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Abstract
Background

Almost one-third of all deaths in patients with uncontrolled diabetes mellitus and
hyperglycaemia are due to cardiovascular diseases. Chronic exposure of the heart to
hyperglycaemia leads to a maladaptation called pathological cardiac remodelling and occurs
via oxidative stress due to excess production of reactive oxygen species (ROS). In the heart,
ROS modulates cardiac differentiation, cardiomyocyte proliferation, and myocardial tissue
growth via ROS-sensitive protein kinases such as the mitogen-activated protein kinase
(MAPK). Although there are several different MAPKSs, the p38 MAPKS are involved in
cardiogenesis and implicated in stimulating myocyte apoptosis, hypertrophy, or even
antiapoptotic effects. As such, the role of p38 MAPKS in diabetic cardiac remodelling,
especially during cardiac development, remains unclear. This study aims to elucidate the
effect of hyperglycaemia on the p38 MAPK signalling pathway in a cardiac developmental

model.

Methods

Pluripotent mouse embryonic stem cells (mMESCs) were differentiated in vitro into cardiac-
like pulsatile embryoid bodies (EBs) using the hanging drop method. Once pulsatile, EBs
were further cultured for 72 hours in either baseline (25mM) or high glucose (50mM) media
or with the pro-oxidant hydrogen peroxide (100uM). Changes in EB morphology and beating
characteristics were observed using transmitted light microscopy. Immunocytochemistry and
fluorescence microscopy imaging was used to detect changes in biomarkers. The nuclear
uptake of propidium iodide (PI) was used to evaluate cell viability, whereas the 5-ethynyl-1-
deoxyuridine (EdU) assay was used to determine cell proliferation. Western blot was used to

analyse protein expression.



Results

Treatment with hydrogen peroxide stunted EB growth and decreased EB diameter, consistent
with the presence of oxidative stress. High glucose increased the number of pyknotic-like
nuclei and reduced the number of EdU-positive nuclei. Furthermore, hyperglycaemia
elevated the expression of phosphorylated p38 MAPK, without altering total p38 MAPK
expression levels. Inhibition of p38 MAPK by SB203580 in high glucose attenuated the
increased number of pyknotic-like nuclei in high glucose and enhanced the number of EdU-
positive nuclei compared to high glucose alone. High glucose also reduced the expression of
the mitochondrial fusion regulatory protein, optic atrophy-1 (OPAL), with the inhibition of

p38MAPK in high glucose attenuating this effect.

Conclusion

Hyperglycaemia induced pyknotic-like phenomenon, suppressed the proliferation, and
reduced mitochondrial fusion protein machinery of mESC-derived cardiac-like cells. These
effects were likely triggered by a mild form of oxidative stress and involved the activation of
p38 MAPK. The findings provide insights into the mechanisms underlying diabetic

developmental cardiac remodelling and identify p38MAPKS as a potential therapeutic target.



1. Introduction

1.1 Diabetes mellitus and burden of disease

Diabetes mellitus with poorly-controlled hyperglycaemia is a highly prevalent chronic
metabolic disease affecting approximately 422 million people globally, with current
projections expecting this number to increase to 700 million by 2045 (1). In the African
context, as of 2019, according to the International Diabetes Federation, 12.8% of adults in
South Africa have diabetes (2). Concerningly, 16% of live births have some form of

hyperglycaemia during pregnancy, of which 84% were due to gestational diabetes (2).

Different types of diabetes mellitus include Type 1, Type 2, and gestational, depending on the
pathophysiology and clinical manifestations. Type 1 diabetes, typically present in
adolescence, is a T-cell autoimmune disease and is the loss of insulin-producing beta cells in
the pancreas, accompanied by increased blood glucose levels (3). Type 2 is the most common
form of diabetes characterised by insulin resistance, which progressively leads to reduced
insulin secretion and the development of secondary insulin deficiency (4). Gestational
diabetes was historically defined as a degree of glucose intolerance during pregnancy and is
diagnosed in the second or third trimester of pregnancy in women without previous history of
diabetes (4). Diabetes can occur both in and ex- utero. However, regardless of the type of
diabetes mellitus, a common underlying pathological feature is hyperglycaemia, as indicated

by elevated blood glucose levels (4).

Uncontrolled diabetes leads to several long-term complications that can manifest in almost
every body system, including the renal, cardiovascular, and nervous systems, and it is one of
the foremost causes of mortality and has high morbidity worldwide (2,4). Notably, among the

deaths in uncontrolled diabetes mellitus, almost one-third to one-half of them are due to



cardiovascular diseases (2). Cardiovascular diseases are a group of disorders affecting the
heart and blood vessels and include coronary artery disease, peripheral arterial disease,
congenital heart disease, and cardiomyopathy (5). Among these disorders, heart failure
mainly results from a structural and electrical maladaptation called pathological cardiac
remodelling, which is a deleterious process whereby persistent stress results in poor

prognoses like ventricular dysfunction and malignant arrhythmias (6).

1.2 Diabetic cardiac remodelling

In vivo, diabetes is associated with a myriad of manifestations, including altered strain rate,
changes in fractional shortening, and modifications to the heart’s ventricular wall. Strain-
strain rate is the measure of descriptors of the nature and function of cardiac tissue (7). In
diabetes, changes to the strain rate manifest as global deformations of the myocardium, as
demonstrated by Kaushik et al. (2018) (8). Further, metabolic diseases like diabetes are
associated with left ventricular (LV) remodelling and compromised function. These have
been demonstrated by Yoneyama et al. (2018), showing that participants from the Multi-
Ethnic Study of Atherosclerosis clinical trial with glucose metabolism disorders had LV
concentric remodelling, less spherical shape, and reduced systolic myocardial shortening (9).
Hyperglycaemia, hyperinsulinemia, and insulin resistance are causative factors contributing
to pathological cardiomyocyte remodelling and are thus termed diabetic cardiac remodelling,

with hyperglycaemia being a central feature since it is present in all forms of diabetes (10).

Hallmarks of diabetic cardiac remodelling include cardiomyocyte hypertrophy, fibrosis, and
apoptosis (11). Initial compensatory mechanisms serve to normalise cardiac function,
however, under habitual stress, this mechanism fails — leading to heart failure (11).

Physiological cardiac hypertrophy occurs in healthy individuals triggered in response to
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pregnancy or physical exercise and is not associated with cardiac damage(12). Pathological
hypertrophy occurs due to chronic pressure or volume overload and unlike physiological
hypertrophy, there are increases in the foetal gene program, resulting in the re-expression of
contractile proteins like myosin heavy chain (MHC), atrial or B-type natriuretic peptides
(ANP, BNP), and a-skeletal actin (a-SKA) (13,14). In diabetic cardiac remodelling, cardiac
fibrosis and occurs due to pathological alterations of the extracellular matrix (ECM) and can
lead to cardiac dysfunction, heart failure, and death (15). Physiologically, the ECM is vital
for metabolism, cell proliferation, and motility, however, in pathological conditions like
diabetes, changes in the ECM lead to fibrosis resulting in cardiac stiffness and
dysfunction(15). These structural changes ultimately lead to apoptosis (16). Chronic diabetes
is also associated with Ca?* handling abnormalities, where an excessive amount of
intracellular Ca?* produces cell damage, contractile failure, and impaired sensitivity to

myofibrils (17,18).

Several factors contribute to the development and progression of cardiac remodelling (19).
These factors may have detrimental effects on cardiomyocyte structure and function e.g.,
cardiac fibrosis alters the contractility and relaxation of cardiomyocytes (19). At a molecular
level, pathological stresses induce foetal gene reprogramming, coupled with the
downregulation of adult cardiac genes and thus leading to cardiac remodelling and heart
failure (20-22). The mechanisms whereby hyperglycaemia contributes to cardiac remodelling
have not been fully characterised, however, several metabolic pathways have been proposed
to contribute to cardiovascular complications in diabetes (23). These include increased
oxidative stress (24,25), chronic inflammation (26), activation of protein kinase C (26), and
the production of advanced glycation end products (AGEs). Among these factors, oxidative

stress is one of the central mechanisms leading to diabetic cardiovascular diseases since it,
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directly and indirectly, contributes to several diabetic pathological pathways (27).
Furthermore, it’s proposed to be a causative factor contributing to inadequate foetal
development and programming of cardiovascular disease (28), vascular alterations, and

endothelial dysfunction in animal models of foetal programming (28).

1.3 Role of oxidative stress

Oxidative stress is the disparity in reactive species homeostasis as a result of an imbalance
between reactive oxygen/nitrogen species (ROS and RNS) production and their degradation
or clearance (29), and this often negatively impacts cellular metabolism (25). ROS are sub-
divided into free radicals e.g., superoxide Oz"; nitric oxide (NO"); hydroxyl (OH") and non-
radical by-products produced from O e.g., hydrogen peroxide (H202) and peroxynitrite
(ONOO) (29). Physiologically, low levels of ROS are essential for redox regulation of
physiological signalling and are vital in cell-tissue differentiation and growth (30). Typically,
optimal amounts of ROS are produced and act as signalling molecules for regulating
transcription factors and apoptotic gene expression (31). Uncontrolled ROS are typically
produced as by-products from the mitochondrial electron transport chain during ATP
synthesis, referred to as mitochondrial dysfunction (32). In diabetic patients, increased
utilisation of mitochondrial fatty acid oxidation and impaired glucose consumption results in
compromised mitochondrial functioning and oxidative stress (32). Studies in mice have
demonstrated that diabetic hearts exhibited morphological abnormalities, including swollen
mitochondria and breakages of the mitochondrial membrane compared to the healthy control
hearts (33). Moreover, oxidative stress often results in superoxides directly interacting with
protein targets, resulting in oxidation and phosphorylation (post-translation modifications of
proteins) (34). Importantly, oxidative stress produces subcellular defects in organelles like the
sarcolemma, sarcoplasmic reticulum, and myofibrils (17). These derangements are critical in

the pathogenesis of diabetic cardiomyopathy.
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Diabetes, hypertension, and obesity are examples of pathological diseases that increase the
activation of numerous ROS-producing enzymes. This increased activity leads to excessive
ROS levels, thereby overwhelming the endogenous antioxidant-scavenging systems and thus

causing a shift in the oxidative-antioxidant balance, favouring oxidation (35).

1.3.2 Enzymatic sources of ROS

Several intracellular producers of ROS have demonstrated susceptibility to diabetes (36).
Cytochrome p450, an enzyme localised in the lipid bilayer of hepatocytes and the
endoplasmic reticulum, is responsible for the breakdown of xenobiotics i.e., the breakdown of
drugs into soluble products, in the process, generating ROS as a by-product (37). In diabetes,
however, its expression and activity increase, contributing to increases in ROS (38). During
physiological ATP production, 1-5% of all oxygen consumed via oxidative phosphorylation
generates superoxides (39). These low levels of mitochondrial ROS are metabolised and
detoxified by superoxide dismutase or catalases in the mitochondria/cellular cytoplasm.
However, stimulation of cultured cells by high glucose concentrations was demonstrated to
increase ROS production (40). This increase in ROS is associated with compromised ATP

production and mitochondria regulation, thus promoting mitochondrial dysfunction (41).

Xanthine oxidase (XO) is essential for catalysing the oxidation of the substrates hypoxanthine
and xanthine to uric acid. In doing so, this process generates Oz and H>O> (39). These
reactive species are cleared by the antioxidant enzymes GPx and Zn-SOD, located in the
cytoplasm. This pathway is a vital source of ROS production in endothelial cells (42). In

cardiomyocytes, it's suggested that the XO pathway has a similar role (42), whereby
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inhibition of XO leads to improvements in cardiac and vascular function in a canine model of

tachyarrhythmia-prone heart failure (HF) (43).

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) is a family of
enzyme complexes, typically found in the membranes of neutrophils and located in organs
and tissue throughout the body (44). NOX is a primary contributor to oxidative stress, where
there is an uncompensated increase in its activity and hence, elevated ROS production. This
increase often leads to DNA damage, deleterious signalling cascades, and host disease states
(44). Whereas the other ROS producers have several products, in addition to ROS, the NOX
family of enzymes’ primary function is to produce ROS, which actively contributes to
developmental processes like cardiac development (31). Developmentally, NOX-derived
ROS is essential in regulating cell growth and differentiation, with its absence preventing the
formation of beating cardiac cells within embryoid bodies and hence, stunting cardiomyocyte
formation (45). Moreover, evidence suggests NOX is sensitive to diabetes - exhibiting
increased activity and thus elevated superoxide anion formation — resulting in increased cell
death and promoting high glucose-induced foetal gene expression (46). However, the
contribution of NOX sourced ROS in diabetic-induced oxidative stress remains ambiguous.
Several studies have demonstrated in hyperglycaemic conditions, cardiomyocytes have
increased NOX2 expression and elevated ROS (47-49). Contrary to these studies, Maalouf et
al. (2012) demonstrated that NOX2 activity and expression levels remaining unchanged in

the diabetic cardiomyocytes, with NOX4 activity being susceptible to hyperglycaemia (46).

1.4 Protein kinase signalling of ROS

No single theory has been established to explain the signalling pathways implicated in the

cardiac pathology induced by hyperglycaemia (50). It is suggested that increased ROS
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production due to hyperglycaemia may produce the formation of advanced glycation end
products and act via the activation of ROS-sensitive proteins like protein kinases (50). Protein
kinases are sensitive to oxidative stress in general, where increased levels of ROS often lead
to the activation of downstream effector pathways, including protein kinase C (PKC) (51),
phosphatidylinositol-3-phosphate kinase (PI13K)/Akt (PI3K/Akt) (52) and the mitogen-
activated protein kinases (MAPKSs) (45). Among all these, the mitogen-activated protein
kinase (MAPK) appears to be a central effector pathway sensitive to ROS and implicated in
cardiogenesis. Li et al. demonstrated that NOX-derived ROS led to increased activation of
p38 MAPK in both embryonic stem cells (ESCs) and embryoid bodies (EBs) (45).

Nonetheless, the contribution of MAPK in diabetic remodelling is still not fully understood.

1.4.2 Mitogen Activated Protein Kinases (MAPKS)

The mitogen-activated protein kinases (MAPK) are a family of protein kinases essential in
relaying biological, extracellular signals from the cell membrane to the nucleus via a series of
phosphorylation events (53). Conventionally, MAPKs are composed of a cascade of
serine/threonine kinases, starting with MAPK kinase kinase, MAPK kinase, and MAPK,
eventually ending with the dual phosphorylation of MAPK on serine and tyrosine (54). There
are four common MAPK signalling cascades, namely the extracellular signal-regulated
kinases (ERK 1/2), c-Jun N terminal kinases (Jnk 1, 2, 3), ERK 5, and the p38 MAPK (53).
Of these, the p38 MAPK and Jnk are typically activated in response to environmental stresses
and inflammatory stimuli like oxidant stress, infections, and cytokines (55), and are thus

collectively known as stress-activated protein kinases (SAPKS).
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p38 MAPK in cardiac remodelling

The p38 MAPK family consists of four isoforms; p38a, p38p, p38y, and p389. p38a and B are
ubiquitously expressed and have approximately a 74% structural homology. p38y and 9,
however, are less characterised and expressed — with the expression of these isoforms
detected in skeletal and cardiac muscle (y) and lungs, spleen, and testis (8) (56). These
isoforms are less homologous than the a isoform, with only 60% similarity (57,58). p38
MAPK is activated by the dual phosphorylation of residues upstream of MKKs, which
subsequently activate MKK kinases thus forming the canonical activation signalling pathway
(57). The p38 activation loop consists of a TGY motif, with the tyrosine (YY) and threonine
(T) residues being phospho-activators within the activation loop. When inactivated, the
substrate binding channel is blocked by the activation loop. Dual phosphorylation of TGY at
tyrosine and threonine within the activation loop causes a conformational change, in doing

so, exposing the substrate binding channel (57).

p38 MAPK is pivotal in regulating cardiac development and remodelling. p38a is the most
well-characterised and studied isoform. Developmentally, knockout of it leads to lethality in
embryos' whereas knockout of the other isoforms (B, 6, y) results in a near-normal phenotype
(59-61). Additionally, a study by Li et al. demonstrated that inhibition of p38 MAPK
substantially reduced the amount of beating cells in vitro, and the expression of myocyte
enhancer factor 2C (MEF2C), a crucial transcription factor implicated in the activation of
several cardiac-specific embryonic genes and hence promoting cardiovascular development
(62,63). However, several investigations demonstrate the activation of p38 MAPK in
pathological conditions leads to pathological cardiac remodelling which progresses to heart

failure (HF) (64). HF comprises several abnormalities in the heart muscle, pericardium, and
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valves — along with disturbances in cytokine and ventricular function (65). Such
abnormalities often result from contractile alterations, hypertrophy, fibrosis, apoptosis, and
inflammatory cytokines and are hallmarks of cardiac remodelling (66). p38 MAPK activation
has been documented to show reduced contractility and enhanced matrix remodelling (67).
Additionally, activation of the p38 MAPK pathway via gene transfer of kinases upstream of
p38 MAPK i.e., MKK 3/6, or the inhibition of the pathway via a p38 MAPK negative mutant,
results in adverse changes in contractility in the heart (68). Similarly, in cultured
cardiomyocytes, inhibition of p38 MAPK activation attenuates hypertrophy induced by
endothelial and phenylephrine stimulation (69). Hoefer et al. demonstrated the activation of
p38 MAPK in vessel walls in response to stresses like hypoxia and pressure overload (70).
Furthermore, in vivo rat models of heart failure demonstrated that inhibition of p38 MAPK,
with SB239063, prevented endothelial dysfunction and normalised ventricular p38 MAPK
activity (71) by reducing superoxide anion generation — thus implicating p38 MAPK in ROS

generation during heart failure (71).

Apoptosis is one of the three cell death systems regulated by several stress-activated
signalling pathways. p38 MAPK is one such pathway, however, the overall outcome of the
role of p38 MAPK in a cardiac setting remain ambiguous. Depending on the cell type and
stimuli, it can have both pro- and anti-apoptotic effects (66,72). Several studies have tried to
elucidate the role of p38 MAPK in apoptosis, however, findings remain contradictory.
Thandavarayan et al. (2009) suggest that p38 MAPK is pro-apoptotic. This study showed that
diabetic transgenic mice, overexpressing dominant negative p38a had attenuated levels of
myocardial apoptosis, caspase-3 positive cells, and the downregulation of anti-apoptotic
proteins like B-cell lymphoma extra-large (Bcl-x) (73). Although evidence suggests p38a

drives apoptosis in diabetes-induced cardiomyocytes, other studies have demonstrated p38f3
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may be implicated in anti-apoptotic outcomes and increasing protein synthesis in diabetes

(74,75).

While numerous studies have investigated the role of p38 MAPK in diabetic cardiomyopathy,
most of these were performed using animal models or terminally differentiated cardiac tissue.
This impedes our overall understanding of remodelling, and given that pathological
remodelling results in the re-expression of foetal genes to cater to the increased stress, it

further impedes our understanding of the pathology involved in cardiac remodelling (13,14).

Given that p38 MAPK is implicated in both cardiac development and the pathogenesis of
diabetic cardiomyopathy, an understanding of the modulation of the p38MAPK signalling
pathway and its possible involvement in the shift from physiological to pathological
outcomes in diabetic hearts is needed (particularly in a developmental model). Further, most
studies investigated the role of the dominant isoforms i.e., p38a — as such, the precise role of
lowly expressed isoforms is still largely unknown. Understanding the involvement of p38
MAPK in diabetic cardiomyocytes (in a developmental model) may provide us with

alternative therapeutic targets for treating diabetic cardiomyopathy.
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Figure 1: Implication of p38 MAPK signalling pathway in the diabetic heart. Simplified
representation of the classical MAPK signalling pathway in mammalian tissue. MAPK
consists of three kinases that activate and phosphorylate (indicated by the letter P) one
another. MAPK pathway activation is stimulated by cellular stress, growth factors, and
cytokine stimulation. Activation of MAPK regulates downstream substrates in the nucleus
e.g., transcription factors. MAPK3K — Mitogen-activated protein kinase kinase kinase.
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2. Aims and Objectives

2.1 Aim

To study the effect of hyperglycaemia-induced oxidative stress and the possible involvement

of the p38 MAPK pathway in cardiac remodelling during cardiac development.
2.2 Hypothesis

In a developmental model, hyperglycaemia detrimentally affects our cells by stimulating the

p38 MAPK signalling pathway via an increase in oxidative stress.
2.3 Specific Objectives:

(a) To establish a mild-moderate oxidative stress cardiac cellular model
(b) To evaluate the effect of hyperglycaemia and oxidative stress on cardiac-like cells

(c) To explore the possible involvement of the p38 MAPK signalling pathway

2.4 Novelty of the Research

p38 MAPK and ROS have previously been demonstrated to be vital for cardiogenesis,
however, strong evidence also suggests an increase in both leads to several pathological
outcomes including apoptosis, inflammation, and hypertrophy. This study assessed the role of
p38 MAPK and its crosstalk with hyperglycaemia-induced oxidative stress. Understanding
the role of p38 MAPK in hyperglycaemia-induced cardiac remodelling, particularly in a
developmental model, may provide us with novel therapeutic targets to manage disease

pathology.
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3. Methods

3.1 Cell Culture

Pluripotent mouse embryonic stem cells (mESCs; cell line BALB/c ES129 OLA) were used
in this study (provided by Professor Frank Brombacher from the University of Cape Town,
SA). Cell lines were cultured in 6-well culture plates (35mm well) under standard culture
conditions (5% CO», 37°C, 95% humidity). Cell culture reagents were purchased from

Thermo-Fischer Scientific (LTC Tech, SA) unless otherwise stated.

This study uses cardiac-like cells and hyperglycaemia as an in vitro model of the diabetic
heart, allowing us to identify and evaluate signalling mechanisms that occur in specific cells
during the remodelling process. Using mESCs to generate cardiac-like cells is particularly
useful when studying remodelling, in vitro, compared to using other cell lines (immortal
cardiac cell lines) due to the expression of several cardiac-specific markers like a-actin and
desmin (76,77). As mESCs mature, they aggregate or cluster to form 3D structures called
embryonic bodies (EBs) (78). Within these EB aggregates, there're spontaneously beating
regions, which are functional properties of cardiomyocytes. Unlike most in vitro models,
these beating foci allow us to characterise functional, structural, and molecular alterations.
EBs are heterogenous and form derivatives of all three germ layers, namely the ectoderm,
mesoderm, and endoderm - making this model physiologically relevant. Additionally, this

model allows us to characterise the same cells at several time points.

3.1.2 Pluripotent mESC proliferation

MESCs were grown on a feeder layer of inactivated mouse embryonic fibroblasts (IMEFS).
Mouse embryonic fibroblasts from American Type Culture Collection (ATCC) were

inactivated with mitomycin C (1mg/ml) — thereby keeping cells in their metabolically active
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state whilst preventing replication (Appendix Al). In doing so, the feeder cells support the
growth of cells with low clonal density by 1) acting as a substrate for cell attachment, (79) 2)
detoxifying growth media (79), and 3) synthesizing and secreting cytokines into the culture

medium (80).

IMEFs, stored in liquid nitrogen, were gradually thawed in a 37°C water bath and transferred
to a centrifuge tube containing pre-warmed medium — this is essential to support the survival
of cells by diluting out DMSO from the freezing medium. Cells were pelleted by
centrifugation for 5 minutes at 1500rpm. The supernatant was aspirated, and the cell pellet
was resuspended in a growth medium consisting of 4.5g/| DMEM (supplemented with 10%
Heat-inactivate (HI) FBS; 1% glutamax; 1% penicillin/streptomycin; 0.1% -
mercaptoethanol). The cell suspension was split over two 0.1% gelatin (w/v) coated wells,
seeding 150 000 cells/well. Cells were incubated for 24-48 hours under standard culture
conditions. Two hours before mESC seeding, the growth medium was removed and replaced
with ES medium, 4.5g/| DMEM (supplemented with 10% HI-FBS; 1% glutamax; 1%
penicillin/streptomycin; 0.1% [B-mercaptoethanol and 5ng/ml Leukaemia inhibitory factor
(LIF; #A35933, ThermoScientific). mESCs were thawed and pelleted by centrifugation
before resuspending in ES medium and subsequent seeding on feeder layers. mESCs on
feeder cells were incubated for 48 hours or until ~50-60% confluency under standard culture
conditions. The medium was replenished every 48 hours. At a confluency of ~50%, mESCs
were enzymatically detached from the feeder layer using dispase Il protease solution
(5mg/ml; Sigma, SA) for 15-20 minutes under standard culture conditions. Following
detachment, enzyme activity was inactivated with media containing 10% heat-inactivated
foetal bovine serum (HI-FBS) and transferred to a centrifuge tube. Cells were pelleted, and
the supernatant was removed before resuspending in fresh ES medium. The cell suspension

was split over two pre-prepared wells containing feeder layers. Cells were passaged 2-3 times
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before proceeding with differentiation protocol — this is essential to ensure mESCs have
maintained pluripotency and not spontaneously differentiating. Contamination of cells is an
issue when performing cell culture, with mycoplasma being one of the most detrimental due
to this organism being resistant to most antibiotics. mESCs were routinely tested for

mycoplasma, to confirm we are working with uncontaminated cultures (Appendix A2).

3.1.3 Cardiac differentiation

The mESCs were differentiated into stem cell-derived cardiac-like cells by forming embryoid
bodies (EBs) using the hanging drop method as described by Aboalgasm et al. (81,82)
(Figure 2). Briefly, confluent mESCs (70-80%) were dissociated from the iMEF feeder layer
using the protease dispase Il (5mg/ml). Cells were counted using a haemocytometer. A fixed
number of cells were seeded into each hanging drop (20ul) of differentiation medium;
consisting of 4.5g/l or 25mM DMEM (supplemented with 10% HI-FBS; 1% glutamax; 1%
penicillin/streptomycin; 0.1% -mercaptoethanol). Seeding a fixed number of cells per drop,
we were able to control EB size and, at the same time, maximise functional activity, allowing
for more reproducible and homogenous EBs (81,83). The first day of the hanging drop
protocol was considered day O of differentiation. Droplets were incubated and left
undisturbed for three days under standard culture conditions, allowing for stem cell
aggregation and EB assembly. The rounded bottom of the hanging drops allowed for the self
the aggregation of mESCs, using only gravity as an aggregating factor, thus providing a
suitable environment for EB formation without introducing additional confounding elements.

(Figure 2A).

EBs were transferred to a 10cm bacteriological dish for suspension culture for four days,
allowing EBs to grow (Figure 2A) before being seeded on 0.1% gelatin-coated culture plates

for further culturing (day 7 of differentiation). EBs were cultured and maintained in 25mM
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media and replenished every 2-3 days (Figure 2A). Following the appearance of pulsatile

foci, EBs were subjected to respective interventions, and analysis was performed (Figure

2B).

Differentiation Protocol

Hanging Drop

il )

+ IMEFs SSm  + mESCs

Day-7-Day0 Day0

B Experimental Design

25mM glucose

:> Veh|c.|e
! ,: ﬁt::‘i = % Inhibitor
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- |:||:
:::,5 Inhibitor

7) ) -

EB Cell Suspension

Outcomes

Functional Analysis
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Biochemical Analysis

Day 14-18

Day 17-22 |

Figure 2: Schematic depicting the differentiation protocol and experimental design for
the formation of cardiomyocytes from mESCs. A)129 OLA mESCs are expanded on feeder
layers of iIMEFs until 70-80% confluency. mESCs in the differentiation medium undergo self-
aggregation using the hanging drop method (Day 0). EB transfer to a cell suspension for
further differentiation (Day 3). On day 7 of the differentiation protocol, EBs were transferred
to 0.1% gelatin-coated cell culture plates for further differentiation. B) Pulsatile cardiac-like
EBs between days 14 and 18 were subjected to treatment, followed by functional,
morphological analysis, and cell harvesting.

Differentiating mESCs into cardiac-like EBs is dependent on the number of cells seeded per
hanging drop. To determine the optimal number of cells, 500 and 1000 mESCs were seeded
per hanging drop. We found that the pattern in which EB grew and started to beat remained

consistent, irrespective of the number of cells seeded per drop (Appendix A5). Given that
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seeding 1000 cells/drop had a slightly higher EB yield compared to 500 cells/drop, and it has
previously been used in other studies (82), this concentration was used as a default for all
subsequent experiments. Given the nature of the growth pattern, pulsatile EBs selected for
treatments were between days 14 and 18 — where most EBs began exhibiting beating activity

(Appendix Ab).

Changes in cell morphology and functional activity were observed by light microscopy, using
EVOs XL Core microscope. Images were captured from the same wells at several time points
to detect changes in morphology over time. Images were captured at 2x or 4x magnification
(EVOs XL Core). Using ImageJ software, EB diameter was measured by taking an average
of four measurements per sample (vertical, horizontal, and two diagonal) (Figure 3B). For
better visualization of the EBs, the ‘Find Edges’ function on ImageJ was used - allowing for
better visualization of the less densely populated area of cells, particularly those on the
periphery. Functional changes like the beating efficiency and the beating rates were
measured. Beating efficiency was evaluated as the percentage of beating EBs (Number of
beatings EBs relative to total EBs x 100). Beating rates were measured by counting the

number of contractions over a 30-second interval to determine beats per minute (BPM).

The typical outcome of the differentiation protocol manifested as non-adherent EBs in

suspension culture on day 5 (Figure 3A). By day 10 the EBs were adherent on the coverslips
and started exhibiting spontaneously beating foci (Figure 3B). The pulsatile cardiac-like EBs
had fully matured (Figure 3D) and exhibited a positive expression for the cytoskeletal f-actin

filament marker, phalloidin (Figure 3C) as seen in previous studies (84).
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Baseline Glucose

Phalloidin

Negative Control

Figure 3: Typical stem-cell derived cardiac-like EB phenotype. A) Representative Light
microscopy image of Embryoid body in suspension on day 5 of differentiation protocol (inset
10x) B) Light microscopy image of pulsatile cardiac-like cells at day 11 (4x) with the
diagonal line indicating diameter Scale=150um. C) Representative immunofluorescent image
of phalloidin (green) in cardiac-like EBs (40x) scale=50um. D) Representative
immunofluorescent images of GATA4 (Green) to exhibit gene expression in stem cell-derived
cardiac-like cells, nuclei stained with Hoechst (Blue), and merged images (10x) (n=2
independent culture batches, with n=3 EBS).

3.1.4 Experimental Design and Treatments

Pulsatile EBs were treated with baseline glucose (25mM) or an adequate dose of high glucose
(50mM) to induce oxidative stress for 72 hours under standard culture conditions. A 72-hour

exposure with hyperglycaemia was used in previous in vitro culture systems of erythrocytes
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and cardiac fibroblasts (85,86). Even though 25mM is considered supraphysiological, it is the
default glucose concentration used to culture mESCs in vitro during cardiomyocyte
differentiation (82,87,88). This concentration has been shown to promote cardiomyocyte
differentiation by producing controlled amounts of beneficial ROS (89). To mimic
hyperglycaemia, a concentration of 50mM glucose was used, similar to hyperglycaemic
models of cardiac-like HIC2 cells and 129 OLA mESCs (82,90,91). Other studies have used
5.5mM glucose as normoglycaemia in vitro. However, given that the mESCs were grown and
maintained at 25mM glucose, reducing concentrations to 5.5mM, there is a risk of starving
cells of nutrients essential for survival. Changes in osmolality from glucose were not
corrected, enabling us to imitate physiological diabetic conditions, where hyperglycaemia is

inherently coupled with changes in osmolality.

To verify the presence of oxidative stress, a known pro-oxidant, hydrogen peroxide (100uM)
was also used. To determine the optimal dose of hydrogen peroxide required to cause mild-
moderate levels of oxidative stress, cardiac-like EBs were subjected to concentrations of 0,
100, or 1000pum hydrogen peroxide (H202). Treatment with 1mM hydrogen peroxide in
25mM media caused the EBs to lose adherence and resulted in significant cellular disruptions
and cessation in their pulsatile activity (n=3) (Figure 4). EBs treated with 100uM-hydrogen
peroxide remained adherent, maintained beating activity, and showed no gross morphological
changes (Figure 4). Treatment with hydrogen peroxide (100uM) was thus used as an
oxidative stress control as it wasn’t lethal during an acute insult and allowed us to
characterise beating characteristics. To validate the degree of oxidative stress produced by
100uM hydrogen peroxide and our proposed high glucose concentration (50mM) was mild-

moderate, we probed for nitrotyrosine, a marker of ROS-induced permanent protein damage.



27

Results indicated that nitrotyrosine is undetected in baseline, high glucose, and hydrogen

peroxide treated groups, suggesting that the oxidative stress induced is mild.

A Baseline 100pM H,0, + 1mM H,0, + Baseline

glucose glucose

Baseline glucose

Fragmentation N N
Glucose (mM) 25 50 25
H,0, (100uM) . - +
72kDa

Nitrotyrosine

42kDa .. B-actin

Figure 4: EB sensitivity to oxidative stress. A) Representative light-microscopy images
showing the effect of different concentrations of hydrogen peroxide on pulsatile mESC-
derived cardiac-like EBs. EBs were subjected to OuM, 100uM, or ImM hydrogen peroxide in
baseline conditions (2x magnification) (n>3 EBs per group). Scale=600um. B) Qualitative
analysis representing fragmentation “Y” indicating fragmentation and “N” indicating no
fragmentation (n=3 EBs per group). C) Representative western blot of nitrotyrosine (protein
damage marker), and [-actin, set as control (n=3).

Diphenyleneiodonium chloride (DPI; CAS 4673-26-1; Merck Life Science) was used to
inhibit NADPH oxidase and SB203580 (CAS 152121-47-6; Merck Life Science) for the
inhibition of p38 MAPK. Stock compounds of DPI and SB203580 were dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich) and used at concentrations of 2uM and SuM
respectively. These concentrations were used in previous studies and shown to effectively
inhibit their respective targets (45). An equivalent volume of the vehicle (DMSQO), present in

the experimental samples, was added to controls in each experiment. The final concentration
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of the vehicle in the culture was less than 0.01%. Pulsatile mESC-derived cardiac-like EBs
were pre-incubated with glucose (25mM) medium and supplemented with the inhibitors

tested (DPI or SB203580) for 1 hour - this is essential for conditioning cells to the inhibitor.

3.2 Immunocytochemistry

Adherent mESC-derived cardiac-like EBs were stained post-treatment. Embryoid bodies are
three-dimensional structures composed of several overlaying cells - making it difficult to
observe individual cells and quantification of total cell numbers difficult. For this reason,
cells were stained in whole EBs, or EBs were enzymatically digested to generate adherent
monolayers and subsequently stained. Briefly, cells were washed three times with 1XPBS,
followed by a 15-minute fixation with 4% (w/v) paraformaldehyde (PFA) in PBS at room
temperature (92). Excess PFA was removed by rinsing cells thrice with ice-cold 1xPBS
before permeabilizing with ice-cold methanol for 15 minutes at room temperature. To prevent
non-specific binding of antibodies, samples were blocked with blocking buffer (3% BSA
(w/v), 0.01% Triton-X (v/v) in 1xPBS) for 2 hours at room temperature, followed by
overnight incubation at 4°C with the primary antibody the polyclonal antibody, or 1-hour
incubation at room temperature with the stain Phalloidin (1:5000) diluted in 1% BSA (w/v).
Following labelling of the protein of interest, the unbound primary antibody was washed
away, and samples were incubated in the dark with conjugated secondary antibody for 2
hours at room temperature — secondary antibody addition was not required for direct stains.
Cells were counterstained with the nuclear stain Hoechst 3325 (0.5ug/mL; Sigma, SA) for 10
minutes in the dark and at room temperature before mounting onto microscope slides using
mowiol mounting solution supplemented with antifade. Slides were air-dried overnight
before being stored at 4°C. Slides were imaged using EVOs M5000 (ThermoScientific), and

analysis was performed using ImageJ software.
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For the digestion of EBs, following treatment, the medium was removed, and the cardiac-like
EBs were lifted and dissociated in Trypsin/EDTA (T/E) (0.5g/l Trypsin/0.2g/l EDTA, pH
7.4) for 20 minutes under standard culture conditions. Lifted cells were gently triturated four
times in T/E followed by enzyme inactivation with media containing FBS. Cells were
pelleted by centrifugation and the supernatant was removed. The cell pellet was resuspended
in fresh medium, followed by reseeding on a 0.1% gelatin-coated 35mm culture dish for 16-
24 hours under standard culture conditions to allow for sufficient cell adherence, without cell
clusters forming (Appendix A6). Adherent cells were subsequently fixed and stained with a
primary antibody against GATA4 (GATA4; dilution 1:1000; Cat#pa5-29663,
ThermoScientific) followed by incubation with Alexa Fluor 488(dilution 1:500; Cat#715-
546-150, Amersham) secondary antibody or stained with propidium iodide followed by cell

imaging.

For live cell imaging, adherent cells were stained with propidium iodide (1mg/ml) (PI; Cat
#P4170; Sigma-Aldrich), a nuclear stain integrated into dead or compromised cells, and
Hoechst 3325 (10ug/ul), a non-specific nuclear stain. Briefly, media was aspirated, and cells
were washed with 1xPBS followed by staining with P1 (1:5000) and Hoechst (1:5000) in
1xPBS for 10 minutes at room temperature and in the dark. The staining solution was
removed, and cells were rinsed with 1xPBS, followed by immediate fluorescence microscopy
(EVOS M5000). Three images were captured per EB and analysed using ImageJ software,

determining the proportion of Pl-positive nuclei relative to total nuclei.
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3.2.2 EdU assay

Cell proliferation of adherent cells was determined using an EdU incorporation assay. The
detection of the thymidine analogue, EdU, into newly synthesized DNA was performed by
immunofluorescent staining, using the Click-iT EdU Imaging assay kit (C#10337,
Thermoscientific), according to the manufacturer’s specifications. Briefly, EBs were digested
and reseeded on 0.1% gelatin-coated coverslips post-treatment for 16-24 hours followed by
incubating under standard culture conditions with 10uM EdU stock solution in a pre-warmed
culture medium for 6 hours (93). The labelling solution was removed, and cells were fixed
with 4% PFA in PBS for 15 minutes, followed by permeabilization with 0.5% Triton-X 100
in PBS for 20 minutes. ClickiT™ reaction cocktail solution was made as required on the day
of the assay. The sample was incubated in 400pl (per sample) of reaction cocktail and gently
agitated for 2 minutes, allowing for even distribution — followed by a 30-minute incubation at
room temperature in the dark (93). The samples were counterstained with Hoechst 3325
(0.5pg/ml) before being imaged by fluorescent microscopy (EVOS M5000). Images were
analysed using ImageJ software, determining the proportion of EdU-stained nuclei relative to

total nuclei.
3.3 Western blotting

Protein was harvested from EBs seeded in 12 and 24 well plates. Cells were washed twice
with ice-cold 1xPBS, pH7.5 to remove residual media and treated with cold
Radioimmunoprecipitation (RIPA) lysis buffer, consisting of 50mM Tris-HCI (pH 8), 1%
Triton x-100, 150mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate
with a protease and phosphatase cocktail inhibitor (Halt protease and phosphatase inhibitor,
ThermoScientific, USA). Cells were gently scrubbed from the surface of the plate and mixed

in the lysis buffer. Cell lysates were transferred to pre-cooled tubes on ice, with one sample
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consisting of 7-10 EBs. Pre-cooling Eppendorf’s and keeping samples on ice is essential in
preventing the degradation of proteins, especially lowly expressed proteins like
phosphorylated proteins. Lysates were briefly vortexed and gently mixed on a roller for 30
minutes at 4°C; followed by centrifugation at 15000 relative centrifugal force for 30 minutes
at 4°C (Labnet International, NJO7095, USA). Supernatants were transferred to clean 1.5ml
Eppendorf tubes and pellets were discarded. The supernatant was stored at -20°C for long-

term storage.

Protein quantification of supernatants was determined using the BCA assay (Pierce BCA
protein assay Kit) (ThermoScientific, Rockford, USA) - a colorimetric assay where in the
presence of proteins, copper ions chelate (Appendix A TABLE 2). 10ul of sample
supernatant was diluted with RIPA buffer (1:6 dilution ratio) and 25ul of protein samples
were loaded in duplicate in a 96-well, flat-bottomed plate. 200ul of BCA working reagent
was added to all standard and sample wells, and the plate was covered with parafilm to
prevent sample evaporation. Samples were incubated at 37°C for 30 minutes. The absorbance
was measured at 560nm using a microplate reader (RT-2100C microplate reader, Rayto). A
standard curve was constructed according to the absorbance values of the protein standards,

and sample concentrations were calculated using the curve.

30pg/well of homogenised EBs (days 17-22) were prepared in RIPA buffer, followed by the
addition of protein loading dye and DTT. Samples were boiled at 95°C for 5 minutes.
Prepared samples were subsequently spun down and cooled on ice. Proteins were resolved on
10% SDS polyacrylamide gels. 20ul of samples were loaded, alongside 2l of protein
molecular weight marker (Pageruler prestained protein ladder, #26616, ThermoScientific).
Samples were electrophoresed for 40-60 minutes at 150mV (Mini-PROTEAN® Tetra Cell,

BioRad, SA).
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Proteins on SDS-page gels were transferred and immobilized on a PVDF membrane
(Immuno-Blot PVDF Membrane for Protein Blotting, Bio-Rad, SA) using a semi-dry transfer
system (Trans-Blot Turbo Transfer System, Bio-Rad, SA). Before protein transfer, two stacks
of filter paper (6 filters per stack) were soaked in the transfer buffer. PVDF membranes were
activated by soaking in methanol for 1 minute, followed by a brief soak in deionised H-0O,
and subsequently equilibrated by soaking in transfer buffer. The proteins were transferred to
the PVDF membrane using the Trans-Blot Turbo Transfer System at 25V, 1.3A for 7 minutes
at room temperature. Protein transfer efficacy was evaluated by performing a Ponceau S stain

(Appendix AB6).

To prevent nonspecific binding of antibodies during incubation steps, the P\VVDF membranes
were blocked in filtered (to reduce the risk of particulates binding to the membrane) 5% non-
fat milk or 5% BSA in PBS-T (Blocking Buffer - 0.1% v/v Tween 20; 1xPBS; 5% w/v non-
fat dry milk/ 5% w/v BSA) for 1 hour at room temperature. A primary constituent of milk is
casein, a highly abundant protein that may result in a high background when used to block
the PVDF membrane, thus masking the detection of low-expressed proteins. For this reason,
an alternative blocking agent, Bovine serum albumin (BSA), was used to block and dilute
antibodies — when probing for phosphorylated proteins and their total protein counterparts

(94,95).

The membranes were incubated with epitope-specific primary antibodies, diluted in 5%BSA
or 5% non-fat milk in PBST (Table 1); overnight at 4°C under constant agitation. The
membranes were then washed thrice for 10 minutes with PBS-T followed by incubation with
species-specific secondary antibodies. Membranes were incubated with secondary goat-anti-
mouse horseradish peroxidase (HRP) conjugated antibody (1:8000 dilution; Cat#G-21040;

ThermoScientific) in the blocking buffer for 2 hours at room temperature.
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Proteins were visualised with enhanced chemiluminescent solutions (ECL) containing
peroxidase substrates (Clarity Western ECL Substrate, Cat #170-5060, Bio-Rad, SA). Equal
volumes of the solutions from the Clarity Western ECL Substrate kit were mixed on the day
of detection. Labelled membranes were incubated at room temperature with ECL for 5
minutes, and excess ECL was drained. Membranes were wrapped in a transparency film and
exposed to X-ray films (CL-XPosure™ Film, Cat #34090, ThermoScientific, Rockford,

USA) for the detection of protein bands.

Captured western blot results were digitized by scanning developed X-ray films as 600 dots
per inch (dpi) images. Individual protein bands were measured using ImageJ software,

resulting in one profile per signal. Signals with higher intensity resulted in higher and wider
peaks. To account for background signals, a line was drawn under each peak thus excluding
the underlying area from the measurements. Measured areas are given as arbitrary units and

are only comparable in individual blots.

Table 1: Primary antibodies used in this study

Antibody and specificity Catalogue number and Dilution
Supplier
B-actin (Monoclonal anti-b- MAS5-15739-1MG; 1:5000
actin antibody produced in ThermoScientific
mouse)
Nitrotyrosine (Monoclonal HM11; ThermoScientific 1:250
anti-nitrotyrosine antibody
produced in mouse)
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p38 MAPK (Monoclonal p38-3F11; ThermoScientific 1:1000
anti p38 MAPK antibody

produced in mouse)

pp38MAPK (Monoclonal MA515218; 1:2000
anti-phospho-p38 MAPK ThermoScientific

antibody produced in

mouse)
OPAL1 (Monoclonal anti- MA516149; 1:1000
OPAL1 antibody, produced in ThermoScientific
mouse)

3.4 Statistical Analysis

Values are represented as means + standard deviation, or as box-and-whisker plots. Statistical
analysis was performed using GraphPad Prism version 5.00 software for Windows
(GraphPad Software, San Diego USA). A Shapiro-Wilk test for normality was used to
determine the distribution of variables. For non-parametric data, Kruskal-Wallis with Dunn’s
post-test was used. For parametric data, One-Way ANOVA with Tukey’s post-test was used

with significant P<0.05.
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4. Results

4.1 Effect of oxidative stress on cardiac-like EB size and cell survival

To investigate the role of hyperglycaemic-induced oxidative stress on stem cell-derived
cardiac-like cells, pulsatile EBs were treated in basal (25mM), high (50mM) glucose, or
hydrogen peroxide (100uM) in basal glucose. Our data indicated that EBs treated with
hydrogen peroxide showed a significant reduction in EB diameter (p=0.0305). Treatment
with high glucose showed an insignificant change in EB diameter compared to baseline
conditions (p=0.118), moreover, there was also no change compared to the hydrogen
peroxide-treated group (p=0.8966) (Figure 5D). Functionally EBs maintained beating
activity irrespective of glucose concentration or hydrogen peroxide treatment. No noticeable
change in beating rate was observed, with baseline being -5.45+42.3%, high glucose
9.85+39.8%, and hydrogen peroxide 14.9+£79.6% with no statistical change across all groups

(Appendix B3).

Given the change in EB diameter when challenged with hydrogen peroxide, the effect of
oxidative stress was further investigated by performing a cell viability assay by staining with
propidium iodide (PI) and Hoechst. Qualitatively, results demonstrate that hydrogen peroxide
resulted in a noticeably higher degree of Pl uptake while high glucose resembled the amount
of PI seen in baseline treatment (Figure 5A). Quantitative analysis revealed that hydrogen
peroxide treatment had significantly higher Pl uptake versus baseline treatment (p=0.0019).
These data also showed that high glucose showed no change in Pl-positive cells compared to
baseline (p=0.2007) (Figure 5B). Quantification of the number of pyknotic-like nuclei
showed a significant increase when subjected to high glucose compared to normal glucose
(p=0.0099), whereas hydrogen peroxide showed no statistical difference compared to

baseline (p=0.1002) (Figure 5C).
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Figure 5: Effect of oxidative stress on pulsatile mESC-derived cardiac-like

EBs. A) Representative fluorescence microscopy images of Hoechst (Blue), Propidium iodide
(Red), and merged images (10x) with arrowhead indicating pyknosis (white) and normal
nuclei morphology (grey). Scale bar = 150um. B) Quantitative analysis of the %P1 positive
cells relative to total C) Quantitative analysis of % Pyknotic-like nuclei relative to total (n=3
independent culture batches, n=3-8 EBs per group). D) Quantitative analysis of the change
in EB diameter relative to baseline (n=3 independent cell culture batches, n=10-12 EBs per
group). B-D) Data represented as a box-and-whisker plot, with mean represented as “+”
with significant (*P<0.05, **P<0.01) compared to baseline glucose.
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4.2 Effect of NADPH oxidase inhibition on mESC-derived cardiac-like EBs

To investigate a potential source of pathological ROS, we evaluated the role of NADPH

oxidase (NOX) by inhibiting its activity using the non-specific NOX inhibitor, DPI.

Our data demonstrate that inhibition of NOX resulted in no change in beating rate when
supplemented with normal (p=0.067) or high (p=0.061) glucose compared to baseline
conditions (Figure 6B). Importantly however, there was a reduction in the number of EBs
exhibiting beating activity when DPI was administered i.e., where 3 out of 10 EBs ceased
activity when supplemented in normal glucose and 7 out of 17 in high glucose. (Appendix

B3).

Morphologically, EB diameter showed no statistical change when cultured in high glucose
compared to baseline (p=0.1488). Similarly, NOX inhibition in high glucose showed no
change in EB diameter compared to baseline (p=0.451) or its' vehicle control (p>0.999)
(Figure 6A). To test if NOX inhibition increased oxidative stress in hyperglycaemic-induced
cardiac remodelling, we performed western blots, probing for nitrotyrosine. Western blot

analysis showed no detectable levels of nitrotyrosine (Appendix B3).

To further study the effects of NOX in hyperglycaemia-induced cardiac remodelling, we
examined cell viability and proliferation in NOX-inhibited EBs. Qualitatively, we found that

DPI treatment had little EdU-positive nuclei (n=3) (Appendix B3).

Quantitatively, the percent Pl-positive cells in DPI-treated groups were comparable to both
baseline conditions (p > 0.99) and the high glucose-treated group (p=0.8319), showing no
statistical significance (Appendix B5). High glucose treatment showed no change in PI-
positive cells compared to baseline (p=0.1063). However, there was a significant increase in
pyknotic-like nuclei when EBs were subjected to high glucose compared to the baseline

control (p=0.0116). Furthermore, a substantial decrease in pyknotic-like nuclei was observed
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when treated with DPI in a high glucose environment compared to its vehicle control
(p=0.0009). Further, there was no alteration in pyknotic-like nuclei compared to baseline

glucose (p=0.2733) (Appendix B5).
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Figure 6: Pharmacological inhibition of NOX in beating stem cell-derived cardiac-like
cells. A) Relative change in diameter. n=3 independent culture batches with n=9-14 EBs per
group B) Relative change in beating rate (n=10-16 EBs per group). Data represented as box

and whisker plot, with the mean depicted as “+".
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4.3 Effect of hyperglycaemia-induced stress on p38 MAPK activity

To assess the involvement of p38 MAPK in hyperglycaemia-induced cardiac remodelling, we
examined the expression levels of phospho-p38 MAPK and total p38 MAPK in EB cell
homogenates by western blot. Qualitatively, western blots showed (Figure 7A) increased
pp38 MAPK expression in high glucose conditions compared to normal glucose. Moreover,
hydrogen peroxide treatment also increased pp38 MAPK expression. Total p38 MAPK
expression remained constant across all groups (Figure 7B). Semi-quantification of active
p38 MAPK (pp38 MAPK), relative to total p38 MAPK, revealed a significantly higher
expression in high glucose conditions (p=0.0016) and hydrogen peroxide (p=0.0010)

compared to baseline control conditions (Figure 7C).
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Figure 7: High glucose stimulates p38 MAPK activity in cardiac-like

cells. A) Representative western blot showing treatment with baseline glucose, high glucose,
and hydrogen peroxide (/00uM) probed for expression levels of pp38 MAPK, total p38
MAPK, and p-actin - serving as the protein loading control. B) Densitometric analysis of
total p38 MAPK relative to f-actin protein expression. C) p38 MAPK activity (pp38
MAPK/p38 MAPK). Data presented as means + SD (N=3) with significant (*P<0.05,
*EP<0.01, ***P<0.001) compared to baseline glucose.



43

4.4 Effect of p38 MAPK inhibition on cardiac-like EBs

The increase in p38 MAPK activity led us to investigate the role of p38 MAPK in high
glucose conditions. Cell proliferation and viability were evaluated in pulsatile cardiac-like

EBs, by inhibiting their activity with SB203580.

Qualitatively, EAU uptake looked slightly lower in high glucose-treated samples compared to
baseline conditions (Figure 8A). SB20350 treatment seemed to partially attenuate the
reduced EdU uptake from high glucose (Figure 8A). Quantitative analysis revealed
significantly higher levels of EdU-positive nuclei in baseline glucose compared to high
glucose, which was approximately 23.26% lower (p=0.0190). Inhibition of p38MAPK
resulted in an increase of EJU uptake of 18.3% compared to high glucose alone, however,
this change was of no statistical significance (p=0.104) (Figure 8B). Additionally, inhibition
of p38 MAPK showed no statistical difference compared to baseline control (p=0.7274)

(Figure 8B).

Further, the cell viability assay showed no statistical change, in Pl uptake, across all groups,
with high glucose exhibiting no alterations in Pl levels compared to baseline (p=0.1136) and
p38 MAPK inhibition not being different from baseline (p=0.8270) or high glucose alone
(p>0.999) (Appendix B5). Data also indicate that inhibition of p38 MAPK partially
mitigated the increase in pyknotic-like nuclei phenomena in high glucose treatment, with
statistical significance not reached (p=0.2544) (Figure 8C). Moreover, levels of pyknotic-
like nuclei in the p38 MAPK-inhibited group showed no statistical difference versus the

baseline control (p=0.6727) (Figure 8C).

Quialitatively, GATA4 expression remained undetected across all groups (Appendix B6).
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Figure 8: Pharmacological inhibition of p38 MAPK in stem-cell derived cardiac-like
cells. A) Representative fluorescence microscopy images of Hoechst (Blue), EAU (green), and
merged images. Scale bar = 150uM. B) Quantitative analysis of the %EdU positive nuclei
relative to total (n=3 independent cell culture batches, with n=4 EBs per group. C) Pyknotic-
like nuclei relative to total nuclei (n=3 independent cell culture batches, with n=4-8 EBs per
group). Data represented as a box and whisker plot, with the mean shown as “+” with
significance (*P<0.05) compared to baseline glucose.
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4.5 p38 MAPK signalling in mitochondrial homeostasis

Previous studies have shown mitochondria susceptibility to ROS under pathological
conditions, with data indicating that mitochondrial fission and fusion are regulated via a p38
MAPK-dependent pathway (40,96). We investigated the role of p38 MAPK on mitochondrial
homeostasis by examining the expression levels of the mitochondrial fusion protein optic
atrophy-1 (OPA1) by western blot. Qualitatively, there was a reduction in OPA1 protein
expression in high glucose compared to the baseline control. Furthermore, inhibition of p38
MAPK attenuated this decrease, where OPAL expression was comparable to the baseline
control (Figure 9A). Densitometric results showed a significant reduction in OPA1
expression (normalised to B-actin) in high glucose relative to baseline conditions (p=0.0010).
Inhibition of p38 MAPK exhibited expression like baseline conditions (p=0.2895).
Additionally, SB203580 treatment mitigated the effects observed in high glucose exhibiting a

significant increase in OPA1 expression (p=0.0041) (Figure 9B).
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Figure 9: OPAL expression in stem cell-derived cardiac-like cells. A) Representative
western blot treated with baseline (25mM) or high (50mM) glucose, supplemented with
SB203580 (5uM) or vehicle (DMSO) and probed with OPA1 and [-actin — serving as the
loading control. B) Densitometric analysis of OPA1 relative to B-actin protein expression.
Data presented as meanz SD (N=3) with significant (*P<0.05, **P<0.01, ***P<0.001)
compared to baseline glucose or (*P<0.05, #P<0.01, **P<0.001) compared to high glucose.
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5. Discussion

In this study, we successfully differentiated mouse embryonic stem cells into pulsatile
cardiac-like cells via cell aggregate formation as demonstrated in other studies (97-99). In the
same cellular model, these pulsatile mESC-derived cardiac-like EBs have been shown to
express contractile proteins in addition to cardiac markers like cardiac troponin and a-actinin
2 proteins (84), indicating their cardiac-like nature. The current data also support these
previous findings by showing a positive expression for F-actin in EBs. In this study, the
expression of GATA4 (a marker of active cardiac differentiation) was not detected in
pulsatile EBs, suggesting that pulsatile EBs have undergone cell commitment and
successfully differentiated and matured into cardiac-like EBs. GATA4 is one of the early
cardiac genes expressed during cardiac differentiation (100) and regulates the genes essential
for early cardiomyogenesis (100,101). In contrast, other researchers have shown an increase
in GATAA4 expression from day 4-6 of their differentiation protocol until beating onset at day
8-12 (101). The differences between the result in the present study and other studies could be
due to the unique properties of the cell lines used. Another possible explanation for the
absence of GATA4 could be a time-dependent factor, as the pulsatile EBs tested in our study
were between days 17 and 22. Given that GATAA4 can self-regulate its expression, it may be

suppressing its expression.

Using our cardiac-stem cell model, we showed that acute exposure to a known pro-oxidant
hydrogen peroxide (100uM) produced a mild model of oxidative stress as evidenced by the
lack of nitrotyrosine detection. The absence of nitrotyrosine may suggest that either there was
insufficient ROS or the acute exposure of EBs (102) to the respective treatments was

insufficient to produce long-term nitration of proteins. A similar pattern produced by high
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glucose indicate that both treatments elicited a mild level of oxidative stress. Furthermore, the
concentration of hydrogen peroxide (100uM) was sufficient to produce oxidative stress
without it not being lethal to our cardiac-like EBs. Treatment with excessive concentrations
of hydrogen peroxide (1mM) resulted in a complete loss of all functional activity, a loss of
cell adhesion, and major EB breakdown and disintegration within a 24-hour time frame.
These results correlate with findings performed by Ransy et al. (2020) who analysed the
average dose of hydrogen peroxide required to produce oxidative damage in cellular models
(103) and reported that 84% of publications (on a PubMed database search) use

concentrations of hydrogen peroxide above 100uM (103).

In this study, hyperglycaemia exhibited no significant change in EB diameter, cell viability,
or beating activity. However, an inspection of nuclei integrity and fragmentation for signs of
pyknosis revealed that hyperglycaemic conditions showed significantly elevated levels of
pyknotic-like nuclei compared to normoglycaemia conditions, which may suggest that
hyperglycaemia may detrimentally affect these cells. Moreover, we demonstrated that
treatment with hydrogen peroxide resulted in a significant decrease in EB diameter and cell
viability. These alterations were likely triggered by increased ROS. While no significant
changes were observed from hyperglycaemic treatment compared to baseline conditions, it is
important to note that data indicated that there was also an insignificant change in both EB
diameter and PI-positive nuclei in the hyperglycaemic group compared to our oxidative stress
control. While the effects occurring in our hyperglycaemic group may not have closely
mimicked our oxidative stress control, it did seem to have an intermediatory effect between
baseline and the hydrogen peroxide treatment. As such, these differences may be attributed to
the fact that hydrogen peroxide is directly stimulating our EBs with ROS, whereas

hyperglycaemia treatment, is producing less ROS, at a more controlled concentration, and
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hence the degree of oxidative stress from hyperglycaemia may be milder than that of
hydrogen peroxide. Together, these suggest that in our cell line, 50mM glucose is sufficient
to cause a mild form of oxidative stress. These data correlate with the results from other
groups in both in vivo and vitro models, for example, Cao et al. demonstrated that high
glucose-induced cardiomyocyte injury had significantly elevated levels of ROS coupled with

reduced cell survival (104,105).

Given the alterations in EB size and viability when challenged with hydrogen peroxide,
NADPH oxidase — a known source of ROS was investigated. Inhibition of NADPH oxidase
(NOX) with DPI indicated that its suppression reduced the beating rates of cardiac-like EBs,
irrespective of glucose concentration — with approximately 39% of EBs completely losing
functional activity. This finding supports data from other groups showing reduced beating
activity in cardiac-like EBs treated with DPI (45). Notably, the inhibition of NOX decreased
cell proliferation without altering cell viability, suggesting that physiological levels of NOX-
sourced ROS are vital for beating activity and cell proliferation. These findings, however,
may be due to off-target effects. Typically, DPI is used for the non-specific inhibition of
NOX however, several reports suggest that not only does DPI affect NOX, but also other
flavoenzymes like xanthine oxidase and nitric oxide synthase (106). Other effects of DPI
include inhibition of mitochondrial ROS (107); promotion of apoptosis via superoxide (O2)
mediated process; impeding ROS metabolism (108), and non-selectively inhibiting ion
channels (109). Given these broad effects, it might be the cause of contradicting effects when
comparing findings (110). Therefore, the role and contribution of ROS from NOX remain
unclear. However, consistent with a study by Kucera et al., NOX inhibition with DPI resulted

in reduced cell proliferation. They attributed this to DPI having a pro-oxidant effect via the
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impairment of the pentose phosphate pathway (PPP) where the inhibition of PPP reduced

NADPH synthesis — a crucial cofactor implicated in several antioxidant systems (108,110).

DPI has also been reported to regulate ion channel activity (109). Inhibition and blockage of
voltage-gated and calcium-dependent (K, and Kca?*) channels by DPI reduced the
proliferation of cancer cells in breast and prostate (111), glial cells (111), bone marrow-
derived mesenchymal stem cells (MSCs) from mice (112), and rat cardiac fibroblasts (113).
Blockage of such channels by DPI may account for reduced beating activity and cell
proliferation, however, this requires further testing. Altogether, these data indicate that high
glucose (50mM) induces a mild form of oxidative stress, having an insignificant effect on EB
size and cell viability while inducing a pyknotic-like phenomenon. Furthermore, we found
that the alterations from hyperglycaemia are unlikely to be acting via NOX, however,
evidence remains inconclusive because although pharmacological inhibition of NOX with
DPI may be blocking its activity, we cannot rule out the possibility that our observations were

from the modulation of alternative biological targets.

In the present study, hyperglycaemia promoted p38 MAPK activity without affecting total
p38 MAPK. This is likely to be via ROS-dependent signalling, with hydrogen peroxide
having the same effect on p38 MAPK activity. Other groups have also reported elevated p38
MAPK activity in cardiomyocytes in hyperglycaemic conditions (73). A study by Li et al.
demonstrated that physiological ROS is vital for early cardiac differentiation, acting via the
p38 MAPK pathway — with inhibition of p38 MAPK abrogating cell differentiation (45).
Although several studies indicate that p38 MAPK activity is detrimental in mature
cardiomyocytes, some suggest the outcome is isoform dependent, with p383 MAPK

modulating a protective role against pathology with the more dominant a isoform is harmful.
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A further investigation into the role of p38 MAPK on our cardiac-like EBs during
hyperglycaemia revealed that it may be implicated in reducing cell proliferation and survival.
The non-specific inhibition of p38 MAPK with SB203580 may be partially attenuating the
effects of hyperglycaemia on both cell survival and cell proliferation without promoting
cardiac maturation as evidenced by the absence of GATA4 expression. Evidence presented
by other groups has demonstrated that p38 MAPK inhibition attenuated the effects of
hyperglycaemia on both cell proliferation and cell survival (68,114-116). While the extent of
the changes observed by other groups does not fully correlate with our study, it is important
to note that our sample size was small (n>4) and hence increasing the type 2 (beta) error rate.
As such, it was difficult to identify trends that may occur, and a definitive conclusion cannot

be made.

Our data also showed hyperglycaemia significantly reduced the expression of the
mitochondrial fusion protein, OPAL, with p38 MAPK inhibition attenuating this effect.
Mitochondrial fission and fusion are critical processes required for maintaining mitochondria
when cells are under environmental and metabolic stresses (96). Fusion is a process mediated
by OPAL and helps alleviate stress by combining and thus complementing the contents of
partially damaged mitochondria. Fission is the process where new mitochondria are created,
with it also being vital for the removal of damaged mitochondria — thus facilitating apoptosis
during cellular stress and is mediated by dynamin-related protein-1 (DRP1) (96). Previous
reports indicated that hyperglycaemia stimulates DRP1 expression, thus promoting
mitochondrial fission (117). Further, DRP1-mediated mitochondrial fission was susceptible
to SB203580, where inhibition of p38 MAPK — located upstream of DRP1 — reduced DRP

phosphorylation and thus its activation (118).

Mitochondrial fission and fusion are dynamic and competing processes i.e., compensate for

damage by fusing and removing damaged organelles by fission (96). Therefore,
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hyperglycaemia may promote cell death by fission and hence reduces fusion, evident by the
decrease in fusion machinery. Higher levels of OPA1 were observed when treated with
SB203580. This change may be a compensatory mechanism, where mitochondria are hyper-
fused to increased metabolic stress and may be acting via a p38 MAPK-dependent pathway.
Conversely, inhibition of p38 MAPK might disrupt physiological processes by preventing the
segregation of compromised mitochondria from healthy ones. Therefore, damaged
mitochondria are fused with healthy ones — resulting in mitochondrial dysfunction. It could
further explain our data demonstrating the inhibition of p38 MAPK only partially mitigated
the effects of hyperglycaemia in causing a pyknotic-like phenomenon and reducing

proliferation. However, this remains elusive and requires further investigation.

Together, these data suggest that hyperglycaemia reduces cell proliferation, detrimentally
affects cell health, compromised mitochondrial regulation, and is likely acting via a p38
MAPK-dependent signalling pathway. Given the improvement in the effects of
hyperglycaemia, pharmacological inhibition of p38 MAPK in addition to conventional anti-

diabetic therapy could serve as a therapeutic target for treating diabetic cardiomyopathy.

This study provided insight into changes that occur from a hyperglycaemic environment and
the possible involvement of p38 MAPK. However, to understand the exact mechanism
behind the pathology, further areas need to be dissected. Given that p38 MAPK consists of
several isoforms and the inhibitor used blocks p38 MAPK irrespective of its isoform, the
function, and expression of each isoform need to be investigated - especially the lesser

characterised p38 MAPK isoforms i.e., p38 and p38y.

A large portion of this study investigated the overall outcome caused by p38 MAPK

activation by hyperglycaemia stimulation. However, the transcription factors downstream of
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p38 MAPK leading to these alterations were not explored. Given the identified importance of
p38 MAPK in regulating cell proliferation, downstream proteins, and genes sensitive to p38
MAPK and implicated in the cell cycle should be further explored. These include p53 (119),
TGF-p (120), and p21Cip (121), however, most of these were identified in cancer cell lines

and therefore require further characterization within cardiac-specific models.
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6. Conclusion

This study demonstrated that, in a developmental model of the heart, hyperglycaemia induced
a pyknotic-like phenomenon, suppressed cell proliferation, and reduced the expression of
mitochondrial fusion proteins in mMESC-derived cardiac-like cells. These effects were likely
triggered by oxidative stress and acted via the p38 MAPK signalling pathway as summarized
in Figure 10. These results suggest hyperglycaemia may induce a pathological change via the
p38 MAPK signalling cascade in developing cardiac cells. These findings provide insight
into hyperglycaemic-induced cardiac remodelling and may clinically implicate this signalling

pathway in diabetes-induced cardiomyocyte remodelling.

High Glucose / H,0,

SB203580

~ >

A 1Ce|l Survival (Pl / Pyknotic-like nuclei)

lCeII Proliferation (EdU incorporation)

lIVlitochondriaI fusion machinery (OPA1 expression)

Figure 10. Model depicting signalling pathway involved in hyperglycaemia-induced
cardiac remodelling in a stem cell model. High glucose induced oxidative stress stimulates
p38 MAPK activity, resulting in reduced cell proliferation, survival, and a downregulation of
the mitochondria fusion protein, OPA1.
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8. Appendix

Appendix A: Methods
Al) Inactivated Mouse Embryonic stem cells (IMEFs) growth curve
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Figure Al: Growth curve of mouse embryonic stem cells (MEFs) versus Inactivated mouse
embryonic fibroblasts (iIMEFs) (n=3 independent experiments).

A2) Mycoplasma infection test

Figure A2: Representative fluorescence microscopy image of 129 OLA mESCs that have
differentiated into cardiac-like cells. The cells were cultured in 25mM media, in the absence
of penicillin/streptomycin for 5 days and fixed and stained with Hoechst. Inset, pyknotic
nuclei. Imaged at 40x magnification. Cells exhibited no signs of mycoplasma infection.
Scale= 50um.
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A3) Medium supplemented with LIF promote mESC pluripotency

Figure A3: Transmitted light microscopy image of mESCs grown on iMEF feeder layers
A) Cells retaining pluripotency, forming individual, undifferentiated colonies (4x
magnification. Inset at 10x. B) Colonies lost ESC-like morphology, due to overgrowth and
self-differentiation (inset 10x magnification), resulted in an amorphous structure being
formed. C) Pluripotent mESC (2x magnification) cultured in growth media for 12-16 hours
without LIF, arrow (black), mESC colonies loss of defined structure, showing signs of self-
differentiation.
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A4) mESC-derived cardiac like generation
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Figure A4: Schematic illustration of the hanging drop protocol for the formation of
cardiomyocytes from mESCs. A) 129 OLA mouse embryonic stem cells (mESCs) are
seeded and grown on a feeder of inactivated mouse embryonic fibroblasts (iIMEFs) in mESC
medium until a 70% cell confluency. B) Expanded mESC cell colonies undergo
differentiation using the hanging drop method in 25mM medium for 48-72 hours. C) Drops
are flushed by washing with 25mM medium and transferred to a petri dish and incubated for
72-96 hours under standard culture conditions. D) Embryoid bodies are transferred on day 7
of the differentiation protocol to 0.1% gelatin-coated wells. The figure was created using
Biorender (https://biorender.com/).
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Ab5) EB differentiation optimisation
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Figure A5: Quantitative analysis expressing the number of beatings EBs relative to the
total number of EBs, cultured in 25mM glucose. Different numbers of cells were seeded in
hanging drop formation. At both 500 and 1000 cells/drop. All cells continued to grow and
formed spontaneously beating cardiac-like cells, with the onset of beating occurring around
the same time. The growth pattern remained consistent, starting with a lag phase between
days 8-11where EBs develop outgrowths allowing for adherence to the culture dish, with few
EBs exhibiting beating foci. This is followed by an exponential phase between days 12-18
until a plateau, where adherent cells further differentiate and most exhibit spontaneously
beating foci. A death phase typically occurred around days 25-27, where differentiated EBs
began losing adherence and breaking apart, accompanied by loss of beating activity — this,
however, could be due to a lack of nutrients and overgrowth.

Table 2. Preparation of protein standards for standard curve

Concentration Diluent (RIPA) (pul) Source of BSA (ul)
2000 0 300 of 2000ug stock
1000 325 325 of 2000ug stock
500 325 325 of 1000pg

125 325 325 of 250pg

0 (Blank) 400 0




Table 3: Western Blot reagents
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Reagent

Constituents

4x Transfer Buffer

439 Tris Buffer
109.45g Glycine
Make to 2L dH20

1x Transfer Buffer

250ml 4xTransfer Buffer
200ml Isopropanol
Make up to 1L dH20

Dithiothreitol (DTT)

1M solution prepared:
1.55g DTT powder
10ml deionized H20
Filter to sterilize

10 x PBS

80g NaCl (1.37M)

29 KCI (27mM)

17.8g Na2HPO4.dH20 (100mM)
2.49 KH2PO4 (18mM)

Ponceau S. Stain

1g Ponceau S.
50ml acetic acid
Make to 1L ddH20

Table 4. Resolving gel and stacking gel constituents used in SDS page for protein separation.

Resolving Gel (10%) Stacking Gel (5%)
Constituent Final Constituent Final
concentration concentration
H20 - H20 -
40% acrylamide 10% 40% acrylamide 10%
1.5M Tris pH 8.8 0.375M 1.5M Tris pH 6.8 0.1875M
10% SDS (Sodium dodecyl- 0.1% 10% SDS (Sodium dodecyl- 0.1%
sulfate) sulfate)
10% APS (ammonium 0.1% 10% APS (ammonium 0.1%
persulfate) persulfate)
VORTEX
TEMED 0.1% TEMED 0.1%
(Tetramethylethylenediamine) (Tetramethylethylenediamine)

VORTEX
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A6) Ponceau S. Stain

Figure A6: Representative PVDF membrane while destaining Ponceau S stain. The
efficacy of protein transfer was tested by incubating the membrane with Ponceau S stain in
the dark for 5 min at room temperature. Following rapid washing with H>O, faint bands
started to appear. 10ug protein sample loaded wells 2 and 3.
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Appendix B: Results
B1) Typical developmental pattern of EB
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Figure B1: Transmitted light microscopy images showing the typical developmental pattern
of an embryoid body (EB) cultured in baseline glucose (25mM) conditions at different time
points. EB differentiated and exhibited spontaneously beating foci from day 11. 2x objective
(A-D) and 4x objective (E-H). Scale=600um. Images generated using EVOS XL Core.
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B2) Effect of oxidative stress on beating activity
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Figure B2: Functional effects of hyperglycaemic-induced oxidative stress on stem cell-
derived cardiac-like cells. A) Quantitative analysis of relative change in EB diameter (n=3
independent cell culture batches, n>10 EBs per group). Data is represented as a box-and-
whisker plot, with the mean depicted as “+” B) Quantitative analysis of percentage beating
EBs, (expressed relative to total) post-treatment (n=3 independent cell culture batches for

each treatment and >31 EBs per group).
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B3) Effect of NOX inhibition on cell proliferation and functional activity
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Figure B3: Effect of the pharmacological inhibition of NOX on cell proliferation and
beating activity. A) Quantitative analysis of percentage beating EBs relative to (n=2
independent cell culture batches for each treatment and >9 EBs per group).

B) Representative western blot of nitrotyrosine (protein damage marker), and f-actin, set as
control (n=2). C) Representative fluorescence microscopy images of Hoechst (Blue), EdU
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(green), and merged images (10x magnification). Scale bar = 150uM. (n=2 independent cell
culture batches, with n=2-3 EBs per group).

B4) Effect of p38 MAPK inhibition on beating activity
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Figure B4: Effect of the pharmacological inhibition of p38 MAPK on beating activity.

Quantitative analysis of percentage beating EBs relative to (n=3 independent cell culture
batches for each treatment and >9 EBs per group).
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B5) Cell viability
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Figure B5: Effect of pharmacological inhibition of NOX and p38 MAPK on cell
survival. A) Representative immunofluorescence images of Hoechst (Blue), Propidium iodide
(Red), and merged images (10x). Scale bar = 150um. B-C) Quantitative analysis of the %PI
positive cells or %Pyknotic-like nuclei relative to total (n=2 independent cell culture batches,
n=3-8 EBs per group) D) Quantitative analysis of the %Pl positive cells relative to total
(n=3 independent cell culture batches, with n=4-8 EBs per group). B-D) Data represented as
a box and whisker plot, with the mean shown as “+” with significant (*P<0.05, **P<0.01,
*#%P<0.001) compared to baseline glucose.

B6) Effects p38 MAPK inhibition on GATA4 expression
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Figure B6: Effect of the pharmacological inhibition of p38 MAPK on cardiac
maturation. Representative fluorescence microscopy images of Hoechst (Blue), GATA4
(green), and merged images (10x magnification). Scale=150um. (n=2 independent culture
batches, with n=2-3 EBs per group).





