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Abstract Although the murine late pregnant (LP) heart is
speculated to be a better functioning heart during physio-
logical conditions, the susceptibility of LP hearts to I/R
injury is still unknown. The aims of this study were to
investigate the cardiac vulnerability of LP rodents to
ischemia/reperfusion (I/R) injury and to explore its
underlying mechanisms. In vivo female rat hearts [non-
pregnant (NP) or LP] or ex vivo Langendorff-perfused
mouse hearts were subjected to I/R. The infarct size was
approximately fourfold larger in LP animals compared
with NP both in vivo and ex vivo. The heart functional
recovery was extremely poor in LP mice compared with
NP (~10 % recovery in LP vs. 80 % recovery in NP at the
end of reperfusion, P < 0.01). Interestingly, the poor
functional recovery and the larger infarct size in LP were
partially restored one day post-partum and almost fully
restored 1 week post-partum to their corresponding NP
levels. Mitochondrial respiratory function and the threshold
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for opening of the mitochondrial permeability transition pore
were significantly lower in LP compared with NP when they
both were subjected to myocardial I/R injury [Respiratory
control ratio =19 £+ 0.1 vs. 4.0 £ 0.5 in NP, P < 0.05;
calcium retention capacity (CRC) = 167 £ 10vs. 233 £ 18
nmol/mg protein in NP, P < 0.01]. Cardiac reactive oxygen
species (ROS) generation, as well mitochondrial superoxide
production, was approximately twofold higher in LP com-
pared with NP following I/R. The phosphorylation levels of
Akt, ERK1/2, and STAT3, but not GSK3f, were signifi-
cantly reduced in the hearts from LP subjected to I/R. In
conclusion, increased mitochondrial ROS generation,
decreased CRC as well as impaired activation of Akt/ERK/
STAT3 at reperfusion are the possible underlying mecha-
nisms for higher vulnerability of LP hearts to I/R.

Keywords Pregnancy - Ischemia/reperfusion - Heart
hypertrophy - mPTP - ROS

Introduction

Ischemic heart disease in pregnancy is not very common.
However, increased maternal age together with changes in
women’s lifestyle patterns (stress, smoking, diabetes,
hypercholesterolemia, chronic hypertension, and alcohol,
together with physical inactivity) has dramatically
increased the incidence of ischemic heart disease in preg-
nant women older than 33 years of age over the past dec-
ade [32, 42, 57, 58]. Due to increased cardiac workload and
greater myocardial oxygen demand, most myocardial
infarction occur during the third trimester, which is asso-
ciated with significant maternal mortality and morbidity
that can jeopardize the fetus’s life. Acute coronary artery
dissection and thrombosis in the setting of angiographically
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with normal coronary arteries may also lead to myocardial
infarction in pregnancy [33]. The best hope of salvaging
viable myocardium after a coronary occlusion is by rapid
reperfusion [14]. Although reperfusion restores blood flow,
oxygen, and nutrients to the cardiac muscle, it also has the
potential to induce reperfusion injury.

The mPTP is a large non-selective conductance pore
located in the inner membrane of mitochondria. The mPTP
remains closed during ischemia, but opens during the
reperfusion period [24, 44]. The opening of the mPTP
during reperfusion has been implicated in cell death
[16, 26, 28, 72]. Ca®" accumulation and overproduction of
ROS during reperfusion are the two major triggers of the
opening of the mPTP. Several signaling pathways in pre-
conditioning and postconditioning converge on the mito-
chondria to protect the heart against reperfusion injury.
Among them reperfusion injury salvage kinases (RISK)
pathway, which involves the kinases Akt/ERKI1/PI3 as
well as more recently recognized survivor activating factor
enhancement (SAFE) pathway which involves TNFa/JAK/
STATS3 has received a lot of attention [3, 25, 29, 30, 37, 63].

Although the incidence of ischemic heart disease is
increasing in pregnant women, there is still a paucity of
experimental data on the mechanisms responsible for these
events. Here we compared the postischemic cardiac func-
tion and infarct size of late pregnant (LP) rodents with
ischemia/reperfusion (I/R) injury with non-pregnant ani-
mals both in in vivo to take into account the complex
physiology of pregnancy, as well as in ex vivo Lange-
ndorff-perfused mouse hearts. We found that in the in vivo
rat model of I/R injury, the cardiac infarct size of LP rats
was approximately fourfold larger compared with NP rats.
Consistent with much larger infarct size during late preg-
nancy, the heart functional recovery was extremely poor in
LP ex vivo animal hearts. The higher susceptibility of LP
hearts to I/R injury was associated with a lower threshold
for triggering the mitochondrial permeability transition
pore (mPTP) opening in response to Ca®" overload which
may at least be in part due to higher ROS generation and
downregulation of pro-survival signaling.

Methods
Animals

Female mice (C57BL/6, 2-3 months old) non-pregnant at
diestrus stage (NP), late pregnant (LP, day 19-20 of
pregnancy), 1- and 7 days post-partum (PP1 and PP7), and
female rats (Sprague-Dawley, 2-3 months old) NP (at
diestrus stage) and LP were used. Protocols received
institutional approval.
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Coronary artery occlusion and measurement of infarct
size

Female rats were anesthetized with ketamine (80 mg/kg
i.p.) and xylazine (8 mg/kg i.p.). The coronary artery
ligation procedures as well as measurements of infarct size
are described in detail in the supplementary material.

Langendorff preparation

The hearts were perfused in the Langendorff mode-con-
stant flow (3 ml/min) as described in our previous publi-
cation [54]. After equilibration, hearts were subjected to
20 min of global normothermic (37 °C) ischemia, followed
by reperfusion (40 min for function and infract size,
10 min for CRC and western blot analysis, and 5 min for
ROS generation) with Krebs Henseleit (KH). See supple-
mentary materials for more details.

Ca”*-induced mitochondrial permeability transition

Mitochondria were isolated as previously described [54].
The mPTP opening was assessed following in vitro Ca®"
overload [54]. External mitochondrial Ca®* concentration
was recorded with 0.5 pM calcium green-5SN (Invitrogen)
using excitation and emission wavelengths set at 500 and
530 nm, respectively. CaCl, pulses (20 nmol/mg of mito-
chondrial protein) were applied every 60 s in the spectro-
fluorometer and CRC was defined as the amount of Ca®"
required to trigger the massive Ca®" release. See supple-
mentary materials for more details.

Measurement of mitochondrial respiration

Mitochondrial respiration in state 3 (stimulated by 0.2 mM
ADP) and state 4 (ADP-limited) was measured in freshly
isolated mitochondria using a fiber optic oxygen sensor
FOXY-AL300 (Ocean Optics) at 25 °C as reported[39].
Substrate combinations of 1.6 mmol/L pyruvate plus
1.6 mmol/L L-malate and 1.6 mmol/L glutamate were
added to the mitochondria to measure complex 1. The
respiratory control ratio (RCR) was measured by dividing
the respiratory values in state 3 to state 4 and was nor-
malized to mg of mitochondrial protein.

Measurement of cardiac function

A catheter (1.4F Millar SPR-671) connected to a pressure
transducer (Power Lab, AD Instruments) was directly
inserted into the left ventricle (LV) to measure left ven-
tricular systolic pressure (LVSP), left ventricular end-dia-
stolic pressure (LVEDP), and heart rate (HR). The left
ventricular developed pressure (LVDP) was calculated as
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LVDP = LVSP — LVEDP and the rate pressure product
(RPP) as RPP = HR x LVDP. The maximum rate of rise
of LV pressure (dP/dt,x) and the maximum isovolumetric
rate of relaxation (—dP/dt,;,) were directly calculated from
the recordings.

Myocardial necrosis

At the end of reperfusion, the hearts were cut into slices
and myocardial necrosis was assessed by measuring the
infarct size using triphenyltetrazolium chloride (TTC)
staining [6]. The slices were fixed in 4 % paraformalde-
hyde. The area of necrosis was quantified by Adobe
Photoshop and expressed as the percentage of total ven-
tricular (LV) area.

Dihydroethidium (DHE) staining and electron spin
resonance for measurements of ROS production

At the end of reperfusion, freshly processed frozen cardiac
tissue sections were used to measure ROS production using
dihydroethidium (DHE) method. Images were obtained
with a laser scanning confocal microscope (Olympus) at
identical laser settings. Image J was then used to quantify
DHE fluorescence intensity. Using electron spin resonance
(ESR), superoxide production was also measured by mix-
ing freshly isolated mitochondria with the O3 -specific spin
probe in the presence or absence of 100 U/ml of SOD as
previously reported [12, 49, 69, 70]. The SOD-inhibitable
O3 signals at 10 min time point, normalized by protein
concentrations, were compared among different experi-
mental groups.

Western blot analysis

Standard western blot analysis was performed using ex
vivo whole heart lysates. The details of the western blot
analysis and the antibodies used are given in the supple-
mentary materials.

Statistical analysis

For the in vivo study which has only two groups, means
were compared using the ¢ test. For the ex vivo studies,
mean profiles over time were compared across groups
using the repeated measure analysis of variance (ANOVA)
method. For cardiac infarct size in ex vivo, mitochondrial
calcium retention capacity, mitochondrial respiration, and
ROS production, means were compared between groups
using one-way ANOVA. When significant differences were
detected, individual mean values were compared by a post
hoc test, which allowed for multiple comparisons. SPSS,
version 13.0, (SPSS Inc, Chicago Ill) was used to carry out

the computations. As all outcomes were continuous, results
were summarized with Means + standard errors of the
mean (SEM). P <0.05 was considered statistically
significant.

Results

The in vivo cardiac infarct size is larger in LP rats
subjected to I/R injury

Here we first compared the susceptibility of LP hearts to
I/R injury with NP hearts in the in vivo rat model. The left
coronary artery was occluded for 45 min followed by 3 h
of reperfusion (Fig. 1a). Representative cross sections of
NP and LP hearts are shown in Fig. 1b. Although the two
groups were subjected to a comparable degree of ischemic
risk (the area at risk (AAR)/LV = 58.6 & 3.3 % in LP vs.
62.8 = 1.8 % in NP) (Fig. lc), the infarct size was sig-
nificantly larger in the LP group compared with NP. The
ratio of infarct size to AAR was 53.0 + 4.2 % in LP versus
12.5 & 1.4 % in NP and the ratio of infarct size to LV was
31.8 &= 4.1 % in LP versus 7.8 £+ 0.8 % in NP (P < 0.01)
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Fig. 1 The infarct size is larger in LP rats subjected to ischemia/
reperfusion injury than NP. a Experimental protocol: the LAD was
occluded in NP and LP rats for 45 min followed by 3 h of
reperfusion. b Representative heart cross sections of NP and LP rats.
Percentage of area at risk (AAR) divided by LV (e), infarct size (IS)
divided by AAR, (d) and infarct size (IS) divided by LV (e).
**P < 0.01 versus LP (n = 4-6)
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(Fig. 1d, e). When rats were subjected to 45-min ischemia
followed by 24-h reperfusion in NP and LP groups,
unfortunately none of the LP rats survived 24-h reperfu-
sion. Unlike LP rats, all NP rats survived 24-h reperfusion,
the infarct size in NP subjected to 24-h reperfusion
(IS/AAR = 35.3 &+ 4.8) was significantly larger than that
in NP subjected to 3-h reperfusion (Fig. S). These data
clearly demonstrate that LP hearts have much higher vul-
nerability to I/R injury than NP.

Poor post-ischemic functional recovery and larger
infarct size of LP mouse hearts subjected to I/R injury

To determine whether the high vulnerability of the LP
hearts to I/R injury is due to intrinsic characteristics of the
heart independent of the complex physiology of pregnancy,
Langendorff-perfused isolated mouse hearts were subjected
to I/R injury using the well-established protocol in mice[6,
34, 54]. The hemodynamic parameters were similar
between NP and LP before ischemia, as the rate pressure
product (RPP) in LP (1,4751 £ 771 mmHg x beats/min)
was not significantly different from NP (1,5971 £ 1,539
mmHg x beats/min, Fig. 2a, b). However, after ischemia,

the functional recovery was extremely poor in LP mice
compared with NP mice (~ 10 % recovery in LP vs. 80 %
recovery in NP at the end of reperfusion, P < 0.01). RPP
was reduced from 12,818 £ 1,213 mmHg x beats/min at
the end of 40 min of reperfusion in NP to 1,617 +
287 mmHg x beats/min in LP mice. LP group also
showed a significantly reduced LVDP as well as LV dP/
dtmax, and LV dP/dt,,;, compared with NP hearts (Fig. 2c,
d). Interestingly, all of the hemodynamic parameters
recovered partially in hearts obtained from 1 day post-
partum mice (PP1) and further improvements were
observed in hearts 7 days (PP7) post-partum (e.g.
RPP = 4,715 + 479 mmHg x beats/min in PPl and
9,604 + 1,215 mmHg x beats/min in PP7). Consistent
with the poor functional recovery in LP, the infarct size
was also markedly larger in LP (57.4 £ 5.2 %) compared
with NP (16.3 £ 1.3 %, Fig. 3a, b) mice. The infarct size
was partially restored in the PP1 group (28.5 £ 2.9 %) and
reached similar values as NP hearts 1 week post-partum
(20.8 £ 2.0 %). These data demonstrate that pregnancy
increases the intrinsic vulnerability of the murine heart to I/R
injury. Interestingly, the higher susceptibility to I/R injury is
partially restored 1 day after partum and almost fully
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subjected to I/R injury

We compared the mitochondrial respiratory function iso-
lated from the hearts of NP, LP, and PP7 following I/R
injury. The visual inspection of oxygen electrode traces in
isolated cardiac mitochondria revealed a shallower slope of
state 3 (the ADP-stimulated rate) in LP compared with NP
and post-partum (Fig. 4a). The significantly lower state 3
oxidative rates (ADP-stimulated), but not state 4 (resting
state, ADP-limited, Fig. 4b) in LP resulted in significantly
lower respiratory control ratio compared with NP and PP7
(RCR =19 +£0.1in LP, 4.0 £ 0.5 in NP and 3.9 £+ 0.5
in PP7, P < 0.05 LP vs. NP and PP7, Fig. 4c). Interest-
ingly, if the LP hearts were not subjected to I/R injury
(sham), the oxidative rates and respiration control ration in
LP group was not significantly different than NP and PP7
groups (RCR =8.0£09 in NP; 70 £ 0.8 in LP and
7.7 £ 0.5 in PP7, Fig. 4d-f).

Lower threshold for triggering the opening of the mPTP
to Ca’" overload in LP hearts subjected to I/R injury

Since the opening of the mPTP at the onset of reperfusion
has been implicated in cell death, we investigated whether
higher susceptibility of LP hearts to I/R injury is associated
with less resistance of the mPTP opening in response to
Ca*" overload. We compared the threshold for mPTP
opening in response to calcium overload using purified
mitochondria prepared from NP, LP, and PP7 hearts fol-
lowing I/R. The representative data showing the change of
Ca”" concentration in the mitochondrial external medium

Fig. 4 Mitochondrial respiration decreased in LP heart subjected to
ischemia/reperfusion injury. a, d Typical oxygen electrode traces
showing the respiration in state 3 stimulated by 0.2 mM ADP (S3)
and in resting state 4 (ADP-limited, S4) of complex-I in isolated
mitochondria from NP, LP, and PP7 subjected ischemia/reperfusion
injury (a), or not subjected to ischemia/reperfusion injury (sham, d).
b, e Respiration rate of state 3 and state 4. ¢, f Respiratory control
ratio (respiration rate of state 3/state 4) in NP, LP, and PP7,
*P < 0.05 LP versus NP; *P < 0.05 PP7 versus LP; P > 0.05 NP
versus PP7 (n = 4)

after calcium pulses are shown in Fig. 5a. The average
number of calcium pulses to open the mPTP was 12 in NP,
while 7 pulses of Ca>" were sufficient in the LP group to
trigger the opening of the mPTP. Interestingly, the reduced
CRC in LP hearts subjected to I/R was fully restored to NP
levels 7 days after delivery. The bar plot in Fig. 5b sum-
marizes the CRC. CRC in LP hearts (167 = 10 nmol/mg-
mitochondrial protein) was significantly lower compared
with NP (233 £ 18 nmol/mg-mitochondrial protein) and
PP7 (260 £ 12 nmol/mg-mitochondrial protein, P < 0.01).
To examine whether the lower CRC in LP mice is an
intrinsic property of pregnancy and is independent of I/R,
we compared CRC in isolated mitochondria from NP and
LP hearts which were not subjected to I/R (sham). Inter-
estingly, the number of calcium pulses required to trigger
the opening of the mPTP were similar in NP and LP sham
hearts (~ 20 pulses), which resulted in similar CRC values
(318 £ 30 nmol/mg-mitochondrial protein in sham LP
hearts vs. 348 & 26 in NP; 340 4+ 42 nmol/mg-mitochon-
drial protein in PP7, Fig. 5c, d). In summary, the higher
vulnerability of LP hearts to I/R injury is associated with
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Fig. 5 Lower threshold for triggering the mPTP opening in response
to calcium overload in LP compared with NP and PP7. a Typical
recordings of the mPTP opening in isolated mitochondria from NP,
LP, and PP7 groups subjected to 20 min of global ischemia followed
by 10 min of reperfusion. Twelve pulses (arrows) of 20 nmol calcium
were required to trigger the opening of mPTP in NP compared with 7
pulses in LP and 14 pulses in PP7. b Calcium retention capacity
(CRC) in NP (black bar), LP (red bar) and PP7 (blue bar) subjected
to ischemia/reperfusion injury. ¢ Typical recordings of the mPTP
opening in isolated mitochondria from NP, LP, and PP7 groups not
subjected to ischemia/reperfusion injury. d Calcium retention capac-
ity (CRC) in NP (black bar), LP (red bar), and PP7 (blue bar) in mice
not subjected to ischemia/reperfusion injury, **P < 0.01 LP versus
NP; *P < 0.01 PP7 versus LP; P > 0.05 NP versus PP7 (n = 6)

lower threshold for triggering mPTP opening in these
hearts. However, late pregnancy alone is not sufficient to
trigger this change.

Cardiac ROS generation as well as mitochondrial
superoxide production is increased in late pregnant
hearts subjected to I/R injury

Free radicals are known to contribute significantly to the
ischemic pathophysiology. ROS is one of the major con-
tributors to the opening of mPTP during reperfusion. We
therefore investigated whether the lower mitochondrial
threshold for opening of the mPTP in LP hearts could be at
least in part due to increased cardiac ROS generation and/
or superoxide production in isolated cardiac mitochondria

@ Springer

in LP hearts subjected to I/R injury. Oxyethidium signal in
the DHE-stained cardiac sections was significantly higher
in LP hearts subjected to I/R injury and returned to almost
NP levels one week after partum (normalized to NP:
2.25 £ 0.07 in LP and 1.05 £ 0.02 in PP7, P < 0.05 LP
vs. NP and PP7, Fig. 6a, b). Since the mitochondria may
represent the major sources of ROS production after I/R,
we performed electron spin resonance (ESR) to quantify
the superoxide production in isolated mitochondria. The
superoxide production was also significantly higher in
isolated cardiac mitochondria from LP hearts subjected to
/R injury (10.7 £ 1.7 pM/min/mg protein in NP;
21.3 &+ 3.1 uM/min/mg protein in LP and 9.3 &£ 3.3 pM/
min/mg protein in PP7; P < 0.05 LP vs. NP and PP7,
Fig. 6¢). Therefore, lower mitochondrial threshold for
calcium overload in pregnancy may in part be due to
increased cardiac ROS production as well as mitochondrial
superoxide generation.

Reduced phosphorylation levels of Akt, ERK1/2,
and STATS3, but not GSK3J, in LP hearts subjected
to /R injury

We performed western blot analysis to explore whether the
higher susceptibility of LP hearts to I/R injury are associated
with downregulation/inactivation of the two well-estab-
lished pro-survival signaling pathways of reperfusion injury
salvage kinase (RISK) and survivor activating factor
enhancement (SAFE) pathway in the context of I/R injury.
We also examined the involvement of GSK3f as many sig-
naling pathways converge at GSK to either inhibit or trigger
the opening of mPTP [22, 65]. Phosphorylation levels of Akt
and ERK1/2 from the RISK pathway were significantly
downregulated in the hearts of LP subjected to I/R injury and
were all fully reversed 1 week after delivery (normalized to
NP: pAkt/Akt: 0.59 + 0.15 in LP and 1.19 £ 0.29 in PP7,;
pERK1/ERK1: 0.39 &+ 1.3 in LP, 1.1 £0.25 in PP7,
pERK2/ERK2: 0.45 +0.09 in LP, 1.8 £ 0.5 in PP7,
P < 0.05 LP vs. NP and PP7, Fig. 7). Pregnancy was also
associated with decreased phosphorylation levels of STAT3
from the SAFE pathway (normalized to NP: pSTAT3/
STAT3: 0.41 + 0.08 in LP, 0.76 £ 0.08 in PP7; P < 0.05
LP vs. NP and PP7). There was no significant difference in
the phosphorylation level of GSK3f in NP, LP, and PP7
subjected to I/R injury. These data support the view that
deactivation of Akt/ERK and STATS3 signaling pathways in
LP confers greater susceptibility to ischemia.

Discussion

Characterization of physiological heart hypertrophy during
pregnancy [18] led us to speculate that the pregnant heart is
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Fig. 6 Increased cardiac ROS
generation as well as
mitochondrial superoxide
production in late pregnant
hearts subjected to ischemia/
reperfusion. a Representative
images of DHE staining of
cardiac sections of NP, LP, and
PP7. b Average fluorescence
intensity in NP (black bar), LP
(red bar), and PP7 (blue bar).
¢ Superoxide production in
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Fig. 7 Reduced phosphorylation levels of Akt, ERK1/2, and STAT3
in LP hearts subjected to ischemia/reperfusion injury. Representative
immunoblots and western blot analysis of a pAkt/Akt, b pERK1/2/
ERK1/2, ¢ pGSK3p/GSK3f, and d pSTAT3/STAT3 in heart
homogenates subjected to ischemia/reperfusion from NP, LP, and
PP7, *P < 0.05 LP versus NP; *P < 0.05 PP7 versus LP; P > 0.05
NP versus PP7 (n = 4-7)

“a better functioning heart,” as cardiac pumping capacity
is enhanced in response to increased demand, making the
heart mechanically more efficient [19]. However, the late
pregnant heart had an increased susceptibility to cell stress
as the infarct size was about fourfold higher than non-
pregnant hearts when the heart was subjected to I/R injury
(Figs. 1, 3). The left ventricular functional recovery was
also extremely poor (recovery of about 10 %) in LP hearts
(Fig. 2). Interestingly, the poor functional recovery and the
larger infarct size in late pregnancy were partially restored
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one day post-partum and almost fully restored 1 week post-
partum to their corresponding levels in NP hearts. The
higher susceptibility of LP hearts to I/R injury was asso-
ciated with lower mitochondrial respiratory function as
well as lower threshold for triggering the mPTP opening in
response to Ca>" overload. Increased mitochondrial ROS
production together with the inhibition of the two well-
known prosurvival pathways RISK and SAFE in LP are the
potential mechanisms that trigger the opening of the mPTP
and thus lead to a larger infarct size. Consistent with the
functional and morphology restoration in PP7, all molec-
ular abnormalities in LP such as decreased mitochondrial
respiration and calcium retention capacity, increased ROS
production, as well as the deactivation of RISK and SAFE
signaling pathway were all fully reversed one week after
partum to their corresponding levels in NP suggesting that
acquiring such vulnerability in LP is a highly dynamic and
reversible process. In our study, we demonstrated this
phenomenon in two different rodent species. The strength
of our study is the use of in vivo rat model followed up by
isolated mouse heart perfusion studies to eliminate the
confounding factor in the in vivo work of the extracardiac
hemodynamics of the pregnant state.

Mitochondrial dysfunction in late pregnant hearts
subjected to I/R injury

Mitochondria play a key role in protection against cell
injury [59, 60]. Our data demonstrate that the higher sus-
ceptibility of LP hearts to I/R injury is associated with
lower mitochondrial respiratory function, calcium retention
capacity, and increased mitochondrial ROS production
(Figs. 4, 5, 6). It is well accepted that Ca*" accumulation
and overproduction of ROS during reperfusion are the two
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major triggers of the mPTP opening [15, 38, 45, 67]. These
free radicals in the heart are usually produced during the
first few minutes of reperfusion [38, 45]. The mitochondria
are considered to be an important locus of ROS production,
mainly at the level of complexes I and III of the respiratory
chain, and hence potential contributors to cardiac reperfu-
sion injury [36, 40]. As a major source of ROS production,
mitochondria also could be major targets of injury caused
by ROS [23]. Due to the role played by ROS in the opening
of the mPTP, it is possible that a higher ROS generation in
late pregnancy during I/R may promote the opening of the
mPTP, and this may also contribute to aggravating mito-
chondrial dysfunction and cardiac damage. Our results are
consistent with this view, showing both increased ROS
generation and decreased CRC which can contribute to the
opening of the mPTP. However, further experimentation is
required to clarify whether ROS or Ca®" is the most critical
factor responsible for mPTP induction in the LP heart.

Cardiac function in late pregnancy

Physiological heart hypertrophy which occurs during
pregnancy differs from pathological hypertrophy, as in
pregnancy, the pumping capacity of the heart is enhanced
in response to increased demand, making the heart
mechanically more efficient [18, 19]. Here we report that
the LV function before ischemia is similar between NP and
LP (Fig. 2a). The threshold for opening of the mPTP, as
well as the mitochondrial respiratory function is also not
significantly different between mitochondria isolated from
NP and LP sham hearts that were not subjected to I/R
injury (Figs. 4, 5). However, when these hearts are sub-
jected to I/R injury, the functional recovery is extremely
poor and the infarct size is about four times larger in LP
compared with NP rodents. Therefore, although the func-
tion of the late pregnant heart seems to be preserved under
physiological conditions at the baseline, these hearts are
very sensitive to I/R injury. Whether the enhanced sus-
ceptibility of late pregnancy to ischemia—reperfusion injury
makes the heart more susceptible to other forms of cell
stress in the late pregnancy is not clear and needs to be
investigated elsewhere.

What makes the late pregnant heart more prone
to I/R injury?

The major hemodynamic changes induced by pregnancy
include an increase in cardiac output, sodium and water
retention leading to volume overload, and reductions in
systemic vascular resistance, and systemic blood pressure.
These changes begin early in pregnancy, reach their peak
during the second trimester, and then remain relatively
constant until delivery [13]. These drastic hemodynamic
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changes during pregnancy may contribute to higher vul-
nerability of these hearts to additional insult. These car-
diovascular physiologic changes resolve slowly after
delivery. A study that evaluated cardiac output and stroke
volume in 15 healthy nonlaboring patients at 38 weeks of
gestation, and again at 2, 6, 12, and 24 weeks postpartum
demonstrated a gradual diminution in cardiac output from
7.42 L/min at 38 weeks gestation to 4.96 L/min at
24 weeks postpartum [56]. Here we found that the heart
functional recovery 1 week after partum is fully restored to
NP values. The heart also develops physiological hyper-
trophy during pregnancy. Physiological heart hypertrophy
which occurs during pregnancy in response to volume
overload and hormonal stimuli enables the heart to fulfill
its function without significant long-term detrimental
effects on cardiac function [9, 11, 17, 53, 62]. Similar to
pregnancy, in exercise-induced hypertrophy myocardial
function has been demonstrated to be increased in rats [52]
as well as in dogs [55]. However, it is still not known
whether these hearts are better protected against I/R injury
compared with non-exercised animals. The pregnancy-
induced heart hypertrophy, however, differs from exercise-
induced hypertrophy, as it is also associated with drastic
hormonal changes. Both estrogen and testosterone steadily
increase and reach their maximum levels at the end of
pregnancy. Our group previously reported that E2 treat-
ment of OVX mice prolongs left ventricular (LV) action
potential duration leading to longer QT interval as was
observed in LP mice [18, 61]. In the context of I/R injury,
estrogen treatment of ovariectomized (OVX) mice resulted
in smaller infarct size [35]. Reports regarding the role of
testosterone on the cardiac functional recovery or infarct
size have been conflicting, and testosterone therapy of
gonadectomized female or male rats has also been shown
to have no deleterious effects on myocardial function or
infarct size after ischemia [47, 48]. Callies et al. reported
that testosterone therapy reduces the susceptibility of male
rats to myocardial ischemia [8]. Therefore, the higher
vulnerability of LP hearts to I/R injury cannot be due to the
high levels of circulating estrogen or testosterone.

It has been shown that in healthy pregnant women, both
oxidative stress, and antioxidant capacity increase as
pregnancy advances [66]. Therefore, under physiological
conditions, the pregnant woman has sufficient antioxidant
reserves to cope with the production of free radicals.
However, I/R injury may disrupt the delicate balance
between ROS production and antioxidative activity leading
to accumulation of ROS in the myocardium and mito-
chondria, as we observed in LP mice (Fig. 6), therefore
deteriorating the heart function.

Activation of pro-survival kinases PI3K/Akt/ERK from
the RISK pathway has been demonstrated to protect
cardiomyocytes against various injury [10, 20, 27]. GSK3p
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phosphorylation has also emerged as an end effecter step
where multiple protective signaling pathways converge
resulting in mPTP inhibition [2, 7, 21, 46, 68]. Here we
report that the phosphorylation levels of Akt and ERK are
significantly reduced in LP hearts at reperfusion (Fig. 7).
Impaired activation of Akt and ERK1/2 in LP heart at
reperfusion could promote the opening of mPTP. However,
since the phosphorylation levels of GSK3f, a downstream
target of both Akt and ERK1/2 was not altered at reper-
fusion in LP hearts, the triggering of the pore opening does
not seem to be mediated through GSK3J. Unaltered GSK
phosphorylation in LP may suggest that alteration in Akt
phosphorylation is a less likely modulation of susceptibility
to mitochondrial permeability transition by late pregnancy.
However, impaired activation of Akt may modulate intra-
cellular calcium handling by decreasing sarcoplasmic
reticulum calcium uptake [1] and/or changing mitochon-
drial morphology in a way which makes the mPTP more
prone to open [50].

The activation of the survivor activating factor
enhancement (SAFE) pathway, which includes the activa-
tion of the cytokine tumor necrosis factor alpha (TNFox)
and the transcription factor signal transducer, and activator
of transcription-3 (STAT3), is recently recognized as a
‘RISK-free’ pathway that can also confer cardioprotection
[4, 5, 43, 51, 64]. The role of STAT3 has been highlighted
in cardioprotection as ischemic postconditioning failed to
protect STAT3-deficient mice [41]. Here we found that the
phosphorylation of pSTAT3 was downregulated during
reperfusion in LP hearts. Reduced pSTAT3 levels will
contribute to earlier opening of mPTP, as recently shown
[3]. STAT3 has also been shown to be necessary for pro-
tecting mice against peripartum cardiomyopathy, as female
mice with a cardiomyocyte-specific deletion of STAT3
develop postpartum cardiomyopathy with a very high
mortality rate. STAT3 protein levels have also been shown
to be reduced in peripartum cardiomyopathy (PPCM)
patients [31]. It is not clear what leads to reduced pSTAT3
levels in ischemic LP. Reduced phosphorylation of STAT3
as well as Akt also mediates reduced protection by ische-
mic postconditioning in depressed rats induced by chronic
mild stress [71]. It has been claimed that these two
apparently distinct TNF/JAK/STAT3 and Akt pathways
interact with each other to induce cardioprotective effects.

Incapability of LP hearts to phosphorylate these key
kinases Akt/ERK/STAT3 at the time of reperfusion could
be the major defect contributing to the lower tolerance of
these hearts to I/R injury.

In conclusion, higher vulnerability of late pregnant
hearts to I/R injury is associated with increased ROS
generation and decreased threshold for triggering the
opening of the mPTP in response to Ca’" overload.
Impaired activation of the key kinases Akt/ERK/STAT3 of

the two well-established prosurvival signaling pathways
RISK and SAFE are the underlying mechanisms for higher
vulnerability of LP hearts to I/R injury. Inhibiting the
opening of the mPTP could serve as a novel therapeutic

approach for pregnant women with cardiovascular
complications.
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