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Lu H, Meléndez GC, Levick SP, Janicki JS. Prevention of
adverse cardiac remodeling to volume overload in female rats is the
result of an estrogen-altered mast cell phenotype. Am J Physiol Heart
Circ Physiol 302: H811–H817, 2012. First published December 9,
2011; doi:10.1152/ajpheart.00980.2011.—Previously, we have re-
ported sex differences in the cardiac remodeling response to ventric-
ular volume overload whereby male and ovariectomized (OVX)
female rats develop eccentric hypertrophy, and intact (Int) female rats
develop concentric hypertrophy. In males, this adverse remodeling
has been attributed to an initial cascade of events involving myocar-
dial mast cell and matrix metalloproteinase activation and extracellu-
lar collagen matrix degradation. The objective of this study was to
determine the effect of female hormones on this initial cascade.
Accordingly, an aortocaval fistula (Fist) was created in 7-wk-old Int
and OVX rats, which, together with sham-operated (sham) controls,
were studied at 1, 3, and 5 days postsurgery. In Int-Fist rats, myocar-
dial mast cell density, collagen volume fraction, endothelin (ET)-1,
stem cell factor (SCF), and TNF-� remained at control levels or were
minimally elevated throughout the study period. This was not the case
in the OVX-Fist group, where the initial response included significant
increases in mast cell density, collagen degradation, ET-1, SCF, and
TNF-�. These events in the OVX-Fist group were abolished by
prefistula treatment with a mast cell stabilizer nedocromil. Of note
was the observation that ET-1, TNF-�, SCF, and collagen volume
fraction values for the OVX-sham group were greater than those of
the Int-sham group, suggesting that the reduction of female hormones
alone results in major myocardial changes. We concluded that female
hormone-related cardioprotection to the volume stressed myocardium
is the result of an altered mast cell phenotype and/or the prevention of
mast cell activation.

extracellular collagen; tumor necrosis factor-�; female hormones;
stem cell factor; endothelin-1; nedocromil

WHILE THE INCREASED RISK of cardiovascular disease after meno-
pause in women has historically been attributed to the accom-
panying sex hormonal changes, the mechanisms responsible
for the cardioprotection in premenopausal women have not
been elucidated. Recent studies from our laboratory have found
sex differences in the pattern of global myocardial remodeling.
While males develop eccentric hypertrophy and heart failure in
response to a sustained ventricular volume overload, females
develop concentric hypertrophy and the heart remains compen-
sated (12). As a result, there is a higher mortality rate in males
(24.5%) after 8 wk of volume overload compared with only
2.5% in females (12). The adverse remodeling in males is
initiated by the degranulation of cardiac mast cells secondary
to an increase in endothelin (ET)-1 that results in 1) a signif-

icant increase in mast cell density, 2) an increase in the levels
of myocardial TNF-�, and 3) the subsequent significant deg-
radation of myocardial fibrillar collagen (2, 22). Because these
events are sequential, it is not known which are efficaciously
affected by female hormones. In addition, elevated levels of
stem cell factor (SCF) have been shown to increase cardiac
mast cell density (25). Therefore, we hypothesized that female
hormone-related cardioprotection of the volume stressed myo-
cardium is the result of an estrogen-altered mast cell phenotype
and/or an estrogen-related prevention of mast cell activation.
To test this hypothesis, an aortocaval fistula was created in
7-wk-old intact (Int) and ovariectomized (OVX) rats, which,
together with sham-operated (sham) controls, were studied at
1, 3, and 5 days postsurgery. We found that female rats with
intact ovaries had no change in mast cell density as well as no
subsequent changes in myocardial SCF and TNF-� levels and
collagen degradation. In contrast, OVX rats had increased mast
cell density, increased myocardial SCF and TNF-� levels, and
collagen degradation that was prevented by mast cell stabili-
zation.

METHODS

Animals. All of the animal experiments conformed with the prin-
ciples of the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals, and the protocols were approved by
our institutional Animal Care and Use Committee. Experiments were
performed with 7- or 8-wk-old Sprague-Dawley female rats purchased
from Harlan Laboratories. All animals were housed under standard
environmental conditions and maintained on a normal rodent diet not
containing alfalfa or soybean meal (diet no. 2014, Harlan Teklad) and
tap water ad libitum. Anesthesia for nonterminal surgical procedures
was achieved using inhaled isoflurane (4%), with postoperative anal-
gesia maintained by the administration of buprenorphine hydrochlo-
ride (0.025 mg/kg). Euthanization was performed by removal of the
heart after rats had been deeply anesthetized by an intraperitoneal
injection of pentobarbital sodium (70 mg/kg).

Surgical procedures and experimental protocol. Volume overload
was induced by aortocaval fistula as previously described (12).
Briefly, after a ventral laparotomy to expose the abdominal aorta and
the caudal side of the inferior vena cava, an 18-gauge needle was
inserted into the infrarenal aorta (2 cm below the right renal artery)
and advanced through the medial wall into the vena cava. Immediately
after the needle had been withdrawn and the puncture site sealed using
surgical glue, a successful fistula was visually evident by the pulsatile
flow of oxygenated blood into the vena cava. The control (sham)
group consisted of female rats who were subjected to the laparotomy
surgery without the creation of a fistula. Ovariectomies were per-
formed 1 wk before the fistula or sham procedure. The ovarian
pedicles were ligated, and the ovaries were completely excised, as
previously described (4). Rats were randomly assigned to one of the
following groups: fistulas with intact ovaries (Int-Fist) and their
respective shams (Int-Sham) (study end points: 1, 3, and 5 days
postsurgery); ovariectomy � fistula (OVX-Fist) with their respective
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shams (OVX-sham) (study end points: 1, 3, and 5 days postsurgery);
and ovariectomy � fistula � nedocromil (OVX-Fist-Ned) (study end
points: 3 and 5 days postsurgery). For the OVX-Fist-Ned group, the
nedocromil pellet (release rate: 30 mg·kg�1·day�1, Innovative Re-
search of America) was implanted subcutaneously immediately after
ovariectomy (1 wk before the fistula). Each group at each time point
consisted of five to eight rats. At the experimental end point, body
weight was recorded, a patent fistula was confirmed by the presence
of pulsatile flow of oxygenated blood into the vena cava, venous blood
was collected in ETDA-containing tubes, and the heart and uterus
were removed. The uterus as well as the right ventricle (RV) and left
ventricle (LV) of the heart and the lungs were weighed. A midven-
tricular, transmural LV section was placed in 4% paraformaldehyde
for paraffin embedding and histological analysis. The apex was snap
frozen in liquid nitrogen and stored at �80°C for further analysis. The
lungs were separated from the esophagus and trachea and weighed
after excess moisture was blotted from the pleural surfaces.

Measurements of myocardial mast cell density. Paraformaldehyde-
fixed tissue was paraffin blocked, and 5-�m serial sections were
stained with toluidine blue as previously described (2). Mast cell
density was determined by dividing the total number of mast cells per
LV cross section by the tissue area of the section.

Measurements of collagen volume fraction in the rat myocardium.
Serial sections (5 �m) were stained with collagen-specific picrosirius
red (0.1% Sirius red F3BA in picric acid) after an incubation in
phosphomolybdic acid (0.2%). Twenty random fields per section, with
exclusion of the perivascular regions, were analyzed using a Zeiss
Axiovert 200 fluorescent microscope (magnification: �200) and an-
alyzed with ImageJ software (NIH) as previously described (20).

ELISA analysis of ET-1, TNF-�, SCF, and 17�-estradiol. Approx-
imately 100 mg of LV tissue were homogenized with a protease
inhibitor cocktail (P8340, Sigma-Aldrich). Plasma was collected from
the inferior vena cava with 1.8 mg/ml EDTA. Myocardial levels of
ET-1, TNF-�, and SCF as well as plasma 17�-estradiol concentra-
tions were determined using the following commercially available
ELISA kits: ET-1 (Alpco Diagnostics), TNF-� (BD Biosciences),
SCF (Abcam); and 17�-estradiol (Calbiotech). All samples were run
in duplicate and averaged.

Table 1. Biometric parameters

Group n Body Weight, g Left Ventricular Weight, mg Right Ventricular Weight, mg Lung Weight, mg

Int groups

1 Day
Int-sham 6 175 � 5 447 � 25 114 � 4 978 � 55
Int-Fist 7 175 � 4 442 � 21 126 � 6 917 � 22

3 Days
Int-sham 6 181 � 6 458 � 10 131 � 7 1,008 � 54
Int-Fist 6 173 � 4 501 � 19 161 � 9* 1,050 � 54

5 Days
Int-sham 6 186 � 8 463 � 22 132 � 3 1,084 � 23
Int-Fist 6 189 � 6 508 � 30 154 � 6* 1,107 � 50

OVX groups

1 Day
OVX-sham 5 191 � 8 441 � 14 113 � 3 1,045 � 36
OVX-Fist 6 191 � 5 490 � 24 127 � 7 1,048 � 24

3 Days
OVX-sham 6 179 � 2 451 � 5 112 � 4 994 � 11
OVX-Fist 6 180 � 4 501 � 19† 151 � 8† 1,084 � 33
OVX-Fist-Ned 8 176 � 3 490 � 18 146 � 6† 1,133 � 100

5 Days
OVX-sham 7 204 � 6 508 � 14 127 � 10 1,231 � 52
OVX-Fist 7 196 � 5 552 � 12† 148 � 8 1,192 � 44
OVX-Fist-Ned 7 186 � 5 546 � 16 164 � 8† 1,462 � 127

Values are means � SD; n, number of rats. Int, intact ovaries; sham, sham operation; Fist, aortocaval fistula surgery; OVX, ovariectomy; Ned, nedocronil
treatment. *P � 0.05 vs. the Int-sham group; †P � 0.05 vs. the OVX-sham group.

Fig. 1. Left ventricular (LV) mast cell density in female rats with intact ovaries
(A) and after ovariectomy (B). The following groups are shown: rats with intact
ovaries subjected to sham operation (Int-Sham) and with intact ovaries sub-
jected to fistula surgery (Int-Fist) as well as ovariectomized (OVX) rats
subjected to sham operation (OVX-sham) or fistula surgery (OVX-Fist). All
values are means � SD. *P � 0.001 vs. the OVX-sham group.
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Statistical analysis. Data were analyzed using SPSS 11.5 and
SigmaPlot (version 11) software. To compare the values between two
study groups, we used Student’s t-test, and to compare more than two
groups, we used one-way ANOVA. Data are represented as means �
SD or SE as indicated in the RESULTS. P values of �0.05 were
considered statistically significant.

RESULTS

Biometric parameters. Body, LV, RV, and lung weights for
all experimental groups are shown in Table 1. There were no
significant differences in body and lung weights between any
fistula group and their corresponding shams at any of the time
points. Volume overload did not lead to any change of LV
weight in rats with intact ovaries, whereas LV weight in OVX
rats increased as early as 3 days after fistula and persisted
through to 5 days. RV weight was significantly increased at 3
and 5 days after fistula in Int rats and at 3 days in OVX rats.
Nedocromil treatment attenuated the increase in LV weight in
OVX rats. Uterus weight was significantly decreased in OVX
animals as an indicator of successful removal of the ovaries
(353 � 28 and 208 � 18 mg, P � 0.001). In addition, OVX
rats had significantly lower plasma 17�-estradiol concentra-
tions compared with those with intact ovaries (intact ovaries
vs. ovariectomy: 27.8 � 4.7 vs. 15.7 � 1.3 pg/ml, P � 0.01).

Volume overload led to increases of mast cell density and
collagen degradation in LVs of OVX rats. The temporal re-
sponses postfistula of LV mast cell density are shown in Fig. 1.
Volume overload had no effect on LV mast cell density in Int

female rats (Fig. 1A). In contrast, mast cell density was signif-
icantly increased by nearly 50% 3 days after fistula in OVX
female rats (Fig. 1B) and returned to normal 5 days postfistula.
While there was a tendency for mast cell densities to be slightly
greater in the Int-sham groups compared with the OVX-sham
groups, the differences were not statistically different.

The postfistula response in LV collagen volume fraction is
shown in Fig. 2. Consistent with the findings in mast cell
density, volume overload did not change collagen volume
fraction in female rats with intact ovaries (Fig. 2A). Volume
overload did not change collagen volume fraction in OVX rats
at 1 or 3 days after fistula but did significantly decrease
collagen volume fraction at 5 days after fistula. As was the case
with mast cell density, the collagen volume fraction values for
the Int-sham groups at 3 and 5 days were slightly greater than
those for the OVX groups. At 1 day, however, the OVX sham
collagen volume fraction value was statistically greater than
that in the Int-sham value. In contrast, at 5 days, collagen
volume fraction value in the OVX-sham group was much less
than that in the Int-sham group.

Volume overload resulted in increases in ET-1 concentra-
tions in the LV. ET-1 concentrations in the LV were measured
using a commercial ELISA kit, and the results are shown in
Fig. 3. Volume overload increased ET-1 concentrations 3 days
after fistula surgery in rats with (Fig. 3A) and without (Fig. 3B)
ovaries. However, the ET-1 value was 72% greater in OVX
rats than that in Int-Fist rats. By 5 days after fistula, ET-1 had
returned to normal levels in both groups. It should also be
noted that, at all three postfistula time points, ET-1 values for

Fig. 2. LV collagen volume fraction in female rats with intact ovaries (A) and
after ovariectomy (B). All values are mean � SE. *P � 0.05 vs. the
OVX-sham group; †P � 0.05 vs. the relative Int group.

Fig. 3. LV myocardial endothelin (ET)-1 concentration in female rats with
intact ovaries (A) and after ovariectomy (B). All values are means � SE. *P �
0.001 vs. the corresponding sham group; †P � 0.05 vs. the relative Int group.
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the OVX-sham groups were statistically greater than those in
the Int-sham groups.

Volume overload led to increases in SCF concentrations in
the LV. LV myocardial SCF concentration results, measured
using a commercial ELISA kit, are shown in Fig. 4. Volume
overload increased SCF concentrations 3 and 5 days after
fistula surgery in rats with (Fig. 4A) and without (Fig. 4B)
ovaries. However, consistent with the findings of ET-1, the
values attained were 1.7-fold greater in OVX rats. Also, the
OVX-sham SCF value was significantly greater than that in
the Int-sham group.

Nedocromil ablated volume overload-induced phenotypic
changes. Mast cell stabilization prevented the increase in LV
mast cell density (3 days after fistula; Fig. 5A) and reduction in
collagen volume fraction (5 days after fistula; Fig. 5B) that
occurred in nontreated OVX rats.

TNF-� levels. There were no changes in LV TNF-� between
sham and fistula groups at any time point in rats with intact
ovaries (Fig. 6A). OVX rats had a twofold increase in their LV
TNF-� levels at both 3 and 5 days after fistula surgery
compared with OVX-sham rats; nedocromil prevented this
increase (Fig. 6B). Also, the OVX-Fist values, including those
of the sham group, were two to four times statistically greater
than those for the Int-Fist groups.

DISCUSSION

Clinical studies (8, 15, 24) have identified human meno-
pause as a risk factor for the development of cardiovascular

disease. Similarly, sex differences in cardiac remodeling have
been shown in several animal models of heart failure, including
experimentally induced pressure overload (9, 26, 27), sponta-
neously hypertensive rats (11), and myocardial infarction (18,
23). Using a model of chronic cardiac volume overload, our
laboratory has convincingly identified sex differences in the
progressive pattern of adverse myocardial remodeling and the
development of heart failure. In response to a sustained eleva-
tion in cardiac volume, male rats rapidly developed LV wall
thinning and dilatation and congestive heart failure, whereas
female rats maintained a normal LV mass-to-volume ratio and
remained compensated (12). Moreover, we reported that this
cardioprotection was abolished by ovariectomy (4) but could
be restored with supplemented estrogen (13), thus highlighting
the crucial role of ovarian hormones in preventing adverse
remodeling and preserving cardiac function. During the first
week of volume overload, the subsequent adverse remodeling
in males is initiated by an increase in ET-1 that then results in
a significant increase in mast cell activation and density leading
to matrix metalloproteinase activation and a marked degrada-
tion of myocardial fibrillar collagen (2). These initial events
and subsequent adverse remodeling did not occur in mast
cell-deficient rats (17) and when mast cell degranulation was
pharmacologically prevented (2, 5). Although we have proven

Fig. 4. LV myocardial stem cell factor (SCF) concentration in female rats with
intact ovaries (A) and after ovariectomy (B). 3d, at 3 days; 5d, at 5 days. All
values are means � SE. *P � 0.01 vs. the corresponding sham group; †P �
0.05 vs. the relative Int group.

Fig. 5. LV myocardial mast cell density (A) and collagen volume fraction (B)
in OVX female rats. The OVX-Fist-Ned group represents OVX rats that
underwent fistula surgery and were treated with nedocromil. All values are
means � SD for mast cell density and means � SE for collagen volume
fraction. *P � 0.01 vs. the relative OVX-sham group; †P � 0.05 vs. the
relative OVX-Fist group.
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that, in this model of chronic volume overload, estrogen is a
vital hormone responsible for cardioprotection, it is unknown
which of these initial events are efficaciously affected by
female hormones.

The findings reported herein indicated that, in the intact
female, both cardiac mast cell densities and collagen volume
fractions remained at control levels throughout the duration of
the study period. This was not the case in OVX rats, where
instead the initial response included a significant increase in
mast cell density and subsequent collagen degradation similar
to that in males. Also similar to findings in males, nedocromil
prevented these adverse postfistula events, indicating a central
causative role for mast cells in provoking this adverse remod-
eling process. In addition, these results confirm the findings of
Chancey et al. (6) regarding estrogen’s ability to efficaciously
alter the phenotype of the mast cell. In that study, we found
chemical degranulation of over 95% of the cardiac mast
cells in isolated hearts from Int females and OVX rats given
supplemental estrogen did not result in the activation of
matrix metalloproteinases and collagen degradation that
occurred in isolated hearts from OVX rats. Therefore, our
findings further demonstrate that estrogen alters the pheno-
type of the cardiac mast cell and/or prevents degranulation
to effectively inhibit the initial events that result in adverse
cardiac remodeling (Fig. 7).

While the stimulus for the increase in mast cell density
remains to be determined, we have shown that it too is
associated with mast cell activation (3). Furthermore, it is

conceivable that the fistula-induced increases in the levels of
myocardial SCF that occurred in the OVX group, which were
much greater than those in the Int group, were responsible for
the increased mast cell density in this group. In view of the
findings of Forman et al. (10), which indicated a significant
increase in the ratio of mature to immature cardiac mast cells
after 24 h of cardiac volume overload, one could surmise that
the increased mast cell density was related to such a maturation
process secondary to the elevated SCF levels. This is further
supported by the findings of Tsai et al. (25), who have shown
that the administration of SCF to primates twice daily for 21
days resulted in a significant increase in cardiac mast cell
density and that 15 days after discontinuation of its adminis-
tration, mast cell density was found to be normal.

Several studies (1, 16) have established that proinflamma-
tory cytokines, such as TNF-�, contribute to the progression of
the disease in male rats. Bozkurt et al. (1) were the first to
report LV wall thinning, dilatation, and collagen degradation
after the infusion of pathophysiological levels of TNF-�. Chen
et al. (7) demonstrated that the stretch of volume overload
induces the production of TNF-�, which triggers a strong
inflammatory myocardial response, thus mediating adverse
remodeling. Furthermore, we and others (14, 17) have demon-
strated that cardiac mast cells are an important source of
TNF-�. Having demonstrated that cardiac mast cell degranu-
lation occurred in OVX rats after volume overload, we exam-
ined LV myocardial TNF-� levels after the creation of a fistula.
While there was no increase in the Int group, there was a
sustained twofold increase in TNF-� levels in OVX rats at 3
and 5 days postfistula relative to their respective sham groups.
The levels attained in the OVX group postfistula were three- to

Fig. 7. Ovarian estrogen prevents the process of adverse cardiac remodeling to
a sustained volume overload through one, two, or all three of the indicated
pathways as follows: 1) direct or indirect inhibition of ET-1 and/or mast cell
activation, 2) prevention of mast cell maturation by direct or indirect inhibition
of the increase in SCF, and 3) inhibition of mast cell TNF-� synthesis.

Fig. 6. LV myocardial TNF-� concentrations in female rats with intact ovaries
(A) and after ovariectomy (B). The Fist-Ned group represents OVX rats that
underwent fistula surgery and were treated with nedocromil. All values are
means � SE. *P � 0.001 vs. the sham, Fist-Ned-3d, and Fist-Ned-5d group;
†P � 0.05 vs. the relative Sham group.
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fourfold greater than those in the Int group. Furthermore, the
mast cell stabilizer nedocromil prevented these increases, pro-
viding additional support to the observation that mast cells
contribute to TNF-� synthesis (Fig. 7).

While the results reported herein and those of others indicate
that the mast cell phenotype is altered by estrogen, it is also
possible that upstream activators of mast cells are downregu-
lated in the presence of estrogen, thereby preventing mast cell
activation (Fig. 7). Recently, we (21) have reported in male rats
the occurrence of significant elevations in LV myocardial ET-1
levels during the first week postfistula to be responsible for
cardiac mast cell activation. The findings of the present study
indicate that LV ET-1 was increased at 3 days postfistula in
both groups of rats with and without ovaries, albeit to much
lower levels than Murray et al. reported for males 1 day
postfistula (i.e., 2.5–4.5 vs. 8–9 fmol/ml). Even though ET-1
was significantly elevated in rats with and without ovaries,
OVX-Fist rats expressed a twofold greater increase in ET-1
levels compared with Int-Fist rats. Similarly, our previous
study (22) in male rats documented a twofold increase in ET-1
levels at 3 days postfistula. Hence, it is possible that levels of
ET-1 have to exceed a threshold value to induce mast cell
activation, explaining why activation of mast cells did not
occur in females with intact ovaries and aortocaval fistula.
Estrogen may be an important regulator of ET-1; however, the
exact regulatory mechanism of this upstream pathway leading
to mast cell degranulation is yet to be elucidated. Similarly, the
mechanism underlying the return of ET-1 to normal levels by
5 days postfistula is unknown. One possibility may be its
degradation by excreted chymase from activated mast cells.
Another possibility is upregulation of the ET-1 clearance
receptor. However, without knowing the source and/or stimu-
lus for the increase in ET-1, its transient response is difficult to
explain. Obviously, further research is required.

Finally, the fact that ET-1, TNF-�, SCF, and collagen
volume fraction values for the OVX-sham group were greater
than those of the Int-sham group is noteworthy and indicates
that estrogen plays a role in maintaining basal levels of these
parameters in female rats. In the fistula plus nedocromil group,
mast cell stabilization was initiated at the time of ovariectomy
and the ovariectomy-stimulated baseline changes were still
present at the study end point. This infers that these increased
values were mast cell independent. Thus, in addition to an
altered mast cell phenotype, the decrease in estrogen after
ovariectomy may have affected other estrogen-sensitive cells
in heart that synthesize ET-1, TNF-�, SCF, and collagen. That
this is the case for TNF-� was recently demonstrated in our
laboratory (19), where we found both its myocardial mRNA
and concentration to be significantly increased 3 days postfis-
tula in males, whereas supplemental estrogen prevented these
increases. Nevertheless, nedocromil prevented the postfistula
changes in the OVX group, indicating a central role for the
estrogen-deficient myocardial mast cell in the initial adverse
remodeling secondary to a sustained increase in cardiac vol-
ume.

In summary, we demonstrated the critical role that ovarian
estrogen plays in preventing the initial phase of adverse cardiac
remodeling secondary to volume overload. We found that
female rats with intact ovaries had no change in mast cell
density as well as no subsequent changes in myocardial TNF-�
levels and collagen degradation. In contrast, OVX rats had a

similar phenotype as that in male rats, which was ablated by
mast cell pharmacological stabilization. Thus, this study is the
first to establish a mechanistic description of estrogen-medi-
ated cardioprotection.

ACKNOWLEDGMENTS

The authors thank Will Spencer for the excellent technical assistance.

GRANTS

This work was supported by National Heart, Lung, and Blood Institute
Grant R01-HL-073990 (to J. S. Janicki).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

Author contributions: H.L., G.C.M., and S.P.L. performed experiments;
H.L. analyzed data; H.L., S.P.L., and J.S.J. interpreted results of experiments;
H.L. and G.C.M. prepared figures; H.L. and G.C.M. drafted manuscript; H.L.,
G.C.M., S.P.L., and J.S.J. edited and revised manuscript; H.L., G.C.M., S.P.L.,
and J.S.J. approved final version of manuscript; S.P.L. and J.S.J. conception
and design of research.

REFERENCES

1. Bozkurt B, Kribbs SB, Clubb FJ Jr, Michael LH, Didenko VV,
Hornsby PJ, Seta Y, Oral H, Spinale FG, Mann DL. Pathophysiologi-
cally relevant concentrations of tumor necrosis factor-� promote progres-
sive left ventricular dysfunction and remodeling in rats. Circulation 97:
1382–1391, 1998.

2. Brower GL, Chancey AL, Thanigaraj S, Matsubara BB, Janicki JS.
Cause and effect relationship between myocardial mast cell number and
matrix metalloproteinase activity. Am J Physiol Heart Circ Physiol 283:
H518–H525, 2002.

3. Brower GL, Gardner JD, Forman MF, Murray DB, Voloshenyuk T,
Levick SP, Janicki JS. The relationship between myocardial extracellular
matrix remodeling and ventricular function. Eur J Cardiothorac Surg 30:
604–610, 2006.

4. Brower GL, Gardner JD, Janicki JS. Gender mediated cardiac protec-
tion from adverse ventricular remodeling is abolished by ovariectomy.
Mol Cell Biochem 251: 89–95, 2003.

5. Brower GL, Janicki JS. Pharmacologic inhibition of mast cell degranu-
lation prevents left ventricular remodeling induced by chronic volume
overload in rats. J Card Fail 11: 548–556, 2005.

6. Chancey AL, Gardner JD, Murray DB, Brower GL, Janicki JS.
Modulation of cardiac mast cell-mediated extracellular matrix degradation
by estrogen. Am J Physiol Heart Circ Physiol 289: H316–H321, 2005.

7. Chen Y, Pat B, Zheng J, Cain L, Powell P, Shi K, Sabri A, Husain A,
Dell’Italia LJ. Tumor necrosis factor-� produced in cardiomyocytes
mediates a predominant myocardial inflammatory response to stretch in
early volume overload. J Mol Cell Cardiol 49: 70–78, 2010.

8. Deschepper CF, Llamas B. Hypertensive cardiac remodeling in males
and females: from the bench to the bedside. Hypertension 49: 401–407,
2007.

9. Douglas PS, Katz SE, Weinberg EO, Chen MH, Bishop SP, Lorell BH.
Hypertrophic remodeling: gender differences in the early response to left
ventricular pressure overload. J Am Coll Cardiol 32: 1118–1125, 1998.

10. Forman MF, Brower GL, Janicki JS. Rat cardiac mast cell maturation
and differentiation following acute ventricular volume overload. Inflamm
Res 55: 408–415, 2006.

11. Garcia MP, Gimenez J, Serna M, Salom MG, Bonacasa B, Carbonell
LF, Quesada T, Hernandez I. Effect of estrogen and angiotensin-
converting enzyme inhibitor on vascular remodeling in ovariectomized
spontaneously hypertensive rats. Menopause 13: 397–403, 2006.

12. Gardner JD, Brower GL, Janicki JS. Gender differences in cardiac
remodeling secondary to chronic volume overload. J Card Fail 8: 101–
107, 2002.

13. Gardner JD, Brower GL, Voloshenyuk TG, Janicki JS. Cardioprotec-
tion in female rats subjected to chronic volume overload: synergistic
interaction of estrogen and phytoestrogens. Am J Physiol Heart Circ
Physiol 294: H198–H204, 2008.

H816 MYOCARDIAL REMODELING IN FEMALE RATS

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00980.2011 • www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart (128.163.236.020) on February 2, 2022.



14. Gilles S, Zahler S, Welsch U, Sommerhoff CP, Becker BF. Release of
TNF-� during myocardial reperfusion depends on oxidative stress and is
prevented by mast cell stabilizers. Cardiovasc Res 60: 608–616, 2003.

15. Hayward CS, Kelly RP, Collins P. The roles of gender, the menopause
and hormone replacement on cardiovascular function. Cardiovasc Res 46:
28–49, 2000.

16. Jobe LJ, Meléndez GC, Levick SP, Du Y, Brower GL, Janicki JS.
TNF-� inhibition attenuates adverse myocardial remodeling in a rat model
of volume overload. Am J Physiol Heart Circ Physiol 297: H1462–H1468,
2009.

17. Levick SP, Gardner JD, Holland M, Hauer-Jensen M, Janicki JS,
Brower GL. Protection from adverse myocardial remodeling secondary to
chronic volume overload in mast cell deficient rats. J Mol Cell Cardiol 45:
56–61, 2008.

18. Litwin SE, Katz SE, Litwin CM, Morgan JP, Douglas PS. Gender
differences in postinfarction left ventricular remodeling. Cardiology 91:
173–183, 1999.

19. McLarty JL. Estrogen Modulation of the Cardiac Immune Cells Is
Cardioprotective (PhD dissertation). Columbia, SC: University of South
Carolina School of Medicine, 2011.

20. Meléndez GC, McLarty JL, Levick SP, Du Y, Janicki JS, Brower GL.
Interleukin 6 mediates myocardial fibrosis, concentric hypertrophy, and
diastolic dysfunction in rats. Hypertension 56: 225–231, 2010.

21. Murray DB, Gardner JD, Brower GL, Janicki JS. Effects of nonse-
lective endothelin-1 receptor antagonism on cardiac mast cell-mediated
ventricular remodeling in rats. Am J Physiol Heart Circ Physiol 294:
H1251–H1257, 2008.

22. Murray DB, Levick SP, Brower GL, Janicki JS. Inhibition of matrix
metalloproteinase activity prevents increases in myocardial tumor necrosis
factor-�. J Mol Cell Cardiol 49: 245–250, 2010.

23. Smith PJ, Ornatsky O, Stewart DJ, Picard P, Dawood F, Wen WH,
Liu PP, Webb DJ, Monge JC. Effects of estrogen replacement on infarct
size, cardiac remodeling, and the endothelin system after myocardial
infarction in ovariectomized rats. Circulation 102: 2983–2989, 2000.

24. Tolbert T, Oparil S. Cardiovascular effects of estrogen. Am J Hypertens
14: 186S–193S, 2001.

25. Tsai M, Shih LS, Newlands GF, Takeishi T, Langley KE, Zsebo KM,
Miller HR, Geissler EN, Galli SJ. The rat c-kit ligand, stem cell factor,
induces the development of connective tissue-type and mucosal mast cells
in vivo. Analysis by anatomical distribution, histochemistry, and protease
phenotype. J Exp Med 174: 125–131, 1991.

26. Villari B, Campbell SE, Schneider J, Vassalli G, Chiariello M, Hess
OM. Sex-dependent differences in left ventricular function and structure
in chronic pressure overload. Eur Heart J 16: 1410–1419, 1995.

27. Weinberg EO, Thienelt CD, Katz SE, Bartunek J, Tajima M, Rohrbach S,
Douglas PS, Lorell BH. Gender differences in molecular remodeling in
pressure overload hypertrophy. J Am Coll Cardiol 34: 264–273, 1999.

H817MYOCARDIAL REMODELING IN FEMALE RATS

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00980.2011 • www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart (128.163.236.020) on February 2, 2022.


