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We evaluated the hypothesis that uterine cells home to the heart after injury and improve cardiac outcomes.
Premenopausal women have fewer cardiovascular complications than age-matched men, but the mecha-
nisms responsible for this protection have not been conclusively identified. Hysterectomy was performed
in young female rats (leaving the ovaries intact), and 7 days later the left coronary artery was ligated to pro-
duce a myocardial infarction (MI). Cardiac function at 28 days post-MI was measured using echocardiogra-
phy. Fractional shortening was best in non-hysterectomized (non-Hx) females and lower in both Hx
females and males. Uteri were then removed from GFP rats and heterotopically transplanted into non-GFP
recipients to investigate homing of uterine cells to the infarcted myocardium. Seven days later, the uterine
transplant recipients underwent coronary ligation. GFP+ cells were found in the recipient hearts 7 days
after MI and persisted for 6 months. Confocal analysis showed that homed uterine cells were located around
blood vessels, suggesting their involvement in neovascularization. We then evaluated uterine cell transplan-
tation by intravenously injecting GFP+ uterine cells into Hx females immediately after MI. These GFP+ cells
were found to home to the injured myocardium, stimulate angiogenesis, improve cardiac function, and in-
crease survival. This study demonstrates that uterine cells can home to the injured myocardium, enhance tis-
sue repair, and prevent cardiac dysfunction. Uterine cells may play a role in the prevention of cardiovascular
complications in females.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Epidemiological studies have shown that women have a lower
incidence of cardiovascular disease than age-matched men, but this
advantage disappears when women reach menopause [1–3]. Both
the uterus and the ovaries may independently contribute to the pro-
tection afforded to premenopausal women. Postmenopausal females
have an adverse response to myocardial ischemia, which is usually at-
tributed to the loss of ovarian hormones, particularly estrogens [4–6].
Although, in postmenopausal females the loss of endogenous estro-
gens contributes to accelerated adverse remodeling after a myocardi-
al infarction (MI), ovarian hormones may not completely explain the
clinical outcome [7,8]. Many investigators have evaluated the
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influence of ovarian hormones, especially estrogen [1,9]; however,
hormone replacement therapy in postmenopausal women increased
the risk of heart attack, stroke, and breast cancer [10–14], suggesting
that ovarian hormones may not adequately explain the cardiovascu-
lar protection seen in premenopausal females. Hysterectomy in
premenopausal women markedly increases the risk of adverse car-
diovascular events, and bilateral oophorectomy further increases
that risk [9,15–17]. These studies suggest that both the uterus and
ovarian hormones contribute to the beneficial response to myocardial
ischemia in premenopausal females. A functioning uterus may be an
independent contributor to reduce the risk of complications of coro-
nary heart disease. However, this concept has not been extensively
investigated.

Recovery after an MI requires the mobilization and engraftment of
stem cells, which repopulate the damaged region, enhance wound
healing, and prevent progressive ventricular dysfunction [18]. In
pre-clinical studies, coronary occlusion increased the number of c-
Kit+ and Sca-1+ cells in and around the injured area of the heart
[18,19]. These cells are mobilized from the bone marrow and other
organs and then migrate to the injured regions from both the circula-
tion and the heart. Once there, they differentiate, participate in tissue
repair, and secrete cytokines that recruit progenitor cells, stimulate
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angiogenesis, and prevent matrix degradation. The absence of stem
cell homing or decreased engraftment of stem cells in the heart can
result in delayed healing and accelerated cardiac dysfunction [18–20].

Recently, we demonstrated that the uterus contains hemangio-
blasts, which function as multipotent stem cells [21], and other
groups have identified mesenchymal and epithelial stem cells [22]
as well as c-Kit+ cell populations in the uterus [23,24]. Because the
uterus is a highly regenerative organ, the concept that it contains
stem/progenitor cells has been accepted by many investigators.
Uterine cells can induce angiogenesis [25] and can contribute to tis-
sue repair in various disease models [26,27]. Although the relation-
ship between the uterus and heart disease has not been elucidated,
the documented reparative capability of uterine cells led us to hy-
pothesize that uterine tissue could be a reservoir of stem/progenitor
cells available to repair the heart after MI. We therefore performed a
preliminary investigation to determine whether reparative uterine
cells were mobilized from the uterus in response to cardiac injury
and migrated to the heart to participate in repair and regeneration
to prevent progressive heart failure.

2. Methods

2.1. Animals

All animal procedures were approved by the University Health
Network Animal Care Committee. Animals received humane care in
compliance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, revised 1996). Wistar rats and green
fluorescent protein (GFP)-expressing rats [28] (RIKEN BRC, Saitama,
Japan) were used in the in vivo experiments.

The estrous cycle of rats is 5 days. We used the Whitten effect to
synchronize the female animals for 10 days. The uterine tissue was
then collected at the same time in the estrous cycle for each animal,
and uterine cells were isolated for transplantation. After cell implan-
tation, the animals survived for 4 weeks, during which time the
uterine cells were exposed to three or four estrous cycles.

2.2. Hysterectomy and myocardial infarction

Rats (N=105) were randomly assigned to 1 of 4 experimental
groups: (1) male with sham abdominal surgery (M; n=24), (2) fe-
male with sham abdominal surgery (non-Hx; n=28), (3) hysterecto-
mized female (Hx; n=26), and (4) hysterectomized female with
post-MI uterine cell injection (Hx+C; n=27). Hysterectomy was ac-
complished without disturbing the blood supply to the ovaries. Surgi-
cal MI was performed in all rats 7 days after the sham surgery or
hysterectomy. The day of MI was designated day 0. One week later,
echocardiography was used to screen the rats and select those with
uniform infarct size. Only those animals with fractional shortening
greater than 25% but less than 40% of the left ventricular (LV) free
wall were selected for further investigation. The hysterectomy and
MI were performed under anesthesia as described in the Supplemen-
tal Methods.

2.3. Cardiac functional and morphological analyses

Cardiac function was evaluated by echocardiography prior to and
7 and 28 days after MI and with pressure–volume catheters 28 days
after MI. The heart was then fixed, sectioned, and stained for morpho-
logical analysis. All these procedures are described in the Supplemen-
tal Methods.

2.4. Uterine transplantation

Heterotopic uterine transplantation was performed as previously
described [29]. In brief, the uterus and its vessels were isolated from
GFP+ rats and perfused with saline. The uterine vessels were con-
nected to the femoral artery and vein of the non-GFP rats by an
end-to-side anastomosis as described in the Supplemental Methods.
One week after uterine transplantation, 10 graft recipients underwent
a surgically induced MI by coronary occlusion. The ligated rats were
sacrificed at 7 days (n=5) or 6 months (n=5) after MI. Graft recipi-
ents that did not undergo ligation were used as controls (n=3).

2.5. Uterine cell transplantation

Uterine cells were isolated from GFP rats, and 1×106 cells
(for total cells and VEGFR2−-enriched cells) or 1×105 cells (for
VEGFR2+-enriched cells) were intravenously injected into Hx rats
immediately after coronary artery ligation (7 days after hysterecto-
my, n=5/group). Hx rats (n=5) receiving an intravenous saline in-
jection were used as controls. Details of cell isolation and injection
are provided in the Supplemental Methods. Heart function, morpho-
logical analysis, and immunohistochemistry were performed as
described in the Supplemental Methods.

2.6. Immunohistochemistry

Immunohistochemical examination was performed at 7 days and
6 months after MI (n=5/group). The hearts were fixed in 4% parafor-
maldehyde and immunohistochemistry was carried out as described
in the Supplemental Methods.

2.7. Cell migration assay

Isolated uterine cells were cultured, and collagen gel was layered
on top of the cells. The cell migration under VEGF (10 ng/mL) or
CXCL12 (10 ng/mL) was evaluated as described in the Supplemental
Methods.

2.8. Aortic ring assay

Uterine cells were plated on 1 μm pore sized transwell inserts,
and 1 mm thick mouse aortic rings were placed in collagen gel in
the lower chamber of the culture wells. Cell migration and vessel
formation were evaluated as described in the Supplemental
Methods.

2.9. Statistical analyses

All data are presented as mean±standard deviation (SD). Analyses
were performed using SPSS software (v. 12.0). Comparisons between 2
groups were made using 2-tailed unpaired Student's t-test. Compari-
sons among multiple groups were made using analysis of variance
(ANOVA). When F ratios were significant (pb0.05), Tukey's post-hoc
comparisons were performed. Survival data were analyzed using
Kaplan–Meier survival curves and log-rank statistics and theWilkinson
long range test. Fractional shortening was evaluated with a time-
varying 2-way ANOVA. Since both time and the interaction between
time and groups were significant, the differences were specified by
Tukey's post-hoc multiple range test.

3. Results

3.1. Uteri affect the recovery of ventricular function after injury

Hysterectomy significantly reduced survival and cardiac function
in female rats after MI, resulting in outcomes similar to those ob-
served in males (Figs. 1A, B). Eighty-six percent of female rats with
intact uteri (non-Hx) survived at 28 days post-MI, significantly
greater than the 54% of Hx females (pb0.05) and 52% of males
(Fig. 1A; pb0.05).



Fig. 1. Cardiac recovery from MI: effects of hysterectomy with or without uterine cell injection. (A) Hx rats showed reduced post-MI survival compared to non-Hx female rats and
similar survival as male rats (M). This effect was reversed by the intravenous injection of uterine cells (Hx+C; pb0.01, non-Hx and Hx+C were different than Hx and M). (B) Frac-
tional shortening decreased similarly in all groups between day 0 and day 7 (pb0.01) but was lower in the M and Hx groups than the non-Hx and Hx+C groups at day 28
(pb0.001). (C) Representative pressure–volume loops 28 days post-MI. (D) LV ejection fraction at day 28 was higher in non-Hx (*pb0.05) and Hx+C rats (**pb0.001) compared
to M and Hx rats. (E) At day 28, LV end-systolic volume (ESV) index was lower in non-Hx rats (*pb0.05 vs. M, Hx, Hx+C), and LV end-diastolic volume (EDV) index was higher in
Hx rats (*pb0.05 vs. M, non-Hx, Hx+C). (F) Infarct size was smaller in non-Hx and Hx+C rats (*pb0.05) compared to M and Hx rats. (G) Scar areas (light blue) were visualized
with Masson's trichrome staining.

1267M. Xaymardan et al. / Journal of Molecular and Cellular Cardiology 52 (2012) 1265–1273
Echocardiographic assessment demonstrated that fractional
shortening was significantly greater in non-Hx female rats than in
male rats 28 days post-MI (Fig. 1B; pb0.05). Hysterectomy removed
the functional benefit for females, producing a significant decrease
in fractional shortening (pb0.05 non-Hx vs. Hx), similar to that seen
in males (Fig. 1B). Left ventricular (LV) pressure–volume loops mea-
sured with a pressure and conductance catheter 28 days post-MI per-
mitted a load-independent assessment of ventricular function
(Fig. 1C). Ejection fraction showed results similar to the fractional
shortening: male rats developed more severe cardiac dysfunction



1268 M. Xaymardan et al. / Journal of Molecular and Cellular Cardiology 52 (2012) 1265–1273
than non-Hx females (pb0.05), and removal of the uterus eliminated
the functional protection in female rats (Fig. 1D). LV end-systolic
volume index was significantly lower in non-Hx females compared
to males (Fig. 1E; pb0.001). Hysterectomy resulted in a significantly
greater LV end-diastolic volume index compared to males (Fig. 1E).
The infarct size in non-Hx female hearts was significantly smaller
than that in male hearts, which was similar to Hx females (Figs. 1F,
G; pb0.05). These data suggest that an intact uterus was associated
with improved survival and restoration of cardiac function after
ischemic cardiac injury.

3.2. Uterine cells are recruited to the infarcted myocardium

One possible mechanism that might account for the functional ben-
efit of the intact uterus on cardiac repair is the mobilization of repara-
tive uterine stem/progenitor cells into the systemic circulation
following cardiac injury, their recruitment to the injured myocardium,
and their engraftment in the heart, resulting in the induction of angio-
genesis and cardiac repair. To test this hypothesis, intact uteri isolated
from GFP rats (after flushing out all circulating cells from the uterine
vasculature) were transplanted into non-GFP female recipients
(Fig. 2A). The transplanted uteri remained viable, with patent arterial
and venous anastomoses. Survival of the transplanted uteri was con-
firmed by demonstrating that the organs were perfused (Fig. 2B).
One week after transplantation, the recipients underwent coronary ar-
tery ligation to induce anMI. At 7 days post-MI, the transplanted uterus
persisted at the site of implantation. Immunohistochemical examina-
tion at 7 days and 6 months after MI revealed GFP+ cells (from the
implanted uterus) in the infarct region of all recipient hearts, at a den-
sity of 16±7 and 8±3 GFP+ cells/section, respectively (Fig. 2C). Con-
focal analysis demonstrated that many of the homed uterine cells
expressed VEGFR2 and were located around blood vessels, but no in-
corporation into vascular structures was found at 7 days post-MI
(Figs. 2D, E). At 6 months post-MI, the mobilized GFP+ uterine cells
were still located in the infarct region and expressed VEGFR2, but
some had incorporated into vascular structures, which was confirmed
with von Willebrand factor (vWF) and GFP co-staining (Figs. 2F, G).
No GFP+ cells were found in the hearts of recipients who did not un-
dergo MI.

3.3. Uterine cells restore survival and ventricular function

Since uterine cells were observed in the infarct region of the heart
after MI, we evaluated the effect of circulating uterine cells on the re-
covery of ventricular function in Hx rats. Uterine cells isolated from
GFP+ rats were injected intravenously into Hx rats immediately
after coronary ligation (Hx+C). The injection of uterine cells signifi-
cantly decreased the mortality of Hx rats (Fig. 1A). Seven days follow-
ing cell injection, flow cytometry revealed that 0.12±0.07% of the
cardiac interstitial cells in the recipient myocardial tissue were
GFP+ (Fig. 3A).

Immunohistochemical analysis demonstrated that the cells had
migrated to the infarct region (Fig. 3B). Cardiac functional measure-
ments demonstrated that the injection of uterine cells into Hx rats
significantly reduced the deterioration of heart function after MI
(Fig. 1B; pb0.05 Hx+C vs. Hx). LV ejection fraction confirmed that
the implanted uterine cells prevented ventricular dysfunction
(vs. Hx) at 28 days post-MI (Fig. 1D, pb0.001). Histological studies
with staining for alpha smooth muscle actin (α-SMA) in arterioles
(Fig. 3C) and BS lectin in capillaries (Fig. 3D) showed that the injected
uterine cells increased the number of blood vessels in and around the
infarcted myocardium (pb0.05 Hx+C vs. Hx). The number of VEGF+

cells (Fig. 3E) and proliferating cells (Fig. 3F) was also significantly
greater in the infarcted tissue of the Hx+C group compared to the
Hx group (pb0.05 for both). The number of apoptotic cells was not
significantly different between groups (Fig. 3G).
3.4. Chemokines recruit uterine cells in vitro

Since the cells mobilized from the uterus and recruited to the
injured myocardium could have been angiogenic progenitor cells,
we investigated whether chemokines preferentially attracted
uterine cells. Using an in vitro model of cell mobilization
(Fig. 4A), we found that both VEGF and CXCL12 significantly
increased the number of uterine cells migrating into the gel
(Fig. 4B), suggesting that uterine cells may be recruited to the
injured myocardium because both VEGF and CXCL12 are upregu-
lated in the heart after MI.

3.5. VEGFR2+ uterine cells are angiogenic progenitors and are required
for cardiac repair after MI

To test whether VEGF-attracted uterine cells are necessary for
myocardial repair after MI, we injected Hx rats immediately after
coronary ligation with a mixture of total (unselected) uterine cells
or a cell population enriched with either VEGFR2+ or VEGFR2− cell
fractions (Fig. 4C). Seven days post-MI, cardiac function (fractional
area change) was significantly depressed in the VEGFR2−-enriched
recipients (pb0.05) compared to the other two groups (Fig. 4D). Tri-
chrome staining identified infarct scar tissue (Fig. 4E), and infarct size
in the VEGFR2− cell recipients was significantly greater (pb0.05)
than in the other two groups (Fig. 4F). Immunohistochemical analysis
showed that blood vessel densities in the infarcted area were signifi-
cantly lower (pb0.05) in recipients of the VEGFR2− cells than either
the VEGFR2+ cells or the unmodified mixture of total uterine cells
(Figs. 4G, H).

3.6. Uterine cells secrete pro-angiogenic cytokines

Since the blood vessel density in the infarct area was greater in
the Hx+C compared to the Hx group (Figs. 3C, D), we postulated
that uterine cells secrete pro-angiogenic factors. We employed an
in vitro aortic ring model to assess the sprouting of vascular buds
with and without the presence of uterine cells (Fig. 5A). We found
that the sprouting of vessels from the aortic ring was enhanced
(pb0.01) when the ring was co-cultured with uterine cells
(Figs. 5B, C). Thus, the uterine cells enhanced the mobilization of
vascular cells.

4. Discussion

This report provides the first experimental evidence that hyster-
ectomy prior to coronary ligation increases scar size and reduces
angiogenesis, cardiac function, and survival. The uterus contains
regenerative cells that homed to the infarcted myocardium, stimu-
lated angiogenesis, prevented infarct scar thinning and dilatation,
and improved ventricular function. The functional improvement
likely resulted from multiple mechanisms in addition to angiogene-
sis, including preservation of the matrix and modulation of ventric-
ular remodeling.

These findings may contribute to the debate about why premeno-
pausal women suffer fewer cardiovascular complications compared
to age-matched males and hysterectomized or postmenopausal
females [1–3]. The improved recovery from myocardial ischemia in
premenopausal women has been attributed to multiple effects, in-
cluding the influence of estrogens to prevent ventricular remodeling
and cardiac dilatation [5]. However, the improved clinical recovery
of premenopausal females following an MI may not be adequately
explained by ovarian hormones [4]. Hormone replacement therapy
for postmenopausal females was associated with a more adverse
prognosis after MI [8,30]. Hysterectomy, with or without bilateral
oophorectomy, in premenopausal women has been associated with
an increased risk of adverse cardiovascular outcomes [15–17,31].



Fig. 2. Uterine cells traffic to the heart. (A) Uteri from female GFP rats (green) were transplanted into non-GFP female recipients that underwent an induced MI 7 days later.
(B) Transplantation was considered successful if tissue perfusion (red arrows) was visible in the transplanted uterine horn (black arrows). (C) GFP+ cells were observed in recipient
hearts at 7 days and 6 months post-MI. (D) Immunohistochemistry showed VEGFR2+ and GFP+ cells (white arrows) in recipient hearts 7 days post-MI. (E) α-SMA+ and GFP+ cells
in recipient hearts 7 days post-MI. (F) vWF+ and GFP+ cells (top panels) and VEGFR2+ and GFP+ cells (bottom panels) in recipient hearts 6 months post-MI. Large micrographs
show the same area from serial sections. Recipient hearts had 8±3 GFP+ cells/slide. (G) Some GFP+ cells co-expressed vWF (white arrows) in recipient hearts 6 months post-MI.
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However, in a extensive nationwide, population-based, cohort study
using prospectively recorded data from the Swedish national health
registers, Ingelsson and colleagues [16] found that adverse cardio-
vascular outcomes throughout the lifespan of premenopausal
females were substantially increased after hysterectomy for
benign indications, and the risks were further increased with
concomitant oophorectomy. Clinical observations [9,15–17] sug-
gest that both the uterus and the ovaries independently con-
tribute to the improved recovery from myocardial ischemia in
premenopausal females.

image of Fig.�2
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In the current study, we report increased mortality and de-
creased ventricular function after MI in young, healthy, adult,
female rats that underwent hysterectomy with preservation of the
ovaries. The absence of the uterus profoundly altered the angiogenic
response of the heart following coronary occlusion and increased
scar expansion. The uterus was therefore an important element for
the recovery of ventricular function after myocardial injury.

The uterus may be a source of regenerative cells because it is an
active, proliferative organ in adults and harbors a significant number
of stem/progenitor cells [22]. Onodera et al. [32] successfully isolated
uterine vasculogenic cells that differentiated into endothelial or
smooth muscle cells when transplanted into an injured skeletal
muscle recipient. We recently showed that the adult uterus contained
a significant number of stem/progenitor cells thatwere able to differen-
tiate into blood cells and/or endothelial progenitor cells [21]. To
evaluate the biological function of uterine cells for tissue repair, we
implanted uterine cells into the injured myocardium of adult rats after
MI [25]. These cells induced the formation of new blood vessels within
the ischemic region and restored cardiac function.

After cardiac injury, cells home to the infarct region from the bone
marrow, heart, and other organs; for example, stem cells in skeletal
muscle were mobilized to the heart and participated in wound healing
after injury [33]. In the current study, two animal models were
employed to determine uterine cell homing to the heart following MI.
The uterine transplant model permitted the detection of uterine cell
trafficking from the uterus to the heart after MI. Since the implanted
uterus was extensively flushed with saline before implantation,
contamination with donor blood cells was minimized. Because the
uterus was fully vascularized (patent arteries and veins), a substantial
number of viable uterine cells were available for cardiac regeneration.
The 6-month data showed persistence and incorporation of mobilized
uterine cells in the injured myocardial tissue, and some of these
cells differentiated into endothelial cells and were involved in new
blood vessel formation. Other cells found around the blood vessels
could be pericytes and may have stimulated neovascularization.
The heterotopic location of the transplanted uterus may have
reduced the number of functioning regenerative cells, but significant
improvements were demonstrated despite the abnormal uterine
location.

In the second model, uterine cells were delivered systemically at
the time of MI. These cells trafficked to the heart and rescued the
Hx phenotype by increasing survival and improving heart function
to levels matching those of non-Hx females. This model has been
employed extensively in previous studies [34,35] but may underesti-
mate the contribution of endogenous cells to cardiac recovery after
injury.

Considering that the uterus is a rich source of stem/progenitor cells,
it could serve as a reservoir of multipotent cells that may participate in
organ regeneration. The number and homing capacity of stem cells in
the uterus will decrease after menopause, diminishing the reservoir of
active stem cells, which could explain the loss of cardiac protection in
postmenopausal women and thosewhohave undergone hysterectomy.
The loss of the uterine reservoir could contribute to the diminished
protection associated with a reduction in ovarian hormones, which im-
prove stemcell homing to the heart after injury [6,36]. Because postmen-
opausal women have accelerated adverse post-infarction remodeling
[4–8], the restoration or rejuvenation of the uterine stem cell reservoir
in these women might be a potential treatment to prevent heart failure
following an MI.
Fig. 3. Intravenously injected uterine cells promote angiogenesis in Hx rats 7 days post-MI.
histochemistry showed GFP+ cells associated with α-SMA+ vessels in the infarct border a
vessel and capillary density, respectively. (E) Staining for VEGF localization. (F) Ki67 stainin
blood vessel density, capillary density, VEGF localization, and cell proliferation (*pb0.05 vs
Our in vitro studies demonstrated the ability of uterine cells to
stimulate angiogenesis. The migration assay showed that cultured
uterine cells were capable of migrating toward angiogenic stimuli
(VEGF and CXCL12). Co-culturing uterine cells with an aortic ring
produced a 2-fold increase in the length of sprouting vessels, suggest-
ing that uterine cells have potent angiogenic paracrine effects. VEGF
and CXCL12 are released by cardiac tissue after an MI, and these cyto-
kines may have recruited uterine cells to the infarcted regions of the
heart, where they may have exerted paracrine effects to reverse the
depressed angiogenic response in the hearts of Hx rats. To identify
the subtype of uterine cells required for cardiac regeneration, we
delivered VEGFR2+-enriched or VEGFR2−-enriched uterine cell
populations by intravenous injection after MI. In this experiment,
adverse cardiovascular outcomes in Hx rats (including reduced
blood vessel density and poor heart function) were mitigated more
by the VEGFR2+ cells than the VEGFR2− cells, suggesting that
VEGFR2+ uterine cells may play key roles in uterine cell–mediated
recovery fromMI. To identifywhich cells in the unselecteduterinemix-
ture may have contributed to the improved function, stem cells in
uterine tissue were quantified by flow cytometry and compared to the
number of stem cells in the blood, heart, bone marrow, and skeletal
muscle. We found that the uterine tissue was enriched with CD34+

cells and Sca-1+ cells. However, these cells did not improve heart func-
tion as well as the unselected uterine cell mixture (data not shown).

This preliminary study demonstrated that hysterectomy de-
creased cardiac repair and recovery after MI. The limitations of the
study include the incomplete characterization of the uterine cell
types that were mobilized to the injured heart. Additional studies
will be required before we can fully establish the influence of the
uterus on the cardiac response to injury. However, this study pro-
vides the first experimental confirmation that uterine cells can be
mobilized to the injured myocardium, contribute to tissue repair,
and prevent cardiac dysfunction. This preliminary study provides
observations that may contribute to the debate about why preme-
nopausal females have improved cardiac outcomes and why the car-
diac protection is lost with hysterectomy or menopause. The
“uterine reservoir” of stem/progenitor cells may be important for
the healing of the heart following injury, and restoration of this
reservoir may be a new treatment option for women without a
functioning uterus. Our study justifies further investigations to
determine if the uterus mitigates adverse cardiovascular outcomes.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.yjmcc.2012.03.002.
(A) Flow cytometry quantified GFP+ cells in the myocardium of Hx rats. (B) Immuno-
rea. (C, D) Staining for α-SMA and BS lectin was used to visualize the extent of blood
g for cell proliferation. (G) TUNEL staining for apoptotic cells. Hx rats showed reduced
. non-Hx, Hx+C).
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Fig. 4. VEGFR2+ uterine cells promote blood vessel growth and improve cardiac function in post-MI Hx rats. (A) In vitro uterine cell migration assay. GF=growth factor. (B) After
18 h, uterine cells showed increased trafficking into the matrix when VEGF or CXCL12 was present (**pb0.01 vs. control). VEGF induced a greater number of migrating cells than
CXCL12 (pb0.05). (C) VEGFR2+-enriched and VEGFR2−-enriched uterine cell fractions were quantified by flow cytometry. (D) Seven days after uterine cell injection, heart function
was assessed by fractional area change, which was reduced in VEGFR2− cell recipients (*pb0.05). (E) Hearts were sectioned and stained using Masson's trichrome to visualize scar
area. (F) Infarct size was greater in the hearts of VEGFR2– cell recipients (*pb0.05). (G) The infarct and border zone were stained for α-SMA and BS lectin. (H) The hearts of
VEGFR2− cell recipients showed reduced blood vessel and capillary densities (*pb0.05).
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Fig. 5. Uterine cells promote angiogenesis in vitro. (A) In vitro mouse aortic ring model.
(B) After 7 days, sprouts forming from the aortic ring were measured and stained for
platelet endothelial cell adhesion molecule (PECAM) and α-SMA. (C) Sprouts were lon-
ger when cultured with uterine cells than without (*pb0.01).
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