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Background:Estrogen supplementation enhances voluntary alcohol consumption in ovariectomized rodents. The effects of
the enhanced alcohol consumption on post-infarct myocardial repair are unknown.
Results: Ethanol-mediated suppression of endothelial progenitor cells produces diminished post-ischemic left ventricular
function.
Conclusion: Estrogen-induced increases in alcohol consumption negatively compete with the cardioprotective effects of
estrogen.
Significance: Alcohol consumption during estrogen replacement therapy must be observed closely.

We have shown previously that estrogen (estradiol, E2) sup-
plementation enhances voluntary alcohol consumption in
ovariectomized female rodents and that increased alcohol con-
sumption impairs ischemic hind limb vascular repair. However,
the effect of E2-induced alcohol consumption on post-infarct
myocardial repair and on the phenotypic/functional properties
of endothelial progenitor cells (EPCs) is not known. Addition-
ally, the molecular signaling of alcohol-estrogen interactions
remains to be elucidated. This study examined the effect of
E2-induced increases in ethanol consumption on post-infarct
myocardial function/repair. Ovariectomized female mice,
implanted with 17�-E2 or placebo pellets were given access to
alcohol for 6 weeks and subjected to acute myocardial infarc-
tion. Left ventricular functions were consistently depressed in
mice consuming ethanol comparedwith those receivingonlyE2.
Alcohol-consuming mice also displayed significantly increased
infarct size and reduced capillary density. Ethanol consumption
also reduced E2-induced mobilization and homing of EPCs to
injured myocardium compared with the E2-alone group. In
vitro, exposure of EPCs to ethanol suppressed E2-induced pro-
liferation, survival, and migration and markedly altered E2-in-
duced estrogen receptor-dependent cell survival signaling and
gene expression. Furthermore, ethanol-mediated suppression
of EPC biologywas endothelial nitric oxide synthase-dependent
because endothelial nitric oxide synthase-null mice displayed
anexaggerated response topost-acutemyocardial infarction left
ventricular functions. These data suggest that E2modulation of
alcohol consumption, and the ensuing EPC dysfunction, may
negatively compete with the beneficial effects of estrogen on
post-infarct myocardial repair.

Epidemiological and cohort studies have long suggested that
estrogen (E2)2 replacement therapy in postmenopausal women
might be beneficial in the prevention of adverse cardiovascular
events (1, 2). A large number of animal studies have also sup-
ported this notion (3, 4). However, data from large randomized
clinical trials of primary Women’s Health Initiative (WHI) or
secondary Heart and Estrogen-Progestin Replacement Study
(HERS) prevention have failed to confirm cardioprotection
with hormone replacement therapy (5, 6). Patient-to-patient
variation in hormone replacement therapy variables, such as
time of treatment initiation, duration of therapy, and the selec-
tion of the optimal hormone replacement therapy regimen,
may all help to explain some of the inconsistencies observed
between the large clinical studies and the cardioprotective ben-
efits of E2 reported in observational and animal studies (3, 7–9).
However, many other mitigating factors that may mask the
beneficial or protective effects of E2 on cardiovascular outcome
need to be considered. Animal studies (10, 11), including our
own study (12), indicate that estrogen supplementation
increases the consumption of alcohol. Moreover, research has
shown that females are more susceptible to alcohol-mediated
pathophysiologies, including cardiac dysfunction (13). Al-
though ethanol is one of the oldest known substances of abuse,
the mechanism(s) whereby this compound causes cardiac dys-
function, especially in regard to the repression of the cardiopro-
tective effects of estrogen, is not understood. Increasing
evidence from many studies suggests that E2 supplementation
enhances the recovery of ischemic tissues, including myocar-
dium, partly by mobilizing bone marrow-derived hematopoi-
etic stem cells/endothelial progenitor cells (EPCs), to partici-
pate in neo-vascularization and tissue repair (4, 14–16). The
participation of bone marrow-derived progenitor cells in myo-
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cardial neo-vascularization has recently been indicated further
by a number of clinical trials showing promising results (17–
19). Despite this encouraging data, a great deal remains
unknown regarding how extracellular stressors like alcoholism
impact the functional properties of EPCs during angiogenesis/
vasculogenesis and tissue repair. Although the effect of alcohol
on the repression of both differentiation and the functional
properties of various stem/progenitor cells have been reported
recently (20, 21), the information on the effect of alcohol on the
function of EPCs is lacking. Because the beneficial effects of E2
on endothelial cells and EPCs generally mirror the effects on
cardiovascular events overall, improvement in EPC function is
an important mechanism by which estrogen replacement ther-
apy could provide cardioprotection. Accordingly, no informa-
tion exists in the literature regarding the cross-action of alcohol
and E2 on EPC function. Here we report that enhanced alcohol
consumption occurring after E2 supplementation suppresses
E2-mediated benefits on post-AMI cardiac functions, espe-
cially those mediated by EPCs, and that alcohol exposure to
EPCs alters estrogen receptor-mediated cell survival signaling
cascades. The impact of alcohol consumption on E2-mediated
EPC function and biology and the mechanisms by which alco-
hol may interfere with E2 signaling following acute myocardial
ischemia are presented here.

EXPERIMENTAL PROCEDURES

Ovariectomy, E2 Supplementation, and Ethanol Feeding—
Mice were obtained fromThe Jackson Laboratory (Bar Harbor,
ME), and all surgical procedures and animal care protocols
were approved by the Northwestern University Animal Care
andUseCommittee. Procedures related toOVX, pellet implan-
tation, and chronic ethanol feeding can be found in previous
publications (12, 16). Briefly, 32 (n� 32) C57BL/6J femalemice
underwent OVX and, 1 week later, were implanted with either
a 90-day-release E2 pellet (1.7 mg of E2, release rate of �188
pg/day) (Innovative Research of America, Sarasota, FL) or a
placebo pellet, implanted subcutaneously under the skin
between the shoulder blades. Mice implanted with E2 pellets
were randomized to receive ethanol (10% in water) or water
alone (n � 16 each) for 6 weeks. Following OVX and pellet
implantation, animals were divided into three groups as fol-
lows: E2 pellet with no ethanol access (E2/water), E2 pellet and
10% ethanol solution in water (E2/ethanol), and placebo pellet
10% ethanol solution in water (placebo/water). One group of
mice implanted with either placebo or E2 pellets was given
immediate access to 10% ethanol for 6 weeks, and consumption
was recorded every 24 h. The body weight of eachmouse in the
two groups receiving ethanol was recorded twice per week.
Each mouse was housed in separate cages under a 12-h light/
dark cycle. Bottles were weighed before and after a 24-h drink-
ing cycle to calculate the grams of ethanol consumed in the
preceding 24 h. Control water bottles were also weighed for
measuring water consumption, which did not differ signifi-
cantly between groups. Following the chronic ethanol feeding
cycle, all mice underwent surgery to induce acute myocardial
infarction as described in our previous publications (22, 23).
Circulating blood ethanol levels weremonitoredweekly in each
animal via assessment of the blood obtained from a tail vein

using a commercially available ethanol detection kit (Sigma).
eNOS-null mice were purchased from The Jackson Laboratory
and underwent procedures similar to wild-type animals.
Induction of AcuteMyocardial Infarction—AMIwas induced

as described previously (22, 23). Briefly, mice were anesthe-
tized, intubated orally, the chest was shaved, and under a dis-
secting microscope, a left thoracotomy was performed in the
fourth intercostal space. An 8–0 monofilament nylon suture
needle was passed under the left anterior descending coronary
artery 2mmbelow the left atriumand tied off permanently. The
chest layers were then closed sequentially by suturing. A
22-gauge syringe was used to reestablish negative pressure
within the chest cavity prior to extubation. Animals received
postsurgical pain and inflammatory management with
buprenorphine and meloxicam, respectively. Animals were
recovered until freely mobile and then placed into a clean cage.
BoneMarrow Transplant (BMT) and Identification of Trans-

genic EPCs in Myocardium—BMTs were conducted as
reported previously (15, 24). Briefly, recipient C57BL/6 mice
were lethally irradiated with a 9.0-gray dose followed by a BMT
from a transgenic donor mouse expressing �-gal encoded by
the lacZ gene under the transcriptional regulation of an endo-
thelial-specific promoter Tie-2 (Tie2-lacZmice) via an intrave-
nous injection of 2 � 106 donor BM cells. Reconstitution of the
transplanted transgenic BM yielded mice in which expression
of lacZ was restricted to the BM-derived cells expressing Tie-2.
At 6 weeks after BMT, recipient mice were subjected to OVX,
pellet implantation, chronic ethanol feeding, and AMI as
described above. At day 28 post-AMI,AMI-induced EPCmobi-
lization to the heart was determined. Post-AMI day 28, cardiac
tissue sections were permeabilized and stained with anti-�-gal
antibodies followed by incubation with respective secondary
antibodies. Nuclei were counterstained with DAPI (1:5000,
Sigma Aldrich), and sections were examined with a fluorescent
microscope (Nikon Eclipse TE200). EPC engraftment was
assessed in 10 randomly selected high-power visual fields in the
border zone of the infarcted myocardium.
Bone Marrow Cell Isolation and EPC Culture—EPC isola-

tion, ex vivo expansion, and culture of EPCs was performed as
described previously (24). In brief, bone marrow mononuclear
cells were isolated frommice by density gradient centrifugation
with Histopaque-1083 (Sigma) and macrophage-depleted by
allowing isolated cells to attach to uncoated plates. After 2 h of
culture, the unattached cells were removed and plated on cul-
ture dishes coatedwith 5�g/ml human fibronectin (Sigma) and
cultured in phenol red-free endothelial cell basal medium 2
(EBM-2, Clonetics) supplemented with the EG-MV2 bullet kit.
Cells were maintained at 37 °C with 5% CO2 in a humidified
atmosphere. After 4 days in culture, non-adherent cells were
removed by washing with PBS, and new medium was then
applied. The culture was maintained through day 7, at which
point EPCs were recognized as attached spindle-shaped cells.
Physiological Assessments of Left Ventricular Function—Tr-

ansthoracic two-dimensional echocardiographic measure-
ments were performed with a commercially available high-res-
olution echocardiographic system (VEVO770TM, VisualSonics
Inc., Toronto, Canada) equipped with a 30-MHz transducer.
Echocardiographic analysis was performed before AMI (base
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line) and at 7, 14, and 28days post-AMIon allmice anesthetized
with amixture of 1.5% isoflurane and oxygen (1 liter/min). End-
systolic and end-diastolic left ventricular areas were deter-
mined by M mode in long-axis configuration, and fractional
shortening was measured at the midventricular level. The left
ventricular chamber volumes in diastole and systole were
derived from their respective measured two-dimensional areas
using an LV volume algorithm within the Vevo770 echo soft-
ware. Cardiac ejection fraction was determined offline by the
following equation: [ejection fraction � (diastolic volume �
systolic volume/diastolic volume) � 100].
Harvest of Cardiac Tissue, Histology, and Immunofluorescent

Assessments—All hearts were harvested after the 28-day echo-
cardiographic analysis as described previously (25, 26), embed-
ded in paraffin, and cut into sections for immunohistochemical
staining as described previously (22–24, 27). Specimens were
fixed in 10% (v/v) buffered formaldehyde, dehydrated with
graded ethanol series, and embedded in paraffin. Serial trans-
verse sections of 5 �mwere cut across the long axis of the heart
and subsequently mounted on slides.
Infarct Size Determination—All fixed hearts were sectioned

starting from the height of the ligating suture and then sequen-
tially at 250-�m distances below the suture as far as effective
sectioning would permit. Infarct size was evaluated on Mas-
son’s trichrome-stained heart sections cut 500 �m below the
ligation point with ImageJ (National Institutes of Health), and
the transmural, fibrotic infarct perimeter was then assessed as a
percentage of the entire LV chamber perimeter.
Capillary Density Analysis—Capillaries were identified by

injecting mice with BS-1 lectin (Vector Laboratories, Burlin-
game, CA) 10 min prior to sacrifice. Subsequent staining of
sections included a goat anti-lectin primary antibody (Vector
Laboratories) and FITC-conjugated donkey anti-goat IgG sec-
ondary antibody. Slides were imaged using fluorescent micros-
copy (Zeiss), and capillary density was evaluated by counting
positively stained tubular structures within the infarct border
zone in sections 500 �m below the ligation point in all hearts.
Three high-power visual fields (�20) were analyzed from three
independent sections/mouse.
FACS Analysis to Assess AMI-Induced EPC Mobilization—

Freshly isolatedmononuclear cells were collected from periph-
eral blood (via the tail vein) and separated by Histopaque-1083.
Isolated cells were then stained with FITC-conjugated anti-
mouse stem cell antigen 1 (Sca-1) and phycoerythrin-conju-
gated anti-mouse fetal liver kinase 1 (Flk1/VEGFR2) antibodies
and/or phycoerythrin-conjugated CD31antibodies (BD Biosci-
ences) in 0.1% PBS/BSA. Isotype-matched IgG served as nega-
tive control. Quantitative fluorescence analyses were per-
formed with an LSR II flow cytometer (BD Biosciences) and
Flow-Jo software (Tree Star, Inc.). 50,000 events were counted
per sample. All groups were studied at least in triplicate.
Matrigel Tube FormationAssay—Isolated EPCswere starved

overnight prior to the Matrigel assay in EBM-2 medium con-
taining 0.1% BSA. Starved EPCs were then seeded in 4-well
glass slides coated with growth factor-reduced Matrigel (BD
Biosciences). Tube formation was examined by phase-contrast
microscopy 5 h later.

Migration Assay—EPCmigration assays were performed in a
24-well transwell chamber (8.0-�m pore size, polycarbonate
membrane, Corning Costar, Corning Inc. Life Sciences, Acton,
MA) as described previously (15).
EPC Proliferation Assays—Cell proliferation was assayed by

BrdU uptake assays. Cells were starved overnight in low serum
(0.2%) followed by replenishment of complete medium con-
taining indicated doses of ethanol � E2 and then cultured for
48–72 h. BrdUwas added for the last 18 h of culture. Cells were
then fixed and stained with anti-BrdU antibodies followed by
microscopy.
Caspase Activation Assays—Caspase 3 activity was assessed

by Western blotting of EPC cell lysates. Levels of pro-caspase
3/active caspase 3 were detected with specific antibodies.
TNF-� was used as a positive control for apoptosis in EPCs.
�-Actin was used a protein loading control for all samples.
Transient Transfections and Luciferase Activity—EPCs were

transiently transfected with an ERE-luciferase reporter con-
struct, in which luciferase is driven by estrogen-responsive ele-
ments (ERE). Transfections and determination of luciferase
activity were performed as described (28).
Nuclear Run-on Assays—Nuclear run-on experiments to

measure nascent RNA transcripts were performed as described
before (28, 29).
RNA Isolation and Ribonuclease Protection Assay (RPA)—

Cellular RNA isolation, preparation of in vitro-transcribed
riboprobes and RPA assays, and mRNA half-life assays were
carried out as described (28, 29).
Oligonucleotides and EMSA—EMSA utilizing consensus

ERE oligonucleotides (Santa Cruz Biotechnology) and 5 �g of
nuclear proteins from variously treated cells were carried out as
described previously (28, 29).
Western Blot Analyses and Immunoprecipitations—Western

blot analyses were performed essentially as described before
(28, 30).
E2-ERBinding Assays—EPCswere treatedwith the indicated

doses of ethanol in the presence of 1 mCi of tritiated 17b-estra-
diol (H3-E2, NEN Dupont). Ligand-receptor binding was also
performed by using purified estrogen receptors (1 mg) and
radioactive estradiol (3H-E2).
Statistical Analysis—All values are expressed asmean� S.E.,

and p � 0.05 was considered statistically significant. For com-
parisons between two groups, significance was evaluated with
an unpaired Student’s t test. Comparisons among three or four
groups were assessed by a one-factor analysis of variance fol-
lowed by a Tukey post hoc test when p� 0.05. Comparisons for
measurements taken at multiple time points were assessed by a
two-way repeated measures analysis of variance followed by a
Tukey post-hoc test.

RESULTS

Ethanol Consumption Blunts E2-mediated Improvements in
LV Function Post-AMI—Eight-week-old femalemicewere sub-
jected to bilateral OVX and the subsequent implantation of
either E2- or placebo-secreting pellets. Following implantation,
mice were then selected randomly for a feeding regimen that
allowed free consumption of ethanol (10% v/v in water) or
water over a 6-week period. Blood alcohol levels, assessed as an
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index of ethanol consumption, were measured over the feeding
period and were found to be increased significantly in only the
E2-supplemented animals compared with placebo (Fig. 1A)
with no change in body weights (data not shown). Animals
receiving placebo pellets consumed very little ethanol and
showed no difference from animals receiving the placebo and
no access to ethanol (i.e. water alone) when subjected to ische-
mia. We reported similar findings in our previous study (12).
Therefore, for the purpose of this study, only animals receiving
placebo pellet and access to ethanol were followed up further as
a control group. Immediately following the ethanol feeding
protocol, mice were subjected to AMI. Serial echocardio-
graphic measurements, including ejection fraction and frac-
tional shortening, were used to assess left ventricular dimen-
sions and function prior to AMI and at 1, 2, and 4 weeks
post-AMI. As compared with presurgical basal measurements,
both ejection fraction and fractional shorteningwere depressed
consistently in mice receiving placebo/ethanol and E2/ethanol
(Fig. 1, B and C). However, supplementation of E2 alone
improved fractional shortening at all time points significantly,
indicating that ethanol counteracts the positive benefit that E2
imparts on cardiac function post-AMI (Fig. 1,B andC; p� 0.01,
E2-water versus E2-ethanol). Assessment of the LV end dia-
stolic area revealed that both animal groups subjected to etha-
nol feeding (i.e. placebo/ethanol and E2/ethanol) exhibited
dilated chamber areas as compared with E2/water-treated
mice, indicating that ethanol reverses the cardioprotective
effect of E2 following AMI (Fig. 1D, f, day 28 post AMI, p �
0.01, comparison between E2/placebo versus E2/ethanol).
These data indicate that moderate ethanol consumption sup-
presses E2-mediated cardioprotective effects observed on LV
dimension and cardiac function following AMI.

Ethanol Ablates E2-mediated Improvement in LV Fibrosis
and Border Zone Capillary Density—The negative effect of eth-
anol on E2-mediated preservation of LV function was corrob-
orated further by histological evaluation of hearts 4 weeks after
AMI. Using Masson’s trichrome staining, hearts from mice
receiving E2/ethanol showed significantly larger infarct sizes
than mice receiving E2/water (Fig. 2, A and B). Furthermore,
cardiac tissue sections were also stained with FITC-labeled
BS-1 lectin to determine the capillary density in the border zone
of infarctedmyocardium.As seen in Fig. 2C andquantified inD,
a significant reduction in the capillary densitywithin this region
was observed in mice receiving E2/ethanol as compared with
those receiving E2/water. Together, these findings suggest that
ethanol consumption suppresses E2-mediated anatomical
repair, producing increased infarcts and reducing capillary
density.
Ethanol Inhibits E2-inducedMobilization and IschemicMyo-

cardial Homing of BM-EPC—Because E2-mediated vascular
repair in post-infarct myocardium is mediated partly by E2-in-
duced mobilization of bone marrow-derived EPCs (15), we
determined whether reduced capillary density in the E2/etha-
nol group reflects a defect in EPC mobilization. As determined
by FACS analysis of circulating Sca1/Flk1 double-positive
EPCs, the number of EPCs peaked on day 5 after AMI in all
groups. However, the number of circulating EPCs in the E2/wa-
ter group was significantly higher compared with that from
animals receiving E2/ethanol or placebo/ethanol (Fig. 3A, p �
0.01), suggesting that alcohol consumption blunts E2-induced
mobilization of EPCs after injury. The effect of ethanol on
E2-induced homing of bone marrow-derived EPCs in the
infarcted myocardium was evaluated using Tie2-LacZ BMT
mice where wild-type femalemice receivedmarrow fromTie2-

FIGURE 1. Ethanol negates the positive benefit of E2 on cardiac function following AMI. A, average consumption of ethanol per week for mice implanted
with either placebo or estradiol pellets. Statistically significant increases in ethanol consumption are seen at all time points for mice implanted with E2 pellets.
Prior moderate ethanol consumption ablates the significant E2-mediated improvement in cardiac function following AMI in terms of ejection fraction (EF) (B)
and fractional shortening (FS) (C) at 1, 2, and 4 weeks post-infarction. D, day. D, E2-mediated cardioprotection of left ventricular end diastolic area (LVEDA) is also
lost in ethanol-consuming mice despite E2 supplementation (n � 8 mice/group).
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LacZ transgenic donormice after lethal irradiation. After BMT,
mice received either E2/water or E2/ethanol (n � 8 for each
group) for 6 weeks prior to AMI surgery. Mice receiving place-

bo/ethanol served as controls (n � 8). Following AMI, homing
of BM-EPCs was ascertained by staining the myocardial sec-
tions for �-gal. As shown in Fig. 3B, a significant number of

FIGURE 2. Reduced infarct size and increased border zone capillary density in hearts of mice receiving E2 is lost when ethanol is consumed. A,
representative cross-sectional Masson’s trichrome-stained histological sections depicting the infarct zone in mice receiving either placebo/ethanol, E2/water,
or E2/ethanol (n � 8 mice/group). B, graph depicting the quantification of the infarct length relative to the entire left ventricular circumference, which is
improved significantly in animals receiving E2/water but lost when ethanol is consumed. C, representative immunofluorescence images taken within the
infarct border zone of mice treated with placebo/water, E2/water, or E2/ethanol. Capillaries were stained with isolectin B4 (green). D, graph depicting the
quantification of border zone capillary number across treatments presented as the number of isolectin B4-positive capillaries/high-power visual field (hvf) (n �
8 mice/group).

FIGURE 3. Ethanol consumption reduces E2-induced mobilization and homing of bone marrow-derived EPCs. A, FACs analysis was used to determine
that mobilization of Sca1� and Flk1� cells in peripheral blood was augmented in all three treatment groups on days 1, 5, and 10 after AMI (n � 8 mice/group).
E2-stimulated enhancements in EPC mobilization at day 5 were diminished significantly when ethanol was consumed. B, representative immunofluorescence
images taken within the infarct border zone of Tie2-LacZ bone marrow transplant recipient mice treated with placebo/ethanol, E2/water, or E2/ethanol and
then subjected to AMI. Staining for �-gal indicates the number of bone marrow-derived cells homing to the ischemic myocardium following AMI. C, graph
depicting the quantification of �-gal � EPCs/high-power visual fields (hvf) in the E2/water and E2/ethanol groups, indicating a significant reduction in the
homing of EPCs to ischemic cardiac tissue in mice consuming ethanol (n � 8 mice/group).
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BM-EPCs were recruited to the myocardium in mice receiving
E2 alone, whereas the number of �-gal� cells present in the
myocardium of mice receiving E2/ethanol or placebo/ethanol
was reduced significantly (Fig. 3C, p � 0.01).
Ethanol Exposure Diminishes the E2-mediated Angiogenic

Capacity and Survival of EPCs—Following from the observa-
tions that ethanol-fed animals fail to exhibit E2-mediated car-
dioprotection against the architectural and functional deficits
associated with AMI and that AMI-induced mobilization of
EPCs is vastly reduced in ethanol-fed mice, we chose to further
evaluate the phenotype of EPCs in response to E2 � ethanol
treatments using in vitro EPC functional assays. BM-EPCswere
in vitro culture-expanded before being exposed to E2 (10�8 M)
and/or ethanol (25 mM for 48 h). The in vitro doses of E2 and
ethanol were determined according to our published data (12).
EPCs express both the� and� isoforms of the ER,which are the
main receptors that transduce estrogen signaling in these cells.
Because ethanol consumption reduced capillary density and LV
functions in vivo, we determined the effect of in vitro ethanol
exposure on the expression of ERs in EPCs. Cells were incu-
bated with 25 mM ethanol for 48 h, a dose and time that have
been shown previously to mimic the effects of long-term
chronic alcohol consumption (29, 31) in the presence or
absence of E2 (10�8 M). E2 treatment increased the protein
expression of both ER� and ER� (Fig. 4A). Interestingly, etha-
nol treatment had no discernible effect on the E2-induced
expression of ER�. However, it reduced ER� protein expression
substantially (Fig. 4A). Following E2/ethanol treatments, EPCs

were cultured further on 4-well glass slides coated with cyto-
kine-reduced Matrigel matrix. Tube formation activity was
assessed 5 h after plating using light microscopy. As shown in
Fig. 4B, tube forming abilities (measured as number of tube-
branching points/high visual field) were diminished signifi-
cantly using EPCs pretreated with E2/ethanol compared with
E2 alone (p � 0.01). Similarly, BrdU incorporation studies
revealed that cotreatment of EPCswith E2/ethanol reduced the
number of proliferating cells compared with E2 treatment
alone (Fig. 4,C andD; p� 0.001).Moreover, E2-mediated inhi-
bition of TNF-induced caspase 3 activation (an indicator of
apoptosis) was repressed by cotreatment of EPCs with ethanol
(Fig. 4E).Migration of isolated EPCswas also assessed using the
modified Boyden chamber (3). Analysis revealed that the
migratory activity of EPCs toward E2 (10�8 M) was reduced
significantly in cells pretreated with ethanol compared with
non-ethanol-treated control EPCs (Fig. 4F; p� 0.05). Together,
these data suggest that ethanol counteracts the E2-induced
enhancement of EPC functions in vitro.
Ethanol Blunts E2 Binding to ER� and Inhibits eNOS Expres-

sion by Transcriptional and Posttranscriptional Mechanisms—
We next determined the involvement of individual ERs in alco-
hol-induced modulation of E2 function in EPCs. Because
downstream effects of E2 are largely mediated by ER� and
because ethanol had no effect on ER� expression, we deter-
mined the effect of ethanol on E2 binding to purified recombi-
nant ER� and ER� proteins. 3H-E2 specifically bound to both
the recombinant receptors, and the binding could be competed

FIGURE 4. Ethanol exposure reduces the E2-mediated angiogenic capacity and survival of EPCs. A, protein expression of ER� and ER� in cultured day 7
EPCs showing regulation of expression by various in vitro treatments of E2 or ethanol. Actin was used as a loading control. B, tube-forming capacity in in vitro
culture expanded BM-EPCs exposed to E2 (10�8

M) or E2 � ethanol (25 mM) for 48 h. hvf, high-power visual field. C, representative immunohistochemical
images of BrdU incorporation in EPCs treated as above in B and quantified in D, indicating reduced proliferation of cells exposed to ethanol. E, representative
Western blot analysis showing E2-mediated inhibition of TNF-induced caspase 3 activation (indicated by the arrow designating the active form of caspase) that
is repressed by cotreatment of EPCs with ethanol. F, E2-stimulated migration of isolated EPCs in a modified Boyden chamber is significantly reduced in cells
pretreated with ethanol as compared with control EPCs. All experiments were conducted at least three times.
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off with 200� unlabeled cold E2 added 1 h prior to the addition
of radioactive E2. Ethanol dose-dependently significantly
inhibited the binding to ER� at ethanol doses of 25 mM and
higher (Fig. 5A), although ethanol at all dose had no significant
effect on 3H-E2 binding to ER� (B).
In the next series of experiments, we explored the molecular

signaling behind the E2-ethanol interactions observed in our in
vitro EPC experiments. eNOS is the major isoform of nitric
oxide synthase expressed in endothelial linage cells, including
EPCs, and is known to be induced and activated in response to
E2. To evaluate the effect of ethanol on E2-inducible gene
expression, we determined the expression of eNOSmRNA and
protein in EPCs cultured in the presence of E2 � ethanol.
mRNA expression was determined by RPA using an in vitro-
transcribed eNOS riboprobe (Ambion). Treatment of cells with
E2 (10�8 M) for 16 h substantially up-regulated eNOS mRNA
expression, which was completely abrogated in cells also
exposed to 25mM ethanol (Fig. 5C). Reduction in eNOSmRNA
expression by ethanol was also evident by the similar repression
of eNOS protein (Fig. 5D). To gain insight into the molecular
mechanism(s) by which ethanol might reduce E2-induced
eNOS expression, nuclear run-on (to measure the rate of de
novo mRNA synthesis) and actinomycin D chase (to measure
mRNA half-life) experiments were conducted. Ethanol treat-
ment diminished the rate of de novo eNOS transcription (Fig.
5E) and also substantially reduced eNOS mRNA stability
(eNOS t1⁄2 � �15 h in E2-treated cells compared with � 8 h in
E2 � ethanol-treated cells, F). These results indicate that etha-

nol mediates transcriptional as well as posttranscriptional
repression of E2-induced eNOS mRNA expression.
Ethanol-mediated Repression of Post-AMI Physiological

Recovery Is in Part Mediated by eNOS—We have reported pre-
viously that E2-mediated, EPC-induced, post-AMI myocardial
vascularization requires eNOS because its loss (i.e. eNOS�/�

mice) correlates with ablated E2-mediated recovery of left ven-
tricular functions in OVX mice (16). To investigate whether
ethanol suppression of eNOS expression in vitro and the loss of
E2 function in ourAMImodel involve eNOS, experimentswere
carried out inOVXWTand eNOS knockoutmice. As shown in
Fig. 6, the magnitude of ethanol-mediated repression of both
left ventricular end diastolic area (Fig. 6A) and fractional short-
ening (B) in eNOS-null mice was much smaller although still
significant (p � 0.05 eNOS-null E2 and eNOS-null E2 � etha-
nol compared with p � 0.01 in their WT counterparts), sug-
gesting that loss of eNOS partly mitigates the negative effect of
ethanol on post-MI LV functions.
Ethanol Inhibits ERE-DNA Binding Activity and Attenuates

ERE-dependent Transcription—Because E2-induced cellular
effects aremediated both by classical genomic functions and by
non-nuclear signaling functions of ERs, we determined
whether genomic ER functions (i.e. reduced eNOS transcrip-
tion) are modulated by ethanol. Because E2-induced binding of
ERs to EREs in the promoters of target genes initiate their tran-
scription, we assessed the binding of nuclear proteins from
ethanol-exposed, E2-treated EPCs to a consensus ERE oligonu-
cleotide using EMSA. E2 treatment alone promoted up-regula-

FIGURE 5. Ethanol impairs E2-ER binding and represses E2-induced eNOS expression. A, binding assays were also performed using purified ER� and ER�.
Ethanol dose-dependently inhibited the binding of E2 to ER�, with low doses having no effect but doses of 25 mM and higher significantly reducing the
binding. B, ethanol at any dose had no significant effect on E2 binding to ER�. C, RNA isolated from EPCs with the indicated treatments was assessed for eNOS
mRNA expression by RPA. A representative autoradiograph of three similar experiments is shown. D, protein extracted from a subset of EPCs was also assessed
for eNOS protein expression in Western blot analyses. In panels C and D, lane C indicates control untreated cells. E, ethanol significantly reduced the rate of de
novo eNOS mRNA transcription. Presented is the average nuclear run-on data obtained from three similar experiments. F, EPCs treated with E2 or E2 � ethanol
were cultured in the presence or absence of 5 �g/ml actinomycin (Act D). RNA isolated at the indicated times was assessed for eNOS mRNA half-life by RPA. A
representative autoradiograph of three similar experiments is shown.
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tion of specific ERE-DNA binding activity, which was super-
shifted by both anti-ER� and anti-ER� antibodies, indicating
that the ERE complex contains both receptors (Fig. 7A). Treat-
ment of cells with 25 mM ethanol for 48 h dramatically attenu-
ated E2-induced ERE binding activity, suggesting that ethanol
can modulate the transcriptional inhibition of E2-induced
genes by modulating ER binding to EREs in the target promot-
ers. To show that ethanol indeed inhibits E2-induced transcrip-
tion, ERE-driven transcription of a reporter luciferase gene was
examined. EPCs were transiently transfected with a control
pGL2-basic or the ERE-luciferase construct and were treated
further with ethanol in the presence of 10�8 M E2. Fold changes
in luciferase activity were calculated as a percent change in
ERE-luciferase-transfected cells over control vector-trans-
fected cells (Fig. 7B). E2 treatment significantly enhanced ERE-
driven reporter gene transcription, which was blocked by the
ER antagonist ICI 182780 (5 �M). Interestingly, specific inhibi-
tion of ER� by MJM-II-17B (5 �M) also attenuated E2-induced
reporter activity, suggesting that both ER� and ER� are
required for reporter gene transcription. Most interestingly, as
was seen with the DNA binding activity, ERE transcriptional
activity was suppressed significantly in the presence of 25 mM

ethanol. Together, these data strongly suggest that ethanol
interfereswith the E2-mediated transcription factor function of
ERs.
Ethanol Blunts E2-induced Cell Survival Signaling and Pro-

motes Apoptotic Signaling—Because E2-induced Src-Akt-ERK
signaling is implicated in the protective effects of E2 on ECs and
because these signaling events are known to bemediated by the
non-nuclear effects of ERs, we determined whether ethanol
exposure influences the ability of E2 to induce activation of Akt
and the ERK MAP kinases. Importantly, both proteins are
downstream kinases in the PI3 kinase cell survival pathway. To
examine the kinetics of Akt activation, phosphorylation of Akt
was assessed in EPCs treated with 10�8 M E2 for the indicated
times. Western blotting revealed a time-dependent increase in
Akt phosphorylation (Fig. 8A, left panel). EPCswere exposed to
25 mM ethanol for 48 h and were further stimulated or not

stimulatedwith 10�8 M E2 for the indicated times (Fig. 8A, right
panel). Total protein extracted from these cells showed that E2
treatment led to a rapid phosphorylation of Akt, although
E2-induced activation was not only substantially transient
but also reduced markedly when cells were also exposed to
25 mM ethanol prior to the E2 stimulation. Similar inhibition
of E2-induced activation of ERK in the presence of ethanol
was also observed (Fig. 8B). These findings indicate that eth-
anol represses E2-induced cell survival signaling pathways,
indicating a modulation of the non-genomic functions of
ERs.
Because the data presented above indicate an impairment of

cell survival signaling (Akt/ERK) and an increase in apoptosis of
EPC following ethanol exposure (i.e. via caspase 3 activation),
we sought to determine the effect of ethanol on agonist-in-
duced JNKkinase activation. JNK is a signaling kinase upstream
of caspase 3 that has awell established role in cellular apoptosis.
As shown in Fig. 8C, ethanol treatment not only potentiated but
also prolonged LPS-induced phosphorylation of JNK kinase.
Because ethanol inhibited E2-induced Akt activation while
simultaneously activating the JNK pathway, and because inhi-
bition of the PI3K/Akt pathway and activation of JNK pathway
is linked to the loss of cell survival signaling/induction of apo-
ptosis, we examined how ethanol may induce a cross-talk
between these two pathways. Several studies have shown that
inhibition of the Akt pathway leads to the concomitant activa-
tion of JNK via inhibition of Akt-dependent mixed lineage
kinase 3 (MLK3), the inactivation of which results in increased
apoptosis (32, 33). Accordingly, we determined whether Akt
and MLK3 interact physically by assessing whether MLK3 is
immunoprecipitated from EPC lysates obtained from cells
treated with control, E2, ethanol, or combined treatments
(10�8 M E2� 25mmethanol for 48 h) using specific anti-MLK3
antibodies. Immunoprecipitated proteins were resolved on
SDS-PAGE gels, and protein expression of both Akt andMLK3
was examined by Western blotting. As shown in Fig. 8D, anti-
MLK3 antibodies pulled downAkt from the cell lysates, thereby
confirming an association between Akt and MLK3 in EPCs.

FIGURE 6. Loss of eNOS expression prevents E2-mediated improvements in cardiac function post-AMI. Ethanol-mediated repression of the left ventric-
ular end diastolic area (A) and fractional shortening (B) were significantly worse in eNOS-null mice (eNOS�/�) compared with WT mice (despite E2 supplemen-
tation), indicating that ethanol consumption negatively affects post-AMI myocardial function in female eNOS knockout mice, suggesting a role for eNOS in
ethanol-mediated EPC dysfunction. n � 8 mice/group.

Chronic Ethanol Inhibits E2-mediated Cardioprotection

JUNE 21, 2013 • VOLUME 288 • NUMBER 25 JOURNAL OF BIOLOGICAL CHEMISTRY 18029



Similar results were obtained in the reverse pull-down experi-
ment (Fig. 8D, lower panel). Next, we examined the effect of E2
and ethanol on MLK3 serine phosphorylation because Akt is
known to inactivate MLK3 by inducing serine phosphorylation
on residue 674 (32). Cells were treated or not treated with 25
mM ethanol for 48 h and then stimulated or not stimulated with
10�8 M E2 in the presence or absence of the PI3K inhibitor

LY294002 (50 �M) for an additional 30 min. Total protein
lysates were immunoprecipitated with anti-MLK3 antibodies
and immunoblotted with a pan-anti-phospho-serine antibody.
As shown in Fig. 8E, E2-induced phosphorylation ofMLK3was
almost completely inhibited in cells pretreated with ethanol.
Interestingly, E2 failed to induceMLK3 serine phosphorylation
when the cells were treated simultaneously with LY294002,

FIGURE 7. Ethanol blunts E2-mediated transcriptional activity. A, representative EMSA autoradiograph showing ethanol-induced inhibition of ERE-DNA
binding activity. ERE-DNA binding activity consists of both ER� and ER�. Lane C denotes control untreated cells, and lane E denotes ethanol-treated cells. B,
EPCs were transiently transfected with a control pGL2-basic plasmid or the ERE-luciferase construct and were treated further with E2 (10�8

M) � ethanol. Fold
changes in luciferase activity were calculated as a percent induction in ERE-luciferase (luc) activity over control vector-transfected cells and averaged from four
similar experiments.

FIGURE 8. Ethanol attenuates E2-induced survival signaling in EPCs. Proteins from EPCs treated as indicated were analyzed by Western blot analyses for Akt
(A and B), ERK1/2 (B), and JNK1 phosphorylation (C). D, proteins from EPCs treated as indicated were assessed for Akt and MLK3 physical association by
immunoprecipitation (IP) with anti-MLK3 antibodies and immunoblotting (IB) by anti-Akt antibodies (upper panel). The reciprocal experiment (lower panel) also
showed enhancement of an Akt:MLK3 physical association in the presence of ethanol. E, E2 treatment induced robust MLK3 phosphorylation, which was
almost completely inhibited in cells pretreated with ethanol. Interestingly, E2 failed to induce MLK3 serine phosphorylation when cells were treated simulta-
neously with the specific Akt inhibitor LY496002, indicating that E2-mediated MLK3 phosphorylation is PI3K/Akt-dependent. All experiments were conducted
at least three times. In panels D and E, lane C denotes control untreated cells.

Chronic Ethanol Inhibits E2-mediated Cardioprotection

18030 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 25 • JUNE 21, 2013



indicating that E2-mediated MLK3 phosphorylation is
PI3K/Akt-dependent.

DISCUSSION

Much of our knowledge of alcoholism and related organ dys-
functions has been gathered from studies conductedwith a pre-
dominance of male subjects. Studies in the general population
indicate that of the 25.1 million alcohol-abusing/dependent
individuals in theUnited States,�8.6million (nearly one-third)
are women. Additionally, the interval between the onset of
drinking-related problems and entry into treatment appears to
be shorter for women than for men (34). Moreover, studies of
female alcoholics in treatment suggest that they often experi-
ence greater physiological impairment earlier in their drinking
careers despite having consumed less alcohol than men (35),
possibly because of lower total body water content than men;
diminished activity of alcohol dehydrogenase, the primary
enzyme involved in alcoholmetabolism; and the interactions of
alcoholwith hormones that contribute to the pathological drive
to consume alcohol. The latter explanation is suggested by
studies, including our own (12), showing that estrogen supple-
mentation enhances the appetite for alcoholic beverages.
Behavioral and epidemiological studies in humans, although
suggestive of a hormonal role in alcohol consumption, are at
best correlative (36–38). On the other hand, well controlled
animal studies seeking a connection between E2 modulation of
alcohol consumption are more striking and conclusive. Utiliz-
ing various models of controlled, voluntary alcohol intake,
many studies have shown that in OVX female rodents, E2 sup-
plementation consistently enhances voluntary alcohol con-
sumption (11, 39). Furthermore, we reported the negative con-
sequences of enhanced ethanol consumption on E2-mediated
repair/angiogenesis in the hind limb ischemia model (12).
Despite this compelling evidence, no information regarding
the pathophysiological and mechanistic effects of E2-en-
hanced alcohol consumption on recovery from myocardial
ischemia and EPC/stem cell dysfunction is currently avail-
able. Whether E2-induced increases in alcohol consumption
compromise the benefits of E2 therapy on EPC-mediated
myocardial repair and cardiovascular events in general is
unknown. Our study is the first to demonstrate that prior
consumption of alcohol diminishes the protective effect of
estrogen on post-infarct myocardial repair, especially by
diminishing EPC function and mobilization and by altering
cell survival signaling.
The effects of estrogen on the survival and function of

mature endothelial cells are well established (9, 40). An effect of
estrogen on hematopoietic stem cells and granuloid progeni-
tors has been noted for over two decades (41, 42). Together,
these studies provide evidence of direct actions of estradiol on
the bone marrow and the regulation of bone marrow-derived
precursor cells. Apart from the local induction of endothelial
growth factors, the underlying proposedmechanisms of E2 also
include the ability of E2 to mobilize EPCs, which can incorpo-
rate into denuded carotid arteries, thereby participating in the
regeneration of the neo-endothelium (3, 4). We and others (3,
14, 16) have also shown that E2-mediated enhancement in the
recovery from AMI involves ischemic cardiac neovasculariza-

tion, reduction in fibrosis, and enhanced expression of angio-
genic growth factors in OVXmice receiving estradiol that is, at
least in part, due to mechanisms involving eNOS and/or
MMP9-dependent EPC mobilization, homing, and inhibition
of apoptosis. In another published study, using BM-transplan-
tationmodels, we have demonstrated that following E2 supple-
mentation, EPC mobilization and EPC-mediated cardiac
repair is depressed significantly in mice lacking either ER�
or ER� (15). Our data suggest that chronic ethanol intake in
OVXmice receiving E2 suppresses the beneficial effect of E2
on post-infarct myocardium, and this phenomenon is in part
dependent upon defective mobilization and homing of BM-
EPCs. Additionally, our data also identify alcohol as an inde-
pendent risk factor for altering EPC function and survival.
A growing body of evidence suggests deleterious effects of

chronic alcohol abuse on the cardiovascular system (43, 44).
Despite the reported cardioprotective effects of low to moder-
ate alcohol intake, clinical, experimental, and epidemiological
data over the last two decades have pointed to the relationship
between heart disease and alcohol abuse (45). Several studies
suggest that low alcohol intake reduces the risk of coronary
artery disease (46, 47), whereas heavy chronic alcohol con-
sumption increases the risk for cardiovascular events (48, 49).
However, many of these studies yielded equivocal information
because they were not primarily designed to study the role of
alcohol. Moreover, most of these studies did not consider the
effects of excessive and chronic alcohol consumption on the
cardiovascular system. Also, given the gender differences in
alcohol metabolism, it should be noted that what constitutes
moderate drinking for males may constitute heavy drinking in
females. Part of the complexity regarding the effect of alcohol
on the cardiovascular system may be the result of contrasting
influences of light versus heavy alcohol consumption on the
vascular endothelium, with animal studies indicative of favor-
able effects on endothelial function with low-dose alcohol
exposure but the induction of endothelial dysfunction with
higher doses (50). However, despite compelling evidence
related to alcohol-induced changes in cardiac function, the
effect of chronic alcohol on vascular endothelial cell function is
not studied sufficiently, and the limited available data on alco-
hol and EC function are inconclusive, with both negative (51,
52) and positive (albeit with low-dose ethanol) effects being
reported (53, 54). We have reported previously an inhibitory
effect of chronic ethanol on EC proliferation and survival (31).
Risk factors for coronary artery disease were reported to be
associated with a reduced number and functional activity of
EPCs in the peripheral blood of patients (55). Likewise, patients
with diabetes showed a lower EPC number (56). Our study, for
the first time, provides direct evidence that alcohol represses
EPC functional capacities that negatively influence post-infarct
myocardial repair and vascularization.
Endothelial cells are recognized as important targets of estro-

gen. It is fairly well established that the actions of estrogen are
classically mediated by their genomic effects, which includes
ligand-dependent transcription factor function of the estrogen
receptors ER� and ER�. A central feature of classic ER action is
ligand-dependent regulation of gene expression in target cells
and tissues. Our data showing ethanol-mediated inhibition of
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E2-induced ERE-DNA binding activity as well as inhibition of
ERE-dependent transcription of a reporter gene suggest that
long-term exposure of EPCs to ethanol results in the transcrip-
tional inhibition of ERE-dependent gene expression. Our find-
ing that E2-induced eNOS mRNA expression is attenuated by
ethanol exposure further indicates this possibility. However, it
is becoming apparent that E2 also modulates the activity of
intracellular second messengers, membrane-associated recep-
tors, and signaling complexes, some of which can also enhance
the classic activity of the ERs. These extranuclear mechanisms,
including activation of nitric oxide, PI3 kinase, G protein-cou-
pled receptor, and MAP kinase signaling pathways in ECs, for
example, are commonly referred to as “non-nuclear” or “non-
genomic” effects of estrogen. Our data showing ethanol modu-
lation of E2-mediated PI3K/Akt and MAP kinase activation
also indicate the presence of non-nuclear mechanisms in addi-
tion to genomic mechanisms regulating ethanol action on
E2-induced modulations in EPCs. We are, however, aware that
both genomic and non-nuclear actions of ERs in response to E2
and alcohol can lead to the modulation of a wide variety of
E2-responsive target genes and signaling cascades. In addition,
there is growing evidence that ERs may also have important
functions in the vasculature (43). Interestingly, ethanol expo-
sure of ECs inhibits E2-induced ER� expression, indicating that
ethanol may potentially negate beneficial effects of E2 that may
be regulated specifically by ER�. Another interesting finding of
this study is the evidence of “switching” of E2-induced cell sur-
vival signaling in EPCs to cell death signaling when alcohol is
present as an added stimulus.
In summary, our data provide novel mechanistic and physi-

ologically relevant insights regarding estrogen-alcohol interac-
tions on the biology of EPC functions and E2/EPC-mediated
post-infarct myocardial repair. We hope that these data will
provide a critical framework for understanding the significance
of chronic alcohol consumption regarding E2-mediated bene-
fits and EPC function. Although beyond the scope of this study,
our observations could lead to a better understanding of how
the putative stimulatory actions of alcohol integrate with those
of estrogen to regulate EPC mobilization, homing, and their
therapeutic efficacy. Additionally, this knowledge may poten-
tially act as a novel tool/parameter in the assessment of cardio-
protective benefits of estrogen replacement and stem cell-
based therapies.
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