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Abstract: Objective: Cardiac hypertrophy is a compensatory response of the heart to maintain its pumping capacity.
Cardiac hypertrophy can be divided into pathological hypertrophy and physiological hypertrophy. The major forms
of physiological hypertrophy include developing in response to developmental maturation, exercise, and pregnancy,
which is adaptive and beneficial. Exercise has well-known beneficial cardiovascular effects and has recently been
shown to be protective for myocardial ischemia-reperfusion injury. However, there are conflicting reports for the
cardiac protective effects of pregnancy-induced hypertrophy. In the present study, we investigated the effects of
pregnancy-induced physiological hypertrophy in cardiac ischemia-reperfusion injury and if cardiac progenitor cells
were activated during pregnancy. Methods: Physiological hypertrophy was induced in pregnancy and the mRNA lev-
els of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) were determined by real-time polymerase
chain reactions (RT-PCRs) analysis. Triphenyltetrazolium chloride staining was used to determine the cardiac isch-
emia-reperfusion injury. c-Kit and Nkx2.5 levels were determined by RT-PCRs, western blot and immunofluorescent
staining. Results: Heart weight (HW) and the ratio of HW to tibia length were increased while mRNA levels of ANP
and BNP remained unchanged. Pregnancy-induced physiological hypertrophy protected against cardiac ischemia-
reperfusion injury. In pregnancy, c-Kit positive cardiac progenitor cells were activated. Conclusion: This study pres-
ents that pregnancy-induced physiological hypertrophy activates cardiac progenitor cells and thereafter protects
against cardiac ischemia-reperfusion injury.
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Introduction beneficial, which does not induce sarcomere
disarray, cardiac fibrosis, and dysfunction and
is potential reversible without significant long-

term detrimental effects on cardiac function

Cardiac hypertrophy, defined as the enlarge-
ment of the ventricle, develops as a result of

the size increment of pre-existing cardiomyo-
cytes [1]. Cardiac hypertrophy represents a
compensatory response of the heart to main-
tain the pumping capacity, which can be either
pathological or physiological changes [2].
Pathological hypertrophy, mainly caused by
aortic stenosis, hypertension, ischemic heart
disease, and infectious agents in the clinical
setting, is maladaptive and detrimental, which
can lead to cardiac fibrosis and heart failure if
stimulus persists. Physiological hypertrophy,
developing in response to developmental matu-
ration, exercise, and pregnancy, is adaptive and

[2-4].

Both being physiological hypertrophy, pregnan-
cy is different from exercise training [1, 5.
Exercise stimulates the cardiac growth intermit-
tently while during pregnancy, the volume over-
load and increased heart rate is continuous by
comparison [6]. The pregnant heart represents
a better functioning heart in response to
enhanced cardiac output and mechanical
stress [6-8]. In addition, pregnancy is accompa-
nied by significant changes in estrogens and
progesterone levels and it has a distinct cardiac
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transcriptional profiles comparing to exercise
[5, 6, 8]. Exercise has well-known beneficial
cardiovascular effects and has recently been
shown to be protective for myocardial ischemia-
reperfusion injury [9-11]. Although pregnancy-
induced hypertrophy is different from exercise-
induced physiological hypertrophy to some
extent, it is generally accepted as a physiologi-
cal adaptation [1, 8]. However, there are con-
flicting reports for the cardiac protective effects
of pregnancy-induced hypertrophy [12-14].
Pregnant heart has been shown to be protect-
ed from cardiac fibrosis [12]. However, a recent
study shows that cardiac vulnerability to isch-
emia-reperfusion injury drastically increases in
late pregnancy in rat in vivo or in mice ex vivo
[14]. Therefore, further studies are obviously
needed to clarify whether pregnancy-induced
hypertrophy has protective effects.

It is well-known that the heart has an attractive
regenerative capacity owing to the endogenous
stem cells that maintain the myocardium and
replace the damaged cardiomyocytes [15-17].
The regenerative capacity can serve as a basis
for regeneration of an damaged heart if it could
be enhanced [18-20]. Therefore, in the present
study, we investigated the effects of pregnan-
cy-induced physiological hypertrophy in cardiac
ischemia-reperfusion injury and if cardiac pro-
genitor cells are activated during pregnancy.

Materials and methods

This study was approved by the local ethical
committees and all animal experiments were
conducted under the guidelines on humane
use and care of laboratory animals for biomedi-
cal research published by National Institutes of
Health (No. 85-23, revised 1996).

Animals

C57/BL6 female mice aged 10-12 weeks, pur-
chased from Shanghai SLAC Laboratory Animal
CO. LTD were used in nonpregnant diestrus
stage (NP), and late pregnant (LP, day 19-20 of
pregnancy) in the present study.

In vivo ischemia/reperfusion injury model in
mice

Mice anesthetized with ketamine and sevoflu-
lene underwent open-chest coronary artery
ligation. The left coronary artery about 2 mm
under the left auricle was ligated with 7-0 silk
sutures. Following 30 minutes of left coronary
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artery occlusion, the ligature was released and
reperfusion was visually confirmed. After that,
the chests of the mice were closed and the
mice were allowed to recover. After 24 hours of
reperfusion, infarct size was determined with
triphenyltetrazolium chloride (TTC) staining.

Total RNA isolation and real-time polymerase
chain reactions (PCRs) analysis

Total RNA were isolated from cardiac tissues in
NP and LP using RNeasy Mini Kit (QIAGEN)
according to the manufacturer’'s instruction.
Real-time PCRs with SYBR Green |, which was
validated with respect to reproducibility and lin-
earity within the measuring range, was per-
formed in quadruplicate with the Cycler System
(Bio-Rad, Hercules, CA, USA), and SYBR Green
PCR Master Mix (Bio-Rad, Hercules, CA, USA)
as reagent. To correct for potential variances
between samples in reverse transcribed effi-
ciency or in mRNA extraction, the mRNA expres-
sion of each gene was normalized to 18S, a
reference gene. Sequences for all primers used
in the present study were as follows: ANP,
Forward, 5-AGGCAGTCGATTCTGCTTGA-3' and
Reverse, 5-CGTGATAGATGAAGGCAGGAAG-3/;
BNP, Forward, 5-TAGCCAGTCTC CAGAGCAATTC-
3’ and Reverse, 5-TTGGTCCTTCAAGAGCTGTC-
TC-3; c-Kit, Forward, 5-GAATCTCCGAAGAGGCC
AGAA-3’ and Reverse, 5-GCTGCAACAGGGGG-
TAACAT-3'; Nkx2.5, Forward, 5-GACAAAGCCGA
GACGGATGG-3' and Reverse, 5-CTGTCGCTT-
GCACTTGTAGC-3"; 18S, Forward, 5-TCAAGAAC-
GAAAGTCGGAGG-3’ and Reverse 5-GGACATCT
AAGGGCATCAC-3". The cycling parameters were
as follows: denaturation at 94°C for 1 min;
annealing at 55-60°C for 1 min (depending on
the primer); and elongation at 72°C for 1 min
(40 cycles). All real time PCR reactions, includ-
ing no-template controls, were performed in
triplicate. The amplification products were
assessed using melting curve analysis.

Western blot

Heart lysates were prepared in lysis buffer (20
mM Tris, 150 mM NaCl, 10% glycerol, 20 mM
glycerophosphate, 1% NP40, 5 mM EDTA, 0.5
mM EGTA, 1 mM Na,V0,, 0.5 mM PMSF, 1 mM
benzamidine, 1 mM DTT, 50 mM NaF, 4 uM leu-
peptin, pH=8.0). Samples were resolved by
10% SDS-PAGE and transferred to PVDF mem-
branes. Membranes were blocked with 5% non-
fat milk in TBST (50 mM Tris, 150 mM NacCl, 0.5
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Figure 1. Physiological hypertrophy is induced in pregnancy. A: Heart weight; B: Body weight; C: Heart weight/Tibia
length; D: Heart weight/Body weight; E: ANP mRNA level; F: BNP mRNA level. *, compared to the non-pregnancy

group, P less than 0.05.
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mM Tween-20, pH=7.5) and then incubated
with primary antibodies overnight. After wash-
ing three times with TBST and incubated with
HRP-linked secondary antibodies for 1 h at
room temperature. The signal was visualized
using an ECL detection kit (Millipore, MA). The
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Figure 2. Pregnancy-induced physi-
ological hypertrophy protects against
cardiac ischemia-reperfusion injury.
A: Representative sections of NP
and LP hearts in cardiac ischemia-
reperfusion injury; B: Infarct size is
reduced in LP mice. *, compared to
the non-pregnancy group, P less than
0.05. NP (n=5), nonpregnant dies-
trus stage; LP (n=6), late pregnant.

GAPDH was taken as the loading control.
Antibodies used in this study were purchased
from Abcam (anti-c-kit, ab5506) and Bioworld
Technology (GAPDH, APO063). Image J soft-
ware (NIH) was used to perform densitometric
analysis (http://rsb.info.nih.gov/ij/).
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Figure 3. Pregnancy upregulates the expression of c-Kit. A: Nkx2.5 mRNA level; B: c-Kit mRNA level; C: Representa-
tive blots of c-Kit in non-pregnancy and pregnancy group; D: c-Kit protein level. *, compared to the non-pregnancy

group, P less than 0.05. n=3 per group.

Immunofluorescent staining

Frozen sections from cardiac tissues in NP and
LP were sliced into a thickness of 6 uM, and
then were postfixed with 4% paraformaldehyde
dissolved in 0.1M phosphate buffer (pH=7.4)
for at least 15 minutes. After washed with
phosphate buffer saline (PBS) for three times,
sections were immersed in 10% goat serum for
1 hour. After that, sections were incubated
overnight at 4°C with rabbit polyclonal anti-c-kit
(Abcam, ab5506), which was diluted by 1:100
in 1xPBS with 0.25% Triton X-100. After that,
sections were incubated to goat anti-rabbit
labeled with rhodamine secondary antibodies
(Santa Cruz, sc-362262) diluted by 1:200 in
phosphate buffer for 1 hour. Finally, the sec-
tions were stained with DAPI (ProLong® Gold,
Life technology). Semi-quantitative analyze was
used to determine the percentage of c-Kit posi-
tive cells in a blinded manner. Slides (n=10)
from each heart, 4 hearts from each group
were counted at 40xmaghnification using confo-
cal laser scanning microscope (LSM 710, Carl
Zeiss Microlmaging GmbH, Germany).
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Statistical analysis

Relative  mRNA expression was calculated
using the 222t method. Data were presented
as mean+SEM. An independent-samples t-test
or chi-square test was conducted to evaluate
the one-way layout data. All analyses were per-
formed using SPSS 17.0, and all statistical
tests were two-sided. P values less than 0.05
were considered to be statistically significant.

Results

Physiological hypertrophy is induced in preg-
nancy

As expected, pregnancy was associated with
significant heart hypertrophy. Figure 1A showed
that the heart weight (HW) in LP mice was sig-
nificantly higher than that in NP mice. The larg-
er body weight (BW) in LP mice made the ratio
of HW/BW decrease in LP mice (Figure 1B and
1D), which is a feature of pregnancy-induced
hypertrophy and is contrast to that of pathologi-
cal hypertrophy where the ratio of HW/BW often
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Figure 4. Pregnancy activates c-Kit positive cardiac progenitor cells. Representative pictures of c-Kit in non-pregnan-
cy (A) and pregnancy group (B). Pregnancy activates c-Kit positive cardiac progenitor cells (C). *, compared to the

non-pregnancy group, P less than 0.05. n=4 per group.

increases. However, the ratio of HW to tibia
length (TL) increased in LP mice (Figure 1C),
indicating that hypertrophy is induced in preg-
nancy. To exclude the occurrence of pathologi-
cal hypertrophy, mRNA levels of atrial natriuret-
ic peptide (ANP) and brain natriuretic peptide
(BNP) were determined. Both genes were not
changed in LP mice (Figure 1E and 1F), indicat-
ing that pregnancy-induced hypertrophy is
physiological instead of pathological.

Pregnancy-induced physiological hypertrophy
protects against cardiac ischemia-reperfusion
injury

To determine whether pregnancy-induced phys-
iological hypertrophy attenuated myocardial
injury after myocardial ischemia/reperfusion,
LP or NP mice were subjected to 30 minutes of
left coronary artery occlusion, followed by 24
hours of reperfusion, at which time point,
infarct size was determined. Representative
sections of NP and LP hearts were shown in
Figure 2A. Interestingly, the infarct size was sig-
nificant smaller in LP mice comparing to that in
NP mice (Figure 2B), indicating that pregnancy-
induced physiological hypertrophy protects
against cardiac ischemia-reperfusion injury.

Pregnancy upregulates the expression of c-Kit

In the present study, c-Kit was used as the
markers for cardiomyocyte progenitor cells
while Nkx2.5 was chosen as the markers for
detecting early differentiation into cardiomyo-
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cytes [17, 21-23]. As determined by real-time
PCRs, c-kit and Nkx2.5 were not changed at
the mRNA levels (Figure 3A and 3B). However,
Western blot showed that pregnancy up-regu-
lated c-Kit at the protein level (Figure 3C and
3D). These results indicate that the protective
effects of pregnancy against ischemia/reperfu-
sion injury might be related to the up-regulation
of cardiac progenitor cells.

Pregnancy activates c-Kit positive cardiac
progenitor cells

As c-Kit positive cells are the only one that has
been proven to have all stem cell features such
as clonogenicity, self-renewal and multipoten-
cy, blinded semi-quantitative immunofluores-
cent staining analyses of c-Kit positive cells
were performed. As shown in Figure 4, preg-
nancy activates c-Kit positive cardiac progeni-
tor cells, which might partly contributes to the
cardiac protective effects during pregnancy.

Discussion

Pregnancy-induced cardiac hypertrophy is a
physiological adaptation similar to exercise-
induced cardiac hypertrophy [7, 8]. Although
the ratio of HW/TW was decreased in LP, preg-
nancy-induced cardiac hypertrophy definitely
occurred and the decreased ratio was only due
to the dramatic increase of BW in LP. Supporting
the concept that pregnancy induced a physio-
logical adaptation, HW and the ratio of HW/TL
in LP mice was increased while the fetal genes
including ANP and BNP remained unchanged.

Int J Clin Exp Pathol 2014;7(1):229-235
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These facts are consistent with the general
concept of physiological hypertrophy, indicating
that physiological hypertrophy is induced dur-
ing pregnancy.

Exercise-induced physiological hypertrophy
has been reported to be protective for patho-
logical cardiac remodeling [24]. In addition,
exercise consistently provides protection
against myocardial infarction in animal models
and most recently it has been shown to protect
against myocardial ischemia-reperfusion injury
[24, 25]. Pregnancy has been proven to protect
against pathological cardiac remodeling [13],
which is consistent with the widely accepted
protective role of physiological hypertrophy
[12]. Here we provide direct evidence that preg-
nancy-induced physiological hypertrophy pro-
tects against cardiac ischemia-reperfusion
injury. This is a rather surprising finding, given
that a recent study has showed that cardiac
vulnerability to ischemia-reperfusion injury
drastically increased in late pregnancy in vivo
rat model followed up by isolated mouse heart
model [14], however this study is supportive of
the evidence indicating the protective role of
physiological hypertrophy. The main differenc-
es between the present study and that previ-
ous study are as follows. Firstly, this study was
performed in vivo in mice while that study was
in vivo in rat and ex vivo in mice. Secondly, the
ischemia time in this study was 30 minutes
while in that study was 45 minutes. Thus, the
major reasons for the inconsistence of the
present study with the previous one might be
methodological or species differences.

The paradigm that the adult heart is a termi-
nally differentiated organ has been challenged
in recent years with accumulating evidences
[16, 26, 27]. The adult mammalian heart
retains the capacity for self-renewal though the
source of newly formed cardiomyocytes is still
on debate [19, 20, 28]. Cardiomyocytes
replacement, especially after cardiac damage,
is attributed to differentiation of a stem cell
compartment or proliferation of adult cardio-
myocytes [16, 22, 23, 26, 27]. Pregnancy has
been reported to fail to promote proliferation of
adult cardiomyocytes. Moreover, adult c-kit
positive cardiac stem cells have been shown to
be necessary and sufficient for functional car-
diac regeneration and repair [28]. In the pres-
ent study, we found that pregnancy initiated
robust signs of up-regulation of cardiac progen-
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itor cells, which might be the fundamental basis
of the protective effects of LP in cardiac isch-
emia/reperfusion injury.

In conclusion, this study presents that pregnan-
cy-induced physiological hypertrophy activates
cardiac progenitor cells and thereafter protects
against cardiac ischemia-reperfusion injury.
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