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Abstract

Dehydroepiandrosterone (DHEA) is an endogenous steroid
that blocks carcinogenesis, retards aging, and exerts antiprolif-
erative properties. In vitro, it is a potent inhibitor of glucose-
6-phosphate dehydrogenase, the first committed step of the
pentose phosphate pathway. In man, serum levels of DHEA
and its sulfate peak in early adulthood and drop markedly with
age. Epidemiologic evidence indicates that low levels ofDHEA
or its sulfate conjugate are linked to an increased risk of devel-
oping cancer or of death from cardiovascular disease. Like
cancer, atherosclerosis is a proliferative process characterized
by both initiation and promotion phases. This similarity pro-
vided a framework in which to study the antiatherogenic effects
of DHEA.

Rabbits were randomly assigned to four groups. Two
groups of rabbits received aortic endothelial injury by balloon
catheter and were fed a 2% cholesterol diet for 12 wk. DHEA,
0.5%, was incorporated into the diet of one group receiving the
2% cholesterol diet and endothelial injury and also into the diet
of one of the control groups. Animals were killed after 12 wk
and aortas, hearts, and livers were studied. Plasma samples
were analyzed for total cholesterol, VLDL, LDL, HDL, tri-
glycerides, DHEA, and DHEA-sulfate levels.

The atherogenic insult resulted in severe atherosclerosis in
animals not treated with DHEA. In those receiving DHEA
there was an almost 50% reduction in plaque size (P = 0.006),
inversely related to the serum level of DHEA attained. Fatty
infiltration of the heart and liver were also markedly reduced.
These beneficial actions were not attributable to differences in
body weight gain, food intake, total plasma cholesterol or dis-
tribution of cholesterol among the VLDL, LDL, or HDL frac-
tions.

The results show that high levels of plasma DHEA inhibit
the development of atherosclerosis and they provide an impor-
tant experimental link to the epidemiologic studies correlating
low DHEA-sulfate plasma levels with an enhanced risk of car-
diovascular mortality.

Introduction

Atherogenesis, like carcinogenesis, is now viewed as a prolifer-
ative disorder with identifiable initiating and promoting events
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preceding the proliferative stage (1, 2). Both diseases may be
characterized by monoclonal cellular proliferation and in both
diseases cellular proliferation is stimulated by growth factors
(3-5). Just as chemical carcinogens cause cellular prolifera-
tion, these agents can increase the frequency and size of spon-
taneous atherosclerotic lesions (6, 7). Because of these similar-
ities between the pathogenesis of cancer and atherosclerosis,
we considered the possibility that compounds that interfere
with carcinogenesis might have similar inhibitory effects on
atherosclerosis.

Dehydroepiandrosterone (DHEA)' is an endogenous ste-
roid with a wide variety of restraining effects on cell prolifera-
tion and differentiation and carcinogenesis in animals and
their cells. DHEA has been shown to reduce the incidence of a
variety ofboth chemically induced and spontaneous tumors in
mice (8). Furthermore, DHEA affects both initiation and pro-
motion stages of carcinogenesis (9). Circulating levels of
DHEA and its sulfate, dehydroepiandrosterone sulfate
(DHEAS), decline profoundly with age as the incidences of
atherosclerosis and cancer rise (10-13). This suggests that
higher levels of DHEA or DHEAS may be protective against
these proliferative disorders. Low plasma levels of these ste-
roids in humans have been associated with the presence of
cancer and may be related to increased risk ofdeveloping some
types of cancer (14, 15). Furthermore, low plasma levels of
DHEAS are predictive of increased risk ofcardiovascular mor-
tality in men (10), and are associated with some known risk
factors for cardiovascular disease' including hypertension ( 16),
and elevated serum lipids (17-19). DHEA has been reported to
lower serum cholesterol in animals and to cause subjective
improvement of intermittent claudication in humans (20, 21).

Other properties ofDHEA include inhibition of fat synthe-
sis, amelioration of diabetes in genetically diabetic mice and
inhibition of cell proliferation and transformation (8). DHEA
also blocks the differentiation of 3T3-L1 fibroblasts to adipo-
cytes (22). DHEA is a specific and potent inhibitor of glucose-
6-phosphate dehydrogenase (23, 24) and it has been suggested
that this inhibition is central to some of the actions ofDHEA
(8, 22, 25). Given the possible effects ofDHEA on these prolif-
erative and biosynthetic processes, we studied the effects of
DHEA on atherosclerosis in cholesterol fed New Zealand
White rabbits.

Methods
2- to 3-kg male, New Zealand White rabbits were obtained from Bun-
nyville Inc, Littlestown, PA. They were individually caged and housed

1. Abbreviations used in this paper: DHEA, dehydroepiandrosterone;
DHEAS dehydroepiandrosterone sulfate; CONTROL, group of ani-
mals fed regular chow; DHEA only, group of animals fed chow sup-
plemented with 0.5% DHEA; CHOL/INJ, group of animals fed chow
supplemented with 2% cholesterol and subjected to an aortic intimal
injury; DHEA/CHOL/INJ, group of animals fed chow supplemented
with 2% cholesterol and 0.5% DHEA and subjected to an aortic intimal
injury.
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in temperature and humidity controlled rooms. Light-dark cycles were
12 h each. After several days of acclimation the animals were sequen-
tially assigned to four feeding groups: standard rabbit chow (Ralston-
Purina Co., St. Louis, MO), standard rabbit chow containing 0.5%
DHEA, standard rabbit chow containing 2% cholesterol, and standard
rabbit chow containing both 2% cholesterol and 0.5% DHEA. DHEA
was obtained from Diosynth, Oss, Holland. The diets were prepared
and certified by Bioserv, Inc., Frenchtown, NJ. Diets were adminis-
tered for 12 wk, after the animals had adjusted to their new environ-
ment.

Body weights were determined at weekly intervals. Food bins,
which allowed continuous ad lib. feeding, were refilled three times per
week and average daily food intake calculated from the total food
consumed per week. Food spillage was similar in each group.

Surgery. After 1 wk on the assigned diet, animals in the two groups
receiving the 2% cholesterol diet underwent aortic intimal injury; ani-
mals in the two normal cholesterol groups had sham operations. The
surgery was performed as described by Baumgartner (26). Briefly, the
animals were anesthetized with sodium thiamylal (80-100 mg/kg),
intubated with a 3.5- or 4.0-mm interior diameter pediatric endotra-
cheal tube, and maintained on an animal respirator (Harvard Appa-
ratus Co., S. Natick, MA). Additional anesthesia was given as required.
Aortic intimal injury was accomplished by the insertion of a 5 French
balloon-tipped catheter through the iliac artery. The catheter was in-
serted a premeasured distance sufficient to reach the aortic arch. The
balloon was then inflated with 1 cm3 of air and withdrawn and ad-
vanced three times to cover the span of the thoracic and abdominal
aorta. The catheter was then removed and the vessel ligated. Immedi-
ately postoperatively all animals received 1.2 million U of procaine
penicillin G intramuscularly. Sham operated animals were subjected
to the same procedure except that the catheter was not inserted into the
vessel. Operative mortality was less than 2.5%.

The assignment to the various diet or diet and surgery groups
resulted in four analyzed groups: CONTROL (normal diet, no DHEA,
n = 6); DHEA only (DHEA supplementation without cholesterol, n
= 6); CHOL/INJ (cholesterol supplementation and aortic intimal in-
jury, n = 1 1); and DHEA/CHOL/INJ (cholesterol supplementation
and aortic intimal injury with DHEA added to the diet, n = 11).

Histopathology. All animals were sacrificed by sodium pentobarbi-
tal overdose. Animals were weighed at time of sacrifice and the aortas
were removed and placed in Hepes-buffered saline solution. The ad-
herent adventitia was removed and the aortas opened lengthwise,
pinned, and placed in formalin for 24 h. The aortas were stained for
lipid with Sudan IV and photographed. The aortas were then sliced
transversely at five predetermined sites (Fig. 1) and 5-mm sections
obtained. The tissue blocks were embedded in paraffin and two 5-Am
sections prepared; one section was stained with hematoxylin-eosin; the
other with Verhoeff-Van Gieson stain for connective and elastic tissue.

Hearts and livers were also removed, weighed after blotting, and
then fixed in formalin. After fixation the hearts were sliced transversely
parallel to the atrioventricular groove in 4-mm sections from apex to
base. These sections were then processed as described above. Sections
from liver were also collected.
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Figure 1. Schematic representation of aortic regions sampled for his-
tologic and topographic analysis.

The extent of aortic disease was assessed by two measures. First,
color slides of the whole aortas were ptojected and traced at magnifi-
cation of 5. The entire aortic surface area and the fraction with Sudan
positive staining were digitized using a Videoplan image analysis com-
puter (Carl Zeiss, Thornwood, NY). The topographic extent of gross
disease of the entire aorta was graded as mild (< 40% of total aortic
area exhibiting Sudan staining), moderate (40-90% of aorta with
Sudan staining) or severe (> 90% staining with Sudan). As a second
measure of the extent of disease, histologic atherosclerotic plaque size
was determined in five regions (Fig. 1). The slides of the aortic cross-
sections were projected at a magnification of 7 and the plaque cross-
sectional area and total cross-sectional aortic wall area traced and
digitized with the Videoplan computer. The percentage of plaque
cross-sectional area to total cross-sectional aortic wall area was used as
the index of regional plaque size.

Lipid analysis. Blood samples were obtained by ear bleeds before
initiation of the assigned diet and just before sacrifice. To control for
possible diurnal differences in measured blood values within the same
rabbit and between rabbits, all bleeds were performed at approximately
the same time of day (0800 to 1000 hours). In some animals an addi-
tional sample was collected - 2 wk before sacrifice. In these cases the
values were not found to be significantly different from the terminal
values and the average of the two determinations was used for data
analysis. Plasma cholesterol, VLDL, HDL, and LDL were determined
using standard techniques (30) in the Johns Hopkins Lipid Research
Clinic. Samples were collected into glass tubes containing disodium
EDTA (final concentration of 1.5 mg/ml). Plasma was prepared by
centrifugation for 15 min at 1,500 g at 4VC. The plasma was stored at
4VC until analysis. Briefly, plasma fractions of density < 1.006 g/ml
and > 1.006 g/ml were prepared by ultracentrifugation for 18 h at
105,000 g (100C). The top fraction containing VLDL (and chylomi-
crons if present) and the bottom fraction containing LDL and HDL
were recovered and reconstituted to the original volume with isotonic
saline and stored at 40C. The HDL fraction was prepared by heparin/
MnCl2 precipitation after establishing the conditions appropriate for
rabbit plasma. These conditions were established by titration of rabbit
plasma with heparin and MnCl2. The completeness of precipitation of
apolipoprotein B containing lipoproteins was established by agarose
gel electrophoresis of the heparin-MnCl2 supernatants.

Cholesterol in the unfractionated and fractionated samples was
determined using an enzymatic cholesterol procedure (Boehringer
Mannheim Diagnostics, Indianapolis, IN). The cholesterol content of
the lipoprotein fractions was calculated as follows: [VLDL-cholesterol]
= [Total cholesterol] - [d> 1.006 g/ml cholesterol]; [LDL-cholesterol]
= [d> 1.006 g/ml cholesterol] - [HDL-cholesterol].

Plasma triglycerides were determined by an enzymatic assay (Ab-
bott Laboratories, North Chicago, IL). Triglyceride blanks were per-
formed using a similar reagent without lipase (Abbott Laboratories).
Triglyceride standards (20.8 and 52 mg/dl) were obtained from Sera-
gen Diagnostics, Indianapolis, IN.

DHEA and DHEAS analysis. DHEA and DHEAS plasma levels
were determined in duplicate using commercial radioimmunoassays
(Diagnostic Products Corporation, Los Angeles, CA) and the average
of the two determinations used for analysis. In some animals an addi-
tional sample was collected - 2 wk before killing. In these cases the
values obtained at both times were averaged for use in the analysis
presented in this report.

Statistical methods. The study was viewed as a two-way analysis of
variance with a two-level intervention factor (high cholesterol diet with
aortic intimal injury or control) and a two level treatment factor
(DHEA supplementation or no supplementation) (27). This resulted in
four analyzed groups. A repeated measures design using multivariate
profile analysis was utilized in the analysis of the aortic histologic data
with location of the aortic section (from the five designated regions) as
the repeated measure (28). A similar repeated measures design with
time as the repeated measure was used for data acquired at the begin-
ning and end ofthe study. All hypotheses were tested by analysis ofthe
main effects and interaction effects. Multiple regression analysis using
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a multivariate general linear model was used to assess the independent
effects of plasma DHEA, DHEAS, and cholesterol on plaque size (27).
Comparisons between individual groups were made using Student's
unpaired t test corrected for multiple comparisons (29). Frequency
data were analyzed using either chi-square analysis, or where appro-
priate, Fisher's exact test (29). A two-tailed P value < 0.05 was consid-
ered significant. The results are reported as the mean and the 95%
confidence interval of the mean for values within individual groups
and mean±the overall standard error for between-group comparisons.

Results

Survival. Overall survival in this set of experiments was good.
There was one operative death. There were no deaths in either
the CONTROL or the DHEA/CHOL/INJ groups. One rabbit
in the DHEA only group and two in the CHOL/INJ group
developed clinically significant Pasteurella infections and were
killed by barbiturate overdose before completion of the exper-
iment. There were no other deaths. Final number of rabbits
analyzed in each group were CONTROL = 6, DHEA only
= 5, CHOL/INJ = 9 and DHEA/CHOL/INJ = 11.
DHEA andDHEAS levels. The overall mean plasma level

ofDHEA before treatment was 582 (353-81 1) pg/ml. Dietary
supplementation with 0.5% DHEA resulted in a significant
increase in the plasma DHEA level to 3,481 (1995-4967)
pg/ml. Plasma DHEAS was not detectable by the assay used

Mild Moderate

before dietary treatment with DHEA. This finding is in
marked contrast to human plasma, which normally contains
25-50 times higher levels of DHEAS than DHEA (11-13).
After 12 wk of DHEA dietary supplementation, plasma
DHEAS concentration was 81 (13-149) pg/ml, which is still
significantly less than the plasma DHEA levels prior to treat-
ment.

Severity ofatherosclerosis
Gross morphologicfindings. The percentage of the total aortic
surface area covered by plaque was 62 (36-88) in the DHEA/
CHOL/INJ group compared with 85 (70-100) in the CHOL/
INJ group (P = 0.105). When the topographic extent ofdisease
was classified as mild (< 40%), moderate (40-90%), or severe
(> 90%), the 9 aortas from rabbits in the CHOL/INJ group
had moderate (n = 4) or severe (n = 5) disease, whereas the 11
aortas from rabbits in the DHEA/CHOL/INJ group were dis-
tributed over all three grades with four (36%) of the aortas
classified as having mild disease, three with moderate and four
with severe disease (Fig. 2). This difference in the distribution
of topographic extent of atherosclerosis did not reach statisti-
cal significance (P = 0.094). All aortas from the control group
and the DHEA group showed no evidence of atherosclerosis.

Histopathology ofthe atherosclerotic lesions. Histologic ex-
amination of the aortic sections that were stained with hema-

Severe

Figure 2. Sudan IV stained aortas demonstrating the
grading system. After cleaning and fixation the aortas
were stained with Sudan IV and were graded with re-
spect to extent of atherosclerosis (mild, < 40% sur-
face involvement; moderate, 40-90% surface involve-
ment; severe, > 90% surface involvement). All of the
aortas from the control and DHEA only groups were
without evidence of disease. Mild disease was seen
only in the DHEA/CHOL/INJ group (4/1 1), whereas
moderate (CHOL/INJ, 4/9; DHEA/CHOL/INJ,
3/1 1) and severe disease (CHOL/INJ, 5/9; DHEA/
CHOL/INJ, 4/1 1) were seen in both groups.
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toxylin-eosin showed the characteristic intimal thickening
with foam cell infiltration typical of this model. The extent of
intimal thickening was greater in the CHOL/INJ aortas com-
pared to aortas from the DHEA/CHOL/INJ group (see
below). In addition, some Verhoeff-Van Gieson stained sec-
tions showed early collagen deposition and formation of a
fibrous cap in the aortas of both groups. Many sections from
the CHOL/INJ aortas showed destruction of the internal elas-
tic membrane with foam cells in the media. This finding was
uncommon in the DHEA/CHOL/INJ group. There was oth-
erwise no significant difference in the histologic appearance of
the aortic sections from the two groups.

Plaque size. To evaluate the effect of DHEA treatment
upon the atherosclerotic process quantitatively, plaque size,
defined as the percent of cross-sectional wall area involved
with atherosclerosis, was determined from Verhoeff-Van Gie-
son stained sections in the five regions indicated in Fig. 1. Fig.
3 shows typical results for the DHEA/CHOL/INJ group and
the CHOL/INJ group. DHEA/CHOL/INJ treated rabbits
showed an overall 48% reduction in atherosclerotic cross-sec-
tional plaque size compared to CHOL/INJ treated rabbits (P
= 0.006). This protective effect of DHEA treatment was seen

in all aortic regions (Fig. 4). We next examined whether this
protective effect against atherosclerosis was directly related to
elevated DHEA or DHEAS plasma levels or secondary to
other possible DHEA actions on food intake, body weight, or
plasma lipids.

Body weight andfood intake
One of the most generalized protective actions against cancer
and aging in rodents is decreased body weight secondary to
food restriction (31, 32). Several workers have shown that
DHEA in some settings can result in limitation of weight gain
in freely fed animals, either as a result ofdecreased food intake
or other poorly understood mechanisms (8). It was therefore of
interest to determine if food intake or weight gain were de-
creased by DHEA supplementation. As shown in Fig. 5 all
groups gained weight during the experiment (P < 0.001). Both
cholesterol-treated groups gained less weight than the groups
not receiving cholesterol supplementation (P = 0.001) and this
reduction was unaffected by DHEA supplementation. Weight
gain in the group receiving DHEA supplementation alone was
not significantly different than that of the control group. Thus,
DHEA did not independently limit weight gain or alter the
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Figure 3. Representative histologic findings. Shown are he-
matoxylin-eosin stained aortas from DHEA/CHOL/INJ (A)
and CHOL/INJ (B) treated animals. Cross-sectional plaque
area was noticeably less in the DHEA-treated animals.
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Figure 4. Extent of atherosclerosis as measured by percent of total
cross-sectional wall area composed of plaque. Bars represent
mean±95% confidence limits of the percent of total cross-sectional
wall area involved with atherosclerosis from each of the five aortic
regions studied in the CHOL/INJ and DHEA/CHOL/INJ groups.
DHEA (0.5%) added to the diet markedly reduced the extent of ath-
erosclerosis in all regions (P = 0.006, overall SEM = 8.5%).

cholesterol effect on weight gain. Cholesterol fed animals like-
wise ate less (P < 0.001) without an independent DHEA effect
(Fig. 6). Therefore, the observed protective effects of DHEA
were not mediated by alterations in food intake or weight gain.

Plasma lipids
Triglyceride. Plasma triglyceride levels at baseline were similar
in the four groups with an overall mean of 86.6 (68.7-104.5)
mg/dl. There was a nonsignificant trend to increased plasma
triglyceride concentrations in the cholesterol treated groups,
but DHEA treatment did not effect plasma triglyceride con-
centrations (Table I).

Cholesterol. Addition of cholesterol to the diets raised total
plasma cholesterol concentration - 30-fold. Before treat-
ment, mean plasma cholesterol was 38.3 (31.1-45.5) mg/dl
with no significant differences between groups. Terminal cho-
lesterol values were not significantly different from baseline
levels in the CONTROL and DHEA only groups (Table I).
However, cholesterol supplementation raised plasma choles-
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Figure 5. Initial and final (day 77) average body weight of rabbits.
All groups increased their average weight over the course of the ex-
periment (P < 0.001). Addition of 2% cholesterol to the diet signifi-
cantly decreased weight gain (P < 0.001) but there was no significant
effect ofDHEA on weight gain. Overall SEM = 0.07 kg.
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Figure 6. Average daily food intake. Average daily food intake was
determined by measuring the amount of food remaining in pre-
weighed food bins three times per week. Addition of 2% cholesterol
to the diet reduced food intake compared to control (P < 0.00 1).
DHEA (0.5%) added to the diet did not alter food intake in the
DHEA or DHEA/CHOL/INJ groups. Overall SEM = 3.2 g/d.

terol concentration (P < 0.001) to 1162 (804-1,522) mg/dl in
the CHOL/INJ group and to 893 (605-1,182) mg/dl in the
DHEA/CHOL/INJ group. The trend toward lower final cho-
lesterol concentration with DHEA supplementation was not
statistically significant (P = 0.46). Moreover, within groups,
there was no significant relationship between plasma choles-
terol level and DHEA level (CHOL/INJ, r = 0.45, P = 0.193;
DHEA/CHOL/INJ, r = 0.50, P = 0.212).

We also examined the changes in the distribution of cho-
lesterol in VLDL, LDL, and HDL fractions in relation to
treatment. The increase of total serum cholesterol in the ani-
mals fed a 2% cholesterol diet was accompanied by significant
increases in HDL, LDL, and VLDL cholesterol fractions, with
no significant effect of DHEA treatment on these increases
(Table I). However, when viewed in terms of the ratio of the
concentration of specific lipoprotein cholesterol to total cho-
lesterol concentration a different pattern emerged. The in-
creases in total serum cholesterol and lipoprotein subfractions
in the two cholesterol fed groups were accompanied by bor-
derline increases in the VLDL/total cholesterol ratio (P
= 0.053) and LDL/total cholesterol ratio (P = 0.083) (data not
shown), but the HDL fraction was significantly decreased in all
animals fed a 2% cholesterol diet (P < 0.01, Fig. 7). DHEA
dietary supplementation did not alter the distribution of the
specific liprotein cholesterol/total cholesterol ratios among the
three fractions in either the normal chow fed or cholesterol
supplemented animals (DHEA effect for HDL ratio, P = 0.57;
for LDL ratio, P = 0.76 and for VLDL ratio, P = 0.63).

Relation ofplasma DHEA, DHEAS, and
Cholesterol levels to plaque size
Regression analysis using a general linear model was used to
correlate plasma DHEA, DHEAS and total cholesterol with
the extent of atherosclerosis in the two high cholesterol-aortic
intimal injury groups. Univariate analysis showed that final
plasma cholesterol level correlated with average plaque size
(mean plaque size in the five sections from each aorta; r
= 0.49, P = 0.037) while final DHEA plasma level correlated
negatively with mean plaque size (r = 0.68, P = 0.001), (Fig.
8). A negative correlation of final DHEAS concentration with
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Table L Presacrifice Lipid Profiles

Control group DHEA group Cholesterol group Cholesterol/DHEA group

Triglycerides* 67 (32-102) 63 (21-104) 197(116-227) 130 (66-195)
Cholesterolt 37 (0-90) 70 (8-132) 1162 (804-1522) 893 (605-1182)
HDLV 24(16-32) 19 (10-28) 49 (26-71) 68 (50-86)
LDLII 10 (0-84) 36 (0-50) 722 (272-1170) 449 (152-744)
VLDLV 7 (0-19) 15 (0-30) 499(234-764) 352(177-527)

Means and 95% confidence intervals in mg/dl. * Cholesterol diet/intimal injury effect: P = 0.07; DHEA effect P = 0.82. * Cholesterol diet/
intimal injury effect: P < 0.001; DHEA effect P =0.46. § Cholesterol diet/intimal injury effect: P < 0.001; DHEA effect P = 0.61. IICholes-
terol diet/intimal injury effect: P < 0.001; DHEA effect P = 0.22. 'Cholesterol diet/intimal injury effect: P < 0.001; DHEA effect P = 0.25.

plaque size was of only borderline significance (r = 0.45, P
= 0.053). Similar univariate relationships between topo-
graphic extent of atherosclerosis and cholesterol (r = 0.57, P
= 0.013), DHEA (r = 0.69, P = 0.006) and DHEAS (r = 0.61,
P = 0.006) were seen. Multivariate analysis, however, showed
that plasma DHEA level alone was independently predictive
of plaque size. That is, adjusting for DHEA plasma concentra-
tion, the plasma concentrations of cholesterol and DHEAS
were not predictive of the extent of atherosclerosis in the two
groups of hypercholesterolemic animals. When the DHEA/
CHOL/INJ group was analyzed separately the same negative
correlation was found between mean plaque size and DHEA
concentration (r = 0.68, P = 0.031). That is, the amount of
protection afforded by DHEA treatment was directly corre-
lated to the final DHEA level achieved.

Although the variability of the extent of atherosclerosis in
the DHEA/CHOL/INJ group was related to the variability of
plasma concentration of DHEA, we were not able to identify
the cause of these differences in concentration between treated
animals. The DHEA concentration was independent of daily
food intake (r = 0.11, P = 0.77) and body weight gain (r
= 0.49, P = 0.15).

Findings in other organs
Heart and liver were collected from all animals. Animals in the
DHEA and CONTROL groups had normal gross morphologic
and histologic findings. The CHOL/INJ group showed distor-
tion of hepatic cellular architecture from severe fat deposition

1. 0

0.±+ NS

in the livers of most animals, and a significant increase in
mean liver weight to 132 (121-143) g compared to 102
(85-118) g in the CONTROL group (P = 0.01). The mean
liver weights from the two DHEA fed groups were not signifi-
cantly different from the control group (DHEA only, 95
(76-113) g; DHEA/CHOL/INJ, 93 (80-106) g). Addition of
DHEA to the high cholesterol diet not only prevented the
increase in liver weight but also reduced the amount of fatty
infiltration. Heart weights were not significantly different
among the four groups, but fat deposition similar to that in the
livers was seen in many of the hearts from animals in the
CHOL/INJ group (data not shown). In comparison, cardiac
microstructure was normal in the DHEA/CHOL/INJ group.

Discussion

The hypercholesterolemic rabbit has been one of the most
useful experimental models of atherosclerosis since it was de-
scribed in 1914 (33). Exogenous intimal injury accelerates and
intensifies the severity of the disease (34). Although severe
disease is produced rapidly and reliably, questions have been
raised as to whether this is an appropriate model for human
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Figure 7. HDL to total cholesterol ratio. There were no significant
differences in the initial ratios. Addition of 2% cholesterol to the diet
significantly decreased the HDL/total cholesterol ratio (P < 0.01).
Addition of 0.5% DHEA to the diet did not effect this ratio. Overall
SEM = 0.04.

6

Figure 8. Plasma concentration of DHEA versus extent of athero-
sclerosis. Addition ofDHEA (0.5%) to the diet increases the plasma
concentration of DHEA. The extent of atherosclerosis in each ani-
mal is shown as the mean value from the five designated regions of
the percent of total wall area composed of plaque. The degree of ath-
erosclerosis is inversely related to the plasma concentration of
DHEA. All animals used in this analysis had been fed 2% cholesterol
in the diet and had a balloon catheter-induced aortic intimal injury.
Each point represents an individual animal.
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atherosclerosis (35-37). The hyperlipidemia produced in these
rabbits is characterized by a profound elevation in serum very
low density lipoprotein (VLDL) and low density lipoprotein
(LDL) cholesterol as opposed to the more modest elevations of
LDL observed in human atherosclerosis (38, 39). The pattern
of distribution of atherosclerotic lesions is also different than
that in human disease and lipid deposition in other organs is
unique to this model (37, 38). However, recent work has
shown that all aspects of the formation of atherosclerotic le-
sions, including cell types involved and the initiation and mat-
uration processes, are identical in cholesterol-fed New Zealand
White rabbits and the Watanabe Heritable Hyperlipidemic
rabbit (39, 40). The disease seen in the Watanabe rabbit closely
mimics the accelerated atherosclerosis seen in type Ila human
hypercholesterolemia (35). Thus, despite its limitations, the
New Zealand White rabbit model is a useful experimental
system for study of the antiatherogenic actions of DHEA.

Supplementation of the diet of these animals with 0.5%
DHEA reduced the extent of atherosclerosis by almost 50%.
This dramatic effect was accompanied by decreased deposition
of fat in the heart and liver. Although cholesterol feeding de-
pressed food intake and decreased weight gain, addition of
DHEA to the cholesterol diet did not alter these effects of
cholesterol supplementation. Plasma DHEA concentration
was predictive ofthe extent ofdisease independently ofplasma
cholesterol concentration.

Our data indicate that the actions ofDHEA are not caused
by alterations in food intake, body weight gain, or plasma lipid
profile. Therefore, other modes of action must be considered.
From the data we have obtained it is not possible to identify a
specific mechanism ofaction for this compound. It has further
not been established if the antiatherogenic actions are caused
by DHEA itselfor a metabolite ofthe parent compound. From
our data it is clear that both cholesterol fed groups had similar
marked increases in plasma cholesterol and in lipoprotein
profiles. Thus, it seems unlikely that changes in absorption can
explain the antiatherogenic effect of DHEA.

DHEA is a weak androgen that can be converted into
many other steroids including more potent androgens and es-
trogens (41). There is limited information on the conversion of
DHEA to estrogens in male rabbits. Rabbit testes have been
shown to secrete DHEA and to convert it to testosterone and
testosterone precursors (42). Rabbit spermatozoa also can me-
tabolize DHEA to 5-a-androstane-3,17-dione and 4-andro-
stene-3, 17-dione, which can be converted to other androgens
and estrogens (43). Weekly intramuscular injections of 17-al-
estradiol given to female New Zealand white rabbits fed a
cholesterol and fat supplemented diet reduced the develop-
ment of atherosclerosis (44, 45). The mechanism of action of
estrogens in these studies is not clear. In one study estrogens
dramatically blunted the rise of plasma cholesterol concentra-
tion due to the added dietary cholesterol (44). This effect could
not explain our results because there was no significant rela-
tionship between plasma cholesterol level and the beneficial
effect ofelevated plasma DHEA. Therefore, although there is a
possibility that DHEA is converted to estrogens or other ste-
roids, the antiatherogenic effects of these compounds, as with
DHEA itself, would have to be independent of cholesterol
lowering effects.

The "response to injury hypothesis" of atherosclerosis
proposed by Ross (1) provides several possible sites at which
DHEA might interfere with the atherogenic process. He pro-

poses that the initial step in atherosclerosis is injury to the
endothelial surface of the vessel wall as a result of elevated
levels of circulating LDL. This is followed by the local accu-
mulation of platelets and macrophages in the exposed vessel
wall. These cells release various chemoattractants and growth
factors that cause migration and proliferation of smooth mus-
cle cells and macrophages in the intima. The proliferating cells
take up lipids and cholesterol. Progression ofthis process even-
tually leads to the formation of the mature atherosclerotic
plaque. The initial intimal injury was part of our model so that
the beneficial effect of DHEA had to occur beyond this first
step of atherogenesis. Thus, DHEA could interfere with ath-
erogenesis by affecting adherence of platelets and macro-
phages, the release of chemoattractants and growth factors, the
proliferation of cellular elements or the uptake of cholesterol
into the atheroma. In addition, it has recently been proposed
that superoxide production by macrophages promotes local
conditions that maintain and enhance the atherogenic process
(46). Because DHEA has been shown to interfere with the
generation of superoxide radicals by phorbol ester-stimulated
human granulocytes, it is possible that DHEA also protects
against atherogenesis by reducing local free radical generation.
A unique property of DHEA that could explain these various
possible antiatherogenic effects is the inhibition of mamma-
lian glucose-6-phosphate dehydrogenase (23, 24). This enzyme
is the entry point into the pentose phosphate pathway. The
central location of the pathway and the nature of its products
makes it a potentially attractive unified, central site of action
of DHEA.

In our study, wide variation in response to the administra-
tion ofDHEA among animals was observed. This variation of
response appeared to be secondary to variation in plasma level
of DHEA attained. High levels in our study predicted de-
creased atherosclerosis. The reason some animals achieved
high protective plasma DHEA concentrations and others did
not requires further study. The variability was independent of
daily food intake and body weight. However, metabolic degra-
dation and conversion to other less active compounds is a
possibility.

The clinical relevance of our findings is further suggested
by several studies in humans. Kask (21) in 1959 used orally
administered DHEA to treat six patients with intermittent
claudication. Clinical improvement was noted, but body
weight, serum glucose and serum cholesterol levels did not
change. Zumoff et al. (47) found that men with abnormal
coronary arteriograms had slightly, but not significantly lower
plasma concentrations of DHEA and DHEAS than did men
with normal arteriograms. Most convincing is the recent epi-
demiological work of Barrett-Connor and colleagues (10). In
this study, it was shown that low plasma concentrations of
DHEAS were inversely related to death from cardiovascular
disease in men over age 50. Although these investigators did
not measure plasma DHEA concentrations, DHEAS can be
converted to DHEA by widely distributed sulfatases (48).

In summary, our results indicate that dietary supplemen-
tation with DHEA can limit the extent of atherosclerosis in
male rabbits fed cholesterol and subjected to aortic intimal
injury by almost 50%. This limitation is not caused by alter-
ations in food intake, body weight gain or plasma lipid profile.
The extent of protection against atherosclerosis is directly and
significantly correlated with the plasma concentration of
DHEA achieved. Thus, our results coupled with the epidemio-
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logic findings of Barrett-Connor et al. (10) suggest that DHEA
or a DHEA-like compound may play a role in moderating the
development of atherosclerosis.
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