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ABSTRACT
Pregnancy induces a dramatic change in hemodynamics due to increased blood volume
and metabolic demands. The adaptation of the heart leads to physiological cardiac
hypertrophy remodeling in healthy individuals during pregnancy. Metabolic syndrome
(MetS) is known to predispose individuals to adverse cardiovascular event. Cardiac
remodeling during pregnancy in obese individuals with or without MetS remains unclear.
This study first observed differences in cardiac remodeling in human patients with excess
weight during pregnancy. The pathophysiology of cardiac remodeling with pregnancy was
then studied in a diet-induced animal model that recapitulates features of human MetS.
Female mice fed with high fat diet (HFD) (45%kcal) for 4 months had increased body
weight, impaired glucose tolerance and dyslipidemia. Pregnant female mice were kept on
this HFD and were compared to nonpregnant females and normal diet (10%kcal fat)
controls. HFD induced early-stage MetS led to cardiac hypertrophy at term that had
features of pathological hypertrophy (PH), including fibrosis and upregulation of fetal
genes associated with PH. Hearts from pregnant animals on the HFD had a distinct gene
expression profile that likely underlies their pathological remodeling. Post-partum mice
with preexisting MetS are also more susceptible to future pathological stimuli, with
exacerbated cardiac hypertrophy and impaired cardiac function. These results suggested
that preexisting MetS could change physiological into pathological cardiac remodeling
during pregnancy, and predispose the heart to future cardiovascular risks.

iii

DEDICATION
This dissertation is dedicated to my family, my lab members and my friends who’s love
and support made this possible.

iv

ACKNOWLEDGMENTS
Five years ago, after finishing my medical school in China, I made this decision to pursue
the PhD training at Temple. Hoping to not only able to cure the patients that I’m going to
encounter, but also able to help more people suffered with finding better solutions.
Honestly, it was not easy for a student without research background. However, I have
pushed through and have reached the end of my Ph.D. studies. I was so blessed to have
such a strong support system that has helped me reach this stage in my career and I would
now like to thank them.

I must start by thanking my thesis advisor Dr. Steven Houser. He is the one who decided
to bring me into this lab while I was still in China. That was how this amazing adventure
started. He offers unending support and trust during the past 5 years which turned me into
who I am today.

I would also like to thank Sadia Mohsin, who is my committee member, my seminar mentor,
my friend and also almost like my family member. She is always around being thoughtful
and helpful whenever I need her, like my first presentation, my first grant, my first
manuscript and even my first baby...

Also, this work could not have been completed without the feedback and support of my
other thesis advising committee: Dr. Abdelkarim Sabri and Dr. Xiongwen Chen. A special
thank you goes to Dr. Leslie Leinwand for agreeing to serve as my external member on my
committee.
v

I would also like to thank every member of the Houser lab past and present that I have
worked with over the years. Working beside you was a great experience. Special thanks to
Dean, Shavonn and Haji, who were there when I first started that generously offered me
all the help I need and taught me new techniques.

Last but not least, I also want to thank my family. To my parents: thank you for always
supporting my decisions and encouraging me to pursue my ambition. To my husband:
thank you for your endless love and persistence.
Without all of you, I would not be able to make this happen.

vi

TABLE OF CONTENTS
Page
ABSTRACT ......................................................................................................................iii
DEDICATION ................................................................................................................. iv
ACKNOWLEDGMENTS ................................................................................................. v
LIST OF TABLES ........................................................................................................... xi
LIST OF FIGURES ......................................................................................................... xii
LIST OF ABBREVIATIONS .......................................................................................xiii

CHAPTER
1. INTRODUCTION ....................................................................................................... 1
1.1 Pregnancy and Cardiac Hypertrophy................................................................. 1
1.1.1 Pregnancy and Cardiovascular Diseases (CVD) ................................ 1
1.1.2 Cardiovascular Physiology During Pregnancy ................................... 2
1.1.3 Pregnancy-induced Cardiac Hypertrophy .......................................... 4
Types of Cardiac Hypertrophy ........................................................... 4
Cardiac Hypertrophy and Reversibility during Pregnancy ................ 5
Cardiac Function during Pregnancy ................................................... 5
Cardiac Remodeling during Pregnancy .............................................. 6
Cardiac Gene Expression Profiles during Pregnancy ......................... 8
Mechanisms of Pregnancy-induced Hypertrophy .............................. 8
Cardiac Metabolisms during Pregnancy ........................................... 10
1.2 Obesity, Metabolic Syndrome (MetS) and CVD ............................................ 11
vii

1.2.1 Epidemiology of Obesity and MetS ................................................ 11
1.2.2 Obesity and MetS in Pregnant Women ............................................ 12
1.2.3 Obesity and/or MetS as Risk Factors for CVD ................................ 13
Potential Mechanisms for Cardiovascular Impact ............................ 13
1.3 Summary and Objectives ................................................................................ 15
2. METHODS ................................................................................................................. 17
2.1 Animal Studies ............................................................................................... 17
2.1.1 Animals, Anesthesia and Maintenance ............................................ 17
2.1.2 Special Diet Feeding......................................................................... 17
2.1.3 Pregnant and Non-pregnant Counterparts ........................................ 19
2.1.4 Angiotensin II/phenylephrine Infusion ............................................ 19
2.1.5 AAV Administration ....................................................................... 20
2.1.6 Serial Echocardiography ................................................................. 20
2.1.7 In-vivo LV Pressure Measurements ................................................ 21
2.1.8 Oral Glucose Tolerance Test ........................................................... 22
2.1.9 Euthanasia, Tissue Collection and Processing ................................ 22
2.1.10 Histology for Myocyte Cross Sectional Area and Fibrosis
Detection ............................................................................................. 23
2.1.11 TUNEL Staining ............................................................................ 23
2.1.12 Quantitative Real-time PCR and Western Blot Analysis .............. 24
2.1.13 RNA-sequencing and Bioinformatics ............................................ 25
2.2 Human Study .................................................................................................. 26
2.1.1 Participant Recruitments ................................................................. 26
viii

2.1.2 Echocardiography and Blood Lipid Analysis .................................. 27
2.3 In-vitro Fibroblasts and Neonatal Cardiomyocytes Assay ............................. 27
2.3.1 Rat Cardiac Primary Fibroblast In-vitro Assay ............................... 27
2.3.2 Neonatal Rat Cardiomyocytes In-vitro Assay ................................. 28
2.3.3 Western Blot Analysis ...................................................................... 28
2.3 Statistical Analysis ......................................................................................... 29
3. RESULTS ................................................................................................................... 30
3.1 Early-stage MetS Model ................................................................................. 30
3.2 MetS Impairs Cardiac Adaptation during Pregnancy ..................................... 31
3.2.1 MetS Induces Pathological Cardiac Hypertrophy ........................... 32
3.2.2 MetS Induces Concentric Cardiac Remodeling .............................. 35
3.3 MetS Leads to Systemic Maladaptation during Pregancy .............................. 38
3.3.1 Pregnancy Exacerbated Dyslipidemia in HFD mice ....................... 38
3.3.2 Pregnancy Induces Systemic Inflammation in HFD mice .............. 39
3.3.3 MetS Induces Pregnancy Related Complications............................. 39
3.4 Case-control Human Study: Cardiac Hypertrophy in Excess Weight
Women during Pregnancy ............................................................................... 41
3.4.1 Participants Recruited at Late Trimester ......................................... 41
3.4.2 Cardiac Structure and Function at Late Trimester ........................... 42
3.5 MetS Disrupts Gene Expression Pattern during Pregnancy ........................... 44
3.5.1 Differentially Expressed Genes Profile ........................................... 44
3.5.2 Gene Ontology and Gene Set Enrichment Assay Profile ................ 46
3.5.3 Expression of Genes Involved in Pathological Hypertrophy ........... 50
ix

3.5.4 Top Upregulated Genes in HFD Mice at Post-partum ..................... 52
3.5.5 Transcription Factor FoxO1 in HFD Mice at Post-partum .............. 53
3.6 Role of Angptl4 In-vitro ................................................................................. 55
3.6.1 Angptl4 Promotes CFs Migration ................................................... 56
3.6.2 Angptl4 Promotes CFs Proliferation and Transformation ............... 56
3.7 MetS Predisposes the Heart to Increased Risks Post-partum .......................... 58
3.8 FoxO1 Knockdown Prevents Cardiac Hypertrophy in Mice with MetS ......... 60
4. DISCUSSION ............................................................................................................. 63
4.1 Pre-conceptional MetS and/or Obesity Impairs Cardiac Adaptation ............. 64
4.1.1 Cardiac Maladaptation during Pregnancy in Obese Women ........... 64
4.1.2 Cardiac Remodeling during Normal Pregnancy in Mice ................ 64
4.1.3 Cardiac Remodeling in Mice with Preexisting MetS ...................... 65
4.2 Pre-conceptional MetS Disrupts Cardiac Response at Molecular Level ........ 66
4.2.1 Aberrant Gene Expression Linked to PH ........................................ 66
4.2.2 Role of FoxO1 in Regulating PH ..................................................... 68
4.2.3 Role of Angptl4 in Promoting PH .................................................... 69
4.3 MetS Predisposes the Heart to Future Injury Post-partum .............................. 70
5. CONCLUSIONS AND FUTURE DIRECTIONS .................................................. 72
5.1 Conclusions .................................................................................................... 72
5.2 Limitations ...................................................................................................... 74
5.3 Future Directions ............................................................................................ 75
BIBLIOGRAPHY............................................................................................................ 77

x

LIST OF TABLES
Table

Page

1. Rodent Diet Formula ..................................................................................................... 18
2. ECHO derived parameters ............................................................................................. 36
3. Characteristics of Human Study Participants ................................................................ 41
4. Blood Lipid Profile of Participants ............................................................................... 42
5. Cardiac Structure and Function at Late Trimester ........................................................ 43
6. Hallmark Pathways Enriched during Normal Pregnancy ............................................. 49
7. Hallmark Pathways Enriched in HFD Mice during Pregnancy..................................... 50

xi

LIST OF FIGURES
Figure

Page

1. HFD induce an early-stage MetS phenotype in female C57BL/6 mice ........................ 30
2. Illustration for Experimental Design ............................................................................ 32
3. Assessment of Cardiac Hypertrophy after Pregnancy ................................................... 33
4. Assessment of Cardiac Fibrosis and Apoptosis after Pregnancy ................................. 34
5. Assessment of Cardiac Structure and Function during Pregnancy .............................. 35
6. Assessment of Plasma Lipid Profile ............................................................................. 38
7. Assessment of Plasma Cytokines ................................................................................. 39
8. Litters and Pregnancy Related Complications ............................................................. 40
9. Correlation of LV mass and pre-pregnancy BMI ......................................................... 44
10. Differentially Expressed Genes Profile ...................................................................... 44
11. Top GO Terms during Pregnancy in CD and HFD mice ........................................... 44
12. GO Terms Based on Biological Process .................................................................... 48
13. Expression Profile of Genes Involved in Pathological Hypertrophy ......................... 51
14. Expression Profile of Genes Involved in ECM Organization ..................................... 52
15. Top Upregulated Genes in HFD Mice at Post-partum ................................................ 53
16. FoxO1 and Downstream Genes Expression Profile .................................................... 54
17. Protein Levels of FoxO1 and p-FoxO1 ....................................................................... 55
18. Angptl4 Promotes CFs Migration ............................................................................... 56
19. Angptl4 Promotes CFs Proliferation and Transformation........................................... 57
20. Post-partum Mice with Preexisting MetS are more Susceptible to Stimuli ................ 59
21. FoxO1 Knockdown and Inhibited Cardiac Hypertrophy ............................................ 61
22. Preexisting MetS Impairs Cardiac Remodeling during Pregnancy ............................. 73

xii

ACTA1
αMHC
ANP
βMHC
BNP
BW
CD
CFs
Col
CSA
CVD
DEGs
ECHO
ECM
EDP
EF
ESV
FoxO1
FS
HF
HFD
HW
IGF1
IL6
LV
LVAW
LV EDD
LVID
LV mass
LVPW
MetS
MMP
NRVM
PH
p-FoxO1
ROS
RT-PCR
SERCA2A
TAC
TGFβ
TL
TIMP
TNFα
WGA

LIST OF ABBREVIATIONS
alpha skeletal actin
α-myosin heavy chain
Atrial natriuretic peptide
β-myosin heavy chain
Brain natriuretic peptide
Body weight
Control Diet
Cardiac fibroblasts
Collagens
Cross sectional area
Cardiovascular Disease
Differentially Expressed Genes
Echocardiography
Extracellular matrix
End diastolic pressure
Ejection fraction
End systolic pressure
Forkhead Box O1
Fractional shortening
Heart failure
High Fat Diet
Heart weight
Insulin-like growth factor-1
Interleukin-6
Left ventricular
Left ventricular anterior wall
Left ventricular end-diastolic dimension
Left ventricular internal dimension
Left ventricular wall mass
Left ventricular posterior wall
Metabolic Syndrome
Matrix metallopeptidases
Neonatal rat ventricular myocyte
Pathological hypertrophy
phosphorylated-FoxO1
Reactive oxygen species
Real time polymerase chain reaction
cardiac Ca2+-ATPase of the sarcoplasmic reticulum
Transverse aortic constriction
Transforming Growth Factor β
Tibia length
Tissue inhibitor of metalloproteinases
Tumor necrosis factor alpha
Wheat Germ Agglutinin
xiii

CHAPTER 1 - INTRODUCTION
1.1 Pregnancy and Cardiac Hypertrophy
1.1.1 Pregnancy and Cardiovascular Diseases (CVD)
Pregnancy is a dynamic process and causes physiological changes in the
cardiovascular system to meet the increased metabolic demands of the mother and
developing fetus (Sanghavi and Rutherford 2014). The most significant changes in the
cardiovascular system include increased blood volume, increased cardiac output and
decreased systemic vascular resistance, accompanied by physiological cardiac hypertrophy
(Bader, et al. 1955; Fu 2018; Robson, et al. 1989; Sanghavi and Rutherford 2014). This
physiological cardiac remodeling is distinct from the remodeling that occurs in the heart
with pathological stressors (Nakamura and Sadoshima 2018).
Although considered as a physiological process, the pregnancy-related mortality
ratio has been steadily increasing in past decades (from 1987 to 2016) in United States
despite the rapid development of medical science. According to Pregnancy Mortality
Surveillance System, pregnancy-related morality rate reached 16.9 cases per 100,000 live
births per year in 2016. Among the causes of pregnancy-related death, cardiovascular
diseases remain the leading cause in North America (15.5%), followed by pre-existing
illnesses (14.5%), infection (12.7%), hemorrhage (11.4%) and cardiomyopathy (11.0%)
(Creanga, et al. 2017; Petersen, et al. 2019). Taken together, cardiovascular conditions
including CVD, cardiomyopathy and cerebrovascular accidents attribute to more than onethird of pregnancy related deaths in 2011-2016 in the United States. More importantly,
with the overall increase in pregnancy-related mortality, the prevalence of hemorrhage,
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hypertensive disorders of pregnancy related death have been declined, while the
contribution of CVD and cerebrovascular accidents have been increased (Kuklina and
Callaghan 2011).
The reasons for overall increasing in pregnancy-related mortality rate remain
unclear. However, there was increased number of pregnant women in the United States
that have a chronic health conditions including obesity, Metabolic Syndrome (MetS)
(Flegal, et al. 2010; Moore, et al. 2017; Ng, et al. 2014; Ramos and Olden 2008; Simmons
2011), hypertension (Admon, et al. 2017; Kuklina, et al. 2009) and diabetes (Admon, et al.
2017; Correa, et al. 2015), which may put the females at a higher risk of pregnancy-related
complications or pregnancy-related death.
As a result, there is an urgent demand in better understanding of cardiac adaptation
during pregnancy, especially within the populations that have preexisting health conditions.

1.1.2 Cardiovascular Physiology During Pregnancy
Due to the increased demands of adequate circulation for both maternal health and
fetal growth, pregnancy leads to a series of profound adaptations in cardiovascular system.
Pregnancy leads to dramatic increase in total blood volume by 48% compared to nonpregnant in order to supplement the metabolic demands of mother and fetus during
pregnancy, and safeguarding the mother against hemorrhage during parturition and early
puerperium (Pritchard 1965).
To accommodate the augmented circulation volume, pregnancy is associated with
vasodilation of peripheral vasculature starting from 1st trimester, reaching up to 35%-40%
2

of baseline at 2nd trimester, accompanied with a decrease in arterial pressure, including
both systolic blood pressure and diastolic blood pressure (dropping 5-10mmHg below
baseline) (Hall, et al. 2011; Sanghavi and Rutherford 2014).
Pregnancy also leads to increased cardiac output in order to meet the increased
demands of blood follow to multiple organs and tissues. Cardiac output starts to increase
in the 1st trimester and reaches to the peak at 2nd trimester, which is up to 45% compared
with baseline, in a normal singleton pregnancy (Hunter and Robson 1992). The increase in
cardiac output could be a consequence of both increased stroke volume (maximal values
at 20wks of pregnancy) and increased heart rate (17% increase of baseline) during
pregnancy (Robson, et al. 1989).
Cardiac structural and functional parameters determined by echocardiography
(ECHO) or cardiac magnetic resonance imaging suggest an increase in left ventricular (LV)
end-diastolic dimension (LV EDD) (7% above baseline), LV wall thickness (28% above
baseline) and LV wall mass (52% above baseline) (Robson, et al. 1989; Robson, et al.
1987). Although there are multiple hemodynamic parameters and structural parameters
profoundly altered during pregnancy, the myocardium contractility and systolic function
largely remains unchanged during pregnancy (Ducas, et al. 2014). However, there is a
significant chamber diastolic dysfunction suggested by reduction of E/A ratio during
pregnancy, which is the mitral ratio of peak early to the late diastolic filling velocity
(Melchiorre, et al. 2016).
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More importantly, those alterations in hemodynamics and LV remodeling largely
return to normal by 1-6 months after delivery (Hunter and Robson 1992; Robson, et al.
1987; Sanghavi and Rutherford 2014).
In summary, cardiovascular changes during pregnancy represent a physiological
response to volume overload, with decreased arterial pressure, increased cardiac output and
a trend of eccentric cardiac remodeling. However, the fact that the CVD ranks the first
cause of pregnancy-related death suggesting that aspects of physiological remodeling in
pregnancy could be disrupted by the underlying disease state (Chung and Leinwand 2014).
Maternal maladaptation of the pregnancy induced physiological changes can expose
preexisting underlying cardiac pathology, thus considered as a nature’s stress test
(Sanghavi and Rutherford 2014).

1.1.3 Pregnancy-induced Cardiac Hypertrophy
Types of Cardiac Hypertrophy
Cardiac hypertrophy can be clustered as physiological and pathological
hypertrophy, initially developed in response to physiological (normal postnatal growth,
pregnancy, exercise) or pathological stressors (sustained pressure or volume overload,
myocardium ischemia, etc.) respectively (Nakamura and Sadoshima 2018). However,
pathological hypertrophy usually progresses to decompensated cardiac remodeling and
heart failure, while physiological hypertrophy is considered reversible and would not
attribute to detrimental effect. Both physiological and pathological hypertrophy lead to
increased heart muscle mass and enlargement of single cardiomyocytes, but the underlying
4

mechanism are highly distinct. It has been well established that physiological hypertrophy
induces reversible muscle mass growth characterized by increases in wall thicknesses, and
proportional chamber enlargement (Shimizu and Minamino 2016). During physiological
hypertrophy, the heart maintains normal or enhanced function and normal gene expression
(Ooi, et al. 2014). In contrast to this, a heart undergoing pathological hypertrophy
experiences fibrosis, activation of the fetal gene program, myocyte apoptosis and necrosis,
and inflammation (Frey and Olson 2003; Ooi, et al. 2014; Ying, et al. 2009).
Cardiac Hypertrophy and Reversibility during Pregnancy
Pregnancy leads to a temporary physiological cardiac hypertrophy in response to
increased blood volume and cardiac output. Human studies and animal studies suggest the
heart undergoes a mild eccentric remodeling during pregnancy, with a slightly decreased
ratio of chamber dimension to wall thickness (Eghbali, et al. 2005; Melchiorre, et al. 2016;
Melchiorre, et al. 2012). Animal studies suggest that the hypertrophy of left ventricle is a
consequent of elongation rather than increased cross sectional area (CSA) of single isolated
LV cardiomyocytes (Bassien-Capsa, et al. 2006). Pregnancy-induced hypertrophy is
readily reversible 7-14 days post-partum in rodents (Iorga, et al. 2012; Umar, et al. 2012)
and several weeks or months in human based on different studies (Cong, et al. 2015; Mone,
et al. 1996; Robson, et al. 1987; Savu, et al. 2012; Schannwell, et al. 2002).
Cardiac Function during Pregnancy
As discussed before, pregnancy leads to increased cardiac output from early till late
trimester, accompanied with elevated heart rate and stroke volume. The increase in stroke
volume (=LV end-diastolic volume – LV end-systolic volume) is primarily due to the
5

consistent volume-overload during pregnancy. However, the reports of cardiac systolic
function indicated by Ejection Fraction (EF) or Fractional Shortening (FS), or myocardium
contractility indicated by strain analysis remain inconsistent. Savu et al. and other groups
reported preserved EF throughout pregnancy and post-partum determined by twodimensional echocardiography (Fok, et al. 2006; Savu, et al. 2012), yet Savu et al. showed
a significant reduction in longitudinal strain and strain rate at the 3rd trimester determined
by speckle tracking analysis (Savu, et al. 2012). However, other groups reported a
significant mild reduction of EF and/or FS during pregnancy determined by
echocardiography (Mone, et al. 1996; Schannwell, et al. 2002). This inconsistency is
potentially due to the overall low numbers of recruited participants in the studies and their
age and parities. Other than systolic function, there have been reports on declined diastolic
function during pregnancy in human, especially E/A ratio (Fok, et al. 2006; Melchiorre, et
al. 2016; Schannwell, et al. 2002). Consistent with the hemodynamic parameters, the
cardiac functional and structural parameters also largely returned to baseline post-partum
(Schannwell, et al. 2002).
Cardiac Remodeling during Pregnancy
Different from pathological hypertrophy, pregnancy-induced physiological
hypertrophy is considered to be absent of actual fibrosis accumulation. One of the most
important features of pathological cardiac remodeling is the excessive deposition of
extracellular matrix (ECM) in the myocardium by awakening of the resident cardiac
fibroblasts (CFs). In healthy heart, ECM provides the structural scaffold for
cardiomyocytes and distributes mechanical stress through the cardiac tissue. However, in
6

response to pathological stressors, the homeostasis of ECM was impaired, with
disproportionally ECM secretion and leads to accumulation of interstitial fibrosis (Travers,
et al. 2016). Excessive fibrosis accumulation leads to adverse remodeling of ventricular
structure with impaired compliance and enhanced stiffness of myocardium.
Pregnancy-induced cardiac hypertrophy is absent of actual cardiac fibrosis
accumulation determined by histology in animal models (Aljabri, et al. 2011; Chung, et al.
2012b; Umar, et al. 2012). Interestingly, previous studies also revealed significant upregulation of ECM related genes at late-pregnancy and within 12 hours post-delivery
without inducing actual fibrosis(Chung, et al. 2012a; Parrott, et al. 2018). Parrott et al.
reported increased expression level of tissue inhibitor of metalloproteinases (Timps)-1,
matrix metallopeptidases (MMP) -3, collagens (Col) 1a1 and Col3a1 at late pregnancy and
early post-partum (1.5 days post-partum). Chung et al. suggested that the Mmp3/Timp1
ratio is well maintained, unlike pathological cardiac hypertrophy. Together, these data
suggest an on-going extracellular structural re-organization at the transcriptome level with
a balance between collagen production and degradation in the myocardium shortly after
delivery, which might be a response to the rapid volume change before and after delivery
(Dolgilevich, et al. 2001) and results in rapid reverse remodeling without fibrosis
accumulation.
Unlike pathological hypertrophy that is usually associated with decreased capillary
density in the myocardium, study in mice suggest that pregnancy-induced hypertrophy is
accompanied with increased myocardial angiogenesis (Umar, et al. 2012). Several studies
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reported an upregulation of angiogenic factors, including vascular endothelial growth
factor, PGC-1α and angiopietin-1 (Chung, et al. 2013; Umar, et al. 2012).
Distinct from pathological hypertrophy, which is accompanied by significant
increased oxidative stress, pregnancy is associated with decreased ROS production and
oxidative stress determined by ubiquitinated protein level (Iorga, et al. 2012). However,
the proteasome activity during pregnancy is inconsistent between studies (Chung, et al.
2012a; Iorga, et al. 2012).
Cardiac Gene Expression Profiles during Pregnancy
The transition from fetal heart to adult heart is accompanied by changes in gene
expression that normally encode key regulators for energy production and energy
utilization (Depre, et al. 1998), which is called ‘fetal gene’ program. Pathological stressors
reactivate fetal gene program and reverts the heart to a fetal pattern, especially on energy
substrate metabolism (Razeghi, et al. 2001). Pathological cardiac hypertrophy in both
human and animal studies is associated with fetal gene upregulation, such as natriuretic
peptide A (ANP), natriuretic peptide B (BNP)， β-myosin heavy chain/myosin 7 (βMHC)
and α-skeletal actin. Different from pathological hypertrophy, previous studies suggested
that pregnancy-induced cardiac hypertrophy is absent of fetal gene activation, with
preserved expression level of αMHC, βMHC, ANP, α-skeletal actin and SERCA2A during
pregnancy (Chung and Leinwand 2014; Chung, et al. 2012b; Eghbali, et al. 2005).
Previous studies also reported downregulation of pro-apoptotic gene Bcl2associated transcriptional factor 1 (Bclaf1), upregulation of anti-oxidative genes
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metallothionein 2 (Mt2) and signal transducer and activator of transcription 3 (Stat3)
during pregnancy or early post-partum (Chung, et al. 2012a).
Mechanisms of Pregnancy-induced Hypertrophy
Pathological stressors, such as mechanical forces, neuroendocrine hormones
(catecholamine), metabolic intermediates and pro-inflammatory cytokines, may activate
different intracellular signaling pathways. Numerous signaling pathways that are activated
in response to pathological stimuli have been identified, including the calcineurin-NFAT
signaling pathway, protein kinase G (PKG), G-protein coupled receptors, the reninangiotensin-aldosterone system, mitogen activated protein kinases signaling, and pathways
activated by TGFβ. And there is cross-talk between these signaling pathways (Nakamura
and Sadoshima 2018). Activation of those pathways further regulates the gene expression
profile and leads to reactive oxygen species (ROS) production, cell death, fibrosis and
mitochondrial dysfunction. However, the signaling pathways induced by pregnancy are
largely different from pathological hypertrophy, despite some cross-talks in between.
Chronic cardiac volume overload and changes in hormonal milieu (estrogen and
progesterone) during pregnancy activate Akt and its downstream signaling pathways
including GSK3β (Chung and Leinwand 2014). Eghbali et al. reported pregnancy is
associated with activation of c-Src tyrosine kinase by increase in estrogen levels during
late pregnancy (Eghbali, et al. 2005). Calcineurin is a calcium/calmodulin dependent
protein phosphatase that dephosphorylates the nuclear factor of activated T-cells
transcription factors (NFAT), which then trans-locates to the nucleus and activates
hypertrophic genes (Agrawal, et al. 2010). Calcineurin-NFAT pathway is associated with
9

pathological hypertrophy. However, previous study also reported activation of calcineurin
signaling at early pregnancy, potentially as a consequence of increased progesterone level,
but not in late pregnancy (Chung, et al. 2013).
Cardiac Metabolisms during Pregnancy
Pregnancy-induced hypertrophy is accompanied by alterations in cardiac energy
metabolisms, with an increase in fatty acid oxidation and reduction in myocardial glucose
oxidation rates (Liu, et al. 2017). Liu et al. observed 20% increase in free fatty acid uptake
and 30-50% reduction in myocardial glucose oxidation rates at late pregnancy. This
metabolic adaptation resembles the metabolism alteration in the heart during obesity and
diabetes mellitus, however distinct from exercise-induced physiological hypertrophy,
which is associated with increase in myocardial glucose oxidation (Burelle, et al. 2004).
More importantly, Liu et al. suggested that metabolism alterations during pregnancy is
independent of insulin signaling, yet more associated with the upregulation of pyruvate
dehydrogenase (PDH) kinase 4 (PDK4) (Liu, et al. 2017). Noteworthy, in pathological
hypertrophy, which is normally accompanied by a shift from fatty acid oxidation to glucose
metabolism, the glucose oxidation rates are always reduced (Kolwicz and Tian 2011). The
reduction in glucose oxidation is associated with the severity of heart failure. Moreover,
insulin sensitivity in regulating glucose oxidation is impaired in pathological hypertrophy.
These observations suggest that pregnancy-induced cardiac hypertrophy resembles
pathological hypertrophy, rather than exercise-induced physiological hypertrophy.
In summary, pregnancy-induced cardiac hypertrophy displays key hallmarks of
physiological hypertrophy, with preserved reversibility, mild eccentric remodeling,
10

preserved fetal gene expression and absent actual fibrosis accumulation. However, it also
shares some features of pathological hypertrophy, such as mild systolic dysfunction,
calcineurin signaling pathway activation and insulin independent metabolism alteration.
As a consequent, pregnancy-induced hypertrophy is a highly dynamic and vulnerable
biological process and may be sensitive to other cardiovascular risk factors.

1.2 Obesity, Metabolic Syndrome (MetS) and CVD
1.2.1 Epidemiology of Obesity and MetS
Obesity, as a potential risk factor for cardiovascular diseases, is now a major global
health issue (2019; Agha and Agha 2017; Gregg and Shaw 2017). The level of obesity is
usually classified by BMI, which is calculated as body weight (kg) divided by height in
meters squared (kg/m2).
Classification of Overweight and Obesity based on BMI
Underweight

≤18.5 kg/m2

Normal Weight

18.5-24.9 kg/m2

Overweight

25.0-29.9 kg/m2

Class-1 Obesity

30.0-34.9 kg/m2

Class-2 Obesity

35.0-39.9 kg/m2

Class-3 Obesity

≥40.0 kg/m2

Class-2 and Class-3 Obesity are usually considered as morbid obesity that is
associated with significant obesity-related co-morbidities.
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The proportion of adults that are overweight (BMI≥25 kg/m2) reaches 36.9% in
male and 38.0% in female. The prevalence of obesity has doubled since 1980 and is
affecting 12% populations in adulthood (Engin 2017; Ng, et al. 2014). Among obese people,
a large population becomes metabolically unhealthy, which has been defined as metabolic
syndrome (MetS) (Engin 2017). In epidemiological studies, the prevalence of MetS varies
from 20% to 45% of population. MetS is characterized with visceral adiposity,
hyperglycemia, dyslipidemia and hypertension (Balkau, et al. 2002). Patient diagnosed
with MetS should have two or more of the four criteria in addition to central adiposity.
1.2.2 Obesity and MetS in Pregnant Women
Due to the fact that the global obesity and MetS epidemic is worsening, there has
also been an alarming increase in the prevalence of obesity and MetS in women of childbearing age. More than 30% of females at child-bearing age being obese and many have
comorbid MetS (Flegal, et al. 2010; Moore, et al. 2017; Ng, et al. 2014; Ramos and Olden
2008; Simmons 2011). Based on epidemiology study from 1999 to 2010 in the United
States, around 50%-70% women within 20-39 years old are overweight (BMI≥25 kg/m2),
and 6.0%-15.7% are morbidly obese with BMI≥35 kg/m2 varies from races (Flegal, et al.
2012). On a global scale, around 30-35% females are overweight within 20-39 years old
(Ng, et al. 2014). Another epidemiology study in the United States showed that the
prevalence of MetS in women aged 18-49 years old are around 7.8%-27.0% varies from
ages and races (Moore, et al. 2017). The current trends of obesity and/or MetS among
women at reproductive age underlined the importance for investigating its short-term and
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long-term effect of these women, especially during and after pregnancy when they are
under dramatic physiological challenges.
1.2.3 Obesity and/or MetS as Risk Factors for CVD
There is a strong link between obesity, MetS and numerous cardiovascular diseases,
including but not limited to coronary heart disease, heart failure, and sudden death related
with cardiovascular system (Girman, et al. 2004; Ninomiya, et al. 2004; Poirier, et al. 2006;
Robertson, et al. 2020). Previous study showed that abdominal obesity is one of the major
risk factors associated with CVD independently (Yusuf, et al. 2004). MetS has also been
established to be associated with subsequent development of CVD (Girman, et al. 2004).
Patients with MetS also have worse prognosis and increased mortality rate when developed
CVD (Lakka, et al. 2002).
Potential Mechanisms for Cardiovascular Impact
Excessive Adipose Tissue
Adipose tissue compromises a substantial proportion of total body weight. Adipose
tissue is surrounded with extensive capillary network and preserves high permeability,
therefore retained a large quantity of fluid in the interstitial space. Excess adipose tissue
accumulation and subsequent fluid retention may lead to redistribution of the circulation
and increased total blood volume (Poirier, et al. 2006). Moreover, adipose tissue also
functions as an endocrine organ that release chemokines and cytokines into circulation,
which may regulate cardiovascular homeostasis. Adipose tissue is capable of synthesizing
and releasing compounds such as tumor necrosis factor-α (TNF α), interleukin-6 (IL6),
lipoprotein lipase, leptin, adiponectin, insulin-like growth factor-1 (IGF1), etc., which may
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play a role in systemic inflammatory (Hotamisligil, et al. 1995; Kern, et al. 2001;
Mohamed-Ali, et al. 1997; Wajchenberg 2000).
Hemodynamic Repercussion of Obesity
Obesity induced increment in total blood volume leads to increased cardiac
workload. Obese individuals have increased cardiac output, mainly by increased stroke
volume, and decreased peripheral vascular resistance compared with non-obese subjects
(Messerli, et al. 1987). As a consequent, the Frank-Starling curve shifted to the left due to
increased LV filling pressure and volume. Ventricular chamber dilation leads to increased
wall stress and may progressively develop LV hypertrophy with an eccentric remodeling
phenotype. Meanwhile, left atrial enlargement occurs due to the expanded blood volume
(Poirier, et al. 2006).Obesity induced eccentric LV hypertrophy is more common in
morbidly obese patients (BMI≥40kg/m2), and is often associated with diastolic dysfunction.
Longer duration of obesity may progressively lead to impaired systolic function and greater
impairment of diastolic function (Alpert, et al. 1995).
Insulin Resistance
Previous studies established that MetS is strongly associated with insulin resistance
with or without glucose intolerance, atherogenic dyslipidemia, elevated blood pressure and
proinflammatory states (Tenenbaum, et al. 2004). Although not all overweight or obese
individuals are metabolic unhealthy, the majority still present insulin resistance. There are
several potential mechanisms in the occurrence of insulin resistance in obese and MetS
patients, including 1) obesity associated inflammation; 2) mitochondria dysfunction caused
by lipotoxicity; 3) hyperinsulinemia by Islet β-cells dysfunction (Ye 2013). More
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importantly, the cardiac insulin resistance leads to metabolic inflexibility, impaired
calcium handling, mitochondrial dysfunction and oxidative stress (Aroor, et al. 2012).
Based on previous study, insulin resistance is a critical contributing factor to increased LV
mass (Sasson, et al. 1993) and is strongly associated with the progression of heart failure.
In summary, the economic and health-care burdens from obesity and MetS have
been dramatically aggravated due to the increased prevalence and concomitant risks for
type 2 diabetes, cardiovascular diseases and several forms of cancer. Based on
epidemiological study, the continuing rise in obesity was projected to add 5.6-7.3 million
incident cardiovascular diseases in USA and UK (Wang, et al. 2011). A recent case-control
human study suggest that the risk of maternal mortality increases with pre-pregnancy BMI,
with an adjusted OR for 3.4 in women with morbid obesity. Moreover, the risk of maternal
mortality from CVD is four times higher in women with obesity (Saucedo, et al. 2020).
Thus, there is urgent demand in fundamental studies attempting to better understand the
pathophysiology of cardiac remodeling in response to obesity and/or MetS, and also further
improved management on obese/MetS individuals with or without CVD comorbidities.

1.3 Summary and Objectives
There is substantial evidence in the epidemiological study that obesity and MetS
are affecting increased population of women at child-bearing age. Obesity and MetS, with
concomitant alteration in insulin resistance, systemic inflammation, hemodynamic
pressure and cardiac dysfunction, predispose those individuals at higher risks for the
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development cardiovascular diseases. Pregnancy, although considered as a transient
physiological process, is accompanied with dramatic alteration in hemodynamics and
cardiac response. Cardiovascular remains the leading cause of maternal death suggesting
that aspects of physiological remodeling in pregnancy could be disrupted by the underlying
disease state.
It is known that obese women have a 50% higher mortality rate than non-obese
women during pregnancy (Buschur and Kim 2012). More importantly, maternal obesity
has a strong link to CVD-specific maternal mortality (Saucedo, et al. 2020) and a higher
incidence of future CVD (Staff, et al. 2016). These observations suggest that there is a
potential disruptive effect of obesity and/or MetS on the normal cardiac response to
pregnancy.
Cardiovascular health in obese women during pregnancy, especially within
asymptomatic populations, has not been well studied. In particular, if and how obesity
and/or MetS disrupts cardiac remodeling during pregnancy is not well-understood and is
the topic of the present research.
The objectives of this research were to determine 1) if and how preexisting MetS
and obesity alter the cardiac structural and functional remodeling that occurs during
pregnancy and 2) does this adverse remodeling predispose them to higher risk for
cardiovascular disorders. The hypothesis of this work was that preexisting MetS and/or
obesity disrupt physiological hypertrophy during pregnancy to produce pathological
remodeling, and predispose the hearts to higher risk for future heart diseases.
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CHAPTER 2 - METHODS
2.1 Animal Models
All animal procedures contained in this dissertation were approved by Temple
University Lewis Katz School of Medicine Institutional Animal Care and Use Committee
(IACUC).
2.1.1 Animals, Anesthesia and Maintenance
Young female mice (8-week old C57BL/6-J) purchased from Jackson Lab (Stock
No. 000664) were included in the study and randomly divided into two groups that receive
unrestricted diets. Sample size was determined by power calculation (a = 0.05, b = 0.8,
effect size of 1.5 SD) (http://powerandsamplesize.com/Calculators/Compare-2-Means/2Sample-Equality). During feeding, 3 mice were housed in each cage without a lifespan to
eliminate the dominance hierarchies and imitate a sedentary lifestyle. After establishing
the MetS model, female mice that have been on CD or HFD for 15 weeks were randomly
assigned to bred with male mice till the confirmation of a copulatory plug, which is
considered as Day0.5 of pregnancy. The rest of mice were maintained on the diet for the
same amount of time without pregnancy, which serve as an ‘Non-pregnant’ control, in
order to eliminate the effect of extended duration with special diet feeding.
At each terminal timepoints, mice were anesthetized using inhaled isoflurane
(Butler Shein Animal Health, Dublin Ohio).
2.1.2 Special Diet Feeding
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Control Diet (with 10%kcal fat) was purchased from Research Diets Inc.
(D12450K), High fat diet (with 45%kcal fat and 17%kcal sucrose) was also purchased from
Research Diets Inc. (D12451).
Table 1. Rodent Diet Formula
Diet
Protein
Carbohydrate
Fat
Total
kcal/gm

Ctrl Diet (D12450K)
%
gm
19.2
67.3
4.3

kcal
20
70
10
100

3.85

High Fat Diet (D12451)
gm
kcal
24
20
41
35
24
45
100
4.7

Ingredient
Casein
L-Cystine

gm
200
3

kcal
800
12

gm
200
3

kcal
800
12

Corn Starch
Maltodextrin 10
Fructose
Sucrose

550
150
0
0

2200
600
0
0

72.8
100
0
172.8

291
400
0
691

Cellulose

50

0

50

0

Soybean Oil
Lard

25
20

225
180

25
177.5

225
1598

10
13
5.5
16.5
0

0
0
0
0
0

10
13
5.5
16.5
0

0
0
0
0
0

10
2

40
0

10
2

40
0

0.025
0.025
1055.05

0
0
4057

0.05
0
858.15

0
0
4057

Mineral Mix S10026
DiCalcium Phosphate
Calcium Carbonate
Potassium Citrate, 1 H2O
Sodium Chloride
Vitamin Mix V10001
Choline Bitartrate
FD&C Red Dye #40
FD&C Blue Dye #1
Total
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All animals were randomly assigned to control diet (CD), or a high-fat diet (HFD)
feeding for 15 weeks (n=6 in CD, n=9 in HF). During special diet feeding, 3 mice were
housed in each cage without a lifespan to eliminate the dominance hierarchies and imitate
a sedentary lifestyle. To investigate the phenotype, body weight was measured every two
weeks. Oral glucose tolerance test and invasive hemodynamics were performed after 15week feeding. Plasma and tissue samples were also collected at this time points.
Echocardiography was performed at baseline and after 15-week feeding.
2.1.3 Pregnant and Non-pregnant Counterparts
After 15-week feeding, CD or HFD mice were randomly subjected to breeding and
induced pregnancy or maintained on the diet without breeding for same duration. The
confirmation of a copulatory plug is considered as Day 0.5 of pregnancy (n=11 CD, n=12
in HFD). Echocardiography was performed at the baseline (8-wks old), before breeding
and throughout pregnancy for the pregnant cohort. Pregnant mice were terminated 1-day
post-partum (PP1) (27-29 weeks old). A small cohort of mice were terminated at 7 days
post-partum (PP 1wk) (n=6 in Ctrl Diet, n=9 in HF Diet) and 6 weeks post-partum (PP
6wks) (n=4 in Ctrl Diet, n=6 in HF Diet). Non-pregnant counterparts were terminated at
age of 27-29 weeks (n=6 in Ctrl Diet, n=8 in HF Diet), serving as an age and diet matched
control.
2.1.4 Angiotensin II/phenylephrine Infusion
To investigate the effect pregnancy and high fat diet feeding on cardiac remodeling
post-partum, pregnant mice fed with both diets were subjected to chronic angiotensin II/
phenylephrine (Ang/PE) infusion (Ang II, Sigma Aldrich,1.5μg/day/kg; phenylephrine,
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Sigma Aldrich, 50μg/day/kg) delivered by Osmotic Minipumps (Alzet®，1007D) within
12 hours after delivery (n=5 in CD diet, n=4 in HF diet). Non-pregnant mice on both diets
treated with AngII/PE served as control (n=5 in CD diet, n=4 in HF diet). AngII/PE were
continuously delivered for 1 week. Mice were terminated 1 week after Ang/PE treatment.
Echocardiography was performed and heart tissues were collected at terminal.
2.1.5 AAV Administration
To investigate the mechanisms of HFD disrupted cardiac adaptation during
pregnancy, HFD mice were treated with Adeno-associated virus (AAV) 9-FoxO1shRNA
(n=6) and AAV9-Scrambled (n=6) after delivery. AAV administration were performed in
HFD mice 1-day post-partum. Mice were retro-orbitally injected with 100 µL of virus at a
titer of 1x1012 genome copies (GC)/mL. Short hairpin constructs targeting FoxO1 from
Mus musculus (NM_019739) (AAV.FoxO1shRNA) or a scrambled control (AAV.Scr)
were cloned into AAV9 vectors under the U6 promoter, propagated, purified, and titered
(Vector Biolabs). One mouse received AAV9-FoxO1shRNA that encountered dystocia
was excluded from the analysis.
2.1.6 Serial Echocardiography
Transthoracic echocardiography was performed using a Vevo2100 ultrasound
system (VisualSonics; Toronto, Canada) with a MS400-0109 transducer. For all
echocardiography procedure, mice were anesthetized using 2% isoflurane for induction
and maintained by 1.5% isoflurane.
Echocardiography was performed at the baseline (8-wks old), before breeding and
throughout pregnancy, including mid-pregnancy (day 9.5-10.5), late-pregnancy (day 17.520

18.5) and 1-day post-partum (PP1) for the pregnant cohort, or at terminal for the nonpregnant counterparts. For mice treated with Ang/PE, echocardiography was performed
before and after Ang/PE infusion.
Images were obtained in the short-axis B mode and M mode at the level of the midpapillary muscles for analysis of systolic function and dimensions. Diastolic function was
determined using pulsed Doppler and tissue Doppler imaging (TDI) as previously
described (Harper, et al. 2018; Wallner, et al. 2016). Long-axis B mode image were
collected for speckle tracking strain analysis. Parameter were measured offline with
VevoLab v3.2.5 (VisualSonics).
2.1.7 In-Vivo LV Pressure Measurements
LV pressures were measured after 15-week special diet feeding (CD n=3; HFD n=3)
with a 1.4-Fr Millar pressure catheter (SPR-671, Millar Instruments, Houston, TX)
connected to an ADInstruments PowerLab 16/30 (ADInstruments, Colorado Springs, CO)
with LabChart Pro 6.0 software. Mice were anesthetized with 2.5% isoflurane to maintain
HRs in the 450–470 beats/min range, and then a midline neck incision was made, after the
right carotid artery was exposed, the catheter was introduced. The pressure catheter was
then advanced through the aortic valves into the LV. The catheter was carefully adjusted
to avoid direct contact with the ventricular wall so that smooth intra-LV pressure traces
were recorded. Five minutes of baseline pressure were recorded. Intra-LV blood pressure
was continuously measured. Pressure data were analyzed offline with the blood pressure
module in the LabChart6.0 software.
2.1.8 Oral Glucose Tolerance Test
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Mice after 14-15 weeks feeding were fasted for 6 hours during daytime. 25%
glucose in sterile saline (0.9% NaCl) at 1g/kg of body weight will be administered by
orogastric gavage (FTP-18-38, Instech Laboratories, Inc.). Blood samples were obtained
from the tail tip by a small incision, glucose concentration was measured with AccuCheck
glucose meter (Roche Diabetes Care, Inc.). Plasma glucose measurements were performed
at baseline (before glucose administration), 15, 30, 60 and 120 minutes after glucose
administration.
2.1.9 Euthanasia, Tissue Collection and Processing
Prior to sacrifice, animals were randomly divided to be used for molecular analysis
or histology. At each terminal timepoints, mice were anesthetized using inhaled isoflurane
(Butler Shein Animal Health, Dublin Ohio). Body weights were measured when
anesthetized. Blood samples were collected from inferior vena cava. Heart tissues were
carefully trimmed and collected, then rinsed with PBS, tissues were weighed after blotting
off the excess fluid. Tibias were removed and measured to the nearest 0.5mm. Tissues were
partially snap frozen in liquid nitrogen for molecular analysis and fixed with 10% formalin
then paraffin embedded for histology following previously described protocols (Duran, et
al. 2013; Harper, et al. 2018). Plasma lipid profile were measured by Comparative Clinical
Pathology Services, LLC (Columbia, MO). Plasma Cytokines were measure by
RayBiotech (Norcross, GA). To eliminate the bias, tissue weights data were not included
when performed by another investigator.
2.1.10 Histology for Myocyte Cross Sectional Area and Fibrosis Detection
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Paraffin embedded tissue blocks were sent to AML Laboratories (Jacksonville, FL)
for sectioning. Slides stained with Wheat-Germ agglutinin were used to determine myocyte
cross sectional area. 3-7 mice were included in each group, at least 12 fields of view were
taken of the left ventricle from 2 sections of the heart. Myocyte CSA were analyzed using
NIH ImageJ software. Interstitial fibrosis was detected with Picro-Sirius Red Staining with
the kit (ab150681, Abcam) briefly following the steps of section deparaffinization,
incubation with Picro-Sirius Red Solution and dehydration. Pictures were taken with light
microscope. At least 15 views from each animal that did not include vessels were analyzed.
Fibrosis (red) and non-fibrosis (yellow) areas were calculated with ‘color threshold’ tool
from ImageJ software (version 1.49v; National Institutes of Health).
2.1.11 TUNEL Staining
Terminal deoxynucleotidyl transferase dUTP nick end label (TUNEL) staining was
performed with the DeadEndTM Fluorometric TUNEL System kit (Promega, Madison,
WI). Briefly, slides were deparaffinized by submersion in xylene (Fisher Scientific, Fair
Lawn, NJ) and rehydrated in decreasing concentrations of ethanol (100%, 90%, 85%, 70%,
and 50% sequentially) (Fisher Scientific, Fair Lawn, NJ). The slides were then fixed in 4%
paraformaldehyde (PFA) solution in phosphate-buffered saline (PBS) (Affymetrix,
Cleveland, OH). After washing in PBS, the tissue was digested by incubation with the
proteinase-k included in the Promega kit for 8 minutes as per protocol instructions. Slides
were then washed and incubated with the labelling cocktail for one hour at 37°C. The
reaction was then stopped with the included SSC solution and the slides were washed. The
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slides were fixed once more with PFA before immunohistochemical staining, the only
divergence from the protocol.
2.1.12 Quantitative Real-time PCR and Western Blot Analysis
Total RNA was extracted from snap frozen myocardial tissue with miRNeasy Mini
kit (Qiagen) following the manufacturer’s instructions and then digested with DNase I
(Invitrogen). cDNA was synthesized with SuperScript III first strand as previously
described(Wallner, et al. 2016). Real-time PCR was performed using Quantifast Sybrgreen
PCR kit (Qiagen) and the StepOnePlus Real-time PCR system (Applied Biosystem). Ct
values were normalized with respect to beta-2 microglobulin (β2M). Fold changes were
calculated with respect to Ctrl AM. The following primer sets were used (forward, reverse):
β2M 5’- ATGTGAGGCGGGTGGAACTG, 5’-CTCGGTGACCCTG GTCTTTCTG;
βMHC 5’- TCCTGCTGTTTCCTTACTTGCT, 5’-GAACTTGGGTGGGTTCT GCT;
ANF 5’-GCCCTGAGTGAGCAGACTG, 5’-GGAAGCTGTTGCAGCCTA; Angptl4 5’TTGGACTCAAGCACAGCGAA, 5’- TTGGACTCAAGCACAGCGAA.
Lysates from heart tissues were prepared and analyzed using Western analysis as
previously described (Harper, et al. 2018). Briefly, 100ng of protein was resolved on 4-12%
Bis-Tris mini gels (life technologies) either under non-reducing or reducing conditions with
100mM DTT. Transfer to nitrocellulose membranes was done on an Invitrogen iBlot
transfer system. Membranes were blocked for 1hr in 2% BSA (Promega) + 0.05% Tween20 in Tris Buffered Saline, pH7.5. Primary antibodies were used at 1ug/ml diluted in
2%BSA + 0.05% Tween-20 in Tris Buffered Saline, pH7.5, 1hr at room temperature with
gentle rocking. Membranes were washed 3 times in 0.05% Tween-20 in Tris Buffered
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Saline, pH7.5. Secondary antibodies were used at 1:3000 dilution for 1hr at room
temperature with gentle rocking. Images were captured on a Bio-Rad Image Analyzer.
The following primary antibodies were used: GAPDH (EMD Millipore
#MAB374), FoxO1 (Cell signaling, #97635), phosphor-FoxO1 (Ser256) (Cell signaling
#84192), cleaved-Caspase 3 (Cell signaling, #9661S), Akt (Cell signaling, #3063S), p-Akt
(Ser474) (Cell signaling, #8599S). The following secondary antibodies were used: 800CW
Donkey anti-Rabbit (#926-32213) and 680RD Donkey anti-Mouse (#926-68072)
purchased from LICOR (Lincoln, NE).
2.1.13 RNA-sequencing and Bioinformatics
Standard RNA-sequencing for frozen heart tissues from HFD non-pregnant, HFD
post-partum, CD non-pregnant and CD post-partum (n=3) were performed by Genewiz
(South Plainfield, NJ) with 20-30 million read per sample. Raw data quality was evaluated
with FastQC, reads were mapped onto Mus musculus GRCm38 reference genome with
STAR aligner v2.5.2b. Genome was available on ENSEMBL. BAM files were generated
and used to extract unique gene hit counts using FeatureCounts from Subread package
v.1.5.2. Genes were identified on mapped reads followed by downstream differential
expression analysis using R package DESeq2 performed on the input matrix by DESeq
function. The output was subjected to res function that created a result file detailing LFC
and adjust p-value for each specific sample: sample comparison. Genes with less than 5
reads per sample were removed. Wald test was used to compare the gene expression data
between two groups and statistically identify differentially expressed genes with p-value <
0.05. With regularized logarithm (rlog) function, count data was transformed for
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visualization on a log2 scale. The volcano plots created had the log FC set at ± 1.5 with
FDR values set at <0.05. With differentially expressed gene (DEGs) datasets, gene
ontology (GO) were performed with goseq R package and top over-represented GO terms
were presented. Gene set enrichment (GSEA) analysis were performed with ClusterProfiler
package based on hallmark gene sets (gsea-misgdb.org). For both GO and GSEA analyses,
default parameters were used for significance criteria. The resulting p-values were adjusted
by Benjamin-Hochberg method for the false discovery rate (FDR) to minimize the number
of false positive genes that could be identified by chance. In both GO and GSEA analyses,
gene sets with nominal (NOM) p-value ≤0.05 and FDR q-value ≤25% were considered
significant (Subramanian, et al. 2005). Hierarchical clustering of genes in targeted GO
terms were performed with seaborn.clustermap (0.10.0) module in Python.

2.2 Human Study
The study was approved by the local institutional (Cangzhou Central Hospital,
Hebei, China) review committee (2020-001-01(Y)) and all participants provided written
consent.
2.1.1 Participants Recruitments
Healthy primipara with singleton pregnancy that have no pregnancy complications
(such as pregnancy induced hypertension, gestational diabetes and pre-eclampsia) or past
medical history of cardiovascular diseases were recruited for this study at their third
trimester during regular prenatal inspection. Participants were separated based on their preconceptional body max index (BMI), females with a pre-pregnancy 18.5≤BMI≤24.9 were
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clustered as ‘Normal weight Group’ (n=20), others with BMI≥25 were clustered as ‘Excess
Weight Group’ (n=18) (Nuttall 2015). All recruited participants were followed up untill 2day post-partum, no adverse outcomes were observed (pregnancy complications or
postpartum hemorrhage) in any subjects.
2.1.2 Echocardiography and Blood Lipid Analysis
Echocardiography was performed by a single physician using a Philips ultrasound
machine (Philips iE33) with the participants. Parameters including LV mass, relative wall
thickness, end-diastolic and end-systolic LV volume, stroke volume were obtained. Blood
samples were obtained from median cubital vein for lipid analysis (HITACHI
LABOSPECT 008AS).

2.3 In-vitro Fibroblasts and Neonatal Cardiomyocytes Assay
All rat procedures were performed according to the IACUC approved protocols at
Temple University and our collaborator - University of Colorado.
2.3.1 Rat Cardiac Primary Fibroblast In-vitro Assay
Adult rat heart was collected, excised and then placed into warm Dulbecco’s
Modified Eagle Medium (DMEM). The ventricular portion of the heart was briefly
chopped up and then minced in DMEM containing type 2 collagenase. The solution with
tissue pieces were incubated at 37℃ for 60 minutes. After static settling, supernatants were
collected and transferred to a tube containing fibroblast growth media (warm DMEM/F12
+ 20% FBS + PSG + ascorbic acid). After multiple collections, solutions were centrifuged
and cell pellets were washed in ice cold Gey’s solution to lyse any remaining red blood
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cells. The cells were then re-centrifuged and re-suspended in fibroblast growth media and
plate on 10cm dishes for overnight incubation. The following day, the cells were split,
counted and plated in the desired experimental set. The cells were considered as P1 and
ready to be used. For the in vitro experiments, rat primary cardiac fibroblasts at P2 were
placed and treated with fibroblast growth media containing human recombinant
Angiopoietin like 4 protein (R&D, #4487-AN-050) or TGFβ (Catalogue #GF111 Millipore)
for 24 hours for migration assay and 12 hours for Western analysis. EdU incorporation was
evaluated at P1 using the Click-iT EdU Cell Proliferation Kit (Thermo Fisher C10337)
following 48 hours stimulation with Angptl4 or TGFβ.
2.3.2 Neonatal Rat Cardiomyocytes In-vitro Assay
Neonatal rat ventricular cardiomyocytes (NRVMs) were isolated from 1-day old
rat pups. NRVMs were plated on coverslips and incubated overnight in DEM+10% FCS
(12 well plates and 2x12 plates coverslips). After 24 hours, NRVMs were switched to
serum free media (DMEM F12+1xITS). NRVMs were treated with Medroxyprogesterone
17-acetate (MPA) (Millipore, M1629) for 6 hours. Cells were washed with cold 1x PBS
before being processed for protein isolation or fixed with 4% paraformaldehyde.
2.3.2 Western Blot Analysis
Lysates from cultured cells were prepared and analyzed using Western analysis as
previously described (Harper, et al. 2018). The following primary antibodies were used:
GAPDH (EMD Millipore #MAB374), α-smooth muscle actin (Abcam #Ab5694), vimentin
(Cell Signaling Technology #3932s), phosphor-FoxO1 (Ser256) (Cell signaling #84192).
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The following secondary antibodies were used: 800CW Donkey anti-Rabbit (#926-32213)
and 680RD Donkey anti-Mouse (#926-68072) purchased from LICOR (Lincoln, NE).

2.3 Statistic Analysis
Data are represented as mean±SD unless indicated. Two-sided testing was used for
all statistical tests. A P value of ≤0.05 was used to determine significance for all statistical
tests. The distributions of all continuous variables were tested for normality assumptions
using the D’Agostino & Pearson Normality test using GraphPad Prism. For human casecontrol study and in vivo animal study between CD and HFD for parameters with a single
measurement, comparisons were performed using the unpaired t-test or the Mann-Whitney
U-test depending on the distribution of the data. For in vitro study with cultured fibroblasts
in Figure 5, the difference between multiple treatments was evaluated using One-way
ANOVA followed by Tukey’s multiple comparisons test. For in vivo data between 2
groups (CD versus HFD) at multiple timepoints or 2 groups (CD versus HFD) under
multiple conditions (Non-pregnant versus Post-partum), the analysis was performed by
Two-way ANOVA, followed by Sidak’s or Tukey’s multiple comparisons test using the
GraphPad Prism software (Version 7.0d, GraphPad Inc., La Jolla, CA).
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CHAPTER 3 - RESULTS
3.1 Establishment of Early-Stage MetS Model
To investigate the effect of preexisting MetS and/or obesity on cardiac remodeling
during pregnancy, mice were first subjected to HFD feeding to induce a MetS and/or
obesity phenotype (Figure 1A) (Della Vedova, et al. 2016). To evaluate the phenotype of
CD and HFD mice, we measured their body weight and body weight gain every 2 weeks
during feeding. After 15-week feeding, we performed terminal study including oral glucose
test, invasive hemodynamics and plasma lipid test.

Figure 1. HFD induce an early-stage MetS phenotype in female C57BL/6 mice.
A. Experimental study design of special diet feeding in C57BL/6 mice. Female mice at 8 weeks old
were subjected to CD or HFD feeding for 15 weeks. B. Body weight and body weight gain were
measured every other week during feeding (n=6 in CD, n=9 in HFD). C. Invasive hemodynamics
measurements were performed at terminal to determine intra-LV pressures (n=3 in CD, n=3 in
HFD). D. Oral glucose tolerance test were performed at terminal (n=6 in CD, n=9 in HFD). E.
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Plasma lipid profile were measured at time of sacrifice (n=6 in CD, n=6 in HFD). F. Heart weight
to tibia length ratio (mg/mm) at time of sacrifice (n=6 in CD, n=6 in HFD). Quantification of
myocyte cross sectional area in wheat germ agglutinin (WGA) stained hearts (n=3 CD, n=6 HFD).
Data are given as mean±SD. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001 between HFD and
CD.

HFD mice started to show significantly higher body weight and body weight gain
10 weeks after feeding compared with CD mice (Figure 1B). No differences in
hemodynamic parameters including maximum developed LV pressure, maximum and
minimum dP/dT between groups were found 15 weeks after feeding (Figure 1C). HFD
mice had impaired glucose tolerance tests (Figure 1D) and significantly increased plasma
levels of cholesterol (p=0.0006), HDL (p=0.0182) and LDL (p=0.0109) (Figure 1E). Heart
weight to tibia length ratio (HW/TL) (p=0.5389) and myocyte cross-sectional area (CSA)
(p=0.1076) between groups were not different (Figure 1F). Overall, these data suggest that
long-term high fat diet feeding in female mice induces a phenotype that recapitulates earlystage human MetS, with features of increased body weight, impaired glucose tolerance and
dyslipidemia, but without cardiac hypertrophy or overt cardiac dysfunction.

3.2 MetS Impairs Cardiac Adaptation during Pregnancy
Pregnancy was induced in both CD and HFD mice, mice were maintained on their
diets throughout pregnancy and were terminated 1-day post-partum (Post-partum) (CD
n=11, HFD n=12). A small subgroup of mice were terminated 1-week post-partum (1wk
PP) (CD n=6, HFD n=9) and 6-week post-partum (6wks PP) (CD n=4, HFD n=6) in order
to investigate the reversibility of cardiac hypertrophy post-partum. Female mice that were
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not mated were kept on CD or HFD for same amount of time as their pregnant counterparts,
serving as an age and diet matched control (Non-pregnant) (CD n=6, HFD n=8) (Figure 2).

Figure 2. Illustration for Experimental Design
Female mice at 8 weeks old were subjected to CD or HFD feeding. After 15 weeks of feeding, one
cohort of mice were bred and underwent pregnancy while maintained on previous diet and
euthanized 1-day post-partum. †A small cluster of mice were euthanized 1-week (1wk PP) and 6week post-partum (6wks PP) to collect HW/TL. The other cohort were not bred and maintained
on the diet for 18-20 weeks in total (Non-pregnant).

3.2.1 MetS Induces Pathological Cardiac Hypertrophy
Body weight of HFD mice were significantly greater than CD mice in both nonpregnant and post-partum group (Figure 3A). HW/TL were significantly increased postpartum in both CD and HFD mice, compared with their non-pregnant counterparts.
However, HFD mice exhibited a significantly greater HW/TL compared with CD
(7.202±0.503 mg/mm versus 6.412±0.47 mg/mm, p=0.0028) at post-partum (Figure 3A).
We further determined that HW/TL returned to pre-pregnancy level 1-week post-partum
in CD mice (5.733±0.352 mg vs. 5.387±0.474 mg, p=0.7157). However, HFD mice
showed preserved HW/TL at 1-week and 6-week post-partum compared with prepregnancy (6.599±0.411 mg/6.959±0.481 mg vs. 5.892±0.723 mg, p=0.0214/p=0.0007)
that were also significantly higher than CD mice (Figure 3A). In addition, myocyte CSA
in HFD mice (275.9±40.429 μm2) was significantly increased compared with CD mice
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(222.9±12.225 μm2) at 1-day post-partum (Figure 3B). The gene expression level of ANP
(Atrial natriuretic peptide), a so-called fetal gene associated with pathological hypertrophy,
was significantly increased with HFD feeding (2.9-fold), and further elevated post-partum.
The expression level of βMHC (beta-myosin heavy chain) in HFD mice at post-partum
was also significantly increased (1.7-fold) compared with CD (Figure 3C).

Figure 3. Assessment of Cardiac Hypertrophy after Pregnancy
A. Body weight and heart weight to tibia length ratio (HW/TL) at time of sacrifice. B.
Quantification and representative images of myocyte cross sectional area in wheat germ agglutinin
(WGA) stained hearts. (CD: Non-pregnant n=3; Post-partum n=6; HFD: Non-pregnant n=3;
Post-partum n=7). C. Gene expression level of ANP, βMHC in heart tissues by RT-PCR. *p<0.05,
**p<0.01, ***p<0.005, significantly different of HFD vs. CD. ##p<0.01, ####p<0.001,
significantly different vs. non-pregnant in the same diet treated group.
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There was an increase of collagen deposition in non-pregnant HFD mice compared
with CD determined by Picro-Siruis Red staining (1.838±0.163% vs. 0.943±0.286%), and
the trend was further increased in post-partum HFD mice (2.519±0.192%) (Figure 4A).
Moreover, HFD mice at post-partum exhibited significant increase in TUNEL positive
cells % in the myocardium compared with the other groups (Figure 4B).

Figure 4. Assessment of Cardiac Fibrosis and Apoptosis after Pregnancy
Representative images of heart stained with Picro-siruis red from CD and HFD group, with
quantification for percentage of Picro-sirius red positive area. Data are given as mean±SD.
**p<0.01, ****p<0.0001, significantly different of HFD vs. CD. ##p<0.01, significantly different
vs. non-pregnant in the same diet treated group.
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Overall, these findings suggest that pregnancy, in combination of preexisting MetS,
induce a pathological rather than a physiological cardiac hypertrophy, as evidenced by an
increased amount of hypertrophy, upregulation of the pathological hypertrophy fetal gene
program and cardiac fibrosis.

3.2.2 MetS Induces Concentric Cardiac Remodeling
ECHO was performed at baseline (before special diet feeding), before breeding,
mid-pregnancy, late-pregnancy and 1-day post-partum in order to measure temporal
changes of cardiac function and structure.

Figure 5. Assessment of Cardiac Structure and Function during Pregnancy
Parasternal Echocardiography were performed at baseline (8wks old), before breeding (23wks
old), at mid pregnancy (Day 9.5-10.5), at late pregnancy (Day 17.5-19.5) and 1-day post-partum.
A. Heart rate B. Ejection Fraction C. Left ventricle (LV) mass D. Relative wall thickness E. Stroke
Volume F. Cardiac Output G. Left ventricle end-diastolic volume H. E/A were measured. (CD:
Baseline n=10; Before Breeding n=8; Mid-pregnancy n=5; Late Pregnancy n=10; Post-partum
n=11; HFD: Baseline n=8; Before Breeding n=10; Mid-pregnancy n=6; Late Pregnancy n=14;
Post-partum n=15). Data are presented as mean±SD. *p<0.05, **p<0.01, ***p<0.005,
****p<0.0001 between HFD and CD. # significantly different vs. Baseline in the same diet treated
group.
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The heart rate was comparable at different time points between groups (Figure 5A).
There was no difference in ejection fraction between groups after long-term feeding and
throughout pregnancy (Figure 5B). ECHO-derived LV mass was significantly increased in
HFD mice from mid-pregnancy till 1-day post-partum compared with CD (Figure 5C),
accompanied with increased relative wall thickness (Figure 5D). All mice showed
increased cardiac output, stroke volume and LV end-diastolic volume at late-pregnancy,
consistent with increased blood volume especially at later stages of pregnancy (Figure 5EG). CD mice showed a trend of declined E/A during pregnancy that was not present in
HFD mice, suggesting differences in diastolic properties (Figure 5H). E/E’ and mitral valve
pressure half-time (MV PHT) were not different between groups, while Left ventricle
Myocardial Performance Index (LV MPI) was significantly higher at post-partum
compared with CD (Table 2). These findings suggest that in parallel with increased heart
weight and myocyte hypertrophy, pregnancy with preexisting MetS induces concentric
cardiac remodeling with mild diastolic abnormalities without significantly affecting
systolic function.
Table 2. ECHO derived parameters

Baseli
ne

H 462.1
R 35±2
0.894

Befor
e
Bree
ding
466.2
29±8.
809

CD
Midpregn
ancy

Latepregn
ancy

Postpartu
m

Baseli
ne

465.2
47±2
2.864

470.2
16±1
3.853

459.3
20±1
2.915

465.0
09±2
1.134
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Befor
e
Breed
ing
452.6
77±2
5.421

HFD
Midpregn
ancy

Latepregn
ancy

Postpartu
m

452.4
99±1
5.313

467.1
31±1
5.428

459.9
75±2
5.31

Table 2#, continued
SAX M-mode Measurements
LV 0.666 0.733 0.766 0.750
A
±0.09 ±0.15 ±0.10 ±0.09
W; 4
5
6
7
d
LV 0.979 1.049 1.150 1.161
A
±0.10 ±0.20 ±0.07 ±0.10
W; 1
4
7
6
s
LV 3.696 3.778 3.823 3.930
ID; ±0.23 ±0.20 ±0.12 ±0.12
d
9
6
8
0
LV 2.676 2.753 2.805 2.786
ID; ±0.20 ±0.22 ±0.16 ±0.15
s
9
1
2
7
LV 0.732 0.828 0.677 0.708
P
±0.07 ±0.12 ±0.10 ±0.11
W; 4
6
2
6
d
LV 1.012 1.124 0.990 1.021
P
±0.10 ±0.09 ±0.09 ±0.14
W; 3
6
4
6
s
MV Flow Measurements
E
644.1 632.5 587.5 672.9
38±5 56±4 25±4 90±9
4.907 6.419 5.386 0.539
A
419.8 419.3 491.5 492.9
96±7 34±2 51±6 76±5
0.831 0.221 1.183 3.365
E’
19.97 19.44 21.80 21.03
9±1.9 3±2.6 7±1.4 2±2.4
81
64
98
54
A’ 16.35 15.85 18.75 23.69
5±5.4 3±3.6 7±1.5 8±4.1
12
10
40
20
IV 16.54 15.64 14.89 16.01
RT 7±1.2 8±3.3 1±32. 9±1.2
55
27
24
07

0.838
±0.09
5

0.615
±0.07
3

0.785
±0.12
2

0.775
±0.07
5

0.908
±0.11
3

0.856
±0.18
8

1.155
±0.08
6

0.969
±0.10
3

1.128
±0.13
4

1.192
±0.09
3

1.316
±0.12
2

1.268
±0.17
6

3.863
±0.30
3
2.753
±0.26
6
0.688
±0.07
0

3.768
±0.20
1
2.702
±0.25
7
0.725
±0.08
0

3.772
±0.22
8
2.706
±0.25
9
0.873
±0.09
0

3.919
±0.21
8
2.778
±0.20
5
0.930
±0.15
4

3.887
±0.13
6
2.721
±0.18
2
0.886
±0.11
2

3.879
±0.27
8
2.728
±0.23
6
0.945
±0.08
7

1.040
±0.07
0

1.069
±0.08
6

1.152
±0.10
4

1.173
±0.12
0

1.161
±0.13
6

1.225
±0.10
0

701.9
86±10
7.114
432.5
96±73
.167
19.89
4±2.9
19
19.14
5±3.5
21
14.08
±2.25
1

672.0
27±4
6.381
417.7
26±4
9.947
21.42
4±1.5
93
17.16
3±3.4
15
16.15
±2.29
2

650.3
39±4
9.869
409.2
31±4
3.692
19.48
7±3.2
98
15.94
6±1.6
74
15.22
2±1.2
47

572.5
31±6
5.890
368.7
74±4
6.572
19.71
3±1.0
93
17.88
0±3.3
92
16.65
4±3.7
38

692.2
45±4
9.691
457.9
76±6
7.004
20.99
8±2.7
56
21.85
7±4.3
28
17.91
0±3.0
37

723.0
97±6
6.459
419.4
47±6
2.116
22.50
9±5.2
5
16.03
1±3.4
80
16.10
1±2.0
78
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Data are presented as mean±SD.
3.3 MetS Leads to Systemic Maladaptation during Pregnancy
Other than cardiac response during pregnancy in mice with preexisting MetS, we
also investigated the systemic response of HFD mice during pregnancy.
3.3.1 Pregnancy Exacerbated Dyslipidemia in HFD mice
HFD induced dyslipidemia with increased level of plasma cholesterol, LDL and
HDL (Figure 1E). Pregnancy led to further increases of plasma cholesterol in HFD mice
(129.75±20.865 mg/dl in HFD post-partum vs. 93±16.449 mg/dl in HFD non-pregnant)
(Figure 6A). Plasma LDL level also showed a trend of elevation in HFD post-partum mice
compared with non-pregnant mice (p=0.0758) (Figure 6B). Plasma HDL remains higher in
HFD mice compared with CD mice in both non-pregnant and post-partum cohorts (Figure
6C).

Figure 6. Assessment of Plasma Lipid Profile
Plasma lipid profile of Total cholesterol, HDL and LDL at time of sacrifice. (CD: Non-pregnant
n=6; Post-partum n=8; HFD: n=8). Data are presented as mean±SD. *p<0.05, **p<0.01,
****p<0.0001, significantly different of HF vs. Ctrl. ###p<0.005, significantly different vs. nonpregnant in the same diet treated group.

3.3.2 Pregnancy Induces Systemic Inflammation in HFD mice
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Obesity and MetS are commonly associated with systemic inflammation and
alteration of circulating cytokine levels. Therefore, we investigated plasma cytokine levels
in non-pregnant and post-partum CD and HFD mice. HFD mice had significantly decreased
plasma soluble leptin receptor (sOB-R) level in both non-pregnant (p=0.004) and postpartum group (p=0.0434) (Figure 7A). HFD mice had increased plasma level of TNF α
(p=0.112) (Figure 7B) and reduced plasma level of IL-10 (p=0.1645) (Figure 7C)
compared with CD mice at post-partum, suggesting systemic inflammation in HFD mice
after pregnancy.

Figure 7. Assessment of Plasma Cytokines
Plasma level of Leptin Receptor (Leptin R), Tumor necrosis factor-α (TNF α) and Interleukin (IL)10. (n=3). Data are presented as mean±SD. *p<0.05, **p<0.01, significantly different of HF vs.
Ctrl.

3.3.3 MetS Induces Pregnancy Related Complications
Beyond the maternity health, the effects of maternal obesity on offsprings and their
cardiac development have been widely studied (Callahan 2019; Chang, et al. 2019; Dong,
et al. 2013; Gaillard 2015; Guzzardi, et al. 2018; Wang, et al. 2019). Although not a focus
of this study, we measured the average litter weight and litter size between groups and
found no significant difference between CD and HFD (Figure 8A).
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Figure 8. Litters and Pregnancy Related Complications
A. Litter weight and litter size in CD and HFD mice 1-day post-partum. B. Incidence of dystocia
observed in CD and HFD group. C. Incidence of maternal post-partum death in CD and HFD
group.

Moreover, maternal obesity is known to be associated with a higher incidence of
dysfunctional labor in human (Leddy, et al. 2008). Along these lines, our studies showed
more frequent dystocia (Burkholder, et al. 2012) (Figure 8B) and subsequent post-partum
deaths in the HFD group (Figure 8C).
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3.4 Case-control Human Study:
Cardiac Hypertrophy in Excess Weight Women during Pregnancy
To recapitulate our observations in the animal study, a case-control human study
was performed to investigate the cardiac remodeling during pregnancy in women with
excess weight. Primipara with singleton pregnancy that have no pregnancy complications
or past medical history of cardiovascular disease were included in the study.
Echocardiography and blood lipid analysis were performed in the third trimester.
3.4.1 Participants Recruited at Late Trimester
Women were divided into two groups based on pre-pregnancy BMI. Females were
clustered as Normal Weight group (18.5≤BMI≤24.9, n=20) and Excess Weight group
(BMI≥25, n=18). There were no significant differences in age, gestational weeks or body
weight gain during pregnancy between groups (Table 3).

Table 3. Characteristics of Human Study Participants.
Normal Weight (n=20)

Excess Weight (n=18)

p

BMI before pregnancy (kg/m2)

21.2±0.4879

29.52±1.052

<0.0001

Age (yrs)

26.4±0.5638

27.17±0.6872

0.3905

Gestational weeks of ECHO

36.95±0.2854

36.67±0.2915

0.4925

Body weight gain during

14.45±1.104

16.97±0.1079

0.1124

Characteristic

pregnancy (kg)
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Data are given as mean±SEM.

Blood lipid profile were measured from some subjects at their 3rd trimester
(Normal Weight group n=8, Excess Weight group n=9). Lipid profile such as triglycerides,
total cholesterol, HDL, LDL, Apo-A1 and Apo-B also showed no significant difference
between groups (Table 4). Due to the fact that even normal pregnancy is associated with
increases in lipid concentration to meet the increased metabolic demand, especially at the
last trimester (Hadden and McLaughlin 2009; Vrijkotte, et al. 2012). Thus, we may not be
able to distinct the effect from pregnancy per se or metabolic dysfunction at last trimester.

Table 4. Blood Lipid Profile of Participants.

Triglycerides
(mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
Apo-A1 (g/L)
Apo-B (g/L) *
Total Cholesterol
(mmol/L) *

Normal Weight
(n=8)
3.139±0.2761

Excess Weight (n=9)

p

3.592±0.539

0.4825

1.835±0.05268
3.195±0.1739
1.823±0.07218
1.226±0.03436
6.371±0.2063

1.746±0.1178
3.057±0.3988
1.966±0.09431
1.139±0.1254
6.293±0.6659

0.5171
0.7652
0.2560
0.5408
0.9168

Plasma were collected in normal weight (n=8) and excess weight (n=9) pregnant women,
plasma lipid profile was measured. Data are given as mean±SEM. *Apo-B and Cholesterol
data were available for 7 normal weight and 8 excess weight women.
3.4.2 Cardiac Structure and Function at Late Trimester
Based on echocardiography measurement, there were no differences in ejection
fraction between Normal Weight and Excess Weight Group. However, the Excess Weight
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group exhibited a significantly greater LV mass (133 ±5.364 g versus 99.14±3.769 g) and
LV mass index (=LV mass/ body surface area) (66.79 ±2.45 g/m2 versus 55.69±1.899 g/m2).
The Excess Weight group also showed increases in end-diastolic LV volume, end-systolic
LV volume and stroke volume (Table 5).

Table 5. Cardiac Structure and Function at Late Trimester.
Normal Weight (n=20)

Excess Weight (n=18)

p

Ejection Fraction (%)

64.1±0.7571

65.94±0.965

0.1375

LV mass (g)

99.14±3.769

133±5.364

<0.0001

LV mass index (g/m2)

55.69±1.899

66.79±2.45

0.0009

Relative Wall thickness

0.3591±0.009843

0.3547±0.008912

0.7450

LV Vol;d (mL)*

78.29±3.17

104.8±4.406

<0.0001

LV Vol;s (mL)*

29.76±1.223

36.44±2.413

0.0210

Stroke Volume (mL)*

50.06±2.394

68.39±3.448

0.0001

ECHO parameters

Echocardiography were performed in healthy pregnant women. Data are given as
mean±SEM. *LV volume and stoke volume data were available for 17 normal weight and
18 excess weight women.

There was a linear correlation between LV mass at later stage of pregnancy and
pre-pregnancy BMI in the Excess Weight group (r=0.5963, p=0.009), but not in the Normal
Weight group (r=0.347, p=0.1338) (Figure 9). These findings demonstrate a relationship
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between pre-pregnancy obesity and abnormal cardiac remodeling during pregnancy in this
human population.

Figure 9. Correlation of LV mass and pre-pregnancy BMI
Linear relation of pre-pregnant BMI and LV mass at third trimester in A. Normal weight group
and B. Excess Weight group. r=Pearson correlation coefficient.

3.5 MetS Disrupts Gene Expression Pattern during Pregnancy
To investigate the underlying molecular mechanism of cardiac maladaptation
during pregnancy with preexisting MetS, standard RNA-sequencing was performed with
heart tissues of both Post-partum (PP) and Non-pregnant (NP) from CD and HFD treated
animals.
3.5.1 Differentially Expressed Genes Profile
In order to investigate the effect of pregnancy and HFD feeding, multiple
comparisons were performed to analyze the raw data. To investigate the differentially gene
expression with the effect of normal pregnancy and pregnancy with preexisting MetS, raw
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data were analyzed based on the following comparisons: CD-PP vs. CD-NP, HFD-PP vs.
HFD-NP. To investigate the effect of HFD with or without pregnancy, raw data were
analyzed based on: HFD-NP vs. CD-NP, HFD-PP vs. CD-PP.
Volcano plots depict the fold change and p value, representing differentially
expressed genes (DEGs) between groups by a log fold-change threshold of 1.5. The total
numbers of up- and down-regulated genes in each comparison and number of genes
overlapped are presented in the Venn diagram. Normal pregnancy induced 177
differentially expressed genes (CD-PP vs. CD-NP), pregnancy in HFD mice induced 341
differentially expressed genes (HFD-PP vs. HFD-NP). However, only 20 differentially
expressed genes were common (Figure 10A). HFD feeding under non-pregnant condition
induce only 89 genes differentially expressed. However, concurrent with pregnancy, HFD
induced 431 differentially expressed genes, among which only 28 genes in common with
non-pregnant condition (Figure 10B).
These observations suggest that HFD and pregnancy collectively induced a highly
distinct gene expression profile compared with normal pregnancy.
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Figure 10. Differentially Expressed Genes Profile
Volcano plots and Venn diagram representing total number of differentially expressed genes
(DEGs), numbers of up- or down-regulated genes and number of overlapped genes of A. CD-PP
vs. CD-NP and HFD-PP vs. HFD-NP. B. HFD-NP vs. CD-NP and HFD-PP vs. CD-PP. (n=3 in
each group). (PP: Post-partum; NP: Non-pregnant)

3.5.2 Gene Ontology and Gene Set Enrichment Assay Profile
To better understand the biological effects of pregnancy in CD and HFD mice
respectively, DEGs of CD-PP vs. CD-NP and HFD-PP vs. HFD-NP were analyzed for
Gene Ontology and Gene Set Enrichment Assay to determine significantly regulated
biological process and pathways.
Gene ontology (GO) were conducted with these DEGs datasets, top 15-20 GO
terms were depicted by -logP. Pregnancy in CD and HFD mice share several similar GO
terms including response to stress, cell proliferation and cellular component organization.
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However, the top GO terms are different and highly specific. Extracellular structure
organization (GO:0043062) and muscle structure development (GO: 0061061) were the
leading GO terms during pregnancy in CD and HFD mice respectively (Figure 11).

Figure 11. Top GO Terms during Pregnancy in CD and HFD mice
Top GO terms of DEGs in A. CD-PP vs. CD-NP and B. HFD-PP vs. HFD-NP respectively. (n=3
in each group). (PP: Post-partum; NP: Non-pregnant)

GO terms related with developmental processes, metabolic processes, cellular
processes and response to stimulus (Figure 12) also present distinct profiles between CD
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and HFD mice. HFD mice have significant GO for muscle structure development, fatty
acid metabolic and response to oxidative stress, which were absent in CD mice.

Figure 12. GO Terms Based on Biological Process
GO terms related with A. developmental process, B. metabolic process, C. Cellular process and D.
Response to Stimulus. (n=3 in each group). (PP: Post-partum; NP: Non-pregnant)

Gene Set Enrichment Analysis (GSEA) based on Hallmark gene sets found
significant gene enrichment in pathways related with cell cycle regulation including
E2F_Targets, MYC_Targets and G2M_Checkpoints during normal pregnancy in CD mice
(Table 6). HFD mice during pregnancy also exhibited significant enrichment in
MYC_Targets_V1 and G2M_Checkpoints. This observation is aligned with the significant
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GO terms related with cell cycle, cell proliferation and cell mitotic in both CD and HFD
mice during pregnancy.

Table 6. Hallmark Pathways Enriched during Normal Pregnancy
HF PP vs. HF NP

Name

SIZE ES

NES

Ctrl PP vs. Ctrl NP

NOM p-val FDR q-val ES

NES

NOM p-val FDR q-val
0.1632956

E2F_TARGETS

195 0.3600497 1.052407 0.2892562 0.442993

0.6856213 1.534680 0

9
0.1985004

MYC_TARGETS_V1 185 0.3529629 1.433218 0

0.18790378 0.4312877 1.588561 0

2
0.2159818

G2M_CHECKPOINT 195 0.4581737 1.428182 0.08884297 0.16491972 0.6460657 1.447997 0

9
0.2477785

MYC_TARGETS-V2 54

0.6442394 1.581670 0

0.12354334 0.4646488 1.456131 0

3

Gene Set Enrichment Analysis during pregnancy in HFD and CD mice. ES (enrichment
score), NES (normalized enrichment score), NOM p-value (normalized p-value), FDR
(False discover rate). NOM p-value≤0.05 and FDR q-value≤0.25 are considered significant.
(n=3 in each group). (PP: Post-partum; NP: Non-pregnant)

More importantly, HFD mice during pregnancy present distinctive gene sets
enrichment that may elucidate the initiation of pathological cardiac remodeling. In HFD
mice, pregnancy induced significant gene enrichment in biological process including
oxidative phosphorylation, TGFβ signaling, TNFα signaling, adipogenesis and hypoxia,
which were not observed in normal pregnancy (Table 7).
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Table 7. Hallmark Pathways Enriched in HFD Mice during Pregnancy
HFD-PP vs. HFD-NP

Name

SIZE ES

NES

CD-PP vs. CD-NP

NOM p-val FDR q-val ES

NES

NOM p-val FDR q-val

OXIDATIVE_PHOS
PHORYLATION
194

0.5266322 1.634683 0

0.04999998 0.1428860 0.3488724 0.8831967 1

TGF_BETA_SIGNA
LING
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0.4872869 1.513407 0

0.15253851 0.2621347 0.8592783 0.4905661 0.7151965

TNFA_SIGNALING
_VIA_NFKB
193

0.5319278 1.407503 0

0.15826482 0.2841306 0.8494885 0.7009524 0.71136826

ADIPOGENESIS

196

0.3318557 1.330033 0

0.2109248 0.1959783 0.6637217 0.8862276 0.98838407

HYPOXIA

197

0.4456099 1.318586 0

0.22006974 0.3271354 1.1236029 0.0801527 0.40778944

Gene Set Enrichment Analysis during pregnancy in HFD and CD mice. ES (enrichment
score), NES (normalized enrichment score), NOM p-value (normalized p-value), FDR
(False discover rate). NOM p-value≤0.05 and FDR q-value≤0.25 are considered significant.
(n=3 in each group). (PP: Post-partum; NP: Non-pregnant)
3.5.3 Expression of Genes Involved in Pathological Hypertrophy
To better elucidate the distinction in gene expression level between groups, we
performed hierarchical clustering analysis of the genes that are known to be involved in
pathological cardiac hypertrophy, fibrosis and oxidative stress. We observed a significant
upregulation of those genes only in HFD mice at post-partum (Figure 13). This observation
may interpret the aberrant cardiac remodeling presented in HFD mice post-partum at
expression level.
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Figure 13. Expression Profile of Genes Involved in Pathological Hypertrophy
Hierarchical clustering of the expression level of genes that are involved in regulation of cardiac
hypertrophy, fibrosis and oxidative stress process. (n=3 in each group). (PP: Post-partum; NP:
Non-pregnant)

Due to the fact that we observed a leading GO of extracellular structure
organization (GO:0043062) in CD mice during pregnancy, we also performed hierarchical
clustering of genes in collagen catabolic process (GO: 0030574) and extracellular matrix
(ECM) structural constituent conferring tensile strength (GO: 0030020) to further
investigate the biological effect. We found an upregulation of both collagens and a series
of collagen catabolic genes in CD mice at post-partum, with a highly opposite pattern in
HFD mice (Figure 14), suggesting an on-going ECM re-organization during normal
pregnancy, which is potentially disrupted in HFD mice.
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Figure 14. Expression Profile of Genes Involved in ECM Organization
Hierarchical clustering of the expression level of genes that are involved in collagen catabolic
process (GO: 0030574) and extracellular matrix structural constituent conferring tensile strength
(GO: 0030020). (n=3 in each group). (PP: Post-partum; NP: Non-pregnant)

3.5.4 Top Upregulated Genes in HFD Mice at Post-partum
We analyzed the most upregulated genes in HFD-PP determined by RNA-seq and
depicted the fold changes of those genes in each group compared to baseline (CD-NP)
(Figure 15). We observed significant upregulation of a series of genes that involved in
metabolism, especially lipid metabolism, including 3-Hydroxy-3-Methylglutaryl-CoA
Synthase 2 (Hmgcs2), Angiopoietin like protein 4 (Angptl4), (Pyruvate dehydrogenase
lipoamide kinase isozyme 4) Pdk4, Methylenetetrahydrofolate Dehydrogenase 2 (Mthfd2).
Angptl4, which governs lipid metabolism and serves as a downstream factor of TNFα
pathway (Makoveichuk, et al. 2017), ranks second of the most upregulated genes in HFDPP group determined by RNA-sequencing. Angptl4 was only upregulated in HFD treated
mice and further elevated at post-partum. The gene expression level of Angptl4 has been
validated by RT-PCR. We proposed to further investigate the function of Angptl4 in
regulating cardiac remodeling with in vitro experiments.
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Figure 15. Top Upregulated Genes in HFD Mice at Post-partum
A. Top 25 most upregulated genes in HFD-PP group determined by RNA-sequencing. B. Gene
expression level of FoxO1 in heart tissues by RT-PCR. Data are presented as Mean±SD. **
p<0.001, significantly different of HFD vs. CD. #p<0.05, significantly different vs. non-pregnant
in the same diet treated group.

3.5.5 Transcription Factor FoxO1 in HFD Mice at Post-partum
The Forkhead box family of transcription factors (Fox) mediates many aspects of
physiology, including stress response, metabolism, apoptosis and development. Based on
the findings from GO and GSEA analysis, which showed a significant alteration in related
biological process, we further investigated the gene expression level of one of the key Foxo
genes-Foxhead Box O1 (FoxO1) and its downstream signaling genes. We found that
FoxO1 gene expression level was elevated in HFD mice both non-pregnant and post53

partum (Figure 16A). This finding has been further supplemented by RNA-seq data.
Moreover, hierarchical clustering analysis of downstream targeted genes that are
transcriptionally regulated by FoxO1 also showed a distinguish upregulation in HFD mice
(Figure 16B)

Figure 16. FoxO1 and Downstream Genes Expression Profile
A. Gene expression level of FoxO1 in heart tissues by RT-PCR. B. Hierarchical clustering of the
expression level of genes that are transcriptionally regulated by FoxO1 and involved in apoptosis
and metabolism regulation. Data are presented as Mean±SD. * p<0.05, ** p<0.001, significantly
different of HFD vs. CD.
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At protein level, we observed a more significant increase of FoxO1/GAPDH ratio
in HFD mice at post-partum compared with CD (p=0.002), which is also significantly
higher than non-pregnant HFD mice (p=0.0007). Moreover, phosphorylation of FoxO1
inhibits FoxO1 interactions with DNA, we observed a trend of reduced phosphorylatedFoxO1 (pFoxO1)/total-FoxO1 ratio in HFD mice at post-partum, suggesting relatively
increased FoxO1 activity (Figure 17).

Figure 17. Protein Levels of FoxO1 and p-FoxO1
Immunoblotting for FoxO1, p-FoxO1 and GAPDH in heart tissues and quantification of protein
expression (n=3). Data are presented as mean±SD. *** p<0.005, significantly different of HFD
vs. CD. ##p<0.001, significantly different vs. non-pregnant in the same diet treated group.

3.6 Role of Angptl4 In-vitro
To investigate the potential contribution of Angptl4 to the pathological remodeling
observed in HFD mice, we performed a series of assay with rat primary cardiac fibroblast
(CFs).
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3.6.1 Angptl4 Promotes CFs Migration
We first performed a scratch assay with rat primary CFs. Rat CFs were treated with
vehicle, 5μg/ml and 10μg/ml Angptl4. Angptl4 significantly promoted the migration of the
fibroblasts (Figure 18).

Figure 18. Angptl4 Promotes CFs Migration
Representative images and quantification of rat primary cardiac fibroblasts (CFs) migration in
culture with vehicle, 5μg/ml Angptl4 and 10μg/ml Angptl4 treatment (n=3). Data are presented as
mean±SD. *p<0.05, **p<0.01, *** p<0.005, ****p<0.001 vs. Control.

3.6.2 Angptl4 Promotes CFs Proliferation and Transformation
Cultured rat CFs after treatment were stained with EdU and CellMask™ Orange,
CFs treated with 10ng/ml TGFβ served as a positive control. Angptl4 showed a dosedependent effect on fibroblast proliferation by cell number/field and EdU incorporation.
10μg/ml Angptl4 and TGFβ promoted cell proliferation by 3.2-fold compared with vehicle
(Figure 19A). Protein level of vimentin were increased in high dose Angptl4 and in the
TGFβ treated group. Protein level of α-smooth muscle actin (αSMA) were not different
between treatments, however vimentin to αSMA ratio showed a dose dependent increase
with Angptl4 treatment (Figure 19B). These findings showed that Angptl4 activates of
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primary CFs in vitro, suggesting it may play a role in the fibrosis observed in HFD-PP
hearts.

Figure 19. Angptl4 Promotes CFs Proliferation and Transformation
A. EdU and CellMask™ Orange staining and quantification of rat CFs with vehicle, 5μg/ml
Angptl4, 10μg/ml Angptl4 and 10ng/mL TGFβ 48h treatment (n=4). B. Immunoblotting for
Vimentin, αSMA and GAPDH in rat CFs treated with vehicle, 5μg/ml Angptl4, 10μg/ml Angptl4
and 10ng/ml TGFβ and quantification of protein expression. (n=3) (αSMA, α-smooth muscle actin).
Data are presented as mean±SD. *p<0.05, **p<0.01, *** p<0.005, ****p<0.001 vs. Control.
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3.7 MetS Predisposes the Heart to Increased Risks Post-partum
Human patients develop peripartum cardiomyopathy at late trimester or postpartum and the pathogenesis currently remains unclear. To investigate the subsequent
cardiac response of mice with and without preexisting MetS post-partum, we introduced
Angiotensin II and phenylephrine (Ang/PE) infusion in HFD and CD mice right after
delivery for 7 days. Non-pregnant HFD and CD counterparts served as control. Mice were
maintained on the same maintainence chow during Ang/PE treatment in order to eliminate
the effects from diets when challenged with Ang/PE (Figure 20A).
Body weight showed no difference after 7-day Ang/PE treatment between groups,
suggesting the phenotype observed is less likely affected by the diets during the 7-day
duration. Post-partum mice in both CD and HFD group showed significantly increased
HW/TL compared with non-pregnant counterparts after AngII/PE treatment (1.2-fold and
1.4-fold respectively), suggesting pregnancy overall predispose the heart to increased risks.
While post-partum HFD mice showed even higher HW/TL compared with CD
(9.826±0.806 mg/mm vs. 8.282±0.621 mg/mm, p=0.0002) (Figure 20B). In parallel with
the HW/TL, post-partum HFD mice after AngII/PE treatment showed increased myocyte
CSA compared with CD (337.287±5.732 μm2 vs. 270.793±26.381 μm2, p=0.0057) and
non-pregnant counterparts (337.287±5.732 μm2 vs. 246.454±9.758 μm2, p=0.0013) (Figure
20C).
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Figure 20. Post-partum Mice with Preexisting MetS are more Susceptible to Stimuli
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A. Ctrl diet and HF diet pregnant were subjected to 7-day Ang/PE infusion right after delivery.
Ctrl and HF diet fed non-pregnant counterparts were also treated with 7-day Ang/PE infusion as
control (Angiotensin II 1.5μg/day/kg, phenylephrine 50μg/day/kg). B. Body weight and heart
weight to tibia length ratio (HW/TL) at time of sacrifice. C. Quantification and representative
images of myocyte CSA in wheat germ agglutinin (WGA) stained hearts from 3-7 mice per group.
D. Parasternal Echocardiography were performed at terminal. Representative images of speckle
tracking strain analysis were presented. Ejection Fraction and global longitudinal strain were
obtained from speckle tracking strain analysis, left ventricle (LV) mass and stroke volume were
obtained from conventional M-mode image analysis. Data are given as mean±SD. *p<0.05,
**p<0.01, ***p<0.005, ****p<0.0001, significantly different of HF vs. Ctrl. ##p<0.01,
####p<0.001, significantly different vs. non-pregnant or vs. -Ang/PE in the same diet treated group.

Post-partum HF diet fed mice showed a trend of reduction in Ejection Fraction
(p=0.0797) and a significant reduction of global longitudinal strain (GLS) (p=0.0005) due
to AngII/PE treatment determined by speckle-tracking strain analysis. Moreover, GLS of
pregnant HF diet fed mice was lower than pregnant Ctrl diet fed mice after AngII/PE
treatment (p=0.0559), suggesting an early stage of systolic dysfunction in pregnant HF diet
fed mice after challenged with pathological stimuli. Pregnant HF diet fed mice also
presented increased LV mass and reduced stroke volume after Ang/PE treatment compared
with Ctrl diet fed mice (Figure 20D).

3.8 FoxO1 Knockdown Prevents Cardiac Hypertrophy in Mice with MetS
Based on our findings that FoxO1 is upregulated in HFD mice post-partum both at
gene expression level and protein level, accompanied with subsequent upregulation of
downstream genes. We proposed to further investigate the role of FoxO1 in regulating
cardiac response during pregnancy in mice with MetS.
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Figure 21. FoxO1 Knockdown and Inhibited Cardiac Hypertrophy
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A. Illustration for HFD feeding and AAV9 injection (AAV.Scr n=6, AAV.shFoxO1 n=5). B. Body
weight, heart weight, lung weight and tibia length were measured 1-day post-partum. C. Heart
weight/tibia length ration in CD and HFD mice at 1-day post-partum, and HFD mice pretreated
with AAV.Scr and AAV.shFoxO1 at 1-day post-partum. Data are given as mean±SD. *p<0.05,
**p<0.01, ***p<0.005, ****p<0.0001.

HFD mice after 15-week feeding were pretreated with AAV9-expressing shRNA
against FoxO1 (AAV.shFoxO1) and scrambled control expressing AAV9 (AAV.Scr)
before mated (Figure 21A). Body weights and tissue weights were collected 1-day postpartum. Without a difference in body weight between groups, we observed a significantly
reduced HW/BW and HW/TL ratio in AAV.shFoxO1 versus AAV.Scr (Figure 21B). We
also observed significantly reduced Lung weight/tibia length ratio in AAV.shFoxO1 versus
AAV.Scr (Figure 21B).

When compared with CD and HFD mice without AAV9

pretreatment at 1-day post-partum, we found that HFD mice pretreated with AAV.shFoxO1
showed significantly reduced HW/TL compared with HFD mice, which had no significant
difference versus CD mice, suggesting that exacerbated cardiac hypertrophy in HFD mice
was prevented by FoxO1 knockdown.
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CHAPTER 4 - DISCUSSION
Pregnancy requires an increased demand to support the developing fetus. This
physiological stressor induces cardiovascular remodeling in normal females. When
females have underlying health conditions at the time of pregnancy, the increased
cardiovascular stress might induce abnormal remodeling of the heart (Sanghavi and
Rutherford 2014). Current statistics show that the top cause of pregnancy-related death in
United States is cardiovascular disease (Petersen, et al. 2019; Wilson, et al. 2005). Obesity
and associated MetS are linked to cardiovascular diseases (Lavie, et al. 2013), and are now
affecting a large population of women at reproductive age (Flegal, et al. 2010; Ng, et al.
2014; Ramos and Olden 2008; Simmons 2011). Thus, obesity and/or MetS may challenge
the heart with additional stress and induce aberrant response. One example is that obese
women have a 50% higher mortality rate than non-obese women during pregnancy
(Buschur and Kim 2012). It is also known that maternal obesity has a strong link to a higher
incidence of future cardiovascular diseases (Staff, et al. 2016). These observations suggest
that there is a potential disruptive effect of obesity and/or MetS on the normal cardiac
response to pregnancy.
Cardiovascular health in obese women during pregnancy, especially within
asymptomatic populations, has not been well studied. In particular, the effect of obesity
and/or MetS on cardiac remodeling during pregnancy is not well established. The objective
of this research was to determine 1) if and how preexsiting MetS and obesity alter the
cardiac structural and functional remodeling that occurs during pregnancy, 2) does this
adverse remodeling predispose them to higher risk for cardiovascular disorders.
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4.1 Pre-conceptional MetS and/or Obesity Impairs Cardiac Adaptation
4.1.1 Cardiac Maladaptation during Pregnancy in Obese Women
Our human subject case-control study showed that excess weight females
(BMI=29.52±1.052 kg/m2) had increased LV mass and chamber dilation at their 3rd
trimester compared with normal weight females (Table 5). This finding complements a
recently published study which found significant LV hypertrophy in extremely obese
pregnant women (BMI≥35 kg/m2) that was accompanied by diastolic dysfunction and
impaired deformation (Buddeberg, et al. 2019). Our findings showed a disturbed
relationship between LV mass and pre-conceptional BMI in obese populations (Figure 9).
These findings may explain why extremely obese women with BMI≥35 kg/m2 have a more
severe phenotype than the obese women we recruited in this study.
Although we were not able to obtain the cardiac parameters in pre-conceptional
obese women, previous publications showed no cardiac hypertrophy or dysfunction in
young obese non-pregnant females compared with non-obese females (Share, et al. 2015),
suggesting pregnancy triggers the cardiac maladaptive response in young obese females.

4.1.2 Cardiac Remodeling during Normal Pregnancy in Mice
Normal pregnancy induced physiological hypertrophy with increased HW/TL 1day post-partum that rapidly regressed to baseline by 7-day post-partum determined in CD
mice (Figure 3). The myocyte CSA remains unchanged in normal pregnancy, suggesting
an increase in cell length in this form of hypertrophy, with no fetal gene upregulation or
fibrosis accumulation (Figure 4). ECHO showed the heart had the normal physiological
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response to pregnancy, with increased cardiac output and proportional chamber
enlargement (Fu 2018) (Figure 5). There was no significant change in ECHO derived LV
mass during normal pregnancy. The diastolic parameter E/A ratio showed a mild decline
during pregnancy which is consistent with previous findings in human patients (Fok, et al.
2006; Melchiorre, et al. 2016). Together, our findings documented physiological structural
remodeling during normal pregnancy, that rapidly regresses after delivery, consistent with
previous findings (Chung and Leinwand 2014; Chung, et al. 2012b; De Haas, et al. 2017;
Eghbali, et al. 2005; Sanghavi and Rutherford 2014) (Fig.7).

4.1.3 Cardiac Remodeling in Mice with Preexisting MetS
We first demonstrated that long-term HFD feeding recapitulate features of human
MetS in mice, including increased weight, dyslipidemia and glucose intolerance, without
overt cardiac phenotype. We further demonstrated that after pregnancy concurrent with
preexisting MetS, HFD mice had a greater increase in HW/TL. This increased heart mass
was accompanied by increased myocyte CSA, activation of fetal gene expression,
accumulation of cardiac fibrosis and increased apoptotic in the myocardium (Figure 3, 4).
Consistently, the heart showed a concentric remodeling phenotype determined by ECHO
(Figure 5). Instead of declined E/A ratio during normal pregnancy, HFD mice had
preserved E/A ratio throughout pregnancy, suggesting abnormal myocardium compliance
in HFD mice. In addition, post-delivery regression of hypertrophy was largely impaired in
HFD mice, as evidenced by the preserved HW/TL 1-week and even 6-week post-partum
(Figure 3). These observations suggest that preexisting MetS induce pathological
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hypertrophy rather than physiological hypertrophy during pregnancy with impaired
myocardial performance.
Other than impaired cardiac remodeling during pregnancy in HF diet fed mice, we
observed exacerbated dyslipidemia and changes in plasma cytokine level in HFD mice
post-partum. HFD feeding per se induced dyslipidemia (Figure 1), the level of cholesterol
and LDL were further elevated in HF diet fed mice after pregnancy (Figure 6). HFD mice
had decreased plasma soluble leptin receptor (sOB-R) level both in non-pregnant and postpartum cohort. sOB-R binds to leptin, which involved in body weight regulation,
reproduction and immune function. Clinical studies showed that sOB-R was inversely
correlated with the risk of diabetes (Sun, et al. 2010) and gestational diabetes (Sommer, et
al. 2016). Moreover, HFD mice post-partum had increased plasma level of proinflammatory cytokine TNF α and reduced level of anti-inflammatory cytokine IL-10
(Murray and Freeman 2003) (Figure 7), suggesting a systemic inflammation after
pregnancy in mice with preexisting MetS.

4.2 Pre-conceptional MetS Disrupts Cardiac Response at Molecular Level
4.2.1 Aberrant Gene Expression Linked to PH
At gene expression level, pregnancy in mice with preexisting MetS induced a
highly distinct gene expression profile compared with normal pregnancy. Gene ontology
analysis in HFD mice showed a most significant GO term of muscle structure development
(GO: 0061061) during pregnancy, which is the leading GO terms of human heart during
early embryonic development (Pervolaraki, et al. 2018), that was not identified during
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pregnancy in Ctrl. This observation suggests that there is an aberrant reactivation of fetal
gene sets during pregnancy in HFD mice.
However, normal pregnancy induces top GO terms of extracellular structure
organization which was not identified in HF diet fed mice (Figure 11). We found a distinct
gene expression pattern between Ctrl and HF diet fed mice post-partum in extracellular
matrix structural constituents conferring tensile strength (GO: 0030020) and collagen
catabolic process (GO: 0030574) (Figure 14). Previous studies also revealed that
pregnancy leads to upregulation of extracellular matrix related genes within 12 hours postdelivery without inducing actual fibrosis (Chung, et al. 2012a; Parrott, et al. 2018).
Together, these data suggest an on-going extracellular structural re-organization at the
transcriptome level with a balance between collagen production and degradation in the
myocardium shortly after delivery, which might be a response to the rapid volume change
after delivery (Dolgilevich, et al. 2001) and results in rapid reverse remodeling without
fibrosis accumulation. However, in the HF-diet fed pregnant mice this reverse remodeling
appears to be disrupted.
With Gene Set Enrichment Analysis (GSEA), we determined that the gene datasets
during pregnancy in HF diet fed mice showed significant enrichment in biological
processes including oxidative phosphorylation, TGFβ signaling and TNFα signaling (Table
7) that are usually coupled with generation of reactive oxygen species, deposition of
extracellular matrix and cell damage in the myocardium in general (Hori and Yamaguchi
2013; Leask 2015; Zhou and Tian 2018). Along these lines, the expression pattern of
cardiac hypertrophy, fibrosis and oxidative stress related genes showed an augmentation
67

specifically in HF mice post-partum (Figure 13). Collectively, the transcriptome analysis
suggests that pregnancy with preexisting MetS induces a distinct gene expression profile
in the myocardium compared with normal pregnancy, with evidences of pathological
hypertrophy reprogramming profile.

4.2.2 Role of FoxO1 in Regulating PH
FoxO1 transcription factor regulates a series of cellular process including survival,
apoptosis, cell cycle, metabolism and stress. FoxO1 regulates the transcription of its
targeted genes through a DNA-binding Fox domain in the nucleus, which can be posttranslational modified by phosphorylation, acetylation or ubiquitination (Fu and Tindall
2008).
Our data showed that FoxO1 gene expression level was significantly elevated in
both non-pregnant and post-partum HFD mice (Figure 16). However, the protein level of
FoxO1 is higher in HFD mice post-partum (Figure 17). More importantly, phosphorylation
of FoxO1 has been significantly attenuated in HFD mice post-partum, suggesting enhanced
activation of FoxO1. As a consequent, we observed a series of FoxO1 downstream targeted
genes that were upregulated in HFD mice post-partum that play a role in apoptosis and
metabolism (Figure 16).
FoxO1 is over-activated under harsh conditions such as insulin resistance, diabetes
and ischemia (Puthanveetil, et al. 2013). FoxO1 activation may also be regulated by TNFα
(Wang, et al. 2014). Previous study revealed that FoxO1 is persistently activated in HFD
hearts (Battiprolu, et al. 2012). Knockdown of FoxO1 prevents cardiac hypertrophy caused
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by transverse aortic constriction induced pressure overload (Pfleger, et al. 2020) and longterm HFD induced cardiac hypertrophy (Battiprolu, et al. 2012). FoxO1 knockdown also
reduce the expression level of fetal genes, such as β-MHC and ANP, both in vivo and also
in vitro (Battiprolu, et al. 2012; Ferdous, et al. 2020; Qi, et al. 2015).
FoxO1 plays a critical role in regulating metabolism, including gluconeogenesis,
glycolysis and lipid metabolism. Previous study established that FoxO1 stimulates fatty
acid uptake and oxidation in different organs (Bastie, et al. 2005; Yan, et al. 2020), through
a series of downstream targeted genes including PDK4 (Gopal, et al. 2017), UCP2, CD36
(Puthanveetil, et al. 2013), etc.
In our study, we showed that FoxO1 knockdown largely prevented exacerbated
cardiac hypertrophy we observed in HFD mice after pregnancy (Figure 21), suggesting that
FoxO1 may be a potential therapeutic target for cardiac maladaptation during pregnancy
in subjects with cardiovascular complications.

4.2.3 Role of Angptl4 in Promoting PH
In HFD mice with pregnancy, GO analysis on metabolic processes present
significant GO terms of fatty acid, monosaccharide and ketone metabolic process (Figure
12), suggesting an aberrant metabolic response in the maternal heart with preexisting MetS.
Tumor necrosis factor (TNF)α is known as a multi-functional cytokine that can regulate
different biological process including lipid metabolism. Previous study showed TNFα
activation may lead to increased expression level of Angiopoietin like protein 4 (Angptl4),
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which play a role in regulating lipoprotein lipase (LPL) activity to control lipoprotein
catabolism (Aryal, et al. 2019; Makoveichuk, et al. 2017).
Our data showed that TNFα signaling pathway was significantly enriched in HF
diet fed mice with pregnancy (Table 7) and Angptl4 expression level was also increased
by HF-diet feeding with pregnancy (Figure 15). It’s known that Angptl4 expression in the
heart is upregulated in diabetic animal models (Kesherwani, et al. 2017; Sarkozy, et al.
2013). Angptl4 expression may also be regulated by transcription factor FoxO1
(Theofilatos, et al. 2018). Moreover, Angptl4 protein localizes specifically to
cardiomyocytes (Georgiadi, et al. 2010). Thus, myocyte derived Angptl4 may interact with
other cell types in the myocardium to contribute to the aberrant structure and function we
observed in HF diet fed pregnant mice. Our in vitro data revealed that Angptl4 induced the
transformation of cardiac fibroblasts in culture by promoting migration, proliferation and
activation (Figure 18, 19). Collectively, our results suggest that HF diet and early metabolic
syndrome induces dysregulated metabolism and activation of TNFα signaling pathway.
Angptl4, as a downstream factor of TNFα pathway, may interface dysregulated metabolism
with cardiac fibrosis (Figure 22). The links between metabolic reprogramming and aberrant
cardiac stress remodeling suggests that pregnant women with MetS could be at increased
risk of cardiac complications.

4.3 MetS Predisposes the Hearts to Future Injury Post-partum
4.1.1 Cardiac Maladaptation during Pregnancy in Obese Women
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There are some evidences suggest that maternal obesity has a strong link to a higher
incidence of future cardiovascular diseases (Staff, et al. 2016). With our mice study, we
first provided direct evidence that post-partum mice with preexisting MetS are more
susceptible to equivalent pathological stimuli compared with normal mice, with
exacerbated pathological hypertrophy and aggravated cardiac dysfunction and structural
remodeling (Figure 20). Different from normal pregnancy, which cardiac hypertrophy
largely returned to normal 1-week post-partum, we observed mice with preexisting MetS
had preserved cardiac hypertrophy long-term after delivery. This suggests the aberrant
cardiac remodeling and gene reprogramming in HF diet fed mice may persist long-term
after pregnancy and predispose those individuals to a higher risk for future cardiovascular
disorders. This observation may explain why obese female are at a higher risk of
peripartum cardiomyopathy (PPCM) (Kao, et al. 2013) and showed greater cardiac
remodeling and diminished cardiac recovery when they develop PPCM (Davis, et al. 2019).
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CHAPTER 5 – CONCLUSIONS AND FUTURE DIRECTIONS
5.1 Conclusions
Pregnancy induced cardiac hypertrophy has been considered as physiological
process that is transient and reversible, without initiating pathological remodeling features
such as myocyte hypertrophy, fetal gene reactivation or fibrosis (Figure 22) (Eghbali, et al.
2005; Sanghavi and Rutherford 2014). There is a need for studies that better investigate
the cardiac response during pregnancy with preexisting risks. This knowledge gap has led
to studies that explore the cardiac response and underlying mechanisms during pregnancy
in females with preexisting obesity and/or MetS.
The present study and previous human study revealed that cardiac remodeling
during pregnancy can be disrupted in women with excess weight, with evidences of
increased LV mass and chamber dilation, accompanied with higher incidence of diastolic
dysfunction. Animal study with a diet induced mice model that recapitulated human MetS
shows that pregnancy induces pathological remodeling, including concentric cardiac
hypertrophy, fibrosis accumulation and increased apoptosis. Concurrently, there is
dysregulated gene expression in the myocardium in mice with preexisting MetS during
pregnancy, that potentially underlies this pathological remodeling phenotype. Pregnancy
may exacerbate myocardium metabolism disorder in a FoxO1 dependent way in mice with
preexisting MetS and further activate TNFα signaling pathway and its downstream
molecular such as Angptl4, which may induce fibroblast activation in the myocardium and
lead to fibrosis accumulation. We’ve also highlighted that the cardiac hypertrophy in mice
with preexisting MetS can be prevented by FoxO1 knockdown before pregnancy,
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suggesting a critical role of FoxO1 in regulating this aberrant cardiac remodeling (Figure
22.)

Figure 22. Preexisting MetS Impairs Cardiac Remodeling during Pregnancy
Normal pregnancy induced physiological remodeling which largely returned to baseline shortly
after delivery. However, mice with preexisting MetS showed signs of pathological remodeling after
pregnancy. Transcriptional factor FoxO1 has upregulated expression and enhanced activity in
mice with preexisting MetS. FoxO1 further activated its downstream targeted genes that involved
in metabolism, apoptosis, etc. Increased metabolic process led to activation of TNFα signaling
pathway. As a downstream factor of TNFα pathway, Angptl4 gene expression level was
upregulated. Angptl4 activated cultured cardiac primary fibroblast migration, proliferation and
activation, thus may interface dysregulated metabolism in mice with MetS with pathological
cardiac remodeling during pregnancy. The aberrant cardiac remodeling could persist long-term
after pregnancy in mice with MetS and predispose those mice to increased risks of future cardiac
remodeling when challenged with pathological stimuli.
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The impact of these aberrant cardiac remodeling on long-term maternal outcome
remains unclear, thus we challenged the hearts with pathological stimuli post-partum. Our
data showed that when challenged with Ang/PE infusion, the hearts from mice with
preexisting MetS exhibited more severe cardiac hypertrophy and cardiac dysfunction
(Figure 21). These observations suggest that adverse remodeling adds risk during
pregnancy and predisposes affected individuals to future cardiovascular complications.
To be noted, we also found that even control mice after pregnancy are more
susceptible to Ang/PE induced cardiac hypertrophy compared with non-pregnant
counterparts, this finding indicate that pregnancy induced cardiac remodeling may be more
than just a harmless, completely reversible process.

5.2 Limitations
Pregnancy is a complex biological process with dramatic changes of metabolic
demands, blood volume and neurohormone system, involving functional changes of
multiple organs and systems. The pathological cardiac remodeling we observed in HF fed
mice post-partum is likely to be caused by multiple factors. A limitation of the animal
model is that female C57BL/6J mice are less susceptible to diet induced morbidly obesity
(Chu, et al. 2017; Yang, et al. 2014) and hypertension (Bruder-Nascimento, et al. 2017;
Lerman, et al. 2019) without genetic manipulation. Therefore, it is interesting that we were
able to find evidence of abnormal cardiac remodeling during pregnancy in animals with a
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modest MetS phenotype, suggesting that even early-stage MetS may induce adverse
cardiac responses during and after pregnancy.

5.3 Future Directions
We have established that preexisting MetS induces the prologue of pathological
remodeling during pregnancy and predispose the hearts to future risk of cardiovascular
disease. However, the molecular causes of this remodeling need further study. MetS and/or
obesity are usually associated with insulin resistance, the insulin signaling pathway, which
could be regulated by TNFα (Borst 2004; Engelman, et al. 2000), in the myocardium in
our model has not been studied and could be further investigated. We have shown that
FoxO1 knockdown is capable to prevent increases in heart mass, however the detailed role
of FoxO1 and its downstream signaling remained unclear. Studies need to be done to better
characterize the features regarding to pathological hypertrophy in HFD mice after FoxO1
knockdown, including but not limited to myocyte hypertrophy, myocardium fibrosis,
apoptosis and fetal gene expression. We may also investigate the downstream signaling of
FoxO1 that involves in this adverse remodeling in HFD mice during pregnancy. Meanwhile,
previous studies suggest that FoxO1 activation can be inhibited by progesterone in vitro
(Brosens and Gellersen 2006), thus the activity and function of FoxO1 during normal
pregnancy can be further investigated. Moreover, previous study suggests that normal
pregnancy is associated with angiogenesis in the myocardium, however we haven’t
investigated the features of microvasculature formation in mice with MetS during
pregnancy.
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During normal pregnancy, we observed genes enrichment in cell cycle related
pathways and biological process, however we haven’t studied the specific cell type that is
undergoing proliferation in the myocardium during pregnancy. From another aspect,
although pregnancy induced hypertrophy is normally considered as physiological, this
physiological hypertrophy can sometimes and for unknown reasons, progress to peripartum
cardiomyopathy. Considering the fact that cardiovascular diseases remain the top reason
of maternal death, it’s important to further investigate the cardiac remodeling process
during pregnancy. Exercise-induced physiological cardiac hypertrophy has been well
established to be capable to protect the heart against ischemia-reperfusion and pressure
overload injury in both human epidemiological studies (Morris, et al. 1980; Paffenbarger,
et al. 1993) and animal studies (Bostrom, et al. 2010; Frasier, et al. 2011; McElroy, et al.
1978). However, our findings demonstrated that post-partum hearts are more susceptible
to pathological injury compared with non-pregnant hearts. Previous study also suggested
that pregnant mice were more vulnerable to ischemia/reperfusion injury at late pregnancy
(Li, et al. 2012), however the reasons still remain unclear. Together these evidences suggest
that pregnancy induced cardiac hypertrophy maybe more than just physiological response
and is distinct from exercise induced response. Therefore, the pathophysiology of
pregnancy induced cardiac remodeling needs further study, which may provide a better
understanding on the connection between physiological hypertrophy and initiation of
pathology.
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