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Abstract

Background: Adverse stress exposure during the early neonatal period has been shown to cause
aberrant development, resulting in an increased risk of adult disease. We tested the hypothesis
that neonatal exposure to lipopolysaccharide (LPS) does not alter heart function at rest condition
but causes heart dysfunction under stress stimulation later in life. Methods: Saline control or LPS
were administered to neonatal rats via intraperitoneal injection. Experiments were conducted in 6
week-old male and female rats. Isolated hearts were perfused in a Langendorff preparation.
Results: Neonatal LPS exposure exhibited no effects on the body weight of the developing rats,
but induced decreases in the left ventricle (LV) to the body weight ratio in male rats. Neonatal LPS
exposure showed no effects on the baseline heart function determined by in vivo and ex vivo
experiments, but caused decreases in the post-ischemic recovery of the LV function in male but
not female rats. Neonatal LPS-mediated LV dysfunction was associated with an increase in
myocardial infarct size and the LDH release in the male rats. Conclusion: The present study
provides novel evidence that neonatal immune challenges could induce gender-dependent
long-term effects on cardiac development and heart function, which reinforces the notion that
adverse stress exposure during the early neonatal period can aggravate heart functions and the
development of a heart ischemia-sensitive phenotype later in life.
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Introduction

Cardiovascular diseases (CVDs) are the number
1 cause of death globally. About 17.3 million people
die annually from CVDs with the number expected to
increase to more than 23.6 million by 2030 [1-3]. CVDs
are admitted as one of the most costly diseases to the
health care system [4]. Therefore, it is very important
to understand the underlying molecular mechanisms
of CVD for prevention/treatment. It is well-known
that the traditional behavioral risk factors such as
unhealthy diet, physical inactivity, tobacco use and
harmful use of alcohol can lead to CVDs. However,
recent studies suggest that some of the risk factors
exposed during pregnancy or in early life stage may

cause a programming of CVDs later in life [5-7].
Indeed, inflammatory stimulus during early life, such
as a bacterial or virus infection, has been shown to
increase the incidence of CVD in adulthood [8-10].
Lipopolysaccharide (LPS) from Gram-negative
bacteria acting as an endotoxin is a major component
of the bacterial outer membrane, and serves a crucial
function in the initiation of the pathophysiological
cascades [11]. Recent studies in different animal
models have demonstrated that maternal exposure to
LPS leads to sepsis in rat offspring at an early age, and
gradually develops into hypertension and cardiac
remodeling later in adulthoods [12, 13]. Perinatal LPS
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exposure up-regulates the TNFp-1 and TNF{3-2
protein expression in the offspring and induces
myocardial fibrosis later in life [14]. These findings
suggest that the maternal inflammatory exposure
plays a key role in the fetal programming of
cardiovascular disease later in life.

The neonatal period represents a unique
developmental stage during which the immune,
central nervous system (CNS), and cardiovascular
systems are highly plastic. During this vulnerable
period of development, any adverse environmental
stimuli may significantly affect the maturation of
those organ systems. Previous studies in different
animal models have shown that neonatal LPS
exposure causes long-term alteration in the immune
and central nervous activity later in life [15-17].
Recently, we have also demonstrated that neonatal
LPS exposure sensitizes the neonatal brain to
hypoxic-ischemic injury in rat model [18]. Of
particular interest, neonatal LPS treatment in rodents
has been reported to produce acute -cardiac
dysfunction [19]. However, there is less information
about the long-term impact of neonatal LPS exposure
on cardiac function later in life. Therefore, in present
study we examined the cardiac function later in life
after the exposure of LPS in early life and tested the
novel hypothesis that neonatal exposure to LPS does
not alter heart function at rest condition but causes
heart dysfunction under stress stimulation later in life.
To test this hypothesis, first we examined the effect of
neonatal LPS exposure on the baseline heart function
of in vivo via echocardiography analysis and ex vivo
via Langendorff apparatus preparation in the 6
week-old rats. Then we measured the ex vivo heart
function after ischemia/reperfusion (I/R) stimulation
between the saline control group and the neonatal
LPS-exposed group to see whether neonatal LPS
exposure increased heart I/R injury and heart
dysfunction in the 6 week-old rats. In addition, to see
if there is a gender-different effect, we examined the
heart function both in male and female animals.

Materials and Methods

Experimental animals

Time-dated pregnant Sprague-Dawley rats were
purchased from Charles River Laboratories (Portage,
MI). Animals were allowed to give birth and were
kept with their pups in a room maintained at 24°C
with a 12-h light/dark cycle. They were provided ad
libitum access to normal rat chow, filtered treatment
and were randomized to receive saline (control
group) or 100 pg/kg LPS (Sigma-Aldrich; catalog
#L4524; lipopolysaccharides from Escherichia coli
055:B5, purified by ion-exchange manner,

respectively, TLR ligand tested). LPS was given via an
intraperitoneal (IP) injection on days P3 and P5. (male:
controls, n=12; LPS-treated, n=14; female: controls,
n=9, LPS treated, n=10). The rationale for the selected
dose of LPS was based on previous studies reported
that LPS can induce obvious systemic
pro-inflammatory effects and functional changes in
neonatal rats [18]. The pups in each group were
randomly chosen from different litters. The
procedures and protocols were approved by the
Institutional Animal Care and Use Committee of
Loma Linda University and followed the guidelines in
the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

Echocardiography

At 6 weeks of age, rats were then subjected to
transthoracic echocardiography using the LOGIQ e
Ultrasound (GE Medical System, Jiangsu) as
previously described [20]. Briefly, the rat was shaved
in the chest area, and a layer of acoustic-coupling gel
was applied to the thorax. Then the rat was placed in
the left lateral decubitus position. An M-mode
recording of the LV was obtained at the level of the
mitral valve in the parasternal view using
two-dimensional (2D) echocardiographic guidance in
both the short and long axis views. Cardiac function
and heart dimensions were evaluated by 2D
echocardiography on the anesthetized (2% isoflurane)
rat. M-mode tracing was used to measure
interventricular septal end diastole (IVSd),
interventricular septal end systole (IVSs), posterior
wall thickness at end diastole (LVPWd), and end
systole (LVPWs). LV mass and functional parameters
such as LV end-diastolic dimension (LVEDD), LV
end-systolic dimension (LVESD), LV end-diastolic
volume (LVEDV) and LV end-systolic volume
(LVESV) were calculated using the above primary
measurements and accompanying software. Left
ventricular ejection fraction (EF) was calculated as
(LVEDV-LVESV)/LVEDV and the percentage of left
ventricular fractional shortening (FS) was calculated
as (LVEDD-LVESD)/LVEDD. The echocardiography
data was recorded and analyzed blinded to the
different treatments.

Measurement of cardiac function and
ischemia-reperfusion injury

Rats were anesthetized with isoflurane (5% for
induction, 2% for maintenance) in oxygen (2 L/min
for induction, 1 L/min for maintenance). The
adequacy of anesthesia was determined by the loss of
a pedal withdrawal reflexes and any other reactions
from the animal in response to pinching the tail or ear.
The hearts were removed from the rats and were
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retrogradely perfused via the aorta in a modified
Langendorff apparatus under constant pressure (70
mmHg) with gassed (95% O, 5% COy)
Krebs-Henseleit buffer at 37°C, as described
previously [21]. A pressure transducer was connected
to a saline-filled balloon and inserted into the left
ventricular (LV). This was used to assess the
ventricular function by measuring ventricular
pressure (mmHg) and its first derivative (dP/dt). LV
end diastolic pressure (LVEDP) was set at
approximately 5 mm Hg. After the baseline recording
at 60 minutes, hearts were subjected to 30 minutes of
global ischemia followed by 30 minutes of
reperfusion. The left ventricular developed pressure
(LVDP), heart rate (HR), dp/dtmax, dp/dtmin, and LV
end-diastolic pressure (LVEDP) were continuously
recorded. Myocardial infarct size was measured as
described previously [21]. Briefly, at the end of
reperfusion, the left ventricles were collected, cut into
four slices, incubated with 1% triphenyltetrazolium
chloride solution for 15 minutes at 37°C, and
immersed in formalin for 30 minutes. Each slice was
then photographed separately, the areas of
myocardial infarction in each slice were analyzed by
computerized planimetry, corrected for the tissue
weight, summed for each heart, and expressed as a
percentage of the total left ventricle weight. Lactate
dehydrogenase (LDH) activity was measured in
coronary effluent that was collected at the end of I/R,
using a TOX 7 assay kit (Sigma Aldrich) following the
manufacturer’s instructions.

Statistical analysis

All data are expressed as the mean * SEM.
Experimental number (n) represents pups from
multiple dams. The difference between the groups
was compared by the Student’s t-test or the analysis of
variance (ANOVA) using the Graph-Pad Prism
software (GraphPad Software Version 4, San Diego,
CA, USA). For all comparisons, P-values less than 0.05
indicated statistical significance.

Results

Effect of LPS on body and heart weight

As shown in the Figure 1, the neonatal LPS
treatment had no effects on growth body weights in
both male and female rats. In addition, the heart
weights (Figure 2A) and left ventricular weights
(Figure 2B) that were isolated from the 6 week-old rats
did not have differences between the LPS-treated and
saline control groups both in male and female rats.
However, the LPS treatment slightly decreased the
whole heart to body weight ratio (Figure 2C), but
significantly decreased the LV to body weight ratio
(Figure 2D) in male but not female rats.
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Figure 1. Effect of neonatal LPS exposure on rat body weight. LPS was
administered to neonatal rats, as described under Materials and Methods. The
control rats received saline. Body weight was measured in both male (A) (n =11
for control, n = 14 for LPS) and female (B) (n = 11 for control, n = 14 for LPS)
rats from 3 to 24 days of age. Data are means * SEM. Data were analyzed by
Student’s t-test.

Effect of LPS on baseline heart function

The echocardiographic assessment on in vivo
animals indicated that neonatal LPS exposure
exhibited no effects on baseline heart function in both
male and female rats at the age of 6 week-old (Figure 3
and Table 1). Consistent with the results of the
echocardiographic analysis, the ex vivo baseline LV
functions before ischemia were also not changed
between the LPS-treated and saline control groups in
both male and female rats in an isolated heart with
Langendorff preparation (Table 2).

Effect of LPS on post-ischemia recovery of LV
function

As shown in Figure 4 and 5, global ischemia for
30 minutes caused a damage of LV function in both
male and female rats. In male rats, neonatal LPS
exposure caused an increase in LVEDP after 30
minutes of ischemia and 30 minutes of reperfusion
(Fig 4A). However, neonatal LPS exposure caused
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decreases in post-ischemic recovery of dP/dtmax and
dP/dtmin in the hearts as compared with the saline
control groups (Fig 4C-D). As shown in Figure 4, the
values of LVDP (Figure 4B), HR (Figure 4E), and CF
(Figure 4F) after 30 minutes of ischemia and 30
minutes of reperfusion did not have a difference
between the saline control and LPS treated groups. In
addition, in female rats the neonatal LPS exposure
showed no effects on the post-ischemia recovery of
LV function (Figure 5).
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Figure 2. Effect of neonatal LPS exposure on heart weight and heart
to body weight ratio. LPS was administered to neonatal rats, as described
under Materials and Methods. The control rats received saline. The whole hearts
and left ventricle (LV) tissues were isolated from the rats at the age of 6 weeks.
The heart weight (A), LV weight (B), heart to body weight ratio (C), and LV to
body weight ratio (D) were measured in both male (n =7 for control,n =11 for
LPS) and female (n = 8 for control, n = 10 for LPS) rats. Data are means + SEM.
* P < 0.05 versus saline control. Data were analyzed by Student’s t-test.

Figure 3. Echocardiographic evaluation of cardiac function. LPS was
administered to neonatal rats, as described under Materials and Methods. The
control rats received saline. At 6 weeks of age, transthoracic echocardiography
was performed on the rats after they were anaesthetized with inhaled
isoflurane, as described under Materials and Methods. A representative
echocardiography shows the measurement of LVSd, LVEDd, LVPWd, LVSs,
LVEDs, and LVPWs. A summary of the most relevant cardiac measurements
was shown in Table 1. Data were analyzed by Student’s t-test.

Table 1. Cardiac function measured by echocardiography.

Animal groups  Cwm LPS.m Cr LPSk

IVSd (cm) 0.156+0.016 0.1504£0.022  0.147+0.019  0.149+0.017
IVSs (cm) 0.255+0.027 0.244+0.035  0.235+0.038  0.246+0.036
LVEDD (cm) 0.647+0.037 0.639£0.045  0.582+0.042  0.567+0.048
LVESD (cm) 0.375+0.039 0.385£0.045  0.338+0.039  0.3330.040
LVPWd (cm) 0.139£0.013 0.134£0.011  0.129+0.008  0.143%0.018
LVPWs (cm) 0.215+0.030 0.202+0.035  0.213+0.028  0.227+0.055
EF (%) 78.03+5.57 75.16+7.47 78.1546.20 77.91+4.41
FS (%) 42.08+5.28 39.80+6.50  42.01+5.32 41.54+4.15
SV (ml) 2.81+0.38 2.78+0.68 2.50+0.38 2.42+0.40
LV EDV (ul) 627.9£100.3 607.9£111.8  467.8+94.9 437.697.2
LV ESV (ul) 136.5+41.6 147.8+46.9 102.1£39.8 98.0£33.2
LV mass (mg/g) 2.75+0.34 2.74+0.70 2.53+0.23 2.71+0.28

Note: A summary of the most relevant cardiac measurement that were obtained at
6 weeks of age using echocardiography. LV, left ventricle; IVSd and IVSs,
Interventricular septal end diastole and end systole; LVEDD, LV end-diastolic
dimension; LVESD, LV end-systolic dimension; LVPWd and LVPWs, left
ventricular posterior wall thickness at end diastole and systole; EF, LV ejection
fraction; FS, LV fractional shortening; SV, stroke volume; LVEDV, LV end-diastolic
volume; LVESV, LV end-systolic volume. Data are means + SEM. Data were
analyzed by Student’s t-test. (male: controls, n=12; LPS-treated, n=14; female:
controls, n=9, LPS treated, n=10).

Table 2. Pre-ischemic left ventricular functional parameters.

Animal HR LVDP dP/ dtmax dP/dtmin  CF

groups (beat/min) (mmHg) (mmHg/s) (mmHg/s) (ml/min/g)
Cwm 323.0+14.5 80.4#52  2779.0£96.7 1330.6£59.7 6.8+0.4
LPS.m 321.8+16.7 81.5%3.6  2860.0+143.3 1444.9+93.2 7.2+0.6

Cr 307.3x16.0 97.5%5.0 3314.0+£120.2 1658.6£79.0 8.3+0.8
LPSr 309.9+7.6  91.1£3.7 3092.0£116.0 1523.0£89.0 6.6+0.5

Note: HR, heart rate; LVDP, left ventricular developed pressure; LVEDP, left
ventricular end diastolic; dP/dtmax, maximal rate of contraction; dP/dtmin,
maximal rate of relaxation; CF, coronary flow; C, control; LPS, lipopolysaccharide;
M, male; F, female. Data are means + SEM. Data were analyzed by Student’s t-test.
(male: controls, n=12; LPS-treated, n=14; female: controls, n=9, LPS treated, n=10).

Effect of LPS on the heart
ischemic/reperfusion injury

As shown in figure 6, global
ischemia/reperfusion (I/R) caused LV myocardial
damage and increased the LDH (a myocardial injury
biomarker in the perfused hearts) release. In addition,
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the neonatal LPS exposure caused an increase in
myocardial infarct size and LDH release of hearts

LVEDP (mmHg)

after 30 minutes of I/R in the male but not female rats
as compared with the saline control animals group.
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Figure 4. Effects of neonatal LPS exposure on the post-ischemic recovery of LV function in male rats. Hearts were isolated from the 6 week-old male
rats that were given the neonatal treatment with saline control or LPS. The hearts were subjected to 30 min of ischemia and 30 min of reperfusion in a langendorff
preparation. (A) Post-ischemic recovery of the left ventricular end-diastolic pressure (LVEDP) was determined during the course of reperfusion. (B) Post-ischemic
recoveries of the left ventricular developed pressure (LVDP). (C) dP/dpmax. (D) dP/dpmin. (E) Heart rate. (F) Pulmonary artery effluent was collected as an index of
coronary flow (milliliters per minute per gram of heart wet weigh). Data are means + SEM of animals from each group (n = 5-7 for control, n = 8-11 for LPS). Data

were analyzed by two way repeated measures ANOVA. *P < 0.05 vs. control.
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Figure 5. Effects of neonatal LPS exposure on the post-ischemic recovery of LV function in female rats. Hearts were isolated from the 6 week-old
female rats that were given the neonatal treatment with saline control or LPS. The hearts were subjected to 30 min of ischemia and 30 min of reperfusion in a
langendorff preparation. (A) Post-ischemic recovery of the left ventricular end-diastolic pressure (LVEDP) was determined during the course of reperfusion. (B)
Post-ischemic recoveries of the left ventricular developed pressure (LVDP). (C) dP/dpmax. (D) dP/dpmin. (E) Heart rate. (F) Pulmonary artery effluent was collected
as an index of coronary flow (milliliters per minute per gram of heart wet weigh). Data are means + SEM of animals from each group (n = 7-8 for control, n = 10 for
LPS). Data were analyzed by two way repeated measures ANOVA.
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Figure 6. Effects of neonatal LPS exposure on the I/R-induced myocardial injury. Hearts were isolated from the 6 week-old female rats that were given
the neonatal treatment with saline control or LPS. The hearts were subjected to 30 min of ischemia and 30 min of reperfusion in a langendorff preparation. The left
ventricular tissues were collected at the end of reperfusion, and the myocardial infarct size was determined with 1% triphenyltrazolium chloride (TTC) staining and
expressed as a percentage of the total ventricular weight. The lactate dehydrogenase (LDH) activity was measured in coronary effluent that was collected at end of
I/R. Data are means * SEM of animals from each group (male n = 7 for control, n = 11 for LPS; female n = 8 for control, n = 10 for LPS). Data were analyzed by

Student’s t-test. *P<0.05 vs. control.

Discussion

The present study shows that neonatal LPS
exposure induces a gender-dependent development
of the ischemic sensitive phenotype of the heart in
male rats. The major findings in the present study are

that: 1) neonatal LPS exposure exhibited no effects on
the body weight of the developing rats, but decreased
LV to body weight ratio in male rats; 2) neonatal LPS
exposure showed no effects on baseline heart function
determined by in vivo and ex vivo experiments; 3)
neonatal LPS exposure caused decreases in
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post-ischemic recovery of LV function in male but not
in female rats; 4) the neonatal LPS-mediated LV
dysfunction was associated with an increase in
myocardial infarct size and LDH release in the male
rats.

Growing evidence has shown that adverse
perinatal environmental stimuli can alter fetal and
neonatal organogenesis and increase the risk of
cardiovascular disease later in life [22]. Specifically,
fetal and neonatal inflammation is one of the most
common risk factors in the developmental
programming of cardiovascular disease later in life
[11-13, 23, 24]. LPS, a specific inflammatory
stimulator, is widely used in different animal models
to investigate the effect of perinatal inflammation in
fetal and neonatal programming of cardiovascular
disease later in life [12-14, 25]. Previous studies have
shown that perinatal LPS exposure produces a
differential effect on postnatal growth [13, 26]. For
example, Wei et al. [13] reported an increase in body
weight of the 24 week-old rat offspring prenatally
exposed to LPS (0.79 mg/kg, i.p.). In contrast to the
increased body weight, a decrease in body weight has
been reported in the 3 week-old rats that were
exposed to LPS (1 mg/kg, i.c.) at the age of 5 days-old
[26]. In the present study, we found that treatment
with a low dose of LPS (0.1 mg/kg, i.p.) during the
postnatal period (day 3 and 5) did not affect the body
weights of the rats at the age of 6 weeks-old. These
observations suggest that the effect of neonatal LPS
exposure on the animal growth may be dependent on
the doses and routes of administration, or the time
period of treatment. In our current animal model, our
results also indicate that neonatal LPS treatment did
not affect the whole heart weight but decreased the
left ventricle to body weight ratio in the rat. This
suggests that neonatal LPS may cause an asymmetric
inhibition of the left ventricle heart development.
However, in contrast to our current results, previous
studies have demonstrated that prenatal LPS
exposure results in myocardial fibrosis and induces
myocardial remodeling and cardiac hypertrophy in
the adult offspring [12, 14]. More interesting, Wei et al.
[12] reported that neonatal LPS exposed hearts
showed a normal mass index at the age of 4 months
old, but an increased mass index at the age of 8
months old. In present study, the neonatal LPS
exposed hearts show a smaller LV size at the age of 1
month old. These findings suggest that the effect of
neonatal LPS exposure on cardiac size may be
age-dependent.

The present study showed that neonatal LPS
exposure had no effect on pre-ischemic baseline
values of heart function but significantly increased the
LV myocardial infarct size and decreased the

post-ischemic recovery of LV function after 30
minutes of I/R in 6 week-old male rats. In addition,
our results also indicate that neonatal LPS treatment
had no effect on basal cardiac function and heart
dimensions evaluated by 2D echocardiography. These
data suggest that neonatal LPS treatment with a lower
dose (0.1 mg/kg, i.p.) does not impair heart function
at a resting condition but alters the heart function
when it encounters an ischemic stress challenge later
in life. Similar findings have been reported in
different animal models where perinatal exposure to
adverse stimuli have had no effect on the cardiac
function at resting condition but enhance the heart
ischemic injury and dysfunction after the ischemia
stimulation in adult offspring [27-29]. Our current
findings that neonatal LPS treatment caused an
increased heart ischemia/reperfusion injury and
dysfunction are consistent with previous studies
showing a direct link between infection and an
epigenetically increased risk of cardiovascular disease
later in life [12, 13]. In addition, previous studies have
shown that immune stimulation in early life has
potentially long-term effects on the neurobehavioral
development and can also affect the susceptibility to
disease later in life [30, 31]. The molecular
mechanisms underlying the neonatal LPS-induced
increase in the susceptibility to disease later in life is
largely unknown. LPS activates the immune system to
release  proinflammatory  cytokines such as
interleukin-1p (IL-1p) and IL-6. These cytokines are
considered to be mainly responsible for neuro- and
cardiovascular-developmental alterations and the
response to disease later in life [12, 26, 32].
Additionally, neonatal LPS exposure is associated
with an elevation of IL-13 protein expression in the
brain following emotional stress in adulthood [17].
Furthermore, Wei et al. [12] has demonstrated that
prenatal exposure to LPS causes a left ventricle
hypertrophy and LV diastolic dysfunction associated
with an over-expression of the NF-kB protein in the
myocardium of LPS-treated adult rat offspring. This
study further demonstrated that the LPS-induced
cardiac hypertrophy and dysfunction can be rescued
by the prenatal treatment with the NF-kB inhibitor
[12]. These findings suggest that long-term alteration
of the inflammatory cytokine protein expression may
be one of the vital molecular mechanisms underlying
the fetal and neonatal programming of adult disease.
In our future studies, we will need to investigate the
effect of neonatal LPS exposure on the specific
cytokine cascade and its role in developmental
programming of heart ischemia-sensitive phenotype
later in life.

In the present study, we found that neonatal LPS
exposure significantly increased the I/R-induced
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heart injury and LV dysfunction in the male but not
female rats at the age of 6 week-old. It suggests a
sexually dimorphic effect of inflammatory stimuli
during the neonatal period on cardiac development
and the susceptibility to heart ischemic injury later in
life. Consistent with the present study, the gender
different response to neonatal LPS treatment has also
been reported in different animal models [30, 33].
Tenk et al. [33] examined the effect of the neonatal LPS
treatment on exploratory behavior in male and female
rats after a challenge with LPS in adulthood and
found that adult male but not female rats exhibited
less activity in response to the LPS challenge
compared with the saline control groups.
Furthermore, a recent study has demonstrated that
neonatal LPS exposure induces gender-dependent
behavioral, neuroendocrine, and immune effects after
a LPS challenge in adulthood [30]. Although the
precise mechanisms underlying the neonatal LPS
exposure-induced sexually dimorphic effects later in
life are not completely understood, the thrifty
phenotype hypothesis may at least partly explain the
gender difference. The thrifty phenotype hypothesis
proposes that early life stresses can induce specific
adaptation responses to the environmental stimuli
[34, 35]. Male and female have different reproductive
systems which could produce different responses to
environmental cues. For example, a previous study
has shown that, in response to neonatal LPS exposure,
males exhibit an increase in cell proliferation, and
females exhibit a decrease in corticosterone levels [30].
This leads to differential changes in the susceptibility
to disease later in life in a gender-dependent manner.
Growing evidence shows that steroid hormones such
as estrogen may contribute to sex differences in fetal
and neonatal programming of cardiovascular disease
later in life [36, 37]. Estrogen can serve as an
anti-oxidant and an NOS stimulator to protect against
increased cardiovascular dysfunction in females that
were prenatally exposed to adverse stresses.
Furthermore, previous reports have identified
estrogen to be an important immune modulator. Yet,
estrogen can have either immune-stimulant or
immuno-suppressive effects [38, 39]. Our present data
supports the postulated protective effects of estrogen
in the females exposed to LPS. However, whether and
how estrogen protects against the neonatal LPS
exposure-mediated I/R heart injury in females later in
life warrant future studies.

In summary, the present study provides novel
evidence that the neonatal immune challenge induces
the long-term detrimental effects of cardiac
development and heart function later in life. Our data
suggest that adverse stress exposure during the early
neonatal period can aggravate heart function and the

development of a heart ischemia-sensitive phenotype
later in life. Our results also suggest that, at the lower
dose of neonatal LPS exposure, the exposed rats may
not display apparent heart developmental defect at
the basal condition but exhibit heart dysfunction after
an ischemia challenge later in life. As most previous
studies on perinatal infection models are limited to
male animals, our current study included female
animals and extended our knowledge to understand

the gender differences in neonatal LPS
exposure-induced heart ischemia-sensitive
phenotypes. However, the epigenetic molecular

mechanisms  underlying the neonatal LPS
exposure-induced gender-related increase in heart
susceptibility to I/R injury later in life remain to be
determined.
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