ASBMB

JOURNAL OF LIPID RESEARCH

I

A comparison of the turnover and metabolism of
cholesterol in normal and atherosclerotic

monkey aortas

Don S. Lin, William E. Connor, Robert W. Wissler, D. Vesselinovitch, and R. Hughes

Department of Medicine and the Clinical Research Center, University of Oregon Health Sciences
Center, Portland OR 97201, and Department of Pathology, University of Chicago, Chicago, IL 60637

Abstract Rhesus monkeys were fed high cholesterol and
cholesterol-free diets for 21-24 months. The animals were
then given isotopic cholesterol intravenously and autopsied
from 1 to 51 weeks later. The plasma and aortic cholesterol
contents were 633 + 130 mg/dl and 35.6 = 11.4 mg/g dried
tissue (45.5% in ester form) for atherosclerotic monkeys
and 135 + 25 mg/dl and 9.9 * 3.6 mg/g (15.0% in ester
form) for control monkeys, respectively. The minimal in-
flux rate of cholesterol from plasma into the aorta was
much greater for atherosclerotic animals, 0.470 = 0.20
mg/g per day versus 0.088 + 0.031 for control monkeys.
There was a rapid turnover of both free and esterified
cholesterol in the atherosclerotic aortas, greater than for
normal aortas. These studies of cholesteryl ester metabolism
indicated a likely origin of aortic cholesteryl ester from the
plasma cholesteryl esters. Our data indicated a dynamic
cholesterol metabolism and turnover in the aorta during
atherogenesis.—Lin, D. S., W. E. Connor, R. W. Wissler, D.
Vesselinovitch, and R. Hughes. A comparison of the turnover
and metabolism of cholesterol in normal and athero-
sclerotic monkey aortas. J. Lipid Res. 1980. 21: 192-201.

Supplementary key words free cholesterol * esterified cholesterol
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Atherosclerotic lesions in both humans and experi-
mental animals are largely composed of cholesterol,
cholesteryl esters, other lipids, and connective tissues.
The cholesterol content of the arteries of humans and
experimental animals is greatly increased during the
process of atherogenesis. On the other hand, in non-
human primate studies, when severely atherosclerotic
lesions underwent regression from dietary manipula-
tion (1-3), the arterial content of cholesterol and
cholesteryl ester diminished greatly. Therefore,
information about the metabolism and turnover of
cholesterol in the diseased and normal arterial wall is
crucial to an understanding of both atherogenesis
and regression.

In our previous isotopic studies of cholesterol turn-
over in man, the plasma cholesterol exchanged with
both the free and esterified cholesterol of severely
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atherosclerotic human arteries (4). The turnover of
cholesterol in the atheromatous lesions of the abnor-
mal aorta was calculated to be 8.2 mg/g of dry tissue
per month. The turnover time of this arterial choles-
terol was estimated at 442 days. Other extensive
atheromatous lesions of the common iliacs, femorals,
carotid, and coronaries had similar values. These data
indicated the dynamic character of even severe human
atherosclerotic lesions.

Because of the impossibility of studying cholesterol
metabolism in normal and less severely athero-
sclerotic human arteries with these techniques, we
turned to an experimental animal and measured the
turnover of free and esterified cholesterol in normal
and atherosclerotic arteries of adult male rhesus
monkeys. Such studies have not been performed
previously. In the work to be described, we fed some
adult male rhesus monkeys an atherogenic diet; others
were given normal monkey chow. After 21 months of
cholesterol feeding, hypercholesterolemia and con-
siderable atherosclerosis resulted. All animals (nor-
mal as well as atherosclerotic) were then injected with
isotopic cholesterol and the aortas were removed at
subsequent intervals of time. The mass of total
cholesterol, free and esterified cholesterol, and their
radioactivities in both plasma and aortas were meas-
ured. From these data, the influx rates of plasma
cholesterol and the turnovers of cholesterol and
cholesteryl ester in normal and atherosclerotic arteries
were examined and compared.

MATERIALS AND METHODS

Twenty-two adult male rhesus monkeys were paired
according to their body weights and initial plasma
lipid levels. One-half of the animals were fed an
atherogenic diet which consisted of a low-fat, choles-
terol-free Purina® primate chow to which was added
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TABLE 1. The composition of the control and atherogenic diets

Control Atherogenic

Ingredients Diet Diet
Cholesterol 0 20g
Butter oil® 0 125¢g
Coconut oil 0 125¢g
Corn oil 250g 0
Vitamin mix? 1.0g 1.0g
Gelatin l5g l5g
Orange juice 15.0 ml 15.0 ml
Purina monkey chow 725¢g 70.0g

¢ 12.5 g butter oil contains about 38 mg cholesterol.

% 10 Kg of mix includes the following gram-amounts of vitamins
and sucrose: thiamin, 2.00; riboflavin, 2.00; pyridoxine, 2.00;
niacin, 10.00; Ca-pantothenate, 6.00; folic acid, 0.20; biotin, 0.04;
ascorbic acid, 50.00; sucrose, 9927.76.

coconut oil (12.5%), butter oil (12.5%), and choles-
terol (2%), all by weight. The other eleven control
“normal” animals were given isocaloric quantities of
the cholesterol-free Purina® monkey ration and 25%
added corn oil (Table 1). The pre-experimental
body weights were 10.6 = 2.1 (SD) kg for control
monkeys and 10.8 + 2.3 kg for atherosclerotic mon-
keys. The plasma cholesterol levels of the two groups
were similar: 165.5 = 41.6 mg/dl and 155.7 + 25.0
mg/dl, respectively.

After 21 months of consuming the specific diets,
each monkey received 18 uCi of [4-"*C]cholesterol

intravenously. The isotope was dissolved in a small
amount of alcohol and sterilized by passing through
0.2 wm millipore filter. Before use, this alcoholic solu-
tion was mixed with 5% dextrose at a 1:9 ratio in a
sterile bottle. Five milliliters of this solution contain-
ing 18 uCi of [4-"*C]cholesterol was injected slowly
into the arm vein of each monkey. Monkeys were
then killed in pairs (atherosclerotic and normal) by
exsanguination at different times from 1 to 51 weeks
after the isotopic administration. This sequence is
shown in Table 2. Ten weeks after the first injection,
each of the remaining monkeys (eight pairs) was given
another injection of 41 uCi of {1,2-*H]cholesterol.
This second and different isotopic injection provided
a second time point for the calculation of cholesterol
turnover.

The [4-"C]cholesterol (sp act 52 mCi/mmol) was
purchased from New England Nuclear Corp., Boston,
MA, and {1,2-°H]cholesterol (sp act 39 Ci/mmol)
from Amersham Searle Corp., Arlington Heights,
IL. Before use, the purity of the isotopes was verified
to be above 97% by thin-layer chromatography (5).

Blood samples were collected twice weekly for the
first 3 weeks and then once every 1-3 weeks for the
duration of the experiment. The cholesterol content
of the plasma was determined by the method of Abell
et al. (6). For the estimation of radioactivity, the
plasma lipids were saponified with alcoholic KOH.

TABLE 2. The cholesterol content of the plasmas and aortas of control and atherosclerotic monkeys at the time of autopsy

Control Monkeys

Atherosclerotic Monkeys

Months
of Feeding Weeks Mon- Aortic Mon- Aortic
the Specific After key Plasma® Athero- Aortic key Plasma Athero- Aortic
Diet Isotope® # Chol. sclerosis Chol. # Chol. sclerosis Chol.
G SH mgldl Grade mglg mgldl Grade mglg
0-4+ dried 0-4+ dried
lissue tissue
21 1 1¢ 114 0 7.5 2 442 2.00 17.1
22 5 3 114 0 6.5 4 562 3.00 57.0
22 7 5 145 0 6.9 6 781 2.75 46.7
23 13 3 7 164 0 9.2 8 516 1.25 28.0
25 19 9 9 185 1.0 17.7 10 823 1.13 37.4
25 20 10 11 139 0 7.9 12 575 2.25 47.1
30 41 31 13 146 14 753 1.35 31.3
30 42 32 15 100 0 11.4 16 766 1.75 39.5
30 43 33 17 128 0 8.1 18 591 1.50 322
31 45 35 19 115 0.25 9.9 20 664 1.85 30.5
32 51 41 21 132 0 14.3 22 497 0.50 25.1
Mean 134.7¢ 0.13¢ 9.94 633.64 1.76¢ 35.6¢
SD +24.8 + 3.6 + 130.3 +0.73 + 114

2 In this study, all monkeys but #1-6 received [4-'*C]cholesterol and [1,2-3H]cholesterol injections at 10 weeks apart.

® Represents the cholesterol concentration at the time the animal was killed.

¢ Odd number monkeys in the control group were paired with corresponding even number monkeys in the atherosclerotic group
according to their pre-experiment body weights and cholesterol levels.

?The values for plasma and aortic cholesterol and the amount of aortic atherosclerosis were statistically different for the

control and atherosclerotic monkeys, P < 0.001.
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The nonsaponifiable residue was extracted with
hexane, dried, and dissolved in 10 ml of scintillation
mixture (4 g of 2,5-diphenyloxazole and 0.1 g of 1,4-
bis(2-(5-phenylozazolyl))benzene in 1 liter of toluene).
These samples were counted in a Packard Tri-Carb
liquid scintillation spectrometer with an efficiency of
87% for *C and 41% for 3H. The results were ex-
pressed as specific activity, dpm/mg of cholesterol.
At autopsy, the entire aortas were removed and the
extent of aortic atherosclerosis was evaluated by
microscopic examination of standard pre-determined
samples (7), and by gross evaluation of the intimal
surface. Immediately after removal and careful strip-
ping of the adventitia, the aortas were opened and
graded for the severity of disease. The aortic surface
area involved with atherosclerosis grossly was ex-
pressed on a scale of 0 to 4+, (1+,25%, 2+, 50%, 3+,
75% and 4+, 100%). After gross grading, two samples
were taken for microscopic evaluation from three
standard sites (the arch, the lower thoracic, and the
abdominal regions) and stained for fat with oil red,
hematoxylin and eosin, and with the Gomori trichrome

aldehyde fuchsin stain for fibrous tissue elements
(elastin and collagen).

The aortas were dried under vacuum at 100°C,
ground to a powder, and extracted with chloroform-
methanol 2:1 (8). The cholesterol and radioactive
contents of the tissue extracts were then determined
by the above methods. For measurement of the
specific activities of free and esterified cholesterol,
the lipid extracts of the aortas were subjected to thin-
layer chromatography. The lipids were chromato-
graphed on a glass plate (20 X 20 cm) coated with
Silica gel-G 0.5 mm thick. The solvent system was
hexane—chloroform—ethyl ether-acetic acid 80:10:
10:1. The bands of free and esterified cholesterol
were scraped and the lipids were eluted with ethyl
ether. The mass and radioactivity of the free and
esterified cholesterol were then determined.

From the results of plasma and tissue analysis, we
have estimated the minimal rate of influx of plasma
cholesterol into the aorta and turnover time with the
same formulations as reported in our previous work
(4). The following relationship was used for the cal-
culations:

radioactivity (dpm) per unit dry weight of aorta

Total influx (mg)

an expression of the average SA of plasma cholesterol over the period since labeling

dpm/g dry aorta

Accumulation in days =

- area under the plasma cholesterol SA-time curve/no. of days D
Influx rate (mg cholesterol/g dry aorta per day) = area under the (;i;r:rilgaac(:(:z::::fSA decay curve ?)
cholesterol content of atheromatous artery (mg/g dry tissue) 3
influx rate (mg cholesterol/g dry tissue per day)
1 _ Area under the plasma cholesterol sp act decay curve #

Turnover time = -
fractional turnover rate

RESULTS

Plasma and aortic cholesterol levels and
atherosclerosis

The plasma cholesterol levels of the control and
atherosclerotic diet groups at the time of autopsy were
very dissimilar: 134.7 = 24.8 and 633.6 = 130.3 mg/
dl, respectively (Table 2). Likewise, the monkeys fed
the atherogenic diet on the average had moderately
severe atherosclerotic aortas (mean grade 1.76), versus
the almost completely normal aortas (grade 0.13) in
the control group of monkeys. Microscopically, the
average frequency of aortic lesions in animals fed the
atherogenic diets was 98% with a range of 75-100%,
while monkeys fed the control diet had a very low
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sp act of atheroma cholesterol

frequency rating of 42% with a range of 0-100%.
The standard sections of the aortas showed many
raised lesions with necrotic centers and well developed
fibrous caps. These advanced lesions were more com-
mon in the abdominal aorta. In general, they were
correlated with the presence of severe coronary artery
luminal narrowing by similar advanced lesions in the
coronary arteries.

The mean cholesterol content of the aortas of
atherosclerotic monkeys was 35.6 = 11.4 mg/g of
dried tissue as compared with only 9.9 + 3.6 mg for
control animals. From the eleven atherosclerotic mon-
keys studied, a positive correlation between the aortic
cholesterol level and the grade of atherosclerosis was
observed (r = 0.6925, P < 0.05).
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TABLE 3. Specific radioactivities (SA)* of the plasmas and aortas of the control and atherosclerotic monkeys
after the intravenous administration of labeled cholesterol

Control Monkeys

Atherosclerotic Monkeys

Weeks Isotopic
After Cholesterol Monkey Plasma Aorta Aortic SA Monkey Plasma Aorta Aortic SA
Isotope Given # SA SA Plasma SA # SA SA Plasma SA
dpmimg % dpmimg %

1 14C 1A% 5588 893 16 2A 2439 542 22

3 SH 7B 4616 1867 40 8B 2719 1187 44

5 1C 3A 1395 843 60 4A 749 597 80

7 uc 5A 1132 946 84 6A 607 552 91

9 3H 9B 1556 1278 82 10B 679 851 125
10 *H 11B 1554 1392 90 12B 650 907 140
13 HC 7A 768 772 101 8A 339 488 144
19 G 9A 434 492 115 10A 175 321 183
20 HC 11A 295 345 117 12A 151 296 196
31 3H 13B 535 14B 96 339 353
32 SH 15B 500 823 165 16B 158 412 261
33 3H 17B 484 706 146 18B 140 387 276
35 3H 19B 258 485 188 20B 92 344 374
41 *H 21B 553 854 154 22B 68 402 591
41 e 13A 233 14A 25 147 588
42 e 15A 220 358 163 16A 38 130 342
43 HC 17A 132 271 205 18A 51 166 326
45 1C 19A 94 218 232 -20A 27 133 493
51 14C 21A 174 387 222 22A 18 139 772

* dpm/mg cholesterol.

¢ In this study all monkeys but #1-6 received [4-*C]cholesterol and [1,2-*H]cholesterol injection at 10 weeks apart. The

“A” and “B” series represent *C and 3H values respectively.

Equilibration between plasma and aortic cholesterol

The specific radioactivities of the plasma and aortic
cholesterol of both control and atherosclerotic mon-
keys were measured at various intervals from 1 to 51
weeks after administration of the labeled cholesterol
(Table 3). The amount of equilibration was deter-
mined by comparing the specific activity of aortic
cholesterol with that of plasma. The ratio of aortic
cholesterol specific activity to that of plasma choles-
terol of atherosclerotic monkeys reached unity be-
tween 7 and 9 weeks after the intravenous injection
of isotope (Fig. 1). Control monkeys attained equili-
bration much later, 13 weeks after the injection of
isotope. Thus, the aortic cholesterol of atherosclerotic
monkeys equilibrated with the plasma cholesterol
faster than that of control monkeys. After the “cross-
over” point of two specific activity curves, the specific
activity of aortic cholesterol remained above that of
plasma cholesterol for both groups. However, the
curve was much higher for the atherosclerotic mon-
keys. At the end of the study, 51 weeks after isotope
administration, the ratio of aortic cholesterol to
plasma cholesterol specific activities was 2.2 for con-
trol monkeys and 7.7 for atherosclerotic monkeys.

In order to show the time course of decay of plasma
and aortic cholesterol specific activities in control and
experimental monkeys, these specific activities were
normalized by dose (dpm/g cholesterol per dose

x 100). A composite curve was thus constructed (Fig.
2A, 2B). Precursor-product relationships were ob-
served for both control and experimental monkeys
between plasma and aorta.

The aortic content of free and esterified cholesterol
and their specific radioactivities in normal and
atherosclerotic monkeys

The free and esterified cholesterol contents and
specific activities of the aortas of six representative
pairs of monkeys indicated an active cholesteryl ester
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Fig. 1. Equilibration between plasma and aortic cholesterol of con-

trol and atherosclerotic monkeys after the administration of iso-
topic cholesterol.
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Fig. 2. A. The composite decay curves of the plasma and aortic
cholesterol specific activities in control monkeys.

B. The composite decay curves of plasma and aortic cholesterol
specific activities in atherosclerotic monkeys.

metabolism (Table 4). These data suggested the possi-
bilities of the movement of cholesteryl ester into the
arterial wall or else an active cholesteryl ester synthesis
in the arterial wall. Inasmuch as some of the mon-
keys received two doses of isotopes, there were nine
points of radiospecific activities (from 1 to 45 weeks
after isotope administration) obtained from the analy-
sis of their aortas. The specific activity of the free and
ester cholesterol of the atherosclerotic aortas re-
mained similar throughout the period of 45 weeks
after isotopic injection. On the other hand, the specific
activity of ester cholesterol of normal aortas became
higher than that of free cholesterol some 3 weeks after
isotope administration and remained higher sub-
sequently.

Most of the cholesterol in the control aortas was in
the free form, 6.8 * 0.99 mg/g dried tissue, and only
1.2 + 0.67 mg/g was present as esterified cholesterol.
For the atherosclerotic aortas, both free and ester cho-
lesterol increased greatly to 20.6 * 6.08 and 17.2
+ 9.04 mg/g dried tissue, respectively, with ester
cholesterol showing the greatest increase, about 1400%.

The content of isotopic total, free and esterified
aortic cholesterol of monkeys receiving the same
dose of [4-“C]cholesterol

The total [4-"*C]cholesterol content in the aortas
of a group of paired monkeys (control and athero-
sclerotic) that were given the same amount of isotope
is depicted in Table 5. For example, in control aortas
the radioactivities were 6500 and 7100 dpm/g of aorta
at 7 and 13 weeks after isotopic administration. The
radioactivity decreased to 3900 and 4600 dpm/g at 45
and 51 weeks, respectively. For atherosclerotic aortas,

TABLE 4. Free and esterified cholesterol content and specific activities (SA) of the aortas of control and experimental monkeys

Control Monkeys

Atherosclerotic Monkeys

Weeks Cholesterol SA Cholesterol SA
after Isotope
Administration # Free Esterified Free Esterified # Free Esterified Free Esterified
mglg dpmimg mglg dpmimg
i 1A 5.7 1.8 976 927 2B 12.0 5.1 531 458
3 7B 7.1 2.1 2018 2787 8B 15.0 13.0 1199 1197
5 3A 5.9 0.6 850 1667 4A 27.2 29.8 623 619
7 5A 6.2 0.7 1053 1761 6A 24.8 21.9 593 705
10 11B 7.3 0.6 1579 5500 12B 24.8 22.3 1032 897
13 7A® 743 960 8A® 599 479
20 11A¢ 407 611 12A¢ 323 278
35 19B 8.3 1.6 573 1112 20B 19.5 11.0 447 262
45 19A° 282 460 20A° 196 135
Mean 6.8 1.2 20.6 17.2
SD + 0.99 + 0.67 + 6.08 + 9,04

? Same monkey had two doses of isotopes at ten weeks apart. The “A” and “B” series represent *C and ®*H values, respectively.
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TABLE5. The radioactivity of total, free and esterified cholesterol in the aortas of control and atherosclerotic

monkeys (dpm/g of aorta) after the same dose of [4-"*C]cholesterol intravenously

Control Monkeys

Atherosclerotic Monkeys

Weeks Cholesterol Radioactivities Cholesterol Radioactivities
after
Isotope # Total Free Esterified # Total Free Esterified
dpmimg dpmimg
1 1A 6,689 5,084 1,605 2A 9,269 6,766 2,503
5 3A 5,509 4,903 606 4A 34,001 16,320 17,681
7 5A 6,538 5,230 1,308 6A 25,789 12,378 13,411
13 7A 7,106 5,400 1,706 8A 13,624 8,038 5,586
19 9A 8,786 10A 12,023
20 11A 2,739 2,410 329 12A 13,947 7,950 5,997
41 13A 14A 4,810
42 15A 4,076 16A 5,129
43 17A 2,204 18A 5,347
45 19A 3,954 2,966 988 20A 4,917 3,540 1,377
51 21A 4,649 22A 3,485

the radioactivities were 34,000 and 25,000 dpm/g of
aorta at 5 and 7 weeks after isotopic injection, respec-
tively. They decreased to 4900 and 3400 at 45 and 51
weeks, respectively.

If we imagine each group as a single monkey (con-
trol and atherosclerotic), sampled at different time
points after the same dose of isotope, the rise and
fall of radioactivity in the aorta after isotopic choles-
terol injection into the plasma demonstrated an active
turnover of cholesterol in the aortas of both groups.
The amounts of both labeled free and esterified cho-
lesterol in normal and atherosclerotic aorta also de-
creased in time after an initial increase. The isotopic
free and esterified cholesterol in control aortas were
5400 and 1700 dpm/g of aorta, respectively, at 13
weeks after isotope administration and these de-
creased to 2900 and 988 at 45 weeks. In atherosclerotic
aortas, the changes were from 16,000 and 17,000
dpm/g of aorta at 5 weeks to 3500 and 6000 at 45
weeks. These data demonstrated that esterified cho-
lesterol in the monkey aorta was as mobile as free
cholesterol. In the control aortas there was a limited
uptake of radioactivity from plasma into its esterified
cholesterol pool (only 19% of total aortic radioactivity).
On the other hand, the radioactivity was roughly simi-
lar for both free and esterified cholesterol in athero-
sclerotic aortas.

Influx rate of plasma cholesterol into total, free and
esterified aortic cholesterol pools

The influx rate and turnover of aortic cholesterol
were calculated under the same assumption and by
the same equations used previously (4). For calculating
the influx rate, it was assumed that there was mini-
mal loss of radioactive cholesterol from the aorta dur-

ing the period of study. As indicated in Table 5, there
was some loss of i1sotope from aorta with time, es-
pecially after 10 weeks, in the atherosclerotic group.
We, therefore, arbitrarily selected the cut-off point 10
weeks after isotope administration, a time before the
specific activity of the aorta crossed over the specific
activity curve of the plasma cholesterol, and then esti-
mated the minimal influx rate of the two groups of
monkeys (control and atherosclerotic) (Table 6). The
minimal estimate of influx rate 1-10 weeks after pulse
labeling was 0.088 + 0.031 mg/g dried tissue per day
for control monkeys and much higher, 0.470 + 0.200
mg/g dried tissue per day, for atherosclerotic mon-
keys. With the assumption that the atheroma is in a
steady state (when influx equals efflux), the maximal
estimates of turnover times were 113.5 = 50.7 days
for control monkeys, and 90.7 + 42.3 days for athero-
sclerotic monkeys.

The influx rates of plasma cholesterol into the pools
of both free and esterified cholesterol of the normal
and atherosclerotic aortas were calculated for five
pairs of monkeys based on the same rationale as that
used for total cholesterol influx presented previously.
The minimal estimate of influx rate 1 to 10 weeks
after isotope administration was 0.067 + 0.022 mg/g
tissue per day for free cholesterol and 0.019 = 0.01
for esterified cholesterol in control monkeys. The in-
flux rate was 0.275 + 0.079 for free cholesterol and
0.234 + 0.129 for esterified cholesterol in the athero-
sclerotic monkeys. The calculated influx rate of esteri-
fied cholesterol represents the aortic esterified choles-
terol originating from plasma cholesterol whether it
is derived by direct transport or via in situ esterifica-
tion. The data again show the limited uptake of esteri-
fied cholesterol from plasma by normal aorta. The in-

Lin et al. Cholesterol metabolism in monkey aortas 197

2T0Z ‘6T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

TABLE 6. The minimal influx rate of plasma cholesterol into the total, free and esterified cholesterol pools of normal and
atherosclerotic monkey aortas and the approximation of accumulation or turnover time of
cholesterol in the respective aortas

Control Monkeys

Atherosclerotic Monkeys

Influx Rate to

Influx Rate to

Weeks Total Free Esterified Accumulation® Total Free Esterified Accumulation®
After Cholesterol  Cholesterol  Cholesterol or Turnover? Cholesterol ~ Cholesterol  Cholesterol or Turnover®
Isotope # Pool Pool Pool Time # Pool Pool Pool Time
mglglday days mglglday days
1 1A 0.124 0.095 0.029 60 2A 0.404 0.296 0.108 42
3 7B 0.118 0.084 0.034 78 8B 0.403 0.216 0.187 70
5 3A 0.063 0.053 0.010 103 4A 0.792 0.379 0.413 72
7 5A 0.079 0.066 0.013 87 6A 0.632 0.308 0.324 74
9 9B 0.100 177 10B 0.271 138
10 11B 0.051 0.041 0.010 155 12B 0.318 0.179 0.139 148
Mean 0.088 0.067 0.019 113.5 0.470 0.275 0.234 90.7
SD * 0.031 + 0.022 +0.011 + 50.7 + 0.200 + 0.079 + 0.129 + 423

¢ If the efflux of atheroma cholesterol was negligible, this would be the maximal period of accumulation.
® If atheroma cholesterol was in a steady state (when influx equals efflux), this would also be maximal turnover time.

flux rates for both free and esterified cholesterol were
4 and 12 times greater, respectively, in the athero-
sclerotic aortas than in the normal aortas.

DISCUSSION

The plasma cholesterol levels of the atherosclerotic
monkeys rose 500% from baseline as a result of the
high cholesterol diet. Consequently, moderately se-
vere atherosclerosis resulted in these monkeys over
the period of 21 months of feeding. The cholesterol
content of the aortas proved to be a crucial index of
atherosclerosis. The data from the present study,
therefore, demonstrated the direct relationship be-
tween the level of aortic cholesterol and the degree
of atherosclerosis in rhesus monkeys. In three species
of New World monkeys, Portman and Andrus (9) also
found a correlation between cholesterol levels and the
aortic sudanophilia.

A comparison of the specific activity of plasma and
aortic cholesterol in atherosclerotic and control mon-
keys indicated that more rapid equilibration occurred
in the atherosclerotic aortas. The faster equilibration
and the higher aortic to plasma specific activity ratio
found in the atherosclerotic monkeys must have re-
sulted from the greater influx rate of plasma choles-
terol into aorta when the plasma cholesterol levels
were higher. Another possibility would be the some-
what faster plasma cholesterol turnover which oc-
curred in the atherosclerotic monkeys, aortic choles-
terol turnover being then a tissue pool component of
this generally more rapid cholesterol turnover. We
believe that this latter is not the major explanation
of the phenomenon. Furthermore, the total radioac-
tivities in the atherosclerotic aortas were much higher

198 Journal of Lipid Research Volume 21, 1980

than those of the control monkeys, despite the fact
that the plasma cholesterol specific activity was lower
in the atherosclerotic monkeys (greater dilution by a
larger plasma cholesterol pool). Indeed, the influx
rate in atherosclerotic monkeys was found to be five
times higher than that in control monkeys.

An elevated influx rate in atherosclerotic arteries
has also been observed in rabbits and pigeons (10-12).
A direct correlation between influx rate and the
plasma and aortic cholesterol concentrations was dem-
onstrated by Newman and Zilversmit (11) and Zilver-
smit and Hughes (13) in rabbit experiments. Lofland
and Clarkson reported an efflux rate that was higher
than the influx rate of both free and esterified cho-
lesterol in normal aortas of pigeons (10). These re-
lationships were reversed in the atherosclerotic pigeon
aorta. Certainly, the increased influx rate of choles-
terol in the atherosclerotic aorta could be an important
factor responsible for the accumulation of cholesterol
in this tissue.

In contrast to atherosclerotic aorta, there was a
limited uptake of plasma cholesterol into the choles-
terol pool of the normal aorta, especially for esteri-
fied cholesterol. It has been suggested that the normal
arterial intima is a barrier to the passage of plasma
constituents into arterial tissue (12, 14, 15). However,
under the conditions of the profoundly elevated
plasma low density lipoprotein and cholesterol levels,
whatever protective mechanism was present in the
normal artery to prevent the entry of plasma choles-
terol was abolished. The influx of plasma cholesterol
into the aortic cholesterol pool, especially the esterified
cholesterol pool, increased drastically in the athero-
sclerotic monkeys. In the present study, the uptake
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of plasma cholesterol into the aortic esterified pool
in atherosclerotic aorta was 12 times higher than that
in normal aorta. The mechanisms behind these phe-
nomena are still not completely understood.

Free and esterified cholesterol in the atherosclerotic
aorta rapidly equilibrated and maintained similar spe-
cific activities throughout the study. Two explanations
of this equality come to mind. First, this could be
indicative of active esterification occurring in the
aorta. Esterification has been observed in the athero-
sclerotic aorta of many species (16—19). On the other
hand, since free and esterified cholesterol have simi-
lar specific activities in plasma (20), another possibility
could be the direct transfer of esterified cholesterol
trom plasma. Serum lipoproteins have been found in
the arterial wall (21-29). In cells of the tissue culture
system, we have found that intact esterified cholesterol
from the media is taken up (30, 31). Newman and
Zilversmit (11) also proposed this possibility in the rab-
bit. From their study of human aorta, Smith and Slater
(32) have suggested that in fatty streaks the lipid is
within fat-filled cells and cholesterol ester was derived
by esterification in situ, These cholesteryl esters were
characterized by a very high proportion of oleic acid.
The fatty acids were composed of 50% oleic acid and
14% linoleic acid. In fibrous lesions, however, the lipid
takes the form of fine, extracellular droplets with the
cholesteryl ester probably derived directly from the
plasma. The fatty acids of these cholesteryl esters were
composed of 26% oleic acid and 43% linoleic acid.
In the atherosclerotic aortas of the present monkey
study, we found that 32% of the cholesteryl ester fatty
acids was oleate and 44% was linoleate. Furthermore,
the distribution of these two fatty acids in cholesteryl
esters in the atherosclerotic aorta was similar to that
in the plasma.! This evidence seems to suggest that the
direct uptake of cholesteryl ester from the plasma
might have had an important role in the accumula-
tion of cholesterol in the atherosclerotic plaque.

The cholesterol efflux rate could not be measured
directly in the present experiments. However, a con-
sideration of the efflux rate of cholesterol from the
aortas of control and atheromatous monkeys led to a
further impression of a dynamic state. In control
aortas, there was a continuous steady state with no
net accumulation of cholesterol. Therefore, the efflux
rate must have then equalled the influx rate, which
was calculated to be 0.088 mg/g per day. In the athero-
sclerotic monkeys, the influx rate was estimated to be
0.470 mg/g per day. If their efflux rate had remained
at the control level, 0.088 mg/g per day, the net ac-

! Lin, Don 8., W. E. Connor, and R. W. Wissler. The fatty acid
composition of atherosclerotic plaques. Unpublished data.

cumulation rate would be 0.470-0.088 which would
equal 0.382 mg/g per day or 2.67 mg/g per week.
With an accumulation rate of this magnitude, mon-
keys fed a high cholesterol diet for different periods
of time must then have a significant difference in
aortic cholesterol content. Analyzing our data, how-
ever, we found that because of the schedule of the
killings, monkeys in this study had been fed a choles-
terol diet for various periods of time (Table 2). Some
had as much as 50 weeks more of the cholesterol
feeding than the others. Yet, there was no clear-cut
difference in the aortic cholesterol content observed
in the animals fed longer or shorter times beyond the
basic 21 months of feeding. In view of this informa-
tion, it seems likely that the atheromatous aortas ulti-
mately attained a relative steady state.

Although the quantitative efflux rates could not be
obtained from this study, the disappearance of iso-
topic cholesterol from the aorta with time (Table 5)
indicated that there was indeed a flux of cholesterol
into the plasma from both normal and atherosclerotic
aortas with a greater etfflux probably occurring in
atherosclerotic aortas. Both free and esterified labeled
cholesterol in normal and atherosclerotic aortas de-
creased in time. In the atherosclerotic aorta, both the
free and esterified cholesterol changed in parallel.
This indicated that esterified cholesterol was as labile
as free cholesterol.

From the six pairs of monkeys killed 10 weeks after
isotope administration, we found that the fractional
turnover rate and turnover time was 6.1% per week
and 114 days for control aortas, and 7.7% per week
and 91 days for atherosclerotic aortas, respectively
(Table 6). For comparison, we also calculated these
parameters from composite curves (Fig. 2A and 2B)
by another method developed by Samuel and co-
workers (33). From the data obtained from monkeys
killed 10 weeks after isotope injection, the fractional
turnover rate and turnover time were calculated to be
5.0% per week and 140 days for control monkeys
and 7.0% per week and 101 days for the athero-
sclerotic monkeys, respectively. From the data of total
51 weeks, the fractional turnover rate and turnover
time was 1.8% per week and 350 days for the control
monkeys, and 9.6% per week and 70 days for the
atherosclerotic monkeys, respectively. Therefore, the
fractional turnover rate and turnover time calculated
by two independent methods emphasizes the point
that there was faster turnover of cholesterol in the
aortas of the atherosclerotic monkeys.

This active turnover of cholesterol in the aortas of
these monkeys suggested that these atherosclerotic
lesions are potentially regressible. This conclusion
coincides with the results from the previous study with
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mass determinations that the atherosclerotic lesions in
this non-human primate will regress when their
plasma cholesterol levels were lowered by withdrawing
the cholesterol from their diet (1, 2).

Because of the similarity in experimental designs
between our previous study of the cholesterol turn-
over in human arteries (4) and the present study, it is
interesting to compare the parameters measured from
these two experiments. The influx rate of plasma cho-
lesterol into the severely diseased human abdominal
aorta was 0.274 + 0.027 mg/g per day (4). For the less
severe atherosclerotic monkey aorta, it was 0.470
=+ 0.200 mg/g per day. The turnover time was 442
days and 91 days for atherosclerotic human and mon-
key aortas, respectively. The ratio of aortic cholesterol
specific activity to plasma cholesterol specific activities
reached unity in the aortas of atherosclerotic mon-
keys 7-9 weeks after isotopic cholesterol injection.
In the diseased human abdominal aortas, unity was
not reached by 9-14 weeks after the administration
of labeled cholesterol. The human aortic-plasma ratios
ranged from 10 to 83%. These data clearly point to
great differences in cholesterol metabolism and turn-
over in atherosclerotic lesions of varying severity. Less
severe lesions of the aorta had a more rapid cholesterol
turnover than both normal aortas and severely athero-
sclerotic aortas. The stage of the atherosclerotic proc-
ess appeared to be the compelling factor in cholesterol
turnover. While the monkey atherosclerotic lesions
had many of the characteristics of human athero-
sclerosis, they were, in general, less complicated. The
human atherosclerotic lesions had reached the ulti-
mate in the atherosclerotic process: they were ob-
structed, more fibrotic and calcified, and far more
necrotic. Thus, it is not surprising that they had a
much slower turnover of cholesterol. The monkey
lesions were more cellular and represented an earlier
stage in the development of atherosclerosis, perhaps
analogous to younger, non-obstructive human lesions.
Their more rapid turnover of cholesterol indicated
a greater propensity to regression should the greater
influx rate of cholesterol be lessened by the reestab-
lishment of normal plasma cholesterol levels &S
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