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Androgen Increases AT1a Receptor Expression in
Abdominal Aortas to Promote Angiotensin II–Induced

AAAs in Apolipoprotein E–Deficient Mice
Tracy Henriques, Xuan Zhang, Frederique B. Yiannikouris, Alan Daugherty, Lisa A. Cassis

Objective—Castration of male apolipoprotein E–deficient (apoE�/�) mice reduces angiotensin II (Ang II)–induced
abdominal aorta aneurysms (AAAs) to that of female mice. The purpose of this study was to determine whether this
reduction is attributable to androgen-mediated regulation of aortic Ang II type 1A receptors (AT1aR).

Methods and Results—AT1aR mRNA abundance in the AAA-prone region of abdominal aortas was 8-fold greater
compared to thoracic aortas of male but not female mice. AT1aR mRNA abundance decreased after castration in
abdominal but not thoracic aortas of male mice. Dihydrotestosterone (DHT, 0.16 mg/d) administration to castrated male
mice restored AT1aR mRNA abundance in abdominal aortas but had no effect in thoracic aortas. DHT also increased
AT1aR mRNA abundance in abdominal aortas from female mice. Castrated male or female apoE�/� mice were
administered DHT during infusion of saline or Ang II (1000 ng/kg/min for 28 days). DHT administration did not alter
serum cholesterol concentrations, lipoprotein distributions, or atherosclerotic lesion areas in either male or female mice.
However, administration of DHT increased AAA incidence in male (27% placebo versus 75% DHT) and female mice
(28% placebo versus 64% DHT).

Conclusions—Androgen promotes AT1aR mRNA abundance in abdominal aortas associated with increased Ang
II–induced AAAs. (Arterioscler Thromb Vasc Biol. 2008;28:000-000)
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Abdominal aortic aneurysms (AAAs) account for 2% of
all deaths and are the tenth most common cause of

mortality.1 The incidence and severity of abdominal aortic
dilations are greater in males than females.2,3 Male gender has
been consistently identified as a nonmodifiable risk factor for
AAA. However, the role of androgens as mediators of gender
differences in AAA has not been investigated extensively.

Gender differences also impact AAA formation in exper-
imental models of this disease. In aortic dilation promoted by
transient intraluminal elastase infusion, male rats had larger
and more frequent AAAs than females.4 Chronic infusion of
angiotensin II (Ang II) into hyperlipidemic mice resulted in
AAA formation at a higher incidence in male compared to
female mice.5–8 In agreement with a potential protection of
female gender, estradiol administration to male apolipopro-
tein E (apoE)–deficient mice reduced Ang II–induced AAA
formation.9 However, ovariectomy of apoE�/� mice did not
significantly influence AAA formation, suggesting that en-
dogenous ovarian hormones are not primary mediators of
gender differences in Ang II–induced AAAs.8 In contrast,
removal of male sex hormones by orchiectomy of apoE�/�

mice significantly reduced the incidence of Ang II–induced

AAAs to that observed in female mice.8 These data poten-
tially implicate androgen as a primary mediator of gender
differences in Ang II–induced AAAs; however, mechanisms
of androgen to promote AAA formation are unknown.

Androgen has been reported to increase the expression of
each component of the renin-angiotensin system (RAS),
including angiotensinogen, renin, ACE, and AT1 receptors.10

Previous studies in our laboratory demonstrated that the AT1
receptor antagonist, losartan, abolished Ang II–induced
AAAs.11 AT1 receptors have a defined role in Ang II–
induced AAAs as demonstrated by the protective effect of
losartan and AT1aR deficiency.12 Moreover, using bone
marrow transplantation, AT1aR deficiency of recipient mice,
but not in cells used to repopulate, reduced Ang II–induced
AAAs. Collectively, these results demonstrate that Ang II
induces AAA formation through stimulation of AT1aRs and
support a pivotal role on vascular wall cells in AAA
formation.

Previous studies demonstrated that contractile responses to
Ang II were greater in abdominal than thoracic aortic ring
segments from male C57BL/6 mice.13 This was associated
with greater AT1 mRNA abundance in abdominal than
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thoracic aorta. Additional studies suggested that AT1b recep-
tors in aorta were primarily responsible for Ang II–mediated
contractile responses of abdominal aortas, despite the pres-
ence of both AT1a and AT1b receptor subtypes.14,15 Although
these results support regional differences in abundance and
subtypes of AT1 receptors along the length of the aorta in
male mice, it is unknown whether these regional differences
in AT1 receptor expression are present in aortas from female
mice and whether these differences contribute to the differ-
ential sensitivity to AAA formation in male versus female
mice.

In this study, we tested the hypothesis that androgen
increases AT1a receptor expression in abdominal aortas to
promote Ang II–induced AAAs. We first examined the effect
of castration during exogenous androgen or vehicle adminis-
tration on AT1aR mRNA abundance in thoracic versus
abdominal aortas from male and female apoE�/� mice. Then,
we defined the effect of exogenous androgen administration
to castrated male and female apoE�/� mice on Ang II–induced
atherosclerosis and AAA formation.

Methods
Animals
Male apoE�/� mice (12 weeks old, backcrossed 10 times onto a
C57BL/6 background) were purchased from Taconic Farms (Ger-
mantown, Pa). Female apoE�/� mice (12 weeks old, backcrossed 10
times onto a C57BL/6J background) were bred in house. All mice
were maintained under barrier conditions. Water and normal labo-
ratory diet were available ad libitum. Male and female mice were
castrated as described previously8 and 1 week later implanted in the
subcutaneous space with slow release pellets (Innovative Research
Associates) containing vehicle or dihydrotestosterone (DHT; 10 mg
pellets/60 day sustained release; 0.16 mg/d). For studies examining
the effects of castration on AT1aR mRNA abundance, castrated male
mice administered vehicle or DHT were examined at 1 or 5 weeks
after DHT administration (n�10 to 13 per treatment per time point).
A group of ovariectomized female apoE�/� mice were included, with
vehicle or DHT (0.16 mg/d) administration beginning 1 week after
castration for a total duration of 5 weeks (n�8 per treatment group).

For studies examining the effects of DHT on Ang II–induced
atherosclerosis and AAAs in castrated male apoE�/� mice, 1 week
after implantation of pellets (vehicle/DHT 0.16 mg/d; n�12 per
group), Alzet minipumps (model 2004, Alzet) delivering Ang II
(1000 ng/kg/min) for 28 days were implanted in the subcutaneous
space as described previously (total of 5 weeks of DHT administra-

tion).6,11 Saline-infused castrated male mice were not included in this
study because results from this group have been reported previous-
ly.8 For ovariectomized female mice, 1 week after implantation of
pellets (vehicle/DHT 0.16 mg/d), minipumps delivering saline (n�6
to 8 per pellet group) or Ang II (1000 ng/kg/min; n�18 to 25 per
pellet group) were implanted for 28-day delivery. The experimental
design of studies examining DHT regulation of AT1aR mRNA
abundance in aortas and effect on AAA formation were matched for
duration of DHT exposure before onset of Ang II infusion (1 week
DHT group) and for the total duration of DHT administration
(5-week group). All procedures were approved by the Institutional
Animal Care and Use Committee at the University of Kentucky.

For methods for blood pressure measurements, plasma and serum
components, quantification of atherosclerosis and AAAs in mice, tissue
composition, and measurement of AT1aR mRNA abundance, please
supplemental Methods (available online at http://atvb.ahajournals.org).

Statistical Analyses
Data are represented as mean�SEM. Parametric data were initially
analyzed using ANOVA. If differences existed between groups, post
hoc analyses were performed (Tukey). The incidences of AAA were
analyzed using Fisher exact test. P�0.05 was considered statistically
significant. All statistical analyses were performed using SigmaStat
(SPSS Inc).

Results
DHT Selective Augments AT1aR mRNA Abundance
in Abdominal, but Not Thoracic Aortas
AT1aR mRNA abundance was greater (7.6-fold) in abdomi-
nal than thoracic aortas of male but not female apoE�/� mice
(Figure 1A). AT1aR mRNA abundance progressively de-
creased after castration in abdominal aortas to levels observed in
thoracic aortas. Administration of DHT for 1 week to castrated
male apoE�/� mice resulted in complete restoration of AT1aR
mRNA abundance in abdominal aortas, but had no effect in
thoracic aortas. Longer exposures to DHT (5 weeks) also
increased AT1aR mRNA abundance in abdominal aortas to
levels not different from intact male mice. Interestingly, admin-
istration of DHT (total of 5 weeks) to ovariectomized female
apoE�/� mice also resulted in increased AT1aR mRNA abun-
dance in abdominal but not thoracic aortas (Figure 1B).

To determine whether androgen regulation of AT1 recep-
tors was restricted to the AT1aR subtype, we examined AT1b
mRNA abundance in thoracic and abdominal aortas from

Figure 1. DHT augments AT1aR mRNA abundance in abdominal aortas from male and female apoE�/� mice. A, In males, AT1aR
mRNA abundance was greater in abdominal than thoracic aortas. Castration decreased, whereas DHT restored AT1aR mRNA abun-
dance in abdominal aortas. B, In females, DHT increased AT1aR mRNA abundance in abdominal aortas. Data are mean�SEM. *Differ-
ent from thoracic (P�0.01); **different from intact (P�0.01).
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male and female mice in each group. AT1bR mRNA abun-
dance was greater in abdominal compared to thoracic aortas
from male and female apoE�/� mice, with similar expression
levels in aortas from male and female mice (please see
supplemental Figure IA). In addition, AT1bR mRNA abun-
dance in abdominal aortas was not altered by castration or by
DHT administration to castrated male or female apoE�/�

mice. We defined the contractile response to Ang II in aortic
rings from thoracic versus abdominal aortas of male and
female apoE�/� mice. The contractile response to Ang II was
greater in abdominal than thoracic aortas from male and
female apoE�/� mice and was of similar magnitude in aortas
from male and female mice (please see supplemental Figure
IB). Moreover, there was no difference in Ang II–induced
contractile responses in castrated (5 weeks) male or female
mice or in mice administered DHT (5 weeks).

DHT Administration to Castrated Male and
Female ApoE�/� Mice Increases Ang II–Induced
AAAs but Has No Effect on Atherosclerosis
In castrated male mice, body weight was not significantly
altered by DHT administration (please see supplemental
Table I). Administration of DHT to male mice had no
significant effect on baseline blood pressure (data not shown)
and did not significantly alter the hypertensive response to
Ang II (please see supplemental Table I). Moreover, DHT

administration had no effect on total serum cholesterol
concentrations (please see supplemental Table I) or lipopro-
tein cholesterol distribution in Ang II–infused castrated male
mice (please see supplemental Figure II). DHT was only
detected in serum of mice implanted with DHT containing
pellets (11�5 pg/mL). Atherosclerotic lesion area was quan-
tified on the intimal surface of the aortic arch and was not
influenced by DHT administration in Ang II–infused mice
(placebo, 5.50�0.79; DHT, 4.93�1.06, P�0.89).

In agreement with previous results,8 castration reduced the
incidence of Ang II–induced AAAs in male mice (27%;
Figure 2A). The incidence of Ang II–induced AAAs was
increased by administration of DHT compared to vehicle
(75% versus 27% respectively; P�0.03, Figure 2A). Further-
more, DHT administration resulted in more severe AAAs
with significantly higher incidence of mortality attributable to
ruptured aneurysms compared to vehicle (Figure 2B).

In ovariectomized female apoE�/� mice, body weight was
increased in both saline- and Ang II–infused female mice
administered DHT (please see supplemental Table I). More-
over, administration of DHT increased uterine wet weight in
ovariectomized female mice (please see supplemental Table
I, saline and Ang II–infused). Systolic blood pressure was not
altered by administration of DHT in ovariectomized female
apoE�/� mice. However, DHT administration significantly
decreased Ang II–induced hypertension (please see supple-
mental Figure III). Total serum cholesterol concentrations
(please see supplemental Table 1) and lipoprotein cholesterol
distributions (please see supplemental Figure IV) were not
altered by administration of DHT to female mice infused with
either saline or Ang II. Furthermore, in saline-infused fe-
males, atherosclerotic lesion surface area was not altered by
administration of DHT (Figure 3A). Infusion of Ang II
increased the extent of atherosclerosis to a similar degree in
both groups (Figure 3B).

AAAs were not detected in saline-infused female mice.
Similar to male mice treated with DHT, female mice admin-

Figure 2. Androgen administration increased the incidence and
severity of Ang II–induced AAAs in castrated male apoE�/�

mice. A, DHT increased the incidence of AAAs to 75% com-
pared to vehicle (27%; P�0.03). B, DHT increased the severity
and mortality of Ang II–induced AAAs. *P�0.03 compared to
placebo.

Figure 3. Androgen administration did not influence athero-
sclerosis in female apoE�/� mice. Infusion of Ang II signifi-
cantly increased atherosclerotic lesion area compared to
saline-infused groups (*P�0.05 saline vs Ang II). However,
DHT did not alter atherosclerotic lesion area compared to
vehicle in either saline (A) or Ang II–infused mice (B). Trian-
gles represent the values from individual mice, circles repre-
sent mean, bars represent�SEM.
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istered DHT had an increased incidence of Ang II–induced
AAAs compared to vehicle (66% versus 22%, respectively;
P�0.03, Figure 4A). Furthermore, DHT increased the sever-
ity of Ang II–induced AAAs (Figure 4B). Ang II–induced
AAAs have a highly heterogeneous morphological appear-
ance throughout the regions of diseased aorta. After section-
ing several AAAs from each group in their entirety, analysis
using histological and immunostaining techniques revealed
no overt differences in the characteristics of aneurysmal
tissues between groups administered with vehicle versus
DHT (data not shown).

Discussion
Results from this study demonstrate that male, but not female
apoE�/� mice, exhibit regional differences in AT1aR mRNA
abundance in aortas, with greater receptor expression in
abdominal compared to thoracic aortas. Moreover, castration
of male apoE mice resulted in a specific reduction in AT1aR
mRNA abundance in abdominal aortas, which was restored
by DHT administration. Interestingly, DHT also increased
AT1aR mRNA abundance in abdominal aortas from female
apoE�/� mice. These effects of androgen to promote AT1aR
mRNA abundance specifically in abdominal aortas were
associated with increased AAA incidence and severity in both

male and female castrated apoE�/� mice. Interestingly, effects
of castration and DHT to regulate AT1aR mRNA abundance
and markedly influence Ang II–induced AAAs were not
mimicked in Ang II–induced atherosclerosis.

Testosterone, the principal male sex hormone produced by
the testes, is a substrate for aromatase to form estrogen,
whereas DHT is not a substrate for this enzyme. Several cell
types in male mice express aromatase, including vascular
smooth muscle cells,21,22 a pivotal cell type implicated in Ang
II–induced AAAs.20 To avoid potential confounding effects
from conversion of testosterone to estradiol, we administered
DHT, the 5-� reductase metabolite of testosterone. DHT has
higher affinity and longer duration of effect at the androgen
receptor and thus occupies most androgen receptor sites at
steady state, even if testosterone concentrations predomi-
nate.23,24 The dose of DHT administered in these studies has
been demonstrated previously to restore the weight of pros-
tates in castrated male rats.25

The effect of androgen on AT1 receptor expression has
been relatively unexplored. In rat epididymis, castration
reduced AT1 receptor protein, which was restored when rats
were treated with testosterone.26 Moreover, androgen was
reported to increase Ang II receptors in bovine adrenal
glomerulosa cells.27 In contrast, neither castration alone or
combined with androgen administration regulated AT1 recep-
tor mRNA abundance in homogenates of renal cortex
punches from male New Zealand genetically hypertensive
rats28 or in glomeruli from male rats.29 Our results demon-
strate a specific effect of androgen to regulate AT1aR mRNA
abundance in abdominal but not thoracic aortas. Taken
together, these results suggest that androgen exhibits tissue or
cell-specific regulation of AT1 receptors. Interestingly, recent
studies demonstrated that smooth muscle cells of the ascend-
ing and arch portions of the aorta are derived from murine
neural crest, whereas smooth muscle cells of the abdominal
aorta are derived predominately from splanchnic mesoderm.30

These differences in smooth muscle embryonic origins along
the length of the aorta may have contributed to regional
differences in AT1aR regulation by androgen.

In contrast to rodents, humans have one gene encoding
AT1 receptors. Human vascular smooth muscle cells express
androgen receptors31 and would be anticipated to respond to
androgen. In addition, incubation of androgen-dependent
human prostate cancer cells with DHT increased AT1 recep-
tor mRNA and protein,32 supporting androgen regulation of
human AT1 receptors. However, it is unclear whether human
aortic smooth muscle cells expressed along the length of the
aorta respond differentially to androgen to increase AT1
receptor expression.

Previous investigators have demonstrated greater Ang II–
induced contractile responses in abdominal compared to thoracic
aortic ring segments from male C57BL/6 mice.13 Further studies
demonstrated a prominent role for AT1b receptors in Ang
II–induced contractile responses.15,33 Our results extend these
findings by demonstrating greater AT1aR mRNA abundance in
abdominal aortas from male but not female mice. To define
whether androgen effects were restricted to the AT1aR subtype,
we measured AT1bR mRNA abundance and the contractile
response to Ang II as an index of AT1b receptor function.13,15

Figure 4. Androgen administration increased the incidence and
severity of Ang II–induced AAAs in female apoE�/� mice. A, DHT
administration significantly increased the incidence of Ang II–in-
duced AAA compared to vehicle (vehicle, 28%; Ang II–infused
64%, P�0.03). B, DHT increased the severity and mortality of
Ang II–induced AAAs.
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Although the contractile response to Ang II exhibited a similar
regional specificity to the abdominal aorta of male and female
apoE�/� mice, Ang II–induced contraction was not regulated by
androgen, nor was AT1bR mRNA abundance. These results
demonstrate that androgen specifically regulates aortic AT1a
receptors. Given that AT1a and AT1b receptor subtypes exhibit
differential cell and tissue distribution, differences in the pro-
moters of these distinct genes may contribute to androgen-
specific effects to increase AT1aR mRNA abundance.

We have reported previously that male mice are more
susceptible to developing Ang II–induced AAAs, and that
castration of male mice significantly reduced the incidence of
Ang II–induced AAAs to that of female mice.7,8 In the current
study, we confirmed that castration of male apoE�/� mice
results in a low incidence of Ang II–induced AAAs. Further-
more, we demonstrate that administration of DHT to castrated
male or female apoE�/� mice, at a dose and duration of
exposure that increased AT1aR mRNA abundance in abdom-
inal aortas, significantly increases the incidence of Ang
II–induced AAAs. Our results do not specify the vascular
wall cell type targeted by androgen to increase aortic AT1aR
mRNA abundance. However, given that previous results
demonstrate breaks in medial elastin in the abdominal aorta
as an early event in AAA formation,20 smooth muscle cells
are a likely target of androgen to promote AT1aR expression
and AAA formation in male and female mice. In addition,
because female mice also responded to DHT to increase AAA
formation, these results demonstrate that females have suffi-
cient androgen receptors to increase AT1aR mRNA abun-
dance in abdominal aortas and promote AAA formation.

In relation to the human disease, in males and females the
incidence of AAAs increases with age.34 However, androgen
concentrations decline with age in males,35 suggesting that
androgen may not be a mediator of increased AAA risk in
aging males. Our results demonstrate that androgen mediates
increased risk of AAA formation in male mice infused with
Ang II. It is unclear whether androgen similarly contributes to
early events in aneurysm formation in human males, before
an age when androgen concentrations decline. Aging and
male sex may use distinct mechanisms to increase AAA risk.
Alternatively, the magnitude of decline in circulating andro-
gen concentrations with aging in males may not be sufficient
to manipulate AT1 receptors in AAAs. If androgen exhibits
similar effects in humans to increase AT1 receptor expression
in abdominal aortas, then our results would suggest that
androgen replacement therapy in aging males may increase
AAA risk.

The role of androgens in development of atherosclerosis is
controversial. We have demonstrated previously that castra-
tion increased the extent of atherosclerosis in both saline and
Ang II–infused male apoE�/� mice.8 However, there was no
statistical interaction between castration of male mice and
Ang II infusion, suggesting distinct mechanisms augmented
atherosclerosis. Androgen administration was also demon-
strated to inhibit atherosclerosis in castrated male rabbits36–38

as well as in LDL receptor–deficient male mice.39 In contrast,
in male apoE�/� mice depletion of endogenous testosterone
using a gonadotropin-releasing hormone (GnRH) antagonist
(cetrorelix) reduced atherosclerosis, whereas exogenous tes-

tosterone administration increased atherosclerosis.40,41 In the
present study, the administration of exogenous DHT to
castrated male apoE�/� mice did not alter atherosclerosis
induced by hypercholesterolemia and when augmented with
Ang II. One possible explanation for the discrepancy in the
effects of exogenous androgen administration, versus our
previous results from castrated male mice, is the difference in
study design, including the dose of Ang II (1000 ng/kg/min in
this study versus 500 ng/kg/min in castrated male mice).8

Previous studies demonstrated that hypertension induced
by norepinephrine did not increase atherosclerosis to the
extent observed in apoE�/� mice infused with Ang II.42

Additional studies have demonstrated that AT1aR deficiency,
while not influencing blood pressure, inhibited the develop-
ment of atherosclerosis in LDLr�/� mice.15,17,23,43,44 Similar to
pressure-independent effects of Ang II to increase atheroscle-
rosis, in this study we found that whereas DHT either had no
effect (males) or decreased (females) Ang II–induced hyper-
tension, it markedly promoted AAA formation in male and
female mice. Several previous studies targeted at specific
mechanisms have markedly altered the development of Ang
II–induced AAAs without significantly affecting Ang II–
induced hypertension.8,43 Collectively, these results do not
support a primary role for hypertension as a contributing
factor to Ang II–induced atherosclerosis or AAAs.

In conclusion, results from this study demonstrate that
androgen positively regulates AT1aR mRNA abundance in
abdominal aortas from male and female apoE�/� mice and
that this effect parallels AAA susceptibility. Androgen regu-
lation was specific to the AT1aR subtype and to the abdom-
inal aortic region, 2 features pivotal to Ang II–induced
AAAs. These results demonstrate that male sex hormones
positively regulate AT1aR expression in a regional-specific
manner to promote Ang II–induced AAAs.
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