMe 

B. 
�9 + + + + 

~.O-TMS O-TMS O-TMS O-TMS ~ H2 R 2 R2 2 
~1 rH a 2 

(favored) 

(m/z=299) 

Where RI=-(CH2)sCOOMe 

and R 2 = C3H 7- 
FIG. 5. Proposed electron impact-mass spectrometry fragmentations for hydrogenated trimethylsilyl ether derivatives of: (A} 11- and 
14-OOH isomers and (B) 10-OOH isomer (Fig. 1). 

and 12-TMS, giving the characterist ic masses of the 
13-TMS (m/z = 171) and 12-TMS (m/z = 299} isomers for 
selected ion monitoring (11). However, the cyclohexanol 
cleavage of isomeric 11-, 14- and 10-TMS derivatives pro- 
duces only common mass fragments (Fig. 5). The favored 
mass f ragment  m/z 129 predicted by this cleavage 
mechanism was also relatively abundant  in the EI-MS 
spectra of the other positional isomers, 7-, 8-, 9-, 12- and 
13-TMS. Any other characterist ic mass f ragments  were 
either too weak to detect or absent in the EI-MS of HPLC 
fractions 6, 8-2, 8-3 and 8-4, composed of either 11- or 
14-TMS (Table 4}. Likewise, on the basis of the cyclohex- 
anol cleavage mechanism (Fig. 5B), EI-MS of 10-TMS 
isomer was not  expected to yield a characterist ic mass 
useful for mass chromatography,  because the favored 
mass f ragment  m/z -- 299 is also produced by isomer 
12-TMS (8). The allylic 10-OH isomer was not  detected 
by NMR in any reduced HPLC fractions isolated from 
either photooxidat ion (8) or autoxidation products  of I. 

The hydroperoxide components of fractions 6, 8-2-2 and 
8-4 {Figs. 2-4} were all shown to have essentially the same 
skeletal s t ructure  by MS. Fract ion 6 gave the following 
representat ive mass fragments (after hydrogenation and 
silylation}, m/z (rel int): M-15, 369 (2.0); M-31, 353 (1.9); 
341 (2.3}; 337 (7.5); M-90, 294 (24); 252 (9.0}; 171 (4.6); 159 
(7.8); 151 (11.5); 138 (17.3); 129 (50}; B, 73 (100); 43 (27). 
These results together with NMR spectra show that  these 
fractions contain methyl  14-hydroxy-9(2-propylcyclo- 
hexyl) nonanoate (as 14-TMS). Similarly, EI-MS of frac- 
tion 8-3 gave the following representat ive f ragments  
{after hydrogenat ion and silylation), m/z (rel int): M-15, 

369 (1.7); M-31,353 (0.9); 341 (4.2}; M-90, 294 (19.2); 285 
{0.9); 251 (7.4}; 171 {9.3}; 159 (7.1}; 151 (4.1}; 143 (8); 137 
(13.4}; 129 (46.3}; 81 (44.1); B, 73 (100k 43 (26.5). These 
data  together  with NMR spectra are consistent  with the 
methyl  l l-hydroxy-9-(2-propylcyclohexyl}nonanoate (as 
l l-TMS), derived from the l l -O O H  isomer. 

Hydroperoxides present  in the minor HPLC fractions 
1-5 {Fig. 2) could be identified by GC-MS and capillary 
GC retention. GC-MS showed tha t  ca. 81% of fraction 1 
was unreacted I {Table 4). About  44% of fraction 2 con- 
sisted of 8-TMS isomers, bu t  >50% could not  be iden- 
tified. Approximately  30% of fraction 4 was due to 
13-TMS isomers and 16% to 12-TMS isomers. Fractions 
3 and 5 were not identified. The 9-TMS derivative was 
only detected in fractions 2 and 5 and represented only 
ca. 2-3% and ca. 4%, respectively. 

Capillary GC. Different  positional isomers have 
geometric or stereoisomers with identical or nearly iden- 
tical relative retentions (Table 4). These relative reten- 
tions may be shifted slightly by variations in the sample 
size or composition, and this type of evidence alone can- 
not  be relied upon to positively identify positional 
isomers, especially when particular stereoisomers of dif- 
ferent positional isomers showed differences of only 0.02 
units or less in relative retentions. Therefore, confirma- 
tion of their identi ty by mass chromatography was 
required. 

The isomeric composition of the isolated hydroperox- 
ide fraction was determined quanti ta t ively by capillary 
GC of the sa tura ted  TMS derivatives {Table 5, Fig. 6). 
About  19% unidentified material  eluted after the TMS 
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Capi l l a ry  GC/GC-MS b of h y d r o g e n a t e d ,  
s i l y l a t ed  f rac t ion  

Re la t i ve  
H P L C  f rac t ion  r e t e n t i o n  R e l a t i v e  C h a r a c t e r i s t i c  

(Figs. 2 4) C o m p o u n d  (R r) pe rcen t  c m a s s  

Minor  f r ac t ions  t r a n s  IS  1.00 64.3 296 
1 cis IS  1.08 16.4 296 

Un iden t i f i ed  19.3 

5 

Major  f r ac t ions  
6 

8-1 

8-2-2 

8-TMS 2.59 35.2 245 
8-TMS 1.64 3.4 245 
8-TMS 2.07 1.7 245 
8-TMS 2.92 4.1 245 
9-TMS 1.50 1.3 259 
9-TMS 2.66 1.3 259 

Un iden t i f i ed  53.0 

8-TMS 2.55 6.2 245 
Un iden t i f i ed  93.8 

12-TMS 1.40 7.5 299 
12-TMS 1.93 3.5 299 
12-TMS 2.97 5.3 299 
13-TMS 1.49 8.7 171 
13-TMS 1.90 1.3 171 
13-TMS 2.09 3.4 171 
13-TMS 2.65 8.4 171 
13-TMS 2.75 3.1 171 
13-TMS 3.03 5.2 171 

Un iden t i f i ed  53.6 

9-TMS 1.19 4.2 259 
Un iden t i f i ed  95.8 

t r a n s  IS  1.00 39.9 296 
cis IS 1.07 2.1 296 

9-TMS 1.18 3.2 259 
t r a n s  14-TMS 1.37 47.7 --  
Un iden t i f i ed  7.1 

t r a n s  IS  1.00 44.8 296 
cis IS  1.08 14.9 296 
t r a n s  7-TMS 1.38 27.1 231 
cis 7-TMS 1.45 6.1 231 
Un iden t i f i ed  7.0 

t r a n s  kS 1.00 21.5 296 
cis IS  1.08 8.8 296 

13-TMS 1.27 5.6 171 
t r a n s  7-TMS 1.39 45.7 231 

cis 7-TMS 1.45 7.3 231 
Un iden t i f i ed  11.1 

t r a n s  kS 1.00 0.3 296 
cis IS 1.08 3.5 296 
t r a n s  14-TMS 1.27 5.4 --  

cis 14-TMS 1.35 85.8 --  
Un iden t i f i ed  5.0 

t r a n s  IS  1.00 1.3 296 
cis IS  1.08 51.0 296 

cis l l - T M S  1.29 39.0 --  
l l - T M S  1.34 3.5 --  
l l - T M S  1.43 2.3 --  

Un iden t i f i ed  2.9 

8-3 

Cap i l l a ry  GC/GC-MS b of h y d r o g e n a t e d ,  
s i l y l a t ed  f rac t ion  

Re la t i ve  
H P L C  f rac t ion  r e t e n t i o n  Re la t i ve  C h a r a c t e r i s t i c  

(Figs.  2-4) C o m p o u n d  (Rr} pe rcen t  c m a s s  

8-4 t r a n s  IS  1.00 15.9 296 
cis IS  1.08 1.1 296 
t r a n s  
14-TMS 1.69 77.1 --  
Un iden t i f i ed  5.9 

9 t r a n s  IS  1.00 65.1 296 
cis IS  1.07 4.1 296 
t r a n s  
12-TMS 1.40 27.1 299 
Uniden t i f i ed  3.7 

10 t r a n s  IS  1.00 40.2 296 
cis IS  1.07 7.7 296 

7-TMS 1.38 231 
12-TMS 1.39 4.1u 299 

t r a n s  
13-TMS 1.50 40.4 171 

12-TMS 1.94 4.8 299 
Un iden t i f i ed  2.8 

11 t r a n s  IS  1.00 45.6 296 
cis IS  1.08 10.8 296 
t r a n s  
7-TMS 1.39 28.1 231 
cis 7-TMS 1.44 4.9 231 

13-TMS 1.48 2.5 171 
8-TMS 1.82 1.1 245 
13-TMS 1.92 1.6 171 

Uniden t i f i ed  5.4 

12 t r a n s  IS  1.00 6.3 296 
cis IS  1.08 32.4 296 

7-TMS 1.45 1.8 231 
13-TMS 1.49 1.2 171 

cis I3 -TMS 1.84 44.7 171 
13-TMS 2.04 2.6 171 
13-TMS 2.18 2.5 171 

Un iden t i f i ed  8.5 

13-1 t r a n s  IS  1.00 2.9 296 
cis IS  1.08 27.4 296 

12-TMS 1.71 3.9 299 
t r a n s  
13-TMS 1.93 4.4 171 
cis 13-TMS 2.02 53.7 171 
Un iden t i f i ed  7.7 

13-2-1 cis 12-TMS 1.69 25.7 299 
t r a n s  
13-TMS 2.02 74.3 171 

13-2-2 t r a n s  IS  1.00 21.0 296 
cis IS  1.08 1.9 296 

12-TMS 1.71 6.3 299 
t r a n s  
12-TMS 1.88 49.0 299 

12-TMS 1.94 1.9 299 
13-TMS 2.05 15.5 171 

Un iden t i f i ed  4.4 

HPLC,  h i g h  pe r fo rmance  l iqu id  c h r o m a t o g r a p h y ;  GLC, g a s  l iqu id  c h r o m a t o g r a p h y ;  GC, ga s  c h r o m a t o g r a p h y ;  MS,  m a s s  s p e c t r o m e t r y .  

aSee  F igu re  1. 

bSee M a t e r i a l s  and  Methods .  

CThe cis and  t r a u s  s a t u r a t e d  i somer s  of I(IS) were  p roduced  by  c a t a l y t i c  h y d r o g e n o l y s i s  (see text}; u = u n r e s o l v e d  peaks  (7-TMS and  12-TMS). 
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TABLE 5 

Capillary GC a of Hydroperoxide Fraction b of Autoxidized 
CFAME I c After Hydrogenation and Silylation 

Relative Relative percent 
Peak{s) retention 

(see Fig. 6) Assignment d (Rr) With I Without I e 

1-3 ? 0.33-0.48 0.47 0.50 
4 trans I 1.00f 5.07 0.00 
5 cis I 1.08 1.65 0.00 
6 9-OOH 1.15 0.25 0.27 
7 ? 1.24 0.48 0.51 
8 14-OOH 1.27 4.03 4.32 
9 ll-OOH 1.29 0.15 0.16 
10 ll-OOH 1.33 3.01 3.23 
11 14-OOH 1.36 1.82 1.95 
12 7-OOH 1.38 3.38u 3.62u 
13 12-OOH 1.40 17.27 18.52 
14 7-OOH 1.45 3.29 3.53 
15 13-OOH 1.49 9.14 9.80 
16 8-OOHg 1.60 0.21 0.23 
17 14-OOH 1.67 4.99u 5.35u 
18 12-OOH 1.71 2.95 3.16 
19 8-OOHg 1.82 0.39 0.42 
20 12-OOH 1.86 8.28 8.88 
21 13-OOH 1.93 5.92 6.35 
22 13-OOH 2.01 3.53u 3.78u 
23 13-OOH 2.05 5.55 5.95 
24 8-OOHg 2.50 0.22 0.24 
25 8-OOHg 2.53 0.13 0.14 
26 8-OOHg 2.56 0.14 0.15 
27 8-OOHg 2.59 0.08 0.09 
28 13-OOH 2.74 0.19 0.20u 
29 13-OOH 2.75 0.23 0.25 
30-32 ? 2.78-2.86 2.40 2.56 
33 ? 2.90 0.26u 0.28 
34 8-OOHg 2.93 0.19 0.20 
35 ? 2.99 0.32 0.34 
36-47 ? 3.04-3.84 13.99 15.02 

99.98 100.00 

GC, gas chromatography; CFAME, cyclic fatty acid methyl ester; 
MS, mass spectrometry. 
aSee Materials and Methods. 
bFraction isolated by silicic acid chromatography (10). 
CMethyl 9-(6-propyl-3-cyclohexenyl)-(Zt8-nonenoate oxidized at 60 C 
for 80 hr (see Table 1). Trans and cis refer to ring substituents at 
C-10 and C-15. 
dIdentity as hydroperoxide precursor or diene I isomers, based on 
previous GC-MS, mass chromatography and nuclear magnetic 
resonance correlations. 
eNormalized after excluding I tcis and trans), u = Unresolved peak. 
fRetention time tt r) = 10.00 min. 
gTentative assignments, based on previous relative retentions 
{Table 4). 

der iva t ives .  Capi l la ry  GC ana lyses  ind ica ted  t h a t  in i t ia l ly  
the  m a j o r  p o r t i o n  (ca. 57%} c o n s i s t e d  of 26.3% 13-OOH 
a n d  30.6% 12-OOH. A sma l l e r  p o r t i o n  (23% or less} con- 
s i s t ed  of 3.4% l l - O O H ,  11.6% 14-OOH, 7.2% 7-OOH and  
1.5% 8-OOH. Only  a t r a c e  (ca. 0.3%} of 9-OOH was  iden- 
t i f i ed  in t h e  p r i m a r y  o x i d a t i o n  f rac t ion .  Thus ,  un l ike  
p h o t o o x i d a t i o n  a t  0 C (8}, a u t o x i d a t i o n  of I a t  60 C 
f a vo red  the  f o r m a t i o n  of h y d r o p e r o x i d e s  f rom the  r i ng  
doub le  b o n d  b y  a r a t i o  of 8:1 over  the  s ide-chain  doub le  
b o n d  of I. 

W h e n  the  H P L C  f rac t ions  c on t a in ing  al lyl ic  O H  es t e r s  
were hyd roge na t e d ,  s a t u r a t e d  i somers  of I {defined as  IS} 
were  formed.  The  t rans  and  cis s a t u r a t e d  i somer s  of rel  
r e t e n t i o n  1.00 and  1.08, r e spec t i ve ly ,  were  d e t e c t e d  b y  
c a p i l l a r y  GC and  G C - M S  {Table 4}. The  occur rence  of 
t h e s e  g e o m e t r i c  i some r s  is a t t r i b u t e d  to  c a t a l y t i c  
h y d r o g e n o l y s i s  of t he  a l lyl ic  h y d r o x y  e s t e r s  fo l lowed b y  
the i r  h y d r o g e n a t i o n  {12}. B e c a u s e  the  I S  i somer s  were  
fo rmed  b y  h y d r o g e n a t i o n  only,  t h e y  were  n o t  p r e s e n t  in 
t he  in i t i a l  H P L C  f r ac t ions  a n a l y z e d  b y  N M R .  However ,  
t he  f o r t u i t o u s  f o r m a t i o n  of cis and  t rans  I S  i somer s  in 
t he  h y d r o g e n a t e d  f r ac t ions  a l lowed us  to  ca l cu la t e  t he  
r e l a t i v e  r e t e n t i o n  t i m e s  of t he  c o r r e s p o n d i n g  T M S  
i somers .  G e o m e t r i c  T M S  i some r s  were  t e n t a t i v e l y  as- 
s igned,  therefore ,  on the  b a s i s  of t he  r e s p e c t i v e  r a t i o  of 
t he  I S  peaks .  F o r  example ,  in f r ac t ion  6, GC showed  
39.9% t rans  I S  b u t  on ly  2.1% cis I S  w i th  on ly  one m a j o r  
peak  {47.7%} co r r e spond ing  to  t rans  14-TMS (Rr = 1.37}. 
Therefore ,  the  t e n t a t i v e  a s s i g n m e n t  of t rans  and  cis 
13-TMS i somers  w i th  c h a r a c t e r i s t i c  m/z -- 171 (8) w a s  
m a d e  on the  b a s i s  of t he  o b s e r v e d  r a t i o  of the  r e s p e c t i v e  
IS  i somers .  

DISCUSSION 

Cyclic  f a t t y  ac ids  a re  gene ra l l y  c ons ide r e d  to  be f o r m e d  
in on ly  t r ace  a m o u n t s  in h e a t e d  fa ts .  Howeve r ,  r e cen t  
ana lyses  revea led  monomer ic  C F A  a t  levels r a n g i n g  f rom 
0.1% to 0.5% in c o m m e r c i a l  f r y i n g  oils in t he  U.S.  (13}. 
Therefore,  l i t t le  or no ox ida t ion  of C F A  m i g h t  be expec ted  
in t he  p resence  of t he  u s u a l  a m o u n t s  of l ino lea te  and  
l ino lena te  in v e g e t a b l e  oils. C o n c e n t r a t e d  m i x t u r e s  of 
C F A  i s o l a t e d  f rom seve re ly  t h e r m a l l y  a b u s e d  oils were  
found  to be tox ic  when  fed e x p e r i m e n t a l l y  to  a n i m a l s  in 
h igh  doses  (14-18}. Howeve r ,  be c a use  t h e s e  f eed ing  
s t ud i e s  were  gene ra l l y  c o n d u c t e d  only  w i th  m i x t u r e s  of 
C F A ,  t hose  chemica l  s t r u c t u r e s  r e s p o n s i b l e  for t h e  
o b s e r v e d  t o x i c i t y  have  no t  y e t  been  d e t e r m i n e d  (17-19}. 

In  t he  p h o t o s e n s i t i z e d  o x i d a t i o n  of d iene  I, conce r t ed  
add i t ion  of s ingle t  oxygen  and  double  bond  mig ra t i on  pro- 
duced  the  (E)7-, 8-, (E}9-, 12- and  13-hydroperox ide  {0OH} 
i somers  (14}. The  7-, 10-, 11- and  14-OOH i somers  m a y  
be  fo rmed  f rom the  8-, 9-, 12- and  13-OOH b y  al lyl ic  rear-  
r a n g e m e n t  (8). However ,  b y  free rad ica l  au tox ida t ion ,  the  
7-, 10-, 11- and  14-OOH pos i t i ona l  i somers  (see Fig.  1} are  
e x p e c t e d  to  be fo rmed  as p r i m a r y  p r o d u c t s  d i r ec t ly  f rom 
I. Al l  pos i t ional  i somers  of the  hydrope rox ides  of F igure  1 
have  th ree  s t e r e o c e n t e r s  a n d  23 pos s ib l e  s t e r eo i somers ,  
excep t  t he  8-OOH and  10-OOH isomers .  The  l a t t e r  have  
on ly  two  s t e r e o c e n t e r s  a n d  22 pos s ib l e  s t e r eo i somers .  
M a n y  of t he se  s t e r e o i s o m e r s  were  p a r t i a l l y  r e s o l v e d  b y  
cap i l l a ry  GC. The  h y d r o p e r o x i d e  m i x t u r e s  c ha r ac t e r i z ed  
in th i s  s t u d y  are  more  c omple x  t h a n  the  h y d r o p e r o x i d e s  
f rom p h o t o s e n s i t i z e d  o x i d a t i o n  of cycl ic  e s t e r  I (8), 
be c a use  pos i t iona l ,  g e o m e t r i c  (E-,Z- and  Z-,Z-) a n d  
s t e r e o i s o m e r s  are  f o r m e d  in une qua l  p r o p o r t i o n s .  The  
a u t o x i d a t i o n  of I p r o d u c e d  the  11- and  14-OOH i somers  
no t  p rev ious ly  found  in pho tosens i t i z ed  ox ida t ion  (8). The  
presence of these  new hyd rope rox ide  i somers  suppor t s  the  
f ree- rad ica l  m e c h a n i s m  shown  in F i g u r e  1. 

The  d i f fe ren t  d i s t r i b u t i o n  of h y d r o p e r o x i d e  i somer s  
s u m m a r i z e d  in F i g u r e  1 can  be a t t r i b u t e d  to  s te r ic  hin- 
d r ance  f rom the  s ide cha ins  of the  cyc lohexene  in I. 
O x y g e n  a t t a c k  a t  t he  end  c a r b o n s  of t he  a l lyl ic  free 

LIPIDS, Vol. 22, No, 10 (]987) 



AUTOXIDATION OF CYCLIC FATTY ESTERS 

729 

i00- 
13 

c flJ 
C 

._> 
__s 
t , - r-  

c 
o 

*5 
F- 

50 

15 

38-47 

l 
l / ~ . . ~  7 -22 

9 ~ t8 ! 30-32 
5 7 '? c-"-m 

i I I ' I 

0 10 20 30 
Time, min 

FIG. 6. Capillary gas chromatography-mass spectrometry fragmentations for 
hydrogenated trimethylsilyl ether derivatives of: (A} 11- and 14-OOH isomers and (B) 
10-OOH isomer (Fig. D. 
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FIG. 7. Alternate free radical cyclization mechanism. 

r ad i ca l s  is h inde red  in v a r y i n g  degrees  b y  the  e s t e r  and  
p r o p y l  s ide chains .  F o r m a t i o n  of the  12- and  13-OOH 
i somer s  is m o s t  favored ,  b e c a u s e  t he  12- and  13-carbons  
a re  f a r t h e s t  f rom the  s ide  cha ins  and  l e a s t  h indered .  The  
longer  and  bu lk ie r  e s t e r  s ide chain  exe r t s  more  s te r ic  hin- 
d r ance  a t  an  a d j a c e n t  c a r b o n  t h a n  the  s h o r t e r  p r o p y l  
g roup .  Therefore ,  the  14-OOH i somer  is f o rmed  in l a rge r  

amount  than  the 11-OOH isomer. Likewise, because 
carbon-7 is more accessible than  carbon-9, more 7-OOH 
isomer is formed than  9-OOH isomer. The 9- and 
10-carbons appear  least  accessible to oxygen attack. The 
9 -0OH isomer is formed in only t race amounts ,  and the 
absence of 10-OOH isomer can be explained by  the inac- 
cessibility of the t r i subs t i tu ted  carbon-10 to oxygen 
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attack. The intermediate allylic radical B may not be 
formed because of this steric hindrance. 

An alternative mechanism to explain the absence of the 
10-OOH isomer and the relatively low concentration of 
the 11-OOH isomer may involve the homo-allylic double 
bond leading to 1,3-cyclization of their peroxyl radicals 
{Fig. 7). This type of cyclization was proposed for the for- 
mation of bicycloendoperoxides from polyunsaturated 
fa t ty  acids containing three or more double bonds 120). 
Similar five-membered hydroperoxy epidioxides were 
identified in autoxidized methyl  linolenate {10,21,22). 
These secondary oxidation products are formed by 
cyclization of the 12- and 13-hydroperoxyl radicals of 
linolenate. This reaction accounts for the concentrations 
of the internal 12- and 13-hydroperoxide isomers being 
lower than the external 9- and 16-OOH isomers, a well- 
known characteristic of linolenate autoxidation tl,2). 
However, the cyclization mechanism of Figure 7 needs 
to be substant iated by further characterization of the 
secondary oxidation products of I. 

The present work reports the successful application of 
high resolution NMR and mass spectrometry to the 
characterization of hydroperoxides formed from the 
autoxidation of a CFA that  contains a center of unsatura- 
tion both in a six-membered ring and in a chain substit- 
uent. By this approach, the relative oxidative susceptibil- 
ity of each type of double bond was determined. 

Our results also indicate that  pure ester I or its CFA 
would undergo autoxidation even at 60 C if initiated by 
other hydroperoxides, to generate a complex mixture of 
isomeric cyclic hydroperoxides. This hydroperoxide mix- 
ture may readily undergo secondary oxidations to form 
condensation and decomposition products. This informa- 
tion should aid other investigators in analyzing, identi- 
fying and isolating CFA hydroperoxides in heated fats 
and in evaluating their effects on the quality and nutri- 
tional deterioration of polyunsaturated fats. 
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Characterization of Phospholipase A 2 from Rabbit Lung Microsomesl 
Octdvio M.O. Filgueirasa and Fred Possmayera, b,* 
Departments of aObstetrics and Gynecology and bBiochemistry, University of Western Ontario, London, Ontario, Canada 

A phospho l ipase  A 2 act ivi ty associated wi th  the  
microsomal  f rac t ion  o f  rabbi t  lung h o m o g e n a t e s  
was studied. The enzyme showed specif icity for 
the  s n  -2 ester bond of phosphat idy lcho l ine ,  had an 
alkal ine  pH opt imum and required Ca 2§ for activ- 
ity. Other  d iva len t  cat ions were  unable  to support  
hydrolys is .  In the  absence  of  detergents ,  exogen- 
ous p h o s p h a t i d y l e t h a n o l a m i n e  was  deacylated at 
a ra te  sevenfold h igher  than  phosphat idy lcho l ine .  
The ac t i v i t y  t o w a r d  bo th  s u b s t r a t e s  cou ld  be 
enha n c e d  by sodium deoxychola te  or, more  effec- 
t ively ,  by sodium taurodeoxyehola te .  Phosphat i -  
d y l e t h a n o l a m i n e  required h igher  d e t e r g e n t / p h o s -  
phol ipid  molar  ratios  than  phosphat idy lcho l ine .  
Under  these  condi t ions ,  the  preference  for the  
former  subs t ra te  over  the latter was  near ly  abol- 
ished. The zwi t ter ion ic  detergent  3-[(3-cholamido- 
propyl)  d i m e t h y l a m m o n i o ] - l - p r o p a n e s u l f o n a t e  
(CHAPS) and the  n o n i o n i c  detergent  Tri ton X-100 
were  either ineffect ive  (phosphat idylchol ine)  or 
inh ib i to ry  (phosphat idyle thanolamine) .  Addi t ion 
of KC1 produced opposite effects on the act ivi ty 
depend ing  on the bile salt  used to disperse  the  sub- 
strate.  The phospho l ipase  A 2 act ivi ty was  inhibi ted 
by p -b romophenacy l  bromide but r emained  unaf-  
fected after treatment  with  di isopropylf luorophos-  
phate  or NaF. N-Ethylmaleimide,  but not  other  
thio l  reagents ,  part ial ly  inhibited the  activity.  
Lip ids  22, 731-735 (1987). 

Phospholipase A 2 (EC 3.1.1.4) catalyzes the hydrolytic 
removal of a fatty acyl chain from the sn  2 position of 
phospholipids. While secretory phospholipases A 2 
such as those from the venoms of serpents and ar- 
thropods and from pancreatic juice have been studied 
in great detail (1), much less is known about their 
intracellular counterparts, including their exact phy- 
siological function(s) (2). A distinctive characteristic 
of the latter group of phospholipases is their relatively 
low activity under the experimental conditions habit- 
ually used (1,2). 

The presence of phospholipases in lung tissue is 
well documented. Following the initial observations 
made with whole homogenates (3-6), Otha et al. (7) 
described a Ca2+-independent phospholipase A 2 in rat 
lung high-speed supernatant  that  was inhibited by 
fluoride and by sodium deoxycholate. A second Ca 2+- 

*To whom correspondence should be addressed at: University 
Hospital, London, Ontario, Canada N6A 5A5. 
~Presented in part at the 29th CFBS meeting, Guelph, Canada, 
June 1986, and at the symposium "25 Years Lipids and Bio- 
membranes," Utrecht, The Netherlands, June 1986. 
Abbreviation: CHAPS, 3-[(3-cholamidopropyl) dimethylammo- 
nio]-l-propanesulfonate. 

2The word "enzyme" is used throughout for the sake of simplici- 
ty. Especially because lung microsomal preparations result from 
a heterogeneous population of cells, the possibility exists that 
such preparations contain different proteins with phospho- 
lipase A 2 activity. 

independent activity, specific for 1-alkyl-2-acetyl-sn- 
glycero-3-phosphocholine (platelet-activating factor), 
was later reported in lung cytosol (8). Recently these 
two phospholipases have been separated not only 
from each other but also from yet a third cytosolic, 
Ca2+-dependent phospholipase A 2 (9). Garcia and co- 
workers showed that  while rat lung mitochondria and 
microsomes both contained phospholipase A z (10), no 
activity was associated with the lamellar bodies (11). 
These findings were confirmed for microsomes and 
lamellar bodies from rat lung by Longmore et al. (12). 
However, lamellar bodies from rabbit lungs were re- 
ported to express phospholipases A1 and A 2 (13). In 
lung homogenates from rabbits and dogs, phospholi- 
pase A2 was demonstrated in nearly all subcellular 
fractions (14). 

We decided to study phospholipase A2 in lung mi- 
crosomes because of the generally accepted involve- 
ment of these membranes in phospholipid biosynthe- 
sis (15,16) and the reported absence of appreciable 
phospholipase A1 in lung microsomal preparations 
(10,12,17). In the present work, we confirm the speci- 
ficity of the enzyme 2 for the sn  -2 position of phospha- 
tidylcholine and describe the optimal conditions for 
its assay with exogenous substrates as well as the 
effects of detergents, salt, inhibitors and divalent 
cations. 

MATERIALS AND METHODS 

Mater ia ls .  Water was deionized through a Milli-Q 
Reagent Water System (Millipore, Mississauga, ON, 
Canada). Radioactive substrates were from NEN 
(DuPont, Montreal, PQ, Canada). Phosphatidyletha- 
nolamine, obtained from egg phosphatidylcholine by 
transphosphatidylation, and 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphocholine were from Avanti  Polar Lip- 
ids (Birmingham, AL). Dipalmitoylphosphatidylcho- 
line, sodium deoxycholate, sodium taurodeoxycholate, 
diisopropylfluorophosphate and p-hydroxymercuri- 
benzoate were from Sigma Chemical Co. (St. Louis, 
MO). p-Bromophenacyl bromide was from Aldrich 
(Milwaukee, WI). 3-[(3-cholamidopropyldimethylam- 
monio]-l-propanesulfonate (CHAPS) and Triton X-100 
were purchased, respectively, from Boehringer Mann- 
heim (Dorval, PQ, Canada) and J.T. Baker (Phillips- 
burg, NJ). LK6D thin-layer plates were from What- 
man (Clifton, NJ). All other reagents were from BDH 
(Toronto, ON, Canada). 

I so la t i on  o f  m icrosomes .  Pregnant  New Zealand 
White does of 24 days gestation whose fetuses were 
used in other experiments were killed by intravenous 
injection of pentobarbital, and their lungs were ex- 
cised. After being washed the lungs were briefly dis- 
rupted in a Waring blender and homogenized in a 
Potter-Elvehjem tube in 0.25 M sucrose, 1 mM EDTA, 
10 mM Tris-HC1 (pH 7.4) to yield a 10% (w/v) homo- 
genate. After centrifugation at 1,000 x g for 5 min, the 
resulting supernatant  was centrifuged at 20,000 • g 
for 20 rain. The supernatant  obtained from the latter 
centrifugation was then subjected to centrifugation at 
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105,000 • g for 1 hr. The resulting pellet (henceforth 
referred to as microsomes) was then gently resus- 
pended in the same buffer at an approximate protein 
concentration of 10 mg/ml,  immediately frozen and 
kept at -80 C until use. 

Phospholipase A 2 assay. Unless indicated otherwise 
in figure legends, the s tandard incubation mixtures 
(final volume 0.2 ml), made up in 100 mM Tris-HC1 
(pH 8.5), contained 20 nmol of EDTA, 2 #mol of CaC12, 
1.5 ~mol of sodium taurodeoxycholate and 1.6 t~mol of 
l-palmitoyl-2-[l-:4C]oleoyl-sn-glycero-3-phosphocho- 
line (specific radioactivity 300-400 dpm/  nmol). In 
some cases, 1.6 ~mol of a mixture of l-palmitoyl-2-[l- 
~4C]arachidonoyl-sn-glycero-3-phosphoethanolamine 
and unlabeled phosphat idylethanolamine (see Mate- 
rials) to give a specific radioactivity of 300-400 dpm/  
nmol was used under conditions described in the fig- 
ure legends. The reaction was started by the addition 
of 80 ~g of microsomal protein (corresponding to ca. 65 
nmol of membrane phospholipid) and incubated at 37 
C. After 1 hr, the volume was adjusted to 0.5 ml with 
water, and the mixture was subjected to a modified 
Dole extraction, essentially as described by van den 
Bosch and Aarsman (18). Blanks without microsomes 
were always included, and the results were corrected 
for the background radioactivity thus extracted (less 
than 0.05% of the total radioactivity of the assay mix- 
ture even when detergents were present). 

Except for the positional specificity of the enzyme 
(Fig. 2), which was determined only once in duplicate, 
the results are representative of at least two similar 
experiments carried out with different microsomal 
preparations. In all cases, each data point is the aver- 
age of duplicate determinations whose average devia- 
tion from the mean was less than 8%. 

Analytical techniques. Protein was determined by 
the method of Lowry et al. (19) using bovine serum 
albumin as standard. 

also the lag phase in Fig. 1B). Using optimal deoxy- 
cholate/phosphatidylcholine molar ratios, saturation 
kinetics could be obtained (not shown). However, the 
observation that  deoxycholate precipitates with Ca 2+ 
prompted us to look for a detergent compatible with 
that  cofactor. Since the precipitation mentioned above 
and noted previously by others (21) is due to the free 
carboxylic group (22), a bile acid conjugated with an 
amino sulfonic acid was an obvious alternative to 
deoxycholate. Therefore, sodium taurodeoxycholate 
was chosen and its ability to stimulate phospholipase 
A 2 was compared with that  of its nonconjugated coun- 
terpart. In addition, since the charge of substrate dis- 
persions is known to be an important  factor for the 
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F I G .  1. E f f e c t s  o f  d i f f e r e n t  d e t e r g e n t s  on lung  micro-  
s o m a l  p h o s p h o l i p a s e  A 2 act iv i ty .  Except  for the  d e t e r -  
g e n t  u s e d - - s o d i u m  d e o x y c h o l a t e  (�9 s o d i u m  t a u r o d e o x y -  
c h o l a t e  (Q), C H A P S  (A) o r  T r i t o n  X - 1 0 0  ( � 9  the  indi-  
cated concentrat ions ,  s tandard incubat ion  mixtures  w e r e  
carried out e i ther  w i t h  p h o s p h a t i d y l c h o l i n e  (A) or p h o s -  
p h a t i d y l e t h a n o l a m i n e  (B). F o r  T r i t o n  X - 1 0 0 ,  an average  
M~ = 6 4 6  D a  w a s  u s e d .  

R E S U L T S  

The optimal conditions for lung microsomal phos- 
pholipase A2 activity toward exogenous phosphati- 
dylcholine were determined by studying the influence 
of pH, time and the concentrations of CaC12, sodium 
deoxycholate and phosphatidylcholine. The activity 
was optimal at pH 8.5, l inear with protein concentra- 
tion until at least 0.6 mg/ml  and linear with incuba- 
tion time for at least 80 min (not shown). The deacyla- 
tion was dependent on the presence of Ca 2+ (optimal 
concentration 10 mM, not shown). Other divalent 
cations were either totally ineffective or replaced Ca ~+ 
to a very limited extent (Table 1). When using phos- 
phatidylcholine as substrate, the activity was barely 
detectable in the absence of sodium deoxycholate (Fig. 
1A). The optimal deoxycholate concentration depended 
on the concentration of substrate (not shown) and, in 
general, nearly equimolar amounts of bile salt and 
phosphatidylcholine were required. Concentrations of 
substrate around and below the critical micellar con- 
centration of deoxycholate (20) required a proportion- 
ally higher amount of detergent, presumably reflect- 
ing the inabili ty of the bile salt to stimulate hydrolysis 
at levels incompatible with micetle formation (note 
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F I G .  2. D i s t r i b u t i o n  o f  r a d i o a c t i v i t y  a f t e r  i n c u b a t i o n  o f  
t w o  d i f f erent ly  labe led  p h o s p h a t i d y l c h o l i n e s  w i t h  rabbit  
lung  m i c r o s o m e s .  Standard incubat ion  mixtures  w e r e  
u s e d  e x c e p t  f o r  t h e  s u b s t r a t e ,  w h i c h  w a s  e i t h e r  1 - p a l m i -  
t o y l - 2 - [ 1 - 1 4 C ] p a l m i t o y l - s n - g l y c e r o - 3 - p h o s p h o c h o l i n e  (A, 
B) o r  1,2-dipalmitoyl-sn-glycero-3-phospho[Me-14C] cho- 
l ine  (C, D). P a n e l s  B a n d  D r e p r e s e n t  b l a n k  incubat ions  
w i t h o u t  m i c r o s o m e s .  A t  the  ind icated  t imes ,  the  m i x t u r e s  
w e r e  adjusted to 1 m l  w i t h  19 m M  H2SO4 and extracted  
(24). A f t e r  evapora t ion  under  N2, the c h l o r o f o r m - m e t h -  
a n o l  p h a s e s  w e r e  a n a l y z e d  b y  th in- layer  c h r o m a t o g r a p h y  
(25), and the  areas  c o r r e s p o n d i n g  to p h o s p h a t i d y l c h o l i n e  
(A), l y s o p h o s p h a t i d y l c h o l i n e  (C) and fatty  acids  (• w e r e  
scraped and counted  for radioact iv i ty .  T h e  w a t e r - m e t h -  
a n o l  p h a s e s  w e r e  evaporated  o v e r n i g h t  at 60 C and 
counted  f o r  r a d i o a c t i v i t y  (a) .  R e s u l t s  a r e  e x p r e s s e d  a s  
percentage  o f  the  total  rad ioact iv i ty  r e c o v e r e d .  
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TABLE 1 

Ef fec t  o f  D i f f e r e n t  D i v a l e n t  Cat ions  on P h o s p h o l i p a s e  
A 2 Act iv i ty  f r o m  Lung  Microsomes  

Cation Activity (%) 

Ca 2+ 100 
Cd 2+ 10 
Sr 2+ 8 

Mn 2+ 7 
Mg 2+ 6 
Ba 2+ 4 
Co 2+ 2 
Ni 2+ 2 
Cu e+ 2 

Standard incubation conditions were used with phosphatidyl- 
choline as substrate, except that divalent cations (as chlorides) 
were added to give final concentrations of 10 mM. Data are 
expressed as percentage of the activity obtained with CaC12 (1.8 
nmol/min/mg) after correction for background hydrolysis in 
the absence of added ions (21 pmol/min/mg). 

activity of a number of lipolytic enzymes (23), some 
incubations were performed with the zwitterionic bile 
salt analogue CHAPS or with the nonionic detergent 
Triton X-100. Parallel experiments were conducted 
with phosphatidylcholine (Fig. 1A) and phosphati- 
dylethanolamine (Fig. 1B) as exogenous substrates. 
For ease of comparison, all the incubations depicted in 
Figure 1 were done with the same microsomal prepa- 
ration. It is clear tha t  in the absence of detergent, 
phosphat idylethanolamine was hydrolyzed at least 
sevenfold faster than  phosphatidylcholine. In keeping 
with the results previously obtained with phosphati- 
dylcholine (Fig. 1A), the addition of sodium deoxycho- 
late increased the enzymatic specific activity toward 
phosphat idylethanolamine (Fig. 1B). However, the 
optimal bile salt  concentrat ion was considerably 
higher for this substrate (note the different scales for 
detergent concentration in panels A and B, Fig. 1). 
Regarding the stimulation of activity toward phos- 
phatidylcholine and phosphatidylethanolamine,  it is 
interesting to note tha t  the addition of sodium deox- 
ycholate to mixtures of CaC12 and substrate produced 
macroscopic changes that  were much more dramatic 
in the case of phosphatidylethanolamine.  This oc- 
curred even at the lower detergent levels (5-15 mM) 
and resulted in the separation of large aggregates 
(presumably containing phosphatidylethanolamine,  
Ca 2+ and deoxycholate) from an optically clear liquid 
phase. 

Optimal concentrations of taurodeoxycholate stimu- 
lated the activity to about twice the levels obtained 
with optimal concentrations of deoxycholate (Fig. 1). 
Again, phosphat idylethanolamine required relatively 
higher detergent concentrations. 

On the other hand, addition of either CHAPS or 
Triton X-100 failed to change the very low activities 
obtained with exogenous phosphatidylcholine in the 
absence of any detergent (Fig. 1A), and both deter- 
gents inhibited the deacylat ion of phosphat idyle-  
thanolamine,  particularly at concentrations of 5-10 
mM (Fig. 1B). 

The specificity of the deacylating activity regarding 
the two acyl chains of the substrate was investigated 
by carrying out two similar incubations, one using 
phosphat idylchol ine  radiolabeled in the s n  -2  acyl 
chain and the other using a choline-labeled substrate, 
and analyzing the distribution of radioactivity at var- 
ious time intervals. The specificity of the microsomal 
phospholipase toward the s n  -2  acyl chain of the sub- 
strate can be concluded from the absence of any 
measurab le  phosphol ipase  A1 (Fig. 2A) and any  
phospholipase B (or a combination of a phospholipase 
A1 and a lysophospholipase) (Fig. 2C). These findings 
were corroborated in a more quanti tat ive manner  by 
the stoichiometry of the reaction: calculations based 
on the slopes of the regression lines depicted in Figure 
2A showed that  palmitate became unesterified at a 
rate comparable to that  of phosphatidylcholine hy- 
drolysis (0.76 and 0.72 nmol/min,  respectively). Sim- 
ilarly, for the choline-labeled substrate (Fig. 2C), the 
rate of phosphatidylcholine degradation equaled that  
of lysophosphatidylcholine formation (0.66 nmol /  
rain). 

Since at some stage in its purification the micro- 
somal phospholipase A2 will likely require the use of 
salt, we investigated the effect of KC1 on the activity. 
Again, phosphatidylcholine (Fig. 3A) or phosphati- 
dylethanolamine (Fig. 3B) were used as substrates 
and optimal concentrations of deoxycholate or tauro- 
deoxycholate were employed in each case ( c f .  Fig. 1). 
Phospha t idy le thanolamine  was also used in the 
absence of any  detergent. As shown in Figure 3, the 
KC1 effects were qualitatively independent of the sub- 
strate used but strongly dependent on whether the 
assay system contained deoxycholate (activation) or 
taurodeoxycholate (inhibition). 

The influence of several compounds on lung micro- 
somal phospholipase A2 activity is indicated in Table 
2. In keeping with the Ca 2§ dependency mentioned 
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FIG. 3. Effects  o f  KC1 on lung  m i c r o s o m a l  p h o s p h o l i p a s e  
A2 act iv i ty .  The  e n z y m a t i c  act iv i t i es  w e r e  d e t e r m i n e d  in  
the  presence  o f  the  ind icated  KCI concentra t ions  w i t h  
s tandard  incubat ion  mixtures  conta in ing  phosphat idy l -  
cho l ine  (A) and 7.5 mM s o d i u m  deoxycho la te  (�9 or 7.5 
mM s o d i u m  t a u r o d e o x y e h o l a t e  (0); or p h o s p h a t i d y l e -  
t h a n o l a m i n e  (B) and 17.5 mM s o d i u m  d e o x y c h o l a t e  (�9 
17.5 mM sod ium t a u r o d e o x y c h o l a t e  (0) or no  de tergent  
(• Phospholipase A 2 act iv i ty  is  e x p r e s s e d  as percentage  
o f  the  act iv i ty  obta ined  for each  d e t e r g e n t / p h o s p h o l i p i d  
c o m b i n a t i o n  w i t h o u t  KC1. 
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TABLE 2 

I n f l u e n c e  o f  Var ious  R e a g e n t s  on P h o s p h o l i p a s e  A 2 A c t i v i t y  f rom Lung 
Microsomes  

Reagent in Concentration during Residual 
preincubation preincubation (mM) activity (%) 

None -- 100 
EDTA 40 3 
p-Bromophenacyl bromide 0.4 8 

4 2 
N-Ethylmaleimide 8 65 
Iodoacetamide 8 84 
p-Hydroxymercuribenzoate 8• :~ 97 

8 82 
NaF 8 95 
Diisopropylfluorophosphate 8 90 

Microsomes (80 ~g protein) were preincubated at 37 C in the presence of the indi- 
cated reagents (total volume 123 t4). After 30 min, the tubes were placed in ice, and 
phosphatidylcholine, EDTA and taurodeoxycholate were added to give standard 
assay concentrations (see Materials and Methods). The assay of residual phosphol- 
ipase A2 activity was initiated by addition of CaC12 (final concentration 10 mM) 
and incubation at 37 C (total volume 0.2 ml). Results are expressed as percent 
activity relative to that of microsomes preincubated with buffer alone (3 nmol/ 
min/mg). 

above, an  excess of EDTA resulted in an  a lmost  com- 
plete loss of activity.  While vi r tual ly  no act ivi ty could 
be recovered after  pre incubat ion  of microsomes with 
the a lky la t ing  reagent  p -b romophenacy l  bromide, no 
marked  inhib i tory  effects were obta ined with diiso- 
p ropyl f luorophospha te  or fluoride. Among  the thiol  
reagents  tested, only N-ethylmale imide  reduced the 
act ivi ty  to a considerable extent.  

DISCUSSION 

The  opt imal  pH and  Ca 2+ levels required by  phosphol-  
ipase A2 f rom rabbi t  lung microsomes  are s imilar  to 
those repor ted  for the microsomal  enzyme  f rom ra t  
lung assayed  with ei ther exogenous (10) or endogen- 
ous (12) substrates .  However  the resul ts  obta ined  with 
d iva lent  cat ions  (Table 1) con t ras t  with reports  indi- 
ca t ing  tha t  some of these ions, par t icular ly  Sr 2+ and  
Mg 2§ can  par t i a l ly  suppor t  o ther  Ca2+-dependent 
phosphol ipases  (26-28). 

In ag reement  with previous evidence obta ined from 
ra t  lung microsomes (12), microsomal  p repara t ions  ob- 
ta ined  f rom rabbi t  lung also failed to s ignif icant ly  
deacyla te  exogenous phospha t idy lcho l ine  (Fig. 1A). 
However,  hydrolys is  could be grea t ly  s t imulated by 
the addi t ion  of sodium deoxychola te  (Fig. 1A and  Ref. 
17). In a search  for a Ca2+-compatible detergent,  we 
found  t h a t  rep lacement  of deoxychola te  with tauro- 
deoxychola te  resulted in a rough ly  twofold stimula- 
t ion of the ac t iv i ty  (Fig. 1). In teres t ingly ,  the opt imal  
Ca 2+ concent ra t ion  did not  change  when  taurodeoxy-  
cholate  replaced deoxychola te  (not shown). The  im- 
por tance  of the detergent ' s  negat ive  charge  in bile sal t  
s t imula t ion  of the microsomal  phosphol ipase  is sug- 
gested by  the fai lure of CHAPS  to s t imula te  the  activ- 
i ty (Fig. 1). This  de tergent  is a zwit ter ionic bile sal t  
ana logue  whose resemblance  to bile salts extends  to 
its membrane-solubi l iz ing propert ies (29). Therefore,  

r ega rd ing  its preference for nega t ive ly  charged  sub- 
s t ra te-water  interfaces,  this  enzyme is more  s imilar  to 
pancrea t ic  t h a n  to snake  venom phosphol ipases  A2 
(30-33). This  view is fu r the r  s t r eng thened  by the 
exper iments  depicted in Figure  1 with Tr i ton X-100, a 
nonionic  detergent  commonly  employed in the a s say  
of snake  venom phosphol ipases  A2 (34). 

The appa ren t  preference of the p u l m o n a r y  micro- 
somal  phosphol ipase  for phospha t idy l e thano lamine  
over  phospha t idy lcho l ine  in the absence of detergents  
(Fig. 1) has  also been observed with a n u m b er  of other  
membrane-bound  phosphol ipases  (35 and  references 
therein).  As recent ly  shown for ra t  liver mi tochondr ia ,  
this  preference does not  reflect t rue enzyme specificity 
but  r a the r  the abi l i ty  of p h o s p h a t i d y l e t h a n o l a m i n e  to 
achieve a more extensive associat ion wi th  the en- 
zyme-conta in ing  m em b ran es  (35). As a corollary,  it  
follows tha t  there  should be no difference in the rates  
of deacy la t ion  of these subs t ra tes  when  a preassocia-  
t ion of the subst ra te  with enzyme-conta in ing  mem- 
branes  is prevented,  for example,  by  solubilization. 
Comparab le  enzymat ic  activit ies toward  both  sub- 
s t ra tes  can indeed be obta ined at  opt imal  bile sal t  
concen t ra t ions  (Fig. 1), ind ica t ing  tha t  an  interpreta-  
t ion similar  to tha t  derived for mi tochondr ia l  phos- 
phol ipase  (35) migh t  be appropr ia te  for the appa ren t  
specificity of the lung microsomal  enzyme  in the  
absence of detergents.  

The  exper iments  conducted with KC1 (Fig. 3) illus- 
t ra te  how the addi t ion of s imple ions can  cause oppo- 
site effects on phosphol ipase  A2 activity,  s imply by  
replac ing  a conjugated  bile sal t  with its uncon juga ted  
counterpar t .  These  results  emphas ize  the need for cau- 
t ion when  drawing  general  conclusions f rom lipolytic 
react ions  conducted in the presence of detergents  (2). 

The da ta  obta ined  with p -b romophenacy l  bromide 
and  with d i i sopropyl f luorophosphate  (Table 2) sug- 
gest  the impor tance  of a h is t id ine  r a the r  t h a n  a serine 
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r e s i d u e  a t  t h e  a c t i v e  s i t e  o f  t h e  e n z y m e  f r o m  l u n g  mic-  
r o s o m e s  a n d  m a k e  i t  c o m p a r a b l e ,  in  t h i s  r e g a r d ,  to 
m o s t  o f  t h e  p h o s p h o l i p a s e s  A2 s t u d i e d  so f a r  (1). I n  
a g r e e m e n t  w i t h  t h e  v i e w  t h a t  t h i s  c l a s s  o f  e n z y m e s  
l a c k s  f ree  s u l f h y d r y l  g r o u p s  (1), m o s t  o f  t h e  t h i o l  rea -  
g e n t s  t e s t e d  we re  u n a b l e  to a p p r e c i a b l y  i n h i b i t  t h e  
a c t i v i t y  ( T a b l e  2). T h e  r e a s o n  w h y  N - e t h y l m a l e i m i d e  
p a r t i a l l y  i n h i b i t e d  t h e  e n z y m e  is n o t  c l e a r  a t  p r e s e n t  
bu t ,  i n  v i e w  of  t h e  f a c t  t h a t  p - b r o m o p h e n a c y l  b r o m i d e  
c a n  r e a c t  w i t h  s u l f h y d r y l  g r o u p s  (36,37), t h e  p o s s i b i l -  
i t y  r e m a i n s  t h a t  f ree  s u l f h y d r y l s  a r e  c r i t i c a l  for  t h i s  
e n z y m e ' s  a c t i v i t y .  O b v i o u s l y ,  t h e  c l a r i f i c a t i o n  o f  t h i s  
a n d  o t h e r  q u e s t i o n s  m u s t  a w a i t  t h e  e v e n t u a l  pu r i f i c a -  
t i on  of  t h e  e n z y m e .  
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Interferon o /,8 Induces Changes in the Metabolism of Polyenoic 
Phospholipids and Diacylglycerols in the Livers of Suckling Mice 
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S u c k l i n g  m i c e  w e r e  i n j e c t e d  da i ly  f r o m  b ir th  for  10 
d a y s  w i t h  p o t e n t  p r e p a r a t i o n s  o f  m o u s e  i n t e r f e r o n  
a /B.  I n t e r f e r o n  t r e a t m e n t  r e s u l t e d  in  a m a r k e d l y  
l o w e r  c o n c e n t r a t i o n  o f  p o l y u n s a t u r a t e d  f a t t y  a c i d s  
(20:4w6 a n d  22:6(~3) in  t h e  t w o  p r i n c i p a l  l i v e r  
p h o s p h o l i p i d s ,  p h o s p h a t i d y l c h o l i n e  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 ,  t h a n  in  l i v e r s  o f  c o n t r o l - t r e a t e d  
m i c e .  T h i s  e f f e c t  a p p e a r e d  to  c o r r e l a t e  w i t h  a l o w  
l e v e l  o f  s y n t h e s i s  o f  p o l y u n s a t u r a t e d  p h o s p h o -  
l ip ids  in  t h e  l i v e r s  o f  i n t e r f e r o n - t r e a t e d  mice .  T h u s ,  
in  c o n t r o l  m i c e ,  s y n t h e s i s  o f  s p e c i e s  o f  p o l y u n s a t u -  
r a t e d  p h o s p h o l i p i d s  i n c r e a s e d  m a r k e d l y  in  t h e  f i r s t  
10 d a y s  o f  l i fe ,  w h e r e a s  in  l O - d a y - o l d  i n t e r f e r o n -  
t r e a t e d  m i c e ,  t h e  l e v e l  o f  s y n t h e s i s  o f  s p e c i e s  o f  
p o l y u n s a t u r a t e d  p h o s p h o l i p i d s  w a s  c o m p a r a b l e  to  
t h a t  in  n e w b o r n  mice .  In  p a r a l l e l ,  a m a r k e d  in-  
c r e a s e  in  t h e  d i a c y l g l y c e r o l  c o n t e n t  w i t h o u t  c h a n g e  
o f  i ts  r e n e w a l  w a s  o b s e r v e d  in t h e  l i v e r s  o f  i n t e r -  
f e r o n - t r e a t e d  m i c e .  We s u g g e s t  t h a t  i n t e r f e r o n  
t r e a t m e n t  r e s u l t s  in  a n  i n h i b i t i o n  o f  o n e  o f  t h e  
p r o c e s s e s  t h a t  l e a d s  to  a c t i v a t i o n  o f  t h e  e n z y m a t i c  
s y s t e m s  r e s p o n s i b l e  for  t h e  s y n t h e s i s  o f  s p e c i e s  o f  
p o l y u n s a t u r a t e d  p h o s p h a t i d y l c h o l i n e  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  in  t h e  l i ver  o f  s u c k l i n g  m i c e .  
It  s e e m s  l i k e l y  t h a t  t h e s e  r e s u l t s  a r e  r e l a t e d  to  t h e  
i n h i b i t i o n  o f  l i v e r  ce l l  m a t u r a t i o n  a n d  t h e  m a r k e d  
ce l l  n e c r o s i s  t h a t  a r e  o b s e r v e d  in  i n t e r f e r o n -  
t r e a t e d  s u c k l i n g  mice .  
Lipids 22, 736-743 (1987). 

Administration of potent preparations of interferon 
a/fl to suckling mice in the first week of life results in 
inhibition of growth, diffuse liver cell necrosis and 
death (1). Recently we showed that  this interferon 
treatment resulted in a marked increase in liver tri- 
glycerides and a decrease in the level of some hepatic 
phospholipids (2). Whereas the percentage of liver 
phospholipids (PL) (relative to liver protein) increased 
in the first week of life for normal suckling mice, it 
decreased in the livers of interferon-treated mice (2). 
These biochemical modifications, not observed in adult 
mice (2), were accompanied by the appearance of 
abnormal tubular aggregates arising from the endo- 
plasmic reticulum of hepatocytes (3,4), suggesting 
important alterations in the lipid-protein interactions 
at the level of these membranes (5). 

There have been several reports indicating that, in 
vitro, interferon induced changes in the fat ty acid 
composition of PL in cells. Thus, Chandrabose et al. 
(6) observed that  mouse interferon induced a decrease 
in the unsaturated fat ty acid content of all the major 

*To whom correspondence should be addressed. 
Abbreviations: PL, phospholipid; NDV, Newcastle disease virus; 
TLC, thin layer chromatography; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PS, phosphatidylserine; PI, phos- 
phatidylinositol; DG, diacylglycerol; TG, triacylglycerol. 
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PL in mouse sarcoma cells, and Apostolov and Barker 
(7,8) showed that  human interferon reduced the C18 
unsaturated fat ty acid content of human fibroblasts 
and bovine kidney cells. These changes may contrib- 
ute to the observed increased rigidity of the plasma 
membrane lipid bilayer of some interferon-treated 
cells (9). The results presented herein indicate that  in 
vivo, interferon induces similar biochemical modifica- 
tions in suckling mice as a result of alterations in the 
metabolism of the polyunsaturated molecular species 
of liver PL. 

MATERIAL AND METHODS 

Mice. Litters of Swiss mice were obtained from the 
pathogen-free colony at the Insti tut  Recherches Sci- 
entifiques sur te Cancer, Villejuif, France. 

Interferon preparation. Mouse interferon a/fl was 
prepared from suspension cultures of mouse sarcoma 
C243 cells inoculated with Newcastle disease virus 
(NDV). The methods of production and purification 
have previously been described (10). Interferon was 
assayed by inhibition of cytopathic effect of vesicular 
stomatitis virus on L cells in monolayer culture (0.2 
ml/well) in Falcon microplates. Units in the text are 
expressed as international mouse reference units. 
The specific activity of this purified interferon was 
ca. 2 • 107 un i t s /mg protein. Control preparations 
consisted of supernatant  from cultures of C243 cells 
prepared in exactly the same way as interferon except 
that  the interferon inducer, NDV, was omitted. 

Experimental plan. Half of the mice in each litter 
were marked and injected subcutaneously in the inter- 
capsular region daily from birth to the sixth or tenth 
day with 0.05 ml of purified mouse interferon having 
a titer of 3.2 • 106/ml or with the control preparation. 
Mice were killed on the sixth or the tenth day. After 
mice were killed, the livers were weighed; a piece was 
removed for histologic examination and the remain- 
ing tissue was weighed, ground with a blender in 10 
ml of chloroform/methanol (1:1,v/v) and stored at 
-80 C. The lipid extraction was performed according 
to Folch et al. (11). 

Separation of neutral lipids and total PL for analy- 
sis of fatty acids. Lipids were chromatographed on a 
silica gel (Mallinckrodt, Paris KY) column. After the 
column was washed with hexane/isopropyl ether 
(90:10, v/v), triacylglycerols were eluted by hexane /  
isopropyl ether (70:30, v/v), diacylglycerois and all 
nonphosphorus-containing lipids by isopropyl ether/  
methanol (95:5, v/v) and PL by methanol (93-95% 
recovery). Aliquots of triacylglycerol and 1,2-diacyl- 
glycerol fractions were purified by thin layer chroma- 
tography (TLC) on silica gel G 60 precoated plates 
(Merck, Darmstadt,  FRG) in heptane/isopropyl ether 
acetic acid (60:40:4 v /v /v)  solvent system (12). The 
1,2-diacylglycerol and triacylglycerol spots, detected 
under UV light after spraying with primuline reagent 
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(13), w e r e  s c r a p e d  i n t o  s c r e w - c a p p e d  t u b e s .  A k n o w n  
a m o u n t  o f  17:0 f a t t y  a c i d  w a s  a d d e d  a s  a t r a c e r  to  
e a c h  f r a c t i o n ,  a n d  t r a n s e s t e r i f i c a t i o n  b y  m e t h a n o l i c -  
HC1 w a s  p e r f o r m e d  a s  p r e v i o u s l y  d e s c r i b e d  (14). 

F a t t y  m e t h y l  e s t e r s  we re  a n a l y z e d  u s i n g  a g a s  liq- 
u i d  c h r o m a t o g r a p h  ( P a c k a r d  428, D o w n e r s  Grove ,  IL)  
w i t h  a 10% S P  2330 on  100/120  c h r o m o s o r b  W A W  
c o l u m n  of  9' 1 /16"  S S  o p e r a t e d  i s o t h e r m a l l y  a t  190 C. 
R e s u l t s  a r e  e x p r e s s e d  a s  p e r c e n t  o f  t o t a l  f a t t y  a c i d s  b y  
m e a n s  o f  a coup l ed  i n t e g r a t o r  ( P a c k a r d  i n s t r u m e n t ) .  

T h e  a m o u n t  o f  f a t t y  a c i d  in  e a c h  of  t h e  s a m p l e s  w a s  
c a l c u l a t e d  b y  c o m p a r i n g  t h e  s u r f a c e  o f  e a c h  o f  t h e  
p e a k s  to t h e  s u r f a c e  o f  t h e  p e a k  o f  17:0 on  t h e  s a m e  
c h r o m a t o g r a m .  

Analysis of fatty acids in phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), phosphatidylserine 
(PS) and phosphatidylinositol (PI). P L  f r o m  t h e  f rac-  
t i on  p r e v i o u s l y  p u r i f i e d  b y  c o l u m n  were  s e p a r a t e d  b y  
T L C  u s i n g  c h l o r o f o r m / m e t h a n o l / a c e t i c  a c i d / w a t e r  
(60:30:7:3, v / v / v / v )  a s  d e v e l o p i n g  s o l v e n t  (15). PC ,  
P E ,  P S  a n d  P I  s p o t s  v i s u a l i z e d  u n d e r  U V  l i g h t  a f t e r  
s p r a y i n g  w i t h  p r i m u l i n e  were  s c r a p e d  i n to  screw-  
c a p p e d  t ubes ,  a n d  m e t h y l  e s t e r s  of  f a t t y  a c i d s  were  
p r e p a r e d  a s  d e s c r i b e d  above .  

In vivo measurement of PL biosynthesis in the liver 
of suckling mice. S u c k l i n g  m i c e  we re  k i l l e d  5,20,45 or  
60 m i n  a f t e r  i n j e c t i o n  of  150 ~Ci  of  [2-3H] g l y c e r o l  pe r  5 
g o f  m o u s e .  L i v e r s  were  h o m o g e n i z e d  in  20 vo l  o f  chlo-  
r o f o r m / m e t h a n o l  (1:1, v / v )  a n d  t h e  p r o t e i n  p rec ip i -  
t a t e ,  s e p a r a t e d  f r o m  t h e  o r g a n i c  p h a s e  b y  c e n t r i f u g a -  
t ion ,  w a s  r e e x t r a c t e d  b y  two  o t h e r  e x t r a c t i o n s  w i t h  
t h i s  s o l v e n t  m i x t u r e .  T h e  poo l ed  o r g a n i c  p h a s e s  we re  
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a d j u s t e d  to 2:1 c h l o r o f o r m / m e t h a n o l  a n d  s u b s e q u e n t l y  
w a s h e d  a s  p r e v i o u s l y  d e s c r i b e d  (14,16). T o t a l  l i p i d  
p h o s p h o r u s  a n d  l i p i d  r a d i o a c t i v i t y  w a s  d e t e r m i n e d  on  
a l i q u o t s  o f  l i p i d s  e x t r a c t e d  f r o m  l iver .  

N e u t r a l  l i p i d s  we re  r e s o l v e d  b y  T L C  on  s i l i c a  ge l  G 
60 p r e c o a t e d  p l a t e s  i n  m o n o d i m e n s i o n  w i t h  h e p -  
t a n e / i s o p r o p y l  e t h e r / a c e t i c  a c i d  (60:40:4, v / v / v ) .  Lip-  
ids  we re  d e t e c t e d  u n d e r  U V  l i g h t  w i t h  p r i m u l i n e  rea-  
gen t ,  or  s t a n d a r d s  we re  c h r o m a t o g r a p h e d  in  p a r a l l e l  
a n d  s t a i n e d  w i t h  v a n i l l i n / s u l f u r i c  acid s p r a y  r e a g e n t .  

P L  were  s e p a r a t e d  b y  t w o - d i m e n s i o n a l  T L C  on 10 • 
10 c m  s i l i c a  ge l  p r e c o a t e d  p l a t e s  u s i n g  s o l v e n t s  pre- 
v i o u s l y  d e s c r i b e d  (17). T h e  s p o t s  on  t h e  c h r o m a t o -  
g r a m  were  v i s u a l i z e d  w i t h  t h e  p h o s p h o r u s - s p e c i f i c  
s p r a y  r e a g e n t  of  D i t t m e r  a n d  L e s t e r  (18). 

V i s u a l i z e d  s p o t s  we re  s c r a p e d  i n to  a c o u n t i n g  v ia l ,  
a n d  3 m l  o f  e t h a n o l / w a t e r  (1:1, v / v )  a n d  8 m l  o f  
P icof iuor -30  ( P a c k a r d )  we re  s u c c e s s i v e l y  a d d e d  (19). 
A f t e r  m i x i n g ,  e a c h  v i a l  w a s  c o u n t e d  in  a T r i c a r b  spec-  
t r o m e t e r  ( P a c k a r d ) .  T h e  c o u n t i n g  e f f i c i ency  w a s  de- 
t e r m i n e d  b y  t h e  e x t e r n a l - s t a n d a r d  c h a n n e l  r a t i o ,  a n d  
t h e  r e s u l t s  a r e  e x p r e s s e d  in  d p m .  

P r o t e i n s  in  t h e  d e l i p i d i z e d  p r e c i p i t a t e  we re  deter-  
m i n e d  b y  t h e  m e t h o d  o f  L o w r y  et  al .  (20) a f t e r  d i s s o l v -  
i n g  in  1 N N a O H .  

T r i a c y l g l y c e r o l s  w e r e  d e t e r m i n e d  b y  e n z y m a t i c  
m e t h o d  (21) on  a l i q u o t s  of  t o t a l  l i p i d  a n d  t r i a c y l g l y -  
cero l  c h r o m a t o g r a p h i c  f r a c t i o n  d i s s o l v e d  in  a min -  
i m u m  v o l u m e  o f  p r o p a n o l .  T h e  p r o p o r t i o n s  o f  1,2- 
d i a c y l g l y c e r o l s  in  n e u t r a l  l i p i d s  we re  d e t e r m i n e d  in  
t h e  c o r r e s p o n d i n g  f r a c t i o n  of  c o l u m n  c h r o m a t o g r a -  
p h y  b y  the  s a m e  e n z y m a t i c  m e t h o d  a f t e r  s e p a r a t i o n  o f  

TABLE 1. 

Ef fec t  o f  Inter feron  on the  C o m p o s i t i o n  o f  Fatty  Acids  in  Liver  P h o s p h o l i p i d s  o f  
Suck l ing  Mice a 

Age of mice 

6 Days 10 Days 

Fat ty  acids At birth (8) b Control (4) IFN-treated (4) Control (5) IFN-treated (6) 

16:0 25.0 _+ 0.3 21.2 _+ 0.3 21.7 +_ 0.1 26.1 • 0.5 26.8 • 0.3 
16:1 1.3 _+ 0.1 0.9 • 0.1 1.1 • 0.1 0.7 + 0.1 0.9 • 0.1 
16:2 1.0 _+ 0.1 0.8 _+ 0.1 1.1 _+ 0.1 0.7 + 0.1 1.0 • 0.1 
18:0 16.6 • 0.3 17.3 _+ 0.1 17.6 • 0.7 16.3 • 0.2 16.6 _+ 0.1 
18:1 11.5 _+ 0.1 8.9 + 0.4 12.1 _+ 0.4 7.5 • 0.1 10.7 • 0.3 
18:2~6 10.4 _+ 0.1 10.3 _+ 0.2 10.2 + 0.1 10.6 _+ 0.2 11.4 _+ 0.2 
18:3w6 0.7 • 0.1 0.5 • 0.1 0.8 • 0.1 0,4 • 0.1 0.5 _+ 0.1 
18:3oJ3 1.1 + 0.1 1.2 • 0.5 1.4 _+ 0.1 0,5 -+ 0.1 1.0 • 0.2 
20:3 1.3 + 0.1 1.9 _+ 0.1 2.5 + 0.1 1.7 • 0.2 1.2 • 0.2 
20:4~o6 12.2 _+ 0.4 15.7 _+ 0.2 14.2 _+ 0.4 14.1 +_ 0.2 10.4 • 0.2 
20:5w3 2.5 + 0.1 2.4 +_ 0.4 2.3 • 0.1 1.7 _+ 0.1 1.6 • 0.1 
22:3 0.3 i 0.1 0.9 • 0.4 1.0 • 0.1 0.5 + 0.1 0.4 _+ 0.1 
22:5w3 0.6 • 0.1 0.9 + 0.1 1.7 • 0.1 1.0 • 0.1 1.7 • 0.1 
22:6~3 14.8 • 0.5 15.3 + 0.8 12.0 + 0.8 17.1 + 0.5 14.6 • 0.4 
Ew6 23.3 26.5 25.2 25.1 22.2 
)2r 18.9 19.8 18.5 20.3 18.9 
U.I. c 198 215 193 212 191 

aThe results expressed as the percentage of total fatty acids are means -- SM. 
bNumber in parentheses indicates the number of mice. Newborn and 10-day-old mice came from the 
same litters, whereas 6-day-old mice came from a second experiment at a different time of year. 
cu.I., the unsaturation index, is the sum of the percentage multiplied by the number of double bonds 
for each fatty acid in the mixture. 
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t h e  1 , 2 - d i a c y l g l y c e r o l s  i n  p a r a l l e l  w i t h  a k n o w n  
a m o u n t  of  p u r i f i e d  d i a c y l g l y c e r o l s  b y  T L C  a s  des-  
c r i b e d  above .  T h e  a m o u n t  of  d i a c y l g l y c e r o l s  on  t h e  
p l a t e  w a s  c a l c u l a t e d  f r o m  t h e  c o r r e c t e d  OD o b t a i n e d  
w i t h  t h e  s t a n d a r d  s p o t  of  d i a c y l g l y c e r o l s  on  t h e  s a m e  
p la t e .  

Separation of molecular species of radioactive PC 
and PE. P C  a n d  P E  were  p u r i f i e d  f r o m  t h e  P L  f r a c t i o n  
b y  p r e p a r a t i v e  T L C  on  20 x 20 c m  p l a t e s  c o a t e d  w i t h  
s i l i c a  ge l  N,  H R  ( M a c h e r a y - N a g e l ,  Dt i ren ,  F R G )  con- 
t a i n i n g  1% s o d i u m  c a r b o n a t e  in  c h l o r o f o r m / m e t h a n o l /  
a ce t i c  a c i d / w a t e r  (60:30:7:3, v / v / v / v )  (15). P C  a n d  PE ,  
l o c a l i z e d  b y  f l u o r e s c e n c e  a f t e r  p l a t e s  we re  s p r a y e d  
w i t h  p r i m u l i n e ,  we re  e l u t e d  f r o m  gel  b y  e x t r a c t i o n  
w i t h  a m i x t u r e  of  c h l o r o f o r m / m e t h a n o l / a c e t i c  a c i d /  
w a t e r  (50:39:1:10, v / v / v / v )  (22). T h e  d i f f e r e n t  mo lecu -  
l a r  s p e c i e s  o f  P C  a n d  P E  were  s e p a r a t e d  b y  c h r o m a t o -  
g r a p h y  on  5 • 10 c m  s i l i c a  ge l  G 60 p r e c o a t e d  p l a t e s  
i m p r e g n a t e d  w i t h  s i l v e r  n i t r a t e  (23,24). I n  br ie f ,  t h e  
p l a t e s  we re  i m m e r s e d  for  30 m i n  in  a s o l u t i o n  o f  50 g 
o f  s i l v e r  n i t r a t e  d i s s o l v e d  in  50 m l  o f  w a t e r ,  t h e n  d r i e d  
for  10 m i n  a t  110 C a n d  a c t i v a t e d  for  8 r a in  a t  170 C 
be fo re  use .  E a c h  p u r i f i e d  P L  ( a b o u t  2 m g )  w a s  s p o t t e d  
on  e a c h  p l a t e ,  a n d  c h r o m a t o g r a p h y  w a s  p e r f o r m e d  in  
a c h l o r o f o r m / m e t h a n o l /  w a t e r  s o l v e n t  s y s t e m  (60: 
40:7.5. v / v / v )  for  P C  a n d  (70:40:10, v / v / v )  for  PE .  
A f t e r  d r y i n g ,  t h e  fou r  m a j o r  s e p a r a t e d  f r a c t i o n s  we re  
i d e n t i f i e d  b y  t h e  r e a g e n t  o f  D i t t m e r  a n d  L e s t e r ,  
s c r a p e d  i n to  c o u n t i n g  v i a l s  a n d  c o u n t e d  a s  d e s c r i b e d  
above .  

RESULTS 

Effect of interferon on the fatty acid composition of 
phospholipids in the livers of suckling mice (Table 1). 
P a l m i t i c  (16:0), s t e a r i c  (18:0), oleic  (18:1), l i n o l e i c  
(18:2~6), e i c o s a t e t r a e n o i c  (20:4oJ6) a n d  d o c o s a h e x a -  
eno ic  (22:6oJ3) a c i d s  a r e  t h e  m a j o r  f a t t y  a c i d s  i n  t h e  
l i v e r  P L  of  s u c k l i n g  m i c e  ( T a b l e  1). I n  t h e  f i r s t  10 d a y s  
o f  life, t h e  p r o p o r t i o n  o f  p o l y u n s a t u r a t e d  f a t t y  a c i d s  in  
l i v e r  P L  i n c r e a s e d  (43.7% a t  b i r t h  to  47.5% for  10-day-  
o ld  mice) .  T h i s  o v e r a l l  i n c r e a s e  in  p o l y u n s a t u r a t e d  
a c i d s  in  P L  w a s  n o t  o b s e r v e d  in  i n t e r f e r o n - t r e a t e d  
s u c k l i n g  mice .  T h u s ,  t h e  p e r c e n t a g e  o f  20:4~6 a n d  
22:6o~3 in  P L  i n c r e a s e d  b y  15% for  c o n t r o l  mice  (com- 
p a r e d  to n e w b o r n  mice)  a n d  e i t h e r  d e c r e a s e d  for  in-  
t e r f e r o n - t r e a t e d  mice  a t  10 d a y s  or  s h o w e d  t h e  s a m e  
v a l u e  as  for  n e w b o r n  mice .  T h e  p e r c e n t a g e  o f  o le ic  
a c i d  d e c l i n e d  w i t h  a g e  for  c o n t r o l  mice ,  b u t  for  in te r -  
f e r o n - t r e a t e d  m i c e  i t  s t a y e d  a t  t h e  s a m e  leve l  a s  for  
n e w b o r n  mice .  I t  is  i n t e r e s t i n g  to  n o t e  t h a t  t h e  po ly -  
u n s a t u r a t e d  f a t t y  a c i d  i n d e x  o f  i n t e r f e r o n - t r e a t e d  10- 
d a y - o l d  m i c e  w a s  c lose r  to  t h a t  o f  n e w b o r n  m i c e  t h a n  
i t  w a s  to c o n t r o l  10-day-o ld  s u c k l i n g  mice .  

Effect of interferon on the fatty acid composition of 
the major liver PL of suckling mice (Table 2). I n  PC,  
t h e r e  w a s  a c l ea r - cu t  d e c r e a s e  in  t h e  p e r c e n t a g e  o f  
e i c o s a t e t r a e n o i c  (20:4o~6) a n d  d o c o s a h e x a e n o i c  
(22:6~3) a c i d s  a n d  a n  i n c r e a s e  in  t h e  p e r c e n t a g e  o f  
p a l m i t o l e i c  (16:1), o le ic  (18:1), l i no l e i c  (18:2w6) a n d  
e i c o s a p e n t a e n o i c  (20:5~o3) a c i d s  in  i n t e r f e r o n - t r e a t e d  

TABLE 2 

Effect  o f  Interferon  on the  Fatty  Acid C o m p o s i t i o n  o f  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  + P h o s p h a t i d y l i n o s i t o l  (PS + PI) 
in Liver  o f  10 -Day-Old  Mice a 

PC PE PS+PI 

Fat ty  acids Control IFN-treated Control IFN-treated Control IFN-treated 

16:0 34.5 _+ 0.9 35.2 + 0.8 22.8 + 0.3 19.9 _+ 0.4 14.9 _+ 0.1 15.2 + 0.2 
16:1 0.9 _+ 0.1 1.2 • 0.1 ND 0.6 _+ 0.1 ND ND 
18:0 13.0 _+ 0.2 13.8 • 0.2 22.1 + 0.2 21.6 • 0.2 39.6 _+ 0.7 37.0 _+ 0.6 
18:1 8.7 _+ 0.1 12.8 + 0.1 4.3 + 0.1 8.7 + 0.1 5.5 _+ 0.2 7.3 _+ 0.2 
18:2~6 12.7 _+ 0.2 13.5 _+ 0.1 2.8 + 0.1 8.5 + 0.1 2.1 _+ 0.1 3.4 _+ 0.1 
18:3~6 0.4 _+ 0.1 0.5 _+ 0.1 0.7 + 0.1 ND ND ND 
18:3a3 0.8+0.1 1.4+0.1 0.7+0.1 1.3_+0.1 0.3_+0.1 1.0+ 0.6 
20:3w6 2.3 + 0.1 1.9 • 0.3 1.1 • 0.1 1.2 + 0.1 0.7 +_ 0.1 1.6 +_ 0.6 
20:4oJ6 10.8 + 0.1 8.1 _+ 0.4 17.1 + 0.3 13.8 _+ 0.3 21.7 _+ 0.1 18.7 _+ 0.3 
20:5oJ3 1.0 _+ 0.1 1.5 • 0.2 2.1 + 0.2 2.7 • 0.2 1.0 _+ 0.1 1.3 -+ 0.1 
22.5~3 0.6 _+ 0.1 0.9 _+ 0.1 1.4 _+ 0.1 1.6 _+ 0.1 0.8 + 0.1 1.6 + 0.1 
22:6~3 13.3 _+ 0.2 8.1 • 0.1 24.3 + 0.1 19.5 _+ 0.2 12.0 + 0.1 11.6 _+ 0.5 
~o6 26.2 24.0 21.7 23.4 24.5 23.6 
~ 3  15.8 11.8 28.5 25.1 14.1 15.6 
~6/~3 1.7 2.0 0.8 1.0 1.7 1.5 
U.l.b 176 144 248 227 181 181 

aThe results are given in percentage of total fatty acids recovered and are expressed as means + SE. 
Four pools of two livers were analyzed: each determination was done in duplicate. Minor fatty acids as 
12:0, 14:0, 14:1, 15:0, 17:0, 20:0, 20:1, 22:1 and 24:0 are not included in the table, but for the determina- 
tion of total fatty acids all identified acids were included. 
bu.I., the unsaturation index, is the sum of the percentage multiplied by the number of double bonds 
for each fatty acid in the mixture. 
ND, Not detected. 
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mice. The unsa tu ra t ion  index decreased from 176 for 
control mice to 144 for interferon-treated mice. 

PE conta ins  the h ighes t  percentage of unsa tura ted  
fa t ty  acids of liver PL. In ter feron t r ea tmen t  resulted 
in a decrease in palmitoleic, eiocosatetraenoic and  
docosahexaenoic  acids, accompanied  by an  increase 
in the percent  of oleic, tinoleic and  linolenic in ~3 
(18:3w3) fa t ty  acids. The overall unsa tu ra t ion  index 
decreased from 248 for control mice to 227 for inter- 
feron-treated mice. 

No change  in the unsa tu ra t ion  index was  observed 
in the fract ions PS and  PI. 

Effect of interferon on the amount of fatty acids in 
the livers of suckling mice. The results presented 
above give only an imperfect  picture of the extent  of 
the biochemical  changes  due to interferon t reatment ,  
as in the first  10 days  of life the liver weight  increases  
f rom 83 mg  at bir th to 208 mg  (10 days)  for control  
mice and  260 mg for interferon-treated mice, and  the 
amoun t  of liver lipids increases  f rom 3.1 mg / l i ve r  at  
bir th to 9.8 mg  for control  mice and  25 mg  for inter- 
feron-treated mice (2). For  this reason,  we have  quan- 
t i ta ted fa t ty  acids in the liver PL us ing  an  in ternal  
s t anda rd  of 17:0. Thus, per liver, the total  a m o u n t  of 
palm• acid (16:0) doubled, and  oleic (18:1) and  
linoleic (18:2o~6) acids tripled or quadrupled in inter- 
feron-treated mice (Table 3). However, in the two 
groups of mice, the levels of po lyunsa tu ra ted  fa t ty  
acids in C20 and  C22 were vir tual ly  equal; only the 
sum of unsa tu ra ted  fa t ty  acids in ~6 was  increased in 
interferon-treated mice as a result  of the marked  
increase in linoleic acid (18:2~o6). 

In  contrast ,  there was  a marked  decrease in the 
amoun t  per liver of fa t ty  acid present  in the liver PL  
(i.e., 8.8~mol per liver for control mice to 5.2 pmol for 
interferon-treated mice). Palmitoleic (16:1), oleic (18:1), 
l inolenic (18:3oJ6 and  18:3w3) and  docosatr ienoic (22:3) 
acids present  in PL decreased ca. 20%; palm• (16:0), 
stearic (18:0), eicosatrienoic (20:3) and  eicosapenta- 
enoic (20:5) acids decreased 40%; eicosatetraenoic 
(20:4w6) and  docosahexaenoic  (22:6~3) decreased more 
t h a n  50%. Only docosapentaenoic  acid (22:5oJ3) in- 
creased by 8%. 

It can  be seen, therefore, t ha t  the po lyunsa tura ted  
fa t ty  acids in PL were the mos t  affected by interferon 
t reatment .  (For control mice, po lyunsa tu ra ted  fa t ty  
acids in phosphol ipids  represent  4.3 pmol per liver, 
whereas  they  only const i tute  2.3 ~mol for interferon- 
t reated mice). 

Effect of interferon on biosynthesis of lipids in the 
livers of suckling mice: kinetics of incorporation of 
l(3)-3Hglycerol. Five min after injection of radioact ive 
glycerol, 50% of the lipid rad ioac t iv i ty  was  present  in 
tr iacylglycerides.  The level of radioact iv i ty  in triacyl- 
glycerides then decreased for 8-day-old control mice, 
whereas  it increased for interferon-treated mice (Fig. 
1). The radioact iv i ty  in diacylglycerides was greater  
in interferon-treated mice t h a n  in control  mice and  
decreased in parallel  with t ime in both  groups  (Fig. 1). 
The radioac t iv i ty  in PL  increased in parallel  for both  
groups,  a l though  the a m o u n t  in interferon-treated 
mice was about  ha l f  tha t  of control mice (Fig. 1). 
A l though  there was a marked  decrease in the PL con- 
tent  of the liver in interferon-treated suckling mice (2.1 

TABLE 3 

Effect of Interferon on the Amount of Fatty Acids in Total Lipids and 
Phospholipids of the Livers of 10-Day-Old Suckling Mice a 

Total lipids Phospholipids 

Fatty Acids Control (6) IFN-treated (6) Control (6) IFN-treated (6) 

16:0 3.1 _+ 0.2 6.1 _+ 0.5** 2.14 _+ 0.12 1.32 _+ 0.14"* 
16:1 0.2 + 0.1 0.8 _+ 0.2 0.07 _+ 0.01 0.05 _+ 0.01"* 
18:0 1.7 _+ 0.2 1.8 _+ 0.3 1.51 • 0.02 0.91 + 0.06** 
18:1 2.5 _+ 0.4 8.6 + 1.2"* 0.73 _+ 0.01 0.60 _+ 0.03* 
18:2w6 1.5 • 0.2 3.7 _+ 0.4** 0.94 _+ 0.03 0.58 _+ 0.05** 
18:3~6 0.1 + 0.1 0.2 -+ 0.1 0.04 • 0.01 0.03 _+ 0.01 
18:3~o3 ND ND 0.08 _+ 0.01 0.06 + 0.01 
20:3 0.2 -+ 0.1 0.5 _+ 0.1 0.16 _+ 0.0t 0.09 • 0.01"* 
20:4~6 1.4 • 0.1 1.1 -+ 0.2 1.33 -+ 0.01 0.63 -+ 0.02** 
20:5oJ3 0.2 _+ 0.1 0.5 _+ 0.2 0.18 _+ 0.01 0.10 _+ 0.01"* 
22:3 ND ND 0.06 • 0.01 0.05 -+ 0.01 
22:5~3 0.1 • 0.1 0.4 • 0.1 0.08 _+ 0.01 0.09 • 0.01 
22:6~3 1.5 _+ 0.3 1.2 _+ 0.2 1.46 _+ 0.06 0.71 _+ 0.08** 
~ 6  3.2 • 0.3 5.3 • 0.5** 2.31 _+ 0.02 1.24 _+ 0.03** 
EoJ3 2.0 _+ 0.2 2.7 _+ 0.4 1.80 • 0.04 0.96 _+ 0.05** 

aThe amount ingmol/liver of each fatty acid is mean_+ SM and is determined by 
comparison with an internal standard of 17:0 fatty acid introduced in the lipids at the 
time of transesterification (see Materials and Methods). Calculations take into 
account the surface of the peaks of fatty acids with that of standard on the same 
chromatogram. Number in parentheses indicates the number of mice. Values statis- 
tically different between control and IFN-treated:*, p< 0.05; **, p< 0.01. 
ND, not detected. 
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FIG. 1. Ef fec t  o f  in ter feron  t r e a t m e n t  on  the  k inet ics  o f  
1(3)'3H-glycerol  incorporat ion  into  the  d iacy lg lycero l s  
(DG), t r i a c y l g l y c e r o l s  (TG) and p h o s p h o l i p i d s  (PL) o f  the  
l i vers  o f  s u c k l i n g  mice .  E a c h  va lue  w a s  the  m e a n  +_ SM o f  
d p m / 1 0 0  m g  o f  w e t  t i ssue .  Va lues  s ta t i s t i ca l ly  d i f f erent  
b e t w e e n  contro l  and IFN-treated;  *, p < 0.05; **, p < 0.01. 

+ 0.2% of wet t issue compared  with 3.6 + 0.3% in con- 
trol mice), the specific radioact iv i ty  of PL was  com- 
parable  between the 2 groups and  increased regular ly  
between 5 and  60 min  (for control  mice, 450 _+ 60 
d p m / # g  of PL [5 min] to 560 _+ 40 d p m / ~ g  [20 min] and  
710 +_ 50 [60 min], whereas  for interferon-treated mice, 
the values were 290 _+ 80 [5 min], 570 _+ 50 [20 min] and  
740 _+ 40 [60 min]). There was  no s igni f icant  difference 
in the distr ibution of radioact iv i ty  in the different spe- 
cies of PL. 

Comparison of PL synthesis in the livers of new- 
born and lO-day-old control and interferon-treated 
mice. Incorpora t ion  of 3H-glycerol in liver PL  was  
determined 45 min after injection of the tracer. As can 
be seen in Table 4, the amoun t  of radioact iv i ty  per 100 

mg  liver protein doubles or triples in control mice 
between bir th and  10 days,  whereas  the levels in 
interferon-treated mice are comparable  to those found 
in newborn  mice. 

Distribution of radiolabel among the different mole- 
cular species of PC and PE (Table 5). For  10-day-old 
control mice, the radiolabel in PC was found almost  
equally distributed in the low unsa tu ra ted  (i.e., mono- 
enoic and  dienoic) and  po lyunsa tura ted  (i.e., tetra- 
enoic and  hexaenoic) species. In  contrast ,  in 10-day- 
old interferon-treated mice, only 37% of the radioac- 
t ivi ty was found in the po lyunsa tu ra t ed  species, as 
was also found in newborn  mice. 

For PE, in 10-day-old control mice, the major  par t  
(82%) of the radioact ivi ty  was found in the polyunsatu-  
ra ted species. Interferon t r ea tment  resulted in a de- 
crease in this percentage  to 66%, which  was  similar  to 
the percent  of radioact ivi ty  in newborn  mice. 

In  summary ,  interferon t r ea tment  affected preferen- 
t ially the synthes i s  of molecular  species of PC and  PE 
conta in ing  most ly  po lyunsa tura ted  fa t ty  acids. 

Effect of interferon on the composition and metabo- 
lism of 1,2odiacylglycerols and triacylglycerols. As 
interferon t r ea tment  of suckl ing mice resulted in an  
abnormal  accumula t ion  of l(3)-3H-glycerol in 1,2-dia- 
cylglycerols and  as these compounds  are common 
intermediates  for t r iacylglycerol  and phospholipid 
biosynthesis ,  we determined the concent ra t ion  and  
the specific radioact ivi ty  of 1,2-diacylglycerols and  
their fa t ty  acid composition. In terferon t rea tment  in- 
creased the concent ra t ion  of 1,2-diacylglycerols about  
four- to fivefold in the liver (from 0.4 + 0.3 pmol /g  of 
wet t issue in control  mice to 2.1 _+ 1.0 t~mol/g in 
interferon-treated mice), a l though  their average  spe- 
cific radioact iv i ty  remained  a lmost  equivalent  (1787 + 
291 d p m / # g  of diacylglycerols  for control mice and  
1591 _+ 230 d p m / u g  for interferon-treated mice). More- 
over, there was only a s igni f icant  decrease of 18:1 

TABLE 4 

Radioact iv i ty  Incorporated in the  Liver P h o s p h o l i p i d s  o f  N e w b o r n  Mice 
and 10-Day-Old  Control  and Inter feron-Treated  Mice* 

10-Day-old mice 

Newborn (8) Control (6) IFN-treated (6) 

LPC 1,013 _+ 150 a 
SPH 454 _+ 55 b 
PC 110,160 _+ 6,082 c 
PS 1,201 _+ 130 d 
PI 6,738 _+ 403f 
PE 62,803 _+ 3,827g 
DPG 2,768 _+ 210 h 
PA 613 _+ 51 i 
TG 160,066 + 21,735 k 

2,112 + 276 563 _+ 172 a 
616 _+ 114 b 318 _+ 19 b 

263,976 _+ 22,220 105,268 _+ 20,912 c 
2,219 + 258 e 1,211 _+ 244 e,d 

15,532 + 1,830 5,769_+ 1,096f 
169,406 _+ 14,356 56,746 +_ 11,879g 

2,147 _+ 215 h 1,611 _+ 309 h 
1,198 _+ 134J 976 _+ 207ij 

231,116 _+ 20,358 k 294,982 _+ 59,655 k 

*Values are means _+ SE of dpm/100 mg of liver proteins. The radioactivity in each 
phospholipid was measured 45 min after injection of 150 t~Ci of 1(3)-3H-glycerol/5 g of 
mouse. Each chromatogram of labeled lipids was done in duplicate and the radioac- 
tivity was determined in each of the chromatograms. Number of parentheses indi- 
cates the number of mice per group. Values with a common superscript are not 
significantly different. LPC, lysophosphatidylcholine; PA, phosphatidic acid; SPH, 
sphingomyelin; DPG, diphosphatidylglycerol; TG, triacylglycerols. 
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(from 32.5 to 26.3%) a n d  a n o n s i g n i f i c a n t  i n c r e a s e  of  
20:4 a n d  22:6 i n  the  d i a c y l g l y c e r o l s  (DG) of i n t e r f e r on -  
t r ea ted  mice  (Table  6). 

These  v a r i a t i o n s  c a n n o t  exp l a in ,  therefore ,  t he  in-  
t e r f e r o n - i n d u c e d  decrease  i n  the  p r o p o r t i o n  of po lyun-  
s a t u r a t e d  f a t t y  ac ids  i n  l iver  PL.  T h e  s a m e  a r g u m e n t s  
ho ld  for the  t r i acy lg lyce ro l s ,  whose  c o n c e n t r a t i o n  w a s  
i n c r e a s e d  five- to s ixfo ld  b y  i n t e r f e r o n  t r e a t m e n t  (2) 
a n d  whe re  o n l y  a s i g n i f i c a n t  i n c r e a s e  of 18:1 w a s  
o b s e r v e d  i n  the  f a t t y  ac id  c o m p o s i t i o n  b e t w e e n  the  
two g roups  (Table  6). 
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DISCUSSION 

T h e  e x p e r i m e n t a l  r e su l t s  p r e s e n t e d  h e r e i n  e m p h a s i z e  
the  v e r y  m a r k e d  effects of i n t e r f e r o n  on  l ip id  me t abo -  
l i s m  i n  t he  l ive rs  of s u c k l i n g  mice.  I t  seems ,  therefore ,  
t h a t  t he  i n t e r f e r o n - i n d u c e d  a l t e r a t i o n s  a t  t he  level  of 
n e u t r a l  l ip ids  a n d  P L  do n o t  h a v e  the  s a m e  or ig in .  
Thus ,  we h a v e  p r e v i o u s l y  observed ,  on  one  h a n d ,  a 
r e t e n t i o n  of n e w l y  fo rmed  t r i a c y l g l y c e r o l s  i n  the  l iver  
w i t h o u t  a n y  m o d i f i c a t i o n  of t he i r  f a t t y  ac id  composi -  
t i o n  a n d ,  on  t he  o the r  h a n d ,  a dec rease  i n  the  t o t a l  

TABLE 5 

Distr ibut ion  o f  the  l(3)-aH-Glycerol  A m o n g  Molecular Species  o f  Liver  
P h o s p h a t i d y l c h o l i n e  (PC) and 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) in N e w b o r n  Mice and 
10-Day-Old  Control  and Interferon-Treated  Mice a 

PC PE 

10-Day-old 10-Day-old 

Molecular 
Species b Newborn Control(6) c IFN-treated (6) Newborn Control (6) IFN-treated (6) 

Monoenoic 30 18 • 1 28 • 3* 17 8 • 1 16 • 2* 
Dienoic 32 31 • 4 35 • 3 16 10 • 1 19 • 2* 
Tetraenoic 21 23 _+ 3 19 + 2 31 35 • 4 29 + 3 
Hexaenoic 17 27 • 4 18 _+ 2 38 47 • 5 37 • 4 

aResults are expressed as dpm percentage of the total dpm recovered from the four fractions separated 
on the chromatogram. 
bEach molecular species is defined by its most unsaturated fatty acid. 
CNumber in parentheses indicates number of determinations. The distribution of l(3)-3H-glycerol 
among PC and PE of different degrees of saturation at each time-interval was analyzed by argentation 
TLC. In lO-day-old suckling mice, the distribution of radiolabel did not change with time during the 
experimental period, and the results were the means • SM of analyses 5, 20 and 60 rain after injection of 
labeled glycerol (six pools of lipids from two animals). At birth, PC and PE were analyzed 45 rain after 
label injection (two pools of lipids from three animals each). 
*Value statistically different between control and IFN-treated, p ~ 0.01. 

TABLE 6 

Effect  o f  Inter feron  on the Fatty Acid Compos i t ion  o f  1 ,2 -Diacy lg lycero l  
and Tr iacy lg lycero l  in  the Livers  o f  10-Day-Old Suck l ing  Mice a 

1,2-Diacylglycerol Triacylglycerol 

Fatty acids Control (3)b IFN-treated (3) Control (6) IFN-treated (6) 

16:0 26.4 • 0.2 27.2 • 0.5 23.3 • 0.6 24.7 • 0.5 
16:1 2.0 _+ 0.I 3.1 • 0.I 2.6 + 0.1 2.9 _+ 0.I 
18:0 5.0 • 0.1 4.8 • 0.1 5.3 _+ 0.1 4.3 • 0.1 
18:1 32.5 i 0.7 26.3 _+ 0.7 27.6 • 1.1 33.6 • 0.3 
18:2e,6 15.4 • 0.3 14.2 • 0.5 15.4 • 0.5 15.3 + 0.2 
18:3~6 ND ND 1.1 + 0.1 0.6 + 0.1 
18:3~3 3.7 • 0.i 2.8 • 0.2 4.6 • 0.2 4.7 • 0.2 
18:4 ND ND I.i _+ 0.I 0.6 + 0.I 
20:3 i.I • 0.6 1.2 • 0.I 0.6 • 0.3 I.i _+ 0.I 
20:4~6 7.8 • 0.9 10.7 • 0.8 1.8 • 0.3 1.4 • 0.1 
20:5oJ3 ND ND 1.1 _+ 0.3 0.9 • 0.1 
22:5~3 0.4 -+ 0.1 0.5 • 0.1 0.7 • 0.1 1.3 • 0.1 
22:6~3 3.2 • 0.3 4.8 • 0.6 2.0 i 0.2 2.5 • 0.1 

aThe results expressed as the percentage of total fatty acids are means • SM. 
bNumber in parentheses indicates number of mice. 
ND, not detected. 
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amount of PL (2). This latter effect was most pro- 
nounced for those PL containing polyunsaturated 
fat ty acids in C20 and C22, which correlated with a 
decrease in the incorporation of 2-all-glycerol into 
polyunsaturated species of PL (this publication). At 
the same time, the concentration of precursors (1,2- 
diacylglycerols) increases markedly without signifi- 
cant modifications in their renewal or in their compo- 
sition in polyunsaturated fatty acids. Our present 
results may best be discussed relative to the pro- 
nounced metabolic changes that  occur in the liver of 
normal animals during the postnatal period. 

Pollak and Harsas (25) observed an increase in the 
polyunsaturated fatty acids arachidonic (20:4oJ6) and 
docosahexaenoic (22:6o~3) and a decrease in the pro- 
portion of oleic acid (18:1) in the PL of liver mitochon- 
dria in 3-day-old rats as compared to newborn. Ogino 
et al. (26) showed that  in suckling rats the polyunsatu- 
rated species of liver choline glycerophospholipids 
increased rapidly during the first days of life, in con- 
trast  to the decrease in the monoenoic species. We 
noted similar changes in the liver PL of control suc- 
kling mice in our experiments: an increase in arachi- 
donic (20:4o~6) and docosahexaenoic (22:6oJ3) acids 
and a decrease in oleic acid (Tables 1 and 2). These 
physiological changes in the degree of unsaturation of 
liver PL fat ty acids in the course of development in the 
first few days of life was markedly affected by daily 
administration of interferon. Thus, by the sixth to 
eighth day of life, interferon treatment resulted in a 
pronounced decrease in the percentage of polyunsatu- 
rated fat ty acids in liver PL compared to control mice. 
In fact, the composition of PL fat ty acids of these 6- or 
10-day-old interferon-treated suckling mice remains 
similar to that  of newborn mice. 

The decrease in the polyunsaturated fat ty acids in 
PL in the livers of interferon-treated mice appeared to 
be a specific effect and did not stem from a general 
decrease in the availability of polyunsaturated fat ty 
acids. Thus, when one compares the ratio of fat ty acid 
content of liver PL to the total amount of liver fat ty 
acids, it was apparent that,  for each fat ty acid exam- 
ined, this ratio was much lower for interferon-treated 
suckling mice than  for control mice (Table 3). Furth- 
ermore, the decrease in 18:1 and the accumulation of 
the 20:4 and 22:6 species in DG appears to be the result 
of the decreased incorporation of polyunsaturated 
fat ty acids in the PL of interferon-treated mice. 

The second major effect of interferon on liver lipid 
metabolism concerned the amount of liver PL (2). In 
the neonatal period of several different animal spe- 
cies, selective changes occur in the activity and con- 
centration of microsomal enzymes for the synthesis of 
liver PL and triacylglycerols (27-31). As shown in 
Table 4, interferon treatment inhibited the physiolog- 
ical increase in the s:}nthesis of liver PL. When the 
activity was expressed per 100 mg of protein, the value 
in 10-day-old control mice was double that  of newborn 
or interferon-treated mice. This effect of interferon on 
PL synthesis was especially marked for PC and PE. 
Induction of the synthesis of diacylglycerol-choline- 
phosphotransferase and diacylglycerol-ethanolamine- 
phosphotransferase occurs in rats during the first 
days of life (27,31,32). This increase in the activity of 
the PC and PE synthesis is probably accompanied by 
a change in the specificity of the enzymes toward the 

different molecular species of diacylglycerol (33). In 
this regard, it has recently been reported that  there is 
a significant increase in the production of liver micro- 
somal PC, with an increasingly higher proportion of 
unsaturated fatty acids in the perinatal period (26, 
34,35). In parallel, there is also an increase in the 
activity of the PC synthesis by N-methylation of PE 
(27), a metabolic pa thway tha t  produces molecular 
species with a high content of polyunsaturated fat ty 
acids (22,36,37). 

It is also possible that  interferon treatment resulted 
in an inhibition of the reacylation of lysophospholip- 
ids formed by hepatic phospholipases (38-40). In fact, 
the microsomal lysophospholipid acyltransferases, 
which can remodel PL by transferring fat ty acids on 
C2 of the glycerol of lysophospholipids, show consid- 
erable activity toward polyunsaturated acyl-CoA 
(38-42). 

The results in Table 5 suggest that  interferon treat- 
ment of suckling mice inhibits this change in the 
molecular specificity of the biosynthetic enzymes. For 
example, the inhibitory effect of interferon is espe- 
cially evident in the molecular species of PC and PE, 
having the greatest percentage of polyunsaturated 
fat ty acids in C20 and C22. The liver content of these 
molecular species is about ha l f  as much in 10-day-old 
interferon-treated mice (1.66 ~mol per liver) as in 10- 
day-old control mice (3.28 ~mol) (Table 4). The inhibi- 
tion of the synthesis of polyunsaturated PL in inter- 
feron-treated mice can be related to the ultrastructural 
observations of Moss et al. (3,4), who showed that  
interferon treatment of suckling mice resulted in the 
rapid appearance of characteristic tubular aggregates 
associated with the granular  endoplasmic reticulum. 
In the postnatal period, there is also a rapid develop- 
ment and increase in the endoplasmic reticulum, 
which is the principal site of PL synthesis in hepato- 
cytes (25,43,44). One may suggest that  interferon alters 
the normal development of the endoplasmic reticu- 
lum, which would then limit the growth of enzymatic 
systems necessary for the synthesis of PL, or that  
interferon inhibits the synthesis of those enzymes 
necessary for PL synthesis, which, in turn, would 
limit the construction of new membranes essential for 
the developing endoplasmic reticulum (32). 

Lastly,  interferon t rea tment  results in a very 
marked increase in liver diacylglycerol level. The 
diacylglycerol accumulation in response to hormonal 
stimulation has been shown using a variety of cells 
and hormones (45-47). Diacylglycerol serves as a 
substrate for lipases or as a precursor in PL and tria- 
cylglycerol synthesis.  But it can also act as a second 
messenger and can regulate protein kinase C activity 
(47-48). The increase in the hepatic diacyglycerol 
concentration in interferon-treated suckling mice may 
alter the metabolic response of the liver to different 
hormonal stimuli in the postnatal  period (49). Indeed, 
Wolfman and Macara (50) have recently observed 
tha t  the ras-transformed fibroblasts possess elevated 
diacylglycerol levels and have decreased sensitivity 
to phorbol ester activation of protein kinase C. 

In Daudi cells, which had been prelabeled with [2- 
3H]-glycerol, Yap et al. (51,52) have observed a very 
early and transient  two- to threefold increase in the 
concentration of radiolabel in DG of interferon-treated 
cells. Interferon in concentration exceeding 2 IU/ml  
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inhibi ts  the  divis ion of cells, and  the degree of inhibi -  15. Skipski, V.P., Peterson, R.F., Sanders, J., and Barclay, M. 
t ion corresponds  closely to the size of the increase  in (1963) J. Lipid Res. 4, 227-232. 
diacylglycerol  label (52). In  newborn  mice, interferon 
t r ea tmen t  does not  result  in an  inhibi t ion  of liver 
g rowth  (2), and  the specific r ad ioac t iv i ty  of  liver DG 
after  injection of (1,3-3H)-glycerol appeared  identical  
between the two groups  of  mice. In  fact, in vivo, the 
increase  in the concen t ra t ion  of DG reflects a more 
complex act ion of  interferon on the metabol i sm of lip- 
ids in the liver. In te r fe ron  p robab ly  al ters  in the new- 
born mouse  the hepat ic  p a t h w a y s  responsible  for 
fo rmat ion  and  uti l ization of DG. 

This  ensemble of results, especial ly the decrease in 
liver p o l y u n s a t u r a t e d  PL and  increase  in DG would 
appear  to have  consequences  for the ma tu ra t i on  of 
hepa tocy tes  in suckl ing mice. In  m a n y  respects,  the 
hepa tocytes  of 10-day-old interferon-treated suckl ing 
mice resembled newborn  mice b iochemical ly  (rather  
t h a n  control  10-day-old l i t termates).  On the other  
hand ,  the fact  t h a t  in ter feron interferes wi th  the syn- 
thesis  of cer ta in  p o l y u n s a t u r a t e d  species of PL in the 
liver (especially cer ta in  species of polyenoic  PC and  
PE) of suckl ing mice m a y  lead to a decrease in the 
genera l  ava i lab i l i ty  of po lyunsa tu ra t ed  species of  
these PL indispensable  for the development  of other  
tissues (35,53). This decrease in po lyunsa tu ra t ed  fa t ty  
acids ava i lab i l i ty  m a y  be related to other  interferon- 
induced lesions, which  only  become mani fes t  later  in 
life (54-56). 
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Phospholipids in Man after Dietaw Fish Oil Supplementation 
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N i n e  h e a l t h y  m a l e  v o l u n t e e r s  w e r e  g i v e n  15 M a x  
E P A  f i s h  o i l  c a p s u l e s  p r o v i d i n g  2 . 6 7  g o f  e i c o s a -  
p e n t a e n o i c  ac id  ( E P A ,  20:5~3)  a n d  1 .72  g o f  d o c o -  
s a h e x a e n o i c  ac id  ( D H A ,  22:6~3)  da i ly  for  3 w k .  
Measurement s  w e r e  t a k e n  at  basel ine ,  a t  the  e n d  
o f  t h e  f i s h - o i l  p e r i o d ,  a n d  at  2 a n d  6 wk postsup- 
p l emen ta t ion .  The  effect  o f  f i s h  o i l  o n  p l a s m a  lip- 
ids a n d  t h e  f a t t y  ac id  c o m p o s i t i o n  o f  i n d i v i d u a l  
pla te le t  phosphol ip ids  was  studied.  In  genera l ,  the  
p r o p o r t i o n s  o f  20:5w3 and 22:6~03 in p la te le t  phos-  
phoglycer ides  w e r e  s u b s t a n t i a l l y  i n c r e a s e d  m a i n l y  
at  the  expense  of  a r a c h i d o n i c  ac id  (AA, 20:4w6). A 
l a r g e  a n d  s i g n i f i c a n t  i n c r e a s e  in the  r e l a t i v e  E P A  
con ten t  o f  p h o s p h a t i d y l c h o l i n e  (PC) (P ~ 0.001) 
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) (P ~ 0.001) 
w a s  n o t e d  at  the  end of  the 3 wk  supplementa t ion .  
We have  a l s o  s h o w n  for  t h e  f i r s t  t ime a small  but 
s igni f icant  (P ~ 0.001) i nco rpo ra t i on  o f  EPA in 
phospha t i dy l s e r i ne  (PS). I n c o r p o r a t i o n  o f  D H A  
w a s  a l s o  d e t e c t e d  in  PC, PE and PS, w h e r e a s  the 
r e l a t i v e  A A  c o n t e n t  o f  t h e s e  p h o s p h o l i p i d s  w a s  
s i g n i f i c a n t l y  reduced .  F i s h  o i l  s u p p l e m e n t a t i o n  led 
to a s ignif icant  inc rease  of  22:5w3 in  P S  a n d  de- 
c reases  of  20:3~06 in  P C  a n d  2 2 : 4 ~ 6  in  PE.  P o s t s u p -  
p l e m e n t a t i o n  m e a s u r e m e n t s  showed  a g r a d u a l  
r e t u r n  o f  al l  f a t t y  ac ids  to  base l ine  levels.  The  fa t ty  
ac id  c o m p o s i t i o n  o f  the  phospha t idy l inos i to l  (PI) 
f r a c t i o n  r e m a i n e d  u n c h a n g e d  t h r o u g h o u t  t h e  t r ia l  
pe r iod .  We conclude tha t  in humans  cu3 f a t t y  ac ids  
are  i n c o r p o r a t e d  i n t o  pla te le t  m e m b r a n e  phospho-  
lipid subclasses wi th  a high degree  o f  specificity.  
Lipids 22, 744-750 (1987). 

Both arachidonic acid (AA) and eicosapentaenoic acid 
(EPA) are substrates for the cyclooxygenase and lip- 
oxygenase enzymes and thus are precursors of eico- 
sanoids, which have a broad spectrum of biological 
activities and have been implicated in the pathogene- 
sis of atherothrombotic and inf lammatory processes 
(1-3). However, the eicosanoids derived from AA and 
EPA differ significantly in biological activity. Whe- 
reas thromboxane A3 (TXA3) is less proaggregatory 
than thromboxane A2 (TXA2) (4,5) and leukotriene B5 
(LTB~) is less active as a chemotactic compound than 
leukotriene B4 (LTB4) (6-8), prostaglandin I3 (PGI3) is 
as potent as prostaglandin I2 (PGI2) as an antiaggre- 
gatory agent  (4,9). Consequently, a shift of prostanoid 

*To whom correspondence should be addressed. 

Abbreviations: EPA, eicosapentaenoic acid; DHA, docosahex- 
aenoic acid; AA, arachidonic acid; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PS, phosphatidylserine; PI, phos- 
phatidylinositol; TXA2, thromboxane A2; TXA3, thromboxane 
A3; LTB4, leukotriene B4; LTBs, leukotriene Bs; PGI2, prosta- 
glandin I2; PGI3, prostaglandin I3; PUFA, polyunsaturated 
fatty acid; GLC, gas liquid chromatography; TLC, thin layer 
chromatography; HDL, high density lipoprotein; LDL, low den- 
sity lipoprotein. 
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formation from the 2- to the 3-series may  change the 
TXA/PGI balance (10) favorably (1). 

A number of studies in humans  in which a diet has 
been supplemented with o~3 fat ty  acids given as either 
fish meal, fish oil concentrate or purified ~o3 fat ty 
acids (11-14) have shown a favorable pattern on blood 
and platelet lipids (15-17), reduced platelet aggrega- 
bility (17-18), a prolonged bleeding time (18) and a 
reduced blood pressure response to pressor hormones 
(18). Furthermore, dietary EPA is transformed to PGI3 
(9), while TXB3, the stable metabolite of platelet- 
derived TXA3, has been observed in platelets (19). 

In order to elucidate further the mode of action of 
the o~3 fat ty acids on platelet reactivity, previous 
investigators have examined the fatty acid compos- 
tion of platelet membrane phospholipids (11,14,20-23). 
These analyses have been confined largely to deter- 
mining changes in fa t ty  acid composition of total 
phospholipids or changes in the relative content of 
AA and EPA. While these are considered the principal 
fat ty acids, there has been a tendency to overemphas- 
ize EPA and disregard the possible effects of other ~o3 
polyunsaturated fat ty acids (PUFA) present in fish 
diets that  could also be incorporated into membrane 
phospholipids and modify subsequent eicosanoid 
metabolism. For this reason we examined the total 
fat ty acid composition of individual platelet phospho- 
lipids of wider range of o~3 PUFA in human  subjects 
taking dietary fish oil supplements. 

MATERIALS AND METHODS 

Study design. Nine heal thy male volunteers, 20 to 45 
years of age, who were nonsmokers were asked to 
withhold all drugs known to interfere with eicosanoid 
formation or lipid metabolism during the study period 
of 10 weeks. Two baseline measurements on separate 
days were taken during the first week, and volunteers 
were then instructed to take five Max EPA capsules 
three times daily with meals for 3 wk. This supple- 
ment is equivalent to a daily intake of 2.67 g EPA and 
1.72 g docosahexalaoic acid (DHA). Further  measure- 
ments were made at the end of the fish-oil period, as 
well as 2 and 6 wk postsupplementation. 

Materials. One g of Max EPA capsules (PR Scherer 
Pty  Ltd., Melbourne, Austral ia)  conta ined EPA 
(17.82%) and DHA (11.49%) as verified by gas liquid 
chromatography (GLC) (see Table 1). The vitamin A 
and E content of the Max EPA was measured by Dr. 
D. S. Petterson using high performance liquid chrom- 
a tography and tocol as an internal  standard.  Choles- 
terol content was determined by Dr. F. Legge utilizing 
GLC and cycloartenol as an internal standard. Both 
analyses were carried out at the Western Australian 
Department of Agriculture. The spary reagent 8-hy- 
droxy-l,3,6-pyrenetrisulfonic acid trisodium salt was 
purchased from Eas tman Kodak Co. (Rochester, NY); 
14% boron trifiuoride in methanol  was from BDH 
Chemical Ltd; authentic s tandard fat ty acid methyl 
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TABLE 1 

Fatty Acid Composit ion of  Max EPA Capsules 

Total fatty acids 
Fatty acid by weight (%) 

14:0 7.54 
14:1 0.25 
15:0 0.56 
16:0 16.26 
16:1oj7 8.86 
17:0 1.33 
17:1 + 17:0Br a 1.36 
18:0 3.30 
18:1~9 14.06 
18:2o~6 1.35 
18:3~3 0.62 
20:0 2.16 
20:4~6 1.05 
20:5~3 17.82 
22:1~11 0.69 
22:5~3 2.78 
22:6o~3 11.49 

aBr denotes branched chain. 

es ters  a n d  phosphol ip ids  were f rom S igma  Chemica l  
Co. (St. Louis, MO). Th in  layer  c h r o m a t o g r a p h y  (TLC) 
w a s  car r ied  out on si l ica gel 60 F~4, p recoa ted  alumi-  
n u m  sheets  (Merck Art. 5554). GLC was  per formed on 
a P a c k a r d  Model 437 G a s  C h r o m a t o g r a p h  equipped 
with  a P a c k a r d  Model 604 Recording D a t a  Processor.  

Platelet preparation and lipid extraction. Blood (20 
ml) f rom un fa s t ed  volunteers  was  ob ta ined  by  veni- 
punc ture  and  collected into E D T A  (1 m g / m l ) ,  t hen  
br ief ly  s h a k e n  and  cent r i fuged a t  110 • g for 15 min  a t  
room tempera tu re .  P la te le t  pellets were p repa red  a t  
room t e m p e r a t u r e  as follows: platelet-r ich p l a s m a  was  
r emoved  and  centr i fuged a t  1000 • g for 15 min,  a n d  
the pla te le t -poor  p l a s m a  was  frozen (-20 C) unti l  
a n a l y s i s .  The  p la te le t  p lug  w a s  r e s u s p e n d e d  in 
E D T A / N a C 1  buffer  (pH 7) a n d  recentr ifuged.  Washed  
plate le ts  were ext rac ted  wi th  C H C l J C H 3 O H  (2:1v/v, 
5 ml) con ta in ing  50 m g / 1  of the  a n t i o x i d a n t  bu ty la t ed  
hydroxy to luene ,  the  s a m p l e  was  cent r i fuged a t  1000 • 
g for 5 min,  a n d  the  o rgan ic  p h a s e  w a s  e v a p o r a t e d  
under  v a c u u m  yielding a crude lipid extract .  

TLC and fat ty  acid analysis. Phosphol ip id  sub- 
c lasses  were s epa ra t ed  f rom to ta l  lipid ex t rac t s  by  
TLC us ing a solvent  s y s t em  of e thyl  ace ta te /N-pro-  
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 %  a q u e o u s  KC1 
( 2 5 : 2 5 : 2 5 : 1 3 : 9 , v / v / v / v / v )  (24). T L C  p la te s  were  
sp rayed  with  the  r eagen t  8-hydroxy-l ,3 ,6-pyrenetr i -  
su l fonic  acid t r i sod ium sa l t  (25) (10 m g / 1 0 0  ml  
methano l ) ,  a l lowed to dry  for severa l  m i nu t e s  a n d  vis- 
ualized under  UV l ight  (254 n m  and  366 nm). The  
zones con ta in ing  phospha t idy l  e t h a n o l a m i n e  (PE), 
-inositol (PI ) , - se r ine  (PS) a n d  -choline (PC), as deter- 
mined  by  c o m p a r i s o n  wi th  au then t ic  s t anda rds ,  were 
sc raped  off, a n d  f a t ty  acid m e t hy l  esters  were pre- 
pa red  by  t r e a t m e n t  of s a m p l e s  wi th  14% boron trifluo- 
ride in m e t h a n o l  a t  100 C for 30 min  (26). Af ter  dilu- 
t ion wi th  water ,  m e t hy l  esters  were ex t rac ted  wi th  
hexane ,  dried under  N2 a n d  then  dissolved in h e x a n e  
(5 #l) for GLC ana lys i s .  The m e t hy l  esters  were separ-  

TABLE 2 

Amounts  of o~3 Fatty Acids, Vitamins and Cholesterol  
Provided by 15 g / D a y  of Max EPA Oil 

18:3o~3 0.09 g/day 
20:5~o3 2.67 g/day 
22:5~o3 0.42 g/day 
22:6o~3 1.72 g/day 

Total co3 4.90 g/day 

Vitamin A 1380 pg/day 
Vitamin E 7890 ug/day 

Cholesterol 57 rag/day 

a ted  on a BP 20 v i t reous  sil ica co lumn (0.53 m m  • 12 
m) (Scientific Glass  Engineer ing ,  Melbourne,  Austra-  
lia), t e m p e r a t u r e - p r o g r a m m e d  f rom 180 C to 220 C at  5 
C / m i n  wi th  h y d r o g e n  as ca r r ie r  ga s  a n d  a spli t  ra t io  
of 50:1. Peaks  were ident if ied by  c o m p a r i s o n  wi th  a 
k n o w n  s t a n d a r d  mix tu re  of f a t t y  acid m e t h y l  esters.  
The  a m o u n t s  of ind iv idua l  f a t t y  acids were ca lcula ted  
as re la t ive  pe rcen tage  with  the  eva lua ted  f a t t y  acids 
set as 100%. 

Plasma lipids. Lipids f rom platelet-poor p l a s m a  fro- 
zen a t  -20 C were a s s a y e d  as follows: cholesterol  a n d  
t r iglycer ide were de te rmined  enzyma t i ca l l y  on an  
Abbo t t  ABA-100 ana lyze r  us ing  r eagen t s  f rom Abbo t t  
a n d  s t anda rd i zed  wi th  se rum-based  ca l ibra tors ,  the  
va lues  of which  were t r aceab le  to the Centers  for Dis- 
ease Control  (At lanta ,  GA). The  coefficients of  var ia-  
t ion were 1.5 a n d  2.0%, respect ively.  P l a s m a  h igh  den- 
s i ty l ipoprot ien (HDL) cholesterol  was  a s s a y e d  on a 
h e p a r i n - m a n g a n e s e  chloride s u p e r n a t a n t  (27) (final 
m a n g a n e s e  concen t ra t ion  0.091 mol/1) wi th  addi t ion 
of 4 m M  E D T A  to the Abbot t  cholesterol  r e agen t  (28). 
H D L  subfrac t ions ,  HDL2-C and HDL3-C, were mea-  
sured  by  the  double prec ip i ta t ion  me thod  of Gidez et 
al. (29) (final d e x t r a n  su lpha te  concen t ra t ion  0.13%). 
S ta t i s t ics  ca lcu la ted  on 42 s epa ra t e  runs  us ing  a sub- 
ject ' s  a l iquoted frozen (-70 C) p l a s m a  were as follows: 
m e a n  to ta l  H D L  cholesterol ,  1.61 mmol /1  wi th  s tan-  
da rd  devia t ion  0.057 mmol /1  a n d  coefficient of var ia-  
t ion 3.53%; m e a n  HDLs cholesterol,  0.734 m m o l / 1  wi th  
s t a n d a r d  dev ia t ion  0.063 m m o l / 1  a n d  coefficient of 
v a r i a t i o n  8.63%; and  m e a n  HDL2 cholesterol  0.874 
m m o l / 1 ,  s t a n d a r d  devia t ion  0.057 mmol /1  and  coeffi- 
c ient  of  v a r i a t i o n  6.53%. Low dens i ty  l ipoprote in  cho- 
lesterol  (LDL-C) was  ca lcula ted  f rom the Fr iedewald  
fo rmula  (30). 

Statistics. Resul ts  are  expressed  as the  m e a n  a n d  
s t a n d a r d  error  of the  m e a n  (SEM). One -way  a n a ly s i s  
of v a r i a n c e  (ANOVA) us ing  repea ted  m e a s u r e s  was  
used to tes t  for  v a r i a t i o n s  be tween  vis i ts  for individ- 
ual  f a t t y  acids. Differences be tween a n y  two visi ts  
wi th in  a pa r t i cu la r  f a t t y  acid were es tab l i shed  by  the 
Newman-Keu l s  test. 

RESULTS 

The f a t t y  acid composi t ion  of the  M a x  E P A  capsules  
is shown  in Table  1. The  a m o u n t s  of  co3 f a t t y  acids, 
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TABLE 3 

Effect  o f  Max E P A  Oil In take  (3 Wk, 15 g / D a y )  on Fat ty  Acid  C o m p o s i t i o n  o f  
P h o s p h a t i d y l s e r i n e  in P la te l e t s  

% C o m p o s i t i o n  at  each  subject  v i s i t  

Fatty acid I a 2 a 3 b 4 c 5 c 

16:0 7.46 • 1.52 6.04 + 0.84 6.85 • 0.53 8.70 • 0.63 7.40 • 0.72 
18:0 36.23 • 1.44 35.45 _+ 0.98 35.76 • 0.78 35.26 • 1.27 32.99 • 1.79 
18:1 21.55 • 0.80 22.39 + 0.69 21.07 • 1.00 20.46 • 1.11 23.80 • 1.01 
18:2 2.07 • 0.56 1.78 • 0.57 1.99 • 0.43 2.34 • 0.57 2.85 _+ 0.58 
20:4 28.40 • 1.37 28.33 • 1.25 23.55 • 1.05" 26.67 • 1.70 26.29 • 1.25 
20:5 0.39 • 0.18 0.81 • 0.20 1.68 • 0.26*** 1.17 • 0.16 0.61 • 0.16 
22:4 0.73 • 0.16 1.21 • 0.08 0.93 • 0.16 1.06 + 0.18 1.22 • 0.29 
22:5 1.32 • 0.24 1.79 • 0.21 2.82 • 0.26** 2.05 • 0.41 1.82 • 0.45 
22:6 2.30 • 0.14 2.13 • 0.19 4.87 • 0.49*** 3.48 • 0.51" 2.73 _+ 0.31 

Values are mean + SEM of 9 subjects. *p < 0.05; **p < 0.01; ***p < 0.001 for individual fatty acids as 
compared to vist 2. 
aVisits 1 and 2, baseline measurements. 
bVisit 3, at the end of the 3-week supplementation period. 
cVisits 4 and 5, measurements taken 2 and 6 wk postsupplementation. 

TABLE 4 

Effec t  o f  Max E P A  Oil  In take  (3 Wk, 15 g / D a y )  on Fat ty  Acid C o m p o s i t i o n  o f  
P h o s p h a t i d y l e t h a n o l a m i n e  in P la te l e t s  

% Composition at each subject visit 

Fatty acid I a 2 a 3 b 4 c 5 c 

16:0 DMAd + 16:0 9.43 • 0.51 9.18 _+ 0.69 12.19 • 1.58 10.42 • 1.05 10.12 • 1.12 
16:1DMA 4.11• 6.17• 4.60• 4.61_+0.80 5.84• 
18:0 DMA + 18:0 21.73 • 1 .52 19.58 • 1.27 19.73 + 1.43 21.44 _+ 0.88 20.59 • 1.26 
18:1 6.69 + 0.43 5.71 • 0.50 6.15 +_ 0.47 6.61 • 0.59 8.26 • 0.84** 
18:2 2.69 _+ 0.32 2.05 • 0.20 2.41 • 0.43 2.05 _+ 0.12 3.02 • 0.54 
20:4 40.22 _+ 0.97 41.57 • 1.13 33.64 • 1.12"** 37.41 • 0.58* 39.55 • 1.44 
20:5 1.35 • 0.13 1.20 +_ 0.23 7.57 • 0.52*** 3.04 +_ 0.38*** 2.17 • 0.34 
22:4 4.58 • 0.20 4.77 • 0.43 2.31 • 0.28*** 3.39 • 0.25** 3.53 _+ 0.28** 
22:5 4.46 • 0.34 4.73 _+ 0.25 5.53 + 0.36 5.37 • 0.13 4.23 • 0.37 
22:6 4.05 • 0.38 4.12 • 0.22 5.65 _+ 0.29** 5.40 • 0.32** 3.71 • 0.40 

Values are mean + SEM of 9 subjects. *p < 0.05; **p < 0.01; ***p < 0.001 for individual fatty acids as 
compared to visit 2. 
aVisits 1 and 2, baseline measurements. 
bVisit 3, at the end of the 3-week supplementation period. 
cVisits 4 and 5, measurements taken 2 and 6 wk postsupplementation. 
dDMA, dimethylacetal. 

v i t a m i n s  A a n d  E, a n d  c h o l e s t e r o l  p r o v i d e d  by  t h e  
f i s h  oil  a r e  s h o w n  in  T a b l e  2. W i t h  r e s p e c t  to t h e  oJ3 
f a t t y  ac ids ,  t h e  m a j o r  c o n t r i b u t o r s  were  20:5 (17.82% of  
t h e  t o t a l  f a t t y  ac id s  b y  w e i g h t )  a n d  22:6 (11.49%), w i t h  
m i n o r  c o n t r i b u t i o n s  f r o m  18:3 (0.62%) a n d  22:5 (2.78%). 
V i t a m i n  E is a d d e d  to t h e  c a p s u l e s  as  a n  an t •  

T h e  f a t t y  ac id s  s h o w n  in  e a c h  of  t h e  p h o s p h o l i p i d s  
(Tab le s  3-6) were  t h o s e  o b s e r v e d  w i t h i n  t h e  d e t e c t a b l e  
l i m i t  of  t h e  g a s  c h r o m a t o g r a p h  a n d  c l e a r l y  d e m o n -  
s t r a t e  a v a r i a t i o n  in  t h e  f a t t y  ac id  d i s t r i b u t i o n  in  
p h o s p h o l i p i d  subc l a s se s .  Al l  c o m p a r i s o n s  w i t h i n  f a t t y  
ac id s  a re  r e l a t i v e  to t h e  s e c o n d  b a s e l i n e  v is i t ,  w h i c h  in  
a l l  ca ses  d id  n o t  d i f fe r  s t a t i s t i c a l l y  f r o m  t h e  f i rs t .  

I n  g e n e r a l ,  a f t e r  3 wk  of  t a k i n g  the  oil, t h e  propor-  
t i o n s  of  20:5~3 a n d  22:6~o3 were  s u b s t a n t i a l l y  inc reas -  
ed  i n  p l a t e l e t  p h o s p h o g l y c e r i d e s ,  m a i n l y  a t  t he  ex- 
p e n s e  o f  m6 p o l y u n s a t u r a t e d  f a t t y  ac ids ,  a n d  in  par t ic -  
u l a r  20:4~6 (Tab les  3-5). T h e  one  e x c e p t i o n  w a s  PI ,  
w h i c h  s h o w e d  no  s i g n i f i c a n t  c h a n g e s  in  a n y  of  t h e  
f a t t y  ac ids  d u r i n g  the  t r i a l  pe r iod  (Tab le  6). 

A t  the  end  of  t he  s u p p l e m e n t ,  t h e  P S  f r a c t i o n  s h o w e d  
s i g n i f i c a n t  i n c r e a s e s  i n  t h e  l eve l s  o f  20:5oJ3 a n d  22:6oJ3, 
w h i c h  t o g e t h e r  c o n s t i t u t e  a b o u t  30% of  t h e  c a p s u l e  
c o n t e n t  by  w e i g h t  (Tab le  3). I n  add i t i on ,  a s i g n i f i c a n t  
i n c r e a s e  in  22:5w3 a n d  a f a l l  in  20:4oJ6 (P < 0.05) were  
obse rved .  T h e  l eve l s  of  20:4o~6, 20:5oJ3, 22:5~o3 a n d  
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TABLE 5 

Effect  o f  Max E P A  Oil I n t a k e  (3 Wk, 15 g / D a y )  on Fatty Acid Compos i t ion  of  
P h o s p h a t i d y l c h o l i n e  in P l a t e l e t s  
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% Composition at each subject visit 

Fat ty  acid 1 a 2 a 3 b 4 c 5 c 

16:0 27.29 • 0.55 27.06 + 0.76 28.64 __ 0.84 27.56 -+ 0.96 28.23 
16:1 0.71• 0.94_+0.11 0.67_+0.16 0.95• 0.79 
18:0 15.69 _+ 0.40 14.53 • 0.81 14.51 • 1.13 15.02 i 1.12 12.45 
18:1 23.40 _+ 0.67 22.73 _+ 0.32 24.15 • 0.72 23.69 • 0.59 25.97 
18:2 8.37 • 0.53 8.92 _+ 0.77 8.29 • 0.97 9.31 • 1.15 8.54 
20:1 1.38 _+ 0.16 2.31 _+ 0.43 1.74 • 0.46 1.35 • 0.16 1.99 
20:3 1.56 • 0.29 2.05 • 0.15 1.05 • 0.17"* 1.43 _+ 0.14 1.60 
20:4 15.61 • 0.66 16.82 _+ 1.07 11.20 • 0.61"** 13.41 • 1.06"* 15.28 
20:5 1.03 • 0.18 0.85 i 0.17 4.33 -+ 0.33*** 2.39 • 0.34*** 1.73 
22:4 0.85 • 0.11 0.71 • 0.07 0.57 • 0.08 0.86 i 0.13 0.75 
22:5 1.26 + 0.10 1.11 + 0.13 1.54 • 0.10 1.50 _+ 0.17 1.12 
22:6 1.40 • 0.21 1.57 _+ 0.26 3.01 • 0.50** 2.49 • 0.33* 1.53 

• 0.96 
• 0.22 
• 0.77 
• 0.62** 
• 0.57 
• 0.40 
-+ 0.21 
• 0.36 
-+ 0.28* 
• 0.08 
_+ 0.07 
• 0.28 

Values are mean • SEM of 9 subjects. *p ~ 0.05; **p ~ 0.01; ***p ~ 0.001 for individual fatty 
compared to visit 2. 
aVisits 1 and 2, baseline measurements. 
bVisit 3, at the end of the 3-week supplementation period. 
cVisits 4 and 5, measurements taken 2 and 6 wk postsupplementation. 

TABLE 6 

Effec t  o f  Max E P A  Oil  I n t a k e  (3 Wk, 15 g / D a y )  on  F a t t y  Acid  C o m p o s i t i o n  o f  
P h o s p h a t i d y l i n o s i t o l  in P la te le t s  

acids as 

% Composition at each subject visit 

Fat ty  acid l a  2 a 3 b 4 c 5 c 

16:0 15.62 • 1.59 17.70 • 1.25 17.69 • 1.81 15.66 + 1.60 16.11 • 1.29 
18:0 33.07 • 1.72 30.88 + 1.26 32.86 + 1.77 34.29 • 1.33 32.23 • 1.72 
18:1 14.43 • 1.24 12.96 • 1.71 12.23 • 1.85 14.81 • 1.36 14.53 • 1.68 
20:4 36.48 _+ 1.71 38.16 _+ 1.73 36.53 • 1.88 35.30 _+ 1.49 36.82 • 2.50 

Values are mean • SEM. ANOVA between visits within individual fatty acids: no significant differ- 
ence. 
au 1 and 2, baseline measurements. 
bVisit 3, at the end of the 3-week supplementation period. 
cVisits 4 and 5, measurements taken 2 and 6 wk postsupplementation. 

22:6(o3 a l l  s h o w e d  a r e t u r n  to b a s a l  l eve l s  w i t h i n  2 w k  
o f  c e a s i n g  s u p p l e m e n t a t i o n ,  a l t h o u g h  t h a t  of  22:6(o3 
r e m a i n e d  s i g n i f i c a n t l y  h i g h e r  c o m p a r e d  w i t h  b a s e -  
l i ne  v a l u e s .  

T h e  p l a t e l e t  P E  f r a c t i o n  s h o w e d  a s i g n i f i c a n t  f a l l  i n  
20:4(o6 (P ~ 0.001) a t  t h e  e n d  of  t h e  s u p p l e m e n t a t i o n  
pe r iod  a n d  a g r a d u a l  r e t u r n  to p r e t r e a t m e n t  l eve ls  2 w k  
a f t e r  t h e  s u p p l e m e n t  h a d  b e e n  w i t h d r a w n  (Tab l e  4). 
I n  a s i m i l a r  w a y ,  t h e  l eve l  of  t h e  c h a i n  e l o n g a t i o n  
p r o d u c t  of  20:4w6 (22:4~6) fe l l  s i g n i f i c a n t l y  d u r i n g  t h e  
i n t e r v e n t i o n  per iod ,  g r a d u a l l y  r i s i n g  a f t e r w a r d ,  al-  
t h o u g h  r e m a i n i n g  l o w e r  a t  2 a n d  6 wk.  T h e  r e l a t i v e  
p r o p o r t i o n s  o f  t h e  ~3 f a t t y  a c i d s  20:5, 22:5 a n d  22:6 a l l  
i n c r e a s e d  d u r i n g  t h e  s u p p l e m e n t .  T h e  l a r g e s t  i n c r e a s e  
w a s  in  20:5(o3 (P ~ 0.001) a n d  to a l e s s e r  e x t e n t  22:6w3. 
T h e  leve l  of  22:5oJ3 w a s  a l so  s l i g h t l y  i n c r e a s e d ,  b u t  

t h i s  w a s  n o t  s i g n i f i c a n t .  B o t h  20:5(o3 a n d  22:6o~3 
r e m a i n e d  h i g h  (P ~ 0.001 a n d  P < 0.01, respec t ive ly)  2 w k  
a f t e r  M a x  E P A  b u t  h a d  r e a c h e d  b a s a l  l eve l s  a f t e r  6 
wk.  

A n a l y s i s  o f  t h e  P C  f r a c t i o n  s h o w e d  a f ive  fo ld  
i n c r e a s e  in  20:5(o3 a n d  a t w o  fo ld  r i s e  i n  22:6oJ3 ( T a b l e  
5). B o t h  f a t t y  a c i d s  r e m a i n e d  s i g n i f i c a n t l y  h i g h  2 w k  
a f t e r  oi l  s u p p l e m e n t a t i o n  a n d  t h a t  o f  20:5(o3 w a s  s t i l l  
h i g h  a f t e r  6 wk. A s m a l l  b u t  s t a t i s t i c a l l y  i n s i g n i f i -  
c a n t  r i s e  in  22:5r w a s  o b s e r v e d  d u r i n g  t h e  supp l e -  
m e n t a t i o n  pe r i od .  T h e  l eve l s  o f  t h e  two  (o6 f a t t y  a c i d s ,  
20:3 a n d  20:4, we re  b o t h  l o w e r e d  s i g n i f i c a n t l y  d u r i n g  
f i s h  oi l  s u p p l e m e n t a t i o n .  T h a t  o f  20:3oJ6 h a d  r e t u r n e d  
to b a s e l i n e  w i t h i n  2 w k  o f  e n d i n g  t h e  s u p p l e m e n t ,  
w h i l e  t h a t  of  20:4(o6 h a d  r e a c h e d  b a s a l  l e v e l s  b y  t h e  
s i x t h  week .  I t  i s  s i g n i f i c a n t  to  n o t e  t h a t  t h e  f a t t y  a c i d  
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TABLE 7 

E f f e c t  o f  M a x  E P A  Oil  I n t a k e  (3 Wk, 15 g /Day)  o n  P l a s m a  L i p i d s  

% at each subject visit 

2 a 3 b 5 c 

Cholesterol (mmol/1) 
Triglycerides (mmol/1) 
HDL cholesterol (mmol/1) 
HDL 2 cholesterol (mmol/1) 
HDL 3 cholesterol (mmol/1) 
LDL cholesterol (retool/l) 

5.12 + 0.32 5.34 • 0.36 5.08 • 0.39 
1.18 + 0.23 1.15 + 0.25 1.11 • 0.27 
1.11 _+ 0.16 1.16 _+ 0.13 1.25 • 0.15 
0.68 _+ 0.12 0.78 _+ 0.12 0.72 • 0.13 
0.44 • 0.04 0.38• 0.04 0.59 _+ 0.04 
3.46 _+ 0.36 3.65 • 0.35 3.33 + 0.39 

Values are mean • SEM. ANOVA between visits: no significant difference. HDL, 
high density lipoprotein; LDL, low density lipoprotein. 
aVisit 2, baseline measurement. 
bVisit 3, at the end of the 3-wk supplementation period. 
cVisit 5, 6 wk postsupplementation. 

20:3~o6 is the  i m m e d i a t e  p recursor  of 20:4c~6. The  pro- 
por t ion  of 22:4oJ6 was  not  s ign i f i can t ly  a l tered  du r ing  
the  trial .  

P l a s m a  cholesterol ,  t r ig lycer ides  a n d  l ipopro te ins  
were  not  s ign i f i can t ly  a l tered  by  the  f ish  oil (Table  7). 

DISCUSSION 

I t  h a s  been  sugges ted  t h a t  the  low incidence of cardi- 
ovascu l a r  d isease  in Es k i m os  m a y  be re la ted to thei r  
diet, which  consis ts  m a i n l y  of m a r i n e  fish (11-13, 
31,32). Subsequen t  evidence indica tes  t h a t  this  m a y  be 
due to the h igh  in take  of po l yuns a t u r a t ed  f a t ty  acids 
of the  w3 series and,  in par t icular ,  E P A  a n d  DHA,  
bo th  of which  const i tu te  a large propor t ion  of the  f ish 
oil. The  diet m a y  consequen t ly  lead to a syn thes i s  of 
the  3-series p ros t ano ids  rep lac ing  the  pla te le t - react ive  
p ros tano ids  of  the 2-series (1,17). The  re su l t an t  shi f t  in 
ba l ance  of p r o a g g r e g a t o r y  to a n t i a g g r e g a t o r y  prosta-  
noids  would t hen  lead to a reduced th rombo t i c  ten- 
dency. 

Recent  a t t en t ion  has  thus  turned to supp lementa -  
t ion of Western diets wi th  f ish oils to elucidate thei r  
effect  on blood lipids, p la te le t  funct ion  a n d  e icosanoid  
p roduc t ion  (11-13, reviews),  fac tors  which  are  impli- 
ca ted  in the  pa thogenes i s  of  ca rd iovascu l a r  disease.  
However ,  in m a n y  cases,  di f ferent  f ish con ta in ing  
v a r y i n g  types  a n d  a m o u n t s  of  f a t t y  acids h a v e  been 
used, m a k i n g  c o m p a r i s o n s  of resul ts  be tween studies 
difficult. A l though  f ish oil is a readi ly  ava i l ab le  source 
of EPA,  s ign i f i can t  a m o u n t s  of D H A  and  other  f a t t y  
acids are  present ,  so it is not  possible  to a t t r ibu te  all  
the  effects observed  to E P A  alone. In  par t icu lar ,  D H A  
h a d  been shown  in vi t ro (33,34) and  more  recent ly  in 
v ivo  (22) to inh ib i t  p la te te t  agg rega t ion .  Since pla te le t  
r eac t iv i ty  m a y  be dependen t  on the  f a t t y  acid compo- 
s i t ion of its m e m b r a n e ,  a n u m b e r  of studies h a v e  
examined  changes  in f a t t y  acid content  fol lowing die- 
t a r y  f ish oil s u p p l e m e n t a t i o n  (11,14, 20-23). M a n y  of 
these  s tudies  h a v e  been l imited,  r epor t ing  e i ther  
changes  in f a t t y  acid composi t ion  of to ta l  p la te le t  
phospho l ip ids  or c h a n g e s  in the re la t ive  con ten t  of  

severa l  of the m a j o r  f a t ty  acids.  The  pr inc ipa l  prob- 
lems h a v e  been the  t ime required and  the diff iculty in 
c leanly  s e p a r a t i n g  the ma jo r  phosphol ip id  subclasses .  
In  a recent  s tudy  in which  volunteers  supp lemen ted  
the i r  diet wi th  25 m l / d a y  of cod l iver  oil for  5 mo,  
ind iv idua l  phosphol ip ids  were separa ted .  However ,  of 
the long cha in  f a t t y  acids, only  E P A  and  D H A  f rom 
the w3 series a n d  AA f rom the  e~6 series were repor ted  
(20). Similar ly ,  a previous  s tudy  had  repor ted tota l  
f a t t y  acid compos i t ion  of PE  and  PC only. Whereas  
PS a n d  PI  were isola ted as  one f rac t ion  (23). To our 
knowledge,  a deta i led a n a l y s i s  of  to ta l  f a t t y  acid com- 
posi t ion of all the ind iv idua l  phosphol ip id  subc lasses  
h a s  not  been under taken ,  w a r r a n t i n g  this  inves t iga-  
t ion in n o r m a l  h u m a n  subjec ts  t a k i n g  m o d e r a t e  
a m o u n t s  of Max  E P A  fish oil for 3 wk. 

In  the  p resen t  t rai l ,  we h a v e  been able  to ob ta in  
comple te  s e p a r a t i o n  of PE, PC, PS and  P I  by  ut i l iz ing 
one-d imens iona l  TLC a n d  subsequen t ly  v i sua l iz ing  
the  b a n d s  wi th  the  aid of a r e agen t  t h a t  is h igh ly  
UV-act ive  (see Mater ia l s  and  Methods).  The  me thod  
used is less t ime-consuming  t h a n  the  of ten favored  
two-d imens iona l  TLC; it a lso is ve ry  sens i t ive  a n d  
leads  to reproducible  s epa ra t i on  of all  phosphol ip id  
subclasses .  

In  platelet  P E  a n d  PC, E P A  inc reased  f rom control  
va lues  of 1.20% (PE) a n d  0.85% (PC) to 7.5% (PE) a n d  
4.33% (PC) dur ing  f ish  oil a d m i n i s t r a t i o n  (Tables  4 
a n d  5). At  the  s a m e  time, the  levels  of  D H A  also rose 
f rom 4.12% to 5.65% in PE a n d  f rom 1.57% to 3.01% in 
PC, while both  PE a n d  PC showed s ign i f ican t  falls  in 
AA content .  These  f ind ings  wi th in  PE a n d  PC agree  
wi th  previous  obse rva t ions  (20-23). In te res t ingly ,  the 
level of  22:4oJ6 fell s ign i f ican t ly  in PE f rom 4.77% to 
2.31% for the s a m e  period, sugges t ing  a decreased  syn- 
thes i s  f rom its i m m e d i a t e  precursor ,  AA. In  l ight  of  
the fall  in AA, the  resul t  is no t  unexpected.  Pos t -o i l  
s u p p l e m e n t a t i o n  m e a s u r e m e n t s  show a g r adu a l  r ise 
in 22:4oJ6 in PE wi th  a s ign i f i can t  difference persist-  
ing  a t  6 wk (visit  5), whi le  A A  showed  a more  r ap id  
re tu rn  to basa l  levels. 

These  resul ts  m a y  reflect a g r adua l  r eac t iva t ion  of 
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the enzymes involved in the chain elongation of 20:4oJ6 
to 22:4o~6. The proportion of 22:4w6 in PC was, how- 
ever, considerably lower and not affected by the fish 
oil, which may indicate a preferential incorporation of 
this fat ty acid into PE. A similar fall in 22:4w6 has 
been observed in both PE and PC after 6 wk of dietary 
supplementation with cod liver oil (23). The proportion 
of 20:3w6, the immediate precursor of AA, fell from 
2.05% to 1.05% (P < 0.01) in PC during the fish oil 
intake. This may indicate a reduction in its synthesis 
from 18:2~o6 and may have contributed to the fall in 
AA in PC. It is interesting to note the significant rise 
(P < 0.01) in the level of oleic acid (18:1o~9) in both PE 
and PC 6 wk after the cessation of the supplement. 
However, it is doubtful whether this can be attributed 
to the fish oil; it may merely reflect a change of diet by 
several of the participants after ceasing the supple- 
ment. 

The PS fraction provided some interesting and novel 
results (Table 3). The increase in 20:5oJ3 (P < 0.001) 
and 22:5oJ3 (P < 0.01), with a concomitant reduction in 
20:4o~6, has not previously been reported and may be 
important  in our understanding of the mode by which 
fat ty acid incorporation occurs. All three fat ty acids 
showed a rapid return, and within 2 wk of ending the 
supplement they were not different from baseline. The 
increase in the proportion of 22:5o~3 in PS was large 
considering the small amount of this fatty acid pro- 
vided by Max EPA; this would suggest that  a portion 
of the EPA in the diet is chain-elongated to 22:5~3 and 
subsequently preferentially incorporated into the PS 
fraction. Small but insignificant rises in the level of 
22:5o~3 were also noted in PE and PC. These results 
are in contrast with a recent study in which 6 g /day  of 
purified EPA given for 6 days resulted in minimal 
changes in 22:5oJ3 in the first 24 hr, which is expected 
if it is synthesized from EPA, before rising signifi- 
cantly in PE and PC only (22). The study also sug- 
gests that  dietary EPA was not metabolized to DHA, 
indicating that  the increase in DHA that  we have 
observed in PS, PE and PC is directly obtained from 
Max EPA. In another study, a significant decrease in 
22:5w3 was observed in a combined fraction of PS + PI 
after administering dietary cod liver oil (23). The 
investigators were, however, unable to confirm which 
phospholipid had contributed to the fall in 22:5w3. The 
significance of the small quanti ty of 22:5oJ3 in PS 
remains to be elucidated. 

None of the other fat ty acids examined in the phos- 
pholipid subclasses were altered by the fish oil during 
our trial. We were unable to confirm a previous find- 
ing of a significant reduction in the 18:2~o6 content of 
PE after 4 wk of Max EPA (21). 

In accordance with previous investigations, there 
were no appreciable changes in the fat ty acid compo- 
sition of PI during fish oil supplementation (Table 6) 
(11,13,20-22). This failure to incorporate EPA, even 
when the fat ty acid is provided in purified and high 
doses, reflects a tightly controlled system (22). The 
suggestion that  the phospholipid fat ty acid composi- 
tion of blood cells is predetermined during their for- 
mative stages (17,20,22) would certainly be compatible 
with the observation for PI, but not for PE, PC or PS. 
A second regulatory mechanism proposed involves a 

"fine tuning" of the fat ty acid compositions, and this 
does appear to operate in the three latter phospholip- 
ids (20). It is worth noting that  both neutral lipids and 
the polar lipids of marine fish are rich in o~3 PUFA, 
with a ratio of oJ3/~6 PUFA of 10-15:1 (35). It has been 
shown recently that  the composition of PI from marine 
fish is very similar to that  in terrestrial mammals,  
whereas the other phospholipids contain large 
amounts of o J3 PUFA obtained from the diet (35). 
These observations would support the proposal that  
fat ty acid composition of PI is strictly controlled and 
not responsive to dietary manipulation. The apparent 
inability to obtain incorporation into PI during fish 
oil supplementation may be of importance, as this 
phospholipid is thought to be a major source of AA, 
which is the substrate for both the cyclooxygenase 
and lipoxygenase enzymes. 

It is clear that  in vivo the mechanisms that  regulate 
the fat ty acid composition in different platelet phos- 
pholipid subclasses differ from those that  operate in 
vitro. In the latter, it has been repeatedly shown that  
radiolabeled EPA and DHA are rapidly and signifi- 
cantly incorporated into all phospholipid subclasses, 
including PI, and this is independent of the presence 
of labeled AA (20,34,36-38). 

The most consistent effect of fish oils on blood lipids 
has been a fall in triglycerides (11,14). Furthermore, in 
a trial in which men consumed varying amounts of 
Max EPA for 3 wk periods, plasma triglycerides fell 
proportionally to the supplemental dosage (39). The 
effect of dietary fish oils on the plasma total choles- 
terol levels appears to depend on both the kind of die- 
tary treatment provided and the quanti ty consumed 
(11,14). Significant changes were observed only in 
feeding trials that  used very high doses of fish oil and 
Max EPA, resulting in lower total cholesterol (11, 
14,39). Changes in HDL cholesterol concentration 
have not been frequently observed. An increase in 
HDL cholesterol was found only after a 20 g /day  Max 
EPA supplementation for 3 wk (39). Variable changes 
in LDL cholesterol have been observed after supple- 
mentation with fish oils. 

In conclusion, we have shown that  fish oil supple- 
ments cause marked changes in the fatty acid compo- 
sition of PE and PC but not in the PI fractions obser- 
vations that  agree with previous findings (11,14, 
20-22). We have also noted, for the first time, that  
EPA incorporation may occur into the PS fraction. 
Our findings reinforce the hypothesis that  in vivo 
fat ty acid incorporation into platelet membrane phos- 
pholipid subclasses occurs with a high degree of speci- 
ficity, which may reflect the operation of tightly regu- 
lated control mechanisms (17,20,22). At this stage, the 
importance of these observations is uncertain, but it 
has been suggested that  it may  by necessary to mod- 
ify fat ty acid composition of specific lipid pools within 
the platelet membrane in order to alter eicosanoid 
production (38). The extent to which the membrane 
composition must be altered in order to affect function 
also remains unknown. However, in view of the cur- 
rent results, the changes in a wider range of fatty 
acids within individual phospholipids need to be con- 
sidered in interpreting the molecular and functional 
effects of dietary fish oil. 
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Rapid Isolation of Microsomes for Studies of Lipid Peroxidation 
Phillip W. Albro*, Jean  T. Corbett  and Joanna  L. Schroeder 
Laboratory of Molecular Biophysics, National Institute of Environmental Health Sciences, P.O. Box 12233, Research Triangle Park, NC 27709 

Conventional isolation of microsomes by high-speed cen- 
trifugation from isotonic sucrose requires exposure to air 
for several hours, leading to the formation of low levels 
of lipid peroxidation products. Sucrose interferes in pro- 
tein and malondialdehyde assays and provides no protec- 
tion against lipid peroxidation during workup. A new pro- 
cedure for the purification of microsomes from rat liver 
substitutes mannitol  {a hydroxyl  radical scavenger) for 
sucrose and takes advantage of the properties of mor- 
pholinopropane sulfonic acid (MOPS) buffer and tri- 
e thylenetetramine to provide protection against lipid 
peroxidation during the rapid (less than one hour} workup 
and subsequent low-temperature storage. The microsomal 
fractions prepared by the proposed method are free of 
detectable mitochondrial contamination and at least as 
pure overall as those prepared by the conventional 
method, but they have higher glucose-6-phosphatase and 
laurate hydroxylase activities and significantly less 
malondialdehyde than conventional microsomes at the 
time isolation is complete. Laurate hydroxylase activity 
is more stable during frozen storage in mannitol medium. 
The kinetics of lipid peroxidation in vitro are quite dif- 
ferent for microsomes prepared by the two methods. 
Lipids 22, 751-756 11987). 

The difficulties associated with quant i ta t ive  monitoring 
of lipid peroxidation in vivo generally preclude studies 
of the chemical mechanisms involved (1,2). One of the 
most  widely used model biological systems in which such 
studies have been performed is a suspension of hepatic 
microsomes, with peroxidation of the membrane lipids 
supported either nonenzymatically in the presence of 
ascorbate or enzymatically in the presence of NADPH.  
Some form of chelated iron is usually supplied as an ac- 
celerator of the process, and a var ie ty  of products  may 
be measured to follow the course of the complex sequence 
of reactions involved. The overall process may  be in- 
dicated by disappearance of polyunsatura ted  fa t ty  acids 
or by production of conjugated double bonds, lipid perox- 
ides or hydroperoxides, volatile hydrocarbons, carbonyls 
or compounds tha t  react  with thiobarbituric acid (TBA) 
to yield a red pigment.  Under appropriate conditions (3), 
the TBA assay may be specific for the quant i ta t ive  
measurement  of malondialdehyde {MDA). 

A previous publication from this laboratory has em- 
phasized the importance of zero-time controls in studies 
of lipid peroxidation in microsomes (3). We have always 
observed lipid peroxidation products  to some extent  in 
microsomes prepared by conventional high-speed cen- 
trifugation, prior to their incubation. "Convent ional"  
microsomes generally require several hours for isolation 

*To whom correspondence should be addressed. 
Abbreviations: TBA, thiobarbituric acid; MDA, malondialdehyde; 
TCA, trichloroacetic acid; MOPS, morpholinopropane sulfonic acid; 
TET, triethylenetetramine hydrochloride. 

and washing, during which time they are exposed to oxy- 
gen in the air for at least the first half of the isolation 
and are in the presence of whatever metal  ions may be 
present  in the tissue homogenate.  Chelators and/or anti- 
oxidants  can be included in the homogenate but  may be 
difficult to remove when the microsomes are subsequently 
to be studied. 

We have tended to prepare liver homogenates in 0.25 M 
sucrose, since many of the products  of lipid peroxidation 
are rapidly metabolized by mitochondria, and we have 
been unable to prepare microsomes adequately free of 
mitochondria if ionic media were used in the homogeniza- 
tion. Unfortunately,  sucrose can interfere with the TBA 
assay under some conditions 13) and clearly, in itself, pro- 
vides no protection against lipid peroxidation during the 
isolation of the microsomes. The present  s tudy was per- 
formed in order to develop a more rapid, protect ive 
method of microsome isolation yielding a product suitable 
for studies of lipid peroxidation in vitro. 

MATERIALS AND METHODS 

Inorganic chemicals used in this s tudy were from Fisher 
Scientific Co. IRaleigh, NC). Organic chemicals were from 
Aldrich Chemical Co. {Milwaukee, WI}, and biologicals 
were from Sigma Chemical Co. (St. Louis, MO}. 

Absorption spectra were scanned using a Beckman 
DU-7 spectrophotometer  with a 0.5-nm slit. Gas chroma- 
tography of fa t ty  acid methyl esters {made by transesteri- 
fication of lipid extracts  with boron trifiuoride-methanol, 
ref. 4) was done on a Varian 1200 gas chromatograph 
using EGSS-X and SE-52 packed columns and an Adalab 
data  sys tem for peak area measurements.  Components 
were identified by correspondence of retent ion indices 
with those of known standards from Applied Science 
Labs. (State College, PAL 

Protein in suspensions of microsomes was measured by 
a modification of the method of Lowry et al. {5) as de- 
scribed previously (6). Cytochrome P-450 was est imated 
by the method of Omura and Sato 17). Enzymes glucose- 
6-phosphatase, acid phosphatase, cytochrome C oxidase, 
5'-nucleotidase, urate  oxidase and laurate hydroxylase 
were assayed by  published methods (8-13). Total  micro- 
somal lipid was determined on a weight basis following 
extract ion and washing by the method of Folch et al. as 
described previously {3). RNA was determined as de- 
scribed by Schneider (14), phospholipid by Bar t le t t ' s  
method (15} and total  cholesterol by a ferric chloride 
method (16). Production of MDA and other thiobarbitu- 
rate-reactive substances was monitored as described 
previously (3). H202 was monitored by a peroxidase- 
scopoletin assay {2). 

Microsomal suspensions were incubated with NADPH, 
ferrous sulfate and ADP to promote lipid peroxidation 
as described elsewhere (3}. Controls included incubation 
mixtures to which trichloroacetic acid {TCA} was added 
before N A D P H  Izero-time controls}, mixtures  lacking 
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NADPH and mixtures lacking microsomes. Measurements 
included fatty acid compositions of the incubation mixtures, 
TBA reactivity (3), conjugated double bonds (17) and lipid 
hydroperoxides (thiocyanate method, ref. 18). 

For electron microscopy, microsomal pellets were held 
in Fowler's fixative at 4 C overnight, rinsed at 4 C over- 
night in 0.2 M phosphate pH 7.4, postfixed in 1% osmium 
tetroxide in the same buffer, dehydrated in graded 
ethanol and embedded in Epon. Thin sections (60-90 nm) 
were cut using a Sorvall MT-1 ultramicrotome and were 
stained with 5% uranyl acetate/2.7% lead citrate. 

Micrographs were taken using a Phillips model 400 elec- 
tron microscope. 

PREPARATION OF MICROSOMES 

Conventional high-speed method. One-g portions of diced 
liver from male CD rats (Charles River, ca. 200 g body 
weight, fasted overnight prior to death) were homoge- 
nized in four volumes of freshly prepared 0.25 M sucrose 
using a Teflon-glass homogenizer driven by a Wheaton 
Instruments  #903475 stirring motor at gradually increas- 
ing speed up to full ffive strokes total). The homogenates 
were centrifuged at 12,000 X g for 10 min in a Sorvall 
SS34 rotor (4 C), after which the supernates were cen- 
trifuged at 100,000 X g for 1 hr in a Ti-60 rotor. The 
microsomal pellets were resuspended in fresh 0.25 M 
sucrose and repelleted as above. The final pellets were 
resuspended in 0.25 M sucrose to 10 mg of protein per 
ml and were either assayed immediately or were quick- 
frozen with liquid nitrogen for storage at - 7 0  C. 

New method. Four solutions were prepared: wash 
solution--0.25 M mannitol; homogenizing medium--0.25 
M mannitol containing 0.025 M morpholinopropane 
sulfonic acid (MOPS) buffer pH 7.4 and 0.2 mM triethyl- 
enetetramine hydrochloride (TET); dilutant--0.0125 M 
mannitol containing 0.1 mM TET, 8 mM calcium chloride, 
pH 7.5; and storage medium--0.25 M mannitol contain- 
ing 0.025 M MOPS pH 7.4, freshly bubbled with helium 
to deaerate. 

All media were used ice-cold. One-g portions of liver 
were diced in wash solution, drained and homogenized as 
for the conventional method, but in the homogenizing 
medium described. After centrifugation at 12,000 X g for 
10 rain, the supernate was filtered through a loose plug 
of glass wool to remove floating fat and again centrifuged 
at 12,000 X g for 10 min. This supernate was diluted with 
four volumes of dilutant, stirred with a glass rod for 
30 sec and centrifuged for 10 min at 1000 X g (4 C). The 
pellet was suspended in 2.5 ml of storage medium with 
gentle stirring to disperse clumps and was either assayed 
immediately or frozen with liquid nitrogen for storage 
at - 7 0  C. 

RESULTS 

Electron micrographs of the preparations of microsomes 
are shown in Figure 1. The high-speed microsomes are 
more t ightly packed and contain a large number of free 
ribosomes. The low-speed microsomes are much less 
t ightly packed, but all of the visible ribosomes are either 
bound to membrane vesicles or clumped together. The 
micrographs closely resemble those published by Kamath 
and Rubin (19) and by Baker et al. (20). We have not seen 
intact  mitochondria in either type of preparation. 

Composition of and enzyme activity associated with 
freshly prepared microsomes are summarized in Table 1. 
All quanti tat ive data in the tables represent triplicate 
determinations on each of at least three independent 
preparations of microsomes by each preparative method. 
In all cases, comparisons are between microsomes 
prepared by the two methods at the same time from por- 
tions of liver from the same rat  and are based on two- 
tailed t-tests with df = 5. 

The yield of protein was lower by the new method than 
by the conventional high-speed method. The ratio of RNA 
to protein was higher by the new method, but the dif- 
ference reflected the lower amount  of protein. Phospho- 
lipid was lower by the new method, but the difference was 
not statistically significant because of a high standard 
deviation for conventional microsomes. The ratio of 
cholesterol to phospholipid was similar for the two 
methods, as was the concentration of cytochrome P-450. 

Acid phosphatase, taken as indicative of contamination 
by lysosomes, was identical for the two methods. 
5'-Nucleotidase, a small amount  of which is always found 
even in the most  highly purified microsomes, but which 
is generally taken as indicative of the amount  of con- 
tamination by fragments  of the plasma membrane, was 
significantly higher (P < 0.05) in the high-speed micro- 
somes. Levels of urate oxidase, a marker for peroxisomes, 
were quite variable from one preparation to another. The 
mean was higher for microsomes prepared by the new 
method, but the difference was not statistically signifi- 
cant. Cytochrome C oxidase, a mitochondrial marker, was 
extremely low in both preparations. 

Highly significant differences (P < 0.01) were seen in 
mean levels of two rather fragile microsomal enzymes, 
glucose-6-phosphatase and laurate hydroxylase, with the 
activities being higher in the microsomes prepared by the 
new method. The differences in glucose-6-phosphatase 
were much less when microsomes that  had been stored 
at - 7 0  C were compared (Table 2). Laurate hydroxylase 
was more stable in frozen "new-method" microsomes than 
in conventional microsomes. 

TABLE 1 

Properties of Fresh Microsomes 

Parameter Conventional method New method 

Yield of protein a 31.4 + 0.72 25.0 _+ 2.1 i 
RNA/protein b 0.16 • 0.003 0.25 • 0.046 h 
Phospholipid/protein b 0.41 • 0.068 0.33 • 0.033 
Cholesterol/phospholipid c 0.134 ___ 0.014 0.146 + 0.006 
Cytochrome P-450 d 0.81 • 0.019 0.82 • 0.027 
Glucose-6-phosphatase e 0.126 • 0.006 0.145 • 0.008 i 
Acid phosphatase e 0.018 • 0.002 0.018 • 0.003 
5'-Nucleotidasef 6.25 • 0.42 4.91 • 0.38 h 
Cytochrome oxidase e 0.022 • 0.004 0.026 • 0.004 
Laurate hydroxylaseg 1.07 • 0.065 1.31 • 0.037 i 
Urate oxidase e 3.17 • 0.38 4.65 • 1.64 

amg/g liver, ft~mol/hr/mg protein. 
bmg/mg, gnmol/min/mg protein. 
%mol/t~mol. hp < 0.05. 
dnmol/mg protein, ip < 0.01. 
%mol/min/mg protein. 
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A 

B 

FIG. 1. Electron micrographs of glutaraldehyde-fixed, osmium postfixed, lead-stained 
pellets of (A) microsomes prepared by high-speed (conventional) centrifngation in sucrose- 
based medium and (B) microsomes prepared by calcium-precipitation from mannitol-based 
medium. Initially X 25,000. 

TABLE 2 

Microsomes Frozen Two Weeks 

Parameter Conventional method New method 

Glucose-6-phosphatase 0.122 • 0.010 b 0.127 • 0.00 a 
Laurate hydroxylase 0.95 • 0.022 a 1.37 • 0.11b, c 

aA 12% decrease on freezing (same units as Table 1). 
bNo decrease on freezing. 
Cp < 0.05, new vs conventional. 

F a t t y  ac id  c o m p o s i t i o n s  of  t h e  m i c r o s o m e s  p r e p a r e d  
b y  the  two  m e t h o d s  are  s u m m a r i z e d  in Tab le  3. The  dif- 
fe rences  c a n n o t  be a c c o u n t e d  for so le ly  on the  bas i s  of 
d i f fe rences  in p e r o x i d a t i v e  loss  of p o l y u n s a t u r a t e s  and  
p r o b a b l y  ref lect  di f ferences  in t he  a m o u n t s  of con tamina-  
t i on  b y  o the r  subce l lu l a r  m e m b r a n e s .  

A b s o r p t i o n  s p e c t r a  of ze ro - t ime  con t ro l  T B A  a s s a y s  
app l i ed  to  b o t h  t y p e s  of f r e sh ly  i s o l a t e d  m i c r o s o m e s  and  
r e a d  a g a i n s t  r e a g e n t  b l a n k s  c o n t a i n i n g  n e i t h e r  suc rose  
nor  m a n n i t o l  a re  shown in F i g u r e  2. The  b a c k g r o u n d  
p r o d u c e d  b y  suc rose  is obvious ,  a l t h o u g h  the re  is no 
" p e a k "  a t  532 n m  as would  be  p r o d u c e d  b y  M D A  (21). In  
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TABLE 3 

Mean Fat ty  Acid Composition of Microsomal Lipids a 

Fa t ty  acid b Conventional method New method 

15:0 0.19 • 0.02 0.21 _+ 0.01 
16:0 21.0 • 0.18 22.0 • 0.91 
16:1 1.46 • 0.10 2.12 • 0.01 c 
17:0 0.78 • 0.13 0.66 • 0.06 
17:1 0.19 • 0.13 0.32 • 0.04 
18:0 21.4 • 0.23 17.3 • 0.03 c 
18:1 7.43 • 0.41 11.5 • 0.05 c 
19:0 0.11 • 0.01 0.08 • 0.01 
18:2 14.3 • 0.08 16.5 _ 0.01 c 
18:3 0.02 • 0.01 0.10 • 0.01 
20:1 0.63 • 0.62 0.64 • 0.06 
20:2 0.20 • 0.10 0.17 • 0.12 
20:3 1.71 • 0.14 1.15 • 0.24 
20:4 15.8 • 0.38 13.3 • 0.05 c 
20:5 1.94 • 0.16 2.00 • 0.38 
22:5 2.60 _+ 0.31 2.91 • 0.25 
22:6 10.32 • 0.47 9.00 • 0.12 
Total saturates 43.32 40.19 
Polyunsaturates 46.91 45.12 

aAverage mol % • S.D. for three determinations each. 
bNumber of carbon atoms:number of double bonds. 
Cp < 0.05. 
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FIG. 3. Time course of production of malondialdehyde by micro- 
somes (1 mg protein/ml) in 25 mM Tris/HCl (pH 7.4) with 100 mM 
KC1, 330 #M Fe SO4, 1 mM ADP and 1.85 mM NADPH at 37 C under 
air on a rotary shaker. S-F, fresh microsomes from sucrose method; 
M-F, fresh microsomes from mannitol method. 
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FIG. 2. Visible absorption spectra of TBA reaction products from 
unincubated microsomes in Tris buffer (zero controls--see text} 
scanned against procedure blanks lacking microsomes and micro- 
some-suspending media. Upper curve (solid), conventional micro- 
somes (sucrose); lower curve (dotted}, microsomes prepared by the 
proposed method (mannitol). 

c o n t r a s t ,  m i c r o s o m e s  p r e p a r e d  b y  t h e  n e w  m e t h o d  s h o w  
no  i n t e r f e r i n g  b a c k g r o u n d .  O n c e  again ,  t h i s  s h o w s  t h e  im- 
p o r t a n c e  of  r e a d i n g  T B A - a s s a y  t e s t  s a m p l e s  a g a i n s t  a 
z e r o - t i m e  c o n t r o l  w h e n  s u c r o s e  is  p r e s e n t  (3). 

F i g u r e  3 s h o w s  t h e  t i m e  c o u r s e  of  M D A  p r o d u c t i o n  
w h e n  m i c r o s o m e s  p r e p a r e d  b y  t h e  t w o  m e t h o d s  w e r e  in- 
c u b a t e d  in T r i s  b u f f e r  w i t h  N A D P H ,  f e r r o u s  s u l f a t e  a n d  
A D P  (3). T h e  c o l o r i m e t r i c  a s s a y  u s e d  is r e l a t i v e l y  spec i f ic  
for  M D A  r a t h e r  t h a n  i t s  p r e c u r s o r s  (3). W h i l e  b o t h  t y p e s  

90 
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FIG. 4. Time course of production of malondialdehyde by 
microsomes under the same conditions as Fig. 3 except that the 
microsomes had been stored at --70 C for two weeks prior to incuba- 
tion. S-A, "aged" microsomes from sucrose method; M-A, "aged" 
mierosomes from mannitol method. 

of m i c r o s o m e s  e v e n t u a l l y  p r o d u c e d  t h e  s a m e  a m o u n t  of  
M D A ,  t h e  " c o n v e n t i o n a l "  m i c r o s o m e s  g a v e  an  in i t i a l  
b u r s t  of  M D A  f o l l o w e d  b y  a p a r a b o l i c  p a t t e r n  of  re lease .  
M i c r o s o m e s  p r e p a r e d  b y  t h e  n e w  m e t h o d  g a v e  a 
s i g m o i d a l  p a t t e r n ,  a l t h o u g h  t h e r e  w a s  no  t r u e  lag.  T h e s e  
c o n t r a s t i n g  p a t t e r n s  w e r e  a l so  s e e n  w h e n  m i c r o s o m e s  
t h a t  h a d  b e e n  s t o r e d  a t  - 7 0  C for  one  m o n t h  w e r e  s imi-  
l a r l y  i n c u b a t e d  (Fig.  4). 
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TA BLE 4 

Lipid Peroxidation Products in Unincubated Microsomes a 

Oxidation product 

nmol/mg protein 

Conventional method New method 

Lipid hydroperoxides 10.9 • 2.34 
Malondialdehyde (MDA) 0.39 • 0.061 
Labile MDA precursors 18.7 • 0.98 

7.68 • 1.53 
0.07 • 0.004 b 

21.8 • 2.56 

aMeans of triplicate determinations on each of three independent 
preparations of each type. Microsomes frozen prior to assay, but 
not incubated. 
bp < 0.001 (two-tailed t-test). Other comparisons not statistically 
significant. 

To determine whether these differences in kinetics were 
due to differences in levels of preexis t ing M D A  precur- 
sors, unincubated (frozen) microsomes were assayed  for 
TBA react ivi ty  both  by relatively MDA-specific and 
nonspecific techniques (3), for the presence of conjugated 
double bonds in the extracted lipids (17) and for total lipid 
peroxides/hydroperoxides (18). Solvents used for lipid ex- 
tract ion contained 0.001% butyla ted  hydroxy toluene as 
antioxidant,  and solid E D T A  was added to the micro- 
somal suspensions prior to extraction. Results  are sum- 
marized in Table 4. Microsomes s tored in sucrose con- 
tained over five t imes as much preformed MDA as 
microsomes stored in mannitol  and slightly more lipid 
hydroperoxide. Compounds that  could decompose to form 
MDA were slightly higher in microsomes prepared by the 
new method. Conjugated double bonds were not  readily 
quantified, since there was no obvious source of micro- 
somal lipid known to be free f rom such products  to use 
in obtaining a difference spect rum (17). However,  the ab- 
sorbance at 234 nm was not conspicuously different for 
lipids f rom the two types  of preparat ions.  I t  was estab- 
lished tha t  even deliberately adding excess T E T  to the 
assay  mixtures  did not  interfere with either the TBA 
assay  or the hydroperoxide assay  {not shown). Neither  
sucrose nor mannitol  " s to rage  media"  had detectable  
()0.3 nmol/ml) hydrogen peroxide levels even af ter  stor- 
age for 6 mo at 4 C. 

A preliminary nonlinear regression analysis (geometric, 
parabolic, hyperbolic, probit, second-through-fourth order 
polynomial  and inverse t ransform) of the da ta  in Fig- 
ures 3 and 4 indicated tha t  while the da ta  for the conven- 
tional microsomes could be well fit by a (y -- 1/nmol 
MDA; x = 1/time) t ransformat ion,  giving correlation 
coefficients of 0.9966 and 0.9971 for Figures 3 and 4, 
respectively, the data for microsomes prepared by the new 
method were be t te r  fit by  a third-order polynomial  (cor- 
relation coefficients of 0.9977 and 0.9999, respectively). 
In the la t ter  case, the second-order t e rm dominated the 
relationship. The physical correlates of these prel iminary 
observat ions  need to be inves t igated in the future. 

DISCUSSION 

The low-speed centr i fugat ion method for prepara t ion  of 
microsomes is adapted  from the sucrose-based method 

of k a m a t h  and rubin {19), differing primari ly in the com- 
position of the media used. Each mannitol-based solution 
has an osmotic s t rength  match ing  tha t  of the corre- 
sponding sucrose solution. Mannitol  was chosen because 
(a) unlike sucrose, it does not  interfere with the TBA 
assay  or mos t  protein assays; (b) it is a well-known in- 
hibitor of hydroxyl-radical-mediated reactions; and (c) it 
has been used in the pas t  for subcellular fract ionat ion 
(although mainly for nonmammal ian  "microsomes"  and 
mitochondria,  e.g., refs. 22, 23). 

TET was included in the homogenizing medium because 
it is an effective chelator of trace metals,  has been shown 
to prevent  the formation of hydrogen peroxide during the 
autooxidation of sulfhydryl compounds (24) and does not 
interfere with the TBA or lipid hydroperoxide assays (un- 
published observations).  MOPS buffer was used to pre- 
vent  the alkaline decomposition of mannitol  and because, 
unlike the more commonly used Tris buffer, it does not  
par t i t ion into the lipid ex t rac t  and is not  itself an 
antioxidant.  

Microsomes can be prepared by  the proposed method 
in about  an hour, while several hours are necessary in the 
conventional method.  The rapidly prepared  microsomes 
are at  least  as pure as the conventional ones, judging by  
the da ta  in Table i and, if used fresh, have a higher level 
of the peroxidation-sensi t ive enzyme glucose-6-phos- 
pha tase  125). The labile enzyme laurate  hydroxylase  is 
preserved be t te r  during frozen s torage of microsomes 
prepared by the proposed method than during the storage 
of conventional microsomes in 0.25 M sucrose. 

The enzyme levels in Table 1 for microsomes prepared 
in mannitol  would be consistent  with less than  0.1% con- 
taminat ion  by  mitochondria  (26), up to 3.2% lysosomes 
(27), 1.3% peroxisomes (28) and as much as 5.7% plasma 
membrane  f ragments  (29). The last  es t imate  is probably  
high, since microsomes are themselves  thought  to con- 
tain some 5'-nucleotidase (30). 

Incubat ion of the microsomes in the presence of 
NADPH,  ferrous sulfate and ADP gives, after 1 hr, about 
the same amount  of MDA for both  types  of preparations.  
However,  the t ime course of the process is quite different 
in the two. Since MDA product ion occurs at the end of 
a sequence of steps involving the incorporation of oxygen 
into a f a t ty  acid chain at at  least  two points,  one would 
expect  the ra te  of MDA release to increase as inter- 
mediates  in the process accumulate.  This is what  is 
observed for microsomes prepared by the proposed 
method.  In contrast ,  M D A  release from conventional 
microsomes was initially very fast, slowing continuously 
th roughout  the course of the incubation. 

The differences in MDA release pa t t e rns  cannot  be ex- 
plained by  any difference in the content  of polyun- 
sa tura ted  fa t ty  acids, since tha t  was similar in both. The 
content of preformed oxidation products, except for MDA 
itself, was similar in both. The tota l  amount  of M D A  
released in one hour was only about  5% of the amount  
of N A D P H  provided, and the microsomes prepared by  
the new method were still releasing MDA at close to their 
m a x i m u m  rate. Even  had the microsomal  suspending 
medium contained as much T E T  as the homogenizing 
medium, there would have been a 33-fold excess of fer- 
rous sulfate present  during the incubation. Since the 
suspending medium did not  contain TET,  the excess of 
ferrous ion mus t  have been much greater  than  33-fold. 
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A m o n g  the  pos s ib l e  causes  for t he  d i f ference  in M D A -  
re l ease  k ine t i c s  a re  (a) t he  m i c r o s o m e s  p r e p a r e d  b y  the  
new m e t h o d  would  have  h a d  w e a k l y  b o u n d  m e t a l  ions  ef- 
f ec t ive ly  " e x t r a c t e d "  b y  the  T E T  in the  h o m o g e n i z i n g  
medium,  while those  ions would  have  r ema ined  in the  con- 
v e n t i o n a l  mic rosomes ;  Ib) t he  conven t i ona l  m i c r o s o m e s  
m a y  have  con ta ined  p e r o x i d a t i o n  i n t e r m e d i a t e s  d i f fe r ing  
in k ind ,  if no t  in a m o u n t ,  f r om t h o s e  p r e s e n t  in t he  o t h e r  
p repara t ion ;  tc) the  phys ica l  difference in the  p repa ra tons ,  
w i t h  m a n y  free r i b o s o m e s  in t he  c o n v e n t i o n a l  p r ep  and  
on ly  a d s o r b e d  r i bosomes  in t he  m a n n i t o l - b a s e d  p rep  m a y  
have  in f luenced  the  t r a n s f e r  of p r o d u c t s .  The  fac t  t h a t  
t he  cause  for t he  d i f fe rence  in k ine t i c s  c a n n o t  be  g iven  
an obv ious  e x p l a n a t i o n  s u p p o r t s  t he  s u g g e s t i o n  t h a t  
m i c r o s o m e s  p r e p a r e d  b y  the  p r o p o s e d  m e t h o d  m a y  be 
usefu l  in s t ud i e s  of t he  m e c h a n i s t i c  a s p e c t  of l ip id  
p e r o x i d a t i o n .  

A second  a d v a n t a g e  of t he  p r o p o s e d  m e t h o d  is c lear  
f rom F i g u r e  2. A v o i d i n g  suc rose  e l im ina t e s  the  correc-  
t a b l e  b u t  h igh  b a c k g r o u n d  in the  T B A  as say ,  m a k i n g  i t  
p o s s i b l e  to  more  a c c u r a t e l y  m e a s u r e  low levels  of perox-  
i da t i on  p r o d u c t s .  E v e n  t r a c e  levels  of M D A  m a y  be con- 
s ide red  s ign i f i can t ,  s ince t he  m i t o c h o n d r i a l  c o n t a m i n a -  
t ion of these  p r e p a r a t i o n s  is so low t h a t  M D A  m e t a b o l i s m  
will  be in s ign i f i can t .  
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of Polymyxin B1 on Guinea Pig Lung 
Mitochondrial and Microsomal Glycerophosphate Acyltransferase 
Salil K. Dasa,* a n d  D i p a k  Ha ldarb  
aDepartment of Biochemistry, Meharry Medical College, Nashville, TN 37208, and bDepartment of Biological Sciences, St. John's 
University, New York, NY 11439 

The activit ies of guinea pig lung mitochondrial and 
microsomal glycerophosphate acyltransferase differed in 
sensitivity to polymyxin  B1. A t  an antibiotic concentra- 
tion of 1 mg/ml, the mitochondrial  enzyme act ivi ty  was 
s t imulated twofold, but  the microsomal  enzyme act ivi ty  
was completely inhibited. Furthermore, the mitochondrial 
enzyme activity was st imulated by polymyxin B, without 
the addition of exogenous acyl-CoA. Addit ional  experi- 
ments ruled out the possibility of polymyxin  B1 acting 
as a substrate for the mitochondrial acyltransferase. 
These results suggest  either that the polymyxiu  B1 sen- 
sitivity of mitochondrial  and microsomal  glycerophos- 
phate  acyl t ransferase  is different or that their accessibil- 
i ty to substrates is different because the two isoenzymes 
are located differently in the different phospholipid 
microenvironment  of the membranes .  
Lipids  22, 757-759 (1987). 

We have previously demons t ra ted  a biomodal  distribu- 
tion of g lycerophosphate  acyl t ransferase  act ivi ty  in 
guinea pig lung and suggested tha t  this enzyme might  
play an impor tan t  role in lung development  (1). Recent  
studies with liver and lung have indicated tha t  a port ion 
of this enzyme is exposed on the cytosolic side of the en- 
doplasmic ret iculum (2,3), whereas in mitochondria  the 
enzyme spans the transverse plane of the outer membrane 
(4-8). Our results (1) indicated tha t  lung mitochondrial  
and microsomal  g lycerophosphate  acyl t ransferase  have 
different functional characterist ics.  For example,  while 
the microsomal enzyme act ivi ty  was inhibited by  N- 
ethylmaleimide, t ryps in  and acetone, the mitochondrial  
enzyme activi ty was either unaffected or st imulated. The 
exact  mechanisms for this differential response are 
unclear. However,  it is possible tha t  part icular  locations 
of the enzymes in the respect ive membranes  in relation 
to exposure to cytosolic environment  may  be responsi- 
ble for this phenomenon. To substant ia te  this hypothesis,  
we searched for a probe with a s t rong  binding affinity 
toward biological membranes .  I t  is expected tha t  such 
a binding would alter the act ivi ty  of an enzyme depend- 
ing on whether  it is located in the outer  or inner surface 
of the membrane.  For  this purpose, we used po lymyxin  
B,, a cyclic polypeptide containing one 8- to 9-carbon fa t ty  
acid residue, as a probe. Polymyxin  B1 is known to have 
a s t rong bactericidal act ivi ty  due to its binding to the 
p lasma membrane.  I t  causes swelling of the outer  leaf of 
the outer  membrane  and thereby dis turbs  the normal  
organizat ion of the membrane  and alters its permeabil- 
i ty  characteris t ics  (9). 

*To whom all correspondence should be sent. 

MATERIALS AND METHODS 

Male guinea pigs (Hart ley strain) of 300-g body weight 
were used. Their lungs were removed and washed with 
cold saline and with 0.25 M sucrose and were hand- 
homogenized in 0.25 M sucrose/0.01 M Tris, pH 7.4 
(5 ml/g lung) with a Pot te r  Elvehjem homogenizer. The 
homogenate  was centrifuged at  1,000 X g for 10 min. The 
superna tan t  fluid was centrifuged at  20,000 X g for 20 
min. The pellet was resuspended in a sucrose-Tris buffer 
and resedimented at  6,500 X g. The sediment  {6,500 X 
g) was washed three times with sucrose-Tris buffer. I t  was 
finally resuspended in the same medium and used as 
mitochondrial  preparat ion.  The 20,000 X g superna tan t  
fluid was centrifuged at 105,000 X g for 60 min to sedi- 
ment  the microsomes. The microsomal  pellets were 
washed two times and resuspended in sucrose-Tris buffer. 
Protein was es t imated  according to Lowry et  al. (10). 
Mitochondrial and microsomal cross-contaminations were 
evaluated by  measur ing  marker  enzymes,  such as 
N A D P H  cytochrome c reductase  and succinic dehydro- 
genase (11), as well as N-ethylmaleimide sensit ivity of the 
subcellular glycerophosphate acyltransferase as described 
previously (1). Glycerophosphate  acyl t ransferase  assays  
were performed in a to ta l  volume of 0.5 ml as described 
in previous studies (1). All assays  contained an opt imal  
concentrat ion of palmitoyl-  or oleoyl-CoA (72 t~M for 
mitochondria  and 144 t~M for microsomes), 1.5 mM sn- 
[2-3H]glycerol 3-phosphate with a specific radioact iv i ty  
of 10 X 103 cpm per nmol and ca. 0.1 mg  subcellular pro- 
rein. Polymyxin  B1 was purchased f rom Sigma Chemical 
Co. {St. Louis, MO) and added at  0.1, 0.2, 0.4, 1.0 and 
2.0 mg/ml to the reaction mixture.  The reaction was ini- 
t ia ted by  the addition of a subcellular fract ion and ter- 
minated  after  3 min by  the addition of I ml of l-butanol.  
An aliquot (0.7 ml) of the washed butanol  ex t rac t  was 
taken  in a scintillation vial, evapora ted  under ni trogen 
and mixed with aquasol (5 ml) and counted in a Beckman 
LS-355 scintillation counter. 

RESULTS AND DISCUSSION 

The mi tochondr ia l  p r epa ra t ion  had high succinic 
dehydrogenase {23.88 -+ 8.56 nmol/min/mg; 5 determina- 
tions) and low N A D P H  cytochrome c reductase act ivi ty 
{12.37 +_ 1.10 nmol/min/mg protein, 5 determinations).  
The microsomal  preparat ion,  by  contrast ,  had high 
N A D P H  cytochrome c reductase {47.37 __ 1.10 nmol 
cytochrome c reduced/min/mg) and little succinic dehydro- 
genase activity (2.65 +- 1.55 nmol formazan/min/mg). Fur- 
thermore,  at N E M  concentrat ion of 8.0 mM, the micro- 
somal  g lycerophosphate  acyl t ransferase  act ivi ty  was in- 
hibited by  90%, whereas the mitochondrial  act ivi ty  was 
completely resistant.  Thus, the mitochondrial  and micro- 
somal  prepara t ions  were reasonably pure. 
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As shown in Figure 1, the t reatment  with polymyxin 
B, provides another method by which lung mitochondrial 
and microsomal glycerophosphate acyltransferase could 
be distinguished. In the presence of palmitoyl-CoA as the 
donor, polymyxin B, (1.0 mg/ml) caused nearly 150% 
stimulation of the mitochondrial enzyme activity while 
almost completely inhibiting the corresponding micro- 
somal enzyme. Qualitatively similar differential effect of 
polymyxin B, was observed when oleoyl-CoA was used 
instead of palmitoyl-CoA as the acyl donor. The inhibitory 
action of polymyxin B, on microsomal enzyme was max- 
imal within 1 min of incubation. Polymyxin Bx has also 
been shown to have similar differential effects on mito- 
chondrial and microsomal glycerophosphate acyltrans- 
ferase in rat  liver (5). 

Thin layer chromatographic analysis of acylation 
products (lysophosphatidic acid and phosphatidic acid) 
using a solvent system, diisobutyl ketone/acetic acid/ 
water (40:25:5, v/v/v), indicated that the polymyxin B, ad- 
dition to the incubation medium of mitochondrial frac- 
tion did not alter the percent composition of the mono- 
(47.6%) and diacylated (52.4%) products. I t  should be 
noted that  the condition used for the assay of glycerol 
3-phosphate acylation were such that  there was linearity 
with time and with the amount  of protein. Because the 
ratio of the amount  of lysophosphatidic acid and phos- 
phatidic acid did not change in the presence of polymyxin 
B,, the increased acylation of glycerol 3-phosphate by 
polymyxin B, is probably due to the stimulation of both 
acylation steps. 

The difference in polymyxin B, sensitivity between the 
mitochondrial and microsomal glycerophosphate acyl- 
transferase might be due to differences in the phospho- 
lipid microenvironment of the membranes or the orien- 
tat ion of the enzymes within the respective membrane. 
I t  is interesting to note tha t  in the absence of an exo- 
geneously added acyl donor, the endogenous mitochon- 
drial enzyme activity (0.4 nmol/min/mg) was st imulated 

2 5 0 -  

2 0 0 -  

150. 

1-- 
IOO. 

i -  
r,_) 
"~ 50. 

�9 w 

o:s ;:s 
POLYMY• B (mg/ml) 

2;0 

FIG. 1. Differential action of polymyxin B, on mitochondrial and 
microsomal glycerophosphate acyltransferase. The reaction was in- 
itiated by addition of the subcellular fraction to the incubation mix- 
ture. Palmitoyl-CoA was used as the acyl donor at 72 ~M concen- 
tration for the mitochondria and 144 t~M for the microsomes. 
Polymyxin B, was added as indicated. The specific activities of the 
subcellular fractions in the absence of polymyxin B1 were 1.3 + 0.1 
and 2.9 ___ 0.3 nmol/min/mg protein for mitochondria and microsomes, 
respectively. 

approximately 17-fold by polymyxin B, (1 mg/ml), 
whereas the endogenous microsomal enzyme activity re- 
mained unaffected by the antibiotic (Table 1). This obser- 
vation indicates that  polymyxin B, might  part ly act as 
a substrate for the mitochondrial enzyme, especially 
because the stimulation of the mitochondrial acyltrans- 
ferase due to the addition of polymyxin B, (17-fold) was 
even more than that  due to the addition of palmityl-CoA 
(threefold). Alternatively, the antibiotic interacts with the 
phospholipid bilayer of the mitochondrial outer mem- 
brane and perturbs the phospholipid microenvironment 
of the acyltransferase. 

In order to investigate whether polymyxin B, may 
part ly act as a substrate  for the mitochondrial enzyme, 
the mitochondrial fraction was incubated with 72 t~M- 
[palmitoyl-l-'4C]palmitoyl CoA (40 mCi/mmol), and varied 
concentrations of polymyxin B, (0.1, 0.2, 0.4, 0.6, 1.0 and 
2.0 mg/ml) and glycerophosphate acyltransferase ac- 
tivities were determined. Polymyxin B, addition to the 
incubation medium caused a stimulation on the incorpora- 
tion of radiolabeled substrate into phospholipids (Table 2). 
This observation suggests that  polymyxin B, is not used 
as a substrate, but  rather stimulates the accessibility of 
the mitochondrial glycerophosphate acyltransferase to 
exogenous palmitoyl CoA or to endogenous acyl donors. 

TABLE1 

Effect of Polymyxin B, on Guinea Pig Lung Mitochondrial 
and Microsomal Glycerophosphate Acyltransferase Activity 

Additions to incubation medium 

Enzyme activity (nmol 
glycerol 3-phosphate 

incorporated/min/mg protein) 

Mitochondria Microsomes 

None 0.40 • 0.01 0.60 • 0.01 
Palmitoyl CoA 1.31 • 0.10 2.91 • 0.31 
Polymyxin B, 6.82 • 0.82 0.71 • 0.01 
Palmitoyl CoA + polymyxin B, 7.61 • 0.51 0.62 • 0.02 

Assay conditions for glycerophosphate acyltransferase are described 
under Materials and Methods. Palmitoyl-CoA at concentrations of 
72 ~M for mitochondria and 144 t~M for microsomes was used as 
the acyl donor. Polymyxin BI at a concentration of I mg/ml was us- 
ed for both mitochondrial and microsomal fractions. Each value is 
the mean • S.D. of 5 experiments. 

TABLE 2 

Effect of Polymyxin B, on Guinea Pig Lung Mitochondrial 
and Microsomal Glycerophosphate Aeyltransferase Activity 

Addition of polymyxin Enzyme activity 
to incubation medium (nmol palmitoyl CoA 

(mg/ml) incorporated/min/mg protein) 

None 1.8 • 0.3 
0.1 2.9 • 0.3 
0.2 4.6 • 0.6 
0.4 6.2 • 0.4 
0.6 7.3 • 0.6 
1.0 8.2 + 0.7 
2.0 6.9 • 0.5 

Assay conditions for glycerophosphate acyltransferase are described 
under Materials and Methods. [Palmitoyl-l-'4C]palmitoyl CoA 
(40 mCi/mmol) at a concentration of the 72 t~M was used as substrate. 
Each value is the mean _+ S.D. of 3 experiments. 
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As glycerophosphate acyltransferase is a membrane- 
bound enzyme, its activity is regulated by different 
phospholipid species (12). If polymyxin BI binds with the 
phospholipids of the outer side of the mitochondrial outer 
membrane, these phospholipid molecules, which take part 
in modulat ing the mitochondrial glycerophosphate  
acyltransferase activity, will be affected. We have re- 
cently shown that  in lung (6}, mitochondrial enzyme is 
stimulated twofold in the presence of a proteolytic enzyme 
such as trypsin. As the mitochondrial outer membrane 
is impermeable to trypsin, this stimulation could be 
regualted from the cytosolic side of the mitochondrial 
outer membrane. Indeed, these results and results with 
liver mitochondria (8) indicate that  the mitochondrial 
glycerophosphate acyltransferase is a t ransmembrane 
protein. Currently, we are s tudying the effects of poly- 
myxin B1 on glycerol phosphate acylation and monoamine 
oxidase activity in lung mitochondrial outer membrane 
preparations. 

In an isoionic medium, the mitochondrial enzyme might 
not be exposed to the aqueous environment outside the 
mitochondria ~5), but  a portion of the enzyme could still 
be present imbedded in the phospholipid layer of the outer 
side of the mitochondrial outer membrane. I t  is this por- 
tion that  is involved in the manifestation of the 
st imulatory action of polymxin B~ on mitochondrial 
glycerophosphate acyltransferase. 
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A Facile Synthesis and Carbon-13 Nuclear Magnetic 
Spectral Properties of 7-Ketocholesteryl Benzoate 
Edward J. Parish*, Tsao-Yi Wei and Peter Livant 
Department of Chemistry, Auburn University, Auburn, AL 36849 

Resonance 

This  paper present s  a modi f i ed  m e t h o d  of  the s e l e c t i v e  
a l ly l ic  ox idat ion  of cho l e s t ery l  benzoate .  Pyr id in ium 
ch lorochromate ,  in re f lux ing  benzene ,  has  been found to  
be an e f f ec t ive  and conven ien t  reagent  for the e f f i c ient  
oxidat ion of choles teryl  benzoate  to 7-ketocholesteryl  ben- 
zoate  in high yield.  A l so  included herein are the carbon-13 
nuclear  m a g n e t i c  re sonance  spectra l  propert i e s  of  
7 -ke tocho le s t ery l  b e n z o a t e  and cho le s t ery l  benzoate .  
Lipids 22, 760-763  (1987). 

Among the most  frequently encountered oxidation prod- 
ucts of cholesterol are those with an oxygen function at  
C-7 (1,2). Many  of these oxidized derivat ives may  be 
formed enzymically from cholesterol or may  be the result  
of autoxidation.  These compounds have been found in 
animal t issues and foodstuffs  (2) and are known to be in- 
hibitors of mammal i an  sterol biosynthesis  (3-6} and cell 
replication (7-9). 

As a result  of our continuing studies on sterol biosyn- 
thesis, we have developed a simplified method for the syn- 
thesis of 7-ketocholesteryl benzoate, 2, a key intermediate 
in the synthesis  of 7-oxygenated sterols. The method 
reported herein is applicable to both small- and large-scale 
prepara t ions  and represents  an improvement  in conve- 
nience and yield over previously repor ted procedures. 

Carbon-13 nuclear magnetic  resonance ('3C NMR) spec- 
tral  studies can provide far more information concerning 
the s t ructure  of steroids than  proton (1H) NMR studies, 
since mos t  of the carbons exhibit  separate ly  resolved 
signals tha t  may  be assigned to specific carbon a toms  
with a high degree of confidence (10). As an extension of 
our synthet ic  studies, we have completed the unam- 
biguous '3C NMR ass ignments  for carbon a toms in 
7-ketocholesteryl benzoate, 2, and cholesteryl benzoate, 1. 

EXPERIMENTAL METHODS 
General methods. Melt ing points were determined with 
an Elec t ro thermal  capillary appara tus  and are uncor- 
rected. Inf rared  {IR) spect ra  {KBr pellet) were recorded 
on a Perkin-Elmer Model 580 spectrometer.  'H  NMR and 
'3C NMR spectra (deuterated chloroform solvent) were ob- 
tained with a Bruker  AM-400 spect rometer  operat ing at  
a frequency of 400.179 MHz for 'H  and 100.619 MHz for 
'3C using te t ramethyls i lane as an internal s tandard.  Pro- 
ton spectra  were obtained using 16K data  points  and a 
sweep width of 10 ppm, while parameters  for carbon spec- 
t ra  were 32K and 250 ppm, respectively. Distort ionless 
enhancement  polarization t ransfer  {DEPT) exper iments  
(11,12) were conducted at 0 = 135 ~ which corresponds to 

*To whom correspondence should be addressed. 
Abbreviations: ~3C NMR, carbon-13 nuclear magnetic resonance; 'H 
NMR, proton nuclear magnetic resonance; IR, infrared; DEPT, 
distortionless enhancement polarization transfer; MS, mass spec- 
tra; GLC, gas liquid chromatography; HP, Hewlett-Packard; TLC. 
thin layer chromatography; PCC, pyridinium chlorochromate; DMF, 
N,N-dimethylformamide; DMSO, dimethylsulfoxide. 
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SCHEME 1. Steroid structures of 1 and 2 and ring numbering 
system. 

a pulse width of 21.4 sec. Carbon-hydrogen {C-H)  cor- 
relation {13,14) was conducted using 2K da ta  points  in 
the F2 dimension and 512 da ta  points in the F1 dimen- 
sion. The F1 da ta  was zero-filled to 1K, and exponential  
line broadening (2 Hz in F2 and 0.25 Hz in F1) was in- 
cluded before Fourier t ransformat ion.  Proton chemical 
shifts  for the C-18 and C-19 angular  methyl  resonances 
were calculated by the method of Zurcher (15). Mass spec- 
t ral  (MS) analysis was conducted on a VG-7070E mag- 
netic sector mass  spectrometer  a t  70 eV (source tempera- 
ture was 150 C) using a solid probe, and the resul ts  are 
presented in te rms of relative intensity (percentage of the 
base peakt along with probable mode of origin. Gas liquid 
chromatographic  (GLC) analysis  was performed on a 
Hewle t t -Packard  (HP) gas ch romatograph  {5710 A) 
equipped with a 25-M glass capillary column coated with 
DB-5 and a flame ionization detector. Thin layer chroma- 
tography  (TLC) was carried out on plates of Silica Gel G 
(Analtech, Newark, DE) with the components  visualized 
after  being sprayed with molybdic acid (16). Solvent 
sys t ems  for TLC analysis were SS-1, toluene, SS-2, 10% 
ether in hexane and SS-3, 10% ethyl  acetate  in hexane. 
Column chromatography  employed silica gel {60-200 
mesh} on columns tha t  were 100 cm X 1.5 cm. Cholesteryl 
benzoate was prepared in 89% yield by t rea tment  of puri- 
fied commercial  cholesterol {98% pure by  GLC analysis) 
with benzoyl chloride in pyridine Imp 148.5-150 C, lit. [17] 
mp 147 C). Commercial  cholesterol (Sigma Chemical Co., 
St. Louis, MO) was purified by  multiple recrystallizations 
from acetone-water. A sample of authentic  7-ketocholes- 
teryl benzoate was prepared by the procedure of Salmond 
et al. (18). Pyridinium chlorochromate (PCC) was obtained 
from the Aldrich Chemical Co. {Milwaukee, WI). 

General oxidation procedures. Cholesteryl benzoate 
{4.91 g, 0.01 mol) was dissolved in benzene (250 ml) con- 
taining molecular sieves (0.5 g, type 3A). Pyridinium 
chlorochromate (PCC, 64.67 g, 0.30 mol) was added, and 
the st irred reaction mixture  was gent ly refluxed under 
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a nitrogen atmosphere for 24 hr. The benzene solution was 
decanted, and the remaining contents of the reaction flask 
were washed several times with ether. The combined ex- 
tracts were washed with a saturated NaC1 solution, dried 
over anhydrous magnesium sulfate and evaporated to 
dryness under reduced pressure. TLC analysis (SS-1) in- 
dicated the presence of a single component of ca. 95% 
purity. The residue was subjected to column chroma- 
tography using a solvent gradient of ether in toluene. The 
purified material was recrystallized from acetone-water 
to yield 7-ketocholesteryl benzoate {4.39 g, 87%): mp 
158-159.5 C, lit. (17) 159 C; IR Vmax 1735, 1685, 1670, 
1245, 1039 cm-'; 'H NMR: 0.69 (S, 3H, C -  18-CH3), 1.25 
(S, 3H, C -  19-CH3), 4.93 (m, 1H, C - 3 - H ) ,  5.73 (m, 1H, 
C - - 6 - H ) ,  7.73 (m, 5H, benzoate); '~C NMR: (Table 1); MS, 
m/e (rel int): 504 (M, 4%), 382 (M-benzoic acid, 7%), 367 
(M-CH3-benzo i c  acid, 2.8%), 121 (benzoyloxy, 5%), 105 
(benzoyl, 100%). GLC analysis indicated a single major 
component of 98% purity, and TLC analysis indicated a 
single component in three solvent systems (SS-1, SS-2 and 
SS-3). Both analyses showed identical chromatographic 
mobility with an authentic compound. 

RESULTS AND DISCUSSION 

The allylic oxidation of h'tsteroids was initially accom- 
plished by chromic acid reagents with only limited suc- 
cess (19). For example, the allylic oxidation of 1 with 
sodium chromate in acetic acid/acetic anhydride gave 2 
in an opt imum yield of 38% (18). 

Synthetically useful changes in the properties and reac- 
tivity of chromium (VI) reagents have been brought about 
by the formation of amine complexes. The Collins reagent 
is formed by the complexation of chromium trioxide with 
pyridine (20,21). U sing this reagent, the allylic oxidation 
of 1 gave a 68% yield of 2 (17), and in a related study, 
using very anhydrous conditions, cholesteryl acetate was 
oxidized to 7-ketocholesteryl acetate in 72% yield (22). 
Similar complexes have been formed using chromium 
trioxide and pyrazole (23), 3,5-dimethylpyrazole (18) and 
benzotriazole (24) and have been shown to oxidize 1 to 
2 in 70-76% yields. These reactions require the prepara- 
tion of the reagent complex before each reaction. 

Commercially available PCC has recently become 
widely used in organic synthesis for the oxidation of 

TABLE 1 

Carbon-13 Chemical Shifts for 7-Ketocholesteryl Benzoate (2) and Cholesteryl Benzoate (1) a 

Carbon atom 2 l Difference (ppm) 

1 36.0 37.1 --1.1 
2 27.5 27.9 -0.4 
3 72.7 74.6 -1.9 
4 37.8 38.3 -0.5 
5 163.6 139.7 23.9 
6 126.7 122.7 4.0 
7 201.5 32.0 169.5 
8 45.4 32.0 13.4 
9 50.0 50,1 --0.1 

10 38.3 36.7 1.6 
11 21.2 21.1 0,1 
12 28,5 28.3 0.2 
13 43.1 42.4 0.7 
14 49.8 57.7 --7.9 

15 26.3 24.3 2.0 

16 38.7 39.8 --i.I 

17 54.8 56.2 --1.4 

18 11.9 11.9 0.0 
19 17.3 19.4 --3.5 
20 35.7 35.8 --0.1 
21 18.9 18.8 0.1 
22 36.2 36.2 0.0 
23 23.8 23.9 --0.1 
24 39.5 39.6 --0.1 
25 28.0 28.0 0.0 
26 22.5 22.6 --0.1 
27 22.8 22.8 0.0 

Cipso 130.2 130.9 -0.7 
Corth o 129.5 129.5 0.0 
Cmeta 128.3 128.2 0.1 
Cpara 132.9 132.6 0.3 
Ester b 165.6 165.9 -0.3 

aIn ppm downfield from tetramethyl silane. 
bBenzoate ester carbonyl group. 
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FIG. 1. A decoupled carbon-13 NMR (100.619 Mttz) spectrum of 7-ketocholesteryl benzoate (2) with carbon 
assignments. Resonances are downfield from tetrarnethylsilane. 

pr imary and secondary alcohols to carbonyl compounds 
(25}. This reagent,  in methylene chloride containing 
pyridine (26), other aromatic amines t27}, pyrazole 128), 
3,5-dimethylpyrazole (29) and benzotriazole (24), was 
reported to effect the selective oxidation of the allylic 
hydroxyl  function of a number of steroidal alcohols. At  
room temperature,  PCC in methylene chloride was found 
to be an ineffective reagent for allylic oxidation (18). In 
contrast  to these lat ter  results, we have achieved 
moderate success using PCC in refluxing methylene 
chloride for allylic and benzylic oxidations {30). PCC, in 
dimethylsulfoxide, has also been used for the oxidation 
of p-ionone to the corresponding diketone (31). 

In the present study, we have found that  PCC, in reflux- 
ing benzene, can affect the high yield (87%} oxidation of 
2 to 1. This conversion was accomplished with a 1:30 ratio 
of reagent (PCC) when 1-10 g of 2 were oxidized. Oxida- 
tions of 2 conducted on quantit ies of less than 1 g were 
successfully performed using smaller quantit ies of 
reagent {1:25} with similar yields, thus demonstrat ing the 
ability of the described method to be useful for both large- 
and small-scale preparations.  This efficient procedure 
represents a significant improvement  in both  yield and 
convenience compared to other reported methods for the 
allylic oxidation of 1 and 2. 

Using the reaction conditions described herein, addi- 
tional studies were conducted using other  solvents with 
1 and PCC. Under these conditions, refiuxing acetone, 
py r id ine ,  N , N - d i m e t h y l f o r m a m i d e  (DMF) and  
dimethylsulfoxide (DMSO) at 100 C yielded 2 in 2%, 0%, 
18% and 77% yield, respectively. In a previous study, we 

found the use of refluxing methylene chloride as solvent 
yielded 54% of 2 from 1 (30). 

As an extension of our synthet ic  studies, we have 
completed the unambiguous '3C NMR assignments for 
carbon atoms in 7-ketocholesteryl benzoate, 2, and 
cholesteryl benzoate, 1 (Table 1, Fig. 1). The previously 
reported '3C spectrum of cholesteryl acetate (10,32} was 
used to assign resonances due to carbons 16-18 and 
20-27. Carbons of the benzoate group were assigned using 
standard spectra of benzoate esters (33}. A D E P T  {11,12} 
experiment separated the remaining carbon resonances 
into two groups, secondary (down} and primary or tertiary 
(up}. An additional C - H  correlation experiment (13,14} 
provided data to unambiguously assign the peaks at 45.4, 
49.8 and 50.0 ppm to carbons 8, 9 and 14, respectively. 

Evaluat ion of the C - H  correlation spectrum indicated 
that  the carbon peaks at 45.4, 49.8 and 50.0 correlated 
with proton ('H) multiplets at 2.25, 1.55 and 1.35 ppm, 
respectively. 

The assignment of 45.4 ppm at carbon 8 was 
straightforward,  since the proton multiplet at 2.25 ppm 
is adjacent to the carbonyl function at carbon 7 and is 
characteristically shifted to a downfield position (deshield- 
ed) (34}. The assignment of 49.8 ppm as carbon 14 and 
50.0 as carbon 9 was based on the observation that  the 
C-14 proton is closer to the ketone function at carbon 7 
and is, therefore, more deshielded than the C-8 proton 
(1.55 ppm vs 1.35 ppm). I t  is also interesting to note 
{based on the C - H  correlation spectrum} tha t  the pro- 
tons on C-15 appear at 1.22 and 2.42 ppm. The proton 
shifted downfield to 2.42 ppm is the proton that ,  upon 

LIPIDS, Vol. 22, No. 10 (1987) 



COMMUNICATIONS 

763 

inspec t ion  of models,  is seen to be qui te  close to the  car- 
bony l  a t  ca rbon  7. 

F r o m  the resul t s  p resen ted  in Table  1, the i n t roduc t ion  
of the ke tone  funct ion  at  carbon 7, 2, causes several  major  
changes,  no t ab ly  at  carbons  7, 8 and  14 and  at  the olefinic 
ca rbons  5 and  6. By  the  use  of the D E P T  and  C - - H  cor- 
re la t ion  techniques ,  the a s s i g n m e n t s  of the ca rbons  in  1 
and  2 were conven i en t l y  made  in  a t imely  manne r .  The 
resu l t s  ob ta ined  were in favorable  ag r eemen t  wi th  the  
sa l ien t  ca rbon  a s s i g n m e n t s  for choles teryl  ace ta te  and  
7-ketocholes teryl  ace ta te  made  u s i n g  earlier '~C N M R  
techniques  (10,32). 
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Immunocytochemical Localization of Lingual Lipase in Serous Cells 
of the Developing Rat Tongue 
Ingram M. Robertsa, *, Lucien E. Nochomovitza,  Ronald Jaffe b, Selma I. Hanela, Magaly  Rojas a 
a n d  R.A. Agostini Jr.b 
aDepartments of Medicine and Pathology, George Washington University Medical Center, George Washington University School of 
Medicine, Washington, DC 20037 and br Department of Pathology, Children's Hospital, University of Pittsburgh School of Medicine, 
Pittsburgh, PA 15260 

The ontogeny of the  rat lingual serous and mucous glands 
was explored by light and electron immune microscopy  
using the peroxidase-antiperoxidase and streptavidin-gold 
techniques. Tissues from fetal and neonatal rats from day 
18 of gestat ion through 4 wk af ter  birth were fixed and 
embedded in paraffin or Epon for l ight  and transmission 
electron microscopy, respectively. Electron microscopy 
revealed that  the only cells containing lingual lipase were 
the  developing serous cells; secretory granules contain- 
ing lingual lipase of varying degrees of matur i ty  were 
seen. Mucous cells did not  show immunospecific stain- 
ing in rats  of any age. The neonatal  "mixed"  lingual 
glands secrete lingual lipase from serous components im- 
mediately after  birth to  aid in fat digestion. 
Lipids 22, 764-766 {1987). 

Sections were cut at 4-5 ~m, hydrated  through xylene 
and 95% alcohol to water. Endogenous tissue peroxidases 
were depleted with 1% hydrogen peroxide in methanol 
for 30 min. Immunospecific staining was not  observed 
when sections were stained with pre-immune serum or 
second antibody (goat ant irabbit  IgG) in the absence of 
pr imary antibody (rabbit antilipase). 

Lingual lipase is an important  enzyme in gastric fat diges- 
tion in man and other animals (1-5}. We have recently 
demonst ra ted  by immunocytochemical  methods using a 
polyclonal monospecific ant ibody to lingual lipase tha t  
the enzyme is found primarily in the serous von Ebner  
glands located beneath the circumvallate papilla of the 
tongue in adult rats  {5). Serous demilune cells of the 
lingual mucous glands also contain lingual lipase. 
However, the mucous cells of adult ra ts  do not contain 
this enzyme (5). The aim of this s tudy was to explore the 
ontogeny of rat  lingual lipase, using immunocytochemical 
techniques to determine at what stage of development 
and in what  specific cell type this enzyme first appears. 

MATERIALS AND METHODS 

Lingual lipase was purified from adult male Sprague 
Dawley rats, and polyclonal antibodies were raised in 
female New Zealand rabbits  as previously described {5}. 

Chemicals. Octylglucoside was purchased from Sigma 
Chemical Co. (St. Louis, MO}. Sephacryl S-200, polybuf- 
fer 74 and PBE 94 were products  of Pharmacia  Fine 
Chemicals {Piscataway, N J). Buffers were composed of 
ACS-grade chemicals {Fisher Scientific Co., Pi t tsburgh,  
PA). Other chemicals were of the highest purity available. 

Immunocytochemical localization of rat lingual lipase 
light microscopy. The method for light immunomicro- 
scopy was as previously described {5) except that  tissues 
were immersed in 10% alcoholic formalin/95% alcohol 
{1:9, v/v) and fixed overnight.  The specimens were 
processed on an Autotechnicon and embedded in Tissue 
Prep {paraffin and synthetic  polymer, Fisher Scientific}. 
Tissue from day-1 pos tpar tum rats was obtained prior to 
the initiation of suckling. 

*To whom correspondence should be addressed at Division of 
Gastroenterology, George Washington University Medical Center, 
2150 Pennsylvania Ave. N.W., Rm. 603, Washington, DC 20037. 

FIG. 1. Immature glands (arrows), day 18 of gestation. There is no 
immunospecifie staining for lingual lipase at this time. (40X, 
hematoxylin and eosin). 

FIG. 2. Day 1 after birth. Gold particles are restricted to the serous 
granular cells. There is gold found in association with mature (com- 
pact; solid arrows) and immature (light fuzzy; dashed arrows) 
secretory granules. The granules exhibit varying density. (27,000X, 
streptavidin-gold). 
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FIG. 3. Day 1 after birth. (a) Serous cells demonstrate gold in association with all granules. 
Exocytosis of lingual lipase is evident by the presence of gold in the ductular lumen 
(27,000X, streptavidin-gold). (b) Mucous cells from "mixed" glands. Note the absence of 
specific immunostaining for lingual lipase by the streptavidin-gold technique (27,000 X, 
streptavidin-gold). 

Additional sectons were stained for mucin by the 
mucicarmine method and for glycoprotein by the periodic 
acid-Schiff (PAS} method 16). 

Electron microscopy. The method for electron micro- 
scopy was as previously described {5) except tha t  sections 
of rat  tongue containing lingual serous and mucous 
glands were immersed in 1% glutaraldehyde at 4 C for 
only 1 hr, followed by washing in 0.2 M phosphate buf- 
fer with 10% sucrose for 48 hr. Tissues were postfixed, 
dehydrated,  embedded and stained for electron micro- 
scopy using the biotin-streptavidin technique {ABC) 
previously described (5}. Immunospecific staining was not 
seen with pre-immune serum, second ant ibody or 
streptavidin-gold in the absence of rabbit antilipase {first 
antibody). 

RESULTS 

Primitive cellular cords appeared in the subepithelial 
s t roma of the dorsum of the posterior tongue for the first 
t ime on the 18th day of gestat ion {Fig. 1}. The cords 
showed no stainable mucin, glycogen or lingual lipase. In 
addition, lingual lipase was not detectable on day 19. 
Some primitive glands between days 20 and 21 appeared 
to stain positively for the presence of mucin and lingual 
lipase. On day 22 of gestation (prepartum), all glands con- 
rained stainable lingual lipase (peroxidase-antiperoxidase 
method, PAP}, mucin and glycogen and were easily 
recognized on light microscopy. By the first pos tpar tum 
day, three cell types were identified by electron micro- 
scopy in these "mixed"  glands: (a} undifferentiated cells 
without cytoplasmic specialization; (b} serous cells with 
dark, apical cytoplasmic granules; and (c} mucous cells 
with characteristic mucous granules. The serous cells con- 
tained cytoplasmic secretory granules of varying degrees 
of matur i ty  (Fig. 2). Immune electron microscopy showed 
lingual lipase in all serous granules, and there was lipase 

FIG. 4. Day 3 after birth. "Mixed" serous and mucous glands. Note 
the intense immunospecific staining for lingual lipase in the serous 
cells {100X, peroxidase-diaminobenzidineL 

detectable in the glandular lumens (Fig. 3a). Neither the 
undifferentiated nor the mucous cells had evidence of 
lingual lipase {Fig. 3bL By the third pos tpar tum day, 
there were fewer undifferentiated cells in the mixed 
glands, and mucous cells were the predominant cell type. 
The serous cells of the mixed glands contained larger 
granules and there were more gold particles per granule 
than in the day 1 specimens. At  this stage, also, exclu- 
sively serous acini accompanied the mixed glands, i.e., 
reminiscent of the adult ra t  tongue (5). The serous glands 
contained glycogen, but  did not stain positively for mucin. 
Both the serous and mixed glands demonstrated stainable 
lipase by light microscopy (Fig. 4). However, by the 
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fourteenth p o s t p a r t u m  day, the mixed glands had devel- 
oped a predominantly mucous adult appearance with only 
occasional l ipase-containing demilune cell. The serous 
glands also then showed the branching ducts and 
multipl ici ty of acini of the adult  ra t  tongue. 

DISCUSSION 

We have shown that ,  in the adult  rat ,  lingual lipase ap- 
pears  to be confined to the serous von Ebner  glands and 
demilune cells of the lingual mucous glands (5). Other  in- 
ves t iga tors  have shown tha t  there is abundant  lipolytic 
act ivi ty  present  in the tongue of the newborn ra t  (1-4) 
and have histologically studied the ontogeny of the 
lingual mucous and serous glands tl). We have demon- 
s t ra ted  tha t  ra t  lingual lipase is immunocytochemical ly  
clearly detectable in all mixed glands as early as the 20th 
to 22nd ges ta t ional  days. I t  is difficult, however, using 
light microscopy to identify the precise cell tha t  contains 
the enzyme because the entire gland stains for mucin and 
glycogen. Using immune electron microscopy, we have 
shown for the first t ime tha t  only the serous cells of these 
developing glands contain lingual lipase. We have con- 
f irmed the findings of other inves t igators  tha t  these 
mixed glands appear  prior to the development  of the 
serous glands (1). A source of lipase is ext remely impor- 
tan t  to the neonatal rat, as the process of suckling begins 
immediate ly  after  birth. We have noted tha t  the mixed 

glands become progressively mucous in nature  until they 
obtain their  adult  appearance  by p o s t p a r t u m  day 14. 
Lingual lipase secreted by  mixed glands begins the 
process of neonatal  fat  digestion until  the serous glands 
fully develop and assume a dominant  role in secretion of 
the enzyme. The mixed glands differentiate into a lmost  
exclusively mucous glands, in which the demilune cells 
alone contain lingual lipase. 
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T h e  b u r r o w i n g  s p o n g e s  Anthosigmella varians a n d  
Spheciospongia vesparium w e r e  f o u n d  to  be r i ch  
in t h e  i s o p r e n o i d  p h o s p h o l i p i d  f a t t y  ac id  4 ,8 ,12 -  
t r i m e t h y l t r i d e c a n o i c  (5.2% a n d  23%, r e s p e c t i v e l y ,  
o f  t h e  t o t a l  f a t t y  ac id  c o m p o s i t i o n ) ,  w h i l e  t h e  bur-  
r o w i n g  s p o n g e  Chondrilla nucula a n d  t h e  d e m o s -  
p o n g e  Agelas dispar c o n t a i n e d  t h e  ac id  3 , 7 , 1 1 , 1 5 -  
t e t r a m e t h y l h e x a d e c a n o i c  (13.8% a n d  8.6%, r e s p e c -  
t i v e l y ,  o f  t h e  t o t a l  p h o s p h o l i p i d  f a t t y  ac id  c o m p o -  
s i t ion) .  N o  o t h e r  i s o p r e n o i d  f a t t y  ac id  w a s  f o u n d ,  
a n d  t h e  t w o  a c i d s  d e s c r i b e d  in  t h i s  w o r k  did n o t  
o c c u r  c o n c o m i t a n t l y  in  t h e  s a m e  s p o n g e .  
Lipids 22, 767-769 {1987). 

Isoprenoid fat ty  acids have been of special interest 
during recent years, in particular for the petroleum 
industry and the field of geochemistry (1). Speculation 
about the possible conversion of marine lipids to pet- 
roleums, initiated by the discovery of pristanic and 
phytanic acids in a California petroleum (2) and in 
recent and ancient sediments, initiated interest in the 
geological fate of these acids as possible biomarkers 
for the search of petroleum (1). Two important  isopre- 
noid fat ty  acids have been isolated from both terres- 
trial and marine sources, namely the 4,8,12-trimethyl- 
tridecanoic and the 3,7,11,15-tetramethylhexadecanoic 
(phytanic) acids. The latter has been found in fish and 
marine mammal  oils (3); in sheep, ox, and butterfat  
(2); in patients with Refsum's syndrome (4); and in 
h alophilic bacteria (5). The 4,8,12-trimethyltridecanoic 
acid has been detected in herring, seal oil, sheep fat 
and geological samples (2). However, to the best of our 
knowledge, no definite study of isoprenoid fat ty  acids 
from marine sponges has been performed, albeit tha t  
some have been isolated from a few sponges. For 
example, the 3,7,11,15-tetramethythexadecanoic acid 
(phytanic) was reported to be a 3% constituent of the 
total phospholipid fat ty acids of the marine sponge 
Aplysina fistularis by Walkup et al, (6). On the other 
hand, the marine sponge Petrosia ficiformis was re- 
ported to contain 4% of 4,8,12-trimethyltridecanoic 
acid (7) but no phytanic acid. Therefore, it seems that  
some marine sponges are specific for phytanic acid 
while others are specific for the 4,8,12-trimethyltri- 
decanoic acid; many  do not possess any isoprenoid 
fat ty  acids at all. We therefore decided to scrutinize 
several sponges for isoprenoid phospholipid fat ty  
acids, and herein we report the results of our investi- 
gation. 

The marine sponges in this study are Agelas dispar, 
Anthosigmella varians, Spheciospongia vesparium 

*To whom correspondence should be addressed. 
Abbreviations: GC-MS, gas chromatography, mass spectrome- 
try; PLC, preparative layer chromatography; TLC, thin layer 
chromatography; PC, phosphatidylcholine; PS, phosphatidy- 
lserine; FE, phosphatidylethanotamine; FAME, fatty acid 
methyl sters; ECL, equivalent chain length. 

and Chondrilla nucula. The latter three sponges are 
bona fide burrowing sponges; these are among the 
most interesting since they burrow into shells, rocks 
and corals (8). A. varians is one of the most variable 
demosponges in shape and size. A. varians and corals 
have similar habi ta t  requirements and usually are 
encountered in a competitive interaction for substrate 
dominance. This competitive interaction results in the 
overgrowth and death of the coral (9). Another com- 
mon West Indian sponge, C. nucula, can overgrow 
large tracts of the corals Porites furcata and entire 
colonies of Siderastrea siderea and Diploria clivosa 
(9). A. dispar, on the other hand, is not considered to 
be a burrowing sponge but is a common Caribbean 
sponge that  has not received particular attention. 
Interesting was the finding by Cullen and Devlin (10) 
of a novel quaternary 9-methyladenine in this sponge. 
However, to the best of our knowledge, no study of the 
lipids of A. dispar has been carried out. Interesting for 
us were the phospholipid fat ty acids ofA. dispar, since 
phospholipid fat ty acids from marine sponges have 
been shown to possess an unusual 5,9-unsaturation 
(11). 

EXPERIMENTAL METHODS 

A. dispar, A. varians, C. nucula and S. vesparium 
were collected near La Parguera, Puerto Rico, during 
April 1986. The sponges were 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 neu- 
tral lipids, glycolipids and phospholipids were separ- 
ated by column chromatography on ammonium hy- 
droxide-treated silicic acid (100-200 mesh) using the 
procedure of Privett  et al. (12). The fat ty  acyl compo- 
nents of the phospholipids were obtained as their 
methyl esters by reaction of the phospholipids with 
methanolic hydrogen chloride (13) followed by purifi- 
cation on column chromatography eluting with hexa- 
ne/e ther  (9:1, v/v). The resulting methyl esters were 
analyzed by gas chromatography-mass spectrometry 
(GC-MS) using a Hewlett Packard 5995 A Gas chrom- 
atograph-mass spectrometer equipped with a 30 m x 
0.32 mm fused silica column coated with SE-54. For 
the location of double bonds, N-acylpyrrolidide deriv- 
atives were prepared by direct t reatment  of the methyl 
esters with pyrrolidine/acetic acid (10:1, v/v)  in a 
capped vial (1 hr at 100 C) followed by ethereal extrac- 
tion from the acidified solution and purification by 
preparative layer chromatography (PLC). Hydroge- 
nations were carried out in 10 ml of absolute methanol 
and catalytic amounts of platinum oxide (PtO2). Mass 
spectrometry results are available upon request. The 
mass spectra of the isoprenoid fatty acids are pres- 
ented below. 

4,8,12-Trimethyltridecanoic acid methyl ester. MS 
m/e  (rel int) 270 (M+, 3), 213 (11), 157 (18), 128 (7), 113 
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TABLE 1 

F a t t y  Acid Composit ion of  the  Sponges  

Fat ty  acid 

Abundance (%) 

A. dispar A. varians S. vesparium C. nucula 

Tetradecanoic (14:0) 3.8 17.6 1.9 1.8 
13-Methyltetradecanoic 3.8 - -  - -  7.1 
Pentadecanoic (15:0) 1.3 - -  - -  2.3 
4,8,12-Trimethyltridecanoic - -  5.2 23.0 - -  
5,9-Hexadecadienoic (16:2) - -  - -  - -  12.1 
Hexadecenoic (16:1) - -  1.2 - -  20.2 
14-Methylpentadecanoic 0.9 - -  - -  - -  
Hexadecanoic (16:0) 11.0 33.6 19.3 22.7 
15-Methylhexadecanoic 7.6 - -  - -  2.0 
14-Methylhexadecanoic 7.7 - -  - -  - -  
Heptadecanoic (17:0) 1.2 - -  - -  1.4 
3,7,11,15-Tetr amethyi- 

hexadecanoic 8.6 - -  - -  13.8 
Octadecenoic (18:1) 7.1 15.6 17.7 4.1 
Octadecanoic (18:0) 3.1 17.4 - -  4.7 
1 7 - M e t h y l o c t a d e c a n o i c  0.5 -- -- -- 

Nonadecanoic (19:0) 9.1 - -  - -  - -  
Docosanoic (20:0) 10.4 - -  12.3 - -  
ig-Methyldocosanoic 0.5 -- -- -- 

Heneieosanoic (21:0) 0.5 - -  1.8 - -  

Behenic (22:0) 13.0 2.9 1.2 1.5 
Tricosanoic (23:0) - -  - -  0.7 1.0 
5,9-Tetracosadienoic (24:2) 2.2 - -  - -  - -  

Lignoceric (24:0) - -  traces 4.1 3.6 
5,9-Pentacosadienoic (25:2) 2.7 - -  2.1 - -  
Pentacosanoic (25:0) - -  traces 0.6 1.0 
5,9-Hexacosadienoic (26:2) 5.0 6.6 15.3 - -  
Hexacosanoic (26:0) - -  traces - -  0.7 

(7), 99 (8), 88 (8), 87 (100), 85 (15), 83 (15), 74 (32), 71 (18), 
69 (23), 59 (11), 57 (26), 55 (34). 

3 , 7 , 1 1 , 1 5 - T e t r a m e t h y l h e x a d e c a n o i c  a c i d  m e t h y l  
e s te r .  M S  m / e  (rel  in t )  326 (M+, 7), 311 (2), 241 (2), 213 
(4), 171 (15), 143 (8), 111 (10), 101 (100), 97 (13), 85 (9), 83 
(12), 75 (20), 74 (58), 71 (17), 69 (27), 57 (31). 

RESULTS 

O u r  r e s u l t s  a r e  s h o w n  in  T a b l e  1, w h e r e  t h e  f a t t y  a c i d  
c o m p o s i t i o n  of  t he  fou r  s p o n g e s  is  p r e s e n t e d .  We c a n  
see  t h a t  t h e  s p o n g e s  A. varians a n d  S. vesparium a r e  
spec i f i c  for  t h e  4 , 8 , 1 2 - t r i m e t h y l t r i d e c a n o i c  ac id ,  w h i l e  
t h e  s p o n g e s  A. dispar a n d  C. nucula c o n t a i n  t h e  
3, 7 , 1 1 , 1 5 - t e t r a m e t h y l h e x a d e c a n o i c  ac id .  To t h e  b e s t  o f  
our  k n o w l e d g e ,  no  o t h e r  i s o p r e n o i d  f a t t y  a c i d  h a s  
b e e n  d e t e c t e d  in  a m a r i n e  s p o n g e .  M o r e o v e r ,  t h e  two  
i s o p r e n o i d  f a t t y  a c i d s  m e n t i o n e d  a b o v e  do n o t  occur  
c o n c o m i t a n t l y  in  t h e  s a m e  s p o n g e ,  i.e., t h e  s p o n g e  h a s  
e i t h e r  t h e  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  or  t h e  3,7, 
1 1 , 1 5 - t e t r a m e t h y l h e x a d e c a n o i c  ac id ,  b u t  n o t  b o t h  a t  
t h e  s a m e  t ime .  M o s t  s p o n g e s  do n o t  h a v e  i s o p r e n o i d  
f a t t y  ac id s .  We c a n  a l s o  see  f r o m  t h e  t a b l e  t h a t  p r i nc i -  
p a l  f a t t y  a c i d s  c o m m o n  to a l l  s p o n g e s  a r e  h e x a d e c a n -  
o ic  (11-34%),  o c t a d e c a n o i c  (3-17%) a n d  b e h e n i c  
(1-13%). I n  m o s t  of  t h e s e  s p o n g e s ,  e v e n  p h o s p h o l i p i d  
f a t t y  a c i d s  ( s a t u r a t e d  a n d  u n s a t u r a t e d )  we re  t h e  pre-  
d o m i n a n t  ones .  T h e  m o s t  s t r i k i n g  e x a m p l e  w a s  t h e  
c a s e  o f  A.varians, w h e r e  e v e n  p h o s p h o l i p i d  f a t t y  

a c i d s  a c c o u n t e d  fo r  m o r e  t h a n  90% of  t h e  t o t a l  mix -  
ture .  I n  g e n e r a l ,  b r a n c h e d  f a t t y  a c i d s  ( a n t e i s o  a n d  iso) 
we re  n o t  a b u n d a n t  b u t  odd  f a t t y  a c i d s  ( s a t u r a t e d  a n d  
u n s a t u r a t e d )  were  e v e n  l e s s  a b u n d a n t .  I n  A. varians, 
we cou ld  n o t  d e t e c t  a n y  o d d  f a t t y  ac ids .  I s o p r e n o i d  
f a t t y  a c i d s  we re  p r e s e n t  in  t h e  t h r e e  b u r r o w i n g  
s p o n g e s  t h a t  we h a v e  a n a l y z e d  i n  t h i s  work .  T h e  m o s t  
s t r i k i n g  r e s u l t  w a s  o b s e r v e d  in  t h e  s p o n g e  S. vespa- 
rium, w h e r e  t h e  i s o p r e n o i d  f a t t y  a c i d  4 ,8 ,12 - t r ime thy l -  
t r i d e c a n o i c  a c c o u n t e d  for  m o r e  t h a n  23% of  t h e  t o t a l  
m i x t u r e .  N o  o t h e r  s p o n g e  h a s  b e e n  r e p o r t e d ,  to t h e  
b e s t  of  our  k n o w l e d g e ,  t h a t  c o n t a i n s  m o r e  i s o p r e n o i d  
f a t t y  a c i d s  t h a n  S. vesparium. 

M a j o r  a c i d s  f r o m  A. dispar were  p a l m i t i c  (16:0), 
p h y t a n i c  (20:0), d o c o s a n o i c  (20:0) a n d  b e h e n i c  (22:0). 
T h e  l a t t e r  a c i d s  a c c o u n t e d  for  m o r e  t h a n  43% of  t h e  
t o t a l  m i x t u r e .  T h r e e  i n t e r e s t i n g  u n s a t u r a t e d  v e r y  l o n g  
c h a i n  f a t t y  a c i d s  we re  e n c o u n t e r e d  in  t h e  A. dispar 
t h a t  we co l lec ted .  T h e s e  were  t h e  5 , 9 - t e t r a c o s a d i e n o i c  
(24:2), t h e  5 , 9 - p e n t a c o s a d i e n o i c  (25:2) a n d  t h e  5,9- 
h e x a c o s a d i e n o i c  (26:2) ac ids ,  w h i c h  a c c o u n t e d  for  10% 
of  t h e  t o t a l  m i x t u r e .  T h e  5 , 9 - u n s a t u r a t i o n  i s  t y p i c a l  o f  
m a r i n e  s p o n g e s  (6,7), b u t  i t  is  v e r y  r a r e  to f i n d  t h r e e  
c o n s e c u t i v e  a c i d s  w i t h  t h e  5 , 9 - u n s a t u r a t i o n  t o g e t h e r  
in  t h e  s a m e  s p o n g e .  T h e  p h o s p h o l i p i d  m i x t u r e  w a s  
s h o w n  b y  t h i n  l a y e r  c h r o m a t o g r a p h y  (TLC)  to be  
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 s e r i n  (PS) 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).  F o r  t h e  c h a r a c t e r i -  
z a t i o n  o f  t h e  f a t t y  a c i d s ,  c a p i l l a r y  G C  c o m b i n e d  w i t h  
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MS was used. The fa t ty  acid methy l  esters (FAME) of 
the 5,9 ve ry  long cha in  fa t ty  acids had  equivalent  
cha in  lengths  (ECL) values  typical  of dienoic acids; 
for example,  the 5,9-hexacosadienoic acid had  a ECL 
of 25.42. EC L clear ly  expresses  where a FAME elutes 
with respect  to the series of s t ra igh t  cha in  sa tu ra ted  
me thy l  esters in a t empe ra tu r e -p rog rammed  run.  
Fur thermore ,  upon catalyt ic  hyd rogena t ion  (PtO2), 
the dienoic acids were conver ted  to thei r  respect ive 
sa tu ra ted  acids, thus  excluding the possibi l i ty of a n y  
b ranch ing .  To exact ly  locate the double bonds,  pyrrol- 
idide der ivat ives  of the f a t ty  acid me thy l  esters were 
then  prepared,  reveal ing  a peak at  m / e  180. The  la t ter  
peak is typical  when  two double bonds are located at  
the 5-and 9-positions, resul t ing from allylic c leavage 
(6). Also, compar i son  wi th  au then t ic  samples  f rom 
other  sponges confi rmed our results  (6,7). In teres t ing  
to us was the presence of a FAME with an  ECL  value 
of 17.58, just  between the heptadecanoic  and  octade- 
canoic  acids in the FAME mixture  of A. d i spar .  The  
mass  spectrum of the methyl  ester of this  acid revealed 
a M+= 326 cor responding  to a 20:0 acid. To explain  the 
capi l la ry  GC re ten t ion  t ime with the MS results,  mul- 
tiple methy l  b r a nch ing  should be proposed. In fact, 
the la t ter  acid was iner t  upon ca ta ly t ic  hyd rogena t ion  
(PtO2), thus  excluding the possibil i ty of any  unsa tura-  
tion. Fur thermore ,  the mass  spectrum of the methy l  
ester of this  acid revealed a base peak at  m / e  101 
(100%) and  peaks  a t  m / e  171 (15%) and  m / e  241 (2%), 
immedia te ly  suggest ing it to be the methy l  ester  of the 
known 3,7,11,15-tetramethylhexadecanoic (phytanic)  
acid. A GC-MS compar i son  with an  au thent ic  sample  
confi rmed the results. 

DISCUSSION 

Isoprenoid fa t ty  acids found to date in mar ine  sponges 
are the 4,8,12-tr imethyltr idecanoic and  the 3,7,11,15- 
t e t ramethy lhexadecanoic .  There is no report  to date, 
to the best  of our knowledge, of other  isoprenoid f a t ty  
acids. These  acids could be of geological s ignif icance 
since the phy tan i c  acid, for example ,  could be t rans-  
formed (or has  been somet ime in the past) to p h y t a n e  
and  could be par t  of mar ine  sediments.  In other  words, 
these acids can  be potent ia l  b iomarkers  (1). 

In ana logy  to Refsum's  syndrome  (4), the accumula- 
t ion of these isoprenoid f a t ty  acids could be due to a 
deficiency of a - -ox idase  activity.  Because of a methy l  
subs t i tuent  at carbon  3, for example,  phy tan i c  acid 
canno t  be fl-oxidized but  it can  undergo  a-oxidat ion to 
pr i s tanic  acid. A deficiency of a-oxidat ion prevents  
the metabol i sm of phy t an i c  acid and  thus  m a y  resul t  
in its accumula t ion  in the sponge. 

The origin of these  isoprenoid f a t ty  acids is also 
wor thy  of invest igat ion.  They  could arise f rom the 

phyto l  port ion of chlorophyl l  (14) since, for  p hy t an i c  
acid, t ha t  has  been shown to be the case. These iso- 
prenoid fa t ty  acids could also be of p lanktonic  origin 
or they  could arise f rom hatophi l ic  bacter ia ,  which are 
known to contain  such acids (15). Still ano ther  possi- 
bi l i ty is for the sponge to be syn thes iz ing  the acids 
f rom isoprene units,  s ince these  sponges  seem to be 
selective for one acid or the other.  A symbiot ic  rela- 
t ionship  between the sponge and  bacter ia  m a y  also be 
t ak ing  place. A more in teres t ing  problem seems to be 
the specificity displayed by these sponges.  Why are 
these sponges specific for the 4,8,12-trimethyltride- 
canoic acid while others are specific for the 3,7,11,15- 
t e t r ame thy lhexadecano ic  acid? To answer  the la t ter  
quest ion as well as to general ize the specificity dis- 
p layed  by  the sponges  in this  work, a number  of addi- 
t ional  sponges  will have  to be ana lyzed  for the pres- 
ence of these b ranched  acids. Work is in progress 
towards  these ends. 
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Ladies and Gentlemen, 

It is an honor for me to welcome you who have come from 
all over the world to the First International Symposium 
on Ether Lipids in Oncology. As one who witnessed the 
development of the subject over the last 20 to 25 years, 
allow me a short historical sketch. 

In 1960, Armour & Co. in Chicago took a patent (1) for 
the production of stable fat emulsions that can be ad- 
ministered intravenously as a parenteral high-caloric 
nutrient for clinical use. For the dispersion of the fat par- 
ticles, soybean lecithin was recommended. But such 
lecithin mixtures, in contact with air, rather soon acquired 
pyrogenic properties. The underlying mechanism was ex- 
plained by autoxidation of {conjugated} fatty acid dou- 
ble bonds in certain lecithin molecules. Autoxidation and 
occurrence of undesired pyrogenicity could be prevented 
by partial catalytic hydrogenation. Because hydroxy- (or 
peroxy-) lecithins could be suspected to be the cause of 
pyrogenic activity and because we at the Max-Planck- 
Institut in Freiburg were very interested in structurally 
defined pyrogens for the initiation of artificial fever (2-4}, 
we decided to attempt the synthesis of such hydroxy- 
lecithins and to test them for possible pyrogenic activity. 

At that time, in 1960, a young and ambitious student 
of chemistry, HansjSrg Eibl, contacted me to ask for a 
diploma and doctor thesis. He agreed to enter the field 
of lecithin synthesis, starting with dioleoyl lecithin and 
planning the preparation of higher unsaturated lecithins 
(5). However, rather soon we were driven into other, even 
more interesting aspects of that field. Eibl continued his 
training and interest in organic chemistry and biochem- 
istry of phospholipids, joined the groups of van Deenen 
in Utrecht and Lands in Ann Arbor and made phospho- 
lipids his "grand passion" (6). 

At that time, in 1960, a group of investigators around 
the late Prof. Herbert Fischer at our Institute in Freiburg 
had found that  complement-fixing immune reactions are 
accompanied by a significant overproduction of 
lysolecithin due to stimulation of phospholipase A activ- 
ity (7). The authors suggested that lysolecithin might be 
the biologically active, common initiator of complement 
activation (8,9). Fischer, together with Paul Gerhard 
Munder, then found that very small amounts of exo- 
genous lysolecithin strongly enhanced the phagocytic ac- 
tivity of peritoneal macrophages in vitro and in vivo (10). 
This finding prompted a general survey on the possible 
role of lysolecithins in immune reactions. 

Somewhat later, stimulated by Munder and Fischer's 
finding, our chemical group proposed the synthesis of 
structurally defined lysolecithins and especially lyso- 
lecithin analogs that might differ physicochemically and, 
thus also biologically from the natural prototype (11-15). 

Interestingly, we soon discovered that no total organic 
synthesis of lysolecithins had hitherto been described. 
Van Deenen and coworkers had applied combinations of 
organic-preparative and enzymatic methods and arrived 
at optically active preparations. All commercially avail- 
able preparations were manufactured from natural 
lecithin mixtures by phospholipase action. 

From about 1965-68, Arnold, Eibl and Weltzien syn- 
thesized a rather comprehensive series of racemic and op- 
tically active glycero- and other phospholipids (11-15}, 
some in radiolabeled form, which more or less resembled 
natural lysolecithins. Eibl developed plenty of imagina- 
tion and new ideas on how to synthesize hitherto un- 
known compounds. Special emphasis was placed on ether- 
analogs {13-15} because of their higher metabolic stability 
and longer half-life. In 1967, Weltzien and Arnold syn- 
thesized the 1-O-octadecyl-2-O-methyl-glycer~3-phospho- 
choline {13}, abbreviated ET,8-OCH3, which turned out to 
become the model of the new ether lipid antitumor drugs. 

Many of the highly purified lysolecithin analogs were 
given to Fischer and Munder for biological screening in 
vivo and in vitro. These studies started in 1967-68, years 
ago, and it was P. G. Munder who did most of the work 
on lysolecithin analogs as a new class of immunomodu- 
lators {16}. Munder and his coworkers were also the first 
to observe the selective destruction of various tumor cells 
by lysolecithin analogs {17-20}. Klibansky and de Vries 
(21) had observed selective sensitivity of human leukemic 
cells towards natural lysolecithin. With the many analogs 
at hand, Munder was able to define certain structural re- 
quirements for optimal antitumor activity, first sum- 
marized and submitted for publication in June 1976 {16}. 

Glycerolipids with a long-chain alkyl substituent in- 
stead of an ester group, in the 1-position of glycerol have 
been known for about half a century. They occur in 
nature, especially in fish and higher animals (see, for ex- 
ample, ref. 22). Thus, ether lysolecithins in principal are 
natural products. 

I think it is fair to say that the many studies on the 
action of lysolecithin analogs on tumors that followed are 
based on those first and fundamental observations by 
Munder and his coworkers. Early in the studies, it became 
apparent that the C,8-ethers in position 1 of glycerol, such 
as ET,8-OCH3 and ET,8-OH, were quite efficient anti- 
tumor agents {16-19). The 2-O-methyl derivative is now 
being widely used as a model type compound of this 
series, as will become obvious in the course of this 
symposium. 

In the meantime, Eibl succeeded in simplifying and 
economizing the chemical synthesis as well as in the 
large-scale preparation of lysolecithin analogs, such as 
ET,s-OCH, and others (23). 

Of considerable importance was the finding by Munder 
that  some of the active ether compounds, such as 
ET,s-OCH~, would be fully active when given orally {20}; 
this greatly facilitated the start-up of clinical trials. 

In our efforts to understand the mechanism of the anti- 
tumor activity of ether lipids, we all felt most stimulated 
by the research work of Fred Snyder's group in Oak 
Ridge, starting in the late '60s, on the 1-O-alkyl cleavage 
enzyme and its mode of action (24}. The Snyder group 
showed the enzyme system to be present in many nor- 
mal tissues but absent or of very low activity in neoplastic 
cells. This suggested a possible explanation for the ac- 
cumulation of ether lipids in tumor tissues with concomi- 
tant disturbance of their membrane metabolism. Munder 
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and others, at  t ha t  s tage arrived at  the proposal  tha t  two 
main activit ies of one and the same ether lipid m a y  com- 
bine favorably to the final an t i tumor  effect, namely ether 
l ip id-ac t iva ted  macrophages  would act, directly or in- 
directly, on ether  l ip id- intoxicated tumor  cells (20). 

Another  s t imulus was the announcement  by  Hanahan  
and coworkers (San Antonio) in 1979, and by  others,  of 
the purification and s t ructura l  analysis  of the p la te le t -  
ac t iva t ing  factor  (PAF). PAF,  being a 2-O-acetyl-l-O- 
alkyl-ether lipid (25), is of course chemically very  similar 
to some of the known synthet ic  tumoricidal  ether lipids. 
This certainly widened general interest  in the biology of 
ether  lipids. 

I would like to express  my  great  pleasure and our 
sat isfact ion t ha t  leading and pioneering scientists  in the 
field of ether lipids have come here together.  I welcome 
you all and ask you to kindly allow me not  to ment ion 
m a n y  names,  though I would like to welcome you as 
members  of a kind of ra ther  young, and therefore eager 
and energetic, scientific family dispersed all over  the 
world, f rom the US, over  Europe,  including Israel,  to the 
Far  E a s t  and Japan.  We are also pleased, Dr. Brachwitz,  
t ha t  bo th  Germanys  are represented here. We are all 
mot iva ted  by  our work in an apparent ly  narrow field of 
interest .  But,  as we shall see, it is in reali ty a vas t  field 
with important ,  and necessary,  contr ibut ions f rom 
physical  chemistry,  organic chemis t ry  and biochemist ry  
to physiology, pharmacology and biomedical research and 
with prospects  t ha t  we, at  present,  can only envisage. 

You know, and you will discuss, biological activit ies of 
ether lipids other than  their  very  tumoricidal  potencies. 
The focus on an t i tumor  activit ies is certainly wise. Yet, 
we may  be allowed to also point to other excit ing bio- 
logical functions of ether lipids, and one m a y  later  find 
such activities to be biologically interlinked or interdepen- 
dent. We will have three s t imula t ing  days, and we will 
have ample oppor tun i ty  to make  new friends and renew 
old friendships, also outside the formal  sessions. 

Thanks  to the organizers of this symposium,  to Unger  
as the scientific secretary,  and to the dist inguished 
members  of the Organizing Committee. Many thanks also 
to those inst i tut ions who have sponsored our meeting! 
I herewith open our Symposium.  
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Biosynthesis and Biotransformation of Ether Lipids I 
Helmut K. Mangold* and Nikolaus Weber 
Federal Center for Lipid Research, Institute for Biochemistry and Technology, H.P. Kaufmann-lnstitute, PiusaIlee 68, D-4400 Mlinster, 
Federal Republic of Germany 

Some naturally occurring as well as synthetic ether lipids 
are biologically active. In certain cases, the effects of 
these substances are enhanced, in others, they are in- 
hibited by compounds that  were isolated from natural 
sources or prepared by chemical synthesis.  The biotrans- 
formation of natural or "unnatural" ether lipids in 
microorganisms, plant or animal t issue also can lead to 
substances that  elicit biological effects. The production 
of such compounds through various biotechnological 
techniques is a field wide open for future exploration. In 
addition to animal cell cultures, plant cell cultures may 
become useful tools in biomedical studies concerned with 
ether lipids. 
Lipids 22, 789-799 {1987}. 

Naturally occurring ether lipids (alkoxylipids), once con- 
sidered to be "dead ends" of lipid metabolism, have been 
found to be intimately involved in a variety of physiolog- 
ical reactions (1-4). Biologically active ether lipids include 
compounds containing an alkyl or a 1-alkenyl moiety. The 
platelet activating factor, for example, a powerful lipid 
mediator, is a phospholipid containing an alkyl moiety 
(5,6), whereas, the fecapentaenes, potent mutagens, are 
polyunsaturated 1-O-(1-alkenyl)glycerols (7). 

In recent years, numerous synthetic ether lipids that 
do not occur in nature have been prepared to find 
therapeutic agents such as agonists and antagonists of 
natural lipid mediators (8,9) and compounds that can be 
of value in the therapy of cancer patients (10-13). 

The results of some recent studies indicate that certain 
biological effects are due to products that are derived, in 
living systems, from both natural and synthetic "un- 
natural" ether lipids. The biotransformations that ether 
lipids undergo in animal and plant cells, therefore, are of 
great current interest. 

The present review describes briefly a few biologically 
active lipids containing alkyl or 1-alkenyl moieties and, 
in more detail, various reactions in animal and plant cells 
involving both natural ether lipids and those having "un- 
natural" structures. 

NATURALLY OCCURRING ETHER LIP|DS 

Neutral and ionic lipids containing an alkyl or 1-alkenyl 
moiety bound to glycerol at position 1 are ubiquitous 
though, as a rule, minor constituents of animal cells 
(14-16~ but not of plant cells 117). All of these natural 
products are chiral compounds; their alkyl and 1-alkenyl 
moieties usually are saturated and monounsaturated and 
have chains predominantly of 16, 18 and 20 carbon atoms. 

Neutral ether lipids include 1-O-alkyl-2.3-diacyl-sn- 
glycerols, 1-O-(1-alkenyl)-2,3-diacyl-sn-glycerols (neutral 
plasmalogens) and a variety of ether glycolipids such as 
3-O-alkyl-2-acyl-l-fl-D-galactopyranosyl-sn-glycerols 
(2,4,18}. Ionic ether lipids are the 1-O-alkyl-2-acyl-sn- 
glycero-3-phosphocholines, the 1-O-(1-alkenyl)-2-acyl-sn- 
glycer~3-phosphocholines (choline plasmalogens), and the 
corresponding glycerophosphoethanolamines and glycero- 
phosphoserines (2,4,16}. 

In addition to ether lipids with a single alkyl moiety, 
hearts of some mammalian species contain extremely 
small proportions of phospholipids derived from 1,2-di- 
O-alkylglycerols (19,20). And, besides alkyl and 1-alkenyl 
ethers of glycerol, traces of ether lipids having a diol 
backbone occur in nature; these diol lipids also include 
neutral and ionic compounds (21). Alkyl ethers (22) and 
1-alkenyl ethers (23) of cholesterol are found in mam- 
median heart tissues. In contrast, disteryl ethers that oc- 
cur in refined edible fats and oils are not natural products. 
These compounds are formed from sterols of plant and 
animal origin during the bleaching process (24,25). They 
are not absorbed in the gastro-intestinal tract, and their 

H H 
H2i --O--R H2i--O--C :C--R 

R'--C --O--CH R'--C--O--CH 
II II 
o I o E 

H2C --O --C --R" H2C --O --C --R H 
il II 
O O 

l-O-Alkyl-2,3-diacyl-sn-glycerols and l-O-(l-alkenyl)-2,3-diacyl-sn-glycerols 
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1-O-Alkyl-2-acetyl-sn-glycero-3-phosphocholines and 1-O-alky|-sn-glycero-3-phosphocholines (PAF and Lys~PAF). 

consumption does not lead to ill effects t26). It remains 
to be mentioned that very small amounts of 1-S-alkyl- 
glycerols, i.e. thio analogues of the common 1-O-alkyl- 
glycerols, occur in some mammalian hearts {27}. 

In the past, numerous reports described biological ef- 
fects of ether lipids such as bacteriostatic actions, 
hemopoietic effects and inhibition of tumor growth {28}. 
As a rule, these effects were obtained solely with sub- 
stances isolated from animal tissues. Synthetic com- 
pounds, however, were inactive. It thus appeared reason- 
able to presume that the actions observed were due to 
impurities in the naturally occurring ether lipids. 

In the last few years, several biologically active ether 
lipids were isolated from animal tissues. Their structures 
were determined, and the effects obtained with these 
natural compounds could be verified using structurally 
identical preparations that were obtained by chemical 
synthesis. 

The results of recent studies show that naturally oc- 
curring 1-O-alkyl-sn-glycerols differing in chain length or 
degree of unsaturation as well as "unnatural" synthetic 
alkylglycerols and other ether lipids possess different 
biological properties. A racemic mixture of dodecyl- 
glycerol, for example, shows strong bacteriostatic effects 
{29}. In addition, rac-l-O-dodecylglycerol induces an effi- 
cient stimulation of mouse peritoneal macrophages for in- 
gestion. This process may be of advantage for immuno- 
logical therapy 130). A homologous compound, 1-O-tri- 
decyl-sn-glycerol, which occurs in a marine sponge, 
displays toxicity to goldfish, whereas its enantiomer 
shows no toxicity at similar concentrations 131). 

The best-known naturally occurring ether lipids are the 
1-O-alkyl- 2-acetyl-sn-glycero-3-phosphocholines--platelet 
activating factor IPAF, PAFacether, AGEPC). This po- 
tent lipid mediator is a mixture of compounds having 
predominantly saturated alkyl moieties with 16 and 18 
carbon atoms {32,33}. The biological effects of PAF are 
summarized in several recent articles 134-37) and two 
books (5,38). It is striking that 1-O-alkyl-2-acyl-sn- 
glycerc~3-phosphocholines having alkyl chains of less than 
16 or more than 18 carbon atoms and those having acyl 
chains with more than three carbon atoms are much less 
active than PAF itself. And, it is remarkable that both 
configurational and positional isomers of PAF do not ex- 
hibit the strong biological activities of the naturally oc- 
curring substance {39}. A renal lipid showing an an- 
tihypertensive effect, a substance whose structure had 
remained unknown for over 25 years, proved to be 

identical with PAF {40). Lyso-PAF, i.e. 1-O-alkyl-sn- 
glycer~3-phosphocholines, exhibits cancerostatic proper- 
ties {11,41}. 

Rather unusual compounds are moenomycin A, an an- 
tibiotic containing a long-chain 2-O-alkyl-sn-glycero-3- 
phosphoric acid component H2), and the l(3)-2-diacyl- 
glycero-3(1)-O-4'-(N,N,N-trimethyl)homoserines (43), ether 
lipids occurring in some lower eucaryotes and crypto- 
gamic plants (44). In this context, an ether lipid having 
a methacrylic acid moiety bound to position 1 of glycerol 
(45) and a series of polyether macrolides, the halichon- 
drins, are to be mentioned {46}. The former compound is 
present in some brown algae occurring in Japanese waters 
and the halichondrins are constituents of sponges found 
in the same habitat. One of the latter substances, hali- 
chondrin B, exhibits potent antitumor activity. 

In the early 1980s, two groups of workers described the 
isolation of strongly mutagenic lipids from human feces 
{47-50}. They characterized these substances as polyun- 
saturated 1-O-(1-alkenyl} glycerols (47,48); the general 
structure of the fecapentaenes is shown below. 

H2~ - - 0  / / / / / R 

/ 
HO --CH 

I 
H2C --OH 

Fecapentaenes I and II 
I: R = --CH~ 
II: R = -CH=--CH~--CH, 

These ether lipids are potentially important factors in 
the etiology of cancer of the colon {7). Very recently, an 
acetylenic 1-alkenylglycerol, raspailyne A, was isolated 
from a sponge found off the coast of Brittany {51). It is 
believed that this unusual ether lipid exhibits herbicidal 
and antifungal activities. 

"Darmstoff," a mixture of long-chain cyclic acetals of 
glycero-3-phosphoric acid, is a potent stimulator of 
gastrointestinal smooth muscle which may be a hypoten- 
sive agent (10). Long-chain cyclic acetals of glycerol (52) 
and the corresponding phosphorylated compounds (53} 
have been synthesized. 
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"UNNATURAL" ETHER LIPIDS 

Compounds that have not been found yet in nature are 
ether lipids having alkyl or 1-alkenyl chains of less than 
12 carbon atoms and those with alkyl or 1-alkenyl 
moieties resembling the common polyunsaturated acyl 
moieties with at least 18 carbon atoms. Both saturated 
normal-chain and branched-chain 1-O-alkylglycerols have 
been prepared by chemical synthesis (54,55). 3-O-alkyl- 
sn-glycerols, the enantiomers of the naturally occurring 
compounds, and racemic mixtures of various ether lipids 
have been synthesized (56,57). Unsaturated, including 
polyunsatura ted alkylglycerols (57) and 1,2-di-O- 
alkylglycerols (58,59) have been prepared as well. 

Synthetic compounds include the symmetrical 2-0- 
alkylglycerols, 1.3-di-O-alkylglycerols and more complex 
ether lipids derived therefrom. Syntheses of neutral and 
ionic ether lipids with a 2-O-alkylglycerol (Cegla, G., and 
Mangold, H. K., unpublished data) or a 1,3-di-O-alkylglyc- 
erol backbone have been described (60). These substances 
have found wide use in biochemical and biomedical 
studies (28,61). Procedures for the synthesis of 1,2,3-tri- 
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O-alkylglycerols have been worked out (58,62). The latter 
compounds have not been detected in nature. They are 
isosteric to the triacylglycerols, the common "fats," but  
are neither hydrolyzed enzymatically nor absorbed by the 
gastrointestinal tract intact. For these reasons, radioac- 
tively labeled trialkylglycerols serve as model substances 
in studies of intestinal fat absorption (61). 

Numerous glycerophospholipids (63) and glyceroglyco- 
lipids (64) containing alkyl or 1-alkenyl moieties have been 
prepared. 

In the past  few years, intensive efforts have been 
devoted to the development of ether lipids that function 
as receptor antagonists of PAF; typical examples are 
shown below. 

Much research work has been done also on the synthesis 
of ether lipids that exhibit antitumor activity, such as the 
1-O-alkylglycerophosphocholines (11), 1-O-alkyl-2-O- 
methylglycerophosphocholines (e.g. ET-18-OCH3) (65,66) 
and a cyclic analog of the latter (SRI 68-834) (67). A series 
of conjugates of lipids and 1-fl-D-arabinofuranosylcytosine 
has been described that exhibit antineoplastic activity 
(68,69). In addition, a thioether lipid (BM 41.440) has been 
shown to be a highly active cancerostatic agent (70,71}. 
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BIOSYNTHESIS A N D  B I O T R A N S F O R M A T I O N  
OF ETHER LIPIDS IN THE A N I M A L  CELL 

The steps involved in the biosynthesis of ether lipids are 
well known: the long alkyl and 1-alkenyl chains are de- 
rived from long-chain fatty acids by reduction of their 
CoA derivatives to alcohols, probably via aldehydes. The 
ether bond is formed by the reaction of these alcohols with 
acyldihydroxyacetonephosphates. Reduction of the re- 
sulting alkyldihydroxyacetoaephosphates leads to alkyl- 
glycerophosphates, which are acylated to alkylacylglyc- 
erophosphates. From these, various neutral and ionic 
ether lipids are derived by following the Kennedy path- 
way. 1-Alkenyl moieties are formed by dehydrogenation 
of the alkyl moieties of alkylacylglycerophosphoethanol- 
amines, but not the dehydrogenation of alkylacylglycero- 
phosphocholines (72-75). 

This pathway is based on metabolic studies with 
radioactively labeled palmitic and stearic acids and the 
corresponding aldehydes, alcohols and alkylglycerols. It 
shows that the alkyl- and 1-alkenyl moieties of ether lipids 
are derived from long-chain fatty acids as follows: 

Fat ty  acid --* Aldehyde -~ Alcohol --) Alkyl ether ~ 1-Alkenyl ether 

It is striking that the alkyl and the 1-alkenyl moieties 
found in the ether lipids of animal cells are exclusively 
saturated and monounsaturated although the acyl 
moieties of these lipids contain large proportions of poly- 
unsaturated chains. Feeding of polyunsaturated fatty 
acids or aldehydes to rats does not lead to the formation 
of ether lipids containing polyunsaturated alkyl and 
1-alkenyl chains. After feeding rats polyunsaturated alco- 
hols, however, polyunsaturated alkyl and 1-alkenyl moie- 
ties can be found in the ionic ether lipids of the animals' 

intestinal mucosa. Similarly, feeding animals polyun- 
saturated 1-O-alkylglycerols leads to ionic ether lipids 
having polyunsaturated alkyl and 1-alkenyl chains. The 
lack of polyunsaturated alkyl and 1-alkenyl moieties in 
lipids of normal animal tissues is obviously due to the fact 
that polyunsaturated fatty acids are not reduced to alde- 
hydes and that the latter are not reduced to alcohols (76). 

In the gastro-intestinal tract, large proportions of 
dietary 1-O-alkylglycerols are cleaved at the ether bond, 
whereby the alkyl moieties give rise to the corresponding 
fatty acids (77-80). The remainder is incorporated into 
1-O-alkyl-2,3-diacyl-sn-glycerols as well as 1-O-alkyl-2- 
acyl-sn-glycero-3-phosphocholines and 1-O-alkyl-2-acyl-sn- 
glycero-3-phosphoethanolamines (79-81). However, 3-0- 
alkyl-sn-glycerols are not extensively acylated (81). The 
formation of neutral and ionic ether lipids proceeds 
through a stereospecific phosphate transfer from ATP to 
position 3 of 1-O-alkyl-sn-glycerol (82}; the resulting 1-O- 
alkyl-sn-glycero-3-phosphate undergoes the reactions of 
the Kennedy pathway. 2-O-Alkylglycerols are also 
cleaved, though to a much smaller extent (84,85}. The 
acylation of 2-O-alkylglycerols to 2-O-alkyl-l,3-diacyl-sn- 
glycerols proceeds at a slower rate than that of 1-O- 
alkylglycerols {82-84). 2-O-alkyl-l-acyl-sn-glycer~3-phos- 
phocholines and 2-O-alkyl-l-acyl-sn-glycero-3-phospho- 
ethanolamines are formed in small proportions (85). Ether 
lysophospholipids such as 1-O-alkyl-sn.glycer~3-phosph~ 
cholines and 1-O-alkyl-sn-glyceroo3-phosphoethanol- 
amines are rapidly acylated in the intestinal mucosa (86). 
Dietary alkylacylglycerophospholipids are hydrolyzed at 
the acyl ester bonds and the resulting lyso compounds 
are reacylated in the mucosa (86). As mentioned above, 
considerable proportions of 1-O-alkyl-2-acyl-sn-glycero-3- 
phosphoethanolamines are desaturated to 1-O-(1-alkenyl)- 
2-acyl-sn-glycero-3-phosphoethanolamines, whereas 1-O- 
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alkyl-2-acyl-sn-glycero-3-phosphocholines are not con- 
verted to the corresponding plasmalogens (86,87). 

Dietary 1,2-di-O-alkylglycerols are acylated more effi- 
ciently in the digestive tract than their symmetrical iso- 
mers (88). 1,2-Di-O-alkylglycerophospholipids are poorly 
absorbed (88); dialkylglycerophosphocholines inhibit the 
absorption of sterols by the mucosa {89), whereas the ab- 
sorption of fat ty acids and bile acids is not affected (90). 

Ether lipids are only minor constituents of human food 
and animal feed (28,91). They are certainly not the main 
source of the neutral and ionic ether lipids found in the 
intestinal mucosa and other mammalian tissues (92). Ob- 
viously, the major portion of ether lipids is synthesized 
in the organism as described in several recent review 
articles (72-75). 

The precursors of the fecapentaenes are still unknown; 
they are likely to be rather complex compounds (50). 

The metabolic interrelationship between various ether 
lipids and ester lipids is of great interest. Long-chain 
alcohols are located at the branch point in the biosyn- 
thesis of alkyl and 1-alkenyl moieties of ether lipids as 
well as the alkyl and acyl moieties of waxes and other 
ester lipids. Therefore, the competing pathways leading 
to the formation of alkyl, 1-alkenyl and acyl moieties in 
the lipids of mammalian tissues can be assessed by follow- 
ing the distribution of intravenously administered long- 
chain alcohols from the blood to various organs of an 
animal. The results of such a study in the rat revealed 
that oxidation of the long-chain alcohol and incorporation 
of the resulting fat ty acid in a wide variety of lipids are 
by far the most prominent reactions (93). Acylation of the 
long-chain alcohol occurs especially in the liver, which ap- 
pears to be the major site of biosynthesis of wax esters. 
Incorporation of the long-chain alcohols into ether lipids 
occurs in all tissues studied, but most prominently in the 
heart. The biosynthesis of ether lipids continues to in- 
crease for 24 hr in all tissues except the intestine. This 
finding attests to the remarkable metabolic stability of 
ether lipids. 

The results of experiments aimed at determining the 
relative metabolic stability of various diradylglycerophos- 
pholipids in Ehrlich ascites cells of tumor-bearing mice 
show that the alkylacylglycerophospholipids have a faster 
turnover rate than the 1-alkenylacylglycerophospholipids 
(94,95). Moreover, highly unsaturated molecular species 
of alkylacylglycerophospholipids and 1-alkenylacylglyc- 
erophospholipids exhibit higher turnover rates than those 
having only one or two double bonds. It is evident that 
ether glycerophospholipids are intimately involved in the 
metabolism of arachidonic acid and other highly un- 
saturated fat ty acids that serve as precursors of various 
icosanoids (96). 

Minor proportions of 1-O-alkyl-2,3-diacyl-sn-glycerols 
and 1-O-(1-alkenyl)-2,3-diacyl-sn-glycerols are found in 
perinephric fat, bone marrow, the aorta and other healthy 
human tissues (97,98). In perinephric fat and subcutane- 
ous adipose tissue, these two classes of neutral ether lipids 
occur at levels of about 0.3%, each (98,99). The content 
of neutral and ionic ether lipids in the human aorta is less 
(100); it increases, though, with age and with severity of 
atherosclerosis {101,102). Both transplantable and spon- 
taneous animal tumors contain much larger proportions 
of neutral ether lipids and also elevated levels of ionic 
ether lipids, particularly plasmalogens (102,103). As a 

rule, the level of alkyldiacylglycerols in human tumors 
is about 10 times higher than in healthy tissues; it ranges 
from 1 to 5% (104,105). The proportions of ether lipids 
increase with tumor growth (106,107). Tissue remote from 
a tumor contains normal levels of alkyldiacylglycerols, 
whereas areas surrounding the tumor may exhibit fairly 
high levels due to protrusions of neoplastic cells (108). 

Healthy tissues that have a low level of ether lipids, 
such as the liver, contain an enzyme that catalyzes the 
oxidative cleavage of the ether bond in alkylglycerols 
(109) as well as in ether lipids having a hydroxy group 
in position 2 and a hydroxy or a phosphorylcholine or 
phosphorylethanolamine moiety in position 3 of the 
glycerol backbone (110). In comparison to healthy tissues, 
tumors show low levels of such etherase activity (111). 
This difference in ether cleaving activity and differences 
in the levels of phospholipases C and D in healthy and 
neoplastic cells may be the basis for a successful cancer 
therapy by means of certain ether lipids (112,113). 

Much work has been devoted to the characterization 
of tumor lipids (oncohpids) (105-107). Attempts have been 
made to develop diagnostic procedures based on the ether 
lipid contents of blood and other tissues. The validity of 
results obtained by photodensitometry of charred frac- 
tions on thin-layer chromatograms has been questioned 
(114). Better methods for the quantitative analysis of 
ether lipids in total lipid extracts have been developed 
in recent years (114-117). Nevertheless, it is not certain 
whether determination of ether lipid levels in tissues will 
be of use in the diagnosis of cancer. 

It should be possible to give labeled precursors of ether 
lipids to cancer patients in order to permit the scin- 
tigraphic detection of neoplastic tissue because of its 
elevated ether lipid content. A long-chain alcohol such as 
(Z)-9-octadecenol is not suitable for this purpose as large 
proportions of the precursor are oxidized to the corre- 
sponding fatty acid, which is incorporated into ether 
lipids and ester lipids (118). Alcohols with less than 16 
carbon atoms may be better suited as tumor cells incor- 
porate these medium-chain precursors preferentially into 
both alkyl and 1-alkenyl moieties of ether lipids if a mix- 
ture of alcohols differing in chain lengths is administered 
to ascites cells (119). 

It appears that the interrelation of the metabolic reac- 
tions involved in the regulation of the levels of ether lipids 
in the cell still has to be clarified. There is hope that tests 
for tumor-specific compounds in blood will permit an early 
diagnosis of occult primary neoplasias. The search for 
such tumor markers is gaining momentum (120). In this 
connection, a screening method based on water- 
suppressed proton nuclear magnetic resonance spec- 
troscopy of plasma is of great interest (121). 

Animal cell cultures are useful tools in studying the 
biosynthesis and biotransformation of ether lipids (61, 
122-124). In general, the pathways found in animals for 
the biosynthesis and the metabolism of ether lipids are 
also operational in cultured cells that have been derived 
from normal and neoplastic tissues (125-127). Conse- 
quently, neutral and ionic ether lipids, predominantly 
alkyldiacylglycerols, alkylacylglycerophosphocholines 
and 1-alkenylacylglycerophosphoethanolamines, are 
found in normal and neoplastic cells in culture (127,128). 
High proportions of neutral ether lipids, which are known 
to be characteristic constituents of cancer cells (61,72), 
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occur also in normal tracheal cells when grown in culture 
(128). 

Elevated levels of ether lipids, particularly alkyldiacyl- 
glycerols, are correlated in transformed cell lines with 
high rates of glycolysis. This also is obvious from the rela- 
tionship between the enhanced rate of glucose uptake and 
metabolism and the high levels of alkyldiacylglycerols 
that were observed in rat squamous carcinoma cells in 
culture (126,129). 

Oncogenically transformed fibroblast cells of mice were 
found to contain elevated levels of neutral lipids including 
alkyldiacylglycerols (130,131) and to incorporate high pro 
portions of radioactivity into these ether lipids when in- 
cubated with labeled hexadecanol (132). Moreover, it is 
evident that a close relationship exists between the lipid 
composition of these fibroblast cells and their tumorigen- 
icity. Thus, the cells containing the highest level of 
alkyldiacylglycerols produce more tumors, and the num- 
ber of cells that are required for the induction of neoplasia 
is far less than of cell lines with low levels of ether lipids 
(130,133). 

In addition, fibroblast cells containing high proportions 
of ether lipids show resistance to cell membrane fusion 
induced by polyethyleneglycol (130,131,133). In this con- 
text, it is interesting to note that  the cellular resistance 
to vinblastine found in cultured leukemic lymphocytes is 
closely correlated with increasing proportions of alkyl- 
acylglycerophosphocholines and 1-alkenylacylglycero- 
phosphoethanolamines as well as a concomitant decrease 
in diacylglycerophosphocholines and diacylglycerophos- 
phoethanolamines (134}. 

Incubation of some normal and neoplastic cells in 
culture with 1-O-alkylglycerols leads to both neutral and 
ionic ether lipids (Fig. 1), whereas 2-O-alkylglycerols are 
incorporated preferentially into neutral ether lipids (85, 
135,136). Enrichment of ionic ether lipids in cell mem- 
branes by supplementation of cell cultures with alkyl- 
glycerols may be helpful for investigating their biochemi- 
cal and biophysical effects and their influence on cellular 
resistance (134). Furthermore, neoplastic cells in culture 
are useful models for studying antitumor properties of 
synthetic alkyllysoglycerophospholipids (12,137-139). 

The Zellweger syndrome involves a defect in the biosyn- 
thesis of ether lipids (140). Methods for the biochemical 
diagnosis of this disease are based on the application of 
radioactively labeled precursors of ether lipids in human 
tissues (141) and fibroblast cultures (142,143). 

BIOTRANSFORMATION OF ETHER LIPIDS 
IN THE PLANT CELL 

It appears that most plant cells are devoid of ether lipids; 
however, a few exceptions to the rule are known (17,144). 
Plants are provided with an enzyme system that reduces 
the CoA derivatives of long-chain fatty acids to aldehydes 
and the latter to alcohols (145). In plants, such long-chain 
alcohols are acylated to wax esters (146), but ether lipids 
are not formed. Plants are capable, however, of incor- 
porating exogenous alkylglycerols into more complex 
ether lipids (147) and converting 1,2-di-O-alkyl-3-O-/3-D- 
galactopyranosyl-sn-glycerol, a synthetic ether analog of 
monogalactosyldiacylglycerol, to the 6-O-acyl derivative 
(148}. 

When long-chain fatty acids such as stearic, oleic and 
linoleic acids are added to heterotrophic or photomix- 
otrophic plant cell cultures, these acids are incorporated 
into the cells' diacylglycerophosphocholines and other 
ionic ester lipids (149,150). The corresponding 1-O- 
alkyl-2-acyl-sn-glycero-3-phosphocholines, 1-O-(1-alkenyl)- 
2-acyl-sn-glycero-3-phosphocholines and other ionic ether 
lipids are not formed (150). It appears that in plant cell 
cultures neither saturated and monounsaturated fatty 
acids nor polyunsaturated ones are reduced to long-chain 
aldehydes and alcohols. 

When long-chain alcohols are incubated with plant cells 
in culture under aerobic conditions, these alcohols are 
largely oxidized to the corresponding fatty acids. Under 
nearly anaerobic conditions, wax esters are produced in 
fairly large proportions (151). Ether lipids are neither 
formed under aerobic nor under anaerobic conditions. Ob- 
viously, plant cells in culture are neither provided with 
enzymes that could reduce the CoA derivatives of long- 
chain fatty acids (to alcohols) nor provided with those 
capable of catalyzing the formation of ether bonds by the 
reaction of alcohols with acyldihydroxyacetonephos- 
phates. These findings and the presence of an ether- 
cleaving enzyme explain why plant cells in culture are 
devoid of ether lipids (152). 

In photomixotrophic cell suspension cultures of rape, 
1-O-alkylglycerols can serve as precursors of more com- 
plex ether lipids (152-154). When such cultures are in- 
cubated with rac-l-O-alkylglycerols, fair proportions of 
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FIG. 1. Incorporation of rac-l-O-[l'-~4C]hexadecylglycerol into ether 
lipids of Ehrlich ascites cells in culture (O--O, r a c - 1 - O - [ 1 ' - 1 4 C ] h e x  - 
adecylglycerol, substrate; A--/x, alkyldiacylglycerols; D--D,  
glycerophospholipids) (135}. 
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FIG. 2. Incorporation of radioactive alkylglycerols into ether lipids of photomixotrophic rape cells in suspen- 
sion culture. (a) Incorporation of 1-O-[l'-'4C]hexadecyl-sn-glycerol (suhstrate) O--O; (h) incorporation of 2-O- 
[l'-'4C]hexadecyl-sn-glycerol (substrate) @- @; A--A, alkylacylglycerols; V--V, alkyldiacylglycerols; D--[:3, alkyl- 
acylglycerophosphocholines (156,157). 

1-O-alkyl-2-acyl-sn-glycero-3-phosphocholines, 1-O-alkyl-2- 
acyl-sn-glycerols and x-l-O-alkyl-3-acylglycerols are 
formed. Better yields are obtained by incubating photo- 
mixotrophic rape cells with 1-O-alkyl-sn-glycerols. The 
synthetic enantiomers, i.e. 3-O-alkyl-sn-glycerols, are not 
incorporated into ionic ether lipids. 

The biotransformation of various 1-O-alkyl-sn-glycerols 
into alkylacylglycerophosphocholines is dependent on 
both the chain length and the degree of unsaturation of 
their alkyl chains: 1-O-Tetradecyl-sn-glycerol is incor- 
porated more efficiently than 1-O-hexadecyl-sn-glycerol 
and the latter more efficiently than 1-O-octadecyl-sn- 
glycerol. Monounsaturated and polyunsaturated 1-O- 
alkylglycerols are better substrates than saturated com- 
pounds having the same chain length. 

It  is certainly of interest that plant cell cultures can 
also acylate, phosphorylate and aminate the prechiral 2-0- 
alkylglycerols to yield chiral 2-O-aikyl-l-acyl-sn-glycero- 
3-phosphocholines (154}. 

The enzymes involved in the biosynthesis of molecular 
species of 1-O-alkyl-2-acylosn-glycero-3-phosphocholines, 
of 2-O-alkyl-l-acyl-sn-glycero-3-phosphocholines and of 
1,2-diacyl-sn-glycero-3-phosphocholines show similar 
specificities with regard to chain lengths and degree of 
unsaturation of the alkyl and the acyl moieties. The dif- 
ferent alkylacylglycerophosphocholines formed in plant 
cell cultures are capable of replacing up to one-half of the 
physiological membrane lipids, i.e. diacylglycerophospho- 
cholines, without changing the total amount of diradyl- 
glycerophosphocholines as compared to untreated cells 
(155). Thus, the CDP phosphocholine:diacylglycerol phos- 
photransferase in plants does not appear to have an 
absolute specificity for diacylglycerols, but also it will 

accept 1-O-alkyl-2-acyl-sn-glycerols and 2-O-alkyl-l-acyl- 
sn-glycerols as substrates. 

In addition, minor proportions of neutral ether lipids such 
as 1-O-alkyl-2-acylglycerols, 1-O-alkyl-3-acylglycerols and 
1-O-alkyl-2,3-diacylglycerols are synthesized by plant cells 
from exogenous 1-O-alkylglycerols (156), whereas 2-O-alkyl- 
glycerols are incorporated into 2-O-alkyl-l(3kacylglycerols 
and 2-(~alkyl-l,3-diacylglycerols in significant quantitites 
(Fig. 2) (157). Similar results are obtained with cultured liver 
cells (85) and Ehrlich ascites cells using 1-O-alkylglycerols 
or 2-O-alkylglycerols as substrates (Fig. 1) (135). 

In contrast to animal cells, plant cells do not dehydro- 
genate alkyl moieties to 1-alkenyl moieties (148,154). Yet, 
if added to plant cell cultures, 1-O-(1-alkenyl)glycerols are 
incorporated, though in poor yields, into ionic ether lipids 
(154). 

It  would be very helpful if a biotechnological process 
could be developed for the production of chiral 1-O- 
alkyl-2-O-methyl-sn-glycer(~3-phosphocholines. Attempts 
to prepare such compounds by adding 1-O-alkyl-2-O- 
methylglycerols to plant cell cultures so far have failed. 

The 1-O-alkyl-2-acyl-sn-glycero-3-phosphocholines 
formed in plant cell cultures from exogenous 1-O- 
alkylglycerols can be subjected to alkaline hydrolysis to 
yield the corresponding lyso compounds, 1-O-alkyl-sn- 
glycero-3-phosphocholines, which are of interest as can- 
cerostatic agents. Acetylation of the latter affords 1-O- 
alkyl-2-acetyl-sn-glycero-3-phosphocholines, PAF, in high 
yields (156). The biological activity of PAF obtained by 
this semisynthetic procedure is at least as high as that 
of synthetic preparations. 

Similarly, 2-O-alkyl-sn-glycero-3-phosphocholines and 
2-O-alkyl-l-acetyl-sn-glycero-3-phosphocholines can be 
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obtained from 2-O-alkylglycerols us ing the biosynthet ic  
capaci ty  of plant  cell cultures {157}. These chiral ether 
lipids are rather  difficult to prepare by chemical synthesis. 

The method described is recommended especially for 
the preparat ion of radioactively labeled chiral ether lipids. 
The specific radioactivi t ies  of the precursors  are not  
diminished in the final products  because there are no en- 
dogenous ether lipids tha t  would lead to isotope dilution. 

Lit t le  is known regarding the effects exogenous ether 
lipids can exert  on plant  cells. Reportedly, 1-O-{Z}-9'- 
octadecenyl-sn-glycerol, selachyl alcohol, p romotes  the 
growth of pea s tem sections {1581; P A F  s t rongly  
s t imulates  A T P  dependent  H + t ranspor t  in microsomes 
of hypocotyls  [159) and the act ivi ty  of microsomal  1,3-/3- 
D-glucan synthase  {160}. 

DISCUSSION 

The ra ther  small differences between the s t ruc tures  of 
ether  lipids and ester  lipids are reflected in pronounced 
diversities in the physical  propert ies  of l iposomes formed 
by these substances  and of membranes  containing them 
{161}. E the r  lipids are more stable against  chemical and 
enzymat ic  a t t ack  than  ester  lipids t54,55}, but  they are 
more susceptible to autoxidat ion {162}. 

The physical  and chemical character is t ics  distinguish- 
ing the ether lipids from the s t ructura l ly  related ester  
lipids can be of use in biomedical research, clinical 
diagnosis and therapy.  For example,  cholesteryl  alkyl 
ethers and retinyl alkyl ethers can serve as models of ester 
lipids in studies of lipoprotein metabol ism (163}. Trialkyl- 
glycerols labeled with 3H or '4C as well as a 7sSe-analog 
are used in the diagnosis of chronic pancreati t is  and other 
disorders of fat  absorption in man {61}. The incapsulation 
of drugs into l iposomes formed by ionic ether lipids and 
the in t ravenous  adminis t ra t ion of these vesicles holds 
grea t  promise in cancer the rapy  {164). 

I t  is s t r iking tha t  various biological effects of ether 
lipids are restr icted to one or just  a few molecular species 
of a given class of compounds  such as the 1-O-alkyl-2- 
acetyl-sn-glycero-3-phosphocholines 135-38}. The enor- 
mous specificity of individual compounds and the mech- 
anisms of their  biological effects remain to be clarified. 

Biotransformations of ether lipids and catabolic events  
may  play a role in the action of these substances  in 
biological systems.  I t  is of great  interest tha t  biotransfor- 
mat ions  of alkylglycerols and the enzymat ic  cleavage of 
the ether bond, reactions tha t  occur in animal cells, also 
proceed in plant  cells {Figs. 1 and 21. I t  thus  is possible 
to prepare  complex ether lipids including chiral com- 
pounds,  f rom simple precursors  us ing plant  cells tha t  do 
not contain endogenous ether lipids. For the same reason, 
it is much easier to inves t iga te  the b io t ransformat ion  of 
natural  or synthetic ether lipids in plant cell cultures than 
in animal cell cultures. Thus, plant  cell cultures may  
become useful tools in biomedical studies on ether lipids. 

I t  should be remembered  tha t  microorganisms in ex- 
t reme envi ronments  contain complex ether lipids whose 
s t ruc tures  differ from those in animal cells. Halophilic 
bacteria, for example, lack significant proportions of ester 
lipids, their membrane  lipids being derived f rom 2.3-di- 
O-phytanyl -sn-g lycerol  {165,166}. Thermophilic bacteria, 
on the other hand, are characterized by  a range of com- 
plex phospholipids and glycolipids whose s t ruc tures  are 

based on dialkyldiglycerol t e t rae thers  and a var ie ty  of 
ether lipid cores {167,168}. Methanogenic bacteria contain 
diglycosyl derivat ives of dibiphytanyl  te t rae ther  and the 
corresponding glycerophosphoglycolipids t169). The alter- 
nat ive  membrane  lipids of certain bacter ia  are not 
necessari ly the result  of environmenta l  adaptat ion,  "bu t  
ra ther  a consequence of evolution from a common ar- 
chaebacter ial  ances tor"  {170)--a provocat ive  and in- 
genious thought ,  indeed! 

The isolation and identification of archaebacter ia l  
lipids, their modification by  chemical react ions or bio- 
t ransformat ion,  and the assessment  of the biological ef- 
fects of natural  and synthet ic  compounds  containing 
ether bonds are of grea t  interest.  
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The Degradation of Platelet-Activating Factor and Related Lipids. 
Susceptibility to Phospholipases C and D 1 
Rebecca W. Wilcox, Robert L. Wykle, Jeffery D. Schmitt and Larry W. Daniel* 
Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest University, Winston-Salem, NC 27103 

1-O-Octadecyl-2-O-methyl-rac-glycero-3-phosphocholine 
(ET-18-OCH3) is an ether-linked lipid that exhibits selec- 
tive cytotoxicity toward several types of tumor cells and 
is relatively inactive toward normal cells under the same 
conditions of treatment. The mechanism of this selective 
cytotoxicity is unknown. We conducted studies to deter- 
mine whether this compound is metabolized by phospho- 
lipases C and D and, if so, whether sensitive and resis- 
tant cells differ in their ability to degrade ET-18-OCH~ 
by these enzymes. We have examined the metabolism of 
the I~isomer of ET-I~OCH~, 1-O~ctadecyl-2-(~methyl-sn- 
glycero-3-phosphocholine (L-ET-18-OCH3), by lysophos- 
pholipase D of rat liver microsomes and by a phospho- 
lipase D from the marine bacterium Vibrio damsela. The 
metabolism of L-ET-18-OCH3 was also examined in cell 
culture using Madin-Darby canine kidney cells, human 
promyelocytic leukemia cells and human myelocytic 
leukemia cells. In these studies, L-ET-18-OCH3 and 
related 1-O-alkyl-linked phosphocholine analogs radio- 
labeled with 3H in the 1-O-alkyl chain were used. 

L-ET-18-OCH3 was not hydrolyzed by lysophospho- 
lipase D from rat liver microsomes under conditions 
where cleavage of 1-O-alkyl-2-1yso-sn-glycero-3-phospho- 
choline was observed. However, phospholipase D from the 
marine bacterium V. damsela readily hydrolyzed L-ET- 
18-OCH3 to 1 - O - [ ~ H ] o c t a d e c y l - 2 - O - m e t h y l - s n . g l y c e r o . 3  . 
phosphate, demonstrating that L-ET-18-OCH3 can be 
degraded by a phospholipase D. Platelet-activating fac- 
tor (PAF) and lyso-PAF were also substrates for the 
bacterial phospholipase D. 

When intact cells were incubated with radiolabeled L- 
ET-18-OCH~, a product was formed that was identified 
as 1-O-[3H]octadecyl-2-O-methyl-sn-glycerol. There are 
two mechanisms that could account for the appearance 
of this product. The first involves cleavage of the com- 
pound by a phospholipase C, resulting in direct release 
of the diglyceride. The second possible mechanism in- 
volves cleavage by a phospholipase D to form the phos- 
phatidic acid analog with subsequent hydrolysis to the 
diglyceride by a phosphohydrolase. Preliminary data sup- 
port the phospholipase C-type mechanism. Regardless 
of which mechanism operates in intact cells, the metabolic 
degradation of L-ET-18-OCH3 does not appear to be a 
significant factor in the selective cytotoxicity of this anti- 
tumor agent. 
Lipids 22, 800-807 (1987}. 
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Abbreviations: GPC, glycero-3-phosphocholine; ET-18-OCH~, 1-O- 
octadecyl-2-O-methyl-rac-GPC; PAF, platelet-activating factor, 1-O- 
alkyl-2-acetyl-sn-GPC; lyso-PAF, 1-O-hexadecyl-sn-GPC; TLC, thin 
layer chromatography; MDCK, Madin-Darby canine kidney; HL60, 
human promyelocytic leukemia; K562, human myelocytic leukemia; 
PBS, phosphate-buffered saline; BSA, bovine serum albumin; IDso, 
the concentration of compound resulting in 50% loss of viability of 
cells treated 48 hr. 

1-O-Octadecyl-2-O-methyl-rac-glycero-3-phosphocholine 
(GPC) (ET-18-OCH3) is an antitumor agent that is selec- 
tively cytotoxic to several types of neoplastic cells and 
is characterized by its relative inactivity toward normal 
cells (1). Of the three cell lines used in this study, HL60 
cells appear to be most sensitive to ET-18-OCH3, while 
MDCK and K562 cells are relatively resistant. It has been 
suggested that the selective cytotoxicity of the drug 
results from its accumulation in neoplastic cells contain- 
ing a low activity of the alkyl cleavage enzyme (2-5). Ac- 
cording to this hypothesis, normal cells and some types 
of neoplastic cells were suggested to be resistant to ether 
lipids due to a higher activity of the alkyl cleavage en- 
zyme, which might prevent accumulation of the alkyl 
lysophospholipid analogs, thus averting cell death. How- 
ever, recent studies indicate that the specific activity of 
the alkyl cleavage enzyme in both sensitive and resistant 
cells is of the same order of magnitude, suggesting that  
this enzyme is not responsible for the selectivity of 
ET-18-OCH3 (6). 

In the present study, we have examined alternative 
mechanisms of ET-18-OCH~ hydrolysis that involve 
phospholipases C and D. Cleavage by a phospholipase C 
should result in the formation of a diglyceride and a 
phosphobase. Cleavage by a phospholipase D produces 
phosphatidic acid and a base. The existence of mam- 
malian phospholipase C that degrades phosphatidyl- 
choline has been demonstrated in Madin-Darby canine 
kidney (MDCK) cells (7}, 3T3-L1 cells (preadipocytic), 
human promyelocytic leukemia (HL60) cells (8), canine 
myocardium (9) and HeLa cells (10). A mammalian 
lysophospholipase D enzyme specific for phosphocholine- 
and phosphoethanolamine-linked glycerolipids that con- 
tain an alkyl linkage at the sn-1 position and a free 
hydroxyl moiety at the sn-2 position has also been 
documented {11-13}. We have here examined the possi- 
ble involvement of phospholipases in the mechanism of 
action of ET-18-OCH~. Lysophospholipase D, phospho- 
lipase D and phospholipase C were examined for their 
possible role in ET-18-OCH3 hydrolysis. 

Previous studies on the biological effects of ET-18- 
OCH3 have used mixtures of the D- and L-isomers; how- 
ever, we have prepared the stereochemical homolog of 
naturally occurring phospholipids, 1-O-[3H]octadecyl-2-O - 
methyl-sn-glycero-3-phosphocholine (L-ET-18-OCH3), for 
use in studies on ET-18-OCH~ metabolism. 

MATERIALS AND METHODS 

Cells. MDCK cells and cell culture reagents were pur- 
chased from Flow Laboratories (Rockville, MD). HL60 
and human myelocytic leukemia (K562) cells were ob- 
tained from American Type Culture Collection (RockviUe, 
MD). Liver microsomes were prepared using a Sprague- 
Dawley rat. 

Reagents. Bovine serum albumin (BSA) and Tris-HC1 
were obtained from Sigma Chemical Co. (St. Louis, MO). 
MgC12 was purchased from Fisher Scientific Co. {Fair 
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FIG.  1. Lysophospholipase D pathway.  In this  pathway, the initial product is 1-O- 
alkyl-2-1yso-sn-glycero-3-phosphate, which is rapidly converted by a phosphohydrolase 
in the microsomes to 1-O-alkyl-glycerol. The phosphohydrolase can be inhibited by NaF, 
resul t ing in the accumulation of 1-O-alkyl-sn-glycero-3-phosphate. R = --(CH2),3CH3 or 
a similar long chain moiety. 

Lawn, N J). Dulbecco's phosphate-buffered saline (PBS) 
was from Gibco Laboratories (Chagrin Falls, OH), and p- 
bromophenacyl bromide was from Aldrich Chemical Co. 
(Milwaukee, WI). 

Lipids. 1-O-Octadecyl-2-O-methyl-rac-GPC (ET-18-OCH3) 
was a gift from Dr. Wolfgang Berdel, Technical Univer- 
sity of Munich (Munich, FRG). 1-O-Hexadecyl-sn-GPC 
was purchased from R. Berchtold, Biochemical Labora- 
tory (Bern, Switzerland). 1-O-[9,10-3H]Hexadecyl-sn.GPC 
(lyso-PAF) (56 Ci/mmol) and 1-O-[9,10-~H]hexadecyl.2- 
acetyl-sn-GPC (PAF) (56 Ci/mmol) were synthesized 
as described earlier (14). 1-O-Hexadecyl-2-O-methyl-sn- 
glycerol was a gift from Jeff Surles, University of North 
Carolina-Chapel Hill, (Chapel Hill, NC). 1-O-Octadecenyl- 
2-O-methyl-sn-GPC was synthesized by adding a phos- 
phocholine moiety to 1-O-octadecenyl-2-O-methyl-sn- 
glycerol according to the method of Brockerhoff and 
Ayengar (16). The synthesis of 1-O-octadecenyl-2-O- 
methyl-sn-glycerol paralleled the synthesis of 1-O-alkyl-2- 
O-ethyl-s n-glycerol reported previou sly (15 ), substituting 
selachyl alcohol (1-O-octadecenyl-sn-glycerol; Western 
Chemical Industries Ltd., Vancouver, Canada) for chimyl 
alcohol and methyl methanesulfonate for ethyl methane- 
sulfonate. The 1-O-octadecenyl-2-O-methyl-sn-GPC was 
tritiated catalytically using palladium (10%) on charcoal 
to yield 1-O-[9,10-~H]octadecyl.2-O-methyl-sn.GPC 
(56 Ci/mol). 

Lysophospholipase D assay. The lysophospholipase D 
assays were performed using rat liver microsomes as 
described by Wykle and Schremmer (11). Protein deter- 
minations were made using the method of Bradford 
(Biorad, Richmond, CA) with BSA as a standard (17~. The 
substrates tested were 1-O-[3H]octadecyl-2.0.methyl-sn . 
GPC and 1-O-[3H]hexadecyl-sn-GPC. p-Bromophenacyl 
bromide, which did not block lysophospholipase D activ- 
ity, was added to prevent sn-2 acylation of the lyso com- 
pound (13). The reactions were terminated by lipid extrac- 
tion using an acidified Bligh and Dyer (18) procedure in 
which the methanol contained 2% acetic acid. After 
extraction, the lipids were analyzed by thin layer chroma- 
tography (TLC). Following chromatography, the resolved 
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HzC - 0 ~ C H2C H~R HzC - 0 - C HzC H2R 

l J 
HO-CH HO-CH 

I I 
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FIG. 2. Substrate specificity of lysophospholipase D. Of the com- 
pounds tested, only those containing ether-llnked groups at the sn-1 
position are hydrolyzed. In addition, the 2-hydroxy group must  be 
unesterified. PC, phosphocholine; PE, phosphoethanolamine; R = 
--(CH2),3CH3 or a similar long chain moiety. 
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FIG. 3. Relative susceptibility of 1-O-[3H]alkyl-2-1ys~sn-GPC {Iys~PAF) and 1-O- 
[3H]alkyl-2-(~methyl-sn-GPC drET-18-OCH3) to rat liver lysophospholipase D. Lyso-PAF 
was hydrolyzed by the enzyme under the experimental conditions; I~ET-18-OCH3 was 
not. Each 3-ml incubation mixture contained MgCI, (5 raM), Tris-HCl buffer (0.1 M, pH 
7.1L rat liver microsomes (0.5 mg proteinL p-bromophenacyl bromide (0.13 M) added directly 
in 20 ~1 acetone, and a combination of the respective unlabeled substrates d7 nmoi) and 
radiolabeled substrates (300,000 dpm; 2 pmoD added in 20 ~1 ethanol. Each incubation 
was shaken at 37 C for 10 rain, and the reactions were terminated by extraction. The lipids 
were then dried under N,, resuspended in chloroform/methanol {9:1, v/v) and separated 
on layers of Silica Gel 60 by developing in ethyl ether/water {100:0.5, v/v) or in 
chloroform/methanol/glacial acetic acid/water {50:25:8:3, vlvlvlvL The samples depicted 
in this figure were chromatographed in the solvent system ethyl ether/water (100:0.5, v/vL 
The major peaks are identified by the adjacent structures, based on migration with stan- 
dards. In Figures 3-5, radioactivity was measured using a Bioscan radiochromatogram 
imaging system and is expressed as counts per minute. The abscissa represents distance 
in cm on the thin layer chromatography plate. Scans of the entire sample lane are shown. 
Origin, 1-2 cm; solvent front, 18-20 cm. 

lipids were visualized by exposing the plates to iodine 
vapors; radiolabeled products  were located using a radio- 
chromatogram imaging sys tem (Bioscan Inc., Washing- 
ton, DC) {Fig. 3). Regions containing radiolabeled lipid 
were then scraped and counted using a Packard liquid 
scintillation counter. Fur ther  details of the experimental 
procedures are given in the figure legends. 

Bacterial phospholipase D assay. The phospholipase D 
enzyme isolated from the marine bacter ium Vibrio 
damsela was a gift from A. S. Kreger {Bowman Gray  
School of Medicine, Winston-Salem, NCL This enzyme 
preparat ion was from the stage-4 purification pool with 
a specific act ivi ty of 2 X 104 hemolytic units/mg protein 
and a concentrat ion of 1.47 mg protein/ml {19}. Details 
of incubations are given in the legends of Figures 4 and 
5. Substrates  tes ted were 1-O-[3H]octadecyl-2-O-methyl - 

sn-GPC {1.5 X 106 dpm, 12 pmol), 1-O-[3H]hexadecyl-sn - 
GPC {6.2 X l0 s dpm, 5 pmolL 1-O-[3H]hexadecyl-2-acyl - 
sn-GPC {9 X 105 dpm, 7 pmol) and 1-O-[3H]hexadecyl-2 - 
acetyl-sn-GPC {1.0 X 104 dpm, 8 pmol). 

Incubations of ET-18-OCH3 with intact cells. MDCK 
cells were cultured as a monolayer in Dulbecco's modifica- 
tion of Eagle's medium supplemented with 10% iv/v) fetal 
bovine serum, 100 units  of penicillin/ml, 100 ~g of strep- 
tomycin/ml, 0.22% Na,HCO3 and 2 mM L-glutamine. 
HL60 and K562 cells were cultured in suspension in 
RPMI 1640 medium with the same supplements.  For  
these experiments,  the cells were pelleted, resuspended 
in medium containing radiolabeled L-ET-18-OCH3 and 
cultured in 35-mm petri  dishes during the 48-hr time 
course {Fig. 6). The concentrat ion of L-ET-18-OCH3 
{24 nM) in these experiments was 100-fold less than the 
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FIG. 4. Hydrolys is  of 1-O-[3H]octadecyl-2-(~methyl-sn.GPC to 1-(~[3H]octadecyl-2-O ~ 
methyl-sn-glycero-3-phosphate by phospholipase D isolated from the bacterium Vibrio 
damsela. Each incubation mixture in a final volume of 1 ml phosphate-buffered saline 
was  shaken for 30 min at 37 C and contained 1-O-[3H]octadecyi-2-(~methyl-sn-GPC (1.5 
X 106 dpm, 12 pmol) dried under N2 and sonicated in 400 pl PBS  and (A) no enzyme or 
(B) 29.4 ~g enzyme. The reactions were terminated by lipid extraction as described in 
Materials and Methods for lysophospholipase D assays.  Samples were analyzed by thin 
layer chromatography using the solvent sys tem chloroform/methanol/glacial acetic 
acid/water (50:25:8:3, vlvlvlv). 

IDso (the concentration of compound resulting in 50% loss 
of viability of cells t rea ted  48 hr) of the sensitive HL60 
cell line. After each incubation period, the cells and fluids 
(medium} were ext rac ted  separately using an acidified 
Bligh and Dyer (18) procedure in which the methanol con- 
tained 2% acetic acid. Lipids were analyzed by TLC using 
solvent sys tems described below. 

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

Hydrolysis of L-ET-18-OCH3 by lysophospholipase D. 
Lysophospholipase D has been shown to hydrolyze 1-O- 
alkyl-linked choline- or ethanolamine-containing phos- 
phoglycerides but  not  the corresponding 1-O-acyl com- 
pounds (13) (Figs. 1 and 2). The enzyme is found in a 
number of tissues, requires Mg § for activity and does not 
act on substra tes  esterified at the sn-2 position {11,12). 
The cellular role of this novel enzyme is unknown. In the 
present  study, when radiolabeled 1-O-hexadecyl-sn-GPC 
(lyso-PAF) was incubated with ra t  liver microsomes in 
the presence of Mg§ the substrate was hydrolyzed to 1-O- 
hexadecyl-sn-glycerol (Fig. 3A) as reported by Wykle and 
Schremmer (11). I t  was also reported tha t  PAF could 

be cleaved by lysophospholipase D if the acetate group 
was first removed by an acyl hydrolase present  in the 
microsomes to form the lyso compound {13}. 

To establish that  the enzyme under s tudy was the Mg § 
requiring lysophospholipase D described by Wykle and 
Schremmer (11), the ion requirements of the enzyme were 
investigated. When the microsomal enzyme preparat ion 
was t rea ted  with 10 mM E D T A  without  the addition of 
Mg § 1-O-hexadecyl-sn-GPC was not  hydrolyzed to 1-O- 
hexadecyl-sn-glycerol (data not  shown}. This confirmed 
that  the enzyme being assayed was the lysophospholipase 
D described earlier. 

We tested whether L-ET-18-OCH3 could be hydrolyzed 
directly by  lysophospholipase D. When radiolabeled L- 
ET-18-OCH3 was incubated with ra t  liver microsomes in 
the presence of Mg § hydrolysis did not  occur (Fig. 3B). 
These findings are in agreement with earlier observations 
that  a free hydroxy group is required at  the sn-2 position 
{11-13}. Unless a mechanism is available to remove the 
2-O-methyl group, lysophospholipase D does not appear 
to play a role in the metabolism of L-ET-18-OCH3. 

Hydrolysis of L-ET-18-OCH3 by a bacterial phospho- 
lipase D. Several phosphocholine-containing lipids were 
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1-O-[3H]hexadecyl-2-O-acetyl-sn-glycer~3-phosphate by bacterial  phospho l ipase  D. The 
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(1.0 X 106 dpm, 8 pmol) added as  descr ibed in Figure 4. Incubat ion  t imes  and other con- 
ditions as wel l  as  m e t h o d s  for ana lys i s  of the products were the  same  as described in 
Figure 4. 

tested as substrates for phospholipase D isolated from 
the bacterium Vibrio damsela {19}. Figure 4 shows the 
degradation of L-ET-18-OCH~ to 1-O-[~H]octadecyl-2-O - 
methyl-sn-glycero-3-phosphate by this enzyme. This 
demonstrated that L-ET-18-OCH3 is susceptible to 
metabolism by a phospholipase D and provided a stan- 
dard for the reaction product of phospholipase D cleav- 
age. Figure 5 shows the degradation of 1-O-[3H]hexadecyl - 
2-acetyl-sn-GPC (PAF) to 1-O-[~H]hexadecyl-2.acetyl-sn - 
glycero-3-phosphate. Other substrates tested were 1-O- 
[3H]hexadecyl-2-acyl-sn-GPC and 1-O-[ ~H ]hexadecyl-sn - 
GPC (lyso-PAF). These compounds were also hydrolyz- 
ed to the corresponding phosphatidic acid by the bacterial 
phospholipase D {data not shown). 

Hydrolysis  of  L-ET-18-OCH3 in intact cells. Figure 6 
shows the loss of radiolabeled L-ET-18-OCH~ from the 
medium and uptake by MDCK, HL60 and K562 cells. The 
data points represent relative amounts of label since con- 
ditions for recovery were not optimal in these studies. 
Loss of label due to desaturation at position 9,10 cannot 
be ruled out. We have not explored this possibility. We 
have ascribed the loss of label to adsorption to the petri 
dishes due to the high radiospecific activity of the [~H]L- 
ET-18-OCH3 employed (56 Ci/mmol); similar low 
recoveries are observed in studies using ~H PAF of high 

radiospecific activity. The concentration of [3H]L- 
ET-18-OCH3 used in these studies was 24 nM, whereas 
the ID~o has been reported as 2.5 t~M {20). Figure 7 shows 
the appearance of the hydrolysis product from each cell 
line. This product, which appeared in both cell and fluid 
extracts, was identified by TLC as the diglyceride 1-O- 
[3H]octadecyl-2-O-methyl-sn-glycerol. In two neutral lipid 
TLC systems, hexane/ethyl ether/formic acid (90:60:4, 
v/v/v) and ethyl ether/water (100:0.5, v/v), the hydrolysis 
product migrated (Rf = 0.5 in the ethyl ether/water 
[100:0.5, v/v] solvent system) with authentic 1-O-hexa- 
decyl-2-O-methyl-sn-glycerol. A TLC zonal scan of prod- 
ucts isolated from HL60 fluids after incubation with 
[~H]ET-18-OCH~ for 48 hr showed the radiolabeled 
hydrolysis product in zones 16-21 {Fig. 8). The 1-O- 
hexadecyl-2-O-methyl-sn-glycerol standard was visualized 
by iodine staining or by charring the standard lanes. The 
Rf value of the hydrolysis product in the ethyl ether/water 
(100:0.5, v/v) solvent system increased after acetylation 
to 1-O-alkyl-2-O-methyl-3-acetylglycerol {data not shown). 
This demonstrated the presence of a free hydroxyl moiety 
in the radiolabeled hydrolysis product. 

No evidence for 1-O-alkyl cleavage enzyme products 
was obtained. Alkyl cleavage activity should have 
resulted in the appearance of labeled fatty aldehyde and 
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The neutral lipid solvent sys tems  used were hexane/ethyl  ether/for- 
mic acid (90:60:4, v/v/v) or ethyl  ether/water (100:0.5, v/v). The basic 
phosphalipid solvent sys tem used was chloroform/methanol/am- 
monium hydroxide (65:35:8, v/v/v). Values are percentage of total 
[3H]ET-18-OCH3 (dpm) added to each sample that was  recovered in 
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fatty acid, which would be expected to incorporate into 
various cellular lipids. Hoffman and Snyder (6) recently 
compared alkyl cleavage enzyme activity in cells that 
demonstrate different sensitivities to ET-18-OCH,. In 
contrast to previous studies by other investigators, they 
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FIG. 8. Zonal scan of a thin layer chromatogram showing the migra- 
tion of [3H]L-ET-I~OCH3 and the radiolabeled hydrolysis  product, 
both isolated from HL60 fluids after incubation with [3H]I~ 
ET-18-OCH3 for 48 hr. The labeled product at zones 16-21 migrated 
with authentic 1-(~hexadecyl-2-O-methyl-sn-glycerol standard. Each 
zone division represents a 5-mm region of the thin layer chromato- 
graphic sample lane. The origin was at zone 3; the solvent front cor- 
responded to zone 35. (A) [3H]L-ET-18-OCH3; {B) diglyceride 
(1-O-hexadecyl-2-C~methyl-sn-glycerol). 

found that microsomal preparations from sensitive 
(HL60) and resistant (K562, MDCK) cells did not differ 
significantly in alkyl cleavage enzyme activity. They also 
reported the appearance of the metabolic products 1-O- 
alkyl-2-methoxyglycerol and 1-O-alkylglycerol after in- 
cubation of HL60, K562 and MDCK cells for 24 hr with 
0.5 ~M ET-18-OCH3. 

The appearance of a radiolabeled diglyceride metabolite 
suggested a phospholipase C-type mechanism of hydroly- 
sis of ET-18-OCH3 in whole cells. However, it was also 
important to consider an alternative mechanism in which 
a phospholipase D enzyme coupled with a phospho- 
hydrolase could result in the appearance of a diglyceride 
product. The second mechanism is analogous to that of 
lysophospholipase D in rat liver microsomes mentioned 
above. Figure 9 shows the reaction scheme for each of the 
possible mechanisms of ET-18-OCH3 hydrolysis. 

A basic phospholipid TLC solvent system (chloroform] 
methanol/ammonium hydroxide [65:35:8, v/v/v]) capable 
of resolving phosphatidic acid from other components was 
used to determine if the metabolite 1-O-[3H]octadecyl-2-O - 
methyl-sn-glycero-3-phosphate was present; none was 
detected. This evidence supports a phospholipase C-type 
mechanism of hydrolysis (Fig. 9A), but further experi- 
ments must be conducted to clarify this mechanism. 

These studies demonstrate that ET-18-OCH3 is very 
poorly metabolized by all the cell lines tested. In addi- 
tion, the liver lysophospholipase does not act on the com- 
pound. Based on earlier findings and those reported here, 
ET-18-OCH3 is not a substrate for the alkyl cleavage en- 
zyme. The pattern of uptake of ET-18-OCH3 and release 

H2C-O- (CH2) j ?CH3 H2C-O- (CH2) 1 ?CH3 
I Phosphol ipose C l 

CHa-O-CH > CH3-O-CH 

I ~ 1 II + 
H2C-O-P-O-CH2CH2N ( CH3)~ HzC-DH 

I 

O- 

+ Phosphorylcholine 

I I .  HzC-O- (CHz)]~H3 H2C-O- (CH2)I ~H3 
I Phospholipose 0 [ 

CHs-O-CH > CH3-O-CH 

Io I ~ § 
~C-O-P-O-CHeCH~ (CH3)3 H-~-O-P-OH 

I I 
O- 0 

+ Choline 

I+zC-O-(C~)I~H3 HzC-O-(CHe)I~H3 
I Phosphohydro ] ase I 

CH3-O-CH --~ CH3-O-CH 

I o I I 
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FIG. 9. Two possible pathways explaining the appearance of a radiolabeled diglyceride after incubation of 
cells with I~H]L-ET-18-OCH3. 
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of  diglyceride p roduc t  var ied  a m o n g  the  cell lines tested.  
However ,  these  d a t a  did no t  sugge s t  a corre la t ion be- 
tween  cy to tox i c i t y  of  ET-18-OCH3 and metabol ic  degra-  
da t ion  of this  compound.  The  selective cy to tox i c i t y  of 
ET-18-OCH3 toward  t u m o r  cells does no t  appear  to  be at- 
t r ibu tab le  to  differences in the  ca tabo l i sm of the  com- 
p o u n d  in normal  ve r sus  neoplas t ic  cells. 
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Enzymatic Acylation of Ether and Ester Lysophospholipids 
in Rat Liver M i c r o s o m e s  1 
W. Neum(illera, E.A.M. Fleera, C. Ungerb and H. Eibla,* 
aMax-Planck-lnstitut f~r biophysikalische Chemie, GSttingen, Federal Republic of Germany, and bKlinikum der Universitat GSttingen, 
GOttingen, Federal Republic of Germany 

The acylation of lysophospholipids by rat liver acyltrans- 
ferases was studied. A comparison between ester and 
ether lysophospholipids as substrates revealed large dif- 
ferences in substrate properties. For instance, oleic acid 
from oleoyl-CoA and arachidonic acid from arachidonoyl- 
CoA were not incorporated into 1-O-octadecyl-sn-glycero- 
3-phosphocholine under experimental conditions that 
allowed an optimal transfer of oleic acid and arachidonic 
acid to 1-O-palmitoyl-sn-glycero-3-phosphocholine. How- 
ever, we observed an acyl-CoA-independent transfer of 
arachidonic acid from 1-O-stearoyl-2-O-arachidonoyl-sn- 
glycero-3-phospboinositol to 1-O-octadecyl-sn-glycero-3- 
phosphocholine. 
Lipids 22, 808-812 ~1987). 

Acyltransferases are important enzymes for the biosyn- 
thesis of phospholipids. They catalyze the stepwise acyla- 
tion of glycerophosphate (de novo synthesis) (1,2) and also 
are involved in the acylation of ester lysophospholipids, 
which are generated in natural membranes by the action 
of phospholipases A~ and As (3,4). 

The metabolic fate of ether lysophospholipids receives 
increasing attention because these compounds show anti- 
neoplastic activity (5-9). Ether lysophospholipids are 
more toxic in cell cultures than the respective ester 
analogs (10). This may reflect differences in the substrate 
properties of ether lysophospholipids in comparison to 
ester lysophospholipids. However, little information 
exists on the substrate behavior of ether lysophospho- 
lipids for phospholipid-metabolizing enzymes. 

Two possible mechanisms of acylation of lysophospho- 
lipids are considered here. First, ether lysophospholipids 
are reported to be acylated by acyltransferases that nor- 
mally acylate ester lysophospholipids (11-14). On the 
other hand, specific acylation of ether lysophospholipids 
by CoA-dependent and CoA-independent transferases has 
been reported (15-18). These transferases esterify 1-O- 
octadecyl-sn-glycero-3-phosphocholine by transferring an 
arachidonoyl residue from the 2-position of diacylphos- 
pholipids to the 2-position of the ether lysophospholipid. 
Both reactions, acylation and transacylation, yield iden- 
tical products. In this study, we set out to determine 
which is the dominant pathway in the acylation of 
1-O-octadecyl-sn-glycero-3-phosphocholine. 

Tresented at the symposium on "Ether Lipids in Oncology," 
G(ittingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be sent. 
Abbreviations: Lyso-PC, 1-O-palmitoyl-sn-glycero-3-phosphocholine; 
lyso-PA, 1-O-palmitoyl-sn-glycero-3-phosphate; lyso-PE, 1-O-palmit- 
oyl-sn-glycero-3-phosphoethanolamine, lyso-PS, 1-O-palmitoyl-sn- 
glycero-3-phosphoserine; lyso-PI, 1-O-palmitoyl-sn-glycero-3-phos- 
phoinositol; DLPC, 1-O-palmitoyl-propandiol-3-phosphocholine; CoA, 
coenzyme A; DTNB, 5,5'-dithiobis-2-nitrobenzoic acid. 

EXPERIMENTAL 

Materials. Lysophosphatidylinositol, lysophosphatidyl- 
serine, and 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) were 
obtained from Sigma {Munich, FRG); 1-O-stearoyl-2-O- 
['4C]arachidonoyl-sn-glycero-3-phosphoinositol, 1-O-[3H] - 
oct adecyl-sn-glycero-3-phosphocholine, 1-O-[1-14C]pal - 
mitoyl-sn-glycero-3-phosphocholine and [1-'4C]oleoyl-CoA 
were purchased from Amersham Buchler (Braunschweig, 
FRG). Lysophosphatidylcholine, lysophosphatidic acid 
and lysophosphatidylethanolamine were synthesized in 
our laboratory as described before t19,20). Oleoyl-CoA and 
arachidonoyl-CoA were prepared according to Reitz et al. 
{21). Other chemicals were of analytical or higher grade 
and used without further purification. 

Methods. Rat liver microsomes were prepared accord- 
hag to Yawetz et al. 122). The microsomes were suspended 
in an aqueous solution of 4 M NaC1, 0.1 M Tris/HCl (pH 
7.4) to yield a protein concentration of 20 mg/ml. The 
suspension was sonicated in a Branson microtip B 15 for 
5 min (energy stage 4) using the pulse mode with 20% 
pulse time. After dilution with an equal volume of water, 
the suspension was centrifuged at 100,000 • g for 60 min 
in a Beckman ultracentrifuge (L5-65 BI. About 80% of 
the acylation activity was found concentrated in a fluffy- 
layer fraction. Pellet and supernatant showed each about 
10% acylation activity. The fluffy layer was used as an 
enzyme source for the acylation studies. 

During acylation of lysophospholipids with acyl-CoA, 
free CoA is formed. The amount of CoA can be measured 
using DTNB as a thiol-specific reagent t23). The acyla- 
tion assays were performed at 37 C in a buffer system of 
100 mM Tris/HC1 (pH 7.4}, containing 0.2 mM DTNB and 
0.15 mg/ml microsomal protein. The amount of CoA 
formed was monitored via DTNB at 412 nm in a Hitachi 
spectrophotometer 150-20. The substrate concentration 
was 30 nmol/ml for lys~PA and 170 nmol/ml for the other 
lysophospholipids. In order to measure the hydrolysis of 
acyl-CoA by acyl-CoA hydrolases, 2-desoxy-lysolecithin 
{DLPC), which cannot be acylated, was used instead of 
lysophospholipid. The rate from this reaction was con- 
sidered to be the blank rate and was subtracted from the 
rate of the acylation reaction in the presence of sub- 
strates. 

In the radioactive assays, DTNB was omitted from the 
incubation mixture. Either 170 nmol (20 nCi) 1-O-[~4C] - 
palmitoyl-sn-glycero-3-phosphocholine or 170 nmol I1 ~Ci) 
1-O-[3H]octadecyl-sn-glycero-3-phosphochoiJne was incu- 
bated with 50 nmol I1 gCi) [1-14C]oleoyl-CoA and 0.15 mg 
microsomal protein ha 1 ml 0.1 M Tris/HC1 buffer (pH 7.4). 
The reaction was stopped after the indicated time periods 
by adding 100 ~1 formic acid. After freeze-drying, the 
lipids were extracted from the reaction mixture with 
chloroform and were separated by thin layer chromatog- 
raphy (TLC) on silica gel plates (Silica Gel 60, 20 • 20 cm, 
Merck, Darmstadt, FRG) in a solvent system of chloro- 
form/methanol/acetic acid/water (100:60:20:5 by vol). 
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T A B L E 1  T A B L E  2 

Acylation Rates of 1-O-Palmitoyl-sn-glycero.3.phosphocholinel 
phosphate with Oieoyl-CoA at Different DTNB Concentrations 

Specific activity (nmol/min/mg) 
DTNB 

(nmol/ml) Lys~PC* Lyso-PA* DLPC 

1000 111 211 12 
800 111 211 13 
600 119 215 14 
400 125 223 16 
200 134 233 18 
100 134 233 20 

The acylation reactions were measured at 412 nm with 1-O-palmitoyl- 
sn-glycero-3-phosphocholine/phosphate (lys(~PC/PA) as substrates. 
The acyl-CoA hydrolase activity was monitored with DLPC. The 
DTNB concentration ranged from 1 ~ o l  to 0.2 ~mol]ml in a 100 mM 
Tris/HC1 buffer (pH 7.4) at 37 C. The protein concentration was 0.15 
mg, and the reaction was started with 20 nmol oleoyl-CoA. All acyla- 
tion rates (*) are corrected for hydrolase rates. 

Acylation of Lysophospholipids with Oleoyl- and Arachidonoyl-CoA 

Specific activity (nmoYmin/mg) 

Lyso-PL 18:1 20:4 

Lyso-PC 125 130 
Alkyl lyso-PC <5 <5 
Lyso-PA 240 34 
Lyso-PS 53 85 
Lysc-PI 53 117 
Lys~PE 36 32 

In an incubation volume of 1 ml 100 mM Tris/HC1 (pH 7.4), 0.15 
mg microsomal protein was incubated with 170 nmol alkyl lyso-PC, 
lysc, PC, lyso-PE, lysc, PS, lys~PI or 30 nmol of the respective lyso- 
PA at 37 C. The incubation mixture contained 0.2 mM DTNB. The 
acylation was monitored at 412 nm by following the formation of 
CoA from acyl-CoA with DTNB. All data are corrected for the 
hydrolase reaction (18 nmol]min/mg). 

100 

I1 I t t Time [sec] 

tl o 

o o17 0.3 o.5 i 
Migration distance [Rf] 

FIG. 1. Acylat ion of l-O-[1-'4C]palmitoyl-lysolecithin with [1-'4C]oleoyl-coenzyme A. 
Microsomal protein (0.15 mg) was incubated with 170 nmol i-O-[1.'4C]palmitoyl-sn - 
glycero-3-phosphocholine (1-*P-sn-G-3-PC) and 50 nmol [1-'4C]oleoyl-CoA for 0, 10, 20, 30, 
45, 60 and 150 sec in an incubation volume of I ml. The reacylation reaction was stopped 
with formic acid. After  freeze-drying, the lipids were extracted from the reaction mix- 
tare with chloroform and were separated by TLC on silica gel plates in a solvent system 
of chloroform/methanol/acetic acid/water (100:60:20:5 by vol). After drying, the plates were 
scanned in a Berthold linear analyzer LB 2842. The radioactive reaction product was iden- 
tified as 1-O-palmitoyl.2-O-oleoyl-sn-glycerm3-phosphocholine (1-*P-2-*O-sn-G-3-PC). 

After  drying,  the  pla tes  were scanned  in a Ber thold  l inear  
ana lyzer  LB 2842 wi th  d a t a  s y s t e m  LB 500. The  acyla- 
t ion  p r o d u c t s  were ident i f ied  b y  the i r  R r v a l u e s  and  by  
compar i son  wi th  reference s u b s t a n c e s  t h a t  were r u n  on 
the  same plate.  

For  t r a n s a c y l a t i o n ,  1 - O - [ 3 H ] o c t a d e c y l - s n - g l y c e r o - 3  - 
phosphochol ine  (10 nmol ,  7 ~Ci) was  i n c u b a t e d  wi th  
8 nmol  (1 ~Ci) 1-O-stearoyl-2-O-[1- '4C]arachidonoyl-phos - 
phoinos i to l  a nd  0.15 m g  mic rosomal  p ro te in  in  1 ml  
100 mM Tris /HCl-buffer  (pH 7.4}. Af te r  60 min,  the  

LIPID& Vol. 22, No. 11 (1987) 
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100. 

1-O-'OC-sn-G-3-P( f , ~e  [sec] 

O tit "~ /4 150 sec 

, ~ -N~'~-~'W-~L~----~" 0 sec 
o o117 d.3 o'.5 i 

Migration distance [ Rf] 
FIG. 2. Acylat ion of l-O-[3H]octadecyl-lysolecithin with [l-'4C]oleoyl-CoA. Microsomal 
prote in  ~0.15 mg) w a s  i n c u b a t e d  wi th  170 nmol  l - O - [ 3 H ] o c t a d e c y l - s n  - 
glycer~3-phosphocholine {l-O-*Oc-sn-G-3-PC) and 50 nmol [l-~4C]oleoyl-CoA for 0, 15, 30, 
45, 60 and 150 see in an incubation volume of 1 ml. The reaction was  stopped by formic 
acid, and the lipids were extracted and identified as described in Figure I. No products 
were formed in the indicated time period. In addition, we performed incubations for longer 
time periods. Even after 5 and I0 min, no product formation was detected. Therefore, 
the specific rate of the reaction, if any, is less than 60 pmol/mg protein/hr. This demon- 
strates that acyl-CoA-dependent aeyltransferases cannot acylate ether lysophospholipids. 

reaction was stopped with 100 ~l of 60% formic acid. Ex- 
traction of lipids was performed as described for the acyla- 
tion assay. 

R E S U L T S  A N D  D I S C U S S I O N  

Lysophospholipids have been described as potent anti- 
neoplastic agents (24-28). Therefore, it is important to 
understand the metabolic fate of these molecules in the 
living cell. In this study, we compare the properties of 
ester and ether lysophospholipids as substrates for acyl- 
transferases, which catalyze the synthesis of phospho- 
lipids. These acyltransferases are important enzymes for 
detoxification of lysophospholipids. They have been 
described first by Lands {3) as acyl-CoA-dependent en- 
zymes in rat liver and are mainly localized in membranes 
of the endoplasmatic reticulum, as shown by Eibl et al. 
{29). Their acyl-CoA requirement was applied to develop 
a spectrophotometric assay with DTNB as the sensitive 
indicator for the appearance of sulfhydryl groups {4). 
Since amounts of 1 t~mol DTNB per incubation volume 
of 1 ml already inhibited the enzyme reaction, we used 
smaller amounts of DTNB and obtained satisfactory 
results with only 0.2 ~mol DTNB (see Table 1). The in- 
hibitory effect of DTNB was more pronounced for the 
substrate combination lys~PC/oleoyl-CoA, which showed 
a decrease in specific activity of about 20%, than for the 

combination lys~PA/oleoyl-CoA, which showed a drop of 
only 11%. The effect on the hydrolase activity was large, 
and the decrease of specific activity amounted to about 
50%, however, on a much lower level of total activity as 
for the transfer rates. 

The results obtained in the optimized spectrophoto- 
metric assay are summarized in Table 2. High incorpora- 
tion rates for oleic acid are observed with lyso-PC and 
lyso-PA as fatty acid acceptors. The rates are lower for 
lyso-PE and the respective lyso-PS and lyso-PI. The 
acylation rates for arachidonoyl-CoA with the different 
lysophospholipids are quite similar in comparison to the 
incorporation of oleic acid. The specific rate is high for 
lyso-PC and the rates are low for lyso-PE and lyso-PS. 
However, there is a large difference in the acylation rates 
for lyso-PA (de novo synthesis) and lyso-PI (deacylation- 
reacylation cycle). For lyso-PA, incorporation of oleic acid 
is high and acylation with arachidonic acid is very low; 
vice versa for lyso-PI as substrate: the incorporation of 
oleic acid is low and the acylation with arachidonic acid 
compares with the high rates measured for the incorpora- 
tion into lyso-PC. This is in agreement with the gener- 
ally accepted finding that biosynthetically formed phos- 
phatidic acid is low in arachidonic acid and that phospha- 
tidylinositol is relatively high in it. No detectable transfer 
was observed with alkyl lyso-PC (<5 nmol/min/mg pro- 
tein), which may explain the higher toxicity of this 
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compound in different cell lines in comparison to the ester 
analog. 

The spectrophotometric tes t  is not  sensitive enough to 
measure very  low incorporation rates (<5 nmol/min/mg 
protein). Since the DTNB-tes t  reports  the appearance of 
free sulfhydryl  groups, it measures the sum of two en- 
zyme activities: the acyltransfer  and the hydrolase reac- 
tion. If  acyltransfer  and hydrolase rates  are in the same 
magnitude order, the calculated acyltransfer rates become 
unreliable. In this case, a direct measurement of the prod- 
ucts  formed in the current  reaction is necessary; this re- 
quires radiolabeled substrates.  

In the first set of experiments,  shown in Figure 1, the 
acyltransfer rate for 1-O-[ '4C]palmi toy l -sn-glycer~3-phos  - 
phocholine/['4C]oleoyl-CoA was determined by following 
the formation of 1-O-["C]palmi toy l -2-O-["C]oleoy l - sn-  
glycero-3-phosphocholine (Fig. 1). The specific activity for 
this reaction was 172 nmol]mirgmg protein, which is much 
higher than 134 nmol/min/mg protein, the rate observed 
in the optimized spectrophotometr ic  assay. I t  again 
demonstra tes  tha t  even low concentrations of DTNB in- 
terfere with the acylation reaction. While the spectro- 
photometr ic  assay does allow comparison of acyltrans- 
ferase activities, absolute rates  of enzyme activity need 
to be determined in the absence of DTNB. 

In the second set of the radioactive incubations, we 
used 1-O-[3H]octadecyl-sn-glycero-3-phosphochol ine/["C]-  
oleoyl-CoA as substrates.  No product  was formed in the 
indicated t ime period (Fig. 2). The sensit ivity of the tes t  
does allow the identification of 100 dpm (0.5 cpm), which 
corresponds to 1 pmol product.  Since we were not  able 
to detect any product after 10 min of incubation (data not 
shown), the rate of acylation, if any, is less than 60 pmol/ 
mg/hr. This indicates tha t  an exchange of an ester  for an 
ether group in lysolecithin results in what  seems a com- 
plete loss of substrate  properties for the acyl-CoA- 
dependent acyltransferases from rat  liver microsomes. So, 
1-acyl lysolecithins are substrates  for the acyltrans- 
ferases, whereas 1-alkyl lysolecithins are not. 

In recent publications by Kramer  et al. (17,30), it was 
described that  an acyl-CoA-independent pa thway for the 
acylation of ether lysophospholipids exists in human 
platelets. I t  requires 1,2-diacyl-sn-glycer~3-phospholipids 
as a cofactor. We searched for a similar reaction in ra t  
liver. Using 1-O-[3H]oc tadecy l - sn -g lycero-3-phosphocho  - 
line as an acyl acceptor and 1-O-stearoyl-2-O-['*C]arachi - 
donoyl-sn-glycero-3-phosphoinositol as acyl-donor in in- 
cubations with rat  liver microsomes, we observed the for- 
mation of 1-O-[3H]-octadecyl -2-O-["C]arachidonoyl -sn  - 
glycero-3-phosphocholine (Fig. 3). This product  contains 
both  labels, ~H and '4C, in a rat io of 1:1 on a molecular 
basis. A rate of 42 nmol/mg protein/hr was calculated for 
the CoA-independent t ransacylat ion reaction. This rate 
is much higher than the est imated maximum rate for the 
acyl-CoA-dependent acyltransferase reaction (60 pmol/mg 
protein/hr, based on the sensit ivi ty limit of the test). 
Therefore, we conclude tha t  the acyl-CoA-independent 
t ransfer  reaction is the dominant  pa thway for the acyla- 
tion of ether lysolecithins in ra t  liver. 

From these experimental  results of the acylation of 
ester and ether lysophospholipids, we conclude tha t  two 
independent pathways of acylation exist in ra t  liver. The 
first route depends on acyl-CoA as cosubstrate  and is 
dominant  for ester lysophospholipids; the second route 
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FIG. 3. Acylat ion of 1-O-[3H]octadecyl-lysolecithin with 1-O- 
stearoyl.2.0.[l-'4C]arachidonoyl-sn-glycer~3-phosphoinositol as a 

v . �9 1 4  �9 fat ty  acid donor (transacylatlon). 1-O-Stearoyl-2-O-[1- C]arachl- 
donoyl-sn-glycer~3-phosphoinositol (l~%2-*A-sn-Cr~PI) (8 nmol) and 
1-O.[3H]octadecyl-sn-glycero-3-phosphoeholine (1-*Oc-sn-G-3-PC) 
110 nmoi} were incubated with 0.15 mg microsomal protein in an in- 
cubation volume of 1 ml. After  60 min, the reaction was stopped 
with formic acid, and the lipids were extracted and identified as 
described in Figure 1. The radioactive reaction product was iden- 
tiffed as 1-O-octadecyl-2-O-arachidonoyl-phosphocholine (1-*Oc~2-*A- 
sn-G-3-PC). Counts in the figure represents both '4C- and 3H-activity 
after 10 min. The product of the reaction in the middle peak con- 
tains "C and 3H activity. This peak's area was collected, and "C- 
and 3H-activities were measured separately in a Zinser III  Liquid 
Counter. The ratio of '4CPH was close to 1, as expected. Control runs 
with both starting materials did not show radioactivity in the area 
of the enzyme reaction product. 

is i n d ep en d en t  f rom acyl-CoA and uses  d iacyl  
phospholipids as a fa t ty  acid source. This pa thway is 
dominant  for the acylation of ether lysophospholipids 
with arachidonic acid. 
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We have investigated cellular sensitivity to the anti- 
tumoral alkyl lysophospholipid (ALP) 1-(koctadecyl- 
2-O-methyl-rac-glycero-3-phosphocholine (ET-18-OCH3) 
in vitro. The permeation of this lipid into the cell was not 
influenced by metabolic inhibitors of ATP biosynthesis. 
ET-18-OCH3 uptake was not saturable within sublytic 
concentrations, but could be inhibited in part by cyto- 
chalasin B (CB) and dipyridamole. The activation energy 
of the CB-sensitive uptake process was increased up to 
threefold compared to CB-insensitive uptake. ET-184)CH~ 
influx and equilibrium binding of ET-18-OCH3 were 
decreased in a fibrosarcoma cell variant (MethA) selected 
for ET-18-OCH3 resistance. The resistant MethA cells 
were also less sensitive to cytolysis by lysophosphatidyl- 
choline and other ALP. After 72 hr, the resistant MethA 
cells had metabolized only 11.8% more of the absorbed 
ET-18-OCH3 than sensitive MethA cells. However, they 
tolerated at least a 3{~fold concentration of this ALP. The 
uptake mechanism, which could be inhibited by CB, was 
less active in resistant MethA cells and several other 
ALP-resistant cell lines. The concentration of CB, re- 
quired for maximal uptake inhibition, was increased more 
than four times in the ALP-sensitive tumor cell lines. CB- 
specific ET-18-OCH3 uptake was also enhanced after virus 
transformation of 3T3 fibroblasts by SV 40. Dipyridamole 
retarded the ET-18-OCH:mediated cell destruction. 
Lipids 22, 813-819 (1987). 

Alkyl lysophospholipids (ALP) are stable ether or thio- 
ether analogues of 2-1ysophosphatidylcholine (2-LPC), 
which is present in 3-12% of the total phospholipids in 
cellular membranes and plasma (1). ALP cannot enter the 
deacylation-acylation cycle of cellular phospholipids (2) 
because a lysophospholipase cannot split the alkyl bond, 
and acylation is blocked in most of these compounds by 
a stable substitution of position sn-2 of the glycerol 
backbone. 

Among many biological effects, ALP inhibit growth 
and metastasis of different syngeneic tumors in the 
mouse (for review, see ref. 3). Moreover, the results of a 
clinical phase I study suggest that  ALP might be useful 
in human cancer therapy (4). The antineoplastic activity 
is probably caused by the generation of tumoricidal 
macrophages (5) and a direct progressive destruction of 
tumor cells, whereas nontransformed cells are less af- 
fected (5-7). Some evidence has been reported (6-10) sug- 
gesting that  sensitive cells take up more ALP or fail to 
split the ether bond because of the lack of a glyceryl-ether 

cleaving enzyme (E.C. 1.14.16.5). One of the most potent 
ether analogues of lysolecithin that we tested was the 1-O- 
octadecyl-2-O-methyl-rac-glycero-3-phosphocholine 
(ET-18-OCH~). Here we report on cellular metabolism and 
cellular uptake mechanism of this compound in sensitive 
and resistant cell lines. 

MATERIALS AND METHODS 

Alkyl  lysophospholipids. 1-O-hexadecyl-sn-glycero-3- 
phosphocholine (L-ET-16-OHL 3-O-hexadecyl-sn-glycero- 
1-phosphocholine (D-ET-16-OH) and 1-O-octadecyl-9'- 
enyl-2-O-methyl-rac-glycero-3-phosphocholine were pur- 
chased from R. Berchtold (Biochemical Laboratory, Bern, 
Switzerland). 

1.O-octa-[9,10(n)-3H]decyl-2-O-methyl-rac-glycero-3 - 
phosphocholine (ET-18-OCH3) was obtained by catalytic 
reduct ion of 1-O-octadecyl-9'-enyl-2-O-methyl-rac- 
glycero-3-phosphocholine with tritium gas (Amersham 
Radiochemical Center, Buckinghamshire, U.K.). The spe- 
cific activity was 3.53 Ci/mmol. Unlabeled ET-18-OCH3 
was purchased from Medmark Chemicals (Gruenwald, 
Muenchen, FRG). 

Other chemicals. Cytochalasin B (CB), cytochalasin E 
(CE), dipyridamole (DP), papaverine and bovine serum 
albumin (BSA) were purchased from Sigma Chemical (St. 
Louis, MO). Dulbecco's modified Eagle's medium 
(DMEM), fetal bovine serum (FBS) and sodium pyruvate 
were purchased from Gibco {Karlsruhe, FRG). FBS was 
used after inactivation for 1 hr at 50 C. 2-LPC was pur- 
chased from Roth (Karlsruhe, FRG). 

Cells and cell culture. The cell lines listed in Table 1 were 
cultivated with DMEM plus 10% fetal bovine serum 
(FBS; v/v), 1 mM sodium pyruvate, 5 • 10 -s M ~- 
mercaptoethanol, 50 units penicillin and 50 ~g strep- 
tomycin per ml at 37 C in a humidified 10% CO2 at- 
mosphere. All cells were used in the log phase of growth. 
Viability, tested by trypan blue dye exclusion, was never 
below 90%. 

(BALB/c X C57BL)F1 bone marrow-derived macro- 
phages (MO) were cultivated in Teflon bags, as previously 
described (6). The cultures usually reached confluence 
after 12 days. The drug-resistant fibrosarcoma cells were 

TABLE1 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. MethA Abbreviations: ALP, alkyl lysophospholipids; 2-LPC, lysophospha- 
tidylcholine (1-acyl-sn-glycero-3-phosphocholine); ET-18-OCH~. 1-O- rMethA 
octadecyl-2-O-methyl-rac-glycero-3-phosphocholine; D-ET-16-OH, P815 
3.0-hexadecyl-sn-glycero-l-phosphocholine; L-ET-16-OH, 1-O- Abels. 
hexadecyl-sn-glycero-3-phosphocholine; CB, cytochalasin B; CE, YAC 
cytochalasin E; DP, dipyridamole; FBS, fetal bovine serum; BSA, SV40-3T3 
bovine serum albumin; DMEM, Dulbecco's modified Eagle's 3T3 
medium; DMSO, dimethyl sulfoxide; MO, macrophage; PBS, L929s 
phosphate-buffered saline. 

Cell Lines Used in This Study 

Abbreviation 
in text Cell type (reference) 

Methylcholanthren-induced fibrosarcoma (11) 
ALP-resistant variant of MethA (--) 
Metbylcholanthren-induced mastocytoma (12) 
Abelson lymphoma (13) 
Molony virus-induced murine lymphoma (14) 
Simian virus 40 transformed 3T3 fibroblast (15) 
Fibroblast of a Swiss mouse embryo (16) 
Fibroblast from connective tissue (17) 
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derived from surviving cells of cultures, which had been 
propagated in the presence of 6 ~g ET-18-OCHJml. These 
cells were further selected by cultivation with succeeding 
10, 20 and 30 ~g/ml of ET-18-OCH3. Before use, resistant 
fibrosarcoma variant (rMethA) cells were propagated for 
several days in culture medium without this ALP and 
washed repeatedly. This did not alter the induced 
resistance to ET-18-OCH3.3T3 Fibroblasts were used in 
a nonconfluent state (3-4 • 105 cells per cm~). For absorp- 
tion studies, 3T3, SV40-3T3 and L929s fibroblasts were 
harvested by treatment with a 0.25% solution of trypsin 
(Boehringer, Mannheim, FRG) for 10 rain. Trypsin was 
inactivated by FBS, and cells were washed twice before 
use. This procedure had no influence on ET-18-OCH3- 
uptake. 

Lipid extraction and lipid analysis were performed as 
previously described (6). In brief, lipids were extracted 
as described by Ways and Hanahan (18), separated on 
silica-coated thin layer plates using chloroform]methanol] 
H20 (60:40:10, v/v/v) as solvent. The separated com- 
pounds were detected by iodine vapor and scraped off into 
scintillation vials. One ml of H20 was added, and the vials 
were shaken for 24 hr to obtain a very fine suspension. 
The samples were measured in a scintillation counter after 
adding 12 ml of Bioflur (New England Nuclear, Boston, 
MA). 

Binding of ET-18-OCH3 to serum components. For 
separation of lipoproteins, we used a previously described 
method (19) with a few modifications. FBS was brought 
to a density of 1.21 g/cm ~ by addition of solid NaBr. The 
samples were allowed to equilibrate for 15 min at 37 C 
in the presence of 3H-labeled ET-18-OCH~ (5 ~g/ml). Each 
1.25 ml of the samples was pipetted into a 11 • 60 mm 
polyallomer centrifuge tube (Beckman Instruments, Palo 
Alto, CA). A discontinuous gradient was formed by 
carefully layering 1 ml of NaBr solution with a density 
of 1.063 g/cm 3 above the serum, followed by 1 ml with 
a density of 1.019 g/cm 3 and finally 1 ml with a density 
of 1.006 g/cm ~. To minimize mixing, salt solutions were 
allowed to gravity-feed down the side of the tubes through 
a glass capillary. Six samples were centrifuged at 20 C 
for 24 hr at 400,000 • g in an SW-56 rotor (Beckman). 
Each 0.25 ml of the samples was succeedingly measured 
by liquid scintillation counting after the addition of 12 ml 
Bioflur. 

Absorption and inhibitor studies. CB, CE and DP were 
stored in a stock solution with dimethyl sulfoxide (DMSO) 
at - 20 C. If not otherwise indicated, 106 cells were prein- 
cubated for 1 hr with 1 ml of DMEM containing 10% 
FBS, 0.5% DMSO and the inhibitor. We incubated the 
samples at 37 C in a humidified 10% CO2 atmosphere for 
another 2 hr with labeled ET-18-OCH3 (1 t~g/ml). Absorp- 
tion was stopped by addition of 10 ml of an ice-cold, 
phosphate-buffered NaCl-solution (0.9%, pH 7.2; phos- 
phate buffered saline [PBS]). Samples were immediately 
centrifuged and washed twice with 10 ml of chilled PBS. 
No significant loss of absorbed ET-18-OCH3 occurred by 
this procedure, since transport activity was minimal at 
this temperature. A portion of the cell suspension was 
resolved in Bioflur (New England Nuclear) and assayed 
for liquid scintillation counting. 

When the temperature dependence of ET-18-OCH3 up- 
take was determined, cells were incubated with 4-(2- 
hydroxyethyl)- 1-piperazineethanesulfonic acid-buffered 

DMEM containing 10% FBS in a thermostated water 
bath. After the temperature had equilibrated, absorption 
of ET-18-OCH3 (2 t~g/ml) within 1 hr was measured as 
described above. When the membrane translocation of 
ET-18oOCH3 was determined, we used the previously 
described albumin-extraction method (20). Therefore, cells 
were washed twice with 10 ml chilled PBS containing 1% 
fat ty acid-free BSA. 

Assays for the cytotoxicity of ET-18-OCH3. 5 X l0 s 
Cells/ml DMEM plus 10% FBS were cultivated with the 
indicated concentration of ET-18-OCH3 for 24 hr. Cells 
were washed once, and ~H-thymidine incorporation was 
measured as described (6). When the influence of DP on 
ET-18-OCH3 cytotoxicity was studied, cells were prein- 
cubated without ET-18-OCH3 for 4 hr in the presence or 
absence of DP, which was added in an ethanol solution. 
The final ethanol concentration was 0.05%. MethA cells 
(5 X 104/ml) were incubated for 72 hr and washed twice 
before ~H-thymidine incorporation was measured. 

Since mature bone marrow MO do not incorporate 
thymidine, the number of viable cells was determined with 
a culture counter after 72 hr of incubation. Therefore, 2 • 
106 cells were placed into culture dishes with a hydrophilic 
Teflon membrane (Petriperm, Heraeus, FRG). The final 
volume was 5 ml (DMEM plus 10% FBS). Under these 
conditions, viable cells remained attached on the surface 
of the dishes, whereas damaged cells detached and could 
be removed by washing the monolayers once with PBS. 
The number of nonadherent but not trypan blue-stained 
cells was always below 8% of control cultures. The ad- 
herent cells were then harvested with a rubber policeman. 
When ALP-induced cytolysis in the absence of FBS was 
determined, 106 cells/ml were incubated with 7.5 t~g ALP 
(2-LPC) per ml of DMEM for 30 min in a 10% COs at- 
mosphere at 37 C. The percent of trypan blue-dyed cells 
was immediately determined by counting 200 to 300 cells 
with a haematocytometer. 

If not otherwise indicated, all experiments were done 
in triplicate and standard deviations were below 10%. 

RESULTS 

Selective cytotoxicity and cellular metabolism of 
ET-18-OCH3. Already after 24 hr of incubation, differ- 
ences in ET-18-OCH3 resistance are revealed (Fig. 1). 3T3 
and L929s fibroblasts were less sensitive, but 48 hr later 
only the 3T3 cells survived a concentration of 20 t~g/ml 
ET-18-OCH3, and 3H-thymidine incorporation remained 
at 80% of control. This value decreased to less than 10% 
of control with L929s fibroblasts after 72 hr. Abels., P815, 
SV40-3T3 and MethA were the most sensitive tumor cell 
lines. Bone marrow-derived MO were only moderately 
resistant against ET-18-OCH3 (see Fig. 7). In contrast, 
rMethA could be cultivated continuously in the presence 
of 30 ~g/ml ET-18-OCH~ with a doubling time of 20-24 hr. 

The metabolism of ET-18-OCH3 was low in all cell 
lines studied. After 12 hr of incubation, between 88.9 
and 94.6% of the absorbed compound was unchanged. 
Even after 72 hr, only 8.4% in MethA and 20.2% in 
rMethA were metabolized. On thin layer chromatog- 
raphy, the ET-18-OCH~ metabolites migrated with oleic 
acid, neutral lipids, phosphatidylethanolamine and phos- 
phatidylcholine. We did not further analyze these metab- 
olites. At present, it is not completely clear whether ALP 
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FIG. 1. ET-18-OCH3-induced growth inhibition. 5 X 10 s Cellslml 
DMEM plus 10% F BS  were cultivated for 24 hr with the indicated 
concentration of ET-18-OCH3. Cells were washed once and ~H- 
thymidine incorporation within 4 hr was  determined. Mean of 4 
separate determinations; SD ~< 15%. D, 3T3; O, L929s; d), YAC; I ,  
SV40-3T3; e,  MethA; � 9  P815; x, Abels.  

cytotoxic i ty  is pr imari ly  due to direct lysis by  the ac- 
cumulated compound itself or to secondary toxic effects 
induced by  ALP, like a dis turbance of lipid metabol i sm 
(6). Table 2 shows tha t  drug  resis tance in rMethA was 
accompanied by  increased cell membrane  s tabi l i ty  to 
cytolysis  by  different A L P  and 2-LPC. 

Uptake and equilibrium binding of ET-18-OCH3. Fig- 
ure 2 shows the t ime course of ET-18-OCH~-uptake in the 
presence or absence of FBS (10% v/v). Within the first  
2 hr, the ra te  of up take  was enhanced about  twofold in 
the sensit ive cells. I t  should be noted tha t  rMe thA cells 
had been cul t ivated several  days  wi thout  ET-18-OCH3 
and washed repeatedly.  Since ET-18-OCH3 up take  was 
reduced in both cell var iants  in the presence of serum, we 
examined the binding of ET-18-OCH3 to serum com- 
ponents.  After  densi ty gradient  separat ion of FBS, more 
than  90% of the added ET-18-OCH3 was bound to a serum 
fraction with a densi ty  >1.21 g/cm ~, which has been 
previously identified as albumin (21). This indicates tha t  
ET-18-OCH3 has the same high affinity binding to serum 
albumin as also described for na tura l  LPC (21}. In  the 
presence of serum, the up take  ra te  was about  linear with 
respect to t ime up to 4 hr {Fig. 2), and further studies were 
done within this period. 

After  2 hr of incubation and two saline washes,  only 
10.3% of the MethA-bound ET-18-OCH~ could be ex- 
t rac ted  by  two washes with a chilled solution of 1% BSA 
in PBS. I t  has been demons t ra ted  previously (20) tha t  
albumin washing removes  the LPC from the outer  cell 
membrane  monolayer  because albumin binds LPC with 
high affinity. Since ET-18-OCH~ had the same high af- 
finity to albumin like LPC, the a lbumin-unextractable  
ET-18-OCH~ in MethA cells was probably inaccessible to 

T A B L E  2 

ALP-Induced Cytolysis  in MethA and Drug-Resistant 
Mutant Cells (rMethA) 

Increase in trypan blue-dyed 
cells (% of total cell number} 

Compound MethA rMethA 

2-LPC 23 (• 5 (_1) 
D-ET-16-OH 87 (• 29 (• 
L-ET-16-OH 70 (• 8 (• 
ET-18-OCH3 57 (• 31 (+-3) 

l0 s Cells/ml were incubated for 30 rain at 37 C in the presence of 
7.5 ~g/ml compounds in the absence of fetal bovine serum. Two hun- 
dred to 300 cells were counted for determinations of the percent of 
trypan-blue dyed cells. Mean of three separate experiments (+_ SD). 
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FIG. 2. Time course of ET-18~OCH~ absorption in the presence and 
absence of FBS. 106 Cells/ml were incubated at 37 C with 1 pg/ml 
ET-18-OCH3 in the presence or absence of 10% (v/v) FBS. Absorp- 
tion was measured as described in Materials and Methods. O, MethA 
plus FBS; V, MethA without FBS; e ,  rMethA plus FBS; T, rMethA 
without FBS. 

albumin and was therefore not located on the cell surface. 
This finding is suppor ted  by  the observat ion tha t  
equilibrium es tabl i shment  between albumin-bound and 
cell surface-bound LPC is rapidly achieved, at  least before 
2 hr {20}. In contrast,  membrane translocation of LPC (20) 
or cellular uptake  of ET-18-OCH3 in the presence of serum 
(Fig. 2) is a compara t ive ly  slow process, i.e., the 
equilibrium t ime for cellular A L P  up take  is 20-24 hr. 
Albumin-unextractable  ET-18-OCH3 up take  (influx} was 
increased 2.7 t imes in sensitive MethA. After  equilibrium 
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FIG. 3. Concentration dependence of ET-18-OCH3-uptake in MethA 
and rMethA cells. 10 6 Cells/ml DMEM/10% FBS were incubated with 
the indicated concentration of ET-I~OCH3 for 2.5 hr. Absorption 
was measured as described in Materials and Methods. 

establishment, sensitive MethA cells bound 3-4 times as 
much of the drug as did the resistant mutant cells, indi- 
cating that, besides enhanced influx, the number of 
cellular binding sites was also increased in the sensitive 
cells. 

Temperature and concentration dependence of  
ET-18-OCH~-uptake. Figure 3 shows that uptake of 
ET-18-OCH3 is about linear with respect to extracellular 
concentration up to 20 ~g/ml. Only a slight saturation was 
visible above this concentration in MethA and rMethA. 

Figure 4 shows the temperature dependence of 
ET-18-OCH~ uptake. The decrease in absorption rate at 
low temperature is probably caused by a decrease in lipid 
fluidity. The Arrhenius plots for MethA and rMethA 
reveal differences in the activation energy, which is about 
three times increased in the sensitive cells between 3.22 X 
10 -3 K (37 C} and 3.24 • 10 -3 K (35 C) and below 3.29 • 
10 -3 K (31 C). At 0-4 C, both cell variants bound the same 
low amount of ET-18-OCH3, which came close to 20% 
with respect to MethA at 37 C. In this case, 80% of the 
cell-bound ET-18-OCH~ was extracted by albumin wash- 
ing and was therefore mostly located on the cell surface. 

This blocking of ET-18-OCH3 transport into the cell is 
in agreement with the blocking of LPC transport at 0 C 
(20}. Our results can be explained by two different uptake 
mechanisms in MethA and rMethA cells. In support of 
this, significant discontinuities in the Arrhenius plot are 
only seen with MethA cells at 3.24 • 10 -3 K (37 C) and 
3.22 • 10 -3 K (35 C). A different membrane protein-lipid 
interaction must have influenced ET-18-OCH3 uptake in 
these sensitive cells, and it could reflect a lipid-phase 
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FIG. 4. Arrhenius plots for the uptake of ET-18-OCH3 by normal 
and resistant MethA cells. 0.5 X 10 6 Cells/ml DMEM/10% FBS were 
incubated at the indicated temperature for 1 hr with 2 ~g/ml 
ET-18-OCH3. Uptake was determined as described in Materials and 
Methods. Mean of 3 experiments, SD ~< 5%. 

transition or a phase separation of membrane proteins 
involved in ALP transport. 

Inhibitor studies. When we incubated the cells with 10 -2 
M NaN3 plus 5 X 10 -2 M 2-deoxyglucose or with 10 -2 M 
NaF plus 10 -2 M NAN3, ET-18-OCH3 uptake was inhibited 
for less than 10% in MethA and rMethA. Similar effects 
were seen with macrophages and L929s fibroblasts. It has 
been demonstrated previously that the cellular ATP level 
drops rapidly after this treatment, and endocytosis is also 
blocked {22}. Therefore, the ET-18-OCH~ uptake in our 
studies did not occur via endocytosis, and it depended ap- 
parently not on cellular energy. 

Many nonsaturable transport processes are inhibited 
by DP, CB and papaverine (23}. ET-18-OCH3 uptake in- 
to sensitive MethA cells could also be inhibited by these 
compounds, but uptake into rMethA was hardly affected. 
Both cell variants had about the same uptake rates in the 
presence of 40 ~g/ml CB (Table 3). 

Figures 5A and 5B show the influence of CB concen- 
tration on the inhibition of ET-18-OCH~ uptake. In 3T3, 
MO, L929s and rMethA, maximal inhibition occurred at 
5-10 ~g/ml CB. In contrast, with Abels., P815, YAC, 
SV-40-3T3 and MethA, more than 40 ~g/ml CB was neces- 
sary to complete uptake inhibition (Fig. 5B). Figure 5C 
shows the inhibition of ET-18-OCH~ uptake by DP {this 
drug had a limited solubility of about 20 ~g/ml under our 
incubation conditions, pH 7.4}. DP was as effective as CB. 
Papaverine also acted as an inhibitor, but CE had hard- 
ly any effect (results not shown}. The inhibition of 
ET-18-OCH3 uptake by CB did not change at a molar ratio 
of ET-18-OCH~ to CB between 0.1 and 3.1. This indicates 
that uptake inhibition was not caused by the formation 
of an ET-18-OCH~-CB complex and that CB is no com- 
petitive inhibitor of ET-18-OCH3 uptake. Table 3 shows 
the amount of ET-18-OCH~ absorbed in the presence 
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FIG. 5. Inhibition of ET-18-OCH~-uptake by CB and DP. 106 Cells/ml 
DMEM/10% FBS were first incubated for 1 hr with the indicated 
concentration of the inhibitor. Then ET-18-OCH3 was added and up- 
take determined after another 2 in-, as described in Materials and 
Methods. A shows the more resistant cell lines, where inhibition was 
complete at about 10 pg/ml CB. B shows the sensitive cell lines, where 
maximal inhibition was not achieved even with 40 pg/ml CB. C shows 
the inhibition of ET-18-OCH3-uptake by dipyridamole. 

129 _+ 5 75 + 2 54 
158 + 3 77 ___ 1 >--81 
83 _+ 3 76 +- 2 7 

109 +- 1 94 +_ 8 15 
146_+ 9 53-+ 4 />93 
72 _+ 4 46__ 0.7 26 

116 _+ 4 23 _+ 0.7 >--93 
222 +_ 4 60 +- 2 >--162 

82 _+ 3 25 +_ 1 >/57 

106 Cells/ml DMEM/10% FBS were incubated for 2 hr in the presence 
or absence of 40 ~g/ml cytochalasin B (CB), which was added in a 
DMSO solution (final DMSO concentration in all samples 0.5%). Up- 
take of ET-18-OCH3 was determined as described in Materials and 
Methods. CB-specific ET-18-OCH3 uptake was calculated from the 
difference of both values if inhibition seemed complete at 5-10 ~g/ml 
CB (see also Figs. 5A and 5B). If maximal inhibition was not achieved 
at 40 ~g/ml CB, it is indicated that CB-specific uptake is even higher. 
Mean of three separate determinations __- SD. 

or  a b se nc e  of 40 ~g/ml  CB. F r o m  t h e s e  da t a ,  t h e  CB- 
d e p e n d e n t  ET-18-OCH3-up take  was  ca lcu la ted .  On ly  the  
CB-inhib i tab le  {-- CB-specific) u p t a k e  was  decreased  in the  
r e s i s t a n t  v a r i a n t  of M e t h A .  The  m o s t  s ens i t i ve  cell  l ines  
{Abels., M e t h A ,  P815 and  SV40-3T3) showed  the  h i g h e s t  
a c t i v i t i e s  of t h i s  C B - d e p e n d e n t  A L P  t r a n s p o r t  s y s t e m .  

Influence of DP on cytotoxicity of ET-18-OCH3. The  
lower  a c t i v i t y  of a CB-speci f ic  t r a n s p o r t  s y s t e m  was  a 
c h a r a c t e r i s t i c  of ET-18-OCH3 re s i s t ance .  T h u s  i t  shou ld  
be  p o s s i b l e  to  r ende r  cel ls  more  r e s i s t a n t  to  ET-18-OCH3 
b y  inh ib i t i on  of th i s  u p t a k e  p rocess .  

Th i s  was  d e m o n s t r a t e d  b y  a d d i t i o n  of 5 -10  ~g/ml  D P  
t o g e t h e r  wi th  ET-18-OCH3 to  the  cell cu l tures .  F i g u r e s  6 
a n d  7 show t h a t  D P  p r o t e c t e d  M e t h A  and  M O  in a 
c onc e n t r a t i on -de pe nde n t  manner .  Cell d e s t r u c t i o n  of M O  
w a s  r e t a r d e d  to  a g r e a t e r  ex t en t .  W e  h a d  a s s u r e d  
our se lves  t h a t  t he  n u m b e r  of l iv ing  cel ls  c o r r e l a t e d  to  3H- 
t h y m i d i n e  i n c o r p o r a t i o n  u n d e r  t hese  cond i t ions .  

DISCUSSION 

I t  was  shown  in t h i s  s t u d y  t h a t  v a r i o u s  cell  l ines  e x h i b i t  
a v e r y  d i f f e ren t  s e n s i t i v i t y  to  t h e  a n t i t u m o r a l  A L P  
ET-18-OCH3 in v i t ro .  A h i g h l y  d r u g - r e s i s t a n t  v a r i a n t  of  
a m e t h y l c h o l a n t h r e n - i n d u c e d  f i b r o s a r c o m a  cell  l ine 
(MethA)  was  i so la ted .  W e  used  t h e s e  cel ls  to  s t u d y  the  
m e c h a n i s m  of A L P  re s i s t ance .  In  a c c o rda nc e  w i th  Hoff-  
m a n  e t  al. {24), we found  t h a t  m e t a b o l i s m  of ET-18-OCH3 
w a s  negl ig ib le ,  b u t  ce l lu la r  d r u g  c o n c e n t r a t i o n  a f t e r  
e q u i l i b r i u m  b i n d i n g  was  3 - 4  t i m e s  d e c r e a s e d  in t he  re- 
s i s t a n t  cells.  Our  r e s u l t s  i nd i ca t e  t h a t  t h i s  was  c a u s e d  
b y  a lower  in f lux  t o g e t h e r  w i t h  a d e c r e a s e d  n u m b e r  of 
ce l lu lar  b i n d i n g  s i tes .  S ince  cell  m a s s  of  M e t h A  a n d  
r M e t h A  was  equal,  ET-18-OCH3 was  p r o b a b l y  no t  equa l ly  
d i s t r i b u t e d  ove r  the  cell  b u t  s t o r e d  in d i s t i n c t  ce l lu la r  
s t r u c t u r e s .  A n o t h e r  i n d i c a t i o n  for  a n o n h o m o g e n o u s  
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FIG. 6. Influence of DP on the ET-18-OCH~-mediated cytotoxic i ty  
for MethA cells. 5 X 10 s Cells/ml DMEM/10% FBS were incubated 
with the indicated concentration of ET-18-OCH3 for 72 hr. Since DP 
had to be added in an ethanol solution, all samples were adjusted 
to the final ethanol concentration of 0.05%. Before the determina- 
tion of 3H-thymidine incorporation, cells were washed twice. Mean 
of 2-3 independent experiments, done with triplicate cultures, SD ~< 
10%. o ,  Control; T, 5 ~g/ml D P ; . ,  10 ~g/ml DP. 
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FIG. 7. Influence of DP on the ET-18-OCH3-mediated cytotoxic i ty  
for bone marrow-derived macrophages. 2 X 106 Cellst5 ml 
DMEM/10% FBS were cultivated for 72 hr. DP was added in an 
ethanol solution {final ethanol concentration in all samples was 
0.05%}. The number of living cells was determined as described in 
Materials and Methods. Each point is the mean of two independent 
experiments done with triplicate cultures, SD ~< 15%. O, Control; 
V, 5 ~glml DP; [3, 10 ~g/ml DP. 

P.G. MUNDER 

distribution of ALP was recently described {24}. The re- 
sistant mutant cells also showed a substantially lower 
sensitivity to direct lysis by different lysophospholipids. 
These findings suggest that ALP-binding sites within the 
cell membrane could also be responsible for ALP-induced 
cell lysis. Moreover, the clustering or an increased number 
of ALP-binding sites could explain the selectivity of ALP- 
induced inhibition of membrane-bound enzymes in some 
tumor cells 16,25,26). Local accumulation of ALP within 
the cell membrane could also increase the permeability 
for ions like Ca (27) and thereby cause tumor growth in- 
hibition. Uptake of ET-18-OCH3 was not saturable within 
sublytic concentrations of the drug and, moreover, not 
influenced by inhibitors of ATP biosynthesis. Because of 
the cytolytic activities of the ALP (28}, however, it can- 
not be excluded that  uptake saturation would appear at 
higher concentrations. Our results with a previously 
published albumin extraction method (20) strongly sug- 
gest that ET-18-OCH3 permeated across the cell mem- 
brane. Interestingly, CB inhibited this translocation 
specifically. It has been suggested that CB and other 
membrane-active compounds like DP, papaverine and so 
on may interact with hydrophobic regions of integral 
membrane proteins (29}, because CB was not bound to 
membrane lipids (30) and had no influence on membrane 
lipid fluidity (31}. Integral membrane proteins can act as 
specific transport sites by disturbing the order of the lipid 
bilayer. The different activation energy of normal and CB- 
inhibitable ET-18-OCH3 uptake is probably a further in- 
dication for specialized membrane structures of ALP 
transport. CB could bind directly or in close proximity 
to ALP flip-sites and could sterically hinder the permea- 
tion of the drug. The lower sensitivity of several cell lines 
to the cytotoxicity of ET-18-OCH~ corresponded to the 
decrease in CB-specific ET-18-OCH3-uptake, but not to 
the overall ET-18-OCH3-uptake {compare Fig. 1 to 
Table 3). We propose the hypothesis that ALP is trans- 
ported across the lipid bilayer by a CB-specific integral 
membrane protein, which could also have an increased af- 
finity to ALP. In the ALP-sensitive tumor cell lines-- 
MethA, YAC, Abels. and P815--a higher concentration 
of CB was necessary to achieve maximal uptake inhibi- 
tion. This was also observed after virus transformation 
of 3T3 fibroblasts. Since equilibrium binding studies have 
shown that SV40-3T3 and 3T3 cells have the same 
number of CB-binding sites per cell (31), ALP transport 
sites were probably only dislocated from CB-binding sites 
in SV40-3T3. This could be true for the other transformed 
cell lines. 

The inhibition of ET-18-OCH3-uptake by DP or CB 
showed similar characteristics. We could demonstrate 
that a partial inactivation of the transport system by DP 
rendered the cell more resistant to ET-18-OCH~ cytotox- 
icity. Since DP is rather nontoxic, it could be used to pro- 
tect a cell against ET-18-OCH~, when damage is unfavor- 
able. Moreover, it could be of advantage that MO are ap- 
parently protected to a greater extent than tumor cells 
like MethA. Maybe this is the result of a more effective 
inhibition of ALP-uptake into MO by DP (Fig. 5C). It 
should be noted that macrophages are important for the 
antitumoral activity of ALP in vivo (5). 

A possible therapeutical value of the combined applica- 
tion of ALP and DP is now under study in experimental 
tumors in mice and rats. 
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Accumulation of anAIkyl Lysophospholipid in Tumor Cell Membranes 
Affects Membrane Fluidity and Tumor Cell Invasion' 
Wim J. van  Blitterswijka., Henk H i lkmanna  a n d  Guy  A. Stormeb 
aDivision of Cell Biology, The Netherlands Cancer Institute, Amsterdam, The Netherlands, and bOncologic Centre, Academic Hospital, 
Free University Brussels, Brussels, Belgium 

Tumor cel ls  grown in the presence  of  1-O-alkyl-2-O- 
methylglycero-3-phosphochol ine (AMG-PC) ac- 
cumulated this ether l ipid in their membranes .  De- 
pending on the cell  type and the dose  of  the com- 
pound,  up to 17% of  the total phosphol ip ids  of  the 
purified plasma membranes  consis ted of  authentic 
AMG-PC. Extensive  incorporat ion of  the agent re- 
suited in a decrease  in plasma membrane fluidity 
and inhibit ion of  tumor cell  invasiveness  in em- 
bryonic chick heart fragments.  The extent  of  AMG- 
PC incorporat ion and fluidity change was not 
strictly correlated with  the degree to which  tumor 
cell  invasion was inhibited.  
Lipids 22, 820-823 (1987). 

1-O-Alkyl-2-O-methylglycero-3-phosphocholine (AMG- 
PC) has been shown to inhibit specifically tumor cell 
growth and metastasis and is being tested as an anti- 
cancer drug in clinical trials (1). The mechanism of this 
drug's action is still unknown. In a previous report, we 
suggested a drug-induced alteration in membrane fluid- 
ity is possibly involved in the inhibition of tumor cell 
invasion in vitro (2). Here we have extended these inves- 
tigations to four tumor cell lines, each of which differs 
in the degree of sensitivity to AMG-PC with respect to 
inhibition of cell growth and invasion. Incorporation of 
the drug was quantitated in subcellular fractions (an 
effort not previously undertaken) and was compared with 
the changes observed in membrane fluidity in these frac- 
tions. These dose-dependent alterations in the composi- 
tion and structural order of membrane lipids were consid- 
ered in relation to the degree of inhibition of tumor cell 
invasion in vitro. 

MATERIALS AND METHODS 

Cells and drug. MO4 cells are virally transformed C3H 
Mouse-fibroblastic cells that  are invasive in vitro (2) 
and produce invasive and metastasizing fibrosarcomas 
in syngeneic mice (3). LLC-H61 is a highly metastatic 
subclone of the Lewis lung carcinoma cell line (4). The 
tumorigenic R1C cell line was established from baby 
rat kidney cells by transfection with a genomic frag- 
ment (map coordinates 0-16%) of the oncogenic 
adenovirus type 12 (5). Each of these adherently grow- 
ing cell lines was cultured in Dulbecco's modified 
Eagle's medium (Flow Labs Ltd., Irvine, United King- 
dom). HL-60 human promyeloid leukemia cells (6) were 
cultured in suspension in RPMI 1640 medium. The 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Division of Cell 
Biology, The Netherlands Cancer Institute (Antoni van 
Leeuwenhoek-Huis), 121 Plesmanlaan, 1066 CX Amsterdam, The 
Netherlands. 

media were supplemented with 10% fetal calf serum 
and antibiotics (penicillin, 100 IU/ml; streptomycin, 50 
~g/ml). The drug AMG-PC (racemic 1-O-octadecyl-2-O- 
methylglycero-3-phosphocholine; ET-18-OCH 3, pro- 
vided by W.E. Berdel, Technical University, Munich, 
Federal Republic of Germany) was dissolved in the cul- 
ture media and added to the cell cultures 48 hr before 
harvesting the cells for the experiments. 

Subcellular fractions. Cells were broken by pumping 
single-cell suspensions in Hanks' solution (Oxoid, Lon- 
don, United Kingdom) through an air-driven cell dis- 
ruptor (Stansted Fluid Power Limited, Stansted, Essex, 
United Kingdom; model AO612, Disrupting Valve 516), 
using an air pressure of 45 lb/in 2 and a cell density of 
5.10~ cells/ml (7). A crude nuclear fraction was obtained 
by centrifugation twice at 1000 x g for 10 min, with 
intermittent  washing. Plasma membranes were 
purified from (1.95-945).104 g.min pellets, utilizing a 
discontinuous sucrose gradient, as described in detail 
(8). The purity of the plasma membrane preparations 
was ascertained routinely by electron microscopy and 
by marker assays, as described (8). 

Lipid analysis. Lipids were extracted from the subcel- 
lular fractions with chloroform/methanol (2:1, v/v) fol- 
lowed by partition according to the method of Folch et 
al. (9). Phospholipids were separated by thin layer 
chromatography on precoated silica gel plates (E. 
Merck, Darmstadt, Federal Republic of Germany) using 
chloroform/methanol/0.5 M ammonia (50:65:9, v/v/v; 
two runs). AMG-PC and other phospholipids were quan- 
ti tated by phosphate analysis (10). 

In these experiments, we have also determined the 
amount of authentic AMG-PC accumulated in the two 
subcellular fractions (Table 2). The relative uptake of 
AMG-PC by the cells, as quantitated in these fractions, 
generally reflected the dose supplied in the culture 
medium. A high tool % of AMG-PC in the plasma mem- 
branes (MO4, exp. 1; LLC-H61, exp. 2) was associated 
with an increase in the PDPH value (Table 1). This was 
not the case in the nuclear fractions, a finding we do 
not clearly understand. This different effect of AMG-PC 
on the fluidity of plasma membranes and nuclei may 
relate to the different lipid composition of these two 
organelles, plasma membranes being typically en- 
riched in cholesterol and sphingomyelin (ordering 
lipids; ref. 12). Alternatively, AMG-PC may have a 
metabolic effect, acting differently on the lipid compos- 
ition (fluidity) of plasma and nuclear membranes. When 
expressed in mol % of the total phospholipids, the 
purified plasma membranes contained twice as much 
AMG-PC as the nuclei. When expressed as a ratio of 
AMG-PC to endogenous phosphatidylcholine, this fac- 
tor was 3 to 4. This relative enrichment of AMG-PC in 
the plasma membranes may be even higher, when one 
considers a possible contamination of the nuclear frac- 
tion with plasma membranes. 

In Table 3, the data are summarized and compared 
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TABLE 1 

Effec t  o f  A M G - P G  on  Membrane  Fluidi ty  o f  V a r i o u s  T u m o r  Cel l s  a n d  S u b c e l l u l a r  
Frac t ions ,  as  M e a s u r e d  b y  F l u o r e s c e n c e  P o l a r i z a t i o n  w i th  the  P r o b e  
Diphenylhexatriene (PDPH at 25 C) 

Fluorescence polarization (PDPH) 

AMG-PC Intact Crude Plasma membranes 
Cells Experiment (Ixg/ml) cells nuclei (purified) 

MO 4 1 - -  0.281 0.265 0.332 
5 0.268 0.263 0.338 

10 0.260 0.268 0.346 

2 - -  0.263 nd a 0.319 
10 0.254 nd 0.318 

HL-60 1 - -  0.248 0.220 0.291 
0.6 0.243 0.207 0.290 

2 - -  0.199 0.188 0.256 b 
0.75 0.188 0.179 0.250 b 

LLC-H61 1 - -  0.280 nd 0.302 
10 0.284 nd 0.300 

2 - -  0.257 0.246 0.293 
30 0.246 0.233 0.310 

R1C - -  0.211 0.211 0.280 
5 0.214 0.214 0.302 

and, Not determined. 
bMeasured in a crude membrane fraction (microsomes). 

TABLE 2 

I n c o r p o r a t i o n  of  AMG-PC in Tumor Cel ls  as  Qu an t i ta t ed  in Purif ied P l a s m a  
M e m b r a n e s  a n d  in C r u d e  Cel l  N u c l e i  

AMG-PC (mol% of total 
phospholipids) 

AMG-PC/phosphatidylcholine 
(molar ratio) 

Cells, grown with Plasma Plasma 
AMG-PG (~g/ml) membranes Nuclei membranes Nuclei 

MO4 fibrosarcoma 
5 ~g/ml 8.2 3.9 0.24 0.07 

10 pLg/ml (exp. 1) 14.6 6.4 0.51 0.13 
10 ~g/ml (exp. 2) 8.8 4.0 0.26 0.09 

HL-60 leukemia 
0.75 ~g/ml nd a nd 0.06 b 0.02 

LLC-H61 carcinoma 
30 ~g/ml 16.7 7.3 0.72 0.23 

and, Not determined. 
bMeasured in a crude membrane fraction (microsomes). 
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w i t h  t h e  i n h i b i t o r y  effect  of  t h e  i n c o r p o r a t e d  A M G - P C  
on t h e  i n v a s i v e n e s s  of  t h e  t u m o r  ce l l s  in  e m b r y o n i c  
ch ick  h e a r t  f r a g m e n t s ,  a s  shown  in  d e t a i l  be fo re  (2). 
T h e  v a l i d i t y  of  t h i s  i n v a s i o n  a s s a y  is  we l l  e s t a b l i s h e d  
(2,12,13); we p r e s e n t  t h e  r e s u l t s  h e r e  o n l y  in  a s i m p l i f i e d  
s e m i q u a n t i t a t i v e  n o t a t i o n  (Table  3). The  e x p e r i m e n t a l  
r e s u l t s  a l l ow us  to d r a w  t h e  fo l lowing  conc lus ions :  F i r s t ,  
a c c u m u l a t i o n  of  A M G - P C  in  t h e  c e l l u l a r  m e m b r a n e s  
u n d e r  c o n d i t i o n s  w h e r e  cel l  g r o w t h  was  on ly  m i n i m a l l y  

a f fec ted  g e n e r a l l y  l ed  to  i n h i b i t i o n  of  t u m o r  cel l  i n v a -  
s ion.  However ,  t h e  d e g r e e  of  i n h i b i t i o n  for  a g iven  ce l l  
t y p e  (MO4) was  n o t  s t r i c t l y  c o r r e l a t e d  w i t h  t h e  a m o u n t  
of  A M G - P C  i n c o r p o r a t e d .  For  LLC-H61  cel ls ,  t h e  l e a s t  
s e n s i t i v e  to t h e  cy to tox ic  a c t i o n  of  A M G - P C ,  even m a s -  
s ive  i n c o r p o r a t i o n  of  t h e  a g e n t  (a t  30 ~Lg/ml) s t i l l  a l -  
lowed a s m a l l  d e g r e e  of  i n v a s i o n .  C lea r ly ,  t h e  i n h i b i t o r y  
effect  of  A M G - P C  d e p e n d s  on t h e  ce l l  t ype .  Second ,  t h e  
e x t e n t  of  t h e  A M G - P C - i n d u c e d  a l t e r a t i o n s  in  f l u i d i t y  
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TABLE 3 

Summary of Data Relating Accumulation of AMG-PG from Culture Medium into Tumor Cellular 
Membranes with Alterations in Membrane Fluidity and Inhibition of Tumor Cell Invasiveness In 
Vitro 

BPDPH b 

AMG-PC Relative membrane 
(~g/ml) incorporation Plasma Crude Tumor cell 

Cells in medium AMG-PC a membranes nuclei invasiveness c 

MO4 5 (exp. 1) + + o/+ o +/+ + 
10 (exp. 1) + + + + o - 
10 (exp. 2) + + o nd - 

HL-60 0.75 + o - nd 
LLC-H61 10 nd o nd + 

30 + + + +  ++  - - /+ 
R1C 5 nd + + + o - 

aDeduced from Table 2. 
b /o /+ /+  +, decrease/unaltered/relative increases in fluorescence polarization; deduced from Table 1. 
cSemiquantitative analysis of invasion into chick heart tissue, graded according to Bracke et al. (14). -, No 
invasion (grades I and II); +, invasion less than 50% (grade II|), + +, invasion more than 50% (grade IV). 
For details see Materials and Methods. 

of  t he  p l a s m a  m e m b r a n e s  or in the  cell nuc lear  f ract ions 
was not corre la ted wi th  the  degree  of inhibi t ion of inva- 
sion of the  var ious  t u m o r  cells. 

Al though this  s tudy shows t h a t  no direct  causal  re- 
la t ionship  exists  among  the  am oun t  of AMG-PC ac- 
cumula t ed  in t umor  cell membranes ,  the  consequent  
a l t e ra t ions  in m e m b r a n e  fluidity and the  ex ten t  of in- 
h ibi t ion of t u m o r  cell invasiveness ,  these  m e m b r a n e  
s t ruc tu ra l  a l t e ra t ions  never the less  may  cont r ibute  to 
the  biological mechan i sms  of AMG-PC action, in which 
other  factors may  play a more  dominan t  role (16,17). 

Estimation of membrane fluidity. 1,6-Diphenyl-l ,3,5- 
hexa t r i ene  (DPH; Koch-Light  Labs,  Colnbrook, United 
Kingdom) was used as a f luorescent  probe for m e a s u r i n g  
t he  s teady-s ta te  fluorescence polar iza t ion  (PDPH, at  25 
C) wi th  Elscint  appara tus ,  model MV-1A (Elscint  Ltd., 
Haifa ,  Israel)  (8). PDPH values  m a i n l y  reflect the  orien- 
t a t iona l  cons t ra in t  of the  mot ions  of the  probe, and they 
are  quan t i t a t ive ly  re la ted  to order p a r a m e t e r s  in th e  
m e m b r a n e  lipids (11). High  PDPH values  represen t  h igh  
s t ruc tu ra l  order  or low m e m b r a n e  fluidity, and  vice 
versa.  The quan t i t a t i ve  contr ibut ions  of the  individual  
m e m b r a n e  lipid components  to the  PDPH value have 
been described in deta i l  (12). 

Invasion assay. The capaci ty  of  t u m o r  cells to invade 
no rma l  t i ssue  was assayed in confronta t ions  be tween 
tes t  cell aggrega tes  (d iamete r  0.2 mm)  and precul tured  
f r agmen t s  of 9-day-old embryonic  chick hea r t  (d iamete r  
0.4 mm)  on top of a semisolid a g a r  medium,  as described 
in deta i l  e lsewhere  (2,13). The  degree of cell in te rac t ion  
was classified as described previously  (14): grades  I and 
I I  (confronting cells found at  the  pe r iphery  of or inter-  
mixed wi th  the  outer  f ibroblastic layer  of  the  hea r t  frag- 
ment ,  respectively)  were combined to indicate  the  ab- 
sence of invasion (denoted as -) ;  grade  III ,  when  con- 
f ront ing cells replaced the  cardiac muscle  to less t h a n  
50% (denoted as +);  and grade  IV, when  confront ing 
cells replaced the  cardiac muscle  to more t h a n  50% 

(denoted  as + + ). Grades  I I I  and  IV mee t  the  cr i te r ia  
of invasion in vivo. 

RESULTS AND DISCUSSION 

Four types  of t umor  cells were grown in the  presence 
of the  agen t  AMG-PC. The doses added to the  cul ture  
media  were adap ted  to individual  cell l ines according 
to the  degree of cytotoxicity. For instance,  for HL-60 
cells the  d rug  was a l ready  qui te  toxic a t  1 ~g/ml,  
w h e r e a s  growth of LLC-H61 cells was not inhibi ted  in 
the  presence of a dose as h igh  as 30 ~g/ml. In all  cases, 
th e  highes t  concentra t ion  of AMG-PC used pe rmi t t ed  
cell growth to densi t ies  of a t  leas t  75% of those observed 
for controls.  Under  these  conditions, we have deter-  
mined  the  drug- induced a l t e ra t ions  in the  s t ruc tura l  
order  of m e m b r a n e  lipids (i.e., reciprocal  of m e m b r a n e  
fluidity; ref. 11) by s teady-s ta te  fluorescence polar iza-  
t ion us ing  the  probe DPH (Table 1). The m e a s u r e m e n t s  
were per formed in in tac t  cells, in purified p l a s m a  mem-  
b ranes  and in a crude nuc lear  fraction. No compar ison 
should be made  between the  absolute  PDPH values  of 
different  exper iments ,  because  it  is known t h a t  smal l  
differences in cul ture  conditions (e.g., cell density, 
serum,  t ime  af ter  subcul tur ing)  may  a l ready  affect the  
da ta  (reviewed in ref. 15). For ins tance,  a different  de- 
gree of t r iglycer ide accumula t ion  in cells may  lead to 
differences in PDPH values.  When compared  to the ap- 
p ropr ia te  controls wi th in  indiv idual  exper iments ,  the  
PDPH values  in the  in tac t  cells were in most ,  bu t  not  
all, cases decreased in a drug  dose -dependen t  fashion, 
in a g r e e m e n t  wi th  previous resu l t s  on MO4 cells (2). 
In the  l a t t e r  repor t  (2), th is  decrease in PDPH was ten-  
t a t ive ly  a t t r ibu ted  to the  ce l lu lar  m e m b r a n e s  r a t h e r  
t h a n  t r iglycer ide accumula t ion  in the  cytoplasm.  Sur- 
prisingly,  however, the  presen t  resul ts  (Table 1) de- 
mons t r a t e  t h a t  the  PDPH values  in the  purif ied p l a s m a  
m e m b r a n e s  were not  decreased,  but  r a t h e r  increased 
in some cases (R1C; MO4, exp. 1; LLC-H61, exp. 2), 
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especially at  the h igher  doses of AMG-PC. This was 
why we measured other  subcellular  fractions, notably 
a nuclear  one. Here we found a decrease in PDPH for 
two cell types, HL-60 and LLC-H61. We have confirmed 
tha t  this decrease indeed per ta ined to the s t ructural  
order of the lipids of this fraction; liposomes prepared 
from the extracted lipids of the nuclear  fractions showed 
a s imilar  difference in PDPH value (data not shown). 
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A Continuous Assay for O-Alkylglycerol Monooxygenase 
(E.C. 1.14.16.5) 
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The antitumor activity of alkyl lysophospholipids has 
raised some questions concerning the degradation of O- 
alkyl bonds in naturally occurring ether lipids. In this 
report, we describe the first continuous assay for O- 
alkylglycerol monooxygenase (AGMO), the only enzyme 
known to cleave the ~alkyl  bond in saturated ether lipids 
and ether phosphollpids. AGMO activity was monitored 
at 340 nm by coupling the NADH redox reaction to the 
tetrahydropteridine cofactor of the rat fiver microsomal 
enzyme. Turnover rates as low as 0.6 nmol/min could be 
measured. Using radiolabeled substrates, the products 
were identified with a TLC-Linear-Analyzer. The only in- 
terference with this assay can arise from other reducing 
agents, e.g. dithiothreitol. The assay was used to develop 
protocols for the solubillzation of AGMO from membrane 
preparations in the presence of detergents. 
Lipids 22, 824-830 (1987}. 

The ant i tumor act ivi ty of alkyl lysophospholipids {ALP} 
has been ascribed to their ability to st imulate macrc~ 
phages (1) and to their cytotoxicity (2-4}. One of the possi- 
ble explanations for the cytotoxici ty  is tha t  the tumor  
cells cannot  degrade and therefore they accumulate (5) 
these lytic compounds because they lack a key enzyme 
(6}. I t  is likely tha t  the enzyme(s) cleaving O-alkyl bonds 
are not present in these cells {6,7}. The only enzyme known 
to cleave the O-alkyl bond in ether  lipids and ether 
phospholipids is O-alkylglycerol monooxygenase {AGMO, 
E.C. 1.14.16.5}. This t e t r ahyd rop te r id ine  (PtH4}- 
dependent  enzyme first was described in ra t  liver 
microsomes (8) and in tumor  cells AGMO activi ty could 
not  be detected or was present  only at low levels (7). To 
facilitate more detailed investigations on the role of 
AGMO, we have developed a continuous spectroscopic 
assay. 

MATERIALS AND METHODS 

Enzymes and coenzymes. Dihydropteridine reductase 
(E.C. 1.6.99.7), DL-6-methyl-5,6,7,8-tetrahydropterine 
{MPtH4) and DL-6,7-dimethyl-5,6,7,8-tetrahydropterine 
(DMPtH4) were purchased from Sigma, Munich; N A D H  
was purchased from Boehringer Mannheim, FRG. 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Dept. 140, Max- 
Planck-Institut f. biophysikal. Chemie, Postfach 2841, Am Fassberg 
11, D-3400 G6ttingen, Federal Republic of Germany. 
Abbreviations: AGMO, O-alkylglycerol monooxygenase; ALP, alkyl 
lysophospholipids; BSA, bovine serum albumine; DTT, dithiothreitol; 
1-[3H]H-G, 1-(~[3H]hexadecylglycerol; 3H-sn-G-1PC, 3-O-hexadecyl- 
sn-glycero-l-phosphocholine; 1H-sn-G-3PC, 1-O-hexadecyl-sn-glycero- 
3-phosphocholine; PtH4, D,L-5,6,7,8-tetrahydropterine; DMPtH4, 
D,L-6,7-dimethyl-PtH4; MPtH4, D,L-6-methyl-PtH~; PtH2, 
dihydropteridine, qo, quinoid isomer or 7,8-isomere, see Fig. 4; 
DMPtH2, MPtH2, 6,7-dimethyl- or 6-methyl-derivate, respectively, 
of PtH2; TLC, thin layer chromatography. 

Substrates. 1-O-[15',16'-3H]Hexadecyl-rac-glycerol (27 
gCi/~mol, 1-[3H]H-G), 3-O-hexadecyl-sn-glycero-l-phos- 
phocholine (3H-sn-G-1 PC) and 1-O-hexadecyl-sn-glycero- 
3-phosphocholine (1H-sn-G-3PC) were synthesized in our 
laboratory according to Eibl {9-11}. Radiolabeled lyso- 
platelet-activating factor (1-O-[3H]octadecylglycero-3 - 
phosphocholine) was purchased from Amersham Buchler, 
Braunschweig, FRG. The t r i t ia ted substra tes  were 
dissolved in 0.1 M Tris/HC1 buffer {pH 8.8) at  a concen- 
tration of 10 mM. 1-[3H]H-G was solubilized with 7 mg/ml 
tetradecylphosphocholine, which also was synthesized in 
our laboratory. The concentration of 3H-sn-G-1PC or 1H- 
sn-G-3PC was 10 mM in buffer. 

Detergents. All detergents  were purchased in the 
highest available quali ty from Serva, Heidelberg, FRG. 

Microsomal AGMO preparation. Male rats  {Wistar 
strain} with a body weight of 200-300 g were anesthesized 
with ether, decapitated, and the liver was removed. After 
washing with 0.9% NaC1 (w/v} solution, the liver {about 
7 g per animal} was cut into small pieces and homogenized 
with three strokes in an Elvehjem-Potter  homogenizer 
with a teflon piston (400 rpm). For each gram of tissue, 
1 ml of 0.25 M sucrose in 0.05 M Tris/HC1 buffer (pH 7.6) 
was used. All procedures were carried out  at 4 C. 
Microsomes were prepared by a two-s tep  centr ifugation 
using the method of Yawetz et al. {12}. The microsomal 
pellet was resuspended in a 0.05 M Tris/HC1 buffer {pH 
8.8) tha t  contained 20% glycerol (w/v) at  a protein con- 
centrat ion of about  20 mg/ml. 

Protein was determined according to the method of 
Peterson (13) with BSA as standard. 

AGMO assay: spectrophotometric. A typical assay 
system consisted of the following compounds, which were 
incubated in the sample and reference cuvet tes  in a 
temperature-control led  (37 C) cell-holder of a double- 
beam spectrophotometer  {Hitachi 150/20): 50 gl AGMO 
preparat ion {about 1 mg protein}, 20 tA N A D H  solution 
(10 gmol/ml), 2.5 ~g dihydropteridine reductase (5 gl} and 
500 nmol alkyl lysophospholipid or 50-500 nmol 
alkylglycerol. Tris/HC1 buffer (0.1 M, pH 8.8) was used 
to make up 1 ml. Sample and reference cuvettes then were 
adjusted at 340 nm, and optical stability was checked for 
30 sec. The reaction was initiated by addition of 10 
MPtH4 (0.2 gmol] in the sample cuvette.  The decrease in 
absorbance at 340 nm was followed for 1 min (bAR). The 
control reaction was set up with an identical incubation 
mixture except lacking substrate in both cuvettes. A con- 
trol without  subst ra te  in both cuvet tes  is necessary to 
detect  the amount  of the NADH/NAD§ reactions 
(Fig. 1, step 2) and eliminate the contribution of the autox- 
idation of MPtH4 (step 3). The change in absorbance 
within one min after  addition of MPtH4 is tAc. AGMO 
activi ty was calculated from the difference, AA = tAR - 
AAc, using an absorbance coefficient E3~o = 6.22 mM-lcm -1. 

A GMO assay: radiolabeled substrates. The products of 
the spectroscopic AGMO assay with 50-100 nmol 
1-[3H]H-G (1.35 - 2.7 ~Ci per incubation} were identified 
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FIG. 1. Reactions in the coupled AGMO assay. The AGMO-catalyzed cleavage of the O-alkyl bend is shown 
with an alkylglycerol and oxygen as substrates and 6-methyl tetrahydropterlne (MPtH4) as cofactor (5). The 
cofac tor  is conve r t ed  to  a quinoid 6-methyl-dihydropterine (q-MPtH2), which can  t a u t o m e r i z e  in a s ide reac- 
t ion to t h e  7,8-isomer (1). The quinoid tautomere is regenerated to  M P t H 4  by reductase and using N A D H / H  § 
as  cofac tor  (4). The  r e su l t i ng  decrease  of N A D H  is con t inuous ly  fol lowed a t  340 nm.  Side reactions and  au tox-  
ida t iou  of  N A D H  and  M P t H 4  are  s u m m a r i z e d  u n d e r  (2) and  (3). 

by using radiolabeled substrates. The enzyme reaction 
was stopped by adding 100 ~1 undiluted formic acid to 
both photometer cuvettes after the 1 rain incubation. The 
solutions were freeze-dried in small tubes (1.5 ml), and 
the residue from each tube was extracted with 200 ~l 
CHC13. Aliquots were separated on Kieselgel 60 TLC 
plates (Merck Darmstadt, FRG) and developed in hex- 
ane/diethylether/acetic acid (60:40:1). The radioactive 
products were localized and quantified on the plates with 
a Berthold TLC linear analyzer (Wildbad FRG; 14). Quali- 
tative identification was performed by comparing the Rf 
values with reference substances on the same TLC plate. 

R E S U L T S  

The principle of the assay is shown in Figure 1. The 
cleavage of the O-alkyl bond by the enzyme (step 5) is 
coupled with the oxidation of its cofactor, 6-methyl- 
5,6,7,8-tetrahydropterine (MPtH4). We found that  it is 
possible to use the regeneration of MPtH4 by oxidation 
of NADH (step 4) for a continuous spectrophotometric 
enzyme assay. The coupled AGMO assay system de- 
scribed here involves several reaction steps, which we 
have examined in detail. The effect of the assay condi- 
tions on these reactions is described below. The data given 
in the tables and figures are means of three to 10 mea- 
surements with a standard deviation of _+5%. 

Characterization of the products and comparison with 
other assay systems. Cleavage of the O-alkyl bond in ether 
phospholipids by AGMO can be demonstrated directly 
under the conditions used for spectrophotometric assay. 
As shown in Figure 2, the rate of appearance of the 
various radiolabeled products of oxidation of the 
substrate 1-[3H]H-G was identified and quantified by 
TLC. With the mobile phase used, reaction products (hex- 
adecanol Rf = 0.24, hexadecanoic acid Rf = 0.35, hexa- 
decanal Ri -- 0.63) were well separated from the substrate 

10 n mol 

0 004 0.2/. 035 0.63 '" 
FIG. 2. Identification of products after AGMO action (1 min) with 
increasing concentrations of 1-[ll',12'-3H]hexadecylglycerol as 
substrate. The products were analyzed with a linear analyzer oll TLC 
plates and identified by their Rf values. The substrate (R r --- 0.04) 
was incubated with I mg protein of a microsomal AGMO. The prod- 
ucts identified after one min were hexadecanol (Rf = 0.24), palmitic 
acid (Rf = 0.35) and hexadecanal (R r = 0.63). 

(Ri = 0.04). The appearance of products generated with 
time also was analyzed. After 0.5 min, hexadecanal was 
the main product, while hexadecanoic acid was present 
at the same amount with small traces of hexadecanol after 
one rain (data not shown). 
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FIG. 3. True enzymatic activity within a standard deviation of 5% {curve A) is recorded 
only when in addition to the amount of  aldehyde, generated as quantified by TLC (curve 
B) fatty acid and fatty alcohol are added. Curve A is measured with the spectrophotometric 
assay. Curve C represents the generated amounts of fatty  aldehyde and fatty  acid; curve 
D depicts the summarized amounts of fatty  aldehyde, acid and fatty alcohol as calculated. 
As  A G M O  preparation, 1 mg of microsomal protein was  used with 1-[11', 12'-3H]hex - 
adecylglycerol as substrate. Incubation time for the spectrophotometric and for the 
radiolabeled assay was one min. 

The radioactive products formed at various 1-[3H]H-G 
concentrations during the one min incubation period are 
shown in Figure 2. Without the coenzyme, only the 
substrate is present in the incubation mixture. With in- 
creasing amounts of substrate, palmitic acid is the main 
product; hexadecanal (R~ = 0.63} is an intermediate that  
is spontaneously oxidized to hexadecanoic acid. Under the 
assay conditions, the aldehyde also can be reduced to 
hexadecanol by NADH. 

Evaluation of each single product formed from 1-[3H]H - 
G as substrate and comparison with the spectrophoto- 
metric assay are shown in Figure 3. Curve A shows the 
activity measured by absorbance change. In curve B, the 
amount of generated fat ty aldehyde is shown. However, 
true AGMO activity data can be performed through prod- 
uct analysis. This was accomplished by adding the 

amounts of generated acid (calculated addition to the alde- 
hyde: curve C), generated alcohol and aldehyde (curve D). 

In order to compare the present continuous AGMO 
assay with the phosphate assay (15) and the assay con- 
ditions used by Soodsma et al. (16), microsomal enzymic 
activity was measured in parallel. With 1-O-[3H]octadecyl - 
G-3PC as substrate, the following AGMO activities 
(nmol]mg min) were obtained: 7.4 +_ 0.4 (this publication); 
7.04 (16) and 7.1 (15). Regardless of the detection method, 
the AGMO activities of a microsomal enzyme prepara- 
tion are the same within expected tolerance. 

Choice of the cofactor. The PtH4 cofactor is oxidized 
to PtH2, and PtH4 rapidly is regenerated by reductase 
using NADH/H § as cofactor (Fig. 1, step 4). The PtH4 
cofactor is very sensitive to autoxidation (Fig. 1, step 3); 
the product (PtH~) occurs in two isomeric forms, quinioid- 
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FIG. 4. UV-vis spectra of D,L-~methyl-5,6,7,&tetra-hydropterine (MPtH4} (A}, of quinoide 
D,L-6-methyl-dihydropterine ~B) and of 7,8-D,L-methyl~lihydropterine {C}. The spectra 
were recorded with a Hewlett-Packard 8451A diode array spectrophotometer. A total 
volume of 1 ml 0.1 M Tris/HCl buffer (pH 8.8) contained 0.2 ~aol  MPtH4 tA}. Curve B 
was recorded immediately after addition of 10 ~g peroxidase {E.C. 1.11.1.7, Boehringer 
Mannheim, FRG} and 0.2/~mol H202. Spectrum C was recorded after 10 rain. 

TABLE 1 

Relationship between AGMO a Activity and Tetrahydropteridine Structure 
Measured with the Spectrophotometric (A} and Radiolabeled (B) Assay 

Specific activity {nmol/mg rain} 

Assay: A B 

Substrate Coenzyme: MPtH4 DMPtH, MPtH4 DMPtH4 

3-O-Hexadecyl-sn-glycero-l-PC 4.9 1.3 -- -- 
1-0-[11',12'-3H]Hexadecylglycerol 13.5 3.1 12.9 12.9 

aA microsomal AGMO preparation was used, and 1 mg protein was incubated for each 
test. Substrate concentration was 0.5 mM for 3-O-hexadecyl-sn-glycero-l-PC and 50 txM 
for 1-O-[11',12'-3H]hexadecylglycerol. 

(q-) and 7,8-PtH2. At  340 nm, the absorbance spectra of 
q-MPtH~ and 7,8-MPtH2 show an isobestic point {Fig. 4). 
Due to the higher instabili ty of DMPtH4, comparable 
spectra of this cofactor were not  recorded. 

To s tudy the influence of structural  variations in tetra- 
hydropteridines on their cofactor properties in the con- 
t inuous assay, MPtH4 and DMPtH4 were used in both 
the photometr ic  and the radiolabeled test. 3H-sn-G-1PC 
and 1-[3H]H-G served as substrates.  The results sum- 
marized in Table 1 show there is no difference in AGMO 
activi ty with both  of these cofactors in the radiolabeled 
assay. With the spectrophotometric test, the true enzymic 
act ivi ty is measured only when MPtH4 is used as cofac- 
tor  bu t  not  with DMPtH4. 

Effect of reducing agents and dihydropteridine reduc- 
tase. Reducing agents, such as dithiothreitol  (DTT}, 
interfere with the spectrophotometr ic  assay because of 

their  competi t ion with the NADH-dependen t  reduction 
of q-MPtH2 {Fig. 1, step 4). For example, addition of 
1 mM DTT decreases the kinetically measurable AGMO 
activity to 58%, while there is no change in the detectable 
substra te  turnover  using the radiolabeled assay. 

Presence of the dihydropteridine reductase (E.C. 
1.6.99.7) has no significant effect on AGMO act ivi ty 
measured with the kinetic or radiolabeled assay because 
q-MPtH~ is reduced spontaneously by NADH. We 
routinely add dihydropteridine reductase, al though it is 
not  necessary for these experiments.  

Effect of detergents. To show the effect of detergents  
towards AGMO activity, ra t  liver microsomes were in- 
cubated with various concentrat ions of detergents  as 
described in Table 2. AGMO is hardly affected by deter- 
gents  such as digitonin and is inact ivated by about  50% 
by Tri ton X-100 {Table 2). Centrifugation of the 
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FIG. 5. Relationship between substrate cleavage and protein concentration of the A G M O  
preparation for a microsomal (A) and a digitonin-solubilized sample (B}. As  substrate, 
3-O-hexadecyl-sn-glycero-l.phosphocholine (0.5 mM) was used. AGMO activity was  
estimated with the new continuous assay and values were calculated from the initial rate 
of one min incubations. 

TABLE 2 

Effect  of Different Detergents  on AGMO Act iv i ty  

AGMO activity (%) 
Conc. 

Detergent (%, w/v)  Incubation Supernatant 

None -- 100 3 

Octylglucoside 0.8 54 10 

Triton X-100 0.08 50 4 
0.16 46 17 

Digitonin 0.50 100 0 
1.5 98 76 

Nacholate 0.3 66 0 

Nadesoxycholate 0.05 63 7 

Rat liver microsomes (AGMO activity 7.4 nmol]mg rain -- 100%, 
substrate: 3H-sn-G1PC) were incubated with the given detergent con- 
centrations in 0.05 M Tris/HC1 buffer (pH 8.8} on ice for 15 rain. 
AGMO activity was measured again; the mixture then was centri- 
fuged for one hr at 200,000 X g in a Beckman ultracentrifuge. AGMO 
activity was estimated in the supernatant as described in Materials 
and Methods. 

n mol 

10- 
.> 

0 

5- 

-} 

substrate concentration 
FIG. 6. Relationship between AGMO activity and 3-O-hexadecyl- 
sn-glycer~l-phosphocholine concentration. A microsomal AGMO 
preparation (1 mg} was  used in the spectrophotometric assay; en- 
zymic act ivity  was calculated from the initial rate of one rain 
incubations. 

detergent/microsome mixture at 200,000 X g showed that  
solubilization of the enzyme is about 76% for digitonin 
(1.5%, w/v) and only about 17% for Triton X-100. Details 
of purification of AGMO will be described elsewhere. The 
detergent  tetradecylphosphocholine,  used for lipid 
solubilization, was tested for its influence on AGMO ac- 
tivity. Specific turnover rates with 3H-sn-G-1PC as sub- 
s t rate  were not changed by the addition of tetradecyl- 
phosphocholine up to a concentration of 10 mg/ml in the 
incubation mixture. 

Linearity with protein concentration. The initial rate 
of cleavage of the alkyl bond is linear with protein con- 
centration {Fig. 5) for the microsomal AGMO preparation 

(curve A). Higher (>1 mg]ml) concentration of microsomal 
preparations could not be measured because of l ight-  
scat ter ing effects. With AGMO solubilized in digitonin 
(1.5%, w/v), the linearity of the act ivi ty could be shown 
in the range of 0.75 mg to 3 mg protein. The lowest 
amount  of AGMO activity tha t  could be detected was 
0.6 nmol/min, corresponding to 34 pg protein of rat  liver 
microsomes in 1 ml. 

Dependence on the substrate concentration and the 
substrate specificity of A GMO. Dependence of the reac- 
tion rate on the substrate  concentration is shown in 
Figure 6. The initial rate of AGMO activity shows satura- 
tion at a concentration of 0.5 mM 3H-sn-G-1PC. The 
curved shape and the saturation concentration agree with 
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TABLE 3 

Substrate Specificity of AGMO a Determined 
with the Spectrophotometric Assay 

Substrate 
Specific activity 
(nmol/mg rain) 

3-O-Hexadecyl-sn-glycero-l-PC 
1-O-Hexadecyl-sn-glycero-3-PC 
1-O-[3H]Octadecylglycero-3-PC 
1-O-[11',12'-~H]Hexadecylglycerol 

4.9 
4.1 
3.2 
9.4 

aA microsomal AGMO preparation was used; 1 mg protein was in- 
cubated for each test. Substrate concentraton was 0.5 mM for alkyl 
lysophospholipids and 50 ~M for 1-0-[1 l',12'-3H]hexadecylglycerol. 

results  of earlier studies {15,17). The saturat ion concen- 
t ra t ion for alkylglycerols is between 0.05 and 0.5 mM, 
depending on chain length. 

The specific act ivi ty of AGMO for several subst ra te  
analogs is summarized in Table 3. 3H-sn-G-1PC {100%) 
is a slightly be t te r  substra te  than the natural ly  con- 
figurated 1H-sn-G-3PC {83%). Also, hexadecyl ether lipids 
are be t te r  subst ra tes  than  octadecyl ethers. In general, 
long chain alkylglycerols are bet ter  substrates than ALP 
{Table 3, see also ref. 18). 

DISCUSSION 

The present  assay offers some obvious advantages over 
those proposed earlier {15,16,19,20). The specific activ- 
i ty in the microsomal fraction and the dependence on the 
substrate concentration are in accord witi~ those observed 
by others. The advantages of the new AGMO assay 
developed here are: 

�9 I t  is fast, simple and sensitive. 
�9 The assay is continuous, and initial rates can be 

measured by using reasonably small samples of the en- 
zyme and the substrate. 

�9 There are no structural restrictions for substrate 
specificity studies like a radiolabel or phosphate group 
in the molecule. 

�9 No substrate/product separations are necessary. 
�9 The high sensitivity of the assay enables, after a few 

preparation steps, detection of AGMO in different cell 
and tissue samples. 

The variability of products formed during enzymatic 
hydrolysis observed by other authors (8,16,17,21,2 2) could 
be due to autoxidation of the primary product. The 
cleavage products in the presence of nucleotides has been 
established before {16). In accordance, our TLC analysis 
shows that fatty alcohol, aldehyde and acid were formed. 
Under the incubation conditions of the spectroscopic 
assay, NADH is a strong reducing agent for PtH2. 
Therefore, PtH2 produced during O-alkyl cleavage im- 
mediately generates NAD +, which may spontaneously ox- 
idize the aldehyde to acid. The suggestion of Pfleger et 
al. {21) that fatty aldehyde is an intermediate product 
whose fate in the incubation medium is dependent on 
other agents present is valid. 

As shown in Table 1, it is more advantageous to use 
MPtH4 than DMPtH4 as a cofactor for AGMO in the 

continuous assay. This is because the rate  of isomeriza- 
tion {Fig. 1, step 1) of DMPtH2 is sensitive to the buffer- 
ing ions {23), and the tautomerizat ion of q-DMPtH2 is 
twice as fast  as tha t  of q-MPtH~ {23). In addition, q- 
MPtH2 is reduced quant i ta t ively  by N A D H  to MPtH4, 
while q-MPtH~ is reduced only 25% to DMPtH4 {Table 1). 
This explains the observation of Tietz et al. {8) t ha t  
MPtH4 has significantly bet ter  cofactor properties than  
DMPtH4 in the presence of reduced nucleotides. Van der 
Heiden and Brink {24) raised some objections against the 
use of N A D H  detection at 340 nm in the presence of 
M P t H ,  because they observed a shift of the absorbance 
maximum of N A D H  to a longer wavelength. Also, they 
described tha t  the nonenzymatic  oxidation of NADH 
with q-MPtH2 is not linear with time. Under the AGMO 
assay conditions described here {using the initial phase 
of the enzymic reaction), these difficulties were resolved 
and measurement  of the initial ra te  of the enzyme reac- 
tion was possible. 

The present  assay was employed to monitor the 
purification of AGMO. As shown in Table 2, the use of 
digitonin to solubilize AGMO from microsomal mem- 
branes is more effective than Tri ton X-100, as described 
by Ishibashi and Imai (22). When comparing specific ac- 
t iv i ty  with 1-[3H]H-G as substrate,  one must  consider 
tha t  activities used by the authors  are given for an in- 
cubation t ime of 30 min. Compared to specific act ivi ty 
of 0.54 nmol/mg min (normalized from the 30 min t ime 
points} as reported by  these authors,  our solubilized 
microsomal AGMO preparations have an average specific 
activity of 10.8 nmol]mg min. We will report  the purifica- 
tion of the enzyme in detail elsewhere. 
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Substrate Specificity of O-Alkylglycerol Monooxygenase  
(E.C. 1.14.16.5), Solubilized from Rat Liver Microsomes 1 
J o c h e m  K6tting*,% C l e m e n s  Ungerb e n d  Hansj6rg  Eibla 
aMax-Planck-lnsfitut f~ir biophysikai. Chemie Am Fassberg, D-34OO Goe#ingen, Federal Republic of Germany, and bZentrum Innere 
Medizin, Abt. Haematologie/Onkologie, Robert-Koch-Str. 40, D-34OO Goettingen, Federal Republic of Germany 

Synthetic alkyl lysophospholipids (ALP) show antineo- 
plastic activity. In the present discussion, the cytotox- 
icity of ALP is attributed to their accumulation in tumor 
cells. Some neoplastic cell species, in contrast to normal 
cells, cannot metabolize ALP because of a lack of O- 
alkylglycerol monooxygenase (AGMO) activity. To 
understand the metabolic fate of ether lipids and ether- 
linked phospholipids, AGMO substrate specificity studies 
were undertaken. Thirty-five different natural and syn- 
thetic ether lipids and their metabolites (including a 
thioether) were tested as substrates for AGMO. The 
study revealed that the potent cytostatic substance, 1-O- 
octadecyl-2-O-methyl-rac-glycerc~3-phosphocholine is not 
a substrate for AGMO. Therefore, its selective toxicity 
to tumor cells cannot be based on the differences in direct 
detoxification of 1-O-octadecyl-2-O-methyl-rac-glycerc~3- 
phosphocholine by AGMO in normal and malignant cells. 
However, 1-O-octadeyl-2-O-methyl-rac-glycerol, which can 
be formed by phospholipase C hydrolysis, is a good 
substrate for AGMO. 
Lipids 22, 831-835 (1987). 

The ant i tumor  act ivi ty of synthet ic  alkyl lysophospho- 
lipids and lysophospholipid analogs (ALP) has been 
ascribed to a direct cytotoxic  effect (1-4). This direct ef- 
fect and the cause of ALP selectivity against tumor cens 
still is not  clearly unders tood (5,6). As originally shown 
by Snyder  and Wood (7,8), various tumors  of animal and 
human origin have high levels of ether  lipids. I t  has been 
proposed tha t  this enrichment of ether lipids in some 
tumor  cell species is due to the lack of ether lipid- 
degrading enzyme activi ty (9). Such an enzyme is alkyl- 
glycerol monooxygenase (AGMO), which originally was 
discovered in rat  liver microsomes (10). Indeed, it has been 
shown tha t  many tumor  tissues are low in AGMO levels 
(11). Therefore, ALP could accumulate in tumor  cells, 
leading to disturbance of lipid metabolism (12). AGMO 

is the only known enzyme to cleave the O-alkylbond in 
sa tura ted  ether  lipids according to the reaction scheme 
below (10), using te t rahydropter idine (PtH4) derivatives 
as a cofactor. F a t t y  aldehyde and glycerol or glycero- 
phosphocholine are the primary cleavage products in this 
reaction (Fig. 1). 

Although several investigations on AGMO have been 
carried out in the past  (3,10,13-17), there still is lacking 
clear-cut information on the substra te  specificity of an 
enriched AGMO preparat ion from rat  liver. To obtain 
more information on the metabolism of natural  (e.g. PAF) 
and synthetic ALP, we have undertaken a detailed s tudy 
of the general s t ructural  requirements of AGMO sub- 
strates.  For  this, we developed a new assay for AGMO 
tha t  uses the NADH/NAD § redox reaction to measure 
continuously the decrease of the te t rahydropter idine 
cofactor. A detailed report  on this assay is published in 
this issue (18). With this continuous assay, we were able 
to measure the substra te  properties of a large var ie ty  of 
ether lipids tha t  were synthesized in our laboratory 
without the need for a radioactive label or for a phosphate 
group in the molecule; these are prerequisites for the use 
of other assay methods for AGMO activity (14,17). In ad- 
dition, the kinetic analysis of O-alkyl cleavage reaction 
is performed easily with this spectrophotometr ic  assay. 
AGMO substrate  specificity was measured with a micro- 
somal enzyme preparat ion and the digitonin-solubilized 
enzyme from ra t  liver {18). 

EXPERIMENTAL 

Ether lipids. All lipids were synthesized in our laboratory 
according to Eibl (19-21). The substrates  were dissolved 
in 0.1 M Tris/HC1 buffer (pH 8.8) in the concentrat ions 
given in the tables. Compounds tha t  were difficult to 
dissolve in buffer were solubilized with 1-1auroyl-pro- 
panediol-l,3-PC (7 mg/ml) or tetradecyl-PC (7 mg/ml) 

H 2 C - O -  CH2-R PtH4 PtH2 , 
HO-C-H +02 - 

I 

H2C - 0 - X AGM0 

( X : P C , H )  

FIG. 1. 

H2C - OH 
I 

HO-  C -  H + RCHO § H20 
I 

H2C- 0 - X 

[Presented at the symposium on "Ether Lipids in Oncology," 
GSttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 
Abbreviations: AGMO, O-alkylglycerol monooxygenase; ALP, 

alkyl lysophospholipid; PAF, platelet-activating factor; PC, phos- 
phocholine; PtH4, D,L-6-methyl-5,6,7,8-tetrahydropterine, PtH~, 
D,L-6-methyl-dihydropterine, TLC thin layer chromatography. 
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containing buffer. Lysoplasmalogens were isolated ac- 
cording to the procedures of Warner  and Lands (22) and 
Pugh et al. (23) from bovine heart; they were purified by 
silica gel chromatography and characterized by TLC. 

Other chemicals. All other  chemicals purchased were 
the highest  available quali ty and used without fur ther  
purification. 

Preparation of O-alkylglycerol monooxygenase. Rat 
liver microsome preparation and solubilization of AGMO 
with the use of digitonin has been described before {18}. 

Enzymatic assay. Turnover  rates  and specific AGMO 
activities were est imated with the coupled spectrophoto- 
metric assay at 37 C in 0.1 M Tris/HC1 buffer (pH 8.8) 
with the cofactor D,L-6-methyl-5,6,7,8-tetrahydropterine 
(0.5 mM) as described elsewhere (18}. In each assay, 
0.8 mg protein of a microsomal AGMO preparat ion or 
1.5 mg protein of a digitonin (1.5%, w/v) solubilized 
AGMO sample was added to the reaction mixtures in a 
total volume of 1 ml. By variation, optimal substrate con- 
centrations were est imated for each compound and given 
in the tables. Absorbance change was read on a Hitachi 
150-20 double-beam spectrophotometer  for two rain, and 
AGMO activi ty was calculated from the initial rate. 

Protein estimation. Protein concentrat ion was deter- 
mined according to the method of Peterson (24) with 
bovine serum albumin as standard. 

RESULTS 

The specificity of AGMO for various substrates  was 
measured with membrane-bound as well as with digitonin- 
solubilized AGMO enzymes. Specific AGMO activi ty 
with 3-O-hexadecyl-sn-glycero-l-PC was 4.9 nmol/mg/min 
for microsomes and 6.6 nmol/mg/min for the digitonin ex- 
tract,  and the values were defined as 100% activity. This 
compound was chosen as a s tandard because it is easily 
water-soluble, forming micelles without  addition of 
detergents.  Also, it was the best  ether phospholipid 
substra te  for AGMO. The data  given in the Tables 1-4 
are means of three to 10 measurements  with a s tandard 
deviation ___5%. 

The substra te  behavior of 1-O-alkylglycerols with the 
digitonin-solubilized enzyme is summarized in Table 1. 
In view of their substrate properties, O-atkylglycerols can 
be divided into three groups: first, the monomeric solu- 
ble short  chain alkylglycerols {propyl- and pentyl- 
residues}, which are not  cleaved by AGMO; and second, 
the ether compounds with a C6 to C9 alkyl residue. These 
hexyl- to nonyl-O-glycerols are substrates for AGMO with 
activities depending on their maximal nonaggregated con- 
centrations. The third group, the long chain O-alkyl- 
glycerols (C14 to Cls}, are very  good substrates;  the hexa- 
decyl residue is the optimal chain length {192%}. The large 
differences in the optimal substra te  concentrat ions for 
AGMO activi ty resulted from the different critical 
micellar concentrat ions of each compound (short-chain 
and long-chain alkyl ethers}. 

Lauroylpropanediol-l,3-PC and tetradecyl-PC, used as 
detergents  for lipid solubilization, were tes ted for their 
influence on AGMO activity. Specific turnover  rates  of 
3-O-hexadecyl-sn-glycero-3-PC were not  changed by ad- 
dition of these lipids to an incubation mixture  of up to 
10 mg/ml of each compound. 

TABLE 1 

O-Alkylglycerol Monooxygenase IAGMO) Activity Solubilized 
by Digitonin from Rat Liver Microsomes with Mono-O-alkylglycerols 
and 1-S-Octadecylglycerol as Substrates 

AGMO activity 
Substrate Conc. c 
(-rac-glycerol) ( m M )  (nmol/min/mg} (%)d 

1-O-propyl- 0.5-90 0 0 
1-O-pentyl- 1-90 0 0 

1-O-hexyl- 50 6.2 94 
1-O-heptyl- 15 3.6 54 
1-O-octyl- 10 3.6 55 
1-O-nonyl- 1 0.4 5.3 

1-O-dodecyl -a 2 3.5 53 
1-O-tetradecyl -a 1 5.1 78 
1-O-hexadecyl -b 0.5 12.7 192 
1-O-octadecyl -b 0.5 7.4 112 

1-S-octadecyl -b 1 5.5 83 

1-O-octyl- 
D-mannitol 0.5-10 0.3 4 

aSubstrate was solubilized with 1-1auroyl-propanediol-l,3-PC 
(7 mg/mlL 
bSubstrate was solubilized with tetradecyl-PC (7 mg/ml). 
cOptimal substrate concentration for the highest AGMO activity 
is given. 
d3-O-Hexadeeyl.sn-glycero-3-phoscholine is set to 100%. 

Thioethers, for instance, 1-S-octadecylglycerol, also are 
cleaved by AGMO. The rate is lower than for the cor- 
responding ethers. 

Invest igat ions on the influence of the monomeric 
solubility of the ether glycerides on their substrate  prop- 
erties towards AGMO were conducted using ether lipids 
with D-mannitol instead of glycerol. For instance, 1-O- 
octyl-D-mannitol is easily water-soluble,  and this vari- 
ance in the s t ructure  of the polyhydroxy backbone leads 
to a dramatic loss of AGMO activity (only 4%) compared 
to tha t  of the 1-O-octylglycerol. 

The substrate properties of di-O-alkylglycerols are sum- 
marized in Table 2. 1-O-Hexadecyl-3-O-methyl-rac-glycerol 
is the best  AGMO substra te  tested. However, with in- 
creasing length of the second alkyl chain, AGMO activ- 
i ty  diminishes. As compared to the standard,  the rate of 
hydrolysis for 1-O-hexadecyl-3-O-octyl-rac-glycerol is only 
17%, whereas 1-O-tetradecyl-2-O-octadecyl-rac-glycerol 
does not  serve as a substra te  at all. 

To tes t  whether the high turnover  rates  of the short  
chain 1-O-hexadecyl-3-O-alkyl-rac-glycerols are due to an 
additive cleavage of the second ether  bond, we synthe- 
sized different O-alkyl-palmitoyl-glycerols with alkyl 
chains from C2 to Cs. None of these compounds, for in- 
stance 1-palmitoyl-3-O-allyl-rac-glycerol, is an AGMO 
substrate,  indicating that  alkyl residues shorter  than Cs 
are not  cleaved by AGMO. Therefore, it is tempt ing to 
speculate tha t  there is no additive cleavage of the second 
O-alkyl bond in short-chain 1-O-hexadecyl-3-O-alkyl-rac- 
glycerols. 

The presence of an ester bond at the glycerol vicinal 
to the ether bond is a negative factor for AGMO activity, 
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TABLE2 

O-Alkylglycerol Monooxygenase (AGMO) Activity Solubilized 
by Digitonin from Rat Liver Microsomes with Di-O-alkylglycerols, 
Acylalkylglycerols and Derivatives as Substrates 

AGMO activity 
Substrate Conc. c 
(rac-glycerol) ( m M )  (nmol/min/mg) (%)d 

1-O-hexadec~l- 
3-O-methyl- 0.5 15 
1-O-allyl- 
3-O-hexadecyl-b 0.5 14.1 

1-O-hexadecyl- 
3-O-pentyI -b 0.5 7.3 

1-O-hexadecyl- 
3-O-octyl -b 0.5 1.1 

1 -palmitoyl- 
3-O-allyl b 0.1-10 0 

1-O-hexadecyl- 
2-acetyl -a 1 5 
1-O-allyl- 
2-O-octadecyl -a 1 6 

1-O-tetradecyl- 
2-O-octadecyl -a 0.1-10 0 

1-O-octadecyl- 
2-O-methyl -a 1 6.6 

aSubstrate was solubilized with 1-1auroyl-propanediol-l,3-PC 
(7 mg/ml). 
bSubstrate was solubilized with tetradecyl-PC (7 mg/ml). 
cOptimal substrate concentration for the highest AGMO activity 
is given. 
d3-O-Hexadecyl-sn-glycer(~3-phosphocholine is set to 100%. 

as shown with 1-O-hexadecyl-2-acetyl-rac-glycerol. In 
comparison to 1-O-allyl-2-O-octadecyl-glycerol 191%) or 
1-O-octadecyl-2-O-methyl-glycerol (100%}, this compound 
is still a sufficient substra te  for AGMO (75%). 

The distance between alkyl chains on the glycerol 
molecule (1,2 vs 1,3, e.g. 1-O-allyl-3-O-hexadecyl-rac- 
glycerol 214%, compared with 1-O-allyl-2-O-octadecyl-rac- 
glycerol 91%) significantly influences AGMO activity. 
1-O-Allyl-2-O-octadecylglycerol still is a good substra te  
(91%} even when one considers tha t  in general, cleavage 
of a C,8 residue occurs 1.7 times slower than the cleavage 
of a C1~ chain (1-O-hexadecylglycerol compared to 1-O- 
octadedcylglycerol in Table 1). 

Some of the ether phospholipids whose propert ies as 
AGMO substrates were investigated are listed in Table 3. 
Comparison of the activities of AGMO on 1-O-hexadecyl- 
sn-glycero-3-PC and 3-O-hexadecyl-sn-glycero-l-PC re- 
vealed tha t  the s t ructure  with PC in the sn-1 position is 
a slightly bet ter  substrate.  This is surprising, since 
natural ly occurring phospholipids normally have the op- 
posite configuration. AGMO again cleaves the octadecyl 
chain at lower rates than  the hexadecyl chain, for in- 
stance, with activities of 65% for 1-O-octadecyl-sn- 
glycero-3-PC vs 83% for 1-O-hexadecyl-sn-glycero-3-PC. 
Absence of the hydroxygroup in the ALP (1-O-hexadecyl- 
propanediol-l,3-PC, 86%) does not  change the subst ra te  
behavior significantly. In contrast ,  the close vicinity of 

TABLE3 

O-Alkylglycerol Monooxygenase (AGMO) Activity 
SoluhiUzed by Digitonin from Rat Liver Microsomes 
with Alkyl-(lyso-)phospholipids as Substrates 

AGMO activity 
Substrate Conc. a 
(phosphocholine) (mM) (nmol]min/mg) (%) 

228 1-O-hexadecyl- 
sn-glycero-3- 0.5 5.5 83 

214 3-(~hexadecyl- 
sn-glycero-1- 0.5 6.6 100 

110 1-O-octadecyl- 
sn-glycero-3- 0.5 4.3 65 

17 1-O-hexadecyl- 
propanediol (1,3)- 0.5 5.7 86 

0 1 -O-hexadecyl- 
propanediol(1,2)- 0.5 3.6 54 

75 1-O-hexadecyl- 
2-acetyl-sn- 

91 glycero-3- 1 1.5 22 

l-O-octadecyl- 
0 2-O-methyl-rac- 

glycer~ O. l -  2 0 0 

I -O-hexadecyl- 
lO0 sn-glycero-phospho- 

N,N,N-trimethyl- 
hexanolamin 0.5 3.7 56 

aOptimal substrate concentration for the highest AGMO activity 
is given. 

PC to the alkyl ether bond (1-O-hexadecyl-propanediol- 
1,2-PC, 54%) has a negative influence on the substra te  
property.  

Although the biologically impor tant  compound PAF 
(1-O-hexadecyl-2-acetyl-sn-glycero-3-PC) is a poor AGMO 
substrate,  it still can be degraded. However, 1-O-octa- 
decyl-2-O-methyl-rac-glycero-3-PC cannot. 

Structural  variat ions in the PC residue of ALP influ- 
ence AGMO activity markedly: it decreases from 83% for 
1-O-hexadecyl-sn-glycero-3-PC to 56% for 1-O-hexadecyl- 
s n-glycero-3-phospho-N,N,N-trimethylhexanolamine. 

Unsa tura ted  alkyl ether groups behave in different 
ways as substra tes  for AGMO, depending on the posi- 
t ion of the double bond in the alkyl chain as shown in 
Table 4. Subst i tut ion of octadecyl by octadecen-(9,10)-yl 
has no significant effect on AGMO activity, as can be 
seen from the comparison of 1-O-oleyl-rac-glycerol and 
1.O-oleyl-2-O-methyl-rac-glycerol (Table 4) with the octa- 
decyl compounds 1-O-octadecyl.rac-glycerol (Table 1) and 
1-O-octadecyl-2-O-methyl-rac-glycerol (Table 2), respec- 
tively. However,  lysoplasmalogen, with unsatura t ion in 
the aft-position, is not a substrate for AGMO. This is con- 
sistent  with the proposed mechanism of the cleavage of 
the O-alkylbond via a hemiacetal by Tietz et al. (10). 
However,  a slight shift of the double bond to the ~- 
position will result  in subst ra te  properties.  1-O-(cis)-2'- 
hexadecenylglycerol has a ra te  of 124%, which is lower 
than the 192% tha t  is determined for 1-O-hexadecyl- 
glycerol. A hemiacetal cannot  be formed when the double 
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TABLE 4 

O-Alkylglycerol Monooxygenase IAGMO} Activity Solubilized 
by Digitonin from Rat Liver Microsomes with Substrates 
Containing Unsaturated Alkyl Chains 

AGMO activity 
Conc, c 

Substrate (mM) {nmol/min/mg) (%)d 

1-O-oleyl- 
rac-glycerol a 1 7.7 116 

1-O-oleyl- 
2-O-methyl-rac- 
glycerol a 1 6.6 100 
1-O-oleyl- 
2-acetyl-rac. 
glycerol a 1 8.8 134 

lysoplasmalogen 2-200 0 0 

1-O-(cis)-2'- 
hexadecenyl- 
glycerolb 0.5 8.2 124 

aSubstrate was solubilized with 1-1auroyl-propanediol-l,3-PC 
(7 mg/ml). 
bSubstrate was solubilized with tetradecyl-PC (7 mg/ml). 
cOptimal substrate concentration for the highest AGMO activity 
is given. 
d3-O-Hexadecyl-sn-glycerc~3-phosphocholine is set to 100%. 

bond is in a,fl position to the O-alkylbond. Therefore, the 
metabolism of the O-alkylbond in plasmalogens by plas- 
malogenases and the cleavage of the saturated ether bond 
are two totally separate pathways. 

DISCUSSION 

Since phosphollpids form aggregates in aqueous solutions 
(2), the enzymatic activities of lipid-metabolizing enzymes 
could be related to the lipid superstructures and surface 
properties (25,26). A study of AGMO activity toward 
short- and middle-chain alkyl glycerols showed that 
these compounds are substrates only in a very small 
range of concentration. So, it is not surprising that e.g. 
1-O-octylglycerol was not described as a substrate for 
AGMO in a previous study (10). As is shown in detail 
elsewhere (27), AGMO is a membrane-bound enzyme. 
This fact makes the development of model kinetics of the 
substrate behavior difficult, and normal kinetic analyses 
are not valid (28). However, microsomal fractions show 
the same AGMO specificity as solubilized and enriched 
enzyme samples do (data not shown). In addition, with 
1-O-hexadecyl-rac-glycero-3-PC and 1-O-hexadecyl- 
glycerol as substrates, the saturation of substrate con- 
centration are in accord with data from other investiga- 
tions (15,17). 

The poor solubility of the long-chain O-alkylglycerols 
(C~2 to C,8) in water raises several difficulties in the 
assay system, such as low substrate concentration and 

turbidity. Several methods for overcoming these prob- 
lems have been used by others (10,13-16,29-31) based on 
using alcohols to dissolve the substrates. As one can 
observe in a cuvette, addition of an alcoholic solution or 
of substrate to the aqueous assay system immediately 
leads to precipitation of the substrate. A powerful help 
is using the phospholipid analogs such as 1-1auroyl- 
propanediol-l,3-PC and tetradecyl-PC as detergents, 
resulting in a clear solution of the substrates. Within the 
concentration range used, these compounds had no effect 
on AGMO activity. Using these detergents is an addi- 
tional reason why our microsomal AGMO activities with 
substrates like 1-O-hexadecylglycerol are higher than 
those reported by others (10,14-161. 

While PAF shows only poor substrate property (22%, 
Table 3), the lyso-compound 1-O-hexadecyl-sn-glycero-3- 
PC (Lyso-PAF) is a good substrate (83%, Table 3). Lyso- 
PAF is generated by acetyl hydrolase (E.C. 3.1.1.48) (32) 
removing the acetyl residue from the sn-2 position. This 
is the biological-important pathway in PAF metabolism. 
In addition, phospholipase C (E.C. 3.1.4.3) acts on PAF 
with very high turnover rates (33). The product, 1-O- 
hexadecyl-2-acetyl-glycerol, is an intermediate in PAF 
biosynthesis (34) and also is a good substrate for AGMO 
(75%, Table 2). Therefore, in contrast to Lee et al. 131) 
and in accord with Hoffman et al. (35), the hydrolysis of 
sn-2 position is not a necessary condition for the action 
of AGMO. In addition, the initial rate of cleavage was 
linear with time. This does not indicate any substrate con- 
version other than alkyl cleavage activity. 

Starting from 1-O-octadecyl-2-O-methyl-rac-glycero-3- 
PC, described as a potent cytotoxic agent (1), an analog 
cascade of enzymatic reactions can be constructed. With 
two different assay systems (17,18,27), it is now shown 
in disagreement to earlier discussion (3,5} that 1-O- 
octadecyl-2-O-methyl-rac-glycero-3-PC is not a substrate 
for AGMO (Table 3). However, after removing PC 
through phospholipase C or a phosphocholine transferase 
(6), 1-O-octadecyl-2-O-methylglycerol could be generated. 
This compound is, like Lyso-PAF, an excellent substrate 
(100%, Table 2) for AGMO. To what extent ALP(-analogs) 
antitumor drugs can be generated selectively through 
competition of metabolizing enzymes is under study in 
our laboratory. Therefore, the simple explanation for the 
toxicity and selectivity of 1-O-octadecyl-2-O-methyl-rac- 
glycero-3-PC, based on the difference of AGMO content 
in normal and malignant cells, is not correct. This also 
was shown in other studies (35,36) comparing AGMO ac- 
tivity levels in different cell types with the sensitivity of 
these cells to an ALP treatment. 

To recapitulate, general conclusions seem to emerge 
about the substrate specificity from the studies reported 
in this paper. The position of the ether bond to be cleaved 
in the glycerol backbone is not important. One steric 
unhindered position in the glycerol (-derivative) must be 
present. The substrate requires an aliphatic chain longer 
than C6. In di-O-alkylglycerols, only one chain should be 
longer than C~. In mixed acylalkylglycerols, the alkyl 
chain to be cleaved must be longer than the acyl residue. 
The alkyl chain may contain double bonds but not in a,fl 
position relative to the ether bond. The rate of the O-alkyl 
cleavage is dependent on structural variations in the polar 
region of ether lysophospholipids. Thioether lipids are 
also cleaved by AGMO. 
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Differential Effects of Ether Lipids on the Activity 
of Interleukin-1 and Interleukin-2' 
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and Secretion 

Alkyl lysophospholipids (ALP) are synthetic analogues 
of lysophosphatidylcholine and represent a new genera- 
tion of antitumor drugs currently being tested in phase- 
I trials in patients with cancer. The present study reports 
the differential modulation of human immunocompetent 
cells in vitro by ALP. Serum-bound ALP effectively 
blocked the response of growth factor-dependent cells to 
interleukin-2 {IL-2), inhibited the cellular production and 
release of IL-2 and suppressed the comitogenic effect of 
interleukin-1 {IL-1) on mouse thymocytes. In contrast, 
ALP-primed, monocyte-derived macrophages (MO) lost 
their ability to release IL-1 in response to stimuli like 
lipopolysaccharides (LPS} during terminal maturation 
from monocytes. Supernatants from ALP-primed, LPS- 
induced MO possessed costimulatory as well as direct 
mitogenic activity. Neither ALP alone nor ALP-condi- 
tioned MO supernatants stimulated mouse thymocytes. 
Priming of MO by ET-18-OH, an ALP molecule not 
substituted in the sn-2 position, occurred at concentra- 
tions 4- to 1Gfold higher than the most active compounds 
ET-18-OCH3 and the thioether analogue BM 41.440. ALP 
also primed MO for subsequent activation of tumor 
cytotoxicity by LPS and interferon-gamma. 

IL-1 has multiple biological activities in common with 
ALP, and it may mediate antitumor activity and other 
ALP effects in vivo. The ability of ALP to induce dif- 
ferential immunomodulation, as demonstrated in this 
study, may make ALP worthy of study for the therapy 
of both autoimmune and neoplastic disease. 
Lipids 22, 836-841 (1987). 

Synthetic alkyl analogues of natural 2-1ysophosphatidyl- 
choline (LPC) are a new class of antitumor agents cur- 
rently being tested in phase-I trials in patients with 
tumors (1). In animal models, demonstration of a tumor- 
therapeutic activity requires both a low tumor burden and 
long-term application of rather small doses. In addition, 
ALP are anticarcinogenic (2) and protect from radiation 
damage (3}. Despite well-documented in vivo effects, their 
underlying mechanisms of action are still unclear. Activa- 
tion of macrophages to cytotoxicity (4), induction of cell 
differentiation {5), inhibition of tumor cell invasion (6) and 
a direct destructive effect on cells selective for neoplastic 
cells (1-9) have all been proposed. We previously reported 
on the interference of alkyl lysophospholipids (ALP) with 
normal lymphocyte transformation (10), and we now pres- 
ent data proving a differential effect of ALP on the pro- 
duction and biological activity of interleukin-1 (IL-1) and 
interleukin-2 (IL-2). The current study demonstrates that 

'Presented at the symposium on "Ether Lipids in Oncology," 
Gottingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Medizinische 
Klinik I der Universitat Freiburg i. Breisgau, Hugstetter Str. 55, 
D-7800 Freibrug, FRG. 
Abbreviations: ALP, alkyl lysophospholipids; IL-1 and IL-2, 
interleukin-1 and -2; MO, macrophages; MNC, mononuclear cells; 
TMO, mature macrophages; LPS, lipopolysaccharides; PHA, 
phytohemagglutinin. 

ALP-primed human monocyte-derived macrophages (MO) 
respond to subsequent stimuli with the release of large 
quantities of IL-l-like activity. ALP simultaneously in- 
hibit lymphocyte production of IL-2 and lymphocyte 
responses to both IL-1 and IL-2. 

MATERIALS AND METHODS 

Lysophospholipids. Natural 2-LPC was purchased from 
Sigma Chemical Co. {St. Louis, MO) and rac-l-octadecyl-2- 
methoxy-sn-glycero-3-phosphocholine (ET-18-OCH3) from 
Medmark Chemicals (Grtinwald b. Mtinchen, FRG). 
Rac- l-octadecyI-sn-glycerc~ 3-phosphocholine (ET-18-OH) 
was provided by H. U. Weltzien (Max Planck Institut, 
Freiburg, FRG); rac-l-mercapto-hexadecyl-2-methoxy- 
methyl-sn-glycero-3-phosphocholine (BM 41.440t was a 
gift from W. Pahlke {C. F. Boehringer Mannheim GmbH, 
Mannheim, FRG). 

Cells. Peripheral blood leukocytes were separated from 
bully coat preparations of healthy blood donors by 
density gradient centrifugation on Ficoll-Hypaque. 
Monocytes were isolated from other mononuclear cells 
(MNC) by adherence to plastic petri dishes (60 min at 5 X 
106 MNC per ml RPMI1640 supplemented with 5 X 
10 -s M 2-mercaptoethanol, antibiotics and 15% fetal calf 
serum [FCS]), cultured overnight in RPMI1640 plus 10% 
human AB-group serum and recovered by vigorous pipet- 
ting at 4 C. Monocytes were greater than 90% pure as 
estimated by cytochemistry and antigen analysis (11). 
They were cultured in suspension at 3 • 10S/ml 
RPMI1640 plus 10% AB-serum on hydrophobic Teflon 
foils for various time periods (12) and subjected to fur- 
ther experimentation at their sequential stages of dif- 
ferentiation. MO phenotype was determined to judge the 
stage of maturation {11), which was completed after 10 
days in culture, after which the cells were terined mature 
monocyte-derived MO {TMO). 

MLA144 cells (a T-cell line of gibbon origin, ref. 13) were 
provided by H. Rabin (National Cancer Institute, 
Frederick, MD), maintained in RPMI1640 plus 10% FCS 
and subcultured every 3-4 days. 

Activation of monocyte MO and production of super- 
natants. Monocyte MO were cultured at 5 X 104 per 
0.2 ml RPMI1640 plus 30% FCS for 24 hr with and 
without ALP. The medium was then replaced with fresh 
RPMI1640 plus 30% FCS, the cells were incubated for 
30 min, and 10 ~g/ml lipopolysaccharides (LPS, Salmo- 
nella abortus equi M6; donated by Dr. Galanos, Max 
Planck Institut, Freiburg, FRG) was added in RPMI1640 
plus 10% FCS. Supernatants were collected after 24 hr, 
centrifuged at 200 g for 10 min and stored at 4 C. 

Thymocyte proliferation assay (IL-1). Thymocytes 
prepared from 3- to 4-week-old C3H/HeJ mice {Bonholt- 
gard, 868 Ry, Denmark) were cultured in triplicate at 5 • 
106 cells/ml RPMI1640 plus 10% FCS with and without 
1:200 diluted phytohemagglutinin (PHA) (Gibco, Grand 
Island, NY) in a final volume of 0.2 ml in flat-bottomed 
96-well microplates containing 1:4 dilutions of test 
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supernatants. The cultures were incubated for three days 
before they were pulsed for 6 hr with 0.2 t~Ci ~H-thymidine 
(sp act 28 Ci/mmol; Amersham and Buchler, Braun- 
schweig, FRG) and subsequently harvested. IL-1 activ- 
ity is expressed as counts/min (cpm). In some ex- 
periments, thymocytes were cultured with ALP alone or 
with and without ALP in the presence of recombinant 
human interleukin-l-alpha (Hoffman-LaRoche, Nutley, 
NJ) at a 1:7,500 dilution. 

Bioassay for interleukin-2. IL-2-dependent mouse cells 
(HT-2, gift from Dr. Larrick, Cetus Co., Emeryville, FL) 
were passaged three times a week in an IL-2-containing 
medium conditioned for 48 hr by human blood MNC 
stimulated with 1:50 diluted PHA, 2 ~g/ml concanavalin 
A and irradiated allogeneic lymphoblastoid cells in a ratio 
of 1:1. HT-2 cells were taken for the IL-2 assay after two 
days of last passaging, washed twice in serum-free 
medium and cultured with the 1:2 diluted test super- 
natants for 24 hr before the 6-hr ~H-thymidine incorpora- 
tion was measured. 

Tumor-cytostasis assay (14). Monocyte-derived TMO 
were seeded at 5 • 104/0.2 ml RPMI1640 plus 30% FCS 
and cultured for 24 hr with or without 16 t~g/ml 
ET-18-OCH~. MO were then incubated twice with fresh 
complete medium for 30 min each time and subsequently 
cultured with serum-free RPMI1640 (containing 0.1 mg/ 
ml lactalbuminhydrolysate, 0.2 mg/ml fetuin and 0.15 U/ 
ml swine insulin) in the presence of LPS or recombinant 
human interferon-gamma (rIFNg, Biogen, Geneva, Swit- 
zerland) for 24 hr. MO monolayers were then rinsed twice 
with warm serum-free medium before 104 U937 cells (K. 
Nielsson, Uppsala, Sweden) were added. After coincuba- 
tion of MO and targets for another 48 hr, the cultures 
were pipetted to bring target cells into suspension, 0.1 ml 
aliquots were transferred to a new microplate and 3H- 
thymidine uptake was measured with a 6-hr pulse. Ac- 
tivation indices were calculated by dividing cpm values 
of target cells after coincubation with control MO vs cpm 
values of target cells after coculture with activated MO. 

RESULTS 

Based on our earlier findings that ALP interfere with nor- 
mal lymphocyte transformation and inhibit growth of ac- 
tivated lymphoblasts (10), we started an investigation 
into the immunomodulatory effects of ALP in vitro by 
looking at the response of IL-2-dependent cells in the 
presence of ALP. As shown in Figure 1A, ET-18-OCH3 
inhibited IL-2 response of HT-2 cells at concentrations 
above 2 ~g/ml, whereas lower doses had a minor, 
reproducible stimulatory effect. The production of IL-2 
was also inhibited within a similar dose range of 
ET-18-OCH3 (Fig. 1B). Both effects were seen only with 
those analogues of 2-LPC that are modified in sn-1 and 
sn-2, whereas the ether analogue ET-18-OH had no effect. 
In the presence of ALP, the response of normal lympho- 
blasts to IL-2-containing supernatants is suppressed 
similarly, as is the release of IL-2 (data not shown). 

Peripheral blood monocytes respond to activation by 
LPS with the release of the lymphocyte-activating fac- 
tor termed IL-1 (15}. We measured IL-1 in MO superna- 
tant by its ability to act on C3H/HeJ mouse thymocytes 
either directly or in the presence of the mitogen PHA. If 
monocytes  were first incubated for 24 hr with 

A B 

o\O 

100 

~50 
7 

0 p~.us 10% IL-2 
It-2 % 

100 '  

.~so- 

1 5 8 
~ g / m t  ET18-OCH 3 

% 

-100 

1 
ETIB-OH 
8,.Q/ml 

-50 

FIG. 1. Inhibition of (A) response to and (B) activity of interleukin-2 
(IL-2) by alkyl lysophospholipids (ALP). HT-2 cells were cultured 
with IL-2 standard preparations in the presence of ET-18-OCH3. 
After 24 hr, the 6-hr thymidine uptake was measured; results are 
expressed as percentage of control cultures without ET-18-OCH3 
(part A). In part B, MLA144 cells were cultured with ET-18-OCH3 
or ET-18-OH for 24 hr; fresh medium was added and supernatant 
collected after another 24-hr culture period. IL-2 activity was 
assessed therein as described above and is expressed as percentage 
of control supernatants from cells cultured without ALP, mean of 
triplicate values, S.D. less than 15%. 
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FIG. 2. Inhibition of the comitogenic (interleuldn-l-like) and genera- 
tion of a mitogenic activity in lipopolysaecharides stimulated blood 
monocytes after preculture with alkyl lysophospholipids {ALP). 
Blood monocytes were separated by adherence, cultured overnight 
and incubated with ALP for 24 hr. Then the medium was changed, 
cells were rinsed twice and 10 t~g/ml LPS was added for another 24 
hr before supernatants were collected and tested for their ability 
to be directly stimulatory to mouse thymocytes or indirectly in the 
presence of PHA. Results are given as counts/rain, mean of triplicate 
values. 

ET-18-OCH3, they responded to subsequent LPS stimula- 
tion with the release of decreasing amounts of costimula- 
tory activity (Fig. 2). However, a dose-dependent increase 
of a direct mitogenic activity was found in LPS- 
stimulated, ALP-preincubated monocyte supernatant. 

When blood monocytes are cultured on hydrophobic 
Teflon foils in the presence of human AB-group serum, 
they differentiate into mature MO-type cells (for details, 
see refs. 11 and 12). During this in vitro maturation, they 
rapidly lose their ability to respond to LPS stimulation 
with IL-I release (Fig. 3), as has been shown by others 
using different culture systems (16). However, if these 
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FIG. 3. Release of interleukin-1 (IL-1) activity by human monocytes/ 
macrophages at different s tages  of in vitro maturation. Monocytes  
as well  as monocyte-derived macrophages obtained after various 
days in culture were cultured with 10 ~g/ml lipopolysaccharides for 
24 hr. Thereafter, supernatants were tested for II~ l - l ike  activity 
on mouse thymocytes .  Data are mean of triplicates from three 
separate experiments. 
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FIG. 5. Effect of alkyl lysophospholipids (ALP) and ALP~conditioned 
macrophage (MO) supernatants on mouse thymocytes  and the com- 
itogenicity of interleukin-1 (IL-1). Mouse thymocytes  were cultured 
with suboptimal P H A  concentrations with ALP and ALP-condi- 
tioned MO supernatants, respectively, either alone or in the presence 
of recombinant human IL-l-alpha at a dilution of 1:7,500 for 3 days 
before thymidine uptake was measured. Data are expressed as cpm, 
mean of triplicate values, S.D. less than 15%. 
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FIG. 4. Generation of interleukin-1 (IL-1)-like activity in l ipopolysao 
charide (LPS~stimulated monocyte-derived macrophages (MO) after 
induction with alkyl lysophospholipids. Teflon culture-derived 
mature MO were incubated with various concentrations of 
ET-18-OCH3 for 24 hr and rinsed twice with fresh medium before 
10 ~g/ml lipopolysaccharides were added. After another 24~hr culture 
period, supernatants were collected and tested. For further details, 
see legend to Fig. 2. 

monocyte-derived TMO were first cultured with ALP for 
24 hr, they retain their ability to mount an effective 
response to LPS stimulation and secreted high amounts 
of IL-l-like material in relation to the ALP concentra- 
tions used {Fig. 4). Again, the MO supernatant trans- 
formed thymocytes directly but also effectively poten- 
tiated the mitogenicity of suboptimal PHA concentra- 
tions. This dose-dependent "priming" activity of ALP on 
TMO is still seen at concentrations in the near-toxic 
range: only about 50% of the MO exclude trypan blue 
after a 24-hr culture with 64 ~g/ml ALP {data not shown}. 

TMO cultured with ALP alone without a subsequent 
second stimulus did not release any IL-like material. In 
addition, ALP itself had no stimulatory effect in the com- 
itogenic assay. In contrast, ALP effectively blocked the 
thymocyte response to recombinant IL-l-alpha IFig. 5). 

Other ether analogues of 2-LPC also preactivated TMO 
when modified in both the sn-1 and sn-2 positions {like 
the thioether analogue BM 41.440, Fig. 6A). However, 
ET-18-OH is as effective in priming MO as the most ac- 
tive analogue ET-18-OCH3, although requiring a 4- to 
16-fold higher concentration (Fig. 6B). 

TMO maintained their state of primed activity for 
about 24 hr after removal of the ALP. In Figure 7, results 
of a typical experiment are shown where TMO were 
cultured for 24 hr with or without 16 ~g/ml ET-18-OCH3, 
and at various times after removal of the ALP were 
recultured in serum-free medium stimulated with LPS. 

As IL-1 secretion is only one parameter indicative of 
an activated state of MO, we also evaluated the activity 
of ALP-primed TMO as tumor-cytotoxic effector cells. As 
shown in Figure 8, pretreatment of ALP augmented the 
response of TMO to activation for tumor cytotoxicity. As 
demonstrated, other MO activators like interferon- 
gamma can also act as the second stimulus, thus 
establishing the preactivated state of ALP-primed MO. 
In these experiments, ALP alone did not activate MO for 
tumor cytotoxicity {data not shown}. 

DISCUSSION 

Synthetic ALP were the first reported molecularly defined 
lipid mediators that possess immunomodulatory as well 
as other biological activities {17). A decade later, the 
description of the ALP structure of platelet-activating 
factor (PAF, 1-O-alkyl-2-acetyl-sn-glycer~3-phosphatidyl- 
choline} defined a new class of naturally occurring ether 
lipids with hormone-like activity (18-20}. 
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FIG. 6. Pr iming of monocyte-derived macrophages (MO) by alkyl 
lysophospholipids (ALPt: dependence on the molecular s t ructure  of 
the ALP. Teflon cul ture-derived mature  MO were incubated 24 hr  
with  various ALP compounds at  16 ~g/ml (A) and with ET- I~OH 
at increasing concentrations (B) before Upopolysaccharides were add- 
ed. Superna tan t s  were collected af ter  24 hr  and tes ted on mouse 
thymocytes. Data  are indicated in par t  A and are mean of triplicates 
for par t  B; S.D. less than  15%. 
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FIG. 7. Duration of the alkyI lysophosphoUpid (ALP)-induced s ta te  
of primed activity in monocyte-derived macrophages (MOI. Teflon 
cul ture-derived mature  MO were incubated with medium alone or 
with 16 gg/ml ET-18-OCH3. Lipopolysaccharide was then added at  
10 ~g/ml for 24 hr  either directly thereaf ter  or following cult ivation 
of the MO in serum-free RPMI1640 for various t ime periods. For 
fur ther  details, see legend to Fig. 2. 
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FIG. 8. Enhancement  of tumor-cytotoxic effector cell act ivat ion by 
lipopolysaccharides (LPS) and interferon-gamma after  precultiva- 
t ion of macrophages (MO) with alkyl lysophospholipids (ALP}. 
Mature  MO (TMO) were sequentially cultured in microplates with 
16 pg/ml ET-18-OCH3 for 24 hr  and LPS or interferon-gamma (also 
24 hr) before U937 tumor cells were added and cocultured with the  
mature  MO (TMO) for 48 hr. Thereafter,  the microcaltures were 
pipetted, and 3H-thymidine uptake into 0.1 ml aliquots was measured 
in a separate microplate. Results  are expressed as activation indices 
calculated by dividing epm of tumor  ceils af ter  coculture with con- 
trol TMO vs cpm of tumor cells after coculture with activated TMO, 
mean of triplicate values. 

The results of the present study provide evidence for 
a novel function of ether lipids, i.e., the differential 
manipulation of immune responses in vitro. ALP in- 
hibited lymphocyte response to IL-2 and rIL-l-alpha and 
suppressed the production of IL-2 in competent cells. 
These effects may be related to our recent discovery that 
mitogen-stimulated lymphoblasts not only ceased to grow 

but  rapidly died in the presence of ALP. Small resting 
lymphocytes are unaffected by ALP (10), while the activa- 
tion of lymphocytes by a variety of stimuli is supressed 
by ALP (10). In contrast, ALP render monocyte-derived 
MO responsive to subsequent activating stimuli. Only 
ALP-"primed" MO, but not untreated control MO, could 
be stimulated by LPS to release high amounts of 
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a lymphocyte-act ivat ing factor activity.  In addition to 
its cost imulatory effect, this factor was also directly 
mitogenic in the mouse thymocyte  assay. As purified and 
recombinant  human IL-1 preparat ions do not  act ivate 
lymphocytes  directly (21), the activity found in the ALP- 
primed, LPS-st imulated MO supernatant  should be 
termed " IL- l - l ike  material ,"  which must  contain more 
than the single " m a t u r e "  polypeptide (17,500 mol wt), 
defined to be the extracellular secreted form of IL-1 (22). 
Biological act ivi ty has been described also for small pep- 
tide fragments  (23}, and an intracellular, nonsecreted 
precursor molecule with a higher molecular weight (31,000 
tool wt) has been shown to be directly mitogenic (24). ALP 
primed MO at concentrations in the toxic range. I t  is thus 
possible tha t  intracellular IL-1 precursors were released 
and were, in part ,  responsible for the observed.effect of 
ALP-primed MO. High performance liquid chromatog- 
raphy experiments are in progress to further elucidate the 
molecular nature  of this IL-like activity. 

No IL-l - l ike  material  was induced by ALP  alone. The 
molecular mechanism by which ALP  induce MO preac- 
t ivation is not understood. Possible explanations may be 
linked to the ALP-induced inhibition of key phospho- 
l i p id - -me tabo l i z ing  enzymes  (25), which prov ide  
arachidonic acid for the biogenesis of leukotrienes and 
prostaglandins.  Interestingly,  indomethacin, which like 
ALP inhibits arachidonic acid metabolism, also enhanced 
IL-1 production (26). There may well also be an interac- 
tion between lipid and peptide mediator  synthesis  (27). 

ALP represent  a new generation of potent  ant i tumor 
drugs (1). However, the clinical tumor-therapeutic poten- 
tial of ALP is, to say the least, incompletely understood. 
Apar t  from a direct cytotoxic effect on malignant cells 
(7-9) and the inhibition of tumor  cell invasion (6), these 
compounds induce various subtle changes in cell biology 
(e.g., act ivation of cytotoxic  effector cell function [4] 
and induction of cellular differentiation [5]). ALP are 
also highly active adjuvants  (17) in both in vivo and 
in vi tro cell cooperation systems (28). ALP also protect  
animals from radiation damage by mechanisms as ye t  
unexplained (3). 

Multiple biological activities have also been ascribed 
to I L- 1 (21). Some striking similarities exist  between the 
effects of ALP and IL-1 in vitro and after administration 
in vivo; for example, IL-1 also is cytostatic for tumor cells 
in vi tro (29,30), is a radioprotector  (31), activates MO for 
cytotoxic i ty  (32) and induces monophasic fever (21) and 
chills, which we observed in two tumor  pat ients  after  
high-dose intravenous application of ALP (personal obser- 
vation). IL-1 secretion from mature  tissue MO in 
synergism with other act ivat ing signals present  in the 
microenvironment may  be a mediator  for many of the ef- 
fects observed after  ALP  administrat ion in vivo. In ad- 
dition, the effects of ALP on IL- l -produc ing  cells other 
than monocyte  MO (15) need to be evaluated. 

ALP preact ivate  MO not only for IL-1 release but  
also for other effector cell functions of act ivated cells 
(e.g., tumor  cytotoxici ty,  prostaglandin E~ secretion 
(Andreesen and Steinhauer [manuscript in preparation]) 
and probably others still to be looked at. 

In conclusion, the s tudy demonstra tes  a new activi ty 
of ALP. This " immunomodula tory"  act ivi ty may be 
an impor tant  aspect of its tumor-therapeutic  role and 
a l s o  its interaction with immunocompetent  cells. The 
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FIG. 9. Differential effects of alkyl lysophospholipids (ALP) on 
human immunocompetent cells in vitro. ALP restore the capacity 
of mature maerophages (MOI to respond to lipol~lysaeeharides (LPS) 
with the release of interleukin-1 (IL-1)-like activity and also augment 
activation of MO cytotoxicity by interferon-gamma and LPS. ALP 
inhibit lymphocyte response to II~1, interleukin-2 (IL-2} and in 
general transforming stimuli. ALP, in addition, block IL-2 synthesis. 
IL-1 seems to be directed to other, non-lymphocyte, targets. 

differential action of ALP on the immune system (sum- 
marized in Fig. 9) with MO activation and suppression 
of lymphocyte  function could indicate a potential  for 
beneficial effects of ALP in autoimmune diseases and in 
the acquired immunodeficiency syndrome (AIDS). 
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A Metabolite of an Antineoplastic Ether Phospholipid May Inhibit 
Transmembrane Signalling Via Protein Kinase C 1 
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Henk Hi lkmanna and  John de  Widta 
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In our search for the mechanisms by which the drug 1-O~ 
alkyl-2-O-methylglycero-3-phosphocholine (AMG-PC) in- 
hibits tumor growth and metastasis, we have detected 
a metabolite, 1-O-alkyl-2-O-methylglycerol (AMG), in 
membranes of MO4 mouse fibrosarcoma cells grown in 
the presence of the drug. Synthetic AMG inhibited the 
activation of highly purified human protein kinase C by 
diacylglycerol in the presence of phosphatidylserine. Fur- 
thermore, AMG also inhibited the receptor-specific bind- 
ing of 3H-phorbol-12,13-dibutyrate to human HL-60 pro- 
myeloid leukemia cells in a dose~dependent fashion. AMCr 
PC was not effective or much less so in these assays. We 
suggest that interaction of the metabolite AMG with pro- 
tein kinase C may inhibit stimulus-response coupling in 
tumor cells and may thus potentially contribute to the 
mechanism by which AMG-PC exerts its anticancer 
activities. 
Lipids 22, 842-846 (1987). 

The drug 1-O-alkyl-2-O-methylglycero-3-phosphocholine 
(AMG-PC) has been shown to specifically inhibit the 
growth of tumor cells in vitro and in vivo, to inhibit tumor 
cell invasion and metastasis and to enhance the tumor- 
icidal capacity of macrophages (reviewed in ref. 1). The 
mechanisms involved in these actions are unknown. 
Besides the possibility that accumulation of the drug as 
such in cellular membranes (2) may alter their structure 
and functioning, possible metabolic products of the drug 
should also be considered. Since AMG-PC is not a 
substrate for the alkyl cleavage enzyme (3), possible 
metabolites may only be formed via enzymatic cleavage 
of the phosphate bond. 

In the present report, we show that the metabolite 1-O- 
alkyl-2-O-methylglycerol (AMG) is detectable in mem- 
branes of tumor cells grown in the presence of AMG-PC. 
Given the structural analogy of this metabolite to 
1,2-diacylglycerol, a natural activator of protein kinase 
C (PKC) (4), we have investigated the possibility Chat 
AMG interacts with this key enzyme in cell signal 
transduction. First, we demonstrate that AMG inhibits 
the diacylglycerol-stimulated activity of a highly purified 
preparation of human PKC. Second, we show that AMG 

'Presented at the symposium on "Ether Lipids in Oncology," 
Gi)ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at the Division of 
Cell Biology, The Netherlands Cancer Institute (Antoni van 
Leeuwenhoek-Huis), 121 Plesmanlaan, 1066 CX Amsterdam, The 
Netherlands. 
Abbreviations: AMG-PC, 1-O-alkyl-2-O-methylglycero-3-phospho- 
choline; AMG, 1-O-alkyl-2-O-methylglycerol; PKC, protein kinase 
C; diCs, 1,2-dioctanoyl-sn-glycerol; PS, phosphatidylserine; PMSF, 
phenylmethylsulfonyl fluoride; ATP, adenosine 5'-triphosphate; 
PDBu, 3H-phorbol-12,13-dibutyrate; EGTA, ethylene-glycol-bis(beta- 
aminoethylether)-N,N,N',N'-tetraacetic acid; TLC, thin layer 
chromatography. 

inhibits the binding of a biologically active phorbol ester 
to its receptor (PKC) on human HL-60 cells. 

MATERIALS AND METHODS 

Chemicals. The AMG-PC analogs racemic 1-O-octadecyl- 
and 1-O-hexadecyl-2-O-methylglycero-3-phosphocholine 
as well as 1-O-hexadecyl-2-O-methyl-rac-glycerol (AMG) 
were purchased from Bachem AG (Bubendorf, Switzer- 
land). 1,2-Dioctanoyl-sn-glycerol (diCJ was obtained from 
Avanti Polar Lipids (Birmingham, AL). Phosphatidyl- 
serine (PS; from bovine brain), 1,2-dioleoyl-rac-glycerol 
(diolein), leupeptin, phenylmethylsulphonyl fluoride 
(PMSF), soybean trypsin inhibitor, aprotinin, histone 
IIIS {from calf thymus) and adenosine 5'-triphosphate 
(ATP) were obtained from Sigma Chemical (St. Louis, 
MO). 32P-ATP (3 Ci/~mol) and 3H-phorbol-12,13-dibutyrate 
(PDBu, 12.5 Ci/mmol) were from New England Nuclear 
(Boston, MA), and cholesterol and ethylene-glycol- 
bis(beta-aminoethylether)-N,N,N',N'-tetraacetic acid 
(EGTA) from BDH (Poole, U.K.). All chemicals were of 
analytical grade. 

Cells. MO4 cells are virally transformed C~H mouse 
fibroblastic cells that are invasive in vitro (5) and produce 
invasive and metastasizing fibrosarcomas in syngeneic 
mice (6). They were cultured in minimum Eagle's medium 
(Rega I; Gibco Europe, Paisley, U.K.) supplemented with 
10% fetal calf serum and 0.05% glutamine. Cells were also 
grown in the presence of AMG-PC (octadecyl-type, 
7 ~g/ml culture medium), added 48 hr prior to membrane 
lipid analysis. The concentration of the drug used per- 
mitted growth to about 80% of that of control cells (5). 
Human HL-60 promyeloid leukemia cells (7) were main- 
tained as a suspension culture in RPMI 1640 medium, 
supplemented with 20% fetal calf serum. 

AMG detection in membranes. A crude membrane frac- 
tion from MO4 cells was prepared by centrifugation of the 
low-speed supernatant of a cell homogenate at 105,000 
• g for 1.5 hr, as described before (8). Lipids were ex- 
tracted with chloroform/methanol (2:1, v/v) followed by 
partition according to Folch et al. (9) and were separated 
by thin layer chromatography (TLC) on precoated silica 
gel plates (Merck, Darmstadt, FRG) using hexane/ 
ether/acetic acid (60:40:1.6, v/v). The spot corresponding 
to AMG was scratched off, extracted and trimethyl- 
silylated with a mixture of pyridine-hexamethyldisila- 
zane-trimethylchlorosilane ~12:5:2, v/v/v; obtained from 
Pierce Chemical Co., Rockford, IL) for 2 hr at room 
temperature and analyzed by gas liquid chromatography 
according to Myher and Kuksis (10), using a 25 m CP-Sil 
58 column. AMG was also enzymatically prepared from 
AMG-PC (octadecyl-type) using phospholipase C (20 U/ 
ml) from Clostridium perfringens (obtained from Sigma) 
in 10 mM CaCl~, 0.1 mM ZnCl~, 20 mM Tris-HC1 (pH 7.4) 
at 37 C for 15 hr. The AMG formed (in low yield) was 
separated from AMG-PC by TLC and trimethylsilylated 
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as described above. The AMG thus prepared and that 
isolated from MO4 cell membranes were identical, as un- 
ambiguously shown in Figure 1. AMG was quantitated 
by the detector response, using a known amount of hepta- 
decanoic acid methyl ester as a reference. 

Phorbol ester receptor assay. Binding of 3H-PDBu to 
HL-60 cells in the presence or absence of inhibitors, sup- 
plied in dimethyl sulfoxide (0.5 % final content), was per- 
formed by the method of Goodwin and Weinberg (11) in 
polypropylene tubes, using 5-10 • l0 s cells and 20 nM 
3H-PDBu per assay (0.2 ml), unless otherwise stated. 
AMG and 3H-PDBu were added simultaneously. Follow- 
ing incubation at room temperature for 30 min, excess 
cold assay buffer was added, and free and receptor-bound 
~H-PDBu were immediately separated by filtration 
through glass-fiber filters (Whatman GS/A). The filters 
were washed rapidly with excess buffer and prepared for 
liquid scintillation counting. The results are presented as 
specific binding, that is, the difference between 3H-PDBu 
bound in the presence and absence of 20 ~M unlabeled 
PDBu. 

Purification of protein kinase C. Human PKC was iso- 
lated from a platelet/lymphocyte fraction of 50 buffy 
coats of donor blood. The purification procedure follows 
essentially the methods of Kikkawa et al. (12) and Girard 
et aL (13) and will be described in detail elsewhere. In brief, 
buffy coats were centrifuged (1300 • g, 8 re_in, 20 C) to 
remove granulocytes and erythrocytes. The rest of the 
procedure was performed at 0-4 C. Platelets and lymph- 
ocytes were spun down at 1700 • g (45 rain) and taken 
up in 5 vol homogenization buffer containing 0.25 M 
sucrose, 10 mM EGTA, 2 mM EDTA and protease in- 
hibitors (leupeptin, trypsin inhibitor, PMSF and apro- 
tinin). Cells were broken in a Omni homogenizer (Sorvall) 
and the 100,000 X g supernatant of the cell homogenate 
underwent three chromatographic steps: DEAE cellulose, 
Phenyl sepharose CL-4B and affinity column chromatog- 
raphy using phosphatidylserine and cholesterol in the col- 
umn matrix (13). PKC was eluted from the affinity col- 
umn with 10 ml of 5 mM Tris-HC1 (pH 7.5), 0.2 M NaCl, 
5 mM 2-mercaptoethanol, 2 mM EGTA in a yield of about 
50 ~g protein. The PKC preparation thus obtained was 
7,500-fold purified relative to the cytosolic fraction and 
showed one single band of 81 kD (see Fig. 2) upon SDS- 
polyacrylamide gel electrophoresis (14). The enzyme was 
stored in 40% sucrose at - 7 0  C until use. 

Enzyme assays. The activity of PKC in the presence 
or absence of stimulatory/inhibitory lipids was deter- 
mined essentially according to Kikkawa et al. (15). The 
assays were performed in a 2 mM Ca2*-EGTA buffer (16) 
yielding 10 ~M free Ca 2* or in 2 mM EGTA. The reaction 
mixtures (60 ~ final volume) furthermore contained 
10 mM Mg '§ 20 mM Tris-HC1 (pH 7.5), 200 ~g/ml histone 
IIIS, 20 ~M leupeptin, 10 ~M 32P-ATP (0.5-1 ~Ci per 
assay) and PKC (10 ~l preparation). Lipids were present 
in amounts indicated in the footnote of Table 1 and the 
legend of Figure 2. They were added as liposomes (10-~l 
samples), prepared by sonication for 1 min in a Branson 
Sonifier equipped with a standard probe (50 W). Incuba- 
tions were started by addition of ATP and performed for 
5 min at 30 C. The reaction was stopped by precipitation 
on Whatman paper filters (3 Chr) in cold 10% trichloroacetic 
acid plus 10 mM K~HPO~. The filters were extensively 
washed and prepared for liquid scintillation counting. 
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RESULTS AND DISCUSSION 

In a previous study (5), it was demonstrated that the anti- 
cancer drug AMG-PC inhibits the invasion of MO4 fibro- 
sarcoma cells into normal embryonic chick heart tissue, 
under conditions where growth of the tumor cells in tissue 
culture was only minimally affected. In the companion 
article (2), we have shown that under these conditions 
AMG-PC is accumulated in the tumor cell membranes, 
predominantly in the plasma membrane: MO4 cells grown 
in the presence of 5-10 t~g/ml AMG-PC for 48 hr incorpo- 
rated the drug to about 10% of the total phospholipids 
(measured in purified plasma membranes). Figure I shows 

B 

C 

D 

E 

retention 

! 

1() 12 
time (min) 

FIG. 1. Detection of 1-O~ctadecyl-2-(~methylglycerol (AMGI in mem- 
branes from MO4 cells grown in the presence of 1-O-octadecyl-2-O- 
methyiglycero-3-phosphocholine (AMG-PC). Gas liquid chromatog- 
raphy of trimethylsi lyl  derivatives. The first peak, at a retention 
of 8.7 min, was not identified. (A) Control cells; (Bt cells grown with 
AMG-PC; (C) AMG prepared from AMG-PC (octadecyl-typel using 
phospholipase C from Cl. perfringens; (D) C added to A; IE) C added 
to B. 
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tha t  the incorporated drug was par t ly  metabolized to 
AMG, presumably by a phospholipase C-like enzyme 
tha t  is able to split off or exchange the phosphocholine 
moiety. The gas chromatogram (Fig. 1B), pertaining to 
cells grown with AMG-PC, shows two main peaks {reten- 
tion times 8.7 and 9.3 rain), the first of which is an uniden- 
tified compound tha t  was also found in the control cells 
(Fig. 1A), while the second peak was identified as AMG. 
The amount  of AMG detected in the membrane prepara- 
tion corresponded roughly to 1 ~g (or 3 nmol) per l0 s cells. 
I t  should be noted tha t  this is a s teady-state  value. 
Nothing is known about any possible further metabolism 
of AMG, such as conversion to a phosphatidic acid 
analogue or degradation by an alkyl cleavage enzyme (3). 

Many cellular activities, including proliferation, dif- 
ferentiation and secretion in endocrine and exocrine 
systems, depend on t ransmembrane stimulus-response 
coupling that  may be mediated by PKC (4). Although not 
yet  established, it is not  unlikely tha t  this key enzyme 
in signal t ransduct ion is also involved in the mechanism 
of {tumor) cell adhesion and invasion, possibly through 
specific phosphorylat ion of cytoskeleton-associated pro- 
teins (4). PKC is thought  to be physiologically act ivated 
by diacylglycerol  der ived from receptor -media ted  
phosphatidylinositol  hydrolysis and is the receptor for 
biologically active phorbol esters, such as PDBu (4). In 
the following experiments,  we have studied the interac- 
tion of AMG-PC and AMG with PKC, in both an en- 
zymatic  assay and a PDBu-receptor  assay. 

We have purified human PKC to apparent  homogenei- 
ty  {Fig. 2, right) and used this preparat ion to s tudy the 
lipid dependency of the enzyme in the presence of 10 ~M 
Ca 2§ and in submicromolar Ca 2§ {excess EGTA) {Table 1). 
In agreement with literature data  (4,15,17), PS was found 
to be necessary to achieve substantial activation. At  sub- 
micromolar free Ca 2§ like under physiological conditions 
in the rest ing cell, only diacylglycerol {diolein) is able to 
act ivate PKC in the presence of PS {six- to eightfold 
stimulation, relative to the basal level with PS only). 
Diolein alone had no effect (not shown here). At  10 ~M 

Ca 2", the PS-dependent basal activity is much higher, and 
diolein is not  able to increase this act ivi ty any further  
{exp. 2) or more than 30% (exp. 1). Neither AMG-PC nor 
AMG act ivate  PKC by themselves or in the presence of 
PS. Rather, they inhibit the basal activities in the pres- 
ence of PS some 10-20%. The largest  inhibitory effect 
of AMG was found specifically on the diacylglycerol 
st imulation of the enzyme, precisely the act ivi ty tha t  is 
physiologically relevant and tha t  is generated in the cell 
upon receptor stimulation. This inhibitory effect of AMG, 
shown in Figure 2, was dose-dependent and was present  
in excess E G T A  as well as in 10 ~M Ca 2§ (the la t ter  be- 
ing relevant  only in experiment 1, where diolein was in- 
deed st imulating the PS-dependent act ivi ty of the en- 
zyme; see Table 1). We have no clear explanation for the 
variabili ty generally found in the degree of diolein 
stimulation of the PS-dependent enzyme activi ty among 
individual experiments.  In contras t  to AMG, AMG-PC 
does not have a significant effect on the diolein-stimulated 
PKC act ivi ty (Fig. 2}. As noted above, the drug only in- 
hibits the basal PS-dependent activities somewhat, con- 
firming to a certain extent  results of Helfman et al. (18). 
These authors, however, used only a very crude PKC 
preparation, unphysiologically high Ca 2. concentrat ions 
and no diacylglycerol. 

TABLE 1 

Lipids Dependency of the Act iv i ty  of Purified Human Protein 
Kinase C (PKC) toward Histone as a Substrate 

PKC activity (pmol 3~p incorporated per 
min per 10 ~l PKC preparation)a 

2 mM EGTA 10 pM Ca ~* 

Lipids in assayb Exp. 1 Exp. 2 Exp. 1 Exp. 2 

PS 0.4 0.5 5.0 6.2 
PS + diolein 3.1 2.9 6.4 6.4 
PS + AMG 0.4 5.4 
PS + AMG-PC 0.4 5.0 
AMG 0.4 0.3 
AMG-PC 0.4 0.4 
No lipid 0.3 0.3 0.3 0.2 

PS, phosphatidylserine; AMG, 1-O-alkyl-2-O-methylglycerol; AMG- 
PC, 1 -O-alkyl-2-O-methylglycero-3-phosphocholine. 
aData are means of triplicates, with SD < 12%. 
bps, diolein, AMG and AMG-PC: 100, 5, 13.3 and 20 ~g/ml assay 
mixture, respectively. 

FIG. 2. Effect  of 1-O-hexadecyl-2-O~methyl-rac-glycero-3-phosph~ 
choline (AMG-PCI and 1-GLhexadecyl-2-(~methyl-rac-glycerol (AMG) 
on the diacylglycerol-stimulated, phosphatidylserine IPS)-dependent 
act ivity  of purified human protein kinase C (PKCI (basal PS- 
dependent activity,  given in Table 1, subtracted~ in the presence of 
2 mM EGTA or 10 ~M Ca 2§ as indicated. Solid columns, controls 
I100%), containing only PS and diolein, 100 and 5 ~g/ml assay mix- 
ture, respectively; hatched columns, AMG-PC added in a ratio Iw/w) 
AMG-PC/diolein --- 2; open columns, AMG added in the ratios (w/w) 
indicated. Data are means of triplicate values, with SD as indicated. 
Experiments I and 2 correspond to those indicated in Table 1. Right 
panel: polyacrylamide gel showing the purity of the PKC prepara- 
tion Ifrom human lymphocytes/platelets} used in the present ex- 
periments. The silver-stained gel shows one band at 81 kD. Positions 
of authentic marker proteins (M) are indicated. 
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FIG. 3. Binding of 3H-phorbol-12,13-dibutyrate (3H-PDBu) to intact 
HL-60 cells in the presence of various concentrations of 1-(g 
hexadecyl-2-O~methyl-rac-glycerol (AMG) as a function of the total 
3H-PDBu concentration in the medium. �9 Control cells, without 
AMG; e ,  25 pM; A, 100 ~M; A, 200 ~M AMG. A representative ex- 
periment is shown where data points are means of triplicates (SD 
< 10%). 

inhibitor (iuM) 

FIG. 4. Inhibition of 3H-phorbol-12,13-dibutyrate (3H-PDBu) binding 
to intact HL-60 cells by various concentrations of 1-(ghexadecyl-2-O- 
methyl.rac-glycero-3-phosphocholine (AMG-PC) ( e ) ,  1-O- 
hexadecyl-2-(gmethyl-rac-glycerol (AMG} (&), 1,2-dioctanoyl-sn- 
glycerol (diCs) (A), in the presence of 20 nM 3H-PDBu. Data points 
are means of triplicates, with SD as indicated. 

A subs t an t i a l  inhibi t ion of the  diacylglycerol-  
s t imulated PKC activity, as we have found with AMG, 
should also be demonstrable in more complicated 
biological systems, such as PKC-mediated differentiation 
of HL-60 cells. As a first approach, we have studied in 
this cell sys tem the effect of AMG on the specific bind- 
ing of a biologically active phorbol ester, 3H-PDBu, to its 
receptor (PKC). As shown in Figure 3, this binding is in- 
deed inhibited by AMG in a dose-dependent fashion. At  
20 nM PDBu, about 70% inhibition was reached with 200 
~M AMG. Under these conditions, we also determined the 
inhibitory capacity of AMG-PC and diCs, a membrane- 
permeable synthetic diacylglycerol, known to be a potent  
act ivator  of PKC (19,20). Figure 4 shows tha t  3H-PDBu 
binding is only minimally inhibited by AMG-PC, whereas 
diC8 inhibits this binding twice as much as does AMG. 
However,  if one takes into account tha t  generally only 
the 1,2-sn-enantiomers of diacylglycerol (analogs) are 
biologically active (17,20) and tha t  AMG is racemic, the 
inhibitory capacities of AMG and diCs may be the same. 
The concentrat ion in the medium at which these com- 
pounds inhibit PDBu binding may seem high, bu t  is, of 
course, dependent  on their ex tent  of incorporation (par- 
titioning) into the apolar region of the cell membrane. This 
degree of uptake in the membrane is as yet  unknown, but  
may likely be very low. As noted, we have found a steady- 
s ta te  content  of about  1 ~g (3 nmol) AMG per 108 M O ,  
cells cultured in the presence of a dose of AMG-PC tha t  
only minimally inhibited cell growth. This cellular con- 
tent  of AMG is of the same order of magni tude as the 
amount  of diacylglycerol generated in other cell types 
upon receptor stimulation (21). This notion together  with 
the data  on AMG inhibition of the diacylglycerol- 

s t imulated PKC activi ty (Fig. 2) could indicate tha t  the 
formation of AMG from AMG-PC in the cell membrane 
is physiologically relevant. 

In conclusion, the anticancer drug AMG-PC ac- 
cumulat ing in tumor  cell membranes has a relatively 
small inhibitory effect on the enzymatic and phorbol ester 
receptor activities of PKC. However, its metabolite, 
AMG, detectable in the membranes of tumor  cells grown 
in the presence of the drug, has much larger effects. I t  
inhibits dose-dependently both  the binding of PDBu to 
its receptor and the diacylglycerol-stimulated activity of 
PKC. The lat ter  effect of AMG on this key enzyme in 
t ransmembrane signalling may potentially contribute to 
the mechanism by which AMG-PC exerts  its anticancer 
activities. Whether  this is indeed of physiological rele- 
vance remains to be further  investigated. 
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Effect of Lipid Derivatives on Invasion In Vitro and on Surface 
Glycoproteins of Three Rodent Cell Types 1 
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The antiinvasive activity on MO, mouse cells of the 
following lipid derivatives was tested in vitro: an alkyl- 
lysophospholipid derivative (ET-18-OCH~), a thioether- 
phospholipid derivative (BM 41.440), an alkyl-linked 
lipoidal amine (CP46,665) and a naturally occurring ester- 
linked phospholipid (2-LPC). In this test, BM 41.440 had 
the same antiinvasive potency as ET-18-OCH3, whereas 
CP-46,665 and 2-LPC had no effect on invasion. Com- 
parison of the antiinvasive effect of ET-I~OCH3 on three 
types of cells showed the following ranking: 12RIC-RK 
rat kidney adenovirus type 12 transfected cells > MO4 
mouse cells > LLC-H61 Lewis lung carcinoma cells. This 
ranking was not reflected in ET-18-OCH3-induced 
changes of cell surface exposed glycopeptides derived 
from the three types of cells metabolically labeled with 
radioactive fucose. The present and previous experiments 
suggested that changes in invasion caused by lipid 
derivatives depended upon relative cell surface fucosyl- 
glycopeptide alterations in both the invasive cells and the 
normal tissue. 
Lipids 22, 847-850 (1987). 

The alkyl-lysophosphollpid ET-18-OCH~ has been shown 
to inhibit metastasis of Lewis lung carcinoma (1). Ex- 
periments in vitro with malignant mouse MO, cells sug- 
gested an antiinvasive activity of ET-18-OCH3 at concen- 
trations that permitted growth and directional migration 
of these cells (2). We have examined whether the antiin- 
vasive effect of ET-18-OCH3 on MO~ cells was shared by 
other lipid derivatives, namely, a thioether-lysophos- 
pholipid, BM 41.440; an alkyl-linked lipoidal amine, 
CP-46,665; and a naturally occurring ester-linked 
phospholipid derivative, 2-LPC. We also examined 
whether two other malignant cell types, the LLC-H61 
Lewis lung carcinoma subline (3) and the 12RIC-RK rat 
kidney adenovirus type 12 transfectant (4), were sensitive 
to the antiinvasive activity of ET-18-OCH~. Since altera- 
tions of invasion in vitro had been ascribed to changes 
in cell surface glycopeptides (5), we compared the effect 
of ET-18-OCH~ on invasion with that  on the gel filtration 
profiles of cell surface fucosyl-glycopeptides from the 
three cell types. 

1presented at the symposium on "Ether Lipids in Oncology," 
G(ittingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at the Laboratory 
of Experimental Cancerology, Department of Radiotherapy and 
Nuclear Medicine, University Hospital, De Pintelaan 185, B-9000 
Gent, Belgium. 
Abbreviation: PHF, precultured embryonic chick heart fragment. 

MATERIALS AND METHODS 

Cell lines. MO4 cells (obtained through M. De Brabander, 
Janssen Pharmaceutica Research Laboratories, Beerse, 
Belgium) are immortalized fetal C3H mouse cells 
transformed by Kirsten murine sarcoma virus (6); they 
produced invasive and metastatic sarcomas after 
transplantation into syngeneic mice (7). 

12R1C-RK cells {obtained through L. Smets, The 
Netherlands Cancer Institute, Amsterdam, The Nether- 
lands} are baby WAG RIJ rat kidney cells, which after 
transfection with a genomic fragment of the oncogenic 
adenovirus type-12 DNA {left 0 to 16%) gave rise to 
tumors in nude mice (4). 

LLC-H61 cells (obtained from G. Vaes, Institute of 
Cellular and Molecular Pathology, Brussels, Belgium) 
were derived from a highly metastatic subclone of a 
C57B1/6 mouse Lewis lung carcinoma cell line (3). 

LLC-H61 cells and 12R1C-RK cells were maintained in 
Dulbecco's Modification of Eagle's Medium (DMEM, 
Flow Laboratories, Irvine, Scotland), MO4 cells in Mini- 
mum Essential Medium Eagle (modified) with Earle's 
salts and nonessential amino acids (EMEM, Flow), both 
supplemented with 10% (v/v) fetal bovine serum, 0.05% 
(w/v) L-glutamine, 250 IU/ml penicillin and 100 ~g/ml 
streptomycin (hereafter called culture medium). 

Drugs. The following lipid derivatives were dissolved 
to concentrations between I and 30 ~g/ml in the culture 
medium described with the cell lines: 2-1ysophosphatidyl- 
choline (2-LPC; F. Roth, Karlsruhe, FRG); rac-l-O-octa- 
decyl-2-O-methylglycer~3-phosphocholine (ET-18-OCH3; 
Medmark Chemicals, Muenchen-Gruenwald, FRG); rac-1- 
hexadecyl-mercapto-2-methoxymethyl-3-propyl-phos- 
phoric-acid-monocholin-ester (BM 41,440; Boehringer 
Mannheim, Mannheim, FRG); 1-2-decycloxy-3-(4,4 amino 
methyl, phenylpiperidine) (CP-46,665; Pfizer Central 
Research, Groton, CT). The structure of these drugs has 
been described (8,9). 

Assay for invasion. Spheroids of MO~ or 12R1C-RK 
cells (0.2 mm in diameter) or clusters of LLC-H61 cells 
were confronted with precultured fragments of 9-day-old 
embryonic chick heart (PHF) (0.4 mm in diameter) in in- 
dividual cultures on a Gyrotory ~ shaker (10). The specific- 
ity and the relevance of this assay have been reviewed 
(11). Drugs were added at the onset of the culture. 
Confronting pairs were fixed after 4 days in Bouin 
Hollande's solution for embedding in paraffin and com- 
plete serial sectioning into 8-~m-thick sections. Con- 
secutive sections were stained with hematoxylin and eosin 
or with an antiserum against embryonic chick heart (12). 
Histological analysis of invasion was based on occupa- 
tion and degeneration of the PHF and scored on criteria 
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described earlier (13) and slightly modified: grades  I and 
II ,  absence of invasion; grades  I I - I I I ,  a few single cells 
were inside the P H F  without  evidence of degeneration; 
grade I I I ,  invasion in less than  half of the PHF;  grade  
IV, invasion in more than  half of the PHF.  

Isolation and analysis of cell surface glycopeptides. 
Changes in the fucosyl-glycopeptides of the cell mem- 
brane  were moni tored by  incubat ing the cells for 16 hr 
at  37 C in culture medium supplemented  with ei ther 
L-[6-3H]fucose (l~Ci/ml, 60 Ci/mmol) or L-[1-"C]fucose 
(0.5 ~Ci/ml, 60 mCi/mmol), both  purchased from the 
Radiochemical Center A m e r s h a m  (Buckinghamshire,  
UK). The glycopeptides were isolated from the surface 

of the cell with the help of proteolyt ic  enzymes as de- 
scribed (14) and dialyzed agains t  bidistilled water.  Gel 
f i l trat ion was performed on Bio-Gel P-10:Sephadex G-50 
(2:1, w/w) columns, eluted with 0.1 M Tris-HC1 buffer (pH 
8.0) containing sodium dodecyl sulphate  (0.1%; w/v), 
E D T A  (0.01%, w/v) and 2-mercaptoethanol  (0.1%, v/v). 
Cell surface glycopeptides f rom t rea ted  and unt rea ted  
cells were inves t igated by  cochromatography.  

RESULTS AND DISCUSSION 

Effect of lipid derivatives on invasion. Invas ion of MO4 
cells, 12R1C-RK cells or LLC-H61 cells into P H F  was 

TABLE 1 

Effect of Four Lipid Derivatives on the Invasion in Organ Culture of Three Types of Cells 

Concentration of drug (pg/ml) 

Type of drug 0 1 3 5 6 10 30 

MO4 cells 
2-LPC IV(3) n.d. n.d. n.d. n.d. IV(3) IV(3) 
ET-18OCH~* IV(3) n.d. n.d. n.d. n.d. III(3) II(3) 
ET-18-OCH3** III(2),IV(3) n.d. n.d. n.d. n.d. II(4),II-III(1) n.d. 
BM 41.440 IV(5} n.d. n.d. IV(5) n . d .  II(2),III(1) II(4) 
CP-46,665"* III(2),IV(3) n.d. IV(3} n.d. II-III(2) III(1),IV(1) n.d. 
CP-46,665 III(1),IV(3) IV(4) IV(4) n.d. n.d. IV(4) n.d. 

12R1C-RK cells 
ET-18-OCH3* III(2) n.d. n.d. n.d. n.d. II(4) II(3) 
ET-18-OCH3 III(1),IV{1) III(2) II(2) n.d. II(3) II{3) n.d. 

LLC-H61 cells 
ET-18-OCH3* III(1),IV(2) n.d. n.d. n.d. n.d. II(1),III(2) III(3) 

Asterisks indicate matched experiments. Roman figures are grades of invasion after 4 days, as described 
in Materials and Methods; number of cultures in parentheses, n.d., No data. 

FIG. I. Photomicrographs of sections from confronting cultures of 12RIC-RK cells (R) 
and embryonic chick heart (H) without ~la and Ib} and with 3 pg/ml ET-18-OCH3 (Ic and 
Id). Fixation after 4 days; staining with hematoxylin-eosin (la and Ic) and with antiserum 
against chick heart (Ib and Id). Scale bars = 50 pm. 
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FIG. 2. Gel filtration profiles of surface glycopeptides derived from 
untreated (open symbols) and ET-18-OCH3-treated (closed symbols) 
MO4 (a), 12RIC-RK (b) and LLC-H61 (c) cells metabolically labeled 
with [3H]fucose or with [14H]fucose; cochromatography on Bi~Gel  
P-10:Sephadex G-50 columns. 
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LLC-H61 cells. The glycopeptides from cells t reated with 
ET-18-OCH3 showed a slight shift in the gel filtration pro- 
files toward higher apparen t  molecular weight  classes, 
which was mos t  obvious in MO, cells. Since the effect of 
ET-18-OCH3 concerns the degree of glycopeptide sialyla- 
tion (5), the differences in the effect of the drug on various 
types  of cells might  depend on the amount  of si tes 
amenable to sialylation. Figure 2 suggested tha t  the sur- 
faces of MO4 as well as LLC-H61 cells contain relat ively 
more such sites than  the surface of 12R1C-RK cells. 

I t  is unlikely tha t  inhibition of invasion in the present  
experiments was due solely to alterations in glycopeptides 
in the mal ignant  cells, since ranking  of the sensi t ivi ty  of 
the three cell types  to the ant i invasive effect of 
ET-18-OCH3 was not reflected by corresponding shifts in 
their  glycopeptide profiles. 

More probably  the effects of ET-18-OCH~ on the inva- 
sion of the three cell types  have  to be in terpreted on the 
basis of glycopeptide profiles, not only from the confront- 
ing cells but  also from PHF,  for the following reasons: 
i) Nonmal ignant  cells t ransient ly  became invasive af ter  
p re t r ea tmen t  with ET-18-OCH3, which caused similar 
a l terat ions in glycopeptides as permanent ly  present  in 
mal ignant  cells (5); ii) P re t r ea tmen t  of PHF,  causing a 
shift  in gel f i l trat ion profiles toward tha t  of mal ignant  
cells, inhibited invasion. One explanat ion of these obser- 
vations is tha t  invasion depends upon differences between 
cell surface glycoproteins of the P H F  as compared to the 
confronting cells (5,16). 
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obvious in all control cultures (Table 1), as described 
earlier (10,15). For MO4 cells, ET-18-OCH3 and BM 41.440 
were anti invasive in this assay; BM 41.440 had the same 
potency as ET-18-OCH3, since bo th  inhibited invasion at  
a concentrat ion of 10 ~g/ml. At  this concentration,  
CP-46,665 had no effect on the invasion of MO4 cells 
(Table 1). The differential anti invasive effect of CP-46,665 
vs ET-18-OCH~ and BM 41.440 was not reflected by 
similar differences in their cy tos ta t ic  and cytotoxic  ac- 
t ivit ies in vi t ro on cells f rom human  tumors  and 
leukemias (8,9). This discrepancy, together with the minor 
effect of ET-18-OCH3 on MO4 cell proliferation (2), sug- 
gested different molecular t a rge t s  for ant i invasiveness  
as compared  to cytos tas is  or cytotoxici ty.  12RIC-RK 
ceils (Fig. 1) were more sensit ive than  MO, cells to the 
ant i invasive act ivi ty  of ET-18-OCH3, whereas LLC-H61 
cells were less or not  sensit ive (Table 1). 

Ef fec t  o f  ET-18-OCH3 on cell surface glycopeptides.  To 
invest igate  the effect of ET-18-OCH~ on the carbohydra te  
moieties of surface glycoproteins,  the three types  of ceils 
were incubated for 48 hr with ET-18-OCH3 at  the lowest  
concentration tha t  inhibited invasion. Figure 2 illustrates 
the elution profiles of glycopeptides derived from treated 
as compared to unt rea ted  MO, cells, 12RIC-RK cells and 
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Ether Lipids Inhibit the Effects of Phorbol Diester Tumor Promoters 1 
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Jefferson R. Surlesb Qnd Claude Piantadosib 
aDepartment of Biochemistry, Bowman Gray School of Medicine of Wake Forest University, Winston-Salem, North Carolina, and bUniversity 
of North Carolina, School of Pharmacy, Division of Medicinal Chemistry and Natural Products, Chapel Hill, North Carolina 

Recent studies have shown that the tumor promoter 12-0- 
tetradecanoyl-phorbol-13-acetate (TPA} stimulates pro- 
tein kinase C {PKC), whereas the ether-linked phospho- 
lipid 1-O-octadecyl-2-O-methyl-rac-glycerol-3-phospho- 
choline (ET-18-OCH3) inhibits PKC activity in vitro. 
Therefore, the antitumor effects of ET-18-OCH3 could be 
due to its inhibition of PKC activity and the effects of 
tumor promotion. TPA stimulates arachidonic acid re- 
lease, prostaglandin synthesis, phosphatidylcholine syn- 
thesis and the degradation of phosphatidylcholine by 
phospholipase C in Madin Darby canine kidney (MDCK} 
cells. Therefore, we have determined the effects of 
ET-18-OCH3 on these consequences of TPA stimulation. 
Preliminary experiments determined that ET-18-OCH3 
inhibited PKC partially purified from MDCK cells by ion- 
exchange chromatography on DEAE-cellulose. In addi- 
tion, ET-18-OCH3 inhibited the TPA-stimulated phos- 
phorylation of a 40,000-dalton protein in intact MDCK 
cells. These data indicate that ET-18-OCH3 is an effec- 
tive inhibitor of PKC activity in MDCK cells. In addi- 
tion, ET-18-OCH3 was found to inhibit arachidonic acid 
release and prostaglandin synthesis. The inhibition of pro- 
staglandin synthesis appears to be secondary to inhibi- 
tion of arachidonic acid release, since ET-18-OCH3 does 
not inhibit TPA-stimulated synthesis of prostaglandin 
H synthase or the activity of the enzyme directly (Parker, 
J., Daniel, L. W., and Waite, M. [1987] J. Biol. Chem. 262, 
5385-5393}. ET-18-OCH3 also inhibits TPA-stimulated 
phosphatidylcholine synthesis and phosphatidylchoHne 
degradation by phospholipase C. These data provide 
evidence that the antineoplastic ether lipids inhibit the 
biochemical effects of the tumor promoter TPA in intact 
cells and indicate that this inhibition may have a role in 
their biological activities. 
Lipids 22, 851-855 (1987). 

The phorbol diester tumor  promoter  12-O-tetradecanoyl- 
phorbol-13-acetate (TPA) causes profound changes in the 
metabolism of cultured cells. Among these changes are 
st imulated release of arachidonic acid from cellular 
phospholipids and increased prostaglandin synthesis (1,2). 

In addition, TPA causes an increase in synthesis  of 
choline-containing phosphoglycerides (PC) and an in- 
crease in PC degradation by a phospholipase C (Scheme 1) 

'Presented at the symposium on "Ether Lipids in Oncology," 
G/~ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Department of 
Biochemistry, Bowman Gray School of Medicine, Winston-Salem, 
NC 27103. 
Abbreviations: TPA, 12-O-tetradecanoyl-phorbol-13-acetate; PKC, 
Ca2+-activated, phospholipid-dependent protein kinase; MDCK, 
Madin Darby canine kidney; PC, choline-containing phosphoglyc- 
erides; CI, 1-(5-isoquinolinsulfonyl)piperazine; CP 46,665, 4-amino- 
methyl-l-[2,3-{di-n-decycloxy)n-propyl]-4-phenylpiperidine dihydro- 
chloride; ET-18-OCH3, 1-O-octadecyl-2-O-methyl-rac-glycero-3-phos- 
phocholine; ET-18-H, 1-O-octadecylpropanediol-3-phosphocholine; 
ET-18-S-OCH3, 1-S-octadecyl-2-O-methyl-rac-glycero-3-phosph~ 
choline; TLC, thin layer chromatography; PC-PLC, a TPA-stimulated 
phospholipase C that degrades PC. 

(3). This st imulated cycling of cellular PC results in tran- 
sient increases in diglycerides. It  has been suggested that  
this "PC cycle" provides an al ternate mechanism for 
generat ing bioactive diglycerides tha t  is independent of 
the turnover  of phosphatidylinositol  (3,4). 

Thus, an inhibitor of the PC cycle would be useful in 
determining the biological significance of these reactions. 
Furthermore,  these alterations in lipid metabolism are of 
interest since the stimulatory activity correlates well with 
the tumor promoting activities of the phorbol diesters (5). 
TPA has been shown to activate Ca2+-activated phospho- 
lipid-dependent protein kinase (PKC) (6), which is thought  
to mediate many of the biological activities of TPA (7). 
Thus, it was logical to tes t  the effects of a variety of PKC 
inhibitors on TPA-st imulated PC turnover.  Structur-  
ally diverse inhibitors of PKC were chosen (Fig. 1): 
1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphocholine 
(ET-18-OCH3), 1.S-octadecyl-2-O-methyl-rac-glycero-3- 
phosphocholine (ET-18S-OCH3), 1-O-octadecylpropane- 
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SCHEME l. TPA-stimulated PC turnover. 

I~ -S- ( CH2 ) i -jCI+ s ~ZC - C]- ( CH2)I ~C HI HZC-0- ( CH2)I~CH3 

I I I 
~.~-0-CH CH~-O-CH CH2 

0 O 

H~ 0-P-0 CH~H2N(CH3]I H2C-0 P-0-CH2CHeN(CH3)3 
I I I 
O- 0- 0 

ETIsSOCH s ETIeOCHs ETI~ 

HC-0 ( CH2)gCH~ I 

CPm666s cl 

FIG. 1. Structures of the PKC inhibitors. 
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diol-3-phosphocholine (ET-18-H) (8), 1-(5-isoquinolinsul- 
fonyl)piperazine (CI) (9) and 4-aminomethyl-l-[2,3-(di-n- 
decycloxy)n-propyl]-4-phenylpiperidine dihydrochloride 
(CP 46,665) (10). ET-18-OCH3 is a diether-linked phospho- 
lipid with antitumor activity (11). CI is an isoquinolino- 
sulfonylpiperazine, structurally similar to those developed 
by Hidaka et al. (12); CP 46,665 is a lipoidal amine, with 
antineoplastic activity (13,14). Madin Darby canine 
kidney (MDCK) cells were used in these experiments 
because they had previously been shown to respond to 
low concentrations of TPA, and their response to TPA 
has been well characterized (1-3). 

MATERIALS AND METHODS 

MDCK cells and cell culture reagents were purchased 
from Flow Laboratories (Rockville, MD). [32P]i (carrier- 
free) was obtained from ICN (Irvine, CA). [Methyl-~H]- 
choline chloride (78 Ci/mmol) was obtained from Amer- A 
sham Corp. (Arlington Heights, IL); En~Hance and ~ lo 
[methyl-3H]choline chloride (80 Ci/mmol) were from NEN I 
Research Products (Boston, MA). All solvents were pur- 
chased from Fisher Chemicals (Pittsburgh, PA) and were • 8 
either reagent grade or redistilled in the laboratory. Cell E 
cultures were harvested and the lipids were extracted as ,~ 6 
described by Daniel et al. (3). Phospholipids were sepa- c 
rated by thin layer chromatography (TLC) using a sol- ~- 4 
vent system of chloroform/methanol/acetic acid/water o 
(50:25:8:4, v/v/v/v). The radiolabeled products were 

O 
located by autoradiography (3) or by scanning the chro- u 2 r 

matograms with a Bioscan radiochromatogram scanner a- 
(Bioscan Inc., Washington, DC). Lipid standards for ~ 0 � 9  
TLC were obtained from Serdary Research Laboratories o 1 
(London, Ontario, Canada). Silica Gel 60 plates were from 
E. Merck (Darmstadt, FRG). TPA, mezerein and phor- 
bol retinoate acetate were obtained from LC Services 
Corp. (Woburn, MA). 

ET-18-OCH3 and ET-18-H were gifts from Dr. W.E .  [3 
Berdel, Munich, FRG. CP 46,665 was a gift from Dr. K. ~" 15 
E. Jensen, Central Research, Pfizer, Inc., Groton, CT. CI I O 

was a gift of Dr. Craig Gerard, Bowman Gray School of 
x 

Medicine, Winston-Salem, NC, and was prepared as E 
described by Gerard et al. (9). ET-18S-OCH3 was prepared o ~ 1 o 
as described previously (15). = 

Some variability was observed in the total incorpora- ~.~ 
tion of radiolabel among experiments. This variability o 

O 
made compiling data from different experiments difficult; ~ 5 
therefore, the data are presented as the average of two o ~ 
separate samples from a representative experiment, .c 
which was one of three or more separate experiments for 

c4 0 each graph. ,,~ 

RESULTS 

Prel iminary experiments  were done to fur ther  
characterize the stimulation of PC synthesis by TPA. To 
determine the time course of stimulation, cells were in- 
cubated in phosphate-free medium for various times with 
and without TPA (10 nM), and ['P], (50-100 ~Ci/ml) was 
then added for 30 rain. At the end of the incubation, the 
medium was discarded and the incorporation of [~P], in- 
to PC was determined. There was a significant stimula- 
tion of [ 'P], incorporation after 30 min preincubation; 
however, the stimulation continued to increase with time 

of preincubation (Fig. 2A). In all further experiments, 3 
hr was chosen for preincubation. To determine if other 
tumor promoters stimulated [3~p], incorporation in 
MDCK cells, mezerein and phorbol retinoate acetate were 
also tested at equimolar concentrations in the range of 
1 to 100 nM. These compounds and TPA were found to 
have similar effects on [32p], incorporation (data not 
shown). TPA also caused a stimulated incorporation of 
[3H]choline into PC (data not shown). 

The stimulation of p~P], incorporation was quite specific 
for PC; [~2P]i incorporation into ethanolarnine-, serine- or 
inositol-containing phosphoglycerides was not stimulated 
(Fig. 2B). Our previous studies have shown that TPA does 
not stimulate the incorporation of [~P], into phospha- 
tidylinositol, phosphatidylinositol 4-phosphate or phos- 
phatidylinositol 4,5-bisphosphate (16). 
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FIG. 2. Effect  of preincubation time with TPA  and concentration 
of TPA  on the incorporation of [~2p]i into cellular phospholipids. 
MDCK cells (5 X 105/mll were Dreincubated with TPA in serum-free, 
phosphate-free medium for the indicated times, and the cells were 
then incubated with [32p]i (100 ~Ci/ml) for an additional 30 min. 
(.4.) O, TPA (10 nM); e ,  control without TPA. The incorporation into 
PC was determined as described in Materials and Methods. Cells 
were also incubated with varying concentrations of TPA for 3 hr 
and then with [32P]i as described above, and the incorporation into 
ceUular phospholipids was determined as described in Materials and 
Methods. (B) O, PC; e ,  phosphatidylethano|amine; A, phosphatidyl- 
serine plus phospbatidylinositol.  
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The simultaneous addition of ET-18-OCH3 during the 
preincubation of MDCK cells caused a marked dose- 
dependent  suppression of the stimulation of [3~P]i incor- 
porat ion into PC {Fig. 3). ET-18S-OCH3 was equally ef- 
fective when tes ted under identical conditions {data not  
shown}. When CI was tes ted in three separate experi- 
ments  under conditions identical to those given above, 
no suppression of [3~p], incorporation into PC was ob- 
served in the concentrat ion range of 5 to 500 ~M {data 
not  shown}. Similarily, CP 46,665 was tes ted in the con- 
centrat ion range of 1 to 10 ~M, and no inhibition of TPA- 
s t imula ted  ['P]~ incorporat ion into PC could be 
demonstra ted {Fig. 4). The alkylphospholipid ET-18-H, 
which is s t ructural ly similar to ET-18-OCH3, was tested 
and found to inhibit PC synthesis {Fig. 4}. The concen- 
trat ion dependence of ET-18-H is similar to ET-18-OCH~; 
however, ET-18-H is somewhat  less effective. 

We have previously shown that  the release of water- 
soluble radioactive compounds from cells prelabeled with 
[~H]choline is due to a TPA-st imulated phospholipase C 
tha t  degrades PC (PC-PLC) (3). Therefore, quant i ta t ion 
of water-soluble radiolabel was used to tes t  the effects 
of PKC inhibitors on PC-PLC. Phospholipids were also 
ext rac ted  and identified by TLC (3) to confirm tha t  PC 
was the source of the water-soluble product  {data not  
shown}. Cells were prelabeled with [3H]choline for 18 hr, 
then t reated with varying concentrat ions of PKC in- 
hibitors, with or without  TPA (10 -7 M). In these ex- 
periments, [~H]choline release was greater  in TPA- 
stimulated cells than in control cells {Fig. 5). ET-18-OCH3 
(Fig. 5A) and ET-18S-OCH3 {Fig. 5B) inhibited the release 
of [~H]choline. However, two other PKC inhibitors CI 
{Fig. 5C) and CP 46,665 {Fig. 5D) were without  effect. 

DISCUSSION 

Vogler et al. (17) recently demonstrated that  ET-18-OCH3 
inhibits [~H]choline incorporation into HL60 cells. These 
authors  did not  use TPA-st imulated cells; however, they 
suggested tha t  the mechanism by which ET-18-OCH~ in- 
hibits PC synthesis  may be due to protein kinase C in- 
hibition. The data  reported here suggest  tha t  the inhibi- 
t ion of PC synthesis by ET-18-OCH3 and ET-18-H does 
not  involve protein kinase C, since two other  inhibitors 
of protein kinase C, CI and CP 46,665, when used at con- 
centrat ions proven effective in prevent ing other  effects 
of TPA treatment,  are without effect. Our related studies 
(18) have shown tha t  ET-18-OCH~ and CI inhibit PKC 
partially purified from MDCK cells by DEAE-cellulose 
chromatography.  In addition, both compounds are effec- 
t ive at  equimolar amounts  in inhibiting TPA-induced 
arachidonic acid release and prostaglandin synthesis  in 
MDCK cells. This is noteworthy,  since CI was without  
effect in the present  s tudy when used at  400-fold molar 
excess of the ICso for ET-18-OCH3. The concentrat ions 
of CI tes ted were greater  than tha t  required to inhibit 
T PA or diglyceride-stimulated respiratory burs t  in 
human neutrophils (7). Previous studies with CP 46,665 
have shown tha t  it is as effective as ET-18-OCH3. For ex- 
ample, CP 46,665 is as effective as ET-18-OCH~ in an 
assay to measure protein kinase C inhibition {8) and in 
assays to measure cytosta t ic  act ivi ty (l 1}. 

ET-18-OCH3, ET-18S-OCH~ and ET-18-H are struc- 
tural ly similar to lyso-PC, which has been shown to be 

a potent  inhibitor of CTP:phosphocholine cytidylyltrans- 
ferase, the rate-controlling enzyme in PC synthesis  {19}, 
and CDP choline:l,2-diacylglycerol choline phosphotrans- 
ferase, the last enzyme in PC synthesis  (20). Therefore, 
the alterations in PC metabolism by ET-18-OCH3, 
ET-18S-OCH3 and ET-18-H may be due to their structural 
similarity to lyso-PC ra ther  than to their effects on pro- 
tein kinase C. The structural  similarities of these ether 
lipids to lyso-PC may also be impor tant  with regard to 
their inhibition of lyso-PC acyltransferase (21}, the inhibi- 
tion of which correlates with cellular cytotoxici ty  (22}. 

These data  suggest tha t  protein kinase C is not involv- 
ed in TPA-st imulated PC synthesis  and tha t  TPA may 
have biological effects other than those involving protein 
kinase C. This view is supported by  recent reports  tha t  
synthet ic  diacylglycerides {23,24} and bryos ta t in  {24) 
stimulate protein kinase C in HL60 cells, but  unlike TPA 
do not  induce differentiation {26} or changes in PC 
metabolism {23}. 

Diacylglycerol is a precursor of PC and when added ex- 
ogenously could st imulate PC synthesis by providing 
more substra te  for the CDP choline:l,2-diacylglycerol 
cholinephosphotransferase. However, exogenous glycer- 
ides are converted primarily to the corresponding phos- 
phatidic acid derivative by HL60 cells (27) and do not  
mimic the TPA-induced changes in PC metabolism. Re- 
cent studies have demonstra ted tha t  the TPA-induced 
alteration in PC metabolism results from a cyclic break- 
down and resynthesis  of PC (3). This pa thway is similar 
to the phosphatidylinositol  cycle and provides an alter- 
nate source of digiycerides. The significance of this "PC 
cycle" remains to be determined. Therefore, the lipid in- 
hibitors of this cycle tha t  are s t ructural  analogs of 
lysophospholipids may be useful tools in determining the 
role of altered PC metabolism in the mechanism of tumor  
promotion. 
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in Neoplastic Cells 1 
E.A.M. Fleer% C. Ungerb, D.-J. Kimo and H. Eibl*,a 
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The ether phospholipid 1-O-octadecyl-2-O.methyl-rac- 
glycero-3-phosphocholine {OM-GPC) is known to be a po- 
tent  inhibitor of cell growth.  Metabolic  studies  in both 
Raji and L1210 leukemic cells on OM-GPC, 3H-labeled in 
the methy l  groups of the choline moiety ,  showed a 
(diacyl)-phosphatidylcholine as the only labeled metabo- 
lite. Since the formation of radiolabeled (diacylt-phospha- 
t idylcholine showed a direct correlation with cell death, 
we  tested other lipid analogs.  One of these  compounds,  
hexadecylphosphochol ine (He-PC}, which was  3H-labeled 
in the methyl-chol ine groups,  showed a formation of 
labeled {diacyl)-phosphatidylcholine similar to that found 
with  OM-GPC. Again,  there was  a direct linear correla- 
t ion between the formation of the labeled product and 
cell death. He-PC was  found to  be a potent  cell toxin in 
in vitro experiments  on cell cultures.  However ,  analogs  
with  an e longated phosphor to  t r imethy lammonium dis- 
tance showed no toxici ty  towards the cells in in vitro ex- 
periments.  From the data, we conclude that  the ether 
phospholipids are substrates  for a phosphol ipase  C or 
related enzyme.  This  subtrate  property may  be respon- 
sible for the toxicity of the compounds in neoplastic cells. 
Lipids 22, 856-861 (1987). 

The (ether)-phospholipid 1-O-octadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine (OM-GPC) is known to be a po- 
tent inhibitor of cell growth (1-7). It is known to stimulate 
macrophages (8), destroy tumor cells in vitro, and is sug- 
gested to be more lethal to tumor cells than to normal 
cells. The hypothesis on the selectivity of the compound 
towards neoplastic cells is based on the observation of 
Soodsma et al. (9) that there is a difference in the level 
of alkyl glyceromonooxygenase (AGMO; E.C. 1.14.16.5) 
between normal cells and several neoplastic cells. 
However, later studies showed that OM-GPC is not a 
substrate for AGMO in vitro (10-12). Thus, the selective 
action of OM-GPC to tumor cells cannot be explained by 
the cellular levels of AGMO. This view also is supported 
by a recent study in which AGMO levels do not show any 
correlation with the toxic effects of OM-GPC in different 
cell lines (13). To understand its metabolic fate and learn 
about its mechanism of action, we synthesized OM-GPC, 
3H-labeled in the methyl groups of the choline moiety. The 
metabolism of the radiolabeled compound in Raji and 
L1210 leukemic cells was investigated. Analysis of the 
results on the metabolic fate of these molecules in the dif- 
ferent cell lines enabled us to design a new class of anti- 
neoplastic agents, the alkyl phosphocholines. 

~Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 
Abbreviations: OM-GPC, 1-O-octadecyl-2-O-methyl-rac-glycero-3- 
hoshocholine; OM-G, 1-O-octadecyl-2-O-methyl-rac-glycerol; He-PC, 
hexadecylphosphocholine; O1-PC, octadecenyl(9,10)phosphocholine; 
O1-P(C6)C, octadecenyl(9,10)phospho-(N,N,N-trimethylamino)hexanol. 

MATERIALS AND METHODS 
1-O-Octadecyl-2-O-methyl-rac-glycero-3-phosphocholine, 
hexadecylphosphocholine, octadecenyl(9,10)phosphocho- 
line and octadecenyl(9,10)phospho-(N,N,N-trimethyl- 
amino)hexanol were prepared essentially as described 
elsewhere (14-16). Radiolabeled 1-O-oct adecyl-2-O-methyl- 
rac-glycero-3-phospho[3H-methyl]choline and hexadecyl- 
phospho[3H-methyl]choline were prepared in our labora- 
tory {17}, using [3H]methyliodide (Amersham, Braunsch- 
weig, FRG). Other chemicals were of analytical grade and 
used without further purification. 

Raji cells {B-lymphoblastic lymphome) and L1210 cells 
(murine leukemic cells) were grown in RPMI 1640 medium 
(GIBCO, Karlsruhe, FRG), supplemented with 10% fetal 
calf serum {Biochrom, Berlin, FRG). Streptomycin (200 
mg/1), nystatin (2.104 IE/1), and penicillin (2.105 IE/1) were 
added routinely to the culture medium. 

Incubation of cells (10 ml, 2 • 10 ~ cells/ml) was per- 
formed with 2.5 ~g/ml OM-GPC or 10 t~g/ml of alkyl phos- 
phocholine per ml. After the indicated time periods, ali- 
quots of the cell suspension were counted in a Neubauer 
cell-counting chamber and tested for viability using the 
trypan blue dye exclusion test (18). The cell suspension 
was then diluted with 10 ml serum-free medium, and the 
cells were centrifuged at 800 g for 10 min at room 
temperature. The supernatant was collected, and the cells 
were washed twice with 10 ml serum-free medium. Of the 
combined supernatants {40 ml), 100 ~ aliquots were taken 
for ~H counting. The pellet was extracted twice according 
to Bligh and Dyer (19). The extracts were combined; 2.5 
ml water and 2.5 ml chloroform were added for phase 
separation. The chloroform layer {lower phase} was col- 
lected, and the water phase was reextracted with 5 ml 
chloroform. After phase separation, aliquots of the water 
and chloroform phases were taken for 3H counting. The 
chloroform phase was dried under a stream of nitrogen 
and redissolved in a small volume of chloroform/methanol 
(9:1, v/v). The organic material was applied to a thin layer 
chromatography plate, and the plate was developed in 
chloroform/methanol/acetic acid/water 100:60:20:5, 
v/v/v/v}. After drying, the plate was scanned for radioac- 
tive products in an Automatic Linear Analyzer LB 284 
complemented with a Data System LB 500 (Berthold, 
Wildbad, FRG}. 

Uptake of OM-GPC by the cells was determined by in- 
cubation with radiolabeled compound (S.A. 200 mCi/ 
mmol). The cells {2 X 106 cells in 2 ml medium contain- 
ing 20 t~g OM-GPC) were incubated for the indicated time 
period and then immediately diluted with 4 ml ice-cold 
medium containing 20% (v/v) fetal calf serum. The cells 
were centrifuged 10 min at 800 g, and the supernatant 
was discarded. The cells were washed twice with 10 ml 
ice-cold medium containing 10% fetal calf serum. After 
the last centrifugation, the pellet was submitted to a 
Bligh and Dyer extraction (19). Aliquots of the organic 
phase were used to determine the amount of radiolabel 
taken up by the cells. 
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FIG. 1. Kinetics of uptake of OM-GPC in Raji and L1210 cells. Cells 
were incubated in a RPMI-medium containing 2.5 ~ / ~ 1  of radiolabel- 
ed compound (200 mCilmmol). At  indicated time intervals, the cells 
were harvested directly after dilution of the cell suspension with 
an ice-cold RPMI-medium that contained 20% fetal calf serum. After 
being washed twice with the medium, the cell pellet was extracted 
according to Bligh and Dyer (19), and the organic phase was counted 
for radioactivity. 

Methanolysis. The newly formed metabolite with Rf- 
values similar to lecithin was eluted from the thin layer 
plate with methanol. About 50 nmol lecithin containing 
100 nCi ~H label was treated with a solution of 200 mg 
potassium tert butylate in 2.5 ml methanol. After 15 min 
incubation at 50 C, 2 ml each of NaC1 saturated water and 
chloroform were added. The mixture was vigorously 
shaken. After phase separation aliquots of both phases 
were counted for radioactivity. 

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

Raji and L1210 cells were incubated with the r adiolabeled 
(ether)-phospholipid OM-GPC. As shown in Figure 1, the 
rate of uptake was similar for both cell lines; equal 
amounts of OM-GPC were taken up by both cell lines. 
From the data, it is evident that the cells already show 
maximal uptake of the compound after 60 min. Beyond 
this period, the concentration of OM-GPC per 106 cells 
remains constant (800 pmol/106 cells). Additional uptake 
depends only on the growth rate of the respective cell line. 

During the incubation period of three days, we observed 
the following time dependent effects (Fig. 2). In the case 
of Raji cells, there is almost no effect on cell growth dur- 
ing the first 48 hr, whereas L1210 cells showed a markedly 
reduced growth rate. At the end of the third day, cell 
growth is almost completely stopped for both cell lines. 
As shown in Figure 3, similar results were obtained using 
the trypan blue dye exclusion test. The number of trypan 
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FIG. 2. Effect  on cell growth of 2.5 ~g OM-GPC/ml for Raji (a, n -- 4) and L1210 (b, n = 
5) cells. Cells were grown in a RPMI-medium containing 10% fetal calf serum. Cells were 
counted in a Neubauer cell-counting chamber. Open symbols: control cells (without 
OM-GPC). Closed symbols: cells in contact with OM-GPC. Standard deviations were 5-10% 
of total  cell count. 
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blue positive cells was low for the first 48 hr (<10%) but 
much higher after 72 hr (>25%). 

The lipid extracts prepared according to Bligh and Dyer 
(19) were analyzed for radioactivity both in the water and 
in the chloroform phase. No radiolabeled material was 
found in the water phase. All of the label taken up by the 
cells (up to 12% of the label added, 800 pmol per 106 cells) 
was in the organic phase. Thin layer chromatography of 
the organic phase showed that besides the original com- 
pound, only one other radiolabeled product, which had 
a Rf-value equal to that of phosphatidylcholine, was pres- 
ent. As shown in Figure 4, the amount of product formed 
per 106 cells showed a linear increase with time. After 
three days, about 10% of the radioactivity taken up by 
the cells is incorporated in the lecithin fraction. After 
isolation of the radiolabeled product and treatment with 
potassium t. butylate, the label is detected in the water 
phase and not in the organic phase, indicating that the 
apolar part of the product is not originating from 
OM-GPC. The amount of phosphatidylcholine formed per 
106 cells and the percentage of trypan blue positive cells 
show a direct linear correlation (Fig. 5) for both Raji cells 
and L1210 cells. Compared to L1210 cells, Raji cells ob- 
viously show a higher percentage of trypan blue positive 
cells at the same point of lecithin formation. 

The metabolic fate of OM-GPC in both cell lines sug- 
gests that OM-GPC could be a substrate for phos- 
pholipase C or phospholipase C-like enzymes. According 
to this hypothesis, compounds of simpler molecular 
structure, such as the alkyl phosphocholines, should 
have similar effects on the cells. Indeed, as is shown in 
Figure 6, Raji cells treated with hexadecylphosphocholine 
(He-PC) do show production of lecithin. Again, the 
amount of trypan blue positive cells shows a linear cor- 
relation with the amount of lecithin formed from HE-PC 
as a phosphocholine donor. 

Related compounds differing only in the distance be- 
tween the phosphate and trimethylammonium groups 
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FIG. 5. Correlation of formation of phosphatidylcholine from OM- 
GPC and cell death (as measured by trypan blue positive cells). Each 
data point represents one cell culture. Incubation conditions as 
described in Fig. 2. 

further support this hypothesis. For instance, alkyl phos- 
phocholines such as octadecenyl(9,10)phosphocholine 
(O1-PC) and octadecenyl(9,10)phospho-(N,N,N-trimethyl)- 
aminohexanol (O1-P(C6)C) behave as predicted (Figs. 7 and 
8). O1-PC is a substrate for phospholipase C and is toxic 
for Raji cells. OI-P(C6)C is not a substrate for phospho- 
lipase C because of its elongated phosphor to nitrogen 
distance (20,21), and therefore it does not inhibit the 
growth of Raji cells. 

The transfer of radiolabeled phosphocholine from an 
ether phospholipid to another molecule, forming a radio- 
labeled lecithin as described in this study, has not been 
described before. However, Voelker and Kennedy (22) 
reported a similar reaction, i.e. the transfer of phospho- 
choline from phosphatidylcholine to ceramide, forming 
sphingomyelin and diacylglycerol. In analogy, we suggest 
that a similar transfer of phosphocholine from an ether 
phospholipid to diacylglycerol occurs in Raji cells. The 
result is the formation of lecithin and the appearance of 
1-O-octadecyl-2-O-methyl-rac-glycerol, a product that was 
detected by Van Blitterswijk et al. (25) in similar ex- 
periments. These authors report that  this metabolite in- 
hibits protein kinase C. Their observation that OM-G is 
a product from OM-GPC also supports our suggestion of 
a transfer of phosphocholine. The reaction products of 
this transfer would be labeled phosphatidylcholine and 
OM-G or a fat ty alcohol, depending on the compound 
used. Since the lecithin formed is a normal membrane con- 
stituent, we suspect that the toxic principle in the metab- 
olism of alkyl phosphocholines is the formation of these 
apolar alcohols. 
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FIG. 6. Correlation between cell death (trypan blue positive cells) 
and phosphatidylcholine formation from hexadecylphosphocholine 
for Raji cells. Incubation essentially as described in Fig. 2, except 
that OM-GPC was replaced by 10 ~g/ml of hexadecylphosphocholine. 
Each data point represents one cell culture. 
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FIG. 7. Influence of elongation of the P-N distance in the alkyl phosphocholines on pro- 
liferating the Raji cells. Incubation conditions are described in Fig. 2. OM-GPC was re- 
placed by the respective alkyl phosphocholine. Standard deviations are 5-10% of the total 
cell counts. Open symbols: cells without alkyl phosphocholines. Closed circles: 10 pg/ml 
alkyl phosphocholines. Closed squares: 40 ~g/ml alkyl phosphocholines. (a) Octadecenyl- 
(9,10)phosphocholine; (b) octadecenyl(9,10)phospho-(N,N,N-trimethylamino)hexanol. 
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FIG. 8. Influence of elongation of the P-N distance in alkyl phosphocholines on cell viability 
in Raji cells measured by the trypan blue dye exclusion assay. Viability data are ___5% 
{of total cell count) standard deviation. Incubation conditions as described in Figs. 2 and 
7. Symbols as in Fig. 7. (a) Octadecenyll9,10}phosphocholine; (b) octadeeenyl(9,10)phospho- 
(N,N,N-trimethyl}aminohexanol. 

In summary,  the formation of a metabolic product from 
either OM-GPC or alkyl phosphocholine shows a linear 
correlation with cell death as measured by  the t rypan  blue 
dye exclusion assay.  Related compounds,  which are not  
a subs t ra t e  for phosphol ipase C, do not  show inhibition 

of growth  for Raji cells. I t  is sugges ted  t ha t  the forma- 
tion of apolar  alcohols by  phospholipase C or related en- 
zymes  could be responsible for the toxici ty  of the ether 
phospholipids {23,24}. The mode of action of these alcohols 
is not understood yet  but  their capaci ty to inhibit protein 
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k i n a s e  C (23} could  p l a y  a role  in t he i r  t o x i c i t y  t o w a r d s  
n e o p l a s t i c  cells.  
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1-O-Octadecyl-2-O-methyl-sn-glycero-3-phosphocholine 
(ET-18-OMe) has been reported to possess definite anti- 
tumor activity in vivo. Twenty-two alkyl lysophospho- 
lipid analogs were chemically synthesized, and their anti- 
tumor activity against mouse experimental tumors 
(Sarcoma 180, MM46, P388) was examined. Among them, 
1-O-octadecyl-2.0-acetoacetyl-rac-glycero-3-phospho- 
choline was found to show antitumor activity similar to 
ET-18-OMe with less acute toxicity. 

Intravenous injection of the ET-18-OMe with sn-3 con- 
figuration retarded the subcutaneous growth of Sarcoma 
180 cells effectively, while the growth inhibition by the 
sn-1 isomer was much less effective. This stereospecificity 
was similar to that observed in their activities as platelet- 
activating factor (PAF) agonists. The acetoacetyl com- 
pound, another PAF agonist, showed similar stereo- 
specific antitumor action in vivo. These findings suggest 
that some alkyl lysophospholipids may activate host cells 
to a cytostatic stage against tumor cells in vivo through 
binding to a PAF receptor. Our preliminary results in- 
dicated that the responsible cells under these conditions 
might be primarily immature macrophages present in the 
bone marrow. No appreciable or even adverse stereo- 
specificity was observed in the different sets of ex- 
periments where the activity of ET-18-OMe against 
MM46 tumor cells in vivo or the direct cytotoxicity 
against human promyelocytic leukemia HL-60 cells in 
vitro was examined. Under some conditions, the anti- 
tumor activity of ET-18-OMe in vivo may be revealed 
through direct cytotoxicity and/or modulation of the host 
defense system by "nonspecific" mechanisms. Some 
alkylphospholipids without PAF activity may also 
show antitumor activity through similar "nonspecific" 
mechanisms. 
Lipids 22, 862-867 (1987). 

Some alkyl lysophospholipids (ALP), such as 1-O-octa- 
decyl-2-O-methyl-glycero-3-phosphocholine (ET-18-OMe), 
have been known to possess definite antitumor effects in 
vivo (1). The mode of action was partially explained by 
selective cytotoxic action against malignant cells (2,3). 
The specificity originally was explained by the lack of the 
degradation (O-alkyl cleavage) enzyme in the tumor cells; 
however, this has recently been challenged (4). Alternative 
explanations for the mechanism of cytotoxic activity and 
its tumor specificity have been advanced (5,6), but fur- 
ther work is required to clarify this interesting charac- 
teristic. 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Faculty of Phar- 
maceutical Sciences, The University of Tokyo, 7-3-1, Hongo, Bunkyo- 
ku, Tokyo 113, Japan. 
2Present address: Faculty of Pharmaceutical Sciences, Teikyo Univer- 
sity, Sagamiko-machi, Kanagawa 199-01 Japan. 

In addition to the direct action, Berdel et al. proposed 
the possible participation of macrophages activated by 
ALP in suppression of tumor cell growth. For instance, 
they showed that intravenous injections of bone marrow 
macrophages preincubated with ET-18-OMe inhibited the 
development of metastasis of 3-Lewis lung carcinoma in 
C57B1/6 mice (7). No information, however, has been 
available about the mechanism of macrophage activation. 
The unique phospholipid, PAF, first characterized as a 
mediator released from IgE-sensitized rabbit basophils 
(8), has been suggested to act as a potent mediator in 
pathological processes such as anaphylaxis and inflam- 
mation (9). We have recently shown that macrophages as 
well as platelets and neutrophils are target cells of PAF 
through specific receptors present on their cell surfaces 
(10). 

In the present study, we examined the relationship be- 
tween the structure of ALP analogs and their antitumor 
activity. Our results suggest that the antitumor activ- 
ity of some ALP might be at least partially through in- 
duction of activation of bone marrow macrophages in vivo 
and that the activation is through their binding to PAF 
receptors on these cells. 

MATERIALS AND METHODS 
Chemicals. RPMI1640 and D-MEM media were obtained 
from Flow Laboratories (Stanmore, Australia). Fetal calf 
serum (FCS) was purchased from Gibco (New York, New 
York). [3H]Thymidine was purchased from the Radio- 
chemical Centre (Amersham, United Kingdom). Sheep red 
blood cells were obtained from Nippon Bio-Supply Center 
(Tokyo, Japan). 

Analogs of alkylphospholipids. All of the alkylphos- 
pholipids bearing O-methyl residues at position 2 (10,11 ), 
1-O-octadecyl-2-O-acetoacetyl-glycero-3-phosphocholine 
(acetoacetyl compound) (12), 1,2-di-O-alkyl-glycerophos- 
phocholine (1,2-dialkyl-GPC, a type) (11,13,14) and 1,3-di- 
O-dialkyl-GPC (~ type) (15) used in the present study were 
synthesized by investigators at Takeda Chemical In- 
dustry Ltd. They were purified by column chromatog- 
raphy followed by crystallization from a suitable solvent 
system, and their purities and structures were confirmed 
by thin layer chromatography, nuclear magnetic reso- 
nance and elemental analysis. 

Animals and antitumor test. Specific pathogen-free 
female ICR and C3H/HeN mice (6-8 wk old) were pur- 
chased from the Shizuoka Cooperative for Experimental 
Animals (Hamamatsu, Japan). The tumor cells used were 
Sarcoma 180 (S180) obtained from the Institute of Micro- 
bial Chemistry (Tokyo, Japan) and mouse mammary 
tumor MM46, from Teikyo University (Kanagawa, Japan). 
They were maintained in the ascites form. The 7-day-old 
S180 ascites tumor cells were transplanted intraperito- 
neally (1 • l0 S) or subcutaneously (1 • 106) into ICR mice. 
Test samples were administered intraperitoneally or 
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in t r avenous ly .  The 7-day-old MM46 asci tes  t u m o r  cells 
(1 • 104) were t r a n s p l a n t e d  i n t r ape r i t onea l l y  in to  C3H/ 
HeN mice, wi th  the  t e s t  sample  also be ing  admin i s t e r ed  
in t rape r i tonea l ly .  

P388 mouse  l eukemia  cells f rom the  Cancer  I n s t i t u t e  
(Tokyo, Japan)  and  h u m a n  promyelocyt ic  leukemia HL-60 
cells f rom the  J ichi  Medical  School (Tochigi, Japan)  were 
m a i n t a i n e d  in  v i t ro  and  used  for cy to toxic  assay.  

Assay for cytostatic activity. The ce l l -media ted  
cy to s t a s i s  a s say  was  per formed  as descr ibed p rev ious ly  

(16). Briefly, t e s t  samples  were admin i s t e red  in t raper i to-  
nea l ly  four days  prior  to sacrifice. Pe r i tonea l  cells were 
ha rves t ed  a nd  co incuba t ed  wi th  EL-4 mouse  l eukemia  
cells from the Nat ional  I n s t i t u t e  of Health,  Tokyo, Japan .  
The radioact iv i ty  of [3H]thymidine incorporated into acid- 
inso luble  ma te r i a l s  was  t hen  measured .  

Assay for plaq ue-forming cells. Direc t  p laque- fo rming  
cell a s say  was  per formed  by  the  m e t h o d  of J e rne  and  
Nord in  (17). Sheep red blood cells (5 X 10 ~} were in jec ted  
i n t r a v e n o u s l y  in to  ICR mice 13 days  af ter  s u b c u t a n e o u s  

TABLE 1 

Antitumor Activity of Synthetic Alkyl Lysophospholipids 
a-Type CH~OR, 0-type CH,OR, 

CHOR~ CHOPOCH~CH~R~ 

I ~ II I I O-- 
CH~OPOCH~CH~R3 CH2OR~ 

r 
O-- 

S180 {T/Ce,S/Tf} 

Compound R~ R2 R3 A a B b 

MM46 [TIC,S/T) 
P388g 

C c D d (ICso, ~M) 

a-Type C,~H2, CH3 N" (CH3h 
C,3H27 CH3 N* {CH3)3 
C14H29 CH3 N* (CHub 
C,~H~, CH3 N § {CH3h 
C,6H33 CH3 N* (CHub 
C,,H~ CH~ N § (CHub 

ET18-OMe C~sH~, CH3 N* {CH3)3 
C1~H~9 CH~ N § {CHub 
C22H4s CH3 N* (CH3)3 142, 0/5 
C~H~, CH~ N{CH~h 180, 0/5 
C,8H3~ CH3 NHCH~ 175, 0/5 
C,~H~, CH~ NH2 115, 0/5 

Acetoacetyl compound C,~H~, CCH~CCH~ N § [CH~)3 200, 0/5 
[i [I 
O 0 

C~H,~ C~H,3 N § (CH3)3 88, 0/1 

Dioctyl-GPC C,H~ CsH~ N* (CH3)3 257, 2/5 
C~H~ C~H,~ N* [CH~h 184, 1/5 
C~oH2, C,oH2~ N § (CH3)3 178, 0/5 
C,~H2~ C,~H~s N* {CHub 114, 0t5 
C~6H33 C,6H33 N* (CH3)a 117, 0/5 

/3-Type CsH,7 CsH~7 N* (CHub 245, 1/5 
C~H,~ C~H,~ N* {CHub 
C~oH2~ C,oH~I N* {CHub 221, 0/5 

124. 0/5 
116, 0/5 
139, 0,5 
188, 1/5 
252, 0/5 
213, 0/5 

169, 1/5 
144, 1/5 
207, 1/5 
195, 0/5 

92, 2/3 
107, 2/5 

235, 0/5 214, 315 4.0 
105, 2/4 
83, 0/4 

113, 3/5 
115, 1/5 
98, 0/5 

238, 1/5 263, 3/5 34 

275, 0/5 99, 3/5 145 
52 

145, 0/5 110, 0/5 41 
56 

>300 

274, 1/5 112, 1/5 
163, 1/4 112, 0/5 
139, 0/5 114, 1/4 

100 

a,b, cICR mouse was transplanted intraperitoneally with S180 tumor {1 X 10 s cells}. 
aA test sample (1 mg per mouse per day) was administered intraperitoneally once 4 days prior to tumor transplantation. 
bA test sample {0.25 mg per mouse per day) was administered intraperitoneaUy once a day on days -5 ,  -4 ,  - 3  and -2 .  
CA test sample {0.3 mg per mouse per day) was administered intraperitoneally once a day on days 0, 1 and 2. 
dC3H/HeN mouse was transplanted intraperitoneally with MM46 tumor (1 X 104 cells}. A test sample (0.25 mg per mouse per day) was 
administered intraperitoneally once a day on days -5 ,  -4 ,  -3 ,  -2 ,  2, 3, 4 and 5. 
epercent average life span of tested mice/control mice. 
fSurvivors of tested mice/total mice. 
gMouse leukemic cell P388 was cultured in a medium (RPMI1640 with 10% FCS) containing various concentrations of lipids. The viabil- 
ity of treated cells was examined after 24 hr by measuring 3H thymidine incorporation into acid-insoluble fraction. Cultures were pulsed 
with 3H thymidine 3 hr before termination of incubation. 
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inoculation of $180 tumor cells (1 X 10% Five days after 
immunization, splenic cells were prepared and assayed for 
plaque-forming cells. 

RESULTS 

Anti tumor activity of A L P  analogs. Twenty-two ALP 
analogs were snythesized, and their structure-antitumor 
activity relationships were examined (Table 1). Those in- 
cluded analogs differed from ET-18-OMe in the structure 
of the long chain alkyl moiety at position 1 or the N- 
substituted aminoethylphosphoryl moiety at position 3. 
Prophylactic effects against death caused by S180 tumor 
cells were appreciably observed when mice were treated 
with ALP prior to tumor transplantation (conditions A 
and B). All mice died within 16 days after intraperitoneal 
inoculation of l0 s S180 cells unless they were treated with 
ALP. However, significant prolongation of life spans 
and/or cure (60-day survival) were observed in tumor- 
bearing mice treated with ET-18-OMe analogs that car- 
ried a relatively longer alkyl chain at position 1 or 
dimethyl or monomethylaminoethylphosphate at position 
3. No appreciable effect was observed with analogs having 
an alkyl chain shorter than C,4 or an aminoethylphos- 
phate at position 3. The antitumor activity against mouse 
syngeneic tumor MM46 was examined next (Table 1, con- 
dition D}. In control mice (C3H/HeN) inoculated with 104 
tumor cells, mortality was 100% within 20 days after 
transplantation. In contrast, intraperitoneal administra- 
tion of these alkylphospholipids resulted in, at best, 60% 
cure of tumor-bearing mice (60-day survival). Derivatives 
having long alkyl chain (C22) at position 1 or aminoethyl- 
phosphate at position 3 showed no appreciable activity. 

An alkylphospholipid having an acetoacetyl moiety in- 
stead of O-methyl at position 2 showed appreciable anti- 
tumor activity against either S180 or MM46. 

1,2-Di- and 1,3-di-O-alkyl-GPC carrying various chain 
length were also synthesized and tested. Among them, 
dioctyl-GPC (both a and f3 types) were found to have ap- 
preciable effects against S180 and MM46. Compounds 
having aliphatic chains either shorter or longer than 

ET AL. 

dioctyl-GPC tended to lower the activity progressively. 
However, significant schedule dependency was observed; 
1,2-di-O-nonyl- or decyl-GPC given intraperitoneally once 
on day 0 at a dose of 1 mg per mouse produced an ap- 
preciable increase in the life span of ICR mice bearing the 
S180 tumor (236% with dinonyl-GPC and 254% with 
didecyl-GPC), whereas 1,2-dioctyl-GPC showed weaker ac- 
tivity I195%). 

Like ET-18-OMe, the acetoacetyl compound or 1,2- 
dioctyl-GPC could increase the life span of S180-bearing 
mice (Table 1, condition C) or inhibit the growth of tumor 
inoculated subcutaneously, even when ALP were injected 
only after tumor transplantation (Fig. 1). On the other 
hand, their direct cytotoxic effects on tumor cells were 
much weaker than that of ET-18-OMe; IC~o values against 
P388 leukemic cells were 34 ~M with acetoacetyl com- 
pound, 145 ~M with 1,2-dioctyl-GPC and 4 ~M with 
ET-18-OMe. 

Stereospecificity of antitumor action of ET-18-OMe 
and acetoacetyl compound. Intravenous injection of 
ET-18-OMe with sn-3 configuration retarded the sub- 
cutaneous growth of S180 cells effectively (Fig. 2A). 
Although the sn-1 enantiomer inhibited tumor growth, 
it was much less effective than the sn-3 compound. 
Racemic compound showed an intermediate activity. The 
treatment of mouse with racemic acetoacetyl compound 
was effective, while that with the sn-1 compound was not 
at all (Fig. 2B). No appreciable stereospecificity of the ac- 
tivity, however, was observed when the antitumor activ- 
ity of ET-18-OMe was evaluated by prophylactic effect 
of intraperitoneal injection of ALP against death caused 
by S180 tumor cells (Table 2). Both the sn-1 and sn-3 com- 
pounds significantly increased the life span of the tumor- 
bearing mouse; no statistical difference was observed. 

Even adverse stereospecificity was observed in a dif- 
ferent set of experiments where antitumor effects of ALP 
against death of C3H/HeN mice caused by MM46 tumor 
cells propagated intraperitoneally were examined (Table 
2). Three out of 5 mice survived 60 days after tumor in- 
oculation when treated intraperitoneally with the sn-1 
compound; the sn-3 compound did not increase the life 
span of MM46-bearing mice under the same conditions. 

N ": 

(n 

0.5 

0.1 

0 

(A )  

7 t S t  t1#4~ t t t 2'1 

0 .5  

0.1 

0 

(B) 

7 14 2'1 
t ~ t  t t t t t  

1.~ (C)~ 
0.~ 

0 7 14 21 
t i t  t t t t ~  t 

Days after tumor Inoculation 

FIG. 1. Retardation of tumor growth by treatment of ALP. ICR mice (each group, 3 or 4 animals) subcutaneous- 
ly inoculated with $180 (1 X 106 cells) were treated with ALP once a day on days 8, 9, 10, 13, 14, 15, 16, 17 
and 20 as indicated by arrows. ALP of various doses were given per mouse per day. (A) ET-18-OMe, intravenous 
treatment: �9 control (nontreated); &, 30 ~g (77%); A, 100 ~g (39%); e ,  300 ~g (33%). (B) Acetoacetyl  com- 
pound, intravenous treatment: O, control (nontreated); A, 30 ~g (44%); L~, 100 ~g (53%); e ,  300 ~g (55%). 
(C) Dioctyl-GPC, intraperitoneal treatment: O, control (nontreated); &, 6 pg (55%); N, 20 ~g (44%); L~, 60 ~g 
(60%); e ,  200 ~g (50%). Numbers in parentheses represent percentage of retardation of average tumor weight 
on day 21 of treated mouse per control. 
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FIG. 2. Stereospecific retardation of the growth of S180 sub- 
cutaneously implanted by intravenous injection of ALP. (A) 
ET-18-OMe, 60 ~g daily nine times as indicated by arrows. �9 Non- 
treated; $ ,  3-O-octadecyl-2-(~methyl-sn-glycer~l-phosphochoHne 
(sn-l, 43%); A, l-O~ctadecyl-2-~methyl-sn-glycer~phosphocholine 
(sn-3, 71%}; A, racemic 1-O-octadecyl-2-OLmethyl-glycero-3-phospho - 
choline (69%). (B) Acetoacetyl compound, 300 ~g daily nine times 
as indicated by arrows. O, Nontreated; $ ,  3-O~octadecyl-2-O - 
acetoacetyl-sn-glycero-l-phosphocholine (sn-1, 101%); A, racemic 1-(~ 
octadecyl-2-acetoacetyl-glycero-3-phosphocholine 155%). Numbers in 
parentheses represent percentage of retardation of average tumor 
weight on day 21 of treated mouse per control mouse. 

TABLE 3 

Induction of Cytostatic Peritoneal Exudate Cells In Vivo by ALPs 

Radioactivity 
Dose incorporated (dpm) c 

Agent tested Img/mouse) (Average • 

Experiment 1 a 
None 74,571 • 1,952 
Racemic ET-18-OMe 0.3 3,682 • 1,403 (96) d 
sn-3 ET-18-OME 0.3 46,667 • 5,409 (37) d 
sn-1 ET-18-OMe 0.3 4,942 • 1,369 (93) d 

Experiment 2 b 
None 84,168 • 1,186 
1,2-Dioctyl-GPC 1.0 15,729 • 1,447 (81) d 
1,2-Didecyl-GPC 1.0 73,525 • 4,626 

aCDF1 mice (8 weeks} or bICR mice (8 weeks} were injected in- 
traperitoneally with ALP 4 days prior to sacrifice. 
cPeritoneal exudate cells (4 X l0 s cells/well) were incubated with 
target EL-4 cells (2 X 10" cells} for 24 hr at 37 C and the cytostasis 
was examined as described (16). 
dNumbers in parentheses are the percent of cytostasis compared 
with peritoneal cells from untreated mice (p < 0.001}. 

TABLE 2 

Antitumor Activity of ET-18-OMe Stereoisomers 

In vivo 
In vitro 

S180 a T/C 
HL-60, Hemolysis~ 

Compound 0.5 mg 1 mg MM46 b SIT IC~o; ~M c HC~o; t~M a 

sn-3 175 e 0/5 1.6 2.2 
sn-1 146 176f 3/5 1.6 2.2 

aprophylactic effects against S180 were examined by a single in- 
traperitoneal treatment of lipids (0.5 or 1 mg per mouse) as described 
in Table 1, condition A. 
bAntitumor activity of lipids against MM46 was examined as 
described in Table 1, condition D. 
CAccording to the method described (3), HI~60 cells {5 • 10 ~ cells/ml) 
were incubated in D-MEM containing lipids for 24 hr in the absence 
of FCS. Viable cells were then determined by staining. IC~o: concen- 
trations required for 50% growth inhibition. 
d~'Cr-labeled human red blood cells (10' cells/ml} were treated with 
lipid for 30 min as described previously (20). HC~o: concentrations 
required for 50% hemolysis. 
ep < 0.01, 
fp < 0.05. 

The tumor  retardation, which was observed in vivo 
upon t rea tment  with the sn-1 ET-18-OMe, might  be par- 
tially due to modification of the host defense mechanism, 
since peritoneal exudate cells harvested from mice treated 
with the sn-1 compound showed appreciable cytosta t ic  
activity against  EL-4 cells in vitro (Table 3). The 
peritoneal exudate cells, which were harvested from 
animals t reated with the sn-3 compound, showed weaker 
inhibitory effect on growth of EL-4 cells. The ET-18-OMe 
showed  d i rec t  c y t o t o x i c i t y  i n d e p e n d e n t  of i ts  
stereochemicai configuration, since the sn-1 compound 

showed the same cytotoxici ty as the sn-3 compound 
against  HL-60 cells cultured in vitro and against  
erythrocytes.  

Cy tos ta s i s  and i m m u n o m o d u l a t o n  by 1,2-dioctyl-GPC. 
Athough the ant i tumor activity of 1,2-dioctyl-GPC 
in vivo was stronger than that  of dialkyl-GPC with longer 
aliphatic chains, such as 1,2-didecyl-GPC, the direct 
cytotoxic activity of the former against P388 cells in vitro 
was weaker than that  of the latter (Table 1). On the other 
hand, the peritoneal exudate cells, which were harvested 
from mice treated with 1,2-dioctyl-GPC, showed ap- 
preciable cytosta t ic  activity against EL-4 cells, whereas 
1,2-didecyl-GPC was ineffective (Table 3}. 

Impairment  of the ant ibody production against  sheep 
red blood cells was observed in mouse-bearing, pro- 
gressively growing S180 cells. Intraperitoneal injection 
of 1,2-dioctyl-GPC partially restored this immunodepres- 
sion (Fig. 3), indicating that  the dioctyl-GPC t rea tment  
modulates the immune response of the host. These results 
suggested that  the ant i tumor activity of dioctyl-GPC 
seemed to be mainly through the enhancement of protec- 
tive immunity of the host against tumor cells. 

DISCUSSION 

The acetoacetyl compound showed appreciable antitumor 
action against S180 and MM46 in vivo. The extent  of its 
effectiveness was comparable to tha t  of ET-18-OMe. In 
the acute toxicity study, the acetoacetyl compound was 
l e s s  toxic than ET-18-OMe; the LDso values for the ICR 
mouse, when intraperitoneally administered once, were 
104 mg/kg with acetoacetyl compound and 23 mg/kg with 
ET-18-OMe, respectively. An acetoacetyl compound 
caused much less necrosis in the tail vein, where the lipids 
were injected, than ET-18-OMe. The acetoacetyl com- 
pound is slightly less cytotoxic in vitro than ET-18-OMe; 
the ICso value of the acetoacetyl compounds {racemic 
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FIG. 3. Effect of 1,2-dioctyl-GPC on the antibody production in 
tumor-bearing mice. ICR mice bearing $180 tumor were treated daily 
with 1,2-dioctyl-GPC intraperitoneally six times at days 8, 9, 10, 11, 
12 and 13. Antigen (sheep red blood cells} was intravenously injected 
at day 13, and the antibody production was assayed at day 17 as 
described previously {16). Each group contained six mice. Numbers 
in parentheses are the growth inhibition of $180 solid tumor due 
to lipid treatment. 

compound) against HL-60 cells measured as described in 
Table 2 was 4.2 pM. This value was lower than the ICso 
value against P388 (Table 1), which was examined in the 
presence of 10% FCS. The difference might be due to par- 
tial degradation of the acetoacetyl  compound during in- 
cubation because, unlike ET-18-OMe, it was sensitive to 
phospholipase A2 (data not shown). These results indicate 
tha t  the acetoacetyl  compound is one of the most  attrac- 
tive and promising antitumor alkyl phospholipids; further 
studies are desirable to include the elucidation of the 
molecular mechanism of the therapeutic activity of ALP. 

ET-18-OMe as well as the acetoacetyl  compound have 
some activity as platelet-activating factor (PAF) agonists, 
inducing platelet  (18) or macrophage (10) activation, 
although their activity was considerably lower than that  
of PAF itself: the EDso values to induce serotonin secre- 
tion from rabbit  washed platelets were 2.1 • 10 -s 
(ET-18-OMe), 1.3 • 10 -s (acetoacetyl compound} and 
8.1 • 10 -'~ M (PAF), respectively�9 The activation may be 
through specific receptors present  on ta rge t  cells, since 
the activation was blocked by CV-3988 (10), a well-known 
PAF antagonist  (19). Like PAF, activation of either 
platelets or macrophages by ET-18-OMe was stereospe- 
cific; only the sn-3 compound was active (10). Similar 
stereospecificity was observed in their ant i tumor  activ- 
i ty in vivo under certain experimental conditions, in which 
the tumor cells were propagated subcutaneously and ALP 
were injected intravenously through a remote route. The 
stereospecificity suggests  tha t  the observed ant i tumor 
effect might  be mediated by activation of some host im- 
mune cells through their binding to PAF receptors. 

The cells harvested from the peritoneal cavity could not 
be involved in these ant i tumor effects, since either 
cytotoxic or cytostatic activity could not be induced when 
PAF agonists, including ET-18-OMe, were incubated with 
mouse peritoneal exudate  cells. Rat  and mouse, unlike 

TABLE 4 

Specific Binding Sites for PAF 

Bone 
Polymorphonuclear marrow 

Species Platelet leukocytes Macrophage cells 

Mouse No a No e No e Yes e 
Rat No a, b ? No c , e Yes e 
Guinea pig Yes a Yes c Yes e Yes e 
Rabbit Yes a, b, c ? Yes e Yes e 
Human Yes a , b, c Yes d Yes e Yes e, f 

aRef. 24. 
bRef. 21. 
CRef. 22. 
dRef. 23. 
eHayashi et al., manuscript in preparation. 
fWe could detect specific PAF binding sites on human promyelocytic, 
leukemia HL-60 cells. 

I Alkylet her -phospholipids ] 

�9 Steregcif ic" " Ste~reofo~n~pecific " 
= : - /  l \ "~ / ~ Membrane perturbaU~ ? / 

FIG. 4. Proposed mode of antitumor action of synthetic ALP. 

human, rabbit and guinea pig, do not have peripheral cells 
(platelets, polymorphonuclear cells, macrophages), which 
express specific binding sites for PAF on their surface 
(Table 4). In our preliminary experiments,  however, 
specific binding of PAF could be detected on bone mar- 
row cells, which include immature macrophages (Hayashi 
et al., data  in preparation). We also detected specific bind- 
ing sites for PAF on bone marrow cells derived from 
species other than mouse (guinea pig, rat  and probably 
human [HL-60]). As i l lustrated in Figure 4, some PAF 
agonists may interact with bone marrow cells, most prob- 
ably immature  macrophages,  inducing their differentia- 
tion or maturation.  Macrophages matured by  PAF 
agonists may  express toxici ty against tumor  cells. This 
idea is consistent  with previous findings by Munder et 
al. (19) tha t  bone marrow-der ived macrophages t reated 
with racemic ET-18-OMe showed appreciable cytotoxicity 
against tumor  cells. We suppose tha t  the synthesis of 
pure sn-3 isomers of A LP  might  be impor tant  to obtain 
more effective antineoplastic compounds. 

PAF did not show ant i tumor activity as observed with 
ET-18-OMe or acetoacetyl  compound (data not  shown), 
since it was toxic and induced shock, probably through 
a cardiovascular effect when injected systemically. The 
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an t i tumor  effect might  be observed only with P A F  
agonists  tha t  have ra ther  weak cardiovascular  effects. 
There is a possibil i ty tha t  the growth  re ta rda t ion  of 
tumors  subcutaneously implanted by  PAF agonists  may  
result  f rom their effect on the vascular  sys t em developed 
inside or near  the tumor.  This possibil i ty is, however, 
ra ther  small, since a relatively small an t i tumor  effect 
could be observed when the racemic ET-18-OMe was in- 
jected directly into the tumor  (data not  shown). 

Direct  cytotoxic i ty  of ET-18-OMe agains t  HL-60 cells 
and e ry th rocy tes  was not  stereospecific. The an t i tumor  
act ivi ty  of ET-18-OMe was independent  of its stereo- 
chemical  conf igura t ion  when in t raper i tonea l ly  ad- 
ministered to the ICR mouse prior to intraperi toneal  in- 
oculation of S180 cells. Adverse  stereospecifici ty was 
even observed under  certain exper imental  conditions. 
These findings sugges t  tha t  the an t i tumor  effect of 
ET-18-OMe might  be pr imari ly  th rough  an independent  
mechanism of a PAF agonist  under some conditions. The 
effect might  be due either to direct toxicity or to modifica- 
t ion of some host  cells. The la t ter  possibil i ty was sug- 
ges ted  by  findings t ha t  the an t i tumor  effect was  observ- 
able even when ET-18-OMe was injected four days  prior 
to tumor  inoculation and tha t  cy tos ta t ic  act iv i ty  of 
peri toneal  exudate  cells was observed against  EL-4 cells 
in vi t ro when harves ted  f rom mice t rea ted  with sn-1 
ET-18-OMe. ALP analogs such as 1,2-dioctyl-GPC, which 
has relat ively weak cytotoxic  act ivi ty  and is not  a P A F  
agonist ,  also showed act ivi ty  as biologic response modi- 
fiers since an intraperitoneal administration of 1,2-dioctyl- 
GPC induced cytosta t ic  peritoneal cells, modulated anti- 
body product ion in tumor-bear ing  mice and suppressed 
tumor  growth of subcutaneously t ransplanted S180 ceils. 
Thus we concluded tha t  the s t imulat ion of host  sy s t em 
by  A L P  was not a lways th rough  their  binding to P A F  
receptors  (Fig. 4). 

We do not  know whether  the act ivi ty  of dioctyl-GPC 
is stereospecific. The act ivi ty  probably  is not  th rough  
binding to their specific receptors  in cells, since even the 
/3-type compound (1,3-dioctyl-GPC) showed the same 
act ivi ty  as the a- type compound (1,2-dioctyl-GPC). The 
ET-18-OMe having sn-1 configurat ion as well as dioctyl- 
GPC m a y  pr imari ly  cause nonspecific membrane  per- 
turbation,  inducing act ivat ion of some host  cells or sup- 
press ing tumor  cell g rowth  directly. We cannot  explain 
why the sn-1 compound showed even higher an t i tumor  
act ivi ty  in vivo under  some conditions. Munder  et al. 
previously reported tha t  1-alkyl-2-1yso-sn-glycero-3-phos- 
phocholine (sn-1) re tarded the growth of MethA tumor  
cells much more effectively than  a sn-3 enant iomer  when 
given orally (1). One possibility is tha t  the sn-1 compound 
is more res is tant  to metabolic  degradat ion than  the sn-3 
enantiomer.  

from the Ministry of Health and Welfare and for Scientific Research 
{59870076) from the Ministry of Education, Science and Culture of 
Japan. 
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Effect of Synthetic Phospholipids on Platelet Aggregation 
and Serotonin Release 1 
Ulrike S@linga, Hansj6rg Eiblb, Gerd A. Nagela and Clemens Unger*,a 
aDepartment of Hematology and Oncology, Center of Internal Medicine, University of G~ttingen, Federal Republic of Germany, and 
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1-O-Hexadecyl-2-O-acetyl-sn-glycero-3-phosphocholine 
(platelet-activating factor, PAF} is known to s t imulate  
platelet  aggregat ion and serotonin release in concentra- 
t ions ranging from 10-'~ -s M. Since a variety of syn- 
thet ic  P A F  analogues  are potent  antineoplast ic  agents  
in vitro and in vivo,  it was  the aim of this  s tudy to ex- 
amine the P A F - l i k e  act ivi ty  of  15 analogues,  including 
1-O-octadecyl-2-O.methyl-rac.glycero.3.phosphocholine 
(ET-18-OCHs} and a thioether analogue.  In platelet-rich 
p lasma from human blood, platelet aggregat ion and 
serotonin release were studied to  compare the effects  of  
P A F  and the analogues.  Platelet  function was  controlled 
by test ing their response  to adenosine diphosphate,  
arachidonic acid, col lagen and epinephrine. Our results  
show that only P A F  was  able to induce platelet aggrega- 
t ion and serotonin release in concentrat ions  from 10 -9 to 
10 -s M, whereas all the tested analogues  up to  a concen- 
tration of 10 -s M failed to  induce these  effects .  
Lipids 22, 868-870 (1987). 

Platelet  act ivat ing factor (PAF), a natural ly occurring 
phospholipid, is known to be a very potent  s t imulator  of 
rabbit  and human platelet aggregation and secretion in 
vitro and in vivo (1-3). I t  first was discovered when Ig E-  
sensitized rabbit  basophils, after  an immunological chal- 
lenge, released PAF (4). Some years ago, the molecular 
s t ructure  of PAF was identified as 1-O-alkyl-2-O-acetyl- 
sn-glycero-3-phosphocholine (5). I t  has been shown tha t  
PAF is synthesized by a var ie ty  of cells, including poly- 
morphnuclear neutrophils and mouse macrophages (6). 
There is evidence tha t  PAF plays a major role in inflam- 
matory  reactions (7). PAF also is a very toxic compound. 
PAF- induced  sudden death occurs at doses of 15 t~g/kg 
when given to rabbits intravenously (8) resulting from the 
increased production of thromboxane As by act ivated 
platelets (9), which leads to platelet aggregation, platelet 
degranulation and pulmonary thrombosis,  among other  
pathophysiological reactions (8). PAF initiates irrevers- 
ible platelet aggregation in a dose-dependent  manner, 
reaching a maximum effect in a range of about 10 -8 to 
10 -7 M (2,3). Platelet  activation induced by PAF seems 
to take place independently of the cyclooxygenase path- 
way (10,11), is highly dependent on extracellular calcium 
and increases free intracellular calcium (12). In the last 
years, a var ie ty  of PAF analogues was synthesized and 

Tresented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Department of 
Hematology/Oncology Center of Internal Medicine, University of 
G6ttingen, D-34 Gottingen, Federal Republic of Germany. 
Abbreviations: PAF, platelet activating factor; PPP, platelet-poor 
plasma; PRP, platelet-rich plasma; BSA, bovine serum albumin; 
ET-18-OCH3, 1-O-octadecyl-2-O-methyl-rac-glycero-3-phosphocholine; 
BM 41.440, 1-hexadecylmercapto-2-methoxymethyl-rac-glycero-3- 
phosphocholine. 

found to have antineoplastic properties. The close struc- 
tural relationship between PAF and synthet ic  alkyl 
lysophospholipids made it necessary to examine whether 
these compounds might be able to cause PAF-l ike effects 
on human platelets. 

MATERIALS AND METHODS 
Materials. PAF (the hexadecyl derivative) and all of the 
synthetic  PAF analogues were synthesized as described 
elsewhere (13,14). The compounds were dissolved in 
chloroform/methanol (1:9, v/v) and diluted in 0.9% NaC1 
containing 0.1% BSA [Sigma Chemical Co. (St. Louis, 
MO)]. Adenosine diphosphate, collagen, arachldonic acid 
and epinephrine were obtained from Bio-Data Corp. (Hat- 
boro, PA). ['4C]Serotonin (5-hydroxy-[side chain-2-~4C]- 
t ryptamine  creatine sulfate, 57.4 mCi/mmol) was pur- 
chased from Amersham Internat ional  tEngland). 

Platelet aggregation and serotonin release. Venous 
blood was collected from young, healthy volunteers who 
had taken no drugs for at least two weeks; it was mixed 
with 3.8% (w/v) sodium citrate and blood (1:9, v/v). The 
anticoagulated blood was centrifuged at room tempera- 
ture at 400 • g for 10 min, and the upper phase removed. 
The remaining blood was centrifuged at 1500 X g for 15 
min to gain pla te le t -poor  plasma (PPP). The platelet 
count for the platelet-r ich plasma (PRP) was adjusted to 
250,000 _+ 50,000 per ~l with P P P  from the same sam- 
ple. Testing was completed within two hr after blood col- 
lection. Platelet aggregation was studied at 37 C at a stir- 
ring speed of 1200 rpm using a Bio-Data four channel ag- 
gregometer  (Model Pap-4, Colora). A volume of 270 ~l 
PRP was incubated for two min at 37 C; then 30 ~1 of 
either adenosine diphosphate, arachidonic acid, collagen 
or epinephrine was added, and aggregation profiles were 
monitored. Provided the aggregation pat terns  of the 
samples were normal, the PAF sensit ivity of the same 
platelets was tested in concentrations ranging from 10 -9 
to 10 -6 M. Only when the response of each sample to the 
PAF stimulus was sufficient were aggregation profiles 
performed for 15 different synthet ic  PAF analogues up 
to a concentrat ion of 10 -s M. 

In a second set of experiments,  platelets were labeled 
by incubating them with ['~C]serotonin (0.15 ~Ci/ml PRP) 
for 20 min at 37 C. Aggregation profiles were monitored 
as described above after adding either PAF or one of four 
selected PAF analogues. Aggregation and secretion were 
allowed to go on for five min. Subsequently,  70 ~l of 6% 
(w/v) formaldehyde was added, the sample was put  in an 
ice ba th  and centrifuged for one min at 12,000 • g. 
Serotonin release was calculated according the method 
of Holmsen and Dangermaier (15). 

RESULTS AND DISCUSSION 
As shown in Figure 1, PAF itself st imulates irreversible 
aggregation of human platelets in the range of 5 X 10 -8 M 
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FIG. 1. PAF-induced platelet aggregation in human PRP. 
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FIG. 2. Platelet aggregation of PAF analogues (1O -3 M) in human 
PRP. 1: Hexadecylphosphocholine; 2: 1-O-Octadecyl-2-O-methyl-sn- 
glycero-3-phosphocholine; 3: 1-O-Hexadecyl-propandiol-2-phospho- 
choline; 4: 1-Hexadecylmercapto-2-methoxymethyl-rac-glycer~.3. 
phosphocholine. 

TABLE 1 

Investigated PAF Analogues 

1. 3-O-Octadecyl-2-O-methyl-sn-glycero-l-phosphocholine 
2. 1-O-Octadecyl-2-O-methyl-sn-glycero-3-phosphocholine 
3. 1-O-Octadecyl-sn-glycero-3-phosphocholine 
4. 3-O-Octadecyl-sn-glycerc, l-phosphocholine 
5. 1-O-Hexadecyl-sn-glycero-3-phosphocholine 
6. 3-O-Hexadecyl-sn-glycero-l-phosphocholine 
7. 1 -O-Octadecyl-propandiol-3-phosphocholine 
8. 1 -Hexadecyl-propandiol-2-phosphocholine 
9. Hexadecylphosphocholine 

10. Octadecylphosphocholine 
11. 1-O-Palmitoyl-sn-glycero-3-phosphocholine 
12. 1-Octadecyl-propandiol-3-phospho-(N,N,N-trimethylamino)- 

hexanol 
13. 1-O-Hexadecyl-sn-glycero-3-phospho-(N,N,N-trimethylamino)- 

hexanol 
14. Oleyl-phospho-N, N,N-(trimethylamino)-hexanol 
15. 1- H exadecylmercapto- 2-methoxymethyl-rac-glycero- 3-phos- 

phocholine 

TABLE 2 

Secretion of '4C-Serotonin after Stimulation with PAF 
and Four Selected PAF Analogues 

Serotonin release 
Concentration (% accumulated 

Compound (mol]l)  ~'C-serotonin a 

1-O-Hexadecyl-2-O-acetyl-sn- 
glycero-3-phosphocholine 
(PAF) 10 -s 

Hexadecyiphosphocholine 10 -3 

1-O-Hexadecyl-propandiol-2- 
phosphocholine 10 -3 

1-Hexadecylmercapto-2- 
methoxymethyl-rac-glycero-3- 
phosphocholine 10 -3 

1-O-Octadecyl- 2-O-methyl-sn- 
glycero-3-phosphocholine 10 -3 

53.13 +_ 10.59 (6) 

2.39 • 2.01 (5) 

3.83 • 1.37 (5) 

4.45 • 1.70 (5) 

5.19 • 0.63 (5) 

aValues are means • No. of experiments are shown in 
parentheses. 

to  10 -5 M, whereas  reversible agg rega t ion  still could be 
de tec ted  at  10 -9 M. 

In  con t ras t ,  all P A F  ana logues  t e s t ed  were w i thou t  ef- 
fect  on platelet  agg rega t ion  up to  concen t ra t ions  of 10 -4 
M. A t  10 -3 M, a minor  reversible  agg rega t ion  occur red  
wi th  some analogues  (Fig. 2), which m o s t  likely resul ts  
f rom an unspecif ic  effect on platelet  membranes .  This  
resul t  also is ob ta ined  for the  c o m p o u n d s  shown in 
F igure  2 and  for those  summar ized  in Table  1. The same 
s t ruc tu res  also were ineffective wi th  respect  to  serotonin  
release when tes ted  up to  10 -3 M (Table 2) under  condi- 
t ions  where P A F  ini t ia ted release of more  than  50% of 
platelet  [ '4C]serotonin at  10 -s M. 

The  obse rva t ion  of Wyk le  et  al. (16) t h a t  1-O- 
hexadecyl -2-O-methyl -GPC is a weak  agonis t  for rabb i t  
platelets does not  apply to  human  platelets. This apparent  
d i sc repancy  m o s t  likely reflects the  difference in the  
species used  as a platelet  source. 

I t  appears  t h a t  the  exis tence of a shor t  acyl  es ter  in 
the  2-position of the  glycerol  moie ty  represents  a mini- 
m u m  requirement  for the  1-O-alkyl-glycer~phospholipids 
in order  to  exer t  a physiological  response  in h u m a n  plate- 
lets. This  is in accordance  wi th  similar conclusions  made  
by  others  (17). Because phospholipid analogues of platelet 
ac t i va t ing  fac tor  (PAF) represent  a new approach  to  
cancer  chemothe rapy ,  it seems i m p o r t a n t  t h a t  no inter- 
ference wi th  the  physiological  act ion of P A F  is to  be ex- 
pec ted  as long as this minimal  s t ruc tu ra l  r equ i rement  is 
considered.  
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This paper describes the immunomodulatory and thera- 
peutic properties of the alkyl lysophospholipids [ALP; 
1-O-octadecyl-2-O-rac-glycero-3-phosphochollne {ET-18- 
OCH3)]. ALP was able to activate macrophages both in 
vitro and in vivo as well as to act as an immunoadjuvant 
for syngeneic tumor vaccines. However, ALP appeared 
to be transferred, at least in part, to the macrophage 
membrane, and some of the tumoricidal macrophage- 
activating properties seem to be associated with the 
direct cytotoxic effect of membrane-released ALP. ALP 
also had some therapeutic activity for experimental and 
spontaneous metastases, requiring administration three 
but not two times weekly at near-toxic doses; this sug- 
gests that at least some of its therapeutic activity is due 
to direct cytotoxicity. 
Lipids 22, 871-877 (1987). 

It  has been reported that some immunopotentiators that 
stimulate host defense mechanisms against infections and 
tumors have a common biochemical effect. Following en- 
docytosis by macrophages, these immunomodulatory 
compounds may activate a phospholipase that degrades 
phosphatidylcholine and phosphatidylethanolamine to 
the lyso derivatives and free fat ty acids {1-5). Lysophos- 
phatidylcholine, for example, was found to be active as 
an immunopotentiator. Naturally occurring lysophosph~ 
lipids have been found to be humoral and cellular im- 
munomodulatory agents {5-7). Since these compounds are 
rapidly metabolized, synthetic alkyl derivatives were 
developed that have extended half-lives and do not serve 
as substrates for cellular enzymes (8). The alkyl lysophos- 
pholipids (ALP) have been shown to have several effects 
on the immune system. These compounds have been 
described as a new class of biological response modifiers 
{BRM) that inhibit the growth (5,9) and metastasis (10) 
of syngeneic experimental mouse tumors and experimen- 
tal rat tumors (11,12). Studies have indicated that the 
therapeutic activity of ALP may be mediated by aug- 
menting the cytotoxic properties of macrophages (5,9,10). 
In addition, some ALP can destroy leukemic (13-15) and 
tumor cells 116,17), indicating a direct cytotoxic effect. 
Other ALP have been shown to induce differentiation of 
leukemic blast cells (18) or to counteract tumor cell inva- 
sion {19). 

'Presented at the symposium on "Ether Lipids in Oncology,'" 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Smith Kline and 
French Laboratories, Immunology and Anti-infectives Therapy 
L-101, P.O. Box 1539, King of Prussia, PA 19406. 
Abbreviations: ALP, alkyl lysophospholipids; BRM, biological 
response modifiers; poly (I,C)-LC, polyinosinic-polycytidylic acid com- 
plexed with poly-L-lysine and carboxymethylcellulose; MLR, mixed 
lymphocyte reaction; MLTR-CMC, mixed lymphocyte tumor re- 
sponse-cell-mediated cytotoxicity; HBSS, Hanks' balanced salts 
solution; NK, natural killer; MTD, maximum tolerated dose. 

We have undertaken an evaluation of several BRM 
{20,21}, including ALP, prior to considering them for 
clinical trials. Using a systematic approach, we initially 
examined the effects of BRM on the effector cell popula- 
tions of normal animals in vitro. Subsequent studies of 
in vivo immunomodulation provided data on BRM-host 
interactions, including degradation, inhibition and the re- 
quirement for BRM metabolism or cellular cooperation 
resulting in BRM-induced immunomodulation, as well as 
information on dosage and toxicity. On the basis of these 
preliminary investigations, a BRM's therapeutic proper- 
ties are studied in a quantitative and qualitative manner. 
We report here our studies of the immunomodulatory 
properties of ALP and provide information on its 
therapeutic efficacy. 

MATERIALS AND METHODS 

Animals. Specific-pathogen-free male C57BL/6 mice {H-2 ~) 
and C3H/HeN (MTV-) mice (H-2~), 3 or 4 wk of age, were 
obtained from the Animal Production Area of the 
National Cancer Institute-Frederick Cancer Research 
Facility (Frederick, MD). 

Tumors. These studies used the radiation-induced 
fibrosarcoma UV-2237 {22), syngeneic to the H-2 ~ mouse, 
and UV-2237 C1 46, a regressor clone (23) obtained from 
UV-2237. Lymphomas used included the methylcholan- 
threneqnduced mastocytoma P815 (24}, syngeneic to the 
DBA/2 mouse (H-2d), and the Moloney virus-induced lym- 
phoma YAC-1 (25) of A/SN (H-2 ~ origin. Therapy studies 
used the metastatic melanoma variant B16-BL6 {26}, 
which was selected in vitro from the B16 melanoma, a 
spontaneous tumor from a C57BL/6N mouse. The fibro- 
sarcoma and melanoma were maintained as monolayers 
in minimum essential medium supplemented with 5% 
fetal bovine serum, glutamine, sodium pyruvate, twofold 
vitamins and nonessential amino acids (complete 
minimum essential medium}. The P815 and YAC-1 tumor 
cell lines were grown in RPMI 1640 medium sup- 
plemented with 10% fetal bovine serum and the same 
medium supplements added to Eagle's minimum essen- 
tial medium. All cell lines were free of Mycoplasma and 
pathogenic murine viruses. The media, supplements and 
serum contained less than 0.1 ng/ml of endotoxin, as 
assessed by the Limulus lysate assay (21}. 

Agents. ALP were provided by Dr. W. E. Berdel of the 
Technical University, Munich, FRG. Polyinosinic- 
polycytidylic acid complexed with poly-L-lysine and car- 
boxymethylcellulose [poly (I,C)-LC] was donated by Dr. 
Hilton Levy {National Institute of Allergy and Infectious 
Diseases, Frederick, MD) and the thymosin fraction 5 was 
obtained from Hoffmann-La Roche, Inc. {Nutley, NJ}. 

Technical approach. The experiments were repeated at 
least three times, and any study in which either the 
negative or positive control did not function was per- 
formed again. In vitro assays were analyzed with the 
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paired Student ' s  t-test, and the Mann-Whitney U-test 
was used to compare the median number of metastases.  

Mixed lymphocyte reaction (MLR). Responder spleen 
cells were admixed with irradiated stimulator spleen cells 
in fiat-bottom, 96-well plates in culture medium contain- 
ing various doses of ALP or thymosin fraction 5, which 
served as a positive control. The culture medium de- 
scribed by Click et al. (27) was supplemented with 0.5% 
murine serum. The cultures were pulse-labeled with 
[3H]thymidine (1 ~Ci/well) for 24 hr before harvest,  which 
was performed with an automatic  cell harvester  4 or 5 
days after culture initiation (21). 

Effector cells stimulated in an allogenic mixed lym- 
phocyte tumor response-cell-mediated cytotoxicity 
(MLTR-CMC) assay. In the MLTR-CMC assay, effector 
cells were stimulated by culturing C3H/HeN (H-2 *) splenic 
lymphocytes with irradiated P815 (H-2 d) tumor  cells. Ex- 
perimental cultures of responder and stimulator cells con- 
tained various concentrations of ALP, whereas control 
cultures included spleen cells cultured in normal medium 
or in medium supplemented with ALP. After  a 5-day in- 
cubation, the effector lymphocytes  were washed several 
times; lymphocyte  viability was assessed and the cyto- 
toxic properties were determined in a 4-hr 5'Cr-release 
assay with P815 targets.  The effector cell induced was 
specific for P815 and sensitive to anti-Thy antiserum but  
not  to anti-asialo GM-1 antiserum. Cytotoxici ty  was 
calculated with the following formula: 

% of cytotoxicity = 

cpm released by lymphocytes - 
cpm released spontaneously 

Total Triton-released cpm 

Induction of tumor-specific cytotoxic T lymphocytes. 
Mice were immunized intradermally {i.d.) with 1 X 106 
irradiated, collagenase-dissociated UV-2237 tumor  cells, 
with or without  an adjuvant,  by injecting 0.05 ml of 
Hanks '  balanced salts solution (HBSS) containing 2 • 
105 cells into five discrete sites. Experimental  vaccines 
consisted of tumor  cells admixed with HBSS or one of 
several doses of ALP. Control vaccines consisted of 
HBSS or ALP without  tumor  cells. Target  cells for the 
cytotoxic T lymphocyte  assays were added to a fiat- 
bot tom, 96-well plate in 0.1 ml of complete minimum 
essential medium containing 5% fetal bovine serum and 
5000 viable tumor  cells radiolabeled with [75Se]methio- 
nine. Ten days after  immunization, specific effector cells 
were added in triplicate at  various effector-to-target cell 
ratios. The cocultures were incubated at 37 C for 18 hr 
and centrifuged for 3 min. Aliquots (0.1 ml) were removed, 
and the amount  of radioact ivi ty was determined. The 
percentage of cytotoxici ty  was calculated according to 
the following formula: 

% of cytotoxicity = 

cpm released in cultures with effector cells - 
cpm released spontaneously 

Total Triton-released cpm • 100 

Assay of macrophage-mediated cytotoxicity. Thio- 
glycollate-elicited peritoneal exudate  macrophages were 
collected, and the macrophage cytotoxicity assay was per- 
formed as previously described (20). In brief, macrophage 

suspensions were plated into a 96-well plate and incubated 
for 2 hr, and nonadherent  cells were removed. The 
monolayers were incubated with control medium or an 
act ivat ing agent  for 24 hr, after  which the medium was 
removed and replaced with medium containing 1 • 
104 IUdR-radiolabeled B16-BL6 target  cells. In experi- 
ments  using in v ivo-ac t iva ted  macrophages, mice were 
given intraperitoneal (i.p.) injections of HBSS, poly (I,C)- 
LC (which served as a positive control), or ALP. Twenty- 
four hr later, peritoneal cells were harvested, adherence- 
purified and cocultured with radiolabeled target  cells. The 
cytotoxici ty  assays were terminated 72 hr after the ad- 
dition of target  cells; the monolayers were washed, viable 
adheren t  cells were lysed and rad ioac t iv i ty  was 
monitored. Under the conditions of our assay, normal (un- 
treated) macrophages were not cytotoxic to neoplastic 
cells. The cytotoxic activity of the macrophages was 
calculated with this formula: 

% of cytotoxicity = 

100 X cpm in target cells cultured with normal 
macrophages - cpm in target cells cultured 

with test macrophages 

cpm in target cells cultured 
with normal macrophages 

Augmentation of natural killer (NK) cell activity. The 
ability of ALP to augment NK activity in vitro was deter- 
mined by incubating spleen cells for 24 hr with control 
medium or medium containing various doses of ALP. The 
in vivo augmentat ion of NK act ivi ty was assessed after  
intravenous (i.v.) injection of various doses of ALP or 
HBSS,  which served as the negative control. Three-wk- 
old C3H/HeN mice were routinely used for NK augmen- 
tat ion studies since they have a low initial level of NK 
activity. NK cell act ivi ty was assessed in a 4-hr s'Cr- 
release assay using YAC target  cells, as previously 
described {20). 

Therapy of established metastases. Eight-wk-old 
syngeneic C57BL/6N mice were given i.v. injections of a 
single cell suspension of 4 • 104 in v i t ro-propagated  
B16-BL6 melanoma cells in calcium/magnesium-free 
HBSS.  The schedule of therapeutic injections varied for 
each experiment.  Therapy was continued for 4 wk; ex- 
perimental  mice tha t  were alive 1 wk after the last con- 
trol animal had died were killed and necropsied. Deter- 
minations of therapeutic efficacy were based on survival 
of the mice and the extent  of pulmonary metastasis  as 
analyzed by the Mann-Whitney U-test. 

The therapeutic efficacy of A LP  was also evaluated 
aga ins t  s p o n t a n e o u s  m e t a s t a s e s  f rom B16-BL6 
melanoma cells. Eight-wk-old syngeneic mice were in- 
oculated in a posterior footpad with 5 • 104 B16-BL6 
melanoma cells in 0.05 ml of calcium/magnesium-free 
HBSS. When the pr imary  tumor  achieved a diameter  of 
0.8 to 1 cm, the tumor-bearing leg was resected at 
midfemur to include the popliteal lymph node. Twenty- 
four hr later, we initiated therapy using a protocol of in- 
jections three times per week for 4 wk. Necropsies were 
performed 1 wk after  the last injection. The lungs were 
fixed, and the ex ten t  of spontaneous pulmonary  
metastasis  was determined by counting the metastases  
using a dissecting microscope. 
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RESULTS 

Augmentation of NK cell activity. Incubation of spleen 
cells with ALP at doses of 1.0 to 0.00001 ~g/ml did not 
significantly augment  NK cell act ivi ty in vitro (Table 1). 
However, the positive control, poly (I,C)-LC, did activate 
NK cells in vitro at 5 ~g/ml. In addition, ALP is inactive 
in promoting NK cell augmentat ion in vivo at doses be- 
tween 10 and 0.001 ~g/animal (results not shown) when 
measured 1 or 3 days after injection. 

T A B L E  1 

E f f e c t  of  A L P  on N K  Cell  A c t i v a t i o n  In V i t r o  a 

Percent cytotoxicity b 
Concentration 

Agent (~g/ml) 50:1 25:1 12:1 6:1 

Medium - -  17 9 2 1 
Poly (I,C)-LC 5.0 66 c 49 c 32 c 14 c 
ALP 0.00001 19 11 3 0 
ALP 0.0001 31 c 14 5 3 
ALP 0.001 23 12 6 1 
ALP 0.01 23 10 7 4 
ALP 0.1 16 6 3 1 
ALP 1.0 24 10 5 2 

aSpleen cells from C3H mice were incubated in vitro for 24 hr with 
complete medium (negative control}, poly (I,C)-LC (positive control} 
or various doses of ALP. The effector cells were washed and their 
cytotoxic potential was examined in a 4-hr ~'Cr-release assay with 
YAC tumor cell targets. 
bpercent cytotoxicity was determined at effector-to-target cell ratios 
of 50:1, 25:1, 12:1 and 6:1. 
cSignificant increase in cytotoxicity as determined by the paired Stu- 
dent's t-test (p ~ 0.05). 

T A B L E  2 

E f f e c t  of  A L P  on M i x e d  L y m p h o c y t e  R e a c t i o n  (MLR} a 

Responder Responder 
cells + cells + 

Dose Responder syngeneic allogenic 
Agent (~g/ml} cells  stimulation stimulation 

Medium -- 1079 1153 2043 
Thymosin 

fraction 5 100.0 4319 b 4689 b 7713 b 
ALP 0.0001 1685 b 1801 b 3323 b 
ALP 0.001 1727 b 1700 b 3541 b 
ALP 0.01 1846 b 2030 b 3693 b 
ALP 0.1 2183 b 2347 b 4123 b 
ALP 1.0 135 b 158 b 309 b 

aIrradiated C57BL/6 mice stimulator spleen cells were admixed with 
C3H mouse responder spleen cells at a stimulator-to-responder cell 
ratio of 1:10. The cultures were incubated with medium alone 
(negative control}, thymosin fraction 5 (positive control} or various 
concentrations of ALP for 4 days before harvest and were pulsed 
with 1 ~Ci of [3H]thymidine for 24 hr. Quadruplicate cultures were 
performed. 
bSignificant difference in cpm compared to medium control, as deter- 
mined with Student's t-test (p ~< 0.0D. 

MLR. ALP was added to aUogenic MLR cultures, which 
were initiated at a suboptimal stimulator-to-responder 
ratio (1:8) to demonstrate maximum immunomodulation 
(29). As a positive control, spleen cells were cocultured 
with thymosin fraction 5 (Table 2), which induced a 
significant increase in the cpm incorporated into 
responder lymphocytes following 4 or 5 days of coculture. 
Coculturing spleen cells in the presence of ALP  (Table 2) 
significantly increased the incorporation of [3H]thymidine 
into responder cells in the presence or absence of 
stimulator cells. At  4 days following coculture, ALP  pro- 
duced a st imulator index of 3.1 to 3.8 at concentrations 
ranging from 0.i to 0.0001 ~g/ml. However, at a concen- 
trat ion of 1 ~g/ml, ALP  was significantly toxic to the 
spleen cells, such that  the coculture resulted in back- 
ground levels of [3H]thymidine into responder cells in the 
presence or absence of allogenic st imulator cells, i.e., a 
slight "blastogenic" activi ty was observed. 

MLTR-CMC. ALP was also tested in an allogenic 
MLTR-CMC assay. These assays were performed at a 
suboptimal stimulator-to-responder ratio (1:300) to per- 
mit the demonstrat ion of immunostimulation (28). At  
A L P  concentrations ranging from 1 to 0.0001 ~g/ml, 
cytotoxicity was not significantly increased compared to 
levels of activity observed with cultures in normal 
medium (Table 3). The positive control in this experiment, 
thymosin fraction 5, did significantly stimulate cytotoxic 
effector cell activity. The percent viability of the cells 
following 5 days of coculture ranged from approximately 
60% to 87% in either the presence or absence of stimu- 
lator cells. However, at 1 ~g/ml of ALP, the percent 
viability was reduced to 33% (with st imulator cells) or 
36% (without st imulator cells). In addition, the number 
of cells per culture ranged from 6.4 to 12 • 106 cells per 
culture following 5 days of coculture, whereas this number 
was reduced to 1.2 to 1.6 • 106 cells per culture at 1 ~g/ml 
of ALP. Thus, as in the MLR, ALP at 1 ~g/ml had signifi- 
cant  toxicity against spleen cells following 4 or 5 days 
of coculture. This was also seen in the effector cell func- 
tion of spleen cells cultured with st imulator cells in the 
presence of ALP  at 1 ~g/ml. Control cultures with 
st imulator cells had 40% cytotoxici ty at an effector-to- 
target  cell ratio of 50:1, whereas the level of cytotoxici ty 
was 0% following coculture with 1 ~g/ml of ALP. Thus, 
on the basis of a number of parameters,  including 
[3H]thymidine incorporation, effector cell activity, cell 
numbers and percent viability, ALP  at doses equal to 
1 ~g/ml were judged to be toxic to lymphocytes.  

Specific adjuvant activity of ALP. The immunoadju- 
vant  activity of ALP was assessed by examining their 
effect on the in vivo generation of splenic cytotoxic T lym- 
phocyte activity. Normal syngeneic mice were immunized 
with an i.d. injection of lethally irradiated tumor cells ob- 
tained by the collagenase-DNase dissociation of sub- 
cutaneous tumors. Spleen cells from mice immunized with 
tumor  cells alone had significantly increased splenic 
cytotoxic activity compared to control spleen cells 
(Table 4). Adding 0.01 and 0.001 ~g of ALP  per site to 
the tumor cell baccine significantly increased the level of 
cytotoxic effector cell activity compared to the vaccine 
alone. I t  was observed that  ALP  did not stimulate the 
cytotoxic T lymphocyte  effector cell activity in the 
absence of syngeneic tumor vaccine. 

Macrophage activation. The ability of ALP  to activate 
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TABLE 3 

Effect of ALP on In Vitro Generation of Alloreactive Cytotoxic T Lymphocytes (MLTR-CMC) a 

Percent Percent cytotoxicity b 
Dose Stimulator No. cells viability 

Agent {~g/ml) cells (• 106) (day 5) 50:1 25:1 12:1 6:1 

Medium -- - 9.8 68 0 0 0 0 
Thymosin fraction 5 100 - 11.0 78 3 1 0 0 
ALP 0.0001 - 9.0 78 0 0 0 0 
ALP 0.001 - 9.7 65 0 0 0 0 
ALP 0.01 - 6.3 60 0 0 0 0 
ALP 0.1 - 6.4 76 0 0 0 0 
ALP 1.0 -- 1.6 36 0 0 0 0 
Medium -- + 9.4 87 40 25 14 9 
Thymosin fraction 5 100 + 12.0 80 67 c 59 c 46 c 28 c 
ALP 0.0001 + 9.8 82 32 21 11 6 
ALP 0.001 + 9.3 86 33 20 13 7 
ALP 0.01 + 9.4 76 30 14 6 4 
ALP 0.1 + 9.3 76 42 25 15 8 
ALP 1.0 + 1.2 33 0 c 2 c 0 c 0 c 

aAllogenic C3H mouse spleen cells were cocultured with or without irradiated P815 tumor cells for 5 days in medium containing 0.5% 
normal murine serum (negative control). Experimental cultures were incubated with thymosin fraction 5 (positive control) or ALP. After 
culture, the cytotoxic activity of the spleen cells was tested in a 4-hr s'Cr-release assay using P815 target cells. 
bCytotoxicity was determined on day 5 at effector-to-target cell ratios of 50:1, 25:1, 12:1 and 6:1. 
cSignificant difference in cytotoxicity compared to medium control as determined with Student's t-test (p ~ 0.01). 

TABLE 4 

Adjuvant Activity of ALP and Development 
of Syngeneic Cytotoxic T Lymphocytes a 

Percent cytotoxicityb 
Dose UV-2237 

Agent (per site) vaccine 200:1 100:1 5 0 : 1  25:1 

HBSS 0.05ml - 14 7 3 5 
HBSS 0.05 ml + 58 c 32 c 16 c 8 
Poly (I,C)-LC 1.0 ~g + 49 39 35 16 
Poly (I,C)-LC 2.0 ~g + 52 35 18 11 
Poly (I,C)-LC 5.0 ~g + 24 18 7 5 
ALP 0.1 ~g + 40 c 28 c 17 c 10 
ALP 0.01 ~g + 73c, d 45c, d 20c, d 12c, d 
ALP 0.001 ~g + 72c, d 30 c 17 c 11 
ALP 0.1 ~g - 10 2 6 4 

aC3H mice were immunized with collagenase-DNase-dissociated 
syngeneic UV-2237 tumor cells (5 • 106 cells total in 5 i.d. injec- 
tions} in HBSS or ALP. The adjuvant was administered at time 0 
as an admixture. Eight days after immunization, effector cell ac- 
tivity was examined in a 24-hr radiorelease assay with 
[TsSe]methionine-labeled C1-46 cells; these were obtained from clonal 
subpopulations of UV-2237 and more sensitive to cytotoxic T cell 
activity than the parent tumor (spontaneous release, 26%). Each 
group contained 3 mice. 
bCytotoxicity was determined at effector-to-target cell ratios of 
200:1, 100:1, 50:1 and 25:1. 
cSignificant increases compared to sham-treated animals, as deter- 
mined with the paired Student's t-test (p ~< 0.01). 
dSignificant change in cytotoxicity compared to tumor vaccine 
without adjuvant, as determined with the paired Student's t-test 
{p < 0.01). 

m a c r o p h a g e s  in  v i t ro  was  s t ud i ed  by  i n c u b a t i n g  
C57BL/6 N thioglycollate-elici ted macrophages  wi th  A L P  
for 24 hr in  vi t ro .  Cy to tox ic i ty  was assessed  u s i n g  
syngene ic  [ '2sI]IUdR-labeled B16-BL6 t a r g e t  cells in a 

72-hr assay.  A L P  appeared  to ac t iva t e  mac rophages  to 
become cy to toxic  over  a r ange  f rom 500 to 0.0001 ~g/ml 
{Table 5). However ,  A L P  at  c o n c e n t r a t i o n s  g rea te r  t h a n  
10 ~g/ml p roduced  cy to tox ic  effects i n d e p e n d e n t  of 
macrophage  act ivat ion.  This  high-dose toxic i ty  is ev ident  
in Tab le  6, which p r e s e n t s  the  resu l t s  of an  a s say  from 
which macrophages  were omit ted.  Doses of A L P  from 500 
to 0.01 ~g/ml were cytotoxic for t a rge t  cells in the absence 
of mac rophages  when  M109 cells were used  as a 
s u b s t i t u t e  mono laye r  for the  mac rophages  (Table 6). 
These  resu l t s  s t r ong ly  sugges t  a direct  cy to toxic  effect, 
which is increased in the presence of a monolayer  of cells. 
Thus ,  m u c h  of the  mac rophage  ac t i va t i on  t h a t  has  been  
reported in vitro, as assayed by  tumoric idal  act ivi ty,  may  
be assoc ia ted  wi th  nonspecif ic  adso rp t ion  of A L P  to 
ei ther  the t i ssue  cul ture  plas t ic  or the  cellular monolayer .  
A L P  a d m i n i s t e r e d  in  v ivo  did,  however ,  i n d u c e  
macrophage -med ia t ed  cy to tox ic i ty ,  as shown in Table  7. 
In  th i s  s tudy ,  poly (I,C)-LC served as the  pos i t ive  con- 
trol. A L P  induced  mac rophage  tumor ic ida l  a c t i v i t y  a t  
doses f rom 10 to 0.1 mg/kg  when admin i s t e r ed  i.p., and  
peak ac t i va t i on  was  observed  at  1 mg/kg.  Thus ,  un l ike  
the in vi t ro  incuba t ion  of macrophages,  the abi l i ty  of A L P  
to  a c t i v a t e  m a c r o p h a g e s  in  v i v o  w a s  c l e a r l y  
de mons t r a t e d .  

Therapy  o f  e x pe r im e n ta l  and spon taneous  me tas tases .  
E x p e r i m e n t a l  and  s p o n t a n e o u s  m e t a s t a s i s  t r e a t m e n t  
models  were used  to i nve s t i ga t e  the  the rapeu t i c  poten-  
t ial  of ALP.  I n  the  expe r imen ta l  m e t a s t a s i s  model, 
t he r a py  was  in i t i a t ed  3 days  af ter  the  i.v. in jec t ion  of 
B16-BL6 t u m o r  cells and  was  c on t i nue d  for 4 wk 
(Table 8). A t  the  b e g i n n i n g  of the rapy ,  n u m e r o u s  micro- 
scopic p u l m o n a r y  t u m o r  nodules  were his to logical ly  
evident .  I n j e c t i n g  A L P  i.v. twice a week did no t  signifi- 
c an t ly  reduce the  n u m b e r  of expe r imen ta l  m e t a s t a s e s  a t  
any  dose s tudy .  By  con t ras t ,  the  pos i t ive  control ,  poly 
(I,C)-LC, did produce  a s ign i f ican t  t he rapeu t i c  effect. I t  
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TABLE 5 TABLE 7 

In Vitro Activation of Thioglycollate-Elieited 
Peritoneal Macrophages by ALP a 

In Vivo Activation of Peritoneal Macrophage-Mediated 
Cytotoxicity by ALP a 

Agent Dose (~g/ml) cpm (Day 3) Percent cytotoxicity 

Medium --  1311 
ALP 500.0 71 94.5 b 
ALP 100.0 918 29.9 b 
ALP 10.0 918 29.9 b 
ALP 1.0 1061 19.0 b 
ALP 0.1 602 54.0 b 
ALP 0.01 679 48.2 b 
ALP 0.001 734 44.0 b 
ALP 0.0001 719 45.1 b 

ALpc 500.0 245 81.3 b 
ALP 100.0 990 24.4 b 
ALP 10.0 1360 0 
ALP 1.0 1360 0 
ALP 0.1 1378 0 
ALP 0.01 1404 0 
ALP 0.001 1300 0.8 
ALP 0.0001 1240 5.4 

aThioglycollate-elicited peritoneal macrophages were incubated for 
24 hr with medium or ALP at various doses. I '2qlIUdR-labeled 
B16-BL6 tumor cells were plated onto the peritoneal macrophage 
monolayers in triplicate, incubated for 72 hr and assayed for 
cytotoxicity. 
bSignificantly increased cytotoxicity compared to medium control, 
as determined with paired Student 's  t-test (p ~ 0.05). 
CTo determine nonspecific adsorption of ALP to the plastic tissue 
culture plates and resultant toxicity to tumor cells, wells were in- 
cubated with the same doses of ALP for a 24ohr period and then 
washed in the same manner as wells containing macrophages and 
ALP. 

TABLE 6 

In Vitro Activation of Thioglycollate-Elicited 
Peritoneal Macrophages by ALP a 

Percent 
Agent Dose (~g/ml) cpm (Day 3) cytotoxicity 

Spontaneous release -- 1614 -- 
HBSS --  1654 0 

ALP 500.0 94 94.3 b 
ALP 100.0 406 75.7 b 
ALP 10.0 1400 16.5 b 
ALP 1.0 1504 10.3 b 
ALP 0.1 1336 20.3 b 
ALP 0.01 1512 9.8 b 

M109 alone -- 1701 - 2 . 8  
ALP c 500.0 213 87.2 b 
ALP 100.0 209 87.5 b 
ALP 10.0 942 43.8 b 
ALP 1.0 342 79.,6 b 
ALP 0.1 362 78.4 b 
ALP 0.01 277 83.4 b 

aThioglycollate-elicited peritoneal macrophages were incubated for 
24 hr with medium, poly {I,C}-LC (positive control} or ALP at various 
doses. [~sI]IUdR-labeled B16-BL6 tumor cells were plated onto the 
peritoneal macrophage monolayers in triplicate, incubated for 72 hr 
and assayed for cytotoxicity. 
bSignificantly increased cytotoxicity compared to medium control, 
as determined with the paired Student 's  t-test (p <~ 0.05). 
CM109 tumor cells (an adherent cell line) were attached to the wells 
of the 96-well plate and coincubated with ALP for 24 hr. This allowed 
us to determine a control value of ALP adherence to the cell 
monolayer. 

Macrophages 
Dose per animal cpm Percent 

Agent (mg/kg) (• l0 s) (Day 3) cytotoxicity 

Spontaneous 
release -- 1059 -- 

HBSS 1.9 1030 2.7 
Poly (I,C)-LC 2.5 2.5 678 35.9 b 
ALP 10.0 1.2 895 15.4 b 
ALP 1.0 2.2 541 48.9 b 
ALP 0.1 2.1 909 14.1 b 

aC57BL/6 mice (n = 5/group) received i.p. injections of poly (I,C)- 
LC or ALP. Twenty-four hours later, peritoneal exudate cells were 
harvested. The macrophages were purified by adherence and used 
as effector cells with ['zq]IUdR-labeled B16-BL6 tumor cells in a 
72-hr assay. 
bSignificant decrease in cpm compared to HBSS control Student 's  
t-test (p ~< 0.05). 

TABLE 8 

Effect of ALP on Experimental Metastases a 

Dose Median survival Median no. of 
Agent (mg/kg) (days) metastasis (range) 

HBSS -- 32 >300 (180->300) 
Poly (I,C)-LC 1.5 34 b 32 c (24-292) 
ALP 100.0 21 d 240 (28->300) 
ALP 10.0 28 >300 (208->300) 
ALP 1.0 32 >300 (72->300) 

aSyngeneic C57BL/6 mice (n = 10/group) received i.v. injections of 
B16-BL6 tumor cells (2.5 • 10~). Three days later, therapy was in- 
itiated with twice weekly i.v. injections for 4 weeks. The study was 
terminated on day 70. 
bSignificant prolongation in survival according to the Kruskal-Wallis 
analysis (p < 0.05). 
cSignificant reduction in the median number of pulmonary colonies 
according to the Mann-Whitney U-test (p < 0.01). 
dFifty percent of the animals died of ALP toxicity, with a resultant 
median survival time of 21 days. 

s h o u l d  b e  n o t e d  t h a t  t h e  i n j e c t i o n  of  A L P  a t  100 m g / k g  
s i g n i f i c a n t l y  r e d u c e d  t h e  s u r v i v a l  of  t h e s e  mice .  T h u s ,  
e v e n  d o s e s  of  A L P  g r e a t e r  t h a n  t h e  m a x i m u m  t o l e r a t e d  
d o s e  ( M T D )  h a d  no  s i g n i f i c a n t  t h e r a p e u t i c  a c t i v i t y  w h e n  
a d m i n i s t e r e d  t w i c e  a week .  

I n  a s e c o n d  s t u d y  in  w h i c h  A L P  w a s  i n j e c t e d  i .v.  t h r e e  
t i m e s  a w e e k  for  4 wk,  we  f o u n d  a s i g n i f i c a n t  t h e r a p e u t i c  
r e s p o n s e  in  a n i m a l s  w i t h  s p o n t a n e o u s  m e t a s t a s e s  
(Table  9). Mice  b e g a n  t h e  t h e r a p e u t i c  p r o t o c o l  3 d a y s  a f t e r  
t h e  r e s e c t i o n  of  t h e  p r i m a r y  B 1 6 - B L 6  f o o t p a d  t u m o r .  
T h o s e  t h a t  r e c e i v e d  e x c i p i e n t  ( H B S S )  i n j e c t i o n s  deve l -  
o p e d  a m e d i a n  of  90 s p o n t a n e o u s  m e t a s t a s e s ,  a n d  a 
s i g n i f i c a n t  r e d u c t i o n  in  t h e  m e d i a n  n u m b e r  of  l u n g  
n o d u l e s  w a s  o b s e r v e d  in m i c e  t r e a t e d  w i t h  A L P  a t  10 a n d  
25 m g / k g .  A t  0.5 m g / k g ,  t h e  p o s i t i v e  c o n t r o l ,  p o l y  (I,C)- 
LC,  a l so  p r o d u c e d  a s i g n i f i c a n t  l e v e l  of  t h e r a p e u t i c  
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TABLE 9 

Effect  of A L P  on Spontaneous  M e t a s t a s e s  a 

Median no. Median 
Dose of metastases survival Percent 

Agent (mg/kg} (range) (days) cure b 

HBSS --  90 (0->300) 31 (28-521) 10 
Poly II,C}-LC 0.5 27 c f0->300) 37 d (31-521} 20 
ALP 50.0 32 (0->300) 35 d (25-521) 10 
ALP 25.0 13 c (0-205} 43 d (22-521) 40 
ALP 10.0 11 c (0-65} 31 (25-521) 28 

aMice (n = 10/group) received injections of 5 • 104 B16-BL6 tumor 
cells into a hind footpad. When the tumors reached a diameter of 
0.8-1.0 cm, the tumor-bearing limb was resected at midfemur to in- 
clude the popliteal lymph node. Therapy was initiated 3 days later 
and consisted of i.v. injections twice weekly for 4 weeks. Necrop- 
sies were performed 22 days after the last injection. 
bAnimals that were grossly tumor-free 52 days (censored) after tumor 
resection. 
cprobability of no differences as determined using the Mann-Whitney 
U-test. 
dSignificant prolongation in survival according to the Kruskal-Wallis 
analysis (p < 0.05). 

activity.  I n  cont ras t  to the results,  when A L P  was ad- 
ministered twice a week, if it has been administered three 
t imes a week, a significant therapeut ic  response was 
observed. Interestingly,  a significant prolongation of sur- 
vival  was observed in mice receiving 25 or 50 mg/kg of 
A L P  with significantly grea ter  therapeut ic  act ivi ty  
observed at  25 mg/kg  (p -- 0.041 by  the Kurskal  Wallis 
analysis) as compared  to 50 mg/kg.  By contrast ,  no 
significant reduction in metas ta t ic  act ivi ty was observed 
at  50 mg/kg  of ALP, and the g rea tes t  reduction in 
neoplastic loci was observed at  10 mg/kg. 

D I S C U S S I O N  

Previous studies with A L P  have shown tha t  this class 
of compounds  possesses  an t i tumor  propert ies  in several  
exper imenta l  animal sys t ems  (29) and specific cytotoxic  
or cy tos ta t ic  effects in vi t ro agains t  animal and human  
tumor  cells (30-32). Studies of the p r imary  mode of ac- 
tion have focused on the augmenta t ion  of cytotoxic  
macrophages  in vi t ro and in vivo (13,33). Most  recently, 
Andreesen et al. (33) demons t ra ted  augmenta t ion  of 
cytotoxic  human  macrophages.  

The present  s tudy  has shown tha t  A L P  had no N K  
cel l -augmenting effects in vivo or in vitro. However, ALP  
significantly increased [3H]thymidine incorporat ion into 
an allogenic MLR or into lymphocytes  cultured alone, i.e., 
it demons t ra ted  blastogenic activity.  By  contrast ,  A L P  
is unable to increase the development  of cytotoxic  effec- 
tor cells following an in vi tro allogenic MLTR-CMC assay. 
Nonetheless,  A L P  had significant ad juvan t  act ivi ty  in 
vivo when adminis tered with syngeneic tumor  vaccines 
to generate  cytotoxic  T lymphocytes .  However,  this was 
a modest  level of activity, and other positive controls such 
as m u r a m y l  dipeptide demons t ra ted  greater  act iv i ty  
(results not  shown). In addition, A L P  were able to ac- 
t iva te  macrophages  bo th  in vi t ro  and in vivo. However,  

the ability to act ivate  macrophages  in vitro was obscured 
by the nonspecific adsorpt ion of ALP. There was signifi- 
cant  nonspecific adherence to the t issue culture plastic, 
resul t ing in cyto toxic i ty  in the absence of macrophages  
when appropriate  control studies were undertaken. In ad- 
dition, when we used a control cell line ra ther  than  
macrophages  as effector cells, nonspecific adsorpt ion of 
A L P  was increased compared  to the level observed in 
t issue culture wells containing A L P  alone. Under  these 
circumstances,  we observed no difference in cytotoxici ty  
in the presence or absence of macrophages .  By  contrast ,  
the results  of in vivo augmenta t ion  of peritoneal exudate  
macrophages  with A L P  were somewhat  easier to under- 
stand. Under these conditions, significant tumoricidal ac- 
t iv i ty  was observed 24 hr following the i.p. injection of 
ALP. Nonetheless,  it is still possible tha t  A L P  was 
membrane-associa ted  and resulted in direct cytotoxic i ty  
ra ther  than  act ivat ion of the macrophages.  This explana- 
tion is somewhat  unlikely since the A L P  was injected 24 
hr prior to lavage of the peri toneal  exudate  cells, and the 
macrophages  were allowed to a t t ach  for 2 hr and then 
were extensively washed to remove both  nonadherent  
cells and any A L P  tha t  might  have been membrane-  
associated. Studies by  Andreesen et al. (33) have also ad- 
dressed the specific adherence of ALP; these authors con- 
cluded tha t  ALP  could be adsorbed onto macrophage  
membranes  in addit ion to direct ly ac t iva t ing  the 
macrophages .  In  the present  s tudy,  the therapeut ic  ac- 
t iv i ty  of A L P  was observed in both  exper imental  and 
spontaneous metas tases .  In the experimental  metas tas i s  
model ITable 8), no therapeut ic  act ivi ty  was seen when 
A L P  were adminis tered twice a week, a l though signifi- 
cant  toxici ty  was observed at  the highest  dose. In con- 
t rast ,  in the spontaneous  metas tas i s  model (Table 9), 
significant therapeut ic  act ivi ty  was observed, in the 
absence of overt  toxicity,  when A L P  were injected three 
t imes a week. However,  no toxici ty  was observed when 
ALP were adminis tered at  50 mg/kg  in this experiment,  
whereas significant toxici ty  was observed in the ex- 
per imental  model at  100 mg/kg  of ALP  (Table 8). This 
sugges ts  tha t  the therapeut ic  act ivi ty  of A L P  may  be 
associated with a near-toxic dose. Another  difference be- 
tween the two models is that  ALP  was administered three 
t imes and two t imes per week in the spontaneous and ex- 
perimental  metas tas is  models, respectively (Tables 8 and 
9). In other  studies, therapeut ic  act ivi ty  has been ob- 
served in experimental  metastases ,  as determined by  pro- 
longation of survival  at  5 and 15 mg/kg  of ALP  when it 
was adminis tered three t imes per week. 

The tendency of A L P  to kill tumor  cells at  low concen- 
t ra t ions  and normal  cells only at  higher concentrat ions 
may  result  f rom metabolic  differences between the two 
cell types.  For  example,  synthet ic  A L P  can be degraded 
by an enzyme tha t  is present  in normal  cells; this 
subs tance  is absent  from tumor  cells, leading to an ac- 
cumulat ion of A L P  in tumor  t issues (8,34-36). Recent 
repor ts  have  sugges ted  tha t  incorporat ion of ALP  into 
cytomembranes ,  with consequent disturbances of normal 
phospholipid metabolism, may  result  in cy tos ta t ic  or 
cytotoxic  propert ies  (19). Further,  other studies have 
shown tha t  1-alkyl g lycerophosphat ide  analogs tha t  ac- 
t iva te  macrophage  cytotoxic i ty  can inhibit enzymes in- 
volved in regulat ion of cytoplasmic  arachidonic acid in 
murine macrophages  (36). 
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In  s u m m a r y ,  A L P  has  some s l igh t  i m m u n o m o d u l a t o r y  
and  i m m u n o t h e r a p e u t i c  ac t iv i t i e s .  M u c h  of t he  in v i t r o  
m a c r o p h a g e  a c t i v a t i o n  a s s o c i a t e d  w i t h  A L P  a p p e a r s  to  
r e s u l t  f rom nonspec i f i c  a d s o r p t i o n  of A L P  r a t h e r  t h a n  
to  " t r u e "  a c t i v a t i o n  of  m a c r o p h a g e s .  In  add i t ion ,  the  
t h e r a p e u t i c  a c t i v i t y  of A L P ,  whi le  s ign i f i can t ,  is  rela- 
t i v e l y  m i n o r  and  can  on ly  be  ach ieved  a t  n e a r l y  tox ic  
doses .  Thus ,  m u c h  of  t h e  t h e r a p e u t i c  a c t i v i t y  of A L P  
m a y  r e l a t e  to  t he i r  d i r ec t  t ox i c  a c t i v i t y  a g a i n s t  t u m o r  
cel ls  (8,34-37) r a t h e r  t h a n  to  t he i r  i m m u n o m o d u l a t o r y  
p r o p e r t i e s .  
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Neoplastic Cell Inhibition with New Ether Lipid Analogs 1 
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Bioactive phospholipid analogs of platelet-activating fac- 
tor (PAF} represent a new approach to cancer chemo- 
therapy. Various modifications of the basic structure of 
PAF lead to different ether lipid (EL) analogs. Data from 
the evaluation of thioalkyl and amidoalkyl glycerophos- 
phocholine and of glycerophosphoinositol EL analogs 
against different experimental tumors in vitro (HL60 and 
K562 human leukemia cells, BG1 and BG3 ovarian aden~ 
carcinomas) are presented. Exclusion of trypan blue after 
short exposure to the drugs determined cytotoxicity, and 
a soft agarose clonogenic assay measured the ability of 
the analogs to inhibit tumor cell proliferation. The thio- 
alkyl EL are very active against the cell lines using both 
end points, and the amidoalkyl EL showed efficacy 
against the leukemic cell lines, whereas the phospho- 
inositol EL are active only at high concentrations. Com- 
bined use of EL analogs, which are membrane-interactive, 
with classical DNA-interactive chemotherapeutic drugs 
revealed that the combinations have additive antipro- 
liferative effects. These results are promising leads in the 
development of the anticancer potential of ether lipid 
analogs. 
Lipids 22, 878-883 (1987). 

Bioactive phospholipid analogs of platelet-activating fac- 
tor [1-alkyl-2-acetyl-sn-glycero-3-phosphocholine, PAF] 
possess a broad range of biological activities and repre- 
sent a new approach to cancer chemotherapy (1,2). These 
ether lipid (EL) analogs express their antitumor proper- 
ties by direct cytostatic or cytotoxic action {1-3), by ac- 
tivation of macrophages (2-4) and by differentiation of 
malignant cells (5). They interact with the plasma mem- 
brane but not with DNA: they do not interfere with DNA 
synthesis or function and are not mutagenic (1). Defini- 
tion of their mechanisms of antitumor action requires fur- 
ther research. 

In view of this, we have initiated a comprehensive pro- 
gram on the design and synthesis of new EL analogs, 
together with parallel biochemical, biological and phar- 
macological studies and structure-activity correlations, 
aimed at identifying new active EL analogs of possi- 
ble clinical interest. Some structure-antitumor activity 
studies have been done (6,7); this report updates the 
structure-activity data of our collaborative program. We 
have described preliminary results with 1-thioalkyl-2- 
alkylglycero-3-phosphocholine analogs (thioether GPC 
lipid s) (8-11). This communication presents further data 
on the thioether lipid analogs and gives preliminary 
results of studies with two new classes of ether lipids: 
1-amidoalkyl-2-alkylglycero-3-phosphocholine analogs 
(amidoether GPC lipids), reported for the first time, and 

1Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
2Present address: Brain Tumor Research Center, University of 
California at San Francisco, San Francisco, CA 94143. 
*To whom correspondence should be addressed at Department of 
Biochemistry, Bowman Gray School of Medicine of Wake Forest 
University, Winston-Salem, NC 27103. 

1,2-dialkylglycero-3-phosphoinositol analogs (GPI lipids), 
which have been described briefly before (12) (Fig. 1). In 
view of the fact that early clinical trials have already 
begun with two EL analogs (1,13,14), these new thioalkyl, 
amidoalkyl and GPI EL analogs are of particular interest. 
Also, to explore the potential of EL analogs as cancer 
chemotherapeutic agents, experiments were conducted to 
determine their antiproliferative activity in combination 
with conventional cytotoxic agents. 

MATERIALS AND METHODS 

All of the new EL analogs used in this study were syn- 
thesized at the University of North Carolina at Chapel 
Hill. Synthesis of the thioether lipid analogs has been 
described (9). Reports on the synthesis of the glycero- 
phosphoinositol (GPI} and the amidoether lipid analogs 
are in preparation (12,15). ET-18-OMe was provided by 
Wolfgang Berdel, Technical University of Munich 
(Federal Republic of Germany); CP 46665 was a gift from 
Keith Jensen, Pfizer Co. (Groton, CT). Structures and ab- 
breviations of the EL analogs studied are given in Figure 
1. The structure of CP 46665 is given in ref. 20. The EL 
analogs were dissolved in ethanol with the exception of 
ET-18-OAc-GPI, for which chloroform was used. These 
stock solutions were diluted with phosphate saline buf- 
fer (PBS) prior to use; the final concentration of the 
organic solvent in the assay mixture did not exceed 0.5% 
for the viability test or 0.2% for the clonogenic assay. 

Adriamycin was obtained from Adria Laboratories 
(Dublin, OH); Cisplatin was from Bristol-Myers (Wall- 
ingford, CT}; and 4.hydroperoxycyclophosphamide (the 
active form of cyclophosphamide) was provided by O. 
Michael Colvin, Johns Hopkins Oncology Center (Balti- 
more, MD). Aliquots of these drugs were dissolved in PBS 
and cryopreserved under liquid nitrogen. 

Cell lines of human leukemias HL60 and K562 
(American Type Culture Collection, Bethesda, MD) were 
cultured in RPMI 1640 medium containing 10% fetal 
bovine serum, 100 units/ml of penicillin and 100 ~g/ml of 
streptomycin (all from Gibco, Grand Island, NY). Human 
ovarian carcinoma cell lines BG1 and BG3 (16) were pro- 
pagated as monolayers in McCoy's 5A culture media 
(Gibco) with 10% fetal calf serum, 0.1% penicillin and 100 
~g/ml of streptomycin. Serial passaging following mild 
trypsinization was done weekly in culture flasks (Costar, 
Cambridge, MA). Cells were free of mycoplasma con- 
tamination (17). 

The biological activity of the drugs was evaluated using 
two different techniques. The cytotoxic potential of the 
compounds against HL60 and K562 was measured by a 
vital stain, trypan blue (18). Different concentrations of 
each drug were incubated with 5 • l0 s cells/ml in 16-mm 
culture dishes. After 48 hr at 37 C in the presence of 5% 
CO2 and 95% humidified air, viable cells were enumerated 
as those that retained a cell membrane permeability bar- 
rier against trypan blue dye intrusion. A hemocytometer 
was used to count the cells. 
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FIG. 1. Structures of PAF, 1-alkyl, 1-thioalkyl and 1-amidoalkyl glycerophosphocholine IGPC} ether lipid analogs and 1-alkyl 
glycerophosphoinositol (GPI} ether lipid analogs. 

To determine changes in the clonogenicity of tumor 
cells resulting from treatment with drugs, a modified two- 
layer semisoft agarose assay was used (19). In brief, 
underlayers of 0.8% agarose in McCoy's media were 
prepared in 35-mm culture dishes and allowed to gel at 
4 C. Single cell suspensions of the cell lines were prepared 
in McCoy's (BG1 and BG3) or in RPMI 1640 ~HL60 and 
K562} with standard supplements and were mixed with 
molten agarose to achieve a final agarose concentration 
of 0.3%. One ml aliquots containing 3 • 104 ovarian car- 
cinoma cells or 5 • 104 leukemic cells were applied to the 
underlayers and allowed to gel. Briefly laying the culture 
plates on a chilled marble slab ensured the formation of 
an even, firm gel. Drugs were diluted from reconstituted 
stock and applied one time to the two-layer agarose 
culture. Drugs were made as a 10• concentration of the 
desired final treatment in sterile PBS. Aliquots of 220 ~1 
{1:10 dilution in the 2 ml agarose assay} were applied. IFor 
the combination chemotherapy experiments, drugs were 
made as 20• concentration of the final treatment by in- 
verted microscopy, and 110 ~1 aliquots of each drug were 
applied.} All agarose dishes were examined by inverted 
microscopy to ensure that cells were plated as a single- 
cell suspension. The cultures were incubated at 37 C and 
7.5% CO~ in humidified air for 7-10 days, during which 
time cell growth was monitored by inverted microscopy. 
Colony enumeration was done by automated image 

analysis {20}. Colonies were defined as cell aggregates 
greater than 40t~m in diameter. Each experiment was 
done in triplicate. Controls were run with a solution of 
0.2 or 0.5% of solvent (ethanol or chloroform) in PBS. 

RESULTS 

Thioalkyl EL analogs. The thioalkyl analogs proved very 
effective against both leukemic cell lines in the cytotox- 
icity test in comparison with ET-18-OMe, which served 
as a reference compound (Table 1). When K562 cells were 
used, higher doses were required to detect some activity, 
because this cell line appears to be less sensitive than 
HL60 to the cytotoxic action of EL (21,22). However, 
some thio analogs were very effective against K562, par- 
ticularly ET-16S-OEt. The clonogenic assay using HL60 
leukemic cells confirmed, in general, what was found in 
the viability tests (data not shown). Although it is clear 
that  in the cytotoxicity assays HL60 cells are more 
responsive to EL inhibition than K562 cells, preliminary 
data using K562 in the clonogenic assay did not show this 
difference in sensitivity between the two cell lines (data 
not shown). These data, however, need further con- 
firmation. 

The thioalkyl analogs were very active against the two 
ovarian adenocarcinomas ~Table 2); in most cases they 
were significantly more active than ET-18-OMe. In 
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TABLE 1 

Evaluation of the Cytotoxicity of Ether  Lipid Analogs Agains t  Human Leukemic Cells in a Cytotoxicity Assay 

Dose (~M) 
Experimental  
tumor  Compound 1.25 2.5 5 10 20 40 80 n 

HL60 

K562 

ET-18-OMe 73 • 18 44 • 15 18 • 5 10 • 3 18 
ET-16S-OMe 76 • 11 38 • 13 15 • 5 9 • 3 8 
ET-16S-OEt 60 • 7 34 • 5 14 • 3 9 • 1 8 
ET-18S-OMe 64 • 9 41 • 11 15 • 1 10 • 1 7 
ET-18S-OEt 51 • 7 21 • 3** 13 • 1 10 • 1 4 
Amido-OMe 64 • 24 53 • 14 20 • 4 13 • 5 9 
Amido-OH 89 • 29* 81 • 29** 72 • 26** 64 • 29** 9 
ET-18-OMe-GPI 87 • 6** 94 • 6 65 • 10 38 • 5 3 
ET-18-OAc-GPI 110 • 10"* 140 • 7 79 • 4 13 • 4 3 

ET-18-OMe 106 • 14 103 • 14 76 • 14 59 • 7 48 • 3 37 • 6 8 
ET-16S-OMe 81 4- 7 68 • 5** 55 • 11 45 • 11 6 
ET-16S-OEt 56 • 6** 48 • 5** 42 • 6* 40 • 8 5 
ET-18S-OMe 84 • 3 65 • 5 38 • 5** 24 • 5** 3 
ET-18S-OEt 88 • 9 82 • 9** 63 • 1"* 28 • 5** 3 

Amido-OMe 82 • 1 78 • 2 61 • 2 45 • 4 3 
ET-18-OMe a 86 • 12 59 • 13 48 • 15 24 • 9 4 

Each value (mean + SD of n assays) represents  cell survival  as percentage of control; control values are 0.900 • 0.082 X 104 (HL60) 
and 0.982 • 0.192 • 104 (K562) cells/ml. Values in italics indicate greater  activity than  ET-18-OMe. *, p < 0.05 and **, p < 0.01 compared 
to ET-18-OMe. 
aSeparate  reference control (ET-18-OMe) used with amido-OMe in the K562 system. 

TABLE 2 

Antiproliferat ive Effect  of Ether Lipid Analogs Against Human Ovarian Tumor Cell Lines in a Semisoft  Agarose Clonogenic Assay 

Dose (~M) 
Experimental  
tumor  Compound 0.3 0.62 1.25 2.5 5 10 20 40 

BG1 

BG3 

ET-18-OMe 103 • 4 96 • 8 70 • 2 9 • 1 4 • 2 2 • 1 6 
ET-16S-OMe 103 • 26 103 • 16 70 • 9 23 • 5** 6 • 1 5 • 2* 3 
ET-16S-OEt 74 • 5** 67 • 1"* 18 + 2** 2 • 1"* 2 • 0.4 1 • 0.3 3 
ET-18S-OMe 86 • 6** 82 • 5** 43 • 3** 3 • 1"* 2 • 0.5 2 • 1 3 
ET-18S-OEt 74 • 1"* 52 • 6** 3 • 1"* 1 • 0.5** 0.5 • 0.3** 1 • 0.3 3 
ET-18-OAc-GPI 86 • 9** 83 • 9** 51 • 4** 54 • 6** 59 • 1 19 • 15 3 

ET-18-OMe 86 • 2 83 + 4 21 • 1 4 • 2 1 • 0.2 0.4 • 0.1 6 
ET-16S-OMe 94 _ 9 89 • 5 95 • 6** 96 • 5** 95 • 4** 39 • 2** 3 
ET-16S-OEt 96 • 11 81 4- 1 22 • 3 2 • 1 1 • 0.1 1 _ 0.2 3 
ET-18S-OMe 99 • 3** 81 • 3 25 • 6 1 • 0.1" 0.4 • 0.1" 0.4 • 0.1 3 
ET-18S-OEt 91 • 8 64 +_ 2** 3 • 1"* 1 • 0.1" 1 • 0.1 1 • 0.3 3 
ET-18-OMe-GPI 91 • 2** 90 • 9** 113 • 1"* 93 • 8** 64 • 2 47 • 4 3 
ET-18-OAc-GPI 120 • 3** 109 • 11"* 94 • 8** 105 • 3** 107 • 8 49 • 3 3 

Each value (mean _ SD of n assays) represents  colony survival as percentage of control; control values are 1549 _ 337 (BG1) and 1965 
_ 236 (BG3) colonies/well. Colonies >/40 ~m in diameter  were counted. Values in italics indicate greater  activity than ET-18-OMe. 3 X 
104 Cells/well were plated for each tumor. *, p < 0.05 and **, p < 0.01 compared to ET-18-OMe. 

t h i s  p r o l i f e r a t i v e  a s s a y ,  b o t h  ce l l  l i n e s  i n d i c a t e d  t h a t  t h e  
2 - e t h y l  a n a l o g  w a s  m o r e  a c t i v e  t h a n  t h e  2 - m e t h y l .  

T h e  1 - s u l f o n y l  a n a l o g  is  l e s s  a c t i v e  t h a n  E T - 1 8 - O M e  
a n d  t h e  t h i o a l k y l  a n a l o g s  ( T a b l e  3). T h i s  i s  p a r t i c u l a r l y  
e v i d e n t  w i t h  t h e  B G 1  t u m o r .  O u r  IDso v a l u e  fo r  
E T - 1 8 - O M e  a g a i n s t  H L 6 0  ce l l s  a g r e e s  w i t h  t h a t  p u b -  
l i s h e d  p r e v i o u s l y  (23). 

A m i d o a l k y l  E L  a n a l o g s .  T h e  1 - a m i d o - 2 - m e t h y l  a n a l o g  
w a s  a s  c y t o t o x i c  a s  t h e  r e f e r e n c e  c o m p o u n d  a g a i n s t  t h e  

H L 6 0  l e u k e m i c  ce l l  l ine ,  w h e r e a s  t h e  2 - u n s u b s t i t u t e d  
a n a l o g  w a s  s i g n i f i c a n t l y  l e s s  p o t e n t  ( T a b l e  1 ). T h e r e  w a s  
n o  s t a t i s t i c a l  d i f f e r e n c e  in  i n h i b i t i o n  of  K 5 6 2  ce l l s  b y  t h e  
1 - a m i d o - 2 - m e t h y l  a n a l o g  or  b y  E T - 1 8 - O M e  ( T a b l e  1). 

G P I  E L  a n a l o g s .  S y n t h e t i c  m o d i f i c a t i o n  of  t h e  E L  
a n a l o g s  t o  i n t r o d u c e  p h o s p h o i n o s i t o l  i n s t e a d  of  p h o s -  
p h o c h o l i n e  i n t o  t h e  m o l e c u l e  (12) s u b s t a n t i a l l y  r e d u c e d  
p o t e n c y  (Tab l e s  1 a n d  2). I n h i b i t o r y  a c t i v i t y  w a s  o b s e r v e d  
o n l y  a t  h i g h  c o n c e n t r a t i o n s ,  a t  l e v e l s  c o n s i d e r a b l y  h i g h e r  
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TABLE 3 

Comparison of ID~o of ET-16SO~-OEt and ET-18-OMe 
in Two Different A s s a y s  

ET-16SO2-OEt ET-18-OMe 
ID~o (~M) ID~o (~M) 

HL60, cytotoxicity test 3.1 +- 0.5 2.5 +_ 0.4 
BG1, clonogenic assay 5.2 +__ 0.1"* 1.4 +_ 0.1 

These values are the mean +_ S.D. of 10 (HL60) and 3 (BG1) assays 
for ET-16SO~-OEt and of 18 (HL60} and 6 (BG1) assays for 
ET-18-OMe. **, p < 0.01 compared to ET-18-OMe. 

than the thioalkyl or dialkyl EL. The GPI EL analogs 
with either acetyl or methyl substitution at position 2 had 
similar degrees of inhibitory activity. 

Combination chemotherapy. Figure 2 shows results of 
a combined administration of three different EL analogs 
with adriamycin, cisplatin and cyclophosphamide. The 
EL analogs were ET-18-OMe, ET-16S-OEt and CP 46665, 
a lipoidal amine for which antitumor activity has been 
previously described (24). These agents have different 
potencies in our system (8,10). Doses that inhibited ca. 
50% of colony growth were used for all six drugs against 
the BG1 ovarian adenocarcinoma in the clonogenic assay. 

The data obtained indicate that simultaneous use of 
these two different classes of agents provides enhanced 
inhibition of neoplastic cell growth. Statistical analysis 
of the data (16) revealed that the binary combinations of 
each EL analog with each DNA-interactive drug produced 
independent and additive effects and that  neither 
synergism nor antagonism occurred. The thio analog had 
the strongest additive effect, followed by ET-18-OMe. 
Combinations of DNA-interactive drugs with CP 46665 
showed weak additive activity. 

DISCUSSION 

Thioalkyl EL analogs. The thioalkyl EL were designed 
to be more lipophilic compounds, which might therefore 
interact more readily with the cell membrane (8,9), the 
presumed lethal target for EL compounds (1). Three of 
these derivatives (ET-16S-OEt, ET-18S-OMe and ET-18S- 
OEt) were found to be very active against all the cell lines 
tested and in many cases significantly better than the 
reference compound, ET-18-OMe. ET-16S-OMe and the 
1-sulfonyl analog showed cytotoxic activity comparable 
to that of ET-18-OMe only against HL60. Relative to the 
structure-activity relationship, our results indicate that 
(i) substitution of the ether linkage with thioether can in 
some cases increase the activity of EL analogs against 
human tumor cell lines; (ii) ethyl substitution at position 
2 generally leads to more activity than methyl group 
substitution at this position; and (iii) the 1-sulfonyl 
derivative showed weaker activity than E T-18-OMe. This 
agrees with similar data recently reported (7). 

Our data indicate that the thio analogs are one of the 
most active classes of EL analogs studied to date. After 
further preclinical studies, clinical use of one of these 
agents either alone or in combination with other anti- 
neoplastic agents may merit consideration. A thioalkyl 
EL very similar to our compounds (BM 41440) has been 
reported (25) to show promising antineoplastic activity 

S ing le  Agent 

I 07 25 01 06  0.03 

C'OS~S b,g ml) Do~$ L,,g / m}) 

Combination 

E7 lf:G OEI tO7 ,,g:m~) CP 45665 ~25 I,g ~ m~) 

FIG. 2. Combination chemotherapy with DNA-interactive drugs: 
Adriamycin (Adria), Cisplatin (CDDP) and 4-hydroperoxycylophos- 
phamide (4-HCI were used in a combined treatment with three ether 
lipid analogs in a semisoft  agarose clonogenic assay against BG1 
ovarian adenocarcinoma cells. The structure of CP46665 is given in 
ref. 20. 

in vitro and in vivo; after extensive preclinical evaluation, 
it is now in early clinical trials (14). 

Amidoalkyl EL analogs. A 1-octadecyl-2-amido GPC 
analog has been described by Hoffman et al. (26) as 
having high activity against HL60 cells in vitro. Our ap- 
proach was to assess the effect of substitution at posi- 
tion 2 on the activity of analogs with amido substitution 
at position 1. The results indicate that the 1-amido-2- 
methyl EL shows activity comparable to that of 
ET-18-OMe and superior to that  of the 2-unsubstituted 
EL analog. Whether ethyl substitution at position 2 
potentiates activity in amido-substituted EL analogs to 
the same degree as found in the thioalkyl-substituted 
compounds remains to be seen. This avenue of investiga- 
tion is in progress. 

GPI EL analogs. GPI analogs were designed on the 
basis that they might interfere with cellular proliferation 
by oncogene product inhibition at two points in the 
phosphatidylinositol cascade (8): (i) by interrupting phos- 
phatidylinositol turnover at an early point in the cycle 
and (ii) by inhibition of protein kinase C, either directly 
or through inhibition of diacylglycerol formation, with 
resulting loss of cell-directed activation of the enzyme. 
Some activity was observed against experimental tumor 
cells in vitro (Tables 1 and 2). However, high doses are 
necessary to document this effect, and these analogs are 
much less active than ET-18-OMe or ET-16S-OEt. 

Detailed biochemical studies are necessary to charac- 
terize the nature of the antiproliferative action of these 
phosphoinositol analogs. The results of the antitumor ac- 
tivity of these compounds are interesting because con- 
clusions about structure-activity relationships can be 
made. Two GPI analogs of PAF and ET-18-OMe were 
tested. It  has been demonstrated that PAF is far less ac- 
tive than ET-18-OMe as an inhibitory agent against 
cancer cells (8,26). PAF is readily deacetylated and thus 
metabolized to an inactive compound (27). This may 
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account  for i ts  diminished efficacy compared  to other 
GPC analogs with methyl  or ethyl  subst i tu t ion in posi- 
t ion 2 (26-29). 

Interestingly,  the 2-acetyl G P I  analog has the same ac- 
t iv i ty  as the 2-methoxy G P I  analog; in other  words, the 
difference in inhibitory act ivi ty  so clearly evident with 
PC subs t i tu t ion  a t  posit ion 3 is not  observed with P I  
subs t i tu t ion  in the same set  of analogs. 

All these da ta  are derived from in vi tro studies. In vivo 
experimentation is now being carried out with transplant- 
able mouse tumors  to determine the therapeut ic  efficacy 
of the three groups of compounds.  Normal  mice and ra t s  
are being used to characterize the toxicology, metabol ism 
and pharmacokinet ics  of these analogs. Also a thymic  
mice bear ing subcutaneous  BG1 tumors  will be t rea ted  
with the different analogs; this should permit  the com- 
parison of in vitro and in vivo data  directly with the same 
human  mal ignant  cells. 

Combinat ion  chemotherapy.  A most  interest ing and 
unusual feature of the E L  analogs is tha t  they act through 
a membrane  interact ion without  affect ing the D N A  (1). 
Even  though the precise molecular mechanism by  which 
the antiproliferat ive action is exerted is still unknown, 
this drug-membrane  relat ionship is well establ ished 
(30-32). We have recently reported tha t  the EL can easily 
in teract  with model membranes  al tering their  physical  
propert ies  (33). Thus it  seemed reasonable to evaluate  
these drugs  in combinat ion with agents  with a different 
mechanism of action to determine if this would lead to 
a potentially effective new approach to chemotherapeutic 
t rea tment .  Addit ive interact ions were observed for com- 
binat ions of three different E L  with DNA-interact ive  
drugs  (Fig. 2). This sugges ts  tha t  the two classes of 
agents  operate  via independent  mechanisms in express- 
ing their  antiproliferat ive effects. ET-18-OMe has been 
repor ted to exhibit  synergis t ic  inhibition of human 
leukemic cells in vitro in combination with vincristine (34). 

This prel iminary finding is impor tan t  f rom two points  
of view. First, these data  indirectly confirm that  the mem- 
brane is a specific ta rget  for the EL  analogs; a synergistic 
inhibition might  be expected if the EL  analog enhanced 
the up take  of the DNA-interact ive agent, as observed for 
vinblast ine up take  in KB cells in the presence of lyso- 
phosphatidylcholine or phosphatidylinositol (35). Second, 
further preclinical investigation may  be warranted, as this 
combinat ion chemotherapy  approach may  provide a 
means  of modifying the toxici ty  of both  drugs  while in- 
creasing their  therapeut ic  efficacy. 

Our resul ts  sugges t  three significant points  in the 
development of E L  analogs for ant i tumor  therapy: {i) thio 
subst i tut ion at  position I potent ia tes  cytotoxic and anti- 
proliferat ive act ivi ty  of these compounds;  (ii) a 1-amido 
analog is as cytotoxic as ET-18-OMe; and (iii) in combina- 
tion with DNA-interact ive  drugs being used, EL  show 
addit ive an t i tumor  effects. Subs t i tu t ion  of sites on the 
E L  backbone with the goal of optimizing activi ty is under 
active invest igat ion by our inst i tut ions as a promis ing 
approach to advancing this new class of anticancer 
compounds.  
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AntitumorActivity of SR162-834, A Cyclic EtherAnalog of ET- 18-OCHJ 
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SR162-834 ,  an  a n a l o g  o f  the  a n t i t u m o r  a g e n t  ET-18- 
O C H  3 in w h i c h  the  o x y g e n  a t o m  at c a r b o n  a t o m  2 
h a s  b e e n  i n c o r p o r a t e d  into  a f i v e - m e m b e r e d  
h e t e r o c y c l e ,  h a s  b e e n  p r e p a r e d  a n d  e v a l u a t e d  as  
an  a n t i t u m o r  agent .  The  c o m p o u n d  e x h i b i t e d  g o o d  
c y t o t o x i c i t y  in v i tro  a g a i n s t  a var i e ty  o f  t u m o r  cel l  
l ines  a n d  w a s  as  e f fec t ive  as  ET-18-OCH 3 g i v e n  or- 
a l ly  in the  m o u s e  Meth  A s a r c o m a  m o d e l .  SRI  62- 
834 w a s  s h o w n  to be  an  inh ib i tor  o f  p la te le t -de-  
r ived  g r o w t h  fac tor  (PDGF),  p o s s i b l y  at the  recep-  
tor  level ,  a n d  p l a t e l e t - a c t i v a t i n g  fac tor  (PAF) at the  
r e c e p t o r  level .  
Lipids 22, 884-890 (1987). 

The e ther  phospholipid ET-18-OCH 3 (Fig. 1) has  been 
shown to exhibi t  neoplast ic  ac t iv i ty  in vi tro and in vivo 
aga ins t  a wide var ie ty  of t umor  cell l ines (1). Consider- 
able preclinical  s tudies suggest  tha t  the a n t i t u m o r  ac- 
t ion of this  agen t  may be a t t r ibu ted  to genera t ion  of 
cytotoxic macrophages  (2-4), direct cytotoxicity (5), di- 
min ished  ac t iv i ty  of the a lkyl  cleavage enzymes  present  
in tumors  (6-9), selective cell m e m b r a n e  interact ions  
(10) and inhibi t ion of a phospholipid cofactor of a phos- 
phol ipid-sensi t ive Ca + +-dependent protein kinase (11). 
In addition, it has been shown tha t  ET-18-OCHu can 
purge murine  leukemic bone marrow, e l iminate  leukemic 
blasts and allow hematopoiet ic  reconstitution to occur 
(12). Unlike most substances being used in the clinical 
t r ea tmen t  of tumors,  ET-18-OCH 3 does not appear  to have 
a direct effect on DNA synthesis or functions, and it is 
nonmutagenic  (5,13). Clinical phase I and II studies with 
ET-18-OCH 3 against  a var iety of advanced solid tumors  
have recently appeared (1,14). 

Our laboratories have been involved in the synthesis 
and evaluation of a var iety of cyclic ether  analogs of ET- 
18-OCH3 as potential  an t i tumor  agents  (Houlihan, W.J., 
Munder, P.G., Lee, M.L., Parrino, V.A., and Cheon, H., 
unpublished data). Here we present  our findings with 
SRI 62-834, a te t rahydrofuran analog of ET-18-OCH 3 (cf 
Fig. 2), agains t  a var iety of tumor  cell lines, platelet-de- 
rived growth factor (PDGF) and platelet-act ivat ing factor 
(PAF). 

MATERIALS AND METHODS 

Chemical synthesis. Melting points were determined on 
a Thomas Hoover mel t ing point appara tus  and are uncor- 
rected. Nuclear magnet ic  resonance (NMR) data for 1H- 
NMR were taken on JEOL-FX-90 (90 MHz) or JEOL-FX- 
200 (200 MHz) spectrophotometers and are reported in 
(ppm) downfield from te t ramethyls i lane  (TMS). laC-NMR 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
:::To whom correspondence should be addressed at Sandoz Research 
Institute, Route 10, East Hanover, NJ 07936. 
2present address: Bristol-Myers Company, 345 Park Ave., New 
York, NY 10154. 

H CH2OC,,H, 

R ~ O X C H ~ %  /0CH~CH~Ne(CH~,., 

o , / ' : ,  o 

FIG. 1. Structure of E T - 1 8 - O C H  3 ( R = C H  3) and platelet-ac- 
tivating factor (R = CO CH 3) .  

were determined at  22.5 MHz or 50.1 MHz on the JEOL 
instruments ,  respectively, with CDC13 (77.0) and TMS 
(0.0) as internal reference, a 'p -NMR was measured at  
80.76 MHz on a JEOL-FX-200 with HaPO4 as external  
reference. I f  not otherwise specified, chemicals and rea- 
gents were obtained from the Aldrich Chemical Co. (Mil- 
waukee, Wisconsin}. Solvents were of reagent  grade and 
dried prior to use. Reaction progress and puri ty  of final 
products were determined on E. Merck Silica Gel 60 
chromatography plates. Column chromatography was car- 
ried out using E. Merck Silica Gel CH83 (0.06--0.20 mesh) 
with the indicated eluants.  Eluants  and Rf values are 
reported where appropriate.  The puri ty  of SRI 62-834 
was also assessed by high pressure liquid chromatography 
(HPLC) at 1500 psi on a Beckman 345 ins t rument  with 
RI detection using a Lichrosorb Si 60 5 ~t dp column 
eluted with methanol/chloroform/water (6:5:0.5, v/v/v) at  
1.5 ml/min. Retention t ime is reported at a chart speed 
of 0.2 cm/min. 

(+_)Methyltetrahydro-2-furoate. A suspension of 2- 
furoic acid (34.9 g, 0.31 mol), 95~ ethanol (125 ml) and 
10~ pal ladium on carbon catalyst  (1.6 g) in a pressure 
bottle was affixed to a Parr  hydrogenation appara tus  
under 45 psi hydrogen and main ta ined  at room tempera-  
ture. After hydrogen uptake was complete (ca. 5 hr), the 
reaction mixture  was filtered through a bed of celite at  
room temperature .  The filter bed was washed with 95c~ 
ethanol,  and the combined filtrates were concentrated in 
vacuo to yield 37.7 g of crude tetrahydro-2-furoic acid. 
The acid (37.7 g) was dissolved in a sa turated hydrogen 
chlor ide-methanol  solution (200 ml) and stirred at room 
tempera ture  for ca. 5 hr. The solvent was removed in 
vacuo, and the residue was taken up in methylene 
chloride (150 ml), washed with 10c~ sodium bicarbonate 
(twice 150 ml) and water (twice 150 ml), dried with 
anhydrous magnes ium sulfate, filtered and concentrated 
in vacuo to give 30.0 g (77c~) of a colorless oil. Anal. calc. 
C, 55.4; H, 7.7. Found C, 55.2; H, 7.8. 

2,2-bis-Hydroxymethyltetrahydrofuran. A stirred solu- 
tion of methyl tetrahydro-2-furoate  (21.0 g, 0.16 tool) in 
anhydrous te t rahydrofuran (180 ml) under  a nitrogen at- 
mosphere was cooled to an internal  t empera tu re  of - 6 5  
-+5 C and then t reated dropwise with 25c~ diisobutyl- 
a luminum hydride solution in toluene (102 g, 0.17 mol) 
at such a rate  tha t  the internal  t empera ture  did not ex- 
ceed - 6 0  C. The mixture  was stirred for an additional 
1.5 hr  at  - 60 C and then  t reated carefully with anhydr- 
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ous methanol (23 ml) such tha t  the tempera ture  did not 
exceed - 50 C. The solution was allowed to warm to 5 C 
and then was added to a stirred solution of 37% aqueous 
formaldehyde (226 ml, 3.9 mol), sodium hydroxide (52 g, 
1.3 mol) and water (170 ml) while maintaining the inter- 
nal temperature  at 10 _+ 5 C. The mixture was treated 
with formic acid (6.8 ml) and then concentrated in vacuo 
with a water aspirator at 65 _+ 5 C until distillation 
ceased. The residue was cooled to 25 C, t reated with 
methylene chloride (90 ml) and stirred for ca. 0.25 hr. 
The resul tant  slurry was filtered, and the solid washed 
with methylene chloride (360 ml). The filtrate was concen- 
t rated in vacuo on a rotary evaporator, and the residue 
distilled (bp 108-120 C at  0.2-0.3 mm Hg) to give a 
semisolid tha t  crystallized from toluene to give 10.5 g 
(50%) of a white solid; mp 58-60 C (lit. [15] mp 51-53 C). 

( +- ) -2 -Hydroxymethyl-2 -octadecyloxymethyltetrahyd- 
rofuran (9.9 g, 0.075 mol) in dimethyl sulfoxide and tet- 
rahydrofuran. To a stirred solution of 2,2-bis-hydroxy- 
methyl te t rahydrofuran (1:1, 100 ml) was added at room 
temperature  powdered potassium hydroxide (4.2 g, 0.075 
mol) followed by dropwise addition of n-octadecylbromide 
(8.4 g, 0.025 mol) in te trahydrofuran (30 ml). The reaction 
mixture  was stirred for ca. 16 hr  and concentrated in 
vacuo. The residue was treated with water (100 ml) and 
extracted with diethyl ether  (100 ml, three times). The 
ether  layer was washed with saturated sodium chloride 
solution, dried with anhydrous magnesium sulfate, 
filtered and concentrated in vacuo. The residue (l l .0 g) 
was chromatographed (1:1 methyl t -butylether/hexane 
followed by 3:1 methyl t-butylether/hexane) to give 5.8 g 
(33%) of a white sticky solid, Rf 0.52 Cmethyl t- 
butylether),  MS (isobutane DCI) mz 356 (MH+). Anal: 
Calc C, 74.1; H, 12.4. Found: C, 74.0; H, 12.5. 

( +- ) -2 -{Hydroxy[tetrahydro-2 -(octadecyloxy) methylfu - 
ran-2 -yl]methoxyl]phosphinyloxy} -N,N,N-trimethyleth - 
animinium hydroxide, inner salt (SRI  62-834). To a 
stirred solution of ( _+ )-2-hydroxymethyl-2-octadecyloxy- 
methyl te t rahydrofuran (2.9 g, 7.6 mmol) in anhydrous 
benzene (50 ml) maintained under  a nitrogen atmosphere 
was added at room temperature  anhydrous t r ie thylamine 
(1.22 ml, 8.8 mmol), 4-dimethylaminopyridine (86 mg) 
and 2-chloro-2-oxo-l,2,3-dioxophospholane (16) (1.4 g, 9.8 
mmol). The reaction mixture was stirred for 16 hr at room 
temperature  and then concentrated in vacuo. The residue 
was dissolved in anhydrous acetonitrile (40 ml) and 
placed in a pressure bottle equipped with a magnetic 
stirring bar. The bottle was cooled in a dry ice acetone 
bath and anhydrous t r imethylamine gas was bubbled in 
for ca. 15 min. The bottle was then capped and heated at 
60-65 C for 48 hr. After being cooled to ca. - 2 0  C (ice- 
methanol), the solid was filtered off, washed with acetonit- 
rile (5 ml) and chromatographed (chloroform/methanol/ 
water; 70:35:7, v/v/v) to give a white solid. The solid was 
dissolved in ethanol (15 ml, three times) and evaporated 
to remove traces of water. Crystallization from 
chloroform/acetone (1:1, v/v) (15 ml) gave 2.1 g (49%) of 
a white solid mp > 230 C; Rf 0.3 (CHC1JCH3OH/H20; 
70:35:7, v/v/v); HPLC retention t ime 7.22 min.; 1H-NMR 
(CDC13/CD3OD) ~ 0.88 (t, 3H, J = 7.5, CH 3) 1.25 (s, 30 H) 
1.51 (m, 2H), 1.91 (m, 3H), 3.21 [s, 9H, +N(CH3)3], 3.37 
(s, 2H), 3.41 (d, 2H), 3.58 (brs, 2H), 3.82 (m, 4H), 4.25 
(brs, 2H); 13C-NMR (CDCla/CD3OD) ppm 29.436 and 
29.582 [(CH2)n] , 54.254 [N+(CH3)3] 67.715 (CH2N+), 
67.931, 68.707, 71.890, 73.350 (various CH20); 31p-NMR 

(CDC1JCD3OD) 1.22 pp.; MS (isobutane DCI) m/z (rel 
int.) 550 (M*, 15), 367 (M+-OPC, 100). Anal. for 
CegH6oNO6P.H20: Calc. C, 61.3; H, 10.9; H, 2.4. Found: 
C, 61.4; H, 11.1; N, 2.3. 

Cell line~. The tumor cell line Abelson-8.1 was obtained 
from A.W. Harris  (Walter and Eliza Hall Insti tute of Med- 
ical Research, Melbourne, Australia) and the YAC-1 from 
G. Klein (Department of Tumor Biology, Karolinska Insti- 
tute, Stockholm, Sweden). The cells were grown in station- 
ary suspension culture in Dulbecco Modified Eagle's 
Medium (DMEM) and 10% heat  inactivated fetal calf 
serum (FCS) supplemented with 50 ~M 2-mercap- 
toethanol, 100 units penicillin and 1 ~g streptomycin. 
The P815 and L1210 cells were from the Max-Planck-In- 
stitut fuer Immunbiologie cell line collection and were 
passed intraperi toneally tip) in vivo every week. The 
MethA fibrosarcoma cells were originally induced in 
BALB/C mice by administering methylcholanthrene ac- 
cording to the procedure of Old et al. (17). 

The human neuroblastoma cells were obtained by dis- 
sociating and culturing a freshly explanted tumor speci- 
men. The cells were used after weekly passage for four 
weeks in DMEM and supplements. 

Human  foreskin fibroblasts (AG1523) were obtained 
from the Institute of Medical Research (Camden, New 
Jersey) and propagated from frozen stock in DMEM (pH 
7.8) supplemented with 20c2 FCS, 1% nonessential amino 
acids (Gibco Cat. No. 320-1140), 1~ essential amino acids 
(Gibco Cat. No. 320-1135), 1~ vitamins (Gibco Cat. No. 
320-1120), 6 mM glutamine, 100 units/ml penicillin and 
100 ~g/ml streptomycin. The cells (passages 6 or 7) were 
maintained at 37 C under a humidified atmosphere of 
95% air/5Ck CO2. 

Macrophages were grown from the bone marrow cells 
of (Balb/C • C57/bI6)F1 mice as described elsewhere (8). 
Cultivation was effeeted by placing a suspension of 3 • 
106 bone marrow cells/50 ml, DMEM, 10% FCS, 5% horse 
serum and 3c~ supernatant  of L929 fibroblast culture 
containing st imulating factor into ethylene oxide 
sterilized 30 • 5 cm Teflon bags (Biofolie, Heraeus,  
Hanau,  FRG) as previously described (18). The cells are 
cultivated on the hydrophobie side of polymeric fluorocar- 
bon film, and in 8-12 days the precursor cells develop 
into mature  macrophages (19). Macrophages are brought 
into single cell by rolling the cultivation suspension side 
of the bag slightly without pressure between two finger- 
tips. After 12 rain, the moderately attached maerophages 
came off. After sterilizing, the cell suspension was cen- 
trifuged on a Ficoll hypaque layer at 500 g for 30 min, 
and the mononuclear cells were washed, first at 400 g for 
10 min and then at 250 g for 10 rain. 

B iochemicals and radioche micals. ET-18-OCH3 (rac-1- 
octadecyl-2-methoxy-3-phosphorylcholine) was obtained 
from R. Berchthold (Biochemicals Laboratory, Bern, Swit- 
zerland); human PDGF (300,000-500,000 units/mg 
where one unit  is defined as the amount  of PDGF needed 
to st imulate the incorporation of [3H]thymidine into 3T3 
fibroblast DNA to the same extent  as 5c2 calf serum [20]) 
was obtained from Cellular Products, Buffalo, NY; 
[3H]thymidine was obtained from Amersham and Buch- 
ler tBraunschweig, FRG) or ICN (Irvine, CA); 125I-PDGF 
was prepared by Dr. Larry D. Witte (Columbia University, 
College of Physicians and Surgeons, New York City, NY) 
using the method outlined by Bowen-Pope and Ross (21); 
3 3 H-PAF (9,10-1-O-octadecyl-'H) was prepared in the 
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laboratories of the Sandoz Research Insti tute by the pro- 
cedure of Morgat (22). 

Tumor cell cytocoxicity. Abelson-8.1 tumor cells (1 • 10 a 
cells/well) in DMEM and 10% FCS were placed in flat-bot- 
tom microtiter plastic plates (Nunc Roskieide, Denmark} 
and incubated with 5 p~g/ml ofSR162-834 or ET-18-OCH 3 
dissolved in water for 24--72 hr. The number  of tumor  
cells present was determined by measuring alkaline phos- 
phatase activity by a modified procedure of Culvenor (23); 
the tumor cell plates were centrifuged at 500 • g for 10 
rain and the supernatant  was flicked off. Without fur ther  
washing, 100 ~l of buffer containing 20 ~l of dieth- 
anolamine, 2 ~tM magnesium chloride hexahydrate,  2.5 
~M p-nitrophenylphosphate and 10 mg Triton X-100 was 
added. The samples were incubated for 60 min at  room 
temperature,  and the enzymatic activity was terminated 
by the addition of 100 ~l of 0.5 N sodium hydroxide. The 
absorbance was then measured at 405 nM using a Titer- 
tek Multiskan apparatus and compared to non-drug- 
t reated cells. The same assay procedure was used to deter- 
mine P815, YAC-1 and L1210 tumor cells. 

The tumor cell growth of the MethA fibrosarcoma and 
human neuroblastoma were assayed by the procedure of 
Berdel et al. (4). After the incubation period, 0.5 ~Ci of 
[6-3H]thymidine was added to each well, and allowed to 
incubate for 24 hr. The cells were collected with a multiple 
automated sample harvester  (Mash II, Flow Laboratories, 
Bonn, FRG) on glass filter paper. The filters were dried 
at 55 C, and then transferred to scintillation vials contain- 
ing 4 ml scintillation fluid (Scintigel, Roth KG, 
Karlsruhe, FRG). The radioactivity was measured in a 
liquid scintillation counter. 

Macrophage cytotoxicity. Mouse macrophages (105/well) 
were incubated with 10 ~g/ml of ET-18-OCH 3 for 24 hr 
in flat-bottom microtiter plates, after which they were 
centrifuged and washed once. Abelson-8.1 tumor cells (1 
• 103/well) in DMEM and 10% FCS plus 5 ~g/ml of SRI 
62-834 or ET-18-OCH3 were added to the plates and incu- 
bated for 72 hr. With the cytotoxicity of ET-18-OCH 3 (10 
~xg/ml) alone set at 100%, the enhancement  of the 
cytotoxic effect was assayed by the [3H] thymidine method 
desribed above. 

Mouse MethA fibrosarcoma assay. Ten CBF1 mice, 10- 
12 wk of age, were implanted with 105 MethA sarcoma 
cells to serve as control. Ten other CBF 1 mice were im- 
planted with 105 MethA sarcoma cells and on day 1 after 
implant were each treated per os (p.o.) with 50 ~g of SRI 
62-834 or ET-18-OCH3; daily drug t rea tment  continued 
for 27 days. On days 7, 15, 21 and 28 after tumor implant, 
the entire tumor  volume was calculated by the equation 
V = 2/3~AB(AB + B/2), where A and B are measured 
tumor  diameters. 

Human fibroblast platelet-derived growth factor 
(PDGF) mitogen assay. Confluent fibroblast cultures in 
96-well plates were quiesced at 37 C in growth medium 
containing 0.5% calf serum for 28 hr. Compounds to be 
tested or the appropriate vehicles were added to fibro- 
blasts 1 hr  before. The cultures were exposed to PDGF 
for 15 hr before [3H]thymidine (2.0 ~Ci/ml) was included 
in the quiescing medium. Two hr after the addition of 
[3H]thymidine, the medium was aspirated, and the fibrob- 
lasts were washed with Dulbecco's phosphate-buffered 
saline (ph 7.4) containing lmM CaC12 and 1 mM MgCI 2 
followed by 10% trichloroacetic acid and ethanol/ether  
(2:1, v/v). Phase-contrast microscopy was used to inspect 

the microwells for evidence of cell detachment or changes 
in cell morphology. Acid-insoluble [3H]thymidine was ex- 
tracted into 0.5 N NaOH, and the radioactivity was quan- 
tified with a gamma counter. 

[3H]Thymidine uptake. Human foreskin fibroblasts 
were propagated in 24-well plates (1 • 105 ceils/well) 
and quiesced as described above for estimates of 
[3H]thymidine incorporation into DNA. SRI 62-834 or its 
vehicle was added to the quiescing medium 1 hr before 
the addition of media. Fibroblasts were incubated with 
5% calf serum for 15 hr  and [3H]thymidine (0.5 ~tCi/ml) 
was added. Thir ty or 90 min after the addition of 
[3H]thymidine, the uptake experiments were terminated 
by aspirating the media and washing the cell sheets twice 
with cold (0 C) Dutbecco's phosphate-buffered saline (pH 
7.4) containing 1 mM CaC12 and 1 mM MgC12. 
[3H]Thymidine was extracted into 10% trichloroacetic 
acid at 20 C for 15 min. Aliquots of the acid extracts were 
neutralized with 0.5 N NaOH. Radioactivity in the neu- 
tralized extracts was quantified with a liquid scintillation 
counter. 

125I-PDGF specific binding. The specific binding of lesI- 
PDGF to human foreskin fibroblasts was determined es- 
sentially as proposed by Bowen-Pope and Ross (21). 
Human  foreskin fibroblasts which had been seeded into 
24-well plates (5 • 104 cells/well) were incubated at 37 
C for 96 hr in 1 ml of growth medium containing 20c~ 
FCS. The growth medium was not changed during this 
time. At the end of 96 hr, the growth medium was aspi- 
rated and the confluent cultures were washed twice with 
binding medium, which consisted of phosphate-buffered 
saline (pH 7.4) containing I mM CaC12, 0.5 mM MgC12, 
2 mg/ml bovine serum albumin and 15 ~g/ml phenol red. 
Fibroblasts were incubated with SRI 62-834 or its vehicle 
for 1 hr at 37 C, before 125I-PDGF (6-11 ng/ml, 10-20 
~Ci/~g) was added to the cultures in the appropriate 
vehicle to a total volume of 350 ~l. The incubation was 
continued for 2 hr  at 4 C with gentle shaking. Nonspecific 
binding of '2'~I-PDGF (20-40c~ of total binding) was esti- 
mated in the presence of a 50-fold molar excess of un- 
labeled PDGF. Binding assays were terminated by as- 
pirating the radioactive medium and washing the cell 
sheets three times with 1 ml of fresh binding medium at 
0 C. After the cultures had been inspected with a phase- 
contrast microscope for morphological changes, the cells 
were solubilized in 1% Triton X-100 containing 1 mg/ml 
bovine serum albumin by incubation at 37 C for 30 min. 
Radioactivity in aliquots of Triton-solubilized cells was 
quantified with a gamma counter. 

Protein kinase C assay. Partially purified protein kinase 
C was prepared by a modification of the method described 
by Sahyoun et al. (24). Brains from male Sprague-Dawley 
rats (175-200 g) were homogenized with a Br inkman 
Polytron in ice-cold 50 mM Tris/HC1 (ph 7.4 at  25 C) 
containing 10 mM dithiothreitol, 5 mM EGTA and 2 mM 
EDTA. The homogenate was incubated in the ice for 1 
hr and then centrifuged at 100,000 • g for 30 min. The 
supernatant  was passed through a PD 10 Sephadex G-25 
M column and purified on a Pharmacia  FPLC Mono Q 
anion-exchange column using a 0.05 M NaC1 gradient 
containing 50 mM Tris-HC1 (pH 7.4 at 25 C), 1 mM 
dithiothreitol. 

Protein kinase C activity was determined by incorpora- 
tion of 32p into histone from [32p]ATP by a modification 
of the method described by Castagna et al. (25). The assay 
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contained 10 ~M [~-~ZPJATP (0.5-1.0 ~g/mM), 200 ~g 
histone (Sigma, Type III), 5 mM MgC12, 0.5 mM CaC12, 
0.8 ~g diolein, 40 ~g phosphatidylserine and purified 
protein kinase C in 1 ml of 0.05 M Tris/HCl buffer (pH 
7.4 at 25 C) together with 0.15-9.00 mM SRI 62-834. The 
assay was incubated at room temperature for 5 min and 
terminated by the addition of 1 ml of 25% trichloroacetic 
acid, and the assay tubes were filtered through Whatman 
G/F glass fiber filters. The filter papers containing the 
precipitated histone and incorporated 32p were counted 
in a Beckman LS 8000 scintillation counter. Blank values 
were determined by assays run without phos- 
phatidylserine and diolein. 

Drug inhibition is expressed as the decrease in phos- 
phatidylserine- and diolein-stimulated 32p incorporation 
into histone. 

Platelet aggregation inhibition. Human subjects were 
kept aspirin-free for one week and fasted overnight. 
Platelet-rich plasma (PRP) was prepared by centrifuga- 
tion (250 • g, 10 min, 24 C) of freshly drawn blood anti- 
coagulated with 0.38% sodium citrate (final concentra- 
tion). Platelet count was adjusted to 2.5 • 105 per Ixl 
using platelet-poor plasma (PPP) obtained by a second 
centrifugation (900 • g, 15 min, 24 C) of the blood sample. 
An aliquot (0.38 ml) of the PRP was dispensed into cuvet- 
tes, incubated at 37 C and stirred at 900 rpm within a 
Payton Aggregometer, which recorded the light transmis- 
sion pattern of the platelet suspension. The test com- 
pound was then added at final concentrations in the range 
of 0.1-100 ~M. One minute after the addition of test 
compound, PAF-18 was added to the cuvette in an amount 
predetermined to give a consistent increase in light trans- 
mission (4.8 • 10 -7 M). All aggregations were allowed 
to proceed for 5 min from the addition of the PAF. The 
aggregation response was quantitated by determining 
the area under the curve (AUC) using a plane polarime- 
ter. The percent inhibition of the aggregation response 
was determined by dividing the AUC generated in the 
presence of the compound by the AUC of the PAF alone, 
multiplying by 100 and subtracting from 100. 

Inhibition of [3H]PAF binding to the human platelet 
PAF receptor. The binding assay is a modification of the 
procedure of Valone (26) and Kloprorogge (27) and the 
preparation of platelets a modification of the method of 
Radomski and Moncada (28). Freshly drawn human blood 
was anticoagulated with 0.38% sodium citrate and 2.8 
t~g/ml PGI2. PRP was prepared by centrifugation of the 
blood at 250 • g for 10 min at 24 C. The platelets were 
sedimented by centrifugation at 900 • g for 15 min at 
24 C and then washed twice with a solution of Tris- 
Tyrode's buffer (pH 7.4) containing 0.25% bovine serum 
albumin (TT/BSA) and 0.3 ~g/ml PGI 2. The washed 
platelets were resuspended to 3.5 • 105 per ixl in TT/BSA. 
Aliquots of platelets (500 ~l) were mixed with 1.5 nM 
[3H]PAF (40,000 cpm; 49 Ci/mmol). Nonspecific binding 
was estimated in duplicate tubes containing excess cold 
PAF (3.7 • 10 -7 final concentration). After incubation 
at 24 C for 1 hr, the reaction was stopped by adding 500 
~l ice-cold TT/BSA. The [3H]PAF bound to platelets was 
separated from the free radioligand by centrifugation at 
900 • g for 10 min at 4 C. Pellets were washed with 
TT/BSA and centrifuged at 900 • g for 15 min at 4 C. 
The pellets were resuspended in 2.5 ml liquid scintillation 
fluid, and the tubes were mixed and counted for one min- 

ute in a liquid scintillation spectrometer. The amount of 
specific binding was calculated as the difference in cpm 
between the total bound [3H]PAF and nonspecifically 
bound [3H]PAF (bound in the presence of 3.7 • 10-7 M 
cold PAF). The percent inhibition of specific binding was 
determined by dividing the cpm specifically bound in the 
presence of the test compound by the cpm specifically 
bound in the vehicle control, multiplying by 100 and sub- 
tracting from 100. An IC5o (50% inhibitor concentration) 
value was generated by evaluating the test compound 
over the concentration range of 0.1-100 ~M. 

PAF-induced guinea pig hemoconcentration (HC) and 
bronchoconstriction (BC). The methodology of Handley 
(29,30) for evaluation of PAF-induced HC in the guinea 
pig was used. Briefly, 100 ng/kg- ~ PAF-18 was given intra- 
venously, and blood samples were taken from the femoral 
artery for determination of hematocrit changes. For BC 
studies, animals were similarly prepared, tracheotomized 
and given flaxedil (gallamine triethiodide, American 
Cyanamid, Pearl River, NY; 10 mg/kg 1 ip) to suppress 
natural breathing. Animals were artificially ventilated 
(Harvard Respirator, 60 breaths min-1, tidal volume of 
3.5 ml/kg-1), and bronchial resistance was determined 
from initial values, monitored with pressure transducers 
and a Gould 2400S recorder. SRI 62-834 in 0.9% saline 
(three animals per dose) was given intraarterially (ia) 5 
min before the PAF challenge. Blood samples and bronc- 
hial tracings were taken during the predose time to deter- 
mine if SRI 62-834 influenced these parameters. 

C02H a,b �9 
c,d 

C02CH~ 

e 

_ ~  ~CH2OC,~H. 
~ 0 "  "CH~0~ /0CH~CH~N @ (CH,)~ 

SRI 62-834 

{a) 5% Pd/C, H~, 95% EtOH 
(b} CH3OH, HCI, r.t. 
(c) fi-BuhA1H2, -60 C, THF 
(d) CH20, KOH 
(e) n-C,sH~,Br, KOH, DMSO-THF 

Lo / ~Cl' Et3N, DMAP, C6H~, 2.5 hr, r.t. 

(g) (CH3)3N, 60-65 C, 48 hr. 

FIG. 2. Synthes i s  of  SRI 62-834. 
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T A B L E  1 

C o m p a r i s o n  o f  the  In Vi tro  Ef fec t s  o f  S R I  62-834 a n d  E T - 1 8 - O C H 3  a t  5 ~Lg/ml on  
V a r i o u s  T u m o r  Cel ls  

% Viable  cells a t  72 h r  a 

T u m o r  ceils A s s a y  b SR162-834 ET- 18-OCH 3 

Abelson-8.1  c DC 2.0 2.8 
Abelson-8.1  c MAC 98.0 ~ 97.8 e 

YAC c DC 4.0 e 4.3 
L1210 c DC 5.8 5.3 
P815" DC 9.1 5.8 

H u m a n  n e u r o b l a s t o m a  d DC 0,6 0,6 
M e t h A  f ib rosa rcoma d DC 0.8 1.1 

a V a l u e s  a re  a v e r a g e s  of q u a d r u p l i c a t e  a s s a y s  and  h a v e  an  ave rage  er ror  of  _+4.2%. 

bDC, direct  cytotoxicity;  MAC,  m a c r o p h a g e - a c t i v a t e d  cytotoxicity.  

cViable cells m e a s u r e d  by a lka l ine  p h o s p h a t a s e  act iv i ty .  
dViab le  cells m e a s u r e d  by 3H-thy mid ine  up take .  

eValue  is % e n h a n c e m e n t .  

T A B L E  2 

C o m p a r i s o n  o f  SRI  62-834 and  ET-18-OCH 3 in the  M o u s e  M e t h A  F i b r o s a r c o m a  
A s s a y  

T u m o r  size, % con t roF  
Dose per  os, Surv ivor s  a t  

C o m p o u n d  ~tg/mouse Day  7 Day  14 Day  21 Day  28 day  28 

Control  - 100 100 100 100 0/10 
SRI62-834  50 67 23 8 13 6/10 

5 82 29 14 19 4/10 
ET-18-OCH 3 50 86 27 12 18 5/10 

5 81 28 10 16 6/10 

a V a l u e s  a re  a v e r a g e s  of all s u r v i v i n g  a n i m a l s  and  h a v e  an  ave rage  er ror  of  -+10.5%. 

T A B L E  3 

Effec t  o f  SRI  62-834 on  [aH]Thymidine  U p t a k e  in H u m a n  
F o r e s k i n  F i b r o b l a s t  Cel l s  

[3H]Thymidine  
C o m p o u n d  ~Lg/ml incorpora t ion  a (cpm) 

5% F e t a l c a l f s e r u m  - 965 -+ 38 
SR162-834 2.5 1138 -+ 284 

5.0 1 0 2 2 -  + 225 

a V a l u e s  a re  m e a n s  _+ S E M  of t h r e e  d i f ferent  cu l tu re  a s says .  

T A B L E  4 

Effec t  o f  SRI  62-834 on Pr o te i n  K i n a s e  C Act iv i ty  

Concen t r a t i on  E n z y m e  ac t iv i ty  ~ 
(mM) (% control)  

0 100 
0.15 86 
0.30 96 
0.90 71 
1.80 31 
5.40 25 
9.00 21 

aThe  control  e n z y m e  ac t iv i ty  was  0.059 px mol /mg/min .  
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RESULTS AND DISCUSSION 

The synthesis  of SRI 62-834 s tar t ing from the commer- 
cially available 2-furoic acid was accomplished in the 
seven synthetic steps given in Figure 2. 

A summary  of the direct cytotoxicity effects of SRI 62- 
834 and ET-18-OCH3 on a var ie ty  of tumor  cell lines is 
given in Table 1. The proliferation ra te  of the cells during 
a 72-hr period was reduced significantly when SR162-934 
was included in the media  at  5 ~g/ml. Incubation of SRI 
62-834 with preact ivated mouse macrophages  and Abel- 
son-8.1 lymphoma cells for 72 hr showed the compound 
to be a highly effective macrophage act ivator  resul t ing 
in - 98% el imination of the tumor  cell inoculum (cf Table 
1). 

Evaluat ion of SRI 62-834 at  ca. 2.5 mg/kg and 0.25 
mg/kg, respectively, in the mouse MethA sarcoma model 
over a 28-day period showed tha t  the compound had a 
very positive effect in controlling the size of tumor  growth 
and increasing the number  of survivors. The efficacy of 
SRI 62-834 compared to ET-18-OCH 3 appears  to parallel  
the in vitro an t i tumor  findings since both compounds 
have s imilar  po activity in the mouse MethA sarcoma 
model (cf Table 2). 

To determine whether  SR! 62-834 had any effect on 
normal  cell function in the concentration range tha t  was 
toxic to tumor  cells, it was incubated with h u m a n  foreskin 
fibroblasts at  2.5 pxg and 5.0 ~g/ml, respectively, for a 
15-hr period. The cells were then challenged with 
[3H]thymidine, and 90 min  la ter  uptake  was measured.  
At both doses, SRI 62-834 did not cause any al terat ion 
of uptake  relative to the unt rea ted  control cells (cf Table 
3). Examinat ion  of the cells after  drug t r ea tmen t  by 
phase-contrast  microscopy failed to uncover any mor- 
phological changes. 

In recent years, a number  of exper iments  have provided 
a connection between oncogenes and h u m a n  cancer (31). 
One of the peptide chains of h u m a n  PDGF, a cationic 
glycoprotein composed of two disulfide-linked peptide 
chains, shows amino acid sequence homology with the 
predicted protein products of viral  sis oncogene (32) and 
the cellular sis proto-oncogene (33). Moreover, studies 
l inking PDGF to oncogene products, coupled with the 
findings tha t  h u m a n  osteosarcomas, fibrosarcomas and 
glioblastomas in culture synthesize and release biologi- 
cally active PDGF-like polypeptides into their  media, 
raise the possibility tha t  an inhibitor of this growth factor 
could represent  a useful mechanism for an antineoplastic 
agent  (34-38). SRI 62-834, when added at  10 p.M and 1 
txM to a h u m a n  fibroblast cell culture tha t  was then 
t reated with PDGF, caused 100% inhibition of the 
mitogenic effect of PDGF at the high concentration and 
35% inhibition at  the lower. At ei ther  concentration level, 
no al terat ion in cell morphology or cell death was found. 
These findings suggest tha t  the ant imitogenic effect of 
SRI 62-834 cannot be a t t r ibuted to the inhibition of 
thymidine uptake, since it was not inhibited in the ab- 
sence of PDGF. I t  is also interest ing to note tha t  these 
concentrations are in the same range as those tha t  gave 
a good cytotoxic response to the tumors  given in Table 1. 

To determine whether  the PDGF mitogenic inhibition 
could be receptor mediated,  SRI 62-834 was evaluated at  
10 txM in the 12~I-PDGF receptor assay and found to 
exhibit  only 6% inhibition. At 50 ~M, a 100% inhibition 
of the receptor to 125I-PDGF was achieved. These findings 

do not support a role for SRI 62-834 as a specific receptor 
antagonis t  at  the cytotoxic concentration reported in 
Table 1. I t  is possible tha t  when administered at  higher  
concentration, SR162-834 could per turb the PDGF recep- 
tor, a l ter  its interaction with PDGF and exert  an antion- 
cogenic effect. 

We also invest igated the effect ofSR162-834 on protein 
kinase C activity, since the binding of PDGF to its recep- 
tor has  been shown to result  in the activation of this 
enzyme (39). No effect was seen until  SRI 62-834 was 
adminis tered at  ca, 1.0 mM (Table 4). This concentration 
is ca. 100-fold higher  than  the cytotoxic dose and rules 
out any involvement of protein kinase C in the an t i tumor  
effects of SRI 62-834. 

Since SRI 62-834 has  a s tructural  resemblance to PAF 
(Fig. 1), it was evaluated in several tests where PAF has 
been demonstrated to cause adverse pharmacological  re- 
sults (40). SRI 62-834 at  concentrations up to 100 ~tM 
did not cause any aggregat ion of h u m a n  platelets  and 
demonstrated a protective effect (IC5o 19.7 ~M) against  
PAF-induced aggregation.  The protective effect of SRI 62- 
834 against  PAF induce aggregation is probably mediated 
through a receptor mechanism since it inhibited (IC5o 
27.3 IxM) [3H]PAF binding to the human  platelet  receptor. 
Administrat ion of SRI 62-834 to guinea pigs at  doses up 
to 2.7 mg/kg ia showed no influence on hematocr i t  and 
bronchial resistance. Under s imilar  conditions, 0.001 mg/ 
kg of PAF-18 given IV resulted in marked  hematocr i t  and 
bronchial changes tha t  led to death. When 2.7 mg/kg of 
SRI 62-834 was given ia 5 min prior to adminis t ra t ion 
of 75 ng/kg of PAF-18, it failed to protect against  the 
resul tant  hematocr i t  and bronchial changes. 

In conclusion, we have demonstrated tha t  SRI 62-834 
has in vitro and in vivo an t i tumor  act ivi ty of the same 
magni tude  as the clinically effective ET-18-OCH3. The 
an t i tumor  properties of SRI 62-834 appear  to be due to 
direct and macrophage-induced cytotoxicity. The effect of 
this agent  and related e ther  phospholipids on PDGF and 
its relat ionship to an t i tumor  properties meri ts  additional 
study. 
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In this paper, we report on the in vivo behavior of lipo- 
somes as a function of their size and composition. It is 
emphasized that by varying these parameters we can in- 
fluence not only the rate of blood elimination but also the 
intrahepatic destination of the liposomes. Thus, we show 
that small liposomes with diameters well below 100 nm 
can reach and be internalized by the parenchymal cells 
of the liver, i.e. the hepatocytes. The rate and the extent 
at which this occurs depends on the liposomal composi- 
tion. With respect to the application of liposomes as a 
drug carrier system in anticancer therapy, we put em- 
phasis on the liver macrophage, i.e. the Kupffer cell, as 
a target cell. Large liposomes with diameters well over 
100 nm exclusively are taken up by these cells as far as 
hepatic uptake is concerned. By encapsulation within 
liposomes, a drug may be delivered specifically to these 
macrophages; this will prevent its rapid excretion from 
the body and/or undesired accumulation in other cell 
types. Two examples of the way in which this condition 
may be exploited are presented. First, we demonstrate 
the formation of intracellular depots in the macrophages 
of the cytostatic drug 5~fluorodeoxyuridine {FUdR), thus 
preventing the rapid metabolism of the drug by the 
hepatocytes and allowing its sustained release from the 
macrophages and subsequent uptake by adjacent meta- 
static tumor cells. Second, we show that the liposome- 
encapsulated immunomodulator muramyl dipeptide is 
capable of activating fiver macrophages both in vitro and 
in vivo to a tumor-specific cytotoxic state, and this can 
result in substantial reduction of metastatic growth in 
the livers of mice inoculated in the spleen with colon 
adenocarcinoma cells. 
Lipids 22, 891-896 (1987). 

Liposomes have been considered as a potential drug car- 
rier system for many years (1-3). For this reason, 
numerous investigators have engaged in attempts to in- 
vestigate and characterize the in vivo behavior of lipo- 
somes (4-6), their modes of interaction with a variety of 
cell types (7-10) and their effectiveness in the combat of 
infectious (11-14) or neoplastic (15-18) disease when 
carrying antibiotic, cytostatic or immunomodulating 
drugs. The expected modes of action of such therapeuti- 
cally designed liposomes include direct uptake of the 
drug-containing liposomes by the target cells, e.g. tumor 
cells; alteration of the pharmacokinetic properties of the 
encapsulated drug, such as rate of clearance and tissue 
distribution, resulting in an improvement of therapeutic 
index; or uptake by phagocytic cells such as monocytes 
and macrophages, leading to activation of such cells to 
a specific tumoricidal state (18-20). 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 
Abbreviations: dTHd, deoxythymidine; EDTA, ethylenediamine- 
tetraacetic acid; FUdR, 5-fluorodeoxyuridine; GBSS, Gey's balanced 
salt solution; MDP, muramyldipeptide; MLV, multilamellar 
liposomes; PBS, phosphate-buffered saline; SUV, small unilamellar 
liposomes. 

Uptake of liposomes by nonphagocytic cells, including 
most tumor cells generally is questionable or, at best, of 
little significance (21,22). Therefore, beneficial effects of 
liposome encapsulation of a cytostatic drug on its thera- 
peutic efficacy is most likely to result from a favorable 
effect on its pharmacokinetic characteristics. We show 
in this paper the dependence of in vivo behavior of lipo- 
somes, including intrahepatic distribution, on their size 
and composition; how this can be applied to modify 
drastically the pharmacokinetic parameters of a cyto- 
static drug, 5-fluorodeoxyuridine (FUdR); and that 
specific uptake of adequately designed liposomes contain- 
ing muramyl dipeptide by liver macrophages can render 
these cells in vitro and in vivo cytotoxic to tumor cells 
and cause them to effectively prevent or reduce meta- 
static growth in the liver of mice inoculated with colon 
adenocarcinoma cells. 

MATERIALS AND METHODS 

Preparation of liposomes. Small unilamellar liposomes 
(SUV), of the indicated lipid compositions, 25-40 nm in 
diameter and labeled with encapsulated [3H]inulin in the 
aqueous space or with a tracer amount of cholesterol 
['4C]oleate in the lipid phase were prepared by ultrasonica- 
tion of the appropriate lipid dispersions in buffer as 
described before (23). Multilamellar liposomes (MLV) with 
a diameter of approximately 400 nm were prepared from 
the indicated lipid composition as follows: the lipids, pur- 
chased from Sigma Chemical Co. (St. Louis, MO) and 
stored in chloroform/methanol (8:2) under nitrogen at 
- 2 0  C, were mixed in appropriate ratios, dried under 
reduced nitrogen pressure, dissolved in benzene and 
lyophihzed. The lipids then were hydrated in 135 mM 
NaC1, 10 mM HEPES, pH 7.4 (Hepes/Nace [HN]-buffer) 
or in HN-buffer containing muramyldipeptide (MDP) or 
[3H]FUdR and vortexed for 10 min at room temperature. 
The vesicles formed were sized by extrusion through a 
series of polycarbonate membranes (Nucleopore) (24) of 
1 ~m, 0.8 ~m, 0.6~m and 0.4 ~m pore diameter, respec- 
tively. Vesicles were freed from non-encapsulated ma- 
terial on a Sephadex G100 column (Pharmacia ]Uppsala, 
Sweden]). The liposomes were prepared to contain in their 
aqueous space either [6-3H]-5-fluoro-2'-deoxyuridine (New 
England Nuclear [Boston, MA], spec. act. 14.7 Ci/mmol) 
appropriately diluted with unlabeled 5-fluoro-2'-deoxy- 
uridine (Hoffmann-La Roche [Nutley, NJ]) or muramyl 
dipeptide, from Ciba-Geigy (Basel, Switzerland). 
Liposome preparations were stored under nitrogen at 4 C 
and used within two days after preparation. 

Isolation of rat liver macrophages. Liver macrophages 
were isolated by pronase digestion of the liver and purified 
by centrifugal elutriation as described by Knook and 
Sleyster (25) and modified by Dijkstra et al. (26). Briefly, 
the liver was preperfused with Gey's balanced salt solu- 
tion (GBSS) to remove blood and perfused for three min 
with 0.2% pronase (Boehringer-Mannheim [Federal Re- 
public of Germany]). The organ was removed, cut into 
small pieces and incubated in 0.2% pronase for 50 min 
in the presence of DNase. The cell suspension was washed 
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once, and non-pa renchymal  cells were separa ted  f rom 
non-viable parenchymal cells and remaining erythrocytes  
by  centr i fugat ion on a metr izamide gradient  (analytical 
grade, Nyegaard ,  Oslo, Norway) (0.7%) for 15 min, 
1500 • g. The top layer containing the nonparenchymal  
cells was washed once and resuspended in 5 ml GBSS con- 
ta ining DNase.  These cells were f ract ionated into a 
macrophage  and an endothelial cell fract ion by elutria- 
t ion centr i fugat ion (Beckman Ins t rumen t s  [Palo Alto, 
CA], elutriation rotor type JE-6). The cell suspension was 
flushed into the rotor  at  a flow rate  of 20.5-21.0 ml/min, 
rotor  speed 2500 rpm, at  4 C. At  this flow rate, lympho- 
cytes  and endothelial cells were flushed out in 250 ml 
GBSS. The macrophages  were collected at  a flow rate  of 
46.5 ml/min in 150 ml GBSS, concentrated by  centrifuga- 
tion at  700 • g for 10 min and resuspended in culture 
medium containing 20% fetal calf serum; 2.5 • l0 S liver 
macrophages  in 200 ~l culture medium were seeded per 
well in 96-well microtiter plates (Costar, Cambridge, MA) 
to obtain a monolayer  of liver macrophages.  

Intrahepatic distribution of liposomes. Liposomes,  
either SUV containing [~H]inulin or MLV containing 
[~H]FUdR, were injected into the penile vein of e ther -  
anesthesized male Wis ta r  ra t s  va ry ing  in body weight  
between 170 and 260 g. Liposome elimination from blood 
was determined by  blood sampling from the taft vein. The 
injected dose was 0.1 mmol  of to ta l  lipid per kg  body 
weight. For  determinat ion of l iposome up take  by  tota l  
liver, the organ was perfused in situ via the por ta l  vein 
with isotonic saline at  37 C to remove blood and 
homogenized in a Pot ter -Elvehjem tube; aliquots of the 
homogenate  were assayed for radioactivity.  In t rahepat ic  
distr ibution of l iposomes was determined by  measur ing  
radioact ivi ty  content  of the isolated parenchymal  and 
nonparenchymal  liver cell fractions, assuming  450 • 107 
hepatocytes  and 194 • 107 nonparenchymal  cells per kg  
body weight  (27). Parenchymal  cells (hepatocytes) were 
isolated af ter  perfusion of the liver with collagenase and 
nonparenchymal  cells (Kupffer cells and endothelial cells) 
af ter  digestion of the liver with pronase  as described 
above. 

Uptake of liposomes by Kupffer cells in vitro. Kupffer  
cells were isolated and purified as described above and 
allowed to a t t ach  to 35 m m  plast ic  petr i  dishes a t  a 

densi ty  of 1.5 X 106-2.0 • 106 cells per dish under the 
conditions described previously (26). After  at  least  24 hr, 
the cells were incubated as repor ted (26) with SUV 
t70 nmol of l iposomal lipid) of the composi t ions given in 
Table 1. 

In vitro cytolytic assay. Macrophage-media ted  cytoly- 
sis was assessed by a radioactivity release assay. One day 
after  isolation, isolated liver macrophages  in monolayer  
culture were incubated with free or l iposome-encapsu-  
lated immunomodula tors .  Targe t  tumor  cells in the ex- 
ponential  growth phase  were radiolabeled by  a 20-hr  in- 
cubat ion in a medium containing 0.3 ~Ci [3H]deoxy- 
thymidine (dThd) per ml. The cells then were washed free 
from radioisotope and cold-pulsed by incubation in fresh 
medium for th ree - four  hr to deplete cytoplasmic  pools 
of [3H] dThd and minimize spontaneous  release of label. 
Subsequently,  the cells were washed twice with phos- 
pha te -buf fe red  saline pH 7.4 (PBS) at  37 C, to remove 
unbound radiolabel, harves ted  by short  t rypsinizat ion 
(0.05% Difco trypsin,  0.2% ethylenediaminete t raacet ic  
acid IEDTA}, for 45 sec at  37 C), washed four t imes with 
PBS and resuspended in culture medium at  a concentra- 
tion of l0  S cells/ml. Four hr af ter  the addition to the 
macrophage  monolayers  of 100 ~l culture medium (10% 
fetal calf serum) containing the immunomodulator(s) ,  
100 ~l medium containing 104 [3H]dThd-labeled tumor  
cells were added per well. A t  this rat io of macrophage  to 
t a rge t  cell (25:1), un t rea ted  macrophages  were not  
cytotoxic to neoplastic cells. Radiolabeled target  cells also 
were plated alone as an additional control. For ty-eight  
hr after addition of the tumor cells, the supernatants  were 
collected, and the radioact ivi ty was measured in a liquid- 
scintillation counter. Specific cytolysis  was calculated as 
follows: 

a - b  % specific cytolysis  = 100 • - -  
c - b  

in which a, dpm in superna tan t  of tumor  cells cocultured 
with tes t  macrophages;  b, dpm in superna tan t  of tumor  
cells cocultured with control macrophages; c, dpm in total 
amount  of tumor  cells added per well. 

In vitro cytostatic assay. Macrophage-mediated inhibi- 
tion of the proliferat ive capaci ty  of tumor  cells was 
assessed by  measur ing  [~H]-dThd incorporat ion into 
the D N A  of cocultured tumor  cells. After  a four-hr 

TABLE 1 

Uptake of Small Liposomes by Liver and Liver Cells In Vivo and Liver Macrophages In Vitro a 

% of injected dose in nmol/106 Kupffer cells 
Liposome 
composition b Blood Whole liver P-cells NP-cells In vivo In vitro 

CH:PC (1:1} 14.0 • 5.5 45.4 • 7.0 54.1 _ 5.6 2.3 • 1.1 4.8 3.0 
CH:SM (1:1) 62.9 _ 2.3 6.3 • 2.3 5.4 + 1.9 1.2 _+ 0.7 2.4 1.6 
CH:PC:PS (5:4:1) 3.0 • 1.7 54.5 • 3.0 57.3 • 5.7 8.4 • 3.0 17.2 29.4 
CH:SM:PS (5:4:1} 29.6 _ 7.5 28.4 +_ 8.6 20.7 • 5.1 7.8 - 2.0 16.0 15.3 

aSmall unilamellar liposomes, labeled with encapsulated [3H]inulin and composed as indicated, were injected intravenously 10.1 mmol 
of lipid per kg body weight) into male Wistar rats. After 5.5 hr, the liver was perfused, and parenchymal (P) or nonparenchymal (NP) 
cells were isolated by collagenase or pronase digestion, respectively. Radioactivity in blood, whole liver and cell fractions was determined. 
Results are given as % of injected dose {• SD) or as nmol of total liposomal lipid per 10 ~ (Kupffer) cells. In the last column, results are 
presented of in vitro experiments with isolated Kupffer cells in maintenance culture; 1.9 • 10 ~ cells were incubated for three hr with 
70 nmol total lipid of small unilamellar vesicles of the indicated composition and labeled with a trace amount of cholesteryl-['4C]oleate. 
bCH, cholesterol; PC, egg phosphatidylcholine; SM, bovine brain sphingomyelin; PS, bovine brain phosphatidylserine. 
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incubation of the macrophage monolayers with 100 ~l 
culture medium containing immunomodulators, 100 ~l 
medium containing 104 tumor cells were added per well. 
Tumor cells alone were plated as an additional control. 
After 24 hr cocultivation, 0.01 ~Ci [3H]-dThd was added 
per well. Twenty-four hr after the addition of label, the 
cultures were washed three times with PBS (4 C), and the 
adherent viable cells were lysed with 0.2 ml of 0.5 M 
NaOH. The radioactivity of the lysate was measured in 
a liquid-scintillation counter, and the inhibition of tumor 
cell proliferation was calculated as follows: 

% inhibition = 100 X (1 - __x) 
Y 

in which x, dpm in tumor cells cocultured with test 
macrophages; y, dpm in tumor cells cocultured with con- 
trol macrophages. 

to the condition in which the liver's endothelial lining of 
the sinusoidal spaces that separates the parenchymal cells 
from the blood compartment is perforated. The liver en- 
dothelial cells possess numerous open fenestrations with 
an average diameter of about 100 nm, allowing passage 
of >100 nm liposomes and preventing access of larger 
liposomes to the parenchymal cells (31). In this paper, 
which is devoted to the use of liposomes in anticancer 
therapy, we will focus on those liposome species that are 
taken up by the liver macrophages. Internalization of 
liposomes by these cells can be exploited in the combat 
of metastatic growth in the liver by a duplicate approach. 
First, by encapsulation in liposomes cytostatic drugs may 
be accumulated at the tumor growth site, i.e. the liver, 
and form an intracellular depot in the Kupffer cells from 
which the drug becomes available in a time-dependent 
way at a rate that can be controlled by adequately 
manipulating the liposomal composition. The latter will 

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

The rate of elimination from the blood of IV-administered 
liposomes depends strongly on size and composition of 
the liposomes. Large liposomes with diameters larger 
than ca. 0.1-0.2 ~m are eliminated rapidly, i.e. with half- 
lives in the order of 5-15 min. Within this range, rates 
may depend on lipid composition, such as presence of 
charged lipids and cholesterol content (28). Small 3 0  
liposomes with diameters below 0.1 ~m are cleared much 
more slowly, with half-lives ranging from one hr up to as 
much as 15 or 20 hr (29,30). Also, in this case lipid com- 
position largely determines the precise value of the 
elimination rate, e.g. negatively charged vesicles are 
eliminated faster than similarly composed vesicles car- 
rying no net charge. Remarkably, elimination rates also 
may be affected by more subtle differences in lipid corn- 2 0 
position. For example, small unilamellar vesicles com- 
posed of equimolar amounts of cholesterol and sphingo- 
myelin are cleared extremely slowly with a half-life of ca. 
12-15 hr whereas vesicles in which the sphingomyelin has 
been replaced by egg phosphatidylcholine, thus exposing 
an identical polar head group at their surface, are cleared 
almost five-fold more rapidly (23}. Since resident macro- 1 ~ 
phages in liver and spleen mainly have been held respon- v 
sible for blood elimination of liposomes, it would seem 
straightforward that the rate of liposome elimination is 
related directly to the rate of uptake by these macro- 
phages. Indeed, we observed a correlation between these 
two parameters when measuring the rate of uptake of dif- 
ferently composed small unilamellar liposomes by rat 
liver macrophages (Kupffer cells) in vitro (ref. 23, Table 1). 0 

Although resident macrophages, including those in the 
liver, do display a strong affinity for most types of 
liposomes, other cells also have been shown to be able to 
participate in the in vivo clearance of liposomes from the 
blood. In particular, we found the parenchymal cells of 
the liver, i.e. the hepatocytes, very active in the uptake 
of small liposomes. Especially neutral liposomes and of 
those specifically, the egg-phosphatidylcholine/cholesterol 
vesicles, showed a relatively high affinity towards the 
hepatocytes, culminating in relative extents of uptake by 
these cells of as much as 95% of the total liver uptake 
as opposed to only a 5% uptake by the Kupffer cells {23). 

The discrimination between large and small liposomes 
with respect to their intrahepatic disposition is attributed 

%i.d. B 
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FIG. 1. Multilamellar l iposomes containing [6-~H]5-fluoro-2'-deoxy - 
uridine (FUdR) were prepared from sphingomyelin, cholesterol and 
phosphatidylserine in a 4:5:1 molar ratio as described in Methods. 
These l iposomes were injected at a dose of 50 ~mol of total  lipid, 
encapsulating 13 mg of FUdR, per kg body weight.  Alternatively,  
rats were injected with the same amount of unencapsulated [3H]- 
FUdR. At  the times indicated, livers were perfused, and parenchymal 
and nonparenchymal ceils were isolated by coi |agenase perfusion. 
Uptake in total liver and the two liver cell fractions was determined 
and is presented as percent of injected dose. The total lengths of 
the bars, including the stippled parts, represent uptake by whole 
liver; the open solid parts, the hepatocyte uptake; the hatched parts, 
the nonparaenchymal cell uptake. Results  are means of three ex- 
periments agreeing within 10%. 
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be a major factor in determining the susceptibility of the 
liposomal lipid constituents towards lysosomal phospho- 
lipases, hence the rate of release of an encapsulated solute 
(32). Figure 1 shows an example of the alteration of in vivo 
behavior of a cytostatic drug as a result of its encapsula- 
tion in liposomes. The drug in this case was FUdR, a 
derivative of the widely used 5-fluorouracil. The latter 
drug particularly has been applied for several years in the 
therapeutic treatment of patients suffering from liver 
metastases originating from colorectal cancers, a major 
cause of cancerous death in the Western world. Both 
drugs are only moderately effective; one of the reasons 
is that they rapidly are taken up and metabolized by the 
parenchymal cells of the liver. Encapsulation of the drugs 
within liposomes should prevent this because the drug 
is expected to be directed to the Kupffer cells when ad- 
ministered in encapsulated form. As can be seen in 
Figure 1, this is previsely what happens. The radiolabeled 
drug, i.e. the deoxyuridine derivative since the fluoro- 
uracil is not sufficiently polar to be retained in liposomes, 
when administered in free form IA) is found to accumulate 
only to very limited extents in the liver. Fifteen min after 
injection, less than 10% of the injected dose is recovered 
in this organ (stippled bars); when parenchymal and non- 
parenchymal cells are isolated from these livers, only 
about half of the total liver-associated drug is recovered, 
virtually all of which is in the parenchymal cells {open full 
bars); only negligible amounts of drug can be found in the 
nonparenchymal cell fraction. Sixty min after injection, 
nearly all drug radioactivity has disappeared from the 
liver. However, when the FUdR is injected encapsulated 
in liposomes an entirely different situation is achieved IB). 
First, the extent of accumulation is substantially higher; 
30 min after injection, more than 30% of the injected dose 
is recovered in the whole liver. Second, the drug is re- 
tained much longer in the liver; at 60 min, still more than 
25% of the injected dose is present as opposed to less than 
2% for the free drug at that time. Finally and probably 
most importantly, the intrahepatic distribution of the 
drug is quite different from that of the free drug. While 
the latter was found virtually only in the hepatocyte frac- 
tion of the encapsulated drug, about two-thirds of the 
total liver-associated fraction (hatched bars) is found in 
the nonparenchymal cells, i.e. the Kupffer cells (en- 
dothelial cells were repeatedly shown not to participate 
in liposome uptake whatsoever). The 25-40% that is 
found in the hepatocyte fraction has to be ascribed par- 
tially to contamination of this fraction with nonparen- 
chymal cells and partly to the presence of a substantial 
amount of relatively small vesicles in the vesicle prepara- 
tions (extruded MLV) used to encapsulate the drug. We 
recently observed that liposome preparations (MLV and 
LUV) subjected to forced filtration through polycar- 
bonate filters may, depending on the lipid composition, 
contain substantial amounts of vesicles that are much 
smaller than the pore diameter of the filters. The consis- 
tent discrepancies between total liver uptake and the sum 
of the uptake by the separate cell fractions both for the 
free and the encapsulated drug have to be attributed to 
the release of drug that takes place during the time re- 
quired to isolate the cells. 

Our experiments demonstrate that by encapsulation 
of FUdR in liposomes, the pharmacokinetic characteris- 
tics of the drug substantially are altered. The rate of 

elimination from the blood is somewhat decreased; liver 
uptake and retention drastically are increased; and the 
intrahepatic distribution is shifted from the hepatocytes 
to the Kupffer cells. Obviously, the question now is does 
this improve the therapeutic efficacy of the drug? This 
remains to be seen. If so, it likely will depend on the rate 
at which the drug becomes available from the cell. In turn, 
this will depend on the rate of intracellular degradation 
and thus on the lipid composition of the liposome. For 
example, it is to be expected that  encapsulation of the 
drug in liposomes of phospholipase A-resistant dialkyl 
phospholipids rather than diacylphospholipids will lead 
to enhanced retention times in the liver and concomi- 
tantly to slower rates of release of the drug. 

It is with those considerations that we are studying the 
intracellular metabolic fate of liposomes as a function of 
liposome composition and with special emphasis on the 
Kupffer cells as the cell type most extensively involved 
with in vivo clearance of liposomes from the blood. In ad- 
dition, considering the intralysosomal localization of the 
liposome-encapsulated drug, it will be important to estab- 
lish how rapidly and in what chemical form the released 
drug will leak out of the Kupffer cell lysosomes. The 
presence or absence of enzymes in these cells capable of 
metabolizing the drug yet has to be established. 

A basically different approach that may be taken to 
eradicate metastatic growth in the liver by means of 
liposomes is by way of activation of the Kupffer cells to 
tumorcytotoxicity, i.e. by exploiting part of the body's 
natural defense mechanism against the proliferation of 
(metastatic) tumor cells. Fidler and his associates have 
shown that certain biological response modifiers when en- 
capsulated in liposomes have a much higher macro- 
phage-activating potency than the free substance and 
thus can cause impressive reduction or even complete 
eradication of established lung metastases (18,32). 

Encouraged by the results of Fidler and coworkers, we 
embarked on an attempt to follow a similar approach for 
liver metastasis. From earlier work, we knew that isolated 
Kupffer cells in monolayer culture are able to endocytose 
and degrade substantial amounts of liposomes (26,33,34). 
Uptake rates in those experiments amounted to ca. 
2 nmol of lipid per hour per 106 cells, a value that we also 
found in the present work using liposomes of slightly dif- 
ferent composition. First, we established the ability of rat 
liver macrophages IKupffer cells) to become activated to 
a tumoricidal state as a result of an exposure to liposomes 
containing the immunomodulator MDP. Kupffer cells 
were isolated, purified and allowed to attach to microtiter 
plates. One day after attachment to the plates, the cells 
were incubated with various amounts of liposomes con- 
raining encapsulated MDP. The extent of cytotoxicity at- 
tained by the cells (i.e. cytolysis} was assessed by measur- 
ing release of [3H]-dThd from tumor cells tB 16 melanoma 
or C26 colon adenocarcinoma) that were labeled in their 
DNA with [3H]-dThd 135}. Alternatively, we determined 
cytostasis by measuring the effect of the activated liver 
macrophages on the proliferative capacity of the tumor 
cells, assayed as [~H]-dThd incorporation. Table 2 shows 
that the Kupffer cells, upon incubation with MDP- 
containing liposomes, acquire strong cytolytic and 
cytostatic properties in a dose-dependent way. With the 
highest amount of liposomes Ica. 0.8 ~mol of liposomal 
lipid per 106 cells), the extent of cytolysis amounted to 
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TABLE 2 

Cytolytie and Cytostatic Activity of Liver Macrophages Following In Vitro Incubation With MDP-contalning Liposomes a 

895 

Cytolysis Cytostasis 

Liposomal lipid added (nmol) 

Macrophages treated with MDP liposomes 

Macrophages treated with control liposomes 

Macrophages treated with medium only 

No macrophages; B16 cells only 

200 100 50 200 100 50 

1306 • 3 1082 • 84 929 • 64 121 • 16 220 • 79 962 • 21 
(56) (41) (31) (99) (98) (89) 

485 • 42 455 • 28 439 • 111 9367 • 56 9734 • 508 9092 • 868 
(~) (o) (o) (1) (o) (o) 

463 • 43 9105 • 572 

420 • 21 8668 • 556 

aRat liver macrophages (Kupffer cells} were isolated and allowed to attach to culture plates; one day after isolation 2.5 • 10 ~ cells were 
incubated for four hr with multilamellar liposomes composed of cholesterol, egg phosphatidylcholine and dicetylphosphate (5:4:1, molar 
ratio} and, when applicable, containing 1 ~g MDP/~mol of lipid. 104[3H]deoxythymidine-labeled B16 melanoma cells were added; after 
24 hr, release of 3H radioactivity into the medium was measured. Alternatively, unlabeled tumor cells were added to the activated 
macrophages and after 24 hr of coculturing [3H]deoxythymidine (3HdThd) incorporation into tumor cells was measured. Data represent 
radioactivity (dpm) released from (cytolysis) or incorporated into (cytostasis} tumor cells. All values are means of triplicate experiments 
• SD. Numbers in parentheses are % specific cytolysis or, in case of cytostasis, % of inhibition, both calculated as described in Methods. 

well over 50% {corrected for proper  control values} while 
cytos tas is  was nearly complete under  those conditions. 
When the macrophages  were incubated with the same 
amounts  of M D P  in a free, unencapsula ted  form, no 
significant cytolysis  or cytos tas is  could be detected. In- 
terest ingly,  we observed tha t  a fixed amount  of M D P  
when encapsulated in a certain quan t i ty  of lipid resul ted 
in much higher ex tents  of cytotoxici ty  than  when it was 
encapsula ted  in a 10-fold smaller quant i ty  of lipid {35}. 
This m a y  sugges t  t ha t  the ra te  of intracellular degrada- 
tion of the liposomes is correlated with the potency of the 
l iposome-encapsulated MDP and thus may  provide a clue 
as to the mechanism of action of this immunomodulator .  
In  a t t emp t s  to ac t iva te  the liver macrophages  in vivo as 
a result  of up take  of MDP-con ta in ing  l iposomes follow- 
ing IV adminis trat ion,  we generally observed tha t  when 
the Kupffer  cells were isolated 18 hr af ter  l iposome ad- 
minis t ra t ion extents  of tumorcyto tox ic i ty  were signifi- 
cant ly  lower than  those obtained in vitro, par t icular ly 
when the B16 melanoma cells were used as t a rge t  cells. 
Remarkably ,  we found no clear dose- response  effect; 
M D P  encapsulated in a small amount  of l iposomal lipid 
produced the same degree of cy to toxc i ty  as the same 
amount  of MDP in a 10-fold higher quant i ty  of liposomes. 
Similarly, no significant differences in tumorcytotoxici ty  
were observed between various subpopulat ions  of Kupf- 
fer cells, which were isolated according to size, despite 
substant ial  differences in liposome uptake  between those 
subpopulat ions  (36}. Also, this observat ion  sugges ts  a 
lack of dose- response  relationship. An al ternative,  al- 
though ra ther  improbable  explanat ion would be tha t  the 
low liposome up take  by  the smaller cell sizes is compen- 
sated precisely by  a high potential of these cells to become 
tumoricidal.  A sa t i s fac tory  explanat ion for these obser- 
va t ions  obviously has to await  fur ther  experimentat ion.  
However, it is clear tha t  the potential  to become activated 
to tumorcy to tox ic i ty  is a p roper ty  of the to ta l  Kupffer  
cell population; this should be considered a favorable con- 
dition for the in situ act ivat ion of the Kupffer  cells in 
order to eradicate or prevent  metas ta t i c  growth through- 
out the liver. 

In spite of many  unanswered questions with respect  to 
the mechanism of action of the l iposome-encapsula ted  
MDP under in vivo conditions, we did observe a definitely 
favorable  effect of this therapeut ic  modal i ty  on the 
growth of C26 adenocarcinoma cells in the liver follow- 
ing intrasplenic inoculation of these tumor  cells and IV 
adminis t ra t ion of MDP-con ta in ing  liposomes. While in 
95% of the control animals  the livers were s tudded with 
numerous metas ta t ic  foci, the livers of 40% of the t reated 
animals were completely free of metastases;  another 40% 
contained fewer than  four me tas ta t i c  nodules. 

In conclusion, this paper  serves to show tha t  liposomes 
have the potent ial  to be used as a drug  carrier sy s t em 
to bo th  the parenchymal  and the nonparenchymal  cells 
of the liver. Of the nonparenchymal  cells, it is only the 
Kupffer cell fraction, i.e. the macrophages,  tha t  is capable 
of internalizing the liposomes, we show how this can be 
exploited to p revent  the development  of me tas ta t i c  
growth in the liver. By encapsulat ion within liposomes, 
the pharmacokinet ic  propert ies  of a cytos ta t ic  drug such 
as FUdR can be altered so as to create a relatively long-  
las t ing intracellular depot  f rom which the active drug  is 
released in the immediate  vicinity of the t a rge t  cells. On 
the other hand, the l iposomes may  be applied to carry  an 
immunomodula to r  such as MDP, which in free form 
rapidly would be cleared through the kidneys, very effec- 
t ively to the liver macrophages,  thus  causing these to 
become act ivated to a tumoricidal s ta te  in which they are 
able to kill low tumor burdens. Not  only did we show tha t  
liver macrophages  are susceptible to this kind of activa- 
tion both  in vi t ro and in situ, we also demons t ra ted  the 
therapeut ic  effectiveness of this approach in a liver- 
me tas tas i s  model in mice. 
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A series of halogen-containing alkylglycerolipid analogs 
has been checked for their cytostatic activity both in vitro 
and in vivo. The compounds included alkyldeoxyhalo- 
glycerols (I), alkyldeoxyhaloglycerophosphocholines (II), 
and alkyldeoxyhaloglycerophosphoric acids and alkyl 
esters {III). While compounds I and III were moderately 
active, compounds II were found to have a strong in- 
hibitory effect on the proliferation of Ehrlich ascites 
tumor cells in vitro. Cell growth inhibition of 50% or more 
was found mainly in the late S- or G2-phase of the cell 
cycle as revealed by flow cytometry. Alkyl lysophospho- 
lipid analogs II and cholesterol form liposomes with high 
encapsulation efficiency and low permeability for en- 
trapped substances. Compounds II were active against 
Lewis lung carcinoma in mice when applied in free form 
or as liposomes. 
Lipids 22, 897-903 (1987). 

The structural  modification of metabolites and other 
natura l ly  occurring compounds often has yielded 
substances with interest ing biological effects. Thus, by 
the introduction of a halogen atom, e.g. fluorine or 
chlorine, into nucleosides, antimetabolites of nucleic acid 
metabolism, endowed with cancerostatic properties, have 
been obtained (1). Since recent evidence indicates tha t  
phospholipid metabolism is involved in the regulation of 
cell proliferation {2,3}, it has been of considerable interest 
to modify the structure of phospholipids and their natural 
precursors to obtain antimetaboli tes of phospholipid 
metabolism as potential  cancerostatically active sub- 
stances. We have prepared a series of halogen-containing 
neutral lipid and phospholipid analogs and checked their 
cytosta t ic  activity. 

Table 1 shows the types of compounds investigated, in- 
cluding analogs of O-alkyl{acyl)- and di-O-alkyl{acyl)- 
glycerol, O-alkylglycerophosphoric acid, O-alkylglycero- 

TABLE 1 

Chemical Structure of Halogen-Containing Neutral Lipid and Phospholipid Analogs 

Analogs of 

CH~-O-X CHz-Y CH2-O-X 

CH-Y CH-O-X CH-O-Z 

CH~-O-Z CH~-O-Z CH~-Y 

X Y 

O-Alkylglycerols C,+H~ 

Di-O-alkylglycerols C,+H. 

0-Acylglycerols Acyl 

Di-0-acylglycerols Acyl 
(C ..... ) 

O-Alkylglycerophosphoric acids C,+H3~ 

O-Alkylglycerophosphoric C,+H33 
alkyl esters 

O-Alkylglycerophosphocholines C,+H++ 

CI,F H 

CF~CH~O H 

CI,F H 

CI,F Acyl 
(C ..... ) 

O 
II 

C1,F P / O H  
~OH 

O 

CI,F ~ f  OICH~lnH 
CF3CH~O \ O H  {Br,CI) 

O + 
C 1 , F  ~/OICH~InNMe~ 

CF~CH~O "" O-- {NMe~) 

n = 2 , 3  

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Robert-Rossle ~ 
Strasse 10, DDR-115 Berlin-Buch, German Democratic Republic. 
Abbreviations: ALP, alkyl lysophospholipids; CF, 6-carboxyfluores- 
cein; CH, cholesterol; DG, diacylglycerol; EAT cells, Ehrlich ascites 

tumor cells; EPC, egg phosphatidylcholine; HEPC, hydrogenated 
egg phosphatidylcholine; ip, intraperitonealfly); IP~, inositol-l,4,5-tri- 
phosphate; MLV, multilamellar vesicles; PA, phosphatidic acid; PI, 
phosphatidylinositol; PIP, phosphatidylinositol-4-phosphate; PIP2, 
phosphatidylinositol-4,5-diphosphate; PKC, proteinkinase C; SUV, 
small unilamellar vesicles. 
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TABLE 2 

Growth Inhibitory Effects of Selected O-Alkyiglycerophospholipid Analogs 
on Ehrlich Ascites Tumor Cells In Vitro a 

I 50% b % inhibition 
Compounds {#M) at 100 ~M 

A. O-Alkylglycerophosphoric acid analogs 

i p / O H  

-11 "OH 
0 

X: OR OR F C1 

Y: F C1 OR OR 

B. O-Alkylglycerophosphoric alkyl ester analogs 

O.p/OCH2CH2C1 (H) 

(I \ O H  
O 

l(a) 

O-R 

C1 

O p/OCH2CH2Br 

II \OH 
0 3 

0 p/OCH2CH2Br {H) 

"l[ \ O H  
0 

2(a) 

FO  

4 

>100 >50 

40 96 

56 75 

>100 42 

t 
O-R 

O-CH~CF3 

L_ O p/OCH2CH2Br 

jI\OH 
O 

5 

i O-CH~CF~ 

II\OH 
0 

6 

>100 47 

66 63 

FO-R 

CH2 
~ O.p/OCH~CH~ 

II\OH 
O 

7 

R O p/OCH2CH~Br 

" -ii\OH 
O 

>100 15 

>100 3 

(continued on next  page) 
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TABLE 2 (continued) 

899 

I 50% % inhibition 
{uM) at 40 ~M 

C. O-Alkylglycerophosphocholine analogs 

O-R 

CI 

O.p/Chol 
II \ o -  
O 

1 

l p/Chol 

lh " o -  

o. ~ 
2 

I 
O-R 

O-CH2CF3 

L O'pcCh~ ~ : ' : / C h o l  

/ ,I-o 
~- O OH2CF~ 

.f el 
O-R 

O.p/C hol 

Li "o- 
O 

3 

f O-CH~CF3 

O-R 

_ O_p/Ch~ 
II \ o -  
O 

6 

O-CH~ 

O.p/Chol 

I1\o - 
O 

7 + 
R = C~,H33, Chol = OCH2CH2-NICH3h 

(ET-18-OCH,, ref. 4} 

22 73 

24 75 

20 76 

9.5 100 

22 78 

24 68 

17 82 

aAll samples were incubated in duplicate. Differences were below 5% of the mean value. 
bConcentration for 50% inhibition of growth rate. 

phosphoric alkyl ester and O-alkylglycerophosphocholine 
(racemic forms). These analogs are characterized struc- 
turally by the presence of the long-chain alkyl {or acyl) 
group and a halogen (partially instead of an OH-group) 
at various positions of the molecule. 

The latter compounds are of special interest because 
of their structural similarity to platelet activating factor 
{PAF) as well as to other alkyl lysophospholipids (ALP) 
with anti tumor activity (4,5). They represent lysophos- 
phatidylcholine analogs,which do not serve as substrates 
for lysophospholipase and acyltransferases. 

MATERIALS AND METHODS 
Syntheses, isolation, purification and analytical data  of 
the halogen-containing lipid analogs investigated have 
been described (6-11). Also, the cytostat ic effects of 
alkyl{acyl)glycerol analogs have been determined (12). For 
estimation of the in vitro activity of phospholipid analogs, 
EAT cells were obtained from the intraperitoneal (ip) 
cavity of mice five to seven days after transplantation. 

Erlich ascites tumor (EAT) cells (5 • 104/0.5 ml) were 
cultured in suspension {E agle-MEM) in the presence and 
absence of the substance to be tested. After 48 hr, the 
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FIG. 1. Flow cytometry study on the influence of 2-chloro-2-deoxy-l-O-hexadecyl-glycero-3-phosphocholine on EAC cells in vitro (24 hr 
suspension culture). The increase in cell number in the controls was 91%. 

increase in cell number, which was about five-fold for the 
untreated controls, was determined. For flow cytometry 
studies, EAT cells were obtained from mice eight days 
after transplantation and cultured in suspension for 24 
hr. The cells were fixed in ethanol and stained with a mix- 
ture of ethidium bromide and olivomycin. The DNA- 
distribution histograms were obtained with a Phywe 
ICP-11 instrument. The PIP and PIP2 turnover in human 
erythrocyte membranes was investigated according to 
Mtiller et al. {13). The membranes were incubated with 
),-32P-ATP in the presence and absence of the lipid analogs 
for 15-20 min, followed by acidic lipid extraction, thin 
layer chromatography (TLC) and scintillation counting. 

Proteinkinase C (PKC) was isolated from porcine brain 
homogenate as described by Uchida and Filburn (14). The 
influence of halo analogs of ALP on PKC activity was 
determined using histone H1 as substrate. Multilamellar 
vesicles (MLV) and small unilamellar vesicles (SUV) were 
produced as follows: the solutions of phospholipids (40 
taM) and cholesterol, in a 1:1 molar ratio (chloroform), were 
mixed in a round-bottom flask and evaporated. To the 

film obtained, 1.5 ml of phosphate-buffered saline (PBS), 
pH 7.2, or 1.5 ml 0.2 M CF solution were added. The sus- 
pension was shaken at room temperature for 12 hr to give 
MLV. SUV were obtained by subsequent sonication under 
nitrogen for 16 min followed by centrifugation at 100,000 
• g for 1 hr to remove MLV and titanium particles. 

In the presence of CF, the supernatant fluid was sub- 
jected to Sephadex-G 50 column chromatography (10 ml 
gel) to remove extravesicular CF. Entrapment efficiency 
and leakage on storage were measured (15). For the deter- 
mination of antineoplastic activity in viva, the murine 
tumor models, P 388 leukemia and Lewis lung carcinoma, 
all growing in C57B1/6 • DBA/2 (BDF,) mice, were used. 
The ascitic cells of the leukemia (5 • 105/mouse) were 
inoculated ip or IV; treatment began one day later. The 
Lewis lung carcinoma was inoculated in the left hind foot- 
pad of the animals (brei, 1:4 diluted with Hank's balanced 
salt solution, 0.05 ml/mouse). In half the animals, the 
primary tumor was surgically removed on day 10. Drug 
treatment was accomplished either on days 4-7 without 
surgery or on days 11-14 after surgery. In this way, both 

LIPIDS, Vol, 22, No. 11 (1987) 



901 

CYTOSTATIC ACTIVITY OF SYNTHETIC O-ALKYLGLYCEROLIPIDS 

the effect on the primary tumor and the lung metastases 
could be followed. For the estimation of toxicity, body 
weight difference between the first treatment day and 
after therapy was determined. The substances were ad- 
ministered in a dose of 0.5 or 5 mg/kg/d. With these doses, 
no signs of toxicity were observed. Statistical significance 
was determined by the U-test of Mann and Whitney. 

RESULTS AND DISCUSSION 

Cytostatic activity in vitro. The effects of selected halo 
analogs of alkyllacyl)glycerols on the growth of EAT cells 
in vitro have been described (12). The diacyldeoxyhalo- 
glycerols have been found to be inactive; the monoalkyl- 
(acyl)deoxyhaloglycerols showed a fairly strong activity. 
The strongest effects were obtained with the glycerol 
ethers, e.g. the different structural isomers of hexadecyl- 
chlorodeoxyglycerol (12). 

In Table 2, the cytostatic effects of selected halogen- 
containing O-alkylglycerophospholipid analogs and some 
related compounds on EAT cells in vitro are shown. 

While the compounds of Type A at 100 ~M are hardly 
active on EAT cells in vitro, some of the alkylglycerophos- 
phoric ester analogs of Type B, especially the 1-O- 
alkyl-2-deoxy-2-halo derivatives B1-3 are moderately ac- 
tive. Since the alkyl esters Bla  and 2a show a similar ac- 
tivity as the halo-alkyl esters B1 and 2, the effect is not 
due to the alkylating properties of the 2-halo-ethyl group. 
The presence of the glycerol moiety seems to be impor- 
tant for the cytostatic effect (loss of activity of B8). The 
lysophosphatidylcholine analogs (Type C) exhibit strong 
cytostatic activity against EAT cells, being in the same 
order as that of compound C7 investigated by Munder 
et al. (4). The analog 4 is the most effective compound 
of Type C. Almost the same efficiency is found for the 
structural isomers C1-3, 5 and 6. The presence of long- 
chain alkyl as well as phosphocholine, is of major impor- 
tance for the inhibitory action, while the relative position 
of these groups and the presence of additional substi- 
tuents (halogen, short-chain alkyl) is less relevant. 

The effectivity is not due to the choline group, since 
several N,N-dimethylethanolamine derivatives, e.g. 
analogs of C1 and C2, are also active (not shown). P. G. 
Munder has performed further experiments with other 
tumor cells. He has shown that  the direct cytotoxic ef- 
fect on tumor ceils (oesophagus carcinoma cells, Meth A 
sarcoma cells) as well as the enhancement of cytotoxic 
properties on bone marrow macrophages (Meth A sar- 
coma cells), by halogen-containing ALP analogs are of 
the same efficiency as the reference compound 
ET-18-OCH3. 

Flow cytometry studies. To elucidate the influence of 
the alkyl lysophospholipid analogs on the passage of the 
cells through the cell cycle, the effect of 2-cbloro-2-deoxy- 
1-O-hexadecylglycero-3-phosphocholine was studied by 
flow cytometry (Fig. 1). 

Cell numbers in the controls approximately doubled in 
24 hr. The corresponding histograms (Fig. 1,a and b) show 
that a majority of cells passed through the greater part 
of the cycle a second time during this period, entering 
the G~-phase. In contrast, cells inhibited in their prolifera- 
tion by 30%, 80% or completely (Fig. 1, c, d and e) are 
found in the late S- or G2-phase of the first cycle. 

It follows that under treatment, the cells do not remain 
simply in the phase in which they were at the beginning 
of the experiment; they pass through the cycle at a slower 
rate. However, a further doubling of the inhibitor concen- 
tration results in some cell loss (Fig. 1, f). Under these 
conditions, one single peak (late S-phase) is found; this 
could be explained by cell lysis. Similar distribution pat- 
terns were obtained in all of the four experiments. 

Mechanism of action. The cytostatic activity of ALP 
has been explained by a serious disturbance of the mem- 
brane phospholipid metabolism of the tumor cell and by 
the generation of tumoricidal macrophages (4,5). Contrary 
to normal cells, most tumor cells are thought to lack an 
O-alkyl cleavage system (16,17). This difference in enzyme 
pattern may cause a predominant accumulation of ALP 
in tumor cells and a selective antitumor effect (4,5). The 
higher levels of ALP may disturb membrane function, in- 
cluding lipid-related enzymes (17) and phospholipid- 
dependent protein kinase C (18). Moreover, ALP were 
found to induce differentiation of cultured human and 
murine myeloid leukemia cells (19). The induction of in- 
terferon is another biological effect worth mentioning in 
regard to antitumor activity. Initial experiments have in- 
dicated that some halo analogs of ALP and of O- 
alkylglycerophosphoric esters cause an increase in in- 
terferon production of human leukocytes stimulated by 
various mitogens (20). 

The halogen-containing ALP analogs 1-3, 5 and 6 
(Table 3, C) were found to stimulate human and rabbit 
platelets. At 50-500 ~M, a concentration-dependent 
platelet aggregation is triggered in human platelet-rich 
plasma. Distinctly lower concentrations up to 10 ~M ac- 
tivate the platelets in rabbit platelet-rich plasma. More- 
over, the halo analogs enhance aggregation and release 
reactions triggered by suboptimal concentrations of ADP 
(21). It recently has been demonstrated (3) that an in- 
creased turnover of phosphatidylinositol (PI) and its 
phosphorylated derivatives, e.g. PI-4-phosphate (PIP) and 
PI-4,5-diphosphate {PIP2), is an early event in the initia- 
tion of cell proliferation and other cellular responses. 

TABLE 3 

Effects of Various Concentrations of O-AIkyllacyl)glycerol Analogs 
on the Incorporation of 32P-Phosphate into Phosphatidylinositol- 
4-phosphate (PIP) and Phosphatidyl-inosito|-4,5-diphosphate (PIPs} 
of Human Erythrocyte Membranes 

Incorporation of radioactivity 
% of control 

Concentration T- O-C,.H~ ~ O-COC,~H~, 

t~M) ~- O-CH~CF~ F 

L L OH OH 

PIP PIP~ PIP PIP~ 

0.75 111 86 85 70 
2.25 101 85 99 93 
7.50 92 92 91 93 

22.50 85 78 87 57 
75.00 54 53 56 39 
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A s t imulus -media ted  PIP2-breakdown releases two 
second messengers ,  1,2-di-O-acylglycerol (DG) and 
inositol-l ,4,5-triphosphate (IP3). DG and the elevation of 
Ca +* synergis t ical ly ac t iva te  Ca**- and phosphol ipid-  
dependent  protein kinase C (PKC), which is fur ther  in- 
volved in cata lyzing phosphoryla t ion  of membrane  pro- 
tein. Moreover,  DG analogs recently have been found to 
s t imulate  a rapid increase in the levels of P I P  and PIP2 
(22). Thus, the ability of DG to function as a bioregulator 
in phosphoinositide turnover and PKC activation, as well 
as the phospholipid dependence of PKC act ivi ty ,  
p rompted  us to inves t iga te  (a) the influence of synthet ic  
mono- and dialkyl(acyl)glycerols on the PI  metabol ism 
and (b) the effects of O-alkylglycerophosphocholine 
analogs on the PKC activity.  

Table 3 shows the dose-dependent  inhibition by  1-O- 
hexadecyl-2-(2,2,2-trifluorethyl)glycerol and 2-deoxy-2- 
fluoro-l-O-palmitoylglycerol on the incorporation of [3~P]- 
phosphate  into P I P  and PIP2 of human erythrocyte  mem- 
branes.  This demons t ra tes  for the first  t ime tha t  several  
monoalkyl(acyl)deoxyhaloglycerols are inhibitors of P I P  
and PIP2 turnover in human erythrocyte membrane.  Also, 
a number  of other selected halogen-containing alkyl(acyl)- 
glycerol analogs inhibited this process up to about  40% 
at  50/aM concentrat ion.  Whether  this effect contr ibutes  
to the inhibition by  these substances  of the proliferation 
of E A T  cells in vi t ro is still an open question. 

In  fur ther  experiments ,  it could be shown tha t  the O- 
alkyl-glycerophosphocholine analogs 1, 2 and 6 (Table 2, 
C) are inhibitors of PKC, the act ivat ion of which is 
thought  to be a prerequisi te  for the induction of cell pro- 
liferation. The IDso of the mos t  effective compound 
2-O-hexadecyl- 1 -O-(2,2,2-trifluorethyl)glycero-3-phospho- 
choline (compound 6, Table 2, C) was about  42/aM. The 
corresponding values for the other  compounds  tes ted  
were of the same order of magni tude  (data not shown). 
This abili ty to inhibit PKC also might  contr ibute  to the 
cy tos ta t ic  action of the A L P  analogs studied. The in- 
hibi tory action of ET-18-OCH~ on PKC of leukemia cells 
and cultured human cell lines (HL 60, K 62) recently has 
been demons t ra ted  by  Hel fman et al. (18). 

Effects of halogen-containing lipid analogs in vivo. 
Some of the  h a l o g e n - c o n t a i n i n g  monoalkyl -  and 
monoacylglycerol  analogs inves t igated were found to 
have a dis t inct  cy tos ta t ic  ac t iv i ty  on E A T  cells in vivo 
(12). They are active only when in direct contact  with the 
tumor  cells, e.g. af ter  ip  application in ascites t u m o r -  
bear ing animals. They hardly are active when given 

TABLE 4 

Efficiency of 6-Carboxyfluorescein {CF} Entrapment in Different 
Liposomes Made of Synthetic Alkyllysophospholipids 
IChlorodeoxyhexadecylglycerophosphocholine Isomers 1-3) 
or Phosphatidylcholines and Cholesterol (CH) 

Type Composition a,b CF Entrapment (%) 

MLV d 1 + CH 3.5 O-R V 
MLV 2 -t- CH 2.9 C1 

MLV 3 + CH 3.1 [- O-PC 

MLV EPC c + CH 2.5 

MLV HEPC c + CH 3.0 [- C1 

SUV d 1 + CH 1.2 t O-PC 

SUV 2 + CH 1.1 O-R 

SUV 3 + CH 0.9 

SUV EPC + CH 0.2 [- C1 

SUV HEPC + CH 0.7 l O-R 

O-PC 

aLipid/CH molar ratio 1:1. 
bStarting lipid concentration 40 t~M. 
CHydrogenated {HEPCL normal egg phosphatidylcholine (EPCL 

dMultilamellar vesicles [MLVL small unilamellar vesicles (SUV). 

TABLE 5 

Effectivity of Alkyl Lysophospholipid Analogs 1 and 2 a 
Free or Liposomally Encapsulated in the Lewis Lung Carcinoma 

Dose MDST b T/C c Body diff. 
Group Substance Application (mg/kg/day) {day) {%) 1-4 days (%) 

A comp. 2, free po 0.5 16.0 114 d +15 
B comp. 1, free po 0.5 17.0 121 d +11 
C SUV(comp. 2:CH 1:1) ip 5.0 16.0 114 d +15 
D SUV{comp. 2:CH 14) ip 0.5 17.0 121 d +12 
E SUV(comp. I:CH 14) ip 5.0 16.0 114 d +13 
F SUV(comp. I:CH 1:1) ip 0.5 16.5 118 +14 
G Physiol. saline ip 14.0 +7 

al = 2-Chloro-2-deoxy-l-O-hexadecylglycero-3-phosphocholine; 2 = 1-Chloro-l-deoxy-3-O-hexadecylglycero- 
2-phosphocholine. 
bMedian survival time. 
CRelation of survival time of treated to control animals in %. 
dSignificance (p -- 0.05) vs. control group. 
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subcutaneously  or by  another  route, a l though the doses 
applied in these cases theortically should yield a sufficient 
level of the drug. I t  follows tha t  the compounds are either 
degraded, poorly t r anspor ted  or lose their  proper  disper- 
sion state.  The la t ter  apparent ly  is impor tan t  for the ac- 
t ivity,  because they only are active in vi t ro when applied 
in aqueous emulsions, and they are inactive when given 
in a clear solution of dimethylsulphoxide.  

We also examined the efficiency of selected A L P  
analogs {1-3, Table 2, C) on murine ascitic P 388 leukemia 
and Lewis lung carcinoma. In order to compare the influ- 
ence of different dispersion states, we used the substances 
in free form and as liposomes. 

I t  was found tha t  in the presence of cholesterol {CH) 
in 1:1 molar  ratio, the isomeric chlorodeoxy-O-hexa- 
decylglycerophosphocholines 1-3 form l iposomes when 
the lipid-cholesterol mixture is hydrated. This was demon- 
s t ra ted  by  electron microscopy (not shown} and also by  
the en t rapment  of aqueous solutions containing 6-car- 
boxyfluorescein (CF). The efficiency of en t rapment  of CF 
in liposomes (MLV, SUV) formed from the synthetic alkyl 
lysophospholipids, hydrogenated (HEPC) and normal egg 
phosphatidylcholine (EPC} is shown in Table 4. 

Surprisingly, the en t rapment  for the water-soluble  CF 
is much more efficient when using alkyl lysophospholipids 
for encapulation. Fur ther  studies show tha t  SUV made 
of synthet ic  ALP  analogs 1-3 {Table 2) are s table  over  
25 days, while those made of H E P C  or EPC (also with 
cholesterol in 1:1 molar  ratio} released half of their  en- 
t rapped  6-carboxyfluorescein within 15 days.  

Table 5 shows the results obtained with Lewis lung car- 
cinoma in mice. T rea tmen t  with the synthet ic  alkyl lyso- 
phospholipids {free drug  or as e m p t y  liposomes) resul ts  
in a modera te  life prolongation. In each case, the smaller  
concentrat ions produced be t te r  effects. No toxici ty  was 
observed. In  spite of the fact  t ha t  in another  exper iment  
large vesicles like MLV preferential ly were taken  up by  
lung tissues, no favorable therapeut ic  act ivi ty  resulted 
in the t rea tment  of lung metas tases  after surgical removal 
of the p r imary  tumor  (data not  shown}. In the leukemia 
P 388 of different t r ea tmen t  schedules (ip; op; 0.5 or 5 
mg/kg/d}, no differences in the T/C values in comparison 
to the control group were observed. 

Similar resul ts  were obtained in our exper iments  with 
the compound ET-18-OCH3. There is a no tewor thy  
discrepancy between the s t rong cytostat ic  act ivi ty found 
in vi t ro and the low efficiency in vivo; there also is 
discrepancy with da ta  repor ted on a significant an- 
t ineoplast ic act iv i ty  in special t umor  models {23}, which 
should be elucidated by  fur ther  experiments .  I t  has been 
shown by  others tha t  the effects of phospholipid analogs 
on animal tumors  in vivo is not  as s t r iking as the one of 
other known cytostat ic  compounds, e.g. alkylating agents 
or ant imetabol i tes  of the nucleic acid metabol ism,  and 
tha t  they  exert  a " so f t "  effect. However,  because their 
mode of action is completely  different f rom tha t  of the 
classical cytosta t ica ,  they still may  be of grea t  value in 

clinical pract ice either in combinat ion with other agents  
or alone (e.g. in t r ea tmen t  intervals}. 
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The effects of 2-1ysophosphatidylcholine (2-LPC), the 
alkyl lysophospholipid derivatives (ALP) 1-O-octadecyl-2- 
G~methyl~ (ET-I~OCH3) and 
1-(~hexadecyl-sn-glycero-3-phospho-trimethyl-ammonio- 
hexanol, the 2-acetamide analog of platelet-activating fa~ 
tor  (PAF) 1-O-octadecyl-2-acetamide-sn.glycero.3-phos- 
phocholine, the thioether lysophospholipid derivative 
(TLP) BM 41.440 and the ether-linked lipoidal amine 
CP-46,665 on tr i t iated thymidine uptake and t rypan blue 
dye exclusion were tes ted in vi tro in various freshly ex- 
planted cell samples from human nonneoplastic bone mar- 
row and human leukemias. In both assay systems, a dose 
range of 1-20 ~g/ml of the compounds was tested after 
24, 48 and 72 hr of coincubation with the cells. 

The t rypan blue dye exclusion revealed statist ically 
significant preferential cytotoxici ty in leukemic cells for 
three compounds with the order of quant i ta t ive  selec- 
tiveness: ET-18-OCH3 > BM41.440 > 2-acetamide analog 
of PAF.  CP-46,665 was the most  toxic compound, but  did 
not reveal significant differences between nonneoplastic 
bone marrow and leukemic cells when added in concen- 
t ra t ions  greater  than 1 pg/ml. The trimethyl-ammonio- 
hexanol compound showed only minor activity in the ma- 
jori ty of tests,  when added at concentrat ions < 20 ~g/ml. 
2-LPC was ra ther  ineffective. 

The t r i t ia ted thymidine uptake showed only preferen- 
tial antiproliferative effects  towards leukemic cells of 
ET-18-OCH3 and, sometimes, within the dose t ime frame 
tes ted of BM 41.440. All compounds tested except 2-LPC 
and the trimethyl-ammonio-hexanol compound were ac- 
t ive also in this assay {inhibition of uptake >50% of the 
controls). Based on these results, ET-18-OCH~ and BM 
41.440 are recommended for experimental  bone marrow 
purging. 
Lipids 22, 904-910 (1987). 

Recently there has been increasing interest  in the ques- 
tion of selective antineoplastic cytotoxicity of ether lipids. 
The conflicting data  accumulated so far have been re- 
viewed (1). Interestingly,  Vogler et al. have observed 
remarkable purging activity of the alkyl lysophospholipid 

'Presented at the symposium on "Ether Lipids in Oncology,'" 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Division of 
Hematology and Oncology, Department of Medicine I, Technische 
Universitaet, Ismaninger Str 22, 8000 Munich 80, Federal Republic 
of Germany. 
Abbreviations: ALL, acute lymphocytic leukemia(s); ALP, alkyl 
lysophospholipid derivative(s); ANLL, acute non-lymphocytic 
leukemia(s); AUL, acute undifferentiated leukemia(s); CML/BC, 
chronic myeloid leukemia/blast crisis; FCS, fetal calf serum; 2-LPC, 
2-1ysophosphatidylcholine; PAF, platelet activating factor; TLP, 
thioether lysophospholipid derivative(s). 

derivative (ALP) ET-18-OCH~ in investigating syngeneic 
bone marrow transplantat ion with a simulated remission 
bone marrow of the WEHI-3-B-leukemia in a mouse 
model in vivo (2). However, the same laboratory could not 
show antileukemic selectivity of ET-18-OCH~ in in vitro 
test ing of thymidine uptake and clonogenicity of human 
leukemic cells and normal human bone marrow cells (3). 
In this report  we have addressed the question of anti- 
leukemic selectivity, tes t ing the influence of a var ie ty  of 
different ether lipids and derivatives on thymidine uptake 
and t rypan  blue dye exclusion in vitro of nonneoplastic 
bone marrow cells and leukemic cells from humans. 

MATERIALS AND METHODS 

Drugs. The  chemica l  s t ruc tu res  of  the l ip ids  tested are 
depicted in Figure 1.2-Lysophosphatidylcholine (2-LPC; 
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FIG. 1. Chemical structures of 2-LPC (A), ET-18-OCH3 (B), 1-(~ 
hexadecyl-sn-glycero-3-phospho-trimethyl-ammonio-hexanol (C), 1-(~ 
octadecyl-2-acetamide-sn-glycero-3-phosphocholine (D), BM 41.440 (E) 
and CP-46,665 (F). 
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A) was purchased from C. Roth (Karlsruhe, FRG). The 
ALP ET-18-OCH3 (B) was purchased from Medmark 
Chemicals (Gruenwald bei Muenchen, FRG). The 1-O- 
hexadecyl-sn-glycero-3-phosphotrimethyl-ammonio- 
hexanol (C) was synthesized by one of our group. The 
2-acetamide-analog of platelet-activating factor (PAF) 
1-O-octadecyl-2-acetamide-sn.glycero.3.phosphocholine 
(D) was supplied by J. Hajdu, Department of Chemistry, 
California State University (Northridge). The thioether 
lysophospholipid derivative (TLP) BM 41.440 (E) was 
synthesized by Boehringer Mannheim GmbH (Mann- 
heim, FRG). CP-46,665 (F) was supplied by K. E. Jensen, 
Pfizer Central Research (Groton, CT). 

Cells.Cells of 36 bone marrow samples from patients 
without neoplastic bone marrow disease and cells of 30 
patients with different types of leukemias (14 acute 
nonlymphocytic leukemias [ANLL], 11 acute lymphocytic 
leukemias/acute undifferentiated leukemias [ALL/AUL], 
5 chronic myeloid leukemia/blast crisis [CML/BC]) were 
tested. Bone marrow samples were taken from patients 
who were referred for diagnostic bone marrow puncture 
for diseases other than solid tumors or hematologic ma- 
lignancies, e.g., with anemia. The cells from the patients 
with the leukemias were collected predominantly from 
venous blood but in a few cases from the bone marrow. 
Informed consent of every patient was obligatory before 
the blood or bone marrow samples were taken for ex- 
periments. Venous blood or bone marrow was diluted with 
Roswell Park Memorial Institute (RPMI) 1640 medium 
(1:2), subsequently layered over a density gradient and 
spun at 400 • g for 30 min. The isolated fractions from 
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the leukemic samples consisted morphologically of >--95% 
of leukemic blasts with 45% of lymphocytes. The isolated 
fractions from the bone marrow samples contained a high 
percentage of granulopoietic cells, predominantly precur- 
sor cells including some band forms. In addition, these 
samples contained erythropoietic precursors, including 
normoblasts, and rarely lymphopoietic and reticulo- 
histiocytic cell forms. 

Tests. The trypan blue dye exclusion and the [3H]- 
thymidine uptake test were performed as described before 
(4). In both assay systems, the cells were coincubated with 
the test compounds at a final concentration of 1, 5, 10 
and 20 ~g lipid/ml in 10% fetal calf serum [FCS)-contain- 
ing medium for 24, 48 and 72 hr. Cytotoxic and cyto- 
static/antiproliferative activity of the lipids was measured 
as a decrease in trypan blue dye exclusion and an inhibi- 
tion of tritiated thymidine uptake into the nuclear frac- 
tion of the cells given as percentage of the controls. 

Statistical methods. The statistical comparison of the 
cytostatic-antiproliferative and/or cytotoxic activity of 
the test compounds against leukemias and bone marrow 
was performed by the U-test of Wilcoxon, Mann and 
Whitney (two-tailed). 

R E S U L T S  A N D  D I S C U S S I O N  

Viabi l i ty  of the cells based on trypan blue dye exclusion 
before testing was >90%. Relaible results in [3H]thymi- 
dine uptake test and trypan blue dye exclusion were found 
in all 30 leukemias and 33 of 36 bone marrows. Three bone 
marrows could not be evaluated because of sterility 

~00 

"6 8 0  

7o 

6o 

~ 5 0  

g 

~ 3o 

2O 

~ 0 

I �9 
T �9 

| -i~ �9 �9 

I 

II 

L 

5 10 20 

I 

JL  �9 

"'i  
| 

, , , ,,.,, 

1 5 1(] 20 

~00  
! ~ 

9 O  

TI , 70 

: ! ~ 
$ 0  

�9 - -  CO.  

�9 -- 3 0 .  

�9 ! 
2 0 .  

�9 fib | ! 0 .  

; �9 o 
1 5 10 20 

120 

m 

I 
z 

BM 

~ ;o 2'0 

2/, h r  I ~8 h r  I 7 2  h r  2/. h r  

�9 I 

''T ., 
T 
: s : I 

: I ~ 

�9 $ 

i ~ ~'o2o ; ~ ~o 2'o 
~g Iml  

] 72  hr  s hr 

Incubolion lime Incubo|ion h m e  

FIG.  2. T rypan  blue dye exclusion of cells from non-neoplastic bone marrows (BM) and 
leukemias (L) from human origin after different t imes (24, 48 and 72 hr) of incubation 
with ET-18-OCH3 at I, 5, I0 and 20 ~g/ml. The y axis  g ives  the viability values (trypan 
blue dye exclusion) expressed as percentage of the controls. The x axis shows two blocs, 
resu l t s  obtained for L on the  lef t  and  B M  on the right. Each block gives  three compart- 
ments  of values, one for a single incubation time as indicated. Each compartment con- 
ta ins  four vertical columns of dots representing the results. Each dot and each arabic 
number represent the results of one patient's sample. Bars represent means of results 
obtained with one certain concentration of the compound at one incubation time as in- 
dicated.  The significance levels from the comparisons between the cytotoxic i ty  in L and 
B M  cells are given for each concentration and incubation time (columns} in Table 1. 

LIPIDS, Vol .  22. No.  11 (1987) 



9 0 6  

H,D. S C H I C K  E T  AL. 

problems during culture. Furthermore, cell numbers were 
limited in some of the samples obtained. Thus, it was not 
possible to test every substance in every experiment. 
However, the results of all experiments performed are 
given here without exception, and the actual number of 
samples tested with each single compound can be ob + 
served in the figures. 

Trypan blue dye exclusion. The cytotoxicity of the com- 
pounds as measured in the trypan blue dye exclusion test 
is depicted in the scattergrams of Figures 2-6. Figure 2 
visualizes a higher cytotoxicity of ET-18-OCH3 on the 
leukemic blast populations of various donors than on the 

nonneoplastic bone marrow cell samples of various 
donors. The viability based on trypan blue dye exclusion 
of the leukemic cell samples decreases with lower concen- 
trations and shorter incubation times with the drug than 
the viability of the nonneoplastic cell samples. Com- 
parable findings were made testing BM 41.440 (see Fig. 3) 
and the 2-acetamide analog of PAF (see Fig. 4). CP-46,665 
clearly was the most toxic substance (see Fig. 5). Its LCso 
value (the lethal concentration for 50% of the cells; mean 
of all tested samples} after 24 hr of incubation with 
leukemic cells was <5 ~g/ml. The order of cytotoxic ef- 
ficacy in leukemias was CP-46,665 > ET-18-OCH3 >/ 
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BM41.440 >/ 1-O-octadecyl-2-acetamide-sn-glycero-3- 
phosphocholine. These compounds revealed a clear dose- 
and time-dependent relationship in their cytotoxicity 
profiles. 1-O-Hexadecyl-sn-glycero-3-phosphotrimethyl- 
ammonio-hexanol (see Fig. 6) failed to show considerable 
cytotoxicity and reached an LC~o only at >120 ~gfml, after 
more than 48 hr of incubation with the leukemic cells. 
2-LPC, which was tested as a reference for detergent-like 
surface activity, remained without major effects within 
the dose and time schedule tested {details not shown}. All 
six compounds were compared in ,g/ml because of their 
similar molecular weight. 

Statistical comparison of the viability in trypan blue 
dye exclusion test of all bone marrow samples with all 
leukemic samples after incubation with the ether-lipid 
derivatives demonstrated significant quantitative selec- 
tivity of the cytotoxicity of three compounds in leukemic 
cells (see Table 1). In this evaluation (Table 1) each p-value 
represents the significance level from the comparison 
of the according data pairs {columns} in Figures 2-6. 
The order of selectivity among these three lipids was 
ET-18-OCH3 > BM 41.440 > 2-acetamide analog of PAF. 
However, there was considerable variability in the sen- 
sitivity of both bone marrow samples and leukemic 
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samples (see figures), excluding qualitative or complete 
selectiveness of the drugs. Furthermore, whereas an in- 
cubation of 48 hr was better than 24 and 72 hr to show 
this antileukemic selectivity, it was not possible to deter- 
mine an optimal concentration between 1 and 20 ~g/ml. 
CP-46,665 failed to demonstrate  considerable antileu- 
kemic selectivity when added in concentrations higher 
than 1 ~gtml, and the selectivity pattern of the trimethyl- 
ammonio-hexanol compound is questionable because of 
its low activity in the dose range tested. 

Tritiated thymidine uptake. Figure 7 depicts the effects 
of ET-t8-OCH3 on thymidine uptake of leukemic and non- 
neoplastic bone marrow cells. There was a high variabil- 
i ty among the various donor samples with regard to 
sensitivity. After 48 hr of incubation, 5 and 10 pg 
ET-18-OCH3 per ml seemed to have selective preferential 
antiproliferative effects on leukemic cells in this assay (see 
Fig. 7 and Table 1). With few exceptions (e.g., BM 41.440; 
5 ~g/ml after 48 hr and >/10 pg/ml after 72 hr), the scat- 
tergrams and statistical analyses of all other compounds 
tested revealed no selective antiproliferative effects on 
leukemic cells (details not shown). However, all sub- 
stances tested except 2-LPC and the trimethyl-ammonio- 
hexanol compound were also active in this assay and 

reached LCso-Values at concentrations of ~<10 ~g/ml and 
with/>48 hr of incubation. The activity and putative selec- 
t ivi ty of the trimethyl-ammonio-hexanol compound can 
only be judged after incubation in a higher dose range. 

In both assays, our results indicated neither a higher 
sensitivity of bone marrows over leukemias nor signifi- 
cant differences in the sensitivity of ALL, AUL, ANLL 
or CML/BC. However, we have included leukemia pa- 
tients with relapses after previous chemotherapy in this 
series, which may be an explanation for the variable sen- 
sitivity observed. 

These data contradict previous in vitro results reported 
by Vogler et al. (3}, who did not find selective antileukemic 
activity of ET-18-OCH3 test ing tri t iated thymidine up- 
take and clonogenicity of leukemic cells from patients in 
comparison with normal bone marrow samples. However, 
these authors discussed in detail tha t  a substantial  
percentage of the leukemic cell populations failed to grow 
colonies under their test  conditions a n d t h a t  the plating 
efficiency was low. We had the same experience with 
freshly explanted leukemias irrespective of conditioned 
media, since ca. 1/3 of the cell samples did not grow col- 
onies, which might introduce selection bias. Thus, we have 
concluded that  clonogenicity might not be the exclusively 

TABLE 1 

Significance Levels of the Selective Act iv i ty  of Various Ether-Lipid Derivatives 
on Leukemia Ceils in Comparison with Bone Marrow Cells In Vitro a 

P-values 
Concentration 

Lipid {~g/ml} 24 hr 48 hr 72 hr 

ET-18-OCH~b 

BM 41.440 

1-O-octadecyl-2-acetamide- 
sn-glycero-3-phosphocholine 

CP-46,665 

1-O-hexadecyl-sn-glycero- 3- 
phosphotrimethyl- 
ammonio-hexanol 

1 0.0074 0.0056 0.0343 
5 0.0022 0.0003 0.0009 

10 0.0011 0.000 0.0001 
20 0.0003 0.000 0.000 

1 n.s. c n.s. n.s. 
5 0.0057 0.0035 n.s. 

10 n.s. 0.0234 n.s. 
20 n.s. n.s. n.s. 

1 0.0261 0.0011 n.s. 
5 0.0137 0.0006 n.s. 

10 0.009 0.0002 0.0119 
20 0.0001 0.000 0.0192 

1 n.s. n.s. n.s. 
5 n.s. 0.0312 n.s. 

10 0.018 0.0008 n.s. 
20 0.0052 0.0007 n.s. 

1 n.s. 0.0007 0.0325 
5 n.s. n.s. n.s. 

10 n.s. 0.0394 n.s. 
20 n.s. n.s. n.s. 

1 n.s. n.s. n.s. 
5 n.s. n.s. n.s. 

10 n.s. 0.033 n.s. 
20 0.033 0.0045 0.0300 

aU-test of Wilcoxon, Mann and Whitney {see Materials and Methods}. 
bFor ET-18-OCH~, the P-values for both trypan blue dye exclusion test {above} and tritiated 
thymidine uptake {below} are depicted. For all other test compounds only the values for 
trypan blue dye exclusion test are given. 
CNot significant. 
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appropriate technique to answer statistically the ques- 
tion of quantitative selectivity. On the other hand, since 
ether-lipid derivatives are known to produce membrane 
damage (1,4-7), this being their major direct mode of ac- 
tion, an assay system measuring single cell viability and 
membrane damage as the trypan blue dye exclusion test  
seems also appropriate. In addition, previous experiments 
have shown a good correlation of trypan blue dye exclu- 
sion assay and clonogenicity for ether lipids in leukemic 
cell lines and cells of solid tumors (4). Furthermore, our 
data are in accordance with the in vivo experiments of 
Vogler's group (2) as mentioned above, which are well 
reflected by our in vitro findings. 

The reason for the differences between [3H]thymidine 
uptake and trypan blue dye exclusion remains specula- 
tive. However, in our hands [3H]thymidine uptake is very 
sensitive, already detecting sublethal cell injury. 

In addition, our results regarding the preferential anti- 
neoplastic cytotoxic i ty  of these types of ether-lipid 
derivatives are in accordance with the results of others 
comparing various virus-transformed and leukemic cell 
lines of murine and human origin with different types of 
normal cells (1,8-12). Malignant cell lines, however, may 
represent an artificially sensitive target, and adult 
neutrophils or skin fibroblasts (10) do not  reflect ade- 
quately the toxicity pattern of cytotoxic  chemotherapy. 
Thus, our study is a necessary prerequisite for both ex- 
perimental procedures for autologous bone marrow 
transplantation in leukemic patients and further drug 
design, with the aim of finding lipid derivatives with a 
better therapeutical index. The order of quantitat ive 
selectivity that we have found (ET-18-OCH3 > BM 41.440 
> 2-acetamide analog of PAF) indicates a recommenda- 
tion in favor of the first two structures for bone marrow 
purging. However, this study has not  been designed to 
find effective purging concentrations and times for the 

lipids for leukemic blasts or safe concentrations and times 
for survival of BM cells, since this can be better addressed 
in an experimental in vivo study observing, for example, 
syngeneic bone marrow "take" and survival in rodents. 

Finally, if among the various modes of actions by which 
ether-lipid derivatives influence neoplastic cells either via 
mediators or directly (for further discussion see ref. 1), 
the direct membrane-based cytotoxicity plays a dominant 
role for therapeutic activity, then it seems reasonable to 
examine the potential value of lipid structures designed 
to exploit metabolic differences between normal and 
neoplastic tissue by our in vitro approach. In this respect, 
earlier papers have emphasized the O-alkyl-cleavage en- 
zyme (12-14). To further test  this hypothesis ,  it might 
be necessary to add higher concentrations of the "tailor- 
made" trimethyl-ammonio-hexanol compound to check on 
the selectivity theoretically warranted in an active dose 
range. This compound can be metabolized by the O-alkyl- 
cleavage enzyme, but not by phospholipases,  and thus 
might selectively accumulate in cells that  lack this en- 
zyme. However, various other enzymes within lipid 
metabolism should be examined and metabolites of 
phospholipase C deserve more attention (1,15,16). 
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Structure-Cytotoxicity Studies on Alkyl Lysophospholipids and Some 
Analogs in Leukemic Blasts of Human Origin In Vitro 1 
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Ulrich Fink% Raymonde Buschc, Hansj6rg Eiblb and Johann Rastetter~ 
aDivision of Hematology and Oncology, Department of Medicine I, Technische Universitaet, Munich, Federal Republic of Germany, bMax 
Planck institute for Biophysical Chemistry, Goettingen, Federal Republic of Germany, and CDepartment of Medical Statistics and 
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Eleven lipids have been tested for cytotoxic (trypan blue 
dye exclusion) activity in cells from eight freshly ex- 
planted human leukemias in vitro. 4-Aminomethyl-l-[2,3- 
{di-N-decyloxy}N-propyl]-4-phenylpiperidine (CP-46,665}, 
1-mercapto-hexadecyl-2-methoxymethyl-rac-glycero-3- 
phosphocholine iBM 41.440}, the 2-acetamide analog of 
platelet-activat~ng factor tPAFt and 1-O-octadecyl-2-O- 
methyl-rac-glycero-3-phosphocholine {ET-I~OCHs} were 
found among the most active compounds. 2-Lysophos- 
phatidylcholine (2-LPC} showed the lowest activity. How- 
ever, in addition there was variation among the results 
regarding the activity of the 1-octadecyl-rac-glycero-3- 
phosphocholine {ET-18-OH} and its D- and L-forms, but 
a significantly higher cytotoxic activity of D-ET-18-OH 
compared with L-ET-18-OH on the basis of 2-LPC as con- 
trol after an incubation time of 48 hr. We conclude that 
with the limited number of structures available, this type 
of study is not sufficient to yield further information 
about the mode of the accumulation and toxicity of this 
type of lipids. 
Lipids 22, 911-915 {1987}. 

During recent years, there has been increasing interest 
in the antitumor activity of certain ether lipids and their 
derivatives {1). Among various modes of action, some 
alkyl lysophospholipid derivatives (ALP) have shown 
direct effects on neoplastic cells, since they destroy 
leukemic (2-4} and tumor cells (5,6) during coincubation. 
In former studies (7}, the relationship between in vitro 
toxicity and structure of a variety of ALP has been tested 
after incubation with neoplastic cells from solid human 
tumors and HL 60 leukemic blasts. From these studies, 
it was concluded that the alkyl-linkage in the sn-1 posi- 
tion of the molecule is a necessary prerequisite for 
cytotoxicity. Furthermore, in the majority of tumors 
tested the substitution of the sn-2 position is necessary 
for cytotoxicity. 

The aim of the study, which is summarized in this com- 
munication, was to learn more about structure-toxicity 

'Presented at the symposium on "Ether Lipids in Oncology," 
GSttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Division of 
Hematology and Oncology, Department of Medicine I, Technische 
Universitfit, Ismaninger Str. 22, 8000 Munich 80, Federal Republic 
of Germany. 
Abbreviations: ALP, alkyl lysophospholipid derivative{s}; 2-LPC, 
2-1ysophosphatidylcholine; ANLL, acute non-lymphoblastic leu- 
kemia; ALL, acute lymphoblastic leukemia; CML/BC, chronic 
myeloid leukemia]blast crisis; PAF, platelet-activating factor; 
CP-46,665, 4-aminomethyl- 1 -[2,3-{di-N-decyloxy}N-propyl]-4-phenyl- 
piperidine; BM 41.440, rac-l-mercapto-hexadecyl-2-methoxymethyl- 
rac-glycero-3-phosphocholine; ET-18-OH, 1-O-octadecyl-rac-glycero-3- 
phosphocholine; ET-18-OCH3, 1-O-octadecyl-2-O-methyl-rac- 
glycerc~3-phosphocholine; ET-18-H, 1-O-octadecylpropane~3-phospho- 
choline; ET-12-H, 1-O-dodecylpropanediol-3-phosphocholine. 

relationship concerning the cytotoxic {trypan blue dye ex- 
clusion} activity of various ether lipid derivatives in cells 
from freshly explanted human leukemias. 

MATERIALS AND METHODS 
Drugs. Eleven lipids have been tested for cytotoxic ac- 
tivity in human leukemic blasts in vitro. In detail, the 
following substances have been studied: (A} the ether- 
linked lipoidal amine 4-aminomethyl-l-[2,3-{di-N- 
decyloxy}N-propyl]-4-phenylpiperidine (CP-46,665} {pro- 
vided by K. E. Jensen, Pfizer Central Research, Groton, 
CT, {B} the thioether-lysophospholipid derivative 1- 
mercapt~hexadecyl-2-methoxymethyl-rac-glycero-3-phos- 
phocholine BM 41.440 {Boehringer Mannheim GmbH, 
D-6800 Mannheim, FRG}, {C} the 2-acetamide-analog of 
platelet-activating factor (PAF} 1-O-octadecyl-2-aceta- 
mide-sn-glycero-3-phosphocholine {synthesized and pro- 
vided by J. Hajdu, Department of Chemistry, California 
State University, Northridge, CA) {8}, {D} the 1-O- 
hexadecyl-sn-glycero-3-phospho-trimethyl-ammonio- 
hexanol (synthesized by one of our group), the alkyl 
lysophospholipid derivatives (E} 1-O-octadecyl-2-O- 
methyl-rac-glycer~3-phosphocholine (ET-18-OCH3} (Med- 
mark Chemicals, D-8022 Gruenwald bei Muenchen, FRG), 
iF) 1-O-octadecylpropane-3-phosphocholine (ET-18-H}, 
{G} 1-O-dodecylpropanediol-3-phosphocholine {ET-12-H}, 
(H} 1-O-octadecyl-rac-glycero-3-phosphocholine (ET-18- 
OH} {provided by P. G. Munder, Max Planck-Institute 
for Immunobiology, D-7800 Freiburg, FRG}, {I) D- 
ET-18-OH and {J} L-ET-18-OH {synthesized by one of our 
group} and (K} the ester-linked 2-1ysophosphatidylcholine 
{2-LPC} {Fa. Roth, D-7500 Karlsruhe, FRG). The chemical 
structures are given in Figure 1. 

Cells. Cells of eight freshly explanted human leukemias 
Ifour ALL, three ANLL, one CML/BC} were tested. The 
leukemic blasts were obtained by density gradient 
preparation of venous blood or bone marrow aspirate. The 
isolated fractions consisted of >/95% of leukemic blasts 
with ~<5 % of lymphocytes. Viability of the cells based on 
trypan blue dye exclusion before testing was >/90%. 

Trypan blue dye exclusion was performed by a method 
described recently {9}. In this assay system, 5 X l0 s 
cells/ml were coincubated with the test compounds at a 
final concentration of 1, 5, 10 and 20 ~g lipid/ml 10% 
serum-containing medium for 24, 48 and 72 hr. Cytotoxic 
activity of the tested lipids was measured as a decrease 
in trypan blue dye exclusion given as percentage of the 
controls. Comparison of simultaneous evaluations by dif- 
ferent individuals revealed a reproducibility of the method 
within a range of 410%. 

Statistical analysis. The values for trypan blue dye ex- 
clusion have been examined in the Wilcoxon matched- 
pairs, signed-ranks test {2-tailed). 
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H2C- 0- (CH2)g-CH31 H2 i - -  S -  {CH2)IS- CH2 ~1 { H2C-O-ICH2h7-- CH3 
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FIG. 1. Chemical structures of the various lipids being tested for cytotoxic activity in 
human leukemic blasts in vitro. A, CP-46,665; B, BM 41,440; C, 2-acetamide analog; D, 
trimethyl-ammoniohexanol compound; E, ET-18-OCH3; F, ET-18-H; G, ET-12-H; H (I, J), 
ET-18-OH (I, D-form; J, L-form); K, 2-LPC. 

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

Data concerning trypan blue dye exclusion of the 
leukemic blasts under the influence of the various lipids 
are summarized in Table 1. In most of the examined 
leukemias, loss of the ability of trypan blue dye exclusion 
proved dependent on dosage of the drug and incubation 
time. 2-LPC showed only minor activity in all of the eight 
leukemias in the dose range of 1-20 t~g/ml. In one case 
resistant to previous chemotherapy (ANLL 1), the leu- 
kemic blasts revealed low sensitivity to 10 of the 11 lipids. 
The only effective compound was CP-46,665, which had 
a complete cytotoxic activity after 48 hr of incubation. 
CP-46,665 showed the highest efficacy in all examined 
leukemias after at least 24 hr of drug exposure. 

For the other lipids, except 2-LPC and CP-46,665, there 
was variation among the results regarding their cytotoxic 
activity in the different leukemias. To rank the tested 
compounds concerning their cytotoxic activity, the values 
of each compound were compared statistically to the 
values of each other at each dose level and incubation time 
(Wilcoxon testL Because of similar molecular weight, all 
compounds were compared in/~g/ml. Resulting p-values 
are summarized in Table 2, in which as one example the 
values after an incubation time of 48 hr are shown. In- 
terpretation of the cytotoxicity-relationship between the 
compounds starting on the x-axis reveal (A) CP-46,665, 
(B) BM 41.440, and (C) the 2-acetamide analog as being 
the most cytotoxic drugs with significantly higher activ- 
ity than most of the other lipids. 

However, when Table 2 is evaluated starting with the 
y-axis the (A} lipoidal amine CP-46,665 does not meet any 
other drug with significantly higher cytotoxicity, which 
is not true for (B) BM 41.440 and (C) the 2-acetamide 
analog. Thus, data indicate (A) CP-46,665 as being the 

structure with the highest cytotoxic activity. (B) BM 
41.440, (C) 2-acetamide analog and (E) ET-18-OCH3 follow 
in this order of activity when evaluated starting on the 
x- and the y-axis, since only CA) CP-46,665 shows 
significantly higher cytotoxicity. (K) 2-LPC shows the 
lowest activity. Evaluation of significance levels at other 
incubation times did not add more information to this 
study {data not shown}. 

There was variation among the results regarding the 
cytotoxicity of the {H) r a c  ET-18-OH and its (I, J) D- and 
L-forms. In contrast to the results obtained with HL 60 
leukemic cell line (7} in which the D-form of ET-18-OH 
showed higher activity than the L-form, we have found 
in freshly explanted leukemias four cell samples (ANLL 
1, 3, ALL 2, 3) in which D- and L-forms were rather inef- 
fective and four cell samples (CML/BC; ANLL 2; ALL 
1,4) in which both isomeres had nearly the same cytotox- 
icity. Table 2 shows no significant p-values between 
(H} r a c - ,  (I) D- and (J) L-ET-18-OH in direct comparison 
at the same dose levels after 48 hr of incubation time, 
which was also true for the other times of incubation. 
(I) D-ET-18-OH, on the other hand, showed a significant 
effect at 20 t~g/ml after 48 hr compared with (K) 2-LPC 
at 20 ~g/ml after 48 hr (p = 0.04}. 

To obtain more information, Figure 2 shows the signifi- 
cant differences of each compound, compared with 2-LPC 
as the reference compound for direct detergent-like activ- 
ity at each dose level after 48 hr. CP-46,665, BM 41.440 
and the 2-acetamide-analog are again the most active 
compounds. Regarding the r a c  ET-18-OH and its D- and 
L-isomers, D-ET-18-OH showed a higher activity than the 
L-form and the racemate, as the r a c  ET-18-OH and the 
L-ET-18-OH showed a lower number of significant values 
than the D-form. Evaluation of significance levels at 
each dose level after 48 hr also has been done for each 
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TABLE 1 

Influence of Various Lipids on the Viability (Trypan Blue Dye Exclusion) of Cells 
from Freshly Explanted Human Leukemias 

913 

Leukemia Incubation Concentration Trypan blue dye exclusion expressed as percentage ot the cont#ois for g~ven compounds 
type time (hr) (pg/mI) A* B C D E F G H I J K 

ANLL a) 1 24 1 102 98 100 100 100 101 99 97 97 100 100 
s 96 98 94 100 100 95 98 97 98 100 98 

10 67 g6 92 97 97 92 96 98 99 99 97 
20 2 85 92 92 92 94 82 94 89 99 97 

48 1 88 89 99 96 96 96 100 100 98 99 99 
5 82 82 86 96 94 93 96 100 93 95 101 

10 42 78 79 88 68 86 78 ~01 96 99 96 
20 0 71 76 82 63 69 76 101 95 89 87 

72 I 99 101 91 101 91 104 91 104 97 104 100 
5 76 96 86 103 88 70 94 97 94 97 91 

10 26 97 87 80 90 96 93 97 91 93 91 
20 0 78 76 83 80 78 54 80 76 78 88 

ANLL 2 24 1 100 98 100 101 100 100 100 100 101 100 100 
5 84 99 100 93 97 100 98 g9 98 98 99 

10 20 91 89 97 92 100 97 95 96 97 100 
20 0 57 68 75 65 88 79 89 82 89 91 

48 1 78 86 94 92 88 97 96 107 g7 93 99 
5 61 83 76 86 75 92 83 81 83 90 gO 

10 6 54 50 95 56 85 86 69 85 90 89 
20 0 13 29 14 39 50 21 31 39 33 71 

72 1 89 87 80 119 96 80 52 67 115 113 
5 30 48 30 74 61 46 5~ 46 104 102 93 

10 0 46 28 39 24 37 37 37 74 41 93 
20 0 13 28 7 35 20 0 17 29 26 76 

ARLL 3 24 1 100 100 94 g8 100 100 100 101 99 95 100 
5 76 95 100 100 99 100 100 96 91 100 100 

10 0 96 94 96 98 97 lO0 98 97 99 100 
20 0 63 g4 gt 92 95 96 94 100 95 95 

48 1 102 90 98 100 96 94 99 97 101 107 92 
5 58 80 89 93 100 104 100 101 94 106 86 

10 0 48 66 92 80 67 92 96 84 109 98 
20 0 18 42 43 28 51 58 89 69 86 93 

72 1 102 136 132 112 150 100 156 94 148 156 140 
5 22 88 98 108 98 122 128 100 - 144 135 

10 0 44 44 80 54 - 138 96 140 t22 140 
20 0 38 21 36 16 30 I02 96 114 I10 144 

24 1 85 96 86 122 82 75 75 8Z 81 83 

ALL c) I 

48 

72 

24 

5 88 100 78 H5 80 69 58 90 72 81 
10 52 60 102 78 71 60 75 7~ 75 
20 20 43 82 58 63 54 56 53 49 

I 88 96 77 90 73 96 83 98 79 98 
5 50 82 94 102 85 100 85 98 92 110 

10 39 42 79 67 65 92 85 98 73 79 
20 17 39 63 25 18 88 54 52 50 ~9 

I 76 66 82 126 108 126 53 74 66 79 
5 39 63 53 113 102 108 50 H0 87 

10 8 45 66 59 49 74 34 74 6~ 95 
20 0 29 76 29 39 47 9 42 15 50 

1 102 99 i01 101 93 91 89 100 74 90 g9 
5 20 89 93 100 91 95 90 101 91 79 93 

10 0 90 80 100 85 84 53 79 80 70 100 
20 0 48 72 74 56 61 51 66 71 77 

1 72 58 57 73 100 78 60 80 73 78 
5 32 63 50 63 75 68 68 53 73 75 57 

10 0 53 45 68 93 68 65 73 40 48 78 
20 0 38 23 62 ~06 35 50 22 38 47 BO 

I 77 70 113 136 104 57 45 75 98 93 86 
5 32 59 95 91 48 41 59 64 47 

10 0 75 75 89 39 45 70 55 48 66 
20 0 22 70 107 3 25 45 29 30 45 

48 

ALL 2 24 

48 

72 

1 91 go 95 91 95 91 95 84 94 
5 89 89 95 91 86 91 94 87 88 

fO 84 84 gf 76 81 80 86 87 92 
20 72 72 87 59 71 57 79 70 89 

I 100 93 102 90 111 114 91 101 107 
5 62 59 94 76 91 88 88 93 100 

10 38 54 6g 56 75 7t 97 82 90 
20 29 24 68 37 32 53 78 99 

I 84 109 103 77 97 111 98 98 98 
5 43 33 97 57 72 87 90 104 95 

10 20 39 87 33 46 74 90 93 105 
20 16 33 31 26 26 25 84 75 

ALL 3 24 I 101 100 101 101 100 IOO 96 gg 100 100 IO0 
5 8 97 94 100 93 97 98 97 100 99 100 

10 0 94 92 98 78 89 100 100 97 99 99 
20 0 90 86 74 77 87 98 96 98 ID0 99 

48 ~ 72 110 114 95 113 102 8g 91 101 gO g7 
5 0 100 87 105 70 101 107 108 103 100 

10 0 86 74 103 66 83 105 110 103 102 106 
20 0 55 53 74 49 60 9g 92 95 92 105 

72 1 68 145 137 103 134 105 94 106 109 111 109 
5 0 55 86 134 69 95 105 114 128 122 102 

10 0 30 25 123 35 72 125 119 126 100 119 
20 0 24 16 11 27 86 111 9I 114 111 

ALL 4 24 

48 

I 76 81 76 72 86 94 89 90 85 65 106 
5 27 71 77 55 82 74 53 64 81 72 91 

IO O 45 53 41 62 65 45 67 13 56 87 
20 0 22 26 28 21 44 60 58 69 38 59 

! 31 68 49 46 105 79 60 68 54 64 85 
5 0 31 43 51 69 59 43 - - 61 84 

10 0 23 25 33 51 50 60 66 54 59 80 
20 0 16 25 16 29 49 43 62 18 29 28 

a) ANLL, acute non]ymphob|astic leukemia; b) CML/SC, chronic mye|oid |eukeraia/b]ast crisis; c) ALL, acute ]ymphoblast~c leukemia 

* A, CP-46,665; B, BM 41.440; C, 2-acetamide-ana]og; D, 1-O-hexadecy]-sn-g]ycero-3-phospho-trimethyl-ammonio-hexano]; 
E, ET-18-OCH,; F, ET-IB-H; G, ET-12-H; H, racemlc ET-18~OH; I, D-ET:T8-OH; J, L-ET-IB-OH; K, 2-LPC 

LIPIDS, Vol  22, No. 11 (1987) 



914 

S. DANHAUSER ET AL. 

TABLE 2 
Significant P-values (Wilcoxon Test) for Each Compound Compared to Each Other Concerning Their Cytotoxic Activity 
After an Incubation Time of 48 hr at the Same Dose Levels 

p=O,02 p=O,01 p:O,02 p=O,04 
p=O,02 p=O,01 p:O,02 p=O,02 

K p=O,02 p:O,04 p=O,03 
p=O,05 p:O,08 p:O,09 

m 

p=O, 02 p:O, 02 p=O, 03 
p=O,02 p=O,02 p=O,02 

J p=O,02 p=O,01 p=O,02 
p=O, 08 

p=O,02 p=O,02 p=O,03 

p=O,02 p=O,04 p=O,03 
I p=O,03 p=O,03 p=O,03 

p=O,04 

p=O,02 p=O,02 p=O,03 p=O,03 
p=O,02 p=O,02 p=O,03 

H p=O,03 p=O,04 
p=O,06 p=O,08 

p=O,02 p=O,01 p=O,05 
p=0,02 p:0,02 p=O, 03 

G p=O,02 p=O,02 p=O,03 

p:O,02 p=O,04 
p=O,02 p=O,02 p:O,02 
p=O,03 p=O,02 p:O,03 

p=O,02 
p=O,02 p=O,09 

E p=O,02 
p=O,04 

p=O,02 p=O,02 
p=O,02 p=O,01 

D p=O,02 p=O,02 

Compounds 

p=O,02 
p=O, 02 

p=O,03 

p:O,03 
p:O,03 

p=O,02 ~ 
p=O,02 
p=O,03* 

A B 

p=O,07 p=O,03 ' p=O,04 x ~  

\ p=O,03 p=O,01 p=O,06 i 
i 

p=O, 09 + 

p=O,06 

p=O, 04 

p=O,08 

I 

Concentration 
(~glml) 
2o 

io 

5 

i 

20 

1o 

5 

I 

2o 

io 

5 

I 

2o 

io 

5 

i 

2o 

IO 

5 

I 

2o 

io 

5 

I 

2o 

IO 

5 

i 

2o 

io 

5 

i 

2o 

1o 

5 

I 

2o 

io 

5 

i 

20 

1o 

5 

i 

C D E F G H I J K 

*p-values < 0.05 indicate that the compound on the x-axis shows a significantly higher cytotoxic effect 
than the compound on the y-axis at the same dose level. 
p-values ~ 0.05 for compounds on the y-axis indicate, however, that this compound has a significantly 
lower cytotoxic activity than the compound on the x-axis at the same dose level. 

+ 
p-values between 0.05 and 0.I0 are given to show tendencies of borderline significance. 

A=CP-46,665; B=BM 41.440; C=2-acetamide analog; D=l-0-hexadecyl-sn--glycero-3-phospho-trimethyl-ammonio-hexanol; 
E=ET-18-OCH3; F=ET-18-H; H=racemic ET-Ig-OH; I=D-ET-TS-oH; J=L-ET-18-OH; K=2-LPC. 

LIPIDS, VoL 22, No. 11 (1987) 



915 

STRUCTURE-CYTOTOXICITY STUDIES OF LIPIDS 

A B 

I 0 ~  10 

S ~0 2O K 

I 

1 5 10 2(3 K 

I . 5 10 20 K 

H 
2 

f 

I I 

I 5 I0 20 j K K 

F 

2 o ~  

t 5 10 20 K 

I 

d l l L I  
, 1 1 1 1 1  

s m 20 K 

D 

l 5 10 20 K 

G 
2o~ 

I 5 10 20 K 

J 

FIG. 2. Significant p-values for each compound concerning their 
cytotoxic  activity compared with 2-LPC as reference drug at each 
dose level after an incubation time of 48 hr. Hatched box, p < 0.05; 
which indicates a significantly higher cytotoxic activity of the com- 
pound on the y-axis compared with IK) 2-LPC at the different dose 
levels (1, 5, 10 and 20 ~ag/ml) after an incubation time of 48 hr. Lined 
box, 0.05 ~< p < 0.10; which indicates a borderline significance con- 
cerning the cytotoxic  activity of the compound on the y-axis com- 
pared with (K) 2-LPC at the different dose levels (1, 5, 10 and 20/ag/ml) 
after an incubation time of 48 hr. Open box, no significant p-value 
(p/> 0.10). 

compound tha t  is compared with another  but  did not add 
fur ther  information.  

T rypan  blue dye exclusion showed a correlation with 
the corresponding values obtained f rom [3H]-thymidine 
uptake  as another test  sys tem {data not shown). However, 
thymidine up take  was a more sensit ive assay  sys t em 
showing toxic effects of the lipids on a lower dose level 
and after  shorter  incubation times. Furthermore,  in com- 
parison to other series {2,4,9) the resul ts  presented here 
with a group of pa t ien ts  res is tan t  to or relapsing af ter  
previous chemotherapy  showed comparab ly  poor tox i ty  

of all tes ted lipids, which underlines the variabil i ty of the 
cytotoxic i ty  when freshly explanted cells from pat ients  
in contras t  to cell lines are tes ted (Schich et al., this issue 
of Lipids). 

We conclude from our da ta  that  there is remarkable  in- 
dividual var ia t ion among  different freshly explanted 
human  leukemias concerning their sensi t ivi ty  to the 
cytotoxic  effect of glycerol-backbone lipid derivatives.  
The compounds  analyzed for s t ructure-act iv i ty  relation- 
ships have shown the necessi ty  of a metabolically s table  
sn-1 position for activity, and tha t  activity increases with 
stable sn-2 and sn-3 positions. However,  with the limited 
number  of s t ruc tures  available, this type  of s tudy  is not  
sufficient to yield additional information about  the mode 
of accumulat ion and toxici ty  of this type  of lipid. 
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Antineoplastic Activity of the Thioether Lysophospholipid 
Derivative BM 41.440 In Vitro' 
Michael Fromma.*, Wolfgang E. Berdela, Hans D. Schicka, Ulrich Finka, WulI Pahlkeb, Uwe Bickerb, 
Anneliese Reicher~ and Johann Rastettera 
aDivision of Hematology and Oncology, Department of Medicine I, Technische Universitaet, Munich, Federal Republic of Germany, 
and bBoehringer Mannheim GmbH, Mannheim, Federal Republic of Germany 

Thioether lysophospholipid derivatives (TLP) inhibited 
the in vitro uptake of [SH]thymidine into blasts of eight 
leukemias and cells of 12 different solid tumors of human 
origin. This effect correlated with trypan blue dye exclu- 
sion, which was used to assess cell damage. 

Cytostat ic  and cytotoxic  effects of TLP were depen- 
dent on dosage and incubation time. Destruction of 
leukemic blasts was completed with >5 ~g/ml after an in- 
cubation of >48 hr, but 10 to 20 ~g/ml were necessary in 
solid tumors. Ester-linked 2-1ysophosphatidylcholine was 
ineffective in the same dose range, which points  to the 
requirement of the alkyl moiety in sn-1 and a stable sn-2 
substitution of the molecule for the antineoplastic effect. 

To assess putative antileukemic selectivity, the cyto- 
toxicity {trypan blue dye exclusion} of TLP was compared 
in human cell samples of 19 non-neoplastic bone marrows 
and 9 leukemias. Results  revealed a significantly higher 
activity of the TLP BM 41.440 in leukemic blasts. 
Lipids 22, 916-918 (1987). 

Thioether lysophospholipid derivatives (TLP) are analogs 
of the naturally occurring 2-1ysophosphatidylcholine 
(2-LPC), which is an important intermediate in the 
phospholipid metabolism of cell membranes (1). Analogs 
of 2-LPC (e.g., the alkyl lysophospholipid derivative 
[ALP] ET-18-OCH~) have previously been shown to 
possess antitumor activity. They destroy leukemic (2,3) 
and tumor (4,5) cells in vitro, inhibit the growth (6,7) and 
metastasis (8) of syngeneic murine tumors and have been 
used successfully in treating experimental rat tumors (9). 

This activity is suggested to be partially mediated by 
enhancing the cytotoxicity of macrophages (8) and direct 
effects on neoplastic cells, such as disturbance of the 
phospholipid metabolism (10) and inhibition of protein 
kinase C (11). However, induction of cell differentiation 
of leukemic blasts (12) and antiinvasiveness (13) are also 
discussed as possible modes of action. 

TLP have been synthesized in order to obtain a new 
class of antitumor lipids with increased metabolic stabil- 
ity and possible higher antineoplastic effects than the 
analogs investigated earlier. First results on the cytotox- 
icity of TLP have been previously published (14). In this 
report, we summarize our experiments on cytotoxicity of 
TLP in human leukemic blasts, some solid tumors and 
on antileukemic selectivity of BM 41.440. 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Division of 
Hematology and Oncology, Department of Medicine I, Technische 
Universitaet, 8000 Munich 80, Ismaninger Str. 22, Federal Republic 
of Germany. 
Abbreviations: TLP, thioether lysophospholipid derivative(s); ALP, 
alkyl lysophospholipid derivative(s); 2-LPC, 2-1ysophosphatidyl- 
choline; AL, acute leukemia(s); CML/BC, blast crisis of chronic 
myelogenous leukemia. 

MATERIALS AND METHODS 

TLP derivatives. Five different TLP derivatives were syn- 
thesized by Boehringer Mannheim GmbH (Mannheim, 
FRG) and tested in comparison with the ALP 
ET-18-OCH3 and the ester-linked 2-LPC. The chemical 
structure of BM 41.440 (1-hexadecyl-mercapto-2-meth- 
oxymethyI-rac-glycero-3-phosphocholine) is given in 
Figure 1. 

Cells. Blasts of eight leukemias (four acute leukemias 
[ALl, four blast crises of chronic myelogenous leukemia 
[CML/BC]) and cells of 12 different neoplastic cell lines 
of human origin (four non-Hodgkin's lymphomas of T- and 
B-cell origin, six hypernephromas, one medulloblastoma, 
one glioblastoma) were incubated with various concentra- 
tions {1-20 gg/ml) of the test compounds for 24-72 hr. 
To measure possible selective antileukemic cytotoxicity 
of BM 41.440, cell samples of 19 non-neoplastic human 
bone marrows and nine human leukemias were compared. 

Test systems. Two test systems were used to assess the 
antiproliferative and cytotoxic effects. In the [3H]thymi- 
dine uptake, the antiproliferative action of the lipids was 
measured as a decrease of [3H]thymidine uptake into the 
cells. The trypan blue dye exclusion test was used to iden- 
tify the cytotoxic effects of the test substances. 

Statistical analysis. The Friedman two-way analysis 
and the U-test according to Wilcoxon, Mann and Whitney 
were used. 

Details on the characterization, isolation and cultiva- 
tion of the cells tested and the test systems used have 
been published before (14,15). 

RESULTS AND DISCUSSION 

In the first set of experiments, five different TLP and the 
ALP ET-18-OCH3 were tested, comparing their cytostatic 
and antiproliferative effects in various leukemias and 
solid tumors. No striking difference in efficacy could be 
observed between the test substances. All analogs 
significantly reduced the proliferation rates of the cells 
in a time- and dose-dependent way. Incubation with 

H 2C-S-(CH2)15-C H 3 
I 

HC- CH2-O-CH 3 
0 
II 

H2C-O- P- O-(CH2)2-N| }3 I 
0 e 

FIG. 1. Chemical structure of the thioether lysophospholipid 
derivative BM 41.440. 
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>5 ~g/ml (>10 ~g/ml in solid tumors) resulted in a com- 
plete inhibition of proliferation in the cell types tested. 
For further studies, we concentrated on BM 41.440. 
Figure 2 displays the cytostat ic  effect of BM 41.440 in 
cells of four AL and four CML/BC. More than 24 hr of 
incubation and a concentration of at least 5 t~g/ml were -~ 
necessary to reveal full antineoplastic activity. 2-LPC, ~ ~ ~ 
tested in the same dose range, was ineffective or showed ~ ~ 
only minor action (data not  shown). ~ ~ 

In 12 cell lines from lymphomas (4 X) and solid tumors ~ ~ 
(one glioblastoma, one medulloblastoma, six hyper- -" ~ 
nephromas) of human origin, up to 20 ~g/ml of BM 41.440 ~ ~ 
were required to produce proliferation rates around 10% ~ ! ~  
of the controls. Except  for one medulloblastoma, all cell ~ -~ 
lines were sensitive to the test  compound in a time- and ~ o • 
dose-dependent way (details not  shown). }" ~ ~ 

To assure that incubation with TLP not only decreased ~ l~ _ 
proliferation of neoplastic cells as measured in [~H]- 

thymidine uptake assay, but actually caused cell death, 
the trypan blue dye exclusion test  was performed. A 
correlation was found between viability, expressed as 

100 

50  

" \ - ~ . . ~  

2~L 4'8 7~2 - 

ml 
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Time of incubation (hours) 
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FIG. 2. (A) [~H]Thymidine uptake of cells of four different acute 
leukemias after incubation with 5 ~glml BM 41.440 for the times in- 
dicated, IB) [3H]Thymidine uptake of cells of four different blast 
crises of chronic myelogenous leukemias after incubation with 
5 pg/ml BM 41,440 for the times indicated. 
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FIG. 3. [3H]Thymidine uptake ( - - - - - - )  and viability based on trypan 
blue dye exclusion ( - ) of a blast crisis of chronic myelogenous 
l eukemia  after 24, 48 and 72 hr of incubat ion  w i t h  
2-1ysophosphatidylcholine (O) and BM 41.440 (0).  
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TABLE 1 

Significance Levels of the Selective Act iv i ty  of BM 41.440 
in Human Leukemia Cells Compared with Non-neoplastic 
Bone Marrow Cells In u  a 

Concentration 
of BM 41.440 

(~g/n~) 

P-value at time of incubation 

24 hr 48 hr 72hr 

Results of cytotoxic activity in human leukemic blasts 
compared with non-neoplastic bone marrow cells indicate 
a significantly higher activity of BM 41.440 in leukemic 
blasts, which recommends this compound for experimen- 
tal bone marrow purging, including further in vitro and 
in vivo research. However, based on the s tudy outlined 
here and other in vivo studies, clinical phase I trials with 
BM 41.440 are underway (16). 

1 0.0261 0.0011 n.s. b 
5 0.0137 0.0006 n.s. 

10 0.009 0.0002 0.0119 
20 0.0001 0.0 0.0192 

aU-test of Wilcoxon, 
Methods). 
bn.s., Not significant. 

Mann and Whitney (see Materials and 
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percent of the controls, and inhibition of [3H]thymidine 
uptake in leukemic blasts and, with few exceptions, in cell 
lines of solid tumors. Dependency on dosage and incuba- 
tion time as well as inactivity of 2-LPC was confirmed 
by the t rypan blue dye exclusion in the tested dose range. 
However, t rypan blue dye exclusion proved to be less sen- 
sitive than thymidine uptake. Examples are given in 
Figure 3. This figure furthermore shows that after incuba- 
tion times of more than 48 hr, a saturation of the cytotox- 
ic/cytostatic properties of BM 41.440 could be reached. 
Previous studies on the destructive effects of TLP on 
outer cell membranes, as visualized by scanning electron 
microscopy {14}, indicate membrane destruction as an im- 
por tant  factor in the cytotoxici ty of these compounds. 

Possible selective antileukemic cytotoxici ty of BM 
41.440 was assessed by comparing the results of the 
t rypan  blue dye exclusion in human cell samples of 19 
non-neoplastic bone marrows and nine leukemias, in- 
cluding patients with relapses after previous chemo- 
therapy. Significantly higher activi ty of BM 41.440 was 
found in leukemic blasts, again in a time- and dose- 
dependent way. Results are given in Figure 4 and Table 
1. Table 1 depicts the statistical processing of the results 
given in Figure 4. 

Results indicate that  TLP, as a new group of ether-lipid 
derivatives, exert strong cytostatic and cytotoxic activity 
in vitro in cells of human leukemias and solid tumors in 
a time- and dose-dependent way. Five ~g/ml or more of 
the analog BM 41.440 completely inhibited the [3H]- 
thymidine uptake into cells of leukemic blasts after an 
incubation time of more than 24 hr; 10-20 ~g/ml were 
necessary in solid tumors. Ester-linked 2-LPC proved to 
be ineffective in the same dose range; thus with due cau- 
tion the alkyl moiety in sn-1 and a stable sn-2 substitu- 
tion of the molecule seem to be required for the anti- 
neoplastic effect. 
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Experimental Studies on the Role of Alkyl Lysophospholipids 
in Autologous Bone Marrow Transplantation 1 
William R. Voglera,*, Anita C. Olsono, Shinichiro Okamotoo, Lewis B. Sombergo and Lewis Glasserb 
aEmory University School of Medicine, Atlanta, Georgia, and bThe University of Arizona, Tucson, Arizona 

The selective cytocidal effect of alkyl lysophospholipids 
against neoplastic cells while sparing normal cells make 
these ideal candidates for purging leukemic cells from 
bone marrows obtained during remission. To test the fea- 
sibility of such an approach, a murine model and an in 
vitro human cell model were developed. In the murine 
system a mixture of normal bone marrow cells and WEHI 
IIIB myelomonocytic leukemic cells was incubated with 
varying doses of 1-(~octadecyl-2-O-methyl-rac-glycero- 
3-phosphocholine {ET-Me) for 24 hr before being injected 
into tail veins of lethally irradiated Balblc mice. At doses 
of 20 and 100 ~g/ml, long-term survivors were noted. The 
additonal steps of freezing and thawing following incuba- 
tion resulted in significantly longer survival with doses 
of 10 to 50 pg/ml, but were toxic to marrow stem cells at 
100 ~g/ml. 

In the in vitro model, normal marrow progenitor cells 
and leukemic cells Ithe promyelocytic cell line HL60} were 
exposed to varying concentrations of ET-Me for 1 and 
4 hr alone or mixed, and clonogenicity was assayed by 
colony formation in semisolid medium during 7-14 days' 
incubation. At doses up to 100 pgtml exposed for 4 hr nor- 
mal progenitor cells were spared and HL60 colonies 
eliminated. Other phospholipids analogues were less ef- 
fective in eliminating leukemic cells, but spared normal 
progenitor cells. 

A survey of fresh leukemic cells found varying degrees 
of sensitivity to ET-Me, indicating the need for testing 
a variety of compounds. 

These studies clearly indicated the potential usefulness 
of alkyl lysophospholipid compounds in selectively purg- 
ing leukemic cells from remission marrows for autologous 
bone marrow transplantation. 
Lipids 22, 919-924 0987). 

Alkyl-lysophospholipids {ALP} have been reported to 
have selective cytocidal activity against neoplastic 
tissues while sparing normal cells {1-3}. The mechanism 
of action appears to be directed against the cell mem- 
branes. If so, these compounds would be excellent can- 
didates for treating neoplastic diseases. Some antitumor 
activity has been observed in laboratory animals and 
humans {4-9). 

The reason for this selectivity has been thought to be 
the ability of normal tissues to metabolize the compounds 

'Presented at the symposium on "Ether Lipids in Oncology," 
GSttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at 718 WMB, P.O. 
Box AE, Emory University, Atlanta, GA 30322. 
Abbreviations: ALP, alkyl lysophospholipid; CFU-S, colony form- 
ing units spleen; CP, 4-aminomethyl-l-[2,3-(dbn-decycloxy}-n-propyl]- 
4-phenylpiperidine dihydrochloride; ET-Ac, 1-O-hexadecyl-2- 
acetamidodeoxyglycero-phosphocholine; ET-Me, 1-O-octadecyl-2-O- 
methyl-rac-glycero-3-phospbocholine; FBS, fetal bovine serum; LC, 
leukemic; NBM, normal bone marrow; RPMI, Roswell Park 
Memorial Institute; SRM, simulated remission marrow; TBI, total 
body irradiation. 

through an O-alkyl cleavage enzyme that  splits the fatty 
acid off the glycerol backbone at the sn-1 position. A 
number of neoplastic tissues have been shown to lack this 
enzyme, and the compound accumulates, damaging the 
cell membrane (10AD. However, there is evidence that 
some of the more active compounds are poor substrates 
for the cleavage enzyme, and thus some other mecha- 
nisms may be active {12,13}. 

Regardless of the mechanism for selectivity, these com- 
pounds warrant investigation. Although the full toxicity 
spectrum of these agents is unknown, in preliminary 
clinical trials some toxicity has been observed (9}. An 
alternative use of these agents would be to serve as purg- 
ing agents to rid remission bone marrows, obtained from 
patients treated for leukemia, of residual neoplastic cells, 
allowing the collection and cryopreservation of leukemic- 
free marrow for autologous transplantation. To test the 
feasibility of such an approach, we have developed a 
murine model and an in vitro human model. The results 
of most of these studies have been previously published 
and are presented here along with some new data {14-16}. 

METHODS 
Compounds. For the in vivo experiments using the murine 
model, only one compound was used; 1-O-octadecyl-2-O- 
methyl-rac-glycero-3-phosphocholine (ET-Me} was sup- 
plied initially by Dr. Paul Munder of the Max Planck In- 
stitute, Freiburg, FRG, and later by Dr. Wolfgang Berdel 
of the Technical University, Munich, FRG. A stock solu- 
tion of the compound was prepared by dissolving 1 mg 
in 1 ml of Roswell Park Memorial Institute (RPMI) 
medium containing 20% fetal bovine serum (FBS} 
{Hazelton Dutchland Laboratories, Denver, PA) and 
stored at - 2 0  C. 

For the in vitro experiments, additional compounds 
used included the lipoidal amine t4-aminomethyl-l-[2,3-{di- 
n-decycloxy)-n-propyl]-4-phenylpiperidine dihydrochloride 
[CP] supplied by Dr. K. E. Jensen, Central Research, 
Pfizer, Groton, CT [17]}. CP was dissolved in RPMI 
medium containing 10% FBS prior to use. 1-Hexadecyl- 
2-acetamide-deoxyglycero-phosphorylcholine {ET-Ac) was 
a gift from Dr. Joseph Hajdu, Northridge, CA. A stock 
solution of ET-Ac and ET-Me was prepared by dissolv- 
ing 1 mg in 1 ml of RPMI 1640 medium containing 10% 
FBS and was stored at - 2 0  C. 

In all instances, the solutions were sterilized by micro- 
pore filtration {0.22 m, Gelman Sciences, Arm Arbor, MI}. 

Cells. For in vivo studies, WEHI IIIB leukemic cells, 
a myelomonocytic leukemia (18), which has been passaged 
in Balb/c mice in our laboratory since 1972, were obtained 
from ascitic fluid. Normal murine bone marrow cells 
{NMB} were obtained from 12-wk-old female Balb/c mice 
by flushing femoral shafts with RPMI medium. The cells 
were passaged through wire mesh {300 microns} to make 
single cell suspensions into medium containing 20% FBS 
and 1% PNS {penicillin-neomycin-streptomycin) antibiotic 
solution (Gibco Laboratories, Grand Island, NY}. To 
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simulate a remission marrow (SRM}, mixtures of normal 
marrow cells and WEHI IIIB cells were made at a ratio 
of 50:1. 

For in vitro studies, the promyelocytic leukemia cell line 
HL60 (19) was obtained from Dr. Robert Gallo, National 
Institutes of Health, Bethesda, MD. Earlier studies had 
shown the line to be quite sensitive to ET-Me (20). These 
cells were passaged twice weekly in RPMI 1640 medium 
containing 10% FBS. All studies were carried out in log 
phase growth. NBM cells were obtained from bone 
fragments provided at surgery for orthopedic procedures. 
The fragments were crushed, suspended in supplemented 
McCoy's 5A medium (Gibco) and mononuclear cells 
separated by centrifugation over Ficoll-Hypaque (Histo- 
paque-1077, Sigma Chemical Co., St. Louis, MO}. The in- 
terface cells were washed twice with RPMI 1640 medium 
and resuspended in RPMI 1640 with 10% FBS. SRM was 
prepared by mixing normal marrow cells from male 
donors with HL60 cells in a ratio of 1000:1. 

Cells obtained by aspiration from the posterior iliac 
crest at the time of diagnosis or relapse of leukemic {LC) 
patients who gave informed consent were used to test the 
spectrum of sensitivity of these compounds. 

Spleen colony assay (CFU-s). All mice wre 12-wk-old 
female Balb/c obtained from Jackson Laboratories (Bar 
Harbor, ME) or from our own breeding colony. Irradiated 
mice received a total dose of 750 rads of total body ir- 
radiation (TBI) from 137Cesium source (Gamma Cell 
Atomic Energy Ltd., model GC-40, Ottawa, Ontario, 
Canada) 24 hr before transplantation. Cell preparations 
were injected into the tail veins. The spleen colony assay 
was similar to that previously described (14). The mice 
were killed at eight days, spleens were removed and fixed 
in H~O/glacial acetic acid/formalin/95% ethanol (5:1:1:3, 
v/v/v/v) and the number of macroscopic colonies on the 
antihilar surface was counted. 

Survival. Mice not killed were followed for survival 
dating from the time of initiation of experiments. Fifteen 
to 30 mice were used for each time point. Autopsies were 
performed on all mice. Those surviving seven months 
were killed then. 

Assay for in vitro colony formation. Mixed hematopoi- 
etic colonies, erythroid bursts, erythroid colonies and 
granulocyte-macrophage colonies and clusters were 
assayed by the method of Fauser and Messner (21). 
Clusters contained less than 40 cells. The cells were 
cultured in medium containing 0.8% methylcellulose, 30% 
FBS, 0.3% bovine serum albumin, 5 • 10 -5 M mercap- 
toethanol, 5.6 • 10 -8 M selenium, 10% normal human 
serum, 10% human placental conditioned medium (22), 
5% phytohemagglutin in stimulated lymphocyte condi- 
tioned medium and 1 U/ml of erythropoietin (Step III, 
Connaught, Ontario, Canada) and were scored at 14 days. 

Incubations and cryopreservation procedures. For the 
in vitro studies, 1-ml suspensions of 5 • 106 cells (NBM, 
SRM or LC) or 500-1000 HL60 cells were incubated at 
varying concentrations of phosphollpid analogs for 1 and 
4 hr at 37 C in 5% CO2. They were washed twice in RPMI 
1640 medium containing 10% FBS, either plated directly 
or frozen at - 1  C/rain to - 8 0  C in 10% dimethyl sulfox- 
ide and stored in the vapor phase of liquid nitrogen in 
freezing vials (Nunc, Denmark). Rapid thawing was ac- 
complished by immersion of the vials in a 37 C water bath 
and followed by stepwise dilution of the dimethyl 

sulfoxide to 0.1% by medium. Deoxyribonuclease (type 
I, Sigma) at a final concentration of 100 pg/ml was used 
when there was cell clumping. 

Murine cell suspensions (NBM, SRM or WEHI IIIB) 
containing varying concentrations of phospholipid 
analogs were incubated at 37 C in 5% CO~ in freezing vials 
for 24 hr and were either injected directly into tail veins 
of lethally irradiated mice or were subjected to controlled- 
rate freezing as described above and cryopreserved. After 
a minimum of 24 hr, the cells were rapidly thawed and 
diluted with medium, and 8 X 104 cells were injected into 
tail veins of irradiated mice. 

Statistical methods. The student t-test was used for 
comparisons of means and the Chi-square test for com- 
parisons of enumeration data. A p value of <0.05 was con- 
sidered significant. 

RESULTS 

Murine studies. The effect of 24-hr exposure of NBM cells 
to ET-Me on CFU-s is illustrated in Figure 1. As can be 
seen, there was only a small reduction at 20 ~g/ml, in- 
dicating a sparing effect on murine stem cells. There was 
a 30% reduction following cryopreservation, but an 
adverse effect of ET-Me was not observed until doses of 
100 ~g/ml were reached (data not shown). 

The role of ET-Me in purging LC cells from SRM is 
shown in Figure 2. As can be seen, doses of 2.5 and 5 ~g/ml 
were no different from untreated SRM, and the mice died 
of leukemia between days 23 and 28. At 10 pg/ml there 
was some effect, but all mice eventually died of leukemia. 
At 20 and 100 ~g/ml there was significant prolongation 
of life with 80% for 20 ~g and 100% for 100 ug surviving 
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FIG. 1. Ten mice at each point were given 730 rads total body ir- 
radiation followed 24 hr later by intravenous injection of normal bone 
marrow cells after 24 hr of exposure in vitro to varying concentra- 
tions of ET-Me at 37 C. Macroscopic colonies were counted on the 
antihilar surface of spleens obtained from mice killed on day 8. Data 
are expressed as percentages of control • SEM. Dose refers to pg/ml 
of ET-Me in the in vitro incubation mixture. 
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100 days. This survival is similar to mice receiving NBM 
and TBI. In contrast,  survival of mice only irradiated 
without  infusing NBM died within 11.5 days. 

To determine if the combination of ET-Me t rea tment  
and cryopreservation would accomplish a similar result, 
these experiments were repeated with the additional step 
of freezing the cells after exposure to ET-Me. As can be 

seen in Table 1, doses of 10, 20 and 50 ~g/ml increased 
the median survival time in a dose-dependent fashion and 
significantly increased the number of long-term survivors. 
However, the 100 ~g/ml dose was too toxic to the stem 
cells after cryopreservation and thawing. These studies 
demonstrate  the selective cytotoxic effects of ET-Me on 
leukemic cells while sparing NBM stem cells. 

8o- l -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

> 6 o -  

~1 - - - ~  10/.tg 

~5 ~ 40- 

20- .5 

0 
0 10 20 30 40 50 60 70 80 90 100 

Days of  Surv iva l  

FIG. 2. Survival of Balb/c mice not transplanted or transplanted with normal bone mar- 
row (NBM), simulated remission m a r r o w  (SRM} or SRM exposed in vitro to varying con- 
centrations of ET-Me. � 9  e,  Not transplanted; - - , ,  received NBM cells; X - - X ,  received 
SRM; O--O, received SRM exposed to 2.5 I~g/ml; D- -D ,  received SRM exposed to 5 ~g/ml; 
- -  - -  -- ,  received SRM exposed to 10 pglml; . . . .  , received aRM exposed to 20 ~g/ml; 
. . . . . .  , received SRM exposed to 100 ~glml; A--A,  received SRM, not irradiated. All 
received 750 fads total body irradiation. 

TABLE 1 

Effect of Cryopreservation Following Exposure of Simulated Remission Marrow 
to Varying Doses of ET-Me 

Conditions a Survival 

ET-Me Number Median 
TBI NBM SRM (~g/ml) of mice (days} 90 Days pb 

1. + -- -- -- 30 15 I c 

2. + + -- -- 30 NR d 18 

3. - - + - 28 26 i e 

4. + -- + - 29 20 9 

5. + -- + 5 30 20 1 
6. + -- + 10 30 25 9 

7. + -- + 20 29 36 12 

8. + -- + 50 15 45 4 
9. + -- + 100 14 15 0 

NS 
<.01 
<.01 
<.02 
NS 

aTBI, total body irradiation; NBM, cryopreserved normal murine bone marrow; SRM, 
cryopreserved simulated remission marrow; ET-Me, 1-O-octadecyl-2-O-methyl-rac- 
glycer~3-phosphocholine. 
bp value compared to row 4. NS, Not significant. 
CDied aplastic day 107. 
dNot reached. 
eDied of leukemia day 133. 

LIPIDS, Vol. 22, No. 11 (1987) 



922 

W.R. VOGLER ET AL. 

1 . 0 0 -  

.8- 

O~ .6- 
! -  

. 4 -  

, 2 -  

a m  HL-60 

Normal 

5 
1 

ALP p.g/ml  12.5 25 50 100 5 12.5 25 50 TOO 

1 hour 4 hours 

FIG. 3. The effect of alkyl lysophospholipid (ET-Met on clunogenicity of HL60 cells and 
total normal bone marrow (NBM) progenitor cells. The cells were incubated for 1 or 4 
hr with varying concentrations of ET-Me prior to plating. There were 500 HL60 cells plated 
and 105 NBM cells plated. Results are expressed as percentage of controls. 
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FIG. 4. The effect of alkyl lysophospholipid {ET-Mel concentration 
on clonogenicity of total marrow progenitor cells exposed in vitro 
for 1, 4 or 24 hr prior to plating. Conditions are as described in 
Methods. 10 s Cells/plate were scored at 14 days. The bars are stan- 
dard errors of the mean of quadriplicate samples. 

In  vitro human studies. The effect of ET-Me on 
clonogenicity of HL60 cells and NBM progenitors is 
shown in Figure 3. The HL60 cells were cultured as 
described above, except tha t  erythropoietin was not add- 
ed. As shown, incubation of HL60 cells for 1 or 4 hr with 
ET-Me resulted in a significant inhibition of colonies at 
100 ~g/ml and above. The effect on the total  proportion 
of normal progenitor cells at 1 or 4 hr of incubation was 
minor at  doses up to 100 t~g/ml. However, as shown in 
Figure 4, there was a progressive dose-related inhibition 
when cells were incubated for 24 hr before cloning. Figure 
5 demonstra tes  the purging effect of ET-Me using mix- 
tures of HL60 cells and NBM progenitors. The colonies 
were identified morphologically, 

2 0 -  

1 0 -  

,o N 

30 
. o  

0 25 50 0 25 

1 Hour 4 Hours 

I 

50 

FIG. 5. The effect of alkyl lysophospholipid (ET-Me) on clonogenicity 
of mixed cultures of normal blood marrow (NBM) and HL60 cells. 
Cultures of 105 NBM cells and 102 HL60 cells were incubated with 
0, 25 or 50 ~g/mi of ET-Me for 1 or 4 hr. Colonies were identified 
by morphologic appearance. 

These studies were repeated after cryopreservation and 
thawing. Between 60 and 70% of the prefreeze normal col- 
onies could be recovered after freezing and thawing, and 
no dose effect of ET-Me could be observed. HL60 cells 
were not  significantly reduced in the controls following 
freezing and thawing, but  were further  reduced by 
cryopreservat ion after exposure to ET-Me. Exposure  to 
50 t~g/ml of ET-Me for 4 hr followed by freezing and thaw- 
ing reduced HL60 colonies to zero. Thus, the combina- 
tion of ET-Me and cryopreservation resulted in enhanced 
killing of HL60 cells while preserving 60-70% of the pro- 
genitor cells. 

Ef fec t  o f  CP and ET-Ac  on HL60  and N B M  cells. 
Table 2 compares the effect of the compounds on colony 
formation by NBM cells and HL60 cells. As can be seen, 
neither CP nor ET-Ac was as selectively cytotoxic  to 
HL60 cells as ET-Me. Other compounds are under devel- 
opment  and will need to be tes ted in a similar fashion. 

LIPIDS, Vol, 22, No. 11 (1987) 



ALKYL LYSOPHOSPHOLIPIDS IN 

TABLE 2 

Comparative Effects of Phospholipid Analogs on Clonogenicity 
of HL6O and Normal Bone Marrow (NBM) Progenitors 

Percent of control 
Compounds 

1 hr (~g/ml) ET-Me CP ET-Ac 

HL60 0 100 100 100 
25 39.0 • 0 57.5 • 2.1 66.1 • 0.1 
50 10.8 • 3.1 31.8 • 5.6 30.5 • 0.9 

NBM 0 100 100 100 
25 - -  -- 95.9 • 1.6 
50 98.8 • 1.3 88.6 • 2.9 96.5 • 6.0 

T / C  

1.0- 

.8- 

,6- 

,4- 

.2- 

1 hr 4'hr 
ALP gg/ml 25 

1 hr 4 hr 
5O 

FIG. 6. The effect of alkyl lysophospholipid (ET-Me) on clonogenicity 
of leukemic cells obtained from patients at diagnosis or relapse ex- 
pressed as ratios of treated to control values. Cells were incubated 
with 0, 25 or 50 ~g/ml of ET-Me for 1 and 4 hr at 37 C prior to plating. 
Colonies were counted on day 14. 

Clinical survey .  Figure 6 illustrates the effects of ET-Ac 
on colony formation by cells obtained from LC patients 
at diagnosis or relapse. A wide spectrum of activi ty was 
present, and a dose effect was observed. The mean inhibi- 
tion after incubation at 50 pg/ml was 50% at 1 hr and 31% 
at 4 hr. However, as shown, cells from some individuals 
were exquisitely sensitive. Other phospholipid analogs 
have not been tested in this fashion. 

DISCUSSION 

These experiments clearly demonstrate that phospholipid 
analogs are active antileukemic compounds and that  some 
degree of selectivity is apparent. NBM stem cells in the 
mouse and NBM progenitor cells in humans appear to 
be much less sensitive to these compounds than neo- 
plastic cells. The biochemical mechanisms for this selec- 
t ivi ty have not been fully elucidated, and more studies 
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are needed. Furthermore, an indirect ant i tumor effect as 
elicited by macrophages exposed to these analogs (23} was 
not studied in this series of experiments. 

We at tempted to demonstrate  selectivity and to 
develop a practical, clinically feasible approach utilizing 
short incubation times with suitable doses and assessing 
the added effect of cryopreservation. I t  appears tha t  the 
conditions necessary to initiate a clinical s tudy have 
largely been established. 

A clinical survey indicated that  there was variability 
in sensitivity to ET-Me among patients. Therefore, it 
would be important  to test the relative efficacy of a series 
of these compounds against a spectrum of leukemic cells 
as well as test the sensitivity of a particular patient 's cells 
to a number of compounds. In this way, the most  active 
agents to use could be defined for the individual patient  
for subsequent purging. 

In conclusion, these studies have demonstrated the 
relative selective ant i tumor activity of three compounds. 
ET-Me appears to be the most  effective and conditions 
for its use have been established to initiate clinical studies 
in bone marrow purging. Nevertheless, variability has 
been demonstrated in the sensitivity of leukemic cells ob- 
tained from patients and more of these compounds should 
be tested against a wider spectrum of leukemic cells and 
progenitor cells to find those that  are most  promising. 
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Distribution and Metabolism of Hexadecylphosphocholine in Mice 1 
A. Breiser% D.-J. Kima, E.A.M. Fleerb, W. Damenza, A. Drube a, M. Berger:, G.A. Nagela, H. Eiblb 
a n d  C. Ungera,*  
aDivision of Haematology/Oncology, Department of Internal Medicine, University G~ttingen, Federal Republic of Germany, 
bMax-Planck-lnstitute for Biophysical Chemistry, G@ttingen, Federal Republic of Germany, and CCancer Research Center, Heidelberg, 
Federal Republic of Germany 

Distr ibut ion and metabol ic  fate of  radiolabeled hexa- 
decylphosphochol ine  {He-PC) has  been studied in mice. 
It is demonstrated that  He-PC is well-absorbed from the 
intestinal  tract, intravenous (IV) and oral administration 
lead to  similar distributions throughout  the body, the 
highest accumulation of radioactivity occurs in liver, lung 
and kidney,  and the metabol ic  products  are radioactive 
choline, phosphochol ine  and 1,2-diacylphosphatidylcho- 
line. The occurrence of these  metabol i tes  indicates that  
phosphol ipases  C and D may  be involved in He-PC 
breakdown.  
Lipids 22, 925-926 {1987). 

Alkylphosphocholines (APC) represent a new class of anti- 
neoplast ic agents  with remarkable  an t i tumora l  act iv i ty  
in vi t ro (1) and in vivo (2). APC have been developed in 
studies on the s t ructure-ac t iv i ty  relat ionship of alkyl 
lysophospholipids (ALP} and possibly represent  the 
minimal s t ructura l  requirement  of ALP. I t  was the aim 
of this s tudy  to analyze the biodistr ibut ion of hexa- 
decylphosphocholine (He-PC) as a representa t ive  com- 
pound of APC. In addition, initial investigations were car- 
ried out  on the in vivo metabol i sm of He-PC in mouse 
liver. 

MATERIAL AND METHODS 
Hexadecylphospho-[~H]choline was obtained by methyla- 
tion of the corresponding hexadecylphosphoethanolamine 
with [3H]methyl iodide (3); He-PC was synthesized as 
earlier described (4,5}. 

Biodistribution. Female  N M R I  mice {25 to 30 g) were 
used in this study. Twenty-f ive ~g of He-PC {specific ac- 
t ivity:  50 ~Ci/~mol) was dissolved in 200 ~1 of 0.9% NaCI 
and injected into the tail vein. Oral applicat ions were via 
a s tomach tube. The instillation solution used was 200 ~l 
0.9% NaC1, containing 5 ~Ci He-PC {specific act ivi ty:  
10 ~Ci/~mol). After  various t ime intervals,  the animals  
were killed by cervical dislocation. The kidney, lung, liver, 
spleen, small and large intestine, heart, stomach, thymus,  
blood, brain and a sample  of hind-leg muscle were re- 
moved, weighed and combus ted  in an incinerator 
{Packard}. The percentage  radioact iv i ty  in the blood was 
calculated under  the assumpt ion  t ha t  blood represents  
7.5% of the to ta l  mouse  body weight  (6). Radioact iv i ty  
was determined in a Mark  I I I  scintillation counter  
(Searle). 

Metabolism. Female  N M R I  mice (25 g) received 50 ~Ci 
of He-PC (specific activity:  105 pCi/pmol) in the tail vein. 

'Presented at the symposium on "Ether Lipids in Oncology," 
GSttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Division of 
Haematology and Oncology, Department of Internal Medicine, 
University of G~ttingen, Robert-Koch-Str. 40, D-3400 G~ttingen, 
Federal Republic of Germany. 

After  24 or 72 hr, the animals  were killed and their  livers 
removed and homogenized in 0.9% NaC1 (1:3, w/v). Lipid 
extract ion was done according to Bligh and Dyer  (7). The 
organic phase  was evaporated,  dried, and the residue 
redissolved in methanol]chloroform (9:1, v/v). The organic 
mater ial  was applied to a silica gel thin layer chromatog-  
raphy  (TLC) plate, and the plate was developed in chloro- 
form/methanol /ammonia  (50:50:5, by  vol). The upper  in- 
organic phase  of the Bligh/Dyer ex t rac t  also was dried, 
redissolved in water  and applied to a cellulose TLC plate  
(Merck). The plate was developed in te r t  butanol/water/  
acetic acid (90:40:5, by vol). After  drying, the plates were 
scanned for radioact ivi ty  using an Automat ic  Linear 
Analyzer  LB 284 complemented with a D a t a  Sys t em 
LB 500 (Berthold, FRG). For comparison with unlabeled 
reference compounds,  the plates were stained with iodine 
vapor.  

RESULTS 
The t ime-dependent  distribution of total  radioactivity in 
different organs  after  IV injection and oral application 
is shown in Tables  1 and 2. After  IV adminis t ra t ion  of 
He-PC, the blood radioact iv i ty  showed an initial half-life 
of ca. 90 min. However,  after  192 hr, 12% of the initial 
radioact ivi ty  still remained in the blood indicating a slow 
elimination of the compound from the blood stream. The 
highest amounts  of radioactivi ty were recovered from the 
kidney, liver and lung. Accumulat ion of the radioactiv- 
i ty in the kidney far exceeded the enr ichment  of act iv i ty  
in other organs; after  5 hr, the act ivi ty  in the kidney was 
25 t imes higher than in the blood. In contrast,  most  other 

TABLE 1 

Distribution of He-PC in NMRI Mice after IV Administration 

Time 

Organ 10min 1 hr 5hr 24hr 48hr 96hr 192hr 

Blood 4.9 2.6 1.8 1.4 1.0 0.7 0.6 
Kidney 19.7 31.8 45.7 34 .8  17 .2  19.2 10.1 
Lung 10.9 8.0 6.8 6.1 5.0 3.4 2.6 
Liver 10.0 12.6 9.6 8.5 7.9 7.1 5.4 
Spleen 5.9 4.0 3.3 3.6 2.6 1.9 1.4 
Small intestine 4.4 4.7 5.4 4.5 3.2 2.5 1.7 
Heart 3.8 2.3 1.7 1.8 1.4 1.3 1.0 
Stomach 3.2 3.0 3.3 4.1 3.2 2.3 1.7 
Large intestine 2.8 2.8 3.0 2.7 2.0 1.6 1.2 
Thymus 2.2 2.5 2.1 2.7 2.3 1.7 1.7 
Muscle 1.6 1.0 0.7 0.8 0.7 0.6 0.6 
Brain 0.4 0.3 0.3 0.5 0.5 0.7 1.2 

Data represent percent oI total radioactivity/g organ {wet weight}. 
S.D. were less than 20%, number of experiments: 3-10 for each time 
point. For details, see Materials and Methods. 
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T A B L E  2 

Distribution of He-PC in NMRI Mice after Oral Administration 

Time 

Organ 10min l h r  5hr 24hr 48hr 96hr 192hr 

Blood 0.2 0.4 1.8 1.8 1.5 0.9 
Kidney 0.2 2.0 23.0 34.0 26.2 14.5 
Lung 0.3 0.8 8.1 8.3 6.4 4.1 
Liver 0.3 1.3 10.8 14.7 12.4 10.2 
Spleen 0.1 0.6 4.5 5.0 3.2 2.4 
Small intestine 18.6 17 .4  24.5 8.4 4.0 2.8 
Heart 0.1 0.3 1.7 2.6 1.9 1.4 
Stomach 11.4 7.5 4.4 5.0 3.6 2.6 
Large intestine 0.4 0.4 3.3 3.8 2.7 2.0 
Thymus 0.1 0.4 2.3 6.1 3.5 2.8 
Muscle 0.1 0.2 0.7 1.1 1.0 0.8 
Brain 0.02 0.05 0.2 0.6 0.6 0.9 

Data represent percent of total radioactivity/g organ (wet weight). 
S.D. were less than 20%, number of experiments: 3-10 for each time 
point. For details, see Materials and Methods. 

TABLE 3 

Metabolism of Hexadecylphospho(methyl-3H)chollne 
in Mouse Liver after IV Administration 

Time 

24 hr 72 hr 

~Ci/g liver 4.0 

Metabolites (%) 
He-PC 63 37 
Diacyllecithin 2 7 
Phosphocholine 3 3 
Choline 32 53 

Data represent the means of two experiments for the indicated times. 

DISCUSSION 

The data presented in this study demonstrate that  He-PC 
irrespective of the administration route is distributed 
throughout  the body. I t  appears tha t  the compound is 
efficiently absorbed as such from the intestinal t ract  and 
thus makes oral application possible. A calculation of the 
amount  of He-PC absorbed from the gut currently is not  

0.9 possible because, in this experiment, total  blood radio- 
11.8 activity was measured. The data  given represent the 
3.0 rad io labe led  p a r e n t  c o m p o u n d  and rad io labe led  
5.8 metabolites. 
1.8 Organs showing a large enrichment of He-PC after 
1.8 either route of administration are the liver, lung and 1.3 
1.9 kidney. This finding is in line with the biodistribution 
1.3 reported for alkyl lysophospholipids such as 1-O-octa- 
2.0 decyl-2-O-methyl-rac-glycero-3-phosphocholine (OM-GPC) 
0.9 (8). However, in contrast  to ALP, the accumulation of 
1.3 He-PC in the kidney is three times higher than that  of 

OM-GPC. This suggests  that  the kidney may be a target  
organ for the toxic effects of He-PC in t rea tment  pro- 
tocols. Comparing the distribution of He-PC in different 
organs, it is noteworthy that  the brain shows a distinct 
accumulation of radioactivity through the entire period 
(Tables 1 and 2). We do not know yet  if this is due to ac- 
cumulation of the parent compound or of choline, the lat- 
ter being one of the main products  of He-PC catabolized 
on the liver. Choline cannot be synthesized in the brain 
and must  be obtained from the blood stream (9). 

Metabolism of He-PC in the liver results in the t ime-  
dependent formation of radiolabeled choline, phos- 
phocholine and 1,2-diacylphosphatidylcholine. This sug- 
gests the importance of the phospholipases C and D in 
He-PC catabolism. Studies on the in vitro hydrolysis of 

3.8 He-PC with phospholipase C (Bacillus cereus) and 
phospholipase D (partially purified from cabbage) support 
the finding that  APC are substrates for these enzymes 
( 10,11). Formation of 1,2-diacylphosphatidylcholine label- 
ed in the polar head group is consistent with earlier 
results obtained with OM-GPC. In the latter study, it was 
shown that  the labeled phosphocholine group was trans- 
ferred from OM-GPC to 1,2-diacylglycerol, resulting in 
the formation of phosphatidylcholine (3). 

organs contained similar but  lower levels of radioactivi- 
ty  at  the different time points measured. In contrast  to 
the other organs, the brain showed a distinct increase in 
radioactivity up to 192 hr. After oral administration, He- 
PC behaved similar to the IV route. Again, there was a 
large enrichment of radioactivity in the kidney, liver and 
lung. 

The metabolic fate of He-PC was studied in detail in 
the liver. Twenty-four hr after IV injection, the liver con- 
rained ca. 63% of the extractable radioactivity as a parent 
compound; 37% of activity was found to be associated 
with metabolic breakdown products. As shown in Table 3, 
the main metabolite of He-PC was choline (32%), whereas 
phosphocholine (3%) and 1,2-diacylphophatidylcholine 
(2%) were labeled to a much smaller extent. After 72 hr, 
the total radioactivity recovered from the liver was 
decreased slightly. However, the formation of labeled 
choline and 1,2-diacylphosphatidylcholine increased to 
53% and 7%, respectively; phosphocholine remained 
unchanged. 
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Therapeutic Activity of ET-18-OCH3 and Hexadecylphosphocholine 
Against Mammary Tumors in BD-VI Rats' 
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The present therapy experiments with two different 
transplantable mammary tumors were performed to com- 
pare the therapeutic efficacy in BD-VI rats of 1-O- 
octadecyl-2-O-methyl-rac-glycero-3-phosphocholine 
(ET-18-OCH3) and hexadecylphosphocholine (HPC). Both 
compounds were administered orally, subcutaneously or 
intracutaneously at equimolar doses ranging from 4.8 to 
88 ~mol/kg/day five times per week for two weeks. Under 
the experimental conditions, both transplanted mammary 
carcinomas were moderately sensitive to the therapy with 
either HPC or ET-18-OCH3. Comparing both tumors, 
TMA2 was more sensitive than TMA1. The activity and 
toxicity of both compounds were dose-related in both 
tumor lines. Females seemed to be less sensitive with 
respect to antineoplastic activity and toxicity. Like 
ET-18-OCH~, HPC was active also at low, probably non- 
cytotoxic doses associated with no detectable toxicity ac- 
cording to body weight development. This suggests that 
there are at least two different mechanisms of action that 
lead to tumor growth inhibition. 
Lipids 22, 927-929 (1987). 

The therapeutic efficacy of 1-O-octadecyl-2-O-methyl.rac- 
glycero-3-phosphocholine (ET-18)OCH3) as a representa- 
tive of alkyl lysophospholipids was previously tested in 
several tumor models in vivo and in vitro (1-3). Hexa- 
decylphosphocholine (HPC) belongs to a new class of com- 
pounds, the alkylphosphocholines. Originally HPC was 
synthesized as a "negative control," as this compound 
was not supposed to be cleaved by the O-alkyl cleavage 
enzyme. Its anticancer activity has so far been tested only 
against autochthonous tumor models such as the MNU- 
induced mammary carcinoma, the benzo(a)pyrene-induced 
fibrosarcoma and the acetoxymethylmethylnitrosamine- 
induced colorectal carcinoma. The results of these studies 
are reported by Muschiol et al. (4). 

Chemically induced autochthonous mammary carcino- 
mas are a mixture of neoplasms of different morphology 
and malignancy, especially when they appear at multi- 
ple sites. We therefore simplified the system by using 
transplantable tumors and an inbred animal strain. 

The aim of these investigations was to assess the ef- 
fect of these compounds against homologous mammary 
tumors. We also wanted to find out to what extent female 
hormones have an influence on therapy and therefore used 
rats of both sexes. 

MATERIALS AND METHODS 

Isogenic female and male BD-VI rats were used as 
experimental animals. Two invasively growing methyl- 
nitrosourea-induced mammary adenocarcinomas, TMA1 
and TMA2, were transplanted to female BD-VI rats. The 
experiments were performed with passages 5-8 of these 

'Presented at the symposium on "Ether Lipids in Oncology," 
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tumor lines. Tumor cells derived from the donor animals 
were transplanted subcutaneously (s.c.) or intraperito- 
neally (i.p.). Therapy started when the tumor diameter 
averaged 1 cm. The chemical compounds ET-18-OCH~ and 
HPC were supplied by P. G. Munder (Freiburg, FRG) and 
H. J. Eibl (Goettingen, FRG), respectively. Equimolar 
doses of both compounds were administered orally by 
garage, intracutaneously (i.c.) or s.c. The animals were 
treated five times per week for two weeks, then were killed 
and dissected. As a therapeutic parameter we used T/C%, 
i.e., the quotient of the tumor-volume difference between 
treated animals and the control group • 100 (evaluation 
at week 2). 

RESULTS 

Table 1 shows the treatment of female BD-VI rats bear- 
ing s.c.-transplanted TMA1 or TMA2 tumors by oral ad- 
ministration of equimolar doses of HPC and ET-18-OCH3. 
The activity and toxicity of both compounds were dose- 
related in both tumor lines except for treatment with 
HPC in TMA1 tumor-bearing rats. Moderate antineo- 
plastic activity of high doses was correlated with rather 
high toxicity. The TMA2 tumor was more sensitive to 
active dosags of ET-18-OCH3 and HPC than TMA1. 

Table 2 shows the treatment of male BD-VI rats bear- 
ing i.p.-transplanted TMA1 tumors by oral administra- 
tion of ET-18-OCH~ and HPC at the same dosages as 
shown in Table 1. Identical doses caused increased tox- 
icity following i.p. compared to s.c. transplantation. The 
anticancer efficacy was similar following both dosages of 
ET-18-OCH3, whereas a dose-response relationship was 
observed following treatment with HPC. 

Tables 3 and 4 show several experiments in which males 
and females bearing s.c.-transplanted TMA1 or TMA2 
tumors were treated with equimolar doses of ET-18-OCH3 
or HPC. On a mg/kg body weight basis, females seemed 
less sensitive than their male counterparts with respect 
to anticancer activity and toxicity observed after treat- 
ment with HPC or ET-18-OCH~. The experiments again 
demonstrated that the TMA2 tumor was more sensitive 
to therapy than the TMA1 tumor. The moderate antineo- 
plastic activity and toxicity seen in treated male animals 
and assessed by body weight development was dose- 
related for both tumor lines. 

Table 5 illustrates the treatment of male BD-VI rats 
bearing s.c.-transplanted TMA1 or TMA2 tumors by i.c. 
administration of HPC. Therapy with low doses of HPC 
was associated with significant anticancer efficacy on 
both TMA1 and TMA2 s.c.-growing tumors, while lower 
toxicity was observed. 

DiSCUSSiON 
Under the experimental conditions used, the two 
transplanted mammary carcinomas TMA1 and TMA2 
were moderately sensitive to the therapy with HPC or 
ET-18-OCH3. The different administration modes are 
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TABLE 1 

Treatment of Female BD-VI Rats Bearing Subcutaneously (s.c.) Transplanted TMA1 or TMA2 Tumors 
by Oral Administration of HPC or ET-18-OCH3 

Tumor Body wt 
line No. of Dose schedule T/C% at difference Mortality a 
s.c. animals/group (mg/kg/day) evaluation (%~ (%) 

TMA1 13 45 ET-18-OCH3 46 - 7  0 
TMA1 13 22.5 ET-18-OCH3 66 + 1 15 
TMA1 13 36 HPC 89 b - 1 0  46 
TMA1 13 18 HPC 66 - 4  15 
TMA1 13 Control 100 +5  0 

TMA2 10 45 ET-18-OCH~ 51 - 8  30 
TMA2 10 22.5 ET-18-OCH~ 92 b - 1 0 
TMA2 10 36 HPC 32 - 15 0 
TMA2 10 18 HPC 65 - 8  0 
TMA2 10 Control 100 + 3 0 

aDue to drug toxicity. 

bNot s ~ i f i c a n t  according to Student 's  t-test. 

TABLE 2 

Treatment of Male BI~VI Rats Bearing IntraperitoneaUy (i.p.) Transplanted TMA1 Tumors by Oral Administration of HPC or ET-18-OCH3 

Tumor Body wt 
line No. of Dose schedule T/C% at difference Mortality a 
i.p. animals/group (mg/kg/day) evaluation (%) (%) 

TMA1 16 45 ET-18-OCH3 64 --24 56 
TMA1 16 22.5 ET-18-OCH3 63 - 13 25 
TMA1 16 36 HPC 52 - 15 19 
TMA1 16 18 HPC 104 b - 1 1  13 
TMA1 16 Control 100 + 1 0 

aDue to drug toxicity. 

bNot significant according to Student ' s  t-test. 

TABLE 3 

Treatment of Male BD-VI Rats Bearing Subcutaneously (s.c.) Transplanted TMA1 or TMA2 Tumors 
by s.c. Administration of HPC or ET-18-OCH3 

Tumor Body wt 
line No. of Dose schedule T/C% at difference a 
s.c. animals/group (mg/kg/day) evaluation (%) 

TMA1 10 20 ET-18-OCH~ 42 
TMA1 10 10 ET-18-OCH3 81 b 
TMA1 10 15.6 HPC 48 
TMA1 10 7.8 HPC 64 
TMA1 10 Control 100 

TMA2 10 20 ET-18-OCH3 24 
TMA2 10 10 ET-18-OCH3 47 
TMA2 10 15.6 HPC 46 
TMA2 10 7.8 HPC 73 b 
TMA2 10 Control 100 

--8 
- 3  
- 8  
- 3  
+ i  

- 1 1  
- 4  

- - I0  
- 6  
+3 

aNo drug-related mortality. 

bNot significant according to Student 's  t-test. 
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TABLE 4 

Treatment of Female BD-VI Rats Bearing Subcutaneously (s.c.) Transplanted TMA1 
or TMA2 Tumors by s.c. Administration of HPC or ET-I~OCH3 

Tumor Body wt 
line No. of Dose schedule T/C% at difference a 
s.c. animals/group ~mg/kg/day) evaluation (%) 

TMA1 6 20 ET-18-OCH3 87 b 0 
TMA1 6 10 ET-18-OCH3 71 + 1 
TMA1 6 15.6 HPC 92 b - 3  
TMA1 6 7.8 HPC 68 - 9  
TMA 1 6 Control 100 + 2 

TMA2 6 20 ET-18-OCH3 74 b - 2  
TMA2 6 10 ET-18-OCH3 73 b - 4  
TMA2 6 15.6 HPC 54 - 4  
TMA2 6 7.8 HPC 159 c - 2  
TMA2 6 Control 100 - 4 

aNo drug-related mortality. 
bNot significant according to Student's t-test. 
csignificant increase according to Student's t-test. 
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TABLE 5 

Treatment of Male BI~VI Rats Bearing Subcutaneously (s.c.} Transplanted TMAI 
or TMA2 Tumors by i.c. Administration of HPC 

Tumor Body wt 
line No. of Dose schedule T/C% at difference a 
s.c. animals/group (mg/kg/day) evaluation (%) 

TMA1 10 7.8 HPC 51 - 7  
TMA1 10 3.9 HPC 78 - 5  
TMA1 10 1.95 HPC 76 - 4  
TMA1 10 Control 100 - 4 

TMA2 10 7.8 HPC 66 - 2  
TMA2 10 3.9 HPC 58 0 
TMA2 10 1.95 HPC 64 +2 
TMA2 10 Control 100 + 4 

aNo drug-related mortality. 

c o m p a r a b l e  b e c a u s e  h igh  r e s o r p t i o n  was  found  for H P C  
(5). C o m p a r i n g  the  t u m o r  lines, T M A 2  was  more  sens i t ive  
t h a n  T M A I .  F e m a l e  a n i m a l s  s e e m e d  less  s ens i t i ve  t h a n  
ma le s  w i t h  r e s p e c t  to  a n t i n e o p l a s t i c  a c t i v i t y  as  wel l  as  
t ox i c i t y .  ET-18-OCH3 is k n o w n  to  be  ac t ive  a t  h igh  
c y t o t o x i c  c o n c e n t r a t i o n s ,  p r o b a b l y  due  to  i n t e r a c t i o n  
w i t h  ce l lu la r  m e m b r a n e s ,  a n d  a t  low, p r o b a b l y  non- 
cy to tox i c ,  doses ,  which  seem to  inf luence  the  i m m u n e  
r e sponse  (1-3). A l t h o u g h  we d id  n o t  m e a s u r e  t he  i m m u n e  
r e sponse  fol lowing t r e a t m e n t  w i th  ET-18-OCH3 and  H P C  
in th i s  expe r imen t ,  we suppose  t h a t  the  t r e a t m e n t - r e l a t e d  
ef fec ts  of b o t h  c o m p o u n d s  follow s imi la r  m o d e s  of ac t ion  
a t  low dosages .  
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The s tudy reports on the invest igat ion of acute and 
subacute  toxic i ty  and on antineoplast ic  act iv i ty  of  hex- 
adecylphosphocholine (HPC), the first compound of a new 
class  of  antineoplast ic  chemotherapeutics .  In rats, the 
LDso of HPC was  606 ~mol/kg; the m a x i m u m  tolerable 
dose over four weeks  was  39 ~mol/kg. S y m p t o m s  of tox- 
icity were enteritis,  spider cell act ivat ion in the liver, 
hemosideros is  in the spleen and reversible transaminase  
increase. The best  therapeutic effect  was  observed on 
methylni trosourea (MNU}-induced m a m m a r y  carcinoma 
in the rat. Two transplantable  m a m m a r y  carcinomas in 
the rat and autochthonous  benzola)pyrene-induced sar- 
comas exhibited low-grade sensitivity to HPC. The MXT 
m a m m a r y  carcinoma of the mouse,  the Walker 256 carci- 
nosarcoma of the rat, and autochthonous  acetoxymethyl-  
methyln i trosamine- induced  colonic tumors  of the rat 
were not  chemosens i t ive  to HPC.  
Lipids 22, 930-934 (1987). 

In the course of assessing the toxicological and preclinical 
therapeut ic  value of alkyl lysophospholipids,  we also in- 
ves t iga ted  hexadecylphosphocholine (HPC). The ex- 
per imental  resul ts  of the toxici ty and therapy  studies 
with HPC are described below. 

MATERIALS AND METHODS 

Chemicals. Methylni t rosourea  tMNU) and acetoxy- 
methylmethyln i t rosamine  (AMMN) were synthesized by  
M. Wiessler ( Inst i tute  of Toxicology and Chemotherapy,  
German  Cancer Research Center, Heidelberg, FRG}. 
Benzo{a)pyrene {BaP) was purchased  f rom S igma 
(Munich, FRG). The alkylphosphocholine HPC was syn- 
thesized by  H. J.  Eibl (Max Planck Ins t i tu te  of Biophysi- 
cal Chemistry,  GSttingen, FRG). All compounds  were 
dissolved short ly  before use at  adequate  concentrat ions.  

Animals and tumor induction. Male and female 
Sprague -Dawley  ra ts  (Zentral inst i tut  ffir Versuchstier-  
kunde, Hannover ,  FRG) were kept  under conventional,  
controlled conditions. Autochthonous  m a m m a r y  car- 
cinomas (1), colorectal carcinomas (2-4) and fibrosar- 
comas (5) were induced as described previously.  TMA1 
and 2 m a m m a r y  carcinomas were t ransplanted  in BD VI  
ra t s  as described elsewhere in this issue (6). M X T  mam- 
mary  carcinoma was processed for t r ea tmen t  by s.c. im- 
p lant ing 30 mg  tumor  t issue into female B6D2F, mice. 
T rea tmen t  s t a r t ed  at  defined s tages  of macroscopical ly 
visible tumor  development.  Comparison of drug  effec- 
t iveness  was based  on the increase in median survival  
t ime (ILS) and on differences in tumor  volumes expressed 
as percent  of un t rea ted  control IT/C%). Nat ional  Cancer 
Ins t i tu te  criteria were used for assessing the act ivi ty  of 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 

the compounds  evaluated (7). Stat is t ical  evaluat ion of 
tumor  growth was performed using a non-parametr ic  
mul t ivar ia te  tes t  t8) and S tuden t ' s  t-test.  

Evaluation of toxicity. For acute toxicity studies, HPC 
was adminis tered p.o. to Sprague-Dawley (SD) ra t s  tha t  
had been fas ted overnight.  Surviving animals  were 
observed for 14 days. LDso values were determined by the 
method of Spearman  and K~rber (9}. Additionally, sub- 
acute toxicity (four weeks) was determined in SD rats  and 
in dose-f inding exper iments  in white New Zealand rab- 
bits  and emetic effects in beagle dogs. 

RESULTS 

Toxicological studies. In exper iments  in rats,  the acute 
LDso af ter  oral adminis t ra t ion  of HPC by gavage  to four 
groups of 10 adult Sprague-Dawley ra ts  of either sex was 
246 mg/kg  body weight  (bw) (corresponding to 606 ~mol/ 
kgi {Table 1). The s y m p t o m s  of intoxicat ion were seda- 
tion, salivation, weight  loss and diarrhea. Dissection of 
those in the h igh- r i sk  group revealed intestinal  rubor, 
swelling of the intest inal  mucosa  and ulcers of the 

TABLE 1 

Summary of Toxicity Experiments 

Species Strain Sex 

Acute toxicity a Rat Sprague-Dawley Female/male 
Subacute toxicity b Rat Sprague-Dawley Female/male 
Subchronic toxicity Rat Sprague-Dawley Female/male 
Determination 

of tolerable dose Rabbit White New Zealand Female 
Emetic effect Dog Beagle Female 

aLD~o = 606 ~mol/kg (246 mg/kg) according to Spearman and K~ber 
(7}. 
bMaximum-tolerated dose = 39 •mol/kg (16 mg/kg). 

TABLE 2 

Subacute Toxicity 

Dose No. of Mortality 
~mol/kg Sex animals % %BWD a 

0 Female 20 0 - 2.6 
0 Male 20 0 + 1.6 

62 Female 20 10 - 5.2 
62 Male 20 20 -13.9 

49 Female 20 5 - 10.7 
49 Male 20 5 - 4.5 

39 Female 20 0 - 3.4 
39 Male 20 0 - 1.1 

aMedian body weight difference (week 4-week 1) in % of initial 
weight. 
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FIG. 1. Level of glutamic acid pyruvic transaminase (GPT) after administration of HPC 
(subaeute toxicity). 

forestomach. Animals generally died two to three days 
after the single dose of HPC. Histopathological examina- 
tion confirmed the enterocolitis diagnosed macroscopi- 
cally. No additional symptoms were seen. In the final 
analysis, death occurred from desiccation and possible 
toxin absorption. 

In another  experimental  design, the subacute toxici ty 
of HPC was determined in a four-week experiment 
(Table 2). The four experimental  groups each consisted 
of 20 male and 20 female adult SD rats. The daily doses 
administered amounted to 0, 16, 20 and 25 mg/kg bw, 
respectively. No deaths occurred in the lowest dose group 
(16 mg/kg) during the observation. Unlike this, signifi- 
cant  re tardat ion in weight development was seen in the 
two high-dose groups. Five percent of the animals in the 
20 mg/kg dose group died, and 10% of the females and 
20% of the males in the highest-dose group died. The 
symptoms of intoxication corresponded to those observed 
in the acute toxici ty experiment.  As expected, the intox- 
ication was clearly dose-related.  The histopathological 
examinations disclosed act ivated spider cells in the liver 
and hemosiderosis and enterocolitis in the spleen. 
Damage to the kidneys, such as nephrosis, pyelonephritis 
and epithelial hyperplasia, were also found in animals of 
all t reated groups. These changes were seen in about one- 
third of the animals. According to the findings, the lowest 
dose is considered the maximum-tolerable  dose (MTD). 

In accordance with clinical chemical investigations in 
the acute and subacute toxici ty experiments,  transami- 
nases increased two- to threefold the normal value (Fig. 1) 
but  normalized when the administrat ion was discon- 
tinued. The other parameters determined by clinicochemi- 
cal examination (differential hemogram, erythrocytes ,  
leukocytes, hematocrit ,  MCV, Hb, LDH, kreatinine, Na, 
K, Ca) did not  deviate from normal. 

Additionally, a subchronic three-month  experiment, in 
which doses of 6, 10, 16 and 20 mg/kg bw were admin- 
istered, was carried out. The findings have not  been 

TABLE 3 

Emetic Effect of Hexadecylphosphocholine (HPC) in Beagle Dogs 

Dose Emetic 
Dog no. Gelatinous capsules ~mol/kg effect 

Soluble in the stomach 12.3 a - 
Soluble in the stomach 24.5 b + 
Soluble in the stomach 12.3 4- 
Soluble in the stomach 24.5 + 
Soluble in the small intestine 24.5 - 
Soluble in the small intestine 24.5 - 

aEquivalent to 5 mg/kg. 
bEquivalent to 10 mg/kg. 

evaluated completely yet  but  the trend is tha t  the MTD 
is about  10 mg HPC/kg bw in males and females. 

Rabbits were used only for a dose-finding test  on acute 
toxici ty (Table 1). Two adult female rabbits  tolerated a 
dose of 100 mg/kg bw five times a week without  any 
symptoms of diarrhea. Thus, the response in rabbits  was 
not  more sensitive than in rats.  

Two female beagle dogs were used for tes t ing only 
emetic effects of HPC {Table 3). Single doses of 5 and 
10 mg/kg bw were administered by means of capsules 
tha t  were soluble in the s tomach or the small intestine. 
Emesis resulted only after  administering the high dose 
of capsules soluble in the s tomach but  not  after capsules 
soluble in the small intestine. Consequently, possible 
emetic effects might  be avoided by inhibiting the release 
of HPC in the stomach. 

Therapeutic studies. These were carried out, using 
several experimental  tumor  models (Tables 4-7). The 
autochthonous MNU-induced mammary  carcinoma in 
Sprague-Dawley rats  was invest igated in detail (1,8) 
tTable 4). This adenocarcinoma again proved to be a 
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TABLE 4 

Treatment of Methylnitrosourea-induced Rat Mammary Carcinoma with Hexadecyiphosphocholine (HPC} 

No. of animals Dose T/c%a %ILS b %BWD c %Mortality 

Control 1 20 0 100 0 +11 5 

HPC d 15 115 toxic - 69 toxic 93 
15 77 2.3 +26 - 4  40 
15 51 13.2 +23 +2 0 
15 34 38.6 +38 +8 7 
15 15 27.7 +24 +8 10 
15 7 74.0 +16 +2 10 

Control 2 20 0 100 0 +6 15 

HPC e 15 115 11.6 +66 - 3  14 

aT/C% = quotient of median tumor volume of treated and control group X 100 (evaluation week 6}. 
bILS% -- % increase in median life span over control. 
CBWD% = median body weight difference (week 6-week 1) in percent of initial weight. 
dHPC = continuous oral treatment {5X/week X 5 weeks}. 
eHPC = intermittent oral treatment (5X/week, every second week}. 

Treatment of MNU-induced mammary carcinoma 
with hexadecylphosphocholine (HPC) 

lo0: 
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FIG. 2. Treatment of MNU-induced mammary carcinoma with hex- 
adecylphosphocholine (HPC). 

Treatment of MNU-induced mammary carcinoma 
with hexadecylphosphocholine (HPC) 
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FIG. 3. Intermittent treatment of MNU-induced mammary car- 
cinoma with hexadecylphosphocholine (HPC). 

s u i t a b l e  mode l  for  t e s t i n g  t h e  t h e r a p e u t i c  e f f icacy  of  
d r u g s  because  of i t s  s u r p r i s i n g l y  s ens i t i ve  r e s p o n s e  to  
HPC.  F i f ty -one  ~mol /kg HPC,  co r r e spond ing  to  21 m g / k g  
bw, was  the  o p t i m u m  dose. I t  y ie lded  comple te  remiss ions  
l a s t i n g  over  t he  whole  a d m i n i s t r a t i o n  per iod ,  b u t  i t  d id  
n o t  induce  tox ic  r eac t ions .  The  t u m o r  v o l u m e  inc r ea sed  
aga in  when  the  a d m i n i s t r a t i o n  was  d i s con t i nued  (Fig. 2). 
A f t e r  r enewed  a d m i n i s t r a t i o n  of HPC,  the  t u m o r  g r o w t h  
a g a i n  came  to  a s t ands t i l l .  Th is  i nd i ca t e s  t h a t  no 
r e s i s t a n c e  was  i nduced  (Fig.  3). 

The  e x p e r i m e n t s  on  t r a n s p l a n t a b l e  m a m m a r y  carci-  
n o m a s  of  t he  r a t  (Table  5) r evea l ed  m o d e r a t e  s e n s i t i v i t y  
of t he  T M A  1 and  2 t umors ,  whereas  t he  W a l k e r  256 car- 
c i n o s a r c o m a  d id  n o t  r e s p o n d  to  t he  H P C  t h e r a p y .  The  

M X T  m a m m a r y  c a r c i n o m a  of  t he  m o u s e  was  s i m i l a r l y  
i n sens i t i ve  (Table  6). 

The  g r o w t h  of  a n o t h e r  a u t o c h t h o n o u s  t umor ,  i.e. t he  
colonic  c a r c i n o m a  of  t he  r a t  (2-4), was  no t  i nh ib i t ed  b y  
H P C  desp i t e  a d m i n i s t r a t i o n  of m a x i m u m  doses  (Table 7). 

Yet  ano the r  a u toc h thonous  t u m o r  was  inves t iga ted :  the  
benzo(a )pyrene- induced  s a r c oma  of the  r a t  (5). The  resu l t s  
are  p r e s e n t e d  in F i g u r e  4. C o m p a r a t i v e l y  good  chemosen-  
s i t i v i t y  of  the  t u m o r s  was  o b s e r v e d  in some  an imals ;  
o t h e r s  showed  no r e sponse .  Therefore ,  me re  c o m p a r i s o n  
of t he  m e a n  t u m o r  g r o w t h  cu rves  would  r evea l  l i t t l e  dif- 
ference to  the  u n t r e a t e d  cont ro l  du r ing  the  per iod  of t rea t -  
men t .  Howeve r ,  e v a l u a t i o n  b y  Kozio l  and  D o n n a  of  t he  
g r o w t h  d e v e l o p m e n t  u s i n g  t h e  m u l t i v a r i a t e  t e s t  p r o v e d  
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T u m o r  Rou te  of i m p l a n t a t i o n  No. of an i ma l s  Sex Appl i ca t ion  rou te  Dose  t~mol/kg a T/C% b Signif icance  c 

T M A 1  sc 10 Male  sc 38.3 48 + 
T M A 1  sc 10 Male  sc 19.1 64 + 

T M A 1  sc 6 Fema le  sc 38.3 92 - 
T M A  1 sc 6 Fema le  sc 19.1 68 + 

T M A 1  sc 10 Male  ic 19.1 51 + 
T M A 1  sc 10 Male  ic 9.6 78 + 
T M A 1  sc 10 Male  ic 4.8 76 + 

T M A 1  sc 13 Fema le  po 88 89 - 
T M A  1 sc 13 Fema le  po 44.2 66 + 

T M A 1  ip 16 Male  po 88 52 + 
T M A 1  ip 16 Male  po 44.2 104 - 

T M A 2  sc 10 Male  sc 38.3 46 + 
T M A 2  sc 10 Male  sc 19.1 73 { - )  

T M A 2  sc 6 Fema le  sc 38.3 54 + 
T M A 2  sc 6 Fema le  sc 19.1 159 - 

T M A 2  sc 10 Male  ic 19.1 66 + 
T M A 2  sc 10 Male  ic 9.6 58 + 
T M A 2  sc 10 Male  ic 4.8 64 + 

T M A 2  sc 10 Fema le  po 88 32 + 
T M A 2  sc 10 Fema le  po 44.2 65 + 

Wa lke r  sc 10 Fema le  po 115 108 - 
Wa lke r  sc 10 Fema le  po 77 108 - 
Wa lke r  sc 10 Fema le  po 51 93 - 

a 5 X / w e e k  X 2 weeks.  

bT/C% = Quo t i en t  of tumor /vo lume-d i f fe rence  of t r e a t ed  and  cont ro l  g roup  
c +  = s ign i f i can t  accord ing  to S t u d e n t ' s  t - tes t .  

X 100 {evaluat ion week 2). 

T A B L E  6 

Treatment of M X T  Mammary Carcinoma a with Hexadecylphosphocholine IHPC) 

Dose  b T/C% Mor t a l i t y %  
T r e a t m e n t  No, of  a n i m a l s  t~mol]kg week 3 week 3 

H P C  15 147 78 40 
H P C  15 74 91 13 
Cont ro l  17 / / 6 

a s c  i m p l a n t a t i o n  of 30 m g  t u m o r  t i s sue  in to  female  BoD~F~ mice. 
b T r e a t m e n t  po 5 •  • 3 weeks.  

T A B L E  7 

Treatment of Acetoxymethylmethylnitrosamine-lnduced Colorectal Rat Carcinoma with Hexadecylphosphocholine (HPC) 

M edi an  t u m o r  vo lume  Med ian  t u m o r  n u m b e r  
T r e a t m e n t  No. of an i ma l s  ~95% conf. l imits t  (95% conf. limits} % B W D  a % M o r t a l i t y  

Cont ro l  1 b 20 36.5 {24-74} 2 {1-3} / / 
Control  2 c 20 389 {264-1046} 4 {3-7} + 7  5 
H P C  d 26 535 (339)-935) e 5 {3-7} - 15 54 

a M e d i a n  body  we igh t  difference {week l l - w e e k  1) in pe rcen t  of  init ial  weight .  

bCont ro l  t e r m i n a t e d  a t  endoscopic  d i agnos i s  of  t u m o r s .  
CControl t e r m i n a t e d  a t  end  of t he rapy .  

d98 ~mol /kg X 5/week • 10 weeks.  

eT/C • 100 -- 138. 
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2 

Treatment of benzo(a)pyrene-induced fibrosarcoma 
with hexadecylphosphocholine (HPC) 

10001 

100. 

  J Y -  

1.J~.~ r �9 HPC 51pmol~q 

0 . , 1  , , , , , , 
I 2 3 4. 5 6 7 8 9 10 

Time (weeks) 

FIG. 4. Treatment of benzo(a)pyrene-induced fibrosarcoma with hex- 
adecylphosphocholine (HPC). 

significant tumor- inh ib i t ing  effects of H P C  at a dose of 
51 ~mol/kg. 

DISCUSSION 

The most  important  finding of the experiments  described 
was tha t  hexadecylphosphocholine affected growth retar- 
dat ion of autochthonous  m a m m a r y  carcinomas in rats.  
This effect was superior to the inhibitory effect induced, 
for instance, by  cyclophosphamide (1). HPC thus proved 
to be an interest ing new model compound in the develop- 
men t  of act ive anticancer drugs. This is more impor tan t  

because its toxici ty is obviously quite different from tha t  
of known antineoplast ic  agents  such as a lkylat ing com- 
pounds or ant imetaboli tes .  Remarkable,  though not ex- 
ceptional, is the fact tha t  the therapeutic act ivi ty of HPC 
manifes ted  itself markedly  against  only one tumor,  i.e. 
the autochthonous m a m m a r y  carcinoma of the rat,  while 
other exper imental  tumors  were not  sensit ive at all. 
Perhaps  this offers the possibil i ty of developing com- 
pounds of the described type  especially for use against  
certain organ tumors.  Such an "a imed"  therapy  surely 
would be more favorable than the "shotgun"  therapy that  
many  present ly available compounds exert. Firs t  clinical 
resul ts  tend to suppor t  this hypothesis.  
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Modulation of Chemical Carcinogenesis in Rats 
by AI I Lysophospholipids ' 
Martin R. Berger* and Dietrich Schmdhl 
Institute of Toxicology and Chemotherapy, German Cancer Research Institute, Im Neuenheimer Feld 280, 6900 Heidelberg, Federal 
Republic of Germany 

The influence of 1-O-octadecyl-2-O-methyl-rac-glycero- 
3-phosphocholine {ET-18-OCH3) and 1-hexadecylmercapto- 
2-methoxymethyl-rac-propyl-3-phosphocholine (TLP, 
BM41.440) on methylnitrosourea (MNU)-induced rat 
mammary carcinomas and of ET-18-OCH3 on 7,12-di- 
methylbenzanthracene (DMBA)-induced leukemias was 
investigated. Both agents effectively delayed MNU- 
induced mammary tumor formation at high, cytotoxic 
dosages but TLP had no influence at low "immuno- 
modulatory" doses. ET-18-OCH3 also significantly pro- 
tected against leukemia development in DMBA-treated 
Long-Evans rats. 
Lipids 22, 935-942 {1987). 

Modulation of tumor occurrence by selected drugs is a 
modern field of research with growing importance. From 
the two types of effective modulation that either enhance 
or reduce tumor incidence, the latter type has been in- 
vestigated by groups of researchers, including ourselves, 
who are interested in "chemoprevention" of cancer. 

Some agents chemically inhibit the reaction of certain 
carcinogens with desoxyribonucleic acid (DNA) by scav- 
enging or more specific mechanisms of action {1,2}. Other 
compounds are able to interfere later on during the in- 
terval between initiation and manifestation of tumors. 

Therefore, we investigated the ability of retinoids (3-5) 
and sulphur-containing agents such as disulfiram {6,7) 
and mesna (8) to inhibit the formation of certain chemi- 
cally induced tumors in animals. Reduced fibrosarcoma 
expression in methylcholanthrene-induced mice following 
administration of 1-O-octadecyl-2-O-methyl-rac-glycer~3- 
phosphocholine (ET-18-OCH3) (9) prompted us to investi- 
gate the potential of alkyl lysophospholipids to modulate 
chemical carcinogenesis on a larger scale. Two compounds 
that had shown promising chemotherapeutic properties 
in animal systems and in first trials in man (10AD were 
selected, i.e. ET-18-OCH3 and 1-hexadecylmercapto- 
2-methoxymethyl-rac-propyl-3-phosphocholine (TLP, 
BM 41.440, Ilmofosine), as indicated in Figure 1. 

This article summarizes our experiments on these two 
agents with regard to their influence on the occurrence 
of rat mammary carcinomas induced by N-methylnitroso- 
urea (MNU; experiments A,C) and on the manifestation 
of rat erythroleukemia induced by 7,12-dimethylbenzan- 
thracene (DMBA; experiment B). 

MATERIALS AND METHODS 

Chemicals. MNU was synthesized by Dr. M. Wiessler (In- 
stitute of Toxicology and Chemotherapy, German Cancer 

LPresented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should Be addressed. 
Abbreviations: ET-18-OCH3, 1-O-octadecyl-2-O-methyl-rac-glycero- 
3-phosphocholine; TLP, 1-hexadecylmercapto-2-methoxymethyl-rac- 
propyl-3-phosphocholine; DMBA, 7,12-dimethylbenzanthracene. 

Research Center, Heidelberg} and dissolved at 1% in 
S0rensen buffer, pH 6 and distilled water {20:80, v/v). 
DMBA was obtained as a 0.5% fat emulsion (5 mg/ml) 
(intralipid) from Upjohn Company (Kalamazoo, MI). 
ET-18-OCH3 (Fig. 1) was supplied by Paul Munder (Max- 
Planck Institute for Immunobiology, Freiburg) and 
dissolved at 0.1% in physiological saline or at 1% in 
human serum albumin (Human Albumin 20%, Immuno 
GmbH, Heidelberg} and physiological saline {5.95, v/v). 
TLP {Fig. 1) was obtained from Boehringer Mannheim 
(Mannheim, FRG) and dissolved at 0.2% and 3% in tap 
water. Etretinate (Tigason | was supplied by Hoffman- 
LaRoche, Basel and administered as 0.05% solution in 
tap water contained in light-protected bottles. All solu- 
tions were prepared shortly before use. 

Animals and tumor induction. Rats were purchased 
from commercial sources (Zentralinstitut ftir Ver- 
suchstierzucht [Hannover, FRG]) and kept under conven- 
tional conditions. Altromin pellets and tap water were 
given ad libitum. 

Induction of mammary carcinomas in SD-rats and of 
leukemias in LE-rats were performed basically as de- 
scribed elsewhere (12-14). Female SD-rats received a 
single IV injection of 50 or 25 mg/kg MNU on day 50 of 
life. Male and female LE-rats were injected with 30, 10, 
20 and 10 mg/kg DMBA on days 27, 42, 57 and 70 of life, 
respectively. 

All animals were observed while alive; only moribund 
animals were sacrificed. Dead animals were dissected. 
Specimens of macroscopically changed organs were ex- 
amined histologically to determine tumor incidences and 
causes of death. 

The number of tumors per animal and the induction 
time for the first tumor of each animal were analyzed by 
the Krustal-Wallis test to find significant differences {15}. 
Tumor rates were analyzed by comparison of organ- 
specific, age-adjusted observed vs. numbers of affected 
animals expected according to Peto et al. (16}. The ad- 
ministration schedule of experiments A, B and C are given 
in Tables 1 and 3 and in Figure 5. 

RESULTS 

Influence of ET-18-OCH3 on MNU-induced rat mammary 
carcinoma. The results of oral administration of 
ET-18-OCH3 to female SD-rats induced with MNU are 
given in Figure 2 and Table 2. Rats receiving 50 mg/kg 
MNU developed only multiple mammary carcinomas 
{100%} within 10 weeks after injection of the carcinogen. 
Two-nine tumors (median: 5) were found per rat at the 
experiment's termination. The total tumor load per rat 
was 1.6-45.4 cm 3 (median: 15.9 cm3). Administration of 
ET-18-OCH3 inhibited the occurrence and growth of mam- 
mary lesions. After 10 weeks of administration, only 80% 
of the animals had developed tumors. The size of these 
tumors was distinctly smaller, ranging from 1-16.2 cm 3 
(median: 6.8 cm3). Moreover, the number of tumors per 
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H2C- O - (CH~)17- CH 3 H2C- S-(CH2)15- CH3 
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E T -  1 8 -  O C H 3  B M  41o440  
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FIG. 1. Chemical s t ructures  of 1-O-octadecyl-2-O-methyl-rac-glycero-3.phosphochoHne 
(ET-18-OCH3) and of 1-hexadecylmercapto-2-methoxymethyi-rac-propyl-3-phosphocholine 
(TLP, BM 41.440, Ilmofosine). 
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FIG.  2. Increase in median tumor  number  of MNU-induced ra t s  and protective influence 
of ET-18-OCH3; a corresponds to the s tandard  significance comparing tumor numbers  
of t reated and control animals according to a rank sum tes t  described by Dunn (15). 

TABLE 1 

Influence of the Alkyl Lysophospholipid ET-18-OCH3 on the Carcinogenesis of Female SD-Rats af ter  Induct ion with Methylni t rosourea 

Group no. Animal no. Induction with MNU Trea tment  Trea tment  schedule Single (total) dose 

I 20 50 mg/kg IV -- --  --  
II  20 50 mg/kg IV ET-18-OCH3 2X daily 10 (1000) mg/kg 

po day 1-5/week 
• 10 weeks 
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tumor-bearing rat was significantly lower during the last 
three weeks of the experiment (Fig. 2). However, no 
significant difference was found in the occurrence of the 
first tumor  per rat, the median manifestat ion time being 
43 days in ET-18-OCH3-treated animals and 44 days in 
untreated control animals. 

Protection by ET-18-OCH3 against leukemia develop- 
ment in DMBA-treated Long-Evans rats. Induction of 
LE-rats  with DMBA is a highly effective method of 
generating predominantly erythroleukemias within a 
short period of time (Fig. 3). These leukemias affect a me- 
dian survival time of 10 days following diagnosis (range: 
2-25 days; Fig. 4). In both experiments (I and II, Table 4), 

t rea tment  with four pulse doses of D M B A  resulted in 
rapid and almost complete leukemia induction. Median 
survival times from the star t  of experiment amounted to 
102 days at an incidence rate of 90% in experiment I and 
113 days at 96% in experiment II. Regular administra- 
tion of ET-18-OCH3 as shown in Table 3, effected an in- 
crease in median survival times of 17-53% compared with 
the respective untreated control (groups Ia-d,  Table 4). 
Later  onset of administration appeared to be at least as 
successful in increasing the median life span as an earlier 
start  of treatment. However, treatment-related reduction 
in leukemia incidence was observed concomitantly with 
increased crude incidence of neoplasias of the mammary  

TABLE 2 

Influence of the Alkyl Lysophospholipid ET-18-OCH3 on the Carcinogenesis of Female SD-Rats after Induction with Methylnitrosourea 

Group no. 

Median tumor Median tumor Median manifestation 
volume per rat Treated (T) number per rat time [days] c of the Overall 
at death [cm 3] Control (C) at death first tumor per rat incidence 

(range) X i00 (range) {range) N (%) 

II 

15.9 100 5 44 20 (100) 
(1.6-46.4) (2-9) (38-65) 

6.8 a 42.8 4 b 43 16 (80) 
(1.0-16.2) (1-6) (38-65} 

aSignificant vs I, = 0.01 according to the Kruskal Wallis Test (15). 
bSignificant vs I, = 0.003 according to the Kruskal Wallis Test (15). 
CDay of induction -- day 0. 
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g l a n d  (41% vs  16% in u n t r e a t e d  cont ro ls )  and  of o t h e r  
m a l i g n a n t  t u m o r s  (28% s q u a m o u s  cell c a r c i n o m a s  of t he  
ea r  duc t  v s  11% in u n t r e a t e d  controls) .  Th is  inc rease  was  
a t  l e a s t  in p a r t  due  to  t he  longer  s u r v i v a l  of t r e a t e d  r a t s .  
S t a t i s t i c a l  a n a l y s i s  a l lowing  for  d i f fe rences  in s u r v i v a l  
r e v e a l e d  no s ign i f i can t  i nc rease  in m a m m a r y  n e o p l a s i a s  
or  o t h e r  t u m o r s .  C o m b i n e d  a d m i n i s t r a t i o n  of ET-18-  
OCH3 and  the  r e t ino id  e t r e t ina t e ,  a lso a c h e m o p r e v e n t i v e  
a g e n t  (I Ib,  Tab le  4) fa i led  to  p r o l o n g  r e m a r k a b l y  t h e  life- 
s p a n  of a n i m a l s  b u t  s i g n i f i c a n t l y  lowered  the  inc idence  
of m a m m a r y  neop las i a s .  

Suppression of MNU-induced mammary carcinoma by 
TLP. Since the  o n s e t  of  a lky l  l y s o p h o s p h o l i p i d  admin i s -  
t r a t i o n  in f luenced  the  l e u k e m i a  inc idence  fo l lowing  

D M B A  induc t ion ,  t he  t ime  schedu le  of T L P  a d m i n i s t r a -  
t ion  was  v a r i e d  (Fig. 5). The  pe r iod  of  a d m i n i s t r a t i o n  was  
r e s t r i c t e d  to  a t o t a l  of 12 weeks .  A d d i t i o n a l l y ,  t he  doses  
of the  ca rc inogen  and  of T L P  were va r ied  to  compose  bo th  
low " i m m u n o m o d u l a t o r y "  or  h igh  cy toc ida l  doses  of T L P  
and va r i ed  to  compose  t u m o r  induct ion  schemes  af fec t ing  
r a p i d  or  d e l a y e d  t u m o r  m a n i f e s t a t i o n .  

The  t u m o r  occur rence  fo l lowing  M N U  alone  is shown  
in F i g u r e  6. A t  week  40, t he  t u m o r  inc idences  were  98% 
a f t e r  50 m g / k g  and  85% a f t e r  25 m g / k g  M N U .  The  ef- 
fect  of t he  low T L P  dose  is  g iven  in F i g u r e  7. The  mani-  
f e s t a t i o n  of m a m m a r y  les ions  i nduc e d  w i th  50 m g / k g  
M N U  c lea r ly  was  n o t  s u p p r e s s e d  b y  a 1 2 - w e e k  admin-  
i s t r a t i o n  of TLP.  T u m o r  occur rence  was  s l i g h t l y  de l ayed  

1 - -  

0 . 8 -  

0 . 6 -  

0 . 4 -  

z 
0 . 2 -  

0 

40 
I I I I I I I I I I I 

60 80 100 120 140 

DAYS 

FIG. 4. Survival time of leukemic LE-rats from diagnosis (open 
triangles} until death (tip of arrow). 

TABLE 3 

Design of the Experiment Investigating the Influence of the Alkyl 
Lysophospholipid ET-18-OCH3 on 7,12-Dimethylbenzanthracene- 
Induced Leukemogenesis in LE-Rats 

Group No. of Dally single dose 
no. animals Treatment a (mg/kg) 

I a 100 Untreated control 
b 20 ET-18-OCH3 from day 28 20 
c 29 ET-18-OCH3 from day 43 20 
d 29 ET-18-OCH3 from day 58 20 
e 30 ET-18-OCH3 from day 71 20 

II a 48 Untreated control 
b 32 ET-18-OCH3 from day 28 20 

+ 
Etretinate from day 28 5 

aAll animals received injections of DMBA on day 27, 42, 57 and 
70 of life for induction of leukemia. 

TABLE 4 

Influence of the Alkyl Lysophospholipid ET-18-OCH3 on 7,12-Dimethylbenzanthracene-Induced Leukemogenesis in LE-Rats 

Tumor occurrence 

Group Median survival Leukemias Mammary tumors Others d 
no. time (days) a % ILS b N (%) pC N (%) pC N (%) pC 

I a 102 -- 90 (90) -- 16 (16) -- 11 (11) -- 
b 119 + 17 17 (85) 0.08 5 (25) 0.73 3 (15) 0.3 
c 120 + 18 26 (90) 0.11 8 (28) 0.19 2 (7) 0.07 
d 156 + 53 22 (76) 0.0001 12 (41) 0.08 8 (28) 0.09 
e 125 + 23 26 (87) 0.18 7 (23} 0.32 1 (3) 0.053 

II a 113 - -  4 6  (96} - -  i i  (23) - -  1 (2) - -  

b 120 + 6 27 (84) 0.13 2 (6) 0.04 1 (3) 0.86 

aFrom start of experiment = day 27 of life. 
b% Increase in median life span over untreated controls. 
C2-Tailed p-value comparing treated with control animals, using the method described by Peto et al. (16) for tumors discovered in a fatal 
context. 
dMalnly squamous cell carcinomas of the external auditory canal. 
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in ra t s  by  application s ta r t ing  at  day  21 af ter  induction. 
However,  the higher dose of T L P  suppressed the tumor  
growth  for a considerable t ime (Fig. 8}. The growth  in- 
hibition was mainta ined for three to seven weeks af ter  
the end of the respect ive t r ea tmen t  period. 

Longer delay in tumor  manifestat ion was seen when the 
higher dose of T L P  was adminis tered to ra ts  who were 
induced with 25 mg/kg MNU (Fig. 9). In comparison with 
the higher induction scheme, the observed suppression 
was relat ively stronger.  A t  week 40, a 68% reduction in 

Group No. of, ~ 50 mg I kg MNU 
no. animals ~ 25 mg I kg MNU 

H 3 mg / kg TLP ( BM 41440) 
1 40 Control I m 30 mg/ kg TLP ( BM 41440) 

2 25 ~ I 

3 25 ~ ~ ~  

4 25 ~ I' 

5 2s ~///// / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / /Z 

6 25 ~ I I 

7 25 ~ ~ / / / / / / / / / / / / / / / / / / / / / / / A  

8 40 ~ Control II 

10 3,5 ~ / / / / / / / / / / / / / / / / / / / / / / / / / / / ~  

Time ( weeks ) 

FIG. 5. Experimental design of administering TLP to groups of female SD-rats induced 
with MNU. 
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FIG. 6. Increase in mammary carcinoma incidence (%) of SD-rats induced with MNU. 

LIPIDS, Vol. 22, No. 11 (1987) 



940 

M.R. B E R G E R  AND D. SCHMAHL 

tumor incidence was seen as compared to a 30% difference 
following the optimal treatment of animals induced with 
the high dose of MNU. The low dose of TLP, however, 
did not effect any tumor growth suppression. 

DISCUSSION 

Alkyl lysophospholipids belong to a new class of an- 
tineoplastic agents that seem to combine cytotoxic and 

immunological mechanisms of action. However, both ac- 
tivities are observed at different dose ranges. The "im- 
munomodulatory" activity is exerted at low dosages, 
probably activating macrophages and/or natural killer 
cells (17). Concomitantly, significant enlargement of the 
spleen is detected whereas high dosages considerably 
reduce the spleen size (unpublished data). 

In the present paper, the values of both anticancer 
mechanisms of action were investigated regarding their 
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FIG. 9. Influence of TLP (3 or 30 mg/kg) on the increase in mammary carcinoma incidence 
of SD-rats induced with 25 mg/kg MNU (I I): duration of TLP-administration). 

modula tory  efficacy on the carcinogenic effect of two dif- 
ferent carcinogens. Low doses of the alkyl lysophospho- 
lipid T L P  were ineffective in suppress ing the format ion 
of MNU- induced  tumors .  This  is in accordance with the 
resul ts  of Berdel et al. (18), who adminis tered 50 ~g 
ET-18-OCH3/mouse equivalent to 2.5 mg/kg and failed to 
modulate the occurrence of leukemias in genetically deter- 
mined A K R  mice or in C57B1/6 mice tha t  had been ir- 
radia ted to induce lymphomas .  I t  differs f rom the results  
of Munder  et al. (9), who adminis tered the same dose of 
ET-18-OCH3 to 20-methylcholanthrene-induced Balb C 
mice and observed significant reduction of tumor  inci- 
dence. However,  the adminis t ra t ion of higher doses of 
ei ther compound was associated with significant inhibi- 
t ion of r a t  m a m m a r y  tumor  occurrence. I t  is in teres t ing 
to note tha t  the effect following T L P  was pronounced 
more as compared  with  the respect ive control when the 
lower dose of M N U  was used (25 instead of 50 mg/kg). 

In  preceding exper iments  on the therapeut ic  efficacy 
of ET-18-OCH3 and TLP,  bo th  agents  exhibited anti- 
neoplastic activities against  established m a m m a r y  lesions 
when sufficiently high doses were used (11). 

However,  ET-18-OCH3 did not  prolong the life span of 
LE-rats  bearing overt  leukemia (unpublished data). Since 
the manifes ta t ion  of bo th  types  of tumors  was at  least  
par t ly  suppressed when the onset  of adminis t ra t ion  lie 
between induction and manifestat ion of tumors,  different 
mechanisms of action might  be involved. 

Unlike var ious conventional  cytotoxic  agents,  alkyl 
lysophospholipids do not affect D N A  (19); therefore, they 
could be used for cancer prevention.  Only compounds  
wi thout  irreversible or severe side effects are suited for 
the prevent ion of cancer, since the onset of administra-  
tion would lie before any visible cancer growth and would 
las t  over a considerable period of time. Our resul ts  

indicate t ha t  alkyl lysophospholipids act  between the 
t ime of initiation and the time of manifestation of tumors. 
Consequently,  a t r ea tmen t  following an exposure to cer- 
tain carcinogens might  be recommended.  

In summary,  the observed modulation of chemically in- 
duced carcinogenesis is promising, and it should be the 
basis  for studies on the present ly  unknown basic mecha- 
nisms of action. 
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Antineoplastic Activity of Conjugates of Lipids 
and 1-/]-D-Arabinofuranosylcytosine I 
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Five different lipid conjugates of 1-fl-D-arabinofuranosyl- 
cytosine (ARA-C) were tested in comparison with ARA-C, 
the ether lipid ET-18-OCH3 (1-O-octadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine) and their  equimolar  mixtures .  
The compounds  were tes ted  in vi t ro  for cytotoxic i ty  in 
the t rypan  blue dye exclusion tes t  with cells f rom six dif- 
ferent leukemias, one gl ioblastoma and two bronchogenic 
carcinomas of human  origin. The compounds  were given 
in vivo to assess their therapeutic activity against  3-Lewis 
lung carcinoma (3-LL) of syngeneic Cs,Bl~ mice. Although 
some of the conjugates  have shown cytotoxic  act ivi ty  in 
vi t ro  agains t  the cell samples  tested,  they have not  re- 
vealed higher cytotoxic i ty  than  ET-18-OCH3, ARA-C or 
their equimolar mixtures .  In  these experiments ,  ARA- 
CDP-D,L-MBA was the conjugate with the highest 
cytotoxici ty.  Some of the conjugates  significantly in- 
hibited tumor  growth and also increased survival  of 
C , B L  mice with intraperi toneally (ip) implanted 3-LL. In  
these experiments ,  ARA-CDP-D,L-PTBA, ARA-CDP- 
D,L-PBA, ARA-CDP-L-dipalmit in and ARA-CDP-D,L- 
PCA were more active than  either the parent  compounds 
ARA-C and ET-18-OCH3 alone or their  equimolar  mix- 
tures.  Furthermore, when the conjugates were injected 
as ad juvan t  chemotherapy  shortly after the surgical 
removal  of the p r imary  3-LL, they inhibited the meta-  
s tas is  of 3-LL to the lungs of the animals, demonstrated 
by an increase of the survival  t ime and the number  of sur- 
viving animals.  The mode of action of these new an- 
t ineoplast ic  compounds still is speculative.  
Lipids 22, 943-946 (1987). 

Recently, there is an increasing interest  in the antineo- 
plastic properties of certain ether lipids and analogs. This 
subject  has been reviewed in detail  (1). Among  other 
modes of action, some of those compounds  exert  direct 
cytotoxic i ty  during incubation with neoplast ic cells (1). 
Since favorable ac t iv i ty  of 1-f3-D-arabinofuranosylcyto- 
sine (ARA-C) conjugates  of nontoxic es ter - l inked phos- 
pholipids was found in exper imenta l  leukemia and 
mye loma (2,3), we tr ied to improve these resul ts  by  syn- 
thesizing and tes t ing  ARA-C conjugates  of a var ie ty  of 
cytotoxic  ether lipids (4-6). Here  we repor t  on the anti- 
neoplast ic in vi t ro  and in vivo efficacy of five lipid con- 
juga tes  of ARA-C, including four conjugates  of either 
lipids with a 1-O-alkyl- or a 1-S-alkyl l inkage in the sn-1 
posit ion of the lipid moiety.  

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Division of 
Hematology and Oncology, Department of Medicine I, Technische 
Universitaet, Ismaninger Str. 22, 8000 Munich 80, Federal Republic 
of Germany. 

MATERIALS AND METHODS 

Drugs. The chemical s t ruc tures  of the conjugates  tes ted  
are depicted in Figure 1. Details  on synthesis ,  chemical 
propert ies  and prel iminary preclinical toxici ty da ta  have 
been published (5,6). The chemical structures of the parent  
c o m p o u n d s ,  inc luding  the  e the r  l ipids  1-O-octa- 
decyl.2-O-methyl-rac-glycero-3-phosphocholine (ET-18- 
OCH3) and BM 41.440 also have been published (5,6). The 
compounds were added to 10% serum-containing culture 
medium for the in vi t ro assays  and were added to saline 
for the t r ea tmen t  exper iments  in vivo. 

In vitro assays for antineoplastic activity. Cell cultures 
and cytotoxic i ty  assays  were performed as recently 
described (7). In the t rypan  blue dye exclusion assay, cells 
were incubated with the test  compounds for various t imes 
in serum-conta in ing  medium and cytotoxic action of the 
drugs was measured as an increase of t rypan  blue up take  
into the cells given as percentage of the controls. 

3-Lewis-lung experiments in vivo. The tumor  model has 
been used as described recently (8,9). Briefly, 3-LL was 

TABLE 1 

Influence of 2-Lysophosphatidylcholine (2-LPC), ET-18-OCH~, 
ARA-C, an Equimolar Mixture of ARA-C and ET-18-OCH3 
and the Conjugate ARA-CDP-D,L-MBA on the Trypan 
Blue Dye Exclusion of HL 60-Leukemic Cell Line In Vitro 

Trypan blue dye 
exclusion after 
the following 

incubation times 

Compound Concentration a 24 hr 48 hr 

2-LPC 20 108 b 117 

ET-18-OCH3 1 91 55 
10 18 0 
20 6 0 

ARA-C 0,45 a 75 34 
4,5 67 19 
9 65 25 

Conjugate 1,45 a 88 93 
(ARA-CDP-D,L-MBA) 14,5 80 41 

29 67 27 

Equimolar mixture c a,c 84 26 
2O 0 
6 0 

aThe concentrations of 2-LPC and ET-18-OCH3 are given in ~g/ml. 
ARA-C and the conjugate were incubated in equimolar concentra- 
tions to ET-18-OCH3 (~g/ml). 
bValues are given as percentage of the control. 
c 1:1 mixture of ET-18-OCH~ and ARA-C in equimolar concentrations 
to the conjugate. 
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studied in syngeneic C57B16 mice that were kept under 
standard conditions. For experiments regarding primary 
tumor growth, 3-LL cells were given intraperitoneally (ip) 
at day 0. Ip treatment was performed on days 1-5. Sur- 
vival was determined at day 20 and after >/60 days. Death 
from a tumor occurred within 40 days after the tumor 
transplantation. For metastasis experiments, 106 3-LL 
cells were given subcutaneously into the foot pad at day 
0. The tumor was removed surgically at a diameter of 
0.6 cm. Treatment was given ip after randomization on 
days 1-5 after operation. The end-point of the experi- 
ments was either death from metastasis or survival. Sur- 
vival was determined at days 30, 40 and after >60 days. 

Statistical analysis. This was performed with the 2 X 
2 contingency table (two-tailed test) and p-values were 
obtained as published (10). 

RESULTS 

In vitro. The compounds were tested in vitro for cytotox- 
icity using the trypan blue dye exclusion test in cells from 
six different leukemias, one glioblastoma and two bron- 
chogenic carcinomas of human origin. Although the 

conjugates have shown cytotoxic activity against the cell 
samples tested, they have not revealed higher cytotox- 
icity than ET-18-OCH3, ARA-C or their equimolar mix- 
tures. In these experiments, the LCso values (LCso --- lethal 
concentration for 50% of the cells) for ET-18-OCH3 after 
48 hr of incubation were found to be <3 ~M for the 
leukemias and ca. 20 I~M for the solid tumors. The order 
of efficacy against leukemias was ARA-C > equimolar 
mixtures > ET-18-OCH3 > conjugates (ARA-CDP-D,L- 
MBA). The order of efficacy against the solid tumors was 
ET-18-OCH3 > equimolar mixtures > conjugates {ARA- 
CDP-D,L-MBA) > ARA-C. ARA-CDP-D,L-MBA was 
found to be the conjugate with the highest cytotoxicity 
in vitro. Table 1 summarizes the results for the human 
leukemic cell line HL 60 as an example. More details and 
the exact LCso values for the other cell lines tested re- 
cently have been published (5). 

3-Lewis lung carcinoma in vivo. Table 2 summarizes our 
experiments testing the therapeutic efficacy of the con- 
jugates, an equimolar (1:1) mixture of ARA-C and 
ET-18-OCH3 at the same dose level and the parent com- 
pounds ARA-C and ET-18-OCH~ alone on the primary 
3-LL growth. Similar to previous experiments in L1210 
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FIG.  1. Chemical structures of the conjugates of lipids and 1-/~-D-arabinofuranosylcytosine (ARA-C). 
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TABLE 2 

3-LL Tumor Growth under the Influence of Different Drugs and Treatment Schedules a 

945 

Tumor burden Survivors/ total  Survivors/ total  
(3-LL cells) Trea tment  groups 20 days X 2 pb >/60 days X 2 p 

1 • l0  s Control (PBS) 4/10 1/10 

Ara-CDP-D,L-MBA 8/10 3.33 0.069 2/10 0.39 0.527 
100 mg/kg/day 

Ara-CDP-D,L-PBA 10/10 8.57 0.003 10/10 16.36 <0.001 
100 mg/kg/day 

Ara-CDP-L-Dipalmitin 5/5 5.0 0.025 5/5 11.25 <0.001 
100 mg/kg/day 

Ara-C 9/9 7.89 0.005 7/9 8.93 0.002 
100 mg/m2/day 

Ara-C 10/10 8.57 0.003 8/10 9.90 0.001 
200 mg/kg/day 

ET-18-OCH~ 6/10 0.80 0.371 3/10 1.25 0.254 
5 mg/kg/day 

ET-18-OCH3 9/10 5.49 0.019 2/10 0.39 0.527 
20 mg/kg/day 

Control (PBS) 3/25 0/25 

Ara-CDP-D,L-PBA 18/19 29.62 <0.001 6/19 9.14 0.002 
100 mg/kg/day 

Ara-CDP-L-Dipalmitin 5/5 16.50 <0.001 2/5 10.71 <0.001 
100 mg/kg/day 

Ara-CDP-D,L-PCA 5/5 16.50 <0.001 1/5 5.17 0.022 
100 mg/kg/day 

Ara-CDP-D,L-PTBA 9/10 19.29 <0.001 6/10 18.10 <0.001 
80 mg/kg/day 

Equimolar  mixture  c 6/14 4.81 0.028 0/14 nsb 
(Ara-C/ET-18-OCH3) 

5 X 105 

a3-LL cells were given ip at  day 0; ip t r ea tment  was performed on days 1-5; survival  was determined at day 20 and after >t60 days. 
bSignificance level in 2 • 2 contingency analysis (two-tailed test} was compared to the control group with identical tumor burden; ns  = 
not  significant. 
Cl:l mixture  on a molar basis  of bo th  compounds with a concentrat ion of Ara-C and ET-18-OCH3 equimolar to the conjugate solution 
used for parallel experiments.  

TABLE 3 

~ L L  Metastasis under the Influence of Different  Drugs and Treatment Schedules a 

Survivors/ total  

Trea tment  groups 30 days X 2 pb 40 days X 2 p >60 days ~2 p 

Control (PBS) 22/28 14/28 9/28 

Ara-CDP-D,L-PBA 24/24 5.81 0.016 18/24 3.41 0.065 11/24 1.02 0.317 
100 mg/kg/day 

Ara-CDP-D,L-PTBA 25/25 6.04 0.014 18/25 2.67 0.100 15/25 4.14 0.042 
80 mg/kg/day 

Equimolar  mixture c 1/5 6.89 0.008* 1/5 1.54 0.220 1/5 0.30 0.583 
(Ara-C/ET-18-OCH3) 

a106 3-LL cells were given subcutaneously into the footpad at  day 0; the tumor was surgically removed at a diameter  of 0.6 cm; t r ea tmen t  
was given ip on days 1-5 after the operation. The end point  of the experiment was either death  from metas tas is  or survival. Survival 
was determined at  days 30 and 40 and after >60 days. 
bSignificance level in 2 • 2 contingency analysis, two-ta i led test.  
*Values indicate experiments in which the outcome of control was superior to the t r ea tment  group. 
cSee Table 2. 
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leukemia (5,6), 80-100 mg/kg/day given for five con- 
secutive days proved to be optimal for the conjugates; 
higher doses s tar ted to produce toxicity. ARA-C dose 
levels and t rea tment  schedules were chosen according to 
National Cancer Ins t i tu te  protocols (11) with some 
modifications. Doses up to 200 mg/kg/day of ARA-C 
given for five consecutive days were nontoxic for healthy 
mice. The ET-18-OCH3 was given at  a dose range of 
5-20 mg/kg/day, using previous experience as a guideline 
(8,9). ARA-CDP-D,L-PBA and ARA-CDP-D,L-PTBA and 
ARA-CDP-L-Dipalmitin revealed the s t rongest  thera- 
peutic efficacy, leading to a significant increase of sur- 
viving animals up to a tumor  load of 5 • 105 3-LL-cells 
and to an increase of survival t ime of the t reated mice 
even with a tumor  load of 106 3-LL-cells. Interestingly,  
the ARA-CDP-D,L-MBA was less effective. Systemic 
therapeutic  efficacy on 3-LL metastasis  was tested; con- 
jugates  of ether lipiuds and ARA-C were given as adju- 
vant  chemotherapy short ly after the surgical removal of 
the primary tumor. In these experiments, ARA-CDP-D,I~ 
PBA and ARA-CDP-D,L-PTBA showed a moderate  
therapeutic  activity measured as an increase of survival 
t ime and absolute numbers of surviving animals, which 
was superior to equimolar mixtures of ARA-C and 
ET-18-OCH3. Table 3 summarizes some of these experi- 
ments.  

DISCUSSION 

A m o n g  var ious  con juga te s  of lipids and 1-]~-D- 
arabinofuranosylcytosine (ARA-C), the thioether lipid 
conjugate ARA-CDP-D,L-PTBA and the 1-O-alkyl lipid 
conjugate ARA-CDP-D,L-PBA showed therapeutic ef- 
ficacy against  the 3-LL pr imary tumor  growth and its 
metastasis  to the lungs of syngeneic CsTB16 mice. Both  
conjugates were superior to ARA-C and ET-18-OCH3 by 
themselves or their equimolar mixtures at the same dose 
level. Effective therapeutic regimens were relatively well- 
tolerated by the mice. The activity of the conjugates 
found in the 3-LL model followed prior observations, 
which described therapeutic  effects of these compound 
in mouse leukemias L1210 and P388 (4-6). 

Interestingly,  this in vivo act ivi ty does not  correlate 
directly with in vitro cytotoxicity because the ARA-CDP- 
D,L-MBA, which is one of the most  active conjugates in 

vitro with regard to direct cytotoxici ty,  produced only 
minor therapeutic  effects in vivo. Thus, further  ex- 
periments are necessary to elucidate both the metabolism 
and the mode of conjugate action. However, the hypothe- 
sis leading to these conjugates, which is to produce a drug 
tha t  might  release two cytotoxic  metabolites with dif- 
ferent cytotoxic i ty  targets,  remains speculative. In con- 
clusion, the comparat ively high therapeutic act ivi ty of 
the two ether lipid conjugates of ARA-C, ARA-CDP-D,L- 
PTBA and ARA-CDP-D,L-PBA in the 3-LL and leu- 
kemias in mice is a strong incentive to further investigate 
these compounds as experimental drugs for cancer treat- 
ment  within a wider preclinical tes t  program. 
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The synthesis of thioether phospholipids, which represent 
a new class of antitumor agents, is reported here. In par- 
ticular, the route of synthesis of 3-hexadecylmercapto-2- 
methoxymethylpropyl-2'-trimethylammonio-ethyl phos- 
phate {BM 41.440, Ilmofosine), one of the most potent 
cytostatic/cytotoxic derivatives, is described in detail. 
Starting with diethyl b/s-hydroxymethylmalonate, ethyl 
2-phenyl-l,3-dioxane-5-carboxylate is formed via diethyl 
2-phenyl-l,3-dioxane-5,5-dicarboxylate and 5-ethoxycar- 
bonyl-2-phenyl-l,3-dioxane~5~arboxylic acid. Reduction of 
ethyl 2-phenyl-l,3-dioxane-5-carboxylate with LiA1H4 af- 
fords 5-hydroxymethyl-2-phenyl-l,3.dioxane. Alkylation 
with dimethyl sulfate gives 5-methoxymethyl-2-phenyl- 
1,3-dioxane. The ring structure then is opened by N-bro- 
mosuccinimide, resulting in the formation of 3-bromo- 
2-methoxymethylpropyl benzoate. Reaction of 3-hrom~2- 
methoxymethylpropyl benzoate with the sodium salt of 
hexadecanethiol leads to ~hexadecylmercapt~2-methoxy- 
methylpropanol, which is reacted with a cyclic chloro- 
phosphate to give the corresponding phosphorylated 
3-hexadecylmercapto-2-methoxymethylpropanol. Treat- 
ment with trimethylamine yields BM 41.440. This com- 
pound already has been tested in clinical phase I/II trials 
in West Germany. 
Lipids 22, 947-951 {19871. 

Ether phospholipids are among the most potent bio- 
logically active phospholipids {1,2) and have been shown 
to be required for a series of vitally important physio- 
logical processes such as platelet activation {2}, vasodila- 
tion {3} and chemotaxis (4). During recent years, synthetic 
thioether phosphocholine analogues have gained increas- 
ing interest due to their antitumor activity in a variety 
of tumor models in vitro and in vivo {5-9}. Furthermore, 
the implication of platelet-activating factor ~PAF}, which 
has been identified as 1-O-alkyl-2-acetyl-sn-glycero-3-phos- 
phocholine {10AD as a primary mediator of acute inflam- 
matory and allergic reactions {12}, has stimulated great 
interest, particularly in analogues similar in structure to 
biologically active PAF {13,14}. 3-hexadecylmercapto-2- 
methoxymethylpropyl 2'-trimethylammoni~ethyl phos- 
phate {BM 41.440} {prop. INN: Ilmofosine) is one of the 
most potent antineoplastic thioether phosphocholine ana- 
logues reported so far {5-7,15). This compound recently 
has been tested in clinical phase I/II trials in refractory 
cancer patients in West Germany {16). This report 
describes general synthetic routes to thioether choline 
phospholipids (Scheme 1) and, in particular, the synthesis 
of BM 41.440 {Scheme 2[8]}. 

'Presented at the symposium on "Ether Lipids in Oncology," 
Gottingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Boehringer Mann- 
heium GmbH, Department of Immunopharmacology and Cancer 
Research, Sandhofer Strasse 116, 6800 Mannheim 31, Federal 
Republic of Germany. 
Abbreviations: BM 41.440, 3-hexadecylmercapto-2-methoxymethyl- 
propyl-2'-trimethylammonio-ethyl phosphate; DMF, dimethyl forma- 
mide; NBS, N-bromosuccinimid; PAF, platelet activating factor. 

EXPERIMENTAL 

Diethyl 2-phenyl-l,3-dioxane-5,5-dicarboxylate (Scheme 2 
[1]). Twenty-two g {0.1 mol} of diethyl bis-hydroxymethyl- 
malonate {Aldrich} in 200 ml toluene is refluxed with 
10.6 g {0.1 mol} of benzaldehyde and 0.2 g p-toluene- 
sulfonic acid for three hr using a Dean Stark trap. The 
toluene then is evaporated in vacuo and the residue 
purified by distillation to afford 26.6 g {86%}; bpl ,  
167-170 C. 

5-Ethoxycarbonyl-2-phenyl-l,3-dioxane-5-carboxylic 
acid (Scheme 2[2]). To 4 g {0.072 mol} of potassium hydrox- 
ide in 100 ml ethanol, 15.4 g {0.05 mol} of Scheme 211] is 
added. After stirring for four hr, the ethanol is evaporated 
in vacuo and the residue treated with 72 ml 1 N hydro- 
chloric acid with cooling. The precipitate is filtered off 
by suction; yield: 13.0 g {93%}; mp 111-113 C. 

Ethyl 2-phenyl-l,3-dioxane-5-carboxylate (Scheme 2[3]). 
A mixture of 16.2 g {0.058 mol) of Scheme 2[2] and 0.1 ml 
piperidine in 30 ml absolute pyridine are heated under 
reflux for five hr. After cooling, the solution is poured 
onto 30 ml ice-cold 12 N hydrochloric acid. The solution 
is extracted twice with dichloromethane, and the com- 
bined organic layer is dried and evaporated in vacuo; 
yield: 13.4 g {98%}; mp 68-71 C. 

5-Hydroxymethyl-2-phenyl-l,3-dioxane (Scheme 2[4]). 
The mixture of 11.53 g {0.049 mol} of Scheme 2[3] and 
1.05 g {0.028 mol} of LiA1H4 in 100 ml absolute diethyl 
ether is stirred for 3.5 hr at room temperature. The slurry 
is worked up under ice, cooling by subsequently adding 
8 ml ethyl acetate, 4 ml water, 4 ml 15% sodium hydrox- 
ide solution and 12 ml of water. The ethereal layer is 
separated, dried and evaporated in vacuo to afford 9.17 g 
{96%} of a pale-yellow oil. 

5-Methoxymethyl-2-phenyl-l,3-dioxane (Scheme 2[5]). 
Seven ml {0.073 mol} of dimethyl sulfate is added drop- 
wise to a vigorously stirred mixture of 9.17 g {0.047 mol) 
of Scheme 2[4] in 50 ml dichloromethane and 0.5 g 
tetrabutylammonium iodide. After stirring for 18 hr, 
10 ml conc. ammonia and 40 ml water are added. The solu- 
tion is extracted three times with 60 ml dichloromethane. 
The combined organic layer is washed consecutively with 
15 ml 2 N hydrochloric acid and water until neutral. The 
organic layer is dried and evaporated in vacuo. Distilla- 
tion of the residue yields 9.1 g {93%}, bpol 117-120 C. 

3-Bromo-2-methoxymethylpropyl benzoate (Scheme 2 
[6]). A mixture of 9.4 g {0.045 mol} of Scheme 2[5], 8.8 g 
{0.049 mol} of N-bromosuccinimide and 1 g barium car- 
bonate in 100 ml dichloromethane are refluxed for 2.5 hr. 
After cooling, the reaction mixture is evaporated in vacuo, 
the residue triturated with hexane, filtered and the filtrate 
evaporated in vacuo to afford 12.9 g of a light-yellow oil. 
The oil is used without further purification in the reaction. 

3-Hexadecylmercapto-2-methoxymethylpropanol 
(Scheme 2[7]). The oil residue of the foregoing reaction, 
12.9 g of Scheme 2[6], in 35 ml ethanol is added to a 
prepared solution of 1.15 g Na {0.05 mol} in 40 ml ethanol 
and 12.9 g {0.05 mol) hexadecanthiol in 40 ml ethanol and 
stirred for 20 hr at room temperature. The mixture is 
acidified with hydrochloric acid/ethanol and evaporated 
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S C H E M E  1. General  routes of synthes is  of e ther  phospholipid derivatives. 
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SCHEME 2. Route of synthesis  of BM 41.440. 
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FIG. 1. 'H-NMR spectrum of BM 41.440 in Me2SO-d6. 

in vacuo. The residue is taken up in water and extracted 
three times with dichloromethane. The combined organic 
layer is treated with NaHCO3 and water, dried and 
evaporated in vacuo. Most of the ethyl benzoate formed 
is distilled off in vacuo and the residue purified by silica 
gel (150 g) chromatography using diethyl ether/hexane 
(h5, v/v) as eluant; yield: 10.7 g (66%); mp 42-44 C. 

3-Hexadecylmercapto-2-methoxymethylpropyl 2'-tri- 
methylammonio-ethyl phosphate (Scheme 2[8] = B M  
41.440). A solutoin of 14.3 g (0.1 mol) of 2-chloro-2-oxo- 
1,3,2-dioxaphospholane in 50 ml absolute dichlorometh- 
ane is added drop-wise with stirring to a solution of 21.2 g 
(0.059 mol) of Scheme 2[7] and 23 ml triethylamine in 
170 ml absolute dichloromethane while the temperature 
is kept below - 2 5  C. After 30 min, the reaction mixture 
is evaporated in vacuo at a bath temperature of 35 C; the 
residue is treated with 250 ml diethyl ether and filtered 
by suction. The filtrate is evaporated in vacuo and the 
residue dissolved in 200 ml absolute acetonitrile saturated 
with trimethylamine. The solution is stirred at room 
temperature for four days, the precipitate formed is fil- 
tered off by suction and consecutively washed with 30 ml 
absolute acetonitrile and 30 ml absolute acetone. The 
crude material, 25.6 g, is dissolved in 12.5 ml dichloro- 
methane, filtered; then 50 ml acetone is added at 10 C 
with stirring. After one hr at 10 C, the precipitate is 
filtered off by suction and dried over phosphorus pentox- 
ide; yield: 15.7 g (46%). The product contains 3 mol of 
water. 

RESULTS AND DISCUSSION 
Depending on the nature of the final product, the syn- 
thesis of thioether phospholipid analogues starts either 
with a malonate derivative (Scheme 111a]) or with glycerol 
(Scheme l[lb]). Scheme 1 shows two routes, A and B, 
which are representative for the synthesis of most of the 
thioether phospholipids. 

Route A: the substituent R, in the diethyl malonate 
(Scheme l[la]) stands for an alkyl, benzyl or phenyl group 
that may be substituted again by other groups/atoms. 
Such substituted diethyl malonates either are available 
commercially or can be synthesized easily. Reduction of 
Scheme 111a] by LiAIH4 affords the corresponding pro- 
pane-l,3-diol (Scheme 1 [2a]) usually in yields of 80-90%. 
The following ring closure of Scheme 112a] to a 1,3- 
dioxane derivative (Scheme 113]) is performed with benz- 
aldehyde (PhCHO) in the presence of p-toluenesulfonic 
acid. The sequence of the last two reactions also can be 
reversed. 

Route B: starting with glycerol (Scheme 111b]), 1,3- 
benzylidene glycerol (Scheme 112b]) is formed in yields 
of about 50% by reaction with benzaldehyde in the 
presence of gaseous hydrochloric acid (17). The sodium 
salt of Scheme 112b], provided by sodium hydride in 
toluene or dimethyl formamide (DMF), is converted to a 
2-alkoxy-l,3-benzylidene glycerol (Scheme 113]) by reac- 
tion with an alkyl halide or a dialkyl sulfate. 

The dioxane ring of Scheme 113] is opened by N- 
bromosuccinimid (NBS) in dichloromethane, resulting in 
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the formation of a benzoylated propyl  bromide derivative 
(Scheme 114]) (18,19). This in termedia te  usually is not  
purified. In te rmedia te  (Scheme 1 [4]) then reacts  with the 
sodium salt  of a long-chain thiol (RS-Na) to form a 
3-alkylmercaptopropanol  (Scheme 115]) with ethyl  ben- 
zoate as side-product. The yield for the last  two reaction 
s teps is about  60-70%. The reaction of benzoate  as side- 
product. The yield for the last  two reaction steps is about  
60-70%. The reaction of Scheme 115] with a cyclic chloro- 
phospha te  in the presence of a base-like t r ie thylamine 
gives the corresponding phosphorylated 3-alkylmercaptc 
propanol  (Scheme 116] (20,21). The cyclic phospha te  o 
Scheme 116] is split  by  t r imethylamine  ((CH3)3N; 20,21} 
The las t  two s teps  usual ly afford acceptable yields 
(40-75%) of the desired thioether  phosphocholine ana- 
logues (Scheme 117]). 

In some cases, the final product crystallizes after stand- 
ing for three or four days  and is sufficiently pure. On the 
other hand, some of the analogues have to be purified by  
silica gel ch romatography  using dichloromethane/meth- 
anol/water (65:25:4) (27) as eluant. Scheme 2 i l lustrates  
as an example  for thioether  phospholipids the synthesis  
of BM 41.440. Detai ls  are given in the exper imenta l  sec- 
tion. The s t ruc tures  of in termediates  and end products  
were confirmed by  ' H - N M R  spectroscopy and/or mass  
spectrometry.  The pur i ty  was established by  e lementary 
analysis.  As an example,  the ' H - N M R  spec t rum (Varian 
XL-300) of BM 41.440 is given in Figure 1. 

In  conclusion, the synthet ic  pa thways  as outlined in 
Scheme 1 have a great  deal of flexibility, providing a con- 
venient  general  method  for the prepara t ion  of a wide 
scope of s t ructural ly  related thioether  phospholipid 
analogues suitable for structural, chemical, enzymological 
and therapeut ic  studies. 
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B M  41.440 (1-hexadecylmercapto-2-methoxymethyl-rac-  
glycero-3-phosphocholine) is a cytotox ic  thioether phos- 
pholipid analogue that recently has entered phase I trials 
in cancer patients .  The objective of  this  s tudy was  to  
evaluate  the pharmacokinet ics  of  this  compound in 
female  rats  after administrat ion of  a single oral dose 
(15 mg/kg body weight  [bw]). Furthermore,  BM 41.440 
serum concentrations were determined under a daily oral 
treatment of up to 13 weeks. Blood samples were obtained 
via permanent catheters from the femoral  arteries before 
and after drug administration for a total  of  120 hr. Urine 
was  collected in 24 hr- intervals  for 120 hr; the vo lume  
was  measured,  and al iquots  were stored at --20 C until  
analyt ical  determination of  the thioether derivative. 
B M  41.440 was  assayed  in serum and urine by means  of 
a specific, newly  developed reverse-phase  high pressure 
liquid chromatography technique. Mean maximum serum 
concentrat ions  (1.7 pg/ml, n = 4 animals) were attained 
after seven hr. A terminal half-life of  ca. 27 hr was  
calculated from the rate constant  for the terminal elimina- 
t ion phase (~z ~ 0.026/hr). The mean serum BM 41.440 
concentration-time-area-under-the-curve was  52.9 m g  X 
hr/l. The ratio of  total  body clearance to absorption frac- 
t ion was  4.7 ml/min X kg bw. Only a small  amount  of the 
drug was  found in the urine. The quantity excreted in the 
urine during a 24 hr- interval  never exceeded 1.5% of the 
administered dose. Under a daily oral schedule (15 mg/kg 
bw X day) up to 13 weeks,  mean B M  41.440 serum con- 
centrat ions of  3.3 4- 0.5 ~g/ml and 5.2 --+ 1.2 ~g/ml (mean 
+--_ S.D., n = 10 animals) were found after five and 13 
weeks,  respectively.  Taken together,  the data indicate 
that  B M  41.440 was  absorbed from the gastrointest inal  
tract after oral administrat ion and that  accumulat ion of 
B M  41.440 can occur in rats. 
Lipids 22, 952-954 {1987). 

Alkyl lysophospholipids (ALP) are analogues of 
lysophosphatidylcholine, which is a minor but important 
intermediate in the continuous exchange and renewal of 
phospholipids in cellular membranes via the deacyla- 
tion/reacylation cycle (Lands pathway) (1,2). ALP repre- 
sent a new class of antitumor agents (3-6). The prophylac- 
tie and therapeutic, antineoplastic, antimetastatic and 
anti-invasive effects of ALP have been demonstrated in 
different murine and rat tumor models (3-8), including 
autochthonous neoplasms (9) and different transplanta- 
tion tumors (10,11). 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed at Boehringer Mann- 
helm GmbH, Department of Immunopharmacology and Cancer 
Research, Sandhofer Strasse 116, 6800 Mannheim 31, Federal 
Republic of Germany. 
Abbreviations: ALP, Alkyl lysophospholipid analogue(s}; BM 41.440, 
1-hexadecylmercapto-2-methoxymethyl-rac-glycero-3.phospho. 
choline; HPLC, high pressure liquid chromatography. 

The antitumor activity of ALP has been explained by 
a direct and selective cytotoxic action on neoplastic cells 
and by the generation of tumoricidal, immuno-competent 
cells of the monocyte/macrophage lineage in vitro and in 
vivo (3-5,12). In addition, the induction of a differentia- 
tion process in human and murine myeloid leukemia cells 
has been described {13}. 

The molecular mechanism whereby these compounds 
exert their direct antineoplastic effect is related to a 
possibly specific interference with the phospholipid 
metabolism of neoplastic cells (12-15), although the 
precise mode of action is not explained completely yet. 

This investigation deals with the pharmacokinetic 
behavior of cytotoxic 1-hexadecylmercapto-2-methoxy- 
methyl-rac-glycero-3-phosphocholine (BM 41.440, prop. 
INN: Ilmofosine) in rats (Scheme 1). It reports the first 
pharmacokinetic study performed with a nonradiolabeled 
ether lipid analogue, thus providing information about 
the various kinetic parameters for the first time. Phar- 
macokinetics with a radiolabeled phospholipid analogue 
closely related in structure to BM 41.440 have been 
reported by our group (16) and others (17). 

MATERIALS AND METHODS 

BM 41.440 was supplied as a white, crystalline powder 
by Boehringer Mannheim GmbH (Mannheim, FRG). 

Concentrations of the thioether phospholipid analogue 
were determined in serum and urine of fasted Sprague- 
Dawley rats (260-380 g body weight [bw]) after ad- 
ministration of a single oral dose of 15 mg/kg bw. Fur- 
thermore, BM 41.440 serum and urine concentrations 
were evaluated under a daily oral schedule of 15 mg/kg 
bw after five and 13 weeks, respectively. For administra- 
tion by gavage, the drug was dissolved in a 0.5% methyl 
cellulose solution (Tylose, Fluka AG, Buchs, Switzerland). 
Samples of arterial blood (1 ml) were collected through 
permanent catheters placed in the femoral arteries at the 
following times after BM 41.440 administration: 0, 0.5, 
1, 2, 3, 5, 7, 24, 31, 48, 55, 72, 96 and 120 hr. Excessive 
blood loss of each animal was avoided by dividing all 
animals investigated into four groups of four rats each 
and by withdrawing blood from animals of only one group 

H 2 C -  S -  C16 H33 
I 

CH3--O--CH2--CH O 
I II 

H2C--O--P--O-- (CH2)2- -N (CH3)3 
I 
O e 

SCHEME 1. Chemical structure of 1-hexadecylmercapto-2-methoxy- 
methyl-rac-glycer~3-phosphocholine, BM 41.440. 
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a t  each t ime indicated between 0 and 120 hr. Then, all 
samples  for each t ime-point of blood withdrawal  were 
pooled. Upon collection, blood samples  were kept  on ice 
and immediate ly  centrifuged at  4 C for 10 min at  
2000 rpm. Serum was decanted and stored at  - 20 C until 
analysis.  

Urine was collected in 24 hr - in te rva l s  for 120 hr, the 
volume was measured and aliquots were s tored frozen a t  
- 2 0  C until  analytical  determinat ion of BM 41.440. 

BM 41.440 was assayed  in serum and urine by  means  
of a specific, newly developed reverse-phase  high pressure 
liquid chromatography  (HPLC) technique. To 1 ml serum 
in a 10 ml glass centrifuge tube, 0.1 ml internal s tandard  
(BM 41.448; Boehringer Mannheim GmbH)  was added, 
mixed and the mixture  was lyophilized. The dry  residue 
was ex t rac ted  first  with 2 ml, then 1 ml CHCI3/CH3OH 
(2:1, v/v), using a whirlmix and an ultrasonic ba th  (for two 
min) and centrifuged at  3000 • g for five rain. The com- 
bined superna tan t s  were applied onto a disposable silica 
cartr idge (Analytichem Int .  [Frankfurt ,  FRG]) precondi- 
t ioned with 4 ml CH3OH/CH2C12 (1:1, v/v} and 1 ml 
CH3OH/glacial acetic acid (9:1, v/v). The car t r idge was 
washed twice with 2 ml CH3OH/glacial acetic acid (9:1, 
v/v) and twice with 1 ml CH3OH. The cartridge was rinsed 
dry and elution s t a r t ed  slowly with two t imes 2 ml plus 
1 ml CH3OH/25% NH~OH (9:1, v/v). The combined eluates 
were evapora ted  at  40 C under  a s t r eam of nitrogen. The 
dry  residue was reconst i tu ted  with 0.5 ml CH~CN/H20 
(4:6, v/v) using the whirlmix and ul trasonic bath.  The 
suspension then was t ransfer red  into 300 ~l micro 
autosampler  glass tubes and centrifuged in an Eppendorf  
centrifuge for three min a t  10,000 rpm. The clear super- 
na t an t  was t ransferred into another  micro au tosampler  
tube  and 200 ~1 injected onto the column. 

The modular  H P L C  sys t em consisted of an ISS- 
au tosampler  (Perkin-Elmer), a model 64 H P L C  p u m p  
(Knauer) and a model 5100 A electrochemical detector  
(ESA) using 850 milh'volts (mV) for the analytical and 900 
mV for the guard  cell, range 50 • 1. The column (125 • 
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FIG. 1. Mean serum concentration-time profile of BM 41.440 after 
a single oral dose of 15 mg/kg bw. Blood samples from female rats 
(n = 4 animals/group, 260-380 g bw) were obtained at the times in- 
dicated through permanent catheters placed in the femoral arteries. 
Extraction of phospholipids and quantification of BM 41.440 was  
done by means of reverse-phase HPLC. 

4.6 mm) was slurry-packed with Nucleosil 5-CN (Machery 
and Nagel). The flow ra te  was 1.5 ml/min. The mobile 
phase consisted of 40% CH3CN and 60% 0.02 M KH2PO4, 
p H  2.0 (v/v). The retent ion t ime for BM 41.448 and 
BM 41.440 was 9.7 and 8.2 rain, respectively.  Total  
analysis  t ime was 15 rain. The limit of detection was 
15 ng/ml. In order to preserve the necessary sensit ivi ty,  
the sys tem had to be purged with mobile phase for 30 min 
under  reduct ive conditions ( - 8 5 0  mV) every morn- 
ing.Calibration graphs  were prepared  by  assaying  sam- 
ples to which known amounts  of BM 41.440 had been 
added. Peak height ra t ios  of BM 41.440 relative to inter- 
nal s tandard  were plot ted against  the known concentra- 
tions. The resul t ing correlations were linear with coeffi- 
cients of correlation between 0.98 and 0.99. 

TABLE 1 

Pharmacokinetic Data of BM 41.440 in Rats 
after a Single Oral Dose of 15 mg/kg bw 

Parameter 

Cma x (mg X 1-') 1.7 
tma x (hr) 7 
Cl/f (ml X rain-' X kg-') 4.7 
AUC, 0-120 hr (mg X hr X 1-9 52.9 
)'z 0.026 
t,,~ (hr) 27.1 
C z (mg X I-') 1.3 
Ae, 0-120 hr (5) 1.4 

Cmax, maximum serum concentration; tma x, time of maximum serum 
concentration; C1/f, ratio of total body clearance/absorption fraction; 
AUC, area under the curve up to 120 hr; ~z, rate constant for the 
terminal elimination phase; t,/2, half-life for the terminal elimina- 
tion, calculated from l~; C~, intercept of the extrapolated curve for 
the terminal elimination with the ordinate; A e, parent substance ex- 
creted in the urine during 120 hr {percentage of administered dose}. 
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FIG. 2. Mean serum concentrations of BM 41.440 under a dally oral 
schedule (15 mg/kg bw X day) after five and 13 weeks, respectively. 
Mean + S.D., n = 10 animals. 
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RESULTS AND DISCUSSION 

Figure 1 i l lustrates  the BM 41.440 mean serum concen- 
t ra t ion  vs t ime af ter  a single oral dose of 15 mg/kg  bw. 
Drug  concentrat ion increased slowly, and mean peak 
serum levels (1.7/~g/ml, n = four animals} were a t ta ined  
seven hr after  BM 41.440 adminis t ra t ion indicating t ha t  
the thioether analogue is absorbed at  a low rate  in female 
rats.  A terminal  half-life of ca. 27 hr was calculated f rom 
the rate  constant  for the terminal  elimination phase  (~, 
0.026/hr). 

All pharmacokinet ic  pa ramete r s  are summarized  in 
Table 1. The mean serum BM 41.440 concentration-time- 
area-under-the-curve (AUC) was 52.9 mg  X hr/1. The ratio 
of total  body clearance to absorpt ion fraction was 4.7 ml/ 
min X kg  bw. 

Recovery of BM 41.440 in urine was examined in all 
animals  receiving a single oral dose of 15 mg/kg  bw over  
120 hr. In  five of 17 animals  very small  amounts  of the 
drug  were found in urine during the first  24 hr. The 
percentage of adminis tered dose excreted in the urine 
never  exceeded 1.5%. Essent ia l ly  no drug was detected 
af ter  24 hr. 

Under  a dally oral t r ea tmen t  with 15 mg/kg  X day  up 
to 13 weeks, mean BM 41.440 serum concentrat ions of 
3.3 +__ 0.5 ~g/ml and 5.2 +_ 1.2 t~g/ml (mean _+ S.D., n = 
10 animals) were found after  five and 13 weeks, respec- 
t ively (Fig. 2). In accordance with the long half-life and 
the low excretion ra te  af ter  single oral administrat ion,  
these da ta  indicate tha t  accumulat ion of BM 41.440 can 
occur in female ra ts  with a calculated factor of accumula- 
t ion of 2.2 for a dosage interval  of 24 hr. 

This report  is the first pharmacokinetic s tudy done with 
a non-radiolabeled ether lipid analogue, called BM 41.440 
or Ilmofosine. Recently, we described the pharmaco-  
kinetic profile of a structurally related alkyl lysophospho- 
lipid derivative,  1-[3H]oc tadecy l -2 .me thy l - rac-g lycero .3  . 
phosphocholine, in (Balb/c X C57B1)F, mice (16). This in- 
vest igat ion revealed a high in vivo plasma stabil i ty of the 
radiolabeled ether lipid, either after oral or IV administra- 
tion, with a mean half-life of about  36 hr. So, our resul ts  
confirmed and extended the findings obtained by  others  
with the same alkyl lysophospholipid analogue in female 
N M R I  mice (17). 

Beside avoidance of exposure  of humans  to radioactiv- 
ity, the development  of a sensit ive HPLC technique for 
determinat ion of ether phospholipids like BM 41.440 of- 
fers some major  advantages  compared to methods utiliz- 
ing radiolabeled material: {a) in vivo invest igat ions in pa- 
t ients  can easily and rapidly be performed in parallel to 
clinical phase  I / I I  studies, thus  providing information on 
the pharmacokinet ics  and on the bioavailabil i ty of this 

new class of cytos ta t ics  (18) and (b) the compliance of pa- 
t ients  enter ing oral t r ea tmen t  tr ials  can be followed by  
moni tor ing the BM 41.440 serum concentrat ions.  

In conclusion, the present data  demonstrate  that  (a) the 
thioether  phospholipid analogue BM 41.440 is absorbed 
from the gas t ro in tes t ina l  t rac t  af ter  oral adminis t ra t ion 
and (b) under l o n g - t e r m  oral t r ea tmen t  high serum con- 
centra t ions  of BM 41.440 can be a t ta ined in rats.  
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The inhibitory effect of the new thioether alkyl lyso- 
phospholipid analogue 1-hexadecylmercapto-2-methoxy- 
methyl-rac-glycero-3-phosphocholine (BM 41.440, Ilmof(~ 
sine) on colony formation of different spontaneous human 
tumors was studied in vitro using a methyl  cellulose 
monolayer assay. The most  sensitive tumors were lung 
(small cell, squamous cell and adenocarcinomas), gastro- 
intestinal and ovarian cancers and hyernephromas. On 
the basis of the current definition of sensit ivity by the 
National  Cancer Institute,  Bethesda, MD, i.e. more than 
70% inhibition of colony formation at an arbitrary con- 
centration of 10 ~g/ml, 34 out of 64 malignancies tested 
were susceptible to BM 41.440. 
Lipids 22, 955-957 (1987). 

Human  tumor stem cell assays provide a means of per- 
forming drug sensitivity measurements on human tumor 
cells in pr imary cultures. Since 1977 when Hamburger  
and Salmon (1,2) introduced a two-layer soft agar system 
for cloning tumors taken directly from patients, a number 
of assays have been developed for a series of human solid 
cancers to use in selecting the most  appropriate chemo- 
therapy for pat ient ' s  tumor (3-9}. Besides the potential 
use of such colony-forming sys tems in defining pat terns  
of drug sensitivity, which possibly offers a means of op- 
timizing chemotherapy for individual patients (10), a 
second potential application of clonogenicity assays is in 
the area of screening for and developing of new anticancer 
drugs (11-13). 

1-Hexadecylmercapto-2-methoxymethyl-rac-glycero-3- 
phosphocholine (BM 41.440, Ilmofosine) (Scheme 1) is one 
of the most  potent  cytotoxic alkyllysophospholipids 
(ALP) (14-16). ALP are analogues of the cell membrane 
component lysophosphatidylcholine and represent a new 
class of ant i tumor agents (17). In a variety of tumor 
models, these ether lipids have been shown to exert anti- 
tumor  activi ty in vitro (15,16,18,19) and in vivo (15,20). 

.2 i-  O / / / / / R 

HO --CH 

I 
H2C - - O H  

SCHEME 1. BM 41.440. 

'Presented at the symposium on "Ether Lipids in Oncology," 
GSttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 
Abbreviations: ALP, alkyl lysophospholipid; BM 41.440, 1-hexa- 
decylmercapto-2-methoxymethyl-rac-glycer~3-phosphocholine; FCS, 
fetal calf serum; IMDM, Iscove's modified Dulbecco's medium. 

The direct antimalignant effect of ALP  is related to a 
specific interference with the normal phospholipid tur- 
nover, preferentially of neoplastic cells (21,22). 

This investigation was designed to evaluate the inhibi- 
tion of human tumor colony formation induced by the 
thioether analogue BM 41.440, which has recently entered 
phase I / I I  trials in human cancer therapy (23). 

EXPERIMENTAL 

The thioether phospholipid BM 41.440 was supplied as 
a white, crystalline powder by Boehringer Mannheim 
GmbH (Mannheim, FRG) and stored at 4 C as a stock 
solution of 100 t~g/ml plus 20% FCS. 

The culture system used in this s tudy has been exten- 
sively described elsewhere (9,24). In brief, single-cell 
suspensions of spontaneous human tumors  to be tested 
were prepared by mechanical disaggregation. Cell clumps 
were removed by filtration through sterile nylon sieves 
down to pore sizes of 20 ~m. After repeated washing in 
serum-free I scove ' s  modified Dulbecco ' s  medium 
(IMDM), cells were plated in IMDM plus 30% fetal calf 
serum (FCS), supported by 0.9% (w/v) methyl  cellulose 

TABLE 1 

Plating Efficiency and Response to BM 41.440 Treatment 
of Different Spontaneous Human Tumors 

Colonies/10 s cells 
Tumor types • S.D. (range) a 

Number of sensitive 
tumors/number of 

tumors tested b 

Malignant melanoma 81 • 30 (41-144) 1/16 
Lung 

Small cell 127 • 51 (41-164) 3/4 
Squamous cell 88 _ 11 (80-103) 4/5 
Large celt 69 _ 14 (50-83) 1/3 
Adenocarcinoma 87 • 22 (47-108) 4/6 

Stomach 90 • 8 (77-101) 4/5 
Colon 76 • 27 (42-109) 3/5 
Ovary 91 • 36 [50-163) 3/4 
Myosarcoma 79 _ 17 (59-101) 3/3 
Liposarcoma 65 • 20 (44-88) 0/3 
Hypernephroma 111 • 16 (84-130) 2/2 
Pleuramesothelioma 62 • 9 (50-72) 2/1 
Breast 70 • 23 (44-90) 1/2 
Gall bladder 1/1 
Histiocytoma 1/1 
Cervix uteri 1/1 
Corpus uteri 1/1 

34/64 

aViable cells (1 X 10 s) were plated (37 C, 7.5% CO2) in petri dishes 
in IMDM plus 30% FCS and 0.9% (w/v) methyl cellulose with or 
without various doses of BM 41.440. After 8-10 days of continuous 
incubation with the drug, tumor colonies were counted under an in- 
verted microscope. Mean • S.D., standard deviation. 
bNCI sensitivity criteria: >/70% inhibition of tumor colony forma- 
tion at an arbitrary screening concentration of 10 t~g BM 41.440/ml. 

L/PIDS, Vol 22, No. 11 (1987) 



956 

D.B.J .  H E R R M A N N  A N D  H.A.  N E U M A N N  

.1 
100 4.. 

75- 

50. 

25- 

Squamous cell ca. (Lungs) 

1 2 4 8 16 

BM 41,440 (pg/ml) 

% 
100 

75- 

50 

25 

Adeno ca. (Lungs) 

1 2 4 8 16 

8M 41.440 (ug/ml) 

% 
100 

75- 

50- 

25- 

Stomach ca. 

1 2 4 8 16 

BM 41.440 (IJg/ml) 

% 
100 

75- 

50- 

25- 

Co lon  ca. 

1 2 4 8 

BM 41.440 (pg/ml) 

16 

% 
100 

75" 

50- 

25- 

Ovarian ca. 

~,  . �9 
1 4 ; 16 

BM 41.440 (pg/ml) 

t Mal i gnan t  m e l a n o m a  

25. 

//, 

BM 41.440 (pg/ml) 

FIG.  1. Dose- response  cu rves  of  d i f f e ren t  s p o n t a n e o u s  h u m a n  t u m o r  colonies  t r e a t ed  wi th  B M  41.440. Un-  
t r e a t ed  con t ro l s  are  se t  a s  100%. Inh ib i t ion  is e x p r e s s e d  as  pe rcen t  su rv iva l  of  colonies  as  a f unc t i on  of B M  
41.440 concen t ra t ion .  Two s p e c i m e n s  of  each t u m o r  were t e s t e d  in dupl ica tes .  
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and incubated at  37 C, 7.5% CO2 in a humidified atmo- 
sphere with no additional feeding. To assure the presence 
of an excellent single-cell suspension, posi t ive controls 
and quali ty controls, for instance were used as day  1 col- 
ony counts  and microscopic inspection of control plates  
were performed immediate ly  after  plating. Quali ty con- 
trols have been shown to great ly  increase the reproduc- 
ibility of human  colony-forming assays  {10), Colonies 
{>30 cells} usually appeared by  days 8-10, and the number  
of colonies on the plates was determined using an inverted 
light microscope. 

Two specimens of each tumor  type  were tested in dupli- 
cate. Viabili ty of cells was checked by  t r ypa n  blue 
exclusion {25}. Drug  sensi t ivi ty  of a tumor  was defined 
according to the sensitivity criteria of the National Cancer 
Ins t i tu t e  IBethesda, MD}, i.e. at  least  70% inhibition of 
colony format ion at  an a rb i t ra ry  BM 41.440 concentra- 
t ion of 10 ~g/ml {10}. 

RESULTS AND DISCUSSION 

The 64 different t umor  types  evaluated in this s tudy  
showed a wide range of culturabili ty.  Tumor  types,  
plat ing efficiency and responses to BM 41.440 t r ea tmen t  
of the neoplasms tes ted  are l isted in Table 1. Approx- 
imate ly  30% of the exper iments  were judged as unevalu- 
able, mainly due to a lack of adequate growth or to a wide 
variabi l i ty  of colony counts in control cultures. 

The pla t ing  efficiency ranged f rom 0.04 to 0.17%. The 
da ta  are in accordance with previous findings f rom our 
group {9,13,24) and with results  reported by  others using 
modifications of the original Hamburger -Sa lmon  tech- 
nique ~3-8,26}. 

Incubat ions  with BM 41.440 were performed continu- 
ously in order to maximize assay  sensi t ivi ty  {27}. The in 
v i t ro  doses of the drug, 0-16 ~g/ml, were scheduled em- 
pirically according to the concentrat ions tha t  have been 
shown to be effective in tumor  growth inhibition on dif- 
ferent cell lines of murine and human  origin {14-17,20}. 

The tumor  colonies showed individual dose-response 
curves. Some examples  are given in Figure 1. The mos t  
susceptible malignancies proved to be small cell, squa- 
mous cell and adenocarcinomas of the lung, gastrointes-  
tinal tumors ,  ovarian cancers, myosa rcomas  and hyper- 
nephromas  with numbers  of sensit ive tumors  (>/70% 
inhibition of colony formation at  an arbi t rary  BM 41.440 
concentrat ion of 10 ~g/ml} to numbers  of tumors  tes ted  
of 3/4, 4/5, 4/6, 3/5, 3/3 and 2/2, respectively. Only one out 
of 16 mal ignant  melanomas  and none out of three lipo- 
sa rcomas  tes ted  fulfilled the above ment ioned sensitiv- 
i ty criteria. 

The feasibility and val idi ty of human tumor  colony- 
forming assays for preclinical drug screening and for iden- 
tifying of, at  least, resistance of a tumor  to chemotherapy 
have been shown by  several  groups {28-33}. 

Retrospect ive  and prospect ive clinical trials have 
revealed t rue posit ive ra tes  for colony-forming sys t ems  
between 47 and 82%, while t rue  negat ive  ra tes  have  
ranged f rom 84 to 98% 128-33}. Therefore, the present  
resul ts  and the da ta  f rom the ongoing s tudy  on inhibi- 
t ion of tumor  colony format ion induced by  the  thioether  
phospholipid BM 41.440 may  provide helpful information 
for the assessment  of indications for BM 41.440 clinical 
phase  I I  evaluat ions in the near  future, 
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In Vitro and In Vivo Cytotoxicity of Alkyl Lysophospholipid 
ET-18-OCH  and Thioether Lipid BM 41.4401 
G.H. Leder*, H.H. Fiebig, E. Wallbrecher,  B.R. Winterhalter and G.W. L6hr 
Department of Internal Medicine, Division of Hematology and Oncology, University of Freiburg, Freiburg i. Br., D-78OO, Federal Republic 
of Germany 

Screening for cytotox ic i ty  in the c lonogenic  assay  in 
human tumor xenograf t s  and L1210 m o u s e  leukemia 
revealed comparable dose-dependent  effects  of  the alkyl 
lysophosphol ipid ET-18-OCH3 and the thioether lipid 
B M  41.440. The eff icacy in human tumors  only was  mar- 
ginal at low doses.  In v ivo  tes t s  of  both agents  were car- 
ried out  in nude mice bearing two  of  the tumors  that  
proved most  sensitive in vitro and in mice inoculated with 
L1210 leukemia. Only small  effects  on the growth of the 
human tumors  and no effects  on L1210 leukemia were 
observed. In view of clinical rules for definition of remis- 
sion, no convincing ant i tumor effects  were obtained. 
Lipids 22, 958-961 (1987). 

Alkyl lysophospholipids and analogues have gained in- 
creasing interest as a new class of potential anticancer 
agents. Data on activity in various cell lines (1-3), isolated 
leukemic (2,4) or tumor cells (5,6), and in tumor-bearing 
animals (1,7), as well as no or minor effects in vitro (3) 
and in vivo (6,8) have been reported. Furthermore, there 
are hints that some tumors are susceptible (9,10) and 
others resistant (9,10) to the same drug under identical 
conditions. This might indicate that tumor-specific prop- 
erties cannot be excluded. To gain further insight, addi- 
tional experimental evidence is required. 

Therefore, we tested the alkyl lysophospholipid ET-18- 
OCH3 (1-O-octadecyl-2-O-methyl-rac-glycero.3-phos- 
phocholine) and thioether lipid BM 41.440 (1-hexadecyl- 
mercapto-2-methoxymethyl-rac-glycero-3-phosphocholine) 
in a variety of human tumors in the clonogenic assay 
recommended as the in vitro method for anticancer drug 
screening (11). The responses of two of the most sensitive 
tumors in vitro to the tested agents subsequently were 
studied in nude mice. The combination of both methods 
especially seems to be promising. It provides the advan- 
tage of testing a substance in human material from the 
beginning under in vitro conditions and allows selection 
of only the most sensitive tumors for in vivo studies (12). 
In addition, L1210 mouse leukemia cells were used for 
experiments in vitro and in vivo since 24 out of 26 clini- 
cally used drugs proved active in this model (13) and since 
immunocompetent mice could be used for therapy trials. 

EXPERIMENTAL 

Human tumors established in serial passage in NMRI 
nude mice in our laboratory were used (14-16}. L1210 
leukemia was obtained from G. Atassi, Brussels, sub- 
passaged and maintained as recommended by the Na- 
tional Cancer Institute (17). Tumors were mechanically 

'Presented at the symposium on "Ether Lipids in Oncology," 
Gi~ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 
Abbreviations: ALP, ET-18-OCH3, 1-O-octadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine; BM 41.440, 1-hexadecylmercapto-2-meth- 
oxy-methyl-rac-glycero-3-phosphocholine. 

disintegrated with scissors and by shear force (Stomacher 
80, Colworth, London, UK); they were incubated with en- 
zymes (collagenase 0.04%, DNAse 0.07% and hyaluroni- 
dase 0.1%) at 37 C for 30-40 min. Cells were washed and 
passed through stainless steel sieves of 200- and 50-~m 
mesh size to obtain single cell suspensions. Cell counts 
were performed in a hemocytometer, and the percentage 
of viable cells was determined by trypan blue exclusion. 
The culture method is a modification of the double-layer 
soft agar system introduced by Salmon et al. (18) as 
described recently (12). One ml 0.3% agar (with 30% fetal 
calf serum and Iscove's modified Dulbecco's medium with 
L-glutamine) containing 0.8-4.5 • 10 s ceUs/ml (depending 
on the individual growth rate of each tumor) was pipetted 
onto I ml of 0.5% agar bottom layer (with 10% fetal calf 
serum) in 35 X 10 mm culture dishes. Tests were carried 
out in triplicate. 

Drugs were administered in 1 ml medium containing 
30% fetal calf serum. Controls received the vehicle only. 
Additional growth factors were required for the L1210 
leukemia (5 X 10 -s molfl medium 2-mercaptoethanol). Con- 
trol plates were monitored for growth using an inverted 
microscope every other day. Final colony counts were ob- 
tained with an automatic image analyzer {Omnicon FAS 
III, Bausch & Lomb, Rochester, New York), at the time 
of optimal colony formation (5-18 days in culture). In our 
experience, the optimal time for counting the colonies 
depended on the individual growth of the tumors, but it 
was before the medium turned yellow. Colonies had to be 
>/60 ~m in diameter and distinct enough so they could be 
detected separately by the camera. To increase detection, 
all dishes were incubated with 0.5 ml tetrazoliumchloride 
(1 mg/ml) 24 hr before the final count. This stains only 
viable cells and colonies (19). Quality control was achieved 
by staining plates with tetrazoliumchloride on days 0 and 
2 and subsequent freezing at - 20 C until the final count 
was taken after adding 1 ml glycerine. 

The criteria for identifying evaluable assays (20) were 
a slight modification of Shoemaker's approach (11,21). 
The coefficient of variation in the control group was 
<50%. A compound was considered active if it reduced 
colony formation to ~<30% of the control value. The frozen 
plates must not exceed >/20% counts of the controls. For 
in vivo testing, two of the most sensitive in vitro tumors 
were selected, and two tumor slices (size: 5 • 5 • 
0.5-1 mm) were subcutaneously implanted into the flanks 
of each of the 4-6 nude mice per group (14,16,22,23). 
Treatment began when the tumors exhibited an average 
diameter of 7-8 mm, and the estimated depth was at least 
half of the smaller diameter. This was reached by the lung 
cancer on day 24 and by the melanoma on day 31 after 
transplantation. Animals with yellow tumors reflecting 
a high amount of fibrous tissue were excluded (24). 

Substances were injected intraperitoneally in dosages 
of 10 and 30 mg/kg body weight (bw) 5-10 times with- 
in 12 days. Tumor growth, which was the product of 
two perpendicular diameters, was recorded every week. 
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Relative tumor  size was calculated for each single tumor 
by dividing its size on day X by its size on day 0 at the 
time of randomization multiplied by 100. Final evalua- 
tion was performed after four weeks. Statistical computa- 
tion was done by comparing groups with the Mann- 
Whitney test  (25) at the end of the in vivo experiments. 
This minimized a-inflation. The significance test was done 
according to Holm (26) at the 5% level. 

In vivo experiments with L1210 leukemia were carried 
out with six CD2F1 mice per drug and dosage and with 
eight control animals. Cells (10 s) were intraperitoneally 
(ip) injected and the animals t reated with 3, 10 and 
30 mglkg bw ALP or 3 and 30 mg/kg bw BM ip one day 
later until death. ALP  was provided by Andreesen, 
Medical Department,  University of Freiburg, Germany; 
BM was obtained from Pahlke, Boehringer Mannheim 
GmbH, Mannheim, Germany. 

RESULTS AND DISCUSSION 

Table 1 shows the screening results of the clonogenic 
assay of 22 human tumors. ALP and BM displayed some 
dose-dependent effects. Efficacy was achieved especially 
in the lung cancers, whereas the gastrointestinal  tumors 
proved to be more resistant to conforming to their 
behavior in man. Furthermore, a response of melanomas 
was demonstrated at low concentrations of ALP and BM. 
On the whole, growth was suppressed in five of 22 tumors 
at a concentration of 10 t~g/ml. Therefore, this concentra- 
tion better is suited to select the most  responsive tumors 
with success rates of 61% at 30 ~g/ml or 100% at 
100 ~g/ml. Consequently, the adenocarcinoma of the lung 
L X F A  526 and the melanoma M E X F  274 were selected 
for therapy in nude mice. 

TABLE 1 

Effectiveness of ALP and BM on Human Tumor Xenografts 
in the Clonogenic Assay 

Tumor type 

Concentration (t~g/ml) 

Compound 1.0 3.0 10.0  30.0  100.0 

Large intestine ALP 0/1 0/2 0/2 1/1 
BM 0/1 0/2 0/2 1/1 

Gastric ALP 0/1 0/3 1/3 2/2 
BM 0/1 0/3 0/3 2/2 

Lung, "small" cell ALP 111 1/1 1/1 
BM 111 111 111 

"Large" cell ALP 0/3 1/4 1/7 2/5 4/4 
BM 0/3 0/4 1/7 3/5 4/4 

Melanoma ALP 0/1 0/2 1/2 1/1 
BM 0/1 0/2 2/2 1/1 

Sarcoma ALP 0t2 212 212 
BM 0/2 2/2 2/2 

Mammary ALP 0/1 0/1 0/1 
BM 0/1 0/1 0/1 

Thyroid ALP 0/1 1/1 1/1 
BM 0/1 1/1 1/1 

Mesothelioma ALP 1/1 1/1 1/1 
BM 0/1 1/1 111 

Renal ALP 0/1 1/1 1/1 
BM 0/1 1/1 1/1 

Testicular ALP 0/1 1/1 1/1 
BM 011 1tl 111 

Human tumors ALP 0/5 1/10 5/22 11/18 13/13 
Total BM 0/5 0/10 5/22 11/18 13/13 

Percent ALP 0% 10% 23% 61% 100% 
BM 0% 0% 23% 61% 100% 

Efficacy: colony number in test <30% of control group. 

Chemotherapy of LXFA 526 

/ aAl~ 

o CONTROL 

+ A L P  

~ / u  7 14 m ~s 
Days after Random~t ion  

o CONTROL a J/,P 30 1 -4 .7 -1 ,~  + JI,P101--4.7-12~) 

FIG. 1. Relative tumor size during chemotherapy with two doses of ALP (10 or 30 mg/kg 
bw given days 1-4 and 7-12 ip), number of animals at the beginning/end: control 6/6; 10 
mg/kg ALP 5/4; 30 mg/kg ALP 6/4, Holm test at the end of experiment: ns. 

LIPIDS. Vol. 22, No. 11 (1987) 



9 6 0  

G.H. LEDER ET AL. 

Likewise, tests  were carried out in mice inoculated with 
L1210 because this cell line responded to both compounds 
at  10 t~g/ml in our assay. In vivo efficacy of ALP  in the 
lung LXFA 526 is shown in Figure 1. Tumor  growth was 
reduced by ALP at dosages of 10 and 30 mg/kg bw. While 
this effect was small at the lower dose, it was more ap- 
parent  at 30 mg/kg bw. However, tumor  growth was 
enhanced as compared with the controls 9-16 days after  
the last injection. BM was not effective in the same lung 
carcinoma. 

In contras t  to the lung cancer, the growth of the 
melanoma (Fig. 2) was reduced by the therapy with A LP  
or BM during the first week of t reatment;  this retarda- 
tion was not compensated until the end of the experiment. 
Tests  according to Holm revealed growth re tardat ion 
significance for 30 mg/kg ALP only. Similar, ye t  more 
favorable, results are reported for gynecologic tumors {9). 
Exper iments  with an anaplastic ovarian carcinoma in- 
t ravenously  or orally t reated with ALP  especially are 
comparable. An almost complete growth inhibition was 
achieved by 500 ~g ALP  IV twice daily for three weeks. 
The same dose given orally or only half of it given by IV 
resulted in a slower proliferation compared with controls. 
Some differences between these and our experiments 
should not  be overlooked. Two of the 10 mice in each IV- 
injected group experienced a complete remission (9). 
However,  these beneficial effects were not  obtained for 
two other gynecologic tumors  t reated identically (9}. Cer- 
tainly, there are differences between the above-mentioned 
and our procedure concerning the application schedules 
and the onset  of therapy. Compared to others, we ad- 
ministered drugs for a short  time, imitat ing common 
clinical s t ra tegy  since the promising approach of long- 
te rm application yielded inconsistent results (8,10). The 
t ime until  the initiation of therapy may be essential for 
its outcome because our method avoids the phase of 
ischemic regression after the tumor  t ransplantat ion (24). 

C h e m o ~ e m p y  of  ~ X F  274 

In view of the different results with the various tumors, 
it seems most likely tha t  tumor-specific properties are ex- 
tremely significant for success or failure of therapy trials. 
This assumption is in accord with Berger and Schm/ihl 
(27), who like others (8) could not  observe any effects 
of ALP or BM in ace toxymethyl  methylni t rosamine-  
induced rat  colonic adenocarcinomas, whereas BM dis- 
played act ivi ty superior to ALP in methylnitrosourea- 
induced rat  mammary  carcinoma. 

With regard to the known effects of clinically intro- 
duced cytosta t ic  agents  in the L1210 in vivo (13), our 
results with ALP and BM may be of some interest  
(Table 2). 

Both  substances did not  increase the survival t ime of 
the inoculated animals. This was surprising for us 
because, first, since like others (28) we found the ip cell 
and drug application to be very  sensitive to drugs and 
superior to ip cell and IV drug injection {29). Second, both 
compounds possessed cytotoxic activity in vitro. Third, 
application into the same compartment appeared ideal for 
direct cytotoxic mechanisms. Furthermore, ip application 
of ALP increases the amount  of peritoneal macrophages, 
which seem to mediate ALP activity (31). I t  appears tha t  
L1210 is not very  susceptible to alkyl lysophospholipids, 
which is consistent with observations made in other 
laboratories (30; Munder and Vogler, personal communi- 
cation). 

In conclusion, ALP and BM exhibited only limited an- 
t i tumor activity in vivo in two of in vitro's most  sensitive 
malignancies. If one a t tempts  to imitate "clinical condi- 
t ions," i.e., if one uses human material, high tumor  
burden, tumors adapted to their hosts and discontinuous 
t reatment ,  no convincing ant i tumor effects are observed. 
Especially, remissions are not achieved. However, a com- 
parison with the l i terature suggests  tha t  some tumors  
may be more sensitive to ALP and BM. Although the 
final significance of all currently reported data is difficult 
to judge, it is encouraged to design fur ther  studies tha t  
concentrate on the questions of tumor specificity and op- 
timized applications. 

ID b. 
lOO- 

Days after Randoml-~ation 

o C O N T R O L  
", BM 30 1 -3 .7 -6  ip 
+ BM 10 1--4,7-12 ip 
x kLP 30 1 - 4 , 7 - 9  ip 

FIG. 2. Relative tumor size during chemotherapy with one dose ALP 
and two doses BM (30 mg/kg ALP given days 1-4 and 7-9; 10 mg/kg 
BM days 1-4, 7-12; 30 mg/kg BM 1-3, 7-8) ip, number of animals 
at the beginning/end: control 4/4, 30 mg/kg ALP 5/4; 10 mg/kg BM 
5/5; 30 mg/kg BM 5/3), Holm test at the end of experiment: PALP = 
0.014, a* = 0.017; for BM ns. 

TABLE 2 

Effectiveness of ALP and BM on the L1210 Mouse Leukemia 

Lifespan 

Dosage median range 
{mg/kg/day) (days} (days Cures/total 

ALP 30 7 6-9 0/6 
10 7.5 2-9 0/6 
3 8 8 0/6 

BM 30 8.5 7-9 0/6 
3 8 7-8 0/6 

Controls 8 7-9 0/8 

l0 s cells ip into CD2F1 9 and 6 mice. Therapy: day 1-9, ip, dissolved 
in 0.9% NaC1. 
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BM 41.440 (1-hexadecylmercapto-2-methoxymethyl-rac. 
glycero-3-phosphocholine) is a new thioether phosphofipid, 
which has been shown to possess antineoplastic,  anti- 
metastatic, anti-invasive and immunomodulating proper- 
ties in several tumor models. The mechanism whereby 
this  compound exerts its direct antineoplastic effect is 
thought  to be related to specific interference with the nor- 
mal phosphofipid metabolism, preferentially of neoplastic 
cells. BM 41.440 was evaluated in a multicenter phase I 
s tudy in patients {pts) with refractory cancers. In phase 
I A, 34 pts were orally treated with doses ranging from 
0.5 to 7.0 mg/kg body weight (bw). Three different for- 
mulations were tested. The maximum-tolerated dose 
{MTD) was ca. 5 mg/kg bw. The limiting side effects were 
nausea and vomiting. There was no evidence for systemic 
toxicities like myelosuppression, nephro-, neuro-, hepato- 
toxicity or hematological  side effects. The current phase 
I B is designed to determine the MTD of BM 41.440 ad- 
ministered orally on a daily schedule for at least  eight 
weeks. So far, 19 pts have entered this trial at dose levels 
ranging from 1.0 to 5.0 mg/kg bw/day. Some pts receiv- 
ing 1.0 and 2.5 mg/kg bw/day, respectively, have been 
treated, up to now, for more than nine months.  Clinical 
progress was followed with at-least-weekly blood counts,  
chemistry profiles, urine analysis, fiver function tests and 
recordings of side effects. Tumor parameters were evalu- 
ated at eight-week intervals. In parallel, pharmacokinetic 
invest igat ions were performed in some pts  in phase I A 
and IB. First results on tolerability and therapeutic ef- 
ficacy of the long-term BM 41.440 treatment are reported 
in this intermediate evaluation. 
Lipids 22, 962-966 (1987}. 

BM 41.440 or 1-hexadecylmercapto-2-methoxymethyl- 
rac-glycero-3-phosphocholine {prop. INN: Ilmofosine) is 
a synthetic 1-S-thioether alkyllysophospholipid derivative 
(1) {Fig. 1). Alkyl lysophospholipids (ALP) are structurally 
related to lysophosphatidylcholine, which is a minor con- 
stituent of most cellular membranes {2,3} and plays an 
important role as a metabolic intermediate in the con- 
tinuous turnover of the fatty acid moiety of phospha- 
tidylcholine via the deacylation/reacylation cycle {Lands 
pathway) {4,5). ALP represent a new class of cytostatic 
drugs (6}. The antitumor activity has been studied in dif- 
ferent tumor models in vitro {7-9) and in vivo {6,10}. The 
mechanism of direct tumor cell destruction by BM 41.440 
and other ALP is related to a selective interference of 

'Presented at the symposium on "Ether Lipids in Oucology," 
GSttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 
Abbreviations: ALP, alkyl lysophospholipid; BM 41.440, 1-hexa- 
decylmercapto-2-methoxymethyl-rac-glycero-3-phosphocholine. 
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FIG. 1. Chemical structure of BM 41.440. 

these compounds with the cellular phospholipid metabo- 
lism of tumor target cells {9,11-13}. 

BM 41.440 was selected for clinical trials because pre- 
clinical screens demonstrated differential activity on 
malignant cell types of murine and human origin {1,14,15). 
Moreover, notable antitumor effects within in vivo tumor 
systems were observed, including the methylcholan- 
threne-induced fibrosarcoma {MethA), L1210 leukemia, 
Lewis lung carcinoma {1,14} and the methylnitrosourea 
(MNU)-induced mammary carcinoma (16). BM 41.440 
caused significant reduction in tumor size and significant 
increases in the life span of mice bearing these tumors. 
Antitumor activity in the MNU-induced mammary car- 
cinoma was dose-dependent. Recent data also indicate 
that  BM 41.440 has antineoplastic activity against dif- 
ferent spontaneous human tumor cells in a methyl 
cellulose colony-forming system {17,18). 

Animal toxicology studies conducted in rats and dogs 
showed the rats to be the more sensitive species {14). The 
side effects of oral BM 41.440 were non-hematological and 
included vomiting and diarrhea. 

Here, we report the interim results of the first clinical 
phase I study of BM 41.440 in adult patients with refrac- 
tory cancers. We also include a preliminary examination 
of drug pharmacokinetics. 

EXPERIMENTAL 

Drug formulation. BM 41.440 was synthesized by 
Boehringer Mannheim GmbH, 6800 Mannheim, Federal 
Republic of Germany. In this study, three different for- 
mulations were tested: a soft gelatine capsule, a film 
tablet and a coated, gastric juice-resistant film tablet. 
The drug was supplied in 25, 50 and 100 mg quantities. 
Quality controls for all formulations were performed 
before submission for application in patients according 
to international standards. 

Patient selection. The present clinical phase I trial of 
BM 41.440 was divided into two parts: part I A and I B. 
Patient characteristics are shown in Table 1 and Table 2. 
Up to now, a total of 53 patients with histologically 
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TABLE 1 

Patient Characteristics--Phase I A 

Characteristics Measurement 

No. of patients in study 34 
No. of eligible/evaluable patients 34 

Men 20 
Women 14 

Mean age (years} 59 ~43-70} a 
Mean Karnofsky performance status {%) 90 {60-100} 
Tumor types 

Adenocarcinoma (lung} 12 
Squamous cell (lung} 2 
Large cell (lung} 1 
Small cell {lung} 1 
Malignant melanoma 8 
Adenocarcinoma {colon} 7 
Hypernephroma 2 
Squamous cell {oesophagus} 1 

aNumber in parentheses, range. 

TABLE 2 

Patient Characteristics--Phase I B 

Characteristics Measurement 

No. of patients in study 19 
No. of eligible/evaluable patients 17 

Men 10 
Women 9 

Mean age (years} 56 (33-68} a 
Mean Karnofsky performance status (%) 90 (80-100} 

No. of patients with prior treatment 15 
Surgery 4 
Chemotherapy 2 
Chemotherapy + radiotherapy 1 
Surgery + chemotherapy 5 
Surgery + radiotherapy 2 
Surgery + chemotherapy + radiotherapy 1 

No. of patients with no prior treatment 4 

Tumor types 
Non-small cell {lung} 4 
Small cell (lung} 1 
Malignant melanoma 7 
Adenocarcinoma (colon) 3 
Pancreatic gland carcinoma 1 
Parotid gland carcinoma 1 
Hypernephroma 1 
Unknown primary 1 

aNumber in parentheses, range. 

documented, advanced malignancies refractory to known 
forms of effective therapy were entered into this trial. 
Thirty-four pat ients  were entered into phase I A and 19 
patients into phase I B. Other eligibility criteria included 
pat ients  ranging from 18-70 years old, an ambulantory 
performance score of >150% tKarnofsky), no ant{cancer 
therapy for at least four weeks before entering the study, 
life expectancy of at least three months,  and adequate 

organ function as defined by bone marrow {white blood 
cell count ~>4000/mm 3, platelet count >~100,000/mm3), liver 
(bilirubin <1.5 mg/dl, normal SGOT, SGPT, yGT and AP 
values} and kidneys (creatinine <1.5 mg/dl}. Informed con- 
sent was obtained from all patients before therapy began. 

Inel igibi l i ty  cr i ter ia  were malabsorp t ion  and/or  
maldigestion, pregnancy, psychotic disorders, metastases 
in the brain or brain tumors,  major organ disfunctions, 
e.g. cardiac insuffficiency, and active systemic infections. 

Study design. The study protocol was reviewed and ap- 
proved by the ethical boards of the universities of 
Freiburg, Munich and Mannheim. The s tudy was per- 
formed following German regulations. The pr imary ob- 
jectives in phase I A were In) determinat ion of the 
maximum-tolerated dose (MTD} of a single or multiple 
oral administrat ion of BM 41.440 for one day, (b) 
characterization of possible toxic effects and (c) definition 
of the dose-limiting toxic{ties according to the World 
Heal th  Organization grading (19). A minimum of two pa- 
t ients evaluable for toxici ty were t reated sequentially at  
each dose level, s tar t ing with a low dose. The dose levels 
in phase I A were 0.5, 0.75, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 
7.0 mg/kg body weight (bw}. After the second patient was 
t reated with a given dose and evaluated for toxicity, pa- 
tients were entered at the next  higher dose level. The dose 
was escalated until a dose~limiting toxicity was observed. 

The objectives of the phase I B were (a) determinat ion 
of maximum-tolerated dose and of possible side effects 
of a continuous daily oral administrat ion over at least 
eight weeks and (b) determinat ion of the responses to 
BM 41.440 t rea tment  according to the WHO criteria for 
"Repor t ing  Results of Cancer Trea tment"  {19). In this 
par t  of the study, a minimum of four pat ients  were 
t rea ted  at  each dose level. The s tar t ing  dose was 
1.0 mg/kg bw/day. Dose escalations proceeded from 1.0 
to 2.5 to 5.0 mg/kg bw/day. If after  four weeks unaccept- 
able toxicity did not occur at a specific dose level, the next  
dose level was started. There was no escalation of dose 
for any individual patient.  

Patient monitoring. Prior to therapy, all patients under- 
went a complete history and physical examination. Pa- 
t ients who were entered into the long-term t rea tment  of 
phase I B were comprehensively evaluated on measurable 
diseases by the appropriate modality, including a physical 
examination, x ray, scans and other studies as necessary 
for documentat ion of the extent  of the diseases. Pretreat-  
ment  evaluation included complete blood count with 
white blood cell {WBC) count differential, hemogram, full 
chemistry profile, creatinine, calcium, uric acid, blood 
sugar, liver function tests,  lactate dehydrogenase,  cho- 
lesterol, protein, prothrombin,  thrombin t ime and urine 
analysis. In phase I A, pat ients  were carefully monitored 
on day 1, 2 and 7 for toxici ty by repeated physical ex- 
aminations, complete blood counts with WBC differen- 
tial, chemistry profiles and all other parameters  listed 
above. During the time of t reatment  in phase I B, patients 
were followed closely for signs of toxicity and for all s tudy 
parameters  at a minimum of weekly intervals up to eight 
weeks. At tha t  time, an evaluation of tumor size was done 
by physical examination, appropriate radiological studies 
and scans, and by tumor markers. WHO standard tumor 
response criteria were used to evaluate the ant{tumor ef- 
fect of the drug (19}. These criteria included (a) complete 
response {disappearance of all known disease, determined 
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TABLE 3 

Tolerability of BM 41.440 {Phase I A} 

Nausea 
No. of patients IWHO grade) a 

Dose with side effects/ 
{mg/kg • day} no. of patients treated 1 2 3 

Diarrhea 
{WHO grade}b 

0.5 0/2 0 0 0 0 
0.75 0/2 0 0 0 0 
1.0 0/2 0 0 0 0 
2.0 1/3 1 0 0 0 
3.0 2/6 0 1 2 1 

3.0 (Sg. capsule) c 2/4 0 1 2 1 
3.0 (Tablet) 0/2 0 0 0 0 

4.0 2/3 1 1 0 1 
5.0 2/3 0 2 0 0 
6.0 3/4 0 2 1 1 
7.0 7/7 3 2 1 6 

7.0 {Tablet) 3/3 1 1 1 2 
7.0 (Fc. tablet) c 4/4 2 1 0 4 

Patients were treated orally with single or multiple (up to four times) doses of BM 41.440 
for one day. Three different formulations were tested: soft gelatine capsule, film tablet 
and coated film tablet. The no. of patients with side effects to no. of patients treated 
and the side effects are separately listed for each formulation administered for the par- 
ticular dose levels 3.0 and 7.0 mg/kg bw, respectively, on the two lines under the appropriate 
dosage. 
aWHO grade 1, nausea only; grade 2, transient vomiting; grade 3, vomiting requiring 
therapy. 
bWHO grade 1, transient (~<2 days); grade 2, tolerable but >2 days. 
CFormulations: Sg. capsule, soft gelatine capsule; Fc. tablet, film-coated tablet resistant 
to gastric juice. 

by  two observations not less than four weeks apart}; {b) 
partial response {50% or more decrease in total tumor size 
of the lesions, which have been measured to determine 
the effect of therapy by two observations not less than 
four weeks apart}, {c) no change {a 50% decrease in total  
tumor  size cannot be established nor has a 25% increase 
in the size of one or more measurable lesions been 
demonstrated) and Id) progressive disease {25% or more 
increase in the size of one or more measurable lesions, or 
the appearance of new lesions}. 

If  patients showed tumor response or showed no 
changes after eight weeks of t rea tment  with B M 41.440, 
the therapy was continued as long as no progression oc- 
curred. In these cases, patients were monitored with 
s tudy parameters  every second week up to 12 weeks of 
t rea tment  and at a minimum of four-week intervals 
thereafter. Assessments  of the disease's extent to deter~ 
mine ant i tumor activity of the drug were performed at 
eight-week intervals. Individual patients were removed 
from the s tudy if they experienced unacceptable toxicity 
or if objective disease progression occurred. 

Pharmacokinetics. Sixteen out of 34 patients in phase 
I A were studied following the single oral BM 41.440 ad- 
ministration. Blood samples were obtained immediately 
before s tar t ing with the drug application and then 0.5, 
1, 2, 4, 6, 8, 12, 24 and 32 hr as well as seven days after 
p.o. doses. Blood samples were centrifuged, and the 
plasma was decanted and stored frozen at - 2 0  C until 
analysis. BM 41.440 was measured by a newly developed 

high-pressure liquid chromatography method, using a 
structurally closely related analogue of BM 41.440 as an 
internal standard. Details on the analytical technique for 
detection of BM 41.440 are published in this issue {20}. 

RESULTS 

Tolerability. Fifty-three patients were entered on this 
phase I study; 34 patients were treated on the one-day 
schedule in phase I A. The patients '  characteristics are 
shown in Table 1. Of the 34 patients entered on phase I A, 
all were evaluable for toxicity. Drug-related effects were 
nonhematological. The number of patients treated at each 
dose level and the toxicities are summarized in Table 3. 
Gastrointestinal irritations were seen in 17 out of the 34 
patients entered on this part  of the trial. The dose~limiting 
toxicities were nausea and vomiting, WHO grades 1-3, 
and diarrhea, WHO grade 1. 

Two out of four patients treated with the soft gelatine 
capsule at a dose level of 3.0 mg/kg bw showed 
gastrointestinal  side effects {Table 3}. However, neither 
of the two patients treated with the coated film tablet 
experienced similar toxicity at the same dose level. There- 
fore, dose escalations from 3.0 to 7.0 mg/kg bw were con- 
tinued with the coated film tablet formulation. At  the 
dose level of 7.0 mg/kg bw, three out of three patients 
showed gastrointestinal  intolerabilities. Therefore, the 
same dose was administered to four other patients using 
a coated film tablet tha t  is resistant  to gastric juice. 
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TABLE 4 

Tolerability of BM 41.440 (Phase I B) 

965 

Nausea Diarrhea 
(WHO grade) a (WHO grade) b 

Dose No. of patients with side effects/ 
(mg/kg X day) no. of patients treated 1 2 3 1 2 

1.0 1/4 1 0 0 0 0 
2.5 5/6 3 1 0 1 1 
5.0 5/7 1 2 2 4 0 

Patients were daily treated p.o. with single or multiple (up to three times) doses of BM 41.440 for at least 
eight weeks (film tablet). 
a, bFo r WHO-grading, see legend to Table 3. 

However,  these four pa t ien ts  all also experienced dose- 
l imit ing toxicities, indicating tha t  changing the formula- 
tion did not  benefit  the pat ients .  

Up to now, 19 pa t ien ts  were in the current  long-term 
t r e a t m e n t  s tudy  of phase  I B. The pa t ien ts '  characteris-  
tics are shown in Table 2. Fifteen of these pa t ien ts  were 
pre t rea ted  by  different therapy modalities; four pat ients  
had not received any cancer t rea tment  prior to BM 41.440 
therapy.  Seventeen out  of the 19 pat ients  entered on this 
pa r t  of the s tudy  were evaluable for toxicity. The two in- 
evaluable pa t ien ts  had jus t  entered the s tudy  when the 
compilat ion of this in termediate  repor t  was performed. 

As seen in phase  I A, dose-limiting toxici ty consisted 
of gas t ro in tes t ina l  irritations. Eleven out of 17 pat ients  
developed nausea and vomiting,  W H O  grades  1-3, and 
diarrhea, W H O  grades  1-2 (Table 4). 

No other  toxicities were observed, neither in phase  I 
A nor in phase  I B. Although some pat ients  were t reated 
on a daily oral schedule with BM 41.440 for more than  
36 weeks, up to now there was no evidence for myelosup- 
pression, hepatic  or renal toxicities, allergic reactions, 
hypotension or hematological  side effects. 

The maximum-to le ra ted  dose of BM 41.440 ad- 
ministered as a single or multiple oral dose for one day 
in adult pat ients  was around 5 mg/kg bw (Phase I A). For 
a long-term t r ea tmen t  with BM 41.440 on a daily oral 
schedule, doses up to 5.0 mg/kg  bw/day can be recom- 
mended for t r ea tmen t  of more than  nine months  with the 
film tablet .  

Clinical responses. The current  clinical phase  I B trial 
of oral BM 41.440 in 12 pa t ien ts  with ref rac tory  cancers 
who were evaluable for an t i tumor  act ivi ty revealed three 
par t ia l  responses.  In one pat ient  with a me tas ta t i c  
adenocarcinoma of unknown p r imary  localization, two 
liver me tas t a ses  (2 cm X 2 cm, 3 cm X 3 cm) completely 
disappeared after eight and 15 weeks of t reatment ,  respec- 
tively. In another  pa t ien t  with a me tas t a t i c  mal ignant  
melanoma,  a more than  50% reduction of two liver 
me ta s t a ses  (9 cm • 9 cm, 5 cm • 5 cm) occurred within 
eight weeks of t r ea tmen t  with BM 41.440. However,  in 
both of these patients, the disease progressed after 26 and 
10 weeks, respectively.  In a third pa t ien t  with a malig- 
nant  melanoma, one liver metas tas is  (3 cm • 3 cm) disap- 
peared within eight weeks of therapy.  Another  lung 
metas tas i s  remained cons tan t  for, up to now, 36 weeks. 
These three pa t ien ts  have been t rea ted  with 1.0 m g  
BM 41.440/kg bw/day. 

2.0 �9 
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FIG, 2. Time course of plasma BM 41.440 (1-hexadecylmercapto-2- 
methoxymethyl-rat~glycero-3-phosphocholine) concentrations after 
a single oral administration to a patient with an adenocarcinoma 
of the lung. Dose: 4 mg/kg bw (275 mg). 

Furthermore,  out of 12 pat ients  evaluable for response, 
six pa t ien ts  had no observable  changes with durations,  
up to now, of seven to 24 weeks (three adenocarcinomas 
of the lung, two mal ignant  melanomas,  one me tas t a t i c  
parot id  gland carcinoma). Progressive disease was seen 
in three other pat ients .  Four pa t ien ts  dropped out  of the 
study,  three of them due to side effects. 

Pharmacokinetics.  Figure 2 i l lustrates a BM 41.440 
p lasma  concentrat ion vs  t ime profile for a pa t ien t  with 
an adenocarcinoma of the lung, t rea ted  with 4 mg/kg  bw 
(275 mg) BM 41.440 p.o. (film tablet}. Mean peak p lasma 
concentrat ions of 1.8 ~g/ml were a t ta ined within 8-12 hr 
af ter  BM 41.440 administrat ion.  In  phase  I B, phar- 
macokinet ic  pa ramete r s  were studied in all pa t ien ts  who 
had been entered into the trial. The s u m m a r y  of the 
resul ts  of the pharmacokinet ic  invest igat ions will be 
given in the final report.  
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DISCUSSION REFERENCES 

BM 41.440 is an interesting compound because of its com- 
pletely different mechanism of tumor cell destruction as 
compared to all known cytosta t ic  drugs (9,11-13,15). I ts  
antineoplastic, ant imetastat ic  and anticarcinogenic ac- 
t ivi ty has been investigated in different in vitro and in 
vivo tumor models (14-16,18,20-22}. In this current 
multi-institutional phase I trial, BM 41.440 was ad- 
ministered orally on a one-day and daily schedule of at  
least eight weeks, respectively. The dose-limiting tox- 
icities in both parts  of the s tudy were nausea, vomit ing 
and diarrhea. Hematological or other non-hematological 
side effects related to BM 41.440 t rea tment  were essen- 
tially absent until now. In phase I A (one-day administra- 
tion), drug formulation was changed at a dose level of 
3.0 mg/kg bw. Since the soft gelatine capsule seemed to 
be less tolerable, further dose escalations were continued 
using a BM 41.440 film tablet up to 7.0 mg/kg bw. Chang- 
ing drug formulation to a coated film tablet, which is 
resistant  to gastric juice, at a dose level of 7.0 mg/kg bw 
did not enhance tolerability. 

Similar results in side effects were obtained from our 
preliminary experience on the long-term t reatment  
schedule (phase I B). Doses up to 5.0 mg/kg given daily 
for at least nine months seem to be quite safe. In this part  
of the study, the toxicities observed, e.g. nausea, vomiting 
and diarrhea, appear to be dose-related ~Table 4). 

The preliminary pharmacokinetic data  in this phase I 
s tudy revealed gastrointestinal absorption of BM 41.440 
after single oral administration. Further explorations that 
are aimed at clarification of the metabolism and the major 
routes of elimination of BM 41.440 in humans are 
underway. 

Al though three clinical responses and six no changes 
were observed in the long-term t rea tment  part  of this 
trial, the limited number of patients entered, tumor types 
studied, and extent  and heterogeneity of prior therapy 
preclude conclusions about the anti tumor efficacy of this 
drug. However, these intermediate results encourage us 
to introduce BM 41.440 into clinical phase I I  studies. 
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Clinical Phase I Pilot Study of the Alkyl Lysophospholipid 
Derivative FT-18-OCH  ' 

Wolfgang E. Berdel*, Ulrich Fink and Johann Rastefler 
Division of Hematology and Oncology, Department of Medicine l, Technische Universitaet, Ismaninger Str. 22, 8 0 0 0  Munich 80, Federal 
Republic of Germany 

Sixteen patients suffering from widespread malignant 
disease, the majority pretreated and found in poor general 
health, were treated in a phase I pilot study with the alkyl 
lysophospholipid derivative 1-O-octadecyl-2-O-methyl- 
rac-glycero-3-phosphocholine (ET-18-OCH3). Eleven pa- 
tients were treated intravenously, and five were given oral 
therapy. Prolonged IV administration of 15-20 mg/kg/day 
at a concentration of 5 mg ET-18-OCH~ per 1 ml 20% 
human serum albumin could be continued safely. The 
maximum-tolerated dose was either 50 mg/kg as a single 
injection or 20 mg/kg during daily dispensions. Grade 2-4 
toxicity, as pulmonary edema and impairment of hepatic 
function, then occurred during daily treatment. Toxicity 
was reversible. Mitogen stimulation and mixed lympho- 
cyte culture studies revealed possible immunosuppressive 
effects of higher doses of ET-18-OCH3. There were no 
chromosomal changes in cytogenetic studies. Frequent 
post-mortem examinations revealed no further toxicity. 
IV and oral treatment showed few encouraging response 
data since there were two partial remissions in non-small 
cell lung cancers and a reduction of leukemic blasts to 
less than 10% in an acute myelomonocytic leukemia. 
Lipids 22, 967-969 (1987). 

Alkyl lysophospholipid (ALP) derivatives represent the 
first generation of ether lipids with antineoplastic prop- 
erties in vitro and in vivo. A detailed review of this area 
of investigation has been published recently (1). Some of 
these compounds have substantial therapeutic efficacy 
in various rodent tumor systems. This activity has been 
interpreted to be mediated partially by cytotoxic effector 
cell populations, e.g. macrophages and direct effects of 
this material on tumor cells as cytotoxicity, induction of 
differentiation and anti invasiveness. After toxicologic 
investigations (1), which included studies with subhuman 
primates (Munder and Andreesen, personal communica- 
tion), we have introduced 1-O-octadecyl-2-O-methyl-rac- 
glycero-3-phosphocholine (ET-18-OCH3) into a first 
clinical phase I pilot trial (2,3). 

MATERIALS AND METHODS 

Sixteen patients with solid tumors (seven non-small cell 
lung cancers, one bowel carcinoma, one hypernephroid 
carcinoma, one urothelial carcinoma, one adrenal cortex 
carcinoma, one thyroid gland carcinoma, one glioblas- 
toma) and leukemias (one acute myelomonocytic leuke- 
mia, two chronic myeloid leukemias/blast crisis) were 
treated in our institution from 1979-1982. There were 11 
male and five female patients. The median age of those 
with solid tumors was 64 years (range: 19-85 years). The 
median age of the leukemic patients was 37 years (range: 

'Presented at the symposium on "Ether Lipids in Oncology," 
G6ttingen, Federal Republic of Germany, December 1986. 
*To whom correspondence should be addressed. 

17-39 years). With the exception of two patients with 
non-small cell lung cancers, all patients have been refrac- 
tory to prior therapy as surgery, radiation or chemo- 
therapy; ten patients had obtained multi-modality treat- 
ment before entering the study. All patients suffered from 
metastatic or widespread disease, and the performance 
score (Karnofsky index) before the study was below 50 
for the majority of the patients. Written informed con- 
sent of the patients was obligatory. 

The chemical structure of the ALP 1-O-octadecyl-2-O- 
methyl-rac-glycero-3-phosphocholine (ET-18-OCH3) is 
given in Figure 1. The compound was synthesized accord- 
ing to methods modified from procedures previously 
published (4-6), stored in a desiccator at -20  C, dissolved 
aseptically in 20% human serum albumin (HSA) up to a 
concentration of 5 mg/ml and infused intravenously at 
37 C. For oral treatment, the ET-18-OCH3 was dissolved 
in milk (3.5% fat content) at various concentrations. 
Routine checks on purity (chromatography), sterility 
(microbiology) and pyrogen content (animal experiments) 
were performed on each batch. 

The study was performed in accordance with German 
law. The study protocol has been reviewed and approved 
by an ethical board. Eleven patients were treated in- 
travenously. For dose finding, we began with single ap- 
plications of 2 mglkg, which is 10% of the lowest dose 
that produces moderate toxicity in toxicologic studies 
with subhuman primates (Munder and Andreesen, per- 
sonal communication). Single application doses then were 
increased by doubling the amount of ET-18-OCH3 and 
beyond 10 mg/kg by adding smaller amounts. Some pa- 
tients were treated by prolonged daily applications, begin- 
ning with 1 mg/kg/day and using the same dose escala- 
tion procedure. Five patients were treated orally, follow- 
ing a similar dose escalation but starting with daily ap- 
plications. Since we faced a shortage of the noncommer- 
cial drug during this first pilot study, dose increases for 
individual patients were performed at due intervals to ob- 
tain a maximum of information. 

Prior to treatment, the following studies were per- 
formed on every patient: a case history, A (chest x ray, 
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H 2 C -  O-- P - O - ( C  H 2 )2 - N  (C H 3 )3 
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FIG. 1. Chemical structure of ET-18-OCH3. 
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electrocardiography, echocardiography, abdominal sono- 
graphy, pulmonary function, tumor/leukemia staging 
with the necessary examinations, Coombs-tests, bone 
marrow) and B (physical examination, performance- 
status, weight, cellular blood count including erythrocyte 
morphology, reticulocytes, erythrocyte osmotic resist- 
ance, differential white blood count, thrombelastography, 
blood sedimentation rate, serum [blood urea nitrogen, 
creatinin, uric acid, electrolytes, bilirubin, glytamic oxalo- 
acetic transaminase, glytamic pyruvic transaminase, ),- 
glutamyl transferase, alkaline phosphatase, cholinester- 
ase, gamma-lactate dehydrogenase, lactate dehydro- 
genase, amylase, lipase, creatinin phosphokinase, 
/~-microglobulin, haptoglobin, hemopexin, plasmatic co- 
agulation, triglycerides, cholesterin, glucose, electro- 
phoresis, immunoglobulins, complement C~ and C4 and 
antinuclear factors], creatinin-hippurane-clearance, urine- 
profile, urine-protein, urine-glucose and urine-electrolyes). 
A-values were repeated when necessary, at least once 
every month and at the end of the treatment. B-values 
were repeated at least once every week. Other examina- 
tions, such as thyroid hormones and chromosome analysis 
in peripheral blood cells, were done facultatively. 

Toxicity was determined according to the Southeastern 
Cancer Study Group criteria with some minor modifica- 
tions. Maximum-tolerated dose (MTD) was defined as the 
occurrence of grade 2 (moderate) toxicity after single or 
during daily applications and was evaluated for IV 
treatment. 

For response evaluation partial remission (PR) has been 
defined as regression of all measurable tumor parameters 
of more than 50% with a remission duration for at least 
one month. Tumor regression of less than 50% for more 
than one month has been referred to as minor response 
(MR). Progressive disease (PD) was stated if one or more 
tumor parameters or white blood count in patients with 
leukemia developed progressively under therapy, parallel- 
ing a drop in performance status. No change (NC) or com- 
plete remissions (CR) have not been observed. 

RESULTS AND DISCUSSION 

Eleven patients were treated intravenously. Generally, 
toxicity was mild, i.e. grade 1 of the Southeastern group 
criteria. Two patients developed transient indurative 
erythema, which so far lacks a pathophysiological ex- 
planation on some parts of their skin. Six patients ex- 
perienced gastrointestinal side effects of vomiting and 
diarrhea, which we found to be independent of dose level 
but correlated with the concentration of ET-18-OCH3 in 
HSA and the infusion rate. Both side effects could be 
avoided by choosing an ET-18-OCH~ concentration in 
20% HSA, not exceeding 5 mg/ml, and by keeping the 
infusion rate below 20 ml per hr. Grade 1 liver toxicity 
was observed in three patients as an impairment of 
hepatic synthesis function monitored by a temporary 
drop in serum cholinesterase, and in one occasion as a 
drop of the Quick test. One patient showed grade 2 liver 
toxicity, as there was a cholestasis with increased alkaline 
phosphatase and bilirubin. Grade 1 renal toxicity was 
found in two patients with an elevation of serum 
creatinine and glucosuria, and proteinuria was found in 
one case. Life-threatening toxicity (grade 4) was observed 
in one patient, who developed an interstitial pulmonary 

edema, which correlated with a change of performance 
status. Similar pulmonary edema in a second patient 
reached only grade 2 toxicity because of prompt drug 
removal. Grade 1-2 toxicity was found to be reversible 
within a few days after removal of ET-18-OCH3; it did 
not require any special treatment. Grade 4 pulmonary 
edema was found to be completely reversible under 
assisted ventilation and corticosteroids with the drug 
removed. 

The MTD during single IV applications, given to five 
patients with weekly intervals, was 50 mg/kg infused 
within 24 hr. This dosage was reached in two patients, 
and the limiting factor was the infusion rate, since 
gastrointestinal toxicity occurred. MTD during daily ap- 
plications was 20 mg/kg/day, reached by four patients. 
One patient could be treated with 20 mg/kg/day for 10 
days without grade 2 toxicity. The other patients ex- 
perienced either liver or lung toxicity reaching grade 2 
or more (see Table 1). Additionally, after accidental ex- 
travasal infusion, there were two episodes of thrombo- 
phlebitis. 

Five patients were treated orally. Grade 1 toxicity was 
concentrated on the gastrointestinal tract, hepatic func- 
tion and renal function, and it had the same character- 
istics as those induced by IV treatment. Five mg/kg/day 
could be given safely to four of the patients for longer 
time intervals, 10 mg/kg/day produced life-threatening 
pulmonary edema after 10 days in one patient, which was 
completely reversible under short-term assisted ventila- 
tion and corticosteroids with the drug removed. However, 
oral MTD was not established in this pilot trial since 
better galenic formulations of this type of drug are under 
way. 

Mitogen stimulation and mixed lymphocyte culture 
(MLC) studies in the blood lymphocytes of six patients 
were performed to reveal possible in vivo immunosuppres- 
sion of higher doses of ET-18-OCH3, which had been found 
in vitro (7). The results so far remain contradictory. 
However, since there was a significant decrease of 
mitogen stimulation and MLC reactivity in one patient, 
which showed reversibility after the end of the treatment, 
further studies in this direction should be performed. 

Cytogenetic studies have been performed in lympho- 
cytes of patients under treatment with negative results 
(8). Pathological and histological post-mortem examina- 
tions were performed in eight of the 16 patients who died 
of progressive disease after various time intervals. There 
were no further signs of toxic alterations exceeding the 
common findings in advanced neoplastic disease and 
death. 

TABLE 1 

Maximum-Tolerated Dose IMTD) and Limiting Toxicity 
for IV ET-18-OCH~ 

* MTD for single infusion of ET-18-OCH3 (20% HSA, 5 mg/ml): 50 
mg/kg 
Limiting toxicity: Gastrointestinal toxicity (nausea, diarrhea) 

�9 MTD for daily infusions of ET-18-OCH3 (20% HSA, 5 mg/ml): 20 
mg/kg/day 
Limiting toxicity: Lung, liver 
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Details  of response and survival  da ta  are in previous 
repor ts  (2,3,9). In  summary ,  there were two PR in in- 
t ravenous ly  t rea ted  pa t ien ts  with non-smal l  cell lung 
cancer, which were controlled by  bo th  x ray  and bron- 
choscopy, and showed a remission durat ion for five and 
six months .  Minor responses were found in one pat ient  
with a hypernephroid carcinoma and another patient  with 
a thyroid  gland carcinoma. In  a pa t ien t  with an acute 
myelomonocytic leukemia tha t  was t reated intravenously, 
we observed a ca. l - log reduction of leukemic b las ts  in 
the peripheral  blood (78.7 • 10~/~1 to 3.4 X 10~/~1) within 
15 days  of t r ea tmen t  with a parallel recovery of 
granulopoiesis. However, this did not qualify for response 
since we could not obtain a second bone marrow examina- 
tion from this patient.  All other pa t ients  were found with 
progress ive  disease. However,  all pa t ien ts  finally died 
f rom progressive disease; none of the pa t ien ts  survived 
longer than  one year  af ter  study. 

In summary,  we have treated 16 patients  suffering from 
widespread mal ignant  disease; the major i ty  has been 
refractory to previous t r ea tmen t s  and was found to be 
in poor general performance.  MTD for single IV ad- 
minis t ra t ion of the drug  was ca. 50 mg/kg  with nausea  
and vomit ing as the limiting toxicity. Prolonged daily IV 
applications of doses less than  20 mg/kg/day at  5 mg  
ET-18-OCHJ1 ml 20% H S A  seemed to be safe. Limit ing 
toxici ty occurred in liver and as interst i t ial  pu lmonary  
edema giving 20 mg/kg/day.  The etiology of the pulmo- 
nary  edema remains  speculative. However,  residual 
p l a t e l e t - aggrega t ing  effects of the ET-18-OCH3 similar 
to the chemically related pla te le t -ac t ivat ing factor (PAF) 
may  play a role (10). Thus, it seems to be essential  to look 
for an t i tumor  ether lipids and der ivat ives  for future  
clinical trials wi thout  P A F  effects, On the other hand, 
typical side effects for ant i tumor  cytotoxics as myelosup- 
pression or alopecia were not found within the study; the 
drug  also remained genetically inactive. 

The purpose  of this s tudy  performed with a limited 
amount  of drug  was only to obtain basic information on 
the applicabili ty and possible value for fur ther  clinical 

tes t ing  of this mater ial  in cancer pat ients .  Since we have 
part ial ly characterized the tolerabil i ty of this f irst  anti- 
neoplastic ether lipid have found some limited an t i tumor  
act ivi ty  of the material ,  the information obtained f rom 
this pilot trial represents  basis  and just if ication for fur- 
ther  clinical tes t ing  of related s t ruc tures  within a wider 
scope of phase I and I I  trials (see also Herrmann,  D. et al., 
this  issue). 
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Ether Lipids and Analogs in Experimental Cancer Therapy. 
A Brief Review of the Munich Experience' 
W o l f g a n g  E. Berde l  
Division of Hematology and Oncology, Department of Medicine I, Technische Universitaet, Ismaninger Str. 22, 8000 Munich 80, Federal 
Republic of Germany 

This review covers the work of our laboratory on the anti- 
neoplastic activity of some ether lipids and derivatives 
that are related to platelet-activating factor (PAF). 
Various 1-O-alkyl lysophospholipid derivatives (ALP) 
show therapeutic activity in mouse transplant tumor 
models and in metastatic 3-Lewis lung carcinoma in viva. 
However, certain autochthonous mouse leukemias and 
radiation-induced lymphomas are resistant to ALP treat- 
ment. The therapeutic effects of these compounds are par- 
tially due to the activation of cytotoxic macrophages and 
direct cytotoxicity. 

Approximately 20 ether lipids and derivatives were 
tested for direct cytotoxicity in cells from human solid 
tumors and leukemias using [3H]thymidine uptake, 
trypan blue dye exclusion, human tumor clonogenic 
assays (HTCA) and cell morphology as criteria. Certain 
ALP, thioether lysophospholipid-derivatives (TLP), 
ether-linked lipoidal amines, sn-2 analogs of PAF, and 
conjugates of ether lipids and cytosine arabinoside were 
found cytotoxic in a dose- and time-dependent fashion. 
Cytotoxicity of some of the ether lipids tested is based 
on destruction of cell membranes. Structure-activity 
studies were performed to better understand the mecha- 
nisms leading to accumulation and cytotoxicity of ALP. 
Comparative studies with normal bone marrow cells and 
leukemic blasts from humans revealed preferential anti- 
leukemic cytotoxity of three ether lipids. 
Lipids 22, 970-973 (1987). 

In the early seventies, three independent laboratories 
observed antitumor effects of certain ether lipids for the 
first time. Munder et al. (1) examined synthetic analogs 
of 2-1ysophosphatidylcholine (2-LPC) and reported pro- 
phylactic and therapeutic efficacy of certain alkyl 
lysophospholipid (ALP) derivatives in some allogeneic 
and syngeneic mouse transplantation tumors. These ALP 
originally were synthesized as a new class of biological 
response modifiers. Figure 1 depicts the chemical struc- 
tures of some first generation ALP. Ando et al. (2) 
reported on therapeutic effects of certain alpha-glyceryl- 
ethers in the Ehrlich ascites tumor. Boeryd et al. (3) 
described therapeutic activity of methoxy-substituted 
alkyl-glycerols in some metastasizing sarcomas induced 
by methyl-cholantrene in mice. 

Whereas the alpha-glyceryl ethers and alkyl-glycerols 
so far have not led to the systematic development of anti- 
cancer drugs that are applicable in clinical oncology, this 
attempt is under way with different ALP and other ether 
lipid-derivatives. This review briefly summarizes the con- 
tribution of our laboratory in this area. 

'Presented at the symposium on "Ether Lipids in Oncology," 
GSttingen, Federal Republic of Germany, December 1986. 
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FIG. 1. Chemical structures of some representative alkyl 
lysophospholipid-derivatives (ALP} of the first generation and of 
the ester-lysophospholipid 2-LPC. 

RESULTS OF ANIMAL EXPERIMENTS 

When it became evident that ALP could inhibit the 
growth of different primary tumors in mice, we began 
studying the influence of these compounds on experimen- 
tal metastasis, using the 3-Lewis lung carcinoma (3-LL) 
growing in syngeneic CsTBl~-mice (4,5}. In a first series 
of experiments, we observed only minor activity of the 
ALP, trying to retard the growth of 3-LL primary tumor. 
However, application of the compounds either shortly 
before or shortly after the surgical removal of the primary 
tumor significantly retarded and inhibited the 3-LL 
metastasis; this was demonstrated by an increase of the 
median survival time and the number of surviving 
animals. In these experiments, the compounds showed 
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activity when they were given intradermally, intrave- 
nously or even orally. Among various ALP, the analogs 
with a long aliphatic side chain in the sn-1 position of the 
molecule and a substitution of the sn-2 position of the 
molecule, e.g. with a methyl-group, showed the highest 
activity. 

Subsequently, in vitro and in vivo experiments per- 
formed with macrophages from the peritoneal cavity or 
the bone marrow of C~TB16 mice could show that  the in- 
hibition of metastasis of 3-LL by ALP partially is 
mediated by an activation of macrophages to a cytotoxic 
effector cell population after contact with these com- 
pounds. In these experiments, macrophages from the 
peritoneal cavity of C~7B16 mice could be rendered 
cytostatic and cytotoxic for 3-LL cells in vitro by a prein- 
cubation with the lipids. Furthermore, pure syngeneic 
bone marrow macrophages have shown some therapeutic 
antimetastatic activity in vivo when used in the 3-LL. 
However, preincubation of these macrophages with 
various ALP in vitro yielded in a significantly improved 
therapeutic antimetastatic activity in vivo when these 
cells then were intravenously reinjected into the animals 
after surgical removal of the primary tumor, and the in- 
cidence of death from metastasis was observed. 

In the experiments summarized above, the ALP had 
to be given daily for a minimum of three weeks to pro- 
duce visible therapeutic effects. In contrast, with some 
of our new conjugates of ALP or TLP with 1-/3-D- 
arabinofuranosylcytosine (Ara-C) a treatment duration of 
only five days was necessary to inhibit the intraperitoneal 
growth of the 3-LL primary tumor or to inhibit the 
development of metastasis of the 3-LL with an adjuvant 
treatment approach. Figure 2 shows four of the lipid- 
ARA-C conjugates, including the most active Ara-CDP- 
D,L-PBA and Ara-CDP-D,L-PTBA. {Further details con- 
cerning these experiments are published in a separate 
paper of this Lipids issue.) 

In another series of experiments, we so far could not 
show prophylactic efficacy of the ALP ET-18-OCH3 or 
ET-18-OH on the development of radiation-induced lym- 
phomas in syngeneic CsTBl~-mice or the spontaneous 
development of leukemias in AKR-mice {6). The reason 
for the lack of therapeutic activity of the lipids in these 
tumor models remains unknown. However, experiments 
with radiation-induced mouse tumors, which use a wider 
dose range of the lipids, are underway. 

gates of lipids and cytotoxics revealed cytostatic and 
cytotoxic activity in neoplastic cells of human origin. 

Figures 1, 2 and 3 show representative structures of 
these lipids and lipid-derivatives. In general, more than 
24 hr of incubation were necessary to obtain full cytotoxic 
efficacy of the compounds. Besides this relation to time, 
there was a clear dose-response relationship for the 
cytotoxic activity of the vast majority of the compounds; 
There were few exceptions. ET-18-analogs of ALP (see 
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RESULTS OF HUMAN TUMORS AND LEUKEMIAS 
EXPERIMENTS IN VITRO 

More recently, we performed another series of ex- 
periments to study the phenomena of macrophage activa- 
tion and direct cytotoxicity of certain ether-lipid 
derivatives with human tumors and leukemias in vitro. 
Over 30 lipids and lipid-derivatives were tested for 
cytotoxicity in more than 100 human tumors and 
leukemias. We used the tritiated thymidine uptake, the 
trypan blue dye exclusion, the human tumor clonogenicity 
assay (HTCA), and microscopic and scanning electron 
microscopic (SEM) procedures as test systems. In these 
experiments, 1-O-alkyl-lysophospholipid-derivatives 
(ALP), thioether-lysophospholipid-derivatives (TLP), 
ether-linked lipoidal amines, analogs of the platelet- 
activating factor (PAF), PAF-antagonists and conju- 
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FIG. 2. Chemical structures of four lipid conjugates of 1-p-D- 
arahinofuranosylcytosine (in cooperation with C. I. Hong, Roswell 
Park Memorial Institute, Department of Neurosurgery, Buffalo, NY). 
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FIG. 3. Representative chemical structures of four other groups of ether-lipid-derivatives. 
A: BM 41.440. A thioether-lysophospholipid derivative {TLP) �91 Mannheim 
GmbH, Mannheim, Federal Republic of Germany)' B: 1-O-alkyl-2-acetamide-sn- 
glycero-3-phosphocholine. A PAF-analog {J. Hajdu, Department of Chemistry, Califor- 
nia State University, Northridge, CA}; C: CP-46.665. A lipoidal amine {Pfizer Central 
Research, Groton, CT); D: SRI 63-154. A PAF-antagonist ISandoz Research Institute, East- 
Hanover, N J). 

TABLE 1 

Cytotoxicity of ET-18-analogs IET-I&OCH3 and ET-I~H) of 2-LPC 
in Tumors and Leukemlas of Human Origin In Vitro 

Number of tumors/leukemias 

Type of disease Sensitive Resistant 

Prostate carcinomas 2 
Testicular seminoma 1 
Teratocarcinomas 3 
Bladder carcinomas 2 
Hypernephroid carcinomas 17 
Astrocytomas 2 
Glioblastomas 2 
Meningioma 1 
Medulloblastoma 
Carcinoma of the ovary 1 
SCLC a 1 
NSCLC 1 
NHL/B 1 
NHL/T 1 

AMML 4 
AML 3 
ALL 2 
HL-60 1 
K-562 
CML/BC 6 

Total 51 4 

aSCLC, small-cell lung cancer; NSCLC, non-small cell lung cancer; 
NHL/B IT), non-Hodgkin lymphoma of B (T)-cell origin; AMML, 
acute myelomonocytic leukemia; AML, acute myeloid leukemia; 
ALL, acute lymphocytic leukemia; CML/BC, chronic myeloid 
leukemia/blast crisis. 

Fig. 1), which were extensively examined in this respect, 
have shown a clear dose-response relationship between 
the concentrations of 1-10 ~g/ml. The majority of tumors 
and leukemias tested were sensitive to the cytotoxic prop- 
erties of, e.g., the ET-18-analogs of ALP, and they showed 
viability of less than 50% when incubated with concen- 
t rat ions of these compounds <20 ~g/ml for at least 48 hr. 
However, it is impor tant  tha t  there also were certain cell 
types tha t  proved resistant  to this material. Examples  
are given in Table 1. For the group of ALP, an alkyl-ether- 
linkage in the sn-1 position of the molecule and a substitu- 
tion of the sn-2 position of the molecule were necessary 
for reproducible cytotoxicity. The ester-lysophospholipid 
2-LPC, which always was tested in parallel as a reference 
compound for direct detergent- l ike surface activity, has 
shown either none or minor activity within the same dose 
range. The lyso-PAF ET-18-OH was cytotoxic in only 
some tumors  and leukemias, furthermore,  this cytotox- 
icity could be inact ivated by preincubation with a 
microsomal tetrahydropteridin-requiring 1-O-alkyl-cleav- 
age enzyme. Different laboratories have shown tha t  this 
enzyme is present  in a var ie ty  of normal tissues but  
characteristically absent from neoplastic cells (for further 
li terature, see ref. 7). Fur ther  s t ructure-act ivi ty  analysis 
with the D- and L-forms of the ET-18-OH in the HL 60 
leukemic cell line showed that  the activity of the racemic 
compound is due to the activity of the D-form (8). How- 
ever, this could not be reproduced by tes t ing various 
freshly explanted human leukemic cell samples including 
pat ients  refractory to, or with relapses after previous 
chemotherapy  (for details, see the publicat ion of 
Danhauser  et al., this issue of Lipids). Furthermore,  
microscopic and SEM studies could show tha t  the 
cytotoxici ty  of ALP, TLP, the lipoidal amine CP-46,665 
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and the PAF-analogs is correlated with destruction of the 
outer  cell membranes .  Detailed resul ts  of our investiga- 
tion concerning the cytotoxic  propert ies  of these lipids 
and lipid der ivat ives  have been published before (for fur- 
ther  l i terature,  see ref. 7). 

In  an additional series of experiments ,  we were able to 
show tha t  preincubat ion of monocytes /macropbages  of 
human  origin with certain ether lipids in vi t ro  renders 
these cells cy tos ta t ic  for autologous tumor  cells of the 
same pa t ien t  (9). This  effect was observed with var ious 
human hypernephroid carcinomas and non-smal l  cell lung 
cancers but  not  with human  brain tumors .  Cyto tox i ty  
studies with six ether lipid derivatives comparing the sen- 
si t ivi ty of bone marrow to leukemia cells revealed prefer- 
ential anti leukemic cy to tox i ty  of three lipids, including 
ET-18-OCH3 and BM 41.440 (for fur ther  details, see the 
publicat ion of Schick et al., this issue of Lipids).  

DISCUSSION 

There is increasing exper imenta l  evidence tha t  certain 
ether lipids and derivatives represent a new group of anti- 
neoplast ic compounds.  This notion is suppor ted  by  the 
resul ts  of first  clinical pilot trials (10). The act ivi ty  of 
these s t ruc tures  par t ia l ly  is media ted  by  tumor  cytotox-  
ic cells and due to direct effects of this mater ia l  on 
neoplastic cells. These direct effects consist of cytostatic-  
cytotoxic  propert ies  discussed here and also consist  of 
the induction of the differentiation in neoplastic cells (11) 
and an inhibition of the invasive propert ies  of neoplast ic 
cells (12). Al though the molecular mechanisms leading to 
these direct effects are yet  unknown, accumulat ion of 
these lipids in neoplastic cells, disturbance of lipid metab- 
olism, and destruct ion of cell membranes  seem to be im- 
por tant .  ET-18-OCH3 and other  A L P  represent  a first  
generat ion of toxic ether  lipids tha t  are now widely used 
as reference compounds.  The high synthet ic  potent ial  in 
lipid chemis t ry  possibly will open a new area for the ac- 
quisition of toxic molecules useful for exper imental  anti- 
cancer therapy.  Al though a deeper unders tanding  of the 
molecular mechanisms of this cytotoxic i ty  might  be 

helpful in d rug  design, the value of these s t ruc tures  for 
clinical oncology has to be shown in the various in vi t ro 
and in vivo activi ty-screening systems and finally proven 
in clinical trials. 
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Concluding Remarks 
Otto Westphal 
Max-Planck-lnstitut f(Jr Immunbiologie, Freiburg, Germany 

Synthetic ether lipids and related substances, originally 
conceived as analogs of natural lysolecithin, have been 
established as a new class of tumoricidal agents, first by 
Munder about 10 years ago and confirmed by many 
others. Ether lipids produce strong biological signals! 

Organic chemists have synthesized series of analogs in 
which the glycerol substituents of natural lysolecithin 
have been varied in several directions, especially by Eibl 
and his group, and also by others. I would also like to 
mention, by the way, the elgant stereospecific PAF- 
synthesis by Mangold. 

Biochemists have done much work on the biosynthesis 
and metabolism of ether lipids, concentrating, for exam- 
ple, on the 1-O-alkyl cleavage enzyme system elaborated 
by Snyder. Enzymic studies included the phospholipases 
A2, C and D and other hydrolases, as well as acyltrans- 
ferases, their occurrence and relative activity in normal 
and malignant cells and, especially, in cell plasma mem- 
branes and in the endoplasmic reticulum. 

Natural ether lipids have been known for some time, 
but interest was greatly stimulated by the findings of 
Hanahan and others that the platelet-activating factor 
{PAF) is a 1-O-alkyl glycerol derivative. Also, work on 
plasmalogens and on their metabolism should be men- 
tioned as well as observed genetic aberrations in ether 
lipid metabolism that occur in Zellweger syndrome, as 
described by van den Bosch. 

Data were presented on the influence of alkyl lyso- 
phospholipids {ALP), such as ET18-OCH3, on phospholipid 
biosynthesis, turnover and degradation. Of special in- 
terest appears to be the inhibition by ALP of phosphoryl- 
ation reactions, for example, those catalyzed by protein 
kinase C. 

Membranologists have contributed to the understand- 
ing of the relation of the physicochemical make-up of ether 
lipids with regard to their influence on membrane 
dynamics, such as the change in membrane properties 
with regard to uptake and/or release of biologically ac- 
tive materials, hormones, etc., by synthetic ether lipids, 
including the cholesterol ethers discussed by Stein. 
Changes that occur in membrane-bound enzyme reac- 
tions is another demonstration of the potential impor- 
tance of the new substances, as are findings about the 
binding of ether lipids and their metabolites to cellular 
subfractions. 

Many interesting remarks were made on new and more 
sophisticated types of liposomes for various clinical ap- 
plications {reduced toxicity and/or prolonged action of 
drugs, liposome-bound antigens plus adjuvants, etc.} or 
about liposomes as vehicles with affinity to specific 
organs, such as the liver. 

Biologists and clinical investigators have studied the 
action of ether lipids on tumor and normal cells in vitro 
and in vivo. Several promising substances have tumor 
prophylactic as well as inhibitory or even, hitherto in 
animals, curative properties. Some representatives of the 
new class seem to act selectively enough on certain, but 
not all, tumor cells that further intensified work appears 
to be warranted. Some model types of ether lipids have 
been studied extensively. The development of possibly 
still more efficient antitumor compounds can now be 

based on biochemical, pharmacological and biomedical 
criteria at hand. This means that  coming from phenome- 
nology, we have gone a good way towards a more logical 
approach. We are at a beginning in an exciting field; our 
optimism appears justified. 

Reports on the first clinical studies, notably on far- 
advanced cancer cases, seem to call for further efforts and 
have emphasized the importance of combined basic and 
applied clinical research. We are still discussing possible 
mechanisms of the tumoricidal action of ether lipids and 
its selective character. Candidates are macrophage- (and 
probably also NK cell-} activation, immune tumor cyto- 
toxicity, direct toxic effects on malignant cells with 
disturbance of their membrane lipid metabolism, enzyme 
inhibition or activation, etc. Some clinicians, like Andree- 
sen, stressed the importance of studying mediators, such 
as interleukin I and II, under ALP treatment. Also, anti- 
infective and radio-protective properties of the substances 
were stressed. 

There are good reasons not to restrict our attention only 
to the antitumor activities of ether lipids but also to con- 
sider, for example, suppressive effects on certain hither- 
to not well-controlled autoimmune conditions. 

It should be kept in mind that, apparently, one and the 
same ether lipid is not equally effective on all kinds of 
tumors. In comparative studies, some tumors are more, 
others are less, sensitive some may be even resistent. As 
an example, we may remember the selective cytotoxicity 
of Eibl's hexadecyl phosphocholine on mammary tumors, 
as Schmtihl and Berger stated, or the alkylglycerol 
"cascade" of Unger and Eibl in the treatment of skin 
tumors. Most of the synthetic ALP tested so far were 
racemic. However, Inoue observed a higher biological ac- 
tivity of the "natural" L-isomer, sn-1, of ET,8-OCH3 on 
macrophages and a somewhat higher toxicity of the D- 
isomer in vivo but not in vitro. 

The antiinvasive properties of ALP were beautifully 
demonstrated in mixed cell cultures by Storme. There 
were also contributions showing changes in the sialic acid 
conjugation or incorporation by ALP into cell surface 
glycosyl groups, which seem to influence invasive proper- 
ties of cells. 

Of great interest is the relatively high sensitivity of 
leukemic cells towards ALP and the induction of differen- 
tiation of immature stem cells by low ALP doses. One 
of the possible applications was discussed by Vogler: by 
purging of bone marrow stem cell cultures taken from 
leukemic patients, with ALP the leukemic cells can be 
almost or fully eliminated without damaging normal cells, 
so that auto-retransfusion of the "purified" cultures could 
be envisioned. 

Thus, there seem to be various possibilities for clinical 
applications of ether lipids, which should be carefully 
followed. 

We were bombarded with so much interesting and new 
data that we will go home enriched with many ideas for 
further work in our field of interest and expertise. Publica- 
tion of our discussions in the journal Lipids will help to 
keep our memory of these days awake. Personally, I feel 
that we should try to keep contact and to further ex- 
change information as much as possible. 
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Sir: 

In preparing comprehensive reviews of the eicosanoid 
literature for the CRC handbook of eicosanoids (1,2), it 
was necessary to summarize the known eicosanoids bio- 
synthesized from arachidonic acid and related polyenoic 
precursors. In doing this, we had to standardize some 
useful nonambiguous shorthand nomenclature for oxy- 
genated fat ty acids (HETEs, for example) that  did not 
form part of the prostaglandin, leukotriene or other well- 
named families of eicosanoids. As minimal criteria, we 
wanted the nomenclature system to (1) reflect previous 
usage as much as possible; (2) avoid ambiguity; and t3) 
be easy to use in spoken communication. 

There currently is some confusion regarding the use of 
a shorthand nomenclature for hydroxyeicosapolyenoic 
acids. Previously in the literature, some discrepancies 
have existed among authors in devising their own short- 
hand versions using a "  HETE"- type  nomenclature. For 
instance, some authors have named dihydroxy deriva- 
tives of arachidonic acid "diHETEs,"while others have 
used "DHETEs." With the discovery of epoxide-con- 
taining eicosanoids, this has been even more confusing. 
For example, l O-hydroxy- l l t l 2)-epoxy-5-cis, 8-cis, 14-cis- 
eicosatrienoic acid has been called "EPHETA" by one 
group (3) and "10,11,12-HEPA" by another (4). In 

addition, some related compounds have been named 
(hepoxilins, trioxilins, for example} by Pace-Asciak and 
colleagues (5). 

For newcomers to the field, systematic nomenclature 
is described in great detail in the eicosanoid handbook 
{1,2) but we present here a summary of this overview with 
emphasis on an abbreviated nomenclature. 

As a beginning framework, all of the universally ac- 
cepted and used shorthand nomenclature systems also 
are used in this system. These include the classic prosta- 
glandins, which have nomenclature based upon the pros- 
tanoic acid system first introduced by the Karolinska 
group (6); thromboxanes A2, B2, A3, B3 (as TXA2, etc.), 
which is used with a systematic nomenclature that may 
be based either on the original heptadecenoic acid system 
(7,8) or on the more recent thrombanoic acid system (9); 
and the leukotriene nomenclature proposed by Samuels- 
son's group {10AD. In addition, the more recently pro- 
posed names "trioxilins" and "hepoxilins" by Pace- 
Asciak (5) and "lipoxins" ("LX") for recently described 
compounds by Serhan and Samuelsson {12,13) also are 
used here, since these compounds may have important 
and unique biological effects. Examples of some other 
compounds for which shorthand names may be derived 

COOH 

Arachidonic Acid 

HOO ~ C O O H  

12(S)-HpETE 

/ ",, 

H O ~  COOH 

12(R)-HETE 

HO ~ ~ C O O H  

12(S)-HETE 

OH 
~ C O O H  OH COOH 

Hepoxilin A 3 Hepoxilin B 3 

HO~V~~ COOH H O ~  OOH 
H O ~ - - V V H  HO OH 

Trioxilin A 3 Trioxilin B3 

FIG. 1. Conversion of arachidonic acid to 12-HETE; hepoxilin A3 (8,11(12)-HEpETrE); trioxilin A3 
(8,11,12-TriHETrE); hepoxilin B~ (10,11(12)-HEpETrE); and trioxilin B3 (10,11,12-TriHETrE) (1,5). 
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OH 

COOH 

ON 

~ COOH 

I=PA 

1 
H O O H  

15-1"tpEPE 

1 
~ C O O H  

H O O H  

5,15-DIHpEPE 

1 
~ C O O H  

OH 

V V  COOH 

HO 

Lipoxene A Lipoxene B 

FIG.  2. Conversion of elcosapentaenoic acid to 15-HpEPE, to 
5,15-DiHpEPE, and to lipoxene A (5,6,15-TriHEPE) and lipoxene B 
15,14,15-TriHEPE) via postulated 5(6),I,~EpHEPE intermediate 11,23k 

from common or original usage include Bc-PGE2 (bicyclo 
PGE2) {14}; LGD2 and LGE~ (levuglandins D2 and E~} (15); 
and PnGA3 and PnGA4 (punaglandins 3 and 4) {16}, with 
"A" designation added because of a PGA-ring in their 
structures. (See Reference 1.) 

For the other eicosanoids, we have adopted the follow- 
ing rules: (1) Oxygenated substituents on the fatty acid 
chain. (a) These are numbered in sequence from the usual 
terminal {number 1) carboxyl group of the fat ty acid 
molecule. Wherever an epoxide (or oxane bridge} occurs, 
the position of the carbon atom covalently linked also is 
defined but in parentheses: for instance, the 5(6)-epoxide 
derived from arachidonic acid by a cytochrome P-450 
dependent monooxygenase system {17,18}. (b) To describe 
the nature of these substituents, we have adapted slightly 
and standardized the common usage of other authors. For 
instance, "H "  denotes hydroxy; "Hp"  denotes hydro- 
peroxy; and "Ep"  denotes epoxy. The use of the lower 
case letter "p" denoting peroxy is done to avoid a confu- 
sion with the large "P ,"  which is used in this 
nomenclature to denote the five double bond (pentaenoic) 
system. (c) To describe the number of hydroxyl or other 

substituents, we suggest standardizing the use of "Di" 
for 2, "Tri" for 3, "Tetra" for 4, etc. {e.g.: 5,15-DiHETE). 
For monohydroxy, no such prefix is required and previous 
common usage is retained. Use of "TH"  (as in THETE,  
etc.} would present ambiguity because it could mean 
either "tri"  or "tetra";  and use of "DH" or "TrH"  would 
produce names that would be difficult to vocalize. 
{2) Number of double bonds and chain length. After 
description of the nature and position of substituents, the 
number of double bonds and chain length is described by 
adaptation of the usual nomenclature. Thus, " E T E "  
means eicosatetraenoic acid ("T" always denoting tetra 
and the final "E"  denoting enoic acid}. By contrast, 
"ETrE"  means eicosatrienoic acid. Again, the lower case 
is used to avoid the ambiguity previously existing in this 
case between "trienoic" and"tetraenoic."  For example, 
the heptadecatrienoic acid formed as a byproduct of the 
cyclooxygenase enzyme once commonly was called 
"HHT."  We propose that it now should be called 
12-HHTrE and HHTE now would designate a tetraenoic 
acid derivative. Notation of chain length is based on 
previous common usage, unless severe ambiguity results. 
The"  H" denoting heptadeca (C17}; "O" denoting octadeca 
(C18); "N" denoting nonadeca (C,); and "T"  denoting 
tetradeca (C,4) are adopted from previous long-term com- 
mon usage {e.g., the old "HHT," now 12-HHTrE). By con- 
trast, we reserve use of "HD"  for hexadeca (C,6), which 
avoids confusion with heptadeca. This is consistent with 
our suggested use of "DD" for dodeca (C,2), which avoids 
confusion with "D" for docosa (C2~). Using these criteria, 
13-hydroxyoctadecadienoic acid {from linoleic acid} (19) 
would then be called (as previously} 13-HODE; and the 
shorthand form for 8 and 9 carbon compounds, if such 
were found later, could be "octa" and "nona." 

Descriptive examples of this nomenclature are shown 
in Table 1. Examples of structures of some of these com- 
pounds derived from arachidonic acid and eicosapen- 
taenoic acid are shown in Figures 1 and 2. 

Are there any ambiguities remaining in this system for 
shorthand nomenclature of the eicosanoids? It could be 
argued t h a t " H "  could mean either hydroxy or heptadeca. 
However, this is dealt with by designation of position 
number and order of appearance. For example, in 
12-HHTrE, the f i r s t "H"  {immediately following position 
number} means hydroxy, whereas the second "H"  (ap- 
pearing after the hydroxy substituent), means heptadeca. 

Another possible ambiguity is the position of the dou- 
ble bonds. This was not a disadvantage to the original 
Holman system (20) {described below} since the fatty acids 
had no substituents and all-cis methylene interrupted 
double bonds (skipped unsaturation) always were as- 
sumed. However, in the case of substituted fat ty acids 
the original position of the double bonds is often altered, 
and the original all-cis configuration might change in dif- 
ferent ways. This drawback can be minimized by defining 
use of the shorthand lat least once in any paper using it) 
in terms of structure or systematic name, provided for 
all known eicosanoids in the review by Smith in Hand- 
book of  the Eicosanoids (1). Alternatively, we suggest 
using the h nomenclature within parentheses to indicate 
position of double bonds. For example, 5,15-DiHETE 
could be called (h6'8'"")5,15-DiHETE. Should trans con- 
figuration occur, as in this example, further elaboration 
(at the expense of brevity} also is possible by denoting 
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s te reo  c h e m i s t r y  of t he  doub le  b o n d s  as  c (cis) or t (trans), 
hence (h~,8~176 However ,  we sugg e s t  t h a t  
an  eas ie r  s h o r t h a n d  for rout ine  use  wou ld  be to  p u t  t he  
doub le  b o n d  p o s i t i o n  in p a r e n t h e s e s ,  w i t h o u t  t he  A sym-  
bol,  and  on ly  i n se r t  t (for trans) when  needed.  F o r  exam-  
ple, 1 3 - H O D E  could  be  e l a b o r a t e d  as  (9 ,11 t )13-HODE 
(Table  1). 

W e  feel t h a t  t h e r e  now is a p r e s s i n g  need  for  a s y s t e m  
of s h o r t h a n d  n o m e n c l a t u r e  of t he  e i cosano ids  t h a t  (like 
ours)  a c c o m m o d a t e s  p r e v i o u s  u s a g e  and  does  n o t  ar- 
t i f ic ia l ly  force people  in to  an  off icial ly  d e s i g n a t e d  s y s t e m  
t h a t  m a y  be  c l u m s y  a n d  n o t  r e l a t e d  to  p r e v i o u s  c o m m o n  
usage .  F o r  example ,  H o l m a n  (20) p o p u l a r i z e d  the  use  of  
co-6, co-3 to  def ine  n o m e n c l a t u r e  of  t he  p o l y u n s a t u r a t e d  
f a t t y  acids ,  and  t h e  o m e g a  n o m e n c l a t u r e *  now is u s e d  
wide ly  even a m o n g  the  gene ra l  pub l i c  s ince t he  i nges t i on  
of f ish oil now is fash ionable .  B y  compar i son ,  t he  I U P A C  
(21) use  of n-6, n-3 a l m o s t  has  fa l len o u t  of use!  F o r  a 
second example ,  since the  p re sen t  I U P A C  s y s t e m  a l r eady  
has  def ined  e i cosano ids  as  i cosano ids  (22}, a n y  logical  ex- 
t e n s i o n  of th i s  to  a c o m m i t t e e  dec i s ion  to  use  t he  t e r m  
" H I T E s "  to  def ine  h y d r o x y e i c o s a p o l y e n o i c  ac ids  t h e n  
w o u l d  have  to  o v e r t u r n  15 y e a r s  of u s a g e  of H E T E s !  

I t  is h o p e d  t h a t  t h i s  s y s t e m  of n o m e n c l a t u r e  will  be  as  
usefu l  to  o t h e r s  as  i t  is  to  us  and  t h a t  i t  m a y  se rve  as  
a b a s i s  for f u t u r e  d e v e l o p m e n t s .  
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aDepartment of Biochemistry, School of Medicine and Laboratory of Chemistry, Department of General Studies, School of Literature, 
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The liver microsomes of the Mongolian gerbil 
Meriones unguiculatus catalyzed the hydroxylation 
of  various saturated fatty acids (C8-cm), alcohols (C12 
and C m) and hydrocarbon (C12) to the corresponding 
~0- and (o~-l)-hydroxy derivatives. Lauric acid was hy- 
droxylated most effectively among saturated fatty 
acids and the order of  activity as hydroxylation sub- 
strates was C12 > C14 ~ C13 ~ C16 ~ Clo ~ C18 ~ C8. 
The specific activity of  laurate hydroxylation (5.99 
nmol/mg microsomal protein/rain) in gerbil liver 
microsomes was higher than that observed in other 
species.  1-Dodecanol was also hydroxylated very ef- 
fectively (4.58 nmol/mg microsomal protein/min) by 
gerbil liver microsomes,  but in general the hydroxy- 
lation rates for fatty alcohols were much lower than 
those for the corresponding acids. It was found from 
both inhibitor and cofactor studies that the enzyme 
catalyzing the hydroxylation of fatty acids and al- 
cohols in the liver microsomes of  the Mongolian 
gerbil was a typical cytochrome P-450-1inked 
monooxygenase,  and at least two different cytoc- 
hrome P-450 species were involved in the hydroxyla- 
tion. 
Lipids 22, 987-993 (1987). 

Although mammals  such as rat, mouse, guinea pig or 
rabbit are generally used in both basic and clinical re- 
search, some mammals  other than these have been suc- 
cessfully developed as novel experimental  animals (1 4) 
and used for a variety of specific research (5-7). In a 
previous paper (8), we described the substrate specificity 
and other properties of a fatty acid hydroxylase system 
in the liver microsomes of the house musk shrew (Suncus 
murinus), which has received at tent ion as a possible lab- 
oratory animal because of such desirable traits  as small 
size, rapid breeding and environmental  flexibility. The 
cytochrome P-450 monooxygenase system in the shrew 
liver microsomes catalyzed specifically r and (0o-1)-hy- 
droxylation of fatty acids to a high extent,  and the corre- 
lation between the high rate of oJ- (r of 
fat ty acids and the energy metabolism in the shrew was 
discussed. The Mongolian gerbil (Meriones un- 
guiculatus), which has also received at tention as a possi- 
ble laboratory animal for the same reasons, has been 
used for several studies on lipid biochemistry in recent 

1presented in part at the AOCS annual meeting (a joint meeting 
with the Japan Oil Chemists' Society), Honolulu, Hawaii, May 1986. 
*To whom correspondence should be addressed at the Department 
of Biochemistry, Teikyo University School of Medicine, 2-11-1 Kaga, 
Itabashiku, Tokyo 173, Japan. 
2present address: Department of Biological and Physiological 
Chemistry, Humboldt University School of Medicine, Berlin, Ger- 
man Democratic Republic. 
Abbreviations: PCMB, p-chloromercuribenzoate; SDS, sodium 
dodecylsulfate. 

years (7,9-12). However, no information is available con- 
cerning the fatty acid hydroxylating system in the gerbil 
liver. In this paper, the substrate specificity and kinetic 
properties of a cytochrome P-450-dependent 
monooxygenase system in the gerbil are described. 

MATERIALS AND METHODS 

Chemicals. 14C-Labeled fatty acids, 1-dodecanol and 
hexadecane (sp acti 19-58 mCi/mmol) were purchased 
from Amersham Internat ional  (Amersham, U.K.). 
Hexadecanol, labeled in the l-position with 14C, was pre- 
pared from [1-14C]palmitic acid by LiA1H4 reduction in 
dry ether  at room temperature.  Dodecane, labeled in the 
l-position with 14C, w a s  chemically synthesized from [1- 
14C]dodecanol. The alcohol was converted to [1-14]dodecyl 
bromide (13), which in turn  was refluxed with LiA1H 4 in 
dry tetrahydrofuran.  Labeled dodecane was purified by 
silica gel chromatography and had a radiopurity of 99% 
by radio-gas chromatography. The ~o-hydroxy derivatives 
of Clo, C12, C14 and Cls fat ty acids and (r 
derivatives of Cle and C14 fatty acids were synthesized 
chemically (14). p-Chloromercuribenzoate (PCMB), 
iodoacetic acid, KCN, NAN3, menadione and 7,8-ben- 
zoflavone were purchased from Tokyo Kasei Chemical Co. 
(Tokyo). NADPH and NADH were from Oriental  Yeast 
Co. (Tokyo). Cytochrome c (horse heart) was from Sigma 
Chemical Co. (St. Louis, MO). SKF 525A was a gift from 
Prof. M. Kusunose, Toneyama Insti tute for Tuberculosis 
Research, Osaka City University Medical School. 
Metyrapone was from Aldrich Chemical Co. (Milwaukee, 
WI). Sodium dodecylsulfate, sodium cholate, sodium 
deoxycholate, Triton X-100 and Tween 20 were from Tokyo 
Kasei. Emulgen 913 was supplied by Kao-Atlas Co. 
(Tokyo). The organic solvents were reagent  grade and 
freshly distilled before use. 

Preparation of gerbil liver microsomes. The Mongolian 
gerbils used in this study were obtained from our breeding 
colonies. Eight  to 10 male gerbils (5 mo) weighing 51-66 
g were used. The preparation of gerbil liver microsomes 
was caried out in the same manner  as described for the 
preparation of frog liver microsomes (15). The microsomes 
were washed with 0.25 M sucrose and resuspended in the 
same medium. The protein concentration of the micro- 
somal suspension was determined by the method of Lowry 
et al. (16). The cytochrome P-450 and cytochrome b5 con- 
tents  of the microsomes were determined by the methods 
of Omura and Sato (17) and Omura and Takesue (18), 
respectively. NADPH-cytochrome c reductase and 
HADH-cytochrome b5 reductase activities were deter- 
mined as described by Omura and Takesue (18,19). 

Assays for hydroxylation of fatty acids, fatty alcohols 
and hydrocarbons. The standard incubations for the 
hydroxylation assay of fat ty acids and l-dodecanol con- 
tained microsomes (80-100 ~g protein), 100 ~mol potas- 
sium phosphate (buffer A, pH 7.5), 0.25 ~mol NADPH 

4 14 and 30 nmol (4.7-5.3 • 10 cpm) of the appropriate C- 
labeled fatty acids (added as the potassium salt) or 1- 

LIPIDS, Vol. 22, No. 12 (1987) 



988 

Y. MIURA ET AL. 

dodecanol. The final volume was 0.5 ml, and the incuba- 
tion was 10 min at 37 C. Since the hydroxylase activity 
of 1-hexadecanol and hydrocarbons was low, the incuba- 
tion mixture contained a greater amount  (0.6-1.0 mg) of 
microsomes, 200 ~mol buffer A, 0.5 ~mol NADPH and 
100-200 nmol of [1-14C]hexadecanol or hydrocarbons 
(final volume 1.0 ml). The hydroxylase activities of the 
fatty acids and alcohols were assayed by the same method 
as described previously (20,21). 14C-Labeled products (1- 
and 2-dodecanols) formed by the incubation of the micro- 
somes with [1-14C]dodecane were removed from silica gel 
with 7% ether in hexane while the substrate was eluted 
with 3% ether in hexane. The radioactivity in each frac- 
tion was determined by scintillation counting to deter- 
mine the percentage of hydroxylation. All experiments 
were done in duplicate. 

Isolation and identification of o~- amd (o)-l)-hydroxy 
fatty acids and alcohols. The several procedures used for 
isolation and identification of reaction products [r and 
(~o-1)-hydroxy fatty acids and alcohols] have been de- 
scribed in detail previously (20,21). The procedures used 
for radio-gas chromatographic analyses of the O-acetyl 
derivatives of hydroxy fatty acids and alcohols have al- 
ready been described (8,20,21). 14C-Labeled 1- and 2- 
dodecanols formed by the incubation of the gerbil liver 
microsomes with [1-14C]dodecane were also analyzed by 
radio-gas chromatography. 

RESULTS 

Hepatic microsomal electron transport components and 
hydroxylase activity of Mongolian gerbil. Since no infor- 
mation is available on hepatic microsomal enzyme ac- 
tivities in the Mongolian gerbil, the cytochrome P-450 
and cytochrome b 5 contents, NADPH-cytochrome c reduc- 
tase and NADH-cytochrome b5 reductase activities and 
laurate hydroxylase activity were measured (Table 1). 
Body weight, liver weight and microsomal protein of the 

TABLE1 

Hepatic Microsomal Electron Transport Components and 
Fatty Acid Hydroxylation in The Mongolian Gerbil, M e r i o n e s  
u n i g u i c u l a t u s  a 

Body weight (g) 
Liver weight (g/100 g body weight) 
Microsomal protein (mg/g liver) 
Cytochrome P-450 

nmol/mg microsomal protein 
nmol/g liver 

Cytochome b5 (nmol/mg microsomal protein) 
NADH-cytochrome c reduction 
0xmol/mg microsomal protein/min) 
NADPH-cytochrome b~ reduction 
(~mol/mg microsomal protein/min) 
Laurate hydroxylation b 

nmol/mg microsoma| protein/min 
nmol/nmol P-450/min 

59_+5 
4.57 -+ 0.53 
2.41 -+ 0.51 

1.60 -+ 0.16 
3.92 -+ 0.62 
0.79 -+ 0.01 
0.18 -+ 0.02 

5.38 +- 0.29 

5.99 -+ 0.66 
4.03 -+ 0.55 

aEach value is the mean -+ S.D. for 8-10 male Mongolian gerbils. 
bThe sum of ~o- and (o)-l)-hydroxylaurate formed. 

Mongolian gerbils are also shown in Table 1. 
Substrate specificity for hydroxylation. After it was 

found that  [1-I4C]laurate could be hydroxylated by gerbil 
liver microsomes, other saturated fatty acids and an un- 
saturated fatty acid (oleic acid) were tested as substrates, 
and the radioactive polar products formed enzymatically 
were analyzed by thin-layer chromatography and radio- 
gas chromatography. Table 2 shows the effect of substrate 
chain length on hydroxylation and distribution of r and 
(r products of fatty acids. Several points 
should be noted: laurate was the most active substrate. 
The ~o/o)-l-hydroxylation ratio increased with increasing 
carbon chain length of fatty acids from 8 to 12. However, 
the ratio is constant (0.69-0.75) for the fatty acids rang- 

TABLE 2 

Substrate Specificity of Fatty Acid Hydroxylation by Gerbil Liver Microsomes 

Saturated Hydroxylation activity 
fatty acids (nmol/mg microsomal 
(chainlength) protein/min) 

Distribution of 
hydroxy isomers (%) 

(o r 

r 1 -Hydroxylation 

8 1.02 (17) a 7 93 0.075 
10 2.70 (45) 16 84 0.19 
12 5.99 (100) 51 49 1.04 
13 4.79 (80) 43 57 0.75 
14 4.91 (82) 43 57 0.75 
16 3.17(53) 41 59 0.69 
18 1.20 (20) 43 57 0.75 
18:1 b 3.83 (64) 43 57 0.75 

(oleic acid) 

aValues in parentheses are percentages of the specific activity oflaurate hydroxylation. 
b18:l gave unknown products (0.92 nmol/mg microsomal protein/min) besides o)- and 
((o-1)-hydroxy isomers. The products were not counted in the hydroxylation activity of 18:1. 
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HYDROXYLATION OF FATTY ACIDS AND ALCOHOLS IN GERBIL 

TABLE 3 

Hydroxylation Activity with Various Substrates in Gerbil 
Liver Microsomes 

Relative hydroxylation Distribution ofhydroxy 
Substrate activity isomers (%) 

r ~-1 

1-Dodecanol 78 56 44 
Dodecane 6 89 11 
Lauric acid 100 a 52 48 
1-Hexadecanol 6 53 47 
Hexadecane 0 - -  - -  
Palmitic acid 53 41 59 

aActual hydroxylation activity: 5.42 nmol/mg microsomal protein/ 
min. 

ing in chain length from 13 to 18 carbons. The hydroxyla- 
tion activity of oleic acid was higher than that  of its 
saturated analog (stearic acid), but  the to/~o-l-hydroxyla- 
tion ratio for oleate was the same as that  for stearate. 
Since fatty acids were effectively hydroxylated by gerbil 
liver microsomes, analogs such as fatty alcohols and hy- 
drocarbons were also tested (Table 3). The hydroxylation 
activity of 1-dodecanol (lauryl alcohol) was high, but the 
activity of dodecane and 1-hexadecanol was much lower 
than that  of 1-dodecanol or lauric acid. Hexadecane was 
not hydroxylated by gerbil liver microsomes. 

Properties of the microsomal laurate hydroxylation. 
Since it was found that  laurate was the most favored 
substrate among several fatty acids and alcohols, various 
properties of laurate hydroxylase of gerbil liver micro- 
somes were investigated. The rate of co- and (r 
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FIG. 1. Effect of  protein concentration on rate of  laurate hydro- 
xylation by gerbil liver microsomes. O, ~o-Hydroxylation; �9 
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FIG. 2. Effect of  time on rate of  laurate hydroxylation by gerbil 
liver microsomes. The amount of  microsomal protein was 98 
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FIG. 3. Effect of  pH on laurate hydroxylation by gerbil liver 
microsomes. The amount of  microsomal protein was 114 ~g. 
Solid line, total hydroxylation (the sum of ~- and [~-l]-hydro- 
xylation); dashed line, r162 ratio. 

xylation of laurate was linear with microsomal protein 
concentrations up to 180 ~g for ~o-hydroxylation and 200 
~g for (o~-l)-hydroxylation (Fig. 1) and with time for about 
15 min for o~-hydroxylation and 25 rain for (to-1)-hydroxy- 
lation (Fig. 2). The variation of hydroxylation activity 
with pH was determined (Fig. 3), and pH optimum was 
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TABLE 4 

Effect of Reduced Pyridine Nucleotides on Laurate  Hydroxly- 
at ion by Gerbil Liver Microsomes 

Relative 
Reduced pyridine hydroxylation Distribution ofhydroxy 
nucleotide activity isomers (%) 

(o-1 

NADH (50 ~M) 8 8 92 
NADH (100 ~xM) 16 8 92 
NADH (500 ~M) 25 26 74 

NADPH (50 ~M) 42 49 51 
NADPH (500 vM) 100 a 52 48 

NADH (500 ~M) 
+ NADPH (50 vM) 44 50 50 
+ NADPH (500 p~M) 102 54 46 

None 4 - -  - -  

NADPH (500 ~M), 9 37 63 
anaerobic (helium) 

aActua] hydroxylation activity: 6.70 nmol/mg microsomal protein/ 
min. 

observed  a t  pH 7.0, b u t  t h e r e  was  no s ign i f i can t  d i f ference 
in  a c t i v i t y  a t  pH 7.5. The  o~/~o-l-hydroxylation r a t i o n  in- 
c reased  w i th  i n c r e a s i n g  pH. 

The  r e q u i r e m e n t s  of r educed  p y r i d i n e  nuc l eo t ides  for 
l a u r a t e  h y d r o x y l a t i o n  a re  shown in Table  4. N A D P H  was 
the  p re fe r red  e lec t ron  donor. N A D H  h a d  l i t t l e  effect a t  
50 ~M, b u t  i t  showed 25% of the  a c t i v i t y  of N A D P H  (500 
~M) a t  500~tM. W h e n  N A D H  was  used  for an  e lec t ron  
donor, the  pe r cen t age  of  the  (co-1)-hydroxy i somer  was 
much  g r e a t e r  t h a n  t h a t  of o~-hydroxy isomer.  However,  
the  p e r c e n t a g e  of  t he  co- a n d  (co-1)-hydroxy i somers  was 

a lmos t  equa l  w h e n  N A D P H  was used  as  an  e lec t ron  
donor. A l t h o u g h  N A D H  was  a d d e d  t o g e t h e r  w i th  
N A D P H ,  a synerg i s t i c  effect of  N A D H  was not  observed.  
M o l e c u l a r  oxygen  was also r e q u i r e d  for t he  h y d r o x y l a t i o n  
of l a u r a t e .  

Since  l a u r a t e  and  1-dodecanol  has  a s i m i l a r  hydro-  
xy l a se  ac t iv i ty ,  t h e  d a t a  were  p lo t t ed  by t h e  m e t h o d  of  
L ineweave r -Burk ,  and  k ine t i c  p a r a m e t e r s  for co- and  (r 
1)-hydroxy de r iva t ives  o f l a u r i c  ac id  a n d  1-dodecanol  were  
ob ta ined .  The  a p p a r e n t  K m  va lues  for co- and  (r 
h y d r o x y l a u r i c  acid  were  1.3 • 10 - 5  M and  3.5 • 10 -5  
M, respect ive ly ,  and  for co- and  (co-1)-hydroxydodecanol 
were 9.1 • 10 ~ M and  8.7 • 10 -5  M, respect ively .  The  
V m a x  for co- and  (co-1)-hydroxylation of l au r i c  ac id  were  
2.84 and  2.67 n m o l / m g  mic ro soma l  p ro t e in /min ,  respec-  
t ively,  and  for co- for (r  of  1-dodecanol  
were 2.56 and  2.02 n m o l / m g  mic ro soma l  p ro t e in /min ,  re-  
spectively.  Table  5 shows the  effect o f i n h i b i t o r s  on l a u r a t e  
h y d r o x y l a t i o n  act ivi ty .  C a r b o n  monoxide  and  PCMB 
s t rong ly  i n h i b i t e d  the  t o t a l  h y d r o x y l a t i o n  ( the s u m  of co- 
and  [co-1]-hydroxylation).  I odoace t a t e  (0.1 mM),  S K F  
525A (1 raM), K C N  (2 mM),  m e n a d i o n e  (0.01 mM) and  
N a N  3 (1 mM) inh ib i t ed  t o t a l  h y d r o x y l a t i o n  by  23%, 43%, 
34%, 69% and  42%, respect ively .  M e t y r a p o n e  d id  no t  in- 
h i b i t  t he  hydroxy la t ion .  A l t h o u g h  iodoace ta te ,  S K F  
525A, K C N  and  m e n a d i o n e  i n h i b i t e d  the  t o t a l  hydroxy la -  
t ion,  t hey  d id  no t  change  the  coAo-l-hydroxylat ion ra t io  
(Table 5). On the  o t h e r  hand ,  P C M B  a n d  ca rbon  monox ide  
were  more  i nh ib i t o ry  to t he  r  of l a u r a t e  
t h a n  t h e  (co-)-hydroxylation, w h i l e  NaN3 was more  in- 
h ib i t o ry  to t he  (co-1)-hydroxylation t h a n  to t he  co-hydroxy- 
la t ion .  A l t h o u g h ,  7,8-benzoflavone h a d  a l m o s t  no effect 
on t h e  to ta l  hyd roxy la t i on ,  i t  showed a s o m e w h a t  
s t i m u l a t o r y  effect on the  co-hydroxylat ion b u t  an  inh ib i t -  
ory effect on the  (co-1)-hydroxylation.  

As  d e t e r g e n t s  a r e  of ten used  for s t i m u l a t i o n  requ i re -  
m e n t  of h y d r o x y l a t i o n  r eac t i on  by l iver  mic rosomes  of 
va r ious  species,  t h e  effect of d e t e r g e n t s  on the  l a u r a t e  

TABLE 5 

Effect of Inbibi tors  on Laurate Hydroxylation by Gerbil Liver Microsomes 

Laurate hydroxylation activity 
(nmol/mg microsomal protein/min) ~o/r 

Inhibitor Hydroxylation 

r ~o-1 ~and~- I  

None (control) 2.98 (100) a 2.44 (100) 
Iodoacetate (0.1mM) 2.14 (72) 2.06 (84) 
SKF 525A (1 mM) 1.74 (58) 1.37 (56) 
KCN (2 mM) 2.03 (68) 1.53 (63) 
Metyrapone (0.1raM) 2.99(100) 2.55(105) 
Menadione (0.01 mM) 0.96 (32) 0.73 (30) 

PCMB b (0.1 mM) 0.00 (0) 0.54 (22) 
CO-O2 (1:1, v/v) 0.26 (9) 0.63 (26) 
CO-O2 (9:1, v/v) 0.015 (0.5) 0.155 (6) 

NaN 3 (1 mM) 2.22 (74) 0.90 (37) 
7,8-BF c (0.1 raM) 3.50 (117) 1.73 (71) 

5.42 (100) 1.22 
4.20 (77) 1.04 
3.11(57) 1.27 
3.56 (66) 1.33 
5.54 (102) 1.17 
1.69(31) 1.32 

0.54 (10) 0.00 
0.89 (16) 0.41 
0.17 (3) 0.10 

3.12 (58) 2.47 
5.23 (96) 2.02 

aValues in parentheses are percentages of the specific 
bp-Chloromercuribenzoate. 
c7,8-Benzoflavone. 

activity to control. 
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TABLE 6 

Effect of Detergents  on Laurate Hydroxylat ion  by Gerbil  Liver Microsomes  a 

Detergent 

Laurate hydroxylation activity 
(nmol/mg microsomal protein/min) 

~o ~o-1 r 

None (control) 2.98 (100) b 2.44 (100) 5.42 (100) 
SDS c 0.33 (11) 1.84 (75) 2.17 (40) 
Na Cholate 2.34 (79) 2.16 (89) 4.50 (83) 
Na DOC d 1.87 (63) 2.47 (101) 4.34 (80) 
Emulgen 913 1.98 (66) 2.74 (112) 4.72 (87) 
Triton X-100 2.45 (82) 2.55 (105) 4.99 (92) 
Tween 20 1.91 (64) 2.43 (100) 4.34 (80) 

aDetergent concentration 0.005%. 
bValues in parentheses are percentages of the specific activity to control. 
cSodium dodecylsulfate. 
dDeoxycholate. 
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FIG. 4. Effect of Emulgen 913 on laurate hydroxylation activity of gerbil and rat liver 
microsomes. Experiment A: o ,  gerbil; O, rat. Experiment B: e ,  r and �9 
(w-1)-bydroxylation by gerbil liver microsomes. A, co-hydroxylation and A, {co-1)- 
hydroxylation by rat liver microsomes. The amount of microsomal protein was 175 ~g 
for both microsomes. 

hydroxylation by gerbil liver microsomes was examined 
(Table 6). All the detergents were inhibitory to the total 
hydroxylation rather  than stimulative to that. Sodium 
dodecylsulfate (SDS) was the most potent inhibitor. SDS 
and sodium cholate were inhibitory to the r 
tion of laurate than to the (to-1)-hydroxylation. However, 
sodium deoxycholate, Emulgen 913, Triton X-100 and 
Tween 20 were inhibitory only to the r 

Since Emulgen 913 has been used for several studies 
on cytochrome P-450 (15,22,23), its effect on the laurate 
hydroxylase system in gerbil and rat liver microsomes 
was compared (Figs. 4A and 4B). Emulgen 913 was more 
inhibitory to the total activity of laurate hydroxylation 
by rat  liver microsomes than to that  by gerbil liver micro- 

somes. However, Emulgen 913 had almost no inhibitory 
effect on the (~o-1)-hydroxylation by gerbil liver micro- 
somes and the r by rat liver microsomes, 
but it was inhibitory to the ~o-hydroxylation by gerbil 
liver microsomes and the (~o-1)-hydroxylation by rat liver 
microsomes. 

D I S C U S S I O N  

Although several studies on lipid biochemistry of the 
Mongolian gebils have been reported in recent years (cf. 
the introduction), no information is available concerning 
their hepatic microsomal electron transport  components 
or fatty acid-hydroxylating system. In this study, we in- 

LIPIDS, Vol. 22, No. 12 (1987) 



992 

Y. MIURA ET AL. 

TABLE 7 

Hydroxylation Activity of Fatty Acids by Various Microsomes (MS) 

Enzyme source 
Hydroxylation activity (nmol/nmol cytochrome P-450/min) 

Clo C12 C16 Cls 

Reference 

Gerbil liver MS 1.62 (100) a 4.03 (100) 1.89 (100) 0.71 (100) - -  
Rat liver MS, --  2.80 (69) - -  --  (8) 
(Wistar Imamichi) 
Rabbit intestine MS 0.85 (52) 1.83 (45) 0.78 (41) --  (26) 
Shrew liver MS 8.01(494) 8.92(221) 2.09(111) 1.01(142) (8) 
(S. murinus) 

Frog liver MS 0.66 (41) 1.04 (26) 0.37 (20) 0.31 (44) (20) 

aValues in parentheses are percentages of the specific activity to gerbil liver microsomes. 

vestigated various properties of the fatty acid- and al- 
cohol-hydroxylating systems from the liver microsomes 
of the animals. The content of cytochrome P-450 
(1.60~0.16 nmol/mg microsomal protein) in liver micro- 
somes from the Mongolian gerbils is somewhat higher  
than  that  (0.87-1.22 nmol/mg microsomal protein) in 
male rat  liver microsomes (24,25), but NADPH-cytoc- 
hrome c reductase activity in the Mongolian gerbils is 
lower than tha t  in male ra t  (24,25). The content of cytoc- 
hrome b5 in the gerbil liver microsomes is somewhat 
higher  than that  in male rat  liver microsomes (24). Our 
present work demonstrated that  gerbil liver microsomes, 
like the liver microsomes of other species, catalyzed the 
hydroxylation of fat ty acids only at the ~o- and (co-1)-pos- 
itions. Hydroxy isomers such as ~-, ~, (w-2)- or (co-3)-hydro- 
xylaurates were not formed by gerbil liver microsomes. 
It was also demonstrated that  the fatty acid hydroxylase 
in gerbil liver microsomes is a typical cytochrome P-450- 
dependent monooxygenase, because carbon monoxide, 
PCMB and SKF 525A are potent inhibitors of laurate  
hydroxylation, and molecular oxygen and NADPH were 
required for the hydroxylation. However, several charac- 
teristics of data in this study should be noted. First, the 
specific activity of fat ty acid hydroxylation in gerbil liver 
microsomes is higher than  tha t  in other species except 
the shrew (S. murinus) (Table 7). We have reported al- 
ready that  hydroxylation activity of fat ty acids in the 
liver microsomes of the shrew is much higher  than tha t  
in other  species (8). Thus, our previous and present results 
demonstrated that  a cytochrome P-450 monooxygenase 
system in the liver microsomes of laboratory animals 
such as the shrew or the Mongolian gerbil catalyzed 
specifically the hydroxylation of fatty acids to a high ex- 
tent.  Secondly, the hydroxylation activity of 1-dodecanol 
(lauryl alcohol) is similar to tha t  of laur ic  acid. Although 
the hydroxylation activity for fatty alcohols was much 
lower than tha t  for the corresponding acids (21,27), it was 
found in this study that  a cytochrome P-450 
monooxygenase system in gerbil liver microsomes 
catalyzed specifically the hydroxylation of 1-dodecanol to 
a higher  extent. Further  experimental  work is needed to 
definitively answer the question of why the hydroxylation 
activity of 1-dodecanol is markedly high in gerbil liver 

microsomes. 
Since alcohol and aldehyde dehydrogenases are in- 

volved in the liver microsomes (21,28-30), a significant 
amount  of fatty alcohols was comverted to fat ty acids 
during the incubation of fat ty alcohols with liver micro- 
somes from various species (21,29). When 1-dodecanol or 
hexadecanol was incubated with gerbil liver microsomes, 
the conversion rate of 1-dodecanol to lauric acid was lower 
than  that  for liver microsomes of other species (data not 
shown), and 1-hexadecanol was not converted to palmitic 
acid. This suggests tha t  dehydrogenase in gerbil liver 
microsomes is less active towards fatty alcohols. 

Finally, the fact tha t  the o~/oo-l-hydroxylation ration 
increased for the fatty acids ranging in chain length from 
8 to 12 and is constant for fat ty acids for which chain 
lengths were from 13 to 18 carbon atoms suggests tha t  
more than  two cytochrome P-450 species in gerbil liver 
microsomes are involved in hydroxylation of fat ty acids 
at 0o- and (~o-1)-positions. The inhibitory study using 
PCMB, CO, NaN3 and 7,8-benzoflavone suggests also the 
involvement of different cytochrome P-450 species in the 
r and (~o-1)-hydroxylation of lauric acid in gerbil liver 
microsomes because the r ratios were 
changed. A similar result  was reported for the laurate 
hydroxylation by frog liver microsomes (31). The fact tha t  
the detergents showed different effects on the o~- and (~o-1)- 
hydroxylation activity of laurate suggests also that  gerbil 
liver microsomes contain different cytochrome P-450 
species catalyzing the r and (r of laur- 
ate. However, fur ther  experimental  work is needed to 
elucidate the involvement of different cytochrome P-450 
species in fat ty acid hydroxylation. It has been reported 
previously that  hepatic microsomal cytochrome P-450-de- 
pendent monooxygenases from different sources (15) or 
other enzyme systems (32) had different responses to de- 
tergents. A similar result  was observed in our study; the 
hydroxylase system in gerbil liver microsomes is less sus- 
ceptible to inhibition by Emulgen 913 in the assay of 
laurate  hydroxylation than the hydroxylase system in 
rat  liver microsomes. Thus,it  was found in this study tha t  
the microsomal hydroxylase system in gerbil liver has 
several unique features. 
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The ethyl ester of  e icosapentaenoic  acid (EPA) is 
the only pure EPA-containing lipid available in 
bulk for oral administration.  However, there is 
doubt as to whether  EPA ethyl ester can efficiently 
increase the plasma levels of EPA in comparison  
with the ability of  other kinds of EPA-containing 
l ipids to do so. Therefore, two other kinds of  EPA- 
containing l ipids were prepared to study the effi- 
c iency of  oral administration of those lipids for 
increasing the EPA content  in plasma phos- 
phol ipids  and cholesteryl  esters. EPA-containing 
l ipids which were investigated were [A] 1,2,3- 
tr ie icosapentaenoyl-glycerol ,  [B] 2-eicosapen- 
taenoyl-phosphat idylchol ine  and [C] ethyl ester of  
EPA. An adjusted amount  of  l ipids [A], [B] and [C] 
was administered to rats through a gastric tube 
for 4 days (the first experiment)  or for 10 days (the 
second experiment) ,  and the fatty acid composi-  
tion of plasma phosphol ip ids  and cholesteryl  es- 
ters was determined.  In the first experiment,  there 
were no significant differences in the eff iciency for 
increasing EPA levels in either phosphol ip ids  or 
cholesteryl  esters among the lipids. In the second 
experiment ,  the EPA levels of both plasma phos- 
phol ipids  and cholesteryl  esters of  rats adminis-  
tered ethyl ester of  EPA were significantly higher 
than those of  rats administered 2-eicosapen- 
taenoyl-phosphatidylchol ine.  The EPA levels of  the 
rats administered 1,2,3-trieicosapentaenoyl- 
glycerol were between the levels of  the two groups 
ment ioned above, but the differences in the EPA 
levels were not significant. Although an ethyl 
es ter- type  molecule  is not a naturally occurring 
lipid, ethyl ester of EPA is equal  to 1,2,3- 
tr ie icosapentaenoyl-glycerol  and appears to be 
superior to 2-e icosapentaenoyl-phosphatidyl-  
choline as to the eff iciency for increasing EPA 
levels in total plasma phosphol ip ids  and plasma 
cholesteryl  esters. 
Lipids 22, 994-998 (1987). 

Beginning wi th  epidemiological studies by Bang and 
Dyerberg in Greenland (1,2), many papers have indi- 
cated tha t  fish oil has ant ia therosclerot ic  features  (3-  
10). The active components  in fish oil are said to be ~o3 

*To whom correspondence should be addressed at 1st Department 
of Internal Medicine, Toyama Medical and Pharmaceutical Univer- 
sity, Toyama City 930-01, Japan. 
Abbreviations: AA, arachidonic acid; CE, cholesteryl esters; EE, 
ethyl ester; EPA, eicosapentaenoic acid; PC, phosphatidylcholine; 
PL, phospholipids; TG, triglycerides. 

fa t ty  acids, among which eicosapentaenoic acid (EPA) 
has been most investigated.  Some clinical t r ials  with 
ethyl ester  (EE) of EPA have been performed (11,12), 
and others are underway to develop EPA as a drug. At 
present ,  EE type is the only pure ( -  90%) EPA-contain- 
ing molecule available in bulk for oral adminis t ra t ion  
exper iments  on humans  or o ther  animals.  

Because EE was not a na tu ra l  product, we thought  
tha t  it might  not be absorbed very well and tha t  some 
other  na tura l  types of lipid molecule conta ining EPA 
might  be be t te r  in terms of absorption and ut i l izat ion 
efficiency. The purpose of this s tudy was to compare the 
efficiency for increasing EPA levels in plasma phos- 
pholipids (PL) and cholesteryl esters (CE) of different 
EPA-containing lipid molecules. 

MATERIALS AND METHODS 

Materials. Feeding exper iments  were performed using 
the following lipids: [A] 1,2,3-trieicosapentaenoyl- 
glycerol (EPA-TG); [B] 2-eicosapentaenoyl-phos- 
phat idylcholine (EPA-PC); and [C] ethyl ester  of EPA 
(EPA-EE). EPA-EE was obtained as described previ- 
ously (13) with slight modifications. EPA-TG was made 
by chemical condensat ion of glycerol and 90% pure free 
EPA, which was obtained by hydrolysis  ofEPA-EE. EPA- 
PC was also made by chemical condensat ion of free EPA 
and enzymat ica l ly  prepared lysophosphatidylcholine 
from soybean PC. Incomplete react ion products of these 
mater ia l s  were separated by silica gel columns. Fat ty  
acid analysis  of the lipids ment ioned above is shown in 
Table 1. Lipids [A] to [C] contained a-tocopherol (0.2%, 
w/w) as an ant ioxidant .  

Feeding experiments 1 and 2. In Exper iment  1, 18 
male Wistar ra ts  weighing about  500 g, which had been 
fed on the lipid-free powder diet (Funabashi  Farm, 
Chiba) for 20 days, were divided into four groups (A, 
B, C and D). All ra ts  were given free access to the same 
diet th roughout  the exper iment .  Rats of groups A, B 
and C were adminis tered EPA (400 mg/kg/day) in the 
form of a lipid suspension ( -  5 ml) through a gastric 
tube for four days. The suspensions of groups A, B and 
C were suspensions of EPA-TG, EPA-PC and EPA-EE, 
respectively. Rats of group D were adminis tered  water  
( -  5 ml) containing no lipids. Blood samples were ob- 
ta ined from the abdominal  aor ta  under  e ther  anes- 
thes ia  one day after  the last adminis t ra t ion  of the lipid 
suspension or water. Exper iment  2 was performed in 
the same way as exper iment  1, except tha t  ra ts  were 
adminis tered EPA or water  for 10 days. 

Platelet aggregation and fatty acid analysis. A platelet 
aggregation study was performed with a PAT-4M ag- 
gregometer (Niko Bioscience, Tokyo) on platelet-rich 
plasma obtained by centrifugation of citrated blood with 
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TABLE 1 

Fatty Acid Composition of Lipids Used in the Experiments (mol%) 

995 

Fatty acids 

16:0 18:0 18:1 18:2r 18:3~o3 18:4oJ3 20:4r 20:4o~3 20:5r 
Lipids (EPA) 

[A] EPA-TG 2 5 2 89 
~B] EPA-PC 

Position 1 26 7 20 46 2 
Position 2 2 5 2 89 

[C] EPA-EE 2 5 2 89 

EPA-TG, 1,2,3-trieicosapentaenoyl-glycerol; EPA-PC, 2-eicosapentaenoyl-phosphatidylcholine; EPA-EE, ethyl 
ester of eicosapentaenoicd acid. 

TABLE 2 

Percentage Composition of  Major Fatty Acids in Plasma Total Phosphol ipids  after Forced 
Administration of  EPA-Containing Lipids or Water for 4 Days (Experiment 1) a 

Fatty acids (mol % -+ SD) 

Groups n 16:0 18:0 18:1 18:2~o6 20:4~o6 20:5r 22:6o~3 

[A] EPA-TG 4 32.0 23.2 b 12.7 7.6 11.1 1.0 c 6.8 
(3.2) (1.4) (1.3) (2.1) (2.3) (0.4) (0.5) 

[B] EPA-PC 4 32.2 b 24.2 11.7 6.9 8.0 1.5 d 7.0 
(2.4) (2.9) (3.3) (2.4) (0.9) (0.3) (1.0) 

[C] EPA-EE 4 30.4 26.4 11.9 5.8 10.0 1.6 d' 6.0 
(3.1) (1.7) (0.5) (2.3) (1.3) (0.3) (0.8) 

[D] Water 5 26.5 b 28.8 b 13.6 7.2 11.8 0.2c, d, d' 5.0 
(1.8) (2.2) (1.7) (1.3) (3.1) (0.1) (1.8) 

EPA-TG, 1,2,3-trieicosapentaenoyl-glycerol; EPA-PC, 2-eicosapentaenoyl-phosphatidylcholine; EPA-EE, ethyl 
ester of eicosapentaenoicd acid. 
aRats were administered adjusted amounts of a suspension containing one of the lipids shown above (400 
mg of EPA/kg/day) or water through a gastric tube for four days, while they were fed on a synthetic lipid-free 
diet. SD is shown in the parentheses. Values with the same superscript in common are significantly different 
from each other. 
bp < 0.05. 
Cp < 0.01. 
c[(d')p < 0.001. 

1/10 vo lume  of  3.8% c i t ra te ,  u s ing  co l lagen  (10 ~g/ml)  
a n d  A D P  (5 ~M) as  a g g r e g a n t s .  For  f a t t y  acid  ana ly s i s ,  
p l a s m a  was  o b t a i n e d  f rom E D T A - a n t i c o a g u l a t e d  blood. 
The  f a t t y  acid  compos i t ion  in p l a s m a  to ta l  PL  and  CE 
was  m e a s u r e d  accord ing  to t he  m e t h o d  of L a s s e r r e  (14), 
w i th  s l i gh t  modif ica t ions .  Briefly, p l a s m a  l ip ids  were  ex- 
t r a c t ed  w i th  ch lo ro fo rm/methano l  (2:1, v/v). L ip ids  were  
t h e n  s e p a r a t e d  u s i n g  a Bond E l u t  co lumn ( A n a l y t i c h e m  
I n t e r n a t i o n a l ,  H a r b o r  City, CA) (15) to ge t  t he  P L  frac- 
t ion.  The  CE f rac t ion  was  f u r t h e r  s e p a r a t e d  on a s i l ica  
gel  p la te .  F a t t y  ac ids  in  t hese  f rac t ions  were  t r a n s m e t h y -  
l a t e d  by B F  3. A n  Advance -DS c a p i l l a r y  column,  m e a s u r -  
i ng  0.24 m m  x 25 m ( S h i n w a k a g a k u ,  Kyoto), was  used  
to a n a l y z e  f a t t y  ac id  m e t h y l  ester.  The  co lumn was  a t -  
t ached  to a GC7A gas  c h o r o m a t o g r a p h  (Sh imadzu ,  Kyoto). 
The  in jec t ion  was a t  250 C; s e p a r a t i o n  w i th  N2 gas  as  a 
c a r r i e r  (40 ml /min)  was  i s o t h e r m a l  a t  200 C; de tec t ion  
was by f lame ioniza t ion .  

Tota l  P L  a n d  CE were  m e a s u r e d  e n z y m a t i c a l l y  w i t h  
a H i t a c h i  A u t o a n a l y z e r  716 (Tokyo). A n a l y s i s  of  v a r i -  
ance  a n d  Scheffe ' s  s - t e s t  were  u sed  to d e t e c t  s i g n i f i c a n t  
v a r i a t i o n s  a m o n g  t h e  g r o u p s  a n d  to c o m p a r e  two d ie t -  
a r y  g roups ,  r e spec t ive ly .  The  d i f f e rence  b e t w e e n  expe r -  
i m e n t s  1 a n d  2 w i t h i n  t h e  s a m e  d i e t a r y  g roup  was  
a n a l y z e d  by S t u d e n t ' s  t - t e s t .  D a t a  were  e x p r e s s e d  as  
m e a n  -+ SD. 

RESULTS 

Feeding experiment  1. One of  t h e  g r o u p  C r a t s  d i ed  on 
t h e  t h i r d  day  of  t h e  d i e t  b e c a u s e  of  t r a u m a  in  t h e  
e s o p h a g u s  d u r i n g  t h e  i n t u b a t i o n .  O t h e r w i s e ,  t h e r e  
were  no s i g n i f i c a n t  c h a n g e s  in  body  w e i g h t  d u r i n g  t h e  
e x p e r i m e n t .  The  p e r c e n t a g e  c o m p o s i t i o n  of  m a j o r  f a t t y  
ac ids  in  p l a s m a  t o t a l  P L  a n d  CE is shown  in  Tab les  2 
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TABLE 3 

Percentage Composition of Major Fatty Acids in Plasma Cholesteryl Ester after Forced Administra- 
tion of EPA-Containing Lipids or Water for 4 Days (Experiment 1) a 

Fatty acids (mol % +_ SD) 

Groups n 16:0 16:1 18:1 18:2r 20:4(o6 20:5r 22:6~3 

[A] EPA-TG 4 7.1 b 7.2 6.9 7.8 58.4 9.4 c 2.2 
(1.7) (2.1) (1.2) (0.1) (8.8) (4.6) (0.2) 

[B] EPA-PC 4 6.8 10.2 8.5 8.4 46.2 15.2 d 2.4 
(0.7) (2.7) (1.3) (0.8) (6.6) (2.5) (0.5) 

[C] EPA-EE 4 5.9 9.4 6.9 7.9 50.8 14.8 d' 2.1 
(0.3) (1.5) (0.6) (0.5) (3.8) (2.5) (0.2) 

[D] Water 5 5.0 b 12.0 7.0 7.4 56.7 1.6c,d, d' 1.9 
(0.6) (2.9) (2.3) (1.3) (7.7) (0.4) (0.3) 

EPA-TG, 1,2,3-trieicosapentaenoyl-glycerol; EPA-PC, 2-eicosapentaenoyl-phosphatidylcholine; EPA-EE, 
ethyl ester of eicosapentaenoicd acid. 
aRats were administered adjusted amounts of a suspension containing one of the lipids shown above 
(400 mg of EPA/kg/day) or water through a gastric tube for four days, while they were fed on a synthetic 
lipid-free diet. SD is shown in the parentheses. Values with the same superscript in common are signifi- 
cantly different from each other. 
bp < 0.05. 
~(d < 0.01. 

')p < 0.001. 

TABLE 4 

Percentage Composition of Major Fatty Acids in Plasma Total Phospholipids after Forced 
Administration of EPA-Containing Lipids or Water for 10 Days (Experiment 2) 

Fatty acids (mol % _+ SD) 

Groups n 16:0 18:0 18:1 18:2r 20:4(o6 20:5r 22:6~3 

[A] EPA-TG 4 32.2 24.6 12.0 8.3 9.0 1.7 c 6.7 
(2.4) (2.6) (1.8) (1.3) (0.9) (0.3) (2.0) 

[B] EPA-PC 4 30.4 25.1 11.0 ~10.9 a,b 1"10.6 1.1b, b' 6.8 
(3.3) (1.1) (1.1) (0.7) (1.5) (0.5) (1.1) 

[C] EPA-EE 5 29.4 23.9 14.0 8.0 a 8.7 2.1b, c' 6.8 
(2.3) (8.7) (1.9) (1.6) (1.3) (0.3) (0.6) 

[D] Water 5 28.5 25.7 11.6 7.1 b 1"16.8" O.03b',c, c' 5.7 
(1.7) (3.4) (2.9) (0.8) (2.2) (0.1) (1.0) 

SD is shown in parentheses. Values with the same superscript in common are significantly different from 
each other. Arrows denote significant increase compared to the counterpart in Table 2; ~', p < 0.05. EPA-TG, 
1,2,3-trieicosapentaenoyl-glycerol; EPA-PC, 2-eicosapentaenoyl-phosphatidylcholine; EPA-EE, ethyl ester of 
eicosapentaenoicd acid. 
ap < 0.05 
b,(b'jp < 0.01. 
c,(c')p < 0.001. 
*, Different from groups A, B and C with p < 0.001. 

a n d  3, respect ively.  The re  were no di f ferences  in  p l a s m a  
PL a n d  CE levels  a m o n g  the  four g roups  (da ta  no t  
shown).  The re  were no s i gn i f i c an t  d i f ferences  in  the  
ma jo r  f a t ty  acid compos i t ion  a m o n g  groups  A, B a n d  C 
e i t h e r  in  p l a s m a  PL or CE. The re  were no s i g n i f i c a n t  
d i f ferences  in  p l a t e l e t  a g g r e g a t i o n  i n d u c e d  e i t h e r  by 
co l l agen  or by A D P  a m o n g  the  groups  (da ta  no t  shown).  

Feeding experiment  2. There  was  a s l igh t  i nc r ea se  i n  
body we igh t  ( -  10 g) i n  g roups  A, C a n d  D, b u t  no 

changes  in  group  B. The re  were no s i gn i f i c a n t  differ- 
ences  in  the  changes  of body we igh t  a m o n g  the  four  
groups.  The  p e r c e n t a g e  compos i t i on  of ma jo r  f a t ty  acids  
in  p l a s m a  to ta l  PL a n d  CE is shown in  Tables  4 a n d  5, 
respect ively.  The re  were no di f ferences  in  p l a s m a  PL 
a nd  CE levels  a m o n g  the  four  groups  (da ta  no t  shown).  
In  p l a s m a  to ta l  PL f rac t ion  for Groups  A, B a n d  C, 18:2 
fa t ty  acid was s i g n i f i c a n t l y  h i g h e r  i n  group  B t h a n  i n  
group  C; EPA was s i g n i f i c a n t l y  h i g h e r  i n  g roup  C t h a n  
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Percentage Composit ion of  Major Fatty Acids in Plasma Cholesteryl Ester after Forced Administra- 
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Fatty acids (mol % -+ SD) 

Groups n 16:0 16:1 18:1 18:2o~6 20:4~6 20:5to3 22:6r 

[A] EPA-TG 4 7.2 7.4 7.8 7.5 49.5 c 15.8 2.0 
(0.4) (1.3) (2.1) (0.8) (3.3) (2.2) (0.6) 

[B] EPA-PC 4 7.1 ,~ 6.2 7.5 9.8 a 55.6a, b 10.7 a 1.8 
(0.7) (0.8) (1.0) (0.7) (5.8) (3.4) (0.4) 

[C] EPA-EE 5 6.9 9.2 t 1'8.9 7.6 45.0a, c' 18.8 a 2.1 
(1.2) (3.1) (0.8) (1.7) (5.4) (2.8) (0.3) 

[D] Water  5 6.0 ~ 5.8 7.5 6.4 a "~ 70.2b,c, c' ~ $ 0.6* $1.5 
(0.8) (2.5) (1.0) (0.6) (4.7) (0.4) (0.1) 

SD is shown in parentheses.  Values with the  same superscript in common are significantly different from 
each other. Arrows denote significant increase or decrease compared to the  counterpart  in Table 3; 1' ( $ ), P 
< 0.05; 1' 1' (J, $ ), P < 0.01. EPA-TG, 1,2,3-trieicosapentaenoyl-glycerol; EPA-PC, 2-eicosapentaenoyl-phos- 
phatidylcholine; EPA-EE, ethyl ester of eicosapentaenoicd acid. 
ap < 0.05 
bp < 0.01. 
c,-(C')p < 0.001. 
*, Different from groups A, B and C with p < 0.001. 

TABLE 6 

Summary of Short-term Feeding Experiments in Rats and Humans  a 

EPA 

Used Fraction 
Amount  Feeding for fatty acid Changes in 

Ref Source in diet Daily dose/kg b period c analysis  d EPA (%) 

Rat  experiments 
16 Fish oil 

17 MaxEPA 
18 EPA-EE 

Human  tr ials  
19 MaxEPA 
20 Mackerel 

21 

22 

23 

1% fish oil 100 mg/kg 2 wk Plasma PL 0 to 3.46 
5% fish oil 500 mg/kg 2 wk Plasma PL 0 to 8.53 
10% fish oil 120 mg/kg 2 wk Total plasma lipids 0 to 8.4 
3%EPA-EE 3000 mg/kg 10 days Total serum lipids 0 to 11.5 

20 ml - 50 mg/kg 2 wk Plasma PC 1.5 to 6.7 
2 cans - 30 mg/kg 2 wk Serum CE 1.5 to 10.9 

(2.2 g EPA/day) 
Herr ing 2 cans - 14 mg/kg 2 wk Serum CE 1.9 to 8.2 

(1.0 g EPA/day) 
Mackerel 750 g 140-210 mg/kg 3 days Plasma PL 1.1 to 12.2 

(10-15 g EPA/day) 
Cod liver oil 15 ml - 19 mg/kg 2 wk Plasma PL 0.8 to 3.8 

Plasma CE 0.7 to 3.1 
EPA-EE 6 g - 90 mg/kg 6 days Plasma PL 1.4 to 7.6 

aFeeding experiments,  the periods of which are not more than  2 weeks, are listed. 
bDaily dose/kg was est imated by assuming t ha t  ra ts  ate about 1/10 as much diets as thei r  own body weight 
or tha t  the h u m a n  body weight was 70 kg. 
CSome experiments  have a longer feeding period (not shown in this  table) besides the listed period. 
dSome fractions other t han  PL and CE are omitted. 
EPA, eicosapentaenoic acid; PL, phospholipids; EE, ethyl ester; PC, phosphatidylcholine; CE, cholesteryl 
ester; PL phospholipids. 
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in group B. In the plasma CE fraction for groups A, B 
and C, arachidonic acid (AA) was significantly h igher  
in group B than  in group C; EPA was significantly 
higher  in group C than  in group B. There were no sig- 
nificant differences in platelet  aggregat ion induced 
ei ther  by collagen (group A, 58.7 _+ 10.7; B, 61.0 _+ 6.2; 
C, 59.5 -+ 2.5; D, 61.0 _+ 7.3, expressed as % max imum 
aggregation) or by ADP (A, 56.0 _+ 4.6; B, 60.5 _+ 5.9; 
C, 54.0 -+ 6.9; D, 58.7 § 4.0). 

DISCUSSION 

Details of some feeding experiments  with fish oil or 
EPA are shown in Table 6. In all the experiments  listed 
the blood EPA levels were determined within 2 wk of 
the s tar t  of EPA feeding. The increases in the EPA levels 
in these experiments  with rats (16-18) were all bigger 
than  tha t  of the present study. This discrepancy may 
be par t ia l ly  explained by the difference in feeding 
periods and used fractions for fat ty acid analysis.  How- 
ever, the major difference seems to consist in the mater-  
ials used for feeding EPA. We administered pure EPA 
suspensions. In the experiments  of references 16 and 
17, fish oil was used, and it contained 25.6% and 9% of 
DHA respectively. Because DHA is known to increase 
the plasma PL levels of EPA, probably by the retrocon- 
version of DHA (23), direct comparison of EPA con- 
tained in fish oil and pure EPA for abili ty to increase 
the blood levels of EPA is difficult. Al though a pure 
EPA-EE was used in case of reference 18, the est imated 
daily dose of EPA was too high ( -3000  mg/kg) to com- 
pare with ours (400 mg/kg). It  is also possible tha t  EPA 
mixed in a diet (16-18) may be absorbed and utilized 
bet ter  than  tha t  of water  suspension, which is adminis- 
tered th rough  a gastric tube like in the present study, 
a l though an accurate amount  of EPA can be adminis- 
tered in this method. 

In exper iment  1, three EPA-containing lipids pro- 
duced essential ly the same effect on the composition of 
major fat ty acids ei ther  in the fraction of plasma PL 
(Table 2) or in tha t  of CE (Table 3). As a result  of the 
extension of EPA adminis t ra t ion to 10 days, the EPA 
levels of both plasma PL and CE of group C became 
significantly h igher  than  those of group B (Tables 4 
and 5). The EPA levels of group A were between the 
levels of the two groups ment ioned above. Al though an 
ethyl es te r - type  molecule is not a na tura l ly  occurring 
lipid, ethyl ester of EPA is equal to EPA-TG and appears 
to be superior to EPA-PC with regard to the efficiency 
for increasing EPA levels in p lasma PL and CE in rats. 

Among the EPA-containing lipids used in the present  
study, EPA-PC was the only lipid tha t  contained 18:2 
fat ty acid, and the content  of this fat ty acid was about  
ha l f  as much as tha t  of EPA in the lipid (Table 1). 
Therefore, the increment  in 18:2 fat ty acid (Table 4) 
and AA (Table 5), a converted fat ty acid of 18:2 fat ty 
acid, in group B probably caused a depression of the 
EPA levels compared to group C. 

It  is known tha t  platelet  aggregat ion of rats  is seldom 
depressed by the adminis t ra t ion  offish oil or EPA; only 
one out of five papers reported depressed platelet  aggre- 
gation by EPA feeding (24). Therefore, it is not surpris- 
ing tha t  in the present  two experiments  we could not 
observe any significant depression of platelet  aggrega- 

tion by EPA-containing lipids. 
As can be seen from Table 6, there is an impor tant  

species difference between rats  and humans.  The EPA 
levels in humans  can be increased with much smaller  
doses of EPA than  in rats. Therefore, the efficiency of 
EPA-EE for increasing EPA levels in plasma in humans  
by comparison with other EPA-containing lipids 
remain ing  to be studied. 
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Monoacylglycerol lipase activity was characterized in a 
soluble preparation from rabbit aorta (intima-media) 
obtained by combining a 100,000 • g supernatant frac- 
tion with activity solubilized from the 100,000 • g pre- 
cipitate fraction by treatment with Triton X-100. Rates of 
hydrolysis with l-monoolein and 2-monoolein substrates 
were nearly identical. 1-Monoolein was a competitive inhibi- 
tor (Ki 65/zM) of 2-monoolein hydrolysis. 2-Monoolein 
and 2-monopalmitin were both hydrolyzed more rapidly 
than 2-monoarachidonin. Lipase activity measured with 
a 2-monoolein substrate was inhibited by the addition of 
oleate, NaF and CaCl2 to the assay. Preincubation of the 
lipase preparation with p-bmmophenacyl bromide resulted 
in a potent inhibition of lipase activity; this inhibition 
could be prevented by dithiothreitol. 
Lipids 22, 999-1004 (1987). 

The receptor-mediated breakdown of phosphatidylinositol 
and the polyphosphoinositides plays an important role in 
signal transduction (1-3). The diacylglycerol (DG) gener- 
ated by the phosphoinositide-specific phospholipase C 
reaction can activate protein kinase C and thus influence 
cell function (2,3). The metabolism of released DG will 
result in the termination of this signal. DG can be 
phosphorylated to form phosphatidic acid (kinase activity) 
or be hydrolyzed (lipase activity) to release the fatty 
acids from the sn-1 and sn-2 positions (2). Since arachi- 
donic acid is the predominant fatty acid in the sn-2 
position of the DG released from the phosphoinositides, 
the lipase pathway can provide the arachidonic acid pre- 
cursor necessary for the synthesis of prostanoids, which 
are also capable of regulating cell function (1,2). Prosta- 
noids such as PGI 2 are important products of arachidonic 
acid metabolism in blood vessels (4), where they contrib- 
ute to the regulation of interactions between platelets 
and the vessel wall (5}. 

Recently, we have measured DG kinase and lipase 
activities in aorta (6) and in coronary and brain micro- 
vessels (6,7}. The hydrolysis of DG by particulate and 
soluble subcellular fractions from rabbit aorta (intima- 
media) proceeded by an ordered two-step reaction sequence 
in which the fatty acid at the sn-1 position of the 1,2-DG 
substrate was released first, followed by the hydrolysis of 
the fatty acid from the 2-monoacylglycerol (2-MG) inter- 
mediate (6). Evidence for this reaction sequence has also 
been obtained with platelets (8,9) and decidua vera tissue 
(10). Since it is a 2-MG lipase activity that actually 
catalyzes the release of arachidonic acid in the phos- 
pholipase C-DG lipase pathway, the objective of the 
present investigation was to further characterize this 

*To whom correspondence should be addressed at Faculty of 
Medicine, University of Calgary, 3330 Hospital Drive N.W., 
Calgary, Alberta, Canada T2N 4N1. 
Abbreviations: DG, diacylglycerol; 2-MG, 2-monoacylglycerol; 
DTT, dithiothreitol; TLC, thin layer chromatography; BPB, 
p-bromophenacyl bromide; PMSF, phenylmethylsulfonyl fluoride 

enzyme, with respect to substrate specificity and regula- 
tion, in preparations from rabbit aorta. 

MATERIALS AND METHODS 

Materials. [3HlTriolein (glycerol tri[9,10-3H(N)]oleate), 
[14C]tripalmitin (glycerol tri[1-14C]palmitate) and 1- 
stearoyl-2[ 1 - 14C ]arachidonoyl-sn-glycero-3-phosphocholine 
were purchased from Amersham Canada (Oakville, On- 
tario). 1-[1-14C]Monoolein (1-[14C]monooleoylglycerol) was 
obtained from RoseChem (Los Angeles, CA). 1-Palmitoyl-2- 
[1-14C]oleoyl-sn-glycerol was synthesized as described by 
Hee-Cheong et al. (7). Unlabeled lipids (1-stearoyl-2- 
arachidonoyl-sn-glycerol, 1 -palmitoyl-2-oleoyl-sn-glycerol, 
1-monoolein, 2-monoolein, 2-monopalmitin, oleic acid and 
pig brain phosphatidylserine) were obtained from Serdary 
Research Laboratories (London, Ontario). Essentially fatty 
acid-free bovine albumin was purchased from Sigma 
Chemical Co. (St. Louis, MO ). 

Enzyme preparation. The intima-media fraction was 
dissected from rabbit aortas (Pel-Freez Biochemicals, 
Rogers, AR) and homogenized as detailed previously (6). 
Following centrifugation at 1,000 • g, the low-speed 
supernatant fraction was centrifuged at 100,000 • g to 
yield soluble and particulate fractions. The particulate 
fraction was resuspended in a solution consisting of 0.25 
M sucrose, 1 mM EDTA, 1 mM DTT (dithiothreitol) and 
10 mM HEPES (N-2-hydroxyethyl-piperazine-N'-2-ethane 
sulfonic acid), pH 7.5. Triton X-I00 was added to a final 
concentration of 1 mM and after 5 min at 4 C, the sample 
was sonicated for 30 sec and centrifuged at 100,000 • g 
for 60 min. This supernatant fraction was added to the 
first soluble fraction, and the combined solution was 
concentrated by vacuum dialysis. The protein content of 
the concentrated fraction was usually 5-6 mg/ml (11 ). 

Preparation of substrates. 2-[3H]Monoolein (2-[3H ]mono- 
oleoylglycerol} was isolated following the incubation of 
[3H]triolein with pancreatic lipase as described by Severson 
and Hee-Cheong (6}. The radiolabeled 1-monoolein and 
2-monoolein compounds were subjected to thin layer chro- 
matography (TLC) on glass Silica Gel G plates impreg- 
nated with 10% (w/w) boric acid (12) to monitor acyl 
migration of the label. After development in a solvent 
system consisting of chloroform/methanol (98:2, v/v), 
the monoacylglycerols were clearly separated with Rf 
values of 0.43 and 0.66 for the 1- and 2-monooleins, 
respectively. The synthesized 2-[aH]monoolein was quite 
stable; 82% of the radioactivity was present as 2-monoolein 
when monitored after three months of storage in hexane 
at -20 C. 2-[14C]Monopalmitin (2-[14C]monopalmitoyl - 
glycerol) was prepared from [14C]tripalmitin following 
incubation with pancreatic lipase (6). The 2-monoolein 
and 2-monopalmitin substrates were adjusted to a spe- 
cific activity of 1000 DPM/nmol with the addition of 
the appropriate unlabeled monoacylglycerol. 2-[14C]Mono - 
arachidonin (2-[ 14C ]monoarachidonoylglycerol) was syn- 
thesized in two steps. First, 1-stearoyl-2-[14C]arachidonoyl- 
sn-glycerol was prepared by the hydrolysis of 1-stearoyl- 
2-[ :4C]arachidonoyt-sn-glycero-3-phosphocholine by phos- 
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pholipase C (7). The specific activity of the radiolabeled 
DG was adjusted to 1000 DPM/nmol with the addition 
of unlabeled 1-stearoyl-2-arachidonoyl-sn-glycerol, and 
2-[ 14C]monoarachidonin was then isolated following incu- 
bation with pancreatic lipase (6). 

Enzyme assays. Emulsions of the monoacylglycerol 
substrates were prepared by sonication essentially as 
described by Severson and Hee-Cheong (6). Unless noted 
otherwise, the standard 2-MG lipase assay was performed 
as follows. An appropriate quantity of 2-[3H]monoolein 
(4 nmol//~l of hexane) was dried under N 2 and then 
sonicated for 30 sec (75 W; BraunSonic 1510 sonicator) in 
0.005% Triton X-100. A substrate mixture was prepared 
by diluting the emulsion with 0.25 M phosphate buffer 
(pH 7). Lipase assays (0.5 ml final volume) contained 80 
pM 2-[3H]monoolein, 50 mM sodium phosphate (pH 7), 
0.001% Triton X-100 and appropriate quantities of the  
soluble lipase preparation. Incubations were terminated 
after 20 min at 37 C, and the quantity of released [3H]oleate 
was measured by scintillation spectrometry following 
liquid-liquid partitioning (6). A unit of lipase activity 
was arbitrarily defined as the amount of enzyme that 
catalyzed the release of 1 nmol of fatty acid in 1 hr at 37 
C. In experiments where inhibitors were added to the 
lipase assay, the specific activity of the 2-monoolein sub- 
strate was increased to 2500 DPM/nmol. 

Monoacylglycerol kinase activity was measured by 
adding 5 mM ATP and 10 mM MgC12 to the lipase assay 
mixture described above. After an incubation of 20 min, 
the assay was terminated by the addition of butanol (13). 
Following centrifugation, an aliquot of the clear upper 
phase (0.75 ml) was dried under N 2, resuspended in chlo- 
roform and then applied to glass TLC plates (Sil G-25). 
Lysophosphatidic acid was isolated after development of 
the plates with a solvent system (13) consisting of 
chloroform/methanol/7M ammonia (60:35:5, v/v/v). 

Diacylglycerol kinase activity in particulate fractions 
from aorta (6) was measured as described previously (7), 
with the exception that the 1-palmitoyl-2-[ 1-14C]oleoyl-sn- 
glycerol substrate was prepared as a co-sonicate with 
phosphatidylserine (14); the final concentration of phos- 
phatidylserine in the assay was 0.1 mM. 

RESULTS 

When the initial low-speed (1000 x g) supernatant frac- 
tion obtained from rabbit aorta (intima-media) homoge- 
nares was centrifuged at 100,000 x g, approximately half 
of the total recovered 2-MG lipase activity was particu- 
late (6). Sonication of the resuspended particulate frac- 
tion in the presence of the nonionic detergent Triton 
X-100 resulted in the recovery of 65 ~ 1% (mean • SEM; 
n = 3) of the activity in the supernatant after centrifuga- 
tion at 100,000 x g. The final specific activity for 2-MG 
lipase activity after combination of the first and second 
supernatant fractions and concentration was 325 Units/mg 
protein (mean of seven preparations), an increase of about 
1.8-fold over the activity in the first high-speed superna- 
rant fraction (6). Further attempts to purify the 2-MG 
lipase by a variety of chromatographic techniques (DEAE- 
Sephacel, CM-Sephadex, heparin-Sepharose, Ultrogel 
AcA-34) were unsuccessful in producing a significant 
increase in lipase specific activity. Therefore, characteri- 
zation of the enzyme proceeded with this soluble fraction. 

The positional specificity of aortic 2-MG lipase activ- 
ity was examined by comparing rates of hydrolysis in 
assays with 1- and 2-monoolein substrate preparations 
(Fig. 1). The reaction rate for both substrates was rea- 
sonably linear with respect to time; the rate of hydrolysis 
of the l-monoolein substrate was slightly greater than 
the hydrolysis of 2-monoolein. The presence of l-monoolein 
resulted in a concentration-dependent inhibition of the  
hydrolysis of 2-monoolein (Fig. 2); a concentration of 200 
pM l-monoolein produced a 50% inhibition of aortic 2-MG 
lipase. The kinetic mechanism for the inhibition of 2-MG 
lipase activity by l-monoolein was investigated (Fig. 3). 
The apparent Kin for lipase activity measured with the  
2-monoolein substrate was 53 pM. In the presence of 
l-monoolein (200/~M or 500 pM), 2-MG lipase activity 
was inhibited in a competitive fashion (Fig. 3), with a 
calculated Ki of 65/~M. l-Monoolein has been reported to 
inhibit DG kinase activity from pig brain (14). As shown 
in Figure 2, l-monoolein also inhibited DG kinase activ- 
ity in aortic microsomes; the inhibition of DG kinase 
activity was slightly greater than the inhibition of 2-MG 
lipase activity at all concentrations of l-monoolein. No 
MG kinase activity could be detected in the soluble 
fraction used in this investigation when lipase assay 
incubations were modified by the addition of ATP and 
MgC12. 

The substrate specificity of the lipase preparation 
for 2-monoacylglycerols was investigated next. As indi- 
coted in Figure 4, the relative rates of hydrolysis were 
2-monopalmitin > 2-monoolein > 2-monoarachidonin. 
When a number of assay incubations where time or pro- 
tein were varied were all considered (n = 14), lipase 
activity with 2-monoarachidonin as substrate was 71 + 
2% of the activity measured with 2-monoolein. 

The sensitivity of aortic 2-MG lipase to product inhibi- 
tion by oleate is shown in Figure 5. The addition of oleate 
directly to the assay produced a concentration-dependent 
inhibition of lipase activity; 50% inhibition occurred at 
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FIG. 1. Positional substrate specificity for aortic 2-monoacyl- 
glycerol (MG) lipase activity. The hydrolysis of 1-[14C]monoolein 
10) and 2-[3H]monoolein (&) substrates was determined at the 
indicated incubation times. 
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FIG.  2. Effect of 1-monoolein on aortic 2-monoacylglycerol 
(MG) lipase and diacyiglycerol (DG) kinase activit ies.  MG 
lipase act iv i ty  {@) in the soluble aortic preparation (99 pg  pro- 
tein per assay;  100% = 301 U n i t / m g  protein} and DG kinase 
act iv i ty  IZ~) in a microsomal preparation (60 p g  protein per 
assay;  100% = 44.3 nmol phosphat id ic  acid formed/hr /mg  
protein) was  measured in the presence of the indicated concen- 
trations of 1-monoolein. A stock solution of 1-monoolein was  
prepared by sonication into 0.01% Triton X-100; activit ies are 
expressed as a percentage of control assays  that  contained the 
equivalent amount  of detergent. 

an oleate concentration of approximately 50 pM (panel 
A). The inhibition of 2-MG lipase activity due to the 
presence of 40/~M oleate could be prevented when albu- 
min (0.05%, w/v) was also present in the assay (Fig. 5, 
panel B). Preincubation of the lipase preparation with 
oleate prior to the addition of the substrate mixture to 
initiate the assay produced no greater inhibition of lipase 
activity compared with the inhibition when the fatty acid 
was introduced directly to the assay incubation (results 
not shown). Albumin had no significant effect on lipase 
activity measured in the absence of oleate, presumably 
since the amount of oleate that would accumulate as the 
product under standard assay conditions (Figs. 1 and 4) 
would be less than 20/~M and thus would not appreciably 
inhibit lipase activity (Fig. 5). 

2-MG lipase activity was inhibited by the addition of 
CaC12 to the assay (Fig. 6); 50% inhibition was observed 
at a concentration of 16 mM. Lipase activity was much 
less sensitive to inhibition by NaF where a concentration 
of 150 mM was necessary to produce 50% inhibition. By 

comparison, NaC1 had no effect on lipase activity {Fig. 6). 
Preincubation of the lipase preparation with p-bromo- 

phenacyl bromide (BPB) resulted in a concentration- 
dependent inhibition of 2-MG lipase activity (Fig. 7A). 
However, this inhibition could be prevented if DTT was 
also included in the preincubation (Fig. 7B). Preincubation 
with 500/iM phenylmethylsulfonyl fluoride (PMSF) for 
20 min at room temperature also resulted in a reduction 
of lipase activity to 56% of control. 2-MG lipase activity 
was not significantly inhibited by the addition of 500 gM 
mepacrine or 200 pM indomethacin directly to the assay 
(results not shown). 

DISCUSSION 

The subcellular distribution of 2-MG lipase is tissue- 
specific, with activity reported to be either predominantly 
soluble in decidua vera {10) and adipose {15) tissues or 
mainly particulate in platelets {9}. In the case of the 
aorta, 2-MG lipase activity was evenly distributed between 
soluble and particulate subcellular fractions (6), but a 
large fraction of the particulate activity could be solubilized 
with Triton X-100. 

The apparent Km of 53 gM for the hydrolysis of 
2-monoolein with the aortic lipase preparation is signifi- 
cantly less that other reported values ranging from 200 
pM for the enzyme from adipose tissue (15) to 750 pM for 
the platelet 2-MG lipase (9); differences in the physical 
properties of the different substrate emulsions may con- 
tribute to these discrepancies. In previous work with a 
particulate fraction from rabbit aorta, an apparent Km of 
83 pM was obtained for the release of the fatty acid from 
the sn-2 position of 1,2-DG (6). The soluble aortic lipase 
preparation demonstrated little or no positional substrate 
specificity when rates of hydrolysis were determined with 
1- and 2-monoolein substrates (Fig. 1); similar results 
have been reported for MG lipases in platelet membranes 
(9) and for purified lipase preparations from adipose tis- 
sue (15) and intestinal mucosa (16). 

This lack of positional specificity provides further evi- 
dence for the proposed two-step reaction sequence for the 
hydrolysis of 1,2-DG by aorta and microvessel prepara- 
tions (6,7), since the accumulation of the 2-MG intermedi- 
ate during incubations of 1,2-DG cannot be due to a 
preferential hydrolysis of 1-MG. The competitive inhibi- 
tion of 2-MG lipase activity by 1-monoolein (Fig. 3) is 
evidence that the hydrolysis of both 1-monoolein and 
2-monoolein is catalyzed by the same lipase. A concentra- 
tion of approximately 200 pM 1-monoolein was required 
to produce a 50% inhibition of 2-MG lipase activity mea- 
sured with 80/~M 2-monoolein as substrate (Fig. 2), even 
though rates of hydrolysis of both 1- and 2-monoolein 
were very similar when compared at a concentration of 80 
/~M (Fig. 1). This suggests that the affinity of the lipase 
for 1-monoolein is lower than for 2-monoolein, and indeed 
the K i for 1-monoolein (65 pM) was greater than the Km 
of 53/~M for 2-monoolein (Fig. 3). The affinity and maxi- 
mal velocity for the hydrolysis of 1-monoolein was not 
determined, but a lower affinity and higher maximal 
velocity, perhaps due to differences in the physical state 
of the substrate emulsion, could result in the same rate of 
hydrolysis at a single concentration as that observed 
with 2-monoolein as substrate. 

The soluble aortic lipase preparation showed no prefer- 
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FIG.  3. Ef fec t  of 1-monoolein on 2-monoacylglycerol lipase activity. Lipase activity (99 ~g 
pro te in  per  assay} was determined at vary ing  2-monoolein concentrations (10 to 160 ~M) 
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presented as a double  reciprocal  LineweaveroBurk plot.  
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F I G .  4. 2 -Monoacy lg lyce ro l  (MG)  substrate specificity for the 
aortic lipase. Lipase act ivity  was  measured after a 20 ra in  
i n c u b a t i o n  of  the indicated a m o u n t s  of  e n z y m e  p r o t e i n  with  
2-monoole in  (O), 2 - m o n o p a l m i t l n  (A) a n d  2 - m o n o a r a c h i d o n i n  
(m) s u b s t r a t e  p r e p a r a t i o n s .  
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FIG. 5. Effect of oleate on 2-monoacylg|ycerol (MG) lipase 
activity. (A) Lipase act iv i ty  was  measured in the presence of 
the indicated concentrations of oleate. A l-raM stock solution 
of sodium oleate was  prepared in 10% methanol;  control tubes 
contained an equivalent  amount  of methanol .  Resul t s  are 
expressed as a percentage of the l ipase act ivity  determined in 
the absence of oleate (100% ~ 262 U n i t s / m g  protein). (B) 
Lipase act ivity  was  measured in assays  with  40 pM oleate and 
in the absence (open bar) and in the presence {shaded bar) of 
albumin (0.05%, w / v ) .  Ac t iv i ty  is expressed as  a percentage of 
the control act iv i ty  with  only methanol  (100% = 232 Unit /rag 
protein). 
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F I G .  7. Effect  of p - b r o m o p h e n a c y l  bromide  ( B P B )  on 2- 
monoacylg lycero l  l ipase act ivity.  (A) A 10-raM B P B  s tock  
solution was  freshly prepared in d imethyl  sulfoxide (DMSO) .  
The l ipase preparation was  preincubated for 20 rain at room 
temperature in the presence of the indicated concentrat ions  of 
B P B  prior to init iation of the  a s s ay  by  the  addit ion of the 
substrate  mixture.  Resul t s  are calculated as the  percentage of 
control activity that was  preincubated with an equivalent amount 
of D M S O  (100% = 250 U n i t s / m g  protein). (B) Lipase  ac t iv i ty  
was  measured  following preincubation wi th  either 40/~M or 80 
/IM B P B  and with no further addit ions (open bars) or in the  
presence  of 1 m M  dithiothreitol  (DTT; shaded  bars). Resul t s  
are expressed  as  a percentage of the control  (100% = 249 
U n i t s / r a g  protein). 

ence for the hydrolysis of the naturally occurring sub- 
strate 2-monoarachidonin; in fact, the release of palmitate 
and oleate was greater than the release of arachidonate 
when the 2-MG substrates were compared (Fig. 4). This 
substrate specificity for the aortic 2-MG lipase is in 
marked contrast to the enzyme from platelets and decidua 
vera tissue (9,10), where the presence of arachidonate in 
the sn-2 position of 1,2-DG increased lipase activity. The 
inhibition of aortic 2-MG lipase activity by PMSF and 
NaF is consistent with results from other investigations 
(9,10,16). The aortic 2-MG lipase was also inhibited by 
oleate (Fig. 5). The ability of albumin to prevent and 
reverse the effect of added oleate indicates that the fatty 
acid acted by product inhibition and did not produce an 
irreversible denaturation of the lipase. 

The DG lipase pathway in blood vessel preparations 
could provide the arachidonic acid precursor necessary 
for prostanoid synthesis. Alternatively, the arachidonic 
acid could be released by the direct action of a phospho- 
lipase A2 on aortic membrane phospholipids (17). Recently, 
Moscat et al. (18) reported that phospholipase A2 activity 
could not be detected in endothelial cell homogenates from 
pig aortas, and so concluded that the phosphoinositide- 
specific phospholipase C-DG lipase pathway must pro- 
vide the arachidonic acid for prostanoid synthesis. Negative 
results for phospholipase A 2 activity measured in in vitro 
assays are always subject to qualifications concerning 
the appropriateness of the exogenous radiolabeled sub- 
strates (17). Furthermore, phospholipase A2 activity has 
been characterized in homogenates and acid extracts of 
smooth muscle cells from aorta (19). Analysis of pig 
aortic endothelial cells following the stimulation of PGI 2 
synthesis by bradykinin resulted in the conclusion that 

both phospholipase A2 and phospholipase C-DG lipase 
pathways were involved in the supply of arachidonic acid 
(20). 

The relative contributions of these two potential path- 
ways in relation to the release of araehidonie acid for 
prostanoid synthesis in intact cells is difficult to evaluate 
without the availability of specific and selective inhibitors. 
BPB is a potent inhibitor of the aortic 2-MG lipase, 
presumably due to modifications of sulfhydryl groups, 
since the inhibition could be prevented by DTT (Fig. 7). 
However, BPB also inhibits phospholipase A 2 (19-22) 
and C (22,23) activities. Given this nonspeeifieity, BPB 
clearly cannot be used to determine the relative contribu- 
tions of the two pathways to release arachidonic acid. 
Similarly, mepaerine (500/~M), although it did not inhibit 
aortic 2-MG lipase activity, has been reported to inhibit 
both phospholipase C (23) and A 2 (19) activities and has 
been demonstrated to interact directly with membrane 
phospholipids (24). Indomethacin resulted in a potentiation 
of the accumulation of DG in thrombin-stimulated plate- 
lets; indomethacin was reported to inhibit DG lipase 
activity but not DG kinase activity in platelet sonicates 
(25). In contrast, indomethacin (200 /IM) did not sig- 
nificantly inhibit aortic 2-MG lipase activity. However, it 
is also well established that indomethacin is an effective 
inhibitor of phospholipase A 2 (21,26,27). Thus, all these 
inhibitors are nonspecific to varying degrees. Although 
RHC 80267 was developed as a selective DG lipase inhibi- 
tor (28), this compound has proven to be ineffective when 
incubated with intact platelets unless used at high con- 
centrations that produce nonspecific inhibition of arachi- 
donic acid release (29,30). 

The inhibition of brain DG kinase by 1-monoolein was 
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f i rs t  r epo r t ed  b y  B i shop  e t  al. (14). T r e a t m e n t  of i n t a c t  
p l a t e l e t s  wi th  1-monoolein r e su l t ed  in a p o t e n t i a t i o n  of 
the  t h r o m b i n - i n d u c e d  r ise in in t r ace l lu l a r  D G  (14) a n d  an  
a t t e n u a t i o n  of the  m e t a b o l i s m  of exogenous  D G  (31). 
Since 1-monoolein reduced  the  convers ion  of exogenous  
D G  to  water -so luble  me tabo l i t e s ,  i t  was  s u g g e s t e d  t h a t  
the  D G  l ipase  p a t h w a y  was inh ib i t ed  a long  wi th  D G  
k inase  (31). Our  resu l t s  have  shown t h a t  1-monoolein is a 
p o t e n t  i nh ib i to r  of bo th  D G  k inase  and  2-MG l ipase  
ac t iv i t i e s  in a o r t a  (Fig.  2). The  Ki  of 65 p M  for t he  
compe t i t i ve  inh ib i t ion  of the  2 -MG l ipase  b y  1-monoolein 
can be c o m p a r e d  to  the  Ki  of 91/~M for the  inh ib i t ion  of 
b ra in  D G  k inase  (14). If  1-monoolein does  no t  i nh ib i t  
p h o s p h o l i p a s e  A 2 ac t iv i ty ,  t hen  th i s  c o m p o u n d  could  be 
a usefu l  tool  to  i nves t i ga t e  t he  con t r i bu t i on  of the  D G  
l ipase  p a t h w a y  to a rach idon ic  acid  re lease  f rom s t imu-  
l a t ed  vascu l a r  endo the l i a l  and  s m o o t h  musc le  cells.  
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The effect of oral I~carnitine administration to rats fed 
olive oil has been studied. Carnitine significantly de- 
creased triglyceride, cholesterol and phospholipid levels. 
Particularly, the levels of chylomicron and very low den- 
sity lipoproteins in the blood were lowered. Low density 
lipoprotein levels were not affected, and high density 
lipoproteins were found to be decreased by 20%. Because 
carnitine did not change the composition of chylomicron 
and very low density llpoproteins fraction or affect the 
gastrointestinal triglyceride residue (about 1/3 of the 
original load), an effect of carnitine on hepatic fat ty acid 
handling is most likely. The lowering of plasma free fatty 
acid levels by carnitine administration is in favor of an 
effect of carnitine on fatty acid handling. The effect on 
the liver is illustrated by the study of acetoacetate for- 
mation in in vitro perfused livers from previously olive 
oil loaded -t- carnitine-treated rats. Carnitine pretreat- 
ment stimulated ketogenesis. It is speculated that car- 
nitine administration, by promoting f~-oxidation, lowers 
the production of very low density lipoproteins. This may 
be accomplished partly by an increase in the hepatic level 
of fatty acid binding protein, which also has been 
observed. 
Lipids 22, 1005-1008 (1987). 

L-Carnitine plays an essential role in the uptake of ac- 
tivated long-chain fatty acids into the mitochondria (1). 
Therefore, under carnitine-deficient conditions long- 
chain acyl-CoAs accumulate and predominantly partici- 
pate in extra mitochondrial reactions such as triglycerides 
(TG) synthesis. Such an event occurs in lipid storage 
myopathies due to carnitine deficiency in muscles (2-4). 
In previous experiments, we demonstrated that L-car- 
nitine administration is capable of reducing hyperllpide- 
mia after oral oil bolus (5) and after fat diet feeding (6). 

The electrophoretical pattern of plasma lipoproteins 
showed a decreased intensity of the pre-/3 band and the 
chylomicron band by L-carnitine treatment. This experi- 
ment was carried out to confirm the above findings 
through analyses performed with the density gradient 
ultracentrifugation method as described by Redgrave 
et al. (7) and to contribute to the clarification of the role 
played by L-carnitine in lipid metabolism. 

EXPERIMENTAL MODEL 

Three groups of normally fed, albino female Wistar rats, 
200-220 g in weight, were treated as follows: control and 

*To whom correspondence should be addressed at Biological 
Research Laboratories, Sigma Tau S.p.A., Via Pontina Kr h 30,400, 
00040 Pomezia RM, Italy. 
Abbreviations: CH, cholesterol; CHYLO, chylomicron; FABP, fatty 
acid binding protein; FFA, free fatty acids; HDL, high density 
lipoprotein; PL, phospholipids; TCAR, carnitine; TG, triglycerides; 
VLDL, very low density lipoprotein. 

L-carnitine groups were given olive oil (30 ml/kg) orally 
at time 0; one hr later, they received H20 (20 ml/kg) and 
155 mM L-carnitine (20 ml/kg), respectively. The blank 
group received H~O (30 and 20 ml/kg) at the same times. 
At the third hour, blood samples were drawn under a light 
ether anesthesia for determination of free fatty acids 
(FFA) (8), TG (9), total cholesterol (CH) (10,11), phospho- 
lipids (PL) (12), total carnitine (TCAR) (13) and short- 
chain acylcarnitines (14) (the latter were obtained by sub- 
tracting the amount of free carnitine from total acid- 
soluble carnitine), protein (15) and lipoproteins (7). Under 
the same experimental conditions, some animals were 
used for liver short-chain acylcarnitines (14), intestinal 
TG determination and as donors of livers for (subsequent) 
in vitro perfusion studies (16), in which FFA (8) uptake 
and acetoacetate 117) production were measured. Fat ty 
acid binding protein (FABP) was measured in the livers 
of the three groups of animals. This was accomplished 
by rocket electrophoresis of liver homogenates purified 
supernatant samples made in cold 0.2 M mannitol. The 
homogenates were centrifuged for 30 min at 48,000 • g 
at 4 C. The supernatants were heated for 10 rain at 60 C 
and were cooled and centrifuged for 15 rain at 48,000 • 
g. The supernatant was dialyzed against 75% saturated 
ammoniumsulfate overnight, and the precipitate was 
removed by centrifugation. The supernatant was dialyzed 
against water, freeze-dried and tested for FABP content 
by rocket electrophoresis (18). The 1% agarose used con- 
tained antiserum raised in rabbit against purified (19) 
rat liver FABP. The electrophoresis was run for 16 hr at 
50 mV/4 cm. 

Statistical analysis. Results were expressed as mean 
value + SEM. Student's t-test was used to evaluate the 
statistical significance of the differences. 

RESULTS AND DISCUSSION 

Plasma FFA, TG, CH and PL levels all are shown to have 
increased in the fat-loaded group {Table 1) as compared 
to the blank group. L-carnitine administered to the 
hyperlipidemic animals significantly reduced FFA 
(--65%; P ~<.1%), TG (-44%; P ~ 1%), CH (-35%; P ~< 
.1%) and PL (-32%; P ~< .1%), and it induced a dramatic 
increase in TCAR (six-fold; P ~< .1%) (Table 1). 

Plasma chylomicron (CHYLO) plus very low density 
lipoprotein (VLDL) and high density lipoprotein (HDL) 
fractions, which had raised significantly after the olive 
oil load, were lowered markedly by treatment with L- 
carnitine (-54%; P ~< 2%, and -20%; P ~< 5%, respec- 
tively) (Fig. 1). The low density lipoprotein (LDL) frac- 
tion in the plasma was affected moderately by the oil load 
and the successive L-carnitine treatment (Fig. 1). 

All constituents of the CHYLO plus VLDL fraction 
were reduced almost equally (TG, -55%; CH, -59%; PL, 
-- 58%; protein, -- 61%) by the treatment with L-carnitine 
(Table 2}. This suggests that carnitine modifies the quan- 
tity without affecting the composition of the CHYLO plus 

LIPIDS, Vol. 22, No. 12 (1987) 



1OO6 

F. M A C C A R I  E T  AL. 

T A B L E  1 

Plasma Free Fatty Acids (~M), Triglycerides {mg/100 ml), Cho les te ro l  (rag/100 ml), Phospholipids 
{mg/100 ml) and Total Carnitine {~M) in Blank, Control and L-carnitine Groups 

A n i m a l  g roup  

B l a n k  Cont ro l  L-ca rn i t ine  
H20  + H20  Olive oil + H20  Olive oil + L-carn i t ine  

Free  f a t t y  ac ids  737 • 89 a 1830 • 251 629 • 38 a 
(14) (14) (14) 

Tr ig lyce r ides  89.7 • 16 b 392 • 59 220 • 46 b 
(8) (16) (19) 

Choles te ro l  44.9 • 3.2 b 78.2 • 8.6 50.9 • 4.1 a 
{8) (16) (19) 

Phospho l ip id s  133 • 6.9 b 244 • 24 165 • 15 a 
{8) (16) {19) 

To ta l  ca rn i t ine  56.9 • 4.1 b 38.5 • 1.9 244 • 31 a 
(8) (8) (11) 

a p  ~< .1% vs  control .  

bp  < 1% vs  control .  

In  pa ren theses ,  n u m b e r  of an imals .  

T A B L E  2 

Plasma Chylomicron ICHYLO) Plus Very Low Density Lipoprotein {VLDL) Triglycerides 
(mg/100 ml), Cholesterol (mg/100 ml), Phospholipids {mg/100 ml) and Protein (rag/100 ml) 
in Blank, Control and L-carnitine Groups 

A n i m a l  g roup  

B l a n k  Contro l  L-carn i t ine  
H20 + H20  Olive oil + H20 Olive oil + L-carn i t ine  

C H Y L O  + V L D L  - t r i g lyce r ide s  69.7 +_ 15 a 303 • 75 
A% vs  B l a n k  --  + 3 3 4  
A% vs  Contro l  - -  - -  

C H Y L O  + V L D L  -- choles te ro l  4.84 • 0.9 b 28.2 • 6.1 
h% vs  B l a n k  --  + 4 8 2  
A% vs Control - -  - -  

C H Y L O  + V L D L  - phospho l ip id s  11.4 • 3.0 b 57.3 • 13 
A% vs  B l a n k  --  + 4 0 2  
A% vs  Cont ro l  - -  - -  

C H Y L O  + V L D L  -- p ro te in  4.2 • 1.3 9.1 • 1.9 
A% vs  B l a n k  - -  + 1 1 6  
A% vs  Cont ro l  --  - -  

136 -- 25 a 
+ 9 5  
--55 

11.6 -- 2.5 c 
+ 1 3 9  
- -59  

23.8 • 7.3 c 
+ 1 0 8  
- -58  

3.O -- 0.7 b 
- -29 
--67 

a p  < 2% vs  control .  

bp  < 1% vs  control .  

c p  ~< 5% vs  control .  

N u m b e r  of a n i m a l s  ---- e igh t  per  group.  

TABLE 3 

Liver Fatty Acid Binding Protein Concentration (mg/g w.w. _ S.E.M.I in Blank, Control 
and L-carnitine Groups 

A n i m a l  g roup  

B l a n k  Cont ro l  L-carn i t ine  
H20 + H20 Olive oil + H~O Olive oil + L-carn i t ine  

0.99 ___ 0.11 1.10 + 0.10 1.69 _ 0.25 a 
(7) (8) (8) 

a p  ~< 5% vs  control .  

In  pa ren these s ,  n u m b e r  of an imals .  
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FIG. 1. Plasma chylomicron (CHYLO) plus very low density!fipopro- 
tein (VLDL), low density fipoprotein (LDL) and high density ifipopro- 
teia (HDL)  in blank (H20 -F H20), control (olive oil -I- H2~) and L- 
carnitine (olive oil + L-carnitine) groups. Standard error~ and P- 
values vs control (~l ~< 5%; �9 ~< 2%; A ~ 1%) are indicate~l in the 
figure. Number of animals: eight per group. 
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FIG. 2. Percent distribution of plasma lipoprotein components in 
blank (H20), control (olive oil + H20) and L-carnitine (oliVe oil Jr 
L-carnitine) groups. Standard erros and P-values vs control (~1 ~< 5%; 
�9 ~< 2%; A ~< 1%) are indicated in the figure. Number of Animals: 
eight per group, i 

V L D L  f rac t ion .  A s  ev idenced  b y  p r e v i o u s  e x p e r i m e n t s  
(5,6), t h e  p e r c e n t u a l  d i s t r i b u t i o n  of  p l a s m a  l i p o p r o t e i n  
c o m p o n e n t s  of t h e  L -ca rn i t i ne  g r o u p  was  d i f f e ren t  
s u b s t a n t i a l l y  f rom t h a t  of  t h e  con t ro l  g r o u p  (Fig.  2). The  
b l a n k  group,  on the  o t h e r  hand,  showed  no s t a t i s t i c a l  dif- 
ference f rom the  L-ca rn i t ine  g roup  (Fig. 2). A s  m e n t i o n e d  
in Experimental Model, to  a s c e r t a i n  t h a t  t h e  ef fec t  of  L- 
ca rn i t i ne  was  n o t  due  to  an  i n t e r f e r ence  w i t h  gas t ro -  
in t e s t ina l  l ipid absorp t ion ,  a t  the  t h i rd  hour  some an imals  

1OO7 
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FIG. 3. Entire intestine triglycerides content (tissue + content) of 
blank (H20 -b H~O), control (olive oil + H~O) and L-carnitine (olive 
oil + L-carnitine) groups. Standard errors and P-values vs control 
(A ~< 1%) are indicated in the figure. Number of animals: four per 
group. 
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1~176 

PLASMA LIVER 

FIG. 4. Plasma (nmoles/ml) and fiver (nmoles/g w.w.) short-chain 
acylcarnitines in control (olive oil + H20) and L-carnitine (olive oil 
-I- L-carnitine) groups. Standard errors and P-values vs control (A ~< 
1%; �9 ~< .1%) are indicated in the figure. Number of animals: 14 per 
group. 

f rom t h e  t h r e e  g r o u p s  were  u s e d  to  d e t e r m i n e  t h e  levels  
of  T G  in t h e  whole  i n t e s t i n e  {t issues a n d  i t s  contents}.  
The  s a m e  i n t e s t i n a l  T G  level ,  a b o u t  1/3 of  o r ig ina l  load,  
was  found  in b o t h  con t ro l  and  L-ca rn i t ine  g r o u p s  {Fig. 3). 

Therefore ,  i t  is r e a s o n a b l e  to  a s s u m e  t h a t  t he  effect  of  
L -ca rn i t i ne  on T G - r i c h  l i p o p r o t e i n s  in t he  b lood  shou ld  
no t  be  a sc r ibed  to  in te r fe rence  w i th  g a s t r o i n t e s t i n a l  l ip id  
a b s o r p t i o n  b y  t h e  s u b s t a n c e  b u t  r a t h e r  to  an  inf luence  
i t  m a y  e x e r t  on t h e  h a n d l i n g  of f a t t y  ac ids  b y  the  l iver .  
Th is  h y p o t h e s i s  is in a g r e e m e n t  w i t h  t h e  fo l lowing  re- 
su l t s :  i t  can  be  seen  f rom F i g u r e  4 t h a t  in t h e  L -ca rn i t i ne  
g roup ,  p l a s m a  and  h e p a t i c  levels  of sho r t - cha in  acy lcar -  
n i t ines  were  h igher  t h a n  the  con t ro l  group.  In  accordance  
w i t h  t he  r e s u l t s  o b t a i n e d  b y  o t h e r  a u t h o r s  w i t h  in v i t r o  
e x p e r i m e n t s  (20}, t he  l ivers  of t h e  an ima l s  t r e a t e d  w i t h  
oil p lus  L-carn i t ine ,  i s o l a t e d  a n d  p e r f u s e d  as  d e s c r i b e d  in  
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FIG. 5. Fatty  acid uptake (side A) and acetoacetate release (side B) in isolated livers from rats previously loaded orally with olive oil 
and subsequently with carnitine as described in Experimental Model and in vitro pcrfused with recirculated medium (equilibrated with 
95% O5 and 5% COs at 37 C). The medium (60 ml) contained 40% (v/v) serum and 15% (v/v) packed red cells of 48-hr fasted rats, sup- 
plemented with Krebs-Ringer bicarbonate buffer (pH 7.4), containing 11.5 mM glucose. The ordinate of side A, % of the initial F F A  con- 
centration (100% about 0.8 mM); side B, % of the increase in the acetoacetate level (100% about 0.5 raM). P-vaiues (~l ~< 5%; A ~< 1%; 
�9 ~< .1%) of blank (H20 + H~O) and L-caruitine (olive oil + L-caruitine) vs  control (olive oil + H20) are indicated in the figure. Number 
of animals: three per group. 

the legend of Figure 5, converted FFA into acetoacetate 
faster than the control liver did. Therefore, the data  of 
Figures 4 and 5 suggest that  carnitine addition after olive 
oil feeding promotes hepatic fl-oxidation. This may be ex- 
pected to occur at the expense of fat ty acid esterification, 
leading to the lowering of circulating plasma fa t ty  acyl 
esters. 

Preliminary experiments suggest an increase of hepatic 
acid binding protein concentration (Table 3) by carnitine 
addition. Fa t t y  acid binding protein promotes fa t ty  acid 
utilization (21). Therefore, stimulation of fa t ty  acid handl- 
ing by the liver, promoting ~-oxidation, is to be expected 
after carnitine administration. 
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The Result of Feeding Palmitoyl Glycerol on Lymph and Plasma Lipids 
Paula Trumbo', Margaret Sutherland-Smlth, Barbara Kitchell and Samuel B. Tove* 
Department of Biochemistry, North Carolina State University, Raleigh, NC 

Palmitoyl  glycerol is toxic when fed to mice, but  the  tox- 
icity is alleviated by s u p p l e m e n t i n g  the  toxic diet with 
2-4% oleate or linoleate at the  expense  of sucrose. Lipid 
and f a t ty  acid composition of lymph and plasma were 
studied in mice fed chow and palmitoyl glycerol diets to 
help explain the toxicity mechanism. When mice were fed 
chow, intestinal lymph contained a high proportion of 
sa tura ted  f a t ty  acids; when they were g i v e n  palmitoyl 
glycerol, the proportion approached 90% saturated fa t ty  
acids. The cholesteryl ester fraction was higher in lymph 
from mice fed a toxic diet than w h e n  the  diet was for- 
tified with supplemental  safflower oil. However,  there  
were no di f ferences  between diets in lipid composition of 
blood plasma. Similarly, except for plasma choles tero l  
esters,  there were no di f ferences  in f a t t y  acid composi- 
tion between mice fed palmitoyl glycerol as the only fat  
or supplemented with a protective unsaturated fat. In the 
plasma, cholesteryl palmitate  was elevated and choles-  
teryl  oleate and cholesteryl linoleate were depressed when 
mice were given a toxic diet. Al though a monoacyl- 
glycerol was toxic when fed, the  percentages  of  mono-  
acy lg lycero l s  in lymph or plasma were not  material ly 
elevated. The findings indicate tha t  neither the total  pro- 
portion of sa tura ted  f a t ty  acids nor the  amount  of cir- 
culating monoacylglycerols was directly involved in the 
toxici ty of palmitoyl glycerol. 
Lipids 22, 1009-1015 11987}. 

Rac-ll3)-palmitoyl glycerol was toxic when fed to wean- 
ling mice at dietary percentages between 10 and 30% (1). 
Adding 2% oleate or linoleate (safflower oil} at the ex- 
pense of sucrose to the rac-lI3)-palmitoyl glycerol diet 
greatly ameliorated the toxicity {1}. The symptoms of the 
toxicity were death, usually within seven days after start- 
ing the diet, and poor growth in those mice that  survived 
{2). The toxici ty was not  as severe in adult mice or wean- 
ling rats  as in weanling mice 12). There was a pronounced 
effect of ambient tempera ture  on the toxici ty of the 
palmitoyl glycerol diet {3}. Death  did not  occur when the 
ambient tempera ture  was greater  than  25 C. Moreover, 
at ambient temperatures  below 25 C, the morta l i ty  was 
inversely proportional to the temperature.  Although a 
severe inflammation of the lungs was observed in about  
75% of the mice tha t  died, no lung abnormali ty was 
observed in the other 25% that  died (2}. Moreover, the 
lung lesion was as severe in those mice tha t  survived 
because they were kept  at an ambient temperature  above 
25 C as in those that  died when held at the lower ambient 
tempera ture  r 

For these reasons, it is clear tha t  even though the in- 
f lammatory lesion of the lung is a symptom of the tox- 
icity, it is not the immediate cause of death. There was 
no difference between mice fed rac-l{3}-palmitoyl glycerol 

'Current address: Food Science and Nutrition Department, Univer- 
sity of Florida, Gainesville, FL 32611. 
*To whom correspondence should be addressed at Department of 
Biochemistry, Box 7622, North Carolina State University, Kaleigh, 
NC 27695-7622. 

with or without  safflower oil in the amount  or rate of 
rac-l(3)-palmitoyl glycerol absorbed, oxidative phosphory- 
lation by liver or heart  mitochondria or tissue distribu- 
tion of radioact ivi ty following gavage of rac-l{3}-[1-'4C] - 
palmitoyl glycerol {2). The mechanism by which rac-lI3)- 
palmitoyl glycerol induces the toxic symptoms is un- 
known. Since the rac-lI3)-palmitoyl glycerol is fed and is 
absorbed, it seemed logical to ascertain if the lymph 
and/or plasma lipids from mice fed the toxic diet might  
be different from those fed the toxic diet protected by sup- 
plementat ion of an unsa tura ted  fat. Such differences 
might  lead to an understanding of the mechanism behind 
the toxici ty and, more specifically, reveal whether the 
monoacylglycerol per se is the toxic compound after ab- 
sorption. Therefore, studies on the fa t ty  acid composition 
of the lymph and plasma lipids from mice fed varying pro- 
portions of rac-l{3}-palmitoyl glycerol, with or without  
dietary supplements of safflower oil or oleic acid, were 
conducted. The results of these studies are reported in 
this communication. 

MATERIALS AND METHODS 

Animals. The animals used in these experiments were 
weanling and adult mice from the North  Carolina State  
Labora tory  of Hygiene {strain: NC St Lab of Hygiene), 
weanling mice from Charles River (strain: CFW} and adult 
rats {strain: Charles River Wistar}. Usually the mice were 
fed a basal diet containing 40% sucrose, 20% casein and 
5% Wesson salt mixture  and supplemented with all 
known vitamins (ICN Pharmaceuticals,  Cleveland, OH}. 
The remaining 34% was composed of rac-ll3}-palmitoyl 
glycerol and safflower oil, oleic acid and sucrose. Some 
mice and rats  were fed an open-formula, commericial 
rodent  diet {chow} to serve as control animals. This con- 
tained about 7% fat, with an unsatura ted fa t ty  acid com- 
position of 35% oleate and 25% linoleate. Additionally, 
some weanling mice were fed the same purified basal diet, 
with all fat  replaced by sucrose. Mice were housed in- 
dividually in galvanized cages with wire-screen bot toms 
at an ambient tempera ture  of 19-22 C. Food and tap 
water  were provided ad libitum. The rac-l{3)-palmitoyl 
glycerol was prepared as previously described {1) from 
acetone glycerol {Aldrich Chemical Co., Milwaukee, WI} 
and palmitic acid and was crystallized from hexane to a 
puri ty between 85 and 95%, with free palmitic acid as the 
major impurity and dipalmitoyl glycerol and tripalmitoyl 
glycerol as minor impurities. The previous s tudy (1) 
established the veraci ty  of rac-l{3}-palmitoyl glycerol as 
the dietary toxic compound. 

Collection of lymph and plasma. Weanling mice were 
killed three days, and adult  mice seven days, after start- 
ing the experimental  t reatments .  Immediately after  the 
mice were killed by cervical dislocation, intestinal lymph 
was collected by puncture  of the mesenteric lymph duct  
with a tuberculin syringe equipped with a 26-gauge 
needle. The lymph was withdrawn into the syringe and 
flushed with 0.2 ml of chloroform/methanol {1:2, v/v) to 
ext rac t  the lipids {4}. In this manner, we obtained about  
1-3 ~1 from each animal, and it was necessary to pool the 
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lipid ext rac ts  f rom six weanling mice or two adult  mice 
to obtain amounts  sufficient for the analyses. Because of 
the  small size of the sample, we made no a t t e m p t  to 
isolate the chylomicrons. L y m p h  from each ra t  was col- 
lected and ext rac ted  in the same manner.  

Blood was collected from the mice by  retro orbital punc- 
ture  using a preheparinized Pas teur  pipette.  P lasma  was 
collected after  centr i fugat ion at  1000 • g for 10 min at  
4 C. The p lasma was added to six volumes of chloroform/ 
methanol  (2:1, v/v), and the tipids were ext rac ted  (4). 

Lymph and plasma lipid and fatty acid composition. 
The ex t rac t s  of the lymph and p lasma  were taken  to 
dryness by  a s t ream of nitrogen and redissolved in a small 
volume of chloroform. The lipid classes were separa ted  
by  thin layer ch romatography  on Silica Gel H {American 
Scientific Products,  Charlotte,  NC) using a solvent mix- 
ture of heptane/isopropyl ether/acetic acid (6:4:0.3, v/v/v). 
The diacylglycerol, triacylglycerol,  free f a t ty  acid and 
cholesteryl ester regions were collected after visualization 
by  a brief exposure to iodine vapor, and lipids were eluted 
with chloroform/methanol ( 1:1, v/v}. The fraction contain- 
ing both  the phospholipids and monoacylglycerols  was 
eluted f rom the silica gel with ethanol/chloroform/water/  
acetic acid (100:30:20:2, v/v/v/v). Then the phospholipid 
and monoacylglycerol fractions were separated by  rechro- 
m a t o g r a p h y  on thin layer plates  using a solvent sy s t em 
of acetone/petroleum ether (1:3, v/v) (5). The phospholipids 
were eluted with the same solvent mixture  previously 
used, and the monoacylglycerols  were eluted with a mix- 
ture of chloroform/ether (1:1, v/v). All lipid fractions were 
taken  to dryness  with a s t ream of nitrogen, and 10 ~g of 
heptadecanoic acid (NuChek Prep, Elysian,  MN) was 
added as an internal s tandard  in chloroform. Methyl  
es ters  of the f a t ty  acids of each lipid class were prepared  
by  t ransmethy la t ion  with a mixture  of 2 ml of methanol ,  
0.2 ml of benzene, 0.1 ml of concentra ted  HC1 and 0.1 ml 
of d imethoxypropane  to serve as a water  scavenger.  The 
reaction mixture  was kept  at 65 C for 30 min and allowed 
to s tand overnight  at room temperature .  The f a t t y  acid 
methyl  esters  were collected by  adding 2 ml of water  and 
ext rac t ing  three t imes each with 2 ml of petroleum ether. 
After  being brought  to dryness with a s t ream of nitrogen, 

the f a t t y  acid methy l  es ters  were dissolved in a small 
volume of ether, and the composi t ion was determined by  
gas-liquid ch romatography  on a 1/8-inch stainless steel 
column packed with 10% diethyleneglycol succinate 
(Supelco, Bellefonte, PA). 

To insure the accuracy of bas ing  lipid analysis  on the 
amounts  of f a t ty  acids in the lipid fract ions eluted f rom 
the thin layer plate, recovery exper iments  us ing pure 
known s tandards  were conducted. In  these experiments ,  
known amounts  of t r ipalmitoyl  glycerol, dipalmitoyl  
glycerol, palmitoyl  glycerol, cholesteryl  oleate, phospha- 
tidylcholine and phosphat idyl inosi tol  were spo t ted  on a 
thin layer plate. These samples  were then handled as the 
exper imental  samples,  with recovery based on the rat io 
of the amounts  of f a t t y  acid(s) to the internal  s tandard  
of heptadecanoic acid. The recoveries of the pure  lipids 
were, respectively, 96.4%, 95.2%, 98.5%, 90.0%, 91,6% 
and 98.0%. 

Results  are expressed as means  and s tandard  devia- 
tions of the means. S tuden t ' s  t - tes t  was used to deter- 
mine s ta t is t ical  significance. 

RESULTS 

Lipid composition of lymph. The lipid composi t ion of ra t  
lymph was similar to tha t  previously repor ted (6) in tha t  
the major  lipid was the tr iacylglycerol fract ion and the 
sum of the remaining fract ions const i tu ted  only 35% of 
the to ta l  lipids (Table 1). Even  when they were fed 
labora tory  chow, the lipid composi t ion of lymph from 
both  weanling and adult  mice differed f rom tha t  of adult  
ra t s  in tha t  the triacylgtycerol fraction, a l though still the 
major  one, amounted  to less than  half of the to ta l  lipids. 
This decrease was compensated  by  higher proport ions of 
cholesteryl  esters  and free f a t t y  acids. 

The tr iacylglycerol  fract ion was even lower in lymph 
from weanling mice fed rac-l(3)-palmitoyl glycerol sup- 
plemented with safflower oil, and it was lowest  in lymph 
from either weanling or adult mice fed the toxic palmitoyl  
glycerol diet. The cholesteryl ester fraction was the major  
lipid in the lymph from both  groups of mice fed rac-l(3)- 
palmitoyl  glycerol without  an unsa tura ted  fat. However,  

TABLE 1 

Lipid Composition of Lymph a 

Diet Animal N MG (%) DG (%) TG (%) CE (%) FFA (%) PL (%) 

Chow Adult rat 2 11.5 3.9 64.9 8.1 9.2 2.5 
Chow Weanling mice 5 10.4(4.7) 5.5{5.7) 45.6{8.5} 17.9(0.9} 14.5(5.7) 5.8{2.5} 
Chow Adult mice 4 11.7(7.3) 8.7(2.0} 41.3(7.1), 15.7(3.3) b 16.1(1.0) 6.2(3.6) 
GMP Weanling mice 4 15 .5(3 .1)  12.3(3 .9)  15.6{2.5} ~ 30.4(5.1) 20.9(6.7} b 5.4(1.6} 
GMP + SO Weanling mice 4 14 .7(1 .7)  11.0{4.3} 27.5(3.6) b,c 15.5(3.1) c 27.5(3.6} 4.4{2.4} 
GMP Adult mice 5 7.4(1.2) 13.6(3.5} 23.0(5.8) b 27.3(6.2) b 23.9{4.0) 3.9{2.5} 
GMP + SO Adult mice 5 8.7{2.1} 7.9(1.9) 60.3{6.2} 10.5{3.3} 10.3(2.2} 2.3(0.5} 

aValues are means with standard deviations in parentheses; N, number of samples analyzed. Each sample represents a pool of lymph 
from 6 mice. Intestinal lymph from rats and mice fed the indicated diets was collected by aspiration from the mesenteric lymph node. 
The lipids were extracted and separated by thin layer chromatography. Quantitation was based on fatty acid analysis with recovery monitored 
by means of a heptadecanoic acid internal standard. MG, monoacylglycerols; DG, diacylglycerols; TG, triacylglycerols; CE, cholesteryl 
esters; FFA, free fatty acids; PL, phospholipids; GMP, rac-l(3)-palmitoyl glycerol; SO, safflower oil. 
bStatistically different from chow (p < 0.01). 
cStatistically different from GMP (p < 0.01). 
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when weanling mice were fed the safflower oil supplement, 
the cholesteryl ester  fraction was not  higher than the 
chow-fed mice, and the free fa t ty  acids were increased. 
In contrast ,  the lymph triacylglycerol and cholesteryl 
ester  percentages from adult mice fed rac-l(3)-palmitoyl 
glycerol and safflower oil were equivalent to that  of adult  
rats  fed chow. 

It  is significant tha t  despite a dietary level of 30% 
palmitoyl glycerol, the proportion of monoacylglycerols 
in lymph from all groups of mice was similar and no 
higher than tha t  of the adult rat. 

Lipid composition of plasma. The composition of lipids 
in the plasma from weanling mice fed laboratory chow, 
a fat-free diet and 30% rac-l(3)-palmitoyl glycerol with 
and without  4% safflower oil are shown in Table 2. As 
might  be expected, the percentage of triacylglycerols in 
the plasma of mice fed the fat-free diet was low, and the 
cholesteryl ester  fraction was the major component.  In 
contrast  to lymph, the plasma triacylglycerols were 
higher and cholesteryl esters were lower when mice were 
fed palmitoyl glycerol with or without  safflower oil as 
compared to those fed chow. 

Fatty acid composition of lymph. The fa t ty  acid 
composition of the lipids of the lymph from adult mice 
is shown in Table 3 and that  from weanling mice in 
Table 4. With either weanling or adult mice fed chow, the 
triacylglycerol fa t ty  acids reflected the fa t ty  acid com- 
position of the diet. Similarly, when either age group was 
fed a palmitoyl glycerol diet, a higher percentage of 
palmitate was found than when the mice were fed chow. 
With adult  mice, supplementing the palmitoyl glycerol 
diet with safflower oil elevated the triacylglycerol 
linoleate, and in weanling animals a similar change was 
seen, but  to a lesser degree. I t  is interest ing tha t  the 
percentage of palmitate in the lymph triacylglycerols of 
the mice receiving the safflower oil supplement was not 
significantly lower than those consuming the palmitoyl 
glycerol diet without  the unsa tura ted  fat. 

In either adult  or weanling mice, a palmitoyl glycerol 
diet resulted in higher palmitate in other lymph lipids 
compared to a chow diet. As with the triacylglycerols, 
adding a supplement of safflower oil did not  affect these 
proport ions significantly. All of the lipid classes of the 

lymph from weanling mice fed chow contained elevated 
percentages of s tearate  tha t  offset the high palmitate 
percentage. Hence, the proportions of total  sa tura ted  
fa t ty  acids in these lymph lipids from weanling mice were 
similar whether they were fed a palmitoyl glycerol diet 
or chow. Furthermore,  in adult mice fed the palmitoyl 
glycerol diets, the linoleate percentages of the phospho- 
lipid fraction were considerably higher when the diet was 
supplemented with safflower oil. 

Because the lymph triacylglycerol fa t ty  acids were not 
markedly affected by safflower oil supplementation of the 
30% palmitoyl glycerol diet, the fa t ty  acids of this frac- 
tion from mice fed varying percentages of palmitoyl 
glycerol (ranging from 0 to 30%) and safflower oil (rang- 
ing from 0 to 4%) were analyzed. There was a linear in- 
crease in the proportion of linoleate (coefficient of correla- 
tion = 0.918) when the ratio of dietary safflower oil to 
palmitoyl glycerol was increased (Fig. 1). In contrast,  the 
proport ion of palmitate was not  affected by increasing 
the dietary safflower oil-to-palmitoyl glycerol ratio. 

Fatty acid composition of plasma. The proportions of 
the major f a t ty  acids in the glycerolipids and free fa t ty  
acids of plasma from weanling mice fed chow, 30% 
palmitoyl glycerol as the only lipid, supplemented with 
either 4% safflower oil or 4% oleic acid, and a fat-free diet 
are given in Table 5. With the exception of the fat-free 
diet, the fa t ty  acid compositions of the neutral  lipids and 
free fa t ty  acids from plasma of all diets are surprisingly 
similar, especially when one considers the wide variat ion 
in fat  intake. I t  is only in the phospholipid fraction tha t  
consistent  differences reflecting the fa t ty  acid composi- 
tion of the diet were observed. In contrast ing the fat-free 
diet with the others, the most  striking difference was its 
relatively high proportion of myristate .  

In contrast ,  significant differences in fa t ty  acid com- 
position associated with diet were observed in the plasma 
cholesteryl ester fraction (Table 6). The palmitate percent- 
age in this fraction was considerably higher when mice 
were fed palmitoyl glycerol alone rather  than with either 
oleate or linoleate. When supplemented with 4% safflower 
oil, the proportion of linoleate in the cholesteryl ester frac- 
tion was 10-fold greater than when just  palmitoyl glycerol 
was fed, and it was equal to tha t  of the chow-fed mice. 

TABLE 2 

Lipid Composition of Blood Plasma from Weanling Mice a 

Diet N MG (%) DG (%) TG (%) CE (%) FFA (%) PL (%) 

Chow 4 5.2(0.5) 9.2(0.9). 12.5(7.8) 42.8(9.6) 12.1(3.1) 15.2(2.8) 
Fat-free 9 4.5(2.2) 3.3(1.8) b 6.6(5.7) 45.8(16.4) 8.2(2.8) c 31.5(11.9) c 
GMP 6 9.0(2.1)b, d 6.9(1.7c, d 29.8(6.8)b, d 27.5(6.8)c, e 9.5(3.0) 18.0(7.1) e 
GMP + SO 6 8.1(1.4)b, d 9.3(3.3) d 22.7(5.9)c, d 28.6(5.9)c, e 7.6(2.2) c 23.6(2.7) b 

aValues are means with standard deviations in parentheses. N, number of mice. Blood plasma from weanling mice fed the indicated diets 
was collected by retro orbital puncture, and the plasma lipids were extracted and separated by thin layer chromatography. Quantitation 
was based on fatty acid analysis with recovery monitored by means of a heptadecanoic acid internal standard. MG, monoacylglycerols, 
DG, diacylglycerols; TG, triacylglycerols; CE, cholesteryl esters; FFA, free fatty acids; PL, phospholipids; GMP, rac-l(3)-palmitoyl glycerol; 
SO, safflower oil. 
bStatistically different from chow (p < 0.01). 
cStatistically different from GMP/p < 0.011. 
dStatistically different from fat-free (p < 0.01). 
eStatistically different from fat-free (p < 0.05}. 
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TABLE 3 

Fatty Acid Composition of Lymph Lipids of Adult Mice a 

Diet Lipid Palmitate (%} Stearate (%} Oleate (%} Linoleate (%} Saturated (%) 

Chow CE 52.5(10.7}g 11.1(3.9)f 22.2(6.9}f 4.110.6}g 72.2{6.7), 
GMP CE 83.1(3.6}o,e,g 0.7(0.4}b,f 9.3(3.9} e 0.710.3) b 90.2{3.6)o, e 
GMP + SO CE 71.4{8.5} b 1.0{0.1)1 14.7(2.4} 2.2(1.6} 81.0(5.3) 

Chow DG 53.6(8.6)b 6.7{1.5} b ~ 27.6{6.5} 4.1(2.2} 65.4(6.3} b 
GMP DG 77.0{5.4} 1.3(0.6} , l  8.2(2.5} 3.0(1.7} 88.8(3.6} b 
GMP + SO DG 76.6{6.4} 1.3{0.7}f 11.3{4.5} 2.7{2.4} 85.913.8) 

Chow F F A  50.1{6.2)b 15.8(5.9)f 25.3(3.5),f 5.311.2}, 69.3{2.1),f 
GMP F F A  77.6(4.5} ,g 1.0{0.1)b,f 11.4{6.9) o 1.4{1.1}, ~ 87.1{6.6} ~ 
GMP + SO F F A  70.8{4.7)o, e 1.2{0.5)b,f 14.2{4.5)b 2.3{0.4} ~ 83.314.9} b 

Chow MG 43.9t3.9~ 7.5/7.1)f 40.5t5.4),f 2.1(0.6)f 57.3{5.3)f 
GMP MG 67.2{3.8} 1.2(0.4}f 14.4{3.2} ~ 1.7(1.3)f 85.1(5.1) b 
GMP + SO MG 65.9(12.6} 1.2(0.5)/ 12.8{6.3} 0.9{0.2} 84.8{8.9} ~ 

Chow PL 42.0{4.7} 9.0(4.9)f 31.1(7.4}f 7.7(6.3}f 58.7~4.2},f 
GMP PL 55.1{11.3} 1.O{O.1}b,f 20.9(4.1) 1.3{0.8} 76.3{4.9} ~ 
GMP + SO PL 55.6(8.0} c 4.9{1.3)a,g 21.3{6.4) 9.1{5.3) e 69.6{5.9) c 

Chow TG 30.4(2.6), 7.9(2.3}f 33.6(1.4}f 21.0(0.2} 41.1{3.9} , 
GMP TG 81.5(5.3)o, e 1.9(1.3)b,f 9.4(3.6}b 1.8(1.0)b, d 88.8(4.2}b, a 
GMP + SO TG 72.9(4.5}b 1.8{0.3} 6.6(0.6) b 15.5(4.9}f 77.5(4.8} b 

aValues are means, with standard deviations in parentheses, of fa t ty  acid composition of the lipids of adult mice shown in Table 1. GMP, 
rac-l{3)-palmitoyl glycerol; SO, safflower oil; CE, cholesteryl ester; DG, diacylglycerols; FFA,  free fat ty  acids; MG, monoacylglycerols; 
PL, phospholipids; TG, triacylglycerols. 
bStatist ically different from chow (p < 0.01}. 
cStatist ically different from chow (p < 0.05}. 
dStat ist ical ly different from GMP + SO {p < 0.01}. 
eStatist ically different from GMP + SO {p < 0.05}. 
fStatist ically different from weanling (Table 4) (P < 0.01}. 
gStat is t ical ly different from weanling {Table 41 (p < 0.05}. 

TABLE 4 

Fatty Acid Composition of Lymph Lipids of Weanling Mice a 

Diet Lipid Palmitate (%) Stearate (%} Oleate (%) Linoleate (%} Saturated {%) 

Chow CE 42.9{4.9}g 27.5(2.5}f 5.7{3.6)f 2.9{0.7}g 74.9{7.9} 
GMP CE 73.1{8.2)o,g 8.3(1.9)b,f 12.9{7.2} 1.2{0.7) 84.4{5.7} 
GMP + SO CE 74.3{10.4) b 7.6{2.5)b,f 10.5{4.5} 1.7{0.1} 86.8110.4) 

Chow DG 49.4{3.9} 23.6{5.2)f 11.2(4.5)f 3.5{1.4} 85.8{8.7}f 
GMP DG 68.5t10.5~ c 8.7~1.7)b,/ 16.8~7.6)g 2.311.8) 79.1{9.2} 
GMP + SO DG 69.4{4.9} 7.3(1.3}b,f 13.1{2.6} 2.1(0.4} 82.7{2.8} 

Chow F F A  41.5(5.3), 36.2(7.6)f 11.3{4.3)f 5.0{2.5} 83.2{7.3)f 
GMP F F A  67.2(6.8)o,g 12.213.4)b,f 14.6{2.7} 1.4(0.2) c 82.9(3.2} 
GMP + SO F F A  70.5(8.5} b 8.5(0.1}b,f 13.6{2.41 2.9(1.6} 83.3(5.3} 

Chow MG 55.1(7.1}g 25.7(2.6)f 10.3(4.6)f <oAf 90.0(7.5}f 
GMP MG 67.6(6.1) c 6.3(0.9)b,f 13.1{3.4} 3.1(0.8) b 78.7(4.3} c 
GMP + SO MG 71.2(9.4) b 6.1(1.5}b,f 8.9(3.8} 4.2(0.6}b,f 84.1{7.6} 

Chow PL 47.6{5.1} 28.1(9.3)b,f 9.7(3.6)f 5.4(1.4)f 84.8{5.4)f 
GMP PL 58.3~3.7) c 9.1(1.2)b,/ 17.6t2.3) b 3.8(0.7) 72.6{2.6) b 
GMP + SO PL 55.8{5.4} 7.6(1.4~g 16.5(4.6} 5.0{1.7} 71.9(5.5} c 

Chow TG 32.3(4.9)b 13.7(1.0)f 23.6(5.1)f 18.9{4.5}, 50.5{8.9} b 
GMP TG 73.4(9.2)b 7.6{1.3}b,f 12.6(7.6) b 1.7{1.1} o 85.5(8.4) 
GMP + SO TG 70.2{4.9} 3.7(0.9)b,d,f 9.5{2.9) 5.7{1.3}b, d 80.2{4.5) b 

aValues are means, with standard deviations in parentheses, of fa t ty  acid composition of the lipids of weanling mice shown in Table 1. 
GMP, rac-l(3}-palmitoyl glycerol; SO, safflower oil; CE, cholesteryl ester; DG, diacylglycerols; FFA, free fat ty acids; MG, monoacylglycerols; 
PL, phospholipids; TG, triacylglycerols. 
bStatistically different from chow {p < 0.01). 
cStatist ically different from chow IP < 0.05). 
dStatist ically different from GMP § SO (p < 0.01}. 
eStatist ically different from GMP + SO (p < 0.05}. 
fStatist ically different from adult {Table 3} (p < 0.01). 
gStat is t ical ly different from adult {Table 3) (p < 0.05}. 
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TABLE 5 

Fatty Acid Composition of Glycerolipids from Plasma of Weanling Mice a 

Diet Lipid Myristate (%) Palmitate (%) Stearate (%) Oleate (%) Linoleate (%) Saturated (%) 

Chow DG 1.0(0.5)~ 74.0(0.5) 5.9il.2) 16.3{1.2) 3.1i0.8) 81.3(1.7) 
GMP DG 5.4(1.5)o 62.5{10.3b) 12.6{4.1) c 14.9(7.8) 1.3{1.2) c 80.7(10.7) 
GMP + SO DG 8.6(6.4) c 54.3(8.5)b 11.9(5.9) 16.8(2.6) 3.9(2.6) 75.8(5.4) 
GMP + Oleate DG 9.1(6.6)c 60.6(5.2) ~ 10.5(3.5) c 16.1(4.5) ~ <1 80.2(5.7) 
Fat-free DG 26.8(9.2)e,1 23.6(6.2)e,7 7.4(2.9)d 40.7(8.1)e,T 1.2(1.1)c,g 57.8(8.4) 

Chow FFA 4.4(3.5) 74.7(5.8) 6.6(1.0) 13.9(4.2) 1.5(0.9) 85.5(6.2) 
GMP FFA 5.7(2.0) 58.3(10.0~ c 14.5/6.2) 18.2(8.4) 2.3(1.4) 78.4(10.6) 
GMP + SO FFA 5.8{4.0) 52.9{7.8) v 12.8{3.5) 22.2(13.1) 3.5(2.2) 70.4(14.6) 
GMP + Oleate FFA 6.5(4.6), ~ 62.9(8,3)b ~ 12.2(2.3} 14.9(5.0) 1.7(1.0) 82.0(8.9) 
Fat-free FFA 18.1(4.9)o,1 40.5(4.1} ,T 21.2(4.6) 18.5{4.9} 1.2(1.2} 80.4(5.3) 

Chow MG 0.6(0.4) 43.2(7.9) 2.4(1.1) 48.0(7.5) 5.0(3.1} 48.3(8.9) 
GMP MG 8.2{6.7} 57.8(4,9) c 14.7(3.9) c 15.2(6.1) 2.9(1.4) 80.8(8.8} 
GMP + SO MG 10.8(5.5) 55.4(7.9), ~ 12.3(2.8),o 15.4/4.1)b 1.1(0.5) 78.5(6.8) 
GMP + Oleate MG 5.812.8)b f 66.2{7.6)0 10.2(1.8) o 11.5(5.2) , 2.7(1.0) 82.2{9.2) 
Fat-free MG 31.1(8.7) , 29.8(2.9)b,f 11.5(2.7)b 25.5(7.0)b,e,l 1.6(1.3) c 72.4{6.8) 

Chow PL 2.5(1.6) 39.5(2.9) b 22.6(0.6) 11.8(1.6) 23.6(2.3) b 64.6(4.5) b 
GMP PL <1 54.5(3.9) , 24.1(10.9) 7.7(2.9) c 13.6(3.2), 78.5(1.3) d 
GMP + SO PL <1 45.1(2.7).c, a 25.9(2.9), 5.8(1.2) b 21.6(3.8) a 70.7(5.0) b 
GMP + Oleate PL <1 55.8(5.8}b 27.2(0.9)0 14.7(5.4)e 3.4(1.3)b, d 81.0(6.5) 
Fat-free PL 4.1{4.2) 38.9(6.3)f 18.6(6.5)f 23.6(8.8)c,f 8.9(5.0)b,f 6t.6t13.5) 

Chow TG 3.2(1.7) 51.9(7.8) 5.7(1.8) 23.6(5.6) 14.4(3.1), 60.8(9.5) 
GMP TG 8.9(6.4) 54.1(14.3 b) 12.0(3.57)c 20.6(13.5) 2.9(2.6), o 74.9(18.2~ 
GMP + SO TG 4.6(3.5) 67.8(3.9) 8.7(3.8)d 11.5(2.6)o 5.1(3.8), o 81.0(5.1) 
GMP + 18:1 TG 3.3(1.9) 60.4(2.8), ~ 4.8(1.3) 26.9(5.9) 1.0(0.3) ~ 68.5(4.7) 
Fat-free TG 13.2(7.7)c,g 39.5(5.4)o,e,1 16.9(9.3)c,g 27.1(13.4)g 1.5(1.6)b,g 68.0(17.1) 

aValues are means with standard deviations in parentheses. MG, monoacylglycerols; DG, diacylglycerols; TG, triacylglycerols; FFA, 
free fatty acids; PL, phospholipids. Number of mice and diets: GMP, 6 mice fed 30% palmitoyl glycerol; GMP + SO, 6 mice fed 30% 
palmitoyl glycerol + 4% safflower oil; GMP -F Oleate, 4 mice fed 30% palmitoyl glycerol + 4% oleic acid; chow, 4 mice fed standard 
commercial pelleted diet; fat-free, 9 mice fed the GMP diet with palmitoyl glycerol replaced by sucrose. Blood plasma was extracted and 
the lipids were separated by thin layer chromatography. Fat ty  acid composition was determined by gas-liquid chromatography of the 
methyl esters. Only those fatty acids present in more than trace amounts are shown. 
bStatistically different from chow (p < 0.01). 
cStatistically different from chow (p < 0.05). 
dStatistically different from GMP (p < 0.01). 
eStatistically different from GMP (p < 0.05). 
fStatistically different from fat-free (p < 0.01~. 
gStatistically different from fat-free (p < 0.05). 

TABLE 6 

Fat ty  Acid Composition of Cholesteryl Ester Fraction of Blood Plasma of Weanling Mice a 

Diet Palmitate (%) Stearate (%) Oleate (%) Linoleate (%) Saturated (%) 

Chow 32.9(1.0)d 2.9(0.6) 20.6(2.5) 36.8(5.9}d, f 42.1(4.0t d , 
Fat-free 26.4(9.1)b 11.3(6.3) e 39.9(10.2) c 4.5(3.9) b 44.1(17.4) a 
GMP 55.4(6.7) d 11"9(1"6)b 17"9(4'8)~ 3.1(2.7) d 73.3(9.1) 
GMP + SO 34.9(12.9~ 8.5(5.5) , 13.5(3.5} , 32.1(19.1) ~ 46.1(21.0ld 
GMP + 18:1 33.2(6.1) 5.8(1.8)c,a 36.9(3.6)c,a 4.1(2.9)d,f 42.c ~a 

aValues are means with standard deviations in parentheses. Number of mice and diets: GMP, 6 mice fed 30% palmitoyl glyc JIP 
+ SO, 6 mice fed 30% palmitoyl glycerol + 4% safflower oil; GMP -t- 18:1, 4 mice fed 30% palmitoyl glycerol + 4% oleic a )w, 
4 mice fed standard commercial pelleted diet; fat-free, 9 mice fed the GMP diet with palmitoyl glycerol replaced by sucrose. Blot ma 
was extracted and the cholesteryl esters were isolated by thin layer chromatography. Fat ty  acid composition was determined Dy gas- 
liquid chromatography of the methyl esters. Only those fatty acids present in more than trace amounts are shown. The mean percent 
of myristate for the diets ranged from 2.7% to 6.4%, with no significant difference between them. 
bStatistically different from chow (p < 0.01). 
cStatistically different trom chow/p < 0.05). 
dStatistically different from GMP (p < 0.01). 
eStatistically different from GMP (p < 0.05). 
fStatistically different from fat-free (p < 0.01). 
gStatistically different from fat-free (p < 0.05). 
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FIG. 1. Percent of linoleate in the triaeylglyeerol fraction of intestinal 
lymph from weanling mice fed various combinations of 0, 10, 15, 25 
and 30% rac-l(3)-palmitoyl glycerol (GMP) plus 0, 0.5, 1, 2, 3 and 
4% safflower oil (SO) for three days. Ratio dietary SOfGMP 
represents the ratio of dietary safflower oil to palmitoyl glycerol 
fed to the mice. Each point represents an average of one to five ratios 
of dietary safflower oil to palmitoyl glycerol. The value for each 
dietary combination was derived from an average of lymph from 
three to six mice. 

When supplemental oleate was given, the percentage of 
oleate was elevated to the same level as that of linoleate 
when safflower oil was the supplement. However, when 
oleate was fed, the proportion of linoleate in the choles- 
teryl ester fraction was not higher than when only 
palmitoyl glycerol was fed. The net results of the changes 
in fat ty acid composition were similar; namely that when 
mice were given a supplement of an unsaturated fat, the 
percentage of the total saturated fat ty acids in this frac- 
tion was no greater than that in mice fed chow or mice 
fed a fat-free diet. 

DISCUSSION 

Most striking was the extremely high proportion of 
saturated fat ty acids in the mouse lymph. In weanling 
mice, the proportion of total saturated fatty acids in each 
lipid class, other than the triacylglycerols, was more than 
70%, irrespective of diet. When the mice were fed 30% 
rac-l(3)-palmitoyl glycerol, with or without 4% safflower 
oil, the sum of the saturated fat ty acids was even higher, 
often approaching 90%. Although this might be expected 
for animals consuming saturated fat, the degree of satura- 
tion is higher for mice than that observed in other animals 
consuming high amounts of saturated fats. Chu and 
Hegsted (8) found a similar percentage of saturated fatty 
acids in the triacylglycerols of intestinal lymph of adult 
rats given palmitate, but the percentages of saturated 
fatty acids in the cholesteryl ester and phospholipid frac- 
tions were lower than we observed in mice fed either a 
palmitoyl glycerol diet or chow. Feldman et al. (9) reported 
lower percentages of saturated fatty acids in whole lymph 
of rats fed either palmitate or stearate. Even in rumi- 
nants, where the dietary fatty acids are largely saturated 
because of biohydrogenation occurring in the rumen, pro- 
portions of saturated fatty acids in the cholesteryl esters 
and phospholipids were not as great as we found in the 
corresponding fractions of mouse lymph. 

Mouse lymph may not always be as highly saturated. 
In experiments where the proportions of dietary linoleate 
and palmitate were varied, the percentage of linoleate in- 
creased linearly with the ratio of linoleate to palmitate. 
However, the percentage of palmitate remained relatively 
constant. Hence it would appear that in mice, dietary un- 
saturated fat ty acids influence lymph to a much greater 
degree than dietary saturated fat ty acids. 

Typically, the triacylglycerol fraction is expected to be 
the major lipid in lymph when animals ingest fat. This 
was observed with weanling and adult mice fed chow and 
with adult mice fed palmitoyl glycerol plus safflower oil. 
However, when weanling or adult mice were fed 30% 
palmitoyl glycerol, the cholesteryl ester fraction pre- 
dominated. The free fatty acid fraction was greater than 
the  triacylglycerols in these groups of mice, as well as in 
weanling animals fed palmitoyl glycerol and safflower oil. 
The diacylglycerol fraction was also increased when these 
diets were fed, although to a lesser degree. The findings 
would suggest that  when mice were fed the palmitoyl 
glycerol, there was either a decrease in the synthesis of 
triacylglycerols or an increase in lipolytic activity. 

In blood plasma, the cholesteryl ester fraction was 
greater than the triacylglycerol fraction when weanling 
mice were fed a low-fat diet, chow or a fat-free diet. This 
is consistent with studies tha t  showed elevated 
triacylglycerols in rats fed a high-fat diet compared to 
chow (7). Although supplementing the palmitoyl glycerol 
diet with safflower oil affected the lipid composition of 
the  lymph, subsequent metabolism eliminated these dif- 
ferences, and the proportions of the various plasma lipids 
were the same in weanling mice fed palmitoyl glycerol 
with or without the unsaturated fat. 

As expected, the plasma lipids from weanling mice fed 
a palmitoyl glycerol diet were more saturated than from 
those fed chow or a fat-free diet. Unexpectedly, we found 
only traces of arachidonic acid in any lipid from the 
plasma of the weanling mice. I t  is noteworthy that, ex- 
cept for the cholesteryl ester fraction, there was very lit- 
tle difference in fat ty acid composition of the plasma 
lipids between mice fed palmitoyl glycerol alone or with 
a protective unsaturated fat. On the other hand, the com- 
position of the cholesteryl ester fraction paralleled the 
overall effects of the palmitoyl glycerol toxicity. The 
palmitate percentage and total proportion of saturated 
fatty acids were high only when the mice were fed the un- 
supplemented palmitoyl glycerol diet. When 4% safflower 
oil was the supplement, linoleate was increased but oleate 
was unchanged. Conversely, when 4% oleate was the sup- 
plement, oleate increased but linoleate was no higher than 
in the unsupplemented diet. 

Although weanling mice were given a fat-free diet, the 
length of the experiment was too short for the classical 
syndrome of an essential fat ty acid deficiency to appear. 
In these mice, the stearate was higher and the oleate lower 
in plasma triacylglycerols than was found in four-month- 
old rats given a fat-free diet (6). We also observed that 
the  lymph lipids from weanling mice fed chow were higher 
in stearate and lower in oleate than those from adult mice 
fed chow. In studies with adipose tissue (11), the same 
trend was observed with the triacylglycerols from wean- 
ling versus adult mice. While it is possible that these 
differences resulted from an increased accumulation of 
oleate relative to stearate as the animals aged, it is also 
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possible tha t  the fa t ty  acid desaturases were not  as ac- 
tive in the weanling mice. Prasad and Joshi {12} found 
that  in chickens the desaturases developed with age. Ad- 
ditionally, the failure to find more than trace amounts  of 
arachidonate in the plasma of weanling mice is consistent 
with this hypothesis.  

The pr imary purpose for conducting this s tudy was to 
lead to an explanation of the toxicity of dietary palmitoyl 
glycerol to mice. Acylglycerols of other sa tura ted  fa t ty  
acids, myrist ic acid (13) and stearic acid (14}, were also 
toxic, as was sn-diacetyl-2-palmitoyl glycerol {2). Hence, 
the toxicity was not specific to rac-l(3)-palmitoyl glycerol 
but  could be caused by ingestion of any sa tura ted  
monoacylglycerol.  At  first sight, the toxici ty may  seem 
to be an acute form of an essential f a t ty  acid deficiency. 
The toxic diet does not  contain an essential f a t ty  acid, 
and when linoleate is added to the diet the toxici ty is 
ameliorated. Moreover, the addition of sa tura ted  fat to 
a diet deficient in essential f a t ty  acids accentuates the 
syndrome of an essential fa t ty  acid deficiency {15}. 
However,  there are several factors tha t  negate this idea. 
Prefeeding linoleate for three days was ineffective in 
prevent ing the toxici ty {2). Dietary oleate was as effec- 
tive as linoleate in protect ion {14}. Although it is con- 
ceivable tha t  dietary oleate might  release a supply of an 
essential f a t ty  acid from some inactive pool, no change 
in linoleate or arachidonate was observed in plasma when 
oleate was fed. 

With regard to the specific compound responsible for 
the toxicity, we had considered three possibilities (1}: free 
palmitic acid from the palmitoyl glycerol, the monoacyl- 
glycerol itself and some metabolic product  derived from 
palmitoyl glycerol (1). The first had been eliminated, since 
free palmitic acid was not  as toxic as palmitoyl glycerol 
(1}, and diacetyl, dipropionyl and dibutyryl  derivaties of 
palmitoyl glycerol were much less toxic than  rac-lt3}- 
palmitoyl glycerol because of hydrolysis of the palmitate 
{1). Although the results of the current  s tudy showed no 
major differences in f a t ty  acid composition associated 
with diet {except for the cholesteryl esters}, they are 
significant in tha t  they indicate tha t  the monoacylglyc- 
erol per se is not the toxic agent. Thus this finding, 
coupled with the fact tha t  rac-l{3}-oleoyl glycerol was an 
effective form of an unsa tura ted  fat  {14}, points to the 
probabili ty tha t  the immediate toxic agent is a metabolic 
product  of palmitoyl glycerol. 

Lipids of more than 70% satura ted  fa t ty  acids would 
not  be expected to be in a fluid s ta te  at  the body 
tempera ture  of a mouse. However, Bennett-Clark et al. 
(16) have shown that  chylomicrons containing a high pro- 
portion of sa tura ted  fa t ty  acids were produced as super- 
cooled liquids. When they were held at temperatures  
below 23 C, they lost their spherical shape and appeared 
f lat tened and polygonal. There is an effect of ambient 
tempera ture  on the toxici ty of palmitoyl glycerol (3), so 
it is possible tha t  altered chylomicron s t ructure  could be 
associated with the toxicity. On the other hand, there 
were no differences in the degree of saturat ion of lymph 
between mice that  succumbed from consuming palmitoyl 
glycerol and those given 4% safflower oil tha t  survived. 
Moreover, even though mice were ingesting diets contain- 
ing 30% fat, cloudy mouse plasma was never observed, 
suggesting tha t  the rate of chylomicron clearance is very 
high. 

Except  for the cholesteryl esters, there were basically 
no differences in the fa t ty  acid composition between mice 
fed the toxic palmitoyl glycerol diet or the diet sup- 
plemented with a protect ive unsa tura ted  fat. Further-  
more, decreasing the toxic effects by  reducing the per- 
cent of rac-l(3}-palmitoyl glycerol in the diet to 15% did 
not  significantly affect the fa t ty  acid composition of the 
plasma lipids (11). Therefore, it seems unlikely tha t  the 
toxici ty  was related to the total  percentage of sa tura ted  
fa t ty  acids in the plasma. However, the correlation of the 
fa t ty  acid composition of the cholesteryl esters with the 
toxici ty does suggest  tha t  this plasma lipid may be in- 
volved in the mechanism responsible for the toxici ty of 
palmitoyl glycerol. Assuming that  a similar correlation 
would be seen with the other toxic monoacylglycerols,  it  
is possible tha t  the cholesteryl ester fa t ty  acid is a precur- 
sor for some vital  membrane domain tha t  loses its func- 
tion when saturated.  Extens ive  analysis of both fa t ty  
composition and incorporation of radioact ivi ty from 
rac-l{3}-[1-'4C]palmitoyl glycerol {2} failed to show any dif- 
ferences between tissues of mice fed palmitoyl glycerol 
alone or with a protect ive unsa tura ted  fat. However, it 
is possible tha t  the defect may  lie in microdomain{s) of 
a membrane tha t  may  not  have been detectable in the 
gross composition studies conducted. Where such do- 
mainls) might exist is unknown, but  since death is so sud- 
den following ingestion of the sa tura ted  monoacylglyc- 
erol, it seems likely tha t  it lies in a vital  organ. 
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Effect of Cupric Ions on Serum and Liver Cholesterol Metabolism 
Mitsuo Tanaka*, Toshihiro lio and Toshikazu Tabata 
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Cupric ions were administered subcutaneous ly  to  male  
Sprague-Dawley rats at a single dose of 200 ~anol/kg. At  
24 hr after administration, a remarkable increase of total  
and free cholesterol was  seen in the rat serum. Also, when 
lecithin-cholesterol acyltransferase (LCAT) (E.C. 2.3.1.43) 
act iv i ty  was  expressed as the percentage of the total  
serum that free cholesterol esterified, the acyltransferase 
act iv i ty  in rats treated with  cupric ions showed a sl ight 
decrease while the triglyceride content  in rat serum and 
liver decreased by 54% and 61%, respectively.  However ,  
the content  of  hepatic cholesterol  in rats treated with  
cupric ions did not  show such a marked change. 

On the other hand, acid cholesteryl  ester hydrolase  ac- 
t ivi ty (Acid CEH) {E.C. 3.1.1.14) in liver l y sosomes  of rats 
treated with cupric ions showed a marked decrease with 
increasing cupric ion concentrat ion both in v ivo  and 
in vitro. Furthermore, cupric ions caused a marked release 
of  the lysosomal  enzymes  cathepsin D and p-glucuroni- 
dase into the eytosol ic  fraction. The changes  in acid 
cholesteryl ester hydrolase activity induced by cupric ions 
appear to be a direct effect  of  cupric ions on the enzyme.  
These  results  sugges t  that  excess ive  cupric ion concen- 
trat ions could cause various  disorders in lipid metabo-  
lism. 
Lipids 22, 1016-1019 (1987). 

Cupric ions have been recognized as an essential trace ele- 
ment  for hematopoiesis (1). Dietary  cupric ion deficiency 
in ra t  has been shown to produce hypercholesterolemia 
(2-4}. Moreover, several studies have indicated that  diets 
high in zinc:curpic ion ratios are associated with hyper- 
cholesterolemia in ra t  (5,6}. However, the role of cupric 
ions in cholesterol metabolism still is unknown. 

The metabolism of cholesterol and cholesteryl esters in 
serum have been studied extensively. I t  also has been 
reported that  the synthesis and turnover of bile acids cor- 
relate inversely with serum cholesterol in hypercholes- 
terolemia {7,8). In contrast ,  it has been suggested tha t  
the marked accumulation of cholesteryl esters in hyper- 
cholesterolemia may be responsible for the s tructural  
change in lysosomal membranes tha t  accompanies the 
decrease in acid cholesteryl ester  hydrolase (Acid CEH) 
activity (9). Although several studies have characterized 
the act ivi ty and properties of lysosomai Acid CEH from 
liver {10-12), the association of lysosomal Acid CE H with 
the lipid of serum and liver has not  been examined in any 
detail. 

Therefore, we invest igated the changes occurring in 
serum lipid levels, serum lecithin-cholesterol acyltrans- 
ferase (LCAT) act ivi ty and lysosomal Acid CEH activ- 
i ty in cupric ion- t rea ted  rats. 

*To whom correspondence should be addressed. 
Abbreviations: Acid CEH, acid cholesterol ester hydrolase; BANA, 
a-N-benzoyl-DL-arginine-2-naphthylamide hydrochloride; EDTA, 
ethylenediaminetetraacetic acid; GLC, gas liquid chromatography; 
HDL, high density lipoprotein; LCAT, lecithin-cholesterol acyl- 
transferase; LDL, low density lipoprotein. 

MATERIALS AND METHODS 

Chemicals and radiochemicals. Cholesteryl [1-14C]oleate 
(sp. act. 58.6 mCi/mmol) was purchased from New Eng- 
land Nuclear Corp. tBoston, MA). Phenolphthalein glu- 
curonide, phenylphosphate, hemoglobin and a-N-benzoyl- 
DL-arginine-2-naphthylamide hydrochloride {BANA) 
were purchased from Sigma Chemical Co. (St. Louis, MO). 
Assay kits (free cholesterol C-Test Wako and HDL- 
cholesterol-Test Wako) were purchased from Wako Pure 
Chemical Ind. (Osaka, Japan). 

Treatment of animals. Young male Sprague-Dawley 
rats  weighing 150-180 g were used for all studies. Rats  
were given subcutaneously 0.1 ml of saline containing cop- 
per chloride {200 ~mol/kg body) at  a single dose {6 a.m.). 
At  24 hr after administration, the blood and liver were 
taken. 

Preparation of subcellular fractions. For the prepara- 
tion of lysosomal and cytosolic fractions from various 
tissues, the method of Brecher et al. (13) was followed. 
Rats were killed by guillotine, and the livers were perfused 
with ice-cold 1.15% KC1 solution at 4 C. The liver was 
homogenized in eight volumes of ice-cold 0.25 M sucrose/ 
1 mM ethylenediaminetetraacet ic  acid (EDTA)/0.01 M 
Tris-HC1 buffer (pH 7.5). The homogenate was centrifuged 
at 1,000 • g for 10 rain, and the resulting supernatant  
was centrifuged at 3,300 • g for 20 min. The 3,300 • 
g supernatant  solution was centrifuged at 12,000 • g for 
35 rain. The pellet was rehomogenized in 0.25 M sucrose 
solution and recentrifuged at 12,000 • g for 20 min. The 
resulting pellet was resuspended in 0.25 M sucrose/0.01 M 
Tris-HC1 buffer {pH 7.4}. The original 12,000 • g super- 
na tan t  solution was recentrifuged at 105,000 • g for 60 
rain to obtain the microsomal and cytosolic fractions. 

Lecithin-cholesterol acyltransferase assay. LCAT activ- 
ity was determined by the method of Nakagawa et al. {14). 
The standard assay medium contained 0.2 ml of rat  serum 
and 0.3 ml of phosphate buffer {pH 7.4, ionic strength 0.1). 
The samples were placed in 15 ml screw-capped tubes, 
which then were flushed with N2, sealed and incubated 
at 37 C for two hr with mechanical shaking. Free choles- 
terol in the reaction mixtures before and after incubation 
was determined with the Free Cholesterol C-Test Wako 
kit based on an enzymatic assay. 

Acid cholesteryl ester hydrolase assay. The Acid CEH 
activi ty was measured by  the method of Brecher et al. 
(13). Benzene solutions of cholesteryl  oleate and 
cholesteryl [1-'4C]oleate were mixed, and the benzene was 
evaporated under N2. Saline solution with 0.5% albumin 
was added, and the mixture  was sonicated three times 
for 10 sec. The s tandard  incubation mixture  usually con- 
tained 0.69 nmol of cholesteryl [1-14C]oleate (0.04 ~Ci) in 
0.15 M acetate buffer {pH 4.5) and 50 ~g of lysosomal pro- 
tein in a final volume of 0.3 ml. The reaction was ter- 
minated by addition of 3.0 ml of benzene/chloroform/ 
methanol mixture (1:0.5:1.2, v/v/v), containing unlabeled 
oleic acid {0.1 mM) as carrier. NaOH {0.6 ml of 0.3 M) then 
was added. The solution was mixed for 25 sec by vortex- 
ing and centrifuged for 10 rain at 3,000 rpm. The amount  
of l iberated [1-'4C]oleate in the upper aqueous phase was 
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determined by  adding 0.5 ml aliquots to 10 ml of Aquasol 
2 liquid scintillation mixture  and count ing the samples  
in an Aroka  LSC 900 liquid scintillation counter. 

Assay of lysosomal marker enzymes. Cathepsin D was 
assayed  by  the method of Hirado et al. (15), us ing hemo- 
globin as substrate.  The amount  of reaction products  was 
assayed  by  the method of Lowry et al. (16). ~-Glucuroni- 
dase was assayed with phenolphthalein glucuronide as sub- 
strate.  Phenolphthalein l iberated from the subs t ra te  was 
measured  by  the method  of Gianet to  and de Duve (17}. 
Protein was assayed  by  the method of Lowry et al. (6). 

Determination of cholesterol and triglyceride content. 
Total  cholesterol and triglyceride in ra t  serum were deter- 
mined by  the method  of Rudel and Morris  (18) and 
van  Handel  and Zilversmit  (19), respectively.  Free cho- 
lesterol in ra t  serum was measured  with the free choles- 
terol C-Test Wako Kit  based on an enzymat ic  assay.  
High-densi ty  l ipoprotein (HDL) cholesterol in ra t  serum 
was measured  with the H D L  cholesterol-Test Wako kit  
based  on an enzymat ic  assay.  

For determinat ion of to ta l  and free cholesterol and 
tr iglyceride in ra t  liver, to ta l  lipids were ex t rac ted  f rom 
rat  liver homogenates by  the procedure of Folch et al. (20). 
The chloroform ex t rac t s  were evapora ted  to dryness,  
hydrolyzed with 5% methanol ic-KOH at  60 C for one hr 
and ex t rac ted  with hexane by  the method of Uch iyama 
et al. (21). The hexane ex t rac t s  were evapora ted  to dry- 
ness, and to ta l  cholesterol content  as its t r imethyls i lyl  
ether der ivat ive was determined by  gas liquid chroma- 
tog raphy  (GLC) as described by  Marcel  and Vezina (22). 
Also, the chloroform extracts  were evaporated to dryness, 
and the amount  of free cholesterol and tr iglyceride were 
determined by  the method mentioned above, respectively. 

RESULTS 

The effects of cupric ions on serum lipids content  are 
shown in Table 1. At  a single dose of 200 ~mol/kg, the 
amount  of to ta l  cholesterol in serum was increased 
markedly  to about  150% of the control value. Also, the 
rat io  of free to to ta l  cholesterol was increased in serum 
f rom ra t s  receiving cupric ions. However,  the serum tri- 
glyceride content  showed a marked  decrease to 55% of 
the control value. In  contrast ,  the serum H D L  cholesterol 
content showed no change following cupric ion t rea tment  
in compar ison with  the levels found in control rats .  

I t  was thought  possible t ha t  the increase of free 
cholesterol observed in cupric ion- t rea ted  ra ts  m a y  have 
been dependent  upon a change in esterif ication activity.  
Therefore, the level of LCAT act ivi ty in serum was deter- 
mined. I f  expressed as the percentage of the to ta l  serum 
cholesterol esterified, the LCAT act ivi ty  in the serum of 
cupric ion - t r ea ted  ra t s  showed a slight decrease as com- 
pared to tha t  of the control rats.  

Changes in the cholesterol content of the liver also were 
inves t iga ted  (Table 1). Total  cholesterol content  in ra t s  
receiving cupric ions was increased slightly to 120% of 
the control value. However,  tr iglyceride content  in the 
cupric ion- t rea ted  ra t s  was reduced markedly  to 60% of 
the control values. The t ime course of serum and liver 
cholesterol levels in cupric ion - t r ea ted  ra t s  also was 
studied. The levels of bo th  reached a m a x i m u m  after  12 
to 24 hr and leveled off gradual ly until  48 hr (data not  
shown). 
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FIG. 1. Effect of cupric ions on lysosomal enzyme activities in vitro. 
The 100% values is the activity under standard assay conditions. 
e ,  Acid CEH; A, cathepsin D; *, ~-glucuronidase. 

The effects of various cations on the cholesterol con- 
ten t  of serum and liver are presented in Table 2. Serum 
cholesterol content  in Cd~§ ra t s  was elevated 
slightly only at  low concentrat ion while Mn% Co s§ and 
Zn ~§ did not show any significant effect on serum and liver 
cholesterol contents.  

Since it has been suggested tha t  cupric ions are seques- 
tered within the lysosome, the changes in cholesterol 
levels caused by  cupric ion t r ea tmen t  m a y  be media ted  
th rough  this organelle. For  this reason, the effects of 
cupric ions on liver lysosomal  Acid C E H  were studied. 
As shown in Table 3, when four different doses (400, 200, 
40, 20 ~mol/kg body wt) of cupric ions were administered 
to rats ,  cupric ions at  doses more than  40 ~mol/kg body 
wt  caused an increase of cholesterol levels in serum and 
liver, and inhibition of Acid C E H  act ivi ty  at  24 hr af ter  
administrat ion.  This decrease occurred in a dose-depen- 
dent manner and ranged from 10 to 50% of control values. 

The direct effect of cupric ions on lysosomal  Acid CEH 
act ivi ty  was inves t iga ted  by  incubation with lysosomes 
derived f rom normal  ra t  liver (Fig. 1). Acid C E H  was in- 
hibited significantly at  a cupric ion concentrat ion of 
0.25 mM in vitro, a l though the same concentrat ion of 
cupric ions did not inhibit other lysosomal  enzymes such 
as cathepsin D and ]~-glucuronidase. We studied the ef- 
fect of cupric ions on Acid C E H  act iv i ty  in var ious 
tissues. Cupric ions had no effect on Acid C E H  act iv i ty  
in the spleen, lung and hear t  (data not  shown). 

Lindquis t  (23) repor ted t ha t  cupric ions caused lyso- 
some rupture  and release of hydrolyt ic  enzymes into the 
cytosolic fraction. Therefore, we studied the levels of 
lysosomal  marker  enzymes in the liver lysosomal  and 
cytosolic fractions of bo th  control and cupric ion- t rea ted  
rats.  The activit ies of the marker  enzymes in lysosomes 
isolated f rom cupric ion-loaded livers showed a marked  
decrease of up to about 50% tha t  of controls. On the other 
hand, the activit ies of cathepsin D and f3-glucuronidase 
in the cytosolic fract ion increased markedly  {data not  
shown). 

DISCUSSION 

In  our experiments ,  increases in cholesterol level and 
decreases in tr iglyceride level were observed in bo th  the 
se rum and liver of ra t s  af ter  adminis ter ing cupric ions. 
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TABLE 1 

Effect  of Cupric Ions on Serum LCAT Act iv i ty  and Serum and Liver Lipids 

Serum Control CuCI~ 

Total cholesterol (ug/ml) 
Free cholesterol (~g/ml) 
Free/Total 
HDL cholesterol (~g/ml) 
Triglyceride (mg/dl) 
Esterification 

Net (~g/ml serum) 
cholesterol esterified 

%(  ) 
free cholesterol 

726.6 • 12.1 1071.4 • 119.0 a 
244.1 • 32.8 427.0 • 37.1 a 

0.33 0.41 
456.3 • 84.1 416.6 • 28.0 
49.65 • 0.92 26.73 • 0.46 a 

53.02 • 1.04 80.14 • 6.62 a 

21.72 • 1.52 18.77 • 0.55 b 

Liver 
Total cholesterol (mg/g of liver) 1.396 • 0.09 1.658 • 0.04 b 
Free cholesterol (mg/g of liver) 0.900 • 0.01 1.153 • 0.01 b 
Free/Total 0.64 0.69 
Triglyceride (mg/g of liver) 5.62 • 0.90 3.43 • 1.02 a 

Values are given as mean • SD of six rats. 
aSignificantly different from control, p < 0.01. 
bSignificantly different from control, p < 0.05. 

TABLE 2 

Effect  of Divalent Cations of Some Heavy Metals on Serum 
and Liver Cholesterol Contents 

Metals (~mol/kg) 

Cholesterol 

Serum (~g/ml) Liver (mg/g of liver) 

None 70.51 • 2.5 (100.0%) 1.463 • 0.19 (100.0%) 
CuC12 (200) 100.75 • 5.0 (142.9%) a 1.734 • 0.18 (118.4%) b 
CdCI~ (40) 87.75 • 1.6 (124.4%) a 1.561 • 0.38 (106.5%) 
MnCI~ (200) 74.25 • 1.5 (105.3%) 1.238 • 0.08 (84.5%) 
CoC12 (200) 69.25 • 1.2 (98.2%) 1.561 • 0.23 (106.5%) 
ZnC12 (200) 76.25 • 1.7 (108.1%) 1.148 • 0.07 (78.4%) 

Values are given as mean • SD of six rats. Values in parentheses are percentages of the 
values ohtained in control ra ts  (taken as 100%). 
aSignificantly different from control, p < 0.01. 
bSignificantly different from control, p < 0.05. 

TABLE 3 

Dose Response of Cupric Ions on Serum and Liver Lipid Contents and Acid CEH Act iv i ty  

CuCI~ (pmol/kg) 

Control 20 40 200 400 

Serum cholesterol 67.1 • 8.6 77.1 + 0.1 79.1 • 2.8 a 93.9 + 5.2 a 97.3 • 6.0 a 
(mg/ml) (100.0%} {114.9%} {117.9%} {139.9%} {145.0%) 

Liver cholesterol 1.30 • 0.1 1.28 • 0.1 1.43 _ 0.1 b 1.50 - 0.1 b 1.56 _ 0.1 b 
(mg/g of liver} (100.0%} {98,5%} (110.0%) (115.4%) (120.0%) 

Liver triglyceride 5.25 +_ 0.1 7.15 • 1.5 3.85 • 0.2 a 3.10 • 0.2 a 3.10 • 0.5 a 
(mg/g of liver} (100.0%) {136.2%) (73.3%} (59.0%} (59.0%) 

Acid CEH activity 5.62 • 0.4 5.06 • 0.1 b 3.65 • 0.3 a 2.81 • 0.2 a 2.81 • 0.1 a 
iX 105 dpm/mg of protein/30 min) {100.0%} (90.0%) {64.9%} (50.0%) (50.0%) 

Values are given as mean _ SD of six rats. Values in parentheses are percentages of the values obtained in control rats (taken as 100%}. 
aSignificantly different from control, p < 0.01. 
bSignificantly different from control, p < 0.05. 
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The changes observed were concentra t ion-dependent .  
Moreover,  the rat io of free to to ta l  cholesterol in serum 
increased in cupric ion- t rea ted  ra ts  in comparison to con- 
trols while H D L  cholesterol was unchanged. These results 
sugges t  tha t  the elevation of serum cholesterol content  
as a result  of cupric ion t r ea tmen t  m a y  be a cumulat ive  
phenomenon.  Moreover,  the high serum cholesterol in 
cupric ion - t r ea ted  ra t s  appears  to be due to a selective 
elevation in serum low densi ty  l ipoprotein (LDL). 

On the other hand, Lei (2) and Allen and Klevay  (3) 
have repor ted tha t  cupric ion-deficient  ra t s  exhibited 
significant cholesterolemia, and p lasma  cholesterol 
showed a significant correlation with hepatic cupric ion 
concentration.  Lefevre et al. (6) repor ted  t ha t  cupric ion 
deficiency was associated with an increase in H D L  
cholesterol levels. Moreover,  H a r v e y  and Allen (24) in- 
dicated tha t  the rat io of p lasma cholesteryl esters  to free 
cholesterol apparent ly  was not reduced by  cupric ion defi- 
ciency. These results  demons t ra te  tha t  dietary cupric ion 
deficiency or excessive levels of these ions can cause 
marked changes in serum cholesterol levels in rats. When 
LCAT was expressed on the basis  of the percentage of 
cholesterol esterified, the levels of LCAT act ivi ty  in the 
serum of ra ts  t rea ted  with cupric ions were decreased 
slightly in comparison with those of control rats.  In ad- 
dition, according to the da ta  in Table 1, free cholesterol 
content  and the rat io of free to to ta l  cholesterol in serum 
of ra t s  t rea ted  with cupric ions were increased compared  
to those of control rats.  These resul ts  suggested tha t  the 
increase in the free cholesterol content  of serum from rats  
t rea ted  with  cupric ions may  have been due to the reduc- 
t ion of LCAT act ivi ty  and the increase of secretion of 
total  cholesterol from liver to serum. In contrast,  Lau and 
Klevay  (25) and H a r v e y  and Allen (24) repor ted tha t  
cupric ion-deficient ra t s  showed a significant decrease in 
LCAT activity,  sugges t ing  tha t  cupric ions m a y  be re- 
quired for the synthesis  or may  be a cons t i tu ten t  of the 
enzyme. However, Morris and Church (26) have suggested 
tha t  endogenous subs t ra te  concentrat ion m a y  be one of 
the mos t  impor tan t  factors  in LCAT assay.  As shown in 
Table 1, the content  of free cholesterol in the serum was 
increased markedly following cupric ion t reatment .  These 
resul ts  sugges t  tha t  elevation of net  esterif ication in the 
serum of cupric ion - t r ea t ed  ra t s  seems to have  been due 
to an increase in the serum free cholesterol content.  

On the other hand, Brown et al. (27), repor t ing on lipo- 
protein receptors  in liver and on intracellular enzymes 
located in lysosomes found tha t  the  receptors  play a 
special role in the regulat ion of serum cholesterol levels. 
Lindquis t  (23) repor ted an indirect effect of cupric ions 
on lysosomal  enzymes. In  our invest igat ions with cupric 
ions, it is no tewor thy  t h a t  bo th  lysosomes isolated f rom 
cupric ion- loaded liver and those isolated f rom normal  
ra t s  and then  t rea ted  with cupric ions in vi t ro showed a 
decrease in Acid C E H  act ivi ty  and an increase in the ac- 
t iv i ty  of free lysosomal  enzymes in the cytosolic fraction. 

These results  suggested tha t  the hypercholesterolemia 
induced by cupric ions may  be related par t ly  to a decrease 
of Acid C E H  activity.  Moreover,  the inhibi tory effects 

of cupric ions in vi t ro perhaps  may  occur th rough  direct 
action on the Acid C E H  molecule. However,  the hyper- 
cholesterolemia induced by  cupric ions m a y  be related to 
proteolysis  of the lipoprotein receptor due to the increase 
in the act ivi ty  of free lysosomal  protease  in the cytosolic 
fraction. I t  is not  clear now whether  a reduction in Acid 
C E H  by  excessive cupric ion concentrat ions does con- 
t r ibute  directly to hypercholesterolemia.  

On the other hand, we have repor ted previously the 
presence of Acid CEH in body t issues and found high 
levels of act iv i ty  in spleen, lung, liver and hear t  (12). The 
extent  of the inhibitory effect of cupric ions on Acid CEH 
in the spleen, lung and hear t  was not  near ly as marked  
as tha t  in liver. These results suggest  tha t  the cupric ion- 
dependent  inhibitory effect of Acid C E H  m a y  be a 
character is t ic  specific to the liver, which is the organ 
mainly  concerned with the ca tabol ism of cupric ions. 
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Effects of Ketoconazole on Cholesterol Synthesis 
and Precursor Concentrations in the Rat Liver 
Timo E. Strandberg, Reijo S. Tilvis and Tatu A. Miettinen* 
Second Department of Medicine, University of Helsinki, SF-O0290 Helsinki, Finland 

Ketoconazole, an ant imycotic  agent, given to rats for a 
week as 0.05% food addition had no effect on the hepatic 
concentrations of free and esterified cholesterol or on the 
activi ty of acyl coenzyme A: cholesterol-acyltransferase 
(ACAT). However, the levels of free methylated choles- 
terol precursors, especially lanosterols, less markedly A T M  

and hS-dimethyl sterols and monomethyl  sterols, were in- 
creased af ter  only one day 's  t reatment ,  while those of 
esterified methyl  sterols were increased inconsistently, 
and those of free and esterified hS-lathosterol, lathosterol 
and desmosterol were not affected at all. Cholestyramlne 
t rea tment  had no significant effect on ACAT in spite of 
a decrease in the hepatic content of esterified cholesterol 
and caused a marked increase in the free cholesterol 
precursor levels, especially in those of lathosterols.  Cho- 
lestyramine given to ketoconazole-treated rats increased 
the hepatic levels of h 8 and hV-lathosterols but not 
desmosterol or methyla ted  cholesterol precursors. Keto- 
conazole increased and cholestyramine markedly de- 
creased plant sterols, sitosterol and campesterol in the 
liver. In serum, the contents of both lanosterols and 
lathosterol were increased but that of cholesterol tended 
to be decreased by ketoconazole (--19%). The results in- 
dicate that  ketoconazole impairs demethylation processes 
at C-14 and to some extent at C-4 in the rat liver, resulting 
in lowered serum cholesterol level. 
Lipids 22, 1020-1024 (1987). 

Ketoconazole, an imidazole derivative, is an effective oral 
antifungal drug, which currently is in use for the t reat ing 
systemic mycoses {1). Its clinical effect is mediated mainly 
through an inhibition of C14-demethylation of ergosterol 
synthesis (2). Furthermore, the accumulation of trimethyl- 
ated sterols due to the inhibition of C14-demethylation 
could disturb some membrane functions of non-mam- 
malian cells (2,3) 

At  doses used for the t rea tment  of mycoses, ketocon- 
azole has been quite free from serious side effects, but  it 
seems to affect cholesterol synthesis in mammalian cells. 
Studies in the rat  have indicated tha t  the hepatic C,,- 
demethylat ion is impaired (2). Clinical studies have re- 
vealed tha t  ketoconazole inhibits steroid hormone syn- 
thesis (4,5) and also decreases serum cholesterol (6). The 
drop of serum cholesterol was associated with a marked 

*To whom correspondence should be addressed. 
Abbreviations: ACAT, acyl coenzyme A: cholesterol acyltransferase; 
campesterol (5a-cholest-24~-methyl-3~ol); cholesterol (cholest-5~en-3f~ 
ol), desmosterol (5a-cholest-5,24-dien-3f~ol); DHL, dihydrolanosterol 
(4,4,14a-trimethyl-5a-cholest-8-en-3/3-ol); h T M  DMS (4,4-dimethyl-5a- 
cholest-8{7), 24-dien-3-/3-ol); ASDMS (4,4-dimethyl-5-a-cholest-8-en-3/3- 
ol); GLC, gas liquid chromatography; HMG-CoA, hydroxymethyl- 
glutaryl coenzyme A; lanosterol {4,4,14a-trimethyl-5a-cholest-8,24- 
dien-3/3-ol); ASlathosterol (5a-cholest-8-en-3/3-ol); lathosterol (5a- 
cholest-7-en-3/3-ol); ASmethostenol (4a-methyl-5a-cholest-8-en-3fl-ol); 
methostenol (4a-methyl-5a-cholest-7-en-3f3-ol); sitosterol (5a-cholest- 
24t-ethyl-3/3-ol); hs.7-cholestenol (cholesta-5,7-dien-313-ol); TLC, thin 
layer chromatography. 

elevation of serum lanosterol (7), suggest ing tha t  the in- 
hibition of C-14 demethylat ion also could operate in 
human liver. However, the details of ketoconazole effects 
on hepatic cholesterol metabolism are unknown largely 
thus far. To clarify the effects of ketoconazole t rea tment  
on hepatic cholesterol synthesis, we have analyzed serum 
and hepatic concentrations of cholesterol and its sterol 
precursors and the act ivi ty of acyl coenzyme A:choles- 
terol acyltransferase {ACAT, EC 2.3.1.26) in ra t  liver 
under basal conditions and after cholesterol synthesis was 
st imulated by  cholestyramine. 

METHODS 

Animals. Male Sprague-Dawley rats (Orion, Finland) were 
accustomed to a reversed-l ighting cycle and killed in the 
middle of the 12 hr dark period. The animals were given 
ground ra t  chow (Hankkija, Finland} and tap water  ad 
libitum. One gram of this chow contained 0.5 mg choles- 
terol and 0.4 mg sitosterol. In the t reatment  groups, chow 
was supplemented with 0.05% (w/w) ketoconazole for 
seven days (Janssen/Orion, Finland}, 5% (w/w)cholestyr- 
amine resin (L~i~ikefarmos, Finland) for seven days or 
cholestyramine combined with ketoconazole for the final 
three days of the seven-day t reatment .  Previous ex- 
periments showed tha t  cholestyramine t rea tment  almost 
doubled fecal sterol ou tput  and quadrupled the act ivi ty 
of hydroxymethylg lu tary l  coenzyme A (HMG-CoA) re- 
ductase (EC.1.1.1.34), indicating act ivated cholesterol 
synthesis.  

Analysis oflipids. After exsanguination of the rat  under 
diethyl-ether anesthesia, serum was collected, the liver 
was removed, and a weighed port ion was homogenized 
in chloroform methanol (2:1, v/v). Another  port ion was 
used for microsome preparation.  After  homogenization 
in a Dounce homogenizer, the sample was centrifuged for 
15 min at 12,000 g, and the washed supernatant  was fur- 
ther  centrifuged 90 min at 105,000 g. The microsomal 
pellet was washed once, frozen in liquid N2 and stored at 
- 7 0  C for enzyme assays. The chloroform methanol ex- 
t racts  of hepatic and serum samples (8) were analyzed for 
free cholesterol, esterified cholesterol, its precursors, plant 
sterols, sitosterol and campesterol  by  thin layer chroma- 
tography  (TLC)-gas liquid chromatography (GLC) meth- 
ods using a SE-30 capillary column (9). The identification 
of GLC peaks was ascertained using mass spectrometric 
methods (10). 

The SE-30 column does not separate dihydrolanosterol 
(DHL) from methostenol.  The two precursors were sepa- 
ra ted in two samples by an additional TLC-run (Kiesel- 
gel 60 plastic plate in 55:45, v/v, diethylether heptane) 
before GLC. The precursors tha t  were measured and their 
position in the cholesterol synthesis  pa thway are pre- 
sented in Figure 1 i l l) .  Systemat ic  names of the precur- 
sors are presented in "Abbreviat ions ."  

Enzyme assays. The ACAT activity of the microsomal 
fraction was determined by following the incorpora- 
tion of [1-'~C]oleic acid into cholesteryl ester  (12). The 
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EFFECTS OF KETOCONAZOLE ON CHOLESTEROL SYNTHESIS 

TABLE 1 

Concentrations of Cholesterol and Phytosterols  in Rat Liver during Ketoconazole and Cholestyramine Resin Treatment 

1021 

Phytosterols, ~g/100 g wet weight 
Cholesterol, mg/100 g 

wet weight Campesterol Sitosterol 

Group (n) Free Ester % Free Ester % Free Ester % 

Control (7) 179 19 10 3081 153 5 2836 188 6 
•  •  • • • • • • •  

Ketoconazole seven days {13} 192 18 9 3647 165 5 3431 a 209 6 
•  • •  • • • • • •  

Ketoconazole + cholestyramine (7) 180 9 a,b 5a, b 3100 90 b 5 2606 220 9 a,b 
•  • +1 • • • • • •  

Cholestyramine (7) 176 9 a 5 a 1471 a 83 a 5 1386 a 286 15 
•  •  • • •  • • • •  

Ketoconazole {0.05%) and cholestyramine (5%) were mixed with standard rat chow. Cholesterol and phytosterols were analyzed using 
gas liquid chromatography as described in Methods. Mean • S.E. 
ap < 0.05 or less vs control animals. 
bp < 0.05 or less vs ketoconazole alone. 
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FIG. 1. Cholesterol synthesis  from squalene. Solid arrows indicate 
major pathways,  and broken arrows indicate probably weak path- 
ways.  

i n c u b a t i o n  v o l u m e  was  0.2 ml,  c o n t a i n i n g  100-200  t~g 
m i c r o s o m a l  p r o t e i n  and  oleyl  [1-14C] c o e n z y m e  A (35 t~M, 
S A  50 ~Ci/mol, New E n g l a n d  Nuclear ,  Bos ton ,  MA).  The  
i n c u b a t i o n  t i m e  was  two  min.  The  a c t i v i t y  of  t h e  enzyme  
was  l inear  wi th  respec t  to  t ime  and  p ro te in  concen t ra t ions  
u n d e r  t h e  e x p e r i m e n t a l  cond i t ions .  M i c r o s o m a l  p r o t e i n  
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  et  al. (13). 

Statistical methods. Contro l  and  t r e a t m e n t  g roups  were  
c o m p a r e d  u s i n g  S t u d e n t ' s  t - t e s t .  P -va lues  0.05 or  less  
were  cons ide r ed  s i gn i f i c an t  s t a t i s t i c a l l y .  

TABLE 2 

Activity of ACAT during Different Treatments 

Activity of ACAT, 
Group pmol/mg protein/rain 

Control 200 • 15 
Ketoconazole 178 • 30 
Ketoconazole + resin 158 • 9 a 

Data are mean • S.E. of three to four rats. 
ap < 0.05 vs control. 

RESULTS 

Cholesterol content. Tab le  1 shows  t h a t  t r e a t m e n t  w i t h  
0.05% ke toc ona z o l e  h a d  no effect  on t h e  hepat ic - f ree ,  
e s t e r i f i ed  or  t o t a l  cho les t e ro l  con t en t s .  The  p e r c e n t a g e  
of es te r i f i ca t ion  also was  unaffec ted .  However ,  choles tyr -  
a m i n e  t r e a t m e n t  a lone or  in  c o m b i n a t i o n  w i t h  ke tocon-  
azole  r e d u c e d  t h e  c o n c e n t r a t i o n  o f - h e p a t i c  e s t e r i f i ed  
cho les t e ro l  s i g n i f i c a n t l y  f rom 10% to  5%. 

Plant  sterol contents. I n  c o n t r a s t  to  free and  e s t e r i f i ed  
choles tero l ,  h e p a t i c  c o n t e n t s  of free p l a n t  s te ro l s ,  campe-  
s t e ro l  and  s i t o s t e r o l  t e n d e d  to  be  i n c r e a s e d  b y  ke tocon-  
azole,  c lea r ly  d e c r e a s e d  b y  c h o l e s t y r a m i n e  and  v i r t u a l l y  
were  u n c h a n g e d  b y  the  c o m b i n e d  c h o l e s t y r a m i n e - k e t o -  
conazole  t r e a t m e n t  (Table  1). 

A C A T  activity.  K e t o c o n a z o l e  a lone h a d  no s ign i f i can t  
effect  on h e p a t i c  A C A T  ac t i v i t y ,  w h e r e a s  in t he  cho- 
l e s t y r a m i n e - k e t o c o n a z o l e  g r o u p  t h e  A C A T  a c t i v i t y  was  
l owered  s i g n i f i c a n t l y  as  c o m p a r e d  to  t h e  con t ro l  g r o u p  
{Table 2). 

Sterolprecursors. The ke toconazole  t r e a t m e n t  for seven 
d a y s  inc reased  the  hepa t i c  con t en t s  of all free m e t h y l a t e d  
cho les te ro l  p r e c u r s o r s  {Fig. 1). The  c o n t e n t s  of t r i me thy l -  
a t e d  l a n o s t e r o l  a n d  D H L  + m e t h o s t e n o l  were  i n c r e a s e d  
b y  a f ac to r  of 25 and  e ight ,  r e spec t i ve ly ,  t h o s e  of di- 
m e t h y l s t e r o l s  i n c r e a s e d  f rom three- fo ld  to  six-fold,  a n d  
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TABLE 3 

Concentrations of Methylated and Demethylated Cholesterol Precursors in Rat Liver 
during Ketoconazole and Cholestyramine Resin Treatment 

ug/100 g wet weight 

Control Ketoconazole Ketoconazole Resin 
Lipid n = 7 n = 13 + r e s i n n  = 7 n -  7 

Lanosterol 
Free 43 • 6 1086 • 159 a 1377 • 367 a 177 • 36 a 
Ester  10 • 2 44 • 7 a 26 _ 6 7 • 1 
Ester  % 19 • 3 5 • 1 a 2 • 1 b 4 • I a,b 

DHL + methostenol 
Free 67 • 19 463 • 55 a 1043 • 389 a 172 • 32 a 
Ester  55 • 11 108 • 41 61 • 15 47 + 7 
Ester  % 49 _ 5 16 • 5 a 7 _ 1 23 • 4 a 

DHL c 
Free 10 _+ 3 320 • 163 516 • 128 a ND 
Ester  10 • 1 30 • 2 a 25 • 1 a ND 
Ester  % 50 • 9 11 _ 5 a 5 • 1 a ND 

As.24DM S 
Free 38 • 7 108 • 24 a 128 • 35 106 • 20 a 
Ester  25 • 4 23 • 4 32 • 5 26 + 5 
Ester  % 39 • 6 25 • 4 26 • 5 20 • 1 a 

/V DMS 
Free 23 • 5 138 • 31 a 116 • 40 132 • 53 
Ester  7 • 1 15 • 4 10 • 2 9 • 2 
Ester  % 2 6 - -  5 10 _ 2 a 14 • 4 11 • 3 

t 8 methostenol 
Free 21 + 5 62 __ 9 a 92 • 25 a 97 • 30 a 
Es ter  19 _+ 7 39 • 6 a 35 • 12 17 • 6 
Ester  % 45 • 8 36 • 3 22 • 4 a 17 • 3 

Methostenol c 
Free 62 • 8 48 • 21 79 • 12 ND 
Ester  47 • 1 24 • 4 25 • 3 ND 
Ester  % 44 • 3 36 • 7 24 • 5 ND 

A s lathosterol 
Free 46 • 8 49 • 4 306 • 102a, b 352 4- 28 a 
Es ter  15 • 3 17 • 2 78 • 7a, b 39 • 6 a 
Es ter  % 25 • 2 26 • 2 13 • 1 10 • 2 a 

Lathosterol 
Free 320 • 67 464 • 35 2918 • 922a, b 1662 • 104 a 
Es ter  56 • 11 74 • 9 83 • 16 67 • 12 
Ester  % 15 • 2 14 • 2 4 • 1 a,b 4 • 1 a 

Desmosterol 
Free 189 ----_ 41 222 • 18 251 • 38 419 • 48 a 
Es ter  36 • 8 32 _ 2 57 • 8 27 • 4 
Ester  % 16 • 2 13 • 1 15 • 3 6 • 1 a 

Data are mean • S.E. Precursors were analyzed using thin layer chromatography before gas liquid 
chromatography; DHL, dihydrolanosterol; DMS, dimethylsterol; ND, not determined. 
ap < 0.05 or less vs control. 
bp < 0.05 or less vs ketoconazole alone. 

CAnalyzed separately in two samples, as described in Methods. 

t S - m e t h o s t e n o l  i n c r e a s e d  t h r e e - f o l d .  T h e  s e p a r a t i o n  o f  
D H L  a n d  m e t h o s t e n o l  in  t w o  s a m p l e s  s u g g e s t e d  t h a t  
k e t o c o n a z o l e  i n c r e a s e d  D H L  b u t  n o t  m e t h o s t e n o l .  E f f e c t s  
o f  k e t o c o n a z o l e  o n  d e m e t h y l a t e d  p r e c u r o r s ,  l a t h o s t e r o l ,  
t S - l a t h o s t e r o l  a n d  d e s m o s t e r o l  w e r e  i n c o n s i s t e n t .  V i r t u -  
a l ly  s i m i l a r  r e s u l t s  w e r e  o b t a i n e d  a f t e r  o n e  d a y ' s  t r e a t -  
m e n t  {da ta  n o t  s h o w n ) .  K e t o c o n a z o l e  a f f e c t e d  e s t e r i f i e d  
s t e r o l s  l e s s  c o n s i s t e n t l y  b u t  i n c r e a s e d  t h e  l ev e l s  o f  
e s t e r i f i e d  l a n o s t e r o l s  a n d  t ~ - m e t h o s t e n o l .  T h e  s l i g h t  
r e s p o n s e  o f  t h e  e s t e r i f i e d  m e t h y l  s t e r o l s  t o  k e t o c o n a z o l e  
d e c r e a s e d  t h e  e s t e r i f i c a t i o n  p e r c e n t a g e  o f  m e t h y l  s t e r o l s  
wh i l e  t h a t  o f  t h e  d e m e t h y l a t e d  p r e c u r s o r s  w a s  u n c h a n g e d  
(Tab le  3). 

T h e  t r e a t m e n t  w i t h  r e s i n  a l o n e  i n c r e a s e d  m a r k e d l y  all  
t h e  p r e c u r s o r  c o n c e n t r a t i o n s ,  e s p e c i a l l y  t h o s e  o f  l a t h o -  
s t e r o l s .  A s  c o m p a r e d  t o  t h e  k e t o c o n a z o l e  a n d / o r  cho-  
l e s t y r a m i n e  t r e a t m e n t s ,  t h e  s i m u l t a n e o u s  a d m i n i s t r a t i o n  
of  t h e  t w o  a g e n t s  h a d  s u r p r i s i n g l y  l i t t l e  a d d i t i o n a l  e f f e c t  
on  p r e c u r s o r  a c c u m u l a t i o n .  H o w e v e r ,  t h e  l eve l s  o f  d e s m o -  
s t e r o l  w e r e  d e c r e a s e d ;  t h e  l ev e l s  o f  l a n o s t e r o l s  a n d  
l a t h o s t e r o l  w e r e  i n c r e a s e d  m o r e  t h a n  e x p e c t e d  f r o m  t h e  
c o m b i n e d  e f f e c t s  o f  o n l y  t h e  t w o  d r u g s .  

Serum sterols. T h e  c o m p l e t e  a n a l y s i s  o f  f r ee  a n d  e s t e r i -  
f l ed  p r e c u r s o r s  w a s  p e r f o r m e d  o n l y  in  o n e  s e r u m  s a m p l e  
a t  e a c h  t r e a t m e n t  g r o u p .  T h e  r e s u l t s  n o t  s h o w n  h e r e  sug -  
g e s t e d  t h a t  t h e  c h a n g e s  in  m e t h y l a t e d  p r e c u r s o r  l eve l s  
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EFFECTS OF KETOCONAZOLE ON CHOLESTEROL SYNTHESIS 

TABLE 4 

Concentrations of Total Cholesterol and Its  Precursors in Rat Serum 
during Ketoconazole and Cholestyramine Resin Treatment 
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~g/dl (cholesterol mg/dl) 

Control Ketoconazole Ketoconazole Resin 
Lipid n =  7 n - -  9 + r e s i n n =  6 n - -  3 

Lanosterol 23 +_ 3 137 +_ 22 a 251 +_ 57 a 17 +_ 2 
DHL c 45 __ 7 129 __ 28 a 92 +_ 23 80 +-- 2 
aS-lathosterol 32 +_ 5 50 +- 5 a 224 +_ 33a, b 123 +_ 6 a 
Lathosterol 74 +_ 5 152 +_ 9 a 317 +_ 8 a,b 121 +_ 8 a 
Desmosterol 177 -!-_ 20 282 +_ 16 334 +_ 9 144 +_ 27 
Cholesterol 74 +_ 8 60 +-- 4 41 -!-_ 2a, b 41 __ 4 a 

Data are mean +_ S.E. Lipids were analyzed using gas liquid chromatography as described in Methods without 
separation of free and esterified fractions. 
ap < 0.05 or less vs control. 
bp < 0.05 or less vs ketoconazole alone. 
CIncludes methostenol. 

(free and esterified) were similar to those observed in the 
liver with conspicuous elevations in the contents  of lano- 
sterols. Total  levels of precursors  and cholesterol were 
measured  in a larger group of animals  (Table 4), and the 
resul ts  showed tha t  in addition to lanosterol  and D H L  
the lathosterols  were elevated in ra t  serum during keto- 
conazole t rea tment .  Total  cholesterol, in turn,  tended to 
be decreased by  ketoconazole; the decline was 45% dur- 
ing the combination t reatment .  However, cholestyramine 
alone also seemed to decrease cholesterol, whereas latho- 
sterols were increased significantly as compared with con- 
trol  rats .  Lanosterols  were increased only in t e rms  of 
~g/mg of serum cholesterol. 

DISCUSSION 

Accumulat ion of hepatic cholesterol precursors  by  keto- 
conazole t r ea tmen t  in this s tudy  sugges ts  tha t  the drug 
principally affects two steps of cholesterol synthesis  in 
the ra t  liver. As in yeas t  cells, the demethyla t ion  of C-14 
seems to be the major point of inhibition. In  addition, also 
4a-demethylat ion and possibly the conversion of 58 to h 7 
are affected because AS-methostenol accumulates  more 
than  methostenol .  Fur thermore ,  it should be noted t ha t  
the contents  of lathosterols,  which were not  affected by  
ketoconazole in the liver, were elevated by  the drug  in 
serum, sugges t ing  tha t  the conversion of hS-lathosterol 
to AT-lathosterol and further to as,7-cholestenol might  also 
be altered by  ketoconazole. In  man, large doses of keto- 
conazole resulted in an accumulat ion of free lanosterols 
and to a lesser extent  of A 8 precursor sterols in serum and 
bile, suggesting tha t  in addition to 14a-demethylation the 
conversion of h~-double bond to hT-double bond was in- 
hibited (14). The reduction of A 24, which is inhibited by  
t r iparanol  (11), probably  is not inhibited by  ketoconazole 
because the desmosterol  content  was unchanged.  How- 
ever, the desmosterol  pa thway  (see Fig. 1) with the 
preserved side chain double bond m a y  be inhibited to 
some exten t  as a whole because accumulat ion of lano- 
sterol resul ts  in its enhanced conversion to dihydrolano- 
sterol. Thus,  predominance of the side cha in - sa tu ra t ed  
pa thway  of lanosterol  metabol i sm m a y  explain the 

unchanged desmosterol  content  in serum and liver dur- 
ing the ketoconazole-resin t rea tment .  

Of the reactions involved in the conversion of lanosterol 
to cholesterol, 14a-demethylat ion is cytochrome P450-  
linked, 4a-demethylat ion is catalyzed by  a mixed func- 
t ion oxidase (methyl sterol oxidase) wi thout  cytochrome 
P450 requirements  (11,15), and the synthesis  of metho- 
stenol f rom h 8 methos tenol  is catalyzed by  microsomal  
h 8 isomerase (16). Thus, the results extend the earlier con- 
ception of ketoconazole as a general inhibitor of cyto- 
chrome P450-dependent  enzymes (17). 

I t  is of interest  t ha t  despite the clear accumulat ion of 
the cholesterol precursors  and the decrease of the serum 
cholesterol concentration,  hepatic  cholesterol concentra- 
t ions were not  decreased. This can be explained by  the 
shor t  t r ea tmen t  period (seven days), the presence of cho- 
lesterol in the ra t  diet, reduced biliary secretion or 
possibly by  a concomitant  inhibition of cytochrome 
P450-1inked cholesterol 7a-hydroxylase or some other  
hydroxylase of bile acid synthesis  in the ra t  liver. In  view 
tha t  plant  sterols reaching the liver are par t ly  eliminated 
as bile acids (18), their  rise by  ketoconazole and the 
decrease by cholestyramine suggest  tha t  the bile acid syn- 
thesis  also could be inhibited by  ketoconazole. In  fact, 
human  studies have indicated tha t  the drug inhibits 
chenodeoxycholic acid synthesis  (14) while in the ra t  the 
drug  appears  to inhibit cholic acid and/~-muricholic acid 
synthesis  also (19). 

Depletion of hepatic  cholesterol by  choles tyramine en- 
hances cholesterol synthesis  when the act ivi ty  of HMG-  
CoA reductase  and methyl  sterol oxidase are s t imulated 
(20). This  resul ts  in an increase in the hepatic  and serum 
squalene and methyls tero l  contents  (21) and, as shown 
in this study, especially in demethyla ted  precursor  con- 
centrations.  Accordingly, it was expected tha t  inhibition 
of this flow by  ketoconazole at  lanosterol  and a t  la ter  
possible s teps might  deplete dramatical ly hepatic choles- 
terol and result  in a marked  accumulat ion of me thy la ted  
cholesterol precursors in the liver. However, the combina- 
tion of cholestyramine and ketoconazole did not  increase 
conspicuously the hepatic  or serum contents  of methy l  
sterols above the expected additional levels. Thus, the 
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st imulation of cholesterol synthesis by cholestyramine 
may part ly overcome the synthesis blockade induced by 
ketoconazole. Further  accumulation of hT-lathosterol and 
hS-lathosterol by the combination therapy was quite 
similar to that  during cholestyramine alone and suggests 
tha t  ketoconazole does not affect double bond formation 
at C-5. 

The activity of ACAT in this study deserves some com- 
ment. In the liver, the activity of ACAT was unchanged 
by ketoconazole treatment,  and the esterified precursor 
sterols generally did not increase proportionately to free 
sterols. This led to a decreased percentage of esterifica- 
tion of lanosterols especially but  also ASDMS. This can 
be due to low esterification of 4a4/? methylated inter- 
mediates because these sterols are poor substrates for 
hepatic ACAT (22). 

This s tudy demonstrates  the complexity of effects of 
ketoconazole on sterol biosynthesis in mammalian liver 
and suggests that  ketoconazole could offer a tool to s tudy 
the regulation of the synthesis beyond lanosterol. Fur- 
thermore, the hypocholesterolemic action of ketoconazole, 
observed especially in man (7,14), may  imply a role for 
imidazole derivatives in the treatment of hyperlipidemias, 
possibly in combination with bile acid-binding resins. 
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Male and female weanling rats  tha t  were born to dams 
fed a diet low in linolenic acid received diets of 15% lipids 
by weight containing 45% elaidic acid (as trielaidin) and 
8.5% or 0.1% linolenic acid for 10 weeks. Four other 
groups, in which palmitic or oleic acid replaced elaidic acid 
in the diet, served as controls.  The fa t ty  acid profiles of  
several lipid c lasses  were determined in adipose t issue,  
adrenals, testes,  heart  and brain. Elaidic acid was incor- 
porated into t issue lipids in varying degrees, depending 
on the organ and on the lipid class. Feeding elaidic acid 
induced no changes in the polyunsaturated  fa t ty  acid 
(PUFA) profiles of  tes tes  lipids but resulted in definite 
modifications of the P U F A  pat terns  of heart phospha- 
tidylcholine (PC) and phosphatidylethanolamine (PE). In  
linolenic acid-deprived rats,  araehidonic acid was de- 
creased in PC and linoleic acid was increased in both  PC 
and PE; 22:5n-6 was s t rongly depressed in both PC and 
PE. In linolenic acid-fed rats, 22:6n-3 was decreased in PC 
and PE. These changes, on the whole, were more evident 
in females, and some also were observed in adrenal  
cholesteryl esters but only slightly in brain phospholipids. 
The apparent  inhibition of the b iosynthes is  of  P U F A  in- 
duced by dietary elaidic acid appeared to be complex and 
of greater intensi ty in the n-6 f a t ty  acid series than in 
their n-3 homologues .  
L i p i d s  22,  1025-1030 (1987). 

During the process of hydrogenat ion used to produce 
hardened fat, the unsatura ted  fa t ty  acids are isomerized, 
yielding a mixture  of geometric (cis and t rans)  and posi- 
tional isomers (1-3). The effects of isomeric f a t ty  acids 
on the essential f a t ty  acid (EFA) s ta tus  of experimental  
animals and on the metabolism of E F A  were the focus 
of nutritional research (4-12). In these works, linoleic acid 
and/or its metabolites were extensively studied. On the 
contrary,  linolenic acid, a polyunsatura ted  fa t ty  acid 
(PUFA) of high biological importance that  possibly is 
essential for mammals  (13) has not  received as much at- 
tention. However, its dietary supply was controlled in 
many experimental works, especially the last ones (11,12). 
In a previous s tudy (14}, we invest igated the effects of 
brassidic acid (n-9, t rans  docosenoic acid) and of elaidic 
acid (n-9, t rans  octadecenoic acid) on the fa t ty  acid com- 
position of organ lipids in ra ts  fed a high or a low supply 
of linoleic acid. Dietary elaidic acid was found to induce 
changes in n-6 PUFA, especially in the heart. In this 
work, the incorporation of elaidic acid in body lipids and 
the effects of dietary elaidic acid on the PUFA profiles 

of several organs were studied in male and female rats  
fed diets with high or low linolenic acid contents.  

MATERIAL AND METHODS 

A n i m a l s  a n d  diets .  Weanling Wistar  female rats  were fed 
a purified diet containing 15% sunflower oil by weight 
and 2% liver meal as sole lipid sources. Apar t  from the 
addition of liver meal, the composition of the diet was the 
same as previously published (15). This liver meal-  
supplemented diet contained about  100 g/kg of linoleic 
acid and 400 mg/kg of n-3 PUFA. After  three months, 
the rats  were mated, and the diet was continued during 
gestat ion and lactation. Twenty-four ra ts  (12 males and 
12 females) born to these dams were kept  on the mater- 
nal diet three to six days after weaning. They then were 
divided randomly into six groups of four (two males and 
two females in each) and fed a purified diet ad libitum for 
10 weeks. This diet differed from the maternal diet by the 
absence of liver meal and by  0.4% instead of 0.9% 
calcium. The digestibility of elaidic acid was 97-98% (15). 
The experimental  diets differed from each other  only in 
the fa t ty  acid composition of the lipids (15 % by weight). 
These were blends of trielaidin (containing 98% n-9, trans- 
octadecenoic acid), triolein, palm oil, sunflower oil and 
linseed oil in adequate amounts.  The f a t ty  acid composi- 
t ion of these mixtures  is shown in Table 1. Linolenic acid 
was present  in high amounts  in three mixtures  (PL, EL  
and OL) and in very  low amounts  (0.11-0.13% of dietary 
fa t ty  acids, i.e. 160-200 mg/kg diet) in the three other 
mixtures (P, E and O). The sum of linoleic + linolenic acid 
contents  was the same in all mixtures (ca. 21%). This ex- 
periment  can be considered as a 23 factorial design; the 
factors are the sex of the rats, the dietary essential f a t ty  
acids (with or without  linolenic acid) and the dietary 
nonessential f a t ty  acids (elaidic, palmitic or oleic acid). 
At  the beginning of the experimental  period, control 
weanling rats were killed and their organs excised. Weight 
gain and food intake were recorded individually 
throughout  the experiment.  At  the end of the 10-week 
period, the rats  were killed; the heart,  brain, testes, ad- 
renals and a piece of perirenal adipose tissue were excised, 

TABLE 1 

Fatty Acid Composition {%} of Dietary Lipids 

Experimental groups 

Fatty acid P PL E EL O OL 

*To whom correspondence should be addressed. 16:0 36.7 37.0 8.8 9.0 8.4 8.8 
Abbreviations: ANOVA, analysis of variance; CE, cholesteryl esters; 18:0 4.5 4.5 2.3 2.2 2.2 2.0 
CL, cardiolipin; EFA, essential fatty acid; GLC, gas-liquid chroma- 18:1n-9 trans -- -- 43.8 45.1 -- -- 
tography; PC, phosphatidycholine; PE, phosphatidylethanolamine; 18:1n-9 cis 34.3 34.9 21.9 21.7 65.9 66.3 
PHSO, partially hydrogenated soybean oil; PS, phosphatidylserine; 18:2n-6 21.1 12.6 20.7 12.4 21.6 12.7 
PUFA, polyunsaturated fatty acid; TG, triacylglycerols; TLC, thin- 18:3n-3 0.11 8.3 0.13 7.9 0.10 8.4 
layer chromatography. 
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weighed and stored at - 2 0  C in chloroform]methanol (2:1, 
v/v) with 0.01% hydroquinone until analysis. In each 
group, the adrenals were pooled for every two rats of the 
same sex. 

Analytical methods. Organs lipids were extracted ac- 
cording to Folch et al. (16), except adipose tissue, for 
which only chloroform was used. Neutral hpids and phos- 
pholipids of hearts, testes and adrenals were separated 
using Sep-Pak silica cartridges (17). These fractions were 
separated further in classes by thin-layer chromatography 
(TLC) on Silica Gel G, using hexane/diethyl ether/acetic 
acid (70:30:1, v/v/v) as migrating solvent for neutral lipids, 
and chloroform]methanol]14% ammonia in water (65:25:4, 
v/v/v) for phospholipids. Total brain lipids were separated 
directly by TLC (18). After spraying the plates with 
0.02% Rhodamine B and visualizing the separated bands 
under UV light, adrenal triacylglycerols (TG), cholesteryl 
esters (CE), phosphatidylcholine (PC) and phosphatidyl- 
ethanolamine (PE), testes TG, PC and PE, heart  TG, PC, 
PE and cardiolipin (CL), and brain PC, PE and phospha- 
tidylserine (PS) were scraped into teflon-lined, screw- 
capped tubes for methylation. Methyl esters were pre- 
pared by reacting the lipid classes at room temperature, 
in the presence of the silica gel, with 2 N sodium methox- 
ide in methanol/benzene (60:40 v/v) for 10 min (except for 
CE:  30 min), then with an excess of 5% sulfuric acid in Fatty 

acid 
methanol for 30 min (adaptation of the method of Glass 
[19]). Water  was added to the reaction mixtures, and 20:4n-6 
methyl  esters were extracted once with hexane and 22:4n-6 
washed with water. F a t t y  acid methyl  esters were ana- 22:5n-6 
lyzed by gas-liquid chromatography (GLC) using both 22:5n-3 
Carbowax 20M- and Silar 10C-coated glass capillary col- 22:6n-3 
umns (30m • 0.3 mm I.D.; isothermal analyses with the 
temperature ranging from 175 to 190 C). The first sta- 
t ionary phase gave a complete profile of all organ fa t ty  
acids with the exception of the geometrical isomers tha t  
were separated on Silar 10C columns. The gas chromato- 
graphs were equipped with Ross injection devices and 
F ID  detectors coupled to integrators.  

Statistical analysis. Except  for adrenal fa t ty  acids, for 
which no statistical t reatment  was done, the data  were 
treated by two-  or th ree-way analysis of variance 
(ANOVA), with complete models (all interactions) (20}. In 
many  cases, the heterogeneity of variances between 
groups required two separate one- or t w ~ w a y  ANOVAs, 
on the groups with (PL, EL, OL) and without (P, E, O) Organ 
linolenic acid. Additional methods (method of contrasts,  
of Newman and Keuls [20]), were used when needed to 
compare means (i.e. to compare the levels of the three- 
level factor, or to analyze interactions). All effects or dif- 
ferences described in Results are significant at the 5% 
probabili ty level. F a t t y  acid percentages showed, as ex- 
pected, relatively small wi thin-group variations, allow- Brain 
ing many effects or differences to be detected with only 
two rats per group. Calculations were made with a Com- 
modore CBM 4032 microcomputer. Testes 

RESULTS 

PUFA content of tissues at start of experimental period. 
As a consequence of the maternal diet, organ lipids of the 
weanling rats  contained high amounts  of n-6 P U F A  and 
comparatively low amounts  of n-3 P U F A  (Table 2), ex- 
cept for brain PE and PS in which 22:6n-3 amounted to 

ca. 10%. Feeding dams a commercial stock diet, which 
generally contains substantial  amounts  of linolenic acid, 
would have resulted in high levels of n-3 P U F A  in the 
organ lipids of the progeny (21}. These n-3 PUFA,  
especially 22:6, are known for their relative persistence 
in body lipids, most ly in the brain (13}, even if the post- 
weaning diet is low in linolenic acid. On the contrary, the 
tissue P U F A  contents of (n-3)-depleted rats  were much 
more sensitive to the subsequent feeding of linolenic acid. 
For this experiment, it seemed advantageous to use (n-3)- 
depleted weanling rats. 

Incorporation of elaidic acid into organ lipids. Elaldic 
acid was present in high amounts  in the TG of adrenals, 
testes and the heart, and even higher in adipose tissue 

TABLE 2 

P U F A  of Heart Phosphollpids of 24-29 Day-o ld  Rats  
at the Start of the Experimental Period a 

Rats born to sunflower 
oil-fed dams b 

PC PE 

Rats born 
to chow- 
fed dams c 

M F M F Total PL,M 

29.5 24.4 26.1 13.1 17.1 
5.2 3.4 3.2 4.4 0.9 
6.7 3.8 2.9 7.0 0.4 
1.1 0.8 0.5 0.5 3.2 
1.7 1.0 0.7 2.1 15.0 

apercentage of the fatty acids of each class; pools of 3-4 rats. 
bThis experiment. 
cprevious work, see ref. 20. 

TABLE 3 

Incorporation of Elaidic Acid in Organ Lipids a 

Experimental groups 

E EL 
Pooled 

Lipid class M F M F SEM 

Adipose tissue 

Heart 

Adrenals 

Totallipids 37.8 34.6 36.7 34.7 0.37 

TG 30.6 35.6 30.7 32.3 1.50 
PC 23.5 25.6 23.2 22.1 0.98 
PE 30.0 32.4 31.5 27.3 0.94 
CL 2.3 1.7 1.9 3.5 0.43 

PC 1.7 1.9 1.7 1.6 0.05 
PE 2.0 1.9 1.4 1.8 0.18 
PS 2.1 2.2 2.6 1.7 0.37 

TG 28.5 -- 28.9 -- 1.89 
PC 1.2 -- 1.1 -- 0.07 
PE 1.0 -- 1.1 -- 0.12 

TG 28.6 31.1 29.7 31.2 -- 
CE 16.9 19.4 18.3 20.3 - -  

PC 14.9 15.8 17.0 15.1 -- 
PE 7.8 9.4 9.6 9.1 -- 

apercentage of elaidate in each class; means of two rats, except in 
adrenals: pools of two rats. 
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(Table 3). In  the  la t ter ,  male  r a t s  incorpora ted  s l igh t ly  
more elaidic acid t h a n  females. I n  all o rgan  TG,  the  trans 
acid was  incorpora ted  a t  the  expense  of b o t h  s a t u r a t e d  
(mainly  palmit ic)  and  oleic acid. In  add i t ion  to 9t-18:1, 
adrenal  CE of elaidic acid-fed ra t s  (E and  EL  groups) con- 
t a ined  a f a t t y  acid h a v i n g  the  r e t e n t i o n  charac te r i s t i cs  
of trans 20:1 on b o t h  Carbowax  20M and  Silar  10C col- 
u m n s  (ca. 5-6%).  The incorpora t ion  of elaidic acid in to  
PC and  PE  was h ighes t  in the  hea r t  and  s ign i f i can t  in  
adrenals ;  i t  s u b s t i t u t e d  a lmos t  exc lus ive ly  for s tear ic  
acid. Compara t ive ly ,  t e s tes  PC and  PE  con ta ined  ve ry  
low a m o u n t s  of the  trans acid, as did hea r t  cardiol ip in  
and  all phosphol ip id  classes of bra in .  No effect of d ie ta ry  
l inolenic acid or sex was  de tec ted  in  any  o rgan  or l ipid 
class considered,  except  for the  smal l  difference be tween  
sexes obse rved  in  adipose  t issue.  

Fatty acid composition of adipose tissue. The f a t ty  acid 
composi t ion  of adipose t i ssue  reflected t h a t  of the  d ie tary  
lipids, especially the elaidic, linoleic and  linolenic acid con- 
ten ts .  Minor  changes  also were observed:  l inoleic and  
l inolenic  acids were s l igh t ly  h igher  in  males  t h a n  in 
females  (linoleic acid: g roup  P, E, O, 21.4% vs  18.5%, 
respectively; groups  PL, EL, OL, 13.1% vs 11.9%, respec- 
t ively;  l inolenic  acid: g roups  PL, EL,  OL, 5.1% vs  4.4%, 
respectively). Linoleic and  linolenic acid were lower in oleic 
ac id - fed  r a t s  t h a n  in  r a t s  fed pa lmi t i c  or elaidic acid 
(linoleic acid: g roups  P, E: 20.6% vs group  O: 18.5%; 
groups  PL, EL: 13.1% vs group OL: 11.2%; l inolenic acid: 
g roups  PL, EL:  5.0% vs  group  OL: 4.2%). 

PUFA of adrenal lipids. The presence  of l inolenic  acid 
in  the  diet  decreased 22:4n-6 and  22:5n-6 and  increased  
n-3 P U F A  (20:5, 22:5, 22:6) in adrena l  choles tery l  es ters  
(Table 4). There  were a lways  more  n-6 22 P U F A ,  b u t  no t  
n-3 P U F A ,  in females t h a n  in males.  A m o n g  the  l inolenic 

TABLE 4 

PUFA of Adrenal CE a 

Experimental groups 
Fatty 
acid Sex P PL E EL O OL 

18:2n-6 M 3.6 3.6 4.6 3.8 3.3 3.2 
F 3.6 3.2 5.0 3.6 3.9 3.3 

20:3n-6 M 3.0 3.2 3.1 2.8 3.4 2.3 
F 2.7 2.5 2.6 1.9 3.4 2.0 

20:4n-6 M 16.7 6.7 6.6 6.9 12.9 7.9 
F 15.5 7.7 8.2 8.0 8.4 9.7 

22:4n-6 M 19.9 5.7 17.3 7.4 20.5 9.0 
F 22.7 12.7 21.0 12.2 25.5 16.5 

22:5n-6 M 6.7 0.8 2.7 1.1 4.8 1.3 
F 9.1 1.1 4.7 1.2 8.0 1.2 

20:5n-3 M -- 3.6 -- 2.4 -- 2.2 
F -- 2.1 -- 1.7 -- 1.5 

22:5n-3 M 0.8 13.8 0.3 8.3 0.7 8.9 
F 1.0 10.4 0.2 6.0 0.2 5.8 

22:6n-3 M 1.2 10.1 0.4 3.8 0.4 6.4 
F 0.7 9.2 0.5 4.8 0.6 6.5 

aPercentage of the fatty acids of the class; pools of two rats. Other 
PUFA not shown (<1.5%): 20:3n-9, 22:3n-9, 20:2n-6, 22:2n-6, 24:4n-6, 
24:5n-6. 

a c i d - de p r i ve d  ra ts ,  those  fed elaidic acid had  the  lowest  
c o n t e n t s  of 20:4n-6, 22:4n-6 a nd  22:5n-6. I n  the  l inolenic 
acid-fed series, n-3 P U F A  (20:5, 22:5, 22:6) were higher  
in palmi t ic  ac id- fed  ra t s  (PL) t h a n  in  elaidic- or oleic acid- 
fed ra t s  (EL, OL). P U F A - l e v e l s  in  adrena l  PC and  PE  
were in f luenced  by  d ie t a ry  l inolenic acid a nd  m a y  be dif- 
fe rent  in  each sex, b u t  showed no g rea t  changes  due to  
elaidic acid. 

PUFA of testis lipids. Ra t  t e s t i s  l ipids,  i nc lud ing  TG,  
were character ized by  high con ten t s  of l o n g - c h a i n  P U F A  
of the  n-6 series, especial ly  22:5, b u t  also 20:3, 20:4, 22:4, 
24:4 and  24:5 (Table 5). Linoleic acid was depressed in  TG 
by  d ie ta ry  l inolenic acid (as in  the  T G  of all o ther  organs)  
b u t  was  s l igh t ly  increased  in  PC and  PE,  as well as 
20:3n-6. D i e t a r y  18:3n-3 depressed  20:4n-6 in  PC, and  
22:4n-6 in PC and  PE.  However ,  22:5n-6 a nd  n-6 C24 
P U F A  r e m a i n e d  u n c h a n g e d  in  the  three  classes.  E x c e p t  
for l inolenic  acid in  TG,  n-3 P U F A  levels were low, even  
in  l inolenic ac id - fed  ra ts .  Moreover,  the  P U F A  c o n t e n t s  
of t e s t i s  l ipids were in sens i t i ve  to  the  feeding of elaidic 
acid. 

PUFA of heart lipids. In  hear t  CL, a phosphol ipid class 
con ta in ing  ma in ly  linoleic acid, the  oleic ac id-fed  ra t s  had  
the  lowest  l inoleic acid con ten t :  64% (0) a nd  51% (OL) 
by  compar i son  to  71% (P), 80% (PL), 86% (E) and  81% 
(EL). This  decrease of l inoleic acid was  c o m p e n s a t e d  b y  
an increase of sa tu ra ted  and  oleic acids, as well as of other  

TABLE 5 

P U F A  of Test is  Lipids a 

Experimental groups 
Lipid Fatty Pooled 
class acid P PL E EL O OL SEM 

TG 18:2n-6 16.4 10 .4  16 .2  11 .1  13.2 9.4 0.62 
20:3n-6 0.5 0.7 0.7 0.7 0.7 0.9 0.10 
20:4n-6 2.2 1.9 2.3 1.8 3.0 2.8 0.18 
22:4n-6 1.6 1.5 2.0 1.7 2.6 1.8 0.22 
22:5n-6 6.4 7.5 8.3 7.5 10.4 9.2 1.04 
24:4n-6 1.1 1.2 1.7 1.6 1.7 2.1 0.25 
24:5n-6 1.5 1.7 2.1 1.8 2.3 1.7 0.21 
18:3n-3 0.1 4.1 0.1 4.3 0.1 3.4 0.77 
22:6n-3 tr. b 0.5 tr. 0.2 tr. 0.4 0.03 

PC 18:2n-6 5.4 7.1 6.7 8.0 4.5 6.7 0.32 
20:3n-6 1.8 2.2 1.7 2.3 1.4 1.9 0.21 
20:4n-6 18 .5  14 .2  17 .7  15 .1  17 .5  15.1 0.55 
22:4n-6 1.4 1.0 1.3 1.2 1.3 1.1 0.08 
22:5n-6 16 .8  14 .2  14 .9  14 .6  15 .1  14.5 0.77 
24:4n-6 1.3 1.4 1.4 1.6 1.4 1.4 0.12 
24:5n-6 0.9 0.9 0.8 0.9 0.9 0.8 0.04 
22:6n-3 0.1 0.7 0.1 0.7 0.1 0.7 0.02 

PE 18:2n-6 5.0 7.0 3.6 4.9 2.8 4.1 0.28 
20:3n-6 1.0 1.3 0.6 0.9 0.6 0.8 0.06 
20:4n-6 24.6 22 .5  23.2 23.2 25.8 23.2 0.95 
22:4n-6 4.0 2.9 3.3 3.1 4.0 3.1 0.25 
22:5n-6 31.6 26.6 25.7 26.4 30 .1  26.8 1.66 
24:4n-6 1.3 1.0 1.0 1.0 1.2 1.0 0.09 
24:5n-6 1.1 0.9 0.9 0.9 1.3 0.9 0.10 
22:6n-3 0.3 1.7 0.3 1.6 0.4 1.6 0.04 

aPercentage of the fatty acids of each class; means of two rats. Other 
PUFA not shown (<1%): 20:2n-9, 20:3n-9 and n-7, 18:3n-6, 20:2n-6, 
22:3n-6, 20:5n-3, 22:5n-3. 
b<0.1%. 
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P U F A .  E l a i d i c -  a n d  p a l m i t i c  a c i d - f e d  r a t s  h a d  s imi l a r  
f a t t y  ac id  p a t t e r n s  in h e a r t  CL. 

The  22:6n-3 c o n t e n t s  of h e a r t  PC a n d  P E  were  h ighe r  
in f emales  t h a n  in  m a l e s  for  all  d i e t a r y  g roups ,  as  well  
as  t h a t  of 22:5n-6 for g r o u p s  P, E a n d  O (Table  6). The  
i nve r se  was  t r ue  for  18:2n-6, which  a l m o s t  a l w a y s  was  
h ighe r  in m a l e s  t h a n  in females .  F e e d i n g  l inolenic  ac id  
s h i f t ed  b o t h  PC and  P E  f a t t y  ac id  prof i les  t o w a r d s  n-3 
P U F A  (22:5 and  22:6), wh ich  were  i n c r e a s e d  a t  t h e  ex- 
pense  of  n-6 P U F A  (20:4, 22:4, 22:5). C o n t r a r y  to  o t h e r  
o rgans ,  t h e  P U F A  prof i les  of h e a r t  p h o s p h o l i p i d s  s t r ik -  
i n g l y  r e s p o n d e d  to  e la id ic  ac id  feeding:  l inoleic  ac id  w a s  
r a i s e d  in b o t h  PC a n d  P E  of  g r o u p s  E and  EL;  22:6n-3 
was  lowered  in b o t h  PC and  P E  of hnolenic  a c i d - f e d  r a t s .  
T h o s e  fed p a l m i t i c  ac id  h a d  the  h i g h e s t  c o n t e n t  22:6n-3 
in P E  (PL > O L  > EL). In  l inolenic  a c i d - d e p r i v e d  r a t s ,  
d i e t a r y  e la idic  ac id  d e p r e s s e d  22:4n-6 and  22:5n-6 in b o t h  
PC and  PE,  as  well  as  a r a c h i d o n i c  ac id  in PC. The  l a t t e r  
P U F A  was  inc reased  in t he  P E  of  l inolenic ac id -def ic ien t ,  
e la id ic  a c i d - f e d  females  (E vs  P a n d  O). The  m o s t  p a t e n t  
of  t h e s e  ef fec ts  is t he  d rop  of  P E  22:5n-6 c o n t e n t  in t h e  
e la id ic  ac id - f ed ,  l inolenic  a c i d - d e p r i v e d  r a t s  (group E). 

The  i nh ib i t i on  of  n-6 P U F A  s y n t h e s i s  a lso  was  seen  in 
h e a r t  T G  of l inolenic a c i d - d e p r i v e d  ra t s :  a rach idonic  acid  
c o n t e n t s  were  lower  in g r o u p  E (males:  2.4%; females :  

TABLE 6 

P U F A  of Heart Phospholipids a 

Experimental groups 
Lipid Fat ty  Pooled 
class acid Sex P PL E EL O OL SEM 

PC 

PE 

1.6%) t h a n  in  the  o t h e r  g r o u p s  (group P: 4.5% a n d  4.0%; 
g r o u p  O: 4.0% and  2.8%, respec t ive ly) ;  22:5n-6 was  par-  
t i c u l a r l y  h igh  in g r o u p  P (7.7% a n d  9.2%, respec t ive ly ) ,  
p r e s e n t  in g r o u p  O (0.4% a n d  1.1%, r e spec t ive ly )  a n d  
n e a r l y  a b s e n t  in  g r o u p  E (0.3% and  0.0%, respec t ive ly ) .  

P U F A  of  brain phospholipids. Dif fe rences  b e t w e e n  
m a l e s  and  females  in  t h e  f a t t y  ac id  p rof i l es  of  b r a i n  PC, 
P E  and  P S  e i the r  were  a b s e n t  or  v e r y  s l igh t .  F o r  th i s  
reason ,  t h e  d a t a  p r e s e n t e d  a re  t h e  m e a n s  of  t h e  d i e t a r y  
g r o u p s  (two ma le s  a n d  two  females) .  F e e d i n g  of  l inolenic  
ac id  r e s u l t e d  in t h e  r e p l a c e m e n t  of t he  n-6 P U F A  b y  
22:6n-3 in b r a i n  p h o s p h o g l y c e r i d e s .  The  t h r e e  n-6 P U F A  
were  n o t  a f fec ted  equa l ly :  a r a c h i d o n i c  ac id  a n d  22:4n-6 
were  on ly  s l i gh t ly  r e duc e d  b y  d i e t a r y  18:3n-3 b u t  22:5n-6 
u n d e r w e n t  a s h a r p  decrease .  F o r  a g iven  c lass ,  t h e  s u m  
of  all P U F A  p e r c e n t a g e s  r e m a i n e d  r e m a r k a b l y  c o n s t a n t ,  
d e s p i t e  s ign i f i can t  b u t  sma l l  e f fec t s  of d i e t a r y  f ac to r s  in 
PC a n d  PE.  The  p re sence  of e la id ic  ac id  in t he  d i e t  h a d  
l i t t l e  inf luence  on b r a i n  l ip id  P U F A .  However ,  t he  s l i gh t  
b u t  s ign i f i can t  dec rea se  of 22:5n-6 in P E  a n d  P S  of 
l inolenic  ac id -depr ived ,  e la id ic  a c i d - f e d  r a t s  (group E) is  
n o t e w o r t h y .  

DISCUSSION 

The incorpora t ion  of d i e t a ry  trans f a t t y  acids, pa r t i cu l a r ly  
of elaidic acid, in o rgan  l ipids  has  been s tud ied  ex tens ive ly  
(4-12,14,22-30) .  Our  r e s u l t s  a re  in a g r e e m e n t  w i th  t he  
gene ra l  f i nd ings  t h a t  m o s t  trans oc tadeceno ic  acids ,  in- 
c lud ing  elaidic acid, read i ly  incorpora te  in to  o rgan  T G  and  
in t he  1-pos i t ion  of  p h o s p h o g l y c e r i d e s ,  whe re  t h e y  
s u b s t i t u t e  for  s a t u r a t e d  f a t t y  acids .  K n o w n  e x c e p t i o n s  
are  b r a i n  l ip ids  of p o s t - w e a n i n g  r a t s  (4,5,29) t e s t i s  
p h o s p h o l i p i d s  (4,5,25) and  h e a r t  ca rd io l ip in  (30). Th is  can  
be exp la ined  b y  the  reduced  u t i l i za t ion  of exogenous  f a t t y  

18:2n-6 M 11.0 14.3 12.4 14.9 8.2 12.8 0.83 
F 6.2 10.7 12.4 13.0 5.6 7.8 

20:4n-6 M 34.6 18.7 28.4 17.4 32.5 20.9 1.06 TABLE 7 
F 35.4 22.1 26.9 19.3 33.3 22.7 

P U F A  of Brain Lipids a 
22:4n-6 M 1.3 tr. b 0.9 0.1 1.4 tr. 0.05 

F 1.6 0.1 0.8 0.2 1.4 0.1 

22:5n-6 M 1.3 -- 0.3 0.1 1.3 tr. 0.11 Lipid Fat ty  
F 3.1 -- 0.7 tr. 3.6 tr. class acid 

22:5n-3 M 0.2 3.8 0.2 3.5 0.1 3.2 0.68 
F 0.2 4.2 0.2 2.6 tr. 2.8 PC 20:4n-6 

22:6n-3 M 0.4 4.6 0.4 2.6 0.6 3.9 1.05 22:4n-6 
F 0.6 5.4 0.7 5.0 0.9 7.2 22:5n-6 

22:6n-3 
18:2n-6 M 6.3 5.8 7.1 6.5 5.5 5.3 0.41 PUFA b 

F 3.5 4.5 6.6 5.3 3.6 3.3 PE 20:4n-6 
20:4n-6 M 27.8 16.3 29.3 19.4 23.3 18.0 0.71 22:4n-6 

F 21.3 15.9 28.0 18.4 23.3 15.8 22:5n-6 
22:6n-3 

22:4n-6 M 3.5 0.5 3.1 1.3 4.1 0.6 0.12 PUFA 
F 3.6 0.5 2.4 1.2 3.7 0.5 

PS 20:4n-6 
22:5n-6 M 12.4 0.2 1.8 0.2 8.5 0.2 0.68 22:4n-6 

F 21.6 0.3 4.1 0.2 16.9 0.4 22:5n-6 
22:5n-3 M 0.5 6.9 0.3 6.1 0.7 5.7 0.38 22:6n-3 

F 0.5 6.5 0.2 3.9 0.3 3.8 PUFA 

22:6n-3 M 2.9 20.1 1.8 10.9 3.0 13.3 0.70 
F 3.1 23.9 3.5 17.8 4.1 20.9 

apercentage of the fatty acids of each class; means of two rats. Other 
PUFA not shown (<1%): 18:3n-6, 20:2n-6, 20:3n-6, 18:3n-3, 20:5n-3. 
b<0.1%. 

Experimental groups 
Pooled 

P PL E EL O OL SEM 

5.6 4.9 5.9 5.6 5.8 5.3 0.11 
0.9 0.6 1.1 0.7 1.0 0.6 0.03 
1.8 -- 1.6 -- 1.8 -- 0.08 
1.4 3.5 1.5 4.0 1.5 3.7 0.11 
9.8 8.9 10.0 10.3 10.2 9.6 0.22 

16.6 13.9 16 .1  13.6 15.5 13.6 0.15 
9.0 6.5 10.5 6.6 9.6 6.8 0.19 

10.8 1.0 8.4 0.9 10.7 1.0 0.27 
10.2 23.5 9.6 23.3 10.5 23.3 0.51 
46.7 44.9 44.7 44.4 46.4 44.8 0.56 

4.1 3.6 4.0 3.5 4.3 3.5 0.28 
4.2 3.2 4.4 3.0 4.3 3.0 0.13 

12.3 1.7 9.6 1.5 12.0 1.6 0.55 
8.6 23.2 8.1 19.7 9.1 20.2 1.11 

29.3 30.5 26.0 27.8 29.7 28.3 1.57 

apercentage of the fatty acids of each class; means of four rats (two 
males and two females). Other PUFA (<1%): 20:2n-9, 18:2n-6, 20:3n-6, 
22:5n-3; 18:3n-3 and 20:5n-3 are absent of the three classes; there 
is no C22:5n-3 in PC. 
bpUFA: Sum of the percentages of the four PUFA listed. 
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acids by  brain and test is  phospholipids and by  the low 
satura ted  fa t ty  acid content  of CL. The presence of t rans -  
octadecenyl chain in the plasmalogens of heart  mitochon- 
dria, recently demons t ra ted  by  Wolff et al. {31}, had not  
been looked for in this s tudy  but  would deserve confir- 
mation.  In  a previous work (14}, the elaidic acid contents  
of organ lipids of ra t s  fed elaidic acid were shown to be 
depressed when the die tary  supply of linoleic acid was 
low. This possibly was caused by an increase of f a t ty  acid 
oxidation, due to linoleic acid deficiency. This work shows 
tha t  in linoleic ac id-provided animals, the supply of 
linolenic acid does not  influence the elaidic acid contents  
of t issue lipids. 

Female ra t s  are known to have higher levels of P U F A  
in the lipids of their organs than  males {32}. The observed 
sex differences were small in the brain, larger in the 
adrenals and very  marked  in the heart.  The P U F A  pro- 
files, especially of hear t  PE,  showed the ability of female 
ra t s  over  male ra t s  to synthet ize  and/or to incorporate  
the end-products .of  the e longat ion-desaturat ion enzyme 
system: 22:5n-6 and 22:6n-3. 

The effects of the dietary supply of linolenic acid on the 
P U F A  profiles var ied widely depending on the organ. 
These effects were remarkab ly  low in tes tes  where the 
main PUFA,  22:5n-6, was unchanged but  were evident 
in adrenals, heart  and brain, as previously observed 
{33,34}. 22:6n-3 still was present  in fairly high amounts  
in brain PE and PS of linolenic ac id-depr ived rats ,  il- 
lus t ra t ing  the retent ion of this f a t t y  acid by  nervous 
tissue, even when the supply is very  low (13}. On the con- 
t rary,  22:5n-6 appears  in high amounts  in organ 
phospholipids only in ra t s  tha t  have been fed bo th  high 
levels of linoleic acid and very  low levels of linolenic acid 
{33-36}. 

Dietary  elaidic acid depresses the levels of some P U F A  
in the lipid classes of several  organs.  Al though the 
grea tes t  effects were seen in the heart ,  the widespread 
distr ibution of the phenomenon in the body suppor ts  the 
hypothesis  tha t  elaidic acid acts on the biosynthesis  of 
P U F A  ra ther  than  on the incorporat ion in organ lipids. 
These changes are fairly complex: the biosynthesis  of 
arachidonic acid is inhibited (as seen by  the decrease of 
linoleic acid in the lipids of adrenals and heart} but  the 
following steps of P U F A  biosynthesis, elongation and - 4  
desaturat ion,  th rough  which 22:5n-6 and 22:6n-3 are 
biosynthetized,  are mos t  affected. This is more evident 
in the n-6 than  in the n-3 E F A  series, therefore in the 
linolenic ac id-depr ived ra ther  than  in the linolenic acid- 
fed rats.  Moreover,  this  effect is of greater  in tens i ty  in 
females than  in males. 

Diets containing partially hydrogenated fats  have been 
shown to intensify E F A  deficiency {4,6-9} and to induce 
a decrease of some P U F A  contents  in organ lipids 
{4,9,11,24,28,37}. The t rans ,  t r a n s  isomer of linoleic acid 
when fed to ra ts  is a powerful inhibitor of the biosynthesis 
of n-6 and n-9 P U F A  (38-41} and, more specifically, of 
the 6-desaturase {39,41,42} in either l inoleate-deprived or 
l inoleate-fed rats.  Die tary  elaidic acid lowers the arachi- 
donic acid and 20:3n-9 contents  of t issue phospholipids 
(blood, liver, heart} of linoleic acid-deficient rats,  though 
to a lesser es tent  than  the t rans ,  t r a n s  18:2 isomer {4,22, 
28,43,44}. In  linoleic ac id-provided animals, the feeding 
of elaidic acid causes an increase of linoleic acid and a 
decrease of 22:5n-6 in organ phospholipids; arachidonic 

acid is only slightly reduced {14,22}. The 9-, 6- and 5- 
desaturases  of ra t  liver microsomes are inhibited in vi t ro 
by  a number  of cis-  and t r a n s  octadecenoic acid isomers, 
including elaidic acid (45,46). Recently, elaidic acid and 
other  n-9, t r a n s  monoenes have been found to depress in 
vi t ro  the 6- and 5-desaturase activit ies of human  skin 
f ibroblasts  (47,48}. In  vivo effects of dietary fats  contain- 
ing t rans  monoenes are less clear {24,49,50): the decrease 
of 6-desaturase (49) or the increase of 5-desa turase  (24) 
were not found by  all authors. Effects of t r a n s  fa t ty  acids 
on f a t t y  acid elongation and 4-desaturat ion activit ies 
have  not  been directly observed yet. 

Feeding par t ia l ly  hydrogenated  soybean oil (PHSO} 
containing ca. 20% t r a n s  f a t t y  acids to linoleic- and 
linolenic ac id-provided rats ,  Lawson et al. (11) observed 
a reduction of the arachidonic acid contents  of the 
phospholipids in all organs  studied, mainly  in the liver. 
The inhibition was specific to the n-6 E F A  series; n-3 
P U F A  were either unchanged or increased by  the dietary 
t rea tment .  In  feeding concentra tes  of t r a n s  or of c is  18:1 
isomers f rom the same PHSO to rats,  the same authors  
demons t ra ted  t ha t  these effects were due to the t r a n s  
isomers (12}. Al though the t r a n s  octadecanoic acids used 
by Lawson et al. were a complex mix ture  of posit ional 
isomers, their  resul ts  and ours agree t ha t  the inhibition 
of P U F A  biosynthesis  produced by  feeding t r a n s  mono- 
enes can be observed in E F A - p r o v i d e d  animals and is 
more marked  on the n-6 P U F A  series than  on their n-3 
homologues. 

Fur ther  research is needed to elucidate the interactions 
of die tary  f a t ty  acid isomers with essential  f a t t y  acids 
and to evaluate  the consequences for membrane,  cell and 
organ function, par t icular ly  in the heart .  
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Injection of TridocosahexaenoyI-Glycerol Emulsion 
and Fatty Acid Composition of Blood Cells 
Tomohito Hamazaki  a, Masaharu Urakaze a, Saburo Yano a, Yasuji Soda b, Akira Miyamoto b, Kohji Kubota c 
and Fumio Ibukid 
~ First Department of Internal Medicine,Toyama Medical and Pharmaceutical University, Sugitani,Toyama City, Toyama 930-01, Japan; 
bMedical and Pharmaceutical Laboratory, Nippon Shoji Kaisha Ltd., Ibaraki City, Osaka, Japan; CGeneral Technical Department, Nippon 
Oil and Fats Co. Ltd., Chiyoda-ku, Tokyo, Japan; and all'he First Division, Research and Development, Daigo Nutritive Chemicals Ltd. 
Yodogawa-Ku, Osaka, Japan 

A n  i n j e c t a b l e  e m u l s i o n  of  d o c o s a h e x a e n o i c  ac id  
(DHA) was  p r e p a r e d .  One  h u n d r e d  ml o f  the  emul -  
s i o n  c o n t a i n e d  3 g o f  93%-pure 1 ,2 ,3 - t r idocosahex -  
a e n o y l g l y c e r o l  (DHA-TG),  1.2 g o f  93%-pure 2- 
d o c o s a h e x a e n o y l - p h o s p h a t i d y l c h o l i n e  as  an  emul -  
sif ier a n d  2.5 g o f  g lycero l .  Th ir ty  ml o f  the  e m u l s i o n  
o f  DHA-TG was  i n j e c t e d  in to  three  rabb i t s  on  d a y s  
1 a n d  4 o f  the  s tudy .  B l o o d  w a s  t a k e n  o n  day  0, on  
d a y  4 jus t  be fore  the  s e c o n d  i n j e c t i o n  a n d  o n  d a y  
7. The  p e r c e n t a g e  o f  D H A  in the  to ta l  p h o s p h o l i p i d  
f r a c t i o n  o f  p l a t e l e t s  i n c r e a s e d  from 0.46% (day 0) 
to  1.88% (day 4, p ~ 0.05) a n d  3.66% (day 7; p ~ 0.02 
vs  day  0). The  p e r c e n t a g e  o f  e i c o s a p e n t a e n o i c  ac id  
(EPA) i n c r e a s e d  f rom 0.46% (day  0) to  1.03% (day  4, 
p ~ 0.02) a n d  1.63% (day 7: p ~ 0.05 vs  d a y  0). The  
p e r c e n t a g e  o f  a r a c h i d o n i c  ac id  (AA) d e c r e a s e d  
from 9.45% (day 0) to  4.31% (day 4, p ~ 0.05) a n d  
6.68% (day 7; p ~ 0.02 vs  day  0). The  p e r c e n t a g e  o f  
D H A  in  the  to ta l  p h o s p h o l i p i d  f r a c t i o n  o f  ery thro-  
cy t e  m e m b r a n e s  i n c r e a s e d  from 0.23% (day 0) to 
0.91% (day 4, p ~ 0.05) a n d  1.52% (day 7; p ~ 0.005 
vs  day  0); t h a t  o f  EPA i n c r e a s e d  f rom 0.21% (day 0) 
to  0.34% (day  4, p ~ 0.005%) a n d  0.52% (day 7, p 
0.01 vs  day  0); t h a t  o f  A A  w a s  u n c h a n g e d .  B l o o d  
l ip ids  were  the  s a m e  be fore  a n d  after  the  two  injec-  
t i o n s  o f  the  e m u l s i o n ,  e x c e p t  t h a t  free fat ty  ac ids  
d e c r e a s e d  m a r k e d l y  f rom 0.32 to  0.06 mEq/1  (p 
0.02). On day  8, free  A A  (2 mg/kg)  w a s  i n j e c t e d  in to  
ear  v e i n s  o f  the  three  t rea ted  rabb i t s  a n d  o f  four  
c o n t r o l  rabb i t s  (not  t r e a t e d  w i t h  DHA-TG).  Al l  the  
c o n t r o l  rabb i t s  d i e d  a few m i n u t e s  after  the  AA 
i n j e c t i o n ,  b u t  n o n e  o f  the  D H A - t r e a t e d  rabb i t s  d i ed  
after  A A  i n j e c t i o n  (p ~ 0.01). A n  e m u l s i o n  o f  DHA-  
TG m a y  be  u s e f u l  for p a t i e n t s  h a v i n g  i m m e d i a t e  
r i sk  o f  t h r o m b o s i s  or  for t h o s e  w h o  n e e d  D H A  b u t  
c a n n o t  take  it oral ly .  
Lipids 22, 1031-1034 (1987). 

I t  has  long been known tha t  ~o6 fa t ty  acids are essent ia l  
to hea l th  (1), but  it is only fair ly recent ly  t ha t  several  
studies have suggested t h a t  r fa t ty  acids also are im- 
por t an t  for normal  t i ssue funct ions (2-5). Among  them,  
docosahexaenoic acid (DHA) seems to be very impor t an t  
for the  nervous  sys tem including the re t ina ,  since DHA 
is the major  fa t ty  acid in the phosphol ipid f ract ion in 
the gray  m a t t e r  of the  bra in  (6) and in the  r e t ina  (7). 

*To whom correspondence should be addressed. 
Abbreviations: DHA, docosahexaenoic acid; DHA-TG, 1,2,3-tri- 
docosahexaenoyl-glycerol; AA, arachidonic acid; DHA-PC, 2- 
docosahexaenoyl-phosphatidylcholine; PRP, platelet-rich plasma; 
EPA, eicosapentaenoic acid; RBC, red blood cell; EPA-TG, 1,2,3- 
trieicosapentaenoyl-glycerol. 

Depr iva t ion  of o~3 fa t ty  acids from the diet for two gen- 
era t ions  could inhibi t  the  development  of funct ional ly  
normal  re t inas  in monkeys  (5). Also, i t  is repor ted t h a t  
a d is turbance  of the per iphera l  nervous  sys tem de- 
veloped in a 6-year-old girl  af ter  long- term,  to ta l  paren-  
te ra l  feeding of a diet  t h a t  conta ined l i t t le  r fa t ty  acid 
(3). 

Al though ~-linolenic acid (18:3~o3), whe the r  ingested 
or admin i s t e red  parentera l ly ,  could be converted to 
DHA, the ra te  of conversion is low (8,9). Therefore,  we 
though t  it was impor t an t  to develop a DHA emuls ion  
for people who need DHA but  cannot  t ake  it orally. The 
purpose  of th is  inves t iga t ion  was to observe how rapid ly  
a DHA emuls ion  injected into rabbi t s  could increase  
the DHA levels in blood cells. 

MATERIALS AND METHODS 

Experimental design. Three  rabbi t s  were used, each 
weighing ca. 3 kg. Throughou t  the exper iment ,  they 
were fed a s t andard  rabb i t  diet  (RM-3, Funabash i  
Farms,  Chiba,  J apan)  (Table 1), the major  lipid compo- 
nen t  of which was soybean oil. Blood was t aken  from 
ear  veins on days 0, 4 and 7. Th i r ty  ml of 1,2,3- 
t r idocosahexaenoyl-glycerol  (DHA-TG) emuls ion  was 
injected via  the ear  veins on day 1, and on day 4 jus t  
a f te r  the second blood sampl ing.  On day 8, t h e  th ree  
rabbi t s  were injected th rough  ear  veins wi th  6 mg of 
arachidonic acid (AA; S igma Chemical  Co., St. Louis, 
MO) dissolved in 100 mM sodium bicarbonate .  Four 
control rabbi ts ,  each weighing about  3 kg and not 
t r ea ted  with  the DHA-TG emuls ion,  were injected wi th  
AA in the  same manner .  

Preparation of emulsion. Sardine oil was ext rac ted  
from edible par t s  of sardines,  deacidified and decol- 
orized. After  separa t ion  of s a tu ra t ed  lipids by crystal l i -  
zat ion a t  - 70 C, a po lyunsa tu ra t ed  fa t ty  ac id- r ich  tr ig-  
lyceride mix tu re  was saponified and then  me thy la t ed  

TABLE 1 

Composition of Rabbit Diet RM-3 (Wt%) a 

Crude protein 15.8% 
Crude lipids 4.0% s 
Crude fiber 13.3% 
Crude mineral 9.6% 
Soluble material 50.3% 

containing no nitrogen 
Metabolic energy 3.6 kcal/g 

aAccording to the manufacturer's brochurei a vitamin mixture is 
also added. 
bLipids constitute 10 cal% and consist mostly of soybean oil. 
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TABLE 2 

Fatty Acid Composition (Mol%) of Lipids Used 

Fatty acids DHA-TG 

Lipids 

2-DHA-PC 

Position 1 Position 2 

26 
7 

20 
45 

2 

16:0 
18:0 
18:1 
18:2 
18:3r 
20:4~o6 
22:4 
22:5o)3 
22:6o)3 

1 1 
1 1 
2 2 

93 93 

One hundred ml of emulsion contained 10 g of DHA-TG, 1.2 g of 
DHA-PC and 2.5 g of glycerol. 

(10). Methyl esters of po lyunsa tura ted  fat ty acids were 
separated to obtain a DHA methyl  ester fraction by 
high pressure liquid chromatography (11). One ten th  
mol of glycerol and 0.3 mol of free DHA, which was 
obtained by hydrolysis of DHA methyl  esters, were 
reacted in dimethyl  sulfoxide with 0.3 mol of N,N'-car-  
bonyl-diimidazole as a condenser and imidazole sodium 
salt as a catalyst.  After overnight  reaction at room tem- 
perature,  DHA-TG was extracted by hexane and 
purified by a silica gel column (12). ~-Tocopherol (0.2%) 
was added to DHA-TG. 2-Docosahexaenoyl-phos- 
phatidylcholine (DHA-PC) was synthesized as follows: 
0.1 tool oflysophosphatidylcholine,  which was enzymat-  
ically prepared from soybean oil phosphatidylcholine 
with phospholipase A2, and 0.1 mol of free D~IA were 
reacted in chloroform with 0.1 mol of N,N'-carbonyl-  
diimidazole and imidazole sodium salt as a catalyst  for 
1 hr  at  room temperature .  DHA-PC was extracted by 
chloroform/methanol (2:1, v/v) and purified by a silica 
gel column. DHA-TG was emulsified with DHA-PC ac- 
cording to the method of Geyer et al. (13). One hundred 
ml of the DHA-TG emulsion contained 10 g of DHA-TG, 
1.2 g of DHA-PC and 2.5 g of glycerol. The fat ty acid 
composition of the lipids used in the experiments  is 
shown in Table 2. 

Analysis of fatty acid composition. The fat ty acid com- 
position in total phospholipids in platelets  was 
analyzed as follows. Platelet-r ich p lasma (PRP) was pre- 
pared by centr i fugat ion of blood citrated with 1/10 vol- 
ume of 3.8% sodium citrate. Platelets  from 0.4 ml of 
PRP were washed with 0.9% saline, reconst i tuted in 
0.4 ml of saline and sonicated for 1 min. Total lipids 
were extracted with 10ml of chloroform/methanol (2:1, 
v/v) The phospholipid fraction was obtained as the un- 
moved fraction following thin layer chromatography on 
silica gel plates using petroleum ether/ether/acetic acid 
(60:30:1, v/v/v) as solvent. Methyl esters of fat ty acids 
of total  phospholipids were prepared with boron 
trifluoride and methanol  (14). A glass capil lary column, 
Advans-DS, 0.24 mm x 25 m (Shinwakagaku,  Kyoto), 
was used to analyze the fat ty acid methyl  esters. The 
column was at tached to a GC7A gas chromatograph 

TABLE 3 

Changes in Some Blood Lipids and Enzymes by 2 Infusions 
of 30 ml DHA-TG Emulsion into Rabbits 

Parameters Day 0 Day 7 

GOT(U) 26 • 17 16 -+ 3 
GPT (U) 21 • 8 22 • 4 
~/-GTP (IU) 3 • 1 2 • 1 
Total cholesterol 39 • 16 42 • 7 

(mg/dl) 
Triglycerides 28 + 4 27 • 6 

(mg/dl) 
Free fatty acids (mEq/1) 0.32 • 0.04 0.06 -+ 0.004 a 

Serum of days 0 and 7 was analyzed. GOT, glutamic-oxaloacetic 
transaminase; GPT, glutamic-pyruvic transminase; ~/-GTP, ~/- 
glutamyl transpeptidase. 
ap < 0.02. 

(Shimadzu, Tokyo). The injection was at 250 C; separa- 
tion with N 2 gas as a carrier  (40 ml/min) was isothermal 
at 200 C; detection was by flame ionization. Erythro-  
cytes were separated from ci trated blood, washed and 
hemolyzed by osmotic shock. The membrane  fraction 
was separated by centr i fugat ion and washed twice. The 
fatty acid analysis  of phospholipids of membranes  was 
then performed as described above. 

Blood chemistry, platelet aggregation and statistics. 
PRP was prepared as described above. Platelet  aggrega-  
tion was measured with an aggregometer  (Model PAT- 
4M, Niko Bioscience, Tokyo), adding 20 ~l of 50 ~M 
ADP (Sigma), 100 ~g/ml of collagen (Hormon-Chemie, 
Munich, FRG) or 100 ~M AA as an aggregant  to 180 
txl of PRP to make up a 200-~1 mixture.  Serum total 
cholesterol (15), triglycerides (16) and free fat ty acids 
(17) were measured enzymatical ly;  glutamic-oxaloace- 
tic t ransaminase ,  glutamic-pyruvic t ransaminase  and 
~/-glutamyl t ranspept idase were measured spec- 
t rophotometr ical ly  with an autoanalyzer.  Data  were ex- 
pressed as means  -4- SD. Student 's  t test o r  X 2 test  was 
used for data  evaluation. 

RESULTS 

There were no significant differences in body weight 
between days 0 and 7 in the three rabbits. Changes  in 
blood chemistry are shown in Table 3. There was a sig- 
nificant reduction of free fat ty acids following the two 
injections of DHA emulsion. Changes  in the fat ty acid 
composition of total  phospholipids of platelets and red 
blood cell (RBC) membranes  are shown in Tables 4 and 
5, respectively. In both platelets  and RBC membranes ,  
DHA and eicosapentaenoic acid (EPA) levels were in- 
creased significantly. There were no significant differ- 
ences in platelet  aggregat ion induced by any aggreg- 
ants  used in the experiments  between days 0 and 7. 
However, the injection of AA (2 mg/kg) into ear veins 
on day 8 caused death in none of the three rabbits, 
while the same injection killed all four control rabbits, 
which had been on the same diet and were not t rea ted  
with DHA emulsion (p < 0.01). 
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T A B L E  4 

C h a n g e s  in Fat ty  A c i d  C o m p o s i t i o n  o f  P l a t e l e t  Tota l  
P h o s p h o l i p i d s  a 

Fatty acid composition (mol %) 
Fatty acids 

Day 0 Day 4 Day 7 

16:0 24.2 • 1.3 31.3 • 2.45 22.4 • 0.45 
18:0 27.4 • 0.4 23.3 + 2.0 26.8 • 1.0 
18:1 8.3 • 0.2 10.0 -+ 1.0 8.4 • 0.6 
18:2~6 19.9 + 2.0 14.6 • 3.4 22.2 • 0.7 
18:3~o3 0.61 • 0.10 0.56 • 0.76 • 0.04 
20:4r 9.45 • 0.395,C 4.31 -t 0.805, b' 6.68 • 0.275''c 
20:5~o3 0.46 _+ 0.075'`. 1.03 + 0.16 C 1.63 • 0.325 
22:6o~3 0.46 + 0.10 b,c 1.88 • 0.425 3.66 • 0.53 C 

aThirty ml of DHA emulsion was injected on day 1 and day 4 just 
after the second blood sampling. Values with the same superscript 
are significantly different from each other, b(b'), p < 0.05; c, p < 
0.02. 

T A B L E  5 

C h a n g e s  in Fat ty  A c i d  C o m p o s i t i o n  o f  P h o s p h o l i p i d s  in RBC 
M e m b r a n e s  a 

Fatty acid composition (mol %) 
Fatty acids 

Day 0 Day 4 Day 7 

16:0 27.5 + 0.7 28.3 § 0.4 28.0 __~ 0.5 
18:0 18.1 • 0.1 17.9 • 0.4 17.7 • 0.3 
18:1 12.5 • 0.6 b,~' 11.6 + 0.55 11.2 • 0.4 c 
18:20~6 31.0 • 0.0 30.8 • 0.5 30.8 -+ 0.4 
18:3~o3 1.21 + 0.09 1.31 • 0.09 1.29 + 0.03 
20:4~o6 3.46 • 0.10 3.44 -+ 0.05 3.49 • 0.04 
20:50J3 0.21 • 0.04 d,e 0.34 § 0.04 c,e 0.52 • 0.07 ad 
22:6r 0.23 • 0.05 b'e 0.91 • 0.12 b'b' 1.52 • 0.07 b''e 

aThrity ml of DHA emulsion were injected on day 1 and day 4 just 
after the second blood sampling. Values with the same superscript 
are significantly different from each other, b(b'), p < 0.05; p < 0.02; 
d, p < 0.01; e, p < 0.005. 

DISCUSSION 

A l m o s t  a l l  t h e  p a p e r s  d e a l i n g  w i t h  r f a t t y  ac ids  as  
n u t r i t i o n a l  c o m p o n e n t s  or  as  d r u g s  have  d e s c r i b e d  t h e i r  
o ra l  a d m i n i s t r a t i o n .  I f  one c o n s i d e r s  t h e  i m p o r t a n c e  of  
r f a t t y  ac ids  f rom t h e  s t a n d p o i n t  of  l o n g - t e r m  n u t r i -  
t ion ,  o ra l  a d m i n i s t r a t i o n  wou ld  a p p e a r  to be  t h e  on ly  
f e a s i b l e  m e a n s  of  a d m i n i s t r a t i o n .  However ,  i f  one con- 
s i de r s  t h e  p h a r m a c o l o g i c a l  a s p e c t s  of r f a t t y  ac ids ,  i t  
m a y  s o m e t i m e s  be i m p o r t a n t  to a d m i n i s t e r  t h e m  in  a 
m a n n e r  such  t h a t  t h e i r  c o n c e n t r a t i o n  in  t h e  b lood  can  
be  r a i s e d  quickly .  For  i m m a t u r e  b a b i e s  or b a b i e s  u n d e r  
6 m o n t h s  of  age  w h o s e  g a s t r o i n t e s t i n a l  s y s t e m  does  no t  
func t ion ,  t h e  i n j e c t i o n  of  D H A  b e c o m e s  e x t r e m e l y  im-  
p o r t a n t  b e c a u s e  b r a i n  n e r v e  ce l ls ,  t h e  m e m b r a n e s  of  
w h i c h  c o n t a i n  a n  e n o r m o u s  a m o u n t  of  D H A ,  s t i l l  p ro l i f -  
e r a t e  d u r i n g  t h e  f i rs t  s ix  m o n t h s  of  life.  I n d e e d ,  t h e  
h u g e  d e m a n d  of  n e o n a t a l s  for D H A  is e m p h a s i z e d  by  

t h e  e s t i m a t e  t h a t  in  t h e  b r a i n  t i s s u e  up  to 50% of  t h e  
u l t i m a t e  m a s s  of  D H A  a c c u m u l a t e s  a f t e r  b i r t h  (18). 

I t  is  on ly  r e c e n t l y  t h a t  a few p a p e r s  have  d e s c r i b e d  
t h e  i n t r a v a s c u l a r  a d m i n i s t r a t i o n  of  l i p i d  e m u l s i o n s  con- 
t a i n i n g  a - l i n o l e n i c  ac id  for t h e  s u p p l e m e n t a t i o n  of  r 
f a t t y  ac ids .  However ,  t h e  c o n v e r s i o n  r a t e  of  ~ - l i n o l e n i c  
ac id  to D H A  is no t  ve ry  h i g h ,  a n d  t h e  i n c r e m e n t  in  
D H A  in  t i s s u e s  m a y  t a k e  a long  t i m e  (9,19). We have  
a l r e a d y  deve loped  a n  i n j e c t a b l e  e m u s l i o n  of  1,2,3- 
t r i e i c o s a p e n t a e n o y l - g l y c e r o l  (EPA-TG) a n d  d e s c r i b e d  
t h e  effect  of  t h i s  e m u l s i o n  on t h e  f a t t y  ac id  c o m p o s i t i o n  
in  b lood (20). A l t h o u g h  t h e  i n j e c t i o n  of  EPA-TG in to  
r a b b i t s  i n c r e a s e d  EPA leve l s  in  b lood,  i t  d id  no t  i n c r e a s e  
D H A  leve ls  in  blood.  The re fo re ,  i f  p a t i e n t s  who c a n n o t  
e a t  a n y t h i n g  a t  a l l  n e e d  D H A ,  w h e t h e r  as  a s u p p l e m e n t  
or  for p h a r m a c o l o g i c a l  p u r p o s e s ,  a n  e m u l s i o n  c o n t a i n -  
i ng  D H A  is i n d i s p e n s a b l e .  I t  is  i n t e r e s t i n g  to no te  t h a t  
t h e  i n j e c t i o n  of  D H A - T G  e m u l s i o n  i n c r e a s e d  n o t  on ly  
D H A  leve ls  b u t  a l so  EPA leve ls  b o t h  in  p l a t e l e t s  (Table  
4) a n d  in  RBC m e m b r a n e s  (Table  5). The  r e t r o c o n v e r -  
s ion  of  o r a l l y  a d m i n i s t e r e d  D H A  h a s  a l r e a d y  b e e n  
shown  (21). In  t h i s  s tudy,  t h e  r e t r o c o n v e r s i o n  was  shown  
to occur  w i t h o u t  a n y  a b s o r p t i o n  p rocess  of  D H A  in  t h e  
i n t e s t i n e .  

W i t h  r e g a r d  to t h e  effects  of  b lood  c h e m i s t r y  of  t h i s  
e m u l s i o n ,  we d id  no t  obse rve  a n y  r e m a r k a b l e  c h a n g e s  
excep t  for a s i g n i f i c a n t  d e c r e a s e  in  f ree  f a t t y  ac id  leve ls  
in  s e r u m  a f t e r  t h e  i n j e c t i o n  of  t h e  D H A - T G  e m u l s i o n .  
I n  o u r  p r e v i o u s  s t u d y  (20), we showed t h a t  t h e  l eve l s  
of  s e r u m  free  f a t t y  ac ids  were  no t  c h a n g e d  s i g n i f i c a n t l y  
by  t h e  i n j e c t i o n s  of  EPA e m u l s i o n  (0.31 _+ 0.20 to 0.41 
_+ 0.10 mEq/1) ,  b u t  were  i n c r e a s e d  s i g n i f i c a n t l y  by in-  

j e c t i o n s  of  s o y b e a n  oil  e m u l s i o n  (0.32 _+ 0.10 to 0.56 _+ 
0.10 mEq/1 ,  p < 0.05) in  r a b b i t s .  A l t h o u g h  t h e  
h y p o l i p i d e m i c  effect  of  f ish oi l  is  v e r y  wel l  i n v e s t i g a t e d  
(22), on ly  a few s t u d i e s  r e p o r t  t h e  effect  of  a d m i n i s t r a -  
t i on  of  p u r e  or  c o n c e n t r a t e d  D H A  on e n z y m e  a c t i v i t i e s  
r e l a t e d  to l i p i d  m e t a b o l i s m  (23,24). I r i t a n i  e t  al .  re-  
p o r t e d  t h a t  t h e  a d m i n i s t r a t i o n  of  a m i x t u r e  of  
d o c o s a p e n t a e n o i c  ac id  m e t h y l  e s t e r  a n d  D H A  m e t h y l  
e s t e r  d e c r e a s e s  f a t t y  ac id  s y n t h e t a s e  a c t i v i t y  in  t h e  r a t  
l i v e r  (23). M o r i s a k i  e t  al .  r e p o r t e d  t h a t  t h e  a c t i v i t i e s  
of a c y l - C o A  s y n t h e t a s e  a r e  no t  c h a n g e d  in  t h e  r a t  a o r t a  
by  D H A  a d m i n i s t r a t i o n  (24). The re fo re ,  t h e  d e p r e s s i v e  
effect  of D H A  e m u l s i o n  on s e r u m  free  f a t t y  ac ids  m a y  
be m e d i a t e d  a t  l e a s t  p a r t i a l l y  by  d e c r e a s e  in  f a t t y  ac id  
s y n t h e s i s .  However ,  t h e  a v a i l a b l e  d a t a  a r e  so l i m i t e d  
t h a t  t h e  m e c h a n i s m  of  a c t i o n  of  D H A  on s e r u m  free  
f a t t y  ac ids  is  no t  c l e a r  a n d  r e m a i n s  to be e l u c i d a t e d .  

D H A  is k n o w n  to d e p r e s s  p l a t e l e t  a g g r e g a t i o n  a f t e r  
o ra l  a d m i n i s t r a t i o n  (21). However ,  we d id  no t  obse rve  
a s i g n i f i c a n t  d e p r e s s i o n  of  p l a t e l e t  a g g r e g a t i o n .  Th i s  
m a y  be due  to t h e  s m a l l  n u m b e r  of  e x p e r i m e n t a l  an i -  
m a l s  in  t h e  p r e s e n t  s tudy.  

T a l e s n i k  i n f u s e d  f ree  D H A  to i s o l a t e d  p l a t e l e t - f r e e  
r a t  h e a r t  a n d  o b s e r v e d  a p r o t e c t i v e  effect  of  D H A  
a g a i n s t  A A - i n d u c e d  c o r o n a r y  flow r e d u c t i o n  (25). H e  
s u g g e s t e d  t h a t  t h e  i n c o r p o r a t i o n  of  D H A  by t h e  i s o l a t e d  
h e a r t  wou ld  i n h i b i t  t h e  c y c l o o x y g e n a s e  (26) in  t h e  coro- 
n a r y  ve s se l  wa l l s ,  i n t e r f e r i n g  w i t h  t h e  g e n e r a t i o n  of  
v a s o c o n s t r i c t i v e  m e t a b o l i t e s  f rom A A  ( p r o b a b l y  t h r o m -  
boxane )  (25). B e c a u s e  we cou ld  no t  obse rve  a n  i n h i b i -  
t i on  o f A A - i n d u c e d  p l a t e l e t  a g g r e g a t i o n  by  t h e  i n f u s i o n  
of  D H A  e m u l s i o n ,  t h e  p r o t e c t i v e  effect  of  D H A  a g a i n s t  
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t h e  A A - i n d u c e d  t h r o m b o s i s  m o d e l  shown  in t h e  p r e s e n t  
i n v e s t i g a t i o n  m a y  be m e d i a t e d  t h r o u g h  t h e  i n h i b i t i o n  
in  t h e  vesse l  w a l l s  of  c y c l o o x y g e n a s e  ac t iv i ty ,  a s  
s u g g e s t e d  by T a l e s n i k .  

In  conc lus ion ,  a D H A - T G  e m u l s i o n  m a y  be  u s e f u l  for 
p a t i e n t s  w i t h  i m m e d i a t e  r i s k  of  t h r o m b o s i s  or  for t h o s e  
who n e e d  D H A  b u t  c a n n o t  t a k e  i t  ora l ly .  
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Effect of Marginal Zinc Deficiency on the Apolipoprotein-B Content 
and Size of Mesenteric Lymph Chylomicrons in Adult Rats 1 
Sung I. Koo*, Christine C. Lee and John E. Norvell 
Department of Biochemistry, Oral Roberts University, School of Medicine, Tulsa, OK 74171 

To investigate the mechanisms underlining the impaired 
intestinal absorption of lipids in zinc deficiency, the apo- 
B content and chemical composition of chylomicrons from 
marginally zinc-deficient rats fed 2.8 ppm of dietary zinc 
(ZD) were compared with those from pair-fed (PF) and 
ad libitum control (CT) groups fed an adequate level 
(30.8 ppm) of zinc. Chylomicrons, obtained by cannulating 
the mesenteric lymph, were isolated by ultracentrifuga- 
tion at 1.3 X 106 g/min at 12 C and purified by 2% agarose 
column chromatography. Apolipoprotein- (apo) B was 
separated by the method of isopropanol precipitation. The 
apo-B concentration of chylomicrons was lowered signifi- 
cantly in ZD group. The apo-B contents of chylomicrons 
in ZD, PF and CT rats, as expressed as % chylomicron 
protein, were 8.7 -- 0.1, 11.5 +__ 0.5 and 10.7 ___ 0.7%, respec- 
tively. No significant differences were noted between ZD 
and PF groups in total protein (TP), phospholipid (PL), 
triglyceride {TG) and cholesterol (CH), although there was 
a slight decrease in TG and an increase in CH in CT rats 
compared with ZD and PF groups. The ratio of the core 
to surface constituents, as determined by TG/(TP Jr PL), 
was significantly higher in ZD group relative to the con- 
trols, suggesting that chylomicrons from ZD rats were 
larger. This finding was consistent with the appearance 
of larger chylomicron particles in the lacteal of the in- 
testinal mucosa following lipid ingestion. These findings 
suggest that the intestinal synthesis of apo-B may be 
defective in zinc-deficient rats and may explain in part 
the impaired absorption of dietary lipids observed in zinc 
deficiency. 
Lipids 22, 1035-1040 (1987). 

Possible defects in the intest inal  format ion of chylo- 
microns in zinc deficiency was first demonst ra ted  by  Koo 
and Turk  (1). In  advanced zinc deficiency in young  male  
ra ts  (1), lipid droplets  of abnormal ly  large sizes were 
shown to accumulate  in the intest inal  mucosa  following 
oral ingestion of triglyceride; this impaired the intestinal 
t r anspor t  of mucosal  lipids into the circulation. Consist- 
ent  with this observat ion,  the intest inal  absorpt ive  epi- 
thel ium exhibited marked  decreases in the granular  en- 
doplasminc ret iculum and Golgi complex (2), which are 
the major  sites for the synthesis  of chylomicrons (3) and 
packaging of lipids (4) during mucosal lipid transport .  Our 
recent s tudy  (5) indicated tha t  even in marginal ly  zinc- 
deficient rats ,  the lipid droplets  in the absorpt ive  epithe- 
l ium displayed a s t rong  tendency to coalesce into larger 
droplets.  The composi t ion of the soluble apolipoproteins 

1Presented in an abstract form at the 70th annual meeting of the 
Federation of American Societies for Experimental Biology: Fed. 
Proc. 45, 974, 1986. 
*To whom correspondence should be addressed at the Department 
of Biochemistry, Oral Roberts University, School of Medicine, Tulsa, 
OK 74171. 
Abbreviations: CH, cholesterol; CT, ad-libitum control; HDL, high 
density lipoproteins; PF, pair-fed; PL, phospholipid; TG, triglyceride; 
TMU, tetramethylurea; TP, total protein; ZD, zinc deficient. 

of chylomicrons obtained f rom the mesenter ic  lymph of 
these  ra t s  was shown to be altered markedly.  

However,  whether  the distr ibution of apo-B in chylo- 
microns is affected by  zinc deficiency is not  known. Apo- 
B is a major  apolipoprotein synthesized in the intest ine 
tha t  is believed essential for chylomicron formation. This 
exper iment  was conducted to determine the apo-B con- 
tent  of chylomicrons and to examine fur ther  the relation- 
ship between the composi t ion and size of chylomicrons 
appear ing  in the lacteal, as affected by  a marginal  level 
of zinc deficiency. 

MATERIALS AND METHODS 

Animals and diets. Male Fischer ra ts  (CDF[F-344]CrlBR; 
Charles River Breeding Lab., Inc., Wilmington, MA) were 
placed individually in plast ic  cages with stainless-steel 
wire bo t t oms  in a windowless room and were subjected 
to a light cycle with the light period f rom 1400 to 0200 
and dark  period f rom 0200 to 1400. Tempera tu re  and 
humidi ty  of the room were mainta ined at  23 C and 
55-60%, respectively. The ra t s  were acclimatized for one 
week and fed a commercial  r a t  chow (Wayne Labora to ry  
Animal  Diets, Denver,  CO) during this period. The ra t s  
with the mean weight of 138 _ 5 g were divided into three 
groups: 1} a zinc-deficient (ZD) group fed ad l ibi tum a 
basa l  diet supplemented with  2.0 p p m  of zinc as the car- 
bonate.  The basal  diet, as described in Table 1, contained 
0.8 p p m  of zinc and the to ta l  zinc concentrat ion of the 
zinc-deficient diet was 2.8 ppm; 2) a pa i r - fed  group (PF), 
which was matched  closely with the ZD group in respect  
to the body weight  at  the s t a r t  of d ie tary  t r ea tmen t  and 
were fed the basal  diet supplemented with 30 p p m  of zinc. 
The ra t s  in this group were fed daily the same amounts  

TABLE 1 

Composition of Basal Diet a 

Ingredient % Diet 

Egg white solids 20.0 
DL-Methionine 0.3 
Sucrose, granular 36.0 
Corn starch 30.9 
Corn oil 4.0 
Cholesterol, USP 1.0 
Cellulose, powder 3.0 
Choline chloride (Cholfeed, 50%} 0.3 
Vitamin mix b 1.0 
Mineral mix c 3.5 

apurchased from Zeigler Brothers, Inc. {Gardeners, PA). 
bAccording to the recommendations of the American Institute of 
Nutrition (AIN), except that the concentration of biotin in the mix 
was increased to 50 mg/kg (ref. 15). 
CAccording to the AIN recommendations but with no zinc. The basal 
diet formulated with the above ingredients contained 0.8 ppm of zinc, 
as determined by atomic absorption spectrophotometry. 
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of diet as consumed by ZD rats and 3) another control 
group was fed the above zinc-adequate diet ad libitum. 
All rats were given distilled-deionized water via a stain- 
less-steel water delivery system. 

Cannulation of lymph duct. The cannulation of the 
mesenteric lymph duct was performed by a modification 
of the method of Warshaw (6); the modified procedure has 
been described in detail in previous studies (5,7}. After 
10-12 weeks of dietary treatment, the rats were anesthe- 
tized with diethylether. With a subcostal incision, the 
mesenteric lymph ducts were exposed, and the minor duct 
was cut and sealed with cyanoacrylate glue. The major 
lymph duct was cannulated with polyethylene tubing 
(PE-50, Clay Adams, Parsippany, N J) coated with 
TDMAC-heparin complex (Polysciences, Inc., Warring- 
ton, PA). An indwelling catheter (PE-90, Clay Adams) 
was placed via the mouth into the pylorusduodenal junc- 
tion and secured by a ligature. Immediately after clos- 
ing the incision with suture (4-0 silk, Ethicon Inc., Somer- 
ville, NJ), the rats were placed in restraining cages (8) and 
infused by an infusion pump (Harvard Apparatus, Model 
935, South Natick, MA) via the duodenal catheter with 
a glucose saline (5% glucose, 0.87% NaC1 and 0.03% KC1) 
at the rate of 2.0 ml/hr for 18 to 20 hrs (overnight). Dur- 
ing the postoperative recovery, the room temperature was 
maintained at 27 to 29 C by using an electric heater. 

Collection of lymph and isolation of chylomicrons. After 
the postoperative recovery, the rats were infused with a 
lipid emulsion via the duodenal catheter. The infusion rate 
was increased to 3.0 ml/hr to increase the flow and volume 
of lymph. The lipid emulsion consisted of a 1:1 (v/v) mix- 
ture of Intralipid | (10% soybean oil, 1.2% phospholipid 
and 2.25% glycerin, USP; KabiVitrum, Inc., Alameda, 
CA) and a glucose saline (5% glucose, 0.87% NaC1 and 
0.03% KCI). Lymph was collected via the cannula into 
conical plastic tubes cooled in an ice bath for eight hr and 
defibrinated by filtration of glass wool. The average 
volume of defibrinated lymph collected per rat was 10.5 +_ 
0.9 ml. The filtrate was overlayered with 150 mM NaC1 
solution containing 0.04% Na2EDTA, pH 7.4, in 
polyallomer tubes and centrifuged at 1.3 • 106 • g/min 
at 12 C using a 50.3 Ti rotor in a Beckman L5-75B 
Ultracentrifuge (Spinco Division, Palo Alto, CA). The 
packed top fraction of chylomicrons was collected by slic- 
ing the tubes and were purified by a single passage 
through 2% agarose column (Biogel A-50, 100-200 mesh, 
Bio-rad Labs., Richmond, CA) according to the method 
of Sata et al. (9). The column was eluted at 12 C with 
150 mM NaC1 containing 0.04% Na2EDTA and 0.02% 
sodium azide, pH 7.0. Elution of chylomicrons was 
monitored by absorbance at 280 nm (LKB 2089 Uvicord 
III, LKB Instruments, Rockville, MD). The column frac- 
tions of chylomicrons were combined and concentrated 
by centrifugation as above. 

Determination of chylomicron apo B. The apo-B con- 
tent of chylomicrons was measured by the method of 
isopropanol precipitation as described by Egusa et al. (10). 
One to 1.5 ml of chylomicron suspension in 150 mM NaC1 
was mixed vigorously with an equal volume of 100% 
isopropanol (A-416, Fisher Scientific Co.-certified ACS, 
Fair Lawn, N J) and incubated at room temperature for 
18-20 hr. The mixture was centrifuged at 1500 • g for 
60 min, and the supernatant was discarded. The precipi- 
tate was washed twice with 2.0 ml of 50% isopropanol 

ET AL. 

and centrifuged as above. The precipitate was dispersed 
in 100% isopropanol for two hr and recovered by centri- 
fugation as above. Then it was solubilized by incubation 
in 50 t~l of 1N NaOH at 37 C, and the protein (apo-B) con- 
tent was determined by the method of Kashyap et al. {11). 

Analysis of chylomicron protein and lipids. The concen- 
tration of total protein was determined by a modified 
Lowry method after washing purified chylomicrons twice 
with chloroform (11). The concentrations of triglyceride 
and cholesterol were determined by the methods of Rudel 
and M orris { 12 ) and of N eri and Frings (13 ), respectively. 
Phospholipid was determined by the method of Raheja 
et al. (14). 

Electron microscopy of chylomicrons in the lacteal. 
Rats were fasted for 18 hr and fed 1.0 ml of corn oil by 
gastric intubation. Two hours later, the rats were killed 
by cervical dislocation, and 1-cm jejunal segments ante- 
rior to the ligament of Treitz were removed and immedi- 
ately fixed in ice-cold 3.5% glutaraldehyde in 0.1 M 
sodium cacodylate buffer for one hr. The fixed tissues 
were minced into 1-2 mm blocks, fixed in glutaraldehyde 
at room temperature for 1.5 hr and postfixed in 1% 
osmium tetraoxide. The tissue blocks were dehydrated 
in ethanol and propylene oxide and embedded in Epon 
812. The ultrathin cross sections of the jejunal villi were 
cut and stained with uranylacetate and lead citrate. The 
sections were examined using an electron microscope 
(Phillips EM 400, Phillips Electronic Instruments, Inc., 
Mahwah, NJ). The lacteals located below the basement 
membranes of the villi were photographed at 7,000 
magnification and enlarged 2.5 times for determination 
of chylomicron sizes. The lacteal lumen that displayed 
well-dispersed chylomicron particles were selected. The 
diameters of approximately 1,000 chylomicron particles 
from four micrographic fields were measured in each 
group, and the size distributions of the particles were 
compared statistically. 

Plasma zinc analysis. After fasting rats for 18 hours, 
blood samples were withdrawn from the orbital sinus at 
the mid-dark phase (0800 to 0900) of the light cycle. 
Serum zinc was determined by atomic absorption spec- 
trophotometry (Perkin-Elmer Co., Norwalk, CT). The zinc 
standards were prepared from a Fisher-certified reference 
standard (Fisher Scientific Co., Fair Lawn, NJ). 

Statistics. Analyses of variance and Duncan's multi- 
ple range test were used for comparisons among the three 
group means. The statistical analyses were performed by 
using a computer software (PC ANOVA, Human Systems 
Dynamics, Northridge, CA). All data were expressed as 
mean _+ SEM, and the level of significance was deter- 
mined at p < 0.05, unless otherwise stated. 

RESULTS 

General observations. The food intake, body weight and 
serum zinc status of the rats, as affected by experimen- 
tal diets, are shown in Table 2. In order to produce a 
marginal level of zinc deficiency, the rats in ZD group 
were fed a diet containing 2.8 ppm of zinc. This level of 
dietary zinc prevented a drastic decrease in diet consump- 
tion and resultant weight loss, as normally observed with 
extremely low levels of zinc. A significant reduction in 
food intake in ZD rats was noticeable only after seven 
weeks. The average body weight of ZD group at the end 
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of  t h e  e x p e r i m e n t  d i f fe red  s i g n i f i c a n t l y  f rom t h a t  of t he  
a d - l i b i t u m  con t ro l  (CT) g r o u p  b u t  n o t  f rom t h a t  of P F  
group .  The  s e r u m  level  of zinc was  s i g n i f i c a n t l y  lower  in 
ZD r a t s  as  c o m p a r e d  w i t h  P F  a n d  CT c o n t r o l s  b u t  no ex- 
t e r n a l  s igns  of zinc def ic iency  such  as  a lopec ia  a n d  sk in  
les ions  were  v i s ib le  a t  t h i s  s t a g e  of  zinc def ic iency.  

The apo-B content and composition of lymph chylo- 
microns. The a p ~ B  concen t ra t ions  of l y m p h  chy lomicrons  
are  shown in Tab le  3. The  apo-B c o n t e n t s  of chy lomic rons  
f rom ZD, P F  and  CT g r o u p s  were  0.25 +_ 0.02, 0.41 +_ 
0.04 a n d  0.47 _+ 0.07 ~g pe r  m g  chy lomic rons ,  respec-  
t ive ly .  The  apo-B c o n t e n t  in ZD g r o u p  was  s i g n i f i c a n t l y  
lower as  c o m p a r e d  wi th  the  P F  and  CT controls .  A s imi lar  

TABLE 2 

Effect  of Experimental Diets  on the Food Intake, Body Weight 
and Serum Zinc Status of the Rats a 

Food intake Body weight 
(g/rat/day) (g/rat) 

Serum zinc 
Group Initial Final Initial Final (~g/ml) 

ZD 15 • 1 11 • I a 139 • 5 236 • 8 a 1.26 • 0.12 a 
PF 15 • 1 11 __ 1 a 136 • 5 256 • 9 ab 1.89 • 0.16 b 
CT 15 • 1 14 • i b 140 • 6 272 • 13 b 1.86 • 0.04 b 

aMean • SEM of five rats. Means not sharing a common superscript 
within the same column are significantly different {p < 0.05). 

TABLE 3 

Effect  of Experimental Diets  on the Apo-B Content 
of Lymph Chylomicrons a 

Apoprotein-B content 

Group pg/mg Chylomicron ~g/mg TG b % Total protein 

ZD 0.25 _+ 0.02 a 0.26 • 0.02 a 8.7 • 0.1 a 
PF 0.41 _ 0.04 b 0.44 • 0.04 b 11.5 • 0.5 b 
CT 0.47 • 0.07 b 0.48 • 0.08 b 10.7 • 0.7 b 

aMean • SEM of five rats. Means not sharing a common superscript 
within the same column are significantly different (p < 0.05). 
bTG, triglyceride. 

1037 

CHYLOMICRON APO-B 

d i f fe rence  a lso  was  n o t e d  when  e x p r e s s e d  in t e r m s  of  ~g 
pe r  m g  c h y l o m i c r o n  t r ig lyce r ide .  A p o - B  r e p r e s e n t e d  
8.7% __- 0.1% of t he  t o t a l  a p o p r o t e i n  c o n t e n t  of chylo-  
m i c r o n s  in ZD g r o u p  as  c o m p a r e d  w i t h  11.5 +_ 0.5 a n d  
10.7 + 0.7% in P F  and  CT groups ,  r e s p e c t i v e l y  (Table 3). 
T a b l e  4 c o m p a r e s  t he  p r o t e i n  a n d  l ip id  c o m p o s i t i o n  of  
c h y l o m i c r o n s  as  a f f ec t ed  b y  e x p e r i m e n t a l  d ie t s .  The  per-  
cen t  c o n c e n t r a t i o n s  of t o t a l  p r o t e i n  and  p h o s p h o l i p i d  of 
c h y l o m i c r o n s  t e n d e d  to  dec rea se  in ZD g r o u p s  as  com- 
p a r e d  w i th  P F  and  CT g roups .  The  df fe rences  b e t w e e n  
ZD a n d  t h e  two  c on t ro l  g r o u p s  were  n o t  s ign i f i can t  
s t a t i s t i c a l l y .  C h y l o m i c r o n s  f rom CT g r o u p  were  signif i-  
c a n t l y  h ighe r  in cho les t e ro l  b u t  s l i g h t l y  lower  in t r i g lyc -  
e r ide  c o n t e n t  as  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  f rom ZD 
a n d  P F  g roups .  The re  were  no d i f fe rences  in t he  r a t i o  of 
t r i g l y c e r i d e  (TG) to  p h o s p h o l i p i d  (PL) a m o n g  the  t h r e e  
g roups .  

Size distribution of chylomicrons. I n  al l  g roups ,  
chy lomic rons  a p p e a r i n g  in t he  l ac tea l s  were  much  smal le r  
in s ize t h a n  the  l ip id  d r o p l e t s  p r e s e n t  in t h e  c y t o p l a s m  
of the  abso rp t ive  epi thel ium.  F igu re  1 shows the  morphol-  
og ica l  a p p e a r a n c e  and  size d i s t r i b u t i o n  of c h y l o m i c r o n s  
found  in t h e  l ac t ea l  l u m e n  d u r i n g  l ip id  t r a n s p o r t .  The  
a v e r a g e  d i a m e t e r s  of  c h y l o m i c r o n s  f rom ZD, P F  and  CT 
g roups  were  0.20, 0.13 and  0.14 ~m, respec t ive ly .  A p p r o x -  
i m a t e l y  78% of t h e  c h y l o m i c r o n  p a r t i c l e s  of  ZD r a t s  
m e a s u r e d  be tween  0.06 and  0.23 ~m~ in d iameter .  A signifi- 
c a n t  p r o p o r t i o n  (22%} of  t h e  p a r t i c l e s  was  l a r g e r  t h a n  
0.30 pm, w i t h  5.5% of  t he  t o t a l  e x c e e d i n g  0.5 ~m. I n  con- 
t r a s t ,  m o s t  (>93%} of t he  pa r t i c l e s  of P F  and  CT con t ro l s  
were  smal le r  t h a n  0.23 ~m in d iamete r ,  and  the  r e s t  (<7%) 
r a n g e d  f rom 0.30 to  0.46 ~m. 

DISCUSSION 

The  g a s t r o i n t e s t i n a l  m a n i f e s t a t i o n s  of a c r o d e r m a t i t i s  
e n t e r o p a t h i c a ,  a h e r e d i t a r y  h u m a n  z i n c - d e f i c i e n c y  dis- 
order ,  inc lude  chronic  d i a r r h e a  a n d  m a l a b s o r p t i o n  of 
l ipids  (16). L ip id  m a l a b s o r p t i o n  in zinc def ic iency has  been 
w e l l - d e m o n s t r a t e d  in prev ious  s tud ies  u s ing  g rowing  and  
a d u l t  r a t s  (1,7}. However ,  t he  m e c h a n i s m s  u n d e r l y i n g  the  
i m p a i r e d  i n t e s t i n a l  a b s o r p t i o n  of l i p ids  r e m a i n  to  be 
e lucidated.  I n  z inc-def ic ien t  y o u n g  r a t s  g iven  an  oral  dose  
of t r i g lyce r ide ,  a b n o r m a l l y  l a r g e  s izes  of l ip id  d r o p l e t s  
were  shown  to  a c c u m u l a t e  in t h e  ap ica l  c y t o p l a s m  of t h e  
i n t e s t i na l  ep i the l ium.  Such  cha rac t e r i s t i c s  of c y t o p l a s m i c  
l ip id  d rop le t s  were  also d e m o n s t r a t e d  in m a r g i n a l l y  z inc -  
def ic ien t  a d u l t  r a t s  in t h e  absence  of t h e  e x t e r n a l l y  

TABLE4 

The Protein and Lipid Composition of Lymph Chylomicrons a 

% Chylomicron} 

Group Protein CH b TG b PL b TG/PL 

ZD 0.28 • 0.02 0.96 + 0.20 a 94.9 __ 0.4 a 3.89 • 0.27 24.4 + 1.7 
PF 0.39 • 0.05 1.15 __ 0.28 a 94.1 _ 0.3 a 4.63 • 0.26 20.3 _ 1.1 
CT 0.40 • 0.05 1.96 + 0.30 b 92.8 • 0.4 b 4.82 • 0.24 19.3 __ 1.1 

aMean • SEM of five rats. Means not sharing a common superscript within the same 
column are significantly different (p < 0.05}. 
bTG, triglyceride; PL, phospholipid; CH, cholesterol. 
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FIG. 1. The size distribution of chylomicrons appearing in the lacteal 
lumen of the intestinal villi. A significant proportion (22%) of 
chylomicrons was larger than 0.30 pm and 5.5% of the chylomicron 
particles exceeded 0.5 ban in diameter in ZD group (top). Most (>93%) 
of the particles of PF and CT controls were smaller than 0.23 ~m 
in diameter. Chylomicrons greater than 0.5 pm in diameter were not 
found in the lacteals of the PF and CT controls. The marker bar -- 
0.5 ~m. 

ET AL. 

manifested signs of zinc deficiency (5). However, specific 
molecular defects in chylomicrons produced by zinc defi- 
ciency currently are not known. 

This study provides evidence for the first time that the 
apo-B concentration of lymph chylomicrons is lowered 
significantly in even a marginal (or subclinical) stage of 
zinc deficiency. The apo-B content of chylomicrons from 
zinc-deficient rats was decreased to 53 to 61% of that 
of PF and CT controls when compared on the basis of 
apo-B content per mg of chylomicron mass. The apo-B 
values for the control rats, as determined by isopropanol 
precipitation in the present study, are in excellent agree- 
ment with those obtained by the method of tetramethyl- 
urea (TMU) precipitation (17). 

The importance of the protein moiety of chylomicrons 
in their formation and release into the lymphatics was 
first demonstrated by Sabesin and Isselbacher (18) in a 
study using rats treated with a protein-synthesis in- 
hibitor. Further evidence for the impaired chylomicron 
formation and lipid transport during protein-synthesis in- 
hibition has been provided in subsequent studies (19-22), 
although controversy still exists concerning the obliga- 
tory role of protein synthesis in the release of chylo- 
microns (23}. 

In the earlier study (5), we observed that the lipid drop- 
lets accumulating in the epithelial cytoplasm of zinc- 
deficient rats frequently were larger than 5 ~m in diam- 
eter. Present data showed no evidence for the entry of 
such large chylomicrons in the lacteal (Fig. 1), suggesting 
the inability of those lipid droplets (or chylomicrons) to 
exit into the lymphatic system. Nevertheless, the average 
diameter of chylomicron particles appearing in the lacteal 
of zinc-deficient rats still was significantly larger than 
that of pair-fed and ad libitum controls. Approximately 
22% of the chylomicrons from zinc-deficient rats was 
larger than 0.3 ~ in diameter, and 5.5% exceeded 0.5 ~an, 
whereas the majority (93%) of chylomicrons from pair- 
fed and ad libitum control rats was smaller than 0.23 ~m, 
with ca. 7% ranging between 0.30 to 0.46 ~m. A similar 
increase in the size of lymph chylomicrons also was 
observed in the rats treated with a protein-synthesis in- 
hibitor (acetoxycycloheximide) (21). 

Previously, it has been postulated that the defective 
synthesis of apo-B in the intestinal epithelium may be 
responsible for such an increase in chylomicron size and 
cytoplasmic accumulation of lipid droplets during inhibi- 
tion of protein synthesis (18). Because of the non-specific 
nature of the protein-synthesis inhibitors, whether such 
a phenomenon is due specifically to the lack of intestinal 
apo-B or other apolipoproteins remains debatable. Glick- 
man et al. (24) showed that in acetoxycycloheximide- 
treated rats both apo-B and apo-A-I were reduced 
markedly in the intestinal mucosa during lipid absorp- 
tion. A significant decline in chylomicron apo-A-I was 
demonstrated in rats injected with acetoxycycloheximide 
(22). In a previous study (5), we observed that a marginal 
level of zinc deficiency produces significant decreases in 
the relative contents of apo-C and apo-E of lymph 
chylomicrons. Evidence indicates that chylomicrons are 
released into the circulation despite the deficiency of apo- 
C (25). Also, the data obtained from tracer studies (26,27) 
suggest that apo-E is not incorporated into intestinal nas- 
cent chylomicrons or very low density lipoproteins dur- 
ing their synthesis in the intestine and that it may not 
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be an essential  component  of nascent  intest inal  lipopro- 
teins for their  release into the lymphat ics .  These 
apo l ipopro te ins  m o s t l y  are acqui red  b y  n a s c e n t  
chylomicrons f rom p lasma  H D L  upon their  release into 
the lymphat ics  and blood p lasma  {28-31 }. Therefore, the 
decreases in chylomicron apo-C and apo-E in zinc- 
deficient ra t s  {5} m a y  reflect largely the decrease in the 
circulating level of H D L  as previously demons t ra ted  in 
zinc-deficient ra t s  {32}. Our recent  da ta  {33) have  shown 
tha t  the relative proportions of apo-E and apo-C of p lasma 
high densi ty  l ipoprotein {HDL) part icles as well as the 
to ta l  p l a sma  levels of the H D L  apolipoproteins were 
decreased significantly in zinc-deficient rats.  

The above-cited observat ions  and the present  finding 
of a marked  decrease in the apo -B  content  of lymph 
chylomicrons in zinc-deficient ra ts  s t rongly suggest  tha t  
the limited availabil i ty of apo-B during chylomicron for- 
mat ion  m a y  be pr imari ly  responsible for the mass ive  ac- 
cumulation of large sizes of lipid droplets in the intestinal 
epithelium with resul t ing impa i rment  of lipid t ranspor t .  
The essential  role of apo-B in the format ion  and release 
of chylomicrons has been demons t ra ted  by  the studies 
on human  subjects  with congenital  fl-lipoprotein defi- 
ciency {34,35}, which is characterized by  the inabili ty to 
synthesize apo-B. The above-described morphological  
characterist ics of cytoplasmic lipid droplets {5) in associa- 
tion with impaired intestinal t ranspor t  of lipid in zinc defi- 
ciency {1,5} are r emarkab ly  similar to those described in 
human  ~-lipoprotein deficiency (36) and in ra t s  t rea ted  
with protein-synthesis  inhibitors {18}. 

However,  the morphological  aberra t ions  in chylo- 
microns and impaired lipid t r anspor t  in zinc deficiency, 
as observed in the earlier {1,5} and present  studies, m a y  
not  be a t t r ibutable  solely to the lack of apo-B. The pres- 
ent  da ta  do not  exclude the possibil i ty t ha t  such defects 
also may  be due to a general lack of other surface con- 
s t i tuents  including phospholipid and free cholesterol or 
the limited contents of surface materials  in relation to the 
hydrophobic  core cons t i tuents  of chylomicrons such as 
tr iglyceride and cholesterol ester. In  this experiment ,  
chylomicron cholesterol was not part i t ioned into free and 
esterified cholesterol. However,  the rat io  of tr iglyceride 
{TG} to PL content  previously has been shown to be 
highly correlated with the size of chylomicrons {37}. In  
this study, the TG/PL ratio of lymph chylomicrons tended 
to be higher in ZD ra ts  as compared with PF and CT con- 
trols {Table 4) but  the difference between ZD and controls 
was not  s ta t is t ical ly  significant {p > 0.05}. However,  the 
rat io  of TG to PL plus protein was significantly higher 
in ZD ra t s  {23.0 • 1.9) as compared  with 18.8 • 1.0 in 
PF and 18.0 • 1.0 in CT controls. This observation is con- 
s is tent  wi th  the increase in the size of chylomicrons ap- 
pear ing in the lacteal of ZD ra t s  {Fig. 1). This sugges ts  
tha t  the formation of large-size chylomicrons in zinc defi- 
ciency m a y  be par t ly  due to the diminished availabil i ty 
of both  surface lipid and protein during chylomicron 
assembly  within the intest inal  epithelium. 

In  summary ,  this s tudy  provides evidence t ha t  zinc 
deficiency, even at  a marginal  level, produces a marked  
decrease in the apo-B content  of chylomicrons with an in- 
crease in the rat io of the core-to-surface const i tuents  of 
chylomicrons.  Such molecular changes in chylomicrons 
sugges t  a defect in the mucosal  synthesis  of apo-B and 
surface materials  of chylomicrons in zinc deficiency. This 
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m a y  lead to the defective format ion and release of 
chylomicrons f rom the mucosa,  hence the impai rment  in 
intest inal  absorpt ion of lipids 11,7} and possibly lipid- 
soluble vi tamins,  which require chylomicrons as their  
principal carriers. Some of the clinical manifes ta t ions  of 
zinc deficiency m a y  be associated par t ly  with such ab- 
sorpt ive  defects. 
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Effects of Dietary Primrose Oil on Mammary Tumorigenesis 
Induced by 7,12-Dimethylbenz(a)Anthracene 
Soad H. Abou EI-ElaO, Keith W. Prasseb, Richard Carrollc and Opal R. Bunceo,* 
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, Georgia; and CDepartment of Medicine, Medical College 
of Georgia, Augusta, Georgia 

The m a m m a r y  tumor-promot ing  effect of a high-fat diet 
containing 20% evening primrose oil (PO) was  compared 
to that of a 20% corn oil (CO) diet. Mammary tumors were 
induced in female Sprague-Dawley  rats using 10 mg 
(Study 1) and 5 mg (Study 2} 7,12-dimethylbenz(a)an- 
thracene (DMBA). The 10 mg dose of DMBA gave a total  
mammary  tumor incidence of 47% in rats fed the PO diet 
and 80% for those  fed the CO diet. When only  adenocar- 
c inomas were counted,  the mal ignant  m a m m a r y  tumor 
incidences were 41% in rats fed the PO diet and 73% in 
rats fed the CO diet. In a second study using 5 mg DMBA 
to induce mammary  tumors,  total  tumor incidences were 
50% for P O - f e d  rats and 63% for those  receiving a CO 
diet. Again, when only  adenocarcinomas were counted,  
tumor incidences were 27% for P O -  and 63% for CO- 
dieted rats. Analys i s  of  p lasma fa t ty  acid profiles in- 
dicated that  animals  fed a 20% PO diet showed signifi- 
cant increases in 18:3 and 20:4 fat ty  acids and significant 
decreases in 16:0 and 18:1 compared to animals fed a 20% 
CO diet. These results  indicate that  the m a m m a r y  tumor 
promoting effect  of a diet containing 20% fat  can be 
diminished by substituting PO for CO. Moreover, the pro- 
moting effect on mammary cancer by a high-fat diet could 
be depressed by feeding a source of y-linolenic acid (GLA). 
Lipids 22, 1041-1044 (1987). 

The st imulating effect of a h igh-fa t  diet on both  spon- 
taneous and carcinogen-induced mammary  tumorigene- 
sis in rodents now is well-established (1-8}. The mecha- 
nism(s) by which a h igh-fa t  diet causes this st imulation 
is not  fully understood. However, experimental  evidence 
shows tha t  dietary fat  rich in polyunsatura ted  fat (espe- 
cially cis-linoleic acid} influences tumor growth during the 
promotional phase of mammary  carcinogenesis (3,9-11). 

The effect of dietary fat  may  be mediated by a change 
in the host defense system. One mechanism by which this 
could happen is by altering synthesis of eicosanoids. Corn 
oil (CO) and primrose oil (PO) respectively contain 60% 
or 75% linoleic acid, the precursor of arachidonic acid and 
ultimately of the dienoic eicosanoids (prostaglandins) and 
polyenoic eicosanoids (leukotrienes) (12}. 

In addition to 75% linoleic acid, PO contains 9% of y- 
linolenic acid (GLA). GLA is rapidly elongated to dihomo- 
gamma-linolenic acid (DGLA) the precursor of monoenoic 
eicosanoids. Ghayur  and Horrobin (13) have shown tha t  
the growth rate of a t ransplanted R3230KAC mammary  
tumor  was significantly reduced in female Fisher ra ts  
t reated daily with different levels of PO. They speculated 
tha t  prostaglandin E, might be able to inhibit mammary  
tumor  growth. 

*To whom correspondence should be addressed. 
Abbreviations: AA, arachidonic acid; CO, corn oil; DGLA, dihomo- 
gamma-linolenic acid; DMBA, 7,12-dimethylbenz(a)anthracene; 
GLA, y-linolenic acid; LA, linoleic acid; PO, evening primrose off. 

In other studies, Dippenaar et al. (14,15} and Leary  
et al. (16} have shown tha t  growth in three malignant  
tumor  cell lines {B16 melanoma, human esophageal car- 
cinoma and human hepatoma} was inhibited by G L A -  
supplementation. They suggested tha t  malignancy may 
be related to a GLA-deficiency.  Karmali  et al. (17) pro- 
vided evidence tha t  PO inhibits the growth of the 
R3230AC mammary  tumor.  When pure GLA was given 
by  gavage to tumor-bear ing  rats,  no effect on tumor  
growth was seen. However, the maximum dose of pure 
GLA given was below the limit at which tumor  inhibi- 
t ion was observed in the rats  given GLA in PO (17). 

This s tudy was conducted to compare the effects of a 
diet containing 20% PO to a diet containing 20% CO on 
the incidence and growth of 7,12-dimethylbenz(a)anthra- 
cene (DMBA)-induced mammary  tumorigenesis as well 
as on plasma lipid profiles. 

MATERIALS AND METHODS 

Animals,  diets and tumor induction. In two separate 
studies, 40-day-old virgin female Sprague-Dawley rats  
(Harlan, Madison, WI) were maintained on Purina Lab 
Chow {No. 5001} and housed in suspended metal  cages 
in a tempera ture- regula ted  (23 +_ 0.5 C) and light-con- 
trolled (12 hr light and 12 hr dark} room. Food and water  
were available ad libitum. At  50 days of age, the rats  
(weighing 179 + 7.9 g) each were given a single intra- 
gastric dose of 5 or 10 mg of DMBA (Sigma Chemical 
Co., St. Louis, MO) in 0.5 ml CO. In Study 1, the rats were 
given 10 mg DMBA and divided into two groups of 18 
each. In a subsequent s tudy (Study 2}, more animals were 
used to determine if the same or greater  effect on 
tumorigenesis would be noted with a smaller dose of car- 
cinogen. In this study, the rats  were given 5 mg DMBA 
and divided into two groups of 30 each. After  DMBA ad- 
ministration, the animals were placed randomly on Ab- 
sorb Dri l i t ter in plastic cages and housed two per cage 
for the durat ion of the experiment.  At  21 days (Study 1} 
and 14 days (Study 2) post-DMBA administration, ra ts  
were randomly divided into two groups and fed diets con- 
taining either 20% CO or 20% PO. Ten kilogram batches 
of the 20% fat  diets were prepared and cold-pressed in- 
to jumbo pellets as needed by ICN Nutrit ional Biochemi- 
cal (Cleveland, OH} using the formulation shown in 
Table 1. In our laboratory, 1 kilogram bags of pellets were 
placed in Seal-N-Serve bags, flushed with nitrogen, sealed 
and stored frozen until  used. The fa t ty  acid composition 
of the CO and PO diets are given in Table 2. 

Tumor measurements and classification. Rats were 
weighed and palpated weekly for the presence of mam- 
mary tumors, and the size and location of each tumor were 
noted. Three out of 18 of the rats  from Study  1 fed a CO 
diet and 1 out of 18 of the rats  fed a PO diet were found 
dead before the experiment 's  termination. No rats  in 
S tudy 2 died before termination of the experiment.  
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TABLE 1 TABLE 3 

Composition of the Basic Rat Diet  

Weight 
Ingredient (gm]100 gm) 

Fat a 20.0 
Casein (Vitamin-free) 20.0 
Sucrose 25.0 
Corn starch 25.0 
Alphacel 5.0 
AIN Mineral Mix 3.5 
AIN Vitamin Mix b 1.0 
Choline bitartrate 0.2 
dl-Methionine 0.3 

aprimrose oil was given by Efamol Research Inc., Nova Scotia, 
Canada. ICN purchased corn oil from Seaway Foods, Inc., Cleveland, 
OH. 
bAlpha-tocopherol was added with the AIN vitamin mix so that each 
diet contained a total of 110 IU of vitamin E/kg (DL-a-tocopherol 
powder, 250 IU/gm) of diet. 

TABLE 2 

Percent Composition of Fat ty  Acid in Rat Diets 

% Fatty acid in oil 
Fatty acid 
chain length Corn Primrose 

16:0 11.2 6.5 
18:0 2.1 1.5 
18:1n-9 25.0 7.5 
18:2n-6 59.9 75.0 
18:3n-6 0.5 9.0 
Others 0.1 0.5 

At  16 or 13 weeks post-DMBA, surviving rats  were 
killed with CO2, blood was drawn from the heart for 
plasma lipid analysis, tumors  were excised, counted and 
weighed, fixed in 10%-buffered formalin, processed for 
paraffin embedding, sectioned, and stained with hematox- 
ylin and eosin for histological examination. Mammary  
tumors  were identified according to the criteria of Van 
Zwieten (18). Both  benign tumors  (fibroadenoma and 
cystadenoma) and malignant tumors  (adenocarcinomas, 
e.g. tubulopapillary carcinoma} were reported. 

Lipid analysis. Total lipid extracts were prepared by 
extraction with chloroform/methanol (2:1, v/v) after the 
method of Folch et al. {19). Briefly, a 0.5 ml aliquot of 
plasma was added to 12 ml of chloroform/methanol, mixed 
and the extract  washed with 2.5 ml of 0.5% sulfuric acid. 
The aqueous layer was removed by aspiration; aliquots 
of the organic layer were dried under nitrogen for prepara- 
tion of fa t ty  acid methyl  esters. 

Methyl  esters of fa t ty  acids were prepared with boron 
trifluoride following the method of Morrison and Smith 
(20). A 3.0 ml aliquot of the total  lipid extract  was dried 
under nitrogen, and 1.0 ml of boron trifluoride in methanol 
(14 g/100 ml) was added. The tubes were sealed and heated 
at 100 C for 60 min. The reaction was stopped by addi- 
tion of 1.0 ml of distilled-deionized water; the fa t ty  acid 

Effect  of 20% Fat Diet on Body Weight  in Rats 
16 Weeks Pos t -DMBA 

Number Dose Final body 
Diet of rats of DMBA wt a {g) 

CO 30 5 mg 282.5 +_ 3.4 
PO 30 5 mg 286.9 +_ 3.2 
CO 15 10 mg 278.5 _+ 6.2 
PO 17 10 mg 267.1 + 5.6 

aValues are means +_ SEM. 

methyl  esters were extracted with 10 ml of hexane. The 
hexane extracts  were sealed in tubes under nitrogen and 
stored at - 2 0  C before analysis. 

The fa t ty  acid methyl  esters were analyzed using a 
Hewlett-Packard Model 402 gas chromatograph equipped 
with flame ionization detector and connected to a Spectra- 
Physics Model 4270 recording integrator. Chromatog- 
raphy was performed on a 6 ft X 2 mm glass column con- 
taining 10% SP-2330 on 100/120 chromosorb W AW 
(Supelco Inc., Bellefonte, PA). 

Statistical analysis. Mammary  tumor incidence and 
plasma fat ty  acids were compared using Student 's  t-test. 
The relationship between the type {malignant vs benign} 
of tumor incidence and the high fat diets were analyzed 
using chi-square analysis. 

RESULTS 

The effects of feeding diets containing 20% PO and 20% 
CO on weight gain in rats treated with DMBA are shown 
in Table 3. There were no significant differences in weight 
gain between rats fed the two diets. This was as expected 
since neither diet was essential fa t ty  acid nor nut r ient -  
deficient. 

As expected, the average number of tumors and 
tumor-burden per tumor-bearing rat  {Table 4) in Study 1 
(10 mg DMBA) was significantly greater than in Study 2 
(5 mg DMBA). The average latency period was signifi- 
cantly longer in Study 1 than in Study 2. However, in 
Study 2 the 20% fat diets were begin two weeks post- 
D M B A  rather than three weeks post -DMBA as in 
Study 1. 

Table 5 summarizes necropsy data  from Studies 1 and 
2. In Study 1, in which rats  were placed on a diet three 
weeks post-DMBA (10 mg), eight of 17 rats fed a PO diet 
developed tumors, whereas 12 of 15 rats fed CO developed 
tumors. When tumors  were classified histopathological- 
ly at necropsy (16 wks post-DMBA), 34 malignant tumors 
were recovered from rats  fed CO; only 20 were recovered 
from rats fed the PO diet. In addition, the total  number 
of tumors in the PO-fed rats  was 31, while there were 61 
tumors in the CO-fed rats. In the second s tudy (5 mg 
DMBA), 15 of 30 rats  fed the PO diet had tumors,  and 
19 of 30 rats  fed the CO diet had tumors. There were 
totals of 33 tumors  in the PO groups and 36 tumors  in 
the CO groups. However, 15 of 33 tumors were adenocar- 
cinomas (tubulopapiUary carcinomas} in the PO group and 
36 of 36 tumors were adenocarcinomas in the CO group. 
Chi-square analysis of the tumor  data  {Table 5) showed 
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TABLE 4 

Mammary Tumor Incidence in DMBA-Treated Rats  Fed Diets  
Containing 20% Primrose Oil (PO) or 20% Corn Oil (CO) 
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Dose Number of Number of Average number of Tumor burden/ 
of surviving rats with tumors/tumor Average latency tumor-bearing 

Diet DMBA rats tumors bearing rat a period (wk) a, b rats (g)a 

PO 5 mg 30 15 2.2 • 0.2 10.4 • 0.6 1.20 • 0.45 
CO 5 mg 30 19 1.9 • 0.2 9.1 • 0.6 0.95 • 0.43 
PO 10 mg 17 8 3.9 • 0.8 c 12.4 • 0.4 c 9.18 +_ 3.37 c 
CO 10 mg 15 12 5.1 +_ 1.1 c 12.1 • 0.4 c 9.82 • 4.67 c 

aValues are mean +_ SEM. 
bWeeks from time of DMBA administration to appearance of first palpable tumor. 
cValues obtained when 10 mg of DMBA was used to induce mammary tumors were significantly different 
from values obtained when 5 mg of DMBA was used at p-values ranging from p < 0.05 to p < 0.005. 

TABLE 5 

Histopathology of Mammary Tumors in DMBA-Treated Rats  Fed Diets  Containing 20% Primrose Oil (PO) or Corn Oil (CO) 

Diet 

Dose Number of Number of Number of rats Number of Number of rats 
of surviving rats with Total number with benign benign with malignant 

DMBA rats tumors of tumors tumors a tumors tumors ~ 0  

Number of 
malignant 

tumors 

PO 5 m g  30 15 33 7 18 8 
CO 5 m g  30 19 36 0 0 19 
PO 1 0 m g  17 8 31 5 11 7 
CO 1 0 m g  15 12 61 5 27 11 

15 
36 
20 
34 

aBenign tumors = fibroadenoma and cystadenoma. 
bMalignant tumors = tubulopapillary carcinoma. 

TABLE 6 

The Effect  of Dietary Fat on Plasma Fat ty  Acid Profiles in Rats  Treated with 10 mg DMBA 

% Fat ty  acid composition a 
Number of 

Diet plasma samples 16:0 18:0 18:1 18:2 18:3 20:3 20:4 

20% Corn oil 15 16.2 14.73 12.53 30.0 0.15 N.D.* 26.67 
+_0.92 _+1.39 • • +_0.13 • 

20% Primrose oil 17 12.69 b 16.0 5.44 b 32.19 2.81 b N.D.* 30.56 c 
• • • • • • 1.09 

aValues are mean • SEM. 
bSignificantly different compared to CO at p < 0.01. 
cSignificantly different compared to CO at p < 0.025. 
*N.D. = not detectable by integration. 

t h a t  t h e  t u m o r  i n c i d e n c e  o b t a i n e d  { m a l i g n a n t  v s  benign}  
w a s  d e p e n d e n t  on  t h e  t y p e  of  f a t  b e i n g  fed.  T h e r e f o r e ,  
f e e d i n g  P O  s i g n i f i c a n t l y  d e c r e a s e d  m a l i g n a n t  t u m o r s  
c o m p a r e d  t o  f e e d i n g  CO. 

P l a s m a  f a t t y  a c i d  p r o f i l e s  a t  n e c r o p s y  a re  s h o w n  in  
T a b l e  6. L i n o l e a t e  l e v e l s  in  t h e  p l a s m a  of  r a t s  f e d  20% 
P O  a n d  2 0 %  CO w e r e  s imi l a r ;  G L A  (18:3) a n d  a rach i -  
d o n a t e  (20:4) l e v e l s  w e r e  s i g n i f i c a n t l y  h ighe r ,  a n d  o le ic  
ac id  l e v e l s  w e r e  s i g n i f i c a n t l y  l o w e r  in  r a t s  f ed  P O  com-  
p a r e d  t o  t h o s e  f ed  CO.  

DISCUSSION 

I n  t w o  s t u d i e s  u s i n g  d i f f e r e n t  l e v e l s  (5 a n d  10 mg)  o f  
D M B A ,  t h e  t o t a l  n u m b e r s  of  m a m m a r y  t u m o r s ,  m a l i g -  
n a n t  t u m o r s  a n d  r a t s  w i t h  t u m o r s  w e r e  r e d u c e d  in  r a t s  
f ed  a 20% P O  d i e t  c o m p a r e d  t o  r a t s  f ed  a 20% CO die t .  
T h e  a v e r a g e  n u m b e r  of  t u m o r s  p e r  t u m o r - b e a r i n g  r a t  a n d  
t h e  a v e r a g e  t u m o r - b u r d e n  p e r  r a t  w e r e  n o t  d i f f e r e n t  
s i g n i f i c a n t l y  in r a t s  fed  t h e  t w o  die ts .  W h e n  t h e  t w o  doses  
o f  D M B A  (5 a n d  10 mg)  w e r e  c o m p a r e d ,  t h e r e  w e r e  
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significant differences in these parameters.  This result 
shows that  DMBA-induced  mammary  tumorigenesis 
was dose-dependent  in rats  fed both PO and CO diets. 
However, there was a significant increase in the average 
tumor  latency in Study 1 vs Study 2. I t  appears tha t  
beginning the high fat diet a week earlier in Study 2 
shortened the average tumor  latency by one week. The 
plasma fa t ty  acid analyses reflected the fa t ty  acid com- 
position of the oils being fed. Feeding the rats  a source 
of GLA in PO resulted in a plasma pool of GLA 19 times 
tha t  of feeding CO. 

Experiments  by Chan et al. (21}, Ip et al. (22) and 
Tinsley et al. (23) have shown that  mammary  tumori- 
genesis in ra ts  and mice is positively correlated with the 
linoleate content  of the dietary fat. In this study, the PO 
diet contained 14% more linoleate than the CO diet, yet  
tumorigenesis was suppressed. However, PO contains 9% 
GLA, in addition to 75% linoleic acid (LA). The metabolic 
pathways for LA, 18:2n-6 are well-established. LA is con- 
verted by h-6 desaturase (a rate-limiting enzyme} to GLA, 
18:3n-6, which is rapidly elongated to DGLA, 20:3n-6 {24}. 
D G L A  subsequently is desaturated by h-5-desaturase Ca 
rate- l imit ing enzyme} to arachidonic acid (AA, 20:4n-6), 
which is converted by fa t ty  acid cyclooxygenase to the 
dienoic eicosanoids (25). DGLA also is used as a substrate 
by cyclooxygenase to form the precursor of the monoenoic 
eicosanoids (12). 

I t  has been shown tha t  an increasing ratio of DGLA/  
AA may shift eicosanoid synthesis toward monoenoic 
eicosanoids. This may be beneficial in a number of patho- 
logical states by depressing 2-series and/or by enhancing 
the production of the 1-series eicosanoids (26). PGE2 has 
been shown to suppress the immune response and is pres- 
ent in high levels in mammary  tumors {12}. Therefore, 
manipulation of the D G L A / A A  balance may provide a 
selective regulation of eicosanoid synthesis, which could 
be helpful in cancer treatment and/or prevention. Further 
studies are being conducted to examine the mechanism(s} 
responsible for the reduction of DMBA-induced malig- 
nant  mammary  tumors  in rats fed PO. 
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Extraction and Quantitation of Total Cholesterol, Dolichol 
and Dolichyl Phosphate from Mammalian Liver 
Dean C. Crick and Kenneth K. Carroll* 
Department of Biochemistw, University of Western Ontario, London, Ontario, Canada, N6A 5Cl 

A procedure is described for the determination of total 
cholesterol, dolichol and dolichyl phosphate (Dol-P) in 
mammalian liver. I t  is based on extraction of these com- 
pounds into diethyl ether after alkaline saponification of 
the tissue. Extractability is affected by the length of 
saponification and concentration of potassium hydrox- 
ide (KOH) in the saponification mixture. After extraction, 
total cholesterol and dolichol are quantitated directly by 
reverse-phase high pressure liquid chromatography 
(HPLC) on C18. Dol-P requires further purification before 
quantitation by HPLC, this is accomplished by chroma- 
tography on silicic acid. These methods gave recoveries 
of over 90% for cholesterol and dolichol and about 60% 
for Dol-P, using [4-~4C]cholesterol, a polyprenol contain- 
ing 15 isoprene units, and [1-14C]Dol-P as recovery stan- 
dards. Concentrations of total cholesterol, dolichol and 
Dol-P in livers from one month-old-CBA mice were found 
to be 5.7 • 0.7 rag/g, 66.3 +-- 1.2 ~g/g and 3.7 __ 0.3 ~g/g, 
respectively. 
Lipids 22, 1045-1048 (1987). 

Dolichyl phosphate (Dol-P) is an obligatory intermediate 
in the dolichol cycle by which many secretory and 
membrane-bound N-linked glycoproteins are produced 
(1). Its concentration can be an important regulatory fac- 
tor in the formation of these glycoproteins (2-5). 

Dolichol and cholesterol readily can be extracted from 
tissues and quantitated but determination of total Dol- 
P has proven more difficult. DoI-P was first measured by 
Dallner et al. (6) using enhancement of Dol-P-mannose for- 
mation by a Dol-P-dependent mannosyl transferase fol- 
lowing addition of a purified Dol-P-containing fraction. 
Carson and Lennarz (7) subsequently separated Dol-P 
from dolichol, enzymatically dephosphorylated it and 
quantitated it by high performance liquid chromatog- 
raphy (HPLC). Two methods for the direct quantitation 
of Dol-P by HPLC have been developed. Chaudhary et al. 
(8) used a reverse-phase C18 column, and Keller et al. (9) 
used a straight-phase silica column. 

The problems encountered in the quantitation of Dol- 
P have been attributed to the extraction and purification 
before analysis by HPLC (10). Sequential extraction with 
chloroform]methanol (2:1, v/v) and chloroform]methanol] 
water (10:10:3, v/v/v) may give incomplete extraction of 
total Dol-P from rat liver, and conversion of Dol-PP- 
oligosaccharide to free Dol-P by acid hydrolysis may not 
always go to completion (9,11}. A recent report (9) in- 
dicates that total cholesterol, total dolichol and total 
Dol-P can be extracted from a potassium hydroxide 
(KOH) saponification mixture into diethyl ether (ether). 
Dol-PP, and presumably its glycosylated forms, are 

*To whom correspondence should be addressed. 
Abbreviations: Dol-P, dolichyl phosphate; HPLC, high pressure 
liquid chromatography; KOH, potassium hydroxide. 

converted to free Dol-P under these conditions. These 
workers also reported that the levels of Dol-P in rat tis- 
sues are comparable to or higher than the levels of 
dolichol. Their values for Dol-P are several times higher 
than those based on other methods of extraction (5,8,12, 
13). Furthermore, levels of dolichol reported by Keller 
et al. (9) are often lower than those observed previously. 

Studies in our laboratory indicated that  Dol-P was ex- 
tracted inefficiently from saponification mixtures (14,15). 
Therefore, we further investigated the extraction of cho- 
lesterol, dolichol and Dol-P following saponification of 
mammalian tissue. We now describe a method for isola- 
tion and quantification of these compounds that elimi- 
nates the need for separation of cholesterol from dolichol 
before HPLC analysis and that  yields good recoveries of 
all three compounds. 

EXPERIMENTAL 
Materials. Mice (one-month-old National Institute of 
Aging CBA/Ca males) were obtained from Charles River 
Breeding Laboratories (Wilmington, MA). Human liver 
was obtained at autopsy. [1-'4C]Dolichol (50 mC,/mmol), 
consisting of a series of homologues containing 15 to 24 
isoprene units (18 and 19 predominating}, was a gift from 
the Kuraray Co. (Okayama, Japan). [1-'4C]Dolichyl phos- 
phate was prepared according to the method of Danilov 
and Chojnacki (16) and purified by chromatography on 
silicic acid (Bio-Rad Laboratories, Richmond, CA). [4-14C] - 
Cholesterol (57.5 mC,/mmol) of >99% radiochemical puri- 
ty  was purchased from New England Nuclear (Boston, 
MA). Cholesterol (>99% pure} was obtained from Calbio- 
chem (La Jolla, CA). Polyprenol-15 (a-unsaturated) was 
obtained from Sigma Chemical Co. (St. Louis, MO). All 
other chemicals and solvents were of at least reagent 
grade. 

Saponification and extraction. Two methods of saponi- 
fication and extraction were compared. Method 1, de- 
scribed by Keller et al. (9) for assay of free-and chemically 
bound Dol-P uses direct saponfication of tissue followed 
by ether extraction and quantitation by HPLC. The tissue 
(1 g) was saponified in a boiling water bath for 60 rain 
in a mixture of 1 ml of 60% KOH (w/v) and 2 ml of meth- 
anol containing 0.25% pyrogaUate. The mixture then was 
extracted with ether as described by Keller and Adair (17). 

Method 2 is a modification of that of Burgos et al. (18), 
routinely used in our laboratory (14,15). In this case, the 
lg  tissue samples were saponified for one, two or sixteen 
hr in a boiling mixture containing 0.3 g KOH, 0.2 ml 
water and 0.2 ml ethanol followed by ether extraction. 
In this modified method, pyrogallol was omitted because 
it is reported to be incompatible with alkaline solutions 
(19). [1-'4C]Dolichol or [1-1*C]Dol-P were added as tracers 
in each case. The final concentrations of KOH were about 
15% in Method 1 and 25% in Method 2, assuming liver 
tissue was 80% water. 
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On the basis of experience with these two methods, 
Method 3 was developed as follows: 1 g aliquot of liver 
was saponified for 16 hr (overnight) in a boiling mixture  
of 2 ml of 90% KOH (w/v) and 1 ml methanol.  The mix- 
ture  was allowed to cool to room tempera ture  and was 
ext rac ted  three times with equal volumes of ether. The 
ether  extracts  were pooled and washed with 4.1 ml of 
water. The saponification mixture  then was diluted to 
15% KOH with the water  wash plus 4.1 ml of methanol 
and reextracted three times with 10 ml of ether. The 
second set of extracts  were pooled and washed with 10 ml 
of 5 % acetic acid. Both  pooled extracts  were dried under 
N2. The first ether extract,  containing the cholesterol and 
dolichol, was taken up in chloroform/methanol (2:1, v/v) 
for analysis by HPLC. The second extract,  containing the 
Dol-P, was resuspended in chloroform and loaded on a 1 g 
column of silicic acid. The column was washed with 5 ml 
of chloroform, and the Dol-P was eluted with 10% meth- 
anol in chloroform. The eluate was dried under N2 and 
taken up in chloroform/methanol (2:1, v/v). Aliquots were 
taken for determinat ion of radioact ivi ty and analysis by  
HPLC. 

Quantitation by HPLC. Cholesterol, dolichol and Dol-P 
were analyzed on a Hewlett-Packard 1084-B HPLC using 
a reverse-phase Cls column (Hewlett-Packard #799150d- 
174) equipped with a variable wavelength detector  set to 
read absorbance at 210 nm with 430 nm as a reference 
wavelength (8). The mobile phase consisted of a methanol] 
isopropanol gradient with increasing proport ions of iso- 
propanol delivered at 2 ml/min. The gradient used for the 
cholesterol/dolichol fraction consisted of seven minutes 
at 1% isopropanol, increasing to 25% over the next  
10 min, holding at 25% for three rain and increasing to 
70% over the next  10 rain. For Dol-P, the gradient was 
increased from 1 to 50% isopropanol over the first six min 
and then to 70% over the next  14 min of the run. In this 
case, the isopropanol contained 10 mM phosphoric acid. 
Quant i ta t ion was achieved by summing the areas of all 
homologous peaks and comparing to human liver dolichol 
standards. Cholesterol was quanti tated by comparison to 
the cholesterol standard. Radioactivity in the eluate was 
counted on an LKB 1219 Rackbeta liquid scintillation 
counter. 

RESULTS 

Figure la  shows that  when Method I is used, dolichol and 
Dol-P are ext rac ted  efficiently from the saponification 
mixture  after  a 1 hr saponification. Recoveries of both  
labeled compounds in the ether extracts  were ca. 90% 
compared to 30% for dolichol and less than 10% for Dol-P 
in Method 2 (Fig. lb). This difference was not  due to the 
presence or absence of pyrogallate  as the extract ion of 
dolichol and Dol-P was only slightly less efficient when 
the pyrogallate was omit ted in Method 1 (data not  
shown). 

After  a 2 hr saponification, about 85% of both  dolichol 
and DoI-P was extracted by the ether in Method 1, with 
or without  pyrogallate.  Using Method 2, the longer 
saponification greatly increased the extraction of dolichol 
but  had little effect on the extract ion of Dol-P (Fig. lc, 
ld). Similar results  were obtained following a 16-hr -  
saponification. 
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FIG. 1. Percentage of total DPM of [1-14C] dolichol (n) and DoI-P 
(o) left in the saponification mixture after extraction with ether. 
Each point represents the average of three observations. (a) One-hr 
saponification, Method 1. (b) One~hr saponification, Method 2. {c) Two- 
hr saponification, Method 1. (d) Two-hr saponification, Method 2. 

The difference in the extractabi l i ty  of Dol-P in the two 
methods evidently is related to the concentration of KOH 
in the saponification mixture. As i l lustrated in Figure 2, 
the extract ion of Dol-P was improved by diluting with 
50% ethanol the KOH in the saponification mixtures from 
25% to 15%. Further dilution did not increase the amount 
of Dol-P extracted.  If methanol  was subst i tu ted for 
ethanol in Method 2 and the mixture diluted to 15% KOH 
after saponification, Dol-P was extracted as efficiently as 
in Method 1. 

Saponification of t issue with Method 3's s t rong KOH 
solution for a 16 hr period ensured that  dolichyl fa t ty  acyl 
esters in the tissue were hydrolyzed to dolichol. Dolichyl 
esters were hydrolyzed incompletely after  a two-hr  
saponification of liver tissue {data not  shown) or a 17-hr  
saponification of soybean embryos  (Rip and Carroll, un- 
published data). The cholesterol and dolichol could be ex- 
t racted from this saponification mixture  with ether, and 
the ext rac t  was suitable for HPLC analysis without  fur- 
ther  purification (Fig. 3a) even though about  5% of the 
Dol-P remained in the fraction. This does not  interfere 
with the quant i ta t ion of the cholesterol or dolichol as 
small amounts  of Dol-P run in the solvent front  when 
phosphoric acid is omit ted from the eluting solvent. 

Subsequent  dilution of the saponification mixture  to 
15% KOH made it possible to extract  the Dol-P with 
ether  but  further  purification was required before HPLC 
analysis. This was necessary to remove residual dolichol 
(ca. 2% of the total  dolichol in the tissue) in the ether ex- 
tract.  The contaminating dolichol amounted to one-third 
to one-half of the total  Dol-P and interfered with quan- 
t i ta t ion of the Dol-P. 

At tempts  to purify the Dol-P by  back extract ion from 
ether into water  did not  separate it from the dolichol as 
cleanly as in experiments on soybean embryos (10). There- 
fore, the dolichol was removed by silicic acid chromatog- 
raphy, and this gave a Dol-P fraction tha t  could be ana- 
lyzed by  HPLC {Fig. 3b). However, approximately 20% 
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FIG. 3. C,8 reverse-phase HPLC chromatograms using methanol/ 
isopropanol gradients. (a) CBA/Ca mouse liver extract, cholesterol/ 
dolichol fraction. Absorbance units/full scale deflection decrease by 
eight-fold between the cholesterol peak and the polyprenol peak. 
(b) CBA/Ca mouse liver extract, DoI-P fraction. The isopropanol in 
the eluting solvent contains 10 mM phosphoric acid. 

of the tracer DoI-P extracted from the saponification mix- 
ture bound t ight ly  to the column and could not be 
recovered in the eluate. The reason for this is unclear but  
it is possible t ha t  some of the Dol-P is oxidized by  the 
t rea tment .  

The recoveries of cholesterol, dolichol and Dol-P were 
92 +_ 1%, 94 ___ 4% and 61 - 1% (SEM, n = 4), respec- 
tively. Analysis  of mouse liver us ing  Method 3 gave  
values of 5700 +_ 700 ~g/g of cholesterol, 66.3 +_ 1.2 ~g/g 
of dolichol and 3.7 __ 0.3 ~g/g of Dol-P on a wet  weight  
basis. 

DISCUSSION 
Our values for the concentrat ions of dolichol and Dol-P 
in mouse liver are similar to those repor ted for liver of 
male  C57BL/6J mice one mon th  af ter  weaning (20). The 
concentrat ion of dolichol also is similar to t ha t  repor ted 
for liver of 12-month-old C57 Bl /6  mice {21}. Dol-P ac- 
counted for about  5 % of the sum of the forms of dolichol 
in the liver, which is somewhat  less than  the values of 
18% and 6.7% reported for mouse liver at  weaning and 
one mon th  after  weaning, respect ively {20}, or values of 
7%, 14% and 16% in ra t  liver as determined by  other 
methods  {5,22,23}. Our resul ts  differ considerably f rom 
those of dolichol, Dol-P {17.1 and 14.7 ~g/g, respectively} 
and the percentage present  as Dol-P {46%} repor ted for 
r a t  liver b y  Keller et al. (9). The reason for this dis- 
crepancy is not  clear bu t  it seems unlikely to be  due to 
species differences. 

Keller et al. (9) a t t r ibuted the high levels of Dol-P found 
in their  exper iments  to a more efficient ext rac t ion of 
Dol-P f rom the saponificat ion mixture.  Our studies con- 
f i rm tha t  Dol-P is ex t rac ted  efficiently f rom saponifica- 
t ion mixtures  when the concentrat ion of K O H  is appro- 
priate, bu t  the concentrat ion of Dol-P in the liver is still 
much lower than  tha t  repor ted  by Keller et  al. (9). I t  is 
possible tha t  the difference is related to the use of dif- 
ferent  methods  of analysis  by  HPLC,  a l though this does 
not  seem very  likely. 

There is considerable interest  in the metabol i sm and 
function of dolichol and its derivatives.  Therefore, it is 
desirable to have a simple and reliable method for extrac- 
t ion and  quant i t a t ion  of dolichol and Dol-P. Our studies 
have  indicated tha t  prolonged saponification m a y  be re- 
quired for hydrolysis  of dolichyl acyl esters  {unpublished 
data}. The extract ion of Dol-P f rom the saponification 
mixture  by  ether  is dependent  on the concentrat ion of 
KOH; this can be used to isolate the dolichol and Dol-P 
separa te ly  for quant i ta t ion  by  HPLC.  The method  
described gives excellent recoveries of cholesterol and 
dolichol in a form tha t  can be analyzed directly by  HPLC. 
The recovery of Dol-P is lower but  still much  be t te r  than  
t ha t  obta ined with the earlier method  used in our 
labora tory  (8). 
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Analysis of Disteryl Ethers 
Erhard Schulte*,a a n d  Nikolaus Weberb  
atnstitut fLir Lebensmittetchemie der Universit~t, Piusallee 7, D-44OO MUnster and bBundesanstait fur Fettforschung, Piusallee 68-76, 
D-44OO MUnster, Federal Republic of Germany 

Disteryl  ethers isolated from a vegetable oil and a table 
margarine were analyzed by capillary gas chromatog- 
raphy. The composit ion of disteryl ethers in such prod- 
ucts reveals whether vegetable oils are mixed with animal 
fats and if these materials have been subjected to in- 
dustrial bleaching. 
Lipids 22, 1049-1052 (1987). 

Disteryl ethers are minor but ever-present constituents 
of industrially refined fats and oils (1-3). They are arti- 
facts generated from plant and animal sterols during the 
bleaching process (4). Moreover, disteryl ethers are 
formed by various acid-catalyzed reactions (1). Methods 
for the thin layer chromatography (TLC) separation of 
mixtures of disteryl ethers from the unsaponifiable frac- 
tions of fats and oils are described in the literature (4-6). 
However, little is known about methods for the analysis 
of the individual components of these mixtures. 

R1 R 2 

R, = R2:uniform disteryl ethers 
R,, R~ -- H:dicholesteryl ether 
R,, R2 = CH3:dicampesteryl ether 
R1, R2 = C~Hs:disitosteryl ether 

R1 ~ R2:mixed disteryl ethers 
R1 -- H; R2 = CH3:cholesterylcampesteryl ether 
R, = H; R2 -- C~Hs:cholesterylsitosteryl ether 
R, = CH3; R~ = C~Hs:campesterylsitosteryl ether 

Structure of various disteryl ethers. 

This study describes the separation of various individ- 
ual disteryl ethers by capillary gas liquid chromatography 
(GLC). Methods for the analysis of these compounds in 
refined fats and oils may be of interest with regard to food 
composition and adulteration. In addition, the method 
described here may be useful for the determination of 
disteryl ethers in food and feedstuff as well as of their 
distribution in organs of man and animal after ingestion. 

MATERIALS AND METHODS 

Chemicals. Cholesterol, sitosterol and stigmasterol were 
purchased from E. Merck (Darmstadt, FRG). Crude 
sitosterol, containing about 40% campesterol, was ob- 

*To whom correspondence should be addressed. 
Abbreviations: TLC, thin layer chromatography; GLC, gas liquid 
chromatography; BSA, N,O-bis(trimethylsilyl)acetamide; TMS, 
trimethylsilyl; TMCS, trimethylchlorosilane. 

rained from Sigma Chemie (Deisenhofen, FRG). A mix- 
ture of plant sterols containing brassicasterol, campe- 
sterol, stigmasterol and sitosterol (plant sterol mix) was 
a product of Supelco (Sulzbach, FRG). 

Preparation of disteryl ethers. Dicholesteryl ether 
(melting point [mp] 195-198 C), disitosteryl ether (mp 
188-193 C), distigmasteryl ether (mp 207-210 C), as well 
as a mixture of disteryl ethers derived from cholesterol 
and sitosterol I1:1, mol/mol), a mixture of disteryl ethers 
derived from the plant sterol mix, a mixture of disteryl 
ethers derived from the sterol fraction that  was isolated 
from a vegetable oil, and a mixture of disteryl ethers 
derived from the sterol fraction that  was isolated from 
a table margarine were prepared by heating (200 C, 15 
min) of sterols with anhydrous CuSO4 (7). After cooling, 
the reaction mixtures were extracted three times with 
hexane. The solvent was removed, and the resulting mix- 
ture of reaction products was treated with ethanol to 
remove dehydrosterols. The resulting brown residue was 
purified by repeated crystallization from hexane/acetone 
(4:1, v/v). The purity of the disteryl ethers (Rs 0.45} was 
checked by TLC on Silica Gel H (E. Merck} with hexane/ 
diethyl ether (95:5, v/v) (4). Chromatograms were visual- 
ized by spraying the plates with chromic-sulfuric acid and 
charring. Mp {uncorrected) and infrared (IR) spectra of 
disteryl ethers agreed well with the data given in the 
literature (4,7}. 

Isolation of sterols and disteryl ethers from oil and 
margarine. A commercially available vegetable oil and a 
table margarine containing a mixture of vegetable fats 
and animal fats as well as genuine olive oil, 30 g each, 
were subjected to alkaline hydrolysis according to an 
established procedure (8). The unsaponifiable fraction was 
isolated by repeated extraction of the reaction mixture 
with diethyl ether. 

The sterols were separated from the unsaponifiable frac- 
tion by precipitation with digitonin (9). The precipitate 
was isolated, dissolved in dimethyl sulfoxide and ex- 
tracted three times with diethyl ether. The sterol extract 
was washed with water and dried; the fraction of sterols 
was further purified by TLC on layers of silica gel using 
hexane/diethyl ether (3:2, v/v). The resulting sterol mix- 
ture was used for GLC and for preparation of disteryl 
ethers as described above. 

The constituents of the remaining unsaponifiable frac- 
tion were separated by repeated preparative TLC on Silica 
Gel H layers (0.5 mm) with hexane/diethyl ether (95:5, 
v/v). The fraction of disteryl ethers (Rs 0.45} was identified 
by co-chromatography with a standard and isolated by 
extracting the silica gel with water-saturated diethyl 
ether. The resulting mixture of nearly pure disteryl ethers 
was used for capillary GLC. 

Analyses by capillary GLC. Capillary GLC of sterols 
and disteryl ethers was carried out in a Varian 3700 in- 
strument (Darmstadt, FRG) equipped with a flame ioniza- 
tion detector. Peaks were identified by retention times 
using synthetic reference compounds. Peak areas and 
retention times were determined using a Merck-Hitachi 
D-2000 integrator (Darmstadt, FRG). 
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TMS ethers of sterols were prepared by reacting the 
sterols with trimethylchlorosilane {TMCS} and N,O- 
bis{trimethylsilyl}acetamide (BSA} in pyridine (1:5:10, 
v/v}. They were analyzed on a fused silica column, 30 m X 
0.325 mm inside diameter, coated with 0.1 ~m SE-54 
("DB-5"; ICT, Frankfurt/M, FRG} at a temperature of 
250 C, with injector and detector each set at 270 C. 
Hydrogen (0.5 bar at column inlet; split 1:10) was used 
as carrier gas and nitrogen (30 ml/min} as purge gas. 
The reaction mixtures of trimethylsilyl (TMS} ethers 
(1.5-2.0 ~1; 0.1%) were injected without purification. 

Disteryl ethers were separated on a glass capillary, 
20 m • 0.27 mm id, coated with 0.05 gm SE-30 from 
Serva {Heidelberg, FRG} at a temperature of 320 C; the 

injector and detector each were set at 350 C. Hydrogen 
(1.5 bar at column inlet; split 1:10} was used as carrier 
gas and nitrogen (30 ml/min} as purge gas. Solutions 
{1.5-2.5 pl; 0.05%} of disteryl ethers in cyclohexane were 
injected. 

RESULTS AND DISCUSSION 

Commercial plant and animal fats and oils pass through 
various refining steps including deacidification, bleaching 
and deodorization. Disteryl ethers exclusively are formed 
during the bleaching process {2,4,5}. The formation of 
these artifactual condensation products is dependent not 
only on the concentration of sterols in the starting 
materials and on time, temperature and vacuum during 
the bleaching process; it also depends on the extent of 
activation of bleaching earth and its acidity (4,5}. 

(~) e (~) o Methods for the analysis of individual disteryl ethers 
have not been described until now. The separation of 
dicholesteryl ether from other cholesterol derivatives on 
a packed column at 240 C has been reported elsewhere 
(6}. However, partial decomposition of disteryl ethers on 
packed columns at high temperatures was observed by 
the authors. 

In this study, no decomposition of disteryl ethers was 
detected when capillary GLC was used for the analysis. 

~ Figure 1 shows that  the most abundant uniform disteryl 
~, J ethers in refined fats and oils, such as dicholesteryl ether, 
': r disitosteryl ether, dicampesteryl ether, distigmasteryl 

C~ QlY ether, dibrassicasteryl ether and a large number of the 
corresponding mixed disteryl ethers such as cholesteryl- 

c- s B c; sitosteryl ether, campesterylsitosteryl ether and others 
: A\ were resolved sufficiently by capillary GLC (Fig. 2} under 

" the conditions given in Materials and Methods. 

B ~- 

FIG. 2. Retention times, R o of various disteryl ethers that had been 
~ - ~  synthesized from different sterols and sterol mixtures, as a fun~  

1 10 mln I 

FIG. 1. Capillary GLC of various mixtures of disteryl ethers. {a) Mix- 
ture of disteryl ethers isolated from a vegetable oil. (b) Mixture of 
disteryl ethers that had been synthesized from the sterol fraction 
isolated from the vegetable oil. (c) Mixture of disteryl ethers isolated 
from a table margarine. (d) Mixture of disteryl ethers that had been 
synthesized from the sterol fraction isolated from the table mar- 
garine. The disteryl ethers are designated as given in Figure 2. Ex- 
perimental conditions for GLC arc described in Materials  and 
Methods. Peaks tentatively are identified from their retention times. 

tion of carbon atoms and double bonds in the side-chain of steryl 
moieties. A, Dicholesteryl ether t0:0, number of C-atoms in branched 
side-chain:number of double bonds in side-chain); B, cholesteryl- 
campesteryl ether (1:0); C ,  cholesterylsitosteryl  ether (2:0); C~, 
dicampesteryl ether (2-0); D, campesteryls itosteryl  ether (3:0); 
E, disitosteryl  ether (4:0); B', cholesterylhrassicasteryl  ether (1:1); 
C'1, campesterylbrassicasteryl ether (2:1); C~, cholesterylstigmasteryl 
ether (2:1); D', sitosterylbrassicasteryl ether (3:1); E', sitosterylstigma- 
steryl  ether (4:1); C', dibrassicasteryl ether (2:2); D", brassicasteryl- 
s t igmasteryl  ether (3:2); E", dist igmasteryl  ether (4:2). Procedures 
for preparation and isolation of disteryl ethers and experimental con- 
ditions of GLC are described in Materials  and Methods. 
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I t  is evident from Figure 2 tha t  retent ion times of the 
disteryl  ethers increase with the number of C-atoms and 
decrease with the number  of double bonds in the side- 
chain of the steryl  moieties. One might  expect  tha t  di- 
steryl ethers having a similar arrangement  of C-atoms 
and double bonds in the side-chain, e.g. dicampesteryl  
ether (2:0) and cholesterylsi tosteryl  ether (2:0) as well as 
campesterylbrassicasteryl  ether (2:1) and cholesteryl- 
s t igmasteryl  ether (2:1), should show similar retent ion 
times; yet,  the separation even of such critical disteryl  
ethers is sufficient under the conditions described (Figs. 1 
and 2). In contrast ,  distanyl  ethers and mixed disteryl  
ethers containing sa tura ted  and AS-unsaturated steryl 
moieties are not  separated. 

The analysis of disteryl  ethers in fats and oils may  be 
of interest with regard to food composition and adultera- 
tion. The occurrence of these sterol derivatives proves 
tha t  refined fats and otis had passed through a bleaching 
process. Moreover, the analysis of the different disteryl  
ethers tha t  are formed during commercial processing 
gives information on whether plant  and animal fats and 
oils have been bleached individually or together.  In the 
former case, the disteryl ether fraction of plant fats would 
consist of a mixture  of disteryl  ethers containing only a 
t race of cholesteryl moieties and tha t  of animal origin 
would consist almost exclusively of dicholesteryl ether, 
whereas in the lat ter  case mixed disteryl  ethers contain- 
ing large amounts  of cholesteryl moieties would be the 
main components  (Fig. 1). 

Analysis of the sterol fraction of the vegetable oil ex- 
amined here indicates tha t  it  may have been derived from 
rapeseed; however, the table margarine investigated was 
found to contain a mixture  of plant  sterols typical  for 
rapeseed oil together  with large amounts  of cholesterol 
derived from animal fat  (Table 1). 

These findings are supported by the composition of 
disteryl  ethers isolated from both  the vegetable oil and 
the table margarine (Table 2). I t  is obvious tha t  mixed 
disteryl  ethers present  in the oil are derived almost ex- 
clusively from sterols typical  for rapeseed oil (Table 2; 

Fig. la); small amounts  of dicholesteryl ether  may be 
formed from traces of cholesterol tha t  have been detected 
in various vegetable oils (Table 1) (2). The closely resem- 
bling pa t te rn  of bo th  the disteryl  ethers ext rac ted  from 
the vegetable oil (Fig. la) and the disteryl  ethers syn- 
thesized from the sterol fraction of the oil (Fig. lb) 
strongly suggests tha t  the vegetable oil does not  contain 
animal fat. However,  the table margarine was found to 
contain large proportions of dicholesteryl ether  together  
with mixed disteryl  ethers, the lat ter  having a pa t te rn  
typical  for the disteryl  ethers  of a refined rapeseed oil 
(Table 2; Fig. l a  and c). These data  clearly indicate tha t  
the margarine contained a mixture  of fats from animal 
and plant origin. In contrast ,  disteryl  ethers were not  
detected in genuine olive oil. 

I t  is commercial practice to blend previously refined 
fats and oils for the production of margarine. As expected, 
the results given in Table 1 and Figure 1 show tha t  the 
const i tuent  vegetable and animal fats of the table mar- 
garine must  have passed separately through a bleaching 
process because only traces of mixed disteryl  ethers con- 
taining cholesteryl moieties were detected in the marga- 
rine (Table 2; Fig. lc). Yet, high proport ions of mixed 

T A B L E  1 

Composition of Sterols Isolated from a Commercial Vegetable Oil 
and from a Table Margarine 

Sterols Vegetable oil a (%) Table margarine b (%) 

Cholesterol 0.6 27.9 
Brassicasterol 9.4 6.1 
Campesterol 32.9 25.2 
Sitosterol 49.2 34.6 
Others c 7.9 6.2 

aContaining 1.9 mg sterols/g oil. 
bContaining 2.8 mg sterols/g margarine. 
CIncluding small amounts of stanols. 

TABLE 2 

Composition of Constituent Disteryl  Ethers Isolated from a Commercial Vegetable  Oil 
and from a Table Margarine 

Vegetable oil a 

Disteryl ethers Found (%) (Calcd.) b (%) 

Table margarine a 

Found (%) (Calcd.) b (%) 

Dicholesteryl ether 3 
Dibrassicasteryl ether 3 
Dicampesteryl ether 11 
Disitosteryl ether 21 
Campesterylsitosteryl ether 29 
Sitosterylbrassicasteryl ether 13 
Campesterylbrassicasteryl ether 9 
Others d 11 

(<1) _c _c 
(1t 5 (1) 

(11} i0 (12) 
(24) 23 (23) 
(33) 31 (34) 

(9) 12 (8) 
(6) 11 (6) 

(16) 8 (16) 

aContaining about 1 ~g disteryl ethers/g, each. 
bCalculated for the formation of disteryl ethers from the sterol mixture of the composition given in Table 1. 
CThe disteryl ether fraction of the margarine contains 67 % dicholesteryl ether, which was calculated as "100% 
from animal origin." 
d!ncluding small proportions of cholesterylcampesteryl ether, cholesterylbrassicasteryl ether, 
cholesterylsitosteryl ether and traces of disteryl ethers containing stanyl moieties. 
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disteryl  e thers  having  cholesteryl  moieties would be ex- 
pected if animal and plant  fa ts  and oils would have been 
bleached together.  Theoretically, such a mix ture  of di- 
s teryl  ethers derived f rom a sterol fract ion (the composi- 
t ion given in Table 1 for the table margarine) should con- 
rain as the main components  having cholesteryl moieties 
around 19% cholesterylsi tosteryl  ether, 13% cholesteryl- 
campesteryl  ether and 3% cholesterylbrassicasteryl  ether 
(cf. equat ion below). 

We have s imulated such a refining process, in which 
vegetable  and animal fa ts  were bleached together,  by  
prepar ing  a blend of disteryl  ethers f rom the sterol frac- 
tion isolated f rom the table margarine.  Analysis  by  capil- 
lary GLC of these mixed disteryl  e thers  containing 
cholesteryl  moieties showed as the main components  
cholesterylsitosteryl ether (20%), cholesterylcampesteryl  
ether (15%) and choles terylbrass icas teryl  ether (4%) 
(Fig. ld). These values agree with the calculated data.  

For a mixture of four components, a, b, c and d, in which 
the molecules of each compound are able to react  with 
molecules of the same compound or molecules of each 
other compound to yield a bimolecular adduct, a theoreti- 
cal distr ibution of reaction products  has to be expected 
according to the following equation: 

(a+b+c+d) 2 = a2+b2+c~+d2+2(ab+ac+ad+bc+bd+cd). 

Deviat ion of our resul ts  f rom the calculated values 
(Table 2) m a y  be due to fur ther  al terat ion of the sterol 
composition by other refining steps and differences in the 
ra te  of format ion of individual disteryl  ethers.  Thus, we 
found tha t  under the conditions described in Materials  
and Me thods  the synthesis  of dicholesteryl e ther  is 
sl ightly favored as compared  to the synthesis  of disito- 
s teryl  ether (data not  shown). Analysis  of disteryl  ethers 
also may  be helpful for the detection of pa r t -p roces sed  
or back-blended vegetable oils tha t  are declared genuine. 

Disteryl  ethers are formed in many  chemical syntheses  
in which sterols are subjected to acid (1), e.g. t rans-  
esterif ication of s teryl  es ters  (6) and glycosidat ion of 
sterols (10); they also are generated by  thermal  decom- 
posit ion of cholesterol 3-sulfate salts (11,12). Obviously,  
the method  described for the analysis  of disteryl  ethers 

in fa ts  and oils also m a y  be helpful for the characteriza- 
tion of these compounds  if they  are formed in various 
chemical reactions. 

Some earlier work has been carried out to s tudy  possi- 
ble biological effects of disteryl  ethers,  such as cytotox- 
icity and carcinogenicity {1,13,14}. However,  little is 
known on the distr ibution and metabol i sm of disteryl  
ethers in man  or animals. The method described for the 
analysis of these substances  m a y  be helpful in the in- 
ves t iga t ion  of disteryl  ethers and their metabol i sm in 
human  and animal t issues.  
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Effects of Eicosatetraynoic Acid on Membrane Lipids 
of Trout Liver and Intestine 
X .  P e l l e t i e r  a n d  C .  Leray* 
Centre de Neurochimie, Centre National de la Recherche Scientifique, antenne Cronenbourg, BP 20 CR, 67037 Strasbourg 
Cedex, France 
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I 

After  two months  feeding either an (n-3) or an (n-6) f a t t y  
acid-rich diet, two groups of trout were switched to the 
(n-6) or the (n-3) fatty acid-rich diet, respectively. Ha l f  of 
each group was treated with 0.03% 5,8,11,14-eicosatetray- 
noic acid (ETYA) in the diet. Liver and intestinal brush 
border membrane lipids were analyzed. No effect  was 
observed on their cholesterol content. E T Y A  induced an 
accumulation of 18:2(n-6), and it did not affect the 20:4(n-6) 
content but decreased the 22:5(n-6) content. E T Y A  in- 
duced an increase of 18:3(n-3) content in the brush border 
membrane and a decrease of the 22:6(n-3) content in the 
liver. Those results suggest that ETYA blocks mainly the 
h6-desaturase, which should have two different  sites in 
the liver and one in the intestine. 
Lipids 22, 1053-1056 (1987). 

Eicosa-5,8,11,14-tetraynoic acid (ETYA, Ro 3-1428) is the 
acetylenic analog of arachidonic acid (1). I t  f irst  was 
reported to block cholesterol synthesis between acetate  
and mevalonate and to exert  a suppressive effect on 
sebaceous gland secretion (2). Later,  ETYA also was 
shown to inhibit arachidonic acid metabolism at the level 
of cyclooxygenase and l ipoxygenase 13}. Furthermore,  it  
has been shown to compete with arachidonic acid for 
esterification enzymes (4}. ETYA also has been demon- 
s t ra ted to block the conversion of linoleic acid to 
arachidonic acid and tha t  of arachidonic acid to more un- 
sa tura ted  In-6} fa t ty  acids {5}. 

To analyze in more detail this last  effect and the 
possibihty of an influence of ETYA on (n-3} fa t ty  acid 
metabolism, we invest igated the effect of dietary ETYA 
on the fa t ty  acid composition of phospholipids in the liver 
and intestinal brush border membranes of rainbow trout.  
These membranes were selected as easily purified plasma 
membranes {6} considering their physiological importance 
and their ability to be modified by dietary t rea tments  (7}. 

MATERIALS AND METHODS 

Fish and membrane preparation. Rainbow t rou t  (250- 
300 g} were stocked in outdoor tanks tha t  were provided 
with well-aerated water  (12-13 C}. Diets were prepared 
according to CasteU et al. (8} and contained 8% linseed 
oil or grapeseed oil for the tn-3} or In-6) f a t ty  acid-rich 
diet, respectively. They were given once dally to the fish 
(1% body weight) (see Table 1 for the diet's fa t ty  acid com- 
position}. The delivered food amount  was completely 

*To whom correspondence should be addressed at the Centre de 
Neurochimie, Centre National de la Recherche Scientifique, antenne 
Cronenbourg, 23, rue de Loess, 67037 Strasbourg Cedex, France. 
Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; EYTA, 5,8,11,14-eicosatetraynoic. 

TABLE 1 

Fatty Acid Composition of the Experimental Diets (tool %} 

Fatty acid In-3} Fatty acid-richdiet {n-6} Fatty acid-rich diet 

16:0 12.9 8.6 
18:0 3.2 3.8 
18:1In-9} 16.1 17.8 
18:Hn-7} 0.5 0.6 
18:2{n-6} 18.0 69.2 
18:3{n-6} 0.7 - -  
18:3{n-3} 48.5 - -  

ingested by  the fish. Group I was fed the In-3) fa t ty  acid- 
rich diet for two months  and then switched to the in-6) 
f a t ty  acid-rich diet with or without  0.03% ETYA. Group 
II  first was fed the {n-6} fa t ty  acid-rich diet and switched 
to the In-3) f a t ty  acid-rich diet with or without  0.03% 
ETYA. Fish were killed 10 or 30 days after  the dietary 
change. Their livers were quickly removed and frozen. 
Brush  border  membranes were purified from scraped 
mucosa of the middle intestine {6}. Membranes of similar 
pur i ty  were selected according to the alkaline phos- 
phatase  enrichment {13- to 18-fold). 

Membrane composition studies. Total  lipids were ex- 
t rac ted  from the preparations according to Folch's pro- 
cedure {9). Liver phospholipids were separated from the 
crude lipid extract  as described previously {6}. Individual 
phosphohpids from intestinal membranes were separated 
by thin layer chromatography according to the method 
of Fine and Sprecher {10}. The da ta  presented here con- 
cern only phosphatidylethanolamine IPE} and phospha- 
tidylcholine {PC} because those two phospholipids repre- 
sent about  60% of the membrane phospholipids and are 
the most  sensitive to dietary alterations {11). F a t t y  acid 
methyl  esters {12} were analyzed using a Perkin-Elmer 
Sigma 1 gas chromatograph equipped with a bonded 
fused silica open tubular  column {0.32 mm id • 50 m; 
Superox, Alltech France, Paris, France}. Peak areas were 
determined by  the in-line Perkin-Elmer Sigma 10 chart  
integrator. Results are given as molar percentages of the 
to ta l  fa t ty  acids. Cholesterol {13} and phospholipid 
phosphorus {14} were determined on total  lipid extracts.  

RESULTS 

Whatever  the diet and t rea tment ,  the relative content  of 
cholesterol, phosphohpid and proteins was not  affected 
by  ETYA {0.6 mg total  lipids and 0.4 mg tota l  lipids/mg 
protein in brush border membrane and hver, respectively). 
A significant increase in both  18:2{n-6} and 20:3{n-6} 
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TABLE 2 

Effect  of ETYA on the Fat ty  Acid Composition (mol%) of Liver Phospholipids 
from Trout Switched from a (n-3) Fat ty  Acid-rich Diet (Group I} to a (n-6} 
Fat ty  Acid-rich Diet {10- and 30-day treatment) a 

10 Days 30 Days 

Fa t ty  acid Control ETYA Control ETYA 

S.Sat 33.6 +- 1.8 30.8 +_ 0.8 32.5 • 1.3 31.7 • 1.0 
S(n-9) 15.6 + 0.8 20.0 _+ 4.6 15.3 +- 1.7 16.0 -4-_ 0.8 
S(n-7) 5.5 --- 1.4 7.6 _+ 2.2 3.9 + 1.0 5.2 + 0.9 

18:2{n-6) 5.8 -4-_ 0.4 12.4 • 2.9 6.8 +- 0.8** 11.9 +_ 0.7 
20:3(n-6) 2.9 • 0.5 4.8 + 1.0 3.2 - 0.1"* 4.7 ___ 0.3 
20:4(n-6} 8.2 • 0.7 4.7 -4-_ 1.3 10.7 • 1.3 8.0 • 0.7 
22:5(n-6} 1.7 • 0.4 1.7 • 0.5 10.1 - 0.8*** 4.7 _+ 0.3 

S(n-6} 20.5 _ 1.3 26.3 ___ 5.3 34.3 • 2.3 32.7 • 0.4 
18:3(n-3) 0.9 • 0.3 0.4 • 0.03 -- --  
22:6(n-3) 20.2 --4-_ 2.1" 13.1 _+ 1.4 12.7 • 1.3 12.1 +_ 1.9 

S(n-3) 24.8 _+ 2.9* 15.3 -4-_ 1.6 13.9 + 1.6 14.4 • 2.5 

aValues are mean +_ S.E. for three preparat ions 
*, P < 0.05; **, P < 0.01; ***, P < 0.001 for differences induced by the drug (Student ' s  
t-test). 
S, sum of the fa t ty  acids. 
Only the main fa t ty  acids are listed. 

TABLE 3 

Effect  of ETYA on the Fat ty  Acid Composition {mol%) of Liver Phospholipids 
from Trout Switched from a {n-6) Fat ty  Acid-rich Diet tGroup II) to a (n-3) 
Fat ty  Acid-rich Diet (10- and 30-day treatmen0 a 

10 Days 30 Days 

Fa t ty  acid Control ETYA Control ETYA 

S.Sat 35.3 _ 1.1 39.2 +_ 3.9 30.9 + 1.3 
S(n-9) 15.8 _ 0.4 19.0 • 1.8 13.4 - 1.4 
S(n-7) 5.0 +_ 0.4 8.7 _+ 1.2 3.0 -4- 0.3 

18:2(n-6) 3.8 _ 0.4 3.8 _ 0.1 5.7 • 1.2 
22:5(n-6} 4.0 - 1.4 2.6 • 0.7 2.9 -!-- 0.3 

S(n-6) 18.5 +_ 3.3 13.2 _ 1.3 20.5 + 1.9 
18:3(n-3) 1.0 • 0.1 1.6 • 0.1 1.3 -+ 0.4 
20:5(n-3) 2.9 + 1.2 2.8 + 0.5 2.9 • 0.5 
22:6(n-3} 18.7 +_ 0.4* 13.1 _ 1.5 25.6 + 0.9 

S(n-3) 25.4 • 2.3 19.9 _ 2.4 32.2 +- 0.3 

30.5 • 1.2 
13.7 _ 0.4 

2.4 + 0.1 
6.5 +_ 0.9 
1.8 _ 0.2 

19.3 _+ 2.3 
2.7 +_ 0.4 
2.9 +_ 0.2 

24.9 ___ 1.6 
34.0 _ 1.4 

aValues are mean +_ S.E. for three preparations.  
*, P < 0.05 for differences induced by the  drug {Student 's  t-test}. 
S, sum of the fa t ty  acids. 
Only the main fa t ty  acids are listed. 

c o n t e n t  o c c u r r e d  i n  t h e  l i v e r  p h o s p h o l i p i d s  o f  t r o u t  f r o m  
g r o u p  I t r e a t e d  d u r i n g  30  d a y s  (see T a b l e  2), t o g e t h e r  w i t h  
a 5 3 %  d e c r e a s e  i n  t h e  c o n t e n t  of  22:5(n-6}. A 3 5 %  d e c r e a s e  
i n  t h e  22:6(n-3} c o n t e n t  a l s o  w a s  o b s e r v e d  b u t  o n l y  a f t e r  
a 1 0 - d a y  t r e a t m e n t .  A s i m i l a r  d e c r e a s e  in  22:6{n-3) con-  
t e n t  w a s  t h e  o n l y  s i g n i f i c a n t  m o d i f i c a t i o n  o b s e r v e d  in  t h e  
f a t t y  a c i d  c o m p o s i t i o n  of  l i v e r  p h o s p h o l i p i d s  i n  t r o u t  f e d  
a (n-3) r i c h - d i e t  { g r o u p  I I ,  s e e  T a b l e  3). 

B r u s h  b o r d e r  m e m b r a n e  P E  a n d  P C  of  E T Y A - t r e a t e d  
t r o u t  f r o m  t h e  g r o u p  I p r e s e n t e d  a n  a c c u m u l a t i o n  o f  

18:2(n-6} a l r e a d y  d e t e c t e d  a f t e r  10 d a y s  b u t  a n  a c c u m u l a -  
t i o n  o f  20:3(n-6} a n d  a d e c r e a s e  i n  t h e  22:5(n-6)  c o n t e n t  
w e r e  d e t e c t e d  o n l y  a f t e r  a 3 0 - d a y  t r e a t m e n t  w h e n  c o m -  
p a r e d  w i t h  u n t r e a t e d  f i s h  {Tab le  4). T h e  (n-3} f a t t y  a c i d  
c o n t e n t  r e m a i n e d  u n a l t e r e d  i n  P E  a n d  PC.  

I n  b r u s h  b o r d e r  m e m b r a n e s  f r o m  t h e  g r o u p  I I ,  E T Y A  
i n d u c e d  a d e c r e a s e  i n  t h e  s a t u r a t e d  f a t t y  a c i d  c o n t e n t  o f  
P C  {Tab le  5) t o g e t h e r  w i t h  a s l i g h t  a c c u m u l a t i o n  of  
l i n o l e n i c  ac id ;  t h i s  i n c r e a s e  o c c u r r e d  a l s o  i n  P E  b u t  o n l y  
a f t e r  a 1 0 - d a y  t r e a t m e n t .  S i n c e  s i m i l a r  e f f e c t s  c o u l d  b e  
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T A B L E 4  

Effect  of ETYA on the Fat ty  Acid Composition (mol%) of PC and PE from Intestinal Brush Border 
Membrane of Trout Switched from a (n-3) Fat ty  Acid-rich Diet (Group I) to a (n-6) Fat ty  Acid-rich Diet 
(10- and 30-day treatment) a 
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10 D a y s  30 D a y s  

F a t t y  acid Phospho l ip id  Cont ro l  E T Y A  Contro l  E T Y A  

S .Sa t  PC 40.1 .+ 1.6 26.9 + 7.0 38.7 ,+ 1.8 35.4 __ 0.6 
P E  37.4 + 3.0 28.6 + 2.5 37.9 .+ 3.5 32.2 .+ 1.7 

S(n-9) PC 16.8 +_ 0.3 15.0 +- 1.5 15.5 • 0.8 15.3 .+ 0.2 
P E  14.0 .+ 1.9 15.3 -+ 1.2 13.7 "!-_ 0.9 15.4 -+ 0.9 

18:2{n-6) PC 17.7 .+ 1.6"* 35.4 _+ 3.2 17.5 ,+ 1.7" 26.1 _+ 1.2 
P E  10.6 __ 1.1"* 23.6 .+ 2.4 10.1 .+ 0.6** 16.6 -+ 0.7 

20:3(n-6) P C  3.9 +- 0.5 5.6 -!=_ 1.0 4.3 .+ 0.3* 5.7 +_ 0.1 
P E  2.3 .+ 0.6 3.7 .+ 0.3 2.2 .+ 0.3* 4.5 +- 0.5 

20:4(n-6) PC 5.0 + 1.1 2.2 + 0.5 6.9 .+ 0.4 6.3 +- 0.5 
P E  6.7 +-- 0.9 4.7 +_ 0.5 8.2 .+ 0.9 7.7 -+ 0.5 

22:5(n-6) PC 3.3 -+ 0.8 1.4 .+ 0.4 8.9 ,+ 0.7** 3.3 -+ 0.2 
P E  6.3 + 1.9 3.3 --- 0.8 15.8 .+ 1.8" 10.2 +_ 0.6 

22:6{n-3) PC 8.3 __ 1.9 4.0 .+ 0.8 3.6 ,+ 0.3 3.2 .+ 0.5 
P E  16.4 .+ 2.1 13.8 + 2.7 6.8 ,+ 0.7 10.2 +_ 1.0 

aVa lues  are m e a n  .+ S.E. for t h r ee  p repa ra t ions .  

*, p < 0.05; **, p < 0.01 for d i f ferences  i nduced  b y  t he  d r u g  ( S t u d e n t ' s  t - test) .  

S, s u m  of t he  f a t t y  acids.  

Only  t he  m a i n  f a t t y  ac ids  are  l is ted.  

TABLE 5 

Effect  of ETYA on the Fat ty  Acid Composition Imol%) of PC and PE from Intestinal Brush Border 
Membrane of Trout Switched from a (n-6) Fat ty  Acid-rich Diet (Group II) to a (n-3) Fat ty  Acid-rich Diet 
(10- and 30-day treatment) a 

10 D a y s  30 D a y s  

F a t t y  acid Phospho l ip id  Cont ro l  E T Y A  Con t ro l  E T Y A  

S .Sa t  PC 37.9 + 0.3** 31.0 + 1.2 38.9 ,+ 0.2* 33.8 + 1.7 
P E  36.1 _+ 3.4 28.3 _+ 1.1 35.2 ,+ 2.8 31.0 --+ 2.0 

S(n-9) PC 16.2 __ 0.9 14.6 _ 0.6 19.6 .+ 0.6* 16.6 _ 0.4 
P E  16.8 +_ 0.2 16.5 _ 0.6 19.8 .+ 1.3 18.9 .+ 0.6 

S(n-6) PC 13.5 .+ 0.5 14.4 + 0.6 11.3 .+ 0.4 11.4 .+ 0.4 
P E  14.0 +_ 1.2 15.4 _ 1.0 10.6 .+ 1.4 12.7 .+ 2.7 

18:3{n-3) PC 10.5 .+ 0.5** 16.3 + 0.8 8.8 ,+ 1.0" 13.7 + 1.0 
P E  5.1 _+ 0.6"  8.2 +_ 0.3 4.1 .+ 0.7 6.2 +_ 1.5 

20:4(n-3) PC 1.0 +_ 0.1 1.2 +_ 0.1 0.8 .+ 0.1 1.5 _+ 0.3 
P E  0.6 +-- 0.1 0.6 +-- 0.1 0.3 .+ 0.1"  0.5 +_ 0.1 

20:5(n-3) PC 5.7 __ 0.2 6.1 _+ 0.2 4.8 ,+ 0.5 6.2 _+ 1.0 
P E  4.8 +_ 0.3 5.2 .+ 2.5 4.3 ,+ 0.2 4.8 +- 1.0 

22:6(n-3) PC 9.6 .+ 0.9 10.2 +_ 1.4 11.5 .+ 1.5 11.0 .+ 0.7 
P E  20.3 +_ 2.1 22.1 +_ 1.4 22.6 .+ 1.7 21.1 +_ 3.8 

aVa lues  are  m e a n  + S.E. for t h ree  p repa ra t i ons .  *, p < 0.05; **, 
( S t u d e n t ' s  t - test) .  

S, s u m  of t he  f a t t y  acids. 

Only  t he  m a i n  f a t t y  ac ids  are l is ted.  

p < 0.01 for d i f ferences  induced  by  t he  d r u g  
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observed in phosphatidylserine and phosphatidylinositol, 
only the fa t ty  acid composition of PE and PC is reported 
in the tables. 

DISCUSSION 

In  contras t  with previous results concerning mammals  
{15), ETYA had no effect on the cholesterol level either 
in the liver or in the intestinal brush border membrane 
of rainbow trout. 

The observed accumulation of linoleic acid induced by 
the drug in both fiver and brush border membrane 
phospholipids of t rout  fed the (n-6)-rich diet is similar to 
what  was reported for rat  fiver (16}. I t  is likely that  this 
accumulation is the result of a t6-desaturase inhibition, 
this enzyme sys tem being present with similar activities 
in t rout  liver and enterocytes (unpublished results}. The 
h5 desaturat ion step is less sensitive to the drug since 
a slight accumulation of 20:3(n-6) occurs only after a 
30-day  treatment.  The important  inhibition of the 
22:5(n-6) synthesis induced by the drug is likely the con- 
sequence of the inhibition of the two first desaturat ion 
steps rather than that  of the A4-desaturase since there 
is no accumulation of 20:4 and 22:4(n-6). 

The observed decrease of the 22:6(n-3) content in t rout  
liver after a 10-day  t rea tment  with ETYA, regardless of 
the diet, is unlikely the result of a biosynthesis inhibition 
since no accumulation of its precursors is detected. Hence, 
this decrease can be due either to an inhibitory effect on 
the deacylation-reacylation sys tem of 22:6(n-3)-rich 
phospholipid species or to an activation of lipoxygenases. 
Al though ETYA has been shown to exert inhibitory ef- 
fects on t rout  14-1ipoxygenase (17), the lack of informa- 
tion about the cellular concentration of the drug in our 
experiments prevents further comments. After a 30-day  
treatment, no differences remain between treated and un- 
treated groups, which suggests  a t ight  regulation of the 
essential 22:6(n-3) liver content. 

Since only one enzyme molecule almost certainly is re- 
quired for the h6 desaturation of both (n-6) and {n-3) fa t ty  
acids {18), the s trong inhibition of the t rout  fiver 
A6-desaturase by ETYA only with 18:2(n-6) as substrate  
suggests  tha t  two different sites for either 18:2(n-6) or 
18:3(n-3) should be present on the same enzyme molecule. 
In the t rout  intestinal epithelium, only one common site 
should be present since ETYA has the same inhibitory 
effect on both (n-6} and (n-3) substrates.  

Therefore, it seems that  the main target  reaction of 
ETYA is the first desaturation step of linoleic acid in both 
t rout  liver and intestine. Still, one cannot exclude an in- 
hibition of eicosanoids metabolism by the drug (3}, which 
also should lead to an accumulation of 20:4(n-6) precur- 
sors. Furthermore, this work allows the demonstrat ion 
of some effects of ETYA on the metabolism of (n-3) fa t ty  
acids, which are essential compounds in t rout  {19,20}. 
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In vivo regulation of hepatic HMG-CoA reductase 
{HMGR) {mevalonate:NADP § oxidoreductase [acylating 
Coal]; EC 1.1.1.34] by phosphorylation/dephosphorylation 
has not been demonstrated.  Rats  were meal-fed 
semipurified diets; effects of inclusion of cholesterol {2%) 
or oat bran {15%) in a single meal on expressed {phos- 
phorylated) and total (dephosphorylated) activities of 
HMGR were measured from 15 min to 4 hr af ter  presen- 
ta t ion of the meal. Expressed act ivi ty was not  signifi- 
cant ly altered in response to the control diet during the 
t ime periods examined, while total  H M G R  act ivi ty 
declined by 15 rain and increased through 4 hr to an 
activity about 1.5 times control levels. Addition of choles- 
terol resulted in little change in expressed act ivi ty but 
a greater  and more sustained reduction in total  activity.  
Oat bran caused reductions in both total and expressed 
activities, which were maintained through 4 hr. Total  
HMGR act ivi ty was best  correlated with apparent  de- 
mand for cholesterol synthesis.  
Lipids 22, 1057-1059 (1987). 

I t  has been proposed tha t  act ivi ty of the rate-limiting 
enzyme of cholesterol biosynthesis,/3-hydroxy-f3-methyl- 
glutaryl-CoA reductase (HMGR; 1), can be regulated by 
reversible phosphorylat ion of the enzyme in response to 
hormones (2). Ingebri tsen et al. (3) have demonst ra ted  
that  the degree of phosphorylation and activity of HMGR 
in isolated ra t  hepatocytes  can be manipulated by addi- 
t ion of glucagon or insulin to the incubation medium. 
Evidence for operation of such a mechanism in vivo has 
been less consistent. Brown et al. (4) reported tha t  modu- 
lation of ra t  microsomal H M G R  was not  changed when 
rats  were subjected to light cycling, fasting, stress, 
cholesterol feeding or cholestyramine feeding. Arebalo 
et al. {5) found that  feeding a cholesterol-containing meal 
to rats  resulted in an inhibition of liver microsomal 
H M G R  within 1 hr and tha t  this inhibition could be 
reversed by incubation of microsomes with phosphatase. 

In order to properly invest igate this problem in vivo, 
H M G R  act ivi ty must  be measured within a sufficiently 
short  t ime following a meal. While the s tudy  of Arebalo 
et al. (5) measured the activity 60 rain following the meal, 
a me c ha n i sm  d e p e n d e n t  on h o r m o n e - s t i m u l a t e d  
phosphorylat ion would operate within minutes of the 
s ta r t  of the meal, due to increased circulating insulin 
levels. Furthermore,  no addition to the diet other  than 
cholesterol has been tested for possible effects on H MG R 
activity. We report  the results of an experiment tha t  

1Present address: Department of Community Health, Division of 
Nutrition, Emory University, Atlanta, GA. 
*To whom correspondence should be addressed at Department of 
Foods and Nutrition, Stone Hall, Purdue University, W. Lafayette, 
IN 47907. 
Abbreviations: HMGR, HMG-CoA reductase; SP, control 
semipurified diet; CHL, cholesterol diet; OB, oat bran diet; R t, total 
HMGR activity; R a, expressed HMGR activity. 

followed the course of expressed and total  H M G R  activ- 
i ty  from 15 min to 4 hr following a meal. In addition, we 
tes ted the effect of a diet with added oat  bran, which has 
been useful in lowering serum cholesterol in humans (6,7), 
on the t ime course of H M G R  activity. 

MATERIALS AND METHODS 

Animals were housed under conditions of constant  
tempera ture  and humidity,  l ighted from 9 p.m. to 9 a.m. 
Animals had access to deionized water  ad libitum. Male 
Wistar  ra ts  (Harlan-Sprague-Dawley, Indianapolis, IN) 
weighing 80-116 g were fed a semipurified (SP) diet (50 % 
glucose-hydrate, 20% casein [high nitrogen], 10% corn oil, 
15% cellulose, 4% AIN mineral mix and 1% AIN vitamin 
mix) ad libitum. After  10 days, animals were gradually 
adapted to meal feeding tha t  consisted of a dally, 2 hr 
meal at the onset  of the dark period and were maintain- 
ed on the meal pa t te rn  regimen for the durat ion of the 
experiment.  On the final day of the experiment (day 28), 
animals were randomly assigned to one of three diet 
groups (18 animals per group) and fed a meal of SP diet, 
SP diet with 2% cholesterol (CHL; added at the expense 
of glucose-hydrate) or SP diet with 15% oat bran in place 
of cellulose (OB). Three animals from each diet group were 
killed at  0, 15, 30, 60, 120 and 240 min after  the begin- 
ning of the meal. Liver microsomal fractions were isolated 
in the presence and absence of fluoride and total  H M G R  
activi ty (RJ measured in the absence of fluoride with 
added protein phosphatase and expressed activity (Ro) on 
fluoride-containing samples (8). All enzyme activity deter- 
minations were carried out  in triplicate. Data  were com- 
pared by analysis of variance with each diet-time group 
considered as a t rea tment  (0 t ime and 3 diets at 5 t ime 
points yielding 16 treatments). Where appropriate, means 
were compared using least significant differences based 
on the pooled s tandard error from this analysis (33 d.f.; 
p < 0.05). 

RESULTS 

If  H M G R  activi ty is modulated by  insulin levels (2), ex- 
pressed act ivi ty of microsomal H M G R  (Ro} would be ex- 
pected to rise shortly after the beginning of the meal. Con- 
t ra ry  to this hypothesis, Ro values in animals fed SP diet 
did not  va ry  significantly during 4 hr after  the s ta r t  of 
the meal (89 vs 126 pmol/min rag, Fig. 1). By contrast ,  
H MG R total  activity (Rt) was reduced significantly, from 
1063 pmol/min mg at t ime 0 to 372 pmol/min mg after  
60 min and then increased through 4 hr (1629 pmol/min 
mg, Fig. 2). 

Addition of cholesterol to SP diet caused a much 
greater  reduction in Ro (Fig. 1) than tha t  seen in SP-fed 
animals, and this reduction was maintained throughout  
the 4 hr period. Although analysis of variance did not  in- 
dicate tha t  this change was statist ically significant, its 
magnitude (89 pmol/min mg at t ime 0 to 10 pmol/min mg 
at 30 min) and consistency suggest  tha t  it is biologically 
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FIG. 2. Effects of dietary cholesterol or oat bran on total hepatic 
HMG-CoA reductase activity in rats. Results from semipurified diet- 
fed animals are shown in the top, from cholesterol-fed in the center 
and from cellulose-fed in the lower figure. Rats were trained to eat 
meals, were presented control, oat bran or cholesterol diet at time 
0 and were killed at the times indicated. Each point represents mean 
and standard error of activity in livers from 3 animals. 

significant. The pat tern of R, in CHL-fed animals differed 
from tha t  of the SP-fed group (Fig. 2). Total  enzyme ac- 
t ivi ty  was reduced to 182 pmol/min mg after  15 min and 
remained low, reaching a maximum of only 388 pmol/min 
mg at  60 min and remaining constant  through 4 hr. Ac- 
tivities at all t ime points from 15 to 240 min were 
significantly lower than act ivi ty at t ime 0, indicating an 
inhibition of H M G R  by dietary cholesterol. 

Animals fed oat bran also exhibited reduction in R~ im- 
mediately after ini t iat ion of the meal, reaching a low of 
5 pmol/min mg at 60 rain {Fig. 1). Activities re turned to 
levels similar to those present  before the meal by 4 hr. 
Analysis of variance again indicated tha t  none of these 
differences was significant. Total  act ivi ty decreased to 
a low value of 163 pmol/min mg at 30 rain, re turned to 
582 pmol/min mg by 60 rain and continued to increase 
through 240 min, when it reached an activity of 776 pmol/ 
min mg {Fig. 2). This level of activity was not significantly 
different from the total  act ivi ty at t ime 0. 

DISCUSSION 

Several groups have endeavored to answer the question 
of whether HMGR is regulated by reversible phosphoryla- 
tion in vivo and the additional issue of what  role dietary 
cholesterol may play in such a regulatory scheme. Brown 
et al. (4) reported expressed and total activities of H MG R 
in rats  exposed to differences in light cycling, fasting, 
stress and cholesterol or cholestyramine feeding. They 

concluded that  changes in the rate of cholesterol synthesis 
in liver slices could not  be accounted for by differences 
in the phosphorylat ion s ta te  of HMGR. Changes in R, 
best  reflected cholesterol synthesis  rates over a wide 
range (50-fold) of activities. I t  was suggested tha t  the 
large proportion of H M G R  present  in an inactive 
(phosphorylated) form in vitro was a reservoir of activ- 
i ty tha t  could be called on in the short term. We observed 
no such change in the present  studies. Our observations 
tended to agree with those of Brown et al. (4): tha t  R, was 
best  correlated with expected cholesterol synthet ic  rate 
after  a meal. These effects on R, are consistent  with the 
work of Dugan et al. (9), who showed a dependence of ra t  
liver H M G R  act ivi ty on the feeding s ta tus  of animals. 

Data  presented here suggest  tha t  changes in H M G R  
in response to food take place in a very  short  period of 
time and that  differences in diet composition can influence 
the magnitude of these changes. Dietary cholesterol 
causes a more rapid reduction in H M G R  activity, which 
is of a greater  magni tude than tha t  produced by the SP 
diet alone (83% vs 65% maximum reductions}. In- 
terestingly, subst i tut ion of oat bran for cellulose causes 
a response similar to tha t  of added cholesterol in a similar 
t ime frame. This could result from some absorbable com- 
ponent  present  in oat bran (10) or from some change in 
chylomicron size and/or composition, result ing in their 
more rapid clearance and uptake  by the liver. These 
changes confer additional importance to the examination 
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of changes  in the  chylomicron- to- l iver  m o v e m e n t  of l ip ids  
in  r e s p o n s e  to  d i e t a r y  m a n i p u l a t i o n .  
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The Filamentous Fungus Mortierella alpina, High in Arachidonic Acid 
Nagao Totani* and Kenkichi Oba 
Biological Science Laboratory, Lion Corporation, 202 Tajima, Odawara, Kanagawa, 256 Japan 

Arachidonic acid is not  available readily, a l though it is 
widely distributed in animal t issue.  We found that  in 
some strains of  Mortierella alpina, arachidonic acid ac- 
counted for 68.5-78.8% of the total  fa t ty  acids. This  is 
more than twice the arachidonic acid content  of  any 
organism previously reported. The content of arachidonic 
acid per dry cell weight was  about 25%. Our findings offer 
a method  for the efficient isolat ion of arachidonic acid 
in large amounts .  
Lipids 22, 1060-1062 (1987). 

Arachidonic acid is present widely in the animal kingdom. 
It has been isolated from the lipids extracted from pig 
adrenal gland or pig liver and from sardines, which also 
are an important source of eicosapentaenoic and docosa- 
hexaenoic acids. However, the arachidonic acid content 
is usually less than 5%, and the yield per dry weight is 
0.2% or lower. Hence, large scale production of the acid 
is difficult. 

Methods for culturing microorganisms that would be 
capable of producing larger amounts of arachidonic acid 
(1) have been proposed. Iizuka (2) reported on arachidonic 
acid-producing microorganisms belonging to the genera 
Penicillium, Cladosporium, Mucor, Fusarium, Hormoden- 
dram, AspergiUus and Rhodotorura that are cultured in 
media containing hydrocarbons or carbohydrates as car- 
bon sources. This approach can produce an arachidonic 
acid content up to 7.5% of total lipid weight or less than 
1% of dry cell weight. It also has been reported (3) that  
some strains of the genera Entomophthora, Delacroixia, 
Conidiobolus, Pythium and Phytophthera produce rela- 
tively high arachidonic acid levels. Arachidonic acid 
amounted to 27.1% of total fatty acid in Entomophthora 
exitialis, 19.1% in E. ignobilis and 18.8% in E. thax- 
teriana. It also has been shown (4) that dried mycelia of 
Mortierella renispora contain 4.8% of lipids, 26.7% of 
which is arachidonic acid. Ahem (5,6) showed that the red 
alga Porphyridium cruentum produces arachidonic acid 
with a potential yield of 1-8% of the total dry cell weight. 

However, the arachidonic acid content in these species 
still is not sufficiently high. Hence, it was this study's 
aim to find microorganisms that would be capable of more 
efficiently producing arachidonic acid-containing lipids. 

MATERIALS 

The Institute for Fermentation Osaka, Japan (IFO), and 
American Type Culture Collection (ATCC) RockviUe, MD, 
supplied the strains of MortiereUa alpina used: IFO 8568, 
ATCC 16266, ATCC 32221, ATCC 42430. 

Methyl arachidonate (purity 99%) was purchased from 
Nu Chek-Prep. Inc., Elysian, MN. Malt agar medium was 
purchased from Nissui Pharmaceutical Co., Tokyo, Japan. 
Reversed-phase thin layer chromatographic (TLC) plates, 
RP-18F, were a product of Merck, Darmstadt, West 
Germany. 

*To whom correspondence should be addresses. 
Abbreviations: DEGS, diethyleneglycol succinate; TLC, thin layer 
chromatography. 

Gas-liquid chromatography was carried out using a 
Hitachi 663-50 gas chromatograph and a 1.5-m glass col- 
umn of 3 mm bore packed with diethyleneglycol succinate 
(DEGS) 15%, SE-30 or OV-101. The instrument was fitted 
with a flame ionization detector. Gas chromatography- 
mass spectrometry was done on a Hitachi M-80 and 
followed by data analysis on a Hitachi M-003. 'H-NMR 
and '3C-NMR spectra were measured using a JEOL Model 
FX-90Q instrument. 

METHODS 

Ninety g of malt agar medium was added to 2,000 ml of 
distilled water and autoclaved for 15 min. The resulting 
medium was poured into 100 sterilized dishes that were 
80 mm in diameter. Four strains ofM. alpina (IFO 8568, 
ATCC 16266, ATCC 32221 and ATCC 42430) were 
inoculated each on 25 malt agar plates and incubated at 
25 C for 20 days. On the 6th, 9th, 12th, 15th and 20th 
day after inoculation, mycelia of IFO 8568 growing on 
five plates were collected with a spatula and measured 
for growth and lipid changes. The mycelia of the other 
cultures similarly were collected, dried in an evacuated 
desiccator and then crushed by mortar and pestle using 
chloroform/methanol (2:1, v/v). The lipids were extracted 
with chloroform/methanol (2:1, v/v), and the solvent was 
evaporated. The lipids obtained then were converted to 
methyl esters with sodium methoxide. The fatty acid com- 
position of the esters was analyzed by gas chroma- 
tography. 

For the preparative purification of arachidonate, 50 mg 
of methyl esters that was obtained by the esterification 
of the total lipids from M. alpina IFO 8568 was subjected 
to reversed-phase TLC RP-18F using methanol/aceto- 
nitrile (1:1, v/v) as a developing solvent. A band at Rf 0.41 
was scraped off, and the lipids were recovered to give 
35 mg of methyl arachidonate with a purity of 95.9% (the 
remaining 4.1% being methyl y-linolenate). 

RESULTS AND DISCUSSION 

Mycelium was not observed in any of the cultures until 
the third day after inoculation. Mycelia collected from five 
plates ofM. alpina IFO 8568 from the 6th, 9th, 12th, 15th 
and 20th day of incubation gave the growth results, 
methyl esters profiles, and the increase in arachidonic acid 
shown in Figure 1. 

The fungus growth reached a maximum at about 12 
days, as did the amounts of total methyl esters and 
arachidonate. However, the percentage of arachidonate 
in the methyl esters reached a plateau three days later. 
When fat ty acids other than arachidonic acid were pro- 
duced beyond a certain level, it appears that excess acids 
were metabolized to arachidonic acid. 

Figure 2 shows the changes in the composition of fatty 
acid methyl esters obtained from IFO 8568 mycelia be- 
tween six and 20 days. The sum of the six methyl ester 
percentages at each incubation time stayed near 92.4 __ 
1.5%. Arachidonic acid increased dramatically through- 
out the incubation whereas palmitic, stearic, oleic, linoleic 
and ),-linolenic acids decreased. The content of a-linolenic 
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acid was less than 1%. As is shown in Figure 1, the weight 
of fat ty acid methyl esters excluding arachidonate was 
constant, but the fat ty acid compositions were changing 
markedly. This may suggest that the metabolic pathway 
from C16:0 ~ C18:0 ~ C18:1 ~ C18:2 ~ y-C18:3 
C20:3(dihomo-y-linolenic acid} ~ C20:4 exists also in the 
fungus. Dihomo-y-linolenic acid, a precursor  of 
arachidonic acid, amounted to only a small percentage of 
the total fat ty acids, while the content of y-linolenic acid 
was a few percent. It  appears that younger cells contain 
higher percentages of saturated fatty acid, and older cells 
accumulate arachidonic acid. 

Arachidonic acid content in the total fat ty acids of the 
four strains of Mortierella was 68.5-78.8%, the highest 
value of which was 2.9 times higher than that from 
E. exitialis (3), the highest source previously known. The 
arachidonic acid content per dry cell weight was 22.2- 
26.4%, which was more than 20 times higher than the 
value reported by Iizuka (2) and three times higher than 
that reported by Ahern (5,6}. The other four strains we 
examined gave similar values, but other M. alpina strains, 
such as ATCC 8979 and ATCC 36965, did not show ex- 
ceptional arachidonic acid production when cultured on 
the malt agar medium. 

Experiments with M. alpina IFO 8568 showed that  
similar percentages of arachidonic acid were contained in 
the fat ty acids of neutral and polar lipid fractions, 
although the amount of total fat ty acids from neutral 
lipids was about five times greater than that from polar 
lipids. 

Methyl arachidonate was identified as all cis methyl 
eicosa-5,8,11,14-tetraenoate using the following criteria: 

Elemental analysis. Found: C:79.34%, H:11.21%. Calcd: 
C:79.15%, H:10.77%. 
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Gas chromatography .  Retention t imes of the sample on 
D E G S  15% (column tempera tu re  190 C), SE-30 (column 
t empera tu re  170 C) and OV-101 (column t empera tu re  
170 C) coincided with those of an authentic  s tandard.  

Gas c h r o m a t o g r a p h y - m a s s  spec t rome t ry .  The mass  
f ragmenta t ion  pa t t e rn  obtained by  separa t ing  the sam- 
ple on D E G S  10% (column tempera ture  200 C) and ioniz- 
ing at  70 eV corresponded closely to tha t  of the authen- 
tic s tandard.  The parent  peak  appeared at  m/e 318. 

1H-NMR spec t rometry .  The ' H -NMR  spect rum for the 
sample  resembled tha t  of the s tandard.  Taking the three 
methyl  protons  of the methyl  ester group at  3.6 pa r t s  per 
million (ppm) as s tandard,  there were eight protons  
(5.0-5.7 ppm) associated with carbon-carbon double bonds 
and six protons (2.6-3.3 ppm) with methylene groups be- 
tween double bonds consis tent  with the s t ruc ture  of a 
methylene- in ter rupted  tetraenoate.  Signals derived from 
t rans  double bond protons  were not  detected. 

13C-NMR spec t rome t ry .  The spect ra  showed signals at  
13.8, 22.4, 24.7, 25.5, 26.4, 27.0, 29.2, 31.4 and 3"3.0 p p m  
due to methylene carbon, at 51.2 p p m  for the ester methyl  
carbons, and at  127.0, 127.3, 127.6, 127.9, 128.3 and 
129.8 p p m  for the olefinic carbons. Signals due to carbons 
of trans double bond were not detected. The spectrum was 
identical to tha t  of the authent ic  s tandard.  

In conclusion, we found tha t  mycelia of M. alpina, which 
were incubated on mal t  agar  plates  at  25 C for 15 days, 
produced lipids, the f a t t y  acid of which contained up to 
78.8% of arachidonic acid. The arachidonic acid amounted 
to about  25% of the to ta l  dry  cell weight. This permits  
easy  isolation and purification of arachidonic acid. 
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ERRATUM 

In  the paper  "Cyclic F a t t y  Esters :  Hydroperoxides  f rom Autoxidat ion  of 
Methyl  9-(6-Propyl-3-Cyclohexenyl)-(Z)8-Nonenoate" by  R. A. Awl, E. N. 
Frankel,  and D. Weisleder, Vol. 22, No. 10, pp. 721-730, there was an error 
in a figure legend. 

The legend for Figure 6 should have read: 

FIG. 6. Capillary gas chromatography-mass spectrometry chromatogram of hydroperoxide 
fraction of autoxidized cyclic ester I after hydrogenation and silylation. 
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FOREWORD 

It is becoming a tradition that  in the first week of 
December, clinical oncologists meet with basic research- 
ers in G6ttingen. The aim of these meetings is to continue 
an ongoing discussion on new aspects of tumor therapy 
and to stimulate interaction and cooperation. In 1985, the 
symposium already was devoted to ether lipids. The 
theme was "The Cell Membrane as Target in Tumor 
Therapy."' The organizers, C. Unger, H. Eibl and G. A. 
Nagel, realized that the deep interest in new antitumor 
drugs based on the structure of lysolecithin and its 
analogues should have a worldwide forum. An outcome 
of these discussions was the announcement of the First 
International Symposium on Ether Lipids in Oncology, 
which was held in G6ttingen on December 5-7, 1986. 

We were pleased that  all invited speakers could attend 
the meeting to discuss their ideas on tumor therapy. Since 

lUnger, C., Eibl, H., Nagel, G.A., eds. 11987) AktueUe Onkologie. 
34: Die ZeUmembran als Angriffspunkt der Tumortherapie, W. 
Zuckschwerdt Verlag, Miinchen, Bern, Wien, San Francisco. 

Otto Westphal at the Max-Planck-Institute for Im- 
munobiology in Freiburg was involved from the begin- 
ning in the different aspects of antitumor therapy based 
on the use of chemically modified lysolecithins, we were 
grateful that he accepted our invitation to preside over 
the symposium. 

The organization of the congress was possible only 
because of the generous support by several industrial 
sponsors, such as the Behring-Werke, Boehringer Mann- 
heim, Ciba Geigy, Cyanamid, Degussa Pharma, Farmi- 
talia, Renschler, Thomae, Upjohn, and by the Bundesmin- 
isterium fiir Arbeit und Soziales. We wish to express our 
gratitude for their support. 

To conclude, we hope to continue this effective ex- 
change of new ideas on the development of antitumor 
drugs and their clinical applications when we meet again 
in two or three years. We are looking forward to the Se- 
cond International Symposium on Ether Lipids in On- 
cology in G6ttingen. 

HansjOrg Eibl and Clemens Unger 

ix 



EDITORIAL 

Ether lipids have not always enjoyed regal status. 
Discovered more than half a century ago, ether lipids 
seemed important to primitive starfish and primeval 
sharks. At best, they looked like relics from past millenia 
trying to remind us that evolution had alternatives to the 
fatty ester bond. 

How things have changed. With the discovery of 
platelet activating factor IPAF), we have accepted the fact 
that simple derivatives of ether lysophospholipids can 
carry cellular messages to specific receptor sites. Through 
the pioneering work of Otto Westphal and his colleagues, 
we have learned to understand that alkyl lysophospho- 
lipids {ALP} function as immunomodulators and that they 
deserve recognition of their own because of their rather 
selective antineoplastic cytotoxicity. One of the intrigu- 
ing and promising aspects of tumor chemotherapy with 
alkyl lysophospholipids is that, unlike essentially all other 
antitumor agents, ALP appear to be targeted at the cell 
membrane rather than the nucleus. This opens up entirely 
new approaches to tumor therapy. 

Last December, a distinguished, albeit small, group of 
lipid biochemists, pharmacologists and clinicians con- 
vened in the quaint university town of GSttingen to 
assess the state-of-the-art in ether lipid biochemistry and 
to tally the successes and promises of the first clinical 
trials with ALP as antitumor agents. The meeting was 
prepared meticulously by the local organizing committee 

under the auspices of the German Cancer Society, the 
Association of Medical Oncology, the Association of 
Experimental Oncology and the International Union 
Against Cancer. By all measures, the meeting was a splen- 
did success. 

This special issue of Lipids contains 35 peer-reviewed 
contributions based on papers and posters presented at 
this First International Symposium on Ether Lipids in 
Oncology. The issue is a timely document of the current 
knowledge in this exciting field. We at Lipids are proud 
to be part of this. 

We wish to express our appreciation to Professor Otto 
Westphal, president of the symposium, and to Drs. 
HansjSrg Eibl and Clemens Unger and the other members 
of the organizing committee for their commitment and 
support. I also wish to thank the colleagues who have 
coedited this issue. We are indebted to the many review- 
ers for their effort and advice. 

Finally, I would like to express my sincere gratitude 
to Professor Helmut K. Mangold. He not only was in- 
strumental in bringing about this issue but he introduced 
me to the field of ether lipids when I joined his laboratory 
as a postdoctoral fellow just 25 years ago. He never left 
any doubt in my mind that ether lipids deserve regal 
status. 

~ W o l f g a n g  J. Baumann 
Editor 
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