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Abstract 

Introduction: Maternal cardiovascular changes that occur in pregnant women are usually well 

tolerated by most women experiencing an uncomplicated pregnancy and are reversable 

postpartum. However, pregnancy can induce adverse cardiac events in previously healthy 

women without any known cardiovascular disease. Understanding of the maternal 

cardiovascular adaptation during healthy pregnancy is important to identify deviations from 

regular patterns caused by pathological conditions. The main objective of this study was to 

explore the functional, structural and molecular cardiovascular changes that are involved in 

healthy pregnancy with the goal to delineate possible mechanisms involved in the lack of 

reverse cardiovascular remodeling observed in peripartum cardiomyopathy (PPCM).  

Methods: Cardiovascular functional, morphological and molecular changes during pregnancy 

and postpartum were assessed in pregnant wild type mice (C57/BL6) and healthy women. An 

invitro model of cardiac hypertrophy was then used to explore the involvement of pregnancy 

hormones in the regulation of cardiac hypertrophy. Finally, we assessed the circulatory level 

of growth differentiation 15 (GDF-15) in PPCM patients and matched healthy controls. 

Results: Cardiac structural, functional and morphological changes were observed in mice and 

all the parameters were resolved postpartum. Strikingly, volume load, cardiac hypertrophy 

and fibrosis were sustained for a longer period postpartum than previously reported. 

Proteomics profiling confirmed the prolongation of cardiac hypertrophy in the postpartum 

and the involvement of the ubiquitin proteasome system (UPS) in the reverse remodeling of 

cardiac changes that occur during pregnancy. We also identified a set of transcription factors 

that regulates the protein expression in the postpartum. Left ventricular systolic function was 

significantly reduced in late pregnancy in humans. Finally, the serum level of GDF-15 was 

significantly lower in PPCM patients compared to healthy controls 

Conclusion: We conclude that pregnancy induces cardiac stress which is sustained in the 

postpartum period. The heart remodels and adapts to meet the demand by both the mother 

and the fetus. Cardiac changes that occur during pregnancy are strictly regulated and 

reversed postpartum. However, the postpartum period is a period of intense cardiac stress 

and activity which requires monitoring for any deviation that may lead to pathological 

conditions. 
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Chapter summary 
 

Chapter 1: Maternal cardiovascular system goes through important changes during 

pregnancy to support the growing fetus. The changes are usually well tolerated by most 

women experiencing an uncomplicated pregnancy and are reversable postpartum. However, 

pregnancy can provoke adverse cardiovascular incidents in healthy women without any 

known previous cardiovascular disease. Cardiac disease account for up to 15% of maternal 

death and continues to be a main cause of morbidity and mortality in pregnant and 

postpartum women. 

 It can be more difficult to diagnose cardiovascular diseases during pregnancy as most 

symptoms are like changes that occur due to normal pregnancy induced biochemical changes. 

Hence, a deep understanding of the maternal cardiovascular adaptation during pregnancy is 

important to identify deviations from regular patterns caused by pathological conditions.  

Chapter 2: The main objective of this study was to describe the functional, structural and 

molecular cardiovascular changes that are involved in pregnancy with the goal to delineate 

possible mechanisms involved in the lack of reverse cardiac remodeling observed in 

peripartum cardiomyopathy.  

Chapter 3: This study was conducted on wild type mice model, cell culture model, healthy 

mothers and peripartum cardiomyopathy (PPCM) patients. Firstly, cardiac changes were 

assessed by echocardiography in a healthy pregnant wild type mouse model (C57/BL6) at 

different time points during pregnancy and postpartum. Blood and hearts were collected at 

each time point for hormone measurements, proteomics, fibrosis measurements and mRNA 

expression analysis. Bioinformatic tool (Expression2Kinases) was used to predict the 

transcription factors and kinases which control the expression of proteins upregulated in the 

postpartum period. 

Cardiomyocytes (H9C2) invitro model of cardiac hypertrophy was then used to assess the 

potential role of pregnancy hormones in the modulation of cardiac hypertrophy. H9C2 cells 

were treated with isoproterenol, oestrogen, progesterone or cotreated with a combination 

of the hormones. Cell morphology, and mRNA expression of fetal gene program were 

assessed as markers of hypertrophy. Protein kinase B (AKT), signal transducer and activator 

of transcription 3 (STAT3) and STAT5 levels were also measured to explore the potential 

signaling mechanisms implicated in the control of cardiomyocytes hypertrophy. 
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We then assessed the cardiovascular structural and functional changes using conventional 

echocardiograph in 63 pregnant healthy mothers who were recruited consecutively from 2nd 

trimester until 6 months postpartum. Furthermore, we conducted a crossectional 

measurement of growth differentiation 15 (GDF-15) in PPCM patients and matched 

postpartum controls. 

Results and Discussions 

Chapter 4: Assessment of healthy pregnant mice showed a gradual increase in body weight, 

heart weight and stroke volume during pregnancy. Changes in the heart morphology and 

loading conditions were also observed in pregnant mice. We also observed eccentric cardiac 

hypertrophy starting in the late pregnancy phase. Strikingly, cardiac hypertrophy was 

sustained for about 2 weeks after parturition and had not reverted to normal level by Day 28 

postpartum (pp). Other studies have published controversial findings on the time of reversal 

of cardiac hypertrophy in mice postpartum. Reports ranges from immediate resolving to 7 

days postpartum. Systolic and diastolic cardiac functions were normal and did not change 

significantly at all stages.  

Subsequently, we explored the potential signaling pathways that may be involved in the 

regulation of physiological cardiac hypertrophy during pregnancy in mice. Our results suggest 

that the PI3K/AKT signaling pathway modulates physiological hypertrophy during pregnancy 

whilst the janus kinase (JAK)-signal transducer and activator of transcription (STAT) 

(JAK/STAT) pathway may be responsible for maintaining physiological conditions in the 

postpartum phase when AKT is downregulated.  

We also investigated the mRNA expression of a cardiac derived hormone GDF-15 during 

pregnancy. GDF-15 expression was induced from late pregnancy and throughout the 

postpartum period. Our finding suggest that GDF-15 could be induced by stretch or cardiac 

stress but not by pregnancy hormones. Surprisingly, GDF-15 expression was reduced in STAT3 

KO mice hearts.  

To gain insight on the molecular modifications that happen in pregnancy. We performed in-

depth global protein expression profiling of pregnant mice hearts proteome at different time 

points during pregnancy and postpartum. 1190 proteins that were identified in all animals. 

Only 14 proteins were significantly varied across all groups. The significant proteins included 

proteins involved in hormone transport and metabolism, cardiac anatomical morphogenesis, 

angiogenesis, acute inflammation and immunological response.  
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The greatest proteomic response occurred between the late pregnancy group and the 

postpartum groups. We then assessed differential expressions between late pregnancy group 

(Day 14) and the 2 postpartum groups Day 14pp and Day 28pp. There was a clear functional 

difference between the proteins upregulated on Day 14pp and Day 28pp. The most significant 

proteins upregulated on Day 14pp are proteins that were involved in cardiac hypertrophy and 

muscle contraction, whilst proteins involved in proteasome system were upregulated on Day 

28pp. 

Specificity protein 1 (SP1), hepatocyte nuclear factor 4 alpha (HNF4A), interferon regulatory 

factor 1 (IRF1) and (IFR3) were the most significant transcriptional factors that regulated the 

expression of proteins on Day14pp whilst yin yang 1 (YY1), nuclear transcription factor Y alpha 

(NFYA), transcription initiation factor TFIID subunit 1 (TAF1), nuclear transcription factor Y 

beta (NFYB), and lysine Acetyltransferase 2A (KAT2A) regulated the expression on Day 28pp. 

Transcription factors on Day 14 pp regulated pro-hypertrophic signaling pathways whilst the 

transcription factors on Day 28pp are known to be repressors of cardiac hypertrophy and 

fibrosis.  

Chapter 5: Our findings from the invitro model suggested that oestrogen (E2) through the 

instigation of the PI3K/AKT signaling pathway modulates physiological cardiomyocytes 

hypertrophy. E2 also has antihypertrophic properties which abrogated both physiological and 

pathological hypertrophy. Progesterone induced physiological cardiomyocytes hypertrophy. 

Chapter 6: Data from healthy pregnant mothers substantiated the haemodynamic changes 

that occur during pregnancy. Blood pressure increased gradually peaking in the postpartum 

phase. Heart rate was significantly reduced in the early postpartum phase when compared to 

the late pregnancy group. Left ventricular ejection fraction was significantly reduced in the 

third trimester. Contradicting results were reported on left ventricular systolic function during 

pregnancy mainly because ejection fraction measurement is highly affected by the loading 

conditions of the heart.  

Based on our finding on the level of GDF-15 in STAT3 KO mice we assessed the level of GDF-

15 in serum of peripartum cardiomyopathy (PPCM) patients. The circulatory level of GDF-15 

was significantly lower in PPCM patients when compared to controls. This finding contradicts 

with previous studies that suggested GDF-15 as a marker of pathological cardiac conditions. 

However, we suggest further studies on a bigger sample size. 

Chapter 7: We concluded that cardiac structural and functional changes occur in mice during 

pregnancy. However, measurements like left ventricular ejection fraction may vary as they 



 

xx 
 

are affected by other parameters such as preload and afterload. We also conclude that 

normal pregnancy in mice induces physiological cardiac hypertrophy which is sustained for 

weeks postpartum before reverting to normal level. Ubiquitin proteasome system (UPS) 

upregulated in the postpartum phase could be the important mechanism involved in 

reversing cardiac hypertrophy and fibrosis. However, further investigations are required to 

delineate the actual role played by proteasome system during pregnancy induced 

cardiovascular remodeling. Furthermore, the involvement of GDF-15 in physiological 

pregnancy and the downstream mechanisms needs to be investigated. 
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CHAPTER 1 

INTRODUCTION 

Section 1: Maternal physiological changes associated with pregnancy 

The maternal body progressively adapts throughout pregnancy to sustain the mother and the 

developing fetus. Expected physiological modifications are often interconnected and affect 

the entire body systems [1]. Affected systems include the neurological, cardiovascular, 

metabolic, renal and respiratory system.  

The pregnant woman’s placenta also produces many hormones that have expansive effects 

during the pregnancy [2][3]. Figure 1 is a central illustration of the changes that take place in 

several organs and systems during pregnancy. These projected physiological transformations 

may lead to decompensation in mothers without preceding co-morbidities or uncover pre- 

pregnancy diseases. Hence, an understanding of normal physiologic adaptations during 

pregnancy is essential to identify and manage diseases in pregnancy. 

 

Figure 1: Central illustration of physiological changes during pregnancy 

A pregnant woman’s body experiences numerous physical and biological modifications 
necessary to assist fetal development. Abbreviations: ACTH-adrenocorticotropic hormone, 
TSH-thyroid stimulating hormone, bHCG-beta human chorionic gonadotropin, ESR-erythrocyte 
sedimentation rate, ALP- alkaline phosphatase. Adapted from Pieper, 2015 [4]. 
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1.1 Endocrine and metabolic changes 

Numerous endocrine and metabolic changes that transpire during pregnancy are dominated 

by the hormonal signals starting from the feto-placental unit (FPU). Right through the 

gestation period progesterone and oestrogen levels increase [2]. Before implantation, 

oestrogen and progesterone are produced by the corpus luteum and later by the placenta if 

implantation is successful [5][6]. Raised oestrogen concentrations causes an increase in 

hepatic production of thyroid binding globulin (TBG) [7]. Consequently, triiodothyronine (T3) 

and thyroxine (T4) bind to the TBG, which triggers more thyroid stimulating hormone from 

the anterior pituitary gland. Subsequently, the free T3 and T4 levels stay unaltered whilst 

the total T3 and T4 levels elevates. 

In addition, the placenta produces other hormones for example relaxin, human placental 

lactogen (HPL) and human chorionic gonadotrophin (HCG) [1].  

HPL, prolactin, cortisol levels increase together with the boost in progesterone and oestrogen 

can result in gestational diabetes [4][8]. This is because HPL, prolactin and cortisol are anti-

insulin hormone therefore, the increase insulin resistance in the mother and diminish 

peripheral uptake of glucose [9][10].  

1.2   Respiratory changes 

Pregnancy impacts respiratory status and function. Anatomically, the development of the 

fetus in pregnancy causes upward shift of the diaphragm [11]. Nonetheless, this does not 

significantly reduce the total lung capacity due to an increase in the transverse and anterior-

posterior diameters of the thorax that also happen [11]. 

Woman also faces escalation in their metabolic rate which causes augmented demand for 

oxygen. Circulating progesterone excites the respiratory centre, causing an increase in minute 

ventilation, principally by an increase in tidal volume (~40% increase) and by an upsurge in 

respiratory rate (~15% increase) [12].  

1.3   Renal changes 

Kidneys and ureter may increase in size in pregnant women due to the upsurge in blood 

volume and vasculature [13]. Glomerular filtration rate (GFR) increases by almost by 50% 

during pregnancy and revert to normal in about 20 weeks postpartum [14]. The augmented 

GFR increases the excretion of protein, albumin, and glucose [13][14].  
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1.4   Blood changes  

Apparent adaptations in the haematological system are observed in the peripartum period  

[1]. The peripartum period is hence, marked with increased risks including anaemia, 

thromboembolism and consumptive coagulopathies [1]. 

Plasma volume increases by 40-50% during pregnancy to carter for the enhanced metabolic 

requirements by tissues. Most of the increase in plasma volume occurs by 34 weeks [15][16]. 

Unfortunately, the rise in plasma volume causes haemodilution [15]. Haemodilution causes a 

reduction in haemoglobin concentration, haematocrit and red blood cell count [12][17]. 

However, the mean corpuscular volume (MCV) or mean corpuscular haemoglobin 

concentration (MCHC) remain unchanged [18]. Figure 2 shows the relative changes in red cell, 

plasma and total blood volumes during pregnancy. Labour contractions push blood back in 

circulation, approximately 500ml of blood is squeezed back after delivery [1][18]. In most 

cases plasma volume reverts to pre-pregnancy volume beginning at 6 days post-delivery 

[19][20]. 

 

Figure 2: Relative changes in red cell, plasma and total blood volumes during pregnancy 

(values approximate) Talbot et al, 2016 [18]. 
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Pregnancy causes an increase in the iron demand for haemoglobin production of foetus [21]. 

There is a 10- to 20-fold rise in folate demand and a two-fold increase in vitamin B12 demand 

[22]. 

Pregnancy alters the balance within the coagulation system producing a physiological 

hypercoagulable state [1]. Most clotting factors excepting factors XI and XIII progressively rise 

during pregnancy with corresponding drop of thrombolytic factors such as antithrombin III 

[15]. There is a 4-5 times higher risk of developing a clot during pregnancy and in the 

postpartum period than non-pregnant [23]. Pregnancy known to cause a mild decline in 

platelet count [24][25]. However, others have reported no effect on platelets count [12][15]. 

The white blood cell count rises with sporadic presence of myelocytes or metamyelocytes in 

the blood. During labour, there is an upsurge in leukocyte count [16]. 

1.5   Vasculature changes 

1.5.1  Angiogenesis changes 

An equilibrium between the growth of cardiac muscle mass and coronary angiogenesis is an 

essential factor for physiological cardiac remodeling. During pregnancy, myocardial 

angiogenesis increases in early to mid-pregnancy, and revert to non-pregnant levels in late-

pregnancy [26]. Studies in mice reported increased capillary density and upregulation of 

vascular endothelial growth factor (VEGF) in the late pregnant is an indication of strengthened 

neoangiogenesis  [27].  The angiogenic process is instigated by growth factors such as basic 

fibroblast growth factor (bFGF), VEGF, or placental growth factor (PlGF) [28][29].  

1.5.2  Systemic vasodilation changes 

Systemic vasodilation is one of the earliest modifications which occur in the first six weeks of 

pregnancy peaking by the end of first trimester [17][30].  It has been proposed that systemic 

vasodilation direct most of the hemodynamic changes found in human pregnancy [31][32]. 

Increase in systemic vasodilation causes an ~35% to 40% drop in systemic vascular resistance 

(SVR) in the first trimester [17][33].  

A number of important aspects are thought to aid to the vascular system changes that occur 

during pregnancy [34]. Substantial evidence points to the vasodilatory effect of progesterone, 

endothelium-dependent factors including nitric oxide synthesis, stimulated by estradiol and 
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perhaps vasodilatory prostaglandins (PGI2) [15] [34]. SVR revert to near-pre pregnancy levels 

close to the  end of the second week postpartum in normal pregnancy [15][35]. 

1.5.3  Blood pressure changes 

There are discrepancies on the conventional alterations of blood pressure in uncomplicated 

pregnancies. Although many studies have shown that women experience a mid-trimester 

drop, followed by a gradual increase in systolic blood pressure (SBP) and diastolic blood 

pressure (DBP) up to 30-45 postpartum days [36]. In numerous studies where the National 

High Blood Pressure Education Program Working Group on High Blood Pressure in Pregnancy 

(NHBPEPWG) references were employed to assess BP, SBP remained constant, whilst DBP and 

mean atrial pressure (MAP) dropped [37][38]. 

1.6   Heart rate changes 

Heart rate rises from the seventh week of gestation and increases by up to 20% in the final 

three months [39][40]. Heart rate in normal uncomplicated pregnancy does not rise above 

100 beats/minute [41].  The rise in heart rate is a compensatory response to falling SVR [33]. 

Heart rate returns to preconception levels within 10 days postpartum [17][33].  

1.7   Cardiac output changes 

During pregnancy, cardiac output increase by around 40% due to the added requirement for 

blood flow to the placenta, kidneys, breasts, skin and the heart itself [42]. Increase in cardiac 

output also compensate for reduced SVR during pregnancy [15]. Cardiac output upsurges 

during the first trimester, reaching its peak in the early third trimester [8]. 

Cardiac output follows a non-linear array of adaptation. Initially, it is facilitated by increases 

in stroke volume whereas, later, the increase is linked to heart rate [43][44]. Stroke volume 

(SV) rises steadily up until the second trimester and then stabilizes or decreases late in the 

third trimester [45]. It then yields to non-pregnant values momentarily postpartum [15].  

Section 2: Physiological cardiac remodeling associated with pregnancy 

Cardiac remodeling is a collection of molecular, cellular and interstitial changes that present 

clinically as changes in size, mass, geometry and function of the heart [46]. The etiologies of 

cardiac remodeling are different depending on the nature of upstream stimuli.  However, 
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some pathways in terms of molecular, biochemical and mechanical events are shared 

[47][48][49].  

Current evidence suggests that exercise and normal pregnancy typically elicits physiological 

remodeling [50][51]. Physiological cardiac remodeling during pregnancy is mostly prompted 

by haemodynamic load, neurohumoral activation and additional factors such as endothelin, 

cytokines, nitric oxide production and oxidative stress [52][53][54].  

It is characterized by a tweaked and orchestrated process of favourable adaptations, which 

result in reduced cardiac wall stress, increased pumping performance and improved 

vascularisation [55][56][57]. At molecular level, physiological cardiac remodeling is linked to 

well-organized signaling pathways which tightly control cardiomyocytes contractility, 

sarcomere reorganisation, cell survival, metabolic adaptation, mitochondrial function and 

angiogenesis [58][15]. Structural or functional cardiac irregularities do not happen in this 

situation, and is usually not deemed a risk factor for heart failure [59]. 

2.1   Cardiac morphological changes 

Pregnancy provides a unique model to study morphological modifications of the heart in a 

physiological situation of temporary preload and afterload alterations. In response to the 

demand to perfuse both the mother and the growing foetus, morphological changes are 

activated. These changes include increased Left ventricle (LV) wall thickness, LV mass and 

longitudinal and transverse chamber diameters [60]. Sphericity index also 

decreases from the first to the third trimester and return to normal status postpartum [60]. 

Most morphological changes that occur during pregnancy are reversed to normality 

postpartum [61]. 

An increase of 28% in LV wall thickness and 52% in LV wall mass above pre-pregnancy values 

were observed throughout pregnancy [17]. The increase in LV mass was found to be in excess 

of the increase in pregnant body size showing a true hypertrophic reaction with a rise in both 

left ventricular mass and left ventricle mass index [37][62].  

The left atrial scopes increase steadily starting as early as 5 weeks of pregnancy peaking at 

28–34 weeks' gestation [60][37]. Left atrial enlargement is possibly caused by an increase in 

preload as exhibited by the concurrent increase in SV and cardiac output during pregnancy 

[63][64]. 



 

7 
 

LV end-diastolic dimension (LVEDD) increases substantially by nearly 10% in pregnancy, 

beginning as early as 12 weeks, peaking at 24–32 weeks and remaining unchanged thereafter 

until term [37].  Left ventricle end-systolic dimension (LVESD) was reported to increase by 

about 20% in pregnancy  [62][65].  

Conflicting reports in the cross-sectional area of the left ventricular outflow tract (CSA of 

LVOT) have been published [66]. Some reporting no change [67] whist several others 

reporting an increase [66][68][69]. The difference may be due to the incorrect geometrical 

assumptions of the LVOT being spherical [37].  

Few studies have looked at the right ventricle (RV) size changes during pregnancy and have 

reported slightly increased RV area and volume when compared to non-pregnant groups 

[70][71]. 

2.2   Cardiac functional changes 

2.2.1  LV systolic function 

Physiological cardiac changes that take place during pregnancy enhance the heart’s 

performance. Nevertheless, there have been some inconsistent reports on some parameters 

that determine heart function during pregnancy [60] [66] [72][73]. This variability may 

somewhat reflect disparities in methodology, the small study populations, and discrepancies 

in population characteristics such as maternal age and race. 

Ejection fraction (EF), a measure of systolic function from M-mode echocardiography 

measurements was reduced during late pregnancy in several studies [66][73][74]. LV systolic 

function is resolved postpartum. The moderate reduction in cardiac function is mainly due to 

the increased chamber dimensions and the higher blood volume to be pumped in late 

pregnancy. However, some studies recorded no change in both EF and FS during the course 

of pregnancy [60][75]. 

Using speckle tracking echocardiography (STE), decline in left ventricular longitudinal global 

strain (LV longitudinal GS), a parameter of myocardial contraction was reported 

[66][76]. However, Naqvi et al [77] observed an increase in increase in LV radial strain rate 

(LVRSR) and longitudinal rate of deformation (LVLSR), particularly during first and second 

trimesters [74]. Savu et al [60], also reported a significant decrease in late pregnancy on LV 
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segmental longitudinal systolic deformation and deformation rate. This behaviour was true 

for all the 3 ventricular levels (basal, mid, and apical).  

2.2.2  LV diastolic function 

In gestation, there are only negligible changes in diastolic function and filling pressures [66]. 

The peak early and late diastolic mitral inflow (E wave and A wave) velocities increase 

resulting from raised preload and blood volume [74]. Nonetheless, the alteration in the A 

wave is greater than E wave; thus, a reduced E/A ratio is found in normal pregnancy. This may 

be instigated by the increased atrial contraction forced by increased left atrial filling pressures 

[74][78]. Correspondingly, the early and late diastolic myocardial velocity ratio (E’/A’) also 

falls due to amplified atrial contractility [66][67]. 

Diastolic mechanical function based on strain analysis reported  unchanged early diastolic 

global radial strain rate (GRSR), global circumferential strain rate (GCSR) and global 

longitudinal strain rate (GLSR) during pregnancy [75]. However, early diastolic GLSR time to 

peak (TTP) corrected for heart rate (HR) (GLSR TTP/HR) was found to be increased in pregnant 

women [75]. Figure 3 illustrate some of the alterations of the maternal LV morphology and 

function. 
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Figure 3: Illustrate some of the expected changes of the maternal LV morphology and 

function during pregnancy and postpartum by 3D speckle tracking echocardiography 

A: LVEDV-left ventricular end-diastolic volume; LVESV-left ventricular end-systolic volume; 
LVEDVi-left ventricular end-diastolic volume index; EF-ejection fraction; CI-cardiac index; SVI-
stroke volume index; LVMi-left ventricular mass index; LA index- left atrial volume index. B: 
GLS indicates global longitudinal strain; GCS, global circumferential strain; GAS, global area 
strain; GRS, global radial strain. *P < 0.05 vs. Controls; †P < 0.05 vs. Trimester 1; ‡P < 0.05 vs. 
Trimester 3; §P < 0.05 vs. Postpartum. The figure was adapted from Cong et al; 2015 [76].   
 

2.3   Measurement of heart function during pregnancy 

The assessment of heart function is performed using various parameters: patient’s family 

history, physical examination to ascertain the presence of clinical symptoms and signs, and 

blood tests. 

2.3.1   History and clinical investigation 

 Cardiomyopathies, congenital heart disease, the Marfan syndrome and other varies disorders 

can be ascertained by collecting personal and family history [79]. Physical examinations 

including auscultation, BP and signs of dyspnoea are also crucial considering the physiological 

alterations that occur during pregnancy. 
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2.3.2  Electrocardiogram (ECG) 

ECG recording can help to detect anomalies in the heart's rhythm and structure [80]. The bulk 

of pregnant patients have a normal ECG [81].  Conventional findings include transitory ST 

segment and T wave alterations, the presence of a Q wave and inverted T waves in lead III, 

an attenuated Q wave in lead AVF, and inverted T waves in leads V1, V2, and, seldomly, V3. 

ECG fluctuations can be connected to a gradual change in the position of the heart and may 

mimic left ventricular (LV) hypertrophy and other structural heart diseases [82]. 

2.3.3  Echocardiography 

Echocardiography is, undoubtedly the most favoured investigative test for cardiovascular 

function in pregnant women. This is because of its non-invasiveness and accessibility with no 

risk of radiation to the mother and the fetus. Echocardiography gives detailed information 

about structural deformities and informs the pathophysiology of cardiac disease and its 

haemodynamic outcomes.  

Table 1: Some echocardiographic changes during pregnancy. (Adapted from Shuang et al, 
2016 [74]. 

Echocardiographic variables Changes during pregnancy 

Left ventricular dimension and volume Increases 

Left ventricular wall thickness and left ventricular mass Increases 

Left ventricular ejection fraction Unchanged 

Left ventricular fractional shortening Unchanged 

Left ventricular radial and longitudinal strain rate Increases 

Aortic root diameter Mildly increases 

Right ventricular dimension and volume Increases 

Right ventricular ejection fraction Unchanged 

Left atrial size and volume Increases 

Stroke volume (as measured using pulsed wave Doppler) Increases 

Mitral E wave velocity Increases, then decreases 

Mitral A wave velocity Increases 

Peak pulmonary artery systolic pressure estimated using 
tricuspid regurgitation jet 

Unchanged 
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2.3.4  Magnetic resonance imaging (MRI) and computed tomography 

MRI uses robust magnetic fields, magnetic field gradients, and radio waves to create images 

of the organs in the body. It is used as a secondary tool to diagnose complex heart diseases 

[83]. MRI is regarded as relatively safe specifically after the first trimester [84][85]. The use of 

gadolinium during MRI should be avoided as there is limited data on its long-term effects [86]. 

2.4   Physiological cardiac hypertrophy 

During pregnancy, the heart and the discrete cardiomyocytes regularly undergo enlargement 

to counterbalance for increased cardiac output [87]. This increased cardiac mass is termed 

physiological hypertrophy. Pregnancy fosters eccentric hypertrophy, with no permanent 

effects on cardiac function [88]. It is characterized by a mild (10–20%) increase in cardiac mass 

and individual cardiomyocyte expansion in both length and width [89].  

The cellular readjustment of the ventricular wall is also correlated with conserved or 

improved cardiac output but with significantly increased left ventricular volumes [90]. In 

accordance to the Laplace’s law, individual cardiomyocytes increase in volume, and the heart 

develop hypertrophy to reduce ventricular wall tension and maintain function and efficiency 

in response to an increased workload [58][91]. Eccentric hypertrophy increases ventricular 

volume with a synchronized growth in wall and septal thickness [37]. Figure 4 shows the 

morphology of eccentric hypertrophy in physiological remodeling. 
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Figure 4: The morphology of eccentric cardiac hypertrophy.  

Eccentric hypertrophy characterized by increased wall thickness and individual 
cardiomyocytes growth in both length and width. It occurs during pregnancy due to volume 
load and it is physiological and reversable when the load is removed. Figure was adapted from 
Maillet et al [92]. 
 

2.4.1  Cellular changes associated with cardiac hypertrophy 

The heart is constituted of cardiomyocytes (muscle cells), non-myocytes (e.g., fibroblasts, 

endothelial cells, mast cells, vascular smooth muscle cells), and the surrounding extracellular 

matrix [93].  Cardiomyocytes, forms 85% of the heart mass, are the contracting cells of the 

heart, and they comprise of an organized series of  sarcomeres [92].  Countering the altered 

physiological stress, cardiomyocytes increase in dimensions to meet with increased functional 

demand [94]. This increases the thickness of the walls but reduces interior dimensions of the 

ventricular chambers [94].   

During cardiac remodeling, cardiomyocytes are capable of transducing mechanical stress 

from the surrounding environment to biochemical signals, a process referred to as 

“mechanotransduction” [49]. It was shown that stretching cultured cardiomyocytes speed up 

protein synthesis and specific gene expression without participation of neural or humoral 

factors [95]. One stretch receptor expressed in myocytes is the transient receptor potential 

channel (TRPC) [96]. Two subtypes of this receptor – TRPC1 and TRPC6 – are each activated 
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by stretching and are overexpressed in hypertrophy [97]. Integrins are another class of 

transmembrane protein that transmit stretch-related changes in the extracellular matrix 

through an intracytoplasmic tail [97]. 

Cardiomyocytes also integrate signals from extracellular matrix, the cell membrane, 

membrane-bound ion channels, the cytoskeleton, sarcomere, mitochondria and endoplasmic 

reticulum [59]. They also cross talk with other cells like endothelial cells, fibroblasts and 

inflammatory cells [98]. 

2.4.2  Molecular and biochemical signatures of physiological cardiac hypertrophy 

Primary stimulants leading to the development and progression of cardiac hypertrophy are 

mechanical stress and neurohumoral stimulation [59]. Mechanical stress and neurohumoral 

stimulation also influence modulation of numerous cellular responses such as gene 

expression and protein synthesis [59]. To maintain physiological hypertrophy, it is also 

necessary to activate cell survival signaling, increase energy production and efficiency, 

increase angiogenesis proportional to the ventricular wall growth, activate antioxidant 

systems, and mitochondrial quality control [92][99]. 

The signaling pathways partaking in physiological cardiac hypertrophy during pregnancy are 

multifaceted and are different from the signaling pathways involved in pathological 

hypertrophy [88]. The key signaling proteins implicated in physiological cardiac hypertrophy 

includes p38 kinases, JNK, and AKT [99].  

2.4.3  IGF-PI3K/AKT pathway 

The insulin like growth factor (IGF)-phosphotidylinositide-3 kinase (PI3K)/AKT (p110a) 

pathway is a well characterized signaling cascades accountable for interceding physiological 

hypertrophy [100][101].  PI3K is a lipid kinase that releases inositol lipid products from the 

receptor tyrosine kinase (RTK) intracellular domain which in turn trigger intracellular signaling 

[100]. Activation of PI3K and its downstream serine-threonine kinase, AKT (or Protein Kinase 

B) play an important role in the cardioprotective effect of the tyrosine kinase receptor 

signaling pathway [102].  

In adult dnPI3K transgenic mice, and in mice with cardiac-specific ablation of p110α subjected 

to a physiological stimulus (exercise) and a pathological stimulus (ascending aortic banding) 

showed significant hypertrophy in response to pressure overload. However, it showed an 
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attenuated hypertrophic response to swim training when compared with non-transgenic 

mice [100]. Constitutively active AKT1 mutant mice initially develop physiologic left 

ventricular hypertrophy, although pathologic conversion occurs over time [97]. This 

demonstrated that PI3K(p110α) is critical for physiological hypertrophy of the heart but not 

pathological hypertrophy. 

Studies have also shown that inhibition of mammalian target of rapamycin (mTOR) with 

rapamycin can avert cardiac hypertrophy produced through AKT overexpression [102][103]. 

mTOR is a downstream effector of AKT, suggesting that AKT and its downstream molecules 

regulate development of cardiac hypertrophy [102][104].  

2.4.4  JAK-STAT pathway 

The glycoprotein 130/ janus associated kinase/signal transducers and activators of 

transcription (gp130/JAK/STAT) pathway is also prominent with physiological cardiac 

hypertrophy and/or protection [105][106]. The JAK/STAT pathway is stimulated by ligand 

binding to its receptor in the plasma membrane and the later homo- or heterodimerisation 

of the receptor [107]. In the heart, interleukin 6 (IL-6), IL-11, leukaemia inhibitory factor (LIF), 

oncostatin M, ciliary neurotrophic factor (CNTF) and cardiotrophin-like cytokine (CT-1) are the 

key cytokines that transduce their signals via glycoprotein 130 (gp130) largely to STAT 3 and 

STAT 5 [107]. Stimuli which trigger hypertrophic progression of cardiomyocytes such as 

mechanical stretch and pressure overload, myocardial infarction and angiotensin II (ANG II) 

treatment activate the JAK-STAT signaling in the heart [107].  

Inhibition of STAT3 prompted regression of hypertrophy, implying that STAT3 is a major 

potential therapeutic target for cardiac hypertrophy [105]. In addition, over-expression of 

STAT 3 in mouse cardiomyocytes caused cardiac hypertrophy by increasing expression of 

hypertrophic genes and led to spontaneous concentric cardiac hypertrophy 

[105][108]. However, mice lacking STAT3 in cardiomyocytes (aMHC-Cretg/-; STAT3flox/flox,: 

(STAT3-KO)) developed normal pregnancy-induced hypertrophic after TAC caused doubts on 

the  role of STAT3 in hypertrophy [108][109].  

Studies in mice have also reported the cardioprotective effect of STAT 5 [106][110]. Available 

evidence indicates that STAT 5 interacts with p85, a regulatory subunit of PI3K, which then 

activate the PI3K/Akt signal pathway [111].  PI3K/Akt is crucially involved in compensatory 

cardiac adaptation [110].  
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2.4.5  Extracellular signal related kinases 1/2 (ERK1/2) 

Extracellular signal related kinases 1/2 (ERK1/2) are also known as mitogen activated kinase 

3/1 (MAPK3/1) are kinases activated by extracellular signals and growth factors which then 

translocate to the nucleus, phosphorylate targets, and initiate transcription [97]. Activation 

of ERK1/2 mediates both physiological and maladaptive processes in the 

heart. Overexpression of an active mutant ERK1 induces physiologic hypertrophy that is 

protective against ischemia reperfusion injury [97]. However, recently it was shown that loss 

of ERK1 and ERK2 from cardiomyocytes did not attenuate cardiac enlargement in response to 

TAC or exercise rather induced eccentric cardiomyocyte growth [112]. 

2.5   Angiogenic remodeling in normal pregnancy  

Coronary angiogenesis play a vital role in maintaining cardiac vascularisation and perfusion 

during physiological remodeling [113]. Heart tissue enlargement during pregnancy must be 

accompanied by a corresponding expansion of the coronary vasculature to retain an adequate 

supply of oxygen and nutrients [34]. Hence, in pregnancy capillaries grow proportional to 

cardiomyocyte volume thus conserving the capillary density seen in non-hypertrophied 

hearts [34]. 

Vascular endothelial growth factor (VEGF) is  the most important factor promoting angiogenic 

remodeling [114]. Maternal levels of total VEGF rise gradually throughout pregnancy 

[115][116]. VEGF begins blood vessel development by boosting vascular permeability and 

increasing endothelial cell proliferation [34]. Then angiopoietins subsequently further the 

remodeling, maturation and stabilisation of the originally undeveloped vasculature [117].  

The placental growth factors (PGF, also called PlGF), are also important factors that influence 

angiogenesis [114]. The function of PIGF is less understood, however studies have reported a 

clear increase in free PIGF between 28 and 32 weeks of gestation [34][118]. 

2.6  Structural and extracellular matrix remodeling of the heart during pregnancy 

The extracellular matrix (ECM) is an important structure which provides a supporting 

framework for cardiac function [26]. It is composed of predominantly collagen, which 

provides passive tension in stretched cardiac muscle, thereby influencing the end-diastolic 

volume of the heart [119]. Type I collagen (Col 1) accounts for approximately 85% to 90% of 

the collagenous matrix, whilst type III collagen (collagen 3) represents 5% to 11% of total the 



 

16 
 

myocardial collagens [120][121]. The cardiac ECM also contain fibronectin, 

glycosaminoglycans, and proteoglycans, and it acts as a reservoir for growth factors and 

proteases [122]. 

 The ECM is rigorously controlled by balancing the synthesis and breakdown of component 

proteins [26][121]. Disruption of the ECM network structure compromise the structural 

integrity and function of the heart [123]. Again, excess production and build-up of ECM 

structural proteins, or fibrosis, results in augmented stiffness of the myocardium and affects 

ventricular contraction and relaxation, causing distorted architecture and function of the 

heart.  

Studies assessing ECM remodeling by histological analysis in pregnant mice and rats showed 

no presence of interstitial fibrosis [61][88]. However, other studies have noticed the 

development of fibrosis during late pregnancy [124]. Limon-Miranda et al, 2014 revealed that 

Col I expression in left ventricles subsided during pregnancy whilst Col III increased [119]. The 

fibrosis observed could be the result from a compensatory effect in response to the increase 

in blood volume present in the pregnancy to improve the diastolic function. Col III forms finer 

bundles of more reticulate fibre that are more elastic and more malleable than col 1 matrix 

[125]. 

Matrix metalloproteinases (MMPs) and Tissue Inhibitor of Metalloproteinases (TIMPs) have 

important roles in ECM remodeling. MMPs families function to degrade ECM anchoring 

proteins such as integrins, collagens and fibronectins [88]. TIMPs inhibit MMPs activity is 

inhibited by TIMPs [126]. TIMPs activity vary by targets for instance TIMP1 is less active at 

inhibiting membrane-type MMPs including MMP14, 15, and 16, while both TIMP1 and TIMP3 

interact with MMP9 [121].  

ECM related genes are also the most significantly up-regulated group of genes in late 

pregnancy and immediate postpartum [26]. Parrot et al 2018 [121], observed low levels 

of TIMP 2–4 mRNA in the postpartum period [26][121]. In another study, MMP-1, MMP-2, 

and MMP-9 expression was depressed in the left ventricle of pregnant rats, while in the 

postpartum the MMP-1 and MMP-9 expression was similar to non-pregnant group 

[124][127]. The downregulation of MMPs suggest that they take part in the cardiac 

remodeling of the ECM during the pregnancy.  
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2.7   Regression of cardiac changes postpartum 

Cardiac hypertrophy is rapidly reversed following pregnancy, and this is influenced by reduced  

preload [54][128]. Table 2 summarizes the regression time of some of the changes that occur 

to the maternal cardiovascular system after labour. CO is known to rise by 60-80% 

immediately after delivery due autotransfusion from contracting uterus as well as decreased 

vena caval compression [1][15]. By 24 hrs postpartum cardiac output yields to pre-labour 

values and by 2 weeks postpartum it returns to pre-pregnant levels [129].  

There is a loss of approximately 1000 ml of blood after delivery which is usually recovered 

over a few days due to transfer of fluids from the cellular compartments [15]. Normal plasma 

volume is established by 6-8 weeks. 

Table 2: Regression period of cardiac changes that occur during pregnancy 

Cardiac changes during pregnancy Regression period to pre-pregnant level 

Hemodynamic changes  

Cardiac output 6 weeks 

Systemic vascular resistance 2 weeks 

Blood volume 6-8 weeks 

Heart rate 12 weeks 

LV geometry 

LV mass 13 weeks [130]; > 6months [66] 

LVIDd (mm) 1 month [65]; 6 months [66]; > 13 weeks [130] 

LVIDs (mm) 6 months  

LVEDV (ml) 6 months  

LVESV (ml) 6 months  

LV IVSd (cm) 6 months  

LV PWd (cm) 6 months  

LV function 

LVEF 6 months 

LVGS 6 months  
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Cardiac mass, ventricular geometry, ventricular volumes, and ventricular function may 

continue for up to a year post-delivery despite the removal of the volume load [62][66]. 

However, most follow-up studies in normal pregnancy were conducted from 6 months after 

delivery  [66][131][132]. A few studies that were conducted between 1 month and 3 months 

postpartum reported that LV mass, interventricular septum thickness and LV posterior wall 

thickness did not revert to normal level in this period [65][130].  

Data on signaling implicated in the regression of physiological hypertrophy is also limited. 

Nevertheless, the VEGF-VEGF receptor-1 signaling pathway, activation of protein kinase G 

1(PKG-1) pathway, and regulation of hypoxia inducible factor‐1 (HIF-1) transcriptional activity 

have been detected during the regression of pathological cardiac hypertrophy 

[133][134][135].  

VEDF-VEGF receptor 1 activation is linked to cyclic GMP-dependent protein kinase-1 (PKG-1) 

signaling pathways, and inhibition of cyclic GMP degradation leads to regression of 

pathological cardiac hypertrophy [133][136][137].  

Section 3: Peripartum Cardiomyopathy (PPCM) 

3.1   The epidemiology of cardiovascular disease in pregnancy 

Pregnancy induced stress is often well tolerated in healthy mothers  [138][139]. However, 

cardiovascular snags may occur in some women who did not have any preceding adverse 

cardiac history before pregnancy  [88][138][140]. This could be exacerbation and unmasking 

of underlying conditions due to progressively increasing demand on the cardiovascular 

system or the development of completely new condition [141]. 

Cardiac disease account for up to 15% of maternal death in pregnant and postpartum women 

[142].  According to the World Health Organisation (WHO), maternal mortality in developed 

economies is around 12 per 100 000 live births (0.012%) and 239 per 100 000 live births (0.2%) 

in emerging economies, with large disparities both between and within countries 

[79][142][143][144]. 

Worldwide, hypertensive illnesses occur in 6–8% of all pregnancies and are the most common 

cardiovascular events during pregnancy [145].   

Data from South Africa shows that heart disease affects at least 0.6 per cent of pregnant 

women attending antenatal care [146]. Rheumatic valvular disease dominates in Sub Saharan 
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Africa and other low to medium income countries, making 56–89% of all cardiovascular 

diseases in pregnancy.  Peripartum cardiomyopathy (PPCM) contributing up to 34% of all the 

non-obstetric deaths in Africa [147]. Congenital heart disease (CHD) is less prevalent 

representing just 9–19%  [139].  The low prevalence in congenital heart disease in pregnant 

women in emerging countries might be because many children with CHD will not get to 

reproductive age [148]. In Africa, a total of 18 cardiac operations are done per 1 million people 

which is way below the global mean number of cases that stands at 169 per million [139].  

3.2   Definition of PPCM 

PPCM is the occurrence of heart failure (HF) indications in the nineth month of gestation or 

in the first five months postpartum without prior history of HF before the last month of 

pregnancy [149][150]. The ejection fraction (EF) in PPCM women goes below 45% [151]. The 

symptoms of PPCM such as breathlessness, exercise intolerance, cough and shortness of 

breath may mimic common symptoms in normal pregnancy making it a difficult condition to 

diagnose [152]. An exhaustive assessment is necessary to exclude other potential cardiac and 

non-cardiac explanations for the patient’s clinical presentation. The requirements for 

diagnosis of PPCM include clinical signs of heart failure and an echocardiographic left 

ventricular ejection fraction (LVEF) of ≤ 45%, ECG, and magnetic resolution imaging (MRI) 

[153]. Laboratory measurements of NT-proBNP, and right ventricular (RV) dysfunction may 

be measured as a predictor of outcome [45] [154].  

3.3   Incidence of PPCM 

The epidemiology of PPCM is sparse, however it occurs globally [155]. Most data from Africa 

originated from Nigeria and South Africa [155]. Other well studied countries include Haiti and 

USA. Lately, large cohort studies have been conducted in Germany [156], Japan [157], and 

Turkey [158]. However, reports from other European countries, the Middle East, Asia, and 

Australia remain scarce [155]. Systematic population estimates of the incidence of PPCM are 

lacking for a variety of reasons, including under-diagnosis, misdiagnosis, and lack of a 

systematic reporting mechanism [155].  

The incidence rate in South Africa is 1 in 1000 live births [152]. Projected incidence in the 

United States ranges from 1 in 1000 to 1 in 4000 pregnancies [159]. Other well-described 

global hotspots, includes Nigeria and Haiti, where incidence rates range as high as 1 in 100 to 
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1 in 300 [160]. Although data from other parts of the world is still unknown, PPCM appears 

to be popular and carry a worse prognosis in women of African origin [150]. 

3.4   Aetiology of PPCM  

The cause of PPCM is still unknown, although  several hypotheses including viral myocarditis, 

fetal micro chimerism, malnutrition, the hemodynamic stress of pregnancy, autoimmune 

processes, inflammatory-factors, and low selenium levels have been associated [152][161] 

[162][163]. 

Unbalanced oxidative is another key player in the pathogenesis of PPCM. In normal pregnancy 

balance is maintained between reactive oxygen species (ROS) and total antioxidant capacity 

[164]. Oxidative stress level is elevated in PPCM patients and in PPCM animal models [165]. 

Augmented oxidative stress cause activation of cathepsin D, a peptidase which cuts 23kDa 

prolactin into the 16 kDa fragment. Matrix metalloproteinases (MMPs) may also cleave 

prolactin into the same vasoinhibins [166]. The cleaved prolactin form is angiostatic, 

apoptotic and impairs cardiomyocyte function [167][168].  

Oxidative-stress-Cathepsin D-16kDa prolactin hypothesis provides the closest potential 

disease-specific pathophysiological mechanism and has led to the development of 

bromocriptine a therapeutic drug that block prolactin [167]. The raised level of 16-kDa PRL 

measured in PPCM patients is linked to low activation of STAT3 and the peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) [169].  Studies shows 

that STAT3 facilitates cardioprotection form oxidative stress in part by upregulating 

antioxidant enzymes such as manganese sodium dismutase (MnSOD) [170]. MnSOD a 

powerful ROS scavenging enzyme located in mitochondria [170][171]. 

Increase level of 16kDa prolactin was also found to stimulate the release of micro-RNA 146a 

(miR-146a)–loaded exosomes from endothelial cell [172]. MicroRNA-146 inhibits production 

and movement of endothelial cells [172]. They are angiostatic and the also cause metabolic 

dysfunction in cardiomyocytes [172][161]. Furthermore, studies also revealed that 16kDa-PRL 

offsets vasorelaxation and angiogenesis via inhibition of the Ca2+-related instigation of 

endothelial nitric oxide synthase (eNOS) [173][174]. 

Peroxisome proliferator-activated receptor gamma coactivator  (PGC-1α) similarly augment 

angiogenic imbalance in PPCM by increasing the secretion of anti-angiogenic soluble fms-like 



 

21 
 

tyrosine kinase-1 (sFlt1) during pregnancy [175][152]. Another study also showed that higher 

serum relaxin-2 concentrations momentarily after birth are associated with better myocardial 

improvement after 2 months in PPCM patients who were diagnosed between 0 and 11 days 

postpartum [176]. Relaxin-2 is a hormone secreted in the first phase of pregnancy and acts as 

a pro-angiogenic and vasodilator. 

 Inflammation and autoimmune reactions are also potential factors that could induce and 

drive PPCM [177][173]. This inflammatory process is either cellular or molecular non-cellular 

or both [178].  Raised levels of circulating cytokines including interleukin-6 (IL-6), tumour 

necrosis factor-a (TNFa), C-reactive protein (CRP), and interferon gamma (IFNc) were also 

found in PPCM patients [174][178].  

 

Figure 5: Suggested pathophysiological mechanisms causing PPCM [161].  

Figure 5 summaries the role of inflammation, apoptosis and angiogenic imbalance in the 

pathophysiology of PPCM. The 16KDa fragment that result from cleavage of the 23kDa 

prolactin contributes to amplified expression of miR-146a and chemokine ligand 2 (CCL2). 

miR-146a induce cardiomyocyte apoptosis by inhibiting endothelial cell proliferation and 

survival whilst augmented CCL2 induces cardiac inflammation [161]. The angiogenic 

imbalance is also worsened by increased sFlt1 and decreased vascular endothelial growth 

VEGF and relaxin levels. 
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3.5   Cardiac remodeling in PPCM 

Contrast with normal pregnancy remodeling, pathological remodeling is a maladaptive 

development. It is characterized by continuing ventricular dilatation, myocardial hypertrophy, 

fibrosis, and weakening of cardiac performance [179]. The devastating spiral of maladaptive 

changes often culminate to heart failure, arrhythmias, and death [180]. The initial structural 

changes of the heart is an adaptative effort to maintain normal cardiac function [181][182]. 

However, with prolonged stress, gradual and irreversible dysfunctional state of the heart may 

develop [183][184]. 

 

Figure 6: Schematic overview of the main events that contribute to cardiac remodeling in 
PPCM.  
Figure adapted from Schirone et al, 2017 [183]. Increase in oxidative stress, inflammation and 
cell death which causes fibrosis and cardiac hypertrophy are the main even in cardiac 
remodeling in PPCM. 
 

At cellular level, myocyte loss through necrosis, necroptosis, apoptosis, or autophagy, and 

fibrosis occurring through fibroblast proliferation characterize pathological remodeling 

[183][185][186]. Furthermore, changes in the expression of proteins implicated in excitation-

contraction coupling (ECC), and variations in the energetic and metabolic situation of the 

myocyte also influences remodeling [187].  
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ECC process tightly controls calcium influx and uptake [188]. Impaired calcium 

uptake facilitated by proteins such as sarco/endoplasmic reticulum Ca2+-ATPase (SERCA)-2a, 

and unrestrained calcium efflux through ryanodine receptors (RyRs) have been reported in 

PPCM hearts [94][189][190]. 

Again, activation of G-protein coupled receptor (GPCR) participates in cardiomyocyte 

remodeling and survival [191]. Mechanical stretch encourages the release of α and ß 

adrenergic receptor agonist (α and ßARs),  angiotensin (AT)-II and endothelin-1, which 

contributes to the activation of GPCR signaling through Gαq subunits [192]. Overexpression 

of the Gαq subunit promotes PPCM [173][193].  

3.5.1 Remodeling at myofilament level in PPCM 

An analysis of cardiac biopsies acquired from PPCM patients showed increased compliant 

titin, reduced phosphorylation of titin at Ser4010, and impaired myofilament length-

dependent activation [194]. The same study also reported that myofilaments from PPCM 

patients' hearts have a reduced cyclic AMP- protein kinase A (cAMP-PKA) activation and 

presents an increase in calcium (Ca)2+-sensitivity [173][194]. 

3.5.2  Pathological eccentric hypertrophy in PPCM 

Pathological eccentric hypertrophy seen in PPCM is different from the eccentric hypertrophy 

observed in normal pregnant physiological hypertrophy [189]. In pathological eccentric 

hypertrophy the chamber size increases whilst wall thickness does not increase proportionally 

in response to increased hemodynamic load [195]. The eccentric geometry inflicts a distinct 

mechanical drawback that is associated with reduced LV systolic function and operation 

[191]. However, in some cases little or no LV enlargement is observed despite a reduced 

ejection fraction whereas others display substantial LV enlargement [189][195].  

Pathological eccentric hypertrophy in PPCM also differs from normal physiological 

hypertrophy in pregnancy on the induction of fetal gene program and the possibility of 

developing fibrosis [189][61].  
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Figure 7: Morphology of eccentric hypertrophy leading to heart failure in PPCM.  

Adapted from Kehat et al, 2010 [184]. Pathological increase in volume load usually results in 
a left ventricle with enlarged diameter but no wall thickness. In the presents of PPCM invoking 
stimuli the remodeling can progress to dilation and compromised function with fetal gene 
expression. 

 

3.5.3   Signaling of pathological hypertrophy 

Signaling via G-protein-coupled receptors (GPCR) stimulated by  catecholamines, angiotensin 

II, and endothellin-1, are connected to pathological hypertrophy. Similarly, transgenic mice 

with cardiac-restricted overexpression of Gαq subunit fosters a form of PPCM that is coupled 

with hypertrophy and high cardiomyocyte apoptosis [192]. Peripartum hypertrophy is also a 

feature that is observed in STAT3-KO mice stirred with β1-adrenergic receptor (β-AR) agonists 

[193][173].  

A good example of the activated pathways is the calcineurin-nuclear factor of activated T cells 

(NFAT) signaling axis. It is facilitated by the calcium/calmodulin-activated serine-threonine 

phosphatase, calcineurin (PP2B) [196]. The calcineurin/nuclear factor of activated T cells 

(NFAT) and NF-kB pathway was implicated as a key controller of cardiomyocyte hypertrophy 

both in vitro and in vivo [197]. PP2B conveys signals to the nucleus via the dephosphorylation 

and translocation of nuclear factor of activated T cell (NFAT) transcription factors [196]. The 

mechanical and neurohormonal stimuli activates Ca2+- calmodulin (Cam) binding which 

controls the dephosphorylation of NFAT by means of PP2B [197]. The dephosphorylated NFAT 
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in turn triggers hypertrophy related transcriptional factors such as GATA-4 [197]. Ultimately, 

activated NFAT stimulates transcription of pathological hypertrophy-associated genes, 

including α-actin, endothelin-1, atrial natriuretic factor (ANF), and β-myosin heavy chain 

[97][198].  

Another pathway that contributes to pathological cardiac hypertrophy in a similar manner is 

the mitogen-activated protein kinases (MAPK) c-Jun N-terminal kinase (JNK). Figure 8 

illustrate some of the signaling pathways that takes part in pathological hypertrophy. 

 

Figure 8: Diagrammatic representation of main intracellular signaling pathways regulating 
cardiac hypertrophy in PPCM.  

The diagram was adapted from Samak et al, 2016 [49]. Neurohumoral and mechanical signals 
sensed by membrane bound receptors activate downstream mechanism. The transcription 
factor NFAT, responsible for cardiac hypertrophy, is positively regulated through 
calmodulin/calcineurin. The receptors signal through G proteins directly control downstream 
signaling effectors such as kinases and phosphatases. Calcineurin is a key transducing 
phosphatase. These signals culminate in altered transcription that includes the reinduction of 
the fetal gene program and hypertrophy. 

In rodents, switching to the fetal gene expression profile is a typical feature of pathological 

cardiac hypertrophy. The fetal gene program includes up-regulation of cardiac myosin heavy 

chain-beta (β-MHC) instead of the adult predominant alpha isoform (α-MHC), skeletal alpha 

actin (SKA), and atrial natriuretic factor (ANF) genes [199][200]. GATA4 and myocyte enhancer 
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factor-2 (MEF2) transcription factors mediate the induction of a set of the fetal genes 

[97][200].  

Additionally, cardiomyocytes also go through substrate switch. This is a change from the 

preferred fatty acid oxidation to carbohydrate-dependent energetic machinery turning on 

metabolic genes [49].  

3.6   Cardiac fibrosis and Inflammation in PPCM 

In PPCM, eccentric hypertrophy heart, LV remodeling is potentially accompanied by a typical 

loss of collagen fibrils around individual myocytes [201]. This may be attributed to augmented 

ECM proteolytic activity that is likely to reduce ECM content and thereby facilitating the 

overall ventricular dilatory process [202]. The remodeling of the PPCM heart is not completely 

understood and the recommendation to not use gadolinium in pregnant women has limited 

the use of magnetic resonance imaging (MRI) to assess fibrosis in PPCM patients.  

Several studies have assessed circulating factors of cardiac fibrosis such as procollagen type-

I N-terminal propeptide (PINP) and procollagen type-III N-terminal propeptide (PIIINP) in the 

diagnosis and prognosis of cardiac diseases [203][204][205]. Galectin-3 (Gal3) and soluble ST2 

(sST2) and osteopontin (OPN) have also known to be contemporary markers of cardiac 

inflammation and fibrosis [206][207][208]. Azibani et al, found that high baseline galectin-3, 

soluble ST2, and OPN levels were associated with poor outcome in PPCM patients [203].  

A cause effect connection between MMP proteolytic activity and LV dilation with a volume 

overload stimulus have also been published [209][210].  For example, a robust expression and 

activation of MMPs have been clearly identified in dilated cardiomyopathies [209][210][211]. 

In a rapid pacing model of inducing dilated cardiomyopathy, MMPs were induced early prior 

to significant changes in the cardiomyocytes [210]. In another study, TIMP-3 deficiency led to 

dilated cardiomyopathy [212]. 

The myofibroblasts also respond to proinflammatory cytokines like tumour necrosis factor 

[TNF]-a, interleukin [IL]-1, and IL-6 [213]. Sustained inflammatory cell infiltration is often 

observed in myocardial biopsy specimens collected from PPCM [214]. Studies have also 

shown that myocardial IL-1b, [TNF]-a, TGF-b1 and IL-4 induction may indirectly induce 

myocardial Col remodeling by the upregulation of MMPs and downregulation of TIMPs 

[215][216][217]. 
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Section 4:  Role of pregnancy hormones on the maternal cardiovascular system 

This section is available as a research publication in Clinical Research in Cardiology Journal. 

Kodogo V, Feriel Azibani ·, Sliwa K Role of pregnancy hormones and hormonal interaction on 

the maternal cardiovascular system: a literature review. https://doi.org/10.1007/s00392-

019-01441-x   
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4.1    Heart derived hormones during pregnancy 

The heart can also synthesize and secrete hormones with paracrine or endocrine function 

[218]. The hormones are synthesized and secreted from specific heart cells and their 

circulatory levels are highly controlled in response to modified internal cardiac function or 

external cardiac demand. Know heart-derived hormones include growth differentiation-15 

(GDF-15), myostatin and atrial natriuretic peptide (ANP), brain (or B-type) natriuretic peptide 

(BNP) [219][220]. 

4.1.1   Growth/differentiation factor-15 expression in the heart 

Growth/differentiation factor-15 (GDF-15, is a distance member of the transforming growth 

factor β superfamily (TGF-β) [221]. GDF-15 is also known as macrophage inhibitory cytokine 

1 (MIC-1) non-steroidal anti-inflammatory drug-inducible gene (NAG)-1, placental 

transforming growth factor-beta (pTGFB), prostate-derived factor (PDF), and placental bone 

morphogenetic protein (PLAB) [222][223]. It is a 25-kD disulfide-linked dimeric protein 

cleavage from a 62-kD intracellular protein by a furin like protease [224]. Furin also known as 

the proprotein convertase subtilisin/kexin (PCSK)-3, PCSK5, and PCSK6 cleave pro- GDF-15, 

generating mature GDF-15 dimer [218][225].  

GDF-15 is available at high levels in the blood of pregnant women, it is highly expressed in the 

placenta but its role in pregnancy remains unknown [226]. 

Heart expression of GDF-15 is low under physiological state, but its expression can be 

prompted in response to reactive oxygen species, proinflammatory cytokines, simulated 

ischemia, and mechanical stretch [221][227][228]. Plasma GDF-15 concentration is associated 

with cardiovascular diseases such as heart failure, coronary artery disease, and atrial 

fibrillation [225][229][230]. Marked elevation in GDF-15 level is associated with worsening 

heart failure severity [231]. However, GDF-15 has limited usefulness as an independent 

prognosis marker because the concentration is also related to cardiovascular risk factors, like 

age, diabetes, and current smoking and low HDL-cholesterol levels [232][233].  

4.1.2   Cardioprotective functions of GDF-15 

 Accumulating evidence, at the molecular and cellular level suggests that GDF-15 contributes 

substantially to cardioprotection through multiple signaling pathways [234][235]. Figure 9 

summarizes the crucial involvement of GDF-15 in distinct cardioprotective signaling cascades.  
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Figure 9: Distinct cardioprotective signaling modulated by GDF-15 [236] 

ALK: ALK type 1 receptors; AKT: serine/ threonine kinase (protein kinase B); Bcl-xL: B-cell 
lymphoma-extra-large; EGFR: epidermal growth factor receptor; eNOS: endothelial nitric 
oxide synthase; ERK: extracellular signal-regulated kinases; GDF-15: growth differentiation 
factor-15; JNK: Jun-N-terminal kinase; NF-jB: nuclear factor kappa B; PI3K: phosphoinositide 
3-kinase 
 
GDF-15 has antihypertrophic and antiapoptotic functions activated through ALK type 1 

receptors that phosphorylate several SMAD members [237]. GDF-15 can also hinder the 

transactivation of epidermal growth factor receptor (EGFR), therefore inhibiting the 

hypertrophic actions of both AKT and ERK in cardiomyocytes [236]. Li et al. also showed that 

increased GDF-15 protects endothelial cells against high glucose induced cellular injury by 

activating PI3K/AKT/eNOS signaling pathway and attenuating NF-KB/JNK activation [237].  

Nevertheless, the antihypertrophic effect of GDF-15 has been contradicted in a study by 

Heger et al, 2010 who found that GDF-15 enhances hypertrophic growth that is mediated 

through PI3K and ERK and the transcription factor R-SMAD1 [238]. 

  



 

41 
 

CHAPTER 2 

JUSTIFICATION AND OBJECTIVES 

1.1 Justification 

Cardiac diseases including heart failure, account for up to 15% of maternal death and remain 

a major cause of morbidity and mortality in pregnant and postpartum women 

[79][142][143][144]. World Health Organisation (WHO) current efforts aim to pinpoint heart 

failure at its earliest preclinical stages in order to start treatment and prevent deterioration 

before the symptoms escalate. 

During pregnancy, it can be more challenging to diagnose cardiovascular diseases as most 

indicators of cardiovascular diseases mimic physiological changes that occur during 

pregnancy. Understanding the physiological cardiovascular changes will help to establish 

precisely timed changes and identify deviations from regular patterns caused by maternal 

cardiovascular maladaptation. This will help in early diagnosis and prognosis assessment of 

cardiovascular diseases during pregnancy. 

1.2 Main Objective 

The main objective of this study was to assess the functional, structural and molecular 

cardiovascular changes that occur during physiological pregnancy with the goal to delineate 

possible mechanisms involved in the lack of reverse cardiac remodeling observed in 

peripartum cardiomyopathy (PPCM).  

1.3   Specific Objectives 

• To delineate functional, morphological and structural cardiovascular changes that occur 

during gestation and postpartum in healthy pregnant wild type mice(C57/BL6) (chapter 

4). 

• To explore potential signaling pathways that regulates physiological cardiac 

hypertrophy during pregnancy in mice (chapter 4). 

• To identify a set of proteins from mice hearts that can track pregnancy induced 

cardiovascular remodeling and the recovery process (chapter 4). 

• To assess the potential involvement of maternal hormones in the regulation of cardiac 

hypertrophy invitro (chapter 5). 
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• To delineate cardiovascular functional and morphological changes that occur during 

gestation and postpartum in healthy pregnant mothers (chapter 6). 

• To assess the differences in expression of GDF-15 in peripartum cardiomyopathy 

(PPCM) patients and matched healthy controls (chapter 6). 

1.4  Possible benefits 

Our primary target was to reveal pathways in the heart that are modified during pregnancy 

and the postpartum period to expand our insights on cardiac remodeling that occur during 

these physiological states. Broadly, our findings will provide a molecular signature for 

physiological remodeling in response to volume load induced by pregnancy. Various forms of 

remodeling associated with chronic hemodynamic load can be compared against these 

finding to pinpoint areas of deviation. In addition, elucidating the pathways that mediates 

reverse remodeling postpartum will provide a basis for understanding the heart’s adaption to 

load removal. If these pathways could be controlled, either alone or in conjunction with 

mechanical unloading, it might help in optimising myocardial recovery in HF. 
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CHAPTER 3 

MATERIALS AND METHODS 

Section 1: Morphological and functional cardiac changes during pregnancy and postpartum 

in wild type mice (C57/Bl6) 

1.1   Animal ethics 

Animal ethics was approved by the University of Cape Town Faculty of Health Sciences Animal 

Ethics Committee (Appendix 1). All experiments were conducted after proper training and 

authorisation of researchers by the South African Veterinary Service (SAVC). Animals were 

bred by the University of Cape Town Animal Breeding Unit under specific pathogen free (SPF 

1) environment and the experiments were conducted in a biosafety level 1 (BSL 1) 

environment.  

1.2   Experimental protocol 

A total of 63 wild type virgin dams (C57/BL6 strain) aged between 10-14 weeks were used in 

this study. The mice were mated overnight. Copulatory plugs were then confirmed in the 

morning after mating. Figure 10 summarizes the sampling time points.  

 

Figure 10: Experimental protocol for the assessment of cardiovascular changes during 
pregnant mice 

A total of 63 virgin mice were used in this study. Aged 12-14 weeks. Nine mice were euthanized 
per time point. Day 1 is the day after mating night, Day 7 corresponds to 7 days after mating, 
Day 14: 14 days after mating, Day 21 is on the day of giving birth, Day 7 pp is 7 days after 
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giving birth, Day 14 pp: 14 days after giving birth and Day 28 pp- 28 days after giving birth. 
The hearts and blood samples were collected after echocardiography for further 
measurements. 

Mice with confirmed copulatory plugs that were echoed to assess left ventricular structure 

and function and were euthanized the morning after mating formed Day 1 group. Day 1 group 

was used as the control group for all measurements. The other mice could carry their 

pregnancy until giving birth on Day 21. Some were also allowed to nurse their pups 

postpartum for up to 28 days.  

The time points for sampling were Day 1, Day 7, Day 14, Day 21, Day 7 postpartum (Day 7 pp), 

Day 14 postpartum (Day 14 pp) and Day 28 postpartum (Day 28 pp). Nine mice were 

euthanized at each time point. Day 21 was the day of parturition.  

After echocardiography, about 800μl of blood were collected directly from the heart (cardiac 

puncture) using a 25-gauge needle [239]. The blood was centrifuged, and the serum was used 

to measure hormone levels. The hearts were then harvested, trimmed of all connective tissue 

and weighed. The collected hearts were used for histology, protein expression and mRNA 

expression measurements. 

1.3   Transthoracic Echocardiography in pregnant mice 

1.3.1   Animal preparation 

Mice were weighed to collect body weight before induction of anaesthesia with volatile 

inhalant isoflurane. The anaesthetic was inducted at 4% isoflurane in medical grade oxygen 

at a flow rate of 1L/minute in induction chamber for 4 minutes [240]. The depth of 

anaesthesia was assessed by pinching between the toes of the mice’ left foot. If the mice does 

not respond it means it has lost its righting reflex. This entails that the mice do not get stressed 

with the echocardiograph process [241]. The anaesthetized mice were then transferred to a 

heating pad and placed in supine position. The heating pad helps to maintain the animal’s 

body temperature at around 37oC to preserve physiological function of the body system. The 

heating pad also have electrocardiograph probes which helps to monitor the mice 

electrocardiogram. 

A nose cone supplying 1.5-2% isoflurane at 1L/minute oxygen flow rate was connected for 

maintenance of anaesthesia during echocardiography [240]. This ensures that the mice do 
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not wake up during the procedure. A rectal probe was inserted to monitor body temperature 

and heart rate during the procedure. The heart rate was maintained higher than 450 bpm. 

The mice chests were shaved using pre-warmed depilating gel. The gel was cleaned with 

water and dried with a sponge gauze before putting the echocardiography gel. The 

echocardiography gel ensures proper contact between the mice and probe without pressing 

on the animal chest.  

1.4   Cardiac structure and function measurements by conventional echocardiography 
 
Cardiac structure and function of the mice were assessed using the Vivo 2100 platform 

imaging software V.1.6.0 (Visual sonic, Toronto Canada). An ultra-frequency probe which 

emits 550 MHz of ultrasound waves was used to acquire the images. The probe was placed in 

contact with the gel avoiding compressing the animal chest. 

Imaging was done according to the Vivo Sonic imaging guidelines [242]. Figure 11 illustrate 

the sequence in which the images were acquired, the different modes and views. 

 

Figure 11: Echocardiography imaging guidelines outline 

2D images were acquired in bright mode (B-mode) and motion mode (M-mode). The images 
were acquired in three views: parasternal long axis (PLAX), short axis (SAX) and the apical four 
chamber view (Api 4).  

Bright mode (B-mode) imaging was used to acquire 2 dimensional (2D) images of an area of 

interest in grayscale. The images allowed for identification of anatomical structures and 

structure sizes were measured by the software. Motion mode (M-mode) imaging was used to 

acquire images in one dimension over time. Ultrasound beam was placed over an area for a 

time and the movement of that area was displayed in the spectrum. Pulsed-Wave (PW) 

Parasternal 
Long Axis 

View (PLAX)

• Long axis view in 
B-Mode 

• Long axis view in 
M-Mode

Parasternal 
Short Axis 

View (PSAX)

• B-Mode image of 
the parasternal 
short axis view 

• M-Mode image of 
the parasternal 
short axis view

The Apical 
Four Chamber 

View

• Pulsed wave 
doppler from the 

apical four 
chamber view

• Color Doppler 
Mode Imaging
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Doppler Mode imaging was used to analyse blood flow across the mitral valve and the system 

generates a PW Doppler spectrum which provided the information necessary to make 

velocity, acceleration and time measurements with the software. PW Doppler mode was used 

in combination with Colour Doppler which gave information on the direction of blood flow. 

The software assigned blue for the blood flowing away and red for blood flowing towards the 

probe.  

1.4.1   Image acquisition procedure 

Parasternal long axis (PLAX) view was acquired by placing the transducer over the left third 

or fourth intercostal space and orienting its notch toward the animal’s right shoulder. To 

obtain the parasternal short axis view (PSAX) the probe was rotated 90o clockwise from the 

PLAX position  so that the transducer’s notch was directed toward the animal’s left shoulder. 

In order to obtain the Apical 4 chamber view (Api 4) the transducer was placed at the cardiac 

apex and oriented toward the animal’s right scapula such that the transducer’s notch faces 

the animal’s left axilla. Figure 12 shows representative images acquired in B-mode and M-

mode images in different views. 

For M-mode imaging the cursor was placed at the mid-papillary level and perpendicular to 

the interventricular septum and posterior wall of the LV. This was done for consistence, and 

to minimize variability. Again, the order of imaging and timing of imaging was maintained. 
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Figure 12: Representation of echocardiography images in B-mode and M-mode 

A-C: Bright mode (B-mode) images in parasternal long axis (PLAX), short axis (SAX) and apical 
4 chamber (API 4) views respectively. E- F: Motion mode (M-mode) images of PLAX and SAX. 
apical 4 chamber adapted from Visual sonic manual booklet [242]. 

Mitral valve flow measurements in Colour and PW doppler were used to assess for LV diastolic 

dysfunction. PW doppler allows determination of blood flow velocity profile from the mitral 

valve using 2-D image guidance. Transmitral flow velocity profiles include isovolumic 

contraction and relaxation times, ratio of early (E)-to-late (atrial, A) ventricular filling 

velocities (E/A), and deceleration of E wave [243]. Figure 13 shows PW and Colour doppler 

images. 

A B C

E F
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Figure 13: Pulse wave (PW) and Colour doppler images 

A: Apical 4 chamber view in B-mode with sample volume directed under the mitral valve. B: 
Colour doppler image capturing transmitral flow direction. C: PW doppler mode waveform of 
mitral valve flow. Image was adapted from Visual sonic imaging guideline [242]. 

 
The E-wave represented the peak velocity blood flow from left ventricular relaxation in early 

diastole and A-wave represented peak velocity flow in late diastole caused by atrial 

contraction. The E/A ratio is a marker of diastolic function of the left ventricle. In a healthy 

heart the value of E/A should be greater than 1 meaning E velocity is greater than A velocity. A 

decrease in the E/A ratio is a strong indicator of diastolic dysfunction [243].  

Isovolumic relaxation time (IVRT), was estimated as the time between the closure of the 

aortic valve and the opening of the mitral valve, whilst isovolumetric contraction time (IVCT) 

was estimated as the time between the closure of the mitral valve and the opening of the 

aortic valve. Diastolic dysfunction is associated with prolonged IVRT and IVCT [243]. 

Another parameter derived from transmitral PW doppler measurement was the deceleration 

times of the E wave. Again, prolonged deceleration time is linked to diastolic dysfunction 

[243][244]. 
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1.4.2   Visible anatomy, available measurements and calculations 

Visible anatomy in B-mode includes left ventricle (LV), right ventricle, left atrium, LV anterior 

wall, LV posterior wall, intraventricular septum, aorta, pulmonary artery, aortic valve, mitral 

valve, pulmonary veins and papillary muscles. However, this depends on the angle at which 

the probe is held.  

Analysis of M-mode images were done with the Vevo lab software version 3.2.0 (Visual sonic, 

Canada). Left ventricular (LV) anterior wall thickness (LVAW), LV internal diameter (LVID) and 

LV posterior wall thicknesses (LVPW) in systole and diastole (LVAWs, LWAVd, LVIDs, LVIDd, 

LVPWs & LVPWd were measured. Measurements were taken at end systolic and end diastolic 

points. Table 3 summarizes the anatomy and measurements of interest. 

Table 3: Possible anatomy and measurements obtained from the conventional 
echocardiography 

View Mode Visible anatomy Available measurements 

Parasternal 
Long Axis 
(PLAX) View 

PLAX B-mode 
 

• Left ventricle (LV) 
• LV Anterior wall  
•  LV Posterior wall  
 

• Diastolic and systolic 
volumes 

• Ejection fraction 
• Fractional shortening 
• Cardiac output 
• Stroke volume 

PLAX M-mode 
 

• LV anterior wall thickness in 
diastole and systole (LVAWd, 
LVAWs) 

• LV internal diameter in diastole 
and systole (LVIDd, LVIDs) 

• LV posterior wall thickness in 
diastole and systole (LVPWd, 
LVPWs) 

• Intraventricular septum 
thickness in diastole and systole 
(IVSd, IVSs 

Parasternal 
Short Axis 
(PSAX) 
 

PSAX M-Mode 
 

• Left ventricle 
• Anterior wall 

Intraventricular 
septum 

• Papillary muscles  
 

• LV anterior wall thickness in 
diastole and systole (LVAWd, 
LVAWs) 

• LV internal diameter in diastole 
and systole (LVIDd, LVIDs) 

• LV posterior wall thickness in 
diastole and systole (LVPWd, 
LVPWs) 

• Intraventricular septum 
thickness in diastole and systole 
(IVSd, IVSs) 
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Apical Four 
Chamber 
View 

PW Doppler 
 

• Left ventricle 
•  Right ventricle  
• Mitral valve 
• Left atria Right atria 
• Tricuspid valve 

 

• Mitral isovolumic relaxation 
and contract times (IVRT, 
IVCT) 

• Mitral velocity time integral 
(VTI)  

•  Mitral deceleration time 
(MV Decel) 

• Peak early and atrial filling 
(Peak E, Peak A) 

• Aortic ejection time (AET) 
 

 

Some of the functional and structural cardiac parameters were derived from the conventional 

measurements. For global LV systolic function, ejection fraction (EF) and fractional shortening 

(FS) are the most commonly used derived parameters [243]. EF (%) is a measurement, 

expressed as a percentage, of how much blood the left ventricle pumps out with each 

contraction. FS (%) is calculated by measuring the percentage change in left ventricular 

diameter during systole. Both parameters are derived from LV dimensions measured in M-

mode [245]. EF (%) was calculated according to the formula: EF (%) = [(LVIDd
3 – LVIDs

3)/ 

LVIDd
3]x100 and FS (%) = [(LVIDd

 – LVIDs)/ LVIDd]x100 [245].  

LV mass is also a derived parameter and was calculated by the formula: LVmass (mg) = 

1.05[(IVS+LVID+LVPW)3- LVID3) [245]. Table 4 shows the typical values in mice. However, 

these values may vary according to animal strain, size, sex and health [242]. 

Table 4: Typical values of mice, adapted from the Vevo 2100 imaging system guidelines 

[242]. 

Value Mice 

Ejection fraction 55-85% 

Fractional Shortening 30-50% 

Left Ventricle mass 65-90mg 

Stroke volume 40-70 ul 

Cardiac output 20-35mL/minute 
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Figure 14: Researcher working on the Vivo 2100 echocardiography machine at the HATTER 
Institute of Cardiovascular Research in Africa 
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Section 2: Molecular changes during pregnancy and postpartum in wild type mice (C57/Bl6) 

2.1   Euthanasia and tissue sampling 

Mice were euthanized with a high toxic dose intraperitoneal injection (IP) of sodium 

pentobarbitone (200mg/kg body mass) (Kyron Laboratories (PTY) LTD, Benrose, South Africa). 

The drug was diluted in saline solution. Once deeply anaesthetized, about 800μl of blood was 

drawn by cardiac puncture (directly from the heart). The chests were then opened to expose 

the heart. Whilst the heart was still beating, saturated solution of potassium chloride (1M KCl) 

was then injected into the heart muscle until the heart was arrested at diastole. The hearts 

were then excised, trimmed of connective tissue and weighed. Lung weight and tibia length 

were also recorded. 

The apex of the hearts was cut and divided into four equal parts then immediately snap frozen 

in liquid nitrogen. The other sections of the hearts which contain the base were fixed in 4% 

paraformaldehyde (weight per volume) in phosphate buffer saline 1X for at least two days 

before transferring them to 70% ethanol until processing for histology.  

2.2 Serum preparation and enzyme-linked immunosorbent assay (ELISA) determination of 

hormones level 

To obtain serum mouse blood was collected in sterile empty tubes without anticoagulant. The 

blood was left to stand for more than 30 minutes, then centrifuged at 8000rpm for 5 minutes. 

The serum was then pipetted out with a sterile Pasteur pipette into a new 1.5 tube and stored 

at -80oC until the day of experiments. 

Progesterone and oestrogen levels in pregnant and postpartum mice were measured using 

progesterone Elisa kit (Enzo cat #ADI-900-011) and 17β-estradiol Elisa kit (Enzo cat #ADI-900-

011) according to the manufacturer’s instructions. Plates were read by Modulus microplate 

reader at 450nm wavelength. The results were calculated by first calculating the average net 

Optical Density (OD) bound for each standard and sample by subtracting the average non-

specific binding OD (NSB OD) from the average OD bound (average net OD=average OD-NSB 

OD). Secondly the binding of each pair of standard wells was calculated as a percentage of 

the maximum binding wells (B0) (percent Bound=net OD/Net B0 OD X 100) 
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2.3   Analysis workflow of cardiac tissue and blood samples 

Snap frozen hearts sections were transferred from liquid nitrogen into -80oC freezer. The 

samples were stored without thawing until protein and RNA extraction. Figure 15 summarizes 

the experiments that were conducted to further characterize the molecular changes that 

occur during pregnancy and postpartum at specific time points.  

 

Figure 15: Analysis workflow of cardiac tissue and blood samples 

After echocardiography assessment, mice hearts and blood were collected. The hearts were 
cut into two cross-sections. The apex for protein and RNA extraction, and the base for 
histology. The blood was collected for serum preparation which was used to quantify the 
hormones quantification by ELISA (enzyme linked immunoassay). 

 

2.4   Protein extraction 

Approximately 20 mg of snap frozen hearts tissue were pulverized by hammering the tissue 

rapped on aluminium foil and frozen in liquid nitrogen. The powdered hearts tissue were then 

added into vials containing 100μl of X1 RIPA buffer (50mM Tris HCl pH 7.4, 150 mM NaCl, 0.5% 

(w/v) Sodium Deoxycholate, 1.0 mM EDTA, 0.1% (w/v) SDS). Immediately, 1μl of protease 

inhibitor cocktail (10μg/ml leupeptin and 10μg/ml aprotinin at a concentration of 10μg per 

10 ml) (Roche, SA) was added. The mixtures were then vortexed and sonicated for 1minute 

pulsating for 10 seconds after every 10 seconds until a homogenous mix was achieved. To 

digest DNA, 1µl of benzonase endonuclease was added. The samples were then incubated for 

Mouse

Heart

Protein extraction

- Quantitative 
expression (mass 

spectrometry)

-Western blotting

RNA extraction

mRNA expression

Histology

Blood

Serum

ELISA (hormone 
level quantification)
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1 hour at 4oC with vortexing after every 15 minutes before centrifuging at 13000 rpm for 20 

minutes.  

2.5   Protein concentration determination  

The determination of protein concentration for Western blots by was done either by the 

Lowry Method (Appendix 2). Bicinchoninic acid (BCA) assay was used to confirm protein 

concentration before mass spectrometry according to standard operation procedure in 

(Appendix 3).  To summarize the Lowry method, 1 ml of dH2O was added to each 15 ml 

Eppendorf, followed by either different volumes of BSA to make the standard curve or 5μl of 

the protein samples. Then 1ml of solution A (equal volumes of CTC reagents, 10% SDS and 

0.002% NaOH) was added. The mixtures were vortexed and incubated for 10 minutes at room 

temperature. Then 0.5ml of solution B were mixed in equal volumes to form solution A. 0.5ml 

of solution B (0.2% Folin) was then added before another incubation for 30 minutes. The 

samples were then loaded into a 96 well plate and absorbance was measured at 750nm 

wavelength (Modulus Microplate reader, Agilent, USA). 

Section 3: Discovery mass spectrometry by Q-exactive Liquid Chromatograph Mass 

spectrometry (LC MS/MS) 

Figure 16 provides an overview of the fundamental steps in label-free quantitative 

proteomics.  These includes: (i) sample preparation including protein extraction, reduction, 

alkylation, and digestion; (ii) sample separation by liquid chromatography (LC or LC/LC) and 

analysis by MS/MS; (iii) data analysis including peptide/protein identification, quantification, 

and statistical analysis [246]. 

To acquire data on the mass spectrometer data dependent acquisition (DDA) mode was 

employed. In DDA mode, the mass spectrometer selects the most intense peptide ions in the 

first stage of tandem mass spectrometry, and then they are fragmented and analysed in a 

second stage of tandem mass spectrometry [247]. The relative quantification by peak 

intensity method was used. It has been observed that signal intensity from electrospray 

ionisation (ESI) correlates with ion concentration [246][248]. 
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Figure 16: MS-based bottom-up proteomic experiment workflow 

Initially the heart was extracted from the mouse heart, pulverized and lysed to obtain protein 
extract. The extract was reduced and alkylated before digested by trypsin. The digested 
peptides were then separated by LC and then analysed by a Q-exactive mass analyser. Protein 
search was done using MaxQuant, Statistics and Data visualisation was conducted by Perseus 
software. Bioinformatic was performed by Panther, String bd and Expression 2 Kinases 
softwares. 

3.1   Sample Preparation (FASP) of tryptic digests 

The purpose of FASP is to generate tryptic peptides from crude lysates for LC-MS analysis. It 

involves the reduction of cysteine bonds using dithiothreitol (DTT), denaturation of proteins 

using urea (UA), alkylation of cysteine residues with iodoacetamide (IAA), and digestion of 

proteins using trypsin.  

For each sample, 100 µg of total proteins were incubated at 95°C for 3 minutes in the 

presence of 0.1M dithiothreitol (DTT) to reduce cysteine bonds. The reduce peptides were 

then loaded into molecular weight cut-off (MWCO) (UFC503096 - 30K FASP filters 500ul 

(Amicon Ultra centrifugal filter units 30 KDa pore size, 96 PK). Capacity of 0.2-200µg of 

peptides. Then goes through a stage of denaturation by AU and alkylation by IAA. 
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The proteins were eventually digested by trypsin (Trypsin-ultra, Mass Spectrometry Grade. 

New England Biolabs), at a final concentration of 0.5µg/µl for 12 hrs at 37oC. Appendix 4 

outlines the SOP for FASP. 

3.2   C18 desalting of tryptic peptides  

The purpose of this process is to remove salts and dissolving the peptides in a buffer suitable 

for direct MS. Inhouse C18 stage tips were prepared using 200µl pipette tips and C18 SPE 

extraction disks (Empore Octadecyl C18 Extraction disks 2215, 20 PK, 47mm, Supelco, Sigma-

Aldrich). The stage tips were activated by 80% acetonitrile (ACN), 0.1% formic acid (FA), 

equilibrated with 2% ACN, 0.1% FA and then eluted with 60% ACN, 0.1% FA in glass inserts. 

The samples were dried up in a speedVac concentrator and stored at -20oC until the day of 

use. 

3.3   LC MS/MS analysis 

Samples were resuspended in 2% ACN, 0.1% FA to a final concentration of 200 ng/µl 

immediately prior to LC MS/MS analysis. Samples were separated by UHPLC inline on a 

Thermo Dionex Ultimate 3000 instrument prior to mass spectrometry. An autosampler 

injected 600ng of peptide for each sample onto an in-house packed 2cm C18 trap (100 µm ID, 

packed with Phenomenex Luna 100 Å hollow core beads) and washed at a flow rate of 

5µl/minute with loading solvent A (2% ACN, 0.1% formic acid). The trap was switched in-line 

to an in-house packed 30cm analytical column (75 µm ID, packed with Phenomenex Aeiris 

peptide C18 3.6µm solid core beads) and the peptides were separated from 6% solvent B 

(100% ACN, 0.1% formic acid) in solvent A (100% water, 0.1% formic acid) to 30% B over 30 

minutes at a flow rate of 0.4µl/minute. Peptides eluted directly into a Thermo QExactive 

hybrid orbitrap mass spectrometer. 

The QExactive acquired spectra in data dependent (Top10) mode, with an MS1 resolution of 

70 000 and an MS2 resolution of 17 500. MS1 scans were acquired with an AGC target of 3e6 

or an IT of 250ms. MS2 scans were acquired with an AGC target of 1e6 or an IT of 80ms. 

Dynamic exclusion was set to 30 seconds, approximately half the average chromatographic 

peak width.  
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3.4   Data processing 

Raw data were analysed using MaxQuant version 1.6.17.0 with default settings for the 

QExactive instrument. Match between runs was off and (label free quantification) LFQ was 

used for protein-level label free quantitative comparison. 

3.5   Statistical analysis 

Data were analysed using Perseus version 1.6.14.0. Briefly, raw LFQ data were filtered to 

remove reverse hit and contaminants, as well as proteins only identified by site. Data were 

median normalized, log2 transformed and valid values were filtered so that a minimum of 

70% of each experimental group had valid (non-0) values. Groups were compared by One-

way Anova, with a p value < 0.05 considered statistically significant. Post-hoc multiple testing 

correction (FDR) was applied. Significant proteins were then analysed using String-db 11 [249] 

to determine functional associations between the significant proteins, and enrichment 

analysis was performed to determine if any GO category/term or KEGG pathway was 

enriched. Identified, gene lists were fed into the transcription factor inference module of X2K 

using the tool and database ChIP-seq/chip Enrichment Analysis (ChEA) to obtain a list of 

transcription factors that are the likely upstream regulators of the identified differentially 

expressed gene set [250][251]. 

Section 4: Western Blotting 

 4.1   Sample preparation 

80μg of protein lysates were then prepared for western blot by mixing with 1x sample buffer 

(0.125 M Tris, pH 6.8, 4% SDS, 20% glycerol) containing 4% β-mercaptoethanol. The samples 

were boiled on a heating block for 5 minutes at 95oC. The samples were then centrifuged for 

5 minutes at > 8000rpm to bring all the drops down before loading. 

4.2   Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

Western blot resolving and stacking gels were prepared and run according to the procedure 

in Appendix 5. Appendix 6 provides information on loading of samples and western blot 

buffers. 
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4.3   Transfer/ Blotting to membrane 

The resolved proteins were transferred from the gel to polyvinylidene fluoride (PVDF) 

membranes (Millipore). The membranes were initially activated by methanol for 5 minutes 

and then transferred to transfer buffer for 15 minutes before making the sandwich. Transfer 

was done at 0.02A overnight. 

The membranes were then placed in methanol for 30 seconds and air dried. Before probing 

with the antibodies, the membranes were incubated for 2 minutes in Ponceau S Staining 

Solution (0.1% (w/v) Ponceau S in 5%(v/v) acetic acid).  

4.4   Specific binding of proteins 

Membranes were blocked in 5% fat free milk – 1x PBS for 60 minutes before probing with 

primary antibodies (1o Ab) which were diluted with wash buffer (TBS + tween 20) to a ratio of 

1: 1000. Incubation with 1o Ab was done overnight at 4oC. The membranes were then washed 

before incubation with specific secondary antibodies (2o Ab). The blots were developed using 

Western Blot Chemiluminescence Reagent Plus (PerkinElmer, Boston, MA). 

Table 5: Western Blot antibodies and dilutions 

Antibody Dilution Supplier 

AKT 1 1:1000 (Cat#CST2920S) Cell signalling 

p-AKTser473 1:1000 (Cat# CST9018S) Cell signalling 

Stat 5 1:1000 (Cat#CST94205S) Cell signalling 

p-Stat 5Tyr694 1:1000 (Cat# CST4322S) Cell signalling 

Stat 3 1:1000 (Cat#MA1-13042) Invitrogen 

p-Stat 3Tyr705 1:1000 (Cat#9135) Cell signalling 

GAPDH 1:1000 (Cat# AM4300) Invitrogen 
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Section 5:   RNA isolation and quantification 

Total RNA was extracted from the heart tissue using the Qiagen fibrous tissue RNA extraction 

kit (Qiagen, USA Cat 74704) according to manufacturer’s instruction.  Figure 17 summarizes 

the workflow. In brief, the mice heart tissues were pulverized in liquid nitrogen, added to the 

lysis buffer which contained 14.3 M β-mercaptoethanol (β-ME) and homogenized. Proteins in 

the lysate were then digested with proteinase K enzyme at 55oC. The RNA was then washed 

and eluted. 

 

 
 
Figure 17: Total RNA extraction from fibrous tissue workflow  

(Adapted from RNeasy Fibrous Tissue Mini Handbook) 
 
RNA concentration was determined using the Nano drop (Thermo Scientific, 2000c 

spectrophotometer). The RNA was immediately stored at -80oC until synthesis of 

complementary DNA (cDNA). 

cDNA was synthesized using FG RNA to cDNA kit (Applied Biosystems by Thermofisher 

Scientific, Life Technologies, Foster City, CA 94404, USA). Reverse transcription (RT) was 
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carried out at 42°C for 30 minutes followed by incubation at 95°C for 5 minutes. Amplification 

was carried out under the temperature profile: 94°C for 30 s; 55°C for 30 s; and 72°C for 1 

minute. After 35 cycles, final amplification was carried out for 7 minutes. The concentration 

of cDNA was determined before diluting the cDNA to a concentration of 10ng /µl. 

The resulting cDNA was analysed by quantitative real-time PCR (qPCR) using Rotor Gene 6000 

(Corbett Research, United Kingdom). The FG, Syber green PCR Master Mix (Applied 

biosystems, Cat 4367659) was used according to the Table 6. Ten nanograms of each cDNA 

were used for qPCR to determine the level of expression of different genes.  

Table 6: Reverse Transcription-PCR using FG, Syber green PCR Master Mix 

Reagent Volume 

FG, Syber green PCR master mix 12.5 µl 

qPCR primer assay 1 µl 

RNAse-free water 10.5 µl 

Total volume per reaction 24 µl 

 

Table 7: qPCR Primers 

Gene Forward primer Reverse primer 

β-MHC ATCAAGGGAAAGCAGGAAGC CCTTGTCTACAGGTGCATCA 

ANP TGCCGGTAGAAGATGAGGTC CGGTGACTCTCCACCACTTA 

BNP CAGAAGCTGCTGGAGCTGATAAG TGTAGGGCCTTGGTCCTTTG 

GDF-15 ATACTCAGTCCAGAGGTGAGAT ATGCAGGCGTGCTTTGATCTG 

Collagen 1 AAGACATCCCTGAAGTCAGC CCTATGACTTCTGCGTCTGG 

Collagen 3 ACAGCAGTCCAATGTAGATG GAGCAGGTGTAGAAGGCTG 

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 

 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous control. 

No reverse transcriptase and no template controls were used to monitor for any 
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contaminating amplification. The 2-∆∆Ct was used for both statistical analysis and data 

presentation (Livak & Schmittgen, 2001)[252]. 

Section 6: Histological changes during pregnancy and postpartum in wild type mice 

(C57/BL6) 

 6.1   Tissue processing 

The fixed hearts were placed into embedding cassettes for tissue processing. The tissue 

processing procedure was divided into 3 steps: dehydration with a series of alcohols, clearing 

with xylene and infiltration with paraffin wax. Dehydration with a series of different alcohol 

concentrations removes all the water in the tissue. Due to alcohol not mixing with water, the 

clearing step replaces the alcohol with xylene, which can mix and be replaced with paraffin 

wax during the infiltration steps. Infiltration with paraffin wax allows for further preservation 

and easy sectioning into microscopically thin sections once embedded. The tissue was 

processed with an automated processor (Leica TP120 Tissue Processor) and Paraplast wax 

(Sigma-Aldrich, A6330-4LB, SA) was used for infiltration. The processing protocol is indicated 

in Appendix 7. 

 6.2   Sectioning 

Two hrs prior to sectioning, the tissue blocks were placed in a freezer to cool and harden the 

wax. This improves sectioning. The tissue blocks were then trimmed and sectioned using a 

Leica RM 2125 RT microtome to obtain uniform 5μm sections. The sections were placed 

briefly in 70% ethanol and then into water at a temperature of approximately 40°C. This 

allows the tissue to stretch out before being mounted onto a glass slide. Tissue sections were 

then picked up from the water bath with a glass slide at an angle, to prevent the formation of 

bubbles between the tissue and the glass slide, which interfere with staining.  

 6.3   Haematoxylin and eosin staining 

The standard H&E staining method does not stain specific structures or differentiate between 

different cells within tissue but allows for the visualisation of all the cells that make up a 

tissue. Haematoxylin and eosin are two different dyes; haematoxylin being basic and staining 

acidic components of a cells, while eosin is acidic and stains basic cellular components. When 

animal cells are stained with H&E, the nucleus of the cell is stained blue by haematoxylin and 

the cytoplasm is stained pink by eosin. Sections stained with H&E allow for the evaluation of 
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gross morphological characterisation of tissue. In some cases, different cell types may be 

apparent if some cells stain lighter than others.  

Slides were placed on a hot surface (65oC) for 2 minutes to melt the wax off the tissue. H&E 

staining was conducted following the procedure in Appendix 8. Imaging of the H&E was 

captured by Carl Zeiss upright microscope at X20 and X40 magnification. 

 6.4   Pico sirus red staining for collagen determination 

Sections were dewaxed by washing 2X in xylene for 2 minutes each. Followed by dehydration 

in a series of ethanol 100% and 50% for three minutes. The sections were then rehydrated by 

washing 3X in deionized water before staining. Staining was done with 0.1% Sirius red in picric 

acid (Sigma Aldrich, South Africa) for one hour. Rinsing of stained slides was done in 0.5% 

(2.5ml acetic acid in 500ml water)- for two minutes thrice. The slides were then washed in a 

series of alcohol 95% alcohol, then 100% alcohol 2 minutes each to ensure proper 

dehydration before fixation. Fixation was done by washing the slides in xylene twice for 2 

minutes each. Coverslips were then mounted with Eukitt mounting medium (O.Kindler, 

Germany).  

 Five focus fields were examined with a Nikon Eclipse 90i microscope using a X20 objective. 

Images were captured with the NIS-Elements Basic Research software (Nikon, Instech Co. Ltd, 

Japan) and quantified with the Image J version 1.52K software (NIH, USA). Cardiac interstitial 

fibrosis was expressed as percentage collagen deposition per total area sectioned. 

Section 7: Cell culture 

7.1   Maintenance of H9C2 cell line   

H9C2 cardiomyocytes is a well-studied murine cell line derived from embryonic myocardium 

rat hearts. These cells were cultured in DMEM containing 10% fetal bovine serum (FBS), 100 

units/l penicillin and streptomycin (1% pen/strep), for 48 hrs before passaging. Cells were 

incubated in a humidified atmosphere of 95% air and 5% CO2 at 37°C up until 60-70% 

confluence. Treatments were conducted to cells at passage 18-23. All the treatments were 

done in triplicates and the experiments were repeated three times.  
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7.2   Cell treatment 

Cells were grown on coverslips in 12 well plates to 60–70% confluency. 12 hrs prior to 

treatments, the cells were serum deprived by changing FBS concentration from 10% to 2%. 

Treatments included control, 50μM isoproterenol, 30nM of 17β-estradiol (E2), 30nM of 

progesterone and cotreatment with a combination of the drugs for 24 hrs. The coverslips 

were then fixed with 4% paraformaldehyde for 10 minutes following a thorough wash with 

1% sterile phosphate buffered saline (PBS). This was followed by immunofluorescence 

staining for cell morphology measurements.   

7.3   Actin immunofluorescence staining 

H9C2 cells fixed with 4% paraformaldehyde were permeabilized with 0.5% Triton X-100 for 

10 minutes, washed with 1% PBS and blocked with 5% BSA in PBS for 1h. Staining was done 

using phalloidin-Alexa-conjugated antibody (Alexa 488) for 1h in the dark. The antibody was 

diluted in 5% BSA in the ratio (1:500). After incubation with phalloidin the coverslips were 

washed with 1X PBS with agitation for 5 minutes each wash. The coverslips were then 

mounted on glass slides using Vectashield mounting media which also contain Dapi for 

nuclear staining.  

7.4   Imaging and cell morphology measurements 

Nine random fields were captured with a Zeiss Axiovert Fluorescence Microscope (AxioVision 

version 4.8.2) at X20 magnification. Dapi, phalloidin and merged images were saved for 

morphology measurements with Image J version 1.52K (NIH, USA). The cells’ length and width 

were measured and analysed separately. 

Section 8: Peripartum cardiomyopathy patients and Human Healthy Controls 

8.1  Study design and patient enrolment  

This study was approved by the Human Research Ethics Committee of the University of Cape 

Town, Cape Town, SA (R033/ 2013) and complies with the Declaration of Helsinki. All patients 

and controls gave written informed consent before study entry. Thirty-nine PPCM patients 

and 63 healthy control (HC) pregnant mothers were enrolled consecutively at Groote Schuur 

Hospital (University of Cape Town, SA). The HCs were recruited from the second trimester, 

third trimester and at 3 time points postpartum (1-4 weeks; 1-3 months and 4-6 months). 
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Inclusion criteria for the PPCM patients were age >16 and < 40, symptoms of congestive heart 

failure that developed in the last month of pregnancy or during the first 5 months post-

partum without other identifiable cause for heart failure and left ventricular ejection fraction 

(LVEF) <45% measured by transthoracic echocardiography. Clinical assessment and 

evaluation of the New York Heart Association Functional Classification (NYHA FC) of each 

patient was done by experienced physicians. 

HC in the same age group were recruited if the participants had no signs of heart failure and 

have ejection fraction >50% assessed by echocardiography. 

8.2   Human echocardiography 

Two-dimensional targeted M-mode echocardiography with doppler colour flow mapping was 

performed using a Hewlett Packard Sonos 5500 (Philips, Bothell, WA, USA) echocardiograph 

attached to a 2.5 or 3.5 MHz transducer. All studies were performed and interpreted by the 

same operator who was unaware of the other parameters investigated. LV dimensions were 

measured according to the American Society of Echocardiography Guidelines [253]. 

Measurements of LV dimensions and function were determined on an average of >3 beats. 
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CHAPTER 4 

Assessment of cardiovascular changes that occur in healthy pregnant wild type mice 
(C57/BL6) during gestation and postpartum  
 

1.1   Introduction 

Model systems of heart disease and physiology have provided important insights of the 

pathogenesis, progression, and mechanisms underlying cardiovascular disease. However, 

skepticism about inability of animal models of pregnancy to recapitulate human cardiac 

phenotypes have been voiced [254][255][256]. Whilst none of the animal models exactly 

mirrors human pregnancy [257][258], mice and rats are by far the most popular models. Mice 

and rats offer practical advantages including relatively low costs, an easy maintenance, a long 

tradition in scientific research and the hemotrichorial labyrinth placenta type [254]. Cardiac 

performance and anatomical changes in mouse and rat models can also be easily monitored 

by ultrasound echocardiography with rigor and reproducibility.  

Regardless of several reports on maternal cardiovascular adaptions during pregnancy, there 

are contradictory lines of evidence about maternal hemodynamics, heart structural changes 

and left ventricular (LV) performance [259][260]. Data reported on the enlargement of 

chamber size, LV wall thickness and mass are inconsistent [60][261][262]. Debateable results 

were also published on myocardial systolic function parameters, including ejection fraction 

(EF) and fractional shortening with studies reporting either increase, decrease or constant 

change [72][263][264].  

Increased volume load and hormonal changes that occur during pregnancy induce complex 

cardiovascular modifications including cardiac hypertrophy [265][266]. Cardiac hypertrophy 

that occur during uncomplicated pregnancy is an important adaptive response to increased 

heart workload and holds a key role in cardiac remodeling [60][267][26]. Physiological 

hypertrophy induced by pregnancy is characterized by increase in cardiac mass and 

cardiomyocyte dimension, normal or enhanced contractile function coupled with normal 

architecture and organization of cardiac structure [59][88]. 

Pregnancy hormones holds a vital role in the maintenance of physiological cardiovascular 

function [268][269][270]. Invitro and animal studies supports the anti-hypertrophic effect of 

oestrogen [188][271][272]. Studies have also shown the role of increased levels of 

progesterone in inducing cardiac hypertrophy in early pregnancy via the activation of 

calcineurin [26][267].  
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The heart also express natriuretic hormones and peptide growth factors/cytokines such as 

growth differentiation-15 (GDF-15) which may function as an endogenous regulator of cardiac 

hypertrophy [273][234]. The fetal gene program is one of the most consistent markers of 

pathological cardiac hypertrophy, and genes within this group include brain natriuretic 

peptide (BNP), atrial natriuretic peptide (ANP), β-myosin heavy chain (β-MHC) 

[274][275][276][277].  

The phosphatidylinositol-3-kinase (PI3K)-Akt- ERK1/2-ribosomal protein S6 kinase (p70S6K) 

pathway and janise activated kinases- signal transducer and activator of transcription 

(JAK/STAT) are some of the key pathways involved in pregnancy induced cardiac 

hypertrophy [278][279][108][107]. However, limited number of studies have investigated the 

molecular changes involved in the postpartum phase. 

The pathogenesis of PPCM is closely tied  to the cardiac modifications that accompany normal 

pregnancies [189]. It is of clinical importance therefore to understand the structural, 

molecular and functional cardiovascular changes that occur during pregnancy 

We assessed the morphological, functional and histological changes of the heart induced by 

physiological pregnancy in healthy wild type mice (C57/Bl6). We also evaluated fibrosis and 

investigated the signaling pathways involved in regulation of physiological hypertrophy 

during pregnancy and postpartum in healthy mice. Furthermore, we employed proteomics 

method to describe the molecular cardiovascular changes that takes place during pregnancy 

and the reversal postpartum.  
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1.2   Material and Methods 

 

Figure 18: Experimental protocol for assessment of cardiovascular structure, morphology, 
function and molecular changes in pregnant mice 

Echocardiography measurements were performed on the day of sacrifice. Hearts were 

harvested for histology, protein extraction and RNA extraction. Blood samples were collected 

for hormone level determination. STAT3 KO mice were included as a pathological group. 

Sample size was greater than 6 mice per group. Real time PCR and western blots were 

repeated 3 times. 
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1.3   Data Analysis and Statistics 

Descriptive data are shown as means ± standard error (SE). Independent ANOVA was used to 

compare data between pregnant groups. Tukey post hoc was used to correct for multiple 

comparison. Statistical analysis and graphs were plotted using Graphpad Prism version 8.4.2 

(San Diego, California). P < 0.05 was considered to indicate statistical significance. 

1.4   Results 

1.4.1 Echocardiograph left ventricular morphology and functional measurements in 

pregnant mice 

Table 8: Left ventricular morphology and functional measurements in pregnant mice 

Parameters 

Gestation Parturition Postpartum 

Day1  
n= 8 

Day 7  
n= 8 

Day 14  
n = 9 

Day 21 
n = 9 

Day 7pp 
n = 8 

Day 
14pp 
n = 8 

Day 
28pp 
n = 6 

Stroke 
volume (SV) 
ul± SE 

29.87± 
1.36 

30.95± 
2.56 

38.2± 
2.43* 

30.44± 
2.98 

37.96± 
2.49* 

37.99± 
2.08* 

45.75± 
3.58** 

BW(g)± SE 23.40± 
0.66 
 

27.00± 
1.07 
 

32.60± 
1.28**** 
 

26.30±  
1.01 
 

30.50± 
1.10*** 
 

30.70± 
1.36*** 
 

30.50± 
1.61*** 
 

HW (mg)± 
SE 103.97± 

6.16 
 

106.55± 
9.43 
 

113.47± 
6.17 
 

112.51± 
3.67 
 

132.95± 
7.91* 
 

134.78 
± 
5.66** 
 

121.63± 
6.43 
 

LV mass 
(mg) ±SE 

61.34± 
1.56 

67.46± 
6.33 

87.92± 
3.74* 

68.46± 
4.61 

90.26± 
10.16* 

89.16± 
5.46* 

97.58± 
7.81* 

LW/TL 7.62± 
0.32 

8.87± 
0.69 

8.69± 
0.31 

8.96± 
 0.43 

8.69± 
0.69 

9.51± 
0.79 

9.49± 
0.77 

LVAW 
(mm)±SE 
 
Diastole 
 

0.78± 
0.05 
 

0.87± 
0.05 
 

0.84±  
0.06 
 

0.84±  
0.06 
 

0.87± 
0.07 
 

0.91± 
0.04 
 

0.88± 
0.06 
 

 
Systole 

1.26± 
0.14 

1.32± 
0.07 

1.27±  
0.08 

1.31±  
0.09 

1.27± 
0.12 

1.40± 
0.04 

1.39± 
0.10 

LVPW 
(mm)± SE 
Diastole  

 
0.70± 
0.03 
 

0.67± 
0.04 
 

0.78±  
0.03 
 

0.70±  
0.05 
 

0.78 ± 
0.06 
 

0.76 ± 
0.05 
 

0.81± 
0.06 
 

Systole 1.09± 
0.06 
 

1.08± 
0.05 
 

1.04±  
0.09 
 

1.11± 
 0.07 
 

1.19± 
0.13 
 

1.17± 
0.10 
 

1.30 ±  
0.08 
 



 

69 
 

Parameters 

Gestation Parturition Postpartum 

Day1  
n= 8 

Day 7  
n= 8 

Day 14  
n = 9 

Day 21 
n = 9 

Day 7pp 
n = 8 

Day 
14pp 
n = 8 

Day 
28pp 
n = 6 

LVID 
(mm)±SE 
Diastole 

3.40± 
0.13 

3.36± 
0.16 
 

3.72± 
0.06** 

3.28±  
0.11 

3.71± 
0.14** 

3.74± 
0.12** 

3.92±  
0.17** 
 

Systole 2.02± 
0.13 

2.28± 
0.16 

2.48±  
0.06 

1.98±  
0.11 

2.38± 
0.14 

2.55± 
0.12 

2.35± 
0.17 

LVEDV (ul)± 
SE 

46.70± 
3.93 

47.40± 
5.11 

59.0± 
2.34* 

44.20± 
3.54 

59.50± 
5.28 

60.40± 
4.55 

61.30± 
4.35 

 
LVESV (ul)± 
SE 

17.50± 
2.94 

17.70± 
2.55 

21.90± 
1.36 

13.70 ±  
1.97 

22.80± 
4.08 

23.70± 
3.96 

21.90± 
5.50 

LVID/LVPW 
Diastole  

0.51± 
0.05 
 

0.52± 
0.05 
 

0.46± 
0.03 
 

0.51± 
0.04 
 

0.46± 
0.05 
 

0.44± 
0.02 
 

0.46± 
0.03 
 

EF % ±SE 67.60± 
6.16 
 

63.50± 
2.16 
 

62.50± 
2.58 
 

68.90± 
 3.51 
 

62.60± 
4.28 
 

62.30± 
4.82 
 

68.80± 
5.59 
 

FS % ±SE 38.40± 
5.58 
 

33.70± 
1.46 
 

33.40± 
1.92 
 

38.30 ± 
 2.88 
 

34.00± 
3.34 
 

33.80± 
3.44 
 

38.90± 
4.41 
 

E/A 1.50± 
0.08 
 

1.64± 
0.11 
 

1.41± 
0.08 
 

1.43± 
0.05 
 

1.46± 
0.08 
 

1.59± 
0.17 
 

1.54± 
0.12 
 

IVRT 17.55± 
0.62 

15.90± 
1.24 

16.90± 
0.88 

18.92± 
1.44 

17.49± 
1.33 

18.21± 
0.96 

20.85± 
0.61 

DT 16.16± 
1.45 

17.74± 
2.68 

17.64± 
1.02 

17.45± 
0.85 
 

17.19± 
1.08 

17.60± 
1.82 

19.04± 
2.84 

 
Values are expressed as means ± SE. Mice were divided into 7 groups: Day 1_ non-pregnant; 
Day 7_7 days pregnant; Day 14_ 14 days pregnant; Day 21_parturition day; Day 7pp_7 days 
after parturition; Day 14pp_14 days after parturition; Day 28pp_28 days after parturition. 
Data were analysed by one-way ANOVA with Tukey's post hoc test. **** -p< 0.0001; ***-
p<0.001; **-p<0.01; *-p<0.05 compared to Day 1. BW-body weight; HW-heart weight; TL-tibia 
length; LW-lung weight; LV- left ventricle; AW-anterior wall; PW-posterior wall; ID-internal 
diameter; EF-ejection fraction; FS-fractional shortening, E/A-transmitral E wave/A wave ratio; 
IVRT-isovolumetric relaxation time; DT-Mitral E wave deceleration time. The number of pups 
ranged between 3-10 pups. Embryos of pregnant mice were not counted. 
 
Body weight (BW) increased rapidly during pregnancy peaking at Day 14. BW was also higher 

in the postpartum mice compared to Day 1. Heart weight (HW) increased significantly in the 
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first two weeks postpartum (Day 7pp and Day 14pp) but not during pregnancy. LV mass 

increased by approximately 23.9% from Day 1 to Day 14 and this was sustained postpartum.  

Left ventricular end diastolic volume (LVEDV) increased gradually during pregnancy and was 

sustained postpartum (p<0.01). However, there was a significant decrease in LVEDV on Day 

21 when compared to Day 14 (p< 0.05) and Day 7 pp (p< 0.05). No changes were observed on 

left ventricular anterior wall at diastole (LVAWd), left ventricular anterior wall at systole 

(LVAWs), left ventricular posterior wall at diastole (LVPWd) and left ventricular posterior wall 

at systole (LVPWs).  

The assessed EF was normal throughout gestation and postpartum (>45%). However, a slight 

decrease in LVEF was observed on Day 14. Cardiac function seems to be slightly enhanced on 

the day of parturition. LV diastolic function was normal (E/A ratio> 1) throughout the study. 

No prolongation of isovolumetric relaxation (IVRT) and deceleration time was also maintained 

indicating that LV relaxation was not impaired.  

1.4.2   Cardiac hypertrophy during pregnancy  

Figure 19 shows heart weight normalized by tibia length (HW/TL) which is used as a marker 

of cardiac hypertrophy. HW/TL was significantly increased from Day 14 of pregnancy (> 20% 

increase; p=0.01 compared to Day 1). The hypertrophy remained elevated until Day 14pp. 

Slightly lower HW/TL ratio was observed on Day 28pp when compared to the other 

postpartum groups.  
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Figure 19: Heart weight (mg) to tibia length (mm) ratios for each group 

There was a significant increase in heart weight to tibia length (HW/TL) during pregnancy 
peak recorded at Day 14. This was maintained until 14 days after parturition. Until Day 28 
postpartum the HW/TL had not reverted to non-pregnant level. n> 7 from Day 1-Day 14 pp 
and n=6 for Day 28 pp (pp-postpartum). *-P<0.05 

 

To confirm whether the pregnancy-induced cardiac hypertrophy was eccentric or concentric, 

we calculated relative wall thickness to ventricular diameter ratio (2x posterior wall/LV 

diameter at diastole) (Table 8). The relative wall thickness to ventricular diameter did not 

differ at any time point during pregnancy and postpartum. This indicate that the LV wall and 

chamber dimensional changes increased proportionally.  

 

1.4.3   Hormone levels and the potential signaling pathways involved in the regulation of 

cardiac hypertrophy during pregnancy and postpartum in mice 

Both progesterone and 17 β-oestradiol level increased rapidly during the gestation period 

peaking on Day 14. After parturition there was a steep decrease in both hormones, attaining 
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baseline level by Day 14 postpartum. From Day 7pp-Day 28pp, progesterone level was 

relatively constant and consistent among the mice (Figure 20). 

Figure 20:  Oestrogen and progesterone level during pregnancy in mice 

A: Serum progesterone levels increased gradually from Day 1 towards parturition. On the day 
of parturition there was an immediate drop to levels lower than 50ng/ml and continued to 
drop until Day 14 postpartum. B: The levels of oestrogen also followed a similar trend both 
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during pregnancy and postpartum. However, the drop was more gradual postpartum 
compared to progesterone graph. Four to seven serum samples were used per group. *-
p<0.05; ***-p<0.001 
 
 
1.4.4    No cardiac fetal gene program induction during physiological pregnancy  

No significant difference was observed in the expression of fetal genes (ANP, BNP, β-MHC) in 

physiological groups (Figure 21-23). However, mRNA expression of BNP and β-MHC was 

significantly raised in the STAT3 KO samples. 

 

Figure 21: mRNA expression of Atrial Natriuretic Peptide gene in pregnant mice hearts  

RT-qPCR was performed twice with 4−7 independent ventricular samples/group. Levels of the 
candidate gene was normalized to GAPDH. The bar graph displays fold change calculated 
using the Livak method 2-∆∆Ct [252]. Ct*-cycle threshold values; AU- arbitrary units. Ct values 
less than 15 and higher than 45 were considered invalid. ANP (Atrial Natriuretic Peptide). 
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Figure 22: mRNA expression of Brain Natriuretic Peptide gene in pregnant mice hearts  

RT-qPCR was performed twice with 4−7 independent ventricular samples/group. Levels of the 
candidate gene was normalized to GAPDH. The bar graph displays fold change calculated 
using the Livak method 2-∆∆Ct [252]. Ct*-cycle threshold values; AU- arbitrary units. Ct values 
less than 15 and higher than 45 were considered invalid. BNP (Brain Natriuretic Peptide). 
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Figure 23: mRNA expression of b-myosin heavy chain gene in pregnant mice hearts  

RT-qPCR was performed twice with 4−7 independent ventricular samples/group. Levels of the 
candidate gene was normalized to GAPDH. The bar graph displays fold change calculated 
using the Livak method 2-∆∆Ct [252]. Ct*-cycle threshold values; AU- arbitrary units. Ct values 
less than 15 and higher than 45 were considered invalid. β-myosin heavy chain. 
 
 
1.4.5   Potential signaling pathways involved in regulation of cardiac hypertrophy during 

pregnancy  

 
Figure (24-26) shows the expression level of STAT3, STAT5, AKT and phosphorylation during 

pregnancy and postpartum 
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Figure 24: Expression of STAT5 during pregnancy and postpartum 

Image shows representative blots per each protein and bar graphs shows the expression of 
STAT 3. Experiments were performed with at least 6 independent ventricles per group. 
Values are means ± SE. Data were analysed by one-way ANOVA with Tukey’s post hoc test. p 
≤ 0.05, was considered significantly different between groups. PP-postpartum 
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Figure 25: Expression of AKT during pregnancy and postpartum 

Image shows representative blots per each protein and bar graphs shows the expression of 
AKT. Experiments were performed with at least 6 independent ventricles per group. Values are 
means ± SE. Data were analysed by one-way ANOVA with Tukey’s post hoc test. p ≤ 0.05, was 
considered significantly different between groups. PP-postpartum 
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Figure 26:  Expression of STAT 3 during pregnancy and postpartum  

Image shows representative blots per each protein and bar graphs shows the expression of 
STAT 3. Experiments were performed with at least 6 independent ventricles per group. Values 
are means ± SE. Data were analysed by one-way ANOVA with Tukey’s post hoc test. p ≤ 0.05, 
was considered significantly different between groups. PP-postpartum 
 
STAT 5 protein expression was significantly activated in the early postpartum phase (Day 7pp 

p=0.03). The expression gradually decreased on Day 14pp and Day 28pp.  STAT 5 was not 
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activated in the pathological group (STAT3 KO). AKT expression also gradually increased 

during pregnancy, peaking at Day 14. AKT expression was then sustained until Day 7pp, before 

reverting to non-pregnant level. Again, no significant activation of AKT was observed in STAT3 

KO. STAT 3 level did not change significantly during pregnancy and postpartum phase. 

 

1.4.6   Histological and fibrotic changes during pregnancy and postpartum in wild type mice 

 

 
 
Figure 27: Representative image for hematoxylin-eosin H& E staining of pregnant mice 
hearts sections 

Normal cell architecture with normal interstitial space and no evidence for associated 
intravascular and/or interstitial foreign body granulomas were observed (haematoxylin and 
eosin, magnification X40, scale 20 µm).  
 
The ventricular myocardium of pregnant mice hearts showed normal architecture with 

normal interstitial space when stained by H&E. A limited number of central nucleated fibres 

were observed. 

20 µm 
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Figure 28: Heart histological illustrative sections and fibrotic quantification 

A: Polarized microscopic views of myocardial collagen stained with Pico sirus red. (20X 
magnification) orange birefringence staining indicates fibrotic tissue. B: Fibrotic area 
quantification indicated that fibrosis was slightly induced in the postpartum period but not 
during gestation. PV-perivascular, IS-interstitial, PP-postpartum. 

 

 

 
 

 

A 
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Minimum but significantly different percentage area of interstitial fibrosis was observed in 

the postpartum phase (p=0.04) but not during pregnancy when compared to Day 1(Figure 

28B). Signs of reversal were seen on Day 28pp. Perivascular fibrosis was not quantified.  

 

Figure 29: Collagen type I mRNA expression in pregnant mice heart 

Collagen type 1 (Col I) mRNA expression. RT-qPCR was performed twice with 4−7 independent 
ventricular samples/group. Level of the candidate genes were normalized by GAPDH. The bar 
graph displays fold change calculated using the Livak method 2-∆∆Ct [252]. Ct*-cycle threshold 
values; AU- arbitrary units, PP- postpartum. Ct values less than 15 and higher than 45 were 
considered invalid. 
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Figure 30: Collagen type III mRNA expression in pregnant mice 

Collagen type 3 (Col III) mRNA expression. RT-qPCR was performed twice with 4−7 
independent ventricular samples/group. Level of the candidate genes were normalized by 
GAPDH. The bar graph displays fold change calculated using the Livak method 2-∆∆Ct [252]. Ct*-
cycle threshold values; AU- arbitrary units, PP- postpartum. Ct values less than 15 and higher 
than 45 were considered invalid. 
 
The mRNA levels of fibrotic indicators collagen type 1(Col I) (Figure 29) and collagen type 3 

(Col III) (Figure 30) increased early in pregnancy and was sustained until early postpartum 

(Day 7pp). The expression gradually decreases from Day 14pp reverting to normal level of 

expression by Day 28pp.  

1.4.7   Cardiac proteomic analysis of pregnant mice 

We performed in-depth global protein expression profiling of pregnant mice hearts at 

different time points during pregnancy and postpartum. A total of 1190 proteins that 

contained 2 or more unique peptides were identified in all the samples.  

There were similarities between timepoints in the specific proteins that were altered with 

only 14 proteins being significantly different across all groups compared to the control (Day 

1). Table 9 shows a list of 14 differentially expressed proteins. Corticosteroid-binding globulin 
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(Q06770), Transthyretin (P07309), Serine protease inhibitor A3C (P29621) and Beta-2-

microglobulin (P01898), Dedicator of cytokinesis protein 2 (Q8C3J5) were the most 

differentially expressed proteins.   

Table 9: List of overall differentially expressed proteins 

Access No Protein name Biological process P-value 

Q06770 Corticosteroid-binding globulin biological 
regulation; C21-
steroid hormone 
metabolic process 

<0.01 

Q8C3J5 Dedicator of cytokinesis 
protein 2 

acute inflammatory 
response;  

0.01 

P07309 Transthyretin amine transport; 
cellular hormone 
metabolic process 

0.02 

P29621 Serine protease inhibitor A3C Apoptosis; 
response to 
cytokine stimulus 

0.02 

P01898 Beta-2-microglobulin anatomical 
structure 
development; 
antigen processing 
and presentation of 
endogenous 
peptide antigen via 
MHC class I 

0.02 

Q9QYR7 Acyl-coenzyme A thioesterase 
1 

acyl-CoA metabolic 
process 

0.03 

Q91Z83 Myosin-7 anatomical 
structure 
morphogenesis; 
regulation of the 
force of heart 
contraction  

0.04 

P61922 4-aminobutyrate 
aminotransferase, 
mitochondrial 

negative regulation 
of blood pressure 

0.04 

Q05793 Basement membrane-specific 
heparan sulfate proteoglycan 
core protein 

cardiac muscle 
tissue 
development; 
angiogenesis 

0.04 

A0A075B680 Immunoglobulin heavy 
variable 1-62-2 

membrane 
invagination 

0.04 

P01756 Ig heavy chain V region AC38 
205.12 

antigen binding; 
immunoglobin 

0.04 
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To get an overview of the expression of the significant proteins, a heat map was constructed 

(Figure 31). The heat map confirmed that the cardiac proteomes of postpartum mice were 

similar to the early pregnancy time points.  

 

Figure 31: Heat map of hierarchical clustering of differentially abundant cardiac proteins 
at different pregnancy and postpartum time points 

Colours represent relative abundance levels for each protein across time points based on z-
scores. Green represent down-regulation whist red represent up-regulation. pp-postpartum 
 

1.4.8   Comparison of protein expressions between late pregnancy and postpartum groups 

The greatest proteomic response occurred in the late pregnancy (Day 14) and it was distinct 

from the postpartum groups (Day 14pp and Day 28pp). A total of 266 proteins were 

significantly changed between Day 14 and Day 14pp, whilst a total of 350 proteins were 

significantly changed between Day 14 and Day 28pp. Volcano plots on Figure 32A& B shows 

the differentially up and down regulated protein. Out of the 266 significant proteins between 

Day 14 and Day 14pp, 90 proteins were upregulated on Day 14pp, and 197 proteins were 

upregulated on Day 28pp. 
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Figure 32: Volcano plots of differentially regulated proteins between groups.  

A: Day 14 vs Day 14pp.  B: Day 14vs Day 28pp. The plot constructed using −log10 (p value) 
against the mean difference. Proteins were graphed by fold change (Difference) and 
significance (-Log p) using a false discovery rate of 0.05 and an S0 of 0.1. Protein in red were 
considered significantly up, whilst blue were down regulated and grey were non significantly 
changed proteins using the Perseus software. Dashed horizontal line shows the p values cut-
off. 

 

1.4.9   GO Annotation of differentially expressed proteins 

The differentially expressed upregulated proteins on Day 14pp and on Day 28pp were 

analysed using the Gene Ontology database Panther (Protein ANalysis THrough Evolutionary 

Relationships). Enriched cellular localization, biological processes, and molecular function 

mapped by the proteomes were determined. Figure 33A-C summarizes the most statistically 

significant GO categories of the upregulated proteins on Day 14pp.  
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Figure 33: Gene Ontology classification of differentially up regulated proteins on Day 14pp 

A: Go Cellular Component (CC); B: Molecular Function (MF); C: Biological function category 
(BF). Graphs show the 10 most significant enriched Gene ontology (GO) categories of 
significantly upregulated proteins on Day 14pp. 

The enriched GO CC annotation of the upregulated proteins on Day 14pp suggested that 

cytoplasm, cytosolic ribosome, intracellular, protein-containing complex and cytosol were in 

the top 5 enriched categories. Most of the proteins upregulated on Day 14pp have binding 

properties or are involved in structural molecule activity. Moreover, gene ontology analysis 

based on the molecular function of upregulated proteins showed that cardiac muscle 

contraction, cardiac muscle tissue morphogenesis and development were part of the most 

enriched GO MF (Figure 33B). 
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Figure 34: Gene Ontology classification of differentially up regulated proteins on Day 28pp 

A: Go Cellular Component (CC); B: Molecular Function (MF); C: Biological function category 
(BF). Graphs show the 10 most significant enriched Gene ontology (GO) categories of 
significantly upregulated proteins on Day 28pp. 

Proteasome complex, proteasome core complex, intracellular, intracellular organelle, and 

membrane bound organelle were in the top 5 enriched CC categories of upregulated proteins 

on Day 28pp. GO MF enrichment of upregulated proteins on Day 28pp suggested metabolic 

process, cellular catabolic process, organonitrogen compound catabolic process, drug 

metabolic process and cellular macromolecule catabolic process as the most enriched 

categories.  
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1.4.10   Protein-protein interaction analysis of proteins upregulated on Day 14pp and Day 

28pp 

To observe the interactions between upregulated proteins on Day 14 pp and Day 28pp we 

used String db (11.0) [249]. (Figure 35 & Figure 36) shows the known and predicted protein 

interactions on Day 14pp and Day 28pp respectively.  

The interaction on Day 14pp indicate enrichment of cardiac contractile proteins, ribosomal 

proteins and additionally supported by the increase in cytochrome C oxidase.  

 

Figure 35: Protein-protein interaction (PPI) of upregulated proteins on Day 14pp  

The confidence of prediction was set very high at 0.900. PPI enrichment p-value =4.8e-12. 
Maximum number of interactors was set at 5. 
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Figure 36: Protein-protein interaction (PPI) of upregulated proteins on Day 28pp 

The confidence of prediction was set very high at 0.900. PPI enrichment p-value = < 1.0e-16. 
Maximum number of interactors was set at 5. 
 
The interaction on Day 28pp indicate enrichment of proteasome subunits mainly component 

of the 20S core proteasome complex and small nuclear ribonucleoprotein, the building blocks 

of the spliceosome.  
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1.4.11   KEGG pathway analysis of differentially expressed proteins in the postpartum phase 

of pregnant mice 

To explore the metabolic pathways of the significantly upregulated proteins, we investigated 

the enriched KEGG pathway analysis of the 90 proteins upregulated on Day 14pp and 197 

proteins upregulated on Day 28pp. Table 10 and Table 11 shows a list the top 5 identified 

pathways on Day 14pp and Day 28pp.  

Table 10: KEGG pathways enriched on Day 14pp 

KEGG Pathways Genes p-value 

Cardiac muscle contraction Cox5a, Myl2, Cox6c, Uqcrb, 

Cox6b1, Myl3, Actc1, Tnni3, 

Myh7, Tpm1, Tnnc1 

7.38E-14 

Dilated cardiomyopathy 

(DCM) 

Myl2, Myl3, Actc1, Tnni3, 

Myh7, Tpm1, Tnnc1 

1.3E-07 

 

Hypertrophic 

cardiomyopathy (HCM) 

Myl2, Myl3, Actc1, Tnni3, 

Myh7, Tpm1, Tnnc1 

9.55E-08 

Ribosome Rpl13, Rps11, Rpl8, Rps5, 

Rps9, Rplp1, Rps18, Rps19 

1.08E-07 

Adrenergic signaling in 

cardiomyocytes 

Myl2, Myl3, Actc1, Tnni3, 

Myh7, Tpm1, Tnnc1 

2.9E-06 

Partial list of the enriched KEGG pathways and set of genes that contributed to the pathways. 

Cox-Cytochrome c oxidase, Myl-Myosin Light Chain, Uqcrb-Ubiquinol-cytochrome c reductase 

binding protein, Actc-Cardiac muscle alpha actin, Tpm1-Tropomyosin alpha-1 chain, Rpl-

ribosomal protein L, Rps-ribosomal protein S, Rplp1-Ribosomal protein lateral stalk subunit P1  
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Table 11: KEGG pathways enriched on Day 28pp 

KEGG Pathways Genes p-value 

Proteasome Psmb4, Psmb1, Psmd3, Psmd11,  

Psmb6, Psmc5, Psmd12, Psma6,  

Psmb2, Psmb3 

7.23E-16 

Dilated 

cardiomyopathy 

(DCM) 

Itga1, Itgb1, Myh7, Dag1 1.5E-04 

Hypertrophic 

cardiomyopathy 

(HCM) 

Itga1, Itgb1, Myh7, Dag1 1.3E-04 

Alzheimer's disease Cox5a, Cox6c, Cox7a2, Rtn4, Snca 1.6E-04 

ECM-receptor 

interaction 

Col4a2, Itga1, Itgb1, Dag1 1.2E-04 

Partial list of the enriched KEGG pathways and set of genes that contributed to the pathways. 

Psmb- Proteasome subunit beta, Psmd- 26S proteasome non-ATPase regulatory subunit, 

Psmc5- 26S protease regulatory subunit 8, Itga- Integrin subunit alpha, Dag1- dystroglycan, 

Rtn4- Reticulon, Snca- Alpha-synuclein, Col4a2- Collagen alpha-2(IV) chain. 

Cardiac muscle contraction was the most significantly enriched pathways (p= 7.38E-14) on 

Day 14pp. We identified 11 proteins which contributed to this pathway which includes 

cytochrome c oxidase subunit 5a (Cox5a); myosin light chain 2 (Myl2); Cox6c; ubiquinol-

cytochrome c reductase binding protein (Uqcrb); Cox6b1; Myl3; alpha cardiac actin (Actc1); 

cardiac troponin I (Tnni3); Myh7; tropomyosin alpha-1 (Tpm1) and troponin C1 (Tnnc1). 

Another important pathway involved Myl2; Myl3; Actc1; Tnni3; Myh7; Tpm1 and Tnnc1 which 

are proteins implicated in dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy 

(HCM). 

The most significantly enriched pathway from upregulated proteins on Day 28pp was the 

proteasome (p= 7.23E-16). Ten important proteins contributed to this pathway proteasome 
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subunit beta type-4 (Psmb4); Psmb1; Psmd3; Psmd11; Psmb6; Psmc5; Psmd12; Psma6; 

Psmb2; Psmb3).  

1.4. 12   Upstream regulatory analysis 

To predict the upstream transcription factors which regulates the identified differentially 

expressed proteins, the list of proteins was input into the Expression 2 Kinases (X2K) software 

[251].  

 

Figure 37:  Inferred upstream regulatory network predicted to regulate the genes of 
upregulated proteins on Day 14pp. 

Red nodes represent the top transcription factors predicted to regulate the expression of the 
input proteins list. Blue nodes represent the top predicted protein kinases known to 
phosphorylate the proteins within the expanded subnetwork. Green links represent kinase-
substrate phosphorylation interactions between kinases and their substrates, while grey 
network edges represent physical protein-protein interactions. Transcription factor or kinase 
node size represents the rank according to the importance of the enriched proteins or target 
substrates respectively 
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Figure 38: Inferred upstream regulatory network predicted to regulate the genes of 
upregulated proteins on Day 28pp. 

Pink nodes represent the top transcription factors predicted to regulate the expression of the 
input gene list. Blue nodes represent the top predicted protein kinases known to phosphorylate 
the proteins within the expanded subnetwork. Green links represent kinase-substrate 
phosphorylation interactions between kinases and their substrates, while grey network edges 
represent physical protein-protein interactions. Transcription factor or kinase node size 
represents the rank according to the importance of the enriched proteins or target substrates 
respectively 

Upstream regulatory network of proteins upregulated on Day 14pp (Figure 38) shows 

specificity protein 1 (SP1), hepatocyte nuclear factor 4 alpha (HNF4A), GATA binding protein 

1 (GATA 1), interferon regulatory factor 3 (IRF3) and IRF1 as the top transcription factors that 

regulate proteins upregulated on Day 14 pp. The top predicted protein kinases known to 

phosphorylate the network includes CSNK2A1, MAPK1, MAPK3, MAPK14, ERK1 and HIPK2. 

Figure 38 shows myelocytomatosis (MYC), yin yang 1 (YY1), specificity protein 1 (SP1) and 

histone acetyltransferase (KAT2A) as the top transcription factors that regulated proteins 

upregulated on Day 28pp.  
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mitogen-activated protein kinase 14 (MAPK14), cyclin-dependent kinase 1 (CDK1), glycogen 

synthase kinase 3 beta (GSK3B), ERK1 and HIPK2 were the top predicted protein kinases. 

1.5   Discussion 

1.5.1 Physiological cardiac functional and morphological changes associated with 

pregnancy in healthy mice 

 
Echocardiography has been a technique of choice in assessing maternal heart adaptation 

during pregnancy due to its cost, availability and safety [280][281]. It has also been widely 

used in basic and translational research to study cardiac function in different models, 

including pregnant mice [282][283][284]. Despite several studies being published on cardiac 

changes during gestation, there is still controversy regarding parameters of assessing these 

changes [76][285].  

Our study provides an assessment of the time course changes of LV dimensions and functions 

during normal pregnancy using conventional echocardiographic measurements in healthy 

pregnant mice.  

1.5.1.1   LV dimension and volume changes in pregnant mice  
 
Our findings substantiate the increase in blood volume during pregnancy. Increase in volume 

load leads to an increase in preload which manifests as an increase in LV volume and LV 

internal diameter [285][286][287]. An average increase of 25% in LVEDV (p=0.003) was 

reported in this study. LVEDV remained high throughout the postpartum period. Increased 

LVEDV has been observed in several human and mice study of normotensive pregnancy 

[3][11][12][37]. Data from our study also showed that LVEDV was sustained postpartum and 

had not resolved by Day 28pp. There is limited data on the exact time point when LVEDV is 

resolved postpartum. However, studies in human reported resolved preload changes after six 

months postpartum [66][76]. Umazume, et al [65], reported a progressive increase in LVEDV 

during pregnancy peaking at one week postpartum and the values remained high after one 

month postpartum. 

LVESV did not change significantly in our study. However, the trend concurs with another 

study in pregnant goats [287]. Several studies in pregnant mothers have reported a decrease 

in LVESV [31][113][285][288]. The decrease in afterload is attributed to reduced systemic 

vascular resistance resulting in improved LV emptying in pregnant mothers [129][285]. In the 

contrary, a significant number of studies have also published an increase in LVESV 
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[66][289][290][291]. This discrepancy might be caused by the imperfectness of the methods 

used to estimate LV volumes, different quality of echocardiographic equipment and study 

population heterogeneity related to race or gestational age [290]. 

 

1.5.1.2   LV systolic and diastolic function   
 
LVEF and LVFS markers of systolic function measured by convectional echocardiography were 

not altered in our normal pregnant mice model. LV function reports in pregnancy mice have 

been inconsistent with some studies reporting no significant changes [60][264][290][121], 

reduced functionality [76][292][61], or enhanced [261][293]. However, studies that tested 

isolated pregnancy heart under strict control of pre and afterload demonstrated improved 

systolic function [293][294]. The heart’s ability to pump is enhanced in response to increased 

volume load during pregnancy, making it mechanically more efficient [295].  

It is noteworthy mentioning that EF or FS have limitations in quantifying LV functionality in 

pregnancy since these parameters are highly depend on pre- and afterload [26]. Hence factors 

that affect preload and afterload previously described may also contribute to the 

inconsistency. Furthermore, the perception that normal LVEF equals normal systolic function 

and that abnormal LVEF equals abnormal function is not always the case. Studies in HF 

patients have found that over 50% of HF patients suffer from heart failure with preserved EF 

[296][297].  

No significant changes in diastolic function were observed in our study. Like systolic function, 

conflicting data have also been published with regards to diastolic function during pregnancy. 

Some studies have published no change [75][261], whilst others have reported decrease in 

diastolic function [67][298]. A study that used tissue doppler imaging (TDI) which is an 

echocardiographic technique for assessing the diastolic function that is relatively 

independent of preload found that E/A ratio progressively reduced as pregnancy advanced 

[299].  

Diastolic function is often not reported in pregnancy studies. Nevertheless, studies have 

suggested that diastolic dysfunction usually comes first before impairment of systolic function 

in most cardiovascular disease [298][300][301]. Hence, more accurate techniques such as TDI 

may be useful for monitoring maternal cardiac function in high- risk pregnancies to detect the 

early signs of cardiac failure and to prevent further deterioration with prompt interventions. 
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1.5.1.3   Cardiac hypertrophy in pregnant mice and postpartum 
 
During pregnancy the heart develop cardiac hypertrophy through a complex process involving 

signaling pathways, cell structural changes and regulation by sex hormones [88][76][302]. 

Several studies have assessed cardiac anatomical changes in C57BL/6 mice during pregnancy 

and postpartum.  In our study, we observed a maximum of 29.63 % increase in HW and a 

maximum of 59 % increase in LV mass. LV mass was high from late pregnancy (Day 14) and 

remained high for 2 weeks postpartum before reversal begins. HW progressively increase 

during pregnancy peaking in the postpartum period but not during pregnancy. Our finding is 

consistent with Parrott et al, 2018 [121] who reported significantly higher wet heart weight 

in the postpartum period but not in late pregnancy. Other studies also followed a similar 

pattern; however, they recorded the highest HW in late pregnancy between 17-20 days 

[61][303][304].  

Slightly different results have also been reported on the regression of HW postpartum. Umar 

et al, 2012 reported that HW reverted to pre-pregnancy level in 7 days postpartum [61]. 

However, in our study HW remained high up to 14 days postpartum and signs of regression 

were only noticeable on Day 28pp. Similar findings were reported by Ventura et al, 2016 

[304]. Human studies have reported sustained increased HW for varying periods between 3 

months to 1 year [60][128]. 

Our study also confirmed that physiological pregnancy induced cardiac hypertrophy is 

eccentric and is a response to increased volume load [76][27]. Calculation of relative wall 

thickness (RWT) permits categorisation of an increase in LV mass as either concentric or 

eccentric hypertrophy [305]. RWT did not significantly change at all stages of pregnancy when 

compared to Day 1 group in our study. This indicated a properly regulated eccentric 

hypertrophy in pregnant mice with no signs of dilatation. 

1.5.2   Potential signaling pathways involved in the regulation of cardiac hypertrophy during 

pregnancy and postpartum in mice 

E2 and progesterone levels increased rapidly during pregnancy peaking in late pregnancy and 

suddenly dropped to non-pregnant level soon after parturition. Similar trends in hormone 

levels during pregnancy have been reported in previous studies [26][306]. Hormones are 

important in the regulation of physiological cardiovascular changes during pregnancy. The 

cardioprotective action of oestrogen has been well documented in many different 

experimental models of heart disease [307][308]. Progesterone has also been reported as an 
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important hormone required for pregnancy-induced cardiac hypertrophy in the early stages 

of pregnancy  [302][309]. 

We subsequently assessed the expression of fetal gene program in physiological pregnancy 

groups and the pathological group. The transcript levels of ANP, BNP and β-MHC classical 

markers of pathological hypertrophy did not change significantly at all the stages of pregnancy 

and postpartum. However, significant increase in the expression of BNP and β-MHC was 

observed in the STAT3 KO. Other studies which quantified transcript levels of these classical 

markers of pathological cardiac hypertrophy supports the notion that cardiac hypertrophy 

due to pregnancy is physiological and does not trigger the fetal gene program [127][191].  

We found that AKT expression and phosphorylation progressively increase during 

physiological pregnancy peaking in late pregnancy. However, the expression of AKT was 

reduced postpartum. This was in sync with other studies  [191][306]. Conflicting results have 

been published especially in the late pregnancy phase with studies reporting increased 

phosphorylation [165], whilst others reporting reduced phosphorylation [99]. Chung et al, 

2012, Lemmens et al, 2010 and others also demonstrated the importance of PI3K/AKT 

pathway in mediating pregnancy induced cardiac hypertrophy by looking at the downstream 

molecules [26][306].  

Our speculation is that AKT expression could be induced by a combination of volume load and 

other factors such as pregnancy hormones milieu which are highly expressed during 

pregnancy and reduced in the postpartum phase. The activation of AKT with E2 has been 

described before [310][311].  

STAT5 phosphorylation gradually increased during pregnancy, reaching significant level on 

Day 7pp. It then remained high until Day 28pp.  A similar trend was also observed with STAT3. 

However, STAT3 phosphorylation was significant from Day 21 and remained high throughout 

the postpartum phase. Activation of the janise activated kinases- signal transducer and 

activator of transcription (JAK/STAT) has been reported to be protective to the heart in both 

physiological and pathological conditions [107][312]. We suggest that STAT3 and STAT5 

pathways activation in the postpartum phase could be an adaptative response to maintain 

physiological cardiac hypertrophy. The ability of STAT3 to transduce hypertrophic signals 

through gp130 has been demonstrated in transgenic mice with cardiac-specific 

overexpression of the STAT3 gene (STAT3-TG)[313]. STAT 3-TG mice developed myocardial 

hypertrophy at 12 weeks of age [313]. Cardioprotective action of STAT5 has been observed in 



 

99 
 

remote ischemic preconditioning (RIPC) [314]. However, the role of STAT5 in the protection 

of experimental animals is still controversial [95][315].  

In summary our study found that progesterone and oestrogen levels increase during 

pregnancy peaking in late pregnancy. The hormone levels drop immediately after parturition. 

Fetal gene expression is not triggered in pregnancy induced cardiac hypertrophy 

substantiating that pregnancy induces physiological cardiac hypertrophy. PI3K/AKT signalling 

pathway is activated during pregnancy and reduced in the postpartum phase. We hypothesis 

that PI3K/AKT signalling could be induced by pregnancy hormones which are in abundance 

during pregnancy and reduced postpartum. The JAK/STAT pathways are activated in the 

postpartum phase and could be responsible in modulating cardiac hypertrophy in the absence 

of AKT.   

1.5.3    Histological and fibrotic changes during pregnancy and postpartum in wild type mice 

Our histological analysis of pregnant mice hearts revealed that minimal interstitial fibrosis 

occurred in the early postpartum and reversed by Day 28pp. Our findings are in contrast with 

other studies which reported no presence of interstitial fibrosis in mice [61][88][316]. 

However, some studies in rats reported the presence of interstitial cardiac fibrosis in 

pregnancy [124][317].  

Col I and Col III mRNA expression levels were upregulated during pregnancy and reverted to 

normal level postpartum. This was in synchrony with Limon-Miranda et al, 2014 [119]. 

However, Aljabri et al, 2011 reported that collagen isoforms gene expression in cardiac tissue 

did not change during pregnancy [317]. 

The presence of fibrosis in the early postpartum phase of pregnancy in our model could be 

due to prolonged volume load and hypertrophy observed until after 2 weeks 

postpartum. Virgen-Ortiz et al, 2009 also observed a heart with less ventricular rigidity during 

pregnancy [120]. This could be explained by the slightly higher Col III deposition than Col I 

observed in our study. Collier et al, 2012 recorded lower values of stiffness in Col III compared 

to Col I during single fibre deformation [318]. Nevertheless, Col III deposition was not too high 

to induce notable dilatation and diastolic dysfunction. 
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1.5.4   Cardiac proteomic analysis of pregnant mice 

 
1.5.4.1 Overall, significantly changed proteins 
 
The study identified only 14 proteins that were significantly changed across all time points. 

There were similarities in protein expression at different time points. This could be evidence 

that cardiac remodeling during pregnancy and postpartum is a continuous and reversable 

process.  

Proteins involved in hormone metabolic process such as corticosteroid-binding globulin (CBG) 

and Transthyretin (TTR) were among the most significantly altered. CBG is synthesized in the 

adrenal gland and secreted into the bloodstream where it binds to glucocorticoids [319]. CBG 

was significantly upregulated during pregnancy and downregulated in the non-pregnant and 

postpartum groups in our study. Evidence from other studies suggest that CBG is a key 

determinant of progesterone concentrations in the maternal circulation during pregnancy 

[320]. TTR is also a carrier protein that transports thyroid hormones and retinol [321]. 

However, myocardial deposition of misfolded TTR has been implicated in different 

pathological diseases such as transthyretin amyloid cardiomyopathy (ATTR-CM) and 

hypertension and diabetes [322]. Our results showed that TTR was downregulated during 

pregnancy but upregulated in the early stages and postpartum. 

Proteins involved in immune response and acute inflammation such as serine protease 

inhibitor A3C, immunoglobulin (Ig) heavy variable 1-62-2, Ig heavy chain V region AC38 

205.12, Beta-2-microglobulin and dedicator of cytokinesis protein 2(Dock2) were also 

significantly changed. Studies have alluded on the importance of immune adaptation during 

pregnancy [323][324]. Dock 2 specifically regulates the migration, proliferation and activation 

of T cells and B cells by regulating cell skeleton restructuring [325]. Dock 2 also protects the 

cardiac cells from apoptosis and acute inflammation [326]. 

Another protein that was significantly altered was myosin-7. Myosin-7 is involved in cardiac 

anatomical structure, cardiac tissue development and regulation of cardiac contraction 

[327][328]. Our results showed that myosin-7 was upregulated only in the postpartum phase 

of pregnancy. This could indicate the presence of high stress on the cardiac muscle in the 

postpartum phase [328]. Another study also showed that cardiac myosin-7 expression could 

be triggered by unloading of the heart [329]. 
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Basement membrane-specific heparan sulfate proteoglycan core protein also known as 

Perlecan (HSPG2) was upregulated in early pregnancy and postpartum. HSPG2 serves as an 

attachment substrate for cells and play essential roles in vascularization.  

 

1.5.4.2   Cardiac hypertrophy and myofilaments in the early postpartum phase of pregnant 
mice 
 
Observations from PPCM patients suggest that patients are protected throughout pregnancy 

and that the disease emerges mainly in the peripartum phase [152]. Evidence from our study 

suggest that the postpartum phase represents a state of increased proteostatic stress [330].  

Functional annotation of the proteins upregulated on Day 14pp and Day 28pp shows a clear 

distinction of GO cellular component (GO CC), GO biological function (GO BF), and GO 

molecular function (GO MF). Most of the enriched GO CC from proteins upregulated on Day 

14pp were sarcomere proteins, cytoplasmic proteins, actin cytoskeleton and ribosomal 

biogenesis complex. Increase in volume load, increases the left ventricular diastolic pressure 

and wall stress leading to addition of new sarcomeres in series, fiber elongation and chamber 

enlargement [331].  This progressive chamber enlargement will then lead to increased systolic 

wall stress, wall thickening and eccentric hypertrophy which normalizes the systolic stress. 

Data from previous models of cardiac hypertrophy also confirm the upregulation of proteins 

involved in muscle contraction and myofilament movement such as Myl2, Tpm1, Tnnc1, 

Tnni3, Myl3, Myh7, Tmod1 and Actc1 [332][333]. In cardiac hypertrophy, the size of the 

cardiomyocyte increases, and there is heightened organisation of the sarcomere [334]. The 

sarcomere is the basic contractile unit of muscle fibre which is composed of the actin and 

myosin filaments [335]. According to the sliding filament theory, the active force for 

contraction of an individual sarcomere is an actin filament slide past the myosin filaments 

[335][336]. 

Cardiac hypertrophy in the early postpartum phase was also confirmed by echocardiography 

measurements conducted in this study (Figure 19).  Similar findings were reported by Ventura 

et al, 2016 [304], whilst Umar et al, 2012 reported that hypertrophy reverted to pre-

pregnancy level in 7 days postpartum [61]. Human studies have reported sustained increased 

HW in the postpartum period for varying periods between 3 months to 1 year [60][128].  
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Ribosome content and ribosomal biogenesis proteins such as Rps5, Rps19, Rps11 and Rps10 

were also raised on Day 14pp. Growth of cardiac muscle cells during left ventricular 

hypertrophy (LVH) results from an increased accumulation of cellular protein due to an 

accelerated rate of protein synthesis [337]. It has been clearly demonstrated that ribosome 

biogenesis stimulates protein synthesis, thereby leading to cell growth [338][339]. Increased 

rates of protein synthesis in cardiac myocytes have been shown to correlate with an increase 

of activity of translation initiation factors and with a concomitant rise in the rate of translation 

initiation [339]. Specifically, during muscle hypertrophy, the amount of protein synthesis per 

unit RNA (translation efficiency) and the total ribosomal content (translation capacity) 

increase within muscle fibres [340]. 

Given that ribosome biogenesis represents the most energy consuming process in eukaryotic 

cells [341][342].  Mitochondrial components such as Cox 5a, Cox 6c and Cox 6b1 were also 

upregulated in the early postpartum phase. These are important enzymes necessary to 

maintain cardiac energy-production capacity of the overloaded hearts [343].  

Taken together the proteome on Day 14pp indicated a stage involving increased protein 

synthesis, movement, and morphological changes that requires reorganisation of actin 

filaments.  

1.5.4.3   Activation of Ubiquitin proteasome system (UPS) activation in the early postpartum 
phase of pregnant mice 
 
Psme1, Psma5 and Skp1a were some of the other proteins that were upregulated on Day 

14pp when compared to late pregnancy. Proteasomes are protein complexes which degrade 

unneeded or damaged proteins by proteolysis, a chemical reaction that breaks peptide bonds. 

Ubiquitin proteasome system (UPS) plays a critical role in cardiac structural remodeling by 

removing unwanted intracellular proteins and is involved in protein quality control 

[344][345].  

Lorga et al, 2012 found that pregnancy is associated with decreased ubiquitin-proteasome 

proteolytic activity in pregnant mice and in cells [303]. Reduced level of ubiquitin-proteasome 

activity during pregnancy coincided with increased AKT expression. Studies have shown that 

ubiquitin protease specific-14 (USP14) a major deubiquitinating enzyme that regulates the 

UPS, is a substrate of AKT [346]. USP14 is a negative regulator of the UPS and can be activated 
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by AKT, we reasoned that AKT-mediated activation of USP14 might lead to inhibition of the 

UPS and generally enhance the stability of many important  proteins during pregnancy [347]. 

Haghikia et al, 2012 also described a link between STAT3 and the UPS in mice [348]. Reduced 

STAT3 protein levels increased miR-199a expression which then  subsequent down-regulation 

of ubiquitin conjugating enzyme E2I (Ube2i) and ubiquitin conjugating enzyme E2 G1 

(Ube2g1) [348]. Phosphorylation of STAT3 (p-STAT3) was also found to  stimulate proteolysis 

by activation of UPS in cancer cachexia study [349]. This also confirmed the important role of 

STAT3 as a factor controlling post-natal cardiac integrity. 

Activation of UPS in the early postpartum phase together with cardiac hypertrophy seems 

counterintuitive. However, due to prolonged increase of workload, the heart reacts and 

increases in size, a reaction that represents an adaptive response to normalize wall stress and 

compensate for the increased hemodynamic load [350]. Increased cardiac wall stress from 

overload automatically creates an increase in protein synthesis [339]. Cellular stress also 

increase the production of denatured proteins, which must be degraded to avoid the 

activation of pro-apoptotic signals  [339][351]. New evidence  also suggests that UPS attends 

to the cell growth, favouring protein synthesis, subsequently evolving in left ventricular 

hypertrophy [352][353]. The suspected mechanism involve the degradation of repressors of 

hypertrophy, such as the inducible cyclic AMP early repressor (ICER) [354].  

1.5.4.4    Proteomic expression driving cardiac reverse remodeling in the postpartum phase 
of pregnant mice 
 
Several studies confirm the reversibility of physiological cardiac remodeling induced by 

pregnancy. However, the mechanisms of response to volume unloading have been studied 

less, probably because this condition is physiologically less relevant. However, the recent use 

of left ventricular assist system (LVAS) in clinical practice for patients with advanced heart 

failure have highlighted the importance of unloading response [329].  

We observed a shift from hypertrophic and contraction proteins on Day 14pp to upregulation 

of proteasome complex proteins, endopeptidase activity proteins and spliceosome activity 

proteins on Day 28pp. We speculate that upregulation of UPS on Day 28pp could be a 

mechanism induced to stop and/or reverse the cardiac hypertrophy caused by pregnancy and 

early postpartum stress.   
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Protein turnover represents the balance between protein synthesis and degradation. The 

balance between protein synthesis and protein degradation determines if the heart will 

atrophy, hypertrophy, or neither [97]. It can be controlled quantitatively, for instance by an 

activation of protein synthesis during cardiac hypertrophy or by the activation of protein 

degradation during ventricular unloading [351]. Hypertrophy regression may occur if the 

protein turnover balance is in favor of protein degradation [351][355].  

Proteasome-mediated proteolysis have been extensively characterized in skeletal muscle, in 

conditions of muscle wasting, atrophy, and cachexia [356][357]. In all types of atrophying 

muscle, the ubiquitin–proteasome system is activated, and it catalyses the degradation of the 

bulk of muscle proteins, especially myofibrillar components [358][359]. Previous studies in 

skeletal muscle atrophy have also shown that activation of the UPS is associated with an 

increase in mRNA levels of ubiquitin, ubiquitin conjugating enzymes, ubiquitin ligases, and 

components of the proteasome [355]. 

Whilst no study that directly assessed activation or impairment of the UPS in PPCM patients 

was found , evidence is rapidly mounting to link proteasome dysfunction with a multitude of 

cardiac diseases, including ischemia, reperfusion, atherosclerosis, hypertrophy, heart failure, 

and cardiomyopathies [345][360]. A consistent finding among all of the studies is the 

observation that polyubiquitinated proteins are increased in failing hearts compared with 

control hearts [345][361].   

UPS have also been demonstrated to selectively degrade oxidatively damaged proteins 

[362][363]. It has been shown that various forms of oxidized proteins are degraded at faster 

rates than their native counterparts and inhibition of the proteasome stabilizes oxidized 

proteins in intact cells or in cell-free systems [363][364]. Accumulation of reactive oxidative 

species (ROS) forms the bases of a crucial pathway in PPCM pathogenesis. Elevated oxidative 

stress instigate the cleavage of hormone prolactin (PRL) by ROS-activated Cathepsin D into a 

smaller 16 kDa form which has detrimental effects on cardiomyocyte metabolism and the 

microvasculature [165][365].  

In vitro and animal model studied by Haghikia el at, 2011, has also shown that knock-down of 

Ube2i and Ube2g1 impairs cardiomyocyte ultrastructure, suggesting a causal link between 

defective protein clearance and PPCM phenotypes [348]. This also further strengthens the 

suggestion that insufficient defence against oxidative stress plays an important role in PPCM 

pathogenesis. 
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1.5.4.5   Transcriptional regulatory network of physiological cardiac hypertrophy in the 
postpartum phase of pregnant mice 
 
Our study identified several proteins upregulated on Day 14 and Day 28 postpartum. These 

proteins include mainly proteins involved in proteins synthesis, ribogenesis, energy 

metabolism, ubiquitin proteasome pathway, and signaling pathways. The question is how the 

pregnancy stress is perceived and converted into intracellular signals and how these signals 

change the transcriptional program that eventually leads to cardiac remodeling. We assume 

that cardiac transcription factors play a role in regulating the expression of cardiac proteins 

in the postpartum. 

Transcription factors are nuclear proteins that bind promoter regulatory elements to activate 

or repress gene expression [366]. SP1, HNF4A, GATA1, IRF1 and IRF3 were the highly ranked 

transcription factors predicted to regulate the expression of proteins upregulated on Day 

14pp. Day 14pp was a hypertrophic stage characterized by upregulation of protein synthesis, 

muscle contraction and myofilament and sarcomeric reorganization. Increasing evidence 

supports the involvement of SP1 in cardiac hypertrophy and muscle contraction 

[367][368][369]. Contradicting findings have been reported on whether SP1 is pro- or anti-

hypertrophy. Wang et al, 2018 and Long et al, 2019 found that SP1 induces cardiac 

hypertrophy by upregulating the expression of long non-coding RNA (lncRNA) in angiotensin-

II (AngII) induced cardiac hypertrophy model [370][371]. On the other hand, Dong et al, 2017 

reported that SP1/SIRT1 signaling activated by flavonol (−)-epicatechin (EPI) blocked Ang II 

induced cardiac hypertrophy and the expression of fetal gene program [372].  SP1 has also 

been reported to be involved in protein synthesis through the activation of mammalian target 

of rapamycin (mTOR) signaling [373]. The actual role of SP1 in pregnancy heart need further 

investigations.  

HNF4A, IRF1 and IRF3 have also been found to be regulators of cardiac hypertrophy in 

transverse aortic constriction (TAC) and Ang II model of cardiac hypertrophy both in vitro and 

in vivo [374]. IRF1 protein expression increases progressively during the early phase of 

hypertrophy development in TAC, and then dramatically decreases to below baseline levels 

during the later stage [374]. A similar trend has also been observed in patients with dilated 

and hypertrophic cardiomyopathy [374]. This could indicate that IRF1 may be involved in the 

compensatory stage of cardiac hypertrophy. In contrast, Lu et al, 2013 observed increased 

phosphorylation of IRF3 invivo model of chronic pressure overload invivo model[375]. 
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YY1, NFYA, TAF1, NFYB, KAT2A and MAX were the highly ranked transcription factors that 

regulated proteins that were upregulated on Day 28pp. YY1 is a ubiquitous transcription 

factor that regulates expression of multiple genes. YYI is a transcription factor shown to act 

largely as a repressor of transcription of muscle genes [376][377]. Several studies have 

confirmed that YY1 protects the heart and cardiomyocytes from pathological cardiac 

hypertrophy and to provide valuable targets for the prevention of cardiac disease [378][379]. 

Tan et al, 2019 has also found that YY1 suppresses dilated cardiomyopathy and cardiac 

fibrosis by upregulating Bmp7 and downregulating Ctgf gene expression [380]. Another study 

also reported that YY1 prevents up-regulation of the fetal isoforms of gene expression in 

response to alpha- and beta-adrenergic stimulation by binding to and retaining in the nucleus 

class II histone deacetylases (HDACs) [378].  

KAT2A, NFYA, NFYB and TAF 1 are also known repressors of cardiac hypertrophy 

[381][382][383]. We speculate that YY1 transcription factor in the late postpartum could be 

involved in the regulation and reversal of cardiac hypertrophy. However, further analysis is 

required to confirm the actual role and mechanism involved. 

1.6   Conclusion 

We conclude that pregnancy stress induced hemodynamic changes that led to cardiac 

remodeling in physiological pregnant mice. Some of the notable changes included increased 

SV and increased LVEDV. LVID also increased significantly from late pregnancy. Another 

striking observation was that pregnancy induced eccentric hypertrophy was sustained for a 

period over 2 weeks. Which was longer than previously reported.  

We also conclude that AKT signaling could be the pathway involved in regulating physiological 

cardiac hypertrophy during the gestation period. The JAK/STAT takes over in the postpartum 

phase when AKT levels are low.  

We also conclude that GDF-15 could be involved in the regulation of cardiac hypertrophy 

during pregnancy in mice. However, cardiac expression was significantly reduced in STAT3 KO 

mice. 

Little but significant fibrosis occurred in the postpartum phase of pregnant mice which was 

reversed in late postpartum group. 

We also conclude that they are similarities in the protein expressions at different time points 

during pregnancy and postpartum. However, there is an expression difference between the 

late pregnancy and postpartum groups. The proteins expressed on Day 14pp supported the 



 

107 
 

observation that cardiac hypertrophy is sustained for a long period postpartum. Protein 

expression on Day 28 pp showed the upregulation of the UPS. This could be involved in the 

reverse remodeling of cardiac hypertrophy and fibrosis. However, further studies are 

required to assess the actual role played by the UPS in the pregnancy heart and PPCM. 
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CHAPTER 5 

Exploring the potential role of pregnancy hormones in the modulation of cardiac 
hypertrophy invitro 
 

1.1   Introduction 

During pregnancy the heart develops cardiac hypertrophy through a complex process 

involving signaling pathways, cell structural changes and regulation by sex hormones 

[88][76][302]. Cardiac hypertrophy is regarded as a compensation mechanism to overcome 

the increased workload when the stress or injury is transient. However, if the cardiac stress 

persists for a long time, the compensatory state can lead to maladaptive conditions. 

Oestrogen and progesterone increase during pregnancy and could possibly play a role in the 

regulation of pregnancy induced cardiac hypertrophy. Animal studies support the 

antihypertrophic effect of oestrogen [271][272] and the prohypertrophic effect of 

progesterone [26][267]. Although studies have provided valuable information on the effect 

of oestrogen on cardiac hypertrophy, it is important to consider that most studies were 

performed in pathological conditions or independent of the other important pregnancy 

hormones like progesterone.  

The heart also expresses genes of peptide growth factors/cytokines such growth 

differentiation 15 (GDF-15) in response to cardiac hypertrophy [234][384][385][386]. GDF-15, 

is synthesized as a prohormone and processed to become active hormones [385][387]. GDF 

15 has been found to be a useful biomarker of response to treatment and prognosis in 

cardiovascular diseases [384][235]. 

β-adrenergic receptors (βARs) are the members of G-protein coupled receptors (GPCRs) 

family that are traditionally activated by the catecholamine hormone epinephrine and 

neurotransmitter norepinephrine [388][389]. βAR signalling promotes hypertrophy and 

apoptosis of cardiomyocytes [389]. Isoproterenol (Iso) is a synthetic β-adrenoceptor agonist 

which has been used to establish models of cardiac hypertrophy invivo and invitro [388].  

In the present study we carried out a systematic invitro analysis on H9C2 cell line to 

understand the role of 17β-estradiol (E2) in combination with progesterone on the regulation 

of physiological and pathological cardiac hypertrophy. We also assessed the involvement of 

pregnancy hormones in the expression of GDF-15. 
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1.2   Materials and Methods 

The study was conducted with adherent H9C2 cell line created from rat embryonic 

cardiomyocytes (ATCC, Manassas, VA, USA). Treatments were conducted between passages 

18-23 on coverslips in 12 well plates grown to 60–70% confluency. All the treatments were 

done in triplicates and the experiments were repeated three times. Actin 

immunofluorescence staining was done using phalloidin-Alexa-conjugated antibody (Cat# 

A12379, Thermofisher Scientific) for cell morphology measurements. Nine random fields 

were captured per coverslip with a Zeiss Axiovert Fluorescence inverted microscope 

(AxioVision version 4.8.2) at X20 magnification.  

Total RNA and proteins from H9C2 cells were extracted from cell pellets. The qPCR was 

performed with the Corbett Research Rotor Gene-6000 (Life Science, USA) using the Sybr 

green PCR master mix (Cat# 4367659; Applied biosystems). Primer sequences are listed in 

Table 7. 

The proteins were detected with primary antibodies against the following proteins: AKT, STAT 

3, STAT5, p-AKT
ser473

, p-STAT3
Tyr705

, p-STAT5
Tyr694

and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (for references and dilution refer to Table 5). 

1.3   Statistics 

Results are presented as mean± SEM unless otherwise stated. Statistical analysis was carried 

out using Graph Pad Prism 8.0. One-way ANOVA, and probability values were calculated by 

the Fisher method.  A value of p<0.05 was accepted as statistically significant 
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1.4   Results 

1.4.1   ISO induced hypertrophy in H9C2 cell line in a dose-dependent manner 
 

  
Figure 39: Isoproterenol induced cardiac hypertrophy in a dose depended manner 

A: H9C2 cardiomyocytes were incubated in different doses of isoproterenol (Iso) for 24 hours 
followed by immunofluorescent staining for alpha-actin (green). Nuclei were stained with 
DAPI (blue). X20 magnification, Scale =100 µm. Experiments were conducted in triplicate and 
were repeated 3 times. Nine random images were captured per each slide. B: Cell sizes were 
measured by Image J software. Data presented as means ± SEM, p< 0.05 was considered 
statistically significant difference. Iso-Isoproterenol 
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We tested the hypertrophic model by treating the H9C2 cell line with increasing doses of 

isoproterenol (Iso) for 24 hours. Figure 39 illustrates that Iso induces cardiac hypertrophy in 

a dose depended manner. 50μm Iso induced the highest increase of cell size and was selected 

for further treatments. 

1.4. 2   Effect of oestrogen and progesterone on the regulation of cardiac hypertrophy 
invitro 
 
Cardiomyocytes (H9C2) were treated with progesterone, 17β-oestradiol, or a combination of 

both progesterone and 17β-oestradiol to determine the effect of pregnancy hormones on 

hypertrophy. Oestrogen did not change the cells’ size. However, progesterone alone 

significantly increased the cells’ size. When combined 17β-oestradiol and progesterone no 

change in cell size was observed. 17β-oestradiol hindered the effect of progesterone. 

17β-oestradiol and progesterone were then used in combination with Iso. 17β-oestradiol 

again hindered the effect of Iso to induced cell hypertrophy. However, progesterone did not 

change the effect of Iso on cardiomyocytes, neither augmented the increase in cell size. 

Combining progesterone, 17β-oestradiol and Iso again did not change the size of 

cardiomyocytes. Figure 40A shows treated H9C2 cells stained with phalloidin and emerged 

with Dapi stain. 
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Figure 40: Effect of oestrogen and progesterone on H9C2 isolated cardiomyocytes 

A: representative fluorescent microscope images of H9C2 cardiomyocytes stained for alpha-
actin (green). Nuclei were stained with DAPI (blue). X20 magnification, scale 100µm. 
Experiments were conducted in triplicate and were repeated 3 times. Nine random images 
were captured per each slide. B: Cell sizes were measured by Image J software. Nine random 
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images were captured per each slide and all visible complete cells were measured. Data 
presented as means ± SEM, p < 0.05 was considered statistically significant difference.  
***=p <0.001; ****= p<0.0001 
 
1.4.3   Fetal gene program in response to hormones and isoproterenol treatment 
 
Figure 41-43 shows the expression of fetal genes in cardiomyocytes in response to Iso and 

pregnancy hormones. Treatment combinations are as shown on the Figure X-axis. Oestrogen 

and progesterone did not induce fetal gene expression. However, Iso induced the expression 

of BNP and β-MHC. The expression of BNP and β-MHC induced by Iso was abrogated by 

oestrogen but not by progesterone. ANP expression was low in Iso treated cells. However, 

ANP expression increased in the presence of E2.  

 

Figure 41: mRNA expression of Brain Natriuretic Peptide in H9C2 cells treated with 
hormones  

Quantitative RT-PCR was performed in singlets and repeated 5 times. 30nM E2, 30nM Prog 
and 50µM Iso were used to treat H9C2 cells individually or cotreatment. Levels of all candidate 
genes were normalized by GAPDH. p < 0.05 was considered significantly different. The graphs 
display fold change calculated using the Livak method 2^-∆∆CT [252] where CT-cycle threshold 
value.  BNP- Brain Natriuretic Peptide. 
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Figure 42: mRNA expression of Atrial Natriuretic Peptide in H9C2 cells treated with 
hormones  

Quantitative RT-PCR was performed in singlets and repeated 5 times. 30nM E2, 30nM Prog 
and 50µM Iso were used to treat H9C2 cells individually or cotreatment. Levels of all candidate 
genes were normalized by GAPDH. p < 0.05 was considered significantly different. The graphs 
display fold change calculated using the Livak method 2^-∆∆CT [252] where CT-cycle threshold 
value.  ANP-Atrial Natriuretic Peptide. 
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Figure 43: mRNA expression of beta myosin heavy chain in H9C2 cells treated with 
hormones  

Quantitative RT-PCR was performed in singlets and repeated 5 times. 30nM E2, 30nM Prog 
and 50µM Iso were used to treat H9C2 cells individually or cotreatment. Levels of all candidate 
genes were normalized by GAPDH. p < 0.05 was considered significantly different. The graphs 
display fold change calculated using the Livak method 2^-∆∆CT [252] where CT-cycle threshold 
value.  β-MHC- beta myosin heavy chain. 

1.4.4   Mechanisms employed by oestrogen in the regulation of physiological and 
pathological hypertrophy 
 
To assess the mechanisms induced by the hormones. We measured the expression of AKT, 

STAT 5 and STAT 3 proteins. The level of AKT was significantly reduced by Iso when compared 

to E2 treatment. We did not find any significant difference in the expression of STAT 3 and 

STAT 5 in cells treated with either E2 or progesterone (Figure 44&46). When cells were 

cotreated with Iso and E2 the level of AKT remained unaltered. Progesterone did not show 

any effect on AKT expression either alone or combined with Iso. 

 

 



 

116 
 

Figure 44: Expression and activation of STAT5 in oestrogen and progesterone treated H9C2 
cells 

A: Western blot analysis of the activation of STAT5 by 17 β oestradiol, progesterone and Iso. 
B: Bar represents percentage activation and representative blots are also shown per each 
protein. Experiments were conducted in duplicates and were repeated thrice.  
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Figure 45: Expression and activation of AKT in oestrogen and progesterone treated H9C2 
cells  

A: Western blot analysis of the activation of AKT by 17 β oestradiol, progesterone and Iso.       
B: Bar represents percentage activation and representative blots are also shown per each 
protein. Experiments were conducted in duplicates and were repeated thrice 
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Figure 46: Expression and activation of STAT3 in oestrogen and progesterone treated H9C2 
cells 

A: Western blot analysis of the activation of STAT3 by 17 β estradiol, progesterone and Iso. B: 
Bar represents percentage activation and representative blots are also shown per each 
protein. Experiments were conducted in duplicates and were repeated thrice. 
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1.4.5   Involvement of pregnancy hormones in modulating GDF-15 mRNA expression in 
H9C2 cell line 
 

 
Figure 47: GDF-15 mRNA expression in H9C2 cells treated with pregnancy hormones 

Quantitative RT-PCR was performed in singlets and repeated 5 times. 30nM E2, 30nM Prog 
and 50µM Iso were used to treat H9C2 cells individually or cotreatment. Levels of all candidate 
genes were normalized by GAPDH. p < 0.05 was considered significantly different. The graphs 
display fold change calculated using the Livak method 2^-∆∆CT [252] where CT-cycle threshold 
value.  GDF-15- growth differentiation 15. 

Iso also induced increased expression of GDF-15. The effect of Iso on GDF-15 mRNA 

expression was also hindered by cotreatment with E2. Single treatment with progesterone or 

E2 did not have any effect on the expression of GDF-15. 
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1.5   Discussion 

1.5.1   Combined effect of progesterone and oestrogen on the regulation of cardiac 
hypertrophy in H9C2 cell line invitro   
 
To explore the potential role of pregnancy hormones on the modulation of cardiac 

hypertrophy, we treated H9C2 cells with E2 and progesterone as single treatments and in 

combination. Our results showed that E2 did not induce cardiac hypertrophy whilst 

progesterone induced cardiac hypertrophy. Assessment of fetal gene expression on 

cardiomyocytes treated with progesterone indicated that progesterone induced physiological 

cardiac hypertrophy. Similar results were published by Chung et al, 2012 [390]. Previous 

studies showed that progesterone can cause cardiomyocytes hypertrophy by increasing 

proteins synthesis and activation of calcineurin [26][267][391]. Co-treatment of H9C2 cells 

with E2 and progesterone hindered the pro-hypertrophic effect of progesterone. These 

results showed that changes in pregnancy hormones may contribute to pregnancy-induced 

cardiac adaptation. Several studies support that pregnancy hormones play a vital role in 

maintenance of physiological cardiac remodeling [268][269][270]. 

We then demonstrated the effect of E2 and progesterone on Iso induced hypertrophy in 

cardiomyocytes (H9C2 cell line). Iso is commonly used to induce pathological hypertrophy in 

H9C2 cells. We attest that Iso induced increase in H9C2 cell size in a dose dependent manner. 

Iso treatment was also significantly associated with marked increase in hypertrophy markers 

BNP and β-MHC expression confirming pathological hypertrophy. Previous studies have also 

confirmed the activation of fetal gene program by Iso in cardiomyocytes [388][392].  

We observed that E2 abrogated both Iso and progesterone induced hypertrophy in H9C2, 

marked by both reduction in cell size and suppression of the fetal gene expression. These 

findings have been reported by other studies, emphasising the anti-hypertrophic role of 

oestrogen [393][308][394]. We observed that the anti-hypertrophic effect of E2 was effective 

on both physiological and pathological hypertrophy.  

AKT expression level was slightly reduced in cells treated with Iso and progesterone when 

compared to control. The activation of AKT was restored when Iso and progesterone were co-

treated with E2. The activation of AKT with E2 has been described in previous [310][311].   

We would like to speculate that E2 exerts its antihypertrophic effect through activation of 

PI3K/AKT signaling pathway. PI3K/AKT pathway seems to regulate both physiological and 

pathological hypertrophy. However, studies involving PI3K catalytic isoforms in mice indicate 
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that PI3K (p110γ) mediates pathological cardiac hypertrophy whilst PI3K (p110α) induces 

physiological cardiac hypertrophy [102][395][396]. Wende et al, 2015 also argue that long-

term activation of the PI3K/AKT pathway in the adult heart may contribute to pathological 

left ventricular hypertrophy by reducing mitochondrial oxidative capacity [397]. It is not 

known whether E2 regulates the expression of both the isoforms and how the expression is 

regulated. 

1.5.2   Involvement of pregnancy hormones in modulating GDF-15 expression 
 
GDF-15 mRNA expression was significantly associated with E2 level during pregnancy in mice. 

We therefore speculated that E2 may be involved in the secretion of GDF-15 during pregnancy 

induced cardiac hypertrophy. We therefore quantified GDF-15 mRNA expression in 

cardiomyocytes treated with hormones and Iso to assess the involvement of E2 and 

progesterone in the modulation of cardiac expression of GDF-15.   

We observed that Iso instead of E2 nor progesterone induced increase expression of GDF-15 

mRNA. Our finding supports the notion that GDF-15 maybe a stress induced growth factor 

and its expression level is increased in response to either pathological stress or just 

biomechanical stress. Other experimental studies confirmed cardiomyocytes express GDF-15 

in response to mechanical stretch, ischaemia, oxidative and nitrosative stress 

[228][398][227]. Frank et al, 2008 found that GDF-15 production is favoured in stretched 

cardiomyocytes [228].  

1.6   Conclusion 

We conclude that pregnancy hormones play a crucial role in the regulation of cardiac 

hypertrophy. Progesterone induces physiological cardiomyocytes hypertrophy without 

expression of fetal genes. However, E2 demonstrated to have antihypertrophic effect against 

both physiological and pathological hypertrophy. We speculate that E2 exerts its effect 

through activation of the PI3K/AKT signaling pathway. Hence, E2 could be playing 2 roles to 

the pregnancy heart, first to regulate physiological hypertrophy and protecting against 

pathological hypertrophy. 
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CHAPTER 6 

Echocardiography assessments of healthy pregnant mothers and the expression of growth 

differentiation 15 (GDF-15) in Peripartum Cardiomyopathy (PPCM) patients 

  1.1   Introduction 

Cardiovascular physiological changes that occur during pregnancy are usually well tolerated 

in many healthy women and resolve without causing any complications [15]. However, the 

changes may lead to decompensation in some previously healthy women with pre-existing 

co-morbidities or unmasking of pre- pregnancy disease. Cardiovascular disease in pregnancy 

is the leading cause of maternal mortality, affecting 1-4% of every pregnancy [399][280].  

Approximately 1 in 1000 women in South Africa will have trouble remodeling the heart in late 

pregnancy or the postpartum period, where the heart remains dilated and becomes weak 

giving rise to PPCM [152]. The pathogenesis of PPCM is closely linked to the cardiovascular 

modifications that accompany normal pregnancies [189]. It is particularly important to 

understand cardiovascular physiological adaptations to pregnancy in order to elucidate the 

pathological disorders and to better anticipate complications.   

Studies in PPCM described a proinflammatory response with a positive correlation between 

C-reactive protein levels and increased levels of TNF-alpha, Fas-Apo-1, IL-6 [400][401]. Several 

other studies have also reported enhanced oxidative stress in PPCM patients [402][165].     

Experimental studies suggest that GDF-15 maybe cardioprotective, and that its expression 

reflects the onset of cardiac damage and its participation in the mitigation of damage 

[234][403][238]. Kempf et al, 2006, reported antiapoptotic action of GDF 15 in neonatal 

cardiomyocytes after stimulated ischemia [221]. Xu et al, 2006 also reported that transgenic 

mice overexpressing GDF-15 were partially resistant to pressure overload induced 

hypertrophy [234].  

Nevertheless, GDF-15 can also play a causal role in the adverse cardiac remodeling depending 

on the microenvironment [404]. Circulating GDF 15 level is increasingly being found as 

positively correlated with left ventricular mass and wall thickness in hypertrophic 

cardiomyopathy, primary hypertension, and ischemic heart diseases [10][11]. The pro-

hypertrophic mechanism of GDF-15 involves dysregulation of small mothers against 

decapentaplegic 1 (Smad 1) pathway through phosphoinositide 3-kinase (PI3K) and extra-

cellular signal-regulated kinase (ERK) [238][405]. 
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GDF 15 is also an inflammation-associated hormone. It is found to be induced by 

inflammation and positively correlates with inflammatory markers in numerous disease state 

such as lupus and sepsis [406][407][408]. Luan et al, 2019 demonstrated that GDF-15 

promotes survival in inflammatory states through central induction of metabolic adaptation 

[409].   

Given that the features of PPCM like heart failure, cardiac hypertrophy, inflammation and 

raised oxidative stress, also occur in other disease conditions reported to affect GDF-15 

expression. We also aimed to assess the level of circulating GDF- 15 in PPCM patients and 

healthy mothers. 

1.2   Materials and Methods 

Sixty-three (63) healthy control (HC) pregnant mothers were enrolled consecutively at Groote 

Schuur Hospital (University of Cape Town, SA) from second trimester until 4-6 months 

postpartum. Clinical assessment and echocardiography of each patient was performed by 

experienced physicians.  

Levels of GDF-15 were determined in 39 PPCM patients and time point matched healthy 

control using Quantikine® ELISA kit (R&D systems; United States) according to the 

manufacturer’s instructions. All the samples were measured in duplicate and the analyses 

were performed in a blind setup. 

1.3   Data Analysis and Statistics 

Data was analysed using GraphPad Prism version 8.03 for Windows (La Jolla, California, 

USA). Continuous data are expressed as mean ± standard deviation or median (range) and 

categorical data as frequencies (%). Normality was assessed using D’Agostino and Pearson 

omnibus normality test. χ2 test and Fisher’s exact test were used for discrete variables; un- 

paired t-test with Mann–Whitney U test were used for continuous variables. Independent 

ANOVA was used to compare data between pregnant groups. Tukey post hoc was used to 

correct for multiple comparison. P < 0.05 was considered to indicate statistical significance. 

1.4   Results 

1.4.1   Echocardiography assessment of healthy pregnant mothers 
 
Table 12 summarizes the demographics and echocardiograph measurements of 63 HC 

participants at different time points during pregnancy and postpartum. The participants in 
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this study were aged between 21-35 years. Age and height did not differ between the groups. 

Majority of the participants 65% had previous 1/2 pregnancies, 23.8% had a family history of 

CVD, 11.1% had history of hypertension.  
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Table 12:  Demographic characteristics and echocardiographic measurements of normal 
pregnant mothers 

Characteristic 
N=63 

Pregnancy Postpartum(pp) 

2nd 
Trimester 
n=11 

3rd 
Trimester 
n=7 

1-4 weeks pp 
n=8 

1-3 months 
pp n= 15 

4-6 months 
pp n=21 

Age  
(mean±SD) 

24.91±5.17 26.00±5.20 28.63±6.16 24.47±6.16 26.71±6.29 

Height 
(mean±SD) 

162.5±5.76 159.9±7.29 158.6±6.44 159.6±6.58 159.7±5.27 

Weight 
(mean±SD) 

66.45±8.88 77.14±11.50
* 

67.00±13.49 64.67±9.28 74.81±14.27 

SBP 
(mean±SD) 

100.5±13.99 104.6±8.70 109.9±12.86 121.1±18.5
5* 

121.0±17.43
** 

DBP 
(mean±SD) 

65.64±12.17 68.14±8.42 73.13±8.51 79.67±12.8
0* 

79.14±12.14
* 

Heart rate 
(HR) 
(mean±SD) 

83.80±13.14 90.14±12.65 68.75±14.24#

# 
70.73±7.60#

# 
76.33±12.66 

LVEF 
(mean±SD) 

63.67±8.86 51.29±5.59* 60.75±8.23 57.67±8.58 54.76±8.91 

LVEDD 45.63±5.53 45.57±6.71 45.88±8.32 47.00±6.57 44.67±7.32 

LVESD 29.75±5.34 33.71±4.11 31.00±6.78 32.53±4.24 31.86±5.14 

Left Atrial Size 26.64±5.12 27.00±3.61 27.50±4.57 26.07±3.49 27.52±4.42 

Aortic root 
size 
(mean±SD) 

22.10±5.67 22.71±3.55 23.50±2.73 24.40±3.20 26.67±3.47 

Race n (%) 
African 

7(64) 5(71) 2(25) 3(20) 6(29) 

Coloured 4(36) 2(29) 6 (75) 12(80) 15(71) 

Family History 
of CVD n (%) 

1(9) 1(14) 1(13) 4(27) 8(38) 

Hypertension 
History n (%) 

0(0) 1(14) 2(25) 1(7) 3(14) 

Previous TB n 
(%) 

0(0) 1(14) 0(0) 2(13) 0(0) 

HIV status n 
(%) Positive  

0(0) 1(13) 2(25) 2(13) 3(14) 

Pregnancy n 
(%) 
1-2 

 
8(80) 

 
5(83) 

 
3(33) 

 
11(73) 

 
14(70) 

3-4 1(10) 1(17) 6(67) 4(67) 6(30) 
>4 1(10) 0(0) 0(0) 0(0) 1(0) 

Continuous data were expressed as mean±SD or median and range, according to normality of 
distribution. Categorical variables are presented as frequencies (percentages) and compared 
using Fisher’s exact tests. CVD, Cardiovascular disease; LVEF, left ventricular ejection fraction; 
LVEDD, Left Ventricular End Diastolic Diameter; LVESD, Left Ventricle End Systolic Diameter; 
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SBP, Systolic Blood. **-p<0.01; *-p<0.05 compared to 2nd trimester, ## -p<0.01 compared to 3rd 
trimester 
 
Mean systolic blood pressure (SBP) increased progressively from 100.5mmHg in the 2nd 

trimester to 121 mmHg in the 1-3 months pp and 4-6 months pp groups. Diastolic blood 

pressure (DBP) also increased from 65.64mmHg in the 2nd trimester to 79.67 mmHg in the 1-

3 months pp. There was no mid-trimester blood drop observed. Heart rate was also 

significantly reduced in the 1-4 weeks pp and 1-3 months pp groups relative to the 3rd 

trimester. 

Left ventricular ejection fraction (LVEF) was also significantly reduced in the 3rd trimester 

compared to the 2nd trimester. No significant change was observed in the left ventricular end 

diastolic diameter (LVEDD), left ventricular end systolic diameter (LVESD) and left atrial size. 

 

1.4.2   Clinical and demographic characteristics of PPCM patients 
 
Clinical and demographic characteristics of all patients are summarized in Table 13. Mean age 

was 29.1 ±5.1 years; 64% were of African ethnicity whilst 33% were of mixed race and 1 

patient was white.  

HIV was reported in 28% of the patients whilst 3% reported previous history of tuberculosis 

(TB) and 8% also reported chronic hypertension. Most of the patients (64%) were in New York 

Heart Association Functional Classification (NYHA FC) III-IV at recruitment. Mean systolic 

blood pressure (SBP) and mean diastolic blood pressure (DBP) were 113±19 mmHg and 74±13 

mmHg respectively. 97% of the patients presented postpartum and the median gestation 

period was 39 weeks ranging between 30-40 weeks. All patients had singlet pregnancy. 

 

 

 

 

 

 

 



 

127 
 

Table 13: Baseline Maternal Characteristics of 39 cohort patients 

 All Patients (n=39) 

Age at enrolment (years) 29.1± 5.1 

Ethnicity, n (%) 

African or Black (n, %) 25(64) 

Mixed race 13(33) 

White 1(3) 

General medical history, n (%) 

Chronic hypertension 3(8) 

Hypercholesterolemia 0(0) 

HIV 11(28) 

Syphilis 0(0) 

Tuberculosis 1(3) 

Clinical history and presentation, n (%) 

Previously known CVD 5(13) 

NYHA FC I-II 14(36) 

NYHA FC III-IV 25(64) 

SBP in mmHg 113±19 

DBP I mmHg 74±13 

Heart rate in beats per minute 101±16 

BMI in kg/m2 26±5 

Obstetric history, n (%) 

Para (median, range) 2(0-6) 

Nulliparous, n (%) 1(3) 

Twin pregnancies 0(0) 

Completed weeks of pregnancy (median, range) 39(30-40) 

Caesarean delivery 10(26) 

Echocardiogram 

LVEDD (mm) 59.6±7.3 

LVESD (mm) 50.7±7.3 

EF (%) 27.5±8.5 

 
Continuous data were expressed as mean±SD or median and range, according to normality of 
distribution. Categorical variables are presented as frequencies (percentages) and compared 
using Fisher’s exact tests. BMI, body mass index; CVD, Cardiovascular disease; EF, ejection 
fraction; LVEDD, Left Ventricular End Diastolic Diameter; LVESD, Left Ventricle End Systolic 
Diameter; NYHA FC, New York Heart Association Functional Class; SBP, Systolic Blood 
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1.4.3   Plasma circulation level of GDF-15 in PPCM patients and postpartum matched 
controls 

 

Figure 48: Circulating plasma levels of GDF-15 in PPCM patients and Healthy Controls 

Plasma levels was significantly reduced in PPCM patients (median of 1338 [235-11728]) when 
compared to postpartum healthy controls (median 15630 [718-59376]) (*** P<0.0001). HC-
healthy controls; PPCM- peripartum cardiomyopathy 

The circulation level of GDF-15 was significantly reduced in PPCM patients when compared 

to age and time pregnant time point matched controls (Figure 48). 

1.5   Discussion 

1.5.1   Cardiac functional and morphological changes associated with pregnancy in 
healthy women 
 
The present study examined hemodynamic, cardiac structural and systolic functional changes 

in healthy pregnant and postpartum mothers. The results showed slightly reduced SBP and 

DBP during pregnancy which subsequently recovered in the postpartum. No mid- trimester 

blood pressure drop was observed. The findings corroborated the known blood pressure 

patterns during pregnancy [410][411]. Although many studies have shown this similar pattern 

some studies have observed a drop in blood pressure in the 2nd trimester [36][412].  
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We also observed reduction in left ventricular systolic function in the 3rd trimester. The 

functional reduction was evidenced by reduction in LVEF. Similar findings were also reported 

by other studies [66][76]. However, others have also reported no significant change 

[132][413] and increased functionality [72].  Inconsistency in LVEF could be caused by the 

variations in ventricular loading conditions (preload and afterload) in pregnancy [26].  

Another source of error encountered when using 2D methods to measure LVEF is that they 

are less accurate in patients with regional variation in systolic function, as the measurements 

can be obtained from a region of the LV cavity where the function is discordant from the 

overall ventricular function [363]. 2D echocardiography may also have reduced accuracy if 

the imaging planes used for the measurement are incorrect [363].   

1.5.2   Reduced circulation level of growth differentiation factor 15 in peripartum 
cardiomyopathy 
Serum GDF-15 concentration was reported to be elevated with increasing stage of heart 

failure and might have potential value in distinguishing stages of chronic heart failure (CHF) 

[414]. Additionally, it has been reported that GDF-15 can also provide prognostic information 

beyond established clinical and biochemical markers in patients with CHF [415].   

However, our study found that GDF-15 level was significantly lower in PPCM patients when 

compared to healthy controls. This finding was intriguing as it contradicts the finding in other 

pathological cardiovascular conditions. The exact factors that cause reduction in circulatory 

GDF-15 in PPCM are largely unknown. There is also limited evidence of the relationship 

between circulating GDF-15 level and pregnancy related cardiovascular diseases.   

A study by Chen et al, 2016 also reported reduced serum GDF-15 levels in the third trimester 

in women presenting with preeclampsia compared to their gestation-age-matched controls 

[416]. This finding contradicted finding by Marjono et al, 2002 who reported no significant 

difference in GDF-15 in pre-eclamptic compared to healthy pregnancy [417]. Sugulle et al, 

2009 on the other hand observed higher concentration of GDF-15 in preeclampsia and 

diabetes patients compared to controls. Attributions to these differences need investigations 

in large studies with considering maternal age and ethnicities.  

Circulating GDF-15 concentrations rise rapidly in maternal blood during early pregnancy, 

reaching the highest level in the third trimester [418][419]. The major source of the high 

maternal circulating GDF-15 in pregnancy is most likely the placenta, specifically secreted by 
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the villous trophoblast cells [420][421]. Additionally, increased iron absorption during 

pregnancy could also increase GDF-15 secretion  [422][423].  

GDF-15 display an array of properties that are cardioprotective including anti-hypertrophy, 

anti-inflammatory and anti-apoptotic that could benefit the heart during pregnancy stress 

[234][403][230]. At the molecular and cellular level, accumulating evidence suggests that 

GDF-15 contributes substantially to cardioprotection through the ALK type 1 receptors (ALK 

1–7) which then phosphorylate several SMAD members [235][405]. Additionally, GDF-15 also 

activates the PI3K/AKT/eNOS pathway and inhibiting ROS-induced activation of the NF-jB/JNK 

cascade [424]. In view of this, we speculate that reduced GDF-15 in PPCM patients might 

contribute to the susceptibility of the maternal heart to PPCM and heart failure.  

However, regarding that the study was cross sectional and had a small sample size which can 

undermine an association study and lead to false positive results, our findings that GDF-15 

levels were reduced in PPCM patients may need to be confirmed in a large sample size. 

1.6   Conclusion 

We conclude that hemodynamic changes occur during physiological pregnancy evidenced 

by reduced SBP, DBP during pregnancy and increased HR in the late pregnancy. We also 

conclude that LV systolic function was reduced in the late pregnancy. 

Serum GDF-15 was greatly reduced in PPCM patients when compared with healthy controls. 

Hence, GDF-15 can not be used as a cardiovascular marker to predict PPCM like with other 

HF conditions. 
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CHAPTER 7 
 

Discussion 
 
This study aimed to explore cardiovascular functional, structural and molecular changes that 

occur during pregnancy with the goal to delineate possible mechanisms involved in the lack 

of reverse cardiac remodeling observed in PPCM.  We also wanted to explore the potential 

involvement of common pregnant hormones and other cardiac hormones in the regulation 

of cardiac hypertrophy.  

Using ultrahigh frequency echocardiography, the study showed that considerable functional 

and morphological changes occur in wild type mice during pregnancy and postpartum. 

Hemodynamic changes were confirmed by the progressive increase in stroke volume and 

cardiac output. Stroke volume increased from as early as Day 7 of pregnancy. Increased stroke 

volume during pregnancy conforms with previous studies in different animals and humans 

[27][287][261]. Left ventricular end diastolic volume (LVEDV) a measure of preload 

significantly increased from late pregnancy and remained high throughout the postpartum 

period. Similar patterns have been observed in humans [60]. However, studies in humans 

reported resolved preload changes after six months postpartum [66][76]. Umazume, et al 

[65], reported a progressive increase in LVEDV during pregnancy peaking at one week 

postpartum and the values remained high after one month postpartum. 

Moreover, the study also confirmed cardiovascular morphological changes during 

physiological pregnancy. Left ventricular mass (LV mass) and left ventricular internal diameter 

(LVID) increased significantly from late pregnancy and remained high throughout the 

postpartum period. Our findings were consistent with several other studies 

[61][121][303][304]. Cardiac morphological changes that occur during pregnancy are most 

likely inflicted by the hemodynamic changes. 

Another important observation from the healthy pregnancy mouse model was the presence 

of eccentric hypertrophy which started in late pregnancy and remained high until Day 14 pp. 

Signs of regression of cardiac hypertrophy were only observed on Day 28pp. Nevertheless, 

the hypertrophy had not resolved to non-pregnant level by the last day of the study. Limited 

and contradicting data is available on when physiological hypertrophy revert to pre-pregnant 

state. Ventura et al, 2016 reported similar findings, where hypertrophy was sustained for 

more than 2 weeks after parturition in healthy mice [304]. However, slightly different results 
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were reported by Umar et al, 2012 who reported heart weight reverting to pre-pregnancy 

level in 7 days postpartum in mice [61]. There are also differences in reports from human 

studies which reported varying periods between 3 months to 1 year after giving birth 

[60][128].  

Cardiac systolic functions remained normal (EF >50%) throughout the study and no significant 

change was observed at all the time points. Studies have reported conflicting findings on LV 

systolic function from no significant changes [60][121][264][290], reduced functionality 

[61][76][292], or enhanced [261][293]. It is noteworthy pointing out that EF and FS are highly 

depended on preload and afterload [26]. Hence, factors that affect preload and afterload in 

pregnancy may be contributing to the inconsistency. However, studies that tested isolated 

pregnancy heart under strict control of preload and afterload demonstrated improved 

systolic function [293][294]. The pregnant heart’s ability to pump was enhanced, making it 

mechanically more efficient [295]. 

Histological analysis revealed the presence of slight perivascular and interstitial fibrosis which 

was reversed postpartum. This finding is in contrast with other studies in pregnant mice which 

reported no presence of interstitial fibrosis [61][88][316]. However, it was in sync with some 

studies in rats which reported interstitial cardiac fibrosis in pregnancy [124][317]. The fibrosis 

observed in our experiments could be a compensatory effect in response to the increase in 

blood volume present in the pregnancy [124].  

We then explored the cardiac protein expression profiles to investigate the molecular 

changes that occur at different pregnant and postpartum time points. The results indicated 

that there were similarities in the proteomic profiles between time points. Only 14 proteins 

were significantly different across all groups. The significant proteins fall into proteins 

involved in hormone metabolic process, proteins involved in immune response and acute 

inflammation, proteins involved in cardiac anatomical structure, cardiac tissue development, 

regulation of cardiac contraction and proteins that play a role in vascularization.  

However, the greatest proteomic response occurred in late pregnancy and the protein set 

was distinct from that expressed in the postpartum groups (Days 14pp and 28pp). Differential 

protein expression analysis showed upregulation of protein clusters involved in muscle 

contraction and myofilament movement like MYL2, ACTC1 and TNNC1 on Day 14pp. The 

observed cluster expression on Day 14pp confirmed the presence of cardiac hypertrophy 
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which was observed in other cardiac hypertrophy models [332][333]. This finding 

substantiates the prolongation of cardiac hypertrophy in the postpartum phase. 

The expression on Day 28pp showed upregulation of ubiquitin proteasome system (UPS). The 

UPS is the major pathway for protein degradation in the heart to remove damaged and 

misfolded proteins [330][351]. Previous studies have reported that UPS is downregulated 

during pregnancy and restored to non-pregnant level within a week postpartum. 

Upregulation of UPS in late postpartum could be a mechanism for reversing cardiac 

hypertrophy during unloading. Activation of the UPS can prevent or reverse cardiac 

hypertrophy by enhancing degradation of superfluous proteins [351][425]. Razeghi et al, 2003 

also reported that unloading of the heart results in atrophic remodeling associated with UPS 

[426]. Previous studies have also reported that dysfunction of the UPS is implicated in cardiac 

hypertrophy and congestive heart failure, induced by pressure overload [427][428]. In the 

contrary other studies have shown that proteasome inhibitors have beneficial effects on the 

prevention and/or reversal of cardiac hypertrophy [353][429]. Further studies are required to 

understand the actual role played by the UPS in the regulation of pregnancy induced cardiac 

hypertrophy.  

Furthermore, we explored the potential signaling pathways involved in the regulation of 

cardiac hypertrophy during pregnancy in mice. Pregnancy-related cardiac hypertrophy was 

unable to trigger significant changes in the mRNA levels of classic markers of pathological 

hypertrophy (ANP, BNP, β-MHC) at any stage of normal pregnancy and postpartum. This 

supported that pregnancy induced cardiac hypertrophy was physiological. The physiological 

state of cardiac hypertrophy induced by pregnancy was also reported by other researchers 

[295][88]. Assessment of the fetal gene program in STAT3 KO mice clearly outlined the 

difference between physiological and pathological hypertrophy. Expression of fetal gene 

program in STAT3 KO mice but not in wild type mice was also reported by Hilfiker-Kleiner et 

al ,2007 [165].  

We also assessed the cardiac mRNA expression of GDF-15 in healthy pregnant mice and STAT3 

KO. GDF-15 mRNA expression was increased in late pregnancy and remained high for the first 

two weeks after parturition. Strikingly, the expression of GDF-15 was low in the STAT3 KO 

mice’s hearts. To the best of our knowledge, this was the first study reporting cardiac specific 

GDF-15 expression in pregnant mice and postpartum.  
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Experimental studies have shown the myocardial protective effect of GDF-15 through its anti-

apoptosis, anti-inflammation and anti-myocardial remodeling [430][431][225]. However, 

findings of its role in myocardial hypertrophy are contradictory. GDF-15 was found to inhibit 

myocardial hypertrophy through a Smad2/3 and Smad6/7 pathway in a pressure-induced 

hypertrophy model [221]. In contrary, Heger, et al 2010 reported enhanced hypertrophic 

growth of cardiomyocytes treated with GDF-15 [238]. Further investigations are required to 

ascertain the actual role of GDF-15 in modulation of pregnancy induced cardiac hypertrophy 

and the signalling pathways involved. 

Our study also found significant activation of AKT in healthy mice cardiac tissue during 

pregnancy but not in the postpartum. Similar activation pattern of AKT in pregnant mice has 

been reported by other studies  [191][306]. Chung et al, 2012, Lemmens et al, 2010 and others 

also demonstrated the importance of PI3K/AKT pathway in mediating pregnancy induced 

cardiac hypertrophy by looking at the downstream molecules [26][306]. However, conflicting 

results have also been published especially in the late pregnancy, with studies reporting 

increased AKT phosphorylation [165], whilst others reporting reduced AKT phosphorylation 

[99].  

The JAK/STAT pathway was significantly activated in the postpartum phase but not during 

pregnancy. We speculate that JAK/STAT pathway mediate physiological cardiac hypertrophy 

in the postpartum phase when AKT expression has reduced. Previous studies agree that the 

JAK/STAT signaling pathway plays an important role in mediating cardiac hypertrophy in both 

physiological and pathological conditions [106][432]. However, prolonged activation of 

STAT3, is strongly implicated in the progression of cardiac hypertrophy to heart failure 

[105][313]. 

We also demonstrated in a cell culture model that E2 regulates cardiomyocytes hypertrophy. 

It exhibited anti-hypertrophic effects in both physiological and pathological conditions in our 

cell culture model. The antihypertrophic effect of E2 could also be mediated through 

PIK3/AKT signaling pathway [433][434]. The involvement of AKT in physiological cardiac 

hypertrophy has been described in other studies [435][436]. Progesterone, on the other hand 

induced physiological cardiomyocytes hypertrophy without the induction of fetal genes. 

Previous studies showed that progesterone can cause cardiomyocytes hypertrophy  by 

increasing proteins synthesis and activation of calcineurin [26][267][391]. Taking this 

together, our results showed that changes in pregnancy hormones may control the 
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pregnancy-induced cardiac hypertrophy changes. Several studies also support that pregnancy 

hormones play a vital role in maintenance of physiological cardiac remodeling 

[268][269][270]. 

Further investigations in the cell culture showed that GDF-15 expression is neither regulated 

by oestrogen nor progesterone. However, the expression of GDF-15 was raised in 

isoproterenol treated cell which exhibited increase in cell size. We speculate that the 

expression of GDF-15 in pregnancy induced hypertrophy hearts could be a response to stretch 

of cardiac cells rather than hormonal effect. Frank et al, 2008 also confirmed that GDF-15 

production is favoured in stretched cardiomyocytes [228]. However, further studies are 

required to explore the actual role and regulation of GDF-15 in pregnancy heart. 

None of our hormone treatments in cell culture significantly altered the expression of either 

STAT3 or STAT5. However, research in other fields have published contradicting roles of E2 

on STAT3 expression. Dziennis et al, 2007 published that E2 induce STAT3 in in experimental 

cerebral ischemia [437], whilst Yamamoto et al, reported that E2 suppresses STAT3 mediated 

gene expression in in breast cancer cells [438].  

Eventually, we assessed cardiovascular changes in physiological pregnancy in healthy 

mothers. Our focus was to provide data on changes that occur in the postpartum period. We 

observed significant decrease in blood pressure during pregnancy which normalizes in the 

postpartum phase. Heart rate increased in late pregnancy and normalizes early postpartum. 

Although many studies have shown this similar patterns during pregnancy [410][411], some 

studies have observed a drop  in blood pressure in the 2nd  trimester [36][412]. The causes of 

this discrepancy are not clear. 

We also observed reduced systolic function in late pregnancy.  Other studies corroborate this 

finding [76][66], whilst others have also reported no significant change [132][413] and 

increased functionality [72]. The main reason for this inconsistency is that LVEF is affected by 

variations in pre-load and after-load which are often affected by several factors during 

pregnancy.   

We assessed plasma level of GDF-15 in PPCM patients and healthy controls. GDF-15 was 

significantly reduced in PPCM patients. This finding contradicts previous studies which 

proposed GDF-15 as a marker of heart failure. GDF-15 display an array of properties that are 

cardioprotective including anti-hypertrophy, anti-inflammatory and anti-apoptotic that could 

benefit the heart during pregnancy stress [234][403][230]. In view of this, we speculate that 
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reduced GDF-15 in PPCM patients might contribute to the susceptibility of the maternal heart 

to PPCM and heart failure.  However, further studies that assess the actual role played by 

GDF-15 in cardiac remodeling during pregnancy should be conducted. More studies are also 

required to establish the mechanisms by which GDF-15 exert its antihypertrophic and 

prohypertrophic effects.  

7.1   Summary Conclusions  

Chapter 4: In this chapter we used ultra high frequency echocardiography to delineate 

functional and morphological cardiovascular changes that occur during pregnancy in healthy 

pregnant wild type mice. We conclude that pregnancy induces increased SV and preload from 

late pregnancy in mice. We also observed changes in structure and morphology of the heart 

which includes increased LVID, and eccentric hypertrophy. Hypertrophy that occurs during 

pregnancy is sustained for about 2 weeks in the postpartum and signs of reversal were 

observed after the 4th week postpartum. LVSF did not change significantly at any time point.  

Hereafter, we used western blotting analysis to explore the potential signaling mechanisms 

that maybe involved in the regulation of pregnancy induced cardiac hypertrophy. We 

concluded that AKT signaling might be used to regulate physiological hypertrophy during 

pregnancy whilst the JAK/STAT pathway regulates hypertrophy in the postpartum. We also 

observed an increase in GDF-15 expression in healthy pregnant mice and reduced expression 

in the STAT3 KO mice. The time points with increased expression of GDF-15 corresponded to 

the times points of significant cardiac hypertrophy. 

We then used histological techniques to assess for any structural changes on the cardiac 

tissue. We observed slight increase in fibrotic tissue during pregnancy in mice and this was 

reversed postpartum.  

Furthermore, we used proteomics technique to identify proteins that can track pregnancy 

induced cardiovascular remodeling. We identified 14 proteins that are involved in hormone 

metabolic, immune response and acute inflammation, cardiac anatomical structure, cardiac 

tissue development and vascularization to be overally changed during pregnancy and 

postpartum. Our study also corroborated that cardiac hypertrophy is sustained for a longer 

period than previously reported. We also found upregulation of the UPS in the late 

postpartum group which corresponds to the reversal of both cardiac hypertrophy and fibrosis. 

Chapter 5: In this chapter we used a cell culture model to assess the potential involvement of 

pregnancy hormones in the regulation of cardiac hypertrophy. We concluded that E2 has 
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antihypertrophic properties which abrogated both physiological and pathological cardiac 

hypertrophy through the activation of AKT pathway. We also observed that progesterone 

induces physiological cardiomyocytes hypertrophy which does not trigger fetal gene 

expression. We also concluded that both progesterone and E2 might not be involved in the 

regulation of GDF-15 expression during pregnancy. However, we speculate that the 

expression might be caused by cardiomyocytes stretch due to hypertrophy. 

Chapter 6: In this chapter we assessed cardiovascular functional and morphological changes 

that occur during gestation and postpartum in healthy pregnant mother. Our results showed 

that SBP and DBP increase gradually from 2nd trimester reaching normal level in the 

postpartum. The HR was significantly high in late pregnancy when compared to the 

postpartum period. LVEF was significantly reduced in the late pregnancy.  

We also observed that the serum level of GDF-15 was significantly reduced in PPCM patients 

when compared to healthy controls. Bearing in mind of the cardioprotective role of GDF-15 

we speculate that the reduced level of GDF-15 increases the susceptibility of the pregnancy 

heart to PPCM. 

7.2   Ways Forward 

The most distinct physical presentation of the normal pregnancy heart is the reversable 

eccentric cardiac hypertrophy. The key element to this phenotype is an adaptation of 

proteins’ turnover, associated with myocyte elongation via serial addition of sarcomeres and 

extracellular matrix degradation. It has become clear that the UPS play major roles in protein 

turnover, and in protein quality control by removal of damaged, oxidised, and/or misfolded 

proteins. However, lack of knowledge on the precise underlying molecular mechanisms and 

involvement of UPS in pregnancy-induced hypertrophy impairs the understanding of the 

remodeling process.  

Dysfunction of the UPS is also rapidly gaining recognition as a potentially important 

mechanism involved in the pathogenesis of several cardiac diseases, including PPCM [426]. 

The pathogenesis of PPCM is tied to the cardiovascular remodeling induced by volume load 

and other stress during pregnancy. Increased oxidative stress during late gestation and in the 

early postpartum period, and high levels of the nursing hormone prolactin(PRL) have been 

shown to be an important aetiology of PPCM [439]. This led to PPCM-specific treatment called 

the BOARD concept (Bromocriptine, Oral heart failure therapies, Anticoagulants, 

vasoRelaxing agents, and Diuretics) where, in addition to standard heart failure therapy, the 
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PRL blocker bromocriptine and anti-coagulation is added [365][402]. However, the use of 

bromocriptine faces ethical challenges since it prevents the mother from nursing and the 

baby from getting breast milk [439][440]. Posing a need for alternative druggable pathways 

that regulate oxidative stress. 

Experimental studies have shown that UPS can regulate both oxidative stress and volume 

unloading which are both common in the postpartum phase of pregnancy [345].  In addition, 

evidence also support the role of UPS in regulation of sarcomere protein turnover and 

cardiomyocyte size and how this play a role in induction of the hypertrophic phenotype [441]. 

We hypothesis that the UPS contributes significantly to the pathogenesis of PPCM. Hence, 

understanding the role of UPS and its regulation in pregnancy may lead to early diagnosis 

and/or influence therapeutic strategies for prevention and treatment of PPCM and other 

pregnancy related pathological cardiovascular conditions. However, further investigations on 

the precise role and mechanisms of UPS in pregnancy induced cardiac remodeling are needed. 

This includes assessment of proteasome lytic activity of each subunit and substrates firstly in 

pregnant model animals and then in humans at different time points during pregnancy and 

postpartum.  

It would also be interesting to investigate the role played by GDF-15 in the regulation of 

cardiac hypertrophy and establishing the mechanisms involved. It would be best if started in 

an isolated cell culture model using pure GDF-15 and blocking agents and/or small interfering 

RNA (siRNA) to establish the downstream signaling molecules involved. GDF-15 would then 

be administered in in vivo models of physiological or pathological hypertrophy to assess its 

therapeutic function.  
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Supplementary Tables 
 
Supplementary Table 1: Gene ontology Biological process for proteins upregulated om 
Day 14 postpartum 

GO BP Term Description FDR value # Genes 

GO.0060048 cardiac muscle 
contraction 

2.03E-06 8 

GO.0055008 cardiac muscle 
tissue 
morphogenesis 

2.03E-06 8 

GO.0055010 ventricular cardiac 
muscle tissue 
morphogenesis 

2.25E-06 7 

GO.0048738 cardiac muscle 
tissue development 

2.27E-06 10 

GO.0044281 small molecule 
metabolic process 

2.27E-06 24 

GO.0006518 peptide metabolic 
process 

2.27E-06 14 

GO.0061061 muscle structure 
development 

2.56E-06 14 

GO.0003012 muscle system 
process 

1.13E-05 10 

GO.0043603 cellular amide 
metabolic process 

1.25E-05 15 

GO.0014706 striated muscle 
tissue development 

1.25E-05 11 

GO.0006936 muscle contraction 1.25E-05 9 

GO.0055002 striated muscle cell 
development 

1.78E-05 8 

GO.0003206 cardiac chamber 
morphogenesis 

1.99E-05 8 

GO.0031032 actomyosin 
structure 
organization 

2.21E-05 7 

GO.0030239 myofibril assembly 2.21E-05 6 

GO.0008152 metabolic process 2.21E-05 59 

GO.0007517 muscle organ 
development 

2.76E-05 10 

GO.1901564 organonitrogen 
compound 
metabolic process 

5.04E-05 40 

GO.0006412 translation 7.98E-05 10 

GO.0003007 heart 
morphogenesis 

1.20E-04 9 

GO.0071704 organic substance 
metabolic process 

1.30E-04 55 
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GO.0044237 cellular metabolic 
process 

1.60E-04 53 

GO.0044238 primary metabolic 
process 

2.10E-04 53 

GO.0044057 regulation of system 
process 

2.10E-04 12 

GO.0008015 blood circulation 2.80E-04 10 

GO.0065008 regulation of 
biological quality 

3.10E-04 32 

GO.0032272 negative regulation 
of protein 
polymerization 

3.10E-04 5 

GO.0008016 regulation of heart 
contraction 

4.00E-04 7 

GO.0006996 organelle 
organization 

4.20E-04 28 

GO.0002026 regulation of the 
force of heart 
contraction 

6.40E-04 4 

GO.0033275 actin-myosin 
filament sliding 

6.90E-04 3 
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Supplementary Table 2: Gene ontology Biological process for proteins upregulated om 
Day 28 postpartum 

GO BP Term  Description FDR value # Genes 

GO.0044281 small molecule 
metabolic process 

7.94E-15 51 

GO.0044248 cellular catabolic 
process 

1.53E-13 46 

GO.0051186 cofactor metabolic 
process 

2.30E-13 27 

GO.0009056 catabolic process 9.58E-13 47 

GO.0055114 oxidation-
reduction process 

5.26E-12 36 

GO.0008152 metabolic process 6.58E-12 119 

GO.0017144 drug metabolic 
process 

1.09E-11 27 

GO.1901575 organic substance 
catabolic process 

1.61E-10 40 

GO.1901564 organonitrogen 
compound 
metabolic process 

7.33E-10 79 

GO.0008015 blood circulation 7.33E-10 22 

GO.0019752 carboxylic acid 
metabolic process 

1.74E-09 29 

GO.0065008 regulation of 
biological quality 

2.25E-09 66 

GO.0009987 cellular process 4.07E-09 146 

GO.0044237 cellular metabolic 
process 

4.11E-09 105 

GO.0003015 heart process 8.74E-09 12 

GO.0010038 response to metal 
ion 

3.11E-08 19 

GO.0060047 heart contraction 3.85E-08 11 

GO.0003012 muscle system 
process 

4.53E-08 16 

GO.0072521 purine-containing 
compound 
metabolic process 

6.77E-08 20 

GO.0010035 response to 
inorganic 
substance 

6.77E-08 22 

GO.0071704 organic substance 
metabolic process 

7.19E-08 105 

GO.0006936 muscle contraction 9.49E-08 14 

GO.0061061 muscle structure 
development 

9.52E-08 21 

GO.0060048 cardiac muscle 
contraction 

9.52E-08 10 
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GO BP Term  Description FDR value # Genes 

GO.0022900 electron transport 
chain 

1.17E-07 12 

GO.0009205 purine 
ribonucleoside 
triphosphate 
metabolic process 

1.49E-07 14 

GO.0009123 nucleoside 
monophosphate 
metabolic process 

1.53E-07 15 

GO.0006091 generation of 
precursor 
metabolites and 
energy 

1.68E-07 17 

GO.0046034 ATP metabolic 
process 

2.25E-07 13 

GO.0009167 purine 
ribonucleoside 
monophosphate 
metabolic process 

2.25E-07 14 

GO.0006941 striated muscle 
contraction 

2.64E-07 11 

GO.1901565 organonitrogen 
compound 
catabolic process 

2.90E-07 26 

GO.0055086 nucleobase-
containing small 
molecule 
metabolic process 

2.90E-07 22 

GO.0044283 small molecule 
biosynthetic 
process 

4.97E-07 20 

GO.0048738 cardiac muscle 
tissue 
development 

6.79E-07 13 
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Supplementary Table 3: List of most significantly enriched transcription factor controlling 
expression of upregulated proteins on Day 14 postpartum 

Rank Transcription Factor Hypergeometric p-value 

1 SP1 0.006383 

2 IRF1 0.02034 

3 SOX2 0.03202 

4 USF2 0.03463 

5 SP2 0.04015 

6 IRF3 0.04573 

7 PBX3 0.0588 

8 HNF4A 0.06047 

9 ZKSCAN1 0.0822 

10 GATA1 0.09657 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

190 
 

Supplementary Table 4: List of most significantly enriched transcription factor controlling 
the expression of upregulated proteins on Day 28pp 

Rank Transcription Factor Hypergeometric p-value 

1 YY1 1.997e-10 

2 NFYA 7.687e-7 

3 TAF1 9.149e-7 

4 NFYB 0.00002939 

5 KAT2A 0.00005463 

6 MAX 0.00009536 

7 MYC 0.0002939 

8 MYC 0.0003153 

9 TAF7 0.0003332 

10 SP1 0.0003642 

11 SP2 0.001276 

12 E2F1 0.001312 

13 FOS 0.002403 

14 KLF4 0.002694 

15 EGR1 0.00371 

16 NFE2L2 0.003967 

17 ATF2 0.004032 

18 ZMIZ1 0.00586 

19 YY1 0.007627 

20 UBTF 0.007897 

21 PPARD 0.00962 

22 TCF3 0.01237 

23 SIX5 0.01621 

24 CEBPB 0.01733 

25 GABPA 0.0185 

26 CEBPD 0.01864 

27 PBX3 0.01895 

28 PML 0.01981 

29 BRCA1 0.01984 

30 NRF1 0.02534 

31 CREB1 0.02797 

32 ZBTB33 0.02828 

33 NR2C2 0.02836 

34 IRF3 0.03977 

35 E2F6 0.05099 

36 IRF1 0.05451 
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Appendix 2: Cardiac Disease in Maternity (CDMII) ethics approval 
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Appendix 4 : Lowry Method of protein determination 

Protein Assay 
1. CTC reagent

a) Na2CO3  20g/100ml 
b) CuSO4.5H2O  0.2g 

K2 Tartrat                                     0.4g mix in 100ml 
Slowly add a) to b), while mixing on stirrer to prevent precipitation. 

2. SDS
10% SDS  20g/200ml 
Dilute from the 20% SDS

3. NaOH
NaOH  0.4g/200ml 

Solution A: Mix all three reagents together (equal amount). Better to keep separate to have 
a longer shelf life. 
E.g., 1ml/ sample, so for 20 samples require 20ml. Thus, 7ml CTC+7ml SDS +7ml NaOH.

Solution B: 1/5 dilution from the stock solution (in fridge) 

Standard curve: 

Albumin Bovine Fraction V (BSA)      2mg/ml 

So, 0.02g/10ml and aliquot 1ml into epps. 

Dilution series of BSA Amount of BSA added Amount of dH2O must take 
out 

0 1ml dH2O - 

5mg 1ml dH2O + 2.5ul BSA 2.5ul dH2O 

10mg 1ml dH2O + 5ul dH2O 

20mg 1ml dH2O + 10ul dH2O 

50mg 1ml dH2O + 25ul dH2O 

100mg 1ml dH2O + 50ul dH2O 

150mg 1ml dH2O + 75ul dH2O 

200mg 1ml dH2O + 100ul dH2O *final conc 
200mg/ml 

Then add 1ml of solution A. 
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Step 1:  Add 1ml of dH2O to each tube followed by 5ul of protein 

Step 2:  Add 1ml solution A, vortex and let stand for 10 minutes to ensure complete 
dissolution of the precipitate 

Step 3:  Add 0.5ml solution B, vortex IMMEDIATELY (recall t1/2 of phosphomolybdate reagent 
at pH=10 is only 8 seconds) and incubate for 30minutes 

Step 4:  Measure absorbance at 750nm 

Referenced document 
Lowry, O, H.; Rosenbrough, N. J.;Farr, A.L.; Randall, R.J. (1951)” Protein measurement with 
the Folin Phenol Reagent” J Bio Chem 193, pp. 255-275 
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Appendix 5:  Bicinchoninic acid (BCA) assay 

Purpose 
The purpose of this procedure is to quantify proteins that are in a high detergent buffer, such 

as 1x RIPA buffer, prior to tryptic digest using the Pierce BCA kit ‘microplate’ assay  

Equipment and Materials 

Incubator at 37°C, Spectrophotometer, Pierce BCA kit cat # 23225, Flat bottomed clear 96 

well plate 

Reagents 

Pierce BCA reagent A (clear), Pierce BCA reagent B (blue), Pierce BSA standard at 2mg/ml 

(ampoule) 

Procedure 

Your protein sample should be fully homogenised and in an acceptable concentration of 

detergent, i.e.:  

Brij™-35 5.0% 

Brij-56, Brij-58 1.0% 

CHAPS, CHAPSO 5.0% 

Deoxycholic acid 5.0% 

Octyl β-glucoside 5.0% 

Nonidet P-40 (NP-40) 5.0% 

Octyl β-thioglucopyranoside 5.0% 

SDS 5.0% 

Span™ 20 1.0% 

Triton™ X-100 5.0% 

Triton X-114, X-305, X-405 1.0% 

Tween™-20, Tween-60, Tween-

80 5.0% 

Zwittergent™ 3-14 1.0% 

Make up working reagent according to the following equation (round up to ensure you have 

enough for the blank!): 

Vol WR = (# samples + # standards) x (# replicates) x (200 ul) 
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Make up your standard curve in the same buffer as your protein sample according to the 

following doubling dilution from the Pierce 2 mg/ml BSA ampoule:  

1 mg/ml 

0.5 mg/ml 

0.25 mg/ml 

0.125 mg/ml 

0.0625 mg/ml 

Make up 50 ul of each standard. 

Pipette 10 ul of each sample and each standard in triplicate into a flat bottomed 96 well plate, 

and one blank of lysis buffer only 

Add 200 ul of working reagent into each well and tap carefully to mix 

Cover plate and incubate at 37°C for 30 minutes 

Measure at or near 562 nm on a plate reader – NOTE: Our plate reader can only measure 595 

nm – this is fine. 

Check that your R2 value is approaching 1! 

Calculate the concentrations of your samples 

Referenced documents 

Pierce BCA protein assay kit user guide (2019)   
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Appendix 6: Filter Aided Sample Preparation (FASP) 

Purpose 
The purpose of this procedure is to generate tryptic peptides from crude lysates for LC-MS 
analysis using a molecular weight cut-off (MWCO) filtration device. It is particularly suitable 
for studying complex proteomes and fractions containing cell membranes.  
Scope  
This procedure describes the reduction of cysteine bonds using dithiothreitol (DTT), 
denaturation of proteins using urea (UA), alkylation of cysteine residues with iodoacetamide 
(IAA), and digestion of proteins using trypsin. 

Equipment 

• Water bath set at 95°C

• Microcentrifuge up to 14000 x g

• Vortex 600rpm

• Incubator up to 37°C

• Wet chamber

• Microcentrifuge up to 4000 x g that can accommodate FASP filter

• speedyVac concentrator/condenser (switch on 30 minutes prior to use)

• -20°C freezer

Materials 

• UFC503096 - 30K FASP filters 500ul (Amicon Ultra centrifugal filter units 30 KDa

NMWL, MWCO, 96 PK). Capacity of 0.2-200ug of protein.

• 1.09535.0001: pH-indicator strips, non-bleeding, pH 0-14, Universal indicator, Merck

• 6090357: Tapered micro inserts 0.1ml. (Clear glass, tapper bottom, 100 p/k, 0.1ml /

31 x 6mm / 15mm top, BM Scientific, Separations)

• 702283: Autosampler flat screw neck vials, 1.5ml. (N9 screw neck vial, clear, label and

scale flat bottom, 100/pk, 1.5ml / 11.6 x 32mm, BM Scientific, Separations)

• Protein samples in appropriate buffer (RIPA buffer or urea buffer) with known

concentration

• Eppendorf tubes (1.5 and 2.0 ml)

Reagents 

• P8101S: Trypsin and 2X buffer. (Trypsin-ultra, Mass Spectrometry Grade. New England

Biolabs). Obtain beforehand and store in -20 freezer until use

• 00020-14261-1L/1.00029.2500: LiChrosolv Acetonitrile (ACN) hypergrade for LC-MS

• 00040-14265-1L: Formic acid (FA) LC-MS Ultra Eluent additive

• 43816-50ML: 1M DTT for FASP. (1,4 - DL - Dithiothreitol solution, BioUltra, for

molecular biology, ~1M in H2O, Sigma-Aldrich)

• IAA

• Ammonium bicarbonate

• HPLC water
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Solutions 

• Urea buffer (UA): 24g urea in 50mL of 0.1M tris dilution in HPLC water from 1M tris

• Ammonium Bicarbonate (ABC): 0.2g ABC (from FASP fridge) in 50mL water

• 0.05M Iodoacetamide (IAA): Weigh out a small amount (~0.05g) and back-calculate

the required volume of UA to obtain 0.05M

• Reduction buffer (RB): 1M DTT (aliquots stored in FASP freezer)

• 1 M CaCl2 solution

Procedure 
1. Buffer exchange

1.1. Set water bath to 95°C, assemble and label filters accordingly 

1.2. Remove 100 ug aliquots of each protein sample into a clean eppendorf tubes 

1.3. Add DTT to each sample to a final concentration of 0.1 M, and incubate at 95°C for 3 

minutes (e.g., 5.5 uL of 1M DTT added to 55.55 uL of protein sample) 

1.4. To prepare the filters, add 500uL of UA to each filter unit and centrifuge at 14000 x g 

for 10 minutes 

1.5. Add each sample to a filter unit 

1.6. Add 200 uL of UA and centrifuge at 14000 x g for 15 minutes. Repeat once 

1.7. Discard the flow-through from the collection tubes, and place the filter into an empty 

collection tube 

1.8. Add 100 uL of IAA solution and mix by vortexing at 600rpm for 1 minute 

1.9. Incubate in the dark for 20 minutes without mixing 

1.10. Centrifuge the filter units at 14000 x g for 10 minutes 

1.11. Add 100 ul of UA to the filter unit and centrifuge at 14000 x g for 15 minutes. Repeat 

twice. 

1.12. Add 100 ul of ABC to the filter unit and centrifuge at 14000 x g for 10 minutes. Repeat 

twice. 

2. Tryptic digest

2.1. Replace collection tubes with a clean tube before adding trypsin  

2.2. Check that the pH is approximately 9 using a pH strip and ~1ul of each sample 

2.3. Reconstitute 20 ug of trypsin in 40uL of HPLC water (final concentration of 0.5 ug/ul). 

2.4.  For an enzyme to protein ratio of 1:100, add 1 ug of diluted Trypsin to your sample. 

2.5. Add 40 ul of ABC or trypsin buffer, and ensure that the final concentration of CaCl2 is 

20 mM 

2.6. Mix by vortexing or triturating 

2.7. Place filters in a wet chamber and incubate at 37°C for 12-18hrs. Ensure length of 

tryptic digest is constant between experiments to maintain reproducibility 

2.8. Transfer filters to new collection tubes before centrifuging at 14000 x g for 10 minutes. 

The flow through contains tryptic peptides. 

2.9. Add 40uL of ABC before centrifuging at 14000g for 10 minutes. Transfer flow through 

containing tryptic peptides into fresh eppendorf tube 



203 

2.10. Acidify tryptic peptides with formic acid to a final concentration of 0.1%, or until the 

pH is 3 

2.11. Proceed with desalting (see SOP for ‘C18 desalting’) 

Referenced documents 
1) Wisniewski et al. (2009) Universal sample preparation method for proteome analysis.

Nature Methods. Vol 6 No 5, 259-363.
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Appendix 7: Western blot gel preparation 

Preparation of gels (Table for two gels of 0.75mm, double volume for 2 gels of 1.5 mm 

Resolving gel Stacking gel 

Reagent Stock 7.5% gel 10% gel 12% gel 4% gel 

dH2O Distilled 5.525 ml 4.9 ml 3.35 ml 3.05 ml 

Tris – HCl 1.5 M pH 8.8 
(resolving 
gel) 

2.50 ml 2.50 ml 2.50 ml 1.50 ml 

0.5 M pH 6.6 
(stacking gel) 

SDS 10% 100 µl 100 µl 100 µl 50 µl 

Acrylamide 40% 1.875 ml 2.50 ml 3.0 ml 0.5 ml 

APS 10% 50 µl 50 µl 50 µl 50 µl 

Temed 99% 20 µl 20 µl 20 µl 10 µl 

• APS and TEMED react immediately, add TEMED last. Stir solution and immediately add to
assembly of plates with a Pasteur pipette. Make sure that no bubbled form

• Add a few drops of N-Butanol (or 70% ethanol) to prevent oxidation of gel. If exposed to
air, the solution won’t polymerize and form the gel.

• Allow to set for 30 minutes

• Remove N-Butanol with water

• Add the stacking gel on top of resolving gel. Insert the comb at an angle to prevent
bubbles from forming.

• Allow to set (about 15 minutes).
Sample preparation

• Add the appropriate volume of sample (protein lysate) to 20 µl laemmli’s loading buffer.
Boil at 95˚C for 5 minutes. Store at -80˚C.

• Before use for protein separation
o Boil again as mentioned above.
o Centrifuge at 8000 rpm for 10 seconds to collect sample before loading into wells.
Assemble and load samples into gels

• Put gels on the electrophoresis stand and, click knobs in place

• Place in tank and add running buffer in the middle compartment

• To load the samples, run a bit of sample buffer in the wells with a Hamilton pipette to
show where the wells are.

• Place the marker in in 1st well on the left, nearest to you.

• Add the samples in the wells after the marker, washing Hamilton x5 after every sample

• Place the 1x running buffer in the outer compartment of the tank, just past the wire, or
if system leaks to the top of the compartment.

• Place green lid on and attach electrodes, red to red, black to black.

• Run 1st: 100 V; 200 mA; 10 minutes

• Run 2nd: 200 v; 200 mA; 50 mi
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Appendix 8:  Western blot buffers and recipes 

Laemmli’s loading buffer – sample preparation 

Solution A: 

• 38 ml ddH2O

• 10 ml 0.5M Tris (pH 6.8) use HCl to pH

• 8 ml glycerol

• 16 ml 10% SDS

• 4ml 0.05% (w/v) bromophenol blue – this is only to colour the buffer

On the day of use make up a working solution of laemmli’s as follows: 

• For every 850 µl solution A, add 150 µL B-mercaptoethanol

• Do not store this mixture for more than 2 days as it oxidizes
10X Running Buffer: 

For 200 ml: 

• Dissolve the 6.06g Tris and 28.8g Glycine in 150 ml ddH2O (takes about an hour)

• Add 2.0 g SDS

• pH to 8.6 with concentrated HCl and then make up to 200 ml

• For use: Dilute running buffer to 1x – 900 ml ddH2O and 100 ml 10x Running Buffer.
Mix well and do not adjust pH

Transfer buffer 2 L 

• 6.06g Tris

• 28.83g Glycine

• 400 ml 20% Methanol

• Dissolve Tris, glycine and methanol in dH2O and make up to full amount, no need to
set pH. Store in fridge.

• 

10X TBS 

For 1L: 

• Dissolve 24.2g Tris and 80g NaCl in 600 ml ddH2O.

• Adjust pH to 7.6 with HCl

• Make up to 1 L with ddH2O

• For use: Dilute to 1x add 1 ml tween 20 for 1x TBS-T
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Appendix 9:  Automated processing protocol 

Step # Solution Time (minutes) Temperature 

1 70 % Ethanol 60 RT 

2 70% Ethanol 60 RT 

3 90% Ethanol 60 RT 

4 95% Ethanol 60 RT 

5 95% Ethanol 60 RT 

6 100% Ethanol 60 RT 

7 100% Ethanol 60 RT 

8 100% Ethanol 60 RT 

9 Xylene 60 RT 

10 Xylene 60 RT 

11 Paraffin wax 120 60 

12 Paraffin wax 120 60 
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Appendix 10:  H& E staining procedure 

Step # Solution Time (minutes) Repetitions 

1 Xylene 5 minutes X2 

2 Ethanol 99% 2 minutes X2 

3 Ethanol 96% 2 minutes X1 

4 Ethanol 70% 2 minutes X1 

5 Tap water 2 minutes X1 

6 Haematoxylin 8 minutes X1 

7 Running water 5 minutes X1 

8 Scott’s Tap water 2 minutes X1 

9 Running water 1 minute X1 

10 Eosin 30 seconds X1 

9 Running water 1 minute X1 

10 Ethanol 96% 1 minute X2 

11 Ethanol 99% 1 minute X1 

12 Xylene 1minute X1 

13 Xylene 1 minute X1 

14 Air dry and mount 




