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Abstract NADPH-dependent lipid peroxidation in liver 
microsomes, as measured by malondialdehyde formation, 
decreased by 90% when rats were fed a diet containing 
16% coconut oil. This reduction occurred within 1 to 3 days 
after the rats were placed on this highly saturated diet. 
The  decrease in peroxidation activity was associated with a 
reduction in the polyunsaturated fatty acid content of the 
microsomal phospholipids, particularly arachidonic acid. 
When the rats were transferred to a highly polyunsaturated 
diet containing 16% sunflower seed oil, microsomal lipid 
peroxidation and arachidonic acid content were restored to 
normal values within 10 days. Arachidonic acid contained 
in the microsomal choline and ethanolamine phosphoglyc- 
erides was the main substrate for peroxidation. Addi- 
tion of diarachidonyl phosphatidylcholine, but not free 
arachidonic acid, to the assay system restored peroxida- 
tion activity in the microsomes prepared from the livers 
of the rats fed saturated fat. Likewise, prior incubation 
of these microsomes with a mixture of phospholipid ex- 
change protein and liposomes containing diarachidonyl 
phosphatidylcholine restored peroxidation activity.l These 
results indicate that diets rich in saturated fat reduce 
microsomal lipid peroxidation by decreasing the avail- 
ability of polyunsaturated fatty acids in substrate phos- 
pholipids.-Lokesh, B. R., S. N. Mathur, and A. A. Spector. 
Effect of fatty acid saturation on NADPH-dependent lipid 
peroxidation in rat liver microsomes. J .  Lipid Res. 1981. 
22: 905-915. 
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The fatty acid composition of rat liver microsomes 
can be altered considerably by changes in the satura- 
tion of the dietary fat (1 -3). This leads to a change 
in the activity of several microsomal enzymes (4-7), 
including the ascorbate-induced lipid peroxidation 
system (1). Peroxidation is reduced when the micro- 
somes are prepared from the livers of rats fed a 
highly saturated diet containing lard or coconut oil. 
Conversely, the activity of this peroxidation system 
is enhanced when a polyunsaturated fat-rich diet con- 
taining herring oil is fed. The microsomal peroxida- 
tion system utilizes the polyunsaturated fatty acid 
components of phospholipids, especially arachidonic 
acid, as substrate (8- 10). Therefore, feeding saturated 

fat probably reduces peroxidation by decreasing the 
availability of arachidonate or other polyunsaturates 
in the microsomal phospholipid substrates. On the 
other hand, the possibility that the peroxidation ef- 
fect was not a direct consequence of the changes 
in microsomal fatty acid composition could not be 
excluded since the lipid modifications were produced 
by diet in the intact animal. 

In the present study, we have observed that, like 
the ascorbate-dependent system ( l) ,  NADPH-de- 
pendent lipid peroxidation in rat liver microsomes 
is reduced considerably by feeding a diet rich in 
saturated fat. Furthermore, the peroxidation activity 
of these microsomes was restored by either adding 
diarachidonyl phosphatidylcholine to the assay me- 
dium or incubating the microsomes prior to assay 
with a mixture of phospholipid exchange protein 
and liposomes containing diarachidonyl phosphatidyl- 
choline. Based upon these findings, it appears that 
the diet-induced changes in lipid peroxidation can be 
explained entirely by the modifications that are pro- 
duced in the fatty acid composition of the microsomes. 

MATERIALS AND METHODS 

Materials 
NADPH, ADP, ATP, coenzyme A, cytochrome c, 

glucose 6-phosphate and the phospholipids used for 
liposome preparations were purchased from Sigma 
Chemical Company (St. Louis, MO). The purity of 
the synthetic phospholipids was checked by thin-layer 
chromatography, and their fatty acid compositions 
were determined by gas-liquid chromatography. All 
of the phospholipids used were >99% pure. Arachi- 
donic acid was purchased from Nu-Chek Prep 
(Elysian, MN) and was also found to be 99.5% pure 

Abbreviations: M,, microsomes prepared from the livers of rats 
fed the diet supplemented with sunflower seed oil (polyunsatu- 
rated-enriched); M,, microsomes prepared from the livers of rats 
fed the diet supplemented with coconut oil (saturated-enriched). 
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by gas-liquid and thin-layer chromatography. 2- 
Thiobarbituric acid was obtained from Eastman Kodak 
Co. (Rochester, NY). Weanling male Sprague-Dawley 
rats weighing between 50-65 g were employed for 
all of these studies. 'They were maintained on a semi- 
synthetic diet consisting of 54% sucrose, 27% casein, 
1% vitamin mix, and 4% mineral mix (Teklad 
Mills, Madison, WI) supplemented with either 16% 
sunflower oil (Cargill, Inc., Minneapolis, MN) or 16% 
coconut oil (Ruger Chemical Co., Irvington, NJ). 
The preparation and fatty acid compositions of these 
diets have been reported (1  1). Fresh diets were pre- 
pared every week, and they were analyzed every 3-4 
days for fatty acid composition and for autoxidation. 
When initially prepared, the coconut oil diet con- 
tained 7% unsaturated fatty acids as measured by 
gas-liquid chromatography and 15 to 30 nmol/g 
of malondialdehyde as determined by the thio- 
barbituric acid method. The sunflower oil diet con- 
tained 89% unsaturated fatty acid and 20 to 55 nmol/g 
of malondialdehyde. If either the unsaturated fatty 
acid content decreased by more than 5% or the malon- 
dialdehyde value increased by more than 50%, the 
batch of diet was discarded and replaced with a fresh 
preparation. The animals were housed in a room main- 
tained at 20-22°C with lights on from 0700 to 1900. 

Preparation of microsomes 
Rat liver microsomes were prepared as described by 

Kamp and Wirtz (12). Unless otherwise stated, two 
groups of rats from the same batch were maintained 
on the special diet for 40 days. The animals had free 
access to food and water until they were decapitated. 
Immediately after decapitation, the liver was removed 
and placed in cold Krebs Ringer phosphate buffer, pH 
7.4. All the subsequent operations were carried out at 
4°C. The livers were perfused with cold Krebs Ringer 
phosphate buffer, weighed, minced, and homoge- 
nized in 0.25 M sucrose-10 mM Tris-1 mM EDTA 
buffer, pH 7.4 (10% w/v) with a motor-driven Teflon 
pestle. Fractions of the homogenate were isolated by 
sedimentation at 600 g for 15 min, 15,OOOg for 20 
min, and 100,000 g for 60 min. The 100,000 g pellet 
was washed with 10 mM Tris HCl buffer, pH 8.6, 
followed by 1 mM Tris HCI buffer, pH 8.6. The 
washed microsomal pellet was suspended (4-6 pug/ ml) 
either in 0,154 M KCI for immediate use or in the 
sucrose buffer for storage in liquid nitrogen. N o  
thiobarbituric acid reactive material was detected in 
any of the microsomal preparations that were used for 
this studv. 

Microsomal enzyme assays 
Whenever possible, the freshly prepared micro- 

somes suspended in 0.154 M KCl were tested im- 
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mediately after preparation. If storage in liquid nitro- 
gen was required, the microsomes were sedimented 
from the sucrose buffer, dispersed in 0.154 M KCl, 
resedimented, and then suspended in fresh 0.154 M 
KCl to give a protein concentration of 4-6 mg/ml. 
In order to measure peroxidase activity, microsomal 
suspensions (between 400 to 600 pg  of protein), 
0.025 M Tris HCl buffer, pH 7.5, 1 mM ADP, and 
10 p M  FeCl, were mixed, and the volume was made 
up to 3 ml with 0.154 M KCl. After incubation at 
37°C for 3 min, the reactions were initiated by add- 
ing 50 pM NADPH. Appropriate incubations con- 
taining no enzyme or cofactors were included, and 
any peroxide formed in these controls was sub- 
tracted from the experimental values. The highest 
malondialdehyde value obtained in these control 
incubations was 0.20 to 0.45 nmol/mg protein, and 
the value for the control never exceeded 2.5% of the 
experimental value. After 10 min, the reaction was 
terminated with 0.1 ml trichloroacetic acid and malon- 
dialdehyde was measured spectrophotometrically with 
thiobarbituric acid (1 3) using an extinction coefficient 
of 1.56 x lo5 M-' cm-'. In certain cases where soni- 
cated phospholipids were contained in the assay, 
slightly elevated blank malondialdehyde values were 
obtained. These values were 0.32, 1.02, and 1.61 
nmol of malondialdehyde per assay for dioleoyl-, 
dilinoleoyl- and diarachidonyl phosphatidylcholine, 
respectively. N o  increase in the blank value oc- 
curred with dipalmitoyl phosphatidylcholine. The 
blank malondialdehyde values were subtracted from 
the corresponding experimental values in each case. 

Glucose 6-phosphatase activity was determined by 
measuring inorganic phosphate release ( 14). NADPH- 
cytochrome c reductase activity was determined 
spectrophotometrically by measuring the reduction of 
cytochrome c at 550 nm (15). Protein was estimated 
by the method of Lowry et al. (16) using bovine 
serum albumin as reference standard. 

Lipid analysis 
Lipids were extracted from the microsomes with 

20 ml chloroform-methanol 2:l (v/v) (17), and the 
washed chloroform phase was taken for analysis. 
Phospholipids were estimated by the method of Reheja 
et al. (18) using dipalmitoyl phosphatidylcholine as 
reference standard. Cholesterol was estimated by the 
cholesterol oxidase method (19). Vitamin E was meas- 
ured by the fluorometric method of Taylor, Lamden, 
and Tappel (20). Phospholipid classes were separated 
by thin-layer chromatography on silica gel H with 
chloroform-methanol-acetic acid - water 100:60: 16:8 
(2 1). Phospholipids were eluted and measured by the 
method of Reheja et al. (18) with dipalmitoyl phos- 
phatidylcholine as the standard. 
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Fatty acid composition was determined by gas- 
liquid chromatography after the lipid samples were 
saponified with 0.5 N NaOH in methanol and methyl- 
ated with 14% BF3 in methanol (3). Fatty acid 
methyl esters were separated with a Hewlett-Packard 
57 10A gas chromatograph equipped with flame 
ionization detector and glass column (6 feet x 4 mm 
inside diameter) packed with 10% SP2330 on Chro- 
mosorb WAW. Peak areas were measured with Hew- 
lett-Packard 3380A integrator. N2 (40 ml/min) was 
used as the carrier gas. The individual fatty acids 
were identified by comparing their retention time 
with standards obtained from either Supelco, Inc., 
(Bellefonte, PA) or Nu-Chek Prep (Elysian, MN). 

The fatty acid composition results are expressed 
in terms of nmol/mg microsomal protein. For con- 
version to molar values, the fatty acid percentages 
obtained from the chromatograms were multiplied 
by twice the amount of phospholipid measured as 
nmol/mg microsomal protein. This calculation as- 
sumes that there are two moles of fatty acid per 
mole of phospholipid. A similar procedure was used 
to convert the fatty acid percentages obtained from 
the chromatograms of the choline and ethanolamine 
phosphoglyceride fractions into molar quantities. First, 
the percentage that these two fractions contributed 
to the total microsomal phospholipid content was de- 
termined following separation by thin-layer chro- 
matograph) (18 ,2  1). From these percentages and the 
total microsomal phospholipid content, the amount of 
choline and ethanolamine phosphoglycerides present 
was calculated in nmol/mg microsomal protein. Finally, 
these values were multiplied by the fatty acid per- 
centages obtained from the gas-liquid chromato- 
grams to give values for each fatty acid in the two 
phospholipid fractions in terms of nmol/mg micro- 
somal protein. 

Membrane modification using phospholipid 
exchange proteins 

Phospholipids dissolved in organic solvent were 
evaporated to dryness under a stream of N2 and 
0.154 M KCI was added to give a concentration of 
2.5 mM. After vortex mixing, the suspension was 
sonicated for 1 min in ice under a stream of N2. This 
procedure produced a clear suspension of phospho- 
lipid vesicles. When dipalmitoyl phosphatidylcholine 
vesicles were prepared, the sonication was done 
at 45°C. 

Phospholipid exchange protein was purified from 
beef liver (22). Rat liver microsomes (500-600 pg 
protein) in the sucrose buffer, pH 7.4, were incu- 
bated with diarachidonyl phosphatidylcholine lipo- 
somes (556 pg) in the presence or absence of 150 
p1 of purified phospholipid exchange protein (1975 
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Fig. 1. Effect of time and protein concentration on microsomal 
lipid peroxidation. The  reaction mixture contained 400-600 pg 
of microsomal protein in 0.154 M KCI, 0.025 M Tris HCI buffer, 
pH 7.5, 1 mM ADP, and 10 p M  FeCI3. After equilibrating 
at 37°C for 5 min, the reaction was initiated by adding 50 p M  
NADPH. The incubations were terminated at the times indicated 
on the left by adding 0.1 ml of trichloroacetic acid, and the 
malondialdehyde formed was measured. Each value is the mean 
k SE of four separate microsomal preparations. The experi- 
mental conditions were the same in the experiment shown on the 
right except that the microsomal protein concentration was varied. 
All of the incubations were for 10 min. The data points were ob- 
tained froin three different microsomal preparations. Peroxida- 
tion is expressed as malondialdehyde formed (MDA) in nmol/mg 
protein on the left side and nmol/lO min on the right side. 

units) at 37°C for 60 min. The mixture was layered 
over 7 ml of 20% sucrose in 10 mM Tris HC1 
buffer, pH 7.4, and centrifuged at 100,000 g for 30 
min. The microsomal pellet was washed and sus- 
pended in 0.154 M KCI. These microsomes were 
used for lipid analysis and enzyme assay. 

RESULTS 

Differences in peroxidation 
Incubation of rat liver microsomes at 37°C in the 

presence of NADPH, ADP, and FeC1, resulted in the 
formation of malondialdehyde as detected by the 
thiobarbituric acid assay. As seen in Fig. 1 (Left side), 
the amount of malondialdehyde formed at each time 
point was considerably greater with the microsomes 
prepared from the livers of rats fed the sunflower 
oil diet (M,) as compared with those from the livers 
of rats fed the coconut oil diet (Ms).  The rate with 
M, was linear for approximately 10 min, after which 
time it decreased somewhat. With M,, the reaction 
rate was quite slow for the first 4 min. After this 
initial lag period, the rate increased and was ap- 
proximately linear for the next 6 to 8 min before it 
decreased. The slope of the linear increase in malon- 
dialdehyde formation was 2.4 nmol/mg protein per 
min f o r  M,, whereas it was only 0.6 nmol/mg protein 
per min for the linear segment of the M, curve. At 
the end of the 30-min incubation, the amount of 
malondialdehyde formed by M, was twice as much 
as that formed by M,. 
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Fig. 2. Effect of cofactors on microsomal lipid peroxidation. 
The experimental conditions are the same as in Fig. 1 except for 
the variations in NADPH,  ADP, and FeCI, concentrations. The 
values are the mean 2 SE of four separate microsomal prepara- 
tions. Peroxidation is expressed as malondialdehyde formed 
(MI)..\) i n  nmolimg protein during 10 inin of incubation. 

Since the assay required a period of color de- 
velopment, it was not feasible to carry out a time- 
dependent measurement in order to obtain the actual 
linear- rate for each sample. Considering the dif- 
ferences in the reaction progress curves for M, and 
M,, the best single time point to estimate the initial 
rate was judged to be 10 min, and this time was 
selected for all subsequent measurements. While the 
1 O-min values provide a reasonable comparison be- 
tween M, and M,, they are not suitable for calcula- 
tion of kinetic parameters because they are only 
estimates of the initial rate. 

As shown on the right side of Fig. 1,  higher 
rates of malondialdehyde formation occurred with 
M, at all of the microsomal protein concentrations 
tested when the 10-min incubation time was em- 
ployed. Similar results were obtained in additional 
experiments in which the time of incubation was 
extended to 15 or  30 min; at each protein con- 
centration tested, the peroxidation obtained with 
M, was considerably greater than that obtained 
with M,. 

In order to determine whether the observed dif- 
ferences in peroxidation might be due to some limita- 
tion of the assay system, the concentrations of NADPH, 
ADP, and FeCl, were varied as is shown in Fig. 2. 
Under all of the conditions tested, considerably higher 
malondialdehyde values were obtained with M,. For 
all subsequent studies, the concentrations employed 
were 50 pM NADPH, 1 mM ADP and 10 p M  FeCl,. 
As seen in Fig. 2,  somewhat higher peroxidation 
values could be obtained in certain instances if 
larger concentrations of these cofactors were added. 
In  no case, however, did these moderate increases 
lead to any alteration in the conclusion that peroxida- 
tion was greater with M, than with M,. In another 
experiment, the cofactor mixture was added five sep- 

arate times to the microsome preparations, each 
incubation lasting for 10 min. As a result of the first 
exposure to cofactors, the M, preparations produced 
50 ? 2 nmol/mg protein or malondialdehyde, whereas 
the M, preparations produced 11 ? 4 nmol/mg pro- 
tein. When the values from the five sequential incuba- 
tions were added together, the total increased only 
to 55 +- 2 nniol/mg protein for the M, preparations 
and to 13 ? 0.8 nmol/mg protein for the M, prepara- 
tions. These results demonstrate that the observed 
differences between M, and M, are valid in spite of 
the fact that the cofactor concentrations employed in 
the routine assays were slightly suboptimal. The  abil- 
i ty  of the microsomes to oxidize the multiple addi- 
tions of NADPH was not measured in this experi- 
ment. Therefore, it is possible that the failure to ob- 
serve continuing increments in lipid peroxidation was 
due to a limitation in cofactor oxidation and not to 
the peroxidation process itself. 

In order to determine whether the differences in 
peroxidation might be due to differences in the 
antioxidant content of the microsomes, the vitamin E 
content of M, and M, was measured. The  values ob- 
tained were 0.35 ? 0.05 pg/nig protein for M, and 
0.45 2 0.02 pg/rng protein for M,. Although this 
indicated a tendency toward lower values in M,, the 
difference was not statistically significant (0.1 < P 
< 0.2, n = 7). 

Lipid modifications 
The  fatty acid compositions of M, and M, were 

considerably different as shown in Table 1. The  
phospholipids of M, contained 22% more polyun- 
saturates, whereas the phospholipids of M, contained 
89% more monounsaturates. These differences were 
due primarily to changes in their 18: l', 18:2, and 20:4 
contents. M, was enriched in 18:2 and 20:4, whereas 
M, was enriched in 18:l. No differences in the sat- 
urated fatty acid content of the M, and M, phos- 
pholipids were observed, with saturates accounting 
for about 45% of the fatty acyl groups in both cases. 
The  differences in the fatty acid compositions of 
the M, and M, phospholipids were similar to those 
observed for the total lipid extracts of these micro- 
somes (see Table 4). During peroxidation, 55% o f '  
the 20:4, 50% of the 22:5, and 58% of the 22:6 in 
M, phospholipids were depleted. These values are 
very similar to those reported by Tam and McCay 
(9) for hepatic microsomes from rats maintained on 

The fatty acids are abbreviated as number of carbon atoms: 
number of double bonds. Therefore, 18: 1 represents an 18 carbon 
atom acid containing one double bond. 
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ordinary rodent chow. Lesser amounts of the initial 
20:4, 22:5, and 22:6 content were depleted in M, dur- 
ing peroxidation, the values being 18, 4, and 30%, 
respectively. 

The phospholipid and cholesterol contents of M, 
and M, were similar, the values being 585 * 20 
and 46 * 2 pg/mg microsomal protein, respectively. 
These values were not significantly decreased fol- 
lowing the peroxidation reaction. Choline phos- 
phoglycerides, which comprised about 70% of the 
microsomal phospholipids in both M, and M,, were 
not reduced following peroxidation. Ethanolamine 
phosphoglycerides accounted for about 17% of the 
microsomal phospholipids in both cases. They also 
were not reduced following peroxidation in M,. In 
M,, however, the ethanolamine phosphoglyceride 
content decreased by 4 1 % following peroxidation. 

Fractionation of the phospholipids indicated that 
the phosphatidylcholine fraction exhibited the most 
marked changes. Phosphatidylcholine in M, had 
about a twofold enrichment of 18:2 and 20:4, 
whereas phosphatidylcholine in M, had twofold in- 
crease in 18: 1. Phosphatidylethanolamine was modi- 
fied to a lesser extent and contained about the same 
amount of 20:4 in both M, and M,. Both of these 
fractions contributed 20:4, 22:5, and 22:6 for per- 
oxidation. As a percentage of their initial fatty acid 
composition, each fraction contributed fatty acids 
to roughly the same extent. Since the choline phos- 
phoglycerides accounted for about 70% of the phos- 
pholipid in the microsomal preparations, whereas 
the ethanolamine phosphoglycerides accounted for 
only about 17%, the choline fraction contributed 
much more total fatty acid for peroxidation. Some 
18:2 was depleted from the ethanolamine fraction 
during peroxidation, especially in M,, but this did not 
occur to any appreciable extent in the choline frac- 
tion. Fatty acid analysis of the serine plus inositol 
phosphoglyceride and the phosphatidic acid fractions 
revealed that these phospholipids did not contribute 
much fatty acid for peroxidation in either M, or M,. 

Effect of added arachidonic acid 
Since 20:4 was the major inherent substrate for 

peroxidation and appeared to be the limiting factor 
in M,, we examined the effect of adding this fatty 
acid to the microsomes on the peroxidative activity. 
Arachidonate was added in the form of a complex 
with albumin. The amount of albumin was in- 
creased as the arachidonate concentration was raised 
so that the molar ratio of arachidonate to albumin 
was 4.0 in all cases. As shown on the left side of Fig. 3, 
addition of up to 2 mM arachidonic acid did not 
stimulate peroxidation in M,, and peroxidation in 
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TABLE 3. Effect of phosphatidylcholines 
on lipid peroxidation" 

Arachidonic Acid (mu) Albumin (mM) 

Fig. 3. Effect of arachidonic acid and albumin concentrations on 
microsomal lipid peroxidation. A5 the arachidonic acid conceii- 
tration was raised. the albumin concentration was raised from 
0.125 to 0.5 niM so that the molar ratio of arachidonate to 
albumin remained 4 in each case. The values are mean t SE of. 
four separate microsomal preparations. Peroxidation is expressed 
as tnalondialdehyde formed (MDA) in nmol/rng protein during 
10 min of incubation. 

M, was inhibited. The  degree of inhibition in M, was 
about the same at all of the arachidonate concentra- 
tions tested. In  order to determine whether the 
added albumin might be partly responsible for the 
inhibition noted with M,, the effect of albumin itself 
was tested. As seen on the right side of Fig. 3, al- 
bumin when added in the same concentrations as 
in the arachidonic acid experiment inhibited the 
peroxidation activity in M,, suggesting that albumin 
rather than arachidonate was the main inhibitory 
factor. Albumin itself had little effect on peroxida- 
tion in M,. 

In further experiments, ATP, CoA, and MgCI, were 
added together with arachidonic acid in order to 
determine whether stimulation of peroxidation might 
require a prior conversion of the added fatty acid 
to fatty acyl CoA, perhaps in order to facilitate 

TABLE 2. Effect of added arachidonic acid 
on lipid peroxidation" 

Malondialdehyde Formed 

Additions w XI, 

nmollmg protrzn 

None 56.5 t 2.3 5.7 2 0.3 
Arachidonic acid (0.25 mM) 39.0 t 3.4 3.4 t 0.8 
Arachidonic acid (0.25 mM) 

+ATP (3 mM) 
+CoA (0.1 mM) 36.4 2 1.4 10.7 2 1.3 
+MgCI, ( 3  mM) 

" Arachidonic acid dissolved in 0.15 M KCI by sonication was 
incubated with microsomes in the presence or absence of .4TP, 
CoA, and MgCI, for 10 min at 37°C. Lipid peroxidation was then 
initiated by adding ADP, FeCI,, and NADPH. Appropriate fatty 
acid blanks were included, and the blank values were subtracted 
from experimental values. Results are the mean ? SE of three 
microsomal preparations. 

Malondialdehyde Formed 

Addition P >Is 

iimollmg protein 

None 55.6 k 1.9 3.4 t 0.5 
Diarachidonyl phosphatidylcholine 103.6 t 2.0 105.9 t 5.2 
Dioleoyl phosphatidylcholine 53.8 t 1.8 13.0 t 1.1 
Dilinoleoyl phosphatidylcholine 58.6 t 2.4 43.7 t 1.0 
Dipalniitoyl phosphatidylcholine 54.4 t 3.8 3.8 t 0.4 

" Phosphatidylcholine liposomes (2 10 p g )  were added to the assay 
system and tnalondialdehyde formation was determined after 10 
niin of incubation. Appropriate liposome blanks were included, and 
the values obtained were subtracted from the experimental values. 
The results are mean ? SE of four microsomal preparations. 

incorporation of the added arachidonate into micro- 
somal lipids. Preliminary experiments indicated that 
['Hlarachidonate was esterified into microsomal lipids 
only when these cofactors were added. As shown in 
Table 2, a threefold stimulation in peroxidation was 
observed in Ms when the cofactors were present. 
These results suggest that added arachidonate can 
stimulate peroxidation in microsomes containing 
a relatively l ow inherent arachidonate content, but 
only if it can be activated. Even though the degree 
of stimulation in M, was relatively large, the ab- 
solute peroxidation value was far below that which 
inherently occurred in M,. 

Effect of added phosphatidylcholine 
As shown in Table 3, peroxidation was stimulated 

considerably in both M, and M, when the assay sys- 
tem contained diarachidonyl phosphatidylcholine. 
The  concentration of diarachidonyl phosphatidyl- 
choline used in these experiments produced maxi- 
mal peroxidation activity with both M, and M,. Under 
these conditions the activity was stimulated 3 1-fold 
in M,, but only about 2-fold in M,. Yet, the resulting 
absolute activities in both microsomal preparations 
were similar and almost twice as high as the maximum 
values obtained with M, when only inherent sub- 
strate was available. None of the phosphatidylcholines 
containing other fatty acyl groups stimulated per- 
oxidation in M,. In  M,, however, dioleoyl phos- 
phatidylcholine produced a 3.4-fold stimulation in 
peroxidation, and dilinoleoyl phosphatidylcholine 
produced a 13-fold stimulation. In  both of these 
cases, however, the peroxidation level to which M, 
was stimulated was less than the value obtained 
with M, when no substrate was added. 

In  an attempt to explore the mechanism whereby 
diarachidonyl phosphatidylcholine stimulated per- 
oxidation, we added this phospholipid to microsomes 
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TABLE 4. Microsomal fatty acid modifications produced by incubation 
with diarachidonyl phosphatidylcholine" 

Fatty Acid Composition 

M, M, 

DAPC DAPC 
Fattb Acid Control DAPC + PLEP Control DAPC + PLEP 

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

nmollmg protein 

214 k 18 200 t 13 186 t 15 
16 t 4.2 16 t 2.8 14 ? 2.8 

366 t 11 346 t 12 310 t 12 
106 2 8.6 100 t 5.5 98 t 5.6 
184 k 2.8 174 2 4.2 158 t 7.2 

14 t 1.2 13 t 2.2 10 t 1.6 
432 t 17 494 t 5.5 6 0 2 t  22 

38 t 5.6 32 t 4.2 22 t 7.2 
19 t 1.2 15 t 0.4 11 t 0.8 

248 t 5.8 186 2 38 202 t 7.4 
58 t 5.8 44 2 4.4 46 k 5.8 

3 4 4 t  12 352 t 10 298 2 5.8 
298 t 12 254 2 3.0 224 t 4.4 

92 c 5.4 94 t 1.4 90 t 3.0 
108 t 5.8 108 2 4.4 90 t 3.0 
184 t 10 3 2 0 k  5.8 444 k 10 
32 ~?r 7.0 32 t 0.4 24 t 0.8 
30 t 1.4 32 2 2.2 22 k 1.4 

Microsomes were incubated with diarachidonyl phosphatidylcholine liposomes (DAPC) for 60 min 
in the presence or absence of phospholipid exchange protein (PLEP). After incubation, the microsomes 
were isolated by sedimentation and their total fatty acid compositions were analyzed. The results are 
mean i: SE of four microsomal preparations. 

in the presence of beef liver phospholipid exchange 
protein. Lipid analyses and assays were carried out 
after the microsomes were isolated from this incuba- 
tion medium by sedimentation. As shown in Table 4, 
the 20:4 content of M, was increased 2.4-fold when 
liposomes and phospholipid exchange protein were 
present. Even without phospholipid exchange pro- 
tein, prior incubation with diarachidonyl phosphatidyl- 
choline increased the 20:4 content of M, by 1.8-fold. 
Lesser increases in 20:4 content were produced in 
M,, although even in this case a 39% increase was 
observed when phospholipid exchange protein was 
present. There were no statistically significant in- 
creases in the total phospholipid content of any of the 
microsome preparations following incubation with the 
liposomes. Therefore, the differences in fatty acid 
composition result primarily from exchange of lipo- 
somal and microsomal phospholipids. 

Peroxidation values for the microsomes pretreated 
with diarachidonyl phosphatidylcholine are presented 
in Table 5. N o  stimulation was produced in M,. By 
contrast, there was a 5-fold stimulation in M, when 
the microsomes were incubated initially with the lipo- 
somes alone and a 15-fold stimulation when phos- 
pholipid exchange protein was contained in the 
incubation mixture. 

curred within 3 to 7 days. Within 3 days, the 20:4 
content of M, was twice as high as in M,. Similarly 
18:2 was increased twofold and 18:l was decreased 
twofold within 3 days. The changes in 22:6 content 
occurred more slowly, and the percentage of this 
acid decreased in both M, and M,. N o  significant dif- 
ferences in the percentage of saturated fatty acids 
were observed between M, and M, during the 40- 
day feeding period. 

As shown in Table 6, maximum differences in 
the peroxidation activity between M, and M, were 
observed within 24 hr after the high-fat diets were 
begun. The values obtained with M, were 10 to 16 
times higher than those obtained with M,. By con- 
trast, there was no consistent difference in the 
NADPH-cytochrome c reductase activity of M, and 
M,. Glucose 6-phosphatase activity was higher in M, 

TABLE 5. Lipid peroxidation in hepatic microsomes 
modified by incubation with diarachidonyl 

phosphatidylcholine liposomes" 

Malondialdehyde Formed 

Treatment MP M, 

nmollmg profein 

None 
DAPCb 

61.1 t 1.8 3.0 2 0.1 
59.5 t 5.8 14.8 2 3.0 

DAPC + PLEPc 65.0 % 3.9 45.6 k 5.8 Length of feeding period 

order to determine the rapidity with which 
changes in fatty acid composition and 
lipid peroxidation can occur, we fed weanling rats 
the fat-supplemented diet for different lengths of 
time. As shown in Fig. 4, maximum changes in 
microsomal unsaturated fatty acid composition oc- 

Microsomes were treated with diarachidonyl phosphatidyl- 
choline liposomes in the presence or absence of phospholipid 
exchange protein. Lipid peroxidation in these modified microsomes 
was determined by measuring the amount of malondialdehyde 
formed during a 10-min incubation period. The results are mean 
t SE of four microsomal preparations. 

b Diarachidonyl phosphatidylchoIine, 
Phospholipid exchange protein. 
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Fig. 4. Changing microsomal polyunsaturated fatty acid composi- 
tion during the feeding period. Weanling rats were maintained 
on the high fat diet for the time intervals indicated. The 
values represent the amount of a given fatty acid as a percent 
of the total fatty acid contained in the microsomes. Each point 
is the average value of duplicate determinations from two 
microsomal preparations. 

than in M, between the 8th and 40th day, but the 
difference was only about 20-25%. Thus, individual 
enzymes respond differently and to different extents 
to a given microsomal fatty acid modification. Al- 
though the rapid reduction in peroxidation probably 
is due to the decrease in polyunsaturated fatty acid 
content of M,, it is possible that it could have re- 
sulted from the presence of an antioxidant in the diet 
supplemented with coconut oil. 

In  order to determine the reversibility of the 
microsomal fatty acid modifications and the changes 
in peroxidation activity, a group of animals was 
transferred from one diet to the other. After rats 
were fed the coconut oil diet for 60 days, they were 

TABLE 6 .  Comparison of enzyme activities in liver microsomes'' 

NADPH- 
Length of dependent NADPH 
Feeding Microsomal Lipid Cytochrome Glucose 
Period Preparation Peroxidation c Reductase 6-phosphatase 

dayr nmollmg 
protein110 mzn 

55.8 
3.4 

55.9 
4.8 

50.3 
6.8 

55.6 
5.7 

m w i "  
proteinlmin 

101.6 
91.0 

113.6 
121.2 

96.5 
104.4 

115.3 
101.9 

pmol Pilmg 
profeinll0 min 

9.9 
8.1 

11.9 
14.5 

9.9 
12.2 

9.6 
12.1 

'' Microsomes were prepared from the livers of rats maintained 
on special diets for the time intervals indicated. Results are the 
average values of duplicate determinations for two microsomal 
preparations. 
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Fig. 5. Keversibility of dietary effects on lipid peroxidation and 
arachidonic acid content. Three groups of rats were maintained 
on the special diets for 60 days. One was fed the diet rich in 
polyunsaturated fat (P), and two were fed the diet rich in sat- 
urated fat (S). The values obtained at the end of this 60-day 
period for hepatic microsomal lipid peroxidation and arachidonic 
acid are shown as Day 0. Peroxidation is expressed as malondialde- 
hyde formation (MDA) in nmol/mg protein during 10 min of 
incubation. Arachidonic acid content (20:4) is expressed as a per- 
centage of the total microsomal fatty acids. One group of rats was 
maintained on the saturated and another on the polyunsaturated 
fat diets for an additional 10 days. The values for these two 
groups of rats are designated on the figure as M, and M,, re- 
spectively. The third group of rats was switched for the final 10- 
day period from the saturated to the polyunsaturated fat-rich 
diet. The peroxidation and arachidonate values for this group 
are designated on the figure as M,,,. Each point represents the 
average of triplicate values obtained from a single liver micro- 
somal preparation. 

transferred to the sunflower oil diet. As seen in the 
lower portion of Fig. 5,  the 20:4 content of the 
microsomes in this group increased to the level 
present in M, within 10 days after transfer to the 
sunflower oil diet. Similarly, as shown in the upper 
portion of Fig. 5, the peroxidation activity of the 
microsomes increased to the level present in M, within 
10 days. These findings indicate that both the fatty 
acid compositional modifications and the decrease in 
peroxidase activity are reversible fairly quickly even 
after relatively long-term feeding of a highly sat- 
urated diet. Moreover, the parallelism between reple- 
tion of the arachidonic acid content and recovery 
of the peroxidation activity strongly suggests that the 
two parameters are correlated. 

DISCUSSION 

These results indicate that changes in dietary fat 
saturation can influence the activity of NADPH- 
dependent lipid peroxidation in liver microsomes. 
A similar effect has been observed for the ascorbate- 
dependent peroxidation system (1). The decrease in 
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peroxidation produced by feeding a diet rich in 
saturated fat was associated with an 18% reduction 
in total polyunsaturation and a 30% reduction of 
20:4 in microsomal phospholipids. When the effect 
was reversed by transferring the rats to a diet rich 
in polyunsaturated fat, a doubling of the 20:4 con- 
tent in microsomal phospholipids accompanied the 
restoration of peroxidation activity. Taken together, 
these findings suggest that changes in dietary fat 
saturation alter microsomal lipid peroxidation by 
modifying the polyunsaturated fatty acid composi- 
tion, particularly the 20:4 content, of the microsomal 
phospholipids that serve as substrates for this reaction. 

Several other possibilities for the lesser peroxida- 
tion activity in M, appear to be unlikely. One of these 
is that M, contains less of the enzymes involved in this 
reaction. When M, was incubated with diarachidonyl 
phosphatidylcholine in the presence of phospholipid 
exchange protein, there was a 15-fold increase in 
peroxidation, and the maximum activity achieved was 
about 70% of that obtained with M,. Furthermore, 
when diarachidonyl phosphatidylcholine was present 
during the assay, very high peroxidation rates were 
observed, and the activities in M, and M, were equal- 
ized. Therefore, M, is capable of carrying out per- 
oxidation at high rates provided that substrate is made 
available, indicating that it contains adequate amounts 
of functional enzymes. Another factor that argues 
against any difference in enzyme content is the ob- 
servation that the NADPH-cytochrome c reductase 
activities were approximately equal in M, and M,. 
This enzyme is involved in the initiation and propaga- 
tion of the peroxidation process (15, 23, 24). It is 
clear that M, contains the usual amount of this activity. 
Another possibility that can be excluded is that M, 
contains less total phospholipids, the deficiency of 
polyunsaturates being secondary to a decrease in these 
membrane lipids. Direct chemical measurements re- 
vealed that M, contained about the same amount of 
phospholipid relative to either protein or cholesterol 
as M,. Likewise, chemical measurements indicated 
that the vitamin E contents of the two microsomal 
preparations were not significantly different. Since 
these alternative possibilities can be excluded, it ap- 
pears that the lesser peroxidative activity in M, can 
be explained best by a reduction in the polyenoic 
fatty acids that normally serve as substrates for this 
reaction. 

Arachidonate added in the form of phosphatidyl- 
choline stimulated peroxidation, but unesterified 
arachidonate did not. The unesterified arachidonate 
was added in two forms, as an albumin complex (Fig. 3) 
or as a sonified dispersion (Table 2). While it is con- 
ceivable that the added arachidonate was not ac- 

cessible to the microsomes, previous studies have 
shown that other long-chain fatty acids can be in- 
corporated into cholesteryl esters by isolated micro- 
somes when they were added in either of these forms 
(25,26). Furthermore, the sonified solution of arachi- 
donic acid stimulated peroxidation in M, to some 
extent when ATP and CoA were added, indicating 
that this form of arachidonate was accessible to the 
microsomes under certain conditions. The failure of 
unesterified arachidonate by itself to stimulate sug- 
gests that the fatty acid may have to be contained 
in phospholipids in order to undergo peroxidation 
by the NADPH-dependent system. In this regard, May 
and McCay (8) have previously shown that peroxi- 
dation occurs while the polyunsaturated acid remains 
attached to phospholipids within the microsomes. It is 
possible that only in this form can arachidonate gain 
access to the peroxidation enzymes. The apparent 
requirement for a phospholipid substrate is un- 
expected because arachidonate esters undergo hy- 
drolysis before entering into other oxidative reactions, 
such as those mediated by cyclooxygenase or lipoxy- 
genase (27-29). On the other hand, Pugh and Kates 
(30, ?I 1) found that polyenoic fatty acids can be further 
desaturated by rat liver microsomes without prior 
hydrolysis from phosphatidylcholine, indicating that 
at least one other type of microsomal lipid oxidation 
can utilize an esterified fatty acid substrate. As op- 
posed to our findings, Wills (32) has observed that 
unesterified linoleic and linolenic acids can be utilized 
by liver microsomes as a substrate for peroxidation. 
While these acids may behave differently from 
arachidonate, it is more likely that they acted through 
a nonspecific detergent effect since the concentra- 
tion employed was 16.7 mM (33, 34). 

The stimulation of peroxidation produced when 
unesterified arachidonate was added to M, together 
with ATP and CoA suggests that arachidonyl CoA 
may serve as a substrate for this process. Since per- 
oxidation was not stimulated in M, under these con- 
ditions, a more likely explanation is that acyl CoA 
formation enabled the arachidonate to be incorporated 
into phospholipids and that this stimulated per- 
oxidation in M, because its phospholipids are de- 
ficient in polyenoic fatty acyl groups. The addition 
of dioleoyl phosphatidylcholine to the assay system 
also stimulated peroxidation somewhat in M,. This 
is difficult to explain because malondialdehyde can- 
not be formed from oleic acid. Therefore, the pres- 
ence of these liposomes probably somehow activated 
the peroxidation of polyunsaturated substrates con- 
tained in M,. Yet, this is unlikely to be a nonspecific 
activation because dipalmitoyl phosphatidylcholine 
did not produce any stimulation when added to M,. 
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The exact mechanism of the dioleoyl phosphatidyl- 
choline effect remains to be elucidated. 

Peroxidation ceased when only 55 and 15% of the 
arachidonate present in the phospholipids of M, and 
M,, respectively, was consumed. Multiple addition of 
fresh cofactors, including NADPH, did not ap- 
preciably reactivate the system. This suggests that 
there are at least two pools of arachidonate present 
in microsomal phospholipids, only one of which is 
available as substrate for the NADPH-dependent 
peroxidation system. When the reaction was com- 
pleted, M, and M, contained roughly similar amounts 
of arachidonate, 148 k 50 and 206 k 17 nmol/mg pro- 
tein, respectively. What differed considerably in the 
two microsomal preparations was the amount of 
arachidonate in the pool of phospholipid available 
for peroxidation, this being about 184 nmol/mg pro- 
tein in M, and only 36 nmol/mg protein in M,. There- 
fore, an explanation consistent with these results is 
that the saturated fat diet reduced the arachidonate 
content of the accessible phospholipid pool con- 
siderably. In this context, Trewhella and Collins 
(35) and van den Besselar et al. (36) have reported 
the presence of two arachidonate pools in micro- 
somal phosphatidylcholine. One of these appears to 
be largely structural and turns over slowly, whereas 
the other turns over rapidly and contributes arachi- 
donate for metabolic reactions. While this model ap- 
pears to apply to NADPH-dependent lipid peroxida- 
tion, our results suggest that phosphatidylethanol- 
amine also contains stable and metabolically active 
arachidonate pools. However, phosphatidylethanol- 
amine contributed a much smaller amount ofsub- 
strate to the active pool since it accounted for only 
about 17% of the phospholipid in the rat liver 
micros0mes.m 
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