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Abstract

Introduction: Pre-eclampsia is associated with increased risk of subsequent cardiovascular and
metabolic disease in the affected mothers. While aberrant inflammation contributes to the patho-
physiology of pre-eclampsia, it is unclear whether maternal inflammation contributes to the in-
creased risk of disease. Here, we determined the effect of aberrant inflammation in pregnancy on
cardiovascular and metabolic disease risk factors.

Methods: Wistar rats were administered low doses of lipopolysaccharide (LPS) on gestational days
(GD) 13.5-16.5 to induce inflammation. Controls included pregnant rats treated with saline and
nonpregnant rats treated with LPS or saline. We previously showed that LPS-treated pregnant rats
exhibit key features of pre-eclampsia. Echocardiographic parameters, heart weight, blood pressure,
blood lipids, pulse-wave velocity, and glucose tolerance, were assessed at 16 weeks postpartum.
Messenger RNA levels of transcription factors associated with cardiac growth were measured
in left ventricular tissue; histone modifications and global DNA methylation were determined in
hearts and livers at GD 17.5 and at 16 weeks postpartum.

Results: Compared with saline-treated pregnant rats and nonpregnant rats treated with LPS or
saline, LPS-treated pregnant rats exhibited left ventricular hypertrophy and increased blood choles-
terol and low-density lipoprotein levels at 16 weeks postdelivery. LPS-treated rats had increased
left ventricular mRNA levels of hypertrophy-associated transcription factors at GD 17.5 and in-
creased levels of modified histones in hearts and livers at GD 17.5 and 16 weeks postpartum. Other
parameters remained unchanged.

Conclusion: Aberrant inflammation during pregnancy results in persistent alterations in maternal
physiological parameters and epigenetic modifications that could contribute to the pathophysiol-
ogy of cardiovascular disease.

© The Authors 2017. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For
permissions, please e-mail: journals.permissions@oup.com
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Summary Sentence

Abnormal inflammation during rat pregnancy leads to persistence of maternal risk factors for
cardiovascular disease, including left ventricular hypertrophy and increased levels of cholesterol

and low-density lipoprotein.

Key words: maternal inflammation, pre-eclampsia, intrauterine growth restriction, cardiac hypertrophy, hyperlipi-

demia, cardiovascular disease, epigenetics.

Introduction

Certain complications of pregnancy, such as pre-eclampsia, in-
trauterine growth restriction (IUGR), and preterm birth, are asso-
ciated with an increased risk of cardiovascular disease in later life
for the affected mothers and their offspring [1-3]. Women and chil-
dren affected by pre-eclampsia are more likely to develop metabolic
syndrome [4, 5], a condition characterized by insulin resistance,
obesity, hypertriglyceridemia, low high-density lipoprotein (HDL)
cholesterol, hypertension, and dysglycemia; all significant risk fac-
tors for cardiovascular disease [6]. The concept of Developmental
Origins of Health and Disease pioneered by David Barker postulates
that the fetus undergoes adaptive responses (i.e., programming) in
an attempt to improve in utero survival during complicated preg-
nancies [7]. However, after birth and later in life, these responses
may be maladaptive, resulting in increased blood levels of choles-
terol, hypertension, left ventricular hypertrophy, and diabetes; each
increasing the risk of cardiovascular and metabolic disease [8, 9].
Similarly, it is now known that pre-eclampsia also increases the risk
of developing chronic hypertension in the mother, with a risk as
high as 38% within 13 years of the affected pregnancy [2], and more
than half of women with preterm pre-eclampsia have a higher in-
cidence of left ventricular dysfunction or hypertrophy postpartum
[10]. Women with a previous pregnancy complicated by early-onset
pre-eclampsia had significantly higher fasting blood glucose levels
as well as increased insulin, triglycerides (TG), and total choles-
terol (TC) levels than women previously afflicted by a late-onset
pre-eclamptic pregnancy [11]. Furthermore, 21% of women who
suffer from severe pre-eclampsia on a first pregnancy develop se-
vere pre-eclampsia in a subsequent pregnancy [12], and daughters
born to pre-eclamptic women have more than twice the risk of de-
veloping pre-eclampsia themselves [13]. Thus, complications such
as IUGR and pre-eclampsia represent a significant health risk for
mothers and their children, not only during pregnancy but also in
subsequent years and across generations. Developing interventions
to reduce the incidence or severity of these diseases will be of substan-
tial health benefit, as current treatments address only the symptoms
of IUGR/pre-eclampsia and fail to alter the underlying pathophysi-
ology [14].

Aberrant maternal inflammation during pregnancy is often linked
to the etiology of IUGR and pre-eclampsia [15-19]. Many women
with ITUGR and/or pre-eclampsia have a heightened inflammatory
state characterized by high levels of circulating proinflammatory
molecules [17, 19, 20]; and severely pre-eclamptic women may suf-
fer from disseminated intravascular coagulation with widespread
microvascular occlusive thrombi leading to renal and liver fail-
ure, placental and cerebral infarction, and seizures [14, 21]. [UGR
and pre-eclampsia are also linked to abnormal activation of uterine
leukocytes [22, 23]. For instance, macrophages are aberrantly acti-
vated in pre-eclampsia [23, 24], and mediate fetal demise in a mouse
model [25]. High levels of macrophage chemotactic factors are se-
creted by the placental endothelium of pregnancies complicated by
IUGR and pre-eclampsia [26]. Also, in IUGR and pre-eclampsia,

there are large numbers of macrophages present around the uterine
spiral arteries [23]; these macrophages secrete tumor necrosis factor-
a (TNF) at levels that cause apoptosis of the invading trophoblasts,
thereby preventing the remodeling of the spiral vessels that is re-
quired for adequate placentation [27]. Maternal circulating levels
of immunoregulatory molecules such as human leukocyte antigen-
G (HLA-G), pregnancy-specific glycoproteins, prostaglandin E,, an-
nexin V, interleukin (IL) 4, ILS, and IL10 are decreased in IUGR and
pre-eclampsia compared with uncomplicated pregnancies [15, 28].

To determine a causal link between inflammation and the de-
velopment of pregnancy complications, we previously established
a model of IUGR and pre-eclampsia in which inflammation is in-
duced in pregnant Wistar rats by low-dose lipopolysaccharide (LPS)
administration [29]. These rats develop features of pre-eclampsia,
including elevated blood pressure, proteinuria, renal abnormalities,
deficient trophoblast invasion of the endometrium, impaired spi-
ral artery remodeling, placental hemodynamic alterations, placental
oxidative stress, local and systemic coagulopathies, and IUGR [29,
30]. Interestingly, a similar dose of LPS given to nonpregnant rats did
not induce a detectable inflammatory response, hypertension, pro-
teinuria, or renal abnormalities [29], indicating that pregnancy am-
plifies inflammatory stimuli resulting in complications. This concept
is supported by studies showing that women with underlying con-
ditions involving chronic inflammation, such as obesity, periodontal
disease, diabetes, chronic hypertension, and bacterial or viral infec-
tions, have a higher risk of developing pre-eclampsia or preterm
birth [31, 32]. It has been proposed that cardiovascular/metabolic
risk factors present prior to gestation are required for the develop-
ment of pregnancy complications such as pre-eclampsia, and that
these risk factors persist after the affected pregnancies to trigger
subsequent disease [33]. On the contrary, it is also possible that
in some circumstances, even without pre-existing risk factors, preg-
nancy complications could disrupt maternal homeostasis, thereby
increasing the risk of disease later in life. In support of this concept,
Pruthi et al. recently demonstrated persistent vascular alterations in
mice exhibiting a pre—eclampsia-like condition as a result of over-
expression of soluble fms-like tyrosine kinase-1 (sFlt-1) [34]. Also,
a recent study revealed that a reduction in the number of circulat-
ing endothelial progenitor cells in pregnancy may affect long-term
endothelial function [35].

While there is evidence for a causal link between abnormal in-
flammation and the development of pregnancy complications such
as pre-eclampsia, it is still not clear whether the subsequent risk
of maternal cardiovascular disease is a consequence of abnormal
inflammation during the affected pregnancies. Knowledge of such
mechanistic association could provide insight into the development
of strategies aimed at preventing serious complications of preg-
nancy and, consequently, decreasing the incidence of subsequent
disease. In the present study, using a rat model, we provide evidence
that induction of aberrant maternal inflammation during pregnancy
results in persistent alterations associated with risk of cardiovascular
disease as well as epigenetic modifications in the heart and liver.
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Materials and methods

Animal model

This study was conducted in accordance with the guidelines of the
Canadian Council on Animal Care and the Society for the Study
of Reproduction; all protocols were approved by the Queen’s Uni-
versity Animal Care Committee. Virgin female Wistar rats (12-16
weeks of age) and male Wistar rats were purchased from Charles
River Laboratories (Montreal, QC, Canada). Rats were housed in a
temperature-controlled room under a 12-h light/dark cycle and were
provided a standard diet and tap water ad libitum. Virgin rats were
mated overnight with males at a 2:1 ratio. The following morning,
the presence of spermatozoa in the vaginal lavage confirmed preg-
nancy and was designated gestational day (GD) 0.5. Pregnant rats
were randomly divided in saline- and LPS-treated groups. Additional
controls consisted of nonpregnant rats treated with LPS or saline.
The LPS-treated experimental group (pregnant) received intraperi-
toneal (i.p.) injections of LPS (Escherichia coli serotype 0111:B4;
Sigma-Aldrich, Oakville, ON, Canada) on GD 13.5 (10 ug/kg) and
on GDs 14.5-16.5 (40 ug/kg/day). Control rats received saline (1
ml/kg/day) injections on GDs 13.5-16.5. Nonpregnant rats received
a similar 4-day injection protocol of LPS or saline. Rats received 5
ml of subcutaneous injection of lactated Ringer solution with each
i.p. injection. Half of the pregnant rats were sacrificed on GD 17.5
under anesthesia with sodium pentobarbital (Ceva Santé Animale,
Libourne, France). Serum samples and maternal organs were col-
lected for subsequent assays. The other half of pregnant rats was
allowed to deliver. To eliminate potential variability in maternal
outcomes due to differential litter sizes, the number of pups from
each litter was culled to eight (four male and four female pups per
litter) on postnatal day (PND) 1 and weaned from their respective
mothers at PND 21.

Blood glucose monitoring and intraperitoneal glucose
tolerance test

Fasting blood glucose levels were measured from tail vein blood
using a One Touch Ultra 2 glucose monitoring system (Life Scan,
Burnaby, BC, Canada), after overnight (14-16 h) fasting, every 4
weeks after delivery. Intraperitoneal glucose tolerance test (IPGTT)
was performed once after overnight fasting and at 16 weeks post-
partum. A 20% glucose solution (2 g/kg body weight) was injected
i.p., and blood glucose levels were measured at 0, 15, 30, 60, 90,
and 120 min after glucose administration.

Echocardiography

Echocardiographic examination was performed to assess cardiac
structure and function using a Vevo 2100 ultrasonography ma-
chine (VisualSonics, Toronto, ON, Canada) at 16 weeks postpartum.
Anesthesia was induced using 5% isoflurane in oxygen and main-
tained with continuous 2-3% isoflurane ventilation by nose cone.
Maternal heart and breathing rates were monitored throughout the
study. Cardiac scans were performed using a 21 MHz MicroScan
transducer (MS-250, VisualSonics). Left ventricular systolic and di-
astolic functions were measured in parasternal long axis and apical
four-chamber view by M-Mode, color Doppler Mode, and tissue
Doppler Mode. Ultrasound data were analyzed using Vevo Lab soft-
ware (VisualSonics).

Blood pressure and pulse-wave velocity

Blood pressure and pulse-wave velocity (PWV) were measured as
previously described [36]. Sixteen weeks after delivery, all rats were
anesthetized via isoflurane inhalation. A single pressure catheter was
inserted through the left carotid artery into the descending aorta to
measure proximal aortic blood pressure. Another catheter was in-
serted into the lower abdominal aorta through the left femoral artery
to measure distal aortic blood pressure. Proximal and distal aortic
blood pressure signals were simultaneously monitored and recorded
via an attached pressure transducer (Transonic SP200 pressure sys-
tem, Ithaca, NY, USA). After measurement of blood pressure, the tips
of the two catheters were visually marked, and the distance between
the two points was measured. Rats were euthanized and tissues were
collected, and stored at —=80°C for later analysis. PWV provides an
indication of arterial wall stiffness. It was calculated as the aortic dis-
tance between the two catheters divided by the wave transmission
time using LabChart8 analysis software (ADInstrumens, Colorado
Springs, CO, USA). At least 100 normal waveforms were individually
analyzed and averaged. To reduce the influence of blood pressure on
PWV, especially diastolic pressure, 8 index was calculated according
to the formula 2.11 x (PWV?/diastolic pressure) [37].

Complete blood cell count and analysis of serum lipids
and renal function

Complete blood cell (CBC) count and serum analysis was performed
at 16 weeks postpartum at the time of euthanasia. CBC count analy-
sis was performed using ABC Vet Animal Blood Counter (Scil Animal
Care Company, Gurnee, IL, USA) according to the manufacturer’s
instructions. Serum samples were assessed for TC, HDL cholesterol,
TG, creatinine, and urea by the Core Laboratory at Kingston General
Hospital. Low-density lipoprotein (LDL) cholesterol was calculated
by the following formula: TC — [TG/5 + HDL cholesterol].

Cardiac histology

Heart tissue samples were fixed in 10% formalin, dehydrated in
graded series of ethanol, embedded in paraffin, and 5-uM serial sec-
tions were cut using a Leica RM2125 RTS microtome (Wetzlar, Ger-
many). Sections were stained with hematoxylin and eosin (H&E) to
determine the structure of cardiomyocytes, or were stained with Sir-
ius red (0.1% Direct Red 80, Sigma-Aldrich, in 1% picric acid) and
Masson trichrome (HT135, Sigma-Aldrich) to assess collagen content.
In the cross and longitudinal sections stained with H&E, the area and
width of cardiomyocytes in the left ventricle were quantified using
a computerized image analysis system (Image] 1.48, W.S. Rasband,
National Institutes of Health (NIH), Bethesda, MD). Percent fibrosis
area was calculated in sections stained with Sirius red and Masson
trichrome. Each analysis was conducted by a blinded observer.

RNA isolation and real-time quantitative polymerase
chain reaction (PCR)

Total RNA was extracted from tissues using a combination of Trizol
(Tri Reagent, Molecular Research Centre, Burlington, ON, Canada)
and a High Pure RNA Isolation Kit (Roche Scientific Co., Laval,
QC, Canada) as described previously [38]. Equal amounts of RNA
(1 ng) were reverse transcribed to generate cDNA using a High-
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific, Burlington,
ON, Canada). Real-Time PCR was performed using a LightCycler
480 system II (Roche Scientific), and FastStart SYBR Green Master
(Roche Scientific). Primers were designed using Primer Design 2.01
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software (Scientific & Educational Software, Cary, NC, USA) from
published mRNA sequences from the NIH GenBank. Sequences of
each primer set (natriuretic peptide type A, Nppa; natriuretic peptide
type B, Nppb; GATA binding protein 4, Gata4; GATA binding pro-
tein 6, Gata6; E1A binding protein p300, Ep300; myocyte enhancer
factor 2C, Mef2c) are outlined in Supplementary Table S1. The PCR
conditions were as follows: denaturation at 95°C for 5 min, followed
by 40-50 cycles at 95°C for 20 s, 59°C for 15 s, and 72°C for 15 s.
The expression of each gene was normalized according to B-actin
expression.

Determination of histone modifications

As previously described [39], tissues were homogenized on ice in
Triton extraction buffer [phosphate buffered saline (PBS) contain-
ing 0.5% Triton X 100 (v/v), 2 mM phenylmethylsulfonyl fluoride,
0.02% sodium azide (w/v)], washed, and suspended in 0.2 N HCI
overnight at 4°C. Supernatants were collected and protein concentra-
tions were quantified using the BioRad protein assay (5000-002JA,
Bio-Rad Laboratories, Mississauga, ON, Canada). Equal amounts of
histones (5 ug for liver, kidney, and pancreas; 15 ug for heart) were
prepared by boiling samples in loading buffer composed of 90%
Laemmli sample buffer and 10% 1 M dithiothreitol (DTT). The sep-
aration of histones was performed by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) on 15% polyacrylamide
gels followed by transfer to polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked in 5% skim milk for 1 h, and then
incubated with either antihistone H3 antibody or antihistone H4 an-
tibody (1:5000 dilution; Merck Millipore Corporation, Etobicoke,
ON, Canada) overnight. Membranes were incubated with appro-
priate secondary antibodies and visualized using enhanced chemilu-
minescence. X-ray film was used for capturing luminescent signals.
Membranes were then stripped by incubating in stripping solution
(Restore PLUS Western Blot Stripping Buffer, Thermo Fisher) for 15
min and reprobed with either antiacetyl-histone H3 or antiacetyl-
histone H4 (1:5000 dilution; Merck Millipore Corporation), or with
antimonomethyl-histone H3K9 (1:1000 dilution; Abcam, Toronto,
ON, Canada) overnight. Image] software was used to measure the
relative optical densities of the bands.

Quantification of global DNA methylation

Total DNA was isolated from tissues using the DNeasy Blood &
Tissue Kit (Qiagen, Montreal, QC, Canada) according to the man-
ufacturer’s instructions. DNA quality was assessed by photomet-
ric measurement of ratios 260/280 nm and 260/230 nm using a
NanoDrop 2000 spectrometer (Thermo Scientific, Wilmington, DE,
USA). DNA samples (100 ng) were quantified for global methylation
by specifically measuring levels of 5-methylcytosine (5-mC) using
the MethylFlash Global DNA Methylation (5-mC) enzyme-linked
immunosorbent assay (ELISA) Easy Kit (Epigentek, Canada).

Data and statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0 soft-
ware (GraphPad software Inc., La Jolla, CA, USA). Distribution and
variation were evaluated by means of the Shapiro-Wilk test and
the Levene test, respectively. To compare two groups, the Student’s
t-test and Mann-Whitney test were performed for parametric and
non-parametric distributions, respectively. Food intake and glucose
tolerance assessments were analyzed by repeated measures two-way
analysis of variance (ANOVA). All data are expressed as mean +
standard error of the mean (SEM). A value of P < 0.05 was consid-
ered statistically significant.

Results

Inflammation in pregnancy induces cardiac
hypertrophy

Assessment of heart weights/tibia length ratios revealed left ven-
tricular hypertrophy (left ventricular weight/tibia length ratio) at
16 weeks postpartum in rats treated with LPS compared with
saline-treated control rats (0.18 and 0.17, respectively, P < 0.01;
Figure 1A). While nonpregnant rats treated with LPS exhibited a
trend toward left ventricular hypertrophy after 16 weeks, this effect
of LPS was not significant (P = 0.10). No significant difference was
found in right ventricular, left atrium, and right atrium (Supplemen-
tary Figure S1A and B). Sections of left ventricles from LPS-treated
rats stained with H&E, Masson trichrome, or Sirius red did not
reveal overt histological differences compared with similar tissues
from saline-treated rats (Figure 1B). Histological analysis revealed
a nonsignificant trend toward decreased cardiomyocyte area (P =
0.26) and width (P = 0.05) in the LPS group (Figure 1C). Quantifi-
cation of perivascular collagen fiber area, using Masson trichrome
staining, and interstitial fibrosis area, using Sirius red staining, did
not reveal significant differences between the LPS- and saline-treated
groups (Figure 1C).

Effect of maternal inflammation on cardiac
hypertrophy-related gene expression

In order to gain further insight on the effect of LPS on cardiac
hypertrophy, we determined the levels of expression of genes in-
volved in cardiac hypertrophy. Exposure of rats to LPS on GDs
13.5-16.5 resulted in significant increases (P < 0.05) in the cardiac
mRNA levels of Ep300 and Mef2¢ measured on GD 17.5 by qPCR
(Figure 2E and F). Similarly, LPS-treated rats exhibited a trend
(P = 0.06) toward increased levels of Gata6 mRNA, another tran-
scription factor involved in cardiac growth (Figure 2D). The mRNA
levels of Gata4, Nppa, and Nppb were not significantly different in
control versus LPS-treated rats (Figure 2A—C). By 16 weeks postpar-
tum, there were no significant differences in the mRNA levels of these
transcription factors in heart tissues from control versus LPS-treated
rats (Figure 2A-F).

Effect of maternal inflammation on cardiac function
Mean arterial pressure as well as systolic and diastolic blood pres-
sures were not significantly different in the LPS versus saline-treated
rats at 16 weeks postpartum (Table 1); however, pulse pressure in the
LPS treatment group was significantly decreased compared with the
saline control group (32.2 £+ 1.3 mmHg versus 38.1 £+ 1.5 mmHg,
respectively, P < 0.05; Table 1). Results of echocardiography, to
evaluate systolic and diastolic function, did not reveal significant
differences between the two groups. Similarly, results of PWV mea-
surements to evaluate aortic wall stiffness did not reveal significant
differences between the two groups even following normalization
using g index.

Effect of maternal inflammation on circulating lipids,
visceral fat, body weight, food consumption, and
glucose metabolism

Circulating TC and LDL cholesterol were significantly increased
in the LPS-treated group at 16 weeks postpartum (Figure 3). In
contrast, control nonpregnant LPS-treated rats did not exhibit in-
creased cholesterol levels (Supplementary Figure S2A). Visceral fat
was measured at 16 weeks postpartum. There were no significant
differences in omental, mesenteric, parametrial, retroperitoneal, and
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Figure 1. Inflammation in pregnancy induces cardiac hypertrophy at 16 weeks postpartum. (A) Left ventricular weights in pregnant and nonpregnant (NP) groups
were normalized to tibia length at 16 weeks postpartum (or an equivalent time-frame for nonpregnant rats). (B) Representative images of H&E staining (cross
section and longitudinal section), Masson trichrome staining, Sirius red staining of heart tissue. Scale bar = 50 xm. (C) Quantitative morphometric analysis of
the cardiomyocyte area and width for a single cell. Perivascular collagen fiber deposition was assessed by Masson trichrome staining. Interstitial collagen fiber

deposition was assessed by Sirius red staining. Data were analyzed using Student t-test or Mann-Whitney test. Data are represented as mean + SEM (n = 6);

*P < 0.01. LV, left ventricular; H&E, hematoxylin and eosin.
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Figure 2. Effect of maternal inflammation on cardiac hypertrophy-related gene expression at GD 17.5 and 16 weeks postpartum. Left ventricular mRNA expression
of Nppa, Nppb, Gata4, Gata6, Ep300, and Mef2c were measured by qPCR. Data were analyzed using Student t-test or Mann-Whitney test. Data are presented
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perirenal fat accumulation between the two groups (Supplementary
Figure S2B). The rate of body weight gain from GD 13.5-22.5 in
LPS-treated rats decreased significantly compared with controls (P
< 0.01; Supplementary Figure S2C). However, body weight gain
from GD 0.5 to postpartum 16 weeks was not significantly differ-

ent in control versus LPS-treated rats (Supplementary Figure S2C).
Food intake measured every week after 3 weeks postpartum up to 16
weeks was not significantly different in control versus LPS-treated
rats (17.4 £0.9 gand 19.3 & 1.2 g per day at 16 weeks postpartum,
respectively, P = 0.26; Supplementary Figure S2D). Similarly, there
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Table 1. Cardiac function: hemodynamic parameters, echocardiog-
raphy data, and PWV values.

Cardiac function Control (N =6) LPS (N =6)

Blood pressure

Mean arterial pressure (mmHg) 122.1 £ 83 1145 £ 6.9
Systolic pressure (mmHg) 147.5 £ 8.9 136.0 £ 7.3
Diastolic pressure (mmHg) 109.4 £ 8.1  103.8 + 6.7
Pulse pressure (mmHg) 38.1 £ 1.5 32.2 £ 1.3*
Heart rate (bpm) 376 + 12 392 +£ 94
Echocardiography
Ejection fraction (%) 744 + 2.2 74.8 + 3.8
Fractional shortening (%) 44.7 £ 2.1 454 £ 3.6
Cardiac output (ml/min) 71.8 £ 5.3 69.6 + 5.3
Mitral E/A index 1.75 £ 0.18  1.94 + 0.11
Myocardial performance (Tei) index 0.494 + 0.045 0.415 + 0.031
PWV
PWV (m/s) 573 £ 017 557 £ 0.14
B index 0.86 &£ 0.06  0.79 £ 0.02

All values are presented as mean + SEM.

*P < 0.05 versus control.

bmp = beats per minute.

Mitral E/A index = ratio of the early (E) to late (A) ventricular filling
velocities.

PWYV = pulse-wave velocity.
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Figure 3. Effect of maternal inflammation on circulating lipids. Serum lipids
(TC, LDL, HDL, and TG) were assessed at 16 weeks postpartum. Data were
analyzed using Student t-test. Data are presented as mean + SEM (n = 6);
*P < 0.05. TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-
density lipoprotein; TG, triglycerides.
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were no significant differences in fasting glucose levels measured
every 4 weeks from delivery to 16 weeks postpartum, and glucose
tolerance determined using the IPGTT performed at 16 weeks post-
partum (Supplementary Figure S2E and F).

Effect of maternal inflammation on histone and DNA
modifications

We investigated whether the persistent alterations in cardiac param-
eters and circulating lipids in LPS-treated rats are associated with
epigenetic modifications in heart and liver tissues on GD 17.5 and at
16 weeks postpartum. Exposure to LPS during pregnancy resulted in
significant increases in the levels of acetylated cardiac histone 3 on
GD 17.5 and at 16 weeks postpartum (P < 0.05; Figure 4A and B). A
trend toward increased lysine 9 monomethylation of cardiac histone
3 (H3K9me) was observed on GD 17.5 and at 16 weeks postpartum
(P < 0.1; Supplementary Figure S3A). A significant increase in the
levels of acetylated histone 4 and a significant decrease in the levels
of H3K9me were observed in liver tissues obtained on GD 17.5 (P
< 0.05; Figure 4C and D; results also shown in Supplementary Fig-
ure S3B). No significant differences in the levels of modified histones
were observed in kidneys and pancreatic tissues on GD 17.5 or at
16 weeks postpartum (Supplementary Figure S3C and D).

While nonpregnant LPS-treated rats exhibited similar trends in
histone modifications, such changes were not statistically signifi-
cant (Supplementary Figure S3E and F). No significant differences in
global DNA methylation in both heart and liver were observed on
GD 17.5 and at 16 weeks postpartum (Supplementary Figure S3G
and H).

Effect of maternal inflammation on complete blood
count and renal function

No significant differences were observed in the numbers of leuko-
cytes or other blood parameters including erythrocyte counts,
hemoglobin, hematocrit, and platelet counts in saline controls versus
LPS-treated rats at 16 weeks postpartum (Supplementary Table S2).
No significant differences were observed in urine creatinine and urea
levels (Supplementary Table S2).

Discussion

This study investigated whether abnormal inflammation in preg-
nancy leads to a persistence of risk factors associated with maternal
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Figure 4. Effect of maternal inflammation on epigenetic modifications. Heart and liver histone modification (acetylation of histone H3 and H4, monomethylation
of histone H3K9) was assessed by western blotting on GD 17.5 and 16 weeks postpartum. Date were normalized to the control group. Data were analyzed using
Student t-test or Mann-Whitney test. Data are presented as mean + SEM (n = 4-10); *P < 0.05, **P < 0.01. GD, gestational day; PP, postpartum.
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cardiovascular disease. The main findings were left ventricular hy-
pertrophy and increased blood cholesterol and LDL levels that per-
sisted long after the pregnancy complicated by inflammation. These
risk factors for cardiovascular disease were associated with increased
mRNA levels of transcription factors involved in cardiac hypertro-
phy, measured on GD 17.5, as well as with histone modifications in
heart and liver tissues detected at GD 17.5 and at 16 weeks postpar-
tum.

While a link between pregnancy complications associated with
aberrant maternal inflammation and increased risk of cardiovascular
disease has been well established [1, 2], a causal role for abnormal
maternal inflammation in such risk has not been determined. This
study provides evidence in support of the concept that a transient ex-
posure to abnormal inflammation can increase the maternal risk of
cardiovascular disease in a pregnancy-specific manner, as significant
effects of inflammation on left ventricular weight and blood choles-
terol and LDL levels were not observed in virgin rats. It is likely that
the placenta is a key mediator of the pregnancy-specific effects of
inflammation. In our previous study, we demonstrated that a dose
of LPS that causes only mild inflammation in nonpregnant rats re-
sults in an exaggerated inflammatory response in pregnant rats [29].
There is evidence that under hypoxic or oxidative stress conditions,
such as those present in early-onset or severe pre-eclampsia, the pla-
centa releases antiangiogenic and proinflammatory molecules such
as sFlt-1 and TNF [40, 41], thereby contributing to the exaggerated
systemic inflammation. In our previous study, we observed a rapid
increase in circulating TNF levels in pregnant rats following LPS
administration [29]; however, despite clear evidence of fetal growth
restriction and utero—placental hemodynamic alterations, in a more
recent study we did not detect significant increases in circulating
sFlt-1 levels in these rats [42]. Thus, it is still unclear whether sFlt-1
has a role in the development of cardiovascular disease risk factors
in our rat model.

The timing of LPS administration (GD 13.5-16.5) was chosen
based on our previous study in which we demonstrated that a sim-
ilar protocol resulted in a pre-eclampsia-like condition associated
with utero—placental hemodynamic alterations, inhibition of spiral
artery remodeling, and an exaggerated systemic inflammatory re-
sponse [29]. Active remodeling of the spiral arteries in rats normally
takes place during this gestational period [43]. Although we have not
conducted experiments to determine whether administration of LPS
at other gestational days results in similar outcomes, we believe that
LPS-induced alterations in utero—placental perfusion (resulting in
part from impaired spiral artery remodeling) and the ensuing release
of placental proinflammatory molecules are critical for the induction
of the pre-eclampsia-like condition.

Several studies have found that abnormal inflammation in non-
pregnant rats contributes to epigenetic modifications that alter im-
mune function and inflammatory responses, thereby increasing the
risk of cardiovascular and metabolic disease in later life [44, 45].
While methylation of H3K9 is associated with transcriptional si-
lencing, acetylation of histones is associated with transcriptional ac-
tivation [46]. We detected in LPS-treated rats a significant decrease
in the levels of liver H3K9 monomethylation and an increase in
the levels of acetylated H3 and H4 in heart and liver tissues, re-
spectively, on GD 17.5, indicating a global shift toward active gene
transcription. The effect of LPS on histone modifications was also
pregnancy-specific, as nonpregnant rats treated with LPS did not
exhibit significant changes in the levels of modified histones com-
pared with saline-treated nonpregnant controls. Further studies are
required to fully elucidate the role of histone modifications associated

with pregnancy complications on long-term risk of cardiovascular
disease.

Our findings are consistent with retrospective cohort studies on
postpartum cardiac function assessed by ultrasound in women with
pre-eclampsia. These studies revealed substantial asymptomatic left
ventricular dysfunction and hypertrophy 1 year after delivery in
preterm pre-eclamptic and term pre-eclamptic women compared
with matched controls [10]. Elevated left ventricular mass index
(ratio of left ventricular mass to body surface) is strongly correlated
with excess adverse cardiovascular events [47] and the risk of recur-
rent pre-eclampsia [48], as well as with future cardiovascular disease
[49]. Although our findings suggest that LPS treatment decreased the
area and width of cardiomyocytes, in general, it is known that car-
diomyocytes in cardiac hypertrophy exhibit increased size. Given
our paradoxical observations, additional investigation is needed to
elucidate the effect of LPS-induced inflammation on cardiomyocyte
growth.

Cardiac transcription factors, such as those belonging to the
GATA family and the myocyte enhancer factor-2 (MEF-2) fam-
ily, are expressed predominantly in the myocardium. Accumulating
data have indicated that these transcriptional activators play signif-
icant roles in the regulation of cardiac hypertrophy and remodeling
not only during embryogenesis but also during the postnatal period
[50]. Hypertrophic stimuli lead to enhanced DNA-binding activity
of GATA4, and the transcriptional activity of GATA4 is regulated
through interaction with cofactors such as Ep300 and MEF-2 [51,
52]. The transcription factor GATAG6 is also important for the regula-
tion of cardiac hypertrophic responses [53, 54]. MEF2C is known to
have an essential role in differentiation of myocardial cells and post-
natal growth of myocardium [55]. In this study, we found increased
expression of Gata6, Ep300, and Mef2¢ on GD 17.5; however, no
significant differences in the levels of these factors were found at
16 weeks postpartum. It is possible that the expression of these
cardiac transcription factors is downregulated once hypertrophy is
completed.

Our study also revealed significantly increased levels of TC and
LDL cholesterol 16 weeks after pregnancy in LPS-treated rats. High
levels of LDL cholesterol are strongly linked to an increased risk for
cardiovascular disease. Reductions of 1.0 mmol/L in LDL cholesterol
levels have been shown to result in up to a 20% decreased risk of
cardiovascular events at 1 year [56]. Despite the fact that women
who suffer from pre-eclampsia have a substantially higher risk of
developing diabetes, our study did not reveal dysfunctions in glucose
metabolism in the LPS-treated rats [5, 57].

In this study, aberrant inflammation did not result in detectable
blood pressure increases at 16 weeks postpartum when rats were ap-
proximately 9 months old. In general, patients who suffer from pre-
eclampsia are likely to develop cardiovascular disease or metabolic
disease in late midlife or subsequently [1]. It was also reported that
women with hypertensive pregnancies have an increased risk of sub-
sequent hypertension after an average of 13.6 years since the index
pregnancy [2]. Given that the average life span of female Wistar rats
is 2.5-3.0 years [58], it is possible that our rats were too young to
exhibit evidence of hypertension and cardiac dysfunction. It is also
possible that a combination of predisposing risk factors, and not just
inflammation-associated pregnancy complications, contribute to the
development of subsequent cardiovascular disease.

Our results are in agreement with a mouse study that showed
long-term maternal health effects of pre-eclampsia induced by sFlt-
1 injection during pregnancy [59]. In that study, administration
of sFlt-1 did not lead to increased maternal blood pressure and
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vascular dysfunction at 6 months postdelivery. However, using lig-
uid chromatography—-mass spectrometry, the study revealed that sFlt-
1 administration was associated with persistent maternal biological
alterations associated with cardiovascular disease and atherosclero-
sis [60]. The authors also concluded that long-term adverse outcomes
associated with pre-eclampsia are likely a consequence rather than a
mere unmasking of an underlying predisposition.

In this study, we measured blood pressure by inserting a carotid
artery catheter under isoflurane anesthesia. Although blood pressure
was measured during steady state after the rats reached surgical
plane and the depth of anesthesia was comparable in both groups,
the effect of anesthesia on blood pressure cannot be ruled out. It is
possible, therefore, that differences in blood pressure values between
the two groups were underestimated.

We previously showed that the rat model used in this study ex-
hibits various features of pre-eclampsia such as elevated blood pres-
sure, proteinuria, and [IUGR [29]. LPS is an endotoxin from of gram-
negative bacteria, and is widely used in animal experiments to study
various inflammation-related diseases. Although inflammation has a
role in the development of pre-eclampsia, inflammation induced by
LPS may not fully recapitulate the inflammatory processes involved
in the development of most human cases of pre-eclampsia. Never-
theless, models of pre-eclampsia involving administration of LPS to
pregnant rodents are commonly used and accepted.

In conclusion, this study provides evidence in support of a causal
association between aberrant maternal inflammation and the acqui-
sition of risk factors for subsequent cardiovascular disease. Future
studies could determine whether management of inflammation dur-
ing pregnancy represents an effective strategy for reducing the inci-
dence of cardiovascular disease in later life.

Supplementary data
Supplementary data are available at BIOLRE online.

Supplementary Figure S1. Inflammation in pregnancy induces car-
diac hypertrophy at 16 weeks postpartum. Total heart, ventricular,
and atrial weight data in LPS-treated and control groups (A) as well
as nonpregnant LPS- and saline-treated rats (B) were normalized
to tibia length. Data were analyzed using Student #-test or Mann—
Whitney test. Data are presented as mean + SEM (n = 5-6); *P <
0.05, *P < 0.01. LV, left ventricular; RV, right ventricular; LA, left
atrium; RA, right atrium.

Supplementary Figure S2. Effect of maternal inflammation on circu-
lating lipids, visceral fat accumulation, body weight, food consump-
tion, and glucose metabolism. (A) Serum lipids (total cholesterol,
low-density lipoprotein, high-density lipoprotein and triglycerides)
in nonpregnant LPS- and saline-treated rats were assessed after 16
weeks. (B) Visceral fat accumulation was assessed at 16 weeks post-
partum. Maternal body weight (C) and food consumption (D) were
measured weekly. (E) Fasting blood glucose levels were measured
every 4 weeks from delivery to postpartum 16 weeks. (F) Intraperi-
toneal glucose tolerance test was performed at 16 weeks postpartum.
Blood glucose levels were assessed after injection of 20% glucose so-
lution (injected at time 0). Data were analyzed using Student’s #-test,
Mann-Whitney test, or repeated-measures two-way ANOVA. Data
are presented as mean & SEM (n = 5-6); *P < 0.05. TC, total choles-
terol; LDL, low-density lipoprotein; HDL, high-density lipopro-
tein; TG, triglycerides; NP, nonpregnant; GD, gestational day;
PP, postpartum.

Supplementary Figure S3. Effect of maternal inflammation on epige-
netic modifications. Heart, liver, kidney, and pancreas histone mod-
ifications (acetylation of histone H3 and H4, monomethylation of
histone H3K9) were assessed by western blotting on GD17.5 and
16 weeks postpartum (A-D) as well as in nonpregnant LPS- and
saline-treated rats 16 weeks after LPS administration (E and F). Re-
sults in this figure showing statistically significant differences are also
presented in Figure 3. Data were normalized to control group. Per-
centage of heart and liver global DNA methylation was assessed on
GD 17.5 and 16 weeks postpartum (G and H). Data were analyzed
using Student’s #-test or Mann—Whitney test. Data are presented as
mean £+ SEM (n = 4~10); *P < 0.05, **P < 0.01. GD, gestational
day; PP, postpartum; NP, nonpregnant.

Supplementary Table S1. Primer sequences for qPCR.
Supplementary Table S2. Complete blood cell count and renal func-
tion at 16 weeks postpartum.

Supplementary Table S3. List of Antibodies.
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