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Abstract
Background—Gender differences exist in myocardial response to acute ischemia/reperfusion (I/
R) injury and estrogen mediates cardioprotection in the female heart following I/R. Accumulating
evidence has indicated that stromal cell-derived factor-1 (SDF-1) is increased in the ischemic heart
and initiates cardioprotective effects. However, it is unknown whether SDF-1 plays a role in
gender-specific response to myocardial I/R and in estrogen-induced acute protection. Therefore,
we hypothesize that: 1) increased SDF-1 production will be observed in female hearts compared to
males in response to I/R, which is attributable to the effect of estrogen; 2) Estrogen receptor
(ER)α, not ERβ mediates estrogen-contributed SDF-1 expression in female hearts following I/R.

Methods—Heart tissue subjected to I/R injury was assessed for myocardial expression of
SDF-1(ELISA) and SDF-1 receptor – CXCR4 (Western blot). Groups were as follows: rat hearts
from adult male, female, ovariectomized female, and male and ovariectomized female
supplemented with chronic 17β-estradiol (E2), and mouse hearts from adult male and female
wildtype, ERα knockout (ERαKO) and ERβKO.

Results—I/R significantly increased myocardial SDF-1 expression in both genders. Higher
levels of SDF-1 existed in female hearts after I/R compared to males. Depletion of endogenous
estrogen by ovariectomy reduced cardiac SDF-1 production in females following I/R. E2
supplementation significantly restored SDF-1 expression in ovariectomized female and males
compared to their counterparts. Notably, ablation of ERα, not ERβ, markedly decreased SDF-1
production in females after I/R. Unlike SDF-1, cardiac CXCR4 expression was not affected by
gender, sex hormone and ERs in the ischemic heart.

Conclusion—Our study represents the first evidence of that female hearts exhibit higher levels
of SDF-1 expression compared to males after acute I/R. This increased myocardial SDF-1
production in females is partly due to effect of estrogen through ERα, not ERβ.
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INTRODUCTION
Gender differences exist in heart diseases in that women have a lower incidence of
myocardial infarction (MI) and heart failure, and a higher rate of survival following
myocardial ischemia/reperfusion (I/R) injury (1, 2). Although cardiovascular diseases occur
uncommonly in premenopausal women, this risk increases in the postmenopausal age group
(3, 4), suggesting the beneficial effect of estrogen on the cardiovascular system. Studies
from our group and others have demonstrated that estrogen mediates cardioprotection
through suppressing cell apoptosis, increasing pro-survival pathway activation, inducing
antioxidant activity and decreasing inflammatory cytokine production after myocardial
injury (5–11). However, the exact mechanism of estrogen-mediated cardioprotection is still
incompletely characterized.

The stromal cell derived factor 1α (SDF-1), an important chemokine, has recently been
receiving much interest for its role in the treatment of ischemic diseases. SDF-1 is increased
in the heart immediately after MI and has been shown to mediate cardioprotection through
mobilization and recruitment of stem cells into the injured heart (12–14). In addition, SDF-1
is able to improve cell survival and promote angiogenesis and tissue regeneration after MI
(15–17). However, no information exists regarding whether SDF-1 plays a role in gender-
specific response to myocardial I/R. In fact, estrogen has been shown to induce SDF-1
production in a variety of cells (18–21). Increased SDF-1 by estrogen has been reported to
promote cancer cell proliferation (18, 21). In addition, evidence has demonstrated that
SDF-1 expression pattern is related to estrogen receptor (ER) status in breast cancer (22) and
SDF-1 is an estrogen-inducible, ER target gene (20, 21, 23, 24).

Therefore, in the present study, we hypothesized that: 1) gender differences exist in
myocardial SDF-1 expression with higher levels of SDF-1 in females compared to male
hearts subjected to acute I/R. This upregulated SDF-1 production in females is attributable
to effect of estrogen; 2) ERα, not ERβ mediates estrogen-contributed SDF-1 expression in
female hearts following I/R.

MATERIALS AND METHODS
All animal studies conformed to the “Guide for the Care and Use of Laboratory Animals”
(NIH publication No. 85–23, revised 1996). The protocols were reviewed and approved by
the Indiana Animal Care and Use Committee of Indiana University.

Isolated heart perfusion (Langendorff)
Isolated rat or mouse hearts were performed with I/R experiment as previously described (6,
8–10, 25). Briefly, rat or mouse hearts were rapidly excised and the aorta was cannulated.
The heart was perfused (70 mm Hg) with oxygenated (95% O2/5% CO2) Krebs-Henseleit
solution (37° C) and paced at 350 bpm/min (rat) or 420 bpm/min (mouse) except during
ischemia. A three-way stopcock above the aortic root was used to create global ischemia,
during which the heart was placed in a 37°C degassed organ bath. Isolated rat hearts were
subjected to 15-minute equilibration, 25-minute global ischemia, and 40-minute reperfusion
(6, 25), whereas isolated mouse hearts were performed 20-minute global ischemia, followed
by 60-minute reperfusion (8–10). Control hearts underwent perfusion only for the same time
period as I/R experiment did.

Experimental Groups
A total of 34 Sprague-Dawley rats (9–11 weeks) (Harlan, Indianapolis, IN) were divided
into six groups (n=4–8/group): age-matched adult male, female, ovariectomized female
(OVX F), OVX F and male treated with 17β-estradiol (E2). Female rats were
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ovariectomized at 5–6 week-old and were purchased as surgical modified animals from
Harlan lab. These animals exhibited significantly lower plasma levels of estradiol compared
to age-matched normal female rats (6). Subcutaneous implantation of 21-day release pellets
containing 75 mg of E2 was performed in male or OVX F (8 weeks), respectively based on
our previous study (6). Those animals were utilized after 21 days.

C57BL/6J mice (16±4 week-old) with and without deficiency of ERα or ERβ (ERαKO,
ERβKO and WT) in both genders were purchased from the Jackson Laboratory (Bar Harbor,
ME) and were performed with I/R experiment.

Myocardial expression of SDF-1
Heart tissue was homogenized in cold RIPA buffer (Sigma, Saint Louis, MO) and
centrifuged at 12000 rpm for 10 minutes. SDF-1 expression in the cardiac tissue was
determined by enzyme-linked immunosorbent assay (ELISA) using a commercially
available ELISA kit (R&D Systems Inc., Minneapolis, MN). ELISA was performed
according to the manufacturer’s instructions. All samples and standards were measured in
duplicate.

Western blotting
Heart tissue was homogenized as stated above. The protein extracts (20 μg/lane) were
subjected to electrophoresis on a 4–12% Bis-Tris protein gel (Invitrogen, Carlsbad, CA).
The membranes were incubated with the primary antibodies: CXCR4 (eBioscience, San
Diego, CA) and GAPDH (Biodesign International, Saco, Maine), and then incubated with
horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary antibody.
Detection was performed using supersignal west pico stable peroxide solution (Pierce,
Rockford, IL). Films were scanned and band density was analyzed using ImageJ software
(NIH).

Presentation of data and statistical analysis
All reported values are mean ± SEM. Data was compared using one-way analysis of
variance (ANOVA) with post-hoc Tukey test or Student’s t-test. A probability value of less
than 0.05 was considered statistically significant.

RESULTS
Gender-specific difference in myocardial SDF-1 expression after acute I/R

Gender difference has been shown in myocardial function following acute I/R. To determine
whether SDF-1 plays a role in this difference, we measured SDF-1 expression between male
and female hearts subjected to I/R. Our results indicated that I/R injury significantly
increased myocardial levels of SDF-1 in both genders. Interestingly, female hearts exhibited
much higher levels of SDF-1 compared to males following I/R in both rat and mouse model,
whereas the baseline of SDF-1 expression was similar between male and female hearts (Fig.
1A and B).

The role of estrogen in mediating myocardial SDF-1 production following I/R
To elucidate whether gender difference in cardiac SDF-1 expression is due to the effect of
estrogen, we utilized ovariectomy to deplete endogenous estrogen in female rats. In addition,
E2 supplementation was employed in OVX F and male rats. Depletion of endogenous
estrogen significantly decreased myocardial SDF-1 expression as shown by lower levels of
SDF-1 in OVX F compared to their counterparts in response to acute I/R (Fig. 2A).
Additionally, E2 supplementation restored myocardial SDF-1 production in OVX F and
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increased SDF-1 levels in males following I/R (Fig. 2A and B). These data indicated that
estrogen played a role in I/R-induced SDF-1 expression.

The role of ERα and ERβ on estrogen- induced myocardial SDF-1 expression following I/R
To identify which ER(s) is responsible for estrogen-increased SDF-1 production in the heart
subjected to acute I/R, we utilized mice with deficiency of ERα or ERβ since neither highly
selective ERβ antagonist is available for being used in rat model, nor the gene knockouts of
ERα and ERβ are obtainable for rat species. We observed that ERαKO, not ERβKO,
significantly decreased SDF-1 expression in female hearts (Fig. 3B) following I/R.
However, ablation of ERα or ERβ did not affect I/R-induced SDF-1 production in male
hearts (Fig. 3A).

The roles of estrogen/ER(s) in the regulation of cardiac SDF-1 receptor following I/R
To determine whether estrogen not only mediates SDF-1 production, but regulates
expression of the SDF-1 receptor – CXCR4 in the hearts following I/R, we measured
myocardial expression of CXCR4 by Western blot assay. Unlike SDF-1, there was no
gender difference in cardiac CXCR4 expression after I/R (Fig. 4). Additionally, although
depletion of endogenous estrogen by OVX did decrease CXCR4 levels in female hearts
(Fig. 5A), E2 supplementation did not restore CXCR4 expression in OVX F and did not
upregulate cardiac CXCR4 expression in male hearts, (Fig. 5B, C). Furthermore, ablation of
ERα or ERβ did not affect myocardial levels of CXCR4 in either male or female hearts
following I/R (Fig. 6).

DISCUSSION
This study represents the first evidence of that following acute I/R, there are gender-specific
differences in myocardial SDF-1 expression with higher levels of SDF-1 in female hearts
compared to males, and this increased myocardial SDF-1 production is likely mediated by
estrogen/ERα axis in females, at least in part.

SDF-1, a major chemokine, is required for recruiting of stem/progenitor cells into ischemic
tissues (12–14, 26). SDF-1 is upregulated in the heart instantly after MI (12–14). Delivery of
SDF-1 protein and gene directly into the heart has been shown to increase stem cells homing
to the sites of injury, and thereby, promote angiogenesis, improve cardiac function and
advance myocardial structure after MI (12, 14, 27). In addition, SDF-1 is able to suppress
cardiomyocyte death through upregulated Akt activation and VEGF production in the
infarcted heart (16, 17). Furthermore, SDF-1 is involved in mediating preconditioning-
induced cardioprotection (16). Of note, gender differences have been reported in myocardial
responses to ischemic injury. Our previous studies have demonstrated that female hearts
exhibited improved myocardial function, reduced inflammation and suppressed apoptotic
signaling following I/R (6, 8–10, 25, 28). However, it is unknown whether gender-specific
differences in the myocardial responses are partly due to different SDF-1 expression
between male and female following acute I/R. In this study, we observed that gender-
specific difference existed in myocardial SDF-1 expression with higher levels of SDF-1 in
female hearts compared to males after acute I/R, indicating that SDF-1 may play a role in
protecting the female myocardium during ischemic injury.

It has been well-established that gender differences in myocardial responses to I/R are
mainly attributable to estrogen, which exerts cardioprotective effects on females (5–11). Our
group has previously indicated that exogenous estrogen supplementation restored cardiac
functional recovery in estrogen-deficient animals (males and OVX females) following I/R
(6). In fact, estrogen has been shown to exert antioxidant effect, decrease proinflammatory
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cytokine production and promote cell survival (5–11). In addition, estrogen mediates
vasodilation through production of nitric oxide or activation of ion channels (29, 30).
Furthermore, estrogen has been reported to inhibit the oxidation of low-density lipoprotein
(11). Herein, we demonstrated that depletion of endogenous estrogen by OVX decreased
SDF-1 production in female hearts and E2 supplementation restored it in OVX F following
I/R, suggesting that estrogen-mediated cardioprotection may be partly contributed through
E2-induced SDF-1 expression in the heart subjected to I/R.

Estrogen exerts its biological effects primarily through binding to its receptors ERα and/or
ERβ, both of which are expressed in cardiomyocytes (29, 30). Our previous studies have
demonstrated that both ERα and ERβ are involved in mediating estrogen-induced
cardioprotection following acute I/R by using ERαKO and ERβKO mouse hearts, as well as
selective agonists of ERα or ERβ (9, 10, 31, 32). ERα and ERβ are capable of activating
PI3K/Akt pathway or MAPK signaling, suppressing apoptosis, reducing inflammation,
regulating metabolic gene expression, modulating ion channel expression, and thus,
eventually mediating cardioprotection in the ischemic heart (5–11). On the other hand,
estrogen has been shown to induce SDF-1 production in a variety of cells through ERα.
ERα-upregulated SDF-1 gene expression represents one of estrogenic activities in rat uterine
cells (19). In the current study, reduced SDF-1 expression was observed in female ERαKO,
but not ERβKO hearts following I/R. In addition, neither ERα nor ERβ affected I/R-induced
SDF-1 production in male hearts (presumably with a lower baseline of endogenous
estrogen). These results suggested that ERα was likely responsible for estrogen-upregulated
SDF-1production in female hearts following acute I/R, and ERα-mediated SDF-1 expression
might require a certain level of estrogen in the circulating and/or local tissue/organ. Our
findings here further suggested that ERα-induced protection in female hearts might be partly
mediated through SDF-1.

SDF-1 functions via binding to its cognate receptor, CXCR4, which has been reported to be
expressed and functional in cardiac tissue (16). Similar to SDF-1, myocardial expression of
CXCR4 is increased in the ischemic heart (33). However, it remains unclear whether gender/
estrogen plays a role in regulating cardiac expression of CXCR4 following I/R as it did in
myocardial SDF-1 production. In this study, gender difference was not observed in
myocardial expression of CXCR4 after acute I/R. In addition, although depletion of
endogenous estrogen decreased CXCR4 protein level in female hearts subjected to I/R, E2
supplementation did not restore it. Furthermore, ablation of ERα or ERβ did not affect
CXCR4 expression in either male or female hearts. Taking all together, these results
suggested that myocardial expression of CXCR4 was not regulated by estrogen and ERs in
both genders following acute I/R.

Given that an in-vitro heart perfusion model was utilized in this study, it is impossible that
estrogen-induced SDF-1 mediates protective effect through recruitment of stem cells. In
fact, SDF-1 has been shown to promote cardiomyocyte survival via up-regulation of Akt
activation following ischemic injury (17). In addition, SDF-1 suppresses cell death through
activated ERK pathway in response to hypoxia/reoxygenation injury (16). Notably, our
previous studies have indicated that estrogen increased myocardial activation of Akt and
ERK, and reduced pro-apoptotic signaling following acute I/R (6, 9). Therefore, taking them
together, these elevated activation of Akt and ERK, and decreased apoptotic signaling in
female hearts might be partly attributable to the effect of estrogen-increased SDF-1 in
response to acute I/R.

In conclusion, the present study provided the initial evidence regarding that gender
differences in myocardial responses to ischemic injury may be partly due to estrogen-
upregulated SDF-1 expression in female hearts through ERα. Our findings here suggest that

Huang et al. Page 5

Surgery. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



gender differences in myocardial response to acute ischemic injury are related to cardiac
SDF-1 levels.
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Figure 1.
Ischemia/reperfusion (I/R) injury increased cardiac SDF-1 production in both genders.
Myocardial SDF-1 expression was assessed in groups of control and I/R by ELISA in both
rat and mouse hearts. Results are mean ± SEM, n=4–6/group.
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Figure 2.
The effect of estrogen on myocardial SDF-1 expression after acute I/R. A. Cardiac SDF-1
levels were analyzed in groups of female, ovariectomized female (OVX F) and 17β-estrodial
(E2) supplemented OVX F rat hearts subjected to I/R. B. The effect of E2 supplementation
on I/R-increased SDF-1 production was determined in male rat hearts. Results are mean ±
SEM, n=5–8/group.
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Figure 3.
The effect of estrogen receptors (ER) on myocardial SDF-1 expression following I/R. A.
Cardiac SDF-1 production was analyzed in male mouse hearts with ERαKO or ERβKO. B.
Ablation of ERα, not ERβ, decreased SDF-1 levels in female mouse hearts after I/R. Results
are mean ± SEM, n=4–6/group, **p<0.01, ***p<0.001 vs. control.
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Figure 4.
Cardiac CXCR4 (SDF-1 receptor) expression in male and female hearts subjected to I/R.
Western blots of CXCR4 and GAPDH between male and female hearts are shown in the top.
Bottom is bar graph of densitometry data of CXCR4 represented as % of GAPDH. Results
are mean ± SEM, n=4–6/group.
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Figure 5.
The effect of estrogen on cardiac CXCR4 expression following acute I/R. A. Depletion of
endogenous estrogen by OVX decreased CXCR4 protein levels in female hearts. B. E2
supplementation did not restore myocardial CXCR4 expression in OVX F hearts. C. Chronic
treatment with E2 did not affect male hearts expressing CXCR4 following I/R. Results are
mean ± SEM, n=4–5/group, *p<0.05 vs. Female.
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Figure 6.
The effect of ERs on myocardial CXCR4 expression following I/R. A. Cardiac CXCR4
protein levels were analyzed in male WT, ERαKO and ERβKO mouse hearts subjected to I/
R. B. Knockouts of ERα or ERβ did not affect myocardial CXCR4 expression in female
hearts following I/R. Results are mean ± SEM, n=4/group.
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