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Age-specific incidence of ischemic heart disease in men is higher than in women, although women
die more frequently without previous symptoms; the molecular mechanism(s) are poorly understood. Most studies focus on protection by estrogen, with less attention on androgen receptormediated androgen actions. Our aim was to determine the role of androgens in the sex differences
in cardiac damage during myocardial infarction. Mature age-matched male and female Sprague
Dawley rats, intact or surgically gonadectomized (Gx), received testosterone (T) or 17␤-estradiol
(E2) via subdermal SILASTIC (Dow Corning Corp.) implants; a subset of male rats received dihydrotestosterone. After 21 days, animals were anesthetized, and hearts were excised and subjected
to ex vivo regional ischemia-reperfusion (I-R). Hearts from intact males had larger infarcts than
those from females following I-R; Gx produced the opposite effect, confirming a role for sex
steroids. In Gx males, androgens (dihydrotestosterone, T) and E2 aggravated I-R-induced cardiac
damage, whereas in Gx females, T had no effect and E2 reduced infarct area. Increased circulating
T levels up-regulated androgen receptor and receptor for advanced glycation end products, which
resulted in enhanced apoptosis aggravating cardiac damage in both males and females. In conclusion, our study demonstrates, for the first time, that sex steroids regulate autophagy during
myocardial infarction and shows that a novel mechanism of action for androgens during I-R is
down-regulation of antiapoptotic protein Bcl-xL (B cell lymphoma-extra large), a key controller for
cross talk between autophagy and apoptosis, shifting the balance toward apoptosis and leading
to aggravated cardiac damage. (Endocrinology 155: 568 –575, 2014)

schemic heart disease is the leading cause of mortality
and morbidity, with gender differences in presentation
and outcomes (1). Men have earlier onset and more severe
age-specific ischemic heart disease than women, although
women have a greater risk of death after myocardial infarction (MI) (1, 2). Mechanisms for these differences are
not fully defined partly because younger women and older
men are insufficiently represented in many studies (3),

I

with focus on 17␤-estradiol (E2) actions mediated via estrogen receptors (ER), with less attention on androgen
receptor (AR)-mediated androgen action (4). There are
even fewer studies on androgens and cardiovascular risk in
women.
The role of androgens during MI has been examined in
only a few studies, with conflicting results. Endogenous or
supplemented testosterone T has been shown to have ad-
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Abbreviations: AMPK, AMP-activated protein kinase; AR, androgen receptor; ARC, activated recruited cofactor; Bcl-xL, B cell lymphoma-extra large; CAD, coronary artery disease;
CVD, cardiovascular disease; DHT, dihydrotestosterone; E2, estradiol; ER, estrogen receptor; Gx, gonadectomized; I-R, ischemia-reperfusion; LC-MS/MS, liquid chromatographytandem mass spectrometry; LV, left ventricular; MI, myocardial infarction; mTOR, mammalian target of rapamycin; RAGE, receptor for advanced glycation end products; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick end labeling; XIAP, X-linked inhibitor of
apoptosis protein.
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Materials and Methods
Animals and treatments
Adult age-matched male (8 –12 weeks, 300 – 400 g) and female (200 –300 g) Sprague Dawley rats (n ⫽ 190) had ad libitum

569

access to standard chow and tap water. Experiments were conducted at a similar time each day and approved by the Royal
North Shore Hospital Animal Care and Ethics Committee and in
accordance within the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes. Rats were randomized for either no surgery (intact), bilateral gonadectomy or sham
operation (Sham Gx) under nitrous oxide, oxygen (2:1 vol/vol,
3 L/min) and 2% isoflurane (see Supplemental Methods). SILASTIC (Dow Corning Corp.) implants, prepared as previously
described (29 –31), were inserted subdermally in gonadectomized (Gx) animals at surgery, and animals were monitored for
21 days. T (3 cm), DHT (1 cm), and E2 (0.4 cm) were used for
males, and smaller sizes T (2.4 cm) and E2 (0.3 cm) were used in
Gx females, reflecting their lower weight. Gx and steroid replacement were confirmed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS), which has sensitivity and specificity for serum androgen levels in rodent samples (21). Immunoassays lack specificity and accuracy, especially in rodents (32,
33).

Ex vivo myocardial ischemia-reperfusion and
analysis
After 21 days, rats were anesthetized with ip ketamine (60
mg/kg) and xylazine hydrochloride (10 mg/kg), and hearts were
rapidly isolated and mounted onto a Langendorff apparatus and
then subjected to regional I-R (30 minutes occlusion and 150
minutes reperfusion) as previously described (References 8 and
9; see Supplemental Data). At the end of reperfusion, infarct size
was estimated by cutting tissue from midventricle to apex into 3
cross-sectional sections with each slice weighed before staining.
Infarct size was estimated as a percentage of the total weight of
the area-at-risk (see Supplemental Data). In separate studies LV
free wall tissue was snap frozen, powdered, and homogenized in
RIPA buffer (see Supplemental Data). Aliquots (30 –50 g) were
separated by SDS-PAGE on gels of 6%–15% acrylamide concentrations, and immunoblotting was performed as previously
described (9). We measured superoxide levels using lucigeninenhanced chemiluminescence as previously described (34, 35) in
lysates from male LV samples used to measure RAGE levels.

Statistical analysis
Statistical comparisons of results (mean ⫾ SE) were by oneway ANOVA for multiple treatments with post hoc analysis
using Holm-Sidak correction. Values of P ⬍ .05 were considered
significant.

Results
Females were approximately 100 g lighter than male littermates with no differences between intact and sham Gx
males or females (Table 1). Treatment did not affect body
weight except that T-treated Gx males were heavier. In
females, Gx increased body weight, which was restored by
E2 but not T administration (Table 1). Regional I-R produced larger infarct size in male than female hearts (Supplemental Figure 1A), comparable to previous reports (5),
and correlated with increased apoptosis measured by ter-
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verse effects on cardiac remodeling and function (5–7) and
to increase infarct size (8 –10) following MI in male rats,
whereas others report T reduced ischemia-reperfusion (IR)-mediated cardiac injury (11) and dihydrotestosterone
(DHT)-ameliorated post-I-R recovery via enhanced angiogenesis (12). In contrast, a separate study has shown
that castration leads to increased cardiomyocyte apoptosis after MI, and that supplementation with T decreased
castration-induced apoptosis and increased angiogenesis
(13). In men with coronary artery disease (CAD), low circulating T levels are associated with poorer outcomes in
heart failure and decreased survival (14); whether these
are cause or effect is yet to be determined.
Reported effects of endogenous E2 similarly vary in
females, with reduction (15) or no benefit (7, 16) during
I-R. Postmenopausal E2 administration also provides conflicting results, with adverse cardiovascular effects in the
Women’s Health Initiative study, but reduced cardiovascular disease (CVD) risk in observational trials and the
randomized Danish Osteoporosis Prevention Study (17).
Data on the relationship between E2 and CVD risk in men
are limited or unreliable despite higher E2 levels measured
in men with CAD (18). Few studies have examined endogenous T and CAD in women, with either positive (19)
or no (20) correlation between serum levels and CVD reported. In all these studies, steroid levels were measured by
immunoassays that provide inaccurate results at low circulating levels (21), which may have contributed to the
conflicting findings.
Myocardial I-R activates release of reactive oxygen species and augmentation of the multiligand receptor for advanced glycation end products (RAGE) (22), providing a
proinflammatory stimulus for cardiac dysfunction, because RAGE stimulation activates proapoptotic caspase
cascade, resulting in cardiomyocyte apoptosis (23). Autophagy, a cell survival pathway (24), is also activated,
and recent studies indicate that autophagy protects cardiomyocytes from apoptosis (24), whereas in excess it may
be detrimental (25). It is not known whether sex steroids
regulate autophagy during MI, whereas apoptosis, which
has an important role in left ventricular (LV) remodeling
(26), clearly leads to tissue damage (27). Male rats have
increased apoptosis following myocardial I-R (8 –10), and
men dying after acute MI have a higher apoptotic rate in
the peri-infarct region at autopsy than women (28). The
aim of the current study was to examine how androgens
mediate these sex differences in cardiac damage during
MI.
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Table 1. Body Weights of Male and Female Rats in
the Various Treatment Groups
Male Body
Weight (g)

Female Body
Weight (g)

Intact
Sham Gx
Gx
Gx ⫹ T
Gx ⫹ DHT
Gx ⫹ E2

350 ⫾ 17
360 ⫾ 11
373 ⫾ 8
397 ⫾ 7a
380 ⫾ 6
362 ⫾ 13

247 ⫾ 5
257 ⫾ 9
318 ⫾ 7a
314 ⫾ 15a
n/a
237 ⫾ 8

All values shown are mean ⫾ SE; n ⫽ 8 –16 per group; a P ⬍ 0.05 vs
respective sham Gx; n/a, not administered.

minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (Supplemental Figure 1B). In females, smaller infarct size relative to heart weight
corresponded with less apoptosis (Supplemental Figure
1B).
Role of sex steroids on infarct size
Sham Gx did not influence infarct size in either male
(42 ⫾ 4% [Sham Gx, n ⫽ 5] vs 43 ⫾ 1% [intact, n ⫽ 6])
or female (30 ⫾ 4% [Sham Gx, n ⫽ 7] vs 36 ⫾ 3% [intact,
n ⫽ 7]) hearts. Infarct size was reduced in Gx males (Figure
1A) but exacerbated in Gx females (Figure 1B), with nei-

Figure 1. Effect of gonadectomy and steroid treatment on LV infarct
size in males and females LV infarct size from Gx males (A) and
females (B) (⫾ sex steroids). Myocardial infarct size/area (IA) expressed
as percentage of the area-at-risk (AAR). Values expressed as mean ⫾
SE. Numbers in parentheses indicate number of animals per group. *,
P ⬍ .05 vs Sham Gx.

ther having detectable serum T or E2 levels. Treatment
with T restored infarct size in Gx males, despite lower
serum T levels (1.3 ⫾ 0.2 ng/mL [Gx ⫹T, n ⫽ 9] vs 2.8 ⫾
0.8 ng/mL [Sham Gx, n ⫽ 4], *, P ⬍ .05). To confirm that
these changes were specific to AR, we used DHT, which,
unlike T, cannot be aromatized to E2 and must act exclusively via AR. Infarct size was similarly aggravated by
DHT (Figure 1A) at serum levels below detection limit
(⬍200 pg/mL). Gx females receiving T had elevated serum
T levels (2.1 ⫾ 0.2 ng/mL [(Gx⫹T, n ⫽ 6] vs 0.04 ⫾ 0.02
ng/mL [sham Gx, N ⫽ 4], *, P ⬍ .05), with no effect on
Gx-increased infarct size (Figure 1B), whereas E2 reduced
infarct size (Figure 1B) to Sham Gx levels. Treatment with
E2 aggravated infarct size in Gx males (Figure 1A) with
plasma E2 levels (27.7 ⫾ 7.0 pg/mL, n ⫽ 10) well above
intact male and female levels (E2 ⬍ 5 pg/mL).
Differential regulation of AR levels during
myocardial I-R
Protein levels of AR, ER␣, and ER␤ were comparable
in male and female LV free wall (sham I-R, Figure 2, B and
D). I-R enhanced AR and ER␤ protein expression in the
infarct area of male hearts (Figure 2, A and B) whereas only
ER␤ levels were enhanced in female hearts (Figure 2, C and
D). ER␣ expression levels did not change following I-R
(Figure 2, B and D). Myocardial AR were decreased in Gx
males (Figure 2, A and B) but not females (Figure 2, C and
D) and T treatment restored levels in Gx males (Figure 2B)
while elevating them in Gx females (Figure 2D). E2 had no
effect on AR levels in Gx males (Figure 2B) but suppressed
levels in Gx females (Figure 2D). Neither ER␣ nor ER␤
levels in either gender were modified by treatment (Figure
2, B and D).
Regulation of autophagy by sex steroids during
myocardial I-R
In both male and female hearts we detected increased
levels of Beclin-1, Atg5-Atg12 conjugate, LC3-II (data not
shown), conversion of LC3-I to LC3-II (LC3-II/LC3-I ratio), and signaling kinases (AMP-activated protein kinase
[AMPK] and mammalian target of rapamycin [mTOR]),
suggesting that autophagy was activated during I-R (Figure 3). Activated AMPK activity during I-R was unaffected by Gx (Figure 3, Ai and Bi), nor by T or E2 treatment, with a trend (P ⫽ .045) for enhanced AMPK activity
in Gx females receiving T. We found gender-specific regulation of mTOR activity. Gx had no effect on I-R-induced
mTOR activation in male hearts (Figure 3Aii), but enhanced mTOR activation in female hearts (Figure 3Bii). T
or E2 treatment had no effect on mTOR activity in Gx
males (Figure 3, Aii and Bii), whereas both treatments
restored mTOR levels in Gx females.
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Differential regulation of RAGE
by sex steroids during
Figure 2. Regulation of LV sex steroid receptor expression Sex steroid receptor expression in the
myocardial I-R
infarcted area from intact and Gx males and females. Representative immunoblots of AR, ER␣,
and ER␤ in homogenates of male (panel A) and female (panel C) LV free wall. Bar graphs show
I-R augmented myocardial RAGE
densitometric analysis of protein changes compared with the loading control ␤-actin for males
expression
in infarcted myocardium
(panel B) and females (panel D). Numbers in parentheses indicate number of animals per group;
from
intact
males (Figure 4A), but
*, P ⬍ .05 vs intact.
not females (Figure 4B), whereas Gx
Gx decreased Beclin-1 levels in the infarct area of hearts had no effect in either gender (Figure 4, A and B). T treatfrom males and females (Figure 3, Aiii and Biii). There was ment had no significant effect on RAGE protein levels in
a trend in restoring Beclin-1 levels in Gx females receiving Gx males (Figure 4A), whereas it increased RAGE levels
T or E2 but not Gx males. Formation of autophagic ves- (Figure 4B) in Gx females. In contrast, treatment with E2
icles (denoted by formation of Atg5-Atg12 conjugate) and had no significant effect in either gender.
progression of autophagy (LC3-II:LC3-I ratio) were decreased in the infarct area by Gx in both genders (Figure Sex differences in regulation of apoptosis during
3, Aiv, Av, Bvi, and Bv), indicating that progression of myocardial I-R
autophagy was interrupted. T treatment restored Atg5Caspase-9 and -3 processing is a measure of the intrinsic
Atg12 conjugate levels in both genders (Figure 3, Aiv and pathway of apoptosis and was activated (presence of
cleaved fragments) by I-R in both
males and females (Figure 5). Consistent with effects on infarct size, Gx
suppressed caspase-9 and caspase-3
processing in males (Figure 5, Ai and
Aii), but augmented caspase cleavage in females (Figure 5, Bi and Bii).
Treatment with T or E2 restored
caspase processing in Gx males (Figure 5, Ai and Aii). In females T did
not affect Gx-activated caspase processing (Figure 5, Bi and Bii),
whereas it was reversed by E2.
Expression levels of antiapoptotic
proteins, X-linked inhibitor of apoptosis protein (XIAP), B cell lymphoma-extra large (Bcl-XL), and actiFigure 3. Effects of sex steroids on autophagy markers I-R-induced expression of autophagy
markers Beclin-1, Atg5-Atg12 conjugate, and LC3-I/II assessed by immunoblotting in
vated recruited cofactor (ARC)
homogenates of LV free wall from infarct area of intact and Gx males and females (⫾ sex
showed dimorphic regulation during
steroids). Top, Representative immunoblots of P-AMPK, AMPK, P-mTOR, mTOR, Beclin-1, Atg5I-R. In males, I-R decreased levels of
Atg12 conjugate, LC3-I, LC3-II, in males (A) and females (B). Below: Bar graphs are densitometric
analysis of the levels of (i) P-AMPK/AMPK ratio; (ii) P-mTOR/mTOR ratio; (iii) Beclin-1; (iv) Atg5all 3 antiapoptotic proteins whereas
Atg12; and (v) ratio of LC3-I to LC3-II conversion. Numbers in parentheses indicate number of
levels were preserved in females (Figanimals per group; *P ⬍ .05 vs intact; Atg5, Atg12, autophagy specific genes; P-mTOR,
ure 6). Gx enhanced expression of
phosphorylated mTOR; P-AMPK, phosphorylated AMPK.
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Biv whereas E2 treatment only restored Atg5-Atg12 conjugate levels in
Gx females (Figure 3Biv). Suppressed
LC3-II:LC3-I ratios persisted in Gx
males despite T or E2 treatment (Figure 3Av), indicating that autophagy
could not progress. In contrast, there
was a trend by T and E2 to restore
LC3-II:LC3-I ratio in Gx females to
levels in intact females, indicating progression of autophagy.
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of XIAP and Bcl-XL, but not ARC, was suppressed following I-R in Gx females and was restored by E2 but not
T (Figure 6, C and D).

Discussion
Downloaded from https://academic.oup.com/endo/article-abstract/155/2/568/2423412 by Biomedical Library user on 01 May 2019

Our study supports previous reports (6, 7) of more severe
cardiac damage in males than females following myocardial ischemic reperfusion injury and is one of the few that
has shown cardiac actions of low levels of androgens in
males, We show, for the first time, the role of sex steroids
in regulating the balance between autophagy and apoptosis during MI and differential gender regulation of mTOR
activity with androgen-induced down-regulation of BclxL, a key regulator for the cross talk between autophagy
and apoptosis. These actions of androgens are mediated
by up-regulation of AR and advanced glycation end products (RAGE). Removal of T by Gx reduced infarct size,
whereas cardiac damage was restored by T supplementation. We confirm that this is a direct action of T to aggraFigure 4. Effects of sex steroids on RAGE expression Expression levels
of RAGE in homogenates of LV free wall from the infarct area from
vate I-R-induced cardiac damage in male animals by using
intact and Gx males and females (⫾ sex steroids) following I-R. Top,
the pure androgen, DHT, and found similar aggravated
Representative immunoblots of RAGE in males (A) and bar graphs
cardiac damage in male animals. DHT is not aromatized
show densitometric analysis in the various treatment groups. Bottom:
Representative immunoblots of RAGE in females (B) and bar graphs
to any estrogen such as estradiol and acts exclusively via
represent densitometric analysis in the different treatment groups.
AR; for this reason, it is preferable to use instead of an
Sham, sham I-R. Numbers in parentheses indicate number of animals
antiandrogen to confirm AR-mediated activity, because
per group; *, P ⬍ .05 vs Intact.
all antiandrogens have some degree of agonist activity,
Bcl-XL and ARC, but not XIAP, in males, which was re- most evident when background androgen status is low as
versed to levels in intact (non-Gx) males by treatment with in some of our models. Administration of T to Gx females
T but not E2 (Figure 6, A and B). In contrast, expression had no effect on infarct size, in agreement with previous
reports (29).
The role of estrogen during MI
has similarly provided conflicting results. Although we found estradiol
reduced infarct size, other studies report no significant protective effect
of estrogen in the acute phase after
MI (7). These differences may relate
to the differences in supplemental
doses of sex steroids administered
and detection assays used. Our study
is one of the few that uses the highly
sensitive and specific LC-MS/MS assay (36, 37) rather than steroid hormone immunoassays, which lack
sensitivity, specificity, and accuracy
Figure 5. Effect of sex steroids on caspase-3 and -9 processing during myocardial I-R
at low plasma levels (21), in rodents
Appearance of cleaved fragments represents caspase processing. Representative immunoblots
for caspase-3 and -9 cleaved fragments in homogenates of male (Ai) and female (Bi) LV free wall
(33, 36). Previous studies (6, 7) used
from the infarct area during I-R (⫾ gonadectomy and sex steroids). Bar graphs represent
pharmacologic doses rather than
densitometric analysis in males (Aii) and females (Bii) with ␤-actin as the loading control. Casp-9,
achieving physiological levels, with
caspase-9; Casp-3, caspase-3. Numbers in parentheses indicate number of animals per group; *,
immunoassay levels of T in females
P ⬍ .05 vs intact.
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ducing infarct size and in agreement
with previous reports (39). Cardiac
myocytes express AR (40, 41), ER-␣,
and ER-␤ (40, 42), but constitute
only approximately 30% of cardiac
cells with the remaining 70% nonmyocyte (smooth muscle cells, endothelial cells, fibroblasts), with cardiac fibroblasts comprising most
nonmyocyte cells (43). There are no
reports on fibroblasts expressing
AR, and only limited reports for expression of ER-␣ and ER-␤ in cardiac
fibroblasts (40, 43), possibly reflectFigure 6. Effects of sex steroids on antiapoptotic regulators of the intrinsic pathway of
ing the nonspecificity of the current
apoptosis Left, Representative immunoblots of antiapoptotic proteins XIAP, Bcl-xL, and ARC in
detection markers. The changes in
homogenates of the LV free wall from infarct area from intact and Gx (⫾ sex steroids) males (A)
levels of AR we detected correlated
and females (B). Right, Bar graphs show densitometric analysis with loading control ␤-actin. BclxL, B cell lymphoma-extra large; ARC, apoptosis repressor with a caspase recruitment domain.
with the extent of infarct size, conNumbers in parentheses indicate number of animals per group; *, P ⬍ .05 vs Intact.
sistent with reports that cardiac
myocytes make up 75% of the volthat were 15 times control, and estradiol in males at 10 ume of myocardial mass (44).
times control levels (7). In contrast, we administered
To determine the mechanism for the androgen-induced
weight-adjusted doses of sex steroids, which resulted in all cardiac damage during myocardial I-R, we measured carof our supplemented T levels being low. The levels of E2 diomyocyte apoptosis. We found an increased apoptotic
for most of our treatment groups were below detection rate in males compared with females, similar to previous
levels of the assay (⬍5 pg/mL), similar to previous reports reports (8 –10, 28). In contrast, a recent study (13) refor rodents (33, 36), and a recognized problem (36).
ported that castration in male rats increased cardiomyoPrevious reports have shown that cardiac dysfunction cyte apoptosis after MI, whereas T replacement decreased
during myocardial I-R is triggered by activation of RAGE castration-induced apoptosis and increased angiogenesis.
and release of reactive oxygen species (22). We similarly Although this latter study (13) used the same assay as we
found enhanced RAGE expression and increased super- used, TUNEL (terminal deoxynucleotidyl transferase
oxide levels during myocardial I-R. NADPH-derived su- dUTP nick end labeling) to measure apoptosis, they did
peroxide levels increased in homogenates from male not measure total cardiomyocyte nuclei with 4⬘,6-dihearts subjected to I-R compared with sham I-R (100 ⫾ amidino-2-phenylindole dihydrochloride, and hence this
7.1% [Sham] vs 165.5 ⫾ 9.6% [I-R], P ⬍ .001). The en- may contribute to the discrepancy. We found increased
hanced RAGE expression was dependent on circulating T TUNEL-positive cardiomyocyte apoptosis in males comrather than E2 levels in both males and females, differing pared with females. Interestingly proapoptotic proteins
from a previous report that E2 increases RAGE transcrip- caspase-3 and -9 were activated similarly between males
tion and protein expression (38). In our studies, T admin- and females, whereas antiapoptotic proteins XIAP, Bclistration to Gx females enhanced RAGE expression, cor- xL, and ARC activity was reduced during myocardial I-R
relating with increased infarct size, whereas T treatment in males but not females. To our knowledge, our study is
had no significant effect on RAGE protein levels in Gx the first to show androgen-dependent down-regulation of
males, possibly due to the low circulating levels of T.
Bcl-xL, a key factor for the cross talk between autophagy
We confirm that these actions of T were mediated via and apoptosis.
interaction with AR. Gx down-regulated AR levels
Because myocardial I-R injury also activates autophagy
whereas AR levels were restored by T treatment in males. (24), we measured levels of autophagy proteins and found
Interestingly, we found that T administration to Gx fe- increased levels in both males and females and show, for
males augmented levels of AR, which has not been previ- the first time, that there is differential gender regulation of
ously reported and may be relevant for postmenopausal mTOR activity. Whereas there were no changes in mTOR
women receiving treatment with T. E2 administration had activity in the different treatment groups for males, there
no effect on cardiac AR expression in Gx males, whereas was enhanced mTOR activity in Gx females, indicating
cardiac AR levels were down-regulated in Gx females, re- inhibition of autophagy and correlating with the increased
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11. Callies F, Strömer H, Schwinger RH, et al. Administration of testosterone is associated with a reduced susceptibility to myocardial
ischemia. Endocrinology. 2003;144:4478 – 4483.
12. Sieveking DP, Lim P, Chow RW, et al. A sex-specific role for androgens in angiogenesis. J Exp Med. 2010;207:345–352.
13. Chen Y, Fu L, Han Y, et al. Testosterone replacement therapy promotes angiogenesis after acute myocardial infarction by enhancing
expression of cytokines HIF-1a, SDF-1a and VEGF. Eur J Pharmacol. 2012;684:116 –124.
14. Malkin CJ, Pugh PJ, Morris PD, Asif S, Jones TH, Channer KS. Low
serum testosterone and increased mortality in men with coronary
heart disease. Heart. 2010;96:1821–1825.
15. Booth EA, Lucchesi BR. Estrogen-mediated protection in myocar-

Downloaded from https://academic.oup.com/endo/article-abstract/155/2/568/2423412 by Biomedical Library user on 01 May 2019

infarct size. The autophagy protein Beclin-1 is important
in initiating autophagy and directly interacts with antiapoptotic proteins Bcl-2 or Bcl-xL (45). Our data for Beclin-1 and Bcl-xL in the reperfused hearts show an inverse
proportional relationship, suggesting that this balance is
important for regulating autophagy and apoptosis by sex
steroids. The autophagy-specific gene Atg5 is a rate-limiting protein; in males, T alone regulates expression of
Beclin-1 and Atg5-Atg12 to initiate autophagy, whereas in
females both T and E2 had a similar effect. This may explain why T given to Gx females did not aggravate infarct
size despite increased levels of cardiac AR. Progression of
autophagy is indicated by increases in levels of myocardial
LC3-II and LC3-II:LC3-I ratio. Gx in both males and females prevented conversion of LC3-I to LC3-II, indicated
by the low LC3-II:LC3-I ratio, and hence autophagy could
not proceed.
We are unsure why Gx males receiving E2 showed
marked elevations in serum levels of E2. We found that
both androgens and E2 aggravated infarct size in males.
Our results therefore do not contribute to whether elevated levels of E2 in males are detrimental. This will need
to be explored by further studies, including clinical studies
in older men with CAD (18), using LC-MS/MS, rather
than immunoassay, to measure serum E2 levels.
In conclusion, our study provides novel and key roles
for sex steroid action during MI (Supplemental Figure 2).
Myocardial I-R in male animals aggravated cardiac damage through increased AR, RAGE expression, and ROS
levels and shifted the balance between autophagy and apoptosis toward increased apoptosis. In contrast, myocardial I-R in females produces less cardiac damage, reflecting
enhanced autophagy and decreased apoptosis. RAGE is a
key regulator of this switch, with T administration to females activating both AR and RAGE expression, which
perhaps is relevant for postmenopausal women receiving
T. Our results, therefore, provide a platform for new potential treatment strategies for reperfusion injury in both
females and males.

Endocrinology, February 2014, 155(2):568 –575

doi: 10.1210/en.2013-1755

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

575

32. Haisenleder DJ, Schoenfelder AH, Marcinko ES, Geddis LM, Marshall JC. Estimation of estradiol in mouse serum samples: evaluation
of commercial estradiol immunoassays. Endocrinology. 2011;152:
4443– 4447.
33. Handelsman DJ, Simanainen U, Walters KA, Desai R, Allan CM.
Estradiol immunoassays for mice: not fit for purpose [letter to the
editor] [published online November 1, 2011]. Endocrinology. doi:
10.1210/en.2011-1501.
34. Noda K, Kobara M, Hamada J, et al. Additive amelioration of oxidative stress and cardiac function by combined mineralocorticoid
and angiotensin receptor blockers in postinfarct failing hearts. J Cardiovasc Pharmacol. 2012;60:140 –149.
35. Peshavariya HM, Dusting GJ, Selemidis S. Analysis of dihydroethidium fluorescence for the detection of intracellular and extracellular superoxide produced by NADPH oxidase. Free Radic Res.
2007;41:699 –712.
36. McNamara KM, Harwood DT, Simanainen U, Walters KA, Jimenez M, Handelsman DJ. Measurement of sex steroids in murine
blood and reproductive tissues by liquid chromatography-tandem
mass spectrometry. J Steroid Biochem Mol Biol. 2010;121:611–
618.
37. Nam UH, Wang M, Crisostomo PR, et al. The effect of chronic
exogenous androgen on myocardial function following acute ischemia-reperfusion in hosts with different baseline levels of sex steroids. J Surg Res. 2007;142:113–118.
38. Tanaka N, Yonekura H, Yamagishi S, Fujimori H, Yamamoto Y,
Yamamoto H. The receptor for advanced glycation end products is
induced by the glycation products themselves and tumor necrosis
factor-␣ through nuclear factor- B, and by 17␤-estradiol through
Sp-1 in human vascular endothelial cells. J Biol Chem. 2000;275:
25781–25790.
39. Tivesten A, Bollano E, Nyström HC, Alexanderson C, Bergström G,
Holmäng A. Cardiac concentric remodelling induced by non-aromatizable (dihydro-)testosterone is antagonized by oestradiol in
ovariectomized rats. J Endocrinol. 2006;189:485– 491.
40. Grohé C, Kahlert S, Löbbert K, et al. Cardiac myocytes and fibroblasts contain functional estrogen receptors. FEBS Lett. 1997;416:
107–112.
41. Marsh JD, Lehmann MH, Ritchie RH, Gwathmey JK, Green GE,
Schiebinger RJ. Androgen receptors mediate hypertrophy in cardiac
myocytes. Circulation. 1998;98:256 –261.
42. Yang SH, Liu R, Perez EJ, Wen Y, Stevens SM, Jr., Valencia T.
Mitochondrial localization of estrogen receptor ␤. Proc Natl Acad
Sci USA. 2004;101:4130 – 4135.
43. Lee HW, Eghbali-Webb M. Estrogen enhances proliferative capacity of cardiac fibroblasts by estrogen receptor- and mitogen-activated protein kinase-dependent pathways. J Mol Cell Cardiol. 1998;
30:1359 –1368.
44. Chilton L, Ohya S, Freed D, George E, Drobic V, Shibukawa Y. K⫹
currents regulate the resting membrane potential, proliferation, and
contractile responses in ventricular fibroblasts and myofibroblasts.
Am J Physiol Heart Circ Physiol. 2005;288:H2931–H2939.
45. Hamacher-Brady A, Brady NR, Gottlieb RA. Enhancing macroautophagy protects against ischemia/reperfusion injury in cardiac
myocytes. J Biol Chem. 2006;281:29776 –29787.

Downloaded from https://academic.oup.com/endo/article-abstract/155/2/568/2423412 by Biomedical Library user on 01 May 2019

19.

dial ischemia-reperfusion injury. Cardiovasc Toxicol. 2008;8:101–
113.
Cross HR, Lu L, Steenbergen C, Philipson KD, Murphy E. Overexpression of the cardiac na⫹/ca2⫹ exchanger increases susceptibility to ischemia/reperfusion injury in male, but not female, transgenic mice. Circ Res. 1998;83:1215–1223.
Schierbeck LL, Rejnmark L, Tofteng CL, et al. Effect of hormone
replacement therapy on cardiovascular events in recently postmenopausal women: Randomised trial. BMJ. 2012;345:e6409.
Phillips GB, Castelli WP, Abbott RD, McNamara PM. Association
of hyperestrogenemia and coronary heart disease in men in the framingham cohort. Am J Med. 1983;74:863– 869.
Braunstein GD. Management of female sexual dysfunction in postmenopausal women by testosterone administration: Safety issues
and controversies. J Sex Med. 2007;4:859 – 866.
Barrett-Connor E, Goodman-Gruen D. Prospective study of endogenous sex hormones and fatal cardiovascular disease in postmenopausal women. BMJ. 1995;311:1193–1196.
Harwood DT, Handelsman DJ. Development and validation of a
sensitive liquid chromatography-tandem mass spectrometry assay
to simultaneously measure androgens and estrogens in serum without derivatization. Clin Chim Acta. 2009;409:78 – 84.
Bucciarelli LG, Kaneko M, Ananthakrishnan R, et al. Receptor for
advanced-glycation end products: key modulator of myocardial
ischemic injury. Circulation. 2006;113:1226 –1234.
Tsoporis JN, Izhar S, Leong-Poi H, Desjardins JF, Huttunen HJ,
Parker TG. S100B interaction with the receptor for advanced glycation end products (RAGE): a novel receptor-mediated mechanism
for myocyte apoptosis postinfarction. Circ Res. 2010;106:93–101.
Matsui Y, Takagi H, Qu X, et al. Distinct roles of autophagy in the
heart during ischemia and reperfusion: roles of AMP-activated protein kinase and beclin 1 in mediating autophagy. Circ Res. 2007;
100:914 –922.
Ma X, Liu H, Foyil SR, Godar RJ, Weinheimer CJ, Diwan A. Autophagy is impaired in cardiac ischemia-reperfusion injury. Autophagy. 2012;8:1394 –1396.
Ekhterae D, Hinmon R, Matsuzaki K, et al. Infarction induced myocardial apoptosis and ARC activation. J Surg Res. 2011;166:59 – 67.
Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, VoipioPulkki LM. Apoptosis in human acute myocardial infarction. Circulation. 1997;95:320 –323.
Biondi-Zoccai GG, Abate A, Bussani R, et al. Reduced post-infarction myocardial apoptosis in women: A clue to their different clinical
course? Heart. 2005;91:99 –101.
Meachem SJ, Schlatt S, Ruwanpura SM, Stanton PG. The effect of
testosterone, dihydrotestosterone and oestradiol on the re-initiation
of spermatogenesis in the adult photoinhibited djungarian hamster.
J Endocrinol. 2007;192:553–561.
Allan CM, Couse JF, Simanainen U, et al. Estradiol induction of
spermatogenesis is mediated via an estrogen receptor-␣ mechanism
involving neuroendocrine activation of follicle-stimulating hormone secretion. Endocrinology. 2010;151:2800 –2810.
Singh J, O’Neill C, Handelsman DJ. Induction of spermatogenesis
by androgens in gonadotropin-deficient (hpg) mice. Endocrinology.
1995;136:5311–5321.

endo.endojournals.org

