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Hypercholesterolemia has been shown to 
be one of the major risk factors of athero- 
sclerosis. Elevation of plasma cholesterol 
concentrations by increasing dietary intake 
of cholesterol increases the severity and 
extent of atherosclerotic lesions in all ani- 
mals with naturally occurring atherosclero- 
sis and induces the formation of lesions in 
some animals that do not normally develop 
the disease (1 ) .  With dietary cholesterol, 
the increase in t o t a l  plasma cholesterol 
concentration of these animals is usually 
due to an increase in plasma low density 
lipoproteins (2). Animals that have an in- 
crease in plasma high density lipoproteins 
and that transport the major portion of their 
plasma cholesterol in this fraction develop 
little or  no atherosclerosis ( 1 ,  3). Recent 
epidemiologic studies on human beings 
support these findings in animal models, 
showing a direct  relationship between 
plasma low density lipoproteins and coro- 
nary heart disease, while an inverse re- 
lationship exists with high density lipopro- 
teins (4, 5). An understanding of the mech- 
anisms that afford protection against, or  an 
increase in, the risks of atherosclerosis 
would be facilitated by identification of 
animal models with variance in high and 
low density lipoprotein cholesterol levels 
similar to those found within the human 
population. 

In recent years nonhuman primates have 
been used increasingly as animal models for 
research on atherosclerosis because of the 
similarities of the experimentally induced 
lesions to atherosclerosis in man (6). How- 
ever, only a few of the approximately 200 
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species of nonhuman primates have been 
examined for suitability for atherosclerosis 
research and plasma lipoprotein cholesterol 
distributions have been studied in even 
fewer species (2). Most of the studies which 
have examined plasma lipoprotein choles- 
terol concentrations in large numbers of 
nonhuman primates have been conducted 
while the animals consumed natural diets or  
diets devoid of cholesterol (e.g., Monkey 
Chow). The vast majority of the human 
population consume diets containing some 
cholesterol. In order to  approximate the 
human dietary situation as nearly as possi- 
ble, nonhuman primates should be exam- 
ined while consuming a diet similar in 
cholesterol and fat concentrations to that 
consumed by the average North American 
human being. These studies were designed 
to examine the variability due to sex and 
age in plasma lipids and lipoprotein con- 
centrations within a large population of 
nonhuman primates and to determine the 
influence of a fat enriched, cholesterol- 
containing diet on these measurements. 
The results for male and nulliparous female 
animals are presented in this report. Com- 
panion studies on the effects of pregnancy 
on plasma lipids will be reported in a sepa- 
rate communication. 

Materials and methods. Colony-born and 
feral Macaca nemestrina from the breeding 
colony at  the University of Washington Re- 
gional Primate Research Center, Medical 
Lake, Washington, were used in this study. 
The animals were housed indoors in rooms 
measuring approximately 2.2 x 3.4 x 2.8 
m, with a diurnal cycle of 1 1  hr of light and 
13 hr without light. All animals were main- 
tained either in breeding harems of one 
male with six to eight females and their off- 
spring or  in juvenile groups of 10 to 20 ani- 
mals (7). 

Infants ,  juveni les ,  a n d  fully mature  

27 

Copyright @ 1980 by the Society for Experimental Biology and Medicine. 
All rights reserved. 

0037-9727/80/050027-08$0 1 .OO/O 



28 PLASMA LIPIDS IN Macaca nemestrina 

breeder monkeys were included for study. 
The age of colony-born animals was deter- 
mined to the nearest whole year using the 
date of birth. Two methods, developed at 
the University of Washington Regional 
Primate Research Center, were used to de- 
termine age in feral animals. The first was 
dentition. Standards are available for tooth 
eruption and wear. The second method 
utilizes body weights after the animals 
leave quarantine. The body weights were 
compared with a growth curve of age- 
known animals. This gives a conservative 
estimate of age and is reasonably accurate 
to within six months for animals up to six 
years of age. 

The monkeys consumed a control diet of 
Purina Monkey Chow, the regular diet of 
the breeding colony. Blood samples were 
obtained at two consecutive weekly inter- 
vals after the animals had been fasted for at 
least 12 hr. Following acquisition of the 
second blood sample, the monkeys were 
fed the test diet consisting of Monkey Chow 
evenly coated with 10% lard (by weight) to 
which crystalline cholesterol had been 
added so that the final diet contained 0.3 mg 
cholesterol/kcal. This level of dietary 
cholesterol is similar to that consumed by 
the average North American human being 
(8). The percentage of total calories from fat 
was approximately 20%. This could be con- 
sidered a very prudent level of intake since 
the average fat consumption by North 
Americans is 30-40% of total calories. 
After the animals had been fed the test diet 
for approximately 4.5 months, blood sam- 
ples were drawn from fasted animals, again 
at two consecutive weekly intervals. 

The blood, obtained by venipuncture, 
was immediately mixed with ethylenedi- 
aminetetraacetic acid (EDTA, 1 .O mg/ml). 
Cellular components were separated by 
centrifugation and the plasma was trans- 
ferred to screw-cap tubes. The tubes were 
then packed in wet ice and sent by air 
freight to the Bowman Gray School of 
Medicine. Samples were received within 4 
days of the time they were drawn and re- 
mained refrigerated throughout transit. 

Plasma lipids and lipoproteins were as- 

sayed while the animals consumed the 
cholesterol-free diet as well as the diet en- 
riched with cholesterol and fat. Plasma 
cholesterol and triglyceride concentrations 
were determined simultaneously by the 
AutoAnalyzer I1 method of Rush et al. (9). 
High-density lipoprotein cholesterol 
(HDL-chol) concentrations were deter- 
mined on the supernatant fluid after 
heparin-manganese precipitation of the 
low- (LDL) and very low-density (VLDL) 
lipoproteins (10). Since the animals were 
fasted, there were no chylomicra present. 
The LDL + VLDL cholesterol (LDL + 
VLDL-chol) concentration was calculated 
as the difference between total plasma 
cholesterol (TPC) and HDL-chol concen- 
trations. All plasma lipids were determined 
in our lipid analytic laboratory that is in 
complete complicance with the cooperative 
lipid standardization program of the U.S. 
Department of Health, Education and 
Welfare. 

Plasma lipoprotein electrophoresis was 
done by a modified method of Noble ( l l ) ,  
using a 0.5% agarose solution, with no agar 
added. Lipids were stained at 40°C for 2-4 
hr in 60% ethanol saturated with Oil Red 0 
and Fat Red 7B. The electrophoresis strips 
were scanned by a densitometer (Densicord 
Model 552) ,  which simultaneously provides 
chart recordings of the lipoprotein peaks 
and integration of the area under each peak 
by digital printout representing the percent- 
age distribution of each lipoprotein. The 
relative distribution of the beta (p),  pre-beta 
(Pp), and alpha (a) migrating lipoproteins 
was estimated in terms of the percentage of 
the lipid stain taken up by these lipoprotein 
fractions. Comparison of the data for lipo- 
proteins separated by electrophoresis, 
centrifugation, and agarose column chro- 
matography (unpublished data) showed that 
the relative staining intensity among indi- 
vidual lipoprotein fractions closely paral- 
leled the cholesterol distribution among the 
lipoprotein fractions. Thus the quantifica- 
tion by scanning of lipoprotein elec- 
trophoretograms is valuable in that it gives 
a second independent measure of relative 
lipoprotein distribution. 
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In the present study, 151 nulliparous 
females and 127 males were examined dur- 
ing the control period, while 135 females 
and 105 males were examined during the 
test period. The reduction in number during 
the study was due to pregnancy, death and 
reassignment of animals to other projects. 
No statistically significant difference for 
any variable was found between the two 
control period determinations. Therefore, 
data from these two blood samples were 
averaged to give a single control value. The 
same was true for the data from the two 
blood samples obtained at the end of the 
test period. The means of the control and 
test period data for each animal were used 
in all subsequent analyses. Each variable 
was examined statistically under three dif- 
ferent conditions: during the control period, 
during the test period, and the difference 
between the test and control periods (test - 
control = A ) .  Data analyses providing 
means, standard error of the mean, t tests, 
analyses of variance and covariance, and 
regression analyses were calculated using 
the standard statistical methods available 
through the Biomedical Computer Pro- 
grams, BMDP package (12). P values less 
than or equal to 0.05 were considered sig- 
nificant. 

Results. Male animals included in this 
study were older than the females; 5 * 0.3 
and 3 * 0.1 (years, mean * SEM), respec- 
tively. In addition, they were significantly 
heavier while consuming both the control 
and test diets than were females (Table I).  
Both sexes gained weight during the test 
period with the magnitude of the weight 
gain being significantly greater in the males. 

Sex. Plasma lipid and lipoprotein con- 
centrations for these animals during the 
control and test periods are also given in 
Table I. While consuming the control diet, 
females had higher concentrat ions of 
plasma triglycerides, TPC, and LDL + 
VLDL-chol than did the male animals, and 
there were no sex-related differences in 
HDL-chol concentrations. During the test 
period, triglyceride concentrations de- 
creased, but females continued to have 
higher concentrations than males. There 

were no statistically significant male - 
female differences in TPC, HDL-chol, or 
LDL + VLDL-chol concentrations, al- 
though the increase in response to the test 
diet (A value) was larger in males for TPC 
and LDL + VLDL-chol. 

The electrophoretic data provide an in- 
dependent means of evaluating the changes 
in plasma lipoproteins by giving indications 
of the percentage distribution of lipids 
among the lipoprotein fractions. Table I 
shows these data expressed as the relative 
percentage of lipid stain detected den- 
sit o me t r ic all y with in each lipoprotein 
band. The trends seen by this procedure 
were similar to those observed for HDL- 
and LDL + VLDL-chol. During the control 
period, no sex-related differences in the 
electrophoretic distribution of lipoproteins 
were observed. During the test period, 
however, females had proportionately more 
a-lipoproteins, while males had more p- 
lipoproteins. The percentage of lipid in the 
Pp-lipoproteins did not differ between the 
sexes. In response to the test diet (A value), 
PP-lipoproteins decreased in both males 
and females, but the proportion of lipid 
stain in the P-lipoprotein fraction increased 
significantly. The proportion in the a- 
lipoprotein fraction decreased significantly 
in males. These findings reflect a sex differ- 
ence in the distribution of the lipids among 
the lipoprotein classes. 

A g e .  Although the average age of the 
males studied was greater than for the 
females, a larger problem in the interpreta- 
tion of age-related differences between 
males and females was the lack of sufficient 
numbers of females in the older age groups 
and the limited numbers of males available 
for study. Thus, the data are presented as a 
starting point for further study. In general, 
TPC appeared to decline slightly with age in 
males fed the control diet (Fig. 1). This was 
due primarily to a decrease in LDL + 
VLDL-chol concentrations. However, this 
trend appeared to be reversed in males fed 
the test diet, that is, the older animals gen- 
erally had higher TPC and LDL + VLDL- 
chol values than young animals (Fig. 2). 
Females fed the control diet showed no 
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FIG.  1 .  Relationship of age to concentrations of TPC, LDL + VLDL- and HDL-chol concentrations 
in male and female M .  nemestrina during the control period. 

trend throughout the small age range 
studied (Fig. 1). However, at all ages ob- 
served, the concentrations of TPC were 
higher than those observed in males, due 
principally to the higher LDL + VLDL- 
chol levels. In the females fed the test diet, 
an increase in TPC with age appeared to 
occur, due primarily to an increase in LDL 
+ VLDL-chol concentrations (Fig. 2). Al- 
though this trend may have been similar to 

the overall trend in males fed the test diet, a 
difference in the proportion of LDL + 
VLDL- and HDL-chol concentrations be- 
tween males and females of comparable 
ages was apparent. This was particularly 
true in animals 2-5 years of age, the groups 
with the largest number of observations, 
where males had significantly more 
cholesterol in the LDL + VLDL fraction 
than did the females. 

FEMALES 

T 

+ VLDL 

LLLu-L 
''-8 I 2  3 4  5 6  

AGE (years 1 

n = 3 9 12 36 17 7 4 17 4 38 45 30 15 3 

F I G .  2. Relationship of age to concentrations of TPC, LDL + VLDL- and HDL-chol concentrations 
in male and female M .  nemestrina during the test period. 
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Diet. All plasma lipid concentrations 
were significantly altered by the change 
from the control diet to the test diet (Table 
I). Plasma triglyceride concentrations de- 
creased during the test period in both 
females and males (17 and 32%, respec- 
tively), with females having higher concen- 
trations than males. Consumption of the 
test diet caused an increase in cholesterol 
concentrations in all lipoprotein fractions in 
both males and females. However, males 
had a greater increase in TPC than did 
females, due primarily to the increase in 
LDL + VLDL-chol concentrations. 

The relationship of the A value to the 
control values was examined to determine 
whether the control concentrations would 
be useful in predicting the degree of the re- 
sponse of the animals to the test diet. Fig- 
ure 3 shows that the distribution of A values 
for TPC concentrations was completely in- 
dependent of the control TPC for both 
females and males. Among animals with 
low control TPC and among animals with 
high control TPC concentrations were ani- 
mals that responded minimally to the test 
diet, while others responded with large in- 
creases. The same situation was true for 
LDL + VLDL-chol concentrations. The A 
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values of LDL + VLDL-chol were con- 
trolled independently of the baseline con- 
centrations (data not shown). Thus, the 
control concentrations of TPC and LDL + 
VLDL-chol did not predict the response to 
the test diet in either males or females. The 
same independence was observed for 
HDL-chol concentrations in females, but in 
males there was a tendency for animals 
with higher control HDL-chol concentra- 
tions to have a smaller increase in response 
to the test diet than males with low control 
HDL-chol concentrations. 

The changes in the distribution of lipids 
carried by the various lipoprotein fractions 
during the control and test periods, as de- 
termined by electrophoresis, are also 
shown in Table I. In both males and females 
fed the test diet, the percentages of lipids in 
the P-lipoproteins increased significantly 
while the proportion of lipids present in the 
PP-lipoproteins decreased significantly. A 
concurrent decrease in the percentage of 
lipids carried by the a-lipoproteins was sig- 
nificant only in the males and reflects the 
redistribution of lipids among the lipopro- 
tein classes. Again, the trends seen by this 
method were similar to those observed for 
LDL + VLDL- and HDL-chol. That is, 
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during the test period, male animals had a 
greater percentage of lipid in the /I- 
lipoprotein class and less in the cy- 

lipoprotein class than did the females. 
Discussion. Several sex-related differ- 

ences were found in lipid concentrations of 
M .  nemestrina. When fed a Monkey Chow 
diet, females had higher TPC and LDL + 
VLDL-chol levels than males. Similar sex 
differences in TPC concentrations were ob- 
served by Blakley et al. (13) in Malaysian 
and Sumatran M .  nemestrina fed commer- 
cial chow, although these authors reported 
higher absolute concentrations than those 
observed in this study. When the animals in 
our study were fed the diet enriched with 
fat and cholesterol, there was an increase in 
TPC, LDL + VLDL-, and HDL-chol con- 
centrations in both males and females. 
However, the increasein TPC and LDL + 
VLDL-chol was greater in males than in 
females. The HDL/TPC ratio was lower in 
males than in females showing that males 
actually had more cholesterol in the LDL + 
VLDL fraction than females. This was 
confirmed by the measurements of lipo- 
protein electrophoresis which showed that 
males had more lipids in the /I-lipoprotein 
class and less in the m-lipoprotein class than 
females. These findings are consistent with 
studies in other nonhuman primates (2, 14) 
and may suggest the potential for male- 
female differences in atherosclerosis in M .  
nemestrina. 

As noted previously, identification of age 
related differences in plasma lipids between 
males and females has been hampered by 
inequality of age between males and 
females and by the insufficient numbers of 
females in older age groups and of males 
over all ages. However, trends are sug- 
gested by the data which can provide 
the basis for future study. The increases in 
TPC and LDL + VLDL-chol concentra- 
tions with advancing age in both males and 
females consuming the diet enriched with 
fat and cholesterol and the higher concen- 
trations of TPC and LDL + VLDL-chol in 
males 2-5 years of age support the possi- 
bility that male-female differences in ath- 
erosclerosis may occur in this species, par- 
ticularly in older animals. 

The wide distribution of A values ob- 

served for M .  nemestrina (Fig. 3) corre- 
sponds with the individuality in response to 
dietary cholesterol reported for other 
species of nonhuman primates including 
Saimiri sciureus, M .  mulatta, M .  arctoides, 
M .  fascicularis, Cercopithecus aethiops, 
and Erythrocebus patas (15). Animals hav- 
ing large increases in TPC concentrations in 
response to dietary cholesterol challenge, 
hyperresponders, have been shown to have 
more extensive and severe atherosclerosis 
than animals with a small response, the 
hyporesponders (16). The ability to predict 
the TPC response of an animal to dietary 
cholesterol by using the basal (control) TPC 
concentrations would be advantageous for 
atherosclerosis research by eliminating the 
time-consuming process of dietary chal- 
lenge. However, the data from this study 
suggest that the response of an animal to a 
fat and cholesterol-enriched diet cannot be 
predicted on the basis of either basal TPC 
or LDL + VLDL-chol concentrations. 

The lack of correlation between the basal 
concentrations of TPC and LDL + VLDL- 
chol and the concentrations observed 
in response to dietary challenge also 
suggest that the mechanisms controlling the 
basal concentrations and those controlling 
the response to dietary cholesterol are dif- 
ferent, For example, under control condi- 
tions cholesterol synthesis must be the 
major source of cholesterol, while in ani- 
mals consuming cholesterol, the diet can 
contribute significantly to plasma choles- 
terol concentrations (17). Thus, it is not un- 
reasonable to speculate that the factors 
controlling TPC concentrations may be 
different depending upon the source of 
cholesterol entering body pools each day. 
Heritability studies tend to reinforce this 
conclusion. Studies in mice and rabbits 
have shown that 30 to 50% of the variability 
in basal TPC concentrations is due to genet- 
ic factors (18-20), while 50 to 60% of the 
individuality of response of TPC concen- 
trations has been attributed to genetic fac- 
tors after dietary challenge in rabbits and 
squirrel monkeys (16, 21). It is difficult to 
know the extent to which the higher her- 
itability estimates for  TPC levels in 
cholesterol-fed animals may be due to the 
use of different animals species. However, 
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preliminary data from ongoing studies in 
this laboratory have also suggested higher 
heritability estimates for TPC concentra- 
tions in M .  arctoides fed a cholesterol- 
containing diet than in animals of the same 
species fed the same diet without added 
cholesterol. Thus, the differences in herita- 
bility estimates for basal TPC concentra- 
tions compared with the response of TPC 
levels to dietary cholesterol and the lack of 
correlation between these two parameters 
are consistent with the conclusion that dif- 
ferent physiological mechanisms control 
TPC concentrations in the presence or ab- 
sence of dietary cholesterol. 

Summary. Female M .  nemestrina fed a 
Monkey Chow diet had higher TPC and 
LDL + VLDL-chol concentrations than 
males. When the animals were fed a fat and 
cholesterol-enriched Monkey Chow diet, 
there were increases in TPC, LDL + 
VLDL-chol, and HDL-chol concentrations 
in both sexes. However, the increase in 
TPC and LDL + VLDL-chol was greater in 
males than in females. Older males fed the 
Monkey Chow diet had lower TPC and 
LDL + VLDL-chol levels than younger 
males, while no trend was observed in 
females fed the same diet. When fed the 
enriched diet, TPC and LDL + VLDL-chol 
concentrations increased with advancing, 
age in both sexes, although males had a 
greater proportion of LDL - VLDL-chol 
than females. These data suggest the po- 
tential for male-female differences in ath- 
erosclerosis in this species. No correlation 
was found between basal TPC concentra- 
tions and the magnitude of response of TPC 
levels to the fat and cholesterol enriched 
diet, indicating that the response of indi- 
vidual animals cannot be predicted on the 
basis of basal concentrations. The lack of 
correlation between these two parameters 
also suggests that different physiological 
mechanisms control TPC concentrations in 
the presence or absence of dietary choles- 
terol. 
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