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Hypertension has been shown to increase the
severity of atherosclerosis in both man and ex-
perimental animals (1). Most observers attribute
this effect of hypertension to local damage to the
vessels produced by the augmented pressure or
turbulence of the blood. This concept is supported
by the more frequent occurrence and greater se-
verity of atherosclerotic lesions at locations of
high pressure or turbulence. It has also been sug-
gested that high blood pressure increases the fil-
tration of blood across arterial walls and, presum-
ably, affords an opportunity for retention of lipid
in the walls (2).

The present report is concerned with two other
factors that may affect the concentration of lipid
in the aortas of hypertensive rats: the concentra-
tion of lipid in the blood, and lipid synthesis in the
aorta itself. Cholesterol concentrations were
found to be significantly higher in aortas of hy-
pertensive rats than in those of normotensive con-
trols. This difference was observed when hyper-
tensive animals had higher serum cholesterol lev-
els than their controls, but the difference persisted
when experimental conditions were adjusted so
that the serum cholesterol levels were comparable
in the two groups of animals. It was found that
the rate of cholesterol synthesis in vitro is in-
creased in the aortas of hypertensive rats.

* Work supported in part by U. S. Public Health
Service grants H-3622, H-5143, H-3838, M-2562, and
A-2965 from the National Institutes of Health. Re-
ported in part in abstract form in Circulation 1962, 26,
705.

t Work done during tenure of an Established Investi-
gatorship of the American Heart Association. Career
Scientist, Health Research Council of the City of New
York, contract 1-253.

METHODS

Animals. Male albino rats of the Carworth Farms
Nelson (CFN) strain 1 were used in all experiments
except those involving parabiotic animals. In the latter
instance, males and females obtained by inbreeding CFN
rats or Wistar rats 2 were used.

Diet. Rats were given water and food at will. The
diet was either Purina rat chow (regular diet) or
ground Purina chow with added 0.5% thiouracil, 4%, cho-
lesterol, and 1% cholic acid 3 (TCC diet). The TCC
diet was prepared by mixing a solution of cholesterol in
ether with the ground chow, allowing the ether to evapo-
rate, and blending cholic acid and thiouracil with the dry
diet in a power mixer.

Induction of hypertension. Hypertension was induced
by the method of Wilson and Byrom (3). The left re-
nal arteries of rats weighing about 150 g were constricted
by the application of a silver clip of 0.23 mmi.d. The
right kidneys were left intact. Rats with sustained sys-
tolic blood pressures greater than 150 mmHg were con-
sidered hypertensive. As normotensive controls, rats
with systolic blood pressures less than 125 mmHg were
used. These were either intact or sham-operated.

Aleasutremtent of blood pressure. Systolic blood pres-
sures were measured regularly, at intervals of 2 or 3
weeks, in the tail of the anesthetized rat in a warm room.
A Gaertner cuff 22 mmlong 'and an "Infraton" 4 pickup
were used.

Parabiotic pairs. Wistar rats were inbred in this
laboratory by mating siblings for at least ten genera-
tions; CFN rats were inbred in the same way for three
generations. Parabiotic pairs were prepared by sutur-
ing the previously divided lateral abdominal muscula-
ture of the two rats while maintaining separation of the
peritoneal cavities and joining the scapulae.

Cholesterol concentration in serum. To obtain blood
for the measurement of serum cholesterol levels at in-
tervals, rats under light ether anesthesia were bled by

1 Carworth Farms, Inc., New York, N. Y.
2 Obtained from the Wistar Institute, Philadelphia, Pa.
3 Through the courtesy of the Ames Company, Inc.,

Elkhart, Ind.
4 Brecht-B6uke, model E, Medical Electronics De-

velopment Co., Great Neck, N. Y.
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clipping the end of the tail. Otherwise, blood was ob-
tained at sacrifice by bleeding from the left ventricle
or the vessels of the neck. Blood was allowed to clot
and then centrifuged. The calorimetric method of Zlatkis,
Zak, and Boyle (4) was applied to the lipid extract of
serum prepared by the method of Abell, Levy, Brodie,
and Kendall (5).

Cholesterol concentration in the aorta. Rats were
sacrificed by decapitation, or by exsanguination under
ether anesthesia. The aorta was excised and cleaned of
adherent fat, connective tissue, and most of the adventitia,
while bathed in ice-cold saline. The sample of aorta
used in all experiments included the arch and the de-
scending thoracic aorta. The tissue was refluxed in 5%o
alcoholic KOHfor three hours. The digest was diluted
with an equal volume of water and the mixture extracted
twice with 2 vol hexane. The hexane was evaporated to
dryness, and the cholesterol in the residue was meas-
ured by means of the color reagent of Zlatkis and associ-
ates (4). This method was used because of its sensi-
tivity, which permitted measurement of the cholesterol
content of a single aorta. Preliminary experiments
showed that this procedure gave somewhat higher ab-
solute values (about 10%) than the procedure of Sperry
and Webb (6) but gave the same relative values for
different samples.

Nitrogen. The nitrogen content of the aorta was used
as a convenient reference basis for other measurements.
To determine nitrogen, samples of tissue digests were
subj ected to Kj eldahl digestion, and the ammonia was
measured by means of Nessler's reagent (7).

Cholesterol synthesis in the aorta in vitro. Rats were
sacrificed by decapitation. The aorta was rapidly ex-
cised, dissected, as indicated in the previous section, and
opened lengthwise. The incubation medium consisted of
2 ml of Krebs-Ringer bicarbonate (pH 7.4) containing
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30 jimoles glucose and either acetate-l-C'4 or mevalonate-
2-C14. Three ;c of acetate of SA 2 mc per mmole, or 25
,uc of acetate of SA 29 mc per mmole, were used per flask.
One Ac of mevalonate of SA 1.4 mc per mmole was used
per flask. Incubations were carried out in an atmosphere
of 95% oxygen and 5% carbon dioxide for 3 hours at
370 C in a Dubnoff metabolic shaker. Aortas of hyper-
tensive and control animals were incubated simultane-
ously.

After incubation, 2 mg of cholesterol (recrystallized 5
times from ethanol) was added to the flasks as carrier.
The contents of the flasks were then saponified in 5%
KOHin 80% ethanol (final concentration), and the cho-
lesterol was extracted as described in the previous sec-
tion. Cholesterol was isolated as the digitonide, which
was -dissolved by the procedure of Kabara (8), mixed
with the phosphor solution (0.4% 2,5-diphenyloxazole
and 0.01% 1,4-bis-2-(5-phenyloxazolyl)-benzene in tolu-
ene) and counted in the Packard Tri-Carb liquid scintil-
lation counter. The background was 15 cpm. Samples
with low radioactivity were counted for the maximal pe-
riod allowed in the Tri-Carb (100 minutes). The values
given in the tables are means of at least four determina-
tions on each sample.

In this laboratory, as in others (9, 10), it has been
observed that the digitonide isolated after incubation of
rat aorta with labeled precursors of cholesterol contains
other labeled compounds in addition to cholesterol. The
samples were therefore purified by passage through cho-
lesterol dibromide. After the samples had been counted,
150 mg of recrystallized cholesterol was added to each
vial. The contents of the vials were evaporated to
dryness, the digitonides were cleaved with pyridine, and
the cholesterol was purified through the dibromide by the
procedure of Fieser (11). In some experiments, bromi-
nation was repeated until the cholesterol reached con-
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FIG. 1. CHOLESTEROLCONCENTRATIONIN AORTA AND SERUM OF NORMOTENSIVEAND HYPER-

TENSIVE RATS ON REGULARDIET. Body weights and serum and aortic cholesterol concentrations
are values at the time of sacrifice. Blood pressures are mean values for the period after op-
eration. Each mark represents one rat. Horizontal lines indicate group means.
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FIG. 2. CHOLESTEROLCONCENTRATIONIN AORTA AND SERUMOF NORMOTENSIVEAND HYPER-

TENSIVE RATS ON THE TCC DIET. Rats designated by the open marks had been on the TCC
diet continuously for 3 months; those designated by the closed marks had been on TCC diet
alternating with regular diet at intervals of 2 weeks for 14 weeks. Horizontal lines indicate

group means. Blood pressures and serum cholesterol levels are mean values for the 14-week

period. Aortic cholesterol concentrations and body weights are values at the time of sacrifice.

stant specific activity. In order to obtain enough labeled
material for the purification, aortas of two or more rats

were pooled after incubation in most experiments. In
those experiments in which acetate of the higher specific
activity was used, material from one rat was adequate.

RESULTS

Cholesterol concentration in the aorta. Experi-
ment I. In Figure 1 are shown the values for
cholesterol concentrations in sera and aortas of 9
normotensive and 8 hypertensive CFN rats main-
tained on the regular diet. The hypertensive rats

had sustained systolic blood pressures above 150
mmHg for 3 months. The values in the figure are

the mean blood pressures for this period. Serum
cholesterol levels were measured at sacrifice only.
The mean values for serum cholesterol were 82
mg per 100 ml (range 58 to 103, SE 6) for the
normotensive and 135 mgper 100 ml (range 74 to

184, SE 12) for the hypertensive rats (p = 0.001).
The mean values for aortic cholesterol concentra-
tion were 0.0352 mgper mg aorta nitrogen (range
0.0243 to 0.0502, SE 0.0028) for the normoten-
sive and 0.0459 (range 0.0369 to 0.0523, SE
0.0020) for the hypertensive rats (p < 0.01).
Both sertum and aortic cholesterol concentrations

were higher in the hypertensive than in the control
group. The data showing that hypertensive rats
maintained on an unsupplemented chow diet de-
velop higher serum cholesterol concentrations than
control rats have not been reported previously.
An abstract of work related to the mechanism of
this effect of hypertension has been published
(12).

Experiment II. In Figure 2 are shown cho-
lesterol concentrations in sera and aortas of nor-

motensive and hypertensive rats maintained on

the TCC diet. Six out of the ten rats in the nor-

motensive group and five out of the nine in the
hypertensive group were given the TCC diet
alternating with regular diet every 2 weeks for
a total of 14 weeks. The remaining rats in both
groups were on the TCC diet continuously for all
14 weeks. Since the subgroups were small, all
normotensive and all hypertensive rats are com-

bined in the figures, with rats on the alternating
regimen designated by closed and those on the
steady regimen by open marks. Serum cholesterol
levels were measured every 2 weeks, and the mean

values for the 14-week period are shown in Fig-
ure 2. The mean values for serum cholesterol
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TABLE I

Cholesterol concentration in serum and aorta of parabiotic pairs of rats*

Systolic
Pair blood Serum Aortic
no. Rat Sex Strain pressure cholesterol cholesterol

mmHg mg/100 ml mg/mg nitrogen
1 Clipped F Wistar 141 1,000 0.0967

Control 94 888 0.0383
2 Clipped F Wistar 160 871 0.0898

Control 112 873 0.0333
3t Clipped M Wistar 158 674 0.0746

Control 108 643 0.0353
4 Clipped F CFN 150 1,209 0.135

Control 112 1,028 0.0522
5 Clipped F CFN 142 1,154 0.0997

Control 105 1,047 0.0354
6 Clipped M Wistar 114 663 0.0358

Control 92 682 0.0318
7 Clipped M Wistar 111 493 0.0332

Control 101 482 0.0222

* Blood pressures and serum cholesterol levels are the mean values for the period on the TCCdiet. Serum cholesterol
concentrations were comparable in members of a pair; aorta cholesterol concentrations were higher in the rat with the
higher blood pressure.

t This pair of animals was loosely joined. They remained united for two months, came apart, and remained sepa-
rated for 2 months before sacrifice.

concentration were 1,257 mg per 100 ml (range
754 to 1,985, SE 129) for the normotensive and
1,206 mg per 100 ml (range 742 to 1,681, SE
106) for the hypertensive rats. The mean values
for aortic cholesterol concentration were 0.0308
mg per mg tissue nitrogen (range 0.0168 to
0.0440, SE 0.0028) for the normotensive and
0.0668 mg per mg nitrogen (range 0.0129 to
0.0987, SE 0.0096) for the hypertensive rats. Al-
though there was no significant difference in mean
serum cholesterol level between the two groups,
the mean aortic cholesterol concentration was twice
as high in the hypertensive group (p < 0.01).

At no time in the experimental period did the
hypertensive rats show significantly higher se-
rum cholesterol levels than their normotensive
controls. This result appears to be characteristic
of hypertensive CFN rats maintained on the
atherogenic diet, and contrasts with the results
previously obtained with hypertensive Wistar rats,
which developed higher serum cholesterol levels
than normotensive controls when fed the TCC
diet (13).

Experiment III. Floyer and Richardson have
shown that it is possible to maintain parabiotic
pairs of rats in which the rat with a clip on one
renal artery has a higher blood pressure than the

intact rat (14). In experiment III, similar rats
were used. A clip was placed on .the left renal
artery of one, which was then united with his nor-
mal control. One and one-half to 4 months later,
the rats were placed on the TCC diet for an ad-
ditional 3 to 4 months. Serum cholesterol levels
and blood pressures were measured at intervals of
2 to 3 weeks. The mean values for the blood
pressures and serum cholesterol levels of each
rat for the period on the diet and the aortic cho-
lesterol concentrations are shown in Table I.
Serum cholesterol levels were not significantly
different in members of a pair. In pairs 1 through
5, the blood pressures of the two rats differed sig-
nificantly (37 to 50 mmHg), and the cholesterol
concentration in the aorta of the rat with higher
blood pressure was two to three times higher
than in the control rat. In pairs 6 and 7, there
was a smaller difference in blood pressure (10 or
20 mmHg) and in aortic cholesterol concentration
(10 or 507o) between the clipped and control rat.

Cholesterol synthesis in the aorta in vitro. For
studies of the incorporation of labeled precursors
into cholesterol, rats that had been hypertensive
for 2 to 4 months and normotensive controls were
used. All were maintained on the regular diet.
Table II shows the results of 9 experiments in
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TABLE II

Synthesis of cholesterol from acetate-i-C'4 by rat aorta in vitro

cpm clpm after bromination
Exp't before cpm/ cpm/

no. Rats* bromination I II III aorta$ mg nitrogent

1 N (5) 16 9 10 8 1.6 0.8
H (5) 117 79 69 72 14.4 4.9

2 N (2) 23 5 6 3 1.3
H (2) 529 100 83 41.5 13.5

3 \ (4) 20 27 6.8 4.7
H (3) 75 60 20 9.5

4 N (1)t 88 15 14 14 6.7
H (1)t 312 87 20 21 21 7.2

5 N (1)t 129 26 6 5 5 2.6
H (1)t 674 147 56 53 53 27.2

6 \(1)t 64 56 47 47 21.0
H (1)t 1,610 340 182 157 157 53.0

7 N (1)t 58 8 8 2.6
H (I)t 880 116 116 39.5

8 N(1)t 32 7 3 3 1.6
H (1)t 2,646 467 353 300 300 101

9 N (1)t 42 7 3 3 1.3
H (1)t 1,089 203 170 200 200 68.2

* N = normotensive, H = hypertensive. The numbers in parentheses indicate the number of aortas used in each
experiment.

t In these experiments, acetate of the higher specific activity was used.
t These values were calculated from the counts remaining after the last bromination.
The difference in incorporation of acetate to cholesterol between normotensive and hypertensive rats is significant

with an upper binominal confidence limit of 44.5% (p = .005).

which acetate was used as the precursor. The
counts per minute in cholesterol digitonide are

presented together with the yield after each pas-

sage of cholesterol through the dibromide. The
incorporation of acetate into cholesterol, whether

expressed as counts per minute per aorta, or as

counts per minute per milligram aorta nitrogen,
was higher in aortas of hypertensive rats. The
average increase in incorporation was 24-fold
when calculated per aorta and 18-fold when cal-

TABLE III

Synthesis of cholesterol from mevalonate-2-C14 by rat aorta in vitro*

cpm cpm after bromination
Exp't before cpm/ cpm/

no. Rats bromination I II III IV aortat mg nitrogent

1 N (3) 19 3 2 0.7 0.3
H (3) 330 61 41 52 43 14.3 4.2

2 N (2) 23 9 NS NS NS
H (2) 236 34 29 37 18.5 6.3

3 N (4) 64 9 NS NS NS
H (4) 351 19 2 0.5 0.15

4 N (4) 25 5 NS NS NS
H (2) 61 7 4 2 0.7

5 N (4) 40 27 21 5.3 2.3
H (4) 187 64 31 7.8 2.6

6 N (4) 132 14 5 5 1.3 0.6
H (4) 1,404 90 19 19 4.8 1.8

* N = normotensive, H = hypertensive, NS = cpm not significantly above background. Numbers in parentheses
refer to the number of aortas used in each experiment.

The difference in incorporation of mevalonate to cholesterol in aortas of normotensive and hypertensive rats is
significant with an upper binomial confidence limit of 45.9% (p = .025).

t These values were calculated from the counts remaining after the last bromination.
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culated per milligram aorta nitrogen. The dif-
ference in incorporation is greater when calculated
per aorta because the aortas of hypertensive rats
were, on the average, 40% larger than those of
controls, as a consequence of medial hypertrophy.

Table III shows the results of six experiments
in which mevalonate was used as the precursor.
Although some of the samples obtained after in-
cubation of aortas of normotensive rats are so low
in activity that they are not significantly above
the background, the incorporation of mevalonate
into cholesterol is higher in aortas of hypertensive
rats in each experiment.

DISCUSSION

These experiments have shown that hyper-
tensive rats develop higher aortic cholesterol con-
centrations than normotensive controls whether
they are maintained on a regular chow diet or on
a diet of chow with added thiouracil, cholesterol,
and cholic acid (TCC diet). A previous report
showed that rats will develop atherosclerotic le-
sions when maintained on the latter diet (13), but
in the present study, rats were sacrificed before
they had developed gross atherosclerotic lesions in
the aorta.

When the rats were maintained on the regular
diet, hypertensive ones had higher cholesterol con-
centrations in both serum and the aorta than nor-
motensive controls. Since there is evidence for
the transfer of plasma cholesterol to arterial walls
(15, 16), these changes in aortic cholesterol con-
centration might be attributed to an influence of
the plasma cholesterol concentration. When the
rats were maintained on the TCC diet, however,
the mean serum cholesterol levels were not signifi-
cantly different in the hypertensive and normoten-
sive groups, but the mean aortic cholesterol con-
centration was significantly higher in the hyper-
tensive group. In parabiotic pairs of rats in which
the blood pressures of the two rats differed but
the serum cholesterol levels were comparable, the
aortic cholesterol concentration in the rat with the
higher blood pressure was higher than in the rat
with the lower blood pressure. The difference
between aortic cholesterol concentration in nor-
motensive and hypertensive rats is, therefore, not
dependent on a difference in serum cholesterol
levels.

Furthermore, the findings in parabiotic rats
suggest that the difference in aortic cholesterol
concentration is independent of the concentration
of any blood component, with the possible ex-
ception of components with relatively short turn-
over times in blood. Parabiotic rats such as those
used in the present experiments have a common
circulation and an exchange of blood between rats
with a half-time of about 1 hour (17).

Evidence that aortic cholesterol concentrations
in normotensive rats are not readily affected by
serum cholesterol levels is given by the findings
in rats maintained on different diets (Figures 1
and 2). These rats showed no increase in aortic
cholesterol concentration on the TCCdiet, as com-
pared with the regular diet, in spite of 15-fold
difference in serum cholesterol levels on the two
regimens. It is, of course, possible that they
would have had higher aortic cholesterol concen-
trations after a longer period on the TCC diet,
since none of them had developed gross athero-
sclerotic lesions in the aorta up to the time of
sacrifice.

The increase in aortic cholesterol concentration
in rats with high blood pressure appears to be
mediated through local factors operating in or on
the vessel wall rather than through an elevation
of serum cholesterol levels. One of the local fac-
tors may be an effect of the high blood pressure
on the movement of cholesterol between plasma
and vessel wall, which results in a net transfer of
cholesterol to the vessel. Such an effect may ac-
count for the observation that hypertensive rats
had aortic cholesterol concentrations that were
50% higher when they were maintained on the
TCCdiet than when they were maintained on the
regular diet (Figures 1 and 2). Their serum cho-
lesterol concentrations were 10 times higher on
the TCC diet. If the high blood pressure in-
creases the rate of transfer of cholesterol from
plasma to vessel, it may have a more pronounced
effect on aortic cholesterol concentration at higher
plasma cholesterol concentrations.

The possibility that cholesterol synthesis in the
aorta wall may constitute another local factor af-
fecting aortic cholesterol concentration was also
considered in the present studies. Measurements
of the incorporation of labeled precursors into
cholesterol in vitro by aortas of rats on the regu-
lar diet indicated that aortas of hypertensive rats
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have a greater capacity to synthesize cholesterol
than those of controls. The results suggest that
synthesis of cholesterol in the aorta may con-

tribute to the increased aortic cholesterol concen-

tration in hypertensive rats. Further work is
needed to establish the quantitative importance of
local synthesis of cholesterol in the aortas of hy-
pertensive rats relative to the other factors that
may influence aortic cholesterol concentration.

Werecognize that the increased rate of choles-
terol synthesis may be a concomitant of medial hy-
pertrophy. Aortas of the hypertensive rats used
in this study had undergone considerable hyper-
trophy, but we do not know whether the rate of
growth was greatly above normal at the time the
samples were taken. An increased rate of growth
may require an acceleration of the rate of synthe-
sis of cholesterol as well as other substances needed
for the formation of new tissue. The aorta prepa-

rations used in the present work consisted of me-

dia, intima, and part of the adventitia. The iden-
tification of the particular layers of the vessel wall
involved in the increase in rate of aortic cholesterol
synthesis in hypertensive rats may indicate whether
this change is related to medial hypertrophy.

SUMMARY

Aortic cholesterol concentrations were found to

be higher in hypertensive rats than in normotensive
controls. These differences were observed
whether the serum cholesterol concentrations in
the hypertensive rats were higher than or com-

parable to the levels in control rats. The rate of
synthesis of cholesterol in vitro was found to be
higher in aortas of hypertensive rats than in those
of controls. The results suggest that the differ-
ence between aortic cholesterol concentrations in
normotensive and hypertensive rats is dependent
on local effects of the high blood pressure on the
aorta, on changes in the rate of cholesterol syn-

thesis in the vessel, or both, rather than on a

change in serum cholesterol concentration.
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