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A B S T R A C T

Aims: Cardiovascular diseases may originate from suboptimal intrauterine environments. We aimed to examine
the effects of prenatal androgen exposure (PAE) on heart basal hemodynamic parameters and tolerance to
ischemia/reperfusion (I/R) injury, in PAE adult females and males.
Main methods: Pregnant Wistar rats in the experimental group (n=8) received 5mg of testosterone (s.c. in-
jection) on the 20th day of pregnancy, while controls received solvent. The hearts of adult female and male
offspring were isolated and perfused in a Langendorff apparatus, values of left ventricular systolic pressure
(LVSP), left ventricular developed pressure(LVDP), rate pressure product(RPP) and peak rates of positive and
negative changes in left ventricular pressure(± dp/dt) were recorded using a power lab system.
Key findings: At baseline, PAE adult males demonstrated significant higher values of LVSP, LVDP, RPP and ±
dp/dt, compared to controls and PAE adult females (p < 0.05), while PAE adult females showed no significant
differences compared to controls.

In PAE adult males, LVSP, LVDP, RPP and ± dp/dt had significant decreasing trends per phases after I/R,
compared to their controls and PAE females, while these decreasing trends were not statistically significant in
PAE adult female rats vs. their controls.
Significance: The impact of prenatal androgen exposure on adulthood cardiac function and tolerance to I/R is
gender dependent, which may be partly explained by different cardiac effects of hyperandrogenism in males
versus females. After prenatal androgen exposure, the baseline hemodynamic parameters of the hearts of adult
males are increased; although they had less tolerance to I/R, findings however not observed in females.

1. Introduction

Developmental programming is a complex process whereby the
hormonal, nutritional, and metabolic disturbances occurring during the
critical period of intrauterine development lead to alterations in the
developmental trajectory of the growing fetus [1]. These changes can
affect molecular and gene expression levels, structure and function of
the developing organs, eventually leading to both adaptive and bene-
ficial or to maladaptive consequences later in life.

It has been reported that the origin of cardiovascular diseases may
be a result of suboptimal intrauterine environments such as disturbed
hormonal milieu [2]. Previous studies report some adverse

consequences of prenatal testosterone exposure in occurrence of car-
diovascular diseases (CVDs) such as hypertension, cardiac hypertrophy,
altered cardiac function, focal myocardial disarray in left ventricle, and
adverse left ventricular remodeling [3–5]; however data documented
remains unclarified and further studies are needed.

Recently, attention has focused on maternal androgen exposure
because the number of pregnant women with elevated circulating tes-
tosterone levels and followed by the adverse consequences in their
offspring during adult life is rapidly increasing; elevated androgens
levels (hyperandrogenism) are reported in some obstetric pathological
conditions such as preeclampsia, polycystic ovary syndrome (PCOS),
obesity, stress and smoking [6–11]; it has been proposed that in
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pregnant women with PCOS the fetus is exposed to androgens during
prenatal life [7,12,13], causing reproductive and endocrine dis-
turbances e.g., hyperandrogenism, in both male and female offspring
later in life. Filippou and Homburg reported that a hyperandrogenic
intrauterine environment programs the genes related to ovarian ster-
oidogenesis and gonadotropin secretion, resulting in higher risk of the
occurrence of diseases, accompanied with hormonal disorders e.g.,
PCOS in adult life [14].

It is well known that numerous health problems are affected by
gender. Based on basic and clinical research, gender-related differences
in cardiac function, myocardial mechanical properties, cardioprotec-
tion, structural and functional adaptation to differential stresses (ex-
ercise-induced cardiac hypertrophy, non-ischemic myocardial re-
modeling, cardiac ischemia/reperfusion (I/R) injury) and risk of CVD
have been reported [15–18]; these sex discrepancies are believed to be
due to the actions of sex steroids, especially estrogens and androgens
[15]. It is well documented that under both physiological and patho-
logical conditions, the male and female heart differs significantly in
many parameters. In addition, gender differences in the myocardial
ischemic tolerance in adulthood can be affected by interventions (e.g.
hypoxia) imposed during the early phases of ontogenetic development
[15].

Most studies have focused on the effects of estrogens on heart while
limited attention has been paid to the effects of testosterone on cardi-
ovascular disease, myocardial injury or infarction and in the I/R heart
(cardiac I/R injury, induced by the occlusion of coronary arteries fol-
lowed by reperfusion). One of the target organs for androgens is the
heart, so they may play an important role in cardiac injury [19].

Based on our knowledge, there is limited data available on cardiac
function and tolerance to I/R injury, in adults (e.g., adult rats) exposed
to androgens during the critical period of their fetal life.

Accordingly, in the present study we aimed to examine and compare
the effects of prenatal androgen exposure (PAE) on heart basal hemo-
dynamic parameters and tolerance to I/R injury in male and female rats
during adulthood.

2. Materials and methods

2.1. Ethics approval

In the present study, animal care and handling were in accordance
with the principles of laboratory animal care. Local approval granted by

the institutional (Research Institute for Endocrine Sciences) ethics re-
view board and include the approval reference number (RIES;
10ECRIES93/10/23).

2.2. Animals and care

Female Wistar rats (n=16, age 75–95 days, weight 170–190 g)
were obtained from animal facility of the Research Institute for
Endocrine Sciences (RIES), Shahid Beheshti University of Medical
Sciences (SBMU) (Tehran, Iran).

One pair of male and female rats were kept separately in a poly-
propylene cage overnight in standard animal housing conditions (12 h/
12 h light/dark cycles and controlled temperature of 22 ± 3 °C, re-
lative humidity 45–55%). Observation of the vaginal plug after mating
was considered as the first day of pregnancy. Pregnant rats were ran-
domly divided into two groups, the experimental and vehicle (controls)
groups (n=8 in each group).

2.3. Hormonal treatment

For hormonal treatment, we used the same method for inducing a
rat model of PCOS, details published previously [20]; in brief, in the
experimental group, pregnant rats on the 20th day of pregnancy re-
ceived a subcutaneous (s.c.) injection of 5mg of free testosterone
(T1500; Sigma, Germany) dissolved in a 500 μl cocktail containing se-
same oil (S3547; Sigma, Steinheim, Germany) and benzyl benzoate
(B6630; Sigma, Germany) at a ratio of 4:1; pregnant rats in the vehicle
group received only 500 μl of solvent. After weaning, both male and
female offspring were separately housed in groups of four per cage with
free access to food and water. Both PAE male and female rats (n=16, 8
in each group) and their controls (n= 16, 8 in each group) between
110 and 120 days of age (adulthood) were assessed for measurement of
heart hemodynamic parameters and I/R experiments (Fig. 1).

2.4. Blood collection and measurement of testosterone levels

Body weights (BWs) of PAE adult male and female rats and their
controls were measured (weight 180–200 g for females and 290–310 g
for males). Rats were anaesthetized by intraperitoneal (i.p.) injection of
pentobarbital sodium (P3761; 5 g; Sigma, St Louis, MO, USA) dissolved
in normal saline 0.9% [60mg (kg BW)− 1], heparin sodium (500 IU/
kg) was i.p. injected 15min before anaesthesia. Blood samples for
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Fig. 1. Study Flowchart. s.c.: Subcutaneous. Hemodynamic parameters: LVEDP, LVSP, LVDP,± dp/dt, HR and RPP. I/R: Ischemia/reperfusion.
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testosterone (T) measurement were collected from the abdominal aorta.
Blood samples were centrifuged at 6000g for 5min, at 4 °C and sera
were immediately stored at −80 °C till the time of assay.

Serum total testosterone levels were measured using the enzyme-
linked immunosorbent assay (ELISA) kit (Testosterone, ELISA,
Diagnostics Biochem Canada Inc., Ontario, Canada, Sensitivity:
0.022 ng/ml). Intra-assay coefficient of variation for T was< 10%.

2.5. Isolated heart preparation and measurement of hemodynamic
parameters

Following blood collection, the hearts were rapidly removed and
placed in an ice-cold Krebs–Henseleit (KH) buffer, as quickly as possible
to avoid any damage; each heart was then suspended from the
Langendorff apparatus (ADInstruments, Australia) and perfused in ret-
rograde via the aorta at a constant-pressure mode (75mmHg) with KH
buffer. Perfusion solution (KH) was gassed with a mixture of 95% O2
and 5% CO2 with a pH level of 7.4 at 37 °C. A fluid-filled latex balloon
connected to a pressure transducer was inserted into the left ventricle
through the left atria via a small incision in the left atrium to give a
preload of 5–10mmHg to measure pressure in the left ventricle (LVP),
left ventricular systolic pressure (LVSP), heart rate (HR), the maximal
rate of rise in the left ventricular pressure during systole (+dp/dt), the
maximum rate of reduction in pressure during diastole (−dp/dt) and to
calculate development of pressure in the left ventricular (LVDP) (dif-
ference between left ventricular peak systolic pressure and left ven-
tricular end diastolic pressure) and rate pressure product (RPP)
(HR×LVDP) [21].

After stabilization, baseline levels of these hemodynamic para-
meters (LVEDP, LVSP, LVDP,± dp/dt, HR and RPP) were recorded, and
the perfusion solution was cut off for 30min in order to induce global
ischemia, followed by reperfusion started and continued for 60min;
during reperfusion all of the hemodynamic parameters were again re-
corded every 15min by a data acquisition system (Power Lab, AD in-
strument, Australia).

⁎ Temperature (37 ± 0.5 °C) and humidity of the environment sur-
rounding the heart were kept constant by a glass chamber.

⁎ (KHS in mM contained: 115 NaCl; 4.6 KCl; 2.5 CaCl2; 1.6 MgSO4;
1.2 KH2PO4; 25 NaHCO3; 11.1 glucose (all from Merck, Darmstadt,
Germany), equilibrated with 95% O2: 5% CO2 (pH=7.4)) [21].

⁎ At the time of surgery (blood collection and isolation of the heart),
all female rats were in estrus phase, determined by vaginal smear.
Collection of vaginal samples was done by inserting a cotton-tipped
sterile swab into the vagina; the swab was rotated two or three times
against the vaginal wall and then withdrawn and rolled on a clean
glass slide and vaginal smears were fixed at the air, then stained
with Giemsa and examined by light microscopy (×100 magnifica-
tion). Estrous cycle phases were identified based on the proportion
among three types of cells (epithelial cells, cornified cells and leu-
kocytes) observed in the vaginal smear, using the method described
by Marcondes et al. [22].

2.6. Cardiomyocyte injury

In order to assess cardiomyocyte injury, the coronary effluent ac-
cumulated before (perfusion period) and after (first 10min of reperfu-
sion phase) induction of ischemia and the levels of LDH were measured
by the spectrophotometric method, using LDH assay kit (Pars Azmun
Co., Tehran, Iran).

2.7. Statistical analysis

Normality assumption was examined by the Kolmogorov-Smirnov
test; in case of significant results appropriate transformation was ap-
plied. To depict trend in means of variable changes graphically, mean

plots (95% CI for mean) are presented according to their prenatal an-
drogen exposure status (PAE), gender and phase of study (before
ischemia, 15, 30, 45 and 60min after ischemia). Firstly, to evaluate the
effect of gender and PAE on the indices of heart damage before
ischemia, a Generalized Linear Regression Model (GLM) was applied.
Then, since there were four repeated measures of cardiac indices after
ischemia (15, 30, 45 and 60min), to assess the effect of PAE in sub-
groups of gender before and after induction of ischemia, a Generalized
Estimating Equation Model (GEE) was used; in fact the, GEE approach
provides advanced method of estimating regression parameters, which
overcomes classical methods' weaknesses such as repeated measures
Multivariate Analysis of Variance (MANOVA); it is also able to provide
accurate effect size estimation in case of incomplete data which is very
common in repeated measures and also modified parameter estimations
to deal with confounding variables and also possible interaction effect
[23]. Although this approach does not require normality assumption,
we transformed the outcome in case of homogenous results with the
first part. Interaction effects of PAE and gender were used to identify
the influential effect of gender on changes in indices of heart damage
after PAE. This regression model is defined as follows;

= + + +

∗

Mean LVSP PAE Gender β β PAE β Gender β PAE

Gender

( | , ) 0 1 2 3

The variable “phase” was added to this model for assessment of I/R
injury and defined as phase 1 (before ischemia) and phases 2–5 (15, 30,
45 and 60min after ischemia). This model was stratified for various
statuses of PAE and gender, resulting in the following equations:
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Here, phase 1 (before ischemia) has been considered as the re-
ference group, and other phases were added as four dummy variables to
the model.

In addition, t-student unpaired test was used to compare results of T
and LDH levels, between the control and PAE rats.

3. Results

3.1. Testosterone (T) levels

T levels were significantly increased in PAE adult males, compared
to their controls (6.78 ± 0.87 vs. 4.08 ± 0.66, respectively;
p < 0.05). T levels were higher in PAE adult females than controls
(1.26 ± 0.08 vs. 1.02 ± 0.09); however no significant differences
were observed.

3.2. Heart indices

Figs. 2–4 present the trend of means and 95% CIs for heart indices in
male and female rats according to the phases of study and PAE.

3.2.1. Heart indices at baseline and after I/R for androgen-unexposed rats
(control groups)

Results from GLM analysis showed that, at baseline (before I/R)
there were significant differences between androgen-unexposed males
and females in terms of HR, which showed higher level of the HR by 52
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(95% CI: 20, 85) in males. There were no statistically significant dif-
ferences in other heart indices at initiation of the study between an-
drogen-unexposed male and female rats (Table 1). In addition, GEE
analysis showed that, LVEDP had a significant decreasing trend at 15 to
60min after I/R, compared to before I/R in males vs, female androgen-
unexposed rats (Table 2).

Heart indices at baseline (before I/R) for PAE adult rats.

3.2.2. Heart indices at baseline (before I/R) for PAE adult rats
Table 1 shows the results of before I/R obtained from GLM analysis.

PAE adult male rats vs. controls and also PAE adult male rats vs. PAE
adult females had significantly higher levels of LVSP, LVDP, RPP
and ± dp/dt by 4 (95% CI: 2, 5), 37(95% CI: 14, 61), 31(95% CI: 9,
53), 22(95% CI: 14, 30), 16(95% CI: 7, 26) and 2(95% CI: 0.8, 4), 48
(95% CI: 18, 78), 44 (95% CI: 12, 75), 15(95% CI: 5, 25), and 11 (95%
CI: 3, 19), respectively. No significant differences were observed in
heart indices for PAE adult females vs. their controls.

3.2.3. Heart indices after I/R for PAE adult rats
Table 2 demonstrates the results of after I/R in 4 phases of 15, 30,

45 and 60min compared to before I/R, obtained from GEE analysis.
PAE adult male rats vs. controls and also PAE adult male rats vs. PAE
adult females, showed significant decreasing trend in heart indices in-
cluding LVSP, LVDP, RPP and ± dp/dt. Although these decreasing
trends were observed in PAE adult female rats vs. their controls, it was
not statistically significant in any of the phases. Moreover, LVEDP
showed a significant increasing trend in PAE adult male rats vs. con-
trols.

3.3. Cardiomyocyte injury

In order to examine cardiomyocyte injury after ischemia, LDH levels
were measured in coronary effluent. As presented in Table 3, LDH levels
increased in males and females after ischemia compared to before
ischemia; although in PAE adult males the levels of LDH were sig-
nificantly higher than their controls, after ischemia (p < 0.05), in fe-
males, no significant differences were observed between PAE adult rats
and controls after ischemia (Table 3).

Fig. 2. Left ventricular systolic pressure (LVSP) and left ventricular end-diastolic pressure (LVEDP) in different phases of the study according to their prenatal
androgen exposure (PAE) status in gender subgroups. (n=8 in each group). Generalized Estimating Equation Model (GEE) analysis was applied to test the dif-
ferences between gender (male vs. female), PAE (yes vs no), and phases (before ischemia and 15, 30, 45 and 60min after ischemia).
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4. Discussion

Fetal programming studies have shown gender-related differences
in the occurrence of postnatal diseases, with a more pronounced effect
in males than in females [24–26]. Given that testosterone is an im-
portant regulator of growth and differentiation during fetal develop-
ment [27,28], in the current study we presented the impact of prenatal
testosterone exposure on cardiac function and resistance to I/R injury in
male and female rats later in life.

To the best of our knowledge, our study for the first time, revealed
that, despite significant improvement in baseline cardiac function of
PAE adult male rats, their cardiac condition worsens after I/R and they
have lower tolerance to I/R injury in terms of reduced recovery of
hemodynamic parameters, compared to their controls and PAE adult
female rats. In PAE adult females, we observed no significant changes at
baseline or even after induction of ischemia in comparison to their
controls.

It has been reported that, prenatal testosterone exposure can lead to
increased levels of androgens in both male and female offspring later in
life, as we observed in our study rats (PAE adult rats). Androgens play a
critical role in the cardiovascular system and are considered to be
cardioregulatory hormones, which exert their biological effects on
cardiomyocytes through androgen receptors [29,30]. Despite some of
the detrimental effects of androgens on the cardiovascular system [31],
some other studies have revealed favorable effects of androgens on this

system [32]. Androgens affect expression of the L-type calcium channel,
the Na+/Ca2+ exchanger, cardiomyocyte Ca2+ handling, and con-
tractile properties in rat ventricular myocytes and thus play an im-
portant role in cardiac performance in males [30,33–36], contributing
thereby to gender differences in cardiac function. Based on a previous
study conducted on mice, androgens had positive effects on cardiac
circadian rhythms, contractile gene expression, and myocardial func-
tional reserve [37]. Another study of isolated rat hearts showed that
testosterone supplementation can restore a reduction in cardiac con-
tractile functions, including ejection fraction, peak systolic pressure,
and cardiac output to normal values [38,39]. In a study of rats with
heart failure after infarction and low testosterone levels, testosterone
treatment favorably affected immunomodulatory cytokine levels, im-
proved cardiac function, and reduced maladaptive cardiac remodeling
[40]. In addition, testosterone therapy has been associated with sig-
nificant increases in cardiac output, improved cardiac function capa-
city, and reduced symptoms in men with heart failure [41,42]. Our
results on the improvement of baseline cardiac function of PAE adult
male rats, are in agreement with those of other studies reporting fa-
vorable cardiovascular effects of androgens [32,37]. Conversely after
induction of ischemia, these beneficiary effects are reversed and these
rats (PAE adult males) had lower tolerance to I/R injury compared to
their controls and also PAE adult females; this paradox may partly be
explained by the adverse effects of testosterone on cardiac function in
the I/R hearts [43]. However there are some reports regarding the

Fig. 3. Maximal rate of rise in the left ventricular pressure during systole (+dp/dt) and maximum rate of reduction in pressure during diastole (−dp/dt), in different
phases of the study according to their prenatal androgen exposure (PAE) status in gender subgroups. (n=8 in each group). Generalized Estimating Equation Model
(GEE) analysis was applied to test the differences between gender (male vs. female), PAE (yes vs no), and phases (before ischemia and 15, 30, 45 and 60min after
ischemia).
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positive effects of physiological or low doses of testosterone on heart
ischemic tolerance and its cardioprotective role against I/R injury [43];
conversely, some other studies indicate that testosterone can negatively
affect cardiac function in the myocardial infarction model or in the I/R
heart [43]. Testosterone may play an important role in the contractile
dysfunction induced by I/R injury for several reasons, some of which
report that worsened effects of testosterone on myocardial function
after I/R may be due to “reducing cardioprotective signaling proteins
such as STAT-3 (signal transducers and activators of transcription 3)
and SOCS-3 (suppression of the cytokine signaling 3), and also de-
creasing myocardial Akt activation, leading to reduced Bad

phosphorylation and decreased Bcl-2 levelsˮ [43]. Based on evidence,
cytokines have an effect on injury-induced cardiovascular dysfunction
[44]. After acute I/R, the myocardium produces inflammatory cyto-
kines (TNF-α and IL− 1), resulting in myocardial dysfunction and
cardiomyocyte apoptosis [44]. Previous studies conducted on male rats
have shown that testosterone increases TNF-α, IL-1, IL-6, activated p38
MAPK, caspase-1, caspase-3, and caspase-11; while decreasing Bcl-2
expression, consequently worsening myocardial function after I/R
[44,45].

In animal models, testosterone induces an exaggerated in-
flammatory response after myocardial infarction that been associated

Fig. 4. Left ventricular developed pressure (LVDP), heart rate (HR), and rate pressure product (RPP) in different phases of the study according to their prenatal
androgen exposure (PAE) status in gender subgroups. (n=8 in each group). Generalized Estimating Equation Model (GEE) analysis was applied to test the dif-
ferences between gender (male vs. female), PAE (yes vs no), and phases (before ischemia and 15, 30, 45 and 60min after ischemia).
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with an increased risk of cardiac rupture [46]. Wang et al., have re-
ported that hearts from male mice demonstrate poorer recovery of
contractile function (+dP/dt) after I/R in comparison to females [47].
However the dose dependent detonating effect of testosterone in male
has not yet been reported.

In our study, despite more cardiac I/R injury in PAE adult female
rats compared to their controls, this difference was not statistically
significant. It seems that while increased androgens in these PAE female
rats may had negative effects on their heart, they were more resistant to
ischemia and they demonstrated less cardiac I/R injury, compared to
PAE adult males; the gender-related differences observed on the toler-
ance to I/R injury can be due to the following reasons:

i. The protective effects of estrogen (given that in the current study,
the hearts of female rats isolated in the estrus phase of the re-
productive cycle, which has high levels of estrogens), which exert
their effects through nuclear estrogen receptors in the cardiomyo-
cytes [48]. Estrogen can reduce calcium loading during I/R, which
results in less injury after ischemia, which at least in part, may be
due to increased expression of nitric oxide synthase (NOS) [48].
Nitric oxide (NO) produced from NOS has been shown to regulate a
number of calcium transporters and decrease Ca2+ entry by the L-
type Ca2+ channel, resulting in less calcium loading during ischemia
[48]. Based on other studies, reducing calcium concentration during
ischemia is cardioprotective [49,50]. In addition, estrogens have
been shown to be cardioprotective by activation of the phosphati-
dylinositol 3-kinase (PI3-kinase/AKT) pathway and many cardio-
protective genes such as the heat shock proteins [31,51].

Previous studies have reported that administration of exogenous
estradiol (E2) in adult males and females, gonad-intact and gona-
dectomized animals leads to reduced I/R injury. [52] Furthermore it
has been shown that a higher percentage (23%) of women aged
≥40 years, with a first myocardial infarction (MI) will die during one
year, compared to men (18%) [53]. These findings can be due to re-
duction in the levels of endogenous E2, followed by reduced ischemic
tolerance in postmenopausal women.

ii. Another possible explanation as to why female myocardium suffers
less injury with I/R, is the lower Ca2+ uptake rate by mitochondria
and lower cardiac mitochondria contents which lead to production
of less free radicals, subsequently lowering cardiac oxidative da-
mage in these animals [15,54].

iii. Differences in levels of anti-apoptotic protein (Bcl2) and pro-apop-
totic proteins (Bax and phosphor-p38) between two genders; levels
of Bcl2 were significantly decreased after I/R in male rats compared
to females. Additionally, higher levels of Bax and phosphor-p38
were observed after I/R in male rats compared to females [55].

iv. Autophagy plays a key role in survival of cellular homeostasis,
differentiation, and tissue remodeling. It has also been reported that
autophagy increases tolerance to myocardial I/R injury [55]. Ac-
cording to previous reports female rat hearts show increased au-
tophagy protein (LC3B) expression and higher autophagy activities
compared to male rats in response to I/R.

Wang et al., using global heart ischemia in mouse found improved
recovery of± dP/dt in females compared to males [47,48]. Increased
tolerance of female hearts to I/R injury has been reported in dogs, rats,
mice and rabbits [15]. On the other hand, some other experiments
conducted on animals have demonstrated lack of male–female differ-
ences in I/R injury, recovery of LVDP and infarct size [56–58]. These
inconsistencies may be explained by differences in the time or the type
of ischemia, animal strain and the phase of reproductive cycle in fe-
males.

4.1. Strengths and limitations

While this is one of the first investigations exploring the impact of
PAE on cardiac function and tolerance to I/R injury of both female and
male adult rats, our findings need to be carefully interpreted, con-
sidering the limitations, which included lack of measuring levels of
some inflammatory factors, antioxidants and estradiol; also we did not
examine the relationship between testosterone levels and cardiac
function before and after I/R in adult male rats, separately.

Further comprehensive studies are needed to identify underlying
mechanisms of our observations considering comprehensive hormonal

Table 1
Comparison of measurement of heart hemodynamic parameters before I/R (at baseline) phase in groups of gender and PAE vs controls: results from GLM model.

Parameters aPAE adult male rats vs. Controls bPAE adult male rats vs. PAE adult females aPAE adult female rats vs. Controls bControl males vs. females

Sqrt (LVSP) 4(2, 5)⁎⁎⁎ 2(0.8, 4)⁎⁎ 0.4 (−1, 2) -1(−2.6, 0.4)
LVEDP −1.4(3, 0.1) −0.9 (−2, 0.5) −0.8 (−2, 0.5) −0.3(−2, 1)
LVDP 37(14, 61)⁎⁎ 48(18, 78)⁎⁎ 9 (−22, 41) −19(47, 9)
HR −11(−53, 31) 31(−12, 74) 11(−30, 51) 52(20, 85)⁎

Sqrt (RPP) 31(9, 53)⁎⁎ 44(12, 75)⁎⁎ 11 (−21, 44) −3(−30, 23)
Sqrt (+ dp/dt) 22(14, 30)⁎⁎⁎ 15(5, 25)⁎⁎ 4(−6, 13) −3(−14, 8)
Sqrt (− dp/dt) 16 (7, 26)⁎⁎⁎ 11(3, 19)⁎⁎ 4(−4, 12) −1(−10, 8)

PAE: Prenatal androgen exposed.
I/R: Ischemia/reperfusion.
LVSP: Left ventricular systolic pressure.
LVEDP: Left ventricular end-diastolic pressure.
LVDP: Left ventricular developed pressure.
HR: Heart rate.
RPP: Rate pressure product.
+ dp/dt: Maximal rate of rise in the left ventricular pressure during systole.
- dp/dt: Maximum rate of reduction in the left ventricular pressure during diastole.
n= 8 in each group.
Significant levels:

⁎ p < 0.05.
⁎⁎ p < 0.01.
⁎⁎⁎ p < 0.001.
a β1(95% CI):(PAE), β1+β3(95% CI):(PAE+PAE *Gender effect), parameter estimated via main effect (Mean difference) term in Generalized Linear Regression

Model (GLM), respectively.
b β2(95% CI):(Gender effect), β2+ β3(95% CI):(Gender+ PAE*Gender effect) Subgroup analysis: Parameter estimated via interaction effect term in GLM model.
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and inflammatory profiles. Comprehensive understanding may allow
therapeutic manipulation of sex hormone signaling mechanisms in the
treatment of I/R injury. These findings may also have important clinical
implications in gender-dependent consultations in later life of those
exposed to androgen during prenatal life.

5. Conclusions

In conclusion, the impact of prenatal androgen exposure on adult-
hood cardiac function and tolerance to I/R is gender dependent, which
may be partly explained by different cardiac effects of hyperan-
drogenism in males versus females. After exposure to testosterone
during the critical period of fetal life, the baseline hemodynamic
parameters of the hearts of androgen-exposed adult males are in-
creased, although they had less tolerance to I/R, findings however not
observed in females.
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Data are presented as mean ± SEM. PAE rats: Prenatal androgen exposed rats, I/R: Ischemia/reperfusion, LDH: lactate dehydrogenase. n= 8 in each group.
⁎ Significance level p < 0.05, p value was obtained from t-student test in comparison between PAE adult and controls after ischemia.
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