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Abstract
Background—Polycystic ovary syndrome (PCOS) is the most common reproductive
dysfunction in premenopausal women. PCOS is also associated with increased risk of
cardiovascular disease at the time of PCOS and later in life. Hypertension, a common finding in
women with PCOS, is a leading risk factor for cardiovascular disease. The mechanisms
responsible for hypertension in women with PCOS has not been elucidated.

Objectives—To characterize the cardiovascular-renal consequences of hyperandrogenemia in a
female rat model.

Methods—Female Sprague Dawley rats, aged 4–6 weeks, were implanted with DHT or placebo
pellets lasting 90 days. Following 10–12 weeks, blood pressure (by radiotelemetry), renal function
(glomerular filtration rate, morphology, protein and albumin excretion), metabolic parameters
(plasma insulin, glucose, leptin, cholesterol, oral glucose tolerance test), inflammation (plasma
TNF-α), oxidative stress (mRNA expression of NADPH oxidase subunits, p22phox, p47phox,
gp91phox, and NOX4, nitrate/nitrite excretion), and mRNA expression of components of the renin-
angiotensin system (RAS) (angiotensinogen, angiotensin-I-converting enzyme (ACE), AT1
receptor) were determined.

Results—Plasma DHT was increased 3-fold in hyperandrogenemic female 1 rats, whereas
plasma estradiol levels were not different compared to control females. HAF rats exhibited estrus
cycle dysfunction. They also had increased food intake and body weight, increased visceral fat,
glomerular filtration rate, renal injury, insulin resistance and metabolic dysfunction, oxidative
stress, and increased expression of angiotensinogen and ACE and reduced AT1 receptor
expression.

Conclusions—The HAF rat is a unique model that exhibits many of the characteristics of PCOS
in women and is a useful model in order to study the mechanisms responsible for hypertension.
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Polycystic ovary syndrome (PCOS) was first described by Stein and Levanthal in 1934 2,
and is the most common endocrine disorder in women of reproductive age, affecting 5–
10% 3. PCOS often starts with menarche in adolescents 4. PCOS is also associated with
increased risk of cardiovascular disease at the time of PCOS diagnosis and later in life 5.
Hypertension, a common finding in women with PCOS 6, is a leading risk factor for
cardiovascular disease. The mechanisms responsible for hypertension in women with PCOS
has not been elucidated.

The major criteria for a diagnosis of PCOS are clinical or biochemical, oligoanovulation,
and polycystic ovarian morphology 7. However, the presence of one or more of these
symptoms is considered, by definition, a possible criteria for the PCOS syndrome 7. For
example, in a large study of women with hyperandrogenism, 72.1% were considered to have
PCOS 8. In women with hirsutism, 78.4% were considered to have PCOS 9. In women with
menstrual and ovulatory dysfunction, the percentage of women with PCOS was considered
to be approximately 27.1% 7. Finally, approximately 20–30% of women of reproductive age
have polycystic ovaries, but only 20% of them actually have defined PCOS, which is three
fold higher than in the general population 7. Women with PCOS are at increased risk for
endometrial carcinoma (3 fold higher odds 10), obesity (50% incidence 7), type II diabetes
and insulin resistance (50–70 % incidence7, 11), dyslipidemias and hyperleptinemia (70%
incidence7). Women with PCOS also have hypertension and cardiovascular disease 7. The
presence of PCOS also has genetic or familial implications as well since sisters and
daughters of women with PCOS are more likely to develop the syndrome than non-related
individuals 7. 7, 11 The mechanisms responsible for PCOS development are not clear, nor
have the mechanisms responsible for the increased risk of hypertension and cardiovascular
disease risk been elucidated.

The study into the mechanisms responsible for the cardiovascular complications of PCOS
have not been elucidated in part due to lack of a suitable animal model that adequately
exhibits the symptoms found in women with PCOS. Models of estradiol valerate-induced
PCO have been described, but plasma testosterone levels were lower in the treated rats than
controls, and the treated rats did not exhibit insulin sensitivity 12. Shi and colleagues also
reported that the JCR:LA-cp rat develops features of PCOS, such as obesity, insulin
resistance, elevated serum testosterone levels, but this model has a defect in the ObR gene
leading to loss of leptin receptor function 13. Therefore, evaluation of the possible role of
leptin in mediating some of the features of PCOS, such as sympathetic activation, cannot be
studied in this animal model. Since the increase in androgens has been implicated as playing
a major role in mediating both the infertility problems and the metabolic abnormalities in
women with PCOS, Manneras and colleagues developed a model using low doses of
dihydrotestosterone supplements in young female Wistar rats 14. These investigators
characterized the ovarian changes that occur in this model, and found that the DHT
treatment increased the number of cystic follicles 14. Since androgen excess is a major
component of the polycystic ovary syndrome, we used a modification of this
hyperandrogenemic female 1 model to evaluate their metabolic features, blood pressure and
kidney function.

The purpose of the present study then was to characterize the cardiovascular complications
that occur in the DHT-treated female 1 rat, to evaluate its utility as a model of the
cardiovascular complications of PCOS in women.
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Methods
Animal model

Thirty two female Sprague Dawley rats were obtained from the vendor (Harlan Sprague
Dawley, Indianapolis, IN) at 3 weeks of age. Rats were maintained throughout on standard
rat chow. Rats were housed in temperature-controlled rooms with a constant light/dark cycle
(12 hr/12 hr) and free access to water and food. At 4–6 wks of age, rats were implanted
subcutaneously on the back of the neck with non-aromatizable, continous-release
dihydrotestosterone pellets (DHT 7.5 mg/90 days (daily dose= 83 μg)), Innovative Research,
Sarasota, FL) or placebo pellets (Innovative Research). Rats were allowed to age to 14–16
weeks of age before study. One set of HAF and control rats (n=5–6/grp) was used to
measure body weights, blood pressure. The other rats were used for renal function,
metabolic function (oral glucose tolerance tests, etc), and molecular studies. For the initial
studies in which blood pressure was measured, rats were weighed daily and food intake was
measured daily. In subsequent studies rats were weighed weekly. The protocols complied
with the Guidelines for the Care and Use of Laboratory Animals by the National Institutes
of Health, and were reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Mississippi Medical Center.

Measurement of sex steroids
Plasma testosterone and estradiol were measured in all HAF and control rats,15 using
commercially available radioimmunoassay kits (Coat-A-Count testosterone kit (Diagnostic
Products Corporation, Los Angeles, CA) and Ultrasensitive Estradiol kit (Diagnostic
Products) 15. Plasma DHT was measured using a radioimmunoassay kit following oxidation/
extraction as suggested by the manufacturer (Diagnostic Systems Laboratories, Inc,
Webster, TX). Vaginal smears to determine estrus cycling were performed daily in the first
set of control and HAF rats.

Measurement of blood pressure
Under gas anesthesia with isoflurane (Malinkrodt Veterinary, Hazelwood, CA), and with
aseptic technique, HAF rats and controls (n=5–6/grp)16 were implanted at 15 weeks of age
with radiotelemetry transmitters (TA11PA-C40; Data Sciences International, St. Paul, MN)
into the abdominal aorta below the renal arteries, as we previously described 17. The
transmitter was secured to the abdominal muscle. Rats were placed into individual cages
above a receiver (RLA-3000) and allowed two weeks of recovery. Thereafter, mean arterial
pressure (MAP) was monitored continuously for 3 days. Telemetry blood pressure
measurements were obtained during a 10-second sampling period (500 Hz), recorded and
averaged every 5 min for 24 hrs per day. Data are presented as mean +/− SEM, and
averaged for each group of rats.

Measurement of renal function
Left femoral arterial and venous catheters were placed in rats, using isoflurane anesthesia
and aseptic technique. Catheters were exteriorized at the nape of the neck. Rats (n= 5/grp)
were allowed to recover for three days and then renal function was measured in conscious,
unrestrained rats in their home cages. Briefly, 3H-inulin (20 μCi/ml 0.9% NaCl) at 2 ml/hr
was infused into rats throughout the study. After 2 hr equilibration, 3 blood samples (50 μl
each) were taken at 30 min intervals. GFR was calculated as cpm for infusate × infusion rate
divided by cpm for plasma samples. Data are expressed as mean ml/min/g kidney weight +/
− SEM.
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Urinary protein and albumin excretion
Rats (n=8/grp) were placed in plastic metabolic cages and urine was collected for 24 hrs.
Urinary protein excretion was measured using the Bradford method using a commercially
available reagent (BioRad, Richmond, CA) and urinary albumin excretion was measured
using the Nephrat ELISA (Exocell, Philadelphia, PA).

Assessment of glomerular sclerosis
Kidney sections from HAF and control rats (n=6/grp) were examined by a pathologist
(LCR) who was not aware of the identity of the groups. Kidneys were embedded in paraffin
and cut into 5-μm sections. The sections were stained with methinamine silver and periodic
acid–Schiff reagent. Between 200–300 glomeruli from each kidney were examined, and
each was graded for injury as follows: <25% of the glomerulus damaged; 25% to 50%
damaged; 50% to 75% damaged; >75% damaged; and global sclerosis. The data from all
rats in a group were averaged and expressed as a percentage of glomeruli from each kidney
exhibiting the 5 levels of injury.

Measurement of metabolic factors
Body weights were measured weekly beginning with DHT implantation. Blood glucose was
determined, from blood obtained from the tail vein of the rats, using a glucometer (Accu-
check Advantage; Roche). Plasma insulin and leptin were measured by radioimmunoassay,
according to the manufacturer’s recommendations using commercially available kits (Linco
Research, St. Charles, MO). Plasma cholesterol was measured using an enzymatic
colorimetric method following the manufacturer’s protocol (Wako Pure Chemical
Industries, Ltd., Richmond, VA). Perirenal fat was removed at the time of sacrifice of the
rats and weighed. Oral glucose tolerance test was performed in rats (n=6 per group) fasted
for 18 hrs. Briefly, rats were given an oral glucose load (D-(+)-glucose in water; Sigma, St.
Louis, MO) by gavage (2 g/kg body weight; total volume =500 μl). Prior to and every 30
min after the glucose load, a drop of blood was obtained from a tail cut, and glucose levels
were measured by Accu-check Advantage glucometer. Data were evaluated as area under
the curve and shown graphically.

Measurement of indicators of oxidative stress
Renal mRNA expression of NADPH oxidase subunits, gp91, p22phox, p47phox and NOX4,
was measured by real time reverse transcription polymerase chain reaction (RT-PCR) in
cortex of kidneys from HAF and control rats (n=6/grp), as previously described 18. Urinary
nitrate/nitrite excretion was measured in 24 urine collections, as we previously
described 1920.

Measurement of TNF-α
TNF-α was measured by ELISA in HAF and control rats (n=6/grp), using a commercially
available kit (Quantikine, R&D Systems, Minneapolis, MN).

Expression of intrarenal renin-angiotensin system components
mRNA expression of angiotensinogen, angiotensin converting enzyme (ACE) and AT1
receptor in kidneys from HAF and control rats (n=6/grp) was measured by real time reverse
transcription polymerase chain reaction (RT-PCR) using methods and primers that as
previously described 21. Elongation factor-1 (EF-1) was used as the internal control.
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Statistical analyses
All data are expressed as mean ± S.E.M. Results from the two groups were compared by t-
test. Differences were considered statistically significant at p<0.05. Statistical analyses were
performed with SigmaStat software package version 3.1 (Systat software Inc., San Jose,
CA).

Results
Sex steroid levels

As shown in Figure 1, in HAF rats plasma DHT was increased by approximately 3 fold,
whereas plasma estradiol levels were unchanged compared to untreated females.
Testosterone levels were below detection by RIA. Vaginal smears revealed that HAF rats
were not estrus cycling.

Body weights
As shown in Figure 2A, DHT caused an increase in food consumption in HAF rats
(approximately 3 gr/d), and caused subsequent increases in body weight (Figure 2B). By 16
weeks of age, body weight was 28% higher in HAF rats than controls.

Mean arterial pressure (MAP) and renal function and morphology
As shown in Figure 3A, by 18 weeks of age, MAP was significantly higher in HAF rats than
controls. GFR was also higher in HAF rats (Figure 3B). Urinary protein excretion was 3 fold
higher (35.1 ± vs. 11.3 ± mg/24 hr; p<0.01), and urinary albumin excretion was 5 fold
higher in HAF rats than controls (Figure 3C). Kidneys from rats were assessed for the levels
of glomerular injury (Figure 3D). There was no injury noted in control females, but HAF
rats had significantly higher levels of renal injury.

Parameters of metabolic syndrome
In addition to the increase in body weight and hypertension, we determined if the HAF rats
exhibited any other characteristics of metabolic syndrome. Peri-renal fat weight was higher
in HAF rats (Figure 2C). Unfasted blood glucose levels were higher in HAF rats than
controls (Figure 4A). In addition, unfasted plasma insulin, leptin, and cholesterol were
higher in HAF rats (Figures 4B, C, D) than controls. In response to an oral glucose tolerance
test, HAF rats had greater area under the curve 22 than controls (Figure 2D), suggesting
insulin resistance.

Measurements of oxidative stress
In order determine possible mechanisms that could account for higher blood pressure in
HAF rats, the mRNA expression of various NADPH oxidase subunits were measured. As
shown in Figure 5A-D, pg91phox, p47phox, p22phox, and NOX4 mRNA expression was
higher in renal cortex of HAF rats than controls. Urinary excretion of nitrate/nitrite, an index
of nitric oxide, tended to be lower in HAF rats, but was not significantly different than
controls (11.7 ± 1.2 (n=11) vs. 16.7 ± 2.9 (n=8); p=0.3).

Measurements of TNF-α
Plasma TNF-α was significantly higher in HAF rats than control females (see Figure 6A).

Expression of RAS components
As shown in Figure 6B, renal cortical mRNA expression of angiotensinogen was 10 fold
higher in HAF rats than controls. Similarly, renal cortical expression of ACE was also
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increased in HAF rats (Figure 6C). However, AT1 receptor mRNA expression was lower in
both cortex and medulla In HAF rats than controls (Figure 6D). Medullary mRNA
expression of angiotensinogen, and ACE were increased and AT1 receptor was decreased in
HAF rats compared to controls.

Discussion
In this manuscript we characterized some of the cardiovascular consequences of increased
androgens in a rat model of hyperandrogenemia. The major findings of the study are that
increasing DHT by approximately 3 fold, a level that is consistent with androgen levels in
women with PCOS, causes increases in blood pressure and mild renal injury. In an attempt
to identify possible mechanisms by which androgens may cause hypertension and renal
injury in this model, we found that the DHT-treated rats exhibited characteristics of the
metabolic syndrome and inflammation. In addition, intrarenal mRNA expression of
components of the RAS were also elevated. Although expression of several of the subunits
of NAPH oxidase were increased in renal cortex of HAF rats, whether oxidative stress was
increased in them was not clear from our studies.

A common finding in women with PCOS is that they exhibit elevated blood pressure. The
mechanisms responsible are not clear. Hypertension is a significant risk factor for
cardiovascular disease. Defects in the kidney’s ability to excrete salt and water have been
shown to occur in all forms of hypertension studied to date 23. Thus we evaluated kidney
function, protein and albumin excretion and glomerular sclerosis index. We found that
chronic DHT caused a slight increase in GFR. It is possible that the increase in circulating
glucose in the HAF rats could have increased GFR 24. In addition, individuals and animals
with increases in body weight also show increases in GFR 24, 25, and thus the increase in
body weight with DHT could have played a role as well. We also found that DHT caused a
3-fold increase in urinary protein excretion and a 5-fold increase in urinary albumin
excretion compared to control rats. It is possible that the increase in blood pressure with
DHT contributed to the increased protein and albumin excretion, but since there was slight
glomerular injury present in the HAF rats, it is also likely that both renal injury and the
elevated blood pressure contributed to proteinuria and albuminuria.

Women with PCOS often exhibit insulin resistance even in the absence of overt obesity 11.
Diamanti-Kandarakis reports that approximately 50–70% of women with PCOS have insulin
resistance 11. Furthermore, female-to-male transsexuals who receive high doses of
androgens have an increased incidence of PCOS and metabolic syndrome disorders 26. In
the present study we found that DHT caused an increase in food intake and body weight in
the HAF rats. We did not measure blood pressure as the rats were increasing body weight
and thus cannot determine if the increase in blood pressure with DHT mirrored the increase
in body weight. However, increases in body weight have been shown previously to increase
blood pressure 24. Along with the increase in body weight, we found increases in blood
glucose and insulin and abnormal oral glucose tolerance test, all of which are indications of
insulin resistance. In addition, we found that DHT caused increases in cholesterol and leptin
and increases in peri-renal fat, as well. Taken with the increases in body weight and
hypertension, these factors are all characteristics of the metabolic syndrome.

The mechanisms by which obesity increases blood pressure are not entirely clear. However,
there is evidence that increases in body weight and visceral fat (as we found in the HAF rats)
lead to increases in leptin (which we also found in HAF rats) which activates the
melanocortin-4 receptor in the hypothalamus and causes sympathetic activation 27. Women
with PCOS have increased sympathetic activity 28. Manneras and colleagues and Stener-
Victorin also found that sympathetic activity was increased in a Wistar model of
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PCOS 12, 16. It is not clear whether increased sympathetic activity contributes to the elevated
blood pressure in HAF rats..

It is important to note that androgens in men have different effects than in women. For
example, in men an increase in androgens is associated with increases in lean body
mass 29, 30, not increases in visceral fat as we found in our rats. In addition, in men, a
reduction in androgen levels is associated with obesity and characteristics of the metabolic
syndrome and insulin resistance 29, 30, not an increase in androgens, as in women with
PCOS and our HAF rats. Androgen supplements in men also improve insulin resistance 31.
A reduction in androgens in men is associated with inflammation, and androgen
supplements in men reduce inflammation 32, 33. In contrast, women with PCOS have
increases in inflammatory cytokines and inflammation 34., and our hyperandrogenemic rats
have increases in TNF-α. Thus while decreases in androgens in men are associated with
insulin resistance, type II diabetes, hypertension and renal disease, increases in androgens
produce these symptoms in our hyperandrogenemic female rats. The reasons why different
levels of androgens similar effets in males and females is not clear and shoul be further
studied.35–37

In some situations, TNF-α has been shown to increase blood pressure. High levels of TNF-α,
as found in sepsis or endotoxic shock, are associated with reductions in blood pressure 38, 39.
LaMarca and colleagues reported that infusion of low doses of TNF-α in ovariectomized
female rats replete with estradiol or progesterone did not increase their blood pressure 40.
Similar findings were made in normal pregnant female rats. However, in pregnant rats in
which TNF-α is similarly increased, such as the model of reduced uterine perfusion pressure
(RUPP) that is hypertensive, etanercept, the TNF-α soluble receptor, significantly reduced
BP 41. Future studies will be necessary to determine if the slight increases in TNF-α found in
our HAF rats contribute to their hypertension.

In order to determine other possible mechanisms by which blood pressure could be
increased in our rat model of hyperandrogenemia, we measured mRNA expression of
components of the RAS. The RAS is activated in women with PCOS, and telmisartan, an
angiotensin AT1 receptor antagonist, reduces their blood pressure 42, 43. We found that
angiotensinogen mRNA expression was increased 10 fold in HAF rats. This is consistent
with previous studies in rats showing that androgens stimulate intrarenal synthesis of
angiotensinogen 44, 45. We also found that ACE synthesis was increased with DHT. In
contrast, AT1 receptor expression in both cortex and medulla was decreased in our DHT-
treated females. Increases in Ang II can downregulate AT1 receptor expression, but
upregulate ACE 46, 47. There is also evidence that estradiol upregulates AT1 receptor
expression 48, but not androgens 49. However, estradiol levels were not different in HAF rats
and controls. Thus our data suggest that Ang II levels may be increased in HAF rats.
However, the caveat to this is that we have not measured protein expression of the RAS
components in this study and thus cannot be certain that Ang II levels are increased. Future
studies will be necessary to confirm this hypothesis.

An additional mechanism by which blood pressure could be elevated with DHT in our
females is via increases in oxidative stress. We found that DHT increased expression of 4 of
the subunits of NADPH oxidase. Ang II has been shown to increase oxidative stress and
intrarenal expression of NADPH oxidase subunits 50, 51. Thus an increase in Ang II with
DHT could have caused an increase in expression of the NADPH oxidase subunits.
However, whether oxidative stress was increased in the HAF rat was not conclusive in our
present studies, since the levels of nitrate/nitrite excretion, an index of NO, which should
decrease as oxidative stress and superoxide increase, were not different than controls.
Therefore, future studies with antioxidants and specific inhibitors of NADPH oxidase will
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be necessary to determine if oxidative stress plays a role in mediating the hypertension in
HAF rats. This being said, we and others have shown previously that oxidative stress is
important in mediating the hypertension in male spontaneously hypertensive rats and Dahl
salt sensitive rats 52, 53. However, we have been unable to support a role for oxidative stress
in controlling blood pressure in female rats of these strains 54.

Summary
In summary, PCOS is the most common reproductive dysfunction in young women. PCOS
with increases in androgens predisposes women to increased risk of cardiovascular disease
when they are young as well as after menopause. Hypertension is one of major risk factors
for cardiovascular disease. We have characterized the metabolic and cardiovascular-renal
consequences of hyperandrogenemia in a female rat model that mimics many of the changes
that occur in women with PCOS. For example, HAF rats exhibit increases food intake, body
weight, blood pressure, and GFR. They have insulin resistance with increases in non-fasting
glucose and insulin levels, and abnormal oral glucose tolerance test. They also exhibit
factors associated with the metabolic syndrome, such as increases in leptin, cholesterol, peri-
renal fat weight, and TNF-α. Expression of some of the components of the RAS were also
elevated. Use of this model will allow for the further study of the pathways involved in
mediating the hypertension in HAF rats, and hopefully, allow us and other investigators to
shed light on possible mechanisms by which androgens cause cardiovascular disease in
women with PCOS.
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Figure 1. Plasma dihydrotestosterone and estradiol in HAF rats and placebo controls
(n=8–10/grp). Data are mean ± SEM. *, p<0.01, HAF vs controls.
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Figure 2. Effect of hyperandrogenmia on food intake, body weight, peri-renal fat and oral
glucose tolerance test in HAF and placebo control rats
Panel A: Changes in food intake in HAF and placebo rats (n=8/grp). Panel B. Body weight
at 16 wks of age in HAF and placebo rats (n=8/grp). Panel C. Peri-renal fat weight at 18 wks
of age in HAF and placebo control rats (n=8/grp). Panel D. Oral glucose tolerance (OGTT)
in HAF and placebo control rats (n=5/grp). Data are mean ± SEM. *, p<0.01, HAF vs
controls.
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Figure 3. Effect of hyperandrogenemia on mean arterial pressure, kidney function, albuminuria
and renal injury
Panel A. Mean arterial pressure (MAP, in mm Hg) was measured by telemetry in HAF (n=6)
and placebo control (n=5) rats. Panel B. Glomerular filtration rate factored for kidney weight
(GFR/KW; ml/min/g KW) in HAF and placebo control rats (n=5/grp). Panel C. Albumin
excretion over 24 hrs (ml/d) in HAF and placebo control rats (n=8/grp). Panel D. Percentage
of glomeruli with injury at each level in HAF and placebo control rats (n=6/grp). Data are
mean ± SEM. *, p<0.01, HAF vs controls.
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Figure 4. Effect of hyperandrogenmia on plasma glucose, insulin cholesterol and leptin
Plasma glucose (non-fasting, Panel A), plasma insulin (Panel B), plasma cholesterol (Panel
C) and plasma leptin (Panel D) in HAF and placebo control rats (n=6/grp). Data are mean ±
SEM. *, p<0.01, HAF vs controls.
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Figure 5. Effect of hyperandrogenemia on mRNA expression of renal cortical NADPH oxidase
subunits
mRNA expression of p22phox (Panel A), p47phox (Panel B), gp91phox (Panel C), and NOX4
(Panel D). mRNA expression was determined by renal time RT-PCR, factored for EF-1
mRNA expression, and presented a arbitrary units (AU). Data are mean ± SEM; n=8/grp). *,
p<0.01, HAF vs controls.
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Figure 6. Effect of hyperandrogenmia on plasma TNF-alpha, and intrarenal mRNA expression
of angiotensinogen, ACE, and AT1 receptor
Panel A. TNF-α in plasma. Panels B-D: mRNA expression of angiotensinogen (ATNG,
Panel B), ACE (Panel C), and AT1 receptor (AT1R, Panel D) in cortex and medulla was
determined by renal time RT-PCR, factored for EF-1 mRNA expression, and presented a
arbitrary units (AU). Data are mean ± SEM (n=8/grp) *, p<0.01, HAF vs controls.
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